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The coordination chemistry of an amine-rich CpN® ligand has been explored with cobalt. We demonstrate
that in the presence of NaCo(CO)a, the cationic precursor [CpN31* yields the complex CpN3Co'(CO),.
While 2e™ oxidation generates new Co'" complexes such as [CpN3Co(NCMe)z]?* and CpN3Col,(CO), sub-
sequent ligand loss is facile, generating free [CpN31* or the protonated dication [CpN*H]?*. We have struc-
turally characterized both these ligand release products via single crystal X-ray diffraction and obtained
thermochemical C—H bond strengths via experiment and density functional theory (DFT). Upon reversible
le” reduction, the radical cation [CpN*HI™* has a weak C—H BDFE of 52 kcal mol™ in acetonitrile.
Mechanistic analysis shows that [CpN3H]'+ undergoes radical-radical disproportionation in the absence of
exogenous H-atom acceptors, which is supported by deuterium isotope labelling experiments. Structural
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Introduction

Cyclopentadienyl (Cp) ligands and derivatives thereof can be
complexed to virtually all d-block metals and have been used
extensively in homogeneous catalysis."™* While Cp ligands are
usually considered chemically “innocent”, special cases arise
where the ligand becomes chemically non-innocent, enabling
Cp to act as a reservoir for protons (H'), hydrogen atoms (H),
and hydrides (H™).” To this end, our group recently reported
that an amine rich Cp™* ligand coordinated to iron behaves as
a proton acceptor, resulting in regiospecific endo-Cp™° ring
protonation as an essential step during electrocatalytic H,
production.®” To access these Fe(Cp™*) compounds, an Fe®
source such as Fe,COy reacts with vividly colored “cyclopenta-
dienylium” cations ([Cp™]"),® furnishing piano-stool
[Fe"(Cp™°)Ls]" salts.”**°

Cobalt complexes containing Cp ligands have also been
explored for applications in chemical fuel synthesis and
catalysis."*™® Notably, cyclopentadienylcobalt complexes A
and B contain diphosphine ligands with bio-inspired pendant
amines in their secondary sphere,"*™® exhibiting electro-
catalytic activity for H, production and CO,-to-formate
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the C—N bonds connected to the central five-membered ring.

reduction (Fig. 1).">%° In the proposed electrocatalytic cycles,

the Cp ring remains chemically innocent while the nitrogen
atoms in the secondary coordination sphere assist in proton
transfer and/or proton-coupled electron transfer steps en route
to product formation.

In our efforts to expand the library of M(Cp™®) complexes
that exhibit chemically non-innocent behavior, we now report
the synthesis and reactivity of Co(Cp™®) complexes 1 and 2

Fig. 1 Cyclopentadienylcobalt electrocatalyst system for H, production
(A, top left)*® and CO, reduction (B, top right)?® containing pendant
amines in secondary coordination sphere. This work: synthesis and reac-
tivity of CoCp™® complexes 1 (bottom left) and 2 (bottom right).
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(Fig. 1). While exploring their redox behavior and ligand sub-
stitution chemistry, we discovered that irreversible dissociation
of [Cp™?[" is facile and results in regiospecific ligand protona-
tion at a carbon atom within the Cp™ ring to yield the air
stable organic dication [Cp™H]**. After independently synthe-
sizing [Cp™*H]** via protonation of [Cp™*]", we explore its
C(sp®)-H bond thermochemistry in MeCN, enabling us to
experimentally measure its redox potential (E°), C-H acidity
(pK.) and homolytic C-H bond dissociation free energy
(BDFE). Our experimentally calculated data are supported by
computational (DFT) analysis, and a comparison of single
crystal X-ray diffraction data and DFT-derived molecular orbi-
tals demonstrate the highly delocalized = electron distribution
for the metal-free Cp™° cations.

