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a-Trifluoromethylated phosphonates are highly valued in medicinal chemistry and functional materials, yet their efficient

synthesis remains challenging. Herein, we report a practical, transition-metal-free strategy for the rapid assembly of this

important class of scaffolds via a one-pot, three-component reaction, using a-trifluoromethyl diazo compounds as key

precursors together with readily accessible H-phosphites and benzyl bromides or alkyl halides. This mild reaction proceeds

through a base-promoted, ordered nucleophilic attack sequence, enabling the simultaneous formation of C—-C and C—P bonds

and affording products bearing congested, fully substituted carbon centers in high yields (up to 98%). The selected products

were predicted to have favorable pharmacokinetic properties based on in silico ADME analysis. This work provides a general

synthetic route to a-trifluoromethylated phosphonates and highlights their broad application prospects in drug discovery

and functional materials development.

Introduction

Compounds bearing phosphonate motifs have found widespread
utility in pharmaceutical development, agrochemical research, and
materials science.’® Incorporation of a compact and highly
electronegative trifluoromethyl (CF3) group into phosphonate
frameworks can profoundly modulate their physicochemical and
biological properties, including fine-tuned lipophilicity, enhanced
membrane permeability, and improved pharmacokinetic profiles.*3
In particular, a-trifluoromethylated phosphonates, wherein both a
CF3 group and a phosphonate unit reside on the same carbon atom,
exhibit a distinctly modified steric and electronic environment (Fig.
1A).°>11 This structural perturbation, arising from the strong electron-
withdrawing effect of the CF3 moiety, can significantly influence
biological activity and has therefore attracted increasing research
interest.?

Existing  synthetic  routes to a-trifluoromethylated
phosphonates, particularly bearing congested, fully
substituted carbon centers, have primarily relied on two strategies:
phosphonylation of preformed CFs-containing building blocks or
direct nucleophilic or electrophilic trifluoromethylation of
phosphonates.’31° For example, Feng et al. described an
enantioselective hydrophosphonylation of trifluoromethyl ketones
using a chiral hydrogenated tridentate Schiff base aluminum(lll)

complex, affording a-hydroxy trifluoromethyl phosphonates (Fig. 1B,

those
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eq 1, 8 examples).'® Qing and colleagues achieved the synthesis of a-
trifluoromethyl-B-keto phosphonates through the reaction of B-keto
phosphonates with Togni reagent in the presence of sodium tert-
butoxide and hexamethylphosphoramide (HMPA) (Fig. 1B, eq 2, 12
examples).’” Ohshima and co-workers developed a direct
enantioselective hydrophosphonylation of trifluoromethyl ketimines
catalyzed by chiral bifunctional squaramide organocatalysts,
providing access to a-amino trifluoromethyl phosphonates (Fig. 1B,
eq 3, 10 examples).!® Despite these advances, current methodologies
are often constrained by a limited substrate scope and remain largely
restricted to specific classes of starting materials. Moreover, a
persistent challenge lies in the difficulty of diversifying the two
remaining substituents on the congested, fully substituted carbon
center. Collectively, these limitations have hampered the broader
application of such scaffolds in drug discovery and functional
materials development.

Diazo compounds, known for their high reactivity, have played
an indispensable role in the formation of carbon—carbon and
carbon—heteroatom bonds.?%-3% Inspired by advances in fluorine and
phosphorus chemistry3-34 and our ongoing interest in sustainable
synthesis3>38, we herein describe a practical one-pot,
three-component reaction using a-trifluoromethyl diazo compounds
as key precursors, in combination with readily available H-phosphites
and benzyl bromides or alkyl halides, for the efficient synthesis of
diverse a-trifluoromethylated phosphonate derivatives. This
metal-free protocol allows for the simultaneous construction of C—C
and C-P bonds, thereby installing the CF3 and phosphonate groups
onto a sterically congested, fully substituted carbon center in a single
step. The method accommodates a broad range of electronically and
sterically diverse H-phosphites as well as benzyl bromides or alkyl
halides, delivering the target products in moderate to excellent yields
(up to 98%) over 41 examples. In silico ADME (absorption,
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distribution, metabolism, and excretion) predictions indicate that
selected compounds exhibit favorable  pharmacokinetic
characteristics, including good oral bioavailability, blood—brain
barrier (BBB) permeability potential, and a low risk of P-glycoprotein
(P-gp) efflux. This underscores their potential for applications in drug
development and materials science.3®
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Fig. 1. Overview of this study.
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benzyl bromide (3a) as model substrates (Table 1). Injtigl screening
showed that employing Cs;CO3 as DRh0 1BE30GROOGK M-
dimethylacetamide (DMA) at 50 °C for 12 h delivered the desired
product 4 in 95% yield (entry 1). Replacing Cs,CO3; with K,COs led to
a diminished yield of 84% (entry 2), while other strong bases such as
EtONa, (CH3)3COK, and 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD)
failed to promote the reaction (entries 3-6). A survey of solvents
revealed that DMA was uniquely effective (entries 7-12); solvents
such as dichloroethane (DCE), toluene, tetrahydrofuran (THF), and
CH3OH gave no product (entries 7-10), and both acetone and CHsCN
afforded significantly lower yields than DMA (entries 11 and 12).
Further investigation showed that reducing the reaction time to 6 h
decreased the yield to 72% (entry 13). Temperature also proved
critical: performing the reaction at 25 °C under otherwise identical
conditions resulted in only 26% vyield (entry 15). These experiments
established the optimal conditions as CsCO3 in DMA at 50 °C for 12
h, which were used for subsequent substrate exploration.

