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ABSTRACT

A three-component coupling of styrenes is reported, using photoredox catalysis to achieve simultaneous arylation and C�O or C�N bond
formation across the styrene double bond.

Photoredox catalysis (PRC) is receiving renewed atten-
tion as a powerfulmethod for organic synthesis undermild
conditions, with impressively broad application across
diverse reaction types.1,2 Using readily available visible
light sources, transition metal complexes or organic dyes
are photoactivated to mediate electron transfer to organic
substrates. The resulting radical cation and anion inter-
mediates offer lower energy pathways for bond formation,
enabling both the discovery of new reactions and the

enhancement of classical transformations via improved
reaction conditions. Application of PRC to [2 þ 2] and
[4 þ 2] photocycloadditions, for example, removes the
need for specialized glassware and powerful UV light
sources.3 Excitation of the photoredox catalyst is highly
selective, with colorless organic substrates generally being
inert to photoexcitation by visible light. As a result,
deleterious radical side reactions can be avoided, widening
the substrate scope and improving yields.
Photoredox-catalyzed arylation, in particular, has cre-

ated new approaches to the controlled incorporation of
aryl and heteroaryl moieties.4,5 Proceeding through aryl
radicals, as opposed to the aryl organometallics typical of
modern arylation reactions, photoredox-catalyzed aryla-
tion opens up different and complementary reactionmani-
folds. Importantly, the PRC approach enables highly
reactive aryl radicals to be harnessed in intermolecular
couplings, a difficult transformation to achieve using con-
ventional radical-generating methods.
We envisaged that the mild conditions typical of PRC

could enable the arylative functionalization of styrenes, 1
(Scheme 1). Styrenes are fundamental building blocks in
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organic and materials chemistry, whose functionalization
is hindered by facile polymerization under acidic, basic, or
UV photochemical conditions. If PRC could be used to
generate aryl radicals from a suitable precursor (2), at
ambient temperature under neutral conditions, it might be
possible to capture the styrene double bond to give 4,
avoiding the undesired polymerization pathway. Oxida-
tion of 4 to close the PRC cycle would then generate a
benzylic cation for a secondC�Xbond forming stepwith a
nucleophile. The resultant three-component coupling
would create diverse, doubly functionalized phenylethyl
scaffolds that would see broad application in synthesis.

Three-component coupling reactions of styrenes and
arenes are rare.6 Lloyd-Jones and co-workers described a
gold-catalyzedmethoxarylation of styrenes with aryl silanes
in the presence of an iodine(III) oxidant.7 They observed
that oxyarylation systems using Selectfluor,8,9 previously
successful with alkenes, failed with styrenes, reflecting the
difficulties in capturing these reactive substrates in simul-
taneous C�C and C�X bond coupling.10 Multistep hy-
droxyarylation was achieved by Studer and co-workers
using a diazonium salt with a stoichiometric amount of
TEMPO/Na.11 Subsequent zinc mediated reduction was

then required to cleave the TEMP group and produce the
hydroxyarylated products.
We began by screening photoredox catalysts for the

reaction of styrene (1 equiv) with diphenyliodonium tetra-
fluoroborate (2 equiv) in degassed methanol, using a 30W
domestic light bulb (Table 1). While organic dye PRCs
(<5%) and Ru(bpy)3Cl2 (12%) were largely ineffective
(see Supporting Information), we were encouraged to
observe that Ir(ppy)3 did effect methoxyarylation, albeit
in a modest 27% yield (entry 1). A significant increase in
yield was obtained using the iodonium salt as the limiting
reagent, with a 5-fold excess of the cheaper and easily
accessible styrene reagent affording 3a in 51%yield (entry 2).
Raising the temperature did not lead to significant improve-
ments,with similar yields recorded at 40 �C, 60 �C, and room
temperature (entries 4 and 5).

Reactant concentration was important with respect to
maintaining the catalyst and reactants in solution, since at
1 M or above the solutions became cloudy and yields
dropped (entry 3). Interestingly, the presence of an inhi-
bitor (4-tert-butylcatechol) in commercial samples of styr-
ene did not lead to appreciable differences in reaction yield
(entry 6). Finally, to enhance the reaction yield we surveyed
a variety of additives and found Zn(OAc)2 (20 mol %)
to be effective, affording 3a in 70% yield (entry 7). Im-
portantly, this level of efficiency was maintained with the
Ir(ppy)3 loading reduced to 1 mol % (entry 8). Control
reactions without a catalyst or light gave no conversion at
both rt and 100 �C, indicating that PRCwas essential to the
methoxyarylation transformation (entries 9�11).
With optimized conditions established for the three-

component methoxyarylation, we surveyed a range of
styrenes to explore the substrate scope in this component.

Scheme 1. Proposed Three-Component Coupling of Styrenes

Table 1. Reaction Optimization

entry

temp

(�C)
additive

(20 mol %)

