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ABSTRACT: A tridentate [PPP] ligand has been used to
construct a series of dimeric cobalt complexes and ex-
plore cooperative multielectron redox processes that are
both metal- and ligand-centered. Reduction (PP'P)CoCl,
(1) with excess magnesium affords the Co'Co' N-hetero-
cyclic phosphido (NHP-)-bridged symmetric dimer
[(PPP)Co]2 (2). Two-electron oxidation of 2 with FcPFs
generates  an  asymmetrically-bridged  dication
[(PPP)Co]2[PFs]2 (3) in which the oxidation has occurred
in a delocalized fashion throughout the Co.P» core. In
contrast, [(PPP)Co]," (5), which can be generated either
by one-electron oxidation of 2 with FcPFs or comportion-
ation of 2 and 3, features an asymmetric geometry and
localized mixed valence. Treatment of 1 with the milder
reductants CoCpz and KBEt;H does not lead to formation
of 2, 3, or 5, but instead generates dimeric species
[(PPP)CoCl]> (6) and [(PPP)CoH]2 (7). Unlike 2-5, where
the phosphine sidearms of the tridentate [PPP] ligand
span the two Co centers, complex 6 and 7 are connected
solely by NHP- ligands that bridge the two (PPP)Co frag-
ments.

INTRODUCTION

N-heterocyclic phosphenium cations (NHP*s)
are isolobal analogues of N-heterocyclic carbenes
(NHCs) that have garnered comparatively little attention
in transition metal coordination chemistry and catalysis.!
One distinguishing feature of NHP"s is their potential to
adopt different binding modes when coordinated to a
transition metal. NHP"s most commonly adopt a trigonal
planar geometry at the phosphorus atom when bound to a
transition metal through lone pair c-donation into an
empty metal d orbital accompanied by n-backbonding
from a filled metal d orbital into a PNHP-centered n* or-
bital. These two interactions combine synergistically to
lead to metal-phosphorus multiple bond character, akin to
transition metal carbonyl complexes. In contrast, there

are a few examples of NHP*s that bind to metals exclu-
sively through metal-to-phosphorus Z-type ¢ donation,
resulting in a pyramidal geometry about the central phos-
phorus atom.? Alternatively, a pyramidal geometry about
the phosphorus center may indicate two-electron reduc-
tion of the NHP* ligand to an anionic NHP- phosphido
moiety, leading to a more covalent M-PNHP bond. The
two binding modes of NHP"s and ambiguity in metal
formal oxidation states that ensues draw to mind an inter-
esting analogy to nitrosyl ligands (NO*/%-) ligands in their
coordination chemistry, allowing NHP*"s to be consid-
ered as tunable versions of NO*™0- 1£:3

To systematically explore NHP*~ ligands and
their potential redox non-innocent behavior, our group
has successfully incorporated a NHP* unit into the cen-
tral position of a chelating diphosphine pincer ligand
framework (PPP*").* Coordination of the PPP* ligand to
electron rich metals (M = Co™, Pt%, Pd’, Ni°) has resulted
in a series of monomeric complexes featuring a pyramidal
geometry about the central phosphorus atom (Figure 1, A
and B).> Both structural and computational investigations
have revealed that the geometry is indicative of a stereo-
chemically active lone pair on a negatively charged phos-
phido center and relatively covalent metal-phosphorus
bonding. In these cases, reduction of the NHP* precursor
to an NHP- phosphido ligand is the result of formal two-
electron oxidation of the d'° metal precursors. The inter-
conversion between the NHP* and NHP- configuration
has been specifically attributed to the rigidity and elec-
tronic properties of the tridentate ligand framework. De-
localization of the lone pairs on the nitrogen atoms of the
heterocycle into the 7 system of the coplanar aryl side
arms has been shown to destabilize the singlet NHP*
ground state with respect to the triplet form, promoting
two-electron reduction. In the presence of just one chelat-
ing phosphine sidearm or in complexes analogous to A
and B derived from NHP*s without appended donor at-
oms,’» ¢ a planar NHP* geometry is observed, confirming
the hypothesis that pyramidalization of the phosphorus



atom is directly related to the rigid pincer ligand frame-
work.
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Figure 1. Selected examples of monometallic and bimetallic
N-heterocyclic phosphenium (NHP") and phosphido (NHP-
) transition metal complexes reported by the Thomas (A-
D),’" 7 Hutchins (E),® and Gudat (F, G)° groups.

In addition to the aforementioned terminal bind-
ing modes, NHP"s have been shown to bridge between
two metals in multimetallic complexes. A general trend is
that NHP"- ligands that bridge asymmetrically are better
described as NHP* phosphenium cations, while NHP- lig-
ands bridge in a symmetric fashion similar to more tradi-
tional RoP- phosphide ligands.3® 5 ¢ 7- For example, our
group previously reported the Group 10 [(u-PPP)M]> (M
= Ni, Pd, Pt) complexes (Figure 1, D) in which the four
M-PNHP bonds of the MP; core are nearly equivalent and
the electronic structure is best described using a M/NHP-
formalism.>® 7 On the other hand, the M,P, core of the
dicationic [(u-PPP)M],[PFs]. (M = Pd, Pt) complexes
(Figure 1, C) feature one short and one long M-PNHP
bond.®® The latter structural motif is also prevalent in
analogous complexes comprised of monodentate NHP*
ligands (Figure 1, E, F),% leading to a M/NHP* assign-
ment for asymmetrically bridged complexes such as C.
The dimeric nickel complexes have shown rich redox be-
havior.*® [(u-PPP)Ni], shows two well-separated oxida-
tive waves by cyclic voltammetry (CV), and the complete

[(u-PPP)Ni],"*?* series is chemically accessible. The
mixed valent species was identified spectroscopically,
however, it was not structurally characterized and the dif-
ferences in its bonding with respect to the Ni>P> core were
inferred through DFT calculations.® Substantial struc-
tural changes to the NioP» core were observed upon se-
quential oxidation in the [(u-PPP)Ni];”*?* series,
strongly suggesting that redox changes were shared be-
tween both the metal and the bridging phosphorus ligand
(Figure 2). The redox-non-innocence of NHP* was re-
cently corroborated by Gudat and coworkers, who
demonstrated that one-electron reduction of (uN-
HPPPP)Fe(CO)2(NO) was predominantly phosphenium-
centered (where uNHPP is an NHP" ligand with 2,6-
diisopropylphenyl substituents on each N atom of the un-
saturated heterocylclic ring).3¢ Metal-ligand cooperative
redox processes have also been reported recently by Lee
and coworkers using a related bis(phosphine)phosphido
pincer ligand scaffold,'® and Peters and coworkers re-
ported a series of dimeric bis(phosphine)phosphido and
bis(phosphine)amido dicopper complexes in which redox
processes were shown to involve substantial contribu-
tions from the central anionic donor.!!
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Figure 2. Structural changes to the Ni,P> core upon sequen-
tial oxidation events in the [(u-PPP)Ni],"*?* redox series.>®

Herein, we turn our attention to dimeric NHP™-
bridged species of cobalt to explore the generality of the
geometric and electronic structural changes that occur to
NHP-M scaffolds as a result of redox events. In recent
studies, we have reported the monometallic complex
(PPP)Co-PMe;s (Figure 1, B) and successful E-H bond ac-
tivation across its Co-P bond (E = H, O, S).>* 2 Complex
B has not proven amenable to straightforward subsequent
redox reactions.'3 Therefore, we now turn our attention to
dimeric cobalt complexes of the PPP*- ligand to explore
the structural changes that occur with multielectron redox
changes and the metal- vs. ligand-centered nature of re-
dox processes.

