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Abstract: The first photo-mediated process enabling the
generation of halide radicals by Halogen-Atom Transfer (XAT)
is described. Contrary to radical transformations involving
XAT reactivity, which exploit stable carbon radicals, this
unique approach uses 1,2-dihaloethanes for the generation of
unstable carbon radicals by XAT. These transient radicals then
undergo β-scission with release of ethylene and formation of

more stable halide radicals which have been used in selective
hydrohalogenations of a large number of unsaturated hydro-
carbons, including Michael acceptors, unactivated alkenes
and alkynes. This hydrohalogenation is tolerant of a broad
range of functionalities and is believed to proceed through a
radical-chain manifold that propagates by the use of silane
derivatives.

Halogenated organic compounds have an important place in
organic chemistry, associated with their wide applicability as
synthetic precursors.[1] Among them, alkyl and alkenyl halides
take part in a large number of organic transformations
allowing the introduction of various functional groups. Alkyl
halides readily undergo substitution processes with a large
panel of nucleophiles, whereas alkenyl halides often serve as
coupling partners in metal-catalyzed cross-coupling
reactions.[1,2] Both compound classes are also widely em-
ployed as precursors for organometallic reagents.[3] Conse-
quently, extensive efforts have been made for developing
efficient protocols for their synthesis.[4] The hydrohalogena-
tion of olefins and alkynes is the most effective way to
prepare such halides. Importantly, the regioselectivity of this
reaction can be modulated: Markovnikov addition is ob-
served under ionic conditions, whereas the radical hydro-
halogenation promotes the formation of anti-Markovnikov
products (Figure 1A). However, this reaction is mainly
restricted to the use of strongly corrosive and acidic hydro-
gen halides as halide sources, which drastically reduces the
functional group tolerance.[5] The discovery of novel mild
halide sources compatible with a functional group tolerant
hydrohalogenation still remains a challenge in organic syn-
thesis, as shown by some few recent examples in the
literature.[6]

In radical chemistry, the halogen-atom transfer (XAT)
process is an important approach for the generation of C-
centered radicals (Figure 1B). XATs have been restricted for a

long time to the ‘traditional’ radical chemistry, in which
peroxide and tin derivatives were required for efficient
reactions.[7] More recently, XATs have found many applica-
tions in photo-mediated reactions, opening new opportuni-
ties for constructing C� C bond products under mild and less
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Figure 1. Design plan for hydrohalogenation via XAT strategy.
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toxic reaction conditions.[8] However, the reported photo-
mediated XATs in the literature are exclusively narrowed to
the formation and the exploitation of carbon radicals.[8a]

In this context, we wondered if it would be possible to
develop an XAT strategy for the generation of radical halides
which could be applied to the hydrohalogenation of unsatu-
rated hydrocarbons. For reaching this goal, we considered the
use of abundant and inexpensive 1,2-dihaloethanes (DXE).
Indeed, those compounds are well known as halide sources,[9]

notably for the synthesis of metal halides, such as divalent and
trivalent lanthanide halides, in which β-halide elimination is
likely involved.[10,11] Consequently, by extension, we envisaged
that XAT on this type of compounds would lead to the
formation of unstable C-centered radical (I). A subsequent β-
scission step would deliver the expected radical halides with
release of ethylene (Figure 1C). This process would be the key
step in our designed hydrohalogenation which would follow a
radical chain-manifold (Figure 1D). The initiation could occur in
the presence or in absence of a photocatalyst (PC). Without
photocatalyst, the reaction would start by the C� X bond
photolysis of DXE under light irradiation (Figure 1D, left part).[12]

In the presence of a PC, the single electron oxidation of the
silane species leading to the silicon-centered radical would
initially occur. This radical would then react as a potent halide
abstractor with DXE (Figure 1D, right part).[12,13] Those two
initiation pathways would lead to the formation of the radical
species I that would deliver the radical halide by β-scission. The
addition of the radical halide onto unsaturated compounds
would form the radical intermediate II. The latter would be
involved in hydrogen atom transfer (HAT) with silane deriva-
tives, yielding the final product along with a silicon radical
species. Subsequent XAT between this silicon radical and DXE
would sustain the radical chain process. Herein, we describe
preliminary results demonstrating the feasibility of our design
concept through the hydrohalogenation of a broad number of
unsaturated hydrocarbons.

