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Abstract
Atom transfer radical addition of haloalkanes and α-halocarbonyls to olefins is efficiently
performed with the photocatalyst Ir[(dF(CF3)ppy)2(dtbbpy)]PF6. This protocol is characterized by
excellent yields, mild conditions, low catalyst loading, and broad scope. In addition, the atom
transfer protocol can be used to quickly and efficiently introduce vinyl trifluoromethyl groups to
olefins and access 1,1-cyclopropane diesters.

Atom transfer radical addition (ATRA) of haloalkanes and α-halocarbonyls to olefins serves
as an atom-economical1 method of simultaneously forming C-C and C-X bonds. Following
Kharasch's seminal work,2 Curran,3 Oshima,4 and others have developed ATRA into a
useful tool in organic chemistry. However, typical ATRA initiators include toxic and
hazardous reagents, such as peroxides,2 organotin reagents,3 and triethylboron.4 Other less
common initiators have also been used, including p-methoxybenzene-diazonium
tetraflouroborate with TiCl3,5 dimanganese decacarbonyl,6 copper,7 iron,8 bimetallic Rh–Ru
complexes,9 and chromium(II) acetate,10 but these methods employ harsh conditions and/or
lack broad functional group tolerance. In this regard, we sought to develop a protocol
capable of effecting ATRA with a broad scope under mild conditions and utilizing safer
reagents using photoredox catalysis (Figure 1).11

MacMillan,12 Yoon,13 and our group14 have recently demonstrated the ability of photoredox
catalysts, such as Ru(bpy)3Cl2, to initiate organic transformations.15 Specifically, we have
utilized the reductive quenching cycle of such photocatalysts to functionalize C-H bonds and
reduce activated C-Br bonds to afford intra- and intermolecular radical reactions (Figure 2,
Path A).12 However, the intermolecular processes are difficult due to competitive side
reactions that result from the generation of reactive intermediates by the reductive
quenching process.14e

We reasoned that these side reactions could be suppressed by utilizing the substrate itself as
the excited state quencher via an oxidative quenching pathway (Figure 2, Path
B).12c,13c,14f,16 During our survey of photoredox catalysts, we identified
Ir[(dF(CF3)ppy)2(dtbbpy)]PF6 (1) as a complex capable of mediating intermolecular
ATRA.17 Herein, we disclose the first intermolecular ATRA reaction of haloalkanes and α-
halocarbonyls onto olefins under mild conditions to be catalyzed by a visible light active
photoredox catalyst.
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Our first attempt at intermolecular ATRA involved using tosylated allylamine (2a), diethyl
2-bromomalonate (4, 2.0 equiv) and 1 (1.0 mol %) in DMF and gave 17% yield after 24 h
(entry 1, Table 1). The addition of a Lewis acidic additive, LiBF4, resulted in an increased
yield, but with incomplete conversion of starting material.11a,b Optimization of the additive
and solvent led to increased yield along with greater conversion of the starting material
(entries 3–5). However, increasing the nucleophilicity of the olefin, by utilizing Boc-
protected allylamine (2b) and 5-hexen-1-ol (2c), afforded complete consumption of the
starting materials and nearly quantitative yield of the atom transfer products (entries 6 and
7).

In order to evaluate the significance of each of the reaction parameters, additional control
reactions were run. As expected, no conversion to product was observed in the absence of
light or photocatalyst (entries 8 and 9). Furthermore, either component, olefin or 4, can be
used as the limiting reagent with no decrease in yield or reaction efficiency (entries 10 and
11). In addition, LiBr and H2O are required to allow the reaction to progress to completion
in a 24 h timeframe (entries 12 and 13).18

With the optimized conditions in hand, the atom transfer of 4 with various olefins was
examined (entries 1–9, Table 2). Several functional groups are well tolerated under the
reaction conditions including free alcohols, silyloxy ethers, benzyl ethers, alkyl bromides,
esters, enones, carbamates, and aromatic rings. In addition, monosubstituted and 1,1-
disubstituted olefins are competent reaction partners with 4. All reactions are characterized
by clean conversion to product within 24 h and can be isolated easily by column
chromatography.

The success of the intermolecular atom transfer with 4 prompted the examination of other
compounds containing activated C-X bonds (entries 10–16, Table 2). The optimized
conditions worked well with a number of α-halocarbonyls and haloalkanes. It is noteworthy
that cyclohexene, which did not undergo coupling with 4, underwent efficient ATRA with
ethyl bromodifluoroacetate (entry 13).19 Several fluorinated compounds are effective
reaction partners,12b and demonstrate the applicability of this methodology to the synthesis
of molecules that have particular value in medicinal chemistry,20 agrochemicals21 and
material science.22

In order to demonstrate the potential synthetic utility of the products accessible via this
ATRA, a simple protocol for dehydroiodination of the atom transfer products with CF3I,
was realized by subjection of the crude ATRA product to DBU in toluene, providing the
trifluoromethyl alkene (E/Z 19:1),236, in excellent yield (Scheme 1). Furthermore, 1,1-
cyclopropane diesters could be generated in excellent yields by treating the atom transfer
products with Cs2CO3.24 Finally, the coupling reaction remains efficient on a preparative
scale and can be conducted with only 0.01 mol % of 1 providing the product of coupling of
diethyl bromomalonate with 5-hexen-1-ol on 15 mmol scale in 97% isolated yield.

