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The chemical properties and reactivity of cyclopentadienes (Cp) originate from the number and nature of
attached functionalities. Even a slight change in their molecular architecture dramatically affects their
application in organic synthesis and the performance of the respective Cp complexes in catalytic trans-
formations. Thus, the current demand for multisubstituted cyclopentadienes requires a strategic design,
allowing substituents to be installed around the Cp ring to fine-tune its reactivity profile. Herein, we
present a five-step synthetic sequence that allows site-selective positioning of diverse functional groups
that are otherwise difficult to attach with current methods. A judicious choice of stereoelectronically
defined internal alkynes enabled regioselective bromoallylation, resulting in 1-bromo-1,4-dienes bearing
three functionalities that will be part of the target Cp. Continued substitution-enrichment through the
Sonogashira coupling firstly gave ornamented dienynes that upon Zr-mediated cyclization afforded a
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series of cyclopentenes. Finally, an acid-catalyzed exo-to-endo double bond isomerization concluded
the controlled allocation of functionalities and gave a series of tetrasubstituted cyclopentadienes.
Additionally, the transformability of the organozirconium intermediate enables the synthesis of bicyclic
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Introduction

The discovery of ferrocene in 1951" triggered the accelerated
evolution of research on related metallocenes and half-sand-
wich complexes that resulted in the identification of a syner-
gistic relationship between the stereoelectronic nature of a Cp
complex and the number of substituents on the pentacyclic
ligand.”> This culminated in the build-up of fundamental
knowledge and expansion of the corpus of work on the chem-
istry of cyclopentadienes as ligands and as synthons in organic
synthesis.> The more profound understanding of how substi-
tution affects the reactivity or stability of cyclopentadienes has
fuelled the design and development of synthetic methods
allowing their customized molecular decoration.” Increased
stability of pentamethyl cyclopentadiene (Cp*) compared to
the unsubstituted parent cyclopentadiene is a nice illustration
of how the installation of functionalities around the Cp ring
can adjust its chemical properties.’ A well-defined geometry of
the chiral pocket can also be fine-tuned with additional substi-
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tuents on the Cp ring, resulting in enhanced performance of
respective chiral catalysts.® Since the synthetic repertoire
leading to multifunctionalized cyclopentadienes is limited and
new findings emerge daily, the progress of organometallic
chemistry depends on the availability of a reliable synthetic
tool that would allow controllable positioning of functional
groups around the cyclopentadiene scaffold. In turn, this
could unlock the dormant potential of diversely decorated
multisubstituted cyclopentadienes as synthons in organic syn-
thesis and as ligands in coordination chemistry. The two most
challenging aspects in synthesizing multifunctional cyclopen-
tadienes are control of the site-selective substitution and
installation of chemically disparate functionalities, especially
aryl and heteroaryl groups. For example, sequential bisalkyla-
tion of cyclopentadienide gives a regioisomeric mixture of 1,2-
and 1,3-disubstituted cyclopentadienes or multisubstituted
derivatives as a result of overalkylation.” Another example of
the inability to control the site-selective substitution is the ary-
lation of cyclopentadienide with perfluorotoluene, resulting in
regioisomeric mixtures.® Alternative pathways to synthesize
multiarylated cyclopentadienes have been developed, but the
limited scope remains an issue.’ In addition, the recently
introduced Co-catalyzed C-C bond activation of cyclopropenes
leads to tetrasubstituted cyclopentadienes bearing all four
different substituents but again, only in a small number of

This journal is © the Partner Organisations 2025


http://rsc.li/frontiers-organic
http://orcid.org/0000-0003-3417-7368
https://doi.org/10.1039/d4qo02020k
https://doi.org/10.1039/d4qo02020k
http://crossmark.crossref.org/dialog/?doi=10.1039/d4qo02020k&domain=pdf&date_stamp=2025-01-23
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4qo02020k
https://pubs.rsc.org/en/journals/journal/QO
https://pubs.rsc.org/en/journals/journal/QO?issueid=QO012003

Open Access Article. Published on 27 November 2024. Downloaded on 4/7/2026 8:06:22 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Organic Chemistry Frontiers

examples.'® To tackle this problem, we designed a five-step
protocol that allows controllable decoration of the Cp ring
based on cyclization of pre-assembled dienyne to avoid pos-
itional regioisomer formation (Scheme 1). In our approach,
site-selectivity was achieved by two distinct transformations at
different stages of the synthetic sequence. In the first step,
through regioselective syn-bromoallylation of electronically
uneven internal alkynes, it is possible to control the positional
installation of different functionalities representing a 1,2,4-
substitution pattern in the targeted cyclopentadiene. The
added value of this transformation is the formation of a reac-
tive carbon-halogen bond used in the Sonogashira coupling
for the introduction of additional substituents. In the key step,
cyclization of decorated dienyne by Negishi’s reagent, a penta-
cyclic core of cyclopentadiene is formed within the bicyclic zir-
conacyclopentene intermediate. Its protonolysis affords cyclo-
pentene with an exo-cyclic double bond that under acidic con-
ditions easily transforms into an endo-cyclic double bond, thus
affording the targeted cyclopentadiene. The transformable
nature of the zirconacycle also allows its in situ conversion to
more complex structures. Considering the number of options
that this protocol offers, it could easily serve as a blueprint for
the customized synthesis of the targeted cyclopentadienes for
diverse applications in organic synthesis and organometallic
catalysis.

