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As the prominence of green chemistry continues to grow, there is an increasing need to explore and develop alternative energy
and fuel sources. Renewable biomass is expected to play a pivotal role in this transition, with lactic acid being particularly
noteworthy due to its abundance and affordability. Given its prevalence, lactic acid offers a notable opportunity for transfor-
mation into high-value-added products. Here, we describe a method for the enantioconvergent substitution of the hydroxy group
at the α-position in lactic acid derivatives by a carbon group, thereby streamlining the synthesis of various bioactive compounds.
This reaction achieves both C–O bond cleavage and stereochemical C–C bond formation in a one-pot process. Our approach
involves a catalyst system based on nickel and relies on two distinct ligands—a chiral bis(imidazoline) and a phthalimide.
Investigations into the underlying mechanisms have provided valuable insights into the role of phthalimide in this process.
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1 Introduction

Lactic acid was discovered in 1780 in sour milk, which was
then obtained by fermentation in 1881, leading to its large-
scale industrial manufacture [1]. By 2022, the global pro-
duction of lactic acid has exceeded 1 million tons per year
[2]. As a prominent form of biomass material, lactic acid
occupies a crucial position in a diverse range of biological
applications and serves as a vital industrial raw material
[3,4]. Being both an alcohol and an acid, lactic acid can
undergo intermolecular esterification to yield lactoyllactic
acid or lactide; further condensation of lactoyllactic acid can

result in the formation of polylactic acid (Figure 1a, top left).
Additionally, lactic acid is a cost-effective feedstock for
producing several necessary chemicals, including lower al-
cohol lactates, propylene glycol, and acrylic acid (Figure 1a,
top right). From the perspective of an organic chemist,
breaking the C–O bond at the α-position in lactic acid and
subsequently introducing new functional groups (for ex-
ample, carbon group) can potentially streamline the synthesis
of complex molecules (Figure 1a, bottom). However, such
reactions are still rare [5–7]; to our knowledge, an en-
antioconvergent deoxygenative C-functionalization reaction
of lactic acid or its derivatives has not yet been described,
despite the fact that enantiopure α-aryl carbonyls are pre-
valent subunits in numerous pharmaceuticals and bioactive
compounds (Figure 1b).
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In recent years, considerable attention has been given to
developing efficient and highly selective methods for form-
ing C–C bonds by utilizing alkyl alcohols as intrinsic sp3

synthons through C–O cleavage to generate alkyl radical
intermediates [8–13]. A key challenge in this area is the high
bond dissociation energy of the C–O bond and the limited
leaving ability of the OH− group [14]. Generally, two main
strategies have been employed to address this challenge. The
first is the direct activation approach used in certain cases,
typically with tertiary alkyl alcohols or benzylic alcohols
capable of generating relatively stable alkyl radical species
[15–26]. In this process, an activating agent is used to
directly cleave the C–O bond. The second is the pre-

functionalization approach, wherein the robust C–O bond is
initially transformed into a weaker C–X bond, followed by
the activation of the C–X bond in a subsequent step [27–36].
Ideally, combining pre-functionalization with subsequent
activation and transformation into a one-pot process would
be optimal [37–43]. In this context, MacMillan’s group
[44–66] unveiled an elegant NHC (N-heterocyclic carbene)
mediated deoxygenative arylation strategy in 2021
(Figure 1c, left). In addition to preserving high efficiency in
deoxygenative coupling reactions, managing the stereo-
selectivity of free radical reactions represents another sub-
stantial challenge [67–85]. To this end, our group has
demonstrated an enantioconvergent deoxygenative reductive

Figure 1 (Color online) Background of this study. (a) Different methods for the transformation of lactic acid. (b) Examples of pharmaceuticals and
bioactive molecules. (c) Racemic/achiral and asymmetric NHC-enabled deoxygenative reductive cross-coupling reactions. (d) This study: enantioconvergent
deoxygenative reductive cross-coupling of lactic acid derivatives.
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cross-coupling of β-hydroxy ketone recently (Figure 1c,
right) [86–89].
In our pursuit of developing enantioconvergent cross-

coupling reactions from readily accessible materials, we
envisioned that lactic acid or its derivatives could serve as
viable substrates for generating high-value-added com-
pounds through an enantioconvergent deoxygenative cou-
pling process. In this article, we present a comprehensive
study on using this strategy for the asymmetric synthesis of
α-aryl amides via the coupling of lactic acid derivatives
using a dual nickel/photoredox system (Figure 1d). Key to
this method is the employment of two ligands: a chiral bis
(imidazoline) and a phthalimide, which together afford a
chiral nickel catalyst capable of both C–C bond formation
and stereochemical control.