Based upon our use of the oxidative quenching cycle, it was anticipated that (1) a C-C bond
is formed from the addition of an electron-deficient radical to an olefin and (2) the
generation of a carbocation occurs during the turnover of the catalyst (Ir4+→Ir3+).

Competition studies revealed that 1,1-disubstituted olefins react more quickly than the
analogous terminal olefins, consistent with an electrophilic radical addition to the olefin.26

In addition, evidence supporting a carbocation intermediate was found during early
optimization experiments utilizing 4-penten-1-ol, which resulted in the isolation of 827 in
10% yield. Resubjection of 3d to the reaction conditions or refluxing toluene did not result
in the formation of the tetrahydrofuran 8 (eq 1). Therefore, we conclude that 8 is formed by
competitive trapping of a carbocation during the course of the ATRA reaction. However,
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when external nucleophiles, including water and LiCl (in place of LiBr), were added in
attempt to quench the carbocation, only the bromohydrin was observed in all cases.26,28

(1)

Finally, in order to study the possibility of a radical propagation mechanism, diethyl
bromomalonate and 5-hexen-1-ol were irradiated under the standard reaction conditions
until 50% conversion was achieved (1H NMR), at which point the light source was removed.
No further progress was observed after 6 h of stirring in the dark. However, the
reintroduction of the external light source led to full conversion to the desired product after
4.5 h. This result indicates the necessity of external light irradiation to allow the reaction to
progress.

On the basis of these data, we propose the mechanism outlined in Figure 3 which accounts
for the formation of the furan byproduct (eq 1). Oxidative quenching of the visible light
induced excited state, Ir3+*, by the haloalkane or α-halocarbonyl generates an electrophilic
radical along with the Ir4+ complex, bearing the halide as a counterion. This radical then
undergoes an addition to the olefin. The ATRA product can then be formed via two potential
pathways. First, oxidation of the alkyl radical (0.47 V vs SCE)29 by Ir4+ generates the
carbocation,30,31 pre-associated with the halide, which combine to provide the final product
selectively. Alternatively, a radical chain transfer mechanism may also be operative. Each of
these potential mechanistic pathways account for the lack of nucleophilic addition of H2O or
Cl−.

In conclusion, we have developed a simple protocol for atom transfer radical addition to
olefins using the photoredox catalyst [Ir(dF(CF3)ppy)2(dtbbpy)]PF6, which is capable of
coupling a wide variety of halogenated compounds to terminal olefins and disubstituted
olefins under mild conditions to give excellent yields. Conversion of the products to a
variety of synthetically and biologically useful moieties has also been demonstrated. Further
mechanistic studies are currently underway and will be reported in due course.
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Figure 1.
Intermolecular atom transfer radical addition mediated by photoredox catalysis
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Figure 2.
Applications of the reductive and oxidative photocatalytic cycle in initiating organic
transformations
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Figure 3.
Proposed Mechanism
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Scheme 1.
Synthetic Utility of ATRA Products25
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Table 1

Optimization of Reaction Conditions/Control Experiments

entry R conditionsa yieldb

1 CH2NHTs (2a) 4 (2.0 equiv), DMF 17

2 2a 4 (2.0 equiv), LiBF4 (2.0 equiv), DMF 25

3 2a 4 (2.0 equiv), LiBr (2.0 equiv), DMF 45

4 2a 4 (2.0 equiv), LiBr (2.0 equiv), DMF/H2O (4:1) 54

5 2a 4 (2.0 equiv), LiBr (2.0 equiv), DMF/H2O (1:4) 67

6 CH2NHBoc (2b) 4 (2.0 equiv), LiBr (2.0 equiv), DMF/H2O (1:4) 99

7 (CH2)4OH (2c) 4 (2.0 equiv), LiBr (2.0 equiv), DMF/H2O (1:4) 99

8 2c 4 (2.0 equiv), LiBr (2.0 equiv), DMF/H2O (1:4), , no light 0

9 2c no catalyst, 4 (2.0 equiv), LiBr (2.0 equiv), DMF/H2O (1:4) 0

10 2c 4 (1.1 equiv), LiBr (1.1 equiv), DMF/H2O (1:4) 97

11 2c 4 (0.95 equiv), LiBr (0.95 equiv), DMF/H2O (1:4) 95

12 2c 4 (2.0 equiv), no additive, DMF/H2O (1:4) 72

13 2c 4 (2.0 equiv), LiBr (2.0 equiv), DMF 46

a
Entries 1–6 were degassed (freeze-pump-thaw).

b
Isolated yield (%) after purification on SiO2.
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Table 2

ATRA Using Photoredox Catalysisa

entry substrate olefin product yieldb

1 4 R = CH2NHTs 67c

2 4 R = CH2NHBoc 99

3 4 R = (CH2)4OH 95

4 4 R = (CH2)3OH 99

5 4 R = (CH2)4OTBS 90

6 4 R = (CH2)4OCH2Ph 92

7 4 R = (CH2)3Br 92

8 4 R = (CH2)4CO2Et 99

9 4 95d

10 CF3I 90e,f

11 CF3I 81e,f

12 93

13 75

14 CCl3Br 87f
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entry substrate olefin product yieldb

15 99d

16 84d

a
Reaction conditions: 1 (1.0 mol %), haloalkane (2.0 equiv), and LiBr (2.0 equiv) in DMF/H2O (1:4).

b
Isolated yield (%) after purification on SiO2.

c
90% brsm.

d
dr 1:1.

e
Excess of haloalkane was used.

f
No LiBr added.
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