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ABSTRACT: Triarylmethanes are important structural motifs with wide applications in natural products, drug discovery, and
materials science. Chiral triarylmethanes are particularly noteworthy due to their unique three-dimensional architectures, which
facilitate interactions with biological targets. Current enantioselective syntheses primarily rely on strategies such as enantioselective
desymmetrization, asymmetric dehydroxylation, and stereocontrolled C−C bond formation. However, these methods often depend
on preconstructed frameworks, posing challenges for synthesizing unfunctionalized triarylmethanes. Herein, we present a one-pot
cascade reaction that enables the modular and enantioselective synthesis of triarylmethanes from aldehyde-derived hydrazones, aryl
halides, and aryl nucleophiles. This method achieves excellent step and pot economies by simultaneously forming two distinct C−C
bonds. Notably, the enantiodetermining step is strategically relocated to the transition metal-carbene migratory insertion event,
overcoming limitations of conventional approaches. Our results demonstrate robust yields and excellent enantioselectivity across a
diverse range of substrates. This modular strategy also allows for facile access to both enantiomers by simply switching the aromatic
rings. DFT calculations reveal that the transmetalation step is the rate-determining step and the carbenation process is the
enantioselectivity-determining step, also demonstrating the self-adaptive nature of the SadPhos ligand.

■ INTRODUCTION
Triarylmethanes and their derivatives are classical structural
motifs with broad applications in natural products,1 drug
discovery,2 and materials science (Scheme 1a).3 Among them,
chiral triarylmethanes have garnered significant attention due
to their unique three-dimensional architectures, which enable
interactions with biological targets and influence material
properties.4 For example, enantioenriched securidanes B has
shown good inhibition against PTP1B.5

Current enantioselective syntheses of chiral triarylmethane
scaffolds mainly employ three primary strategies: (I)
enantioselective desymmetrization of preassembled triaryl-
methane precursors via differentiation of symmetric aryl
groups (Scheme 1b);6 (II) asymmetric dehydroxylation of
triarylmethanol to install central chirality (Scheme 1c);7 and
(III) stereocontrolled C−C bond formation between diary-
lmethyl synthons and aryl partners (Scheme 1d).8 While
desymmetrization and dehydroxylation rely on preconstructed
frameworks with an anchoring group as in examples by Yu6a

and Li,6c the latter strategy directly assembles the triaryl-
methane core through methods such as stereospecific cross-
coupling,8abcde−f asymmetric Friedel−Crafts arylation,9 enan-

tioselective conjugate additions,8e,10 or transition metal-
catalyzed C(sp3)−H activation.10b,11 The stereospecific cross-
coupling reaction establishes chirality through direct transfer
from preconfigured chiral diarylmethyl reagents, as has been
demonstrated, for instance, by Jarvo,8a,b Watson,8c and
Crudden,8d while other catalyst-controlled strategies (e.g.,
Friedel−Crafts, conjugate additions) are only applicable to
electronically activated aromatic systems (such as electron-rich
arenes or heteroarenes). Overall, it reveals a universal
constraint across contemporary catalytic approaches to triaryl-
methane synthesis: their mechanistic reliance on the effective
differentiation between the steric or electronic biased aromatic
ring to achieve high enantioselectivity.12 This mechanistic
requirement, however, poses significant challenges for
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synthesizing triarylmethanes bearing para-substituents or
unsubstituted heteroarenes as discriminating between elec-
tronically or sterically similar rings through weak noncovalent
interactions necessitates highly tailored ligands. Consequently,
the development of general catalytic methods for enantiose-
lective triarylmethane synthesis�particularly those that forego
directing groups�is still highly desirable.
Recently, the modular enantioselective assembly strategy has

emerged as a compelling strategy by enabling green, atom-
economical access to stereochemically complex architectures.13

