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21 ABSTRACT: The selective dehydrogenative borylation of alkenes is an attractive method for synthesizing useful borylalkenes.
22 However, very few catalytic systems have been reported far that fulfill this objective. All the reported examples are homogeneous
23 catalysts with special ligands requiring the usage of bases. This study describes the heterogeneously catalyzed dehydrogenative
24 borylation by supported copper hydroxide catalysts (CugStfport). In the presence of Cu(Qidlipport and suitable ketones,
25 the dehydrogenative borylation of styrenes with bis(pinacolato)diboron efficiently proceeded to selectively afford the corresponding
26 S-monoboryl- org,S-diborylstyrenes. The observed catalysis was truly heterogeneous, and the catalysts could be reused several
27 times though their catalytic performance gradually declined.
28 KEYWORDS: Copper « Dehydrogenative borylation « Heterogeneous catalysis ¢ Selectivity control « Styrenes
29
30 The development of heterogeneous catalysts for liquid- dehydrogenative borylation of alken&sDehydrogenative
31 phase organic functional group transformations, which areborylation can be used to directly convert readily available
32 used in the production of fine chemicals and pharmaceuticalsalkenes into the corresponding vinyl boronic esters, providing
33 is becoming increasingly important because of the easysimple access to a wide range of compounds, inclugifg
34 recovery/reuse of catalysts and minimization of metal disubstituted vinyl boronic esters, which cannot be synthesized
35 contamination in the synthesized productdoreover, there  viathe hydroboration of alkynes. Recently, rhodidfiron- 12
36 has been an upsurge in the need to develop heterogeneowsd copper-basé&dhomogeneous catalysts are reported to be
37 catalysts for use in continuous flow systems for the on- effective in the dehydrogenative borylation of alkenes to
demand synthesis of valuable chemialdowever, highly monoborylalkenes using alkenes or ketones as the sacrificial
38 regio- and stereoselective reactions have traditionally beenoxidants. Furthermore, the homogeneous palladfurand
39 accomplished using homogeneous catalysts with well- cobalt-catalyzetd dehydrogenative diborylation of terminal
40 designed ligands. Recent advances in homogeneous coppealkenes has been recently reported.
41 catalyzed C-B bond formation reactions ushiwpeterocyclic
42 carbenes or phosphines as the ligands have allowed t®cheme 1. The dehydrogenative monoborylation and di-
43 synthesize a range of valuable organoboron compoifnds. borylation of styrenes using Cu(OH)/support
44 However, heterogeneously copper-catalyzed borylation
45 reactions are very rafeDue to the importance of the use of Cu(OH),/CeO, R
organoboron compounds as key building blocks in several Bopin, )\/Bpin
46 ) B . i X
organic synthesis reactions, the development of new efficient N Ar
47 heterpgenequs cqpper-baseq catalysts for selective.borylation i OBpin fmonoborylstyrene
48 reactions is highly desirable from economic and R Ph” “Ph  Ph Ph 2
49 environmental viewpoints. Ar)\
50 Here, we report that the copper hydroxide species on 1 Cu(OH),/Al,05 R
51 suitable metal oxide supports (Cu(Qidyipport) can act as an 2 Bypin, Ar)\erin
52 efficient heterogeneous catalyst for the dehydrogenative N ' Bpin
borylation of styrene and its derivatives  with 0 OBpin 1 peiborylstyrene
33 bis(pinacolato)diboron (#inz) to selectively produces- 2@ 2@ ' 3
gg monoboryl- or ppg-diborylstyrenes (Scheme 1). Both
monoboryl- and diborylalkenes are useful compounds for . -
56 serving as building blocks to selectively synthesize a range of In_this hworclj<,h(3du(OHyC(_eQ t\)/vasl fpund fto efﬂuentl;(; .
57 multisubstituted alkenesia C—-C and C-heteroatom bond- gro_mot_e the Jeny rogenative borylation o sFyrene and its
. : . erivatives using benzophenone as the HBpin acceptor, to
58 forming reaction$.Monoborylalkenes have been prepavia : . :
. X selectively affordg-monoborylstyrenes in moderate to high
59 the hydroboration of alkynés,the borylation of alkenyl . . . . )
halides® alkene cross-metathedishe boryl-Heck reaction yields with high regioselectivities (Scheme 1). Furthermore,
60 ! dehydrogenative diborylation was used to prodytg-

