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Kurzzusammenfassung

Kurzzusammenfassung

N-heterozyklische Carbene waren die ersten stabilen kristallinen Carbene die 1991 von Arduengo et
al. isoliert wurden. Analog zu einem N-heterozyklischen Carben wurde spater ein Diferrocenyl-Carben
postuliert und es gab Syntheseversuche von vielen Arbeitsgruppen mit unterschiedlichen
Herangehensweisen, die bisher alle nicht zum Nachweis des Diferrocenyl-Carben ausgereicht haben.

Der erste Teil dieser Arbeit beschaftigt sich mit der Synthese von Dimetallocentosylhydrazonen als
mogliche Vorstufe fiir das Diferrocenyl-Carben und beleuchtet die nicht klassische intramolekulare
Metall-Wasserstoff-Brickenbindung die in diesen Verbindungen auftritt. Die Bindungsstarke der
Wasserstoff-Briickenbindung zu Ferrocenyl- und Ruthenocenylgruppen wird untersucht und
verglichen, wobei die Ruthenocenyl-Wasserstoff-Briickenbindung starker ist. Durch zweifache
Oxidation lasst sich die Wasserstoff-Briickenbindung in Diferrocenyltosylhydrazon 6ffnen und die
Orientierung der vorher gebundenen Ferrocenyl-Gruppe &ndert sich, wodurch es zu einem
molekularen Schalter wird. Im gemischten Ferrocenylruthenocenyltosylhydrazon wird die
intramolekulare Metall-Wasserstoff-Briickenbindung mit einem Verhaltnis von 10:1 bevorzugt zur
Ruthenocenyl-Gruppe ausgebildet. Durch Deprotonierung/Reprotonierung, thermische Behandlung
oder Bestrahlung mit 400 nm kénnen die beiden Isomere in einander umgewandelt werden und das
Verhaltnis von 10:1 verschiebt sich weiter zu Gunsten der Ruthenocenyl-Wasserstoff-Briickenbindung.

Fischer-Carben-Komplexe sind seit ihrer Entdeckung 1964 in vielen Bereichen der
Organometall-Chemie vertreten. Die redox-aktiven Eigenschaften von Ferrocenyl-Fischer-Carben-
Komplexen machen diese besonders interessant als Vorstufen fiir redox-schaltbare Katalysatoren.

In dieser Arbeit werden Ferrocenyl-Fischer-Carben-Komplexe sowohl mit Chrom, als auch mit
Wolfram, mit einer oder auch mit zwei Ferrocenyl Gruppen auf ihre Stabilitdt und elektronischen
Eigenschaften untersucht, um daraus redox-schaltbare Katalysatoren herzustellen. Der elektronische
Kopplungsparameter Hag von (N-Metylaminoferrocenyl)(ferrocenyl)carben(pentacarbonyl)wolfram(0)
wird bestimmt und mit den homologen Carbox- und Thioamiden verglichen.

Es werden zwei neue Reaktionsmoglichkeiten von Ferrocenyl Fischer Carben Komplexen zu
2,N-Diferrocenylacetamid und 2,3,4-Triferrocenyl-cyclobut-2-enon beobachtet und die zugrunde
liegenden Reaktionsmechanismen genauer untersucht. Der vorgeschlagene Mechanismus zu
2,3,4-Triferrocenyl-cyclobut-2-enon &hnelt dabei der Do6tz-Benzannelierung. Die Bildung von
2,N-Diferrocenylacetamid verlauft dagegen wahrscheinlich tber einen nucleophilen Angriff von
Aminoferrocen an einem Carbonyl Kohlenstoff Atom mit anschlieRender Insertion in die Carben-
Bindung.

Ferrocenyl-Ethoxy-Fischer-Carben wird mit einer Transmetallierung auf Gold(l) libertragen um
einen redox-schaltbare Katalysator zu erhalten. Dieser Katalysator wird an einer Beispielreaktion auf
seine Eigenschaften getestet um sowohl die Qualitdt der Reaktion als auch die Fahigkeit des
Katalysators mehrmals an- und aus-geschaltet zu werden zu bewerten. Der Katalysator zeigt einen
Umsatz von nahezu 100 % nach 8 h Reaktion und lasst sich mehrmals An- und Aus-schalten.
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Abstract

N-Heterocyclic carbenes were the first stable crystalline carbenes isolated by Arduengo et al. in 1991.
Later a diferrocenyl carbene has been postulated analogous to the N-heterocyclic carbenes. Many
different research groups with various approaches failed to confirm the existence of this molecule.

In the first part of this work the synthesis of different dimetalllocene tosylhydrazones as potential
precursors for dimetalllocene carbenes is discussed. In these compounds a strong nonclassical NH---M
intramolecular hydrogen bond (IHB) to the metallocene site is present. The bond strength to the
ferrocenyl and ruthenocenyl groups is investigated and compared to each other. The IHB to
ruthenocenyl group is stronger than the IHB to the ferrocenyl group. Double oxidation of diferrocenyl
tosylhydrazone leads to a cleavage of the IHB and a conformational change of the previous bound
ferrocenyl group, making this compound a molecular switch. In the mixed ferrocenyl ruthenocenyl
tosylhydrazone the IHB is preferably formed to the ruthenocenyl group with a ratio of 10:1.
Deprotonation/reprotonation, thermal treatment or irradiation with 400 nm leads to an isomerization
and a shift of the ratio towards the isomer with the ruthenocenyl IHB.

Since their discovery in 1964 Fischer carbene complexes have been applied in many parts of
organometallic chemistry. The redox responsive characteristics of ferrocenyl Fischer carbene are
precious precursors for redox switchable catalysts (RSC).

In this work different chromium and tungsten containing ferrocenyl Fischer carbene complexes with
one or two ferrocenyl sites are studied according their stability and electrochemical properties in
accordance to their aptitude as precursors for RSC. The electronic coupling parameter Has of
(N-methylaminoferrocenyl)(ferrocenyl)carbene(pentacarbonyl)tungsten(0) is  evaluated and
compared to the corresponding diferrocenylcarbox- and thioamides.

Two new reaction paths from ferrocenyl Fischer carbene complexes to 2,N-diferrocenylacetamide
and 2,3,4-triferrocenyl-cyclobut-2-enone are reported and the reaction mechanisms are studied in
detail. The proposed mechanism to form 2,3,4-triferrocenyl-cyclobut-2-enone is similar to the
well-known Dotz benzannulation reaction. The formation of 2,N-diferrocenylacetamide instead
proceeds most likely via nucleophilic attack of aminoferrocene on a carbonyl carbon atom of the
Fischer carbene complex with subsequent insertion into the carbene bond.

Ferrocenyl ethoxy Fischer Carbene is transferred to Gold(l) to get a prototype redox switchable
catalyst. This RSC is used for a test reaction to probe the conversion properties and the ability to switch
the catalyst on and off. The catalyst shows almost 100 % yield after 8 h and can be switched on and off
several times.
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°C Degrees Celsius

A Angstrom

Ad adamantyl

ADC acyclic diamino carbene

Alk alkyl

B magnet field strength

BArf,~ tetrakis(3,5-bis(trifluoromethyl)phenyl)borate anion
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COosy correlated spectroscopy
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Cy Cyclohexyl

d duplet

DCM dichloromethane

Dipp 2,6-diisopropylphenyl

dppc 1,1’-bis(diphenylphosphino)cobaltocene
dppf 1,1’-bis(diphenylphosphino)ferrocene
o chemical shift (NMR)

AE potential difference

deprot. deprotonated

DFT density functional theory

E electrochemical potential

Erel. relative potential energy

EA elemental analysis

Et ethyl

EPR electron paramagnetic resonance
Eq. equation

exc. excess

exp. experimental

EXSY exchange spectroscopy

Fc ferrocenyl

fc ferrocenen-1,1’-diyl

FcH

Ferrocene
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nonamethylferrocenyl

decamethylferrocene
diaminocarbene[3]ferrocenophane

field desorption mass spectrometry

fourier transformation

heteronuclear multiple quantum correlation
highest occupied molecular orbital
heteronuclear single quantum coherence
intrinsic bond orbital

intramolecular electron transfer

intramolecular hydrogen bond

imaginary

1,3-bis(2,4,6-trimethylphenyl) imidazol-2-ylidene
1,3-bis{2,6-bis[bis(4-tert-butylphenyl)methyl]-4-methylphenyl}-2,3-dihydro-1H-
imidazol-2-ylidene

infrared

solid state infrared spectroscopy

infrared spectroscopy in solution (Solvent)
isomer shift (MoRbauer spectroscopy)
intervalence charge transfer

coupling constant (NMR)

Kelvin

potassium hexamethyldisilazide / potassium hexamethyldisilazane
wavelength

Light Amplification by Stimulated Emission of Radiation
lowest unoccupied molecular orbital

medium (signal intensity in IR-spectroscopy)
multiplet (NMR-spectrum)
tris(4-bromphenyl)aminiumhexachloroantimonate
methyl

mesityl

mesoionic carbene

millimole per litre

millitesla

mass to charge ratio

molecular orbital

mass spectrometry

sodium hydrogen carbonate

sodium chloride

natrium sulphate

N-heterocyclic carbene
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nuclear magnetic resonance

organic
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pt pseudo triplet (NMR)

v wavenumber

ppm parts per million

q quartet (NMR)

Qs guadrupole splitting (M6Rbauer spectroscopy)
quant. quantitative

RCM ring closing metathesis

Red. reduction

R¢ retardation factor

RI resolution-of-identity

ROMP ring-opening metathesis polymerization
ROP ring-opening polymerization

ROS reactive oxygen species
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r.t. room temperature

3 strong (signal intensity in IR-spectroscopy)
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tol p-tolyl
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Introduction

1 Introduction

1.1 Ferrocenylcarbenes and Diferrocenylcarbenes

1.1.1 a-Ferrocenylcarbenes

g b OAc OH
' H N > — & @i_@ d@
@ﬂR Fe  CH, Fe X7 = Fe
M & cH, o H X < ~
: exo endo 4a OA 5a
(o]
R=H, Me, Ph 2 3a 3b d_{ d—lH
M = Fe, Ru, Os
1 X = OH, OCOCH,, Fe H Fem,\H,O
0S0,CgH,CH; &2 &
Hill 1959 Bacskai 1960 ab i 1951

Scheme 1.1.1: a. Carbenium intermediates postulated for the solvolysis of
metallocenylacetates!!, b. reaction rate of exo/endo-a-substituted-1,2-
tetramethyleneferrocenes>3, c. diastereomeric isomers .l

Already in 1959 only a couple of years after the first discovery of ferrocenel® the first a-
metallocenylcarbeniumions of iron, ruthenium and osmium (Scheme 1.1.1 a.: 1, 2) were suggested
as intermediates during the ethanolysis of metallocenylcarbinylacetates and the reactivity was
compared to the trityl ion.!Y! The reactivity of the osmocene homologue was 5.1 times faster than
the methylferrocenecarbinylacetate, while the reaction rate of the methylruthenocenyl-
carbinylacetate was only 1.34 times faster. The role of the metal centre in the stabilization of the
carbenium ion was also investigated by comparison of the reaction rate of exo/endo-a-acetoxy-
1,2-tetramethyleneferrocene 3a and 3b, respectively (Scheme 1.1.1 b.).?3! The exo-isomer 3a
shows a 2240 times higher relative reaction rate in the solvolysis reaction suggesting a
participation of the iron electrons in the rate determining ionization process. Some molecular
orbital descriptions of the interaction of the metal atom with the electron deficient carbon in
metallocenylcarbeniumions suggested a shift of the coordination to the ring from n°® to n?to
enable a interaction with the carbenium carbon atom.”! Ortho-substituents on the
cyclopentadienyl ring of ferrocenylcarbeniumions are leading to diastereomeric isomers 4a/4b
and 5a/5b, respectively (Scheme 1.1.1 c.).””! The sole alcohol product after hydrolysis of the
substituted ferrocenylcarbinylacetates had the same configuration as the starting acetate. The
az',"am value for phenyl-, methoxy- and ferrocenyl-substituents on carbenium ions were reported
and taken as measure of the ability for the stabilization of intermediates or transition states with
delocalized electrons.®! The resonance effect on solvolysis rates of the ferrocenyl group is about
25 kJ mol™ higher than for the phenyl group. To further investigate the mesomeric form of the
carbenium ion detailed NMR studies were conducted. Deshielding of the B-protons, with respect
to the a-protons, shifts the B-protons into the downfield and the a-protons into the upfield in the
NMR spectrum. The electronic structure of the ferrocenyl carbenium ion could be explained by a
movement of the iron atom towards the carbenium carbon atom. This results in a greater overlap
of the iron orbitals with the orbitals of the a-protons and increases the electron density. Also, the
anisotropy of the iron atom was taken into account to shield the a-protons. The effect of the other
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substituent on the carbenium ion on the shift of the a-protons of the ferrocenyl substituent was
reported. Aryl substituents decrease the additional shielding of the a-protons by the metal
interaction compared to alkyl substituents.

a P CH,Cl, 0 H, 0
i C.
©/<Ph BF? +N'Pr,Et - Ph o @/ Ph . @/C‘Ph
= DNPr,EtBF Fe H@Fe Fe
- 2 4 )
7 - | 9
6 8 10
N - _
b 2 MeOH o . Eh P'}j'
&2 Ph hv - -
> Ph|— m & Ph
é —N2 Fe — Fe + @ @
= Fo  Fe
11 L ] 10 o &
Cais 1969 8 12
c.
NaH
- R R
H/N‘N pyridine ' gz HR RH N-N
cyclohexene ) @/ ‘R
= R —— =~ R|l—> TFe + & 2 4
e 60 °C @ Fe Fe Fe Fe
o R=Ph Me |~ 2 o & =
13 14 15 16 17

Sonoda 1969

Scheme 1.1.2: Postulated a-ferrocenyl carbene intermediates via: a. deprotonation of
ferrocenyl carbenium ions!'%, b. photolysis of ferrocenyl diazomethanes!'?, c. Bamford-Stevens
reaction of ferrocenyl tosylhydrazones.*"

In 1969, the first ferrocenylcarbene intermediates were proposed by Cais!*® and Sonodal!
(Scheme 1.1.2). Deprotonation of the deuterated ferrocenyl phenyl carbenium ion salt 6 in
dichloromethane with N,N-diisopropylethylamine leads to benzylferrocene 9 and
benzoylferrocene 10 as products and the deuterated quaternary amine salt 7 as confirmed by
NMR-spectroscopy (Scheme 1.1.2 a.).*” Photolysis of ferrocenylphenyldiazomethane in methanol
solution yields benzoylferrocene and 1,2-diferrocenyl-1,2-diphenylethane (Scheme 1.1.2 b.).1*?
Both reactions propose ferrocenylphenylcarbene as intermediate but give no further conclusion
about the singlet or triplet nature. UV irradiation of ferrocenylphenyldiazomethane in frozen
methanolic matrix gives an EPR-signal which stays active when irradiation is stopped but the origin
or the shape of the signal is not further specified. The group of Sonoda used a Bamford-Stevens
reaction!*? of ferrocenyltoslyhydrazones to generate ferrocenyldiazomethanes in situ which could
be detected by IR spectroscopy (Scheme 1.1.2 c.). As final products three species could be isolated.
The azine product postulates a coupling of the carbene with the diazomethane. 1,1-
Diphenylethylene was used as a triplet carbene trapping agent before and was also used to catch
the ferrocenylphenylcarbene and yielded 1-ferrocenyl-1,2,2-triphenylcyclopropane. Also, the
formation of benzylferrocene and 1,2-diferrocenyl-1,2-diphenyl-ethane suggest a triplet nature of
the carbene which could abstract a hydrogen from the solvent to form an intermediate radical,
which abstracts another hydrogen. The fact, that no addition of the carbene to the solvent
cyclohexene is observed strengthens the hints for a triplet carbene. Singlet carbenes as
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dichlorocarbene add to cyclohexene, styrene and vinylferrocene while triplet carbenes as
diphenylcarbene only add to styrene and vinylferrocene.'” Sonoda et al. also studied the
reactions of ferrocenylmethylcarbene more in detail and found seven different products including
the three shown in scheme 1.1.2 c. and additionally vinylferrocene, acetylferrocene,
ferrocenylmethylcarbinol and 1,2-diferrocenyl-1-methylcyclopropane.3 Formation of 1,2-
diferrocenyl-1-methylcyclo-propane is explained by addition of the carbene at vinylferrocene. The
reaction with the solvent carbon tetrachloride was investigated as well. 2-ferrocenyl-2-
methyldichloroethylene could be isolated from this reaction which is proposed to form via
reaction of the carbene with trichloromethyl radical with subsequent loss of a chlorine atom. 1,1-
Diphenylethylene is a potent carbene catcher and is used to compare the reactivity of the
a-ferrocenylcarbenes: ferrocenylcarbene, ferrocenylmethylcarbene and ferrocenylphenyl-
carbene with the corresponding phenyl and p-anisylcarbenes.* The results suggest that the
reactivity of p-anisylcarbenes is the highest, followed by phenylcarbenes and ferrocenylcarbenes
showing the lowest reactivity with diphenylethylene.

Pr "'Pr
N—‘Pr —"'Pr
=
=
- NaHMDs Ao
@‘ o 78°C
OTf
18 19

Bertrand 2011

Scheme 1.1.3: The first persistent a-ferrocenyl carbene.!*’!

In 2011 the first persistent a-ferrocenyl carbene 19 was reported by Bertrand et al. by the
deprotonation of N,N-diisopropylnonamethylferrocenylaldiminium trifluoromethanesulfonate 18
with sodium hexamethydisilazane (Scheme 1.1.3).[*% The resulting carbene was stable enough to
measure NMR at =50 °C and gave a resonance of 315 ppm for the carbene carbon in the 3C-NMR
spectrum.

1.1.2 N-heterocyclic Carbenes (NHCs)

NaH @
H

Ho N THF

N
I}—H — IN>® + Hyt + NaCly
N®

cat. DMSO
@@ H

20 21
Arduengo 1991

H

Scheme 1.1.4: The first stable crystalline carbene.!*¢!

In 1991 Arduengo et al. reported 1,3-di-1-adamantyl-imidazol-2-ylidene 21 as the first stable
crystalline singlet carbene via the deprotonation of 1,3-di-1-adamantyl-imidazolium chloride 20
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(Scheme 1.1.4).1%71 The amount of hydrogen generated by the reaction and also the amount of
sodium chloride that was filtered off was determined and was in accordance to the theoretical
calculated amounts. Stabilization was achieved by the two lone pairs of the nitrogen atoms in the
imidazole heterocycle, but also the steric effect of the two adamantyl substituents was assumed
to be crucial for the isolation. The N-C-N angle of 102.2° is quite prominent for this compound and
was predicted by calculations in singlet carbenes before.l® N-heterocyclic carbenes (NHCs) in
general have been proposed in 1962 by Wanzlick with two N-phenyl substituents, but could not
been isolated as the variety of accessible imidazolium salts was quite restricted at this time and
Raman spectroscopy that would have been necessary to distinguish between the carbene and the
dimer by showing the IR-inactive symmetrical vibrations was not common in the standard
chemistry laboratory.**24

a. CH,
R b. C. d. e.
HIN@ R Hj:N;;3 Hscqu;;3 Ph\[/N/Ph HSEN”;:S
H N R H N\ HsC N N\N>® H N
R CH, CHj, Ph H  Mes
23 24 25 26
CH,
22a R=H
22b R=CH,

Scheme 1.1.5: Examples of stable NHCs: a. with aryl substituents!??, b. & c. with two and four
methyl substituents??3, d. triazole®", e. imidazoline®!.

Later also NHCs with other substituents were isolated (Scheme 1.1.5). 1,3-Di-p-tolylimidazol-2-
yilidene 22a and 1,3-di-mesitylimidazol-2-yilidene 22b were the first aryl substituted NHCs
(Scheme 1.1.5 a.).?2 The assumption that sterically demanding substituents were needed could
be disproved by the isolation of 1,3-dimethylimidazol-2-yilidene 23 (Scheme 1.1.5 b.) and 1,3,4,5-
tetramethylimidazol-2-yilidene 24 (Scheme 1.1.5 c.).?*%! A third nitrogen atom in the five
membered heterocycle also did not deteriorate the stability and yielded the stable carbene 1,3,4-
triphenyl-4,5-dihydro-1H-1,2,4-triazol-5-ylidene 25 (Scheme 1.1.5 d.).[?*! Also the double bond in
the ring is not mandatory to stabilize the carbene as the isolation of 1,2-dimesitylimidazolin-2-
yliden 26 proofed (Scheme 1.1.5 e.).[?*
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Scheme 1.1.6: Ferrocenyl containing NHCs: a. N-ferrocenyl-N’-methyl-benzimidazolium salt
and corresponding metal carbene complexes,*! b. N,N’-diferrocenylimidazolinium and c.

imidazolium salts and corresponding metal carbene complexes.!?’!

In 1999 Bildstein et al. synthesized the first benzimidazolium salts with a N-Fc-substituent 27
(Scheme 1.1.6 a.)® and later in the same year also some N,N’-diferrocenylimidazolinium salts 33
and N,N’-diferrocenylimidazolium salts 36 (Scheme 1.1.6 b-c.).’”! In none of the cases the
corresponding carbenes (28, 34, 37) could be detected, but carbene complexes with silver (38),
mercury (30), palladium (29) and tungsten carbonyl (31, 32) could be isolated. For all carbenium
salts the corresponding thioketone could be isolated in a reaction with methyl lithium and

sulphur.[26:27]
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Scheme 1.1.7: Stable ferrocenyl containing N-heterocyclic carbenes.!?%?°!

Bolm reported the first planar-chiral stable NHC enabled by the use of a ferrocenyl substituent
3928 and shortly after Togni et al. isolated a stable diferrocenyl substituted NHC also with
[S-ferrocenyl substituents and bulky trimethylsilyl groups on the cyclopentadienyl ring 40
(Scheme 1.1.7).%°)
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Scheme 1.1.8: Ferrocenyl containing NHC-complexes in catalysis.!

The chiral ferrocenyl substituted NHC-Rh-complex 41 by Bolm showed high catalytic activity in the
hydrosilylation of acetophenone (Scheme 1.1.8).3% A detailed review on all types of ferrocenyl
and ruthenocenyl containing NHCs was published by Siemeling.Y Bielawski et al. synthesized a
wide range of redox-active N-heterocyclic carbenes containing one or two ferrocenyl moieties and
investigated the TEP values of the corresponding metal complexes?®?

1.1.3 a,a-Diferrocenylcarbenes
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Scheme 1.1.9: Diferrocenylcarbeniumions with different counter ions.[33-3¢

In 1959 the first diferrocenylcarbeniumion 42 was isolated by Jutz (Scheme 1.1.9).B33! Thirteen
years later the structure and properties of this a,a-diferrocenylmethyliumion were investigated
by Cais 431** and also compared to other organometallic carbenium cations.! Bildstein et al. used
this carbenium ions 44 to synthesize 1,1-diferrocenyl-n-alkanes in a reaction with carbanions.3®!
All attempts to generate the diferrocenylmethylidene by deprotonation of the carbenium ion
resulted in nucleophilic addition to (Fc).CHR.
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Scheme 1.1.10: Mesomeric structure of diferrocenylcarbene proposed by Bildstein.>”!

In @ mini review Bildstein discussed four different routes that could lead to the isolation of
diferrocenylcarbene 45 (Scheme 1.1.10), but none of them resulted in a successful isolation so
far.B”! The four routes are as already discussed above in several examples: (i) homolytic cleavage
of diazomethane by thermolysis or irradiation, (ii) Bamford-Stevens reaction of the tosyl
hydrazone, (iii) thermolysis of telluroketone and (iv) deprotonation of carbenium salts. The
cleavage of diferrocenyldiazomethane gave quantitative conversion to tetraferrocenylazine but
no evidence for the carbene. Kay et al. isolated diferrocenylmethanobuckminsterfullerene
(Cs0C(Fc),) as the result of a Bamford-Stevens reaction of diferrocenyl tosyl hydrazone with sodium
ethanolate in the presence of buckminsterfullerene.® Bildstein reported the selective formation
of a tris addition product (Ce[C(Fc)2]s) under slightly different conditions.?”
Bis(ferrocenyl)telluroketone is one of the few room temperature stable telluroketones. Thermal
decomposition should vyield elemental tellurium and the carbene, but only
tetraferrocenylethylene could be isolated. Also trapping of the carbene with metal carbonyl
complexes was not successful, which suggested a mechanism via a telluroketone [2+2] cyclodimer
without any free intermediate diferrocenyl-methylidenes. Also, all attempts to synthesize the
bulky bis(pentamethylferrocenyl)methylidene failed so far.

1.1.4 Ferrocenophanecarbenes

\
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Scheme 1.1.11: Ferrocenophanecarbene as proposed intermediate.*"!

Already in 1971 the first [3]-ferrocenophanecarbene intermediate 47 was proposed by Sonoda
(Scheme 1.1.11).1%% Following the well-known route via Bamford-Stevens reaction of [3]-
ferrocenophan-2-one tosylhydrazone 46 as thermal, base assisted decomposition with in situ
generation of the carbene. 1,2-dehydro-[3]-ferrocenophane 48 was isolated in 70 % yield as the
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main product. With 1,1-diphenylethylene as carbene catcher the ferrocenyl spirane 49 could be
isolated with 78 % yield. Performing the same decomposition reaction in 1-decene gave no
addition of the carbene to the double bond and only 1,2-dehydro-[3]-ferrocenophane 48 as
product. Both reactions give the hint for a triplet nature of the intermediate pB-
ferrocenylcarbene 47. It must additionally be considered, that the hydrogen transfer reaction
forming 1,2-dehydro-[3]-ferrocenophane most probably proceeds via singlet carbene stage and
therefore a singlet-triplet equilibrium has to be considered.

o @ @ 4
oN oW @—N
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N\}@ e N>—RhLZCI >G) >‘Rh cod)C Fe —Mo(CO),
'Bu R
R =Ph, Bu L, = cod @ @ @
L=CO
50 51 53 54
Bielawski 2008 Siemeling 2009

Scheme 1.1.12: Ferrocenophanecarbenes isolated by Bielawski'*!! and Siemeling.[*>*3]

In 2008 Bielawski discovered the first stable diaminocarbene[3]ferrocenophane (FCcDAC) with iso-
butyl substituents 50 and isolated the rhodium metal complexes with iso-butyl and phenyl
substituents 51 (Scheme 1.1.12).[4Y Shortly after Siemeling et al. synthesized another species of
this new interesting compound class with 1-adamantyl substituents 52 and the corresponding
rhodium and molybdenum complexes (53, 54).4243 This type of redox switchable ligand with a
wide N-C-N angle was already proposed in 1998 by Mirkin et al. as an enhancement of the widely
used 1,1’-bis(diphenylphosphino)ferrocene ligand (dppf).1* Also the alternatives with oxygen or
sulphur as heteroatoms were discussed by Siemeling before.*) Unsymmetrical NHC
diaminocarbene[3]ferrocenophane with 1-neopentyl and 2-adamantyl substituents could be
isolated, while the phenyl and 9-anthracenylmethyl derivates with 1-neopentyl could only be
trapped as Rh complexes.*®! Benzyl substituted diaminocarbene[3]ferrocenophanes are also not
stable for isolation and were trapped with elemental selenium as selenourea derivatives.*”! A
quite interesting class of diaminocarbene[3]ferrocenophanes can be obtained by substitution on
the cyclopentadienyl rings. 3,3’-Di-tert-butyl-N,N’-di-iso-pentyl-diaminocarbene[3]ferroceno-

phane is a stable planar-chiral carbene compared to the tert-butyl-free congener.!



Introduction

1.2 Nonclassical Metal-Hydrogen Bonds
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Scheme 1.2.1: First hydrogen-bonds observed in metallocene compounds!*®! and protonation
[50-52]

of ferrocene.
Hydrogen bonds between hydrogen and oxygen, sulphur, nitrogen or fluorine are quite common,
but also other hydrogen bonds are possible in metallocene compounds and other electron rich
complexes. The first intramolecular hydrogen bond (IHB) to an aromatic ring was reported in 1957
by Trifan et al. in ferrocenylalcohols 55 and 56 (Scheme 1.2.1).1*! a-Hydroxyethylferrocene shows
two different hydroxyl absorption bands in the infrared spectrum in CCls. The free hydroxyl
vibration at 3617 cm™ and another concentration-independent, but temperature-dependent
band at 3574 cm™ assigned to the ring-hydrogen bonded structure. In 1959 the first protonation
of ferrocene has been reported (57, 58).°% The structure and mechanism were discussed for
several years.>3 The high field NMR-absorption characteristic for a proton directly bonded to a
metal atom and the magnetically equivalent cyclopentadienyl protons on both rings suggested
structure 58.°Y Detailed studies on the protonation mechanism were published by Mueller-
Westerhoff et al. in 1994.52 They could show, that the protonation of ferrocene begins with an
exo attack followed by rapid equilibrium between ring and iron protonated species. Ruthenocene
in contrast shows no ring protonation and only the ruthenium protonated species is present.
Recent results from Seppelt et al. in 2017 confirmed structure 58 by low-temperature X-ray
diffraction data of protonated ferrocene at 30 and 100 K.5%
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Scheme 1.2.2: Hydrogen-bonds to the iron centre in ferrocenyl compounds.>?

Ferrocenyl alcohols 59-62 also show intramolecular hydrogen bonding to the iron centre
(Scheme 1.2.2).24 2-Ferrocenylethanol 60 shows three different hydroxyl bands in the infrared
spectrum at 3632, 3605 and 3533 cm™ representing the free, n-bonded and Fe-bonded hydroxyl
absorptions.”? To quantify the strength of the hydrogen bond, Av the difference of the free
hydroxyl absorption v(free OH) and the hydroxyl absorption of the hydrogen bonded hydroxyl
group v(bonded OH) is used (Av(OH)=v(free OH) — v(bonded OH)). The corresponding
2-ruthenocenylethanol shows a stronger IHB with Av of 171 cm™ instead of 99 cm™ for the
ferrocenyl homologue. Methyl(2-methyl)-ferrocenyl)-carbinol shows two differentisomers 61 and
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62 (Scheme 1.2.2.). The R-isomer 61 shows stronger hydroxyl stretching absorption at 3580 cm™
corresponding to the IHB to iron, while the S-isomer 62 has a stronger absorption at 3605 cm™
assigned to the IHB to the n-system of the cyclopentadienyl ring.[¥ By comparing the position of
the OH band in the vibrational spectrum of different ferrocenyl alcohols with the free OH stretch
the enthalpies for the IHB can be estimated.® The equation —AH = 75 Av /( Av + 720); AH in
kJ mol™; Av(XH) = v(free XH) — v(bonded XH) in cm™; gives a good empirical correlation of the
hydrogen bond enthalpy with the shift of the bonded XH-stretch compared to the free XH
stretch.56-60]
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Scheme 1.2.3: More OH:---Fe IHBs in ferrocenyl compounds.[6-5¢!

A search in the Cambridge Structural Database gives 13 structures with short OH---Fe distances
6375 ranging from 2.74 A in 63 to 3.64 A 72 (H---Fe) and 3.35 A in 63 to 4.01 A in 72 (O---Fe),
suggesting IHBs (Scheme 1.2.3).5%%¢] The corresponding hydroxyl IR stretches are 3518 and
3464 cm™ for 63 and 3524 and 3440 cm™ for 64.15Y The compounds 67-72 show several hydroxyl
IR stretches for free hydroxyl groups, OH:--O bonded and OH:-:-Fe bonded hydroxyl groups: 67
(3102 cm™), 68 (3697 and 3484 cm™), 69 (3474 and 3234cm™), 70 (3428 cm™), 71 (3598,
3480 and 3223 cm™), 72 (3252 cm™).1%¥ For the other structures no IR data is available. Although
in the publications no IHB is discussed the IR stretches give a clear evidence for OH-:-:O and OH-:-Fe
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IHBs. Especially the compounds 67-72 described by Woodward®®! with two or three hydroxyl
groups show the free OH-stretch, a OH---O IHB stretch and a OH-:-Fe IHB stretch.
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Scheme 1.2.4: NH---Fe IHBs in ferrocenyl compounds. 675

Also, NH---Fe IHBs are present in the literature although the IHB was not discussed in the
publications, the XRD suggest the IHB (Scheme 1.2.4). The reported N--Fe distances in the XRD
data range between 3.40 A for 77 and 3.83 A for 78 and the corresponding NH---Fe distances range
between 2.87 A for 76 and 3.63 A for 78. The NH IR stretches are 3420 cm™ for 77, 3208 cm™ for
788 and 3250 cm™ for 81, respectively. For all other compounds no IR data is available. The
compound 80 shows no evidence for a NH::-Fe IHB but instead hints for a OH-:-Fe IHB with a O---Fe
distance of 3.60 A and a OH--Fe distance of 3.18 A. More inter- and intramolecular XH---M
hydrogen bonds in organometallic compounds in general in a wide variety have been discussed
since 1994 in the literature.>°7%77
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1.3 Ferrocenyl Fischer Carbene Complexes

a. Cr(CO)s Cr(CO)s Cr(CO)s Cr(CO)s b W(CO)s
Lome =L ox @/L @J\ND okt
Fe Fe Fe Fe Fe
~ ~ >
82 83 84 85 86
Connor 1970 Connor 1972
c Mo(CO)s M(CO)s M(CO)s  (OC)4M B
oo oln— & | N
Fe Fe H Fe H Fe
-3 < &

87 88 89 920

d. Cr(CO) Cr(CO)
@J\F OEt5 o SQ CF(C\O)BQ
e Fe Ti. Fe
& OBt Lo CI/
Cr(CO)s Cr(CO)sﬁ @
91 92 93
Lotz 2008

Scheme 1.3.1: Group VI ferrocenyl Fischer carbene complexes, a. with chromium!”®7%, b. with

tungsten®>8, ¢, with molybdenum!®?, d. biscarbenes and titanocene derivates.!®*!

After the discovery of Fischer carbene complexes in 196424 the first ferrocenyl Fischer carbene

complexes 82-85 have been reported by Connor et al. in 1970 (Scheme 1.3.1 a.)® and in the

same year also by Fischer et al..”” The heavier tungsten homologue 86 followed soon after

(Scheme 1.3.1 b.).[B%81 Only the molybdenum homologue 87 was not synthesized until 2005

(Scheme 1.3.1 c.).®?! In general the yield for molybdenum carbene complexes is far lower than for

their chromium and tungsten counter parts. Lopez-Cortés et al. also synthesized the (ferrocenyl)

(alkyl/allyl amino) carbene complexes 88—90 of all three group VI transition metals and observed

coordination of the allyl group to molybdenum tetracarbonyl in 90. Lotz et al. created the quite

interesting bisethoxy ferrocenyl-1,1’-diyl bridged biscarbene complex 91 and the cyclic bisoxy

titanocene bridged derivative 92 (Scheme 1.3.1 d.).®3! Also the mono carbene with oxy titanocene

chloride substituent was isolated 93. Similar tungsten compounds were synthesized by

Bezuidenhout in 2011.18%!
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Scheme 1.3.2: Group VII ferrocenyl Fischer carbene complexes. !

The corresponding group VIl transition metal carbene complexes 94—97 with MnCp(CO)s-groups
and 98-101 with Re;(CO)s-groups were reported by the same group shortly after
(Scheme 1.3.2).8% For the mono carbene ethoxy rhenium complex 98 the axial as well as the
equatorial isomer are present. In the oxy titanocene chloride complex 99 the Re,(CO)s group is
axial. For the bisoxy titanocene bridged species 100 one Re;(CO)s moiety is axial and the other is
equatorial. The bisethoxy ferrocenyl-1,1’-diyl bridged biscarbene 101 shows both Re;(CO)s groups
in equatorial conformation. A review about multicarbene and multimetal Fischer carbene
complexes was published by Bezuidenhout in 2012 which also shows a variety of ferrocenyl
Fischer carbene complexes.®”!
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Scheme 1.3.3: Ferrocenyl Fischer carbene complexes investigated by cyclic voltammetry:
83, 9118839 102, 103°, 86, 104-106"", 107-110"°%, 111, 112/%3],

The electrochemistry of ferrocenyl Fischer carbene complexes is quite interesting (Scheme 1.3.3).
The ethoxy ferrocenyl carbene 83 and bisethoxy ferrocenyl-1,1’-diyl bridged biscarbene 91 of
chromium pentacarbonyl show a reversible first oxidation at 289 and 499 mV, respectively (vs.
FcH/FcH* in CH,Cl, with [N("Bu)s][PFs] as supporting electrolyte).®8% This first oxidation was
assigned to the chromium centre by comparison of cyclic voltammograms with other ferrocene
free Fischer carbene complexes and by DFT-calculations. No spectroscopic prove for the
localization of the oxidation was given. For the biscarbene complex 91 a second reversible
oxidation is observed at 650 mV. This was assigned to the second chromium centre by the criteria
mentioned above. Both carbene complexes 83 and 91 show a reversible oxidation after all at 700
and 730 mV, respectively. This oxidation was assigned to the ferrocenyl substituents. Further
irreversible oxidation was observed at potentials over 950 mV for some of the corresponding
heteroarene carbene complexes with furanyl and thienyl groups instead of the ferrocenyl group.
This irreversible oxidation was assigned to Cr'=> Cr!l. For the ferrocenyl Fischer carbene complexes
83 and 91 this oxidation lies outside of the solvent window. Reversible reduction of the carbene
double bond in the ferrocenyl Fischer carbenes 83 and 91 was observed at —2.15 and —1.85 mV.
The corresponding ethoxy tungsten carbene complex 86, biscarbene 104 and alkylamino derivates
105 and 106 show a different behaviour.® First a reversible oxidation of the ferrocenyl group is
observed at 285, 510, 206 and 540 mV. Assignment was done by IR spectroscopy of the mono
oxidized species. The shift of the carbonyl stretching frequencies was only around 20 cm™ and for
oxidation on the tungsten centre a shift of more than 100 cm™ would be expected. No EPR
measurements to further confirm or disprove this assumption were performed. Depending on the
supporting electrolyte an irreversible W°>W!" or W°>W!! oxidation is observed after the first
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oxidation on the ferrocenyl moiety. The potentials for these oxidations are 809, 766, 611 and
591 mV for Wo>W™ with [N("Bu)4][PFs] as supporting electrolyte and 1105, 922, 950 and 792 cm™~
L WO> W with [N("Bu)a][B(CsFs)a] as supporting electrolyte, respectively. DFT calculations on the
trication [(CO)sW"=C(OEt)(Fc*)]** 863 show a W---H bond of 2.09 A to the methylene group for
stabilization. Similar structure with a Cr--H bond to the methylene group has already been
calculated for [(CO)sCr'=C(OEt)(Th)]** and [(CO)sCr'=C(OEt)(th)(OEt)C=Cr'(CO)s5]**.8 The
structure of the tetracation 86* (CO)sW™"=C(OEt)(Fc*) could not be located on the potential
energy surface. The electrochemical properties of the alkyl amino carbene species of chromium
Fischer carbene (CO)sCr=C(NH"Bu)Fc 102 and (CO)sCr=C(NH"Pr)fc(NH"Pr)C=Cr(CO)s 103 were
elucidated.” They show reversible one electron oxidation on the chromium at 196 and 341 mV,
respectively. The bis carbene 103 shows oxidation of the second chromium centre at 446 mV. The
iron centres are oxidized at 539 and 700 mV, respectively. For 103 an irreversible Cr'=>Cr"
oxidation is observed at 977 mV. To study the interaction with more metal centres the
biferrocenyl derivates (CO)sW=C(OMe)(fc)(Fc) 109 and (CO)sW=C(OMe)(fc)(fc)(OMe)C=W(CO)s
110 were investigated and compared to 107 (CO)sW=C(OMe)(Fc) and 108
(CO)sW=C(OMe)(fc)(OMe)C=W(CO)s.? Two reversible oxidations on the iron centres are found
at—-14,637 and 226, 715 mV, respectively. The mono cations show IVCT bands and are categorized
as weakly coupled class II systems according to Robin Day.® The corresponding thienyl bridged
biferrocenes (CO)sW=C(OMe)(fc)(th)(Fc) 111 and (CO)sW=C(OMe)(fc)(th)(fc)(OMe)C=W(CO)s 112
show a quasi-reversible reduction of the carbene bond at —2095 and —2095 mV with
[N("Bu)4][B(CeFs)a] as supporting electrolyte, two reversible oxidations of the ferrocene centres at
10 and 420 mV for the monocarbene 111 and at 230 and 475 mV for the biscarbene 112.1°3 The
irreversible W°->W! oxidation takes place at 1135 mV for both compounds 111 and 112. The
group VII transition metal Fischer carbene complexes Cp(CO),Mn=C(OEt)Fc 94 and
Cp(C0O);Mn=C(OEt)fc(OEt)C=Mn(CO),Cp 96 show reversible oxidation of the manganese centres
before the ferrocenyl groups.® The manganese centre of the carbene complex is oxidized at —
106 mV and the two manganese centres in the biscarbene complex at =74 and 55 mV. The
ferrocenyl centres are oxidized at 442 and 714 mV, respectively. For [Cp(CO),Mn=C(OEt)Fc][PFs]
[94][PF¢] the EPR spectrum shows a rhombic g tensor and **Mn hyperfine coupling.