2 Experimental

General procedure for enantioconvergent deoxygenative re-
ductive cross-coupling of α-hydroxy amide and aryl bro-
mide: in a nitrogen-filled glovebox, an oven-dried 4 mL vial
that contained a stir bar was charged with NiBr2·DME
(15.5 mg, 0.051 mmol, 10.0 mol%), (S)-L1 (34.0 mg,
0.060 mmol, 12.0 mol%), and Ir[dF(CF3)ppy]2(dtbbpy)PF6
(9.0 mg, 0.0075 mmol, 1.5 mol%). Anhydrous (trifluoro-
methyl)benzene (2.5 mL) was added, and the vial was cap-
ped with a PTFE septum cap. The mixture was stirred at
room temperature for 30 min, leading to a crimson solution.
In a nitrogen-filled glovebox, a separate oven-dried 4 mL
vial was charged with the α-hydroxy amide (0.80 mmol,
1.6 equiv.), NHC (316.5 mg, 0.80 mmol, 1.6 equiv.), and a
stir bar. Methyl tert-butyl ether (2.5 mL) was added, and the
mixture was stirred at room temperature for 5 min. Next,
4-methoxypyridine (81.2 μL, 0.80 mmol, 1.6 equiv.) was
added dropwise, and the resulting solution was stirred at
room temperature for another 30 min (a white solid
precipitated during this time). The suspension was filtered
to furnish a homogeneous solution. In a nitrogen-filled
glovebox, an oven-dried 20 mL vial was charged with the
aryl bromide (0.50 mmol, 1.0 equiv.), quinuclidine (67 mg,
0.60 mmol, 1.2 equiv.), phthalimide (14.7 mg, 0.10 mmol,
20.0 mol%), and a stir bar. The catalyst solution and
NHC-alcohol adduct solution were transferred via syringe
to the 20 mL reaction vial. The vial was transferred out of the
glovebox and placed in an EtOH cooling bath at 0 °C for
5 min. Then the reaction was irradiated with blue LEDs
(455 nm, 30 W) and was stirred at 0 °C for 36 h. The reaction
mixture was passed through a plug of silica gel, and the vial,
the cap, and the silica gel were rinsed with EtOAc. The
filtrate was concentrated, and the residue was purified by
flash chromatography on silica gel.

3 Results and discussion

3.1 Reaction optimization

We initially investigated the coupling reaction between lactic
acid and aryl bromide. However, the presence of the hydroxy
group in the carboxylic acid likely impeded the reaction, and
as a result, no observable product was obtained. We then
proceeded to explore the coupling reaction of its derivatives.
By directly mixing a primary alkyl amine with lactic acid in
the absence of a solvent, the target α-hydroxy amide was
successfully obtained in good yield and subsequently eval-
uated in the cross-coupling reaction (Table 1).
After an extensive evaluation of all reaction parameters,

we established that NiBr2·DME, chiral bis(imidazoline) li-
gand (S)-L1, and phthalimide can accomplish the desired
enantioconvergent deoxygenative reductive cross-coupling
in good yield and ee (83% yield, 93% ee; entry 1). Notably,
the desired coupling product acts as a potent inhibitor of fatty
acid amide hydrolase (FAAH) [90]. In the absence of
NiBr2·DME, (S)-L1, photocatalyst, quinuclidine, or light,
essentially no or only a small amount of product is observed

Table 1 Enantioconvergent deoxygenative reductive cross-coupling of a
lactic acid derivative and an aryl bromide

