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Cooperative anion activation at a cobalt
center through ion pairing and ligand design

Luis Tarifa1,2, Judit Cano-Asensio 1,2, José A. López 1, Cristina Tejel 1 &
Ana M. Geer 1

Weakly coordinating anions (WCAs) are commonly used to stabilize high-
valent, electrophilic transition-metal complexes, owing to their low nucleo-
philicity and minimal coordinating ability. Here, we present a cobalt platform
supported by a tris(2-pyridyl)(N-picolyl)imidazolidine ligand (Py4Im) that
generates a directional, protic cavity for ion pairing. This environment enables
a comparative study of BF4

– and PF6⁻, showing that PF6⁻ undergoes fluoride
abstraction under mild conditions, while BF4

– remains unreactive unless
assisted by a Lewis base. The PF6⁻ activation yields a well-defined CoIII–F
complex that acts as an efficient nucleophilic fluoride source. DFT calculations
and diffusion NMR experiments highlight the critical role of anion-cation
pairing in modulating reactivity, overriding intrinsic thermodynamic pre-
ferences. These findings showcase supramolecular control of WCA activation
by a late transition metal and provide new design principles for reactivity
modulation via counterion selection.

Electrophilic activation of substrates by transition-metal catalysts is a
fundamental step in the activation of small molecules and homo-
geneous catalysis1–4. Enhancing the electrophilic nature (or Lewis
acidity) of the metal center, particularly in cationic complexes of late
transition metals, has enabled the transformation of otherwise inert
substrates through nucleophilic attack. This electrophilic reactivity
underpins key processes such as hydrogenation, C–H bond functio-
nalization, olefin oligomerization, and industrially relevant reactions
like the Wacker process5,6.

Given their reactivity, there is considerable interest in developing
high-valent (>+2), cationic transition-metal complexes with strong
electrophilic character. However, these species often suffer from low
stability and poor solubility in organic solvents. The use of multi-
dentate macrocyclic ligands, which stabilize the metal center and
enhance solubility, is a common strategy to address these challenges.

Despite this, structurally defined CoIII complexes with high elec-
trophilicity and without cyclopentadienyl (Cp*) ligands remain rare7,8.
A relevant example by Ribas and coworkers invoked a macrocyclic-
stabilized CoIII electrophilic intermediate in C−H annulation
chemistry9. Recently, tetra-amido macrocyclic ligands have also been
employed to stabilize CoIII centers involved in single-electron redox

processes10,11. Related oxidative CoIII reactivity has been demonstrated
in aminoquinoline-directed C–H functionalization using simple CoII

precursors12. Complementing these advances, Das and co-workers
have shown that cobalt complexes supported by polydentate N-donor
ligands can reach even higher oxidation levels, including CoIV(F)2 and
CoIII–F species capable of C–H activation and fluorine-atom transfer13.

In designing such complexes, the choice of counterion is critical.
Anions such as MF6

− (M = P, As, Sb) and BF4
– are widely used due to

their perceived non-coordinating nature14. These anions were later
found to possess some coordination ability, leading to their classifi-
cation as weakly coordinating anions (WCAs)15.

WCAs are crucial in stabilizing highly charged, oxidizing cations.
IdealWCAs exhibitminimal interactionwith the cation, remaining non-
coordinating, non-nucleophilic, and highly resistant to oxidation;
three properties that are intrinsically interlinked15. Their weak cation-
anion interactions reduce ion pairing in solution, a property also
valuable in battery electrolytes (including lithium-ion batteries)16 and
in ionic liquids17.

However, their weak coordinating ability has limited structural
characterization14. To date, only four structurally characterized
mononuclear CoII-BF4

– and two CoII-PF6⁻ are reported in the
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Cambridge Structural Database (CSD)18–20, and none for Co(III) with
either anion (Fig. 1A)21.

Fluoride abstraction from WCAs, especially BF4
–, has gained

attention as a means to access metal–fluoride complexes or to enable
catalytic transformations18,22,23. BF4

– is generallymore prone to fluoride
abstraction than PF6

–, consistent with the lower fluoride ion affinity
(FIA) value of BF3 compared to PF5

24. While BF4
– activation has been

used synthetically and catalytically18,23,25,26, PF6
– activation is rare and

usually requires high temperatures or highly Lewis acidic
environments27–31. For cobalt, only one report describes PF6

– activa-
tion, where the fluoride abstraction ismediated by amore Lewis acidic
Zr-oxo unit, with Co playing a spectator role32.

Beyond their role as spectator anions, WCAs may also act as
fluoride sources in C−F bond formation33–35. While BF4

– has shown
promise in this regard, sometimes acting as a fluoride shuttle, the use
of PF6

– in such contexts remains underexplored22,26,28.
Thedifferent reactivities of BF4

– andPF6
– illustrate the importance

of selecting an appropriate WCA to modulate the stability and reac-
tivity of electrophilic cationic species. Understanding these subtle
distinctions is essential not only for designing robust catalysts but also
for elucidating fundamental aspects of anion coordination and
reactivity.

Herein, we report a tris(2-pyridyl)(N-picolyl)imidazolidine ligand
(Py4Im) platform that stabilizes CoII and CoIII species in highly elec-
trophilic environments. The Py4Im ligand, formed in situ through
dimerization of bpi, features a protic imidazolidine cavity and rigid
macrocyclic geometry that creates a directional binding pocket for
counteranions. We show that while PF6

– undergoes fluoride abstrac-
tion under mild conditions to give a Co−F complex, BF4

– remains
unreactive unless assisted by a Lewis base. Structural, spectroscopic,
and computational analyses provide raremechanistic insight intoWCA
activation by a late transitionmetal. Thiswork sheds light on the role of
ion pairing and coordination dynamics in modulating reactivity and

suggests new strategies for leveraging WCAs as fluoride sources in
catalysis.

