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Advancing metallomimetic catalysis through
structural constraints of cationic P"' species

Deependra Bawari, 2* Donia Toami 2 and Roman Dobrovetsky = *

In recent years, the concept of structural constraints on the main-group (MG) centers has emerged as a
powerful strategy to enhance their reactivity. Among these, structurally constrained (SC) phosphorus centers
have garnered significant attention due to their ability to cycle between two stable oxidation states, P(n) and
P(v), making them highly promising for small molecule activation and catalysis. Structural constraints grant
phosphorus centers transition metal (TM)-like reactivity, enabling the activation of small molecules by these
SC P(n) centers, a reactivity previously inaccessible with conventional phosphines or other phosphorus
derivatives. This feature article reviews recent advances in the chemistry of cationic, structurally constrained
P(m) (CSCP) compounds, emphasizing their ability to mimic TM behavior in small-molecule activation and
catalysis, particularly through the key elementary steps of TM-based catalysis, such as oxidative addition
(OA), migratory insertion (MI), ligand metathesis (LM), reductive elimination (RE), etc. The development of
these SC cationic P(i) species highlights the interplay between structural constraints and cationic charge,
facilitating analogous metallomimetic reactivity in other main-group elements.

1. Introduction

The search for sustainable alternatives to transition-metal (TM)
based catalysts has driven scientists to explore main-group
(MG) compounds for small-molecule activation and catalysis,
making it a vibrant field of research over the past two
decades."™ Among MG elements, pnictogens stand out for
their ability to switch between two stable oxidation states
(E" == E™2 E = P, Sb, Bi), a property that enables them to
mimic TMs’ chemistry and thus react via similar key elemen-
tary steps such as oxidative addition (OA) and reductive elim-
ination (RE).>™® These properties position pnictogens as
emerging players in TM-free redox catalysis.

While most neutral pnictogen species exhibit limited reactivity
towards small molecules in their common oxidation states, impos-
ing structural constraints on these molecular centers,”*° particu-
larly phosphorus (P), has unlocked their potential for small-molecule
activation.”*>* A common strategy for achieving this involves enclos-
ing pnictogen centres within rigid pincer-type ligands.>*>* This
constraint induces a deviation from typical VSEPR geometries,
disrupting the local symmetry around the pnictogen atom (Fig. 1).
Consequently, the frontier molecular orbitals rehybridize, and the
HOMO-LUMO energy gap decreases, which enhances the ambiphi-
licity (nucleo- and electrophilicity) of these centers and significantly
improves their ability to activate strong chemical bonds.”*>*
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In the past decade, there has been a steady rise in the develop-
ment of molecules featuring structurally constrained (SC) phos-
phorus centers. The earliest examples of structurally constrained
phosphorus (SCP) species (I-II) were reported in the early 1980s by
the groups of Houalla,”>*® Contreras,”* and Baccolini.*** While
these pioneering studies primarily focused on the synthesis of
phosphorus (P™ and PY) derivatives (Fig. 2a), they laid the founda-
tion for exploring the reactivity of modern SCP compounds.

In 1984, Arduengo reported a seminal discovery of an SC, T-
shaped phosphorus center (IV) in an ONO-type pincer ligand
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Fig. 1 A qualitative Walsh diagram illustrating the changes in molecular
orbital energies and their corresponding shapes as a trigonal pyramidal
phosphorus center distorts toward a planar T-shaped geometry.
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Fig. 2 Known examples of SCPs and their use in the activation of various
E-H bonds.

(Fig. 2b), capable of activating O-H bonds in MeOH vig an OA-
type reaction at the P™ centre.*®?” After a period of limited
progress, Radosevich and co-workers revived interest in SCPs in
2012 by demonstrating the catalytic transfer hydrogenation of
azobenzene using IV and H;NBH; as hydrogen source (Fig. 2b).*®

The same group later showed OA-type reactions of the N-H
bonds in NH; and alkyl/arylamines at the P™ centre in IV.*
Subsequently, Radosevich reported an SCP compound (V) in an
NNN-type pincer ligand with an aromatic backbone.*® This SCP
species activated the E-H bonds (E =N, O) in NH3;, alkyl/arylamines,
carboxylic acids, and alkyl/aryl alcohols (Fig. 2c). Mechanistic
studies revealed that the OA step was preceded by E-H bond
cleavage through phosphorus-ligand assisted cooperation (LA),
followed by intramolecular 6°-P — o°-P tautomerism. Interestingly,
a later-reported derivative of V, featuring an ethylene-bridged back-
bone (VI), exhibited a preference for the c>-P product, despite
retaining the same local structure and bonding around the P-center
as V.*' This shift was attributed to the restricted rotation of the
Cap-N bond in the o’P product, favouring the c>P isomer
(Fig. 2d). Notably, the resulting PV product, V-B, could undergo
reductive elimination of anilines and alcohols at elevated tempera-
tures, highlighting its potential for catalytic applications (Fig. 2c).