Standard reaction conditions: 1.6 equiv. 4-methoxypyridine, 1.6 equiv.
NHC, MTBE, r.t., and 30 min; then 10 mol% NiBr2·DME, 12 mol%
(S)-L1, 20 mol% phthalimide, 1.5 mol% (Ir[dF(CF3)ppy]2(dtbpy))PF6,
1.2 equiv. quinuclidine, MTBE/PhCF3 (1/1, 0.1 M), 455 nm blue LEDs
(30 W), 0 °C, and 36 h. a) Isolated yield. b) Determined through HPLC
analysis.
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(racemic; entries 2 and 3). The addition of phthalimide is
crucial in the deoxygenative coupling process. The absence
of this additive results in a product with much lower effi-
ciency and selectivity (entry 4). Several other chiral ligands
are less effective than (S)-L1 (entries 5‒9). It is noteworthy
that the reaction proceeds smoothly in the presence of a small
amount of air (entry 10); however, the introduction of water
hinders the coupling reaction (entry 11). Under these con-
ditions, the corresponding ketone and esters are not suitable
coupling partners (entries 12 and 13).

3.2 Substrate scope and applications

With the optimized reaction conditions in hand, we aimed to
examine the generality of substrate scope for both coupling
partners. A diverse array of lactic acid derivatives can act as
useful coupling partners in this straightforward photo-
induced, nickel-catalyzed enantioconvergent C–C cross-
coupling reaction (Figure 2a). For example, substrates
bearing various alkyl groups on the nitrogen, differing in size
or containing functional groups such as ether, Boc-protected
amine, and heteroaryl, have been shown to be effective in
producing α-aryl amides in good yield and enantioselectivity
(products 1‒10). In the case of an α-hydroxy amide con-
taining a stereocenter, the stereochemistry of the chiral cat-
alyst, rather than that of the chiral alcohol, determines the
stereochemistry of the coupling product (products 11 and
12). Furthermore, α-hydroxy-N-aryl-propanamides prove to
be appropriate (products 13‒16). Impressively, not only de-
rivatives of lactic acid but also compounds derived from
other α-hydroxy carboxylic acids with varying alkyl chains
can deliver the corresponding coupling products with good
results (Figure 2b, products 17‒21).
The scope with respect to the aryl bromides is also fairly

broad (Figure 2c). A variety of functional groups can be
present, including fluoride, ketone, trifluoromethyl, nitrile,
Bpin, tertiary alkyl alcohol, and ester; heteroaryls such as
quinoline, thiophene, and dibenzothiophene are also well
accommodated (products 22‒41). In the case of aryl bro-
mides that bear multiple stereocenters, the stereochemistry of
the chiral catalyst, rather than that of the aryl bromides,
controls the stereochemistry of the coupling products (pro-
ducts 38‒41). Furthermore, the same approach can be ap-
plied to photoinduced, nickel-catalyzed enantioconvergent
deoxygenative alkenylations involving trisubstituted alkenyl
bromides (Figure 2d, products 42 and 43). Through a
straightforward hydrogenation process, the corresponding
alkylated product is obtained (product 44). Thus, this method
offers a general strategy for synthesizing arylated, alkeny-
lated, and alkylated coupling products. The absolute con-
figuration of products was unambiguously determined
through X-ray diffraction analysis of compound 22.
Starting with lactic acid or lactamide, we applied our

catalytic asymmetric synthesis of α-aryl amides to create
various bioactive molecules and intermediates for their
synthesis, including inhibitors of CXCL1 (C‒X‒C motif
chemokine ligand 1) [91], CXCL8 [92], FAAH, and agents
that inhibit neutrophil chemotaxis (Figure 2e, products
45‒54) [93]. It is noteworthy to point out that the primary
amide (lactamide) is well tolerated in the reaction, although
the enantiomeric excess is slightly lower than those observed
with secondary amides (products 45, 53, and 54). In the
gram-scale synthesis (1.75 g of product), the coupling to
generate product 49 proceeds in almost identical yield and ee
as for a reaction conducted on a 0.50 mmol scale.
To further demonstrate the synthetic utility of this method,

we have converted the coupling products into other valuable
enantioenriched compounds (Figure 3). Specifically,
α-aryl-N-alkyl-propanamides can be directly transformed
into primary amide (with higher ee compared to that obtained
from lactamide, Figure 2e), (S)-Ibuprofen, ester, and sec-
ondary amine, all with good yields and without racemization
(products 45 and 55‒57).

