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Abstract Development of efficient and versatile methods for functional group transformations is one major objective in modern organic synthetic chemistry.
a-Ketophosphonates are a class of bifunctional compounds playing a prominent role in organic and medicinal chemistry. However, their broader applicability has
been hampered by lacking of direct and convenient synthetic methods from stable and abundant starting materials. Direct transformation of readily available and
robust amides into labile o-ketophosphonates is thus highly desirable but remains a formidable challenge, as such a reaction is both kinetically and thermo-
dynamically unfavorable, and there exists a chemoselective issue for the known bisphosphonylation. Herein, we report unprecedented versatile synthesis of
a-ketophosphonates, a-hydroxyphosphonates and «,o-difluorophosphonates from either secondary or tertiary amides. The reactions are enabled by in situ elec-
trophilic activation with trifluoromethanesulfonic anhydride (Tf,0). The method features high efficiency, good chemoselectivity, wide substrate scope, excellent
functional group tolerance, and easy scalability. The practicality of this methodology is highlighted by the late-stage functionalization of drug molecules and concise

formal synthesis of an FBPase inhibitor.
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1 Introduction

Functional group transformations are the cornerstone of organic
synthesis [1]. The development of direct activations of robust
chemical bonds and straightforward transformations of stable and
abundant starting materials is attracting particular interest in
modern synthetic organic chemistry [2—5].

a-Functionalized phosphonates are an important class of orga-
nophosphonates. This class of bifunctional compounds has shown
important biological activities and found multifaceted applications
in biology, pharmaceutical, and agrochemistry (Figure 1A) [6-10].
Among them, a-ketophosphonates are of particular interest. Apart
from their intriguing bioactivites [7,11,12], a-ketophosphonates are
fascinating as well as versatile molecules in organic synthesis,
which can undergo a diverse range of valuable transformations
[13,14] and serve as useful precursors for the preparation of other
types of a-functionalized phosphonates like a-hydroxyphosphonates
[15,16], o,a-difluorophosphonates [8,17], oa-iminophosphonates
[18,19], and a-aminophosphonates (Figure 1B) [9,18].

In addition, as the C-P bond in o-ketophosphonates is highly
reactive and readily cleaved [20,21] o-ketophosphonates can be
used as efficient radical acylating agents [22,23], but are also
susceptible to hydrolysis and difficult to handle.

The most general and widely used method to prepare o-
ketophosphonates is Michaelis-Arbuzov reaction between acid
chlorides and trialkylphosphites [20,21,24]. The method works
well for simple acid chlorides, but suffers from drawbacks including
low functional group tolerance (e.g., multiple addition products
were often observed for a,f-unsaturated acyl chlorides) [24], high

reactivity/toxicity of acid chloride and their limited availability,
associated with problems in synthesis of acid chlorides (e.g. use of
large excess of SOCI, or POCI; as solvent). An alternative method for
the synthesis of o-ketophosphonates is oxidation of o-hydroxy
phosphonates, which are prepared by the addition of dialkyl
phosphites to aldehydes [25]. Apart from additional steps required
for prefunctionalization, the potential disadvantages associated
with this approach include inherent lability of starting aldehydes,
use of high molar ratio of metal oxidants (e.g., MnO», CrOs and their
mineral salts)/substrate, coupled with inorganic waste and serious
concern in the context of environmental compatibility (Figure 1C).

Therefore, the development of a straightforward and environ-
mentally benign method that enables direct synthesis of these
molecules from readily accessible stable compounds, with broad
applicability and functional group tolerance, would be appealing
and in high demand from both academic and industrial perspec-
tives.

Amide is one of the most ubiquitous structural units existing in
both natural and synthetic compounds such as peptides, proteins,
pharmaceuticals, agrochemicals and functional materials [26]. On
the other hand, amides are well-known for their high chemical
stability due to the high resonance stability of N—C(O) bond (15—
20 kcal/mol), which renders them ideal functional modulars
compatible with conventional reaction conditions in multistep
synthesis. These benign features make amides privileged starting
materials in developing new methodologies [27]. However, the late-
stage diversification and further applications have been hampered
by their low electrophilicity. In the past two decades, significant
breakthroughs have been achieved for the direct transformation of
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Figure 1 (Color online) Background and reaction design. (A) Representative biologically active a-functionalized phosphonates. (B) a-Ketophosphonates as versatile synthetic
intermediates. (C) General methods toward a-Ketophosphonates. (D) Challenges in the transformation of amides into a-ketophosphonates. (E) This work: direct & versatile transformation
of amides to a-ketophosphonates, a-hydroxyphosphonates and a,o-difluorophosphonates via Tf,0 activation.

amides [28-34], by using strategies including electrophilic activa-
tion [18,35-51], metal hydride reduction [52,53], catalytic
hydrosilylation [54-66], electron-transfer induced activation
[67,68], and others [69]. Very recently, Deng et al. [18,51] reported
a one-pot synthesis of quaternary o-aminophosphonates and chiral
o-aminophosphonates from secondary amides, by combining
electrophilic amide activation with imine umpolung reactions.
Despite these notable advances, the direct transformation of amides
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into labile compounds remains elusive.

