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An unusual mixed-valence cobalt dimer as a
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The reaction of [Co(PMes)4] (1) with a redox-active NNN pincer ligand (L;) led us to isolate a unique binuc-
lear cobalt complex ([(PMes),Co"(L;*>7)Co'(PMes)s] (2)) anchored by a three-electron reduced L; in its
unusual coordination mode. Such an unprecedented binuclear pincer/allyl cobalt complex consisting of
the mixed-valence oxidation state of cobalt ions (+1 and +2) is confirmed by various analytical techniques
(XPS, EPR, and UV-vis), and the experimentally determined electronic structure is well corroborated by
detailed theoretical studies based on DFT calculations. Complex 2 efficiently catalyzes the hydrophosphi-
nation of alkynes regioselectively, and affords the anti-Markovnikov product in good to excellent yields
without any additional strong bases or organolithium reagents. Both internal and terminal alkynes includ-
ing propargylic alcohols were amenabled to accessing vinyl trivalent phosphines with exclusive
E-selectivity. The isotopic labeling experiments confirmed the 1,2-anti-Markovnikov addition of P—H from
HPPh, across the alkyne stem. The preliminary *H and 3!P NMR investigations revealed that the Co'
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nucleus in 2 is likely responsible for the catalytic outcome of the hydrophosphination of alkynes. Overall,
the study discloses the importance of the exemplary structural platform offered by the redox-active
pincer ligands in isolating unusual multi-nuclear complexes and the need to explore the multi-nuclear

rsc.li/frontiers-inorganic complexes as a catalyst besides the traditional mononuclear catalyst.
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Introduction

The exciting electronic structure and the physicochemical and
catalytic properties exerted by redox-active pincer ligands (such
as L,) with alkali, transition or main group metal ions are very
interesting and an active area of research.'”® The reduction of
NNN-type pincer ligands by more than two electrons is an
extremely challenging task, as evidenced by the limited
number of such complexes reported to date.” "> Developing a
synthetic strategy and stabilising such magnificent molecules
are of wide interest for activating small, thermodynamically
stable molecules such as H,, N,, CO,, efc., to utilise them as
commodity chemicals, as well as other targeted catalytic
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activities.'*"> Although several synthetic routes are available to
isolate three-electron reduced-NNN pincer ligand complexes,
the synthetic method reported in this article is distinct from
the reported methods.” "¢

Despite the redox-active metal complexes being used for
various other catalytic activities,'"”>* the field is still in its
infancy regarding the hydro-functionalisation (such as hydro-
silylation, hydroboration, hydroamination, hydrothiolation,
and hydrophosphination, etc.) of C-X (where X = O, N, S or C)
unsaturated bonds. The addition of an X-H (X = a heteroatom
such as P, N, or S) group across C-C multiple bonds possesses
significant importance due to its atom economy and step
economy as it does not produce any waste/side products.
Among the various hydro-functionalisation reactions, the
hydrophosphination reaction is considered as an important
catalytic reaction, as the organophosphorus compounds can
be used as potential ligands in metal catalysis, as antibiotics,
and as anti-tumor agents.”*>® However, the development of
catalysts for hydrophosphination/hydrothiolation reactions is
extremely sluggish due to the poisoning of the metal catalyst
by the reaction products.”*”*" Noble metals such as [Pt], [Pd],
and [Ru], and other metal catalysts, have been explored for the
hydrophosphination of activated alkene/alkynes,**"** while the
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3d transition metals are relatively less explored, partly due to
catalyst poisoning or poor selectivity, and require strong bases
such as n-Buli to achieve the vinyl phosphines.***® Among
the various 3d metal ion catalysts unveiled, only a limited
number of catalysts are capable of adding P-H across alkynes
for both terminal and internal alkynes.>” *' However, the func-
tional group at the propargylic position is seldom explored.
This demands an alternative strategy for the catalyst design,
and in particular, the employed ligand must anchor the metal
ion with a less vacant site for coordination to avoid catalyst
poisoning by the products arising from the reaction. Herein
we unveil a novel, redox-active cobalt complex anchored on a
NNN pincer ligand'" with the molecular formula
[(PMe;),Co™(L,*")Co'(PMe;);] (2). 2 was found to be an
efficient catalyst for the hydrophosphination of terminal
(including o-functionalized alkynes) and internal alkynes,
where the P-H bond adds to the alkyne to provide anti-
Markovnikov addition products. The catalytic efficiency of 2
exceeds that of certain mononuclear 3d metal ion catalysts and
certainly shows an improved turnover number compared with
the other dinuclear catalysts reported in the literature
(vide infra). The cobalt ion that actively participates in the cata-
Iytic cycle was disclosed based on detailed 'H and *'P NMR
experiments. In addition, the detailed electronic structure of 2
was investigated using various analytical techniques (XPS, UV-
vis, and EPR) and corroborated by theoretical calculations.