RESULTS AND DISCUSSION

Synthesis and Spectroscopic Characterization
of 2-7. The reduction of monometallic (PPP)M-CI com-
plexes (M = Pt, Pd, Ni) with 1% Na/Hg amalgam was
previously shown to generate NHP-bridged homobime-
tallic complexes [(u-PPP)M], (M = Pt, Pd, Ni).’>7 Using



a similar approach, the chlorophosphine-bound Co" pre-
cursor (PPCP)CoCl, (1) was treated with excess Mg’
turnings in THF for 16 h to generate the Co'/Co' symmet-
ric dimer complex [(u-PPP)Co]lz (2, Scheme 1) in 77%
yield. The 3'P{'H} NMR spectrum of 2 features a down-
field-shifted broad singlet at 261.2 ppm and a upfield sig-
nal at 47.1 ppm in a 1:2 integral ratio, corresponding to
the central halide-free NHP-derived phosphorus center
and two equivalent triarylphosphine sidearms, respec-
tively.
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Figure 3. Cyclic voltammogram of 2 (0.3 M ['BusN][PFs] in
THEF, scan rate = 100 mV s™).

To probe the redox activity of complex 2, cyclic
voltammetry measurements were performed. The cyclic
voltammogram (CV) of 2 reveals three one-electron pro-
cesses: two well-separated reversible oxidations at -0.96
V and -0.46 V and a reduction at -2.10 V (vs. the ferro-
cene/ferrocenium couple, Fc/Fc*, Figure 3). Attempts at
isolating a one-electron reduction product by chemically
reducing 2 were unsuccessful. The 500 mV separation of
the two reversible oxidations of 2 leads to an estimated
comproportionation constant (K.) of 3 X 108. The CV of
the analogous Ni'/Ni' dimer, [(u-PPP)Ni],, also features
two reversible oxidative waves, but at more negative po-
tentials (-1.05 V and -0.70 V).*® Unlike 2, the CV of the
[(u-PPP)Ni], dimer does not contain any reductive fea-
tures within the solvent-accessible window.® Both of
these observations are consistent with the less electron-
rich nature of 2 compared to [(u-PPP)Ni], as a result of
the two additional d electrons in the dinickel complex. In

the nickel case, the smaller peak separation of 340 mV
results in a smaller K. of 5.6 x 10°, indicative of a less
thermodynamically stable mixed valence species. Both
oxidations of the [(u-PPP)Ni], dimer could be success-
fully accessed using chemical oxidants, however, the one-
electron oxidized mixed valence species could not be
crystallographically characterized due to disproportion
and co-crystallization of the desired monocationic species
with the neutral precursor.® The larger peak separation
and K. observed in the CV of dicobalt complex 2 suggests
that isolation of a complete series of [(u-PPP)Co],"*?*
complexes is possible.
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Inspired by the reversible oxidative events ob-
served in the CV of 2, we next explored the chemical ox-
idation of 2. The addition of two equivalents of FcPFg to
2 cleanly generated the two-electron oxidized complex
[(u-PPP)Co]2[PFs]2 (3, Scheme 2) in 90% isolated yield.
The 3'P{'H} spectrum of 3 contains three new resonances
in a 1:2:1 integral ratio, including two broad multiplets at
225.9 ppm and 29.6 ppm corresponding to the two central
bridging phosphorus atoms and four equivalent phos-
phine side-arms, respectively, and a septet at -144.4 ppm
for the two PFs anions. In the presence of acetonitrile,
complex 3 undergoes a color change from dark red to pur-
ple, generating the acetonitrile adduct [(u-
PPP)Co(NCMe)]»[PFs]2 (4, Scheme 2) in 85% yield. The
3IP{TH} NMR spectrum of 4 is reflective of a considera-
bly less symmetric structure in solution, and contains four
signals of equal integration, corresponding to the PNHP
moiety (215.5 ppm), inequivalent phosphine side-arms
(43.1 ppm and 20.0 ppm), and the PFs" counteranions (-
143.4 ppm).

A monocationic mixed valence species was sub-
sequently targeted to complete the redox series. As pre-
dicted based on the aforementioned large K. estimated
from the CV of 2, comproportionation of a 1:1 mixture



of complexes 2 and 3 affords the monocationic complex
[(u-PPP)Co]2[PFs] (5PF¢, Scheme 2, Route 1) in 68%
yield. The mixed valence cation can also be synthesized
via two alternate routes. Oxidation of 2 with one equiva-
lent of FcPFg affords 5P¥¢ (Scheme 2, Route 2) in 78%
yield. Alternatively, stirring 2 in dichloromethane for 16
h at room temperature initially generates 5¢! and subse-
quent anion exchange with NaBPhs or NaPFs affords
58P or 5PF6 (Scheme 2, Route 3) in 89% or 91% yield,
respectively. The "H NMR spectra of 5* do not vary as a
function of counterion and contain broad resonances with
chemical shifts ranging from -19 to 0 ppm, indicative of
a paramagnetic compound. Complex 5* is also 3'P {'H}
NMR silent except for the resonance corresponding to the
PFs counterion in the case of 5PF6. Evans’ method pro-
vides a solution-state magnetic moment measurement of
Uer = 1.68 pp, which is consistent with an S = 2 spin
state.'* The EPR spectrum of 5% in frozen THF solution
provides further insight into the electronic structure of the
monocation (Figure 4). The EPR signal for 5¢! is nearly
axial signal with g values of 2.27, 2.05, and 2.02, con-
sistent with a cobalt-centered radical. Although no dis-
tinct hyperfine features can be resolved, the spectrum can
be satisfactorily simulated by invoking relatively small
hyperfine coupling to a single 3*Co (I = 7/2) center (4 =
67, 40,0 MHz); however, electron delocalization onto the
second Co center cannot be ruled out owing the broad
nature of the signal.'>
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Figure 4. Experimental (black) and simulated (red, dotted)

X-band (9.38 GHz) EPR spectrum of 5¢' in frozen THF at 4

K (modulation amplitude = 5 G, power =20 mW).

