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ABSTRACT: The synthesis and characterization of a half-
sandwich cobalt(II) complex supported by a bidentate, pendent-

amine phosphine ligand (PP, NP, =

1,5-diaza-3,7-diphosphacy-

clooctane) are reported. Oxidation of a cobalt(I)-phosphine
precursor with silver(I) salts yielded the paramagnetic complex
[CpCo(P™,N®",)]* This species rapidly reacts with oxygen upon
air exposure under ambient conditions, resulting in the insertion of oxygen into the cobalt-phosphine bonds. Two cobalt complexes
were generated from this reaction: the cobaltocenium cation, bearing two Cp ligands (Cp = cyclopentadienyl); and a cobalt(II)-
bis(phosphine oxide) dicationic complex in which two O,P,N, ligands coordinate in a fac fashion via two oxygen and one nitrogen
centers to establish an overall octahedral geometry. Thus, the aerobic oxidation of the phosphine induces the exchange and

rearrangement of the ligands at cobalt.

B INTRODUCTION

Phosphine ligands are ubiquitous in organometallic complexes
and feature prominently in coordination chemistry and
catalysis.'™* Ligand scaffolds based on phosphine donors
offer tunable steric and electronic properties through variations
of the phosphine substituents, allowing for the optimization of
the ancillary ligand properties and opening the door to the
introduction of pendent functionalities that actively participate
in substrate reactivity.” " However, one challenge associated
with phosphine ligands and their transition metal complexes is
their potential oxygen sensitivity; exposure to air can lead to
catalyst decomposition and the formation of intractable
mixtures.”'® This issue is particularly detrimental for
transition-metal catalyzed reactions that utilize oxygen or air
as the terminal oxidant. Given the advantages of using O, as a
sustainable reagent in favor of more hazardous chemical
oxidants''™'* and the significant role that oxygenation
reactions play in chemical and biological processes,>~"*
understanding the reactivity of transition metal-phosphine
complexes in the presence of oxygen has broad implications for
homogeneous catalysis. Furthermore, oxygen tolerance is
crucial for catalytic or electrocatalytic applications under
practical conditions, and identifying aerobic degradation
pathways can inform strategies to improve catalyst activity
and lifetimes."**°

Half-sandwich complexes based on cobalt(III) represent a
well-studied class of complexes that have been explored for
several decades.”’ Within this family, a variety of different
monodentate and bidentate phosphine scaffolds have been
employed as ancillary ligands.”>~>" In general, [CpCo™]
complexes exhibit a pseudo-octahedral geometry based on
the fac-type Cp ring (Cp = cyclopentadienyl) in conjunction
with three additional ligand coordination sites. These
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diamagnetic complexes are largely reported to be air-stable
thanks to their robust coordination geometry, low-spin d°
metal center, and mild redox potentials. Nonetheless, catalytic
reactions are generally conducted under inert atmosphere due
to the anticipated or known oxygen sensitivity of proposed
reaction intermediates, particularly low-valent complexes;
however, their reactivity with O, has not been described.

In the course our studies with CpCo-phosphine com-
plexes,”®”” we have reported several [CpCo™ (P-P)(X)]™" (X =
MeCN, H™) and [CpCo'(P-P)] complexes, which exhibit
comparable structural and electrochemical properties to related
systems reported by other groups.”””>’ The coordination
geometry at cobalt differs depending on the metal oxidation
state: unlike the Co™ complexes, the Co' systems have a two-
legged piano stool geometry (Figure 1la). There are few
examples of CpCo" complexes in this family, and these
structures also exhibit the two-legged piano stool geometry in
the solid state,”*”*" which may open the door to substrate
coordination and reactivity at the coordinatively unsaturated
metal center. Herein, we report the synthesis and character-
ization of the [CpCo"] complex 1 supported by a bidentate
P,N, ligand (P,N, = 1,5-diaza-3,7-diphosphacyclooctane;
Figure 1b). This complex undergoes rapid reaction with
oxygen upon exposure to air to form the six-coordinate
octahedral complex 2 in which the phosphine ligand has been

Received: June 13, 2024

Revised:  August 22, 2024
Accepted: August 23, 2024
Published: August 29, 2024

https://doi.org/10.1021/acs.organomet.4c00254
Organometallics 2024, 43, 2036—2043