1.3.1 Evaluation the electronic parameters of carbene ligands.

The electronic parameters of different ligands can be evaluated by measuring the CO stretching
frequencies of their carbonyl complexes. In 1967 Strohmeier®® and Bigorgne®” used the CO
stretching frequencies of CpMn(CO),L, CpV(CO).L, Fe(CO)sL and Ni(CO)sL to determine the m-
acceptor strength and o-donor capability of wide variety phosphine ligands giving the following
series of increasing m-acceptor strength: PR3 < PPhs < PCIPh, < PCl,Ph < PCls < PF3.°® Ten years
later, in 1977 Tolman introduced the Tolman electronic parameter (TEP) using the A; CO mode of
Ni(CO)sL in CH,CI, as a ubiquitous standard for the m-acceptor strength of different ligands. This
method has been also applied to Ni(CO)sNHC complexes®, but due to the acute toxicity and
stability problems of the nickel complexes better references were examined. The iridium
[(NHC)Ir(C0),Cl1]1% and rhodium [(NHC)Rh(CO),CI](01-1%31 complexes are suitable alternatives for
the nickel complexes. They can be easily synthesized by transmetalation of carbene complexes
with [Ir(cod)Cl]; and [Rh(cod)Cl];!*** and subsequent carbonylation. Nolan et al. developed an
equation (Eq.1) to convert the Ir-CO stretches into the TEP value.!**” The same was done by Glorius
et al. for the corresponding Rh-CO stretches (Eq.2).11%!
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TEP (cm™) = 0.8475 - veo®/" + 336 cm™ (Eq.1)
TEP (cm™) = 0.8001 - veo®/RM + 420 cm™ (Eq.2)

This concept was also applied to ferrocenyl carbene ligands by Bezuidenhout et al. in 2015
(Scheme 1.3.4).1%"  They measured the TEPs for CI(CO),Rh=C(OEt)Fc 114 and
CI(CO),Rh=C(NH"Pr)Fc 117 with 2054 and 2049 cm™. These values lie between the classical
phosphine ligands with TEPs between 2060 and 2069 cm™ and NHC ligands with TEPs between
2049 and 2055 cm™ (Scheme 1.3.5). Also the complexes CI(CO)LRh=C(OEt)Fc (L=PPhs, PCys,
P(OPh)s, AsPhs) 115 were synthesized. All eight Rh complexes 113-117 were used as catalyst
precursors for the hydroformylation of 1-octene. The results were comparable to rhodium NHC
complexes, regarding the conversion, TOFs, chemo- and regioselectivity toward the linear
aldehyde.
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Scheme 1.3.4: Rh complexes of ferrocenyl carbene ligands. %!
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Also the *C-NMR resonance of the carbene carbon of NHCs can be used to classify the electronic
structure of carbene ligands.[*%®! Most imidazole-2-ylidenes show a *3C resonance between 210
and 220 ppm. Whereas saturated imidazoline-2-ylidenes and acyclic diamino carbenes have a
lower population of the carbene pr-orbital and therefore show a higher anisotropy at the carbene
carbon centre which results in downfield shifting of the resonances to 236—260 ppm.

Another technique to measure the w-accepting properties and -donor ability of carbene ligands
is the synthesis of carbene-phosphinidene adducts and measurement of 3P NMR resonances of
the (carbene)=P-Ph adducts.** The phosphinidene adducts are formed by reaction of the free
carbenes with pentaphenylcyclopentaphosphane or dichlorophenylphosphane with subsequent
treatment with KCs or magnesium. The 3'P-NMR resonances range from —61.2 up to 126.3 ppm
and are in correlation with the trend observed with the TEP or the 3C resonances. High-field 3!P
chemical shifts correspond to phosphorous atoms with a high electron density and therefore a
carbene with a high o-donor ability and low w-acceptor properties and vice versa for the low field
31p chemical shifts. Also 7’Se-NMR can be used to investigate the properties of carbene
ligands.*”1117114 The high range between around —20 ppm for low carbene-rn-acidity and roughly
900 ppm for high carbene-m-acidity gives a good scale to differentiate the compounds. It is
important to highlight the non-linear behaviour of 7’Se-NMR for this method.
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1.4 Gold Carbene Complexes
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Scheme 1.4.1: Gold carbene complexes: a. Balch 1973!**%], b. Bonati 1973[*%¢], ¢. Balch 1974''7],

Already in 1973 gold carbene complexes 118 [Au'{C(NHMe)NMeR}][PFs] (R = H, Me) were
reported as intermediates in the a-addition of amines to isocyanides with tetrachloridoaurate(III)
(Scheme 1.4.1 a.).'* The gold carbene complexes react to formamidines under a variety of
conditions and with quantitative yields. Bonati et al. observed square planar gold(I1I)-biscarbenes
with two halides [Au™{C(NHAr).}.1,][ClO4] 120 which are isoelectronic to platinum(II) complexes
(Scheme 1.4.1 b.).[**®! Balch et al. isolated similar gold(II)-biscarbenes [Au™{C(NHMe),}.I,][PFs]
121and also a trimeric cycle [Au'C(OMe)NMel; 122 which forms three equivalents of
[CIAU'C(OMe)NHMe] 123 after treatment with hydrochloric acid (Scheme 1.4.1 c.).[*%”!
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Scheme 1.4.2: Gold carbene complexes synthesized via transmetalation from Fischer carbene
complexes: a. 124, 125118 p, 126, 1271191201 ¢, 128,221

Gold(l) carbene complexes 124 and 125 are accessible via carbene transfer reaction from tungsten
Fischer carbene complexes with tetrachloridoaurate (Scheme 1.4.2 a.).'*®! Phenyl and methyl
carbenes with alkoxy and amino substituents are possible [CIAU'C(XR)R’], XR = OMe, NH,, NMe,,
NHMe, R’ = Ph, Me. Replication of the carbene transfer with tungsten, chromium and
molybdenum Fischer carbene complexes with tetrachloridoaurate gave the product
[CIAU'C(NMe;)Ph] 126 but also the gold(III) carbene complex [ClsAu™C(NMe;)Ph] 127 could be
isolated (Scheme 1.4.2 b.).[!?%120) The corresponding bromide complexes [BrAu'C(NMe;)Ph] and
[BrsAu'C(NMe;)Ph] could be isolated by carbene transfer with tetrabromidoaurate from Fischer
carbene complexes, but also by halide exchange from the chloride complexes with boron
tribromide. The iodide complexes are not accessible by transmetalation with tetraiodidoaurate
and could only be obtained by halogen exchange of the bromide complexes with boron triiodide.
The biscarbene gold complex trans,trans-[{(p-toINH).C},Aul[BF4] 128 (Scheme 1.4.2 c.) shows a
quite interesting structure.??!! Both NH hydrogens point away from the gold atom. The cis,trans-
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and the cis,cis-isomers are not observed. The two carbene ligands are colinear with 177.4° C-Au-
C angle. The single crystal XRD structure also shows two NH-:-F hydrogen bonds to the BF4 anion.
The two carbene ligands show a dihedral angle of 68.1° to each other.
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Scheme 1.4.3:Binuclear gold carbene complexes 129-132.1122]

Laguna et al. described some binuclear gold complexes 129—132 with diamine groups as bridging
ligands that can be isolated as air and moisture stable solids (Scheme 1.4.3).12% The reactions to
synthesize the binuclear gold complexes are quite slow with reaction times between 3 and 30 days
until full conversion.
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Scheme 1.4.4: Examples for mono- and trinuclear gold carbene complexes investigated by
197Au Méssbauer spectroscopy, a. cis/trans isomers of aminocarbene gold complexes!*?3), b.
NHC Au'and Au™ gold complexes.[*?*

A great method to investigate the properties of gold carbene complexes is ’Au Méssbauer
spectroscopy. Differentiation between Au' and Au™ can be achieved quite easily. Linear
correlation between quadrupole splitting QS and isomer shift IS of several mono- and trinuclear
gold complexes 133-142 (Scheme 1.4.4) give an equation for Au' (Eq.3) and another for Au'l
(Eq.4).[123_125]
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Au(l): QS=1.341S+4.36 (Eq.3)

Au(lll): @S=1.591S-0.21 (Eq.4)

o
R = Ph, ‘Bu, Cy, Th, Fu s [Au]
N™ ™

Scheme 1.4.5: Gold complexes in catalysis of the cycloisomerization of propargyl amides to
oxazolines.!1¢]

Gold complexes can be used in catalysis of a variety of reactions that origin in the activation of
carbon-carbon 7m-bonds e.g. the cycloisomerization of propargyl amides to oxazolines
(Scheme 1.4.5). Because of the mild reaction conditions, it is often used in total synthesis on one
of the last steps. For many years phosphane ligands have been used for this reactions,!*261?”! put
carbene ligands have gotten more and more interest in the last years.[*?®12% The reaction
mechanism of gold catalysis has been investigated in detail. The most important step is the
n*-coordination of the carbon-carbon n-bond on the gold centre, showing a significant lengthening
of the n-bond and change in configuration of the carbon atoms.!*3% The n-complexes of Au are
quite similar to m-complexes of Pd, Pt and Ag but relativistic effects lead to better reactivity caused
by a lower coordination number and different oxidation states.
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Scheme 1.4.6: a. Neutral mono- and dinuclear gold complexes!**!, b. non-heteroatom-
stabilized gold-carbene complex*3?, c. gold carbenoid complex and gold Fischer carbene
complex[**3, d. hetero-bimetallic tungsten gold complex!**%, e. gold Fischer carbene complex
with aurophilic interaction.***!

A lot of Au'and Au carbene complexes have been reported but Au® and Au' carbene complexes
were unknown so far. Bertrand et al. isolated neutral mono- and dinuclear gold(0) carbene
complexes 143 and 144 (Scheme 1.4.6 a.).13Y They used cyclic (alkyl)(amino)carbene ligands with
good m-electron accepting properties, which is necessary to form strong bonds to gold and to
stabilize the paramagnetic gold(0) centre. EPR spectra and DFT calculations of the mononuclear
complex 143 showed the location of the spin density mainly on the carbene carbons and the
nitrogen atoms giving only a weak Au® character. The dinuclear complex 144 shows a quite short
Au-Au distance of 2.552 A. The Au-C distance of 1.991 A in the mononuclear complex 143 is
shorter than in the dinuclear complex 144 with 2.082 and 2.088 A, respectively, which origins in
the different binding modes: electronic 2S (d*%!p°, J=1/2) ground state for 143 vs. 2P (d%%?,
1=1/2) excited state for 144.

Typically, gold carbene complexes are stabilized by a hetero atom like a halide in the coordination
sphere. Straub et al. reported gold carbene complex 145 without a hetero atom stabilization using
the bulky octa-tert-butyl IPr** imino vylide ligand (IPr** = 1,3-bis{2,6-bis[bis(4-tert-
butylphenyl)methyl]-4-methylphenyl}-2,3-dihydro-1H-imidazol-2-ylidene) (Scheme 1.4.6 b.).'32
Three different bond orders are possible for gold carbene complexes: “carbene” character with
Au=C bond order of two, “carbenium” character with Au-C bond order of one and also a
“carbenoid” character with formal gold-carbon bond order of zero. Depending on the electronic
structure one of them is preferred. In general, strong metal carbene bonds lead to metathesis
reactions with alkenes, whereas weak metal-carbene bonds allow cyclopropanations of alkenes.
In this case the bond order assigned by UV/Vis data is somewhere between one and zero. In
literature the definition of gold carbene and carbenoid is discussed in detail.'3® Another
representative of gold carbenoid complexes was synthesized by Firstner et al. with a bis-p-anisyl
carbene ligand 146.1'%! This complex catalyses the cyclopropanation of p-methoxystyrene to
1,1,2-tri-p-anisyl-cyclopropane. The gold carbene length in the solid state is 2.039 A and therefore
the same as in the corresponding gold Fischer carbene complex with the p-anisyl methoxy carbene
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ligand 147. Calculations with Kohn-Sham DFT and the intrinsic bond orbital (IBO) approach show
the importance of n-stabilizing effects of the organic substituents at the carbene carbon atom,
which are compensating the low n-backbonding from the gold atom.!*3”! The IBOs of the n-systems
of the two aromatic rings and the carbene o lone pair are mainly located at the carbene carbon
atom. Transmetalation approaches with diphenylcarbene tungsten pentacarbonyl yielded hetero-
bimetallic gold tungsten complexes 148.13* Transmetalation of ferrocene-1,1’-diyl biscarbene
gave interesting complex 149 with aurophilic interaction between the two gold centres.[*3*! With
an Au---Au distance of 3.035 A in the single crystal XRD structure the interaction is stronger than
in other gold carbene complexes without a ferrocenophane bridge that show Au---Au distances
between 3.093 and 3.307 A. Gold carbene complexes are also accessible by transmetalation from
dirhodium carbene complexes, which can be synthesized from diazomethanes.[**® Beside
catalysis, ferrocene containing gold carbene complexes of the type [Au(NHC-(CH,Fc)y)2]* (x = 1-4)
can also be used as anticancer agents by regulating the formation of reactive oxygen species (ROS)
in cell studies.™™® Usually, silver salts are used to abstract the halide in gold(l) carbene complexes
to generate the active species for catalysis, but also MeOTf or simple potassium salts can be used
instead, although the catalytic activity of the silver activated species is much higher.!**% As already
described in chapter 1.3.1 for NHCs in general, 3C NMR spectroscopy can give a good measure for
o donation in gold(l) carbene complexes.** The counter ion influence in gold catalysis is some
times more important, than the ligand effect. In a detailed study a variety of different counter ions
are compared.'#? Sterically demanding but counter ions like (BArfs)~, [B(CsFs)a]~, [AI(OC(CF3)3)a]™
and [B(CsFs)3(OACH)]™ show higher catalytic activity than the counter ions CI-, NTf,, OTf", SbFs",
BF4~, and OTs™ commonly used in industrial applications.
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1.5 Redox Switchable Catalysis (RSC)

In general, there are two possible representatives in redox switchable catalysis (RSC). Catalysts
that are inactive in the reduced state and can be switched into the active state by oxidation or

|II

vice versa. In most cases there is also no real “on” or “off”, but only a change in the catalytic

activity.
:Nu ‘Nu
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Scheme 1.5.1: Redox switchable catalysis in cobaltocenyl metal carbonyl complexes.!**!

One of the first examples for RSC with a metallocenyl ligand was reported by Wrighton et al. in
1994 (Scheme 1.5.1). They used a redox-active 1,1’-bis(diphenylphosphino)cobaltocene (dppc)
ligand to reversibly change the reactivity of rhenium metal carbonyls towards nucleophiles.[**3! |n
the oxidized state 150" the electrophilicity of the carbonyl is higher, while in the reduced state 150
it is lower. By oxidation the reactivity towards tertiary amine N-oxides could be increased by a
factor of 200, while the reactivity towards azide was increased by a factor of 5400 and AH* was
decreased by 13-17 kJ mol™. The same ligand can be used to reversibly change the rate of
rhodium(l)-catalysed reduction and isomerization of ketones and alkenes.!** Additionally to the
control of the reaction rate redox switchable catalysts were also be used by Plenio et al. as phase
tag for recycling of homogeneous catalyst 151 in Grubbs-Hoveyda ring closing metathesis (RCM)
(Scheme 1.5.2).1%%1 By applying a voltage or adding an oxidant the catalyst can be oxidized twice
and precipitates from the reaction solvent toluene. This way the metathesis can be stopped and
the catalyst could be recovered. Reduction of the catalyst leads to redissolving and continuation
of the metathesis reaction.
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Scheme 1.5.2: Examples of redox switchable catalysts.[!*5-14

Gibson et al. used the ferrocenium labelled salen titanium catalyst 151 for the ring-opening
polymerization (ROP) of rac-lactide (Scheme 1.5.2).1¢! In the non-oxidized state the catalyst was
approximately 30 times more active than in the double-oxidized state, which was attributed to
the electron withdrawing effect of the ferrocenium groups. The catalyst could be switched from
the oxidized to the reduced state to recover the initial catalytic activity. This could be used to form
micro-block copolymers. Bielawski et al. used NHC ligands with a redox active naphthoquinone
moiety to synthesize nickel-, palladium- and platinum-complexes 153 that were used in redox-
switchable Kumada coupling of different bromoarenes with phenylmagnesium chloride (Scheme
1.5.2).1147) Addition of cobaltocene as reducing agent decreased the catalytic activity, while
subsequent oxidation with ferrocenium tetrafluoroborate restored the initial activity. In 2013
Bielawski et al. used the redox-switchable diaminocarbene[3]ferrocenophane Grubbs like catalyst
154 for the ring-opening metathesis polymerization (ROMP) of cis-cis-1,5-cyclooctadiene.[*! |n
the reduced state the conversion is approximately 25 % after 10 min with 0.04 mol% catalyst
loading. After oxidation with DDQ almost a full stop of the reaction could be observed. UV/vis
spectroscopy suggested, that the catalyst is still soluble after oxidation. EPR spectroscopy
indicated aniron centred radical in the oxidized state. Poyatos and Peris et al. used an imidazolium
salt with a fused benzoferrocenyl as precursor for the synthesis of the ferrocenyl-imidazolylidene-
gold(l) complex 155, which they used for RSC in the cyclization of alkynes with furans.'*! The
neutral complex 155 shows no activity, while the oxidized species gives 53—75 % yield depending
on the alkynes used for the reaction. Two active species 156 and 157 could be responsible for the
catalysis. The expected Fe(lll) complex 156, but also the protonated Fe(ll) complex 157 was
observed after the oxidation. Separation of these two species to assign the catalytic activity was
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not successful. More RSC of NHC complexes can be found in a detailed review of Peris published
in 2017 about smart NHC ligands in catalysis.*>%
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Scheme 1.5.3: Central metal dependent RSC.!*5!!

A quite interesting example for RSC was published by Diaconescu et al. in 2011
(Scheme 1.5.3).[198151 The same catalyst with different central metal shows antithetic behaviour
in RSC polymerization reactions. While the yttrium complex is active in the reduced state 158 and
catalyses the ROP of L-lactide and can be switched off by oxidation with ferrocenium
tetrakis(3,5-bis(trifluoromethyl)phenyl)borate (FcBArf), the corresponding indium complex is
active in the oxidized state 159 and can be switched off by addition of cobaltocene.
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Scheme 1.5.4: Mesoionic carbene complexes in RSC, 4-ferroceny 16052,
1,4-diferrocenyl 161'%”), 1-ferrocenyl 162*%!, mono/dicobaltoceniumyl 164 and 165!*>3], Dipp-
Rh-complex 1631**%, Dipp-Au-complex 166.!*5!

The Group of Sarkar investigated several representatives of ferrocenyl containing mesoionic
carbene (MIC) complexes of gold in RSC with a 1,2,3-triazol-5-ylidene (trz) scaffold (Scheme 1.5.4).
The 4-ferrocenyl-1-mesityl triazolylidene gold(l) complex 160*°? shows 88 % conversion after 24 h
in the oxidized state 160", but only 12 % conversion in the same time in the neutral state 160 for
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the test reaction cyclization of N(2-propyn-1-yl)benzamide to 5-methylene-2-phenyl-4,5-
dihydrooxazole with 1 mol% catalyst loading. The diferrocenyl triazolylidene gold(l) complex
16119 shows 10 % conversion for the same reaction. Oxidation to the mono cation 161* leads to
an increase of the TEP from 2045.4 cm™to 2056.9 cm™ and a conversion of 30 % after 24 h. For
the beforementioned 4-ferrocenyl,1-mesityl triazolylidene 161 the TEP changes from 2045.4 cm~
! to 2052.8 cm™ upon oxidation.[**”) The second oxidation of 4,N-diferrocenyl triazolylidene
complex to 161% further increases the TEP to 2068.3 cm™, while the conversion of the test
reaction shows 40 % after 24 h. For the 1-ferrocenyl,4-phenyl triazolylidene gold(l) complex 162
the reversibility of the RSC could be shown by switching the catalyst “on” and “off” for several
times.[*%! For this ligand the TEP changes from 2047.0 cm™ to 2054.3 cm™ upon oxidation. The
conversion rate for the test reaction is 30 % after 24 h for the neutral species 162 and 100 % for
the mono cation 162*. Expanding the concept of redox switchable MIC ligands to other
metallocene moieties leads to cobaltocenium compounds 164 and 165.1*>3! With TEPs of 2077.9
cm™ for the 1-ferrocenyl,4-cobaltocenyl triazolylidene mono cation 164 and 2108.7 cm™ for the
1,4-dicobaltocenyl triazolylidene dication 165 the ligands lie in the electron poor region compared
to standard NHC ligands with TEPs between 2045-2053 cm™. The 1,4-dicobaltocenyl
triazolylidene gold complex 165 shows 100 % conversion in the test reaction in less than 2 h.
Addition of two equivalents of reducing agents fully stops the reaction, while re-oxidation does
not activate the catalyst again, as the cobaltocenium complexes show lower redox stability than
the ferrocenyl complexes. RSC in the hydroformylation of 1-octene has been investigated by
Bezuidenhout et al. with a ferrocenyl-bis-Dipp trz Rh(l) complex 163.%>% Similar ferroceny! bis-
Dipp trz gold complexes 166 have been used as anticancer agents.*>> A detailed review about
different trz complexes and their application in catalysis, medicine and photophysics was
published by Bugarin et al. in 2018. [**¢]

Also examples of RSC with more than two ferrocenyl sites are possible. Recent work of Hey-
Hawkins et al. reported a P-chiral dendritic ferrocenyl phosphine ruthenium complex with 12
ferrocenyl units that shows RSC in the transfer hydrogenation of acetophenone to 1-
phenylethanol.>”)
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2 Aim of Work
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Scheme 2.1: Diferrocenyl carbene and ferrocenyl aminoferrocenyl carbene.

Redox switchable catalysis (RSC) is of great interest, as it allows to control a desired reaction and
switch it on and off. This can be used for example in the synthesis of special block copolymers or
also to recycle the catalyst after the reaction. The stability and good redox properties of the
ferrocenyl moiety made it an important part of redox switchable carbene ligands. Ferrocenyl
carbene complexes have a wide application in RSC, but most of them are based on NHCs of MICs
and are synthesized in elaborate multi-step reactions that sometimes include explosive
intermediates like ferrocenyl and aryl azides. Acyclic approaches showed no successful results in
RSC so far. The primary aim of this work is the basic understanding of diferrocenyl carbene 45 and
ferrocenyl aminoferrocenyl carbenes 167 (Scheme 2.1) as potential novel acyclic redox switchable
carbene ligands for the application in catalysis. Different approaches for the synthesis of these
elusive compounds are investigated. In the course of these studies, substituent patterns for
stabilization of the carbenes are tested and unexpected side reactions are screened. One possible
route to 45 is the base assisted Bamford-Stevens reaction of diferrocenyl tosyl hydrazone 168
(Scheme 2.2). As previously reported 168 shows a strong nonclassical NH---Fe intramolecular
hydrogen bond (IHB).'>® But what happens if the Fe is replaced by Ru? Investigation of the IHB
after substitution of one or both ferrocenyl groups by ruthenocenyl groups will be performed. The
strength of the resulting NH---Ru IHB will be evaluated and compared to the NH-:-Fe IHB. Possible
isomers in the mixed ferrocenyl ruthenocenyl tosyl hydrazone will be compared.
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Scheme 2.2: Diferrocenyl tosyl hydrazone with IHB.[*58

Furthermore, one or two ferrocenyl groups will be introduced into Fischer carbene complexes and
the products will be characterized (Scheme 2.3). Detection of free carbene intermediates or
isolation and trapping of the free carbenes will be attempted. The side reaction to diferrocenyl
imine will be investigated in detail to prevent it in future. The unexpected formation of
2,N-diferrocenyl acetamide from the ferrocenyl ethoxy Fischer carbene complex will be studied
and mechanistic proposals will be given. Transmetalation of ferrocenyl ethoxy Fischer carbene
complex to gold has been achieved by Bezuidenhout el at. but no catalytic experiment were
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performed so far.[*** This gold(I) complex will be used as scaffolding to investigate the basics redox
switchable catalysis of a test reaction and elucidate the nature of the active species. Further
transmetalation approaches with the new carbene ligands will be attempted to get gold(l)

catalysts with two active redox centres.
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Scheme 2.3: Ferrocenyl carbene complexes investigated in this work.
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3 Results and Discussion

The first five sections 3.1-3.5 of this dissertation have been published as scientific articles in peer
reviewed chemistry journals. These articles will be reprinted in the following with the permission
of the respective publisher. The section 3.6 is an unpublished manuscript that is in the submission
process.

In section 3.1 “Competitive NH---Ru/Fe Hydrogen Bonding in Ferrocenyl Ruthenocenyl Tosyl
Hydrazone” the nonclassical NH~M intramolecular hydrogen bond (IHB) to ferrocenyl and
ruthenocenyl moieties in dimetallocenyl tosyl hydrazone is compared. IR spectroscopic
measurements suggest that the NHRu IHB in diruthenocenyl tosyl hydrazone is 6 k) mol~*stronger
than the NH~Fe IHB in diferrocenyl tosyl hydrazone. The mixed metallocenyl species ferrocenyl
ruthenocenyl tosyl hydrazone shows two isomers which can be interconverted from E to Z by
thermal and photochemical experiments as well as protonation.

In accordance to the N heterocyclic carbenes with two lone pairs of two nitrogen atoms stabilizing
the carbene carbon atom the carbene complex (aminoferrocenyl) (ferrocenyl) carbene
(pentacarbonyl) chromium(0) with at least one nitrogen atom in the proximity of the carbene
carbon atom was synthesized. In section 3.2 “Preparation, Properties, and Reactivity of
(Aminoferrocenyl) (ferrocenyl) carbene (pentacarbonyl) chromium(0) as Bulky Isolobal Trimetallo-
amide” the carbene complex is characterized and compared to the isolobal diferrocenyl amide
and diferrocenyl thioamide.

One big problem in the synthesis of aminoferrocenyl carbene complexes is the follow up reaction
to an imine, that prevents the isolation of a carbene. In section 3.3 “On the mechanism of imine
elimination from Fischer tungsten carbene complexes” the formation of the imine is investigated
in detail by DFT calculations and kinetic and mechanistic experiments.

To prove the applicability of ferrocenyl Fischer carbene complexes as precursor for redox-
switchable catalysis the transmetalation of the carbene fragment to gold and benchmark catalysis
experiments were carried out. In the section 3.4 “Gold(ll) in redox-switchable gold(l) catalysis” the
synthesis of the gold complex as well as the redox-switchable catalysis experiments are described.

During the synthesis of the aminoferrocenyl ferrocenyl Fischer carbene complexes two
unexpected side products could be identified. Diferrocenylacetamide is formed after nucleophilic
attack of ferrocenylamide on a carbonyl carbon and triferrocenylcyclobutenone is formed in a
multi-step reaction of three equivalents of ferrocenyl Fischer carbene complex. Mechanistic
studies to these two products are described in the section 3.5 “Unexpected C—C coupling reaction
of Ferrocenyl Fischer Carbene Complexes leading to Acetamides and Cyclobutenones”. The
reaction to the cyclobutenone is compared to the literature known D6tz benzannulation reaction
and differences are pointed out.

In section 3.6 “Electrochemistry of the heterotrimetallic Fischer carbene complex (N-
methylaminoferrocenyl) (ferrocenyl) carbene (pentacarbonyl) tungsten (0)” the synthesis of the
heterotrimetallic carbene complex is reported and characterized by NMR-, IR-, UV-vis
spectroscopy, cyclic voltammetry and DFT calculations. The compound is compared to the lighter
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isolobal analogous diferrocenyl amide and diferrocenyl thioamide. The communication of the two
iron centres in dependence on the bridge (C=0, C=S, C=M(CO)s) in the mixed valent
ferrocene/ferrocenium mono cations is studied with spectroelectrochemical techniques and
Robin Day classification is applied.
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3.1 Competitive NH--‘Ru/Fe Hydrogen Bonding in Ferrocenyl
Ruthenocenyl Tosyl Hydrazone

Philipp Veit, Ephraim Prantl, Christoph Forster,* and Katja Heinze*

Organometallics 2016, 35, 249-257.

The literature-known diferrocenyl
tosyl hydrazone (1) described in the
last chapter shows a strong
nonclassical NH---Fe intramolecular
hydrogen bond (IHB). In this chapter, it
is shown that an analogous NH---Ru IHB

is present in the heavier homologue diruthenocenyl tosyl hydrazone (2). The IHB is confirmed by
NMR and IR spectroscopy as well as by XRD methods. By IR spectroscopy it can be shown, that the
NH---Fe IHB in 1 is weaker than the NH:--Ru IHB in 2 by 6 k] mol™%. The synthesis of the mixed
metallocenyl compound ferrocenyl ruthenocenyl tosyl hydrazone (3) shows the E/Z isomer
directing abilities of NH---M IHBs. 3 is obtained as a mixture of the Z and E isomers (3a,b) with
NH---Ru and NH---Fe IHBs, respectively. At 111 °C, 3a with the NH---Ru IHB is preferred with an
isomeric ratio of 10:1 (91% 3a). The formation of the isomeric mixture allows a direct comparison
of the competitive NH---Ru/Fe hydrogen bonding. The underlying reason for the 3a:3b ratio is of
thermodynamic nature, rooted in the differences in strengths of the NH--M IHBs of Fe and Ru.
Thermal and photochemical approaches and protonation to the corresponding
iminium/carbenium ions [H-3a]*/[H-3b]* were employed to overcome the barrier for the E - Z
isomerization 3b = 3a, with concomitant switching of the NH---M IHB.
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Competitive NH--Ru/Fe Hydrogen Bonding in Ferrocenyl
Ruthenocenyl Tosyl Hydrazone
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ABSTRACT: A strong nonclassical NH---Fe intramolecular
hydrogen bond (IHB) is present in the literature-known
diferrocenyl tosyl hydrazone (1). Here, we confirm by NMR
and IR spectroscopy as well as by XRD methods that an
analogous NH--Ru IHB is present in the heavier homologue
diruthenocenyl tosyl hydrazone (2). The NH:~Ru IHB in 2 is
stronger than the NH--Fe IHB in 1 by 6 kJ mol™), as
determined by IR spectroscopy. Further, we probed the E/Z
isomer directing abilities of NH---M IHBs in the synthesis of the mixed metallocenyl compound ferrocenyl ruthenocenyl tosyl
hydrazene (3). 3 is obtained as a mixture of the Z and E isomers (3a,b) with NHRu and NH--Fe IHBs, respectively. At 111
°C, 3a is preferred with an isomeric ratio of 10:1 {91% 3a). The formation of the isomeric mixture allows a direct comparison of
the competitive NH:--Ru/Fe hydrogen bonding. The underlying reason for the 3a:3b ratio is of thermodynamic nature, rooted in
the differences in strengths of the NH-M IHBs of Fe and Ru. Thermal and photochemical approaches and protonation to the
corresponding iminiam /carbenium ions [H-3a]*/[H-3b]* were employed to overcome the barrier for the E — Z isomerization
3b — 3a, with concomitant switching of the NH--M IHB.

1o legitimately share published articles.

August 5, 2019 at 12:33:13 (UTC).

B INTRODUCTION bonded ferrocenyl substituent is oxidized to the ferrocenium
ion (Fc*) in the first place, while the THB to the uncharged Fc
remains intact in 1*. In the second oxidation process to 1*, the
THB is disrupted due to accumulation of positive charge at the
hydrogen-bonded Fc* moiety. The NH-Fe THB confines
charge and spin to the non-hydrogen-bonded Fe site in 17,
while in 1?* the second positive charge splits the THB, inducing
a significant conformational rearrangement.**

We then became interested in the question whether the
heavier homologue ruthenocene would behave similarly to
ferrocene and whether the NH:+-Ru hydrogen bond would be
stronger or weaker than the corresponding NH--Fe 1HB. In
terms of basicity, the reactivity of ferrocene and ruthenocene
has to be divided into “ring basicity”, the interaction of the
clectren-rich cyclopentadienyl {Cp) ligands with hydrogen
donors, and “metal basicity”, as a consequence of the
interaction of the electron-rich metal centers with hydrogen
donors. Ferrocene (Kj, = 1.54) shows a higher ring basicity in
protonation equilibria of the Cp ligands in comparison to
ruthenocene (K, = 0.48).""*" Ferrocene protonation at iron is
achieved in boron trifluoride hydrate,” while RuCp, and
OsCp; show a higher metal basicity and are protonated at the
metal alrcady by TFA in CH,CL.*"™ These opposite trends in
ring and metal basicity lead to different protonation
mechanisms of the metal centers.*” The protonation of
ferrocene occurs via an exo attack of a proton at the Cp

Classical hydrogen bonds between electronegative elements are
important in secondary structures of natural peptides’ as well as
in cata])'sis.l" However, also nonclassical hydr()gen bonds such
as XH-+M and XH:~HM play a significant role in modern
chemistry, especially in organometallics with rather electron
rich metal centers."” Organometallic peptides with conven-
tional hydrogen bond forming ingredients, such as amine
acids, %" sugam‘,z2 ureas,” " and lactams,** based on classical
hydrogen bonds™®” have been extensively studied and
exploited. Molecular wires,”* ™ redox-responsive fol-
damers,”™** optically switchable valence tautomers,™**
porphyrin tweezers,” and anion sensors” > have been
devised from the combination of ferrocene and hydrogen
bonds in organometallic systems. Utilization of stable, non-
classical hydrogen bonds*™ in the areas of organometallic
crystal engineering™ ®” and especially in supramolecular
nrganometallic chemistry, yet inspired by conventicnal, natural
hydrogen bond based secondary stractures, would expand our
molecular universe in terms of structural diversity and
reactivity.

Recently, a strong, nonclassical NH--Fe intramolecular
hydrogen bond (IHB) has been discovered in the organo-
metallic diferrocenyl tosyl hydrazone 1.** This THB is
exceptionally thermally stable and persistent with respect to
competition with external hydrogen atom acceptors such as
THE and even DMSO." The static NH-Fe IHB in 1 clearly
distinguishes the two ferrocenyl sites in 1, especially from an Received: November 20, 2015
electrochemical point of view. Indeed, the non-hydrogen- Published: January 13, 2016
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ligand, while ruthenocene is directly protonated at the metal.
Similar to protonation, intermolecular OHyenq+Cp hydrogen
bonds are formed exclusively for FeCp), while OHppo~M
hydmgen bonds are detected additionally in the case of RuCp,
and OsCp, by treating these metallocenes with phenols.*® For
IHBs of metallocenyl alcohols and phenols analogous
observations have been made and the strength of the OH~M
THBs follows the trend Fe < Ru < Os.'>° Further, six-
membered-ring conformations allow stronger intramolecular
OH-Fe hydrogen bonds in ferrocenyl alcohols than five- or
seven-membered rings.”"””

We envisaged that the dimetallocenyl tosyl hydrazone
platform is ideally suited to address the fundamental question
of which metal center (Fe/Ru) forms stronger NH--M
h)’dl'ﬂge“ b(“]db in "]Eta”DCEnES {0]' the fO”D\Vi"g reasoens:
the hydrogen bond encompasses the stable six-membered-ring
conformation and competition of the NH--Cp hydrogen
bonding is essentially excluded due to the restricted conforma-
tional mobility caused by the C=N double bond. Next, we
were interested in the E/Z isomer directing abilities as a
consequence of the competition of nonclassical NH---M
hydrogen bonds in the synthesis of a mixed-metal (Ru/Fe)
tosyl hydrazone as a prototype for imine type E/Z R(R')C=
NR" comp()l.md,ﬂ.M

Hence, we prepared the diruthenocenyl tosyl hydrazone 2
and the mixed ferrocenyl ruthenocenyl tosyl hydrazone 3 from
the respective ketones™ " (Scheme 1) and investigated their

Scheme 1. Synthesis of 2 and 3a,b with Atom Numbering for
NMR Assignment
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structures in solution and in the solid state by NMR and IR
spectroscopy as well as by single-crystal XRD. For the
heterobimetallic hydrazone 3, E/Z isomers are envisaged,
namely 3a (Z) featuring a NH--Ru THB and 3b (E) with a
NH:--Fe IHB. The relative stability of these two isomers will be
probed by NMR and IR spectroscopy in combination with
density functional theory studies. A conceivable interconversion
between the two hydrogen-bonded isomers 3ab will be

attempted by thermal means, as described for ferrocenyl
imines,”* by photochemical means, and by acid assistance
similarly to isomerization of purely organic hydrazones lacking
XH--M THBs.”!

B RESULTS AND DISCUSSION
13,59,60

The hydrazones 2 and 3 were conveniently prepared
from the respective literature-known dimetallocenyl ke-
tones™ " by condensation with p-toluenesulfonyl hydrazide
in refluxing toluene in good yields (Scheme 1). The
compositions and purities of 2 and 3 were ascertained by
mass spectrometry, showing the expected molecular jon peaks
at m/z 656.8 and 611.7 with correct isotopic patterns,
respectively (Figure S1 in the Supporting Information), and
by satisfactory elemental analyses (Experimental Section). The
UV/vis spectra of 2 and 3 in CD,Cl; are unspectacular,
displaying metallocene-associated absorption bands at 235, 254,
284, and 330 nm (2) and at 236, 295, 350, and 455 nm (3a,b),
respectively (Figures $2 and $3 in the Supporting Information).
According to time-dependent density functional theory (TD-
DFT) calculations, most of these transitions involve the
LUMO, which features large coeflicients on the C=N double
bond corresponding to the #*(C=N) molecular orbital.

The diruthenium complex 2 shows two sets of Cp proten
and carbon resonances (Scheme 1 and Figures $4 and S5 in the
Supporting Information), a low-field NH® resonance at Sy
9.70 ppm (Figure 1), and an NOE cross peak of the NH proton

10.16
a)
1
9.70
b)
2
9.82
c)
10.06 3al3b
110
10.8 10.4 10.0 956 92
&/ ppm

Figure 1. NH region of the 'H NMR spectra of (2) 1," (b} 2, and (c)
a 10:1 mixture of 3a,b in CDCl; (full spectra in Figure S8 in the

Supporting Information}).

to one CHg (H'') ring in CDCI, solution (Figure S6 in the
Supporting Information). This NOE distance constraint places
the NH group in the vicinity of a ruthenium center. Hence, a
NH---Ru IHB is also present in 2, perfectly similar to the NH--
Fe situation in 1." Completely analogous to 1, the NH--Ru
IHB in 2 is not disrupted by the strongly hydrogen accepting
solvent DMSO, as shown by a 'H NMR experiment in dy-
DMSO (Sype 967 ppm, Figmre $7a in the Supporting
Information).

The mixed dimetallocene 3 is obtained as a mixture of E/Z
isomers 3ab (Scheme 1) in the nonstatistical ratio 10:1 at 111
°C (toluene reflux), as easily identified by the doubled set of
proton resonances in & 10:1 (91% 3a) integration ratio (NH
proton resonances H’, Figure 1; tosyl proton resonances H'**

DOI10.1021/acs.organamet 5b00963
Organometaliics 2016, 35, 249-257
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and Cp proton resonances H*™''and H™*™", Figure $9 in the
Supporting Information). The two isomers proved to be
ingeparable by recrystallization, column chromatography, and
HPLC, but they are easily identified by their significantly
different proton NMR. resonances. By comparison with the 'H
NMR resonances of 1 (ferrocenyl substituents with and
without 1HB™) and 2 (ruthenocenyl substituents with and
without THB, TFigure 54 in the Supporting Information) it is
cven possible to assign the major isomer 3a to that with a NH--
Ru THB (Syye, 982 ppm, 91%) and the minor isomer 3b ta
that with the NH---Fe IHB (Syur. 10.06 ppm, 9%) (Figures 59
and S11 in the Supporting Information). DMSO leaves the
THBs in 3a,b unaffected, as shown previously for 1" and 2 (3a
Syura 9-78 ppm and 3b dyyp. 10.01 ppm in d-DMSO; Figure
$7b in the Supporting Information). Variable-temperature 'H
NMR spectra in dy-toluene reveal that the 1HBs of 3ab are
stable and thermal interconversion of 3ab (Scheme 2) is not
achieved up to 100 °C (Figure $12 in the Supporting
Information).

Scheme 2. Possible Pathways for the 3a,b Interconversion

S
\ o c
120 1.0

DFT caleulations on 3ab (Figure 2 and the Supporting
Information) suggest a thermodynamic preference for the
NH:+Ru hydrogen bonded isomer 3a over 3b by 8 kJ mol ™ at
298 K. This corresponds to a relative fraction of 3a of 96%.
Both nen-hydrogen-bonded isomers are almost degenerate in
terms of energy and are 14 kJ mol ™ higher in energy than the

251

3b

() 130A LA

Ru

Figure 2. DFT calculated optimized geometries of {2) 3ab and (b)
[H-3a]" and [H-3b]" showing NH--M/O THBs.

hydrogen-bonded isomer 3a. Hence, the preference of 3a is
essentially based on the more favorable NH--Ru THB in
comparison to 3b with its NH--Fe THB, while electronic
differences between the E and Z isomers appear negligible. The
NH---Ru THB in 3a is caleulated to be slightly stronger than the
NH--Fe THB in 1, with a difference between the conformers of
1 with and witheut IHB amounting to 10 k] mol™'. For the
diruthenocenyl tesyl hydrazone 2 the corresponding energy
difference is calculated as 12 kJ mol ™.

Ag an indicator of the hydrogen bond strength, the NH
stretching vibration without THB as present in diphenyl tosyl
hydrazone (4)7%* at 3219 em™ s compared to the NH
vibration with NH--M IHB in the solid state. The NH
stretching wibrations of 1-3 are observed at 3101, 3003, and
3001 em™', respectively (Figure S$16 in the Supporting
Information). This significant shift to lower wavenumbers
shows the presence of streng hydrogen bends in 1-3. For 2
and 3, the NH stretching band overlaps with the CH,,
vibrations. T'o confirm the assignment, 2 was N-deuterated
with D,O to 2P, giving an ND stretch at 2262 cm L. The
isomer 3b was not detected in the TR spectra of the 3ab
mixture due to its low concentration. This further confirms the
preference of the NH:-Ru IHB in 3.

Vibrational spectra in solution with a mnoncoordinating
solvent are used to exclude packing effects or intermolecular
hydrogen bonds. 1, 2, and 3ab show absorptions of NH
stretching vibrations at 3118, 3028, and 3030 cm™' in CDCI,,
respectively (Figure 3). Using the NH vibration of 4™ in
CD,Cl, with 3267 em ™ as a reference value for the free NH
stretch together with the empirical correlation of hydrogen
bond enthalpies and XH wavenumber shifts —AH = 18A5/ (AP
+ 720) (AH in keal mol Y AZ in em 1), the hydrogen
bond enthalpies are as follows: 1" AP 2149 em™, —AH ~ 13
k] mol™'; 2, AP & 239 em™', —AH & 19 k] mol™"; 3a, Al =
237 em ), —AH = 19 k) mol L According to these values, the
[HBs in 2 and 3a are comparable in terms of strength while
they are significantly stronger than the IHB in 1, resulting in
the conclusion that the NH:-Ru IHB is stronger than the NH:+

DOk 10,1021 /508 organemet S bi0963
Crgonomelaliics 2016, 35, 249-257
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1
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Figare 3. IR spectra of () 1 in CD,CLY and {b) 2 and (c) 3ab
mixture (10:1) in CDCl, (NH region).