Results and discussion

We began by optimizing the reaction conditions using (1-diazo-
2,2,2-trifluoroethyl)benzene (1a), diethyl H-phosphite (2a), and

2| J. Name., 2012, 00, 1-3

Table 1 Optimization of the reaction conditions®

OEt
N Oy /
2 o g base (20 equiv.) SP—OEt
CF3 *+ _P. + EjA —_—
(j)k EtO”H OEt solvent (1.0 mL)
in air FaC

1a 2a 3a 4
Entry Base Solvent Time (h) Temp (°C) Yield (%)®
1 Cs2C03 DMA 12 50 95
2 K,CO3 DMA 12 50 84
3 K3PO4 DMA 12 50 Trace
4 EtONa DMA 12 50 N.R.
5 (CH3)3sCOK DMA 12 50 N.R.
6 TBD DMA 12 50 N.R.
7 Cs2CO3 DCE 12 50 N.R.
8 Cs,CO3 Toluene 12 50 N.R.
9 Cs,COs3 THF 12 50 N.R.
10 Cs,CO3 CH3OH 12 50 Trace
11 Cs,CO3 Acetone 12 50 19
12 Cs,CO3 CH3CN 12 50 42
13 Cs2C03 DMA 6 50 72
14 Cs,C0O3 DMA 9 50 85
15 Cs,CO3 DMA 12 25 26

@ Reaction conditions: 1a (0.10 mmol), 2a (0.20 mmol), 3a (0.20
mmol), base (0.20 mmol), solvent (1.0 mL), in air.? Isolated yield.
N.R., no reaction.

With the optimized conditions in hand, the substrate scope of
this transformation was explored (Fig. 2). The study began with an
evaluation of a-trifluoromethyl diazo compounds. Substrates

This journal is © The Royal Society of Chemistry 20xx
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bearing electron-rich arenes, such as those with para-methyl, meta-
methyl, para-isopropyl, para-tert-butyl, para-phenyl, and para-
methoxy substituents (5-10), underwent smooth conversion to

Chemist

Journal Name

desired products in 50-56% vyield. However, a-trifluorgmethyl diaze
compounds containing strong electron-witHdPawing 73S BOGER &s
ester or nitro moieties, as well as those bearing 3,5-dichloro-

afford the corresponding products in moderate to good yields of 52—  substituted aryl rings, were ineffective under the standard
71%. Electron-deficient arenes, including halogenated derivatives conditions.
(11-12), also proved to be competent substrates, delivering the
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2 0 (2.0 equiv.) Sl or?
N + + —Bi
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Fig. 2. Substrate scope for the transition-metal-free, three-component reaction. Reaction conditions: 1a (0.10 mmol), 2a (0.20 mmol), 3a

(0.20 mmol), base (0.20 mmol), solvent (1.0 mL), in air.
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Next, the applicability of various H-phosphites was examined. A
range of H-phosphites, including dimethyl H-phosphite (13), di-n-
butyl H-phosphite (14), di-tert-butyl H-phosphite (15), diisopropyl H-
phosphite (16), and dibenzyl H-phosphite (17), all participated
efficiently in the reaction. The corresponding products were
obtained in yields ranging from 54-90%, highlighting the flexibility
for structural modification at the phosphonate group.