The bottom-line strength of the proposed methodology is
the full control over the positioning of each substituent during
the synthetic sequence. Since the location of three substituents
of the final molecule is already defined in the first step, it is
crucial to control the regioselective outcome of the bromoally-
lation process. Distinct stereoelectronic properties of specifi-
cally designed internal alkynes are used to dictate the position-
ing of 1,2,4-substituents. The presumable mechanism of the
haloallylation of internal alkynes comprises the addition of
halogen and palladium atoms across the triple bond as the
first step.'’ This allows a high level of regioselectivity in two
ways: (i) through the polarization effect and (ii) chelation via
heteroatoms in the pendant side chain.'” Because of the
uneven charge distribution of the components of the catalyst
and the uneven electron density of the triple bond, the
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bromide would connect to the electrophilic atom of the triple
bond while the palladium atom would be attacked by the
nucleophilic carbon atom. Depending on the direction of
polarization of the triple bond, it is possible to control the
relative position of the allyl group and bromine atom which
would result in a controlled 1,2,4-substitution pattern. On the
other hand, the presence of heteroatoms in the pendant side
chain of specifically designed internal alkynes induces chela-
tion that overcomes the polarization effect and coordinates the
palladium atom to the opposite side of the triple bond
through the vinylpalladium intermediate, resulting in the
directed bromoallylation and consequentially in regioselective
substitution (Scheme 2).

Results and discussion

We used these features to control the site-selective placement
of different functional groups around the Cp ring of multisub-
stituted cyclopentadienes. By taking advantage of knowing
which internal alkynes undergo regioselective bromoallylation
giving just one syn-regioisomer, we prepared a series of
1-bromo-1,4-dienes with defined positions of different func-
tionalities (Fig. 1). Bromodienes 2a-2d are a result of bromoal-
lylation of tolanes directed by the polarization effect, while
chelation through an oxygen atom of the protecting group
defined the regioselective outcome in bromodienes 2e and 2f.
Since the proposed methodology involves the unexplored
possibility of Zr-mediated cyclization of dienynes bearing deco-
rated and preassembled functionalities, we prepared a list of
non-conjugated dienynes through the Sonogashira coupling of
1-bromo-1,4-dienes 2 and diverse terminal acetylenes
(Fig. 2)."* The choice of coupling partners dictates the chemi-
cal diversity and position of respective substituents in the final
cyclopentadienes. Thus, coupling of bromodiene 2a with aryl,
alkyl, and TMS-acetylenes (dienynes 3a-3n) will eventually
result in tetrasubstituted Cp bearing two identical functional-
ities at positions 1 and 2. The coupling of phenylacetylene
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with bromodienes (2b-2d) derived from unsymmetrically sub-
stituted tolanes gave dienynes (30-3r) that can be transformed
into cyclopentadienes decorated with four different functional-
ities. Finally, the Sonogashira reaction with chelation products
2e and 2f afforded dienynes 3s and 3t that would upon sequen-
tial transformation give cyclopentadienes with aryl and three
alkyl groups.