Experimental
Methods and material

Unless otherwise mentioned, all the reactions were performed
under anaerobic conditions (Ar-atm.). All the alkyne substrates
and solvents were purchased from commercially available
sources (Sigma Aldrich and Alfa Aesar). [Co(PMe;),] was syn-
thesized as per the literature method.** The EPR spectrum was
produced at RT as well as 77 K under an Ar atmosphere on a
JEOL instrument (JES-FA200 ESR spectrometer). The purity of
the ligand and the catalysis reaction products was analyzed
using Bruker 400 and 500 NMR instruments. The X-ray photo-
electron spectrum of 2 was measured on a Kratos analytical
electron spectrometer. The samples were mounted on carbon
tape such that the sample cylinder was completely covered.
The single-crystal X-ray data were collected on a Rigaku Saturn
diffractometer using a graphite monochromator (MoKa, 4 =
0.71073 A). The CCDC numbers are 2062557 (for 2),
2062558-2062563 and 2060385.F

Synthesis of NNN-pincer ligand (2,6-bis(2-iminomesityl-
benzyl)pyridine) (L,). To the 100 mL, two-neck RB flask con-
taining a toluene solution (50 mL) of 2,6-dibenzoyl pyridine
(2.0 g, 6.96 mmol), p-toluene sulfonic acid (198 mg, 15 mol%)
was added. This reaction mixture was stirred at room tempera-
ture for 30 minutes before 2,4,6-trimethyl aniline (2.12 g,
15.7 mmol) was added, which was heated under reflux for
48 hours. (Note: Releasing the generated pressure during
reflux is mandatory. Also, the condensed water was collected
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using the Dean-Stark apparatus.) After the completion of the
reaction, the solvent was removed using a rotovap. This
resulted in an oily mass that was dissolved in 20% ethyl
acetate in petroleum ether (30 mL). The solution was passed
through a neutral alumina and Na,SO, mixture. The collected
filtrate was concentrated and kept for crystallization at —20 °C.
Block-shaped yellow crystals were grown from the filtrate over-
night. Yield = 2.0 g (55%).

Synthesis of [(PMe;),Co"(L,*7)Co'(PMe;);], 2. L; (100 mg,
0.192 mmol) was dissolved in dry THF. To this yellow solution,
two equivalents of 1 (139.25 mg, 0.383 mmol) were added. As a
consequence, the yellow solution changed in color from yellow
to dark brown immediately. This reaction mixture was stirred
for 24 hours. After this, the solvent was removed under
reduced pressure, resulting in a brown crude mass. The
product of interest was extracted from the mass using hexane.
The filtrate was filtered (G4 frit) and kept for crystallization at
—25 °C. The brown single crystals of X-ray quality were grown
from the filtrate within 24 hours (Scheme 1). Yield: 108 mg
(55%).

The experimental procedure followed for the -catalytic
(hydrophosphination) reaction. In an argon-filled glove box,
an airtight reaction tube was charged with 12 mg of 2
(2 mol%) and 2 ml dried toluene was added to it. 100 pl
(107 mg, 0.57 mmol) of diphenylphosphine (HPPh,) was
added to the above mixture along with the corresponding
alkyne substrate (0.57 mmol). The reaction tube was closed
tightly and it was taken out of the glove box. The reaction
mixture was heated at 60 °C for 1 hour. After completion of the
reaction, the reaction vessel was cooled to room temperature,
and instantly Sg (20.24 mg, 0.63 mmol) was added. This was
stirred for another 30 minutes. The reaction contents were
passed through a bed of Celite. Then the collected filtrate was
concentrated and passed through the silica column, which was
eluted with the eluent (1% ethyl acetate in petroleum ether).

Computational methods

Unrestrained geometry optimization of 2 was carried out
employing the density functional theory (DFT) method using
the Gaussian 09 suite of programs.*>** The crystal structure of
the catalyst was considered as the starting coordinates for the
geometry optimizations, and Noodleman’s broken symmetry
(BS) approach®® was employed to treat the Co™ centre and the
radical centre. Herein we have treated the Co' centre as d®low-

PMe;
| PMes

Ph

T VY THF/Hex., rt, 12 hr o/ )
+  2[Co(PMey)y] ———— > py \ _-N-R

N 4
R” “R OO,
R= /N \ PMe;
R PMe;

Complex 2

Scheme 1 The synthetic scheme followed to isolate 2.
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spin in accordance with the experimental observation, and
therefore a total of four spin states were taken into account by
varying the possible spin states of the Co™ centre - a high-spin,
S = 3/2, and a low-spin, S = 1/2, spin states ferromagnetically
and antiferromagnetically coupled with the radical. A dis-
persion-corrected unrestricted B3LYP-D3 hybrid density
functional*®! has been employed. A TZV basis set is employed
for both metal centres (Co' and Co™) and some of the atoms in
the non-innocent NNN pincer ligand (L;) which are directly
involved in the charge and spin delocalisation, containing three
NNN atoms (N1, N2 and N3), all carbons in the pyridinium ring
of L, (C8-C12) and two carbons connecting the ring with N2
and N3 (C7 and C13). The rest of the atoms (P, C and H) were
treated using the Ahlrichs split valence SVP basis set.*®>°