3.3 Mechanistic experiments

Our hypothesis is that this reaction involves the potential
intermediacy of an alkyl radical and that the phthalimide
substituted nickel complex is the catalytic intermediate,
based on previous studies and our observations of the crucial
role played by phthalimide in the coupling reaction
(Figure 4a). In order to understand the underlying mechan-
ism, a series of mechanistic studies were conducted.
Cyclic voltammetry (CV) experiments were performed

initially to elucidate the photoredox catalytic cycle. The
NHC-alcohol adduct N was synthesized, and its potential, as
well as that of quinuclidine (Q), were measured (half-wave
potential E1/2 (N

+·/N) = +0.93 V vs. saturated calomel elec-
trode (SCE) in MeCN; E1/2 (Q

+·/Q) = +1.07 V vs. SCE in
MeCN) (for details, see Section VI of the Supporting In-
formation). The potential of the photocatalyst (PC) is known
(for reductive quenching: E1/2 (PC*/PC

‒) = +1.21 V vs. SCE
in MeCN) [94]. The data presented suggests two potential
pathways: (1) the excited photocatalyst directly oxidizes N,
which is then subjected to deprotonation by quinuclidine
followed by β-scission, leading to the formation of radical
species (Figure 4a, path a), or (2) the excited photocatalyst
initially oxidizes quinuclidine, which then abstracts hydro-
gen atom from N and undergoes β-scission to produce the
radical species (Figure 4a, path b). The existence of both
pathways is further supported by Stern-Volmer studies
(Figure 4b). These studies show that the luminescence of the
excited state of PC can be quenched by both N and quinu-
clidine, with N being a more effective quencher. This sug-
gests that path a is the predominant pathway.
To explore the potential intermediacy of an alkyl radical,
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we conducted a TEMPO-trapping experiment, which formed
the TEMPO-adduct T in 42% yield (Figure 4c). This out-

come is consistent with the generation of an organic radical
from the α-hydroxy amide. Our studies on coupling reactions

Figure 2 (Color online) Scope of the enantioconvergent deoxygenative reductive cross-coupling. All couplings were conducted on a 0.50 mmol scale
(unless otherwise noted), and all yields are of purified products. (a) Variations of substituents on the nitrogen. (b) Variations of substituents at the α-position of
amides. (c) Variations of aryl bromides. (d) Alkenylations and alkylation. (e) Applications to the synthesis of bioactive compounds. a) The reported yield is
for the hydrogenation step. b) The compound was prepared from lactamide. c) The reaction was conducted for 48 h rather than 36 h. d) The compound was
obtained through the deprotection of compound 6, and the reported yield is the overall yield of both the coupling and deprotection reactions.
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involving enantiomerically enriched alkyl alcohols have also
provided valuable insights. Under the standard conditions,
the racemic α-hydroxy amide S and the two enantiomers of S
react at similar rates in the presence of (S)-L1 and the ste-
reochemistry of the product remains unaffected by the ori-
ginal stereochemistry of S (Figure 4d, entries 1‒3). These
findings indicate that the coupling reaction operates as an
enantioconvergent process. Furthermore, the absence of ra-
cemization of S during the photoinduced C–C coupling
suggests that the C–O cleavage is an irreversible step.
Regarding the nickel catalytic cycle, we synthesized two

key nickel intermediates, Ni-aryl bromide complex Ni1 and
nickel-aryl phthalimide complex Ni2, to investigate the po-
tential involvement of Ni(II) complexes (Figure 4e). The
stoichiometric coupling of Ni1 with S, in the absence of
phthalimide, affords arylation product 30 in 15% yield and
71% ee, along with the formation of homocoupling product
H in 23% yield (Figure 4f.1, entry 1). In contrast, using Ni2

