GDCh
=

Main Group Chemistry

Research Articles

Angewandte
internatianalditiony Chemie
www.angewandte.org
How to cite: Angew. Chem. Int. Ed. 2022, 61, €202208401
International Edition: ~ doi.org/10.1002/anie.202208401

German Edition: doi.org/10.1002/ange.202208401

Dual Reactivity of a Geometrically Constrained Phosphenium Cation

Solomon Volodarsky, Deependra Bawari, and Roman Dobrovetsky*

Abstract: A geometrically constrained phosphenium
cation in bis(pyrrolyl)pyridine based NNN pincer type
ligand (1*) was synthesized, isolated and its preliminary
reactivity was studied with small molecules. 1% reacts
with MeOH and Et,NH, activating the O—H and N-H
bonds via a P-center/ligand assisted path. The reaction
of 1* with one equiv. of H;NBHj leads to its dehydro-
genation producing 5. Interestingly, reaction of 1 with
an excess H;NBH; leads to phosphinidene (P) species
coordinating to two BH; molecules (6). In contrast, [17]
[OTH] reacts with Et;SiH by hydride abstraction yielding
1-H and Et;SiOTf, while [17][B(C¢Fs),] reacts with
Et;SiH via an oxidative addition type reaction of Si—-H
bond to P-center, affording a new PY compound (8).
However, 8 is not stable over time and degrades to a
complex mixture of compounds in matter of minutes.
Despite this, the ability of [17][B(C4Fs),] to activate
Si—H bond could still be tested in catalytic hydro-
silylation of benzaldehyde, where 1% closely mimics
transition metal behaviour. )

Introduction

Constraining the geometry of p-block elements through
their inclusion in rigid pincer type ligands allows the
formation of new compounds with non-VSEPR geometries.
Such alterations in geometry bring about a reorganization in
their molecular orbitals, in particular in frontier molecular
orbitals (FMOs), which as a result has a significant impact
on the reactivity of these geometrically distorted centers.!
Such as, decreasing the energetic gap between the HOMO
and LUMO results in both more nucleophilic and electro-
philic (i.e., ambiphilic) reactivity, thus unlocking new modes
of activation of small molecules via oxidative addition type
reactions usually associated with transition metal
complexes.” For this reason, this method is increasingly
utilized by the chemical community in order to expand the
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capabilities of p-block elements beyond their traditional
reactivity.

Recently, a number of geometrically constrained o’P™
based compounds have been synthesized and used in
activation of small molecules. Indeed, phosphorus and its
heavier congeners have been identified as privileged for
transition metal mimetic chemistry due to their readily
available E"/E"*? redox couples.’¥! Radosevich reported
that a “T”-shaped P"™ center in an ONO platform®
facilitates the catalytic transfer hydrogenation from H;NBH;
to diazabenzene,® as well as it reacts with RNH, via an
oxidative addition type reaction of the N-H bond to P-
center giving PV species.’! Aldridge and Goicoechea intro-
duced a geometrically constrained P™ center in an ONO
platform, which activates HO-H, H,N-H bonds,”® and
various X, (X=Cl, Br, ) via an oxidative addition type
reaction. Kinjo and co-workers synthesized a diazadiphos-
phapentalene with a geometrically constrained P-center
capable of activating the H,N—H bond and dehydrogenating
H;NBH, via a unique o-bond metathesis pathway.!'*!!l
Later, Radosevich introduced a P™ center in an NNN
platform, which was shown to activate RO—H," R,N-H,['!
H-Bpin,!" and Ar-F bonds.'! We endeavored to increase
the ambiphilicity of P™ compounds by geometrically con-
stricting a positively charged P" center in a rigid ONO
platform, thus synthesizing the first geometrically con-
strained phosphenium cation,™ that activated HO-H,
RO-H, and H,N-H bonds via an oxidative addition type
reaction to a P™ center producing new phosphonium cations
(PV).[15]

Herein we report the synthesis, structure, and prelimi-
nary reactivity of a geometrically constrained phosphenium
cation (1*) in bis(pyrrolyl)pyridine based NNN pincer type
ligand. 1% has a dual reactivity, and activates small
molecules by two different pathways i.e., P-center/ligand
assisted pathway in activation of MeOH, Et,NH and
H;NBH; or by an oxidative addition type reaction to P-
center in activation of Et;SiH. The mechanisms of both
pathways were studied experimentally and by density func-
tional theory (DFT) computations. The activation of Et;SiH
was tested in a catalytic hydrosilylation reaction of benzalde-
hyde and closely mimics the mechanism of catalytic hydro-
silylation with precious transition metals.'*!

