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Herein we report a novel protocol for the synthesis of amidines based on PIII/PV 

redox catalysis. This two-step, one-pot approach involves the activation of amides 

via PIII/PV catalyzed in situ formation of imidoyl chloride intermediates which are 

directly converted with amines to the corresponding amidines. Instead of 

traditionally used toxic and corrosive chloride sources, hexachloroacetone was 

successfully employed as a halide source. The reaction proceeds with low catalyst 

loading (2 mol%) in BuOAc as the solvent. Under the optimized conditions 20 

amidines were prepared in yields up to 99%. A feasible mechanism is proposed 

based on experimental results. The synthetic potential of this method was evaluated 

in the preparation of the tyrosine kinase inhibitor (TKI) Erlotinib.  
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Abstract: Amidines are a ubiquitous class of bioactive compounds found in a wide variety of natural products;
thus, efficient strategies for their preparation are in great demand. Herein, a novel protocol is reported for the
synthesis of amidines based on PIII/PV═O redox catalysis. This two-step, one-pot approach involves the activation
of amides via PIII/PV═O catalyzed in situ formation of imidoyl chloride intermediates which are directly converted
upon reaction with amines into the corresponding amidines. Instead of traditionally used toxic and corrosive
chloride sources, hexachloroacetone (HCA) is successfully employed as a halide source. The reaction proceeds
with low catalyst loading (2 mol%) in BuOAc as the solvent. Under the optimized conditions, 20 amidines are
prepared in yields up to 99%. A feasible mechanism is proposed based on experimental results. The synthetic
potential of this method is evaluated in the preparation of the tyrosine kinase inhibitor (TKI) Erlotinib.

Keywords: amide activation, amidines, C─N, catalysis, organocatalysis, PIlI/Pv=O, redox cycling

1. Introduction
Amidines are a well-established class of organic com-
pounds and are valued by chemists for their unique
chemical and physical properties.[1] Amidines often
show high basicity, e.g. 1,8-diazabicyclo[5.4.0]
undec-7-ene (DBU) and are frequently employed as
a non-nucleophilic bases and organocatalysts in syn-
thetic chemistry.[2] They have also been utilized as
ligands in organometallic complexes[3] and as starting
material for the synthesis of heterocycles.[4,5] The ami-
dine moiety is recognized as surrogate for peptide
bonds[6,7] and has been identified in natural products
such as polycyclic alkaloids[8] and polysaccharides.[9,10]

This substructure can also be found in various agro-
chemicals[11] and drug candidates[12] such as Viagra,
Abacavir, Clozapine, and Erlotinib (Scheme 1).

Several synthetic strategies for the construction of
amidine structures are known.[1,4,13] Recent examples
include [Ag],[14] [Cu],[15] [Pd],[16] as well as metal-
free multicomponent reactions[17] for the synthesis of
N-Acyl and N-tosyl amidines, respectively. Among var-
ious precursors amides are especially useful starting
materials for the synthesis of amidines due to their read-
ily availability and ease of preparation. The synthesis of
N,N 0-disubstituted or N,N,N 0-trisubstituted amidines
from amides proceeds via an activated secondary amide
intermediates and subsequent conversion with an amine
(Scheme 2A).[7,18] In this approach commonly imidoyl
chlorides are used. Their synthesis from amides usually
requires toxic and moisture-sensitive dehydrating agents
such as PCl5,[19] SOCl2,[20] and (COCl)2.[21]

In 2017, Phakhodee reported a Ph3P/I2mediated pro-
cess for the one-pot synthesis of amidines from amides
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via the respective imidoyl iodide (Scheme 2B).[22]

However this methodology requires the use of stoichio-
metric quantities of the phosphine, culminating in the
stoichiometric generation of phosphine oxide, which
hampers the purification process and leads to enlarged
waste streams. To the best of our knowledge, there are
only two documented methods to catalytically activate
amides using phosphorus-based catalysts. In 2021,
Paradies and coworkers reported the formation of imidoyl
chlorides by a redox-neutral phosphine oxide catalyzed
reaction using triphosgene as chloride source.[23] Xue
et al. developed a catalytic Vilsmeier-Haack reaction
which is based on PIII/PV═O redox-catalysis.[24] In
this process amides are activated using 4-methyl-
1-phenyl-2,3-dihydrophosphole 1-oxide as catalyst and
dimethylbromomalonate as bromine ion source. Within
the past 10 years a growing number of organopnictogen
redox catalytic methods have emerged especially in terms
of PIII/PV═O redox catalysis.[25] Due to our interest in
this field[26–29] and based on our experience in PIII/PV═O
halogenation reactions,[29,30] we aimed to develop a
catalytic one-pot synthesis of N,N,N 0-trisubstituted
amidines from amides (Scheme 2C). Our approach
sought to avoid the critical dehydrating agents men-
tioned above.

2. Results and Discussion
Our study began by optimizing the catalytic reaction step,
forming imidoyl chloride 3a, from N-isopropylbenzamide
(1a) as a model substrate in BuOAc as solvent, using
phosphetane oxide 2a as catalyst and PhSiH3 as terminal
reductant (Table 1). The initial focus was selecting the
most suitable halide source for the formation of imidoyl
chloride 3a. The formation of imidoyl chloride 3a
with ethyl 2,2,2-trichloroacetate (ETCA) resulted in
26% yield, while the use of (trichloromethyl)benzene
(TCMB) resulted in 68% yield (Table 1, entry 1 and 2).
Notably, in the presence of hexachloroacetone (HCA),
a chlorinating agent previously employed by our group as
effective reagent for catalytic Appel reactions,[29,30] an
excellent yield of >99% for the formation of imidoyl
chloride was achieved (entry 3). The formation of imidoyl
bromide was also feasible. The use of diethyl 2-bromo-
2-methylmalonate (DEMBM) gave the corresponding
imidoyl bromide in 28% yield (entry 4). Based on the
excellent result achieved with HCA, we evaluated the
impact of the solvent and other reaction parameters.[31]

Besides BuOAc, toluene proved to be a suitable solvent,
yielding the desired product in>99% yield.[31] We
focused on performing our further investigations in
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BuOAc since it is more sustainable alternative in compar-
ison to toluene according to the CHEM21 selection
guide.[32] Further studies revealed that the reaction can
be efficiently performed utilizing 1.5 equivalents of
HCA and 1.5 equivalents of the terminal reductant at
lower catalyst loading of 2 mol% (entry 5). Under these
conditions the desired product 3a was obtained in>99%
yield after 1 h. The four-membered phosphetane catalyst
2a appears crucial for the efficient formation of imidoyl
chloride. Under the optimized conditions other potential
catalysts were tested. However, the use of phospholene
oxide 2b as catalyst resulted in a significantly lower yield
of 40% (entry 6), while noncyclic catalysts previously
used in catalytic PIII/PV═O Wittig[33] and Appel[30] reac-
tions, gave even lower yields, <20% (entries 7 and 8).
When equimolar amounts of HCA and PhSiH3 were used,
3a was obtained in 82% (entry 9). At lower reaction tem-
perature of 100 °C the yield decreased to 69% (entry 10).

Subsequently, the second reaction step was optimized
by varying the equivalents of added nucleophile and
reaction time. After the in situ formation of 3a under
the optimized conditions, 1.5 and 2.5 equivalents of
iPrNH2 were tested, leading to conversions of 53%
and 71%, respectively (Table 2, entry 1 and 2) after con-
ducting the reaction for 4 h. Using 3.5 equivalents of
iPrNH2 resulted in 100% conversion, thus we isolated

the product 4a in an excellent 98% yield (entry 3).
Reducing the reaction time of the second step resulted
in a lower conversion and 85% of isolated yield
(entry 4). Therefore, the optimized conditions for the
second reaction step were set to a reaction time of 4 h.

Having established the optimal conditions, we set out
to explore the substrate scope of the reaction (Figure 1).
We started our evaluation by treating 1a with different
amines. The reaction with iPrNH2 and benzylamine as
nucleophiles gave the corresponding amidines 4a and
4b in 98% yield, respectively. Excellent yields were
also achieved with aniline derivatives bearing electron-
donating or electron-withdrawing groups. The conver-
sion of p-ethoxy aniline led to amidine 4c in 86% yield
while the trifluoromethyl derivative 4d and nitrile-substi-
tuted product 4e were obtained in 98% and 80% yield,
respectively. When N-ethylaniline was used as a nucle-
ophile, 88% yield of amidine 4f was achieved. The ali-
phatic secondary amine, diethylamine, gave 4g in good
yield of 79%, while the cyclic amines piperidine and
morpholine performed slightly better, affording 4h
and 4i in 88% and 81% yield, respectively. When ammo-
nia was employed as a nucleophile the desired product 4j
was not obtained. Further evaluation of the scope was
performed by variation of the amide coupling partner.
Electron-rich methoxy substituted aryl amide 1k led

A

B

C

Scheme 2. Synthetic approaches to amidines. A) Traditional amidine synthesis. B) Phosphine medited amidine synthesis.
C) This work.
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to 4k in a good yield of 86%, while aryl amide with an
electron-acceptor substituent, such as methoxycarbonyl
1l and bromo-substituted derivative 1m produced 64%

and 73% of the products 4l and 4m, respectively. As
shown by Kalz et al.,[34] there are different possible iso-
meric forms of N,N 0-disubstituted amidines which can

Table 1. Optimization of the PIII/PV═O redox catalyzed formation of N-isopropylbenzimidoyl chloride (3a) from
N-isopropylbenzamide (1a).

 

Entry 2 [mol%] Halide source [equiv] Silane [equiv] t [h] Yield [%][a]

1 2a (10) ETCA (2.0) PhSiH3 (2.0) 24 26
2 2a (10) TCMB (2.0) PhSiH3 (2.0) 24 68
3 2a (10) HCA (2.0) PhSiH3 (2.0) 24 >99
4 2a (10) DEMBM (2.0) PhSiH3 (2.0) 24 28[b]

5 2a (2) HCA (1.5) PhSiH3 (1.5) 1 h >99
6 2b (2) HCA (1.5) PhSiH3 (1.5) 1 h 40
7 2c (2) HCA (1.5) PhSiH3 (1.5) 1 h 19
8 2d (2) HCA (1.5) PhSiH3 (1.5) 1 h 10
9 2a (2) HCA (1.0) PhSiH3 (1.0) 1 h 82
10[c] 2a (2) HCA (1.5) PhSiH3 (1.5) 1 h 69

Reaction conditions: 1.0 equiv 1a (0.5 mmol), 2–10 mol% catalyst 2, 1.0–2.0 equiv halide source, 1.0–2.0 equiv PhSiH3, 1.5 mL
BuOAc, 120 °C, 1–24 h;
[a] Yields were determined by 1H NMR using mesitylene as an internal standard;
[b]N-isopropylbenzimidoyl bromide is the product;
[c] 100 °C.

