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ABSTRACT: The catalytic and enantioselective construction of
quaternary (all-carbon substituents) stereocenters poses a formi-
dable challenge in organic synthesis due to the hindrance caused by
steric factors. One conceptually viable and potentially versatile
approach is the coupling of a C−C bond through an outer-sphere
mechanism, accompanied by the realization of enantiocontrol
through cooperative catalysis; however, examples of such processes
are yet to be identified. Herein, we present such a method for
creating different compounds with quaternary stereocenters by
photoredox/Fe/chiral primary amine triple catalysis. This approach
facilitates the connection of an unactivated alkyl source with a tertiary alkyl moiety, which is also rare. The scalable process exhibits
mild conditions, does not necessitate the use of a base, and possesses a good functional-group tolerance. Preliminary investigations
into the underlying mechanisms have provided valuable insights into the reaction pathway.

■ INTRODUCTION
The enantioselective construction of quaternary (all-carbon
substituents) stereocenters holds great significance in the realm
of organic synthesis, since compounds featuring quaternary
stereocenters are prevalent in various applications such as
pharmaceuticals, agrochemicals, and other fine chemicals.1 For
example, ∼10% of the top 200 small-molecule pharmaceuticals
by retail sales in 2022 contain a quaternary stereocenter.2

However, the formation of heavily substituted carbon centers
presents inherent difficulties owing to the hindrance caused by
steric factors. Moreover, achieving enantioselectivity, especially
through the utilization of a chiral catalyst rather than relying on
substrate control or a stoichiometric chiral reagent, becomes
even more challenging when carbon is stereogenic. To this
end, various catalytic asymmetric strategies have been
developed.3,4 Among these, the intermolecular enantioselective
cross-coupling of a tertiary fragment and a primary fragment
emerges as a modular and versatile solution (Figure 1A).5

Nevertheless, the utilization of a primary unactivated alkyl
source in enantioselective alkyl−alkyl cross-coupling remains
significantly underexplored. A breakthrough in this field was
unveiled in 2018 by the Fu group, who realized an
enantioconvergent cross-coupling of a tertiary alkyl electro-
phile, specifically α-halo-β-lactam, and a primary alkyl
nucleophile generated in situ from olefin (Figure 1A, eq 1).6

Very recently, by implementing a novel bimetallic ligand, the
Tao group achieved the α-alkylation of ketones with
unactivated alkyl iodides (Figure 1A, eq 2).7 Notably, both

of these examples require basic conditions and are nickel-
catalyzed reactions.
Typically, nickel-catalyzed coupling reactions of alkyl species

proceed through the involvement of a Ni(III) intermediate,
which subsequently undergoes inner-sphere reductive elimi-
nation to form C−C bonds (Figure 1B, above).8−10 Attaching
a tertiary alkyl radical to a metal center is a formidable
challenge due to the substantial steric hindrance that may arise
from such a metal−alkyl intermediate. We speculate that the
final C−C formation through an outer-sphere mechanism
could potentially offer a viable solution for creating quaternary
centers (Figure 1B, below). This approach allows the tertiary
alkyl radical to avoid binding to the metal center and instead
form a bond at a distant location, at least the length of a
metal−carbon bond away from the metal center, thereby
reducing potential steric hindrance. In 2022, based on the
outer-sphere mechanism, the Liu group presented an elegant
Cu-catalyzed enantioconvergent cross-coupling of various
tertiary electrophiles with (sp)-hybridized alkynes as the
coupling partners.11

Iron is the most abundant transition metal in the earth’s
crust.12 It is considered to be less toxic in comparison to other
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transition metals and has been an integral component within
various biological systems and metabolic processes (Figure
1C).13 For example, iron is widely present in many
metalloenzymes and metalloproteins that are pervasive in
both natural environments and the human body. Thus, the
application of iron catalysts in chemical reactions is a
sustainable approach.14 The synthesis and characterization of
alkyl-Fe (III) porphyrin compounds can be traced back to the
1960s, during which researchers discovered that these
complexes could undergo iron−carbon bond homolysis at
ambient temperature to generate an alkyl radical.15 Moreover,
due to their open-shell metal complex nature, iron catalysts
have been employed in outer-sphere C−C formation
reactions.16 In 2021, the MacMillan group disclosed a
pioneering biomimetic SH2 cross-coupling reaction that allows
for the creation of achiral/racemic quaternary carbon centers.17

