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Abstract: The heme paradigm where Fe=O acts as the
C-H oxidant and Fe—-OH rebounds with the formed
carbon-centered radical guides the design of the proto-
typical synthetic hydroxylation catalyst. We are explor-
ing methods to evolve beyond the metal-oxo oxidant
and hydroxide rebound, to incorporate a wider array of
functional group. We have demonstrated the application
of Co"(OTf), (10mol% catalyst; OTf= trimfluorome-
thanesulfonate) in combination with polydentate N-
donor ligands (e.g. BPMEN=N,N’-dimethyl-N,N’-
bis(pyrid-2-ylmethyl)ethane-1,2-diamine) and Select-
fluor in the oxidative fluorination of saturated hydro-
carbons in high yields. The addition of CsF to the
reaction mixture induced near-quantitative yields of
fluorinated saturated hydrocarbons (>90% yield of
fluorinated product). For 1-hydroxy, 1-acetyl, 1-carboxy-
, and 1-acetamido-adamantane, we demonstrated selec-
tive fluorination at the 3-position. We propose two
mechanisms for the Co"-catalyzed reaction: either (i) an
N-radical, derived from Selectfluor, acted as the C—H
oxidant followed by radical rebound with Co™-F; or
(i) a Co"™—(F), species was the C-H oxidant followed
by radical rebound with Co™-F. Our combined spectro-
scopic, kinetic, and chemical trapping evidence sug-
gested that an N-radical was not the active oxidant. We
concluded that a Co™—(F), species was the likely active
oxidant and Co™-F was the likely F-atom donor to a
carbon centered radical producing a C—F bond. )

[*] A. Das, B. Twamley, O. R. Kelly, C. Panda, A. R. McDonald

School of Chemistry, Trinity College Dublin, The University of
Dublin, College Green, Dublin 2, Irelandhttps://chemistry.tcd.ie/
staff/people/mcdonald
E-mail: aidan.mcdonald@tcd.ie
C. Panda
Department of Chemistry, Science Faculty, University of Allahabad,
Prayagraj, Uttar Pradesh 211002, India
P. Richardson
Medicine Design, Pfizer La Jolla, 10770 Science Center Drive, La
Jolla, California, 92121, USA

T © 2024 The Author(s). Angewandte Chemie International Edition
published by Wiley-VCH GmbH. This is an open access article under
the terms of the Creative Commons Attribution License, which
permits use, distribution and reproduction in any medium, provided
the original work is properly cited.

Angew. Chem. Int. Ed. 2025, 64, €202421157 (1 of 16)

Introduction

The oxidative activation of saturated hydrocarbons remains
challenging primarily due to the inertness of the C—C and
C—H bonds found in these abundant substrates.!! Nature
has evolved to functionalize saturated hydrocarbons via a
two-step process where the C—H bond is first broken
through high-valent oxidant mediated proton coupled elec-
tron transfer (PCET) oxidation followed by introduction of
functional groups through metal-mediated radical rebound
(RR).”!' A prototypical example of this is the nonheme iron
halogenases where dioxygen activation at Fe' yields a
Cl-Fe"V=0 oxidant that cleaves the C—H bond through
PCET followed by RR between the formed C-centered
radical and a Cl-Fe"™-OH entity to yield chlorinated hydro-
carbon (Figure 1).P! This process relies on the enzyme active
site ensuring selective RR of the Fe-bound Cl ligand rather
than the hydroxide. The natural function of nonheme iron
halogenases are limited to chlorination and bromination,
however, engineered nonheme iron enzymes have recently
been demonstrated to be capable of radical fluorination of
saturated hydrocarbons.! The engineered systems rely on
N-fluoride substrates that are primed for radical fluorina-
tion, but do not employ an Fe'¥ oxidant. Nature’s process
for saturated hydrocarbon functionalization is highly effec-
tive, as long as sufficiently potent high-valent PCET
oxidants can be generated, alongside effective means for
RR.

Synthetic complexes that facilitate the oxidative halogen-
ation of saturated hydrocarbons have displayed promise,
being capable of mimicking nonheme iron halogenase
function, if not always selectivity.’! Of particular note are
the synthetic X-Fe™V=0 (X = Cl, Br) that acted as both
structural and functional mimics of the nonheme iron
halogenases.”™" In some cases these complexes were capa-
ble of incorporating halogens into saturated hydrocarbons,
although they have suffered from competitive hydroxide
rebound. X-Fe™-OH products were primed for hydroxide
rebound without the protein structure to control rebound as
observed in the halogenases. Interestingly, computational
analyses have predicted that hydroxide rebound is thermo-
dynamically preferred over halide rebound.”

Fluorination of small-molecules is a widely employed
tactic to enhance the bioavailability and stability of
medicines.!!’. Furthermore, the rapid incorporation of F-
atoms into small-molecules is of particular interest to those
developing "®F radio-tracers.”! Traditional methods for this
rely on elemental F,, XeF,, or HF, a group of highly reactive
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(i) Cu-mediated autocatalytic Selectfluor cascade

(ii) Sub-stoichiometric fluorination with Ni-F or Cu-F
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Figure 1. Metal-mediated oxidative fluorination of saturated hydro-
carbons and nonheme iron catalyzed chlorination.

indiscriminate oxidants with significant toxicity risks.' In
these cases, F* was proposed to both perform C-H
activation and F-atom donation. Generally these reagents
display poor selectivity and high levels of substrate degrada-
tion due to the high potential of the oxidant (F*—F; E’=
2.87 V)."l Molecular electrophilic and nucleophilic fluori-
nating reagents have been developed that mitigate some of
the toxicity risks, although they are often only effective on
activated substrates.™%'J Metal-mediated oxidative radical
fluorination represents an opportunity to perform hydro-
carbon fluorination on a scale and at a cost commensurate
with the abundance of these substrates, as long as we can
develop simple catalysts that allow control over both the
oxidant and the F-atom donor (which may be the same
entity or different species). We envisage mimicking heme
and nonheme iron methods for  hydrocarbon
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hydroxylation,l” replacing the heme paradigm of C-H
activation by Fe=O followed by radical rebound by Fe—OH,
with high-valent metal-difluorides (M—(F),) that facilitate
both C—H activation and fluorine atom transfer.

Groves and co-workers developed a process where the
oxidant and F-atom donation were performed by separated
entities—a Mn" = O was the postulated PCET C-H oxidant,
followed by RR between the formed C-carbon-centered
radical and a Mn"V—F.P*%! Saturated hydrocarbon (C-
(sp3)-H) fluorination was achieved in reasonably good
yields (up to 57 %), however, this process likely suffered
from competitive hydroxide rebound. Lectka and co-work-
ers have shown that the combination of Selectfluor (SF) and
Cu' in the presence of diamine ligands allowed for fluorina-
tion of C(sp3)-H bonds.'” It was determined that Cu'
facilitated an initial N—F bond scission in SF yielding an N-
radical  species called TEDA®"  (N-(chlorometh-
yl)triethylenediaminyl radical) and Cu"™F (Figure 1).
TEDA** was determined to be the active oxidant yielding
substrate carbon radicals that reacted with another molecule
of SF to yield fluorinated product and TEDA®". After the
initial involvement of Cu' in SF activation, the metal played
no further role. Many others have demonstrated that SF
acted as a remarkably useful platform for hydrocarbon
fluorination following the same mechanism.'*!! In most of
these examples, modest-to-good yields of the fluorinated
products were achieved (generally <75 %).