Table 2. Optimization for the synthesis of amidine 4a from in situ formed 3a.

Entry iPrNH2 [equiv] t [h] Conv. 1a [%][a] Yield 4a [%][b]

1 1.5 4 53 n.d.
2 2.5 4 71 n.d.
3 3.5 4 100 98
4 3.5 3 96 85

Reaction conditions: 1.0 equiv 1a (0.5 mmol), 2 mol% catalyst 2a, 1.5 equiv HCA, 1.5 equiv PhSiH3, 1.5–3.5 equiv iPrNH2, 1.5 mL
BuOAc, 120 °C;
[a] Conversion was determined by GC with mesitylene as internal standard;[31]
[b] Isolated yield is given.
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result from C═N isomerization, C─N rotation or tautom-
erism. In our hands, products 4l and 4mwere obtained as
a mixture of two isomers in a ratio of 1:0.24 and 1:0.25,
respectively. Thiophene substituted amide 1n gave 4n in
a good yield of 83%. The N-substituents of the amide
were also varied. The conversion of N-cyclohexyl ben-
zamide 1o gave 4o in 80%, N-allyl derivative 1p gave 4p
in 74%, and N-phenyl benzamide (1q) led to 4q in 86%
yield. Under the reaction conditions the conversion of 1r
did not lead to the desired product 4r. Instead, the ben-
zonitrile was observed due to the evolution of hydrogen

under catalytic conditions.[35] In addition, diphenylurea
(1s) was tested as a substrate under the standard reac-
tion conditions, and 4s was obtained in 62% yield.
Furthermore, piperidin-2-one (1t) and pyrrolidine-
2-one (1u) were also suitable substrates even though the
desired amidines 4t and 4u were obtained in moderate
yields of 39% and 17%, respectively. Also, the aliphatic
amide 1v, was successfully converted to the desired
amidine 4v in 84% yield.

The amidine substructure is present in various biolog-
ically active compounds, including Erlotinib (5b), a TKI

Figure 1. Substrate scope for one-pot two-step synthesis of amidines 4 from amides 1 by PIII/PV═O redox catalysis. Reaction
conditions: Step 1: 1.0 equiv 1 (0.5 mmol), 2 mol% catalyst 2a, 1.5 equiv HCA, 1.5 equiv PhSiH3, 1.5 mL BuOAc, 120 °C, 1 h;
Step 2: 3.5 equiv amine, 120 °C, 4 h. Isolated yields are given. Mixture of two isomers 11:0.24 and 21:0.25. 3Product is reduced
to nitrile. 41 mmol scale. 5Yield was determined by 1H NMR analysis of the crude reaction mixture using triethylamine as internal
standard. 6Mesitylene was used as internal standard.
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used in the treatment of non-small cell lung cancer and
pancreatic cancer.[36] To highlight the synthetic utility
of our protocol, we synthesized Erlotinib (5b) starting
from commercially available 6,7-bis(2-methoxyethoxy)
quinazolin-4(3H)-one (5a) (Scheme 3). Due to the lim-
ited solubility of quinazolinone 5a in the standard sol-
vent (BuOAc), the reaction conditions were slightly
modified. Under these adjusted conditions, 5a was suc-
cessfully converted using our one-pot, two-step catalytic
protocol. Notably, the target compound, Erlotinib (5b),
was obtained in a high yield of 81%. This methodology
eliminates the requirement for toxic and corrosive oxalyl
chloride (COCl)2 in the imidoyl chloride formation step
and simplifies the process from a two-step sequence to a
more efficient one-pot reaction.

Based on our previous studies on PIII/PV═O redox
catalyzed reactions and control experiments,[27–31,37]

we propose the following pathway leading to the forma-
tion of amidine 4 from amides 1 and amines (Scheme 4).
The initial step is the reduction of phosphine oxide 2a by
PhSiH3 to phosphine 6. As a control experiment, the
reduction was performed under the reaction conditions
in the absence of HCA. This reaction leads directly to
the phosphine 6, as a mixture of two diastereoisomers

(dr 22.3:1) with the chemical shift in the 31P NMR
for the major isomer at δ= 28.9 ppm. The proposed sila-
nol was not observed. However, 1H─29Si HMBC NMR
experiments indicated the formation of 1,3-diphenyl-
disiloxane as one of the major products with a chemical
shift of δ=�28.2 ppm, which is in accordance with the
literature.[38] The siloxane might be formed either by the
reaction of the silanol with the silane forming hydrogen
or by condensation under liberation of water.[27,28,38] The
subsequent reaction of 6 with HCA leads to the chlor-
ophosphonium salt 7. In additional control experiments
we could show that starting from 6, the reaction with
HCA leads to the formation of 7. Moreover, 7 was
obtained from 2a in the presence of HCA and PhSiH3

as a reducing agent. In both cases a specific signal for
7 was observed in the 31P NMR with a chemical shift
of δ= 116.7 ppm for the major isomer. In the presence
of amide 1a, the salt 7 reacts to the proposed oxyphos-
phonium salt intermediate 8, which further converts to
imidoyl chloride 3a under liberation of the catalyst
2a. As indicated above, 3a was observed in>99% yield
under the optimized conditions (Table 1, entry 5).
The subsequent addition of the amine (iPrNH2) leads
to the formation of the desired amidine 4a in≥98% yield

Scheme 4. Proposed mechanistic pathway for the PIII/PV═O catalyzed amidine formation.

Scheme 3. PIII/PV═O redox catalyzed synthesis of Erlotinib (5b) from 5a.
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as the hydrochloride salt in an addition–elimination
sequence (Table 2, entry 3).

3. Conclusion
A one-pot protocol for the synthesis of amidines from
amides via the construction of C─N bonds using PIII/
PV═O redox catalysis was developed. Hexachloroacetone
is used as a mild chlorinating agent for the in situ forma-
tion of imidoyl chlorides. The reaction is performed in
BuOAc which is considered a green solvent. Under the
optimized conditions 20 amidines from a wide range of
amides and amines were prepared in yields up to 99%.
The potential of the developed protocol was shown in
the synthesis of the potent TKI Erlotinib. Additionally,
this method demonstrates potential applicability in the
synthesis of guanidines and the derivatization of hetero-
cyclic compounds. Based on previous work and control
experiments a feasible mechanismwas proposed. Our lab-
oratory is currently investigating the utilization of alterna-
tive nucleophiles in place of amines.

4. Experimental Section

Catalyst 2a was synthesized according to the previously reported
literature.[31] Catalysts 2a, 2c, and 2d are commercially available
from the following providers: TCI Chemicals, BLD Pharm, abcr,
Merck. Catalyst 2b is commercially available from TCI
Chemicals and BLD Pharm.

General Procedure: An oven-dried Schlenk flask equipped with a
stir bar was charged with an amide 1 (1.00 equiv) and the catalyst
1,2,2,3,4,4-hexamethylphosphetane 1-oxide (2a, 2.00 mol%).
The flask was evacuated and flashed with argon three times.
BuOAc (0.33 M) and subsequently PhSiH3 (1.50 equiv) and
1,1,1,3,3,3-hexachloropropan-2-one (1.50 equiv) were added.
The reaction mixture was heated under argon to 120 °C in an
oil bath. After 1 h, amine (3.50 equiv) was added dropwise via
syringe if it was liquid. If the amine was a solid, it was transferred
into a Schlenk tube, cycled onto a Schlenk line, and dissolved in
the lowest possible amount of BuOAc (0.5–1.5 mL), added via
syringe to the reaction mixture dropwise, and the heating was con-
tinued for 4 h. The reaction was then cooled to room temperature.
3.0 mL of 2M NaOH and 2.0 mL of Et2O were added and the
reaction mixture was stirred overnight. The reaction mixture was
then transferred to a separatory funnel. The organic phase was
separated, and the aqueous phase was extracted two times with
Et2O. The combined organic layers were dried over Na2SO4.
All volatiles were removed, and the crude product was purified
by column chromatography.
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7.2  PIII/PV=O redox catalyzed direct amide-to-ketimine transformation via Friedel–

Crafts-type C–C bond formation 

V. Medvarić, N. Mergard, T. Werner, submitted manuscript. 

 

Abstract:  

A direct and efficient transformation of common secondary amides into aromatic ketimines 

via C–C bond formation is reported. The process relies on in situ activation of secondary 

amides through PIII/PV=O redox catalysis to generate reactive imidoyl chloride 

intermediates. Utilizing hexachloroacetone as a chlorinating agent and only 2 mol% of the 

phosphorus catalyst, subsequent addition of indole and pyrrole derivatives affords selective 

C3-functionalization products. This one-pot, two-step protocol provides access to a broad 

range of C3-ketimines from diverse secondary amides and heteroarenes, delivering up to 

94% yield across 20 newly synthesized compounds. The transformation represents a 

formal Friedel–Crafts-type reaction employing secondary amides as electrophilic partners, 

expanding the synthetic utility of PIII/PV=O redox catalysis and amide activation in 

heteroarene functionalization.  
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Abstract: A direct and efficient transformation of common secondary amides into aromatic ketimines via C–C 

bond formation is reported. The process relies on in situ activation of secondary amides through P III/PV=O redox 

catalysis to generate reactive imidoyl chloride intermediates. Utilizing hexachloroacetone as a chlorinating agent 

and only 2 mol% of the phosphorus catalyst, subsequent addition of indole and pyrrole derivatives affords 

selective C3-functionalization products. This one-pot, two-step protocol provides access to a broad range of C3-

ketimines from diverse secondary amides and heteroarenes, delivering up to 94% yield across 20 newly 

synthesized compounds. The transformation represents a formal Friedel–Crafts-type reaction employing 

secondary amides as electrophilic partners, expanding the synthetic utility of PIII/PV=O redox catalysis and amide 

activation in heteroarene functionalization. 

Introduction 

Pyrrole and indole are fundamental heterocyclic building blocks found in a vast array of natural products and 

pharmaceuticals, with significant biological activity.[1–11] Significant efforts have been devoted to the development 

of efficient synthetic protocols for the preparation and direct functionalization of these compounds. [12] Among 

other electrophilic aromatic substitution reactions, Friedel–Crafts acylation is one of the most widely used 

techniques.[13,14] Despite its historical importance, traditional Friedel–Crafts reaction is hindered by several 

limitations, such as the need for strong Lewis acid catalysts and challenges associated with selective 

functionalization.[12,15] Although extensive efforts have been made, a strong demand for methodologies beyond 

Friedel–Crafts acylation as well as the use of readily available and bench stable starting materials still 

remains.[13,16–21] With regard to the latter, the use of readily available secondary amides is of particular interest. 