In 2023, the Zhang group’s study highlighted the exciting
potential of iron(III)-based metalloradical catalysis in advanc-
ing asymmetric cyclopropanation reactions (most cases focus
on tertiary stereocenters).18 Very recently, the Shenvi group
discovered an iron porphyrin catalyst capable of facilitating
iterative outer-sphere steps.19

Despite these significant advances, creating quaternary
stereocenters asymmetrically via iron-catalyzed outer-sphere
alkyl−alkyl cross-coupling, particularly with unactivated alkyl
sources, remains a challenge. Drawing upon the seminal work
on ternary catalysis by Luo and co-workers,20,21 we propose a
photoredox/Fe/chiral primary amine triple catalysis scheme
for a novel approach to generating quaternary stereocenters
with enantiocontrol (Figure 5D). Notably, enantioselective
organocatalysis was recognized as one of the ten emerging
technologies in chemistry with the potential to make our
planet more sustainable by IUPAC on its 100th anniversary in
2019.22 In this report, we describe the realization of this
objective, specifically, that the combination of iron and chiral
primary amine catalysts can achieve the sustainable coupling of
1,3-dicarbonyl compounds with unactivated alkyl NHP (N-
hydroxyphthalimide) esters under base-free conditions, provid-
ing ready access to a wide variety of quaternary stereocenters
(Figure 1D).

Figure 1. (A) Construction of quaternary stereocenters via catalytic
asymmetric cross-coupling reactions. (B) Comparison between cross
couplings that occur through inner- and outer-sphere mechanisms.
(C) Iron: Minimal toxicity and biocompatibility. (D) This study:
Enantioselective construction of quaternary stereocenters via
cooperative photoredox/Fe/chiral primary amine triple catalysis.

Figure 2. Catalytic enantioselective cross-coupling of a 1,3-dicarbonyl
compound and an unactivated alkyl NHP ester.
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■ RESULTS AND DISCUSSION
Reaction Optimization. In an initial study, we examined

the coupling of 1-adamantyl 2-oxocyclopentane carboxylate 1a
with an unactivated alkyl NHP ester 1b (Figure 2). After an
extensive evaluation of all reaction parameters, we determined
that Fe(OEP)Cl (III, OEP = 2,3,7,8,12,13,17,18-octaethyl-
21H,23H-porphine) and chiral primary amine (S)-A1 can
accomplish the desired enantioselective cross-coupling in good
yield and ee (74% yield, 92% ee; entry 1). It is worth noting
that no additional base was required for the enolization of 1a,

therefore rendering this method a mild way to establish
quaternary stereocenters.
In the absence of Fe(OEP)Cl, photocatalyst (PC), (S)-A1,

or light, essentially no product is observed (entry 2).23

Employing other iron catalysts, such as Fe(TPP)Cl (III, TPP =
5,10,15,20-tetraphenyl-21H,23H-porphyrin), FePc (II, iron
phthalocyanine), or Fe(III) protoporphyrin IX, resulted in a
product with much lower efficiency and selectivity (entries 3−
5). Other catalysts capable of facilitating bimolecular
homolytic substitution, such as Ni(acac)2 (II, acac =

Figure 3. Scope of catalytic enantioselective cross-coupling. All couplings were conducted on a 0.20 mmol scale (unless otherwise noted), and all
yields are of purified products.
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acetylacetonate) and K[Tp*] (potassium tri(3,5-dimethyl-1-
pyrazolyl)borohydride), Vitamin B12, Co(Salen) (II, Salen =
N,N′-bis(salicylidene)ethylenediamine), or Co(TPP) (II),
yielded negligible or no product (entries 6−9). A variety of
other chiral primary amines are less effective than (S)-A1
(entries 10−14).24 Moreover, the mixed solvent proved
superior to a single solvent (entries 15 and 16). If the
coupling process is carried out with a lower amount of iron or
photocatalyst, for a shorter duration, at a lower temperature
(10 °C) or a higher temperature (30 °C), or in a solution that
is diluted, then the yield obtained will be lower while still
maintaining almost the same ee (entries 17−22). Notably, the
reaction proceeds relatively smoothly in the presence of a small
amount of air or water (entries 23 and 24).