Results and Discussion

First the chlorophosphine in NNN pincer type ligand (1-Cl)
was prepared by the double deprotonation of bis-
(pyrrolyl)pyridine (2) with 2 equiv of "BuLi followed by the
addition of PCl; at —78°C (Scheme 1a). 1-Cl was crystallized
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Scheme 1. a) Synthesis of 1-Cl; b) RSs of 1'-Cl obtained from NRT
analysis.

from hexane by slow evaporation, affording dark purple
crystalline needles. The molecular structure of 1-Cl was
determined by X-ray crystallography and shown in Fig-
ure 1a.”” Interestingly, 1-Cl exhibits a tetracoordinated P-
center in which the P and all N atoms are located on the
same plane and the CI atom is positioned above the P atom
with a slight deviation from perpendicularity to this plane
(/N1-P—C1=90.4, /N2-P-C1=289.4, and /N3—P-Cl=97.2°).
The N—P bonds in 1-Cl are all of different lengths, N3—P
bond length of 1.806(2) A is in the range of N—P single
bonds®™®!*'? and shorter than N1—P of 1.949(2) A and N2—P
of 1.915(1) A, which both are longer than a typical N—P
single bond.”" To understand the obtained solid state

Figure 1. a) POV-ray depiction of 1-Cl; b) POV-ray depiction of 1*.
Thermal ellipsoids at 30% probability, hydrogen atoms and TfO™ were
omitted for clarity.
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structure of 1-Cl, we DFT calculated its model system, 1'-Cl
(with Me substituents), using B3LYP-D3(BJ)/def2TZVP
level of theory™?! and analyzed its resonance structures
(RS) using natural resonance theory (NRT).” Thus, the
structure of 1-Cl is best described by four RSs: 1-CI*, 1'-
CI*, 1-CI® and 1-CI® (Scheme 1b). This analysis explains
the elongation of the N1-P and N2-P bonds in 1-CL
Noteworthy, these resonance structures are consistent with
previously reported compounds in similar ligand
scaffolds.*?"

In order to obtain the desired 1, 1-Cl was reacted with
AgOTf in CH,Cl, at r.t., which produced the desired 1* with
TfO~ counteranion, [17][OTf] (Scheme 2). The *'P NMR
chemical shift of [1*][OTf] at 112.05 ppm (compared to
15.69 ppm for 1-Cl) supported the formation of this salt as a
separated ion pair in solution. Crystalline [17][OTf] was
obtained by slow precipitation from a saturated toluene
solution at —33°C, and its structure determined by X-ray
crystallography (Figure 1b).* Similarly to the observed
separated ion pair [17][OTI] in solution, also in solid state
there is no P—O bond between the P atom and TfO™ anion
with the shortest P--O distance being 2.99 A. The structural
analysis of 1% shows that, in contrast to 1-Cl, all three N-P
bonds (N3—P 1.752(3), N1—P 1.781(2), and N2—P 1.786(3) A)
are in the range of a typical N—P single bond.®'*'? The P-
center in 1* is pyramidalized with bond angles around the
phosphorus atom being /N1-P-N3=284.6, /N2-P-N3=285.2
and /N1-P-N2=123.4°, which shows a strong deviation
from a local Cj;, symmetry, which is typical to trigonal
pyramidal o’P centers. Thus, the NNN ligand in 17 enforces
a distorted trigonal pyramid geometry with C; symmetry.

