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1.1 #8

B OB e B2 % 3 2 D B HA O AT R I HEERE TR O LB L
BIC X DB Wo -8 Z 5 & 2 L, 20 A o R EAFE R & E DS H
5 21 WA OFHE FTRE /LR A~ DERINIRE ST D, L LR b REHER
DITATAZANEELIZED D Z LIRS TiE7e < BIENITITER ORI 72 7]
FAELENS VYA 7 IVE TN DRAN NI L 725, ALFEARICBE L TS 2IE, #
NI DBFIC L2 7T ASEOLE LSRN TH D &5 2 5, BECABEEIR
DIEFEN AL F0 B B HAMBE OB ICB W CEREARM 2 U 5 —E DRI & I
TE—0T, B - B PBFIRERSIND 7 7 A4 T I DNV DERRIL, —
IR Bk A & W2 2 B IE DO RSIZ & » TiThh B 72012, BRYAERS 5 LT
B O BREBIFNCZ OO RBURTH 0 EBRR O L HA K &\, 72 TEMNR
BLED DI, TEME - &I - FSICENTMETH L Z LT B A A 8k - B
B 5 102 N — SR e N TR D S BEIC 232D 2 A b« 2R VX —ZHIT 5 2 &
LEBELRD,

AHFGETIL, BEREER (L2 & o B R S - &R KR b DR 2RI L Caikae
IR R AP T2 2 L2 AN E LTWD, TOKE IR —4E Licd&EH
KDNA AFRIREKBIER RO T VAT v RIERS 2R Z L THY, WHD
AR R K0 k2 7 B RE RS HA R TG U C i Wl R M 2 0k 9- 2 & SR &
b, TEIZERLCTiX, £9° pH - B - IBE - RO/ E 2 £ 25 2 & TRkt
DOEBREZHIE L, HIi S-S FEE R D OB L v EEOHIE S =48k
Rt 2 Al 5, ZHETICH, iR S HE R KR LA FE 2 D RUS
RICKT T D EAZ B & UCHRET 2 Z B E ST,

AETIEFMmE LT, gy —v % R7 4 F 7 I A Y — L Z2DORIGH)
(DU TIR AR %50 TR B /K BB L A O FRENE & Al SR BIZ DN TR 5,



1.2 )=V RF4F T IR —

EHERICH 2 DB EEE L, FnlkERRRRMEFTEDOH Y F 25T S REEE
BIOZ L RRHL TV — 2T 4 F TN I A NY — LIRS,

G)—=VFSRARM)—=(T AV D) ALFRELOAFENSERE TORT A 7 A 7L
WICBWTARRRIZE 2 5882 R/ NRIC L, HoRERRRE oM 4 B 59 =),
Table 1-1 1 Anastas 512 L > CTHBENEZ U —2 4 I 2 MY —12 JFH %740,

YRFAFTIWTIR M) —(F—1 o) ALFREBAERBRICE 2 D EEOMIZH
UHA 7 i k58 EIb & U TRk R TRERPEEDH Y HTERE LI b D,

Table 1-1. Green chemistry principles.

1 BEEMITAR L THOAET 50 bAERS TRV ENEE LV,

2. AIREZRIR U Sk A pli) DRI L ER TR D e AN D X 9 I B A 2 iRGEHT .
3. M E AR IS NE K O BRI L TR () Th 2 G liE 2G5,
4. BERE « W Z ko 7o £ FEMEORV PR 255 5,
5
6

C WIS BER O X O e BOBAIBIANIE A Lz, b L IEEER b 02T 5,
L TRV F—EBITRESCREO Z LB E L ER/NNEET D, T ERRKUE T
TIT 9,

7. JFRHIHAT - R A AR 2R FEPH CREBMEE IR X b A RTEER IR E VD

8. R DEM., —RHEMID X 5 2o RERMEMITTREZL IRV BET 5,

9. BPPED B O AR EfRRIEOEH LY BEE LU,

10. AL IAE AR IR IR T BEWE A~ & R 5 X 5 ZERET D,

11 AT LY 7 A0V TS A AE=X ) T BT WVEEWE DA%
E2E 1K s AN

12. IR - 8T - KD L5 e b DO TR A /N T D KO B A RIRT 5,

DIFICEBRZAAR - MG T o A2 - BT 572007 ) - EORIEL LT
2 OOREHLRFIEICOWTHRD, F/2, WENLZ V=07 I AR —0 12
JRANZ & BT 5 BARN 72 SO &2 2600 5,

E-7 70 % —

B & B AR OEELTH Y Sheldon 12k » THREan-B, (LA KIC
BIFDE-77 7 % —0DfE% Table 1-2 127, TEOHDIZEMEMNARKREVDIL, LB
PEOBERIGIC L Y KREORIERMZBEREL TV D Z L 2R LTS, MIMEIEA =




SHMEMEIZEN 23 G Th > THRIGIRR TE < OAFREEM D LR UIERR 72 RS
AT 5 D THIUTREITRE V),

Table 1-2. The E-factor.

AEPER VAR E-7 7 7 & —

VERliib il 10°-108 #0.1

TR 2R, 10%-10° <1-5
TrA I HIL 10%-10* 5-50

= - K 10-10° 25->100
JRT5hZRFE 7213 7R (atom economy) & 1F, TORXTEINDIFEEDOZ L THD,
FRT%E[%]) = (BfMos18&) / (KIS osy18) X 100

IR DB FFERED D | GO 2 R BINT A - LI o T EXH 5
ZLMNTE S, Trost 12 & o T 1991 4E IS & 7Bl

BRFAREDR L

Bl & UCREEN - $RIER OB D4 771 7 = AR OHEKE(Scheme 1-1) & Bt
%(Schemel-2) % 7R3, EHASUGSOPRGE - ERFEIC L o TR o 7 0ERIED TN HE
TIET PV, KFE, —BLRBZIBRAINT RSO TE #2521k - T
BRI LY, E-T7 7 7 X =N U BREIC R S TW5h, 72, =F L A%
VROEYEICHOWTIHED 7 na e R Y 9% (Scheme 1-3) & SR & i - 72 ik
(Schemel-4) & &t 35 & | HiiFE OJRF 20D 25%72 DITx L CHEF 1T 100% D J5 -+
BERZFEBL TV 5D,

AcCl S/morpholine COOH EtOH
AICl3

COCH

COOEt  Mel COOEt

Scheme 1-1. Traditional method for the synthesis of ibuprofen.



COOH

O OH
Ac,O H, CcO
HF Raney Ni Pd cat

Scheme 1-2. Modern method for the synthesis of ibuprofen.

—— + Cl, + Ca(OH), —_— & + CaCl, + H,O
OH»
— + Clb + HO /—/ +  HCI
Cl
OH
/_/ + Ca(OH), + HCI & + CaCl, + Hy,0

Cl
Scheme 1-3. Traditional method for the synthesis of ethylene oxide.

Ag cat o

VAAN
Scheme 1-4. Modern synthesis of ethylene oxide with silver catalyst.

= + 120,

BEAgEEROMEA

e E DB Z T, #HIEK RICBEICHFET 20, HDHWIIHAEFRRRERZ
NS Z &5, Rt 72 & BN B W CIER ICHETH D,

Bl ZIE, N N— LRy V2 T RATICEEICHET DERDDL T VE=T 25K
THZEWCHEILTND, TUE=TITABARICB O TAER R ERRE 205572
W, EBXREPUZOWTHIZIFERROER ZFHTZ 5 RM%1H 5,

AHALE D DO IEARBR 2B T 2 RFE L, BUET OGO % A baREHIfE-> T
BY, BROMEEOMENSERIN TS, L7n-> T, RRFICHEET 5 bk
FEARIEE~ L BT E UL, IREF AT XA O & IREBIROHMELR &\ 5
INGIEFICEE L, BB BAMEZ V- ZEMLIRE DB ITIC L D — bR, A
B )= NERKBIC L D XA, X T EORERERICLDHRI I—R
Fo— FARKR L, EERARMBEOS AR STV B LR R ER L L TE
BEIZONT S B TON TV AP, E72, Ao I~ ZOFH & AR
RERIRFERE L THEZOND, THEELINTWDHIE LT, EMEZFIHL T/ L=
—ZAND 13- T a R V= LB AT A RIGR S A0, 13- a8 D — 3R Y
T AT NVERERE L L THREOREI VLA TH Y | W3R () 2 V™ THE ko
T A — R bR BT 5 Z LI ERICA A Th o7,
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HEEDERE

MOTUELI SO TR T2 EORGZRETENIEHANTHL LB BN T
W2, BUE TR IS L TRKICHEREZZET TE 5 L 5 BIRWIC 1 >R,
AHLET DM EE LW E S5,

OOH
0, X X 0
— — PN

Scheme 1-5. Co-production of styrene and propylene oxide.