as an alternative yields 30 in 30% yield and 96% ee, while
also generating H in 30% yield (Figure 4f.1, entry 2). The ee
obtained with Ni2 is comparable to that observed under
catalytic conditions (94% ee; Figure 2c, product 30), in-
dicating the catalytic relevance of Ni2 in the nickel catalytic
cycle [95]. The homocoupling reaction exhibits second-order
dependence on Ni2, which accounts for the substantial for-
mation of H in the stoichiometric coupling reaction
(for details, see section VI of the Supporting Information).
We further examined the use of 10 mol% of either Ni1 or Ni2

as a catalyst in the cross-coupling reaction of S, which cor-
roborates the previous finding. When Ni1 is used as the
catalyst, it results in a reduced yield and enantiomeric excess
(67% yield, 67% ee; Figure 4f.2, entry 1). However, adding
20 mol% of phthalimide significantly improves the outcome
(94% yield, 93% ee; Figure 4f.2, entry 2). On the other hand,

the employment of Ni2 produces the desired compound in
excellent yield and enantioselectivity (96% yield, 98% ee;
Figure 4f.2, entry 3). The higher ee observed with Ni2 as the
catalyst (compared to that obtained under standard condi-
tions) prompted us to investigate if this is a common phe-
nomenon. To our delight, nearly all the reactions we tested
provide better yield and ee when using Ni2 instead of the
catalyst derived from NiBr2·DME, (S)-L1, and phthalimide
(Figure 5, products 26–28, 30, 58, and 59).
To further prove the role of phthalimide and the turnover-

limiting step of the reaction, we carried out kinetic studies for
each reaction catalyzed by Ni1 or Ni2 (for details, see section
VI of the Supporting Information). In the reaction catalyzed
by Ni1 without phthalimide, Ni1 is first-order dependent,
whereas both alkyl alcohol and aryl bromide are zero-order
dependent. However, in the reaction catalyzed by Ni2, both
Ni2 and aryl bromide exhibit first-order dependence, while
alkyl alcohol is zero-order dependent [96]. These findings
suggest that the introduction of phthalimide may alter the
turnover-limiting step, potentially shifting it to the oxidative
addition of aryl bromide.
Finally, we prepared the nickel di-phthalimide complex

(Ni(L1)Phth2) and measured its potential (E1/2 (Ni(II)/Ni(I))
= −0.82 V vs. SCE in MeCN; Ni(I)/Ni(0)) = −1.29 V vs. SCE
in MeCN) (for details, see section VI of the Supporting
Information). The potential of PC is 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) [97]. While both
PC* and PC+ can oxidize N (E1/2 (N

+·/N) = +0.93 V vs. SCE
in MeCN), only PC‒ can reduce Ni(L1)Phth to Ni(0),
whereas PC* can hardly do so (−0.89 V vs. −1.29 V).
Therefore, it can be concluded that the photoinduced

Figure 3 (Color online) Transformations into other valuable enantioenriched compounds.
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Figure 4 (Color online) Mechanism. (a) Outline of a possible catalytic cycle. (b) Luminescence quenching experiments. (c) Radical trapping experiment.
(d) Cross-coupling reactions starting from racemic or enantioenriched alkyl alcohols. (e) Independently prepared nickel complexes. (f) The reactivity and
selectivity of the independently prepared nickel complexes. a) Isolated yield. b) Determined through HPLC analysis.
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electron transfer proceeds through a reductive quenching
mechanism.

