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ABSTRACT: The hydrofluorination of alkenes represents an attractive strategy for the synthesis of aliphatic fluorides. This
approach provides a direct means to form C(sp3)-F bonds selectively from readily available alkenes. Nonetheless, conducting
hydrofluorination using nucleophilic fluorine sources poses significant challenges due to the low acidity and high toxicity
associated with HF and poor nucleophilicity of fluoride. In this study, we present a new Co(salen)-catalyzed hydrofluorination
of simple alkenes, utilizing EtsN-3HF as the sole source of both hydrogen and fluorine. This process operates via a polar-
radical-polar crossover mechanism. We also demonstrated the versatility of this method by effectively converting a diverse
array of simple and activated alkenes with varying degrees of substitution into hydrofluorinated products. Furthermore, we
successfully applied this methodology to 18F-hydrofluorination reactions, enabling the introduction of 18F into potential radi-
opharmaceuticals. Our mechanistic investigations, conducted using rotating disk electrode voltammetry and DFT calcula-
tions, unveiled the involvement of both carbocation and CoV-alkyl species as viable intermediates during the fluorination

step, and the contribution of each pathway depends on the structure of the starting alkene.

INTRODUCTION

The need to introduce fluorine atoms into organic mole-
cules has increased dramatically in recent years in response
to pharmaceutical and agrochemical needs. The unique
properties of fluorine allow it to impart pertinent changes
to the conformation, polarity, lipophilicity, and electrostatic
properties of molecules, which can be leveraged for im-
proved stability, potency, and bioavailability in biological
settings.! The percentage of fluorine-containing drug mole-
cules among all pharmaceuticals is estimated to be 20% in
recent years,? and the broader incorporation of fluorine
atom into drug design depends strongly on the availability
of fluorination strategies. Because the half-life of 18F is fa-
vorable compared to alternative radioactive elements, 18F-
labeled tracers are widely used in positron emission tomog-
raphy (PET) for diseases diagnosis and drug discovery.3
Necessarily, methods to prepare fluorine-containing mole-
cules are in high demand.

Hydrofluorination is a particularly appealing strategy to
generate aliphatic fluorides because it offers a straightfor-
ward route to construct a C(sp3)-F bond in a regioselective
fashion from olefins, one of the most abundant functionali-
ties in organic molecules. However, direct hydrofluorina-
tion using HF is very challenging due to its low acidity and
the poor nucleophilicity of F-. In addition, the high toxicity
of gaseous HF also precludes its direct use in practical or-
ganic synthesis. To circumvent these issues, methods have
been developed using electrophilic fluorine ([F*]) sources in
combination with transition-metal hydrides (M-Hs) to hy-
drofluorinate alkenes (Scheme 1A). M-Hs can engage in

hydrogen-atom transfer (HAT) or hydrometallation with an
alkene substrate to generate an alkyl radical or metal-
bound alkyl complex, which can be subsequently fluori-
nated by an [F*] agent to deliver the desired product.*
Silanes and borohydrides are commonly employed as the
terminal hydrogen-atom source to generate M-Hs in situ,
wherein the formation of strong B-F and Si-F bonds pro-
vides the driving force for the formation of a weak and re-
active M-H bond.5 Examples of electrophilic fluorinating re-
agents include selectfluor, N-fluorobenzenesulfonimide
(NFSI), N-fluoropyridinium salts, and N-fluoro-N-aryl-
sulfonamides. These fluorine sources usually also act as the
oxidant to turn over the transition metal catalyst. ¢

Compared to electrophilic fluorine sources, nucleophilic
fluorine ([F-]) agents are preferable from a cost and atom
economy viewpoint. In addition, nucleophilic fluorination
reactions can be directly amenable to 8F-fluorination reac-
tions given that [18F]F- fluoride can be generated in large ra-
dioactivity from nuclear reaction 180(p,n)!8F by bombard-
ing [180]H20 and has substantially higher molar activity (Am,
Am = radioactivity/mol) compared to electrophilic !8F
sources generated from 18F..7 However, fluoride as a free
anion is a strong base but a poor nucleophile, thus introduc-
ing selectivity issues wherein elimination competes with
fluorination. Furthermore, the poor solubility of alkali fluo-
ride salts makes them challenging to employ without phase-
transfer or hydrogen-bonding mediators.? Finally, F- is
poorly compatible with silanes and borohydrides because
of its high silica- and borophilicity, and as a result, its direct
use in the aforementioned metal-hydride chemistry is diffi-
cult.