Additionally, V successfully activated the B-H and C-F bonds
and was subsequently employed in the hydroboration of imines
and the non-catalytic, metallomimetic hydrodefluorination
of fluoroarenes, clearly underscoring the significant catalytic
potential of these species.****

Ammonia activation is essential in energy production and
synthetic chemistry.***? While most TMs do not activate NH;
through formal oxidative addition, but instead form Werner-type

complexes,”? certain MG compounds have demonstrated the
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Fig. 3 Known examples of SCPs and their use in the activation of various
E-H bonds.

potential to activate the N-H bonds in ammonia.***>* In the case
of SCPs, Hirao and Kinjo used an NPN-type pincer ligand with an
aliphatic backbone to synthesize a diazadiphosphapentalene (VII),
which effectively activated the H,N-H bond via ¢ bond metathesis
(Fig. 3a).>* Aldridge and Goicoechea reported the SCP species, VIII,
featuring an ONO-type pincer ligand with an aromatic backbone
(Fig. 3c).> VIII readily activated the N-H bond in NH; through
oxidative addition (OA) to the P-center (Fig. 3c). Interestingly, the O-
H bonds in H,O were also activated via OA to the P-center, with both
O-H bonds reacting when two equivalents of VIII were used (Fig. 3c).

Noteworthy, all the SCP systems discussed above activated
NH; irreversibly (Fig. 3a and c) i.e., no reductive elimination of the
ammonia regenerating the starting SCP species was observed. The
first neutral SCP in an NNS-type ligand (IX) capable of activating
NH; and releasing it upon mild heating was reported by Goicoe-
chea and co-workers in 2021 (Fig. 3b).>® In 2023, Vlugt and co-
workers introduced an SCP centre in a non-symmetric NNN-type
ligand (X) that could reversibly activate the N-H bond in dimethy-
lamine (Fig. 3d).”” Beyond these examples, recent years have seen
the emergence of several other intriguing SCP species, including V
(R = 'Pr, 2-Py, SiMe;)'>***® and XI-XIV**®' each showcasing
unique and fascinating chemistry (Fig. 3d).

2. Cationic, structurally constrained P"
species

The field of P™ cations began with the synthesis of phosphe-
nium cations in 1964 by Dimroth and Hoffmann,*” and had

been largely dominated by N-heterocyclic phosphenium cations
(NHPs).**** While NHPs are isolable, akin to N-heterocyclic

This journal is © The Royal Society of Chemistry 2025
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carbenes (NHCs),*>°° their electronic properties are fundamen-
tally different. Due to their cationic nature, NHPs are weak o-
donors and strong m-acceptors,®””°® making them highly effec-
tive ligands for electron-rich TM complexes.®*””® In contrast to
ambiphilic carbenes,”*’*”> NHPs exhibit relatively low reactivity
toward small molecules. In fact, only a few NHPs have demon-
strated the ability to activate bonds in small molecules.”®”” Non-
NHP phosphenium cations, particularly dications, have been
shown to activate O-H bonds, but exhibit limited reactivity with
Si-H and B-H bonds.”®”’

As mentioned earlier, the use of rigid scaffolds to constrain
phosphorus centers has enabled the activation of E-H bonds
(E =B, N, O, S, C-X, where X = N, F, Cl, Br, I) in neutral SCP
species,*® 347180 The catalytic applications of neutral SCP
compounds, however, have been largely limited to species IV and
V. One strategy to further enhance the reactivity of SCP centers is
to introduce a cationic charge, preferably localized on the phos-
phorus atom. This modification is expected to significantly boost
reactivity by further lowering the LUMO. Literature precedents
demonstrate that the presence of a cationic charge often yields
more electrophilic species compared to their neutral counterparts.
A notable example is borenium ions, which can catalyze reactions
by activating a variety of small molecules.®' This type of enhanced
reactivity is well illustrated by recent examples of cationic SCP
species (CSCPs) (2, 6, 11, 13, 17, 24, and 34), which demonstrated
the ability to activate a broad range of bonds, including O-H, N-
H, C-H, C-F, Si-H, and H-H bonds (Fig. 4-13).5>"%®

Notably, in contrast to neutral SCP species, their cationic
analogues have also found application in metallomimetic cat-
alysis. For instance, the OA type reaction of the Si-H bond has
been employed in the catalytic hydrosiliylation of aldehydes;*®
the OA of C-F bonds has been utilized in catalytic hydro-
defluorination and C-N bond cross-coupling reactions;®”
and the OA of the H-H bond has been applied in catalytic
hydrogenation.®®

View Article Online
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While the chemistry of neutral SCP species has been peri-
odically reviewed over the years, the field of CSCP species is
relatively young and remains less explored. This feature article
provides an overview of recent advancements in CSCP chem-
istry, highlighting key distinctions from neutral SCP com-
pounds in terms of synthetic methods, chemical properties,
and potential applications.

Aldridge and Goicoechea reported the reaction of VIII with
HOTf or MeOTf (OTf = trifluoromethanesulfonate) leading to
P"™ cations, 1A and 1B (Fig. 4a).* The single crystal X-ray
diffraction (SCXRD) structures of 1A and 1B revealed a signifi-
cant distortion around the phosphorus centre and considerable
elongation of the N-P bonds (1.92 and 1.95 A, respectively)
compared to the starting SCP compound, VIII (1.757(1) A).
However, the chemistry of these cations (1A and 1B) was not
investigated.