Thanks to the early pioneering work of Ghosez et al. [35], and,
more recently, Charette et al. [36-39], Movassaghi et al. [40,41],
Maulide et al. [42-45], Huang et al. [46-48], and others [49,50],
the highly electrophilic trifluoromethanesulfonic anhydride (Tf,0)
has proven to be an indispensable and powerful synthetic tool for
amide activation [70]. Different from other strategies for amide
activation, such as catalytic hydrosilylation [31], the oxidation state
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is not reduced throughout the electrophilic activation with Tf,0,
which makes Tf,0 an unique amide activation reagent that has
enabled a wide range of valuable transformations, such as Ghosez’
cyclobutanone synthesis [35], chemoselective amide reduction
[37,38], reductive alkylation/bisalkylation of amides [46,47]. In
particular, Maulide and coworkers [42-45] have extensively
explored Tf,O-mediated amide umpolung and developed a variety
of novel organic reactions. Moreover, Tf,O has also gained
significant attention as a versatile activator for the transformation
of phosphorus oxides, heterocycles, nitriles, etc., and as efficient
radical trifluoromethylation/trifluoromethylthiolation reagents in
photocatalysis [71-73].

The transformation of amides to a-ketophosphonates is highly
desirable, but such a process remains a formidable challenge. It is a
textbook knowledge that less reactive acyl compounds can be easily
synthesized from more reactive ones but the reverse is difficult [ 74].
The low electrophilicity of amide carbonyl and high stability of the
C-N bond in the cleaved amide group versus the enhanced
electrophilicity of a-ketophosphonate and high lability of the C—P
bond in the formed o-ketophosphonates render this transformation
both kinetically and thermodynamically unfavorable. To the best of
our knowledge, the direct transformation of amides to highly
reactive a-ketophosphonates has not yet been reported (Figure 1D).

As a continuation of our interest in developing highly selective
and efficient C-C [46-48,60-63] and C-heteroatom [61,75,76]
bond-forming reactions based on activation of amides, we report
herein the direct conversion of both tertiary and secondary amides
to a-ketophosphonates by in situ electrophilic activation with Tf,0.
In the previous study, the direct phosphonylation of amides through
activation with Tf>0 has led to bisphosphonylation products [75].
We envisioned that if the highly electrophilic intermediate A,
generated from activation of an amide with Tf,O [36], could be
trapped by phosphite in priority, acidic hydrolysis of the resulting
iminium phosphonate B would thus provide a-ketophosphonate. To
achieve this goal, the competitive over-addition to iminium
phosphonate B was required to be prevented. Based on this
methodology, biologically valuable o-hydroxyphosphonates and o,
o-difluorophosphonates could also be easily accessed from bench-
stable amides by one-pot phosphonylation-reduction and phospho-
nylation-fluorination process (Figure 1E).

2 Experimental

Unless otherwise stated, reactions were performed in oven-dried
glassware under an argon atmosphere. 2,6-Lutidine and 2,6-di-tert-
butyl-4-methylpyridine (DTBMP) were purchased from Energy
Chemical (China). Sodium borohydride (NaBH,4) was purchased
from TCI (Japan). Diethyl phosphite was purchased from Acros
(Belgium). Oxalyl chloride was purchased from Sigma-Aldrich
(Germany). Diethylaminosulfur trifluoride (DAST) was purchased
from J&K (China). Tf,0 was purchased from Aladdin (China). Unless
otherwise noted, commercially available reagents were used as
received. Dichloromethane was distilled over calcium hydride under
a nitrogen atmosphere. Tetrahydrofuran was distilled over Na
under an argon atmosphere. All the liquid reagents were distilled
prior to use. Trifluoromethanesulfonic anhydride (Tf,0) was
distilled over phosphorous pentoxide and stored for no more than
one week before redistilling. Flash column chromatography was
performed with silica gel (300-400 mesh) supplied by Yantai Silica
Gel Factory (China), eluting with petroleum ether (PE)/ethyl acetate
(EA) mixture.

