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1.1. #&8

[ (A b 2 P 2 AR AT R SR IR o0 45 BE + [BIUY - BN A S Th v | K7
E DY) — R 2 I 5 B & i L TE =R F— K3 X MR 7' X & 328
AIREC o D, ETo EBI~DEIR 72 & ORI 7y DIB A Z BT 5 Z E DB AEETH D |
SRFEORBANDRKERMEE R DEIHLCT 74 V7 I DNV AOERKRIZE OB 2
AT 5, 20X S, EEAEZAWREAERERIZZY) — 7 I A M) —OBLAT
BENTZARTFIETH D, L LD, 872 & 0¥ — Rz X 2 RAEAHEEG RS 2
NETREHERELTEIZ LTS & FEIRAREEZ 7o SO X IR 72 e
JERCALIR TS DM EN L 2 HHTEY | RIEBEBEETHD, 207D, LV E
HEPE 2 AR A BSOS & EEBLT 2 Fi E AR OB N B EN D,

AR, 302 < OBFZEN 72 STV 5 @ A iAW & LC, C-H A DA #L %
EO RIS ZET B D, AREEMITEZE AFET D C-H G 2 BIRICZH: L CH
R OFEG Z AT D FIEIE. BRI AT LRI 2R3 5 2 L A alRE/e 7=,
V=27 IARN)—DBEPOEE LWKISHERTH 5, 7272 LE < OKISEZITY
—REEEAIC X > TITOIL TR Y | BERAEEZ AW SOSBF ORI EEN D,

REOHERITKROEY TH D,

AN B ARAREE 2 I T2 C-H S SR Z O SOSBB AT I IThTev, 7 —v 7
AR —B X OO SRIC OV TR R D, FEV T, BRI D 5 & H R R AR
HFH L., ZOREOREFE, AR HRA~OFAFIZOWTERS, 52, C-H
FEA OB 22 S B % PE D BUSIZ DWW T, Z OS2V E TIThu T & 7= il i B
FIZOWTRIN T 5, IZIZ, LEOTEREZIT TR O B L EE2 IR 5,



1.2. 7V =V IARY —

b, EESCREORIE B HEIHEXELZ I LD LT 28kx RE¥E~D
MAEMIER 28 LT, Fx OXTHORBIZKRELS HFLG L TE, — T, (LEWEIC L
% BB Y PR E DIE ), =R X — - WE O KEEE I X 2 IR OB S BACHE
RZBWTRERIEE oo TWD, 25 LIRBEZMR L, (LFD3ES ORI 3E 2
WZCEBKT Ao 0ER E LT, 7V =7 I AN =B IRLTWS, 7V —2 73
A2 R =&, bFE T r ARG S AR AERER, HIERBREEIC 5 % 5 B 8% N R
2L DD L BT, (LFETRERAOEEB I OREEL®DHZ LT, [REIC
SLWVWHE DS Y Db ZEBLL ., LT LS ORIEHEBERZ T 2 72D 0ED)
ThHHMN BRI HEtE LT, Anastas HIZKH>TZ V=07 I AR —D 12 &
HI (Table 1I-DPREE SN TE Y, 2zl bFE 7 v 20/ B ORGH 2179 2 &
WROBEND, BlZIE, BIERDNELC THLENEZLET SO TIERL, THZ LE
AR U MBS A TFIEZ WA Z L ko b5 (8 1,2,8,9 H), Zih
EBTH7-DI2IE, BRI EFET 26 E HBWE L L, 2B WITIFE
T LG E HRNOREG~ L — B CERT 2P RICEHE T H RN ETH D, £
o, MRREERETZ AN —ZMNELTOIETmEAZRTHZ EBbEEN T
% (55 6 IH),

7V =2 I AR — OB DALFEALFE T v A AL Z RS 5 720
DODRE(BRIEEE LT, BE-7 7 7 X —LRFHRDMONT WD, E-7 77 F— &1L,
BlIAERY E BMAERDOERELOMBTHY . REWNRIFRLD B-7 7 7 ¥ —1Z
Table 1-2 D X 512702 P EIMCRIK, 7 7 A 7 I VX7 E O IME D & Y
I E B-7 7 7 X —OEIIRE L 5, ZHUE, HEEOERRIEZ AWV 2B A RIS
Lo THEMTON TN DD TH D EEXBND, Lol T, 20X 7 fHhnfiiE
D MR DA B FIH ATRE 72 BIAE B D D 7o MEF BOG 3 K OVE BCFIE DO B %
i, 7V = I AN —OERIZBEL TRICEERT —~vThdo 54125, £72. K
TR EITEERY OGS TRICHD D BERY O T &OFIETH 5 fil L
LT, vZuantrrnbrrzantt ) o0 op-KEKSICEIT DR 2h%%
Figure 1-1 IZ/RT, v Zunkh /o Z2rana NYUAFLL T )FULIA Y TR
AT I REHWTY Y v ) — L2 —T LA~ L EmEOREE /N7 VU L E N
Ty 7kt /) ralfGd =-HERC L2 FEZHWTESE O ORAE
Figure 1-1 ORX(a) £ 720 | ZOFRTHRIT 18% L 72D, —FH T, fillltZ A5 LT,
O, ZIALAN &+ —BBERISICE Ty ru~dxv ) v aHEEAORIGRIT
Figure 1-1 DR (b) & 72V . ZDJRThHIL 84% L REL 8D, ZD X HiT, iz v
B TOAREERTAZEICEST . 7V =0 FIA N —DOBATEVEEL
WIS EFERT D ZENAETHS, ER LV =07 I AN —0 12 FHIOE 9
HIZBWTH, &Sl L0 AEAE WD Z EREE L EFEE TV D (Table 1-1),



Table 1-1. The 12 principles of green chemistry proposed by Anastas et al. [adapted from ref. 2a].

1.
2.

10.

11.

12.

It is better to prevent waste than to treat or clean up waste after it is formed.

Synthetic methods should be designed to maximize the incorporation of all materials used in the
process into the final product.

Wherever practicable, synthetic methodologies should be designed to use and generate substances
that possess little or no toxicity to human health and the environment.

Chemical products should be designed to preserve efficacy or function while reducing toxicity.
The use of auxiliary substances (e.g., solvents, separation agents, and so forth) should be made
unnecessary wherever possible and innocuous when used.

Energy requirements should be recognized for their environmental and economic impacts and
should be minimized. Synthetic methods should be conducted at ambient temperature and pressure.
A raw material or feedstock should be renewable rather than depleting wherever technically and
economically practicable.

Unnecessary derivatization (blocking group, protection/deprotection, temporary modification of
physical/chemical processes) should be avoided whenever possible.

Catalytic reagents (as selective as possible) are superior to stoichiometric reagents.

Chemical products should be designed so that at the end of their function they do not persist in
the environment and break down into innocuous degradation products.

Analytical methodologies need to be developed further to allow for real-time in-process
monitoring and control before the formation of hazardous substances.

Substances and the form of a substance used in a chemical process should be chosen so as to

minimize the potential for chemical accidents, including releases, explosions, and fires.




Table 1-2. E-factors in the chemical industry®,

Product tonnage per year E-factor (kg waste/kg product)

Oil refining 10°-10° <0.1
Bulk chemicals 10*-10° <1-5
Fine chemicals 10>-10* 5—>50
Pharmaceuticals 10-10° 25->100

(a) Atom economy = 18%
0]

.
Li"
ij + MesSiCl + \(Nj/ + Pd(OAc),
0
H
- + LiCl +\(NY + MesSiOAc + Pd® + HOAc

(b) Atom economy = 84%
0O O

ij + 1po, Saast ij + Hy0

Figure 1-1. Two methods of a,B-dehydrogenation of cyclohexanone to cyclohexenone and their

atom economy.



1.3. filf

1.3.1. fREEDOHERE & %&E

filfe L1k, MBSO RSO BFE L T, ALFROGEZE LIE LY | FE O KU
PRI LZYT 208, TUEHIRISORIE TIEEAEELLRVWHE] THhH M
LD ERICIHBNT, TEREFIEFZELZ2] 2R LT LITMRAFAIND M, EEEIZ
T & OGS LTS PR Z T 5 2 & TRIBEOIRBEIZTZEL L TR Y | SR
SERGE T HEEFE TIHUORAEBIZE Y | # 0 R LE< 2 & TIRFROS 2T 5, Al i34
bF 7o 2N 7 74 07 I ANARERLA K E CTOIEFITHEAIMEFR GO
BNz, TG0 BEER EOPET Z 02 LI Wb TE Y, Fox OAEIEICRKR
NERNED L ST S,

it ORERE & LT, IERME, JBIUE. Fao ZonZE i 5 s M EE TR b AN 722
BERETH 0 I U CIEETT LIC S WEUEDS, fEDFAEIZ X D HEfT T D X H 1272 b,
BRI, flBEDTFIEIC X 0 = L B —BRRED /N SWHESUS AR D Sz L
FOSREBE DS HEL L . RO OETIZHE 2L = R X —ME T35, SR &1L,
ITT DA H DEEORIED 5 b, BROKISTE T 2 EITS Y281 Th 5, FHn
TEAICBWTHRHCEETH S, EFHETIEHMBIIEE Lavs, EBRICEERT I
DN TRBITTEECRIENME T2 Z &350,

12T L5118, 7V =TI AN =D A TENILFERISET: 7 et
ZDEHFIT, IR E B A2 R LT A D ik, EREEE W TIThh T
T SO % BSOS CHE S5 Z & CIR R A M LS5 Z ERAETH D, 72, Z
NETEBIN T RWSIEZH LWRBLIZ X > TERIATDHZ & T ARAT v 7 Off
MALRCE =R X —Z0e WD ATREMENR B D, & BT, fllEIC X > CTEBIRN UG %
EHRTHZERTENR, BEEOFEHERL X OCEIAERY OAEREZ R ST D Z &EMRF]
BECTHD, ZOXIIT, BNIEIEZ A L, B0 28 LUWMEFELUSO G BTk & it
AR A BRI T D 2 L1, HEOFHGIRIEDO - OICHE TH D,

1.3.2. fliiE D 5%

R V3R % R BT ER B 0 BIZIXZ DO ERDICERTH L SR SRR,
GBS, GBI, GO T ARt Slcaiond, —F, KISRICER LIS
A B R AR & R — R AR KR S B [ B R i & R — SR AR oo — ik 72
FF# D Lk % Table 1-3 12787,



Table 1-3. Comparison between homogeneous catalysts and heterogeneous catalysts.!*!

o) — ik g N IE)— A i
W DT gii;;fgf BUSERE. Bz e mRI 7 2
i % < XA SHR/EAE b U < IR/ A
BRI RO R LT %ﬁ@ﬁ%ﬁﬁﬁ?f&ﬂm
=i I BE
b T FOSREEZ X 2 03— my BSOS/ X 2 23—
. PR RBEZ X 2 B — /o m RS/ X 2 28— Ik
IR , , "
<, s Logn <, A & IR
fil it & AR Dy IR 5
fil DRI - TR A 5
ARE&ERLFEE L TERRL
A ENTEY, WEBOIEMNIE RHEMRKE LTSN
5

1.3.2.1. ¥J— Rt

filfie & BROSHIAS & b ITIAIER SICISIR L, TOBERENRRNE & Z Otz —%
i &N S, IEBHC IR RS R, BREERCAE S T ERRRI R R AR L L
THHEN TS B —RfEDOEFHO—2L LT, 5T UL TOMBERRFHC X DX
IS D REHE RIS LR G 72 m3 2T b s, BlziE, SEEROEE. FOeRmIC
BN T DB T E2EETHZ LIk > T, FLEROEFHIREECVRREAHIET 2 2
EMARETH D, S HIT, RUNHRIEZR & &2 P TFESE &SI 72 LI L - CEEE
BT 2 2 ERHBNRS TH D, ZOX I RFREIENT Z EICE o T, Rl

TIREE 7 R EHE KL DIEME, RPUERIHA FRECTH D . T E TITHE & el s
DOBRAFMTbITCE T, HlziX, 77— T — - Fodfiilic L2417 0 VEAEDD R
FAIEET X D KRFEL - BSOS B I AR UBEEREZ XD A 2 U AROEPY T Uy
ApEC LB 7 a Xy 7 T ORI RRCEEE b EOERICKE TS L
TETMERIETH Y . ENEN ) — L FE O G Lo TnDd, £, ER=EL
NN DIR ST TEARFERARR T 1Y 2CEL SN TV D —R it & FET 5,
Bz 1E. Rh-BINAP % H\\\/2(-)-A > b= OREAEIN, 7 axh v 7Y v FRISIC
L2 MER TFEa AL X o OEKRIRCT L7 ha =7 AMEIOSERAHM LTS,



1.3.2.2. R¥y— il

fillth & SO IR DR ETERR T 5 & & Z Ol & AR5 —RARME & 5 3 fili 3
B, OSBREED L AXRIETH D KGR D— RN TH 5, GRCeRBIew. ©
o ERAEO KX RBIOBILYOR Y ~ — JRFEMER & OB EIZHER L7 R
BAREE, BA T A M EOERLEY, SRR 2R RIZEE L &R
A7 AR — R & LT b T D, R —RARE D K OFF & LT il o 43 B
[E, P 23— SRR LR TR S TH L AN T b D, BilzE, [E Atz A
W IRAB OGO 6 I K > TR ICMBEA TV RS 2N TE D, 20D, ¥
— R SO T S TR & AR O BRI T 2 =R XF - A N EMA D T L
WABETH Y | R —RMEESISRIE 7 ) — 27 2 2 MU —OBLE» LI E LOWRISTER
ThdEERD, Fio. B—RME L A THARY ~DIBERL S DIB N ZBIHT 5 Z &
MATREZR M b RERFIR TH D, B2 IE EIHLST 714 7 I WV AERIZHE W T,
WMEOGBEOIBADMESXCLEMEICKREREELE G2 D55 000 | TORRESREE
TiE L BB D MY BRI — Rt 2 W 7 AR A BSOS IS B T B B R A
FAERYEDOBEIL AW TH DA il & R O D BEIXE S T < 52272 BHIER
XRAR RN FX—Z ST L 05T, RE RO B A F 7o R A
JE I BOGIEXERE & A O St CHEAT L, SBEN BN & 3 IRE~NEAT 2 2 &
XIEEA LR, 2O, R RO BERMB A AR A AR, R ~0
SRFEDOIRAY A7 ZWET 52 ENAETHY | ERLST 74 V7 I DNV ADOEK
IZEWEAMEZ BT 28R TIETHD LB BND, —FH T, o TIEOY Rt &
W% LRGBS SRR T EE U < | TEMESCBRPUE O R 22 I — I A S TR
F 7o, FRICEM LA O RIS 2 RS OMATITEE L < | KR L L TR ENS
WIS Z D fe O R — Rl 1L, KA Z LT D300 o I VR OE R
FRBEIZ TR < B 30TV D 03 IR B G I 3307 2 I R R R0 70 e B S T SO
{LIRITCBIENZ < & D B—RAMBE TR NITOIL TV D X 5 2 2 TG, SR
HilAE 2 B & 2 S T RS ~ ORI T EiE ECh 5 [0



1.4. HEEE B

1.4.1. HE& R OBE

b BETEERE & LTl < R A S BRBIEOR U < — IRFEM B E ORI
Ff L7z e B ARt &5 W SR A2k 7 & LU TR Bl oidiRs+5 2L T
SRORMMEERKIELZEARETHY , 7 DEREHNL LY EAEEED
720 OFETEMER — AR K Z < M BT 5, iR R I H < 6 AabE T v A0
BREESAMIE 72 & DK SR T 2 AR — R il & U TR W T&E e, — 4, UUF
T2 £ 912, I CTIEBk 2 2R A FESOS A B e i s R STl v | ks
JBR AR A OTEME R E TR 2 I U7 0 BSOS BRR-OTE 1 - B A R B9 298
DG NHINAT DI TV D,

1.4.2. & RBARGEOFHELE
ATE TIE ., BE & 72 E 4 B RO AR 20 U TR AT RE 22 FEEE 4 B b o0 F By 12 o
WT, REMR LD ETLRT S,

14.2.1. @BEOHMEEE L~DHAFFFIE
2T BRICIR s o R BICTEMRE S LB &R AT SR EN L kR
255,
- &29% (Impregnation)!!”!
BRIEOVRIRICHRZIR LT t%, MRS E 5 2 LIC k- Tt 2R B A AR
i FICEET 2 HETH Y iR RO KED > bxb L HWLN D FHiE
D1OTh5D, EOMFLIATE & [ CREOWHK % HV 5 incipient wetness impregnation &
Wl B D YR % N % wet impregnation ([ KB X5, & RIEOREIECRE, pHIZ L -
T, @JEA A OEEA~DOWE DRI DAL, HEFEBHO D BORIEIC K & R84
2%, 2720, @ RO LT a 130 < ZOMAEERITNE Y, £
DI WIRERFHIZ S RFEOEE N E T < | @BHEAZ Y — ) oE o BUHHER U 7 fil i
PAED Z L IT—MRIZEE LW,

« A A 23k (Ion-exchange)!! ™

GRA A EEURRRICRmKBRE e EOA F Y A e b oK ERT L
T, A AU RBUC L0 IEEG B A AR OBEET 5 HETH D, HEFRITA A
VRBBEREOHIFIEZZ T D L OO, EIRIEICHAD EBRIEN S — 127 ) LT WERT
WD, A4 ZHEEZRND 2 EBNATRER R 2R E LR, BT 4 22 fafie
BT HEAT 4 NSRRI A BEIN T 6N b,



- HTHTLEHE (Deposition-precipitation)!”!

& B A B TR P CHARZ B U ALFRISIC RV @ BFEOBME L TIF5 2 & T,
HERmLE CERfEZ Do D TS, R RICtB S $ 2 HETH D, KIFEIR
HCTHEEEZRNNT L2 LICko T @RKEB ) E L TEERAITNSE 5 FIENRD
—ETHY | ROESBICSBEA TS 2 LR FETH D,

BT VRS 1T 0 U2 48R Au T Rl 215 5 72 O ORTEMA DT FIE L LT X
SHOHD P ek, #EE Au ) /7 Rl HAUCL & Au VY — A & T 5 51R1EZ A
WTHHREN Tz, LA L, HAuCl & bR OF BE/ER R < . R FERZIC
FRA7 LI b A A 28 Au T KT ORHEZRHET 572, B2 30 nm Lk & FEH
ICREL 2D MBI TW L2 —J5 0 HrHTLEE Tl NaOH 72 & O R A RN
LCH#Eulc pH ZHli4 5 Z &I L o TKBEERHFIC Au(OH) 2L EH, 2D
Au(OH); Z AR FIGEIRICHTH S E 5 2 & T, Au a2 &0 BB LR
HZEMHARETH D, S DITWEHIZ L - TH 2R FIERENIIEL A 4 2 B0 < 2
EMNTE D2, RN nm OEF Au /R 2425 Z LR AEETH D 2 7=
72U, Au KEEDDHTH ., TER: U722 WSRO/ S 2RI AV S 2 L Ak
EWIHIRBEFT D,

F7o. HTHTLEET Au DS O &R T R ABE O FIBRA OFFRLE & LTH R &
TWDIED, SR KER LY 2 EEERE & T2 KIS b ST D (1.43.1.TH%
i),

- & JCHT % (Reductive deposition)!!’e2!]

SIBEZ ZOWRT THARZHEBE L KFFATVEFT NI LR RT VR EDE
TRl N2 THIK RIC&Rm T /b2 — BTS2 FETH H, REpfHirEs
BV BUE Z NI Al RE e YA E L TGN TV 5, Fixy OE4E T/ k121> Ni-Zn k7
FRADHFFI A WG STV D,

- g an A RETd

ElEan A FORBIZOWTIEL < OBFER 72 SALTE Y | @Y 7258 oA O ER %
BETDHI LK T RROHI TR T /R ) VTR —% G/ T 52 &N
AHECTH 5P T A FIRER ST Ko THARICHEF U, WIS X 2 0B 217 9
Tl TCIRER AR BRE . AROHEESEMIEA S5 FETH D,

- ZURHTHIE (CVD: chemical vapor deposition)!!’!

K LB AZRE SEDHIETH D, WL AW To) | A TORERICE
FoEEMED Y —F o oW, R T OMIEZL BT 5 Z L TE DR A
95, ITFETIE, CVDIEO—2>TH %R T JEHEFETE (ALD: atomic layer deposition) %
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VB Z IS ko T, SRR K o B AU IR LA O R TR T 5 T L 4
STV 2 124

1.4.2.2. S BREOTEMELAHE

TRIERHT L BAE I K » THIR RIZEE(R S e @R ECe B, SRR by
X, FOEEMBTEMAE S L THRET 2560200, < O5G THEEMZIZKT 5
7O DM % LEL L35, RFAV7IEHALALEE & U CRERLER LB SCLEE N 2 T B b,
FR{LFE DA CHERLER 24T 9 Z L IC K> C B SN BREO SR, > v 2 V) 7,
& JBERALY) DFE R DS EETT T 2 L7 el AVER oD 1L EE S0 TR B 13 A SRR O R RO IS
WEBE B2 5P Fi MBHEERENSR T R TR EOBRTINT-EBETH LGS
(I, BT AT O MER D D, b —MRIRIECTIELE LT, R EHKTICBIT D
BULBE T b5, EICiREPEICRH, Hy IREE, Hy AR E0N, REZITL
D ETHERmORBICREREEL G 2 217 20130\ A2 ERP TRV LT L
TR RTV  KFEATEST RNV LR EDECH EIRET D TFEDL L HY
LI Z DA HE A OFFCIRE NG R D A ARLTERE B IREEIC K E <
WS 50 &R OREC HISOSE UGl e 28 IR 5 Z LN EEE 2 5,

1.4.3. HEFSBAMLLDOFRE & Al /EH

HEF G R A OBEREI T, AR R OB EE | AEE S OME | EEE S~ T o
BB T AIC R o THRE SN DN MBENER OB EITHER I S h e R
DEIKTF L, BENSRKEWIZEMBEEESH -0 OTFEIT—RICKRE 8D, LiL,
BENKE SHEBSBRE LY 5 LOMEHEA TS L, Al SR 3 I OO R FE
SEMEOEENE Z VL7 < HEFR R OREREILHAD UMBYEYE S OBDME T 5 7]
REMED & D, IEENE RO MBI TR S B REOE IR A X732 IR T 5, FF
&R EOEIRBIT B OHEFE, HEgOETTOUHEE, A48ick s T RE,
R L OBEFRIZMEEERR EOR 2 2 FIEICL D 2 br— LA TH D, A XX
R bR R O EE I b B L 4R OFHFHESCHEME OB TTALERYE, K L OFF
AANEA DB AT 5, fEME S ~D T 78 vV T 4 13 2SI A2 A+ k%
ANWDZ LIk THIBIRIRETH V. BIEICEBEE 525, 20X )1, RxeEHR
DA G D E D 2 & THEFS BB OBENRE S NLD, I HIC, HFFGBREOLR D
T RO L RFE S BRI A B E IR 5T 2858 055, BRMSIZIE T T
NHOEFEEWYNZ T ha— 252 LB BNHEREZ A T DB 25557 5729
CHETH D, AHTIL, HEFSBEMEEOREICEL 52X A REHZD OB, RE
HI72 5 DI DWW T BRG] & & HIZHT 5,
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1.43.1. HE&BEOHEE
&JET /Rt

F R AT RIZERE 1 nm 225 100 nm Ok 245 L & Jd T/ ki 2 HIKICHEF;
L 7= 2B 2 B S B it o —FE T & 5 (Figure 1-2).2 &@ %/ ki b9 5
Z LIk o CRMICE M LB AR e &R 7 OFEIS ML, V7 O4 )R L1
FIp DN, ALFREE RS, Tk T, BRx efiiE e 2 R I ER S B kL
TS B S A, KRB, AR SRR 09" kR e OIS 3 B g S dL T 5 J2627)

Py LT )R CREEEME B IR VW FEET DB OB E LT, Au BT S
b, Au IZFBRBOR TR OLERILEDO—2TH Y | ALFANTIIARIEMER 7 Dl &
LTCOBBEIZZ LV ERWEBZZ O TE 8 L2 A2 1980 £, FHLR
Hutchings {2 &> C Au xRl - &35 2 & CHBEMER BB T 5 Z L RS,
FEHOIL, &BBREWICHE LB Som XD Au T /R ks 225 —70 °C
EWVIOIRIESMH TICH T D CO DEBLKINIIIEEZ RS Z &2 622 L7z
Hutchings (%, fH¥f Au 7 /R FEEN 72T L o SR LKZE DS DI E = LA X
JMCTEMEZ R T 2 & 2 R L2l ZnBARE, 55 Au - R O fIEAEIZ ST
PACHFGEDMAT oAU, BUTE CIETRAHBSIZIR & 37, Bk 2 220 SO k9 2 flii/E F 28 5L
HENTWD (1.4.4.THib),

BT BT OV A RIAETEECBRINMEIC KR E R PR 5 X5 BRO—DThH D,
P A XN EVNE ERMAEF T OFIENHMT 5720, —RITIIERSRESH 0 OIEME
IR T D, F 7o, MO R RS (STEPECERYED K & 70l B2 2017 D RIS BUR /2 )X
JRIZBWTIE, @B T /R T-O% A X2 X > THREBRE B H - 0 OIS rENZEd 5%
Gt b d D, BIZIE, HEF Pd T Rl A2 WS AR—"E i > 77 ) v TS IZ I
T, BT DOTESRLTITIFET D ARBFE DR E W Pd 7 28EM AR & LTI 72,
A RPN SVIEEEE Pd JRTEdH 72 0 OBHEEIZ KT 5 Z L3 b T 5 Bl
—H T, BRT ROV A RNBUSIEE OV DR ST L, g4 g T
L7 D A RNkt U TRERARMKGFMEZ R T b A b T b, Bz X, 1EF Au )/ kL
FfREZ =T AT e RET I UnbD 0 ZEREAIL 57 2 RAMISIZBWT,
HRREE (4.5-11 nm) ORIROE; Au T/ K725, £ E 0D /S (<4nm) H L < ITK
(33 nm) HEF Au F /R KV ENIEEEZ R T 2 ERREIR TV DL P 2,
Au FRLF DY A XP/NSWIEETFELER D D Au ~DWERERLS . BBEHITH D
O, DWENHEESND =D THD ESNTWDS, £72, &F T/ RO IS b il
JEMEd K ONBIIRICRE LY 52 5, BIZIL. 1 Pt 7/ koAl 2 v o A fafn 7 v
F b FOKFCEIGIZE W T, Pt F /R OfEIENIC K > TREOW AN ZE(L L,
AR OBIRENEALT 5 Z ERMESIHTWDEE ok sz, &R/ hirotA
ADRHIE BT, ZOHEELR TS G M OMRE 2 I ET 2 EERER LR D,
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BES I TAE—

BE» SHAEOBRBIE T ORI, BEES 1om BELLTOLDEXERT /7
T AL — LI, &ET kT E X E NS (Figure 1-2)PY F 7 7 9 24— 3& 1Y
A ZHRNZ L o THEBI 2 =XV X — WS L H T 5720, NV T ORI LT, F /K1
ELRBRDLMEERTZERH DL Fm ook o TRE S FENEIE L,
A REFERBEETHLZERMENTWDS, B, MAbike Kaxy 7874
kN (HAP) [ 2R 2R 745 2 6048 L 7= Au, (n =10, 18, 25, 39) 77 T A X — % HEF L /- fil it
PGS 2 LTI L, ¥ 7 asE o ORI R D AE A A3 O JR T 50T
RESHEBEZTLZEEHLMNZLTND LY TETIE, xRk 5T/ 7
T AZ—DOERTIE, HEFENRRHEINTEY, ZHEFIH L7 GBSO A Xk
FHEZ DN TORFEDNE N2 ZN TNV D P 72721 Bix 7o fiFi4 8 )/ R 1l gt
INEHRVEROHT LG 70 & CHLER L =SB RIBRA A2 Hy 02 O oA CUE T 5 =
X o THBAE G IR ATREZR Z LIk D & 1SR T/ 7 T A X —fitiitOH
I L <. H O UDFREDORMN T CTREH R EZHNWTTH ) 7 7 A2 —%EEP T
U 72 IR BICHEF 2 FIESCKHNT HEE WD Z &R — iy Th 5 P47
F7o. WG L EME, BRMEOBRR SIZOWTARSA L EL . %D L) —EotE &
A IR BOS~OBEHANLEEND, £7-, SR04 X2 L0/ FTH2 LTk
S THHRIEEZ BB ST S, b L <32 SRt 7 5 & o le T mtkic sy i,
ERAEHRET & U CHAE BICE S Lo oW T b 5% < o R e St Twn
% (Figure 1-2)P*3 BUEU7-AllE C I3 R SN2 SRR T R OB E R & 72 0 9 5
72, BeROMEHEEBROBL AL bIEHZED TN D,

single atoms nanoclusters nanoparticles
(<1 nm) (1-=100 nm)

, ,
: :
/ /

y ’
0 9 4 . y
S ey Y
/ /
9 9 / /
: ;
I, \) I,
/ :
) ) ! @ !
I' Il
/ :
/ :
: :
: :

Support

Figure 1-2. Schematic illustration of the various types of supported metal nanostructures.
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& BOEE

THEL Eo@REEST O EICLY ., AeXaT v, EREIbEMRED
F KA, TV TAF—E L CERHEAHEET L L ARETH LS B o&EE
BELLEGAICB T 2RAOMR L LT, HEOERBENZNEIIGDEITICE S
TET U TARE | BREMEEDEWVICL > TEBRTETF MR FNENDE
TRENENT DY T RHIRBZET LN b 0 RERSCEROJR 1-ELFIZ1 L
RECE ST H—DOE&REAWTGE & I3 B D ABEEEN BT 5 2 L3 b T
WA B X U B REREAEEMIC K& < BT UG E LT, HEF Au-Pd &
G )RR XD 0 LA L § 5 7 L a— L OBALEIS T 5 A Au-
Pd 547 /R F X Au & Pd ZZ N Eh) 2Rl & UCHEF LML L 0 HENT
EVEZ RS, AudPd KD b REREXEBEELZFT 5720, PA0D Au~LETN1E
LT Au NETEERIREEL 2D, 2B O, ~E G LT rva— v bica%)
IRV Y Fle EOIEWBRFEOTERMEESI NS EE X BTV 5D,

& JE KLY

BT LIRS K o TRJB KLY & & 50 BUCHERE L7 & OVXEF &R 7/ L 7 fidi i
ORI E LTEL WL D2, 1R SRR E O b Ol & L
TEK Z EMKE, IO BIZE > TR EN TV 28 G0 i s - &8 Kiig
BT —oDEIFBY A MTA AR E T L AT v RN RS20, 2h b
ORISR ERAT LTI ra—, 73y, = b, RT VR U7 g
PEAL3 5 Z LB AEETH B (Figure 1-3).* Z 2R H L7-10EF Ru KE(LD iz X 5
TNAT—=ABLOT 2 OBRLIERL= F UL OKFIRE W HEE Cu KER L fili
WCEBTAXRLOFRED TN U TRIGRT Y KD 13- A (NBRAL S G 3 41
Ff Rh AKERAEWFRBEC XD TV KRR A E T I KOS EAME ST
W5,

alkoxide amide n?-amidate acetylide

Lewisacid B db Rl><R R'>(R i "
ewis aci ronsted base

¢, OH H 5 H™ \H HN\"‘/O /

“M — M/ e M M

Figure 1-3. Activation of alcohols, amines, nitriles and alkynes by supported metal hydroxide

catalysts.!*?
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1.4.3.2. HFFEBE L HIEDOHEAEN

HIRIEEE B L Rl L2 T 5 & & bic, Mt RoBW - A TEE .
KIERE, MG & 2 HIES 2 45%E 2 Rz 3% ALOs, SiO,. TiOy, CeO, 7% & DAL
Mrmb R HWLIL, ZOMITTEMER R EDORFEHMECHR Y v — Metal-organic
framework (MOF) 72 & % FW B350 53Ty 5 29 FERG B fE & FR O I3 BAE
FIMFAE L, & OFESR S LR - RO A G DEIC L o ThEx Th 5204 KRz,
EBe R Z TiO2 X° CeOr. NbOs 72 & OE U AIZHEF U 7 il it 4 &R (> 450 °C) T
BOCER L2 GGIC, @R EHARORICRVCHEERRAE T L Z 0 mbn Ty, 2
HU% strong metal-support interaction (SMSI) & FECY, 2 < OAFFEN 72 ST 5 ) it
TEVEIC BT 2REBMRMAEIEH & LT, @R-fEM o ERMBE Y Rk 28
LUWHOTEER ) JRIC X B BB RLF- O 7 > —2h B4 SMSI 12 &k 5 & @k 707 =
L—yarWhanxfonsg, 2ndohi ok CbgiERm L+ L0 H
AUE, WZRIEDER LD 2 L bd 0 | HEFE R & KO A % B BBUSITIS
U CHRISAICRIR L, fEORRG 2175 Z EREETH D, HlxiX, < OHFEE R
E R U7X ) BMBEERZAET 2HEOHE LT, CeO 2T HiL 5, CeOs 13 Ce(1V)
& Ce(IIDITHRT 2 e i iR et 2 L, BRI AERESZIZAELT 58 Z ofek
WX, HESREOEHREICREL 525 2 L0 BRI L > THESR
FaT o h—32Z &P mohTing,

1.4.3.3. HIEDOLFRREZFI R L 72 fgt/EA

HEFEBRED 270 59 RO 2R 2 BRI AR RO ISRV 2 & b AldE
Th 5, BRBACHIROR T 2 BRI R b B <RI S5 RO R T
& 5 [P RO HNE & RS B OMBIE 2 Z N ENBRNITIERHSE S 2 &
LT, AT v DO EINDOIRIEE Y Ry NTITHO 2N E 2 D
(Figure 1-4, a)2 Bl 21X, & HSIFRVELEREZHET D4 Re /L4 b (HT) IZ Ru
ZEE U L AT v a— L Em T LRI E T 5= MU LD o-T IV F ALK
JEEHAE L TWAHPRRUIZE DTV a— Ot HT ORI X D57 v K= HEE
Ru (2 X% op-Rfafi= kU /LOKFBEDBRENIETT D 2 L2 X > TR ERET
%o O, KO IS & SRFEN SO —2>D AT v FIZRIRFIZE G- 5 {251
kiR & %0 & LT b (Figure 1-4, b))

(@) (&) (b) . B
® 2 6 "o0 e O

B W|eta| B Nletal
asic site S asic site S

Figure 1-4. Schematic illustration of (a) multiple catalysis and (b) concerted catalysis by metal

and basic site on support.°'
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F iz, HEROBLETRHEN SB35 61 6 ST 2 15 K52 0, G-
T HHEKROBRIRT Y A 7 VEFIRAT 5 Z L& - T, MUSEEND 0, ~OE 1)
b L, BAESS T D ARSI 2 1 B35 2 E B R[RETH B (Figure 1-5), i &
LT, B8k (FeO,) fHEE Pt filtlitiz 1 25 CO DERALEUGPI0, ~ o A (b (MnO,) 1
FECufEic K27 VX DFREN v 7Y U TR EPPERETF NS,

R'-H + R2-H Mn+2)+ [Support]o,

R1—-R2 Mn* + 2H* H,0 [Support]req 1/2 0,

Figure 1-5. Oxidative dehydrogenation using O» as the terminal oxidant via coupled electron-

transfer reactions.>*!

ZOXoT HEeREMETIIeR L HEEKO TN ENDA T DEEEL 1 SO
FBibT 52 LICL o T, ZRRRPUSERB LD EEZM ELZD T5 2 LA HEET
HD,

1.4.4. HFESRAGE % AW 2 IREE B S
FHERS BRI < S A LT 7 v 2R BR b i e & SR I Tkt B AR
—R il e LTSN TE I, —J7, DR - BINAE S THY . Bk L7z kD
R URy FEARMISICBIGHTE 578 LW ook x RBREFMA S EZHT5 2
EDD | I TR B AREL 2 W B A RS O BT A < AThiu T2 P
(2, BKEERE BY BRsR L D5 KFEEBO 2 O KB ERER AR A, S -2 I A
M) —DBEATLVENLLETICBWCERT 2 HESBABEOBRE K Z < Th
NT&Ez, B TH, T a—LOBERILRISTHR S % < ORI ST D RISD
—OTH Y, Hx oS RGBSR STV 2 5557 FIl 213, HEF Au T/ R 1-fid
BEIARE - ARER R D E S T TV 2 — VB LSBT IE M R OSSR IR M 2 R 9~ 2 &
DET STV D (Figure 1-6, a).P% F72, fHEFAuT /R FIC K DT a— oI Tk
B—=)L T IV ~NIT I T NVOBBBIESIEAT v T O—2E T 5T AT N
7 2 RN AR b s STV 5 (Figure 1-6, b), & B2, /IMESH X Au-Pd A4
F RN U EREGIRY) v~ — =R T T v 7 OBEAIR (polymer-incarcerated
carbon black: PI/CB) (Z[E E(L SV MEEIZ L5 13- v =fbEam & T UV v7 v a
—VORFERIL L ~ A IO 2 2T A6 & 8 LTz (Figure 1-7)[62 KTl
Au % Pd LAEITHZLICE o TT VATV a— LOBREBLS IR T
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TRHHRMHEIT L, SV TRY ~—EDORUFEREIC K > T~ A ZFAfNMEE SN S,
SEOEALE LOHEOR T HEEAZFIH L TR Y | i B & Cliok
FHEZIE D LT & 7> T B,

Z O XD BRI ERREESUNT BEELRT 7 A 7 I ANV XDEIZIB N T
LIS EAINTWEOIGETH D, BmEORELZAVDL T a2, FEANEEL <
SBHEOIREAD Y A7 2402 58— R M2 W5 7ot 206 | SR AR 2 v
L7 A~DEBEN SRR S5,

(a) Alcohol oxidation by supported Au nanoparticles

Au NPs/Support O

o 120 i H,O
+ +
J\ 2 O, or air R1J]\R2 * R1JJ\OH 2

R" "R2

(base) R2=H
First report: Rossi, et al. (1998) Oxidation of diols by Au/C or Au/Al,O3
(b) Ester and amide syntheis via dehydrogenative oxidation by supported Au nanoparticles

(i) Ester synthesis from aldehyde and alcohol

Q Au NPs/Support J(J)\
—_—
R"” “H R20H, O, R" “OR?
R?0OH
hemiacetal
oxidation
OH by Au
R1J\OR2
(i) Amide synthesis from alcohol and amine (iii) Amide synthesis from amine
1 i
Au NPs/Support 2 2 Au NPs/Support 2
R'IOH ———— R N’R RONF ———— & N’R
HNR*“R”, 02 R3 FI{?’ HZO, 02 R3
alcohol hemiaminal amine hemiaminal
oxidation oxidation oxidation oxidation
by Au by Au by Au by Au
o 263 OH OH
HNR“R 2 o) H,O 2
-R . .R
R1JJ\H R1 N R1/§N R R1 N
R3 R3 R3

Figure 1-6. Examples of supported gold nanoparticles-catalyzed oxidative dehydrogenation

using O, as an oxidant, (a) alcohol oxidation®® and (b) ester and amide synthesis.!** "]
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ﬂ\/U\ _PUCB-Au/Pd/B Ré
o= R°

alcohol Michael Addition
Ex:;latlgf; by B (Lewis acid)
y Au-
0
R1JJ\/ RZMR‘t

R3
Figure 1-7. PI/CB-Au/Pd/B-catalyzed sequential acrobic oxidation-Michael addition reaction.[*?!

Pd fitfiElZ L2 7 v A0 v 7Y oV RORITA MR C-C RGBS TH Y | EHEHR
T AT IHNVADERICHER SN TN Y BJ—RD Pd A% W5 N %
KZEHOLH—FT, #HF Pd 7 /7R XA RIS b HE ST a8 72720 1
FFPd T /KA DA —ROMEERE S L TEI< & FRSNTWDEE L #HEF S/ Pd
F 2RI OHEM Uz Pd DS EOEMEME & LT < & ERE SN TV D HE O A
FAET DI i K< WD IHIR S TV A IEMRICHE; S L7 il (Pd/C) @
1Z70>, fEx OGBSO Y B ER RS T DMBHIC L DMAR-ETH L v T T
Bt i BAR—~> 7S, WEAT v 7V > 772 ERHE STV A8 il 213, EieAR
DILEIR, BN 17 U —, 7V 3 — LK OIRE % 3 2 BREEAIE O m VSR
BWT, PACIZE > TEAR-ET T v 7V o T RIS RANHEITT D 2 & 2l LT
W% (Figure 1-8)1%1 & 7= Conlon B IXEIHMLAKOTRIK L 257V —LT LT R
DERIZ PAC IZLDEAR-EH A v 7V > VIS %E AW TV (Figure 1-9)1%1 Z o
HTIE, WL Pd @75@%@{%@@(%5 ERHLMIENTWS, Ll #—
F O Pd(dppHCl Z FHW T2 5B 1T IT AL AT Pd 23 3500 ppm, BfZF D dppf H12RD
Fe 73 1160 ppm 77 5 — 77““(\ Pd/C W2 Z &12 K-> T Pd OFEE% 10 ppm LL
TR SED Z ENAREE 72> TNV D,

R/— —\_R' 10% Pd/C R/— —\_R'
~ P ~ Pt
L+ o ) e AU
EtOH/H,0
r.t.

Figure 1-8. Pd/C-catalyzed Suzuki-Miyaura coupling reaction at room temperature.*”)
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A\
520 S

.0
~0 H ~0 o
o Pd/C
+ —_—
: e (OO
(HO).B DMF/H,0
7\ 80 °C 7

Figure 1-9. Synthesis of the pharmaceutical intermediate via Pd/C-catalyzed Suzuki-Miyaura

coupling reaction.!*®!

—H. TV —=v I AN —OBLENGIX, XV SEEREAERKNE EBT D Z
CIZEST, TRNETERVBEVIRTFIIELA L, = F—RFEC L > THAL
B DOE R E FTREICT A AMEEDBIFE A RO LTV D, FRIZITFE T, 1.5. Tk 5 &
IR C-HMEB ZEZBIDRE G~ BT DO IERZED TND, L LR B,
Z D XD RGBS D% VT RS 2 N TIT DAL TR 0 | HERE R i A
W BONENT D 72 < S OFEN L EN D (1.5.7. THIR),
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1.5. fltEy 72 C-H /4 OE#R

1.5.1. C-H f5 & EH i D EL

PEde, IRFIRFERED (C-C D) RRFE-—~T B JFT (N,0,B 72 &) i & & Bl 1T AL
TAHFEL LT, XSO EWRZE- e T Uk 2T T DA 0 5 A A e,
RFE-BBECEAT DAHEBLEDEFIHT DAk~ 2 ZE SR AV BT
X 7= (Figure 1-10, a)'%7 2306 O FIEILRINWIC B ORES 2R T 5 Z L B A[FET
HON, GRS BILEMSAE N2 T ACEMER/DT2D O TR BRI LRSI L 720 |
KIS AT > TENE L BEDHLEL DO ) — 7 I AN —OBLATIZEE LW
FEEIFE RV, —H T, ARILEMIEZ AFET D C-H 6 % — B TEIRm
(2 HIOFE A~ & B 5 BUSIE, RERIEIZH AR TRIE AT v 758 X OB »ED
L. 7= A M) —0B S TEE LWV (Figure 1-10,b), T D7=, ITHETIX C-H
FEA DA LD SOSCH IO FE R AT O TR Y | A RILFIC BT
D R &E IpWFFesEl & 72 > T 2 o8

prefunctionalization - (catalyst)
‘ ' - R ‘
@) X = halogen, metal, etc [R]
C—H (b) catalyst C—R
substrate [R] " product

Figure 1-10. Schematic illustration of methods of C—H transformation, (a) the classical approach

involving a prefunctionalization step and (b) the direct approach.

1.5.2. C-H f5 & DB L Al Ft

B, SR X > TROSEDIRV C-H fEA 28I L. BOG T RACEB IR EE IS
BWTIRFZ-LIBFES (C-M #EE, M =metal) ZEK T 5 5Ui % C-H iEMAL & FES 4
BIZ XD C-H iEMAbIE. () BRLIIAHIN, (b) o-fEG A X A, (¢) REEHRDO =>
DX A FITKBIS 4D (Figure 1-11)19 B a9 N 78 E 72K LA O 1% 1ER 4
BTEIVST L, RAT ¢ VBN TR0 N-~T B IR VX (NHC) Bfi 1. —JED
ERENL 172 E OB GO S OENL 712 Ko TR S LD (Figure 1-11,2)19d 1
bl VEBEE O R ER SR ITBEINE R Z 3 2 L IETE 20D, o-fiH A
A AL 5T C-HBAZEMLT S Z ENAHETH D (Figure 1-11, b) [0 F 7=,
A BIOEOBTRHEZATIEED o-fEE A XU A LHHB OB (o-complex
assisted metathesis: 6-CAM) |2 X » T C-H G 2{EMHLT 522 LMo LT
% (Figure 1-11,b)[™ ZAUIXZEEEIZ o #5E DEUNL L o-E R Z HREIK L T2 ETH D |
—HBD C-HAEA DR 7 FALKIE H-D G 7e Sl BT DS HE S L TabhT
W5 ETRE e @R B O % IESR SR CIIRE T ERRICL D C-H STl
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PEAT L0770 (Figure 1-11, )™ E72, SREF-EHIC S BN 723 BE5-9 2 2809 2 &
JAL-Wi 7" 7 K 21k (concerted metalation-deprotonation: CMD) 72 KD/ N =—3 5 L3
5TV 5 (Figure 1-11, ) LLED =D % A Tz, &g 1 v~ O C-H fEH ~
DA —B LI K DRFET VAR 7 & CH G 2B, £
BT 2 FEO—DTH D, KGHEOK C-H A& EEART D6 KRBT 5720
21X, C-HIEMEALD AT v 7% RN HET S 2 MO AR b EE TH H, b
D X 51T C-H B OIEMHEAIZITR A RIERXDRH Y | R T 5 CHAEFOMEESED
BOSITIS C Tt e @iz @i L, E RO RE A BEICa s fe—135 2
EMNETH D,

(a) Oxidative addition

— t
C—H C—H G--H H
+ _— —_— \ S —_—
. Y C—[M]M*2)+
M " 0k i
(b) o-Bond metathesis
C—H cTH cHT H
+ —_— | _ = 1 .\ ! _ = | +
M]"—C [M]™-C' M- M™ C
(b") o-Complex assisted metathesis (c-CAM)
t C
C—H CTH, CH | ¢ M
+ —_— l \\\—> \v,/+ \\ e [M]n:—l - = | ++
M]™—2 M=z M]™-z z Mz
Z=H,B,SiC
(c) Electrophilic substitution B
Y
C—H C—H<+/ .
== | C—MXyy + X + HY
IM]X,, MIXn-4
X
(c') Concerted metalation deprotonation (CMD)
H—C H—-C !4:—({ t o
3. VX 2 RO
0}

R

Figure 1-11. Three classes of mechanisms of C—H activation.[®*

— 5 BPEEOEW C-HF SIS LTI T 7 b 2o TC-M A 2T % BUS
b, C-H #WAEHRPIED AT v T DO—2L LTHRIHARETH H, REWRHIE LT,
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C(sp)-H fE B OB Z (LS WEE A » 7 ) 7 vz b5 b (Figure 1-12)79 7721, 2o
L RBHEEOE W CH GO T v b 20k 5 A, — iz TC-H ik
ITEENR,

[Pd°], Cul
R——H + X-Ar R——Ar
R'sN
CuX+R'3N [Pd] [Pd]
+ _
R'sNH X
R— [Pd]—Ar

Cu + X—[Pd]—Ar T R—

CuX

Figure 1-12. Sonogashira cross coupling reaction.!”®!

1.5.3. C-H & & DEH T I 5B

W, S EEIISHO C-HEAZA L TEBY ., BO C-H 56 O A% (L EER I
[ZIEMEALT D) A O EERMRECTH D, C-H FEGITRFEF T ORKIEIZ L -
T C(sp’)-H. C(sp)-H. C(sp)-H & 3 FIHICKBIEN D08, TNHLDOFTHEEET 5 H
RSO Ko THEIZR L D, C-H fAEDOMIDIRED—> & LTI~
/L ¥ — (bond dissociation energy: BDE) 23% (1 H 4L, & DK E S (X C(sp)-H > C(sp?)ar—H
>Qw%m%bqw%H®@k&éf”Lﬂb&ﬁE\%%éﬁﬁwmiéoH%ﬁm
IZBW T, —f&IZ Cspd)-H FEA LD b CsparH Fif & DIEMHAL MBS HNZHEITI D
ZENHBINTWDIPT Z i, CspHarM FEB DY C(sp’)-M FEE IR TEWEENM
EHET DLWV BT PRERICI A, FERO n WLl & 4R ORI BEAEH 23 FE
L. 512 CspHarH FEED FMVIKEEN NS EERT 7 8A LTV E VST
R ERAEBIC2 > TWA 2o X5 Ic&BIc LD C-H A OFRME Iz
T CHBEEZDObOOWHEDO A b3, KIGHEE L &R OMAER T Efkx 7o
%ﬁ%@ﬁﬁﬁ:%@%ﬁzé — T, BMEOREW C-H #A0l 7 a ka2t

A, B L7 CMD O LD IZKFRFA27m b LTS 556121, C-H
F/\OD pKa D EUGTEDFREE D —DIZ 70 % & 2 B 5 [0

BPWEZHIET 2 RE\W R TFIEE L CRIMEOFIAN T oD, Bmfke X, ~7
REFEGURMEEZ AT AERERETHY | @RI T 52 L TRED C-H &%
G BANTUTHE S DB A 729 B0 1993 £ ICATHE B I & o TH—F Ru filltic & 555
%#%ymomﬁm%@7w7V®HMﬁﬁﬁ%iémt@®m1BW‘*@ﬁif
X, 7 b OANAR=VERE AL E 72D o o AR C(sp?)-H IEHEAL 3 EITT 5,
ZHLIRE, BermEEE W THERBRO o if C(sp’)-H fEd 2 BRI LMW 5 FIEN S
<EEENTWDIED, HFEERO m AL C(sp’)-H fEE°. C(sp))-H fit &84 50 b
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BN TWD B R EE2 R T 5 2 LI X o TEWMESIR M4 EER AR — 5 T,
TR AU WD BRI i@ﬂﬁﬁw)%]\%i()“%%ﬁ@%? T WMETH DL, D=
BT v AR E B Z T SEICE, BIAEROF IR PR OK FIZ o7 R, C-H
ﬁa£@®ﬂﬁ%ﬁﬁooﬁ%fi\Mm%%%wﬁ_%m®cuiﬁé%£@?é$
EOWZE LRI TbiiCn 5 8

R R
RuH,(CO)(PPh
r2fl A o, g uH2(CO)(PPh3)s X o
|
& H = R3
[Ru]
R1
[Ru] 7R
\~ - R2_| N \/O
|
/[pl
H

Figure 1-13. Ketone-directed ortho-alkylation by Murai et al.'®"!

1.54. BRI 7 vzxB Ty T

AETIXC-HAEEDOEWRZ D KISOF & LT AR Y o 25 v 7Y > 7 (cross-
dehydrogenative coupling: CDC) (ZDW Tk~ %, —fixiZ, CDC XAl kFET 7 &7
B =) DIFE FIZBWT, 2 20 C-H #E D0 v 7V 72k » T C-C fEBEBART
LT D, Hx BB RMEEEZ AWM Ax O C-H ST DS HE S
b\éO[SS

1960 LY, BRI O I3 —% Pd filiC X 55 FBRO Csp’)-H G LT 7
C(sp)-H FAEDOBAFZ Y a 21> 7V v VIS & #is LTz (Figure 1-14, a) 3 ARSI
FREAID Cu & Oy DAFAE T T, B A~y 7 it & B ORI > THEITT 2,
I TIE, K VIS TIZBT 2GR, Pd LSO 48 2 il & 3 2 KOs, Bom ki
%ﬂ%btmwuﬁﬁmﬁ%&oﬁm&&;%ﬁﬁ&47®%ﬁﬁmﬁ@ﬁ%éMTw
238 G 21X, Yu B % Pd itiiC K 5B REIEEZHET L7 L—r D m (R
%&ﬁv74/m%ﬁ%btoKﬁﬁiﬁﬁ&lwm@@%ﬁ%??ﬁﬁb\Qﬂ@:
EDILELAI S A ETH 5 (Figure 1-14, b) 5!
%ﬁﬁmqwﬁHﬁégﬁb®amiE?U—wmA%mﬁﬁ%ﬁ%ﬁAﬁ%&L
THEAIN TS, ZRETIC, BAEEZ AT 28 E 2 AW KERCE T EERT L —
VEBFARRT L EBRGT D RISHEIZE—F% Pd itz iof%ﬁéMTw
% (Figure 1-15),33:87]
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(a) Fujiwara et al. (1969)

H Pd(OAc), (cat.)
©/ H%\@ Cu(OAc), (cat.)
+ =
O, (50 atm) O
(20 mL) ACOH, 80 oC
RZ O
R‘L@)\/U\

(5 mmol)
b) Yu et al. (2009)

)\/U\ Pd(OAc),/L (cat.)
O, (1 atm)
2 mL) (0.6 mmol) Acz0, 90 °C

Rq = CF3, COMe,
NO,, COOMe

Figure 1-14. Examples of cross-dehydrogenative coupling of arene and alkene.®*%!

a) Sanford et al. (2007)

(I
Pd(OAc), (cat.) NT
benzoquinone
X
| R
=

Ag,CO3, DMSO
(65-100 eq. ) 9235 e

(b) Shi et al. (2008)

o)
1
R~NJ\ . H N Pd(OAc), (cat.)
~oH Pz Cu(OTf),, O, (1 atm)
R2+ EtCOZH
P (~10eq.) 120 °C

c) Su et al. (2010)

Eo N
R2 Pd(OAc), (cat.) . P
CU(OAC)z, N82CO3
PivOH, DMA ]
(45—95 eq. ) 110 °C R F
F

=F, CF3 OMe,
CHg, efc.

Figure 1-15. Examples of cross-dehydrogenative coupling of two arenes.!*!

BHEIFTICHHET D Csp))-H a0, XU INMNLReT U LD C(sp’)-H #EE Tl
A F UM RES 7 O VHEE BT S CDC B ST 5 50 fi 2 13, Li
51X CuBr Z fiffit, tert-butyl hydroperoxide (TBHP) <X° O, 8t A & 357 I v & FE &
9% CDC % ZHeE LT 5 (Figure 1-16) %
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(a) Li et al. (2004)

A N/ CuBr (cat.) A N/
r— _
_y TBHP TN — R
decane
100 °C
(b) Li et al. (2005)
H
CuBr (cat.) N.
N b R!
N, © 7\ TBHP
R R? T decane J A
H 50 °C RZ’\\ NH
(c) Li et al. (2007)
R2 R2
R1_N . N02 CuBr (cat.) R1_N/ NO,
>—H H— . 0, (1 atm)
R3 R HZO R3 R4
60 °C

Figure 1-16. Examples of cross-dehydrogenative coupling of C(sp’)-H bonds adjacent to a

nitrogen atom.®”!

1.5.5. C-H &~ 7 R

EAR—ET T v 7V TR DRSER E C-BREA AT 5 AR Y FELEmOA Ak
WEED & EBIT, xR C-BRATERMISHEESNTEZ, 1 Th, C-HfEE%
EHERUFT ORISR S Y TV TR RO R C-B GO FIETH Y |
Py — R BE Al 2 v DI AR 2 A I SOS 3R STV D P R T BERl L LT
Fa—AKRF L HBpin) REDOE RrATF L, EXA(FEFaF— h)VRn
¥ Bopim) R EDT AR NI HWOLND B FeRT 2R UR{EAlIE T 25 C-H &
U HFCSOG T, HEOKIETYH Hy 07 & LTHKE S, BILAl (kET 787 H
—) BHLEL LRWEANREZ W (Figure 1-17,2), 240X CDC 72 ED C-C fEATRG &
TR CH AR THEMSIST Ha 41 & L THKE LIZEAIC b BV 209 A R Tk
RN THLL — T, URuerERURLAIETDH CH B YRILISIZEBWT
X, ®ET D RrRT UBEIAET D 2 & TRIGHHEITT 5 (Figure 1-17, b), S HRIC
LoTE, BlIAELZE FaART URFHOEFRUELAIE LTEBISEALH S,

(a) C—H + H—B(OR), R—B(OR), + H,

(b) C—H + (RO)B—B(OR),

R—B(OR), + H—B(OR),

Figure 1-17. C-H borylation using (a) HB(OR), and (b) B2(OR)4 as a borylation reagent.
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FEBRD C(sp’)-H A DR U BN TR B L < OFER S TWDH C-H AV HE
LS T o 5, 2000 FRATEN I — % Ir $5KS° Rh S5 % W7 il S A3 Smith 501
R0, A Bl - Hartwig 5P Ko CTENENHE S L7z (Figure 1-18,a,b), HTH,
A1 e B - Hartwig 12 X > TR SN Ir BRI OW TR e 08 72 ST
W BB I It Y — A & L T [I(COD)YOMe)] . Bl Az F & L T 4.4 -di-tert-
butylbipyridine (dtbpy) % V2 fHAT BB BRI 2R L, SIBSM T ooz
FOSHETT 2 2 E BB E 72> TS (Figure 1-18, ¢) 2 354 Tl Ru <° Pt DAL,
Fe, Co. Ni, Zn 72 & O 72 4 )8 2 AV 7o il R 5% %%&ﬁbéhﬂ\é (Figure 1-18, d,

LM DL EDRITIBWTE ) B P U2 HE L LEEBAITIE,. miKkE p EDiR
BN TEREERME L TEOND, —FH T, @Bﬁﬁé%ﬁﬁ“éﬁ %ﬂ%u\ LT HE
BRDRFE D C(sp?)-H Fi &% A U FALT 2 Bt b Bl S T 5 e

(a) Smith et al. (2000)

R Cp*Rh(7*-C¢Me R
N\ )—H +  Hepin CP™Rh(7-CeMe) N\ ) Bein + H
150 °C
(b) Ishiyama, Miyaura, Hartwig et al. (2002)

[Ir(COD)CI],

R—= b
. _ bey
H + 1/2Bypin Bpin + 1/12H
\_/ N Q P ?
(c) Ishiyama, Miyaura, Hartwig et al. (2004)
R/ — [Ir(Ol\get))(COD)]z R
H + 1/2 Bypin _— Bpin + 12H
\_/ 2Pinz 25°C \ / ®° ?
PPr,
(d) Chirik et al. (2014) / \N-Clo-CHZSiMe3
"t v 1zep PPry R i+ 12H
2PN, —_— pin 2
(e) Itami et al. (2015)
Ni(COD), R
R{= PCyps N
H + Bopin _ Bpin + HBpin
\_/ 2Pine 140 °C \_/

[91a,92a,92¢,94]

Figure 1-18. Examples of undirected C(sp*)—H borylation of arenes.
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FHEBRD C(sp?)-H #EE DA 7 FRACEUE Dk 2 2 i SR RIZ K > TERAINATND

Z LIRS b C(sp))-H FEG DA T FALSIE DA T D 720, B BRSME D
VUNML (B2 ETHR), a7 a P 7o T U0 CspPy-H S DR T
FACSIRZ DWW TIEE N TN — R 2 WGP EE R S Tn b, E7o, Bl
EERNDZ L2 > TRED Csp’)-H FiGE RV EILT HHNZONTHEHR DI
TNB PP =T RERHTARLHMPIE L GEND VT ARIBHIET Vv ®
C(sp’)-H &G 2PN AR U FLT 5 SOGIE, B8 TRl 72 U & & plif b i o &
WMEE A~ LT 5 FEE LTI ToH D23, C(sp’)-H A O S DR & 0m R
HE OB CTEHES FE A EVY, 2000 FEHTHIC Hartwig © (33— % D Rh $5{K<° Ru g4
I EDO A7 X2 7 EOXKEE Csp’)-H e OFR v RIINZENTHD Z L2t L
7= (Figure 1-19, a, b).°" FIT T, Schley HIZL > TV E Y DT I/L—)L A K 2 % BlfL
T & T8 —F I SEEPNENTIEMEZH T 5 2 LB HE I TV 5 (Figure 1-19, ¢) .

(a) Hartwig et al. (2000)

Cp*Rh(n*-C¢Me)
R~y + 12Bping ——— R\/\Bpin + 1/2H,

150 °C
4 examples
(b) Hartwig et al. (2006)
Cp*RuCl
R\/\H +  Bypin, _(CrRUChL), R\/\Bpin + HBpin
150 °C
6 examples
F
(c) Schley et al. (2020)
Mes)Ir(Bpin)z]/L -
ROH  +  Byping [(Mes)Ir(Bpin)s] R Bpin + Hepin L =
120 °C X A
13 examples | |
_N N~

[97,98]

Figure 1-19. Examples of C(sp®)-H borylation of unactivated alkanes.