Results & discussion

The isopropyl-substituted cyclopentadienylium salt
[Cp™][BF,], where [Cp™]" = 6-isopropyl-1,4-dimethyl-5,7-

diphenyl-2,3,4,6-tetrahydrocyclopenta[b]pyrazin-6-ylium, was
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prepared using a previously reported procedure® and a more
detailed description of ligand charge distribution will be
described later using X-ray crystallographic data. Complex
Cp™Co(CO), (1) was prepared by refluxing [Cp™’]" and
NaCoCO,*! in toluene under N, and isolated as analytically
pure orange crystals in 70% yield (Scheme 1). As anticipated,
"H NMR spectroscopic analysis reveals that metal coordination
enhances the electron density at the [Cp™’]" ligand, causing
the aliphatic isopropyl peaks to shift to 0.50 ppm versus
0.85 ppm in free ligand®® dissolved in CD;CN (Fig. S17).
Infrared spectral analysis shows strong carbonyl stretches at
Vco = 1970 and 1901 em™" (KBr) which are significantly lower
than the analogous CpCo(CO), (2028, 1967 cm ')** and
(pentamethylcyclopentadienyl)cobalt(i)  dicarbonyl, Cp*Co
(CO), (2010, 1950 cm™%; Cp* = pentamethyl-
cyclopentadienyl),** further demonstrating the increased elec-
tron density at cobalt in complex 1. Single crystals of 1 suitable
for X-ray diffraction show that the C-C bond distances within
the Cp™® ring of 1 are equidistant, lying between 1.42 and
1.46 A (Fig. 2). The [Cp™*]' ring binds to the metal center in an
n® coordination mode, formally oxidizing the Co"™ precursor
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Scheme 1 Syntheses of compounds 1-4.
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Fig. 2 X-Ray crystallographic structures for complex 1 (left) and 2 (right) with 50% probability ellipsoids. Distances are shown in Angstroms (A) and

hydrogens/counteranions have been omitted for clarity.

by 2e” and reducing the cationic [Cp™]" by 2e” upon
coordination.

Electrochemical analysis of 1 via cyclic voltammetry (CV) in
MeCN shows a redox wave at E;;, = 0.46 V vs. Fc'’® when start-
ing at 0 V and sweeping in the anodic direction (Fig. 3).
Further sweeping in the cathodic direction reveals an irrevers-
ible reduction at E,. = —1.20 V followed by an oxidation peak
at E,, = —0.50 V vs. Fc'’°. The observed oxidation and
reduction peaks at —0.50 V and —1.20 V, respectively, are inter-
dependent because the reduction peak does not appear if the
voltage sweep is terminated before the oxidation event
(Fig. S171). Based on these observations, we hypothesize that
le” oxidation of 1 triggers a series of chemical events that lead
to the formation of a new redox-active species centered at Ey,,
= 0.46 V with a corresponding reduction feature at —1.20 V vs.
Fc'’°. Using slower scan rates (100 mV s™*) makes the minor
features around —0.4 V and 0 V more prominent, suggesting
that multi-step (electro)chemical processes are occurring in
solution (Fig. S187).

~——Complex 1

——Complex 2

SpA

-1.50

-1.00

-0.50 0.00 0.50
Potential (V vs. Fc*/?)

1.00 1.50

Fig. 3 Cyclic voltammograms of complex 1 and 2 at 800 mV s~

Conditions: Ar, MeCN solvent, 0.1 M [BugNI[PFgl, 1.0 mM analyte, PEEK-
encased glassy carbon working electrode, Type 2 glassy carbon rod
counter electrode, Ag/AgCl pseudoreference electrode in a frit-separ-
ated (CoralPor) glass compartment containing solvent and electrolyte.
Initial scan direction and starting position indicated with arrows.

