
Dalton
Transactions

COMMUNICATION

Cite this: Dalton Trans., 2024, 53,
17789

Received 3rd October 2024,
Accepted 18th October 2024

DOI: 10.1039/d4dt02791d

rsc.li/dalton

Unprecedented C–F bond cleavage in
perfluoronaphthalene during cobaltocene
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The C–F bond activation of perfluoronaphthalene by 5-SIDipp led to

the formation of dicationic salts with two fluorides (3·2HF2 ) or hep-

tafluorodiborate (3·2B2F7) as counter-anions. The anion exchange

reaction of 3·2B2F7 with NBu4PF6 afforded a highly luminescent

3·2PF6. The in situ addition of cobaltocene in the reaction mixture of

5-SIDipp and perfluoronaphthalene led to a distinct Co(I) species.

Seminal works from Ghadwal and Jana et al. resulted in
carbene-based Thiele, Tschitschibabin and Müller
hydrocarbons.1,2 We have recently accessed such Kekulé dira-
dicaloids with perfluoroarene spacers and attempted to under-
stand the impact of fluoride substitution on their diradical
character. We have isolated imidazoline-2-ylidene-based
Thiele’s and Tschichibabbin’s hydrocarbons with a tetrafluoro-
phenylene linker, where the replacement of hydrogen atoms
by fluorine atoms reduces the singlet–triplet gap.3,4

The spacer in these diradicaloids has been restricted to
either the phenylene or biphenylene group. Notable exceptions
came from the groups of Bertrand and Masuda, who indepen-
dently reported the synthesis of organic Kekulé diradicaloids
having a 1,4-diethynylphenyl spacer with cAACs or imidazo-
line-2-ylidene, respectively.5,6 Recently, Aldridge and coworkers
reported organoboron analogues of Thiele’s hydrocarbon
using a pyridine spacer.7 While there are some reports on dira-

dicaloids with fused rings,8,9 their stabilization with carbenes
is unprecedented in the literature. We commenced our study
with a naphthalene spacer inspired by the works of the groups
of Chi and Haley for developing novel π-structures and syn-
thesis of high-performance conjugated materials using a 2,6-
naphthoquinodimethane core.9 Our endeavours in isolating a
perfluoronaphthalene-based Kekule diradicaloid led to an
unusual Co(I) complex.

The reaction of two equivalents of 5-SIDipp (1) with one
equivalent of octafluoronaphthalene (2) in hexane under
ambient conditions resulted in a red-coloured precipitate via
NHC-mediated C–F bond activation,10 which was isolated as
the dicationic fluoride salt 3·2HF2. Unfortunately, due to low
solubility, we were unable to characterize 3·2HF2 by NMR spec-
troscopy, but its formation was confirmed by a single crystal
X-ray study (Fig. 1). The addition of two equivalents of
BF3·ether into the reaction mixture resulted in the dicationic
heptafluorodiborate salt 3·2B2F7 (Scheme 1 and Fig. 2), which
was characterized by 11B NMR (δ −1.5 ppm) and 19F NMR (δ
−148.3 ppm) spectroscopy. The molecular ion peak at m/z
507.2983 in the HRMS supported the formation of 3·2B2F7.
The molecular structures of 3·2HF2 and 3·2B2F7 were deter-
mined by single crystal X-ray diffraction studies, with the
important bond lengths and angles given in the legends of the
respective figures.

The reaction of 3·2B2F7 with NBu4PF6 underwent a huge
color change and resulted in the anion exchange product
3·2PF6 (Scheme 1). The 31P NMR spectrum shows a signal at
−144.4 ppm and the 19F NMR spectrum exhibits signals at
−72 ppm and −73.9 ppm characteristic of the PF6 anion and
−151.9 ppm for the aromatic six fluorine atoms. While the
X-ray analysis unequivocally confirms the constitution of
3·2PF6, one of the PF6 moiety is highly disordered and hence
masked during the refinement. Despite several attempts, the
data quality is very poor as Rint is >25. Hence, we refrain from
discussing the crystal structure and have provided the mole-
cular structure only in the ESI (See Fig. S25).† After observing a
strong visible luminescence under UV irradiation, we studied