Based on previous work on the activation of amides with triflic anhydride (Tf2O),[22–25] Huang and coworkers 

reported the Tf2O-mediated coupling of arenes with secondary amides (Figure 1A).[26] Notably, depending on the 

work-up, aromatic ketimines or ketones were accessible. The direct synthesis of ketimines is of particular interest 

since imines are valuable synthetic intermediates typically formed through the dehydration condensation of 

corresponding carbonyl compounds and amines.[27,28] While aldimines can often be synthesized under simple 

reflux conditions without the need for additives, the preparation of ketimines from less reactive substrates 

generally requires the use of acid catalysts.[29–31] Examples on the direct synthesis of ketimines from pyrrols and 

indols which are not based on condensation are rare. Tobisu reported Lewis acid promoted insertion of 

isocyanides into aromatic C−H bonds leading to aromatic imines (Figure 1B).[32] In this process stochiometric 

amounts of AlCl3 are required. Following this, Giles et al. described the synthesis of imine functionalized 

indoles.[33] The imine moiety was generated with N-alkylnitrilium tetrafluoroborate to afford iminium salts which 

was subsequently converted to the imine under basic conditions.  

PIII/PV redox catalysis has emerged as a powerful tool for the activation of various substrates in organic 

synthesis.[34,35] In regard to amide activation and electrophilic aromatic substation Xue developed PIII/PV redox 

catalyzed method for acylation of indole (Figure 1C).[36] This method facilitates the in situ generation of the 

Vilsmeier–Haack intermediate, which subsequently undergoes reaction with indole to yield the acylated product. 

Activation of various substrates through PIII/PV redox catalysis has emerged as a prominent area of research. Our 

mailto:vmedvaric@mail.uni-paderborn.de
mailto:niklas.mergard@uni-paderborn.de
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group demonstrated the activation of alcohols via the phosphorus redox catalysis, enabling their transformation 

into alkyl chlorides.[37,38] Mecinović used the PIII/PV redox catalysis for the activation of carboxylic acids and their 

subsequent coupling with amines to form amides.[39] This approach was later refined by Radosevich, further 

expanding the scope and utility of PIII/PV catalyzed transformations.[40,41] In contrast, the activation of amides via 

phosphine catalysis remains relatively underexplored, representing a critical gap that forms the focus of our 

current research.[36,40,41] Recently, we reported the activation of amides for the synthesis of amidines via PIII/PV 

redox catalysis.[42] Based on this work, we envisioned that the direct synthesis of ketimine functionalized, valuable 

building blocks from indols and pyrrols should be feasible. Herein we report the selective C-3 functionalization of 

indoles and pyrroles via PIII/PV=O redox catalysis utilizing readily available amides as substrates (Figure 1D). 

 
Figure 1. Examples for the functionalization of pyrrole and indole derivatives. 

Results and Discussion 

The first step of this one-pot synthesis is the in situ formation of imidoyl chlorides from amides via PIII/PV redox 

catalysis.[42] For the in situ reduction of phosphine oxide, PhSiH3 proved to be the most effective reagent. The 

optimized conditions for the first step comprised 1.5 equivalents hexachloroacetone (HCA) and PhSiH3, 2 mol% 

catalyst C3PO and  BuOAc as green solvent.[42] Under these conditions the imidoyl chloride intermediate 2a is 

obtained in >99% yield after 1 h. Initially, we optimized the reaction conditions for the electrophilic substitution of 

pyrrol (3a) with isopropylbenzamide (1a) by varying the amount of 3a and the reaction time (Table 1). After the in 

situ formation of 2a, 2.5 equivalents of 3a were added. After 4 h at 120 °C 4aa was obtained in 70% yield (Table 

1, entry 1). When 3.5 equivalents were used, 4aa was formed in 86% yield (Table 1, entry 2). A further increase 

in the amount of 3a to 4.5 equivalents resulted in a slight decrease of the yield and 4aa was obtained in 81% 

(Table 1, entry 3). Conducting the reaction with 3.5 equivalents of 3a for 1 h gave also a lower yield of 64% 

(Table 1, entry 4). Prolonging the reaction time to 23 h led to 82% yield (Table 1, entry 5). Lower reaction 

temperature of 100 °C was also tested, giving 4aa in 53% yield (Table 1, entry 6). 
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Table 1. Optimization of reaction conditions for the second step for the synthesis of 4aa from N-isopropylbenzamide (1a) and 
pyrrole (3a). 

 
 

entry 3a / equiv t / h T / °C yield / %1 

1 2.5 4 120 70 

2 3.5 4 120 86 

3 4.5 4 120 81 

4 3.5 1 120 64 

5 3.5 23 120 82 

6 3.5 4 100 53 

Reaction conditions: Step 1: 1.0 equiv 1a (0.5 mmol), 2 mol% catalyst C3PO, 1.5 equiv HCA, 1.5 equiv PhSiH3, 1.5 mL 
BuOAc, 120 °C. Step 2: 2.5–4.5 equiv pyrrole 3a, 100–120 °C, 1–23 h. 1Yield was determined by 1H NMR analysis of the 
reaction mixture after extraction using mesitylene as an internal standard. 

With optimal conditions in hand, we explored the substrate scope of the reaction (Table 2), commencing with 

testing differently substituted pyrroles 3a-f as nucleophiles in a reaction with 1a. Using pyrrole 3a as a 

nucleophile, we were able to isolate the product 4aa in 62% yield, while more electron rich 2-methylpyrrole (3b) 

gave the product 4ab in high 77% yield. More reactive 2,4-dimethylpyrrole (3c) resulted in high 82% yield of the 

product 4ac. The conversion of N-methylfuran pyrrole derivative 3d gave 4ad as a mixture of E/Z isomers (1:1.7) 

in a total yield of 72%. The reaction with pyrrolopyridine 3e gave amidine 4ae in 55% yield. It is not unusual to 

form amidines under these conditions, as reported before.[42] Notably, pyrrolopyrimidine 3f derivative resulted in 

product 4af in 34% yield. When indazole 3g was used as a nucleophile, 36% of the product 4ag was obtained. 

We turned our attention to the functionalization of indole derivatives as nucleophiles. Using indole 3h as the 

nucleophile resulted in the formation of 4ah in 70% yield as a mixture of E/Z isomers (3.5:1), while more electron 

rich 4-methyl indole 3i gave the corresponding 4ai in excellent 94%. Iodo-indole derivative 3j gave 53% yield of 

the product 4aj in 5.7:1 E/Z ratio, while 6-trifluoro indole 3k resulted with the product 4ak in 61% yield. The 

conversion of 5-oxaborolan substituted indole 3l led to 62% yield of 4al as a hydrochloride salt, while the 2-p-

fluorophenyl derivative 3m gave the product 4am in 91%. In addition, we tested the electron-rich azulene 

derivative 3n, which to our surprise resulted in a good 55% yield of product 4an.  
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Table 2. Substrate scope for the variation of nucleophiles 3a-3n in the one-pot two-step reaction for the formation of 4aa-4an from amide 1a 

by PIII/PV=O redox catalysis. 

 

Reaction conditions: Step 1: 1.0 equiv 1a (0.5 mmol), 2mol% catalyst C3PO, 1.5 equiv HCA, 1.5 equiv PhSiH3, 1.5 mL BuOAc, 

120 °C, 1h; Step 2: 3.5 equiv nucleophile, 120 °C, 4 h. Isolated yields are given. aStep 2 was prolonged to overnight heating. 
bProduct was isolated as a HCl salt. 

Aditionally, further evaluation of the substrate scope was performed by variation of the amide coupling partner 

1b-1i with 3i as the nucleophile (Table 3). Electron-rich methoxy substituted aryl amide 1b led to 4bi in 74% yield. 

Bromo-substituted derivative 1c gave 4ci in 57% yield. Benzyl substituted amide 1d was converted to the product 

4di in 55% yield, while the thiophene substituted amide 1e gave the corresponding product 4ei in 85% yield. 

Aliphatic heptanamide 1f led to 55% yield of the product 4fi. The N-substituents of the amide were also varied, 

and N-phenylheptanamide (1g) led to 4gi in 22% yield, while aromatic N-phenylbenzamide (1h) afforded the 

product 4hi in 61% yield. Furthermore, we tested lactam 1i as a substrate. Unfortunately the formation of the 

desired product 4ii was not observed. 
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Table 3. Substrate scope for the variation of amide 1 in a one-pot two-step reaction for the formation of 4 by PIII/PV=O redox catalysis. 

 

Reaction conditions: Step 1: 1.0 equiv 1 (0.5 mmol), 2 mol% catalyst C3PO, 1.5 equiv HCA, 1.5 equiv PhSiH3, 1.5 mL BuOAc, 

120 °C, 1h; Step 2: 3.5 equiv nucleophile, 120 °C, 4 h. Isolated yields are given. aYields were determined by 1H NMR using 

mesitylene as an internal standard. bStep 2 was prolonged to overnight heating. 

Based on our previous studies on PIII/PV=O redox catalyzed reactions we propose the mechanism shown in 

Figure 4.[37,38,42] Initially, the phosphine oxide C3PO is reduced by PhSiH3 to C3P, accompanied with the 

formation of 1,3-diphenyl­disiloxane. Phosphine C3P further reacts with hexachloroacetone to form a 

chlorophosphonium salt 5. In the presence of amide 1a the salt 5 reacts to the proposed oxophosphonium salt 

intermediate 6 which further converts to imidoyl chloride 2a under liberation of the catalyst C3PO completing the 

catalytic cycle. The subsequent addition of 3a leads to the formation of the desired product 4aa. 

 

Figure 4. Proposed mechanistic pathway for the electrophilic aromatic substitution via PIII/PV=O catalyzed in situ imidoyl chloride formation. 
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Conclusion 

In conclusion, a concise and efficient two-step, one-pot protocol has been developed for the electrophilic 

aromatic substitution of indoles, pyrroles, and their derivatives using secondary amides as electrophilic partners. 