Results
Synthesis and characterization of CoII species
Initial experiments were conducted by reacting the imine Py-
CH2N=CHPy (Py = 2-pyridyl, bpi) with the cobalt precursor CoCl2 in
CH3CN, initially yielding the expected product [Co(κ3-bpi)Cl2] (1) in
48% yield as a forest green solid (Fig. 1B). The magnetic moment of
complex 1 determined by Evans’ NMR (µeff = 3.88) is consistent with a
CoII center in a high-spin (S = 3/2) configuration. Thewide-scan 1HNMR
spectra of 1 in dmso-d6 display 11 paramagnetically shifted resonances
from 154 to −0.8 ppmcorresponding to a coordinated bpi ligand to the
cobalt center (Fig. S1). Interestingly, during monitoring of complex 1
stability in dmso-d6 solution by 1H NMR spectroscopy, we observed its
clean conversion into a distinct paramagnetic species after 24 h at
25 °C (Fig. S21). The newly formed species exhibits 22 inequivalent
proton resonances ranging from 207 to −37 ppm (Fig. S2). A
preparative-scale reaction in methanol using a 2:1.5 molar ratio of bpi
to CoCl2 successfully produced the novel species as a blue solid in
excellent yield (91%).

Single-crystal X-ray diffraction analysis of blue crystals isolated
from the reaction mixture identified this species as [Co(κ5-Py4Im)
Cl]2[CoCl4] ([2]2[CoCl4]; Py4Im= 2,2’,2”-(1-(pyridin-2-ylmethyl)imida-
zolidine-2,4,5-triyl)tripyridine), Fig. 1C. Notably, complex 2 now con-
tains a tetra-substituted imidazolidine-based macrocyclic ligand,
Py4Im, formed by dimerization of bpi through a 1,3-dipolar
cycloaddition36,37. Py4Im acts as a macrocyclic ligand containing
nitrogen-donor atoms, similar to those previously reported to stabilize
transition metal complexes in high oxidation states38.

The solid-state structure features the cobalt in an octahedral
coordination environment, bonded to four pyridine nitrogen atomson
an equatorial plane, with the axial positions occupied by the bridging

A)

B)

C)

Fig. 1 | Overview of cobalt-mediated anion interactions and cobalt platform
synthesis.ASelectedexamples of BF4

− andPF6
− coordination to cobalt found in the

CSD database (accessed on 20/06/2025). B Synthesis of complexes [Co(κ3-bpi)Cl2]
(1), [Co(κ5-Py4Im)Cl]2[CoCl4] ([2]2[CoCl4]) and [2][X] (X = PF6

–, BF4
–). C Crystal

structure of [Co(κ5-Py4Im)Cl]2[CoCl4] ([2]2[CoCl4]) with displacement ellipsoids set
to 50%. Only hydrogen atoms on the imidazolidine ring are shown. Minor disorder
components and the anion are omitted for clarity.
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nitrogen of the imidazolidine ring and a chloride atom. Three of the
Co-NPy (N3, N4 and N6) bond distances are ca. 2.14 Å, consistent with
other CoII high-spin species39–41. The crystallographic analysis also
provided insight into the stereochemistry of the imidazolidine ring
formed in the reaction, which adopts an all-cis substitution pattern,
specifically the 4,5-endo,2,4-cis isomer (Fig. 1C). This result contrasts
previous reports of bpi dimerization, which predominantly yield the
4,5-exo isomer42–45. In our system, the cobalt center likely templates the
ring closure, favoring the all-cis configuration.

In the next step, the CoCl4
2− counterion was exchanged for aWCA

(PF6
− or BF4

−) through a salt metathesis reaction by adding an excess
KPF6 or NaBF4, respectively, yielding the corresponding [2][PF6] and
[2][BF4] salts, respectively. The 1HNMRspectra of [2][X] (X = PF6

–, BF4
–)

are very similar to that of [2]2[CoCl4] (Fig. S2). For [2][PF6], the
paramagnetic 1H NMR spectrum was analyzed and assigned using a
combination ofmethods: T1 relaxation timemeasurements, D2O shake
experiments, and two-dimensional 1H-1H homonuclear correlation
spectroscopy (COSY) NMR spectroscopy.

T1 relaxation times were correlated with metal-proton distances
from crystallographic data using the simplified version of Solomon-
Bloembergen equation46, which relates relaxation rate (T1−1) to the
inverse sixth power of the metal-proton distance (rCo,H−6)47–50. The 1H
NMR spectra of [2][PF6] reveal a wide range of signal broadness with
linewidths at half-height (LW½) varying from 14 to 277Hz (Fig. 2A)
and corresponding T1 values from 0.9 to 82.6ms (Fig. 2A), reflecting
varying proximities to the paramagnetic center. To aid signal
assignment, protons were grouped by T₁ values, enabling classifica-
tion based on their proximity to the metal center (Fig. 2B). Protons
with measured T1 < 1.9ms are attributed to H6-Py protons on the
pyridine rings, which are closest to the cobalt center. Signals with
experimental T1 values between 2.4 and 6.6ms correspond to the
protons on the imidazolidine ring, while those with T1 > 62ms are
assigned to the H4-Py protons, which have the largest distances from
the cobalt. Due to the similar Co···H distances of the H3-Py and H5-Py
protons, all within the range of 4.950–5.211 Å (Fig. 2B), their signals
could not be resolved.

