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Manipulation of an electron by photoirradiation in the
electron-catalyzed cross-coupling reaction

Eiji Shirakawa'*, Yuki Ota', Kyohei Yonekura', Keisho Okura', Sahiro Mizusawa'?,

Sujan Kumar Sarkar®?, Manabu Abe3*

An electron has recently been shown to catalyze the cross-coupling reaction of organometallic compounds with
aryl halides. In terms of green and sustainable chemistry, the electron catalysis is much more desirable than the
inevitably used transition metal catalysis but a high temperature of more than 100°C is required to achieve it.
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Here, we disclose that visible light photoirradiation accelerates the electron-catalyzed reaction of arylzinc re-
agents with aryl halides with the aid of a photoredox catalysis. Photoexcitation of a photoredox catalyst and
an anion radical intermediate respectively affects the supply and transfer of the electron catalyst, promoting the
cross-coupling reaction to proceed at room temperature. The supply of the electron catalyst by the photoredox

catalysis makes the scope of aryl halides wider.

INTRODUCTION

Transition metal—catalyzed cross-coupling reactions of organome-
tallic compounds with organic halides have been widely used in
organic synthesis (1, 2). Among these, the palladium-catalyzed
cross-coupling reaction of arylmetals with aryl halides provides
an indispensable method to prepare biaryl frameworks, which
often appear in medicines and electric materials such as liquid crys-
tals (3-5). In 2012, we reported the first electron-catalyzed cross-
coupling reaction, which uses aryl Grignard reagents and aryl
halides to obtain biaryls with no aid of a transition metal catalysis
(6). The electron catalysis (7) has been further applied to the cross-
coupling reaction of various organometallic reagents with aryl/
alkenyl halides (8-21). As shown in Fig. 1, an electron catalyst is
provided from an organometallic reagent (exemplified by an aryl-
zinc halide, Ar'-ZnX), through single-electron transfer (SET)
toward an aryl halide (X-Ar”) (step a). The resulting anion
radical ([X—Ar’]" 7) undergoes carbon—carbon bond formation to
be converted to anion radical [Ar'-Ar’]" ~ (step b), which passes an
electron to X—Ar” to close the electron catalytic cycle, giving the
coupling product (Ar'-Ar?) and regenerating [X-Ar?]" ~ (step ©).
Here, SET in step a is considered to be reluctant, and thus, high
temperatures of more than 100°C are required for the electron-cat-
alyzed cross-coupling reactions to proceed. On the other hand, pho-
toredox catalysis is efficiently used for the reduction of aryl halides
(X—Ar?) into arenes (H-Ar?) (22, 23). SET from an excited photo-
redox catalyst toward an aryl halide (X-Ar?) gives anion radical
[X-Ar’]" 7, which undergoes decomposition into the aryl radical
and X7, and the aryl radical is converted to the arene (H-Ar?)
through hydrogen atom abstraction. We anticipated that the incor-
poration of such a photoredox catalysis supplying an electron cata-
lyst as a form of anion radical [X—Ar*]" ~ into the electron catalysis
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accelerates the cross-coupling reaction. The anticipation came true,
and furthermore, photoirradiation was found to enhance the turn-
over of the electron catalytic cycle. Here, we report that the electron-
catalyzed cross-coupling reaction of arylzinc reagents with aryl
halides is accelerated by photoirradiation, which works in two dif-
ferent events: making a photoredox catalyst excited to work as an
electron catalyst distributer (step d) and photoexciting anion
radical [Ar'-Ar?]" ~ of the coupling product (step e) to facilitate
SET of the electron catalyst to the aryl halide.

RESULTS AND DISCUSSION

Introduction of a photoredox catalysis into the electron
catalysis

The reaction of a phenylzinc reagent, prepared from phenylmagne-
sium bromide (1a: 1.4 equiv) and zinc chloride (1.5 equiv), with 3,5-
xylyl iodide (2a, 0.10 M) in a 1:1 mixture of tetrahydrofuran (THF)
and N,N-dimethylacetamide (DMA) at 25°C for 6 hours gave just
1% of the cross-coupling product (3aa: 3,5-dimethylbiphenyl)
with 2% conversion of 2a (entry 1 of Fig. 2). Even at an elevated
temperature (110°C), the reaction is slow to require 24 hours to