Although no general solutions are currently available for
the nucleophilic hydrofluorination of simple alkenes, sev-
eral seminal contributions have been made towards this ob-
jective (Scheme 1B).? One strategy entails the complexation
of gaseous HF with a Brgnsted base to make a liquid or solid
reagent that is easier to handle.l? Examples include mela-
mine-6HF, pyridine-9HF, EtsN-5HF, and the HF complexes of
polyvinylpyridines. These complexed HF reagents allow for
the direct hydrofluorination of alkenes, but they often dis-
play limited substrate generality with respect to different
types of alkenes and/or poor functional group tolerance.
Owing to the limited acidity of these reagents, some of the
reactions can often take days to complete. In addition, sev-
eral of these reagents remain commercially unavailable;
thus, the handling of HF is necessary for their preparation
prior to use.

Scheme 1. Background and Introduction
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Alternatively, alkene substrates could be directly acti-
vated to make carbocation intermediates, which can readily
react with fluoride (Scheme 1B). Activation methods in-
clude the use of strong acids,'! highly oxidizing photocata-
lyst, 12 and the combination of electrochemistry and palla-
dium catalysis.13 Most recently, Johnston and coworkers re-
ported a Co(salen)-catalyzed alkene hydrofluorination re-
action involving a 1,2-aryl shift using a combination of a hy-
drosilane and BFs~ as reagents.'* These methods, while sig-
nificantly expanding the toolbox for hydrofluorination reac-
tions, are sensitive to the substitution patterns of alkenes;
thus, these transformations are limited to a certain type of
alkenes (e.g., styrenes or 1,1-disubstituted alkenes).

In this work, we describe the development of a redox-
neutral hydrofluorination method that employs readily
available EtsN-3HF as the reagent. This reaction is enabled
by the use of a family of Co(salen) type catalysts, which
adopts Co!, Co", Co', and Co!v oxidation states in the same
catalytic cycle to facilitate the activation of EtsN-3HF and
the alkene in a polar-radical-polar crossover pathway to-
wards Markovnikov hydrofluorination. This method has
also been demonstrated for 18F-fluorination.

RESULTS AND DISCUSSION

Catalytic Strategy. To achieve alkene hydrofluorination us-
ing HF as the reagent, two main challenges need to be over-
come. First, HF is poorly acidic and its reaction with a simple
alkene is unfavorable (Scheme 1C, top).!5 Second, the pre-
requisite carbocation intermediate prior to nucleophilic
fluorination is highly unstable and promiscuous, which will
lead to poor chemoselectivity. To circumvent these issues,
we propose a polar-radical-polar crossover approach lever-
aging metal-hydride-mediated HAT (MHAT; Scheme 1C,
bottom). Specifically, the protonation of a Co! intermediate
will give rise to Co'-H, which is a weakly acidic hydrogen-
atom source that will react readily with simple alkenes—
which are often nucleophilic—to generate a carbon-cen-
tered radical and a Co! intermediate. These two species can
undergo rapid and often reversible radical rebound to yield
a Co-alkyl to complete the desired hydrometallation. Both
the protonation and HAT steps are energetically feasible on
thermodynamic and kinetic grounds, thereby making it pos-
sible the otherwise difficult activation of a simple alkene by
HF. Advantageously, Co-H is known to readily react with a
variety of alkenes with different substitution patterns,'6 and
its reactivity can be fine-tuned via ligand modification.
These attributes may thus help overcome substrate scope
limitations often encountered in previous hydrofluorina-
tion systems. Notably, the reductive generation of Co!'-H
has been reported by our group!” and Baran group,!8 in the
context of alkene hydrofunctionalization, which has ena-
bled deuteration, hydroarylation, and olefin isomerization
reactions. In these systems, a weakly acidic proton source
(e.g., HOAc, EtsNH*BF4-) was used to effect Co''-H formation
under chemical or electroreductive conditions in lieu of hy-
drosilanes or borohydrides.

The Co-alkyl intermediate generated from MHAT is of-
ten considered as an alkyl radical equivalent and not suffi-
ciently electrophilic to react with a nucleophile. However, it



can subsequently be oxidized to CoV-alkyl, which consti-
tutes a masked, stabilized carbocation that may undergo se-
lective nucleophilic substitution. Indeed, the formation of
CoV-alkyl complexes from corresponding Co"'-alkyl has re-
cently been interrogated by Zhu,'® Ohmiya, 16 Kim,20
Zhang,?! Pronin,?2 Holland, 23 and Shigehisa2 to enable nu-
cleophilic substitution to form C-0, C-N, and C-C bonds. We
envision that this reactivity may be extended to fluorination
using F- as the nucleophile. In addition to the desired hydro-
fluorination product, this process will also generate a Co!!
species, which could be reduced to Co! to close the catalytic
cycle. Holistically, the Co-catalyzed hydrofluorination re-
quires a single-electron oxidation step and a single-electron
reduction step, and we proposed that a photocatalyst could
be used to power this redox-neutral catalytic engine
(Scheme 2).