In 2018, Dobrovetsky and co-workers reported a cationic
phosphenium species, 2, featuring an ONO scaffold (2-L) with
pyridine as the central donor.®* The synthesis of 2 involved first
the preparation of chlorophosphine (2-Cl) by reacting PCl; with
2-LH, (Fig. 4b). Notably, 2-Cl was shown to be solvent depen-
dent, in polar solvents the P-Cl bond dissociated forming the
cationic [2][Cl]. An anion exchange reaction with weakly coor-
dinating anion [B(C¢Fs),]” resulted in the formation of a ion
separated phosphenium cation, [2][B(CeFs)s]. The SCXRD of
[2][B(C6Fs)4] revealed a significant distortion in local symmetry
around the P-centre. Noteworthy, the P-N bond length in 2 was
significantly shorter (1.81 A), in comparison to the P-N bond
lengths in 1A and 1B (1.92 and 1.95 A, respectively).

The preliminary reactivity of 2 with H,O and ROH (R = Me,
iPr, ‘Bu, and Ph) was studied. Remarkably, 2 reacted with H,O
and ROH (R = Me, 'Pr, ‘Bu) by the OA-type reactions of the O-H
bonds to the P-center producing P cations, 3a-3d (Fig. 4c).
However, no reaction was observed with phenol, even at
elevated temperatures. Additionally, 2 reacted with NH; via
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Fig. 4 Synthetic scheme for the synthesis of: (a) [1A][OTf] and [1B][OTf]; (b)
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[2][B(CeFs)4] and the activation of O—H and N—H bonds by 2.
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(a) Rearrangement reactions of OCO type ligand
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Fig. 5 Synthetic scheme showing: (a) phosphorus mediated rearrangement of an OCO type ligand; (b) Sb-to-P metathesis to prepare CSCP, [6][SbCl4]

and [6][Cb]; (c) activation reactions of O—H and N-H bonds by [6][Cb].

an OA-type reaction, leading to the formation of a P¥ compound
(3e) which, interestingly, undergoes reductive elimination of
NH; at 70 °C, regenerating 2. The reversible nature of NH;
activation at phosphorus centre was unprecedented at the time
and emphasized the novel reactivity derived from the combination
of structural constraint and cationic character of the P-centre.

In recent years, dianionic, tridentate pincer-type ligands
with NHC central donor have demonstrated significant utility
in stabilizing a range of both early and late TM complexes.”®
However, their application to MG elements has remained
relatively underexplored.®* *°

Attempts to obtain CSCP species 6 (Fig. 5b) through the
reaction of 4-LH; with PCl; led to the rearrangement of imida-
zolinium to oxazolium ring (4A) mediated by the phosphorus
centre (Fig. 5a).”” Interestingly when the reaction is carried out
in the presence of H,O or CH;CN, different rearrangements lead
to the formation of a neutral (4B) through a multi-step process,
as illustrated in Fig. 5a.5°% All the attempts to deprotonate 4A to
obtain the CSCP species 5 failed (Fig. 5a). In contrast, the
reaction of 4-LH; with SbCl; readily leads to the antimony
chloride 4-SbCl (Fig. 5b).®®> While the synthesis of 6 via the
reaction of deprotonated 4-LH; with PCl; failed, the use of 4-
SbCl as a template for the Sb-to-P metathesis with PCl; led
directly to the desired [6][SbCl,] (Fig. 5b). The SCXRD structure
of [6][SbCl,] revealed notable distortion around the phosphorus
center (£ 0;-P-0, =103% /. 0;-P-C = 89°%; £ O,~P-C = 95°). Both
the molecular structure and density functional theory (DFT)
computational analysis of 6 suggested that the formal positive
charge is divided between the two nitrogen atoms of the
imidazolinium ring.

The reactivity of [6][SbCl,] with H,O and amines showed that
[SbCl,]™ anion is non-innocent in these reactions. Therefore,
it was replaced with the carborane anion, [CB;;H;,]” (Cb)
using CsCb, yielding [6][Cb] (Fig. 5b). [6][Cb] successfully

5874 | Chem. Commun., 2025, 61, 5871-5882

activated O-H and N-H bonds in H,O and NH; via formal OA
of the O-H or N-H bonds to the P-center leading to 7-H,O and
8-NH; (Fig. 5¢). 7-H,0 was not a stable compound under the
reaction conditions and rapidly underwent rearrangement of the
imidazolinium unit to oxazolium (7’-H,0). Unlike the reversible
H,N-H bond activation by 2 (Fig. 4c), 8-NH; did not exhibit
reversible reductive elimination of the NH; fragment.

More interesting results were obtained in the reaction of
[6][Cb] with alcohols and amines. In these cases, the reaction of
[6][Cb] with MeOH, 'PrNH,, PhOH, and PhNH, reaches an
equilibrium between the LA and OA products. Notably, in the
case of PhOH and PhNH,, the LA product undergoes reductive
elimination of PhOH and PhNH, at room temperature, regen-
erating [6][Cb]. DFT calculations supported the thermoneutral
nature of these reactions. It is worth noting that unlike 2, 6 was
capable of activation of the PhO-H bond.