We have explored high-valent metal-halide complexes
for their capabilities as strong oxidants in C—H activation
and in hydrocarbon halogenation (Figure 1)."”" We postu-
lated that high-valent metal-halides can be potent oxidants
because of the magnitude of the H-X (X =halide) bond that
acts as the thermodynamic driver for PCET by metal-
halides. Indeed, we demonstrated that Ni""—F and Fe"-F
oxidants were some of the most reactive high-valent
oxidants reported to date. The Ni"'-F was also capable of
the fluorination of ethylbenzene in 11 % yield.'"”® At the
same time, Zhang, Stieber, and co-workers demonstrated
that the corresponding Cu™-F complex was capable of sub-
stoichiometric fluorination of hydrocarbons in up to 50 %
yield."™ Co—F compounds have been identified as useful
fluorinating reagents capable of both electrophilic and
nucleophilic fluorinations,!'” as well as F-atom radical trans-
fer fluorination of olefins or other highly activated
substrates.”™ In anticipation that a M—(F), entity might act
to both abstract an H-atom with one F-ligand and donate an
F-atom with the other, we showed that the combination of
an Fe" complex and difluoro(phenyl)-A*-iodane (PhIF,)
facilitated sub-stoichiometric C—-H bond fluorination in
modest yields (2-50 % yield).' A kinetic analysis suggested
that an Fe'V—(F), entity was the likely PCET C-H oxidant,
followed by RR with an Fe"™-F to yield fluorinated product.
Our explorations to date have thus shown high-valent metal-
fluorides to be exceptional oxidants capable of breaking the
strongest of C—H bonds under sub-stoichiometric reactivity
conditions. Herein, we describe our efforts towards develop-
ing catalytic fluorination of saturated hydrocarbons via a
high-valent metal-difluoride adduct that acts both to activate
the C—H bond via PCET and to donate an F-atom by RR.
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Results and Discussion
Catalysis Studies

Screening of ligand and metal salts for C—H fluorination: We
targeted the oxidative fluorination of simple (inert) satu-
rated hydrocarbons (Scheme 1). In our initial efforts, we
were hindered by the poor solubility of certain saturated
hydrocarbons, and thus settled on 1-adamantanol as a
suitable model substrate because it contains strong C-H
bonds and allows for an assessment of selectivity (tertiary
(bond dissociation free energy (BDFE)~97 kcal/mol) ver-
sus secondary (~100 kcal/mol) C—H bonds), while also being
soluble in CH,CN.”Y Under anaerobic conditions, 1-ada-
mantanol, a metal salt or complex, and (where employed) a
ligand were dissolved in anhydrous CH;CN followed by
addition of Selectfluor (SF, 1-(chloromethyl)-4-fluoro-1,4-
diazabicyclo[2.2.2]octane-1,4-diium di-tetrafluoroborate, see
Supporting Information file for details). Reaction progress
and yields were monitored using “F nuclear magnetic
resonance (NMR) spectroscopy allowing us to follow the
consumption of SF and the formation/yield of any fluori-
nated hydrocarbon products. When formed, 3-fluoro-1-
adamantanol (3FA) produced a "FNMR signal at §=
—133.4 ppm (Figure S1). Two signals at 8=+46 and
—151 ppm, were assigned to the SF N—F group and the "BF,

e

N
OH F/@ 2(BF4) OH
selectfluor
Co''salt, L F
1-adamantanol 3FA
CH;CN

Scheme 1. Screening of Co"-catalyzed oxidative fluorination of 1-
adamantanol using Selectfluor (SF). L=ligand (see Figure 2 for
examples), 3FA=3-fluoro-adamantan-1-ol.
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Figure 2. Ligands screened in the Co-catalyzed oxidative fluorination of
saturated hydrocarbons.
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anion, respectively. The yield of 3FA and the degree of
consumption of SF could be assessed through integration of
the signals associated with each entity with respect to the
integral for the "BF, signal (which was not consumed during
the reaction).[*”!

Our initial screen indicated that Co™ salts combined with
a simple polydentate N-donor (TPA, tris(2-pydridylmeth-
yl)amine, Figure 2) were promising candidates for hydro-
carbon fluorination (Table 1). In the absence of TPA, no
fluorinated product nor significant consumption of SF was
observed. Likewise, in the absence of Co", no fluorination
products were identified although near-complete (96 %)
depletion of SF was observed. Once Co" salts were
combined with TPA, we observed a good yield of 3FA
(45 %) alongside near complete consumption of SF (83 %)
at 20°C. Heating to 50°C provided a slight enhancement in
yield (48 %), alongside complete SF consumption. At higher
temperature (75°C) we observed a drop in the quantity of
3FA and “FNMR resonances at §=-138.7-174.1, and
—190.0 ppm that could be assigned to the 3,5-difluoroada-
mantan-1-ol (35DFA),'® 2-fluoroadamantanol (2FA),*!
and 4-fluoroadamantanol (4FA®') products, respectively
(Figure S2). The 35DFA is a product of over-fluorination
while the 2FA and 4FA are assumed to form in negligible
quantities at low temperature, only appearing at measurable
levels at high temperatures. As with higher temperatures,
longer reaction time (18 h) also produced 35DFA, 2FA, and
4FA. Interestingly, the combination of an Fe" salt and TPA
gave a poor yield of 3FA (<2 %), despite significant SF
depletion. Finally, when we employed [Co"(NCCHj;)-
(TPA)](OTY),, rather than simply combining the metal salt
and ligand in the reaction vessel, we observed no difference
in the yield of 3FA (see Supporting Information for details
of [Co"(NCCH,;) (TPA)](OTTY), preparation, Figures S3-S9).

We expanded our ligand screening in order to identify
the ideal supporting ligand for hydrocarbon fluorination
(Figure 2, Table 2). The NTB ligand (a tripodal tetradentate
benzimidazole analogue of TPA) combined with Co" did
not produce any 3FA, nor did it induce SF activation. Simple

Table 1: Initial screening of catalysts and conditions.

Metal salt/complex Ligand t T (°C) SFconsumed (%) 3FA yield

(h) (%)
- - 2 20 5 0
- - 2 50 5 0
Co(OTf), - 2 50 7.5 0
- TPA 2 50 96 0
Co(OTf), TPA 2 20 83 45
Co(OTf), TPA 2 50 100 48
Co(OTf), TPA 2 75 100 280!
Co(OTf), TPA 18 50 100 170!
Fe(OTf), TPA 2 50 70 <2
[Co"(TPA)(OT),  — 2 50 8 49
[Co"(TPA)(OCL),  — 2 50 100 43

[a] 50 mol% catalyst loading, thus 2 equiv. SF was used. [b] 35DFA and
2FA/4FA identified in reaction mixture.
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Table 2: Ligand and metal salt screening.”

Metal salt Ligand SF consumed (%) 3FAyield (%)
Co(OTH), TPA 100 48
Co(OTH), NTB 5 0
Co(OTH), bpy 100 40
Co(OTf), 1,10-phen 65 20
Co(OTf), cyclam 100 31
Co(OTH), BPEN 97 46
Co(OTf), BPMEN 97 56
Co(ClO,),-6H,0  BPMEN 85 50
CoCl, BPMEN 63 10
[CoM(Cly(TPP)IET  — 50 0
[Co"(TMP)]H - 50 0
Fe(OTf), TPA 70 <2
Fe(OTf), NTB 80 19
Fe(OTf), BPY 95 0
Fe(OTf), 1,10-phen 55 0
Fe(OTf), cyclam 100 2
Fe(OTf), BPEN 93 3
Fe(OTf), BPMEN 56 5
Fe TPP, - 5

[Fe(Cl i 0 0
Ni(OTf), BPMEN 100 0
Cu(OTf), BPMEN 85 15
Cu(OTf) BPMEN 100 8
[Cu(BEN) (1)]¥ 100 11

[a] Conditions: t=2h; T=50°C; SF equiv.=2 (50 mol% catalyst);
solvent=CH;CN. [b] TPP=tetraphenylporphyrin. [c] TMP =tetramesi-
tylporphyrin. [d] BEN = N,N'-bis(benzylidene)ethane-1,2-diamine
(10 mol% catalyst).

bidentate ligands 2,2-bipyridine (bpy) and 1,10-phenanthro-
line (phen) both produced reasonable yields of 3FA when
combined with Co"(OTf), (40% and 20 %, respectively).
The macrocylic tetra-secondary amine donor, cyclam, pro-
duced a 31% yield of 3FA. The linear tetra-dentate
polypyridine ligands BPEN and BPMEN, showed 46 % and
56 % yields of 3FA in combination with Co"(OTf),. Finally,
when an anionic N-donor supporting ligand was employed
(in this case tetraphenylporphyrin or tetramesitylporphyrin)
we observed no fluorinated product and limited SF con-
sumption, whether it was a Co" or Co™ catalyst. We
concluded that all pyridine- and alkylamine-containing
ligands were effective in combination with Co", whereas the
benzimidazole-containing NTB and porphyrins were not.
Cyclam coordinates to metals in a meridional fashion
inducing ancillary ligand binding in positions trans to one-
another. For bpy and phen, the location of ancillary binding
sites could either be cis or trans depending on the number of
ligands coordinated and the relative positioning. We tenta-
tively conclude that cyclam/bpy/phen don’t provide the
optimal coordination environment for effective fluorination
(these ligands displayed 3FA yields of <40 %). In contrast,
TPA, BPEN, and BPMEN generally induce cis-o or cis-p
ligation at a metal,*” yielding ancillary labile sites cis to one-
another—we surmise this represents the optimal geometric
conditions for hydrocarbon fluorination (3FA yields
>40%).
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Given our observations that BPMEN produced the
highest yields of hydrocarbon fluorination, we pursued the
application of Co"/BPMEN-catalyzed fluorination in greater
detail. We explored a number of alternative metal salt/anion
combinations and found that Co" sources with labile
counterions (“OTf, “ClO,) displayed the highest yields of
fluorination (>50%). In contrast, the less-labile ~Cl ligand
in CoCl, produced 3FA in just 10 % yield, indicating ease of
ancillary ligand displacement at Co" was important. This
mirrors the result obtained for [Co"(TMP)] where the
anionic supporting ligand appeared to inhibit fluorination.