The monocationic complex 5% could not be syn-
thesized directly from 1 via addition of milder reducing
agents, as a different dimeric species was isolated under
these conditions. The addition of a milder reductant such
as CoCpz to complex 1 results in a drastic color change
from orange to dark green and the generation of a new
two-electron reduced diamagnetic species [(PPP)CoCl]»
(6) in 75% yield. Complex 6 is a dimeric species in which
two monomeric (PPP)CoCl units are bridged through the
PP moieties. In contrast to dimers 2-5, the tri-
arylphosphine sidearms of the ligand in 6 are both bound
to the same metal rather than spanning two cobalt centers
(vide infra). The 3'P{'H} NMR spectrum of 6 contains

three resonances in a 1:1:1 ratio, including a downfield
doublet at 218.7 ppm, corresponding to the PNHP atoms,
and a singlet at 40.6 ppm and doublet at 16.7 ppm corre-
sponding to the two sets of inequivalent triarylphosphine
sidearms on each half of the dimer. In the '"H NMR spec-
trum of 6 there are four resonances between 2.5 and 4.0
ppm corresponding to the protons of the NHP backbone,
which is consistent with the asymmetry observed in both
the 3'P{'H} NMR spectrum and the solid state structure
(vide infra). Crystallographic and DFT analysis supports
the assignment of complex 6 as an NHP-phosphido ligand
bound to Co! (vide infra); however, the diamagnetism of
complex 6 can only be achieved by antiferromagnetic
coupling of the two Co(PPP) units regardless of how you
assign the oxidation state of Co or the charge on the
NHP*- ligand. Complex 6 can be further reduced to com-
plex 2 upon the addition of a strong reductant, Mg°.
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Reduction of 1 with a hydride-containing reduct-
ant instead generates a hydride derivative of 6. Addition
of 3.2 equivalents of KBEt;H to 1 in THF resulted in
transformation of the initial orange suspension into a ho-
mogenous dark red solution containing the new diamag-
netic species [(PPP)CoH], (7), which adopts a bridging
coordination motif similarly to 6 and can be isolated in
90% yield. The *'P{'H} NMR spectrum of 7 contains two
resonances at 289.6 ppm and 45.6 ppm that integrate in a
1:2 ratio corresponding to the PNHP atoms and the equiv-
alent triarylphosphine sidearms, respectively. The 'H
NMR spectrum of 7 is also consistent with a Coy-symmet-
ric structure, as only two resonances are observed for the
protons of the NHP backbone. In addition, a broad 'H
NMR signal at -8.3 ppm diagnostic of a metal hydride is
observed. The equivalent phosphine sidearms and the
presence of only two backbone proton resonances indi-
cates that 7 adopts a more symmetric geometry in solution
than its chloride congener 6, which has three 3'P{'H}
NMR resonances and four 'H NMR signals for the NHP
backbone protons. Similar to complex 6, the diamag-
netism of 7 is achieved through the antiferromagnetic



Figure 5. Top: Displacement ellipsoid (50%) representation of 2, 3, and 58P, All hydrogen atoms, counterions, and
solvate molecules have been omitted for clarity. Bottom: Co,P; cores of 2, 5, and 3 with relevant interatomic distances

labelled.

coupling of two (PPP)CoH units (vide infira). Complex 7
is unable to be further reduced to complex 2, however
complex 7 decomposes to complex 2 if left in solution for
multiple days.

Structural Characterization of 2-7. The solid-
state structure of 2 determined by single crystal X-ray dif-
fraction confirms its formulation as a highly symmetric
dimer that is isostructural to the previously reported
[(PPP)Pt], and [(PPP)Ni], complexes (Figure 5).°>7 The

Co2P> diamond core of 2 contains four crystallograph-
ically equivalent PNHP-Co bond distances 0of 2.0957(13) A
and a Co-Co distance of 2.3865(15) A. The PN'?-Co bond
distances are shorter than in the previously reported mon-
omeric complex (PPP)Co(CO), (2.2386(6) A).> The Co-
PNHPand Co-Co bond distances are both at the shorter ex-
treme compared to previously reported symmetric CooP»
bridging PR, complexes, which range from 2.1-2.3 A and
2.3-3.5 A, respectively.'® The short Co-Co distance in 2
is consistent with a Co-Co single bond.!” The sum of the
internal angles of the CozP> core is 360°, and the rigor-
ously planar Co,P; core is similar to that of Mindiola’s
(PNP):Co, (PNP = [N{2-P"Pr2-4-MeC6H3}z]’) com-
plex.'8 In contrast, Arnold’s analogous
{N(CH2CH,P'Pr,)},Co> complex, in which the tridentate
ligand has aliphatic rather than aromatic linkers between
the donor atoms, has a butterfly CooN2 core (sum of in-
ternal angles = 333°).! The symmetric nature of 2 and
the structural similarities between 2 and both related
Co'/Co' dimers'®!? and analogous (u-PPP);M'; dimers (M

=Ni, Pd, Pt),”»7 suggest that complex 2 is best described
as a dicobalt(I) dimer bridged by two NHP- phosphido
ligands.

Upon one-electron oxidation, single crystal X-
ray structure determination reveals that the Co.P> central
diamond core of mixed valence monocation 58P be-
comes asymmetric (Figure 5). Both of the bridging NHP
ligands feature much shorter Co-PNP bond distances to
one of the two Co centers (2.0593(10) A, 2.0218(11) A),
with elongated bond distances to the second Co atom
(2.1887(11) A and 2.2258(10) A). The Co,P; core has lit-
tle distortion from planarity, but the asymmetry in Co-
PNHP distances is accompanied by a change in the planar-
ity/pyramidalization of the NHP binding mode. The angle
between the N-P-N planes and the shorter Co-P bond vec-
tors are 157° while the angle between the N-P-N plane
and the elongated Co-PNHP bonds are 134°. Both the more
planar binding mode and the shorter Co-PNP distances
are suggestive of a substantial reorganization of the elec-
tronic structure of the Co,P» core compared to neutral pre-
cursor 2 and a localized mixed valence state. However, it
is not possible to determine whether the electronic struc-
ture of 5BPM is most accurately described as
Co'/Co!/NHP- or Co%Co/NHP*. The Co-Co distance in
5BPh4 (2 4652(7) A) is elongated compared to 2, but s still
indicative of some degree of metal-metal bonding.?°

The solid-state structure of complex 3 deter-

mined by single crystal X-ray diffraction also revealed a
distortion of the CozP> core upon two-electron oxidation



(Figure 5). The CoP; core of 3 is asymmetric, with each
Co center binding to the two bridging PN atoms through
one short (2.0669(16) A, 2.0711(16) A) and one long
(2.1879(17) A, 2.1916(17) A) Co-PN"P bond per Co atom
in an alternating arrangement similar to the Pd and Pt an-
alogues.’® The Co,P; core in 3 is also distorted out-of-
plane into a butterfly shape and the sum of internal angles
of the CooP2 core is 339°. The Co-Co distance of
2.5118(11) A is elongated compared to both 2 and 5, but
remains short enough to indicate bonding interactions be-
tween the two Co atoms.”! In the related [(u-
PPP)M],[PFs]> (M = Pd, Pt) complexes, the difference in
M-PNHP distances was more pronounced (0.3 A).3® Fur-
thermore, the NHP ligands were tilted to adopt a more
planar geometry towards the metal with the shorter M-P
distance as measured by very different angles between the
N-P-N plane and the short and long M-P bond vectors
(164.5° and 122.5°, respectively). In contrast, the Co-
PNHP distances in 3 only differ by 0.1 A and there is a
negligible difference in the angles between the N-P-N
plane and the short and long Co-P bond vectors (145° and
144°). Thus, the assignment of cobalt oxidation state and
NHP*- phosphenium/phosphido is far more ambiguous
than in the Group 10 analogues and necessitates further
spectroscopic studies.