Having synthesized the desired geometrically con-
strained 1%, we proceeded to screen its reactivity with small
molecules. First [17][OTf] was reacted with MeOH that led
to a mixture of two isomers in 1:1 ratio (Scheme 3) as was
measured by *P NMR signaling at 95.53 and 101.14 ppm.
Multinuclear NMR experiments revealed that both isomers
are products of MeO—H bond activation via a P-center/
ligand assisted pathway, in which the proton resides on the
pyrrole‘s nitrogen and the methoxy- group is attached to the
P-center (3,,; and 3,,). Crystallization from a saturated
toluene solution containing the mixture of 3,,,; and 3,,, at
—33°C led to the precipitation of crystalline 3,,,; as was
determined using X-ray crystallography (Figure 2a).*")

The reaction with Et,NH proceeded in a similar fashion
to the one with MeOH i.e., by activation of the Et,N-H
bond, through a P-center/ligand assisted pathway producing
two isomers, 4,,,; and 4,,, (Scheme 3). However, in contrast

1-Cl

Scheme 2. Synthesis of [17][OTf].
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ER,, = OMe (3syn and 3ap4 (1:1))
NEt, (4syn and 4,4 (4:1))

Scheme 3. Activation of MeO—H and Et,N—H bonds by [1*][OTf]
producing 3., 35, and 4., 44, respectively.

Figure 2. a) POV-ray depiction of 3,,; b) POV-ray depiction of 4.
Thermal ellipsoids at the 30% probability level, non-relevant hydrogen
atoms and TfO~ were omitted for clarity.

to the activation of MeOH, in this case the ratio between
4,,,; and 4,,, was 1:4, respectively, as was determined from
the integration of the corresponding signals in *P NMR
(96.23 ppm for 4,,; and 97.42 ppm for 4,). The different
ratios of products in the reaction of 17 with MeOH (3, :
3, (1:1)) in comparison to the reaction with E,,NH (4, :
4,,, (1:4)) could be explained by a higher steric bulk of the
Et,N- group compared to MeO- group, which precludes easy
rotational isomerization from 4, to 4,,,. The crystals of 4,
were obtained by slow evaporation of a saturated benzene
solution containing both 4,,,; and 4, at r.t. The molecular
structure of 4, was determined by X-ray crystallography
(Figure 2b).>”

The mechanism of activation of MeO—H bond by 1* was
investigated using a DFT calculation at the BP86-D3/
def2TZVP level of theory.’>?! Based on these calculations,
the first step of this reaction is the formation of 1*—O(H)Me
adduct, which is exothermic (AH=-5.5kcalmol™') and
slightly endergonic (AG=5.6 kcalmol™") (Figure 3a). Inter-
estingly, the optimized structure of 1*—O(H)Me (Figure 3b)
resembles that of 1-Cl in its different P-N bond lengths with
a shorter (1.78 A) single P-N1 bond, slightly elongated
P-N3 bond (1.83 A), and a long (1.95 A) P-N2 bond. This
indicated that the longest P-N2 bond in 1*—O(H)Me is the
one that will dissociate and assist in proton abstraction to
give the final product 3,,. This final step is strongly
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P-O=215A
P-N1=178A
P-N2=195A
P-N3=1.83A

Figure 3. a) DFT calculated potential energy surface (PES) for the
activation of MeO—H bond by 1*. Free Gibbs energies (enthalpies) are
given relative to the starting materials; b) DFT optimized structure of
1*-O(H)Me and bond lengths around P atom.

exothermic and exergonic (AH=-39.5 and AG=
—29.9 kcalmol™"), with a very low lying transition state
(TS1) of AG*=1.1 kcalmol™ (Figure 3a). Similar activation
of O—H and N-H bonds by P"' in NNN ligand platform was
previously observed.'” However, in contrast to our result
the anti and syn isomers were found to be in equilibrium
with the PY phosphorane species,'? while in our case no PV
species were observed experimentally (see Figure S25 for
VT NMR experiment).

Although [17][OTf] does not react with H, even under
forcing conditions (4 atm. at 100°C), it readily reacts with
H;NBH; (1 equiv) at ambient temperature to give a mixture
of two isomers 5,,, and 5, (1:3) (Scheme 4). The *'P NMR
spectrum of 5,,; and 5,, shows two doublets at §=59.36
("Jpny=216 Hz) and 60.01 ("J;pi;)=178 Hz) ppm. This activa-
tion is again a result of a P-center/ligand assisted process
similarly to the activation of MeOH and Et,NH (Scheme 3).
Crystals of §,, were obtained by slow evaporation of a
CgHg/hexane (1:1) solution containing both 5,,,; and 5, and
its molecular structure was determined by X-ray crystallog-
raphy (Figure 4a).”"