†Electronic supplementary information (ESI) available: Experimental details,
crystallographic details, and the relevant spectroscopic data. CCDC 2270083
(3·2HF2), 2270084 (3·2B2F7) and 2270085 (5). For ESI and crystallographic data in
CIF or other electronic format see DOI: https://doi.org/10.1039/d4dt02791d
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the photo-physical phenomenon of 3·2PF6, which shows two
very intense absorptions bands at 370 nm and 485 nm. Upon
the excitation at 370 nm and 485 nm, 3·2PF6 gives a strong
emission band at 629 nm (Fig. S17 and S18†). The lifetime
measurement shows bi-exponential decay of 3·2PF6 with life-
times τ1 = 0.91 ns (83.92%) and τ2 = 9.59 ns (16.08%) (χ2 =
0.9975124), which is indicative of prompt fluorescence
(Fig. S19†).

The one pot reaction of 5-SIDipp, octafluoronaphthelene
with cobaltocene at −30 °C temperature in THF, led to the un-
precedented formation of 5, presumably via the formation of
intermediate 4 (Scheme 2). The formation of 5 was observed
regardless of the equivalents of cobaltocene. In 5, two meta-
C–F bonds of the naphthalene moiety have been replaced by

cobaltocene and form two C–C bonds. While the C–F bond
activation by Co complexes has been known,11 such activation
in cobaltocene is not reported. One of the cyclopentadienyl
rings, which connects with the meta carbon of the naphthyl
ring, lost the planarity and was bound at the cobalt atom. The
formal oxidation state of Co in compound 5 is +1, and it is an
18-electron species. In 2017, Bertrand and co-workers have
shown the insertion of one of the Cp rings of cobaltocene in
the alkyne salt to trap the radical in the reduction with cobal-
tocene.12 Unfortunately, our efforts to selectively reduce
3·2HF2 and 3·2B2F7 using cobaltocene to obtain 4 have also
been unsuccessful. Attempts to characterize 5 via 1H and 13C
NMR spectroscopy only result in a broad spectrum due to the
presence of monoradical impurities, which is known in the lit-
erature.1 At 260 K, small broad signals corresponding to the
5-SIDipp fragments were observed in the 1H NMR spectrum of
5 in toluene-d8 (Fig. S9†), while those in the 13C NMR spec-
trum were silent (Fig. S10†). This could mean either that it
exhibits a paramagnetic ground state, that they exhibit a ther-

Scheme 1 Synthetic access to dicationic salts (3·2HF2, 3·2B2F7 and
3·2PF6) with a perfluoro-substituted naphthalene spacer (Ar = 2,6-iPr2-
C6H3).

Fig. 2 Molecular structure of 3·2B2F7. Hydrogen atoms are omitted for
clarity. Selected bond distances (Å) and angles (°): C27–N1 1.312(6),
C27–N2 1.324(6), C27–C28 1.491(7), C28–C29 1.275(9), C29–C30 1.519
(10), C28–C32 1.541(9), C32–C31 1.453(8), C31–C30 1.340(9); N1–C27–
N2 113.3(4), N1–C27–C28 122.0(4), N2–C27–C28 124.6(4), B1–F4–B2;
N1–C27–C28–C32 63.1(7), N1–C27–C28–C29 −114.0(7), N2–C27–
C28–C29 68.3(9), N2–C27–C28–C32 −114.6(6).

Scheme 2 Synthetic access to fluoro-substituted naphthalene spacer-
based Kekulé diradicaloid, 5.