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sriram+Katipamula"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chathumini+Nadeesha"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Thomas+J.+Emge"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kate+M.+Waldie"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.organomet.4c00254&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.4c00254?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.4c00254?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.4c00254?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.4c00254?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.4c00254?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/orgnd7/43/18?ref=pdf
https://pubs.acs.org/toc/orgnd7/43/18?ref=pdf
https://pubs.acs.org/toc/orgnd7/43/18?ref=pdf
https://pubs.acs.org/toc/orgnd7/43/18?ref=pdf
pubs.acs.org/Organometallics?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.organomet.4c00254?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/Organometallics?ref=pdf
https://pubs.acs.org/Organometallics?ref=pdf

Organometallics

pubs.acs.org/Organometallics

(a)

2+ 0 +
< 1 @‘I Q‘l
ph _Coll Co ca!
S
P NCMe 7\ 7\
BN\ Php_ pPh Php. pPh
W-RPh BN/ D BAN~.
P VA D
BnN BnN BnN
[Co™ [Co'] [Co'l1
b
© o Ph /\En e
BnN Ry
CI " o ~ A |
2 0 2 P O~A —~O Ph
Phe, RPh Ph%o/clo\o%P
N MeCN 4
BnNM> NP NBn
BN 2 g/ Ph
1 + [CpyCo]*

Figure 1. (a) Structures of CpCo-P,N, complexes in the Co™, Co,
and Co!! states. (b) Aerobic oxidation of 1.

oxidized to the phosphine oxide O,P,N,. The Cp ligand is lost
from this structure and undergoes a ligand exchange process,
leading to the formation of the cobaltocenium cation
(Cp,Co") as the coproduct of this reaction.

B RESULTS AND DISCUSSION

Synthesis and Characterization of [Co"] 1. In principle,
complex 1 can be accessed via three different synthetic routes:
one-electron reduction of the [Co™] complex, one-electron
oxidation of the [Co'] complex, or comproportionation of

[Co™] and [Co'] (Scheme 1la). While 1 can indeed be

Scheme 1. (a) Viable Routes to Prepare [Co"] 1; (b)
Synthesis of [Co™] 1
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prepared by each of these approaches, the second route
through oxidation of [Co'] gave the most reproducible results
in our hands. Thus, to obtain complex 1, we first synthesized
[Co™] and then [Co'] following our previously established
procedures.”” Next, the [Co'] complex was oxidized by
treatment with 0.9 eq. silver hexafluorophosphate (AgPFy) in
acetonitrile. This reaction is fast, and 1 is obtained as a green
solid within S min (Scheme 1b). Following recrystallization
from a saturated acetonitrile/diethyl ether solution, 1 is
isolated in moderate yield (42%). We note that the use of less
than one equivalent of AgPF, is highly beneficial for
purification of the final product, as this procedure ensures
that the chemical oxidant is fully consumed in the reaction, and
any unreacted [Co'] is readily removed from 1 via
recrystallization due to its high solubility in nonpolar solvents.
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Complex 1 must be handled under an inert atmosphere (vide
infra) but is otherwise reasonably stable in solution or the solid
state.

The starting [Co'] complex is diamagnetic and shows clearly
resolved 'H and 3'P NMR s.ignals.29 As expected, one-electron
oxidation of this complex to [Co"] 1 results in a paramagnetic
species. This is evident from the 'H NMR analysis of 1 in
CD;CN, which shows multiple paramagnetically broadened
resonances (Figure S3). It is difficult to confidently assign
these broad signals to specific hydrogen atoms in the molecule,
but we note that the approximate chemical shift range for 1 is
comparable to other [CpCo"] complexes featuring phosphine
ligands.”**® The 3P NMR spectrum of 1 only shows the
diagnostic septet signal for the hexafluorophosphate anion at
3p — 144.64 ppm. The absence of detectable *'P signal for the
P,N, ligand is not surprising for a paramagnetic metal complex.
The paramagnetism of 1 was further probed using Evans NMR
method, from which the magnetic moment of 1 in solution was
determined by to 1.84 uB at 25 °C (Figure SS). This value is
consistent with an S = 1/2 system and indicates that 1 is best
formulated as a low-spin d’ Co" complex.

