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A highly efficient photocatalytic protocol for borylation of alkyl bromides and chlorides with graphene
supported Cu/Pd alloy nanoparticles as a heterogeneous catalyst is reported. This photocatalytic system
operates with visible light in air, providing a wide range of primary and secondary alkyl halides with
B,pin, or Byneop, in high yields at low temperatures, thereby demonstrating its broad utility and func-
tional group tolerance. The high performance is attributed to a synergistic effect of localized surface plas-
mon resonance (LSPR) of Cu and charge transfer from Cu to Pd due to the alloy surface charge
heterogeneity. Transfer of energetic electrons from Pd to electrophilic alkyl halides lead to the formation
of the alkyl radicals, which quickly react with a nucleophilic adduct of a diboron compound with base
adsorbed on the positively charged Cu sites to form the corresponding borylation product.

© 2021 Elsevier Inc. All rights reserved.

1. Introduction

Organoboronic esters are key building blocks in organic synthe-
sis, materials science, and drug discovery [1-10]. Transition metal-
catalyzed borylation of alkyl halides, based on Cu [11-19], Zn [20],
Ni [21-23], Pd [24], Fe [25,26], and Mn [27], etc., have emerged as a
powerful tool for the synthesis of alkylboronate esters. Biscoe et al.
developed an efficient C-X borylation protocol that employs Pd;(-
dba); (dba = dibenzylideneacetone) as catalyst for the borylation
of primary alkyl bromides, iodides and tosylates [24]. Our group
reported the Cul/PPhs [12] and ZnCl,/NHC [20] (NHC = N-heterocyc
lic carbene)-catalyzed borylation of alkyl halides with bis(pinaco-
lato)diboron (B,piny,), giving alkylboronate esters in good to excel-
lent yields. Cook et al. showed that alkyl electrophiles can be
borylated using Fe(IIl) acetoacetate [25] and Mn(II) bromide [27]
with tetramethylethylenediamine, applying EtMgBr as a stoichio-
metric activator. Recently, photoinduced borylations have become
attractive due to the enhancement of catalytic efficiency [28-39].
Li et al. employed [Ir(ppy),(dtbpy)]PFs as a single electron transfer
catalyst to achieve the synthesis of primary and secondary alkyl
boronates by visible light-promoted decarboxylative borylation
of aliphatic esters [34]. The groups of Aggarwal [40,41], Studer
[42-44], Shi [45], Glorius [46], Melchiorre [47], Mo [48], and Jiao
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[49] developed a series of photoinduced transition metal-free
radical-type borylation reactions by employing reactive alkyl-
derived N-hydroxyphthalimide esters, Katritzky salts, xanthates/
oxalates and alkyl halides as aliphatic sources to yield alkyl-
boronate esters.

While homogeneous catalytic borylation of alkyl halides has
progressed rapidly, heterogeneous catalytic borylation of alkyl
halides has progressed slowly, and only a few examples have been
published thus far [50-54], mostly involving alkyl iodides and bro-
mides. Sarkar et al. described the nanosized palladium-catalyzed
borylation of benzyl halides under solvent- and ligand-free condi-
tions, affording benzyl boronates in high yield [50]. The borylation
of the C(alkyl)-Cl bond is still a challenge in the heterogeneous
field. In 2016, our group reported an efficient CuCl,/NHC-
catalyzed-borylation protocol for most primary, secondary, and
tertiary alkyl halides, including alkyl chlorides, at room tempera-
ture to 60 °C for only 0.5-1 h, even open to air [16]. Very recently,
Bose et al. reported a magnetically separable Cu nanocatalyst for
the borylation of alkyl and benzyl halides [53]. The procedure is
applicable to the borylation of alkyl bromides at room temperature
and benzyl halides at 80 °C for 18 h. With primary alkyl chlorides,
the reactions were carried out for 24 h at 80 °C. For secondary alkyl
chlorides, only chlorocyclohexane was reported with a GC yield of
6%.