using electrophilic boron reagerfs, or via the

ACS Paragon Plus Environment



oNOYTULT D WN =

ACS Catalysis Page 2 of 7

diborylstyrenes through a simple modifcation of the reaction Table 1. Optimization of the reaction conditions of the
conditions,e.g., increasing the amounts ogfBn., the HBpin dehydrogenative borylation of styrene (la) to g-
acceptor 2-adamantanone, and the Cu@@#Os catalyst monoborylstyrene (2a) ands g-diborylstyrene (3a)
(Scheme 1). In the proposed Cu(Q@Blpport-catalyzed

dehydrogenative borylation reaction, additives, such as special cat. ; Bpin Bpin
ligands and bases, which were found to be necessary in theéh” Byping P\ 5P PhA\Brin P\ BPIN
previously reported homogeneously catalyzed systéffs, esdione P '
were not required. To the best of our knowledge, the present 12 ' 2 3a 3a
work is the first report on dehydrogenative borylation using
heterogeneous catalysts. Ent Catalvst Accent Yield (%)
With reference to the previously reported homogeneous ntry atalys ceeptor "2a 3a 3a
copper-catalyzed @ bond formation reactior, ab Cu(OH)/CeQ — 31 5 >
heterogeneous copper-based catalysts were initially examined
for the borylation of styrenelg) with Bzpinz on the assumption 2 Cu(OH)Y/CeQ - <1 <1 4
of the mechanism shown in Scheme 2a. Surprisingly, out of all 3? CuChb/CeCx — <1 <1 <1
of the catalysts examined for the borylationlaf under the 42 Cu(OAcy/CeG — <1 <1 <1
conditions described in Table 1 (entries 1-11, without HBpin ga Cu(OH)y. _ 4 <1 <1
acceptors), significant amounts 2d were only afforded in the & Cuo . 1l <1 <
presence  of supported  copper-hydroxide  catalysts
(Cu(OH)J/support’18 Figure S1), and it was observed that the 7° CeO — <1 <1 <
use of Cu(OHJCeQ gave2a in 31% vyield (Table 1, entry 1). 8 CuCb — 4 <1 <1
No reactions were observed to proceed in air, even in the ga cucl _ <1 <1 <1
presence of Cu(OKLeQ (Table 1, entry 2). The borylation
reaction did not proceed in the presence of €o€CICu(OAc) 1 Cu(GAc) o 2 <1 <
112d CeQ — <1 <1 <1

(OAc = acetate) supported on Gdq@able 1, entries 3 and 4), or
in the absence of catalysts or the presence of a agport 12¢  Cu(OH)}/CeQ  benzophenone 87 8 2
alone (Table 1, entry 11). Other simple' @ad Cil salts, such 13 Cu(OH)YCeQ® 2-adamantanone 75 7

as CuCl, CuCGl and Cu(OAg) were not effective in the 14%¢  Cu(OHWAI:0s benzophenone 64 10
catalysis of the borylation reaction (Table 1, entries 8—10). The---~---- -z t-o oo oo
borylation reaction barely proceeded in the presence of bulk 19 Cu(OH)/CeQ  benzophenone 14 58 15
copper hydroxide Cu(OHpr copper oxides (Table 1, entries 5— 16 Cu(OH)/CeQ  2-adamantanone <1 59 5
7). Therefore, it was concluded that the use of a highly dispersed 17 Cu(OHYAI20s  benzophenone 55 31 4
copper hydroxide species is crucial for the borylation reaction to g CU(OHWAI:0s 2-adamantanone 5 84 <1
proceed.