Previous success has been achieved with Cu'/SF and Fe'/
SF systems for hydrocarbon fluorination, we therefore felt it
prudent to screen other metals (Table 2).°**<! A combina-
tion of Fe"(OTf),, NTB, and SF produced 3FA in 19%
yield, although not matching the levels observed with Co"
catalysts. Somewhat surprisingly, this was the only Fe'/
ligand combination that produced noteworthy yields of 3FA.
For all other Fe'/L combinations we observed yields of
3FA <5 %. High degrees of SF consumption were observed
in all instances (50-100 % SF depletion). This suggests that
Fe" salts were capable of inducing N—F bond activation in
SF, but the resulting products either could not break strong
C—H bonds or were ineffective fluorinating agents. In fact,
almost all Fe, Ni', Cu", and Cu' salts that we tested
produced low yields of 3FA despite facilitating the near-
complete decay of SF. Of particular note are the Cu' and
Cu" salts that demonstrated 8 % and 15 % yields of 3FA, in
marked contrast to previous examples where Cu-catalyzed
SF-mediated fluorination was achieved in >50% yields
under different, somewhat more convoluted conditions.[">*¢]
Indeed we tested the [Cu(BEN)(I)] catalysts developed by
Lectka, under the current conditions, showing complete SF
consumption, but just 11 % yield of 3FA. We concluded that
Co" appears to represent a sweet-spot for saturated hydro-
carbon fluorination.

In an effort to identify the active catalyst and probe the
catalytic mechanism, we pursued the synthesis of [Co"-
(BPMEN)]** (see Supporting Information file for details,
Figures S10-S16). Briefly, a CH;CN solution of Co"(OT¥),
was mixed with BPMEN at room temperature for 16 h,
producing an orange solution. Recrystallization from
CH;CN/Et,0 yielded pale pink crystals suitable for X-ray
diffraction measurements. These measurements confirmed
the structure as [Co"(BPMEN)(OTY),] (defined as 1, Fig-
ure 3), with the Co" ion in a pseudo-octahedral environment
ligated by the four N-donors of the BPMEN ligand and two
O-donors of monodentate ~OTf ligands. The ~OTf were
ligated cis to one another, with the BPMEN ligand
demonstrating a cis-a geometry,?! where the two pyridine
donors were trans to each other and cis to the alkylamine
and ~“OTf donors. BPMEN-supported first row transition
metal complexes (e.g. Mn,*! Fe 321 Co Pl Ni, 21 Cy,2%2
Zn®) have been synthesized and employed in a variety of
catalysis applications. Yang and co-workers previously
reported the preparation of [Co"(BPMEN)(NCCHs;),](BF,),
which displayed two Co-bound CH;CN molecules, display-
ing comparable structural properties.’”) 1 was thus similar to
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Figure 3. Molecular drawings (top) and ORTEPs of 1, 1F, 2—4 (bottom) complexes and ions. H-atoms (except for coordinated H,O in 3), solvent
molecules, additional BPMEN ligands in 1F, and non-binding counter anions were omitted for clarity.

other linear tetradentate transition metal complexes, crit-
ically displaying cis-labile binding sites on the Co center.

'H NMR of 1 in CD;CN showed broad and significantly
shifted signals consistent with the presence of a para-
magnetic metal ion (Figure S10). Seven signals were ob-
served ranging from 8= +220 ppm to +20 ppm, suggesting
the BPMEN ligand was in a symmetric environment in 1 in
solution (consistent with the solid-state X-ray crystal
structure data). An Evan’s method calculation of the
effective magnetic moment suggested ug =4.24 Bohr magne-
ton (Figure S11), which corresponds to an $=3/2 d’ Co" ion
in a pseudo-octahedral environment. Co" complexes with
polyamine ligands or macrocyclic ligands were commonly
found in such a high-spin d’ state.’"! In contrast, stronger
field porphyrin supported Co" complexes were low-spin
(§=1.F PFNMR analysis of 1 showed a signal at 5=
—79.1 ppm consistent with free “OTf (Figure S12), suggest-
ing that the “OTf were labile in solution.

Electron paramagnetic resonance (EPR) spectroscopy of
1 in the solid state displayed a very broad signal centered at
g=3.8 at 77 K (Figure S13), while *Co hyperfine was not
observed. Similarly broad EPR spectra centered at g~4 were
observed in Co"-salen (salen=(R,R’)-N,N’-bis(3,5-di-tert-
butylsalicylidene)-1,2-cyclohexane-diamino),*! Co"-oxide "
Co'"-phosphine,® and Co"-cyanide complexes.* Electro-
spray ionization mass-spectrometry (ESI-MS) analysis of 1
showed three signals at m/z=164.5686, 364.0888, and
478.0720 which can be attributed to the cations [Co™-
(BPMEN)**, [[Co"(BPMEN)]+CI]*,  and [[Co™-
(BPMEN)] + OTf]", respectively (Figure S14). In summary,
1 was a pseudo-octahedral complex with a tetradentate
ligand coordinated in a cis-o fashion, leaving labile ligands at
sites cis with respect to each other at Co". When 1 was
applied as a catalyst in 1-admantanol fluorination, the yield
of 3FA was the same as when BPMEN and Co"(OTf), were

Angew. Chem. Int. Ed. 2025, 64, €202421157 (5 of 16)

separately combined in the reaction mixture (Table 3),
demonstrating that 1 was the active catalyst or a precursor
to the active catalyst.

Using Co"(OTf),/BPMEN, we endeavored to optimize
the yield of fluorinated products through screening of the
reaction time, temperature, and catalyst loading (Table 3).
At room temperature (20°C) a maximum yield of 57 % was
obtained after an 18 h reaction, after 2 h the yield was 42 %.
Heating to 50°C allowed us to achieve 56 % yield of 3FA
after just 2h, whereas heating at 50°C for an extended
period (18 h) resulted in a lower yield of 3FA (27 %).
Heating at 75°C for 2h also decreased the yield of 3FA
(27 %). As observed for the Co"/TPA combination, a longer
reaction time and/or heating to 75°C resulted in the
formation of 35DFA, 2FA, and 4FA for Co'YBPMEN. All
reactions to this point were performed under 50 % catalyst
loading (thus two equiv. of SF per Co). In moving to
20 mol% and then 10 mol% Co, we observed the same
yields of 3FA (~55%) when reactions were performed at
50°C, whereas at 20°C lower yields of 3FA were obtained
(29 %). At catalyst loadings lower than 10 mol% the yield of
3FA dropped below 50 % (7.5 mol% Co").

A significant improvement in the yield of 3FA was
obtained upon addition of CsF (10 equiv.) resulting in near-
quantitative yields of 3FA (91 %, Figure S17). In contrast,
other inorganic fluoride sources had little impact on the
yield of 3FA (~50%). All inorganic fluoride sources
displayed poor solubility under the reaction conditions.
Addition of a soluble ‘organic’ fluoride source (tetrabuty-
lammonium fluoride, TBAF) resulted in markedly lower
yield of 3FA (13 %). We attribute this to the presence of
additional H,O of crystallization that was present in the
TBAF. We have observed previously that H,O can inhibit
PCET by high-valent metal-fluoride complexes.'”! Impor-
tantly, the highest yields of 3FA were obtained alongside
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Table 3: Optimization of Co"/BPMEN fluorination catalysis conditions.
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Catalyst t T additive
(h) (°Q)

Co(OTf),/BPMEN 2 20

Co(OTf),/BPMEN 18 20

Co(OTf),/BPMEN 2 50

Co(OTf),/BPMEN 18 50

Co(OTf),/BPMEN 2 50

Co(OTf),/BPMEN 2 20

Co(OTf),/BPMEN 2 50

Co(OTf),/BPMEN 2 75

Co(OTf),/BPMEN 2 50

BPMEN 2 50

1 2 50

1 2 50 KF

1 2 50 CsF

1 2 50 AgF

1 2 50 CaF,

1 2 50 ZnF,

1 2 50 TBAF.H,O

1F 2 50

1F 2 50 CsF

2 2 50

4 2 50

Co loading SF equivalents SF consumed 3FAyield
(mol%) (%) (%)
50 2 78 42
50 2 92 57
50 2 97 56
50 2 100 278
20 5 95 54
10 10 49 29
10 10 93 56
10 10 94 270
7.5 15 84 44
10 10 72 0
10 10 93 56
10 10 73 49
10 10 100 91
10 10 81 35
10 10 90 51
10 10 87 53
10 10 83 13
10 63 46
10 10 70 66
10 10 9 3
10 10 9 0

[a] over-fluorination product 35DFA, as well as 2FA and 4FA identified in reaction mixture.

the highest levels of SF consumption. SF consumption levels
were consistently above 90 % in the presence of Co" once
the reaction mixture was heated to 50°C. Overall, our
optimization studies indicated that 50°C was the optimal
reaction temperature, with 10 mol% catalyst loading, and
the addition of an external inorganic fluoride source (CsF)
allowing us to reach near-quantitative yields of 3FA.