This journal is © The Royal Society of Chemistry 2024

Based on the observed CV features for 1, we pursued the
chemical oxidation of 1 with a commercially available oxidant,
AgPFg (E'° = 0.04 V, MeCN).”® Upon mixing 1 and two equiv.
AgPF¢ in MeCN, a fuchsia-colored solution formed, which
after workup and X-ray crystallization revealed the tris-MeCN
substituted Co™ complex [Cp™>Co(NCMe);][PF¢, (2) in 38%
yield with concomitant CO release (Scheme 1 and Fig. 2).
Notably, free ligand [Cp™°]" is formed as the major side-
product as observed by "H NMR, and varying standard reaction
optimization parameters (time, temperature, reagent concen-
trations, order of addition) does not change the product distri-
bution. The crystalline product is obtained by slow diffusion of
diethyl ether into a concentrated acetonitrile solution, however
minor impurities also precipitate, precluding the isolation of
analytically pure product (Fig. S3 and S4%). Paramagnetic
impurities also appear to coprecipitate with the crystalline
product, resulting in peak broadening in 'H NMR spectra if
single crystals are not adequately segregated from the pow-
dered mixture. Using other oxidants such as “magic blue” (tris
(4-bromophenyl) ammoniumyl hexafluoroantimonate) or
FcPF, result in lower product yields and purities of 2. However,
to our delight, CVs of 2 in the cathodic direction reveal a redox
wave at E;j, = 0.47 V, indicating a Co™" redox couple which is
consistent with our interpretation of the CV data for 1 (Fig. 3).
Voltammograms collected beyond —0.72 V also reveal that
unknown redox-active impurities are present in solution
(Fig. S191). Therefore, our synthetic and voltametric data show
that the oxidation of 1 in acetonitrile leads to irreversible CO
loss and formation of the isolable redox-active solvento
complex 2.

We pursued ligand substitution reactions using complex 2
in the presence of common bidentate ligands such as 1,2-bis
(diphenylphosphino)ethane (dppe), 1,2-bis(diethylphosphino)
ethane (depe), and bipyridne (bipy), hoping that solvent dis-
sociation would lead to the formation of new complexes with
the general formula [Cp™?Co(NCMe)L,]**. In every case, clean
and rapid ligand dissociation immediately generates [Cp™]" in
solution, and using dppe enabled us to crystallize the known
Co" bis(diphosphine) complex [Co(dppe),(NCMe)]**.>® These
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results suggest that reduction of the metal center is thermo-
dynamically and kinetically preferred, along with 2e™ oxidation
and dissociation of [Cp™°]", instead of coordinating stronger o-
donor chelates to Cp"°Co™. Using a relatively electron-poor
L-type donor, 2-isocyano-1,3-dimethylbenzene, also resulted in
the formation of [Cp™°]".

Motivated by the success of using the diiodo reagent
CpCo™I,(CO) as a synthon for preparing new redox-active
cobalt complexes,"" ™ exposure of 1 to I, in diethyl ether
cleanly generates Cp™Col,CO (3) as an analytically pure
brownish-black solid that precipitates from solution
(Scheme 1). Similar to 1, IR spectroscopic analysis shows a sig-
nificantly more activated CO ligand (vco = 2000 cm™, KBr) in
3 when compared to CpCo™I,(CO) (2035 cm™").>” Surprisingly,
halide abstraction in the presence of AgPFs in DCM results in
the clean and consistent release of protonated free ligand
[CP™H][PF¢]s, ([4][PFe],), a dicationic product containing a
proton at the phenyl-substituted carbon of the Cp™ ring
(Scheme 1). Although air-free conditions were used in combi-
nation with thoroughly dried solvents and reagents, the origin
of the proton remains unclear. A maximum yield of 50%
suggests that partial decomposition may lead to the formation
of 4** (Scheme 1). The introduction of H" on the [Cp™®]" ring
desymmetrizes the molecule and restricts free rotation about
the C-N bond of the N-isopropyl moiety due to its enhanced
iminium-like character, generating chemically inequivalent
methyl resonances in NMR spectra (Fig. S5t). Gratifyingly, the
BF,~ salt of dication 4" can be independently prepared in
quantitative yield by simply protonating [Cp™]" with
HBF,Et,0 in DCM, generating [Cp"’H][BF,],, ([4][BF4])
(Scheme 2). Single crystals suitable for X-ray diffraction were
obtained via vapor diffusion of diethyl ether into a concen-
trated acetonitrile solution and with metrical parameters
revealing a delocalized positive charge distributed across three
iminium-like N-C bonds and one alkene-like C-C bonds,
respectively (Fig. 5 and Table 1). Moreover, dissolving complex
3 in MeCN releases unprotonated free ligand, [Cp™]"
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Table 1 Selected bond lengths (A) and bond angles (°) for [Cp3]*,
[CpN3HI?*, [CPN3H,I*