Bl Z 1XA5 AR DO JEEE U TREED o,
R TWAH7r LAt A N7 m }\ OOH
ELUORBLIZ L > THEOND N, o
TIEHAF L EffEL TRIESN TV
(Scheme 1-5), £/, 7ok KU LT
HAKATRETIEH D05, KREDRE|EKRY HO PN
29 R B 5 (Scheme 1-3), 2003 4E 12 2
FEARACSE TS A v 2 TR+ 2 Bk P
(Scheme 1-6)7° T-Zfb S Au7-fitl, JT4F tert- 5
TFAE FEALAF LRIk # H,

ZIRILA & 9 oA D TR S

TWB, Scheme 1-6. Green production of

propylene oxide.

ESE

R B —RFx— I DVD X° CD OFEBRICHEbNIMIETHY, BERAT7 =/ —/L A
ERAF U aFERENE L CHRE XU CU 7= (Scheme 1-7), Z 0fGETIX, JFREICTH D E
R RO A TF L 7 EHEEORCE E KREICERT 5, £, AU B —
R — FHICARRAT R A TF LV HROBERENRAGT 272 KM FOMES &
STy RAF L ORDOVIZY T 2=V —FRF— FEHAWTRY I —FRx— | & il
T HEGEMN, 2002 FIZJBALRIZ & > TTEE(L S 417 (Scheme 1-8), ABLE IR C
b EEERE L TUITBRILIRFELEA T = ) — L ADPBRY H—RF— F DAL
WS L TR, 7V =27 I AN —DBANLIEFITENL TS,



NaOH
O
n

Scheme 1-7. Synthesis of polycarbonate from phosgene and bisphenol A.

HO/\/OH X (MeO),CO X PhOH X Polycarbonate
MeOH (PhO),CO i

Bisphenol A

&* COz

Scheme 1-8. Synthesis of polycarbonate from carbon dioxide and bisphenol A.

1.3 One-Pot Rt & BRIE B fil i
RIBEAMODIRNT ) = I AN —IZAEELE)ARTFEDOOESE LT,

One-Pot IGNZET HIVD, ZAUIHEERRD) O EHEE - B AITOTICEN LT 54
B aE G RT 5 H DT, HEE - FREOBRICE Z 2RO TG « =R /LX—0DiH
BAEMADHZENTED, 2D X 5 72 B T8 D i D H1 CEafil gt & B b
DOMITNME L IR BGE503H 5, BHEOMHS OH O L 9 722 dH 5V ARG T
RN L 0 HiEEE R ST LE D Z 2 n, L LB S (M) OR% G 3 FF I E
PWLipsh, £z, ZTO LI L TR S i3 - IO Wb RIZ L v FiHl
RROSCR L CIEEZ T 2 E bl S D, LLFICHI 22T %,

@‘5‘/\

Helms Hi%, £7 i) &2 E0 T2 TOHOAMKLTEE, WITIEERERDED
HUVMTHERE AL E LTl E D £+ T < 2 & TE K/ star polymer % 4 L 72,
ZDE T L TEMK LTERS & AT % star polymer 1 KOG EE S % 4595 star polymer
ZRICRIRP~ LR SE D L Z2nEho [l NEBHEWORE % FL5Ed 5 (Figure
1-0) 8 Z I K0 AR BE O W L L RS & DIAEIRTRE L e o 72,

HARAIZIZ, Bes L LTidp- v o Z LR UER(PTSA E A2 VW=, Fb~ 7 i
WEI L7 1 BAR LY, k2, Yoy r, AFLU LA ESIEE
2, WiEEALERIZ X - T star polymer 3 #4537, O & D@ star polymer 3 &7-0 35 25
40 A0 ) #8L. Thzho [k) 2305 4 SO ENFET 5, HHEAE L
T 4-(T AT 2 ) U U (DMAP)EE W, T~ 7 uBittAlL75 1



AL, Zhi 5 VE=A_uPr AF L b EEAS SHE T star polymer 6 245
72o ONE-DO star polymer 6 7=V #1100 A i) 26 L. ThEho [l (2
D 4 DDRERMPEAET D,

1. Styrene,
125°C
o™ _2.KOH
n
3. H+

1
\‘/ R
O/N 1. Styrene ﬁj
n + o +
(o}
NH j 125°C
SN
4 5
=
o
N

Figure 1-1. Concept of isolated acid and base cite with star polymer.[7al

ARk L7z 2 FEFE O star polymer Zfifft & U C, (DEEfibEEIZ L 2 4-= b XU XT 1
Fe ROAFAT T — OO, ()REMET S oMtz L2 4= XX
TITE R@B) & AF =4 | (MVK)E D Baylis—Hilman &% One-Pot T47
- 72(Scheme 1-9), 3 B L6 ZFIKFICAMEEE L THWSD & BRIERD) 9 23R 65%
THE L= (Table 1-3), — 5T, BEH LS THD PTSA HHWIHEEATH D
DMAP Z W58 1CiT 913G THERD TH S 8 bIFL A LR/H
NWiginolz, ZOZ b, EEm [hi) Z¥##- star polymer (2 & > Tl s LUV
R EZNENINAL S D Z LT LTZEE 25,

OH O

MeO OMe
/©)<H acid catalyst /@AO amine catalyst /©)\H)‘\
H20 O,N o O,N

7 8 \/U\ 9

Scheme 1-9. One-pot reaction cascade involving sequential acid-catalyzed acetal
hydrolysis followed by the amine-catalyzed Baylis—Hillman reaction.

O,N



Table 1-3. Catalytic results for the reaction cascade using acid and amine catalysts.™
Entry  Acidcatalyst  Amine catalyst Yield of 8 [%]™ Yield of 9 [%]™

1 3 6 34 65
2 3 DMAP 9 0
3 PTSA 6 6 0
4 PTSA DMAP 3 0
5 none none 0 0

[a] Reaction conditions: 10 mol% of acid and amine catalysts were used. Star polymer 3
has 0.45 mmol g™ of sulfonic acid groups. Star polymer 6 has 0.63 mmol g™ of pyridine
groups. [7]o = 0.50 M in DMF with H,O (1 equiv) and MVK (4 equiv). The reaction
mixtures were heated at 70°C in sealed vials for 36 h. [b] Yields are based on GC-MS
measurements with decane as the internal standard. The values represent an average of

three runs.

Qs U A

Zeiden 5%, [Al—® SBA-15 LIZARE L OAKEILZ TN EHMSZIZHEEF T 5
ZET N LR B LU R Z2 AT DB A Y R—T7 XAV J1(SBA-15-AIB) %
£k L7zPl, SBA-15-A/B 1X SBA-15 AL D FEL - TRIAI CHHT T k¥ v T
(TEOS) . P123 (poly(ethylene glycol)-block-poly(propylene glycol)-block-poly(ethylene
glycol) 12/ 2 T, A H4EE(2-(4-chlorosulfornylphenyl)ethyltrimethoxysilane)$ K& OV #
#(3-aminopropyltrimethoxysilane) % F\ Y C One-Pot TS AIHE T & - 7= (Scheme 1-10),
Z 9 LCHHL L7z SBA-15-A/B I BET F 7S 597 m* g, fIfLY 1 X1% 46 A Ll
P SBA-15 RO &~ 7=, 13C, #Si CPIMAS solid-state NMR 222 L k0 | LA
PTiAsRIZ B b TICHESN A Z ERM L o7, HEFREITEE - LD
12 0.55mmol gt TH - 7=,

. —0,
(MeO)3Si”™ > NH, +0-Si7 > NH,
1. P123, HCI, H,O, TEOS —O

+ - Q
o 2. P123 e?<tra.ction. —O, J—@%—CI
I@S_Cl 3. Neutralization with H,O —O-Si o)
(MeO)sSi o

Scheme 1-10. Synthesis of SBA-15-A/B.[°]

PR L7 - B EAMEOE T VIS E LT, = ha_XrBr T b
DT v R— )Vt %&4T - 7= (Table 1-4), A% L 7= SBA-15-A/B 23 b Vv EMEZ R~ LTz

9



(Entry 1), F£7=. [A—4K LICHEFT 2 2 LI X 2RO R & RIE S u7=(Entry 1
versus 4), — i TH—ROWE « L TIIROSHAIEZ E A EEIT LD o7, L L T
T BN - I 2T 5 SBA-15-A/B O W MBEIE M A R S iz,

Table 1-4. Aldol reaction catalyzed by acid and (or) base catalysts.