Scheme 2. Proposed Catalytic Cycle
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Discovery and Optimization. We chose 1,1-disubstitutedn
alkene 1 as the model substrate and carried out an initial
screening campaign, which led to the identification of opti-
mal reaction conditions that provided an excellent 86%
yield of the desired hydrofluorinated product 1-1 (Table 1).
Co-1 was used as the MHAT catalyst, Ir(ppy)s as the photo-
catalyst, 2,4,6-collidine as a catalytic proton shuttle, and
commercially available EtsN-3HF—a safer and practical
surrogate of HF—as the fluoride and proton source. Indeed,
EtsN-3HF has been used to make fluorinated nucleoside gly-
con on a 900-kg scale by Eli Lily in their manufacturing fa-
cility?® and is used commonly in academic labs for prepara-
tive scale synthesis.2¢ In this system, Ir(ppy)s has an excited
state reduction potential of E1/z [Ir'™]/[IrV] = -1.73 V vs
SCE) and its reductively quenched congener has an oxida-
tion potential of E12 [Ir'V]/[Ir] = 0.77 V vs SCE.2” Thus,
Ir(ppy)s is capable of reducing Co!!(salen) (E1/2[Co!]/[Co!] =
-1.37 V vs SCE for Co-1; see Figure S8 for cyclic voltamme-
try data), and its oxidized form is sufficiently potent to con-
vert Col-alkyl to CoV-alkyl (E1/2[Co]/[Co] = 0.39 V vs

SCE when alkyl = Pr in DCM).23 This method effectively adds
HF across a simple alkene via a polar-radical-polar pathway,
which is appealing from an atom-economy perspective vs
prior methods using hydride and/or electrophilic fluorine
agents.

Table 1. Optimization of Reaction Conditions®

F
Me
> Ph/\)ﬁ

Co-1 (1 mol%), Ir(ppy)s (1 mol%)
EtsN-3HF (4 equiv)
2,4,6-collidine (10 mol%)

DCM (0.4 M), N, 24 h

Ph/\)L Me

1 445 nm (Lumidox) 14 H
Entry Variation Yield (%)?
1 None 86
2 No Co-1 0
3 No photocatalyst 0
4 No light 0
5 No 2,4,6-Collidine 3
6 4CzIPN (2) instead of Ir(ppy)s 8
7 Phenoxazine (3) instead of Ir(ppy)3 15
8 DCE instead of DCM 73
9 4 equiv of KF instead of EtsN*3HF 5
10 4 equiv Olah's reagent instead of EtN*3HF 0
1 1 equiv of Et3N-3HF 50
12 2,6-Lutidine instead of 2,4,6-collidine 80
13 440 nm Kessil lamp instead of Lumidox 54
14 12 hours instead of 24 hours reaction 79

@ﬁo_%} o
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a0.2 mmol scale. ?Yields determined by °F NMR using 1-
fluoronapthalene as the internal standard.

Control experiments without light, photocatalyst, or co-
balt salen catalyst gave no product (Table 1, entries 2-4).
Without collidine, only traces of 1-1 was observed (entry 5);
we hypothesize that collidinium ion formed in situ is re-
sponsible for the protonation of Co!, which is more efficient
compared to EtsN-3HF, likely due to the higher acidity of
collidinium in DCM.28 Using organic reductive photocata-
lysts 4CzIPN 2 (E1/2 [2*]/ [2*] = -1.18 V vs SCE)2¢ or phe-
noxazine derivative 3 (E1/2 [3*]/[3*] = -1.93 V vs SCE),»
substantially diminished yields were obtained3? (entries 6-
7). Changing the solvent from DCM to DCE led to a small de-
crease in yield (entry 8). Upon testing other fluoride
sources, we found that KF provided 5% yield of desired 1-1



where Olah’s reagent (i.e., pyridine hydrofluoride) gave no
product formation (entries 9-10). The loading of EtsN-3HF
could be decreased to 1 equiv with satisfactory yield (entry
11). Substituting 2,4,6-collidine with 2,6-lutidine did not af-
fect the reaction efficiency (entry 12). We also found that
the reaction conversion was nearly complete in 12 hours
(entry 13). Finally, switching the light source from Lumidox
to a Kessil lamp led to a diminished 54% yield (entry 14).

To assess the substrate generality of our hydrofluorina-
tion strategy, a panel of alkene substrates featuring differ-
ent degrees of substitution were tested under the optimal
conditions described above, including a-olefin 4, isoprenyl
5, styrenyl 6, and 1,2-disubstituted alkene 7. However, the
desired products were observed in substantially reduced
quantities (Scheme 3A, top). These findings are not surpris-
ing, given that these alkenes feature distinct steric and elec-
tronic characteristics and thus may require tailored
Co(salen) catalysts to achieve optimal efficiency in the
MHAT and nucleophilic substitution processes. Indeed, we
have previously observed differences in the relative rates of
MHAT depending on the catalyst and the alkene structure
by means of differential electrochemical mass spectrometry
(DEMS) measurements.!?