(1) General procedure A (transformation of secondary amides to
o-ketophosphonates)

To a cooled (O °C) solution of secondary amide 1 (10.0 mmol) and
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2,6-lutidine (1.40 mL, 12.0 mmol) in dichloromethane (30 mL)
was added Tf,0 (2.02 mL, 12.0 mmol) dropwise. After stirring the
mixture at O °C for 30 min, phosphite (11.0 mmol) was added over
90 min. The reaction was allowed to warm to room temperature
and stirred for 1-18 h. The reaction was quenched with HCI (1 M,
30 mL) and extracted with CH,Cl, (3 X 20 mL). The combined
organic layers were washed with saturated aqueous Na,CO;
solution, dried over anhydrous Na,SQy,, filtered, and concentrated
under reduced pressure. The residue was purified by distillation
under reduced pressure to afford the desired o-ketophosphonate
product 2.

(2) General procedure B (transformation of tertiary amides to a-
ketophosphonates)

To a cooled (=78 °C) solution of tertiary amide 5 (10.0 mmol)
and 2,6-di-tert-butyl-4-methylpyridine (DTBMP) (2.46 g,
12.0 mmol) in dichloromethane (40 mL) was added Tf,O
(2.02 mL, 12.0 mmol) dropwise. After stirring the mixture at
—78 °C for 40 min, phosphite (11.0 mmol) was added from —78 to
—10°C in 150 min. The reaction was allowed to warm to room
temperature and stirred for 5-24 h. The reaction was quenched
with HCI (1 M, 30 mL) and extracted with CH,Cl, (3 x 20 mL). The
combined organic layers were washed with saturated aqueous
Na,CO; solution, dried over anhydrous Na,SOy, filtered, and
concentrated under reduced pressure. The residue was purified by
distillation under reduced pressure to afford the desired o-ketopho-
sphonate product 2.

3 Results and discussion

Firstly, the transformation of secondary amides to a-ketopho-
sphonates was studied. The transformation of N-isopropylbenza-
mide la into o-ketophosphonates 2a was selected as a model
reaction (Table 1). Initial screening of various bases additives
showed that the incorporation of sterically hindered, weak
nucleophilic basic additives, such as Hiinigs base (i-Pr,NEt), 2,6-
lutidine, 2,6-di-tert-butyl-4-methylpyridine (DTBMP), and 2-fluor-
opyridine, was beneficial to the formation of a-ketophosphonates
2a; however, bisphosphonylation product 3a was formed together
in some cases. Both 2,6-lutidine and 2-fluoropyridine are distin-
guished to give product 2a in quantitative yield, with no bispho-

Table 1 Reaction optimization for the phosphonylation of secondary amides *

Tf,0, base, DCM, 0 °C;
(EtO),(O)R  P(O)(OEt),

X iPr

)OL J\ HP(O)(OEt),, 3 h; )OL .
Ph H AEE] Ph” “P(0)(OEt), Ph ”

1a 2a 3a

Entry Base Phosphite (eq.) 2a (%)Y 3a (%)
1 none 1.1 47 0
2 Et;N (1.2 eq.) 1.1 33 13
3 iPr,NEt (1.2 eq.) 1.1 76 14
4 Pyridine (1.2 eq.) 1.1 18 25
5 DTBMP (1.2 eq.) 1.1 85 3
6 2,6-Lutidine (1.2 eq.) 1.1 >99 (87) 9 0
7 2-F-Pyr. (1.2 eq.) 1.1 >99 0
8 2,6-Lutidine (1.2 eq.) 1.0 92 0
9 2,6-Lutidine (1.2 eq.) 1.2 98 4
10 2,6-Lutidine (1.2 eq.) 1.3 84 21
11 2,6-Lutidine (1.0 eq.) 1.1 86 9
12 2,6-Lutidine (1.5 eq.) 1.1 > 99 0

