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Kurzfassung

Diese Arbeit berichtet Uber neuartige, phosphankatalysierte Methoden im Bereich
der P"/PV-Redoxkatalyse fiir vielfaltige synthetische Anwendungen. Ein mildes,
effizientes Verfahren mit geringer Katalysatormenge wurde fur die Aktivierung von
Amiden entwickelt. Die Methode ermdglicht eine Eintopf-Synthese von Amidinen
durch die Bildung von Imidoylchloriden in situ und vermeidet dabei den Einsatz
herkdmmlicher, toxischer Chlorierungsmittel. Diese Strategie wurde auf elektrophile
aromatische Substitutionen an heteroaromatischen Substraten ausgeweitet und
fuhrte zur Synthese neuer Indol- und Pyrrolimin-Derivate. Zudem wurden
katalytische Verfahren zur Herstellung substituierter Furane etabliert, bei denen
reaktive Zwischenstufen basenfreier Wittig-Reaktionen eingefangen werden,
wodurch tri- und tetrasubstituierte Produkte mit selektiver Katalysatorkontrolle
zuganglich sind. AbschlieRend wurde erstmals eine phosphinkatalysierte Reduktion
von Distickstoffmonoxid unter milden Bedingungen demonstriert. Detaillierte
kinetische Untersuchungen identifizierten hierbei den Sauerstofftransfer als
geschwindigkeitsbestimmenden Schritt. Diese Fortschritte unterstreichen die
Vielseitigkeit und Nachhaltigkeit der Phosphor-Redoxkatalyse in der organischen

Synthese und umweltrelevanten Anwendungen.



Abstract

This work reports novel phosphine-catalyzed methods within P"/PY redox catalysis
for diverse synthetic applications. A catalytic protocol with low catalyst loading was
developed for amide activation, enabling one-pot synthesis of amidines via in situ
imidoyl chloride formation, avoiding toxic chlorinating agents. This strategy was
extended to electrophilic aromatic substitution on heteroaromatic substrates,
yielding new indole and pyrrole imine derivatives. Additionally, catalytic routes to
substituted furans were established in base-free Wittig reactions, accessing both tri-
and tetrasubstituted products with selective catalyst control. Finally, the first
phosphine-catalyzed reduction of nitrous oxide under mild conditions was
demonstrated, supported by detailed kinetic studies that identified oxygen transfer
as the rate-determining step. These advances highlight the versatility and
sustainability of P"/PV redox catalysis in organic synthesis and environmentally

relevant applications.
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INTRODUCTION

1. Introduction

1.1 Formation and impact of phosphine oxide byproducts in organic

chemistry

Phosphines are key reagents in numerous classical organic transformations,
including the Wittig, Appel, Mitsunobu, and Cadogan reactions.!" Key mechanistic
feature among these processes is the oxidation of p' reagents to PY oxide species.
The formation of a strong P=O double bond (bond dissociation energy = 537
kJ-mol™) provides a significant thermodynamic driving force for these reactions.**!
Phosphine oxides are often challenging to separate from the desired products,
which complicates purification. Their formation as a byproduct in stoichiometric
yields also reduces the atom economy of the overall transformation, especially in
industrial large-scale reactions.! Several strategies have been developed to
address this issue, including the immobilization of phosphine reagents on solid
supports,®! the use of water-soluble phosphines® to facilitate separation, and the
precipitation of phosphine oxides via complexation with metal salts such as ZnCl,.!"!
In an industrial process, triphenylphosphine oxide is extracted from the reaction
mixture and reduced to corresponding phosphine by chlorination with phosgene or
oxalyl chloride, followed by the reduction of the resulting chlorophosphonium
chloride with Al or H..®! While this methodology represents a significant
advancement in addressing phosphine oxide waste, reagent toxicity (e.g.,
phosgene) makes it impractical to conduct on a smaller scale. Therefore, the
development of efficient and selective strategies for the reduction of phosphine
oxides, or alternative methodologies that prevent their formation, is essential. The
strong P=0 requires harsh conditions for reduction, however, when reagents such
as LiAIH/® and DIBAL-H'? are used in a catalytic, in situ process, the
chemoselectivity becomes an issue. The first catalytic reduction of phosphine oxides
by silanes was reported in 1994 in the presence of titanium alkoxides.!'" A Iot of
effort was put into the research of hydrosilane or siloxane based reduction methods.
They have gained prominence due to their chemoselectivity, compatibility with a
range of functional groups, low toxicity, and ease of handling.*'? To this date, these
reduction methods have been integrated into a variety of synthetic transformations.

Catalytic applications of phosphorus involving PY can be categorized into strategies
1
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that enable recycling through different mechanistic pathways. One approach
involves reduction, where phosphine oxides formed during the reaction are

converted back into P" species by using silanes as a reducing agent (Scheme 1A).

Examples:
( R.P ) Catalytic Wittig reaction
[Si-OH 8 An+2
RaPcat
O R2 4 (ca ) R2
[Si-H 1"
. Bn 1JJ\ + 3J\ > R /\|/3
[Sil-H R" 'H R® ~X R
R3P=O
. J

A) P'"/PV redox catalysis

Catalytic Appel reaction

( ®
R3P’X |
A
X@
Rsp(cat.)
OH (COCI), Cl
B" R1J\R2 R1J\R2

R3P=O

B) Redox neutral

( ® h Catalytic Vilsmeier-Haack reaction
® RsPX
X / AP
RaPcat) H
+
RsP o y X N
[Si]—OH<\ B” R)I\N,Me N ©1N) Si-H y,
RsP=0 Me / R
[Sil-H o}
& J

C) Phosphine activation
and reduction

Scheme 1. Three different modes of phosphine catalysis.

This approach is used in Wittig and Cadogan reactions."! Another approach is
redox-neutral activation of the phosphine (Scheme 1B), where its oxidation state

415171 A third approach

remains unchanged throughout the catalytic cycle.
combines activation and reduction (Scheme 1C).['® Here, the catalytically active
species is not a free phosphine but a phosphonium cation and after participating in

the reaction, the resulting phosphine oxide is subsequently reduced to regenerate

2
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the P" species. Both of the later approaches are used in the catalytic Appel
reactions, as well as in amide synthesis and amide activation reactions.['®"'%l
Continued efforts in designing novel phosphine-based catalysts and silane-based
reagents highlight the ongoing advancement and significance of redox-driven

phosphorus chemistry.
1.2 Development and application of P"/P" redox catalysis

1.2.1 Wittig reaction

Since its discovery in 1953, the Wittig reaction has become a fundamental
transformation in organic synthesis for the conversion of aldehydes or ketones into
alkenes via reaction with a phosphonium ylide.”*” Despite its broad applicability, the
classical Wittig reaction is limited by several drawbacks. Most significantly,
phosphine oxide is generated as co-product, complicating purification due to its
polarity. The development of a catalytic Wittig reaction was challenging, due to need
for the selective reduction of phosphine oxides in the presence of reactive functional
groups such as aldehydes, ketones and alkenes. Since triphenylphosphine was
conventionally used in phosphorus-mediated processes forming highly stable
triphenylphosphine oxide, regeneration of the active phosphine requires reducing
agents such as LiAlH4, which are typically too harsh and lack chemoselectivity.
Initial attempts to avoid these issues explored the substitution of phosphorus with
other group 15 elements such as arsenic or antimony, whose corresponding oxides
are more readily reduced.?" However, toxicity is a major concern, particularly in
large-scale processes.??! In 2009, O’'Brien and coworkers reported a catalytic Wittig
reaction using phenylsilane and diphenylsilane as reductants.”**! These silanes were
selected for their functional group tolerance and mild reactivity, as hydrosilylation of
carbonyl compounds typically requires transition metal catalysts.? A cyclic
phosphine, 3-methyl-1-phenylphospholane-1-oxide (1a) was used as the catalyst
instead of a conventional triphenylphosphine, as the ring strain in cyclic phosphine
oxides significatly eases the reduction (Scheme 2).”°! The proposed catalytic cycle
proceeds through four key stages. Phosphine oxide 1a is reduced in situ by an
organosilane to generate the active phosphine 2a, which then undergoes the
nucleophilic substitution with an alkyl bromide 3, forming a phosphonium bromide 4,

followed by deprotonation to yield the phosphonium ylide 5. Lastly, olefination with

3
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the aldehyde 6 takes place, regenerating the phosphine oxide 1a and releasing the

product 7.
R']
M
RzJ\WRs et) 2 Ph,sH
7 “Ph s
0 1a
R31LH
Me\C Ph Me
®F EP—Ph
R
5 R2 2a
R1
pC g
@R
Na,CO5 o B—R1 3
Br R?

Scheme 2. Proposed mechanism for the catalytic Wittig reaction.

1.2.2 Further development of the catalytic Wittig reaction

Having established the first catalytic Wittig reaction by using phosphine based
catalysts, further efforts were focused on optimizing the reaction and addressing its
limitations. A key step involved the formation of the phosphonium ylide via
deprotonation of the formed phosphonium salt, making the choice of base a critical
parameter. The base must have a sufficient conjugate acid pK, value, to abstract a
proton forming the ylide, while maintaining compatibility with other reaction
components, such as the silane reductant, organohalide, and the olefin product.
Initial attempts using Na,CO; were dependent on the particle size and vigorous
stirring to achieve acceptable yields, due to its limited solubility in the employed
organic solvents. To address this, in 2013 the O'Brien group screened for alternative
bases.”® Among the evaluated ones, only N,N-diisopropylethylamine (DIPEA)
proved effective. Its base strenght is ideal for the deprotonation of the phosphonium
salt, and its steric bulk and low nucleophilicity minimized undesired side reactions.
The incorporation of DIPEA not only simplified reaction handling but also expanded
the substrate scope and allowed a lower catalyst loading. A further advancement in
the development of the catalytic Wittig reaction was achieved through the

4



INTRODUCTION

incorporation of 2.5-10 mol% of 4-nitrobenzoic acid.””! This additive aided in the
reduction of the catalysts, allowing the reaction to proceed efficiently at room
temperature. These conditions also facilitated the use of acyclic phosphine oxides
as catalysts. Notably, this marked the first demonstration of triphenylphosphine

oxide (8a) acting as a viable catalyst in catalytic Wittig reaction (Scheme 3).

10 mol% PhsP=0 (8a)
2.5 mol% 4-nitrobenzoic acid

1.2 equiv PhSiH3 CO-Me
foMe j\ 1.4 equiv DIPEA _ m ’
Br” “Me P~ SH  toluene, 100 °C, 24 h Me
3a 6a 7aa, 80%, E/Z =955

Scheme 3. Catalytic Wittig reaction with triphenylphosphine oxide (8a) as catalyst.

In a subsequent study reported by O'Brien in 2014, the scope of the catalytic
Wittig reaction was further expanded to include semistabilized and non-stabilized
ylides. This was enabled by the use of a masked base,
sodium 2-(carboxylatooxy)-2-methylpropane (NaOCO,'Bu) and further catalyst
optimization. Modifying the electron density at the phosphorus center through
incorporation of electron-withdrawing groups, allowed effective deprotonation under
relatively mild basic conditions. Additionally, steric modifications to the precatalyst
significantly improved E/Z selectivity up to >95:5. The same year, Werner et al.
introduced a first enantioselective microwave-assisted (MWI) catalytic Wittig
reaction by employing 10 as the catalyst in combination with phenylsilane as a
reducing agent and butylene oxide as a masked base to avoid side reactions
(Scheme 4).° Prochiral diketone 9 was converted to bicyclic compound 11 in 39%
yield and 62% enantiomeric access. This method was later also used in a key step

in the natural product synthesis of dichrocephone A.*”

Mg Q Me

P R
o 5mol% Me M&  (10) 0
Me©Q 1.5 equiv PhSiH; Me
N Br 2.0 equiv butylene oxide X
dioxane, MWI 150 °C, 2 h
0] 0
9 11, 39%, 62% ee, 81:19 er

Scheme 4. First enantioselective microwave-assisted catalytic Wittig reaction.
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1.2.3 Base-free Wittig reaction

After O’Brien demonstrated the catalytic Wittig reaction via P"/PY redox cycling, new
ways of avoiding the base use in this process were developed. The first catalytic
base-free Wittig (BFW) reaction was reported in 2015. by Werner et al. (Scheme
5).031]

Q 5 mol% BusP (13a) 0
0] | OFEt 1.0 equiv PhSiH; _ Ph*™ ™ OEt
Ph)J\H * OEt toluene, 125 °C,24h Ot
o O
6a 12a 14aa, 84%, E/Z = 96:4

Scheme 5. First base-free catalytic Wittig reaction.

In this process, after the Michael addition of the catalyst 13a to an olefin 12 and a
protonation-deprotonation sequence of the intermediate 15, the corresponding ylide
16 is formed (Scheme 6). Various aromatic, aliphatic and heterocyclic aldehydes 6
were converted with various maleates and fumarates in yields up to 95% and E/Z

selectivities up to 99:1.

0
3 1
R¥ S 22 8b  [Si-H
1 BugP=0 \'[Si]—OH
14 BU3P
R1
13a |
R2
0
R3”\H o o
R’ 0
® R2 ZR!
BU3P@ @ R2
O \_/BUQ,P
o)
16
15

Scheme 6. Proposed reaction mechanism for the catalytic BFW reaction.

Much milder conditions for the catalytic BFW reactions were achieved by using an
Breonsted acid additive (Scheme 7). In this case, 5 mol% of the catalyst 1b was
used in combination with the 5 mol% benzoic acid.

6
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Me

=\ __0O
Ep\/
0 5 mol% Ph (1p) 0
0 5 mol% PhCO,H s
S hoo+ OMe  3.0equiv(MeO)SH @ Xy~ “OMe
\ | OMe  toluene, 100 °C, 14 h OMe
o 0
6b 12b 14bb, 98%, E/Z = 84:16

Scheme 7. Catalytic BFW reaction under milder conditions.

Catalytic amount of the Breonsted acid promotes the in situ reduction of the
phospholene oxide to phospholene, so that the reaction can take place at lower
temperature, in this case at 100 °C for 14 h, and by using (MeO)3;SiH. In 2019,
intramolecular BFW reaction was reported for the synthesis of benzoxepinones 18

using similar conditions (Scheme 8).*’!

Me
0 5mol% ~ "Ph (1b) CO,Me
l 5 mol% PhCO,H =
0 3.0 equiv (MeO);SiH
J\/\ toluene, 100°C, 16h  MeO 0
MeO 0 CO,Me : , >
17 18, 44%

Scheme 8. Intramolecular catalytic BFW reaction.

In 2021, a more environmentally benign approach for the intermolecular BFW
reaction was demonstrated by Toénjes et allP* For catalyst reduction,
polymethylhydrosiloxane (PMHS) was employed as a cost-effective and
environmentally safe reducing agent, in contrast to previously reported reductants
such as PhSiH3; and (MeO)s;SiH (Scheme 9). The cyclic phosphetane oxide catalyst
19a was identified as the most effective in terms of both product yield and E/Z
selectivity. Transformations were conducted in the green solvent BUuOAc at 120 °C
for 24 h.®% During the reaction optimization, a persistent side reaction yielded
diethyl succinate. This undesired reduction of olefin was attributed to the presence

of water.
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O J:E\t 0O
5 mol% O (19a)

j\ . [ OBt  PMHS (5.0 equiv[Si-H) _ Ph™ X" “OEt
Ph” H OFt BuOAc, 120°C,24h OFEt
o) o)
6a 12c 14ac, 88%, E/Z =973

Scheme 9. PMHS as a reductant in the catalytic BFW reaction.

The authors suggested water may form via silanol condensation to siloxanes, and it
was concluded that water or hydrogen formation during silane-mediated reduction of
phosphine oxides is strongly dependent on reaction conditions. A reduction strategy
for alkenes and alkynes, utilizing water as the hydrogen source was reported
(Scheme 10).P®! Activated alkene 12 and the catalyst 19a in the presence of water
formed the ylide 22. Its subsequent hydrolysis led to the alkane 23 and the

regeneration of the phosphetane oxide 19a.

[Si-H [Si]-OH
HH O ﬁ
RWR“ e g
| e
23
(0]
H,O
2 y o . 12
H R1 O
e .
~N ©) R2
(0] p\
99 .~ o)
21

Scheme 10. Proposed mechanism for the reduction of activated alkenes by P"/P" redox catalysis

with water.

This method demonstrates high chemoselectivity, allowing the reduction of activated
carbon—carbon double or triple bonds while leaving carbonyl functionalities and non-
activated double bonds intact. It has been effectively applied to the reduction of
various substrates, including derivatives of formic, maleic and malonic acid,

acrylates and alkynes. Also, an additional advancement was shown by employing
8
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PMHS as a terminal reductant, with the reaction conducted in the environmentally
friendly solvent BuOAc.

1.2.4 Synthesis of furanes and benzofuranes

In a transformation related to the BFW reaction, an alternative reaction pathway can
take place (Scheme 11). Following the Michael addition of catalyst 13a to substrate
12, enolate 15 is generated. Subsequent nucleophilic attack on an acyl chloride 24
and a subsequent deprotonation, resulted in a formation of ylide 25, which then

undergoes an intramolecular Wittig reaction to yield the furan 26.

o)
0]
o° 1 OJ\R“
1 1 R* ~ClI ;
=z 2
R Protonation- R 24 R
©) R2 :d T v R2 ® R2
Bu;P"© eprotonation p,;.p BusP®
sequence
16 15 25
ﬁ\ Wittig reaction Intramolecular
-BusP=0 Wittig reaction
R* "H -BusP=0
6
O R4 O R1
R' \
R3 Z R2 R2
o @]
26
14

Scheme 11. BFW reaction and the formation of furan 26 from enolate 15.