nucleophilic substitution with benzyl bromlggﬁﬁotgogg‘}ew A“g%g?ggél
product 4. The high efficiency of this transformation is attributed to

the sequential and ordered nature of these nucleophilic attack
events. The final substitution step is sensitive to electronic and steric
effects. Strong electron-withdrawing groups on the diazo compound
diminish the nucleophilicity of INT-III, retarding the reaction. For the
alkyl halides, electron-donating groups (41, 42) lower
electrophilicity, while steric hindrance (46) physically impedes the
attack by INT-1IIl. These observations confirm that the high efficiency
of the standard reaction with 3a relies on the favourable electronic
and steric environment required for this sequential nucleophilic

Subsequently, the substrate scope of bromides was

investigated. Benzyl bromides bearing electron-donating groups,
such as ortho-methyl (18), meta-methyl (19), meta-isopropyl (20), or

Open Access Article. Published on 25 June 2026. Downloaded on 6/26/2026 1:02:14 PM.
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(ec)

meta-tert-butyl (21) substituents, all reacted smoothly to afford the
desired products in good yields. Similarly, substrates bearing para-
phenyl (22), para-acetoxy (23),
underwent clean conversion, providing the target compounds in 61—

or meta-methoxy (24) groups

97% vyield. Benzyl bromides bearing electron-withdrawing groups

also exhibited good tolerance, including halogen-substituted

mechanism.

(A) Stepwise reactions

N, . Cs;C0; CFs )
derivatives at the ortho, meta, or para positions (25-28) and the ©)kCF3 . I (1.0 equiv.) @5L
meta-trifluoromethyl-substituted substrate (29). Furthermore, BI07H OBt 50 °C|:),’\A€:\h, air \ooa
disubstituted benzyl bromides bearing either electron-donating 1a 2a “
groups (30-32) or electron-withdrawing groups (33-34) all reacted 99% yield
efficiently under the standard conditions, affording the N 8005 o
corresponding products in moderate to excellent yields. Naphthalen- O P—OEt (1.0 equiv.)
1-ylmethyl bromide (35) and para-adamantyl benzyl bromide (36) he| O © Dé)MGAh ) 3a
3 , 6 h, air

were also found to be viable substrates, with isolated yields of 65—
76%. 98% yield

To further assess the generality of this method, the substrate Cs,COs <:s2303
scope was extended to other alkyl halides. Cyclic systems, such as sa 4 3a _Oequv) Y _(t0equv)

DMA ©/\ \OEt “owa

(bromomethyl)cyclopentane (37) and (bromomethyl)cyclohexane 50°C, 6 h, air OEt 50°C , 24 h, air

(38), as well as acyclic analogues—including iodomethane (39), linear

1-bromohexane (40), branched 1-bromo-2-methylpropane (41) and 26% Y'e'd 0% yield
1-bromo-3-methylbutane (42), and allyl bromide (43)—all  (B)Radical quenching experiments
participated effectively. These reactions proceeded smoothly, N, Cs,CO3 cFs
i O

furnishing the corresponding products in moderate to good yields. cF.  + i _ (Oeaiv) Y

. - . ® Et0"EoEt DMA \™NOEt
Collectively, these results demonstrate the broad applicability of this 50 °C , 6 h, air OEt

. . TEMPO

protocol to a diverse array of alkyl halides. 1a 2a (2.5 equiv.) w“

To gain insight into the reaction mechanism, several control 99% yield
experiments were conducted (Fig. 3). Heating 1a and 2a with Cs,COs3 CFsg (10052285) O\\P/Sg:it
(1.0 equiv.) delivered diethyl (2,2,2-trifluoro-1- ©/kg\/\oa Oﬂsr — O
phenylethyl)phosphonate (44) in 99% yield; subsequent treatment of OFt S07C, B har FsC O
44 with 3a under identical conditions afforded the final product 4 in “ . (25 equiv.) 95%4yie|d
98% yield. In contrast, when 2a and 3a were combined with Cs,CO3 )

(C) Proposed mechanism

(1.0 equiv.), diethyl benzylphosphonate (45) was isolated in 26%
yield; however, this intermediate failed to react further upon the 9 H FiC N=N"
addition of 1a. These outcomes point to a base-promoted, ordered 0okt base eto” P oEt . </O
reaction sequence. To evaluate the potential involvement of radical N Bl OEt
. . . . . 2 INT-I X
intermediates, the reaction was carried out in the presence of 2 @CFS INT-1
2,2,6,6-tetramethylpiperidinooxy (TEMPO, 2.5 equiv.) as a radical ,

a
scavenger (Fig. 3B). The absence of notable inhibition argues against base-promoted sequential, ordered nucleophilic attack Br N

a radical pathway.