®Reaction conditionsla (0.5 mmol), Bpin: (1.25 mmol), catalyst (Cu:
4 mol%), acceptor (0.75 mmol), mesitylene (2 mL), 120 °C, Ar (1 atm),

Scheme 2. The assumed mechanism of the copper-catalyzed 20 h. Yields were determined by GC analysis usidgexadecane as an

dehydrogenative borylation of styrenes internal standardThe hydroborated products and ethylbenzene were also
significantly produced in 29% (g.= 2.6:1) and 26% vyields, respectively.
a) Assumed catalytic cycle _OH “Under an air atmospher®€eQ (80 mg).°p-Xylene was used as a solvent
CU"\OH instead of mesitylene/Reaction conditions: 1a(0.2 mmol), Bpin:
(1.0 mmol), catalyst (Cu: 8 mol%), acceptor (0.6 mmpbylene (2 mL),
3/2 Bpiny 120 °C, Ar (1 atm), 20 h. See also Tables S1 and S2.
2 HOBpin __Bpin )
L AT o ~ The Cu K-edge x-ray absorption near edge structure
Cu'—Bpin 1 2 (XANES) spectrum and its first-derivative spectrum of freshly

[Acceptor]-HBpin prepared Cu(OH)CeQ were recorded to be quite similar to
those of Cu(OH) (Figure S2), indicating that Cu(O#eCQ
possesses ®lhydroxide species dispersed on GesDpport.
After the catalyst was used in the reactiodl@br treated with

cu Mo PP Bopinz under an Ar atmosphere, the 'Cuspecies in
&0 een Cu(OH)/CeQ was reduced to CGuand C4 species
(Acceptor] (Figure S2). In a separate experiment, we preparét{CeEQ
+ ) by the treatment of Cu(OHTeQ with Hz (1 atm) at 200 °C
Boping . AN BPIn AN BRI for 1 h!® and the borylation ofla was performed with the
Cu—H or Bpin catalyst; however, no reaction proceeded. Thus,inhstu
2 3 formed Cu species is likely the true active species in the
b) Role of a ketone as the HBpin acceptor borylation reaction. We treated Cu(Qi)eQ: (100 mg) with
o) R R H_ OBpin B2pinz (30 mg) in benzends at 120 °C for 10 min, and the
R)KR, \o/\H Bypin, R~ R catalyst was removed by the filtratiohB NMR (Figure S3)
| | o~ . and GC-MS analyses of the filtrate revealed that HOBpin was
Cu—H Cu Cu'—Bpin