The reaction proceeds via in situ formation of imidoyl chlorides through PIII/PV redox catalysis, with 

hexachloroacetone serving as a mild and effective chlorinating agent. This strategy enables direct C–C bond 

formation under mild conditions, affording aromatic ketimines as valuable synthetic intermediates. Systematic 

evaluation of substrate scope demonstrated the broad applicability of the method: 13 nucleophiles (pyrroles and 

indoles) and 7 electrophiles (amides) were successfully coupled to furnish 20 novel ketimine products in yields of 

up to 94%. The proposed reaction mechanism, consistent with established amide activation pathways, provides 

further insight into PIII/PV-catalyzed transformations. Overall, this work expands the synthetic utility of secondary 

amides as electrophiles in Friedel–Crafts-type reactions and highlights the versatility of phosphorus redox 

catalysis in C–C bond formation. 

Keywords: organocatalysis • phosphorus redox catalysis • C–C bond formation • amide activation • 

functionalization 

References  

[1] S.-F. Duan, L. Song, H.-Y. Guo, H. Deng, X. Huang, Q.-K. Shen, Z.-S. Quan, X.-M. Yin, "Research 
status of indole-modified natural products", RSC Med. Chem. 2023, 14, 2535. 

[2] C. Zheng, S.-L. You, "Catalytic asymmetric dearomatization (CADA) reaction-enabled total 
synthesis of indole-based natural products", Nat. Prod. Rep. 2019, 36, 1589. 

[3] N. K. Kaushik, N. Kaushik, P. Attri, N. Kumar, C. H. Kim, A. K. Verma, E. H. Choi, "Biomedical 
importance of indoles", Molecules 2013, 18, 6620. 

[4] S. M. Umer, M. Solangi, K. M. Khan, R. S. Z. Saleem, "Indole-Containing Natural Products 2019-
2022: Isolations, Reappraisals, Syntheses, and Biological Activities", Molecules 2022, 27, 7586. 

[5] E. Vitaku, D. T. Smith, J. T. Njardarson, "Analysis of the structural diversity, substitution patterns, 
and frequency of nitrogen heterocycles among U.S. FDA approved pharmaceuticals", J. Med. 
Chem. 2014, 57, 10257. 

[6] B. H. Ganesh, A. G. Raj, B. Aruchamy, P. Nanjan, C. Drago, P. Ramani, "Pyrrole: A Decisive 
Scaffold for the Development of Therapeutic Agents and Structure-Activity Relationship", 
ChemMedChem 2024, 19, e202300447. 

[7] L. Long, H. Zhang, Z. Zhou, L. Duan, D. Fan, R. Wang, S. Xu, D. Qiao, W. Zhu, "Pyrrole-containing 
hybrids as potential anticancer agents: An insight into current developments and structure-activity 
relationships", Eur. J. Med. Chem. 2024, 273, 116470. 

[8] B. S. Manya, M. R. P. Kumar, K. Rajagopal, M. A. Hassan, S. O. Rab, M. A. Alshehri, T. B. Emran, 
"Insights into the Biological Activities and Substituent Effects of Pyrrole Derivatives: The 
Chemistry-Biology Connection", Chem. Biodiversity 2024, 21, e202400534. 

[9] T. V. Sravanthi, S. L. Manju, "Indoles - A promising scaffold for drug development", Eur. J. Pharm. 
Sci. 2016, 91, 1. 

[10] A. Kumari, R. K. Singh, "Medicinal chemistry of indole derivatives: Current to future therapeutic 
prospectives", Bioorg. Chem. 2019, 89, 103021. 

[11] W. Yan, S. S. Zhao, Y. H. Ye, Y. Y. Zhang, Y. Zhang, J. Y. Xu, S. M. Yin, R. X. Tan, "Generation of 
Indoles with Agrochemical Significance through Biotransformation by Chaetomium globosum", J. 
Nat. Prod. 2019, 82, 2132. 

[12] M. Bandini, A. Eichholzer, "Catalytic functionalization of indoles in a new dimension", Angew. 
Chem., Int. Ed. 2009, 48, 9608. 

[13] V. Dočekal, Y. Niderer, A. Kurčina, I. Císařová, J. Veselý, "Regio- and Enantioselective N-
Heterocyclic Carbene-Catalyzed Annulation of Aminoindoles Initiated by Friedel-Crafts Alkylation", 
Org. Lett. 2024, 26, 6993. 

[14] L. Jiao, E. Herdtweck, T. Bach, "Pd(II)-catalyzed regioselective 2-alkylation of indoles via a 
norbornene-mediated C-H activation: mechanism and applications", J. Am. Chem. Soc. 2012, 134, 
14563. 

[15] H. Kong, K. Li, J. Zhang, H. Yan, L. Jing, Y. Liu, C. Song, P. Zhou, B. Wang, "Trifluoroacetic Acid 
Promotes Umpolung of 2‐Methylindole to Achieve C( sp3 )−H Activation", Adv. Synth. Catal. 2024, 
e202401128. 



RESEARCH ARTICLE 

7 

 

[16] J. A. Leitch, C. L. McMullin, M. F. Mahon, Y. Bhonoah, C. G. Frost, "Remote C6-Selective 
Ruthenium-Catalyzed C–H Alkylation of Indole Derivatives via σ-Activation", ACS Catal. 2017, 7, 
2616. 

[17] J. Kim, S. H. Hong, "Dual Activation of Nucleophiles and Electrophiles by N-Heterocyclic Carbene 
Organocatalysis: Chemoselective N-Imination of Indoles with Isocyanides", Org. Lett. 2017, 19, 
3259. 

[18] J. Märsch, S. Reiter, T. Rittner, R. E. Rodriguez-Lugo, M. Whitfield, D. J. Scott, R. J. Kutta, P. 
Nuernberger, R. de Vivie-Riedle, R. Wolf, "Cobalt-Mediated Photochemical C-H Arylation of 
Pyrroles", Angew. Chem., Int. Ed. 2024, 63, e202405780. 

[19] J.-C. Wu, R.-J. Song, Z.-Q. Wang, X.-C. Huang, Y.-X. Xie, J.-H. Li, "Copper-catalyzed C-H 
oxidation/cross-coupling of α-amino carbonyl compounds", Angew. Chem., Int. Ed. 2012, 51, 3453. 

[20] A. Taheri, B. Lai, C. Cheng, Y. Gu, "Brønsted acid ionic liquid-catalyzed reductive Friedel–Crafts 
alkylation of indoles and cyclic ketones without using an external reductant", Green Chem. 2015, 
17, 812. 

[21] T.-Y. Wang, X.-X. Chen, D.-X. Zhu, L. W. Chung, M.-H. Xu, "Rhodium(I) Carbene-Promoted 
Enantioselective C-H Functionalization of Simple Unprotected Indoles, Pyrroles and 
Heteroanalogues: New Mechanistic Insights", Angew. Chem., Int. Ed. 2022, 61, e202207008. 

[22] S. Régnier, W. S. Bechara, A. B. Charette, "Synthesis of 3-Aminoimidazo1,2-apyridines from α-
Aminopyridinyl Amides", J. Org. Chem. 2016, 81, 10348. 

[23] K. L. White, M. Mewald, M. Movassaghi, "Direct Observation of Intermediates Involved in the 
Interruption of the Bischler-Napieralski Reaction", J. Org. Chem. 2015, 80, 7403. 

[24] W. S. Bechara, G. Pelletier, A. B. Charette, "Chemoselective synthesis of ketones and ketimines 
by addition of organometallic reagents to secondary amides", Nat. Chem. 2012, 4, 228. 

[25] A. Romanens, G. Bélanger, "Preparation of conformationally restricted β(2,2)- and β(2,2,3)-amino 
esters and derivatives containing an all-carbon quaternary center", Org. Lett. 2015, 17, 322. 

[26] P.-Q. Huang, Y.-H. Huang, K.-J. Xiao, "Metal-Free Intermolecular Coupling of Arenes with 
Secondary Amides: Chemoselective Synthesis of Aromatic Ketimines and Ketones, and N-
Deacylation of Secondary Amides", J. Org. Chem. 2016, 81, 9020. 

[27] R. W. Layer, "The Chemistry of Imines.", Chem. Rev. 1963, 63, 489. 
[28] R. D. Patil, S. Adimurthy, "Catalytic Methods for Imine Synthesis", Asian J. Org. Chem. 2013, 2, 

726. 
[29] Y. Liu, Q. Yang, D. Hao, W. Zhang, "Facile Synthesis of Triarylmethanimine Promoted by a Lewis 

Acid - Base Pair: Theoretical and Experimental Studies", Aust. J. Chem. 2012, 65, 1390. 
[30] M. Higuchi, A. Kimoto, S. Shiki, K. Yamamoto, "Selective synthesis of novel cyclic 

phenylazomethine trimers", J. Org. Chem. 2000, 65, 5680. 
[31] T. Yasukawa, H. Nakajima, R. Masuda, Y. Yamashita, S. Kobayashi, "Effect of Activation Methods 

of Molecular Sieves on Ketimine Synthesis", J. Org. Chem. 2022, 87, 13750. 
[32] M. Tobisu, S. Yamaguchi, N. Chatani, "Lewis acid-promoted imine synthesis by the insertion of 

isocyanides into C-H bonds of electron-rich aromatic compounds", Org. Lett. 2007, 9, 3351. 
[33] R. G. Giles, H. Heaney, M. J. Plater, "Reactions of nitrilium salts with indole and pyrrole and their 

derivatives in the synthesis of imines, ketones and secondary amines", Tetrahedron 2015, 71, 
7367. 

[34] J. M. Lipshultz, G. Li, A. T. Radosevich, "Main Group Redox Catalysis of Organopnictogens: 
Vertical Periodic Trends and Emerging Opportunities in Group 15", J. Am. Chem. Soc. 2021, 143, 
1699. 

[35] L. Longwitz, T. Werner, "Recent advances in catalytic Wittig-type reactions based on P(III)/P(V) 
redox cycling", Pure Appl. Chem. 2019, 91, 95. 

[36] J. Xue, Y.-S. Zhang, Z. Huan, J.-D. Yang, J.-P. Cheng, "Catalytic Vilsmeier-Haack Reactions for 
C1-Deuterated Formylation of Indoles", J. Org. Chem. 2022, 87, 15539. 

[37] L. Longwitz, S. Jopp, T. Werner, "Organocatalytic Chlorination of Alcohols by P(III)/P(V) Redox 
Cycling", J. Org. Chem. 2019, 84, 7863. 

[38] J. Tönjes, L. Kell, T. Werner, "Organocatalytic Stereospecific Appel Reaction", Org. Lett. 2023, 25, 
9114. 

[39] D. C. Lenstra, Rutjes, Floris P. J. T., J. Mecinović, "Triphenylphosphine-catalysed amide bond 
formation between carboxylic acids and amines", Chem. Commun. 2014, 50, 5763. 