All optimized geometries correspond to the global minima
in their respective spin surfaces and are indicated by all of the
positive frequencies from the harmonic vibrational frequency
calculations on the optimized geometries at 298.15 K. The
final quoted energies are the Gibbs free energy-corrected elec-
tronic energies. The natural bonding orbital (NBO)*> and spin
natural orbital (SNO) analyses implemented in the Gaussian
09 program were performed to find the bonding patterns,
orbital occupancy, spin densities and Wiberg bond-indices
values. The optimized geometries and spin densities were visu-
alized using the Chemcraft version 1.6.>

Results and discussion

We began our investigation by treating one equivalent of the
NNN pincer ligand (L;) with two equivalents of [Co(PMe3),] (1)
in THF, leading us to isolate a mixed-valence homo dinuclear
cobalt complex as shown in Scheme 1. This unusual
[(PMe;),Co"(L,*7)Co'(PMes);] complex (2) was structurally con-
firmed through solid-structural analysis. Complex 2 crystal-
lized in the monoclinic, C2/c space group (Fig. 1; see Table S1
of ESIT for more details).

Fig. 1 shows the coordination sites of both the cobalt ions
that were completed by the reduced NNN pincer ligand and tri-
methyl phosphine ligands. Assigning the electronic structure
of a metal complex containing a redox non-innocent ligand is
quite challenging. Careful analysis and comparison of the
structural parameters of 2 with the reported NNN pincer
redox-active ligand complexes (Scheme 2) showed that L, (in 2)
was reduced by three electrons.

This is unambiguously reflected in the bond lengths of
Cim—Nim (1.354(3) A and 1.380(2) A) and Cin—Cpy (1.414(4) A
and 1.389(5) A), where Cj,, and Nj,, represent the carbon and
nitrogen atoms of the imine bond in the reduced L; in 2 while
Cpy denotes the o-carbon of the reduced L, in 2. Moreover, the
pyridine ring of the reduced L, lost its aromaticity, which is
again supported by the lack of alternative short and long
bonds in the pyridine ring (see Scheme 2). Therefore, the pyri-
dine ring lost its planarity as well (see Fig. 1A and 1B).

The isolation of metal complexes with a three-electron
reduced redox-active ligand is extremely scarce in the litera-
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Fig. 1 (A) 50% probability of thermal ellipsoid representation of crystal
structure of 2. (B) An alternative view that shows the deformation
observed in the pyridine ring of the reduced ligand in 2. (C) The fluxional
behaviour observed in 2 captured in variable-temperature 3!P-NMR
spectra recorded in THF-dg solvent in 500 MHz instrument.

[Li(THF)y(Bip~)*] Complex 2

Scheme 2 The change in the bond lengths upon three-electron
reduction of NNN pincer ligand®~** compared with the structural para-
meters observed for the ligand in 2.

ture. Such complexes are often isolated by treating the neutral
redox-active ligand and/or neutral complex with an excess of a
reductant such as an alkali metal, NaH or metal alkyls (methyl
lithium, trialkyl aluminum, or Grignard reagents). On the
other hand, the distinct synthesis method followed here led us
to isolate a unique binuclear cobalt complex (see Experimental
details). The average deformation (Ad, which is nothing but
the change in Cij,~Nj, and Cj,~Cp, bond distances upon
reduction of L; compared with its neutral ligand; Table S4 of
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ESIT) calculated (0.09) from an empirical equation (eqn (1))
developed by Budzelaar and co-workers discloses further that
the pincer ligand L, is reduced by more than two electrons
(see Table S4 of ESIY).

1
Id = 5 [dCim:Nim (ave) - dgiem:Nim (CZVE) + dcimfcw (ave)

—d¥ ., (ave)) (1)

The absence of any counter anion in the crystal lattice of 2 and
the reduction of L; by three electrons imply that the two cobalt
centers should exist as a valence-localized mixed-valence
system, i.e. one cobalt should be in the +2 and the other in the
+1 oxidation state to neutralize the overall anionic charge of
the reduced L;. In 2, the coordination modes are shown by
L,*~ being quite distinct from other pincer ligands reported in
the literature. The bond lengths observed for the cobalt ion
(1.865-2.233 A) occupying the NNN cavity of the reduced L, are
much shorter than those of the cobalt ion (1.911-2.193 A)
anchored in the pyridine ring of the ligand ion 2. Therefore,
the cobalt ion (Co1) in the NNN cavity of 2 is assigned a 2+ oxi-
dation state while the other one (Co2) is in a 1+ oxidation
state. In general, phosphine ligands are strong o-donor
ligands; depending on the number of phosphine ligands, the
metal complexes exist in either low-spin or high-spin states.