In order to assess the role of CsF, we probed the
addition of CsF to 1 in CD;CN: we observed shifts in
"H NMR resonances assigned to 1 indicating the formation
of a new Co" complex, defined as 1F (Figure S18). Based on
the similarities in the NMR spectra, we surmised the
replacement of the coordinated “OTf anion with “F, while a
symmetric environment was maintained. The ’F NMR of 1F
displayed a signal for free “OTT, but no resonance that could
be assigned to the metal bound Co—F signal (Figure S19).
Layering a CH;CN solution of 1F with Et,O yielded pale
pink crystals suitable for X-ray diffraction, which showed 1F
to be a Co"-p-F trimer, where Co" and F occupied six
alternate corners of a hexagon (Figure 3). Three “OTf were
found in the crystal lattice, confirming the Co" oxidation
state was maintained. The BPMEN ligand remained bound
in a cis-o fashion at Co, while theOCo—Npy bond loengths were
comparable to those in 1 (2.130 A in 1F, 2.126 A in 1). The
Co—N,,, bonds were slightly elongated (2208 A in 1F,
2.164 A in 1). The Co-F=2.036 A was longer than in the
Co" complexes 3 and 4 (1.868 and 1.850 A respectively, see
below) and the previously reported [Co™(F);(Me;TACN)]
(1.857-1.871 A, Me;TACN =1,4,7-trimethyl-1,4,7-triazacy-
clononane), consistent with the lower oxidation state.””
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ESI-MS of 1F showed peaks at m/z=348.1218 and 845.1820
that can be attributed to the cations [Co"+BPMEN +F]*
and [[Co"+BPMEN+F],+OTf]" respectively (Fig-
ure $20). FT-IR of 1F displayed a signal at v, p=571 cm™
which was comparable to other v¢,p (described below,
Figure S21). Importantly, when 1F was used as a catalyst
(10 mol% Co", 3.3mol% 1F), a 46% yield of 3FA was
obtained (66 % with CsF).

After optimizing the reaction conditions, a series of
saturated hydrocarbon substrates were screened (Scheme 2),
and the crude reaction mixtures were analyzed by “F NMR
(Table S1, Figures S22-S36). The poorly soluble adaman-
tane was converted to 1-fluoroadamantane in reasonably
good yield (38%). An enhanced yield in the presence of
CsF was observed (63 %). 1-adamantane-carboxylic acid and
1-acetyladamantane were converted into the corresponding
3-fluoro-substituted products in yields comparable to that
obtained for 1-adamantanol (55% and 56 %, respectively),
also showing an improved yield when the reaction was
carried in the presence of CsF (78 % and 66 %, respectively).
1-aminoadamantane did not produce any fluorinated prod-
uct, however, once the amine was protected as an amide, a
reasonable yield (54%) of 3-fluorinated product was
obtained. For all of the adamantane-derived substrates we
observed high degrees of selectivity for the tertiary C—H
bond at the 3-position, which is the slightly weaker bond
with respect to the secondary 2- and 4-C—H groups. We
surmise that the oxidant was selectively activating this
weaker bond or that the ligand framework was inducing
selective C—H activation through a steric effect. Moving
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Scheme 2. Substrate screening studies. Conditions: 1 (10 mol%), 50°C,
2 h. Yield determined using '*F NMR. Italicized yields were determined
when CsF (10 equiv.) added. References for '°F signals:['5#e6b<1723,38)

beyond 1-adamantanol and analogues, cyclohexane (69 %),
cycloheptane (59 %), cyclooctane (64 %), decalin (58 %), n-
decane (34 %), and methylheptanoate (32 %) all displayed
reasonable yields of the corresponding mono-fluorinated
products. Lower degrees of selectivity were observed for
trans-decalin (cis- and trans-fluoro-decalin obtained in
comparable yields) and n-decane (signals for fluorination at
all C—H positions observed). n-decane also displayed
increased fluorination yield when CsF was used as an
additive (90 %). Finally, 1-chlorocyclohexane was converted
to trans-1-chloro-4-fluorocyclohexane in 20 % yield demon-
strating that there is a degree of compatibility with other
halo-alkanes.

Some substrates provided lower than anticipated yields
of fluorination: 2-adamantanone displayed low yields of
fluorination in the presence and absence of CsF (7% and
14 %, respectively). Likewise, cyclohexanone yielded 2-
fluoro-cyclohexanone in 17 % yield. Toluene and ethyl-
benzene displayed low yields of the fluorinated products
fluoromethylbenzene and 1-fluoro-1-phenylethane, respec-
tively. Furthermore, diphenylmethane and triphenyl
methane also displayed relatively low yields of fluorination
(when compared to adamantane-derived substrates). With
these a-keto- and o-aryl-substrates we also observed a low
degree of SF consumption, indicating the Co™ catalyst had
been deactivated during the reaction. We ascribe this to the
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formed substrate radical (after HAT) delocalizing over the
keto-group or aryl-ring. We surmise that the formed radical
does not undergo radical rebound readily with Co™-F and
decays via alternative (non-fluorinating) pathways, meaning
Co" was no longer accessible (see below).

SF can itself act as an indiscriminate electrophilic
fluorination reagent of certain substrates under certain
conditions, without the addition of a metal catalyst.’**<] We
therefore performed a series of control experiments involv-
ing the reaction of SF with a variety of hydrocarbons
(including 1-adamantanol, cyclohexane, n-decane, meth-
ylheptanoate, toluene, and ethylbenzene) at 50°C in
CH;CN, thus mimicking the procedure developed for the Co
catalysts described above, however without the Co catalyst.
We did not identify any fluorinated products in these
reactions while noting that the only F-containing species in
the reaction mixture was unreacted SF according to
YF NMR (Figures S37-S43).

Probing the Reaction Mechanism

In conclusion, a variety of saturated hydrocarbons were
fluorinated in reasonable to high yields employing Co"
catalysts. Once CsF was included into the catalytic mixture,
near-quantitative yields of mono-fluorinated products were
obtained with remarkably high levels of selectivity for 1-
adamantanol and comparable functionalized derivatives.
Given the high yields and apparent selectivity, we felt it
important to decipher the active oxidant and fluorinating
reagents in this process. We have proposed two plausible
reaction mechanisms (Schemes3, S1): in the proposed
mechanisms we have included the additive CsF because it
produced near quantitative 3FA (>90 %), whereas in its
absence the maximum yields were ~55%. The depicted
mechanisms represent the most plausible pathways sup-
ported by a thorough analysis of the post-reaction mixture
and a series of chemical probe studies and kinetic experi-
ments as described below.

The so-called N-radical pathway involves SF acting as a
formal F-atom (F*) donor to Co, oxidizing Co" to the
corresponding to Co™-F alongside the generation of the N-
radical species TEDA"** (N-(chlorometh-
yl)triethylenediaminyl radical). TEDA"®" is postulated to act
as the H-atom acceptor in hydrocarbon activation yielding a
carbon-centered radical and H-TEDA. The carbon-centered
radical is postulated to rebound with a Co"-F adduct to
facilitate C-F bond formation and yield Co" which can
subsequently activate another molecule of SF. An alterna-
tive to the involvement of Co™-F rebounding is to make
analogy to the Cu-catalyzed fluorination reported by Lectka
and co-workers where an autocatalytic mechanism was
invoked and SF was the rebounding entity (cascade pathway,
Scheme S1).1°*¢! In the cascade, once TEDA®* has formed it
would induce a cascade of C—H activation (by TEDA®")
and SF N—F homolysis (by the formed C-radical, yielding a
C—F bond and another equivalent of TEDA®"), with no
further involvement of Co.
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Scheme 3. Plausible mechanisms for Co'-catalyzed fluorination using
SF.

For the so-called Co™ pathway, we propose that SF acts
as a formal F-ion-donor (F) oxidizing 1F to Co"™—(F), and
converting SF to TEDA (which would have no further role).
The Co"V—(F), would act to abstract an H-atom from the
hydrocarbon yielding a carbon-centered radical, Co™-F, and
H-F. C—F bond formation would then be mediated by a
Co"'F entity yielding Co" and the fluorinated hydrocarbon.
In this pathway, there would be no involvement of TEDA"®",
but both TEDA and H-TEDA are plausible products
(depending on whether the formed H-F would protonate
TEDA). Importantly, the Co" pathway allows for the
formation of H-F in the reaction mixture.