Cu nanoparticles exhibit strong visible light absorption due to
the localized surface plasmon resonance (LSPR) effect. The LSPR
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is characterized by a high extinction coefficient for light absorption
and large electric fields at the particle surface [55-66], resulting in
the formation of energetic charge carriers in the nanoparticles with
high efficiency, leading to chemical transformations. Ye et al.
developed an efficient plasmonic Cu/ZnO photocatalytic reduction
of CO, to methanol at ambient pressure [65]. Our previous studies
showed that Cu nanoparticles supported on graphene exhibit high
photocatalytic activities for the coupling of nitroaromatics [58],
aerobic oxidation of amines [60] and N-arylation of imidazoles
[61] under visible light irradiation. Because photocatalysis has
the possibility to generate highly reactive intermediates, and then
to achieve reactions that are difficult through conventional
ground-state pathways, and studies in both homogeneous and
heterogeneous catalysis have shown that Cu works well for the
borylation of alkyl halides, we therefore hoped to achieve the bory-
lation of alkyl halides using Cu nanoparticles as the photocatalyst.

2. Experimental
2.1. General information

All reagents were purchased from Energy Chemical, Aladdin,
Alfa-Aesar, Aldrich or ABCR, and were checked for purity by GC-
MS and/or "H NMR spectroscopy and used as received.

2.2. Preparation of CuygPdy/graphene

The Cu,gPdgs/graphene catalyst was prepared by a high-
temperature liquid-phase oleylamine reduction method. Briefly,
8.8 mg of [Cu(OAc),-H,0] and 97 mg of graphene were added into
50 mL of Pd(NO3), oleylamine solution (0.037 mmol/L). After 1 h of
sonication, the mixture was heated to 230 °C for 6 h under reflux.
After cooling to room temperature, the solid product was then sep-
arated, washed and dried to obtain the Cu, gPdg»/graphene catalyst
with Cu loading of 2.8 wt% and Pd loading of 0.2 wt% based on the
amount of metal in the precursor. The exact loading of Cu and Pd
were determined to be 2.74 wt% and 0.17 wt%, respectively, by
inductively coupled plasma-mass spectroscopy (ICP-MS, Perkin-
Elmer ELAN 5000). Cus/graphene, Cu,goPdg /graphene, Cu;sPdg-/
graphene and Pds/graphene were prepared following the same
procedures as those for Cu, gPdg»/graphene, except that different
amounts of the corresponding metal salt precursors were used.
The subscripts in different catalysts refer to the mass loading level
of the corresponding metal.

The microstructures of the catalysts were investigated by high-
resolution transmission electron microscopy (HRTEM) and high-
angle annular dark field scanning transmission electron microcopy
(HAADF-STEM). EELS were collected on a 200-kV ARM 200F STEM
under vacuum. X-ray photoelectron spectroscopy (XPS) was mea-
sured on a Kratos XSAMS800 spectrometer, using an Al Ko
(hv = 1486.6 eV) X-ray source as the excitation source. The crys-
talline phases were characterized by X-ray diffraction (XRD, Rigaku
D-Max/RB). UV-Vis absorption spectra were measured with Al,O3
as the reference using a UV-3600 spectrophotometer (Shimadzu).

2.3. Photocatalytic reactions

Unless specified otherwise, the reactions were conducted under
air with a pressure of 1 atm. A mixture of 1 mmol of alkyl halides,
2 mmol of LiOtBu, 1.2 mmol of B,pin, and 15 mg of Cu,gPdg>/
graphene catalyst was dissolved in DMF (10 mL) in a photocatalytic
reactor equipped with a magnetic stirring bar. The reaction tem-
perature was set at 30 °C for alkyl bromides and 50 °C for alkyl
chlorides, respectively, and controlled by a circulating water bath
(RT4 circulator, ASONE). The mixture was stirred at 700 rpm during
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the reaction and exposed to a Xenon lamp (PLS-SXE300C/CUV, Bei-
jing Perfect Light Scientific and Technical Co. Ltd). A low-pass opti-
cal filter was employed to block light with A < 400 nm. The light
intensity was maintained at 0.6 W/cm?. The effect of the wave-
length of light on catalytic performance was investigated using
various low pass optical filters to block light below specific cutoff
wavelengths and using various light-emitting diode (LED) lamps
with different wavelengths, respectively. For the former, employ-
ing a filter with a cut-off wavelength of 450 nm as an example,
blocks light with wavelengths < 450 nm (the reaction mixture
was irradiated by light with wavelengths between 450 and
800 nm). During this process, the light intensity without filtering
for the reaction remained unchanged.