To establish the mixed-valence oxidation state of cobalt in
2, we performed X-ray photoelectron spectroscopy (XPS) at
room temperature (Fig. 2). In the XPS spectrum, the main
photoelectron lines of cobalt 2p;/, and 2p,/, were observed at
777.6 eV and 793.76 eV respectively, along with the satellite
peaks. Careful analysis of the primary photoelectron line’s full
width half maximum (FWHM) exceeds that of 3 eV, which is
the normally expected FWHM for regular photoelectron lines.
This implies that the binding energies (BE) of Co' (BE = 777.40 eV)
and Co" (BE = 778.6 eV) fall into the same range, which can
be deconvoluted by fitting the primary photoelectron lines.
In general, determining the oxidation state of the metal ion
only from the BE is often deceptive as the BE significantly
changes depending upon the nature of the donor atoms co-

800~

775 780 785 790 795 800 805
Binding energy (eV)

Fig. 2 X-ray photoelectron spectrum of Co(2p) binding energy region
in 2.
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ordinated to it. For example, strong electron-donating atoms
(such as phosphorous and nitrogen) coordinated to the metal
ion will reduce the BE, while electron-withdrawing atoms
(such as halides) will increase the BE of the metal ion.

However, the BE of the metal ions in 2 is significantly lower
than those of the other Co" or Co' complexes reported in the
literature. This is attributed to the strongly donating coordinat-
ing atoms (phosphorous and nitrogen) in 2.°*°° Further,
careful analysis of the XPS spectrum shows that there is only
one satellite peak observed. It is widely accepted and well
exemplified in the literature already that the satellite peaks are
observed only for the paramagnetic ions, not for diamagnetic
metal ions. Therefore, Co' is assigned as a diamagnetic low-
spin ion (due to the presence of three phosphine ligands and a
strong mw-accepting allylic-type coordination environment,
vide infra), while the Co" ion is paramagnetic. The assignment
of oxidation state is consistent with the other literature
reports.>®™®

To support the electronic structure determined for 2 using
X-ray structure, XPS data and to determine the spin state of
the paramagnetic Co" ion, we have performed detailed
theoretical calculations using density functional methods
(see below). The Co1l in 2 exists in a distorted square pyrami-
dal geometry where the three nitrogen donors of L; (Co-Nye
=1.93 £ 0.07 A) and a PMe; (Co-Peq, = 2.229 A) ligand occupy
the equatorial plane while the apical site is occupied by the
second PMej; ligand (Co—P,p;. = 2.233 A). On the other hand,
the Co2 in 2 shows an interesting and unique bonding mode,
ie. it is bound to the meta and para carbons of the
pyridine ring (n’) of the L, akin to the m-allyl ligand system.
Such a coordination mode is extremely rare in the
literature.'®'*1%5%%° The remaining three coordination sites
are occupied by three PMe; ligands. The selected bond dis-
tances and bond angles are provided in the ESI (see Tables S2
and S3).t The solid-state structure of 2 is maintained in the
solution, which is evidently reflected in the variable-tempera-
ture *'P NMR spectra of 2 (Fig. 1C and Fig. S2071). The pres-
ence of five different *'P signals (30-35 ppm corresponds to
the PMe; ligand in the Col center and +25 to —25 ppm is
attributed to the PMe; ligand on the Co2 center) implies that
all the PMe; ligands bound to the cobalt ions in 2 are in dis-
tinctly different environments, in addition to the fluxional
behaviour observed.

Electronic structure and bonding of 2

DFT calculations using a hybrid B3LYP functional (see
Computational details for more information) yield a spin-
polarized S = 0 as the ground state for 2, which arises due to
the antiferromagnetic coupling between the Co™ in low spin (S
=1/2) and the resultant S = 1/2 spin originating from the three-
electron reduced L;. The corresponding ferromagnetic solu-
tion (triplet state; S = 1) is 12.7 k] mol~" higher in energy com-
pared with the singlet ground state. If we assume that the Co"
centre has a high-spin S = 3/2 state, this will result in two pos-
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sibilities: (i) an S = 2 state arising from a ferromagnetic coup-
ling with the S = 1/2 spin present in the radical; and (ii) an S =
1 state due to antiferromagnetic interaction. The S = 2 state is
higher in energy (27.0 k] mol™") from the ground state, ruling
out the possibility of involvement of this spin surface in the
bonding/spectral features. The structural parameters of DFT
optimized § = 0 ground spin state (both Co™ and Co' ions)
are in good agreement with the experimentally determined
X-ray data (Tables S2 and S3 of ESIf). This offers confidence
in our employed methodology, the determined ground state,
and the electronic structure of the redox non-innocent
complex of 2.