[cp™T" [cp™H]" [cp™H,]"
C(1)-C(2) 1.465(3) 1.516(2) 1.511(2)
C(2)-C(3) 1.368(4) 1.503(2) 1.556(2)
C(3)-C(4) 1.513(3) 1.467(2) 1.514(2)
C(4)-C(5) 1.373(4) 1.392(2) 1.414(2)
C(5)-C(1) 1.452(3) 1.420(2) 1.396(2)
C(1)-N(1) 1.314(3) 1.301(2) 1.326(2)
C(3)-N(2) 1.340(3) 1.284(2) 1.451(2)
C(4)-N(3) 1.341(3) 1.326(2) 1.308(2)
C(1)-C(2)-C(3) 105.4(2) 99.5(1) 100.5(1)
C(2)-C(3)-C(4) 108.5(2) 110.7(1) 102.9(1)
C(3)-N(2)-C(6) 121.0(2) 123.4(1) 110.7(1)
C(4)-N(3)-C(7) 121.8(2) 124.5(1) 123.1(1)
C(3)-C(4)-C(5) 109.2(2) 107.6(1) 109.0(1)
C(4)-C(5)-C(1) 105.1(2) 109.0(1) 107.5(1)
C(5)-C(1)-C(2) 111.1(2) 111.8(1) 112.6(1)
C(5)-C(1)-N(1) 127.9(2) 125.0(1) 124.7(2)

(Fig. S11f), and unidentified cobalt-containing byproducts
suggesting that solvent identity plays some role in ligand
protonation.

Intrigued by these results, we sought to study the C(sp®)-H
proton-coupled electron transfer (PCET) thermochemistry**>°
of the protonated compound [4][BF,],, as we have recently
shown that [Cp™®]" ring protonation is essential during H, pro-
duction electrocatalysis using Cp"°Fe(CO), complexes.®” To
determine the C(sp®)-H bond acidity of 4**, we found via trial
and error that reactions with aniline generate an equilibrium
mixture of 4**, [Cp™*]", aniline, and anilinium BF,~ (pkMeCN =
10.62)*° in solution (Fig. S9 and S10%). Using equilibrium
'"H NMR spectroscopic data at room temperature, we deter-
mined that the pkM*°N(C-H) = 11.7 + 0.1 for compound 4>*
(see the ESI for detailst). This experimentally derived pK, is
only four units more acidic than the computed C-H pK, of
15.7 for the endo-protonated electrocatalytic intermediate
[(endo-Cp™H)Fe(NCMe)(CO),]".” The CV of [4]** in MeCN

| PI?-I
HBF4Et,0 Nt .
> [® [@)=N
CHzclz S i.|
T Ph
CoN31IBF [4]1[BF ],
[CP™I1[BF,] > 99%

1. 2HBF4°Et,0, 2CrCp,
2. excess NH4PFg

CH,Cl,
32%

o

A
_| CrCpa, PhNH3+BF4_
h CD5CN

81%

[S][A] A" =PFg, BF,

Scheme 2 Syntheses of compounds 4 and 5.
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Fig. 4 Cyclic voltammograms of [4]1?* at 100 mV s*. The cathodic to
anodic peak current ratio (ipa/ipc) is 0.47 when swept beyond -1.20 V
and 0.76 when the scan direction is switched at —0.90 V. Conditions: Ar,
MeCN solvent, 0.1 M [BuygN][PFgl, 1.0 mM analyte, PEEK-encased glassy
carbon working electrode, Type 2 glassy carbon rod counter electrode,
Ag/AgCl pseudoreference electrode in a frit-separated (CoralPor) glass
compartment containing solvent and electrolyte. Initial scan direction
and starting position indicated with an arrow.

Scheme 3 PCET thermochemistry for [CpN*]*, [41%*, and [4]* @ ( =
DFT-computed values are in parentheses).