Leveraging the structural modularity of salen ligands, we
then interrogated the structure-activity relationships be-
tween the catalyst and each class of alkenes using the high-
throughput experimentation (HTE) technology. Micromolar
scale (0.0175 mmol) 24-well plates were designed and car-
ried out to assess multiple cobalt catalysts with the afore-
mentioned four classes of alkenes, and the data of catalysts
screening of mono-substituted alkene 4 are presented as a
heat map in Scheme 3B (For structure of each cobalt salen
catalysts, please see Figure S3).

Co-2 with electron-withdrawing CFs groups on the salic-
ylaldehyde portions of the ligand was identified as optimal
for unactivated monosubstitued alkenes, giving the product
4-1 in 67% yield. In general, the HTE data show that more
electron-deficient Co(salen) catalysts Co-2, Co-11, and Co-
18 provided higher reactivity for 4 (Scheme 3B). We hy-
pothesize that the Co-H intermediates from such catalysts
display enhanced acidity and electrophilicity, and it is thus
capable of engaging less electron-rich a-olefins in MHAT. In
addition, it is possible that improved electrophilicity of the
Co'V-alkyl generated upon hydrometallation and oxidation
permits more efficient nucleophilic substitution with F-.
Scaling up this reaction by ~10 fold (0.2-mmol) gave 63%
yield with 5 mol% catalyst loading (Table 3), showing good
consistency with HTE results.

In other optimization sets, more electron-rich and steri-
cally less encumbered Co-3 (vs. Co-1) appeared to effi-
ciently mediate the reaction with isoprenyl alkene 5—an
electronically activated yet sterically hindered substrate—
with an improved yield of 72% (Scheme 3A, bottom). In ad-
dition, Co-4 was identified as a lead catalyst for styrenyl al-
kenes 6, affording 82% yield of the desired benzyl fluoride
6-1. Nevertheless, 1,2-disubstituted alkenes 7 remained re-
calcitrant to extensive catalyst optimization, only showing a
marginally improved yield of 16% using Co-5 catalyst.

Further fine-tuning of reaction conditions for each class of
alkenes using their respective optimal catalyst was also per-
formed to further boost the yield (see Table S4-8). These re-
sults demonstrated the advantage of employing structurally
modular Co(salen) complexes in the desired hydrofluorina-
tion reaction and exemplified the power of HTE in enabling
rapid reaction optimization.

Scheme 3. Establishing substrate generality with respect to
alkene substitution. (A) Reaction of alkenes with different
substitution patterns under initially optimal conditions and
further optimized conditions. (B) An example of high
throughput experimentation for Co(salen) catalyst screen-
ing for substrates with different degrees of substitution.
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a0.2 mmol scale. ?Yields determined by °F NMR using 1-
fluoronapthalene as the internal standard, unless otherwise
noted. <Isolated yields.40.0175mmol scale.

Scope Elucidation. With the optimal reaction conditions in
hand, we next explored the substrate scope of our method-
ology (Tables 2-5). We note that due to very similar polarity
of some of the fluorination products compared with their
respective starting alkenes, yields determined via quantita-
tive NMR were reported in these cases to more accurately
reflect the reaction efficiency, with the identity of the prod-
ucts further confirmed by means of isolation and/or 2D
NMR analysis.

Panels of alkenes with varying degrees of substitution and
skeletal and functional diversity were transformed to cor-
responding fluoroalkanes smoothly. Substrates bearing sul-
fonamide (9), imide (12), and amide (13) groups were con-
verted efficiently without the reduction of these potentially
sensitive functional groups. For the imide substrate, only
5% yield could be observed using the original optimal cata-
lyst Co-1; however, switching to Co-3 catalyst boosted the
yield to 40%. Furthermore, running the reaction in an NMR
tube increased the yield to 60%, likely as a result of en-
hanced light penetration. Interestingly, for limonene (14)
bearing two different types of alkenes, the catalyst was
highly selective for the hydrofluorination of the terminal al-
kene, giving product 14-1 in 34% yield with only 2% of
speculative hydrofluorination of the internal alkene.

Table 2. Scope of 1,1-Disubstituted Alkenes.

Co-1 (1 mol%), Ir(ppy)s (1 mol%)

H
EtsN-3HF (4 equiv), 2,4,6-Coll. (10 mol%)
Me DCM (0.4 M), Ny, 24 h o MF

445 nm (Lumidox) e

H F H
F o F
Me /©/ Me
N
R Ts R

9-1, 76%° 10-1, R = H, 55%°

11-1, R = CF3, 57%"

H H

“\)rF EF

ik o
Me

13-1, 41%P

1-1, R = H, 86%%
8-1, R = OMe, 71%"

0/\H}
F
(o]

12-1, 60%2.cd 14-1, 34%29

aYields determined by 1°F NMR using 1-fluoronapthalene as
the internal standard. ¢Isolated yield. Reaction ran in an
NMR tube, see supporting information for details. 4Use 1
mol% of Co-3 instead of Co-1.