OH O O
/@/\o )?\ /@2\/\1\ /@/\)\
O3N A O3N B O2N C
Entry Catalyst (10 mol%) Yield of B Yield of C Conversion
[%] [%] of A[%]

1 SB,L-lS 45 17 62

30 14 44

7 -—<<::>»-503H 3 5 8

8 A~ NHz 3 1 4

[a] Reaction conditions: A (0.5 mmol), acetone (10 mL), 50°C, under Ar, 20 h. [b] Yields are

determined through *H NMR spectroscopic analysis with THF as the internal standard.

©)=FN T

RIRIIET DRI LI D/~ a2 A FHT)REE Y 2F A ~(mont)
WL, BT - T =F ARHEE, RO - Bk, TS B DWW 7 & DR
5. B — Rl & LT OB EE A T T B Y

10



AEGIEZ, DFA VLD TIVEHEALZEEY B )4 MTi**-mont)® 3-20
A JERNZAFAET D Bronsted fi s & . SEEPRLT-EAY 40 pm O HT i O LR & 23Befih
LWz SICHER L, it L= BRHE FE S8 & 5k 2 7= (Scheme 1-11)14,

— » Product

A "S5 o_ "~ [B]

JT T T HCO
H+ .
— HO  COZ

Acid (Ti**-mont) Base (Hydroftalcite)

Scheme 1-11. Sequential acid/base reaction.[*2

ETNETDHRIGE~YE ) = N Q) ERVATIVT B RUAF LT X —/L(L)
EDORIBRICE BN DY Fo~wm )= MY LR DEESHK TH 5 (Table 1-5),
Ti*-mont & HT & ZRHICHWZSAITIIROSR IR L < HEIT L, 3 NEIRTH
N7=(Entry 1), L2xL. B8« HIEAIED — D% W56, — 710l — Rt
ZHWTEINZAT > T2 5E 1213, BRIOKISIZIZ E A EEIT Loz, 2D &)
5. Ti*"-mont B8 X ONHT IZ LN ENINE LTk « M 2R LN 6 R PICHAAE
LTV EEZIBND,

Table 1-5. Tandem deprotection-aldol raction with acids and bases.

)O\/ ) acidHca;aIyst _ Ph/§o base/cftalyst= Ph /\(CN
PR~ O 2 NC A CN 3 ON
Entry  Acid Base Conversion of 1 [%]™  Yield of 3 [%]™
1 Ti**-mont HT >99 93
2 Ti**-mont none 30 trace
3 none HT trace trace
4 Ti**-mont piperidine!™ 10 trace
5 p-TSOH-H,O  HT trace trace

[a] 1 (1 mmol), 2 (1 mmol), Ti*-mont (0.02 g; Ti: 0.013 mmol), HT (0.15 g), toluene (3 mL), 1 h,
80°C. [b] Determiend by GC. [c] 0.15 mmol. [d] 0.1 mmol.
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1.4 $EFfhsE

1.4.1 F¥Y—Rfilg

TV =27 I AN =AY THIRANHNTWD L5 IC, REMMAE DT T3
(2R LTI D 7o T ARBNT R & W, SREBEIT R & < ) TR Al & R — R bt
D2FIAND Y TN EIICRITETI 2 AT 500, REAEN TR & R b5 TEDOH
55 CIIAE)— R D R FE,

) R fb g

flliE & SOSIVE S & b IR — ORITHEE L LRSS T 95 & & . Z ofifit 4
PR LN S B R T, RAEEBKISSE L R DT, AT,
70 ETR LTV D IERE RSB T 2 A, &2 RESEBIETHZ EREMAT
XD LW FEAFOM, IO 58 - BN 0705 L0 D RSB Z TV 5,
T — bt

fllst & BV AS H B IS AFAE L CRMBEROS S AT 95 & & . 2 Ofilil % R 15—
SRR L S S B R TR E S EH S L < IZIEFICIAET 2 O — R Th
D AR R L AL R FERE & e B, R R OB OF I, il
BEDSYEE - FINAES THD 2 L Th D, BilZIE, FISWEDNEACAEAET B [ Al
PSR CIE, BSOS THRICABAITH 2 &, R 2RI CcE 5, kv,
R —F Ml Tl 89— R N TR DSBS 230 D 2 2 PR L F—& K
WEICHI T 2 2 ENTE B,

AR, —fRACIEE S B RO S E 2 m e 5 2 & TIHMEO ) LS
x5, BFRHEATHMREEZ L DX it LT, &REEK - 2RE . Tx—4&
BB Rt EnETonsBl F- ik RicE o EaE L EET 5
LN MEEED L TFETH B,

1.4.2 EEFEEAE

AR Ak 2 130 s U BT L 2 57 E O THEWERR LY O R S H 12 48 kL T
EOMSETEbOTH D, HIRICHEET S22 LICL > T, @ROAEZEAT2HE L
AT, EHETORRE 2D 2 ) o 7R Z 20, & aMhir{b L CEm
FERELS LG HEHESCT Z L COitEs LR SE 2 LN TE D, 2, KA
DN R EHFFTE 2 ERINEL <, AN — RO KE /3 ITHEHAECH 5,
IR E LT, BEREENKRE <, BWIICLE’ MgO. AlOs, TiO,, Si0,, ¥4 7
A R IEWRR EBHCLNS,
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1.4.3 Bi2RIC & BIBHSEMME

& i (impregnation) & (340 B ML O K IEHETICHR 29298 L, 00 L= RIS BERk, 32
T 5 AT, AR AR O — R T T B 2 M R O BEDE T
L v . Scheme 1-12 ™ X 5 (2 XA S 4T 20,

EURSBRONY ~FHRHREILED
|
| | | ]

W IR 2a | B3

HABREAFTRD || gauE |

S BREMZS
v v
¢ R S
BERK
v \4 v v
N Incipient = s s
& & wetnesssiE ERHEEZ RTL—&

Scheme 1-12. Classification of impregnation.

ARHEEIL, A% &JEHE/K  Table 1-6. Isoelectric points of various supports.*®!
WIRICEIR L, WiRE A IE T

Support Isoelectric point (pH)
IR EIc& B0k 2 S8 .
] _ SiO, 1.0-2.0
HIETH D, EOHEEE AT _
ISR, ~ R SlOZ'A|203 -3.9
HEICRETEDLEWVWOIREERD D Tio 5 0.6.0
| .U—-0.
REFORE SRR —ThH Y | ’
) o ZrO, 6.7
SRV HIET D OREE LV, ALO 2 0-9.0
WAL, B L% A, 2 e
o . N ZnO 8.7-9.7
Peig iz L0 BRI O & RE L, cro 6575
I o— .
3 U7 p sy 2T AR o =
MgO 12.1-12.7

FiETh D, WS D EITIER
R, pH, FAEDOMFLEFE e EITIKIET 5, Table 1-6 [Zfix DHIKDFEE R A2 ~T,
HEALVIEW pH OERE WD EHENEICHEET 5707 =4 U BRRE LT
<, BV pH OB ER WD & BT A BaE LT < R b,
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incipient wetness 713, UKD ALAFEICH LW EOS B /KA 2 8 Elcthx 1c
WTFLERTDHIHIETHD, ZOHIETIIEBRL O/ HE % & HFEEH|E T X 503,
HREREE22< T2 LIIREETH D,