X-Ray quality crystals of 1 were grown by vapor diffusion of
diethyl ether into a concentrated acetonitrile solution at — 35
°C. The structure of 1 is presented in Figure 2, and select

Figure 2. Structure of 1. Hydrogen atoms and PF4~ counterion are
omitted for clarity. Ellipsoids shown at 50% probability.

structural metrics are provided in the Supporting Information.
Complex 1 adopts a two-legged piano stool geometry with a
planar 7°-Cp ligand and the bidentate phosphine ligand. The
Co—P bond lengths are 2.157(2) and 2.155(2) A, and the P—
Co—P angle is 85.73(6)°. Broadly speaking, the structural
metrics of 1 are similar to those of other [CpCo'] diphosphine
complexes.””** Wiedner and co-workers reported a series of
related [RCpCo'(P®*,N™,)]* complexes where the Cp ligand
contains R = H or electron-withdrawing substituents.”* All
complexes, including 1, have one P,N, ring in the chair
conformation and the other ring in the boat conformation in
the solid-state structures, although the ligand conformation is
fluxional in solution. The Co—P bond distances are slightly
longer in Wiedner’s complexes compared to 1 (by ca. 0.3—0.5
A), which is likely due to the increased steric bulk of the t-butyl
phosphine substituents in comparison to the phenyl sub-
stituents in 1.

The electrochemical properties of 1 were confirmed by
cyclic voltammetry (CV) studies in acetonitrile using 0.1 M
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["NBu,][PFs] as the supporting electrolyte. All redox
potentials are reported relative to the ferrocene/ferrocenium
(Fc*’®) redox couple as an internal standard. Complex 1
exhibits two reversible redox couples at — 0.63 and — 1.21 V vs
Fc'/® (Figures 3 and S32). These features are assigned as the

-0.4 -0.8 -1.2 -1.6
Potential (V vs. Fc*0)

Figure 3. CV of 1 in MeCN (0.5 mM [1] and 0.1 M ["Bu,N][PF];
scan rate 100 mV/s).

Co/Co™ couple for one-electron oxidation of 1 to [Co™],
and the Co''/Co' couple for one-electron reduction of 1 to
[Co']. These assignments align with the well-established
electrochemical behavior of related [CpCo] complexes in
acetonitrile.”***">*! Furthermore, the potentials for both
redox couples of 1 show excellent agreement co ,})aring to the
reported electrochemical properties of [Co™].”>** In addition,
the open-circuit potential (OCP) for the electrochemical
solution of 1 is approximately — 0.90 V vs Fc*/°, which lies
between the Co™/Co" and Co"/Co' redox potentials. Thus,
this value further corroborates that the bulk solution exists in
the Co" oxidation state.

Aerobic Oxidation of [Co"] 1 to Prepare Complex 2.
Treatment of the [Co"] complex 1 with traditional chemical
oxidants or an electrochemical potential in acetonitrile results
in a metal-centered, one-electron oxidation and acetonitrile
coordination to vyield [Co™].2**”% In contrast, we find
significantly different reactivity when complex 1 is exposed to
oxygen. In an initial experiment, an NMR solution of 1 in
CD;CN was opened to air, resulting in an immediate color
change from green to dark orange. The '"H NMR spectrum of
the resulting solution reveals the complete loss of resonances
associated with 1 and the emergence of new paramagnetically
broadened resonances spanning a large chemical shift range
from — 80 to + 65 ppm (Figures S6 and S7). New diamagnetic
signals are also observed. The sharp singlet at oy 5.67 ppm is
consistent with the cobaltocenium cation (Cp,Co*), while
other diamagnetic resonances around dy 3.5 and 7.0—7.7 ppm,
which become more significant over time (Figure S9), are
assigned as the uncoordinated phosphine oxide ligand O,P,N,
(vide infra). The *'P NMR displays two signals at 5 33.90 (s)
and—144.62 (sept) ppm, attributed to the uncoordinated
phosphine oxide O,P,N, and the hexafluorophosphate anion,
respectively (Figure S8). Overall, these results suggest that 1
undergoes a rapid aerobic transformation into a new
paramagnetic species and the cobaltocenium cation, with
some degree of ligand dissociation. Repeating this experiment
in the presence of an internal standard, the "H NMR yield of
Cp,Co" is ca. 30% relative to 1, and ca. 30% of the ligand exists
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as free O,P,N,. There is no evidence of the uncoordinated
phosphine P,N, ligand in the NMR spectra.