Fe THB by 6 kJ mol™". This trend is also confirmed by the
isomer ratio 3a:3b in the "H NMR spectrum (Figure $9a in the
Supporting Information) and the DFT calculations.

The final proof of THBs involving ruthenium(1T) in the solid
state is given by single-crystal XRD analyses of 2 and 3a (Figure
4 and Table 1). Only the Z isomer 3a is detected in the single
arystal. All dimetallocenyl tosyl hydrazones 1, 2, and 3a
crystallize isotypically in the monoclinic space group P2, /c. The
Rul--H2N (H2 was localized in the difference Fourier map)
and Rul--N2 distances are in accordance with the DFT
calculations (Table 1). Although ruthenocenyl alcohols have
been amply described in the literature,”' > only three
examples of structurally confirmed XH---Ru THBs in
ruthenocenyl-containing compounds are deposited in the
Cambridge Structural Database (CSD)*" with O--Ru = 3.493
A% and N--Ru = 3.687 4,°° 3791 A In 1 the con‘espondin§
distances to iron are 3.46 A (Fe—N2) and 2.71 A (Fe—H2N)."
The heavier homologue 2 shows distances of 347 A (Rul—N2)
and 2.67 A (Rul—H2N), and 3a features distances of 3.46 A
(Rul—-N2) and 272 A (Rul—H2N). The torsion angles
between the cyclopentadienyl and the hydrazone planes for 2
are 145° (N1-C11-C12—C13) and 170° (N1-C11-Cé—
C7), respectively, and for 3a are 146° (N1-C11-C12—C13)
and 170° (N1=C11—C6—C7) (Figure 4). The THB forces the
rathenocenyl substituent out of conjugation, suggesting that the
IHB overcompensates the energy loss resulting from the
noncoplanar orientation. The non-hydrogen-bonded metal-
locenyl substituent shows almost coplanar sites in 1-3 with
regpect to the RR'C=N plane, allowing # conjugation.

As DFT calculations suggest a slightly higher fraction of 3a of
96% at room temperature than at the applied synthesis
temperature of 111 °C (94%), we attempted to increase the
isomer ratio by reducing the synthesis temperature to room
temperature. However, the reaction rate is too small at room
temperature to obtain the hydrazones.

Hence, we considered a postsynthetic isomerization of 3b to
3a. An NMR sample of the 10:1 3a:3b mixture in toluene was
heated to 100 °C, yet the isomer ratio remained constant.
Obviously, the barrier for E/Z isomerization in 3 is too high for
thermal activation. Next, a photochemical isomerization was
attempted. Indeed, TD-DFT calculations of 3a (Figure $3 in
the Supporting Information) show that most electronic
transitions between 236 and 455 nm involve the LUMO,

252

a)
b)
c22
02
y 1.31 A
' Ru1-N2: 3.46 A

Fe1

Fignre 4. Molecular structures of (a) 2 and (b) 3a from single crystal
XRD (CH hydrogen atoms omitted, thermal ellipsoids at $0%
probability).

which essentially corresponds to population of the 7* orbital of
the C=N double bond. For 3a, the low-energy band at 455 nm
corresponds to a ruthenium — #*(CN) transition. An
analogous iron — 7*{CN) absorption is expected for 3b. On
the one hand, excitation into these bands should reduce the CN
bond order, allowing facilitated rotation around this bond, and
on the other hand weaken the corresponding NH:--M
hydrogen bond due to electron depletion at the electron-
donating metal center. Facilitated rotation around the CN bond
with concomitant cleavage of the IHB should interconvert 3b
to 3a (Scheme 2). Indeed, irradiation of the 3a,b mixture at 400
nm for 96 h at reom temperature in CDCl; in an NMR tube
increases the 3a:3b ratio from 10:1 (94% 3a) to 17:1 (95% 3a)
(Figure S13 in the Supporting Information). Performing the
same experiment at —78 °C yielded a 15:1 3a:3b ratio (94%
3a) after 140.5 h (Figure $13). Hence, irradiation overcomes
the C=N rotational barrier and allows 3a,b to equilibrate at
room temperature and even at lower temperature. This
confirms that the isomer ratio is thermodynamically controlled
and the observed 10:1 ratio corresponds to the equilibrium
ratio at 111 °C (synthesis temperature).

In addition to photochemically induced isomerization, this
process might also be induced by protonation of the hydrazone
at the C=N nitrogen atom to the iminium/carbenium ion [H-

DOI10.1021/acs.organamet 5b00963
Organometaliics 2016, 35, 249-257
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Table 1. Selected Bond Lengths (A) and Angles (deg) of 1, 2, and 3a determined by XRD and of 1, 2, and 3a,b Determined by

DFT Calculations

1 (XRD)* 2 (XRD) 3a (XRD)
M1 Fe Ru Ra
M2 Fe Ru Fe
M1HIN 271(2) 2.67(2) 272(3)
MI1--N2 3463(2) 3.466(2) 3.461(3)
N1-Cl1-C12-CI3 146.8(2) 145.2(3) 145.7(4)
N1-C11—-C6-C7 168.6(2) 169.7(2) 169.6(5)
N1-Cl1 1297(3) 1.296(3) 1.305(4)
N1-N2 1396(2) 1.389(3) 1.386(4)
N2-§1 1.650(2) 1.652(2) 1.653(3)
Cll-C12 1473(3) 1.480(3) 1477(5)
Cl1-Cé 1480(3) 1.476(3) 1.476(8)
N1-N2-§1-C22 54.2(2) 58.1(2) 56.9(3)
MI1-X1° 1.660 1.818 1.801
MI1-X2" 1.660 1814 1.808
M2-X1° 1655 1811 L1663
M2-X2° 1.649 1506 1.664
(M1)* 174.6 1757 1754
T(M2)° 179.2 179.1 179.2

1 (DFT)* 2 (DFT) 3a (DFT) 3b (DFT)
Fe Ra Ru Fe
Fe Ra Fe Rn
2.674 2640 2.627 2673
3545 3551 3.539 3.547
149.2 147.0 146.7 148.8
162.4 160.0 163.5 1584
1297 1297 1297 1297
1378 1376 1.376 1377
1706 1706 1705 1706
1482 1482 1482 1482
1478 1477 1477 1477
554 562 55.8 55.5
1.696 1877 1.877 1696
1.698 1.880 1.879 1,698
1691 1876 1.601 1875
1692 1875 1692 1875
1754 176.4 1767 1754
178.0 1787 1780 1787

“X1 = centroid of coordinated C¢Hj ring, ¥X2 = centroid of coordinated CgH, ring. 7 = X1-M-X2.

3a]'/[H-3b]" (Figure 2b and Scheme 2). Addition of TFA to
the orange dichloromethane solution of 3ab at room
temperature leads to formation of the respective brown
iminium/carbenium ions [H-3a]"'/[H-3b]"*. Protonation results
in bathochromic shifts of 295 — 310 nm, 350 — 420 nm, and
455 — 566 nm of the characteristic absorption bands (Figure
S14 in the Supporting Information), as is common for
ferrocenyl carbenium ions.”* The *H NMR spectrum of [H-
3a]'/[H-3b]* shows two sets of signals for the two isomers [H-
3a]* and [H-3b]* (Figure S15b in the Supporting Informa-
tion). Isomerization/equilibration at room temperature for 22 h
and subsequent deprotonation by K,COj, restores the orange
3ab solution and yields a 3a:3b ratio of approximately 16:1
(94% 3a) according to the ratio of the respective cyclo-
pentadienyl resomances in the 'H NMR spectrum (Figure
§15¢). This experiment further substantiates that 3a is
thermodynamically preferred and its fraction increases at
lower temperature. DFT calculations show an elongation of
the NH--M THB after protonation (3a — [H-3a], 2.63 A —
2.81 A, Figure 2; 3b — [H-3b]*, 2.67 A — 2.89 A, Figure 2) as
well as an elongation of the C=N bond by 3 pm reflecting the
reduced double-bond character. The reduced CN bond order
allows thermal rotation around the CN bond with concomitant
dissociation of the NH---M IHB. The iminium/carbenium ions
[H-3a]'/[H-3b]" are calculated to be similar in energy within 2
k] mol ™. Additionally, the DFT calculations of the iminium/
carbenium ions [H-3a]*/[H-3b]" resulted in minimum
structures with three IHBs which are preferred over
conformations with fewer IHBs (Figure 2b). The additional
proton forms bifurcated hydrogen bonds to a tosyl oxygen
atom and the second metal center. The latter NH---M IHBs,
forming five-membered rings, are considerably weaker (321 A
[H-3a]*, 3.23 A [H-3b]') than the IHBs involving the first
metal center within a six-membered ring. Rotation around the
CN bond transforms a NH--M IHB in a six-membered ring
into a NH---M IHB in a five-membered ring. In summary, 3b is
accessible at hig}mr temperature in small amounts and this less
favored isomer can be isomerized to 3a by reducing the CN
bond order either by photochemical means by population of
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the #*{(CN) orbital or by protonation at the N atom which
lowers the E/Z activation barriers (Scheme 2). A simple
thermal isomerization is not achieved up to 100 °C.

As the NH--Fe THB of the diferrocenyl tosyl hydrazone 1
can be opened by double oxidation to 1**, the redox chemistry
of the ruthenocenyl tosyl hydrazones 2 and 3 was investigated
as well. The two ferrocenyl sites of 1 are reversibly oxidized at
Eyjy = 0,08 V vs FcH/FcH' (Fc without IHB) and E,/, = 0.57
V (Fc with IHB} (Figure 5a), resulting in disruption of the
hydrogen bond upon accumulation of positive charge.*
Ruthenocenes are quasi-reversibly oxidized in the presence of
electrolytes containing weakly coordinating anions.””™ At
lower temperature, the resulting 17-VE radical cations dimerize
to form Ru—Ru bonds.”*"" The ReH/ReH* potential is higher
than the FcH/FcH' potential by 0.41 V.*"° Expectedly, the
cyclic voltammogram of 2 (Figure 5b) shows an irreversible
oxidation at E, = 0.68 V, which is assigned to a double Ry
oxidation leading to follow-up reactions such as Ru—Ru bond
formation®”" and preventing back-reduction to 2. The mixed
metallocenyl tosyl hydrazone 3 (Figure 5¢) features a reversible
oxidation wave at 031 V which is assigned to a reversible
oxidation of the ferrocenyl moiety (E,;, = 0.25 V). As this Fc/
Fc' oxidation occurs at the metallocene without IHB, no
influence on the IHB is expected. All further Ru-based
processes (E, = 120 V) are irreversible and lead to follow-up
reactions or decomposition. The irreversible nature of the
ruthenocenyl oxidation precludes the use of 2 or 3 as redox
switches, in contrast to the electrochemical switching pnssible

in the diferrocenyl tosyl hydrazone 1.

B CONCLUSION

Diruthenocenyl tosyl hydrazone 2 features a NH--Ru IHB
similar to its 3d homologue diferrocenyl tosyl hydrazone 1
displaying a NH---Fe IHB. The mixed dimetallocenyl
hydrazone 3 is obtained as both conceivable Z/E isomers
3a,b with a NH--Ru IHB and a NH---Fe THB, respectively. The
molecular geometries of 2 and 3a, including the IHBs, have
been fully confirmed by single-crystal XRD. The 3a isomer with
the NH-Ru IHB is thermodynamically favored by 8 k] mol™

DOIL: 10,1021 /acs organomet 5bo 963
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Figure 5. Cydlic voltammograms of (a) 1% (b) 2,and (c) 3a,b mixture
(10:1) in ["Bu,N][B(CF;},]/CH,CL,.

according to DFT calculations. The NH-Ru IHB in 3a is
significantly stronger than the NH-Fe IHB in 1, as deduced
from the different energies of the NH stretching vibrations
(A(=AH) = 61 mol™!) and as confirmed by DFT calculations
(4 kJ mol™") on 1 and 3a with and without IHBs.
Interconversion between the Z/E isomers 3a,b is achieved by
photochemical excitation as well as by protonation and
subsequent deprotonation. Together with various protonation
studies of metallocenes™ 7' "7 and XH--M hydrogen-
bonding studies,***""** our results suggest that ferrocene is
more easily protonated at the Cp ring than ruthenocene, while
rathenocene forms the more stable NH-M hydrogen bond.
Hence, metal-based and ligand-based reactivity pattemns are
clearly dilferent in these two fundamental metallocenes. The
strong IHBs to Fe and Ru will be exploited in the future to
design redox- or light-switchable systems and molecular
machines based on stable nonclassical NH---M hydrogen bonds.

B EXPERIMENTAL SECTION

General Procedures. All reactions were performed under an
argon atmosphere unless otherwise noted. A glovebox of the type
UniLab/MBraun (Ar 4.8, O, <1 ppm, H,O <1 ppm) was used for
storage and weighing of sensitive compounds. All analytical samples
that required the absence of oxygen were prepared in the same
glovebox. Dichloromethane was dried with CaH, and distilled prior to
use. THF and toluene were distilled from potassium. All reagents were
used as received from commercial suppliers {ABCR, Acros Organics,
Alfa Acsar, Fischer Scientific, Fluka, and Sigma-Aldrich). Denterated
solvents were purchased from Euriso-top. Ruthenocene,” ruthenocene
monocarboxylic acid,® diruthenocenyl ketone,™ and ferrocenyl
ruthenocenyl ketone™ were synthesized using literature procedures.
The corresponding tosyl hydrazones were obtained similarly to the
procedure for diferrocenyl tosyl hydrazone, ™%

NMR spectra were recorded on a Bruker Avance DRX 400
spectrometer at 400.31 MHz ('H) and 10007 MHz (“C{'H}). Al
resonances are reported in ppm vs the solvent signal as internal
standard: CD,Cl, ('H, & 5.32 ppmy; "°C, & 54.0 ppin), dg-toluene ('H,
8 2.09, 7.09 ppm), CDCL, (*H, § 7.26 ppm; C, § 77.2 ppm), dy-
DMSO ('H, 3 2.50 ppm), and ds-THF ('H, & 1.72, 3.56 ppm).” IR
spectra were recorded with a BioRad Excalibur FI'S 3100 spectrometer
as KBr disks or by using KBr cells in CD,Cl, er CDCl,
Electrochemical experiments were carried out on a BioLogic SP-50
voltammetric analyzer by using a platinum working electrode, a
platinum wire as the counter dectrode, and a @01 M Ag/AgNO,
electrode as the reference electrode. The measurements were carried
out at a scan rate of 100 mV s~ for cyclic voltammetry experiments
and at $0 mV s ' for square wave voltammetry experiments in 0.1 M
[nBu,N]][B(C.F,),, as supporting electrolyte in CH,Cl,. Potentials
are referenced against the decamethylferrocene/decamethylferroce-
nium couple (E 5 = 330 + 3 mV vs ferrocene/ferrocenium under our
experimental conditions) and are given relative to the ferrocene/
ferrocenium couple. UV fvis/NIR spectra were recorded on a Varian
Cary 5000 spectrometer by using 1.0 cm cells {Hellma, Suprasil). FD
mass spectra were recorded on a Thermo Fisher DFS mass
spectrometer with a LIFDI upgrade. Elemental analyses were
performed by the microanalytical laberatory of the chemical institutes
of the University of Mainz.

Density Functional Theory Calculations. Density functional
theory calculations were carried cut with the Gaussian09/DFT series
of programs. The B3LYP™ formulation of density functional theory
was used employing the LANL2DZ*™* basis set. No symmetry
constraints were imposed on the molecules. The presence of energy
minima of the ground states was checked by analytical frequency
calculations. Solvent modeling was done employing the integral
equation formalism polarizable continuum model (IEFPCM, dichloro-
methane). The approximate free energies at 298 K were obtained
through thermochemical analysis of the frequency calenlation, using
the thermal correction to Gibbs free energy as reported by Gaussian09.
Grimme’s D3 dispersion correction™ favors all systems with an THB
by 10 kJ mol™' relative to the respective non-hydrogen-bonded
structure. The relative stability of 3a,b is hence not affected.

Crystal Structure Determination. Intensity data were cellected
with a Bruker AXS Smart1000 CCD diffractometer with an APEX 11
detector and an Oxford cooling system and corrected for absorption
and other effects using Mo K radiation (1 = 071073 A). The
diffraction frames were integrated using the SAINT package, and most
were corrected for absorption with MULABS.*™ The structures were
solved by direct methods and refined by the full-matrix method based

87,88
¥ ATl non-hydrogen

on K using the SHELXTL software package.
atoms were refined anisotropically, while the positions of all hydrogen
atoms were geueraled with approptiate geometric constraints and
allowed to ride on their respective parent carbon/nitrogen atoms with
fixed isotropic thermal parameters. H2N of 2 and 3a was found in the
difference Fourier map with further riding refinement with a fixed
N2—-H2N distance of 0.88 A. See the Supporting Information for
crystal data of 1,4‘\' 2, and 3a. CCDC-1426094 and CCDC-1426095
contain supplementary crystallographic data for this paper. These data

DOL10.1021/acs.organamet 5b00963
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can be obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Diruthenocenyl Tosyl Hydrazone (2). Diruthenocenyl ketone
(600 mg, 1.23 mmol, 1 equiv), p-toluenesulfonyl hydrazide (456 mg,
2.45 mmol, 2 equiv), and p-toluenesulfonic acid {6 mg, 0.03 mmol,
0.02 equiv) were dissolved in toluene (40 mL) and heated to reflux for
19 h. Purification via column chromatography (silica, 20 cm X 7 cm,
dichloromethane, R; = 0.2) yielded 370 mg of 2 (0.56 mmol, 45.5%) as
a yellow powder after removing the solvent under reduced pressure.

Suitable crystals for structure determination were obtained by
dissolving 50 mg of 2 in chloroform (§ mL). Subsequent diffusion of
diethyl ether into this solution resulted in pale yellow rodlike crystals.

'H NMR (CDCL): 69.70 (s, 1 H, HY), 792 (d, ] = 8 Hz, 2 H, 1Y),
7.38 (d, T = 8 Hz, 2 H, H%), 5.04 (pt, *J = 2 Hz, 2 H, H), 5.00 (pt, ¥
=2Hz, 2 H, H?), 474 (pt,y = 2 Hz, 2 H, H"), 4.65 {pt, )y = 2 Hz, 2
H, H'), 4.57 (s, 5 H, H"), 4.33 (s, 5 H, H'*}, 246 (5, 3 H, H') ppm.
BC NMR (CDCL): § 1484 (C7), 144.0 {C?), 135.9 (C%), 129.4 (C%),
1282 (C%), 856 (C'5), 76.4 (C%), 72.6 (C°, €', 722 (C'), 72.0
(€%, 718 (C'9), 7L1 (C"), 21.8 (C') ppm. MS (FD): m/z 658.0
(M*). IR {KBr): & 457 {s), 552 (s), 682 (s}, 812 (s), 1166 {s), 1342
(s), 1402 (m), 2785 (w), 2922 (w), 2058 {sh), 2076 {sh}, 3003 (s, br),
3086 {w), 3094 (w), 3102 {w), 3116 (w) cm™". IR (CDCL): & 554
(s), 821 (s), 1167 (vs), 1344 (s}, 1400 (m), 2262 (s), 2872 (w), 2928
(w), 2965 (w), 3028 (s, br), 3099 {w), 3175 {w) cm™". UV/vis
(CH,CL): Ay, (£) 235 (14200), 254 (11050), 284 (S080), 330 (2590
M~ e ') nm. CV (CH,Cly, vs FeH/FcH'): By o = 068 V, Ep g =
—0.32 V. Anal. Caled for CpH N, O,R,S (656.7): C, 51.21; H, 3.99;
N, 4.27; §, 4.88. Found: C, 50.78; H, 3.76; N, 4.18; §, 5.35.

©2.2 (100 mg, 0.15 mmol, 1 equiv) was dissolved in THF {§ mL),
and dichloromethane (4 mL), D;O (1 mL), and one drop of of
concentrated aqueous hydrochloric acid were added. The solution was
stirred for 2 h at room temperature. The solvents were removed under
reduced pressure. The degree of deuterium incorporation at the NH
group was 58% as estimated by 'H NMR spectroscopy.

Ferrocenyl Ruthenocenyl Tosyl Hydrazone (3a,b). A mixture
of ferrocenyl ruthenocenyl ketone (600 mg, 1.35 mmol, 1 equiv), p-
tolienesulfonyl hydrazide (500 mg, 2.69 mmol, 2 equiv), and p-
tohenesulfonic acid (54 mg, 0.03 mmol, 0.02 equiv) was heated in
toluene {30 mL) to reflux for 19 h. Purification via column
chromatography (silica, 20 cm X 7 cm, dichloromethane, R; = 0.2)
yielded 330 mg of a 10:1 mixture of 3a,b (0.54 mmol, 39.9%) as an
orange powder after removing the solvent under reduced pressure.
The isomeric ratio was determined by 'H NMR spectroscopy.

Suitable crystals for structure determination were obtained by
dissolving 50 mg of 3a,b in chloroform (5 mL). Subsequent diffusion
of diethyl ether into this solution resulted in red rodlike crystals. In the
measured crystal only 3a is present without any disorder.

"H NMR for 3a {CDCly): 6 9.82 (s, 1 H, H®), 7.99 (d, *J = 8 Hz, 2
H, H*), 7.42 (d, ’] = 8 Hz, 2 H, H’), 5.08 (pt, f = 2 Hz, 2 H, H%), 480
(pt, 37 = 2 Hz, 2 H, H'), 465 (pt, = 2 Hz, 2 H, H), 463 (s, S H,
H™"), 431 (pt, ] = 2.0 Hz, 2H, HY), 3.93 (s, 5 H, H'%), 245 (s, 3 H,
H") ppm. 'H NMR for 3b {CDCL): & 10.06 (s, 1 H, H%), 7.96 (2 H,
H*), 7.38 (2 H, H), 494 (pt, )] = 2 Hg, 2 H, H'), 471 (pt, ¥J = 2 Hz,
2 H, H%), 4.63 (2 H, H"), 446 (pt, ] = 2 Hz, 2 H, H'%), 441 (5, § H,
H"), 4.14 (s, 5 H, H'), 2.45 (s, 3 H, H') ppm. C NMR for 3a
(CDCly): 5 1489 (C7), 144.0 {C*), 1359 (C*), 1294 (C%), 1283
(ch, 822 (C"), 76.6 (C%), 72.6 (C'"), 72.5 (C7), 724 (C"), 700
(CH), 69.7 (C'%), 68.6 (C'), 21.8 (C') ppm. MS (FD): m/z 612.0
(M"). IR (KBr): & = 554 (s), 814 (s), 1049 (s), LL65 (s), 1342 (s),
2777 (w), 2922 (w), 2964 (sh), 3001 (s, br), 3117 (w), 3094 (w),
3084 (w) em . IR {CDCL): & 554 (s), 816 {s), 1165 (s), 1344 {s),
1400 {m), 2261 (s), 2857 (w), 2925 (w), 3030 {5, br), 3099 (), 3149
(w) em™. UV/vis (CH,CL): A, (£) 236 {14540), 295 (7290), 350
(1510), 455 (430 M cm™") nm. CV (CH,CL,, vs FcH/FcH'): E, , =
025 V, Epo = 120 V, Eppy = 053, 100 V. Anal Caled for
CopHo FeN,O,RuS (611.5): C, 55.00; H, 429; N, 4.58; S, 5.24.
Found: C, 53.66; H, 4.15; N, 4.37; §, 5.35.
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percentage of 3a after irradiation of a 3a,b mixture with a
400 nm LED torch, UV/vis spectra of a 3ab mixture
with addition of TFA and K,COy, '"H NMR spectra of a
3ab mixture in CH,Cl, after addition of TFA and
K;CO;, and IR spectra of 1, 2 and 3a,b in the solid state
(PDF)

B AUTHOR INFORMATION

Corresponding Authors

*C.F.: e-mail, cfoerster@uni-mainz.de.

FRH.: fax, +49 6131 39-27277; e-mail, kat.].i.heinve@u.ni-
mainz.de.

Notes

The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

We are grateful to Prof. Benno Bildstein (University of
Innsbruck, Innsbruck, Austria) for inspiring discussions and
preparative advice concerning ruthenocenyl ketones. We thank
Regine Jung-Pothmann for the collection of the diffraction data
and the Johannes Gutenberg University of Mainz (Germany)
for financial support to C.F. (Internal University Research
Funding}.

W REFERENCES

(1) Kabsch, W.; Sander, C. Biopolymers 1983, 22, 2577-2637.

(2) Doyle, A. G.; Jacobsen, E. N. Chem. Rev. 2007, 107, 5713-5743.
(3) Taylor, M. 8.; Jacobsen, E. N. Angew. Chem., Int. Ed. 2006, 45,
1520—-1543; Angew. Chem. 2006, 118, 1550—1573.

(4) Braga, D.; Grepioni, F.; Tedesco, E.; Biracha, K; Desiraju, G. R.
Orgarometallics 1997, 16, 1846—1856.

(5) Braga, D.; Grepioni, F,; Desiraju, G. R. Chem. Rev. 1998, 98,
13751406

(6) Braga, D.; Grepioni, F. Acc. Chem. Res. 2000, 33, 601608,

(7) Epstein, L. M.; Shubina, E. S. Coord. Chem. Rev. 2002, 231, 165—
181.

(8) Braga, D. Chem. Commun. 2003, 2751-2754.

(%) Brammer, L. Dalton Trans. 2003, 3145—3157.

{10) Moriuchi, T,; Hirao, T. Chem. Soc. Rev. 2004, 33, 294—301.
(11) Heinze, K,; Beckmann, M. Eur. J. Inorg Chem. 2005, 2005,
34503457,

(12) Kirin, S. L; Kraatz, H.-B.; Metzler-Nolte, N. Chem. Soc. Rev.
2006, 35, 348-354.

(13) Lapi¢, J; Siebler, D.; Heinze, K.; Rapi¢, V. Eur. J. Inorg. Chem.
2007, 2007, 20142024,

(14) Heinze, K; Wild, U,; Beckmann, M. Eur. . Inorg. Chem. 2007,
2007, 617-623.

(15) Djakovié, S.; Siebler, D.; Sementié, M. C.; Heinze, K.; Rapid, V.
Organometallics 2008, 27, 1447—1453.

DOL: 10.1021/acs organomet 5b0963
Orgenometalics 2016, 35, 249-257



Organometallics

Results and Discussion

Article

(16) Lataifeh, A.; Beheshti, 8.; Kraatz, H.-B. Eur. J. Inorg. Chem. 2009,
2009, 3205-3218. .

(17) Semencic, M. C. Siebler, D.; Heinze, K; Rapié, V.
Organosmetallics 2009, 28, 2028—2037.

(18) Hirao, T. J. Organomet. Chem. 2009, 694, 806—811.

(19) Sementic, M. C.; Heinze, K ; Férster, C.; Rapit, V. Eur. J. Inorg.
Chem. 2010, 2010, 10891097,

(20) Moriuchi, T.; Hirao, T. Acc. Chem. Res. 2010, 43, 1040—1051.

(21) Marti, S; Labib, My Shipman, P. O, Kraatz, H.-B. Dalton
Trans. 2011, 40, 72647290,

(22) Forster, C.; Kovatevi, M; Barii¢, L; Rapi, V.; Heinze, K.
Organometallics 2012, 31, 3683—3694.

(23) Lapi¢, J; Pavlovié, G.; Siebler, D; Heinze, K; Rapi¢, V.
Organometallics 2008, 27, 726-735.

(24) Lapié, J; Djakovié, S; Cetina, M.; Heinze, K.; Rapié, V. Eur. J.
Inorg. Chem. 2010, 2010, 106—114.

(25) Kowag, V,; Radolovi¢, K; Habus, L; Siebler, D.; Heinze, K;
Rapié, V. Eur. J. Inorg. Chem. 2009, 2009, 389399,

(26) Desiraju, G. R; Steiner, T. The Weak Hydrogen Bond in
Chesmistry and Biology; Oxford University Press: Oxford, UK., 1999.

(27) Steiner, T. Angew. Chem, Int. Ed. 2002, 41, 48-76; Angew.
Chiem. 2002, 114, 50—80.

(28) Okamura, T.-a; Sakauye, K.; Ueyama, N.; Nakamura, A. Inorg.
Chem. 1998, 37, 67316736,

(29) Heinze, K; Schlenker, M. Eur. | Inorg. Chem. 2004, 2004,
29742088,

(30) Heinze, K; Siebler, D. Z. Anorg. Allg Chem. 2007, 633, 2223—
2233.

(31) Siebler, D.; Forster, C; Heinze, K. Dalfon Trans. 2011, 40,
3558-3575.

(32) Siebler, D.; Linseis, M; Gasi, T.; Carrella, L. M.; Winter, R. F;
Forster, C.; Heinze, K. Chem. - Eur. J. 2011, 17, 45404551,

(33) Kienz, T.; Forster, C; Heinze, K. Organometallics 2014, 33,
4803—4812.

(34) Fukuzumi, S.; Yoshida, Y.; Okamoto, K.; Imahori, H.; Araki, Y.;
Ito, O. J. Am. Chem. Soc. 2002, 124, 6794—6795.

(35) Neidlinger, A,; Ksenofontov, V.; Heinze, K. Organometallics
2013, 32, 5955-5965.

(36) Melomedov, J; Ochsmann, J. R; Meister, M; Laquai, F;
Heinze, K. Eur. | Inorg. Chem. 2014, 2014, 2902-2915.

(37) Beer, P. D.; Cadman, J. Coord. Chem. Rev. 2006, 205, 131—155.

(38) Beer, P. D; Gale, P. A, Angew. Chem, Int. Ed. 2001, 40, 486—
516; Angew. Chem. 2001, 113, 502-532.

(39) Beer, P. D; Bayly, S. R. Top. Curr. Chem. 2008, 255, 125—162.

(40) Heinze, K; Schlenker, M. Eur. J. Inorg. Chem. 2008, 2005, 66—
7L

(41) Molina, P; Tarraga, A; Caballero, A. Eur. J. Inorg. Chem. 2008,
2008, 3401-3417.

(42) Siebler, D.; Forster, C.; Heinze, K. Eur. J. Inorg Chem. 2010,
2010, 523—-527.

(43) Forster, C; Veit, P.; Ksenofontov, V.; Heinze, K. Chem.
Commun. 2015, 51, 15141516,

(44) Floris, B.; Mluminati, G.; Ortaggl, G. Tetrahedron Lett. 1972, 13,
269-272.

(45) Floris, B,; lluminati, G.; Jones, P. E; Ortaggi, G. Coord. Chem.
Rev. 1972, 8, 39-43.

(46) Curphey, T. ]; Santer, ]. O.; Rosenblum, M.; Richards, J. H. J.
Am. Chem. Soc. 1960, 82, 5249—5250.

(47) Shubina, E. 8.; Krylov, A. N.; Kreindlin, A. Z.; Rybinskaya, M. L;
Epstein, L. M. J. Organomet. Chem. 1994, 465, 259-262.

(48) Cerichelli, G.; Muminati, G; Ortaggi, G.; Maria Giuliani, A. J.
Organomet. Chem. 1977, 127, 357-370.

(49) Mueller-Westerhoff, U. T.; Haas, T. ].; Swiegers, G. F.; Leipert,
T. K J Organomet Chem. 1994, 472, 229246,

(50) Shubina, E. §.; Krylov, A. N.; Kreindlin, A. Z.; Rybinskaya, M. 1;
Epstein, L. M. J. Mol Struct. 1993, 301, 1—5.

(51) Baker, A. W.; Bublitz, D. E. Spectrochim. Acta 1966, 22, 1787~
1799.

(52) Shubina, Y.; Epstein, L. M. J. Mol Struct. 1992, 265, 367—384.

256

(53) Trifan, D. §; Bacskai, R. J. Am. Chem. Soc. 1960, 82, 5010—
5011

(54) Saloman, S; Hildebrandt, A.; Korb, M.; Schwind, M.; Lang, H.
Z Anorg. Allg. Chem. 2013, 641, 22822290,

(55) Denifl, P. Ph.D. Thesis, University of Innsbruck, Innsbruck,
Austria, 1994

(56) Rausch, M. D.; Fischer, E. O; Grubert, H. J. Am. Chem. Soc.
1960, 82, 7682

(57) Small, G. J.; Trotter, ]. Can. J. Chem. 1964, 42, 1746—1748.

(58) Watanabe, M.; Motoyama, L; Sano, H. Inorg. Chim. Acta 1994,
225, 103-109.

(59) Kay, K-Y; Kim, L. H; Oh, L C. Tetrahedron Lett. 2000, 41,
1397 —1400.

(60) Bildstein, B. J. Organomet. Chem. 2001, 617—618, 28—38.

(61) Su, X; Aprahamian, L Chem. Scc. Rev. 2014, 43, 1963—1981,

(62) Roy, 8.; Nangia, A. Cryst. Growth Des. 2007, 7, 20472058,

(63) Belkova, N. V; Shubina, E. S; Gutsul, E. L; Epstein, L. M.;
Eremenko, L L.; Nefedov, 8. E. J. Organomet. Chem. 2000, 610, 58—70.

(64) CSD search {ConQuest) (www.ccde.camacuk) on October
13th, 2015. Search parameters: Ru--H—X, X = element of groups 15—
17: d{Ru-H) = 2.0-32 A (3—50 bonds), d(Ru—X) = 20—4.2 A (2—
50 bonds). Results: OH--Ru = 2969 A,** NH--Ru = 3.161 A,°° NH---
Ru = 3.137 A%

(65) Maschke, M.; Alborzinia, H.; Lieb, M.; Wolfl, S.; Metzler-Nolte,
N. ChemMedChem 2014, 9, 1188—1194.

(66) Ramakrishnan, S.; Srinivasan, A. Org. Lett. 2007, 9, 47694772,

(67) Enders, M.; Kohl, G.; Pritzkow, H. Organometallics 2002, 21,
11111117,

(68) Bildstein, B.; Denifl, P.; Wurst, K. J. Organomet. Chem. 1995,
496, 175—186.

(69) Swarts, |. C.; Nafady, A; Roudebush, J. H.; Trupia, 8.; Geiger,
W. E. Inorg. Chem. 2009, 48, 2156—2165.

(70) Trupia, S.; Nafady, A; Geiger, W. E. Inorg. Chem. 2003, 42,
54805482

(71) Borisov, Y. A; Ustynyuk, N. A. Russ. Chem. Bull. 2002, 51,
1900—-1908.

(72) Sharma, N; Ajay, J. K; Venkatasubbaiah, K.; Lourderaj, U. Phys.
Chem. Chem. Phys. 2018, 17, 2220422209,

(73) Evchenko, 8. V.; Kamounah, F. 8.; Schaumburg, K. J. Labelled
Compd. Radiopharm. 2008, 48, 209-218.

(74) Meot-Ner, M. J. Am. Chem. Soc. 1989, 111, 2830-2834.

(75) Kiindig, E. P.; Monnier, F. R. Adv. Synth. Catal. 2004, 346, 01—

904.

(76) Hellmuth, T.; Rieckhoff, S.; Weiss, M Dorst, K.; Frey, W,;
Peters, R. ACS Catal. 2014, 4, 1850—1858.

(77) Fulmer, G. R; Miller, A. J. M.; Sherden, N. H,; Gottlieb, H. E.;
Nudelman, A, Stoltz, B. M; Bercaw, ]. E; Goldberg, K. L
Orgarometallics 2010, 29, 2176-2179.

(78) Frisch, M. Jis Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E;
Robb, M. A;; Cheeseman, |. R; Scalmani, G.; Barone, V.; Mennucci,
B.; Petersson, G. A.; Nakatsuji, H.; Caricato, M.; Li, X.; Hratchian, H.
P.; lzmaylov, A. F; Bloino, |.; Zheng, G.; Sonnenberg, ]. L; Hada, M.;
Ehara, M.; Toyota, K; Fukuda, R.; Hasegawa, |.; Ishida, M.; Nakajima,
T.; Honda, Y,; Kitao, O.; Nakai, H; Vreven, T.; Montgomery, J. A., Jr.;
Peralta, |. E; Ogliaro, F.; Bearpark, M.; Heyd, J. ].; Brothers, E.; Kudin,
K. N.; Staroverov, V. N.; Kobayashi, R;; Normand, J.; Raghavachari, K.;
Rendell, A; Burant, J. C.; Iyengar, 8. S.; Tomasi, |.; Cossi, M; Rega,
N,; Millam, J. M,; Klene, M; Knox, |. E; Cross, |. B; Bakken, V.;
Adamo, C.; Jaramillo, J.; Gomperts, R.; Stratmann, R. E; Yazyev, O.;
Austin, A. |.; Cammi, R.; Pomelli, C.; Ochterski, J. W.; Martin, R. L;
Morokuma, K.; Zakrzewski, V. G; Voth, G. A; Salvador, P;
Dannenberg, |. J; Dapprich, S.; Daniels, A. D.; Farkas, O,
Foresman, ]. B; Ortiz, ]. V.; Cioslowski, J; Fox, D. ]. Gaussian09,
Revision A02; Gaussian, Inc.,, Wallingford CT, 2009.

(79) Becke, A. D. J. Chem. Phys. 1993, 98, 56485652,

(80) Dykstra, C. E. Chem. Phys. Lett. 1977, 45, 466—469.

(81) Hay, P. J; Wadt, W. R. J. Chem. Phys. 1985, 82, 299-310.

(82) Hay, P. |; Wadt, W. R. J. Chem. Piys. 1985, 82, 270283,

(83) Wadt, W. R; Hay, P. J. J. Chem. Phys. 1985, 82, 284298,

DOL: 10.1021/acs organomet 5b0963
Orgenometalics 2016, 35, 249-257



m Results and Discussion

Organometallics

(84) Grimme, S.; Antony, J; Ehrlich, S; Krieg, H. J. Chem. Phys.
2010, 132, 154104,

(85) SMART Data Collection and SAINT-Plus Data Processing
Software for the SMART System {various versions); Bruker Analytical
X-Ray Instruments, Inc., Madison, W1, 2000.

(86) Blessing, B. Acta Crystallogr, Sect A: Found. Crystallogr. 1995,
51, 33—38.

(87) Sheldrick, G. M. SHELXTL, Version 5.1; Bruker AXS, Madison,
WI, 1998,

(88) Sheldrick, G. M. SHELXL-97; University of Géttingen,
Gaottingen, Germany, 1997.

257 DOI:10.1021/acs organomet.5bk1963
Organemeioltics 2016, 35, 249-257



Results and Discussion

3.2 Preparation, Properties, and Reactivity of
(Aminoferrocenyl) (ferrocenyl) carbene (pentacarbonyl)
chromium/(0) as Bulky Isolobal Trimetallo-amide

Philipp Veit, Christoph Forster,* Sebastian Seibert, and Katja Heinze*
Z. Anorg. Allg. Chem. 2015, 641, 2083—-2092.

Nucleophilic substitution of the ethoxy substituent in
the Fischer carbene complex (ethoxy) (ferrocenyl)
carbene (pentacarbonyl) chromium(0) by ferrocenyl
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fragment is isolobal to oxygen or sulfur the carbene
complex can be viewed as an isolobal metallo
analogue to di ferrocenylamide (Fc)(FcNH)C=0 and
diferrocenyl-thioamide (Fc)(FcNH)C=S. The impact of
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Abstract. Nuocleophilic substitution of the ethoxy substituent in the
Fischer carbene complex (ethoxy)(ferrocenyl)carbene(pentacarbonyl)
chromium(0) (1) by ferrocenyl amide [Fe-NH]™ [2-H]™ gives the hetero
trimetallic complex {(aminoferrocenyl)(ferrocenyljcarbene (penta-
carbonyl)chromium(0) (3). As the Cr(CO)s fragment is isolobal to oxy-
gen or sulfur 3 can be viewed as an isolobal metallo analogue to di-

ferrocenylamide (Fe)FeNH)C=0 (4) and diferrocenylthicamide
(Fe)(FeNH)C=S (5). The impact of the formal replacement of O/S by
Cr(CO)s in 3 is studied with respect to steric and electronic conse-
quences as well as reactivity by spectroscopic, diffraction, electro-
chemical and theoretical methods.