After reaction, the reaction mixture was diluted with dichloro-
methane (DCM, 10 mL), and filtered through a millipore filter (pore
size: 0.22 pum), and n-dodecane (34 mg, 0.2 mmol) was added as an
internal standard. The product yields were determined by gas
chromatography-mass spectrometry (GC-MS, BRUKER SCION SQ
456 GC-MS) using n-dodecane as the internal calibration standard.
The values given are the average of two experiments. The yields
were calculated based on the amount of alkyl halide. The residue
was purified by column chromatography on silica gel (silica:
200-300; eluant: hexane/ethyl acetate) to isolate the desired
product.

All NMR spectra were recorded at ambient temperature using
Bruker DRX-300 ('H, 300 MHz; ¥C{'H}, 75 MHz) and Bruker
Avance III 400 ('H, 400 MHz; *C{'H}, 100 MHz) NMR spectrome-
ters. "H NMR chemical shifts are reported relative to TMS and were
referenced via residual proton resonances of the corresponding
deuterated solvent (CDCls: 7.26 ppm) whereas >C{'H} NMR spec-
tra are reported relative to TMS via the carbon signals of the
deuterated solvent (CDCl3: 77.16 ppm). However, signals for the
carbon attached to boron, C(aryl)-B, are usually too broad to
observe in the *C{'H} NMR spectra. ''B NMR chemical shifts are
quoted relative to BF;-Et,0 as external standard. '°F NMR chemical
shifts are quoted relative to CFCl; as the external standard. All 3C
NMR spectra were broad-band 'H decoupled. HRMS were mea-
sured on a Thermo Scientific Exactive Plus equipped with an Orbi-
trap. ESI measurements were conducted using a HESI Source with
an aux-gas temperature of 50 °C. Measurements were conducted
using an APCI Source with a Corona Needle; aux-gas temperature
was 400 °C.

2.4. EPR measurements

For EPR measurements, 0.2 mmol of 3-phenylpropyl bromide,
0.24 mmol of Bypin,, 0.4 mmol of LiOtBu, 0.4 mmol of DMPO,
3 mg of Cu,gPdg,/graphene, and 5 mL of DMF were mixed and
placed in a quartz reactor. The mixture was irradiated by a
PE300BF Xe lamp source with a light intensity of 0.8 w/cm? for
3 min, and then the EPR measurement at X-band (9.86 GHz) was
carried out using a Bruker EMXPLUS10/12 EPR spectrometer at
room temperature. Another EPR measurement was also conducted
using the same method, but without the Cu,gPdg»/graphene
catalyst.

3. Results and discussion

Graphene-supported Cu nanoparticles with a 3 wt% loading
level (Cus/graphene) were prepared by a liquid reduction method,
and were employed for the borylation of 1-bromo-3-
phenylpropane (1a) and 1-chloro-3-phenylpropane (1a’) with
B,pin, at 30 °C in air under irradiation by a Xe lamp with a wave-
length range of 400 to 800 nm, which gave 40% and 22% yields of 1-
Bpin-3-phenylpropane (1b) after 2 h and 9 h (Table 1, entry 2),
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Table 1
Photocatalytic borylation of 1a and 1a’

X
+  Bypin,

1 mmol
1a,2X =Br;1a'° X =Cl

1.2 mmol
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catalyst (15 mg)

LiOtBu (2 equiv)
_—

DMF (10 mL), air

1b

Entry Catalyst Xe-lamp(400-800 nm) Yield of 1b (%)¢
from 1a from 1a
1 Cus/graphene x 12 7
2 Cus/graphene v 40 22
3 Cu, oPdg 1/graphene Vv 83 64
4 Cu, gPdg,/graphene Vv 92 78
5 CuysPdgs/graphene Vv 89 67
6 Cu,Pd;/graphene Vv 70 51
7 Pds/graphene Vv trace trace
8 Cu, gPdg,/graphene X 22 16
9 Cu, gPdg»/graphene x 434 28¢
10 none Vv 0 0
11 graphene Vv 0 0

215 mg of catalyst was employed at 30 °C for 2 h under Xe-lamp irradiation (0.6 W/cm?) unless otherwise stated. °20 mg of catalyst was employed at 50 °C for 9 h. “Yields are
based on 1a and 1a’, and were determined by GC-MS analysis vs. a calibrated internal standard, and are averages of two runs. “Reaction time was 10 h. “Reaction time was

48 h.