Fig. 1 Molecular structure of 3·2HF2. Hydrogen atoms are omitted
except for the HF2- anions for clarity. Selected bond distances (Å) and
angles (°): C15–N1 1.316(3), C15–N2 1.320(3), C14–N1 1.487(3), C13–N2
1.488(3), C15–C16 1.483(3), C17–F5 1.299(3); N1–C15–N2 113.97(18),
C13–N2–C15 109.49(17), N1–C15–C16 109.70(17), N2–C15–C16 124.23
(19); N1–C15–C16–C17 54.9(3), N2–C15–C16–C18 58.3(3).
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mally populated paramagnetic excited state, or that the solu-
tions contain a paramagnetic impurity. However, upon increas-
ing the temperature to 298 K, the corresponding peaks at
4.67 ppm (N–CH2CH2–N) and 3.35 ppm (CH(CH3)2) were
clearly observed for 5 (Fig. S8†). This observation suggests that
5 has a singlet ground state with a paramagnetic excited state
that is populated at low temperature. We undertook variable-
temperature (VT) NMR experiments for the detection of open-
shell singlet ground states as the broad resonances of singlet
diradical species became sharper at room temperature. In the
HRMS spectrum, the peak at m/z 189.0106 is characteristic of
free CoCp2, which further confirms that cobaltocene is coming
out from the system (Fig. S12†).

The molecular structure of 5 (Fig. 3) reveals the trigonal
planar geometry at the C11/C37 carbon atom with a N3–C11–
N4/N1–C37–N2 angle of 107.82(9)°/108.07(9)°. The C11–N3/N4
[1.390 Å (av)] and C37–N1/N2 [1.386 Å (av)] bond lengths are
significantly longer compared to those in 3·2HF2 and 3·2B2F7
(3: C15–N1/N2 1.318 Å (av), 3·2B2F7: C27–N1/N2 1.318 Å (av)).
The mean bond length of C11–C3/C37–C8 is 1.389 Å, which is
much shorter compared to those in the dicationic salts 3·2HF2
(1.483(3) Å) and 3·2B2F7 (1.491(7) Å). There are some bond
alternations in the C10F4 linker across Cortho–Cipso, which
suggests that the unpaired electrons are delocalized into the
naphthyl ring (av. Cortho 1.444 Å and av. Cipso 1.357 Å). The
imidazole rings of 5 are twisted 24.1° (av) from the plane of
the bridging phenylene ring, which is substantially lower than
those in 3·2HF2 (56.6° (av)) and 3·2B2F7 (65.7° (av)), indicating
a significant contribution of the quinoid resonance form in
the former. The CV of 5 (Fig. S21†) revealed two reduction
peaks centered at Ered1 = −0.96 V and Ered2 = −2.17 V vs. the

Ag/AgCl redox couple. The peak at about −0.96 probably refers
to the CoII/CoI couples of the cobaltocene moiety attached to
the naphthalene spacer and the peak at −2.17 V possibly
suggests two electron reduction or the quinoid naphthalene
moiety.

DFT calculations were performed to understand the elec-
tronic structure of 5. The optimized geometries of the singlet
and triplet electronic states are shown in Fig. S25.† The
singlet–triplet energy difference (ΔES–T) for compound 5 was
evaluated to be 20.4 kcal mol−1 using the B3LYP/def2-TZVPP
level of theory, which increased to 32.0 kcal mol−1 upon re-
evaluating at the CASSCF(2,2) + CASPT2 level of theory for
better accuracy (Tables S1 and S2†). It must be noted that in
spite of carrying out broken-symmetry calculations, open-shell
singlet structures could not be obtained for 5. The WBI indi-
cates a decrease in the partial double bond character of the
carbene-linker (C–C) of 5 from 1.365 for the singlet to 0.272
for the triplet state.

TD-DFT calculations were also performed at the
CAM-B3LYP/def2-SVP (CPCM = THF) level of theory (details in
ESI†). It was revealed that the λmax corresponds to the π → π*
transition from the HOMO to the LUMO for 5, where the
HOMO represents the π-orbital of the naphthalene ring, which
is also delocalized over the C–C linker along with the C–N
bonds of each imidazolium ring, and the LUMO represents the
π*-orbitals of the same molecular components, as shown in
Fig. 4. Interestingly, the shoulder peak of 5 (expλ = 461 nm)
could be assigned to the mixing of two degenerate transitions:
ligand to metal charge transfer and intra-ligand charge trans-
fer (HOMO to LUMO+2, calcλ = 355 nm, f = 0.0489; HOMO to
LUMO+5, calcλ = 337 nm, f = 0.0676) from the naphthalene ring
to the DIPP moiety and the Co(I) center. Another peak (calcλ =
302 nm, f = 0.1478) was observed due to the presence of cobal-
tocene, in which the orbitals (HOMO−2 to LUMO+11) involved
in the transitions were found to be delocalized on both the
cobaltocenes. Consistent with the experimental observation, a