2BF4
[ (?‘l) /‘ 2 CGC2
H(D) CH3CN
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shows two partially reversible redox curves at ca. —0.72 V and
—1.0 V vs. Fc"’° (Fig. 4). We surmise that the first reduction
peak is 1e” reduction of [4]** to the radical cation [Cp"*H]™
([4]*) while the second reduction yields the neutral Cp"*H (4),
neither of which we have been able to experimentally isolate to
date. If the switching potential in CV experiments is set to
—0.90 V, the first reduction becomes more reversible, with
Ey15(4%*"*) = —0.72 V and i,/ = 0.76. Using these data enables
us to calculate the PCET thermochemistry for [Cp™*]", [4]*",
and [4]" as shown in Scheme 3. A weak C(sp’)-H BDFE of
51.8 keal mol™" is determined for [4]™* (Scheme 3), which is
similar in magnitude to the M-H BDFEs of CpCr(CO),(PPhj;)
H?>** (52.7 keal mol™") and (dppm)V(CO),H >*** (51.1 kcal
mol ™) in MeCN. To further validate these data, the DFT calcu-
lated values in parentheses in Scheme 3 are in excellent agree-
ment with experimental data (see the ESI for computational
detailst). We also computed the C-H pK, of the radical cation
[4]*, which would generate the neutral radical species [Cp™]
upon release of H'. Our computations indicate that the
decrease in overall charge increases the pK, of [4]™ to 26.2 in
acetonitrile, making it about 14 orders of magnitude less
acidic than [4]*".

We then turned our attention to studying the propensity of
radical cation [4] " to undergo H-atom transfer (HAT) reactions,
as organic radical cations have been widely used in synthetic
organic transformations.” Reduction of [4][BF,], in the pres-
ence of one equiv. chromocene (Cp,Cr; Eyj, = —1.12 V vs. Fc'/
Fc®) reveals a 1:1 ratio of [Cp™°]" and a new organic com-
pound via "H NMR spectroscopy (Fig. S127). X-ray diffraction
of colorless single crystals reveals this compound to be
[CP™*H,][BF,], ([5][BF4]), where one of the diene moieties of
Cp ring has been reduced (Scheme 2, Fig. 5 and 6). While the
reduction of [4]*" using classic borohydride or aluminum
hydride reagents resulted in intractable product mixtures, the
hydrogenation product [5][BF,] can also be accessed via H'/e~
addition to [4]**, suggesting that H-atom transfer (HAT) is
required to cleanly form [5]" (Scheme 2).

We propose that [5][BF,] forms through bimolecular HAT
involving radical-radical disproportionation of [4]™ to produce

BDFE = 58 kcal/mol

TEMPO-H
(not observed)

Fig. 5 Top: reductive disproportionation of [CpN*HIIBF,], ([41[BF4l,) to give [CpN3]* and [CpN*H,1[BF4] ([51[BF4]) with a computed BDFE of 58 kcal
mol ™ for the newly formed C—H bond. Bottom: reduction in the presence of excess TEMPO.

This journal is © The Royal Society of Chemistry 2024
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equimolar amounts of [5][BF,] and [Cp™’]*. To support this
hypothesis, we prepared the deuterated analogue
[Cp™*D][BF,], by adding two drops of MeOD to a stirring solu-
tion of [4][BF,], in CD;CN, resulting in 95% H-D exchange at

[CpN3]+

[CpNSH] 2+

View Article Online
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the ring carbon and full deuteration of the secondary amine
(Fig. 5 and Fig. S131). Addition of 1 equiv. chromocene to this
product results in the deuteration at one additional site within
the Cp ring of [5][BF4], which is wholly consistent with an

[CpN3H2]+

Fig. 6 Top: X-ray crystallographic structures of [CpN31[B(CeFs)4] (left), [CpN*HIIBF 4], ([41[BF 42, middle), and [CpN*H,IIPF] (ISIIPF¢l; right) with 50%
probability ellipsoids. Co-crystallized solvent molecules, counterions, and most hydrogens have been omitted for clarity. Middle: structural cartoons
showing charge delocalization based on metrical parameters and typical interatomic distances for organic compounds (see Table 1 and discussion).
Bottom: selected molecular orbitals for all three molecules, showing the main n-type MOs responsible for electron delocalization involving the Cp™®