respectively. Dark reaction (without irradiation) of 1a and 1a’
showed that the yields of 1b with Cus/graphene were only 12%
and 7%, respectively (Table 1, entry 1). This suggests that Cu
nanoparticles function as photocatalyst for the borylation, but they
are insufficient. It was found that alloy nanoparticles have greater
surface charge heterogeneity than monometallic nanoparticles
[67-71]. The heterogeneity leads to a stronger interaction between
the surface of the alloy nanoparticles and the adsorbed reactant
molecules and promotes chemical transformations. Xiao and Zhu
et al. achieved efficient, selective reduction of nitroaromatics using
supported Ag/Cu and Au/Cu alloy nanoparticles as photocatalysts
[69,70]. With this information, Pd was incorporated into plasmonic
Cu nanoparticles to form a graphene-supported Cu-Pd alloy
nanoparticle photocatalyst for the borylation of alkyl chlorides
and bromides with B,pin,.

With both 1a and 1a’ as substrates, the yields of 1b over all Cu-
Pd alloy catalysts are higher than those over monometallic Cus/-
graphene (Table 1, entries 3-6) in air with visible light irradiation,
suggesting that alloying of the two metals can greatly enhance the
photocatalytic activity. Moreover, the activity depends on the ratio
of Cu to Pd, with the ratio of 2.8 wt% : 0.2 wt% (Cu, gPdg»/graphene,
the molar ratio of Cu/Pd is 23 : 1) exhibiting optimal activity, giving
1b in 92% yield after 2 h for 1a and in 78% yield after 9 h for 1a’
(Table 1, entry 4). Using Pds/graphene as the photocatalyst yielded
only traces of 1b (Table 1, entry 7), suggesting that the active phase
is Cu. Dark reaction of 1a and 1a’ yielded 22% and 16% of 1b,
respectively (Table 1, entry 8). When the dark reaction time was
extended to 10 or 48 h, the yield of 1b only increased to 43% or
28%, respectively, showing the significant contribution of visible
light irradiation to the catalytic activity (Table 1, entry 9). The reac-
tion did not occur under visible light irradiation without any cata-
lyst, and no product was detected in control experiments using
only graphene as the catalyst (Table 1, entries 10 and 11). We
screened a range of solvents and bases with 1a as substrate, and
DMF and LiOtBu proved to be optimal (Table S1).

When the light intensity was reduced from 0.6 to 0.5, 0.4, 0.3,
0.2, and 0.1 W/cm? (measured through the quartz window in the
reactor) while all other experimental conditions remained
unchanged, the yield of 1-Bpin-3-phenylpropane (1b) over Cu,g-
Pdg,/graphene decreased from 92% to 82%, 74%, 62%, 50%, and
37%, respectively, indicating that the reaction was driven by the
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visible light irradiation (Fig. 1A). The reduced catalytic activity is
likely due to the decrease in the number of energized electrons
generated at lower irradiation intensities. This approximately lin-
ear relationship indicates that the process is first order in photons,
suggesting that the reaction is dominated by a single photon
absorption event [72].

Fig. 1B shows the dependence of catalytic activity on the irradi-
ation wavelength using the procedures similar to those reported in
literature [58,60,61]. The yield of 1b was 92% for the irradiation
wavelength-range of 400-800 nm, 79% for 450-800 nm, 62% for
520-800 nm and 37% for 600-800 nm, respectively. As the yield
of 1b was 22% without irradiation, the light-induced conversion
within each wavelength range was about 13% for 400-450 nm,
17% for 450-500 nm, 25% for 500-600 nm and 15% for 600-
800 nm. Therefore, light in the wavelength-range of 400-450,
450-520, 520-600, and 600-800 nm, respectively, accounts for
18.6, 24.3, 35.7, and 21.4% of the light-induced conversion
(Fig. 1B). The effect of the specific irradiation wavelength on the
catalytic activity was also studied by using various LED lamps with
different wavelengths. From Fig. 1C, when an LED with a wave-
length of 475 + 15 nm (light intensity = 0.3 W/cm?) was employed
as the light source, the yields of 1b were 54% in 1 h. When the
wavelength was (525 + 15), (550 + 15), (585 * 15), and
(630 + 15), but the light intensity was kept constant, the yield of
1b was 63%, 76%, 57%, and 45% in 1 h, respectively. Clearly, the
wavelength of light absorbed by the catalyst strongly influences
the catalytic activity.

