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Abstract: In recent years, applications of low-valent main group
compounds in the field of catalysis are gaining momentum. NHC-
stabilized phosphinidenes owing to the access of two lone pairs of
electrons, have been found as excellent Lewis bases; however, they
are yet to be used as catalysts. Herein, we report an NHC stabilized
phosphinidene 1,3-dimethyl-2-(phenylphosphanylidene)-2,3-dihydro-
1H-imidazole (1) for the activation of CO,. A closer inspection of the
CO; activation process by DFT calculations along with intrinsic bond
orbital analysis unravels that phosphinidene is associated with
phenylsilane through a non-covalent m-m interaction between two
phenyl rings which activates the Si-H facilitating its transfer to the CO,
molecule. Detailed DFT studies along with spectroscopic experiments
were combined to understand the mechanism of CO; activation and
its catalytic reductive functionalization leading to the formylation of a
range of chemically inert primary amides under mild reaction
conditions.

Introduction

Phosphinidenes belong to neutral monovalent Group 15
analogues of carbenes possessing phosphorus in +1 oxidation
state having access to two lone pairs of electrons.*4 Similar to
the parent carbene (:CHy), the parent phosphinidene exists in a
triplet ground state with AE7s = 22 kcal/mol.®!  Nevertheless, the
ground state of phosphinidenes can be tuned into a stable singlet
state by introducing appropriate substituents.®! For example, in
1997, Arduengo and co-workers demonstrated that a singlet
phosphinidene could be realized by N-heterocyclic carbene
coordination to the phosphinidene moiety.[" In following years, a
number of singlet phosphinidenes have been synthetically
accomplished by the groups of Robinson,®® Bertrand,®
Driess,®  Tamm,*>%8]  Roesky,'**% Griitzmacher,16 and
others*’-18l stabilized by various carbenes. Recently, Bertrand
and co-workers isolated a singlet phosphinidene at room
temperature using a bulky N-heterocyclic phosphane.®! The

NHC stabilized phosphinidenes can best be presented by the two
extreme canonical structures A and B (Scheme 1a). Form A refers
to a carbon-phosphorus single bond with two lone pairs of
electrons available on phosphorus whereas the form B represents
a conventional phosphaalkene with a P-C double bond.
Depending on the electronic property of carbene, the major
valence bond form may switch from one extreme to another. In
2013, Bertrand and co-workers synthesized a series of NHC-
phosphinidene adducts by introducing a range of electronically
diverse NHCs and analysed them by 3P NMR spectroscopic
shifts.® It was observed that the NHC stabilized phosphinidenes
displayed a high field chemical shift in 3P NMR spectra in
comparison to that observed for typical phosphalkenes (6 = 230-
420 ppm),?% which may be considered as an indication of a high
electron density around phosphorus nucleus in these carbene
stabilized phosphinidenes. On the other hand, the higher
acceptance property of NHC triggers the back donation from
phosphorus to NHC, resulting in the relative downfield chemical
shift in 3P NMR spectroscopy.”®! Such an electronic influence
suggests that the phosphinidenes can be made ambiphilic
depending on the nature of stabilizing ligand.?¥! The polarisation
of P-C bond depends on the electronic properties of N-
heterocyclic carbene as well as on the substituent on phosphorus
center” In 1997, Arduengo, Cowley and co-workers
demonstrated that NHC stabilized phosphinidene ((IMes)PPh)
[[Mes = (1,3-dimesitylimidazolin-2-ylidene)] can form a
bis(borane) adduct [{(IMes)PPh}(BH3),] upon treatment with
BH3.THF?2l (Scheme 1b). The formation of such bis borane adduct
clearly suggests the availability of two lone pairs of electrons and
strong nucleophilicity of phosphorus center. This result prompted
many to consider NHC stabilized phosphinidene as a potential
ligand for coordination to various metals.['2-13.17.23-28] Recently, IPr
(1,3-bis(2,6-diisopropylphenyl)imidazol-2-ylidene) stabilized
phosphinidene Au(l) complexes were used as catalysts in
cycloisomerization of the 1,6-enynes to five- or six-membered
1,3-dienes (Scheme 1b).'¥1  Furthermore, NHC stabilized
phosphinidenes were exploited for the activation of small
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molecules. Ragogna et al. illustrated the efficiency of
phosphinidenes in the ring-opening of THF in presence of a strong
Lewis acid B(CsFs)s (Scheme 1b).?% In 2013, Robinson et al.
reported the activation of O, by an NHC stabilized phosphinidene
dimer to form diphosphorus tetroxide (Scheme 1b).% However,
beyond such small molecules’ activation, the free phosphinidenes
have not been explored in catalysis. In this regard, we strategized
the possibility of utilizing phosphinidene as a metal-free catalyst.
In 2017, Slootweg and Grutzmacher reported an NHC stabilized
phosphinidene adduct 1,3-dimethyl-2-(phenylphosphanylidene)-
2,3-dihydro-1H-imidazole (1).
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transformations. c¢. This work highlights the first catalytic application of
phosphinidene resulting in activation of CO2 to formylate a range of chemically
inert primary amides under mild reaction conditions.