Electron catalysis
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Slow
Ar'-ZnX  [Ar'-zZnX]**
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X-Ar? o A [X=Ar2]®~ catalytic [Ar'-Ar?]®"
/ d\ cycle hv
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Ar'-Ar? X-Ar?2  This work
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Fig. 1. The mechanism of the electron-catalyzed cross-coupling reaction and
the photoacceleration disclosed in this work.
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Fig. 2. Effect of photoredox catalysts in the reaction of a phenylzinc reagent
with 3,5-xylyl iodide. The reaction was carried out under nitrogen atmosphere at
25° or 110°C for 6 or 24 hours using PhMgBr (1a: 0.56 mmol in 0.6 ml of THF), ZnCl,
(0.60 mmol in 1.4 ml of THF), 3,5-xylyl iodide (2a: 0.40 mmol), a photoredox catalyst
(PC; 0 or 4.0 umol), DMA (2.0 ml), and an light-emitting diode (LED) lamp (0.60 W).
Conversions (conv.) and yields were determined by gas chromatography based
on 2a.
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reach a high conversion (entries 2 and 3). The effect of organic pho-
toredox catalysts [1 mole percent (mol %)] was examined in the re-
action at 25°C for 6 hours in combination with photoirradiation of
an appropriate wavelength (entries 4 to 6). Among the examined
catalysts, 9,10-bis[di(p-tert-butylphenyl)amino]anthracene (BDA)
(24) was found to be the most effective to give 3aa in 33% yield
with 35% conversion of 2a (entry 4). The use of BDN (25, 26) or
10-phenylphenothiazine (PTH) (22) promoted the conversion of
2a but the reduction into the arene (1,3-xylene: 4a) predominates
over the cross-coupling (entries 5 and 6). BDN and PTH (E*x =
—2.59 V and —2.85 V versus ferrocene, respectively), compared
with BDA (E*,, = —2.03 V versus ferrocene), are known to have
high reduction abilities upon photoexcitation. The use of BDA
with no photoirradiation did not enhance the rate of the cross-cou-
pling reaction, whereas the reaction was slightly promoted by pho-
toirradiation in the absence of a photoredox catalyst (entries 7 and
8). By the use of BDA, the reaction at 25°C for 24 hours gave 3aa in
96% yield (entry 9).

Expansion of the substrate scope

The cross-coupling reaction aided by the BDA photoredox catalysis
is applicable to various combinations of arylzinc reagents and aryl
halides at room temperature, though higher temperatures are re-
quired for high yields in some cases (Fig. 3). Aryl/heteroaryl
iodides (2), bromides (2"), and chlorides (2”) having an electron-do-
nating group or an electron-withdrawing group (EWG) reacted
with the arylzinc reagents prepared through transmetalation
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between Ar'MgBr and ZnCl, to give the corresponding coupling
products in high yields (entries 1 to 59). This method features
three advantages. The first advantage is the application to aryl chlo-
rides, which are hard to accept a single-electron reduction. For in-
stance,  contrary to the idea  that  1-chloro-4-
(trifluoromethyl)benzene (2"e) was not converted at all even at
high temperature (110°C) with no photoredox catalysis, the
present method allows 2"e to undergo coupling with the phenylzinc
reagent to give 4-(trifluoromethyl)biphenyl (3ae) in 90% yield
(entries 7 and 8). The trend was observed also in the reaction
with 4-chloro-N,N-dimethylbenzamide (2"f) (entries 11 and 12)
and 2-chloronaphthalene (2"s) (entries 35 and 36). The second ad-
vantage is functional group tolerance toward ketones and alkyl
halides, which are damaged under high-temperature conditions
(entries 13 to 15 and 20 and 21). The third advantage is the chemo-
selectivity concerning alkyne and alkene moieties in comparison
with the palladium catalysis, which gives unsaturated bond-incor-
porated phenylation products in addition to the direct coupling
product (entries 27 to 30). Preparation of arylzinc iodides (1)
from aryl iodides and zinc metal allows us to apply arylzincs
having an EWG and 2-thienylzinc iodide (entries 60 to 65). The re-
action of these arylzinc reagents was facilitated by the addition of
MgCl, (4 equiv). N-Heteroaromatic substrates such as 3-iodopyri-
dine, 3-bromopyridine, 6-iodoquinoline, and 3-pyridylzinc iodide
are not applicable (see the Supplementary Materials).