The solid-state structure of 4 determined by sin-
gle crystal X-ray diffraction revealed a dicationic bime-
tallic complex similar to 3 but with one acetonitrile mol-
ecule coordinated to each metal center (Figure S32). The
Co-Co distance is elongated to 2.7752(16) A in 4, indi-
cating disruption of any significant metal-metal bonding
upon coordination of an ancillary ligand. Although the
Co2P; core of 4 also adopts a butterfly geometry (sum of
internal angles = 329°), unlike 3, 4 contains four similar
Co-P bond distances around 2.14 A. The asymmetry of 4
observed in solution by NMR spectroscopy is consistent
with the solid-state structure, which features a dihedral
angle (MeCN-Co-Co-NCMe) of -114° that renders the
two phosphine sidearms of each PPP ligand inequivalent.

The solid-state structure of 6 determined by sin-
gle crystal X-Ray diffraction confirmed a dimeric struc-
ture, with the two cobalt centers bridged through the cen-
tral NHP phosphorus atom (Figure 6). Unlike 2, the aryl
side arms of each ligand in 6 are bound to the same metal
atom rather than spanning the two Co centers. The in-
equivalence of the phosphine side arms and NHP back-
bone protons observed spectroscopically is consistent
with the solid-state structure, which lacks a mirror plane
and features a Cl1-Col-Co2-CI2 dihedral angle of -
123.2°. Monomeric 16-electron analogues of complex 6
have been isolated for Ni, Pd, and Pt (PPP)MX, M = Ni,
X =Cl; M =Pd, Pt, X = Cl, Br, I).>>7 The dimerization
in the case of cobalt is likely the result of the more elec-
tron poor cobalt center and the ability to form a closed
shell configuration upon dimerization. The Co-PNHP dis-
tances within each internal (PPP)Co unit in 6 (2.0737(11)

Figure 6. Displacement ellipsoid (50%) representation of
6 (top) and 7 (bottom) including truncated Co,P: cores
with relevant interatomic distances. For clarity, only one
of two independent molecules in the asymmetric unit of
7 is shown, and all solvate molecules and hydrogen atoms
except for the hydride ligands have been omitted.

A and 2.0781(11) A) are comparable to both the Co-P dis-
tances in 2 and the shorter Co-P distances in asymmetric
complexes 3 and 5BP™. Each NHP phosphorus atom then
bridges to the second (PPP)Co unit through longer Co-
PNHP bonds (2.1902(11) A and 2.1825(11) A) that are



comparable to the longer Co-P distances in 3 and 587,
The NHP ligands adopt pyramidal geometries with re-
spect to the Co centers within each (PPP)Co monomeric
unit, and can be described using either NHP-/Co'" or
NHP*/Co° formalisms. In either case, however, antiferro-
magnetic coupling of the two fragments must be invoked
to achieve a diamagnetic ground state. In the case of 6,
the Co-Co distance is too long to be associated with a
metal-metal bond 2.8727(7) A.

Single crystal X-ray diffraction confirmed the
identity of 7 as a phosphorus-bridged dimer analogous to
6 (Figure 6). Unlike 6, complex 7 is symmetric in the
solid state: The H-Co-Co-H dihedral angle in 7 is 0°, in-
dicating a planar Co,P> core and a mirror plane contain-
ing the P, Co, and H atoms, which is consistent with the
solution NMR data (vide supra). The Co-PNHP distances
within each monomeric (PPP)Co fragment in 7 are com-
parable to those in 6, however, the Co-PNHP distances
through which the two monomers are bridged are 0.08 A
shorter than in 6. The Co-Co distance is also significantly
shorter in 6 (2.5747(5) A) than in 7, but this may be due
to geometric constraints associated with the different core
geometry rather differences in Co-Co bonding interac-
tions.. As with complex 6, both NHP-/Co'" and NHP*/Co°
descriptions are possible for complex 7, and the two mon-
omeric units must be antiferromagnetically coupled to
yield a diamagnetic complex (vide infra).

Computational Investigations. To provide fur-
ther insight into the nature of the Co-PNHP bonds in 2-7
and the structural differences associated with the Co,P»
core upon redox changes, computational studies were car-
ried out using density functional theory (DFT). Geometry
optimizations were performed starting from crystallo-
graphically derived Cartesian coordinates, and the com-
puted bond metrics were in agreement with those deter-
mined by X-Ray crystallography (Tables S4-S5).

32% Co

Co-PNHP NBO

HOMO of 2

Figure 7. Pictorial representations of the calculated HOMO
(left) and one representative Co-PNTP natural bond orbital of
2 (right).

Examination of the calculated frontier molecular
orbitals of the symmetric dimer 2 sheds light on the struc-
tural rearrangements that occur upon oxidation of this
complex. The highest occupied molecular orbital
(HOMO) of 2 is centered almost entirely on the phospho-
rus p orbitals of the bridging PNHP functionalities, with
very little contribution from the cobalt d orbitals (Figure

7, left). This observation is consistent with a reduced
Co'/Co! phosphido description and the fact that one- or
two-electron oxidation of 2 involves substantial rear-
rangement of the geometric and electronic structure of the
Co2P; core. Natural bond orbital (NBO) analysis of 2 re-
veals four similar Co-PNH? NBOs comprised of roughly
32% Co and 67% phosphorus character (Figure 7, right).
Inspection of the frontier orbital region of 2 also reveals
several orbitals with substantial orbital overlap between
the two Co centers (Figure S36); however, the net result
of population of both bonding and anti-bonding orbitals
is, at most, a metal-metal single bond (Co-Co Mayer bond
order = 0.89; see Table S7).

Table 1. Computed natural charges on the Co and PN at-

omsin2, 3,5,5,6 and 7
Complex Natural Charges
Co P
[(u-PPP)Co]2(2) -1.42 1.44
-1.42 1.44
[(u-PPP)Col2" (5) -1.72 1.52
-0.42 1.54
[(u-PPP)Col>" (5”) -1.07 1.60
-1.07 1.60
[(u-PPP)Co]2*" (3) -1.06 1.68
-1.06 1.68
(PPP)CoCl (6™emomer) -0.59 1.23
(PPP)CoH (7menemer) -0.67 0.935

Co, 0.81 CO/ \Co Co, 0.81
R-020 N\ PR-020
P

5 5
0 kcal/mol 8.8 kcal/mol
Figure 8. Unpaired spin density surfaces of 5 and 5°. Com-
puted Mulliken spin density values on the Co and P atoms

are indicated in red.