27 L—iET, BRI S TV AR Z T EE DO RIS ANL, T AL
—Z =R ECRE, PR 5 2 LI VML OZER A BV L, @B KA 2 8
FTHLEVWIFETHD, ZOFETIE, HEOMALF E TIREY— &R EKIER
ERETEDEVIREND S,

1.4.4 EFESEKE LYK & T DREE

HIE S N T IRAFRED O EIRIEIC K o THEF SN =& B /KRt F—4&E E
WZEBHRDNA AFES LKIBEBE RO T L 2T v REESZFERL, WiEOW
RN RT £ 0 AR 2 72 B RE SRS WA SIS L C O TE 1 2 971 2T,

NT =L i, BT AMIONWTIEENRER LS, 1.6, 1.7 #HiCik~%, Zhlist
DOHFFE B KR AR RE I OV CRL NIRRT,

Au(OH),/AL,O5
ﬁm%mbﬁm%ﬁQSmMGOmU’\%W0f3ﬁﬁﬁﬁmk¢AuhmH&m
A5, BET i 160 m?g 1) 209 ZMA T=RIRTHM L < L7, 15 9%
MK%MT%U?AK%%%MZé_kTpH%B2_ﬁ%L\%®ﬁEé%@M%
S HIT 24 WMEHE Uk 72, IRICKS I AIEZITV, AR BRI - T EiR 2 K\l
KB4 L) TU Uz, Wik A 4 o B SN0 2 & iR L= IC B2
BTV, IR TT D OS LR EEMRZ BN L7z, ICPIZ XV HIE L 7ce 0 E;
13 2.8wt% (0.14 mmol g ) THh - 7=,

Pt(OH),/Al,O;

H2Pt(OH)s 0.5 mmol A #fi7k 60 mL (23S, 1.0 M KER{kT kU & LZOKEIK T,
pH 12.9 (254 L Ciafif S H7-, 550°C T 3 BEEBERL L 72y—Al,03 (KHS-24, £ LA,
BET #ifE 160 m*g™) 2.0 g /M THEIE T L < H#: L7~ BEASEL(14M) T pH7.5 (2
pH Z FH%E LU, Z O [ AR 2 S 512 24 B LT 7=, IRIC 5| A & 170,
A BT o T2 R 2 KR EOHIK(2.5 L) THYE Lz, BZEiEaIT\0, AskTT o
S LTeHE AR A2 EUL L7z, ICP 12 L 0 lliE L7z B4 DO EFE T 4.3 wt% (0.22 mmol
gHTH-o7,

| r(OH)X/AI203
Ak A U ¥ T AfRAKIAR (8.3 mM, 30 mL)IZ, 550°C T 3 EEREIEERL L 72y—Al,03
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(KHS-24, {EAfb%:, BET £ HEAE 160 m*g ™) 1.0 g 2% T HE#R L, 80°C T 20 K
LR LkET 72(800 rpm), RIZESI A ATV, AR BT o 72 EiR 2 K& HiK
(3—4 L) TUeg L7, YWEIRIZH b A A o DS S e\ 2 & Zfifgsl L 7o 2 IS B 22z i
ATV, A TT VO OS LEEREFEMAZEIN L, ICPICEIVHMELZA Y P T A
DOFFRIT 4.1 W% (0.21 mmol g ) TH - 7=,

Pd(OH)/Al,O3

MEER /T w7 A OKEARR(6.5 mM, 60 mL)IZ,550°C T 3 B BEARL L 72y-Al,0s3 (KHS-24
A5, BET i 160 m?g 1) 209 Z A2 T=RIRTHM L < L7, 15 9%
M ZKE&{EF R U o AKIEIREINZ 5 Z & TpH % 13.2 IZHH%E L, %@ﬁiéa‘%ﬁ{%{ﬁz%
S HIT 24 WMEHE LT 7o, RIS AIEZITV, AR BRI - T EfiR 2 K\
K (3-4 L) THE L7, BEIRICHAEA 4 S S 2 & iR U= 18 lc B ey,
BEATV, A TT VDS LR EOH R EZ B L7z, ICPIZEVRE LT VY
L OFEFFEIT 2.0 Wi (0.19 mmol g ) TH > 7=,

1.5 BEIILT = LKERL Y ik

1.5.1 FF&
Ru(OH),/Al,O;

AL VT = LKEEWE(8.3 mM, 60 mL)IZ,550°C T 3 R BERK L 72y—Al,03 (KHS-24
ERAL S, BET M 160 m*g ") 209 22 TRIETH L < HER L7, 16 45741
M KEE{ET R YU 7 LK Z MR 5D Z & TpH % 13.2 ITFHEE L | %@ﬁ%@%@é{%{ﬁz% S
DT 24 WEEIFEEE LT 7=, WRICWEB| AR Z1T\V, AR EICER - 72 B2 KR EOHiK
(3—4 L) THEi LTz, VERITHALI A A SR SN 2 & 2l LI R I 22 R
ATV, AR TT VOS5 LIk RZEIN L7, ICPICEVHELI-LVT =T A
DOHFFEIT 2.1 wt% (0.21 mmol g ) Th -~ 7=,

Fo, EEZEZHZ LT, LNOTF ¥ =T HELVT =0 LKER LW il 2 [FIEE D
HEFALERIZ v R L7,
RU(OH)/TiOx(A) (7 7% —E %, ST-01, BET £ EfE 316 m?g™) HEF&E 2.1 wi%
RU(OH)/TiOx(B) (7 F % — ¥, JRC-TIO-1, BET Fififf 73 m?g™) fHEFE 2.2 wi%
RU(OH),/TiOz(C) (L F /L7, SUPER-TITANIA, G-2BET #fifE 3.2 m? gY) $Hir&E 2.2
Wt%
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152 v 394)€E—-3v

TV FHEPVT = U A KB L AR (RU(OH)WALO) D IR A7 F LT,
3000-3700 cm™* DO FEHIRIC OH D MFEIRENCIRIE Sh b 7 u— Ry 7 LBl &
7o XRD /NF — A FHHED ALO; ERIERTH Y | BN T =0 20T =7 A
(IVICERT 5 7Bl s nginot-, £72, TEM ORETHLERBLT =7 A
RV T =T A(V)DRL - O FFEIIHER S T2, XPS A7 ML XD | Ru
3ds2. RU 3pap ICHISKT 2 B — 27 BNZENEh 281.8 eV (EHENE 2.4 eV)., 463.5 eV (EAE
A7 eVIZBLRI S 7= Z &5 RU(OH)/ALOs LD /vT = AFEDERLAIRTEIX+I {li T
YA RN RS g Wk 8

FHEL L 72 ikl > BET REMEIZZNENLUTOMEY TH D, Ru(OH)/ALO; (163 m?
g7Y). Ru(OH)/TiO2(A) (298 m* g ™). Ru(OH)/TiOx(B) (74 m? g %), Ru(OH),/TiO4(C) (7.0 m?
g

i & L CvT =7 AKERE(RU(OH)) Z i L 7=, Mk 7 = o A/KIEHE (8.3
mM)IZ 1.0 M KEg (kT v U 7 2 &2 012 T pH % 13.2 ~ & T3 L7214 2RI T 24 B
BRI EAT o 72, B & AIBIZ L > TEIL L, KEOHAK THE LI RIS a2 1T
- T RU(OH)x Z 15 7- (54 80%)., BET EmifiiE 15m° g Th o7z, £72, XPS AL
7 KV (Figure 1-2) X U . Ru 3p3p. Ru3pup (IZHKRT 5 B — 27 23 Z 11241 462.9 eV, 484.8
eV IZBIH S N=Z £ D, RU(OH)J/ALO: ED VT =7 AFEOERLIREEIZ+II i TH
5 MR ENL 01s DAY ME 3 DD SITHBERTRE Ch o T2, T
B, Z2E7 O Ru-O-Ru FEIZH KT 5 B — 7 (62%, 530.4 eV), Ru-OH fEIZH KT 5 &
— 7 (35%, 532.7 V). /KIZHET D —7 (3%, 534.9 eV)ThH 5, ZEEH OREEIF
EKBEIEDEERR T OHRITB L ZE 21 ThoTz,
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495 490 485 480 475 470 465 460 455