The presence of the cobaltocenium cation is evident in the
"H NMR spectrum of this product. Nonetheless, single crystals
of [Co"™-PO] 2 suitable for X-Ray crystallography were
obtained by layering diethyl ether upon this CD;CN NMR
solution at — 22 °C. As seen in Figure 4, the structure of 2,

Figure 4. Structure of 2. Hydrogen atoms, cocrystallized acetonitrile,
and PF¢~ counterions are omitted for clarity. The phosphine and
amine substituents are shown as capped sticks for clarity. Ellipsoids
shown at 50% probability.

formulated as [Co(O,P™,N®,),][PF], bears little resem-
blance to the starting [CpCo] complex 1. Complex 2 exhibits
an octahedral geometry with two tridentate, fac-type ligands,
and the Cp ligand has been entirely lost from the coordination
sphere. The tridentate ligands are derived from aerobic
oxidation of the P,N, phosphines to the corresponding
phosphine oxide. Each ligand coordinates to the cobalt center
via the two oxygen atoms, while the pendent amine arms are
oriented such that one amine group from each ligand interacts
with the metal to establish the octahedral coordination
environment. The insertion of oxygen into the Co-phosphorus
bonds extends the length of the chelate backbone to form
eight-membered metallocycle rings, which provides sufficient
structural flexibility for the ligand to adopt a fac arrangement.
The presence of two PFy~ anions per cobalt in the crystal
lattice confirms a Co" oxidation state. The absence of the Cp
ligand in 2 and the cogeneration of Cp,Co" from the oxidation
of 1 suggests that this reaction involves a ligand exchange
process, whereby two equivalents of 1 are converted into one
equivalent each of the phosphine oxide-only and Cp-only
products, 2 and Cp,Co", respectively.

The cobalt lies on an inversion center in the crystal
structure. The Co—O bond lengths are 2.0359(9) and
2.0590(10) A, and the O1—Co—02 angle is 87.74(4)°. The
trans angles for O1—Co—0O1" and O2—Co—02' are both 180°,
indicating the ideal planarity of the equatorial coordination
sites with the phosphine oxide ligands. The P—O bond lengths
are 1.5062(9) and 1.5090(9). Broadly speaking, these distances
are typical of Co'-O =P bond lengths in the CCDC database,
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including for octahedral geometries.””*' Both Co—N bond
lengths are 2.2722(11) A, which are ca. 0.21-0.23 A longer in
comparison to the Co—O bonds. A wide range of Co'-tertiary
amine bond distances have been reported in the literature,
generally varying from 2.0 to 2.3 A for six-coordinate
complexes; thus, the elongation in 2 is not considered
substantial. DuBois and co-workers previously reported an
isostructural nickel system [Ni(O,P™,N®),]1[BF,],, denoted
here as [Ni"-PO], which was also characterized by X-ray
crystallography.** This species was obtained by exposing the
corresponding [Ni(P™*,N®",),]** complex to H, gas, followed
by air. In [Ni"-POJ], the phosphine oxides occupy the
equatorial plane, with Ni—O bond lengths within 0.015 A of
those for 2. Two of the pendent amine groups are similarly
coordinated to the metal center in [Ni"-PO]; however, there is
a noticeable difference in the M—N bond lengths, where the
Ni—N bond lengths are appreciably shorter (2.172(2) and
2.180(2) A).

Complex 2 and its coproduct Cp,Co* can also be
reproducibly prepared on a larger scale following a similar
procedure as described above: an acetonitrile solution of 1 was
exposed to air and stirred for 5 min at 25 °C. A rapid color
change from green to orange was again observed. The crude
product was recrystallized from a saturated acetonitrile/diethyl
ether solution, yielding the mixture of 2 and Cp,Co" as a
yellow powder. NMR characterization of this isolated product
mixture matches the paramagnetic features obtained by in situ
oxidation (Figures S10 and S11). Recrystallization is effective
for removing most of the diamagnetic impurities, but we are
unable to separate the cobaltocenium cation from 2 due to the
very similar solubilities of these species and the limited stability
of 2 in solution. As mentioned briefly above, the diamagnetic
NMR signals (not including those associated with Cp,Co™)
become more significant over several hours when 2 is left in
solution. These signals are assigned to the uncoordinated
phosphine oxide ligand O,P,N,, which can be independently
obtained by reduction of 2 with excess KCq (Figures S14 and
S15). The O,P,N, can also be prepared via oxidation of the
original P,N, using H,0, following the procedure reported by
Bliimel and co-workers (Figures S17 and S18),* which further
corroborates this assignment. Thus, the phosphine oxide
appears to be a weakly coordinating ligand for the Co" center
and rather readily dissociates from the metal in solution
(Scheme 2). The instability of 2 likely stems from the