A preliminary DFT calculation on its bonding revealed the Wiberg
bond index (WBI) of C(carbene)-P as 1.23 with C-P 11 bonded
electron density mostly polarized towards the phosphorous centre
(vide infra). This finding from DFT calculation along with its
upfield 3P NMR chemical shift, indicates a strong nucleophilic
character of phosphorus in 1. Thus encouraged, we attempted to
explore this phosphinidene 1 towards the development of a metal-
free catalyst. As a proof of concept, we have chosen catalytic
formylation of primary amides, which proceeds through the
activation of CO; by phosphinidene 1. It is now established that
CO; can be activated and functionalized by various nucleophilic
metal-free catalysts such as N-bases, phosphanes, ionic liquids
and various carbenes.B! The area of metal-free catalytic
activation of CO, is gaining tremendous attention due to its
efficacy under mild reaction conditions as it avoids rare and heavy
transition metals.>%° Recently, various low-valent main group
compounds have been tested for their ability towards catalytic
CO; activation with only limited success. For example, Inoue and
co-workers demonstrated a neutral Al-Al double-bonded
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compound could fix CO,, leading to its catalytic activation.*® In
this regard, low-valent phosphorus compounds also showed
promise towards CO, activation, for example, Driess and co-
workers demonstrated a silylene-stabilized zero-valent P,
complex to activate CO, molecules in stoichiometric fashion.]
However, low-valent phosphorus compounds such as
phosphinidenes are yet to be realized as catalysts in CO.
activation or in any organic transformation. Herein we report an
NHC-stabilized phosphinidene 1 as a catalyst for CO, activation
and formylation of chemically inert primary amides under ambient
conditions. It may be noted that in literature, metal-free catalytic
formylation of amines is quite well-studied.®*4 Such formylation
of amines using CO; has been accomplished with various low-
valent metal-free main group compounds in recent time.#243 For
example, reports by So and co-workers demonstrated the use of
NHC-stabilized  silylene* and N-phosphinoamidinato N-
heterocyclic carbene-diborene® for catalytic formylation of
amines using CO,. On the contrary, the formylation of primary
amides by metal-free catalyst has rarely been explored except in
a recent report.[*l The catalytic formylation of primary amides
using CO; is a challenging transformation as they are inert
compared to amines toward such formylation. In this work, the
NHC stabilized phosphinidene 1 was used as a catalyst for
formylation of a range of primary amides at room temperature
using CO; and silane under mild conditions. The nucleophilicity of
1 activates silane to incorporate CO; into Si-H bond leading to
formyl transfer to the primary amides.