In 2016, Lee reported the synthesis of highly functionalized furans 28 via an
intramolecular catalytic Wittig reaction sequence (Scheme 12)."1 The
transformation required only catalytic amounts EtsN. The in situ generated EtzN-HCI
catalyzes reduction of phosphine oxide 1a, while its decomposition resulted in
regeneration of base, which mediated the formation of phosphorus vylide.
Additionally, a catalytic amount of Et;SiCl was employed to activate the phosphorus
oxide, also facilitating its reduction. A similar strategy for furan synthesis was
developed by Fan, utilizing terminal activated olefins 29 or 31 in combination with

either two or three equivalents of acyl chloride 24b (Scheme 13).1!
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Me

DS
0 “Ph
10 mol% (1a) Ph

CN
o 0 20 mol% Et3;N | N\ O
20 mol% Et,SiCl
NC])‘\Q + /©)\C| 1.6 equiv PhSiH; O ©
THF,50°C,12h
Ph Cl cl
27 24a 28, 93%

Scheme 12. Synthesis of furan derivatives 28 via intramolecular catalytic Wittig reaction.

When the olefin 29 was functionalized with an electron-withdrawing group such as
an ester or a cyano group, the reaction afforded tetra-substituted furan derivatives
30, whereas the use of methyl vinyl ketone 31 led to the formation of tri-substituted
furan 32.

QO co,Me
-
W Me 0

20 mol% BuzP (13a) Me

29 O 5.4 equiv Et;N 30, 81%
. Cl 04 eqUiV PhS|H3 o or
or toluene, 110 °C, 24 h o
Me

|

31 32, 38%

Scheme 13. Synthesis of tri- and tetra-substituted furan derivatives 32 and 30.

A protocol for the construction of functionalized 3-alkenyl benzofurans 34 via
intramolecular Wittig reaction was demonstrated by Liou et al. (Scheme 14).5% This
one-pot transformation proceeds via initial O-acylation of the nitrostyrene 33,
followed by a Michael addition of a phosphine to the resulting O-acylated
intermediate. After the elimination of nitrous acid, phosphorus ylide is generated.
The ylide undergoes an intramolecular Wittig reaction, leading to the formation of
benzofuran 33. Additional experiments with the intermediate, formed after the
reaction with the acyl chloride, indicated that the Wittig reaction proceeds without
the need for a base, and the 1.2 equivalents of EtsN are required for the O-acylation

step, characterizing the overall transformation as BFW reaction.

10
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Me — /O Ph
NO, P
2 20 mol% Ph (1b) N
o 1.2 equiv Et3N
. )]\ 2.0 equiv PhSiH5 - N Ph
OH Ph™ CI m-xylene, 100 °C, 3 h ©
" 24c 34, 69%

Scheme 14. Synthesis of the fuctionalized benzofuran 34 via intramolecular BFW reaction.

1.3 Catalytic Appel reaction

One year after O'Brien reported the catalytic Wittig reaction, an alternative strategy
was introduced by Denton group to circumvent the stoichiometric reduction of the
strong P=0 double bond, while still achieving phosphine-catalyzed reactivity.!'® This
approach was first demonstrated in the catalytic dichlorination of epoxides 35
(Scheme 15).

15 mol% cat Ph3P=0 (8a)
1.3 equiv (COCI), Cl

Ph :O 1.5 equiv 2,6-BuPy - Ph)\/Cl

CHCls, RT, 6 h

35a 36a, 66%

Scheme 15. Catalytic dichlorination of epoxide 35a.

The mechanism involves a catalytic cycle in which triphenylphosphine oxide (8a) is
converted in situ to a chlorophosphonium salt 37 via reaction with oxalyl chloride,
accompanied by the release of CO and CO, (Scheme 16). 2,6-di-tert-butylpyridine
was added, since the generation of HCI under these conditions could potentially
lead to side reactions, such as the formation of chlorohydrins. This non-nucleophilic
base effectively neutralizes HCI without reacting with oxalyl chloride. The same
group applied the principle of PY/PY catalysis for the chlorination of primary and
secondary alcohols (Scheme 17).'" This transformation represents the first
example of triphenylphosphine oxide (8a) catalyzed alcohol chlorination under
Appel-type conditions, proceeding via the Appel reaction mechanism. The use of
oxalyl chloride can lead to side reactions that compete with the chlorination. The
rapid consumption of alcohol substrate 38 (within 10 minutes) results in the
formation of chloroglyoxylate and bis-ester byproducts. To address this issue, the

authors employed a strategy involving the simultaneous and slow addition of both

11
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oxalyl chloride and alcohol to a solution containing 15 mol% catalyst over a period of
7 h, which afforded yields up to 88%.

of
R2 1]
R1 /P\
& Ph” L "Ph (COCl),
36 8a
@ S)
OPPh, Cl
e
Cl
S
/\ @CI:I Cl
o] - CO +CO,
R <R, Ph” 1, "Ph
35 37

Scheme 16. Proposed mechanism for the dichlorination of epoxides via in situ generation of

chlorophosphonium salt 37 from triphenylphosphine oxide (8a).

The methodology proved effective for a range of acyclic primary and secondary
alcohols. In addition to chlorination, successful bromination was also achieved using

oxalyl bromide.

15 mol% cat Ph;P=0 (8a)
1.0 equiv (COCI),

CHCI;, RT, 7 h
38a 39a, 42%

Ph” OH Ph"Cl

Scheme 17. Phosphine oxide (8a) catalyzed chlorination of alcohol 38a.

Building on the concept of redox catalysis, van Delft and co-workers investigated a
redox-catalyzed variant of the catalytic Appel reaction (Scheme 18A) for the
synthesis of alkyl bromide 39b.!"! Given that the reaction aims to convert alcohols
38 into alkyl halides 39, primarily chlorides and bromides, under mild and non-acidic
conditions, careful selection of both the catalyst and the halogenating agent was
essential. The five-membered cyclic phosphine oxide catalyst 1a, which had
previously demonstrated excellent performance in the catalytic Wittig reaction,
proved unsuitable in this context. As a result, attention shifted to derivatives of
dibenzophosphole oxide 1c as potential catalysts. A separate challenge involved
finding a compatible halogenating agent that would not react with the silane
reductant. Among several tested, only diethyl bromomalonate (DEBM) functioned

12
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effectively as a brominating agent under the catalytic conditions. The catalytic cycle
(Scheme 18B) begins with activation of catalyst 2b with DEBM, forming
bromophosphonium species 40 that reacts with the alcohol 38. This step generates
an oxophosphonium intermediate 41, which after the nucleophilic attack of the

bromide ion leads to the formation of the alkyl bromide 39 and the phosphine oxide

"

=}

10 mol% Ph (2b)
1.5 equiv equiv BrCH(CO,Et),
1.1 equiv Ph,SiH,

1c.

Ph > Ph
~"0H MeCN., 80 °C, 16 h ~ g
38b 39b, 55%
B) BrCH(CO,Et),
i
Ph
Ph,SiH, ob .
ase
Cr$)
A\
1c R
N PH Br 40
OH
Br

P

7\
Ph O 41 e)
©
Br R1_<R Br @
2

Scheme 18. A) Phosphine catalyzed bromination of alcohol 38b. B) Proposed mechanism for the

bromination of alcohols 38 under Appel reaction-type conditions.

For chlorination, a modified protocol was employed. CCl,4 served as the chlorinating
agent, and 2c was used as the catalyst (Scheme 19). The reaction proceeded with
low yield of 40% for 39c.
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MeQO OMe

P
10mol%  Ph (2c)
1.5 equiv CCl,
1.1 equiv Ph,SiH,

MeCN, 100°C, 16 h
38c 39c, 40%

Y

Scheme 19. Chlorination of alcohol 38¢ using dibenzophosphole 2¢ as a catalyst.

A significantly improved method for the chlorination of alcohols was developed,
expanding the substrate scope to secondary and tertiary alcohols, as well as the
transformation of epoxides to their corresponding chlorinated derivatives using
benzotrichloride as an inexpensive and readily available chlorinating agent.!*®! The
reaction with trioctylphosphane 13b as the catalyst and phenylsilane as the terminal

reductant proceeds under solvent-free conditions (Scheme 20).

10 mol% OctsP (13b)
5.0 equiv PhCCl;

Cl
OH 1.0 equiv Ph,SiH, N ©/\/\/
©/\/\/ solvent free, 100°C, 24 h

38d 39d, 87%

Scheme 20. Chlorination of alcohol 38d with benzotrichloride via P"/PY redox catalysis.

Alkylphosphanes are generally not utilized in classical Appel reactions as catalysts
due to their vigorous reactivity with carbon tetrachloride (CCly),"*"! however, in this
case, the use of trioctylphosphane 13b proved suitable, since only small amounts
are available in the reaction. The proposed mechanism (Scheme 21) involves the
chlorophosphonium salt 42 as the activated P-species which undergoes further
reaction with an alcohol 38, yielding an alkoxyphosphonium species 43 along with
the formation of dichlorotoluene. The alkoxyphosphonium intermediate 43
undergoes a Michaelis—Arbuzov type rearrangement to release the alkyl chloride 39.
Product 39 may undergo a nucleophilic substitution reaction, resulting in a loss of
stereochemical information when chiral alcohols are used as substrates. Another
possible pathway is an Sy1 type mechanism, where phosphine oxide 8c is
eliminated to generate a carbocation intermediate 44, eventually leading to the
product rac-39. The phosphane oxide 8c is reduced by the organosilane, closing

the catalytic cycle.
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Sn2 pathway Ph,SiH, Ph,SiHOH
R, >_<
R1)'/’C' OctsP=0 OctsP
39 3 ° PhCCl,
8c 13b
R
R1/L'“CI o]
rac-39 o Bh
o
Ry @ ®
R, R, )‘O/Pous Octzp=Cl 42
) S)
R/ o 43 C Ro
44 PhCHClI, R1)‘OH
Sn1 pathway 38

Scheme 21. Proposed mechanism for the chlorination of alcohols 38 via P"/P" redox catalysis.

A similar strategy was used employing the cyclic phosphetane catalyst 19a
(Scheme 22), broadening the substrate scope to secondary and tertiary alcohols
which were obtained in good yields with improved stereospecificity.*?! This protocol
requires only 1 mol% of catalyst 19a for the Appel chlorination of both chiral and
achiral alcohols. Hexachloroacetone (HCA) was used as a halogen source in
substoichiometric quantities (0.7 equivalents), suggesting that two chlorine atoms of

HCA participate under the reaction conditions.

~

\\O

1.0 mol% (19a)
OH 0.7 equiv HCA Cl
OEt 1.0 equiv PhSiH; . _OFt
Phw > Ph
o) toluene, 100 °C, 24 h /\/\g/
(R)-38e (S)-39e, 70%, 98:2 er, 95% es

Scheme 22. Chlorination of alcohol (R)-38e using HCA via P"/P" redox catalysis.

A broad range of alcohol substrates 38 bearing various functional groups, were
converted to the corresponding alkyl chlorides 39 with yields up to 97%, and
enantiomeric ratios up to 99:1. The methodology was also extended to the
chlorination of epoxides 35 (Scheme 23). The epoxide (R)-35b was converted to the
alkyl chloride (S)-36b with inversion of configuration in 92% yield with 96:4 er. This
required adjustments to the reaction conditions, including a doubling of the catalyst

loading and HCA equivalents.
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20mol% |\~ (19a)

O 1.4 equiv HCA |

1.5 equiv PhSiH3 Cl
toluene, 100 °C, 24 h ©/\/

(R)-35b (S)-36b, 92%, 96:4 er, 92% es

a0

/

Scheme 23. Chlorination of epoxide (R)-35b using HCA via P"/PY redox catalysis.

1.5 Amide synthesis and activation via P"/P" redox catalysis

Amides are commonly prepared from carboxylic acids and amines, either via
formation of more reactive carboxylic acid anhydrides or acyl chlorides, or by using
coupling reagents.*?! In recent years, direct coupling of carboxylic acids with amines
under organocatalytic conditions has emerged as a viable alternative, particularly
using functionalized arylboronic acids as catalysts.[*?! Significant progress has also
been made in amide bond formation via phosphorus-based catalysis. A key
advancement was reported by Mecinovié in 2014, who demonstrated the
organocatalytic amidation of unactivated aromatic carboxylic acids with amines. This
transformation proceeds in the presence of a catalytic amount of 13c and a two-fold
excess of CCls, employing in situ reduction using diethoxymethylsilane and
bis(4-nitrophenyl)phosphate as an additive, eventually forming 47a (Scheme 24).
The method was compatible with a broad spectrum of unactivated para-substituted
benzoic acids, as well as heteroaromatic carboxylic acids such as picolinic and
quinaldic acids and aliphatic, aromatic, and heterocyclic amines.

25 mol% PPh, (13c)
5 mol% (4-nitrophenyl)phosphate

0 2.0 equiv CCl, 0
/O)L o + Bz—NH, 1'5equiv (EtO)MeSH _ /©)LNHBZ
toluene, 110°C, 20 h
O,N O,N
453 46 47a, 64%

Scheme 24. Synthesis of amide 47a by P"/P" redox catalysis.

In 2022, Arora and co-workers reported an improved organocatalytic method for
amide bond formation that eliminates the need for toxic CCls;, employing instead a

dual-component catalytic system (Scheme 25).**! This strategy utilizes a two-cycle

16



INTRODUCTION

mechanism involving a phosphine and a selenium redox cycle. In the phosphine
cycle, the phosphetane 20a reacts with a diselenide 48 to form a
selenophosphonium salt 49, which serves as an activating agent for the amino acid
51. Amino acid 51 is activated forming a selenoester, and regenerating phosphine
oxide 19a. In the selenium cycle, formed selenoester undergoes acyl transfer with
amine 52, yielding the corresponding dipeptide 53 and liberating selenol §0. The
selenol is then oxidized by oxygen from air to regenerate the diselenide 48, closing
the selenium catalytic cycle. The water generated during the oxidation of selenol is

effectively scavenged by excess silane, forming silanols or siloxanes as byproducts.

(CatSe) G
atoe),
- * LR J@L
N~ N CF
(Si-0), 20a H H *
0,
[Sil-H o
Cat-Se l\Slle-)é
2CatSeH 4o, [CatSe-PRs] N Ve
50 |
49
(CatSe),
48
Ala o Ala Ala
H ® t
Boce N\)J\ofs Boc\N/'\WOH I )\Wo Bu
H H ! H o ® 0
O Al cl
53, 94% 51 52

Scheme 25. Dual catalytic cycle for peptide bond formation.

The Radosevich group introduced a method for both amide synthesis and in situ
amide activation using a P"/PY catalytic system (Scheme 26A).['® This process for
the synthesis of azaheterocycle 55 from carboxylic acid 45b and amine 54 uses a
(diethyl 2-bromo-2-methylmalonate) DEMBM and a terminal hydrosilane reductant
to drive sequential C-N and C-C bond formations. The mechanism for amide
formation in this system can be compared to the approach of Mecinovi¢ in terms of
halonium-based catalyst activation. However, in the method of Radosevich, the toxic
CCl4 oxidant is replaced by a milder DEMBM, forming a bromophosphonium ion.
This intermediate not only serves as a carboxylic acid activator facilitating the C-N
bond formation, but also participates in amide activation during the C-C bond

formation phase. Building on this method, the Radosevich group further
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demonstrated a three-component condensation reaction involving carboxylic acid
45c, amine 56, and pyridine N-oxide 57 to synthesize 2-amidopyridine 58 (Scheme
26B).1°! The reaction proceeds via bromophosphonium-mediated activation and
condensation with pyridine N-oxides. This leads to the formation of a reactive
imidoyloxypyridinium intermediate, which undergoes rearrangement to furnish the

2-amidopyridine product.

A)
fro
— 15 mol% (19a) _
0 ,@ 2.4 equiv DEMBM N
PP * @[ 2.2 equiv PhSiH; - @[ =
OH NH,  DCE 90°C.12-14h NG
45b 54 55, 80%
B)
fro
15 mol% (19a)
Ph 2.2 equiv DEMBM Bh
0 1.0 equiv EtN'Pr, o 2
XN : : |
/\)j\ + Pr—NH + 3.0 equiv Ph28|H2 o
N~ MeCN, 40°C, 16 h .
(I) Pr
©
45¢ 56 57 58, 78%

Scheme 26. Synthesis of A) azaheterocycle 55 and B) 2-amidopyridine 58 by P"/P" redox catalysis.

Kéring and co-workers reported an alternative method for the amide activation and
imidoyl species synthesis (Scheme 27).#" In this system, 20 mol% of phosphine
oxide 8c is activated to the corresponding PY species by reaction with triphosgene.
It then reacts with amide 47b, and after the nucleophillic attack of the chloride,
imidoyl chloride 59b is formed. Since multiple chlorine atoms from a single
triphosgene molecule participate in the activation process, only substoichiometric

amounts are required for the reaction.