Building on this foundation, our approach advances this
paradigm through a novel one-pot cascade coupling of
aldehyde-derived hydrazones, aryl halides, and aryl nucleo-
philes, which simultaneously forge two distinct C−C bonds

with excellent step- and pot-economy (Scheme 1e). Most
importantly, a critical distinction of this coupling strategy
resides in the strategic relocation of the enantiodetermining
step to the transition metal-carbene migratory insertion event,
a fundamentally distinct stereochemical pathway contrasted
with conventional aryl group differentiation approaches, which
face inherent geometric limitations in distinguishing isosteric
aromatic substrates. Nevertheless, it is worth noting that this
approach introduces three critical challenges: (1) achieving
precise efficient transition-metal carbene migratory insertion to
ensure both efficiency and enantioselectivity;14 (2) suppressing
competing two-component coupling pathways (hydrazone-aryl
halide or hydrazone-nucleophile),15 and (3) prohibiting the
facile racemization of the triarylmethane product. Encouraged

Scheme 1. Strategies to Access Chiral General Triarylmethanes
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by our previous work and the wide application of sulfinamide
phosphine ligands (SadPhos) in asymmetric multicomponent
coupling reactions16 and cascade reactions,17 as well as its self-
adaptive ability to enable distinct coordination patterns in
different elementary steps, we report herein a highly modular
and stereoselective route toward triarylmethanes from
hydrazones, aryl halides, and aryl borate by palladium catalysis
and SadPhos (Scheme 1f).

■ RESULTS AND DISCUSSION
Exploration of Reaction Conditions. Initially, N-

mesitylsulfonylhydrazone 1, 4-tert-butylphenyl bromide 2,
and sodium tetraphenylboron 3, were selected as model
substrates to explore the reaction conditions (Table 1). Our
initial investigations focused on screening a series of
commercially available bisphosphine and monophosphine
ligands. However, these efforts did not yield the desired
product, with the coupling of aryl bromide (2) and borate (3)

being the sole detected outcome. Further exploration of
SadPhos ligands proved to be more promising. Notably, the
use of PC-Phos 2 delivered the desired product in 44% yield
with 73% enantiomeric excess (ee). Other SadPhos ligands
featuring different skeletons exhibited an inferior performance.
Subsequent fine-tuning of the N-substituents revealed that PC-
Phos 5 provided the best results, affording the product in 72%
yield with 92% ee. A series of optimization experiments
demonstrated that the combination of NaH as the base,
toluene as the solvent, and tetraarylborate as the nucleophile
delivered the highest yield and enantioselectivity. Interestingly,
variations in the palladium precatalyst had a minimal impact on
reactivity and selectivity (entries 8−10). Furthermore, the
choice of a diazo surrogate had a significant impact on the
efficiency of the reaction. When N-trisylhydrazone or N-
tosylhydrazone was used as the hydrazine precursor, lower
yields were obtained (see Supporting Information for de-
tails).18 This observation indicates that the rate of carbene

Table 1. Optimization of Reaction Conditionsa

entry variation of standard conditions yield of 4 (%)b ee (%)c yield of 5 (%)d

1 none 72 92 48
2 THF instead of toluene 10 47 -
3 CH3CN instead of toluene - - -
4 n-hexane instead of toluene 8 49 5
5 NaOtBu instead of NaH 24 42 19
6 LiOtBu instead of NaH 42 88 68
7 NaOH instead of NaH 72 88 68
8 Pd(dba)2 instead of Pd(CH3CN)2Cl2 74 86 50
9 Pd(OAc)2 instead of Pd(CH3CN)2Cl2 44 85 50
10 Pd(TFA)2 instead of Pd(CH3CN)2Cl2 68 88 54
11 PhB(OH)2 instead of NaBPh4 10 4 35
12 PhBPin3 instead of NaBPh4 20 24 trace
13 (PhOB)3 instead of NaBPh4 38 25 22