RESEARCH ARTICLE 

8 

 

[40] M. Lecomte, J. M. Lipshultz, S.-H. Kim-Lee, G. Li, A. T. Radosevich, "Driving Recursive 
Dehydration by PIII/PV Catalysis: Annulation of Amines and Carboxylic Acids by Sequential C–N 
and C–C Bond Formation", J. Am. Chem. Soc. 2019, 141, 12507. 

[41] J. M. Lipshultz, A. T. Radosevich, "Uniting Amide Synthesis and Activation by PIII/PV–Catalyzed 
Serial Condensation: Three-Component Assembly of 2-Amidopyridines", J. Am. Chem. Soc. 2021, 
143, 14487. 

[42] V. Medvarić, J. Paradies, T. Werner, "Synthesis of Amidines Via P(III)/P(V)=O Redox Catalyzed In 
Situ Formation of Imidoyl Chlorides From Amides", Adv. Synth. Catal. 2025, 367, e70059. 

 

 



APPENDIX 

iii 

 

7.3  Synthesis of trisubstituted furans from activated alkenes by PIII/PV redox cycling 

catalysis 

J. Tönjes, V. Medvarić, T. Werner, J. Org. Chem. 2024, 89, 15, 10729. 

DOI: 10.1021/acs.joc.4c00985 

 

Abstract:  

The organocatalytic formation of an underrepresented family of tri- and tetrasubstituted 

furans from activated alkenes and acyl chlorides is reported. In a reaction sequence based 

on PIII/PV redox cycling catalysis, the cyclic phosphine catalysts react with bisacylethenes 

or acylacrylates in a Michael addition, followed by an acylation and either an intramolecular 

Wittig reaction or a ring closure reaction, liberating the furans. The formed phosphine 

oxides are reduced in situ by phenylsilane as terminal reductant. In a first step, 12 

diacylethenes were converted to the respective trisubstituted furans. The reaction of 

acylacrylates showed a surprising, catalyst dependent alternate reaction forming 

tetrasubstituted furans. Two additional methods were developed, giving 14 trisubstituted 

furans using a phospholene catalyst and an additional 6 tetrasubstituted furans using a 

phosphetane catalyst. This encompassed 19 newly described compounds. 

  



Synthesis of Trisubstituted Furans from Activated Alkenes by P(III)/
P(V) Redox Cycling Catalysis
Jan Tönjes, Viktorija Medvaric,́ and Thomas Werner*

Cite This: J. Org. Chem. 2024, 89, 10729−10735 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: The organocatalytic formation of an underrepre-
sented family of trisubstituted and tetrasubstituted furans from
activated alkenes and acyl chlorides is reported. In a reaction
sequence based on P(III)/P(V) redox cycling catalysis, the cyclic
phosphine catalysts react with diacylethenes or acyl acrylates in
Michael addition, followed by acylation and either an intra-
molecular Wittig reaction or a ring closure reaction, liberating the
furans. The formed phosphine oxides are reduced in situ by
phenylsilane as a terminal reductant. In the first step, 12
diacylethenes were converted to the respective trisubstituted
furans. The reaction of acyl acrylates showed a surprising,
catalyst-dependent alternate reaction forming tetrasubstituted
furans. Two additional methods were developed, giving 14 trisubstituted furans using a phospholene catalyst and an additional 6
tetrasubstituted furans using a phosphetane catalyst. This encompassed 19 newly described compounds.

■ INTRODUCTION
Substituted furans are a valuable synthetic target, not only due
to their wide occurrence in natural products and active
compounds, including approved pharmaceuticals, despite their
propensity to lead to toxic metabolites.1,2 They can also serve
as an interesting synthon for the synthesis of natural or
complex products due to their versatile reactivity.3,4 This can
be exemplified by their ability to react in Diels−Alder type
cycloadditions by the formation of synthetically useful
products with different oxidants or exchange of oxygen with
different heteroatoms.5−7

While furan derivatives for technical applications are mostly
derived from biomass, classical reactions for the formation of
substituted furans include the Paal−Knorr synthesis for
disubstituted products or the Feist−Benary synthesis for
tetrasubstituted furans.8−10 Following this, a multitude of
methods have been developed to form furans with diverse
substitution patterns and to employ various starting materi-
als.11−16 A large number of methods employ transition metal
catalysts, especially on the basis of silver and gold using alkynes
or ketenes as substrates, although catalysts on the basis of
palladium, copper, and others have also been reported.
Phosphines can be used for the synthesis of substituted

furans under transition metal-free conditions. Some substrates
can be activated by catalytic amounts of phosphine, forming
substituted furans by rearrangement.17 In a more general
method, the phosphine can react in Michael addition with an
activated alkene, which, in turn, can be acylated with acid
anhydrides or acid chlorides. Deprotonation of this inter-
mediate leads to the formation of a substituted furan via an

intramolecular Wittig reaction.18−21 Here, stoichiometric
amounts of phosphine have to be employed to form phosphine
oxide as a byproduct, which can lead to separation problems
and an enlarged waste stream.
First steps to alleviate this general issue were done by

O’Brien et al. in 2009 with the development of P(III)/P(V)
redox cycling catalysis.22 In this reaction principle, the
phosphine oxide formed in a reaction of this type is reduced
in situ using silanes as terminal reductants. Thus, catalytic
amounts of phosphines are sufficient, reducing the phosphine
oxide waste stream, simplifying the purification of the products
and making the use of specialized phosphines more
economically viable. This methodology was adapted for
different reactions, including reductive C−N coupling
reactions, Morita−Baylis−Hilman/Wittig cascade, Vilsmeier−
Haack reaction, Staudinger/Aza-Wittig reaction, base-free
Wittig reaction, and the reduction of activated alkenes.23−28

P(III)/P(V) redox cycling catalysis has also been employed for
the formation of substituted furans. Lin and co-workers
reworked their method for the synthesis of tetrasubstituted
furans from trisubstituted activated alkenes using stoichio-
metric amounts of tributylphosphine toward the use of
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catalytic amounts of a phospholane catalyst with silyl chlorides
as promoters and phenylsilane as a terminal reductant (Scheme
1a).21,29 He and co-workers updated their synthesis of

tetrasubstituted furans starting from acrylates toward the use
of catalytic amounts of tributylphosphine at elevated temper-
atures with the same terminal reductant (Scheme 1b).20,30

Recently, Lin and co-workers also revised their method toward
the synthesis of furo[2,3-f ]dibenzotropones.31

In the field of activated alkenes, neither the use of 1,2-
diacylethenes nor 3-acyl acrylates has been explored for the
metal-free, catalytic synthesis of substituted furans, and only
few examples can be found in the literature under
stoichiometric conditions.32 Thus, our aim was to explore
these activated alkenes in a Michael-addition/acylation/Wittig
sequence under phosphine redox cycling catalysis and develop
methods for the synthesis of new products in the valuable field
of substituted furans (Scheme 1c).

■ RESULTS AND DISCUSSION
We started our investigation with the reaction of 1,2-
dibenzoylethene (1a) with benzoyl chloride (2a) in THF as
the solvent, diisopropylethylamine (DIPEA) as the base, and
phenylsilane as the terminal reductant. In the first step, the
reactivity of various phosphine catalysts was evaluated. The use
of hexamethylphosphetane oxide 3a afforded the desired
trisubstituted furan 4a in a satisfactory yield of 71% (Table 1,
entry 1). This highly active catalyst was used in various
transformations in recent years.28,33−35 In the presence of the
more sterically demanding phosphine oxide 3b, no product
formation was observed (entry 2). Surprisingly, the less
sterically demanding tetramethylphospetane oxide 3c, which
was recently introduced by the group of Radosevich, gave the
product 4a in only 24% yield (entry 3).23,36 Several other
phosphine oxides 3d−3g were employed as catalysts. However,
4a was obtained in low yields <10% in all cases (entries 4−7).
This is especially unexpected for phospholene 3d, which is
widely used in P(III)/P(V) redox cycling catalysis.
The exchange of THF with cyclopentyl methyl ether

(CPME), butyl acetate, or MeTHF gave all similar but lower
yields of furan 4a between 43 and 55%, while the use of
toluene and MeCN led to significantly lower yields of 34% and

2%, respectively.37 Different amine bases, sodium carbonate
and butylene oxide, as a capped base were also tested.37

Butylene oxide proved to be an alternative to DIPEA, affording
the furan 4a in a yield of 69%, whereas the other tested bases
only gave 4a in yields <10%. A reduction in the reaction
temperature to 40 °C led to a significantly lower yield of 13%
(entry 8), whereas at 80 °C, 4a was obtained in 66% yield
(entry 9). An increase in the amounts of base and benzoyl
chloride (2a) led to improved yields. In the presence of 1.5
equiv of 2a, the desired product was obtained in 87% yield,
while 99% yield was achieved when 2.0 equiv of 2a was used
(entries 10 and 11). Notably, the reaction time could be
shortened to 4 h without a reduction in the amount of product
4a, while even 2 h led to a good yield of 82% (entries 12 and
13). In the absence of phenylsilane or catalyst 3a, no product
was formed, while in the absence of DIPEA, traces of furan 4a
were obtained.37

When the optimized conditions were employed, dibenzoy-
lethene 1a yielded the product 4a in an isolated yield of 93%
after a reaction time of 4 h. However, test reactions for other
substrates led to unsatisfactory yields (Figure 1). For the
further evaluation of the substrate scope, the reaction time was
extended to 16 h. Under these conditions, the electron-rich
dimethoxyderivative 1b was converted to the trisubstituted
furan 4b in a yield of 81%, while the dichlorocompound 1c
afforded the respective furan 4c in a moderate yield of 58%.
Both the more challenging dithiophene compound 1d and
more sterically hindered dinaphthyl compound 1e gave
comparable yields of 50 and 54% of the respective furans 4d
and 4e, respectively. The hexenedione 1f could be converted
to the methylsubstituted furan 4f in a yield of 40%, whereas the
phenylpentenedione 1g afforded 3-acetyl-2,5-diphenylfuran
(4g) in a yield of 74%. Only less than 7% of the isomer was

Scheme 1. Different Approaches toward Substituted Furans
by P(III)/P(V) Redox Cycling Catalysis

