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ABSTRACT: We demonstrate hydrohalogenation of ali-
phatic alkenes with collidine-HX salts through a dual photo-
redox/cobalt catalysis. The dual catalysis enables to convert
a proton and a halide anion from collidine-HX salt to a nu-
cleophilic hydrogen radical equivalent and an electrophilic
halogen radical equivalent and deliver them to an alkene
moiety. This protocol allows for introduction of fluorine,
chlorine, bromine or iodine atom to alkene, producing highly
functionalized alkyl halides.

Alkyl halides have been classified to one of most fundamental
and important organic molecules due to the high reactivity as cou-
pling reagents and prevalent structures in natural products and
pharmaceutical drugs. Therefore, synthetic methods for preparation
of alkyl halides have been intensively studied. As described in text-
book of organic chemistry, hydrohalogenation of alkenes using hy-
drogen halide (HX) is a simple, atom-economical and cost-effec-
tive process (Scheme 1A, left).!?> The reaction proceeds through
protonation of an alkene by HX to generate a carbocation, which
reacts with a halide anion (X") to forge a C—X bond. Although the
protonation of aliphatic alkenes requires the strong acidity of HX
(pKa = 2.8 to 10.3 in MeCN),? which lowered the functional group
compatibility. To address this limitation, Carreira and co-workers
demonstrated a radical approach for hydrochlorination of alkenes
using a cobalt catalyst, hydrosilanes and tosyl chloride (Scheme 1A,
middle).*® Therein, a cobalt catalyst derivers a hydrogen atom from
hydrosilane to alkene as a hydrogen radical through cobalt(III) hy-
dride-mediated metal hydride hydrogen atom transfer (MHAT),’
resulting in formation of an alkyl radical [or alkyl cobalt (III)]. The
resultant alkyl radical is captured by tosyl chloride in Sy2 manner
to afford the hydrochlorination product. In addition to hydrochlo-
rination, other halogen atoms could be also installed by choice of
halogen electrophiles.® Since these protocols allow to avoid the use
of strong acidic HX, these protocols tolerated a broad range of func-
tional groups. However, necessity of expensive reagents and low
atom economy remained as unresolved problems.’

We questioned whether single electron reduction and oxidation
of a proton and a halide anion from HX surrogate to a nucleophilic
hydrogen radical and an electrophilic halide radical would lead to
an atom-economical and high functional group compatible hydro-
halogenation of alkenes (Scheme 1A, right). To accomplish this
radical-based umpolung, we came up with a dual cobalt/photoredox
catalysis® enabling hydrohalogenation of alkenes® using HX surro-
gate (Scheme 1B). Recently, our group'® and others!! reported a
cobalt(III) hydride can be generated through single electron reduc-
tion of cobalt(II) by a photoredox catalyst followed by protonation
of the resultant cobalt(I). Therefore, HX surrogates bearing enough

acidity to protonate cobalt(I) is envisioned to generate a cobalt(I1I)
hydride as a hydrogen radical source. Then, cobalt(III) hydride un-
dergoes MHAT to aliphatic alkenes to form the corresponding alkyl
cobalt(Ill) complex, which is in equilibrium with an alkyl radical
and cobalt(II). On the other hand, a cobalt(Il) becomes a cobalt(III)
halide in the presence of a single electron oxidant and a halide an-
ion, and then cobalt(I1I) halide would act as a halogen radical donor
for alkyl radical or alkyl cobalt(III).
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Scheme 1. Approaches for hydrohalogenation of alkenes

umpolung step

Based on the previous our reports, we began our investigation of
hydrobromination of aliphatic alkenes using a photoredox catalyst,
a cobalt catalyst and HBr surrogate. Then, we found that the desired
hydrobromination of 4-phenyl-1-butene (1a) was promoted by use
of a collidine-HBr salt (2a) and catalytic amount of Ir(ppy); and



Co-1 to afford the desired adduct 3aa in 71% isolated yield (Table
1, entry 1). 2a was easily synthesized from hydrogen bromide and
collidine.

Table 1. Screening of catalysts and bases for reaction between 1a and 2a.”