Scheme 2. Decomposition of 2 in MeCN via Ligand Loss

T2+
BnN P\/ Ps
/ MeCN Ph
P\ \CO/O Ph
Ph O/ | \O\/P hours BnN
—p7 > Nen —
2 Bn\/ + unidentified

Co species

increased flexibility of the oxidized ligand resulting in a weaker
chelate effect, as well as from the weaker donating abilities of
the neutral oxygen and tertiary amine sites. Overall, these
factors contribute to the lability of the coordination bonds,
especially in the presence of coordinating solvents.

We note that the free O,P,N, is not cleanly obtained by the
direct oxidation of the P,N, ligand by air. Instead, a mixture of
unidentified products is observed by *'P NMR (Figure S16).
Alkyl phosphines typically yield multiple products upon
reaction with oxygen due to uncontrolled radical pathways
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and oxygen insertion into several phosphorus-carbon
bonds.'”* Clearly, the coordination of the P,N, ligand to
the cobalt center in 1 enables its selective aerobic oxidation to
the phosphine oxide.

In addition to simple recrystallization, we made several
attempts to remove the Cp,Co" coproduct from 2 using
chemical methods. We postulated that in situ reduction of
Cp,Co" to cobaltocene would enable isolation of pure 2 given
the high solubility of cobaltocene in nonpolar solvents. Thus,
we treated the as-prepared product mixture with 1 eq. KCqg.
While this approach was successful in removing Cp,Co" based
on NMR analysis (Figures S19 and S20), this also resulted in
greater dissociation of the phosphine oxide ligand. Additional
purification steps to remove Cp,Co and the resulting
potassium salts caused further decomposition of 2. Thus,
further analysis of 2 was performed on the cocrystallized
mixture of 2 and Cp,Co™.

High-resolution mass spectrometry confirms the formulation
of complex 2, which is identified in the full, intact dicationic
complex in this spectrum (Figures $21-523). Notably, the only
other significant signal in the mass spectrum is associated with
Cp,Co", confirming that the recrystallized product is a mixture
of these two complexes. Evans NMR method in CD;CN was
performed to estimate the magnetic moment of 2 at 25 °C
(Figure S13). This analysis is complicated by the fact that the
ratio of 2 (paramagnetic) and Cp,Co* (diamagnetic) in the
product mixture is difficult to precisely characterize by 'H
NMR. However, based on electrochemical analysis of the
recrystallization product (vide infra), we estimate a 3:2 ratio of
Cp,Co* to 2 in solution (vide infra). Using this value to
estimate the concentration of 2 in the Evans method samples,
the effective magnetic moment is very roughly 6.0 + 0.4 uB.
This estimated range was reproduced over multiple trials. This
value is higher than the spin-only value for three unpaired
electrons (S = 3/2), which is typical of high-spin Co" centers
and may be ascribed to significant unquenched orbital angular
momentum. Thus, despite the large uncertainty associated
with the actual concentration of 2 in these samples, this high
value for the effective magnetic moment suggests a high-spin
Co" description for complex 2.

Cyclic voltammetry (CV) studies on 2 were performed in
acetonitrile to probe its electrochemical properties. As shown
in Figure S, the CV of 2 exhibits vastly different behavior
compared to 1, despite both complexes being formulated as
Co" complexes. Complex 2 exhibits an oxidation feature at E,,
=+ 0.68 V vs Ec*’? (50 mV/s) which is assigned as a metal-
centered oxidation to a Co™ species. The oxidation wave is
chemically irreversible at slower scan rates, but the
accompanying reduction wave becomes accessible at faster
scan rates. This behavior is consistent with an EC mechanism
in which a rapid, irreversible chemical step occurs after
oxidation at the metal.”* Scanning the working electrode
potential to more negative values, a reversible reduction
process is observed at — 1.33 V vs Fc”* (Figure $33).* This
feature is consistent with the cobaltocenium/cobaltocene
redox couple (Cp,Co™ %)% which further corroborates our
conclusion that cobaltocenium is formed during the aerobic
oxidation of 1 (vide supra). By comparing the peak heights for
the Cp,Co™° redox couple to that of the oxidation of 2, we
estimate an approximate 3:2 ratio of these species in this
solution.