5§

N,’Pr 20 mol% 3 (8d) SN JPr
H 0.34 equiv CO(OCCly), g
Br CHCl,, 90 °C, 0.5-15 h Br

47b 59b, >98%

Scheme 27. Synthesis of imidoyl chloride 59b from amide 47b using phosphine oxide 8d and

triphosgene.
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Xue et al. demonstrated a catalytic variant of the Vilsmeier-Haack reaction for the
synthesis of indole-3-carboxaldehydes 61 (Scheme 28).¥ In contrast to the
traditional Vilsmeier-Haack protocol,*® which requires stoichiometric and toxic
POCI; or oxalyl chloride®® for the formylation of electron-rich aromatic systems, this
method offers a catalytic alternative that avoids these reagents. The authors
achieved catalytic activation of dimethylformamide 47c¢ and its derivatives, coupling
them with indole 60a and forming indolecarboxaldehydes 61 and ketones under mild

conditions.

Me

15 mol% “Ph (1b)

ZT

0 H 1.2 equiv DEBM
AN Me ©1N) 1.5 equiv PhSiH, N Y,
/ -
I
Me MeCN, rt, 12 h H
0
47c 60a 61, 95%

Scheme 28. Catalytic Vilsmeyer-Haack reaction for the synthesis of 61.

1.6 Nitrous oxide decomposition

Nitrous oxide (N2O) is a potent greenhouse gas and an ozone-depleting
substance.®"! Due to its significant environmental impact, recent research has
focused on the development of effective methods for its chemical
transformation®®*%! or catalytic decomposition.®*! While transition metal systems
have been extensively studied for N,O activation,®® metal-free approaches have
also been explored. For instance, triphenylphosphine (13c¢) can directly reduce N,O
under supercritical conditions (100140 bar) at 100 °C (Scheme 29).°®!

Phop 20 barN,0 Ph,P=0 N
> =] +
3 100°C, 3 h 8 2

13c 8a, 94%

Scheme 29. Phosphine-mediated N,O decomposition.

Additionally, phosphane/borane based frustrated Lewis pairs (FLPs) have been
shown to capture and decompose N,O under milder conditions (Scheme 30).°"! The
reaction of an equimolar mixture of 13d and B(CgFs); with N,O results in the
precipitation of 62. Photolysis of 62 or heating it at 135 °C for 44 h resulted in the

liberation of N, and formation of the Lewis acid-base adduct 63.
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1.0 bar N,O o
1.0 equiv B(CgFs); fBu3P/N°N/O\B(CeF5)3
CeDsBr, 25 °C, 24 h ®

13d 62, 76%

BusP

CeDsBr, hv, 5 min, RT or
CeDsBr, 135 °C, 44 h

» BusP=0+B(CgFs); + N
63, 75%

Scheme 30. Decomposition of N,O by frustrated Lewis pairs.

Despite progress in FLP systems, catalytic turnover has not been achieved,

undescoring the necessity for continued investigation in this field.
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2. Objective

Phosphorus redox catalysis has emerged in recent years as a versatile strategy for
various synthetic transformations. While significant advances have been made,
substantial opportunities remain to expand this approach to new reaction types and
enhance their synthetic utility. This work aims to explore and expand the scope of
P"/PY redox catalysis through several objectives. The first is the development of
amidine synthesis based on amide activation via organophosphorus catalysis.
Amidines are known to be synthesized via imidoyl halide intermediates from amides,
by using toxic, moisture-sensitive dehydrating agents such as PCls, SOCI,, and
(COCI), for the generation of the imidoyl chloride, or by phosphorus mediated
approaches generating imidoyl iodide. In the latter approach, phosphine oxide as a
byproduct in stoichiometric amount hampers the purification and atom economy. To
address this limitation, this work seeks to eliminate the need for toxic and moisture-
sensitive reagents as well as to avoid the stoichiometric formation of phosphine
oxides. The next objective is to investigate electrophilic aromatic substitution on
heterocycles, specifically pyrrole and indole derivatives, using an organocatalytic
approach. Building on the amide activation strategy for in situ synthesis of imidoyl
chlorides, this part of the study aims to investigate the reactivity of pyrrole and
indole derivatives toward these intermediates. Another goal of this work is to design
a catalytic route to substituted furans. The approach involves the activation of
bisacylethenes and acyl acrylates with a phosphorus based catalyst to form a BFW
intermediate through Michael addition, followed by an intramolecular Wittig-type
cyclization to access furans with underexplored substitution patterns. Finally, the
fourth aim is the catalytic reduction of nitrous oxide, a potent greenhouse gas. While
phosphine-mediated methods for this transformation have been reported, they
require supercritical conditions. The goal of this research is to develop a phosphine-

catalyzed approach operating under significantly milder conditions.
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3. Results and Discussion

3.1 Synthesis of amidines via P"/P" redox catalyzed in situ formation of

imidoyl chloride from amides!®

Amidines are recognized for their versatility, with broad applications as functional
groups in drug design, synthetic intermediates for heterocyclic compounds, and
ligands for organometallic complexes.®® Consequently, the development of efficient
and sustainable synthetic methods for amidines remains of significant interest. In
this work, amidines are synthesized from amides through P"/PV redox catalysis,
employing environmentally benign chlorinating agent to avoid the use of toxic
reagents traditionally required in amidine synthesis.

The study commenced with the optimization of the catalytic step for the
formation of imidoyl chloride 59d, from N-isopropylbenzamide (47d) as a model
substrate in BuOAc as solvent, using phosphetane oxide 19a as catalyst and
PhSiH; as terminal reductant (Table 1). A large focus was put on selecting the most
suitable halide source for the formation of imidoyl chloride. Using ethyl 2,2 2-
trichloroacetate (ETCA) as a halide source, resulted in 26% yield, while the use of
(trichloromethyl)benzene (TCMB) resulted in 68% vyield (entries 1 and 2). Imidoyl
bromide could also be formed by using DEMBM in 28% yield (entry 3). Notably,
when HCA, was used as a chlorinating agent an excellent yield of >99% for the
formation of imidoyl chloride 59d was achieved (entry 4). Lowering the reaction time
to 16 h didn’t affect the yield (entry 5). Building on the excellent results with HCA,
the effects of the solvent were examined, as well as various reaction conditions.
Acetonitrile and THF were evaluated as solvents, and gave yields of 63% and 64%,
respectively (entry 6 and 7). In addition to BuOAc, the reaction proceeded with the
yield of >99% in toluene (entry 8). However, we chose to continue our investigations
using BuOAc, as it is a more sustainable alternative to toluene according to the
CHEM21 selection guide.*® Further studies demonstrated that the reaction
proceeds efficiently using 1.5 equivalents each of HCA and PhSiH3, with a reduced
catalyst loading of 2 mol% (entry 9). The product 569d was obtained in >99% yield
within 1 h under these conditions. To evaluate catalyst performance, alternative
candidates were tested under optimized conditions. Phospholene oxide 1b resulted

in a significantly lower yield of 40% (entry 10), while non-cyclic catalysts 8b and 8a
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gave yields below 20% (entries 11 and 12). Thus the phosphetane catalyst 19a
proved crucial for the effective formation of imidoyl chloride.

Table 1. Optimization of the P"/P" redox catalyzed formation of N-isopropylbenzimidoyl chloride
(59d) from N-isopropylbenzamide (47d).

2—-10 mol% cat
0 1.0-2.0 equiv halide source Cl

j 1 0-2.0 equiv PhSiH5 j
: /U\ H,Pr : /k\N,Pr

Y

solvent, 120 °C, t

47d 59d
cat:
J P/?‘Ph ('P)I P
— |§O\ ~<:1 Bu/é;Bu Ph/lg);Ph
19a 1b 8b 8a
cat halid source _ _ N _ ;
entry _ silane (equiv) conditions yield/ %
(mol%) (equiv)
1 19a (10) ETCA (2.0) PhSiH;(2.0) BuOAc, 24 h 26%
2 19a (10) TCMB (2.0) PhSiH;(2.0) BuOAc, 24 h 68%
3 19a (10) DEMBM (2.0) PhSiH3(2.0) BuOAc, 24 h 28%>
4 19a (10) HCA (2.0) PhSiH;(2.0) BuOAc, 24 h >99%
5 19a (10) HCA (2.0) PhSiH;(2.0) BuOAc, 16 h >99%
6 19a (10) HCA (2.0) PhSiH; (2.0) MeCN, 16 h 63%
7 19a (10) HCA (2.0) PhSiH; (2.0) THF, 16 h 64%
8 19a (10) HCA (2.0) PhSiH;(2.0)  toluene, 16 h >99%
9 19a (2) HCA (1.5) PhSiH; (1.5) BuOAc, 1 h 99%
10 1b (2) HCA (1.5) PhSiH; (1.5) BuOAc, 1h 40%
11 8b (2) HCA (1.5) PhSiH; (1.5) BuOAc, 1h 19%
12 8a (2) HCA (1.5) PhSiH; (1.5) BuOAc, 1 h 10%

Reaction conditions: 1.0 equiv 47d (0.5 mmol), 2—10 mol% cat, 1.0-2.0 equiv halide source, 1.0-2.0
equiv PhSiHs, 1.5 mL BuOAc, 120 °C, 1-24 h. "Yields were determined by 'H NMR using mesitylene
as the internal standard. 2N—isopropylbenzimidoyl bromide is the product.

Optimization of the second reaction step for the formation of amidine 64a was
carried out by varying the equivalents of nucleophile and the reaction time.

Following the in situ formation of imidoyl chloride 59d under optimized conditions,
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1.5 and 2.5 equiv of IPrNH, were tested, resulting in conversions of 53% and 71%,
respectively, after 4 h (Table 2, entry 1 and 2). Using 3.5 equivalents of 'PrNH; led
to complete conversion and the product 64a was isolated in an excellent 98% yield
(entry 3). Reducing the reaction time to 3 h resulted in decreased conversion and a

lower isolated yield of 85% (entry 4).

Table 2. Optimization for the synthesis of amidine 64a from in situ formed 59d.

2 mol% O (19a)

1.5 equiv HCA Pr<
Q  1.5equivPhSiH, ¢ 1.5-3.5 equiv 'PrNH, NH-
~Pr > X, Pr > N P
©)‘\H BuOAc, 120 °C, 1 h ©)\N BuOAc, 120 °C, ¢ ©)\N
47d 59d 64a
entry 'PrNH, / equiv t/h conv. 59d / %" yield 64a / %?
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 47d (0.5 mmol), 2 mol% catalyst 19a, 1.5 equiv HCA, 1.5 equiv
PhSiHs, 1.5-3.5 equiv 'PrNH,, 1.5 mL BuOAc, 120 °C. 'Conversion was determined by GC with
mesitylene as internal standard. 2Isolated yield is given.

The substrate scope was evaluated by converting amides 47 with different amines.
In total 20 amidines 64 were synthesized in generally good to excellent yields (Table
3). The reaction with 'PrNH, and benzylamine as nucleophiles gave the
corresponding amidines 64a and 64b in 98% yield. Excellent yields were also
achieved with aniline derivatives bearing electron-donating or electron-withdrawing
groups. The conversion of p-ethoxy aniline led to amidine 64c in 86% yield while the
trifluoromethyl derivative 64d and nitrile-substituted product 64e were obtained in
98% and 80% vyield respectively. When N-ethylaniline was used as a nucleophile,
88% vyield of amidine 64f was achieved. The aliphatic secondary amine,
diethylamine, gave 64g in moderate yield of 79%, while the cyclic amines piperidine

and morpholine performed slightly better, affording 64h and 64i in 88% and 81%
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yield, respectively. Further evaluation of the scope was performed by variation of the
amide coupling partner. Electron-rich methoxy substituted aryl amide led to 64j in an
excellent yield of 86%, while aryl amide with an electron-acceptor substituent, such
as methoxycarbonyl and bromo-substituted derivative produced 64% and 72% of
the products 64k and 64l, respectively. Thiophene substituted amide gave 64m in a
good vyield of 83%. The N-substituents of the amide were also varied. The
conversion of N-cyclohexyl benzamide gave 64n in 80%, while the N-allyl derivative
gave 640 in 74%. Furthermore, piperidin-2-one was also a suitable substrate and

the desired amidine 64p was obtained in moderate yield of 39%.

Table 3. Selected amides 47 converted in one-pot, two-step synthesis to amidines 64 by P"/P" redox

catalysis.
R~
0 2 mol% O (19a) Cl RS R
l]\ , 1.5equivHCA J\\ R _ . N
R N/R 1.5 equiv PhSiH, _ RN amine (3.5 equiv) - 1J\\ R2
BuOAc, 120°C. 1h BuOAc, 120°C,4h R N
47 59 64

R NH R -Et \
i i i Ji
©)\\N/Pr ©)\\N/Pr ©)\\N/Pr ©)\\N/Pr

64a, R = N'Pr, 98% 64c, R= OEt, 86%  64f, R=Ph,88%  64h, X = CH,, 88%
64b, R = benzyl, 98%  64d, R=CF; 98%  64g R=Et 79%  64i, X=0,81%
64e, R = CN, 80%

Pr< 1 p ©\
NH ' ’Pr\NH r\NH NH
X UPr .
R \ !

64j, R = OMe, 86% 64m, 83% 64n, R = cyclohexyl, 80% 64p, 39%
64k, R = COOMe, 64% 640, R = allyl, 74%
641, R = Br, 72%

Reaction conditions: Step 1: 1.0 equiv 47 (0.5 mmol), 2 mol% catalyst 19a, 1.5 equiv HCA, 1.5 equiv
PhSiH3, 1.5 mL BuOAc, 120 °C, 1h; Step 2: 3.5 equiv amine, 120 °C, 4 h. Isolated yields are given.
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Additionally, Erlotinib (66), a tyrosine kinase inhibitor (TKI) used in the treatment of
non-small cell lung cancer (NSCLC) and pancreatic cancer® was synthesized
using one-pot, two-step catalytic protocol (Scheme 31). The synthesis started from
commercially available 6,7-bis(2-methoxyethoxy)quinazolin-4(3H)-one (65), but due
to its limited solubility in the standard solvent (BuOAc), the reaction conditions were
slightly modified. Erlotinib (66) was obtained in a high yield of 81%. This
methodology eliminates the requirement for toxic and corrosive oxalyl chloride
(COCI); in the imidoyl chloride formation step and simplifies the process from a two-

step sequence to a more efficient one-pot reaction.

10 mol% O (19a)

0 1.5 equiv HCA RO \N 3.5 equiv
RO 1.5 equiv PhSiH5 - | / CHCI,, 80 °C, 8 h > )
/) CHCI3, 80 °C, 24 h RO N RO

RO

66, 81%
65 °

R = CH,CH,OMe

Scheme 31. P"/P" redox catalyzed synthesis of Erlotinib 66.

Mechanistic pathway is proposed based on our previous studies on P"/PV redox
catalyzed reactions and control experiments (Scheme 32).1*43%42 |n initial step the
phosphine oxide 19a is reduced by PhSiH3; to phosphine 20a. When the reduction
was performed under the reaction conditions in the absence of HCA, as a control
experiment, the phosphine 20a was formed as a mixture of two diastereoisomers (dr
22.3:1) with the chemical shift in the *'P NMR for the major isomer at & = 28.9 ppm.
'"H-2°Si HMBC NMR experiments indicated the formation of 1,3-diphenyl-disiloxane
as one of the major products with a chemical shift 6 = -28.2 ppm which is in
accordance with the literature.®"’ The siloxane might be formed either by the
reaction of the silanol with the silane forming hydrogen or by condensation under
liberation of water.**¢®"! The chlorophosphonium salt 67 is formed by the reaction
of 20a with HCA. In additional control experiments we could show that reaction of
20a with HCA leads to the formation of 67, as well as the reaction with 19a in the
presence of HCA and PhSiHs;. In both cases a specific signal for 67 was observed in
the *'P NMR with a chemical shift of = 116.7 ppm for the major isomer. In the
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presence of amide 47d the salt 67 reacts to the proposed oxophosphonium salt
intermediate 68 which further converts to imidoyl chloride 59d under liberation of the
catalyst 19a. The subsequent addition of the amine (‘PrNH,) leads to the formation
of the desired amidine 64a as the hydrochloride salt in an addition-elimination

sequence.

PhSiH; [PhSiH,OH] — (PhSiH,),0]

o Jip\t 9
| S P o R, ChC” CCly
IPrNH, 10a 20
a

59d 3P NMR 3P NMR
6=159.6 ppm 5=28.9 ppm
i
PF\NH o -
X, Pr p{ Cl P=
N ® 0 ¢l o
- HCI ’Pr
ClC CCI2

64a-HCI
?—{ 31P NMR
5=116.7 ppm
’Pr
ClsC CHC|2

47d
Scheme 32. Proposed mechanistic pathway for the P"/PY catalyzed amidine 64a formation.
3.2 P"/PY=0 redox catalyzed direct amide-to-ketimine transformation via

Friedel-Crafts-type C—C bond formation

Friedel-Crafts alkylation and acylation are cornerstone methods in electrophilic
aromatic substitution, with over a century of use.®?®® However, the reliance on
strong Lewis acids in this synthetic method and difficulties in achieving selective
functionalization limit the applicability.®* Consequently, there remains a strong
demand for alternative methodologies beyond the traditional Friedel-Crafts
reactions.’®?%! This project focuses on the functionalization of pyrrole, indole, and
their derivatives without the need for strong Lewis acids or metal-catalyst.