The borylation of 1a under the irradiation of natural sunlight,
with an average light intensity of 40 mW/cm? and ground temper-
ature of 32 °C (Figure S1), was also conducted, giving a 76% yield of
1b. The recyclability of the Cu,gPdg/graphene photocatalyst was
tested by reusing it in five cycles under the same reaction condi-
tions. The catalyst did not show any measurable loss in activity
(Figure S2), indicating its excellent stability.

With the optimized reaction conditions in hand, the scope of
the photocatalytic borylation reaction with different alkyl halides
was examined (Table 2). Primary alkyl bromides showed high reac-
tivity (1b-10b). A range of functional groups including fluorine
(5b), ether (6b), and acetal (7b) were tolerated in the borylation
reaction, with yields of the desired alkyl boronates being greater
than 80%. Cyclic and acyclic secondary alkyl bromides can also be
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Fig. 1. Dependence of the catalytic activity of Cu,gPdg2/graphene for the borylation of 1a with B,pin; on the intensity (A) and wavelength (B) using a Xe lamp as the light
source; (C) the effect of the specific irradiation wavelength on the catalytic activity using various LED lamps with wavelengths of (475 + 15), (525 + 15), (550 £ 15), (585 * 15),
and (630 + 15) nm, respectively, and the red line in (C) is the absorption spectrum of the Cu,gPdy,/graphene catalyst.

borylated in moderate yields, but the yields were greatly improved
when the reactions were carried out under Ar (11b-18b). The Cu, -
Pdg/graphene catalyst is also effective for more readily available
alkyl chlorides. Primary alkyl chlorides were converted into the
corresponding alkyl boronates in good yields under air with visible
light irradiation (1b-6b, 8b, 9b, 11b, and 13b-18b). Generally, alkyl
chlorides need higher temperatures than alkyl bromides due to the
respective bond strengths. For example, the C-Cl bond dissociation
enthalpy in benzyl chloride is 299.9 + 4.3 kJ/mol, which is higher
than that of the C-Br bond in benzyl bromide 239.3 + 6.3 kJ/mol
[73]. The photocatalytic borylations of secondary alkyl chlorides
conducted under Ar also gave better yields than those under air
(11b, 13b-18b). Employing chlorocyclobutane as an example, the
borylation product 16b was obtained in 52% and 88% under air
and Ar, respectively. High yields of diborylation products were also
achieved with both o,w-dibromoalkanes (10b) and gem-
dichloroalkanes (18b) as substrates [16,74-76]. The reaction is
not limited to B,piny, as bis(neopentyl glycolato)diboron (B;neop,)
can be used as the diboron reagent to give the corresponding alkyl
boronates (19b-23b) with similar yields to those observed with
szinz.

Preliminary mechanistic studies were performed to provide
insight into the photocatalytic borylation process. We first charac-
terized the structural features of Cu,gPdg,/graphene catalyst. The
TEM, HAADF-STEM, and HRTEM images show that the Cu,gPdg>»
nanoparticles with a mean diameter of 8 nm are uniformly dis-
persed on graphene (Fig. 2A-D, and Figure S3). The formation of a
Cu-Pd alloy was also supported by the XRD patterns (Figure S4).
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Typical examples of the energy dispersive X-ray (EDX) line scan
(Fig. 2C) and the high-resolution elemental mapping (Fig. 2D-H)
show a homogeneous distribution of both Cu and Pd across the
alloy nanoparticles. In the UV/Vis spectra (Fig. 1C, red line), the
Cu, gPdg,/graphene displays absorption in both UV and visible
range. The absorption peak at 550 nm corresponds to the LSPR of
Cu.