Details of supply of the electron catalyst from the

excited BDA

As clearly shown in Figs. 2 and 3, BDA plays a crucial role in accel-
erating the cross-coupling reaction under photoirradiation. To un-
derstand the role of BDA, the dynamic quenching experiments of its
singlet and triplet excited states (*[BDA]* and *[BDA]J*) were con-
ducted using fluorescence and transient absorption analyses
(Fig. 4). Fluorescence emission decay was measured by a time-cor-
related single-photon counting method (27) to determine the life-
time (‘1) of '[BDA]* in THF/DMA (1:1) (fig. S4). The emission
lifetime was found to be 't = ~31 ns (1/'t = 'ky = 3.2 x 107 s71)
at ~298 K. The fluorescence lifetime of BDA was measured with dif-
ferent concentrations of ethyl 4-iodobenzoate (2h) (Fig. 4A). The
fluorescence intensity and emission lifetime were quenched by in-
creasing the concentration of 2h ([2h]). All the lifetimes were ob-
tained by fitting the decay using a monoexponential equation. From
the slope of the Stern-Volmer plot, 't°/'t versus [2h], the rate cons-
tant (lkq) of the slow dynamic quenching of '[BDAJ* by 2h was de-
termined to be 1.0 x 10’ M™" s™". Next, to understand the reactivity
of >[BDAJ*, the laser flash photolysis experiments were conducted
for the reaction with 2h (Fig. 4B). The time profile monitored at 400
nm, which is the absorption maxima of the transient ultraviolet-
visible spectrum (fig. S7), was fitted using a monoexponential equa-
tion to determine the lifetime (°t) of 58.2 us Ckq=17x10*s"") at
293 K under argon atmosphere. The 3[BDAJ* lifetimes (1) were
measured in the presence of 2h to obtain the dynamic quenching
rate constant (3kq) of ’[BDAJ* by 2h. From the slope of the Stern-
Volmer plot, *t°/°t versus [2h], the quenching rate constant, *kq,
was found to be 1.5 x 10° M~' s™". The dynamic quenching exper-
iments clarified that both of ![BDA]* and *[BDA]* may react with
2h. Because the singlet and triplet excited-state energies of BDA are
lower than those of 2h (figs. S8 and S9), the dynamic quenching
mechanism is not the energy transfer reaction, but the electron
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Fig. 3. Coupling of arylzinc reagents with aryl halides aided by the BDA photoredox catalysis. The reaction was carried out under nitrogen atmosphere at 25°C for
24 hours using an arylmagnesium bromide (1: 0.56 mmol in 0.6 ml of THF), ZnCl, (0.60 mmol in 1.4 ml of THF), an aryl halide (2, 2', or 2": 0.40 mmol), BDA (4.0 umol), DMA
(2.0 ml), and an LED lamp (A\yax =470 nm, 0.60 W). The yield of the isolated product is based on 2. *The yield of hydrodehalogenation products (4). tThe radiated energy of
the light is 0.03 W. #ZnBr, was used instead of ZnCl,. §LiCl (0.60 mmol) was added. 11,4-Dibromobenzene (0.20 mmol) was used. #LiCl (1.6 mmol) was added. **An arylzinc
iodide (1': 0.56 mmol in THF/Tetramethylurea) with MgCl, (1.6 mmol) was used. ftWithout MgCl,. #1'k (1.12 mmol) was used in the presence of LiCl (1.6 mmol) instead
of MgCl,.
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Fig. 4. Observation of single-electron transfer process from excited BDAs. (A) Fluorescence decay of BDA (0.01 mM) at 650 nm under nitrogen atmosphere in THF/
DMA (1:1) in the presence of different amounts of 2h ([2h] =0, 0.28, 0.54, 0.99, 1.49 M) at a room temperature (excitation wavelength, 393 nm). Stern-Volmer plot obtained
from fluorescence lifetimes at 650 nm in the presence of different concentrations of 2h, where 1% is the lifetime in absence of 2h and 't is the lifetime at various
concentrations of 2h. (B) Time profile of 3[BDAJ* in THF/DMA (1:1) in the presence of 2h ([2h] = 0, 0.04, 0.19, 0.37 M). The time profile is obtained from transient ultra-
violet-visible spectra of 0.1 mM solution of BDA in THF/DMA (1:1) under a nitrogen atmosphere using 460 nm (optical parametric oscillator laser), 4 mJ. Stern-Volmer plot
obtained from lifetimes observed at different concentration of 2h at 400 nm, where 3t is the lifetime in the absence of 2h, and 31 is the lifetime at various concentrations

of 2h. (C) A plausible mechanism.