Results and Discussion

The NHC stabilized phosphinidene 1 was chosen for this study as
the 3P NMR data indicates that it has highly shielded phosphorus
(6 = -57.2 ppm in CD3CN) and it was prepared following the
reported procedure.® At first, to get insight into the bonding
scenario of the phosphinidene 1, we have carried out density
functional theory (DFT) calculations at the M06-2X/Def2-TZVP
level of theory. Geometry optimization of 1 using the same level
of theory suggests a closed-shell singlet ground state with a large
AEst = 48.7 kcal/mol (Figure 1a).
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Figure 1. a) Optimized structure of 1 in singlet ground states at M06-2X/Def2-
TZVP level of theory and the highest occupied and lowest unoccupied molecular
orbitals (isosurface = 0.03 au). Hydrogen atoms are omitted for the sake of
clarity. Color code: C, gray; N, blue; and P, orange. b) NBO orbitals of 1
(isosurface = 0.02 au) displaying electron density distribution of the lone pair of
electrons on phosphorus, C-P ¢ bond and C-P 1 bond.
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The bonding analysis reveals that the highest occupied molecular
orbital (HOMO) of 1 corresponds to the 1 orbitals formed between
the carbene carbon and phosphorus with a significant contribution
coming from the phosphorus. On the other hand, LUMO has
mostly 7" orbital characteristics located on the carbene center of
1 (Figure 1a). The longer bond distance of Ceamene-P in 1 (1.78A)
in comparison to the classical phosphaalkenes (Ccarbene-P = 1.65-
1.67A) validates the phosphinidene character of 1.2 Further,
Natural bond orbital (NBO) analyses demonstrate that Ccarbene-P
bond in 1 exhibits a partial double-bond character which is
indicative from the Wiberg bond index (WBI) of Ccamene-P bond
(1.23). Furthermore, NBO analysis reveals that electron density
of the C-P o bond in 1 is mainly polarized towards the carbene
carbon (Ccaene(1): 67.7%), whereas C-P 1 bonded electron
density is mostly polarized towards the phosphorous centre
(70.1%, See Table S1). Such unsymmetrical 1 electronic
distribution around the C-P bond of 1 supports its upfield chemical
shift in 3!P NMR spectroscopy and is indicative of its nucleophilic
nature. Next, we explored whether such nucleophilicity of 1 can
be exploited in CO, activation. First, we performed a control
reaction by mixing 1 (5 mol%) with phenylsilane (1 equiv) in
acetonitrile in an argon-filled glovebox. Subsequently, it was
taken to undergo two cycles of freeze pump and thaw which was
then exposed to 1 atm CO, while warming up the frozen reaction
mixture to room temperature. After 12 h, NMR spectroscopic
analysis of the reaction mixture was performed and a peak at &
8.4 ppm was observed in 'H NMR spectrum, whereas **C NMR
spectrum displayed a peak at & 161.2 ppm in CD3CN.*"1 This
observation suggests activation of CO, by 1 in presence of silane
resulting in the formation of phenylsilane formate (5) in which CO,
got inserted into the Si-H bond of phenylsilane. Our efforts to
isolate the phenylsilane formate (5) failed, as it decomposed
during isolation. However, this initial finding prompted us to take
up further detailed investigation to understand such CO:
activation in presence of 1 and phenylsilane. DFT studies
proposed the formation of a m- m stacked phosphinidene-
phenylsilane adduct 1a (Figure 2a) with favourable binding
energy -8.3 kcal/mol, while such non-negligible interaction
weakens the Si-H bond (~1.49 A) as compared to the Si-H bond
length calculated in free silane (1.45 A). In order to understand
such interaction between 1 and phenylsilane, DFT calculation
was undertaken and it revealed that upon interaction of
phenylsilane with 1, they associate as 1la through a m-stacking
interaction between two adjacent phenyl rings with a separation
of 3.69 A. Optimized structure of 1-silane adduct (1a) is displayed
in Figure 2a where P and Si are separated by a distance of 3.63
A° indicating a very weak interaction. Dispersion interaction
density plot of the la shows that non-covalent -stacking
interactions are mainly arising from the rather strong London
dispersion forces (Figure 2b). stabilizing the m-stacked complex
by -8.3 kcal/mol. Note that the M06-2X DFT functional has been
shown to be successful in describing middle-range dispersion
interactions like T-stacking.*®! We further evaluated the non-
covalent interactions using open source NCI code. 50 As shown
in Figure 2c, non-covalent electron density (shown in green)
between the phenyl rings of the adduct is attributed to the strong
1-17 interactions between them. The large separation between P
and Si centers (3.63 A) in 1a supports almost negligible direct
interaction between them; however, on addition of CO,, the P and
Si distance reduce to 2.56 A (TS1). Further, it significantly
weakens the Si-H bond (~1.72 A) and favours the hydride
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transfer to CO, with a free-energy of activation of 15.8 kcal/mol
through the TS1 as shown in Figure 2d. Such Si-H activation
mode for CO reduction also was reported in the literature
previously.?Y! Further, the WBI calculations reveal that C-P bond
of phosphinidene attains a significantly reduced value of 0.99 in
TS1 from its original value 1.23 calculated for free 1, which
strongly supports the flow of 1- electron density from P center
during activation of CO, molecule (vide infra).
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Figure 2. a) Optimized structure of phosphinidene-silane adduct la. b)
Dispersion interaction density plot of 1a. c) Non-covalent interaction plot (NCI)
of the 1-phenylsilane adduct showing the non-covalent electron density. d) The
relative Gibbs free energies for 298 K (in kcal/mol) at MO06-2X/6-
311++G(d,p)(SMD:acetonitrile) level of theory. Optimized structures of selected
intermediate and transition state structures are also represented. Distances are