For mono-substituted alkenes (Table 3), substrates bear-
ing carbozole (17), free alcohol (18, 22), azide (19), free
amine (20) and reductively labile alkyl bromide (21)
groups could be converted to the desired hydrofluorinated
product in moderate to excellent yields. Natural products

such as safrole (15) and biologically active compound
alibendol (18) can also undergo transformation efficiently
to deliver the fluoroalkane products.

Table 3. Scope of Mono-substituted Alkenes.

Co-2 (5 mol%), Ir(ppy)s (1 mol%)
Et3N-3HF (2 equiv), Coll*HOTT (1 equiv)

o« DCM (0.4 M), Ny, 24 h

.)F\,
445 nm (Lumidox)

e H<I>\)V‘N“

4-1, 63%7 (33%") 15-1, 94%" 16-1, 80%®
F
Q OMe R Mg)\l
HO
E F H
O N\)\I ° 19-1, R = Ny, 50%2°
HN H 201, R=NH,, 36%%°
H ~"oH 21-1, R = Br, 61%3°¢
17-1, 90%° 18-1, 30%2 (38%?)

22-1, R = OH, 49%%°

aYields determined by 1°F NMR using 1-fluoronapthalene as
the internal standard. ¢Isolated yield. Reaction ran in an
NMR tube, see supporting information for details.

For isoprenyl alkenes, excellent functional group toler-
ance was also observed. Substrates featuring ether (5, 23,
25, 28), ester (24), Boc-protected amine (23, 30), free alco-
hol (29), carbamate (26, 27), and pyrimidine (25) groups
were converted smoothly to the desired products. For prod-
uct 29-1, we observed excellent regioselectivity favoring
hydrofluorination of the acyclic alkene with no detectable
functionalization of the endocyclic alkene. The reaction effi-
ciency for a number of isoprenyl substrates were low when
running the reaction in glass vials (see Table S9), but that
switching the reaction vessel to NMR tubes led to signifi-
cantly improved yield likely as a result of increased light
penetration. For example, substrate 23 was converted to
23-1in 57% yield with a glass vial, which was improved to
86% when using an NMR tube instead.



Table 4. Scope of Isoprenyl Alkenes.

Co-3 (3 mol%), Ir(ppy)s (1 Mol%) F
Me Et3N-3HF (3 equiv), 2,4,6-Coll. (10 mol%) .\|)<Me

ZMe DCM (0.4 M), Np, 24 h Me
445 nm (Lumidox) H

BocN \j\ F Me
N
H

23-1, 80%3¢ (70%P)

Me___Me E
we R o F
N| O o/\|)<Me NJ\O/\%me
e
MS*NJ\N/ H N !
Me E

26-1, R= Cl, 41%"
27-1, R=F, 32%"

F

OBn Me

(e
H

5-1, 74%3°C (72%P)

OAc Me F
Me
Me

H
24-1, 86%2° (49%P)

25-1, 49%2 (19%0)
F
o F Me'._ OH Me
Me Ne
Me Me H H
H Me
28-1, 84%2° (68%?)

F
BocN Me
Me

H

29-1, 63%2C€ (48%P)

30-1, 45%3° (43%P)

aYields determined by 1°F NMR using 1-fluoronapthalene as
the internal standard. ¢Isolated yield. Reaction ran in an
NMR tube, see supporting information for details. “Isolated
as a mixture of 2 diastereomers because the substrate used
was a mixture of diastereomers. eNo cycloetherification
product was observed by NMR analysis.

Lastly, we also demonstrated that vinylarenes were excel-
lent substrates in this reaction (Table 5). Pyridine (31),
Bpin (33), and amide (34) groups were compatible, and in-
ternal alkene (32) also furnished the desired product in
good yield. Due to the known lability of benzylic fluorides,
several reaction yields here were determined using 1°F NMR
with the product structures further confirmed by means of
2D NMR analysis. At this stage, 1,2-disubstituted alkenes
and tetrasubstitued alkenes remain challenging substrates
in our reaction system (Figure S4).

The observation that different alkenes perform optimally
with a different Co catalyst pointed to the possibility that
tunable chemoselectivity may be achieved for systems bear-
ing two distinct types of alkenes. We obtained preliminary
proof of principle in intermolecular competition experi-
ments, demonstrating that the selectivity could be over-
turned via catalyst selection (see SI section 6). We will con-
tinue to leverage the high structurally tunability of Co(salen)
catalysts to investigate chemo- and regioselective hydro-
fluorination in complex systems.