ring (isovalue = 0.04).
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intermolecular HAT event (Fig. S14 and S15). Moreover, DFT
calculations support the feasibility of HAT to [5]" via [4]™ on
thermochemical grounds, as the BDFE(C-H) for [5]" is calcu-
lated to be 58.0 kcal mol™". We then tried this same reaction
in the presence of TEMPO, expecting that the weak C(sp*)-H
BDFE of 51.8 kcal mol™ for 4" would quantitatively generate
TEMPO-H (BDFE(O-H) = 66 kcal mol™", MeCN)*® and [Cp™]".
However, with only one equiv. TEMPO and Cp,Cr in solution,
a 3:1 ratio of [Cp™’]":[5]" is observed suggesting that the
kinetics of bimolecular HAT are comparable to the HAT kine-
tics involving TEMPO. Gratifyingly, reacting [4][BF,], with 5
equiv. TEMPO and one equiv. Cp,Cr does exclusively generate
[Cp™]" via "H NMR spectroscopy (Fig. 5 and S167), although
we could not clearly identify signals belonging to TEMPO-H in
these spectra. Furthermore, compound [5]" can be indepen-
dently synthesized via 2H"/2e” reduction of [Cp™®]" and iso-
lated as the PF~ salt ([Cp™>H,][PF¢]) in 32% yield (Scheme 2,
Fig. S7 and S8%).

In addition to having X-ray structural data for [4]*" and [5]",
we were also fortunate to obtain X-ray quality crystals of
[Cp™]" via anion exchange with B(C¢Fs),”, enabling us to
compare the metrical parameters for all three salts with
respect to typical interatomic distances for organic compounds
(Fig. 6 and Table 1).*”*® Crystallographic analysis of [Cp™°]*
indicates that C(2)-C(3) and C(4)-C(5) are far closer to an
average Cg,=Cgp> bond length (1.330 A) while C(1)-C(2), C(3)-
C(4) and C(5)-C(1) are more consistent with singly-bonded
Cgp—Csp2 atoms (1.460 A). Moreover, the C-N bonds to the five-
membered ring are all substantially shorter than expected for
Cgpr-Ngps atoms (1.468 A) and harbor more C=N double bond
character when compared to typical Cly,.=Nl,. distances
(1.301 A). These combined factors lead us to depict the positive
charge delocalization of [Cp™]" with dashed lines in all
Figures and Schemes throughout this article. Similarly in case
of [4]**, C(4)-C(5) bond distances match well with average
Csp=Cgp> bond lengths (1.330 A) while C(1)-C(5) and C(3)-C
(4) are closer to an average singly-bonded Cgy:—Cgp. atoms
(1.460 A). The bond lengths for C(3)-N(2) C(4)-N(3) and
C(1)-N(1) are closer to typical Cy,=Ngp,. distances (1.301 A).
For [5]", C(1)-N(1) and C(4)-N(3) have a C¢»=Nyp. double
bond character (1.301 A) and the C(5)-C(1) bond lengths are
closer to average literature Cgsp=Cgp (1.330 A) distance.
Molecular orbital DFT analyses generally agree with this
assessment (Fig. 6, bottom). There are three low-lying n-type
MOs mainly responsible for the delocalized electron density in
[cp™]" (HOMO, HOMO-6, HOMO-7), two MOs in [4]**
(HOMO, HOMO-5), and two MOs in [5]" (HOMO, HOMO-6).

Conclusion

In summary, we have prepared new Co(Cp"°) complexes that
either undergo CO loss upon oxidation or [Cp™*]" ligand dis-
sociation. Upon loss of cobalt, we observe selective protonation
at the five-membered Cp™” ring to give [Cp™*H]**, which was
independently prepared in high yield via protonation of

This journal is © The Royal Society of Chemistry 2024
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[Cp™T". Through equilibrium measurements via "H NMR spec-
troscopy and cyclic voltammetry, we experimentally deter-
mined the C(sp®)-H pK, and [Cp"™HJ**/[Cp™*H] " redox poten-
tial. Using these data, we calculated the C-H BDFE of
[Cp™H]™*, which has a very weak BDFE in MeCN (52 kcal
mol ™). Although H-atom transfer in the presence of excess
TEMPO is feasible with in situ 1e” reduction of [Cp™HJ**,
attempts to isolate this radical cation in the absence of an
H-atom acceptor result in radical disproportionation to give
diamagnetic products [Cp™H,]" and [Cp™?]*. With the help of
single-crystal X-ray diffraction data, we were able to compare
the structural parameters of all three Cp™ salts, showing that
positive charge delocalization is distributed across the
iminium-like C-N bonds. Work is ongoing to explore the reac-
tivity of these Cp™ salts in the presence and absence of 3d
metals.
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