inA.

In order to check the stability of catalyst during the activation of
CO», we have performed a low temperature 3'P{*H} NMR analysis
of the catalytic reaction mixture in presence of CO,. In such
experiment, an equimolar amount of 1 and phenylsilane were
loaded in a J Young NMR tube in CD3CN, subjected to two cycles
of freeze, pump and thaw, and exposed to CO, at low temperature
(~-40 °C). %'P{*H} NMR analysis of the reaction mixture, in a
precooled NMR probe at -35°C confirmed the presence of 1 in the
reaction medium (see Sl Fig S45). For deeper understanding of
CO; activation by 1a, we have carried out the intrinsic bond orbital
(IBO) analysis scheme developed by Knizia et al.[? This
procedure is extensively applied to understand the bond
breaking/bond making process along the reaction coordinate. >
541 Here, the evolution of IBO along the intrinsic reaction
coordinates of the transition states as shown in Figure 3. have
been assessed to analyse the relevant electron density flow from
1 to phenylsilane during the CO; activation. As shown in Figure 3,
three IBOs corresponding to the m(CNHC-P), o (P-Si), and o (Si-
H) bond have revealed significant charge flux along the intrinsic
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reaction coordinate (IRC). Figure 3. demonstrates the IBO
(purple lobe) of the C-P bond of 1 being transformed into the P-Si
bond while IBO (light blue lobe) evolves from a Si-H bond in silane
to a C-H bond on the CO,. Upon closer inspection to the orbital
distribution along the reaction coordinate, it reveals that T bond
of the C-P in 1 is transforming into the
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Figure 3. Intrinsic bond orbital analysis of the selected geometries along
Intrinsic reaction coordinate (IRC) of transition-state during CO2 activation by 1.
Intrinsic bond orbital (IBO) transformations along the P-Si bond are shown in
purple lobe and dissociation of Si-H towards electrophilic C centers of CO; are
shown in blue. Transformations of Si-H to C-H bonds are shown as blue lobe
and intrinsic bond orbital (green lobe) corresponding to lone pair of electrons on
phosphorus center remains unaltered along the reaction coordinates. a, b, c, d,
e, and f correspond to the selected geometries from the IRC.

c-bond between the P-Si bond. However, IBO (green lobe)
corresponding to the lone-pair of electrons on the phosphorus
atom in 1 remains preserved along the reaction coordinates as
shown in Figure 3. Since electronic redistribution occurs from the
1 bond of the C-P towards the P-Si bond during the CO,, activation,
therefore 1 acts as a strong nucleophile to complete the CO;
activation via silane activation through the formation of 1-silane
adduct 1a. Calculated WBI ~1.20 of C-P bond in 1a also explains
the electronic redistribution for the activation mechanism of CO
as it reduced significantly to 0.99 in the TS1 (Figure 2d, vide
supra). These findings on CO, activation by the NHC stabilized
phosphinidene 1 in the presence of a silane prompted us towards
the development of a catalytic process. We have chosen the
formylation of primary amides by CO; as a model transformation
since amide formylation has been considered extremely
challenging because of their inertness towards chemical
functionalization. Until 2018, the catalytic formylation of amide
was not known and till date only one study has been reported for
catalytic formylation of primary amides under metal-free
conditions.”8! N-formyl amides have widespread applications in
pharmaceutical industry in which they represent the synthetic
intermediates of many natural products.® Further they belong to
important class of reagents in several reactions as well as act as
amino protecting groups in peptide synthesis.*8 In our
optimization study, 2-methyl benzamide (2a) was used as a