produced during the pre-catalyst reduction step. It is possibly
that Bpin2 and surface hydroxy species and/or trace amounts
of water contained in the catalyst (and/or solvent) act as
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reductants to form the reduced copper species according to ther was a result of the presence of leached Cu species in the
first step in Scheme 2a, although the detailed reductionsolution, the catalyst was removed by hot filtration (at 55%
mechanism remains uncledrFurther, we have reported that yield of 2a) under the conditions described in Figure S6, and
Cu(OHY can be easily reduced than othef' Gpecies, such as the reaction was restarted with the filtrate under the same
CuCb-2H0 and Cu(OAc) H:0.*° Therefore, Cu(OHjCeQ conditions. The production @aimmediately ceased upon the
can be used to easily generate the active reduced coppeemoval of the catalyst (Figure S6). Additionally, after the
species and thus exhibit high catalytic activity in the reaction, the filtrate was analyzed using inductively coupled
borylation reaction. plasma-atomic emission spectroscopy (ICP-AES), and it was
Under the proposed Cu(OlHupport-catalyzed system, the observed that the Cu species was barely detectable (Cu:
Cu-Bpin species is likely to form readily. The 'GBpin <0.01%). Thus, the observed catalysis for the present
species is involved in an insertion reaction viigh followed by dehydrogenative borylation was determined to be truly
S-hydride elimination to produg&monoborylstyrene2g) and a heterogeneou®. Furthermore, Cu(OH)CeQ: was retrieved
Cu-H species (Scheme 2a). To complete the catalytic cycle, arfrom the reaction mixture by simple filtration under an Ar
appropriate HBpin acceptor is required to regenerate the Cu atmosphere, and repeated reuse experiments were carried out
Bpin from Cl-H (Scheme 2a). Although Cu(O¥geQ is an using the retrieved Cu(OHTeC. Although the catalsyt could
excellent catalyst for the borylation d&, the yield of2a was be reused several times, its catalytic performance gradually
only 31%, even in the quantitative conversiorlafvithout the declined during the repeated reuse experinténts.
use of a HBpin acceptor (Table 1, entry 1). The reason the yield With the optimized reaction conditions, the substrate scope
of 2a cannot theoretically exceed 50% is that in the absence of dor the proposed Cu(OkTeG-catalyzed dehydrogenative
HBpin acceptor,1a itself acts as the HBpin (or hydride) monoborylation reaction was investigated in the presence of
acceptor. As can be seen in Table 1, entry 1, the hydroboratiofenzophenone as the HBpin acceptor (Figure S7). As shown in
products and ethylbenzene were also produced in 29% and 26%he left of Table 2, various styrene derivatives could be
yields, respectively. Therefore, the search began for an optimatonverted into the correspondiffigmonoborylstyrenes in an
HBpin acceptor for use in the Cu(GH)eQ-catalyzed E-selective fashion. When styrenes substituted with a methyl
borylation of 1a (Table S1, entries 1-5). Fortunately, several group at theortho-, meta-, or para-position (Lb, 1c, and1d)
ketones, such as benzophenone and 2-adamantanone, weweere used as the substrates, the borylation reaction proceeded
found to be effective (Table1, entries 12 and 13), and efficiently to give the correspondingrmonoborylstyrenes in
benzophenone was found to give the best result, with the desirechoderate to high yields, indicating that the influence of the
compound2a being obtained in 87% yield (Table 1, entry 12). steric hindrance of the benzene-ring substituents is not
Among various supprorted copper-hydroxide catalysts considered significant. Styrenes with a range of electronically
examined, such as Cu(O#jeQ, Cu(OHYAI:0s% diverse substituents at thgara-position, including methyl

Cu(OH)/TiO2, and Cu(OHYZrOz, Cu(OH)}CeQ showed the

(1b), tert-butyl (1e), methoxy Lf), dimethylamino 1g), fluoro

best catalyitic performance (Table 1, entries 12 and 14, sedl1h), phenyl (i), trifluoromethyl @j), and acetallk) groups,
also Table S1). In the presence of benzophenone, thevere applicable to this proposed system. In addition, the
hydroboration and hydrogenation of styrene barely proceededreaction of vinylfuran 1l) afforded the corresponding
H NMR analysis was used to confirm that the hydroboration borylated product, but vinylpyridine did not undergo this
product of benzophenone was also produced during thetransformation. Unfortunately, the reaction of styrenes with

reaction. Furthermore, when usifigg-dideuteriostyrenel@-
D) as the substrate, the deuterium content at-pesition of
the hydroborated benzophenone was 6#%flhus, the
hydrogen at thg-position of styrene is mostly transferred to
benzophenone through felimination process (Scheme 2a)
and hydride addition sequence (Scheme 2b).

chloro, nitro, cyano, phosphine, and hydroxyl groupaxg-
position generated unidentified byproducts, and the
corresponding-monoborylstyrenes were hardly obtained. The
Cu(OH)/CeQ-catalyzed monoborylation ofa-substituted
styrenes Im, 1n, and 10) was also explored to produee
substituteds-monoborylstyrene, which cannot be synthesized

Under the conditions described in Table 1, entry 12, thevia the hydroboration of alkynes. However, the desired

main product was the monoborylated compo@adilongside
a small amount of the diborylated compour8#sand 3a'.

monoborylation products were obtained in low yields (<40%)
under the standard reaction conditions using benzophenone.