E=/LED C(sp’)-H G % C(sp))-B fE A AT 2 FURIZONWT b, Y—RbtiAfih
BEE AW ME R EE STV D (8 3 ECHIR), 24D ORISIZIBWTIE, g
HRETHLIER-KRURBEE~D C=C FHEOBIIFAL B-& NI FREEA SR LT
C(sp-B BN EN D, EDIh, —MAIZIE TC-HIEMA L) ITIXE Ehien,

VLbED Z 91T kRkx 7e¥)— ﬁ%ﬁxﬁmﬁiwﬁu\f: C-HARUHZIEAME STV D
FHRERD C(sp’)-H B DR 7RI HOWTIFEFITE < OMBES SR BTV D
N, TNLSD C-H 7 FISIZOWTHIREIER EOBEMECTH 5, B30 55
D TREWRISHIHZ < | E 8748 B RTERIK & B 7 O/ AA DRI Lo T, FbE)E

DEIRECENEREZ T2 Z &M THEL 2> TV D,
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1.5.6. C—C f& A& DA RS

SN THEST 2 220 C-HfEADBAKFZIZ L > T C=CHEGETMRT DEE ., C-
H &G DOERAZ LD G D—FETh D, HARFIZEL AFHET DT VI U b AEBALFI
BIDMEREY @WA LT 4 v ERBEESEDL FIEE LT, SV T 7 I VRGO IR
5T T 7 AT I N AERRERBARICBENTHEBERMSTH DL s
[E AR & F 7 SR SE T (K9 500-900 °C) 1281 % Ha 43 1 D BB % £ © KA S 03
HOENTWVWAEN, ZEZ NS F Ly ZFANRB U AF LU ~DRG D
fli72 5y 1~ IR 5 v 5 1

WA ARICB W TR, KFET 77 H— BBILH) OF-GFFTRIGEIT) Z &1
Ko THEMBEFREE T TOMISENER L TWD, v Iutrxrnbyruat s
Y ASORBIKRERINT, e b %< OIFER 2 SN T LIS TH DI FRokET 717
% —& LT tert-butylethylene (TBE) & % %, BiAKSE ARSI 2 5H0 95 72O D
Ry Fv—7 L LTHWLRTWD, TBE X “EEASORMALNE Z 59, tert-7F L
FEONRREEIZ L0 EA~OBAENE Z 0 IZ Wi BRI KET 7872 —L LT
FN 53TV 5 0 Crabtree 50 Felkin 512 & - TH—F& Ir $EADRAKLSICAZ TH D
-l &b)ﬁﬂjéiﬁb\“oz Z D1% Kaska & Jensen 5125 - T PCP A Y —Efr F2HT 5
Ir SERDNRRICE IV T Al BBETE P 2 7R3 2 & 3t S 472 (Figure 1-20)' S 51, B4k
—BIFNL T DF 2 — = ZN K o TRMETEME O[] B3 5 41T 5 101

PBu

|I"H2

H P'Bu H
+ /ﬁ< - + H
H 150 °C

Figure 1-20. Dehydrogenation of cyclooctane to cyclooctene by the PCP pincer-ligated Ir

complex in the presence of TBE.['*’)

BRT NI D 1-T I o ~OFRR 72K E S E, KD C(sp))-H fEA 7210 %
BIRANTEMAL T D MEN B D Z L ITIA AR D 1-T V7 o DEMEEREZ V5D
7o, I aF s B DOBIKFRIN S EEA @ WL I PCP AL L — L
TEHTDH It SEHRPMBYEEEZ G T2 ERHLNER-oTEY, Vo —AlF LT
DF a—=0 TR KEFT 787 H—OFEFCREDETIL Lo TERMEA [ L3 53
FRMITR SFUTUN D 01010 g 7 iR — T VRO 3T X DT BRI EET S
CC #EBDOPAFZIZONWT S PCPRIE VY —FNL T2 HT 25 Ik SRR HRTH D Z &
MHE SN TN NI 7272 O BEEREZ A Ly IV B ~0mAIc &
EEoTn5D, ZDLIHIT, PCPAEIY U —FNL -2 AT 2 Ir $HEIRIIARIENEZ R C(sp’)-
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H #&G OIEMEAL 2 £F 5 PR FE SO U TEN - ABEEEE2 G52 00 kA E
FRAZHE S < FIVN D 2 & DSk D RSO R &1 e > Ty, 72, TBE 2 /KkET7 7 &
TH =L LTHWDD, ZONRTHHRITIKTT 5,

HIVIR = )VIERICBEE T D o (\LiRE & T DD B ALRFEDH D C-C FEE D ap-likHE
SORMZDWTIX, Pd & HDITER 2 22 il 2 O T2 SOS D3 E S Tn s 109 o 7 mas
XY VENG T = ) VSO R FREEISE ap-TKFEZRHR L THEITT 5K
JETH Y B0 Pd SRS Ir $51K72 2 W2 SUEDIED, RE—R2OHEF Pd fil
BEZ N D RS E BTN S JO71 B pd il 2 FV D R T, 22l CEREZEfMED
BV O BKFET 787 H— (LAl LT RIS bBESNTWD, o, fafir kv
N a,B-AEFT b D a,B-HAKER NI DWW TIXE 4 B CREb 3 5,

1.5.7. R¥—Rfbg % A7z C-H & DL G

ZZETRRTEZLDIT, C-H fHOEIE D SUSBAFE O RKE 1T — KRR
fiklfZ DT T T & 7z, TSR OE HIREESCENRELZSIEHT 52 L itk - T,
HI)O CH A DM R U TEN IR & BIRNE 243 2 Ao B 2 MThbh
TWo, —HZNITHAD & RE—RME 2 Fv 2 C-H #EG OEB A1 D IS DO H
BN = Rl & LT, R e i EE R OB EHCE AR I I 1T D R A
1 = R DN DFRMT D3 — RS AL S LR CIRNEECTH D 2 E N T BN D,

1.5.7.1. C-C fE B TR K it

RS SIS D R W FIRAST v B L&D C(sp’)-H fEA<0. Blmikasfm 35~
B UBRD C(sp’)-H A ZIIRNIIZ C-C FEGA~EHT 2 NSOV Tk, I Pd filtfi
OB OREN MO T DI B 21X Glorius H 1% Pd/C 12 X 28T U —)1
%mwt&yf%ﬁ7iy@cﬁ%ﬂmkOH7U~wm&E%ﬁibt@®mLm,
a)1% ¥J—& @ PACL(PPhs), X° Pd(PPhs)s & fill & L 72355121 C2 B W TT U —b
{EDSESERNICEIT L, R — ﬁ@chﬂ%ﬁ&ﬁ%@ﬁ@%mﬁ_kﬁ%EW&&o
TW5, £/, BWH L7 PARETIEZA <, PA/C DAY —ZMMEANERIC K - TG A HETT
LTS Z EDfEND BILTWD, PdUSNDEEE W] & LTlE, Zhang & Wang
B2 Cu0 F /A R X3 b7 V—nzH0WicFEER~T e B {La%mD C-H
7V — AR % e L7z (Figure 1-21, b)MY AREJSIE CuO /7 A KLVOARE—
RIREAVERIC X - THEAITT D 2 & DD HIVTW D08, fillll & SOSTAR ) B BT 5
Te oI L E LB E 35, £, FIH 51X CeO, 12 Ru Fl A HEF L 7= fillf 4 H, 5%
S FIZHBWT PPhs B CREE L7 b D& AVD Z & T, GRBFEHFEILEYOE
7 V=2 XD CHT U — ARG HETT 5 2 & % RLH L7z (Figure 1-21, ¢)d'" A
BOGSIFHEE; S 472 Ru IS K 2 AR —RABHERNC K- THET T2 2 ek Tk
D PPhy IZ K DALER 72 K240 IR T Z L IZ ko TR FEM AL ARETH D Z RS
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NTW5s, £, il & H E51E CeOs
T, HEET O Csp’)-H fAE#EZEO B a7 U — AL S

HE LT\ 5 (Figure 1-21, d)2

(a) Glorius et al. (2013)

gesiR

(0.3 mmol)

Cl
N
T
=

(2eq)

(b) Zhang and Wang et al. (2011)

N I
@[ H . \©R1
X >

X=0, S, NMe
(0.5 mmol) (2 eq.)
(c) Wada et al. (2010)
Cl N
+ | R
=
(0.5 mmol) (1.5eq.)
(d) Wada and Inoue et al. (2010)
R2
A (0]
R'{ o A si0EY,
=
H
(1.0 mmol) (2eq.)

\ZHEFF L7= Ru fE & PPhs 2 WA AR IC X -

T9oZEd

I N
Pd/C (9.4 mol%) I,
CuCl (10 mol%) 1 =R
Cs,C03 (1.1 eq) R N
1,4-dioxane
150 °C S

nano CuO (10 mol%)

K2003 (2 eq.)
diglyme
reflux

N —\ R’
Lo~

3PPh3-Ru/CeO, (5 mol%)

K>CO3 (2 eq.)
NMP
140 °C

Ru/CeO, (2.5 mol%

) R?
PPh; (10 mol%)
: 7 0
mesitylene R
170°C = Si(OEt)s

Figure 1-21. Examples of C—C bond formation reactions via heterogeneously catalyzed C(sp®)—

H activation of arenes.!'*112]

— 5T, C(sp’)-H #iE % C-C KA ~ZEHT 2 A — RSSO TH 720, K
B 551X Mn E&2{L% OMS-2 (octahedral molecular sieve, KMngOi6) & V=5 3 &7 2 > D
T ARG B LTS (Figure 1-22)M AREE Tk Mn BR (b il iZ X 5 single-
electron transfer (SET) Z#&H L CA I =U LT TF AU A L., REMLRTT LS
IZE > T C-CHREGDERIIND,
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PN \ OMS-2 (50 mg) R!
N H + —Si—=N > >
2 i 0, (1 atm) ’}‘2/\\\N
CH3;CN R
(0.2 mmol) (2eq.) 80 °C
nucleophilic trap
by CN
1+ 1 - 1
SET R\F\j/CH"' deprotonation R\N/CH2 SET R\f\]//CHZ
) —_— —_— |
R2 éz R2

Figure 1-22. a-Cyanation of tertiary amines catalyzed by heterogeneous manganese oxides.!'"’!

1.5.7.2. C-H &~ U R

V) — N K D5 FER D C(sp”)-H FEA DR U HFISIZONTHHMERH Y |
FEFEED Ir F 7 KL -0 TR Tr $EAR MY Tr $5K % [EE (L LB I G ch 5 2 &
MAHEIN TS, B CTHENTIEMER X OSRIRME & i @A E2 E 95618 L
T, A BIC LD EE(L Ir SEARAEE 2 V2 SOS23 281 B35 (Figure 1-23, a) 100 54
DIX. D TROF AT ¢ 3V 5w BICEE S L7 Siica-SMAP &V 5 fHR BT,
Ir SR % [E E(L U 72 filt (Silica-SMAP-Ir) 2 BH¥E L7-, Z4UE 1.5.5. Tl 7= (L - =i -
Hartwig HIZ X o THE I N Y —F Ir ittt ic X éﬁﬁi[”%‘ﬁﬁ WHERNTWD
[Ir(COD)(OMe)], % [E &AL L 7= fillt T & %, Silica-SMAP-Ir % AW 7235121388 — R D Ir
it L 1 IR . m AT ART IR, TR —I, aﬁ%&&#mm%kbf@%
PRI AR U B ETT T2 Z E R BN o TS, £/, AL A—TIZ
£ o T Rh &R & RIFEICEE L Lol X 2 KOS b#E ST s M Zofiof) &
LT, Kuang & Wang 52X > T y-Fe,0s 7 /R F &l & 35 BUS A A T
% (Figure 1-23, b), "' Z D& di-tert-butyl peroxide (DTBP) & LAl & 4 25 BfL A 72
C-HARUYFETHY . BVIILFERH (4-5 days) # LB & T 5,

(a) Sawamura et al. (2009) Y
N DG silica-SMAP-Ir (0.5 mol%) N DG A ome
T |

- @ @ @ @O —_
|

N Bopin, (0.5 mmol) ZBpin [;j
) hexane
DG = esters, amides, 25100 °C .
ethers, halides _SiMe S||
(1.0 mmol) og 3
(b) Kuang and Wang et al. (2010) SI SI\

R

7-Fe205 NPs (20 mol%) O\

szlnz (1 mmol) Boin
KoCOs (2 eq.), DTBP (2 eq.) P Silica-SMAP-Ir

(5 mL) air, 80 °C, 4-5 days

=
g\ />
T

Figure 1-23. Examples of heterogeneously catalyzed C(sp?)-H borylation of arenes.[''®!!®!
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FEBRD C(sp’)-H A LA D C-H FEEITx T 2 RE)— R 2 -2 AR o B LG
OHEFNIARD TH 72, il L7 DI L o THFE S 72 I 858 S L <1 Rh 85K
ZEEL LB FFE D C(sp’)-H G OFR U FELSISIZ AN TH D Z & 3L
I TV D (Figure 1-224) M WP O KISIZEB N T H~T v 512 & T Ae 5L il () 5
OFEZRT-TZLICL T, @BWDBIFERET L TS, o, XU PO C(sp’)-

HEADOFTZBANIGEIZOWTIE PA/C b L <X Co-modified metal-organic
framework (MOF) & FH\W\72 2 DOHENRF HAL TV D (5 2 B TiEab),

(a) N-adjacent C(sp®)-H bonds (2012)

7
O H O Bpin ﬁ
NP . Al A //—\Fﬁ)h'o""e
1 ! \
R? Silica-TRIP-Rh (0.5 mol%) R? D
. Bypiny (0.5 mmol) o SiMes \/"Si
| N )H hexane | N jpln o o
25-100 °C
= ’I‘ \\‘ = ’I‘ \“ o Sl\o o Sl\o
(1.0 mmo—l)’ - .
Silica-TRIP-Rh

(b) C(sp®)~H bonds at y position to N atom (2013, 2014, 2016)

z IN H Silica-SMAP-Ir (2 mol%) = IN Bpin /|
X R2 B,pin, (0.3 mmol) X R? )—Ir-OMe

R! MeOtBou R! P

(0.9 mmol) 25-60°C 2

SiMe; Si

(0] (0]

H Silica-SMAP-Ir (2 mol%) Bpln & 4
/\\/k o™ oo

szlnz (0 2 mmol)
X =NR, O,S 50—90 C m

(0.6 mmol) Silica-SMAP-Ir

Figure 1-24. Heterogeneously catalyzed C(sp*)-H borylation developed by Sawamura et al.!'"”)

UbkoXoic, Rj— -éﬁﬁﬁ;?i £ % C-H ®iaDOEWAZ D USRI, FrIZIHFEERD
qwﬁHFA ﬂ#é%@ﬁ SEED D, EEERIIAY R ThHoTH, Kb
NN CHEAT S H 720 Jéj#yf:@(fﬁ,iﬁ\ BONL 1, 2R COBIME LI L5
HHZW, o, W RORE FEEL LI AEEE VD SRRV T, # O EHE
RLEDOTEMEFEIC SO TR 22 S H 20,
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1.6. ABFZED H K & HEE

22T T 2 DS DOFIRIT K & 7p4%E 2 Bedz LTV 203, BREERIESC = 1L ¥ —[iRE
EHIERITERIZH LT D, 12. TR X 912, R8s LT 729
IZIE, TERIED BEREEICE LUMEFERIS L 7 B2 A~OERERLETH H, FFC 7
7A T I NN AREERMOBHAHARICBWTX -7 7 7 2 —DRE R Tk X
DANVWLNATEY, 2O X5 RAMICBWTHWS Z £ OTE ZEREICHE LUWMEZE
RAEET B AOREENILEEIN TS, 1.3. TR X H T, BEICE LUV EZRE
RAbFET B AORBU ARSI R X BB 2 R LTV D, TH AR RAREE (FE AR
fikltl) 1x. AR & OBk, B, FEANES L VWS RBE A L TR Y. REEFM
72 A A R 2 BT 57200 FEE LTHER SN TWD, 14 TIEARYE — R
D O HEFFEBRABLIER U, 2R EHESC RIS ~OFABNZ DWW Tk~ 7=, fEE
SRR RR 2 e BRI R O G TIEE A LTV A28, ZHVE TOMFFEIT ) SR
RIE~OFHANR L HEH TRV | BRI CITh T E 7o X 5 7o @ ¥R 720 KOG B
3D ABROBRPEENTND, —F . BERFMEDOBLE D AL FBOSPF
BEAZOLDICEH LA, BIAERD DI WEISERCB AT » TED D 720 K
TavARLE LV, INEMTZTMIGE LT C-H G OfIER 22 28 % £ 9 OGS
ZIFohd, 1.5.TlE CHER 2T 572D OB FHEIS & Z v E TORISHNIZD
WTIR AT, —fRIIIC C-H fEA ORI 72 il BE R OBRFBLETHY . £
DIFFEBITE D% < 3 —ReEAfEZ IV TIThh T& 72, C-H FiADE#AEE)
WY = B e RO T e U TR LI B RE 2 A 2 AR 2 B 32 2 &2k » T, &V
B LMEFRRER T RO EBICHFETX 5 LE 20515,
UEDOBERNS, AR TILZIVE CERIRAEE TIZ & A EEBLI LTV RV C-H
B Y O BOSIZA DR BRI A B 95 2 LT Ko T, BRI Z -V 72 iR A
BEOREERE - RS2 2 L2 AMNE L, TODOTEE LT, Skaikitttz
B H5HFBERMBLCER Lz, 2720, 15 TR X o, HEESEMEBLIC XD C-
HEAEBOFII D2 ED XD e RFECE R OMEE DR RE O RISIZX L THEZh 72
JEMERE S LTI S MO W TOREBZ LA ERNEE 25, L, IEIESEENR
A5 =2 = DDOHFISITOWTIL, G & ) Rk cHama b 2 &
EZBIND, LTeho> T, MR X 5 CH fEEEHLUNZ R 5 720121,
) — RSB 31T DA R 2152y LA & 8 LUVl MRE-C 2 2 il % Fik
ERETTLA 7 AN—RRETHD, 2, ThbERETZERTEE 45D
RG22 SOBBIRICRB W CHE R MR E 2D EE 2 b5, AR TIT,
RSB Z W CHFEAEWZ D 3 DORICDOBFE %17 - 72 (Figure 1-25), %
BB OB 2 DL FIZik < %,

B2ETIE, INETITE A ERENROARYE—RAEEIZ X D Csp’)-H B DHR Y
B EZ =y hE Lz, TIARAT L= 7 VXD Cspd)-H FEd & B
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B D C(sp?)-H A B DI N 2 AT 5723, C(sp’)-H #i & DRIV 72 Z5H T HED FE DS,
ARBFFE TlE, CeOy LICTH HIEBIEIC L » T Ni ki % HE L7~
#E (Ni(OH),/Ce0,) 73, B =2—/LiR T > (HBpin) 2R U ELHIETHTLF LT L—1
DR PNAL C(sp?)-H B 7 AU/ U TENZIEME LRI 2R3 2 L 200 T
RH L7z, CeOy K LD Ni /KERLY7Y HBpin (2 X - T in situ TIEJC I 4L, @0 7R
Ni(OFENTERCT 5 Z E BB E 2D . ZHBNARISITR T 2 it iEE R & L <) <
ZLEAREBENT, £7o. CeOy & HHEF Ni FEOF A A 2Nl iEIE MR D TR IC K & 70 1%
2R L TWDZERHLNE T, BT, Z OfMBEEMEFEN R P AL C(sp’)—
H #E& OIETEAICEN T IEE L RIREA G T2 2 L A 6T L, XU UL C(sp’)-
H 56 ORI 22 B WSS A 2 72 R SR AR 2 35T~ 5 T2 O O EE 22 F AL 5
iz,

W3 ETI, 2 ETHWEE S Ni(OFE 2 IR EICTER 5 Rk 2 tho 48
WISHT 52 & T, & A4 7D C-H RmUFEISDORE AT, E=1T L—r
FE =L L HEFRO 2 EO Csp)-HfEAZALTEY, E=1H0D C(spd)-H #id
DB 72 R U FCBISIE, =R a v B AT VOR MR E/MIEE 725, AT
1% CeOr X° ALO; 72 & DERELFRITHT HIEEAEIZ X - T Cu KER(LW) 2 HEF L 7= fih
IE (Cu(OH)y/support) 73, B A (B} a2 Z7— M)Uhe v (Bypim) 2R VHRILAIETHE=
T L= DB =)V Csp)-H FEA DB 7 FCEUE (BAKFER U RIS ITTEMEZ 7R~
T EYDTRM L, ik Cu KER(L¥7)S Bopiny 12 X > Tinsitu TIEILS AL, &5
72 CuDFEDTER SN TND Z ERH LN ERY | TSRS R 5 Al FE
ELT S 2 DRI S AL7e, B 2 TR L 7R Ni KRk 2 R o R AN L -
Tin situ TIEILT D Z & TEITHUZR NURICHEZ TR T 28 FIES, 53 EITBWT
HEF Cu /KB LIC bR ATREZR 2 L VR STz, T ORERIT, @ B IR 7 li4 s
FEAZR EICTER T 2720 OBEERMAIZR D EE 2 B D,

B A4FETIE, CCHRADBAZRIISE Y —7 Y b & Lz, 2 BB XU 3 = C%
L7z C-H AU HEBISITERE LB O TRED SO RIS TH 528, R &R
DEMHETB LI Ar FHEK FCHUST I LERSH D, F£7o, 5 3 B TIEIKISZ RN
HITSEATDICEWT 78 72— FORMEMEE L, BRERFMEOSLA CIIERE
EHLTWD, 22T, L0 REMRFMED WG A RSB AL 72 & TIXO AR
WK TEHRHTHZLZHE L, 156, THRAZEY, 0 THNOMETS 2 20 C-H
fEEEAEL, C-CHAMND C=C fEH~EMT HPKFEIEL, — A @RS
KFET 7T H =001 (BLH) OWMELEL 35, —J, IHFETIERBLA S LT 0o,
MWER STV D, O FREAHIZEEITHFIE L, BEA & LeHE 38R o mIA R
WIS HyO DI & 72 5723 BREEFRFIMED S WEMLAI Tdh 5, ARFZE T 0, 240
ERLH & U TR 5 720 OfiaR st 247\ HRERS B Al 2 W 7 BREEFI R E O @ o
C-C B OBAKBIEDBFREEIT o1z, ZOREF, ~ 2 B{EY OMS-2 12 Au T/
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KL% HHEF U 72 il (Aw/OMS-2) 23, O, (kA & 95 B-~T a i1 (N, O, S) E#ifi
o b @ o B-BKER BN TG Z R T 2 2 R L7-, OMS-2 H{ADER{LIE
TERFPEIC Ko T, B PE Th HIEMEFED Au OFBREAMEE SN D Z LB L N E 72
D, BRFEHRORMREMETHETT 5 C-C A OMAEZESOBRIICHKRII Lz, H
4 FETHG O T AN RO SRS BERE AT DG RIL, O Z R kAl & T 2 W b BT
JEVEZ R TR B A A R E T AR OEERMAIC R D LEZ B,

C—-H Borylation
Chapter 2
Ni(OH),/CeO,-catalyzed benzylic C(sp®)-H borylation of alkylarenes
H Bpin
‘)\E R+ Hgpn  _NiOH)ICeO, I l "
R = alkyl, aryl
H Bpin
‘)\E ., + 2HBpin _NiOH)ICeO, I 1 N "
Chapter 3

Cu(OH) /support-catalyzed dehydrogenative C(sp?)-H borylatlon of vinylarenes

o]
N + Bypin, + P _Cu(OH),/CeO, Bpin H OBpln
Ph™ “Ph Ph

o8

R =H, alkyl, aryl
R o) .
OBpm
X H + 2 szinz + ﬂ CU(OH)xIA|203 Bpm +
H Bp|n
R =H, alkyl, aryl

C-C Dehydrogenation

Chapter 4
Au/OMS-2-catalyzed a,p-dehydrogenation of B-heteroatom substituted ketones
h Au/OMS-2 0
RMX + 1RO, —uAee | R)J\/\x +  H0
H

X = NR', OR', SR’

Figure 1-25. Heterogeneously catalyzed C—H bond transformations developed in this study.
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o 2 B

CeO FHEF Ni Ll LA T VF LT L—
DR AL C(sp’)-H 7 7 BV i



2.1. FEE

AR U FICAEWIIBAR-EH D » 7V TG E T U & D8 kB TR
(CRIAATRE/ A A2 AR ARTH Y FCH AR B VBT AT VIZZ ORGS0 D
EbHESHVWLNTHWAN xR v BB AT LD, RyvRa BT AT
JNER U U NALIZ Csp’)-B A E AT H2ILEMTHY | XUV NAAIZBIT Dk~ 72
C(sp’)X (X=C, ~7 vJii 1) fiGRICFIHATRETH 5 2 EERIC, EHE T Ok
WRIZBWT, TAX LT L= BEZEAT LD ELT 7T ry 7 e LT
UL RE LB AT AR STV S LD

RPN ARBR VBT AT ADOERTEE LT, RPNV F LT Y =% — Lk
ERTBEEHD T AR BN Na AT U — L &R A FOLE SRR D
RS 7 U — R e U AT A ORE R JUEN e ERMBN TS, BT
L—rDOb Ruk R AR TIETH D, BB X > I EERME RS
EETABENRHY . T FE1HROR IR VBT AT LOERRITITHANSG Z &
MR 72N Z DM ORI & LT, A1l E Bl O I X o Tl 2% —% Pd fil
AR m 7 ALEM E R U RAI DT » 7 ) v TR ET bND S 2o
BOGIEER % 7o R U BAEAM O ERICFIHFRETH Y RV e VT A7 L0
ARRICHEHARETH D Z EBRINTNDL RO DT A ROREEN 727
UFEISIC L DR DR e U AT LV OARIE, %D Cu, Ni, Fe fililitic X
STHERINTNDIY F72 Shi BT —FK Pd itz H e X D7 v a— o
[ N = - 8 | WO RAN ) - Sy VAR N Y (A N RS RNV P N = g Sl
TINDOERKEHE L TV H I

TIFXNT L= DR UL C(sp)-H FE & Z BHE C-B RS ICABRT 50, B
Fad 7 E SR W THRAIROENR D Lhn VR 2T VOAKRTFETH
%o Flo, HWEOT VX NAT L= PNEMTAFEG RN BMAONNTH S, 51 ETE
NI KD, EETIE C-H #G DR U FRCBUGITA B 7o bk % 72 il A3 ) — R G (A fih it
EHDICHE SN TND, —IZ, FEERO C(sp’)-H fEH 12 P AL C(sp’)-H #E&
£V L EEERA~OBRIBMINET LT W 207, 7L T L—rDFEF
D C(sp))-H fEA DR FMBIENEE S MEINTVWDL Z LTl L Rvvn
ML C(sp’)-H &G A2 BIRMIZA U R T 5 BIEOMEFNT D7, @RI~ Y
AL C(sp’)-H A 7 AL, $%—% Rh #5144 FV 5 KOGM128 Marder 51285 T
A¥)—5% PA/IC Z D RS A L E B I K 2T 2001 FIZE2nENYD THE
Sz (Table 2-1), WTFN OSBRI EDO T AL X LT L—r ZHE L LTHNTEY .,
B 18D Csp’)-H A ICHEH SN TWD, ITFETIE Co ML RED T LI LT L—1
DR T2 R D NALD Csp’)y-H BV FELKISIZHETH D Z ERHAL N> T
. B—3F% Co $%iK% 5 12y Maleczka, Jr. 512 K-> T, R¥—3% Co-modified
metal-organic framework (MOF) % f \» 5 G173 Lin bl Ko THE S L TW
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% (Table 2-1), ZALH D Co A AW ISITRWTIL, = FAXEB Ui EIEFIC
FR O AT EE DO 2 kD C(sp’)-H fEG~D#H & 72 ST 5,

Table 2-1. Previously reported benzylic C(sp’)-H borylation of alkylarenes under neat

conditions (HBpin = pinacolborane, Bypin, = bis(pinacolato)diboron).!!>~¢
H Bpin
X R X R!
R27 R
= =
Solvent
Catalyst Substrate Borylation reagent
Marder et al. (2001) RhCI(PiPr3),(N5) R'=H HBpin
Ishiyama & Miyaura et al. (2001) Pd/C R'=H, Me HBpin or Bopiny
Lin et al. (2016) UlO-Co R'=H, Me Bopiny
'Pr—N N-"Pr
'Pf\ \( JOBU  R'=H, Me, HBpin

Maleczka, Jr. et al. (2018)

&\I/ >0BU  CH,CH(CHy),

TIXNT b— v R CIE 7 <HIFRIEE & L TRHW DB UL C(sp)-
H 78 7 FALSOS IR, B—% Ir 85K % I 2 iSO % 23 Hartwig © 12 K > THID TS
S 7z (Figure 2-1,a, b)) 7LD AV MLICE Ra v U ARl EEsH9 57 0%
NT L= HNWDZ LT, B2k Csp’)-H A DT /v L (Figure 2-1, a),
1““1&@&@5HFA®/T& AbSE (Figure 2-1, b)) IR B L T b, & 51T
R n—>7 ;ofmm%%ﬁé&wx%wTV—/m%1&6@}Hﬁé@%/$
v FAG B HE STV D (Figure 2-1, ¢) '™ Fif TlE, Chirik 512X > Ta-vA I
B 72 A3 % Co $EAEMII L OV Ni $5ERIZ W U AR U kB LV Y R U R

ISR ST S (Figure 2-1, d, e),
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(a) Hartwig et al. (2013)

H [I(COD)OMe], (0.5 mol%) Bpin ;
N R Me,phen (1 mol%) N R
21 210
A B,pin, (0.3 mmol) R
SiMe,H THF, 80°C SiMe,H
(0.3 mmol)
(b) Hartwig et al. (2014)
H [I(COD)OMe], (0.5 mol%) Bpin
I i pin
R B,pin, (2.0 mmol) Ru
SiMe,H THF, 50°C SiMe,H
(0.5 mmol)
(c) Hartwig et al. (2015)
X H A (1 mol%) X Bpin A=
R Et;SiBpin (0.5 mmol) Ru
Methylcyclohexane, 100°C
(0.75 mmol)
(d) Chirik et al. (2016)
H Bpin
N H B (5 mol%) N Bpin \
| |
R B,pin, (1.1 mmol) Ru B = N—Co(O,CR'),
CPME, 100°C R =3
= 3-heptyl
(0.55 mmol)
(e) Chirik et al. (2017)
Bpin
Hy C (15 mol%) Bpin
XN H Methylaluminoxane (60 mol%) X Bpin
R Byping (2.2 mmol) Ru
CPME, 80°C =N
(0.55 mmol) c= N r\\li(OPiv)
- 2
H H 1 C (20 mol%) pinB Bpin 1
N R" Methylaluminoxane (80 mol%) N R
R _ B,pin, (1.9 mmol) R _
CPME, 80°C

(0.55 mmol)

Figure 2-1. Previously reported benzylic C(sp’)-H borylation of alkylarenes as limiting

substrates.!!72%
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B U7z Ko, BRI X 2RI D Ar Csp’)-H A v B LIS T
Pd/C!'"35 1. OY Co-modified MOF! % W= HASIZBR B0, Wi T X7 L— %
EHEBEE LTHOWA ISR TH D, Fio, F 2 kX VLo C-H A~ H
PEIZIZ & A EBFT S TRy, £ TR TR, 7AFAT L— U ZflIREE L L
THUSTICHEIT L. B8 2 X PO C-H AU HE I bEN TGN &
BPUE 2 R T BRI SOS DB 21T o 7o, £ OFER. CeO, HK BITHT IHILEIEIC X
- T Ni KEELY % HEF L7 il (Ni(OH),/CeOs) 73, ¥ 22—/ /LR Z > (HBpin) & 7= 7
FANE T DT NXNLT L= DX DAL C(sp’)-H R Y FALBUSITRE L TENLZTE
PRI A R T 2 LAY TR L7 (Figure 2-2), At 2 A= KOG X, 700
T L= EHIREE & LTATF AT anF ¥ i EOFRIEB T CH oIt LT,
Flol B2 WA VNNLD C-H FEG DR U FCSURITHR LT H 43 72iE M & iUt %
R, ZHFETITHENTE A ERVEAEWT VXL (n25) 2 H 5 7 /L F X
VLRV T 2=V A LRI L CHOEH AR Th o 7,

Precatalyst: Ni(OH),/CeO, BPin

R \ JCeOZ J R

R = alkyl, aryl S~
yhan HBpin

+
H — & BPin
In situ formed 2
H Bpin
highly dispersed Ni(0) species

Figure 2-2. This work: Ni(OH),/CeO»-catalzyed benzylic C(sp’)-H borylation of alkylarenes.

AR5 TliE, CeO, K ED Ni KER{L#73 HBpin (2 X - T insitu TEIC S, E57
B2 NIOFEDRTERRT D Z ENH BN E72 D ZADMBEERE E L CTEVWTnsd Z &
DR ST, 2015 FEICEHR LR B I1E N-~T a Bk B L~ (NHC) B + 2 AT 5
Ni(cod), &K % FW 7= HFHER D C(sp®)-H 7 FUGEZHE L TEY ., insiu TELD
Ni T/ KiFPNEOMBIEMFECTH D Z LN RB SN TS L2 B LR S ORISR

WCBWTIH A TFAT L= 2B L LIS AIEHB/ERO Csph)-H A v LN EKE,
RUDIALD C(sp’)-H 7 7 FL BB & U TH#EITT 5, £72. 2019 412 Mandal 5 (3
Ni(cod), #51& % FW 7= FEELD RIZ K 5 055 ER C(sp’)-H A U B LGZ & L, in situ T
%ﬁéh@bﬁ%/ﬁ%ﬁﬁ@%ﬁ%@@fké’t%fbfnéWmMmaE@ﬁm
R TIEHERPNALD C(sp’)-H FEA DFLE FIZBW T HLEEFERD C(sp’)-H & 7 £ E
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BIICHEITT D, —H T, ABFSE TR &7 CeO, AR I RIS - & 01t
22 NIOFEIL, NP AALD Csp’)-H & U R ITEN @R A2 R LT,

— I, Ni(O)FE Z il & U TR 5 7201213, BiBRiA 2 K FEFRFL T TR+
5. b LITBITHZTIMNT 5 Z LI > THIS > TNi 7 /R E2FRT 5 2 LA
BCTHDHP Fio, (ECROHEREBAMBEOHRFIE BN TIL, Z2< O5A Ni o
FROBECMBRDBRIZ > > 2 U 7 3 EAT L. Ni(0)FE S 51 43 U AR $FF S v 7o JLEFAREE
IR S TiE e, moiUe Ni(OFEEZ T 5720121, filxidaa A NEICLS
Ni F R T/F ) 7T AZ—DOFHRSC, electrodeposition, ZARNTHIER & &2 V25 M3
W B 2D AR BUSSRIE TIZHB W T, in situ THIBEA D & Al BETE
PFE L 725 NI(OFEZRE ST 5 Z LN TENIE, ERAT v 7OHIJERE =R /LX—IZ
DIRND =DM TH D, AFTETIE, &R 0BRSS DM FIZH0 T, Ni(OH),/CeO,
DA E Y HE R fHEE NI DRI AR L 725 Z & 21D TH LM LT, CeO, HHIKIE Ni &
DFEITCEMAE L, 220 Ni A4 @ o BURFF T 2&H 2 R7- L TH Y. @7 Ni(0)f
DRI A T - T,
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2.2. EB

2.2.1. SHTERER L OREK

GC

GC-2014 (BIERUERT) AW, MHEHI FID, ¥x VT HAIEI Ny, v TV —F
7 AE InertCap5 (0.25 mmx30m, ¥V — T/ A = R) 2L, £V =Fay
IR IE 280 °C, MAHAZHEE X 280°C & L7z, B —J WO FEIZIZZ v~ h Xy 7 C-
R8A (BEERERT) & iz,

GC-MS
GCMS-QP2010 (B EERERT) &2 W2, A4 A ALEEIX 70eV & L, ¥+ U 7 H AT He,
Xy 7 U—A 7 A% InertCap5 (0.25 mm x 30 m, ¥ —T)LH A = R) ZfH LT,

HR-MS
JMS-T100CS (H AETF) Z M7=, iy (M+H]": m/z 609.2807) % PEEHEYE &
L7z,

NMR
JNM-ECA 500 (HAET) %Az, 'HNMR, “CNMR, "BNMR L' *HNMR (1%
A4 500 MHz, 125 MHz, 160 MHz, 77 MHz CHIE%#1T>7-, 'HNMR Tl TMS %
PIEYER)E (6=0ppm) & L7z, SCNMR TITEME Y — 7 & NEEHEY'E (CDCl; % 7t
ELT2A. =77.16 ppm) & L7, "BNMR Tl BFs-Et,O Z4MEHEY)E (5= 0 ppm) &
L7z,

ICP-AES
ICP-8100 (SEHIVERT) & H =, oo Ni fHEFER KO, MISHBIRER~D Ni A H &
DHEZFT > 72,

XPS

R RIS &M 72 ~ b 7 4 — A @ PHIS000 VersaProbe (7 /L3y 7 « 77 A) &
W=, HIEICIE Alky (hv=1486.6 €V, 25 W, 15kV) 2 L 7=, iRz A P A
B E ST bOEZ ES T e Lie, £, ES T I rmn—T 48Ry 7 A
TERL, 7oA77 =Ry ZEAVTRRAICHNESES Z LA HESRITEA L
77 BE—Z{IEIXCls DE—7 (284.8eV) THIE L7,
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STEM
HAADF k3 LN EDS ~ v B2 ZIIH K K PMAEET 7 7 » b7 4 — 20
JEM-ARM200F (H K& 1) MWz, HET HEmRE =R RiFEIRE L. A4
VA Z A EM-09100IS (H K& 1) & HWW R E L CTHIEZ T 72,

XAFS
NiK ¥t XAFS #ll7E 1% SPring-8 ® BL14B2 B — AT 1 » TiT- 7=, Si(311) fEifE / 7 1
A =& —Z A\, CeOr #EF Ni il T a5, ALOs FHEF Ni i 3d i ik CHIE 217 -
7o ﬁﬂaﬁi%aﬁ%ﬁm—fﬁy JARTENENHBEDOENF VR LRAE LT Ly F &

L. 7NV T7IF— M7 4V ATEFHLTELHL, KRR S ¥ 52 &< llEL
1T-72, X-ray absorptlon near-edge structure (XANES) 35 X O extended X-ray absorption fine
structure (EXAFS) 7 — % |d Athena ¥ K OY Artemis (Demeter, ver. 0.9.025; Bruce Ravel) %

FAVNCH#ENT L 7=, Linear combination fitting (LCF) 342 #5308 @ Ni-foil, Ni(OH),. NiO @
WET —# %, Athena Z i L T{T -7, k’-weighed EXAFS A7 kL% 3-13 A™!
OFPAT7— I = War 4T ->7-, Nifoil & Ni(OH), ZiEHEHY 7 & L7, IFFEFIT
(Athena and Artemis) 7’1 7 T L& T —Z ity B, €7 U 71T, FEFF6 %
Feffinp 7 7 A /L DAERZIZ FV 7= 2526

FT-IR
FT/IR-4100 (H A439t) % Mo, KBr $E411E THIE L7,

BET Fb 3 ififd
ASAP 2010 (micromeritics) & H\ 7z, HITERTIZ 150 °C, 3 h ORI 21T > 7=, EHRWAE
SEIRAR D BET FeREfE 2 R H LT,

e
iR AR AR & L Cld, CeO, (BET: 50 m* g ' after calcination at 550 °C for 3 h, Cat. No. 544841-
25G, Aldrich), AlLO; (BET: 160 m? g' after calcination at 550 °C for 3 h, Cat. No. KHS-24, {¥
KAL), TiO, (BET: 316 m* g!, Cat. No. ST-01, £ JfiifE2), hydroxyapatite (HAP, BET:
11 m* g”!, Cat. No. 011-14882, ‘& 7 A /L AFYEHIER) & 7=,

POBFEE, W, RS, matbal T, BEHbss, Foehigk T3, Aldrich 7>
DAL D% AWz, AW KISHE % Figure 2-3 127”7,
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Figure 2-3. Substrates used in this chapter.

2.2.2. fRiEEFRRL

CeO, HEF Ni KR fili i (Ni(OH)/CeO,) D %Y

Ni(OH)/CeOs 1ZLL T D FMAIZHE - THHITEBIEIC X o> CTRB L7z, £, NiCl-6H.0
(0.119 g,0.5 mmol), MK 60mL B LN~ RF v/ AL —F—/3—% 100mL D& —7
—ZNZ, BETHBL AR IET, HWVT, HE20UHZEAH T 550 °C, 3 h BEK
L7z CeO; 2.0 g) ZMZ, 15min +/3IZHEH L7=, Z4UIZ NaOH aq. (1 M) Z /1% T pH
Z 10.0 [ZFHHE L, IR T 24 h iR U7, iR, flile — b 2 W CTls g 2170,
BONEREMAK 3L T L%, =i T“%@IM%L WO R A ST (&
2.0 g. Ni HEFE 1.3 wt%), il U723k sy 2 B < 72912 150 °C T 15 min ELZZ #5145
L., Zu—738Ry 7 ANTHSF L7z, Ni(OH)/ALO;, Ni(OH)/TiO,, Ni(OH)/HAP % ]
FOFIEIZ L » CTHB L=, £72. Fe(OH)/CeO,, Co(OH)./CeO,, Cu(OH),/CeO, I
FeCl;-6H,0, CoCl6H,0, CuCl:2H,0 % ZNEa)E Y —A & L, FEkO FIE T %
1To7,

CeO, H£F Ni e b it (NiO/CeOy) D HY

NiO/CeO, 1ELL F D FNEIZHE » TEIRIEIC L » TR L 7227 Ni(NO3),-6H0 (0.036 g,
0.125 mmol), K 10mL BL R~ T XF v 7 AL —F—/"—% 50 mL O E——IZ]
Z. BIRTHLE L QM I, it T, H 50 UHZELH T 550 °C, 3 h Biehk L 7= CeO
0.5g) ZMMx., 15min +3IHEE L7, = AR L—%—Z2 T 50 °C TR L7213 5
Wi EL, Bon-mRE4S—7 0 2HWT 90°C T 12h L%, ZZKFP T
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300°C T 1hkEpk L. BAKMEREST INE 0.5 g).

2.2.3. R DRALIER

HBpin (T L % AijfLEE

Ju—77Ry 7 ZARITEN T, 100 mL 7B 12 Ni(OH)./CeO: (1.0 g). HBpin (4.0 mmol).,
I aXyFI)AF T —F )L (CPME, 10mL), ¥ 7 R3F v 7 AF—F—R_—%fZ,
100 °C C 30 min JIEMRHE L7z, HBREZREETHEIL-k, /n—7 Ry 7 ANT
B ZAT -7, o NTEEE Y= F Lo —F LK) 50 mL TUg L, Walskg L <
BEKKREZET (INER 2.0 g), LLF T, Z DK% Ni(OH),/CeO,-HBpin & Fi2 7T 5,
Ni(OH)/ALOs [Z 2T [AIER D TIETHLEE A 1TV, Ni(OH)./ALOs-HBpin % 157,

Hy IZ K DAL

v LI Ni(OH)/CeOr %, Hy HAZGED TNV —2 RHEFE L, < bk
— & —%Z MW\ T 400°C T 1hME L7z, VT 150 °C T 15 min HZERLRALEE 2470
ra—7Ry 7 AR TRARRZFEI LT, LR T, ZOHK%Z Ni(OH)/CeO,-H, &
FiLT D,

2.2.4. FEERK
NTF N -1,1-d, 1a-dy) DEJK
(97% D)
DD
Pd/C
©/\/\/\/ DO H, H/D H/D
rt, 95 h (11% D)
1a 1a-d,

FEHENZRE N, LF O FIEIZ X - TARK L7z, 100 mL sERE I, ~T TR E Y (1a,
5.0 mmol), Pd/C (N.E. CHEMCAT, K-type, Pd: 5 wt%, 175 mg), D,O(5mL), ¥~ 7 XxF v 7
AP =T ==z AT, Ho WA BRENIC =Y L, |RIETOSh HfEFE L, Wil
% O 2 Y= F e —7 L ThHli, fafiE b7 b U D LK TUEF L. NaxSOq
THME LTz, = AR —Z =2 AN TRE 2 E L BOBPOWIK 1a-d; (889 mg, 90%
yield) 2572, 'HNMR A7 hLnn R DAL O EKFLRIZ 97% & KD B,
heptylbenzene-1,1-d; (1a-d>): 'H NMR (500 MHz, CD;0D): §7.25-7.20 (m, 2H), 7.16-7.10 (m,
3H), 2.56 (t, J="7.7 Hz, 0.07H), 1.60-1.53 (m, 1.78H), 1.36-1.21 (m, 8H), 0.89 (t, /= 7.0 Hz,
3H). *C{'H} NMR (125 MHz, CD;0OD): §143.9, 129.3, 129.2, 126.6, 36.2, 33.0, 32.6, 30.31,
30.26,23.7, 14.4.
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2.2.5. RIS

NTFNR P (1a) DX P IUAL C-H & 7 FE LG

BRI 22 A BSOS O FME A LA T IR T, NS, 7 e —7 ARy 7 AT 20 mL #BE 12
NTF B (1a, 0.5 mmol), B 22— LR Z > (HBpin, 0.8 mmol), Ni(OH),/CeO,
(3.6 mol%, 32 mg), WEEMEM)'E D n-~FH7 7> (0.1 mmol), AF /L7 m~FH
(ImL), ~7 3 F v I AZ—=F—N—% izl RRELZEH L I/a—TRy 7 AD
SMTHEY U, BOSHEE A VT 120 °C T4 h B U7z, SO TR ICIEEIC X -
TRMBEZ LY BN 28, GC 0TI & o THEBI OILER EZPRGE Lz, 44 2a, 2h, 3h
IZOWTIEZENEIRERZIER L, n-~FX YT I Ak T 2 EEZ RO, =D
LD AR DOV TIE 2a, 2h, 3h OFEXEEZ b LI L THRIRFEBAEPNC L - TH
SR & A S o7z, AR E BT 2551203, = 3K Lb—2 — %2 AWV TR HIE
e OB EMEEHE LK, VY 77/7/1/77 Zhruma~v 7T 74— (Biotage
Isolera) (&> CTorllE L7=, HBEL 7RI 'H, “C, "B NMR, GC-MS |{ZX > T&E
‘@%ﬁW\7MKTﬁﬁWb%%LKNVUiHKMSﬂE%%?DKO

VINGTNA T L ax 7T T ¢ — THEEDREE LG Y OBV BUG

26 5520, 30, 3piET VAT NI a~ 8T T T 4 —ICARLE CHBEEUNRNETH
STl HAERMZIRILT 52 Ik TTra— b LLIET VT b RICE# L T
2> 5 BRI SR A R GE LTz,

- 2g B LV 20

LA RIZ THE (1.5 mL) Z %, 0°CIZHm#AI L=, NaOHaq.(3M,2.0mL) % FL7-
#%. %81 T Ha02aq. (30%, 1.0 mL) %3 F L7z, S)ISTATR &2 =il £ THRA IR L T 2.5h

R L7, JOSETHRICY =T A= —T V22 T L2tk fafiEibr v Y o 2ok

R CUEE L. NaxSOs 2 CHR LT, T VB YV A XV h I hra~ K757
—Z Lo THRIET BT L= —)L (2g-0x b L < 1X 20-0x) % HEfE L 7=,

‘30 BXLTU 3p

HABDIC =T L>=—7 /L 2mL) &K (1.5mL) ZIZ 72, HWT, SR THEL
72735 HyOzaq. (30%, 1.0mL) %@ F L7, 1.5h30) H L <X 25h(3p) RiZvy=F L=
—TIVENZTHIM L2t fafnfa b b U o LK TPl L, MgS0s & % C R
Lice YURTNATZ LI NI T7T7 4 —IZLoTHIET DT LT E R 3o-ox &L
<X 3p-ox) ZHLEEL 7=,

V—F 75 Ak

Ni(OH)/CeOx IZ X BT F R B Y (1a) ZFEE & DKW T BB 15 min
BIZTIEROLKARE L 7w —T Ry 7 RTFHIAL SRR AT 5 2 & T4 B bR
Wz, IR Z BT LWERBRAE I LT/ a—T Ry 7 A0S H L, BOSEE A
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THOMBEET 2 2 & CREZ R Lz,

RERE S TN BOGBAIAT 4 h B OWIKRZ T X TEJEH L, = SR L —&% —% W CE
WRAEPRME LTc, ZAUCEAK (I1mL) 22 THRAL LK, 100mL A A7 T 22|ZB L,
HK 2002 T 100 mL KIRIE AT L=, 2+ % ICP-AES THIET 5 Z & T, IBiE~D
NiflED Y —F > FEmaifi~i,

fub it o> P A

Ni(OH),/CeOr |2 & D ~TF N ¥ (1a) 223G LT D UNMIEB W T, OGBS 4 h %
ICHRBRE A 70— T Ry 7 AR BIAR, R ETH 2 & TR AR LT, T r—T
ARy 7 ZAN TR L7zl z o= F L —7 0 (£ 50 mL) TP L, W5l L7k,
O CAOSCE A Lz,

22.6. RUVNARE VBT AT NVOEBRK G
BAR-BEHZ AN v 7V T RIG

Bpin cat. Pdy(dba); O
QMN N | PPhj, Ag,0, KZCOg
©/ THF
80°C,24h 4a

BERCY%2 2 EIZ LT, LFOTFIRTIT 272, Ni(OH)/CeO2 IZ L% 77— A7 —/LERKT
oz 2a (0.2mmol), I — KX ¥ (0.4mmol), AgO (0.32 mmol), K,CO;
(0.32 mmol), Pdy(dba); (0.016 mmol, 8 mol%), PPh; (0.2 mmol), THF 3mL), ~ 27 XF v
J AR —TF—N—%Ta—TRy 7 ANT 20mL RBREICNZ -, RBREZEE LT
ra—7Ry 7 ZAOIMNIIY H L, RIGEEEZ AT 80 °C T 24 h B L 7=, IS
TR K> TREWZ B R\, Yo F o —T )L LK %2 Iz T EEE 1T -
Too FEVTRIFIEAL T N U & DK TR L, NapSOs Z2 A TR L7z, U 7L
BT L7 ua~< h7 T 7 — (hexane 100%, R = 0.49) |2 & - T HMWAERY (4a) 2 Hiff L
77

1,1-diphenylheptane (4a) (CAS number: 1530-05-8): '"H NMR (500 MHz, CDCl;): 67.28-7.21
(m, 8H), 7.15 (t, J = 6.9 Hz, 2H), 3.88 (t, J= 7.7 Hz, 1H), 2.03 (dd, J = 15.2, 7.7 Hz, 2H), 1.34—
1.19 (m, 8H), 0.86 (t, J= 7.1 Hz, 3H). “C{'H} NMR (125 MHz, CDCls): 5145.5, 128.5, 128.0,

126.1, 51.5, 35.9, 31.9, 29.5, 28.2, 22.8, 14.2. MS (EL 70 eV): m/z (%): 252 (10) [M'], 168 (14),
167 (100), 166 (7), 165 (19), 152 (12), 91 (7).
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7 )V a— L ~DOb

Bpin OH

H>0,, NaOH
THF/H,0

2a 0°Ctort, 1.5h 5a

Ni(OH),/CeOx |12 & 5 T — Y X7 — /L&A T H A7z 2a (0.2 mmol), THF (1.5mL), ~ 72
XTI AL —TF— =% 20mL RERE I Z T2, BOSRIRERIE L7235 0°C (2H
AL .NaOHaq.(3M,2.0mL) % N L7z, #tlF T Ha02aq. (30%, 1.0 mL) Z i [ L7z,
FONER Z FIRE THRAICINE L T 1Sh #iiHE L7c, IS TRICY=FLro—TFT V%
Iz THH L7ztz, fafnsfbd U 7 2ZOKESHE THEF L, NaxSOs M2 TR L7z, &
VBT NI1T 87 v~ k757 ¢— (hexanelethyl acetate = 9:1, Ry = 0.23) (X > TH
AR (5a) ZHEEL 7=, 7277 L. RERUDAMINATEL SN 22l kT 5 5al
EDRAEHE LTHELNT, 5a & 5a'DHRIT GC iz L » TR =,
1-phenylheptan-1-ol (5a) (CAS number: 614-54-0): "H NMR (500 MHz, CDCl;): §7.35-7.24
(m, 5H), 4.64 (dd, J=17.3, 6.2 Hz, 1H), 1.95 (s, 1H), 1.82—1.65 (m, 2H), 1.33-1.22 (m, 8H), 0.87
(t, J=7.0 Hz, 3H). *C{'H} NMR (125 MHz, CDCl;): § 145.1, 128.6, 127.6, 126.0, 74.9, 39.3,
31.9,29.3,25.9,22.7, 14.2. MS (EI, 70 eV): m/z (%): 192 (3) [M'], 108 (8), 107 (100), 105 (8),
79 (41), 77 (18).

AT 1 ZAOG
Bpin
Bpin !
BrCH,CI, n-BulLi
THF
2a -78°Ctort,2h 6a

BERCIAZ 2 EIZ LT, LFOFIRTIT 272, Ni(OH)/CeO2 IZ L% 77— A7 —/LERKT
554172 2a (0.2 mmol), BrCH,Cl1(0.4 mmol), THF (1.5mL), ~ 7 X*F v 7 A X —F—/
—%Z /=7 Ry 7 ANTIOmML 297 7 A3 |ZMAlz, 72 L TEEZL, Zn—"7
Ry 7 AQHMIEY H L7tk —78°ClcmAI Lz, vV > Y ZMHWT n-BuLi (1.6 M in
hexane, 0.25mL) Ziii F L, Smin i L7, wo< D EEIRETHAIL, 2 h EHEE
\F 72, B3FN NH4Cl KB (10mL) 2Nz T/ = F Ltk V=T /b —T7 /LT,
gt LT b U U DOKEIR TR L, NaoSOs ZMA TR Lo, U BTNV T Lo nm
~ K277 7 ¢ — (hexane/ethyl acetate = 20:1, Ry = 0.42) |Z L > T HBYERY) (6a) % HiE
L7z, Tel2 L, WENRU DN R TR ST 2a'l2HRT 2 6a' & DIREW L L THE
BTz, 6a & 6a' DL GC iz L - TRD=,
4,4,5,5-tetramethyl-2-(2-phenyloctyl)-1,3,2-dioxaborolane (6a) (CAS number: 2170380-43-
3): '"H NMR (500 MHz, CDCl;): & 7.26-7.21 (m, 2H), 7.20-7.16 (m, 2H), 7.15-7.10 (m, 1H),
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2.84-2.77 (m, 1H), 1.61-1.54 (m, 2H), 1.29-1.15 (m, 8H), 1.14—1.06 (overlapping, 14H), 0.84 (t,
J=17.0 Hz, 3H). *C{'H} NMR (125 MHz, CDCl;): 5147.8, 128.2, 127.5, 125.8, 83.0, 41.6, 39.6,
31.9,29.4,27.7,24.8,22.8,14.2. "B NMR (160 MHz, CDCl3): §33.1. MS (EL, 70 eV): m/z (%):
316 (5) [M'], 232 (16), 231 (100), 230 (26), 131 (23), 130 (5), 128 (7), 105 (21), 104 (10), 101
(36), 91 (21), 85 (8), 84 (51), 83 (29), 57 (7), 55 (12).

22.7. MDD AR W ATF—F

H
0.0 ©/;:O\/\/
©)\/\/\/ + M

4,4,5,5-tetramethyl-2-(1-phenylheptyl)-1,3,2-dioxaborolane (2a) and 4,4,5,5-tetramethyl-2-
(1-phenylheptan-2-yl)-1,3,2-dioxaborolane (2a'): Isolated as a colorless oil (silica gel column
chromatography; eluent, hexane/ethyl acetate = 20/1, R¢= 0.38). 2a: '"H NMR (500 MHz, CDCl5):
07.25-7.19 (m, 4H), 7.13-7.10 (m, 1H), 2.29 (t, J = 8.0 Hz, 1H), 1.87-1.80 (m, 1H), 1.67-1.62
(m, 1H), 1.31-1.22 (m, 8H), 1.20 (s, 6H), 1.18 (s, 6H), 0.86 (t, J = 7.0 Hz, 3H). “C{'H} NMR
(125 MHz, CDCl;): 6 143.6, 128.5, 128.3, 125.2, 83.3, 32.8, 31.9, 29.4, 29.4, 24.8, 24.7, 22.8,
14.2. "B NMR (160 MHz, CDCls): §33.1. MS (EI, 70 eV): m/z (%): 303 (11), 302 (55) [M],
301 (14), 287 (20), 246 (9), 245 (54), 244 (18), 231 (13), 218 (19), 217 (61), 216 (29), 203 (14),
202 (32), 201 (16), 189 (13), 175 (9), 174 (23), 173 (9), 161 (12), 160 (9), 159 (13), 147 (5), 146
(6), 145 (21), 133 (11), 132 (40), 131 (40), 130 (8), 129 (7), 127 (6), 119 (31), 118 (74), 117 (82),
116 (17), 115 (12), 112 (5), 105 (56), 104 (37), 103 (10), 102 (10), 101 (90), 92 (16), 91 (91), 89
(5), 85 (62), 84 (51), 83 (100), 78 (8), 77 (8), 69 (18), 67 (7), 65 (7), 59 (19), 57 (30), 56 (6), 55
(47), 53 (6). 2a": MS (EI, 70 eV): m/z (%): 302 (1) [M], 245 (6), 175 (8), 174 (54), 145 (11), 131
(7, 119 (6), 118 (10), 117 (14), 105 (12), 104 (18), 101 (19), 92 (13), 91 (40), 85 (22), 84 (100),
83 (17), 69 (11), 57 (8), 55 (14).