yield

(%)a

1b rt � 27

2c rt � 51

3d rt � 32

4 40 � 55

5 60 � 45

6e 40 � 50

7 rt Zn(OAc)2 70

8f rt Zn(OAc)2 69

9g rt Zn(OAc)2 0

10h rt Zn(OAc)2 <5

11i 100 Zn(OAc)2 0

a Isolated yields. bReaction conditions: styrene (1 equiv), Ph2IBF4,
2a (2 equiv), Ir(ppy)3 (5 mol%), methanol (0.17M), rt for 18 h. c 5 equiv
of 1a and 1 equiv of 2a used (entries 2�11). d 1 M concentration.
eDistilled styrene. f Ir(ppy)3 (1 mol %). g Irradiated with no Ir(ppy)3.
h Ir(ppy)3 (1 mol%) but no irradiation. iNo irradiation and no Ir(ppy)3.
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Substitution at the aromatic ring was generally well toler-
ated across a range of functional groups, both electron
donating and withdrawing, with alkyl, trifluoroalkyl, ha-
logen, amide, and ester groups all undergoing successful
phenylmethoxyarylation (3a�3n, Scheme 2). Pleasingly,
the reaction was also successful for substituted styrenes.
Methyl cinnamate gave a 48% yield of 3o as a single
diastereoisomer, and both R- and β-methyl styrenes were
productive, the former giving an excellent 83% yield of the
tertiary benzylic compound 3q.Unsuccessful substrates that
were screened included simple alkenes such as cyclohexene,
vinyl pyridines, andm-nitro-substituted styrene, all ofwhich
gave no conversion under the reaction conditions.

Investigation into the scope of the iodonium species
revealed a similarly robust range of functionality (Table 2).
Tetrafluoroborates were found to be more effective than the
analogous triflate salts,12 and screening was conducted on
this basis. Alkyl, halogen, trifluoromethyl, and ester groups
were all well-tolerated (entries 1�12), with a variety of
substitution patterns being effective in the reaction.Notably,
iodo-substitution on the iodonium salt (2i) is tolerated under
the photoredox conditions (entry 8), indicating the comple-
mentarity of the overall approach with traditional transition
metal and radical arylation techniques.

Substitution of electron-donating groups in the para-
positionof thediaryliodonium salt, however, did not prove
rewarding, with p-NHAc and p-MeO returning low yields
of methoxyarylated products (entries 13 and 14). We also
evaluated diazonium salts in the reaction, as alternative
aryl radical precursors, and were pleased to observe suc-
cessful methoxyarylation of 1a for p-(EtO2C)C6H4N2BF4

(entry 15) and p-(NO2)-C6H4N2BF4 (entry 16). The com-
plementarity of iodonium and diazonium salts in synthesis
has been remarked upon13 and adds flexibility to the

Scheme 2. Styrene Substrate Scope for Methoxyarylationa

a Isolated yields. bYield is the average of three experiments.

Table 2. Aryl Component Substrate Scopea

entry Ar compound yielda

1b m-MeC6H4 (2b) 5a 45%

2b m-,p-(Me)2C6H3 (2c) 5b 56%

3b o-FC6H4 (2d) 5c 70%

4b m-FC6H4 (2e) 5d 61%

5b p-FC6H4 (2f) 5e 59%

6b p-ClC6H4 (2g) 5f 50%

7b o-BrC6H4 (2h) 5g 58%

8b m-IC6H4 (2i) 5h 68%

9b m-,p-(Cl)2C6H3 (2j) 5i 71%

10b o-F,p-BrC6H3 (2k) 5j 65%

11b m-(CF3)C6H4 (2l) 5k 56%

12b p-(MeO2C)C6H4 (2m) 5l 81%

13b p-(NHAc)C6H4 (2n) 5m 25%

14b p-MeOC6H4 (2o) 5n 27%

15c p-(EtO2C)C6H4 (2p) 5o 71%

16c p-(NO2)C6H4 (2q) 5p 45%

a Isolated yields. bX = IþAr. cX = N2
þ.

Scheme 3. Alkoxy- and Aminoarylation
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current approach in terms of widening the aryl substrate
scope. The p-NO2 phenyliodonium tetrafluoroborate salt,
for example, could not be readily synthesized in our hands
using literature procedures.14

We then examined the third component in the reaction,
as variation at this position would substantially enhance
the scope of the three-component coupling. We could use
alternative alcohols in the reaction to afford the ethers 6, 7,
and 8, with these reactions being conducted in the absence
of Zn(OAc)2 (Scheme 3).Most importantly, we found that
water was effective as a nucleophile when used as a
cosolvent with THF. The tertiary alcohol 9 was formed
in a good 70% yield from R-methylstyrene, with the
OH-group available for diverse further functionalizations.
Finally, we explored the scope of Ritter-type reactions

to access aminoarylation chemistry. We were pleased to

discover the successful formation of the C�N bond using
both MeCN and PhCN as solvents in the reaction, acces-
sing the biologically active phenylethylamide scaffolds 10
and 11, albeit in moderate yields.
A proposed mechanism is outlined in Scheme 4 and

involves initial reduction of the iodonium salt 2a with
photoexcited Ir(III)*. The resultant aryl radical is trapped
with styrene, present in excess, forming benzylic radical 4
which can be oxidized by Ir(IV) to the cation 13. Trapping
with the appropriate nucleophile then affords the three-
component coupled products 3. The generation of aryl
radicals from iodonium salts is known,15 and their inter-
mediacy was further supported by the observations of
TEMPO (2.5 equiv) completely inhibiting the methoxy-
phenylation of styrene, and degassing of the reaction
solvent being necessary for successful reaction. We further
trialedPhI(OAc)2 andPhIas aryl sources under the reaction
conditions and observed no conversion in either case.
In summary,we have developed a novel three-component,

photoredox-catalyzed coupling of styrenes with aryl groups
and heteroatom nucleophiles such as alcohols, water, or
nitriles. Themild conditions of the reaction allow the reactive
styrene moiety to undergo smooth conversion to useful
products at ambient temperature, with no polymerization
observed under the reaction conditions. The coupling
can be extended to diazonium reagents, furthering the
range of aryl functionality thatmay be incorporated into
the reaction.
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Scheme 4. Proposed Reaction Mechanism
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