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Ferrocenyl amines as directing groups for C—H activation have limitations as they are prone to undergo
oxidation, allylic deamination, and B-hydride elimination. The fundamental challenge observed here is

the competition between the desired C—H activation versus the vulnerable B-C-H bond activation of

amines and fine-tuning of a suitable oxidant which avoids the oxidation of the B-C-H bond and
ferrocene. Herein, the potential of an axially chiral NOBINAc ligand is revealed to implement the
enantioselective Pd"-catalyzed C—H activation process of ferrocenyl amines. Mechanistically, the affinity

between the NOBINAc ligand and sulfonate group of amine facilitated by the Cs* cation plays an
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impressive role in the desired reaction outcome via an enhanced substrate ligand affinity. This approach

resulted in a Pd-catalyzed enantioselective C—H activation, the first intermolecular annulation, and

DOI: 10.1039/d45c06867j
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1 Introduction

The journey of ferrocene began in the 1950s, and it quickly
garnered attention due to its outstanding electronic and struc-
tural characteristics.™* It exhibits a highly reversible one-
electron redox event and the intriguing ability to exhibit
planar chirality, positioning it as an esteemed framework for
asymmetric transformations in academia, industry, materials
chemistry, and medicinal chemistry (Scheme 1, part a).> In the
last few decades, ferrocene has evolved into one of the most
extensively researched and developed systems for synthesizing
planar chiral molecules. Consequently, several conventional
organolithiums and recently developed TM-catalyzed method-
ologies have been employed to construct planar chiral ferro-
cenes.* However, conventional and or TM-catalyzed
methodologies demand multi-step synthetic routes and
oxidation-protected directing groups namely tert- and sec-
amides,* tert-amines,’ oxazolines,® and aldehyde.” This limits
the construction of complex molecular architecture, as tethered
directing groups® are difficult to remove or have difficulty
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1 Electronic supplementary information (ESI) available: Synthetic procedures,
reaction optimization, spectroscopic data, theoretical analysis and
crystallographic information for 2347572 (R,-3a), 2347573 (S,-3a), and 2402043
(3f). CCDC 2347572, 2347573, and 2402043. For ESI and crystallographic data in
CIF or other electronic format see DOI: https://doi.org/10.1039/d4sc06867j

700 | Chem. Sci, 2025, 16, 700-708

alkenylation of ferrocenyl amines with allenes and olefins, leading to ferrocene fused tetrahydropyridines
and alkenylated ferrocenyl amines with up to 70% yields and 99 : 1 er.

associated with further derivatization of directing groups and
requisite complex ligands for high enantioselectivity. Our group
has been working on the C-H activation of ferrocene.® Recently,
we embarked on enantioselective C-H activation strategies and
preparation of chiral ferrocene molecules from ferrocene
amides having an acidic proton.*® Enantioselective C-H acti-
vation and subsequent functionalization in the substrates
having activated B-CH bonds adjacent to acidic proton con-
taining directing groups namely -CH,NHR, -CH,OH, and -
CH,CO,H are difficult as these functional groups are prone to
undergo dehydrogenation, oxidation and undesired B-CH acti-
vation (Scheme 1, part b)."” Moreover, in the case of ferrocene, it
becomes more difficult to prevent oxidation as compared to
other aromatics due to its lower redox potential. Therefore,
conventional organo-lithiation routes or TM-catalyzed meth-
odologies could not be employed on such substrates.3 On the
other hand, ferrocene having -CH,NHR groups offers
numerous opportunities for complex molecular architecture.
For example, these molecules can be easily annulated or readily
transformed into diverse functionality after C-H activation due
to the presence of reactive -CH,NHR groups. Palladium catal-
ysis offers a more accessible approach for highly enantiose-
lective C-H activations.™ Therefore, various ligands have been
developed for Pd"-catalysis, solving various fundamental chal-
lenges associated with enantioselective C-H activations.'* Here
ligands play a crucial role in regulating the selectivity and
expediting the C-H activation process involving various
interactions."