Fig. 3 The molecular structure of 5. Hydrogen atoms, except the one
hydrogen atom of the Cp ring, are omitted for clarity. Selected bond dis-
tances (Å), bond angles (°) and torsion angles (°): C11–N3 1.3912(14),
C11–N4 1.3893(14), C37–N1 1.3881(14), C37–N2 1.3852(14), C11–C3
1.3897(15), C37–C8 1.3896(14), C3–C2 1.4400(15), C2–C1 1.3636(14),
C1–C6 1.4610(14), C6–C5 1.3641(15), C5–C4 1.3515(15), C4–C3 1.4486
(15); C2–F1 1.3589(12), C10–C70 1.5426(15), C5–C74 1.5330(16); N3–
C11–N4 107.82(9), N1–C37–N2 108.07(9), N3–C11–C3 125.10(10), N4–
C11–C3 127.08(10); N3–C11–C3–C2 −21.9(2), N4–C11–C3–C4 −25.5
(2), N2–C37–C8–C9 −24.4(2), N1–C37–C8–C7 −24.6(2).

Fig. 4 Frontier molecular orbitals and their respective energies of 5
evaluated at the CAM-B3LYP/def2-SVP (CPCM = THF) level of theory.
Hydrogen atoms have been omitted for clarity.
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red shift in the λmax values corresponding to the absorption
spectrum were observed for 5 in the solution phase as com-
pared to the gas-phase (experimental solid-state UV-Vis)
TD-DFT calculations (Table S3†).

The magnetic properties of 5 were studied by recording the
temperature-dependent magnetization (M–T ) data in the
5–300 K temperature range (Fig. S23†) and isothermal magne-
tization (M–H) curves at 5 K in a cyclic ±6 T magnetic
field. The magnetic susceptibility of 5 increased exponentially
in the low-temperature region (below 20 K), indicating the
absence of long-range ferromagnetic/anti-ferromagnetic order-
ing (Fig. S24†).

In addition, it is observed that both the FC and ZFC curves
traced analogous paths. The inverse susceptibility data of the
sample (Fig. 5) was fitted using the Curie–Weiss law, χ = C/(T −
θCW), to calculate the effective magnetic moment (μeff ). A μeff
of nearly 4BM (BM = Bohr Magneton), which corresponds to 5
unpaired d orbital electrons, suggests that the system is abun-
dant in free electrons. The negative value of Curie temperature
“θCW to −50” signifies that the system is non-ferromagnetic in
nature.13 The absence of a hysteresis loop and saturation of
magnetic moment in the M–H curves measured at 5 K (Fig. 6)
again support the fact that the sample is paramagnetic in
nature and is free of long-range magnetic order impurities. To

gain further insight, the field dependence M–H curve was
fitted with the Langevin function using the relation

M
M0

¼ LðaÞ ¼ cothðaÞ � 1
a

ð1Þ

where M0 is the saturation magnetization having a value of
1.49 emu g−1 and a = µH/kT, µ is the effective magnetic moment
and is the product of Mbulk and average particle volume. The M–

H curve fitting to eqn (1) gives an effective magnetic moment
value µ = 4.632 × 10−16 emu. Again, using the bulk saturation
magnetization value of cobalt at 0 K, Mbulk = 1435 emu cm−3.14

We estimated a particle diameter of 8.5 nm.
In summary, we attempted to prepare a Kekulé diradicaloid

with a perfluoronaphthalene spacer, but we realized an unpre-
cedented 18-electron Co(I) species 5, where the two meta fluor-
ines of the hexafluoronaphthyl ring were substituted with
CoCp2 and formed an unusual C–C bond through one of the
Cp rings.
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Fig. 5 The inverse susceptibility data of 5 and its fitting with Curie–
Weiss law.

Fig. 6 Magnetization versus H/T at 5 K and its fitting to Langevin func-
tion for compound 5.
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