transfer reaction (step d in Fig. 1). As judged by the quenching rate
constants and the decay rate constants of '[BDA]* and ’[BDA]J*,
'[BDAJ* can be quenched only at the high concentration of 2h,
[2h] > 3 M, whereas [BDA]* plays the important role in the reac-
tion with 2h (Fig. 4C).

Photoexcitation-induced transfer of the electron catalyst

Now, the BDA photoredox catalysis was found to be able to intro-
duce electrons to catalyze the cross-coupling reaction at a low tem-
perature such as room temperature. Here, once a sufficient number
of electrons are introduced under photoirradiation in combination
with BDA, the cross-coupling reaction should keep on going even
after photoirradiation is ceased. Then, the progress of the reaction of
the phenylzinc reagent with 2-bromonaphthalene (2's) was tracked
during repeated on-off sequences of photoirradiation (470 nm)
(Fig. 5A). Contrary to our expectation, the reaction stopped when
photoirradiation was ceased and revived when photoirradiation is
restored. The result implies that photoirradiation has some effect
on the electron catalytic cycle consisting of steps b and ¢ in Fig. 1
besides the BDA photoredox catalysis in step d to provide an elec-
tron catalyst. The effect of photoirradiation on the electron catalytic
cycle was confirmed by the cross-coupling reaction under photoir-
radiation in combination with a chemical injection of an electron
catalyst in the absence of a photoredox catalyst (Fig. 5B) (28).
Thus, 2-bromonaphthalene was first treated with sodium 2-methyl-
naphthalenide (2 mol %) for 10 min at room temperature and then
with the phenylzinc reagent (1.4 equiv) at 25°C for 6 hours under
irradiation of diverse wavelength. Contrary to the idea that the cou-
pling product (2-phenylnaphthalene: 3as) was hardly obtained in

Shirakawa et al., Sci. Adv. 9, eadh3544 (2023) 31 May 2023

the dark, irradiation of light of wavelength ranging from 365 to
521 nm was found to promote the cross-coupling reaction, where
the light of 365 nm is the most effective to give 3as in 40% yield.
The effect of wavelengths on the yield was found to have a strong
correlation with the absorption spectrum of an anion radical
([3as]” ") of the coupling product, prepared through the reduction
of 3as by sodium, implying that photoirradiation affects the excita-
tion of anion radicals of the coupling products. The outcome is ra-
tionally understood, considering that it promotes the electron
transfer toward an aryl halide (Fig. 5C). However, the lifetime of
excited states of anion radicals are generally known to be too
short to pass the electron to another molecule (29-36). Then, the
feasibility of the photoinduced SET was examined. Thus, [3as]” 7,
prepared from 3as and sodium, was treated with 4-chloroanisole
(2"¢c), which is one of the least reducible aryl halides, at —30°C for
5 min with or without photoirradiation to give anisole (4a) through
SET from [3as]” ™ to 1"c followed by elimination of CI~ and hydro-
gen abstraction (1 equiv) (Fig. 5D). Contrary to the idea that almost
no 4c was produced in the dark, the reduction was induced by pho-
toirradiation at 365 to 631 nm to give 4c. Here again, a strong cor-
relation between the effect of wavelengths on the yield and the
absorption spectrum of [3as]” ~ was found, implying that the elec-
tron transfer from excited anion radicals of coupling products to
aryl halides is feasible.