4,4,5,5-tetramethyl-2-(1-phenylpropyl)-1,3,2-dioxaborolane (2b) (CAS number: 916658-71-
4) and 4,4,5,5-tetramethyl-2-(1-phenylpropan-2-yl)-1,3,2-dioxaborolane (2b") (CAS number:
916658-74-7): Isolated as colorless oil (silica gel column chromatography; eluent, hexane/ethyl
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acetate = 20/1, Ry = 0.29). 2b: '"H NMR (500 MHz, CDCls): §7.26-7.19 (m, 4H), 7.14-7.10 (m,
1H), 2.21 (t, J=17.9 Hz, 1H), 1.92-1.83 (m, 1H), 1.71-1.63 (m, 1H), 1.21 (s, 6H), 1.19 (s, 6H),
0.91 (t, J=7.3 Hz, 3H). *C{'H} NMR (125 MHz, CDCL): § 143.5, 128.5, 128.3, 125.2, 83 .4,
25.9,24.8,24.7, 14.1. "B NMR (160 MHz, CDCl3): §33.0. MS (EL 70 eV): m/z (%): 247 (14),
246 (89) [M'], 245 (22), 231 (28), 230 (7), 218 (9), 217 (63), 216 (16), 189 (18), 188 (24), 187
(8), 161 (6), 160 (29), 159 (5), 147 (14), 146 (61), 145 (35), 132 (9), 131 (33), 130 (7), 127 (9),
120 (11), 119 (56), 118 (55), 117 (82), 116 (18), 115 (12), 105 (61), 104 (25), 103 (10), 102 (6),
101 (31), 92 (9), 91 (86), 90 (6), 89 (6), 85 (54), 84 (41), 83 (100), 78 (8), 77 (12), 69 (16), 67 (6),
65 (12), 59 (20), 57 (17), 55 (25), 53 (6), 51 (6). 2b": *C{'H} NMR (125 MHz, CDCl3): 5142.5,
129.0, 128.1, 125.7, 83.1, 39.1, 24.7, 15.3. MS (EL, 70 eV): m/z (%): 246 (3) [M'], 189 (10), 160
(6), 146 (18), 145 (29), 131 (15), 130 (6), 128 (8), 119 (9), 118 (32), 117 (9), 105 (18), 101 (6),
92 (7), 91 (57), 85 (15), 84 (100), 83 (10), 69 (10), 65 (7), 59 (8), 55 (10).

bt o

o TR
4,4,5,5-tetramethyl-2-(1-phenylpentyl)-1,3,2-dioxaborolane (2¢) (CAS number: 1037742-95-
2) and 4,4,5,5-tetramethyl-2-(1-phenylpentan-2-yl)-1,3,2-dioxaborolane (2¢') (CAS number:
1809510-85-7): Isolated as colorless oil (silica gel column chromatography; eluent, hexane/ethyl
acetate = 20/1, Ry = 0.46). 2¢: 'H NMR (500 MHz, CDCls): §7.26-7.19 (m, 4H), 7.14-7.10 (m,
1H), 2.29 (t, J= 7.9 Hz, 1H), 1.88-1.80 (m, 1H), 1.69-1.60 (m, 1H), 1.35-1.22 (m, 4H), 1.20 (s,
6H), 1.18 (s, 6H), 0.86 (t, J=7.2 Hz, 3H). “C{'H} NMR (125 MHz, CDCl;): & 143.7, 128.5,
128.3, 125.2, 83.4,32.4, 31.7, 24.8, 24.7, 22.8, 14.2. "B NMR (160 MHz, CDCl;): §33.3. MS
(EL, 70 eV): m/z (%): 275 (14), 274 (78) [M'], 273 (19), 259 (21), 258 (5), 231 (13), 230 (5), 218
(20), 217 (75), 216 (28), 189 (20), 188 (20), 187 (6), 175 (11), 174 (45), 173 (16), 161 (7), 160
(5), 159 (9), 147 (13), 146 (23), 145 (25), 133 (6), 132 (29), 131 (41), 130 (7), 129 (7), 127 (7),
119 (28), 118 (81), 117 (90), 116 (18), 115 (14), 105 (56), 104 (32), 103 (10), 102 (9), 101 (70),
92 (16), 91 (95), 89 (6), 85 (52), 84 (56), 83 (100), 78 (9), 77 (10), 69 (18), 67 (6), 65 (10), 59
(17), 57 (29), 55 (34). 2¢": MS (EI, 70 eV): m/z (%): 274 (2) [M'], 217 (6), 173 (6), 147 (6), 146
(46), 145 (12), 131 (7), 119 (9), 118 (13), 117 (18), 105 (12), 104 (7), 101 (17), 92 (13), 91 (47),
85 (15), 84 (100), 83 (18), 69 (11), 65 (6), 59 (6), 57 (9), 55 (15).
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4,4,5,5-tetramethyl-2-(3-methyl-1-phenylbutyl)-1,3,2-dioxaborolane (2d) (CAS number:
2222717-77-1): Isolated as colorless oil (silica gel column chromatography; eluent, hexane/ethyl
acetate = 20/1). "H NMR (500 MHz, CDCls): & 7.25-7.19 (m, 4H), 7.13-7.10 (m, 1H), 2.41 (4,
J=28.0 Hz, 1H), 1.71-1.65 (m, 1H), 1.63-1.57 (m, 1H), 1.53-1.43 (m, 1H), 1.19 (s, 6H), 1.17 (s,
6H), 0.89 (d,J = 6.6 Hz, 3H), 0.87 (d,J = 6.9 Hz, 3H). *C{'H} NMR (125 MHz, CDCl;): 5143.6,
128.5, 128.4, 125.2, 83.3, 41.6, 27.0, 24.7, 23.1, 22.3. "B NMR (160 MHz, CDCls): §32.8. MS
(EL, 70 eV): m/z (%): 275 (7), 274 (39) [M'], 273 (10), 259 (9), 232 (6), 231 (38), 230 (10), 219
(6), 218 (40), 217 (26), 176 (7), 175 (9), 174 (39), 161 (9), 160 (8), 159 (13), 146 (6), 145 (10),
132 (29), 131 (38), 130 (7), 129 (6), 119 (14), 118 (39), 117 (42), 116 (10), 115 (7), 105 (34), 104
(15), 103 (8), 102 (9), 101 (100), 92 (8), 91 (47), 85 (24), 84 (23), 83 (71), 78 (6), 77 (7), 69 (10),
65 (6), 59 (12), 57 (28), 55 (27).

H

o. 0O
B

2-benzhydryl-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (2¢) (CAS number: 1373393-16-8):
Isolated as white solid (silica gel column chromatography; eluent, hexane/ethyl acetate = 20/1, R¢
=0.18). "HNMR (500 MHz, CDCl;): §7.27-7.24 (m, 8H), 7.17-7.13 (m, 2H), 3.86 (s, 1H), 1.22
(s, 12H). *C{'H} NMR (125 MHz, CDCl3): §142.2, 129.3, 128.5, 125.7, 83.9, 24.7. "B NMR
(160 MHz, CDCl3): §32.6. MS (E1, 70 eV): m/z (%): 295 (20), 294 (99) [M "], 293 (26), 279 (21),
278 (5), 237 (5), 209 (9), 208 (30), 203 (7), 195 (28), 194 (100), 193 (69), 192 (12), 191 (5), 179
(5), 178 (19), 177 (9), 176 (16), 168 (17), 167 (79), 166 (38), 165 (68), 153 (7), 152 (34), 151 (6),
139 (5), 132 (9), 119 (12), 117 (39), 116 (10), 115 (7), 102 (5), 101 (59), 91 (15), 89 (6), 85 (34),
84 (22), 83 (47), 69 (8), 65 (7), 59 (10), 57 (11), 55 (18).
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2-([1,1'-biphenyl]-4-yl(phenyl)methyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (29):

Isolated as colorless oil (silica gel column chromatography; eluent, hexane/ethyl acetate = 10/1,
R¢=0.35) '"H NMR (500 MHz, CDCl3): §7.56 (d, J= 7.2 Hz, 2H), 7.49 (d, J = 8.0 Hz, 2H), 7.40
(obsc dd, 2H), 7.34-7.24 (m, 8H), 3.90 (s, 1H), 1.24 (s, 12H). *C {'"H} NMR (125 MHz, CDCl5):
0142.1,141.4,141.2,138.6, 129.6, 129.3, 128.8, 128.6, 127.3, 127.09, 127.07, 125.8, 83.9, 24.8.
"B NMR (160 MHz, CDCl3): & 32.4. HRMS (ESI) m/z caled. for CosHy7'°BO, [M+NH,4]"
387.2479, found: 387.2479.

o. .0

\B/
\TT/

4,4'-((4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)methylene)bis(N,N-dimethylaniline)

(2g): Isolated as white solid (NH:-modified silica gel column chromatography; eluent,
hexane/ethyl acetate = 4/1, Ry = 0.31), but gradually turned to yellow solid. MS (EI, 70 eV): m/z
(%): 381 (17), 380 (67) [M'], 379 (25), 366 (24), 365(100), 364(26), 336 (13), 295 (5), 279 (6),
265 (6), 254 (12), 253 (41), 252 (11), 239 (6), 238 (7), 237 (24), 236 (10), 209 (10), 208 (7), 165
(8), 162 (22), 160 (8), 149 (6), 139 (8), 134 (8), 132 (9), 127 (8), 126 (23), 119 (6), 118 (12), 83
(6), 55 (9). HRMS (ESI) m/z calcd. for Co3Hss'*BN,O, [M+H]" 380.2744, found: 380.2737.

OH
SO0,

bis(4-(dimethylamino)phenyl)methanol (2g-ox) (CAS number: 119-58-4): Isolated as pale
green solid (NHz-modified silica gel column chromatography; eluent, hexane/ethyl acetate = 2/1,
R¢=10.20). '"HNMR (500 MHz, CDCl;): §7.23 (d,J = 8.6 Hz, 4H), 6.70 (d, J = 8.9 Hz, 4H), 5.71
(s, 1H), 2.92 (s, 12H), 2.01 (br. s,1H). *C{'H} NMR (125 MHz, CDCl;): §150.1, 132.7, 127.6,
112.7,75.8, 40.8.
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2,2'-(phenylmethylene)bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolane) (3h) (CAS number:
356570-49-5): Isolated as white solid (silica gel column chromatography; eluent, hexane/ethyl
acetate = 10/1, R¢=0.23). "H NMR (500 MHz, CDCl3): §7.27-7.25 (m, 2H), 7.20 (t,J = 7.6 Hz,
2H), 7.06 (t, J=7.3 Hz, 1H) 2.30 (s, 1H), 1.22 (s, 6H), 1.21 (s, 6H). *C{'H} NMR (125 MHz,
CDCl3): 6139.6,129.3, 128.1, 124.3, 83.5, 24.8, 24.7. "B NMR (160 MHz, CDCl3): §32.6. MS
(EL, 70 eV): m/z (%): 344 (0.5) [M'], 174 (28), 162 (6), 159 (26), 118 (8), 117 (11), 104 (6), 85
(6), 84 (32), 83 (100), 69 (14), 59 (6), 57 (5), 55 (16).

b

Oo. O
B
BI/O
e

2,2'-(p-tolylmethylene)bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolane) (3i) (CAS number:
1639367-59-1): Isolated as white solid (silica gel column chromatography; eluent, hexane/ethyl
acetate = 10/1, Rr = 0.18). '"H NMR (500 MHz, CDCl;): 6 7.14 (d, J= 8.0 Hz, 2H), 7.01 (d,
J=8.0 Hz, 2H), 2.27 (s, 3H), 2.25 (s, 1H), 1.22 (s, 12H), 1.21 (s, 12H). *C{'H} NMR (125 MHz,
CDCl3): 5136.3,133.4,129.1, 128.8, 83.4, 24.8,24,7,21.1. "B NMR (160 MHz, CDCl3): 632.7.
MS (E1, 70 eV): m/z (%): 358 (2) [M'], 189 (6), 188 (38), 176 (10), 175 (7), 174 (6), 173 (32),
132 (6), 131 (14), 118 (16), 105 (5), 84 (25), 83 (100), 69 (14), 55 (16).

o

Oo. O
B
E13/O
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2,2'-(m-tolylmethylene)bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolane) (3j) (CAS number:
1840943-41-0): Isolated as white solid (silica gel column chromatography; eluent, hexane/ethyl
acetate = 10/1, R¢=0.15). '"H NMR (500 MHz, CDCl3): §7.12-7.08 (m, 2H), 7.04 (s, 1H), 6.90—
6.86 (m, 1H), 2.29 (s, 3H), 2.26 (s, 1H), 1.22 (s, 12H), 1.21 (s, 12H). *C{'H} NMR (125 MHz,
CDCl3): 6139.4,137.3, 130.1, 127.9, 126.4, 125.1, 83.4, 24.8, 24.7, 21.6. "B NMR (160 MHz,
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CDCL): 632.4. MS (EL 70 eV): m/z (%): 358 (2) [M'], 189 (6), 188 (35), 176 (8), 175 (5), 174
(5), 173 (30), 132 (6), 131 (11), 118 (12), 105 (5), 84 (28), 83 (100), 69 (14), 55 (16).

o. 0
B
I?/o
e

2,2'-(o-tolylmethylene)bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolane) (3k) (CAS number:
1847471-04-8): Isolated as colorless oil (silica gel column chromatography; eluent, hexane/ethyl
acetate = 10/1, R¢= 0.22). '"H NMR (500 MHz, CDCl3): 67.44 (d,J = 7.7 Hz, 1H), 7.11-7.06 (m,
2H), 6.99 (t, J=7.3 Hz, 1H), 2.39 (s, 1H), 2.24 (s, 3H), 1.23 (s, 12H), 1.22 (s, 12H). *C{'H}
NMR (125 MHz, CDCls): §138.2, 135.8, 129.8, 129.3, 125.8, 124.5, 83.4, 24.9, 24.7,20.7. ''B
NMR (160 MHz, CDCls): 632.6. MS (EL, 70 eV): m/z (%): 358 (1) [M], 188 (20), 176 (8), 175
(5), 173 (16), 131 (10), 130 (5), 118 (10), 105 (6), 84 (24), 83 (100), 69 (13), 55 (16).

o. .0
B
B\/O
e

2,2'-((3,5-dimethylphenyl)methylene)bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolane) Q3l):
Isolated as white solid (silica gel column chromatography; eluent, hexane/ethyl acetate = 10/1, R¢
=0.21). "HNMR (500 MHz, CDCl;): §6.87 (s, 2H), 6.71 (s, 1H), 2.25 (s, 6H), 2.22 (s, 1H), 1.23
(s, 12H), 1.21 (s, 12H). *C{'H} NMR (125 MHz, CDCl;): § 139.2, 137.2, 127.2, 126.2, 83.4,
24.8,24.7,21.5. "B NMR (160 MHz, CDCl;): §32.7. MS (El, 70 eV): m/z (%): 372 (3) [M],
203 (6), 202 (38), 190 (12), 189 (7), 188 (7), 187 (32), 145 (12), 132 (15), 84 (25), 83 (100), 69
(14), 55 (16). HRMS (ESI) m/z calcd. for C21H34'°B,04 [M+H]" 371.2789, found: 371.2808.
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2,2'-((4-methoxyphenyl)methylene)bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolane) (3n) (CAS
number: 1847470-90-9): Isolated as white solid (silica gel column chromatography; eluent,
hexane/ethyl acetate = 10/1, Ry = 0.14). "H NMR (500 MHz, CDCl;): 67.17 (d, J = 8.9 Hz, 2H),
6.77 (d, J= 8.9 Hz, 2H), 3.76 (s, 3H), 2.23 (s, 1H), 1.22 (s, 12H), 1.21 (s, 12H). *C{'H} NMR
(125 MHz, CDCls): 6 156.8, 131.5, 130.0, 113.6, 83.4, 55.3, 24.8, 24.7. "B NMR (160 MHz,
CDCls): 632.9. MS (E1, 70 eV): m/z (%): 374 (12) [M"], 373 (6), 359 (7), 259 (5), 247 (5), 205
(16), 204 (98), 192 (22), 191 (100), 190 (55), 189 (79), 174 (5), 161 (6), 149 (7), 148 (13), 147
(52), 146 (13), 134 (19), 133 (5), 121 (19), 101 (6), 91 (5), 85 (7), 84 (36), 83 (96), 77 (5), 69
(29), 59 (7), 57 (8), 55 (32).

o

o. O
B
/©)\B‘/O
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4-(bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)methyl)-N,N-dimethylaniline (30) (CAS
number: 1847470-89-6): MS (EI, 70 eV): m/z (%): 388 (18), 387 (76) [M], 386 (39), 385 (6),
372 (12), 371 (5), 329 (6), 305 (10), 304 (30), 303 (15), 260 (14), 220 (6), 219 (7), 217 (9), 205
(8), 204 (67), 203 (39), 202 (35), 187 (7), 186 (10), 176 (6), 175 (7), 174 (5), 162 (14), 161 (14),
160 (100), 159 (30), 144 (10), 135 (6), 134 (42), 133 (14), 132 (10), 121 (6), 118 (6), 117 (6), 84
(%), 83 (23), 69 (8), 55 (12).

@A”
>N

4-(dimethylamino)benzaldehyde (30-0x) (CAS number: 100-10-7): Isolated as white solid
(silica gel column chromatography; eluent, hexane/dichloromethane = 1/20, Ry = 0.33). 'H NMR
(500 MHz, CDCl3): 69.74 (s, 1H), 7.74 (d, J = 8.9 Hz, 2H), 6.70 (d, J = 8.9 Hz, 2H), 3.09 (s, 6H).
BC{'H} NMR (125 MHz, CDCl3): §190.4, 154.5,132.1, 125.3, 111.1, 40.2. MS (EL 70 eV): m/z
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(%): 150 (9), 149 (86) [M'], 148 (100), 133 (5), 132 (13), 120 (10), 118 (8), 105 (10), 104 (10),
103 (5), 91 (8), 79 (8), 78 (7), 77 (22), 61 (6), 51 (10), 50 (5).

3-(bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)methyl)-N,N-dimethylaniline (3p): MS
(EIL, 70 eV): m/z (%): 388 (23), 387 (100) [M'], 386 (49), 385 (8), 372 (12), 371 (6), 287 (13), 286
9), 272 (5), 244 (6), 243 (12), 230 (5), 218 (7), 217 (34), 206 (8), 205 (67), 204 (43), 203 (15),
202 (20), 188 (8), 187 (13), 186 (18), 185 (7), 174 (6), 162 (9), 161 (25), 160 (32), 159 (10), 147
(7), 145 (5), 135 (9), 118 (5), 117 (7), 84 (7), 83 (73), 69 (7), 55 (20).

3-(dimethylamino)benzaldehyde (3p-0x) (CAS number: 619-22-7): Isolated as yellow oil (silica
gel column chromatography; eluent, hexane/dichloromethane = 1/1, Ry = 0.24). 'H NMR
(500 MHz, CDCl3): 69.95 (s, 1H), 7.38 (t, J= 7.9 Hz, 1H), 7.21-7.17 (overlapping, 2H), 6.99—
6.96 (m, 1H), 3.01 (s, 6H). *C{'H} NMR (125 MHz, CDCl;): §193.4, 150.9, 137.4,129.7, 119.1,
118.4,111.7,40.5. MS (EI, 70 eV): m/z (%): 150 (9), 149 (87) [M"], 148 (100), 133 (7), 132 (10),
120 (8), 118 (9), 105 (9), 104 (10), 103 (6), 91 (8), 79 (7), 78 (7), 77 (24), 63 (6), 51 (12), 50 (5).

o
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2,2'-((4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)methylene)bis(4,4,5,5-

tetramethyl-1,3,2-dioxaborolane) (3q) (CAS number: 1847470-94-3): After the reaction, the
catalyst was removed by simple filtration and the filtrate was concentrated by evaporation. The
precipitate was rinsed with chilled hexane (—35 °C) to give pure 3q as white solid. 'H NMR
(500 MHz, CDCls): 6 7.66 (d, J=8.0 Hz, 2H), 7.26 (d, J= 8.0 Hz, 2H), 2.31 (s, 1H), 1.32 (s,
12H), 1.21 (s, 12H), 1.19 (s, 12H). *C{'H} NMR (125 MHz, CDCl3): 5143.5, 134.7, 128.8, 83.5,
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25.0, 24.8, 24.7. "B NMR (160 MHz, CDCl3): 632.5. MS (EL, 70 eV): m/z (%): 470 (1) [M'],
300 (18), 285 (17), 185 (6), 144 (5), 101 (11), 85 (9), 84 (25), 83 (100), 69 (16), 59 (9), 57 (8), 55
(19).

2,2'-((3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)methylene)bis(4,4,5,5-
tetramethyl-1,3,2-dioxaborolane) (3r) (CAS number: 1847470-95-4): Isolated as white solid
(silica gel column chromatography; eluent, hexane/ethyl acetate = 4/1, R = 0.36). '"H NMR
(500 MHz, CDCl3): 7.56-7.47 (m, 3H), 7.27-7.23 (m, 1H), 2.33 (s, 1H), 1.32 (s, 12H), 1.22 (s,
12H), 1.20 (s, 12H). *C{'H} NMR (125 MHz, CDCl;): §139.0, 135.6, 132.5, 130.8, 127.5, 83.6,
83.4, 25.0, 24.8, 24.7. "B NMR (160 MHz, CDCl3): 632.5. MS (EL 70 eV): m/z (%): 470 (1)
[M'], 301 (7), 300 (33), 299 (8), 286 (10), 285 (43), 284 (11), 185 (9), 157 (7), 144 (8), 101 (20),
85 (6), 84 (24), 83 (100), 69 (13), 55 (16).

©/\§/O

S

2-benzyl-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (2h) (CAS number: 87100-28-5): Isolated as
colorless oil (reversed-phase silica gel column chromatography; eluent, acetonitrile/water = 4/1,
R¢=0.39). "H NMR (500 MHz, CDCl3): §7.26-7.09 (m, 4H), 2.29 (s, 2H), 1.23 (12H). *C{'H}
NMR (125 MHz, CDCl;): 6138.8, 129.1, 128.4, 124.9, 83.5,24.9. "B NMR (160 MHz, CDCl5):
632.6. MS (EL, 70 eV): m/z (%): 219 (7), 218 (45) [M"], 217 (11), 203 (20), 202 (5), 160 (11),
133 (8), 132 (72), 119 (38), 118 (100), 117 (42), 92 (20), 91 (54), 90 (5), 85 (50), 84 (14), 83 (64),
65 (14), 59 (20), 57 (9), 55 (12).

B‘/O

e
4,4,5,5-tetramethyl-2-(4-methylbenzyl)-1,3,2-dioxaborolane (2i) (CAS number: 356570-52-
0): Isolated as colorless oil (reversed-phase silica gel column chromatography; eluent,

acetonitrile/water = 4/1, Ry = 0.36). '"H NMR (500 MHz, CDCls): §7.08-7.02 (m, 4H), 2.29 (s,
3H), 2.24 (s, 2H), 1.23 (12H). “C{'H} NMR (125 MHz, CDCl;): § 135.5, 134.2, 129.1, 129.0,
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83.5,24.9,21.1. "B NMR (160 MHz, CDCls): §32.7. MS (EL 70 eV): m/z (%): 233 (9), 232 (60)
[M1], 231 (15), 217 (19), 174 (7), 147 (8), 146 (64), 133 (36), 132 (100), 131 (38), 117 (11), 106
(16), 105 (78), 104 (7), 103 (8), 91 (32), 85 (40), 84 (11), 83 (49), 79 (8), 78 (6), 77 (12), 59 (14),
57 (7), 55 (11).

e

4,4,5,5-tetramethyl-2-(3-methylbenzyl)-1,3,2-dioxaborolane (2j) (CAS number: 365564-12-
1): Isolated as colorless oil (reversed-phase silica gel column chromatography; eluent,
acetonitrile/water = 4/1, Ry=0.37). '"H NMR (500 MHz, CDCl3): 57.12 (t,J = 7.5 Hz, 1H), 7.00—
6.96 (m, 2H), 6.92 (d, J= 7.5 Hz, 1H), 2.30 (s, 3H), 2.25 (s, 2H), 1.23 (s, 12H). *C{'H} NMR
(125 MHz, CDCl): & 138.6, 137.8, 130.0, 128.2, 126.1, 125.7, 83.5, 24.8, 21.5. "B NMR
(160 MHz, CDCl3): 632.8. MS (EL, 70 eV): m/z (%): 233 (8), 232 (54) [M"], 231 (14), 217 (21),
174 (9), 147 (9), 146 (72), 133 (34), 132 (100), 131 (42), 117 (11), 106 (20), 105 (61), 104 (7),
103 (8), 92 (5), 91 (33), 85 (47), 84 (13), 83 (60), 79 (8), 78 (6), 77 (12), 65 (5), 59 (16), 57 (8),
55 (12).

Save

4,4,5,5-tetramethyl-2-(2-methylbenzyl)-1,3,2-dioxaborolane (2k) (CAS number: 390381-02-
9): Isolated as colorless oil (reversed-phase silica gel column chromatography; eluent,
acetonitrile/water = 4/1, Ry = 0.37). '"H NMR (500 MHz, CDCl3): 6 7.14-7.01 (m, 4H), 2.27 (s,
3H), 2.25 (s, 2H), 1.22 (s, 12H). *C{'H} NMR (125 MHz, CDCl;): 5137.6, 136.0, 129.9, 129.6,
125.9, 125.2, 83.4, 24.8, 20.2. "B NMR (160 MHz, CDCls): §32.7. MS (EI, 70 eV): m/z (%):
233 (6),232 (38) [M],231(9),217 (9), 176 (11), 175 (100), 174 (27), 146 (7), 133 (18), 132 (87),
131 (46), 130 (6), 117 (8), 106 (11), 105 (48), 104 (12), 103 (8), 101 (18), 91 (25), 85 (22), 84 (7),
83 (27), 79 (8), 78 (9), 77 (11), 59 (10), 57 (8), 55 (10).

I?/O
e
2-(3,5-dimethylbenzyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (21) (CAS number: 356570-

54-2): Isolated as colorless oil (reversed-phase silica gel column chromatography; eluent,
acetonitrile/water = 4/1, Ry= 0.36). "H NMR (500 MHz, CDCl3): 66.79 (s, 2H), 6.75 (s, 1H), 2.26
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(s, 6H), 2.21 (s, 2H), 1.23 (s, 12H). BC{'H} NMR (125 MHz, CDCl;): & 138.4, 137.7, 127.0,
126.7, 83.4,24.8, 21.4. "B NMR (160 MHz, CDCL): 532.7. MS (EL 70 eV): m/z (%): 247 (10),
246 (60) [M'], 245 (15), 231 (18), 188 (6), 161 (7), 160 (49), 147 (30), 146 (100), 145 (41), 131
(21), 130 (6), 120 (21), 119 (65), 117 (8), 115 (7), 106 (5), 105 (30), 104 (6), 103 (7), 91 (14), 85
(37), 84 (10), 83 (47), 77 (9), 59 (11), 57 (7), 55 (10).

h/@/\?/o

e

2-(4-(tert-butyl)benzyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane =~ (2m) (CAS number:
1242770-19-9): Isolated as colorless oil (reversed-phase silica gel column chromatography;
eluent, acetonitrile/water = 4/1, Re = 0.22). '"H NMR (500 MHz, CDCl;): §7.25 (d, J= 8.0 Hz,
2H), 7.11 (d, J = 8.0 Hz, 2H), 2.26 (s, 2H), 1.29 (s, 9H), 1.24 (s, 12H). *C{'H} NMR (125 MHz,
CDCl3): 5147.6,135.5,128.8, 125.3, 83.5, 34.4, 31.6,24.9. "B NMR (160 MHz, CDCl3): 632.7.

MS (EL 70 eV): m/z (%): 274 (13) [M'], 260 (18), 259 (100), 258 (25), 159 (8), 131 (8), 117 (7),
101 (10), 83 (11), 57 (9), 55 (6).

/@/\B\/O

~o O\f

2-(4-methoxybenzyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (2n) (CAS number: 475250-
52-3): Isolated as colorless oil (reversed-phase silica gel column chromatography; eluent,
acetonitrile/water = 4/1, Rg=0.22). "H NMR (500 MHz, CDCls): 67.09 (d, J = 8.3 Hz, 2H), 6.79
(d, J= 8.6 Hz, 2H), 3.76 (s, 3H), 2.22 (s, 2H), 1.23 (s, 12H). *C{'H} NMR (125 MHz, CDCl5):
5157.2, 130.6, 129.9, 113.9, 83.5, 55.3, 24.9. "B NMR (160 MHz, CDCl): & 32.7. MS (EI,
70 eV): m/z (%): 249 (14), 248 (88) [M'], 247 (23), 233 (27), 232 (7), 162 (18), 149 (21), 148
(62), 147 (29), 133 (7), 122 (12), 121 (100), 117 (6), 107 (6), 105 (7), 91 (9), 90 (6), 85 (25), 84
(5), 83 (25), 78 (8), 77 (9), 59 (8), 57 (6), 55 (8).

/@/\B\/O

\'Il O\f
N,N-dimethyl-4-((4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)methyl)aniline (20) (CAS
number: 1847470-96-5): MS (EL, 70 eV): m/z (%): 262 (16), 261 (100) [M ], 260 (43), 246 (16),

179 (6), 178 (7), 164 (9), 162 (7), 161 (18), 160 (27), 159 (6), 135 (10), 134 (69), 121 (6), 120
(12), 118 (13), 117 (6), 91 (7).
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(4-(dimethylamino)phenyl)methanol (20-0x) (CAS number:1703-46-4): Isolated as colorless
oil (silica gel column chromatography; eluent, hexane/ethyl acetate = 3/2, Ry = 0.35). '"H NMR
(500 MHz, CDCl3): 67.23 (d,J = 8.6 Hz, 2H), 6.72 (d, J = 8.6 Hz, 2H), 4.55 (s, 2H), 2.94 (s, 6H).
BC{'H} NMR (125 MHz, CDCl3): §150.5, 129.0, 128.7, 112.8, 65.4, 40.8. MS (EI, 70 eV): m/z
(%): 152 (8), 151 (77) [M], 150 (45), 148 (7), 135 (14), 134 (100), 122 (16), 121 (5), 120 (19),
119 (5), 118 (16), 107 (20), 106 (9), 91 (13), 79 (12), 78 (7), 77 (19), 75 (6), 65 (6), 51 (8).

I
N -0

O Se
N,N-dimethyl-3-((4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)methyl)aniline (2p) (CAS
number: 1800284-55-2): Isolated as colorless oil (silica gel column chromatography; eluent,
hexane/ethyl acetate = 9/1, Ry = 0.20). '"H NMR (500 MHz, CDCl3): 67.10 (t, J = 7.7 Hz, 1H),
6.59-6.55 (m, 2H), 6.53 (dd, J=8.3, 2.6 Hz, 1H), 2.91 (s, 6H), 2.25 (s, 2H), 1.23 (s, 12H).
BC{'H} NMR (125 MHz, CDCl3): §150.9, 139.4, 129.0, 117.9, 113.7, 109.7, 83.4, 40.8, 24.9.
"B NMR (160 MHz, CDCls): §32.6. MS (EL, 70 eV): m/z (%): 262 (16), 261 (100) [M], 260
(52), 259 (7), 246 (7), 162 (10), 161 (20), 160 (29), 159 (7), 135 (33), 134 (17), 133 (8), 121 (6),
120 (8), 118 (7), 117 (5), 91 (8), 83 (7).

oY
(0]
O\IB

!

4,4,5,5-tetramethyl-2-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzyl)-1,3,2-
dioxaborolane (2q) (CAS number: 1379610-53-3): Isolated as white solid (silica gel column
chromatography; eluent, hexane/ethyl acetate = 9/1, Ry = 0.22). '"H NMR (500 MHz, CDCl;): §
7.68 (d, J=8.0 Hz, 2H), 7.19 (d, J="7.7 Hz, 2H), 2.30 (s, 2H), 1.33 (s, 12H), 1.21 (s, 12H).
BC{'"H} NMR (125MHz, CDCly): §142.5,134.9,128.5, 83.6, 83.6, 25.0, 24.8. "B NMR
(160 MHz, CDCl3): 632.7. MS (EL 70 eV): m/z (%): 345 (8), 344 (39) [M"], 343 (19), 329 (22),
328 (11), 287 (6), 259 (13), 258 (36), 257 (9), 246 (5), 245 (36), 244 (49), 243 (21), 229 (9), 217
(9),216(12),203 (7),202 (15), 201 (26), 200 (12), 174 (17), 159 (6), 158 (10), 157 (9), 145 (15),
144 (11), 118 (10), 117 (13), 104 (13), 101 (40), 85 (21), 84 (22), 83 (100), 59 (12), 57 (10), 55
(12).
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4,4,5,5-tetramethyl-2-(3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzyl)-1,3,2-
dioxaborolane (2r) (CAS number: 1847470-97-6): Isolated as white solid (silica gel column
chromatography; eluent, hexane/ethyl acetate = 9/1, Ry = 0.24). '"H NMR (500 MHz, CDCl;): §
7.61 (s, 1H), 7.57 (d,J="7.2 Hz, 1H), 7.30 (d, J= 7.7 Hz, 1H), 7.26-7.23 (m,. 1H), 2.30 (s, 2H),
1.33 (s, 12H), 1.22 (s, 12H). “C{'H} NMR (125 MHz, CDCl;): §138.1, 135.6, 132.0, 131.4,
127.8, 83.7, 83.5, 25.0, 24.8. "B NMR (160 MHz, CDCl3): §32.8, 30.8. MS (EI, 70 eV): m/z
(%): 345 (7), 344 (32) [M"], 343 (16), 329 (13), 328 (6), 285 (6), 284 (7), 261 (5), 259 (10), 258
(18), 245 (15), 244 (39), 243 (20), 229 (12), 217 (9), 203 (5), 202 (13), 201 (44), 200 (23), 187
(8), 186 (5), 175 (5), 174 (27), 159 (10), 158 (9), 157 (9), 145 (15), 144 (12), 143 (6), 131 (6),
130 (6), 127 (5), 118 (11), 117 (14), 116 (5), 101 (57), 85 (23), 84 (41), 83 (100), 82(6), 69 (6),
59 (15), 58 (5), 57 (13), 55 (17).
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23, FER LB
2.3.1. SRR L ORISEEOKEL

BRI C-HFEREEHT AT FAR T (la) 2 EE L, B Fa—L
N7 (HBpin, pin = pinacol) & 748 U FELAl & T 5 BUG %2 7 /VEOSITERE L, i h F
DOKFTEIT > 72, K& 1a % 0.2 mmol, HBpin % 0.8 mmol, A F /L7 m~FH o %
WL LTV, BOGIEREE 120 °C, RUSFERE] 4 h O5M4 T - 7o, i34 m R RS
1.3wt% Db D%, 1allk L Ta&BE 3.6 mol% & 72 b &% AW, HriiibEiLic L > T
Ni KER(LM % CeOy bITHER L 72l (Ni(OH)./CeOy) & AW ZE . Ry VLD
C(sp’)-H #EAMNARUHFL ST BHIERY 2a 25 79% DI TH B 7z (Table 2-2,
entry 1), FIRFIZ, RER2 TIUNLOD C(sp’)-H FEA DA U R L S £ (2a") 23 5%,
7 = = VD C(sp?)-H FEEMH U HFL SN2 (2a") BEFHT 2%DIETH L
72 Csp V- H A B (N DR ER L DALY DA T FALSOE ORIRAIT 98% & 5 < |
Ni(OH)./CeO2 73 C(sp’)-H &G DA 7 FALSINT K L TEN TR & IR A2 R4 2 &
W BN E 72572, —J7 T, Ni(OH)/ALO;, Ni(OH)/TiO>, Ni(OH)/HAP (HAP= t Fn
XUTNEA N EENENHNESAIZIE CH AU EEONTE<H#EIT LR -
7= (Table 2-2, entries 2-4), F 7=, Ni(OH)./ALO; & CeO, DWEIR AW % fillit & L 7-5H
0. CeO, DI ZANWT-HE, EIRIEIC L - THEL L 72 NiO/CeO, Z it & L7-HE10 b
B iE 4 < 1T L 72 H>» 7= (Table 2-2, entries 5-7), & T, AMKICHEFL T a0
Ni(OH), *° NiO % 723552, Ni(OH), & CeO, DWHRIR AW & W= HA1C b AAE
I IAF B A7 H> > 7= (Table 2-2, entries 8-10), NiClo, Ni(OAc),-4H,0 35 £ O Ni(cod) (1,5-
cyclooctadiene) £\ 572 Ni YV —AEZ WA IC O INMTIFE AL EHEIT LR -
7= (Table 2-2, entries 11-13), @@ N FIZ DOV T L #FT 2170, Fe(OH),/CeO,. Co(OH),/CeOs,
Cu(OH),/Ce0; & VN> 72 Ni LIS 3d R4 8 DK bW 2 CeOx IZHFF L 7o il 3% &
h ETEM IR S 72725 72 (Table 2-2, entries 14-16), LA EDOFERNG | Ni Z/K{E & L
TIEHE CeO IR LICHEFT 5 Z L8, ARICOEITIZHEHETHDL Z LWL E -
77

fil i & (b EE &), HBpin Y&, W, SOSREIZOW T, JOSERFO R E2 1T

> 7= (Table 2-3), filfii&E % 3.6 mol%H 5 1.8 mol%IZIH 5 Li=H4. 1la OisfbFis L O
2a DYLEN KX <AKF L7z (Table 2-3, entry 1), — 7 T, 7.2 mol%IZHi<° L 72355121 1a
O LFRILIA E L7223, 2a OULRIXED L7= (Table 2-3, entry 3), = DA 121, C-H &
U FEH 2 AT L Bpin 2% 2 OFTLRIERDINAE T TWDZ L GC-MS 12X -5
THERR S 4172, HBpin ¥ &EIZHOWTIE, 3, 4, 5§ YEICOWTHRFTL, 4 YEOHAIC
la ORI L O 2a DULED b 5 < 72 > 7= (Table 2-3, entries 2, 4 and 5), &EEIZDOU
T, LSS CHEGEREIBRWATF LY Za~ttr v r7aXrF 2 Fu
T—7 /L (CPME), ~7'Z NZONWTHEI L, ATF N7 a2l EE1C 1a
DI LRI L O 2a OULED K & < 72> 72 (Table 2-3, entries 2, 6 and 7), SUSREEIZD
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UWCIE 100 °C, 120 °C, 140 °C Z#Et L, 120 °C DA 1a DR LRI L O 2a OUYLHE
D3t < 72 o 7= (Table 2-3, entries 2, 8 and 9), LA EA5 . Ni &2 1a (2% L T 3.6 mol%
& 72 % Ni(OH),/CeO, Zfiltfi: & L. 1a (2% LT 4 24 &0 HBpin 2L, AF /v 70
ANFY U ERVESE, SOSIRE A 120 °C &3 2 5 % e RS S i E LTz,

Table 2-2. Effect of catalyst on the borylation of heptylbenzene (1a).!"!

Bpin

cat. (3.6 mol%)
R HBpin (4 eq.) R RO R
methylcyclohexane Bpin PInB- P

R = (CHy)iCHs 120°C, 4 h

1a (0.2 mmol) 2a 2a' 2a"
Entry Catalyst Conv. (%)  Yield (%)

1a 2a 2a’ 2a"

1 Ni(OH),/CeO; 91 79 5 2
2 Ni(OH),/ALLOs <1 <1 <1 <1
3 Ni(OH),/TiO, 7 <1 <1 <1
4 Ni(OH),/HAP 6 <1 <1 <1
51 Ni(OH)./ALL,O; + CeO, <1 <1 <1 <1
6 CeO, <1 <1 <1 <1
7 NiO/CeO, 4 <1 <1 <1
8 Ni(OH), <1 <1 <1 <1
9 NiO 7 <1 <1 <1
107 Ni(OH), + CeO, <1 <1 <1 <1
11 NiCl, 6 <1 <1 <1
12 Ni(OAc), 4H,0 8 2 <1 <1
13 Ni(cod)> <1 <1 <1 <1
141 Fe(OH),/CeO, 6 <1 <1 <1
151 Co(OH),/CeO, 8 1 <1 <1
16/ Cu(OH),/Ce0, 1 <1 <1 <1

[a] Reaction conditions: 1a (0.2 mmol), HBpin (0.8 mmol), catalyst (Ni: 3.6 mol%),
methylcyclohexane (1 mL), 120 °C, Ar (1 atm), 4 h. Conversions and yields were determined by
GC using n-hexadecane as an internal standard. [b] A physical mixture of Ni(OH)./Al,O3 (Ni:
3.6 mol%) and CeO> (32 mg). [c] CeO: (32 mg). [d] A physical mixture of Ni(OH), (Ni:
3.6 mol%) and CeO; (32 mg). [e] Metal: 3.6 mol%.
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Table 2-3. Optimization of reaction conditions of the borylation of heptylbenzene (1a).™

Ni(OH),/CeO Bpin
! x/ €02
R HBpin R R — A R
solvent (1 mL) Bpin PMC U
R = (CH2)CHs 4h
1a (0.2 mmol) 2a 2a' 2a"
Catalyst (mg) Conv. ]
. . HBpin Temp. Yield (%)
Entry (Ni loadings o) Solvent ¢0) (%)
eq. °
(mol%)) 1a 2a 2a' 2a"
1 16 (1.8) 18 16 2 <1
2 32 (3.6) 4 methylcyclohexane 120 91 79 5 2
3 64 (7.2) 97 67 6 2
4 3 82 68 6 2
32 (3.6) methylcyclohexane 120
5 5 57 49 4 1
6 CPME 78 67 5 1
32 (3.6) 4 120
7 heptane 63 54 4 2
8 100 78 64 5 2
3.2 (36) 4 methylcyclohexane
9 140 62 54 3 1

[a] Reaction conditions: 1a (0.2 mmol), HBpin, Ni(OH),/CeO,, solvent (1 mL), Ar (1 atm), 4 h.

Conversions and yields were determined by GC using n-hexadecane as an internal standard.

F7. Ni OHFFEICOVTHRMN 21T o7, 1.3 wt%?D Ni 23 HHEF S U=t o 127>,
Ni #HEF R4 2 53 L OV 5 212 L 7= Ni(OH),/CeO, % F{H UK V7=, BUGBREE 15 4
BORTHEROIERE LI LIZE 2 A, Ni OBFENSRKEWVIT EEENSEEICET
L. NifHRENEEICRE SEET 5 Z LB B 72 572 (Table 2-4),

Table 2-4. Effect of Ni loadings of Ni(OH)./CeO, on the borylation of heptylbenzene (1a).[
Conv. (%) Yield (%)

Entry Ni loadings of Ni(OH),/CeO,

1a 2a 2a' 2a"
1 1.3 wt% 61 57 2 2
2 2.6 wt% 21 17 <1 <1
3 6.5 wt% 1 1 <1 <1

[a] Reaction conditions: 1a (0.2 mmol), HBpin (0.8 mmol), Ni(OH)./CeO, (Ni: 3.6 mol%),
methylcyclohexane (1 mL), 120 °C, Ar (1 atm), 15 min. Conversions and yields were determined

by GC using n-hexadecane as an internal standard.
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232, DX ¥ Z 7 FVEB—va v
2.3.2.1. Ni(OH),/CeO; }5 X T} Ni(OH),/CeO,-HBpin DF¥ ¥ 7 7 # Y ¥ — 3
S KON XRD (2 K D ST

Ni(OH)y/CeOp [TV DR T 5 23, SULSRM FIZI W TIEARME D 473 B a2 2
{fE L. Ni(OH)/CeOr DAREENZAL L T D T E DR S 7=, 1a Z 23712, HBpin &
Ni(OH)y/CeOs % i & RAR D G- TMEME#: L 72 355512 6 L BUSHIRIZHR T < BAITE
{b. U7z (Figure 2-4), Z @ HBpin T L 7o fitlify K2 [N L 2.2.3.2 8, L FTIZZ 0
filtii 2 Ni(OH),/CeO,-HBpin & K7l T %), H72ll 1a ZHE & T 5 KSITHW ., £ Dk
£, Ni(OH)/CeO, ZEDEEH WL E L VITEHIFTDLEDEOD, NI NAALOD
C(sp’)-H = 7 FALIED+ 31217 L 7= (Table 2-5, entry 2), LA EOFERZ251F T, Kt
ZMETFITEBIT D Ni(OH)/CeOr DIRAEE B 52T H 7212, LLF Tk Ni(OH)/CeOs-
HBpin OFffl7ex ¥ 77 2 VB —Ta v &i7o72,

B AT, Ni(OH),/CeO, 35 & OY Ni(OH),/CeO,-HBpin @ XRD HIEE&#4T-7- & Z A, AT
INH— X NI Z#HEF L T2 CeO, & IFIER—Th - 7= (Figure 2-5,a—<), 2D &
N5, HTHTEEIEIZ X D Ni OMHEFOFESe HBpin & ORUGIZ K- T, CeO, KOS
T L TN ERH LN E o7, F72, Ni(OH),<° NiO, 4J& Ni 72 £ Ni ff
WIRBEND LR = BRALNRNT ED, Ni FlED CeO, IR LIZ @ ki fHir
S, HBpin (2 X 208 % & @ 0 HORRE DS HERF STV D Z L VRIB S L7z,

Ni(OH)x/CeOz2 (32 mg)
+ HBpin (0.8 mmol)
+ methylcyclohexane (1 mL)

120°C, Ar, 1 min

Figure 2-4. The color of the reaction mixture of Ni(OH)./CeO, with HBpin.
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Table 2-5. Effect of pretreatment of Ni(OH),/CeO, on the borylation of heptylbenzene (1a).["

t. (3.6 mol%) Tein

cat. (3.6 mol%

R HBpin (4eq) R RO R
methylcyclohexane Bpin PInB- P

R = (CHy)4CHs 120°C, 4 h

1a (0.2 mmol) 2a 2a' 2a"

Conv. (%) Yield (%)
Entry Catalyst

la 2a 2a' 2a"
1 Ni(OH),/CeO» 91 79 5 2
2 Ni(OH),/CeO,-HBpin 72 65 6 1
3 Ni(OH),/CeO,-H> 4 1 <1 <1

[a] Reaction  conditions:  1a (0.2 mmol), HBpin (0.8 mmol), catalyst (Ni: 3.6 mol%),
methylcyclohexane (1 mL), 120 °C, Ar (1 atm), 4 h. Conversions and yields were determined by

GC using n-hexadecane as an internal standard.

\ \ J\ A (d) Ni(OH) /CeO,-H,
AL I\

—
U W L
—
——

LL ‘k L (b) Ni(OH),/CeO,
A NN

\ ’\ n (a) CeO,

A NN

I [ I [ [ [ I
10 20 30 40 50 60 70 80

2 theta (deg.)
Figure 2-5. XRD patterns of (a) CeO,, (b) Ni(OH),/CeO,, (c)Ni(OH),/CeO,-HBpin, and
(d) Ni(OH),/CeO»-H,. The samples were exposed to air before the analyses.
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HENiEOX Yy F7 7 2V B—Vva v

VT, CeOr LD Ni FEOBEIREZ A G TT 572901, Ni K ¥im XAFS 38 X TUYNi
2p XPS ORIE #1T > 7=, Ni(OH),/CeO, D Ni K ¥is XANES A7 N L OWINDLE BN
D IX Ni(OH), D% 1 & 1ZIX[F—Td - 7= (Figure 2-6, d), Linear combination fitting (LCF) %
1To72& 2 A, Ni(OH), & NiO @ 2 DOFEHEREL O AT NV TT 4 v T 1 7 Alhg
HY . Ni DA NiI)KEE(LH E LT CeOy EICHEFSNTWVWD Z EWNRIE SN
7= (Figure 2-7, a and Table 2-6, a), XPS A7 K /LZEW T, Ni2ps, OFEIKIZIE Ni(OH),
[ZIRBFIRE72 855.4eV D E— 7 B XY T 7 A M —27 OHDH L7z (Figure 2-8,b),

—7J5C, Ni(OH),/CeO,-HBpin ® Ni K ¥ XANES A2 k/LiZ, Ni(OH),/CeO, & -~
THRIPOHPME TRV — [~ 7 R L, BRI A b T A OFRED A L7z (Figure 2-6, e),
LCF #1T~>72 & Z A, Ni(OH), 38 XL UYNiO, Ni-foil @ 3 DOFEHEREL DO AT N L T7
4 T 4 > T R[RETH - 7= (Figure 2-7,b and Table 2-6,b), XPS A7 K /L Cix, Ni(OH),
IZIRBFIRE7: 855.4 eV & Ni(OITIFRE S 4D 852.4eV D 2 DD 2pyp B— 7 BRLGIL
7= (Figure 2-8,¢), LA EDOFER 5| Ni(OH),/CeO,-HBpin (23 Tlid, CeO, Lo Ni(I)7k
Bt D —E AR TE S A, NI(OFEAER L CTnd Z &2 5 E 72 5 7=, Ni(OH),/CeO;
% HBpin CEL L 7RI O D8R EZ "BNMR IZE > Tt Lic & 2 A, Zé%fﬂ“é
HBpin ®1E 222, O(Bpin), 3 &L Y HOBpin ([Z)f)E S 5D B — 27 O HBL R =
7= (Figure 2-9)PY GC-MS A7 K LZEBWTH, O(Bpin), 35 X U HOBpin ([Zf 8 S 415
=it S, 202 EnG | R FEHITEH D HBpin 23R4 2538 ol &
LTCOHEEGRZLTWDZERH LIRS T,

WIZ, EXAFS A7 hVOFFEHTIZ L > T Ni O RFTEEIC O W THLNZTH Z &
Z 7=, Ni(OH)/CeO, 35 X OF Ni(OH),/CeO,-HBpin ™ Ni K ¥t EXAFS #RH), N ARHIE
ZATo TWRWT — U BB DAY MV BI N T 4 v T 4 T NTA—H—%%
NZ X Figure 2-10, Figure 2-11, Table 2-7 {Z/5¢, Ni(OH),/CeQ, D 7 — VU 251tk 0
EXAFS A7 M UIZHE W T, 1.6 A fFT1Z Ni(OH), D& —ENLFE D O i1 & ORELIC
Rk 5 B — 27 R 647 (Figure 2-11,¢), — 5 T, 3 _FA7E O Ni JE 7 & OGELICH
KT HE—=ZIHFEALERLNAT, NikO D 1 DDV = VDOBRTT 4 v T 4 > 7 INAlRE
T o7 (Table 2-7,¢c), ZDZ LMD, CeOr LRI Ni(I)KER LM 23 i 43 I Pk S
NTNWDZ EWRB SN, —J7 T, Ni(OH),/CeO,-HBpin (2 Ti, Ni(OH), D —
BOAZRE O O & OBELICHK T2 1.6 A fhfo v — 2712z T, 2.3 A fhLic/h& 7
v — 27 N/ B iz (Figure 2-11, d), XANES A 22 kL= XPS AXZ7 RLITL Y,
Ni(OH),/CeO»-HBpin Tl Ni(0)2AER L TWD Z ERHLMNTR->TWNDH T Enb, =
AT Ni(O)DZE—ENZEE O Ni JF7- & O Ni-Ni i/ IR T8 —7 2 EX oD, 1272
L. Ni-foil ® Ni-Ni HO#ELIZHERKT S E—27 22 A D) 12T, ©—27 by 7O
RDORERMMA~DOOT N7 FHRR LN, ZOHBAE LT, Ni BNEaiil CeO,
ICHEF SN TV D201 CeOr & DFEITIFET D Ni DFIG 1 RKE < Ni & Ce Ji1H
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DEELDOFG-28 EXAFS A7 MVIZEN TV AMREMNE 2 b 53 2 Z T, Ni-
Ce DAFAE R REME A B T Ni(OH), D& —REALEE D Ni-O & 55 B2 & > Ni-Ni, Ni(0)
DF—FNE D Ni-Ni D3 ODY =)V TT 4 v T 4T E{T>7-, 2 D0 Ni-Ni DAL
BT EBITIRETHY VL7 @ Ni(OH), 38 LN Ni(O)IZ R T/hE W2 & 225 HBpin
IZ R 2EILHE TS Ni FEAIEFICE S BIRIRET CeO K LITRFF SN TND Z &2
IR X HU7z (Table 2-7, d),

%\ T, HAADF-STEM |Z & - T Ni(OH)./CeO»-HBpin DFHEF S 1172 Ni FOIREEZ H
BBt L aRB T, L L, CeO, DRI T-NBIEEIND DR T, ZDFKE LIZ Ni
DRIV T AKX —w@EET 5 Z LIXTE e o7z (Figure 2-12), — 5 T, EDS ¥ > t°
VZITEBTIE Ni B CeOy AR BIZH)—I12 0B L TV DBk 7 D3RR S 1u7= (Figure 2-
13),

VL ED#EFRNE . Ni(OH),/CeO, % HBpin DIFLE FIZIH W TS T 120 °C ThINE
T2 L2k - T, HEFSLE NIADKERLY O —EBBEIT S v, f/ TRy ik 7e
Ni(0)fE S CeOr IR RIZIER SIS Z EDRHOMNE R ST,

(a) Ni-foil (an enlarged view of the absorption edge)

(b) Ni(OH),

S @Nio &
§- ................. : §
2 2
hid ' (e) Ni(OH),/CeO, HBpin 3
@ | ()
= Ni(OH)/CeO,H, =
5 ) NIOR);jCa0;H; S —— (a) Ni-foil
— " R . - . (b) Ni(OH)z
2 (g) Ni(OH),/Al,0,-HBpin 2 y (c) NiO
—— (d) Ni(OH) JCeO,

— (e) Ni(OH),/CeO,-HBpin
—— (f) Ni(OH),/CeO,-H,
, —— (g) Ni(OH),/Al,0,-HBpin
| T | T | T | | | | | 1
8320 8360 8400 8440 8320 8330 8340 8350 8360 8370
Photon energy (eV) Photon energy (eV)

Figure 2-6. Ni K-edge XANES spectra of (a) Ni-foil, (b) Ni(OH),, (c) NiO, (d) Ni(OH),/CeO,,
(e) Ni(OH),/CeO,-HBpin, (f) Ni(OH),/CeO,-H,, and (g) Ni(OH),/Al,O3-HBpin.
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(a)

Normalized absorption

(b)

c
9
B
o
[72]
Q
(1}
o
(]
N
a - -
—— Ni(OH)/CeO, E —— Ni(OH),/CeO,-HBpin
— LCF curve > —— LCF curve
I T | T I T T I T T T T T
8320 8360 8400 8440 8320 8360 8400 8440

Photon energy (eV)

(c)

— Ni(OH),/CeO,-H,
—— LCF curve

Normalized absorption

| ! | ! | ! |
8320 8360 8400 8440
Photon energy (eV)

Photon energy (eV)

Figure 2-7. Linear combination fitted Ni K-edge XANES spectra of (a) Ni(OH),/CeO,,
(b) Ni(OH),/CeO,-HBpin, (c¢) Ni(OH),/CeO,-H>. The fitting range was from —30 to 10 eV.

Table 2-6. Linear combination fitted parameters from Ni K-edge XANES shown in Figure 2-7.

Sample Ni-foil (%) Ni(OH): (%) NiO (%) R-factor (%)
(a) Ni(OH),/CeO> - 85.6 14.4 0.18
(b) Ni(OH),/CeO,-HBpin 23.7 422 34.1 0.05
(c) Ni(OH),/Ce0O»-H; 27.1 38.9 34.0 0.06
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(f) Ni(OH) JA1,0,-HBpin

(e) Ni(OH) JALO,

(d) Ni(OH) /CeO,-H,

(c) Ni(OH) /CeO,-HBpin

(b) Ni(OH) /CeO,

(a) Ni(OH), (x 0.2)

2p,, (2p5, satellite) 2p,,

I I I I I I I
875 870 865 860 855 850 845
Binding energy (eV)

Figure 2-8. Ni 2p XPS spectra of (a) Ni(OH),, (b) Ni(OH),/CeO, (c) Ni(OH),/CeO,-HBpin,
(d) Ni(OH),/Ce0O»-Ha, (¢) Ni(OH)./Al,O3, and (f) Ni(OH),/Al,O3-HBpin.

HBpin 2 O(Bpin),
™~ .|HOBpin /
\
: : \
Ho
|
] ) ’ X e dele Bestbii ™
—’/ "\\ _/'\\_

400 300 200 100 5

22200 —
21366 —

28.584 —
27.501 —

Figure 2-9. Proton-coupled ''B NMR (benzene-ds) spectrum of the filtrate of the reaction of
Ni(OH),/CeO, with HBpin. Rection conditions: Ni(OH)./CeO; (32 mg), HBpin (0.8 mmol),
benzene-ds (1 mL), 120 °C, Ar (1 atm), 5 min.
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—— observed
(9) Ni(OH)XIAI203-HBpin — fitted

(f) Ni(OH) JALO,
72 4

2K (A®)

(b) Ni(OH),
| | | | | |
2 4 6 8 10 12 14

KA™
Figure 2-10. Raw k-space Ni K-edge EXAFS spectra of (a)Ni-foil, (b) Ni(OH),,
(c) Ni(OH),/CeO,, (d) Ni(OH),/CeO,-HBpin, (e) Ni(OH)./CeO»-H,, (f) Ni(OH),/Al,O3, and
(g) Ni(OH),/Al,O3-HBpin. Experimental data and fitted data are shown in black and red,

respectively. FFT parameters, k-range: 3—13, window: Hanning k’-weighted.
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—— observed
— fitted

(g) Ni(OH),/Al,0,-HBpin

(f) Ni(OH) JAL,0,

—_— ]

(e) Ni(OH) /CeO,-H,
(d) Ni(OH) /CeO,-HBpin

(c) Ni(OH) /CeO,

FTIxk)k’] (A™)

(b) Ni(OH),

(a) Ni-foil (x 0.2)

R (A)
Figure 2-11. /’-Weighted Fourier-transformed Ni K-edge EXAFS spectra of (a) Ni-foil,
(b) Ni(OH)a, (c) Ni(OH),/CeO,, (d) Ni(OH),/CeO,-HBpin, (e) Ni(OH),/CeO,-Ha,
(f) Ni(OH),/Al,03, and (g) Ni(OH)./Al,03-HBpin. Experimental data and fitted data are shown
in black and red, respectively. FFT parameters, k-range: 3—13, window: Hanning k*-weighted. All

R-space spectra are shown without phase correction.

83



Table 2-7. Fitted parameters from Ni K-edge EXAFS shown in Figure 2-10 and Figure 2-11.

AEj,  ¢*x10*> R-factor
Sample Path CN. R(A) 5

V) (&) (%)
Ni—Ni 12 2.49 7.37 0.62
Ni—Ni 6.0 3.55 13.5 0.62

(a) Ni-foil Ni—Ni 24 4.27 0.00 0.62 0.20
obtuse triangle 24 482 -10.6 0.62
forward scattering 12 4.96 9.64 0.62
. Ni-O 6.0 206 593 0.67

(b) Ni(OH). L 0.36
Ni—Ni 6.0 3.13 439 0.71

(c) Ni(OH),/CeO, Ni-O 48 204 -636 0.59 2.43
Ni-O 28 2.04 353 054

(d) Ni(OH),/CeO,-HBpin Ni—Ni (in Ni) 1.3 253 -136 096 2.55
Ni-Ni (in Ni(OH),) 0.9  3.13 5.13 1.51
Ni-O 28 203 528 0.65

(e) Ni(OH),/CeO,-H> Ni—Ni (in Ni) 1.3 250 -6.13 0.53 0.71
Ni—-Ni (in Ni(OH),) 0.7  3.04 0.28 0.33
) Ni-O 55 204 654 0.64

(® Ni(OH),/AlLOs3 o 1.03
Ni—Ni (in Ni(OH),) 1.5 3.04 -9.76 0.51
_ ] Ni-O 51 203 -6.72 0.72

(g) Ni(OH),/Al,O3-HBpin o 1.63
Ni—Ni (in Ni(OH),) 2.2 3.07 —4.05 0.90

Figure 2-12. HAADF-STEM images of Ni(OH),/CeO,-HBpin.
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Figure 2-13. EDS mappings of Ni(OH),/CeO,-HBpin.

CeO, HIEKDX ¥ T 7 HZ B — 9

Ni(OH),/CeO, ¥ L T} Ni(OH),/CeO,-HBpin @ Ce L; ¥im XANES A7 /L% Figure 2-
14 17T, Wb Ni HEFRTO Ce0, D A7 RV EFRL L., Ce(IVYL AW K 72
RUARNTAUNET Ly MEld AT MVIBKE R LT (Figure 2-14,¢,d), — 75 Ce
3d XPS A7 RUZEW T, HBpin ALBRRIE TANT MVBRIZOT D RE N L
57z (Figure 2-15), Ce(IID)IZHKT D E—7 (v, w72 &) A3 Ni(OH),/CeO,-HBpin Tl
Ni(OH),/CeO (ZHE_THAR L TEY . Ce(IV)D—HBH Ce(IINITERT SN TV D Z & VR
2 X 172 (Figure 2-15,¢), XANES & 872 0 XPS 1T Et O R im AT OIREE KT 5,
L7235 T, HBpin BRI L 5 T CeO HARIERDOREEITIZ & A EEL L7200 DY, CeO,
RO FRE O —EREITE SNEFEZEILE A U, Ce(IIDEMNHEM LI EE X BND,
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— (a) CeO,
S (b) Ce,(CO,),
S —— (c) Ni(OH) JCeO,
s —— (d) Ni(OH) /CeO,-HBpin
3
©
©
[¢}]
N
s
£
[e]
z
| | T |
5700 5720 5740 5760 5780

Photon energy (eV)
Figure 2-14. Ce L;-edge XANES spectra of (a) CeO,, (b) Cez(CO3)s, (c) Ni(OH),/CeO,, and
(d) Ni(OH),/CeO,-HBpin.