Signal � (ppm) LW1/2 (Hz) T1 exp. (ms)

1 206.6 194 1.9
2 199.5 106 4.0
3 181.7 185 1.8
4 170.3 150 3.3
5 166.1 110 4.4
6 122.8 277 0.9
7 78.9 140 2.4
8 72.7 25 19.0
9 70.4 18 40.1
10 68.4 18 40.1
11 59.5 20 24.1
12 54.8 22 21.1
13 24.5 19 26.7
14 22.5 14 82.6
15 21.8 14 72.2
16 20.9 17 26.0
17 19.1 19 22.8
18 1.7 194[a] -[b]

19 -0.6 15 62.6
20 -5.7 15 71.0
21 -26.3 145 3.1
22 -31.9 78 6.6

[a] The linewidth at half-height (LW½) was measured at
0 °C because peak overlap occurred at 25 °C. [b] T1
could not be determined due to peak overlap of signal
18 at 25 °C.

Proton[a]
Type of

proton
rCo,H (Å)[b] rCo,H

6 T1 estim. 
(ms)[c]

T1 exp.
(ms) Signals

H19 (Py-H6) 3.122 9.25E+02 1.7 0.9
Py-H6

6, 3, 1, 18

H24 (Py-H6) 3.186 1.05E+03 2.0 1.8
H9 (Py-H6) 3.195 1.06E+03 2.0 1.9
H14 (Py-H6) 3.240 1.16E+03 2.2 -
H4b CH2 3.360 1.45E+03 2.7 2.4

Im

7, 4, 2, 5, 22

H1 CH 3.829 3.15E+03 5.9 3.1
H3 CH 3.846 3.23E+03 6.1 3.3
H4a CH2 3.839 3.20E+03 6.0 4.0
H2 CH 4.325 6.54E+03 12.3 4.4
NH NH 4.492 8.21E+03 15.4[d] 6.6 21 (NH)
H11 (Py-H3/5) 4.949 1.47E+04 27.7 19.0

Py-H3/5

12, 11, 8,
10, 13, 9,

17, 16

H21 (Py-H3/5) 4.990 1.54E+04 29.0 21.1
H6 (Py-H3/5) 4.992 1.55E+04 29.2 22.8
H8 (Py-H3/5) 5.146 1.86E+04 35.0 24.1
H18 (Py-H3/5) 5.154 1.87E+04 35.2 26.0
H23 (Py-H3/5) 5.162 1.89E+04 35.6 26.7
H13 (Py-H3/5) 5.177 1.93E+04 36.3 40.1
H16 (Py-H3/5) 5.211 2.00E+04 37.6 40.1
H12 (Py-H4) 5.815 3.87E+04 72.8 62.6 Py-H4

14, 15,

20, 19

H7 (Py-H4) 5.835 3.94E+04 74.1 71.0
H22 (Py-H4) 5.842 3.97E+04 74.7 72.2

H17 (Py-H4) 5.939 4.39E+04 82.6 82.6
[a] Labels for hydrogen atoms are shown in Figure S27. [b] Distance between hydrogen and cobalt
calculated from the crystallographic data. [c] The estimated T1 values were obtained by normalizing
[Σ(rCo,H)-6]-1 to the experimental T1 value of the signal with the largest value (signal 14, proton H17). [d] The
large discrepancy between the experimental and estimated T1 values for the NH can be attributed to the
contribution of the quadrupolar moment of the nitrogen atom, an effect not applicable to the other protons.

A) B)

C) [PF6]

Co NN

N

Cl

N N

N
H

3

4

5
6

3/5 3/5 3/5
4 4

NH6 Im 6 Im
Im

6

3/5
4

Im Im

46

Fig. 2 | Paramagnetic 1H NMR analysis and signal assignment of [2][PF6].
A Chemical shifts of [2][PF6] from 1H NMR data, linewidths at half-height (LW½),
and measured T1 relaxation times. B Distances between the hydrogen atoms and

the cobalt center derived fromcrystallographic data, estimated T1 relaxation times,
and the corresponding assignments by proton type. C 1H NMR (300MHz, CD3CN,
25 °C) spectrumof [2][PF6]with assignments basedonT1 relaxationmeasurements.
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While this grouping allows approximate classification by proton
type, discrepancies arise for signals on the imidazolidine ring and CH2.
These may reflect differences between solid-state and solution dis-
tances or spin–spin dipolar interactions influencing rotational barriers
(e.g., due to hydrogenbonding or ion pairing). In particular, the signals
at −31.9, −26.3, and 170.3 ppm (Fig. S2), assigned to imidazolidine ring
protons, are most affected, in both chemical shift and linewidths, by
changes in solvent and counterion. This behavior is consistent with
that observed for the CoIII complexes (see discussion below) and
suggests involvement in anion–cation interactions.

Further NMR experiments supported these assignments. A D2O
shake confirmed the NH proton −26.3 ppm (Fig. S22), and COSY NMR
enabled the identification of the H3, H4, and H5-Py, confirming their
placement on individual pyridine rings (Fig. S3).

The magnetic moment of [2][PF6], determined by Evans’ NMR
(µeff = 4.80), is consistent with the high-spin nature of the CoII center.
Moreover, the chemical shifts of all proton peaks exhibit temperature
dependence, with a linear relationship between chemical shift and 1/T
observed from 60 °C to –30 °C. Among these, 20 peaks display Curie-
Weiss behavior, typical of compounds in a pure spin state, while two
peaks show anti-Curie behavior (Figs. 3A, S34).