Substrate Scope. With the optimized reaction conditions
in hand, we sought to examine the generality of the substrate
scope for both coupling partners. This straightforward method
for the catalytic enantioselective synthesis of quaternary
stereocenters is compatible with an array of unactivated alkyl
NHP esters (Figure 3A), providing a range of products with
good yields and high ee. For example, many aryls prove to be
appropriate, including heteroaryls, such as thiophene and
indole (products 1−9). A variety of functional groups can be
present, including unactivated primary alkyl chloride/bromide,
trifluoromethyl, ether, Boc-protected amine, ester, internal
olefin, and terminal alkyne (products 10−19). Several
products on the list have the potential to serve as intermediates
in the preparation of bioactive compounds. One such example
is product 11, which is a derivative of a well-established
precursor of (+)-Malyngolide, an antibiotic that exhibits
significant activity against Mycobacterium smegmatis and
Streptococcus pyogenes.25 Product 19, on the other hand,
could potentially be used to synthesize Ptaquilosin, a
compound that has shown antitumor activity and toxicity
toward myelocytic leukemia.26 In the case of an NHP ester
that bears stereocenters at a remote position, the stereo-
chemistry of the amine catalyst, rather than that of the NHP
ester, controls the stereochemistry of the coupling product
(products 20−23). On a gram scale (1.36 g of product), the
coupling to generate product 1 proceeds in almost identical
yield and ee as for a reaction conducted on a 0.20 mmol scale.
We next evaluated the scope of 1,3-dicarbonyl compounds

(Figure 3B). This protocol can efficiently incorporate 2-
oxocyclopentane carboxylates containing alkyl substituents that
vary in size from methyl to 2-adamantyl to tert-butyl, and
consistently good yields and ee values are observed (products
1, 24−28). Furthermore, 2-oxocyclopentane carboxamides
prove to be appropriate, although a reduction in enantiomeric

excess was observed with the N-phenyl substrate (products
29−31). To our delight, 1,3-dicarbonyl compounds possessing
six- or seven-membered ring structures successfully deliver the
corresponding coupling products with good enantioselectivity
(products 32 and 33). We also investigated the coupling of 3-
acetyl-1-phenylpyrrolidin-2-one and found it could readily
participate under optimal conditions, affording the products
with satisfactory results (products 34 and 35). Not only cyclic
compounds but also acyclic ones illustrate superior selectivity,
albeit with moderate efficiencies (products 36 and 37). In the
case of a 1,3-dicarbonyl compound that bears stereocenters,
employment of (S)-A1 displays excellent diastereoselectivity,
while a low diastereoselectivity was obtained for 39, possibly
due to the chirality mismatch between the chiral substrate and
(R)-A1. The absolute configuration of the products was
unambiguously determined through X-ray diffraction analysis
of compounds 15 and 35.

Applications and Mechanistic Observations. To show-
case the synthetic utility of this new method, we converted the
resulting products into a range of other valuable enantioen-
riched compounds (Figure 4). For example, the carbonyl
group of the coupling products could be converted directly in
good yields, without racemization, into tertiary alcohol, olefin,
δ-lactam, and indole (products 40−43).
To gain further insight into the triple catalysis system, a

series of mechanistic studies were conducted. When a coupling
is performed in the presence of TEMPO (2,2,6,6-tetramethyl-
1-piperidinyloxy), adducts derived from both 1a and 1b are
isolated, consistent with the generation of organic radicals from
each reaction partner (Figure 5A).
The photoinduced electron transfer (PET) process can

occur in two distinct ways: (i) reductive quenching, whereby
the photocatalyst accepts an electron from a reductant, or (ii)
oxidative quenching, whereby the photocatalyst donates an
electron to an oxidant. In order to clarify the true pathway,
cyclic voltammetry (CV) experiments and analyses were
carried out (Figure 5B.1). The enamine species E was
synthesized and its potential, as well as that of 1b, were
measured (half-wave potential E1/2 (E+·/E) = +1.03 V vs
saturated calomel electrode (SCE) in MeCN; E1/2 (1b/1b−·) =
−1.17 V vs SCE in MeCN). The potentials of the
photocatalyst are known (for reductive quenching: E1/2
(PC*/PC−) = +1.21 V vs SCE in MeCN; E1/2 (PC/PC−) =
−1.37 V vs SCE in MeCN; for oxidative quenching: E1/2
(PC+/PC*) = −0.89 V vs SCE in MeCN; E1/2 (PC+/PC) =
+1.69 V vs SCE in MeCN).27 While both PC* and PC+ can
oxidize E, only PC− can reduce 1b, whereas PC* can hardly do
so (−0.89 V vs −1.17 V).28,29 Therefore, it can be concluded

Figure 4. Transformations into other useful families of enantioenriched compounds.
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that the PET proceeds through a reductive quenching
mechanism, which is further supported by Stern−Volmer
studies. The excited state of PC has a relatively long lifetime