aReaction conditions: 1 (0.1 mmol), 2 (0.3 mmol), 3 (0.2 mmol), Pd(CH3CN)2Cl2 (5 mol %), L (10 mol %), and NaH (4 equiv) in toluene (0.05
M) at 60 °C under N2. b1H NMR yield with CH2Br2 as an internal standard. cee value was determined by chiral HPLC analysis. dGC yield with
tetradecane as an internal standard.
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formation did not correlate with product formation. More
notably, the nucleophilic boron species had a profound impact
on both the yield and selectivity. Sodium tetraarylborate
exhibited highest yields compared with other boron species,
probably due to its exquisite reactivity in transferring its aryl
group to palladium without the aid of an additional base
(entries 11−13).19 This result also indicates that trans-
metalation is likely the rate-determining step (vide infra).
Substrate Generality. A wide range of aryl bromides

containing various electron-donating (4−15) and electron-
withdrawing (16−21) groups at the para-position were well-
tolerated in this reaction (Scheme 2). For instance, functional
groups such as alkyl (4−11), ether (12−14), silyl (15), fluoro
(16), chloro (17), trifluoromethyl (18), ester (19), and ketone
(20−21) were all compatible, yielding the desired products in
moderate-to-good yields and enantioselectivities. The absolute

configuration of product 22 was determined to be R by X-ray
crystallography. Notably, aryl halides bearing strong electron-
withdrawing substituents (18−21) also performed well,
despite the potential for racemization due to the presence of
acidic protons. This robustness underscores the versatility of
the protocol. Additionally, functional groups such as alkenes
(24) and alkynes (25) were also tolerated, achieving good
enantioselectivity (52−66% yield, 90−91% ee). One significant
advantage of this protocol is its ability to efficiently access
enantioenriched triarylmethanes bearing structurally identical
substituents, such as methoxy and ethoxy groups at the para-
position of the phenyl ring (12). Likewise, substituents at the
meta-position exhibited minimal impact on reaction efficiency
(26−30). However, ortho-substituted aryl bromides exhibited
slightly lower yields and enantioselectivities, likely due to steric
hindrance (31). Furthermore, heteroaryl bromides, including

Scheme 2. Substrate Scope of Aryl Halidesa

aReaction conditions: 1 (0.3 mmol), 2 (0.9 mmol), 3 (0.6 mmol), Pd(CH3CN)2Cl2 (5 mol %), PC-Phos 5 (10 mol %), and NaH (4 equiv) in
PhCH3 (0.05 M) at 60 °C under N2. Isolated yields; ee value was determined by chiral HPLC analysis.
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Scheme 3. Scope of Different Hydrazones and Aryl Boron Reagentsa

aReaction conditions: 1 (0.3 mmol), 2 (0.9 mmol), 3 (0.6 mmol), Pd(CH3CN)2Cl2 (5 mol %), PC-Phos 5 (10 mol %), and NaH (4 equiv) in
PhCH3 (0.05 M) at 60 °C under N2. Isolated yields; ee value was determined by chiral HPLC analysis. bR′ = 1-Naphthalenesulfonyl.
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benzofuran (32) and dibenzothiophene (33), were also
successfully employed in this system, delivering products in
moderate-to-good yields with high enantioselectivities (51−
64% yield, 90−94% ee).
The scope of arylhydrazones was systematically investigated

(Scheme 3), revealing excellent functional group tolerance for
both para- and meta-substituents on N-mesitylsulfonylhydra-
zones (34−45). These substrates smoothly afforded the
desired chiral triarylmethanes in good yields. Notably, the
electronic nature of the para-substituents significantly
influenced the reaction outcomes. Specifically, when arylhy-
drazones bearing strong electron-withdrawing groups were
employed, the target compounds were nearly undetectable.
However, this limitation could be circumvented by simply
exchanging the aromatic moieties between the arylhydrazones
and aryl bromides (vide infra). High enantioselectivities were
achieved for arylhydrazones bearing heteroaromatic motifs,
such as indole and carbazole (46−47), although the
corresponding yields were relatively lower. Additionally,
variations in the borate reagents were explored. Borates
bearing representative functional groups, such as alkyl and
methoxy substituents, delivered the corresponding products
(48−51) in moderate yields but with excellent stereo-
selectivities (31−64% yield, 83−92% ee). Furthermore, a
variety of aryl halides containing bioactive motifs�such as
menthol, vitamin E, borneol, cholesterol, and so on�were
successfully incorporated into the coupling reaction (52−59).
These substrates delivered chiral triarylmethanes with good
yields and diastereoselectivities, demonstrating the broad
compatibility of this protocol.