Binding energy (eV)

— experimental
¢ fit

539 537 535 533 531 529 527 525
Binding energy (eV)

Figure 1-2. XPS spectra of Ru(OH)y in the a) Ru 3p and b) O 1s regions. The O 1s spectrum
(solid line in (b)) could be well reproduced by the sum of the three contributions from bridge
Ru—O-Ru, Ru—OH, and water oxygen atoms (broken lines in (b)).
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XANES OHIENS, HEFSI N7 =7 LKER{LFE & Ru(OH), DER{LIRTEIL,
FUROREREIC X DT IEFITIEVREE+N ) B D Z & H3/RIE S fu7= (Figure 1-3),

(b)

Normalized XANES
o

 —
%//
T

22050 22100 22150 22200 22250

Energy (eV)

Figure 1-3. XANES spectra of a) Ru(OH)/TiO2(A), b) Ru(OH),/TiO3(B), c)
Ru(OH),/TiO(C), d) Ru(OH)«/Al,03, €) Ru(OH)x.

EEHERURHI (b L 7 = 7 A(IV) &2 W TR U 72 il > EXAFS A7 KL DO HIE
%17 - 1=(Figure 1-4), BR{LLT =7 A(IVIIVF LTI EZ L 0 | BEARBEN TH D
RuOs /\ I {A 73 ¢ B 7 1A F = — > BT 22 > T % (dry_ry = 3.107 A, Figure 1-5 (a))®),
ENENOF == NHVEI T =— v EBEEZN L THAT DI L TR
IR L TS (dryru = 3.545 A), L7223 -> T, D EXAFS AX7 KLIZIZTR=1.6 A
DOALEIZ RuOs NI AR RU-0 12 & B ENIER 6 2 7 F /1 (dru-o = 1.942, 1.984 A)73, R
= 2.8 A DALE IR Ru(1)-Ru() D > 7 F /L (drure = 3.107 A28, Ru = 3.3 AiZ
Ru(1)-Ru(2)® > 7 F /L (dry-ru = 3.545 A)3MELIl STz, S HICER G EMNICIEE =
BOAZE LARE O Ru-Ru 3RO o 7 F V3 fERR S T,
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(b)

(c)

(d)

FT of Ky (k) A
‘v
|

r(A)
Figure 1-4. RDFs from the Fourier transformation of the k*-weight EXAFS spectra of a)

Ru(OH)«/TiO(A), b) Ru(OH)«/TiO(B), ¢) Ru(OH),/Al,03, d) Ru(OH)./TiO2(C), €) Ru(OH)x
and f) anhydrous RuO,. The phase shift was not corrected.
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® Ruthenium

O Oxygen

[+

Figure 1-5. a) Crystal structure of anhydrous RuO, with rutile structure and b) a possible

structure of the Ru(OH)y species.

W OHEERL T = 7 KL BV CH R = 1.6 A OZEIZ Ru-0 IZ)7)E
ENDTTFURBRIS I, TORNEITBLZ6 ThoTo, LIEMR->T, HEFES
ToVT =0 LS RUOs NG 2 AN &5 2 DM E R o7, £, R
=22 A DALEICIRILLT =7 A(V)TIEBN 2 W 7 AR SN, VT =T A
KA BREDO 7 FARBRSND Z b, 2OV 7T I/VINT =0 LAKER
(R v B2 bivsd, Ziak Ru-OH & % i Ru-OH, kD
TFNE LTHD G & 200, (ks 7 & &5 LR R EERE T 2.44-2.61 A £2
FEIZFIY 9B 23, [EAIRAE T Ru-OH & 5\ % Ru-OH, D& A IEEEN 2.4 AL ETH
DEAEENER VY Ko T ERARBICOWTIEANTH S, F-, HEELTF =
LKL fREE I, ALV T =T A(V)D AT S VIS FETET D e r
Ru(1)-Ru(L)Hk D> 7 F V(R = 2.8 A)MWEIII S iz, B HUI W T IO EHREE T §
1 LR T o> 72 (Ru(OH)x: 1.4(£0.2), Ru(OH)/TiO,(C): 0.94(+0.22), Ru(OH),/Al,Oxs:
0.91(+0.20), Ru(OH),/TiOz(B): 0.76(+0.21), Ru(OH),/TiO,(A): 0.37(x0.17)), — )7 .
Ru(1)-Ru(2)® > 7+ (Ru = 3.3 AR “EN B LD > 7 VBl S e o 7=,

bz Ent, STV T =0 LAKEEEWTEIT RuOs \ i A & FEAE i & 5
H—IRIEDF = — AEEEZH LT D Z & IURIE X L= (Figure 1-5 (b)), Ru-O-Ru &
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Ru-OH D LEE 1T RU(OH)) D XPS OFERMND b X FFS V5, F72, HUr#E Ru(l)-Ru(l)
DY T FNVDOEANEBZNTNG LU T THDLZ b, HEEINTAVT =T LKL
WETHEEEEEORGHM THY . ZDOfED 5 Ru(OH)x < RU(OH)/TIO,(C) <
RU(OH)x/Al,03 < Ru(OH)x/TiO(B) < Ru(OH)\/TiO2(A) DINEIZ EEZAE 2SI L TV D &5
oD,

(b)

(€) _
\__f\/

(d)

(€) -

Figure 1-6. ESR spectra of a) Ru(OH)/TiO2(A), b) Ru(OH),/TiO2(B), c)
Ru(OH)«/TiO,(C), d) Ru(OH),/Al,03, and €) Ru(OH)y.

ESRHIEZIT o7, g =2fHED T 7 F /v Z7~3 (Figure 1-6), Ru(OH)/TiOz(A)D >
TFNONEEHELIZEZA, 91=207,0=198,0:=192 L 72~7-, ZOfEITH
HIPF T A b X ICHE S =B RuY o g (g, = 2.07, g, = 1.98, g3 = 1.92) & JHE{EL L T
0. HEZ6 BT RuUPHE (low-spin ) ICERE T2 & EZBND, B, g=2FHTIC
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FHIRD TiO, (ST-01)H RO — 7 BBl S 7P, IRBIE A TH 5, RuBEEHE
TIEFRREMERF BEERIC L 0 S 7T VTS BB EEZBNHDOT, HFFLT =
v LKEREFE L RU(OH)x < RU(OH)/TiOo(C) < Ru(OH),/Al,03 < Ru(OH),/TiOx(B) <
RU(OH),/TiOo(A)DIEIZ EREFEN M L T D E B BND, ZDOFEFIT EXAFS O
EroEonizbo bl —HL,

UbZzxewsd s, HEECHESNZ LT =0 KB ERET+HIN L O BRI fE
THY., —RIEDTF = —IROBEERED 5 WVITHEERORAREBICH D, -, B
HERZ D SRITHRIZ L - THERZR Y | RU(OH)JTIONA) 3 i b AL DV T = 7 LKL
MFEDOFEIERRKE N,

1.5.3 ftif &G
FI3— )L DEEERE Y, KEBITRL
RU(OH)/Al,O3 filllf X, FE~ DF—F T /L2 — V& D UVNEE T /L2 —0 6K
REg I, HETHTATER, F RV E2ENETHLIZENARETH- -
(Scheme 1-13)M" 181 5| & P = KB 1T TR FE A IRLAI L +5 2 & TR E L THRLE
THZLEMNARETH T, Flo, TIAITUERKF CRGEIT) & Bl &R T-kFHE
%ﬁWf:w%Ak@ﬁéﬁé’k?@ﬁ®%§w&7wa—W®§k¢MﬁLﬁ
L 7-(Scheme 1-14)1% RS T AMIC L 0 2 BB 5 & OSITReIcER L
T2 et AREETEMEDS E AR O Ru(OH)X/AI203 LD THHZ ENH LN
7o Fz. A ERE Lt%ﬂ‘ﬁz TV T =0 AFEPFIEL72W(ICP 12XV iERd) = &
25 RU(OH)W/ALOs ITEZ [ ARl & U THERE L Tz,

Ru(OH),/Al,O3 (Ru: 2.5 mol% B
©/\OH + 120, (OH),/Al,O3 ( )= ©/\O + H,0

mmol
0O, (1atm), 83°C, 1 h

Ru(OH),/Al,O3 (Ru: 2.5 mol%)
oH + 120, X > o + H0
PhCF3 (1.5 mL)
1 0O, (1atm), 83°C, 1 h >99% vyield

mmol

Scheme 1-13. Ru(OH),/Al,O,-catalyzed oxidation of primary and secondary alcohols.