Preliminary studies have focused on the hydrobromination
of ethyl acrylate (1 a) using DBE. After optimization, the best
reaction conditions were obtained with DBE (5 equiv.), super-
silane (TMS)3SiH (TTMSS, 1.2 equiv.) in ethyl acetateunder blue
light irradiation at room temperature (Table 1, entry 1). Those
conditions allowed the formation of 2 a in a quantitative NMR
yield, and the product was isolated in moderate yield due to its
high volatility. Other sources of silanes resulted in decrease of
yields (Table 1, entries 3–4). Variation of solvent did not
significantly affect the reaction outcome, affording 2 a in good
to excellent yields (Table 1, entries 5–7). Decreasing the amount
of DBE from 5 to 2 equivalents resulted in a drop in yield of 2 a,
however the use of DBE as solvent led to quantitative yield
(Table 1, entries 8–9). The use of 4-CzIPN as PC was not essential
in this reaction (Table 1, entry 10). However, for some examples,
the reaction was performed with the PC, leading to higher
yields (Scheme 1 and 2). Finally, control experiments showed
that both the light and the silane were essential to the reaction
(Table 1, entries 11–12), supporting the proposed mechanism
(Figure 1).

With the optimized conditions in hands, we started to
explore the scope of the hydrobromination on various
unsaturated compounds (Scheme 1). First experiments fo-
cused on the hydrobromination of Michael acceptors. For
instance, alkyl, benzyl, and aryl acrylates appeared to be
suitable for the reaction yielding compounds 2 a, 2 b and 2 c
in good yields. The reaction was also highly effective on a
large variety of acrylamides bearing diverse functional groups
with diverse electronic natures (2 d–2 h), including N-aryl,
N,N-methyl-aryl and morpholinyl acrylamides. Additionally,
acrylonitrile (1 i) participated efficiently in the reaction,
affording 2 i in excellent yield. Finally, acrylophenone deriva-
tive 1 j and maleimide were found to be good candidates in
this transformation, leading to products 2 j and 2 k in
moderate yields (Scheme 1). We then investigated the
reaction feasibility on unactivated alkenes including styrene
and aliphatic alkenes. While the hydrobromination of styrene
led to the exclusive formation of the anti-Markovnikov
product 2 l in good yield, the reaction afforded a mixture of
both regioisomers 2 m with the allylbenzene 1 m.[14] Interest-
ingly, alkene substrates bearing alkyl and aryl bromides (1 n–
1 o) were well tolerated in the reaction forming respectively
2 n and 2 o in moderate to good yields. These examples
demonstrate the selectivity of the XAT step in the process,
likely due to the large concentration difference between the
starting material and the DBE. Subsequently, the reaction
was extended to alkynes (Scheme 1). First, the optimized
conditions were applied to aryl alkynes, such as phenyl-
acetylene derivatives 1 p–1 r. The corresponding alkenyl
bromides (2 p–2 r) were obtained in moderate to good yields
as an E/Z mixture of stereoisomers and only compound 2 r,
bearing a native alcohol, was obtained as the single Z-isomer.
The hydrobromination reaction of other type of alkynes, such
as acetylenedicarboxylate and alkyl alkynes also worked
nicely, giving the corresponding products (2 s–2 v) in moder-
ate to good yields. A scarce example of a photochemical
transformation of ynamides was achieved with substrate

Table 1. Optimization of the hydrohalogenation reaction[a]

Entry Deviations from standard conditions Yield 2 a [%][b]

1 none quant. (55)[c]

2 TTMSS (1.5 equiv.) quant.
3 Et3SiH (1.5 equiv.) trace
4 Ph3SiH (1.5 equiv.) 43
5 MeCN 75
6 acetone 80
7 DCM 85
8 DBE as solvent quant.
9 DBE (2 equiv.) 67
10 4-CzIPN (5 mol%) quant.
11 No TTMSS N.R.
12 dark N.R.