Further, we performed spin natural orbital (SNO) analysis
to elucidate the spin states as well as the electron distribution
on both metal centres. The calculation reveals that, in the S =
0 ground state, the majority of the residual spin (0.86) remains
in the d,. orbital of the Co™ centre, and the negative spin of
the same amount is delocalized within the pyridinium Ns and
the carbon and nitrogen atoms on the imine bond (Fig. S217).
A negligible amount of spin density is found on the Co' centre,
indicating that both metal centres are in a low-spin state and
heavily spin polarised. The Co' centre has hexa-coordination
with three phosphine ligands, and the remaining coordination
sites are satisfied by n*-bonding to the allylic-like coordination
mode formed by the meta and para carbons of the pyridine
ring of the reduced L, ligand. The average Co'-P bond distance
is estimated to be 2.213 A, while the average Co'-n’*(C) bond is
2.061 A. The bonds with the meta-carbons are longer (2.122
and 2.120 A) than the bond with the para-position (1.942 A)
(Fig. 3). The geometry of the triplet excited state is not signifi-
cantly different from the ground state structure (Table S5 of
ESIT). The Co"-Nyy. and Co"-P., bond distances are compar-
able with the ground state (1.965 and 2.311 A), but the Co"-
P,pi bond is quite long (2.819 A), indicating a pseudo Jahn-
Teller distortion in this spin state.

Fig. 4 illustrates the frontier molecular orbitals of the
singlet ground state (S = '/, spin on a Co" centre antiferromag-
netically coupled with a radical spin of '/,), where the SOMO
of Co™ and the radical centre are shown. The splitting of the
individual d-orbital indicates that the respective Co™ and Co'
centres are in the square pyramidal and octahedral geome-
tries, although the a-/p-orbital degeneracy is lifted for the Co™
centre significantly due to the ligand environment as well as
the Jahn Teller distortion. The Co™-orbitals are deeply rooted,
while the Co'-orbitals are high lying and close to the singly
occupied molecular orbital of the wunpaired radical.
Consequently, the HOMO-LUMO gap in Co" is quite high (2.5
eV) as compared with that for Co' (1.6 eV). The orbital split-
ting, as well as the HOMO-LUMO gap, indicates that Co' reac-
tivity is expected to be faster than that of Co™. This is in good
agreement with the experimental catalytic cycle presented in
the following section (vide infra).

The DFT calculations have captured different bonding
modes and charge distributions as well as spin delocalisation
in reduced L;. In the ground state, a spin-down p-electron is
delocalised mainly on three pincer NNN donors (—0.168,
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Fig. 3 B3LYP-D3 optimised geometry and spin density plot of (a)
singlet ground state (Co" low spin (S = 1) antiferromagnetically coupled
with radical spin %) and (b) close-lying triplet state (Co' low spin (S = %)
ferromagnetically coupled with radical spin %) of 2.

Co'-centre

Co'-centre

Fig. 4 Frontier molecular orbitals of singlet ground state (S = % antifer-
romagnetically coupled with radical spin %) showing the SOMO of Co"
and radical centre (energies are in eV).

—0.181, and —0.177 spins on N1-N3 respectively) and C7
(—0.198) and C13 (—0.170) carbon atoms while a negative
charge is distributed in the Co'-coordinated (n®) m-allylic
moiety (—0.725, —0.247, —0.856 charges on the C9-C11,
respectively).
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Similarly, in the high-lying triplet state, a spin-up a-electron
is delocalised in a similar way (Table S5). Therefore, the
ligand L, is three-electrons reduced. The charge is delocalised
among the meta and para carbons of the pyridine ring and the
degeneracy is lifted, resulting in a n’-coordination to Co2 (i.e.
Co'), while a more planar P2-N2-N1-N3 facilitates the
unpaired spin being delocalized around the Co1 (i.e., Co™).

A higher partial double bond character (Wiberg bond index
of 1.30, Table S5%) is found in C7-C8 and C12-C13 bonds,
indicative of a more localised spin on these atoms, which is in
line with the experimental observation. The n*-bonding was
also explored via the Natural Bonding Orbital (NBO) analysis.
A 2c-2e bonding is found between the Co' and C27 atoms of
the allylic moiety involving the d,, orbital of Co (sd*** hybrid-
ization) and the p, orbital of C27 (sp">’" hybridization). The
other two Cs in the allylic group form a 2c-1e bond with the
Co' centre involving the d,, orbital of Co (sd'** hybridization),
the p, orbital of C34 (96.5% p-character), the d,, orbital of Co
(sd*? hybridization) and the p, orbital of C36 (93.2% p-charac-
ter), respectively (Fig. S227). As the ground singlet state and
the first excited triplet states (S = '/, in Co" ferromagnetically
coupled with the S = '/, spin on the radical) are accessible and
comparable with the thermal energy, we have computed the
absorption spectra using TD-DFT for both low-lying spin
states. The combination of these two states’ absorption fea-
tures (50% intensity of S = 0 and 50% intensity of S = 1) is com-
parable with the experimental UV-vis spectrum.