OH OH OH
Ru: 1 mol% -
< +
(R) toluene (3 mL) (R) (S)
Ar, 80°C, 24 h
1 mmol

2% ee, 87% selectivity

Scheme 1-14. Racemization of chiral secondary alcohols.
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Scheme 1-15. A possible reaction mechanism for Ru(OH),/Al,O,-catalyzed
aerobic oxidation of alcohols. The value of n is possibly 3.

TV 3 — )V OHEE SOSHEE A 7797 (Scheme 1-15),
Step 1: RU(OH)/AL,O5 -0 Ru-OH Fi & DE FARHIC L W LT = AT LaFxy R
RN ERR T D,
Step 2. ZDONT =T AT LaAFxy RENLOR-E U FEBEOKFE DG & )i
DANKR= kG ENLT =T e R NERERKRT 5,
Step3: V7 =U At NU NEIZEESR S I X0 BERb I i1 7 Vs S i
Do
Fo, 7OV TIE, Step2 THEK LIV T =LAt RY RERXT VT E R
~KBEBITSEDLZETHEITL TS EE X LD,

Z DRI L T OEBREEN S IFFEN TN D

26-T-tert- 7 FNA-ATFNT = ) — b DHWNEE RrXx ) UEFEICH LT 25
MOl%IRI L TR VAT N a— VvOLIGEEIT o7 b 2 A, XUXT LT E RO
ERGEEEIC BT o T, TV, REISIZTZ YV —F DA VARG L T
WZ E&ZRLTWD,

F—k T T — L L TR T Va3 — VDR NEAIT D L FRB KUY %W
o b H kT V2 — L OGS 3L T L, 2 AVEBNL A HAC
wT:?A7w:#vk$%%@%%%m%bfwéo@EYwn%vﬁﬁﬁw%ﬁ
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HLUCHIEAEITT AL X 8 k7 a—L Lt OHIFEFTE T Lo — LSRR
ML S5 Z B Sh T 5P,

NRUVNNT A — )L L NG ALEHAR DL T )V 3 — VOB FS AT o T2 FA%F
B X p-CH30 (Rx/Ry = 2.27) > p-CH3 (1.55) > p-H (1.00) > p-Cl (0.96) > p-NO; (0.45) T
HY . oD C-H FEED~T YT 4 v 7 2Tl 3L X —FEmt FPNC L ﬂm
TN S LK BRDIZTEFREENKRE LS Rolc, ZOZEIF, B RV Rg[EHEIC
DHNRAF A DB EGIRREDTEK 2R LT, é@%{,\ffé@%ﬁ%@%%h

ZEAALTWNDHEEZBND,

EE»SE R FEG &k 2 & TAENT VT =0 L8 R FHER, £/ R
RN e RY RFELZH LN E T 57202, Ru(OH)JALO; fift i 2 H v T
(S)-a-deuterio-1-phenylethanol ((S)-aD-6a) ¥ & TN (S)-a-phenylethanol-OD ((S)-6a-OD) ™
7 & LG 1T - 7=(Scheme 1-16), (S)-aD-6a Dafiz D EKFHEIT T & (L% H 91%5%
> Tz, £72, (S)-6a-OD HAKEN 7B IfLEINTT VI — L Dofii~EFFAIND
ZliE ol ZORBITAER LIV T =0 L RU RFENE/E RY RFETHD
= L &R LTV % (Scheme 1-17)1B4,

HO D

. HO D
A ©}Q\ (91% D)
(S)-aD-6a Ru(OH),/Al,03 /
Do, (H)DO
R Toluene, 80°C, 24 h \ "~ (>99% H)
i (S)-6a-OD

Scheme 1-16. Hydrogen transfer racemization of deuteride alcohols.

H -H
Qo0 ] %o
H \ i
R1)<R2 )J\ Rl)<R2 RS)J\R4

Ry Ry

with monohydride species with dihydride species
Scheme 1-17. Possible pathways for hydrogen transfer.[34

MRFEOEEE, VA= LA DOAEKRER XL UOKOERE L OE/LEIT 1:222 T
bolz, LTeno>T, W7 =0,k R NFEPIKFZBIZL > TKBLZHETHDOTIX
72, FRFRIT K 2 b oD PR IR D FED R STz,

a-deuteio-p-methoxybenzyl alcohol DEE{b IS5t % 35 L Y [RINL 420 5 (knlkp) 1
50£02 TH Y., Bt FU FHEENHHEEFS TH D Z ERHA LN ERoT,
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7 3 2 DB R

NH, ©/CN 1 h, >99% conv.
: 0
RU(OH),/A1203 (Ru: 2.8 mol%) 7 82% selectivity

QO pmem N D
N 0, (1 atm), 100°C SN
H 15 h, 84% conv.

1 mmol 94% selectivity

Scheme 1-18. Ru(OH),/Al,O,-catalyzed oxidation of primary and secondary amines.

RU(OH),/ALO; filtlifZ i~ Z & T, s IREER 2 kAl & L CTHEx OB —ifk 7
YHDHNIE T IO RIETH= NI A I EEINETHEDL Z ENAEET
& > 7=(Scheme 1-18), ti&H TAIWMIZ LV i 2 FrE3 2 & OGN RIfE1E Lz
Z e D fEEME A EA D RUOH)JALO I L 2D TH D Z ENMIH LM E o7,
Tz, M EFRE LT ARICIINT =0 AFENFELRW(ICP IZ XV HEER) = &b,
RU(OH)/AlL Oz IXELIZ [E (&Ml & L CTHEEE L T /e,

TV a— N ERAE RS & RAROTE 2 O FEBRFER NG ROSHEREIE Scheme 1-19 O K 9

(CHEE STz,

HQ 5

un+

R )(H
'Y'AI203 H2N H
1/20,
H,O
HO
oA %]
H
H
\

IS
HN
Ru" Ru"*

W

RU/ALO, R
—C=N €—
R—C=N HN)\H

Scheme 1-19. A possible reaction mechanism for Ru(OH),/Al,O,-catalyzed
aerobic oxidation of primary amines. The value of n is possibly 3.
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F BN KFIBDE - BEFAL R

o]
Ru(OH),/Al,O3 (Ru: 2 mol%)
+ 02 > + Hzo
1 mmol 0, (1 atm), 100°C, 2 h >99% conv.

>99% selectivity

O‘O Ru(OH),/Al,O3 (Ru: 2 mol%) OOO
+ 1/20 . + H,0
2 p-xylene (6 mL) 2

1 mmol O, (1 atm), 130°C, 4 h >99% conv.
93% selectivity

Scheme 1-20. Ru(OH),/Al,O,-catalyzed oxidation of alkylarenes.

RU(OH)/ALO; I 1 0 910-PE Ru T Y FFE LR 8D~y UfE A F Lo
Z 2 DL B OFEITHR U Tl @ INmC i AKEBRSNEIT LTz, £, ST
REDRUDNNLAF L a1 OB LIS R 2R L < it
ITUAY 5 7 b o 338N A 7= (Scheme 1-20), £ 7E SRS %2 Scheme 1-21
\ZRT,

OH
|
step 1 step 2
OH OH lTl 1/20,

sesMees -
step 3
i OH T 0]
r OH ] RU(OH),/Al,O4
CC0)| =2 00 +#

Scheme 1-21. A possible reaction mechanism for Ru(OH),/Al,O,-catalyzed
oxidation of alkylarenes. The value of n is possibly 3.
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= F Y JLEBDIKFR D

o]
CN Ru(OH),/Al,03 (Ru: 4 mol%) NH
+ H20 > 2
water (3 mL), 140°C, 6 h
99% conv.