Interestingly, while attempting a catalytic hydrogen
transfer from H;NBH; to a 1,1-diphenylethylene, we
realized that while the olefin remains unchanged, the excess
of H;NBH; reacts with [1*][OTf] to produce a new formally
P’ phosphinidene specie 6 (Scheme 4). To study this reaction
in detail, we performed a stepwise reaction of [1*][OTf]
with H;NBH;. The reaction of [17][OTf] with 1equiv of
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Bu (5anti: 5syn)

HasNHsl -NH;
Bu

Scheme 4. Reaction of [11][OTf] with one equiv. of H;BNH; producing
5.mi and 5, and with an excess of H;BNH, producing phosphinidene 6
via stable intermediate 7.

Figure 4. a) POV-ray depiction of 5, b) POV-ray depiction of 6.
Thermal ellipsoids at the 30% probability level, non-relevant hydrogen
atoms and TfO~ were omitted for clarity.

H;NBH; consistently gives §,,; and §,,, while 3 equiv of
H;NBH,; give 6 after stirring for 4 days at r.t. 6 was
crystallized from hexane by slow evaporation and its
molecular structure was determined by X-ray crystallogra-
phy (Figure 4b).”” In 6, the phosphorus center is bound to
an anionic pyrrole arm, to a neutral Lewis basic pyridine
and to two neutral Lewis acidic BH; molecules, thus
confirming its formal P' oxidation state. The two BH, groups
in 6 are inequivalent with respect to the detached pyrrole
arm (Figure 4b). The *'P NMR of 6 resonates as a singlet at
216.40 ppm, indicating the sole possible isomer, since the
BHj; groups render all possible isomers equivalent. The "B
NMR of 6 shows two broad singlet resonances at
—34.46 ppm and —25.75 ppm, consistent with two inequiva-
lent BH; groups. The loss of symmetry in 6, i.e. two different
pyrrole groups, is clearly seen in the 'H NMR, where two
sets of signals corresponding to ‘Bu- groups as well as five
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distinct signals for pyridine were measured (see Supporting
Information for NMR spectra). Notably, the transformation
of mixture of isomers 5,,,; and §,, to 6 proceeds through
intermediate 7 (Scheme 4). 7 was observed and character-
ized by multinuclear NMR experiments in the reaction of
[1*][OTf] with 3 equiv of H;NBH; as well as independently
obtained by reaction of [17][OTf] with two equiv. of
H;NBH; (see Supporting Information for details). Unfortu-
nately, all attempts to crystallize 7, led to its decomposition
and therefore, a complete structural elucidation could not
be made. The transformation of §,,,; and 5, to 7 probably
proceeds via an addition of BH; to the P-center with
concomitant liberation of NH;. Noteworthy, H;NBH; usu-
ally reacts  with  main-group compounds by
dehydrogenation,” while B-N bond dissociation in
H,NBH,, although rare, was previously reported.”>* Then,
a similar reaction possibly occurs between 7 and another
equiv. of H;NBHj; providing a second molecule of BH; along
with elimination of [NH,][OTf], giving phosphinidene 6 as
the final product (Scheme 4). It is important to mention that
the reduction of P™ to P species using ammonia-borane was
not previously known, and usually requires harsh reducing
conditions. In this respect, it is worth mentioning that the
opposite reaction in which phosphinidenes (P') activate
NH;, producing new aminophosphines (P"), was recently
reported.¥

We next proceeded to study the reactivity of [17][OTI]
with Et;SiH and HBpin. Noteworthy, in contrast to
activation of MeO—H and Et,N—H with a protic hydrogen,
in Et;Si-H and H-Bpin the hydrogen is hydridic and
therefore a possibility for a different activation path was
expected. Interestingly, while [17][OTf] does not react with
HBpin, it reacts fast with Et;SiH with concomitant change in
color from dark purple to deep red. Monitoring the reaction
with *P NMR reveals that the starting material 17, a singlet
at 112.05 ppm is consumed, and a new doublet with 'J(PH)-
=324 Hz appears at —53.95 ppm, complementary coupling
was observed in the 'H NMR spectrum with a doublet
resonance at 6=7.96 ppm. This signal, however, disappears
within ~ 12 h, generating a complex mixture of products. We
assumed that the initial signal that we observe in *'P NMR
(6=-53.95 ppm with 'J(PH)=2324 Hz) corresponds to the
product of Et;Si—H bond cleavage by [1*][OTf] producing
1-H and Et;SiOTf (Scheme 5). While further reaction
between 1-H and Et;SiOTf leads to a variety of products
(see Figure S45).