In the combined absorption spectra, a sharp peak at
336 nm is found, which is in excellent agreement with the
experiment (342 nm). Broad features at 604 and 662 nm and a
sharp feature at 448 nm are also in agreement with the experi-
ments (486 and 528 nm, respectively; Fig. 5). All the transitions
before 700 nm are due to metal to ligand or ligand to metal
charge transfer, while a big hump around 954 nm, which is

10 q M — Lor
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$ =0/ both
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o
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Fig. 5 Superimposition of the experimental absorption spectra on the
TD-DFT computed spectra of [G.S/2 + E.S/2] species.
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very weak in the experimentally determined spectra, is related
to the triplet state and originates via d-d transition.

This broad-band is not captured in the TD-DFT spectra of
the lowest-lying singlet ground state. Consistent with the theore-
tical observation and prediction, the X-band electron paramag-
netic resonance (EPR) measurements performed on the powder
sample of 2 were observed to be EPR active at room tempera-
ture, while the same being observed to be EPR silent at 77 K
indicates that 2 possesses a singlet state as the ground state
(Fig. S1 of ESI}). This EPR experiment further shows that the
paramagnetic Co™ ion is in the low spin state. Based on the
detailed experimental and theoretical calculations, we propose
the electronic structure of 2 as in Scheme 3.

Having determined the correct electronic structure for this
exotic molecule (2), we then focused on its catalytic appli-
cation. In particular, the hydrophosphination of the alkynes as
vinyl® phosphines was found to produce interesting ligands
in catalysis.®”®® The anti-Markovnikov syn addition of
diphenylphosphine across the C-C triple bond (phenyl-
acetylene) results in an E-vinylphosphine product (3a;
Scheme 4). This air-stable product was isolated (after sulfida-
tion) in nearly quantitative yield (89%), which gave an excellent
TON compared with the other reported bimetallic catalysts
used so far (Table S6 of ESIt). The anti-Markovnikov addition
of P-H across the unsaturated bond was confirmed by isotopic
labelling experiments where the hydrogen bound to the phos-
phine added to the internal carbon of the terminal alkyne (*H
NMR peak at 7.53 ppm; Fig. S2 of ESIT). The regio- and stereo-
selectivity predicted for these catalytic reactions was not only
confirmed by NMR spectroscopy (‘H, *C, *'P NMR spectra;
see Fig. S3-S19 of ESIf), but also unambiguously by single-
crystal X-ray diffraction for the majority of the products shown
in Scheme 4. The single-crystal X-ray diffraction (see Table S7
of ESIt) of all the products shows that the aryl, alkyl or cyclic
group of alkenes is trans to the -P=S group and the C-C
double bond distance is observed to be 1.321 + 0.022 A in all
the crystal structures of the products. To establish the general
applicability of the developed catalytic reaction, we screened
various substrates with distinct functionalities. There was no
drastic change in the yield of the hydrophosphination pro-

PMe3
MesP< /1 —pMe,

-~

Ph Ph

Z
7 °N ¥
N— | —N
R e, ~R
| PMe3
PMe3
Co'' (S =%; LS)
Co'(S=0;LS)

Scheme 3 The proposed electronic structure of 2 based on various
experimental and theoretical investigations.
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Ph
H  P-Ph
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3n, 85% (*48%) 3o, 84% 3p, 75% (1:0.68)" 3q, 72% (1:0.6)*

Scheme 4 Scope of the substrates.?”*  Condition: alkyne (0.575 mmol),
HPPh,(0.575 mmol), catalyst (2; 2.0 mol%), toluene (2 ml), 1 h @ 60 °C
under argon atmosphere. ? Isolated yield after sulfidation. * denotes the
isolated yield of the product obtained with 1, which is recalled again for
comparison purposes.®’” # denotes the ratio of anti-Markovnikov and
Markovnikov products obtained.

ducts when an electron-donating (3b-3f) or electron-withdraw-
ing (3g and 3h) group was present in the para-position of the
aryl group compared with phenylacetylene.

In contrast to the certain nickel or palladium-catalyzed
hydrophosphination reactions (where P-H addition happens
only for aryl alkynes), 2 promotes the hydrophosphination
reaction of electron-rich aliphatic alkynes (3j and 3k). The reac-
tion was successful even for a strained alkyne such as cyclopro-
pyl alkyne, yielding a corresponding E-selective vinyl phos-
phine (3i) product without opening of the three-membered
ring, which is further corroborated by the single-crystal X-ray
structure. To the best of our knowledge, alkyne functionalized
at the propargylic position, such as propargyl alcohol, amine,

, has not been explored for the hydrophosphination of
alkynes, and only a handful of reports are known in this
regard.®”’®® The a-hydroxy functionalized racemic 1-octyn-3-ol
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and 1-hexyn-3-ol underwent hydrophosphination with anti-
Markovnikov selectivity with a good yield (31 and 3m; isolated
yield after sulfidation ~70%). This discloses the versatility and
robustness of the catalyst employed compared with the mono-
metallic catalyst. We did not notice the formation of a
Z-selective product under the reaction conditions followed by
us, unlike the uncatalyzed hydrophosphination of propargylic
alcohols/amines reported by Busacca and co-workers.®® On the
other hand, a ruthenium-catalyzed hydrophosphination reac-
tion of propargylic alcohols was found to provide a Z-selective
product predominantly due to the formation of a Ru-vinyli-
dene intermediate.”” The reverse stereoselectivity observed
while employing 2 as a catalyst compared with the ruthenium
catalyst reported by Dixneuf and co-workers implies that a dis-
tinct mechanism of the reaction was observed with the pre-
sented cobalt system.