Introduction

Since the reports of the first example of a carbene complex
(Me)(OMe)C=W(CO)s by E. O. Fischer 50 years agol!! and
of a stable N-heterocyclic carbene by A. J. Arduengo almost
30 years later,!”! carbenes and their transition metal complexes
have attracted considerable and still growing attention,I># es-
pecially in the fields of organometallic catalysis and organic
synthesis.”] An interesting sub-class are carbenes with ferro-
cenyl (Fc) or nonamethylferrocenyl (Fc*) substituents, respec-
tively. The Fc substituent can be directly bound to the carbene
carbon atom (o-ferrocenyl carbenes, Scheme la: I-III), at-
tached directly or indirectly to the nitrogen atom in N-hetero-
cyelic carbenes (NHCs, Scheme la: IV, V) or located in the
backbone of NHCs (Scheme 1a: VI).[¢1%1 The ferrocenyl unit
introduces reversible redox-switching in the carbenes!'!) and
their complexes, e.g. in ferrocenyl-appended Grubbs-Hoyveda
catalysts!'! or Grubbs IT catalysts.['* A ferrocenophane back-
bone in NHCs VI (Scheme la) increases their reactivity
towards the addition of small molecules, such as ammeonia or
carbon monoxide.! Planar chirality can be achieved in ferro-
cenyl carbenes as welll®!%] The sirong electron donating
power of Fc groups stabilizes electron deficient centres as
found for example in o-ferrocenyl carbenium ions.[*¢! Conse-

* Dr. C. Forster
E-Mail: cfoerster@ uni-mainz.de
* Prof. Dr. K. Heinze
Fax: +49-6131-39-27277
E-Mail: katja.heinze @uni-mainz.de
[a] Institute of Inorganic Chemistry and Analytical Chemistry
Johannes Gutenberg-University of Mainz
Duesbergweg 10-14
55128 Mainz, Germany
3 Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/zaac.201500562 or from the an-
thor.

quently, a strong motivation in the efforts towards the prepara-
tion of a-ferrocenyl carbenes is to stabilize the carbene center
by an electron-donating Fe substituent. In spite of extensive
studies, only a single persistent o-ferrocenyl carbene, namely
(Fe*)(NiPr,)C III, bearing a Fc* substituent in the o position
of the carbene carbon atom has been reported so far by G.
Bertrand.I! This report and earlier studies underline that Fe or
Fc* units are rather classified as spectator substituents similar
to aryl substituents.[>®! Access to “protected” o-ferrocenyl
carbenes is provided via Fischer carbene complexes. This route
gives the opportunity of a post-modification of the carbene
ligand in the complex, e.g. via nucleophilic substitution. The
first (ferrocenyl)(alkoxy)carbene(pentacarbonyl)metal(0) re-
presentatives (Cr, Mo, W) were already prepared by E. O.
Fischer'”) Their electrochemical properties!!® and reactiv-
ityl!*] have been subsequently investigated as well. Post-func-
tionalization to (amino)(ferrocenyl)(pentacarbonyl) metal(0)
complexes is readily achieved by treating (Fe)(RO)C=M(CO)s
(R = alkyl, M = Cr, Mo, W) with saturated or unsaturated
amines, %! according to the classical procedure by E. O.
Fischer 21

The isclobal relationship of M(CO)s (M = Cr, Mo, W) com-
plex fragments and the chalcogens O and SI°9 has been uti-
lized in the synthesis of ferrocenyl thicesters and thio- and
selenoamides (F)(R)YC=X [X = S; R = OEt, NHR; R’ = H,
Me, BEt, Pr; X = Se: R = NHR'; R’ = (CH»),0H, a = 1-3,
CH,(C(H)OH)Me, CHy(C(H)OH)Me], as formal oxidation
products of corresponding Fischer carbene complexes
(Fe)(RYC=M(CO)s [X = S: R = OEt, NHR"’; R’ = H, Me, Et,
Pr, M = Cr, Mo, W; X = Se: R = NHR'; R’ = (CH,),,0H, n
= 1-3, CHy(C(H)OH)Me, CH,(C(H)OH)Me, M = Cr] [202.200]
From this perspective, we envisaged the title compound
(Fe)(INHFc)C=Cr(CO)5 (3) as a metallo amide analogous to
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Fe >(I)

(R, R' = Ph, 'Bu, 2-Ad, CH,'Bu, ...)
VI

b)
OC‘ .co

o
H

s

X e
H Fe H Fe Fe
Fe Fe @ Fe @
S = 2 s

Scheme 1. (a) Selected types of ferrocenyl containing carbenes: elus-
ive diferrocenyl carbene L) g-ferracenyl carbenes 11" nonamethyl-
ferrocenyl(diisopropylamino)carbene  IILI®)  ferrocenyl-substituted
NHCs TV, V,[®I [3]ferrocenophane-NIHCs VI and (b) diferrocenyl
amide 4 (X = 0).2%] diferrocenyl thicamide 5 (X = S).1%?*T and (amino-
ferrocenyl)(ferrocenyl )carbene(pentacarbonyl) chromium(0) complex
(3) [X = Cr(CO)s] (this study).

the respective diferrocenyl chalcogene amides (Fo)(NHFc)C=X
(Scheme 1b, 4: X = O; 5: X = S) in addition to the description
of 3 as a novel oligometallic heteroatom stabilized Fischer
carbene complex.[!7¢23

Oligoferrocenyl complexes with amide bridges show dis-
tinct secondary zigzag structures with intramolecular NH--~O
hydrogen bonds in solution similar to u-helices of organic
peptides in competition with intermolecular NH++O hydrogen
bonds in the solid state.**?5] While ferrocenyl carboxamides
(X = O) prefer intramolecular hydrogen bonding patterns with
eight-membered rings, the homologous thioamides (X = S)
form six-membered rings with intramolecular NH+S hydrogen
bonds.?>?4251 This demonstrates that rather small changes
(O — S) already result in larger structural rearrangements. For
carboxamides (Fc)(NHR)C=0 the frans amide configuration is
generally strongly favoured with respect to the cis amide,
while some thioamides, such as (Fc)(NHMe)C=S, feature both

Results and Discussion _

configurations.?2! With respect to electronic communication of
the ferrocenyl substituents in oligoferrocenyl (thio)amides via
the (thio)amide bridge the differences are only marginal. Elec-
tronic coupling of the redox sites (Hap = 140-260 cm )
within the Robin-Day class 1% mixed-valent species
[(Fe)(NHE)C=X]* (X = O, S) is essentially independent of X.
In all cases reported so far, the first oxidation to mixed-valent
cations [(Fe)(NHFc)C=X]* is largely localized on the N-substi-
tuted ferrocenyl unit as expected from the electron donating
character of the substituent.[**

The following study aims to elucidate the impact of the for-
mal substitution of oxygen or sulfur with the electropositive
sterically demanding isolobal Cr(CO)s fragment in
Fe(NHF¢)C=X [3: X = Cr(CO)s; 4: X = O; 5: X = S]. In par-
ticular, in this study we address the effect of the bulky
Cr(CO)s fragment onto the conformation of 3, the ability of 3
to form hydrogen bonds and the steric and electronic effects
of the electropositive Cr(CO)s fragment onto the reactivity and
redox behavior of 3.

Results and Discussion

Unexpectedly, straightforward treatment of the Fischer carb-
ene complex (ethoxy)(ferrocenyl)carbene (pentacarbonyl)chro-
mium(0) ()7 with ferrocenylamine Fe-NH, (2)?7 in re-
fluxing ethyl ether according to the Fischer routeP! did not
furnish  the  desired  (aminoferrocenyl ) ferrocenyl)carb-
ene(pentacarbonyl) chromium(0) complex 3. This is possibly
due to the insufficient nucleophilicity of Fe-NH,. To amplify
the nucleophilicity of the amine, 2 is deprotonated in situ to
[2-H]~ with a-butyllithium in diethyl ether and 1 is added to
the resulting suspension of lithinm(ferrocenyl)amide at —8 °C
(Scheme 2). After warming to room temperature and column
chromatographic workup, amino carbene 3 is isolated in low
vield (6%} in addition to trans-1,2-diferrocenylimine 6/°*) and
an as yet unidentified compound as side products (Scheme 2).
Deprotonation of 2 with one equivalent potassium hexamethyl-
disilazide (KHMDS) in tetrahydrofuran at room temperature
and reaction with 1 for 20 h slightly increases the isolated yield

8‘211
OC.k 1,CO
Cr:
oc” ‘co 89
4@)L @A\N’ =
"BuLi, Et;0
8°C=,2h s @ A
Cr(CO)s e (6 %)
1 eq KHMDS, THF
OBt 19°c-»1t,20h 3 + 6
PR ©%)
Fe
1 3 eq KHMDS, THF
. , 20 h . + .
©%) (100 %)
=g 3 eq KHMDS, THF
Fs 2 ,4h
2 3 + 6
(34 %)

Scheme 2. Reactions of (ethoxy)(ferrocenyl)carbene (pentacarbonyl)-
chromium(0) 1 with ferrocenylamine 2 in the presence of bases to give
3 and 6. Atom numbering of 3 for NMR assignments.

Z. Anorg. Allg. Chem. 2015, 2083-2092

Wiley Online Library 2084

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

ARTICLE

=
o
-
w
=]
-
o
=
]
=
I+
ot
=
(=]




m Results and Discussion

Journal of Inorganic and Gen

ARTICLE

www.zaac.wiley-vch.de

of 3 to 9%. Increasing the amount of base to three equivalents
with the same reaction time yields no product. Reducing the
reaction time to 4 h and using three equivalents of KHMDS
gives 3 up o 34% (Scheme 2). The mechanism of the imine
formation from 3 will be discussed below.

Composition and purity of 3 is substantiated by mass spec-
trometry and elemental analysis (Experimental Section, Sup-
porting Information). Carbene complex 3 is furthermore char-
acterized by multinuclear and two-dimensional NMR tech-
niques. All 'H and '*C NMR resonances are assigned based
on coupling patterns and NOE contacts. Only the resonances
of the two unsubstituted CsHs ligands (H!, H'Y and C!, C'%)
could not be discriminated by these methods due to the ab-
sence of through-bond coupling pathways and shorl-enough
through-space H-+H distances to other groups (Experimental
Section, Supporting Information). The proton resonances H?/
H? and H3H? can be distinguished by the 'H,'H-NOE spec-
trum (Figure 1). Both H* and H® show cross peaks (o the amine
proton H® with the cross peak to H? being significantly more
intense. XRD and DFT analyses (see below) reveal a smaller
distance between H* and H® compared to the Ho+~H? distance.
Hence, H? (¢ = 4.63 ppm) is assigned (o the C-substituted Cp
ring and H® (6 =4.77 ppm) to the N-substituted Cp ring. Proton
coupling between H* and H? as well as between H® and H’
allows assigning the H? and H” resonances as well. Interest-
ingly, the amine proton H® shows further cross peaks to both
unsubstituted Cp rings at J = 4.38 and 4.31 ppm (Figure 1).
These two contacts suggest that the NH group is located in
between both ferrocenyl moieties with rather short NH++CsHs
distances. Consequently, this arrangement places the NH group
in close proximity to both central iron atoms. A similar
NIH=+CsHs contact has been reported recently for diferrocenyl
tosylhydrazone. which displays a very strong NH--Fe
hydrogen bond.2*! The proton resonance of HE (8 = 10.90 ppm
in CD,Cly) is indeed shifted to lower field, compared to other
aminocarbene(pentacarhonyl) chromium(0) complexes
[(Fe)(NHR)YC=Cr(CO)s (R = Me, Et, Pr, Bu, Pent): d = 9.45-
9.52 ppm in CDCIL31742%2%T] The shift is even more pro-
nounced compared to those of amide 4 (¢ = 8.95ppm in
[DgIDMSO) and thivamide 5 (6 = 8.29 ppm in CD,Cl,).122!

HE
110
H 4.3
= 35
Hum 4.4
i 4.5 E‘
H -
H E> e
47
H® —é:‘ >
48
1.0 10.9 10.8
&/ ppm

Figure 1. Section of the 'H,'H-NOE spectrum of 3 in CD,Cl, (f, =
0.8 s).

A clear trend is also observed for the *C NMR resonances
of the carbene carbon nucleus C° [3: & = 282.4 ppm;
(FC)INHR)C=Cr(CO)s (R = Me, Et, Pr, Bu, Pent): & = 270.6—
273.3 ppm;[174:200.20¢1 4§ = 167.2 ppm; 5: & = 198.2 ppml].
These shifts are likely a consequence of ring current effects
of the substituted cyclopentadienyl ligands and of the NH-Fe
hydrogen bonds. >3 Tn comparison to 4 and 5 the larger para-
magnetic deshielding term,'! based on lower energy elec-
tronic “r-n*" and “n— n*” transitions of the C=X chromophore
[X = 0, S, Cr(CO)s] strongly affects the chemical shift of the
carbene C nucleus.

The Cr(CO)s fragment displays the expected absorption
pattern in its IR spectra (Experimental Section; A, B,. E and
A, symmetry). Generally, CO stretching vibrations of A; sym-
metry in M(CO)sL. complexes are sensitive towards the m-do-
nor/m-acceptor capabilities of the ligand L.1*'4 Yet, the charac-
ter of (amino)carbene ligands is not strongly affected by the
nature of its N-substituents, as observed earlier.?!) Hence, the
frequencies of the CO A; vibrations in (RYNR'R')C=Cr(CO)s
are rather constant and 3 represents no exception.[170:174.2021]
The IR spectrum of 3 as a solid (KBr disk) shows an absorp-
tion for the N-II stretching vibration at 3271 cm™! similar (o
(Fe)(NH-ally)C=Cr(CO)s (3225 cm ). In CDCl, solu-
tion the absorption for the NH stretch is found at 3233 cm !
(Experimental Section, Supporting Information). For the
chalcogen analogues 4 and 5 the corresponding NH stretches
are found at 3320 and 3270 em™! in the solid (intermolecular
NH=0/S hydrogen bonds) and at 3439 and 3397 cm™' in
dichloromethane solution (free NH group), respectively.?!
The low-energy NH stretching vibrations of 3 supports the
presence of a hydrogen bond in the solid state as well as in
solution as already deduced from proton NMR spectroscopic
data.

Suitable crystals for X-ray diffraction analysis of 3 were
obtained from a solution of 3 in petroleum ether-40/60:dichlo-
romethane (5:1) at 7 °C. 3 crystallizes as the frans isomer in
the monoclinic space group P2,/n with one molecule in the
asymmetric unit (Figure 2, Table 1). No intermolecular con-
tacts between the individual molecules of 3 are observed in
the solid state ruling out significant intermolecular NH+OC
contacts. The central chromium atom shows a slightly distorted
octahedral coordination with a typical umbrella-like distor-
tion!*?! of the Cr(CO)s fragment (Figure 2). The carbene unit
adopts a staggered conformation with respect to the Cr(CO),
plane. Expectedly, the Cr-C bond of the axial CO ligand is
shorter and the corresponding C-O distance is larger than the
respective distances of the equatorial CO ligands. The metrical
data of 3 lie in range of that of the seven known solid-state
structures  of related (ferrocenyl)(R)carbene(pentacarbonyl)
chromium(0) complexes (Table 1).[179:17¢:20.33.33] Ramarkably,
the Cr—Coupene distance [2.097(2) A] is shorter whereas the
Ceamene—N distance is longer [1.322(3) A] in 3 than the corre-
sponding distances in (Fe)(NH,)C=Cr(CO)s (Cr—Ceamene:
2118 A; Cearpene=N: 1307 Ay and in (Fe)(NH(C3HN(CH;3),)
C=Cr(CO)s (Cr—Coopenet 2.128 A CoppeneN: 1308 A).[200)
Obviously, the N-ferrocenyl substituent does not increase the
ni-donor capability of the amine towards the carbene center in
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Table 1. Selected bond lengths /A and angles /° of 3 determined by XRD and of 3, [3-H]-, cis-3™¢ and frans-3™¢ determined by DFT calculations.

3 (XRD) 3(DFI) [3-H]- (DID) cis-3M (DFT) trans-3"¢ (DFT)
Cr1-Cl 2.097(2) 2.113 2.224 2.205 2.185
Cr1-C22 1.865(3) 1.858 1.833 1.851 1.851
Cr1-C23 1.903(3) 1.890 1.872 1.881 1.887
Crl-C24 1.900(3) 1.879 1.867 1.884 1.879
Cr1-C25 1.910(3) 1.885 1.886 1.880 1.890
Cr1-C26 1.907(3) 1.880 1.867 1.881 1.879
Cl1-C2 1.477(3) 1.487 1.505 1.479 1.495
CI-N1 1.322(3) 1.347 1.306 1.370 1.352
NI1-CI2 1.424(3) 1.433 1.397 1.444 1.451
Fel-X1% 1.653 1.730 1.729 1.735 1.738
Fel-X2% 1.644 1.731 1.729 1.731 1741
Fe2-X1% 1.658 1.728 1.732 1.734 1.736
Fe2-x2% 1.654 1.726 1.735 1.733 1.740
Fel-N1 3.484(2) 3.506 3.682 4.083 3917
Fe2~N1 3.061(2) 3.132 3.184 3.225 3.281
FelH1 3.130 2.954 - - -
Fe2+H1 3.094 3.149 - - -
C1-Crl1-C22 176.48(11) 177.78 179.02 175.43 176.91
Cl-Crl-Cy” 87.69(9)-93.57(9) 86.62-95.63 83.00-94.91 83.80-97.54 85.567-98.02
Cr1-C22-01 178.4(2) 179.89 179.65 175.44 179.77
Cr—C-O 172.7(2)-177.3(2) 172.12-179.14 171.08-178.68 171.33-179.08 169.68-178.58
N1-C1-C2 109.5(2) 110.56 112.63 114.55 116.65
CI-NI-C12 129.1(2) 129.56 128.98 124.55 123.05
N1-C1-C2-C3 156.55 14213 156.97 -162.03 147.98
Cl-N1-C12-C13 —68.02 —71.05 —78.42 —141.23 107.96
T(Fel)® 178.83 177.28 179.45 175.55 174.13
7(Fe2)¥ 179.80 179.04 179.39 177.23 175.59

a) X1 = centroid of coordinated CsHs ring. b) X2 = centroid of coordinated CsHy ring. ¢) Cyy carbon atom of equatorial carbonyl ligands.

d) © = X1-Fe-X2.

3. This is traced back (o the out-of-plane orientation of the N-
ferrocenyl moiety with respect to the carbene plane (torsion
angle —68.67) while the observed ferrocenyl orientation itself
is caused by the steric interaction of the N-ferrocenyl substitu-
ent with the Cr(CO)s fragment (Figure 2). In contrast, in amide
and thioamide oligoferrocenyl complexes the bound Cp rings
of both ferrocenyl units are essentially co-planar with the
(thio)amide bridges.?>>*) The resulting diminished m-donor
ability of the amine towards the carbene carbon atom in 3
hence increases the chromium—carbene 1 back-bonding which
is manifested in the slightly shorter Ct—Cypene bond in 3,059

Figure 2. Molecular structure of 3 in the solid state (CH hydrogen
atoms are omitted for clarity, thermal ellipsoids at 30 % probability).

As already deduced from the NMR and IR data in CD,Cl;
solution the molecular structure in the solid state features non-
classical NH-Fe hydrogen bonds,*”*%! forming a five-mem-
bered ring with Fel [N1-Fel: 3.484(2) A, N1H-Fel: 3.13 A]
and a four-membered ring with Fe2 [NI-Fe2: 3.061(2) A,
NH+Fe2: 3.09 A]. The sterically demanding Cr(CO)s frag-
ment places both bulky ferrocenyl substituents in flanking po-
sitions with respect to the NH group effectively shielding the
NH group from conceivable intermolecular NH-+OC contacts
(Figure 2).1°%) DFT optimization of the geometry of 3 (B3LYP,
LLANL2DZ, IEF-PCM CH,Cl,) places the Fic moieties in es-
sentially identical orientations as found in the solid-state struc-
ture of 3 with N-~Fel and N--Fe2 distances of 3.506 and
3.132 A, respectively. This confirms that the Fc orientations
are intrinsic molecular properties and do not result from pack-
ing effects.

The electronic spectrum of 3 in CH,Cl, shows a prominent
absorption band at A,,.x = 392 nm flanked by two shoulders (1
= 350, 450 nm) (Figure 3). Characteristic ferrocene absorption
bands of the /S analogues 4 and S are found at 445 and
470 nm, respectively.*?! Earlier studies on the electronic struc-
ture of Fischer carbene complexes assign three absorptions to
a spin-forbidden metal-to-ligand charge transfer (MLCT) band
at approximately 500 nm and spin-allowed ligand-field (LF)
bands around 350450 nm and around 300-350 nm, respec-
tively.*”) Time-dependent DFT calculations (TD-DFT, B3LYP,
LANL2DZ, IEF-PCM CH,Cl,) of 3 at the geometry optimized
at the same level of theory indicate mixed MLCT/LF transi-
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tions for the three discernible absorptions. The lowest-energy
absorption band (450 nm; DFT: 366 nm) is composed of N-
Fe—carbene charge transfer (HOMO—LUMO) and a C-
Fe(dd) ligand field transition. The central absorption at 392 nm
(DFT: 348 nm) is a combination of C-Fe(dd) transitions
(HOMO-3—LUMO+45), Cr—carbene (HOMOS—LUMO) and
C-Fe—carbene (HOMO3—LUMO) charge transfer. The high
energy shoulder at 350nm (DFT: 316 nm) consists of a
Cr—CO CT (HOMO-5—LUMO+2) and another Cr—CO CT
admixed with ligand field (C-Fc, N-F¢) transitions (HOMO-
2—LUMO+3) (Figure 4b). The mixed character of these bands
suggests close-lying excited states of different parentage (Fe,
Cr; carbene, CO). The close-lying electronically excited states
might also affect the redox properties of 3.

12000 392
k | 350
§ o000
s
., 6000 450
3000
o4
300 400 500 600 700

A/ nm

Figure 3. UV/Vis spectrum of 3 in CH,Cl,.

Diferrocenylamide 4 and thioamide 5 are reversibly oxid-
ized to [4]"* and [5]"* at the N-substituted ferrocenyl site at
—0.110 V and -0.065V vs. FcH, respectively. The second
oxidation at the C-substituted ferrocenyl moiety occurs at
0.300 V ([4]°*) and 0.240 V ([5T"*) vs. Fcll, respectively.22:38]
The Cr(CO)s fragment in amino carbene complexes is typi-
cally oxidized at potentials around 0.196-0499V  vs.
FcH 1293841 Fyrthermore, the electron-deficient carbene cen-
ter in 3 successfully competes with the (out-of-plane oriented)
N-Fc site for electron density rendering the N-Fc moiety in 3
less susceptible towards oxidation as compared to other
Fe-NHR derivatives. Hence, it is unclear a priori which redox
site N-Fe, C-Fe, or Cr(CO)s is oxidized in 3 in the first place.

The cyclic voltammogram of 3 in [nBuyN][B(CgFs),]/
CH3CN (Figure 5) shows an irreversible reduction at E, =
—2.300 V vs. IicH which is assigned to the reduction of the
electron deficient carbene ligand.!"¥*2%#1) This is in accord-
ance with the LUMO of 3 being located at the carbene accord-
ing to DIT calculations (Figure 4b and Supporting Infor-
mation). A quasi-reversible oxidation is observed at E, =
0.020 V closely followed by three quasi-reversible oxidations
at £, = 0.250, 0.370 and 0.560 V, respectively. A reduction
wave of a follow-up product of the third oxidation is found at
E, =-1.460 V (*') vs. FicH. The oxidation at £, = -0.440 V
(*%) is assigned to a follow-up product of the reduction of 3 at
E, =-2300V (Figure 5. Supporting Information). The three

208 348
a) [
0.15
31
010
Q—.‘
0.05 366
ol L
300 400 500 600 700
b) 316 I
) nm ? HOMO-5 LUMO+2

cr>co
——

HOMO-2 LUMO+3

Cr>Cco

N-Fe(dd)
C-Fe(dd)

Y —

LUMO+5
C-Fe(dd)

T HOMO-5 LUMO

Cr=> carbene
—_—

LUMO

C-Fe - carbene
E—

<

LUMO
N-Fe - carbene
C-Fe(dd)

<

Figure 4. (a) TD-DFT (B3LYP. LANL2DZ, IEF-PCM CH,Cl,) calcu-
lated UV/Vis spectrum of 3 and (b) major orbital contributions (isosur-
face value 0.1 a.u.) to the indicated transitions.

redox steps at £, = 0.020, 0.250 and 0.370 V are attributed to
the oxidation of the Cr(CO)s, C-Fc, and N-Fc¢ moieties. The

Z. Anorg. Allg. Chem. 2015, 2083-2092

Wiley Online Library 2087

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

=
o
-
w
=]
-
o
=
]
=
I+
ot
=
(=]




www.zaac.wiley-vch.de

redox process at 0.560 V possibly corresponds to the Cr'!
couple of the chromium fragment!'*>2%41 or of a chromium-
based follow-up product, which is quasi-reversibly oxidized.
An unambiguous assignment of the oxidation processes is
impossible solely based on the comparison with the redox
potentials of amino carbene chromium complexes?”#!! and
(thio)amides 4, 5,122

Ox2 0?7"3\/ Ox4
0250V 0,560 v

E/V vs. FcH/FcH’
Figure 5. Cyclic voltammogram of 3 in [#BuyN][B(CsFs),[/CH;CN.

DFT (B3LYP, LANL2DZ, IEF-PCM CH,Cl,) optimizations
of the two ferrocenium valence isomers of [3]** (Fc**)(NHR)
C=Cr(CO)s and (Fe)(NHF¢*")C=Cr(CO)s yield very similar
energies while the (F)INHR)C=Cr**(CO)s valence isomer
converged to the (Fe*")(NHR)C=Cr(CO)5 isomer (Supporting
Information). Furthermore, Bezuidenhout et al. showed that the
most stable DFT calculated electronic situation of [1]°* de-
pends on the choice of basis set and functional.*®! Hence,
neither the redox potentials of 3 nor DFT calculations of [3]**
allow for a definitive assignment,

Although the close-lying redox potentials will lead to partial
disproportionation of [3]** and higher oxidized species as well
as o the possibility for valence isomerism!*?! of [3]°* assessing
the redox site in [3]** by EPR spectroscopy was attempted.
Treating 3 with 0.95 equivalents “magic blue” ([N(p-
CeHyBr);][SbClg), Ey, = 0.67 V vs, FeHP®)) in THF indeed
yields an EPR-active solution featuring an isotropic EPR reso-
nance centred at g = 1.988 at room temperature (Figure 6). As
ferrocenium radicals are EPR-silent at room temperature this
resonance is ascribed to a chromium(I) centered radical. Values
below the free-electron value are typically found for compar-
able Cr! complexes featuring a low-spin d* electron configura-
tion (S = ¥2).*3) Treating the alkoxy carbene complex 1 analo-
gously yields an EPR resonance as well, yet at significantly
lower field (g = 2.013, Figure 6). This suggests a lower contri-
bution of the chromium centre in Cr' radicals derived from
[1]** as in the radical derived from [3]**. As disproportionation
and follow-up reactions of [3]** might play a significant role

Results and Discussion

the experimentally derived Cr! oxidation state cannot necessar-
ily be ascribed to [3]** but to a follow-up or disproportionation
product as well.

13

T T T T 1
2.20 2.10 1.90 1.80
Figure 6. X-band (9.4 GIz) EPR spectra of 3 + (.95 equiv. magic blue
and 1 + 0.95 equiv. magic blue in THE at room temperature.

To elucidate the nature of the chromium centred radical,
solution IR spectroscopic experiments with 3 in tetra-
hydrofuran in the presence of magic blue were carried out
(Supporting Information). Indeed, the CO stretching bands of
3 decrease in intensity with increasing amounts of magic blue.
No further bands assignable to Cr(CO), fragments were de-
tected. This observation is in full agreement with the IR spec-
troelectrochemical study on Ar(NMe,)C=Cr(CO)s complexes
showing the evolution of a gas at the electrode. % Similarly,
chemical oxidation of 1 and characterization of oxidation prod-
uct(s) were reported as unsuccessful 2! Clearly, CO ligands
dissociate in the primary oxidation products [1]°* and [3]**. In
essence, the exact nature of the observed Cr' radicals derived
from 1 and 3 remains unclear.

In contrast to oxidation, deprotonation of 3 to [3-H] is
straightforward using strong bases such as KO¢Bu. The suc-
cessful deprotonation of 3 to [3-H] is clearly corroborated by
the strong shift of the A; CO stretch to lower energy by
31 cm ! from 2051 ¢cm™! to 2020 cm™! in THF as a result of
increased m back-bonding of Cr to CO (Figure 7). DFT calcu-

3
[3-H]™

1857

1896 A
1928 E

T T T T T T
2050 2000 1850 1900 1850 1800

viem™

E.A,

Figure 7. IR spectra of 3 and 3 + KOrBu in THF at room temperature
[assignments according to idealized C,, point group of Cr(CO)s:
* denote CO bands of some decomposition product].
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lations of 3 and [3-H[™ (Supporting Information) predict a shift
of 36 cm™! for the deprotonation of 3 to [3-HJ™ in very good
agreement with the experiment. Similarly, the deprotonation
also affects the second A; CO stretch (1857 cm™!) o a higher
degree than the vibrations of £ symmeltry due to the different
trans influence of the deprotonated carbene (Figure 7). Expect-
edly, the Cr—C_ypene bond in [3-H]™ is elongated from 2,113
to 2.224 A according to DT calculations resulting in an
(iminoacyl)(pentacarbonyl) chromate(0) valence description
for [3-H]™ (Figure 8a, Table 1). The anion [3-H]™ is quite per-
sistent at room temperature, yet after 20 h in the presence of
three equivalents of base frans-1,2-diferrocenylimine 6 is
quantitatively formed. Refluxing [3-H]™ in toluene results in
rapid quantitative formation of 6 according to "H NMR spec-
troscopy and mass spectrometry. On the other hand, 3 is ther-
mally stable in the absence of a base. Hence, imine formation
from 3 starts with a facile deprotonation at nitrogen by a suit-
able base followed by a rate-determining reprotonation at car-

a)

Figure 8. DFT optimized geometries and relevant distances /A of (a)
[3-H], (b) frans-3™¢ and (c) cis-3M¢.

bon with concomitant elimination of a Cr(CO)s fragment. The
Cr(CO)s dissociation is certainly favoured due to the bulkiness
of the two ferrocenyl substituents and the pentacarbonyl metal
fragment itself.

Trapping the sterically shielded [3-H]™ anion by N-methyl-
ation with excess Mel in THF is successful according to 'H
NMR spectroscopy (approximately 50% spectroscopic yield
of 3M¢) and mass spectrometry (Supporting Information). The
incomplete transformation can be ascribed to the sterically
congested amide in [3-H]J~ hindering the nucleophilic attack at
Mel. Interestingly, all Cp proton resonances of 3M€ are con-
siderably shifted to higher field with respect to those of 3 (Ad
=-0.07, =042, -0.25, -0.27, -0.31, =0.12 for H"-238%:19; Sup-
porting Information) which is uncommon for such a minor
chemical change in (R)NR'R’')C=M(CO)s complexes (M =
Cr, W; R’ = H, Me, allyl).*¥ However, the conformational
effect of the H—-Me substitution in the 3/3™¢ pair is appreci-
able due to the three sterically demanding substituents at the
carbene center. The frans conformation of frans-3"¢ similar to
that of 3 (Figure 2, Figure 8b,¢; CipeoCeapeneN-Cipso =
172.4°) is sterically congested and hence a major reorientation
oceurs (o cis-3M¢ (stabilized according to DFT calculations;
Cipso=CearbeneN-Cipso = 27.7°) 10 better accommodate the N-
methyl group (Figure 8b, ¢). This reorientation significantly
affects the chemical shifts of the Cp protons. Possibly, the ex-
pansion of the NH-Fc unit at the already congested carbene
centre by N-methylation appears to approach the steric limit in
these carbene complexes.

Conclusions

The heterotrimetallic isolobal amide (aminoferrocenyl)-
(ferrocenyl)carbene(pentacarbonyl) chromium(0) complex 3
was prepared from the alkoxy Fischer carbene complex 1 by
nucleophilic substitution of the alkoxide with ferrocenyl amide
[Fe-NH]|™ [2-HI". Apart from an unidentified ferrocene-con-
taining side product a significant side reaction is the elimi-
nation of trans-1,2-diferrocenylimine (6), which is suppressed
at low temperature and by using only a slight excess of base.
The formation of 6 is probably favoured by the considerable
steric crowding by the three substituents Cr(CO)s, C-Fc, N-
Fc at the carbene center facilitating the Cr(CO)s dissociation.
Indeed, the Cr(CO)s fragment forces the two Fe substituents
in positions flanking the NH group in 3, which results in two
NH-Fel/Fe2 hydrogen bonds as shown by XRD, NMR, IR,
and DFT studies. Oxidation of 3 to the cation radical [3]** is
likely followed by decarbonylation giving a chromium-cen-
tered radical according to EPR studies. N-Deprotonation of
neutral 3 to anionic [3-H]™ at higher temperature quantitatively
releases the imine 6, while at room temperature the anion [3-
HJ™ can be trapped by methylation to yield the N-methylated
carbene complex 3™ NMR spectroscopy and DFT calcula-
tions of 3M¢ suggest a different conformation of 3M¢ (cis-3M¢)
as compared to 3 to accommodate the methyl group. Future
work aims at the extension of the work towards other trimetal-
lic amides (Fe)(FeNH)YC=ML,, with different steric and elec-
tronic impact of the ML, fragments.
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Experimental Section

General Procedures: All reactions were performed under standard
Schlenk and glovebox conditions. A glovebox of the type UniLab/
MBraun (Ar 4.8, O, << 1 ppm, H,O << 1 ppm) was vsed for storage
and weighing of sensitive compounds. All analytical samples that re-
quired the absence of oxygen were prepared in the same glovebox.
Solvents were dried and distilled under argon prior to use. 10174 and
2027 were prepared according to literature procedures.

NMR spectra were recorded with a Bruker Avance DRX 400 spec-
trometer at 400.31 MHz (*H) and 100.657 MHz (**C). Chemnical shifts
J (ppm) are reported with respect to residual solvent signals as internal
standards ('H, *C):. CD,Cl, 3("H) = 5.32 ppm, 8(2C) = 54.0 ppm. (5)
= singlet; (pt) = pseudo triplet = unresolved doublet of doublets. UV/
Vis spectra were recorded with a Varian Cary 5000 spectrometer in
1 cm covettes. Vibrational spectra were recorded with a Varian 3100
FT-IR Excalibur Series spectrometer. Measurements were carried out
with the sample as KBr pellet or in solution in a KBr cell. FD mass
spectra were recorded with a FD Finnigan MAT90 spectrometer. Elec-
trochemical investigations were carried out with a SP-50 Analyzator
of BioLogic in the glovebox to prevent follow-up reactions with oxy-
gen or moisture. Two platinum wires were used as working and counter
electrode and a Ag/AgNO; electrode was employed as reference
(0.01M AgNO3, CH;CN). [(#Bu);N][B(CeFs)]*! (0.1 M in CH;CN)
was used as electrolyte with 1 mM of the sample. The potentials are
given vs. ferrocene/ferroceniom (FeH/FcH™) (E'= 040 V vs. SCE, 0.64
V vs. NHE)."®] EPR spectra were recorded with a Miniscope MS 300
X-band CW spectrometer (Magnettech GmbH, Germany). Values of g
are referenced to Mn?* in ZnS as external standard (g = 2.118, 2,066,
2.027, 1,986, 1.946). Simulations were performed with the EasySpin
program package.] Elemental analyses were performed by the micro-
analytical laboratory of the chemical institutes of the University of
Mainz.

DFT calculations were carried out with the Gaussian09/DFT™7] series
of programs. The B3LYP“® formulation of DFT was used employing
the LANL2DZ"®! basis set. No symmetry constraints were imposed
on the molecules. The presence of energy minima was checked by
analytical frequency calculations. The integral-equation-formalism po-
larisable continonm model (IEFPCM, CH,Cly) was employed for sol-
vent modeling.

X-ray diffraction data were collected with a Bruker AXS Smart 1000
CCD diffractometer with an APEX II detector and an Oxford cooling
system and corrected for absorption and other effects using Mo-K,,
radiation (1 = 0.71073 A) at 173(2) K. The diffraction frames were
integrated vsing the SAINT package, and most were corrected for ab-
sorption with MULABS.F®3! The structure was solved by direct
methods and refined by the full-matrix method based on F? using the
SHELXTL software package.”>”°) All non-hydrogen atoms were re-
fined anisotropically, while the positions of hydrogen atoms were gen-
erated with appropriate geometric constraints and allowed to ride on
their respective parent atoms with fixed isotropic thermal parameters.

Crystallographic data (excluding structure factors) for the structure in
this paper have been deposited with the Cambridge Crystallographic
Data Centre, CCDC, 12 Union Road, Cambridge CB21EZ, UK.
Copies of the data can be obtained free of charge on quoting the de-
pository number CCDC-1409670 (Fax: +44-1223-336-033; E-Mail:
deposit@ccde.cam.ac.uk, http://www.ccde.cam.ac.uk).

Crystallographic Data of 3: Cy¢HoCrFe;NOs (589.12); monoclinic;
P2y/m; a = 11.5067(15) A, b = 12.4663(15) A, ¢ = 17305(2) A, f# =

Results and Discussion

106.089(3)°, V = 2385.1(5) A% 7Z=4, density, caled. = 1.641 grem™,
1 = 1.686 mm™; F(000) = 1192; crystal size 0.90 X 0.67 X 0.07 mm;
8=2451t0 2804 deg; 14 =h =15,-16 =k =16,-22 = =21,
1fln collected = 24542; 1fln unique = 5766 [R(int) = 0.0542]; complete-
ness to 8 = 28.04 = 99.7 %; semi-empirical absorption correction from
equivalents; max. and min. transmission 0.8911 and 0.3122; data 5766;
restraints 0, parameters 316; goodness-offit on F? = 1.018; final R
indices [ > 2a(I)] Ry = 0.0353, wR, = 0.0848; R indices (all data)
R, = 0.0502, wR, = 0.0896; largest diff. peak and hole 0.584 and
—0.457 e:A3,

(Aminoferrocenyl)(ferrocenyl)carbene(pentacarbonyl) chro-
mium(0) (3): Aminoferrocene 2 (100mg, 0.5 mmol) and 1 (217 mg,
0.5 mmol) were dissolved in dry THF (10 mL). Potassium hexamethyl
disilazide (KHMDS, 300 mg, 1.5 mmol) in dry THF (15mL) was
added within 4 h at room temperature whilst stirring. Satorated aque-
ous NaHCOj solution (20mL) and petroleum ether 40/60 (10 mL)
were added. The aqueous phase was extracted with petroleum ether
40/60 (10mL) and CH;Cl, (10mL). The combined organic phases
were evaporated under reduced pressure to obtain the crude product
(249mg).  Purification by column chromatography  (SiO,,
26 cm X 3.5 cm, petrolenm ether 40/60:CH,Cl, 2:1, Ry = 0.5) yielded
3 as a dark red solid (99 mg, 0.168 mmol, 34 %). CosH;oCrFe,NOs: C
52.94 (caled. 53.01); H 3.01 (caled. 3.25); N 2.52% (caled. 2.38%).
H NMR (400.32 MHz, CD,Cl,): § = 10.90 (s, | H, HS), 477 (pt, 2
H, H%), 4.63 (pt. 2 H, H?), 456 (pt, 2 H, H?), 438 (s, 5 H, HY'%), 4.35
(pt, 2 H, H%), 4.31 (s, 5 H, HY'%) ppm. BC{'H} NMR (100.55 MHz,
CDLCly): 8 = 282.4 (%), 224.8 (C1%), 218.2 (C1), 99.1 (CH), 98.6 (C7),
713 (CH), 704 (CY19), 70.2 (CY19), 69.5 (C), 69.3 (C), 679 (C%)
ppm. MS(FD): m/z (int) = 589.0 (100%, [3]**). 561.1 (1%, [3]°*—
CO). IR (KBr): ¥ = 3271 (w, NH), 3092 (w, CH), 2052 (vs, CO A},
1981 (m, CO By), 1971 (m), 1913-1898 (br,, CO E, A}) cm™'. IR
(THF): % = 2051 (vs, CO A;), 1928 (br., CO E, A}) em™. IR (CD,Cly):
¢ = 3233 (m, NH) em™!. UV/Vis (CH,Cly): A (eMlem™) = 350
(6100), 392 (8035), 450 (2260) nm.

Supporting Information (see footnote on the first page of this article):
Mass spectra, NMR and IR spectra of 3; relevant molecular orbitals
of 3. 'H NMR and mass spectra of a 3/3™° mixture, Table of TD-DFT
calculated electronic transitions of 3; cartesian coordinates of all DFT
optimized structures,
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(Aminoferrocenyl)(ferrocenyl)carbene(pentacarbonyl)tungsten(0) (W(CO)s(E-2)) is synthesized by
nucleophilic substitution of the ethoxy group of (CO)sW=C(OEt)Fc by ferrocenyl amide Fc-NH~
(Fc = ferrocenyl). W(CO)s(E-2) thermally and photochemically eliminates bulky E-1,2-
diferrocenylimine (E-3) via a formal 1,2-H shift from the nitrogen atom to the carbene carbon
atom. Kinetic and mechanistic studies to
the formation of imine E-3 are performed

ngjcfing .. | ? - by NMR, IR and UV-vis spectroscopy and
S . liquid injection field desorption ionization
WCON(ED) A . HNF (LIFDI) mass spectrometry as well as by
\;i_ trapping experiments for low-coordinate
tungsten complexes with

triphenylphosphane. W(CO)s(E-2) decays thermally in a first-order rate-law with a Gibbs free
energy of activation of AG¥0s« = 112 kJ mol™. Three proposed mechanistic pathways are taken
into account and supported by detailed (time-dependent) density functional theory [(TD)-DFT]
calculations. The preferred pathway is initiated by an irreversible CO dissociation, followed by an
oxidative addition/pseudorotation/reductive elimination pathway with short-lived, elusive
sevencoordinate hydrido tungsten(Il) intermediates cis(N,H)-W(CO)4(H)(Z-15) and cis(C,H)-
W(CO)4(H)(2-15).
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Abstract

(Aminoferrocenyl)(ferrocenyl)carbene(pentacarbonyl)tungsten(0) (CO)sW=C(NHFc)Fc (W(CO)s(E-2)) is synthesized by nucleo-
philic substitution of the ethoxy group of (CO)sW=C(OEt)F¢ (M(CQ)s(1E%) by ferrocenyl amide Fe-NH™ (Fe = ferrocenyl).
W(CO)s(E-2) thermally and photochemically eliminates bulky E-1,2-diferrocenylimine (E-3) via a formal 1,2-H shift from the N
to the carbene C atom. Kinetic and mechanistic studies to the formation of imine E-3 are performed by NMR, IR and UV-vis spec-
troscopy and liquid injection field desorption iomzation (LIFDI) mass spectrometry as well as by trapping experiments for low-co-
ordinate tungsten complexes with triphenylphosphane. W(COQ)s(E-2) decays thermally in a first-order rate-law with a Gibbs free
energy of activation of AG¥3¢gx = 112 kJ mol™!. Three proposed mechanistic pathways are taken into account and supported by
detailed (time-dependent) densitiy functional theory [(TD)-DFT] calculations. The preferred pathway is initiated by an irreversible
CO dissociation, followed by an oxidative addition/pseudorotation/reductive elimination pathway with short-lived, elusive seven-
coordinate hydrido tungsten(II) intermediates eis(N,H)-W (CO)4(H)(Z-15) and cis(C,H)-W(CO),(H)(Z-15).