To gain insight into the redox chemistry of [2][PF6], the complex
was investigated using cyclic voltammetry (CV). CVs of [2][PF6] under
argon in CH3CN display a reversible one-electron oxidation feature at
E½=0.01 V (all potentials are reported vs. Fc⁺/0), assigned to themetal-
centered CoII to CoIII oxidation, followed by two irreversible oxidation
features with an anodic peak potential (Ep,a) of 0.95 V and 1.16 V.
(Fig. 3B). At more negative potentials, two irreversible reduction fea-
tures with cathodic peak potentials (Ep,c) of −2.07 V and −2.39 V are
assigned to ligand-centered reductions. An analogous CV was
observed for [2][BF4] (Fig. S35).

Synthesis and characterization of CoIII species
The electrochemical profiles of [2][PF6] and [2][BF4] motivated us to
explore their one-electronoxidation using chemicalmethods. Thiswas
achieved by the addition of a stoichiometric amount of thianthrenium
hexafluorophosphate ([Th•+]PF6; E½=0.86 V)51 to [2][PF6] and [2][BF4]
in CH3CN. This transformation produced an immediate color change
from violet to red or brown, respectively, resulting in the clean for-
mation of [CoIII(κ5-Py4Im)Cl][X]2 ([3][X]2; X = PF6

–, BF4
–) in high

yields, Fig. 4A.
The 1H NMR spectra of [3][X]2 (X = PF6

–, BF4
–) show the expected

diamagnetic proton chemical shifts for a low-spin CoIII center in a d6

configuration (Figs. S4, S7). For both complexes, the four inequivalent
pyridine groups are observed in the aromatic region (9.70–7.00ppm)
and were unambiguously identified by the use of 1D-selective total
correlation spectroscopy (TOCSY) NMR experiments (Fig. S5). As seen
for the CoII analogs, the identity of the counterion significantly influ-
ences the chemical shifts of the imidazolidine ring and CH2 protons in
the 1H NMR spectra. For X = PF6

–, signals appear between 5.68 and
4.36 ppm, while for X = BF4

–, they appear shielded to the
4.93–3.10 ppm range. This pronounced shielding effect is attributed to
stronger anion–cation interactions in the BF4

–, likely involving elec-
trostatic or hydrogen bonding effects that reduce proton electron
density and result in shielding of the 1H NMR signals. The N−H proton
exhibits the largest shift, from 4.36 ppm (PF6

–) to 3.10 ppm (BF4
–),

suggesting its direct participation in hydrogen bonding with the
anions.

To investigate the extent of these cation–anion interactions, we
studied the complexes [3][X]2 (X = PF6

–, BF4
–) by 1H and 19F diffusion-

ordered spectroscopy (DOSY)NMR.Thediffusion coefficients for the
cation (D+) and anion (D–) were estimated, and hydrodynamic radii
(rH+ and rH–) were calculated using the modified Stokes–Einstein
equation (Entries 2 and 3, Fig. 4C)52,53. In systems with strong ion
pairing, the cation and anion exhibit similar diffusion rates, whereas
discrepancies suggest weaker association or dynamic equilibria. As
[3][X]2 is dicationic, the measuredD– reflects the diffusion of the two
independent anions. Free PF6

– and BF4
– have typical rH values of 2.5-

2.7 Å, while in the complexes, D– values are 3.2 (PF6
–) and 3.7 (BF4

–),
suggesting cation–anion interactions with a stronger interaction
for BF4

–.
Taken together, the 1H and 19F NMR chemical shifts, line broad-

ening, and diffusion data consistently support stronger cation–anion
interactions in the BF4

– complex compared to PF6
–. The higher degree

of association with BF4
− may arise from its greater ability to engage in

hydrogen bonding, attributed to the higher electron localization on its
fluorine atoms relative to PF6

− 54.

Anion activation and intermediate identification
To access tricationic CoIII species, we treated complexes [3][X]2
(X = PF6

–, BF4
–) with AgX (X= PF6

–, BF4
–), known for its ability to

abstract halides. The reactions were performed in CD3CN to occupy
the coordination vacancy created, and monitored by 1H NMR spec-
troscopy (Fig. S23). This revealed the immediate and clean formation
of the corresponding solvated complexes, [Co(κ5-Py4Im)(NCCD3)][X]3
([4][X]3; X = PF6

–, BF4
–).

1
2
3
4,5

6

7
8,9,10
11,12

13,14,15

22
21

18
19,20

16, 17

A) B)

Fig. 3 | Magnetic behavior and electrochemical properties of [2][PF6]. A 1H NMR
chemical shifts for [2][PF6] in CD3CN plotted versus 1/T. Numbers next to each line
indicate individual proton resonances as assigned in Fig. 2; solid lines represent the

connecting linesbetween data points (symbols).BCyclic voltammogramof 1.0mM
[2][PF6] in CH3CN with 0.1M [NBu4][PF6] as a supporting electrolyte recorded at
0.1 V/s scan rate.
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Complexes [4][X]3 (X = PF6
–, BF4

–) were found to be unstable in
solution, undergoing slow conversion to new diamagnetic species at
room temperature. Notably, the reaction outcome strongly depends
on the identity of the counteranion. For [4][PF6]3, the transformation
proceeds slowly, with 50% conversion observed after 22 h at 25 °C in
CD3CN (Fig. S23), and requires a full week to reach completion. The
resulting product was identified as an unexpected metal-fluoride
complex, [CoIII(κ5-Py4Im)F][PF6]2 ([5][PF6]2, Fig. 4A). The PF6

– coun-
terions were observed in the 31P and 19F NMR spectra. However, the 19F
NMR signal for the fluoride directly bonded to the cobalt (Co–F) was
not observed, probably due to the large quadrupole coupling constant
and nuclear spin (I = 7=2) of 59Co, which can broaden the peaks into the
baseline55.