Table 5. Scope of Styrenes.

F

Co-4 (5 mol%), Ir(ppy)s (1 mol%)
X EtzN+3HF (2 equiv), 2,4,6-Coll. (10 mol%)
DCM (0.4 M), Ny, 24 h o H

445 nm (Lumidox)

H
F
H = H
<
Bu MeO” N
6-1, 82%7 31-1, 59%° 32-1, 70%2
F
/©)\/H 1 H
o]
Me o /@)\/
"B
Me i Me)LN
o H
Me Me

33-1, 77%2 (36%P) 34-1, 65%"

aYields determined by 1°F NMR using 1-fluoronapthalene as
the internal standard. ?Isolated yield.

18F-Hydrofluorination. The synthetic importance of this
methodology was further demonstrated in a series of 18F-
hydrofluorination reactions that are potentially applicable
in positron emission tomography (PET) imaging. PET is a
non-invasive imaging technique used to probe biological
processes in vivo via the administration of a positron-emit-
ting radiotracer. PET imaging has been used for the purpose
of diagnosing and monitoring the progression of diseases,
as well as aiding in the development of drugs, both in the
preclinical and clinical stages.? Thus, the development of
new synthetic strategies to prepare new PET tracers is
highly desirable. Radiofluorination strategies often utilize
readily available [!8F]fluoride as the most common 18F
source with high molar activity. Due to the relatively short
half-life of 18F (half-life = 109.8 min),3¢ 18F-fluorination reac-
tions ideally should take no more than 30 minutes.

In this context, we showed that our methodology can be
successfully applied to 18F-labeling of alkenes substrates.
The reaction was further optimized to be compatible with
[18F]fluoride that can be conveniently generated from a
medical cyclotron. Specifically, an aqueous solution of
[18F]fluoride was passed through an ion exchange resin
loaded with EtsaNHCOs to furnish [18F]Et:NF that is azeo-
tropically dried and re-solubilized in an organic solvent. The
protocol was carried out typically using 18.5-37 MBq (0.5-
1mCi) of ['8F]EtsNF, and the radiochemical conversion (RCC)
was analyzed after 20 minutes of reaction. We found that
under modified conditions, alkene 1 was converted to the
18F-hydrofluorinated product [18F]1-1with a satisfying RCC
of 24% (Table 6, entry 1). Using less polar DCM or more po-
lar DMF and DMSO as the solvent leads to diminished RCCs
(entries 2-4). Changing the base for the ion exchange resin
or running the reaction for shorter and longer times both
gave lower RCCs (entries 5-8).



Table 6. Development of 18F-Hydrofluorination Protocol

Co-1 (5 mol%), Ir(ppy)s (5 Mol%)

Et4N*['8F] (0.5-1 mCi) 18
Coll*HOTf (1 equiv)
Ph/\)LMe DM (0.4 M), Ny, 20min Ph/\)‘nﬁ/H
1 440 nm (Kessil) 18F_q
Entry Variation RCC (%)??
1 None 24
2 DCM instead of MeCN 8
3 DMF instead of MeCN 1
4 DMSO instead of MeCN 1
5 KoCO4/Kss, instead of Et;NHCO4 3
6 Me4NHCO3 instead of Et;NHCO4 4
7 10 min instead of 20 min 12
8 30 min instead of 20 min 14

20.01 mmol scale. PRCC was determined by radio-TLC.

We subsequently expanded the scope of the 18F-hydro-
fluorination reaction to a variety of alkene substrates in-
cluding those derived from biologically active compounds
(Table 7). For example, alibendol (18), an antispasmodic,
choleretic, and cholekinetic3! was 18F-hydrofluorinated
with favorable RCC. In addition, vinylpyridine (31) and am-
ide-bearing styrene (34) were transformed into desired
products with moderate to good RCCs. Given the natural
abundance and synthetic availability of alkenes, this meth-
odology will provide a new avenue for the synthesis of 18F-
labeled tracers for PET imaging applications.

Table 7. Scope of 18F-Hydrofluorination Reaction®

Co-1 (5 mol%), Ir(ppy)s (5 mol%)
Et4N°['8F] (0.5—1 mCi)

N Coll-HOTF (1 equiv) ”’F\_ 5
EanN DCM (0.4 M), Np, 20 min B
440 nm (Kessil)
OH O
MeO N/\/OH
18 H
H
Ph/\)‘\/
Me 18
H

['8F]1-1, 20 = 3% ['8F118-1, 11 £ 9%"

18F 18F
H
< Me)LH

['8F]31-1, 22 + 5%° ['8F]34-1, 46 + 5%°

40.01 mmol scale. 5 mol% Co-2 was used instead of Co-1.
<5 mol% Co-4 was used instead of Co-1.