A significant advantage of this modular strategy is the facile
access to both enantiomers by simply switching the aromatic
rings in the hydrazones, aryl bromides, and aryl boron reagents
(Scheme 4). This approach enabled the synthesis of six
enantiomers with good to excellent enantioselectivities (84−
92% ee), highlighting the flexibility and practicality of the
method. However, it is notable that this strategy is not
applicable to aryl bromides bearing electron-withdrawing
groups.
Synthetic Applications. To further demonstrate the

utility of this modular strategy, we conducted a gram-scale
reaction using product 19 under standard conditions, achieving
a 52% yield and 92% ee (Scheme 5a). The retained ester
groups in 19 can be readily converted into alcohols and other
esters through reduction, nucleophilic addition, and trans-
esterification reactions (Scheme 5b). Importantly, the presence
of strong bases during these transformations did not
compromise the enantioselectivity. Moreover, this protocol
can be applied to the synthesis of bioactive compounds. For
instance, an antitubercular agent (63)2d that has not been
previously reported in the context of asymmetric catalysis can
be efficiently synthesized using this method (Scheme 5c).
Mechanistic Studies. To elucidate the reaction mecha-

nism, density functional theory (DFT) calculations were
performed at the M06-L/SDD/6-311++G(d,p)/SMD//
B3LYP-D3/LANL2DZ/6-31G(d,p) level of theory. The
Pd(0) species INT1 was selected as the reference point for
the catalytic cycle (Scheme 6a). In INT1, the distance between
the benzylic hydrogen atom in PC-Phos 5 and the Pd center is
2.25 Å, indicating the presence of a Pd···H anagostic

Scheme 4. Facile Preparation of Enantiomersa

aReaction conditions: 1 (0.3 mmol), 2 (0.9 mmol), 3 (0.6 mmol), Pd(CH3CN)2Cl2 (5 mol %), PC-Phos 5 (10 mol %), and NaH (4 equiv) in
PhCH3 (0.05 M) at 60 °C under N2. Isolated yields; ee value was determined by chiral HPLC analysis. bR′ = 1-Naphthalenesulfonyl.
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interaction.20 The Pd···H anagostic interaction is observed in
most intermediates and transition states on the potential
energy surface (PES), where it contributes to their
stabilization. Our previous work16 demonstrated that Pd(0)
species preferentially undergo oxidative addition with Ar2Br
rather than carbenation with Ar1CHN2. Accordingly, INT1
proceeds through oxidative addition via −P,O coordinated
TS1 to afford the Pd(II) intermediate INT2, with an activation
barrier of 12.7 kcal/mol. Two possible reaction pathways were
subsequently investigated for INT2: (1) transmetalation
leading to a two-component coupling byproduct (red line)
and (2) carbenation resulting in a three-component coupling
product (black line). In the transmetalation pathway, INT2
reacts with borate via TS5 to generate intermediate INT5, with
an activation barrier of 13.9 kcal/mol. INT5 then undergoes
facile reductive elimination via TS6 to yield the two-
component byproduct Ar2Ph. Alternatively, carbenation of
INT2 with Ar1CHN2 proceeds through TS2 with an activation
barrier of 12.5 kcal/mol, which is 1.4 kcal/mol lower in energy
than that of TS5. Intrinsic reaction coordinate (IRC)

calculations on TS2 led to the exothermic formation of
INT3, in which the carbene has been inserted into the Pd−Ar2
bond. INT3 then undergoes transmetalation via TS3 to form
INT4 (ΔG‡ = 26.1 kcal/mol), followed by reductive
elimination (TS4, ΔG‡ = 23.3 kcal/mol) to deliver the target
three-component coupling product PRO, completing the
catalytic cycle with regeneration of the Pd(0) species.
Since the reactions become irreversible after passing through