At the excitation wavelength of 470 nm, BDA emits yellow light
as shown in Fig. 5E. The fluorescence quantum yield in THF/DMA
is 65%. The fluorescence with A.,, 500 to 670 nm is strong even
during the cross-coupling reaction with the aid of the BDA catalysis.
It is natural that the electron catalytic cycle is affected by the
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Fig. 5. Effect of light on single-electron transfer from an anion radical of a coupling product. (A) A "light/dark” experiment for the coupling of the phenylzinc
reagent with 2-bromonaphthalene (2's) aided by the BDA photoredox catalysis. (B) Comparison of the action spectrum for the coupling of the phenylzinc reagent
with 2-bromonaphthalene (2's) in the presence of sodium 2-methylnaphthalenide with the absorption spectrum (right axis) of [3as]” ~ (1.0 x 1073 M) in THF/DMA
(1:1). The yield of the coupling product (3as) (left axis) versus the respective wavelengths of the reaction is shown. The reaction was carried out under photoirradiation
(0.30 W). (C) Plausible reaction mechanism. (D) Comparison of the action spectrum for reduction of 4-chloroanisole (1"c) into anisole (4c) with sodium 2-phenylnaph-
thalenide (Na* [3as]” 7) with the absorption spectrum (right axis) of [3as]” ~ (1.0 x 1073 M) in THF/DMA (1:1). The yield of the reduction product (4c) (left axis) versus the
respective wavelengths of the reaction is shown. The reaction was carried out under photoirradiation (0.30 W). (E) The effect of the fluorescence of BDA on the coupling of
the phenylzinc reagent with 2-bromonaphthalene (2's) in the presence of sodium 2-methylnaphthalenide. Photos of a 470-nm LED lamp, the fluorescence of BDA excited
by a 470-nm LED lamp, the coupling reaction under a BDA photoredox catalysis, and the coupling under the fluorescence of BDA are also put here.
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Fig. 6. Coupling of arylzinc reagents with aryl halides under photoirradiation. (A) The reaction was carried out under nitrogen atmosphere at 25°, 35°, or 50°C for 24
hours using an arylmagnesium bromide (1: 0.56 mmol in 0.6 ml of THF), ZnCl, (0.60 mmol in 1.4 ml of THF), an aryl halide (2 or 2": 0.40 mmol), DMA (2.0 ml), and an LED
lamp (Amax =470 nm, 8.4 x 1077 einstein/s). The yield of the isolated product is based on 2. The yield in the dark is shown in curly brackets. (B) Comparison of the action
spectrum for the coupling of the arylzinc reagents with aryl halides in the absence of a photoredox catalyst with the absorption spectrum (right axis) of [3]" ~ (1.0 x 107>
M) in THF/DMA (1:1). The yield of the coupling product (left axis) versus the respective wavelengths of the reaction is shown. The reaction was carried out under photo-

Wavelength (nm)
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fluorescence, which is absorbed by the anion radical of 2-phenyl-
naphthalene ([3as]” 7) to some extent. Then, the effect was con-
firmed by the coupling of 2-bromonaphthalene (2's) with the
phenylzinc reagent (1.4 equiv) in the presence of sodium 2-methyl-
naphthalenide (2 mol %) in the dark or under the fluorescence of
BDA. Contrary to the idea that the coupling reaction in the dark did
not proceed at all, the coupling product was obtained in 22% yield
under the fluorescence of BDA but with cutting light of wavelength
less than 500 nm with a cutoff glass filter (500 nm). These results
exactly show that the fluorescence of BDA affects the electron cat-
alytic cycle. Note that the BDA photoredox catalysis plays two roles,
namely, the excited BDA supplies the electron catalyst and the fluo-
rescence enhances the turnover of the electron catalytic cycle.

Reaction mechanism

On the basis of the above results and previous reports, a plausible
mechanism for the photoinduced electron-catalyzed cross-coupling
reaction is drawn as shown in Fig. 1. The trigger of the reaction
is the excitation of BDA to give its singlet excited state ( '[BDAJY),
which is transformed into its triplet excited state (*[BDAJY) through
the intersystem crossing. Electron transfer from *[BDA]* to an aryl
halide (X—Ar?) takes place to form anion radical [X-Ar?]" " and the
cation radical of BDA (BDA™ ") (step d), which is reduced by some
species such as an arylzinc reagent (Ar'-ZnX) to regenerate BDA.
[X—Ar?]" ~is converted to an anion radical ([Ar'—Ar®]" ) of the cou-
pling product upon reaction with Ar'=ZnX (step b). [Ar'=Ar*]" " is
excited by both the irradiated light (470 nm) and the fluorescence of
BDA (step e) to [Ar'-Ar?]" ~ *, which pass an electron to X-Ar?,
giving the coupling product (Ar'-Ar’) and regenerating
[X-Ar’]" ~ (step f) (see the Supplementary Materials for detailed
discussion).