The UV—vis absorption behavior of 1 and 2 was also
investigated in MeCN solution. The absorption spectrum of 1
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Figure 5. CV of 2 in MeCN (0.1 M ["Bu,N][PF(]) at (a) SO mV/s,
and (b) various scan rates.

shows two main absorbances at 366 and 655 nm (Figures 6a
and $24-S26). The extinction coefficients at these wavelengths
are 2300 and 300 M™' cm™, respectively. When this solution
in exposed to air, the features associated with 1 disappear and
two new absorbance features emerge at 405 and 525 nm
(Figure 6b). The former is assigned as the main visible
transition for the cobaltocenium cation (Figures $29 and S30),
while the latter is attributed to 2. For comparison, the UV—vis
spectrum of [Cp,Co][PF] is shown as the red trace in Figure
6b, which corroborates the assignment of the 405 nm
absorbance to Cp,Co”. In addition, we further confirm the
limited stability of 2 in solution by this method: the
absorbances associated with 2 decrease in intensity over
several hours and are not replaced by new absorbances in the
visible region, consistent with the degradation of the metal
complex via loss of the phosphine oxide ligand (Figure S31).

Overall, it is evident that the reaction of 1 with oxygen
results in oxidation of the phosphine ligand, leading to a
dramatic change in the coordination environments at cobalt
through ligand exchange. The direct redox reaction between 1
and oxygen via outer-sphere electron transfer is unlikely to
initiate this process given the difference in the redox potentials
for the oxidation of 1 and the reduction of O, in organic
solvent.”” However, the Co' center in 1 may be accessible for
O, reactivity by an inner-sphere mechanism. Dempsey and co-
workers have probed the equilibrium binding of MeCN solvent
to related [CpCo"(P-P)]* complexes, showing that coordina-
tion to Co" is uphill but accessible.”” Thus, the two-legged
piano-stool geometry allows the coordinatively unsaturated
Co" center to interact with solvents, or perhaps substrates. As
such, O, may interact with the metal in an initial step.**~>°
The analogous behavior with O, is not observed at [Co™],
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Figure 6. Electronic absorption spectra in MeCN of (a) 1 under N,,

and (b) after air exposure. Initial [1] = 0.38 mM. The red trace shows

the electronic absorption spectrum of an independently prepared
[Cp,Co][PF] solution in MeCN.

which exists in an air-stable, coordinatively saturated, three-
legged piano geometry. The [Co'] complex is air sensitive,
although the outcome of this reactivity is unclear: outer-sphere
electron transfer with O, is feasible based on the relevant redox
potentials, which may result in multiple products. As noted
above, a related Ni'-P,N, was reported to react with O, to
generate a similar complex, [Ni'-PO].** In this case, the initial
reaction of [Ni(P™",N®,),]** with H, is required, which
generates Ni’ species that undergo oxidation to form the
phosphine oxide. These results suggest a general reactivity
profile for the P,N, ligands in low-valent first-row transition
metal complexes in the presence of oxygen, and this
deactivation pathway should be considered when evaluating
the catalytic activity and lifetimes of such systems.

The reactivity of complex 1 in air is a novel demonstration
of facile ligand exchange induced by aerobic oxidation of the
original metal complex. The phosphine oxide ligand in 2 does
not exhibit strong coordinating ability (the stability of [Ni'-
PO] was not reported), and thus dissociation and structural
reorganization involving this ligand is reasonable. While the Cp
scaffold is often considered to be a strongly coordinating and
robust ancillary ligand, its reactivity and lability has been
demonstrated in many cases.”’ ~>* Wiedner and co-workers
mention in passing that Cp,Co" is formed as a minor product
during the synthesis of their [RCpCo™(P®*,N"))]* complexes.
In our case, exchange of the O,P,N, and Cp ligands at Co"
may initially generate cobaltocene (Cp,Co"), which would be
readily oxidized to the Co™ state under aerobic conditions.
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B CONCLUSIONS

