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Introduction

The serendipitous discovery of ferrocene in 1951" rejuvenated
the area of organometallic chemistry and, 70 years later,
derivatives of this stable organometallic still occupy a pivotal
place in chemistry. However, the development of synthetic
routes®® and applications” ' is mainly limited to monosubsti-
tuted, 1,1~ and 1,2-disubstituted derivatives, while unusual
substitution patterns remain barely investigated. The case of
1,3-disubstituted ferrocenes is especially representative of this
trend, although this original scaffold is a key element in com-

pounds used as liquid crystals,"" sensors,"*'* molecular
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While the catalytic activation of C—H bonds adjacent to a directing group is well developed in the ferro-
cene series, the functionalisation of a remote position has scarcely been explored. Here, we summarise
the latest developments in this field in the broader context of 1,3-disubstituted ferrocene derivatives.

machines™ and biologically active products."® Pincer
ligands,"®"” chalcogen bond donors® and phosphine-gold cat-
alysts'® are other representative examples of this family of
compounds. Although these studies highlight the value of
this scaffold, the development of 1,3-disubstituted ferrocenes
remains well behind that of 1,1- and 1,2-disubstituted
analogues.

This is due, at least in part, to the lack of straightforward
synthetic approaches to these compounds. Apart from the con-
struction of the ferrocene core itself, as initially reported by
Hafner,*® common strategies to produce 1,3-disubstituted fer-
rocenes rely on the functionalisation of a ferrocene derivative
(Scheme 1). This can be achieved using aromatic electrophilic
substitution as described by Nesmeyanov, although hardly
separable isomeric mixtures are obtained.*! Directed deproto-
lithiation using removable directing groups (DG), initially
documented by Slocum® and later revisited by
Weissensteiner,?*>* Jaouen®® and Butler,>® has remained the
preferred route to 1,3-disubstituted ferrocenes, especially in
their stereopure form. Another approach, mainly developed by

our group,”’* relies on the “halogen dance” reaction,*” an

Nesmeyanov R~ :

Hafner

\
R1©§(N\

Fe
R2 )
[CpFe(p-xylene)]PFg \ /
Slocum
Weissensteiner
QC|>\SR Brown O’@,\O Jaouen ;. DG
Fe —_— Fe ~————— Fe DG
= =< =
@X\DG Erb / \ Butler @
Fle Fe DG
&= x=8r | =

Scheme 1 Main approaches toward 1,3-disubstituted ferrocenes. Cp:
cyclopentadiene.
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isomerisation process promoted by a lithium amide and
driven by the stability of lithiated intermediates during which
a heavy halogen adjacent to a directing group moves to a
remote position. A final approach, based on the remote depro-
tolithiation of ferrocene sulfides has also been reported by
Brown.’® Although various 1,3-disubstituted ferrocenes have
been made over the last few decades using these approaches,
they suffer from either the number of steps involved or their
lack of generality. It is therefore clear that the development of
straightforward synthetic routes is needed to explore the
chemical space around 1,3-disubstituted ferrocenes and
unlock their full potential.

Remote catalytic functionalisation of
ferrocenes

Over the last few decades, remote catalytic C-H functionalisa-
tion has emerged as a powerful tool to introduce substituents
in a site-selective, step- and atom-economical manner in the
benzene series.** > Although this approach holds great poten-
tial for efficiently delivering 1,3-disubstituted ferrocenes, it has
scarcely been studied until recently.

In 2004, Plenio pioneered this strategy in the ferrocene
series, with the reaction between substituted ferrocenes and
bis(pinacolato)diboron (B,pin,) in the presence of [Ir(cod)
(OMe)], (cod: 1,5-cyclooctadiene) and 4,4'-di-tert-butyl-2,2'-
bipyridine (dtbpy) under reflux in octane (Scheme 2).** From
bromoferrocene and carbomethoxyferrocene, the 3-borylated
products 1a-b were isolated in moderate yields while substan-
tial amounts of their 1’ isomers were also formed (28 and 31%
yields, respectively). This side reaction on the unsubstituted
cyclopentadienyl ring was suppressed when 1,1'-disubstituted
ferrocenes were evaluated, and the corresponding products
2a-b were obtained in good yields. However, a ketone was
barely compatible as 1,1’-diacetylferrocene gave only 15% of
the corresponding borylated product 2c. The presence of elec-
tron-donating substituents led to a marked drop in reactivity,

! dtbpy
[Ir(cod)(OMe)], (0.75 mol%) : : - BuU
dtbpy (1.5 mol%) @ H
©\R1 B,pin, (0.5 equiv) pinB R' 1 N~
Fe :
! R?2  Octane, 126 °C, 24 h R? ! y
(g : : ©/ PN
2 2 : |
1. R°=H;2: R = H. N
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pinB/@\Br pinB/@,\COZCH3 pinB/@,\Br
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= = =
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Scheme 2 Iridium-catalysed remote borylation of ferrocene
derivatives.
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with 1,1'-dimethylferrocene 2d being isolated in a low 12%
yield. The origin of the regioselectivity was not discussed at
this stage.