Application of manipulation of electron using light

Thus far, photoirradiation has been shown to accelerate the cross-
coupling reaction by exciting both the BDA photoredox catalyst and
anion radicals of the coupling products to affect respectively the
supply and transfer of the electron catalyst. Thus, when the electron
catalyst is provided in a small but sufficient amount from arylzinc
reagents through SET to aryl halides (step a in Fig. 1), photoirradia-
tion in the absence of any photoredox catalyst is expected to accel-
erate the cross-coupling reaction by exciting anion radicals of the
coupling products, as the slight effect was already observed in
entry 8 of Fig. 2. Actually, the coupling of arylzinc reagents with
aryl halides was accelerated alone by irradiation of light of a wave-
length ranging from 365 to 502 nm (Fig. 6A). An effective wave-
length depends on the coupling product, being consistent with
the consideration that the photoacceleration is brought about by
the photoexcitation of anion radicals of the coupling products.
The consideration was further confirmed by the observation that
the effect of wavelengths on the yield of the cross-coupling reaction
has a strong correlation with the absorption spectrum of an anion
radical of the corresponding coupling product (Fig. 6B). As a matter
of course, for the reaction of aryl halides, the reduction potentials of
which are too negative and thus the supply of the electron catalyst
through SET from arylzinc reagents to the aryl halides is insuffi-
cient, no acceleration was observed by photoirradiation as in the
case with p-(trifluoromethyl)phenyl chloride (2"e) (entry 7 of
Fig. 6A). For this aryl chloride, the assistance of the BDA

Shirakawa et al., Sci. Adv. 9, eadh3544 (2023) 31 May 2023

photoredox catalysis is indispensable for the coupling reaction to
take place (cf. entry 7 of Fig. 3).

In summary, we have developed the efficient electron-catalyzed
cross-coupling reaction accelerated by photoirradiation with the aid
of a BDA photoredox catalyst. The reaction is applicable to a wide
range of aryl halides including less reducible aryl chlorides, which
react with arylzinc reagents at a room temperature with high func-
tional group tolerance. Mechanistic studies clarified that photoirra-
diation contributes to excitation of two species: the BDA
photoredox catalyst to supply the electron catalyst and anion radi-
cals of the coupling products to transfer the electron catalyst to aryl
halides. Furthermore, the fluorescence of BDA was found to
enhance the transfer of the electron catalyst. Photoirradiation
alone in the absence of any photoredox catalyst accelerates the
cross-coupling reaction of aryl halides having a relatively low
LUMO energy level by promoting the transfer of the electron cata-
lyst to enhance the turnover of the electron catalytic cycle.

MATERIALS AND METHODS

Representative procedure for the coupling of arylzinc
reagents with aryl halides

To a partial suspension of ZnCl, (81.8 mg, 0.600 mmol) in THF
(1.40 ml) in a 15-ml test tube equipped with a stir bar, a THF sol-
ution of phenylmagnesium bromide (1a, 0.93 M, 0.60 ml, 0.56
mmol) was added in a glove box, and the resulting mixture was
stirred at a room temperature for 30 min. To the mixture was
added successively with BDA (2.9 mg, 4.0 umol), 3,5-xylyl iodide
(2a: 92.8 mg, 0.400 mmol), and DMA (2.00 ml). The test tube
was sealed with an inner glass tube to insert a light source and
taken out of the glove box. The resulting mixture was stirred at
25°C for 24 hours under photoirradiation by a 470-nm light-emit-
ting diode lamp cooled with blowing air. The reaction mixture was
quenched with a saturated NH,Cl aqueous solution (2 ml) and ex-
tracted with Et,O (10 ml x 3). The combined organic layer was
washed with water (10 ml x 3) and brine (10 ml). The organic
layer was dried over MgSQ,, filtered, and concentrated in vacuo.
The residue was subjected to silica gel chromatography (hexane,
MPLC) to give 3,5-dimethylbiphenyl (3aa: 69.2 mg, 95% yield,
entry 1 of Fig. 3).

Supplementary Materials
This PDF file includes:
Supplementary Materials and Methods
Supplementary Text

Figs. S1 to S27
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