Next, the reaction was attempted using an increased amount dfor thesea-substituted styrenes, the yields of the target

Bopinz (five equivalents with respect tha) to selectively
obtain thep,p-diborylated producBa. Although the reaction

products could be enhanced using 2-adamantanone as the
HBpin acceptor and by increasing the reaction temperature

using Cu(OHYCeQ and benzophenone preferentially resulted from 120 °C to 130 °C. The reaction dm or 1n gave the

in the formation of the8 s-diborylated compoun@®a in 58%
yield, thea,p-diborylated producBa’' was also concomitantly

correspondinga-substituted f-monoborylstyrene in a high
yield with an E-selective fashion. For the reaction bd, a

produced in 15% yield (Table 1, entry 15). After the various mixture of E- and Z-isomers was obtained, with the
reaction-condition optimization experiments, the target preferential formation of th&-isomer E/Z = 3.7:1). In addi-
product3a could be selectively obtained in 84% yield using tion, the reaction ofrans-f-methylstyrene Ip) gave the cor-
Cu(OHYAI:03 as the catalyst and 2-adamantanone as therespondingf-monoborylated product2f) in 73% isolated

HBpin acceptor (Table 1, entries 15-18, Figure’$&everal
control experiments were conducted usftgas the starting

yield with high Z-selectivity €/Z = 1:19) (Scheme 3a). In
contrast, whertis-5-methylstyrene p') was subjected to the

material and revealed that 2-adamantanone was more able teame conditions, the yield was relatively low (48%), and the
promote the second dehydrogenative borylation thanE-isomer was mainly obtaine@/Z = 2:1) (Scheme 3b). These

benzophenone (Figure S3).

results are consistent with the assumed reaction mechanism

To establish whether the observed catalysis for theshown in Scheme 2 including sequential migratory insertion

borylation of 1a occurred heterogeneously on Cu(@8eQ

andp-hydride elimination (Scheme 3c). When alkyl alkenes,
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Table 2. Substrate scope of the dehydrogenative monoborylation and diborylation reactiéns

R

A Bpin

Cu(OH),/CeO,

B,pin,, Benzophenone
(Conditions A)

R

Ar)\

1

R
Cu(OH),/ALO; Bpin
Bopiny, 2-Adamantanone Ar
(Conditions B) 3 Bpin

©/\/Bpin /@/\,Bpm \@/\/Bpm

2b 85%(73%)

Bpln /@/\,Bpln

2e 67%(65%)

2a 85%(72%)

2d 66%(52%)

Me;,N
29 67%(51%)

/@/\/Bpm ><©/\/Bp|n

2k 52%(40%)

Bpin Bpin

20 87%(E/Z = 3.7:1)°

2j 40%(29%)

©)\/Bpm

2m 78%(63%)°

2h 75%(61%)

2n 89%(82%)"

2¢ 73%(68%)

2f 87%(72%)

/@/\/Bpm /@/\/Bpin /@/\,BWH

2i 71%(62%)

21 30%(21%)

(60%, E-isomer)

Bpin

Bpin Bpin Bpin
Bpin /©/\rpm Bpin

3a 83%(80%) 3b 72%(66%) 3¢ 68%(68%)

Bpin Bpln Bpin
Bpln p|n MeO Bpin
3d 27%°

/@/\erin
B
MeN pin

3g 70%(65%)¢

Bpln Bpin
Bpm
Bpln O Bpin
FsC [ Bpm

(¢}
3j 5% 3k <1%9 31 <1%"

Bpin Bpln Bpin
Bpln pm Epin

3n (87%) 30 50%(48%)’

3e 71%(69%)

Bpin Bpin
/©/\rpm Bpln

3h 70%(66%)

3F61%(61%)