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1l Application of ferrocene-based molecules, challenges, and rational design for enabling amines as directing groups for annulation and

alkenylation.

In continuation of our work on the methodology develop-
ment and our long-continued interest in ferrocene,?”** we were
curious to investigate catalytic enantioselective C-H activation
in the ferrocenyl amines having acidic protons which offers
diverse possibilities. We envisioned that developing a Pd-
catalytic pocket, with the addition of a suitable chiral ligand,
could circumvent the interaction of Pd with an activated B-CH
bond. Consequently, it could lead to the desired enantiose-
lective C-H activation of ferrocenyl amines (Scheme 1, part c).

Here, we have devised a catalytic pocket by utilizing
a NOBINAc ligand that underwent enantioselective C-H acti-
vation with an allene coupling partner to afford chiral
ferrocene-fused pyridines with up to 99:1 er. Moreover, the
developed Pd™-catalyzed C-H activation has been reacted with
olefins to enable 1,2-alkenylated ferrocenyl amines up to 98: 2
er. Control experiments and DFT calculations have also been
carried out to understand the role of cation interaction in
NOBINAc ligand-enabled Pd-catalyzed C-H activation.

© 2025 The Author(s). Published by the Royal Society of Chemistry

2 Results and discussion

We initiated our study with ferrocenyl amine 1a to explore
enantioselective C-H activation by using a Pd(OAc), catalyst,
chiral ligand, and CuO oxidant in the presence of an additive
CsF in THF (see Scheme 2, ESI, Tables S1-S67).

Fascinated by the distinct regio- and chemo-divergent one to
three carbon synthons possibility and further functionalization
opportunity offered by allenes,' we set to explore allenes (2a-2j)
as a coupling partner for enantioselective C-H activation fol-
lowed by the annulation reaction. Initially, mono-protected
amino acid (MPAA) ligands were tried for enantioselective C-
H activation of ferrocenyl-sec-amine 1a with allene 2a. Mono-
anionic (L-X) MPAA ligands L1-L5 led to poor yield (13-16%) of
annulated ferrocene fused tetrahydropyridine 3a along with
moderate 81 : 19-87 : 13 er enantioselectivity (Scheme 2). Ligand
L5 yielded the best results among ligands L1-L5, achieving
a 14% yield and moderate 87 : 13 er (Scheme 2). Meanwhile, di-
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Scheme 2 Screening of the ligand and optimization of the reaction conditions. ?Reaction conditions: 1a (0.05 mmol), 2a (0.1 mmol), Pd(OAc),
(0.004 mmol), ligand (0.014 mmol), CsF (0.1 mmol), CuO (0.05 mmol), THF (1 ml), air, T °C, 18 h. °Crude yield of 3a is determined by *H NMR with
CH,Br, as an internal standard. er of 3a was determined by HPLC analysis. “Isolated yield of 3a and enantioselectivity when the reaction was

carried out in dry air.

anionic (X-X) derivatized MPAA L6 yielded 17% of 3a with
a significant loss in enantioselectivity (69 : 31 er). Furthermore,
in the presence of MPAA ligands (L1-L6), the excessive forma-
tion of a side product, ferrocene carboxaldehyde, was observed
in the reaction, presumably due to the background oxidation
and B-hydride elimination from the ferrocenyl-sec-amine 1a by
its undesired interaction with the Pd" catalyst. Interestingly,
during the screening of axially chiral binaphthyl-derived
ligands L7-L10, NOBINAc ligand , developed by Gulias and
co-workers,”'* offered a good 94:6 er and moderate yield
(57%) of ferrocene fused tetrahydropyridine 3a. Furthermore,
screening of reaction conditions by modifying NOBINAc to N-
Boc group L11 and NOBINAc to -OMe group L12 afforded
enantioselectivity 92: 8 er and 53:47 er with low 51 and 10%
yields, respectively.