The solid-state structureof [5][PF6]2 revealedboth enantiomers of
the dication in the asymmetric unit (Fig. 4B), stabilized by an inter-
molecular hydrogenbondbetween the fluoride ligandof onemolecule
and theNHgroupof the other.However,DOSY anddilution studies (1H
NMR, 26.2mM to 7mM) indicate that this hydrogen bond is not
retained in CD3CN solution, where the complex exists as a monomer
(Fig. S15).

Structurally, the cobalt center in [5][PF6]2 adopts an octahedral
geometry, coordinated to four pyridine nitrogen atoms, the bridging
imidazolidine nitrogen, and a terminal fluoride ligand. As expected for
oxidation from CoII to CoIII, the Co−Npy bond lengths are shorter than
those observed in [2]2[CoCl4]56,57. The Co−F bond lengths (Co1-F1:
1.850(5); Co51-F51: 1.872(5) Å) fall within the reported range of CoIII

terminal fluoride bonds (1.84–1.94)55,58,59.

This transformation is particularly noteworthy because it involves
activation of a P–F bond in the PF6

– counterion, an uncommon trans-
formation for late transition metals. A plausible mechanism involves
initial dissociation of the coordinated solvent in [4][PF6]3 to generate a
vacant site, followed by inner-sphere coordination of PF6⁻

60. Sub-
sequent fluoride transfer to the metal and formal extrusion of PF5
would directly yield the [5][PF6]2 as the final product. Although PF5was
not directly observed by NMR spectroscopy, its formation is indirectly
supported by the polymerization of THF when the reaction is per-
formed in this solvent, consistent with the known Lewis acidity of PF5.

Supporting this mechanism, [5][PF6]2 can also be synthesized
directly by treating [2][PF6] with twomol-equiv. of AgPF6, in CH2Cl2, a
non-coordinating solvent that does not compete for the vacant site. In
this one-pot transformation, one equivalent of AgPF6 abstracts the
chloride ligand, while the second promotes oxidation of CoII to CoIII.

To gain further insight into the proposedmechanism and identify
a potential intermediatewith PF6⁻ coordinated to the cobalt center,we
varied the amount of AgPF6 used in the reaction with [4][PF6]3. When
only onemol-equiv. of AgPF6 is used, trace amounts of an intermediate
species are detected by NMR spectroscopy (Fig. S24). The concentra-
tion of this intermediate increases with the amount of AgPF6 added
and is proposed to be a CoIII complex with coordinated PF6

–, [CoIII(κ5-
Py4Im)(F-PF5)][PF6]2 ([6][PF6]2), which then evolves to [5][PF6]2, sup-
porting the stepwise formation of the Co-F bond via a PF6

–-bound
intermediate. At 4 mol-equiv. of AgPF6, the reaction mixture consists
of a 60:40 ratio of the acetonitrile adduct, [4][PF6]3, and [6][PF6]2,
while at 8 mol-equiv., this ratio shifts to 17:83. Due to its transient

A)

B) C)
Entry Complex D+ rH+ D- rH- rX-ray

+

1 [2][PF6] 12.2 5.5 23.0 3.1 5.6

2 [3][PF6]2 10.9 6.1 23.7 3.2

5 [3][BF4]2 11.3 5.9 19.3 3.7

3 [4][PF6]3 11.3 5.9 22.7 3.3

4 [5][PF6]2 13.6 5.0 25.1 3.0 5.7

6 [7][BF4]2 11.3 5.9 19.8 3.6

F1 F51 Co51Co1
N5

N6 N2

N1

N3

N4

H2n

N51

N52

N53

N54

N55

N56

C3

C53

C52
C51

C1

C2

Fig. 4 | Oxidation chemistry and ion-pairing effects in CoIII complexes.
A Synthesis of complexes [Co(κ5-Py4Im)Cl][X]2 ([3][X]2, X = PF6, BF4), [Co(к

5-Py4Im)
(NCMe)][X]3 ([4][X]3), [Co(κ

5-Py4Im)F][X]2 ([5][X]2) [Co(κ
5-Py4Im)(F − PF5)][PF6]2

([6][PF6]2), and [Co(κ5-Py4Im)(F −BF3)][BF4]2 ([7][BF4]2). B Crystal structure of

[Co(κ5-Py4Im)F][PF6]2 ([5][PF6]2) with displacement ellipsoids set to 50%. The two
cations in the asymmetric unit are represented. Only hydrogen atoms on the imi-
dazolidine ring are represented for clarity. C Table with diffusion coefficients (1010,
m2·s−1) and hydrodynamic radii (rH, Å).
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nature, [6][PF6]2 was characterized in situ by NMR spectroscopy
at −40 °C.

In contrast, when BF4⁻ is employed as the counterion, a different
outcome is observed. The reaction leads to the formation of a stable
anion-bound intermediate, [CoIII(κ5-Py4Im)(F-BF3)][BF4]2 ([7][BF4]2),
which does not undergo fluoride abstraction under the same condi-
tions. Therefore, [7][BF4]2 canbe cleanly isolatedon apreparative scale
in high yields. In the 19FNMRspectrum, a very broad singlet is observed
at −149.0 ppm (LW½= 153Hz), significantly broader than that of free
BF4

– (LW½= 3Hz) and high-field shifted, confirming strong interaction
between the anion and the cobalt (Fig. S20).