3d3/2 3d5/2
ce4+ ’ulil uN u vvlil VH v \
Ce¥* ' )

(c) Ni(OH) /CeO,-HBpin

e, P R ST

(b) Ni(OH) JCeO,

(a) CeO,

— — L T m
920 910 900 890 880
Binding energy (eV)

Figure 2-15. Ce 3d XPS spectra of (a) CeO,, (b) Ni(OH),/CeO,, and (c) Ni(OH),/CeO,-HBpin.
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2.3.2.2. Ni(OH)/ALO3 $ & U¥ Ni(OH)/ALOs-HBpin DX ¥ 7 7 Z Y ¥ —v 3

23.1. Til~_723@ Y | ALOs, TiO,, HAP 72 & D CeO, LA DR E FIW T 5412 1d, A
OGS IE e H#IT Lo Te, TOBEBAZHLNICT D02, NI(OH)x/AhOz. (m;m\
Ni(OH),/CeO»-HBpin & [FA#RD FEIT L - THHE L 72 Ni(OH),/ALOs-HBpin O ¥ ¥ 7 7 X
VP — a0 %{T1o7-,

Ni(OH)/ALOs-HBpin @ Ni K # XANES Z2 kL OWILDSEE 75V 13 Ni(OH), D
FNEIZER—ThoTz (Figure 2-6,g), £72. Ni(OH),/ALLO; & Ni(OH),/AL,Os-HBpin ™
Ni 2p XPS A7 MUTIZIER—TH Y, Ni(OH), I[ZIREAIRE/ R B — 2 O AN R 5 i,
Ni(O)EH;E(D E— 73R 62%7275)071 (Figure 2-8, ¢, ), LL EDFERN G ALOs 1A% H
W72 541213 HBpin 12 & D Ni(I)KE{E#) @ insitu BB ET LW LB B E 7
N Ceoﬁﬂﬁm Ni(I)KER b DETCARAE T HEENZ LT LTV D Z LRI S 7z,

Ni(OH)/ALO; 7 — Y =25 #ath O EXAFS A7 hLIZBWTIE, 1.6 A D
Ni(OH), D% —FfZE D O T & OWELICH KT 5 RE R —27 DIED, 2.7 A (IS
5 BN O NiJR7- & OBGELICHE k3% B — 7 L BRI A S 4 (Figure 2-11, ), Ni(OH),
D Ni-O & Ni-Ni D 2 D2DY =)V TT 4 v T 4 7 NA[REToH - 72 (Table 2-7, ), ZH
X, B EAEO N R EOBELICHRT 2= BT AR N7z
Ni(OH),/CeO, & K& B D8 THDH, ZDZ Lind, CeOr K ETIX ALO; A LI
AT NI(I)KREEAE DS L 0 @ BuciR S s 2 LR sy,

2.3.2.3. CeO; DHEBAEFHRIZ OV TDOELE

23218 XN 2322. TR A_FER NS, CeO, FHKIE HBpin (2 & 5 Ni(I)/KER{LH D
RITEAEHET 220 & HHEE Ni 2 @0 BUCRFF T 2080 2 2 OMBNREET H 2
EBRHSENEIRST,

CeO, K723 HBpin (2 X% Ni(ll)y/ k(bW OiZEcz=RedEd 2 8Hm & L CTlX, Ni fil
CeO, HHIEDHB D& @RI EAEF OFENE 2 Hid, CeOr TR G T Ce* & Ce* D IH]
DV Ry 7 AN 57 DI RRBIGECFREEZ A L TR . 2Tl LTk
JBFE L OMICER-HIEFHEERNREL L, MsiEEIc R L2 52 200858 <ambh
TND B B2 1E, CeOp FK IZ Ni F /B 72 fHEF L7 filiiE T, HEFL T 20
Ni T /R FAZHEAR T HRICE DB LHEZ DT W EHESINLTEY ., e
A EERIZE 5T CeOy KNS Ni FEA~OEFBEINEZ 5720 TH5H EEINT
W5 232 1. Tilkx72 X 512 Ni(OH),/CeO-HBpin CTld CeO, AR RE 7 D —F D Ce(1V)
DIBILSA Ce(IIHBAELTNDHZ ENH BN E/R>TWND, 2T, Ni AHEL T
W2 UN CeO, & HBpin DAFAE N TG & FIEROFMETMEL =& 2 A, FHEHEOIH
7K (CeO,-HBpin) 2315 5 717= (Figure 2-16), CeOx 1T EHA DK TH 2 DIZxt L, Ce(ll)
EEUAREALEY) CeOry ITHFOANDRAZRTZ ENMBN TV PINI BHHEFX
TR WEAIZTE W TS, HBpin LRI K - T CeOr fAAE R ORITLEITT H 2 &
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DIRIB S TZ, F72. CeO, % HBpin CTHLEE L7223 5581 %Z "BNMR 2k > T
ST LTz & 2 A, 5 FT 5 HBpin DI1EHIZ, O(Bpin), 3 & OV HOBpin IZ)f R v D B —
7 OHBLER 72 (Figure 2-17).2 242 XV | Ni(OH)/CeO, % HBpin TLER L 7=
B4 L EAEIC HBpin 2B TTHI E LTIV TV D Z ERfEND BTz,

UL EDFERND, CeOy HHIKD Ni(I)KEEL DIRT AT DD —> & LT,
HBpin ZLEEZ X - TR L7z Ce(IINFED B Ni(IDFE~OE BB AEE X b (Figure 2-
18), T 72 H . CeO, F{AFK H2S HBpin i ILH| & ORI RB L PNEFAT 1 =—F—L
LC< 2 & T Ni(ID)KE(E DR ICAMERE S D ATREMED 8 D, CeO, D3 [FAlER DA EI
ERIZLTOWDHE LT, TAILEVEERAWTHIH > T CeO, DEEHHELL, =
AU PA(IDHE ., Ru(IID#E ., Rh(IIHE, Ag(D¥E. PtV 2 Z N E Nz 5 Z L2 X - T CeO,
FRIZHERB T 7R TRAR IS Z ERREHRESNTWAD LT ZoWE cldEm
D Ce(IIN 5 EABATIE~DETBENEL -V . F /K72 CeOr, EIZEREND &
FiRSh T,

(a) CeO2 (100 mg) (b) CeO2-HBpin

1) HBpin (0.4 mmol)
methylcyclohexane (solvent)
120°C, Ar, 15 min

2) filtration, drying

Figure 2-16. The color of (a) fresh CeO; and (b) CeO, after the treatment with HBpin.

HBpin : O(Bpin),
™~ {HOBpin /
|
A\
400 300 20.0 100 0

27.596 —
2219
21462 —

28.680 —

Figure 2-17. Proton-coupled ''B NMR (benzene-ds) spectrum of the filtrate of the reaction of
CeO, with HBpin. Rection conditions: CeO; (32 mg), HBpin (0.8 mmol), benzene-ds (1 mL),
120 °C, Ar (1 atm), 5 min.
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reduction of CeO, reduction of NiZ* by Ce3*

) HBpin by HBpin ) and aggregation
Ni(OH), Ni(OH), e reduced Ni &
Qo ‘) Q ﬁ species
0r 0 0*r 0 Oor o= ork vy, Jor o= 0r 0r 0> 0z Oor
Ce* Ce** Ce** Ce* . Ce#* Ce® Ce3* Ce* . Ce#* Ce* Ce** Ce*

Figure 2-18. One possible reduction mechanism of Ni(Il) hydroxide on CeO, by HBpin.

F 7o, CeOr HUADHEF Ni fi 2 5 0 HUCIRFF T 28 & LTIk, REOBHEZZILIC K
DT UI—NENEZ HID, CeOr HFF Ni F ki e Ce 28 R—E v 7/ &/t
REX T RE A MINi T/ 7 T7AF =% MEF LT-IC B80T, CeO, Fifi LOEEF
N NIKLTE2T > —F HEE R L NiFEOL 2 U v T mfild 5 2 &R
ENTNDL FEED CeO, HIKDLNFIZ L - T, Ni(OH)/CeO, % Ni(OH)y/ALOs 17tk
AT NI(I)KBRIES D3 8 45 B AR FE S 4. HBpin (2 & B85 ICBW T H &k /ike
DHEFF SR Tnb EEZ BN,

2.3.2.4. Ni(OH)/CeO-H, DX ¥ 5 7 Z V¥ — 3 v LBILEFEDOTRIZOWVTDEELE
Ni(OH),/CeO, % H, (1 atm) ZXPH& F 400°C TE TCLHE L-HAICBWVWTYH,
Ni(OH)/CeOo-HBpin & [F] £ 1Z filt 81X B a2 2k L7z (LA F Tik 2 o fi i %
Ni(OH),/CeOx-H, & #5289 5), LA L. Ni(OH)./CeOx-Hy & AV = HE121, 1a » C-H
R U FLRRIETIE & A EHETT L7227 > 72 (Table 2-5, entry 3), Ni(OH),/CeO,-H, @ Ni K it
XANES A X7 kLD IR (Figure 2-6, )X° LCF O 7 4 v T 4 ¥ T /NTF A —H
— (Figure 2-7, ¢ and Table 2-6, ¢) I& Ni(OH),/CeO»-HBpin & 1ZIE[F—T&H Y, Ni2p XPS A
A7 R ZEWTH Ni(OH)/CeO,-HBpin & FIERIZ Ni(OWZIRE SN E—27 BAE LN
7= (Figure 2-8, d), L72723-> T, Ni(OH),/CeO,-H, TiE Ni(ID)KERL#7H> & Ni(0)~DiE T
23 Ni(OH),/CeO,-HBpin & [FIFEEM#EITL CWDH EEZ HND, —J7 T, Ni(OH)/CeO,-H,
D7 — U LM% D EXAFS A7 kL TIE, Ni(OH), D5 _EAZE O Ni 51 & O L
ICHETHE—27 L Ni(0O)DFH —FALE O Ni i+ & OMELICHRET S E—2 23,
Ni(OH),/CeO-HBpin (Z b X TEA 12 K & < A & 17z (Figure 2-11, ), 7272 L,
Ni(OH),/CeO»-H, ® XRD /3% — /|% Ni(OH),/CeO,-HBpin & [FIERIC, Ni 3 #HEFS 1T
W2 CeO ERI—TH YD, Ni HRDILEW DO — 27 137 b7 h - 7= (Figure 2-5, d),
LI _ED#ER D> 5 Ni(OH),/CeO2-H, Tl Ni(OH),/CeO,-HBpin (2t~ TR D K & 72 Ni fl
IR S TN D Z & DR S 7=, Ni(OH),/CeO,-HBpin & Ni(OH),/CeO,-H, T Ni fl
DEFIRBICRERZET RN, BICAIRE O Ni FEO VA X705 C-H & U #LRIGIT
KT D ARBEEIC R & R B E 52 T EHEI SN D, Lz -> T, bl iko
U2 T, HBAIRFN 722 SOG4 T2 3\ C HBpin % Ni fliIZxf 9 5okl & LTH
WD ZED RSB @87 NiOFEOER DO T-DIZEETHDH EEZ LD,
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2.33. AEEAM
2.3.3.1. F2H/NU DML C-H FEBDE ) U RILRG

B2 UNME C-HREREAT oA RT VX ALT L—r 2B E L THNWZ .
Z A, Bpin N 1 DFAINTERUAR VBT AT VN EARYE LT =ff5if”b
72 (Table 2-8), EEHOT VX NHEBETHTNLF AR EY (lale) ZHE L LT
2, HE‘JEEBZ%T%%;A/V}M?H/E&“:LXT/I/(Za—Zc)&n“\%/\/\/ﬂ/m&)ﬂ??%
LS NT-BIERY (2a' Zc') DREWME L THEERECTH 72, 41 VT INRUE
v (d) BB L LEBAITIIRERY DAL OR T FL S ITETE T, B AR
D 2d DI HIERAT ?%%Wio Flo, V7= VAR UEERE L LEGAICH KIS
DHEFT L, kT 25X PvdRn Uige 27 )0 (2e-2g) N EARME LTHELN, 72
L. 28 13 VAN ra~ NI 74—k L TARLERLEMTH D720, H0,
Z AW T2 AL BRI K » TR 5 7L 2 — )L (2g-0x) ([ZZ8HA L, HABEIN R A2 R od 7=,

Table 2-8. Substrate scope of monoborylation of secondary benzylic C—H bonds."!

Bpin
N - Ni(OH),/CeO, N - N R
RZ 4 HBpin (4 eq.) R24 R%5 Boi
= methylcyclohexane = = pin
120°C, 4 h
1 (0.2 mmol) 2 2'
Bpin Bpin ©)B3n/\/
2a77% 2b 66% 2¢c 72%
(72%, 2a:2a' = 92:8) (72%, 2b:2b' = 88:12) (64%, 2c:2c' = 94:6)
©j3n)\ Bpin Bpin Bpin
‘ ‘ ‘ ‘ “Ph Me,N” ‘ ‘ “NMe,
2d 83% (75%)  2e 56% (51%)°!  2f 48% (48%)Pc! 29 33% (27%)P-del

[a] Reaction conditions: 1 (0.2 mmol), HBpin (0.8 mmol), Ni(OH)./CeO, (Ni: 3.6 mol%),
methylcyclohexane (1 mL), 120 °C, Ar (1 atm), 4 h. Yields were determined by GC (averages of
2-3 runs), and the values in parentheses are the isolated yields. [b] Ni(OH),/CeO, (Ni: 11 mol%).
[c] Isolated with the regioisomer impurity. [d] Cyclopentyl methyl ether (CPME) was used
instead of methylcyclohexane. [e] The value in parenthesis is the isolated yield of the

corresponding alcohol (2g-0x).
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2.3.3.2. B 1ERVIONML C-HEADVF U RILR G

kL2 (1h, 0.2 mmol) & HBpin (0.8 mmol) % 3.6 mol%® Ni(OH),/CeO, F7E . A F
L mosF o BT 100 °C TAhMBMRFR LT & 2 A, N UL C-H KA D
1 ohvELINTZET S TENRKQCY) D 16%, 2 DhUvEbIN-URvH#EL
& (3h) 25 67%DILR T S 7=, HBpin DFINE% 1.0 mmol (2P L72E Z A, 3h D
D T0%IZHIN L, & ISR Z 8h ITIEIX T Z LI2 Lo T 74%ICE TEL
7z (Table 2-9, entry 1), ZAVEAEMERRBUCTRIMFE L, A RATF AT L—r 2 HEH L L
T, ST HIUR ?%’%ﬂ:ﬁi%: 1552wl iz, o-, m-, p-DEFTLURATT LY
RIE L LIEGEITIE. 1 DO AT IVERIZ 2 DO Bpin BREAINTZV = ISRy
™ TR (31731) DEAERW) & 721 (Table 2-9, entries 2-5), #HE D A F L IIZZENE R
1 92 Bpin D EAINTALEMITIZTE AL EERK L7 -T2, Bpin 2 &[F U C T
\ZAFET D C(sp’)-H #5A 23, Bpin JEOE MR FIZ X > TIEMH L S ThR v A h)iﬁs
(ZRET B BORER ] BT 25 Z ERHE SN TR Y RRISRIZBWTHRE—OZRIC
ST 1 ODAF NI 2 D0 Bpin FENEAINTZ Y = I FLRUK 7??{512127?{%5‘65’3
AR LTS EEX LD Fi= 0 X K 3’\'/%\ TUAFOVLT X /KL, Bpin BE
FERO p b LAE m MLICAT D RE 2 AW SAIC L UGN ET L, T2 Uk
U FEE 3n-3r) 155 Z & D3H[H ’C“a‘?)o 7= (Table 2-9, entries 7-11), 7272 L, A h¥¥
% p AT HEE Z AW HAICE,. C-O AN S HLHETL, 2h B LV 3N
HEINEI 24%, 15%DUEET %%mio Fo. 30 BXY3p TV SNV~ T
T 7 4 =R L TCRLERMEAM TH D120, 0 & AWV TZBLEUGIT & - Txbiad
L7 VT e R (30-0x, 3p- ox) (ZZEHA L, BBENERE AR, — T, p ALlZ tert-7 F V5
R T HEEEZ WG AEICE, BEEMEL | 3T 28 U B BRI T D TR
< 72 o7z (Table 2-9, entry 6)o

Table 2-9. Substrate scope of diborylation of primary benzylic C—H bonds. !

Bpin
Ni(OH),/CeO,
N x N ) N -
Rg _ HBpin (5 eq.) R2+ Bpin rell Bpin
methylcyclohexane = —
1 (0.2 mmol) 100°C, 8 h 3 )
Product 3 i o Product 2 o
ihld (diborylation)  Y'e!? (%) (monoborylation) Y/ (%)
Bpin
1 ©)\Bpin 3h  74% (60%) ©/\ Boin L 140
Bpin

2 /©/\Bpin 3 69% (58%) /O/\Bpin 2 18%
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Table 2-9. (Continued)

Product 3 . o Product 2 . o
Entry (diborylation) Y eld (%) (monoborylation) Y eld (%)
Bpin
3 \©)\Bpin 3 69% (68%) \©/\Bpin 2 1%
Bpin
4lb] ©/KBpin 3k 56% (48%) Bpin 2k  18%
Bpin
5] \Q)\Bpin 31 46% (33%) \Q/\BP‘“ 21 31%
Bpin
6lbl /©/\Bpin 3m 6% /©/\Bpin 2m  10%
tBu tBu
Bpin
7lb.cdl /©/\Bpin 3n  33% (31%) Q/\ Bpin 2n  13%
MeO MeO
Bpin
glb.cdel O)\Bpin 30 75% (41%) J@/\Bpi" 20 13%
MezN MezN
Bpin
Meo,N
glb.cdel 'V'ezN@/\Bpin 3p 64% (57%) ©2 \©/\Bpin 2p  16%
Bpin
10b.ed /@ABP'" 3q  35% (22%) Q/\ P oq  34%
pinB pinB
Bpin _
pinB ) pinB i
1qbod \©)\Bpm 3r  61% (53%) \©/\Bp'“ 2r  35%

[a] Reaction conditions: 1 (0.2 mmol), HBpin (1.0 mmol), Ni(OH)./CeO, (Ni: 3.6 mol%),
methylcyclohexane (1 mL), 100 °C, Ar (1 atm), 8 h. Yields were determined by GC (averages of
2—4 runs), and the values in parentheses are the isolated yields. [b] 120 °C. [¢] Ni(OH),/CeO, (Ni:
11 mol%). [d] CPME was used instead of methylcyclohexane. [e] The values in parentheses are

the isolated yields of the corresponding aldehydes (30-0x, 3p-o0x).

92



2.33.3. F 1/ INME C-H FEBDE ) & U RILRG

1 mL @ 1h % FEEHAS & L, HBpin (0.4 mmol) & 1.8 mol%® Ni(OH),/CeO, % 1 2. T
100°C T20h IMBMEHR L7- & 2 A, RXUUNML C-HFEEN 1 DR v Elbani-€ /&
v #LAK (2h) 2% HBpin fX— A T 64%, 2 DR U HFEL I N7 2k 7 HLE (3h) 23 2%0D
WERTHEONT, MIZ7 == VERRUF LI 20D 3%DPERTHER LT, &6
(2, & 57U HBpin TiEJCALEL L 7= il T & % Ni(OH)./CeO,-HBpin % i % Z &1Z
Lo T 2h ODPEED 2%IZM EL7c, £72, 1h D&EZ 2mL [ZHLT 2 &I2XL 5T, 2h
DULFRIL 91%IZ5% L7z (Table 2-10, entry 1), LA EDOFERN S| WHEEO A F LT L—2
ZRANWDZLIZE > TE/ ARURMEDBRRIH LN Z ERHLNERD | 2D
JEIZOWT S IEEAMEORE 21T o7, 0-. m-, p-ODFEF L RATTF L ZHN
Yok Rt 1 - dN tert-?“%ﬂ/% ANFVIE, UAFAT I M Bpin&EE pfiih LT
mACHT 5 EEE WS EIC O IEAH0ICHEIT L S35 /A U FB iRz 15
HZENAETH- T (Table 2-10, entries 2—-11),

Table 2-10. Substrate scope of monoborylation of primary benzylic C—H bonds. !

Bpin
R2_| X Nl(oH)X/CGOZ-HBpln ol X Bp|n R2_| X Bp|n
L HBpin (0.4 mmol) = =
12m) 100°C, 20 h ) 3
Product 2 . o Product 3 . 0
Entry (monoborylation) Yield (%) (diborylation) Yield (%)
Bpin
1 ©/\B'°'" 2h  91% (75%) ©/\Bpin 3h 2%
Bpin
2 /©/\Bpi" 2i  86% (84%) /@ABpin 3 2%
Bpin
3 \O/\Bpin 2j 80% (76%) \©)\Bpin 3 1%
pin
4ol Bpin 2k 58% (55%) ©/K8pin 3k 2%
Bpin
i \Q/\Bpin 21 86% (81%) \Q)\Bpin 31 1%
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Table 2-10. (Continued)

Product 2 . o Product 3 . o
Entry (monoborylation) el (%) (diborylation) Yield (%)
Bpin
glb.cl /@/\Bpin 2m 65% (55%) /@ABpin 3m 4%
tBu tBu
Bpin
71d] /©/\Bpin 2n 45% (35%) /©/\Bpin 3n <1%
MeO MeO
Bpin
gldel /©/\ BPIN 20 59% (46%) /@ABpin 30 4%
MesN Me,N
Bpin
Me,N
gld] ©2 \©/\Bpin 2p 57% (37%) 'V'ezN\@/\Bpin 3p 5%
Bpin
Bpi i
o /@/\ pin 2q 50% (40%) /@)\Bpln 3q 6%
pinB pinB
Bpin
pinB . pinB .
1111 \©/\Bp," 2r 59% (41%) Bpin 3r 7%

[a] Reaction conditions: 1 (2 mL), HBpin (0.4 mmol), Ni(OH)./CeO,-HBpin (Ni: 1.8 mol%),
100 °C, Ar (1 atm), 20 h. Yields were determined by GC (averages of 2 runs for 2h, 20, and 2q),
and the values in parentheses are the isolated yields. [b] 120 °C. [c] Isolated with 4% yield of the
regioisomer impurity. [d] Using 4.0 mmol of 1 and 1 mL of CPME. [e] The value in parenthesis
is the isolated yield of the corresponding alcohol (20-0x). [f] Using 2.0 mmol of 1 and 1 mL of

CPME.
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234, T—V AT —NVTCORIGET TV r—a v

ARIERDIEHAREMEZ R T 72010, 7— VA7 — LV TCORGB LS LNy
VIR B SR AT VD BEBUSIZ DWW TR L7, OIS, ZHE THRETD 20 50 %
=T 4.0 mmol D la ZHWTILEITo T2 & T AT EMRHETT L, HLAEIX
F 76% (925 mg) T 2a & 2a'OIRAY (2a2a' = 91:9) 235 L7 (Figure 2-19) . fel T,

SOI7Z 2a & 22 DIRAMEHFEWE & U, $kx ARG %1T - 72, Pd iz v

TIA— KRB EDOBA-BRI v 7V VIS T2 2 A, T U —fbainiz
R Th D 4a DEBEIE 63% T b iv7e (Figure 2-20, a), F£72. H,0, & NaOH % H
WCELS AT -T2 ZA T D7 /v a—/LTh b 5a & 5a'DIREW B EHETIL R
92% (5a:5a'=93:7) T 5 L7z (Figure 2-20,b), #iV T, BrCH.Cl % R#EJR & L. n-BuLi
ERHWTCHEa LS &I 2 A, C-BREAMICAT LU ENHA SN 6a &
6a' DIRGW N HBEIN R 79% (6a:6a" = 90:10) T4 5417z (Figure 2-20, ¢), LA EDfEFE )
b ARISERIZBWTIE 4.0 mmol D A7 — /L TH SN HSIZEIT L., oy
UNARB VBT AT N S BIRLEWISIZRIAFRETH L Z EnHEnE o7,

Ni(OH),/CeO, (Ni: 3.6 mol%, 640 mg) Bpin
R HBpin (4 eq.) R R
methylcyclohexane (20 mL) Bpin
R (CHCH, 120°C, 4 h

1a (4.0 mmol) 2a 2a'

Total: 76% isolated yield
(2a:2a' = 91:9)

Figure 2-19. Large-scale synthesis of 2a.
Ph

(a) R
cat. Pdy(dba)s 63% isolated yield
Phl

4a
Pphg, Agzo, K2003

OH
2a + 2a' (0.2 mmol) b R R ) _ _
252a' = 919 (b) ©/\|/ Total: 92% isolated yield
(2a:2a’ = 91.9) H,0,, NaOH OH (5a:5a" = 93:7)
= 5a 5a’'

R = (CH,),CH3

Bpin

R . .
Total: 79% isolated yield
BrCHzCI n-BulLi (6a:6a" = 90:10)
Bpln

Figure 2-20. Subsequent functionalization of 2a. Experimental details are described in 2.2.6.
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2.3.5. R¥J—REEAEA
2.3.51 NTFARVE Y (1a) DF ) YRR

la ® C-H A U R LISIZEBIT 5 2a,2a"8 L O 2a" OULROREFFZ{LIX Figure 2-21 O
FRRD X D27z, BUGBAEE 15 min $2IZ il 2 ZAEEIZ L - THY Rz & 2 A,
2a, 2a'B LN 2a" DIERDORERFZAGITNFRO X 912720 . BEVERY 2a 18 L ORI
WMTH D 2a", 2a"DAERITNT LS EHITEIE LT (Figure 2-21), £72. BT VL%
A VATV 4 h DOBUSHKE T %I Al 2 B8 12 K - THRY BRE 15 D7z igik % 1CP-
ABSIZE o THfTL7c e 2 A, NiEHEITAEEHE&D 0.9% L ME Th o7, £7- Ce
DOEHEITFEHAED 0.02% Th 72, UL EOFERND . ABSHR TIIAEEE P ICEE Lz
Ni FEDNEMERE & LTIV TW D O TR < K B Ni I K 2 AR — R AiE IS
Lo THEITLTWAZ ENRBSI LT,

Ni(OH),/CeO; Bpin

(Ni: 3.6 mol%)
R HBpin (4 eq.) R R N R
methylcyclohexane Bpin pinB- P

R = (CHy)4CHs 120°C

1a (0.2 mmol) 2a 2a' 23"
100 1
90 1 | <— Removal of the catalyst
80 1
704
. 60 !
X '
- 50{ |
2 |
> a0 /! 2a
' 2a (leaching test)
3019 /! —&—2a'
20 | | --8--2a’ (leaching test)
i —A—2a"
104 --A--2a" (leaching test)

0

Figure 2-21. Effect of removal of Ni(OH),/CeO> catalyst by hot filtration on the borylation of
heptylbenzene (1a). Reaction conditions: 1a (0.2 mmol), HBpin (0.8 mmol), Ni(OH),/CeO, (Ni:
3.6 mol%), methylcyclohexane (1 mL), 120 °C, Ar (1 atm). Yields were determined by GC using

n-hexadecane as an internal standard.
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2.3.5.2. hvy (1h) DE J & U RS

AFNT L— ZWEFEE L U THWDE 2 AU FBEOSITHOW T S [ARO #E
17572, 1Th ® C-H E /KU FLIEIZI T 5 2h, 2h'E KO 3h OYEROFRRFZ LI
Figure 2-22 OFEMHD X 51270 > 7=, BIGBAE 1 h $2 IR 2 2088 12 L - TR Bru e
&2 A, 2h, 2h'EB LT 3h DUCRORREFEITAFRO L 512720 . BRYAERNY 2h B X
CEIERY TH S 2h', 3h OERITWT IV E HIZE IR L7z (Figure 2-22), £72, 20h
D BEHE T I fil i 2 BRI K - THUY Br& | J8# % ICP-AES ([Z X > TotrLizck
A, Ni iEHEIIRHRFLLUT (i & 0<03%) Tholo, £z Ce DIFEHEIT
HHED 0.1% Th o7, LLEDOFERNG | ARRIGR CIHEE BRI U N TS
FEE LTI TW DD TR L, K LD Ni flIZ X5 R — R I X - TEfT
LCWAZ EDRE ST,

Bpin
Ni(OH),/CeO2-HBpin inB 1 X Bpin
inB—
HBpin (0.4 mmol) PINE
1h (2 mL) 2h’ 3h
100 4
1 <—— Removal of the catalyst
90 - |
80 1 |
70 { !
_. 604
2 i
T 504 §
2 4 »—2h
> 40 - ] 2h (leaching test)
! —&—2h'
30 - E --&--2h' (leaching test)
20 {] =l=3h
] --3--3h (leaching test)
10 -

0

Figure 2-22. Effect of removal of Ni(OH),/CeO,-HBpin catalyst by hot filtration on the
monoborylation of toluene (1h). Reaction conditions: 1h (2 mL), HBpin (0.4 mmol),
Ni(OH),/CeO,-HBpin (Ni: 1.8 mol%), 100 °C, Ar (1 atm). Yields were determined by GC using

n-hexadecane as an internal standard.
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2.3.6. filifst o> FEAE A

la Z BB &9 2 DUAL C-H 8 U B LU IZE T L 72 Ni(OH)/CeO, O #5-4 H wT 6E
PEE R Lie, ROGHE T#RIZ 7 v —7 R v 7 ZAH T Ni(OH),/CeO, Z [ L | £ 50 mL @
VEFNT—TIITHEF LR, TOEFROKISMNIHNZEZ A, 1a DifisfbE X
W 2a OILRIT E HITKE KT L7z (Table 2-11, entry 2), Z OEEHZH S MNTT 5720
2, 1la Z3E & 35062 1 EEH L72% O Ni(OH)/CeO, DX ¥ 77 X2V E— 3 v
ZAT o T2, % D Ni(OH),/CeO; D XRD /3% — 1%, {# H #7<° Ni(OH),/CeO»-HBpin &
IFIEF—CTH Y, Ni FIZHKT D E—2713KIRE L TR L0~ 7= (Figure 2-23, ¢),
F 7=, %D Ni(OH),/CeO, @ Ni 2p XPS A7 | /L{F Ni(OH),/CeO,-HBpin & K& 72
EVITR ST, Ni(OH), (IR E ATfEZR 855.4 eV & Ni(O)ZIRIE SN D 852.4 eV (T 2psn
B — 7 MEEE I 7z (Figure 2-24,b), — 7 C., fli % @ Ni(OH)./CeO, @ NiK ¥ii XANES
A7 h VX, Ni(OH)./CeOr-HBpin &l R THUHEAME = R ALF— i~ 7 L, KU
A NTA L OBEEREAD L TEY, LCF OFERG S NIOFEOEIS2MEML TN D 2
&M B E 72 o 7= (Figure 2-25), EXAFS AXY "V D T 4 v T 4V THRERN I,
Ni(0) D —EAZE D Ni-Ni OFNED BOSME AN S TR L TWD 2 E R 55
& 72 o7z (Figure 2-26 and Table 2-12), SR T2 T 6 HBpin (2 & 2 HEF Ni 0D
BOTHEST Ul T . FHEF Ni FEORIEES XRD TIEE— 727 2NV TEARWEE IR L
TeEZ2 biL, TNHMBHEMEIKR TO—RICR s L BESND,

Fo EEIKRTOMOJRRK & U TMERT~OFEMOMELEZ X 6D, RIGER
Aif. HBpin |2 X 2 LBt P06 ZEREE FH % O Ni(OH)/CeO, @ FT-IR AX7 fL%
Figure 2-27 (2759, Ni(OH),/CeO»-HBpin TiZ 1011 cm™ 8 X 1377 em ™ T O WIL A
Ni(OH)y/CeOr IZH_THIR L, i I EBR T D Ni(OH)/CeO, TIZ I H DWINA E 5
(ZHE R L 72 (Figure 2-27, a—c), FH# F S2ER# ¢ Ni(OH)./CeO, % 225G~ PHX T T 300 °C T
2hBER L7 & 2 A, 2 b O/ E < 7g o 7= (Figure 2-27,d), LT, 101l em™'
LN 1377 em™ FHEOWULE HBpin 35 X OVRIEEIC KT 2 G5HMICER T2 525
. 2D X5 e B O IR T~ DO EPMEHAIK T O—K Lo o TV RREMERH 5,
LU, BERRIC Ko THED 2 B0 R e il A B L7256 12iE, IISIRIZEA L
HETT L7205 72 (Table 2-11, entry 4), 7272 L, 6l ] ® Ni(OH),/CeO, % [F] US4 THaK
L7EBAIC B RS NEE A EEIT LR > 722 L7935 (Table 2-11, entry 3), BERKIZ X -
T Ni FEORIRRENHR Liciosd, IEHEE RIS R o mREERNEV, 20728, HH
B OMBER T AT LA A2 B0 BR< 72D, M ovs FIEE2 AR5 80
BERC LIS D FB 2 i+ 2 BN & D,
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Table 2-11. Reuse of Ni(OH),/CeO; for the borylation of heptylbenzene (1a)."

Ni(OH),/CeO,

n  (Ni36mol%) Bpin . A 3
HBpin (4 eq.) ' N
O/\/ methylcyclohexane ©)\/ ©/\Il3/pin plnB—,(;/\/
R = (CH)4CH3 120°C, 4 h
1a (0.2 mmol) 2a 22" 22"

. Conv. (%) Yield (%)
Entry Ni(OH),/CeO, Pretreatment before use

la 2a 2a' 2a"
1 fresh as prepared 91 79 5 2
2 Ist reuse as prepared 16 14 2 <1
3 fresh calcined in air (300 °C,2 h) <1 <1 <1 <1
4 Ist reuse calcined in air (300 °C,2 h) 1 1 <1 <1

[a] Reaction conditions: 1a (0.2 mmol), HBpin (0.8 mmol), Ni(OH)./CeO, (Ni: 3.6 mol%),
methylcyclohexane (1 mL), 120 °C, Ar (1 atm), 4 h. Conversions and yields were determined by

GC using n-hexadecane as an internal standard.

(c) Ni(OH),/CeO, after the use

LA%—_L___A\A ~ N
| (b) Ni(OH) /CeO,-HBpin
\ (a) Ni(OH) /CeO,

Jt A A NN

T T T T T 1
10 20 30 40 50 60 70 80
2 theta (deg.)

ail

Figure 2-23. XRD patterns of (a) Ni(OH),/CeO,, (b) Ni(OH),/CeO,-HBpin, and
(c) Ni(OH),/CeQ; after the use in the reaction of 1a. The samples were exposed to air before the

analyses.
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(b) Ni(OH),/CeO, after the use

(a) Ni(OH) /CeO,-HBpin
W

2p,),

I I | | I | I
875 870 865 860 855 850 845

Binding energy (eV)
Figure 2-24. Ni 2p XPS spectra of (a) Ni(OH),/CeO,-HBpin and (b) Ni(OH),/CeO, after the use

in the reaction of 1a.

()] (ii)
S 15
2 a
5 5
2 2
(1] (1}
p= b —— Ni(OH),/CeO, after the use
- . —— LCF curve
£ £
) — (a) Ni-foil 6 LCF parameters
z . Z Ni foil: 54.7%
— (b) Ni(OH), Ni(OH),: 21.4%
"""" (€) NIO _ NiO: 23.9%
— (d) Ni(OH),/CeO,-HBpin R-factor: 0.16%
— (e) Ni(OH),/CeO, after the use
' I 2 | l | ! T ' | 1 J |
8320 8340 8360 8380 8320 8360 8400 8440
Photon energy (eV) Photon energy (eV)

Figure 2-25. (i) Ni K-edge XANES spectra of (a)Ni-foil, (b) Ni(OH),, (c)NiO,
(d) Ni(OH),/CeO,-HBpin, and (e) Ni(OH),/CeO, after the use in the reaction of 1a and (ii) linear
combination fitted Ni K-edge XANES spectrum of Ni(OH),/CeO after the use in the reaction of
1a. The fitting range was from —30 to 10 eV.
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(i) —— observed

(d) Ni(OH) /CeO, after the use fitted

(c) Ni(OH) /CeO,-HBpin
N

(b) Ni(OH),

(a) Ni-foil (x 0.2)

[ I [ [ | I
2 4 6 8 10 12

KA™)

2K (A%

—— observed
— fitted

_——_//WOH)JCeOZ after the use
(c) Ni(OH),/CeO,-HBpin

(b) Ni(OH),

(a) Ni-foil (x 0.2)

0 1 2 3 4 5
R(A)

FTIKK| (A

Figure 2-26. (i) Raw k-space Ni K-edge EXAFS spectra and (ii) £’-weighted Fourier-transformed
Ni K-edge EXAFS spectra of (a)Ni-foil, (b) Ni(OH),, (c)Ni(OH),/CeO,-HBpin, and
(d) Ni(OH),/CeO, after the use in the reaction of 1a. Experimental data and fitted data are shown
in black and red, respectively. FFT parameters, k-range: 3—13, window: Hanning k*-weighted. All

R-space spectra are shown without phase correction.

101



Table 2-12. Fitted parameters from Ni K-edge EXAFS shown in Figure 2-26.
AEj, ¢*x10* R-factor

Sample Shell CN. R(A) @) &) %)
Ni—Ni 12 249 737 0.62
Ni—Ni 6.0 355 135 0.62
(a) Ni-foil Ni—Ni 24 427 0.00 0.62 0.20

obtuse triangle 24 482 -10.6 0.62
forward scattering 12 496 9.64 0.62

_ Ni-O 60 206 -593 0.67 036
(b) Ni(OH)» o
Ni-Ni 60 3.13 -439 0.71
Ni-O 2.8 204 353 054
(c) Ni(OH),/CeO,-HBpin Ni-Ni (in Ni) 13 253 -136 096 255
Ni-Ni (inNi(OH),) 0.9 3.13 5.13 151
Ni-O 30 209 -047 1.09

(d) Ni(OH),/Ce0; after the

) Ni—Ni (in Ni) 6.3 244  -11.7 1.62 0.45
use in the reaction of 1a.

Ni-Ni (in Ni(OH),) 0.6 3.11  12.9 145

1377 cm™ ' 1011 cm™

/—\,\\\

(a) Ni(OH) /CeO,

(b) Ni(OH),/CeO,-HBpin

h\\./\
(c) Ni(OH),/CeO, after the use

W
(d) Ni(OH),/CeO, after the use & calcination

/‘\_,\

| | | | | |
4000 3500 3000 2500 2000 1500 1000
v (cm'1)

Figure 2-27. FT-IR spectra of (a) Ni(OH),/CeO,, (b) Ni(OH),/CeO,-HBpin, (c) Ni(OH),/CeO,
after the reuse experiment, and (d) Ni(OH),/CeO, after the reuse experiment followed by the

calcination in air at 300 °C for 2 h. The samples were exposed to air before the analyses.
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2.3.7. ROGHERE DRRFY
2371, TIOHNVAARY Y % —DEMBFE

AN T I NAVF AR L T D0 EH LT HHT, 7V VA TR
T — ORI RZ G LTz, 1la ZHE LT 5USICH W T, 1 H&ED 2,6-di-tert-butyl-
p-cresol (BHT) Z iR L CHUGZEIT -T2 & Z A I L2 WA & bl LT 2a D4R
WK T L7200, 4h ROPIRIZKE RZLIT R S iv7en - 7= (Figure 2-28), R4
B TdH D 2a' B LT 22" DIRIZHOWNWTH REREITR OGN T, ZOFEHRD
5. BHT A 7 v 742 X527 VN PREEIASICB W TEE L TN &
DR ENT-, — T, 1 48D 2,2,6,6-tetramethylpiperidine 1-oxyl (TEMPO) % ¥#i1 L T
UG aAT -7 & ZA, RUFMKITEIBONRN T, ZOHEITIX, TEMPO DiF
gt & T & b 1-hydroxy-2,2,6,6-tetramethylpiperidine (TEMPOH) <>  2,2.6,6-
tetramethylpiperidine (TEMP) D4 %723 GC-MS 3 L Y GC 12 L » THERR = 417z (Figure 2-
29,a), F7=, TEMPO 2’ 1a % b7 v 7 LTALAEWOERITHEGR S e~ 72, 1a &
23, TEMPO & HBpin O %% Ni(OH)/CeO, DF{E F CMEMEIE L7251 b [RIFRE
@ TEMPOH X° TEMP 234 L7 Z &b . RISSRME T Tk TEMPO & HBPin 23 [EL#2
IS L TW5D Z ENP B2 E 7o 7= (Figure 2-29, b), L7228 T, TEMPO Z & % Xt
PRESFILT PN AT R Dy —E LTOMEICLD DO TROWATRENEN & 5, LUk
DFERIL, REISIZEBT DT P ANFEOE G %2 5E RN T 2 DO TIERWR, TU0
NAFEDBA G- 5 AlREMEIT RV & F X TV D,

Bpin

R Ni(OH),/CeO, R
©/\/ HBpin (4 eq.)
BHT (1 eq.)
R = (CH2)4CH3 methylcyclohexane
1a (0.2 mmol) 120°C 2a

100 -
80 -

60 -

without BHT

|
40 1 / =—with BHT (1 eq.)

Yield of 2a (%)

20 4/

f/

0

0 ! Tim% (h) 3 4

Figure 2-28. Effect of BHT on the borylation of heptylbenzene (1a). Reaction
conditions: 1a (0.2 mmol), HBpin (0.8 mmol), Ni(OH),/CeO, (Ni: 3.6 mol%), BHT (0.2 mmol),
methylcyclohexane (1 mL), 120 °C, Ar (1 atm). Yields were determined by GC using n-

hexadecane as an internal standard.
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C)) .
Bpin

Q QH H
e o
©/V Ni(OH),/CeO,
HBpin (4 eq.)

R = (CH2)4CH3 TEMPO (1 eq.) detected o ,
1a (0.2 mmol) methylcyclohexane 2@ not detected Conv.53% v Go-Ms 7% GC yield
Conv. <1% 120°C, 1h TEMPO TEMPOH TEMP
(b)
(0] OH

H
N Ni(OH),/Ce0, N N
HBpin (4 eq.)
thylcycloh
TEMPO (0.2 mmol) e eYEon@ne detected 6% GC yield

Conv. 52% by GC-MS

Figure 2-29. Effect of TEMPO on the borylation of heptylbenzene (1a). Reaction conditions:
(a) 1a (0.2 mmol), HBpin (0.8 mmol), Ni(OH),/CeO, (Ni: 3.6 mol%), TEMPO (0.2 mmol),
methylcyclohexane (1 mL), 120 °C, Ar (1 atm), 1 h. (b) HBpin (0.8 mmol), Ni(OH),/CeO> (Ni:
3.6 mol%), TEMPO (0.2 mmol), methylcyclohexane (1 mL), 120 °C, Ar (1 atm), 1 h.

2.3.7.2. XU VAL C(spd)-H F&A DBIZIT BT 5 i B iR RIAL %0 52

la % 3H & 5 IS T 2 OSHIHE (<6 min) DAY 2a DR EZEAL % Figure 2-30 O
HEDKTRT, 72720, 120 °C OFUSZEEIZRENE 21 > F L, INEEBLG L 72k
75: Omin & L7, £7-. XU IAALD C(spd)-H kA % C(sp’)-D fti & ~E X #a 2 7~ 1a-d,

'H & T DRI E T D ROSEHIH (<6 min) @Eﬁk%@/ﬁfﬁfh% Figure 2-30 O 4 L

/*/é@ﬁ“(“m?o 2N OB IXIFZIER —TH Y (kn/ko = 1.0) BRI [EINL
BAREPFELIRNT DD, f\/\/xlzud) C(sp’)-H fEA OBIZUIHEREPS I E £ h
RN ERH DNl £12, la-d, %ﬁé ET DRI ONT, Hxfb L Tu7aun
la-d, ® GC-MS A7 NV B EHE LTz oy T804 OfRRFA L % Figure 2-31 (277,
SGBRAE 2 min DL, FEE OS50 803/ é 2o TR, RUDAALO DALRIME
FTLTWAZ RGN oTz, ZhuE, C-D S OE L HBpin 205 @ H 51D
BANEITLTWDTZOTHDLEB X bND, U EORERND | BOSSEMHE FIZBWTiX
RV NALD C-H fEEORZEINIMD 2T » 72T <, HBpin {#7E I CTlX HBpin

IZHRT D HIRF L O FRHET L TND Z LRI,
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H H D D H/D,_ Bpin

R R Ni(OH),/CeO, R
or HBpin (4 eq.)

methylcyclohexane

R = (CH2)4CH3 120°C
1a (0.2 mmol) 1a-d, (0.2 mmol) 2a and/or 2a-d
35 4
5 30 4 o from 1a .
©
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© .
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Figure 2-30. Reaction profile of the borylation of heptylbenzene (1a, blue profile) and
heptylbenzene-1,1-d> (1a-d», orange profile). Reaction conditions: 1a or la-d; (0.2 mmol),
HBpin (0.8 mmol), Ni(OH),/CeO: (Ni: 3.6 mol%), methylcyclohexane (1 mL), 120 °C, Ar

(1 atm). Yields were determined by GC using n-hexadecane as an internal standard.

(97% D)
D D H/D Bpin
R Ni(OH),/CeO, R
H/D H/D HBpin (4 eq.) H/D H/D
(11% D) methylcyclohexane
R = (CH,),CHj 120°C
1a-d, (0.2 mmol) 2a and/or 2a-d
0% 20% 40% 60% 80% 100%  M.W.
0 (] 178.4
1 ] 178.4
z2 s 1778
E 3 " 177.4
g 4 , 1773
-
5 . 1774
6 [ | 177.4

m176.2 w177.2 =178.2 ©179.2 m180.2

Figure 2-31. Change of molecular weight distribution of 1a-d, during the borylation reaction.
Reaction conditions: 1a-d; (0.2 mmol), HBpin (0.8 mmol), Ni(OH),/CeO, (Ni: 3.6 mol%),
methylcyclohexane (1 mL), 120 °C, Ar (1 atm).
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23.73. ~NFFARF L (1a) & D, DG

CeO HK RIZIZR E N7 NI BICH DO AT 25 C-H 5 BRI KT 5 15 M & ORI
IZOWT XV EEL L HFTT 5729 HBpin DN VW I2 Dy 2 WD &k TS Z21T - 1=,
Ni(OH),/CeO»-HBpin DTFE FIZHB W T laZ A F L7 o ~F 3 PR D) (1 atm) 25
PHAUF T 120 °C T 4 h MMBGEEEZAT o 72, RIS TH O 1a 2 'H B LV HNMR 12 &
STHNT LTI EZ A, RUDIIALD C(sp’)-H FEG D 20%, HERL PIUALD C(sp’)-H
FEAD3.5%IFEDILINTWD Z &M BT -7 (Figure 2-32), — 5T, 7 ==L
FD C(sp?)-H 56D DALIT A #EAT L72h> > 72, Ni(OH)/CeO-HBpin X D, ZBAZ L C
Ni-D #EZER L., 7B o PIALD C(spd)-H A 2 FIRANCBIZ LT H-D #5#
DT T D EEZXBND, £10, 23.7.2. TR L H 18, Az X - T HBpin &~
UIALD C(sp’)-H KA DORIZIHNT S H R T ORENHEITT 2 Z & 225, HBpin /1
TTH HFETF ERBRICNEHERER SN TS EEESND, S 5IZ, HBpin & L
WOEMT D FHA FICBW TGS ET%A, & A EN DBpin ~tirfbL7-Z &
23 GC-MS (2 L » CThERR S iz, Z OFERN 5 1 HBpin /F7E F C Ni-H B S5
ZEMIFF ST,

(D: 20%)
Ni(OH),/CeO,-HBpin (3.6 mol%) H/D. H/D
D, (1 atm) SN
>~ HD—p
methylcyclohexane '__JHID HD
120°C, 4 h (D: <1%) (D: 3.5%)

1a (0.2 mmol)

Figure 2-32. Reaction of la with D, in the presence of Ni(OH),/CeO,-HBpin. Reaction
conditions: 1a (0.2 mmol), D, (1 atm), Ni(OH),/CeO,-HBpin (Ni: 3.6 mol%),
methylcyclohexane (1 mL), 120 °C, 4 h.

2.3.7.4. R DK[IBLHT & Hy FHEK T TO MG

Ni(OH),/CeO, IZ £ % 1a OFR U HEILOK T %, HBRE DX %EZ GC-MS 12Xk - T
GHITLTIZE ZA Ho WAPAELTND Z ERMER I, ZOZ b, la DY
JUAL C(sp’)-H A4 L O HBpin @ B-H f5 & WU S 4, C-B GBI L&D
ICH DEVERI E LTERLTWD ZERRBINT, HVWT, lazELT54y
FALRS % Ha (1 atm) SRS N TIT o 72, C ORGSR, Ar (1 atm) R CRISEIT > 725
BT 1a DA LR LU 2a DYLEEHME T L7- (Table 2-13, entry 2), 24U 5 Off R
& 2373 TRARIAER D, A UFESIRITES T Ni-H AL L, H, 2T 5
Z & TS A 7 VRN L TN D 2 & S HIT Hy & HEF Ni i 5 O Ni-H DAL
AL HETT 2 Z L VR S L7z, Hy FRHAU R Tl Ni-H 725 @ H, O A7 il
SNDHTDIT, 2a DPEEPME T L2 EHEHI SN S,
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Table 2-13. Effect of an atmosphere on the borylation of heptylbenzene (1a)./

Ni(OH),/CeO, Bpin

Ni: 3.6 mol%
R (HBpin (4 eq.)) R R N R
©/\/ methylcyclohexane ©/\Il3/pin P'nB—.(;/\/
R = (CH)4CH3 120°C, 4 h
1a (0.2 mmol) 2a 22" 22"

Conv. (%)  Yield (%)

Entry Atmosphere

1a 2a 2a’ 2a"
1 Ar (1 atm) 91 79 5 2
2 H, (1 atm) 41 37 2 1

[a] Reaction conditions: 1a (0.2 mmol), HBpin (0.8 mmol), Ni(OH)./CeO, (Ni: 3.6 mol%),
methylcyclohexane (1 mL), 120 °C, Ar or H (1 atm), 4 h. Conversions and yields were

determined by GC using n-hexadecane as an internal standard.

2.3.7.5. RUPL « RERY DAL TO H-D
Ni(OH),/CeO,-HBpin DIFFE FIZEBWT, la-dy DIr% A F )L 7 m~FH st

Ar (1 atm) ZRPHS T, 120 °C T 15 min MR Z 1T 572, GC-MS A7 A BLEE
L 72 HT O 1a-dy D4y 1845341 % Figure 2-33 (2R T, UG D 1a-dy D555 15
HFEAEBL Lo T2, D TFENRIVIEWSHICE DK D&k, o FRITo
H-D ZWPHEIT L TWD Z BRI ENT, e THED la-d, % 'H 3 LT *HNMR
IZEoTHTLTzE A, RUVANLD C(sp’)-D G L RERL DILALO C(sp)-H #E
4 O T H-D ZZHMRHET LT D = & BB 53 & 72 > 7= (Figure 2-34), F7-. RERL
UNMALE D BB ALEICH D Csp’ - H FERICSH D NMEAINTND Z LR S
7eo LLEDFERDN S | HBpin X2 Hy 2MFAE L 72 W GAFE FIZHB VT, Ni(OH)./CeO,-HBpin
IZE S TRUDANLD C-H FEEOBRADEITTHZ EBNHLMNE oo Tz, RGO
FEBOSHERED 1 S & LT, U PLO Csp’y-H 5 23 Ni(O)~EALRIFH IS % 2 &1
£ o T Csp’)-H FEADOBANHEST L, Ni(l)-alkyl R AR T 22N EEZ LN
% (2.3.7.7.TiEil), Ni(lh)-alkyl FEZ RS 55 —% O Ni $5ATiX, B-& KU RFEE S
BEHFE AL > T, NiIDDO T L FLE ETOBENEZ 52 ENMbN TR Afih
BC BN T S [FAREOEREIC L o> TRUD AL « RER DAL TO H-D RN HELT
L7t ZZ2LNEP F72 RERL UM Csp’)-H Fia DR 7 HELL, 2.3.7.3.1081F
BHRERUUNANLO DAL S R OME CHEIT Lo EHEI S LD,
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(D: 97%) (D: 56%)
D D H/D H/D
Ni(OH),/CeO2-HBpin (3.6 mol%)
H/D H/D methylcyclohexane - H/D H/D
(D: 11%) 12O°CA15 min (D: 39%)
r
1a-d; (0.2 mmol)
0% 20% 40% 60% 80% 100%
= o0
£ N
£
E 15 o
u176.2 m177.2 178.2 179.2 m=180.2 =181.2 m1822 m183.2

M.W.

178.4

178.3

Figure 2-33. Change of molecular weight distribution of la-d; during the treatment in the
presence of Ni(OH)./CeO,-HBpin. Reaction conditions: la-d, (0.2 mmol), Ni(OH),/CeO»-
HBpin (Ni: 3.6 mol%), methylcyclohexane (1 mL), 120 °C, Ar (1 atm), 15 min.
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Figure 2-34. Changes of 'H NMR spectra (500 MHz, CD;0D) and “H NMR spectra (77 MHz,
CH;0H) of 1a-d; during the treatment in the presence of Ni(OH),/CeO,-HBpin. The reaction

conditions were the same as those described in Figure 2-33.
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23.7.6. RUBUEEE LT ARG

B LA BRI Mandal 5PN K - TS S 4072 Ni(cod), 5 & fiBERTERIA & L |
in situ TR SN HEFS LTV NI F b -2 BEOEMERE L 575 C-H AR v HEBXK
JETIE, FEEROD C(sp))-H FEE DR U FENELRIICHET T2 — T, Rz~
PIALD C(sp’)-H F5H DA U EACBIED mEHRINCHEIT LT, 2 ORBIRMEIC OV TH
REGBDHMT, Cep)rHEAEZALRWRU P (1s) B L L TRIGEIT 72, b
Ly (1h) OV R 7 FALIS DRl ek & [F U CRIG 1T 72 & 2 A C(sp”)-H
HBORUFESISTIE & A EHEITES, £ R URBE Q") OINRIZTDTD 3% TH
- 7z (Figure 2-35), = OFERN D At ix C(sp®)-H K& DA v FALSISIT R 15N
KL, RUVALD C(sp’)-H FEBMNIFE LR WERETIZBWTH T U —LR e Ui
TATIAPNEEAEHTELNRNZ ERHALNE 2572, LIk L7z Mandal 12 & % #5
TIX. Ni fiA L HBpin Z 7 7 FLBOS & FAELO G N THERT 2 2 LT L » Thitk
3<4nm O Ni F R FNIEREN., TN T = = /LD C(sp?)-H A DR 7 FAL T
iﬁ“éiﬁﬁi ELTEIK Z BB LR > TS, —F5 T, Ni(OH)/CeO, % HBpin T
SLEE U 72355 121d, EXAFS A~X7 hLC EDS v v B2 775 L D /NE 72 Ni iE o
CeO, Ll JT&EBZ ENTWNDZENRBEINTEY 2321.28), ZOX 572 NiFEOY A

DIEWHIEVEFS L OBIRVEDEWITEE L TW D RN & 5 (2.3.7.7. TEHER),

. B
Ni(OH),/Ce0, Bpin S pin
HBpin (5 eq.) N

methylcyclohexane Bpin
100°C, 8 h
1s (0.2 mmol) 2g" 35"
3% <1%

Figure 2-35. Borylation of benzene (1s). Reaction conditions: 1s (0.2 mmol), HBpin (1.0 mmol),
Ni(OH),/CeO; (Ni: 3.6 mol%), methylcyclohexane (1 mL), 100 °C, Ar (1 atm), 8 h.