Table 1. Catalyst Screening and Optimization of the
Reaction Conditions for the Formation of Triphenylfuran
4a from Dibenzoylethene 1ab

entry 3 2a/equiv DIPEA/equiv modification 4a yielda/%

1 3a 1.1 1.2 71
2 3b 1.1 1.2 0
3 3c 1.1 1.2 24
4 3d 1.1 1.2 7
5 3e 1.1 1.2 3
6 3f 1.1 1.2 3
7 3g 1.1 1.2 2
8 3a 1.1 1.2 40 °C 13
9 3a 1.1 1.2 80 °C 66
10 3a 1.5 1.6 87
11 3a 2.0 2.1 99
12 3a 2.0 2.1 4 h 99
13 3a 2.0 2.1 2 h 82

aYield determined by GC-FID with hexadecane as the internal
standard. bReaction conditions: 1.0 equiv of 1a (0.50 mmol), 1.1−2.0
equiv of BzCl (2a, 0.55−1.0 mmol), 1.2−2.1 equiv of DIPEA (0.60−
1.05 mmol), 5.0 mol % catalyst 3 (25 μmol), 1.0 equiv of PhSiH3
(0.50 mmol), 1.5 mL of solvent, 60 °C, 16 h.
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formed. With less distinctly different acyl groups, a less
favorable isomeric mixture is to be expected. By exchanging the
acid chloride for derivative 2b, the bromophenyl substituted
furan 4h was isolated in a good yield of 89%. The electron-
poor methoxycarbonylbenzoyl chloride (2c) led to a slightly
lower yield of 73% of furan 4i, whereas the more electron-rich
methylbenzoyl chloride 2d led to a reduced yield of 28% of
furan 4j. Similarly, the reaction of model compound 1a with
acetyl chloride (2e) led to the expected trisubstituted furan 4k
in a yield of 25%, whereas a surprisingly good yield of 78% of
furan 4l was obtained in the reaction of cyclopropylcarbonyl
chloride 2f.
Based on the work of He and co-workers, two reaction

pathways are plausible for the reaction of diketone 1 with acyl
chloride 2 using the phosphetane catalyst 3a and phenylsilane
as the terminal reductant.30 In the first reaction pathway, after
Michael addition of reduced phosphine 5 to activated alkene 1,
formed enolate I-1 reacts with acyl chloride under C-acylation
and subsequent deprotonation to form enolate I-2 (Figure 2,
reaction pathway I). A nucleophilic attack of the enolate leads
to a ring closure reaction, and the subsequent deoxygenation
results in the formation of trisubstituted furan 4 and phosphine
oxide 3, which can be reduced by the terminal reductant. In
the second reaction pathway, the formed enolate II-1 reacts
under O-acylation to form the enolester II-2 (Figure 2,
reaction pathway II). Deprotonation of the phosphonium salt
forms an ylide, which reacts in an intramolecular Wittig
reaction, forming the trisubstituted furan 4 and the phosphine
oxide 3.
The triketone 6 was synthesized and converted to the

trisubstituted furan 4a using phosphetane catalyst 3a and
phenylsilane under 60 °C in THF, demonstrating the general
viability of the ring closure reaction. Upon the addition of
benzoyl chloride (2a) and DIPEA to the reaction mixture, only
a little trisubstituted furan 4a was formed, while the
tetrasubstituted furan 7 was isolated as the main product in
a yield of 64%. The formation of this product was not
previously observed in the reaction of diketone 1 with acyl
chloride 2. Additionally, without an added base, only traces of
trisubstituted furan 4a were formed in the reaction of diketone

1a with acyl chloride 2a, while an insoluble salt was formed.
Thus, reaction path II, which includes the intramolecular
Wittig reaction, depicts a more plausible reaction mechanism.
Furthermore, the reaction of ethyl benzoyl acrylate (8a)

with benzoyl chloride 2a using phosphetane catalyst 3a was
conducted (Table 2). Surprisingly, in addition to the expected
trisubstituted furan 9a, also the tetrasubstituted furan 10a was
formed. The ratio of the formed furans 9a and 10a was found
to be dependent on phosphine catalyst 3 used. The
hexamethylphosphetane 3a was the only catalyst tested,
which led to an excess in the formation of the tetrasubstituted
furan 10a (entry 1). The isopropyl-substituted furan 3b
achieved only a low yield, while the less sterically demanding
tetramethylphosphetane 3c led to a good overall yield of 49%
but with a nearly equal product distribution (entries 2 and 3).
The formation of trisubstituted furan 9a was clearly favored
when using the phospholene catalyst 3d with a 48% yield of
trisubstituted furan 9a and a 6% yield of tetrasubstituted furan
10a (entry 4). While also clearly preferring the formation of
trisubstituted furan 9a, the phosphinane catalyst 3e, as well as
trioctylphosphine oxide (3f) and tributylphosphine oxide (3g),
only led to yields in the single digit range (entry 5−7). The
trialkyl catalysts 3f and 3g were also brought to reaction at
higher temperatures, but only slight improvements in yield
were observed, while the product ratio remained similar.37

Higher reaction temperatures were shown to be advantageous
for the formation of trisubstituted furan 9a. Thus, an increased
temperature of 100 °C in CPME and toluene improved the
yields to 69% and 74%, respectively (entries 8 and 9). Even
higher temperatures of 120 and 140 °C yielded nearly identical
results.37

Increasing the amounts of benzoyl chloride (2a) and DIPEA
to 1.5 and 1.6 equiv led to an increased yield of furan 9a

Figure 1. Substrate scope for the conversion of diacylalkenes 1.
Reaction conditions: 1.0 equiv of 1 (1.0 mmol), 2.0 equiv of 2 (2.0
mmol), 2.1 equiv of DIPEA (2.1 mmol), 5.0 mol % catalyst 3a (50
μmol), 1.0 equiv of PhSiH3 (1.0 mmol), 3.0 mL of solvent, 60 °C, 16
h. aReaction time, 4 h. b<7% of isomeric 3-benzoyl-5-methyl-2-
phenylfuran was formed. Isolated yields are given.

Figure 2. Plausible reaction pathways and test reactions for the
synthesis of trisubstituted furan 4 from diacylethene 1. The reduction
of phosphine oxide 3 using phenylsilane as the terminal reductant was
omitted from the scheme. aYield determined by GC-FID with
hexadecane as an internal standard. bIsolated yields are given.
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(80%), while a further increased loading to 2.0 and 2.1 equiv
only resulted in an increased formation of side product 10a
(entries 10 and 11). The reaction time could be shortened to 4
h without large changes in yield and selectivity, while shorter
reaction times led to reduced yields (entries 12 and 13). Test
reactions without a catalyst or phenylsilane did not lead to
product formation, while in the absence of a base, still 53% of
the trisubstituted furan 9a was formed.37 The tetrasubstituted
furan 10a was best formed utilizing phosphetane catalyst 3a, an
excess of benzoyl chloride 2a, and DIPEA at a reaction
temperature of 60 °C (entry 14). Under these conditions,
tetrasubstituted furan 10a was formed in a yield of 71%.
Under these reaction conditions, the model substrate was

converted to diphenylfuran 9a in an isolated yield of 74%
(Figure 3). Additionally, tetrasubstituted furan 10a was
isolated in a yield of 13%. The electron-rich methoxy derivative
8b led to the formation of the trisubstituted furan 9b in a yield
of 70%. Attempts to isolate the tetrasubstituted side product
revealed a property of the reaction that was concealed during
the optimization due to the choice of reactants. If R1 and R3
are distinct, two isomers of tetrasubstituted furan 10 are
formed in a substrate-specific ratio, which happens due to the
formation of a symmetric diacyl-intermediate (see discussion
of the mechanism). The more sterically hindered 1-naphthyl
derivative 8c led to furan 9c in a good yield of 78%. Similarly,
the furan derivative 8d gave the furanylphenylfuran 9d in a
good yield of 71%, while chloro derivative 8e and piperonyl
derivative 8f formed their respective trisubstituted furans 9e
and 9f in slightly lower yields of 59% and 57%, respectively.
Also, the conversion of ethyl oxopentenoate 8g was possible,
resulting in the respective methyl-substituted furan 9g in a
yield of 60%.

Next, the acyl chloride was varied. The bromobenzoyl
chloride 2b gave the respective furan 9h in a yield of 70%. Both
electron-rich and electron-poor acid chlorides performed
similarly. Methoxycarbonylbenzoyl chloride 2c and methox-
ybenzoyl chloride 2g formed furans 9i and 9j in yields of 59%
and 57%, respectively. The reaction of cyclopropylcarbonyl
chloride (2f) with ethyl benzoyl acrylate yielded the
trisubstituted furan 9k with 67% yield.

Table 2. Catalyst Screening and Reaction Optimization for the Formation of Trisubstituted Furan 9a and Tetrasubstituted
Furan 10a from Acylacrylate 5ad

entry 3 2a/equiv DIPEA/equiv solvent T/°C 9a yielda/% 10a yielda/% 9a:10a

1 3a 1.1 1.2 THF 60 11 25 31:69
2 3b 1.1 1.2 THF 60 5 3 68:33
3 3c 1.1 1.2 THF 60 27 22 55:45
4 3d 1.1 1.2 THF 60 48 6 89:11
5 3e 1.1 1.2 THF 60 4 <2 98:3
6 3f 1.1 1.2 THF 60 2 <2 91:9
7 3g 1.1 1.2 THF 60 2 <2 95:5
8 3d 1.1 1.2 CPME 100 69 6 92:8
9 3d 1.1 1.2 toluene 100 74 8 90:10
10 3d 1.5 1.6 toluene 100 80 10 89:11
11 3d 2.0 2.1 toluene 100 81 12 87:13
12b 3d 1.5 1.6 toluene 100 82 10 89:11
13c 3d 1.5 1.6 toluene 100 67 9 88:12
14 3a 5.0 5.0 toluene 60 14 71 16:84

aYield determined by GC-FID with hexadecane as the internal standard. bReaction time: 4 h. cReaction time: 2 h. dReaction conditions: 1.0 equiv
of 8a (0.50 mmol), 1.1−5.0 equiv of BzCl (2a, 0.55−2.5 mmol), 1.2−5.0 equiv of DIPEA (0.60−2.5 mmol), 10 mol % catalyst 3 (50 μmol), 1.0
equiv of PhSiH3 (0.50 mmol), 1.5 mL of solvent, 60−100 °C, 2−16 h.