Upon oxidation to complex 5, the bonding in the
asymmetric Co2P; core changes significantly as reflected
by the Co-P bond distances. The unpaired spin density of
5 is located predominately on the Co center with elon-
gated Co-PNHP bonds, suggesting a localized mixed va-
lence state (Figure 8, left). In addition, the computed nat-
ural charges on the two Co atoms are significantly differ-
ent (-1.72 and -0.42) and indicate that one-electron oxi-
dation occurred at the Co center with longer Co-PNHP dis-
tances (Table 1). The computed natural charges on the



PNHP atoms in 5 also increase upon oxidation from neutral
complex 2, in line with removal of an electron from an
orbital with substantial phosphorus character. The locali-
zation of the unpaired spin density of 5 is similar to that
predicted previously for [(u-PPP)Ni],*.® The Co-Co
Mayer bond order calculated for 5 (0.61) indicates dimin-
ished metal-metal bonding compared to 2, consistent with
the longer interatomic distance (vide supra).

A second energetic minimum 8.8 kcal/mol
higher in energy than 5 was found when starting the ge-
ometry optimization from a symmetric core geometry
(i.e. starting with the X-ray derived coordinates of 2). In
this case, the geometry optimization proceeds to 5’,
which has an asymmetric core structure more similar to
that of complex 3, with each cobalt center having one
short and one long bond to a bridging PN atom. In con-
trast to 5, 5° exhibits delocalized mixed valence with un-
paired spin density delocalized throughout the Co.P»
core. In agreement with the delocalized description of the
one-electron oxidation, the natural charges on both the Co
and P atoms increase by 0.41 and 0.16, respectively, upon
oxidation from 2 to 5°. Based on these computational re-
sults, it seems reasonable that oxidation initially occurs
via removal of an electron from the phosphorus-based
HOMO of 2, followed by geometric relaxation to 5°. The
delocalized unpaired spin density of 5° is consistent with
the large (500 mV) experimental difference between the
first and second oxidation potentials of 2. Complexes 5’
and 5, which has a more localized asymmetric geometry,
may interconvert readily in solution and it is possible that
the asymmetric geometry observed in the solid state
structure of 5 is an artifact of crystal-packing eftects. .

Geometry optimization of 3 leads to an asym-
metric Co,P> core in which each cobalt center has one
short PNHP bond and one long PNHP bond, consistent with
the solid state structure shown in Figure 5. The Co-Co
Mayer bond order calculated for 3 (0.71) indicates that
metal-metal bonding interactions remain upon two-elec-
tron oxidation. Despite the significant differences in Co-
PNHP distances in the CooP core, NBO analysis finds all
four Co-PNHP orbitals to have similar atomic composi-
tions from Co (35%) and P (65%) character (Figure S37).
The natural charges on the Co centers in 3 are 0.36 more
positive than the Co centers in 2 while the PN atoms are
0.23 more positive than in 2, suggesting that both Co and
P participate in the two-electron oxidation from 2 to 3
(Table 1).

Rather than computing the dimers 6 and 7, we
found it more constructive to computationally explore the
differences in the electronic structure and bonding of their
monomeric components (PPP)CoCl (6™e"™¢r) and
(PPP)CoH (7menemer) to better understand the origin of the
geometric differences between 6 and 7. In both cases, an
S§'=1/2 ground state was predicted for the monomeric spe-
cies, with the quartet state calculated to be significantly

higher in energy (Table S8). The DFT-optimized struc-
tures of 6 and 7 feature significantly differ-
ent geometries about the Co centers, with 6™°"*™¢" adopt-
ing a distorted tetrahedral geometry (14 = 0.77) and 7™°™
omer adopting a geometry much closer to square planar (t4
= (0.24).2? The different geometric preferences of the
monomeric fragments are likely the underlying cause of
the different geometric arrangements observed upon di-
merization to complexes 6 and 7. Furthermore, the geo-
metric differences between 6 and 7 are ac-
companied by large differences in electronic structure
that can best be visualized by examining the unpaired spin
density surfaces of the complexes (Figure 9). The un-
paired spin in hydride complex 7™e"™mer resides almost
exclusively on the Co atom in a d-like orbital, as would
be expected for a low spin square planar Co" complex. In
contrast, 6™°"*™e" features unpaired spin density distrib-
uted between both the Co and PNHP atoms, with an a spin
of 1.30 on Co and P spin of -0.28 on the PNHP atom. This
may suggest that there may also be substantial differences
in the way that the two Co'" centers in 6 and 7 are antifer-
romagnetically coupled, with substantially more ligand
contributions to magnetic exchange in chloride complex
6.

\)7monomer

Figure 9. Unpaired spin density surfaces of 6™"°™" and
7menomer with computed Mulliken spin density values on the
Co and P atoms indicated.

Gmonomer

Conclusions

In summary, by varying the choice of reducing
agent, a series of dimeric species with different electronic
structures and NHP bridging modes can be synthesized
from the Co" dichloride complex 1. Reduction of 1 with
a strong reductant (Mg®) affords a Co'Co' bis(phosphido)-
bridged dimer 2 that can be oxidized in two sequential
steps to afford a complete [(PPP)Co],”*?* redox series.
All three [(PPP)Co],”*?" compounds were successfully
isolated and crystallographically and spectroscopically
characterized, revealing distinct changes to the geometry
and bonding within the Co2P> core as a function of redox
events. Computational results suggest that one-electron
oxidation of 2 is phosphorus ligand-centered, but that
subsequent structural rearrangement leads to changes in
the Co-PNP bonding patterns within the Co,P» core.
These structural and electronic rearrangements ultimately



afford a localized mixed valence complex 5 that is effec-
tively the product of one-electron oxidation at a single Co
site. A second one-electron oxidation affords 3, whose ge-
ometry and electron localization are more symmetric in
nature. The reduction of 1 with the milder reductants
CoCp2 and KBEt;H generates the dimeric species 6 and
7, respectively. While the side arms of the PPP ligand in
2-5 span the two Co centers, complexes 6 and 7 are linked
exclusively through the bridging NHP- ligands. Pt"", Pd",
and Ni"" complexes similar to 6 have been synthesized
previously, but remained monomeric owing to the inher-
ent stability of the 16-electron d® square planar configu-
ration. However, the assignment of metal oxidation state
and determination of whether the NHP*- ligand is in the
phosphenium/phosphido state is far more ambiguous for
2-7 compared to the Group 10 analogues. Further spec-
troscopic studies including Co K-edge X-ray absorption
near edge spectroscopy (XANES) are planned to more ac-
curately assess the electronic structure of these com-
pounds. Nonetheless, since both cobalt and phosphorus
appear to be involved in the redox processes reported
herein, the (PPP)Co framework may provide a fruitful
platform for exploring catalytic applications and this will
be subject of future studies.