2.3.7.7. HE KIS

LEDRERZ G LITBET HARKIGD A 1 = X L% Figure 2-36 |28 7, HAIZ CeO,
R o Ni(l)/KkER{E# 7% HBpin (2 X > T in situ TiEIT 34, Ni(0)Z & Tem 20872 Ni
FEAER S D, 2.3.23. T ~7= X 512, Ni(D)/KEZ{EW) & CeO, HIAD [ D EE #7240
AERICE > TARRAT v 7BEES TN D EE SIS, HEWV T, Ni(OIZR 2 DAL
C(sp’)-H #&E A OEALAFT A HEIT L, o-benzyl Ni fli & Ni-H FEAN ALK T 5, Fi=, #—
# Rh $5{A % W RERPICEIRIN TV D K 95 72 5 AT Ni FEIZELZ L, n-benzyl
NifEZERT 22 & bBZbND, —KIIC, TAFALXEU O C-HFEATEMEIX
RUVNALD Csp-HFEE LD b7 = =/VHED C(sp?)-H FEAITB W THIT LT,
L2vL, #—3% Rh #8162 W -BESICEB W T, 7 O30T Rh FEICENL T 5 TEfE 2
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R L TR UIINLD C(sp’)-H FEG DIEMHALT 5 2 & T, XU UMD C(sp’)-H A
DR T FACEIENR 7 = =V HD C(sp®)-H FEE DA U FALSNTK L CTREFRIICHETT
5 X7 Z ENRFTEALFICE > THLMNZIEN TV S P rbenzyl Ni fl 2 #8945
P)—F Ni 2 W7o DAL TOREETERBOE &A1 5 TR Y P Ni(0)f 2 1&
L T HARIERIZEBNTH RROPEELZ TR T 5 AlRettid+2icB3 2 ohbd, &6
W2 ARBUGSRIZBW TIIEMER & 72 % Ni iZofEo 1 17%@&’)’(4 ST LR X
NTHELH, =y UrRa—F—HSIHFET DR AT 72 Ni(OFEDEIE LW n-
benzyl Ni F O E Z D LT W ERE SN D, 7272 L, HERYR E 2R Ni fi7s
B EN TS EAESN D Ni HEFEZ IS0 LIl 42 AW 72554 (Table 2-4) <2,
Ni(OH),/CeO,-H, % iV 72354 (Table 2-5, entry 3)IZ & B EE D C(sp?)-H FE & D H 7 H#E Ak
FOSITIZEE A EE#ATL TE LT, Ni OIS & IBIPEDOBTEMEIC OWTIZE bR 5K
ARMETH 5, KRIZ, HBpin @ H-B fE& & [F—0 Ni D Ni(OIZER LRI, Ni-
Bpin i & Ni-H ff23 4% T 5, o-benzyl Ni fiH L < IE n-benzyl Ni f & Ni-Bpin ffi/)> 5
BIOCHINLBEDS T T 5 Z LI o T C-B fEENE I IL. BIERM DO VLR e
VBT AT AN LND, S5HIZ, 2 20 Ni-H FEORTAIBLEEC X > T Ha 2R L,
f TR MEFE DS FRAE T D, AT //I/ﬂ@ C(sp))-H FEEITBIT D EISIZ DOV TIL,
2.3.7.5. Tl _72 X 91T Nicalkyl FEICE T DX DAL ERER VNALRETO Ni D
migration (Z XD HDEFEX HILD,

Ni(OH),
0602 H

l HBpin X R
reduced

a Ni species
C602 \K

C602
e A’\
20 . B
R p|n and/or H
=
0602
n'

Figure 2-36. Proposed reaction mechanism of Ni(OH)./CeO»-catalyzed borylation of benzylic
C(sp’)-H bonds.
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2.4. G

ARETIE, CeOy EITH HILEEIEIZ & - T Ni KER/LY % 1 FF L 7= fil
#E (Ni(OH),/Ce0,) 73, B =2—/LiR T > (HBpin) 2R U ELHIETHTLF LT L—1
DR UL C(sp’)-H 7B 7 FALEOT KT U TN 2T &R 2 RT 2 L2919 T
R U7z, A2 W FOS T, 74X LT L—r ZHIREE E LTAF LY 7 mas
X e EORBIEIE R CHSITEIT LT, B 2 XU UL O C-H fEA DR T FEAL
BOSIH LT+ 7efEE E BRI 2 R L, 2N E TICHEMT L A ER 0V HBE WD
TIFRILE 025 Z2HTEHTIAFAR B0V T ==L A X RIS LCh i Al
Abf*zi?;of:o Flo, B IR UAMIO Csp))-H #EBREHTDHDAT LT L—r 2 iE
ELTEEAITIE. RUFESUGA 2 [FIHEST Lz VR U BLIRN AR & L TR LI,
B 72 ER Eﬁ%ﬁ?é%’f’f IZE A FIEE T o 7o, ARBUSITHR EICHEF S 3072 Ni i
X DR R ERIZ L > THEIT L TS 2 LB fER S N7, F o, ARBUSITHES)
RERBETHY . CeO, LN DAL 72 & 2K L LIZGEICITSUSITHEIT Lz o T2,
it DX v 7 7 2 VB —a U OFRERIG, CeO, 11K L Ni KER{L# 7% HBpin (2 X -
T in situ TEICSAVE TR NI(OFEDTER T 5 Z ERHLRERD . ZABRR DL
Az C(sp’)-H R 7 ARk 2 G ERE & LTV TV D Z AR E T,
CeOz FARIZEOGSME T C HBpin 12X 5 Ni KER(EW ORI A2 EET 5 & & HIT, Ni fil

B HUTARFF T A RE A R L TRV . Z O EIC X > TRRIGIZAE R 72 il %
ﬁiznﬁ/ﬁiz ENTNDZERHLMNE R oTz, Fix DEBRNS AT DAL
C(sp’)-H A ORZUEN TG L BIWEEZ G T 5 Z LR S, 5% OERE LT,
R UL C(sp’)-H FE B DB 7 FACSIE LIS DB R~ DISHNZ 2 Hivd,
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3.1. #E

oA B VBT AT UTE = ALIZ C(sp?)-B fiGEH L, =BT Dk~
72 C(sp’ )X (X=C, ~7T v i) fEETRICHAETH LM Fl2 11X, REWTHH N
U R OERBIZBNT, 250 t“:/bﬁé%ﬁ*ALﬂﬁﬁyiy%ﬁﬁﬁiﬁ“éx?y7°f°
B R U B AT ARMER SN TVWAE X512, 12D sp* [RFEIZ 2 DDA 1 i
mXTwﬂﬁALth%i1@&@$%ﬁi%t%%&&&%r¢mA%#%<ﬁ%
NTWAHLEBRT N7 OFRICE T 2HEERE LTHERATH LD fl X, A=
Ny TV TG EBIRINATY 22> T, MIBRARITHD@Z)-X4EFL 72D
BN ER SN T3 (Figure 3-1)2Y £72, C(sp’)-B A DEHDO I/ 59, B =Lk
DFE 2 DEBSINNC K> T AV RERELZ AT 2LEHOERIZE T HABRA L LT
FIRT2Z b Th DM il 2 1E, Diels—Alder SG=C 1,3- XA 7~ INBRAL G T &
ST AR VBT AT VEN 2B T D2ERRICEVOEHIZHN STV D 2013,
=R a VR AT NED S DRI EGT D0 HE STV DN

Bpin Bpln
7 7BPIn " padba,
P'Bug

KOH

(2)-Tamoxifen

Figure 3-1. One-pot synthesis of (Z)-tamoxifen from the 1,1-diboryl-1-alkene.*

EoVARa VBT AT VOERIED I H KB HMOBNTWDLIDEIT LF O R
v R R TH D, Brown HIZE > THT a—/VR T > &Ry FRAIE T 50608
F1D THAE SALTURE T BRx Ze G BAE 2 W2 S0e 8 7 U — 72 RO HE S
TE 758 2oz, 1-RI LT X ORFERCILI-E 2R B AT L ET VT
tERkoRar-v sy 74 e RN TAr=AnT 4 FHLLET A=Y 75
—heVRarorsaxhy IV TSI Tt LR e VBT AT LD
JaARZE ARSI Tl s ua R T o ORY e~y IS v =1
ERARED N T A XA Z LI T O NRE TR o UR T #EEE
bt RefvRe U BoBEEc Xk b FEIY 2 EnmonTng, £z, 1 20 sp? RFEIC
2O0DRAVBEATIVRFEE LIALEMOERKIEE LTIE, AAR={tEmE MY
RUNLAFNALYFTLAORIENTR 1,1- 7 a®-1-UF AT A b oRa s
MDHBILTEY , IEETIET VX 2 HEWE & T MRS b HE S Tun s
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v =L C(sp?)-H S & EEE C(sp®)-B fia~ & A3 D PiKkFE R 7 B HT
TNAFDOEe FaR RGOSR TIRERFNEOFG N E = LR e VBT AT LOE
BiETHD, EELTATREG R TN EZDFEFHNDLZ ERA[EETHY ., TV
Frob Rar RS TIEAKRT 2 ZENTERVWEERE =LA VT AT
NOERICHEHARE L Wo I FEEH T 5, £z, BAKER VR CIGE 2 BITH 2
EIZE T, 120D sp* [RFIZ 2 DDA VT AT VRES LI LA OA RS v HE
Thd, W< MH, Bix el —REEEAEL A W=7 Ve Rak y RIS O#H
FITBNT, BIRE E UTHKRER Y BCRISHEITT 2 Z &3 F BTV gk
By TV TR EIZ LD & T DL OFEGTIRBISDOHERIZHEN, E= R e
VIR AT NV OE A BT A AN E o 2o BKFE R U B S E ERS
& T DRGSR DB TS £ 91272572, 1992 41T Brown & Lloyd-Jones (2 &
S TH—% Rh R & flfil, X VPR ) DrarvHE AL T8 =1LTL—r0
ik 3B 7R 7 FAL KOS S s S 7z (Figure 3-2, a)2 ARISHR Tld e F ok v H#E LS

< HETET, BAKER U RSO T 2 mWEIRMENEBL L TnD, Lo, %
BOE= LT L= 3N E-STELD Ho 778 7% — L LTHI<, Z0iz®,
BRIEOE= LT L—ORMELELE L, =7 L— & iU L U IR HE
METS50%I2E EF D, F70, 1999 FITHH 5 (3 —% Rh $HR & il v 2 — /LR
?Vﬁmmﬂ%TﬁfM§&?éE%NTV—/®%ﬁfT?fMﬁm%ﬁibfw
LR, FARRICE= LT L= PN H, 77872 — & LCHE S5 (Figure 3-2, b),2? %

DIEMTH, FLLO Rh SEES° Ru $EAEZ AL U, BKSER Y F LGN E Rk
%mﬁm_ﬁbf%%%_%ﬁﬁéﬁmﬁ@ﬁ%éMTwéﬁzmsﬁ_;ﬁkﬁia
X, B—%u U LKA kil HBpin % & U LK & T DIRIGET Vr v ORiKFE R
U A & W& U7 (Figure 3-2, o) RS R TIXEwRED / VARV X % Ho 77
T IH—E LTCIHRINT D2 LI2k > T, J VRV R B GIEET vir o ko b ENRT-K
RT VT E—L LTBE RIET Vi OKRFBERNIHI SN TE =R e U gT 2
TNMEWERTH LD, £72, 2016 21T Ge HIZ K-> T, AR/ VARV x %
H7 727 %=t 35— R Fe SR LD =T L— 2 OBiKFER U FCSOE D H
HENTWD (Figure 3-2, d),2) & 512, 2019 4EI21E Wu 52 X - TH—3% Zr $51K % fil
B HBpin ZARUEAFETHE=Z AT L—r DORKER T BRIEHRE SN
7= (Figure 3-2, €) 2% ARKJER TlE, BUNRE 25 °C OFERZ2 G4 T TH WA A L LTHK
HEN, o 7 787 Z—DORMZLEEL LR WKISHRNFETL TWD,
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(a) Brown and Lloyd-Jones (1992) R-A /Clth/\\\/R
R € /R

i R= p-MeOC6H4
Pr (0.2 mol%) T
/N o C/Hg, 25 °C \N \
Ar/\/H + H-B j\ \ o BI/>‘Ph
O™ >p ArN7"0
AT AN
(b) Masuda et al. (1999)
[RhCI(COD)], (2 mol%)
O THF, r.t -
H o L Bpin
ArT X + H-B Ar X
\O \
(2.0 mmol) 1.0mmol) AT AN

(c) Miura and Murakami et al. (2015)
[Rh(COD),]BF4 (2 mol%)

iPr-Foxap (3 mol%)

O THF, 28 °C
Ak X+ H-E

o N
(0.5 mmol) (0.85 mmol) E E
7

(0.95 mmol)

Alkyl” X~ BPIn

(d) Ge et al. (2016)
(PMejs)4Fe (3—5 mol%) R

R
O Hexane, 50 °C
/ ) .
Ar)\/H + H—B\O \ Ar)\/Bpm

(0.6 mmol) (0.5 mmol) E E
7

(1.0 mmol)

(e) Wu et al. (2019)
CpoZrH5 (5 mol%)

O Toluene, 25 °C .
/\/H H_B/ 3 /\/Bpln
AN * ArT X
\O \
(0.2 mmol) (0.2 mmol) H,

Figure 3-2. Previously reported dehydrogenative borylation of alkenes using a hydroborane as a

borylation reagent.[?!-?%24-26]
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RUFEAIE LTEA(EF 27— YR a L (Byping) 24 2 AR & s
EN TV 5D, 2008 412 Marder & Lin HIZ L > TE=/AT L—|Zi Al fE72 ) —5% Rh
BEIR Z fiklgE & 92 RO (Figure 3-3, 2) 2712010 422 Jamison 52 X > TERIRT V47 2
FHRIRE 72 %) — % Rh $E5{KZ il & 9~ 2 KOt (Figure 3-3, b)2In3@iiE sz, £/, B—%
Ir SEAAREE 2 F W2 SOSR BB STV 5, 2009 12 Szabd HITEEED > 7 0T
JVir v B & B IO (Figure 3-3,¢) 22013 4RI/ 110 & BHIE D X VAR iR AT L
EEIMEE LTHET L Y7 a7 Vv w288 &3 % G (Figure 3-3, d)PY% 22 v
B U T, MBIV IS A PTREZR R & LTI, 2011 FITETE B I L » TE - —RIFdNT
T& b oY) —% Pd $EIR A il & 92 SOSAHAE S 47z (Figure 3-3, e) PV = o#E TIX
T = MED Z RN 72 VW TE Y . H-[Pd]-Bpin fES° H-[Pd]-H &N AL L7272
DTNV D RaiR vy FCERKFCEIER & W o 2RSS B EITE T, IEFITmW
NETCE=NRa VBT AT VESGD ZENAEETH D, 5T, Bypin YEEHCT

LR T, BIKFERTFSIEH 2 BREITL, & %{Eﬁ%%%: 2O0(FTHVARI L

T U RELIT WD, t,«ﬂ/7l/—/75§% LSBT LI-PR U ILT IV
REWEIET W r v B P & L2 AI2iE 12-UR VLT 7 /ﬁ)Eﬁzﬁk%k LTHEbN

Do ZOWEILT VT /@HEE7J<$H“\ U FLBOSIC Lo TRBIRICO AR LT VT v %
BRLTEMOTORTH D, £72, 2017 412 Huang HIF ¥ —RIFNL 1% & D) —
F Co $HIRIZ K o TRBRDBiKFE AR U F LIS L OWiKFE VR T FCIS P HETT 5
Z L EHE LTz (Figure 3-3, DL —J5. 2017 4F1Z Mankad 5 1E, N-~7 BEIR I L~
(NHC) B 72 H T 58 —% Cu sEEE AW =17 L— 2 OMKFER 7 FLRIG
e L7z (Figure 3-3, ) ZOKSIZB W T ERED 7, b ORMELE L L, 7
N2 HBpin % N7 v 7457 7872 —4r1 & UTHRET 5 2 & CRIBS 2SNl &
b, LorL, ERove r —RIEA 1% 6 D/3T 0 A 2 3L MMl o & 12
A2 ENGRITR S . BAKRSE DR T B ESOSIZ OV TIRET S TUheny,

) Lin and Marder et al. (2008)

trans-[RhCI(CO)(PPh3),] (3 mol%) R
> )\/Bpin
Toluene/Acetonitrile, 80 °C ArT

(0.3 mmol) (0.2 mmol)

(b) Jamison et al. (2010)
[RhCI(COD)], (1.3 mol%)

Xantphos (2.5 mol%) Bpin
THF, 115 °C

(1.2 mmol) (0.5 mmol)

Figure 3-3. Previously reported dehydrogenative borylation of alkenes using Bpin, as the

borylation reagent.
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(c) Szabo et al. (2009

T

(0.2 mL) (0.15 mmol)

~

[IrCI(COD)], (2 mol%)
70-100 °C

o. O
i
/m\
3_@

d) Ishiyama and Ito et al. (2013)

Q/ﬁr

(0.5 mmol) (0.55 mmol)

[Ir(OMe)(COD)], (1.5 mol%)
AsPh3 (6 mol%)

Octane, 120 °C

/
—B
\

0]

w
as

(e) lwasawa et al. (2011)

A
o © AIEt :
S AL BB - g BPIn
o 0 Toluene, 60 °C
(0.2 mmol) (0.2 mmol)
A
H O 0o AIEt Bpin
RO B-E — 2 R
H o o Toluene, 60 °C Bpin
(0.2 mmol) (0.4 mmol) R = Anyl
(f) Huang et al. (2017)
o o B (3 mol%)
\ CsF (40 mol%) ;
o o , r.t.
(0.5 mmol) (1.0 mmol)
B (3 mol%)
0 T e e g - ML
H o \O DMF, r.t. or 60 °C Bpin
(0.5 mmol) (1.0 mmol) R = Aryl

(9) Mankad et al. (2017)
(NHC)CuO'Bu (13 mol%)

R H O\B B/O Benzene, 80 °C
+ -
ArT X g \O \
ﬁ\ OBPiIn
(0.5 mmol) (0.5 mmol)
R” R R” R

(0.5 mmol)

Figure 3-3. (Continued)
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(I)Tf
Ar,P-Pd-PAr
= S‘i
R! Me
Ar = 3,5-(CF3),CgH3
R'=H or CF;

Bpin
R = Alkyl
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[E AR 2 N T2 KB AR 7 VBRI OW T 2R E TIZH S LTV, AAFZET
1%, Ce0,X° ALO; 72 & DRI EITHT LA X - T Cu /KER (bW & $FF L 7-fil
IE (Cu(OH)y/support) 73, B A (B} a2 Z— M)Uha v (Bypim) 2R UV HRILKIETHE=
NT L= OBKFER D FAESISITHR U TIEM 273 2 & 2810 TR L7 (Figure 3-
4), ¥J—% Cu itz W25 e RgkIC, #8727 U2 IRIML TR ZEITS 2 &
WX oTHr hoM HBpin 7787 % —L L THREL., E=ldhm U Re A7 LOILHE
WL, Bxlxy T 72V B—3a o OfiE, HIK LD Cu(ll)KER{LY73 Bopin
(2 & o> Tin situ TEIL I, @oER CuDFEDPEER SIND Z ENRHLNERD, IR
DREEERE & L CTEON TV D Z EDRIB S LT, Fo, Al &S Bopin, Y & A HIOT
Z LT X o THIKRER T FEALPUS N BRINCHEIT L, 1 D0 sp? JRFEIZ 2 DDA 1 R
TATIPFES LTIALE M A RIS S Z & bR CTh o 72,

Precatalyst: Cu(OH),/support

R RO R R
H Support - BPin - BPin
= + Bapin, @ or @ .
H Bpin
0 — H OBpin
R'J\R’ In situ formed R OR'

HBpin acceptor highly dispersed Cu(l) species

Figure 3-4. This work: Cu(OH)./support-catalyzed dehydrogenative borylation of vinylarenes.
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3.2. EB

3.2.1. FITEEE R LU

GC

GC-2014 (BERYERT) ZHv=, BMHEHE FID, S+ U7 HAIEI Ny Sy ET7 U —2h
Z L% InertCap5 (0.25mm x 30m, ¥ —= /LA =2 X)) I Stabilwax (0.25 mm x
30 m, Restek) % {# u‘:o ATl va REIT 280°C, MR 280°C & L
77 BE—ZHMBOFEIZITZ v~ hXy 7 C-R8A (BHEUERT) & =,

GC-MS
GCMS-QP2010 (B EERERT) &2 W2, A4 A ALEEIX 70eV & L, ¥+ U 7 H AT He,
Xy 7 U—A 7 A% InertCap5 (0.25 mm x 30 m, ¥ —T)LH A = R) ZfH LT,

HR-MS
JMS-T100CS (H AETF) Z M7=, iy (M+H]": m/z 609.2807) % PEEHEYE &
L7z,

NMR

JNM-ECA 500 (HAET) %A\, 'HNMR, “C NMR, "BNMR ¥ X O ”F NMR (1%
A4 500 MHz, 125 MHz, 160 MHz, 470 MHz CHIE 41T -7, 'HNMR TiX TMS %
WNEEHE)E (6=0ppm) & L7z, CNMR TIIIAH v — 27 2 NEEHEY'E (CDCls & R
ELTEHA. 6=77.16 ppm) & L72, "BNMR Tt BFs-Et,O Z4MEHEY)E (5= 0 ppm) &
L7z, "“FNMR Ti% CF;:COOH ZAMEHEY'E (5=-75.39 ppm) & L7z,

ICP-AES
ICP-8100 (BHHUERT) 2 N7z, fillfiiod Cu fBFFRIB L O, MUSHRIBIE~D Cu IAH &
DHEZFT - 72,

STEM

HAADF % 3 LY EDS ~ v B2 I H I KEMAEE AT 7 7 v b7 4 — 2D
JEM-ARM200F (HAR®E 1) & H\ie, iRz =% ) — oSk % . Mo
Mo~ 77y FREIZHFL, BEZESE-L0ZHES T E L,

XAFS

CeO, tH£F Cu filft: > XANES A7 F L3 L OVEXAFS A7 ~L ALO; fH£F Cu filitt
D XANES A7 dMUit, bbby oo eyt %—o BLSSI B —AT A4 T
1T-7- Cu K XAFS HIE T/ N7 — 2 2 L7z, Si(111) it/ 7 A —%
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— &, CeO, iEF Cu fiiEiTaz ek, ALO; HHEF Cu il Xa&diE CHIE 21T - 72,
ALO; fA¥F Cu filklitd> EXAFS A7 kL% SPring-8 ® BL14B2 B — A F A > TiTo 7=
Cu K ¥ii XAFS HIE CHoNT—Z 2 - L7, Si (311) fidbE /7 v A —%—% [
ZEETHIE 21T > 72, ﬁﬂiﬁi%?ﬁ%‘f Jra—7Ry 7 AR TENENEEDER Y
/\&/Eé LTy hEL, TAITIRX— M7V ATERLTELH L, KRUZfil
nNsws5zZ 72 EEIT>7-, X-ray absorption near-edge structure (XANES) 3 L O
extended X-ray absorption fine structure (EXAFS) 7 — % % Athena 35 X TY Artemis (Demeter,
ver. 0.9.025; Bruce Ravel) % FIVNTHEHT L7z, Linear combination fitting (LCF) |34% HEGEL
@ Cu-foil. Cw;O. Cu(OH), DRPFETF — % % IV . Athena 2] L TIT -7, K-weighed
EXAFS A7 hLiX 3-12.5 A7 O#iH ¢ 7 — U =& #5247 - 1=, Cu-foil, Cu0, Cu(OH),
ZAEUEY 7 )L & L7-, IFFEFIT (Athena and Artemis) 7' & 77 b % T — X fiffir, ALEL,
E5 Y 72 =, FEFF6 % Feffinp 7 7 A LV OVERIZ U= 24

FT-IR
FT/IR-4100 (H A45336) % Mz, KBr SEAE THIE L=,

BET Fb 3 ififd
ASAP 2010 (micromeritics) & HV 7z, HIZERFTIZ 150 °C, 3 h OFTLEE 21T > 7=, EHRWAE
SEIRARA D BET FeREfE 2 R LT,

e S

fil Bt DRI 1L, CeO, (BET: 50 m’g ! after calcination at 550 °C for 3h, Cat. No. 544841-25G,
Aldrich), ALO; (BET: 160 m’g" after calcination at 550 °C for 3h, Cat. No. KHS-24, {E& A1t
). TiO, (BET: 316 m’g ', Cat. No. ST-01, A J5pE3£), ZrO, (BET:9 m*g ', Cat. No. 37022,
FTHTATAYY RV,

FOCSEE ., Wik, emaldEE L, b L3, B bs, FHi3E T3 Aldrich,
Combi-Blocks 7" HHEA L7726 D % W7o, W2 SOSFEE % Figure 3-5 (2R 79,7272 L
FOGHE 1g, 1k, 1 IIxET 25707 & RO Wittig SOGNMZ L > TR L7Z (3.2.4.??7}%
k)

123



1c 1d 1e

Dok @F o O o
Me,N F Ph FsC
1f 1h 1i 1j
Ph
Ph
X X
E X
1m 1n 10

©/\/ m
1 1p'
Figure 3-5. Substrates used in this chapter.

3.2.2. filaREd
FHEE Cu KER{L Wb (Cu(OH)./support) D %
Cu(OH),/CeO2 1TLL F O FNAIZHE » THHIEBIEIZ K-> T L7z, £7. CuClL2H0
(0.085 g, 0.5 mmol), HMK60mLIBELN~ T RF v 7 AHX—TF—/N—% 100mL Dt —7%
—ZNZx, || THEEL QRS HW\ T, HH2UHZERF T 550°C, 3 h BERk
L72CeO, 2.0 g) ZMZ, 15min +43IZHi#E L7=, Z4LIZ NaOH aq. (1 M) /1% T pH
Z 120 ICFRFE L, IR T 24 h HEP LT, ﬁf%’é Ml — b &2 TS s 21T,
FONTERERMAK 3L THYE Lok, SIBCTRSIREEL., Bk RE257 (ILE
2.0g, Cu fHFFE 1.5 wt%), A Lf:ﬁmﬁi ;’ukp B4 < 72812 150 °C T 15 min ELZ2#;
ML, Zo—7HRy 7 ANTHRIE LT, Cu(OH)/ALO;, Cu(OH),/TiO;, Cu(OH)/ZrO, %
[FRED FNAIZ X » TR L7,

EHRTEIC X B HEF Cu fillfiE (CuCly/CeOs, Cu(OAC),/Ce0y) DR

CuCL/Ce0; 1 LT Cu(OAC)/CeO, 1ZLL FDFINEIZHE » TEHBIEIC L - TH L= Y

CuCl,-2H,0 (0.021 g, 0.125 mmol) % L < % Cu(OAc),-H,0 (0.025 g, 0.125 mmol), 7 & k>

25SmL BRI R F v I AX—F—"—% 50mL D —H—IZx, BB THHELT

iﬁﬁ’%éﬁf:o BT, O L HZEE T T 550 °C, 3 h BERL L7- Ce0, (0.5 g) Z A, 3h
I LT, =R L —2 =2 N Tpo Y EIEEARE L%, BER 7%

Fﬁb"C*HﬁaﬁLJ@kL TR R 21572 (INE 0.5 g),
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3.2.3. O FTLER
Bopin, |2 k2 % Aij4LER

Ja—77R w7 A2V T, 20 mL 3B E |2 Cu(OH)./CeO; (120 mg). Bapin, (1.0 mmol),
p-FL L (2ml), ¥/ RTF v I AX—F—"—%flz, 120°C T 10 min INEFEHE L
7o BRBREZREE THALLE, Zo—T7 Ry 7 ANTERIIIREEZIT- 72, Gbhi-
[E{R% Fbm oK) 50 mL THEE L, WoliciE L CREMREZ[F, LIF TR, Z0omK
% Cu(OH)/CeO-Bapin, & #3707 %, Cu(OH)/ALO; 1220 T b [FIAR 0D FIE TRI ATV,
Cu(OH),/ALOs-Bapiny (JK (4 J5) % #37-.

Hy IZ X DAL

Va7 I Cu(OH)/CeOr X, Hy B AZGED T/ \)V— v 5 L, A A LN A
Z T 200°C T 1hMMEA L=, HEV T 150 °C T 15 min BRI 2170, 7 a—
TRy 7 AR TREMKREREI Lz, LFTi, ZOHMEK%E Cu(OH),/CeOr-H, & FKil T
Do

3.2.4. XEERK
A-RAFALT I AF L (18) DERK

/@/\ PPh3;CH3Br, KO{Bu /@/\
MezN MezN

THF,
0°C, 48h 1g

BERPIZSZIC LT U TOFIRIC L > TEM L, 70 —T Ry 7 ANT, 100mL
= L > 7 %2 PPhsCH;Br (24 mmol), THF 30mL), ¥~ 7 % F v 7 A X —TF —_"—%Z Iz
TETXATHE L, Va LU 7EEIMIBRO L HEE LN S 0°CIlzmA LTz,
Z T, KOrBu (20 mmol) Z THF (10 mL) (22> L7k A2 > U > ¥ T F L. 30 min
MR L7, ftW T, 4-PAF LT R )RV 7 = /2 (13.4 mmol) % THF (6 mL) (Z1A
MUTERE V) VT F L, 48h L7z, HHO(SmL) #/Mx Tr = F Lictk,
T X o TREW 2 B0 B e, I8k E: = F Lo —7 LT, fafiiiir-~ U v
LRI CUe L, NaSOs TR L7, =R L —F —2 HWCIREE-EL, 7—7
NWRBRIZ L > CTHIAERY 1g (1.36 g, 69% yield) & 457-,

4-(dimethylamino)styrene (1g) (CAS number: 2039-80-7): '"H NMR (500 MHz, CDCls): §7.30
(d, J= 8.6 Hz, 2H), 6.68 (d, J = 8.6 Hz, 2H), 6.63 (dd, J = 17.5, 10.9 Hz, 1H), 5.53 (dd, J = 17.5,
1.2 Hz, 1H), 5.01 (dd, J=10.9, 1.2 Hz, 1H), 2.95 (s, 6H). *C{'H} NMR (125 MHz, CDCl;): &
150.4,136.7, 127.3, 126.3, 112.5, 109.5, 40.6.
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2-(4-T T =)V T = = )W)2-AF)L-13-FF VT (1k) DERL

X0 Pd(OAc),, dppp o N
* o O ——Ee . O PPhCH3Br, KOBU  _q
Br [bmim][BF ] [o THF, Eo

120°C, 24 h 0°Ctort,42h 1k

BEHPS TN 22Z LT, UFOFIHICK > TEM L7, 100mL 3B E T
Pd(OAc); (0.24 mmol), 13-BA(Y 7 ==L R AT 4 /)7 /3 (dppp, 0.48 mmol), 4-7
2ERZXT VTR R @B0mmol), 7 87 7 NAABIEIME -7 FIL3-ATFNAIFVY
7 A ([bmim][BF4],4 mL), ¥~ 7 %X F v 7 AL —F—NR_"—2MxHEHE L, Zhic, =F
VoY) a—E /) BE=/L=—7 )b (16 mmol) % [bmim][BF4] (2 mL) |Z¥&M> L 7=

r U x=F L7 22 (12 mmol) % [bmim][BF4] (2 mL) (232> U723 & el THl ., 120 °C
T24hiFEEE LT, ROGEDOEIRICY 7 na A% a2z THi L, #iK THed. NaxSOs
THE LT, 2R —F—2 W EZBEL, YV TN AT b~ N7 T 7
+— (hexane/ethyl acetate = 5:1, Ry = 0.36) {Z & > THIE{A 4-(2-methyl-1,3-dioxolan-2-yl)-
benzaldehyde (461 mg, 30% yield) % 157=,

W, Z7a—7@H Ry 7 ANT, 100mL ¥ = L > 7 %2 PPh;CH;Br (3.2 mmol),
THF (1mL), ¥~ 7 X F v 7 AX—F—N_"—% Nz T 7 ¥ LTEHE L, Val v IE
ZAICEHY L, B LARAS 0°C IZHA L, 22, KOBu (3.2 mmol) %
THF 2 mL) 28 LTcfsik A2 > Y 2Tl F L. 10 min 88 L7z, KV TL 4-(2-methyl-
1,3-dioxolan-2-yl)-benzaldehyde (2.1 mmol) Z THF (2 mL) (Z{E0 L72igikZ > U > U CliF
TL, BRETIMELT2h L, ffElT =7 LKEKR (1 mL) 212 T
U F Llct, BRI K> TREW AT R\ e, I8k E Y= F Lo —7 L Thil,
BUFHAE T U U DOKESHR THEHA L NaSOs THzME L7z, =/ 3R L— & — %2 I Tl
EREEL, YUBSTNVAT AU a~ T 7 ¢ — (hexane/ethyl acetate = 30:1, Ry = 0.27)
(2 &> THMAERY 1k (330.8 mg, 84% yield) & 157=,
2-(4-ethenylphenyl)-2-methyl-1,3-dioxolane (1k) (CAS number: 2021203-67-6): '"H NMR
(500 MHz, CDCL): & 7.46-7.37 (m, 4H), 6.72 (dd, J = 17.5, 10.9 Hz, 1H), 5.75 (dd, J=17.5,
0.9 Hz, 1H), 5.25 (dd, J= 10.9, 0.9 Hz, 1H), 4.07-4.00 (m, 2H), 3.74-3.81 (m, 2H), 1.65 (s, 3H).
BC{'H} NMR (125 MHz, CDCl3): 6143.0, 137.3, 136.6, 126.2, 125.7, 114.2, 108.9, 64.6, 27.7.

2-TTF = JL-5-AF LT T (1) DA

o ’ Ng  PPhsCH3Br, KOfBu \<OJ/\
\ THF, \

0°Ctort,15h 11

BERCIZ S ZBIZLC U TOFRIEICE > TEMR LT, 72 —7 ARy 7 ANT, 100 mL ¥
= L7 %2 PPhsCH;Br (27 mmol), THF 20 mL), ¥~ 7 3 F v 7 A X —F—_—%flz
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TETXALATHE L, Va LU 7EEZIMIBO L HEE LN S 0°CIZHmA LT,
Z T, KOrBu (27 mmol) Z THF (15 mL) {22 L7 ik A2 > U YT F L. 10 min
PR LU7Z, $20N T, 5-AFL2-7 LT LF b K (18.2 mmol) Z THF (6 mL) |2V L7-IR
K)o YT EL, BRETIMELT 15h #i# L, fafiET e =7 LK
WAmL) 2Nz Tr7 = F Lizthk, BBIZE > TRAEWZIY RV, BikE YT
L —T L CHIM, SR T R U D AOKEEIR YR L, NapSO, THzME L7z, =38R L
— X = HVWTHREZEEL, 7= NVEEICL > THBHAERY 11(161.1 mg, 8%
yield) #1537,

2-ethenyl-5-methylfuran (11) (CAS number: 10504-13-9): '"H NMR (500 MHz, CDCls): 6 6.43
(dd,J=17.5,11.5 Hz, 1H), 6.12 (d, J = 2.9 Hz, 1H), 5.96-5.94 (m, 1H), 5.56 (dd,J = 17.6, 1.4 Hz,
1H), 5.05 (dd, J=11.2, 1.4 Hz, 1H), 2.30 (s, 3H). “C{'H} NMR (125 MHz, CDCls): § 152.2,
151.9, 125.3, 110.6, 109.3, 107.4, 19.8.

B.B-Dideuteriostyrene (1a-d;) D&%

D H 0
P (97% D)
1) DIBAL-H P
2) MeOD D
(90% D)
1a-d2

BRI ZSZ I L C U TOFIRIC L > TEM L, 70 —T Ry 7 ANT, 100mL ~
2L IEILT 2= VT EF L -d (194 mmol), ~FH 2 (17mL), ¥~ 7 R F v 7 AKX
— T = RN=Z A THEB L, 2z, KERTA Y TTFAT I =T L (19%~F 5
VURIR, 194mL) o< D ENMZ T, B X ALATHAL V2L 7EE T n—T R
v 7 ADIMZERY L, A A AR A EFNT 60°C T5h MBI LZ, BUSK T,
B XX o T EHEL, READTA N ER/T, 2L 7EZHO Ar Tz
L7ct, YoF o —7 /b (SmL) Mz, -78°C IZmHA LTz, ¥V YVEFNTAX
J—b-d; B00 pL) 2> < D EH T L, ZOHR I HITA X /) —)b-dy (2.6 mL) N2 7=,
FRETIMRE L%, vy = VIEKEKR (2M,50mL) # Mz T/ = F L, YV F
V=T LT, MUK TUER L NaxSOs THoME L 721k, =3 b— 2 — & il Tt
ERE LI, REIEDT VxR 2k i2ol2, 7 b7 7Y 4 (3 mL) i AgNO; (7.0 mmol)
ENYTFNT I (T4mmol) Z¥ LTSI ZN T L, =IRT 1.5h HiFF L7, I8
IZE > TREMERE LT, 77— VAR X > THWARY 1a-d, 21572,
B,p-dideuteriostyrene (1a-d>) (CAS number: 934-85-0): 'H NMR (500 MHz, CDCls): & 7.44—
7.39 (m, 2H), 7.36-7.30 (m, 2H), 7.28-7.21 (m, 1H), 6.71 (s, 1H), 5.74 (d, J=17.5 Hz, 0.1H),
5.23 (m, 0.03H).
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3.2.5. LSS

AF L (1a) DFKSEE /B T F G

BRI 22 A BSOS O FME A LA T IR T, NS, 7 e —7 ARy 7 AT 20 mL #BE 12
EA(EF a7 — h)YARa Yy Bpin, 1.25mmol), X2 Y 7 = / > (0.75 mmol),
Cu(OH),/Ce0; (4 mol%, 32 mg), p-F > L' (ImL), ¥/ RxF v 7 AHX—F—_—%fx
720 120°C T 10 min fiE#E L72%% ., FEHE < AT L2 (1a,0.5 mmol), PIEEHEME D n-~F
H7 71 (0.1 mmol), p-F L (1mL) ZHIM UL, BUSZBALE Lo, KOS T#£ITEH
(2 & o THRBEZ B BRONZ18 . GC T X » THEBR OILREZRTE LTz, E 2a B
L 3alZ DV TIIREMR A VERR L n-~FT T B 3T 2 FHRHERE % KR 72, 'THNMR
I & HBEIR 2 R % A O FAZ BL IR, /3R b= 8 — % O TSt O
MR DR E OB E 2 8 E L%, WIREME O 7 1€ A Z (0.1 mmol)
L OVCDCLEEA M %, 'THNMR 22 bIEERD T, Dk, = KR L—F—%FNT
HRUEMELFOEEL. VU DTN I T a~ NT57 4 —2 k> THWERY %
HipfE U7z, HUBE L 72 AER1 'HL, PCL "B, "FNMR. GC-MS T &> TEMAITV, N
Z CHHUL AT OV TIZ HR-MS HIEE1T-> 72,

AF L (1a) DK VA U FELEL

7 a—=7 7Ry 7 ARNT 20 mL iRAERE 12 Bopin, (1.0 mmol), 2-7 %~ > % 7 > (0.6 mmol),
Cu(OH)/ALOs (8 mol%, 26 mg), p-F L' (1mL), ¥ FXF v 7 AL —F— =%l
Z 72 120°C T 10 min Hi#E L7=t%, FHE AF L2 (1a,0.2 mmol), PEEHEWE D n-~
F4H7 72 (0.1 mmol), p-F L2 (I1mL) 2L, RIGEBM LTz, BUSK THO%
WELE K OULRRE, BB SV T EROBUKEE 2 B U RLSUEOSE L FEO T
ETITo 7=,

R D E/Z L DRTE

FLT74rDTa N E2OHETDLL-E/RINVAF LY 2a2) IO TE, n H
v P T TERNG EZ Il LT, 2o DEMOT v 7 ) 7 EEIT 18-18.5 Hz
ThHO, TRTCERPEERD THDL ZENRBINT, LT DT v 1D
DHEFETDH B-E/ ARV ILAF L2 (2m, 20, 2p) 12OV TIiL, two-dimensional nuclear
Overhauser effect spectroscopy (2D NOESY) (2 X > T E/Z Z WL, 3_T7 = =/LH(Z
%t LT trans DALEIZ Bpin NEASINTACEMNFERM TH DL Z LB INT, £
72, 2m, 20,2p ® 'H, “CNMR A7 FUIXZ N ESCHRE & — L7,

V—F L IT AR
Cu(OH)/Ce0y & MU= A F L2 (1a) DIBLATEE / 28 7 FALEIEIZ #50 C L BUSHIAA 2 h
BT IR MRS & 7 0 — T R 7 RIS BiAL, BIEBATT 5 2 & CRBEA B B
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W TR AT LVERBRE IR LT/ e —T7 Ry 7 ZDOMMIE B L, KOG E 2 v
THOMBMREHET 5 Z & TRICZ BB L7z, Cu(OH)/ALOs Z W A F L (1a) DR
KFDHRTBCBIGITONTH, NISEIAA 4 h %ISR A2ZGUEER L, RO FIETY —
FUTTANEIToT,

RS IFBNC S BRAAT: 20 h BORIRE TR TEAEE L, =R L —% —%2 T
TR Z BN Lz, ZAUCEK (ImL) 22 TEHAELZE, 100mL A AT T A23lB
L. fli/KZ 1% C 100 mL AKIFRZ 5 L 7=, ICP-AES (2L V., JEiER~D Cu fED Y —
Fr T EER N,

it o> P-4k

Cu(OH),/CeO, & Wz A F L (1a) DK FEE / R 7 FELEIGFE L TN Cu(OH)/ALO; &
Tz 1a ORKRFE DR T FECBISDZ L ZE U T, BUGBAR 20 h #£ I3RS 4 7
0—7 Ry 7 AFEHIAA, JEBEITH & T AR L., T u—T Ry 7 ANT
[FN L 7= il A S L= (]9 30 mL) THEy L, Wt L=k, FONR U L
7o 72721, Cu(OH)/ALO; Z WK FE 2 A 7 B BOS O FHE H S8R I 3B T,
PTFE Ca—7 4 V' VT ENT~ TR TF v 7 A X —TF —\—% 725512 PTFE 25 ALO;
CHI DN THEFIZIBA L CLEY 2D AT ATa—T 4 T EIN~ TR T v 7 A
H—T—=_—Z HT,

B.B-Dideuteriostyrene (1a-d,) D ii/KFHEE / 5 7 A&

7 a—7R 7 ANT 20 mLiRERE |2 Boping (1.25 mmol), X2 7 = / > (0.75 mmol).,
Cu(OH),/Ce0; (4 mol%, 32 mg), p-F > L' (ImL), ¥ 7 RxF v 7 AKX —F—_—%fx
72, 120°C T 10 min fi# L7=t%. #FH < B p-Dideuteriostyrene (1a-ds, 0.5 mmol), PNFEYE
WE D p-~FH%7 7> (0.1 mmol), p-F L2 (ImL) ML, KsEBME L=, 20h
A AR 2 P2 & o T Z TR D frE =R L — & —Z2 W ClRIK D DI & o
HRMEWEEREE L, B5h7-7 1— FIZSi0,(0.5¢g). H,O (100mL), 7 h=FV
JV(5mL) ZMZ.50°C T4hfi#F LT, 2R L —F —2 W THEBHEME 2 E E L,
VIUBTNIT AT T T T 4=l R o TR Y T ) D FrkyRIBED
IR IRAER T DR e R —/LZ2HE L7, 'HNMR 25 EKEOEHFEZ 5
BT,
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3.2.6. EFFHD AT AT — &

9{<

(E)-4.,4,5,5-tetramethyl-2-styryl-1,3,2-dioxaborolane (2a) (CAS number: 78782-27-1):
Isolated as colorless oil. "H NMR (500 MHz, CDCl;): 67.50-7.48 (m, 2H), 7.40 (d, J = 18.5 Hz,
1H), 7.35-7.26 (m, 3H), 6.17 (d, J=18.0 Hz, 1H), 1.31 (s, 12H). "C{'H} NMR (125 MHz,
CDCl3): 6149.7,137.6,129.0, 128.7, 127.2, 83.5,24.9. "B NMR (160 MHz, CDCl3): 630.0. MS
(EL, 70 eV): m/z (%): 230 (42) [M'], 229 (10), 215 (19), 157 (10), 145 (38), 144 (80), 143 (12),
131 (54), 130 (100), 129 (97), 118 (15), 114 (13), 105 (32), 104 (15), 103 (16), 85 (11), 78 (13),

77 (23).
ok

(E)-4.,4,5,5-tetramethyl-2-(4-methylstyryl)-1,3,2-dioxaborolane (2b) (CAS number: 149777-
84-4): Isolated as colorless oil. '"H NMR (500 MHz, CDClL;): & 7.39-7.35 (m, 3H), 7.14 (d,
J=8.0 Hz, 2H), 6.11 (d, J = 18.5 Hz, 1H), 2.34 (s, 3H), 1.31 (s, 12H). "C{'H} NMR (125 MHz,
CDCl): 6149.6, 139.1, 134.9, 129.4, 127.2, 83.4, 25.0, 21.5. ''"B NMR (160 MHz, CDCl3): &
30.5. MS (EI, 70 eV): m/z (%): 245 (11), 244 (67) [M'], 243 (17), 229 (19), 171 (10), 159 (36),
158 (63), 145 (32), 144 (83), 143 (100), 132 (17), 128 (41), 127 (12), 119 (15), 118 (12), 117 (45),
116 (32), 115 (33),91 (17).

9{<
\©/\/B\O

(E)-4.,4,5,5-tetramethyl-2-(3-methylstyryl)-1,3,2-dioxaborolane (2¢) (CAS number: 1421061-
31-5): Isolated as colorless oil. 'H NMR (500 MHz, CDCl3): §7.37 (d, J = 18.0 Hz, 1H), 7.30—
7.26 (m, 2H), 7.22 (t,J=8.0 Hz, 1H), 7.11 (d, J= 7.0 Hz, 1H), 6.15 (d, J= 18.5 Hz, 1H), 2.35 (s,
3H), 1.31 (s, 12H). *C{'H} NMR (125 MHz, CDCl;): §149.8, 138.1, 137.6, 129.9, 128.5, 127.8,
124.3, 83.5,24.9, 21.5. "B NMR (160 MHz, CDCl3): §29.3. MS (EI, 70 eV): m/z (%): 244 (49)
[M'], 243 (12), 229 (18), 201 (10), 171 (12), 159 (31), 158 (46), 157 (14), 145 (29), 144 (67), 143
(100), 132 (15), 128 (29), 119 (12), 117 (41), 116 (36), 115 (31), 91 (14).
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B

X0

(E)-4.,4,5,5-tetramethyl-2-(2,4,6-trimethylstyryl)-1,3,2-dioxaborolane (2d) (CAS number:
1969299-81-7): Isolated as colorless oil. 'H NMR (500 MHz, CDCl3): §7.44 (d,J = 18.5 Hz, 1H),
6.85 (s, 2H), 5.68 (d, J=19.0 Hz, 1H), 2.29 (s, 6H), 2.26 (s, 3H), 1.32 (s, 12H). C{'H} NMR
(125 MHz, CDCLs): & 148.7, 136.8, 136.0, 135.3, 128.8, 83.4, 25.0, 21.1, 21.1. "B NMR
(160 MHz, CDCl3): §29.5. MS (EI, 70 eV): m/z (%): 272 (36) [M'], 173 (15), 172 (100), 171
(37), 157 (29), 156 (28), 145 (26), 144 (26), 130 (11), 129 (30), 128 (18), 115 (11), 84 (32).

O{<
|
B

X0

(E)-2-(4-(tert-butyl)styryl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (2¢) (CAS number:
1892603-13-2): Isolated as white solid. '"H NMR (500 MHz, CDCl3): §7.44-7.35 (m, 5H), 6.12
(d, J=18.0 Hz, 1H), 1.31 (s, 21H). “C{'H} NMR (125 MHz, CDCl;): & 152.3, 149.5, 134.9,
127.0, 125.6, 83.4, 34.8, 31.4, 24.9. "B NMR (160 MHz, CDCl;): 630.2. MS (EI, 70 eV): m/z
(%): 286 (29) [M1], 272 (20), 271 (100), 171 (18), 143 (31), 128 (11), 57 (31).

9{<
B0
~o

(E)-2-(4-methoxystyryl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (2f) (CAS number: 149777-
83-3): Isolated as colorless oil. '"H NMR (500 MHz, CDCl;): §7.44 (d, J = 8.5 Hz, 2H), 7.35 (d,
J=18.0 Hz, 1H), 6.87 (d, J=9.0 Hz, 2H), 6.01 (d, /= 18.5 Hz, 1H), 3.81 (s, 3H), 1.31 (s, 12H).
BC{'H} NMR (125 MHz, CDCl;): 5160.4, 149.2, 130.5, 128.6, 114.1, 83.4, 55.4,24.9. "B NMR
(160 MHz, CDCl3): §30.0. MS (EI, 70 eV): m/z (%): 261 (17), 260 (100) [M'], 259 (25), 245
(18), 175 (28), 174 (28), 161 (37), 160 (68), 159 (52), 148 (15), 146 (10), 145 (24), 144 (95), 143
(30), 135 (30), 121 (19), 117 (25), 77 (13).
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I
(E)-N,N-dimethyl-4-(2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)vinyl)aniline (2g) (CAS

number: 1190375-91-7): Isolated as pale yellow solid. 'H NMR (500 MHz, CDCls): & 7.39 (d,
J=9.0 Hz, 2H), 7.33 (d, J=18.5 Hz, 1H), 6.66 (d, J=9.0 Hz, 2H), 5.92 (d, J = 18.5 Hz, 1H),
2.97 (s, 6H), 1.30 (s, 12H). *C{'H} NMR (125 MHz, CDCl;): §151.1, 150.0, 128.5, 126.0, 112.1,
83.1, 40.4, 25.0. "B NMR (160 MHz, CDCl3): §30.3. MS (EL 70 eV): m/z (%): 274 (18), 273
(100), 272 (28), 200 (13), 173 (17), 172 (27), 158 (12), 157 (58), 156 (20).

9{<
F

(E)-2-(4-fluorostyryl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (2h) (CAS number: 504433-
86-7): Isolated as colorless oil. '"H NMR (500 MHz, CDClL;): & 7.47-7.44 (m, 2H), 7.35 (d,
J=18.5 Hz, 1H), 7.02 (t,J = 8.8 Hz, 2H), 6.07 (d, J = 18.5 Hz, 1H), 1.31 (s, 12H). *C{'H} NMR
(125 MHz, CDCl3): 6 163.3 (d, J=248.3 Hz), 148.3, 133.9, 128.8 (d, /J=8.3 Hz), 115.7 (d,
J=21.6 Hz), 83.5, 24.9. "B NMR (160 MHz, CDCl;): §30.4. ’F NMR (470 MHz, CDCL3): &
—112.0. MS (EL 70 eV): m/z (%): 248 (43) [M"], 247 (11), 233 (21), 163 (33), 162 (72), 149 (46),
148 (100), 147 (81), 136 (19), 132 (18), 123 (20), 103 (11), 101 (13), 85 (14), 57 (11).

9J§<
(>

(E)-2-(2-([1,1'-biphenyl]-4-yl)vinyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane ~ (2i) (CAS
number: 941666-88-2): Isolated as pale yellow solid. 'H NMR (500 MHz, CDCl;): §7.61-7.55
(m, 6H), 7.46-7.41 (m, 3H), 7.35-7.32 (m, 1H), 6.21 (d, J = 18.5 Hz, 1H), 1.32 (s, 12H). *C{'H}
NMR (125 MHz, CDCl3): 6 149.1, 141.7, 140.7, 136.6, 128.9, 127.6, 127.6, 127.4, 127.1, 83.5,
24.9. "B NMR (160 MHz, CDCls): §30.1. MS (EI, 70 eV): m/z (%): 307 (22), 306 (100) [M],
305 (24), 291 (14), 221 (24), 220 (43), 207 (18), 206 (74), 205 (64), 204 (10), 194 (12), 191 (13),
190 (51), 189 (15), 180 (10), 179 (39), 178 (27), 165 (23), 152 (16).
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(E)-4,4,5,5-tetramethyl-2-(4-(trifluoromethyl)styryl)-1,3,2-dioxaborolane (2j) (CAS number:
1242770-50-8): Isolated as colorless oil. "H NMR (500 MHz, CDCl;): 67.60-7.56 (m, 4H), 7.40
(d,J=18.3 Hz, 1H), 6.26 (d, J = 18.3 Hz, 1H), 1.32 (s, 12H). *C{'H} NMR (125 MHz, CDCl;):
0147.8,140.9, 130.6 (g, J = 32.4 Hz), 127.3, 125.7 (q,J = 3.6 Hz), 124.2 (q, J = 272.3 Hz), 83.8,
25.0. "B NMR (160 MHz, CDCl3): & 29.9. '’F NMR (470 MHz, CDCls): § —62.3. MS (EI,
70 eV): m/z (%): 298 (36) [M'], 283 (34), 279 (13), 241 (17), 213 (53), 212 (100), 199 (42), 198
(63), 197 (64), 186 (19), 185 (10), 179 (71), 178 (20), 177 (10), 151 (24), 143 (41), 85 (30), 71
(16), 59 (24), 58 (10), 57 (21).

el
S

(E)-4,4,5,5-tetramethyl-2-(4-(2-methyl-1,3-dioxolan-2-yl)styryl)-1,3,2-dioxaborolane  (2k)
(CAS number: 2021203-61-0): Isolated as white solid. '"H NMR (500 MHz, CDCl): §7.49-7.42
(m, 4H), 7.39 (d, J=18.3 Hz, 1H), 6.16 (d, /= 18.3 Hz, 1H), 4.05-4.01 (m, 2H), 3.79-3.75 (m,
2H), 1.65 (s, 3H), 1.32 (s, 12H). *C{'H} NMR (125 MHz, CDCl;): §149.2, 144.1,137.2, 127.1,
125.7, 108.8, 83.5, 64.6, 27.6, 25.0. "B NMR (160 MHz, CDCl;): 630.0. MS (EI, 70 eV): m/z
(%): 302 (21), 301 (100), 300 (24), 257 (12), 129 (10), 87 (16).

o 9‘?

mB\o
(E)-4.,4,5,5-tetramethyl-2-(2-(5-methylfuran-2-yl)vinyl)-1,3,2-dioxaborolane (21): Isolated as
pale yellow oil. '"H NMR (500 MHz, CDCls): 6 7.08 (d, J=18.3 Hz, 1H), 6.28 (d, J=3.2 Hz,
1H), 5.99 (m, 1H), 5.90 (d, J = 18.3 Hz, 1H), 2.31 (s, 3H), 1.29 (s, 12H). *C{'H} NMR (125 MHz,
CDCl3): & 153.8, 152.3, 136.6, 112.4, 108.1, 83.3, 24.9, 14.0. "B NMR (160 MHz, CDCl;): §
30.0. MS (EL 70 eV): m/z (%): 235 (14), 234 (100) [M], 233 (26), 219 (12), 176 (13), 161 (43),
160 (11), 149 (30), 148 (12), 135 (33), 134 (62), 133 (55), 132 (11), 118 (38), 117 (26), 105 (12),
92 (25), 91 (64), 90 (47), 89 (16), 65 (15), 53 (14).
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(E)-4.,4,5,5-tetramethyl-2-(2-phenylprop-1-en-1-yl)-1,3,2-dioxaborolane (2m) (CAS number:
569669-08-5): Isolated as colorless oil. 'H NMR (500 MHz, CDCl;): §7.51-7.49 (m, 2H), 7.33—
7.25 (m, 3H), 5.76 (s, 1H), 2.41 (s, 3H), 1.31 (s, 12H). *C{'H} NMR (125 MHz, CDCl;): 5157.9,
144.0, 128.3, 128.0, 125.9, 83.0, 25.0,20.2. "B NMR (160 MHz, CDCls3): 629.9. MS (EI, 70 eV):
m/z (%): 244 (52) [M'], 243 (13), 229 (15), 187 (36), 186 (21), 171 (15), 159 (16), 158 (54), 145
(48), 144 (100), 143 (93), 129 (22), 128 (83), 127 (23), 117 (18), 116 (29), 115 (23), 105 (76),
104 (20), 103 (11), 77 (19).

9{<
Ohek

2-(2,2-diphenylvinyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (2n) (CAS number: 83947-50-
6): Isolated as white solid. 'H NMR (500 MHz, CDCl;): 67.31-7.23 (m, 10H), 5.99 (s, 1H), 1.14
(s, 12H). BC{'H} NMR (125 MHz, CDCl3): 6 159.9, 143.2, 142.0, 130.0, 128.1, 128.1, 127.7,
127.6, 83.3,24.7. "B NMR (160 MHz, CDCls): §29.5. MS (EI, 70 eV): m/z (%): 307 (12), 306
(52) [M"], 305 (13), 221 (11), 220 (32), 206 (13), 205 (36), 191 (19), 190 (100), 189 (29), 188
(10), 178 (15), 165 (17), 105 (18), 103 (37), 77 (13).

o~

(E)-4,4,5,5-tetramethyl-2-(4-methyl-2,4-diphenylpent-1-en-1-yl)-1,3,2-dioxaborolane  (20)
(CAS number: 2021203-57-4): Isolated as colorless oil. '"H NMR (500 MHz, CDCl3): §7.32 (d,
J=28.0Hz, 2H), 7.24-7.22 (m, 2H), 7.20-7.16 (m, 5H), 7.07 (t, J= 7.0 Hz, 1H), 5.59 (s, 1H),
3.25(s,2H), 1.31 (s, 12H), 1.16 (s, 6H). *C{'H} NMR (125 MHz, CDCl3): §162.0, 150.6, 146.0,
128.0, 127.8, 127.3, 126.7, 126.0, 125.4, 83.1, 46.8, 38.8, 28.5, 25.1. "B NMR (160 MHz,
CDCl3): 629.5. MS (EI, 70 eV): m/z (%): 362 (3) [M], 244 (5), 234 (6), 120 (10), 119 (100), 91
(25).
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9{<

(2)-4,4,5,5-tetramethyl-2-(1-phenylprop-1-en-2-yl)-1,3,2-dioxaborolane (2p) (CAS number:
141091-35-2): Isolated as colorless oil. "H NMR (500 MHz, CDCl3): 67.39-7.32 (m, 4H), 7.25—
7.22 (m, 2H), 1.99 (d, J = 1.7 Hz, 3H), 1.31 (s, 12H). *C{'H} NMR (125 MHz, CDCl;): 5142.5,
138.0,129.5,128.2,127.2, 83.6,25.0, 16.0. "B NMR (160 MHz, CDCls): 630.6. MS (EI, 70 eV):
m/z (%): 245 (14), 244 (86) [M'], 243 (20), 229 (22), 187 (15), 186 (10), 158 (23), 145 (26), 144
(64), 143 (100), 129 (17), 128 (96), 127 (27), 126 (24), 118 (21), 117 (33), 116 (41), 115 (32),
105 (16), 103 (31), 91 (16), 85 (15), 77 (11).

2,2'-(2-phenylethene-1,1-diyl)bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolane) (3a) (CAS
number: 67533-31-7): Isolated as colorless oil. 'H NMR (500 MHz, CDCl;): §7.72 (s, 1H), 7.48
(d, J= 6.5 Hz, 2H), 7.31-7.24 (m, 3H), 1.31 (s, 12H), 1.28 (s, 12H). *C{'H} NMR (125 MHz,
CDCl3): 5155.3,139.7, 128.6, 128.3, 128.2, 83.7, 83.3, 25.0, 24.8. "B NMR (160 MHz, CDCl5):
631.0. MS (EI, 70 eV): m/z (%): 356 (31) [M'], 355 (14), 341 (10), 215 (12), 213 (12), 170 (10),
105 (11), 85 (14), 84 (100), 83 (32), 69 (34), 59 (12), 57 (11), 55 (25).

2,2'-(2-(p-tolyl)ethene-1,1-diyl)bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolane) (3b) (CAS
number: 1622925-89-6): Isolated as colorless oil. 'H NMR (500 MHz, CDCl3): 6 7.68 (s, 1H),
7.38 (d, J=8.0 Hz, 2H), 7.10 (d, J=8.0 Hz, 2H), 2.33 (s, 3H), 1.32 (s, 12H), 1.27 (s, 12H).
BC{'H} NMR (125 MHz, CDCl3): §155.3, 138.6, 136.9, 129.0, 128.3, 83.7, 83.3, 25.0, 24.8,
21.4. "B NMR (160 MHz, CDCls): 6 30.8. MS (EL, 70 eV): m/z (%): 371 (13), 370 (56) [M],
369 (26), 355 (11), 255 (11), 229 (16), 228 (10), 227 (12), 212 (11), 184 (12), 157 (18), 143 (27),
85 (12), 84 (100), 83 (28), 69 (34), 59 (10), 55 (23).
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2,2'-(2-(m-tolyl)ethene-1,1-diyl)bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolane) (3¢) (CAS
number: 1622925-90-9): Isolated as colorless oil. 'H NMR (500 MHz, CDCl3): 6 7.69 (s, 1H),
7.33 (s, 1H), 7.26 (d, J=7.5 Hz, 1H), 7.19 (t, J= 7.5 Hz, 1H), 7.08 (d, /= 7.0 Hz, 1H), 2.32 (s,
3H), 1.32 (s, 12H), 1.28 (s, 12H). *C{'H} NMR (125 MHz, CDCls): §155.5,139.7,137.7,129.4,
128.6, 128.2, 125.7, 83.7, 83.3, 25.0, 24.8, 21.4. '"B NMR (160 MHz, CDCls): §30.8. MS (EI,
70 eV): m/z (%): 370 (36) [M'], 369 (16), 270 (12), 255 (10), 229 (14), 228 (10), 227 (14), 212
(12), 184 (10), 171 (12), 170 (10), 157 (18), 156 (11), 143 (24), 85 (13), 84 (100), 83 (31), 69
(36), 59 (10), 57 (10), 55 (24).

2,2'-(2-(4-(tert-butyl)phenyl)ethene-1,1-diyl)bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolane)
(3e) (CAS number: 2125491-70-3): Isolated as colorless oil. "H NMR (500 MHz, CDCls): 67.68
(s, 1H), 7.42 (d, J=8.0 Hz, 2H), 7.31 (d, J= 8.5 Hz, 2H), 1.33 (s, 12H), 1.30 (s, 9H), 1.28 (s,
12H). *C{'H} NMR (125 MHz, CDCls): §155.2, 151.7, 136.8, 128.1, 125.1, 83.7, 83.2, 34.8,
31.4,25.0, 24.8. "B NMR (160 MHz, CDCl3): §30.7. MS (EI, 70 eV): m/z (%): 413 (19), 412
(75) [M"], 411 (35), 398 (19), 397 (75), 396 (34), 297 (10), 271 (11), 255 (20), 254 (13), 213 (15),
197 (12), 169 (13), 143 (13), 101 (14), 85 (12), 84 (100), 83 (52), 69 (45), 59 (12), 57 (75), 55
(39).

2,2'-(2-(4-methoxyphenyl)ethene-1,1-diyl)bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolane) (3f)
(CAS number: 620172-67-0): Isolated as colorless oil. '"H NMR (500 MHz, CDCl;): & 7.66 (s,
1H), 7.44 (d, J= 8.5 Hz, 2H), 6.82 (d, J = 8.5 Hz, 2H), 3.80 (s, 3H), 1.33 (s, 12H), 1.27 (s, 12H).
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BC{'H! NMR (125 MHz, CDCLs): & 160.1, 155.0, 132.6, 130.0, 113.6, 83.6, 83.2, 55.4, 25.0,
24.8. "B NMR (160 MHz, CDCls): §30.9. MS (EL 70 eV): m/z (%): 387 (20), 386 (86) [M'],
385 (40), 270 (18), 245 (10), 201 (11), 200 (10), 186 (13), 159 (20), 85 (11), 84 (100), 83 (29),

69 (36), 55 (26).
o
~xr B0
B

4-(2,2-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)vinyl)-/V,/N-dimethylaniline 3g)
(CAS number: 2125491-73-6): Isolated as brown oil. 'H NMR (500 MHz, CDCl;): §7.62 (s, 1H),
7.41 (d, J=9.0 Hz, 2H), 6.61 (d, J=7.0 Hz, 2H), 2.96 (s, 6H), 1.34 (s, 12H), 1.26 (s, 12H).
BC{'H} NMR (125 MHz, CDCl;): § 155.7, 150.8, 129.9, 128.0, 111.6, 83.5, 83.0, 40.4, 25.0,
24.8. "B NMR (160 MHz, CDCls): §30.8. MS (EI, 70 eV): m/z (%): 400 (24), 399 (100) [M],
398 (48), 283 (36), 282 (17), 199 (24), 198 (20). HRMS (ESI) m/z calcd. for C2Hjss'"BoaNO4
[M+H]" 398.2898, found: 398.2895.

2,2'-(2-(4-fluorophenyl)ethene-1,1-diyl)bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolane)  (3h)
(CAS number: 1622925-93-2): Isolated as white solid. 'H NMR (500 MHz, CDCl3): 6 7.67 (s,
1H), 7.48-7.45 (m, 2H), 6.98 (t, J= 8.8 Hz, 2H), 1.31 (s, 12H), 1.28 (s, 12H). "C{'H} NMR
(125 MHz, CDCl3): 6 163.0 (d, J=248.4 Hz), 154.0, 136.0, 130.0 (d, J=8.4 Hz), 115.2 (d,
J=21.5Hz), 83.8, 83.4, 25.0, 24.8. "B NMR (160 MHz, CDCl3): §30.7. '’F NMR (470 MHz,
CDCls): §—-112.7. MS (EL 70 eV): m/z (%): 374 (28) [M"], 373 (13), 274 (13), 147 (12), 85 (13),
84 (100), 83 (30), 69 (31), 59 (11), 55 (22).
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2,2'-(2,2-diphenylethene-1,1-diyl)bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolane) (3n) (CAS
number: 474521-84-1): Isolated as white solid. "H NMR (500 MHz, CDCl;): §7.24 (s, 10H), 1.14
(s, 24H). BC{'H} NMR (125 MHz, CDCl3): 5164.9, 144.7, 129.6, 127.8, 127.7, 83.4,24.7. ''B
NMR (160 MHz, CDCls): §30.8. MS (EL 70 eV): m/z (%): 433 (17), 432 (61) [M'], 431 (27),
289 (11), 274 (13), 247 (15), 246 (22), 233 (11), 232 (16), 231 (12), 219 (14), 218 (12), 205 (21),
189 (18), 178 (15), 129 (22), 105 (18), 84 (100), 83 (22), 69 (44), 55 (22).