Because the electronegativity of Pd (2.20) is higher than that of
Cu (1.90), a charge heterogeneity is formed at the Cu-Pd alloy
nanoparticle surface [77-81]. Therefore, electrons will flow from
Cu atoms to Pd atoms until the chemical potentials throughout
the particle are equal. With irradiation, the conduction electrons
of Cu gain incident photon energy due to the LSPR effect, yielding
energetic electrons, which are also transferred to Pd [67-71,82-
84]. As a result, both slightly positively charged Cu sites and
electron-rich Pd sites are formed at the surface of the alloy
nanoparticles, leading to interactions between these sites and elec-
trophilic alkyl halides and nucleophilic diboron compounds being
efficiently enhanced. This is revealed by the higher binding energy
(BE) of Cu 2p and lower BE of Pd 3d in alloy catalyst compared with
pure metal catalysts (Figure S5). Au is a well-studied plasmonic
metal, and its electronegativity (2.54) is higher than those of both
Pd and Cu. Therefore, Aus/graphene and Au,gPdg,/graphene were
prepared to study the borylation of 1-bromo-3-phenylpropane
(1a). However, no borylated product was detected with either
Aus/graphene or Au,gPdg/graphene as the photocatalyst. This is
mainly due to two factors. 1) Au is not an effective catalyst for
the borylation of alkyl halides. 2) The electronegativity difference
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Table 2
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Scope of the photocatalytic borylation of alkyl halides.

1b
X = Br 92%2 (85%)¢ [2 h]®
CI78%° (70%) [9 h]

F

5b
X = Br97%" (88%) [2 h]
Cl 95%°°f (85%) [2 h]

/\/\/Bpin

9b
X = Br 87% (80%) [2 h]
CI81%°f (72%) [12 h]

OBpin

13b
X = Br 48%" (40%) [3 h]
Br 76%°" (70%) [3 h]
Cl 29%°°f (21%) [15 h]
CI 52%P¢M (45%) [15 h]

%Bpin

17b
X = Br 61%" (45%) [3 h]
Br 90%°" (82%) [3 h]
C1 50%°° (43%) [15 h]
CI 81%P°M (73%) [15 h]

X =Br57%" (50%) [3 h]

@A/Bpin
2b

X = Br 82% (74%) [2 h]
Cl 84%° (75%) [8 h]

0.
S

6b
X = Br 81% (70%) [4 h]
CI 79%PC (71%) [20 h]

©/\Bpin
3b

X = Br 80% (72%) [2 h]
C1 82%%1 (74%) [2 h]

CEA/Bpin

7b
X =Br88% (80%) [2 h]

/\erin

1b
X =Br 71%" (64%) [3 h]
Br 94%"" (85%) [3 h]
C165%°°f (55%) [15 h]
CI 87%PCM (79%) [15 h]

QBpin

15b
X = Br 60%" (51%) [3 h]

Br 92%°" (84%) [3 h]
Cl 45%°°f (36%) [15 h]
CI 80%°fM (71%) [15 h]

WBneop /©/\Bneop

19b 20b
X = Br90%° (82%) [4 h] X = Br 76%"' (67%) [4 h]
CI 84%° (75%) [16 h] CI 65%° (52%) [16 h]

4b

X = Br 94% (83%) [2 h]
Cl 93%"°f (84%) [2 h]

~_~_Bpin

8b
X = Br91% (84%) [2 h]
C1 85%° (78%) [12 h]

12b
X =Br56%" (45%) [3 h]
Br 80%°" (67%) [3 h]

Boi
Bpin™ ™~ BPIn
10b
X = Br83%9 (70%) [4 h]

<}Bpin

16b
X = Br63%" (54%) [3 h]
Br 95%°" (87%) [3 h]
Cl 52%°°f (43%) [15 h]
CI1 88%°MN (80%) [15 h]

Ose

14b

Br 85%"" (77%) [3 h]
C139%°°f (33%) [15 h]
CI 73%°fM (65%) [15 h]

BpinTBpin

18b
X = Br 56%9 (49%) [6 h]
Br 82%%9" (74%) [6 h]
CI 41%P°f9 (42%) [24 h]
Cl 78%°°9" (70%) [24 h]

EO/wo/\/Bner

22b
X = Br 82%°1 (74%) [5

/©/\Bneop
F

21b
X = Br 80%" (73%) [4 h]
Cl 71%° (62%) [16 h]

QBneop

23b
X = Br 53%"1 (45%) [4 h]
Br 86%>" (75%) [4 h]
Cl 45%"% (38%) [16 h]
CI 79%° " (69%) [16 h]

h

#Reaction conditions: 1 mmol of alkyl halide, 1.2 mm
Pdg,/graphene, 10 mL of DMF, in air at 30 °C under X

ol of B,pin,, 2 mmol of LiOtBu, 15 mg of Cu,g-
e-lamp irradiation (0.6 W/cm?) unless otherwise

stated. The yields are based on alkyl halides and were determined by GC-MS analysis versus a calibrated

internal standard and are averages of two experimen

ts. Isolated yields are given in parentheses and

reaction times are given in square brackets. 20 mg of Cu, gPdy/graphene. At 50 °C. 92 mmol of LiOMe.