4
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standard substrate. It was found that 10 mol% 1 can perform
catalytic formylation of primary amides in 24 h using CO; and
PhSiH; under ambient temperature with 37% NMR conversion
(Table 1, entry 1). Under such conditions, various solvents such
as acetonitrile, toluene, chlorobenzene, dioxane, hexane were
screened (Table 1, entries 2-6) and it was observed that
acetonitrile delivers the best conversion (75%). It may be noted
that polar solvents such as THF, acetonitrile and dioxane provided
better reactivity as compared to the other non-polar solvents such
as hexane and toluene. Such an observation may be accounted
for the better solubility of CO; in polar solvents as also reported in
a recent study.51Next, we screened other silanes such as Et;SiH,
Ph,SiH, and PMHS (Table 1, entries 7-9), however, the reaction
did not yield the desired product. From this optimization study, it
may be concluded that under 1 atm CO,, 10 mol% catalyst
delivered the best yield of formylated product (Table 1, entry 3).
With this optimized condition in hand, we explored various amide
substrates for reductive formylation to establish efficacy of 1 as a
catalyst. The formylation reaction with benzamide resulted in 75%
isolated yield upon purification using silica gel chromatography
(Table 3, 3b). Electron donating methyl-substituted benzamides

Table 1. Optimization of reaction conditions for formylation of primary amides
using 1 as a catalyst.

o) o O

/
m M NF &
% P
QiLNHZ 1(10 mol%) @iLH H [N\

1

Silane (2 equiv), CO,

22 Solvent,24 h, rt 3a
SI No. Silane Solvent Conversion
(%)
1 PhSiH3 THF 37
2 PhSiH3 Toluene NR
3 PhSiH3; Acetonitrile 75
4 PhSiH; Chlorobenzene 12
5 PhSiH; Hexane NR
6 PhSiH3 Dioxane 20
7 Et3SiH Acetonitrile NR
8 Ph,SiH, Acetonitrile NR
9 PMHS Acetonitrile NR

[a] Reaction conditions: Amide (0.3 mmol), silane (0.6 mmol), 1 (0.03 mmol,
10 mol%), and solvent (1 mL), NR stands for “No Reaction”

delivered corresponding formylated products 3a (68%), 3d (74%),
3e (61%) in good to very good isolated yields whereas electron-
withdrawing substrates afforded 3I (56%), 3n (57%) in moderate
yield. However, substrates possessing both electron-donating
and withdrawing substituents delivered 56% yield (3j). In
presence of chloride substitution, primary amides displayed low
reactivity towards formylation resulting in 3r (43%), 3m (40%) and
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39 (53%). In addition, the catalyst was efficient in performing the
formylation of heteroatom containing amides in good to moderate
yield of 3i (71%) and 3s (49%). Substrates bearing the nitro group
afforded 3p in 45% and 30 in 43% yield. Biphenylamide displayed
low reactivity yielding 33% (3t) whereas cinnamamide tolerated
the reaction conditions resulting in a yield of 48% (3g). However,
the reaction proceeded smoothly in presence of 2-/3-/4-methoxy
substituted benzamide in 72%, 76%, 82% (3c, 3k, 3h),
respectively while 2-ethoxy substituted benzamide led to 69% (3f)
yield. We were delighted to observe that 1 acts as an effective
catalyst in promoting the formylation of various aliphatic primary
amides (linear and cyclic) with an NMR conversion ranging from
27-77% (3u-3y).