2,2'-(4-methyl-2,4-diphenylpent-1-ene-1,1-diyl)bis(4,4,5,5-tetramethyl-1,3,2-
dioxaborolane) (30) (CAS number: 2293088-13-6): Isolated as brown oil. 'H NMR (500 MHz,
CDCl): 67.28-7.25 (m, 2H), 7.15-7.09 (m, 7H), 7.04-7.01 (m, 1H), 3.17 (s, 2H), 1.29 (s, 12H),
1.16 (s, 6H), 1.04 (s, 12H). *C{'H} NMR (125 MHz, CDCl3): §167.0, 151.0, 146.6, 127.8, 127.7,
127.6, 126.9, 125.9, 125.2, 83.2, 83.1, 51.8, 38.6, 28.4, 25.1, 24.5. "B NMR (160 MHz, CDCl5):
630.7. MS (E1, 70 eV): m/z (%): 488 (1) [M], 313 (33), 312 (18), 120 (10), 119 (100), 91 (23),
84 (15), 83 (20), 69 (10), 55 (10). HRMS (ESI) m/z calcd. for C3oH4,''B,04 [M+NH4]" 504.3680,
found: 504.3675.
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33. fERLEBL
3.3.1. BiAKFE ) B VRIS T 2 MERIRLS L OT ko OFEMER
3.3.1.1. Cu EOEFEHRL L OHEFFEODR

AF Ly (la)ZEEE L, EX(EF 3T — MURne L Bpin) 2R UVHRLAE TS
IS ZET VRN E L, fx OMEt a7 o7, KIGiE 1a % 0.5 mmol, Bopiny %
1.25mmol, AT F LU e UTHW, RISIRE 120 °C, BUSKH 20 h OS54 T1T
STz, fREEITHEERSE R 1a 126 LT 4mol% & 2 B &% vz, HritibBakic k>
Cu Kt % CeO, FITHHES L 72 fillfi (Cu(OH)/CeOy) & V= & 2 A B = /LK (B
fr) @ C(sp*)-H #EE 73 1 DWKFEFR U FL I NI/ F U RIE (2a, E 1K) 5 31%. B
20D C(sp?)-H FEE 7S 2 OBiAFE R 7 FEL S PR v EiE (3a) 73 5%, a i pHro
C(sp)-H #EED 1| DT OWKFR Y FE LIV HR TR 3a) BWEFE 2%DIFHET
54177 (Table 3-1, entry 1), £7-. 1a Dt Frzk v #Ebfk (2a-Ha, 2a-Hp) 233 29%,
KFAERDOZF LB (1a-H) 25 26% DR TEIA L=, HEFL TW7evy Cu(OH),
X CuO, CwO, CuCly, CuCl, Cu(OAc), & W 7=HA 2k, fEAIZ A o b SS 1Tt
1T L7271 > 7= (Table 3-1, entries 2—7), CeO, D% AW T ACfill &2 N 2 72 - 72356
xRS T4 < 1T L7 hyo 72 (Table 3-1, entries 8 and 9), F£7-. &iRiEIZ X
2T CuCl, X Cu(OAc), & CeO IZHEF L7 filllltZ W= 5512 b R o BT 4 <
HETT L7275 72 (Table 3-1, entries 10 and 11), LA EDFER S | HrHiEEIEIZ L - T Cu
IKEE{EA % CeOy AT ARy L7 ibiiens | WiKSE A 7 UG 3 L A EH % 7=
TZEDBHLMNE R oT,

3.3.1.2. 7 b DEFEMEHE

AF L (1a) 1 5 F12xE LT Bopinol 23 T8I d 5 2 & TR 7 FHALIE 2
TFLTWDEIRET D L., BIERWE LTEF 3 —/LR T (HBpin) 34 U %, Bapim
DDV IZ HBpin 2R U HEAIE LTS EITo72 & 2 A, BKESR Y RCSUGIEE
<HETHET, B Fuk vHEBIK (2a-Ha, 2a-HP) /K FELIK (1a-H) 235 5072 (Table 3-1,
entry 12), Z DOFERN S HBpin IZABISIZBW TR 7 FE(LAIE L THIEREE L2V &
M BNE72 Y  IKFEOERE R fR v B RIS & Vo ERIFISDJRRERIZ 2 > T D
ZEWRBENT, £ C,AEUD HBpin X TS T 787 F —51EMADZ LT
F o T, AFEISE Fah v b2 IHT& Rz et Lz, ¥—% Cu itz v
TWAKRFZ AR U7 FAESOSOBERICIHB W TIE S F2 HBpin 72787 % —L LTHWLR
TNWE 22 ¢ Fixer bz 1all LT LS YEFRML TG EI T2, 22
Tl p-F LU Z2EEE LTHW, ZOR, 77 M2 e n o2/t Te
Ra AR BRI MK T L7z (Table 3-2, entries 1-6), FFIZ_2 Y T = ) o R02-T X
~ B ) ERIMUISSGEIC 2a OPEERH EL, XY 7 2 ) 2 WA 2a 5
b EW 87%DINER T & 417= (Table 3-2, entry 2), SUGTE DIEIEN ST T = )
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Db FaRTREN GC-MS IZE VRS, XY 7=/ VI HBpin 77 &7 % —
ELTHREL TV D Z &R E T,

Table 3-1. Effect of catalyst on the dehydrogenative borylation of styrene (1a).l")
Bpin

N Bpin N Bpin X Bpin
Bpin
cat. (4 mol%) 2a 3a

3a'
X Bopin, (2.5 eq.) .
mesitylene Bpin Bpin
120°C, 20 h
1a (0.5 mmol)

2a-Ha 2a-Hp 1a-H

Entry Catalyst Yield (%)
2a 3a 3a’ 2a-H (a:f) 1a-H

1 Cu(OH)./CeO, 31 5 2 29 (2.6:1) 26
2 Cu(OH); 4 <1 <1 <1 3
3 CuO <1 <l <1 3 1
4 Cu,0 <1 <1 <1 3 <1
5 CuCl, 4 <1 <1 3 1
6 CuCl <1 <1 <1 <1 <1
7 Cu(OAc), 2 <l <1 2 2
8P CeO, <1 <1 <1 <1 <1
9 none <1 <1 <1 <1 <1
10 CuCly/CeO2 <l <l <1 <1 <1
11 Cu(OAc),/CeO, <l <l <1 <1 1
12<° Cu(OH)./CeO, <1 <1 <1 72(3.2:1) 28

[a] Reaction conditions: 1a (0.5 mmol), Bypins (1.25 mmol), catalyst (Cu: 4 mol%),
mesitylene (2 mL), 120 °C, Ar (1 atm), 20 h. Yields were determined by GC using n-hexadecane
as an internal standard. [b] CeO; (80 mg). [c] HBpin (1.25 mmol) was used instead of Bopin,.
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Table 3-2. Effect of ketone on the dehydrogenative borylation of styrene (1a).[!

Bpin
Bpin Bpin ©)\/Bpin
Cu(OH),/CeO, (4 mol%) ©/\/ ©/\B(P'“
Bopin, (2.5 eq.) 3a"
©/\ additive (1.5 eq.) 5
p-xylene pin Bpin
120°C, 20 h
1a (0.5 mmol) ©/‘\ ©/\/
2a-Ha 2a-Hp
)
O 0O @)
o~
Ph)J\Ph g Ph)J\ CHs(CHz)4)J\(CH2)4CH3
benzophenone  2-adamantanone acetophenone cyclohexanone 6-undecanone
. Yield (%)
Entry Additive
2a 3a 3a' 2a-H (a:p)

1 none 50 1 1 18 (7.2:1)
2 benzophenone 87 8 2 <1
3 2-adamantanone 75 7 3 1
4 acetophenone 46 1 <1 1
5 cyclohexanone 34 1 <1 4
6 6-undecanone 33 1 <1 1

[a] Reaction  conditions:  1a (0.5 mmol),  Bypin, (1.25 mmol),  additive (0.75 mmol),
Cu(OH),/CeO> (Cu: 4 mol%), p-xylene (2 mL), 120 °C, Ar (1 atm), 20 h. Yields were determined

by GC using n-hexadecane as an internal standard.
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3.3.13. HEPRB I OE&RIE

FENT, T2 ORI H IR EIC X > T Cu KE(bW A 8 U 7= il 2 v
PR ROWRF 21T 72, T2 TR 2-T X~ ¥/ % HBpin 77 &7 % —L LTH
b\é%@ﬂ:m\ft@i%‘:ﬁoto Ce0,, ALO;, TiO,, ZrO, Z##fk L L THW= L Z
A, WINEHWESEAEIZEN TS 2a BDEARY & LT 57 (Table 3-3, entries 1—
4), ZORERPE, m?h@?%liﬁ@ Cu KER{EM b Wik R v EALE *ﬁfiﬁf;ﬁﬂﬁi
EHFEORICEH 595 Z ENH LN E /2572, Cu(OH)/CeO, & VW T=8551C 2a D3
WU ER TS B 4L72 (Table 3-3, entry 1),

F 72, BrieEEIZ X - T Co 7}<E§ﬂ:¢@ t, L <1 Ni Kb % ALOs FLIK IZHHER L
T fillt % AN TS & 4T » T2 355121 7 FBALBOG 134 < #E1T L 725> 7= (Table 3-3,
entries 5 and 6),

VL ED#ER NS Cu(OH)/CeO, Zfilllt, N> ~7 = /% HBpin 7 7 k&7 X —L L

THV% 551 (Table 3-2, entry 2) % 1a 725 2a ~DORi/KFEE /7= 0 FALSEL O e 544
IZHRE LT,

Table 3-3. Effects of support and metal on the dehydrogenative borylation of styrene (1a).[
Bpin

©/\/Bp|n ©/\er|n ©)\/Bpin
cat. (4 mol%) Bpin

Bopin, (2.5 eq.)

©/\ 2-adamantanone (1.5 eq.) 3a
p-xylene Bpin Bpin
120°C, 20 h
1a (0.5 mmol)

2a-Ha 2a-Hp
Entry Catalyst Yield (%)
2a 3a 3a’ 2a-H

1 Cu(OH)./CeO» 75 7 3 1

2 Cu(OH),/AL>,O3 61 8 1 2

3 Cu(OH)./TiO; 52 5 1 <1

4 Cu(OH)./ZrO, 23 1 1 1

5 Co(OH),/ALL,O3 <1 <1 <1 <1

6 Ni(OH)/Al>O3 <1 <1 <1 <1

[a] Reaction conditions: 1a (0.5 mmol), Bpin, (1.25 mmol), 2-adamantanone (0.75 mmol),
catalyst (metal: 4 mol%), p-xylene (2 mL), 120 °C, Ar (1 atm), 20 h. Yields were determined by

GC using n-hexadecane as an internal standard.
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3.3.1.4. Cu(OH),/CeQ; DHETALIRDZHF

Cu(OH),/CeO, & Bupin, ZIASEHF T 120°C T 10 min MEEHE L7-1%% . [RIIX L 7= fik
#i (Cu(OH),/CeO,-Bapiny, 3.2.3.2 M) Z T, #7212 1a OBiKFER 7 HFE LS 21T -
72& 2 A, Cu(OH)/CeO, &FDFEEHANWTZGA LRIREDOIRTH U R LRI E LN
7= (Table 3-4, entry 2), F7=. Cu(OH)./CeO, % H, AR T NWCT%%%@%ﬁOk
fi it (Cu(OH),/CeOr-H,, 3.2.3.208) & AW TS Z1T > 123581 1E, BikFE R v HFELK
m@ﬁﬁbt%®®\M@W$M9%&k%<ﬁTbta%m}mmmagmﬁfﬁﬂ
(IR DY | SUGRHIZIBNT Boping 2MEEF Cu Kb ZE LT H 2 LIk o TR
B 2D 7 fl TR AL U 2 23, 2 ORICTIE G ABEMEICEZ 5.2 5 2 L HUR
e,

Table 3-4. Effects of pretreatment of the catalyst on the dehydrogenative borylation of

styrene (1a).[!
Bpin

©/\/Bp|n Bpin ©)\/Bpin
cat. (4 mol%) Bpln
3a’

Bopin, (2.5 eq.)
X 2-adamantanone (1.5 eq. )
p-xylene Bpin Bpin
120°C, 20 h
1a (0.5 mmol)

2a-Ha 2a-Hp
Entry Catalyst Yield (%)

2a 3a 3a’ 2a-H
1 Cu(OH),/CeO, 75 7 3 1
2 Cu(OH),/CeO,-B:pin, 68 7 2 1
3 Cu(OH),/CeO,-H> 9 <1 <1 1

[a] Reaction conditions: 1a (0.5 mmol), Bopin, (1.25 mmol), 2-adamantanone (0.75 mmol),
catalyst (Cu: 4 mol%), p-xylene (2 mL), 120 °C, Ar (1 atm), 20 h. Yields were determined by GC

using n-hexadecane as an internal standard.

3.3.2. KR VAU RO SRR LT ko OBRMZIR

AF L (la) Z FEE & T DMAKFEE /) AU RSO RESRMFIZBN T, HAFED
R UFE 3a BLO 3aBENZEI 8%, 2% DU T 53TV 7= (Table 3-2, entry 2),
Z 2T, iR KO Boping Y EA T Z Lk o T, BB VR v E LK E AR
ME$5HZEERF LI, BRI, TAX OV R YFEIETART D Z &N LU 3a
A RATRE 72 I SIS SR 1A DS B & B 2 3a DR KOO ) E 277
7o WiAKFE VAU F LIS ORGEHX, 1a Z 0.2 mmol, Bopin, % 1.0 mmol, HBpin 7 7 &
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7K —% 0.6 mmol, Cu fillftfE % 1a 2k LT 8mol%, p-F T L &Rt LTHW,
FOSIREE 120 °C, SOSKERE 20 h D&M TIT - 72,

MikFEE /) ARG E R C L, fillfit & LT Cu(OH),/CeO,, HBpin 77 &7/ % — &
LR 7= vEHANZEZ A, 2a, 3a, 3a" BTN 14%, 58%. 15%DIVHET
S5 7 (Table 3-5, entry 1), HBpin 77 ® 7 ¥ —% 2-T X~ X ) U ~ERLIEEZ
AL 2 N TRTER(L L7=—FH T, E=LED 3 5D C(sp?)-H FEA BT X THAKFE LY

FAL E 7z 4a 23 10% DR T H A, 3a 38 KO 3a'DULER T M E L 727> 7= (Table 3-5,
entry 2), i\ T, Cu(OH)/ALO; Zfitllt, N> > 7 = 7 % HBpin 77 &7 % —& Liz
LA, 3a BEO 3a"DILEIL Cu(OH)/CeO, Zfilff & L7=3E L0 HART L7223,
3a/3a'tbid 2 fFFEEE M B L 7= (Table 3-5, entry 3), & 52, HBpin 7 7 B 7% —% 2-7T X
B ) BT D E 3a OIUEIX 84% & KIEIZH L7z (Table 3-5, entry 4), Z D5

AITIE, 323 e<EONT, 4a DIEL DTN 2% TH Y, 3a DFFRENHFHE R
-7

PLEORER NG, ()HBpin 727 87X —% X T x )b 22T X< H ) UL
EETLHZLITL-TE RURIKRDOIERBBA L, R0 FARDOIERDINT 5
&, FL () HIEE CeO D ALO IZEHETHZ LIZE - T, BAL(E=LEEDK
i) D C(sp?)-H A 7 HFALSUGEOBIRMENRH LT 5 Z ENH LN E o7, L0 aEeE
BRI LOT b OB R OBFHRERIZOWTIL 338. TR 5,

Table 3-5. Effects of catalyst and additive on the dehydrogenative diborylation of styrene (1a).l"!

cat. (8 mol%) Bpin Bpin
a%%?mze ?3eeqq) Bpin Bpin Bpin Bpin
©/\ p- xylene ©/\/ Bpin Bpin
120°C, 20 h
1a (0.2 mmol)
- Yield (%)
Entry Catalyst Additive
2a 3a 3a’ 4a
1 Cu(OH),/CeO, benzophenone 14 58 15 1
2 Cu(OH),/CeO, 2-adamantanone <1 59 5 10
3 Cu(OH)./AL>0O3 benzophenone 55 31 4 <1
4 Cu(OH),/AlL,0; 2-adamantanone 5 84 <1 2

[a] Reaction conditions: 1a (0.2 mmol), B,pin, (1.0 mmol), additive (0.6 mmol), catalyst (metal:
8 mol%), p-xylene (2 mL), 120 °C, Ar (1 atm), 20 h. Yields were determined by GC using n-

hexadecane as an internal standard.
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333. DX ¥ Z 7 FVB—Va v
3.3.3.1. Cu(OH),/Ce0; 3 X Tt Cu(OH),/CeO2-Bpin, ¥ ¥ 77 X Y ¥ — 3

Cu(OH),/CeOx TR DMK T 23, KISFEH FITB W TTERAIZZE(L L TE Y,
Cu(OH),/CeO; DIREEN SR T TEL L TWD Z EMREBE 7=, 1a=<°HBpin 7 7 &
A 57 Z Mz 712, Cu(OH)/CeO, % Bapiny DA & St & RIEE DS TINEGRHE L 7=

ZH, R U2 RS- (Figure 3-6, 3.2.3. ), 3.3.14.Cih_7=XHiz, 2D
Bopin, THLER L 7= fil i (Cu(OH)./CeO,-Bypiny) 1%, Cu(OH)./Ce0, 2 EDFE FHW-HE &
HEFBEOMBLEIE 2 R T 2 E RSN E 2o TWA, £ 2T T T Cu(OH)x/CeOz-
Bopiny DFEMARF ¥ T 7 Z VP —2a %179 2 LIk - T, RISEHETIC
Cu(OH),/CeO, DIRFEZ B 5N T 5 Z & kA dz,

AT Cu(OH),/Ce0; F £ T} Cu(OH),/CeO,-Bopiny @ XRD HIiEZ T o7& Z A, AT
INH— 1% Cu FEAHEF LTV e CeO, L 1FIEFR—TH - 7= (Figure 3-7, a, b), ZD I
EMD | HTHILBIEIC X D Cu FEOFEFR Byping & D SUGIZ K - T, CeO, HIKDHEIE I
BALTOWRNWZ ERB BN E o7, £72, Cu(OH), X CuO, Cw0, &J&E Cu/2 D
Cu FIZIRBE SN E—7 NALNRNT EnD, Cu A CeO, A LIZEm/yHUIHER
S, Bopimp (T K D ALERE & S BOREED HERF SIU TV D 2 & VRIB E T,

T, CeOy D Cu FEOBETIREZ B LT T 5 729D1T, Cu K i XAFS OHIE %
ﬁoto Cu(OH),/CeO, @ Cu K i XANES A X7 KL O UL IE Cu(OH), X° CuO (2T

RSy AT RV Cu(OH), X° CuO &*51/1 L T\ 7= (Figure 3-8, e and Figure 3-9,
e) Cu FEDII X E DR 2 RD 272 DIZ— K53 A2 ~ /LD linear combination
fitting (LCF) Z1T>72 & Z A, Cu(OH), & CuyO @ 2 DDOIEHEREL D AT ML TT 1 >
T 4 > 7 W[HETd - 7= (Figure 3-10, a and Table 3-6, a), CeO, LIZHHEF X472 Cu(IDfg(b
Wi, CeOr & OE IR AEIERIZ L > TEDORIEDO—HFAE L S Cu()FEZ A T D
2R BN TV L Cuy(OH)/CeOr 12T b HE S 7= Cu(I)KERLY O —E 23 iE
LI Cu(DFEAAETTND EEX HiILD, —J7 T, Cu(OH)/CeOr-Bopin, @ Cu K i
XANES A7 kX, Cu(OH)/CeO, & LR THIUHAME = XL F— [~ 7 F L, &K
TA KT A4 OEENR LTe (Figure 3-8, ), £70. — KM AT MUIZEBWTIE,
Cu-foil & Cw,0 &R LR AF—IZEZNENE—7 PR BT (Figure 3-9, 1), — KM
ALY hVD LCF #4T-72& 2 A, Cu-foil & Cu,0 D 2 DOFEHEREL D ALY F LT
7 4 v T 4 7 A[HE T H o 7= (Figure 3-10, b and Table 3-6, b), Z DFER 15
Cu(OH),/Ce02-Bapiny IZFB W TiE, CeO, LD Cu(INFEANETT S, Cu(DFE & Cu(0)FE D i
FWNERLTNDZ EAURIBE 7=, Cu(OH),/CeO; % Bopiny THLEE L7225 615
Tz "BNMR IZ X > THfr L= & 2 A, 55777 5 Bopinp DIEH>Z, HOBpin (Z)FJE X
N5 v —7 OB S iz (Figure 3-11)* GC-MS 227 K LIZEBW T, HOBpin
ZRBESNAE—7 B Ehiz, ZOZ &G, RUFRHITH % Bopiny 23 Cu(ll)Ff
X 2ETH E LTORELRZLTHDZENRHLNE o7, Bypiny 72 ED TR
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7 (B2(OR)y) 1F HO EILITHWA Z ETEILAIE LTEIS Z &6 TEL, T
R UK BILROSA S ST a4 2 b ok FE(LEUG Tld HOB(OR), 23 EIAE
Bl L TAEL D, ARIGRIZEBWNTH, Cu(lDFEDOEIT AT » 7128\ T HOBpin 2%
BT TNDZ e, RO ICE FNMEOKS S LR mOE K
X T EES Boping & LR LT, Cu(IDFEIZKTF HiBILHIE L TEIWW T WD EEEI NS,

WIZ, EXAFS A7 RVOFRHTIZ L » T Cu O RPFMEEIC OV THLNCTH 2
& &k A 7=, Cu(OH),/CeO, 33 & Y Cu(OH),/CeOsr-Bapin, @ CuK i EXAFS #RHE), A7 AR
EZ{ToTWRNWT = ZBWWHED AT M BIORT 4T 4 VI RTA—F—%
Z N Figure 3-12, Figure 3-13, Table 3-7 (2753, Cu(OH),/CeO, D 7 — U =254tk D
EXAFS A7 MUZEBWTIE, 1.5A fHElcRb K& — 27 BE L7 (Figure 3-13,
d), ZiuZ Cu(OH), DF—BNZE O O i+ & OBELICHKR L, Z OB EIT V7 D
Cu(OH), & R T/ EL 2o 7= (Table 3-7, d), £72. 73L7 O Cu(OH), D AL kLI
BWTHHEICHNS Cu JRF & OBELCH KT 2 B — 271 Cu(OH)/CeO, TlXIFE AL
Ronienolz, ZOZEMNE, Cu(OH)/CeO, Tl CeO, IR EIZ Cu(I)/KER{LM D3 &
SIS TWVWD Z EMWRB I, —F T, Cu(OH)/CeOr-Bypin, TiX 1.6 A £
2Nz 22 A fHEIC K& e B — 27 M AL b 7z (Figure 3-13,¢), ZAUHIEZENEI Cw0
L O Cu(O)DFE B D O i+ L Cu i+ & oEELICHE L, BTz h
2NV D Cu0 B EVCu(0) & bR T/HhE L o572 (Table 3-7, ¢), 2D Z & 725, Bopin
ICE DB ILHZICBWT S, CeO, K EIC Cu(DFER LY Cu(0)FEA E A HUIC RS T
WD ENRBEI T,

X 512, HAADF-STEM [Z & - T Cu(OH),/Ce0,-Bapin, DFHFF 17z Cu FEDIRRE & [E.
ST LR AT, L, CeO, DRI IND DA T, ZDOFKE EIZ Cu
DLV TAZ—% BT H T LIXTE ) o 7= (Figure 3-14, /£ 1), —F T, EDS +
v BB WTIE Cu FEA CeOy IR EIZH) — 1208 L TWADEE T2 R S
7= (Figure 3-14, & ),

VL EDOFERS . CeOy IR D Cu(IDFEIT in situ T Boping (2 L - TEIL 41, Cu(l)
& Cu(0)2 B 72 5 E 47 U7 Cu FliDS CeO AR RITIER SN D Z EBH LN E o7z, B
—% Cu filififlz X 5 A EFfsE A O &R U RLSIS DA IZIB W TIX, Cu(l)-Bpin FE 73 fidfif
JEMEREE LT < BIRZ < BTV D IPT REIRIZE W TS RO SR Em -
TR S v, WK R AR U FASOSITx 3 2 g4 & LTV T g Z &R EE S
Do
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B,piny
p-xylene
120°C, Ar

10 min

Cu(OH)x/CeO2
Figure 3-6. The change of color of Cu(OH),/CeO, after the treatment with Bopin,.

(c) Cu(OH),/CeO, after the 3rd reuse

A M

\‘L (b) Cu(OH) JCeO,,-B,pin,
D S

\JJL (a) Cu(OH),/CeO,

T I I i T I

I 1
10 20 30 40 50 60 70 80
2 theta (deg.)

Figure 3-7. XRD patterns of (a) Cu(OH)./CeO,, (b) Cu(OH),/CeO,-Bypin,, and
(c) Cu(OH),/CeO; after the 3rd reuse in the dehydrogenative monoborylation of 1a. The samples

were exposed to air before the analyses.
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Normalized absorption

(f) Cu(OH) /CeO,-B,pin,

(g) Cu(OH),/CeO, after the use

(an enlarged view of the absorption edge)
(a) Cu-foil

(c) CuO
(d) Cu(OH),
— (e) Cu(OH),/CeO,
— (f) Cu(OH),/Ce0,-B,pin,
—(g) Cu(OH),/CeO,
after the use

(c)cuo  §
e
(d) Cu(OH), o
7]
G
(€) Cu(OH) /CeO, 3 — (a) Cu-foil
I — (b) Cu,0
©
£
S
Z

8960 8980 9000 9020 9040 9060 8970 8980 8990 9000 9010 9020

Photon energy (eV) Photon energy (eV)

Figure 3-8. Cu K-edge XANES spectra of (a) Cu-foil, (b) CuxO, (c) CuO, (d)Cu(OH).,
(e) Cu(OH),/CeO,, (f) Cu(OH),/CeO,-Bypin,, and (g) Cu(OH),/CeO, after the use in the

dehydrogenative monoborylation of 1a.

dy/dE (normalized)

8970

| (a) Cu-foil

(c) CuO

(d) Cu(OH),

____/:‘I\/_,_,_, (f) Cu(OH),/Ce0,-B,pin,
(g) Cu(OH),/Ce0, after the use
|

I I I
8980 8990 9000 9010
Photon energy (eV)

Figure 3-9. First derivatives of Cu K-edge XANES spectra of (a) Cu-foil, (b) Cu0, (c) CuO,
(d) Cu(OH),, (e) Cu(OH),/Ce0,, (f) Cu(OH),/CeO,-B;pin,, and (g) Cu(OH)./CeO; after the use

in the dehydrogenative monoborylation of 1a.
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—— LCF curve

(a) Cu(OH),/Ce0,
(b) Cu(OH),/Ce0,-B,pin,

(c) Cu(OH),/CeO, after the use

| | | | |
8970 8980 8990 9000 9010

Photon energy (eV)

dy/dE (normalized)

Figure 3-10. Linear combination fitted first derivatives of Cu K-edge XANES spectra of
(a) Cu(OH),/CeO,, (b) Cu(OH),/CeO,-Bopin,, and (c) Cu(OH),/CeO, after the use in the
dehydrogenative monoborylation of 1a. The fitting range was from —20 to 30 eV.

Table 3-6. Linear combination fitted parameters from first derivatives of Cu K-edge XANES

shown in Figure 3-10.

Sample Cu-foil (%) Cu0 (%)  Cu(OH)2 (%) R-factor (%)
(a) Cu(OH),/CeO - 24.0 76.0 11.9
(b) Cu(OH)./CeO»-B:pin, 60.6 394 - 7.3
(c) Cu(OH),/CeO; after the use 66.5 33.5 - 3.5
HOBpin
Bopin,

32.001

22,550

Figure 3-11. "B NMR (benzene-ds) spectrum of the filtrate of the reaction of Cu(OH),/CeO, with
B;pin;,. Rection conditions: Cu(OH),/CeO; (100 mg), B,pin, (30 mg), benzene-ds (1 mL), 120 °C,
Ar (1 atm), 10 min.
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(f) Cu(OH),/CeO, after the use —— observed

2K (A®)

(b) Cu,0

-(—a)\?w%ﬂ/\/\/\/\_

I I I [ I |
2 4 6 10 12 14

8
KA™

Figure 3-12. Raw k-space Cu K-edge EXAFS spectra of (a) Cu-foil, (b) Cu,O, (c) Cu(OH).,
(d) Cu(OH),/Ce0,, (e) Cu(OH),/CeO,-Bopin,, and (f) Cu(OH),/CeO, after the use in the
dehydrogenative monoborylation of 1a. Experimental data and fitted data are shown in black and

red, respectively. FFT parameters, k-range: 3—12.5, window: Hanning k’-weighted.
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—— observed

— fitted
(f) Cu(OH),/CeO, after the use

M)‘Jceoz'szpinz
m (d) Cu(OH) /CeO,
M (c) Cu(OH),
w_/_/\/\/\ (b) Cu,0

w(x 0.2)

| | I T I
0 1 2 3 4 5
R (A)

FTIkK| (A%

Figure 3-13. k’-Weighted Fourier-transformed Ni K-edge EXAFS spectra of (a) Cu-foil,
(b) Cuz0, (c) Cu(OH),, (d) Cu(OH),/CeO,, (e) Cu(OH)./CeO-Bopiny, and (f) Cu(OH),/CeO2
after the use in the dehydrogenative monoborylation of 1a. Experimental data and fitted data are
shown in black and red, respectively. FFT parameters, k-range: 3—12.5, window: Hanning &’-

weighted. All R-space spectra are shown without phase correction.
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Table 3-7. Fitted parameters from Cu K-edge EXAFS shown in Figure 3-12 and Figure 3-13.

AEj, ¢*x10*> R-factor

Sample Shell CN. R 5

V) (A) (%)
Cu—Cu 12 2.54 4.52 0.89

(a) Cu-foil Cu—Cu 6.0 3.63 9.45 1.07 1.28
Cu—Cu 24 442 1.41 0.96
Cu-O 20 1.86 8.15 0.37

(b) Cu,0 Cu—Cu 12 3.01 6.53 1.85 0.46
Cu-O 6.0 3.50 5.40 1.24
Cu-O 40 195 093 043
Cu-O 1.0 241 1.19 0.66

(¢) Cu(OH), 1.89
Cu—Cu 20 297 1.19 0.48
Cu—Cu 40  3.37 1.52 0.13

(d) Cu(OH),/CeO, Cu-O (in Cu(OH),) 19 195 -2.08 0.04 1.47
) Cu—O (in Cu20) 04 1.93 12.6 0.11

(e) Cu(OH),/CeO,-B;pin, ] 2.13
Cu—Cu (in Cu) 33 249 1.15 1.04

(f) Cu(OH),/CeO,  after  Cu—O (in Cu0) 0.5 1.94 7.76 0.94 035

the use Cu—Cu (in Cu) 6.2 253 3.29 0.94 '

50 nm

e ME_—11

Figure 3-14. HAADF-STEM image and EDS mappings of Cu(OH),/CeO,-B;pin,.
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3.3.3.2. Cu(OH),/ALO; B X O Cu(OH),/ALO3-Bopin, DF¥F ¥ 77 X Y ¥ —3 3

Wik 3 A 7 FAEBUSZ B W TR IERIRME 2 77 ALO; K & W 7o il iz > T
LRI ¥ 77 2V E—a V& 7572, Cu(OH)/ALOs IZKEBDMEKTH H73, X
SRS T TR AZH O KA L L. Cu(OH)/ALOs OIRRES SR T L T
WAHZENRBINTZ, 1a<°HBpin 77 &7 5’ Z N Z 312, Cu(OH)/ALOs % Bypin,
D F & RIER CRIBRD R TMEMREE L7255 A2 b, R LA b2 /67 (Figure 3-
15,3.2.3. M), Z ? Bapin, THLHE L 7= it (Cu(OH)x/Ale3-sz1nz) ZEIL L, ¥ 77
ZYB—a w2 (7H 2 LICE - T, KISEHETIZET 5D Cu(OH)/ALO; DIKIEZ B &
M DL BRI,

Cu(OH)/ALLO3 35 X UF Cu(OH)y/ALOs-Bopin, D XRD /3% — /(% Cu A H#EF L TU e
VY ALO; EEIEIR— T > 7= (Figure 3-16,a,b), Z D Z &b HTHILEHEIC LD CufE
DHEF Bopiny & DISIT L - T, ALOs HAKADHEEITZL L TW RN Z E R B E
tole, £, CUfIZIRBINAE—7 NALARNZ 025, CufliD ALOs K |

(ZE D HUCHHER S 40, Boping 12 K D ALEEEL & S 0 HORBED HERF STV D 2 L AVRIE S
i,

Cu(OH),/ALLO3 D CuK 3fii XANES A7 [ LRoZ D—RKGy A7 K Vid Cu(OH), D
Zi b EFAL LTz (Figure 3-17, e and Figure 3-18, ¢), Cu fiD I L Z DRy %k
DD T8RS A7 k)LD linear combination fitting (LCF) Z1T-72 & 2 A, FEHER
BED Cu(OH), DAY MV DI TT 4 T 4 7 A[RETH U | ALO; 112 Cu FEH Cu(ll)
Kb L U THEE SN TS 2 & 23R S 7z (Figure 3-19, a and Table 3-8, a), —
T, Cu(OH),/ALLOs-Bapin, @ CuK ¥ XANES A7 kL, Cu(OH)/ALO; & Hb TR
MR R F— M~ 7 N L, BTA T A OEENR LT (Figure 3-17, ), L
7> L. Cu(OH)/CeOr-Bopin, & Wi d % & ZDOWIUHD > 7 MESCK T A N T A > Ok
DRI NS Do T, T, — IR AT R UIZEBWTIE, Cu(OH)/CeO,-Bapin, & 7
D, Cu0 DE—ZMENSD LEZ AT —[T 7 b LIEALE (Cu0 & CuO D) IZ
ORI E— 7 BFEE LT (Figure 3-18, 1), — KD A2 MV LCF 47> & 2
A, CuyO & Cu(OH), D 2 SDOIEHWEREI D AT NVTT 4 v T 4 VT REETH T,
2L . Cu()D Y a W —E— 71T 5 8980 eV L CHIEMBE 7 4 v T 4 T H
— 7 DT NNKE L 72 o 7= (Figure 3-19, b and Table 3-8,b), = /L ¥ —E—7 |3 Cu IZH
AT % O ETERT 50 FHUE~DERBIZKHE L, £ OIRIE Cu OEMIEREEICKE <#
BAEZTD, LTR-> T, Cu(OH)/ALO;-Bopin 128 £45 Cu(DFEIE/ /L7 D Cu0 &
IXENCERBE N 7 2 FREMEN B 5, £ 72, Cu-foil N 272 3 DOREHERE 2 VT 7 o
VT 4 T EAT O EHEEEIXM L L2, XANES A MLIZBWTERTA b T4 0D
%ﬁﬁ?zﬁ CwO LBBRLE—HTLHZ LR, BikT 57—V = ZEHi% D EXAFS A7 |k

IZBWT CuOFEHEDO E— 7 RE LN END, Cu(OFEIXIE & A EHFFELZRN
&?%z 5D, LLEOFEREND, Cu(OH)/ALOs-Bypin, (23U TlL, CeO, A% AV 7=
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A L RERIC Cu(ID)/KER L3RI S D 0, ZORITTEA WL CeOs K% HVVZ55
ALV b/EL, FICCuUERET D Z ERHBLMNE o T2,

AT EXAFS A7 RV OFENTIZ L - T Cu FEO RFTHEE I OW T LN TH Z &
%72, Cu(OH)/ALO; ¥ X Y Cu(OH)/ALO3-Bopiny @ Cu K Uit EXAFS #EH), (7 AHAH
EZ{ToTWRNWT = ZBWWHED AT M BEIORT 4T 4 VT RTA—F—%
Z VR Figure 3-20, Figure 3-21, Table 3-9 (2779, Cu(OH)./ALO; ® 7 — V) 25 H4t%
EXAFS A7 MUIZEWTIE, 1.5 A 312 Cu(OH), DF—EULE D O JF 1 & OHLEL
IZHRT 2 B — 27 BAR BV (Figure 3-21, d), £72. 7L 7 @ Cu(OH), D AT kLT
BWTHEICHEHNS Cu &7 & OBELCHKT 2 B — 271X Cu(OH)J/ALO; TlXiFE AL
RohnT ., 747 4 U ZIFARETho DRI 02 LM T/hE 2o
72 (Table 3-9), Z D Z &£/ 5, Cu(OH)/ALO; Tix ALOs K 1T Cu(I)KER (L 23 & 5>
BICRFE SN TVD Z LR S HL7z, Cu(OH)/ALOs-Boping D 7 — U =28 itk D
EXAFS A7 MUZEBWTH, 1.5 A FTIC K& e v — 27 8 H b7 (Figure 3-21, e),
ZE Cu0 B KON Cu(OH), D& —ENZE O O JF+ & ORGELIZH Sk L, Bdhrixzn<
NV 7 D Cu0 3 LT Cu(OH), & bR T/INEL Ao 7= (Table 3-9, e), £72. /SAZ7 D
Cuw,0 X° Cu(OH), DAY FUZBEFEIZHIAL D Cu i1 & OBELICH KT 5 B — 27 13 AL
DI oTe, TOT NG, Bpin IZ X DIEITLHZICE N T ALO; A EIZ Cu(DFES
L O Cu(IVED G BUCRFF SN TWD Z &R S L7,

& 5|2, HAADF-STEM [Z X » T Cu(OH),/ALOs-Bapin, D FHEF X7z Cu FlOIRRE & A
PRI 52 el BT, Lol ALO; BIKDRLF M BIE SN S DA T, ZDOEK M L
IZ Cu DRIV T AL —5BET D2 LIXTE o 7= (Figure 3-22, /£ 1), — 5T,
EDS v v ' ZIZE W TIX, Cu(OH)/CeOr-Bopiny & FIERIZ, Cu FEAHIK RITE—I25
B L TV DER T 03 iERE S AU72 (Figure 3-22, 45 1),

VL EDOFEFR D, Cu(OH)/ALO; IZHBW T, Cu(OH)/CeO, & [AERIZHIA o Cu(ll)
FE7N in situ T Boping (2 & » TIEIC &AL, T Cu(DFEN D 722 5 @4 #7e Cu i@ oM N Rk
ENDZENRHBLE 7272, — 77 T,Cu(OH)/CeO IZLE R TE DIRETTE A WIT/NE L,
FARIT Cu FE 2 @ BUSIRFFT 27210 Tid7e < . HHEFF Cu OB TDIREEICEE L 52 5
ZEDNRBE NI, 2 TRz Ni(OH)/CeO, DIGE & FERIZ, Cu(OH)/CeO, Tl
HEF I Cu(IDFE L CeO, KD OE 12 BEAERIZ X 5 T Boping 12 L % Cu(ll)
FEDREITTHIMERE X DH— 5T, Cu(OH)/ALO; TILE D L 5 IR HERN RN FE L7 Te
DHIZ, HEF Cu FEORITTIRREICENEL D EEZBND,
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Bopin,
p-xylene
120°C, Ar

10 min

Cu(OH)x/Al203

Figure 3-15. The change of color of Cu(OH),/ALLO; after the treatment with B,pin,.

M (c) Cu(OH),/Al,O, after the 3rd reuse
i o,

e (b) Cu(OH) JALO,-B,pin,
™

(a) Cu(OH) JALO,
M & M ""'r’\\._._
I | I | I I | 1
10 20 30 40 50 60 70 80

2 theta (deg.)

Figure 3-16. XRD patterns of (a) Cu(OH)~/ALOs;, (b) Cu(OH)/ALLOs-Bypin,, and
(c) Cu(OH)/AlLO3 after the 3rd reuse in the dehydrogenative diborylation of 1a. The samples

were exposed to air before the analyses.
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(an enlarged view of the absorption edge)
(a) Cu-foil

(b) Cu,0

5 (c) Cuo _g

s s

) (d) CU(OH)2 o)

[72] (7]

< <

§ (e) Cu(OH) JALO, _§ () Cudoll

N ) N — (b) Cu,0

g (f) Cu(OH) JAL,0,-B,pin, g © o

s s (d) Cu(OH),

Z Z — (e) Cu(OH) JAL,0,

(g) Cu(OH) JAL,O, after the use — (f) Cu(OH),/AI,04-B,pin,

— (g) Cu(OH),/Al,0,

after the use

I I [ | I | I I | I I 1
8960 8980 9000 9020 9040 9060 8970 8980 8990 9000 9010 9020
Photon energy (eV) Photon energy (eV)

Figure 3-17. Cu K-edge XANES spectra of (a) Cu-foil, (b) Cu20O, (c) CuO, (d) Cu(OH).,
(e) Cu(OH),/AL,O3, (f) Cu(OH)./AlO3-Boping, and (g) Cu(OH)./AlLO; after the use in the
dehydrogenative diborylation of 1a.

| (a) Cu-foil

(c) CuO

(d) Cu(OH),

dy/dE (normalized)

I I I I |
8970 8980 8990 9000 9010
Photon energy (eV)

Figure 3-18. First derivatives of Cu K-edge XANES spectra of (a) Cu-foil, (b) Cu,0O, (c) CuO,
(d) Cu(OH),, (e) Cu(OH)./Aly03, (f) Cu(OH),/Al,03-Bpiny, and (g) Cu(OH),/Al,Os after the use
in the dehydrogenative diborylation of 1a.
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—— LCF curve

(a) Cu(OH),/AL,0,
‘MCu(OH)/Alzos-szinz
(c) Cu(OH),/AL, 0, after the use

| I I | |
8970 8980 8990 9000 9010

Photon energy (eV)

dy/dE (normalized)

Figure 3-19. Linear combination fitted first derivatives of Cu K-edge XANES spectra of
(a) Cu(OH),/Al,03, (b) Cu(OH),/Al,O3-B;pin,, and (c) Cu(OH),/AL,Os after the use in the
dehydrogenative diborylation of 1a. The fitting range was from —20 to 30 eV.

Table 3-8. Linear combination fitted parameters from first derivatives of Cu K-edge XANES

shown in Figure 3-19.

Sample Cu-foil (%) Cu0 (%)  Cu(OH): (%) R-factor (%)
(a) Cu(OH)/ALO; - - 100 4.6
(b) Cu(OH)./AL,O3-B:pin; - 82.6 17.4 9.1
(c) Cu(OH),/ALLO3 after the use - 73.5 26.5 12.4
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] —— observed
(e) Cu(OH) /AL, 0,-B,pin, — fitted

(d) Cu(OH) JAL,0,

mﬁ\’m

(b) Cu,0

EE%W\/\/\_

[ | [ I I [
2 4 6 8 10 12 14

KA™)
Figure 3-20. Raw k-space Cu K-edge EXAFS spectra of (a) Cu-foil, (b) Cu,O, (c) Cu(OH).,
(d) Cu(OH),/Al,03, and (e) Cu(OH),/Al,O3-B;pin,. Experimental data and fitted data are shown
in black and red, respectively. FFT parameters, k-range: 3—12.5, window: Hanning k’-weighted.

K (A®)

—— observed
— fitted

——j/\ (€) Cu(OH) JALO,-B,pin,
__.,//\/W\_ (d) Cu(OH) JAL,O,
____,f/\,‘A\ (c) Cu(OH),
w_/_/\A/\ (b) Cu,0
’/w-foil (% 0.2)

| | I =T I |
0 1 2 3 4 5
R (A)

FTz(k)K’] (A™)

Figure 3-21. k’-Weighted Fourier-transformed Ni K-edge EXAFS spectra of (a) Cu-foil,
(b) Cu0, (c) Cu(OH),, (d) Cu(OH)./Al,O3, and (e) Cu(OH),/Al,O3-Bopin,. Experimental data
and fitted data are shown in black and red, respectively. FFT parameters, k-range: 3—12.5,

window: Hanning k’-weighted. All R-space spectra are shown without phase correction.
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Table 3-9. Fitted parameters from Cu K-edge EXAFS shown in Figure 3-20 and Figure 3-21.

AEj ¢*x10° R-factor
Sample Shell CN. R(A) s

V) (A) (%)
Cu—Cu 12 254 452 089

(a) Cu-foil Cu—Cu 6.0 3.63 945 1.07 1.28
Cu—Cu 24 442 141 096
Cu-O 20 186 815 037

(b) Cu0 Cu—Cu 12 301 653 185 0.46
Cu-O 60 350 540 1.4
Cu-O 40 195 -093 043
Cu-O 1.0 241 119  0.66

(¢) Cu(OH), 1.89
Cu—Cu 20 297 119 048
Cu—Cu 40 337 152 013
Cu-O (in Cu(OH),) 33 195 -1.90 0.50

(d) Cu(OH)./AL,O5 Cu-O (in Cu(OH),) 0.5 236 -108 0.67 1.00
Cu—Cu (in Cu(OH),) 02 3.00 137  0.30
_ Cu—O (in Cu,0) 09 187 166 026

(e) Cu(OH),/ALO3-Bapin, , 1.93
Cu-O (inCu(OH),) 3.0 197 515 0.79

10 nm &-:]133

Figure 3-22. HAADF-STEM image and EDS mappings of Cu(OH),/Al,O3-B;pin,.

159



334. EREEAM
3.34.1. BAKERE 2 AU RSO EE A

fifit & L Cu(OH)/CeO,, HBpin 727 &7 X —L LTV T =/ U &2FAW5 EiE
FIFZRBWT, e =T b— & W CHRE A ORG 21T > 72, Table 3-10
IRTE I, ANGERITEARE= AT L—ICHEARRETH Y . B AL GRER) @
C(sp*)- HF/\M“ UFEL ST AT FER (EE) BELERD & LTHE O, ofif
RmAALp AT AT NVIEEFTH AT L FHDIED p LT tert-T7 T IVIER A R 5L
CAFNT I Tt ek T2V EEETHAT U UHEIZOWNT S BAFIT G
AT L, ®HST 5 /7 R TR BIK (2a-20) MG L7z, p LI b Y 7bdm X FILHES
TR —NAEEEETDHAT LA LT HEERIGERTE /AU EBK (2], 2k) 235
bivlc, E= VT T VHEBEEE LTHWAZ ERAEETH T2, fETHE / F Y
FARIE @) OUERIT 30% &Koo, o, ARSRIZ afICEBBEL G T LH2AF L
¥ (Am-1o) I bEMAARETH o 7=, 727 L. XY 7=/ % HBpin 7 7/ & 7 X — L

DEFMERMFIZ B TL, T 5 E /A 7 FEBE (2m-20) DIRITAK - 72 (<40%), L
MU, HBpin 77 &S X —% 2T X~ B ) U~ }iﬁﬁ{mr% 130°C (2 EiF 5

Z LTk o TN KX L Eﬁz% L7, Im Z58EH & LIEBAICIZ EROL NG —
Ji T, lo B E LI AICIXERE Zﬁi@ﬁﬁﬁb@ﬁkb FOHRITEZ=371T
HoTm,

3.3.4.2. AR U FR U RIS D EE @AM

ik VR U FALISIZ OV T, fililflit & L C Cu(OH)/ALOs;, HBpin 77 &7 % —
ELT 2T~ 2 v EHVDIRESGFICENT, EEEHAEOHRF 21T -7,
Table 3-11 12T K 512, BAKRFE DR T FCUSIZONT bEkx REHIELZET o8 =
LNT L= AZHEAFRETH V. B AL R D 2 SD C(sp?)-H AN AU FEbanizv
RUBENRTAEEM E LTE LN, 72720, 3d, 3i. 3j. 3k. 31 ODICERITIR T
2l EFEote, INDLDOLEAIZIITREIKEDTE /7R 7 HELIK (2d, 2i, 2§, 2K, 21) 23 30%0 5
T0%DILHETEHEAF L TH Y, 2 B HOBIKRFESR T FLIEN BIFIZHEIT L TWRNT &
DRI N, £, ofLICERKEZETHATF L (I, 1o) OPKFE TR T HFEIT
+ITHEIT L, xﬂﬁﬁ“é@%a&ﬁ&ﬁv74 YTHDH3In BLD 30 2D ENARETH
ST, 2L, Im ZHE L LESAITE, T2 VR v RAD 3m OULERT 8% &
FEFINMLL 2o T, ZDOHAIC ilm'?DZm IFEAEET L TR o 7223, GC-MS
53 HT72 5 Bpin 523 3 UL BEEA SN IRB A 2B B EIEA U TV D 2 L ARE
Iz, 2T, 2m R 3m O "EHFEG O BT L, a Lo A FOUBEBILIZBIT S
SORDHBRTVRMENEIT L EICE B bDEEEZLND,
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Table 3-10. Substrate scope of dehydrogenative monoborylation of vinylarenes.

R Cu(OH),/Ce0, R
X Bopin, (2.5 eq.) X BPin
@ benzophenone (1.5 eq.) @
p-xylene
1 (0.5 mmol) 120°C,20 h
©/\/BP'" /@/\/Bpm \©/\/Bp'" /@i\/Bpm
2a 85% (72%) 2b 85% (73%) 2¢ 73% (68%) 2d 66% (52%)
MesN
2e 67% (65%) 2f 87% (72%) 29 67% (51%) 2h 75% (61%)
Bpin Bpin X Bpin o Boi
o BpPin
SO O - e
2i 71% (62%) 2j 40% (29%) 2k 52% (40%) 2] 30% (21%)
Ph

20 87% (E/Z = 3.7:1)°!

2 0 o/.\[b] 2 0, 0/\[b]
m 78% (63%) n 89% (82%) (isolated as 60% yield of E-isomer)

[a] Reaction conditions: 1 (0.5 mmol), Bpin, (1.25 mmol), benzophenone (0.75 mmol),
Cu(OH),/CeO: (Cu: 4 mol%), p-xylene (2 mL), 120 °C, Ar (1 atm), 20 h. Yields were determined
by 'H NMR analysis using dibromomethane as an internal standard, and the values in parentheses
are the isolated yields. [b] 2-Adamantanone was added instead of benzophenone, and the reaction

was carried out at 130 °C.
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Table 3-11. Substrate scope of dehydrogenative dinoborylation of vinylarenes.!

R Cu(OH),/A1,04 R
N Bapin; (5 eq.) X BPin
@ 2-adamantanone (3 eq.) @ .
p-xylene Bpin
1 (0.2 mmol) 120°C, 20 h
Bpin Bpin Bpln Bpin
Bpin Bpin p|n Bpm
3a 83% (80%) 3b 72% (66%) 3c 68% (68%) 3d 27%°!
Bpin Bpin Bpin Bpin
Bpin Bpin Bpin Bpin
3e 71% (69%) 3f61% (61%) 39 70% (65%) 3h 70% (66%)
Bpin Bpin Bpin Bpin
3i 14% 3j 5%!°! 3k <1%ff 31 <1%9]
Ph
Bpin
Bpln Bpin
Bpln
p|n Bpin
3m 8%!" 3n (87%)M 30 50% (48%)MN

[a] Reaction conditions: 1 (0.2 mmol), Bjpin, (1.0 mmol), 2-adamantanone (0.6 mmol),
Cu(OH)/ALL,O3 (Cu: 8 mol%), p-xylene (2 mL), 120°C, Ar (1atm), 20h. Yields were
determined by "H NMR analysis using dibromomethane as an internal standard, and the values in
parentheses are the isolated yields. [b] 2d was also obtained 38% yield. [c] Cu(OH),/CeO, was
used instead of Cu(OH)./Al>Os. [d] 2i was also obtained in 49% yield. [e] 2j was also obtained in
41% vyield. [f] 2k was obtained in 70% yield. [g] 21 was obtained in 30% yield. [h]2-

Adamantanone (0.8 mmol) was added, and the reaction was carried out at 130 °C for 64 h.
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3.3.5. RY—RfRgErER
3.351. AF L (1a) DBIKRE /B 7RISR T D R —RARGEIEH ORERS
fitfit & L C Cu(OH),/CeO,. HBpin 727 &7/ XZ—L L TRV T =) v ERAOVESEA
D 1a DRPKSEE /A UFRESORIZ BT 5 HBERY 2a B8 X OV R T R 3a DILR
DREIFAALIT Figure 3-23 DFEMD & 5 127 o 72, FUSBRAR 2 h # 12l 2 BAEE 12 K -
THRVERW-E Z A, 2a B L0 3a OUERORBEITABROL 21220, WFhok
b EHIEIE L, 7220 & 1ERIT. 20 h O SUSHET 1% 1 fififh 2 B 12 X > THL
D R & 8K A ICP-AESIZ K- ToHdr L7z & 2 A Cudis H i BRI LU T (<0.01%) T
bolz, PLEDHERNG . KBOSTIREEE IS L7z Co FANEMRE S LT VT
DD TIER L CeOy K LD Cu FRD R —ZfAEIC L » THEITL TV D Z & 2R
e Iz,

Cu(OH),/Ce0, (4 mol%)
B,pin, (2.5 eq.)

X benzophenone (1.5eq.) X Bpin X Bpin
p-xylene Bpin

120°C
1a (0.5 mmol) 2a 3a

100 1 |

90 1 < Removal of the catalyst

80 -
70 A

60 -

___________________________________ —e—2a

50 - .
--6--2a (leaching test)

Yield (%)

40 —=—3a
30 --3--3a (leaching test)
20
10 A
0 T — —— T
0 5 10 15 20
Time (h)

Figure 3-23. Effect of removal of Cu(OH),/CeO, catalyst by hot filtration on the dehydrogenative
monoborylation of styrene (1a). Reaction conditions: 1a (0.5 mmol), Bspin, (1.25 mmol),
benzphenone (0.75 mmol), Cu(OH),/CeO; (Cu: 4 mol%), p-xylene (2 mL), 120 °C, Ar (1 atm).

Yields were determined by GC using n-hexadecane as an internal standard.
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3.3.52. AF L (1a) DIAR VR U RIS TR T 2 R —RAEAER ORER
fikfi: & LT Cu(OH)JALOs, HBpin 727 ¥ 74 —& LT 2-T A~ 4 ) &2 HWT-5
A D 1a ORKFE TR T FALISNZ DN TG AR OMRF 21T o 72, B4R 3a B L
T /R U FAUIA 22 DULR ORI Figure 3-24 OEMRD K 91272 > 7=, MGG 4 h
BT 2 BUEIRIC K > THRVD R\ & 2 A, 2a B X O 3a DULROFERFZELIZAHRO
L2720 WTRDOAER - b bEBHIIFIE Lic, 72 2 &35, 20 h ORUSH
TR 2 ZUEE I L > T FRE | JE# % ICP-AES IZ X > THtrL7ic&é 2 A, Cu
A EIIRHEIRALLT (<0.01%) ThoTo, LLEDOREREMND | ABUL CIREEE I H
L7z Cu FENEMERE L L TEIO TV DO TiEZe <, ALO; IR _ED Cu FED AR Y] — Al
EIC L > THITL TWD Z &R ST,

Cu(OH),/Al>03 (8 mol%)
Boping (5 eq.) Boi Boi
X 2-adamantanone (3 eq.) X~ o Xy oPin
p-xylene Bpin
120°C
1a (0.2 mmol) 2a 3a

100 -

<+—— Removal of the catalyst

—8—2a
--6--2a (leaching test)
——3a
--3--3a (leaching test)

Yield (%)

0 .;) 1I0 1I5 ZIO
Time (h)
Figure 3-24. Effect of removal of Cu(OH),/ALLO; catalyst by hot filtration on the
dehydrogenative diborylation of styrene (1a). Reaction conditions: 1a (0.2 mmol),
Bopin, (1.0 mmol), 2-adamantanone (0.6 mmol), Cu(OH),/Al,O3 (Cu: 8 mol%), p-xylene (2 mL),

120 °C, Ar (1 atm). Yields were determined by GC using n-hexadecane as an internal standard.
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3.3.6. fREDFELEHA
33.6.1. AF L (1a) DPARE / AU RN BT 2 il o B+ A

fibit & LT Cu(OH)/CeO,. HBpin 727 & FZ—L L TRV T = ) 2SS
D 1a OPKFETET /AU FCINTIIT Do FE I ATREE 2 et L7, UG T#
27 e —7 Ry 7 ZAH T Cu(OH)/CeO, ZJEIHIZ L > THEUX L, # 50 mL O kL= T
Vel L7, IROBOSIZ AWz, 3 B H Ol FEBR £ To 2a 35 LU 3a DR ORERF
A% Figure 3-25 1277, 1 [0 H O ZERR Tlid, BUSKRH 20 h #2112 82% DI T
2a BF O, SOSIEE ARG H OMBLI X THOT KN L, 2[EH, 3FH
OFMHLAEETH 72, MISEEB LY 20h ZOREND LTS T HHERE
ol

3 [a] B o FE  EBR O % o> XRD /3% — 3BT Cu(OH)/CeO, <°
Cu(OH),/Ce0»-Bypin, L IFIEF—TH Y, Cu FIZHKT I -7 1IKKE L TR
Mo 7z (Figure 3-7, ¢). £72. 1 B Ol XANES A7 kL% Cu(OH)y/CeO,-
Bopin & 1FIE[F—ToH Y (Figure 3-8, g and Figure 3-9, g), — kI A2 K /L@ LCF 7>
RO TAEE HIT E A EE D B 72> 7= (Figure 3-10, ¢ and Table 3-6,¢), LA LS| fif
% OfBED CeO, KD ECHEF S 7= Cu FEOE TIREEIX. Cu(OH),/CeOr-Bapin,
ERE BTN LRI T, —F T 1 BE % OfED 7 — U = Z8H#15% o
EXAFS A7 MU TClE, 22 A fHEO E— 27 JREH Cu(OH)/CeOr-Bapin, 12 HE~THIK
L 7= (Figure 3-13, ), Z UL Cu(0)DH —ENZE O Cu J7 1 & ORGELIZH KT H B —2 T
bV, T4 T4 TICXYZORMNET 2 FREBKTLIZENHLNE -
7z (Table 3-7,1), CeO, EDARJF Al Cu FEANSSSRM: T ChEfE L. XRD TIHER T 72
WRREE IR R LT B2 b, ZTHUSTEHEIR T ORR & 725 TV D R[EEMEN & 5,

F 72, KISE AT O Cu(OH),/CeOr D FT-IR A7 h VI H L R S5z, 1 B
% OBETIE 1155 cm™ B X V1377 em™ FHE IS Y BL L | 3 [81 H o 4 1 5280 1%
IZIEZN S OIS & 5 IZHE R L7z (Figure 3-26, a—), 24U 5 OWILIT Boping 02
Tz ) v, WIEICHRT 2 AHMICRRT 5 LB X B, 20X 5 e AW O
~OfE BIEEIR TO—R E R > TWD AR D D, T O K 5 el R E I35 Lz
B 2 B0 < 72 I2iE, B A RTO MO BEE FIEIC DWW TRETT 2 0ERH 5,

165



Cu(OH),/Ce0O; (4 mol%)
Boping (2.5 eq.)

X benzophenone (1.5eq.) X Bpin X Bpin
p-xylene Bpin

120°C, 20h

1a (0.5 mmol) 2a 3a
100 -
90 -
80 -
70 A
. 60 -
s —e—2a (fresh)
5 S0 —=— 2a (1st reuse)
> 40 2a (2nd reuse)
—#— 2a (3rd reuse)
30 1 --6--3a (fresh)
--3--3a (1st reuse)
o 3a (2nd reuse)
--A--3a (3rd reuse
oy - ( )
" ---'::::::::::::::--—----------:::;F]
0 2 -::::-_---I ------------- L L é
0 5 10 15 20

Figure 3-25. Reaction profiles of the dehydrogenative monoborylation of styrene (1a) for the
catalyst reuse experiments. Reaction conditions: 1a (0.5 mmol), Bpin, (1.25 mmol),
benzphenone (0.75 mmol), Cu(OH),/CeO; (Cu: 4 mol%), p-xylene (2 mL), 120 °C, Ar (1 atm),

20 h. Yields were determined by GC using n-hexadecane as an internal standard.
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1377 cm™' 1155 cm”
(a) Cu(OH) /CeO, y

(b) Cu(OH),/Ce0, after the 1st use

(c) Cu(OH),/CeO0, after the 3rd reuse

(d) Cu(OH) JALLO,

(e) Cu(OH) /AL, O, after the 1st use

‘_\/\/

(f) Cu(OH) /AL O, after the 3rd reuse

40|00 35|00 30|00 25|00 20I00 1 5|00 1 OIOO
v (cm'1)
Figure 3-26. FT-IR spectra of (a) Cu(OH),/CeO,, (b) Cu(OH),/CeO, after the Ist use in the
dehydrogenative monoborylation of 1a, (c¢) Cu(OH),/CeO; after the 3rd reuse experiment in the
dehydrogenative monoborylation of 1a, (d) Cu(OH)./Al>O3, (e) Cu(OH)./Al,O; after the 1st use
in the dehydrogenative dinoborylation of 1a, (f) Cu(OH),/Al,O; after the 3rd reuse experiment in

the dehydrogenative dinoborylation of 1a. The samples were exposed to air before the analyses.
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3.3.6.2. AF L (1a) DIAR VR U RILRIEIZ BT 5 il o B A

fitfit & L C Cu(OH)/ALOs, HBpin 77 &t 74 —L LC 2T X~ X ) v fWiz;
A0 1a ORiAKFE VAT BCEISZ OV T b A O PR A FTREME 2 /Gt L7z, Fix O
MRt OFER, PTFE Ta—T7 4 VSN~ T3 F v 7 AL —TF —_"—ZHNTZHAIC
%, ALO; H{KIZ X - T PTFE 258 HAv,  Z AU ASFRE R 0D KOE 2 6 PEAR R o IR 72
HZEMHLMNE o, FIT, ARBRFICBWTIIA T A TCa—T 4 v 7 &~/
XTI AE—=F == N TG EIT> e, RIS THRIZZa—T Ry 7 AT
Cu(OH)/ALO; ZJEiEIZ L > TIEUL L, 50 mL @ kL= THg L=tk IROGIZ
Mz, 3[EIHOFMEHIERE TD 2a, 3a, 3a', 4a DPEROREFZAL % Figure 3-27 IZ
Y, Cu(OH)/ALO; IZTEMHEDIR T 72 < 2 [BlD - 25 W] 58 T d> - 7= (Figure 3-27, b, ¢),
1 [BIH 3B X2 [0 3 O FAER CIX. 3a OAERGEREIIRERAOMEBEL Y il 220,
FOGKE 3 h TR 90%FREEICE LTe, S OICRFMZEIT T2 LIk > T 3a @ o fif
C(sp>)-H #5B DWiAKER 7 LR & ITHEIT L, 4a OUERBENNT HHER L o7,
—J5C. 3 [EIH OFEHERIZB W TIAEEEOK TR R 67z, FFZ 2a 725 3a~
D 2 Bl B OBiAKRFER U FACSIEOEE N KIEIZIK T L, 20 h 1212 71% % O 2a 23577
T HAER & 72 o 72 (Figure 3-27,d), 3 [F] H O F-6E 328 O F1% O fitii > XRD /3% —
I3 HATD Cu(OH)/ALO; X° Cu(OH)./ALOs-Bopin, & IZIEF—TH Y, CufEiCH KT S
=7 13k E L TR BN 5 o 7= (Figure 3-16,¢), £7=. 1 [0 A Ofilfid> XANES
A7 MVORIE Cu(OH)/ALOs-Bopin, EFHELL TEY . RUA N T A > O5BE XX
& A ETRl—T& o 7= (Figure 3-17, g and Figure 3-18, g), LA L6 1 [BIfE H % OfklED
ALO; HRDHEECHEF S L7 Cu FOE IRIEIL, Cu(OH)/ALO;-Bapin, & K& 720
TN EDURB I N, 7272 L, A% OO EXAFS A7 R LT DWW TIEAEAT
AREZREDORWHORRLNTE LT, % OHEEF Cu HO /TG D ZEMIZT DN T
IEH BT > Ty, Cu(OH)/CeOs & [FIERIZ XRD /N & — AAZIZBLV R WFREE D
Ff Cu FEOBENEZ V| 3 B HOFMEHREOEEK T O—RK & 72> TV D AlRetEd &
Do

F 72, Cu(OH)/CeO, D FH FIRF & [FARIZ, SOSEERRTE O D FT-IR A2 h Lz
BN A STz, 1A HE ORI 1155 em™ B8 L OV 1377 em ™ (T ISR AS H B
L. 3 [ H OFEHERZIZITEN O OWIND S HITH R L7z (Figure 3-26,d-f), ZiLH
DYWL Boping R° 2-T X~ & J v LI R T 2 HEWICERT B2 04, Z
D &5 G ORI ~DOFE BIEHIK T O—K &> TWDREMEDRH D,
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N Bpin N Bpin
Cu(OH),/Al,03 (8 mol%) Bpin

Boping (5 q.)