Each pathway relies on the generation of an H-atom
abstracting entity (TEDA®" or Co"V—(F),) and an F-atom
rebounding entity (SF or Co™-F), producing 3FA. Different
derivatives of SF could be produced whether the N-radical
(H-TEDA) or Co" pathways (TEDA and H-F) were
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followed, although H—F could plausibly protonate TEDA
producing H-TEDA in the latter. We have explored the
mechanism in detail because we believe that the involve-
ment of a Co—F complex in the fluorination of hydro-
carbons, rather than TEDA®* and/or SF, may allow us to
induce selectivity using the polyamine supporting ligands,
mirroring successes achieved in the nonheme iron hydrox-
ylation field employing analogous ligands.!* We have
endeavored to understand the mechanism through a series
of mechanistic probe experiments and kinetic analyses.

Post-Reaction Analysis

We characterized the products derived from 1-adamantanol,
SF, and 1 in the post-reaction mixture in order to under-
stand the nature of the active oxidant and fluorinating
entity. Evaporation of CH;CN from the post-catalysis
reaction mixture followed by a crude 'HNMR in CD,CN
showed signals only in the diamagnetic region (8§=0-
10 ppm, Figures S44-S46). It should be noted that the post-
reaction mixture had been exposed to air—if Co" or H-F
were present they were likely converted to Co™ and lost to
the atmosphere, respectively. Apart from this, the appear-
ance of signals in the §=7.5-9.0 ppm region indicated the
presence of arene CH groups, presumably from pyridine
groups of the BPMEN ligand. Signals in the §=0-5.6 ppm
region were assumed to be derivatives of 1-adamantanol,
SF, and the catalyst.

Isolation of 3FA: Column chromatography of the crude
mixture allowed us to obtain 3FA in 56 % isolated yield
from the standard conditions (see Supporting Information
for details, Figures S47-S50). Crystals suitable for X-ray
diffraction analysis were grown from slow evaporation of a
CH,CI, solution of 3FA at room temperature. The X-ray
crystallography alongside NMR, FT-IR, and ESI-MS of the
isolated 3FA confirmed that the obtained 3FA displayed
selective fluorination at the tertiary carbon atom in 1-
adamantanol (Figure 4).

Derivatives of SF: From a standard catalysis run (Co™-
(OTf),/BPMEN/SF/1-adamantanol), SF was postulated to
decay to yield either N-(chloromethyl)triethylenediamine
chloride (TEDA) or its protonated analogue H-TEDA
alongside free H-F or F~. In a sealed reaction vessel,
YF NMR showed the presence of free H-F (§=182 ppm,
Figure S51), appearing at the previously observed resonance
in CD;CN.”®! When CsF was employed, H-F was also
observed (Figure S17). However, in the worked-up post-
reaction ’F NMR spectrum all H-F had been lost, presum-
ably through evaporation. H-F is thus one of the derivatives
of SF in the reaction mixture.

We independently synthesized or isolated from a post
catalysis reaction mixture both TEDA and H-TEDA,
respectively. Single crystals of each suitable for X-ray
diffraction measurements were obtained (Figure4, see
Supporting Information file for details and spectroscopic
data, Figures S44-S45, S52-S61). '"H NMR and FT-IR analy-
sis of these independently synthesized compounds allowed
us to verify that H-TEDA was the SF-decay product in the
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Figure 4. ORTEP of 3FA (left), H-TEDA (middle), and TEDA (right).
Displacement parameters shown at 50% probability. The F atom in
3FA was disordered over three locations (see Supporting Information
and commentary therein for further details). Hydrogen atoms omitted
for clarity apart from N—H of H-TEDA.

post-reaction mixture in the absence of CsF and TEDA was
the product in the presence of CsF: (i) The '"H NMR of SF
showed three signals at §=>5.34, 4.78, and 4.34 ppm assigned
to the three different CH, environments in the molecule;
(ii) '"H NMR of the post-reaction mixture showed signals at
8=5.22, 3.85, and 3.75 ppm, attributed to the three CH,
resonances, alongside a singlet at 6=7.37 ppm that we have
attributed to an NH (verified through the independently
synthesized H-TEDA); (iii)) 'HNMR of a post-reaction
mixture when CsF was present showed signals at lower-field
at §=4.99, 3.43, and 3.25 ppm that we have attributed to
TEDA, suggesting the deprotonated form was present when
CsF was employed. (iv) The isolated H-TEDA was reacted
with CsF in CD;CN in a J-Young NMR tube showing an
immediate shift in "H NMR resonances of H-TEDA yielding
those attributed to TEDA (Figure S46). Moreover, a sharp
signal at 8 = —182 ppm was observed in ’F NMR suggesting
the formation of H-F. Thus CsF is acting as a base during
the catalytic cycle, releasing H-F from H-TEDA. In
conclusion, H-TEDA was obtained in a standard run and
TEDA was the SF decay product in the presence of CsF.

Co-containing products: Post-reaction ESI-MS analysis
only showed one mass ion that contained Co: [Co-
(BPMEN)]** (m/Z=164.0612, Figure S52). In the '"H NMR
of the post-reaction mixture were signals at §=6-9 ppm
attributed to the Co-based products of the reaction
(Figures S45): as described below, depending on the con-
ditions used, the following three Co™ complexes were
identified as products (Figure 3): a bis-nitrile complex [Co™-
(NCCH,),(BPMEN)]** (2); a monofluoride [Co™(F)-
(NCCH,)(BPMEN)]** (3); and the difluoride [Co™(F),-
(BPMEN)]* (4).

We independently reacted 1 with SF (1.2 equiv.) in
CH;CN in the absence of a substrate (see Supporting
Information for details). Crude analysis of the '"H NMR of
this reaction showed the same aromatic and aliphatic
resonances were obtained as in the post-catalysis reaction
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mixture, albeit the intensities of the respective signals
differed (Figures S44-S45). From this crude mixture, the
CH;CN was removed under vacuum and dry acetone was
added to the remaining sludge yielding a red solid and
acetone washings that were collected (described below).
Recrystallization of the red solid from CH;CN/Et,O yielded
the bis-acetonitrile complex 2 as brick red crystals. FT-IR of
2 showed a feature at vey=2327 cm™" (Figures S62), which
we assigned to Co-bound CH;CN ligands. Single crystal X-
ray crystallography of 2 displayed a structure remarkably
similar to that obtained for 1, albeit with shorter Co™-ligand
bond lengths. Two "BF, and one ~OTf were observed in the
crystal lattice and can be quantified by “FNMR (Fig-
ure S63), confirming the Co™ oxidation state. The Co—N,,
(1.941(2) A and 1.948(2) A) and Co—N,, (1.968(2) A and
1.973(2) A) bond lengths were shorter than observed in 1
consistent with the higher oxidation state in 2 (Tables S3—
S4).1 2 displayed the cis-a coordination geometry of
BPMEN, as observed for 1, suggesting that the BPMEN
ligand maintained a strict binding environment at Co in such
complexes.

'"HNMR of 2 showed a spectrum consistent with
BPMEN ligated to a diamagnetic Co™ ion in a highly
symmetric environment (Figures S63-S66). Of importance,
'"H NMR revealed a doublet that integrated for two hydro-
gens at §=238.94 ppm assigned to pyridine o—C protons, and a
triplet that integrated for two hydrogens at 3=8.36 ppm,
assigned to the pyridine p—C protons. These resonances are
useful for identification purposes as described below.
YFNMR of 2 showed two peaks at §=-79.0 ppm and
—151.1 ppm which were assigned to the “OTf and “BF,
anions, respectively, confirming the crystallographic obser-
vation of both anions being present. Critically, analysis of
the post-catalysis reaction "H NMR and comparison to the
authentic "H NMR of 2 showed that 2 was found in the post-
reaction mixture (Figures S45, S64).