(2.3 μs), and the Stern−Volmer studies demonstrated that the

luminescence of the excited state of PC is readily quenched by

Figure 5. (A) Radical trapping experiment using TEMPO. (B) Mechanistic studies of the photoredox catalytic cycle. (C) Mechanistic studies of
the iron catalytic cycle. (D) Plot of a plausible mechanism.
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enamine E, whereas NHP ester 1b was not found to be an
effective quencher (Figure 5B.2).
With regard to the iron catalytic cycle, we propose that

Fe(OEP) (II) generated in situ can capture an unhindered
primary alkyl radical to form an alkyl-Fe(OEP) (III) species,
which in turn undergoes an outer-sphere radical rebound with
the tertiary alkyl radical to produce a coupling intermediate.17a

To validate this hypothesis, we prepared a potential catalytic
intermediate, an alkyl-Fe(OEP) (III) species Fe1, by adding n-
hexyl lithium to a solution of Fe(OEP)Cl (Figure 5C, eq 1).
Fe1 was characterized by 1HNMR, HRMS, and X-ray
diffraction, which revealed a five-coordinate Fe (III) complex
with porphine in the equatorial plane and n-hexyl as the axial
ligand. The Fe−C1 bond has a bond length of 2.027(5) Å,
which closely resembles the bond length of Fe−C in the alkyl-
Fe(TPP) species (2.030(2) Å).15c Interestingly, the C1−C2
bond length (1.489(8) Å) is shorter compared to the other C−
C bonds within the hexyl group, suggesting that C1 exhibits a
portion of (sp2)-hybridization. Moreover, Due to the absence
of an open position cis to the carbon ligand on iron, C−C
formation by inner-sphere reductive elimination becomes
impossible. We further examined the utilization of 20 mol %
of Fe1 as both a catalytic intermediate and a precatalyst in the
cross-coupling between 1a and 1b (Figure 5C, eq 2). To our
delight, desired product 1 was obtained with 63% yield and
92% ee, which is similar to the outcome obtained when
Fe(OEP)Cl was employed. Notably, the incorporation of the
n-hexyl moiety into the coupling product (10) provides direct
evidence of the involvement of the alkyl-Fe(OEP) (III) species
in the cross-coupling reaction.
Based on the above findings and prior studies, a plausible

mechanism for the model reaction is proposed in Figure 5D.
The reaction commences with condensation of the chiral
primary amine catalyst (S)-A1 and 1,3-dicarbonyl compound
1a, yielding enamine E. Concurrently, irradiation of the iridium
photocatalyst [IrIII] with blue light-emitting diodes (LEDs)
generates the long-lived excited-state complex [IrIII]*. This
highly oxidizing charge transfer species is capable of facilitating
single-electron transfer (SET) from the electron-rich enamine
E, resulting in the production of reduced [IrII] and a critical
enaminyl radical species E·. Next, [IrII] reduces NHP ester 1b
to give the primary alkyl radical 1b·, which is captured by
Fe(OEP) (II), leading to the formation of alkyl-Fe(OEP)
(III). After that, an outer-sphere radical rebound takes place
between E· and alkyl-Fe(OEP) (III), resulting in the
establishment of the C−C bond, while alkyl-Fe(OEP) (III)
reverts back to Fe(OEP) (II). Finally, hydrolysis of 1’ yields
the coupling product.

■ CONCLUSIONS
We have developed a new method for creating different
compounds with quaternary stereocenters through photo-
redox/Fe/chiral primary amine triple catalysis. The approach is
modular and sustainable, and it allows for the coupling of an
unactivated alkyl source via an outer-sphere C−C formation
mechanism with good enantiocontrol. This scalable process is
mild and base-free and has good functional-group tolerance.
Several coupling products could serve as potential intermedi-
ates for the preparation of bioactive compounds and can be
transformed into other valuable compounds. Preliminary
mechanistic studies, including radical trapping, CV analysis,
Stern−Volmer quenching, catalytic intermediate isolation, and
a control experiment, have shed light on the reaction pathway.

Given the importance of quaternary stereocenters and broad
interest in metallaphotoredox catalysis, we believe that this
protocol will encourage further exploration of cooperative
catalytic systems to unlock a plethora of previously challenging
asymmetric transformations. Additional efforts to apply earth-
abundant metals to useful asymmetric coupling reactions are
underway in our laboratory.
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