Noteworthy, the abstraction of a hydride from hydro-
silane by a free phosphenium mono-cation, such as a typical
N-heterocyclic phosphenium cation (NHP), was not previ-
ously shown to the best of our knowledge. This points to the
high Lewis acidity of 1*, which in synergy with the TfO~
anion leads to the cleavage of Et;Si—H bond (see Supporting
Information for DFT calculated mechanism of Et;Si—H
bond cleavage by [1*][OTf] and for the fluoride ion affinity
(FIA) studies of 17). Noteworthy, hydride abstraction from
hydrosilane by Mo-phosphenium complex®® and by phos-
phenium dications® were reported before.

To support this, we independently synthesized 1-H, by
reacting 1-Cl with DIBAL-H in THF at r.t. Importantly, the
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Scheme 5. Reaction of [1*][OTf] with Et,SiH producing 1-H and
Et;SiOTf reaction, and independent synthesis of 1-H by reduction of 1-
Cl with DIBAL—H.

NMR spectra of independently synthesized 1-H and the
non-stable one obtained from the reaction of [1*][OTf] with
Et;SiH were nearly identical (see Supporting Information).
1-H was crystallized by slow precipitation from a saturated
solution of hexane/toluene (1:1) at —33°C, and its molecular
structure was determined using X-ray crystallography (Fig-
ure 5). Noteworthy, 1-H is stable for weeks, however, upon
reaction with Me;SiOTH, a picture similar to the activation
of Et;SiH by [17][OTF] is observed in *'P NMR spectrum
(see Figure S44 and S45).

The structure of 1-H closely resembles the structure of 1-
Cl, with all N atoms (N1, N2 and N3) and P atom on the
same plane, and the H atom positioned above P atom and
slightly tilted from this plane (/N3—P—H 106.11°). The P-N1
and P-N2 have the same bond lengths and are both
elongated (1.916 A). The P-N3 bond length is in the range
of a typical P-N single bond length (1.801 A). Meaning that
a similar picture of resonance forms as the one for 1-Cl
(Scheme 1b) can be described for 1-H. The P—H bond length
in 1-H of 1.361 A is in the range of previously reported P-H
bonds.F"*!

Since the TfO™ anion in [1*][OTf] salt was not innocent
in the activation of Et;Si—H bond, we decided to replace it
to the less coordinative anion (Cg¢Fs),B~. Thus, [17]

@

o
@\%Q\MM

k!

Figure 5. POV-ray depiction of 1-H. Thermal ellipsoids at the 30%
probability level, non-relevant hydrogens were omitted for clarity.
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[B(C¢Fs)4] was obtained by reaction of 1-Cl with [Et;Si][B-
(C¢Fs),]- While the reactivity of [1*][B(C4Fs),] with MeOH,
Et,NH, H, and H;NBH; was similar to [1*][OTf], the
addition of Et;SiH to [1*][B(C¢Fs),] did not produce 1-H,
which was evident from *P NMR, and a new product that
signaled at 6=—88.73 ppm with 'J(PH) coupling constant of
577 Hz was formed, complementary coupling was observed
in the '"H NMR spectrum with a doublet resonance at 6=
9.56 ppm. Due to the region of the *'P NMR signal, which is
typical to PV species, the one bond coupling to 'H nucleus
and the symmetry of the obtained system as analyzed from
'"HNMR (see Figure S52), we assumed that the obtained
product is the product of the oxidative addition type
reaction of the Et;Si—H bond to a P-center in 1*, product 8
(Scheme 6). Unfortunately, unambiguous determination of 8
was not possible, since 8 is unstable and within minutes
produces a complicated mixture of products that expectedly
resembles the mixture obtained from the reaction of Et;SiH
and [1T7][OTf] (Scheme 5) as was measured by P NMR
(see Figure S51).