It was only 20 years after Plenio’s seminal work that pro-
gress was made in the field of remote catalytic functionalisa-
tion of ferrocene, with four studies published in 2023. The
first was reported by Hu and Chen who revisited the iridium-
catalysed borylation of 1,1-disubstitued ferrocenes using a
catalytic system consisting of [Ir(cod)(OMe)], and 2,2"-dipyri-
dyl-(3-fluorophenyl)methane (L1) at 100 ©°C in methyl-
cyclohexane (Scheme 3).** Pleasingly, they were able to over-
come the limitations encountered by Plenio”® as electron-rich
derivatives bearing alkyls, aryls, silanes and sulfides now
reacted smoothly to afford the desired products 2d-g in good
yields. Electron-withdrawing substituents such as ester and
bromine, provided that 3,4,7,8-tetramethyl-1,10-phenanthro-
line was used for the latter, were also tolerated and afforded
the compounds 2a and 2b in 83 and 54% yields, respectively.
However, the acetate and sulfone derivatives required the use
of tetrahydrofuran (THF) to deliver the products 2h-i. To
rationalise the excellent regioselectivities recorded, the
authors postulated that the unfavourable steric interactions
between the substituents and the bulky catalyst**> would favour
activation of the remote C-H bond rather than the one adja-
cent to the substituent.

That same year, Madhavan and Kapur reported another
approach to 1,3-disubstituted ferrocenes® using the template
strategy originally developed by Yu.”” Many challenges are
associated with this approach: (1) controlling proximal vs.
remote functionalisation; (2) forming a large thermo-
dynamically unfavourable cyclophane-like pre-transition state

> [Ir(cod)(OMe)], (3 mol%) C :
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Fe .
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pinB/@\StBu pinB/@‘\OAc pinB/©I\SOZCH3
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F
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Scheme 3 Top: iridium-catalysed remote borylation of ferrocene
derivatives. Bottom: putative origin of the observed regioselectivity.
2 Reaction performed in THF.
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ring; (3) performing functionalisation of the substituted ring;
and (4) avoiding polyfunctionalisation. To address these
issues, the authors attached a fluoropyridine-based template
(R") to aminomethylferrocene (compound 3) and optimised a
catalytic system consisting of Pd(OAc),, N-acetylglycine (N-Ac-
Gly-OH) and AgOAc in 2,2,2-trifluoroethanol (TFE) at 60 °C
(Scheme 4). Under these conditions, they were able to carry
out remote alkenylation of their substrates with moderate to
good yields and selectivities. The reaction tolerated various
alkyl- (4a), aryl- (4b) and benzylacrylates (4c) as coupling part-
ners, as well as acrylamides (4d), acrylonitrile (4e) and vinyl-
sulfone (4f). More complex acrylates derived from glucofura-
nose, cholesterol, p-a-tocopherol and fenchol were also
involved in the reaction, again with excellent regioselectivities
but slightly lower yields. Cleavage of the template could be
achieved using HCI under reflux with ethanol prior to the pro-
tection of the resulting primary amine.

The structure of the template was of utmost importance as
no product was formed in the absence of either the methyl
group or the fluorine atom. While the former probably favours
an optimal conformation of the template, the effect of the
latter could be steric (also favouring an active conformation)
or electronic (modulating the coordination capacity of the pyri-
dine). Deuteration studies ruled out the C-H activation and
p-elimination steps as rate-determining, while the stoichio-
metric reaction between substrate 3, Pd(OAc), and N-Ac-Gly-
OH allowed identification of the palladacycle III by ESI-HRMS
(Scheme 5). On the basis of these findings, the authors pro-
posed the catalytic cycle depicted in Scheme 5.

An enantioselective version of this remote C-H activation
was attempted using various chiral amino acids, (R)-BINOL
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Scheme 4 Representative examples of the remote functionalisation of
ferrocene using the template-assisted approach. ? Ratio between the
product functionalised at the 3-position and the other isomers, deter-
mined by HPLC of the crude reaction mixture.
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Scheme 5 Proposed reaction mechanism for the remote C—H functio-
nalisation of ferrocene by the template-assisted approach.

and various (R)-BINOL-based phosphoric acids. However, these
efforts were unsuccessful, with the best value of 9% ee having
been reached with N-acetyl-alanine as the ligand.

In a research paper published online in December 2022
and not yet peer-reviewed,’® the same research group also
explored a relay strategy inspired by the Catellani reaction®®
and originally developed by Yu in the benzene series.’ In this
process, a norbornene derivative was used as a relay to move a
palladium intermediate adjacent to a directing group to a
remote position. Starting from (dimethylaminomethyl)ferro-
cene (5), the authors identified a combination of Pd(OAc),,
norbornene (NBE1), ligand L2, tetra-n-butylammonium
bromide (TBAB), silver trifluoroacetate (AgTFA) and potassium
carbonate in dimethylformamide (DMF) as able to deliver the
arylated ferrocenes 6 in moderate yields (Scheme 6, top).
While the use of protected amino acids with norbornene was
inefficient (10% yield at best), arylation occurred in 44% yield
when N-Ac-Gly-OH was used in combination with 2-carbo-
methoxynorbornene, suggesting a subtle interaction between
the norbornene relay and the ligand. Various substituted iodo-
benzenes were evaluated as coupling partners in yields
ranging from 26 to 68% (compounds 6a-c) and the reaction
was extended to iodinated pyridines (6d), indole, benzopyra-
zole (6e) and carbazole as well as some natural product
derivatives.