To our delight, NOBINAc ligand L10, under dry air atmo-
spheric conditions, offered a 70% yield with an excellent 99: 1
er of 3a (see ESI, Tables S1-S51). Moreover, using S-NOBINAc
L10 afforded opposite enantiomer (S,)-3a in nearly the same
yield and er. The absolute configuration of both the enantio-
mers of 3a and their structures have been studied by single
crystal XRD (Scheme 2). After the optimization of the reaction
conditions, the applicability of the developed reaction meth-
odology was explored regarding a variety of allenes (Scheme 3).

a,o-Diaryl substituted symmetrical allenes 2b-2d with
electron-donating and withdrawing substituents reacted

702 | Chem. Sci, 2025, 16, 700-708

smoothly under NOBINAc L10-accelerated reaction conditions,
leading to chiral tetrahydropyridines 3b-3d in 62-68% yields
and 95:5-99:1 er. Furthermore, o,0-unsymmetrical allenes 2f-
2j also underwent the enantioselective annulation reaction to
afford respective tetrahydropyridines 3f-3j in 86:14-97.5:2.5
er and better E: Z selectivity up to (1:10) and (1:5), whereas
substitution at the phenyl ring lowers the E:Z selectivity as
phenyl-substituted tetrahydropyridines 3g and 3j were obtained
in a poor E:Z up to 1:2. Alkyl-substituted allenes 2e and 2i
offered alkyl-substituted tetrahydropyridines 3e and 3i in
nearly the same yields, but with relatively lower er (89:11 and
86:14 er).

It seems that the trifluorosulfonyl (-NHTf) group not only
facilitates C-H activation but also helps in preventing oxida-
tion™ of secondary amines through secondary cationic inter-
actions (vide infra). Next, various ferrocenyl amines 1b-1f
having the possibility of potential secondary cationic interac-
tions under the developed NOBINAc L10 accelerated enantio-
selective C-H activation have been explored (Scheme 4). To our
delight, ferrocenyl amines 1b-1e having methyl, ortho-nitro-
phenyl, 3,5-difluorophenyl, and para-methyl-phenyl sulfonyl
groups also underwent enantioselective C-H-annulation
leading to diverse N-substituted chiral tetrahydropyridines 3k-
3z ranging yields of 28-58% with 86:14 to 99:1 er, whereas
nosyl and SO,CH; protected amines yielded ferrocene fused
tetrahydropyridines 3t-3y in relatively lower yields 28-42% with

© 2025 The Author(s). Published by the Royal Society of Chemistry
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86:14 er to 97:3 er (Scheme 4). N-Acetyl-protected ferrocenyl-
sec-amine 1f failed to afford any annulated ferrocene fused
pyridine.

Furthermore, styrene and activated olefin coupling partners,
which could react through m-interaction with the in situ formed
proposed metallacycle, were also explored under the NOBINAc-
accelerated reaction conditions (Scheme 5). Gratifyingly, ethyl
acrylate underwent an enantioselective C-H activation reaction
to provide dehydrogenative Heck-coupled ferrocenyl acrylate 4a
in 52% yield and 91:9 er under the optimized reaction condi-
tions. Next, a series of substituted acrylates were coupled with
ferrocenyl amines 1c and 1d to afford respective chiral 1,2
alkenylated ferrocenyl amines 4b-4h in 94:6 to 98:2 er under
enantioselective NOBINAc accelerated reaction conditions.

Furthermore, not only acrylates, but also N,N-dimethylacry-
lamide and dimethyl vinylphosphonate coupled enantiose-
lectively with ferrocenyl amines to provide respective chiral 1,2-
alkenylated ferrocenyl amines 4i-4j in good 96:4 to 96:4 er,
respectively. However, (vinylsulfonyl)benzene reacted sluggishly
to afford traces of 4k and unactivated styrene failed to react with
ferrocenyl amine under the optimized reaction conditions.