A low-valent zirconium-mediated cyclization of alkenes,
alkynes, dienes, or diynes is highly efficient in transforming
simple linear building blocks into their annulated derivatives.
This approach provides structurally diverse target molecules
depending on the structural features of the olefinic starting
material and has been used previously to prepare various sub-
stituted cyclopentadienes.'® Furthermore, a reactive C-Zr bond
of the zirconacyclometallated intermediate enables further
build-up of molecular complexity as exemplified in a variety of
transformations.'® Although the cyclization of non-conjugated
enynes using low-valent organozirconium species is well
explored, the same transformation of dienynes is unknown.
Thus, we applied the standard cyclization protocol using
Negishi’s reagent and were delighted to find that cyclization of
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Fig. 2 Substrate scope of dienynes 3.
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3a followed by acidic quenching gave the corresponding penta-
cycle 5a in a high 80% isolated yield (Fig. 3). It should be men-
tioned that quenching the reaction mixture using 1 N HCI did
not induce the exo-to-endo double bond isomerization to give
cyclopentadiene 6a even after prolonged exposure to acidic
conditions (4 days). Following this result, we continued with
the investigation of the substrate scope firstly by allocation of
the methyl group around the aromatic ring in dienynes 3b-3d
that had a marginal effect on the isolated yields of pentacycles
5b-5d. The different electron charge distributions caused by
the presence of either para-positioned electron-withdrawing or
electron-donating groups seem to slightly influence the effec-
tiveness of the cyclization process as 5e and 5h were isolated
in comparable yields to 5f and 5g. Reductive dimerization pro-
ceeds nicely with a disubstituted aryl ring in 3i to give 5i
bearing methoxy groups, while product 5j (di-CF;3) was not iso-
lated. A lower yield of 5k suggests the sensitivity of the reaction
to steric factors. An acetylenic portion of dienynes 31 and 3m
substituted with TMS and an aliphatic chain did not tolerate
the reaction conditions while cyclization of 3n bearing a cyclo-
hexenyl functionality proceeded but not as effectively com-
pared to aromatic substituents. So far, all these isolated pro-
ducts would eventually give Cp with three different substitu-
ents because of the identical functionalities at the internal
double bond. On the other hand, the cyclization of dienynes
obtained through the polarization effect gave pentacycles 50—
5r upon acidic work-up while the chelation effect that extends
to dienynes 3s and 3t afforded their cyclized counterparts 5s

This journal is © the Partner Organisations 2025
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and 5t. It is highly important to emphasize that even though
the conversion of dienynes to zirconacycle intermediates 4 and
the corresponding pentacycles 5 proceeds with high efficiency,
their purification using column chromatography resulted in a
low yield when using silica gel. However, the isolated yield
increased dramatically when using alumina (e.g. 32% on silica
vs. 80% on alumina for 5a). The same trend was observed in
all other cases. Additionally, a highly important observation
was that during the NMR analysis, unintentional acidity of
deuterated chloroform induced the isomerization. This could
easily lead to the false impression that acidic quenching yields
cyclopentadiene 6. For this reason, all NMR samples were dis-
solved in deuterated dichloromethane and the obtained
spectra undoubtedly confirm the sole formation of cyclopen-
tenes 5.

Given the fact that the prolonged exposure of 5a to acidic
conditions did not induce the formation of cyclopentadiene, it
is evident that a stronger initiator of double bond isomeriza-
tion is required. Thus, a series of experiments was performed
for the obtention of the most efficient reaction conditions
(Table 1). Several catalysts were tested and p-TsOH outper-
formed others in terms of conversion and reaction time
(entries 1-5). Furthermore, double bond isomerization was the
most effective in dichloromethane (entries 6-9) while catalyst
loading, as expected, had a big influence on the isolated yield
of cyclopentadiene 6a.

The obtained conditions were then employed in the exo-to-
endo double-bond isomerization of remaining pentacycles 5,
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Table 1 Screening of conditions for exo-to-endo double bond
isomerization

P Conditions
Me Me
5 6
Entry Catalyst Solvent mol% t/min Yield/%
1 p-TsOH DCM 10.0 10 86
2 BzOH DCM 10.0 o/n 65
3 PPA DCM 10.0 10 69
4 TFA DCM 10.0 o/n 33
5 MsOH DCM 10.0 5 60
6 p-TsOH MeCN 10.0 15 41
7 p-TsOH Toluene 10.0 o/n 24
8 p-TsOH CHCl; 10.0 10 52
9 p-TsOH 1,2-DCE 10.0 120 41
10 p-TsOH DCM 5.0 60 60
11 p-TsOH DCM 2.5 o/n 31
12¢ p-TsOH DCM 1.0 120 71

Reactions were performed on a 0.2 mmol scale of 5 in 2.0 mL of
solvent at 25 °C. “ Reaction performed on a 0.4 mmol scale.