3i 14%°

3m 8%’

aSet of reaction conditions A (monoborylatiof)(0.5 mmol), Bpinz (1.25 mmol), Cu(OHJCeQ, (Cu: 4 mol%), benzophenone (0.75 mmpixylene (2
mL), 120 °C, Ar (1 atm), 20 h. Set of reaction conditions B (diborylatidnY0.2 mmol), Bpinz (1.0 mmol), Cu(OHJAI:0s, (Cu: 8 mol%), 2-
adamantanone (0.6 mmof)xylene (2 mL), 120 °C, Ar (1 atm), 20 h. Yields were determined-biMR and the values in parentheses are the isolated
yields. P2-Adamantanone was added instead of benzophenone and the reaction was carried out at283@4€.also obtained in 38% yield.
dCu(OH)/CeQ was used instead of Cu(Q#BI20s. °2i was also obtained in 49% yieldlj was also obtained in 41% yiek2k was obtained 70% yiel&2I

was obtained 30 % yieltR-Adamantanone (0.8 mmol) was added and the reaction was carried out at 130 °C for 64 h.

Scheme 3. Dehydrogenative monoborylation of (&)ans-g-
methylstyrene and (b)cis-f-methylstyrene, and (c) the as-

sumed reaction mechanism

(@)
Cu(OH),/Ce0, (4 mol%)

Bapinz (2.5 eq.)
Ph/\/ 2-adamantanone (1.5 eq.)
fhabsadleoliiolbalich SR
p-xylene
trans (1p) 130°C, 20h
(0.5 mmol)

(b)
Cu(OH),/Ce0, (4 mol%)

phﬁ Bopin; (2.5 eq.)
2-adamantanone (1.5 eq.)
p-xylene
cis (1p") 130°C, 20h
(0.5mmol)
©) Cu—Bpin
H Me Cu Bpln
e )6( Ve
Ph H Ph
trans (1p)
Cu—H H
Cu Bpln
H Cu Bpin

i

cis (1p)

PhA\I/ Ph/\erm
Bpin
E z

2p (73% yield, E/Z = 1:19)
(isolated as an E/Z mixture)

Ph/Y Ph“\erln
Bpin
E z

2p (48% yield, E/Z = 2:1)
(isolated as an E/Z mixture)

Cu H
Bpln
H B —
pln Me
z
Cu—H H
Cu—H
H 4,” Me
H‘ ‘Me
Bpin Bpin
E

such as 4-phenyl-1-butene, were examined, multiple indistin-
guishable mixtures of monoborylated products were unfortu-
nately obtained.

Next, we attempted to synthesigg-diborylstyrenes using
the Cu(OHYAI:0Os-catalyzed dehydrogenative diborylation
reaction. Several styrenes containing a range of electronically
diverse aryl groups were selectively converted into the
corresponding?,f-diborylstyrenes in moderate to high yields
with high regioselectivities (right of Table 2). Howevad, 3i,
3j, 3k, and 3l were obtained in low yields because a
significant amount of the monoborylated intermediafes 2i,
2j, 2k, and2l) remained unreacted. Further, the reactiobrof
gave the diborylated produ@m in only 8% yield, even
though complete conversion bin and2m was achieved. This
is because the double bond isomerization and borylati@mof
and3m may occur at the-methyl substituent. In contrast, the
diborylation products3n and 3o could be obtained using the
present Cu(OHJAIOs-catalyzed system.

In conclusion, for the first time, a heterogeneous catalytic
system was developed using Cu(@sl)pport for the
dehydrogenative borylation of styrene and its derivatives with
Bopinz under ligand- and base-free conditions. The desired
reaction was tested using suitable ketones as HBpin acceptors.
Various types offi-monoborylstyrenes were synthesized in
moderate to high yields and high regioselectivities. Moreover,
dehydrogenative diborylation was also realized by simply
modifying the reaction conditions, leading to selective