On the other hand, a ruthenium-catalyzed hydrophosphina-
tion reaction of propargylic alcohols was found to provide a
Z-selective product predominantly due to the formation of the
Ru-vinylidene intermediate.”” The reverse stereoselectivity
observed when employing 2 as a catalyst compared with the
ruthenium catalyst reported by Dixneuf and co-workers
implies that a distinct mechanism of the reaction was
observed with the presented cobalt system. Chiral phosphines
are extensively used in asymmetric catalysis (both metal based
and organocatalyzed); therefore, the success of this
catalyst towards the catalytic reaction with a-functionalized
racemic substrates will certainly pave the way to realizing
a new generation of chiral phosphines via simple routes,
which could potentially open a new avenue in asymmetric
catalysis.

Despite several catalysts being effective against the terminal
alkynes for the hydrophosphination reaction, their corres-
ponding extension to the internal alkynes often failed to
provide vinyl phosphine or did not provide any control over
regioselectivity (with unsymmetrical alkynes) and stereo-
selectivity.®® In contrast, 2 is effective in promoting the hydro-
phosphination not only of terminal alkynes, but also of the
internal alkynes (3n and 30). We have noticed that the phos-
phine group adds to the carbon centre with a less sterically
hindered side of the unsymmetrically substituted alkyne sub-
strate (30), while regioselectivity is lost when employing
unsymmetrical alkynes such as 3p and 3q, ie. both
Markovnikov and anti-Markovnikov products were obtained.
This is due to the absence of significant electronic bias at the
two C centers of these substrates. Therefore, 2 is a rare
example that has been found to promote the hydrophosphina-
tion reaction of internal alkynes whose catalytic activity is akin
to the low-valence Co° catalyst ([Co(PMej;),]; 1) reported by us
earlier.’” Notably, the catalytic efficiency of 2 appears to be
appreciably increased, particularly for the internal alkynes,
where the yields of 3n and 3o were increased drastically com-
pared with the catalytic activity of 1. Besides, 1 failed to cata-
lyze the hydrophosphination reaction of propargylic alcohol or
amines and other a-functionalized racemic alkyne substrates
under similar catalytic reaction conditions. This divergence
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and robust catalytic activity of 2 (compared to 1) could presum-
ably be due to the unique coordination platform laid by the
reduced pincer ligand and distinct electronic structure, and/or
the cooperative effect offered by the mixed-valence oxidation
state of the cobalt ions (vide infra).

To understand whether both the cobalt ions or either one
of the cobalt ions in 2 is involved in the catalytic reaction, we
performed both 'H and *'P NMR in d8-THF solution at 10 °C
(Fig. 6). Initially, a stoichiometric equivalent of PPh,H was
added to 2. For this reaction mixture, we observe well-resolved
"H NMR signals in both the aliphatic region (0.5 to 3.0 ppm)
and the aromatic region (6.5 to 8.5 ppm). In addition, a weak
quartet of doublet 'H NMR signal was observed at
—16.35 ppm, which is attributed to cobalt hydride formation.
This peak position for the Co-H in the negative region is con-
sistent with the other M-H reported in the literature.”®”" To
rationalize the quartet of the doublet of this hydride signal, we
further analyzed the *'P NMR of this reaction mixture. At
10 °C, the bare complex 2 shows only three *'P NMR signals at
33.2, 8.0 and —16 ppm. As assigned earlier, the *'P signal at
33.2 ppm is attributed to the PMe; ligands bound to the Co™
ion, while the remaining peaks were assigned as the partially
resolved *'P signal of the PMe; group bound to the Co'. Upon
reacting PPh,H with 2, certain changes were noticed in the

A) 2 + HPPh, (B)
— (B) + Ph—=
o L
-16.1 -16.5
IL 3 (ppm)
M1 9876543210 -2 4 8 10 A3 16
& (ppm)
B)
PR
— 2
2 + HPPh, (B)
—— (B) +Ph—=
’ 'sb'so'io'sb's'o'io'sb'z'o'15;3“;";)1'0' T s a0 w0

Fig. 6 The change in *H-NMR (panel A) and >'P NMR (panel B) spectral
features observed in the intermediate generated upon treating 2 with
the stoichiometric equivalent of HPPh;, (green trace) and the intermedi-
ate along with phenylacetylene substrate (blue trace red trace). *P-NMR
spectrum of 2 (brown-red) provided in panel B for comparison purposes.
The NMR spectra were recorded in d8-THF using 400 MHz instrument
at —10 °C.
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spectral features. There is a peak in the *'P NMR spectrum
(34.0 ppm) that is slightly downfield shifted compared with its
signal (33.2 ppm) observed in pure complex 2. This suggests
that the -PMe; group bound to Co" in 2 is unaltered, i.e. not
involved in the catalytic process. Further, there is no signature
for the presence of the free PMe; group in the reaction mixture
upon treating PPh,H with 2 (usually a *'P NMR signal
observed around —62.5 ppm for free PMe;), indicating that an
oxidative addition is happening at the Co' centre.