Computational insights into anion activation mechanisms
The divergent reactivity observed for PF6

– and BF4
– was unexpected,

particularly considering that BF4
– is generally more susceptible to

fluoride abstraction due to its lower fluoride ion affinity
(FIA = 83.1 kcal·mol−1) compared to PF6

– (FIA = 94.9 kcal·mol−1)60,61. Yet,
while PF6

– undergoes clean fluoride transfer to form a stable Co−F
complex, BF4

– remains inert under identical conditions. To understand
this counterintuitive behavior, weperformedDFT calculations (B3LYP-
D3/Def2TZVP) to evaluate the influence of ion pairing and supramo-
lecular organization on anion activation.

We first modeled ion-pairing interactions between [Co(κ5-Py4Im)
(NCCH3)]

3+ ([4]3+) and either BF4
– or PF6

– using structures containing
oneor two associated anions (Fig. 5A).With one anion, BF4

–displayed a

slightly stronger interaction (–182.4 kcal·mol−1) than PF6
–

(–173.8 kcal·mol−1), consistent withmore persistent ion pairing. In both
cases, the first anion is positioned directly beneath the imidazolidine
ring, stabilized by hydrogen bonding interactions between its fluorine
atoms and the ligand’s protic cavity. This consistent localization of the
anionbeneath the imidazolidine ring underscores the role of the Py4Im
ligand in shaping a directional binding pocket. The protic cavity,
defined by the NH and CH₂ groups of the imidazolidine ring, acts as a
hydrogen-bonding anchor that stabilizes the anion in a specific
orientation.

Addition of a second anion preserved this trend, though the
absolute binding energies were attenuated due to increased electro-
static repulsion. The second anion preferentially resides in the cleft
between two flanking pyridine rings, further supporting a defined
spatial organization driven by electrostatic and hydrogen bonding
interactions. In all cases, natural bond orbital (NBO) analysis revealed
similar cobalt partial charges (q≈ +0.31), indicating that the electronic
structure of themetal center remains largely unaffectedby the identity
or number of associated anions. These results suggest that the
observed differences in reactivity are primarily governed by anion
coordination dynamics rather than changes in the intrinsic electronic
properties of the cobalt complex.

We next investigated the thermodynamics of fluoride abstraction
from PF6

– and BF4
– using the single-anionmodel, which allowed direct

comparison since both reactions converge on the same Co−F product

A)

B)

−308.1 (0.308)−182.4 (0.311)

BF4
−

−294.9 (0.306)−173.8 (0.312)

PF6
−

−8.1

0.0 −1.1

NCMe

+17.3

PF5

BF3

+0.4

+18.9

NEt3

1.625

1.919

B

Co

F

N

1.956

P

1.927

Fig. 5 | Computational analysis of ion pairing and anion activation (B3LYP-D3/
Def2TZVP). A DFT-optimized structure and relative Gibbs free energies (ΔG,
kcal·mol-1) for the ion-pairing of [Co(κ5-Py4Im)(NCCH3)]

3+ ([4]3+) with PF6
– or BF4

–,
modeled with one or two anions. Natural BondOrbital (NBO) charges on the cobalt
center are given in parentheses. B DFT-computed Gibbs free energy profile for the

activation of PF6
– (blue pathway) or BF4

– (red pathway) starting from [4]3+ inter-
acting with two anions. Relative ΔG values are given in kcal·mol−1. The black path-
way represents the assisted fluoride abstraction from [7]2+ in the presence of NEt3.
In the green inset: DFT-calculated structures of the anion-bound intermediates [6]
[PF6]2 and [7][BF4]2.
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(Fig. S38). Fluoride abstraction from PF6
– was exergonic by

–3.8 kcal·mol−1, while the corresponding reaction with BF4
– was also

favorable, though less so (–1.5 kcal·mol−1).
While the interaction with one anion offered a useful starting

point for understanding intrinsic bond cleavage thermodynamics, it
could not fully explain the lack of reactivity observed experimentally
for BF4

–. To gain a more realistic picture of the system, and better
understand the role of ion-pairing, we next introduced a second anion
into the computational model (Fig. 5B). With two anions, fluoride
abstraction from PF6

– remained exergonic (–1.1 kcal·mol−1, blue path-
way), consistent with its observed reactivity, whereas the analogous
transformation involving BF4

– became slightly endergonic
(+0.4 kcal·mol−1, red pathway). This change highlights how tight ion-
pairing in the BF4

– system stabilizes the starting complex and disfavors
bond cleavage, even when the intrinsic B–F bond is weaker than P–F.
The computational results thus provide a molecular-level explanation
for the experimentally observed lack of reactivity of BF4

– and validate
the hypothesis that anion–cation interactions critically modulateWCA
activation.

Further support comes from the calculated structures of the
PF6

–- and BF4
–-bound intermediates, [6][PF6]2 and [7][BF4]2, in the

two-anion model (Fig. 5B). Both feature Co–F distances (approx.
1.92 Å) consistent with terminal Co–F bonds, and significantly
elongated P–F (1.956 Å) and B–F (1.625 Å) bonds relative to the free
anions, indicating substantial bond weakening. These features are
consistent with their assignment as late-stage intermediates in
fluoride transfer.