Multiple recrystallizations from the acetone washings
using acetone/Et,0 yielded a purple crystalline product
assigned to [Co™(F)(X)(BPMEN)J]** (X = CH,CN or H,O,
defined as 3). The FT-IR of 3 displayed a feature at vey=
2331 cm™ (Figure S67), which was slightly shifted with
respect to that obtained for 2 (vey=2327 cm ™), indicating
that 3 contained a metal-bound nitrile group. Furthermore,
FT-IR showed a feature at ve, =564 cm™' that we have
assigned to a Co—F stretch based on comparable metal-
fluoride complexes in the literature (note for 1F, v, p Was
found at 571 cm™', Figure S21).5! ESI-MS of 3 displayed a
signal at m/Z=174.0581 that can be attributed to a mono-
fluoride [Co(F)(BPMEN)]** ion (expected m/Z=174.0575,
Figure S68). '"H NMR of 3 showed a total of six resonances
in the aromatic region (8§=9.1-7.5 ppm, compared to just
four observed for 2), alongside eight further features in the
aliphatic region (Figures S69-S70). This is consistent with a
complex that displays non-equivalent ancillary cis-donor
ligands bonded to a Co/BPMEN core (thus F and NCCHj,
for example). Furthermore, seventeen signals were found in
the ?C NMR with the signal at §=>5.8 ppm was assigned to a
coordinated CH;CN (Figure S71). In the F NMR of 3, we
identified a broad signal ranging from 6 =—539 to —561 ppm
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that we posit is from a Co-bound F-ligand (with multiplicity
consistent with a neighboring I="7/2 *Co ion),"*” alongside a
sharp signal at 6=-—151.55 ppm which was attributed to
“BF, (Figures S72-S73). Based on the combined FT-IR,
NMR, and ESI-MS data, we concluded that 3 was the
mixed-ligand [Co™(F)(NCCH,;)(BPMEN)]*".

Crystals of 3 suitable for X-ray diffraction measurements
were grown from Et,0 vapor diffusion into a CH;CN
solution over three days. The crystallography showed that 3
contained a Co™ ion ligated by BPMEN in the same cis-o
fashion as observed for 1, 1F, and 2, while the 5" and 6™
sites were occupied by “F and H,O ligands (Figure 4,
Tables S3-S4). We believe adventitious H,O is the source of
H,O in the structure of 3. Critically, the '"H NMR of the
crystals of 3 were identical to that of the isolated 3,
suggesting that the H,O was derived from the crystallization
process. The Co—N,, (1.93 A) and Co-N,, (1.97 A) bond
lengths of 3 were shorter than those in 1 (2.12 and 2.16 A,
respectively) and almost identical to 2 (1.94 and 1.97 A,
respectively). The Co—F bond (1.868 A) was similar to the
previously reported [Co(F);(Me;TACN)] (1.857-1.871 A,
Me;TACN =1,4,7-trimethyl-1,4,7-triazacyclononane),  but
was shorter than 1F (2.036 A and 2.051 A).*" Analysis of
the post-catalysis reaction "H NMR and comparison to the
authentic "H NMR of 3 showed that 3 was found in the post-
reaction mixture (Figures S45, S69). Thus, in the absence of
CsF, 2 and 3 were the Co-containing products of the
reaction.

When 1 was reacted with SF in the presence of CsF the
bis-fluoride complex [Co™(F),(BPMEN)]* (4) was obtained.
Purple crystals of 4 suitable for X-ray diffraction measure-
ments were grown from Et,0 vapor diffusion into an
acetone solution of 4 (Tables S3-S4). Two different types of
crystals were obtained which have been defined as 4-OTf
and 4-BF, (ratio=95:5). X-ray crystallographic studies of
both crystals revealed a [Co™(F),(BPMEN)]" cationic core
with different counter-ions in each crystal ("TOTf and “BF,).
We believe the source of anion mixing is that 1 contains two
~“OTf anions, while SF has two “BF, anions, therefore the
same Co-containing cation was formed, however it could
crystallize with either anion. With respect to 1, the Co—Njp,
and Co—N,, bond lengths were shorter by 0.19 A (1.92
versus 2.11 A in 1). The Co—F distances in 4 were slightly
shorter compared to monofluoride complex 3 (1.843 A and
1.853 A versus 1.8687 A). The Co—F distances were similar
but very slightly shorter than observed for [Co(F)s-
(Me;TACN)]  (1.857-1.871 A)"  and  [Fe(F)y(TPY)]
(1.8774-1.9062 A, TPY =2,2":6"2"-terpyridine).””) In con-
trast, both [Mn"(F),(TBDAB)]* (1.812 and 1.807 A) and
[Mn"(F),(TBDAB)** (1.7847 and 1.7840 A, TBDAP=
N,N-di-tert-butyl-2,11-diaza[3.3](2,6)-pyridinophane)*!  dis-
played shorter Mn—F bonds than [Co™(F),(BPMEN)]". The
disparities are presumably dependent on the nature of the
supporting ligand as well as the inherent charge at the metal
site. Importantly, as with 1, the BPMEN ligand was ligated
in a cis-a configuration, and the two F-ligands were thus
ligated cis with respect to each other.

F NMR of 4 (using the combined crystals) showed two
signals at 6=—78.85 ppm and —151.48 ppm corresponding
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to "OTf and "BF, (~5% compared to "OTF, Figures S74—
S76), respectively. Furthermore, a very broad signal at =
—540 to —570 ppm was identified, which was tentatively
assigned to the Co™-bound fluorides, again displaying multi-
plicity indicative of interaction with an I="7/2 ¥Co ion. This
signal was comparable to that observed for 3 indicating that
it was likely a feature associated with Co-bound F atoms.
'HNMR of 4 displayed signals consistent with a highly
symmetric diamagnetic species displaying four CH resonan-
ces in the aromatic region, four CH, and one CH; resonance
in the aliphatic region (consistent with the crystal structure,
Figures S77-S79). ESI-MS analysis showed an ion at m/z=
367.1159, which was assigned to [Co"(F),(BPMEN)]*
(expected m/Z=367.1139, Figure S80). The FT-IR of 4
displayed two signals v¢, =534, 554 cm™' which we assign
to the Co—F stretches (Figures S81-S82). A similar feature
was observed for 3 (564cm™') and 1F (571 cm™). These
values closely match those found for [Co(F);(Me;TACN)]
(Veor=574 cm™").P" Critically, in the '"H NMR analysis of
the post-catalysis reaction mixture, when CsF was present,
signals that can be attributed to 2, 3, and 4 were observed
(Figures S45, S84). However, when no CsF was present, we
did not observe 4. Interestingly, the catalytic reaction
mixture was blue in color when CsF was present (the color
of 4 was blue) and without CsF it was pink. 4 was thus one
of the Co-containing species in the reaction mixture when
CsF was present.

Critically, we investigated the efficacy of the Co™
complexes 2 and 4 as catalysts in the oxidative fluorination
of 1-adamantanol (Table 3, Figures S85-S86). Neither of the
Co™ complexes were capable of producing 3FA in high
yields (3 % and 0%, respectively) and likewise, neither was
effective at activating SF (9 % and 18 % decay, respectively).
This contrasts starkly with Co", which demonstrated effec-
tive 3FA production as long as a labile ancillary ligand was
present. This has led us to emphasize that the catalytic cycles
postulated must cycle through Co™.

In summary, analysis of the post-reaction mixture
showed fluorinated organic product 3FA, free H-F, and the
derivative of SF, TEDA, in both its protonated and
deprotonated state (in the absence and presence of CsF,
respectively). Co™ products 2, 3, and 4 (when CsF was
present) were identified through independent synthesis
efforts in combination with '"H NMR spectroscopy and other
spectroscopic techniques. The Co™ complexes were not
effective catalysts.

Monitoring the Reaction in Real-Time

We monitored the real-time evolution of 'H and '"F NMR
resonances during a catalysis run (Figures S87-589).#! As in
the post-reaction mixture, ’F NMR signals assigned to H-
TEDA (8=7.38, 522, 3.85 3.75ppm) and H-F (8=
—182 ppm) were observed. 'H NMR showed that the Co"
complex 1 remained present in the reaction mixture
throughout a catalysis run. The observation of 1 supports
our observation that the Co™ complexes were not catalyti-
cally active. Finally, 'HNMR signals showed the mono-
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fluoride 3 being dominant in the absence of CsF. A gradual
appearance of 2 over time was identified (8=9.02 ppm),
alongside depletion of 3 (8=8.93 ppm), indicating that as
the reaction progressed and F-concentration depleted, the
bis-acetonitrile complex 2 was favored. Thus, 1, 2, and 3
were the identifiable Co-containing species while both H-
TEDA and H-F were derivatives of SF present during a
standard catalysis run.

EPR of 1 in the solid state displayed a very broad signal
centered at g=3.8 at 77 K (Figure S13). EPR analysis of a
catalytic reaction mixture involved generating an as-concen-
trated-as-possible solution (starting [1]=32 mM) and ana-
lyzing the frozen solution during the reaction. This EPR
spectrum showed a signal similar to the Co" signal attributed
to 1 (g~3.8) alongside a very weak signal centered at g=2.00
that could be attributed to either an organic radical or a Co-
centered radical (Figures S90, S102). The signal was quite
broad, indicative of a metal-centered radical rather than an
organic species. We conclude that it is plausibly associated
with an §=1 Co' jon. Multiple attempts to improve the
resolution and quality of the EPR signals failed to provide
deeper insight.