3.4 DFT calculations

Inspired by the findings in our mechanistic studies and the
mechanisms of similar reactions proposed in the literature
[98,99], we performed DFT calculations of the reaction
profile with (S)-L1 ligand (Table 1, “standard conditions”).
The electronic energies with solvation energy corrections
were calculated by using PW6B95-D3/BS2/SMD//B3LYP/BS1
level of theory with Gaussian 16 program (BS1: 6-31G(d) for
C, H, O, N, Br and def2-SVP for Ni; BS2: 6-311G(d,p) for C,
H, O, N, Br and def2-TZVP for Ni) [100–109]. The thermal
corrections for Gibbs free energies were calculated at 273 K
by using the Shermo program [110]. As shown in Figure 6,
the initial state (IS) of Ni(0) coordinated with (S)-L1 and aryl
bromide undergoes an oxidative addition with 3.89 kcal/mol
energy barrier (TS1) to form a square-planer Ni(II) complex
IM1 in singlet spin state. This complex then undergoes
isomerization to form a tetrahedral Ni(II) complex IM2 in a
triplet spin state with lower energy (Figure 4e, Ni1). The
α-hydroxy amide S undergoes a single-electron transfer
(SET) to form a relatively stable alkyl radical as shown by
experiments (Figure 4c). The radical is then added to IM2 to
form Ni(III) complex IM3 through an oxidative addition
process, which subsequently undergoes reductive elimina-
tion to generate FS1 consisting of a Ni(I) complex and the
product. The addition of alkyl radical is the key enantio-
determining step. The rate constant can be expressed by
transition state theory as k = Ae‒ΔG/RT, so the ee can be cal-
culated using the equation ee = (e‒ΔΔG/RT − 1)/(e‒ΔΔG/RT + 1), in
which ΔΔG represents the Gibbs free energy difference be-
tween the two transition states in the enantio-determining
step. In the reaction without phthalimide, ΔG(TS2-S) −
ΔG(TS2-R) = −0.94 kcal/mol, rendering 70% ee that agrees

with experimental observations (73% ee; Table 1, entry 4).
Throughout the whole reaction profile, the highest energy
barriers in the pathways leading to (S)-product and
(R)-product are 9.53 kcal/mol (TS2-S) and 10.47 kcal/mol
(TS2-R) respectively, meaning the oxidative addition of al-
kyl radical to IM2 is not only the enantio-determining step
but also the rate-determining step, also in agreement with
experimental findings.
In the reaction with phthalimide, the phthalimide ion re-

places the bromide ion in a rapid ligand exchange with
3.10 kcal/mol energy barrier (TS4) to form a Ni(II) complex
IM4 that has been identified as a key catalytic intermediate
(Figure 4e, Ni2). The subsequent reaction pathways would be
quite similar to those under conditions without phthalimide:
(1) the alkyl radical is added to IM4 to form Ni(III) complex
IM5 through an oxidative addition process, which is also an
enantio-determining step, and (2) IM5 undergoes reductive
elimination to generate FS2, consisting of a Ni(I) complex
and the product. Compared to the reaction without phthali-
mide, the energy difference between the two transition states
in the enantio-determining step is larger, ΔG(TS5-S) −
ΔG(TS5-R) = −1.28 kcal/mol, rendering 83% ee that is
slightly lower than the experimental value (93% ee; Table 1,
entry 1). It is noteworthy that the introduction of phthalimide
decreases the energy barrier of radical addition and the fol-
lowing reductive elimination, thus changing the rate-
determining step. In the reaction pathway that generates
(S)-product, the energy barriers of TS4, TS5-S, and TS6-S
are 3.10, 3.15, and 0.28 kcal/mol respectively, which are all
smaller than the energy barrier of TS1 (3.89 kcal/mol). This
makes the step involving the oxidation addition of aryl
bromide the rate-determining step, which is consistent with
our experimental kinetic studies. In the reaction pathway that
generates (R)-product, the energy barriers of TS5-R and
TS6-R are also decreased compared to TS2-R and TS3-R,
but still higher than those of TS5-S and TS6-S, so that the

Figure 5 (Color online) Catalytic asymmetric synthesis of α-aryl amides by using Ni2 as the catalyst. All couplings were conducted on a 0.50 mmol scale
(unless otherwise noted), and all yields are of purified products. a) Results obtained under standard conditions.
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reaction pathway leading to (S)-product is dominating. The
introduction of phthalimide reduces the overall energy bar-
riers from 9.53 to 3.89 kcal/mol for (S)-product and from
10.47 to 4.91 kcal/mol for (R)-product, accelerating the re-
actions so that more desired products are generated, and
relatively fewer side products are generated, thereby in-
creasing the yield as well.
Although the calculations slightly underestimate the ee,