©/\ 2-adamantanone (3 eq.) 2a 3a
p-xylene Bpin Bpin

120°C, 20h . .
1a (0.2 mmol) Xy BPIN Xy BPin
Bpin
3a' 4a
(a) fresh (b) 1st reuse
100 1+ 100 - 90
80 80
= *
5 60 S 60
2 9
> 40 > 40
20 20
0 0 ® © | § r
0 5 10 15 20 0 5 10 15 20
Time (h) Time (h)
(c) 2nd reuse (d) 3rd reuse
100 - 89 100 -
80 -
5 60 z
o 2
= >
> 40
20
0
0 5 10 15 20
Time (h) Time (h)

Figure 3-27. Reaction profiles of the dehydrogenative diborylation of styrene (1a) for the catalyst
reuse experiments. (a) 1st use, (b) Ist reuse, (c¢) 2nd reuse, (d) 3rd reuse. Reaction conditions:
1a (0.2 mmol), B,pin, (1.0 mmol), 2-adamantanone (0.6 mmol), Cu(OH),/Al,O; (Cu: 8 mol%),
p-xylene (2 mL), 120 °C, Ar (1 atm), 20 h. Yields were determined by GC using n-hexadecane as

an internal standard.
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3.3.7. RS DOREt
3371 B-AFNANARF L DOBAEE /) & VR

B AL (Kiii) IZAFNEEHT D trans-p-A FIVAF L2 (1p) BE D cis-B-A F IV AT
Ly (Ap) B LT AN DWW TRE 21T o 70, & 2 Tl filtfif & L T Cu(OH),/CeOs,
HBpin 7 7 & 74 —L LT2-7 ¥~ % /&, RONMRE 130 °C, IGKFH 20 h T
Mt aiTo70, 1p ZRE L LIEGAITIE, BABKETE R U R LI ARY 2p
DS T3%DWHE T H AL, Z KD ENRIRIIICAG BTz (E/Z = 1:19, Figure 3-28,a), — 4 T,
Ip' 28 & LGAITIE, 2p DULRIT 48% & 1p 2 8E L LA LY HIKF L, EfK
MBS AR L7 (E/Z = 2:1, Figure 3-28,b), £72, WTINOEEZ AW =HEITB N
TH a fEBBIAKRFER T LI NIZARIITE LN o T,

(a) Cu(OH),/CeO5 (4 mol%)
B,pins (2.5 eq.) . Bpin
Ph/\/ 2-adamantanone (1.5 eq.) Ph/\( Ph X Bpin
p-xylene Bpin /\( Ph™ ™
130°C, 20h
E Z
trans (1p) 2p 73% yield, E/IZ = 1:19 o)
(0.5 mmol) (isolated as an E/Z mixture) <1% yield
(b) Cu(OH),/CeO5 (4 mol%)
Bopin, (2.5 eq.) ) Boin
Ph/ﬁ 2-adamantanone (1.5 eq.) ph/\( PhX Bpin p
p-xylene Bpin /\( Ph)\g
130°C, 20h
E V4
cis (1p") 2p 48% yield, E/Z = 2:1 o) i
(0.5mmol) (isolated as an E/Z mixture) <1% yield

Figure 3-28. Dehydrogenative monoborylation of (a) trans-p-methylstyrene (1p) and (b) cis-B-
methylstyrene (1p'). Reaction conditions: 1p or 1p' (0.5 mmol), Bjpin, (1.25 mmol), 2-
adamantanone (0.75 mmol), Cu(OH),/CeO: (Cu: 4 mol%), p-xylene (2 mL), 130 °C, Ar (1 atm),
20 h. Isolated yields are shown here.

VL bED E/Z WIZBET 585 F1%,. Cu-Bpin i~ C=C _EfEAOBEHHE AL & B-t
RU RILBEC X 5 Cu-H FDIEA AR H T 2 SOSHEREIC L VS RTRE CTH D, Z DBUG
BRI W T trans RO 1p B L LTEGEITIE Z AR, cis (KO 1p = EH & LIS
BZIE E RKDE 7 AU BCAERD D SARFFRICH b D EHEE S D (Figure 3-29),
AN BN ISR TAE L D Cu-H FEIZ L » TERESAERY) O cis-trans BAEALD
HEATT D720, A OTER EIZ FBRIEITER I TV RN EEX HNLD,
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Cu]—Bpin . Cul—H
Me [Cul P [Cu] Bpin [Cu] [Cul H Bpin
/\_: migratory H'/ L\'Me H ; pr'" -hydrid
PH W Migrak h o H Mor | Ahydride pl g
insertion elimination
trans (1p) 2p (2)
[Cul—H H [Cul—H H
[C“] Brin 1cul  Bpin [Cu] C=H v ve
H‘\‘ <, _ H\ - >_<_
; :M migratory "o,/ MZ Ph B“;;lle B-hydride  py Bpin
insertion elimination
cis (1p") 2p (E)

Figure 3-29. The assumed reaction mechanism of dehydrogenative monoborylation of trans-p-

methylstyrene (1p) and cis-B-methylstyrene (1p').

3.3.7.2. B,B-Dideuteriostyrene % ZHE & 35 AR E / & UV R{ILKIS

B LD C(sp’)-H KA & HIZ D b &7z B,B-dideuteriostyrene (1a-ds) % FEE & 95 il
KFEE R UFRCSOEEIT - T2, il & LT Cu(OH),/CeO,, HBpin 7 7 7% — & LT
NV Tz ) MG OSRE 120 °C, RISKH 20 h THREZ1T o7, ROSK T#
DI N—RIZ S0 & O ZMATUFRLT=L ZA, RNy Tz /D Frky#Eil
KONKSIRAERY) T DX A Ru—Lngbniz 3.25.2MK), ZhaHEEL T
'HNMR 531 &1To72b 2A, XAk Fr—L® a fii® D {LFEL 64%Th o7
(Figure 3-30), LA EDFERNS | 1a-dy D PALO D NV 7 = /) Db KukvHEE
DafIBEN LI ERHALNERD RV T 2 ) UBRBIKFER T FLRISIES T
BT % HBpin 7 7742 — L L THEEL TWAD Z &N b,

Cu(OH),/CeO; (4 mol%)

P . )(J)\ B,pin (2.5 eq.) . Bpin . D)(OBpin
D Ph Ph p-xylene D Ph Ph

120°C,20 h

benzophenone
1a-d2 .
(0.5 mmol) (0.75 mmol) SiO,, HO
50°C, 4 h
D OH
Ph Ph
benzhydrol

D content: 64%

Figure 3-30. Dehydrogenative monoborylation of ,B-dideuteriostyrene (1a-d»). Reaction
conditions: la-d; (0.5 mmol), Bopiny(1.25 mmol), benzophenone (0.75 mmol),
Cu(OH),/CeO: (Cu: 4 mol%), p-xylene (2 mL), 130 °C, Ar (1 atm), 20 h.
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3.3.7.3. HMERISHEE

LU EDFERSCE)— % Cu il 2 W 7= BERI A 4 &1 /m“ézwiﬁf@% =R L%
Figure 3-31 {27597, Cu(OH)x/C602 & Cu(OH)/ALO; D EH B & WA b /K FE AR
U EACSSTHEITT 5 2 LR, 3371 TR AER S . RIS DT mﬁ % Cu(I)-Bpin
FEEZ LD, AN H0 b L ITERE O Fr ¥ 5L Bypin, 2EITLH & 722
v, R ED Cu()KEEIE A EIL S 4L, Cu(D)-Bpin FES AT 5 (Figure 3-31, a),
Cu(OH)z 1% CuCl-2H,0 X° Cu(OACc) HoO IZ AR TIEIL I T N ERF ST 5 4

D=, MR EE TR L 72 Cu(OH)./support O A ELERAGIE N 7238 o4t T
u%{%fﬁi@ Cu(DFENAE T, K)iﬁﬁ WZIEMEZ R EMEE S LD (Table 3-1), F 72, ?H%*f
Cu(Iy/KER bW & AilIA & L7e A iTiB e S v/ Cu FESHR ECRIpERFF ST
WHZEHLNERSTED, :iﬂﬂ@‘%?‘:ﬁﬁﬁi@'f WZHGTHEEZLND,

IS MEFE D Cu()-Bpin FEIZHE (1) O C=C _HEFEAOBENEANEZ Y., fi< B-
t NV RBEEIZ L > T BiAKSEE , A URBE 2) & Cu(D)-HFED AT 5 (Figure 3-31, b,
Q) 7 N UDFE L WEEEITIE, Cu(l)-H FE & S M4 FE, Bopiny & 48 7 F{bAl & LT
HE (1) Ot FasvROnnEiT L, Cu(l)-Bpin FES AT 5 (Figure 3-31, d°, ¢7) 4
ZHUT LD KB R T BICERORIRENE T T 5, 77 MAFEFTIE, 77 o C=0
ft& @ Cu()-H OB EH SIS AICHEIT L, WE () 2B T 52 L 7e<
Cu()-Bpin Ff 235429~ % (Figure 3-31,d, e), Bi/K3E AR U FREISIT DWW T, BKRE
IR FE Q) MERD AT » T2 RDH LI Lo THEITLTWDH B X BILD,

Cu"/OH
___________________________ ~OH
Without ketone ! 3/2 Bypin,
! Bpin E H. OB @
P T 2 HOBpin |
: R™ R - Bpin
cu' —Bpln —Bpin 2
szlnz o i oo %
R\(\O\Cu Bpln | Bpin
: R'
H E Bpln
(d" (d)
1 | E )OJ\ _~_-Bpin Ar Bpin
Ar/\ Cu—H R R' or Bpln

___________________________

Figure 3-31. Proposed reaction mechanism of Cu(OH)./support-catalyzed dehydrogenative

borylation of vinylarenes.
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3.38. 7 b ORMEREEL L OHEESRICET 3B

33.1L.B X332 TR L DT, 1la D 2a ~DPKEE / RUREKIEE 1a 00D
3a ~DOKFE VR U FESOETIX, Fod/2 K3 L O HBpin 7 7 & 7" % — 3 70 5k
Repole, ZOHAIZHOWT I FEMARME 21T 9 72DI2, KL LT Ce0, b L <
IZ ALO;, HBpin 77 27X — L LTRU Y T2 U LT 2-TH~ 2 H ) U aE N
7ot DAL OIEORRE A2 JIE LT,

3.3.8.1. AEKE /) AU RIEKISDORRE(L

BN, BAKFEE 7 BT FAEIZ DOV T, Cu(OH)/CeO, & fillilt & L7=5A10810 5
IR OMBEEEE U, FORE, XY T 2 ) vERWESRRIX 2T A E )
ZRWESAIZHART, KSHRE 20 h % ORAKICETZ T T2 <, 2a OHIHIEREE
KREL 72D Z ERW B E 2o T (Figure 3-32,avs b), F72, Cu(OH)/ALO; % fiftfi & L
THEIZBNTH XY T2 ) v ERAWEGAR2-T A X ) v ERWESEAIC
AT 2a OFIEAARGHEEE 2N K & < 72 - 7= (Figure 3-32, ¢ vs d), LA LEDOFEREMNS, 1a 15
2a ~DORKFZT ) RUEISICBONTE, BRI ST T2 ) ViR 22T H
YHE XD HENT HBpin ©7 7 &7 Z—8E )& A L., Cu()-H ffH> 5 Cu(l)-Bpin fi
DOFAEZRET D Z ENRBINT,

FNCT RN T2 ) T 772 =L LIEGAICBT 2R A I Uiz, X
JSIERT 20 h % D 2a OULFEX Cu(OH)/CeO, & V72355 D 773 Cu(OH)/ALOs % Fv 7=
e X0 bmhrolc—F 7T, 2a OFMAREE L Cu(OH)/ALO; & FIW 2856 DA K
TN EMNHBNE 72 o7 (Figure 3-32,avs ¢), Cu(OH)/ALOs & W =35 A I S iF
ffl 6 h T 2a DILED 80%IZZET D28, FHLARRIZIR % 12K T L 72 (Figure 3-32,¢), 2D
L&, URUHEME 3a BLO 3a' DY INZIZE A ERONT, Flo, ZTOMD 2a
HRDBIERY bR TE o te, 22T X~ X ) U EAVTEHAICBO T RED
AN R B3, 6 h THb EWICRIZE Lo, T MITPERME T L7z (Figure 3-32,d),

ALO; HIEZ W51 2a OPEERRFGR S & IR FLTCLESHEHBEZH S
MMZTHHET, 2a % Cu OB STV CeOy b L < 1T ALOs & i & [ U4
TR CIEEIET 2 KR AT o7, 2a OHZMBGEIE LZ5EX 2a & CeO, ZMMBVH
L72GAITIE, 2a D~ AT 2 21320 h fRlfg b 1% & A EHEFF S 417z (Figure 3-33), —
J7C, 2a & ALOs ZMMBEHE L2 85AI2id 2a O~ AT ARG & & b ICAE
(2P U7z (Figure 3-33), VL EDOFERN G, ALOs KN 2a D~ ANRT U 2 &L F S+
TLE 9 72DIZ, Cu(OH)/ALOs & W e A ISR R 2 I3 & 2a ICEME T
HZEPHBMNER ST, ALOsHIRDEE R L 2a DGR~ ANT U ADIKTFO—[K &
LCEZLND, LML, HSHOIRIRD GC-MS Z5H7 Tix 2a DA O/LAWITRHE &
AT, RO 5 2 LTk o T,
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cat. (4 mol%)
Bopin, (2.5 eq.)
additive (1. 5eq

X
p- xylene
1a (0.5 mmol)
(a) Cu(OH),/CeO, + benzophenone

100 -
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80 -
$ 60 H —o—2a
= 40 | —=-3a
>- 3al
20 A 8
0 o==m T T T !
0 5 10 15 20
Time (h)
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100 -
80
80 -
64
~ 60 -
S ——2a
3 40 A —=—3a
>- .
20 3a 10
5]
0 | s e B T T g
0 5 10 15 20
Time (h)

Bpin
©)\/ Bpin
3a’'

(b) Cu(OH),/Ce0, + 2-adamantanone
100 -

Bpin
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80
60
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@ 40
>
20
0 &=
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(d) Cu(OH),/Al,O; + 2-adamantanone
100 -
80 -
64 61
~ 60 -
= ——2a
)
E 40 A —m—3a
P
] 3a’
20 N 8
|
0 {l i Ll T T 1
0 5 10 15 20
Time (h)

Figure 3-32. Reaction profiles of the dehydrogenative monoborylation of styrene (1a).
(a) Cu(OH),/CeO; as the catalyst, benzophenone as the additive, (b) Cu(OH),/CeO; as the catalyst,

2-adamantanone as the additive, (¢) Cu(OH),/Al,Os as the catalyst, benzophenone as the additive,

(d) Cu(OH),/Al,O3 as the catalyst, 2-adamantanone as the additive. Reaction conditions: 1a
(0.5 mmol), Bypin, (1.25 mmol), additive (0.75 mmol), catalyst (Cu: 4 mol%), p-xylene (2 mL),

120 °C, Ar (1 atm). Yields were determined by GC using n-hexadecane as an internal standard.
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CeOy or Al>,03

X BpPin (60 mg)
S —— unidentified by-products
p-xylene

120°C
2a (0.2 mmol)

100 QK:

80
< —s—none
©
N
"g 60 —=—with CeO-
o
g with Al.Os
F
® 40
(2]
©
=

20

0 T T T )
0 5 10 15 20

Time (h)

Figure 3-33. Reaction profiles of the 2a with a support (CeO; or Al,O3). Reaction conditions: 2a
(0.2 mmol), CeO; or Al,O3 (60 mg), p-xylene (2 mL), 120 °C, Ar (1 atm). The mass balance of

2a was determined by GC using n-hexadecane as an internal standard.

3.3.8.2. AR U H U RIS DRERFZEAL

-TH~< ¥ )% HBpin 7 7 &7 % —L LI2GAD 1a ORiKFE DK EBLKED
SO DREFEZE{L % Figure 3-34 (2759, Cu(OH),/CeO, & Cu(OH),/ALO; DV NF 4 % fil it &
Lf:iE'A IZBWT Y, RIS 2a DUTRA 70-80%FLE (2 £ THIIN L=tk BfifkiE & &

2D L, 801 3a X0 3a"OIRPEN L T BRI R STz, 22 &

E\ la 705 2a Z8%H L THEKRWIIZ 3a B 3a'i)>$552'§‘6 MR SN, £z,
3.32. Tl 7= X 51T, Cu(OH)/CeO, ZHW-HAI1CIE 3a & & b 3a" kL, &5

ICHRFE AR & & BT 4a i))éﬁk‘@‘é%%ﬁ)ﬁﬁm X L7z (Figure 3-34, a), — 7 C.
Cu(OH)/ALOs & W= 5A1213 3a™° 4a (1T & A EAERL L 720y o 7= (Figure 3-34, b),
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©/\/ Bpin O/\( Bpin
cat. (8 mol%) Bpin
2a 3a

Bopiny (5 €eq.)

X 2-adamantanone (3 eq.)
p-xylene Bpin Bpin
1a (0.2 mmol) 120°C N Bpin N Bpin
Bpin
3a’ 4a
(a) Cu(OH),/CeO, + 2-adamantanone (b) Cu(OH),/Al,O, + 2-adamantanone
100 - 100 -
80
: 60
< 40
&
20
0
0 5 10 15 20
Time (h) Time (h)

Figure 3-34. Reaction profiles of the dehydrogenative diborylation of styrene (1a).
(a) Cu(OH),/CeO; as the catalyst, 2-adamantanone as the additive, (b) Cu(OH)/AlLO; as the
catalyst, 2-adamantanone as the additive. Reaction conditions: 1a (0.2 mmol), Bspin, (1.0 mmol),
additive (0.6 mmol), catalyst (Cu: 8 mol%), p-xylene (2 mL), 120 °C, Ar (1 atm). Yields were

determined by GC using n-hexadecane as an internal standard.

3.3.8.3.2a ZHEWHE & T D BARS UV RILKIEDRERE(L

T, 1a OFKFE R U FEBOSICB W THEER E 70D 2a ZHFEWE L LT, &
~ > OB RIS T OHERZN IR 2 M5t L7 BUSIE 2a % 0.2 mmol, Bypin, % 0.8 mmol,
HBpin 7 7 &7 % —% 0.4 mmol, Cu fillfii&% 1a I{Zxf L T 8 mol%, p-F L > & Ui
& LTHW, BOSIREE 120 °C, RUGHKFH 20 h DRAETIT - 72,

HBpin 77 87X —L L TRV T = ) VEAWEEEL 2278~ % ) A
leHma R T HIRICE LTS 2-T X~ ¥ ) U EAWEEG DO 2a DIHE
BN )y 72 (Figure 3-35,avsbandcvsd), ZOFEENG, 2a 7D 3a B LU 3a"~D
FISIZBWT 227X~ 2 ) Ry 72 ) ) BN HBpin 77 &8 /7 —L
LCh< 2 &N &g,

HEWTHAZ R Z 35 &, HBpin 727 7 X —I2X 57T, CeO, Z WA
1% 32" da NAEF 10%LL EOIER T b iL7e (Figure 3-35, a, b), — 5T, ALO; &
TG EIZIE 320 da T & A EAERE L7y o 72 (Figure 3-35,¢,d), T OFERNDL, 2a 7>
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5 3a B L3 ~DIRZBWNTIX, CeO K E ALO; K CTHLETERIRMEIZZERH D |
ALO; FARMEILTZ B AL CRUR) BRI 2 R T Z LA G E e o7z,

cat. (8 Enol% Bpin Bpin
B,pin, (4 eq.) . .
Bpin additive (2 eq.) Bpin Bpin N Bpin
p—xylene Bpln Bpin
3a' 4a

2a (0.2 mmol)

(a) Cu(OH),/CeO, + benzophenone (b) Cu(OH),/CeO, + 2-adamantanone

100 + 100 <
80 - - 80 -
£ 60 - & 60 A
z z
[ [ ]
< 40 + s 40
20 - 10 20 -
~a
0 ' = an DG . . A ¢ 0
0 5 10 15 20 0 5 10 15 20
Time (h) Time (h)
(c) Cu(OH),/Al,O; + benzophenone (d) Cu(OH),/Al,0O, + 2-adamantanone
100 + 100 1
80 - 80
S < 60
3 s
(] —
2 40 - o 40
> =
20 - 20
0 #+4 4 0
(] 5 10 15 20
Time (h) Time (h)

Figure 3-35. Reaction profiles of the dehydrogenative borylation of 2a. (a) Cu(OH)./CeO, as the
catalyst, benzophenone as the additive, (b) Cu(OH)./CeO; as the catalyst, 2-adamantanone as the
additive, (¢c) Cu(OH),/Al,Os as the catalyst, benzophenone as the additive, (d) Cu(OH),/Al,Os as
the catalyst, 2-adamantanone as the additive. Reaction conditions: 2a (0.2 mmol), B:pin,
(0.8 mmol), additive (0.4 mmol), catalyst (Cu: 8 mol%), p-xylene (2 mL), 120 °C, Ar (1 atm).

Yields were determined by GC using n-hexadecane as an internal standard.
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33.84. 7 b OEFMBHEB LOHEHROE L LB

7R OEIHRIZOWTIL, 1a 7D 2a ~DOiKFER T ECSITB W TR
T2 ) UN2THEw K ) X0 B BN HBpin 77 B X — L& L CHERET S — 7 T,
2a 05 3a BLO 3a"~DORiAKRFER T FUSISIZBNWTL 2- T X~ & ) PR 7
=/ 80 LENT HBpin 7 7872 —L L THETIZENRHLNE T,
Figure 3-31 OEEISHEEIT R L2 X 912 1a 026 2a ~D S & 2a 75 3a 8 LU 3a
ORI TIE, Cu(l)-H fED Cu(l)-Bpin FE~DFH LM IR —CThH L LAESN S, L
oo T, Bl L72L 9 d b odmzhiRix, FEB LOT b o Ok ~oWE
DLRT IR T H LB D, RRISIEEEER CHEITL TR Y | Ay 1 -
JVDSRALT D 72 OV SUGEEE & 7 b o D 7 A3 3 FE R WG T D BN B
Do 7 N OWEBENIISHEE OWAEBIIX L TETEDL L BARRERDFEEDHE
EMETT2EHESND, ARSRICBNWTIER Y 7= 2 08 2a L0 bk A
IZHRS WA L, 2a 205 3a BE O 3a'"~DORICZLET 2720, FR L7228 5
EEZTND,

DRI ONTIEL, 2a HORKFER T HFRISIZIHE W T Cu(OH)/ALO; 73
Cu(OH),/CeO, £V Tz B AL CRIN) BIRMEZ RT Z LR N ERST, 2D afir
& B ALDIEIRMEIL 22 O C=C _HEfEA D Cu—Bpin FE~DOREF A D JF I L > THRE
&5 (Figure 3-36), ¥—REEARIZI 1T D Cu-Bpin fFi~D C=C " HEFEHOBENFAIZ
BWTIE, Cu-B Dot & C=C On*fEa DM EIERIZ X » TALEEIRESRE SN D
T EMEFALFIC K o OREN TV S T Cu(OH)/ALO; Tl in situ 3ETTIZ L Y Cu()Fl
NIRRT D 7T, Cu(OH)/CeO; Ti Cu(0)fE & Cu()FEDM T8 AR+ 5 Z &2
HoMNERoTEY 333.2H), 20X 5 eflff Cu FEOE FIRIEEDIEW B BEHF A D
HNEBEE 52 ThD EEXLRD,

H Bpin
— 2a
PR H
[Cu]—Bpin
(Cul--Bpin cu, _Bein  fcu W TR g
Hl:,l——l.-'Bpin — o ‘., A > WY ‘) ) —
. AN H Bpin H) (Bpln /\ :
[C:u] 3a
H>_<— Bpin
Ph H

. H—[Cu]
\ pinB--[Cu] pinB [Cu] H [Cu] f Ph Bpin
Hop=a o Boin — g O\'Bpin™— Ph“‘H'Bpin —
Ph H Ph H pinB
3a’'

Figure 3-36. Assumed reaction mechanism of dehydrogenative borylation of 2a to 3a and 3a’.
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3.4. FERE

AREETIL, Ce0r X ALO; 72 & DALY FLIRIZHT L IEIZ K > T Cu K b % fFf
L72filliiEn, e A(EF 2T — MUARey Byim) 2R UVELLAETLE= LT L—2
DA R T FACBORTTEE 2 7R T 2 & 241D TR UTc, ARBOSXEARARE 2 7z
E= T L= DOKFER T FRCBUS DRI OMWE T D, PAKFER T RCBISIZfE- T
HELHEFa—/NART Y (HBpin) X TWMET 7% —4r 1 & LT s %
W45 Z & T, BN ORBINOR SN FER Lz, £7o, il &S Boping Y &4
BT Z LI Lo THKFE TR URISHET L, B =7 L— 2 O sp® lRFEIC
ZODRA VBT AT ANKEE LT VR U R UEEZRIRICE L Z L bR TH o 7o,
BEx REMEREOR R, A F L OBKEE /&7 FELRIT OV TIEL Cu(OH)/CeO,
gt X7 2 ) & HBpin 7 78S X — L LTHWASRH R KIE CH -T2, —F
T, AF L DOfikFE DR T FELBISITOWTIE Cu(OH)/ALO; % filifll, 2-7 #~ %
J v% HBpin 77872 =L L THWDREDPRE TH > 7c, ABUSTHEER RIZHER
ST Cufflz L ARY)—ZEAERIC L > THEIT LI- 2 R Sz, £7-. filifid
XA O FE S ATRE T o o 7o, AU RITBAFEET / AU LG, BAKFET R D HE
{EEOS & BITRIAWNFEEO =L T L—ZHEHAIEETH D  Fkx s =LA n T
AT NVOERICKIHARECH - T, DX ¥ 7 7 X VEB— a v ofEE» G, ik L
D Cu KERALAS Bopina 1Z & > T insitu TEIC S 4L, H0 72 Cu(DELSER S LTV 5
TERHLNE T, Fh2, CeO IR L ALOs IR THEF Cu FEOE TLIRRBICEN S
52 N ENT, ARG T Cu(l)-Bpin FABHEMER CH Y . C=C fEA OB EF
A& B-t R FBiBtZRRD Z & TE=LHo Csp’)-H fi5 A0S C(sp?)-B fEiB~ & AHi X
o EBESND, SH%OERE LT, FHEO Co(DARBHEMHERIC X 2 fth o ZBHBOS
~ORANRE 2 B D, B3RO Cu(DEEATIE Cu(D)-[Si]FEA Cu(l)-[B]FE & L OMEE
EAET DI ENMLITE D Y HE Cu KB LARELIZ 35\ ) T h RIERIC 7 A FBALRUG
~EHTE D AREMER & D,
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o 4 B

OMS-2 HHf Au F / hi+ikiiiz X 5
e 2R b Al &35 B-~T 1 L&
EaFN A b oD o B KSR S



4.1. ¥EE

o B-REAFN 7 b TRk A AETEE 2 BT 2L AR BN TR Y . RO EIK S
RICE L GENDHED 1| D TH D (Figure 4-1)V Hil 2 1E, BIR B-O B o p-ALFN
r b OEE G m R AR OIS AT LA, PIRE, ftu A
VAL T, BU 7R E Ok A R E A D b ORHE SN THDHH F72, af-R
ffn N XSRS A L TR Y . AR E LTHOHEARMLEMEETH D,
BARRICIE, afiih L IE BALICRIT D C-CREATAREUGER, BN EH 728 & %
1792 ENARETH D, Bz, BAIRFICEREFDERR I N op-F~f1o7 kT
HHTF I AR T aA REEZIZLD ET 5L DORRYOERKTFREAE LTH]
MEnTns

OH O O OH

O O
F
O, WL A
HO OH HO 0 O N
-0 N OH
Curcumin Apigenin Flumequine

Figure 4-1. Selected examples of a,B-unsaturated ketones with biological activities."

oB-FREIFI B ATEDIEWITIE U ThE 2 R FIE TR SN DD, &b EkbE
MOAERIZIGE L CRIAAREZR Tk & LT, 70 R— VUG 2 RIS 2 o B ik 26
Fonsle F7 RETEIIHE I B-~T 27T (N,0,S) E#h o,p-REaF17r b OHK
ZBWTI, 7307 ba—b, F4— L B-U4 b ORI HIBTFIELE L
THWHNTE LY —FT s oo ap-Bik#EICE > T C=C _EHE LMK
T LML, b7 ap-REafs b OAERIETH DI RS EEHOE
EEZDZ LR ap-RET N EFDLZENTE L0, ZEBERICEITLY
VAT T ELTHOWRTWERETH S, £, AETEICEEZEELE L THWS B-~T 1
JFF (N, O, S) [EHifafns kL, v =y B IGRANT B-~ A F /U INBORIZ & - T
BHIART L2 ENARETH Y MY HEMEDO AFESGEL VI R THEINTH
Do

fafns b @ o B-BiAKERIS T BRI E AW ZBMERSIZ Lo TH L 22 B EH
SN Tz, BRI, ~a X ALRIEIC XL D o-C-H GO a7 Auie 7
EARFIZ L D C=C ZEHFHATERL AR ERECAHEE L R EIC L D o-C-H fH
DANT ==l (B L= ALARF S R (B L X2 R) ~OBRL/BLEEC X 5
C=C "FEEAIMAIY v e ) — o —TF Va5 -8 2% 0 5 h
%, F 77, 2,3-dichloro-5,6-dicyano-p-benzoquinone (DDQ)!'*<> 2-iodoxybenzoic acid (IBX)!?!
72 EOERBEAE W —BEREOMISbHE SN TWD
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fAFNr b2 D o,B-MiAKFE ARG E L TiE, B0 PAADSEKRE WD T
?iﬁi‘%&%éhf%f: e bl & LT Cu(I)E0mEE, U Ve A7 /L% HW 5 SN E
STV FETIX 0 TIREEER (0)) ZBRLAIE LTHWSZ ) —2 7 I AT —
OB CTENTR R 2 AT D IS0NHE TV 5 (Figure 4-2, a), 2007 4FIZfEK & it
51X PA(TFA), (TFA = trifluoroacetate) & i@l Y O U F2HWH Z & T, v 7
AT ) Unb YTttt ) D opf-KEKRD 0, LAl LCHEITT S
Z L A L 7=12011 4812 Stahl 513 PA(DMSO),(TFA), (DMSO = dimethyl sulfoxide) 73
O, LA E T DV antV ) U E2EDTkA REBRT b O ap-/KEKIS I
HAAaffETdhH b 2 & a2@iE L7, P X502 2012 (2 Stahl & (X PA(TFA)./4,5-
diazafluorenone!'® Huang & 13 Pd(OAc), & [REE S U & L% W5 RN EHR 7 B o @ a,B-
MK FEISIZ HiEARRECTH H Z & & B L7, Stahl &% PAIDEEAAEEIZ K2 0, &
FALAI &35 o,B-BKFEIEA, a-C-H FEE O PAAD)~DOB~7 vk AbldfL, B-& RV
RBiEfE, Pd® Z #8232 Pd-H FOER(LIZ L 2 HH CTHEITT 2 L1298 LT\ 5 (Figure 4-
2, ) = 6 0¥ —% PAIDSEAAREE D HA 2BV TiX, B FIi2 L > T Pd DET
WREZ W UNZHIE T2 Z LI X - T, @R OENBIRN 2 BUS N FEBLL T\ 5, Stahl
SITFER 72 SOSHERERENTIC X - T, RE ORI T3 82F1 7 b @D o-C-H #EAHD
PAI) ~D Pl 7 v b LB Z R ET D52 E 2 W 52 L B X502
Pd(DMSO)(TFA), Z W5 RICEWTiL, DMSO EfZ1723 PAIELE/T HZ & T
Pd(0)7> 5 PAIDN~DFFEALAMEES L, ZHUC LY RIEHFETH D Pd 77 v 70, 7
= )=~ DE B2 B PKFITEEEZ R T Pd T R O AR S D Z &
HoMENTHDIY F72 Stahl H OMEERIZIBWT, 7 a~Ft ) &2 HE
& L7 A1T o-C-H #5E OBRRNHGRERE & 72> T 5 1 2020 FFICEE OFTET 5
a5 7 —71%, CeO, LITHER L7z Pd(I)-on-Au #1EDERIRELFN 7 b o D O, 21k
bHIE T2 oB-WiAKBRINEN T AL — Rl & L TE < Z & 2@miE L2 Zow
BBV TIE Au 7/ R BIS A S iz PAADFE AN EERE & L CHERE %, £ 7=,
Stahl & D ¥)—F% PAADEE AL Z AW R ERERIC, 7 manFxt ) 2B E LT

Al a-C-H 5 A OB RN HHEEERE & 72 > T D,

iz, ¥—% Ir SR 2 F O 72 RBESOS S 80 540 TU 5, Goldman & (X B - — Ir
Nz AN tert-butylethylene (TBE) X° 2-norbornene & \\ o727 )V VB KBT 7875 —
ELTHMT 528120, 7 b D o f-BARRKIEHHEITTHZ E2WME LT, L
L. AN e AL > 7 a A Z ML LT LE 972, %< ORE TR RS
TLARNEY 72 B S 13e Ruds v P Ve fi+ L35 Ir k%
RAWi=siksr b ap-BKFERIGEHRE L2 Z ORE TIXEEAl OkFET 7 &7
AN IZMEER < Ho 0 FBEEST 5 2 & TRUBEY 4 7 VRN T D03, miRS
(200 °C) # LB L F 5,

185



(a)

o Homogeneous o)
Pd(Il) complex

Tokunaga and Tsuiji ef al. (2007): Pd(TFA),/5,5'-Dimethyl-2,2'-bipyridyl
» Stahl et al. (2011): Pd(DMSO),(TFA), i
E Stahl et al. (2012): Pd(TFA),/4,5-Diazafluorenone

E Huang et al. (2012): Pd(OAc), + K,CO3

1/2 O, + H,0
L,Pd"X,

O
2 HX
o

HX
0 I)

L,Pd{l

"0 L,Pd

n N
X
/< i
_H
O2  Pd° LaPdly ﬁj
Y

HX

Figure 4-2. (a) Homogeneous Pd(Il)-catalyzed a,B-dehydrogenation of ketones using O, as the

14-17]

terminal oxidant! and (b) proposed reaction mechanism of o,B-dehydrogenation of

cyclohexanone by Stahl ef al.!">%

AT TIE, ~ > T VBB OMS-2 (octahedral molecular sieve, KMngOi6) (2 Au 7~/
i1 % FEE L 72 il (AW/OMS-2) Z#i%it T2 2 L2k v, O #RALAl &5 B-~T 1R
T (N, O, S) EH#afaFn 7 b of-BlKFELIEDBHFEIZERY) L7z (Figure 4-3), A& R
VX AR 2 N 72 O) 2 RALAI & 3 2807 B2 @ aB-BiKESISOUIOMETH 5.
AWFFETIE, 7R T C 0 Z2hRMICIRLAI & L CRIAFREZR SOGR OB % B
L., R BRMBEORG Z1To7-, HEGBEHEE LT AuF /R IZER LT, &
FHOFRT 5 7 NV—7Tid, BECHER Au 7/ kL b2 7z o - fafn 7T LT B R
ETIUPLOTFIFT—AAEEPBLIN 2-t Ra( TN T2 ) U ERVAT L
T RNEDTTRVAERPID 2 20U Ry hARKIGEBRE LTS, ZhHDOH
BT BEORMT LT e REBX O b o ® aB-BikE SIS EE D SGEAT >
TDOIHLO 1 D& TR, HEF Au T /R F Y%A T v IR Z R~ T 2 & 03
LIS NTWD, 7220, ap-BiKFERISBERICOWTITFEMARBEHI R ST
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W, ETo AR TITHEIL L LT~ o U k) OMS-2 125 B L7, OMS-2 I Figure 4-
GITRTE IR 2X2 KT HA NEEEZ b O~ U A UBIEMTH D, OMS-2 1T E
PR RS, E S EME, Mn(IID) & Mn(IV)DIRA TR MR BB I k3 2 Bk o
etk O, OBILHEZ A L CTH Y PO, (LAl & T D8k 4 2B b SUS IR LTt & L
THRET 5 Z LB WE SN TV D F7o S BRMEEOHK L L CORMHH 55
NTED ., OMS-2 OFR{LIETERFEZFIH U7 R 23 A S Tn 2 PO REfF7E©
X, HEF Au T RIS K AR B oD a BB KBRS EHENLT S & L BT, OMS-2
ERE WD Z LIk 5T 0 2 LA & T 2 mzh3 22 il SOGR & SRHL L 72,

O H O

R/U\)\x + 1/20, \_/ R)J\/\x + H,0
H

Au NPs &

X =NR’, OR’, SR’ OMS-2

Figure 4-3. This work: Au/OMS-2-catalyzed a,B-dehydrogenation of B-heteroatom-substituted

ketones using O; as the oxidant.

MnOg unit

K* tunnel cation

Figure 4-4. Structure of OMS-2.
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4.2. EB

4.2.1. SHTEEE R L UHE

GC

GC-2014 (BIERUERT) AW, MHEHI FID, ¥x VT HAIEI Ny, v TV —F
7 AE InertCap5 (0.25 mmx30m, ¥V — T/ A = R) 2L, £V =Fay
IR IE 280 °C, MRHEHEEIX 280°C & Lz, B — 7 EEOFHEIZIZZ v~ Xy 7 C-
R8A (BEERERT) & iz,

GC-MS
GCMS-QP2010 (B EERERT) &2 W2, A4 A ALEEIX 70eV & L, ¥+ U 7 H AT He,
Xy 7 U—A 7 A% InertCap5 (0.25 mm x 30 m, ¥ —T)LH A = R) ZfH LT,

HPLC
Prominence (& HERAERT) 2 H W o, B HHEHE UV R 25 SPD-20A (254 nm, S5 8ERT),
71 7 A0 Inertsil ODS-3 (V' —T /L% A =2 ) ZfEH L7-,

NMR

JNM-ECA 500 (HAZE 1) #HW/-, 'HNMR IO "CNMR (ZZnFi 500 MHz,
125 MHz CHlE %17 > 72, "H NMR T3 TMS % NIE#EYE (6=0ppm) & L7-,"°C NMR
TIXEME Y — 7 2 NEEYEWE (CDCL it e L7254, §=77.16 ppm) & L7=,

ICP-AES
ICP-8100 (& HERLERT) 2 H =, il Au HEFER KO MOSBIRIE~D Au B L O
Mn EHEORIE ZIT - 17,

AAS
Z-2000 (H SEHUERT) &2 AWz, OSRIEER~O K IsH&EOHIE 21T - 72,

XPS
JPS-9000 (H A®E 1) Z MW=, HIEIZIE Mgka (hv=1253.6 €V, 8 kV, 10 mA) Z i L 7=,
ikl R Z2 XLy MR LIz b O EREY T L Uiz,

TEM
TEM B8 52 | 3 U K P EMEAT 77 » N 7 4+ — 4@ JEM-2000EX 11 (H A& 1) %
iz, M REZ =% ) — MBS E k%, Cu Bo~A a7 ) v R EICH
TL, BEGBRSEELOEEY TV E L,
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BET kb 3% i fs
ASAP 2010 (micromeritics) % V7=, HIERTIZ 150 °C, 3 h ORILE ZIT o 7=, ERWAE
SRARN S BET LR EMZHH Lz,

g
OMS-2 LA Dt (& & LT, ALOs (BET: 160 m* g ! after calcination at 550 °C for 3 h, Cat.
No. KHS-24, {£&1{k%%). TiO, (BET: 316 m* g !, Cat. No. ST-01, fJFpE3¥), CeO, (BET:
50 m? g! after calcination at 550 °C for 3 h, Cat. No. 544841-25G, Aldrich) % fH\ 7=, Au/C
IR TH DL T— L RELRR2C (Au HEFE 1 wt%., Au ‘¥R 6.3 nm, BET:
731 m? gty & iz,

1f LSO SOSIE BRI, £ OfoREIT, Btk L3, BIRLAE, Foaplik T2,
Aldrich 22 BIEA L72 b D& vz, MW SOSHEE % Figure 4-5 12787,

ellegicaciicaliare

1a 1b 1c 1d 1e

(0] (0] 0]
: ® ®
Of‘j/ o) O o) O o) O
(@)
OH
1f 19 1h

1i

o) o) New
S DU
I EtO lil/ @
s

1j 1k 11 1m
Figure 4-5. Substrates used in this chapter.

4.2.2. fiLFRRL

OMS-2 Dl

OMS-2 [ZBERP* A BB IZLL T OFIECTHE L7-, KMnO4 (5.89 g). #fiZKk 100mL, ~ 7
XF VI AF—=F—=R"—=%300mL O =Y 077 A2z, RETHLL EMBSE
72o F72. MnSO4H,0 (8.8 g). #i/k 30mL % 100 mL & — 7 —IZMX THEAEL, S HIZ
60% HNOs aq. (3 mL)% %2 CIEfiE S 7=, 100mL B —h — DK E =Y 17 7 AT
Do VLT LA, 100°C T 24h Bifp, B L7, |EETWHEIL7%, filllo
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— MW TRBER AT 72, 5 DAL EIRZ MK 3 L THH L, IR TGz L
Teo =T % HWT 150°C Tz L, BIOREHMKREZEG (INE 8.0g. BET:
106 m? g "),

OMS-2 ) Au F / i 7-fill (Aw/OMS-2) DOFH

Au/OMS-2 [ZLLF O FNAIZHE - THT HHILEIEIZ L - TR L7=, £9°. HAuCls-4H,0
(0.206 g, 0.5 mmol), HiK60mL IS LN~/ RXF v I AL —F—/"—% 100mL D E—7
— Nz, |IETHLL AR ESEZ, VT, OMS-2(2.0g) 1%, 15 min 432
HL7-, Z#IZNaOH aq. (1 M) #Z2TpH % 100 IZFAFE L, |IET24hfHHE LT,
BEERE. e — b2 AW CRSERZITV., SO ERE MK 4L Tl L7k,
IR TWS I L. ATBRIA Au(OH)/JOMS-2 Z1%7-, 2 & ZEXFEMK FT300°C T2h
Bepk L. HEOORAMm AR EST (& 2.0 g, AuflifE 4.1 wt%, Au FEIHRIEE 3.9 nm,
BET: 89 m? g '), AwALO; (AufHEFE 4.1 wt%., Au E¥JRIEE 4.9 nm), Aw/TiO; (Au FHEF
& 2.9 wt%., Au FEPRIE 2.2 nm), Au/CeO, (Au HHEFE 4.6 wt%, Au FEJRIFE 3.5 nm)
HLFEEEDFNAIZ L > THRL L 7=, 7272 L. OMS-2 USNDOFHIKZ W= 5E 1 3B aE
JE% 400 °C & L7z, £7=. Pd/OMS-2, Cu/OMS-2, Ru/OMS-2 % K,PdCls, CuCly-2H,0,
RuCl;-nH,0 2 ENENA)E Y — A L L, FEEO FIE TR Z1T - 7=,

4.2.3. EEERK
3-AF )47 a~< ) v 1Af) DERK
0 CHjl 0
LIHMDS
THF/DMI
o) —40 °C to rt o
1d 1f

FEARPNZAEVN L F O RIAIC XL > TEK L7, 100mL &= L > 7 (2. 4-7 1~/ > (1d,
17mmol), 7 b7t Ku7Z7 > B0mL), 13-V AF/N2-4IFV U/ (125ml),
VI RTF I AR —TF—=_—% Nz, 40°C THEL, 512, VFULER(RY
AF U )T 2 K THFIEIK (1.3M, 18mL) 2 ->< W &z, —40°C T2hiH#EL
720 2hfRiEtE, I—RFRAZ > 24mmol) Zp->< VY LM%, E\EETIMELTI5h i
U7z, LT ' =7 LKA (10%,50 mL) Mz T/ = F L, TNRRL—Z—%
MWT THF ¥ E L7, TR, ik U 7 DOKEIK (20%) THeid L.
NaSOs THZME L7z, =R L —F —Z2HWTHEEZEE L, BEaEHOREEE-, =
NEV AT NHT AT a~ N7 57 4 — (hexane/EtOAc = 95:5) THERL L, HIYERKY)
Z 15372 (38% yield),

3-methyl-4-chromanone (1f): '"H NMR (500 MHz, CDCl3): §1.22 (d, J = 7.0 Hz, 3H), 2.84—
2.89 (m, 1H), 4.15 (t,J=11.0 Hz, 1H), 4.50 (dd, J=11.5, 5.0 Hz, 1H), 6.95-7.03 (m, 2H), 7.44—
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7.48 (m, 1H), 7.90 (dd, J = 8.3, 1.8 Hz, 1H). *C NMR (125 MHz, CDCls): 5 10.7, 40.7, 72.2,
117.7,120.5, 121.3, 127.3, 135.7, 161.7, 194.8. MS (EL 70 eV): m/z (%): 162 (39) [M'], 121 (10),
120 (100), 92 (72), 64 (24), 63 (22).

4.2.4. RIS

B-~T v JF A EHAIRN 7 b D oMK FESOS (USSR, FEEE M O 78 £)
SR 22 b RO D FNE A UL R IR T, 20 mL 3 BRE 12 B-~T v - EH b7 -
> (0.5 mmol), Au/OMS-2 (3.6 mol%, 85 mg), H,O(2mL), ¥ 7 XF v 7 AKX —TF—/\—
EMZTA%, 72 %% LBOGZERE 2 O PETE OIREE TIMEA L7z, Oy (1 atm) ZRPHS T
TRISEAT 9D AITIE, Oy H A ZREBENITNN— LT b 7 X2 BB LT, ST
%, BIRETHAL., ISR EZWNEEREOE 7 = =/ (0.1 mmol) ¥ LT &
k> (# 30 mL) (245 ST, BRI K o THREEZ B BV 21 GC Tl k- T
Bl b L OVERY OINEZIRE LT, ARIRFEIEPNT K o THXHERE % RS
D R bR KR O R 21T o 7o, A & BT 2581218 7 = = v 22 7,
NaSOs Z# VW THIRE L2 RRICEANR L — X — 2 HWTHEBEEEE L, VDTV H T
Lrwa< b7 4 —=IZ ko ToHRELT, B L72ARMIT 'THNMR, "CNMR, GC-
MS IZ k> TEMEEZIT- T2,

1-AFN-4-EXY R (Aa) ZHRE LT LETARINIB T L7 e 7 7 A VORGE

BT NI DEEFRGHT D7D D71 7 7 A4 WVRIEZAT 2 %a O FIAZ LU FITRT,
20mL ¥ = L > 7 E AL (Au: 3.6 mol%), H,O (1.5 mL), ¥~ 7 X T v 7 AL —TF —/3—
EMZ, BT ATHRE Lz, BERKICE > T2 L 7 END 0, 2B RV 7244,
FTED T A &fiTe Lic A S—2 2T 5 2 LIk o T RIBHIZ Y 2 L 7 ERNN—E
DHAFEHEIMETI-ND X LT, 2Dy =2 b 7 8 2 OSSR %2 AV 50 °C T 3 min
B L7, 2 2. 60 L 1a (0.5 mmol), WEEEWE O N-A F/1-2-'1 U R (NMP,
0.15 mmol), H,O (0.5 mL) ZIBE TAIEDH A TEM L - IRIEE T ) v P2 W THER
KMz 5HZET USERIG LI ITEDKH Z LI ) P W TH 7 7L,
TEIE T X > THEE A2 D BN 722, GC AT Ko TABMIOINER, IREZRE LT,

V—F T T A b

1-AF 4 R (1a) 278 &3 D RINTIEW T, G 2 h 7 ISR 21T 9
Z & O A T Y BNz, TEIR A BT L WEREBRE 1T L RS EEE & O TR OYINEMR £
T2 ETRISEFM L, ERREIFHNS, RINEERD Au, Mn, K OFEHEOHIE
HAT o 72, BUGEIAA 8 h HICEEEIC & » CTHIEZ LD BRrE . =R L—Z—Z2 T
TR DIREEZFRE LTz, FK 2mL 212 72%, 100mL A A7 Z7 A 2|2 L, MK
MNZ T 100 mL AKIFR &R L7=, Zh % ICP-AES CTHIET 5 Z & T, JBR~D Au P
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FOMn DY —F > 7V mail o, £72, AAS WL L > T K OB w2~

fRAAE D P

1-AF 4 R (la) 238 &35 UMW T, G 8 h ZICTER AT Z
& TR A RN Uz, R L 72l 7 & h o b= 2 ) — T, WRAIHZIE L. 2250
TP T T 300°C, 2h BERL L7, MO USSR Lz,

|

4.2.5. KD AT W TF—F

)

N
I

2,3-dihydro-1-methyl-4(1H)-pyridinone (2a) (CAS number: 35488-00-7): MS (EL, 70 eV): m/z
(%): 111 (100) [M'], 83 (23), 82 (44), 55 (43).

Y

N
I

2,3-dihydro-1,5-dimethyl-4(1H)-pyridinone (2b) (CAS number: 2089092-62-4): 'H NMR
(500 MHz, CDCl3): §6.88 (s, 1H), 3.34 (t, J = 8.0 Hz, 2H), 2.97 (s, 3H), 2.48 (t,J = 8.0 Hz, 2H),
1.68 (s, 3H). *C{'H} NMR (125 MHz, CDCls): 5191.0, 153.8, 105.3, 49.5, 43.0, 35.7, 12.8.

(Y

N
I

2,3-dihydro-1,3-dimethyl-4(1H)-pyridinone (2b') (CAS number: 2089092-63-5): '"H NMR
(500 MHz, CDCl;3): 66.95 (d, J = 7.0 Hz, 1H), 4.90 (d, J = 7.0 Hz, 1H), 3.41 (m, 1H), 3.11 (m,
1H), 3.05 (s, 3H), 2.48 (m, 1H), 1.14 (d, J = 7.0 Hz, 3H). *C{'H} NMR (125 MHz, CDCl;): &
194.6, 154.2, 97.0, 55.4, 43.1, 38.6, 13.8.

GRS

2,3-dihydro-1-(phenylmethyl)-4(1H)-pyridinone (2¢) (CAS number: 35487-98-0): Isolated as
colorless oil. 'H NMR (500 MHz, CDCls): 67.26-7.41 (m, 5H), 7.17 (d,J= 7.5 Hz, 1H), 5.00 (d,
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J=17.5Hz, 1H), 4.37 (s, 2H), 3.38 (t, J = 7.8 Hz, 2H), 2.46 (t, J = 7.8 Hz, 2H). *C{'H} NMR
(125 MHz, CDCl3): §191.6, 154.3, 135.8, 129.1, 128.4, 127.7, 98.5, 59.9, 46.7, 35.6. MS (EI,
70 eV): m/z (%): 187 (36) [M'], 96 (22), 92 (10), 91 (100), 65 (20).

0]

)

chromone (2d) (CAS number: 491-38-3): MS (EL 70 eV): m/z (%): 147 (10), 146 (100) [M'],
120 (22), 118 (65), 92 (51), 90 (18), 89 (14), 64 (22), 63 (32), 62 (10), 50 (17).

6-fluorochromone (2¢) (CAS number: 105300-38-7): Isolated as white solid. "H NMR (500 MHz,
CDCl): 67.88 (d,J=6.0 Hz, 1H), 7.84 (dd, J = 8.3 and 3.3 Hz, 1H), 7.49 (dd, /= 9.3, 4.3 Hz,
1H), 7.39-7.43 (m, 1H), 6.34 (d, J = 6.0 Hz, 1H). “C{'H} NMR (125 MHz, CDCl3): §176.9,
159.6 (d, J = 247 Hz), 155.6, 152.8, 126.1 (d, J = 7.2 Hz), 122.2 (d, J = 26.4 Hz), 120.5 (d, J =
7.2 Hz), 112.4, 110.7 (d, J = 23.9 Hz). MS (EL, 70 eV): m/z (%): 165 (10), 164 (100) [M"], 138
(23), 136 (45), 110 (31), 108 (12), 107 (10), 82 (19), 81 (11).

O

L

3-methylchromone (2f) (CAS number: 85-90-5): MS (EL, 70 eV): m/z (%): 161 (12), 160 (100)
[M'], 159 (11), 132 (20), 131 (59), 121 (11), 120 (26), 105 (11), 104 (17), 103 (16), 92 (39), 77
(15), 76 (10), 64 (16), 63 (17), 50 (11).

flavone (2g) (CAS number: 525-82-6): MS (EL 70 eV): m/z (%): 223 (16), 222 (100) [M'], 221
(32), 194 (52), 165 (15), 120 (76), 102 (20), 97 (19), 92 (76), 82 (16), 76 (17), 64 (29), 63 (29),
51 (13), 50 (14).
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(0]
MeO
L]
U

6-methoxyflavone (2h) (CAS number: 26964-24-9): MS (EL, 70 eV): m/z (%): 253 (17), 252
(100) [M'], 251 (76), 223 (17), 222 (25), 150 (64), 135 (20), 122 (17), 107 (45), 102 (25), 79 (55),
76 (14), 63 (16), 53 (16), 51 (25).

OH
4’-hydroxyflavone (2i) (CAS number: 4143-63-9): Isolated as pale yellow solid. '"H NMR

(500 MHz, DMSO-ds): 610.35 (brs, 1H), 8.04-8.05 (m, 1H), 7.98 (d, J= 9.0 Hz, 2H), 7.80-7.84
(m, 1H), 7.75-7.77 (m, 1H), 7.48-7.51 (m, 1H), 6.96 (d, J = 9.0 Hz, 2H), 6.89 (s, 1H). *C{'H}
NMR (125 MHz, DMSO-ds): 6 176.9, 163.1, 161.0, 155.6, 134.1, 128.4, 125.4, 124.8, 123.3,
121.6, 118.4, 116.0, 104.8. MS (EL, 70 eV): m/z (%): 239 (16), 238 (100) [M'], 237 (34), 210 (23),
121 (57), 120 (12), 118 (32), 105 (13), 92 (27), 89 (16), 64 (17), 63 (20).

0]

)

1-thiochromone (2j) (CAS number: 491-39-4): Isolated as pale orange solid. 'H NMR (500 MHz,
CDCls): 08.53-8.55 (m, 1H), 7.83 (d, /= 10.0 Hz, 1H), 7.60-7.61 (m, 2H), 7.53-7.56 (m, 1H),
7.01 (d, J=10.0 Hz, 1H). "C{'H} NMR (125 MHz, CDCL): §179.8, 138.0, 137.6, 132.4, 131.5,
128.7,127.9, 126.8, 126.0. MS (EI, 70 eV): m/z (%): 163 (10), 162 (100) [M'], 136 (54), 135 (10),
134 (99), 108 (39), 89 (11), 82 (13), 74 (10), 69 (27), 67 (12), 63 (17), 58 (17), 50 (17).

3-(dimethylamino)-1-phenyl-2-propen-1-one (2k) (CAS number: 1201-93-0): MS (EI, 70 eV):
m/z (%): 175 (27) [M], 159 (10), 158 (82), 105 (25), 98 (100), 91 (18), 77 (59), 70 (45), 55 (48),
51 (37), 50 (12).
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0
EtO)J\/\ITl/

ethyl 3-(dimethylamino)acrylate (21) (CAS number: 924-99-2): MS (EL, 70 eV): m/z (%): 143
(33) [M'], 114 (19), 98 (100), 71 (30), 70 (22), 55 (20).