In summary, we prepared a cyclopentadienyl cobalt(II)
complex bearing a P,N, phosphine ligand that reacts with air
to generate complex 2 containing two phosphine oxide ligands.
Oxidation of the P,N, ligands is accompanied by Cp loss from
the cobalt center, which results in the formation of the
cobaltocenium cation as the coproduct of this oxidation
process via ligand exchange. While complex 2 could not be
obtained as a pure compound due to the inability to separate
the cobaltocenium cation, the structure of 2 was unambigu-
ously determined by X-ray crystallography and mass
spectrometry analysis, confirming its formulation as a
dicationic cobalt(II) species with two fac-coordinating
O,P,N, ligands. This study highlights the ability of the P,N,
scaffold to be selectively oxidized to the corresponding
phosphine oxide while bound to cobalt(II), which may be a
general feature of low-valent metal-P,N, complexes. These
results provide useful insights for the design of phosphine
ligands for air-tolerant or aerobic catalysis.

B EXPERIMENTAL SECTION

Materials and Methods. All work was performed under an inert
atmosphere inside a Vacuum Atmospheres glovebox or using standard
Schlenk techniques, unless otherwise specified. Acetonitrile and
tetrahydrofuran were dried using a Pure Process Technology Solvent
Purification System and then dried further over 3 A molecular sieves.
Diethyl ether was dried over 3A molecular sieves. Acetonitrile-d;
(99.8% D, Cambridge Isotope Laboratories) was dried over 3A
molecular sieves. All solvents were degassed by three freeze—pump—
thaw cycles and stored under an inert atmosphere. Silver
hexafluorophosphate (AgPF) and potassium graphite (KCg) were
purchased from Strem and used as received. Cobaltocenium
hexafluorophosphate was purchased from Sigma-Aldrich and used as
received. Ferrocene (Fc) was purchased from Sigma-Aldrich and
recrystallized from hexanes prior to use. Tetra-n-butylammonium
hexafluorophosphate (["Bu,N][PF¢]) was purchased from Sigma-
Aldrich, recrystallized from ethanol, and dried under vacuum for at
least 48 h prior to use. [CpCo(PPhZNB“Z)(MeCN)][PFé]2 was
synthesized according to previously reported procedures.”’

NMR spectra were collected at 25 °C unless otherwise indicated.
'H and 3'P{'H} NMR spectra were recorded on a Varian VNMRS
500 MHz spectrometer. The chemical shifts of "H and *'P nuclei are
reported in parts per million (ppm, &). The chemical shifts are
referenced to the residual solvent peaks ("H NMR) or phosphoric
acid (H,PO,). Electronic absorption spectra were recorded on an
Agilent Cary 60 UV-—vis spectrophotometer with Cary WinUV
software using a 1 cm path length quartz cuvette. High resolution
mass spectra (HRMS) were collected using an electrospray ionization
(ESI) source on positive ion mode with a Xevo G2-XS QTof mass
spectrometer.

X-ray Crystallography. Single crystal structure determination
was performed on a Rigaku XTALab Synergy-S single crystal
diffractometer equipped with a HyPix-6000HE area detector (hybrid
photo counting) using a Kappa 4-circle goniometer with Cu/Ka
radiation (4 = 1.54184 A). and the CrysAlisPRO software.>® Single
crystals were immersed in oil and mounted on a cryo-loop, and all
data were collected at 100(1) K using an Oxford nitrogen gas 800
Series cryostream system. The X-ray data were corrected for Lorentz
effects and polarization. Multiscan or Gaussian absorption corrections
were applied in the CrysAlixPRO program. The structures were
solved by an intrinsic phasing with SHELXT.*® Structure refinement
program SHELXL was used and supplied all atomic scattering
factors.”” The sp® or sp? H atoms were placed on calculated (riding on
C atom) positions by use of appropriate SHELXL instructions.
Additional crystallographic data and final R indices are given in Table
S1. All structures have been deposited into the Cambridge Structural
Database (CCDC 2357495 and 2357496).
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Cyclic Voltammetry. Cyclic voltammetry (CV) studies were
performed using a BASi Epsilon EClipse potentiostat, and the data
were processed using BASi Epsilon-EC software (version 2.13.77). All
experiments were performed under N, in a 20 mL glass vial with a
glassy carbon (GC) working electrode (3 mm diameter, BASi), Pt
wire counter electrode, and Ag/AgNOj reference electrode (BASi).
The GC electrode was polished with alumina (0.0S ym, BASi) prior
to use. CV solutions were typically composed of 1 mM analyte and
0.1 M ["BuyN][PF] in acetonitrile. All potentials are referenced to
the Fc™/® couple using ferrocene as an internal standard. Redox
couples that exhibited behavior similar to the Fc™/° couple were
considered reversible.