ESI-MS analysis of a reaction between 1 and SF showed
a mass ion at m/Z=183.0728 which can be assigned to the
Co"™—(F), species [Co(BPMEN)+ (F),—HJ** (Figure S91).
This ion could also be assigned as a ligand-fluorinated
product [Co™ +F-BPMEN +FJ*". However, in the presence
of substrate this mass signal was not observed (Figure S92),
suggesting that under active fluorination conditions this
species was not present. Furthermore, it was not observed in
any of the post reaction mixtures, nor do we have any
evidence for ligand fluorination in the post-reaction mix-
tures. ESI-MS thus suggests that the reaction of 1 with SF
may yield a Co™—(F), species, which supports the EPR
indication of a transient Co" entity.

We assessed the effect of substrate deuteration on the
yields of fluorinated products in order to assess any
potential kinetic isotope effect (KIE, Figures S93-S94). We
performed the competitive fluorination of tetrahydrofuran
(THF) and Dyg-THF in the same reaction vessel (per-
deuterated 1-adamanatnol ~was not commercially
available).) By ’F NMR we observed three new signals at
60=-—111.2, —112.6, and —188.0 which were attributed to 2-
fluorotetrahydrofuran (2-F-THF),"™ per-deutero-2-fluoro-
tetrahydrofuran (2-F-D,-THF), and 3-fluorotetrahydrofuran
(3-F-THF).™ Tatlow and co-workers showed that 2-F-THF
readily rearranged to 3-F-THF."! Because of this, we
summed the integrals to assess the total yield of fluorinated
THF. The ratio of (2+3)-F-THF to 2-F-D, - THF (ky/kp) in
the final reaction mixture was determined to be 4.7. We
performed the same one-pot competition analysis on
cyclohexane and its per-deuterated analogue, obtaining a
KIE ky/kp=2.0. C—H bond dissociation energies (BDE,.y)
are weaker than BDE.p, thus the obtained KIE values
indicated that the activation of the C—H bond in THF and
cyclohexane was rate-limiting in the Co-catalyzed reaction.
The KIE was within the classical limit (2-7) and indicated
that either proton transfer (PT) or PCET were rate-limiting.
The obtained KIE values were within the range of
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previously reported high-valent metal-halide oxidants (M =
Fe, Ni),"**%1 but were lower than observed for M=O, which
display a degree of tunneling (KIE >20).*! In conclusion,
the KIE values demonstrated that PT or PCET from the
substrate was rate-limiting.

Using Dg-THF as a model substrate we performed an
Eyring analysis. We employed Dg-THF because a single
product was obtained and the rate of the reaction was
reasonable in the temperature window available to us (293-
318 K, see Supporting Information file for details). The
activation enthalpy (AH') was determined to be
4.9 kcalmol™', while the activation entropy (AS*) was
determined to be —39 calmol 'K~ (Figure S95, Table S2).
The large and negative value of AS* was consistent with a
bimolecular reaction and aligns with the characteristics of
previously reported high-valent metal-mediated oxidation
reactions (large and negative ASY).! In contrast, organic
radical oxidants (e.g. TEDA®") generally display small AS*
values. During HAT by an oxidant, the contribution of
vibrational entropy is considerably greater for metal-medi-
ated HAT in comparison to processes involving organic
radicals. In combination with the KIE observation that
indicated PT or PCET were rate-limiting, the activation
parameters were consistent with a high-valent Co entity
(Co"™—(F),) acting as the C—H oxidant.

In summary, real-time NMR analysis indicated that Co"
1 was ever-present in the reaction mixture while Co™-F 3
was present in greater concentration early in the reaction
and was replaced with bis-acetonitrile complex 2 as F-was
incorporated into 3FA. EPR suggested the formation of a
transient Co™ species, which was supported by ESI-MS that
indicated the involvement of a Co™—(F), moiety in hydro-
carbon fluorination. Substrate KIE values in the classical
range (2-7) showed that PCET or PT was rate-limiting in
3FA formation, while an Eyring analysis confirmed the
involvement of a metal ion in this rate-limiting step. In all,
the real-time monitoring supported the Co" mechanism.

Radical Interception Studies

We performed the catalyzed reaction in the presence of a
variety of organic radical traps (Schemes S2, S3). First, we
added TEMPO (2,2,6,6-tetramethylpiperidine-1-oxyl,
5 equiv.) prior to the addition of SF in a standard catalysis
experiment. In the post-reaction mixture, we observed a
significantly reduced yield of 3FA (2%, versus 56 % when
no TEMPO present) despite complete consumption of SF
(Table 4, Figure S96). Analysis of the post-reaction ESI-MS
showed a mass peak (m/Z=308.2611) that could be
attributed to the [TEMPO + adamantan-1-ol—H] " ion (pre-
dicted mass=308.2584, Figure S97). This product presum-
ably formed from the coupling of a carbon-centered 1-
adamantanol radical and TEMPO. This provides strong
evidence for the formation of a carbon-centered radical,
indicating PCET C-H activation during the reaction.
Furthermore, an alternative radical trap DMPO (5,5-dimeth-
yl-1-pyrroline-N-oxide) produced the same outcome as
evidenced by ESI-MS showing a mass peak that could be
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Table 4: Mechanistic catalysis studies.”
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Catalyst additive SF consumed (%) 3FA yield (%) TEDA-X yield® other fluorinated yield (%)
1 TEMPO 100 0 -

1 DMPO 74 0 -

1 GD 100 0 67 (Ph,CF)

- GD 100 0 53 (Ph,CF)

1 "Bu,NPF, 90 0 -

1 Fluorobenzene 26 0 0

1 Toluened 78 0 13 (PhCH,F)

[a] Conditions: 10 mol% Co; SF 10 equiv.; T=50°C, t=2 h. [b] X=TEMPO/DMPQ/CPh;. [c] t=40 h.

assigned to the [DMPO +adamantan-1-ol-H]* formula
(expected m/Z=264.1964, found m/Z=264.2172, Figur-
es S98-S99). As with TEMPO, DMPO reduced the yield of
3FA dramatically (7 %, Figure S100). Importantly, these
studies did not show any evidence for TEDA/TEMPO or
TEDA/DMPO coupling products forming by ESI-MS.

DMPO itself is EPR silent (unlike TEMPO), but upon
reaction with an organic radical will yield an oxyl-radical
that can be probed using EPR. Therefore, any radicals that
are identified in the DMPO reaction mixture likely derived
from an organic radical or are associated with the active
oxidant. EPR analysis of the DMPO reaction mixture after
5 minutes showed a very low intensity signal centered at g=
2.00 that appeared to display significant hyperfine splitting
(Figure S101). This signal appears similar to those obtained
when DMPO reacted with carbon-centered radicals,*! that
is the DMPO-decay product radical [DMPO + adamantan-1-
ol-H]" (identified above using ESI-MS). Generally such
species have a short lifetime.**! We took another sample
after 2 h and the EPR spectrum showed a different signal at
g=2.00 alongside depleted DMPO-coupling product signal.
We tentatively attribute the new and more intense feature
to a low spin Co" intermediate. Interestingly, this EPR
signal was similar but not identical to that obtained during
monitoring of the catalysis reaction mixture by EPR
(centered at g=2.00, Figure S102).*" We believe the new
g=2.00 species accumulated because the normal decay
pathways for Co' were interrupted: In the absence of
substrate and DMPO, we postulate that Co" disproportio-
nated with Co" to yield two Co™. In the presence of
substrate, Co™ reacted with substrate to produce Co™ and a
carbon-centered radical, followed by RR to yield Co". In
the presence of DMPO, Co" will not form because the
carbon centered radical reacted with DMPO, meaning Co"
accumulates. We tentatively conclude that EPR analysis of
the DMPO interception mixture demonstrates accumulation
of a Co" entity.

Gomberg’s dimer (GD) acts as a disguised trityl radical
which can be used as a reliable test for fluorine atom
transfer (FAT) reactivity.*¥y GD formed trityl fluoride in
just 5% yield when reacted with equimolar SF when tested
under the standard reaction conditions (CH;CN, 50°C,
Figure S103). SF was thus a poor F-atom donor to GD.
Expanding on this observation, we performed a Co'"-
catalyzed reaction in the presence of GD. In the presence of
GD (10 equiv.) the yield of 3FA dropped to just 7% (cf
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56 %), while the yield of tritylfluoride was 67 % and all SF
was consumed (Figure S104). Thus, GD inhibited 3FA
production and appears to act as an F-atom acceptor from a

Co—F adduct in doing so. No evidence for 1-adamantanol/

GD or TEDA/GD coupling products was obtained by ESI-

MS of the GD inhibited reaction (Figure S106).