N
\\/\N/

3-(methylphenylamino)-2-propenenitrile (2m) (CAS number: 76946-79-7): MS (EI, 70 eV):
m/z (%): 159 (12), 158 (100) [M'], 157 (41), 142 (27), 130 (15), 117 (45), 116 (20), 104 (12), 91
(22),90 (11), 89 (13), 77 (51), 65 (12), 52 (12), 51 (37), 50 (10).
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43. FER LB
4.3.1. flfEZNER

1-A TV 4-EXY R (1a) ZHE T D af-BKEKGE ET VEUNMIGEE L, fild
hROKF 2T > 72, MGIE 1a & 0.5 mmol, H,O 2 mL) Z¥EM L L CTHV, KISIERE
50°C, SUGFEM 4 h D&M TITo 70, ABLIHEFSE R 1a 123 LT 3.6 mol% & 72 %
mAx AW,

Au F /R f-%Z OMS-2 |[ZHFf L7 ks L 7= it (AwOMS-2) # W 7=3846. a i e B
AL D C-C HFEENBKFE SN BAERY 2a 73 78%DILHE T 5 L7z (Table 4-1,
entry 1), SUSKEHZ 8h IZDIXT Z L2 X 5T, 2a DYLERIT 90%IZ 17 | L 7= (Table 4-1,
entry2), ZDL X, © 9 —FHD oLl BALED C-C HAES b IKFE I NTLEW=<C,
Z OO EERITHER S /20y o T2, ALO;, CeO,, TiO, 72 £ D OMS-2 LIS DL
FIRIZ Au T 7 R 12 f0EF L7 il (Aw/ALO;, Au/CeO,, Aw/TiO,) Z AWV TZHAIC S ap-
WK B SO ITHEST L7228, AwW/OMS-2 WA & T 2a OIRTIKL /2o
72 (Table 4-1, entries 3-5), £7=. Au 7T /KL - ORiRR L OB O£ miE & fbgtys P12 HH
BIZR Hhie i o7, AuALO;s & OMS-2 OYERRA W & il & L7235 1215, Aw/ALO;
DI % T A & AR E DOULEE T 2a 7345 HAL7- (Table 4-1, entry 6), OMS-2 DA% H
W A0, ML A2 N 2 720y o T2 G T O 124 < #£4T L 72 5> o 7= (Table 4-1,
entries 7 and 8),

TV T, 2a Dl LEWIETHE LI AWOMS-2 & 2 FHIZEWILETHE LN
AWALO; Z E N EIEE & LG8 I8 IT D Uo7 a 7 7 A VRIEZIT 5 12, K
ISR BT 5 2a OISR ORREFZE{L % Figure 4-6 (2783, Auw/OMS-2 & W =34 DOW)
HIHE L AWALOs Z W56 D 415 L 72 0 BOSHIHNC IV T Au/OMS-2 28 Au/AlLO;
([ZHA_RTEN AR 2 R 2 E R B E o Tz,

F72. Pd, Cu, Ru &\ o7z Au LIS D& B HE 2 A7 LR IEIZ Lo T OMS-2 (ITHFF L
T it 2 . BRIRICOWT b F 21T 572, PA/IOMS-2 & HW2358121F a -t
IKSESFHEAT L7223, Au T/ RL AR 2 2356 & T 2a OICRIIRE KT
L 7z (Table 4-1, entry 9), — 7 C, Cuw/OMS-2 X°> Ru/OMS-2 % W 723551213 iE 4 <
HEAT L7270 > 7= (Table 4-1, entries 10 and 11),

UL EDFER DG | HEF Au T/ KRS AR SO ISR L CTENEEREE AT 5 2 &7
BSMNEZRD . &5 OMS-2 IZEEE Au /R T2 ET 25 2 LI L » TE Wil s
PSRBT 5 Z L BN o7,
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Table 4-1. Effect of catalyst on the a,B-dehydrogenation of 1-methyl-4-piperidone (1a).1"

(0] (0]
f‘j cat. (3.6 mol%) fj
H,O
’T‘ air (1 atm) T
50°C, 4 h
1a (0.5 mmol) 2a

BET surface Mean size of Au Conv. (%) Yield (%)

Entry Catalyst

area (ngfl) nanoparticles (nm) 1a 2a
1 Au/OMS-2 89 3.9(c=1.0) 82 78
201 Au/OMS-2 89 3.9(c=1.0) 94 90
3 Au/ALO; 160 49 (c=1.4) 71 66
4 Au/CeO; 50 3.5(c=1.3) 59 55
5 Au/TiO; 316 22(c=0.5) 54 54
6 Au/ALO;+OMS-2 - 49 (c=1.4) 70 64
74 OMS-2 106 - 14 <1
8 none - - <1 <1
9 Pd/OMS-2 - - 30 24
10 Cu/OMS-2 - - 7 <1
11 Ru/OMS-2 - - 5 <1

[a] Reaction conditions: 1a (0.5 mmol), catalyst (metal: 3.6 mol%), H»>O (2 mL), 50 °C, air
(1 atm), 4 h. Conversions and yields were determined by GC using biphenyl as an internal
standard. [b] 8 h. [c] A physical mixture of Au/ALLO; (Au: 3.6 mol%) and OMS-2 (80 mg).
[d] OMS-2 (80 mg).
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fﬁ cat. (3.6 mol%) fj
H,O

'Tl air (balloon) |
50°C
1a (0.5 mmol) 2a
70 1
60 -
50

y =2.3777x+6.2427
2 =
40 | R?=0.9979

(a) Au/OMS-2

Concentration of 2a (mM)

30 -
20 y = 0.5940x- 1.9575
R2=0.9988
o T T T T T 1
0 4 8 12 16 20 24

Time (min)

Figure 4-6. Reaction profiles and calculation of initial rates of the a,-dehydrogenation of 1a to
2a in the presence of (a) Au/OMS-2 and (b) Auw/ALLO;. Reaction conditions: 1a (0.5 mmol),
catalyst (Au: 3.6 mol%), H>O (2 mL), 50 °C, air (balloon). Yields were determined by GC using

N-methylpyrrolidone as an internal standard.
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4.3.2. EENF

1-AF L4 R (la) ZRE &5 ap-TKESINZBW T, IR R OMR %2
1To7z, BMINT, AWOMS-2 Zfilifit & L7- 55128\ T, O, =% / —/L NN-T AF
NEAVLT IR, NN-VAFALTERNTIR, 7B R=h UL, by 14-UFF
F L T NIRRT T BTN ENGEEE LTS EIT T &2 A, O 2 AW
AT 2a DI H BWILER TR 5 U7 (Table 4-2, entries 1-8), H,O & THF OIRAIAEEZ
L2 E A, HO OEIENRKEXWIZEE 2a DD E < 72 o 72 (Table 4-2, entries 1 and
8-10), E£72. AWALO; Zfillit & L7=E128 VT, THF ITEH_T H,0 23 7= I
“hS% 7~ L7z (Table 4-2, entries 11 and 12),

Table 4-2. Effect of solvent on the o,B-dehydrogenation of 1-methyl-4-piperidone (1a).!!

0] (0]
f‘j cat. (3.6 mol%) fj
solvent (2 mL)
T air (1 atm) T
50°C, 4 h
1a (0.5 mmol) 2a

Conv. (%)  Yield (%)

Entry Catalyst Solvent

la 2a
1 Au/OMS-2 H,O 82 78
2 Aw/OMS-2 Ethanol 60 60
3 Au/OMS-2 N,N-Dimethylformamide 52 49
4 Au/OMS-2 N,N-Dimethylacetamide 55 48
5 Au/OMS-2 Acetonitrile 30 24
6 Au/OMS-2 Toluene 21 16
7 Au/OMS-2 1,4-Dioxane 17 13
8 Au/OMS-2 Tetrahydrofuran (THF) 9 9
9 Auw/OMS-2 H>O/THF (v/v: 1.0/1.0) 69 56
10 Aw/OMS-2 H>O/THF (v/v: 0.1/1.9) 35 35
11 Au/AlLO3 H>O 71 66
12 Au/ALOs THF 10 8

[a] Reaction conditions: 1a (0.5 mmol), catalyst (Au: 3.6 mol%), solvent (2 mL), 50 °C, air
(1 atm), 4 h. Conversions and yields were determined by GC using biphenyl as an internal

standard.
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433. DX ¥ Z 7 F Y B—va v

RO Au/OMS-2 @ TEM 14 % Figure 4-7, (a) (2759, BRIk D OMS-2 8K EIZ Au 7
JRLF P MBREINTWVWOERFRER I, Au T/ b+ ORI
39mm (6 =1.0) Tholz, 43.1. TR L 51T, MOBALWHHEF Au 7/ kL 7R & ki
BRIZRE 78T < | ORLEE & TR ME DI BIRIMEIT R b i o T,

Au DETFIREEZ I ST H72DIT Audf XPS OHIEZEFT 72, Au/OMS-2 D A
7 RV TIL, OMS-2 D Mn3s DE—Z7 78 Audf O — 7 LEp D72, OMS-2 721 %
HIE L7 A7 )L (Figure 4-8,2) 2 LT, Audf O — 7 5317 - 7= (Figure 4-8,
b)e AWOMS-2 [ZH VT Audfn DE— 27 (X 83.7 eV IIFEL, OMS-2 L0 Au F /I
T OB 0 TH D Z EBHLMNE e oTe, o, AWALO IZ DWW T b [RIERIZH
ExEITHTmE A, Audfy, DE—7 1% 83.8eV IZIFE L. ALO; D Au F / Ki 1D
B 0 TH 5D Z & D3N B LTz (Figure 4-8, ¢), UL EDOFER G, Au Tt ki
DB TREBITHEOEEBEZIZTLALEZTT OMTH Y | KIS K D ABTEMEOEWIZK
X IEFEHE LTV RWRWND EARIBE LT,

(a) fresh Au/OMS-2

40 -
35 [ ] Average: 3.9 nm
S N 1.0
%25 - 0: 1.0 nm
S 20 -
o 15
(0]
T 10

5 -

0 T !_ T T T T T 1

0 5 10
Size (nm)

40 -

35 . Average: 4.8 nm
& 301 ] o1 nm
> 25 -

2
5 20 -
815 1
T 10 -
5 i
0 —T— ——
0 5 10

Size (nm)

2 B

Figure 4-7. TEM images and Au particle size distribution of (a)fresh Au/OMS-2 and
(b) Au/OMS-2 after the 1st use in the a,B-dehydrogenation of 1-methyl-4-piperidone (1a).
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(a) OMS-2

(b) Au/OMS-2

94 92 90 88 86 84 82 80
Binding energy (eV)

Figure 4-8. XPS spectra around Au 4f components of (a) OMS-2, (b) Au/OMS-2, and
(c) Au/Al,Os. The red circles indicate the data points. The solid and broken lines indicate the

deconvoluted signals and the sum of the deconvoluted signals, respectively.
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4.3.4. EZEHEAM

Aw/OMS-2 Z it & U CTH, ARBISHROFE @AM OV TRE 21T o 70, £ OfE
. Table 4-3 ITRT X 91Tk~ 72 B-~T v i1 (N, O, S) i@ #ifiafn b > 12 H rl g
H ., FET D op-AEaF7 RSO, O RBEOMHE AL L, MISHEE D
KBS LT 14-UF XY U EORREIEA M TREOEME XM EESE5 2 L
28> T, BWAERM OIS M B LT,

ﬁ%BN%@%ﬁ7k/f%étAufwémm1@%% E L7 AITiE, O R
PR TSI EAT L, ST o8Ik =F X /*575%% bz (Table 4-3, entries 1—
3), WD afiriz f%wﬁ%ﬁfém%ﬁ ELEHEITIE, L0 @O C=C &
fEEZAT 5 2b HMESEIICH B AL7o (Table 4-3, entry 2)

BRIR B-O i@Hfafn s b Chorru~ ) VEH AR, BT ==V EEHET S
773 ) B (1g-10) D a -k FE SOV T S . AwWOMS-2 [T 7= il &M 2 75 L
7= (Table 4-3, entries 4-9) 7/L Ak (1e) °A F¥ T (1h), & Fafx v 1) 2HT
LHIEBIZONT S HIC ST LTz, B D 7 v 7 7 AR VBEICIT 2 O
EEIEMEE AT HILEMR L TE Y B KEISHRNZ D X 5 e A{b& DA R

ICRIHCTE D AREMED R ST, 2D OIEIT HoO ~DEMRENMENTZD, H0 &
14-VA XV L ORAEBEEZAVWD Z L IC k> TILERNUFE L, £2, HEEICx
LT 1mol%® LiBr N3 5 Z &2 L - TN Mm E LT,

BOIR B-S EHEAFN Y h L THDHTF A7 v~/ 2 (1§) I b FTRE T o 7= (Table 4-3,
entry 10), S J1IZ3F 2R LITHEITE T, BRI o B-HAKEEK (2) B35BT,
7212 L, BTV & RS OfEE TlX 2j ORI 33% &K<, filliE% 2 %125
Z LI K o TUED 60%I21H ELT-, ZHUIEED SR L > T Au 23 S 4, fil
BHEMNME T T2 N —REEEZ BN,

BOIRAEFN 7 b o D A7 59 $UIRAEFN 7 B A OW T B ARG RITEH A RETH - 7,
3(VAFAT I )T REAT 2/ v (1K) O oK BUSITIEF I RANHET L
FOSEER 0.5h THRIST D o,p-REafn7r b (2Kk) 3 93% DU T 5 iL7= (Table 4-3,
entry 11),

F ICRITEN OO BN R BT 2T VB L O BN R FE#= kU LD ap-ii
AKFHLEIT L2, FIZIE, 3(TAT AT )Tt @ v ) »5iE op-Bik
FAK 21 2N 41%DULRTHE: H A7z (Table 4-3, entry 12), L2>L. A FLILDOERFELIA D &
EL. :muﬁﬂ$imibﬁﬁotoNQvV/IﬁwQNf%wT~Uyam%r
REE LIEGAITIEIRA F /ARG EROG & UTHEIT L, a-BKHEE 2m ORI
13%I2 & K% 071 (Table 4-3, entry 13),

— T, BALRBICAAT a R T EHE S LTV WagFn 7 ko @ a,p- EE7J<%’E&E
ENEHIT LD o2, BlZIE, 7 a~xd v (n) 2 HE L L2 iaﬁm
IKER 2n (BIEBRE L 2ERL L 727> > 7= (Table 4-3, entry 14), ¥—3% Pd ﬁﬁﬁiwﬂﬁf Pd fi
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WA AT RS RICE O T ~7 BT 28 LAV RIS b T Th 5 = & 1l
HEIN T U35 T HEF Au T/ RS X% o B-BKFE SR IZ B
T O BRI TR S NI~ BT BRIS OMERTI AT & OB % R LT
WD D AURE ST (43.7.5. TR,

Table 4-3. Substrate scope of a,B-dehydrogenation of saturated ketones. !
) 0]

R11]\/\R2 AUOMS2 o JJ\/ARz

solvent (2 mL)
air or O, (1 atm)

1 (0.5 mmol) 2
Entry  Substrate 1 Product 2 Solvent _heaction conditons ;.4 o,
(Temp., Atmosphere, Time)
0 0
50 °C
1 1a || 2a H,0 air (1 atm) 90
N N 8h
I I
0 0 0
50 °C
Pl 1b | H,0 air (1 atm) 86 (78)
16 h
N
| Nap N 2w
(4:1)
0 0
70 °C
3(cl 1c | 2¢c H20 air (1 atm) 70 (64)
Nk Nk 24 h
Ph
i 80 °C
H,0/1,4-dioxane
d
o 8h
1d
i 90 °C
F H,0/1,4-dioxane
d b
5ld] \©f§ \©f‘j tive19i0.1)  ©O2(1atm) 93 (72)
20 h
0
1e
a H,0/1,4-dioxane _92 °C 6
6 (viv=10/1.0) ar(latm)
24 h
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Table 4-3. (Continued)

Entry  Substrate 1 Product 2 Solvent _heaction conditons v, oy

(Temp., Atmosphere, Time)

i i 90 °C
H,0/1,4-dioxane
d ,
(0) Ph (0) Ph
19 2g
i i 90 °C
MeO MeO H,O/DMA
d
(0) Ph (6) Ph
1h 2h

. 90 °C
H,0/1,4-dioxane
ol O iv=10M1.0) Oz2(1am 85 (68)
o O 24 h
1i OH 2i OH
i i 80 °C
. . H,0/1,4-dioxane
s S 8h
0 0 80 °C
d
(RS N Ph)l\/ﬁN/ H,0 0, (1 atm) 93
I | 0.5h
1k 2k
0 0 90 °C
[e.f] .
12 EO N~ BT NN DMA air (1 atm) 41
| | 24 h
11 2|
N N 110 °C
13l NT N DMA 0, (1 atm) 13
im Ph om Ph 12 h

100 °C
14 1n 2n H,O air (1 atm) <1
8h

[a] Reaction conditions: 1 (0.5 mmol), Au/OMS-2 (Au: 3.6 mol%), solvent (2 mL), air or O,

(1 atm). Yields were determined by GC, and the values in parentheses are the isolated yields.

[b] Isolated as a mixture of regioisomers. The isomer ratio was determined by "H NMR analysis.
[c] Yield was determined by HPLC analysis. [d] LiBr (1 mol%) was added to the reaction mixture.
[e] Aw/OMS-2 (Au:7.2 mol%). [f] Ethyl 3-(folmylmethylamino)propionate was formed in 36%
yield. [g] 3-(Phenylamino)propanenitrile was formed in 19% yield.
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4.3.5. R¥J—RAREAE A

Au/OMS-2 Z il H,O 2L E L725A O 1a @ o,B-Bi/KFE ST T 5 2a DILE
DOFERFEALIX Figure 4-9 DERD X 51272 o7z, T 2 TIHASOLNREE T 1 DO MR Z1T
W, INEBRDIETZ EICK TR T 0 T 7 A VEER LTz, SOGBRSE 2 h (il
ZAJEIEIZ L > TRV R\ & 2 A, BRVAERY 2a OYERORREZLIZRMRD L 912
720 2a DAERRITE BIZEIE L7 (Figure 4-9), £7-. 8 h OSUGHE T 14 (2 filhe 2 2088
12Xk > THY X, J8iK% ICP-AES ICE > TN Lz & 2 A, Au iaH &3 i &
D 0.02%, Mn R BB HED 0.02% L METH -T2, UL EORERNL, ARG
R CTIIABE IR L Au FEANTEMERE L LTIV D 0 Tide <, IR ED Au
VRIS K DR — R EIC L > THATL TW D Z &R S iz,

0 0
fﬁ Au/OMS-2 (3.6 mol%) ﬁj
H>O
'\|l air (1 atm) 'T‘
50°C
1a (0.5 mmol) 2a
100 - ;4— Removal of the catalyst
|
1
804 i
|
—_— 1
£ :
= 60 - :
N 1
“
° "
T
S 40 - E
> '
1
1
20 A '
|
0 4 8 12 16 20 24
Time (h)

Figure 4-9. Effect of removal of Au/OMS-2 catalyst by hot filtration on the a,B-dehydrogenation
of 1-methyl-4-piperidone (1a). Reaction conditions: 1a (0.5 mmol), Au/OMS-2 (Au: 3.6 mol%),
H>O (2 mL), 50 °C, air (1 atm), 4 h. Yields were determined by GC using biphenyl as an internal

standard.
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4.3.6. s> FEAE A

Aw/OMS-2 DA ATREMEIZ DOV TRRET 21T 2 72 AW/OMS-2 (HIEIRIZ L > TESIC
[FEUXAIRECH D, TR b bz ) — LT, @ L7%, 5 FMA T T 300 °C,
2hBERR L. BOR CAUSITHER Lz, ZOfER, A< &b 4 EOFRMHNFETH
0. 2a BILEEDOIK T 70 < 15 57z (Figure 4-10),

FOSIZ 1 [EfEH U721 @ Aw/OMS-2 @ TEM 4% Figure 4-7, (b) (27”3, Au 7/ K
DFLRIAET 48 nm (6 =1.1) TH Y | MHATD 3.9nm (c=1.0) HH KR L7z, LnL,
FHEASEBRICB VT 2a IR FIZAONTE LT, 2 ORRE ORI KITIEEIZK
XREBEEZ N EARB SN, 2 L, WIHBEHEME T LTV S ATREMEITE 2
bid, 7o, FEHAER THVLZ AWOMS-2 O XRD 7o 1T - 7=, 1 [Ef# f#  XRD
RE—NIEARTEIEEAER—THY . OMS-2 HIKDOEEIZTEL L TN &3
B &7 & 72 o 7o (Figure 4-11,b), — 7 C, B Z# 0 IX312-2410T OMS-2 (KMngOj6) 23
Mn;O4 ~ &G 5 & & M3 HERR S iz (Figure 4-11, c—f), ZAUiE, F6EH 24 0 34
IZ 23T OMS-2 UKD —EHBE LAl L L TEE, D LT 2B rsndicwThd s
oMb, -, 1[IHORIGE DIBIRD AAS ST Z A, OMS-2 D k> *
NVRITAFAES 2 KD 9 B 50%70° HoO IS L7 Z E R b L ooz, b
ANAF A DEEHIT L T OMS-2 OELZEMNMET L72Z &b, FHERICE
WTIRA ICHEENZE (L L —REHESND, Lo, BEHAERIZIV T 2a DY
EFEALNTELT, OMS-2 725 Mn3Oy ~DOREEZALIIAEIEIZ K & g B4 5.
ZIRNZ EDRIE I T,

0O 0]

ﬁ}j Au/OMS-2 (3.6 mol%) E‘]
H,O
'T air (1 atm) 'Il
50°C, 8 h
1a (0.5 mmol) 2a
100 - 90 91 91 90 91
< 80 -
& 60 -
o5 40 -
o
= 20 -
0
AN 3 ] 3 3
“99 \(0\)9 ‘e‘)‘" (Goe (G\)e
S q,(\é acd e

Figure 4-10. Reuse of Au/OMS-2 for the o,B-dehydrogenation of 1-methyl-4-piperidone (1a).
Reaction conditions: 1a (0.5 mmol), Au/OMS-2 (Au: 3.6 mol%), H>O (2 mL), 50 °C, air (1 atm),
8 h. Yields were determined by GC using biphenyl as an internal standard.
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(f) after the 4th reuse

(e) after the 3rd reuse

(d) after the 2nd reuse

(c) after the 1st reuse

(b) after the 1st use

(a) fresh

Mn,O, (ICDD: 00-024-0734)

| I.| l. | ol :

KMng0, (ICDD: 00-020-0908)

| Au (ICDD: 00-004-0784)

10 20 30 40 50 60 70 80
2theta (deg.)

Figure 4-11. XRD patterns of Au/OMS-2, (a) fresh, (b) after the 1st use in the reaction of 1a,
(c) after the Ist reuse experiment, (d) after the 2nd reuse experiment, (e) after the 3rd reuse

experiment, and (f) after the 4th reuse experiment.
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4.3.7. ¥ Au T RLFIZ X D o, B-BiKkEORKIGHEEIZ BT D RET

FHEF Au F /2 R AL X 2 8aF0 7 b o D o B-Bi KSR S IANFZE I B CTHENL LT
PG THY , ORI NETHLMNIR > TR, £ T, fxDa ho—
JVIEBRB X ONREFRIRNT 21T\ RUSEEIC O W TINS5 2 L 2R BT, ATET
X, BUSICRE BT 5 L5 2LFIHE A L) ALOy o — R Ak L 5
HEF Au /2 Rl & O TR % et 21T - 72,

4.3.7.1. Au/ALO; & AW RISIZRBI B x ORRET

AWALO; Z il LT 1a @ o p-BKBEEEITo7o L 2 A, ZBRFEHR T TSR
B[ 2 h T 2a 23 31% DR THE S 7= (Table 4-4, entry 1), — 5T, Ar FFHX F TR LT
IS zEAT > Te & 2 A 2a 138 155472 o 7= (Table 4-4, entry 3), L7223 T, Aw/ALOs
i L U CHWREAITE, BRT O 0 DI LAl & 725 T o,B-BlAKE SR HEIT L
TWDZ RSN,

VT, 2,2,6,6-tetramethylpiperidine 1-oxyl (TEMPO) % 1a (2% LT 1 ¥ &FIM L TK
JGEAT o T2, EREHKA T CHIGEI T2 2 A, KIGKE 2h T 2a 28 40%DILET
5540, TEMPO % isI1 L72 W IGE T TUEE A M) | L 7= (Table 4-4, entries 1 and 2),
WIZ, Ar FFHHK TSR T 25082 T b RO E 21T o7 & 25, TEMPO Z#N
T 52 L2 L 5T 2a 08 33%DILERTH: HAL7c (Table 4-4, entry 4), Z D & X 1-hydroxy-
2,2,6,6,-tetrametylpiperidine (TEMPOH) 25345/ L 72 TEMPO O &(Z%F L T 60% DU TH
L7z, L7e23> T, TEMPO 2N —&E FEILH OKEIR 7 27872 —) L LT# Z &
WX o TRISDEIT LT 2 E RSN E o T, F7-. A 1 2 42 TEMPO 721) %
WL 7235512134 < RS HEETT U727 - 72 (Table 4-4, entry 5), Au 7/ b7 filglt 2 H
W2 T L 32— VIR OSSR W T SRS E - TAER L2 Au-H f2> 5 TEMPO 238 H JH
TZ&5|&HE, TEMPOH #4£ U 5% & & HIIHHREO Au(0)FEZ 54T 2 2 L 3Hws s
TVWL P DL EORERN D, AWALO; il & 2 o B-BAKERISIZIB W TE Au-H fl
RS D RIS DNFAET 5 2 L BRI ST,
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Table 4-4. o,B-Dehydrogenation of 1-methyl-4-piperidone (1a) in the presence of Au/ALO;.!

(@] (o) : .

0 oH |

fﬁ Au/A1,03 (3.6 mol%) E‘E W W 5
H,0 5 :

N air or Ar (1 atm) N ‘ :

50°C,2h
1a (0.5 mmol) 2a __TEMPO _____ T_E_M_P_OH o
Conv. (%) Yield (%)
Entry Atmosphere Additive
la 2a
1 none 31 31
air
2 TEMPO (1 eq.) 41 40
3 none <1 <1
Ar
40! TEMPO (1 eq.) 33 33
st air TEMPO (1 eq.) <1 <1

[a] Reaction conditions: 1a (0.5 mmol), Au/ALO3 (Au: 3.6 mol%), H,O (2 mL), 50 °C, air or Ar
(1 atm), 2 h. Conversions and yields were determined by GC using biphenyl as an internal
standard. [b] TEMPOH was formed in 60% yield (based on TEMPO). [c] Without Au/Al,Os.

4.3.7.2. Au/C & AW RIS BT 54« DR

FR b Rr e IR T/ B 1- Al 2 W T SR I B W T, &8 T/ K1 L Bk o
FmAEN T ARBE R L LTEL LSRR mbnTnD, £ 2T, ARG
IZB T DA IUEDEENZ O TRFTT 2720, TTIROT—Ry (FyFor 7Ty
7)) ERsa T Rl (Aw/C, Au EEIRIFRR 6.3 nm) & VT 1a @ o,B-HKE S % 1T
Sz, 2L, ZTZTHWE Au/C © Au HHFFEIX 1wt% TH Y, AiF%ECZ 2 CTH
WTCE 2 HEF Au T Rl & Au HEFEDRE S HER D,

1a {2 LT 0.2 mol%® Au/C & AV, HO It | 2255 F TR Z T2 & 2
A, BOSKE#E 24 h T 2a 28 36%DUNETH: H L7z (Table 4-5,entry 1), L7285 T, fHEF
Au F /R XD 0, ZERIEAI &35 1a O o f-/KE RGOS TICITER LA
IFME TR <. Au F R T ORI O THRAET D MISHENTFET 5 2 &3 50
Elpolz, Ar FHR T CRIGEToT2HAICIE 2a 13 E o7 < ER Lo 72— T,
la (ZxF LT 1 Y &D TEMPO Z I L7235A ISR EIT L, 2a 23 11%D IR TH:
5 AU7z (Table 4-5, entries 2 and 3), L7273 > T, AwWALO; & [FIERIZ Au/C % filftt & L7=5
BT S Au-H FEA R T 5 FOCEEDFET D 2 & B3R S 47z,

Flo. M UREBEBE LTESEITE, KEEE L L7256 & i U CIRITR & <
fF L7z (Table 4-5, entry 4), L7235 T, Au/C ZHW7ZHEITB W TH H0 B &
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2 BOMBHEN FITH O TR E <. AuTF /K- OEREDH TITERT D KL/ S A D H20 12
LoTRESND Z LV RENT,

Table 4-5. o,B-Dehydrogenation of 1-methyl-4-piperidone (1a) in the presence of Au/C.

i 0 oH
h Au/C (0.2 mol%) ﬁj :W W ;
solvent (2 mL) : ;
T air or Ar (1 atm) T ' :
50°C, 24 h ' '
1a (0.5 mmol) 2a L TEMPO TEMPOH o
Conv. (%) Yield (%)
Entry Solvent Atmosphere Additive
la 2a
1 air none 42 36
2 H,O none 5 <1
Ar
3 TEMPO (1 eq.) 39 11
4 Toluene air none 6 1

[a] Reaction conditions: 1a (0.5 mmol), Au/C (Au: 0.2 mol%), solvent (2 mL), 50 °C, air or Ar
(1 atm), 24 h. Conversions and yields were determined by GC using biphenyl as an internal

standard.

4.3.7.3. Au/ALOs & AW 2 SUSIZBT 2 PEE D 0, [ ER 1%

AWALO; 1285 1a D a,B-BKFERISIZOWVNT, O FPHE T (P (02) = 1.0 atm) 38 L O
ZEREHET (P (02) =0.21 atm) THUSHNRE 2 HIE L7z, SUSHIHIO 2a 2 ORERZR
{t.i3 Figure 4-12, (i) 127" 9180 & 72 0 (O 5P T CTOSUSHIHEE T 2[R T D 4.6
frlieol, 2aDEAEK LW Ar R FICB T ARINEEEZ 0 35L&, O, 77+E
& PSS O BIERMEIT Figure 4-12, (i) 1270 £ 720 . Aw/ALO; I X DU IE O,
SRR LTI RO Z R T Z EBRH LN E R oTo, TOREND . AU/ALO; % fil
B L7 A IcB WL, 1a O af-BiKBRISOEITICHEREI DO AT v 7 5B 0,
DEAGTHAT v FRAEEMICE E D Z LR INT,
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0 @)

f‘j Au/Al;03 (3.6 mol%) fj

N H,0 (2 mL) N

| air or Oz (balloon) |
50°C

1a (0.5 mmol) 2a

U]
90 -
80 -

70 -

60 - y= 2.7429x- 0.3405
R?=0.9991

g (a) P (0,) = 1.0 atm

40 -

30 A

Concentration of 2a (mM)

y = 0.5940x- 1.9575
R2=0.9988
(b) P (O,) =0.21 atm :

20 -

10 -

0 T T T r )
0 6 12 18 24 30

Time (min)

(i)
35 -

y = 2.7465x
R2=1.0000

Initial rate (mM/min)
N

0 0.2 04 0.6 0.8 1
P (O,) (atm)

Figure 4-12. (i) Reaction profiles and calculation of initial rates with different partial pressure of
O, and (ii) O, partial pressure dependence of the initial rates in the presence of Au/ALOs;.
Reaction conditions: 1a (0.5 mmol), Au/ALO; (Au: 3.6 mol%), H,O (2 mL), 50 °C, air or
O; (balloon). Yields were determined by GC using N-methylpyrrolidone as an internal standard.
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4.3.7.4. Au/ALOs & AW KISIZEBIT 5 a-C-H A DRINLEAEZIR

fib i 20 2 3712, 1a (0.25 mmol) & DO ¥ (1 mL) H1, Ar ZRPHAXIF T 50°C, 1h %
FRL72EZ A, 1a ® o-C-H fED H RFDIXET T (>95%) 7 Dbz &n
'"HNMR £ X OV 2HNMR Z5ATIZ K > TH B & 72> 7= (Figure 4-13), — 5T, B-C-H #&
ARA T NVIETIE H-D ZHITHEST Lo o 72, £72. Au/ALO; (3.6 mol%) &z TIX
ISEAT S TG AITB N T B RBEORE R DS Hiv7e (Figure 4-13), LA EN D | RRISHR D
FIETITEWT 1a @ o-C-H #iH & H0 WM D7 v b AR B S IHEIT T 52 &
WHHLINE o=, BIRT IV THD 1aTOLORETHEEEICI T e b
REMEES N TWD EE LD,

0 no catalyst 0
or D D
Au/Al,03 (3.6 mol%) D~ D Dcontent
DO (Tml) p N
2 , methyl: <1%
'Il Ar (1 atm) 'I‘ P y
50°C,1h
1a (0.25 mmol) 1a-d,

Figure 4-13. H-D exchange of 1a in D,O solvent. Reaction conditions: 1a (0.25 mmol), no
catalyst or Au/ALL,Os3 (Au: 3.6 mol%), D,O (1 mL), 50 °C, Ar (1 atm), 1 h. The D content was
determined by 'H and “H NMR analysis.

FENT, la BE W a-C-HFEED DAL I NI la-ds ZZNENE & LTG5 OIS
WIRE DO AT - 72, FiR L2 X 912, la-ds & HoO VAR CTHWD L EBHIZ a i T
O H-D P EITTHEEBEZOND, ZD72H, la-di 2B L LA IITREEE L
T D0 #AWTKIGEAT 272, KIGBIAEDS 4h £ E TO 2a 3 L 2a-ds L ORREF
2k % Figure 4-14, (i), 24 min 142 £ TOILKX % Figure 4-14, (i) I~ T, ZEXFHE T
TRIGZAT-T2E & 1la ZHE L L7 E (Figure 4-14,a) & la-dy 2 3E L L7
4 (Figure 4-14,b) T, SUSFIEREIZIZIEZET 2 < kwlko X 1.1 THHoTZ, Lo T, 1a D
0, B-M/K SR DHEITIC BRI DO AT v 75 b BLRFEAR FIZHBWTE a-C-H #%
G ORZIIHEEEBICIXE TNV LR I Nz, —FF, O FAR N TR E1T-
& 1axE & L7oGA (Figure 4-14, ¢) & la-dy % FE & L7234 (Figure 4-14,d) T
SONREIZZNAE T, kulko 12 1.6 Tholo, 43.73.Th_7= L9z, ZXREMKFT
AWALO; ZHWIZGAIZIE O, G2 A7 v T ISARIGOREEMICE £ bh 2 &
PRSI NTND, ZERFHRND O, FHRICEZR D Z LIk o T, O EET 5 A
Ty T PMEESIL, o (O H BEGTHMORT v 7 HHEHEEMICE D L HIThk
D, knlko MREL gtz EZEz N5, 12720, la-ds ZHE L L728HAICIE DO 2R
BEELTEY, DO BBISIZEE L TRMAEGENREC T D AEEL B 2 b,
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o)
D D D b
D D AWALO; (3.6 mol%) | D |
or or
Hy0 or DO (2 mL)

N N N N
| | air or Oy (balloon) | |
50°C
1a or 1a-d, (0.5 mmol) 2a 2a-d3
I
M 270, o (a) from 1a in H,0 under air
% (b) from1a-d, underair
= 240 .
% (c) from 1a in H,0 under O, (©
§ 210 - (d) from1a-d,; under O,
©
o~ 180 -
6 (d)
& 150
S
£ 120 > (a)
2 < (b)
< 90 -
c
[ Q
S 60 -
5 P
O
30 -
0 4‘7: / - T T T T 1
0 50 100 150 200 250
Time (min)
(i) 70 7 o (a)from 1a in H,0 underair
% (b) from1a-d,; underair
S 60 (c) from 1a in H,0 under O,
£ (d) from1a-d; under O,
¥ 50 -
S kylkp (underO,) = 1.6
6
40 -
© y =2.7429x-0.3405 (c
..“6 R cosoer e @)
c 30 - y = 1.7453x + 0.4807
2 (d) ° Rre=0.9982
o
'q:'; 20 A
o kylkp (underair)= 1.1
s y = 0.5940x- 1.9575 (a)
o 10 1 R2=0.9988
% y = 0.5539x- 1.3901
. (b) * " Re =1 0000
0 5 10 15 20 25

Time (min)

Figure 4-14. (i) Reaction profiles and (ii) calculation of initial rates of the Au/Al,Os-catalyzed
o,pB-dehydrogenation of (a) 1a to 2a in H>O under air, (b) 1a-ds to 2a-d; in D,O under air, (c) 1a
to 2a in H,O under O, and (d) 1a-ds to 2a-ds in D>O under O,. Reaction conditions: 1a or 1a-
ds (0.5 mmol), Au/Al,O3 (Au: 3.6 mol%), H>O or D,O (2 mL), 50 °C, air or O, (balloon). Yields

were determined by GC using N-methylpyrrolidone as an internal standard.
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4.3.7.5. $HEF Au T/ RLFRREEIZ K B o,B-BK SR Kt DR E NG HE

HEF Au T/ KL 2 W TSR A EOE D 9 B O, #B{bH L+ 27 v a—L 0
FEALI 32 < OB R B HE SN TWH LY T ra—1d OH EH3 Au IZhi 7 &
FAVENL LT Au 7 adxy RFEZEZR L, i< C-H BL O Au—0 DYz L - T
C=0 " HEiEAEEHKT 2 USBIC L > THEITT 5 & ST R8P Bl e kvl
BAL=> C-H O EIWrEHE, O, DEH] KD ENZ OV THE A 2B S TV D
T2 — )L OEAC S THEME AU TV D) D JEHE L 72 aﬁﬂmk?%)in“@*ﬁm}iﬁi
BEtE % Figure 4-15, () 12”9, FMIC Au Kl RICHRE LW L, a-C-H #EE TOMT
2 R AERAIZ K 5T AT VX AVFENIERT D, 1a O X D IZHEZ O O N
EHETHHEAICE. TOEERICEo T e hoMEESND EEXBND, £,
iﬁﬁéﬁ%ﬁﬂ“é?ﬂﬁi otof%%i_éz%é_ﬁb% TH DD, 43.72. T2 X 91
Au/C %ﬁﬁﬁi& L7 BT af-KBRISHETT 5720, D7rd &b 1a 2 5H &
725 ;t?ﬂﬁi@i’f'%'ﬁ ITEATITRWEF A 5, LT, B-t FU NEEEIC L > T 2a
M L\ Au-H FEDNTER D, Av-H RS L7z 0212 K > T2k S 41T OOH FE3
AR L. H'E DFURIZ o TH0, M EL, S A 7 VIS plinid %, —75, O 3 FAE
L7 WA Au-H FED> D il S MEFED Au @biﬁéﬁf it o 7 L iZIEls L7
W, 4373 TRBRARFERND . AWALOs Z il & L723581213% 021285 Au-H FEOR2
CAT v TREEEMEICE ENDH LB BIDH, ZHUE 43.7.1. T2 X 912 TEMPO
DI Lo TRISPBE SN DR PO S D,

F7-. HER Au J RIS X B T L o — VR EEOSIZ BV TR, Au Fm EIck
HUEMEL SNz O FN O-H S CH A2 D H 25| &< &E 2 R7-9 L FiE
LTWDHMEBMOIL TV DL REISIZE W T [AEROEIZ L > T o-C-H EES
B-C-H #5 & DBHANHEIT L TV D AIEEMED & 5 (Figure 4-15,b,¢)s S HIZ, HO & O 8
W GRS BBV TIE, Au i _EIC OH FEX° OOH MBS P Z s -

HfEADDHDG| X x| ’ﬂbfﬁhf:?ﬂ%@k LT ZERmbnTns B K
BOSIZEWTH H0 A2 AWESAITIE I O X 9 RiEERBEESE R S, a-C-H
fE o= B-C-H ft & DAL & L | JiFSiMEL SNTWDAREMED B D,
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(a)
H,O +1/2 0, ~ ﬁ‘j
H,0 o
PSRy ‘o
H* N
HOO substrate ) \
adsorption Au

Au

Au-H deprotonation
/coordination

/
oxidation 4
-
o, H
)/A'h 02. B.-h}‘/drlc‘le o //Ah
adsorption elimination &
H
\ m i
)
N
|
(®)

/4'

0,
(b) 0
0, 0, 0, ,\  HOQ SN
4

AR 45 N 4B - SR

2 substrate O,-assisted

adsorption adsorption deprotonation

/coordination

<
N
|

=~
Iz (o) f HOO
Au Au
0, O,-assisted
adsorption B-C-H
cleavage

Figure 4-15. Proposed mechanism of supported Au nanoparticle-catalyzed a,B-dehydrogenation

of 1a, (a) overall catalytic cycle, (b) O»-assisted a-C—H cleavage, (c) O, assisted B-C—H cleavage
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43.4. T ~_7= X H iz $ﬁmﬁiﬁﬁﬁn_«7uﬁ%m()$#%@émt%m
TR DHRZEHATEETH Y, 7 a2 (In) 288 & LIEGEITEIRIGNIE
A EHAT L2 o o, ¥J—3% Pd il A FVN7Z 1n O aﬁﬂmkf’%ﬁmm}ﬁi& ZBWT
%, a-C-H fEHD Pd ~DOfi7 1 b AENL AR CTh D & S Tun a1 —J5,
43.74. T2 L 912, 1a T HO BHEHIZHE W TI LN BEROEEMEIZ K> TEHIZ
afLTORLT v b BNHEITT D 2 ERH LN E 72> T D (Figure 4-13), [ L4 C 1n
Z DO VA CINERIE LTz & 2 A, il Z M2 e o 7256 L AwWALOs I 723
BONTHIZBWT Y, a-C-H#EH & D0 IFEEM O H-D &SN & A EHETT Lo
72 (Figure 4-16), L7203 > T, AKISEN In ([ZEHTE2WEHD 1 5L LT, afiiT
O e I AEENIEE A EHIT LN EREBEZHND,

no catalyst

o O
Au/Al,O3 (3.6 mol%) D D D content
7 > $ o <1%
D,O (1 mL) B,y <1%
Ar (1 atm)
1n (0.25 mmol) 50°C, 1 h 1n-d,

Figure 4-16. H-D exchange of 1n in D»O solvent. Reaction conditions: 1n (0.25 mmol), no
catalyst or Au/ALL,O3 (Au: 3.6 mol%), D,O (1 mL), 50 °C, Ar (1 atm), 1 h. The D content was
determined by 'H and “H NMR analysis.

Flo MOFREME L LT, C-~T v 115G DMK FERb 4 Rl 3 2 B 2 SOSHE g
IZE > T ap-MARRBIEPETLTNDZ BB OND, EFEOHRT S 7 V—7T
FHEEF Au T R 2T X 0 o FEBUS S L TR Y . Z OIS TIEEH
3T I U ERWESGAICIEA I =0 AT A E BT DI X o T T 2 DY
o,B-MiAKBEINZIEBNT S, B-C-H DLW ENA I =0 LD FF L ZklmT 5
BEAEIZ L o> THEIT L TV D ATREME © B 2 B D (Figure 4-17),

(0] 0] H* (0]
H H
N H N N

1a | [Au] [Aul—H | 2a
HO'\ Q / H,0
H

Figure 4-17. Another possible reaction path of o,B-dehydrogenation of 1a.
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4.3.8. OMS-2 DHEMEZRIZBIT DHRET

43.1. TR X 912, ARG R TIE AWOMS-2 256l OFEA % =485 Au 7/ R+
fil it & LR CTHENTIEEEZ AT 22 2N Lo TS, RETIE OMS-2 KD
SO AE RIS 2 B ST 57 DICH A O3 v~ a— L EERE L OSH RN 2 1T -
77

43.8.1. Ar FEKX TIZHBIT 5 Aw/OMS-2 % AV T2 s

RANZ, Au/OMS-2 Zfiltfif & LT Ar R R C la Z BEH &2 o f-HiAKFESZ1T
ST ZDORER, AWALOs W26 & Be ) | I BOS AT LTz, SOUSKE# 4 h
TliX, ZREAR T TS EIT> 1256 % EAD 91%DILER T 2a 735 5 417- (Table 4-
6, entry 2) . Ar Zx 5 T T O BUGE % Oflit 2 BN L XRD JIE #1T > 72 & 2 A . OMS-
2 (KMnsOj6) 73 Mn3O4 ~ & SERITHEE L LTV D Z E 3 52> & 72 5 7= (Figure 4-18,
¢)o BT L72 OMS-2 (KMngOig) 239X T MmOy~ EdRTE &N, b RV F A4
K784 _T HO WP~ L7z EIRET 2 &0 OMS-2 1% 1.07 mmol D& F %S4
MO LD, REOGIE 2 BFELIETH Y | 0.5 mmol DFEIZXF L CE &M
ISR HEAT LTSGR OEFBEEIEE BB LE T 5, U EORERIG, Au/OMS-2
% Ar A F CTHWEEAITIE, OMS-2 AR ERGERLAI & 72 - CTRUGAHEITT 5 =
ENHL ML RS2, 43.6.THIARZ L 912, Au/OMS-2 & 2R 5 F THWHE
21X, 1 BIOKIRZIZ OMS-2 OREEZ(LITIZIER NN ERB LN/ > T
% (Figure 4-18, b), L7285 T, ZEKRFHS T Tl OMS-2 HIATITZ2 < ZEXHF D O,
NERLFI L 22> THITL TS EEZ BN D,

Table 4-6. o,B-Dehydrogenation of 1-methyl-4-piperidone (1a) in the presence of Au/OMS-2.[%!

O o}

f‘j Au/OMS-2 (3.6 mol%) fj
H,0

’Tj air or Ar (1 atm) T
50°C, 4h
1a (0.5 mmol) 2a
Conv. (%) Yield (%)
Entry Atmosphere
la 2a
1 air 82 78
2 Ar 98 91

[a] Reaction conditions: 1a (0.5 mmol), Au/OMS-2 (Au: 3.6 mol%), H,O (2 mL), 50 °C, Ar
(1 atm), 4 h. Conversions and yields were determined by GC using biphenyl as an internal

standard.
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(c) after the reaction under Ar

(b) after the reaction under air

(a) fresh

Mn,0, (ICDD: 00-024-0734)

| [ | || 1 1 [ 1 | 1 .
KMng0,, (ICDD: 00-020-0908)

Au (ICDD: 00-004-0784)

10 20 30 40 50 60 70 80
2theta (deg.)

Figure 4-18. XRD patterns of (a) fresh Au/OMS-2, (b) Au/OMS-2 after the use in the reaction of

1a under air atmosphere, and (c) Au/OMS-2 after the use in the reaction of la under Ar

atmosphere. The reaction conditions were the same as those described in Table 4-6.

4.3.8.2. Au/OMS-2 % VW= K2 81T 5 TEMPO OEINZIER

AW/OMS-2 |2 X % 1a D o,p-Bi/KFEIGITE VT, TEMPO OFING R EZ M Lz, 1a
(2% LT TEMPO % 1 &R L, XK T TS ZIT272 8 25, AwWALOs % [
WA (43.7.1.28) LB | M®W¢®ﬁiiﬁ%m&#oka%m¢7mwm

43.7.5.Tlh_7= X 912, AWALO; Z AV =55 i(b&iéAuH@@M%ﬂﬁﬁ&
MioaFns EBEIND, Lo T, mmmmz%%wt Z TEMPO O K fie:

L%%ﬂﬁ%h&wﬁmkbf\mmaﬁ%:;owaH@®MMX7y7ﬂ%L
ST O AT v A1 5. 6 LT AWALOs & 13572 Dt SR )
TR D E Vo l- 2 ENEZ NS,
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Table 4-7. Effect of TEMPO on the o,B-dehydrogenation of 1-methyl-4-piperidone (1a) in the
presence pf Au/OMS-2.

O O

L0

fﬁ Au/OMS-2 (3.6 mol%) f‘] :W:
H,0 : :

'Il air (1 atm) 'Tl E ;
50°C,2h ' .

1a (0.5 mmol) 2a TEMPO

Conv. (%) Yield (%)
Entry Additive

1a 2a
1 none 48 44
2 TEMPO (1 eq.) 47 44

[a] Reaction conditions: 1a (0.5 mmol), Au/OMS-2 (Au: 3.6 mol%), H,O (2 mL), 50 °C, air
(1 atm), 2 h. Conversions and yields were determined by GC using biphenyl as an internal

standard.

4.3.8.3. AW/OMS-2 & W T2 RURZ BT B EEE D O, 73 R

AUW/OMS-2 (2 X% 1a D a,p-BiKFE I DOWNT A% 72 O D EFFS T (P (02) = 1.0,
0.79, 0.48, 0.21, 0 atm) TENENSUSHNEEL ZHE LTz, SUSHIHO 2a J2 5 DORRRFZ
{bi% Figure 4-19, () IZ/- 3380 L7220 | Oy 0 ENRE L R DIE EPUSHNIREZ TR E S 722
o7z, AWALO; Zfitfit & Lo 6 LT 25 L. Ar FRPHA T (P (02) =0atm) Tl
1.5£0.2 mM/min, ZEXFFHA T (P(02)=0.21 atm) Tl 1.8£0.2 mM/min, O, 7% P&
T (P (02) = 1.0 atm) TI% 1.0£0.3 mM/min 721 SUSHIEEN K& < Zpotz, 0 5FE &K
SR D BMRME % Figure 4-19, (ii-a) (27797, BUSHREE X 0 /3 EISH L. Ar BRPHA
T (P (02)=0atm) CORISHIEEZLT LT 2 1 IROEFHEER LT,
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0 @)

f‘j Au/OMS-2 (3.6 mol%) fj
H,0 (2 mL) N

T air or Oy/Ar (balloon) |
50°C
1a (0.5 mmol) 2a

U]

707 . (a) P(O;) =1.0atm y=37224x-1.7191 R?=0.9986
+ (b) P(0,) =0.79 atm y = 3.4534x + 1.9904 R2=0.9991 s
60 1 . (c) P(0,) =0.48 atm y = 2.5326x+1.4918 R2 = 0.9990 .
s s (d) P(Oy) =0.21atm y=2.3777x+6.2427 R2=0.9979 ta;
E 50 { g (e) P(O)=0atm  y=15220x+1.9392 R2=0.9923 ,
- A
% (d)
e 404 (c)
.0
®
L 30 -
< (e) ¢
o
S 20
o
10 -
0 T T - . : \
0 3 6 9 12 15 18
Time (min)
(i)
4.5 -
4

y =2.1183x+ 1.6713
3.5 1 R2=0.9576

(a) AUIOMS-2

=2.7465
(b) Au/A1,O; &: =7 0000

Initial rate (mM/min)
N
(3]

0 0.2 0.4 0.6 0.8 1
P (O,) (atm)

Figure 4-19. (i) Reaction profiles and calculation of initial rates with different partial pressure of
O; in the presence of Au/OMS-2 and (ii) O, partial pressure dependence of the initial rates in the
presence of (a) AuwOMS-2 and (b) Au/ALLO; (same as shown in Figure 4-12, ii). Reaction
conditions: 1a (0.5 mmol), Auw/OMS-2 (Au: 3.6 mol%), H,O (2 mL), 50°C, air or
O,/Ar (balloon). Yields were determined by GC using N-methylpyrrolidone as an internal

standard.
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4.3.8.4. Au/OMS-2 IZ & % a,ﬁ-ﬂﬂﬂ(%ﬁr‘“@tﬁ TE SO S

VLD X 912, AWOMS-2 % W= A1 AwWALOs 2 WA & Biie 5 s 258
ZaR L7z, LIZ2v-> T, Au/OMS-2 %ﬁﬁﬁi&?é)ﬁm 2BV TIE. OMS-2 DERLIE TTH
PRI U7 B OEMTET 5 L H8E L7z (Figure 4-20), AIZ Au il HICHE
WAE L, a-C-HfEGTOMT 7~ AUERNLIZ K> T AT VX AFERITERRT D, fiil
T, B-& RV NBEEIC L > THBAERY DAL, Av-HEDNEER IS, Hitl T, Au )
J R & OMS-2 DFIIZEWT OMS-2 12K 5D Au-H FEOFLAE Z 0 | 15 Au
HAFAET 5, Ar FHA T Tk OMS-2 B EFRERLA] & 72> TRISDHEITT 223, O 17
FETFTIXOIC LD OMS-2 OFELAEZ 0 | bt 1 7 V3pNE T 5,

Figure 4-19, (i) IR L7z X 912, Ar FHS F T AWOMS-2 Z W 72355 O F1IE 1
0.5-0.6 atm F£E D 0, 53 T AwWALO; & V7255 (D%}J@ft FfEECTh D EEES
o, LIR->T, O fFE F T AWOMS-2 % V72354 121F, Figure 4-20 (278 L7 A
DIIHERETZ T T72< | Au ﬂ‘/ﬁ%%ﬁ@ﬁf%ﬁiﬁqé}iﬁm&% (Figure 4-15, a) & [A]
RACHEAITL TS LB BND, TOTD, RISHIEEIL 0, /3JEICk LT Ar FHK
T (P0)=0) TORIGHEELZYIF 45 1 ROKEMEEZRLEZEBESHL
% (Figure 4-19, ii-a),

OMS-2 n+
1120, ““ k 2 )
;reoxidation substrate N\
f OMS-2 adsorption
(A et

V.0 o O
OMS-2 -2+ OMS-2  mn™

H,0 Au-H oxidation deprotonation 1
by OMS-2 /coordination 7

H H+
Au_ N/ B-hydride
(o]

(ol o)
OoMS-2 2¢- Mn™ elimination. OMS-2 Mn*

N
I

Figure 4-20. Proposed mechanism of Au/OMS-2-catalyzed a,B-dehydrogenation of 1a.
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4.3.8.5. Au/OMS-2 Z AW BIT 2 RGFE 4h £ TOF 07 7 A VB X ORIG
HIEEE D B E IR BRI

AUW/OMS-2 IZ L% 1a D a,p-BiAKFELIAITOWVT, Ar, 225, 0, DEFEHT FIcB W
TSGR 4 h £ TO 2a BEORFE(LIZ OV T HRIEZIT o 72, T ORGSR 4.3.8.3.
T2 DI O BEDSRKREWVIE ERUSHIREIIRE < 72505, BUGBRLE 2 h # LI
T O BENRKEVIZE 2a RIS R Y | RISEF CRISHEEDWIEENE Z 5 Z
E M B & 7e o 7= (Figure 4-21),

WIZ, Ar, Z2R. O DAFFAK FITHBWT, FIH 1a JRE A2 2 TR HIEE ORIE
ZITo72, Ar, ZER, O DRI T THIM 1a &4 0.25 mmol (1.2x10° mM), & HIZ
28R P RAC BV T 1a % 0.125 mmol (60 mM) & L723HA DA 4 &fhicon
T, 2a REORRFZE(L A BN CTRIE LSS HIERE DR 21T - 7o (Figure 4-22, 1), BEIC
HFoNTWDHIH 1a &% 0.5 mmol 2.4x10°mM) & L72E1CB 1T 58 FHA T TOW)
HEE DT — & (Figure 4-19,1) & G0 T, 418 1a IR & SUSHIERE OBIFRYEIX Figure 4-
22, (i) IR THY Eleode, WM la SR AW SO 512 LSS (1.2x10° mM) |
ZBK AR T (Figure 4-22, ii-b) & Ar FPHAK T (Figure 4-22, ii-c) TIXZILZ AU HIH
FEIXIRIFEA Lie o T=— T, O FFAS T (Figure 4-22, ii-a) CIXSSHIEEE DK X 72
KT G, ROSHEEELSIIM la JBEICHIKGFTH Z RSN, o, ERHE
R TICBN TSI 1a JBEZ /NS L725E (60 mM), SO ATE IR T
L (Figure 4-22,ii-b), 2255 N CTIEBUSHIEEE 300 1a JR B ORI > THafnd
D ENHLMNE ST,

PLEDFER DG 023 FEIZ L o T, KIS E D 1a JEITR T HIRAFIEIT I 7 5 258)
BERTZENHALMNE o, BUSHEEN 1a IS LTI L TWAERETICBW
TIXA-HEOBL AT v T REGEEME L o TS EBE X DIND, — 7, MUSEEN
la I L TRIFEZ R TR TICBWTIE, Au-H BOB{ELAT » 7 X VRO 1a
DEAGTHAT v IR EEEMICE EN b EEESN D, 72, Au F k&K LI
XSG EE D 1a EERALAITH D O, DM S BFFNIRLET D720, 0 ENEWIE
Ela D Au T 2R ~OWAEREITHDT 5 (02128 Y 1a D Au T/ ki - ~DOW 5 M
FBIND) EEBEZOLND, TOID, SISHEED 1a I U TRTEE 2 R340 T
BWTIX O GEREWIE ERUSHEEME 32 EHEE S LD, Z D72, Figure 4-21 (2
R LUTe K212, B OSFEHSIC T 2 9IEE O T & BN R D FFA Wi 5 L& 2
b, Ar SR F TIISSHEAREE T 2a JREEDSRFRNC LB L THEIN L 7228 (Figure 4-
21, ¢). ZHAUE 02 IZ K A IS ENFAERE T, i 1a JBEN/ NS WEHIZE N T
FOSHIRED REREIIZE ALK LW Th D EEXLND,
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O )

ﬁﬁ Au/OMS-2 (3.6 mol%) fj
H,0 (2 mL)

’|\l Oy, air or Ar (balloon) ’T‘
50°C
1a (0.5 mmol) 2a
240 -
% (a) P (O,) = 1.0 atm (under O,)
210 1 » (b) P (O,) =0.21 atm (under air) e o (0
e (c) P (0,) = 0 atm (under Ar) (b)
< 180 - ¢
E
S 150 -
S (a)
.g 120 -
B
£ 90 1 °
[}
2
o 60 T
O @
[ ]
30 - o
&
0 T T T T 1
0 50 100 150 200 250
Time (min)

Figure 4-21. Reaction profiles with different partial pressure of O, in the presence of Au/OMS-
2. Reaction conditions: 1a (0.5 mmol), Aw/OMS-2 (Au: 3.6 mol%), H>O (2 mL), 50 °C, O, or air

or Ar (balloon). Yields were determined by GC using N-methylpyrrolidone as an internal standard.
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Concentration of 2a (mM)

Initial rate (mM/min)

50 -
45 A
40 A
35 -
30 -
25
20 A
15 -
10 -
5

O @)

fﬁ Au/OMS-2 (Au: 0.018 mmol) fj
H20 (2 mL) N

'|\j Oy, air or Ar (balloon) |

50°C
1a (0.25 or 0.125 mmol) 2a

(a) 1a: 0.25 mmol, under O, y=2.1714x+0.2093 R?=0.9962
4(b) 1a: 0.25 mmol, under air y=2.5105x-0.6484 R?=0.9984
o(c) 1a: 0.25 mmol, under Ar y=1.8081x+0.3273 R2=0.9968
A(d) 1a: 0.125 mmol, under air y=1.7180x- 1.2686 R2=0.9956
» (b)
(a)

® (o)

(d)

(i)
4.5 -

4 -
3.5 1

2.5 -
2
1.5
1 A
0.5

3 6 9 12 15
Time (min)
(a) P (O,) = 1.0 atm (under O,)

s+ (b) P (0O,) =0.21 atm (under air)
e (c) P (0O,) = 0 atm (under Ar) 1

-

i
TJ-
1

¢

]

50 100 150 200 250 300

Initial concentration of 1a (mM)

Figure 4-22. (i) Reaction profiles and calculation of initial rates with different partial pressure of
O, and different initial concentration of 1a in the presence of Au/OMS-2 and (ii) initial
concentration dependence of the initial rates with different partial pressure of O, in the presence
of Au/OMS-2. Reaction conditions: 1a (0.25 or 0.125 mmol), Au/OMS-2 (Au: 0.018 mmol),
H,O (2 mL), 50°C, O, or air or Ar (balloon). Yields were determined by GC using N-

methylpyrrolidone as an internal standard.
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4.4. F&

AT, ~ 2 TR OMS-2 12 Au T / kL 1% 0 L 7= il (Auw/OMS-2) % i%3
THZEITED, O BBRILAIE T 5 B-~T a5 (N, O, S) E#afafns k> o o,B-ik
SIS DBAFEIZAEN LTz, ARBRSRIZEEASHC KD 0, #F{bH &3 281 b o
o,B-TKFE SR DOHOWETH D, ARRISIIEEX 72 B-~T v J{l-EHRAF 7 b o A
ARETH Y . X T D ap-Afafnsr ~ R G oo, AKGNIE OMS-2 RiIcHEFE T
Au F R TAC K DR R ERIC X - CTH#EFT L2 2 E R S e, F7-, fill
3072 &b 4 ROFMEANATRETH 7, AU/OMS-2 1T ALO; 72 & DD ER{L PRI
Z PO Tl & bels U CE O RBETE MR A2 R LTz, Fix OB ORER, OMS-2 fHikiz X
S THHEMTHD Av-H HOFERILAT v 7 MEEIITWD Z EAURB I Lz,
Au-H FE2S OMS-2 (2 L » T b S, Au )/ ki -2Kif E7217 T/ < OMS-2 #{k T
0> 12 X BAMBED T LTS 5 L HE SN D, TDT2D, HIRH 0, 0 EDOKNWZER
FHRAFIZBOWTEWEREZ R L2 B2 N, RRISOBRIZB W THE L -
BRSO SO IERRAT DFERIL. 02 LA &+ 2 LS BN T2 TGP A2 R 3 H R
R A R DB O EE R RIZ R D L EZ NS,
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Bpin

H
Ni(OH
‘/@ R+  HBpin _Ni(OH),/CeO, ‘/@ “R + H,

R = alkyl, aryl

Bpin

H
. Ni(OH),/CeO,
H + 2HBpn %, Bpin + 2 H,

Figure 5-1. Ni(OH),/CeO,-catalyzed benzylic C(sp®)-H borylation of alkylarenes described in
chapter 2.
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R R H .
-1+ 2Bypin, + ﬂo cu(OH)xIA|2°3, ‘)X(BIW‘ + 2@/08%
@ H @ Bpin
R = alkyl, aryl

Figure 5-2. Cu(OH),/support-catalyzed dehydrogenative C(sp?)-H borylation of vinylarenes
described in chapter 3.
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In situ reduction

Supported Ni(ll) or Cu(ll) by HBpin or Bypin,
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0 9 9 o underAr
)
m Support

Figure 5-3. In situ reduction of supported Ni(Il) or Cu(Il) hydroxides by the borylation reagents

Supported highly dispersed
Ni(0) or Cu(l) species

described in chapter 2 and 3.
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(a) Benzylic C(sp3)-H silylation
SiR'3

H
Catalyst
R atalys R
HSIRY

(b) Dehydrogenative C(sp?)-H silylation

R R R
A Catalyst SRS ‘SR’
@ H PINB=SiR'3 @ @ SiR’

Figure 5-4. Potential future applications of the highly dispersed supported Ni(0) and Cu(I)
catalysts developed in the chapter 2 and 3: (a) benzylic C(sp*)-H silylation of alkylarenes and
(b) dehydrogenative C(sp?)—H silylation of vinylarenes.
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TEHLEEZXTND,

OH Ni catalyst Bpin
HBpin
OH Bpin
R Cu catalyst R
Bpin,
Figure 5-5. Potential future applications of the highly dispersed supported Ni(0) and Cu(I)

catalysts developed in the chapter 2 and 3: C—O bond transformations of phenols and alcohols.
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TEVEZ R TR B A A R E T AR OEERMAICR D LEZE X2 B,

O H o
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RMX + 120, —C RJ\/\X +  H0

H
X = NR',, OR', SR'

Figure 5-6. Au/OMS-2-catalyzed o,B-dehydrogenation of PB-heteroatom-substituted ketones
described in chapter 4.
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