Co-1 (1 mol%)
Ir(ppy)a (1 mol%)

A>"ph + 2a — — - " H
THF Ph
1a Blue LED, 15 h 3aa
Entry Change from standard conditions Yield of
3aa (%)"
1 none >99 (71)°
2 2b instead of 2a 0
3 2¢ instead of 2a 0
4 2d instead of 2a 0
5 Co-2 instead of Co-1 96
6 Co-3 instead of Co-1 94
7 PTH instead of Ir(ppy)s 31
8 Mes-Acr instead of Ir(ppy)s 0
9 4CzIPN instead of Ir(ppy)s 0
10 w/o Ir(ppy)s or Co-1 0
11 under dark 0
HBr surrogate
(pKa in MeCN)
Me +
ST R
Me N: Me N \/N\/_ N
I'i B H - H H _
2a 2b 2c 2d
(pKa = 15.0) (pKa =12.5) (pKa = 18.83) (pKa = 24.31)
cobalt catalyst

Co-1 Co-2 Co-3

photoredox catalyst

e Of)

PTH NC CN
Me
3%
/2 08\ W
e
Me * clo,
Ir(ppy)s Mes-Acr 4CzIPN

“Reaction was carried out with 1a (0.2 mmol), 2a (0.2 mmol), photoredox
catalyst (0.002 mmol) and Co catalyst (0.002 mmol) in THF (1.0 mL) under
blue LED irradiation for 15 h. > 'H NMR yield based on 1a. ¢ isolated yield.

Since trialkylammonium or anilinium salts have been utilized as
amild Brensted acid in protonation of cobalt(I),'? various base-HBr
salts were mainly evaluated as HBr surrogates. Then, we found that
2a exclusively promoted the reaction (Table 1, entries 2—4). When
a pyridine-HBr (2b) (pKa = 12.5 in MeCN) was used instead of 2a
(pKa = 15.0 in MeCN)'3, hydrobromination product was not ob-
tained at all (entry 2).'* Other ammonium salts triethylamine-HBr
2¢ (pKa = 18.83 in MeCN)'? and 1,8-diazabicyclo[5.4.0]-7-unde-
cene-HBr 2d (pKa = 24.31 in MeCN)'? bearing higher pKa than 2a
were not effective due to the insufficient acidity for protonation of

cobalt(I) species (entries 3 and 4). On the other hands, the reaction
efficiency was not affected by structure of cobalt catalysts. For ex-
amples, Co-2 and Co-3 containing 1,1,2,2-tetramethylethylene di-
amine and phenylene diamine scaffolds could be used as compara-
ble catalysts (entries 5 and 6). Expectedly, the choice of photoredox
catalysts was also key factor in this reaction because the photore-
dox catalyst needs to reduce cobalt(Il) [Ereq (Co-1) =—1.60 V vs.
SCE] and oxidize cobalt(Il) [Eox (Co-1) = 0.00 V vs. Fc¢*/Fc] or a
bromide anion [E,x = 0.80 V vs. SCE]. Ir(ppy)s has sufficient po-
tentials for these redox events. Although PTH bearing comparable
redox potentials with Ir(ppy)s; showed moderate catalytic activity,
Mes-Acr and 4CzIPN were not suitable due to the inconsistent re-
dox potentials (entries 7-9). Further optimization data is provided
in Supporting Information. Control experiments revealed that a
photoredox catalyst, a cobalt catalyst and light are essentials to pro-
mote the reaction (entries 10 and 11).

With these optimal conditions in hands, we turned our attention
to other hydrohalogenation of alkenes. Although some modifica-
tions on the reaction conditions were required, hydrochlorination,
hydrofluorination and hydroiodation were also achieved by use of
collidine-HCI1 (4a), collidine:HBF4 (6a)!* and collidine-HI (8a),
that are easily prepared by corresponding acids (Figure 1A). To see
the robustness and synthetic utility of this protocol, scope of al-
kenes was investigated (Figure 1B). Terminal alkene substates (1b
and 1c¢) having acid-sensitive ester and methoxymethyl groups
were converted to alkyl halides without loss of such functional
groups. The hydrofluorination of 1¢ does not proceed at all, and y-
valerolactone was obtained.'® Our protocol allows to synthesize ter-
tiary alkyl halides from 1,1-disubstituted alkenes (1d-1g). Acy-
clic/cyclic structures and various functional groups were tolerated.
Isopropenyl boronate (1h) could be converted to a-haloboronate
derivative, which is one of valuable synthetic intermediates.!” Ar-
omatic (1i) and electron-deficient (1j) alkenes were converted to
reactive alkyl halides, but the products were hard to be isolated.
Notably, this protocol allows to use cyclic and acylic internal al-
kenes (1k and 11) as alkene substrates, providing sterically encum-
bered secondary and tertiary alkyl halides. The hydrofluorination
with these substrates resulted in inefficient product formation. The
high functional group compatibility was ensured by success of
functionalization of natural products and pharmaceutical drug de-
rivatives, such as allylglycine, rotenone, indomethacin and oxapro-
zin (1m—1p). When the reactions with 1a, 1b and 1g were tested
with use of hydrogen bromide instead of 2a, respectively, only 3aa
was obtained.