[a] Reaction conditions: 1 a (0.3 mmol), DBE (1.5 mmol) in AcOEt (0.3 mL).
[b] Yields were determined by 1H NMR using trichloroethylene as an
internal standard. [c] Isolated yield. N.R.=no reaction. TTMSS= (TMS)3SiH.
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1 w,[15] providing product 2 w in modest yield. Finally, the
late-stage functionalization of complex natural and bioactive
molecules was explored. Pleasingly, the hydrobromination
was found to be effective on Michael acceptor derivatives
bearing amino acid, dipeptide or estrone moieties, affording
hydrobrominated counterparts (2 x-2 z) in moderate to good
yields. Additionally, the late-stage functionalization of ibu-
profen derivative 1 aa, bearing an unactivated alkene func-
tionality, provided the brominated compound 2 aa in moder-
ate yield (Scheme 1). Those examples are particularly
interesting as they might be engaged in further post-
functionalization reactions. Overall, this new hydrobromina-
tion reaction, that can be applied to alkenes (activated and

unactivated) and alkynes, exhibits a good and broad func-
tional group tolerance that includes esters, amides, nitriles,
ketones, native alcohols, halides, ethers, oxazolidinones,
amino acids. Moreover, in view of the practicality and
mildness of the present method, a 5 mmol semi-preparative
gram scale synthesis of 2 f could be achieved while maintain-
ing a high isolated yield of 98% (1.45 g) (Scheme 1).

We then evaluated the possibility of using other DXE
substrates for achieving the hydroiodination and the very
challenging hydrochlorination of unsaturated compounds
(Scheme 2). While bond dissociation energies (BDE) of C� I
bonds are lower than those for C� Br bonds (250 vs. 290 kJ/
mol), BDE values of C� Cl bonds are much higher (around

Scheme 1. Scope of the hydrobromination of unsaturated compounds.[a] [a] Reaction conditions: 1 (0.5 mmol), DBE (2.5 mmol), TTMSS (0.6 mmol) in AcOEt
(0.5 mL). Yields refer to isolated products. [b] Reaction performed on 5 mmol scale. [c] Reaction performed with 4-CzIPN (5 mol%). [d] NMR yield is given. [e]
Anti-Markovnikov/Markovnikov ratio. [f] Reaction performed in DBE. [g] Reaction performed in DCM.
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345 kJ/mol) (Scheme 2A).[16] This trend might affect the β-
scission feasibility, and therefore strongly influence the
reaction outcome (Scheme 2A). To achieve our aims we
decided to use DIE and 1,2-bromochloroethane,[17] as iodide
and chloride sources, respectively. Application of the above
optimized reaction conditions to the reaction of substrate 1 c
with DIE afforded product 3 a in very high yield. This
successful transfer of our strategy to hydroiodination was
then extended to a range of unsaturated starting com-
pounds. Products 3 b-c were obtained with slightly lower
yields compared to the corresponding hydrobromination
reactions. However, the hydroiodination of alanine derivative
(3 d) resulted in better yield comparatively to the hydro-
bromination. Unfortunately, attempts for the hydroiodination
of alkenes and unactivated alkynes led to inseparable
mixtures of regioisomers and by-products. The formation of

side compounds might be linked to the lower stability of the
C� I bond. Indeed, reduced products, likely resulting from XAT
on final products, have been observed in several cases.