Mechanistic Investigations. A series of photochemical,
electroanalytical, and physical organic chemistry studies
were performed to probe the proposed reaction mechanism.
Stern-Volmer studies showed that the fluorescence of Ir!i*
is quenched by Co-1 catalyst (Figure S20), whereas its
quenching by collidinium triflate or substrate 1, 4, and 6
takes place at a rate too low to produce observable lumines-
cence quenching (Figures S21-24). Considering that the re-
duction potential of substrates 1 and 4 is below -3.4 V vs.
Fc/Fc* (Figures S9-10) and that of 6 was measured to be -
3.2 Vvs. Fc/Fc* (Figure S11), which is about 1 V more nega-
tive than E12 [Ir'*] /[Ir'V], we propose that it is most likely
that Co!! is reduced to Co! by the excited iridium photocata-
lyst and that direct activation of alkene does not contribute
to the observed reactivity.

Upon the formation of intermediate I, There are two pos-
sible pathways (Scheme 4A): I could undergo cage escape
and then be oxidized by Ir'V to generate carbocation III
(E1/20¢ = 0.09 V for tert-butyl radical);3? alternatively, the
cage-collapsed Co-alkyl species II could be readily oxi-
dized to form CoV-alkyl species IV (E1/2 [Co™]/[Co™] = 0.39
V when alkyl = {Pr24). Both intermediates III and IV can un-
dergo fluorination via pathway a and pathway b, respec-
tively). As direct evidence supporting the presence of a nu-
cleophilic substitution step in the catalytic cycle, substrates
35 and 36 underwent unexpected rearrangement via neigh-
boring group participation, yielding products 35-2 and 36-
2 in addition to direct hydrofluorination products 35-1 and
36-1 (Scheme 5). In these reactions, competitive substitu-
tion with the pendant carbonyl group in the substrate likely
takes place prior to fluoride attack. In contrast, when a sub-
strate with a longer alkyl linker between the alkene and the
carbonyl group (37) was subject to the reaction, no rear-
rangement product was detected. These results support a
radical-polar crossover mechanism for the fluorination pro-
cess. However, it cannot distinguish between pathways a
andb.

Through further voltammetry studies and DFT calcula-
tions, we found that both pathways a and b are likely oper-
ating in the reaction, and that the contribution of each path-
way to the observed overall reactivity depends on the type
of alkene substrate used.

Previous reports suggest that an equilibrium exists be-
tween Co'l-alkyl (II) and the neutral alkyl radical (I) (equi-
librium constant Keqi; Scheme 4A).17.33.3¢ The direction of
the equilibrium and magnitude of Keq1 varies with different
Co(salen) catalysts and alkene substrates. To make a quali-
tative assessment of the fluorination mechanism, rotating
disk electrode (RDE) voltammetry experiments were per-
formed using Co-2 catalyst. This complex showed a reversi-
ble redox wave at -1.7 V vs Fc/Fc*,35 which was assigned to
the Co!'/Co!' couple. The addition of collidinium triflate
(Coll-HOTY) as the proton source led to an irreversible re-
duction wave and substantial current enhancement at this
potential, the magnitude of which increased as the concen-
tration of the protic acid increased from 5 mM to 100 mM
(Scheme 4B). This observation is consistent with the gener-
ation of Co!'-H intermediate via reduction of Co!! to Co! fol-
lowed by protonation. As Co!-H of this type is known to



mediate hydrogen evolution reaction (HER) in the absence
of an alkene substrate,36 a catalytic current is seen. When
using EtsN-3HF as the proton source instead of Coll-HOTY,
no catalytic current was observed (Figures S17-18), further
supporting our hypothesis that collidinium ion generated in
situ is responsible for the protonation of Co! species.

Notably, when mono-substituted alkene 4 was added to
the mixture of Co-2 and 100 mM collidinium triflate, a de-
crease in the intensity of the catalytic current was observed
(Scheme 4D). This result indicates that the aforementioned
HER is inhibited in the presence of 4, as the equilibrium
post-HAT (Keq1) favors Co'-alkyl, a species that cannot be
further reduced at a potential of -1.7 V vs. Fc/Fc*.37:38 To fur-
ther validate this hypothesis, we computed the association
free energy of Co!'/isopropyl radical pair to Co'-Pr to be
-6.9  kcal/mol at the SMD(DCM)/MO06-L/def2-
TZVPP/W06//SMD(DCM)/M06-L/def2-SVP/W06 level3®
(Scheme 4D), suggesting that the equilibrium indeed favors
the secondary Co-alkyl species for mono-substituted al-
kenes (e.g., 4).