Introduction

Since the first example of a Fischer carbene complex
(CO)sW=C(OMe)Me [1] in 1964, these compounds have
evolved into a huge substance class with versatile applications
as chemical multitalents in organic synthesis [2-5] as well as in
light-driven organic reactions [6-8]. Carbene complexes of
pentacarbonyl metal fragments (M = Cr, Mo, W) have further

proven to be effective carbene transfer agents to late transition
metals in transmetalation reactions [9-15]. The manifold synthe-
tic access routes to carbene complexes even allows the
assembly of multicarbene and multimetal carbene complexes
[16,17]. First representatives of multimetal carbene complexes
M(CO)s(1®) bear a-ferrocenyl alkoxy carbenes :C(OR)Fe (1R,
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M = Cr, Mo, W; R = Me, Et; F¢ = ferrocenyl) [18-22]. Nucleo-
philic substitution of the alkoxy substituent OR by amines gives
access to g-ferrocenylamino Fischer carbene complexes
[18,20,21,23-27], according to the classical Fischer route [28-
31]. In contrast to conventional aromatic substituents, the Fc
unit in M{CO)s(1R) is characterized by its redox activity and its
large cylindrical steric bulk [32,33]. The electrochemical behav-
iour of ferrocenyl carbene complexes has been extensively in-
vestigated [25-27,34-39]. A second ferrocenyl unit ¢can be incor-
porated by employing aminoferrocene (Fe-NH,) [40,41] in a
nucleophilic substitution reaction [27]. The trimetallic complex
Cr(CO)s(E£-2) with the (aminoferrocenyl)ferrocenylcarbene
ligand E-2 is readily synthesized from Cr(C0)s(1E%) by micleo-
philic substitution of the ethoxy group with in situ generated
ferrocenyl amide Fc-NH™. Unlike the facile synthesis of the
diphenyl derivative Cr(CO)s(E-4) from Cr(C0)s(1% and

Beilstein J. Org. Chem. 2016, 12, 1322-1333.

aniline [30,42], the preparation of the diferrocenyl derivative
Cr(CO)s(E-2) from bulky F¢-NH; [40,41] requires the pres-
ence of a base to increase the nucleophilicity of Fe-NH, by de-
protonation. In the presence of base, Cr(CQO)s(E-2) decom-
poses readily in solution at room temperature releasing E-1,2-
diferrocenylimine [43] E-3 (Scheme la) [27]. Base assisted
imine formation of NH carbene complexes typically occurs
under rather harsh conditions. Thermal treatment of the signifi-
cantly less encumbered complex Cr(CO)s(E/Z-4) for 18 hiin a
1:10 (v:v) pyridine (py)/hexane mixture yields imine E-5 and
fac-[Cr(CO)3(py)3] as side-product (Scheme 1b) [44]. Forma-
tion of the imine E-7 and Cr(CO)g from the carbene complex
Cr(CO0)s(Z-6) requires heating to 170 °C for 3 days under CO
pressure (Scheme 1¢) [42]. At room temperature and in the
presence of base (KO#Bu), M(CO)5(Z-8) (M = Cr, W) simply
isomerize to a mixture of E/Z isomers M(CO)s(E-8)/

a) CHCO)5 s
KHMDS, THF, rt
Fe H/Fl: TS T T e FCAN/FC
Cr(CO)s(E-2) E3
b) Cr(CO)s h
exc. , hexane S
PR N(HPh ™~ o33 n > P SNP! 4 facCr(CO)ofpyi]
Cr(CO)s(E/Z-4) Es
c) Cr(CO)s
_H _98bar CO, benzene A, -Me
Ph™ N 170°C,3d PR N7+ Cr(CO),
Me
Cr(CO)5(Z-6} E-7
d) M(CO)s M(CO)s
__NaOi-Bu,
N - MeJ’\HzMe Mo SnMe 4 oy
Me
M(CO)s(Z-8) M(CO)s(E-8) E9
M=Cr,W
) M(CO)s B M(CO) (0C)M
iPr, L _ipr _ THF.ELO Prva e *Co RN _ip
NN —CO | N A~ SN
I ipr | -2 |
iPriPr iPr iPr
M{CO)5{10) M(CO)4(xC,xN-10) M(CO)s(11)
M = (Cr), Mo, W M = Mo, W
f Vg(co)s MeOH, KF W(CO)s . V,h\I’(CO)s
i _FSiMes HN 0 O_;)/“
@osmta:,
W(CO)5(1,2-CN-C4H4-OSIMes) W(CO)s(12) W(CO)s(13)

Scheme 1: Imine formation and isomerization reactions from NH carbene complexes Cr{CO)g(E-2) (a) [27], Cr{CO)s(EIZ-4) (b) [44], Cr{CO)g(Z-6) (c)
[42], M(CO)5(2Z-8) (d) [45,46], M(CO)s(10) () [50-52] and during Si-O cleavage in the isonitrile complex W(CO)s(1,2-CN-CgH4-0SiVies) () [53].
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M(CO)5(Z-8) without ligand loss or formation of imine E-9
(Scheme 1d) [45,46]. It appears that the bulky diferrocenylear-
bene E-2 facilitates formation of imine E-3. Mechanistically, a
base-assisted 1,2-H shift can be conceived either at the coordi-
nated carbene or at the free carbene [47,48] after ligand
exchange at chromium (by py or CO) for Cr(CO)s(E/Z-4) and
Cr(CO)s(Z-6). Both pathways are compatible with the forma-
tion of the metal-containing products fac-[Cr(CO)3(py)s3] and
Cr(CQ)g by dissociation of the imines E-5 or E-7 or by dissoci-
ation of the carbenes E-4 or E-6, respectively (Scheme 1b,c)
[42,44].

The related pentacarbonyl complexes of bis[di(isopropyl)ami-
nojcarbene 10 [49] M(CQO)s(10) (M = Cr, Mo, W) readily
decarbonylate at room temperature to give the tetracarbonyl
complexes M(CO)4(kC,kN-10) with a side-on coordinated
carbene ligand (Scheme le) [50-52]. Under CO atmosphere, the
molybdenum and tungsten complexes M(CO)45(10), (M = Mo,
W) eliminate two equivalents of propene giving the imine
complexes M(CQ)s(11). Formation of the imine complex
tungsten(benzoxazole)(pentacarbonyl) W(C0)s(13) has been
reported by Tamm and Hahn during the synthesis of the carbene
complex tungsten(benzoxazolin-2-ylidene)(pentacarbonyl)
W(C0)s(12) (Scheme 1f) [53].

In principle, the formation of imines from NH carbene com-
plexes can oceur by three conceivable fundamental pathways.
The first pathway starts with the dissociation of the carbene fol-
lowed by a 1,2-H shift at the free carbene (elimination—migra-
tion). The second one operates via a hydrogen atom shift at the
coordinated carbene followed by dissociation of the resulting
imine (migration—elimination). A third conceivable pathway
could start with CO loss, followed by H atom migration. To the
best of our knowledge, the mechanism of the imine formation
from NH carbene complexes is not yet established.

In the absence of a base, the bulky diferrocenylcarbene com-
plex Cr(CO)s(E-2) is stable even in refluxing toluene and
hence, a simple migration—elimination or elimination—migra-
tion reaction is not anticipated in this case. We report here the
heavier tungsten analogue W(COQO)s(E-2) which is thermally
reactive and smoothly forms the imine E-3 without the need of
prior deprotonation. This apparently simpler reaction allows the
investigation of the mechanism of imine formation from NH
carbene complexes.

Herein, the synthesis and characterization of W(CO)s(E-2) fol-
lowed by detailed mechanistic studies regarding the formation
of imine E-3 are presented including mass spectrometric, NMR,,
IR and UV-vis spectroscopic kinetic studies in combination
with (TD)-DFT methods.

Results and Discussion

Beilstein J. Org. Chem. 2016, 12, 1322-1333.

Results and Discussion

Synthesis of W(CO)5(E-2)

The diferrocenyl NH carbene complex W(CQ)s(E-2) is ob-
tained by treating W(CO)s(1E%) [20,21] with aminoferrocene
(Fc-NHj) [40,41] in the presence of potassium hexamethyldisi-
lazide (KHMDS) in tetrahydrofuran at room temperature
(Scheme 2). In an analogous reactivity to Cr(CO)s(E-2)
(Scheme 1a) [27], the formation of the imine E-3 is observed as
a side-reaction under the alkaline conditions. Due to this reac-
tivity, W(CO)s(E-2) is obtained in only 28% yield as a deep-
red erystalline compound after purification via column chroma-

tography.
W(CO)s
OFEt + HgN~ §Fe
Fe
2 wico)(1E)
4 equiv KHMDS, THF
m,8h
12
1n CO
OC§W|4C0
1N 8 8
30C4 5 :07 \N’ :
2 H ' Fe * Fe
Fe 6 Fe @
1 10 @
W(CO)s(E-2) E-3

Scheme 2: Synthesis of W(CO)s(E-2) from W(CO)s(1EY) [20,21] and
aminoferrocene [40,41] with concomitant formation of £-1,2-diferro-
cenylimine E-3 [43] as side-product and atom numbering of
W(CO)5(E-2) for NMR assignments.

Characterization of W(CO)5(E-2)

The composition and purity of W(CO)s(E-2) is ascertained by
mass spectrometry, showing the expected molecular ion peak at
mi/z = 721 with appropriate isotopic pattern, and elemental
analysis (Experimental section and Supporting Information
File 1). Atincreasing temperature in the FD mass spectrometer,
peaks at m/z = 397 appear which can be assigned to a molecu-
lar ion of the composition C31HgNFe;. A tiny peak cluster at
miz = 693, assignable to the loss of CO from W(CO)s(E-2), and
peaks at higher m/z ratios, assignable to tungsten clusters, are
also observed when traces of oxygen/water were present. Using
1Y and 13C NMR spectroscopy as well as 2D NMR (!H,1H
COSY, 'H,1H NOESY, 3¢ 'H HSQC, 3C,'H HMBC tech-
niques), all 'H and 13C NMR resonances of W(CO)s(E-2) are
assigned based on coupling patterns and NOE contacts (Experi-
mental section and Supporting Information File 1). Only the
resonances of the unsubstituted CsHs ligands (H!, H19 and ¢,
C19 could not be discriminated. The proton resonances are
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found in a similar region as for other (pentacarbonyl)tungsten
complexes W (C Q)s(E-14%) with the o-ferrocenyl NH carbene
ligand :C(NHR)Fc E-14R (R = Me, Et, n-Pr [23], n-Bu [25],
n-Pent [21]). Due to additional ring-current effects and non-
classical NH--Fe hydrogen bonding [54-59] of the NH-Fc¢
moiety, the resonance for the amine proton NHS (8 = 10.50 ppm
in CD,Cly) is shifted to lower field as compared to that of alkyl-
amine substituted NH carbene complexes M(CO)s(E-14%) (3 =
9.00-9.11 ppm in CDCl3) [21,23]. The NH-~Fe interaction is
also supported by the low-energy NH stretching vibration of
W(CO)s(E-2) at 3240 ecm™1 in CD,Cly, which matches to that
of Cr(CO)s(E-2) (3233 em™1) [27] (Experimental section and
Supporting Information File 1). A weak absorption band at
3439 cm™ L is tentatively assigned to some W (CQ)s(Z-2) isomer
lacking the NH--Fe interaction. In the solid state (KBr) the NH
stretching vibration appears at 3335 em™! (Experimental section
and Supporting Information File 1). The C-N—H bending vibra-
tion is observed as a single sharp relatively strong band at
1508 cm ™!, These IR data reveal that the main isomer in solu-
tion as well in the solid state is the F isomer in accordance with
the IR data of W(CO)s(E/Z-8) [46]. The carbonyl region of IR
spectra of W(COQ)s(E-2) are in accordance with those of
Cr(CO)s(E-2) [27] and related amino(ferrocenyl)car-
bene(pentacarbonyl)tungsten complexes W(CO)s(E-14%)
(R = Me, Et, #-Pr [23], »-Bu [25], #-Pent [21]). The UV-vis
spectrum of W(CO)s(E-2) (Supporting Information File 1) is

EIZ
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similar to that of Cr(CO)s(E-2) [27] and to those of
carbene(pentacarbonyl)metal complexes (Cr, W) [60,61].

Thermolysis of W (CO)s(E-2) in refluxing toluene gives imine
E-3 [43] after ca. 24 h in almost quantitative yield, as moni-
tored by 'H NMR spectroscopy. Accordingly, W(CO)s(E-2) is
a suitable candidate to investigate the imine formation from NH
carbene complexes in a simple one-component system under
relatively mild conditions and, importantly, in the absence of a
base.

DFT studies on the formation of imine £-3
from W(CO)5(E-2)

Three conceivable reaction pathways for the formation of imine
E-3 have been considered. For each pathway, density func-
tional theory (DFT) calculations on the BALYP/LANL2DZ
(IEF-PCM toluene) level of theory have been performed to
localize minimum structures and energies of the intermediates
which are connected by transition states. The Gibbs fiee ener-
gies are reported at 298 K.

The first pathway comprises the migration—elimination mecha-
nism involving a 1,2-H shift at the coordinated carbene ligand
E-2 or Z-2 in W(CO)s(E-2) or W(CO)s(Z-2) followed by
dissociation of the respective imine E-3 (pathway la,
Scheme 3) or Z-3 (pathway 1b, Scheme 3), respectively. In the

E/Z

co . & CcO
0C.4,+CO isomerization 0C.y~CO
oc”) >co oc”J[co
F CJL,:lch FGJLN’
1
H Fc
W(CO)s(E-2) W(CO)5(Z-2)

| carbena dissociation J

co ) z co
OCAV'V-CO isomerization OC.V'V‘CO
oc” | ™co oc”|[*co
FcJthl’Fc FcJ\N’
1
H Fc
W(CO)s(E-2) W(CO)s(Z-2)
j 1,2-H shif l
co
06. 5% 0C.,,2CO
iy LA
ocC r (0] — oC | CO
F°)=N = H)=N
H “Fe [
W(CO)5(E-3) W(C0)5(2-3)
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H H
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H Fc
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Fe
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Scheme 3: Reaction pathways 1a/1b (migration—elimination} and 2a/2b (elimination—migration) for the formation of imine £-3 from W{CO)s(E-2).
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latter case, Z-3 isomerizes to the thermodynamically preferred
isomer E-3. The second pathway (carbene elimination—migra-
tion) starts with the elimination of the carbenes E-2 or Z-2 fol-
lowed by an 1,2-H shift to give the imines E-3 (pathway 2a,
Scheme 3) or Z-3 (pathway 2b, Scheme 3). In the latter case, a
Z-3 — E-3 isomerization follows.

The initial step of the third pathway is a CO dissociation
yielding the tetracarbonyl complexes W(COQ)4(E-2) or
W(C0)4(Z-2). This elimination is followed by a hydrogen atom
shift at the coordinated carbene ligands E-2 or Z-2 (pathway 3a
and 3b, Scheme 4) giving W(CO)4(E-3) or W(CO0)4(Z-3),
respectively. Furthermore, the free coordination site in
W(CO)4(E-2) or W(CO)4(Z-2) offers an oxidative addition/
pseudorotation/reductive elimination pathway via the hydrido
tungsten(Il) complexes W(CO)4(H)(Z-15) with the formally
anionic ligand [Fc-C=N-Fc|~ (157) as further alternative (path-
way 3¢, Scheme 4).

EiZ

Results and Discussion

Beilstein J. Org. Chem. 2016, 12, 1322-1333.

The calculated Gibbs free energies for W(COQ)s(Z-2) and
W (C0)s(Z-2) are basically identical (Supporting Information
File 1, Figure S16, Scheme 3). The calculated barrier for the
E/Z isomerization W(CQO)s(E-2) — W (C0)5(Z-2) amounts to
AGH =108 kJ mol™!. This barrier is significantly higher than
that reported for (methoxy)(methyl)carbene(pentacarbon-
yl)chromium(0) Cr(CO)s(C(OMe)Me) (52 kJ mol™! (experi-
mental) and ca. 61 kJ mol™! (theoretical)) due to the larger
steric bulk of the (aminoferrocenyl)ferrocenylcarbene 2, the
higher n-donating character of the amino substituent vs the
alkoxy substituent thus increasing the C(carbene)-X double
bond character (X =N, O) [62-64] and the loss of some attrac-
tive NH- Fe interaction (H~Fe(Fc-C) = 2.98 A) in
W(CO)5(E-2) [27,54-59]. The Gibbs free energy of activation
for the 1,2-H shift in W(C0)s(Z-2) to give the imine complex
W(CO)s(Z-3) amounts to AGF = 333 kJ mol~! which is pro-
hibitively large. For W(CO)s(E-2) — W(CO)s(E-3), this
barrier is somewhat smaller (AG? = 284 kJ mol™1), yet this 1,2-

co . o co
Oc.v'v.co isomerization oc.v.v‘co
oc” O, =  oc”|c
AN ey
|
H Fc
W(CO)s(E-2) W(C0)s(Z-2)
j CO dissociation
co co idati co
0Cuyiy2CO OC.{CO DG 0C.4aCO
oc”Jl — oc”)l_ —  oCc/\H
Fe~ ~N-F¢ Fe” ~n-H JAN
h ) Fi Fc
H Fc
W(CO)L(E-2) W(CO)(Z-2) cls(N,H)-W(CO) 4(H)(Z-15)
1,2-H shift J pseudorotation
co .
0C.. c';?CO OC‘V'V‘CO reductive co
«W oc” elimination OCu,aCO
& | — el — %
e H"/ \™>COo
=N, >N, ‘
H Fc Fe Fc Fc Fc
W(CO),{E-3) W(C0)4(Z-3) cis{C H}-W(CO) 4(H)(Z-15)
imine disseciation
H H
Fr.:’gN’Fc == Fc)§N
Fc
E-3 Z3

Scheme 4: Reaction pathways 3a/3b/3c (CO dissociation) for the formation of imine £-3 from W(CO)s(E-2).
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H shift initially only leads to a van-der-Waals adduct of the
imine E-3 [W(CO)s E-3]. Hence, this hydrogen atom shift is
coupled with a W—C{carbene) bond dissociation.

The turn over frequency (TOF) of catalytic cycles can be esti-
mated from the energies of the TOF-determining transition state
(TDTS) and the TOF-determining intermediate (TDI) [65]. The
given energy difference between TDTS and TDI is the
maximum energy span between a given intermediate and all
following transition states of the eycle and can be understood as
the overall Gibbs free energy of activation of the whole catalyt-
ic cycle [65]. This procedure can be translated to competing
reaction paths. For pathways la and 1b (Scheme 3), the rate-de-
termining intermediate (RDI) is W(C0)s(Z-2) and the rate-de-
termining transition states (RDTS’s) are TS(W(CO)s(E-2) —
W(CO)s E-3) (pathway la) and TS(W(CQ)s(Z-2) —
W (CO)s(Z-3) (pathway 1b) giving the overall Gibbs free ener-
gies of activation AG?,,,,; = 287 kI mol™! and AGH,,,; =
333 kJ mol™!, respectively. The lower energy pathway la is as-
sociated with the dissociation of the carbene ligand ( Supporting
Information File 1, Figure S16). Hence, the initial dissociation
of the carbenes E-2 and Z-2 is considered in pathways 2a and
2b (Scheme 3).

Dissociation of the carbenes E-2/2-2 from W(CO)s(E-2)/
W(CO)s(Z-2) is calculated endergonic (AG = 141 kJ mol™! and
AG = 167 k] mol™, respectively, Scheme 3). Transition states
for the carbene dissociation could not be identified. Hence, this
initial dissociative step is probably not the one with the lowest
energy. Nonetheless, the 1,2-H shift in the free carbenes has
been caleulated as well (Scheme 3).

The carbene £-2 is 23 kJ mol~! more stable than the £-2 isomer
(Supporting Information File 1, Figure S17). The interconver-
sion between these isomers £-2 — Z-2 (AGT = 130 kJ mol ™)
proceeds via a bending vibration of the Cp—C{carbene)-N
moiety. This reaction coordinate is fully analogous to the pro-
posed mechanism of the E/Z isomerization of imines [66,67].
During the 1,2-H-shift of E-2 to £-3, the migrating hydrogen
atom interacts with the empty py-type orbital of the carbene car-
bon atom (AGH = 250 kI mol™1), which is in aceordance with
the established mechanism of 1,2-migration reactions of
carbenes [47,48,68-71]. Interestingly, the 1,2-H-shift of Z-2
(2-2 — 7-3: AGY =179 kI mol™1) with a lower barrier oceurs
within the C—C(carbene)-N plane via a direct interaction of the
n, orbital at the carbene carbon atom with the hydrogen 1s
orbital. Because of the non-crossing rule, this path is symmetry
forbidden for aromatic carbenes [47,72]. The calculated barrier
of the E/Z isomerization Z-3 — E-3 (AGY = 52 kI mol 1) is in
good agreement with experimental data for other imines with
similar steric bulk, e.g., (Fc);C=NAr, leading to the global

Beilstein J. Org. Chemn. 2016, 12, 1322-1333.

minimum £-3 of pathways 2a and 2b (Scheme 3) [66,67].
E-2 is the RDI for pathways 2a and 2b. The transition states
TS(E-2 — E-3) (AGH,.;,; = 250 kJ mol™1, pathway 2a) and
TS(Z-2 — Z-3) (AG} 44 = 202 kT mol™1, pathway 2b) are the
RDTS’s. The 1,2-H-shift of the free carbenes 2 preferably
proceeds via pathway 2b (Supporting Information File 1, Figure
S17).

Compared to the carbene dissociation, significantly smaller
endergomicities are caleulated for the dissociation of a carbonyl
ligand (pathways 3a and 3b, Scheme 4) giving the tetracar-
bonyl complexes W(CO)4(E-2) and W{CO0),(Z-2) with AG =
86 kI mol™! and 115 kI mol™!, respectively (Scheme 4). The
W(CO0)4(E-2) isomer is stabilized with respect to W(CO)4(Z-2)
by 26 kJ mol~L. The E/Z isomerization of W (C0) 4(2) proceeds
via an intermediate W{CO)4(xC,kN-2) with a side-on coordina-
tion of the carbene ligand 2 exploiting the free coordination site
at tungsten similar to M(CO)4(kC,kN-10) [50-52] (Scheme 1,
Supporting Information File 1, Figure S18). The barrier for this
E/Z carbene isomerization amounts to only AGH = 99 kJ mol~1.
This represents the lowest barrier for the £-2/7-2 isomerization
caleulated in the systems W(CO)s(E-2/2-2), W(CO)4(E-2/2-2)
and E-2/7-2 (vide supra). However, the following 1,2-H shifts
have high barriers of 294 and 248 kJ mol™! for W(CO)4(E-2)
— W(CO)4(E-3) and W(CO)4(Z-2) — W(CO0)4(Z-3), respec-
tively. For the former reaction and similar to the 1,2-H shift in
W(CO)s(E-2) (vide supra), the van-der-Waals adduct
[W(COQ)y E-3] is the initial product implying the dissociation
of the W—C(carbene) bond. The RDI for pathways 3a and 3b is
W(CO)4(E-2). The RDTS’s are TS(W(CO)4(E-2) —
[W(CO)yE-3]) (AGF 51, = 294 kI mol™!, pathway 3a) and
TS(W(CO)(Z-2) — W(COY(Z-3)) (AGH,1 =274 k] mol ™!,
pathway 3b). Both pathways 3a and 3b are quite energy
demanding and require even more energy than the E-2 — E-3
and Z-2 — Z-3 hydrogen atom migrations in the free carbenes
(vide supra). The free coordination site at tungsten in
W (CO)4(Z-2) provides a third sequence for the formation of
imine E-3 (Scheme 4, Figure 1). Oxidative addition of the NH
bond to the unsaturated tungsten center (AGY = 157 kJ mol™1)
gives the seven-coordinate hydrido tungsten(Il) complex
cis(N,H)-W (CQ) 4(H)(Z-15) with formally amonic [Fe-C=N-
Fc]™ (157) and hydrido ligands (Scheme 4, Figure 1 and
Figure 2).

A similar oxidative addition has been proposed in the
literature for the iron (aminophenyl)phenylcarbene complex
[Cp(COXS(SiEt3))Fe(4)] leading to an intermediate hydrido
species followed by the elimination of E-1,2-diphenylimine E-5
[73]. Pseudorotation of ¢is(N,H)-W(CO),(H)(Z-15) to
the isoenergetic rotamer cis(C,H)-W (CO),(H)(Z-15) (AGH =
86 kJ mol™1) enables a low-energy reductive elimination
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Figure 2: DFT calculated geometries of the two hydrido intermediates cis(N,H)-W(CO)4(H)(Z-16) and ¢is(C,H)-W(CO)4(H)(Z-15) and selected bond

distances in A

(AG: =40 kJ mol™") to give the imine complex W(CO)4(Z-3)
(Figure 1).

The overall Gibbs free energy of activation amounts to only
AG¥ 4100 = 183 kJ mol™! with the RDI W(CO)4(E-2) and the
RDTS TS(W(CO)y(Z-2) — cis(N,H)-W(CO)4(H)(Z-15))
(pathway 3c) for this preferred reaction sequence (Figure 1 and
Supporting Information File 1, Figure S19).

All overall Gibbs free energies of activation for the discussed
pathways la/1b and 3a/3b in the coordination sphere of the
metal center are higher than for the carbene — imine isomeriza-
tion in the metal-free systems E-2 — E-3 and Z-2 — Z-3 (path-
ways 2a/2b). This suggests that W(CO)s5 or W(CO), coordina-
tion to E-2 or Z-2 kinetically stabilizes the carbene ligand. All
pathways la/lb, 2a/2b and 3a/3b have large overall Gibbs free
energies of activation with AG*,,W; > 200 kJ mol~!. The alter-

native pathway 3¢ via CO dissociation, oxidative addition,

pseudorotation and reductive elimination features the lowest
overall Gibbs free energy of activation of AG*,,,,; =
183 kJ mol~!. Although activation barriers for CO and carbene
ligand dissociation steps could not be determined by DFT
calculations, the formation of tetracarbonyl complexes is very
probable, while the carbene dissociation is less likely. The ex-
perimentally determined barrier for CO dissociation from tung-
sten hexacarbonyl amounts to 193 kJ mol™! [74]. According to
the calculations, the W(CQ)4(Z-2) isomer is accessible from the
thermodynamically preferred W(CO)y4(E-2) isomer. The
following oxidative addition pathway 3¢ from W(CO)4(Z-2)
via the hydrido complexes cis(N,H)-W(CO)4(H)(Z-15) and
cis(C,H)-W(CO)4(H)(Z-15) provides the lowest energy path-
way for the formation of the imines Z-3 and E-3. Important
calculated bond distances in these key intermediates amount to
W-C(carbene) = 2.19, 2.15 A, W-N =2.16,2.21 A, W-H =
1.78, 1.77 A and C-N = 1.29, 1.29 A for cis(N,H)-
W(CO)4(H)(Z-15) and cis(C,H)-W({CO)4(H)(Z-15), respec-
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tively (Figure 2). These hydrido intermediates act as hydrogen
atom shuttle from the nitrogen to the carbon atom in NH
carbene tetracarbonyl tungsten complexes. Oxidative additions
of XY bonds to low-coordinate W(CO),, fragments is a common
reactivity pattern for tungsten carbonyl complexes [75-80] and
appears to be operative in the present case as well.

Experimental studies on the formation of
imine E-3 from W(CO)s5(E-2)

Heating of a toluene solution of W(CO)s(£-2) results in the for-
mation of the imine E-3 according to 'H NMR spectroscopy
(monitored by the NH proton resonance of W(CO)s(E-2) at
8 = 10.16 ppm and the CH proton resonance of E-3 at
8 = 8.33 ppm; Supporting Information File 1, Figures
§20-524). The appearance of a resonance at 8 = 9.68 ppm is
assigned to a trace amount of W(CO)s(Z-2). A dark precipitate
(possibly tungsten nanoparticles [81,82]) forms during the
thermolysis. The half-lives at 60, 70, 80, 90 and 100 °C
amount to 145.9, 39.4, 28.9, 16.2 and 12.2 h. The time traces
fit to a first order kinetics as anticipated in the absence of a
base. An Eyring—Polanyi plot gives an activation enthalpy of
AHF =545+ 10.4 kJ mol™! and an activation entropy of
ASF =193 + 30 Tmol™! K™! (Supporting Information File 1,
Figure S25). These values give a Gibbs free energy of activa-
tion of AGFyesx = 112 kI mol ™.

The 'H NMR spectra during thermolysis provide no hint for a
long-lived intermediate and the reaction cleanly proceeds from
the starting material W(CO)s(E-2) to the product E-3. No
hydrde resonances have been detected up to 8§ = =30 ppm in the
'H NMR spectra. This suggests that subsequent reactions after
ligand dissociation proceed faster and the irreversible ligand
dissociation is the rate-determining step.

Attempts to intercept low-coordinate tungsten intermediates
were conducted by thermolysis of W(COQ)s(E-2) in the pres-
ence of triphenylphosphane. In case of aminocarbenes,
experiments on the synthesis and decomposition of
carbene(tetracarbonyl)(phosphane) complexes of chromium
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and tungsten revealed the exclusive formation of cis-
M(CO)4(PRjs)(carbene) (R = =-Bu, Ph) [83-85].
M(CO)s(PR3) and trans-M(CQ0)4(PR3);, (M = Cr, W) have
been detected as side-products [83,84].

W (CO)s(PPh;3) gives a 31P resonance at 8 = 20.9 ppm
(Lwp = 243 Hz) in CDCl; and trans-W(CO)4(PR3), at
8 =27.4 ppm (MJwp = 282 Hz) [86], while reported
W(CO),4(PPhz)(carbene) complexes resonate in CD,Cl, at
8 =24-25 ppm (Liwp = 232-236 Hz) (cis) and at 3 =23 ppm
(LAgp = 209 Hz) (frans) and exhibit significantly smaller Liyp
coupling constants [85]. A 31P NMR resonance of a toluene-dg
solution of W(CO)s(E-2) with one equivalent PPhs heated to
100 °C for 1 h was observed at & =27.3 ppm with '$3W satel-
lites (1Jwp = 238 Hz) fitting to the carbene tetracarbonyl phos-
phane complex cis-W(CO)4(PPh3)(E-2) (23%) in addition to
residual PPhsy (8 = —4.2 ppm, 73%) (Scheme 5, Supporting
Information File 1, Figure S13). A less intense resonance (4%)
at & = 28.9 ppm (Liwp = 283 Hz) is assigned to trans-
W(CO)4(PPh;3); [86]. At later stages of the reaction, isomeriza-
tion to another c¢is isomer of cis-W(CO)4(PPh3)(E-2) with
3 = 24.0 ppm (Lwp = 234 Hz), according to the Liwp coupling
constant [85], probably occurs. After 4 h another 3!P resonance
appears at 8 = 22.2 ppm (Liywp = 244 Hz). Comparison of Liyp
coupling constants confirms the presence of W(CQ)s(PPh3)
[86], with up to 67% spectroscopic yield after 25 h. Hence,
the 3P NMR data suggest the following sequence as a main
pathway: The sequence starts with initial loss of a CO ligand
from W(CO)s(E-2), followed by formation of eis-
W(CO)4(PPh;3)(E-2) complexes. Substitution of imine E-3 by a
second PPhs ligand gives trans-W(CQO)4(PPhj),. Finally,
W (CO)s(PPh;) is formed, presumably along with elemental
tungsten (Scheme 5).

FD mass spectrometry confirms the most probable decomposi-
tion of W (CO)4(PPhs)(E-2) to trans-W(CO)4(PPhy), (m/z =
820), W(CO)5(PPhj) (m/z = 586) and imine E-3 (m/z = 397)
(Supporting Information File 1, Figure S14). The carbonyl and
CN stretching frequencies (2072, 2018, 1982, 1938, 1889,

0,500 +PPhy  OC.4oCO 0c.5%0 PhyPa s 0CO o0c. 550
T + 3 B B + PPhy 3/ .v'vn o T +W+CO+
oc”*CO-. “eo - PhP”|VCO OC”||“PPhs —— = oc” . YPPh, — OC” LYPPh
Fo ~N-T© -co 3,:,,JL,?‘/Fc Fo “nN-FC -E3 co™hs CoPPha
H H H

W(CQ)s(E-2) cis-W(CO) ((PPh;)(E-2)
§ = 27.2 ppm ( \Jywp =238 Hz)

&=24.0 ppm ("Jyp = 234 Hz)

trans-W(CO) 4(PPh,); W(CO)5(PPhg)

8 =28.9 ppm (1Swp =283 Hz) § =22.2 ppm ('Jyp = 244 Hz)

Scheme 5: Proposed reaction sequence from W(CO)s(E-2) to W(CO)g{PPhg) in the presence of triphenylphosphane.
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1614 em™!) and relative intensities of partially overlapping
bands obtained by IR spectroscopy (Supporting Information
File 1, Figure §15) fit to a mixture of W(CO)s(PPhy) (¥ =
2072, 1982, 1938 cm 1) [87,88], W(CO)4(PPhy), in cis (¥ =
2018 cm 1) and trans (¥ = 1938, 1889 cm™ 1) configuration
[89,90] as well as imine E-3 (¥ = 1614 cm V). Hence, the initial
thermally induced dissociation of a CO ligand is more
favourable than carbene dissociation in agreement with the DFT
calculations (vide supra).

Similarly, photochemical activation (400 nm LEDs) in toluene
produces imine E-3 in 31% yield after 120 h from
W(CO)s(E-2) already at room temperature, while only 1% E-3
is formed in the dark at room temperature. This observation ad-
ditionally supports the hypothesis that the key initial step is the
dissociation of CO from W(CQ)s(E-2) to give W(CO)4(E-2)
(Scheme 4).

Attempts to observe the tetracarbonyl intermediates in the
absence of PPhg by LIFDI mass spectrometry were unsuccess-
ful. The mass spectra recorded at several time intervals during
the heating procedure (reflux in toluene under strictly inert
conditions) display the peak of the starting material at m/z =721
and the peak of the imine product E-3 at m/z = 397. The former
peak decreases while the latter one increases during the heating
process (Supporting Information File 1, Figure $26). No other
intermediates appear in the FD mass spectra. Tentatively, the
concomitantly formed tungsten species aggregate under these
conditions and form the observed dark precipitate. This further
supports the hypothesis that no intermediates accumnulate during
the reaction and that the rate-determining step is the CO ligand
dissociation.

IR spectroscopic monitoring of a W(CO)s(E-2) solution in
1,2-dichloroethane under reflux (ca. 84 °C) shows that
W(CO)s(E-2) simply decays to a carbonyl-free species (likely
the dark precipitate) and no soluble CO-containing intermedi-
ates such as W(C Q) 4(E-2), W(C0)4(Z-2) or hydrido carbonyl
complexes are detected (Supporting Information File 1, Figure
S27).

In full accordance with the above observations, UV—vis spectra
recorded during the thermal treatment of W(CQ)s(E-2) in tolu-
ene (100 °C) show the clean decay of the characteristic bands of
W(CO)s(E-2) at 360 and 391 nm. The ferrocene based absorp-
tion band around 500 nm remains essentially constant indicat-
ing the stability of the Fe units. Isosbestic points are observed at
337 and 500 nm corroborating the clean conversion of
W(CO)s(E-2) to E-3 without long-lived soluble intermediates
(Supporting Information File 1, Figure S$28). The final UV-vis
spectrum after 6 h closely resembles that of the calculated
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TD-DFT spectrum of imine E-3 (Supporting Information File 1,
Figure $29). All spectroscopic and analytical data suggest that
the imine formation is faster than the CO dissociation.

Conclusion

The thermally induced formation of E-1,2-diferrocenylimine
E_3 from the NH carbene pentacarbonyl tungsten complex
W(CO)s(E-2) was investigated by density functional theory
methods and mechanistic experimental studies (NMR, IR,
UV-vis spectroscopy, FD mass spectrometry, kinetic studies,
trapping of intermediates). All available data support the initial
dissociation of a CO ligand to give the tetracarbonyl complex
W(CQO)4(E-2). Isomerization to the W(C0)4(Z-2) isomer
allows for an oxidative addition of the NH bond to give the
seven-coordinate hydrido tungsten(IT) complex cis(N,H)-
W(CQO)4(H)(Z-15). After pseudorotation to the eis(C,H)-
W (CO)4(H)(Z-15) rotamer, a reductive elimination yields the
imine complex W(CO)4(Z-3). All other conceivable pathways,
namely 1,2-H shifts within the free carbene or within the car-
bonyl complexes W(CQ)s(E-2) or W(CO)4(E-2), are signifi-
cantly more energy demanding. The possibility of a seven-coor-
dinate tungsten(II) intermediate opens the oxidative addition/
pseudorotation/reductive elimination pathway shuttling the
hydrogen atom from the nitrogen atom via the W atom to the
carbene carbon atom. This pathway is unfeasible for homolo-
gous chromium complexes and explains the resistance of
Cr(CO)s(E-2) towards thermal E-3 formation. A base-assisted
pathway for imine formation is operative both for
Cr(CO)s(E-2) and W(CO)s(E-2), but the thermal imine forma-
tion is only feasible for W(CO)s(£-2).

Experimental

General procedures: All reactions were performed under
argon atmosphere unless otherwise noted. A glovebox of the
type UniLab/MBraun (Ar 4.8, Oy < 1 ppm, H,O < 1 ppm) was
used for storage and weighing of sensitive compounds. All ana-
Lytical samples that required the absence of oxygen were pre-
pared in the same glovebox. Dichloromethane and 1,2-dichloro-
ethane were dried with CaH, and distilled prior to use. THF and
toluene were distilled from potassium. All reagents were used
as received from commercial suppliers (ABCR, Acros
Organics, Alfa Aesar, Fischer Scientific, Fluka and Sigma-
Aldrich). Deuterated solvents were purchased from euriso-top.
(Ethoxy)(ferrocenyl)carbene(pentacarbonyl)tungsten(0)
W (CO)s(1EY [21] and Fe-NH, [40,41] were prepared accord-
ing to literature procedures.

NMR spectra were recorded on a Bruker Avance DRX 400
spectrometer at 400.31 MHz (*H), 100.07 MHz (3C{'H}) and
162.05 MHz (31P{1H}). All resonances are reported in ppm vs
the solvent signal as internal standard [CD,Cl, (1H: § =
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5.32 ppm; 13C: 8 = 53.8 ppm), toluene-dg (*H: & = 2.08 ppm)]
[91] and versus external HsPO, (85%) (*'P: & = 0 ppm). IR
spectra were recorded with a BioRad Excalibur FTS 3100 spec-
trometer as KBr disks or by using KBr cells in CH,Cl; or in
CDyCl;. Electrochemical experiments were carried out on a
BioLogic SP-50 voltammetric analyzer by using a platinum
working electrode, a platinum wire as counter electrode and a
0.01 M Ag/AgNOQ; electrode as reference electrode. The mea-
surements were carried out at a scan rate of 100 mV s™* for
cyelic voltammetry experiments and at 50 mV s™1 for square
wave voltammetry experiments in 0.1 M [#2-BuyN][B(CgFs)4]
as supporting electrolyte in THF. Potentials are referenced
against the decamethylferrocene/decamethylferrocenium couple
(E,; =—525+ 5mV vs ferrocene/ferrocenium under our experi-
mental conditions) and are given relative to the ferrocene/
ferrocenium couple. UV—vis/NIR spectra were recorded ona
Varian Cary 5000 spectrometer by using 1.0 ¢m cells (Hellma,
suprasil). FD mass spectra were recorded on a Thermo Fisher
DFS mass spectrometer with a LIFDI upgrade. Elemental
analyses were performed by the microanalytical laboratory of
the chemical institutes of the University of Mainz.

Density functional theory calculations were carried out with the
Gaussian09/DFT series [92] of programs. The B3LYP [93]
formulation of density functional theory was used employing
the LANL2DZ, [94-97] basis set. No symmetry constraints were
imposed on the molecules. The presence of energy minima of
the ground states was checked by analytical frequency calcula-
tions. The calculated transition states exhibit a single imaginary
frequency and they were additionally verified by intrinsic reac-
tion coordinate (IRC) calculations. Solvent modelling was done
employing the integral equation formalism polarizable continu-
um model (IEFPCM, toluene). The approximate free energies at
298 K were obtained through thermochemical analysis of the
frequency calculation, using the thermal correction to the Gibbs
free energy as reported by Gaussian09.

(Aminoferrocenyl)(ferrocenyl) carbene(pentacarbonyl)tung-
sten(0) (W(CO)s(E-2)): 402 mg (2.0 mmol) of Fe-NH, and
1132 mg (2.0 mmol) of W(CO)s(1*Y where dissolved in dry
THF (40 mL). 1595 mg (8.0 mmol) of potassium hexamethyl-
disilazide (KHMDS) in dry THF (40 mL) were added within
5.5 h while stirring at room temperature. The reaction was
momnitored by TLC to check the reaction progress and to stop
the reaction before extensive imine formation occurs. After 8 h,
the solvent was removed under reduced pressure and an
aqueous saturated NaHCO3 solution (100 mL) was added.
The aqueous phase was extracted with dichloromethane
(3 x 100 mL) and the combined organic phases were washed
with aqueous saturated NaHCOj3 solution (2 x 100 mL) and
brine (2 » 100 mL). The organic phase was dried over MgSOy.
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After evaporation of the solvent under reduced pressure, a crude
red product was obtained (1.04 mg). Purification by column
chromatography (SiO,; 40 cm x 5.5 ¢m; petroleum ether (40/
60):CH,Cl, 1:1; Re(Fo-NH,) = 0.0, Re(E-3) = 0.5,
R{W(CO)5(E-2)) = 0.8) vielded 403 mg (0.56 mmol, 28%) of
deep red crystalline needles. 'H NMR (CD,Cly): 8 10.50 (s, 1H,
H6), 4.73 (pt, 2H, H), 4.71 (pt, 2H, H3), 4.62 (pt, 2H, H2),
4.37 (s, 5H, H1/10), 4.33 (pt, 2H, H9), 4.32 (s, 5H, H1/10) ppm;
13C NMR (CD3Cly) 8 259.6 (C5), 204.4 (C12), 199.3
(CL1, Ly = 127 HZ), 99.7 (CT), 97.7 (C4), 72.1 (C2), 70.7
(C3), 70.6 (C1/10), 70.2 (C1/10), 69.1 (C8), 67.8 (C9) ppm;, MS
(FD) m/z Gnt.): 721.0 (100, [M]); IR (KBr) ¥: 3335 (m, NH),
3107 (s, CH), 2058 (vs, CO), 1977 (vs, CO), 1899 (br, CO),
1508 (s), 1350 (m), 1238 (m), 1057 (m), 822 (m), 600 (s), 579
(m), 480 (m) em™L; IR (CH,Cly) #: 2060 (vs, COA4}), 1975 (5,
CO By), 1921 (b, CO E, A7), 1503 (m) om™L; IR (CD,Cly) #:
3439 (w, NH(W(CO)5(Z-2))), 3240 (m, NH(W(CO)5(E-2)))
oL UV-vis (CHyCly) hax (£): 290 sh (15370), 355 (11020),
387 (11680), 468 sh (2570 M™! erm 1) nmy; CV (THF, vs FcH/
FeH*): By = —2.38 V (qrev.). Epox = 0.26, 0.48 V, Ep req =
0.17, =0.15, —0.76 V; Anal. caled for CygH,¢Fe,NOsW
(720.95): C, 4331 H, 2.66; N, 1.94; found: C, 43.30; H, 2.69;
N, 1.91.