While Dobrovetsky and co-workers were unsuccessful in the
synthesis of CSCP species 5 (Fig. 5a), Radosevich and Greb
recently reported a series of phosphenium cations similar to 5,
11A-D, with pyridine-type donors in NNO scaffolds (Fig. 6a).%*
The CSCP 11A-D were synthesized by chloride abstraction from
the corresponding chlorophosphines (10-Cl) using NaB(CgFs),
or LiAl(OR"), (Fig. 6a). In contrast to the nitrogen-donor-based
cationic P species 1 and 2, the SCXRD structure of 11A-D
revealed more pronounced distortion, with bond angles / N;-
P-O = 108°, / N;-P-N, = 86°, and / N,-P-O = 94°.

The low-temperature NMR and DFT calculations of 11A-D
suggested a rapid dynamic conformational process in solution,
occurring via the isomerization of the bent 11A structures. This
process involves a metastable, T-shaped planar intermediate
(11-IM; AG = 4.1 kecal mol™ ") (Fig. 6b). Notably, the calculations
also revealed that planarization of the bent global minimum
positions the frontier orbitals at the P center, whereas in the
bent form, these orbitals reside on the ligands. Additionally,

This journal is © The Royal Society of Chemistry 2025
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the planarization significantly lowers the energy of the LUMO
orbitals, resulting in a smaller HOMO-LUMO gap (2.5 €V). It
was therefore suggested by the authors that the T-shaped inter-
mediate (11-IM) is the key intermediate in bond activation
reactions.

Remarkably 11A activates the C-H bonds in 1-methylindole
and phenylacetylene at room temperature, producing OA-type
products (Fig. 7b). DFT calculations of 11A with N-methylpyrrole
as a model substrate revealed that the C-H bond activation
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(c) and (d) the reductive elimination of C—H bond.
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proceeds through T-shaped intermediate 11-IM. Initially, the
C-H bond is cleaved between the P- and Npigine centres through
a phosphorus-ligand cooperation mechanism. The resulting
species, 11-IM-A, then isomerizes to 11-IM-B, which undergoes
6°-P/c”-P tautomerization, transferring the hydrogen from nitro-
gen to the phosphorus centre and leading to the formation of the
C-H activated product 12 (Fig. 7a). Notably, the intermediates
(11-IM-A) and (11-IM-B) were not observed experimentally, sug-
gesting their rapid conversion to the final OA product.

+
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(a) DFT computed mechanism for C—H bond activation in 1-methylindole by 11. Synthetic scheme to show: (b) the C—H activation by 11A-D and
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The more electron-poor CSCP species, 11B and 11D, could
activate less reactive C-H bonds in thiophenes and furanes,
leading to OA products (Fig. 7b). Remarkably, 11B and 11D also
activated the C-H bond in benzene, which overall is very rare in
MG chemistry.®® Similarly, 11D could activate the C-H bonds in
toluene at ortho, meta, and para positions as well as the C-H
bond in alkene (in 1,1-diphenylethylene) (Fig. 7b). 11C was
capable of activating the C-H bond in chlorobenzene affording
isomeric mixture of the C-H activated products (Fig. 7b).

Most importantly, the OA products herein also undergo reduc-
tive elimination and regeneration of the P™ species. For example,
heating the OA product of 12B at 60 °C after 1 day leads the
regeneration 11B (71%) and bromothiophene (Fig. 7c). This
strategy could be effectively utilized for exchange reactions with
other C-H bond-containing arenes. For example, the OA products
of 11B or 11D with methylthiophene in the presence of
1-methylindole, when kept at rt for one day, yield a more stable
indole addition product, with the elimination of methylthio-
phene. Similarly, the OA product 12D formed from the reaction
of benzene with 11D, in the presence of toluene-dg, leads to the
formation of the OA product with toluene-ds, while benzene
undergoes reductive elimination (Fig. 7d).

Notably, electrophilic, two-coordinated phosphenium ions
can also insert P"™ centres into the C-H bonds, though their
reactivity is generally limited to the activated C-H bonds in
metallocenes, xanthene, and cycloheptatriene.”®°%'% This
study emphasized the role of structural constraints in cationic

P"™ species, which enabled the activation of more challenging
C-H bonds in a broader range of arenes. Importantly, the
reversible RE observed in these reactions suggests promising
applications in catalysis.

Recently, Greb and co-workers introduced phosphanylpho-
sphenium 13, which is a modified version of 11, where the
pyridine-based donor is replaced by a phosphine unit.®> The
central P-centre in 13 is distorted from the C;, symmetry with
the bond angles around it / P-P-O = 104°, /. P-P-N = 87° and

@) (D)
PPh, .) PCl,, QPPhZ !
NH ii Et3N i
\ i
By OH toluene, O/ Cl '
. , 12h 5 ;
Bu !
(13-LHy) (13-CI) NaB(CeFs)s |
or !
LiAI[OC(CF3)sls 13
+ _ !
PPh, W :
£P-P-0 = 104° \ i
ZP-P-N=87° N7p i
(13]w] i
W =B(CFs)s !
I

AI[OC(CF3)sl4

Fig. 8

5876 | Chem. Commun., 2025, 61, 5871-5882

View Article Online

ChemComm

/. O-P-N = 94° (in SCXRD) (Fig. 8a). Greb and co-workers show
that the structural constraints at the P-P bond in 13 enable it to
efficiently engage in the phosphinophosphination (addition of
two phosphines to the unsaturated C—X bonds) of various non-
activated n-bonded substrates, such as alkynes, alkenes, alde-
hydes, and ketones (Fig. 8b).