Building on the research of activation of amides with phosphine based
catalysts described in the previous chapter, this work further explores the use of

pyrrole and indole derivatives as nucleophiles, reacting with imidoyl chlorides
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generated in situ. Based on the optimized first step for the synthesis of imidoyl
chlorides, the optimization of the second step was conducted (Table 4). After the in
situ formation of 59d under the optimized conditions, the addition of 3.5 and 4.5
equivalents of pyrrole was tested, which resulted in 86% and 81% yield of product

69a, respectively (entries 1 and 2).

Table 4. Optimization of the reaction conditions for the second step of formation 69a from
N-isopropylbenzamide (47d).
NH

2 mol% O (19a) 7 NH /i
0 : Cl
. 1.5 equiv HCA | 2.5-4.5 equiv Q Z
N’Pr 1.5 equiv PhSiH; \N/Pr EUOAc 120 °C 1 » « Jpr
H  BuOAc, 120°C,1h ’ ’ N~

47d 59d 69a
entry pyrrole / equiv t/h yield / %'

1 3.5 4 86

2 4.5 4 81

3 3.5 23 82

Reaction conditions: Step 1: 1.0 equiv 47d (0.5 mmol), 2 mol% catalyst 19a, 1.5 equiv HCA, 1.5
equiv PhSiH3;, 1.5 mL BuOAc, 120 °C. Step 2: 3.5-4.5 equiv pyrrole, 120 °C, 4-23 h. 'Yield was
determined by 'H NMR analysis of the crude reaction mixture using mesitylene as the internal
standard.

Prolonging the reaction time to 23 h with 3.5 equivalents of pyrrole resulted in 82%
yield (entry 3), so the optimized conditions for the second reaction step were set to 4
h and 3.5 equivalents of pyrrole. The substrate scope of the reaction was evaluated
(Table 5), commencing with the test of differently substituted pyrroles as
nucleophiles in a reaction with imidoyl chlorides 59. The model substrate 47d with
pyrrole as nucleophile gave the product 69a in 62% yield. When more electron rich
2-methylpyrrole was used, the product 69b was formed in a high 77% yield.
Pyrrolopyrimidine gave the product 69c in low 34% vyield. Furthermore, indole
derivatives were evaluated as nucleophiles. Reaction with indole afforded product
69d in 70% yield, whereas the more electron-rich 4-methylindole delivered 69e in an
excellent 94% yield. The halo-substituted 5-iodoindole furnished 69f in a yield of
53%, while conversion of the 5-oxaborolan-substituted indole produced 69g as a

hydrochloride salt in 62% yield.
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Table 5. Substrate scope for one-pot two-step reaction of the formation of 69 from amides 47 by

P"/PY redox catalysis.

P X=NH, C
\
2 mol% O (19a)

X
o 1.5 equiv HCA N F’ D &%
JU R? 15equivPhSiH; , | 35 equivse- - - K

1 >
R™ N" BuOAc 120°C, 1h R™SNR | BuOAc, 120°C, 2 h \
RSN
47 59 69
R _N
NH N// JNH O NH " O NH
Y A Y Y
R
N'Pr N'Pr O N‘Pr O NPr
69a, R = H, 62% 69c, 34%? 69d, R = H, 70% 69f, R = I, 53%
69b, R = Me, 77% 69e, R = Me, 94% 69g, R = Bpin, 62%3P
Pr.
Me
O O NH
O3-C) > ¢ )
F Me Y
Me ' md
e e e b
R \
69h, 91% 69i, 55% 69], R = MeO, 74% 691, 85%?

69k, R =Br, 57%

Reaction conditions: Step 1: 1.0 equiv 47 (0.5 mmol), 2 mol% catalyst 19a, 1.5 equiv HCA, 1.5 equiv
PhSiH;, 1.5 mL BuOAc, 120 °C, 1h; Step 2: 3.5 equiv nucleophile, 120 °C, 4 h. Isolated yields are
given. °Step 2 was prolonged to overnight heating. "Product was isolated as a HCI salt.

With 2-p-fluorophenyl indole as a nucleophile, product 69h was formed in 91% yield.
In addition, electron-rich azulene derivative was tested, which resulted in a good
55% vyield of product 69i. Additionally, amide coupling partner was varied with 4-
methylindole as a nucleophile. Electron-rich methoxy substituted aryl amide led to
69j in 74% yield, while electron-withdrawing bromo-substituted derivative gave 69k
in 57% yield. Thiophene substituted amide gave the corresponding product 69l in
85% vyield. The mechanism for the imidoyl chloride formation is similar to the

mechanism for the synthesis of amidines, reported in the previous chapter (Scheme
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32). Following the imidoyl chloride 59d in situ formation, the indole or pyrrole
derivatives react with it in an electrophilic aromatic substitution in the subsequent

step.

3.3 Synthesis of trisubstituted furans from activated alkenes by P"/PY

redox cycling catalysis!®®

Substituted furans are important organic compounds due to their versatile reactivity.
They play an important role in producing polymers®®”! and they occur as natural
products and pharmaceutical agents, even though they are sometimes associated
with the formation of toxic metabolites.®® Furan derivatives used in industrial
applications are obtained from biomass sources, but traditional synthetic
approaches remain widely used for preparing substituted furans, such as Paal-Knorr
reaction for disubstituted furans and Feist-Benary reaction for tetrasubstituted
variants.'® Phosphines can be used for the synthesis of substituted furans under
transition metal free conditions. In general, phosphine reacts in a Michael addition
with an activated alkene, as shown in one of the previous chapters (Scheme 11),
and afterwards, multiple reaction pathways are possible. In this project, the formed
enolate reacts with an acyl chloride forming an enol ester, which then reacts in an
intramolecular Wittig reaction. In the current literature, the formation of trisubstituted
furans from 1,2-diacylethenes or 3-acylacrylates even under stoichiometric
conditions has been underexplored with only few published examples./”™

The investigation of the furan synthesis started with reacting 1,2-
dibenzoylethene (12d) with benzoyl chloride (24c) in THF as solvent,
diisopropylethylamine (DIPEA) as base and phenylsilane as the terminal reductant.
When different catalysts were tested, phosphetane oxide 19a afforded the
trisubstituted furan 26dc in a 71% vyield (Table 6, entry 1), while less sterically
demanding phosphine oxide 19b afforded 26dc in 24% (entry 2). Phosphine oxides
1b, 8c, and 8b gave yields <10% (entry 3-5). Lowering the reaction temperature to
40 °C led to a significantly lower yield of 13% (entry 6), whereas at 80 °C 26dc was
obtained in 66% yield (entry 7). Increasing the amount of benzoyl chloride (24¢) and
base to 2.0 and 2.1 equiv respectively, led to the 99% yield (entry 8). The reaction
time could be shortened to 4 h (entry 9), but it proved to be viable only for the model
substrate 12d. Test reactions showed the necessity for longer reaction times of 16 h

for a broader applicability of the method.
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Table 6: Catalyst screening and optimization of the reaction conditions for the formation of

triphenylfuran 26dc from dibenzoylethene 12d.

5.0 mol% cat

o 1.2-3.1 equiv DIPEA 0
0 1.0 equiv PhSiH;
~_Ph > Ph
Ph)w ! Cl)l\Ph THF, T, ¢ Jﬁfyph
o) pr’ O
12d 24c 26dc
cat:
Yo ve o
RP— R— S NN %
\(\) \(\) o) Oct Cl)c?Ct Bu éuBu
19a 19b 1b 8c 8b
entry cat 24c / equiv DIPEA /equiv t/h T/°C yield 26dc / %'
1 19a 1.1 1.2 16 60 71
2 19b 1.1 1.2 16 60 24
3 1b 1.1 1.2 16 60
4 8c 1.1 1.2 16 60 3
5 8b 1.1 1.2 16 60
6 19a 1.1 1.2 16 40 13
7 19a 1.1 1.2 16 80 66
8 19a 2.0 21 16 60 99
9 19a 2.0 21 4 60 99

Reaction conditions: 1.0 equiv 12d (0.50 mmol), 1.1-2.0 equiv 24c¢, 1.2—2.1 equiv DIPEA, 5.0 mol%
catalyst, 1.0 equiv PhSiH3, 1.5 mL solvent. 'Yield determined by GC-FID with hexadecane as internal
standard.

Evaluation of substrate scope was conducted. Model substrate 12d was converted
and corresponding furan 26dc was isolated in 93% yield after a reaction time of 4 h
(Table 7). For the synthesis of other substrates the reaction time was extended to
16 h. Under these conditions, the electron-rich dimethoxy derivative gave the
trisubstituted furan 26ec in a yield of 81%, while the dichloro derivative afforded the
furan 26fc in a moderate yield of 58%. Dithiophene derivative was converted to
26gc in mediocre 55% yield. When aliphatic, methyl substituted derivative was
tested, the product 26hc was obtained in 40% vyield, while phenyl substituted
bisacylethene, resulted in a higher product formation 26ic of 74%. Different acid

chlorides 24 were tested in a reaction with dibenzoylethene, and bromo substituted
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benzoyl chloride led to the furan 26dd in a good yield of 89% while the electron-poor
methoxycarbonylbenzoyl chloride led to a slightly lower yield of 73% of furan 26de.
Methylbenzoyl chloride led to reduced vyield of 28% of furan 26df. Reaction with
cyclopropylcarbonyl chloride led to a surprisingly good yield of 78% of furan 26dg.

Table 7. Selected examples for the substrate scope of trisubstituted furans 26 from bisacylethenes

12 and acyl chlorides 24.

-

P—
\

5.0 mol"/ﬁ \O (19a)

2.1 equiv DIPEA

o 0
o 1.0 equiv PhSiH
R1V\H/R2 * P8 = e RN o
cl” >R®  THF,60°C, 16 h | R
(0] R3 (0]

12d-i 24 26
o) o) o)
S
Ph S
pr” O P~ © ph” O
26dc, 93%2 26ec, R = OMe, 81% 26gc, 55%

26fc, R =Cl, 58%

0
0
Ph
0 [ >—Ph Ph
Me N 0 | D—ph
I R o
pn” O R

26hc, R = Me, 40% 26dd, R = Br, 89% 26dg, 78%
26ic, R=Ph, 74% 26de, R =CO.Me, 73%
26df, R = Me, 28%

Reaction conditions: 1.0 equiv 12d-i (1.0 mmol), 2.0 equiv 24, 2.1 equiv DIPEA, 5.0 mol% catalyst
19a, 1.0 equiv PhSiHs, 3.0 mL THF, 60 °C, 16 h. Isolated yields are given. *Reaction time 4 h.

Two mechanistic pathways are possible for this transformation (Scheme 33). After
the initial Michael addition, the enolate 21a reacts with acyl chloride 24c in a C-
acylation reaction, followed by nucleophilic attack on the opposing carbonyl group
and subsequent deoxygenation in a ring-closure process. Alternatively, O-acylation
of the enolate could occur, generating enol ester 70. After deprotonation, 70 would
undergo an intramolecular Wittig reaction. The intermediate 71 was synthesized and
brought to a reaction in the presence of catalyst 19a and phenylsilane to check the

potential of the ring-closure pathway. The furan was formed so the viability of this
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pathway was confirmed. However, when the reaction was conducted in presence of
benzoyl chloride (24c) and DIPEA, the major product was a tetrasubstituted furan, a
product that was previously not observed under these conditions. The ring-closure
pathway should theoretically be possible without an added base, but under the
optimized conditions of this work, the reaction was not successful without the
addition of DIPEA. These results suggest that pathway involving O-acylation and an

intramolecular Wittig reaction, represents the more plausible mechanistic route.

®
PRy O

Ph
Z>ph

PR3
PhWJ\Ph -
Ph\n/O PR,

base
- 20a -20a
Wittig ring
inati /lﬁfyph

closure

26dc

Scheme 33. Possible reaction pathways for the synthesis of trisubstituted furan 26 from diacylethene
12.

The acrylate 12j was also tested as substrate under the same reaction conditions
(Table 8). When it was converted with benzoylchloride (24c), unexpectedly the
tetrasubstituted furan 72jc was formed alongside the the furan 26jc. The product
ratio of the formed furans 26 and 72 was found to be dependent on the phosphine
catalyst. Among the tested catalysts, 19a was the only catalyst leading to an excess
formation of the tetrasubstituted furan 72 (entry 1). Less sterically demanding
catalyst 19b produced overall yield of 49% with (entry 2). With the phospholene
catalyst 1b trisubstituted furan 26jc was preferred, with the 48% yield, and a 6%

yield of tetrasubstituted furan 72jc (entry 3).
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Table 8. Catalyst screening and reaction optimization for the formation of trisubstituted furan 26jc

and tetrasubstituted furan 72jc from acylacrylate 12j.

10 mol% cat o 0o
0 o  12-21 equiv DIPEA 0 Ph
> OEt 1.0 equiv PhSiH EtO
ph)]\/\”/ + 3 > N\ + EtO
J e solvent, T, 16 h %Ph | H—pn
Ph py” O
12j 24c 26jc 72jc
cat:
—_— Ph (I? 9
R— R— \C %o oct” oct B Bu
P P Oct Bu
19a 19b 1b 8c 8b
entry cat 24c/ DIPEA solvent T/ yield 26jc yield 72jc 26ja:72jc
equiv / equiv °C / %2 / %2
1 19a 1.1 1.2 THF 60 11 25 31:69
2 19b 11 1.2 THF 60 27 22 55:45
3 1b 11 1.2 THF 60 48 6 89:11
4 8¢ 1.1 1.2 THF 60 2 <2 91:9
5 8b 1.1 1.2 THF 60 2 <2 95:5
6 1b 11 1.2  toluene 100 74 8 90:10
7 1b 1.5 1.6  toluene 100 80 10 89:11
8 1b 15 1.6 toluene 100 82 10 89:11
9 19a 5.0 5.0 toluene 60 14 71 16:84

Reaction conditions: 1.0 equiv 12j, 1.1-5.0 equiv 24¢, 1.2-5.0 equiv DIPEA, 10 mol% cat, 1.0 equiv
PhSiH3, 1.5 mL solvent, 60—100 °C, 16 h. ®Yield determined by GC-FID with hexadecane as internal
standard, ®Reaction time: 4 h.

Trisubstituted furan 26jc was preferred in case with trioctylphosphine oxide (8¢c) and
tributylphosphine oxide (8b) as catalysts but only led to low yields (entries 4 and 5).
When solvent was switched to toluene, and with higher temperature of 100 °C, yield
was increased to 82% with the reatio of 90:10 in favour of trisubstituted furan 26jc
(entry 6). Increasing the amount of 24c and DIPEA to 1.5 and 1.6 equivalents
respectively, led to an increased yield 80% of furan 26jc (entry 7). The reaction time
was shortened to 4 h without major changes in yield and selectivity (entry 8). Further
optimization was carried out to improve the selective formation of tetrasubstituted

furan 72jc. Under the conditions employing phosphetane catalyst 19a, an excess of
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benzoyl chloride 24c, and DIPEA at 60 °C, the product was obtained in 71% yield
with a ratio of 16:84 in favor of the tetrasubstituted isomer 72jc (entry 9). Under the
conditions optimized for the formation of tetrasubstituted furan, using the
phosphetane catalyst 19a, the 72jc was isolated in 68% vyield, and the trisubstituted
furan 26jc in 13% as the side product (Scheme 34). When p-methoxyphenyl
substituted alkene 12k was subjected to a reaction under the same conditions,
selectivity problem occurred. Whenever the substituents between the acyl chloride
24 and the acyl acrylates 12k-n were different, two regioisomers of the
tetrasubstituted furan were synthesized. In this case, using acyl acrylate 12k,
tetrasubstituted furans 72kc in 24% yield, and the 72kc’ in 54% vyield were achieved
(Scheme 34).

A prt
10mol% ! o (19a)

5.0 equiv 24c
0 5.0 equ!v DIPEA 0] Q Ph
Ph 1.0 equiv PhSiH; + 26ic. 13%
Et0” toluene, 60 °C, 16 h . EtO | D—ph 165
o)
Py~ ©
12] 72jc, 68%
B) R— Q Q
10 mol% \6 (19a) i Fh i PP
5.0 equiv 24c MeO N + MeO N\
o 5.0 equiv DIPEA | _D)—PmP e
1.0 equiv PhSiHs P~ O ph” O
o~ PP -
MeO toluene, 60 °C, 16 h 72kc, 24% 72kc’, 54%
I , :
1ok + 26jc, 10%

Scheme 34. Selected examples for the synthesis of tetrasubstituted furans 72 from acylacrylates 12.
Reaction conditions: 1.0 equiv 12, 5.0 equiv 24¢, 5.0 equiv DIPEA, 10 mol% 19a, 1.0 equiv PhSiH3,
3.0 mL toluene, 60 °C, 16 h; PMP: p-methoxyphenyl.

This outcome made this reaction less synthetically valuable. Using the optimized
conditions for the synthesis of trisubstituted furans 26 the substrate scope was
evaluated (Table 9). The model substrate 12j was converted with benzoyl chloride
24c to the diphenylfuran 26jc in 74% yield. Additionally, the tetrasubstituted furan
72jc was isolated in a yield of 13%. With p-methoxyphenyl substituted alkene 12k,

the furan 26kc was isolated in 70% yield. The electron-rich methoxy substituted
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product 26lc afforded the yield of 70%, while chloro substituted product 26mc
resulted in a mediocre 59% yield. The heterocyclic, furan derivative 12n afforded the
furanylphenylfuran 26nc in a 71% yield. Differently substituted benzoyl chlorides
were tested in a reaction with ethyl benzoylacrylate. The bromo substituted furan
26jd was synthesized in a high 70% yield, the methoxycarbonyl derivative 26je
resulted in a lower 59% vyield, while the methoxy derivative 26jh performed with 57%
yield. Cyclopropylcarbonyl chloride was also tested with ethyl benzoylacrylate 12j
and yielded the trisubstituted furan 26jg in 67%.