Supporting Information

Supporting Information File 1
Experimental spectra and DFT derived data.
[http://www beilstein-journals.org/bjoc/content/
supplementary/1860-5397-12-125-S1 .pdf]
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Gold(i) species catalyse the cyclisation of M(2-propyn-1-yQbenzamide
to 2-phenyl-5-vinylidene-2-oxazoline without halide abstraction while
the saturated gold() complex is inactive. Redox-switching between
gold(i) and gold() turns catalytic turnover on and off.

Molecular gold complexes have attracted great attention as
(pre-)eatalysts in homogeneous catalysis, especially in the activation
of alkynes."” (Pre-)catalysts and intermediates feature gold in its
favoured oxidation states I+ and I+.*7 In photocatalysis however,
transient mononuclear gold{u) key intermediates have been
postulated but remained elusive so far®*™ Apart from very
few examples, the chemistry of mononuclear gold(i) complexes
is underdeveloped due to the favoured disproportionation or
dimerisation of gold(m).**™

In gold(r) catalysed reactions, gold{r) halide complexes are
usually employed as precatalysts. Typically, silver(t) salts, copper{w)
triflate®® or alkali metal salts® activate the precatalyst by halide
abstraction. Chlorido gold{r) complexes with N-heterocyclic,” or
acyclic diaming™~* carbene ligands are successfully employed in a
plethora of catalytic applications in conjunction with halide
scavengers."” The group of Peris recently reported a chlorido
gold(t) complex bearing a redox-active ferrocenyl-imidazolylidene
ligand. The presence of an oxidant increases the catalytic
performance of the complex. Yet, this effect was ascribed to
the formation of cationic protonated complexes under the
reaction conditions.” On the other hand, the group of Sarkar
demonstrated in seminal studies that ferrocenyl-substituted
mesoionic carbene {Fe-MIC) ligands enable ON/OFF switching
of the catalytic performance of gold(r) catalysts AuCl{Fe-MIC) by
oxidation/reduction cycles (redox-switchable catalysis, RSC) with-
out additional halide scavengers.*™® Indeed, RSC is a strongly
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Scheme 1 Switchable gold-catalysed cyclisation of N(2-propyn-1-yl)-
benzamide to 2-phenyl-5-vinylidene-2-oxazoline.

expanding field in homogeneous catalysis.”*™° The redox-switching
event occurs either at a remote redox-active unit, eg. a Fc unit
located on the ligand™>%3%333%35738 o directly at the catalytic metal
centre, e.g. Ce™/Ce™.* In gold(1) catalysis, activation by oxidation of
the remote Fc unit increases the Lewis acidity of the Au' ion.”*?®
Thus, carbene ligands with low donor ability should be beneficial
for high catalytic activity in gold catalysis. The Tolman electronic
parameter (TEP)*' of the FeMICs increases from a very high
donicity (TEP ~ 2046 cm ') to a lower one {TEP ~ 2054 cm )
upon oxidation of the Fc unit.?”*® The neutral carbene ligand
:C{Fc)OEt already possesses a similar donor strength (TEP =
2054 cm ') as the oxidised Fe-MICs.””*** Consequently, the
oxidised carbene ligand [:C{Fc)OEt]" should have an even lower
donor ability and could enable high catalytic activity with
AuCl[C{Fc)OEt] 1 as precatalyst {Scheme 1).

Compared to Fe-MICs with redox-active Fc substituents in a
f position relative to the carbene donor, the Fc moiety in 1
located in the o position might have an even larger impact on the
ligand’s donor properties. Furthermore, the redox potentials for
the Fe/Fc™ oxidation of :C(Fc)OEt and Fe-MICs are very different,”>**
opening the possibility of different valence isomers for cationic gold
complexes [AuCl{Fe-MIC)]” and 1' and consequently a different
reactivity. For comparison of [AuCl(Fe-MIC]|”" and 1%*, we studied

Chemn. Commun, 2019, 55, 4615-4618 | 4615
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the gold catalysed cyclisation of N{2-propyn-1-yljbenzamide to
2-phenyl-5-vinylidene-2-oxazoline {Scheme 1).2%:2¢728
Pre-catalyst AuCI[C(Fc)OEt] 1 is accessible by transmetalation®
from W{CO)[C(Fc)OEt]* to AuCl(SMe,) and fully characterised by
'H and **C NMR, IR and UV/Vis spectroscopy, LIFDI mass spectro-
metry and cyclie voltammetry (ESLt Fig. S1-S9). The cyclic
voltammograms of 1 with [#Bu,N|BAr;| (Ar" = C¢Fs) as supporting
electrolyte show a reversible one-electron oxidation wave at
Ey = 0.58 V and 0.60 V in CH,Cl, and THF, respectively (vs.
FcH/FcH'; ESLT Fig. S7 and 89). These processes occur at
significantly higher potential than the oxidation of Fe-MIC
gold(r) complexes.”*”® Changing the electrolyte from [#Bu,N|[BArj]
to [nBu,N|PF,] lowers the oxidation potential by approximately
100 mV similar to Fe-MIC gold(i) complexes.” Trreversible or quasi-
reversible carbene reduction waves are additionally observed at
negative potentials (ESLt Fig. S6-59). Interestingly, small oxidation
waves appear at potentials 140 to 310 mV lower than the reversible
oxidation wave. Potential and intensity depend on the solvent and
the electrolyte but not on the batch of 1 employed. Hence, this is
an intrinsic property of 1 in a given environment. We tentatively
ascribe this wave to the oxidation of dimers (1), present to a minor
extent in solution. In fact, dimers and oligomers of AuCl{carbene)
complexes with small carbene ligands {(but not for the Fc-MIC
ligands®*™5) held together by aurophilic interactions**** form
in the solid state.”* The presence of Au---Au contacts in
solution has been suggested using diffusion-ordered spectro-
scopy (DOSY).**® 'H DOSY experiments of 1 in dichloro-
methane with W{CO)s[C{Fc)OEt] as internal monomeric reference
confirm the mainly monomeric nature of 1 as suggested by the
electrochemical experiments {ESI,T Fig. $10). However, dimerisation
via Au---Au contacts in the minor species (1), should hardly affect
oxidation of the remote Fc substituents but rather the gold centres.
Hence, we investigated the chemical oxidation of 1 by a suitable
oxidant (Magic Blue, [NM{p-CsH.Br)s][SbCls] and ammonium
cerium(rv) nitrate, CAN) using X-band EPR spectroscopy in more
detail. Irrespective of the oxidant and solvent {THF, CH,Cl,/
DMF) employed, a broad resonance around g = 2 is detected for
the 1/oxidant mixture both at 77 and 295 K (Fig. 1a and ESLT
Fig. $11-516). Hence, the EPR resonance derives from 1'. The
observation of a signal already at room temperature and the
lacking axial symmetry in frozen solution rules out the assignment
of this resonance to a F¢" ion.**>** On the other hand, gold(m)
species have been reported to possess g tensors with small g
anisotropy and hyperfine coupling to the gold nucleus (**Au:
1= 3/2).">7"® Due to the non-resolved coupling(s), only the g,
value of 2.017 is given which fits to reported values for gold{m)
complexes.> ¥ Furthermore, the resonance increases in intensity
over time at room temperature converging to a imiting value after
5 h. Quantification of the EPR resonance after 5 h by double
integration and calibration {ESLT Fig. $17 and $18) confirms that
the EPR resonance accounts for 75 & 5% of the paramagnetic
species (Fig. 1b). Hence, we suggest that Magic Blue first oxidises
the Fc unit in 1 yielding the cationic Fe™Au" electromer of 1.
Ferrocenium Is typically EPR-silent at room temperature and
hence not observed at 295 K. The absence of an axial Fe” resonance
also at 77 K may be ascribed to fast spin relaxation.® Then, the
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Fig.1 (a) EPR spectra of 1/Magic Blue in THF over time at 295 K,
(b) doubly integrated intensity of the EPR resonance versus time plot and
(c) conversion versus time plot for the cyclisation catalysed by 1/Magic
Blue in dichloromethane (Scheme 1).

Fe'"Au' isomer slowly converts to a Fe'Au" isomer almost
quantitatively suggesting that significant recrganisation takes place
after the initial Fe/Fe" oxidation. Some gold(m) might also form
directly starting from minor amounts of a dimeric species (1),.
Gratifyingly, geometry optimisations using Density Functional
Theory (DFT) calculations on [1][SbCls] converged to two electromers,
namely a gold(i)/iron{m) and a gold{u)/iron{u) isomer in a
contact ion-pair with the counter ion coordinating the gold
with an Au-CI(ShCls) distance of 2.47 A (Fig. 2a). The spin
density in the gold{u} isomer is mainly shared between the gold
ion and the chlorido ligand (Fig. 2a). The original linear
coordination of the Au' center with a 177° C-Au-Cl angle is
expanded yielding a 3 + 1 coordination of the gold{n) ion with a
92° C-Au-Cl angle in the Au" species. This bending might raise

This journal is @ The Royal Society of Chemistry 2019
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cl .

Fig. 2 DFT calculated optimised geometries and spin densities of Fe"Au'
and Fe'Au" isomers of (a) [11ISbClg] and (b) [1 + substrate]’. Distances
given in A, hydrogen atoms omitted (except for the propargyl amide unit),
contour value at 3.01 a.u

the activation barrier for the intramolecular electron transfer
from Au' to Fe'!! giving the Au"Fe' isomer {Fig. 2a).

Coordination of [SbCls] to Au {Fig. 2a, right) shifts the spin
density to give gold{u). A similar impact of ion coordination is
observed in gold{n) porphyrin/gold{m) porphyrin radical anion
valence isomers."” Conceptually similar, heterobimetallic moly-
bdenum{w)/ferrocenium complexes Mo™“Fe™ undergo intra-
molecular electron transfer to yield Mo'Fe'" electromers.’*°
Fully analogously, rhodium{i) complexes bearing a ferrocenyl
phosphine-NHC ligand are first oxidised at the Fc unit, while
the second oxidation is rhodium centered initiating a further
intramolecular electron transfer from rhodium to F¢'.* In
these examples, the Fc/Fc' redox couple acts as intermediate
parking position for a positive charge.

DFT calculations suggest that coordination of oxygen nucleo-
philes such as amides {e.g. N{2-propyn-1-yljbenzamide) to the
gold centre of 1* instead of counter ions also stabilises the Au"Fe'"
valence isomer over the Au'Fe™ isomer {Fig. 2b). In the gold(m)
isomer the G-Au-Cl angle is compressed to 93° and the triple bond
of the substrate coordinates to gold(n) {Fig. 2b).

Hence, we employed the gold(r) complex 1 and 1/Magic Blue
in the cyclisation reaction of N{2-propyn-1-yl)benzamide to the
oxazoline in dichloromethane (Scheme 1). Neither 1 nor oxidant
alone yield the heterocyclic product, while the mixture 1/Magic
Blue {1 mol%) quantitatively converts the substrate to the product
within a few hours (Fig. 1¢, TOF = {8.3 4+ 1.1) x 10 * s *; ESL,t
Fig. $19 and $20). This is significantly faster than observed with
the oxidised Fc-MIC gold complexes.”® ™ Interestingly, an
induction period of ca. 2.5 h is observed (Fig. 1¢). This time
scale matches the development of the gold(i) EPR resonance
(Fig. 1). Complementary, the paramagnetically broadened and
shifted "H NMR resonances of the initial mixture of 1 and Magic
Blue re-appear at typical diamagnetic values during a similar
time span suggesting the re-reduction of an initially formed Fc*

This journal is @ The Royal Society of Chemistry 2019
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species (ESLT Fig. §21). With these spectroscopic correlations,
we propose that a gold{n) centre slowly forms from the initially
present ferrocenium ion. The gold(u) centre presumably features
a C-Au-Cl angle close to 90° {Fig. 2b), which enables substrate
coordination in contrast to the initially present linearly coordi-
nated gold(t) centre. The exact nature of the active gold(i) catalyst
remains speculative, yet three®> and four coordinate’”** gold{r)
species are conceivable with coordination of counter ions,
coordination of the substrate {via the amide oxygen atom) or
aggregation via chlorido ligands and aurophilic interactions
(Fig. 2). Attempts to get more insight into the structure of the
active species using MéLbauer (iron) and X-ray absorption near
edge structure spectroscopy at the gold Ls-edge were inconclusive
as removing the solvent leads to the formation of elemental gold
and several iron{u} and iron{ur) species (ESI, T Fig. $22-825). In the
absence of coordinating solvents (DMF, THF) or substrates, a
dark precipitate forms (ESLT Fig. S26). Obviously, stabilising
ligands (solvent, substrate) are required to keep the gold{m)
catalyst active. The majority of the catalyst remains active for
some time as a second batch of substrate is converted to the
product with similar TOF but without induction period after a
full initial conversion (ESI,1 Fig. $27). The presence of [nBu,N|CL
{42 eq.) inhibits the catalysis {(ESI,} Fig. $28) suggesting that free
coordination sites or only weakly coordinating donor ligands are
required to enable catalysis. Activation of 1 using AgSbF, as
halide scavenger initiates a conventional gold(r) catalysis with a
smaller TOF = 3.2 x 10 s * but without induction period (ESL}
Fig. 529).

Addition of decamethylferrocene FeCp*, as reductant stops
catalytic turnover, while re-oxidation using Magic Blue re-starts
the catalysis {Fig. 3). This second oxidation initiates catalysis
almost instantaneously without induction period and with a
similar TOF as during the first cycle. Hence, the catalytic mixture
1/oxidant forms catalytically active gold{x) species which can be
reversibly switched off and on by reduction and oxidation,
respectively. The catalytically active species, however, still relates
structurally to the precatalyst, as 84 + 5% of 1 are recovered after
ca. 63% conversion and quenching with FeCp*, according to
'H NMR spectroscopy (ESLT Fig. S30).

conversion | %

-

30

201 \ \
1 O‘\I % ................... {

10 15 20 25
t/h

Fig. 3 Conversion versus time plot of the cyclisation (Scheme 1) during
ON/OFF redox switching using Magic Blue (1.06/1.05 eq.; ON) and FeCp*»
(1.05/1.10 eq.; OFF).
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In summary, we report a redox-switchable gold-catalysed
cyclisation with the gold centre of the precatalyst 1 reversibly
switching between highly active, presumably coordinatively
unsaturated gold(m)'”**°* and inactive, coordinatively saturated
gold{r) centres. Our studies complement previous work on
gold(i) pre-catalysts activated by redox-active ligands.?® 2833
The very high activity may be due to the electrophilic nature of
the gold{u) ion with free coordination sites. To prevent aggregation
or disproportionation, the gold{n) centre must be stabilised by
further donor ligands {counter ions, substrates) which should not
coordinate too strongly. The Fe/Fe” couple temporarily stabilises
1" via valence isomerisation preventing aggregation or dispro-
portionation of the unsaturated gold{n) centre in the absence of
donor ligands. Detailed studies on Au' complexes with carbene
ligands using the Au”™ switch are ongoing.
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Ferrocenyl ethoxy Fischer carbene complex shows two unexpected products in the thermolysis,
that were not reported so far. In the presence of aminoferrocene the formation of
2,N-diferrocenyl acetamide is observed which can be explained by nucleophilic attack on a
carbonyl carbon. In the absence of any nucleophile three equivalents of Fischer carbene complex
form 4-ethoxy-2,3,4-triferrocenyl-cyclobut-2-enone in a reaction that could be similar to the D6tz
benzannulation reaction. Both products are confirmed by single crystal X-ray diffraction. Kinetic
experiments by IR spectroscopy and mass spectrometry as well as DFT calculations help to find
mechanistical proposals for both reactions.
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Unexpected C-C Bond Formation with a Ferrocenyl Fischer
Carbene Complex
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Abstract. Thermolysis of (OC)sCr(C(OEt)(Fc)) (1) gives 2,N-diferro-
cenyl acetamide Fc—-CH,~CO-NH-Fe (2) in the presence of amino
ferrocene Fe-NH,. In the absence of a nucleophile, 4-ethoxy-2,3.4-
triferrocenyl-cyclobut-2-enone (3) forms from 1 under thermal acti-
vation. Single crystal X-ray diffraction, NMR spectroscopy and mass

spectrometry unambiguously confirm the structure of both unexpected
products. Quantum chemical calculations and kinetic experiments by
mass spectrometry and IR spectroscopy help to propose conceivable
pathways to their formation.

Introduction

Fischer carbene complexes of group 6 metals''! display a
highly versatile follow-up chemistry (Scheme 1). This field has
matured into well-established applications in organic synthe-
sis.2~¢! For example, treating vinyl or aryl-substituted alkoxy
carbenes with alkynes yields phenols and naphthols, respec-
tively (Scheme la, Dotz  benzannulation reaction).” 3!
Carbenes with 1,3-difluorphenyl-, cyclopropyl or ferrocenyl
substituents furnish cyclobutenones (or cyclopentenones) in
the presence of alkynes (Scheme la, Zora),!!421

In these cases, the initial steps comprise CO dissociation
from the carbene complex. Hence, thermal activation is typi-
cally required, Coordination of the alkyne and insertion of the
alkyne into the metal-carbene bond gives a vinyl carbene com-
plex. CO insertion forms a vinyl ketene coordinated by a
Cr(CO); fragment. From this intermediate. the Ditz products
(R = aryl or vinyl) or the cyclobutenones (R = cyclopropyl,
Scheme la, Zora) evolve.

A classical reaction of alkoxy Fischer carbenes is the nucle-
ophilic substitution of the alkoxide by primary or secondary
amines giving the corresponding aminocarbene complexes
(Scheme 1b).*>>3 However, using amino ferrocene
Fc-NH, %2 as nucleophile and the carbene complex
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[a]

(OC)sCr(C(OEt)(Fe)) 1 (R' = Et, R? = Fe), the expected di-
ferrocencyl carbene complex (OC)sCr(C(NHFc)(Fc)) could
not be oblained.”! The low nucleophilicity of Fe-NH, might
be responsible for this failure. However, increasing the nucleo-
philicity of Fc-NH; by deprotonation with potassium hexa-
methyldisilazide resulted in the successful formation of
(0C)sCr(C(NHFc)(Fe)) (Scheme 1¢).1?¢)

On the other hand, using lithium morpholin-4-ide and alk-
oxy carbene complexes with bulky substituents (R' = menthyl,
Scheme 1) results in a C—C coupling reaction to give u-alkoxy
acetamides presumably via biscarbenes (Scheme 1d).1?") In the
absence of a nucleophile or alkyne, simple thermolysis of carb-
ene complexes yields the olefin as formal carbene-carbene
coupling  product as already reported by  Fischer
(Scheme le).?%291

In this study. we show that the thermally activated reaction
of 1 with the weak nucleophile Fe-NH, gives 2,N-diferrocenyl
acetamide Fc—CH.-CO-NH-Fc (2) (Scheme 1f) instead of the
initially intended (amino ferrocenyl)(ferrocenyl)carbene com-
plex!?°! (Scheme 1c). Beyond this thermal pathway, the photo-
induced formation of a related compound MeOOC-
CH>-(n*-CsH,)Re(CO)s of the Fischer carbene complex
(0C)sCr{C(OMe)(n°-CsH4)Re(CO)s) with MeOH had been
reported by Sierra.l**! Obviously, the C-C coupling product 2
arises from two C, building blocks (carbene and CO). From
the analogous reaction of the carbene complex 1 and ada-
mantylamine only traces of the corresponding C-C coupling
product 2-ferrocenyl-N-adamantyl acetamide Fe-CH,-CO-NH-
Ad (2249 are detected. Instead, the triferrocenyl-substituted cy-
clobutenone 3 forms in significant amounts (Scheme 1g). 3 is
obviously a C-C coupling product arising formally from four
C, building blocks, namely from three ferrocenyl carbenes and
CO. Cyclobutenone 3 even forms in the absence of adamantyl-
amine by simple heating.

To the best of our knowledge, the formation of acetic acid
derivatives by weak nucleophiles and the thermally induced
formation of cylobutenones from carbene complexes in the ab-

Z. Anorg. Allg. Chem. 2020, 646, 1-9 Wiley Online Library
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Scheme 1. Reactivity of chromium carbene complexes, which is relevant to this study.

sence of alkynes by formal coupling of CO and one and three
carbene building blocks, respectively, have not been reported
so far. Hence, we present our initial results on these unexpec-
ted C-C coupling reactions and discuss conceivable mechan-
istic aspects in the context of the well-established reactivity of
Fischer carbene complexes.

Results and Discussion

Synthesis and Characterization of 2

The ferrocenyl-substituted chromium carbene complex 1

(prepared according to literature procedures)2%-31-33
[24,25]

was
treated with amino ferrocene Fe-NH, in toluene under
reflux. After chromatographic workup, a brown solid was iso-
lated and characterized (Figures S1-84, Supporting Infor-
mation).

Instead of the anticipated substituted carbene complex
(OC)sCr(C(NHFc)(Fe)),*®! the acetic acid derivative 2 was
isolated in 14 % yield. Single crystals of 2 were obtained and
the solid-state structure was determined by X-ray diffraction
(Figure la). 2 crystallizes in the orthorhombic space group
Pbea with one molecule in the asymmetric unit (Figure la).
Selected bond lengths, bond angles and dihedral angles of the
single-crystal X-ray diffraction data and the corresponding
Density Functional Theory (DFT) calculation are collected in
Table S1 (Supporting Information). The metrical data of the

Figure 1. Molecular structures of (a) 2 and (b) 3 from single crystal
XRD (hydrogen atoms are omitted for clarity except for NH and CH,,
thermal ellipsoids at 30% probability).

ferrocenyl moieties are unremarkable. The amides are linked
by N-H=0=C hydrogen bonds between adjacent molecules
[d(N=+0) 2.894(5) A] giving linear hydrogen bonded chains as
commonly observed in ferrocenyl amides.>>3331 [n the solid
state, the characteristic amide-A, amide-I and amide-II bands
for hydrogen-bonded amides appear at 3280, 1659, 1566 cm™!
in a similar range to those of Fe-NHCOCH; (3262, 1655,
1580 ¢cm™1).1251 [n CD,Cl, solution the chains disassemble into
monomers as shown by the '"H NMR resonance of the amide
proton at dy7 = 6.74 ppm (sec Scheme 1 for atom numbering).
In [Dg]THF, solvent coordinates to the amide (Jy; =
8.23 ppm). The most unexpected observation is the presence
of the additional CH, group in the molecule (Figure 1a). The

Z. Anorg. Allg. Chem. 2020, 1-9 www.zaac.wiley-vch.de
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methylene group is furthermore confirmed by its proton reso-
nance at (dys = 3.33 ppm in CD,Cl,. see Scheme 1 for atom
numbering), the characteristic CH, stretching vibration at
2960 cm™! and the FD mass spectrum of 2 (m/z = 427).

As this compound can be obtained by a much simpler route
e.g. from ferrocenyl acetic acid and amino ferrocene using
conventional amide coupling reactions>>34%1 as described in
the Supporting Information (experimental procedure, Figures
S19-821, Supporting Information), no attempts to optimize
this reaction were undertaken. However, the CH, group forma-
tion from the initial carbene ligand is unusual and will be dis-
cussed next.

Mech istic C

ations on the Formation of 2

As the N-ferrocenyl group is bound to a carbonyl group in
the final product, nucleophilic attack of Fc-NH, onto a cis-CO
ligand at 1 is highly probable. Indeed. biscarbene complexes
have been reported by Fischer using M(CO);, and LiPMe, after
methylation in very low yield."*'! More recently, Barluenga
succeeded in isolating biscarbene complexes starting from
chromium and tungsten alkoxy carbenes and strong heteronu-
cleophiles such as amides or alkoxides after alkylation
(Scheme 1d).?"! Heating these (aminoaryl)(alkoxyalkenyl)-
biscarbene tungsten complexes to 35 °C furnished the olefinic
carbene-carbene  coupling  products in  good yields
(Scheme 1d).12™!

A fully analogous reaction (without the intermediate alkyl-
ation step) might be operative here. Amino ferrocene, although
a weak nucleophile, attacks a carbonyl ligand cis to the carb-
ene ligand forming zwitterion I (Scheme 2). After tautomeriz-
ation intermediate II forms. According to quantum chemical
calculations, the resulting OH group forms a hydrogen bond
to the ferrocenyl iron(Il) center Fe2 of the initial amino ferro-
cene in intermediate IT irrespective of the conformation (Fig-
ure 2). Possibly, II can also form directly from Fc-NH, 1 as-
sisted by the evolving O1H1+-+Fe2 hydrogen bond. XH-Fe
hydrogen bonds are meanwhile a well-established structural
motif.12042#51 The XH-+Fe bond dissociation energy can
amount up to 13 kJ-mol~'. Consequently, the ferrocenyl moiety
might assist the nucleophilic attack acting as an internal
base.!46]

After carbene-carbene coupling as the key C—C bond form-
ing step, enol III forms (Scheme 2). Enol III would then tauto-
merize to the by 82 kJ'mol~! more stable amide IV according
to DFT calculations (Scheme 2 and Figure S5, Supporting In-
formation).

Under the inert conditions employed, the chromium(0) spe-
cies could be competent to reduce the alkoxy derivative IV to
the final product 2 accounting for the formation of the CH,
group. Indeed, secondary desalkoxylation reactions with chro-
mium(0) carbenes have been reported in several cases,*75%
likely forming chromium(II) alkoxides.!>'-3%!

Synthesis and Characterization of 3

To shed light onto the role of the incoming amine in the
reaction discussed above, Fc-NH, was replaced by the bulky,

H
2 Fo-NH, | = ‘&’FC
C-NHy 0. H
[ OFc — o 7
0C—Cr= (ﬂ’/c s
oL ot 0C_Ci=,
0 of” ¢ ToEt
1 6 1
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Scheme 2. Proposed mechanism for the formation of 2 via biscarbenes,
carbene-carbene coupling and reduction.

Figure 2. DFT optimized biscarbene intermediate II (distances given
in A). Conformer Ila is only slightly stabilized by 4 kJ-mol-' with
respect to IIb.

more nucleophilic adamantylamine Ad-NH, in the reaction
with 1. Naturally, Ad-NH, is incompetent to form an intramo-
lecular, possibly rate-enhancing O1H1+Fe2 hydrogen bond.
In fact, only traces of the expected adamantyl derivative
Ad-NHCO-CH>-Fc (249) were detected by FD mass spec-
trometry (m/z = 377; Figure S6, Supporting Information) of
the reaction mixture. Instead, the triferrocenyl cyclobutenone
derivatives 4-ethoxy-2,3.4-triferrocenyl-cyclobut-2-enone (3:
mlz = 664) and 4-(adamantylamide)-2,34-triferrocenyl-
cyclobut-2-enone (32; m/z = 770) were identified (Figure S6,
Supporting Information). The former was successfully isolated
from the reaction mixture and characterized (Figures S7-S14,
Supporting Information). Obviously, the amine was not incor-
porated into 3 in spite of its higher nucleophilicity. While Ad-
NH, fails to attack a CO ligand of 1 at a significant rate, the

Z. Anorg. Allg. Chem. 2020, 1-9 www.zaac.wiley-vch.de
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assisting O1H1-Fe2 hydrogen bond (Figure 2) might be re-
sponsible for the special reactivity of Fe-NH, allowing its at-
tack on the CO ligand,

As Ad-NH, appears non-essential for the formation of 3,
thermolysis of 1 was performed in the absence of any nucleo-
phile. Indeed. in the FD mass spectrum of the reaction mixture,
a peak at m/z = 664 appears corresponding to the molecular
mass of 3 along with peaks assignable to carbene coupling
products (m/z = 440, 442, 484) and traces of an oxidation prod-
uct of 3 (m/z = 680). The latter might be assigned to a ring-
opened keto ester 2,3,4-triferrocenyl-4-oxo-but-2-enoic acid
ethyl ester (Scheme Ia, Zora pathway; with R' = Et, R* = R?
= Fc). After chromatographic workup, cyclobutenone 3 was
isolated in a remarkable 17% yield considering the formation
of four C=C bonds in a single reaction.

Compound 3 crystallizes in the monoclinic space group
P2,/c with one molecule in the asymmeltric unit (Figure 1b)
without significant intermolecular contacts. Table S2 (Support-
ing Information) reports selected bond lengths, bond angles
and dihedral angles of the single-crystal X-ray diffraction data
and the corresponding DFT calculation, The cyclobutenone
ring is essentially planar, the C=C double bond [1.378(2) Alis
slightly longer than that found in the four other crystallograph-
ically characterized cyclobutenones with an alkoxy substituent
(1.353-1.368 A).1*781 The Cp rings of the Fc substituents at
the C=C double bond are quite coplanar to the four-membered
ring (torsion angles C=C-Cip—Copppa = 9.27 and 17.17). The
three bulky ferrocenyl substituents at the 2, 3 and 4 positions
point up, down and down, respectively, relative to the cyclobu-
tenone plane avoiding steric hindrance.

The 'H and "*C{'H} NMR spectra exhibit all expected reso-
nances of the chemically different ferrocenyl substituents al-
though complete individual assignment was impossible (Fig-
ures S7-S12. Supporting Information). The CH, group of the
ethoxy substituent possesses diastereotopic protons resulting in
two doublets of quartets in the "H NMR spectrum. In the solid
stale and in heptane, the absorption band of the C=0 sirelching
vibration appears at 1738 and 1751 em™, respectively (Figure
S13. Supporting Information). The value in the solid is rather
low compared to the reported range for cyclobutenones (solid:
1757-1760 ecm™ solid. CDCly: 1753-1758 em ™).+ 18] Two
intramolecular short CH-O distances of 2.90 and 2.81 A,
namely from the 2-ferrocenyl (u-CH) and 4-ferrocenyl (unsub-
stituted Cp-H) substituent, might be responsible for this find-
ing especially in the solid state. According to quantum chemi-
cal calculations, these CH stretches indeed couple to the carb-
onyl stretching vibration (Figure S15, Supporting Infor-
mation).

The three chemically different ferrocenyl substituents of 3
give rise to three individual quasi-reversible one-electron re-
dox waves in the cyclic voltammogram at —80, 140 and
340 mV vs. the ferrocene/ferrocenium couple under our condi-
tions (Figure S16, Supporting Information). Assignment of the
oxidation processes to individual ferrocenes is impossible at
this stage.

A conceivable mechanism to the formation of 3 is discussed
next.

Mechanistic Considerations on the Formation of 3

In a formal retrosynthesis, the triferrocenyl cyclobutenone
derivative 3 can be derived from a CO unit and three ferro-
cenyl carbenes (under partial desalkoxylation). As cyclobut-
enones are accessible from alkynes and Fischer carbene com-
plexes (lacking conjugated aryl or vinyl carbene substituents
which would enable the Ditz reaction, Scheme la) according
to previous work by Zora and co-workers (Scheme la), the
formation of 3 from 1 might be traced back to a thermally
induced formation of the required diferrocenyl alkyne
Fe-C=C-Fc.['4211

Fischer reported the formation of carbene—carbene coupling
products, i.e. cis/trans-dimethoxy stilbene and cis/trans-di-
methoxy 2-butene, by thermolysis of chromium methoxy carb-
enes (Scheme 1¢).[28:291 Similarly, heating 1 in toluene releases
CO giving the unsaturated complex V (Scheme 3). Carbene
transfer from 1 then could form biscarbene VI. Carbene-carb-
ene coupling releases cis/irans-1.2-diethoxy-1,2-diferrocenyl
ethylene VII (Scheme 3) which has been identified by a peak
in the FD mass spectrum (m/z = 484; Figure 3).
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Scheme 3. Proposed mechanism for formation of 1,2-diferrocenyl alk-
enes VII and VIIT, 1.2-diferrocenyl alkane IX, and diferrocenyl alkyne
Fe-C=C-Fc.

Furthermore, peaks at m/z = 440 and 442 are observed
which can be assigned to cis/trans-1-ethoxy-1.2-diferrocenyl
cthylene VIII and l-ethoxy-1.2-diferrocenyl ethane IX,
respectively (Figure 3). VIII could form via secondary
desalkoxylation of VII by chromium(0) species similar to the
proposed desalkoxylation of IV (Scheme 2) and literature pre-
cedents, 7% Further reduction of VIII then leads to the al-
kane IX. The latter is a dead-end in the reaction to 3 and in-
deed accumulates during the reaction, while VII and VIII are
consumed over time (Figure 3), Concomitantly, the peak for
the product 3 The proposed diferrocenyl
alkyne could form directly from diethoxy alkene VII with

increases.
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Figure 3. LIFDI mass spectra taken during the thermolysis of 1 after

(a) 1 d, (b) 2d, and (¢) 8 d in toluene at 111 °C (* = unknown interme-
diate).

chromium(0) species!*™"  generating chromium(Il) alk-
oxides.’'-*1 However, Fe—-C=C-Fc (m/z = 394) is not ob-
served by mass spectrometry during the reaction. Possibly. the
formed alkyne reacts too fast with the unsaturated chromium
carbene (OC),Cr(C(OEt)(Fc)) V (Scheme 3) to accumulate
significantly in the reaction mixture. The alkyne complex then
evolves further to the cyclobutenone 3 according to Zora's
studies (Scheme 12).!""?" In agreement with the proposed fast
reaction, tetracarbonyl chromium complex V could not be de-
tected by mass spectrometry and IR spectroscopy (in n-hept-
ane) during the thermolysis of 1. IR spectra acquired during
the thermolysis merely display absorption bands assignable to

CrCO)s (1988 cm™"y and VIT (1724 cm HE! (Figure S17,
Supporting Information).

In a computational model reaction of the methoxy substi-
tuted carbene complex 1°™¢ with tolane we studied the course
of the reaction towards the corresponding cyclobutenone
(Scheme 4, Figure S18. Supporting Information). After CO
loss, the alkyne coordinates to V giving the alkyne complex
X. The tolane complex evolves to the thermodynamically pre-
ferred vinyl carbene complex XI. Coordination of the alkoxide
substituent stabilizes the unsaturated chromium center in XI
which evolves to the Cr(CO); coordinated vinyl ketene!®®-6!
XII. Finally, ring closure yields the Cr(CO); coordinated cy-
clobutenone XIII.

g 2
A
[ 9% —— | «F¢
OC—Cr=_ OC_Cr=
¢ owe €0 of CI  ome
Q o
10Me v
Ph—==—Ph \i
" oc =
oc A o Ph—m——pf
(@0 [ Cr.
- OC*(IJr:\
MeO. P oh g ‘OMe
Fe xi
127 kJ mol! 0 kJ mol™!

Ph

-83 kJ mol™

-121 kJ mol™

Scheme 4. Computational model reaction of 1°M¢ and Ph-C=C-Ph.
Relative energies of X, XI, XII, and XIII from the DFT calculations.

Conclusions

Products of carbene-carbene coupling reactions have been
obtained by thermolysis of (OC)sCr(C(OEt)(Fc)) (1). In the
presence of amino ferrocene Fe-NH,, 2,N-diferrocenyl acet-
amide Fc—CH,—CO-NH-Fc (2) was isolated. The initial attack
of the rather weak nucleophile Fe-NH; at a CO ligand of 1 is
possibly assisted by an OH-+Fe hydrogen bond. In the absence
of a nucleophile, CO dissociation, carbene transfer and carb-
ene-carbene coupling yields diferrocenyl ethylenes, diferro-
cenyl ethane and possibly diferrocenyl alkyne. The diferro-
cenyl alkyne coordinates to 1 after CO dissociation. Alkyne
and CO insertion finally releases 4-cthoxy-2,3.4-triferrocenyl-
cyclobut-2-enone 3. Key reactions in both scenarios are the
intermediate formation of biscarbene complexes and carbene-
carbene coupling.
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Experimental Section

General Procedures: All reactions were performed in an argon atmo-
sphere unless otherwise noted. A glovebox of the type UniLab/MBraun
(Ar4.8, 0, < 1 ppm, H,O < 1 ppm) was used for storage and weigh-
ing of sensitive compounds. All samples that required the absence of
oxygen were prepared in the same glovebox. Dichloromethane was
dried with CaH, and distilled prior to use. THF, xylenes and toluene
were distilled from potassium. n-Heptane was dried with molecular
sieves 4 A for at least 48 h. Deuterated solvents were purchased
from euriso-top. 1-Adamantylamine received from  Alfa
Aesar. 1 1231-331 and amino ferrocene!?*?3) were synthesized using
literature procedures. NMR spectra were recorded on a Bruker Avance
DRX 400 spectrometer at 400.31 MHz ('H) and 100.07 MHz
("3C{'H}). All resonances are reported in ppm vs. the solvent signal
as internal standard. CD,Cl, ("H: 6 = 5.32 ppm: '’C: 6 = 54.0 ppm),
[Dg]THF ('H: 6 = 1.72. 3.58 ppm).!°?) IR spectra were recorded with
a Bruker ALPHA II FT-IR spectrometer with a platinum Di-ATR mod-
ule as solid state samples or in n-heptane with a transmission module
using KBr cells. UV/Vis/NIR spectra were recorded on a Varian Cary
5000 spectrometer by using 1.0 cm cells (Hellma, suprasil). Electro-
chemical experiments were carried out on a BioLogic SP-200 voltam-
metric analyzer using platinum wires as counter and working elec-
trodes and a 0.01 M Ag/AgNO; electrode as reference electrode. Cyclic
voltammetry measurements were carried out at scan rate of
100 mV-s~" using 0.1 M [#BusNJ[PF4] as supporting electrolyte in
CH,Cl,. Potentials are referenced to the deca-
methylferrocene/decamethylferrocenium couple (Ey, = 2705 mV
under the experimental conditions; literature value Ey, = =590 mV vs.
ferrocenel®?) and given vs. ferrocene. FD mass spectra were recorded
on a Thermo Fisher DFS mass spectrometer with a LIFDI upgrade.
Elemental analyses were performed by the microanalytical laboratory
of the department of chemistry, University of Mainz.

was

Density F I Theory Calcul DFT calculations were car-
ried out using the ORCA program package (version 4.1.1).1°1 All cal-
culations were performed using the B3LYP functional!®-¢7! and em-
ploy the RIJCOSX approximation.[®®%°l Relativistic effects were cal-
culated at the zeroth order regular approximation (ZORA) level.l?)
The ZORA keyword automatically invokes relativistically adjusted ba-
sis sets. To account for solvent effects, a conductor-like screening
model (CPCM) modelling dichloromethane was used in all calcula-
tions.[""721 Geometry optimizations were performed using Ahlrichs’
split-valence double-£ basis set ZORA-def2-SVP which comprises po-
larization functions for all non-hydrogen atoms.!”*! Auxiliary basis set
for General-purpose Coulomb fitting SARC/J decontracted def2/J up
to Kr was used."”*) Atom-pairwise dispersion correction was performed
with the Becke-Johnson damping Scheme (D3BJ).[7>7°1 The presence
of energy minima was checked by numerical frequency calculations.
The approximate free energies at 298 K were obtained through thermo-
chemical analysis of the frequency calculation, using the thermal cor-
rection to the Gibbs free energy as reported by ORCA.

Crystal Structure Determination: Intensity data were collected with
a Bruker AXS Smart1000 CCD diffractometer with an APEX II detec-
tor and an Oxford cooling system and corrected for absorption and
other effects using Mo-K,, radiation (4 = 0.71073 A). The diffraction
frames were integrated using the SAINT package!’”! and most were
corrected for absorption with MULABS!”! of the PLATON software
package.”®! The structures were solved by direct methods and refined
by the full-matrix method based on F using the SHELXL software
package.®%311 All non-hydrogen atoms were refined anisotropically
while the positions of all hydrogen atoms were generated with appro-
priate geometric constraints and allowed to ride on their respective

parent carbon/nitrogen atoms with fixed isotropic thermal parameters.
See Supporting Information for crystal data of 2 and 3.

Crystallographic data (excluding structure factors) for the structures in
this paper have been deposited with the Cambridge Crystallographic
Data Centre, CCDC, 12 Union Road, Cambridge CB21EZ, UK. Copies
of the data can be obtained free of charge on quoting the depository
numbers CCDC-1962440 and CCDC-1962439. (Fax: +44-1223-336-
033; E-Mail: deposit@ccdc.cam.ac.uk, http://www.ccde.cam.ac.uk).

2,N-Diferrocenylacetamide (2): Amino ferrocene (422 mg. 2.1 mmol,
1.05 equiv.) and 1 (868 mg, 2.0 mmol, 1.0 equiv.) were heated under
reflux in toluene (50 mL) for 120 h resulting in a dark solution and a
dark precipitate. The reaction progress was monitored by TLC and
LIEDI mass spectrometry. The solvent was removed under reduced
pressure. Column chromatography (SiO,. 42X 3.5cm, petroleum
cther:THF, 6:4, R; = 0.55) yielded a brown solid (119 mg, 0.28 mmol,
14%). "H NMR (CD,Cl,): 6 = 6.74 (s, 1 H. H’), 4.50 (pt, 2 H, H’),
4.22 (pt, 4 H, H%, H?). 4.18 (s, 5 H, H''"), 4.09 (s, 5 H, H"'"), 3.96
(pt, 2 H, H'%), 3.33 (s, 2 H, H®) ppm. "HNMR ([Dg]THF): J = 8.23
(s, 1 H, H7), 4.61 (pt, 2 H, Cp(subst.)). 4.23 (pt, 2 H, Cp(subst.)) 4.12
(s, 5 H, H''), 4.07 (pt, 2 H, Cp(subst.)), 4.05 (s, 5 H, H'"'"), 3.88 (pt,
2 H. Cp(subst.)), 3.17 (s, 2 H, H%) ppm. MS (FD): m/z (int. /%) =
4274 (100) [M*], 428.4 (30), 425.4 (9). Caled. for CyH, Fe,NO
(427.0). IR (KBr): ¥ = 3280 (m), 3209 (sh), 3090 (m), 2960 (m), 2909
(w), 1659 (s), 1566 (s), 1481 (m), 1389 (m), 1265 (s), 1196 (m), 1096
(vs), 1026 (vs), 802 (vs), 710 (m), 494 (vs) cm™'. UV/Vis (CH,Cl,):
Jmax (@M~ em!) = 270 (1260), 335 (65) 440 (50) nm.