Figure 3. Substrate scope for the conversion of acyl acrylates 8.
Reaction conditions: 1.0 equiv of 8 (1.0 mmol), 1.5 equiv of 2 (1.5
mmol), 1.6 equiv of DIPEA (1.6 mmol), 10 mol % catalyst 3d (0.10
mmol), 1.0 equiv of PhSiH3 (1.0 mmol), 3.0 mL of toluene, 100 °C, 4
h. Isolated yields are given. PMP: p-methoxyphenyl.aReaction
conditions: 1.0 equiv of 8 (1.0 mmol), 5.0 equiv of 2 (5.0 mmol),
5.0 equiv of DIPEA (5.0 mmol), 10 mol % catalyst 3a (0.10 mmol),
1.0 equiv of PhSiH3 (1.0 mmol), 3.0 mL of toluene, 60 °C, 16 h.
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Additionally, R2 could be modified. While the benzyl
derivative reacted as expected, forming trisubstituted furan 9l
in a slightly lower yield of 63%, with 19% tetrasubstituted furan
10l as the side product, the altered electronic properties on the
double bond when employing an amide derivative led to
changed selectivities. Presumably, the diminished mesomeric
effect of the amide group in comparison to the ester drastically
changes the preferred reaction path. The less electron-deficient
morpholine amide 8m reacted to the trisubstituted furan 9m in
a moderate yield of 49%, but at the same time, a considerable
amount of tetrasubstituted furan 10m was formed with a yield
of 46%. In contrast to the formation of tetrasubstituted furan
10a from acyl acrylate 8a (Table 2, entry 14) when utilizing
the phosphetane catalyst 3a, unexpectedly high selectivities
toward the trisubstituted furan 9m were observed in a good
yield of 78% with only 8% of tetrasubstituted furan 10m as the
side product. A similar effect could be seen in the reaction of
diethylamide 8n under standard reaction conditions, forming
the trisubstituted furan 9n and tetrasubstituted furan 10n in
yields of 61% and 28%, respectively. However, the modified
conditions led to yields of 88% and 8%, respectively.
The reaction of acyl acrylates 8 with acyl chlorides 2 and

phosphine catalysts 3 also shows multiple plausible reaction
pathways (Figure 4). Analogous to the formation of furan 4

from diacylethene 1, the trisubstituted furan 9 can be either
formed by a reaction sequence of Michael addition to the more
electron-deficient β-position in relation to the ester group, C-
acylation, and a ring-closure reaction (reaction path I-a) or by
a reaction sequence of Michael addition to the less electron-
poor α-position, O-acylation, deprotonation, and intramolec-
ular Wittig reaction (reaction path II-a). The viability of the
ring-closure reaction (reaction path I-a) was demonstrated in
the conversion of diacyl acrylate 11 using phospholene catalyst
3d in the presence of benzoyl chloride (2a) and DIPEA. Both
trisubstituted furan 9a and tetrasubstituted furan 10a were

formed, albeit in lowered selectivity (Figure 5, reaction 1).
Also, the optimization of this reaction demonstrated that the

lack of an added base leads to a moderate yield of
trisubstituted furan 9a (53%), indicating that the primary
reaction pathway is I-a.37 A lack of base in the intramolecular
Wittig reaction of reaction pathway II-a is not expected to lead
to product formation.
Ethyl benzoyl acrylate (8a) was converted with an excess of

benzoyl chloride 2a and DIPEA utilizing phosphetane catalyst
3a. Here, the tetrasubstituted furan 10a was isolated in a yield
of 68% and the side product 9a was isolated in a yield of 13%
(reaction 2). When the substituents of acyl acrylate 8 and acyl
chloride 2 are distinct, two regioisomers of tetrasubstituted
furan 10 are formed. The conversion of methoxy-derivative 8b
led to the formation of the trisubstituted furan 9b as a side
product in 10% yield, while two regioisomers of the
tetrasubstituted furans 10b and 10b′ were isolated in yields
of 24% and 54%, respectively (reaction 3). Also, the formation
of tetrasubstituted furan 10 can be described by two viable
reaction pathways. In reaction pathway I-b, intermediate I-2
can undergo O-acylation, followed by a deprotonation and an
intramolecular Wittig reaction to form tetrasubstituted furan
10′. The viability of this sequence was demonstrated in
reaction 4, although here, the formation of only one
regioisomer of furan 10 is expected. The formation of two
isomers 10 can be described by the reaction of intermediate II-
1 in C-acylation, followed by O-acylation, forming two isomers
of intermediate II-3 (reaction path II-b). Subsequent
deprotonation and intramolecular Wittig reaction led to the
formation of two regioisomers of tetrasubstituted furan 10.
Reaction 5 demonstrates the viability of this reaction sequence
via the intramolecular Wittig reaction.
An alternate reaction mechanism can be proposed based on

the work of Lin and co-workers.38,39 Here, the diacyl acrylate
11 could be formed in a β-acylation reaction from the
intermediates II-2, while diacyl acrylate 12 could be formed by
O-acylation and β-acylation of intermediate I-1. This would
avoid the proposal of a C-acylation reaction. However, diacyl

Figure 4. Plausible reaction pathways for the synthesis of tri- and
tetrasubstituted furans 9 and 10 from acyl acrylates 8. The reduction
of phosphine oxide 3 using phenylsilane as the terminal reductant was
omitted from the scheme.

Figure 5. Test reactions for the synthesis of tri- and tetrasubstituted
furans 9 and 10 from acyl acrylates 8. Isolated yields are given. PMP:
p-methoxyphenyl. aYield determined by GC-FID with hexadecane as
the internal standard.
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acrylates 11 and 12 were never observed in the reaction
mixture.

■ CONCLUSIONS
The reactivity of activated alkenes with acyl chlorides under
the P(III)/P(V) redox cycling conditions was investigated. We
developed a reaction sequence of Michael addition of the
phosphine catalyst and acylation, followed by either an
intramolecular Wittig reaction or a ring closure reaction,
resulting in the formation of tri- and tetrasubstituted furans. A
phosphetane catalyst enabled the synthesis of 12 trisubstituted
furans from diacylethenes. The reaction of acyl acrylates
resulted in the unexpected formation of not just trisubstituted
furans but also tetrasubstituted derivatives, while the product
ratio depended on the employed catalyst. Two methods using
a phospholene or phosphetane catalyst allowed the synthesis of
14 trisubstituted furans and an additional 6 tetrasubstituted
furans. These include 19 novel compounds in this underex-
plored field of substituted furans.
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ABSTRACT: The catalytic reduction of nitrous oxide (N2O) has been achieved through metal-free PIII/PV�O catalysis. Kinetic
analysis revealed that the oxygen transfer reaction to the phosphetane is rate determining. Computational investigations support a
reaction mechanism in which the phosphetane catalyst preferentially interacts with the nitrogen terminus of N2O, leading to the
formation of a P−N�N−O intermediate in the cis configuration. Natural population analysis indicates stabilizing interactions
between the occupied nonbonding oxygen orbitals and the antibonding orbitals of the phosphetane backbone, facilitating the oxygen
atom transfer. Following nitrogen extrusion, the active phosphetane species is regenerated via silane-mediated reduction. The
catalytic activity was quantitatively assessed by monitoring the nitrogen evolution through gas chromatography (GC) analysis.

Nitrous oxide (N2O) is a potent greenhouse gas and
dominant ozone depleting substance.1 It accounts for 6%

of global warming contribution,2,3 and exhibits a global
warming potential that is 265 times higher than that of carbon
dioxide.4 The emissions from crop production or industrial
processes have led to a 20% increase in atmospheric N2O
concentrations over the past three centuries.2,5 Given the
environmental impact of N2O, efficient strategies for its
chemical utilization6−11 and catalytic decomposition are
urgently needed.12−16 Typical heterogeneous (transition)
metal based oxides operate at elevated temperatures above
300 °C for effective N2O reduction.12−14 Several molecular
transition metal based systems were developed in order to
mitigate these harsh reaction conditions.17−26 Despite these
significant advances, the interest in alternative N2O activation
mechanisms is the focus of current research. The direct
reduction of N2O by triphenylphosphine proceeds under
supercritical conditions (100−140 bar) at 100 °C within 3 h
(Scheme 1 a).27

The fixation and decomposition of N2O under milder
conditions was achieved by phosphane/borane derived
frustrated Lewis pairs,28−31 though catalytic conversions were
not realized (Scheme 1b).32−38 The catalytic decomposition at
room temperature was achieved by Cantat and co-workers
through the activation of disilane by fluoride or alkoxides
(Scheme 1c).39 Catalysis of group 15 element compounds has
emerged as powerful strategy for organic synthesis.40−42

Particularly, PIII/PV�O catalysis proved as highly versatile
when coupled with silanes as mild reducing agents.43−54 Given
that phosphetane oxides readily undergo reduction by silanes
to the corresponding phosphetanes,55−57 we envisioned the
application in the catalytic reduction of N2O under mild
conditions (Scheme 1d).

To compare the reactivity of phosphetanes toward N2O with
the ones reported by Stephan,38 we subjected 1a and 1b as
Lewis base to the reaction with 1 equiv. B(C6F5)3 (2a) and ca.
2 equiv. N2O at room temperature. The sole observed

products were P−B adducts, exhibiting 31P NMR chemical
shifts of δ(31P)= 41.9 and 53.7/52.8 ppm for 1a•2a (trans)
and 1b•2a (cis/trans isomers), without formation of N2
(Scheme 2a).

Heating the mixture to 70 °C did not alter the NMR spectra.
However, when 2a was replaced with B(2,6-F2−C6H3)3

58 (2b)
(Scheme 2b), N2 formation was observed in the 14N NMR
spectra (δ(14N)= 310 ppm), along with the formation of the
phosphetane oxides (δ(31P) = 74.2 (trans) and 74.1/65.9 ppm
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for 1a[O] and 1b[O] (cis/trans isomers)) as adducts with 2b.
To explore the catalytic potential of this transformation, 10
equiv of PhSiH3 was added to the reaction mixture of 1a[O]/
2b (1:1) and 2 equiv. of N2O (Figure 1a).

The reaction was maintained at 70 °C for 18 h. The
resulting 14N NMR spectra (Figure 1b) revealed a new
resonance at δ(14N) = 310 ppm. After 48 h, the original N2O
signals (δ = 150, 234 ppm) disappeared, indicating complete
conversion to N2 (Figure 1c). Trapping of the presumed 1a−
N�N−O−2b intermediate was unsuccessful at low temper-
atures (−20 °C). However, the direct formation of 1a[O]•2b
and N2 was observed at 70 °C (Figure 1d, Table S2). Notably,
a control experiment without 2b provided comparable results,
suggesting that the phosphetanes alone are sufficient for
catalytic N2O reduction.59 This was confirmed by heating a 0.1
M solution of 1a under 1 bar of N2O to 70 °C for 18 h (Figure
2).