In 2022, Dobrovetsky and co-workers reported CSCP species
17 in which the P centre is incorporated in an NNN-type
scaffold with anionic pyrrole “arms” and a central pyridinyl
donor.’® 17 was synthesized through the chlorophosphine
precursor (17-Cl) via the double deprotonation of the
bis(pyrrolyl)pyridine ligand (17-LH,) (Fig. 9a). Reacting 17-Cl
with AgOTf or [Et;Si(C¢H,4F,)][B(CeFs)s] led to the facile for-
mation of the corresponding cationic P™ species 17 (Fig. 9a).

The SCXRD structure of 17 clearly shows a strong deviation
from a local C;, symmetry that could be easily concluded by
different bond angles around the P-centre: / N;-P-N, = 123°,
/. N;-P-N; and / N,-P-Nj; = 85° (Fig. 9a). Notably, 17 attributes
a shorter bond between the pyridine nitrogen and phosphorus
atoms (N;-P 1.752(3)A) than that of nitrogen of pyrrole ring and
phosphorus atom (N;-P 1.781(2), and N,-P 1.786(3) A).

17 rapidly activates O-H and N-H bonds in MeOH and
Et,NH, leading to the formation of LA products as syn and
anti-isomers (Fig. 9b). 17 does not react with dihydrogen,
however, it does react with H;NBH; (1 equiv.) producing LA
product (19-H,) with isomeric forms (Fig. 9c). Interestingly, 17
reacted with 3 equiv. of H;NBHj;, producing formally a phos-
phinidene (P' product) (19-(BH3),) in which the P center is
coordinated to two BH; molecules (Fig. 9c). This P' species
likely forms via the addition of BH; to the P-centre in an
intermediate (19-BH3), which can also be independently synthe-
sized by reacting 17 with 2 equiv. H;NBH;, with a concomitant
liberation of [NH,4]".

Interestingly, [17][OTf] reacts rapidly with Et;SiH, via a
different reaction route compared to its reactions with MeOH,
Et,NH, and H;NBH; that involves the participation of the TfO™

R—=—Ph +Pha o
CH,CI, or | R =H (14a);
toluene N—P~ R Me (14b); Ph (14c)
rt-110 °C d
2-48 h
Bu
R!__R? 4Phy o1 R'=Ph R2=H (15a)
ch.Cl Q*F’i R' = Bu, R2 = H (15b)
22 N—pP~ R2 R'=Ph,R?=Ph (15c)
rt-60 C d R'and R? = cyclohexyl (15d)
18-48 h By R'and R? = norbornane (15e)
Bu
+Ph2 R1
\ﬁRz
CHzC'z R'=H, R? = Ph (16a);
R' = Me, R? = Ph (16b)
By R' = Me, R? = Me (16c)
Bu

(a) Synthetic scheme for the synthesis of [13][W]; (b) phosphinophosphination of alkynes, olefins, and carbonyls with 13.
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Fig. 9 (a) Synthetic scheme for the synthesis of [17][OTf] and [17][B(CgFs)4]; (b) activation of O—H, N—H bonds and (c) HsNBH=z by [17][OTf].

anion (Fig. 10a). The reaction proceeds via the formation of a
hydro-phosphine (20-H) and Et;SiOTf, ultimately resulting in a
complex mixture of unidentified products. The Lewis acidic
nature of 17 and the non-innocent behaviour of the TfO™ anion
likely contribute to this unusual reactivity. Confirmation of this
mechanism comes from the reaction of 20-H (obtained from
17-Cl and DIBAL-H) with Me;SiOTf, which shows a similar *'P
NMR pattern to the activation of Et;SiH by [17][OTf].

Due to the weaker coordinating nature of the (CcFs),B™
anion compared to TfO™ anion, the activation of Et;Si-H bond
by [17][B(CeFs)s] leads to the rapid formation of 21 via an
unprecedented OA-type reaction of the Si-H bond to the P™
center of 17 (Fig. 10a). The formation of this OA product is
clearly indicated by the corresponding doublets in the 'H NMR
(9.56 ppm) and *'P NMR (—88.7 ppm), with a similar coupling

1t o By
Et,Si-H /N\;P/
Ewsort \ /)
\ /
BY 70T Bu
[EtsSi(CgH4F2)]
— [B(CsF5)dl
[B(CeFs)al
—|+

(a) Si—H bond activation by [17][OTf] and [17][B(CgFs)4]; (b) DFT optimized structure of 17-O(H)Me, 17-H-SiEt; and their bond lengths around P

Fig. 10
atom; (c) hydrosilylation reaction catalyzed by [17][B(CgFs)4l.