TS2 and TS5, the energy barrier difference between TS2 and
TS5 determines the product selectivity. TS2 has a 1.4 kcal/mol
lower activation barrier than TS5, indicating that the three-
component coupling pathway is the more favorable pathway
than the two-component coupling pathway. This computa-
tional result is consistent with experimental observations.
Overall, the catalytic cycle is initiated by the oxidative

addition of INT1 to form INT2, followed by a stereo-
selectivity-determining carbenation step that affords INT3.
Subsequent transmetalation and reductive elimination steps
complete the cycle, delivering the desired product. Among
these steps, the transmetalation of INT3 is identified as the

Scheme 5. Gram-Scale Reaction and Product Elaborationa

aReaction conditions: (i) L-citronellol (3 equiv), LiHMDS (2 equiv) rt, 3 h, and neat; (ii) LiAlH4 (2 equiv), THF, and rt; and (iii) AllylMgBr (2.0
equiv), THF, and rt.
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rate-determining step. Notably, the efficiency of the three-
component coupling is attributed to the higher activation
barrier for the transmetalation of INT2 compared to
carbenation.
Guided by the computed PES, we further investigated the

origin of the enantioselectivity during the carbenation step
(Scheme 6b). Due to the strong trans effect between the
phosphorus donor and either the −Ar2 or −Br substituent,
configurations in which the phosphorus atom lies trans to −Ar2
or −Br are energetically disfavored.21 Consequently, position-
ing the carbene precursor trans to the phosphorus ligand
affords a lower-energy carbenation transition state.22 Among

the carbenation transition states examined (see Figure S3 in
Supporting Information), TS2 and TS2A were identified as the
most stable transition states leading to the major and minor
enantiomers, respectively. In TS2, leading to the major
enantiomer, the −Ar2 group is oriented away from the ligand,
toward the less hindered (left) side. In contrast, in TS2A,
which gives rise to the minor enantiomer, the −Ar2 group is
directed toward the more sterically congested (right) side of
the ligand, resulting in significant steric repulsion. The
calculated free energy difference between TS2A and TS2 is
3.0 kcal/mol (ΔG(TS2A) − ΔG(TS2)), consistent with the
experimentally observed high enantioselectivity. Notably,

Scheme 6. DFT Calculations
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unlike the bidentate −P,O coordinated transition state
involved in oxidative addition, PC-Phos adopts a monodentate
−P coordination mode during carbenation. Additionally, a
Pd···H anagostic interaction is formed between the H on the
ligand’s side arm and the Pd center, which locks the ligand in a
specific orientation to modulate the enantioselectivity. There-
fore, the side arm of PC-Phos not only serves as a flexible
auxiliary coordination site but also facilitates noncovalent
interactions that enhance stereocontrol. The SadPhos ligand
exhibits remarkable structural adaptability, adopting distinct
coordination modes across different elementary steps, thereby
promoting both catalytic activity and enantioselectivity.17d,23

■ CONCLUSION
In summary, we have developed a modular and enantiose-
lective strategy for the assembly of chiral triarylmethanes. This
method features high step and pot economies, along with
operational simplicity, enabling the simultaneous formation of
two C−C bonds in a cascade and enantioselective fashion. The
protocol provides efficient access to both enantiomers of the
product using a single catalyst simply by switching the aryl
coupling partners. DFT-based mechanistic investigations
revealed that the SadPhos ligand exhibits a pronounced
structural adaptability and flexible coordination behavior
throughout the catalytic cycle. The concerted carbene
formation/migratory insertion process was identified as the
enantiodetermining step, while transmetalation constitutes the
rate-determining step. We anticipate that this asymmetric
triarylmethane strategy will not only deepen our understanding
of ligand adaptability in transition-metal catalysis but also
unlock greater potential for developing challenging multiple
carbon−carbon and carbon−heteroatom bond formations,
thereby advancing the development of cross-coupling method-
ologies in organic synthesis.
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