To support the formation of 8, we tried to synthesize it
by reacting 1-H with [Et;Si][B(C4Fs),], which resulted in
formation of 8 as was measured by *P NMR (Scheme 6),
and similarly to 8 obtained from Et;SiH activation by 17 it
was not stable and reacted further.

To the best of our knowledge, oxidative addition type
reactions of Si—H bonds at P™ centers were not previously
reported. To get further support for the formation of 8, we
optimized its structure using DFT computations at the
BP86-D3/def2SVP level of theory™?! and calculated its
NMR using PBE1PBE/6-31G(d,p)P**! level of theory. As a
result, the computed *P NMR chemical shift of 8 6=
—88.67 ppm (relative to H;PO, computed at the same level
of theory) is in good agreement with the experimentally
observed *'P NMR chemical shift (§=-—88.73 ppm) (see
Supporting Information for further details).

To get further insight into the activation of Et;Si-H
bond by oxidative addition type reaction to the P center in
1" leading to 8 as well as to understand the reason for the

B(CeFs)s By B(CeFs)a
Bu

\ St Complex

T mixture
Bu

4
Bu A-H)

Scheme 6. Oxidative addition type reaction of Et;Si—H bond to an
ambiphilic P-center in [17][B(C4Fs),] giving intermediate 8, and
independently formed 8 by reaction of 1-H with [Et;Si][B(C4Fs)].
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difference with the P-center/ligand assisted pathway for
activation of MeO—H and Et,N—H bonds, DFT calculation
of the possible mechanism for Et;Si—H bond activation by
1t was calculated at BP86-D3/def2TZVP level of
theory.>?! Thus, the first step of the Si—H bond activation
is the formation of -HSiEt; adduct (1-HSi), which is
exothermic and free Gibbs energy neutral (AH=-13.9 and
AG=0.2kcalmol™) (Figure 6a). The analysis of the bond
lengths around P-center of the DFT optimized structure of
1-HSi reveals elongation of the P—pyrrole bonds (P—N2 and
P-N3 both of 1.91 A) and a typical P—pyridine single bond
of P-N1=1.79 A (Figure 6b). These elongations of P-
pyrrole bonds in 1-HSi are more pronounced but sym-
metrical i.e., both bonds are elongated to the same extent, in
comparison to those calculated for the 1*-O(H)Me adduct
in which only one P-pyrrole bond was significantly elongated
(1.95 A) (see Figure 3b). The calculated P-H bond length in
1-HSi of 1.65 A is longer compared to the P-H bond length
in 1-H (1.36 A), and the Si—H bond length of (1.67 A) in 1-
HSi is longer than calculated Si—H bond length in Et;SiH
(1.50 A). Thus, it can be concluded from this data that the
Si—H bond in 1-HSi is weakened, but not cleaved. The
second step of the activation of Et;Si—H bond by 17 is its
cleavage and formation of the oxidative addition type
product 8, which is strongly exothermic and exergonic with
AH=-31.1 and AG=—15.6 kcalmol'. This last step pro-

u ’
(1 0.0 02 s

Si-H=1.67A

Figure 6. a) DFT calculated PES for the activation of Et;SiH by 17. Free
Gibbs energies (enthalpies) are given relative to the starting materials;
b) DFT optimized structure of 1-HSi and bond lengths around P atom.
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ceeds through a reasonably high transition state TS2 with
Gibbs free energy barrier of AG* =21.1 kcalmol .

Based on these calculations, we believe that the reason
for activation of Si—H bond by 1% via oxidative addition
type pathway, rather than through P-center/ligand assisted
pathway is the result of the geometry of the 1-HSi
intermediate, in which the bulky Et;Si- group is located far
from the pyrrole’s basic nitrogen, and thus prefers to bind to
a less sterically encumbered P-center. In contrast, in case of
MeOH and Et,NH activation, the larger MeO- and Et,N-
groups bind to P-center, while the pyrrole abstracts a proton
that does not cause steric congestion.