Synthesis of [CpCo"(PP",NB",)I[PFs] (1). [CpCo™(PP",N®"))-
(MeCN)][PF4], (133 mg, 0.14 mmol, 1.0 eq) was combined with
KCgq (38 mg, 0.28 mmol, 2.0 eq) in acetonitrile (5 mL). The reaction
mixture was stirred for 5 min at 25 °C, after which the solution was
filtered over celite to remove graphite. The solvent was removed in
vacuo and a dark red residue was obtained. The [CpCo'(Ph,N",)]
product was extracted into toluene and the solvent was removed in
vacuo once again. Characterization of thlS complex by 'H and 3'P
NMR is consistent with reported data.”” This complex can be stored
under inert atmosphere or used directly in the next step. A solution of
AgPFq (32 m% 0.13 mmol, 0.9 eq) in acetonitrile (S mL) was added
to [CpCo'(P™,N®%,)]. The resulting solution was stirred for S min at
25 °C. The solution was filtered, and the filtrate was evaporated to
dryness to obtain 1 as an olive green solid. The crude product was
recrystallized from acetonitrile/diethyl ether (1:5) at — 35 °C. Yield
32.5 mg (42%). 'H NMR (500 MHz, 25 °C, CD;CN): § 11.79 (br's,
S H, Cp), 9.50 (brs, 10 H), 8.65 (br s, 4 H, NCH,Ph), 6.95 (br s, 10
H), 640 (br s, 8 H, PCH,N). 3P{!H} NMR (202 MHz, 25 °C,
CD;CN): —144.71 (sept, PF,"). HRMS: Calcd for
C;sH;,CICoN,P, ([1 + Cl]*): m/z 641.1453. Found: m/z
641.1807. Effective Magnetic Moment: . = 1.84 uB (Evans
method).

Preparation of Complex 2. Representative Procedure. Com-
plex 1 (150 mg, 0.20 mmol) was dissolved in acetonitrile (S mL)
under inert atmosphere. The solution was exposed to air, resulting in
an immediate color change from green to dark orange. The solution
was stirred for a further 5 min, after which the solvent was
concentrated to ca. 1 mL volume and diethyl ether (20 mL) was
added to precipitate the product as a dark yellow solid. The solid was
collected by filtration, washed with diethyl ether (3 X 10 mL), and
dried under vacuum overnight. The crude product is a mixture of
complex 2, [Cp,Co][PF¢], and O,P,N,. Recrystallization from
acetonitrile-diethyl ether is successful at removing diamagnetic
impurities, resulting in the mixture of 2 and [Cp,Co][PFq] as the
final major coproducts. {H NMR of2 (500 MHz, 25 °C, CD;CN): §
60.37 (brs, 2 H), 38.22 (br s, 4 H), 22.60 (br s, 8 H), 19.26 (brs, 3
H), 14.60 (brs, 8 H), 11.40 (br's, 4 H), 9.00—6.55 (br m, 20 H), 5.68
(s, Cp,Co*) —4.17 (brs, 4 H), —4.76 (brs, 2 H), —25.49 (br s, 4 H),
—65.34 (brs, 3 H), —75.89 (brs, 2 H). 2P{!H} NMR of2 (202 MHz,
25 °C, CDsCN): & —144.61 (sept, PF, ). HRMS: Calcd for
CgoHgCoN,O,P, ([2 — 2PF¢]*): m/z 543.6600. Found: m/z
543.6844. Effective Magnetic Moment of2: p4 = ca. 6.0 + 0.4 uB
(Evans method).
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electrochemical data (PDF)
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