Indeed, 1a is cleanly converted into 1a[O] (Figure 2a-b)
and can be recycled by the addition of PhSiH3 (Figure 2c).
Analogous potential for PIII/PV�O cycling was observed for
1b (Figures S26−29). Among the tested reducing reagents,
PhSiH3 proved to be the most effective (see Table S1). To
demonstrate the catalytic reduction of N2O, we followed the
reaction by gas chromatography (GC) (Figure 3a).

Both phosphetanes catalyze the reduction of N2O, but with
differing reaction kinetics (TOF = 0.4 h−1 (1a), 0.1 h−1 (1b),
Table 1 entries 1 and 2). Elevating the reaction temperature to
100 °C enhanced the catalytic activity (Figure 3b; Table 1,
entries 2 and 3). Under these conditions, PPh3 also exhibited
catalytic activity, albeit with a markedly lower efficiency (entry
5). Both phosphetanes retained catalytic function when the
environmentally benign polymethylhydrosiloxane (PMHS)60

was employed as the terminal reductant (entries 6 and 7).
Nevertheless, the overall activity of these PIII/PV�O systems
remains lower compared to the low-valent bismuth catalysts
recently reported by Cornella and co-workers.17

To gain insight into the catalytic mechanism, we determined
the reaction orders of the individual components. The oxygen

Scheme 2. Reaction of Phosphetane Derived Lewis Pairs
with N2O

Figure 1. 14N NMR spectra (36 MHz) of 1a[O]/2b (1:1), 10 equiv.
of PhSiH3 (0.1 M C6D5Br) (a) after addition of 2 equiv. of N2O at
room temperature; (b) after 18 h at 70 °C and (c) after 48 h at 70 °C;
(d) only 1a/2b (1:1), N2O (1 bar) after 18 h at 70 °C.

Figure 2. 31P NMR (left, 202 MHz) and 14N NMR (36 MHz, right)
spectra of 1a (0.1 M C6D5Br) (a) after addition of N2O (1 bar) at 25
°C, (b) after 18 h at 70 °C, (c) after removal of N2O/N2, addition of
10 equiv. of PhSiH3 and heating to 70 °C for 18 h.

Figure 3. Quantification of N2 gas evolution vs time: 9.5 mL N2O
(0.42 mmol), 0.5 mmol phenyl silane in 0.5 mL C6H5Br: (a) 0.050
mmol catalyst, 70 °C; (b) 0.025 mmol for 1a and 1b; 0.050 for PPh3,
100 °C; (◇ 1a; ○ 1b; □ PPh3; (solid red tilted square) 1a; (solid red
circle) 1b with PMHS instead of phenyl silane).

Table 1. Catalytic Evaluation of Phosphetanes and PPh3 in
the N2O Reduction§

entry cat./silane Temp [°C] TON TOF [h−1]

1 1a(0.050)/PhSiH3 70 1.6a 0.4b

2 1b(0.050)/PhSiH3 70 0.5c 0.1c

3 1a(0.025)/PhSiH3 100 9.0d 3.3b

4 1b(0.025)/PhSiH3 100 4.2c 0.7c

5 PPh3(0.05)/PhSiH3 100 0.9c 0.1c

6 1a(0.025)/PMHS 100 3.5d 1.2b

7 1b(0.025)/PMHS 100 1.2c 0.2c

§Conditions: 9.5 mL N2O (0.42 mmol), 0.5 mmol silane in 0.5 mL
C6H5Br, values in parentheses correspond to catalyst loading; N2
concentrations were determined by gas chromatography (GC); a4 h;
b1 h; c6 h; d5h.
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transfer from N2O to the phosphetanes (in the absence of
PhSiH3) exhibits a first-order dependence for both 1a and 1b
(Figure S38). Similarly, the reduction of the corresponding
phosphetane oxides (1a[O] and 1b[O]) by PhSiH3 proceeds
with first-order kinetics in both the phosphetane oxide and the
silane. The activation energies (Ea) for the oxygen transfer step
were determined to be 11.5 ± 3 kcal/mol for 1a and 18.1 ± 2
kcal/mol for 1b. In comparison, the reduction of the
phosphetane oxides requires slightly lower Ea of 10.6 ± 1
kcal/mol for 1a[O] and 10.3 ± 2 kcal/mol for 1b[O],
indicating that N2O activation constitutes the rate-determining
step. The order of the phosphetane catalysts in the full catalytic
reaction was determined to be of first-order.61 Based on these
kinetic data, control experiments and earlier reports a catalytic
cycle is proposed in which initially the P atom adds to the N-
terminus of N2O (Scheme 3).33,35−38

This generates the cis and trans configured zwitterionic
species cis-INT1 and trans-INT1 as transient high energy
intermediates. The cis-configured diastereomer extrudes N2
through an intramolecular reaction, generating phosphetane
oxide 1[O]. The reduction of 1[O] by silanes proceed through
the intermediate INT2 followed by HO−[Si] elimination, as
discussed in the literature.55,57 In support of this mechanistic
picture, we performed quantum-chemical calculations at the
DLPNO−CCSD(T)/cc-pVTZ//PBEh-3c/def2-mTZVP//
openCOSMO-RS level of theory. Given that the methyl group
in 3-position in the phosphetane is spatially distant from the
reactive phosphorus center and is unlikely to influence
catalysis, the computational study focused on the simplified
2,2,4,4-tetramethyl derivatives 1′a and 1′b.

To explain the different kinetics of the Me- and Ph-
substituted derivatives, we analyzed their structural and
electronic features. The Me-derivative 1′a shows a slightly
higher pyramidalization than the Ph-derivative 1′b (sum of C−
P−C angles: 78.2° (1′a); 64.3° (1′b): Figure S90. This aligns
with experimental data suggesting increased lone pair s-
character in 1′b, inferred from its larger 31P−77Se coupling
constant.62 Natural population analysis (NPA)63 also shows a
slightly lower partial charge on phosphorus in 1′b (+0.789e)
than in 1′a (+0.748e). The reaction of 1′a with N2O’s N-
terminus is endergonic by 12.5 kcal/mol and proceeds via cis-
TS11′a with a 28.7 kcal/mol barrier to form cis-INT11′a (Figure
4a).

The trans-isomer is 3.7 kcal/mol less stable and forms via a
high barrier of 59.7 kcal/mol (trans-TS11′a), rendering its
formation kinetically unfavorable. This aligns with the absence
of detectable phosphetane−N2O adducts in the NMR spectra.

The intramolecular O-atom transfer to form 1′a[O] has a 7.4
kcal/mol lower barrier than the initial addition, making TS11a’
rate-determining. For 1′b, the N2O addition barrier (cis-
TS11′b) is only 0.9 kcal/mol higher than that for 1′a. Although
absolute computed barriers exceed experimental values by 11−
17 kcal/mol, the trend is consistent. Oxide formation via
TS21′b proceeds with a barrier 2.3 kcal/mol lower than that of
TS21′a. The free energy of oxide formation is similar for both
(1′a: −94.4 kcal/mol; 1′b: −93.4 kcal/mol). Direct con-
version of 1′a or 1′b to oxides via a single TS is hindered by
high barriers (42.3 and 43.3 kcal/mol; Table S32). Silane
reduction of 1′a[O] and 1′b[O] requires energy comparable
to N2O addition (Figure 4b), and aligns with known calculated
barriers for strained cyclic phosphine oxides.55,57 While the
computed activation barriers exceed experimental values by ca.
10 kcal/mol, the relative trend is preserved, with oxide transfer
consistently requiring slightly higher energy than the reduction
pathway.

To gain insight into the electronic structure governing N2O
binding, we performed natural population analysis (NPA) on
the transition states leading to the cis and trans adducts of 1′a
and 1′b. In cis-TS11′a (Figure 5, top), activation of N2O is
facilitated by electron donation from LPP into the unoccupied
π*N−N, σ*N−O and σ*N−N orbitals.

Back-donation from LPN and LPO into the σ*C−P orbitals
stabilizes the transition state. These donor−acceptor inter-

Scheme 3. Proposed Catalytic Cycle of the Phosphetane-
Catalyzed N2O Reduction

Figure 4. Calculated profile of free energy at 343 K (ΔG343) of (a)
phosphetane catalyzed N2O reduction and (b) phosphetane oxide
reduction by PhSiH3 (H−[Si]).
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actions are absent in trans-TS11′a (Figure 5, bottom), where
destabilization arises from LPN → σ*P−N charge transfer. A
similar pattern is observed for 1′b (Figure S91). Local energy
decomposition analysis (LED) revealed that the interaction
energies with N2O (1′a: −9.5 kcal/mol; 1′b: −10.6 kcal/mol)
are outweighed by the deformation energy required to bend
N2O from its linear geometry (1′a: 30.6 kcal/mol; 1′b: 31.9
kcal/mol), while the deformation energy for the phosphetanes
is minimal (1.5 kcal/mol). The transition states leading to the
trans-adducts (trans-INT11′a and trans-INT11′b) exhibit
considerably higher activation energies due to a positive
interaction energy of 17.5 kcal/mol and deformation energy of
ca. 38 kcal/mol. The bonding situation in cis-INT11′a and cis-
INT11′b can be described as zwitterionic, featuring a cis-
configured azonyl (−N�N−O) group and a weak LPO−P
interaction due to the partial positive polarization of
phosphorus (Figure 6).

This P−O interaction primes the system for O atom transfer
from the N2O-fragment to the P-center. In TS21′a and TS21′b
the P−O distances are 1.73 Å and 1.87 Å respectively, which is
0.51 Å and 0.38 Å shorter than in the N2O adducts. According
to LED, the greater stabilization of TS21′b compared to TS21′a
arises from the higher electrostatic interaction between the
N2O and the P-center (see Tables S33, S34). The distortion

energy of the N2O fragment is for both transition states 2.9
kcal/mol which is compensated by a structural relaxation of the
phosphetanes by −4.1 kcal/mol (1′a) and −3.4 kcal/mol
(1′b).

Strain release has been identified as the principal factor for
the difference in reactivity between phosphetanes and acyclic
congeners.65 Thus, the low reactivity of PPh3 is attributed to
the higher barrier of cis-TS2PPh3 of 24.1 kcal/mol, resulting
from significant N2O-distortion and positive deformation
energy (Table S35, Figures S92 and S95).

In summary, we developed a mild PIII/PV�O catalyzed
decomposition of nitrous oxide (N2O) using phenyl silane as a
reductant. Kinetic and computational studies identified the
addition of the phosphetane to the N-terminus of N2O as rate-
determining step in the catalytic N2O reduction. The
determined activation barriers for the regeneration of the
phosphetane through silane-reduction of the phosphetane
oxide were found to be by 0.9 to 3.8 kcal/mol lower as the
N2O activation.
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