a) Reaction conditions: Tf,0 (1.2 equiv.), base, dichloromethane (DCM) (0.2 M),
0°C, 30 min, then HP(O)(OEt),, rt, 3 h. b) Determined by >'P nuclear magnetic
resonance (*'P NMR). c) Isolated yield on 10 mmol scale.
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sphonylation product 3a observed (entries 6 and 7). Considering its
low price, 2,6-lutidine was ultimately chosen as the optimal base.
Further optimizations showed that careful control of the amount of
diethyl phosphite to 1.1 equiv. and use of at least 1.2 equiv. of 2,6-
lutidine was necessary to achieve high level of efficiency and
meanwhile to avoid the formation of bisphosphonylation product. It
should be noted that slow addition of P-nucleophiles (30 min on
2 mmol scale; 90 min on 10 mmol scale) was also essential to
prevent bisphosphonylation reaction. Under the optimized condi-
tions, a-ketophosphonates 2a was obtained in an isolated yield of
87% (entry 6).
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With the optimal conditions in hand, we explored the substrate
scope of this methodology (Figure 2). In addition to diethyl
phosphite, dimethyl, diisopropyl and triethyl phosphites, could also
react efficiently with N-isopropylbenzamide (1a) to give the
corresponding deaminative phosphonylation products 2a-2c¢ in
high yields. The alkyl moieties of phosphites seemed to have a great
influence on the reactivity. The sterically bulky diisopropyl
phosphite reacted most slowly.

Apart from acylic phophites, the cyclic phosphite could serve as a
suitable phosphonylation reagent as well to give the corresponding
o-ketophosphonate 2e, which has been used as an efficient
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Figure 2 (Color online) Phosphonylation of secondary amides. a) Reaction conditions A for secondary amide: amide (10.0 mmol), Tf,0

(12.0 mmol), 2,6-lutidine (12.0 mmol), CH,Cl,

(30mL), 0°C, 30 min; HPO(OR), (11.0 mmol), 0 °C, 90 min, then rt for 1-18 h; hydrolysis with 1 M HCL. b) P(OEt); as nucleophile. ¢) Determined by >'P NMR. d) 3.0 mmol scale.
e) Performed with 2.0 mmol of amides and the resulting o-ketophosphonates 2, without further purification, were treated with NaBH, (6.0 mmol), CH;0H (10 mL). f) Hydrolysis with
4 M HC], reflux for 90 min. g) Hydrolysis with 4 M HCL. h) Performed with 2.0 mmol of amides and the resulting a-ketophosphonates 2, without further purification, were treated with

diethylaminosulfur trifluoride (DAST) (8.0 mmol).
HPO(OEt),, —10 °C, 90 min, then rt, 8 h.

i) Activated by Tf,0 at
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—78°C, 30 min; HPO(OEL),,

—10°C, 90 min, then rt, 10 h. j) Activated with Tf;0 at —40 °C, 30 min;
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intermolecular radical acylation reagent in cobalt-catalyzed Mar-
kovnikov hydroacylation of unactivated alkenes by the group of Li
[23].

Under the optimized conditions, a wide array of secondary aroyl
amides could be converted into the corresponding a-ketopho-
sphonates in good to modest yields. In general, benzamide
derivatives bearing electron-withdrawing groups on the phenyl
ring show higher reactivity than those having electron-donating
groups.

To avoid over addition, diisopropyl phosphite was applied in these
cases. As these a-ketophosphonate products were too labile to be
purified by vacuum distillation or column chromatography to
provide pure samples, without further purification, they were
directly converted to biologically interesting a-hydroxyphospho-
nates by reduction (4b—4d).

The reaction is widely functional group-tolerant and highly
chemoselective. A variety of functional groups, such as halogen (2g,
2j—2Kk), cyano (4d) and ester (4b) groups, are compatible with the
current process to furnish the desired o-ketophosphonate products.
The ortho-substituted benzamide with moderate steric hindrance
could be tolerated (2f). Thiophene-2-carboxamide could serve as a
suitable substrate for the reaction (2l), while no desired a-
ketophosphonate products were obtained for the reaction of
furan-2-carboxamide (2m) and pyridine-3-carboxamide (2n). The

N-substituents on the secondary aroyl amides could vary from
isopropyl to other s-alkyl (1p), n-alkyl (1s) substituents and benzyl
group (1q). The phosphonylation of N-allyl (1r) and N-phenyl (1t)
benzamides resulted in low conversions to a-ketophosphonates. The
steric hindered 2,6-dimethylanilide 1u proved to be an effective
substrate for coupling with phosphite to produce a-ketopho-
sphonate product.

In addition, the reaction could proceed smoothly with fatty acid
amides as well. Both branched (20-2u) and unbranched (2v)
secondary alkanamides are suitable substrates. To be noticed, the
method is also applicable to o,B-unsaturated amides to produce a-
keto-B,y-unsaturated phosphonates 2w and 2x, which were less
successfully prepared by Michaelis-Arbuzov reaction, where multi-
ple addition products were often observed [24].