However, to overcome the steric crowd around the Co' upon
oxidative addition, the n’-allylic-like coordination environment
around this metal centre presumably changes to a n'-coordi-
nation environment with an octahedral geometry around Co™
with three -PMe; ligands, one hydride ligand and one PPh,
ligand. Consequently, the ~PPh, group bound to this Co™ ion
shows a *'P signal at 42.5 ppm. The chemical shift value
observed for the metal-bound -PPh, group is consistent with
the other literature report.®”

In such a situation, the fluxional behaviour that was
observed earlier for the pure complex 2 was arrested and there-
fore three additional *'P signals were observed, spanning 10 to
-25 ppm. This coordination environment around Co™ ion
also rationalizes the quartet of the doublet '"H NMR signal
observed for the hydride ion. The structural flexibility offered
by the pincer ligand (L) is observed to be the key for the
exceptional catalytic activity of 2 compared with the mono-
nuclear metal catalyst. Further, coordination of the alkyne

Ph,PH

Oxidative
addition

Reductive
Ph Elimination A

H“'u(';om PPh,
HTX—H MesP” | “PMe,
MesP.,, | PPha

Olll
MesP” | “PMe,

Ligand
D exchange | l

Insertion  p_—_ H

PMe;

Scheme 5 Proposed mechanism for the catalytic cycle.
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with intermediate B via ligand replacement leads to C that sub-
sequently inserts between cobalt and carbon, leading to inter-
mediate D. The following changes were noticed in the *'P
NMR spectrum recorded at room temperature: (1) vinyl phos-
phine product formation was observed at —11.6 ppm with the
concomitant disappearance of the peak observed at 42.5 ppm;
(2) the presence of the free PMe; group in the reaction mixture
was observed at —62.5 ppm, which evidently exemplifies that
the PMe; ligand bound to Co™ ion is being released to accom-
modate the incoming alkyne substrate in the vicinity of the
metal coordination site; and (3) two additional *'P NMR
signals at 30 and —1.0 ppm, respectively, are attributed to the
two PMe; groups bound to the silent spectator Co” metal ion
and a PMe; group bound to the cobalt ion upon reductive
elimination of the product, thus regenerating the active
Co'(allylic-like) catalyst. Thus, the unique platform laid by the
NNN pincer ligand is responsible for the excellent catalytic
activity of 2, including propargylic substrates. This experi-
mental observation is consistent with the theoretical predic-
tion that Co' is expected to actively take part in the catalytic
reaction compared with Co™ as the HOMO-LUMO gap for the
former (1.6 eV) is much smaller than that for the latter
(2.5 eV). Based on detailed NMR spectroscopic studies, we
propose the reaction mechanism shown in Scheme 5.

Conclusions

In summary, the X-ray and the electronic structure of the
mixed-valence dinuclear cobalt [(PMe;),Co"(L;*7)Co'(PMe;);]
(2) were determined unambiguously. The X-band EPR experi-
ments performed at 77 K and room temperature disclose that
2 possesses a singlet as a ground state. This is consistent with
the electronic structure of 2 determined from DFT calculations
where S = 0 as the overall ground state arises due to the anti-
ferromagnetic coupling between low-spin Co™ and the resul-
tant S = 1/2 arising from the three-electron-reduced L, in 2.
The general hydrophosphination reaction developed using 2
can be applied to the alkyl/aryl/cyclic terminal alkynes, sym-
metric/unsymmetric internal alkynes, and a-functionalized
alkynes (such as -OH). This straightforward catalytic reaction
does not require any additives like Cs,COj3, n-BuLi etc. In all
the cases, the supra facial syn addition of P-H across the C-C
triple bond results in regio- and stereoselective
E-vinylphosphines. The control experiments performed using
1 as a catalyst disclose that the binuclear cobalt complex 2 acts
as an efficient catalyst, which is attributed to the distinct elec-
tronic structure and coordination modes offered by the ligand
in 2. Besides, based on the detailed NMR investigation, we
have not only shed light on the certain intermediates involved
in the catalytic cycle but also unveiled the participation of the
redox-active ligand in the catalytic cycle. Further, we have
identified the Co" ion as exclusively and actively participating
in the reaction mechanism, which is in line with the theore-
tical prediction, and the Co" in 2 is presumed to be a silent
spectator.
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