Subsequently, we turned our attention to explore the reaction
pathway. There are two conceivable mechanisms on C—X bond for-
mation step. The first one is Sy2 reaction between an alkyl radical
or an alkyl cobalt(IIT) and a cobalt(Ill) halide'® as described in
Scheme 1B.!° The second one is Sy2 reaction between an halide
anion and an alkyl cobalt(IV) species.?’ To distinguish the reaction
mechanisms, several experiments were conducted. First, the reac-
tion using 4-penten-1-ol derivative 1q and each collidine-HX salt
was carried out under the optimal conditions (Figure 2A). When 2a
was used, hydrobromination product 3qa was obtained along with
hydroalkoxylation product 10q.2' The formation of 10q implied the
intermediacy of a carbocation or an alkyl cobalt(IV) complex.
While the reaction with 4a afforded Sqa over 10q, the reaction with
6a gave only 10q. This result indicated hydrofluorination reaction
would proceed through single electron oxidation of alkyl cobalt(III)
to alkyl cobalt(IV), which reacts with an fluoride anion from tetra-
fluoroborate in Sn2 manner. It is assumed that the differences in
reactivity between hydrobromination/hydrochlorination and hydro-
fluorination observed in Figure 1B are attributed to variations in
reaction pathways.



A. Application to hydrochlorination and hydrofluorination
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Figure 1. Substrate scope. “Reaction was carried out with 2a (0.2 mmol),
1 (0.2 mmol), Co-1 (0.002 mmol) and Ir(ppys) (0.002 mmol) in tetrahydro-
furan (1.0 mL) under blue LED irradiation for 15 h. ® Reaction was carried
out with 4a (0.2 mmol), 1 (0.2 mmol), Co-2 (0.002 mmol), tetrabutylammo-
nium triflate (0.02 mmol) and Ir(ppys) (0.002 mmol) in tetrahydrofuran (1.0

mL) under blue LED irradiation for 15 h. “Reaction was carried out with 6a
(0.6 mmol), 1 (0.2 mmol), Co-3 (0.002 mmol), tetrabutylammonium triflate
(0.02 mmol), H>O (0.2 mmol) and Ir(ppys) (0.002 mmol) in 1,4-dioxane
(1.0 mL) under blue LED irradiation for 15 h. ¢ Reaction was carried out
with 8a (0.2 mmol), 1 (0.2 mmol), Co-2 (0.002 mmol) and Ir(ppys) (0.002
mmol) in tetrahydrofuran (1.0 mL) under blue LED irradiation for 15 h. ¢
The reaction conditions were slightly modified (See Supporting Infor-
mation).” "H NMR yield.
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B. Stoichiometric reactions between alkyl Co(lll) complex and Co(lll) halide complex
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Figure 2. Mechanistic studies.

To gain further mechanistic information, we tested the stoichio-
metric reactions between in situ generated alkyl cobalt(IlI) and an
isolated cobalt(III) bromide or cobalt(IlI) chloride (Figure 2B). Ac-
cording to the reported procedures,?? an alkyl cobalt(II) complex



was prepared through the reaction between 1a and a cobalt(IIl)
chloride salen complex (Co-1-Cl) in the presence of phenylsilane.
The obtained alkyl cobalt(IlI) complex was subjected to the reac-
tion with an isolated cobalt(IIl) bromide salen complex (Co-1-Br).
With or without a light irradiation, the desired alkyl bromide 3aa
was afforded. When the reaction was carried out with Co-1-Cl in-
stead of Co-1-Br, the corresponding alkyl chloride Saa was ob-
tained. Another stoichiometric reactions between diacyl peroxide
(11a) and Co-1-Br or Co-1-Cl were carried out (Figure 2C). With
or without a light irradiation, both reactions proceeded well to form
3aa and Saa in high yields, respectively. In these reactions, diacyl
peroxide decomposed to the corresponding a secondary alkyl radi-
cal after homolytic cleavage of O-O bond?* and decarboxylation
and the resultant radical reacts with a cobalt halide complex in Sy2
manner. These results supported the intervention of Sy2 pathway
on hydrobromination reaction and hydrochlorination. Since there
were no significant differences in product yield with or without
light (Figures 2B and 2C), we concluded that key C—X bond for-
mation is not affected by light.

In summary, we demonstrated the dual photoredox/cobalt-cata-
lyzed hydrogenation of aliphatic alkenes with collidine-HX salts.
The dual catalysis enables to convert a proton and a halide anion to
a nucleophilic hydrogen radical and an electrophilic halogen radi-
cal, installing them onto alkene moiety. This radical-based um-
polung strategy ensures high atom economy and broad functional

group tolerance, that could not be achieved by the reported methods.

Thus, this protocol allows us to access densely functionalized alkyl
halides. Now, application of this strategy to other functionaliza-
tions is ongoing in our laboratory.
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