EXPERIMENTAL SECTION

General Considerations. Unless otherwise
noted, all manipulations were carried out under an inert
atmosphere using a nitrogen-filled glovebox or standard
Schlenk techniques. Glassware was oven-dried before
use. Diethyl ether, tetrahydrofuran, toluene, dichloro-
methane, and benzene were degassed by sparging with ul-
tra-high purity argon and dried via passage through col-
umns of drying agents using a Seca solvent purification
system from Pure Process Technologies. Benzene-ds was
degassed via repeated freeze-pump-thaw cycles and dried
over 3 A molecular sieves before use. CD,Cl, was dried
over CaHy for 2 days followed by vacuum transferring to
an oven-dried vessel. Dry CD,Cl, was then degassed via
repeated freeze pump-thaw cycles and stored over 3 A
molecular sieves. (PPC'P)CoCl, (1) was synthesized ac-
cording to literature procedures.>® All other reagents and
solvents were obtained from commercial sources and
used without further purification. NMR spectra were rec-
orded at ambient temperature unless otherwise stated on
a Varian Inova 400 MHz, Varian MR 400 MHz, Bruker
DPX 400 MHz, or Bruker 600 MHz Avance III HD in-
strument. '"H and '*C NMR chemical shifts were refer-
enced using residual solvent resonances and are reported
in ppm. *'P{'H} NMR chemical shifts (in ppm) were ref-
erenced using an external standard (85% H3POs, 0 ppm).
9F NMR chemical shifts are referenced using an external
standard (1% trifluoroacetic acid, -76.5 ppm). !'B NMR
chemical shifts are referenced using an external standard
(BF3Et,0, 0 ppm). Evans method was used to measure
solution magnetic moments.'*  Satisfactory elemental
analysis data could not be obtained owing to the air and

moisture sensitive nature of the compounds, therefore
HRMS (ESI) was performed.

Synthesis of [(#-PPP)Co]: (2). Complex 1 (46
mg, 0.059 mmol) was suspended in THF (8 mL). Mg
turnings (12 mg, 0.49 mmol) were added to a solution the
frozen solution of 1. The resulting mixture was stirred for
18 hours at room temperature. The red solution was fil-
tered through Celite and solvent was removed from the
filtrate in vacuo. The resulting crude red/orange oil was
washed with cold toluene (2 x 3 mL) and the solid was
collected and dried in vacuo yielding pure 2. Another
batch of 2 was collected by removing the toluene in vacuo
and washing the resulting solid with cold toluene (2 x 3
mL) and collecting the solid (31 mg, 77%). Crystals of 2
suitable for X-ray diffraction were grown via vapor diffu-
sion of pentane into a concentrated THF solution of 2. 'H
NMR (600 MHz, C¢Dg): 6 7.23 (br m, Ar-H, 8H), 7.06
(m, Ar-H, 10H), 7.01 (t, Ar-H, 6H), 6.97-6.90 (m over-
lapping signals, Ar-H, 16H), 6.71 (t, Ju.r = 8 Hz, Ar-H,
8H), 6.34 (t, Jur= 8 Hz, Ar-H, 4H), 5.95 (s, Ar-H, 4H),
3.88 (br m, CH», 4H), 3.34 (br m, CH,, 4H). *'P{'H}
NMR (242.8 MHz, C¢Ds): 6 261.2 (s, central, 2P), 47.1
(s, sidearm, 4P). BC{'H} NMR (150.8 MHz, C¢D¢): &
148.9 (s), 136.5 (s), 134.3 (s), 134.1-133.8 (two overlap-
ping signals), 130.9 (s), 127.7 (overlapping with solvent
peak), 127.0 (s), 119.5 (s), 117.7 (s), 48.8 (s, CHz). UV-
Vis (THF, M(nm) (g, M- lem™): 400 (1.7 x 10%), 540 (3.4 x
10%). HRMS (ESI): Calcd m/z for 2: 1336.2221; Found:
1336.2225.

Synthesis of [(u-PPP)Co]:[PFs]2 (3): Complex
2 (43 mg, 0.032 mmol) was dissolved in THF (5 mL).
FcPFs (24 mg, 0.071 mmol) was dissolved in THF (4 mL)
and added to the stirring solution of 2. The resulting so-
lution was stirred at room temperature for 16 hours. The
solution was filtered through Celite and solvent was re-
moved from the filtrate in vacuo. The crude oil was
washed with Et;O (3 x 3 mL) and the solid was collected
and dried in vacuo yielding pure 3 (47 mg, 90 %). Crys-
tals of 3 suitable for X-ray diffraction were grown via lay-
ering Et;0 onto a concentrated CH>Cl, solution of 3. 'H
NMR (600 MHz, CD,Cl,): 8 7.40 (br m Ar-H, 12H), 6.97-
7.05 (br m, Ar-H, 20H), 6.82 (br m, Ar-H, 12H), 6.60 (br
m, Ar-H, 8H), 6.20 (br m, Ar-H, 4H), 3.37 (br m, CHo,
4H), 3.18 (br m, CH,, 4H). 3'P{'H} NMR (242.8 MHz,
CDyCl): 6 225.9 (br m, NHP, 2P), 29.6 (br m, PPhy, 4P),
-144.4 (septet, Jp.r = 710 Hz, PFs, 2P). BC{'H} NMR
(150.8 MHz, CD2Cly): 6 146.6 (s), 134.2 (s), 133.3-133.1
(2 overlapping signals), 132.9 (d, Jc.r = 10 Hz) 132.4 (s),
131.9 (s), 130.4 (d, Jc.r = 9 Hz), 129.7 (d, Jc.r = 9 Hz),
127.8 (d, Jc.p,=49 Hz), 127.0 (s), 125.1 (d, Jc.r= 44 Hz),
122.5(s), 121.9 (d, Jc-p=49 Hz), 52.7 (s, CH,). ’F NMR
(564.5 MHz, CD,Cl»): 8 -73.09 (d, Jr.p= 710 Hz, PFg,
6F). UV-Vis (THF, M(nm) (¢, M'em™): 314 (3.0 x 10%),
422 (1.0 x 10%), 519 (6.8 x 10°). HRMS (ESI): Calcd m/z
for 3-2PFs: 668.1111; Found: 668.1145