Table 2. Formylation of primary amides using the NHC stabilized phosphinidene
1 as a catalyst.

o 0 /
i A, ="
NH, (10 mol%) NTH =P
R —— R N
PhSiH; (2 equiv), CO, \
) CHCN,24 h, rt 3 1
JL JL N LA
N A
OMe
3a (68%) b (75%) 3¢ (72%) 3d (74%)
o o o o o 0 o o

HJ\H uJJ\H ©/\)‘\u)J\H /@)(NJ\H
o ~o H

3e (61%) 3F (69%) 39 (48%) 3h (82%)
o [¢] (o] [¢] o] o
S NJLH NJI\H N)J\H JL
NI H H H
Br
OMe
3i (71%) 3j (56%) 3k (76%) 1 (56%)
o O F O O o o
A g ot
H H H
F
cl NO,
3m (40%) n (57%) 30 (43% 3p (45%
o O
CLY OA .
H
Cl
3q (53%) r (43%) S (49%) 3t (33%)
3u@ (47%) 3v (43%) 3w (27%) 3x2 (41%) 3y2 (77%)

Reaction conditions. Amide (0.3 mmol), PhSiHs (0.6 mmol), 1 (0.03 mmol, 10
mol%), and ACN (1 mL), Isolated yield in the parenthesis. [a] NMR conversion
using hexamethylbenzene as an internal standard.

This result establishes that NHC stabilized phosphinidene 1 can
act as an efficient catalyst for formylation of a range of primary
amides using CO; under mild conditions. Based on the above
findings from control experiments and DFT calculations, a
plausible catalytic cycle is proposed in Scheme 2.
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Scheme 2 Plausible mechanistic cycle for formylation of primary amides using
NHC-stabilized phosphinidene 1.

At first, 1 interacts with PhSiH3 through -1 interaction between
two adjacent phenyl rings which initiates activation of the Si-H
bond (Figure 2a). Upon interaction of the CO, molecule with such
-1 stacked adduct 1a, the C-P 1 bonded electron density flows
to further activate the Si-H bond resulting in its facile transfer to
the CO;, molecule (Figures 2d and 3), leading to the formation of
phenylsilyl formate which has been characterized by NMR
spectroscopy.d It may be noted that the activation of CO,
proceeds by a concerted pathway as depicted in Figure 3, and
this step is exergonic by -16.7 kcal/mol and therefore, it drives the

formylation reaction (Figure 4).
A Hy
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Figure. 4 Computed Gibbs free energy profile at 298 K using NHC stabilized
phosphinidene catalyst for formylation of benzamide using CO..

Simultaneously in presence of 1, phenylsilane undergoes
dehydrogenation reaction with amide to form N-silylated amide (4)
on liberation of H, molecule which was identified by *H NMR
spectroscopic analysis (& 4.58 ppm in CD3CN)B8l as well as GC-
MS analysis (Figure S50, Sl) in a control reaction. Similar
activation of primary amides upon liberation of hydrogen molecule
by 9-BBN via N-borylation of primary amide has been reported in
recent literature.! Upon the formation of the N-silylated amide, it
reacts with the phenylsilyl formate. Subsequently, the formyl
transfer takes place from 5 to 4 and the reaction proceeds through
various transition states as depicted in Figure 4 leading to the
formation of desired product 3 along with siloxanes as the by-
product, also reported previously.*4 Furthermore, in a control
experiment, triphenylsiloxane Ph3Si-O-SiPhs; was identified as the
by-product by *H and 2°Si NMR spectroscopy when Ph3SiH was
used as the reducing agent.¢!
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Conclusion

In conclusion, an NHC stabilized phosphinidene 1 was used as
the first metal-free catalyst in any organic transformation. Catalyst
1 effectively performed the formylation of a range of primary
amides using CO; as a reagent under ambient temperature. The
CO; activation is facilitated by a proposed weakly bound
phosphinidene-silane intermediate. Detailed DFT studies and
control experiments helped us to understand the underlying
mechanism involved in this transformation. London dispersion
force between the m-stacked aromatic rings along with the
nucleophilicity of 1 plays a crucial role in structural reorganization
of the catalyst. This result paves the way towards designing
strategy to use phosphinidenes as catalysts towards various
organic transformations.