This journal is © The Royal Society of Chemistry 2025

constant (J = 577 Hz). Notably, 21 was unstable, leading to a
complex *'P NMR spectrum that displays a mixture of uniden-
tified products similar to the one obtained from the reaction of
[17][OTf] with Et;SiH. Similar *'P NMR spectrum was observed
when 20-H was reacted with [Et;Si(CeH4F,)][B(CeFs)a]-

DFT computation showed that prior to the activation of the
E-H bonds (E = N, O Si) there is an adduct formation between
the substrate and 17. In the case of MeO-H bond activation,
first the P-O type adduct is formed (17-O(H)Me) with the loss of
the symmetry of the P-center supporting NNN-ligand (P-Nj:
1.83 A; P-N,: 1.95 A; P-N;: 1.78 A). These computations clearly
show how 17-O(H)Me consequently leads to LA product 18-OMe
by proton transfer to the N, atom of the ligand (Fig. 10b).
In contrast, the adduct 17-H-SiEt; that is formed prior the OA
product 21 has symmetrical NNN-ligand around P atom with

(c) :
EtSSi\?
‘E H//C\ g
LW PYRE =
i + 5
. O/SiEa PPV e
Bu N\/\,rBu Redox Cycle | f|3u_|
N C(H)Ph SiEt, :
‘s \/ ( ) 3
TG A H
i 'Bu  Phosphasilylation ‘Bu
it Bu Bu ;
22 21
i observed by NMR ﬁ observed by NMR
1 HC. !
" Ph
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slightly elongated P-N; (1.91 A) and P-N, (1.91 A) bonds and a
shorter P-N; (1.79 A) bond (Fig. 10b). In addition, longer P-H
(1.65 A) and Si-H (1.67 A) bonds in 17-H-SiEt; compared to
the P-H bond in 20-H (1.36 A), and calculated Et;Si-H bond
(1.50 A), further support the weakening of the Si-H bond in
17-H-SiEt; that eventually lead to OA type reaction. Eventually,
in 17-H-SiEt; the bulky Et;Si-group is positioned far from the
pyrrole’s basic nitrogen, preferring to bind to the less sterically
encumbered lone-pair at the P-center. In contrast, in MeOH
and Et,NH activation, the larger MeO- and Et,N-groups bind to
P-center, while the pyrrole abstracts a proton, avoiding steric
congestion (Fig. 10b).

The most compelling feature of this work is the catalytic
hydrosilylation of C=O bonds in benzaldehyde, mediated by
17, which emulates the behaviour of the TM complexes by
following a similar catalytic cycle (Fig. 10c). In this process,
benzaldehyde reacts with Et;SiH in the presence of 5 mol% of
[17][B(CeFs)4), resulting in the formation of the corresponding
silyl ether, Et;SiO-C(H,)Ph, after 12 hours at 50 °C. The step-
wise progress of this reaction revealed first formation of an OA
product 21 (*'P() = —88.73 ppm), followed by a phosphasilyla-
tion producing the migratory insertion intermediate 22 (*'P(5) =
—74.54 ppm; “Jp_y; = 648 Hz) and finally, a reductive elimination
type reaction from PY centre in 22 producing Et;SiO-C(H,)Ph
and regeneration of the active catalyst 17 (Fig. 10c).

Carbone-based carbodiphosphorane (CDP)'*" scaffolds
are increasingly being employed to construct complexes
with MG elements.'*'®'9*71%* gpecifically, the hexaphenyl-
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carbodiphosphoranyl-based CCC pincer-type ligand (23-LH,)
is benefited from a strong donor carbon center and the facile
deprotonation of the phenyl rings, which together impart an
excellent ability to obtain dianionic, tridentate CCC pincer-type
ligand that can be used to structurally constrain MG centers.
Recent examples highlight the use of 23-LH, to incorporate
neutral beryllium species, as well as cationic antimony and
bismuth species.***1°271%¢ [n the case of phosphorus, depro-
tonation of 23-LH,, followed by reaction with PCl;, results in
the production of a cationic SC P™ species, [24][CI].*” An anion
exchange with K[PFg] leads to of [24][PF,] (Fig. 11a).

A significant distortion around the P center is induced
by the CCC framework in 24, resulting in wider / C;-P-C,
(106°) and narrower / C;-P-C; (95°) and / C,-P-C; (96°)
bond angles (Fig. 10a). However, the degree of distortion
in 24 is less pronounced than that observed in previously
reported SCP species (XII-XIV) featuring the CCC framework
(Fig. 3d).

Notably, 24 is inert toward Et,NH, MeOH, and Et;SiH,
however, it reacts with electron-poor fluoroarenes at elevated
temperatures (80-120 °C) readily leading to the formation of
the OA products of the C-F bond to the P™ centre in 24
(Fig. 11b). For instance, the reaction of [24][PF] with penta-
fluoropyridine in 1,2-difluorobenzene (oDFB) for 3 h at 80 °C
clearly demonstrates the formation of the OA product [25][PF],
as indicated by a doublet of triplets (JJPF =666 Hz; *Jpp = 52 Hz)
at = —48.87 ppm in *>'P NMR spectrum with a complementary
doublet (YJpr = 666 Hz) at § = 1.92 ppm in '°F NMR (Fig. 12).