they demonstrate that the energy barrier change of the en-
antio-determining step is the key to the increased enantios-
electivity when phthalimide is added. Figure 7 shows the key
transition states in ball-and-stick models and Newman pro-
jections with C in the front and Ni in the back. For TS2-R
and TS2-S, the H atom on the amide group (‒CONH) forms
weak bonding with the electronegative atom Br, leaving the
methyl group in gauche (60° tilt) position with respect to Br
in TS2-R but in anti (180° tilt) position with respect to Br in
TS2-S. Although the aryl group is closer to the methyl group
in TS2-S than in TS2-R, it reduces steric strain by rotating
the aryl group around Ni to some extent. In contrast, the Br is
more rigid due to bonding with the amide group, and the

repulsion between Br and the methyl group is why TS2-S has
less steric strain than TS2-R. Similarly, for TS5-S and
TS5-R, the H atom on the amide group forms hydrogen
bonding with the O atom on phthalimide, so that the methyl
group collides with phthalimide in gauche (60° tilt) position
in TS5-R but avoids the collision in TS5-S. The aryl group
also rotates around Ni to reduce steric strain with the methyl
group in TS5-S. Because phthalimide is rigid due to hy-
drogen bonding and is a larger group than Br, TS5-R suffers
from more steric strain than TS2-R, causing a larger energy
difference between TS5-S and TS5-R than that between
TS2-S and TS2-R.

3.5 Proposed catalytic cycle

Based on the above observations and prior studies, a possible
catalytic cycle for the model reaction is proposed in
Figure 4a. The reaction initiates with the condensation of
alkyl alcohol S and NHC to produce an NHC-alcohol adduct
N. Concurrently, irradiation of the iridium photocatalyst
[IrIII] with blue light-emitting diodes (LEDs) generates a

Figure 6 (Color online) Reaction energy profile. Structures of initial state (IS) and intermediate states (IM) are drawn in the energy profile, and structures
of transition states (TS) and final states (FS) are drawn below. Blue lines represent the reaction pathways leading to (R)-product, and red lines represent the
reaction pathways leading to (S)-product. IM2, TS4, and IM4 are in triplet spin states, all the other molecules are in their lowest possible spin states (singlet
or doublet).
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long-lived excited-state complex [IrIII]* (2.3 μs). This highly
oxidizing charge transfer species facilitates an SET through
either path a or path b, leading to the formation of reduced
[IrII] and a crucial alkyl radical. In the nickel catalytic cycle,
the oxidative addition of Ni(0) to aryl bromide results in the
formation of a Ni-aryl bromide species (the rate-determining
step), which then undergoes a rapid ligand substitution to
form a Ni-aryl phthalimide complex. The alkyl radical is
trapped, leading to the generation of a key Ni(III) species
(the enantio-determining step), which then undergoes
reductive elimination to produce the coupling product and
Ni(L1)Phth. Finally, Ni(I) is reduced by [IrII] to regenerate
Ni(0).

4 Conclusions

By exploiting photoinduced nickel catalysis, we have ac-
complished enantioconvergent deoxygenative reductive
cross-coupling reactions of lactic acid derivatives, facilitat-
ing a convergent approach to the asymmetric synthesis of α-
aryl amides, wherein both C–O bond cleavage and C–C bond
formation are achieved in a one-pot process. The method
employs two classes of ligands to assemble the active cata-

lyst in situ: chiral bis(imidazoline) ligand (S)-L1 and
phthalimide, which coordinate with Ni(II) to enhance both
the efficiency and selectivity of the C–C bond formation.
This catalyst demonstrates versatility, being capable of cat-
alyzing not only asymmetric arylation but also alkenylation,
thus enabling the generation of arylated, alkenylated, and
alkylated coupling products. The synthetic utility has been
validated through the rapid synthesis of various bioactive
molecules. Additionally, a comprehensive mechanistic study
has clarified the role of phthalimide and the reaction
pathway.
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Figure 7 (Color online) Structures of transition states. Ligand is shown in wireframe display format. Colors for the other atoms, grey: C, white: H, red: O,
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