Experimental Section
Materials and Methods

All reactions were performed in oven dried glassware (130 °C) under dry
and oxygen free atmosphere (Argon) using standard Schlenk line
technique or inside Ar filled MBraun glovebox which is maintained at <0.1
ppm level of Oz and H20. The solvents used for the reaction were dried
using Na/benzophenone mixture or CaH: before use. All chemicals were
purchased from Sigma-Aldrich, Alfa Aesar, Merck, or Spectrochem and
used as received. 1 was prepared following the reported procedure.?®
Thin-layer chromatography (TLC) was performed on a Merck 60 F254
silica gel plate (0.25 mm thickness). Column chromatography was
performed on a Merck 60 silica gel (100—-200 mesh).GC-MS analysis was
carried out using Clarus 590 GC-MS instrument (Perkin Elmer). The
1H,13C,3%!P and 2°Si NMR spectra were recorded on JEOL ECS 400 MHz
spectrometer and on Bruker Avance Ill 500 MHz spectrometer with
residual proton resonances (for CDCls:*H at & = 7.26, *C{*H} at 5 = 77.16,
CD3CN:1H at & = 1.94, 13C{!H} at 6= 1.32, for DMSO: tH at 5= 2.5, 13C{iH}
at 0 = 39.5. Carbon dioxide was purchased from Praxair in a 5.5 purity gas
cylinder with 99.995% purity.

Computational Methods

All geometry optimization, singlet point calculations, vibrational frequency
and reaction free energies were carried out using density functional theory
through the Gaussian 16 suite of programs.f% To determine spin
multiplicity of ground state of the complexes, both restricted and
unrestricted calculations were performed in the gas phase using hybrid
meta-GGA M06-2X functional® in conjunction with Def2-TZVP basis set
of theory using ORCA.[®2 Natural bond orbital analysis (NBO) and Wiberg
bond indices (WBI) were performed at the M06-2X/Def2-TZVP level of
theory using the NBO6 version.[®3 For main group element, M06-2X is
highly recommended for the thermochemical calculations, henceforth
MO06-2X/6-31+G(d) level of theory was conducted to describe the reaction
energy of reductive functionalization of CO.. Harmonic vibrational
frequencies were calculated at same level of theory to ensure the absence
of saddle point of intermediate geometries and only one imaginary
frequency in transition state structures. IRC calculation was further
performed to confirm that the TS structure connected with reactants and
products. To account the solvation energies in acetonitrile, self-consistent
reaction field (SCRF) approach using SMD continuum solvation model has
been utilized.[®¥ Furthermore, to improve the accuracy of the reaction
energies obtained from the M06-2X/6-31+G(d,p) level of theory, single-
point calculations were carried out using triple-{ valance shell with
additional diffuse and polarization basis set (6-311++G(d,p)) on the top of
the optimized geometries. All the free energies are obtained from the M06-
2X/6-311++G(d,p)(SMD)//M06-2X/6-31+G(d,p) level of theory at 298 K. To
investigate the intrinsic bond orbitals (IBO), single point calculations were

10.1002/chem.202101202

WILEY-VCH

recomputed along the each points of IRCs using ORCA, to generate the
IBO plots using the IboView program with iboexp=2.165]

General procedure for the formylation of primary amides.

Under an argon atmosphere, a 25 mL Schlenk tube equipped with a stir
bar and a J. Young valve was charged with amide (0.3 mmol), 1 (10 mol%),
phenylsilane (0.6 mmol) and acetonitrile (1 mL). For substrate having Br
or Cl or NOz substituent, 100 L. DMSO was added for the solubility. The
mixture was degassed by two successive freeze-pump-thaw cycles and
was exposed with carbon dioxide in the frozen state. The reaction mixture
was allowed slowly to warm to room temperature and stirred for 24 h. Next,
the solvent was evaporated under reduced pressure and the product was
purified by column chromatography on silica gel (Merck, 100-200 mesh).
The N-formyl amide was collected as an analytically pure solid using
hexane-ethyl acetate mixture as the eluent. The corresponding formamide
was identified by *H and *3C NMR spectroscopy in CDClz or DMSO-ds or
CDClz and DMSO-ds mixture.
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This work highlights introduction of a low-valent phosphorus compund in the arena of catalysis in which N-heterocyclic carbene
stabilized phosphinidene (1) was utlized for the activation of CO.. The DFT calculations unravel that nucleophilicilty of the phosphorus
center and a non-colvant 11-1r interaction between the phenyl rings of phenylsilane and the catalyst syngersticaly drives the formylation
of primary amides by CO, under mild conditions.
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