Table 9. Selected examples for the synthesis of trisubstituted furans from acylacrylates 12j-n and

PS
10 mol% 0 (1b) o
o o 1.6 equiv DIPEA
” _ R2 N )J\ 1.0 equiv PhS°|H3 . R; N
cl” “R3  toluene, 100 °C, 4 h | R,
o) Ry ©
26

acyl chlorides 24.

12j-n 24
o) 0 0
EtO MeO MeO
P~ O P O P~ O
26jc, 74% 26kc, 70% 26lc, R = OMe, 70%
+72jc, 13% 26mc, R = Cl, 59%
0
O O
EtO
MeO \ 0 | A\ Ph EtO | A\ Ph
| N 0 g
P~ O
R
26nc¢, 71% 26jd, R = Br, 70% 26jg, 67%

26je, R = CO,Me, 59%
26jh, R = OMe, 57%

Reaction conditions: 1.0 equiv 12j-n (1.0 mmol), 1.5 equiv 24, 1.6 equiv DIPEA, 10 mol% 1b,
1.0 equiv PhSiH3, 3.0 mL toluene, 100 °C, 4 h. Isolated yields are given.

The formation of the tetrasubstituted furans can also be explained by two plausible
pathways, both involving C-acylation followed by O-acylation and an intramolecular
Wittig olefination (Scheme 35). Regioisomer formation, observed when the
substituents on the acyl acrylate 12 and acyl chloride 24 differ, can only be
explained by Michael addition at the a-carbon relative to the ester. In this case,

Michael addition is followed by C-acylation to give the intermediate 73.
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Deprotonation of the acidic proton then enables O-acylation at either of two distinct
enolate sites. Subsequent deprotonation to generate the ylide, followed by an

intramolecular Wittig reaction, affords the two isomeric furans 72kc and 72kc’.

0] 0]
> PMP
MeOJ\/\”/ + PRy, ——— Meo)k(\(@PMp
@] ®PR; O
12k
0]
ph)l\m C-acylation
24c
base
0] Ph
0] Ph 0
i PMP —= MeO PMP
MeO” 7 PR; O
PR, 0]
73
0
o Oy P 0 Ph
MeO
PMP N
j\ MeO N |O PMP
Ph
PH” Cl CI:)R3 O\n/Ph
O-acylation Wittig +
Ph\fo reaction 0)
-OPR, O PMP
O._Ph
PMP | Ph
MeO P 0o
PR; O
® 72kc'

Scheme 35. Possible reaction pathway for the synthesis of tetrasubstituted furans 72kc and 72kc’

from acylacrylate 12k.

3.4 Metal-free reduction of nitrous oxide via P"/PY cycling: mechanistic

insights and catalytic performance!™"

Nitrous oxide (N,O) is a potent greenhouse gas that poses environmental
challenges, yet it also holds promise in synthetic chemistry as a strong oxidant
whose reactions typically vyield benign nitrogen gas.”® Considering the
environmental impact of N,O, efficient strategies for its chemical utilization and
catalytic decomposition are urgently needed.®” This research employes a

phosphine-based catalytic system for the reduction of N,O, circumventing the need
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for transition metal catalystsi® or frustrated Lewis pairs.’”! To investigate the
reactivity of phosphetanes toward N,O, Lewis bases 19 and 20 were reacted with

one equivalent of 74 and approximately two equivalents of N,O at 70 °C (Table 10).
Table 10. Optimization of reaction conditions for the activation of N,O.

50 pymol Lewis base
1.0 equiv Lewis acid

N,O 0-10 equiv PhSiH, g N,
CgDsBr, 1 bar, 70 °C, 18 h

Lewis base: Lewis acid:
F
P e w Sl
F 3
F
19a, R =Me 20a, R=Me 4a 74b
19c,R=Ph  20b,R=Ph
entry Lewis base Lewis acid reductant outcome
1 20a 74a - no reaction
2 20b 74a - no reaction
3 20a 74b - 19a-74b+N,
4 20b 74b - 19¢-74b+N,
5 19a 74b PhSiH; 20a-74b+N,
6 19a - PhSiH; 20a+N;
7 19¢ - PhSiH3 20b+N,
8 20a - - 19a+N,
9 20b - - 19¢c+N,
10 - - PhSiH3 no reaction

Reaction conditions: 1.0 equiv Lewis base (50 umol), 1.0 equiv Lewis acid, 10 equiv PhSiHj, N,O
(1 bar), 0.5 mL C¢DsBr, 70 °C, 18 h.

When 20a or 20b in combination with 74a, were reacted with N,O, there was no
nitrogen formation (entries 1 and 2). However, when 74a was replaced with B(2,6-
F,-CgHs)s (74b), formation of N, was observed in the "*N NMR spectra, along with
the formation of the adducts 19a-74b and 19c-74b respectively (entries 3 and 4).
Since the goal was to explore the catalytic potential of this transformation, 10 equiv
of PhSiH; were added to the reaction mixture of 19a and 74b, resulting with

formation of nitrogen (entry 5). Subsequently, the reaction of 19a or 19¢ with silane
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was examined in the absence of additive 74, resulting in the formation of N, which
indicates that phosphetanes alone are capable of catalyzing the reduction of N,O
(entries 6 and 7). The experiments with 20a or 20b in the absence of PhSiH; show
the complete conversion to 19a and 19c, respectively (entries 8 and 9). Control
experiments without the phosphetane resulted in no reaction (entry 10). To
demonstrate the catalytic reduction of N,O, the reaction was monitored using gas
chromatography (GC) (Figure 1) and TOF (turnover frequency) and TON (turnover
number) were calculated accordingly (Table 11). The results showed that at 70 °C
using PhSiH3 as reducing agent, phosphetanes 20a and 20b catalyze the reduction
of NoO but with different kinetic profiles, exhibiting turnover frequencies, TOF = 0.4

h™" and 0.1 h™", respectively (Figure 1, left; Table 11, entries 1 and 2).

0.10 * 0.25

0084 & * 0.20 -
_ - -: - b _:' ‘
o 1 _ g e
£ 0.06 A G 0151 4 —
S { ¢ * £ ’ O - 4
>'0.04 ~0.10 4 ¢ '
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0 4 8 12 16 20 24 0 6 12 18 24
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Figure 1. Quantification of N, gas evolution vs. time: 0.5 mL C¢HsBr, 9.5 mL N,O (0.42 mmol), 0.5
mmol phenyl silane; left: 0.05 mmol 20a or 20b at 70 °C and right: 0.025 mmol 20a or 20b; or 0.05
mmol 8b, at 100 °C (®20a, ¢20b, ¢ 13c; #20a, ¢20b with PMHS).

Increasing the reaction temperature to 100 °C significantly enhanced -catalytic
performance (Figure 1 right; Table 11, entries 3 and 4). The catalyst 13c was also
also tested under these conditions, and although it demonstrated catalytic activity, it
had lower efficiency (Figure 1 right, Table 11, entry 5). Additionally, PMHS was
tested as an environmentally friendly, low-cost reducing agent. In this case,
phosphetanes maintained catalytic activity but with lower efficinecy (Figure 1 right,
Table 11, entries 6 and 7). To get the insight into the catalytic mechanism, the
reaction orders with respect to the individual reactants were determined. The
reduction of the phosphetane oxides 19a and 19c¢ by PhSiH; proceeds with first-

order kinetics in both the phosphetane oxide and the silane and requires the
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activation energy (E.) of 10.6x1 kcal-mol™ for 19a and 10.3+2 kcal-mol™ for 19c.
Similarly, the oxygen transfer from N,O to the phosphetanes (in the absence of
PhSiH3) exhibits a first-order dependence for both 20a and 20b with £, of 11.5+£3
kcal-mol” for 20a and 18.2+2 kcal-‘mol™” for 20b, indicating that this is the rate-
determining step.

Table 11. Evaluation of catalysts in the N,O reduction.

entry cat reducing agent T/°C TON TOF [h™]
1 20a PhSiHs 70 1.6 0.4°
2 20b PhSiHs 70 0.5° 0.1°
3 20a PhSiHs 100 8.9¢ 3.3
4 20b PhSiHs 100 4.2° 0.7°
5 13¢ PhSiHs 100 0.9° 0.1°
6 20a PMHS 100 3.5¢ 1.5°
7 20b PMHS 100 1.3° 0.2°

Conditions for entries 1,2,5: 50 umol cat; entries 3,4,6,7: 25 ymol cat; both in 0.5 mL CgHsBr, 9.5 mL
N,O (0.42 mmol), 0.5 mmol reducing agent;, N, concentrations were determined by gas
chromatography (GC); 24h; ®1h; °6h; “5h.

The order of the phosphetane catalysts in the full catalytic reaction was determined
to be of first-order. Based on these kinetic data, control experiments and earlier
reports, a catalytic cycle is proposed. First, the P-atom adds to the N-terminus of
N.O (Scheme 36), generating the cis and trans- configured zwitterionic species cis-
75 and trans-75 as high energy intermediates. The cis-configured diastereomer
undergoes intramolecular N2 extrusion through an intramolecular reaction, resulting
in the formation of phosphetane oxide 19a. The reduction of 19a by silanes
proceeds via the intermediate 76 followed by HO-[Si] elimination. Quantum-
chemical calculations at the DLPNO-CCSD(T)/cc-pVTZ//PBEh-3c/def2-
mTZVP//openCOSMO-RS level of theory were performed to get mechanistic insight
into the reduction of N,O by the phosphetane. The computational model was
performed on simplified 2,2,4,4-tetramethylphosphetane derivatives (20a’, Me; 20b’,
Ph), as the methyl substituent in the 3-position is spatially distant from the reactive
phosphorus center and unlikely to affect the mechanism. To rationalize the different
reactivity of 20a’ and 20b’, their structural and electronic features were analyzed.
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The Me-derivative 20a’" shows a slightly greater pyramidalization than the 20b', and
a slightly higher partial charge on phosphorous. The reaction of 20a’ with the
terminal nitrogen of N,O is endergonic by 12.5 kcal‘mol” and proceeds via a cis-

transition state to form cis-7550a.

[Si]/o\[Si] <« HO-[Si]

—H,0 P N,O
R
20a
or

/O
J:ﬁ NSi] ﬁ +
/ P—
R H ®}? l\‘l‘ @P\\N
76 N R N_-©
Ccis-75 O@ 0
trans-75
(unproductive)
H-[Si] p\:O
R
19a
or
19c

Scheme 36. Proposed catalytic cycle for the phosphetane-catalyzed N,O reduction.

The trans-isomer is by 3.7 kcal'mol” less stable and forms via a higher barrier of
59.7 kcal-mol™. The intramolecular O-atom transfer to form the corresponding
phosphetane oxide is slightly more favorable for 20a’ than for 20b’. Although the
absolute computed barriers are higher than the experimental values by roughly 10—
17 kcal-mol™”, the calculated trends are consistent with the experimental kinetics.
Oxide transfer is slightly more energy-demanding than the reduction of the oxides
19a’ and 19c¢’ by silane. Natural population analysis (NPA) calculation of the
transition states revealed that formation of the cis-7524 is stabilized by
donor/acceptor interactions between the phosphorus lone pair and the unoccupied
T and o* orbitals of N,O, while such interactions are absent in the in the trans-
75204, making it less favorable. Local energy decomposition (LED) analysis further
showed that, interaction energies between N,O and the phosphetane are
outweighed by the deformation energy required to bend N,O from linearity. The
transition states leading to the trans-adducts (frans-7520a and trans-75;¢,) exhibit
higher activation energies due to the higher deformation energy in comparison with
the transition states leading to cis-7520a. The bonding situation in cis-7520a' and cis-

41



RESULTS AND DICUSSION

75,0 can be described as zwitterionic, featuring a cis-configured azonyl (-N=N-O)
group and a weak LPg—p interaction due to the partial positive polarization of
phosphorus. This P-O interactions prime the system for O-atom transfer from the

N.O-fragment to the P-center.
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SUMMARY

4. Summary

In this work, new catalytic methods in the field of P"/PY redox catalysis were
developed. A phosphine-catalyzed, two-step, one-pot protocol for amidine synthesis
from amides was established, involving in situ amide activation to form imidoyl
chlorides followed by reaction with amines. The method requires low catalyst
loading and a mild chlorinating agent, avoiding the harsh, toxic reagents typically
used, such as oxalyl chloride (COCI),. Compared to the phosphine-mediated
amidine synthesis, this method offers the advantage of circumventing the
stoichiometric generation of phosphine oxide as a byproduct. This transformation
was applied to the synthesis of 20 new compounds, including the pharmaceutical
tyrosine kinase inhibitor Erlotinib, offering a more efficient alternative to the standard
two-step industrial process. The new amide activation strategy also enabled
electrophilic aromatic substitution of indole and pyrrole derivatives with the in situ
generated imidoyl chlorides, providing an organocatalytic alternative to previously
metal-catalyzed methods. This underexplored imination of heteroaromatic
compounds delivered 20 new compounds in yields up to 94%. Further work
explored catalytic furan synthesis via enolate intermediate, usually formed in the
base-free Wittig reaction after the Michael addition of the catalyst to the activated
olefin. Bisacylethenes and acyl acrylates were reacted with acyl chlorides to access
an underrepresented class of substituted furans. Using a phosphetane catalyst,
amine base, and phenylsilane as terminal reductant, 12 trisubstituted furans were
obtained. Unexpectedly, reactions with acyl acrylates also yielded tetrasubstituted
furans, with product ratio dependent on the catalyst. This led to the synthesis of 14
trisubstituted furans using a phospholene catalyst and 6 tetrasubstituted furans
using a phosphetane catalyst. In the final project, the first phosphine-catalyzed
reduction of nitrous oxide was developed. Although phosphine-mediated and FLP-
based systems for N,O reduction were known, catalytic process had not yet been
investigated. Using a phosphetane catalyst with phenylsilane as the terminal
reductant, the reaction was performed under mild conditions. Detailed kinetic
studies with methyl- and phenyl-substituted phosphetanes, revealed that oxygen
transfer to the catalyst is the rate-determining step. The reduction of both
phosphetane oxides with phenylsilane and the catalytic deoxygenation step were
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first-order in regard to the phospetane. Turnover frequencies (TOF) were

quantitatively determined by monitoring nitrogen evolution via gas chromatography.
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5. Abbreviations

BFW
Bu

Bz

cat
cat.
DIPEA
DEBM
DEMBM
DMF
equiv
Et
ETCA
FID
FLPs
GC
HCA
Hex

Me
MeCN
NMR
NSCLC

Ph
PMHS
PMP
RT

TOF
TON
TCMB
THF

base-free Wittig TKI
butyl

benzyl

catalyst

catalytic amount
N,N-diisopropylethylamine
diethyl bromomalonate
diethyl 2-bromo-2-methylmalonate
dimethylformamide
equivalents

ethyl

ethyl 2,2,2-trichloroacetate
flame ionization detector
frustrated Lewis pairs

gas chromatography
hexachloroacetone

hexyl

iso-Propyl

methyl

acetonitrile

nuclear magnetic resonance
non-small cell lung cancer
para

phenyl
polymethylhydrosiloxane
p-methoxyphenyl

room temperature
temperature

time

turnover frequency
turnover number
(trichloromethyl)benzene
tetrahydrofuran

tyrosine kinaseinhibitor

45



REFERENCES

6. References

[1] M. Mehta, I. La Garcia de Arada, M. Perez, D. Porwal, M. Oestreich, D. W.
Stephan, Organometallics 2016, 35, 1030.

[2] L. Longwitz, T. Werner, Pure Appl. Chem. 2019, 91, 95.

[3] D. Herault, D. H. Nguyen, D. Nuel, G. Buono, Chem. Soc. Rev. 2015, 44, 2508.

[4] H. A. van Kalkeren, A. L. Blom, Rutjes, Floris P. J. T., M. A. J. Huijbregts, Green
Chem. 2013, 15, 1255.

[5] P. S.-W. Leung, Y. Teng, P. H. Toy, Synlett 2010, 2010, 1997.

[6] M. G. Russell, S. Warren, J. Chem. Soc., Perkin Trans. 1, 2000, 505.

[7] D. C. Batesky, M. J. Goldfogel, D. J. Weix, J. Org. Chem. 2017, 82, 9931.

[8] a) E. A. Broger, US4246204A, 1979; b) H. Pommer, Angew. Chem., Int. Ed.
1977, 16, 423; c) D. Hermeling, P. Bassler, P. Hammes, R. H.ugo, P. Lechtken,
H. Siegel, BASF AG, US 1996.

[9] a) T. Imamoto, T. Kusumoto, N. Suzuki, K. Sato, J. Am. Chem. Soc. 1985, 107,
5301; b) T. Imamoto, S. Kikuchi, T. Miura, Y. Wada, Org. Lett. 2001, 3, 87.