>99% selectivity

Scheme 1-22. Ru(OH),/Al,O,-catalyzed hydration of nitriles.

RU(OH)/ALOfil iz L R = MY L7 Ed =k U )L DKFI & (Scheme 1-22)
MBIHZHEATT 2 Z & MESNTWD, 2D & &, ARIEIR XTI RORT,
ZREFWR T EORMAEIT R > T, [FEROSME T T, RU(OH)JALO; & W o~ X7
2 ROMKGIRERISTE L EIT LR -T2,

Flo, BIROT I UBEIC X 5= MU VB E A G DT D Z & T, One-Pot TH
—RT IUDBERT I FEART DI ENTRETH D,

= N U VAKFOBOS OHEE RS H#HE % Scheme 1-23 12777,
step 1: = F UL RU(OH)/ALO; LD /v7 =07 AFE(NZEMNL L., 1 SR SV D,
step 2: RU-OH FED = ks U JVIRFEA~D 3 FINRESSIZE DA 2 7 L— R H LI
N7 27— b IV AN ERT B,
step 3: 11 H L<IZ IV EKE DR FRHIZ LD, YT 27 I ROARKE | OFAE

iy SN
O HO\
)l\ Ru”* — =
R™ 'NH, R—C=N
I
step 1
step 3
H,O
14
8
~ +
R—C=N—Ru" R—C{IO:RU’” =N~ Ru”
S e N ="

I v
step 2

Scheme 1-23. A possible reaction mechanism for Ru(OH),/Al,O;-
catalyzed hydration of nitriles. The value of n is possibly 3.
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2-F T ,—LEE L [T/ —LEBDBIEHIS v T > F RE

RU(OH)X/A|203 OO
(Ru: 5 mol%)
OH water (1.5 mL) OH
0.3 mmol under O, 100°C, 4 h OO 98% yield

Scheme 1-24. Ru(OH),/Al,O,-catalyzed biaryl coupling of 2-naphthols.

RU(OH),/Al,O3 Z IV 5 & KA T 2-F 7 b — VS L@ Y = 7 — /VEORE
b v 7D U TROSISEIT L, REGROENL 72 ETHERZRET Ve x &
9% Z &£ A TE D (Scheme 1-24), HEE (IfE~ OEH#L 2-F 7 b—/VHH, BT = ) —
NIZHEATE VT =0 DO STER~OE I < i3 72 < &b 7 [BIF
EHFTRE T o 5, N —RABETOT U ALEM ORI T > 7V » 71X T D e d]
DBNZ72 %, ISIET PANE LD v 7 ) v T TEITL WD EE X D, filliiix
HENOETZ 1 OE- GRS, BRIZE > THERL IS &0 5 BIE B X
LTV % (Scheme 1-25),

2Ru"™
H>O
2R-H
1/205 + 2H*
step 1 step 2
R-R
+
2H Re
2 Riu(n-m
intermediate A

Scheme 1-25. A possible reaction mechanism for Ru(OH),/Al,O,-catalyzed
biarylcoupling of 2-naphthols and phenols. The value of n is possibly 3.
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4 S ADKEBITRED

132°C, Ar (1 atm), 11 h

©AOH NHz  Ru(OH),/AlL,O3 (Ru: 5 mol%) /@
+ »

mesitylene (1 mL) ©ﬁu
0.375 mmol 0.25 mmol 89% isolated yield

Scheme 1-26. Ru(OH),/Al,O,-catalyzed synthesis of secondary amines from primary
alcohols and anilines.

2.5 mmol 0.25mmol  141°C, Ar (1 atm), 12 h _ .
89% isolated yield

©ﬂ0H j\ Ru(OH),/Al,O3 (Ru: 0.02 mmol)
+ > N
H,>N NH>  mesitylene (0.8 mL) /\©

Scheme 1-27. Ru(OH),/Al,O,-catalyzed synthesis of tertiary amines from primary
alcohols and urea.

BRI FIZHB VT, RU(OH)/ALO; i B 7 bk FE 25l & i< 2 & TR
ENTAT=st FU FHEIX, 5RO 7 VT RUSMIA S b KkEE 52D
ERFRETH D, THEFHAL T, TAa—LEBERELORGICE0E D50
WXE =T I U EER LT,

Scheme 1-26 O E, ()T V2 —ANEOKFBGI R EITE DT VT B ROARL,
()7 LTt RET=U v EDRIRICE DA I v OER, (i1 I v OkFEICEST
SUDAER, &) R THEIT 5P

Scheme 1-27 O b [AERIZ T b a2 —bin b OKFEF| E XL > TG BLAT
B e BT A — L EEE LTHWD &L SREED OIS BT
TUDBERRT D,
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1.6 BfrdR/KER 1L Yol iE

1.6.1 A&
Cu(OH)/Al,O3
HEAV 8K 74 #2(8.3 mM, 60 mL){Z. 550°C C 3 BEMIBERL L 72y—AlLOs (KHS-24, (¥ A1k

% BET KHEM 160m’ g ) 2.0g 22 TR T LR L, 159%IC1.0M K
it N U O AKEEEINZ D Z L TpH 2 120 IZPHIE L, T 0OEFOREIKE X 5
(2 24 FEIFRAE LT 7o, RSB ATV AR EICF - 7o E iR 2 KR O MK (E-4
L) CHevs L7c, BERIZHA LA Ao D S eV 2 & 2l L7212 IS B S i 44T
W, HEETT O OR LT EHE AR E I L7, ICPIZ X 0 HIE Lo &I 1.4
Wt% (0.22 mmol g ) T - 7=,

Cu(OH)J/TiO,

YAV #R /K 751(8.3 mM, 60 mL){Z . 550°C T 3 B[ EER% L 7= TiO, (7 % — B ST-01,
BET £mEiE 316 m*g ™) 209 ZMA TRIETHM L < L=, 154%(C 1.0 M K1k
F U T AKREEINZ D Z L TpH & 12.0 ISR L, T 0EHE ABREIRE S 5224
REREIHEER Uie 1T 72, RIS S| A1 ATV, AR EICEE - 7 ER 2 KE DMK (B4 L)
THeE LT, WiRICHAL A T 0 DS SR 2 & R LIC BRI BRI 2T,
HEETT U OR LTEH(~ER) B R ZEIL L=, ICP IZX VlE Lo fra
1% 1.6 wit% (0.26 mmol g ) Td - 7=,

162 F¥3942)E—3Y

TV X FHEER KR L il (Cu(OH)/ALOS) D IR 222 /LTl 3000-3700 cm™
DOFEIKIC OH EOMERENCFE IS 7 a— Ko 7 FAREll S, XRD /3

— IR ALO; L REIRETH U | & JRE-CIRLE(NIZE R T 5 2 7 TV IT B &
Nighpolz, oo XPS AT bV &V Cu2pspllHkd 5 E—2 75 933.8 eV (HE
g 3.7 eV)IZBHI S 47z Z & 925 . Cu(OH)/AlLO; filtt i D FiFE D R IR FE X+ i TdH 5
ZENRB I,

Cu(OH),/AlLO3, EEHEME DAL (1) I L OE D EXAFS A7 kL % 7~d(Figure
2-2), CuO DFEFHEITEREEZTHY . Cu~D O DEMIEIT 4 TH AP, F7=,
FATE TSRO BEAR T I 5 D T, T OMEIEIXNL 7 BBt © Culfl OB k1% 12 TH 5P
Cu(OH)x/Al,03 TiX R=1.6 A D& IZ Cu-O [ZIRE S D v 7 VBl S iz, B —
T4 T AT E(ToT & A EHENENL 3.3 THh Y 2O A FEEEX 1.95
AThot=, £7=. BRLEH) (Figure 1-7 (b))°4: & #il(Figure 1-7 )2 A H L5 8 il
fIEIZFBIT D Cu-Cu HRD T 7 id, 1ZEACBIIIEN ol LIeR> T,
CU(OH)y/Al,O3 TILE FEIZ /0B S AU7- AL IS ATV VIR BE THI(N) KR L FEDS AlLOs EIT
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BENLSIN TSI ERBHLMNE 72T,

F & =7 FEHK R il (Cu(OH)/TiO2) D XRD /3% — IHED TiO, & Ak
ThHV ., EEHFCEBRLSFINCERT 5> 7 Vil S e no7-, £7-. XPS A
T MV E D Cu2pspilHEKT 5 —7 2% 933.8 eV (CHHENE 3.7 eVIZBHI SN2 &
35, CU(OH)/TIO, il DFIFE DEELARABIZ+N i TH D Z L A REB Iz, £,
AL RO B — 7 13 S 20 o 7o, HERREOFEIC DWW TIEF 622 & 725 T
YA

Cu-0O-Cu

T T T 1
3 4 5 6
R/A

Figure 1-7. The radial distribution of from the Fourier

transform (FT) of the k3-weright EXAFS for (a) Cu(OH),/Al,O,,
(b)CuO, and (c) Cu foil. The phase shift was not corrected.