(a) i (c );catalytlc hydrodefluorination ; . "catalytic C-N bond '
N offluoroarenes _____.: - |__ cross coupling,_|
i + PhSiH i
Ph\p/@ p2rmitl, P c ’ f 241PFy) | o 1
Ree i — R KIPF bORUX T 6l F X _F ol F X _F
PH o % P \C M’ ' I N (10 mol%) D (10 mol%) S
1 Et,0, | CH,Cl, : P \ Ll P |
Ph\/p\® e Ph\/P+ o | ¢ ODFB P ODFB AN
Fh " i H o+ phsiF, F s+ NRe
(23-LH,) [24]CI] | (30) (31)
, ] e, R=Et (H)Ar
L . IXY=N,CCN,C-COOMe, i  80-120°C,
' 00-955. | C-CFs C-CeFs, C-P(CeFs); | e cays
: -95% i e e . 90-95%
(24)(PFo) PF, ;
(b) Ph_+ g NP (@)
FONCF | ors RO e Ph +
\ ° 110°C,10h  PH ¢~ XC°F 1 R_R 24
F N OF |80°C,3h | F | AF—X PH Arf—F
oDFB Ph\p+ » | _
excess ol N"F 3 /p+
[26][PFe] @7) 3 RE Ph oA
£ E i 10 mol%
Fds gl [24]PFg | £07C
\ ohsiH ) Wl 5 + ! Bt \ RsSi= EtSi, Ph(HRSi  Arf
F — 113 F 6 '
Ph@/é PF,  80°C,3h | PI\T L~ TN\ Foo b {\P4 X=H,EtN, Bn(HN  Ph +
R_ F— S — R” B ' W \
PN T oDFB PN 1 A > &
Bl e | H : Ph\P h\P
—P P (29) |
pH pH " i
A : INT2) (INT1)
[25][PF¢] [28][PFe] PhSiF, | RSI—F  RySi—X

Fig. 11 Synthetic scheme for (a) the synthesis of [24][PF¢l; (b) the formation of [25][PFg] by the activation of C—~F bond and its further reactions; (c) the
hydrodefluorination and C—N bond forming cross-coupling reactions catalyzed by 24; (d) and the scheme for proposed computational mechanism.
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Fig. 12 3P and '°F NMR spectra showing the formation of the OA
product [25][PFg].

Interestingly, heating [25][PF¢] to 110 °C for 10 hours results
in the formation of a difluoro-species, [26][PF¢], likely being
mediated through a disproportionation mechanism involving a
series of ligand exchange reactions followed by the elimination
of perfluoro-4,4’-bipyridine (27) (Fig. 11b). In contrast, heating
[25][PFs] in the presence of PhSiH; at 80 °C for 3 h directly leads
to the regeneration of [24][PF¢], PhSiF; and the product of
hydrodefluorination (29). This transformation likely proceeds
through hydrophosphorane intermediate [28][PF] followed by
a rapid RE of the C-H bond from the P-centre (Fig. 11b).
Notably, similar reactivity was observed for the reaction with
neutral SCP (V), but this reaction led to the hydrodefluorination
products via a stable hydrophosphorane intermediate in the
reaction with DIBAL-H.*’

In contrast to V, the reactivity of 24 with fluoroarenes,
coupled with its inertness toward hydrosilanes allowed the
catalytic hydrodefluorination of fluoroarenes using PhSiH; and
10 mol% [24][PF,] (Fig. 11c). Various fluoroarenes with different
functional groups (F;C-, NC-, MeOC(O)-) could be catalytically
hydrodefluorinated in good to excellent yields (90-95%). Impor-
tantly, the catalytic hydrodefluorination of fluoroarenes by 24
proceeds via a metallomimetic P™/P¥ redox cycle.

Remarkably, the reactivity of 24 was also successfully
extended to the catalytic C-N bond-forming cross-coupling
reaction products (Fig. 11c). The substrate scope includes the
reaction of various fluoroarenes with Et;Si-NR, (R = Et, (H)Ar)
in presence of 10 mol% of [24][PFs] in oDFB, at elevated
temperatures (80-120 °C).

Both experimental and computational studies suggest that
the mechanisms of both hydrodefluorination and C-N bond
forming cross-coupling proceed in a metallomimetic fashion
through the OA — LM — RE steps (Fig. 11d). Notably, a similar
catalytic transformation was later reported with simple phos-
phines, however, the mechanism was distinctively different.”

Very recently, the Dobrovetsky group reported another exam-
ple of pyridine based CSCP, [34][B(CesFs)4], using a CNC-type of
pincer type ligand (32-LH,) (Fig. 13a).®® The CNC-type ligand
consists of a pyridine ring attached to two o-carborane units."*®
While the nitrogen atom of the pyridine ring stabilizes the
cationic P center, the electron-withdrawing nature of the carbor-
ane units enhances the Lewis acidity of the P centre. Addition-
ally, the o-carboranyl units are easily deprotonated at the C-H

This journal is © The Royal Society of Chemistry 2025
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position, and their rigid structure imposes additional con-
straint at the P centre. Thus deprotonation of 32-LH,, followed
by reaction with PCl; affords a chlorophosphine 33-Cl
(Fig. 13a). Chloride abstraction from 33-Cl using [Et;Si(C,Hs)]-
[B(CgFs)4] results in the formation of the cationic P species,
[34][B(CeF5))

34 exhibited a highly distorted geometry around the P center
(L C,-P-C, =124°, /£ C;-P-N and /£ C,-P-N = 87°) (Fig. 13a). In
contrast to the aforementioned CSCPs, a significant difference
in the reactivity was observed for 34, as evidenced by its ability
to activate dihydrogen (H,) at a single P™" centre, resulting in
the formation of the formal OA product 34-H, (Fig. 13b). It is
important to note that while the activation of H, by OA-type
process has been observed at several low-valent MG centres,
such as carbenes,®*>'%® borylenes,*'°” % and their heavier
analogues,"'°™"® the activation of H, at a single P™
never reported, which makes the reactivity of H, with 34
unprecedented and provides new insight into the influence of
SC and cationic character of this center. It is also important to
note that the activation of H, between either two phosphorus
centers or between phosphorus and other MG center was
reported with Frustrated Lewis acid-base pairs being the prime
examples of this type of reactivity.