The ability of 1* to activate the Et;Si-H bond in an
oxidative addition type reaction to the P-center prompted us
to test it in a catalytic hydrosilylation reaction of C=0 bonds
and see how closely 17 can mimic transition metal com-
plexes in this catalysis. Thus, 5 mol % of [17][B(C4Fs),] were
added to a premixed solution of benzaldehyde and Et;SiH
(1:1.2) in CDCl,. The reaction was monitored by 'H and *'P
NMR spectroscopy. A full conversion of benzaldehyde to
the corresponding silyl ether (Et;SiO—C(H,)Ph) occurs after
12 h of heating at 50°C (Scheme 7) as was measured by 'H
NMR (see Supporting Information). Right after the addition
of [1*][B(C¢Fs),] to the reaction mixture an oxidative
addition product 8 was observed in P NMR (6=
—88.73 ppm) (see Figure S54). Then, during the course of
the reaction the signal at §=—88.73 ppm decreases, and a
new signal appears at 6d=-74.54 ('"J(PH)=648 Hz) ppm,
complementary doublet in the '"H NMR was observed at 6 =
9.12 ppm (see Figures S55). We attributed these signals to
the product of phosphasilylation 9 (Scheme 7). Notably, 9
was optimized by DFT computations using BP86-D3/
def2SVP level of theory™?! and its NMR was calculated
using PBE1PBE/6-31(d,p) level of theory.”*! As a result
the computed *'P NMR chemical shift at §=—73.32 ppm is
in a good agreement with the observed signal of what is
believed to be 9. Finally, a reductive elimination type

(1M

Y By

gy 1
Redox Cycle
SiEt;
\ 3
H
Phosphasilylation Bu
Bu
(C)] o ®)
observed by NMR M observed by NMR
HC_
Ph

Scheme 7. Proposed catalytic cycle of hydrosilylation of benzaldehyde
by [1¥1(B(CoFs)dl-
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reaction from PV center in 9 of Et;SiO—C(H,)Ph regenerates
the active catalyst [17][B(C4F5),] (Scheme 7). It is important
to note here that the catalysis did not work with the complex
mixture obtained over time from the reaction of [17]
[B(C¢Fs),] with Et;SiH (see Scheme 6). Meaning that 8 is
indeed the key intermediate in this catalytic cycle, and no
other species obtained in the reaction of [1"][B(C4Fs),] with
Et;SiH (Scheme 6) are responsible for the catalytic reaction.
Although a preliminary possible mechanism based on the
observed intermediates 8 and 9 was suggested (Scheme 7),
to support it further a more thorough experimental and
theoretical mechanistic investigation is required (for prelimi-
nary DFT calculations see Supporting Information).

Remarkably, the proposed catalytic cycle described in
Scheme 7 with the intermediates observed therein indeed
closely mimics the analogous catalysis with precious tran-
sition metal complexes.'*'” Following the same key steps -
oxidative addition (OA) of the Si—H bond, silyl-metallation
(phosphasilylation in our case) of the C=0O double bond,
and finally reductive elimination (RE) to produce the
desired silyl ether with concomitant regeneration of the
starting metal catalyst.

Conclusion

To conclude, we have synthesized new geometrically con-
strained phosphenium cation in NNN pincer type ligand
(1*). 1t activates MeO-H, Et,N-H, and H;NBH; by a
P-center/ligand assisted pathway. No PV species were
observed in the activation of these bonds. Interestingly, 1*
reacts with an excess of H;NBHj; resulting in phosphinidene
(P") species 6. In the case of Et;Si—H bond activation by [17]
[OTIf] the reaction takes a different course and proceeds via
H™ abstraction leading to 1-H and Et;SiOTf. However, the
reaction of Et;SiH with [1*][B(C¢Fs),] proceeds through an
oxidative addition type reaction of the Si—H bond to the P™
center, in 17, producing new unstable P¥ complex 8. Finally,
1% catalyzed hydrosilylation of benzaldehyde, while closely
mimicking transition metal complexes in similar catalytic
reaction following the same steps: oxidative addition,
phosphasilylation and reductive elimination. The study of
the chemistry of 17 and other geometrically constrained P-
centers is still ongoing in our laboratory.
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