©2.5 mmol of B,pin,. ‘Under Ar. £1.2 mmol of Boneops,.

between Pd and Au results in electron transfer from Pd to Au, form-
ing slightly positive Pd sites, which makes Pd less effective for acti-
vating C-Br bonds.

When the photocatalytic borylation of 1a was conducted in the
presence of 1 equiv of the radical scavenger 5,5-dimethyl-1-
pyrroline N-oxide (DMPO), the reaction was shut down almost com-
pletely; a similar result was also obtained using 1 equiv of 2,2,6,6-tet
ramethylpiperidinooxy (TEMPO), suggesting that the borylation
reaction may involve a radical process. In situ electron paramagnetic
resonance (EPR) studies of the borylation reaction of 1a after 3 min
irradiation were performed to probe the formation of radical species.
Because DMPO can react with short-living radicals to generate more
stable nitroxide radicals that are detectable by EPR [85], it was intro-
duced as a spin-trap. No signal was observed in the absence of Cu, g-
Pdg/graphene (Fig. 3). With the catalyst, an organic radical at higher
field was detected. From the simulated EPR spectrum, the parame-
ters obtained [giso = 2.0063, a(H) = 14.5 G, a(N) = 20.8 G] fit well to
a nitroxide radical 1c (Fig. 3) [86,87]. The radical 1c shows a triplet
of doublet EPR signal due to the coupling with the adjacent nitrogen
and hydrogen atoms.

Thus, a photo-induced catalytic process enhances the borylation
of alkyl halides with the graphene-supported Cu-Pd alloy catalyst. A
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plausibleexplanationisas follows. Due tosurface charge heterogene-
ity, the energetic electrons produced by LSPR light absorption of Cu
transfer to Pd leading to the formation of energetic electron- rich Pd
sites and slightly positive Cu sites [67,77-81]. The electron transfer
from Pd to electrophilic alkyl halides generates alkyl radicals
[67,88,89]. Then, the radicals react quickly with nucleophilic [B,-
piny(0OtBu)|” formed from B,pin, with LiOtBu [11,90,91], which is
adsorbed on the positively charged Cu sites, to form the final product.

4. Conclusions

In conclusion, we have developed an efficient heterogeneous
photocatalytic borylation of primary and secondary alkyl bro-
mides and chlorides using graphene-supported Cu-Pd alloy
nanoparticles as catalysts operating with visible light in air at
30-50 °C. The reactions proceed under mild conditions, displays
a broad substrate scope and functional group tolerance. The
synergistic effect of the LSPR of Cu with charge transfer from
Cu to Pd due to the charge heterogeneity of the Cu-Pd alloy
nanoparticles surface is critical. The cooperative effects include
the transfer of energetic electrons from Pd to alkyl halides to
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Fig. 2. TEM (A) and HAADF-STEM (B) images of Cu, gPdg »/graphene; line profile analysis of EDX spectra for a typical Cu, gPdo > nanoparticle (C); and dark-field STEM image of
two Cu,gPdp > nanoparticles (D) and the corresponding EDX elemental maps of carbon (E), copper (F and G), and palladium (H).

o B,pin; (2 equiv)

I+ LiOtBu (4 equiv) O-N
©/\/\ ‘(_74 DMF (5 mL), RT
Xe lamp, 3 min H
1a, 0.2 mmol DMPO, 0.4 mmol 1c
m
i without
© | CuygPd,,/graphene

with
Cu, ¢Pd, ,/graphene

| | 1 | | | | |

344 346 348 350 352 354 356 358
Magnetic field (mT)

Fig. 3. Experimental (black) and simulated (red) EPR spectra of the borylation
reaction of 1a with and without the catalyst in the presence of DMPO after 3 min
irradiation.

form alkyl radicals, and preferred adsorption of a nuclephilic
adduct of a diboron compound with base on the positively
charged Cu sites for reaction with the radicals generated to pro-
duce the final alkylboronic esters. The protocol developed in
this study should have broad ramifications in the design of
plasmonic bimetallic nanoparticle systems as photocatalysts
for a wide range of organic syntheses driven by light.
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