Importantly, all attempts to liberate H, from [34-H,]-
[B(CeFs5),] failed and the reductive elimination did not occur,
which indicated that the H, activation by 34 is irreversible.
Interestingly, when [34-H,][B(C¢Fs)s] was dissolved in deuter-
ated aromatics (Cg¢Ds, tol-dg) at 50 °C, an exchange reaction
between H and D atoms occurred at the aromatic ring
over the course of 3 h, leading to [34-D,][B(CsFs)s] and C¢Hg
(or C¢HsCDj3) (Fig. 13b). Conversely, a similar behaviour was
observed for [34-D,][B(C¢Fs)4] in the presence of toluene lead-
ing to the formation of [34-H,][B(CeFs),] and C¢D5CHs.

The DFT computed mechanism of H, activation by 34
reveals that this process is electrophilically driven, with the
H-H o-bond approaching the cationic P-centre from the direc-
tion of the LUMO in the asynchronous transition state (TS)
(Fig. 13c-e). This is followed by the interaction of the HOMO of
the P-centre with the LUMO (c*) of the H-H bond (Fig. 13c-e).

As mentioned previously, despite the ability of several low-
valent MG compounds such as carbenes, borylenes, and
their heavier analogues to activate the H-H bond by OA, the
hydrogenation reaction using these MG species was never
reported. In contrast, [34][B(CeFs)4] could be further used in
hydrogenation of various unsaturated C-C bonds and fused
aromatic systems (Fig. 13f). Mechanistic and experimental
studies of the hydrogenation process suggested that the
first step of this process is OA of H, to P™ centre in 34
producing 34-H,. Deprotonation of 34-H, by the doubly-
bonded species at next step, produces the corresponding
carbocation and 35-H (Fig. 13g and h). The last step is the
hydride abstraction from the 35-H by the carbocation produ-
cing the hydrogenated products and regenerated catalyst (34)
(Fig. 13g and h). This was supported by a sequential deprotona-
tion and hydride abstraction of 34-H, by first Et,O and second
Ph,C" (Fig. 13g).

centre was
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Fig. 13 Synthetic scheme for (a) the synthesis of [34][B(CsFs)4l; (b) the activation of dihydrogen by [34][B(CgFs)4] and the exchange reaction between H
and D atom between [34-H,][B(C¢Fs)4] and toluene-dg and vice-versa; (c) schematic representation to show electrophilically driven activation of the H-
H bond by 34.; (d) o-bond of H, approaching the P-centre from the direction of the LUMO of 34; (e) followed by the interaction of the HOMO of the P-
centre with the LUMO (c*) of H,; (f) [34][B(CsFs)4] catalyzed hydrogenation reactions of unsaturated C—C species; (g) equilibrium of [34][B(CgFs)4] with
35-H and reaction of 35-H with [PhsC][B(CgFs)4l; and (h) the proposed catalytic cycle.

3. Conclusions

In this review, we discussed the chemistry of cationic structu-
rally constrained phosphines (CSCPs) and their use in the
activation of small molecules and catalysis. While most phos-
phines do not exhibit significant reactivity toward challenging
bonds, the application of the structural constraint (SC) to
phosphorus enhances their reactivity and leads to ambiphilic
phosphorus centers capable of activating such bonds. Despite
significant progress with structurally constrained phosphines,
their ability to catalyze reactions remains very limited.
Recently, a new class of SCPs—cationic SCPs (CSCPs)—was
designed, in which the combination of SC and cationic charge
enables these P-compounds to not only activate challenging
bonds but also participate in catalysis. The CSCPs highlighted

5880 | Chem. Commun., 2025, 61, 5871-5882

in this review demonstrated reversible activation of O-H and
N-H bonds. They were also shown to activate C-F bonds in
fluoroarenes through oxidative addition (OA)-type reactions,
enabling catalytic hydrodefluorination and C-N bond-forming
cross-coupling reactions with elementary steps reminiscent
of TM-based catalytic cycles. Remarkably, these species were
capable of activating Si-H, C-H, and H-H bonds through OA-
type reactions, and participate in phosphino-phosphination
reactions of C—C double bonds. While the activation of C-H
bonds has yet to find applications in catalysis, Si-H and H-H
bond activations were successfully employed in catalytic hydro-
silylation and hydrogenation reactions, mimicking TM-like
behavior.

CSCPs have already proven to be promising species for the
activation of challenging bonds. However, their full potential

This journal is © The Royal Society of Chemistry 2025
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for activating other challenging bonds and their broader appli-
cations in catalysis remain to be explored.
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