To test whether the BF4
– barrier could be overcome experimen-

tally, we examined the use of an external Lewis base to trap the BF3
byproduct. DFT calculations showed that coordination of triethyla-
mine (NEt3) to [7][BF4]2, forming a BF3·NEt3 adduct, renders the
fluoride abstraction process exergonic (ΔG= –8.1 kcal·mol−1; Fig. 5B,
black pathway). Encouraged by this result, we performed the reaction
experimentally in the presence of excess NEt3, which led to the for-
mation of the Co–F complex [5][BF4]2, as confirmed by NMR spec-
troscopy. These results demonstrate that while BF4

– is inert toward
fluoride abstraction under standard conditions, its activation can be

induced through Lewis base-assisted fluoride abstraction, providing a
viable strategy to promote WCA activation in late transition metal
systems.

Fluoride transfer reactivity of the Co–F
To evaluate the fluoride-donor ability of [5][PF6]2, we first treated the
complex with trityl tetrafluoroborate ([Ph3C][BF4]), which cleanly gen-
erated trityl fluoride (Fig. 6), observed at –125.3 ppm in the 19F NMR
spectrum (Fig. S26). When excess [Ph3C][BF4] was used, the PF6

– reso-
nance disappeared entirely, indicating consumption of both the Co–F
ligand and the PF6

– anions present in solution. We next examined tri-
phenylchlorosilane (Ph3SiCl) as a heteroatom-based electrophile.
Reaction of [5][PF6]2 with Ph3SiCl cleanly generated triphenyl-
fluorosilane (Ph3SiF; Fig. 6), detected at –170.3 ppm in the 19F NMR
spectrum (Fig. S28). The NMR tube showed complete conversion of [5]
[PF6]2 into [3][PF6]2 (Fig. S27), consistentwith chloride transfer fromthe
silane to the cobalt center accompanying fluoride delivery to silicon.

Treatment of [5][PF6]2 with isovaleryl chloride also resulted in
fluoride transfer, forming isovaleryl fluoride (45.5 ppm in the 19F NMR
spectrum, Fig. S30). In parallel, [5][PF6]2 was fully converted into a new
CoIII complex, [8][PF6]3 (Fig. 6), identified by NMR spectroscopy and
HR-ESI mass spectrometry as the acyl-chloride-coordinated complex
(Figs. S29, S31). This outcome is consistent with chloride rebound to
cobalt after fluoride delivery to the acyl chloride. Together, these
results demonstrate that the Co–F bond formed upon PF6

– activation
functions as a nucleophilic fluoride source toward carbocationic, silyl,
and acyl electrophiles, revealing reactivity enabled by selective PF6

–

activation at a cobalt center.
This work reveals that cation-anion interactions profoundly

influence the reactivity ofWCAs, challenging the assumption that their
behavior is dictated solely by intrinsic thermodynamic stability. Using
a macrocyclic Py4Im cobalt platform, we show that PF6

– and BF4
–, two

archetypal WCAs, exhibit contrasting reactivity toward a highly
charged CoIII center. While PF6

– undergoes clean fluoride abstraction
under mild conditions to form a terminal Co–F complex, BF4

– remains
inert unless a Lewis base is introduced to trap the BF3 byproduct.
These results provide a rare example of selective WCA activation at a
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Fig. 6 | Fluoride transfer reactivity of the CoIIIF complex. Fluoride transfer from [5][PF6]2 to trityl tetrafluoroborate, triphenylchlorosilane, and isovaleryl chloride,
forming the corresponding fluoride products and the CoIII complexes [3][PF6]2 or [8][PF6]3.
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late transition metal site and establish a blueprint for tuning reactivity
through counterion choice.

Crucially, this divergence is not dictated by fluoride ion affinity,
BF4

– is in fact more labile, but by the strength and geometry of
cation–anion pairing. As shown by DFT and DOSY data, BF4

– forms
tighter ion pairs with the CoIII center, stabilizing the system and inhi-
biting B–F bond cleavage. In contrast, the weaker ion pairing of PF6

–

facilitates anion activation. Importantly, these interactions are not
isotropic: the spatial confinement and hydrogen-bonding capability of
the Py4Im ligand, particularly its protic imidazolidine cavity, create a
directional microenvironment that guides anion positioning and
modulates reactivity.

This demonstrates thatmacrocyclic topology and ligand-centered
hydrogen bonding can be leveraged to define anion trajectory and
engagement. The strategic placement of proton donors around the
reactive site offers a generalizable approach to preorganize weakly
coordinating anions in catalytically relevant orientations, a principle
that may be extended to design ligand frameworks for controlled ion-
pairing and selective bond activation. This highlights the value of
ligand design not only in stabilizing high-valent species but also in
directing supramolecular interactions that influence bond activation
pathways.

Method
General experimental procedures
All manipulations were performed under an argon atmosphere
using standard Schlenk techniques and glovebox facilities. C6D6 and
CD3CN were dried over 4 Å molecular sieves and degassed through
three freeze-pump-thaw cycles. Hexane, Et2O and toluene were
collected from anM. BraunMB-SPS-800 solvent purification system.
MeOH was dried over magnesium, distilled, and degassed before
use. Anhydrous CH3CN was purchased from either Merck or Acros.
All other reagents and solvents were acquired commercially and
used as received unless otherwise stated. CoCl2 was dried under
vacuum prior to use. Deuterated solvents were dried over molecular
sieves and degassed by freeze–pump–thaw cycles. Detailed syn-
thetic procedures and full characterization data are provided in
the Supplementary Information.