Synthesis of [(u-PPP)Co(NCMe)]:[PFs]2 (4).
Complex 3 (38 mg, 0.024 mmol) was dissolved in THF
(5 mL). To a stirring solution of 3, MeCN (2.7 uL, 0.050
mmol) was added via micropipette. The solution immedi-
ately turned purple and was stirred at room temperature
for 30 min. The solution was then filtered through Celite
and the solvent was removed from the filtrate in vacuo.
The resulting purple solid was washed with hexanes and
dried, yielding 4 as a solid (35 mg, 85%). Crystals of 4
suitable for X-ray diffraction were grown by layering
Et,0 onto a concentrated CH>Cl solution of 4. '"H NMR
(400 MHz, CD,Cl,): 6 7.56 (br s, Ar-H, 2H), 7.44 (br m,
Ar-H, 2H), 7.40 (br m, Ar-H, 8H), 7.31 (br m, Ar-H, 4H),
7.21 (br s, Ar-H, 8H), 7.14 (br m, Ar-H, 4H), 7.02 (br m,
Ar-H, 8H), 6.97 (br m, Ar-H, 6H), 6.80 (t, Ar-H, 2H),
6.67 (t, Ar-H, 2H), 6.61 (t, Ar-H, 2H), 6.52 (br s, Ar-H,
4H), 6.27 (br s, Ar-H, 2H), 5.78 (br m, Ar-H, 2H), 4.28
(br m, CHa, 2H), 3.75 (br m, CHa, 4H), 3.67 (br m, CH,,
2H), 0.62 (s, MeCN, 6H). *'P{'H} (161.8 MHz, CD,CL):
8 215.5 (m, PNHP 2P), 43.1 (s, PPhy, 2P), 20.0 (m, PPh,
2P), -143.4 (septet, Jp.-= 711 Hz, PFs, 2P). "’F NMR (376
MHz, CD>Cl,): & -73.0 (d, Jrp = 711 Hz, PFs, 12 F).
BC{'H} NMR (100.5 MHz, CD,Cl,): § 151.5 (s), 150.2
(s), 135.8 (s), 134.5 (s), 134.1 (s), 133.5 (s), 132.2 (s),
131.6 (s), 131.5 (s), 131.3 (s), 131.1 (s), 130.7 (s), 130.5
(br s), 129.5 (br s), 128.9 (s), 128.8 (s), 125.7 (s), 124.8
(s), 124.0 (s), 118.6 (s), 55.3 (s, CH>), 48.8 (s, CH>), 4.5
(s, MeCN). UV-Vis (THF, M(nm) (¢, M-'em™): 321 (2.3 x
10%), 548 (4.2 x 10%). HRMS (ESI): Calcd m/z for 4-2PFs-
2MeCN: 668.1111; Found: 668.1145.

Synthesis of [(u-PPP)Col.][PFs] (5%). Route 1
to 5PF6: Complex 2 (23 mg, 0.017 mmol) was dissolved
in THF (4 mL). FcPFs (59 mg, 0.018 mmol) was dis-
solved in THF (2 mL) and added to the stirring solution
of 2. The resulting solution was allowed to stir at room
temperature for 16 hours. The solution was then filtered
through Celite and the solvent was removed from the fil-
trate in vacuo. The remaining solid was washed with Et,O
(3 x 3 mL) and extracted with THF (5 mL) and filtered
through Celite once more. The solvent was removed from
the THF extracts in vacuo, yielding 5PF¢ as a yel-
low/brown oily residue (18 mg, 78 %). Route 2 to 5°¥¢:
Complex 2 (35 mg, 0.026 mmol) and complex 3 (43 mg,
0.026 mmol) were each dissolved in THF (2 mL). The
solution of complex 2 was added to the stirring solution
of 3 and the mixture was allowed to stir for 16 hours. The
resulting dark yellow/brown solution was filtered through
Celite and the solvent was removed from the filtrate in
vacuo. The resulting oil was washed with Et;O (3 x 3
mL) and the solid was collected and dried in vacuo, yield-
ing 5PF6 as a solid (26 mg, 68 %). Route 3 to 58" via
5¢1: Complex 2 (18.8 mg, 0.014 mmol) was dissolved in
CH:Cl; (10 mL) and stirred at room temperature for 16 h.
The red/brown solution was filtered and volatile compo-
nents were removed in vacuo yielding 5! as a red/brown
solid (17 mg, 89%). Complex 5¢! (15.5 mg, 0.011 mmol)
was then dissolved in CH,Cl, (5§ mL). NaBPh4 suspended

in CH>Cl, (2 mL) was added to the stirring solution of 5!
and was stirred for 2 hours at room temperature. The
red/brown solution was filtered through Celite and vola-
tiles were removed from the filtrate in vacuo yielding
5BPh4 a5 a red/brown solid (17.2 mg, 91%). Crystals of
5BPh guitable for X-ray diffraction were grown via layer-
ing diethyl ether onto a concentrated CH>Cl, solution of
5BPh4 5PF6: IH NMR (400 MHz, CD,Cl,): & 18.61 (br s),
8.14 (br s) 7.94 (br s), 6.86 (br s), 6.65-6.39 (br s two
overlapping signals), 4.27 (br s). 3'P{'H} (161.8 MHz,
CD2ClL): 8 -143.6 (septet, PFg, Jp.r = 709 Hz). ’F NMR
(376 MHz, CD>Cly): & -72.6 (PFs, Jp.r = 709 Hz). 5B
"H NMR (400 MHz, CD,Cl): 5 18.92 (br s), 8.10 (br s)
7.88 (br s), 7.34 (br, s), 7.04 (br, s, BPhs), 6.89 (br, two
overlapping signals, BPhs), 6.59 (br, s), 6.49 (br s), 4.38
(br s). "B NMR (64.74 MHz, CD,Cl): § -6.84. 5. 'H
NMR (400 MHz, CD,Cly): & 19.08 (br, s), 8.20 (br, s),
7.99 (br, s), 6.84 (br, s), 6.52 (br, s), 6.44 (br, s), 4.15 (br,
s). UV-Vis (THF, A(nm) (g, M-'em™): 351 (sh), 405 (sh),
544 (2.5 x 10%. HRMS (ESI):. Caled m/z for 5%
1372.1911; Found: 1372.1909. Evans’ Method solution
state magnetic moment of 5! in CD,Cl: pefr = 1.68 us.

Synthesis of [(PPP)CoCl]; (6): Complex 1 (32
mg, 0.042 mmol) was suspended in THF (5 mL) and
placed in a glovebox cold well cooled with liquid N> until
frozen. Cp2Co (16 mg, 0.086 mmol) was dissolved in
THF (5 mL) and frozen. Upon thawing, the Cp>Co solu-
tion was added to the frozen suspension of 1. The reac-
tion was warmed to room temperature and stirred for 1
hour. The resulting dark green solution was filtered
through Celite and the solvent was removed from the fil-
trate in vacuo. The resulting crude green oil was washed
with Et,0 (3 x 5 mL) and the solid was collected and dried
in vacuo. The green solid was dissolved in benzene and
filtered through Celite and the solvent was removed from
the filtrate in vacuo, affording 6 as a green powder. (22
mg, 75%). Crystals of 6 suitable for X-ray diffraction
were grown via vapor diffusion of pentane into a concen-
trated toluene solution of 6. 'H NMR (600 MHz, C¢Ds):
0 8.06 (s, Ar-H, 4H), 7.56 (br s, Ar-H, 4H), 7.48 (br m,
Ar-H, 4H), 7.43 (br s, Ar-H, 4H), 7.35 (s, Ar-H, 10H),
7.06, (s, Ar-H, 2H), 6.93 (s, Ar-H, 4H), 6.83 (br m, Ar-H,
2H) 6.79 (br m, Ar-H, 4H), 6.48-6.58 (br overlapping sig-
nals, Ar-H, 10H), 6.46 (br m, Ar-H 4H), 6.32 (br m, Ar-
H, 2H), 6.29 (br m, Ar-H, 2H) 3.91 (br m, CH», 2H), 3.74
(br m, CHa, 2H), 3.25 (br m, CH», 2H), 2.77 (br m, CH»,
2H). 3'P{'H} NMR (242.8 MHz, C¢Ds): & 218.7 (d, Jp.p
=160 Hz, NHP, 2P), 40.6 (s, PPhz, 2P), 16.7 (d, Jp.p= 160
Hz, 2P). BC{'H} NMR (150.8 MHz, C¢D¢): 8 150.9 (s),
150.6 (s), 138.3 (s), 138.3-137.9 (br overlapping signals),
135.1 (s), 134.7 (s), 133.4-133.6 (two overlapping sig-
nals), 132.1 (s), 131.2 (s), 131.1 (s), 130.8 (s), 128.7 (br
s), 128.6 (s), 128.3 (s overlapping with solvent), 127.7-
127.5 (two overlapping signals), 127.1 (s), 126.7-126.8
(two overlapping signals), 124.3 (s), 122.3 (s), 121.3 (s),
120.7 (s), 117.7 (s), 50.7 (s, CH2), 47.1 (s, CH2). UV-Vis
(THF, M(nm) (g, M-'em™): 310 (sh), 371 (1.3 x 10%), 444