Next, acrylate consisting of natural product moiety t-
menthol and o-tocopherols reacted with excellent diaster-
eoselectivity to afford natural product derivatized ferrocenyl

© 2025 The Author(s). Published by the Royal Society of Chemistry

amines in >20:1 dr. We have also tested the alkynes, phenyl-
acetylene and 1-phenyl-1-propyne, in place of allenes as
coupling partners under the optimized conditions. Phenyl-
acetylene failed to afford any coupled product with ferrocenyl
amine 1a under the reaction conditions and 1-phenyl-1-
propyne afforded only traces of the coupled product which
was confirmed by mass spectrometry from the reaction
mixture.

Next, we have shown that the sulfonyl protection at the
amine backbone can be eliminated from synthesized chiral
tetrahydropyridine 3a, affording unprotected tetrahydropyr-
idine 5a with a 70% yield and 94: 6 er (Scheme 6A).

Furthermore, amine 4b can be readily oxidized into a versa-
tile aldehyde group leading to chiral 1,2-alkenylated ferrocene
carboxaldehyde 6a in 55% yield and 98:2 er which has also
been reduced into chiral ferrocenyl alcohol 7a in 96% yield and
98:2 er (Scheme 6B). The utility of the synthesized chiral
ferrocene fused amine 5a has been tested as a catalyst for the
enantioselective thia-Michael reaction with chalcone providing
8a with up to 80% yield and 65 : 35 er (Scheme 6C).

2.1 Mechanistic investigation

In pursuit of an understanding of efficient work function in
NOBINACc catalysis, control experiments were performed, where

Chem. Sci., 2025, 16, 700-708 | 703
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the cation from the envisioned catalytic cycle was deliberately
removed using water and 18-crown ether (Scheme 7). The
addition of water and 18-crown ether under the standard opti-
mized conditions shows a significant reduction in both yield
and enantioselectivity [(A) conditions a and b, Scheme 7]. On
the other hand, in the absence of a cation (Scheme 7A, condi-
tion c), the reaction leads to only traces of annulated product 3a
without any er.

Furthermore, other organic cationic sources exemplified by
TBAF and TBAB were also tried under optimized reaction
conditions; however, the reaction outcome was poor and
provided nearly the same result (yields and enantioselectivity)
for these organic cation sources (Scheme 7A, condition d).
Additionally, NOBINAc ligand L12 has -OH protection with
a methyl group to avoid the possible cationic interaction
leading to erosion of er (57:43 ervs. 98:2 er; Scheme 7A,
condition e). This outcome indicates that the OH group is
necessary for NOBINAc for an efficient work function.

Next, '°F NMR was carried out on the reaction of 1a,
Pd(OAc),, NOBINAc, and various cations (Cs,COj3, Na,COj3, and
Li,CO3). A new peak at —76.07 ppm corresponding to CF; of 1a

704 | Chem. Sci, 2025, 16, 700-708

emerges and increases to a maximum with the increase of the
size of the cations (Li', Na', and Cs'). The only mixture of
Cs,CO; and 1a does not lead to any new peak in the '°F NMR
spectra. This may suggest that Cs" cation enhances the inter-
action among substrate 1a, NOBINAc ligand L10, and Pd" (for
details, see Scheme 7B and ESI, p. S997).

Furthermore, the rate of the reaction in the presence and
absence of NOBINAc L10 was monitored by 'F NMR with
respect to 3f, which suggests that the NOBINAc L10 accelerates
the reaction by 2.2 fold (for details, see Scheme 7C and ESI, p.
S1017).

Next, DFT computations were carried out to shed light on
high enantioselective discrimination. The structural optimiza-
tion reveals that the Cs' ion is away from the lower Cp ring in
the favorable TS1, whereas, in unfavorable TS2, the Cs" ion is
close to the Cp ring. A relative energy difference of 10.45 kcal
mol " was realized between favorable TS1 and unfavorable TS2
(Scheme 7D). Thus, based on the evidence for the initial CMD
step and similar previously reported literature precedence,"*¢
a catalytic cycle has been proposed (Scheme 8).'¥*/ The NOBI-
NAc ligand and ferrocenyl amine 1a seem to undergo

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(C). Ligand Acceleration Experiment
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(D). DFT Computational Studies?
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Scheme 7 Understanding of the NOBINAC work function in the presence of Cs*. (A) Control experiment. (B) *°F NMR experiment. (C). Ligand
acceleration experiment. (D). DFT computation for favorable TS1 and unfavorable transition state TS2. “The optimization of the proposed
structures derived from 1a, Pd", S-NOBINAc, and Cs* and the energies were obtained at a DFT-B3LYP/LANL2DZ level of theory (for details, see

ESI, pp. S101-S111+4).