[10] C. A. Busacca, R. Raju, N. Grinberg, N. Haddad, P. James-Jones, H. Lee, J. C.
Lorenz, A. Saha, C. H. Senanayake, J. Org. Chem. 2008, 73, 1524.

[11]1 T. Coumbe, N. J. Lawrence, F. Muhammad, Tetrahedron Lett. 1994, 35, 625.

[12] Y. Li, L.-Q. Lu, S. Das, S. Pisiewicz, K. Junge, M. Beller, J. Am. Chem. Soc.
2012, 134, 18325.

[13] a) D. Moser, K. Jana, C. Sparr, Angew. Chem., Int. Ed. 2023, €202309053; b)
T. V. Nykaza, T. S. Harrison, A. Ghosh, R. A. Putnik, A. T. Radosevich, J. Am.
Chem. Soc. 2017, 139, 68309.

[14] a) H. A. van Kalkeren, F. L. van Delft, Rutjes, Floris P. J. T., Pure Appl. Chem.
2012, 85, 817; b) R. M. Denton, J. An, B. Adeniran, A. J. Blake, W. Lewis, A. M.
Poulton, J. Org. Chem. 2011, 76, 6749.

[15] H. A. van Kalkeren, S. Leenders, C. Rianne, A. Hommersom, F. Rutjes, F. van
Delft, Chem. - Eur. J. 2011, 17, 11290.

[16] R. M. Denton, X. Tang, A. Przeslak, Org. Lett. 2010, 12, 4678.

[17] R. M. Denton, J. An, B. Adeniran, Chem. Commun. 2010, 46, 3025.

[18] M. Lecomte, J. M. Lipshultz, S.-H. Kim-Lee, G. Li, A. T. Radosevich, J. Am.
Chem. Soc. 2019, 141, 12507.

46



REFERENCES

[19] D. C. Lenstra, Rutjes, Floris P. J. T., J. Mecinovi¢, Chem. Commun. 2014, 50,
5763.

[20] G. Wittig, G. Geissler, Liebigs Ann. Chem. 1953, 580, 44.

[21] a) P. Cao, C.-Y. Li, Y.-B. Kang, Z. Xie, X.-L. Sun, Y. Tang, J. Org. Chem. 2007,
72,6628; b) Z.-Z. Huang, Y. Tang, J. Org. Chem. 2002, 67, 5320; c) Y.-Z.
Huang, Y. Liao, Tetrahedron Lett. 1990, 31, 5897.

[22] A. H. Welch, D. B. Westjohn, D. R. Helsel, R. B. Wanty, Groundwater 2000, 38,
589.

[23] C. J. O'Brien, J. L. Tellez, Z. S. Nixon, L. J. Kang, A. L. Carter, S. R. Kunkel, K.
C. Przeworski, G. A. Chass, Angew. Chem., Int. Ed. 2009, 48, 6836.

[24] S. Diez-Gonzalez, S. P. Nolan, Org. Prep. Proced. Int. 2007, 39, 523.

[25] G. Keglevich, T. Kovacs, F. Csatlés, Heteroat. Chem. 2015, 26, 199.

[26] C. J. O'Brien, Z. S. Nixon, A. J. Holohan, S. R. Kunkel, J. L. Tellez, B. J.
Doonan, E. E. Coyle, F. Lavigne, L. J. Kang, K. C. Przeworski, Chem. - Eur. J.
2013, 19, 15281.

[27] C. J. O'Brien, F. Lavigne, E. E. Coyle, A. J. Holohan, B. J. Doonan, Chem. -
Eur. J. 2013, 19, 5854.

[28] E. E. Coyle, B. J. Doonan, A. J. Holohan, K. A. Walsh, F. Lavigne, E. H.
Krenske, C. J. O'Brien, Angew. Chem., Int. Ed. 2014, 53, 12907.

[29] T. Werner, M. Hoffmann, S. Deshmukh, Eur. J. Org. Chem. 2014, 2014, 6630.

[30] V. M. Schmiedel, Y. J. Hong, D. Lentz, D. J. Tantillo, M. Christmann, Angew.
Chem., Int. Ed. 2018, 57, 2419.

[31] M.-L. Schirmer, S. Adomeit, T. Werner, Org. Lett. 2015, 17, 3078.

[32] M.-L. Schirmer, S. Adomeit, A. Spannenberg, T. Werner, Chem. - Eur. J. 2016,
22, 2458.

[33] A. Grandane, L. Longwitz, C. Roolf, A. Spannenberg, H. Murua Escobar, C.
Junghanss, E. Suna, T. Werner, J. Org. Chem. 2019, 84, 1320.

[34] J. Tonjes, L. Longwitz, T. Werner, Green Chem. 2021, 23, 4852.

[35] D. Prat, A. Wells, J. Hayler, H. Sneddon, C. R. McElroy, S. Abou-Shehada, P.
J. Dunn, Green Chem. 2016, 18, 288.

[36] L. Longwitz, T. Werner, Angew. Chem., Int. Ed. 2020, 59, 2760.

[37] C.-J. Lee, T.-H. Chang, J.-K. Yu, G. Madhusudhan Reddy, M.-Y. Hsiao, W. Lin,
Org. Lett. 2016, 18, 3758.

47



REFERENCES

[38] X. Fan, R. Chen, J. Han, Z. He, Molecules 2019, 24.

[39] Y.-C. Liou, H.-W. Wang, A. Edukondalu, W. Lin, Org. Lett. 2021.

[40] L. Longwitz, S. Jopp, T. Werner, J. Org. Chem. 2019, 84, 7863.

[41] R. Appel, Angew. Chem., Int. Ed. 1975, 14, 801.

[42] J. Tonjes, L. Kell, T. Werner, Org. Lett. 2023, 25, 9114.

[43] a) S.-Y. Han, Y.-A. Kim, Tetrahedron 2004, 60, 2447; b) E. Valeur, M. Bradley,
Chem. Soc. Rev. 2009, 38, 606.

[44] a) H. Charville, D. Jackson, G. Hodges, A. Whiting, Chem. Commun. 2010, 46,
1813; b) R. M. Al-Zoubi, O. Marion, D. G. Hall, Angew. Chem., Int. Ed. 2008, 47,
2876.

[45] Handoko, N. R. Panigrahi, P. S. Arora, J. Am. Chem. Soc. 2022.

[46] J. M. Lipshultz, A. T. Radosevich, J. Am. Chem. Soc. 2021, 143, 14487.

[47] L. Koéring, N. A. Sitte, M. Bursch, S. Grimme, J. Paradies, Chem. - Eur. J. 2021,
27, 14179.

[48] J. Xue, Y.-S. Zhang, Z. Huan, J.-D. Yang, J.-P. Cheng, J. Org. Chem. 2022, 87,
15539.

[49] A. Vilsmeier, A. Haack, Ber. Dtsch. Chem. Ges. A 1927, 60, 119.

[50] M. Gazvoda, M. Ko€evar, S. Polanc, Eur. J. Org. Chem. 2013, 2013, 5381.

[51] A. R. Ravishankara, John S. Daniel, Robert W. Portmann, Science 2009, 326,
123.

[52] a) K. Severin, Trends Chem. 2023, 5, 574, b) |. R. Landman, F. Fadaei-Tirani,
K. Severin, Chem. Commun. 2021, 57, 11537.

[53] K. Severin, Chem. Soc. Rev. 2015, 44, 6375.

[54] Z. Zhuang, B. Guan, J. Chen, C. Zheng, J. Zhou, T. Su, Y. Chen, C. Zhu, X. Hu,
S. Zhao et al., Chem. Eng. J. 2024, 486, 150374.

[55] a) P. Molinillo, B. Lacroix, F. Vattier, N. Rendén, A. Suarez, P. Lara, Chem.
Commun. 2022, 58, 7176; b) R. Deeba, S. Chardon-Noblat, C. Costentin, ACS
Catal. 2023, 13, 8262.

[56] S. Poh, R. Hernandez, M. Inagaki, P. G. Jessop, Org. Lett. 1999, 1, 583.

[57] E. Otten, R. C. Neu, D. W. Stephan, J. Am. Chem. Soc. 2009, 131, 9918.

[58] V. Medvari¢, J. Paradies, T. Werner, Adv. Synth. Catal. 2025, 367, e70059.

48



REFERENCES

[59] a) F. T. Edelmann, Chem. Soc. Rev. 2012, 41, 7657; b) A. A. Aly, S. Brase, M.
A.-M. Gomaa, Arkivoc 2019, 2018, 85; c) S. Liu, Y. Tang, S. Chen, X. Li, H. Liu,
Angew. Chem., Int. Ed. 2024, 63, €202407952.

[60] Y.-T. Wang, P.-C. Yang, J.-Y. Zhang, J.-F. Sun, Molecules 2024, 29, 1448.

[61] C. Laye, J. Lusseau, F. Robert, Y. Landais, Adv. Synth. Catal. 2021, 363, 3035.

[62] V. Docekal, Y. Niderer, A. Kur€ina, I. Cisafova, J. Vesely, Org. Lett. 2024, 26,
6993.

[63] L. Jiao, E. Herdtweck, T. Bach, J. Am. Chem. Soc. 2012, 134, 14563.

[64] a) H. Kong, K. Li, J. Zhang, H. Yan, L. Jing, Y. Liu, C. Song, P. Zhou, B. Wang,
Adv. Synth. Catal. 2024, €202401128; b) M. Bandini, A. Eichholzer, Angew.
Chem., Int. Ed. 2009, 48, 9608.

[65] a) J. A. Leitch, C. L. McMullin, M. F. Mahon, Y. Bhonoah, C. G. Frost, ACS
Catal. 2017, 7, 2616, b) A. Taheri, B. Lai, C. Cheng, Y. Gu, Green Chem. 2015,
17,812; c¢) J. Marsch, S. Reiter, T. Rittner, R. E. Rodriguez-Lugo, M. Whitfield,
D. J. Scott, R. J. Kutta, P. Nuernberger, R. de Vivie-Riedle, R. Wolf, Angew.
Chem., Int. Ed. 2024, 63, €202405780; d) T.-Y. Wang, X.-X. Chen, D.-X. Zhu, L.
W. Chung, M.-H. Xu, Angew. Chem., Int. Ed. 2022, 61, €202207008.

[66] J. Tonjes, V. Medvari¢, T. Werner, J. Org. Chem. 2024, 89, 10729.

[67] C. Post, D. Maniar, V. S. D. Voet, R. Folkersma, K. Loos, ACS Omega 2023, 8,
8991.

[68] M. D. Delost, D. T. Smith, B. J. Anderson, J. T. Njardarson, J. Med. Chem.
2018, 61, 10996.

[69] K. I. Galkin, V. P. Ananikov, ChemSusChem 2019, 12, 2976.

[70] @) K.-W. Chen, S. Syu, Y.-J. Jang, W. Lin, Org. Biomol. Chem. 2011, 9, 2098;
b) Y. Wang, Y.-C. Luo, X.-Q. Hu, P.-F. Xu, Org. Lett. 2011, 13, 5346.

[71] R. Zhou, V. Medvari¢, T. Werner, J. Paradies, J. Am. Chem. Soc. 2025, 147,
37879.

49



APPENDIX

7. Appendix
7.1 Synthesis of amidines via P"/PY redox catalyzed in situ formation of
imidoyl chloride from amides
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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 P""'/PY=0 redox catalysis. This two-step, one-pot approach involves the activation
of amides via P"'/PY=0 catalyzed in situ formation of imidoyl chloride intermediates which are directly converted
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1. Introduction

Amidines are a well-established class of organic com-
pounds and are valued by chemists for their unique
chemical and physical properties.!'! 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.”) They have also been utilized as
ligands in organometallic complexes'®! and as starting
material for the synthesis of heterocycles.[**! The ami-
dine moiety is recognized as surrogate for peptide
bonds!®” and has been identified in natural products
such as polycyclic alkaloids!™ and polysaccharides.')
This substructure can also be found in various agro-
chemicals!"" and drug candidates!'?! such as Viagra,
Abacavir, Clozapine, and Erlotinib (Scheme 1).

Adv. Synth. Catal. 2025, 367, €70059 Wiley Online Library

Several synthetic strategies for the construction of
amidine structures are known.!'*!’] Recent examples
include [Ag],l'¥ [Cu],l'¥ [Pd],'®! as well as metal-
free multicomponent reactions!'”! 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'-disubstituted or N,N,N’-trisubstituted amidines
from amides proceeds via an activated secondary amide
intermediates and subsequent conversion with an amine
(Scheme 2A)."'*] In this approach commonly imidoyl
chlorides are used. Their synthesis from amides usually
requires toxic and moisture-sensitive dehydrating agents
such as PCls,"”1 SOCL,*” and (COCI),.["

In 2017, Phakhodee reported a Ph;P/I,mediated pro-
cess for the one-pot synthesis of amidines from amides

€70059 (1 of 8) © 2025 The Author(s). Advanced Synthesis &

Catalysis published by Wiley-VCH GmbH


https://orcid.org/0000-0001-9025-3244
mailto:th.werner@uni-paderborn.de
http://creativecommons.org/licenses/by/4.0/
http://doi.org/10.1002/adsc.70059
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadsc.70059&domain=pdf&date_stamp=2025-08-28

advsynthcatal.com

ADVANCED
SYNTHESIS &
CATALYSIS

EtO

‘N

\Z\

Viagra
PDES inhibitor

N

N
H

Clozapine
Antipsychotic

Scheme 1. Pharmaceutical drugs containing amidine moiety.

via the respective imidoyl iodide (Scheme 2B).**

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.”*! Xue
et al. developed a catalytic Vilsmeier-Haack reaction
which is based on P"/PY=0 redox-catalysis.?¥ 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 P"/PY=0 redox catalysis.*®! Due to our interest in
this field****! and based on our experience in P"/PY=0
halogenation reactions,'*>” we aimed to develop a
catalytic one-pot synthesis of N,N,N’-trisubstituted
amidines from amides (Scheme 2C). Our approach
sought to avoid the critical dehydrating agents men-
tioned above.

Adv. Synth. Catal. 2025, 367, €70059 Wiley Online Library
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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 PhSiH; 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,?*>% 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.”"
Besides BuOAc, toluene proved to be a suitable solvent,
yielding the desired product in >99% yield.?" 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.®™ 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 P"/PV=0 Wittigi®*! and Appel*” reac-
tions, gave even lower yields, <20% (entries 7 and 8).
When equimolar amounts of HCA and PhSiH; 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 insitu formation of 3a under
the optimized conditions, 1.5 and 2.5 equivalents of
iPrNH, 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
iPrNH, resulted in 100% conversion, thus we isolated
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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 iPrNH, 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 4¢ 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
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Table 1. Optimization of the P"™/PY=0 redox catalyzed formation of N-isopropylbenzimidoyl chloride (3a) from
N-isopropylbenzamide (1a).

2 (2-10 mol%)
halide source (1.0-2.0 equiv)

o] Cl
J\ PhSiH3 (1.0-2.0 equiv) ~ J\
N > N
H BuOAc, 120 °C, t

1a 3a
Catalysts: Halide source:
//o (I? %) o CCl; o (0] (0]
P—Ph  Bu—P—Bu Ph—P—Ph L i )5(&
R— 4 EtO OEt
P 4@ Bu bh Cl;C” TOEt Cl;C” ~CCl, -
2a 2b 2c 2d ETCA TCMB HCA DEMBM
Entry 2 [mol%] Halide source [equiv] Silane [equiv] ¢t [h] Yield [%]™
1 2a (10) ETCA (2.0) PhSiH; (2.0) 24 26
2 2a (10) TCMB (2.0) PhSiH; (2.0) 24 68
3 2a (10) HCA (2.0) PhSiH; (2.0) 24 >99
4 2a (10) DEMBM (2.0) PhSiH; (2.0) 24 281
5 2a (2) HCA (1.5) PhSiH; (1.5) 1h >99
6 2b (2) HCA (1.5) PhSiH; (1.5) 1h 40
7 2¢ (2) HCA (1.5) PhSiH; (1.5) 1h 19
8 2d (2) HCA (1.5) PhSiH; (1.5) 1h 10
9 2a (2) HCA (1.0) PhSiH; (1.0) 1h 82
101! 2a (2) HCA (1.5) PhSiH; (1.5) 1h 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 PhSiH;, 1.5 mL
BuOAc, 120 °C, 1-24h;

[1Yields were determined by '"H NMR using mesitylene as an internal standard;

1 N-isopropylbenzimidoyl bromide is the product;

[<1100 °C.