We explored chemical methods to prove the formation
of TEDA*" through the addition of substrates that we
anticipated would intercept this N-radical cation:

(i) We anticipated that a tetraalkylamonium cation might
undergo alkyl radical transfer with a transient TEDA*".
We performed a standard catalysis reaction in the
presence of a tetra-n-butylammonium hexafluorophos-
phate ("Bu,NPF;) in the anticipation that "Bu-TEDA
would form from a reaction between TEDA®" and
"Bu,N* alongside inhibiting 3FA formation. "F NMR
of the post reaction mixture revealed the same yield of
3FA as obtained under standard conditions (57 %,
Figure S107). Furthermore, we did not identify any ESI-
MS signals that could be attributed to "Bu-TEDA
(Figure S108).

(ii) Ritter and co-workers demonstrated a Pd-catalyzed N-
arylation, where the newly formed N-aryl group was
derived from SF. They invoked a mechanism involving
a transient TEDA"®", derived from SF, coupling with a
non-activated arene (Ar) to yield Ar-TEDA. Indeed,
they obtained Ar-TEDA products postulated to be
derived from TEDA"**."! Based on this, we envisioned
that arenes would intercept TEDA"®* if it formed during
the Co-catalyzed fluorination. We performed the Co-
catalyzed fluorination in the presence of fluorobenzene
and toluene in the expectation that FC;H,-TEDA and
tolyl-TEDA, respectively, would form if TEDA®" was
present. ESI-MS and F NMR spectroscopy of the post
reaction mixture containing fluorobenzene did not
indicate the formation of FCiH,-TEDA (Figures S109—
S110). Furthermore, NMR analysis of the toluene-
containing mixture, only showed evidence for
fluoromethylbenzene formation (13 %, Table 4), with
no indications of tolyl-TEDA (Figures S111-S112).

In summary, radical trapping studies demonstrated that
TEMPO, DMPO, and GD all inhibited 3FA production,
indicating that they were intercepting a C-centered radical
or F-atom donors, respectively, involved in oxidative fluori-
nation. We identified the substrate/radical coupling products
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TEMPO/DMPO + adamantan-1-ol showing the interception
of substrate radicals while the reaction in the presence of
GD showed the formation of trityl fluoride confirming the
interception of F-atom donor species. Importantly, no
evidence for TEDA®"-radical coupling products was ob-
tained.

Fluorine Atom Transfer Studies

We next explored the efficacy of 3 and 4 as F-atom donor
reagents (Scheme 4, Figures S113-S120). It is important to
recall that SF was deemed an ineffective FAT reagent under
the current reaction conditions. 3 and 4 were reacted with
GD (1 equiv. CH;CN, 25°C) showing conversion to trityl-
fluoride in 31 % and 67 % yields, respectively, according to
YFNMR. In the 4+GD post-reaction mixture, ESI-MS
showed peaks at m/z=164.5570, 364.1057, 478.0935 which
can be assigned to [Co"™(BPMEN)J**, [[Co™(BPMEN)]+
ClI]*, and [[Co"(BPMEN)]+ OTf]", the same ions observed
for 1 and 1F, indicating the reformation of Co" upon F-atom
transfer. When we carried out these reactions in an N,-filled
J-Young NMR tube in CD;CN, by '"H NMR we observed all
the aromatic protons (8=6-9 ppm) assigned to 3 and 4
disappear and new paramagnetic signals appearing (§=0-
220 ppm), that match well with those observed for 1 in the
case of 3 and for 1F when 4 was reacted. Thus, the
diamagnetic Co™ complexes 3 and 4 effected FAT to GD
producing tritylfluoride and Co" products 1 and 1F. This
demonstrates both 3 and 4 to be F-atom donors and to be
catalytically relevant—it is worth recalling that neither 3 nor
4 were effective catalysts. To probe this further, the 4+GD
post-reaction solution was subsequently charged with 1-
adamantanol and SF, producing 3FA in 9 % yield under the
standard catalysis conditions. Under standard -catalytic
conditions, GD inhibited 3FA formation (11 % yield), thus
the obtained yield is consistent with the active catalyst being
generated. The F-atom transfer reaction between 3 or 4 and
GD thus produced a catalytically relevant entity.

g g Ph; C Ph
NS - B
| ¢ P Ph
D ~N
N/,, \\F or N/,, \\F
[ «"\ | [ (‘M‘ GD _
4 v
A N
| ) | =~
-3 4

catalytically inactive
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Discussion of Mechanistic Analysis

Co" salts catalyzed the oxidative fluorination of saturated
hydrocarbons in high yields in the presence of polydentate
amine donor ligands. Both poly-amine (e.g. cyclam) and
mixed amine/pyridine (e.g. BPMEN) displayed catalytic
efficacy. The addition of CsF enhanced these yields to close
to quantitative conversion of 1-adamantanol to 3FA.
Importantly, only Co" facilitated the high-yield conversion,
while Fe, Ni, and Cu salts did not produce notable yields.
This is despite the observation that both BPMEN on its own
and the [M(BPMEN)**'* (M = Fe, Ni, Cu) catalysts
facilitated near-complete depletion of SF without producing
notable yields of 3FA. Until now, SF activation had been
postulated to produce TEDA®*" which would then facilitate
fluorination via a radical cascade mechanism. In the present
example, the radical cascade mechanism was not invoked,
and we have demonstrated that Co must be involved.

In the post-reaction mixture, besides the fluorinated
product 3FA, H-TEDA, TEDA, and H-F were identified
alongside Co™ complexes 2, 3, and 4. Real-time monitoring
of the reaction mixture showed both 2 and 3 were present
and that the concentration of 2 increased as the concen-
tration of 3 decreased as the reaction progressed (as more
fluoride was incorporated into 3FA). This indicated that 3
was the F-atom donor, which was supported by separate
reactivity studies between 3 and GD. In the presence of
CsF, real-time monitoring showed 4 in the reaction mixture
and 4 was also found to be a highly effective F-atom donor.
We concluded that a Co™-F was the likely F-atom donor
and SF was not involved in F-atom donation.

We initially proposed that TEDA®" or Co" were the
active PCET C-H oxidant and endeavored to obtain
evidence for both species in the reaction mixture. No
evidence for the involvement of TEDA®" was obtained.
Importantly, we identified several sets of conditions where
SF was consumed (presumably producing TEDA®*) but no
3FA was obtained —this indicated that even if TEDA*" was
generated it was not responsible for oxidative fluorination.
Using both ESI-MS and EPR spectroscopy, we provided
indications of the involvement of a Co"—(F), entity.
Furthermore, our kinetic analyses suggested that PCET was
rate-limiting and that the active oxidant employed a metal

= =
! | S
: N NT
" ph SN, | \NCCHs or >N, | F |
i “cal CO" !
‘Ph)F + [ 0 [ |
. PH v ‘ “NCCH; /N/ ’ :
3=31% LN N |
| 4=67% Bk | |MF:
] = = !

Scheme 4. Reaction of 3 and 4 with GD to produce trityl fluoride and catalytically active 1 and 1F, respectively.
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ion. We therefore conclude that the Co' pathway was the
most plausible mechanism for oxidative fluorination using
Co" catalysts, employing Co™—(F), for PCET C-H activa-
tion followed by RR with a Co™-F moiety.

Conclusions

We have demonstrated the application of Co" salts in
combination with polydentate N-donor ligands for the
oxidative fluorination of saturated hydrocarbons employing
Selectfluor as a fluorine source. The incorporation of CsF as
an additive produced near-quantitative yields of fluorinated
saturated hydrocarbons. Our method thus demonstrates the
activation of very strong C—H bonds in saturated hydro-
carbons and the effective replacement of H-atoms with F-
atoms therein. For 1-adamantane-derived substrates, we
demonstrated selective fluorination at the 3-position. We
have proposed two plausible reaction mechanisms: either
(i) an N-radical, derived from Selectfluor, acted as the C—H
oxidant followed by radical rebound with SF or Co™-F or
(ii) a Co"™—(F), species was responsible initially for C-H
activation and the formed radical rebounded with the
Co"-F product to produce fluorinated hydrocarbon. Our
combined evidence indicated that an N-radical was not the
active oxidant and SF was not the rebounding entity. We
concluded that a Co"™—(F), species was the likely active
oxidant and Co™-F was the likely F-atom donor to a carbon
centered radical producing a C—F bond. Our methods take
inspiration from the heme and nonheme iron family of
oxygenases that employ Fe=O for C—H activation and the
formed radical rebounds with Fe—OH to yield hydroxylated
products. We continue to explore these catalysts for
selective hydrocarbon fluorination through manipulation of
the ligand framework.
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