Pd(OAC)*NOBINAC —»  Q
CsF+1a

Cu

Scheme 8 Catalytic cycle for C—H annulation.
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substitution with Pd(OAc), in the presence of a CsF enabling
Pd(n)amidate, which, upon the interaction of Cs" with the
sulfonyl group and NOBINAc, leads to the generation of a chiral
catalytic pocket in palladium intermediate I.**

Here the cationic interaction may dictate the vacant dsp’-
hybrid orbital of Pd" (intermediate shown in Scheme 1) towards
the desired enantiotopic C-H bond and avoid interaction with
the B-C-H bond to circumvent B-hydride elimination. Further-
more, enantio-determining C-H activation occurs via the
concerted metalation deprotonation (CMD) process which leads
to palladacycle II.*¥ Subsequently, allene insertion takes place
into palladacycle II to form palladacycle III.'¥ Furthermore,
migratory insertion would lead to intermediates IV and V which
upon reductive elimination could afford ferrocene fused tetra-
hydropyridine 3a with concomitant release of the catalyst.***/

In the developed NOBINAc-catalyzed annulation reaction, Z-
regioselectivity was obtained across the double bond in the
ferrocenyl tetrahydropyridines. Z-selectivity over the E-
regioisomer was understood by using DFT computations
(Fig. 1). The optimized Z-isomer is more stable by 1.51 kcal
mol " than the isolated E-regioisomer. Furthermore, pallada-
cycle III seems to be the key intermediate with respect to
unsymmetrical allenes to determine relative E,Z-selectivity

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 DFT computation studies to determine relative Z- and E-isomer
selectivity (for details, see ESI, pp. S105-S120+).

(Fig. 1). Here, the respective Z-intermediate in which the phenyl
substituent of unsymmetrical allene is away from the C, ring
shows lower energy by 3.45 kcal mol ™" than the respective E-
intermediate (Fig. 1).

3 Conclusion

In summary, we have addressed a fundamental problem asso-
ciated with amine substrates having activated B-CH bonds
adjacent to the acidic proton (-CH,NHR) for the desired enan-
tioselective CH activation by a meticulously designed Pd-
catalytic pocket. Here, the NOBINAc ligand and ferrocenyl
amine enable Pd"-catalyzed highly enantioselective C-H acti-
vation. Furthermore, it has been observed that the amines
having sulfonyl groups are crucial for high enantioselective
induction. The subsequent annulation and alkenylation enable
the development of an efficient methodology for synthesizing
chiral ferrocene-fused tetrahydropyridine and 2-alkenylated
ferrocenyl amines. The sulfonyl-protecting group can be
effortlessly removed to provide chiral ferrocenyl amine, which
shows the application as a chiral catalyst. Similarly, 2-alkeny-
lated ferrocenyl amine has been oxidized into respective ferro-
cene carboxaldehyde which is a versatile group for further
derivatization into alcohols. So far the initial results have
allowed us to explore the introduction of coupling partners
within allenes and acrylates. Future investigations are underway
to explore the feasibility of introducing coupling partners
through transmetallation or oxidative addition, enabling fer-
rocenyl amine-derived arylation and heteroatom insertion
reactions.

Data availability

Detailed synthetic procedures, reaction condition optimization,
data characterization, controlled experiments, X-ray diffraction

© 2025 The Author(s). Published by the Royal Society of Chemistry
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structural analyses, and geometries and energies of theoreti-
cally investigated structures have been provided in the ESLf
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