An asymmetric version of the reaction was developed using
N-acetyl-i-phenylalanine (N-Ac-L-Phe-OH) in combination with
2-carbomethoxynorbornene (NBE2), affording the product 6a
in 46% yield and 92% ee (Scheme 6, bottom). While all
L-amino acids gave the same enantiomer, although not deter-
mined, of 6a, the use of N-Ac-p-Phe-OH surprisingly gave
similar results, albeit with a reduced 80% ee.

The latest study concerning remote functionalisation in the
ferrocene series was published by Cheng, Yu and Zhou in April
2023, although it was submitted a year earlier.>’ In this work,

Dalton Trans., 2024, 53,16455-16460 | 16457
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Scheme 6 Representative examples of the remote functionalisation of
ferrocene by the relay strategy.

the authors also explored the relay strategy initially developed
in the benzene series.”® To address the differences between
benzene and ferrocene, which can affect both palladation at
position 3 and final relay elimination, they evaluated a library
of racemic norbornene derivatives in combination with pro-
tected r-valine derivatives. Like Madhavan and Kapur, the use
of 2-carbomethoxynorbornene and N-Boc-L-valine did not yield
the expected product. However, minor modifications to nor-
bornene had a major influence on the reaction outcome, with
1-carbomethoxynorbornene improving the yield by 19%.
Optimisation of the reaction parameters led to the identifi-
cation of the best catalytic system consisting of Pd(OAc),,
N-Boc-1-Val-OH, norbornene NBE3 and potassium carbonate
in a DMF-DMSO mixture at 80 °C for 18 h (Scheme 7). The
high enantioselectivity for the S, enantiomers, revealed by
X-ray diffraction analysis, arises solely from the chiral amino
acid as the use of enantioenriched NBE3 did not influence the
reaction outcome whereas N-Boc-p-valine gave the R, enantio-
mer with 99% ee. Various substituted iodobenzenes (6a-b),
benzothiophene, indole (6f), pyridine (6g) and quinoline were
evaluated as coupling partners with yields ranging from 39 to
95%, and ee from 96 to 99%. Aryl bromides can also be used
with unchanged enantioselectivities, albeit in reduced yields.
The reaction has been extended to complex aryl iodides
derived from drugs (6h) or natural products (6i) as well as
ruthenocene derivatives (6j), again with good results.
Deuteration studies revealed that activation of the adjacent
C-H bond was irreversible and could therefore be the enantio-
determining step. The authors also found that the final proto-
depalladation step was favoured by a protic species such as the

16458 | Dalton Trans., 2024, 53, 16455-16460
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Scheme 7 Representative examples of the asymmetric remote functio-
nalisation of ferrocene by the relay strategy.
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Scheme 8 Proposed reaction mechanism for the remote asymmetric
functionalisation of ferrocene using a transient mediator.

remaining water, and the catalytic cycle depicted in Scheme 8
was proposed.

Conclusions and perspectives

While Plenio’s seminal paper on the remote catalytic functio-
nalisation of ferrocene was published 20 years ago, it is only in
recent years that we have witnessed elegant developments of
this approach. However, there are still challenges ahead. One
of these is to broaden the scope of coupling partners in these
transformations. Indeed, while the pinacol ester can be con-
verted into other substituents, alkenes and aryls are less amen-
able to other transformations. It would also be desirable to

This journal is © The Royal Society of Chemistry 2024
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extend these reactions to other substituted ferrocenes.
Although catalytic borylation currently appears to be unlimited
in terms of ferrocene substituents, the template and relay strat-
egies require ferrocenes bearing specific linkers or directing
groups. Finally, the development of remote asymmetric func-
tionalisation is still in its infancy. The relay strategy is cur-
rently the only approach capable of providing enantioenriched
products, with the origin of the enantioselectivity residing in
the asymmetric activation of a C-H bond adjacent to the
directing group. Controlling the direct asymmetric activation
of a C-H bond remote from a substituent is likely to be the
next objective to be reached. To address these challenges,
inspiration could be drawn from work on non-covalently
bound templates*®*" based on metal coordination, hydrogen
bonding or ionic interactions. These might be capable of enan-
tioselectively directing a catalytic metal to the position 3 of
ferrocene, as recently reported by Phipps in the benzene
series.”> The development of these methodologies is expected
to broaden the 1,3-disubstituted ferrocenes family, for appli-
cations in medicine,">>* molecular machines'* and catalysis."®
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