In stark contrast, when 1,1-disubstituted alkene 1 was
added to the same solution of Co-2 and collidinium triflate,
further current enhancement was observed (Scheme 4C).
This resultindicates that Co! is regenerated at a greater rate
in the presence of the alkene, which could be a result of two
contributing factors: (i) Co'-H participates in MHAT to an
alkene at a faster rate than HER,*° and (ii) the equilibrium
Keq1 favors formation of the Co!'/alkyl radical pair over the
Co'l-alkyl adduct. Furthermore, our DFT calculations sug-
gest that the association free energy of Co!/tert-butyl radi-
cal pair to form Co"'-Bu is 2.9 kcal/mol (Scheme 4C), indi-
cating that the equilibrium favors the Co!/alkyl radical pair
for 1,1-disubstituted alkenes (e.g., 1).

We attribute the different behaviors of 1 and 4 in RDE ex-
periments to the shift of equilibrium Keq1, which is influ-
enced by the relative stability of alkyl radicals with varying
degrees of substitution (i.e., a tertiary alkyl radical is gener-
ally more stable than a secondary alkyl radical).

DFT calculations further demonstrated that after the oxi-
dation event, another equilibrium exists between the result-
ant CoV-alkyl (IV) and a Co/carbocation pair (III) (equilib-
rium constant Keqz; Scheme 4A). For tertiary Co'V-alkyl spe-
cies, the dissociation is nearly barrierless (the computed
barrier AE* is 0.2 kcal/mol for CoV-tBu) and exergonic (the
computed free energy change AG is -12.4 kcal/mol for Co'V-
tBu), strongly favoring the formation of Co and carbocation
(Scheme 6A).4! Thus, if tertiary CoV-alkyl is generated via
the oxidation of Co-alkyl by Ir'V, it would undergo dissoci-
ation readily. The subsequent reaction between a carbo-
cation (formed via either direct oxidation of alkyl radical (I)
or dissociation of CoV-alkyl) and F- should be facile (esti-
mated to be a diffusion-controlled process*?) and irreversi-
ble. Therefore, we conclude that 1,1-disubstituted and tri-
substituted alkenes undergo hydrofluorination via pathway
a. In contrast, pathway b in this scenario would require ei-
ther a sluggish Sn2 reaction at a tertiary carbon center or a
difficult reductive elimination from a Co center without nat-
urally available cis-coordination sites.

On the other hand, for mono-substituted alkenes, the
equilibrium Keq2 favors the formation of secondary Co'V-al-
kyl species with a computed dissociation free energy of 10.6
kcal/mol (Scheme 6B). In comparison with the highly en-
dergonic dissociation, fluorination of Co!V-alkyl via an Sn2
mechanism has a low activation free energy of 1.9 kcal/mol.
As a result, pathway b is favored over pathway a and likely
the predominant mechanism for reactions with mono-sub-
stituted alkenes.#? This hypothesis is supported by litera-
ture reports showing that enantioselective nucleophilic
substitution of secondary CoV-alkyl can be achieved with
alcohols and amines using chiral Co(salen) complexes,20a 21
22b, 24 which would not be plausible if these transformations
proceed through a carbocation pathway. Future work will
focus on further elucidation of divergent mechanistic path-
ways with an ultimate goal of facilitating the discovery of
novel hydrofunctionalization reactions using a similar
strategy.



Scheme 4. Mechanistic investigation using voltammetry.
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Scheme 5. Carbocation rearrangement experiments.
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Scheme 6. DFT-computed free energy profiles for the fluor-
ination step.?
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aCo-2 was used in the calculations in panel A. In panel B, a trun-
cated model of Co-2 without substituents on the diamine backbone
or salicylaldehyde units was used, as the transition state search for
the Sn2 step of the full catalyst did not converge. See SI section 10
for details. bThe effective activation free energy for a diffusion-lim-
ited ion combination was estimated to be 3.8 kcal/mol.42 <We were
unable to locate the dissociation transition state since the potential
energy increases monotonically along with the cleavage of the Co-
C bond.

CONCLUSION

In conclusion, we have developed Co(salen)-catalyzed hy-
drofluorination of alkenes via a polar-radical-polar crosso-
ver mechanism. Commercially available and inexpensive
EtsN-3HF is used as both the proton and fluoride donor, thus
avoiding the use of silanes and electrophilic fluorine
sources. This methodology shows a broad substrate gener-
ality and tolerates unactivated alkenes and styrenes with
varying degrees of substitution and diverse functional
groups. This methodology is also successfully applied to the
18F-labeling of several biologically active compounds using



readily available [!8F]fluoride with satisfying radiochemical
conversion. Mechanistic investigations confirm the inter-
mediacy of radical and carbocation intermediates and their
respective Co complexes in the proposed catalytic cycle.
Further, divergent pathways are identified for the nucleo-
philic fluorination step, wherein the contribution of each
pathway depends on the structure of the alkene substrates.
Future efforts will be directed towards gaining a deeper un-
derstanding of the reaction mechanism and extending the
same catalytic strategy to other synthetically valuable hy-
drofunctionalization reactions.
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