Initial attempts for the hydrochlorination have been
conducted using 1,2-bromochloroethane and substrate 1 c
(Scheme 2C). Unfortunately, the reaction did not afford
compound 4 but compound 5, resulting from an addition of
a 2-chloroethyl group onto the Michael acceptor, was
isolated as the sole product. This result suggests that, in this
particular case, the transient carbon radical obtained after
XAT is stable enough not to undergo β-scission. Nevertheless,
this synthetically disappointing result, corroborates the
proposed mechanism in which 2-haloethyl radicals are
formed. In view of this outcome, we envisaged using other
chloride sources that would be likely more prone to β-
scission. Consequently, the reaction was explored using
hexachloroethane, as the BDE of C� Cl bonds in this substrate
is lower compared to 1,2-bromochloroethane (304 vs. 345 kJ/
mol). Unfortunately, the use of this reagent led exclusively to
the degradation of the starting material 1 c and did not
furnish product 4 (Scheme 2C).

Finally, to gain further insights into the operating mecha-
nism, deuterium labeling and radical trapping experiments
were conducted (Scheme 3). First, the hydrobromination of 1 a
was repeated in DCM-d2. In this case, the product 2 a was
obtained in 83% yield without any deuterium incorporation. A
second experiment was performed with the deuterated super-
silane. The latter led to the quantitative formation of 2 a with
84% of d-incorporation (Scheme 3), indicating that only the
silane acts as hydrogen source in the reaction. This corroborates

Scheme 2. Scope of the other hydrohalogenation of unsaturated compound-
s.[a] [a] Reaction conditions: 1 (0.5 mmol), DXE (2.5 mmol), TTMSS (0.6 mmol)
in AcOEt (0.5 mL). Yields refer to isolated products. [b] Reaction performed
with 4-CzIPN (5 mol%). [c] Reaction performed in DCM.

Scheme 3. Mechanistic investigations.[a] [a] Yields were determined by 1H
NMR using trichloroethylene as an internal standard.
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the mechanistic proposal in which the silane operates as
hydrogen donation agent during the propagation process
(Figure 1). Furthermore, the hydrobromination of 1 a was also
conducted in the presence of the radical scavenger 2,2,6,6-
tetramethyl-1-piperidinyloxy (TEMPO; 1 or 5 equiv.). Those
conditions completely inhibited the formation of compound
2 a, and two TEMPO adducts could be detected by MS analysis
in both reactions (Scheme 3). Indeed, while TEMPO-Br was not
detected,[18] TEMPO-CH2CH2Br and TEMPO-Si(TMS)3 were ob-
served from the crude reaction mixtures. This result comforts
the proposition that *CH2CH2Br and *Si(TMS)3 radicals are
generated in the medium during the reaction, which is
consistent with the mechanistic proposal. Finally, we explored
the feasibility to perform the reaction by replacing the photo-
initiation by classical radical initiation using common initiators
such as AIBN or benzoyl peroxide ((BzO)2). Interestingly, while
the reaction was not efficient with benzoyl peroxide at 50°C,
providing the compound 2 a in low yield, the reaction furnished
2 a in quantitative yield at the same temperature with AIBN.
Both initiators gave 2 a in quantitative yield at 80 °C. Even
though harder reaction conditions are required with radical
initiators, compared to the photo initiation mode, for reaching
the same result, those results might be helpful for researchers
without photochemical equipment (see Supporting Information
for more details).

In summary, we have demonstrated that the XAT strategy
can be applied to the generation of halide radicals. This hitherto
unknown reactivity relies on the use of 1,2-dihaloethanes, which
after XAT form unstable radicals that undergo β-scission with
release of ethylene and formation of more stable halide radicals.
This new reactivity pattern has been exploited for the
regioselective hydroiodination and hydrobromination of various
unsaturated derivatives, displaying high functional group
tolerance due to the absence of corrosive acids. Unfortunately,
this strategy has so far not been suitable for achieving the
challenging hydrochlorination reaction. Ongoing studies focus
on the exploitation of this novel reactivity pattern in other
radical transformations involving XAT steps.
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