4-Ethoxy-2,3 4-triferrocenyl-cyclobut-2-enone (3): 1 (1302 mg,
3 mmol) was heated under reflux in xylenes (120 mL) for three days
resulting in a dark solution and a dark precipitate. The reaction was
monitored by TLC and LIFDI-MS. After removal of the solvent under
reduced pressure, the crude reaction mixture dissolved in dichloro-
methane was filtered using a short celite pad. Column chromatography
of 694 mg brown oil (SiO,, 57 X 4.5 cm, CH,Cl,, Ry = 0.71) yielded
a red solid (110 mg, 0.17 mmol, 17%). '"H NMR (CD,Cl,): d = 4.95
(pt, 2 H, CsHy). 4.80 (pt. 1 H. CsH,). 4.57 (pt, 1 H, CsH,). 4.55 (pt,
2 H, CsHa), 4.45 (pt, 2 H, CsH,), 4.28 (s, 5 H, Cp), 4.25 (s, 5 H, Cp).
4.24 (pt. 2 H, CsHy), 4.16 (pt. 1 H, CsHy), 4.08 (pt, 1 H, CsH,). 4.03
(s, 5 H, Cp), 3.67-3.60 (dq, *Jyyy = 1.5, *Jyyy = 7.0 Hz, 1 H, CH,,
H®), 3.54-3.47(dq, 2y = 1.5, 3y = 7.0 Hz, 1 H, CH,, H*), 1.25
(t, *J(H.H) = 6 Hz, 3 H, CH;) ppm. "*C{'"H} NMR (CD,Cl,): 6 =
191.24 (C'7), 172.63 (Cat), 141.99 (Cau4t), 98.40 (C3), 87.81 (Cauat),
72.93 (Cauaty, 72.53 (Cauat), 72.35 (CEPOsubsy) 72 26 (CCPubsY), 70,88
(C('phuhsl))‘ 70.59 (CV1418) 70,22 (C('p(mh.\n). 70.15 (CCPeubsYY 70,04
(C/14118) 69,89 (C!/14/18), 69,31 (CCPisubsv), 69.01 (CEP=ubsv) 68.85
(CEPOubs) 68 26 (CCPIUbS) 68 17 (CCPOUDV) 68 06 (CCPOUbY) 66,82
(CEPOubsD) 60,56 (C°), 16.2 (C7) ppm. MS (FD): m/z (int. / %) = 663.9
(100) [M*], 664.9 (44), 662.0 (19). 665.9 (12), 662.9 (8). calcd. for
C36H3.Fe;0, (664.05). IR (ATR): v = 3088 (w), 2963 (m), 2917(w),
2870 (w), 2851 (w), 1738 (m), 1724 (sh), 1614 (m), 1482 (w). 1443
(w), 1410 (w), 1379 (w), 1336 (w), 1260 (vs), 1103 (s), 1074 (s), 1018
(s), 1004 (s), 917 (w), 864 (w), 794 (vs), 742 (sh), 695 (m), 474 (s)
em™. IR (n-heptane): v = 1751 (w) em™. UV/Vis (CHyCla): Zpa
(e/M~' em™') = 264 (12850), 321 (10850), 338 (sh, 2400), 489 (2450)
nm. CV (CH,Cl,, vs. FcH/FcHY): E, = -80, 140, 340mV.
Cs6H3oFe;0, (664.05): caled. C, 65.10; H, 4.86%: found: C, 64.73;
H, 4.83%.

Supporting Information (see footnote on the first page of this article):
spectroscopic data of 2 and 3, alternative synthesis of 2, cyclic
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voltammogram of 3, XRD data of 2 and 3, additional DFT data and
Cartesian coordinates of 2, 3 and intermediates Ila, IIb, III, IV, X,
XI., XIL XIL
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The heterotrimetallic Fischer carbene complex (N-methylaminoferrocenyl) (ferrocenyl) carbene
(pentacarbonyl) tungsten(0) is synthesized and characterized by NMR-, IR-, UV-vis spectroscopy,
cyclic voltammetry, spectroelectrochemical techniques, single crystal X-ray diffraction and DFT-
calculations. The communication of the two iron centres in the mixed-valent mono cation is
compared to the isolobal analogues diferrocenyl amide and thioamide and the role of the bridge
is investigated (C=0, C=S, C=M(CO)s).
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Electrochemistry of the heterotrimetallic Fischer carbene complex
(N-methylaminoferrocenyl)(ferrocenyl)carbene(pentacarbonyl)
tungsten(0)

Philipp Veit, Christoph Forster* and Katja Heinze*

Department of Chemistry, Johannes Gutenberg-University of Mainz, Duesbergweg 10-14, 55128 Mainz
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ABSTRACT: Diferrocenyl amide and thio amide have been investigated before as short models for potential molecular wires.
Here we present (aminoferrocenyl)(ferrocenyl)methylidene(pentacarbonyl)tungsten(0) and (N-methylaminoferrocenyl)
(ferrocenyl)methylidene(pentacarbonyl)tungsten(0) as isolobal metallo analogues and study their electrochemical
properties. The methylated trimetallic amino carbene complex is probed in detail by NMR-, IR-, UV-vis spectroscopy, cyclic
voltammetry, spectroelectrochemical and theoretical techniques. The communication of the iron centres in dependence on
the bridge (C=0, C=S, C=M(CO0)s) in the mixed-valent Fc/Fc* mono cations is studied and Robin Day classification is applied.

INTRODUCTION

Oligonuclear ferrocene amides can be seen as a prototype for
iron containing molecular wires and are therefore of interest in
organometallic chemistry.[1-27] In mixed valent systems the
electron transfer between the metal centres can be
investigated. The electron transfer can occur through space or
with participation of the bridge.[21528-32] The electronic
structure of the bridge plays an important role in the influence
on the electronic communication between two or more metal
centres.[2.1528-32] The simplest amide with two metal centres is
diferrocenyl amide 19, Substitution of the (C=0) fragment in
the bridge of 10[1 with (C=S) gives diferrocenyl thioamide 15I33]
(Scheme 1a). Both show two reversible oxidation waves in the
cyclic voltammogram and are prominent to investigate the
electronic communication of two ferrocenyl sites in the
oxidized species [1°]* and [15]*. Titration of 15 with
substoichiometric amounts of iodine shows a shift of the N-Fc
proton signals in the 1H-NMR spectrum, localizing the site of
the first oxidation on this ferrocenyl moiety. Classification after
the Marcus theory(3435] for electron transfer in mixed valence
systems gives Robin-Day class Il for both amides.[3637] The
heterotrimetallic Fischer carbene complex 1¢ri38] can be seen as
isolobal to the latter amides by exchanging the (C=0)/(C=S)
moieties in the bridge with a (C=M(CO)s) fragment. This might
totally change the electronic communication in the mixed
valent species, as the energy of the C=X-7*-molecular orbital for
C=M is much lower than for C=0 or C=S. Also, in 1C the
electronegativity is should be higher at the carbene carbon
atom, while in 1° and 15 the electronegativity is higher at the
heteroatom. 1¢r was investigated previously by our group.
Irreversible follow up reactions after oxidation prevented the
elucidation of the electronic communication in [1¢r] +.
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Scheme 1. a) diferrocenylamide 1°01], -thioamide 151331
and isolobal heterotrimetallic Fischer carbene-
complexes 1¢38], 1W, 2W and b) examples of tungsten
ferrocenyl Fischer carbene complexes 30Mel39], 30Et40-42]
3NH2I43]' 4[44]' 5[45]J 6[45]' 7[46]_ 8[391, QH?]' 101391,
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The tungsten homologue 1W shows quasi-reversibility for the
first oxidation in the cyclic voltammogram, but shows thermal
side reactions to E-1,2-diferrocenylimine.l*8] Supressing the
side reaction by using the N-methylated tungsten complex 2W
is anticipated in this work (Scheme 1a). A wide variety of
tungsten ferrocenyl Fischer carbene complexes has been
reported so far. The Fischer carbene complexes 30Me[39.44],
30Et[40-42] and the amine 3NHZ[43] are simple representatives
(Scheme 1b). Recently we reported two unexpected C-C bond
formations of the chromium homologue of 39 leading to the
chromium free products 2,N-diferrocenyl acetamide and the
trimetallic 4-ethoxy-2,3,4-triferrocenyl-cyclobut-2-enone.[49
Cyclic Fischer carbene complexes are accessible by replacing
two carbonyl ligands on the tungsten metal centre with a N-
propenyl moiety 4.[*¥) Phosphane groups can bond to
additional tungsten pentacarbonyl like in 5 or replace a
carbonyl bond and form a [3]ferrocenophane like in 6.[45]
Ferrocenophanes can also be generated by cyclization of an
aminobiscarbene complex with chloro(bis(trimethylsilyl)
methylene)phosphane to get the diaminophosphane-bridged
[5S]ferrocenophane 7 which can be used in further ring opening
reactions.l46] Biscarbene complexes can be linked by one
ferrocenyl group 813, ferrocenyl and thiophene groups 91471 or
by two ferrocenyl groups 10.1391
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Scheme 2. a) Synthesis of 1V and b) syn/anti-2¥ and
numbering for NMR assignment.

RESULTS AND DISCUSSION

The treatment of the Fischer carbene-complex (ethoxy)-
(ferrocenyl)carbene(pentacarbonyl)tungsten(0)  30Et[40.41,50-
52] with ferrocenylamine Fc-NHz[5354] in the presence of
potassium hexamethyldisilazide (KHMDS) in tetrahydrofuran
at room temperature yields the diferrocenyl NH-carbene
complex 1WI#8l in quantitative yield (Scheme 2a) analogous to
1¢r(38], [n absence of KHMDS no reaction would be anticipated
as aminoferrocene has a much lower nucleophilicity than the
corresponding amide or than dimethylamine or pyrrolidine,
which react with alkoxy Fischer carbene complexes to the
corresponding amino Fischer carbene complexes without the
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presence of an additional base.[511 Unexpectedly Fischer
carbene 1¢r shows reactivity with aminoferrocene in absence
of KHMDS to 2,N-diferrocenyl acetamide in yields up to 14 %
by attack of the amine on the carbonyl carbon instead of the
carbene carbon atom as recently reported.[49]

Figure 1. Molecular structure of anti-1W from single crystal
XRD (CH hydrogen atoms omitted for clarity, thermal ellipsoids
at 30 % probability level, for full numbering of all atoms see ESI
Table S2).

1Wcrystallizes as the anti-isomerl55-611 in the monoclinic space
group C2/c with one molecule in the asymmetric unit (Figure
1, ESI Table S1, Table S2, Table S3). The central tungsten atom
shows a slightly distorted octahedral coordination with a
typical umbrella-like distortionl®?] of the W(CO)s fragment
(Figure 1) analogous to 1¢r.(38] The carbene unit adopts a
staggered conformation with respect to the W(CO)s+ plane.
Expectedly, the W-C bond of the axial CO ligand is shorter and
the corresponding C-0 distance is larger than the respective
distances of the equatorial CO ligands. The metrical data of 1W
lies in range of that of the 18 known solid-state structures of
related (ferrocenyl)(R)carbene(pentacarbonyl)-tungsten(0)
complexes (W-CO = 2.003(3)-2.060(3), ESI Table §1).[39-41.43-
47,63-67) The W-Ccarbene distance is 2.268(3) A, while the Cr-
Cearbene distance in 16 is 2.097(2) A due to the different covalent
radii of 1.39(5) A for chromium and 1.62(7) A for tungsten!®]. In
306t (1] the W-Ccarbene distance is 2.214(4) A and in the amine
3NHZ [43] it is 2,249(5) A, which is both shorter than in 1%, The
Cearbene-N distance in 1W is 1.325(3) A and therefore longer
than the distance in 3¥2 with 1.306(5) A. The same trend is
observed in 1¢rand (CO)sCr=C(Fc)(NHz).[*3 It seems like the N-
ferrocenyl substituent does not increase the m-donor capability
of the amine towards the carbene centre in 1W. The
cyclopentadienyl ring of the ferrocenyl group bound directly to
the carbene carbon atom lies in plane with the carbene plane
and allows interaction with the m-system of the carbene-
tungsten bond as well as with the lone pair of the nitrogen atom
(torsion angle €3-C2-C1-W1 -11.5(4)°). The out-of-plane
orientation of the N-ferrocenyl moiety with respect to the
carbene plane (torsion angle C16-C12-N1-C1 63.4(4)°) hinders
a contribution to the m-system of the carbene-tungsten bond.
Coplanar orientation is not possible due to steric interaction of
the N-ferrocenyl moiety with the W(CO)s-fragment. This is in
contrast to the ferrocenyl amide 10 and thioamide 15, where
the bound Cp rings of both ferrocenyl units are essentially co-
planar with the (thio)amide bridges.[1233] The trend of a
shorter M-Ccarbene bond in 1¢r compared to (CO)sCr=C(Fc)(NHz)
is not present in the tungsten homologue. For chromium
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Results and Discussion

Fischer carbene complexes the influence of the substituent on
the carbene bond has been studied in detail by Sola et al. with
25 different complexes.[9] They used the Dewar-Chatt-
Duncanson (DCD) modell0-72] in a DFT study to calculate the
properties of chromium Fischer carbene complexes. For
(CO)sCr=C(X)R (X = OMe, OH, NHMe, NHz, H) they found that
stronger 7 electron donors lengthen the Cr-Ccarbene, shorten Cr-
COtans and lengthen the C-Owans bond distances while
decreasing the chromium-carbene dissociation energies. The o
donation from the carbene carbon to the chromium is quite
similar for all complexes studied, while the z back-donation
from the chromium differs, making this the main influence of
the geometrical and electronic parameters. For the same R the
back-donation increases in the order H > OH > OMe > NHz >
NHMe. The electrophilic character of the Fischer carbene
complexes follow the same trend. The influence of the R group
on the Cr-Ccarbene bond is rather small comped to the change of
the substituent X. The influence on the W-Ccarbene bond by
methylation of the amine group in 1W was investigated by DFT
calculations. The DFT calculations of syn-2W and anti-2W show
a lengthening of the carbene bond which could be assigned to
the inductive effect of the methyl group increasing the electron
density on the carbene carbon atom, weakening the
n-backbonding from the tungsten atom to the carbene carbon
atom.
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Figure 2. 1H-'H-NOESY / 'H-'H-EXSY of 6:1 syn-2W (red):anti-
2W (green) in CD2Clz. NOE contacts marked in blue. Exchange
signals of the isomers marked in red.

Similar to 1¢r(38 the tungsten homologue 1W shows two weak
nonclassical NH---Fe intramolecular hydrogen bonds (IHB) in
the solid state structure.[’3-75 This was already suggested by
the NMR and IR data of 1W reported before (10.5 ppm NH in the
'H-NMR, 3439 cm~! IR in CD2Cl2).[8] A five-membered ring with
Fel [N1--Fel: 3.655 A, N1H--Fel: 3.60 A] and a four-
membered ring with Fe2 [N1---Fe2: 3.070 A, NH---Fe2: 3.15 A]
can be assigned. For 1¢r the corresponding distances are: Fel
[N1--Fel: 3.484(2) A, N1H--Fel: 3.13 A] and Fe2 [N1--Fe2:
3.061(2) A, NH---Fe2: 3.09 A].138] Compared to the ultra-strong
NH---Fe [HB in diferrocenyl tosyl hydrazonel?3] with NH---Fe:
2.67 A the [HB in 1W is rather weak,

Both amino carbene complexes 1¢r and 1W undergo base
induced follow up reaction to trans-1,2-diferrocenylimine. 1W

also shows thermal reaction to the imine as investigated in
detail with experimental and theoretical studies.8] To prevent
this side product, the nitrogen atom of 1W is alkylated.
Deprotonation of 1W in tetrahydrofuran with potassium
tert-butoxide (KOtBu) at low temperature and subsequent
addition of iodomethane yields the methylated productina 6:1
ratio of syn/anti-2% (Scheme 2b) as analysis of the "H-NMR
spectrum indicates (ESI Figure S02). Full methylation could
be confirmed by the absence of the NH-signal at 10.5 ppm
in the 'H-NMR spectrum and appearance of the methyl
protons at 4.27 ppm with the right integral ratio. Also, the
NH band at 3271 cm-!in the infrared spectrum is not visible
after the methylation.
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Figure 3. Possible NOE-contacts in syn/anti-2W and DFT
energies (B3LYP, LANL2DZ, IEF-PCM CHzClz).

The synthesis of 2W was also confirmed by mass spectrometry
showing only the mono-cation [2W]+ at m/z = 735.0 and the
fragment [2W-CO]+at m/z = 706.0 (ESI Fig. S11). The carbene
complex 2W is characterized by multinuclear and two-
dimensional NMR techniques. All 1H- and 13C-NMR resonances
of syn-2W are assigned based on coupling patterns and NOE-
contacts. Unfortunately, the resonances of C5and C12 of syn-2W
are out of the range of the measured '*C-NMR spectrum.
Literature values are 1¢rC5 282.4 ppm, C12 224.8 ppm[*&l and
1W C5 259.6 ppm, C'2 204.4 ppm!*8], 1H-NMR resonances of
anti-2Ware assigned based on exchange signals (Figure 2).

Assignment of the isomers was done by the number of possible
NOE-contacts. As DFT-calculations (B3LYP, LANL2DZ, IEF-PCM
CH:zClz) indicate syn-2W has two possible NOE-contacts from
the methyl group to the cyclopentadienyl rings, namely
Hé--- 1 with 2.27 A and H¢--- ' with 2.35 A. In contrast the
anti-2¥ isomer has four possible NOE-contacts: Hé:--H*
245 A, H%-HY 227 A, Hé--H' 250 A, HS-H 255A
(Figure 3). The NOE-spectrum of syn/anti-Z¥ (Figure 2)
shows two main NOE-contacts, suggesting the major isomer
in this mixture is syn-2W, Additionally, the spectrum shows
the exchange between the two isomers as exchange peaks.
This indicates that the 6:1 isomer ratio is of
thermodynamically nature, according to an energy
difference of 4.4 k] mol-'. The isomer ratio of syn/anti-2Wis
also backed by the DFT calculations, which suggest that
syn-2Vis 4 k] mol-'lower in energy than anti-2% (Figure 3).

Electrochemical investigations show a significant difference
between chromium and tungsten ferrocenyl Fischer carbenes
in the first oxidation.[383947.76-81] Ferrocenyl Fischer carbene
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complexes containing chromium tend to follow up reactions
upon oxidation while tungsten complexes show a reversible
first oxidation with location of the spin density on the iron. The
NH carbene complexes 1¢rand 1W show an irreversible first
oxidation at 250 mV(38 and 260 mVI48l vs. FcH/FcH*
respectively, followed by decomposition and follow up
reactions. Methylation on the nitrogen atom tends to hinder
these reactions as the cyclic voltammogram of 2W shows a
quasi-reversible first oxidation at 170 mV (Figure 4). Increased
electron density by the +[-effect of the methyl group lowers the
potential for this oxidation. DFT calculations suggest that the
NMeFc-moiety in 2W is oxidized at lower potential. Valence
isomer syn-(CO)sW=C(NMeFc+)Fc is stabilized by 2 k] mol-!
compared to the valence isomer syn-(CO)sW=C(NMeFc)Fc+,
according to DFT calculations, which is isoenergetic on the
accuracy of DFT calculations (Figure 5). Calculations for [1W]+
show the same preference, with a difference of the valence
tautomers in 3 k] mol-1. For [1¢r]+ instead the valence isomer
anti-(CO)sCr=C(NMeFc)Fc+ is 3 k] mol-! lower in energy than
anti-(CO)sCr=C(NMeFc+)Fc.38 All these energies are in the
range of the precicion of DFT calculations and Bezuidenhout et
al. showed that the calculated lower energy for one valence
isomer of [(CO)sCr=C(OEt)Fc]+ is highly dependent on the used

basis set and functional.[77]
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Figure 4. Cyclic voltammogram of 1 mM of 2W in THF with
100 mM ["BuaN][BArF4].

In the CO-region a distinct pattern is observed (Figure 6). Also,
in CHzClz solution this pattern is visible (ESI Fig. S09). The
W(CO)s fragment has a pseudo Cay-symmetry which should
give three bands in total: two A: and one E vibration.[82|
Lowering of the symmetry by the carbene fragment leads to
five vibrational bands in total as confirmed by DFT calculations
(scaling factor C = 1.03, C = ¥ (yi - wi) /X wi2, yi = exp. frequency,
wi = calc. frequency)®3: 2054 cm! (A1), 1945 cm-1 (Bi),
1890 cm-1 (E), 1882 cm-! (A1), 1877 cm-1 (E). Overlapping of
these bands gives the pattern visible in figure 6 with the peaks
at: 2052 cm-! (A1), 1958 cm-! (B1) and 1908-1877 cm-1 (E, A1).
CO stretching vibrations of A1 symmetry in M(CO)sL complexes
are a sensitive measure for the n-donor-/n-acceptor capability

Results and Discussion

of the ligand L.[84 Substitution of an alkoxy carbene by an
amino or thio carbene has a big difference in the A1 vibration,
while the effect of changing the substituents on an amino
carbene itself has no significant influence as described in the
literature.[8+-871  Hence, the A: vibrations of all
(CO)sW=C(R)(NR'R”) carbene complexes are rather similar
and 2Wis no exemption,[414351,77,84-88)

E./ kJ mol™ 1
\ /
@ \% 2 kd mol™
0 kJ mol™

Figure 5. DFT optimized structure of the two valence
tautomers [syn-(CO)sW=C(NMeFc+)Fc] (left) and
[syn-(CO)sW=C(NMeFc)Fc*] (right) of [syn-2W]+ with spin
density at contour value 0.01 (B3LYP, LANL2DZ, IEF-PCM
CH2Cl2).
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Figure 6. CO-region of the IR spectrum (KBr) of 2W and

DFT-calculated vibrational spectrum (B3LYP, LANL2DZ,

IEF-PCM CH:zClz, scaling factor C=1.03, C=¥(yi- wi)/Twi ,
yi = exp. frequency, wi = calc. frequency)[83]

2W can be chemically oxidized by 1 eq. of AgSbFs to [2W]+in
CH2zClz solution while the change of the CO-bands is monitored
by vibrational spectroscopy (ESI Fig. S10). A new band is rising
at 1607 cm-! while the intensity of the other peaks decreases
and the maxima are shifting to higher wavenumbers:
205422062 cm-1, 195821975 cm-! and 191921927 cm-L. In
the DFT calculations the CO-bands also shift to higher
wavenumbers: 205422057 cm-! (41), 19451952 cm-! (B1),
18901905 cm-1 (E), 18821907 em-1 (41), 1877->1884 cm-
1 (E). The band at 1607 cm-! is not reflected in the DFT
calculations and might arise from a decomposition product that
is not further characterized.
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Figure 7. (a) UV-vis spectrum of 2W in DCM with TD-DFT
calculated transitions and (b) major orbital contributions
(isosurface value 0.08 a.u.) to the indicated transitions (B3LYP,
LANL2DZ, IEF-PCM CH:zCl2).

The electronic spectrum of 2Win CH2Clz shows three prominent
bands at Amax = 340, 402 and 503 nm (Figure 7). The corresponding
tungsten and chromium N-H carbene complexes show the
following bands, 1W: 290, 355, 387, 468 nm!*8l and 1¢r: 350,
392, 450 nm38), while the characteristic ferrocene absorption
bands of 19 and 15 are present at 445 and 470 nm,
respectively.[1331  Previous studies of Fischer carbene
complexes show three absorptions, assigned to spin-allowed
ligand-field (LF) bands around 300-350 nm and 350-450 nm
as well as a spin-forbidden metal-to-ligand charge transfer
(MLCT) band around 500 nm.[8%%0] Time-dependent DFT
calculations (B3LYP, LANL2DZ, IEF-PCM CH:Clz) show the
following main transitions in 2W: MLCT from one iron centre
(C-Fe) to the carbene ligand and C-Fe(dd) ligand field transition
at 360 nm (HOMO0-6->LUMO), MLCT from the tungsten centre
to the carbene ligand at 403 nm (HOMO-5->LUMO) and MLCT

from both iron centres to the carbene ligand at 431 nm
(HOMO-*LUMO). For the bands at lower energy the
calculations show a C-Fe(dd) ligand field transition and a
MM'CT from C-Fe to N-Fe at 568 nm (HOMO-3->LUMO+5). At
743 nm MLCT from both iron centres to the carbene ligand
(HOMO-2-LUMO) and C-Fe(dd) ligand field transition and
MM'CT from C-Fe to N-Fe at 568 nm (HOMO-3->LUMO+5) is
predicted.

2200 = 2000 = 1800 = 1600
iem™

Figure 8. IR-SEC of 1mM 2W in CHClz with 100 mM
["BusN|][B(CeFs)s],at 0 V,1Vand 2 V.

Spectroelectrochemistry

To further study the electronic structure of 2W and the mono
cation [2W]* spectroelectrochemical measurements with
vibrational and optical spectroscopy were performed.

In the setting of the optically transparent thin-layer
electrochemical cell (OTTLE-cell) the first reversible oxidation
of 0.1 mM 2W in CHzClz with 100 mM [*BusN][B(CsFs)4] occurs
at 0.8V followed by an irreversible oxidation at 1.8 V.
Therefore, the vibrational spectra were recorded from 0V to
1 Vand from 1V to 2 V (Figure 8). In the series from0Vto 1V
there is no significant shift in the CO-A1 bands visible,
indicating a first oxidation of the N-Fe site in accordance to the
DFT calculations discussed above (Figure 5). When the voltage
is increased to 2 V the CO-AI band at 1921 cm-! is shifted to
1929 cm ! and the CO-BI band is shifted from 1960 cm-! to
1975 em-! in accordance to the spectrum of 2W after chemical
oxidation (ESI Fig. S10). The CO-A1 band at 2052 cm-! is not
shifted in contrast to the spectrum of 2W after chemical
oxidation. An additional band at 1605 cm-'is rising analogue to
the vibrational spectrum of 2W after chemical oxidation
discussed above (ESI Fig, S10).

In the optical spectrum of 2W with an applied voltage of 0.8V
for 50 min an IVCT band is rising at 831 nm as determined by
Gaussian band shape analysis (Figure 9, Figure 10). The IVCT
bands in [19]* and [15]+* instead are located at lower energy
with 1075 and 1150 nm.[33 TD-DFT calculations of [2%]+ show
a contribution of the carbene C*-orbital in the IVCT (Figure 9)
which could shift this transition to higher energy compared to
the IVCT bands in [1°]* and [15]*. There are no isosbestic
points observed suggesting reaction intermediates during the
oxidation.

To calculate the electronic coupling parameter Hag, the
following equations were used: [36.37]
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Hpp = 2.06- 10-2 (Vmax * €Emax * AVo5) s rA_B1 (Eq.1)
= _ AL A% (G Hag?

AGEr = 3+ 5 Gacznmamy 1148 T Gragn (Eq.2)
A =E,p —AG? (Eq.3)

t i !
2 b e o

s A B! S

5
T 84
=
=
- 5 1
© IVCT
4 831 nm

oV
2 =
—— 0.8 V for 50 min
0
T T T T T
30000 20000 10000
v/em”

Figure 9. UV-SEC of 1mM 2W in CH2Clz with 100 mM
["BusN][B(CFs)a].

Gaussian band shape analysis of the UV-vis spectrum of [2W]*
gives a maximum wavenumber of the IVCT at ¥,,4,= 12050 cm-
1, a maximum extinction coefficient max= 650 M-1cm-1 and a
full width at half maximum of A 5= 4900 cm-! (Figure 10).
The Fe---Fe distance ras = 6.85 A and the difference in energy of
the two valence isomers AG® =2 k] mol-! are estimated by
DFT-calculations. This gives an electronic coupling of
Hag=593+ 10 cm-! which assigns [2W]* to class Il in the
Robin-Day classification (Figure 11).36371 The corresponding
electronic couplings in the amide [1°]* and the thioamide
[15]+are Hap= 200+ 10 and 190 = 10 cm-L, respectively.[33 The
electronic coupling in the amide and thioamide are quite
similar, which gives the conclusion that the electron transfer
happens through space and not over the (thio)amide bridge.[33]
The Fe---Fe distances estimated by DFT-Calculations for [10]+
and [15]* are 7.20 and 7.18 A respectively. For carbene
complex [2W] * the Fe---Fe distance is significantly shorter with
6.85 A. This could be one reason for the stronger electronic
coupling. But also if 7.20 A is used in the calculation an electronic
coupling Hae of 560 cm-1is obtained, which is not that much
smaller than in [2W]+, Therefore the location of the IVCT in
[19]* at 1075 nm is not only dependent on the distance of the
two iron centres, but also the role of the bridge has to be
considered. In [19]* and [15]* 2:Hag is significantly smaller
(5 kJ mol-, 4 kj mol-1), while AG® is bigger (40 k] mol-1, 30 k]
mol-1). It must be clarified, that AG® for [2W]'+ was estimated by
DTF calculations, while for [1°]+ and [15]* it has been
measured in the cyclic voltammogram by the splitting of the
two reversible oxidation waves.[33] This could result in
different outcomes.

The energy of the optical transition of the IVCT is calculated
from the maximum wavenumber of the IVCT #,,,, and gives
Eop =144 k] mol-1. With this, the activation barrier for the

Results and Discussion

thermal electron transfer can be calculated to AG7 = 29 mol-
1. The activation barriers for [19]* and [15]* are higher with
42 and 35 k] mol-1, respectively. An overview of all calculated
electronic couplings H,g, estimated metal to metal distances
rap, difference in energy of the two valence isomers AG® and
activation barrier for the thermal electron transfer AG7, can be
found in table 1. AG® for [1°]* and [15]* was calculated from
the distance of the two reversible oxidation waves in the cyclic
voltammogram.[33]
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Figure 10. Gaussian band shape analysis of UV-vis spectrum of
1 mM 2W electrochemically oxidized to [2W]+ in CHzCl2 with
100 mM ["BusN][B(CsFs)4].

Table 1: Values for the electronic coupling in [2W]+, [19]+133]
and [15]+(331

[2w]+ [1o]+681 | [25)+ (31
Hag / cm™! 593 200 190
ran /A 6.85 (DFT) | 7.20 (DFT) | 7.18 (DFT)
AG® /kJmol™ | 2(DFT) | 40(cv) 30 (CV)
AGEy / k] mol™ 29 42 35

The properties of the bridge connecting the two ferrocenyl
sites in [19]* and [15]* are quite similar, while in [2W]+ it is
different. In C=0 and C=S the electronegativity is higher at the
heteroatom while in C=W(CO)s the electronegativity is higher
at the carbon atom. AG® in [2W]* is one order of magnitude
smaller than in [1°]+ and [15]*. The energetic location of the
C=X-r*-molecular orbital for C=M is much lower than for C=0
or C=S. This could facilitate intramolecular electron hopping in
[2W]+ via the bridge and not though space.[32]
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Figure 11. Visualisation of Eop, 4, Hag, AGgp and AG? of [2W]+.

CONCLUSION

The pentacarbonyl tungsten carbene complex 1W can be seen
as an isolobal analogue to the amide 19 and the thioamide 15.
The metrics obtained from the single crystal structure of 1W are
similar to the lighter homologue 1¢r, The amino group in the
carbene complex 1W undergoes further side reaction after
oxidation, therefore the methylated complex 2W is preferable
for investigation of the electronic properties and the
communication of the iron centres in the mixed valent mono
cation [2W]+, The methylated carbene complex is obtained as a
dynamic 6:1 mixture of syn/anti-2W. NMR resonances are
assigned by one- and two-dimensional techniques. The cyclic
voltammogram of 2ZW shows one reversible oxidation at
E1y2=115 mV. Spectroelectrochemical optical measurements
give an electronic coupling of Hag= 593 £ 10 cm-! which assigns
[2W]* to class 1T of the Robin-Day classification. Compared with
the amide [19]* and the thioamide [15]+, the electronic
coupling in [2W]+ is three times stronger which could result in
part from the shorter Fe--Fe distance, but also in the electronic
properties of the carbene bridge has to play a role to justify this
big difference. The activation barrier for the thermal electron
transfer AGZy of the carbene complex 2W, the amide and the
thioamide are in the same range with 29, 42 and 35 k] mol-.. In
[10]+ and [15]+ the properties of the bridge are similar, with
higher electronegativity at the heteroatom, while in [2W]* the
electronegativity of the carbene carbon atom is higher than the
electronegativity of the tungsten atom. Considering the C=X-7*-
molecular orbital in the bridge, for C=M the energetic location
is much lower than for C=0 or C=5. This could open the
possibility for an electron transfer in [2W]+ over the bridge and
not though space.

EXPERIMENTAL SECTION

General Procedures: All reactions were performed under
argon atmosphere unless otherwise noted. A glovebox of the type
UniLab/MBraun (Ar 4.8, 02 < 1 ppm, Hz0 < 1 ppm) was used for
storage and weighing of sensitive compounds. All samples that
required the absence of oxygen were prepared in the same
glovebox. Dichloromethane was dried with CaHz and distilled prior
to use. THF, was distilled from potassium. All reagents were used
as received from commercial suppliers (ABCR, Acros Organics, Alfa
Aesar, Fischer Scientific, Fluka and Sigma-Aldrich). Deuterated
solvents were purchased from euriso-top. 30E40415152]
aminoferrocenel53541 and 1W[*8] were synthesized using literature
procedures.

NMR spectra were recorded on a Bruker Avance DRX 400
spectrometer at 400,31 MHz ('H) and 100.07 MHz (13C{'H}). All
resonances are reported in ppm vs. the solvent signal as internal
standard. CD2Clz (*H: & = 5.32 ppm; 3C: § = 54.0 ppm).[°1]

IR spectra were recorded with a Varian 3100 FT-IR Excalibur
Series spectrometer. Solid state measurements were carried out
with the sample as KBr pellet. Dissolved samples were investigated
in a liquid cell with Specac omni-cell KBr windows.

UV/Vis/NIR spectra were recorded on a Varian Cary 5000
spectrometer by using 1.00 cm cells (Hellma, suprasil).

Electrochemical experiments were carried out on a BioLogic
SP-50 voltammetric analyser using platinum wires as counter and
working electrodes and a 0.01 M Ag/AgNOs electrode as reference
electrode. The cyclic voltammetry measurements were carried out
at scan rate of 100 mV s using 0.1 M [nBu4aN][B(CeFs)4]2 as
supporting electrolyte in THF. Potentials are referenced to the
decamethylcobaltocene /decamethylcobaltocenium couple
(Cc*CHs/Cc*CHs*) (E% = -1940 * 5 mV under the experimental
conditions in THF compared to literature: E¥% = -1940 mV (CH:Clz),
-1910 mV (MeCN)[#31).

FD mass spectra were recorded with a FD Finnigan MAT90
spectrometer.

Spectroelectrochemical measurements were carried out
using a optically transparent thin-layer electrochemical cell
(OTTLE-cell)(9] by Specac omni-cell with CaF2 windows equipped
with a Pt-gauze working electrode, a Pt-gauze counter electrode
and an Ag wire as pseudo-reference electrode, melt-sealed in a
polyethylene spacer (approx. path length 0.5 mm]) in CHzClz with
0.1 M ["BuaN][B(CsFs)4] as supporting electrolyte.[2]

Density functional theory calculations were executed with
the Gaussian09/DFT1%] series of programs. B3LYP(%) formulation
of DFT and the LanL2DZ197-100] basis set were used. For solvent
modelling [EF-PCMI101102] in CHzClz was applied. No symmetry
constrains were imposed in the initial molecule structure. The final
structures were assigned to the minimum by numerical frequency
analysis (Nimag = 0 respectively).

Crystal Structure Determination: Intensity data were collected
with a Bruker AXS Smart 1000 CCD diffractometer with an APEX 11
detector and an Oxford cooling system and corrected for
absorption and other effects using Mo Ku radiation (A = 0.71073 A)
at 173(2) K. The diffraction frames were integrated using the
SAINT package, and most were corrected for absorption with
MULABS.[103104] The structure was solved by direct methods and
refined by the full-matrix method based on F? using the SHELXTL
software package.l105-108] All non-hydrogen atoms were refined
anisotropically, while the positions of carbon bonded hydrogen
atoms were generated with appropriate geometric constraints and
allowed to ride on their respective parent atoms with fixed
isotropic thermal parameters. See Supporting Information for
crystal data of 1W. CCDC-XXXXXXX contains the supplementary
crystallographic data for this paper. These data can be obtained
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free of charge from The Cambridge Crystallographic Data Centre
via www.ccde.cam.ac.uk/data_request/cif.

Preparation: syn/anti-(N-Methylaminoferrocenyl) (ferrocenyl)
carbene (pentacarbonyl) tungsten (0) (2%): 1% (100 mg,
0.139 mmol, 1eq) and KO'Bu (47 mg, 0.417 mmol, 3 eq) were
stirred at 0°C in THF (20 mL) for 10 min. Mel (90 pL, 1.39 mmol,
10 eq) was added and stirred for 10 min at 0 °C. Stirring at room
temperature for 4 h and removal of the solvent under reduced
pressure yielded 111.4 mg of a dark red solid. NMR indicated a 6:1
ratio syn/anti-2V.

1H NMR (CD:Cl2): syn-2W: 5 = 4.53 (pt, 2 H, H?), 4.34 (pt, 2 H, H3),
4.31 (s, 5 H, H19), 4,27 (s, 3 H, Me, H6), 4.19 (pt, 2 H, H%), 4.18 (5, 5
H, H1), 4.10 (pt, 2 H, H®) ppm. anti-2¥: § = 4.72 (pt, 4 H, HZ, H3), 4.69
(pt, 2 H, H®), 4.36 (2 H, H?), 4.34 (5 H, Cp), 4.25 (s, 3 H6, Me), 4.22
(pt, 2 H, CsH4), 413 (pt, 2 H, CsH4) ppm. 13C NMR (CD:Cl:): 4 =
201.12 (C11), 108.11 (C7), 97.24 (C*), 76.61 (C3), 73.18 (C2), 71.83
(C1), 70.32 (C10), 66.79 (C), 65.69 (C#), 58.17 (C¢) ppm (C5 and C12
out of range). MS (FD): m/z (int. / %) = 735.0 (M*, 100), 706.0 (M- -
- C0). Calcd. for C2sHz1Fe:NOsW (734.96).IR (KBr): ¥ = 3098 (w,
CH), 2052 (vs, CO, A1), 1958 (m, CO, By), 1908-1877 (br., CO, E, A1)
cm-1. IR (CHzClz): ¥ = 2054 (vs, CO, A1), 1958 (m, CO, B1), 1919 (br,,
CO, E, A1) ecm-1. UV /vis (CHzCl2): A (£) = 340 (9300 M-1 cm-1),
402 (6150 M1 c¢m1), 502 (3750 M-! cml) nm. CV (THF, vs
FcH/FcH*): Eij2 = -2325, 115 mV, Eox = -390, 480, 680 mV, Ered. = -
100, -840, -1550mV. Anal. Caled for CasH21Fe2NOsW
(734,96)+W(C0)s: C, 36.47; H, 1.95; N, 1,29. Found: C, 33.23; H,
1.83; N, 1,46.
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4 Summary and Outlook

In this work nonclassical intramolecular hydrogen bonds to ferrocenyl and ruthenocenyl groups
are reported (Scheme 4.1, Section 3.1). The NH-:-Ru IHB to diruthenocenyl tosyl hydrazone 169 is
6 k) mol™ stronger than the NH---Fe IHB in diferrocenyl tosyl hydrazone 168 as confirmed by IR
spectroscopy. In the synthesis of the mixed metal ferrocenyl ruthenocenyl tosyl hydrazone the
NH---Ru IHB 170a is preferred with a ratio of 10:1. Thermal and photochemical approaches lead to
E = Z isomerization and conversion of the NH-:-Fe IHB 170b to the preferred NH---Ru IHB 170a.
(Scheme 4.1)

T U U
|
N N N

o H/ N v ﬁ H/ N
4;%2§? — RZ?? Fe

= < =
16 170a 170b

Scheme 4.1: NH:--M IHB in tosyl hydrazones reported in this work.

The synthesis and characterization of ferrocenyl aminoferrocenyl Fischer carbene complexes of
chromium 171 (Section 3.2) and tungsten 172 (Section 3.3 and 3.6) are reported (Scheme 4.2).
They can be seen as the isolobal metal pentacarbonyl analogue of diferrocenyl amide and
thioamide. Follow-up reactions of ferrocenyl aminoferrocenyl carbene pentacarbonyl metal
complexes to diferrocenyl imine 173 hinder their use as ligands in redox switchable catalysis.
Therefore, the nature of the side reaction to the imine was studied in detail (Section 3.3).

o Nr—Q

)
173
H.N—
M(CO)s Fo M(CO)s M(CO)s
"okt o o L o
e
83 M=cr 171 M=cCr 174 M=w
86 M=w 172 M=W

Scheme 4.2: Ferrocenyl Fischer Carbene complexes and their reactions presented in this work.

The most probable mechanism of three different proposed mechanisms for the thermal reaction
of 172 to 173 includes the following steps: CO dissociation, E/Z isomerization, oxidative addition,
pseudorotation, reductive elimination, imine dissociation and E/Z isomerization (Scheme 4.3). For
the CO dissociation, E£/Z isomerization and imine dissociation, E/Z isomerization also the reverse
order might be possible. The most interesting proposed intermediates are the seven-coordinate
hydrido W" complexes 175 and 176 which facilitate the hydrogen shift. These intermediates are
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not possible for the chromium Fischer carbene complex 171 and could give a hint why 171 needs
basic reaction conditions to form 173.