ot

Me
5

stOH (10.0 mol%)
DCM 25°C, 10 min - 3h

View Article Online
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resulting in the successful formation of cyclopentadienes 6.
Interestingly, exo-to-endo isomerization was also accompanied
by acid-induced isomerization of an exocyclic double bond,
resulting in 5’ products that are difficult to separate from cyclo-
pentadienes 6 using standard column chromatography.
Structures 5a’ and 5e’ were confirmed by 2D NMR analysis (see
the ESIt) and all other stereoisomers were assigned accord-
ingly (Fig. 4). Despite this issue, the major event in the acid-
catalyzed double bond isomerization is the exo-to-endo double
bond shift. The exocyclic bonds in 5a-5e shifted easily to form
the corresponding cyclopentadienes 6a-6e in high yields with
a comparable ratio of regioisomeric mixtures. Interestingly, the
presence of electron-withdrawing groups in 5f and 5g had a
detrimental effect on the isomerization process. While isomer-
ization of 5h to 6h proceeded uneventfully, lower yields of 6i
and 6k suggest the strong electronic and steric impact on the
effectiveness of the reaction. As expected, isomerization of 5n
gave a complex reaction mixture most probably because of the
additional double bond prone to isomerization under acidic
conditions. Double bond isomerization in preassembled pen-
tacycles 50-5r afforded the corresponding tetrasubstituted
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Fig. 4 Substrate scope of cyclopentadienes 6.
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cyclopentadienes 60-6r bearing all four different substituents.
Attempts to finalize the series of cyclopentadienes that would
be the result of the initial control of the substitution pattern
through the chelation effect were unsuccessful under the used
reaction conditions. In both cases, cyclization of 5s and 5t
gave a complex reaction mixture with unidentified products.
The same was observed even with weaker acids such as phenyl-
phosphinic acid and hexafluoro-2-propanol. Again, all of the
products (except 6e) were isolated on alumina since dramati-
cally lower yields were obtained when using silica gel even
though the NMR analysis of the crude reaction mixture
showed clean conversion to cyclopentadiene (37% on silica vs.
88% on alumina for 6a). Although unstable on silica gel, the
cyclopentadiene mixture 6a/5a’ stored as neat or as a solution
in CD,Cl, at —20 and 25 °C showed no significant decompo-
sition and the product ratio remained constant even after
several weeks.

We believe that the formation of products 5’ could be attrib-
uted to their relative stability compared to isomers 5 and 6.
Thus, we performed DFT calculations for geometry optimiz-
ation to shed light on the energy difference between the three
isomers (Fig. 5). As expected, cyclopentadiene 6a has the
lowest Gibbs free energy while 5a (AG = 6.08 kcal mol ™) has
the highest Gibbs free energy. The calculated small difference
in stability (AG = 2.20 kcal mol ™) between 5a’ and 6 suggests
the equilibrium between the two isomers that could reason for
the formation and isolation of products 5'.

Besides resulting in an alternative synthetic approach
toward tetrasubstituted cyclopentadienes, the additional valu-
able aspect of the proposed methodology lies in the nucleophi-
lic nature of the C-Zr bond of the zirconacyclopentene inter-
mediate and its ability to undergo selective transformation
with various types of electrophiles. Structural modification of
the metallocene intermediate possessing a pentacyclic core
provides a base for a significant degree of build-up of mole-
cular complexity of the tailored cyclopentadienes. We explored
it in the synthesis of fused eight-membered ring Cp, an inter-
esting molecular architecture structurally related to the ligand
recently used in iron-catalyzed propylene functionalization.®
Thus, Zr-mediated cyclization of 3a gave its zirconacyclic inter-
mediate 4a that upon transmetallation with a copper(i) salt
and the subsequent nucleophilic substitution with allyl chlor-

0,
s wod

5a 5a 6a

AG = 6.08 kcal/mol AG = 2.20 kcal/mol AG =0.00 kcal/mol

Fig. 5 Optimized structures of compounds 5a, 5a’, and 6a and relative
Gibbs free energies in DCM solvent. The most stable isomer 6a taken as
a reference, B3LYP-D3/6-311+G(2d,p) level of theory, SMD model for
solvent.
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Scheme 3 Extension of the developed method.

ide gave the corresponding bis-allylated precursor 7
(Scheme 3).” The presence of two terminal olefins allows for
ring-closing metathesis (RCM) into the cyclooctene motif.
Firstly, the bis-allylated product 7 was cyclized into the eight-
membered ring 8 in a quite satisfactory 84% isolated yield, but
even though the target cyclopentadiene 9 was obtained, the
isomerization step was not so efficient (pathway A). Thus, in
pathway B, the acid-catalyzed isomerization of 7 gave cyclopen-
tadiene 10 that smoothly cyclized into the 8-membered ring
with almost doubled isolated yield. The synthesis of bicyclic
cyclopentadiene 9 is just a fraction of transformative possibili-
ties that would result in specifically tailored cyclopentadienes.

Conclusion

In conclusion, we introduced an unexplored synthetic method
towards multisubstituted cyclopentadienes with emphasis on
the site-selective installation of diverse chemical functional-
ities and the possibility for molecular decoration enabled by
the organozirconium intermediate. A five-step
sequence takes advantage of the electronic and steric features
of internal alkynes to induce the regioselective attachment of
two juxtapositioned substituents. The following Sonogashira
coupling allows subsequent decoration of the Cp ring, while in
the key step, Zr-mediated cyclization of preassembled dienynes
yields the pentacyclic core. The synthetic sequence ends with
the acid-catalyzed exo-to-endo double bond isomerization,
yielding several multisubstituted cyclopentadienes. High func-
tional group tolerance combined with the transformable
nature of the zirconacycle as a vital intermediate giving orna-
mented cyclopentadienes paves the way for future exploratory
studies involving this valuable structural motif.

reactive
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