On the basis of these results, a plausible mechanism is proposed
(Fig. 3C). The transformation is initiated by the deprotonation of H-
phosphite 2a with Cs,COs to generate the phosphite anion INT-I. This
intermediate then undergoes nucleophilic addition to diazo
compound 1a, forming INT-Il. Subsequent extrusion of dinitrogen

from INT-Il gives the anionic species INT-lll, which engages in a

Ox

OEt
O SP—OEt 3a
-
FsC 0 -Br

Fig. 3. Mechanistic studies.
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(A) A scale-up reaction
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(C) Computational ADME and drug-likeness profiling of compounds 13, 39, and 43
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Fig. 4. Synthetic applications and evaluation of pharmacokinetic profiles.” Mol. Wt.: molecular weight, HBA: hydrogen bond acceptors, HBD:
hydrogen bond donors.?LIPO (Lipophilicity): -0.7<XLOGP3<+5.0, SIZE: 150g/mol<MV<500g/mol, POLAR (Polarity): 20A2<TPSA<130A2, INSOLU
(Insolubility): O<LogS (ESOL)<6, INSATU (Insaturation): 0.25<Fraction Csp3<1, FLEX (Flexibility): O<Num. of rotatable bonds<9.c¢ GlI:

gastrointestinal, BBB: blood brain barrier, P-gp: p-glycoprotein.

To further highlight the synthetic utility of this method, a
scale-up reaction was carried out under the standard conditions
using 1a (0.93 g, 5.0 mmol), 2a (1.38 g, 10.0 mmol), and 3a (1.71
g, 10.0 mmol). The desired product 4 was isolated in 85% yield
(1.64 g, 4.25 mmol), demonstrating the robustness of the
protocol (Fig. 4A). The applicability of this transformation was
further extended to the modification of structurally complex
molecules. For example, a benzyl bromide derived from L-
menthol participated effectively in the reaction, furnishing the
corresponding product 46 in 45% vyield under the standard
conditions (Fig. 4B).

In drug screening, due to the limited throughput and high
cost of traditional experimental methods, computational
approaches have emerged as preliminary tools for the early
prediction of ADME parameters, which may help prioritize
compounds for subsequent experimental validation.?® In this
study, the drug-likeness and key pharmacokinetic parameters
of selected compounds were computationally estimated using
the SwissADME platform.?! The screening results indicate that

compounds 13, 39, and 43 satisfy both Lipinski’s Rule of Five and
Veber’s criteria, indicating favorable drug-like properties with
no violations of the established constraints (Fig. 4C, (1)).*? This
finding was corroborated by the physicochemical radar plot
(Fig. 4C, (2)), in which all data points fell within the optimal
region.

A subsequent in silico analysis of the pharmacokinetic
behavior was conducted for these three compounds (Fig. 4C,
(3)). All three were predicted to exhibit high gastrointestinal
absorption, which imply favorable oral bioavailability, although
this requires experimental confirmation. In terms of targeting,
only compound 39 was anticipated to cross BBB, indicating its
potential for CNS-targeted applications; in contrast, compounds
13 and 43 showed no BBB permeation, rendering them more
suitable for peripheral targets.** Notably, none of the three
compounds were predicted to be substrates of P-glycoprotein
(P-gp), which could suggest a low risk of multidrug resistance.**
Furthermore, an evaluation of the cytochrome P450 inhibition
profile, a critical indicator for assessing the risk of metabolic
drug—drug interactions, revealed that these compounds may

Please do not adjust margins
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inhibit specific CYP isoforms. This finding underscores the need
for close monitoring of potential drug—drug interactions in
subsequent investigations.*®

Conclusions

In summary, we have established a mild and operationally
simple three-component protocol for the direct construction of
a-trifluoromethylated phosphonates. Employing
a-trifluoromethyl diazo compounds as key precursors together
with readily accessible H-phosphites and benzyl bromides or
alkyl halides, this metal-free strategy enables the efficient
construction of sterically congested, fully substituted carbon
centers in a single operational step. The method exhibits broad
substrate tolerance, accommodating a wide array of
electronically and structurally diverse coupling partners, and
delivers over 40 examples with yields reaching up to 98%. Its
synthetic utility is further underscored by successful gram-scale
synthesis and the late-stage functionalization of a menthol-
derived pharmacophore. Computational ADME profiling of
selected derivatives revealed promising pharmacokinetic
attributes. Collectively, this work not only provides a versatile
and sustainable entry point to a-trifluoromethylated
phosphonates, but also establishes a foundation for future
endeavours. Ongoing efforts in our laboratory are directed
toward developing an asymmetric variant of this
transformation and exploring its application in the construction
of drug-like lead compounds.
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