CO co
W(CO)s .co E/Z  oc_).CO  oxdative oo, T°.co
N’*::> fﬁlﬂf?ﬂﬂ?l OQ/L\ , _isomerization _oc-| . addion | oo Wl
e TS o Fo™ N~ Fo N
| Fc
172 I Fo 175

pseudorotation

E/Z H imine oC.. (foco reductive  og,, (‘DO\“\CO
@N@ isomerization A dissociation H OC'VrVd _ elimination _ o W\:.CO
Fe Fe Fc N /EN /LN
o o> . N o NS
Fc Fc Fc c
173 176

Scheme 4.3: Proposed mechanism for the thermal reaction of the Fischer carbene complex 172
to the imine 173.

The methylated complex ferrocenyl N-methylaminoferrocenyl carbene tungsten(0) pentacarbonyl
174 was studied in detail (Section 3.6, Scheme 4.2). Spectroelectrochemical measurements and
Hush analysis of 174* give a Has of 593 cm? which is more than twice the strength compared to
diferrocenylamide and thioamide. This suggest electronic communication of the mixed valent
mono cation with almost degenerate Fe' sites occurs via the bridge and not solely through space.

To study the principles of ferrocenyl carbenes in RSC the ferrocenyl ethoxy Fischer carbene was
transferred to give gold complex 177 (Section 3.4). The cyclization of N-(2-propyn-1-yl) benzamide
180 to 5-methylene-2-phenyl-4,5-dihydrooxazole 181 with 1 mol% catalyst load was used to
compare the catalyst to other redox switchable catalysts (Scheme 4.4). After 8 h full conversion
was achieved with the oxidized catalyst 178/179 while the neutral species 177 showed no
conversion. The catalysis could be turned on and off several times. EPR studies and DFT
calculations of the oxidized species suggest an Au'! active species 179.

o~ o
Fe'\‘f} +X
oxidation - N
S
- 178 X o

cl i PH)KE/K\aﬁ

! Au Cl

Au
okt 180
?/LOEt o =
~ j\%

/

reduction

OFF oN

177 179 181

Scheme 4.4: Ferrocenyl Fischer carbene gold complex presented in this work and proposed
catalytic cycle.



Summary and Outlook

Two new reactions from chromium ferrocenyl Fischer carbene complex 83 to 2,N-diferrocenyl
acetamide 182 and 4-ethoxy-2,3,4-triferrocenyl-cyclobut-2-enone 183 have been investigated in
detail and mechanisms were proposed (Scheme 4.5-8, Section 3.5).

&
Fe
H Cr(CO)s @\ o}
- N\F@ A okt A [
e (o) e -~ Fe - - OEt

@ Fc-NH, @ Fo >

182 83 V" Fe
N~

Scheme 4.5: Formation of 2,N-diferrocenyl acetamide 182 and
4-ethoxy-2,3,4-triferrocenyl-cyclobut-2-enone 183.

For the reaction of 83 with aminoferrocene to 182 the initial attack of the rather weak nucleophile
aminoferrocene on the CO ligand of 83 might be assisted by an OH---Fe IHB present in the
biscarbene 185 (Scheme 4.6). Carbene-carbene coupling and reduction gave the final product 182.

H
g co N
C.C%Fc  Fo-NH, O~ o EtO OH
oC_cr — € Op, | T / ™
o€ ¢ OEt oC—_Cr O Fo"  N-Fo
oL OEt H
83 O OCC_’ ‘r
184 0
Fe-NH,
185 o
H o
EtO
< cr .0
e/ N-Fo (e H———
H H* Fe H/N*Fc
182

Scheme 4.6: Proposed mechanism for the formation of 182 from 83 via biscarbenes 184/185,
carbene-carbene coupling and reduction.

For the proposed mechanism of the formation of 183 three equivalents of 83 are needed in total
and the reaction can be divided into two parts (Scheme 4.7, Scheme 4.8).

In the first part two equivalents of 83 react to diferrocenyl alkyne 189 (Scheme 4.7). Thermal
release of one CO ligand could form the unsaturated tetracarbonyl carbene complex 186. By
carbene transfer from 83 the biscarbene 187 might be formed. Carbene-carbene coupling releases
an isomer mixture of the alkene 188 which was identified by FD mass spectrometry. In a last step
the proposed alkyne 189 could be formed by reaction of the diethoxy alkene 188 with Cr° species
giving Cr'! alkoxides as side products.
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In the second part the alkyne 189 reacts with the third equivalent of 83 to the cyclobutenone 183
in a reaction which is similar to the D6tz benzannulation reaction (Scheme 4.8). This reaction is
alsoinitiated by thermal loss of one CO ligand to give the same unsaturated tetracarbonyl carbene
complex 186. This time the vacant coordination site is coordinated by the alkyne 189 to give the
alkyne complex 190. By insertion of the alkyne into the carbene bond the vinyl carbene complex
191 is formed. Coordination of one free electron pair of the alkoxy group to the chromium could
stabilize this intermediate. Insertion of one CO ligand into the carbene bond could give the Cr(CO);
coordinated vinyl ketene 192. In the final step the Cr(CO)s; coordinated cyclobutenone 193 is
formed by ring closure. During work up the free cyclobutenone 183 is obtained.

Q o) "CrCO)." | EtO. _ Fc
e} o, E A o} ( )5 C
oc_cr= ~~ oc_cr—"° oc_cr—"°
- T\ AN
o€"¢ OEt  -co | 7L ot 7L bEt
O o}
83 186 187
[Cr] l
) EtO Ot
Fc———Fc s
Fc Fc
Crli(OEt

Scheme 4.7: Proposed mechanism for the thermal reaction of two equivalents of ferrocenyl
Fischer carbene complex 83 to diferrocenyl alkyne 189.

o) o oc
C © Fe Fc 2
oc:—c:'r“‘“\gﬂ"":C A oc CC‘ +Fe oc C‘;Co.\.Fc (0C)Cr Fe
v —Or== O .
o ¢ OEt  -cO o ¢ " YEt 7—» o Yt o
o O Fc Fec o) Fo
83 186 189 190 191
CrHCO
O Fc 0 ’:f,’" Y ( Fo )3
EtO EtO- | EtO.. f “Fo
Fe Fc¢ Fc Fe fo
183 193 192

Scheme 4.8: Proposed mechanism for the thermal reaction of ferrocenyl Fischer carbene
complex 83 to 4-ethoxy-2,3,4-triferrocenyl-cyclobut-2-enone 183

In future the ferrocenyl N-methylaminoferrocenyl carbene ligand will be investigated as redox
switchable gold catalyst 189 to find out if one or both ferrocenyl sites can be oxidized and
influence catalysis (Figure 4.5). Further investigation of the proposed active Au species are
anticipated. More EPR studies of active species are planned to investigate the induction period at
the beginning of the catalysis described in Section 3.4. *’Au Méssbauer spectroscopy!*** could
give some interesting insights into the reaction mechanism of the redox switchable gold catalysis,
by showing the oxidation state and the coordination number of the gold atom. Therefore, a *’Pt
source is needed which can be produced in a nuclear reactor from Pt with neutron capture. So
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far, the synthesized gold catalyst 177 was only used for intermolecular test reactions. Further
intramolecular test reactions with different alkynes will also be investigated. The synthesis of
acyclic diamino carbene complexes (ADC) 190 and the comparison to 189 and NHCs is planned.

C|3| (‘:l

Au Au
oA ?\NJ\N/F@
SN R S LGS
R = Alk, Aryl, Ph, Fc

194 195

Scheme 4.8: Outlook.
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6.1 Supporting Information: Competitive NH---Ru/Fe Hydrogen
Bonding in Ferrocenyl Ruthenocenyl Tosyl Hydrazone

Competitive NH~Ru/Fe Hydrogen Bonding in Ferrocenyl
Ruthenocenyl Tosyl Hydrazone

Philipp Veit, Ephraim Prantl, Christoph Férster* and Katja Heinze*

Institute of Tnorganic Chemistry and Analytical Chemistry, Johannes Gutenberg-University of Mainz,
Duesbergweg 10-14, 55128 Mainz

Supporting Information

Table S1. X-ray crystallographic data of 1!, 2 and 3a

1 2 3a

empirical formula CosHzsN028Fe; | CosHosN2 OS8R, | CrsHasN:O2SFeRu

Formula weight 566.27 656.71 611.49

cryst system monoclinic monoclinic monoclinic

space group P2i/c P2/c P2/c

al A 7.1125(6) 7.4062(6) 7.2898(9)

bl A 11.3143(8) 11.3262(9) 11.3748(14)

c/ A 29.525(2) 29.215(2) 20.218(4)

pire 95.838(2) 96.701(2) 95.627(2)

volume / A? 2363.6(3) 2433.9(3) 2411.1(5)

z 4 4 4

density (caled) / Mg m™ 1.591 1.792 1.685

absorp coeff / mm? 1.346 1.357 1.345

F(000) 1168 1312 1240

cryst size / mm’® 0.46x0.06x<0.01 | 0.55x0.18x0.12 | 0.59x0.29x0.12

& range for data collection / ° 227-2794 228 -27.87 227-2791

index ranges O<h=<9 O<h<9 -9<h=9
-14<k=<11 -14<k=<14 -14<k=<14
—36</<38 —38<1<25 —37<1<38

no. of reflns collected 26075 22483 17484

no. of indep reflns 5663 5778 5748

Rint 0.0650 0.0488 0.1080

completeness to Gnax / %0 99.7 99.5 995

max. / min transmission 0.9867/0.5764 | 0.8541/0.5224 | 0.8553/0.5043

goodness-of-fit on I* 0.913 1.066 1.003

final R indices [/ > 26(])] R; = 0.0320 R, =0.0273 R; = 0.0453
wRz= 0.0649 wRz= 0.0646 wk>=0.1124

R indices (all data) Ri=0.0551 R, =0.0320 R, =0.0594
wR2=0.0691 wRz= 0.0663 wR2=0.1191

Largest diff. peak and hole /¢ A® | 0.434/-0.330 0.434/-0.684 1.053/-1.161
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Figure S1. Experimental FD-mass spectra and calculated isotopic pattern of a) 2 and b) 3a/3b.
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Appendix

Figure S2. UV/Vis spectrum of 2 in CH>Cl, together with the major transitions calculated by TD-

DFT.
Cp -eq —> *(CN),Ru*-d,y
N
14000
LUMO )
12000 Ru -dy2y2  —>  m(Tosyl)
~
10000
P'g 8000
B LUMO+1
5 7
£
< 6000 Ru-d2.,2 —» T(CN),Ru*-dy,
©
4000 ’
>
2000 g
HOMO LUMO
0
* 1 . 1 L 1 v 1 1 1 L I 1 L 1
200 250 300 350 400 450 500 550 600

S3

105




1015 Appendix

Figure 83. UV/Vis spectrum of 3a/3b in CH,Cl, together with the major transitions of 3a calculated
by TD-DFT.
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Figure S4. '"H NMR spectrum of 2 in CDCls, a) full spectrum and b) zoom into Cp region.
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Figure S5. 3C NMR spectrum of 2 in CDCls, a) full spectrum and b) zoom into Cp region.
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Figure S6. Part of the '"H-'"H NOE NMR spectrum of 2 in CDCls.
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Figure S7. '"H NMR spectra of a) 2 and b) a 10:1 mixture of 3a/3b in DMSO-ds.
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Figure S9. '"H NMR spectra of a 10:1 mixture of 3a/3b in CDCls, a) full spectrum with assignment of
3a (H*) and 3b (H™®) nuclei, b) zoom into Cp region with assignment of 3a nuclei and ¢) zoom into Cp

region with assignment of 3b nuclei.
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Figure S11. Part of the 'H-'H NOE NMR spectrum of 3a/3b in CDCl;.
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Figure S12. Variable temperature '"H NMR spectra of a 10:1 mixture of 3a/3b in toluene-ds.
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Figure S13. Change in the ratio 3a:3b upon irradiation at 400 nm in CD»Cl; determined by '"H NMR
spectroscopy (integration of proton resonances H® and H¢”).
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Figure S14. UV/Vis spectrum of a 10: 1 mixture of 3a/3b before and after addition of 1 eq TFA and 1

eq K>COs in CH:Clo.
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Figure S15. 'TH NMR spectra of a) a 10:1 mixture of 3a/3b b) 3a/3b + 1 eq TFA and ¢) 3a/3b + 1 eq

TFA + 1 eq K2CO; in CD,CL.
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6.2 Supporting Information: Preparation, Properties, and
Reactivity of (Aminoferrocenyl) (ferrocenyl) carbene
(penta-carbonyl) chromium(0) as Bulky Isolobal

Trimetallo-amide
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SUPPORTING INFORMATION
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Preparation, properties and reactivity of
(aminoferrocenyl)(ferrocenyl)carbene(pentacarbonyl)chromium(0) as bulky isolobal

trimetallo-amide

Philipp Veit, Christoph Forster, Sebastian Seibert and Katja Heinze

Supporting Information

Figure S1. FD mass spectrum of 3 and experimental/calculated isotope pattern of the molecular ion peak [3]*.
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Figure 52. '"H NMR spectrum of 3 in CD,Cl,.
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Figure S3. PC{'H} NMR spectrum of 3 in CD,ClL,.
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Figure S4. "H-"H COSY of 3 in CD;Cl,.
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Figure S5. 'H-*C HSQC of 3 in CD:ClL.
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Figure 56. "H-"C HMBC of 3 in CD,Cl,.
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Figure S7. IR spectrum of 3 as KBr disk.
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Figure S8. IR spectrum of 3 in CD,Cl, (NH region).
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Figure S10. Relevant Kohn-Sham molecular orbitals of 3 (isosurface value 0.1 a.u.).
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Figure S11. '"H NMR spectrum of a mixture of 3 and 3™ in CD,Cl,.
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6.3 Supporting Information: On the mechanism of imine
elimination from Fischer tungsten carbene complexes

Supporting Information File
for
On the mechanism of imine elimination from Fischer

tungsten carbene complexes

Philipp Veit', Christoph Férster' and Katja Heinze™

Address: 'Institute of Inorganic and Analytical Chemistry, Johannes Gutenberg-University,

Duesbergweg 10-14, 55128 Mainz, Germany
Email: Christoph Forster - cfoerster@uni-mainz.de; Katja Heinze - katja.heinze@uni.mainz.de
* Corresponding authors

In memoriam Prof. Dr. Peter Hofmann

Experimental spectra and DFT derived data

51



Appendix

W(CO)(E-2)
100+ ) .
calc. isotope pattern ~ exp. isotope pattern
100, WICOME-2) 44 W(CO).(E-2)
so{ ¥ )
> >
=® 2 50 & 50
- [(F) 3
2 604 £ £
(%]
3 L ‘ | |1
E C I | T 4 G T T [ L | T
= 716 720 724 716 720 724
407 m/z m/z
204
0 T T v T T T T T T T v T T T 1
350 400 450 500 550 600 650 700 750
m/z

Figure $1: FD mass spectrum of W(CO)s(E-2) in toluene.
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Figure S2: H NMR spectrum of W(CO)s(E-2) in CD2Cl,.

S2



Appendix 127

H'H  H?
4.20
Hmo Hg

HO L4 40 &
w0

H? 460

3
1
4.80
480 470 460 450 440 430 420
d | ppm
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Figure S4: 'H-"H NOESY of W(CO)s(E-2) in CD.Cls.
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Figure S§12: (a) TD-DFT calculated UV/Vis spectrum of W(CO)s(E-2) with major orbital
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Figure S14: FD mass spectrum of a solution of W(CO)s(E-2) and 1 equiv PPh; in ds-toluene after

heating to 100 °C for 25 h.
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Figure S15: IR spectrum of a solution of W{CO)s(E-2) and 1 equiv PPhs in ds-toluene after heating

to 100 °C for 25 h.
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Figure $20: 'H NMR spectroscopic reaction monitoring of the thermolysis of

W(CO)s(E-2) in dg-toluene at 60 °C.
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Figure S21: "H NMR spectroscopic reaction monitoring of the thermolysis of

W(CO)s(E-2) in dg-toluene at 70 °C.
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Figure S22: "H NMR spectroscopic reaction monitoring of the thermolysis of

W(CO)s(E-2) in dg-toluene at 80 °C.
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Figure $23: "H NMR spectroscopic reaction monitoring of the thermolysis of

W(CO)s(E-2) in dg-toluene at 90 °C.
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Figure S$24: "H NMR spectroscopic reaction monitoring of the thermolysis of

W(CO)s(E-2) in ds-toluene at 100 °C.

S19



Appendix

-17.04 }
-17.54

-18.04
¥

In(k T7)

-18.54

-19.04

-19.54

. 1 ¥: 1 » ) s ] ¥ 1 ¥ ) - 1
265 270 275 280 285 290 295 300
Th] 1K
Figure S$25: Eyring analysis of the '"H NMR spectroscopic reaction monitoring of the
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Figure S26: FD mass spectrometric reaction monitoring of the thermolysis of

W(CO)s(E-2) in toluene at 100 °C.
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Figure S27: IR spectroscopic reaction monitoring of the thermolysis of W(CO)s(E-2)

in 1,2-dichloroethane at 84 °C.
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Figure S28: UV-vis spectroscopic reaction monitering of the thermolysis of

W(CO)s(E-2) in toluene at 100 °C.
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Figure S29: (a) TD-DFT calculated UV-vis spectrum of E-3 with major orbital
contributions to the indicated transitions and (b) corresponding orbitals (isosurface

values 0.08 a.u.).
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6.4 Supporting Information: Gold(II) in redox-switchable
gold(I) catalysis

Electronic Supplementary Material (ESI) for ChemComm.
This journal is © The Royal Society of Chemistry 2019

General Procedures

All reactions were performed under argon atmosphere unless otherwise noted. A glovebox of the type
UniLab/MBraun (Ar 4.8, O, < 1 ppm, H-0 < 1 ppm) was used for storage and weighing of sensitive
compounds. All analytical samples that required the absence of oxygen were prepared in the same
glovebox. Dichloromethane was dried with CaH, and distilled prior to use. THF was distilled from
potassium. All reagents were used as received from commercial suppliers (ABCR, Acros Organics, Alfa
Aesar, Fischer Scientific, Fluka and Sigma-Aldrich). Deuterated solvents were purchased from euriso-
top. W(CO)s[C{Fc)OEt] was synthesized using literature procedures.! NMR spectra were recorded on a
Bruker Avance DRX 400 spectrometer at 400.31 MHz (*H) and 100.07 MHz (33C{*H}). All resonances are
reported in ppm versus the solvent signal as internal standard [CDsCN (*H: &= 1.94), CD,Cl, (*H: 6=
5.32 ppm; 13C: 5= 54.0 ppm)].2 IR spectra were recorded as solid state samples with a Bruker ALPHA ||
FT-IR spectrometer with a platinum Di-ATR module. Electrochemical experiments were carried out on
a Biologic SP-50 voltammetric analyser using platinum wires as counter and working electrodes and a
0.01 M Ag/AgNOs electrode as reference electrode. The cyclic voltammetry measurements were
carried out at scan rate of 50-100 mV s using 0.1 M [nBuaN][B(CsFs)a] or 0.1 M [nBuaN][PF¢] as
supporting electrolytes in CH,Cl, of THF. Potentials are referenced to the ferrocene/ferrocenium
couple (£%=220 = 5 mV under the experimental conditions). UV/Vis/NIR spectra were recorded on a
Varian Cary 5000 spectrometer using 1.0 cm cells (Hellma, suprasil). FD mass spectra were recorded
on a Thermo Fisher DFS mass spectrometer with a LIFDI| upgrade. Elemental analyses were performed
by the microanalytical laboratory of the chemical institutes of the University of Mainz. ’Fe MéBbauer
measurements of powder samples were performed in transmission geometry using a constant-
acceleration spectrometer and the source >’Co(Rh). The Recoil 1.03 Mdssbauer Analysis Software was
used to fit the experimental spectra with Lorentzian peaks.? Isomer shift values are quoted relative to
u-Fe at 293 K. X-band CW EPR spectra were measured on a Miniscope MS 300 at 77 K cooled by liquid
nitrogenin a finger Dewar and at 298 K (Magnettech GmbH, Berlin, Germany). g factors are referenced
to external Mn?" in ZnS (g = 2.118, 2.066, 2.027, 1.986, 1.946, 1.906). Simulations of EPR spectra were
performed with EasySpin (v 5.0.0) for MatLab (R2016b).* XAS spectral measurements were performed
at beamline P64 of PETRA Ill (Hamburg, Germany) under ambient conditions at 293 K. A Si(111) double
crystal monochromator was used for measurements at the Au Ls-edge {11.918 keV). The second
monochromator crystal was tilt for optimal harmonic rejection. Energy calibration was performed with
a gold metal foil. The samples were handled in a glove box. All samples were prepared as self
supporting wafers using degassed BN as binder.

DFT calculations

Density functional theory calculations were carried out using the ORCA program package
(version 4.0.1).5 All calculations were performed using the B3LYP functional®® and employ the RIJCOSX
approximation.®*? Relativistic effects were calculated at the zeroth order regular approximation
(ZORA) level.™ The ZORA keyword automatically invokes relativistically adjusted basis sets. To account
for solvent effects, a conductor-like screening model (CPCM) modelling dichloromethane was used in
all calculations.>!® Geometry optimizations were performed using Ahlrichs’ split-valence triple-§ basis
set ZORA-def2-TzVP.'* The auxiliary basis set for General-purpose Coulomb fitting SARC/
decontracted def2/) up to Kr was used.?® The segmented all-electron relativistically contracted (SARC)
auxiliary basis set beyond Kr, SARC-ZORA-TZVP, was used for gold and a special grid of 7 (default 4).11¢
19 Atom-pairwise dispersion correction was performed with the Becke-lohnson damping scheme
(D3BJ).?%?* The presence of energy minima was checked by numerical frequency calculations.
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Synthesis of 1, AuCI[C{Fc)OEt]

7
3 4 5.@“0 //6

25 Au
Fe
<

A slightly modified literature procedure for the synthesis of AuCI[C{Fc)OMe] was used for the synthesis
of 1.2 To a solution of WI(CO)s[C(Fc)(OEt)]”* (1 mmol, 565.5mg, 1 eq) in THF (10 ml)
chlorido(dimethylsulfide)gold(l) {1 mmol, 294.6 mg, 1 eq) was added under stirring at 0 °C. The deep
red solution was stirred at this temperature for 6 h. After filtration, n-heptane (10 mL) was added and
the red-purple solution was stored at —28 °C for 3 days. Filtration yielded a deep purple solid. Yield
340.4mg (0.72mmol 72%). H NMR (400.32 MHz, CDyChL): &= 5.17 (pt, 2H, H?),
5.00 (g, *hn = 8 Hz, 2H, H®), 5.00 (pt, 2H, H% under the q of the OCH: group confirmed by COSY),
4.47 (s, 5H, HY), 1.56 (t, */un = 8 Hz, 3H, H’) ppm. *H NMR (400.32 MHz, CDsCN) &= 5.25 (pt, 2H, H?),
5.03 (pt, 2H, H3), 4.96 (q, 3Jiu = 8 Hz, 2H, H®), 4.50 (s, 5H, HY), 1.54 (t, >/ = 8 Hz, 3H, H’) ppm. BCNMR
(100.07 MHz, CD:Cla): 6= 250.9 (C*), 87.2 (C*), 80.3 (C?), 79.5 (C?), 79.0 (C5; confirmed by HSQC), 72.1
(CY), 15.3 (C") ppm. MS (FD): m/z (%) = 474.3 (100) [M]". IR (ATR) ¥ = 3092 (w), 2933 (w), 1364 (m) 1107
{m), 826 (m), 823 (m), 480 (s) em™. UV/Vis (CH2Cl2): Amax(£) = 266 (2270), 304 (3550), 374 (1010), 521
(1040 Mt em™) nmi. Anal. Caled for CisHiaFeAuClO (473.97): C, 32.90; H, 2.97. Found: C, 32.60; H 2.87.

General Procedure for the Catalytic Cyclization of N(2-propyn-1-yl)benzamide to 2-phenyl-5-
vinylidene-2-oxazoline

N-Prop-2-yne-benzamide (15.9 mg, 0.1 mmol, 1 eq) was dissolved in CD>Clz (1 mL) in an inert-gas NMR
tube, 1 (0.5 mg, 1.0x10° mmol, 1 mol-%), tris(4-bromophenyl)ammoniumyl hexachloroantimonate
(Magic Blue; 1.0 mg, 1.25x107° mmol, 1.25 mol %) and n-hexadecane (3 ul) as internal standard were
added. *H NMR spectra were recorded over time. The proton resonances (ortho protons of phenyl ring,
H3) of the starting material (5= 7.77) and the product (5= 7.98) were integrated.

Sa
H 5b
H
0/
3 4
2 SN
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EPR calibration

Quantification of the EPR signals was performed via an adapted literature procedure.®* For
guantification measurements, EPR tubes with an internal diameter of 2.0 mm were used. The
calibration curve was determined using commercially available tetraphenylporphyrinato copper(ll)
{CuTPP) as standard. The samples were prepared in a glovebox under argon, and the EPR tubes were
filled with 400 pL of the solution and sealed with Critoseal. They were inserted 10.4 cm (measured at
the Teflon holder) into the EPR spectrometer. Four concentrations (c = 1.67, 0.84, 0.42 and 0.21 mm)
in THF were used for the calibration. The settings for the calibration curve and the sample EPR spectra
were as follows: temperature = 298 K, field = 3360 G, sweep = 800 G, sweep time = 300 s, modulation
=2000 mG, MW attenuation = 6 db, and number of passes = 3. The double integral of the experimental,
baseline corrected spectra was plotted against the concentration. The resulting calibration (linear
regression; y = (2.97+0.03)x10%<¢{mMm); R? = 0.9986) was used to quantify the experimental spectra of
1 after oxidation with Magic Blue.
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Appendix

Fig. S01. *H NMR spectrum of 1 in CD:Cl.
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Fig. S03. ATR IR spectrum of 1.

S (el A

Fig. S04. UV/Vis absorption spectrum of 1 in CH,Cl;; oscillator strengths of DFT calculated transitions;

difference electron densities (purple = depletion; orange = gain; contour value 0.01 a.u.) of the major
transitions.
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Fig. S05. LIFDI mass spectrum of 1in CHxCl,.
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Appendix

Fig. S06. Cyclic voltammogram of 1 in CHzCl; / ["BusN][PFs].
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Fig. S07. Cyclic voltammogram of 1 in CHzCl, / ['BusN][BAr"4].
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Fig. S08. Cyclic voltammogram of 1 in THF / ["BusN][PFg].
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Fig. 510. 'H DOSY of a mixture of 1 and W(CO)s[C(Fc)OEt] in CD:Cl; at 298 K; diffusion values in m?s™
obtained from the respective sufficiently different Cp resonances (H).
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Fig. S11. X-band EPR spectrum of 1 (1.67 mm) and Magic Blue {0.95 eq) in THF after 162 hat 77 K.

R

Fig. 512, X-band EPR spectrum of 1 (1.67 mm) and Magic Blue {0.95 eq) in THF after 160 h at 298 K
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Fig. 513, X-band EPR spectrum of 1 (1.67 mm) and Magic Blue {0.95 eq) in CH;Cl; {and 1 eq DMF as
stabilizer} after 16 hat 77 K.
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fig. 514, X-band EPR spectrum of 1 (1.67 mm) and CAN (0.95 eq) in THF after 2 hat 77 K.
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Fig. S15. X-band EPR spectrum of 1 (0.5 mm) and CAN {0.95 eq) in THF after 2.5 h at 298 K.
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fig. $16. X-band EPR spectrum of Magic Blue {5 mm) in THF at 298 K.
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Fig. S17. X-band EPR spectra of Cu{TPP} in THF at different concentrations.
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Appendix

Fig. S19. Conversion versus time plot for the catalytic reaction using 1 (1 mol-%) and Magic Blue (1.25
eq) in CD,Cl,. The determined TOF = (8.3£1.1)x107% s™! is based on the conversion versus time plot
without the induction period (ca. 2 h-5 h).
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Fig. $20. Conversion versus time plots for the attempted reactions using 1 (1 mol-%) or Magic Blue (1
mol-%) alone in CD,Cl>.
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Fig. $21. *H NMR spectra of 1 and Magic Blue {1.0 eq) in CD.Cl; over time.
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Appendix

Fig. $22. *'Fe M&Rbauer spectrum of 1 and Magic Blue (0.95 eq) after 0.5 h in CH.Cl: and removal the
solvent by evaporation (Fc: = 0.520 mm s™}; AEq = 2,107 mm s%; F¢': 5= 0,457 mm s™%; AE; = 0.243
mms™).
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Fig. $23. *'Fe MdRbauer spectrum of 1 and Magic Blue (0.95 eq) after 5 h in CH;Cl; and removal of
the solvent by evaporation (Fc: §=0.525 mm s} AEq = 2.291 mm s Fe': 9= 0.47 mm s™% Ay =
0.240 mm s} Fe': 5=1.311 mm s Afg = 2.650 mm s,
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Fig. $24. Au Ls-edge XAMNES spectrum of 1.
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Fig. $25. Au Ls-edge XANES spectrum of 1 and Magic Blue (1.25 eg) after 5 hin CH2Cl and remowval of
the solvent (blue) and the spectrum of gold foil {red] for comparison.
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Fig. $26. Photographs of 1 in CH,Cl, {left) and of the mixture of 1 and Magic Blue {1.0 eq) plus DMF (1
eq) after 14 h in CD,Cl; (right) showing the precipitate.

Fig. $27. Conversion versus time plot for the catalytic reaction using 1 {1 mol-%) and Magic Blue {1.25
eq) in CD,Cly; second batch of substrate added.
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Appendix

Fig. 528. Conversion versus time plot for the catalytic reaction using 1 (1 mol-%} and Magic Blue (1.25
eq) in the presence of ["BusN]C {42 eq) in CD,Cls.
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Fig. $29. Conversion versus time plot for the catalytic reaction using 1 (1 mol-%} and Ag5bFs {1.25 eq)
in CD:Clz. The determined TOF = 3.2x107% 571 is based on the conversion versus time plot {ca. 0h -5
h).

nversion | %
100—00 ersion ! %

t'h

520



Appendix

Fig. $30. 'H NMR spectrum of 1 (0.01 mMm; 10 mol-%) and Magic Blue (1.0 eq) at the beginning of the
catalytic reaction and after ca. 63 % conversion stopped by addition of FeCp*; (1.05 eq) indicating a
8415 % recovery.
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6.5 Supporting Information: Unexpected C-C Bond Formation
with a Ferrocenyl Fischer Carbene Complex

Z. Anorg. Allg. Chem. 2020 - ISSN 0044-2313

SUPPORTING INFORMATION

Title: Unexpected C—C Bond Formation with a Ferrocenyl Fischer Carbene Complex
Author(s): P. Veit, S. Seibert, C. Forster,* K. Heinze*
Ref. No.: z201900350
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Figure S03. IR spectrum (KBr) of 2.
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Figure S04. UV/Vis spectrum of 2 in CH,Cl,; the inset shows a zoom into the 300 — 600 nm region.

S3



Appendix 171

Table S1. Selected bond lengths / A and angles /° of 2 determined by XRD and by DFT calculations.

2 (XRD) 2 (DFT)
c1-01 1.224(6) 1.225
C1-C2 1.520(6) 1.525
C2-C3 1.502(6) 1.499
N1-C1 1.343(6) 1.358
N1-C13 1.421(5) 1.401
C1-N1-C13 124.9(4) 127.2
N1-C1-C2 113.9(4) 113.9
C3-C2-C1 112.2(4) 110.6
Fel-C3-C2-C1 -169.0(3) 171.5
Fe2-C13-N1-C1 70.0(5) 83.0
Fel-X1? 1.637(3) 1.669
Fel-x2° 1.634(2) 1.663
Fe2-Xx1? 1.649(2) 1.668
Fe2-Xx2" 1.650(2) 1.668
oFel)” 179.65(14) 179.7
{Fe2)” 177.81(10) 178.4

a) X1 = centroid of coordinated CsHs ring.
b) X2 = centroid of coordinated CsHa ring.
c) 7=X1-M-X2.
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Figure S05. DFT calculated tautomers Ill and IV.
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Figure $13. a) ATR-IR spectrum of 3 and b) IR spectrum of 3 in n-heptane.
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Table S2. Selected bond lengths / Aand angles /° of 3 determined by XRD and by DFT calculations.

3 (XRD) 3 (DFT)
C6-C11 1.452(2) 1.449
C12-C13 1.4427(19) 1.434
C23-C24 1.502(2) 1.500
01-C23 1.4079(18) 1.401
C11-C36 1.476(2) 1.473
C11-C12 1.378(2) 1.381
C12-C23 1.547(2) 1.549
C23-C36 1.571(2) 1.577
02-C36 1.2100(18) 1.214
01-C23-C12 118.41(12) 117.5
C11-C12-C23 95.19(12) 94.6
C12-C23-C36 82.06(11) 82.5
C11-C36-C23 90.35(11) 89.9
C12-C11-C36 91.60(12) 924
Fe1-C6-C11-C36 107.96(16) 109.0
Fe2-C13-C12-C11 -87.5(2) -89.8
Fe3-C24-C23-C36 -62.35(17) -65.6
C6-C11-C12-C13 11.5(3) 9.1
C36-C11-C12-C23 7.15(12) 6.39
Fel-x1% 1.6514(9) 1.657
Fe1-X2" 1.6460(8) 1.654
Fe2-X1% 1.6587(8) 1.656
Fe2-x2% 1.6513(8) 1.653
Fe3-x1? 1.6545(9) 1.652
Fe3-x2° 1.6495(8) 1.647
Fel)? 177.9 179.0
r{Fe2)? 179.3 179.2
(Fe3)? 177.3 178.4

a) X1 = centroid of coordinated CsHs ring.

b) X2 = centroid of coordinated CsHa ring.

¢) 7= X1-M-X2.
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Figure $15. Geometry of DFT optimized 3 and indication of close CH~O=C contacts. The blue arrows
indicate the displacement vectors associated with the C=0? stretching vibration.
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Figure 5§16. Cyclic voltammogram of 3 in CH,Cl,/[nBusN][PFs]. Potentials are given versus ferrocene.
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Figure S17. IR spectra of 1 during thermolysis in n-heptane (98°C) over 3 h.
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Synthesis of 2,N-diferrocenylamide (2) via an amide coupling reaction

Ferrocenyl acetic acid (122 mg, 0.50 mmol) was dissolved in dry dichloromethane (5 mL) and 1-chloro-
N,N,2-trimethyl1-1-propenylamine (Ghosez’ reagent, 75 pL, 0.57 mmol) was added under argon. The
mixture was stirred overnight resulting in a dark orange solution of ferrocenyl acetic acid chloride. Dry
triethylamine (77 pL, 0.55 mmol) was added to a solution of amino ferrocene (100 mg, 0.50 mmol) in dry
dichloromethane (5 mL) under argon. This mixture was added to the solution of ferrocenyl acetic acid
chloride. Within a few minutes a light brown solid precipitated. To complete the reaction, the mixture
was stirred overnight at room temperature. Water (30 mL) and diethylether (20 mL) were added. The
coupling product was extracted with ethyl acetate. The combined organic layers were washed with
aqueous solutions of HCI (2 %), NaCl (saturated), NaHCO3; (4 %), NaCl (saturated) and dried over Na,SO,.
The solvents were removed under reduced pressure. 2 was obtained as a brown solid (92 mg, 44 %). The
formation of 2 was confirmed by *H, **C{*H} and IR spectroscopy (Figures $19-21).
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Figure $19. *H NMR spectrum of 2 (as obtained from an amide coupling reaction) in CD:Cl; (* denotes
residual solvent resonances or grease).

514



Appendix

% NNO—MON~ N
o} ©ROUV=N= O
© OO NN ©
- 00 © © ©W©©O©O (3o}
SN
*
N~ NO—M O N~
© QIO N ¥
== DD D O o
(e o] ©O©OO © ©
N ||
T S
L) L] I I L)
80 75 70 65 60
o/ ppm ,

T " Ll g Ll ket L) L} T bt L) = T 5 Ll b L & Ll b Ll & Ll
220 200 180 160 140 120 100 80 60 40 20 0
J/ppm

Figure $20. *C{*H} NMR spectrum of 2 (as obtained from an amide coupling reaction) in CD,Cl, (*
denotes solvent resonances).
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6.6 Supporting Information: Electrochemistry of the
heterotrimetallic  Fischer @ carbene complex (N-
methylaminoferrocenyl) (ferrocenyl) carbene
(pentacarbonyl) tungsten (0)

Supporting Information for

Electrochemistry of the heterotrimetallic Fischer carbene complex (N-methylaminoferrocenyl) (ferrocenyl) carbene
(pentacarbonyl) tungsten (0)

Philipp Veit, Christoph Forster* and Katja Heinze*

Department of Chemistry, Johannes Gutenberg University of Mainz, Duesbergweg 10-14, 55128 Mainz, Germany. E-Mail:
katja.heinze@uni-mainz.de
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Fig. S04: *C{*H}-NMR spectrum of 2W in CD,Cl>.
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Fig. S05: *H-'H-COSY of 2W in CD,Cl,.
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Fig. S06: 'H-13C-HSQC NMR spectrum of 2W in CD,Cl,.
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Table S1. Selected bond lengths / A and angles /° of 1W, 1¢r11], 30Et12] 3NHZ 3] determined by XRD and 1W and syn/anti-2%

determined by DFT calculations.

1w v syn-2W anti-2% 1¢r JOEt 3NH2
(XRD) (DFT) (DFT) (DFT) (XRD)! (XRD)2! | (XRD)E!
RI12-HI1 0.8800 1.023 - - 0.8800 - 0.88(5)/
0.89(3)
RI1%-Me - - 1.485 1.496 - - -
cl-c2 1.476(4) | 1.486 1.479 1.492 1.4773) | 1.466(5) | 1.488(7)
RI9-C1 13253) | 1349 1370 1357 13223) | 1315(5) | 1306(5)
RI2-C12 1.430(4) 1.431 1.443 1.446 1.424(3) 1.429(6) —
MIY.Cl 2268(3) | 2242 2.309 2.306 2.097(2) | 22144) | 22495
MIY-C22 2.003(3) 2.011 2.003 2.001 1.865(3) 2.018(5) 1.986(5)
M1Y-C23 2.034(3) 2.038 2.036 2.036 1.903(3) 2.054(6) | 2.035(5)
MIP-C24 20243) | 2.036 2.037 2.037 1.9003) | 2.0216) | 2.031(5)
MI1Y-C25 2048(3) | 2.037 2.034 2.036 1.9103) | 2.0436) | 2.034(5)
MIY-C26 2.060(3) 2.041 2.037 2.040 1.907(3) 2.034(6) | 2.045(5)
CI-R19-CI12 126.4(2) 129.0 124.5 122.5 129.1(2) 124.1(4) -
C1-M1Y-C22 170.86(11) 177.2 174.8 174.9 176.48(11) 176.0(2) 177.2(2)
C3-C2-Cl 12532) | 1289 126.8 126.8 128.002) | 12454 | 125.84)
C16-C12-R1® 125.0(3) 124.5 125.1 125.2 123.5(2) - -
C24-M1»-C26 170.95(12) 174.5 170.1 171.4 178.33(10) 175.4(2) 176.8(2)
C23- M1%-C25 177.94(11) 179.7 178.6 177.7 172.47(11) 178.0(2) 174.1(2)
MIY-C1-R1%-H1 -161.24 171.1 - - 178.37 - “2(4)
-180(3)
MIP-CI-R19-Me — - 347 163.2 — - —
Fel-C2-Cl- M1V 96.72) | 1305 786 1217 | 112.07(18) 999(3) | -89.4(4)
Fe2-C12-R19-C1 151.2(2) -155.0 128.0 -152.7 -157.9(2) - -
C3-C2-C1-M1? C1154) | 366 9.1 254 22003) | -17693) | -2.3(6)
C16-C12-R19-C1 63.4(4) 117.5 393 117.3 115.2(3) - -
Fel-X19 1.6560(16) 1.729 1.734 1.737 1.653 1.657 1.649
Fel-X29 1.6420(14) 1.730 1.732 1.740 1.644 1.643 1.646
Fe2-X19 1.6532(14) 1.729 1.732 1.735 1.658 - -
Fe2-X29 1.6539(12) 1.726 1.733 1.735 1.654 - -
r(Fel)® 178.03(8) 177.6 175.4 174.4 178.83 178.58 177.92
7(Fe2)® 178.99(7) 178.6 177.0 176.1 179.80 - -
a) R =N for 1V, 2W, 1€, 3842 O for 39 b) M =W, Cr ¢) X1 = centroid of coordinated CsHs ring.
d) X2 = centroid of coordinated CsHa ring. e) = X1-M-X2.
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Table S2: X-ray structures and DFT calculated geometries for: 1% (XRD), 1% (DFT), syn-2% (DFT), anti-2V (DFT),
1CrNHEe (XRD)IY, 39K (XRD) 121, 3882 (XRD) [P,

1V (XRD) 1V (DFT) syn-2% (DFT) anti-2% (DFT)
30Et (XRD)[z] 3NH_Z (XRD)[3]
Table S3: X-ray crystallographic data of 1W.
1W
empirical formula C6 HioFeaNOsW
Fw 720.97
cryst syst monoclinic
space group C2/c
a/A 12.0435(3)
b/A 23.3639(7)
c/A 17.3559(5)
o/ deg 90
£/ deg 104.4490(10)
y [ deg 90
volume /A3 4729.2(2)
z 8
density (calcd) / Mg/m?3 2.025
absorption coefficient / mm 6.102
F(000) 2784

crystal size / mm?3
A range for data collection
index ranges

no. of reflns collected
no. of indep. reflns

Rinr

completeness to Opax
max. / min. transmission
goodness-of-fit on F2
final R indices [/>2a(/)]

R indices (all data)

Largest diff. peak and hole, e / A3

0.260x0.120x 0.020
2.424 to 28.000°
-15<h<15
—-30<k<29
-22</<22

33364

5703

0.0530

99.9%

1.28882 / 0.59650
0.907

R1=0.0212

wR2 =0.0425
R1=0.0300

wR2 = 0.0445
1.224 /-0.510

191
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