Next, the phosphonylation of tertiary amides was investigated.
With N-benzoylpyrrolidine 5a as the model substrate, it is found
that treatment of 5a with 1.2 equiv. of Tf,0, 1.2 equiv. of DTBMP,
and 1.1 equiv. of diethyl phosphite at —78 °C was optimal to enable
the transformation of 5a into the corresponding a-ketophospho-
nates 2a in an isolated yield of 86% (see Table S1 in the Supporting
Information online for detailed reaction optimizations). By varying
both the acetyl group and N-substituents of the tertiary amides, the
substrate scope of this transformation was explored. As can be seen
from Figure 3, not only tertiary benzamide derivatives featuring
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Figure 3 Phosphonylation of tertiary amides. a) Reaction conditions B for tertiary amide: amide (10.0 mmol), Tf,0 (12.0 mmol), DTBMP (12.0 mmol), CH,Cl, (40 mL), =78 °C, 40 min;

HPO(OR); (11.0 mmol),

—78°Cto—10°C, 2.5 h, then rt for 5-24 h; hydrolysis with 1 M HCL. b) P(OEt); as nucleophile. c) Hydrolysis with 4 M HC, reflux for 90 min. d) Hydrolysis with

4 M HCL. e) Performed with 2.0 mmol of amides and the resulting a-ketophosphonates 2, without further purification, were treated with DAST (8.0 mmol). f) Performed with 2.0 mmol of

amides and the resulting a-ketophosphonates 2, without further purification, were treated with NaBH, (6.0 mmol), CH;0H (10 mL).
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g) Determined by >'P NMR.
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Figure 4 (Color online) Synthetic application. (A) Versatile transformation of a-ketophosphonates. (B) Formal synthesis of FBPase inhibitor 11.

electron-donating and electron-withdrawing groups with varied
substitution patterns (5a—50), but also branched and unbranched
tertiary fatty acid amides (5p—5u) could react smoothly to yield o-
ketophosphonates in high yield.

It should be noted that all the a-ketophosphonates were prepared
on gram scales from both secondary and tertiary amide.

Furthermore, based on this methodology, not only a-hydroxypho-
sphonates 4 could be easily accessed from amides by a sequential
phosphonylation-reduction process (4a—4f, 4h-4i), but also
biologically valuable a,a-difluorophosphonates 6 could be prepared
through a similar sequential phosphonylation-fluorination process
(6a—6e, 6g). The approaches could be applied to the late-stage
functionalization of drug molecules or their derivatives, such as
ampakine CX-546 (5v), tubulin inhibitor 5w [77] and amide
derivative of Adapalene and Gemfibrozil, to deliver a-hydroxypho-
sphonate or o,a-difluorophosphonate derivatives in good yields (4g,
6f, 6h-6i).

To showcase the versatility and utility of a-ketophosphonates as
building blocks, several additional derivatization reactions of a-
ketophosphonate 2 were performed, including vinylogous Mu-
kaiyama aldol reaction with trimethylsilyloxyfuran, 1,3-dopolar
cycloaddition with nitrile oxides and Wittig-Horner-Emmons (HWE)
reaction, and a-ketophosphonate 2 was thus successfully trans-
formed to 8-hydroxyalkylbutenolide phosphonate 7, phosphonate-
containing dioxazole derivative 8 and vinylphosphonate 9,
respectively. Furthermore, using commercially available Noyori-
type catalyst (S,S)-RuCl[(p-cymene)TsDPEN] [(S,S)-10], valuable
chiral o-hydroxyphosphonates can be easily accessed by enantio-
selective transfer hydrogenation of a-ketophosphonates (Figure
4A).

The synthetic utility of our methodology was further demon-
strated by the preparation of difluoromethylene phosphonate 6j,
which is an intermediate for the synthesis of tricyclic FBPase
inhibitor 11 and has been prepared from 7-hydroxy-1-tetralone in
nine steps in 12% yield (Figure 4B) [78]. With our method in hand,

SCIENCE CHINA Chemistry 2026 Vol.69 No.1

the amide from commercially available acid 12 was first converted
readily to a-ketophosphonate, which, without purification, was
subjected directly to the fluorination, thus providing difluoromethy-
lene phosphonate 6j in 56% in three steps.

4 Conclusions

In summary, we have developed a Tf,0-mediated phosphonylation
of amides that not only enables direct conversion of both secondary
and tertiary amides into a-ketophosphonates, but also provides a
novel approach to prepare biologically significant a-hydroxypho-
sphonates and a,0-difluorophosphonates. The reactions exhibit high
chemoselectivity, broad substrate scope, good functional-group
tolerance, and easy scalability. Based on this method, it can be easily
accessed as well. The synthetic utility of this method was
demonstrated by the late-stage functionalization of drug molecules
and the concise formal synthesis of an FBPase inhibitor.
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