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

2a (2 mol%)
HCA (1.5 equiv) cl _ . )\
J\ PhSiH; (1.5 equiv) \NJ\ iPrNH, (1.5-3.5 equiv) _ NH J\
BuOAc, 120 ° X
BuOAc, 120 °C, 1h uOAc, 120 °C, ¢ ©)\N
1a 3a 4
Entry iPINH, [equiv] t [h] Conv. 1a [%]® Yield 4a [7%]"
1 1.5 4 53 n.d.
2 2.5 4 71 nd.
3 3.5 4 100 08
4 3.5 3 06 o8

Reaction conditions: 1.0 equiv 1a (0.5 mmol), 2 mol% catalyst 2a, 1.5 equiv HCA, 1.5 equiv PhSiHj;, 1.5-3.5 equiv iPrNH,, 1.5 mL
BuOAc, 120 °C;

[ Conversion was determined by GC with mesitylene as internal standard;>"

Plisolated yield is given.

to 4K in a good yield of 86%, while aryl amide with an and 73% of the products 41 and 4m, respectively. As
electron-acceptor substituent, such as methoxycarbonyl — shown by Kalz et al.,”** there are different possible iso-
11 and bromo-substituted derivative 1m produced 64%  meric forms of N,N’-disubstituted amidines which can
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2a (2 mol%)

o HCA (1.5 equiv) Ra-Ra
: Amine (3.5 equiv
R1)J\N'R2 PhSiH; (1.5 equiv) RH\\NfRz BuOAc(120 O‘L 4)h Rﬂ)\\N'RZ
H BUOAG, 120 °C, 1 h ’ '
1 4

Amine variation:

@

4a, 98%

%,

4f, 88% 49, 79%

"
@A\N

4b, 98%

o

4c, 86%

L) 0
Oy oy ©AJ\

4h, 88%

" ONPN §
oo

4d, 98% e, 80%
o
j NH2
4i, 81% 4j, 0%

Amide variation:

4q, 86% 4r, 0%° 4s, 62%

)\NH )\NH )\NH
A G Y e

4n, 83% 40, 80% 4p, 74%

©\NH /LNH )\NH

@\l C\:N \/\/\/I\\N
4t, 39% 4u, 17%*5 4v, 84%°

Figure 1. Substrate scope for one-pot two-step synthesis of amidines 4 from amides 1 by P™/PY=0 redox catalysis. Reaction
conditions: Step 1: 1.0 equiv 1 (0.5 mmol), 2 mol% catalyst 2a, 1.5 equiv HCA, 1.5 equiv PhSiH;, 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 '1:0.24 and 21:0.25. *Product is reduced
to nitrile. “1 mmol scale. *Yield was determined by "H NMR analysis of the crude reaction mixture using triethylamine as internal

standard. ®Mesitylene was used as internal standard.

result from C=N isomerization, C—N rotation or tautom-
erism. In our hands, products 41 and 4m were 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 40 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

Adv. Synth. Catal. 2025, 367, 70059 Wiley Online Library

under catalytic conditions.*”! 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
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2a (10 mol%)
0 HCA (1.5 equiv) Cl . NH
MeO™ ™ jdL PhSiHz (1.5 equiv) _ | meo 0 \)N NH2°(3-5 equiv) Meo™~O AN
MeO\/\o ) CHCIy, 80°C, 24 h l\/leO\/\O CHCI3, 80 °C,8h MeO\/\O )
5a 5b, 81%

Scheme 3. P"/PV=0 redox catalyzed synthesis of Erlotinib (5b)

used in the treatment of non-small cell lung cancer and
pancreatic cancer.’®! 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), 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 P"/PV=0 redox
catalyzed reactions and control experiments,?’3!7]
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
PhSiH; 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

iPrNH,

o

3a 3P NMR
5=159.6 ppm

©/k

4a-HCl

CI3CJ\CHCI2

from 5Sa.

(dr 22.3:1) with the chemical shift in the *'P NMR
for the major isomer at 0 = 28.9 ppm. The proposed sila-
nol was not observed. However, 'H—*°Si HMBC NMR
experiments indicated the formation of 1,3-diphenyl-
disiloxane as one of the major products with a chemical
shift of 0 = —28.2 ppm, which is in accordance with the
literature.*®) The siloxane might be formed either by the
reaction of the silanol with the silane forming hydrogen
or by condensation under liberation of water.?”2*>* 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 PhSiH;
as a reducing agent. In both cases a specific signal for
7 was observed in the *'P NMR with a chemical shift
of 6 =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 (iPrNH,) leads
to the formation of the desired amidine 4a in >98% yield

PhSiH, [PhS|H20H]TO>(PhS|H2) ,0
2

o) P\ cl,c (:Cl3

2a

31P NMR
5=28.9 ppm

b cf
® 0 P@
N J\ & o
N J\@
Cl;C” “CCl,
8 7{ .
3P NMR

0]

H

(o) J\6116.7 ppm
O

1a

Scheme 4. Proposed mechanistic pathway for the P™/PY=0 catalyzed amidine formation.
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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 P"Y
PY=0 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 mechanism was 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.*'1 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 PhSiH; (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 Et,O 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
Et,0. The combined organic layers were dried over Na,SO,.
All volatiles were removed, and the crude product was purified
by column chromatography.
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APPENDIX

7.2 P"/PY=0 redox catalyzed direct amide-to-ketimine transformation via Friedel-

Crafts-type C-C bond formation

V. Medvarié¢, N. Mergard, T. Werner, submitted manuscript.

One pot
P(lll)/P(V) redox cycling
n Two step, one-pot process
@) Rdox Cl Metal-free synthesis
.)J\N/. <>_’ .)\\N/. Low catalyst loading
H pVv 21 newly reported compounds
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"/PV=0O 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% vyield 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 P"/PY=0 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"/PV=0 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 P"/PV=0 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.['-'11 Significant efforts have been devoted to the development
of efficient synthetic protocols for the preparation and direct functionalization of these compounds.!'2 Among
other electrophilic aromatic substitution reactions, Friedel-Crafts acylation is one of the most widely used
techniques.l'314 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.['21%] 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.['3.16-211 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 (Tf20),[22-251 Huang and coworkers
reported the Tf20-mediated coupling of arenes with secondary amides (Figure 1A).1281 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.[?”: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.[2%-311 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 AICI3 are required. Following this, Giles et al. described the synthesis of imine functionalized
indoles.[?3 The imine moiety was generated with N-alkylnitrilium tetrafluoroborate to afford iminium salts which
was subsequently converted to the imine under basic conditions.

P"/PY redox catalysis has emerged as a powerful tool for the activation of various substrates in organic
synthesis.343%] In regard to amide activation and electrophilic aromatic substation Xue developed P'"/PV redox
catalyzed method for acylation of indole (Figure 1C).2¢ 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 P'"/PV redox catalysis has emerged as a prominent area of research. Our
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group demonstrated the activation of alcohols via the phosphorus redox catalysis, enabling their transformation
into alkyl chlorides.[*7:38] Mecinovi¢ used the P"/PVredox catalysis for the activation of carboxylic acids and their
subsequent coupling with amines to form amides.l?® This approach was later refined by Radosevich, further
expanding the scope and utility of P"/PV catalyzed transformations.#%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.[3640.41 Recently, we reported the activation of amides for the synthesis of amidines via P"/PV
redox catalysis.*2 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 P"/PV=0 redox catalysis utilizing readily available amides as substrates (Figure 1D).

A. Huang, 2016

Me
P N Me
o 1.1 equiv TH,0, e b L/) N
111\ _R2 1.2 equiv 2-fluoropyridine, R=N-R* o 1.5 equiv Ge | /
R™N" CH,Cl,-78°C; 0 °C, 10 min OTf| CH,Cly, rt, 1h * \N,Rz

R
4 examples

B. Tobisu, 2007

R
! ~ '
_on NR 1.1 equiv : C=N-R® 5 | N
T 1) 1zeauvACs LAy
e 12eqlvALs . o
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C. Xue, 2022
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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 P"/PV redox
catalysis.[*2 For the in situ reduction of phosphine oxide, PhSiHs proved to be the most effective reagent. The
optimized conditions for the first step comprised 1.5 equivalents hexachloroacetone (HCA) and PhSiHs, 2 mol%
catalyst C3PO and BuOAc as green solvent.*2l Under these conditions the imidoyl chloride intermediate 2a is
obtained in >99% vyield 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% vyield (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).

C3PO (2 mol%) / NH
HCA (1.5 equiv) Cl . =
3a (2.5-4.
J\ PhS|H3 (1.5 equiv) X, J\ M»
N BuOAc, T, ¢ S
BUOAC, 120 °C, 1h o N
2a, 99% 4aa
3C NMR

5(CN) = 140.5 ppm

entry 3a/ equiv t/'h T/°C yield / %"
1 25 4 120 70
2 3.5 4 120 86
3 45 4 120 81
4 3.5 1 120 64
5 35 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. "Yield was determined by 'H 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% vyield 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% vyield. It is not unusual to
form amidines under these conditions, as reported before.*2l 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%. lodo-indole derivative 3j gave 53% vyield 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 P"/PV=0 redox catalysis.

C3PO (2 mol%)
o HCA (1.5 equiv) Cl Nu

©)kNJPr PhSiH, (1.5 equiv) @/\\NJPr 28 (3.5 oquiv) ©)\\N1Pr
- — =
H BuOAc, 120°C, 1 h BuOAc, 120 °C, 4 h

1 2 4

Variation of nucleophile

NH NH NH N %
» » ® » WL
iPr ;
\NJPr \N,’F’r \NJPr SN C )\\N’Pr

4aa, 62% 4ab, 77% 4ac, 82% 4ad, 72%2 4ae, 55%
E/iZ=11.7

oy oy oy oy
N % ¥ ! ¥
~ i i li
I N l SPr ‘ SNPT C SPr
4ag, 36%° 4ah, 70% 4ai, 94% 4aj, 53%
E/Z = 3.5:1 E/Z=5.7:1

O, NH

O NH B O B NH
\N’IPr SN \N,’Pr

® O /O

4ak, 61% 4al, 62%2P 4am, 91% 4an, 55%

Reaction conditions: Step 1: 1.0 equiv 1a (0.5 mmol), 2mol% catalyst C3PO, 1.5 equiv HCA, 1.5 equiv PhSiH3s, 1.5 mL BuOAc,
120 °C, 1h; Step 2: 3.5 equiv nucleophile, 120 °C, 4 h. Isolated yields are given. 2Step 2 was prolonged to overnight heating.
bProduct was isolated as a HCI 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 1¢c 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 P"/PV=0 redox catalysis.

C3PO (2 mol%)
HCA (1.5 equiv)
I 2 PhSiH; (1.5 equiv) Cl 3i (3.5 equiv)
R N’ o > IS R2|Braas 1onoe 2
H BuOAc, 120°C, 1h | oSN BuOAc, 120 °C, 4 h

1b-i 2b-i

Variation of amide

e,

O NH
Z ’Pr
Il li
‘ \N,Pr F’r
MeO
4bi, 74% 4ci, 57% 4di, 55%2 4ei, 85%"
NH NH
NH Z 7
%
1) \N
N
N,Pr
4fi, 55%32 4gi, 22%? 4hi, 61% 4ii, 0%

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. 2Yields were determined by 'H NMR using
mesitylene as an internal standard. ®Step 2 was prolonged to overnight heating.

Based on our previous studies on P"/PV=0 redox catalyzed reactions we propose the mechanism shown in
Figure 4.[37.3842] |nitially, the phosphine oxide C3PO is reduced by PhSiHs to C3P, accompanied with the
formation of 1,3-diphenyl-disiloxane. 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.

PhSiH; [PhSiH,OH] — (PhSiH,),0]

'H-?%Si HMBC
NH 5=-28.2 ppm
/ P H
I iy X
SNy / 0 R_ ClsC” “CClg

Cl J\
SN
@2\ C3PO
2 3P NMR
a 5=59.6 ppm

C3P
4aa 3P NMR
3C NMR §=28.9 ppm
HCI & (CN) = 140.5 ppm
€]
p__Cl

%@
I O
“%e

CI3CJ\CCI2
6 ‘?{ 5
3P NMR
(o]
(@)
CI3C)I\CHCI2 NJ\
H
1a

5116.7 ppm

Figure 4. Proposed mechanistic pathway for the electrophilic aromatic substitution via P"/PV=0 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 P"/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 P"/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
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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 P"/PY 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.
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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
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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.

Bl 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.”” They can also serve
as an interesting synthon for the synthesis of natural or
complex products due to their versatile reactivity.”* 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.”™’

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.®™'° Following this, a multitude of
methods have been developed to form furans with diverse
substitution patterns and to employ various starting materi-
als."'7'® 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.” 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

© 2024 The Authors. Published by
American Chemical Society
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intramolecular Wittig reaction. 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.>*%*
P(1II) /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
la).”"* He and co-workers updated their synthesis of

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

a) Lin 2016: (10 mol%)
Et3N (20 mol%)

o} silyl chloride (20 mol%) ; EWG
Ewej)\© PhSiH; (1.6 equiv) R {
| — > |l
R R2COCI (1.1 equiv) R2 0O Pr \\O
EWG = COPh, CO,Et, CN THF. 50°C
R = Aryl, CO,Et

R2 = Aryl
b) He 2019:

Et3N (5.4 equiv) (o] EWG
rEvve PhSiHs (0.8 equiv) R {
—_—
| RCOCI (3.6 equiv) = A

Bus (20 mol%)

EWG = CO,R, CN toluene, 110 °C R™ 7O Ph O
R = Aryl
c) This work: or C (5-10 mol%)

o DIPEA (1.6-2.1 equiv) o
5 RCOCI (1.5-2.0 equiv) =X
R' = Aryl, Alkyl toluene or THF R TO

R2 = Aryl, Alkyl, OR, NR, 60-100°C
R3 = Aryl, Alkyl

tetrasubstituted furans starting from acrylates toward the use
of catalytic amounts of tributylphosphine at elevated temper-
atures with the same terminal reductant (Scheme 1b).*%*°
Recently, Lin and co-workers also revised their method toward
the synthesis of furo[2,3-f]dibenzotropones.”"

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.”> 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).

B RESULTS AND DISCUSSION

We started our investigation with the reaction of 1,2-
dibenzoylethene (1la) 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.”***~*° 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 3¢, which
was recently introduced by the group of Radosevich, gave the
product 4a in only 24% yield (entry 3).”**° 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

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

i O T
o o
P - R 3 (5.0 mol%) on N
O & cI” >Ph  DIPEA (1.2-3.1 equiv) | Ph

PhSiH; (1.0 equiv) PR O
a THF, 60 °C, 16 h 4a

1a 2;
ﬁ J:F ):(/ =\__Ph 9/@ 9 Q
w \\\( = So O I Bu” 1 Bu
0 °© ° Ot 4Pt Bu
3a 3b 3¢ 3d 3e 3f

3g

entry 3 2a/equiv.  DIPEA/equiv  modification  4a yield/%
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
S 3e 1.1 1.2 3
6 3f 1.1 1.2 3
7 3g 1.1 12 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 2h 82

“Yield determined by GC-FID with hexadecane as the internal
standard. “Reaction 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—
1.05S mmol), 5.0 mol % catalyst 3 (25 umol), 1.0 equiv of PhSiH,
(0.50 mmol), 1.5 mL of solvent, 60 °C, 16 h.

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

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 1¢
afforded the respective furan 4c in a moderate yield of 58%.
Both the more challenging dithiophene compound 1d and
more sterically hindered dinaphthyl compound le 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
(4¢g) in a yield of 74%. Only less than 7% of the isomer was

https://doi.org/10.1021/acs.joc.4c00985
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o THF, 60 °C, 16 h ~d
R
1 2 4
2.0 equiv
o o o
s
Ph S
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4a, 93%2 4b, R = OMe: 81% 4d, 50%
4c,R=Cl: 58%
o o o]
o "

QO <) *I\y JI»
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4e, 54% 4f, 40% 4g, 74%°
o o o
Ph
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o | S—ph IO Ph
Me’ o
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4h, R = Br: 89% 4K, 25% 4,78%

4i, R = CO,Me: 73%

4j, R = Me: 28%
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
umol), 1.0 equiv of PhSiH; (1.0 mmol), 3.0 mL of solvent, 60 °C, 16
h. *Reaction time, 4 h. ’<7% of isomeric 3-benzoyl-5-methyl-2-
phenylfuran was formed. Isolated yields are given.

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 la 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 41 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 phosghetane catalyst 3a and phenylsilane
as the terminal reductant.”® In the first reaction pathway, after
Michael addition of reduced phosphine $ 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

o
@ RsP
PR o
Rﬂlzku o] N o 5 o
1
RI——— | R? Rl A R ——— RN, ()
C-Acylation | o ring closure | R
RS0 RIYg © reaction R3O
© -OPR; 4
12 6
o
o
R3M\CI R o
2 R? X base R?
O-Acylation ®pR, o\n,R3 Witig | D—r! (n
& o reaction RO
11 2 “OPRy 4
o
PP o 3a (5.0 mol%) Ph B
Ph AN E—— Ph
Ph PhSiH3 (1.0 equiv) Ph Ci R
0 THF, 60 °C, 16 h 4a, 64%
3a (5.0 mol%)
Ph. O 2a (1.1 equiv) o o Q
9 DIPEA (1.2 equiv) Ph
Ph X —_— » Ph A + Ph
Ph PhSiH; (1.0 equiv) | D—pn I d—pp
o} R THF, 60 °C, 16 h ph” O Ph 0
4a, 15%" 7,64%°
3a (5.0 mol%) o
aQ 2a (1.1 equiv) oh
PhN N
Ph PhSiH (1.0 equiv) | Ph
o THF, 60 °C, 16 h Ph7” 0
1a A: DIPEA (1.2 equiv) A: 42, 71%2
B: no base B: 4a, 5%

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. *Yield determined by GC-FID with
hexadecane as an internal standard. "Isolated yields are given.

la 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 3¢ 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.””
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.”’