Spectroscopic and analytical methods
Elemental analyses were performed using a Perkin–Elmer 2400 CHNS/
O analyzer. Mass spectra and high-resolution mass spectra of com-
plexeswere acquired on aBruker Esquire3000plus (ESI+) and aBruker
MicroTOF-Q (ESI+) spectrometers, respectively. Molar conductivities
were measured using a Philips PW 9501/01 conductometer.

NMR spectra were recorded on Bruker AV300, AV400 and AV500
spectrometers operating at 300.13, 400.13MHz and 500.13MHz,
respectively, for 1H. Chemical shifts are quoted in ppm relative to
SiMe4, using the internal signal of the deuterated solvent (for 1H and
13C), to 85% H3PO4 (external, for

31P), to CFCl3 (external, for
19F), and to

BF3·OEt2 (external, for
11B).

Paramagnetic 1H NMR spectra were analyzed using T1 relaxation
timemeasurements, linewidths at half-height, and COSY experiments.
The T1 value for each signal was measured with a sweep width of
100ppm centered on the group of signals within the sweep width.
Initially, the T1 value for each signal was estimated using the t1ir1d
pulse program in order to set an appropriate D1 value (five times the
estimated T1 value) and a variable delay list for measuring an accurate
T1 value using the t1ir pulse program. Proton environments were
classified based on correlation with metal–proton distances derived
from crystallographic data.

DOSY NMR measurements
Diffusion-ordered NMR spectroscopy (DOSY) experiments were per-
formed using Pulsed-Field Gradient Spin-Echo (PFGSE) sequences and

analyzed with Bruker TopSpin software. All spectra were acquired
spinning at 27 °C. The variation of the intensity of a selected signal in
the 1H or 19F NMRspectra (I) as a function of the gradient strength (G) is
described by the equation: Ln(I/I0) = −γ2δ2Gi2(Δ−δ/3)D, where γ =
gyromagnetic ratio of the proton, δ = length of the gradient pulse,
Gi = gradient strength, Δ = delay between the midpoints of the gra-
dients, and D = diffusion coefficient62. Before recording the DOSY
experiment, the values of δ (small delta) and Δ (big delta) were opti-
mized for each complex by using the 1D pulse sequence for diffusion
measurements (ledbpgp2s1d, δ (2 × P30) and Δ (d20), Bruker’s soft-
ware). The selected values provided a considerable reduction of the
intensity of the signal, while remaining sufficient signal for integration.
Next, the 2D DOSY experiment (ledbpgp2s pulse sequence) was
recorded using the optimized δ and Δ values, with the G incremented
over 16 steps. Data were analyzed with Bruker’s software, which
directly provided the diffusion coefficient (D). The quality of the data
was testedby representation Ln(I/I0) versusG2, whichgave an excellent
fit to a straight line in all the cases. Hydrodynamic radii (rH) were
calculated from the modified Stokes−Einstein equation: D = κT

ðf scÞπηrH ,
where the appropriate c factor: c = 6

1 + 0:695b2:234 (b = rsolv
rH

) was calculated
by iterative calculation52,53. For the paramagnetic complex, [2][PF6],
diffusion data were acquired using the signals at 21.8 and 22.5 ppm,
which showed suitable line widths and relaxation times according to
established criteria63.

Magnetic and electrochemical measurements
Magnetic moments were calculated using Evans’ method64. Cyclic
voltammetrymeasurements were collected using aWaveNowWireless
potentiostat (Pine Research Instrumentation) in an undivided three-
electrode cell, with a glassy carbon working electrode (3mm dia-
meter), a platinum wire counter electrode, and a silver wire pseudor-
eference electrode. Glassy carbon electrodes were polished using a
Milli-Q water slurry of 0.05μm alumina powder, rinsed and sonicated
in Milli-Q water, and finally rinsed with acetone. A 0.1M solution of
tetrabutylammonium hexafluorophosphate ([NBu4][PF6]) or tetra-
butylammonium tetrafluoroborate ([NBu4][BF4]) in acetonitrile was
used as the supporting electrolyte formeasurements involving [2][PF6]
and [2][BF4], respectively. Ferrocene was added as an internal refer-
ence after initial data collection.

X-ray crystallography
Intensity measurements were collected with a Siemens Smart Apex
([2]2[CoCl4]·NCMe) or a Bruker D8 Venture ([5][PF6]2·1.5NCMe) dif-
fractometers, with MoΚα radiation at 100K. Data were collected using
ω-scans (and φ-scans for ([5][PF6]2·1.5NCMe)) and narrow frame stra-
tegies. A semi-empirical absorption correction was applied to the data
setswith themulti-scan65methods. The structureswere solvedbydirect
methods with SHELXT-201466 and refined by full-matrix least-squares
on F2 with the program SHELXL-201667, in the WINGX68 package. Full
crystallographic data are provided in the Supplementary Information.

Computational details
DFT geometry optimizations and thermochemical calculations were
carried out with the Gaussian 09 program package69, using the B3LYP-
D3 hybrid functional70–73. All calculations were performed in the gas
phase with the Def2TZVP triple zeta basis set74,75.

Data availability
Crystallographic data for the structures reported in this Article have
been deposited at the Cambridge Crystallographic Data Center, under
deposition numbers CCDC 2472803 ([2]2[CoCl4]) and 2472804 ([5]
[PF6]2). Copies of the data can be obtained free of charge via https://
www.ccdc.cam.ac.uk/structures/. Source Data are provided with this
manuscript, including optimized Cartesian coordinates from DFT cal-
culations in an Excel file. All other data supporting the findings of this
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study are included in this Article and its Supplementary Information.
All data are available from the corresponding author upon
request. Source data are provided with this paper.
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