(sh), 594 (1.8 x 10%), 751 (1.4 x 10%). HRMS (ESI): Calcd
m/z for 6: 1406.1598; Found: 1406.1600.

Synthesis of [(PPP)CoH]: (7): Complex 1 (29
mg, 0.037 mmol) was suspended in THF (5 mL) and was
placed in a glovebox cold well cooled by liquid N> until
frozen. Upon thawing of the solution of 1, KBEt:H (1 M
in THF, 114 pL, 0.114 mmol) was added directly to the
stirring solution. The solution immediately turned dark
red and became homogenous. The resulting red solution
was stirred for 20 minutes at room temperature. The dark
red solution was filtered through Celite and the solvent
was removed from the filtrate in vacuo. The crude red
solid was dissolved in dioxane and filtered through Celite
and solvent was removed from the filtrate in vacuo yield-
ing 7 as a pure solid (23 mg, 90 %). Crystals of 7 suitable
for X-ray diffraction were grown via vapor diffusion of
hexanes into a concentrated solution of 7 in dioxane.
Complex 7 co-crystalizes with three dioxane solvent mol-
ecules per metal complex. Excess manipulation of 7 to
remove the dioxane solvate results in degradation to com-
plex 2. '"H NMR (400 MHz, C¢Ds): & 7.51 (s, Ar-H, 8H),
7.22-7.11 (overlapping with solvent peak, 8H), 6.86-7.06
(br m, Ar-H, 20H), 6.51-6.61 (br m, Ar-H, 16H), 6.44 (t,
Ju.p=7.1 Hz, Ar-H, 4H), 3.69 (s, CHa, 4H), 3.29 (s, CHa,
4H), -8.28 (br s, Co-H, 2H). 3'P{'H} NMR (161.8 MHz,
CsDs): 6 289.6 (br s, NHP, 2P), 45.6 (br s, PPh, 4P).
BC{'H} NMR (100.5 MHz, CsDe¢): & 134.8 (s), 134.1 (s),
133.1 (s). 129.4 (s), 128.5 (s), 128.4 (s), 127.6 (s),127.1
(), 126.9 (s), 126.7 (s), 119.4 (s), 119.1 (s), 47.1 (s, CHa).
UV-Vis (THF, A(nm) (¢, Mlem™): 306 (1.7 x 10%), 374
(1.0 x 10%), 529 (2.8 x 10%), 870 (br, 600). HRMS (ESI):
Calcd m/z for 7+MeCN: 1379.2643; Found: 1379.2636.

Electrochemistry. Cyclic voltammetry meas-
urements were carried out in a glovebox under a dinitro-
gen atmosphere in a one-compartment cell using a CH In-
struments 620E electrochemical analyzer. A glassy car-
bon electrode, platinum wire, and Ag/AgNO3 non-aque-
ous electrode were used as the working, auxiliary, and ref-
erence electrodes, respectively. Solutions (THF) of elec-
trolyte (0.3 M ["BusN][PF¢]) and analyte were also pre-
pared in the glovebox. All potentials are reported versus
the Fc/Fc* couple by comparison to an internal ferrocene
reference added following data collection.

EPR Spectroscopy.The X-Band EPR spectrum
of 5! was obtained using a Bruker EMXPlus Electron
Paramagnetic Resonance Spectrometer fitted with a
Cold-Edge cryogen-free helium-recycling cryostat for
measurements at 4 K. Complex 5¢! was generated using
the procedure described above (Route 3) without the an-
ion exchange step and the sample was prepared via disso-
lution of 5! in dry, degassed THF to make an approxi-
mately 1 mM solution, followed by filtration to ensure
homogeneity. The spectrum was simulated using
EasySpin for MATLAB.?

X-ray crystallography. Crystals of complex 2-
7 were coated with paratone and mounted on a MiTeGen

loop. All operations were performed on either a Bruker-
Nonius Kappa Apex2 diffractometer (2, 6) or a Bruker D8
Venture PHOTON II CPAD system (3, 4, 587", 7) using
graphite-monochromated Mo Ka radiation. All diffrac-
tometer manipulations, including data collection, integra-
tion, scaling, and absorption corrections were carried out
using the Bruker Apex2 (2)** or Apex3 (3-7)> software.
Further crystallographic data collection, solution, and re-
finement details are available on pages S22-S29 of the
Supporting Information file or in the accompanying .cif
files.

Computational Details. All calculations were
performed using Gaussian16 for Linux operating sys-
tem.2 DFT calculations were carried out using M06
functional.”’” A mixed basis set was employed using the
LANL2DZ(p, d) double- basis set with effective core po-
tentials for the P, Cl, and Co atoms?® and Gaussian09’s
internal LANL2DZ basis set (equivalent to D95V??) for
C, N, and H atoms. Additional details about how the ap-
propriate functional and basis set were chosen are in-
cluded on pages S30-S32 of the Supporting Information
file. Starting from crystallographically determined coor-
dinates, the geometries of 2, 3, and 5 were optimized to a
minimum. The optimized geometry of 5’ was obtained
by starting a DFT geometry optimization from the crys-
tallographic coordinates of 2. The optimized geometries
of gmenomer gpd 7menomer were obtained by starting a DFT
geometry optimization from the crystallographic coordi-
nates of half of 6 and 7. Analytical frequency calculations
were used to confirm that no imaginary frequencies were
present. Single point NBO calculations were subse-
quently performed using NBO3.1,3° as implemented in
Gaussian16. Mayer bond order (MBO) analysis was per-
formed using routines included in the Gaussian16 pack-
age.’! Further computational details and a table of XYZ
coordinates of all calculated compounds are provided on
pages S26-S57 of the Supporting Information file.
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A family of N-heterocyclic phosphido-bridged dicobalt complexes have been synthesized and structurally
characterized. Substantial structural reorganization is observed as a function of redox processes, suggest-
ing that both phosphorus and cobalt participate in redox processes.
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