Increasing the amounts of benzoyl chloride (2a) and DIPEA
to 1.5 and 1.6 equiv led to an increased yield of furan 9a
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Table 2. Catalyst Screening and Reaction Optimization for the Formation of Trisubstituted Furan 9a and Tetrasubstituted

Furan 10a from Acylacrylate Sa“
3 (10 mol%)

2 o Prstntoen & o Xy-en
ont + )j\ EtO/LjL/\>*Ph + Eto)jjg
o Ph™ “Cl solvent, T, 16 h S | Ph
Ph pn” O
9a 10a
1.1-2. 0 equlv
e AT RN
\\\( \\\ O Oct” (I);tOct Bu’é;Bu
3d 3e 3f 3g
entry 3 2a/equiv DIPEA/equiv solvent T/°C 9a yield”/% 10a yield“/% 9a:10a
1 3a 1.1 1.2 THF 60 11 25 31:69
2 3b 1.1 1.2 THF 60 S 3 68:33
3 3c 1.1 1.2 THF 60 27 22 55:45
4 3d 1.1 1.2 THEF 60 48 6 89:11
S 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:S
8 3d 1.1 1.2 CPME 100 69 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
12° 3d L5 1.6 toluene 100 82 10 89:11
13° 3d 1.5 1.6 toluene 100 67 9 88:12
14 3a 5.0 5.0 toluene 60 14 71 16:84

“Yield determined by GC-FID with hexadecane as the internal standard. “Reaction time: 4 h. “Reaction time: 2 h. “Reaction 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 gmol), 1.0

equiv of PhSiH; (0.50 mmol), 1.5 mL of solvent, 60—100 °C, 2—16 h.

(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.”” 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 R' and R’
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%.

10732
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R‘k/\n/w N )CL ’ DIPEA (1.6 equiv) Rk}ﬁ\/y ‘
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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 PhSiH; (1.0 mmol), 3.0 mL of toluene, 100 °C, 4
h. Isolated yields are given. PMP: p-methoxyphenyl."Reaction
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 PhSiH; (1.0 mmol), 3.0 mL of toluene, 60 °C, 16 h.

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 2¢ 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.
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Additionally, R* could be modified. While the benzyl
derivative reacted as expected, forming trisubstituted furan 91
in a slightly lower yield of 63%, with 19% tetrasubstituted furan
101 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

o
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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.

from diacylethene 1, the trisubstituted furan 9 can be either
formed by a reaction sequence of Michael addition to the more
electron-deficient B-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 a-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 S, reaction 1).
Also, the optimization of this reaction demonstrated that the
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o) 2a (1.1 equiv) [o] o 9 oh
DIPEA (1.2
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Figure S. Test reactions for the synthesis of tri- and tetrasubstituted
furans 9 and 10 from acyl acrylates 8. Isolated yields are given. PMP:
p-methoxyphenyl. “Yield determined by GC-FID with hexadecane as
the internal standard.

lack of an added base leads to a moderate yield of
trisubstituted furan 9a (53%), indicating that the primary
reaction pathway is I-a.>” 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% vyield, 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.””” Here, the diacyl acrylate
11 could be formed in a f-acylation reaction from the
intermediates II-2, while diacyl acrylate 12 could be formed by
O-acylation and f-acylation of intermediate I-1. This would
avoid the proposal of a C-acylation reaction. However, diacyl

https://doi.org/10.1021/acs.joc.4c00985
J. Org. Chem. 2024, 89, 10729—-10735


https://pubs.acs.org/doi/10.1021/acs.joc.4c00985?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.4c00985?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.4c00985?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.4c00985?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.4c00985?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.4c00985?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.4c00985?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.4c00985?fig=fig5&ref=pdf
pubs.acs.org/joc?ref=pdf
https://doi.org/10.1021/acs.joc.4c00985?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Organic Chemistry

pubs.acs.org/joc

acrylates 11 and 12 were never observed in the reaction
mixture.

B 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 a metal-free
P"/PV=0 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 N,O, leading to the formation of a P—-N=N-O intermediate in the cis
configuration. Natural population analysis indicates stabilizing interactions between the
occupied non-bonding oxygen orbitals and the anti-bonding 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 guantitatively assessed by monitoring nitrogen evolution through gas chromatography
(GC) analysis.
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itrous oxide (N,0O) is a potent greenhouse gas and

dominant ozone depleting substance.' It accounts for 6%
of global warming contribution,”® and exhibits a global
warming potential that is 265 times higher than that of carbon
dioxide.* The emissions from crop production or industrial
processes have led to a 20% increase in atmospheric N,O
concentrations over the past three centuries.”” Given the
environmental impact of N,O, efficient strategies for its
chemical utilization®™"" and catalytic decomposition are
urgently needed.””'® Typical heterogeneous (transition)
metal based oxides operate at elevated temperatures above
300 °C for effective N,O reduction.'”™"* Several molecular
transition metal based systems were develo;ed in order to
mitigate these harsh reaction conditions."’™*° Despite these
significant advances, the interest in alternative N,O activation
mechanisms is the focus of current research. The direct
reduction of N,O by triphenylphosphine proceeds under
supercritical conditions (100—140 bar) at 100 °C within 3 h
(Scheme 1 a).*”

The fixation and decomposition of N,O under milder
conditions was achieved by phosphane/borane derived
frustrated Lewis pairs,”*>' though catalytic conversions were
not realized (Scheme 1b).”**® The catalytic decomposition at
room temperature was achieved by Cantat and co-workers
through the activation of disilane by fluoride or alkoxides
(Scheme 1c).” Catalysis of group 15 element compounds has
emerged as powerful strategy for organic synthesis.""”*
Particularly, P"'/PY=0 catalysis proved as highly versatile
when coupled with silanes as mild reducing agents.”~>* Given
that phosphetane oxides readily undergo reduction by silanes
to the corresponding phosphetanes, >’ we envisioned the
application in the catalytic reduction of N,O under mild
conditions (Scheme 1d).

To compare the reactivity of phosphetanes toward N,O with
the ones reported by Stephan,”® we subjected 1a and 1b as
Lewis base to the reaction with 1 equiv. B(C4Fs); (2a) and ca.
2 equiv. N,O at room temperature. The sole observed

© 2025 The Authors. Published by
American Chemical Society
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Scheme 1. Metal-Free N,O Decomposition
a) decomposition of N,O by phosphines [ref 27]

supercritical
2
(140 bar)
PhP ——— > PhgP=0 + N,
100 °C
b) activation/decomposition of N,O by frustratfgstg/s pairs [ref 38]
N,O
BUsP (1 bar) " fv  BusP=0B(CeFs)s
+ — ANoy-Os — +
B(CGF5)3 CzssDégr tBUsP N B(Cst)s N2
¢) catalytic deoxygenation of N,O with disilanes [ref 39]
CsF or KOtBu
(10 mol%)
NoO + MesSi-SiMeg ———— > Me3Si-0-SiMe; + N,
(1 bar) DMSO, 20 °C
d) this work: catalytic deoxygenation of N,O by P'"'/PV=0 cycling
VR
N2O + PhSiH; — P PY=0 — PhSiH,0H + N,
(1 bar) N~

cycling

products were P—B adducts, exhibiting *'P NMR chemical
shifts of 6(*'P)= 41.9 and 53.7/52.8 ppm for lae2a (trans)
and 1be2a (cis/trans isomers), without formation of N,
(Scheme 2a).

Heating the mixture to 70 °C did not alter the NMR spectra.
However, when 2a was replaced with B(2,6-F,—C4H;);> (2b)
(Scheme 2b), N, formation was observed in the "N NMR
spectra (6(**N)= 310 ppm), along with the formation of the
phosphetane oxides (5(*'P) = 74.2 (trans) and 74.1/65.9 ppm
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Scheme 2. Reaction of Phosphetane Derived Lewis Pairs a) 2 B
with N,O N . @
1 14 S =
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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 PhSiH; was added to the reaction mixture of 1a[O]/
2b (1:1) and 2 equiv. of N,O (Figure 1a).

3 8 &
= > 3
1 | |
N, , N,O
a) « ¢‘/ \l
b) . )
c) A
) g | i
14N NMR 360 2§o 260 1;0 ppm

Figure 1. "N NMR spectra (36 MHz) of 1a[0]/2b (1:1), 10 equiv.
of PhSiH; (0.1 M C4DBr) (a) after addition of 2 equiv. of N,O at
room temperature; (b) after 18 h at 70 °C and (c) after 48 h at 70 °C;
(d) only 1a/2b (1:1), N,O (1 bar) after 18 h at 70 °C.

The reaction was maintained at 70 °C for 18 h. The
resulting "N NMR spectra (Figure 1b) revealed a new
resonance at 5(**N) = 310 ppm. After 48 h, the original N,O
signals (5 = 150, 234 ppm) disappeared, indicating complete
conversion to N, (Figure 1c). Trapping of the presumed la—
N=N-0O-2b intermediate was unsuccessful at low temper-
atures (—20 °C). However, the direct formation of 1a[O]e2b
and N, 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 N,O reduction.”” This was confirmed by heating a 0.1
M solution of 1a under 1 bar of N,O 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 PhSiH; (Figure 2c).
Analogous potential for P"//PY=0 cycling was observed for
1b (Figures S26—29). Among the tested reducing reagents,
PhSiH, proved to be the most effective (see Table S1). To
demonstrate the catalytic reduction of N,O, we followed the
reaction by gas chromatography (GC) (Figure 3a).

Both phosphetanes catalyze the reduction of N,O, but with
differing reaction kinetics (TOF = 0.4 h™' (1a), 0.1 h™' (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, PPh; also exhibited
catalytic activity, albeit with a markedly lower efficiency (entry
S). Both phosphetanes retained catalytic function when the
environmentally benign polymethylhydrosiloxane (PMHS)®°

T T T
PPM 350 300 250 200 150

c) © ©
g ¢
3P NMR

T T T T T

T
ppm60 S50 40 30 20 10 0

Figure 2. *'P NMR (left, 202 MHz) and '*N NMR (36 MHz, right)
spectra of 1a (0.1 M C¢D;Br) (a) after addition of N,O (1 bar) at 25
°C, (b) after 18 h at 70 °C, (c) after removal of N,O/N,, addition of
10 equiv. of PhSiH; and heating to 70 °C for 18 h.

a) b)
0.10 . -
008{ o o 0.20
H ; 3 0
£006{ ; Soss ] o S
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Figure 3. Quantification of N, gas evolution vs time: 9.5 mL N,O
(0.42 mmol), 0.5 mmol phenyl silane in 0.5 mL C¢H¢Br: (a) 0.050
mmol catalyst, 70 °C; (b) 0.025 mmol for 1a and 1b; 0.050 for PPh,,
100 °C; (<> 1a; O 1b; O PPhy; (solid red tilted square) 1a; (solid red
circle) 1b with PMHS instead of phenyl silane).

Table 1. Catalytic Evaluation of Phosphetanes and PPh; in
the N,O Reduction®

entry cat./silane Temp [°C] TON TOF [h™!]
1 1a(0.050) /PhSiH, 70 1.6° 0.4°
2 1b(0.050)/PhSiH, 70 0.5° 0.1°
3 1a(0.025)/PhSiH; 100 9.07 3.3°
4 1b(0.025)/PhSiH, 100 42° 0.7°
S PPh;(0.05)/PhSiH, 100 0.9¢ 0.1
6 1a(0.025)/PMHS 100 3.5 12°
7 1b(0.025)/PMHS 100 1.2¢ 0.2¢

$Conditions: 9.5 mL N,O (0.42 mmol), 0.5 mmol silane in 0.5 mL
C¢H;Br, values in parentheses correspond to catalyst loading; N,
concentrations were determined by gas chromatography (GC); “4 h;
1 h; %6 h; “sh.

was employed as the terminal reductant (entries 6 and 7).
Nevertheless, the overall activity of these P"™'/PV=0 systems
remains lower compared to the low-valent bismuth catalysts
recently reported by Cornella and co-workers."”

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

https://doi.org/10.1021/jacs.5c06190
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PhSiH;) exhibits a first-order dependence for both 1a and 1b s1 ’7

(Figure S38). Similarly, the reduction of the corresponding AG ransTSTre 1597

phosphetane oxides (1a[O] and 1b[O]) by PhSiH; proceeds keal/mol] /' \\‘\/

with first-order kinetics in both the phosphetane oxide and the i O TS

silane. The activation energies (E,) 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 E, of 10.6 + 1
kcal/mol for 1a[O] and 10.3 + 2 kcal/mol for 1b[O],
indicating that N,O activation constitutes the rate-determining
step. The order of the phosphetane catalysts in the full catalytic
reaction was determined to be of first-order.”’ 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 N,O (Scheme 3).**»7*

Scheme 3. Proposed Catalytic Cycle of the Phosphetane-
Catalyzed N,O Reduction

H-[Si]
PleN N,O [R=Me (1a
[Sil” "~ [Si] ‘RHO Isil 2 Ph ((u,;
2 Tsa s1 [Sl]—SlePh
I,to\[s,] ﬁ J;F
/
R H INT2
cis-| INT1 trans-INT1
(unproductive)
TS3 TS2
. p=0
H-[Si] L N,

1[0]

This generates the cis and trans configured zwitterionic
species cis-INT1 and trans-INT1 as transient high energy
intermediates. The cis-configured diastereomer extrudes N,
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.”>*” 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 m 1'b, inferred from its larger *'P—""Se coupling
constant.”> Natural population analysis (NPA)® also shows a
slightly lower partial charge on phosphorus in 1’b (+0.789)
than in 1’a (+0.748e). The reaction of 1’a with N,O’s N-
terminus is endergonic by 12.5 kcal/mol and proceeds via cis-
TS1,, with a 28.7 kcal/mol barrier to form cis-INT1,., (Figure
4a).

The trans-isomer is 3.7 kcal/mol less stable and forms via a
high barrier of 59.7 kcal/mol (trans-TS1,,), rendering its
formation kinetically unfavorable. This aligns with the absence
of detectable phosphetane—N,O adducts in the NMR spectra.

\ ’
12 +N,0 \I"bIO]+ N,
0.0 1'b+N,0 \2934
944
1°a[0] + N,
b) ,
G rss 3 .8‘ TSy
[kcal/mol] 29.5 ra Goa\
TS3, /[ TS4y4y,
\
\\ \‘
\\ \\\
\ \
INT2;.)\14.7/ \
INT2,, 14.6 \\
\\
0.0 )
1°a[0] + H-[Si] 1’a + HO-[S]]
1’b[0] + H-{Si] —-56
1’b + HO-[Si]

Figure 4. Calculated profile of free energy at 343 K (AG,,;) of (a)
phosphetane catalyzed N,O reduction and (b) phosphetane oxide
reduction by PhSiH; (H—[Si]).

The intramolecular O-atom transfer to form 1’a[O] has a 7.4
kcal/mol lower barrier than the initial addition, making TS1,,
rate-determining. For 1'b, the N,O addition barrier (cis-
TS1,4,) 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
TS2,,, proceeds with a barrier 2.3 kcal/mol lower than that of
TS2,,. 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 N,O addition (Figure 4b), and aligns with known calculated
barriers for strained cyclic phosphine oxides.””>” 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 N,O
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-TS1,,, (Figure S, top), activation of N,O is
facilitated by electron donation from LPj into the unoccupied
¥ NN 0 N_o and 6% y_y orbitals.

Back-donation from LPy and LPg into the o%-_p orbitals
stabilizes the transition state. These donor—acceptor inter-
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Figure 5. Donor (red/purple)/acceptor (blue/cyan) orbitals in cis-
TS1,, (left) and trans-TS1,, (right) including charge transfer values
(orange); LP = lone pair.

actions are absent in trans-TS1,,, (Figure S, bottom), where
destabilization arises from LPy — o¢%p_y charge transfer. A
similar pattern is observed for 1’b (Figure S91). Local energy
decomposition analysis (LED) revealed that the interaction
energies with N,O (1’a: —9.5 kcal/mol; 1'b: —10.6 kcal/mol)
are outweighed by the deformation energy required to bend
N,O 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-INT1,,, and trans-INT1,,) 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-INT1,, and cis-
INT1,}, can be described as zwitterionic, featuring a cis-
configured azonyl (—N=N-0) group and a weak LPq_p
interaction due to the partial positive polarization of
phosphorus (Figure 6).

a)

BOp_y 0.83
BOp.y 1.46
BOp_o, 0.26

*
G p-C

Figure 6. (a) Lewis structure of cis-INT1,,; (b) computed structure
of cis-INT1,,, with NPA charges (blue) and Wiberg-Meyer bond
orders (BO); c) donor (red/purple)/acceptor (blue/cyan) orbitals of
cis-INT1,, (charge transfer values in orange).

This P—O interaction primes the system for O atom transfer
from the N,O-fragment to the P-center. In TS2;-, and TS2;+,
the P—O distances are 1.73 A and 1.87 A respectively, which is
0.51 A and 0.38 A shorter than in the N,O adducts. According
to LED, the greater stabilization of TS2,,, compared to TS2,,
arises from the higher electrostatic interaction between the
N,O and the P-center (see Tables S33, S34). The distortion

energy of the N,O 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.” Thus, the low reactivity of PPh, is attributed to
the higher barrier of cis-TS2ppy; of 24.1 kcal/mol, resulting
from significant N,O-distortion and positive deformation
energy (Table S35, Figures S92 and S$95).

In summary, we developed a mild P"/PV=0 catalyzed
decomposition of nitrous oxide (N,0) using phenyl silane as a
reductant. Kinetic and computational studies identified the
addition of the phosphetane to the N-terminus of N,O as rate-
determining step in the catalytic N,O 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
N,O activation.
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