ACS Paragon Plus Environment

Page 4 of 7



Page 5 of 7 ACS Catalysis

oNOYTULT D WN =

synthesis of,f-diborylstyrenes. It is believed that this study (6) (a) Miyaura, N.; Suzuki, A. Palladium-Catalyzed Cross-Coupling
highlights the considerable potential of heterogeneous Reactions of Organoboron CompounGsem. Rev. 1995 95, 2457

catalysts for various functional group transformations. 2483. (b) Kohta, S.; Lahiri, K.; Kashinath, D. Recent applications of
the Suzuki—-Miyaura cross-coupling reaction in organic synthesis.
Tetrahedron 2002,58, 9633-9695. (c) Matteson, D. S. Boronic Esters

ASSOCIATED CONTENT in Stereodirected Synthesiketrahedron 1989,45, 1859-1885.

Supporting Information (7) (a) Trost, B. M.; Ball, Z. T. Addition of Metalloid Hydrides to

The supporting information is available free of charge on the ACS Alkynes: Hydrometallation with Boron, Silicon, and Tigynthesis
Publication website: experimental details, additional experimental 2005, 853-887. (b) Barbeyron, R.; Benedetti, E.; Cossy, J.; Vasseur,

results, characterization data, and NMR spectra (PDF). J.-J.; Arseniyadis, S.; Smietana, M. Recent developments in alkyne
borylations. Tetrahedron 2014, 70, 8431-8452. (c¢) Yoshida, H.
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Cu(OH)/AI0s were reduced to mainly Capecies after the catalyst
was utilized for the reaction dfa or treated with Bpinz (Figure S2).

The reaction profiles revealed that Cu(@K)20s showed the higher
initial rate than Cu(OHJCe(Q, and Cu(OHJAI20s gave2a in 80%

yield after 6 h (Figure S8). However, when prolonging the reaction
time for the Cu(OHyAl20s-catalyzed reaction, the yield ®& and the
mass balance gradually decreased. In contrast, the yieldaof
gradually increased and the mass balance was preserved when
prolonging the reaction time for the Cu(QieQ-catalyzed reaction.
When 2a was treated with ADs in p-xylene at 120 °C, the mass
balance oRa significantly decreased (Figure S9). In the case obCeO
the mass balance was almost preserved (Figure S9). Therefore,
Cu(OH)/CeQx gave the better yield of2a after 20 h than
Cu(OH)/AI20s in the monoborylation.

(22) After the borylation, the reaction mixture was treated with water,
and benzhydrol (hydrolysis product of the hydroborylated
benzophenone) was isolated by silica gel column chromatography.
Then, the deuterium content at thgosition was determined By

NMR analysis (see the Supporting Information).

(23) Several control experiments usi@g as the starting material
revealed that Cu(OWAI2Os promoted the second step of the
dehydrogenative diborylation (fro2e to 3a) with highp-selectivity.

The difference in the regioselectivity was caused by the choice of
supports, not ketones (Figure S5). We supposedthahd3a’ were
produced by the insertion @ into the Cu—-B bond followed by the
B-hydride elimination and that the regioselectivity depended on the
electronic state of Cu species and/or the steric hinderance around Cu
species; therefore, the choice of the supports possibly gave a
difference in the regioselectivity.

(24) We speculated that was most easily adsorbed onto the catalyst,
followed in order by benzophenon2ga, 2-adamantanone; therefore,
we consider that benzophenone decreased the reaction rate of the
borylation of2a to3a.

(25) Sheldon, R. A.; Wallau, M.; Arends, I. W. C. E.; Schuchardt, U.
Heterogeneous Catalysts for Liquid-Phase Oxidatid?tsiosophers'
Stones or Trojan Horseg@c. Chem. Res. 1998 31, 485-493.

(26) The reaction profiles and the final yields of the repeated reuse
experiments for the Cu(OkTeQ-catalyzed monoborylation dfa

are summarized in Figure S10. In addition, the details of the reuse
experiments for the Cu(OKAI20s-catalyzed diborylation ola are

also summarized in Figure S11.
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