=
[
(]

1.6.3 il RIS

CU(OH)/ALO; Il 7 L3 o & 7 R 1,3- BT INBR AV I R st 9 2 fil iy
PeaAT 5 2 L &®E L Tuv5(Scheme 1-28)28,  Cu(OH) /AL O il i3 517 [ {4 fil i
ELTERL, BixD7 Y RERBT X OMAEDLENLRINT S 1,23-F )T

31



V=V SR TS D 2 E N T E To, RUSHEIE LSS 4 B TR~ 2% Cu(OH)/TiO, fili i
DREFAKTHY , {EERIT CU)FETH L EEZXBND

=N
N — Cu/Al,03 (Cu: 1.5 mol%) 1
3+ <\ /> — > N/
toluene (1.5 mL)
0.5 mmol 0.5 mmol 60°C, Ar, 1 h 95% isolated yield

Scheme 1-28. Cu(OH),/Al,O,-catalyzed 1,3-dipolar cycloaddition of benzyl
azide and ethynylbenene.

Cu(OH)/AlL,O3 filililx 2-F 7 b— DB » 7V U T RISICR L THIEEEH T
(Scheme 1-29), L7 L. A7k ® Ru(OH)/Al,O3 & LLlkT 2 & 1 —R /N T o AREEL |
FTEMERO BB T2 LW EL & 5,

F o, FEMIEE S Tl W K FE A THE(Scheme 1-30)<°F2 L AE(Scheme 1-31) & A
T 5,

CU(OH)X/A|203 OO
(Cu: 5 mol%)
OH water (2 mL) OH
0.3 mmol under O, 80°C, 5 h OO 64% vyield

Scheme 1-29. Cu(OH),/Al,O,-catalyzed biaryl coupling of 2-naphthols.

CU(OH)X/A|203
OH 0 (Cu: 0.015 mmol)
+ M _ -~ N . N
HoN" NHz mesitylene (0.5 mL) H
2.5 mmol 0.25 mmol 141°C, Ar (1 atm), 12 h

55% vyield 33% yield

Scheme 1-30. Cu(OH),/Al,O,-catalyzed synthesis of tertiary amines from primary
alcohols and urea.

OH
CU(OH)X/A|203 0

(Cu: 3 mol%)

[
’

toluene (3 mL)

0.5 mmol >99% selectivity
>99% conv.
Scheme 1-31. Cu(OH),/Al,O,-catalyzed oxidation of hydroquinone.
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1.7 B0 D LKL il ik
1.7.1 SARE
Rh(OH),/Al,03

w2 LOKEE(6.5 mM, 60 mL)IZ, 550°C T 3 FFfEIBERL L 72y-AlOs (KHS-24
&A%, BET ZififE 160 m?g 1) 2.0g Z 1% T=IRTHM L <#H# L7, 15 55#%I1C
M AKEE(LT R U o AKSIREMNZ 5 2 & TpH % 132 IZFR%E L, %@%Eéw%mz%f
S HIT 24 WEHHR Ukl 72, RIS A Z1TV, AR BRI - 7o [EiR 2 KEO M
K(B-4 L) T LT=, EICHEA Ao B SN2 & TR L= 1% I E 226,
ATV, AR TT U OSE LTS AR EZEIN Lz, ICPICEVHE LR Y T A
DOFFFEIT 2.1 wt% (0.20 mmol g ) T - 7=,

172 Fx¥3948)E—>3ay

TV S HEEEE U T A KEEL Y il B (RN(OH)WALOs) D IR A7 kLTl
3000-3700 cm™ D fEIKIC OH DO MFRENIFB S b 7 a— Ky s 'J‘/W%%E{H'J
LTz XRD /XZ — 3D ALO; L[RIERTH Y . BEu U0 A0 (ke 7 A1)
WZEERT % > 7T UFB S e oo 1o, 72 XPS A2 kL XU (Rh 3ds2, Rh 3d3
IZHRET 5 B — 27 28 310.0 eV (IR 1.4 eV) I3 L 18 314.8 eV (H-fiEME 1.4 eV) (THEIHI &
iz Z &6 (Rh(OH)JALOs it D v 2 7 AFEDEELARBIZ+HN A TdH 5 Z & AR
shr

Cu(OH)/ALOs FEHEME D il ¥ 7 A () D EXAFS A7 k)L % 73 (Figure 1-8),
it T A(N)IZa T X AEETHY ., r YU A~DOBEZEOBRNIEIT 12 Th 5,
Rh(OH)/Al,O; TIZ R =1.6 A OA7EIZ Rh-O IZIRE SN D v 7 F ARl S, H—
T 4T 4T B ToTel 2 A CEYENI T 6.1 TH Y 2 OIS S HEEL 2.04
ATHolz, —FH T, RO3IZH B35 Rh-O-Rh #EEH KDY 7 (R = 2.6, 3.4 A)
I%. Rh(OH)J/ALO; TiXIF & A EBII SN o7, L7=235 T, Rh(OH)/AI,O3 Ti
EEICB SN BEICITVIRIE T, v oy A>NKERIEWFED AlL,Os EIZHEE(L S
NTWLZENHGLMNERST,
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LL
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0 2 4 6

R[A]
Figure 1-8. The radial distribution functions from the Fourier

transform (FT) of the k3-weighed EXAFS for a) Rh(OH),/Al,O,
and b) anhydrous Rh,O,. The phase shift was not corrected.

1.7.3 filsg /It
Rh(OH),/Al,03 o)

A (Rh: 4 mol%)
water (2 mL)
0.5 mmol 160°C, 7 h 77% isolated yield
Scheme 1-32. Rh(OH),/Al,O,-catalyzed synthesis of primary amides from aldoximes.
Rh(OH),/Al,O3 @)
o0 (Rh: 4 mol%)
+  NH,OH - NH,
1 equiv. Water (2 mL)
0.5 mmol q 160°C, 7 h 82% isolated yield

Scheme 1-33. Rh(OH),/Al,O,-catalyzed synthesis of primary amides
from aldehydes and hydroxylamine.

IR T Rh(OH)W/ALO; Zfilllit & L CRix DT /v KX AMLHE T I R~0D
BHEREHAOS S E AR THEAT L2 F-, AMBIZ7 L7 e Fée RrdnT
SUMBDFE T I RO One-Pot &Ik L TH mWMBLEME 2R Lz, MG O®
HCABIC Ko THE A BRET 2 & RRIFERICEL L, IWRF~0 e ¥ AFEO%E
HbemolzZ binh, BICEERAEEE L CTHIEL TWD Z ERL N E o Tz,
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HEE BOSHEE IZLL T 0 b T d 5 (Scheme 1-34),
Stepl: 7/ RF¥ T A0 OH &K r U T A LfEA LT Rh—O-N-CHR % 2%
Step2: 7'u hrBlEHEITE D= M UAHRIKROAER L a2y LoKER LY TE O BAE
Step3,4: = K U L DIKFN

s
R™ "SNOH
1, " :
n+ Hz
R” "NH, Rh
step 1
step 4 H
H,0 _Cx, ~O~Rpp™
n+ /-O\
R—C=N—Rh R—CZ. _Rh™ )
éH or N step 2
H /
step 3 H
-0 HO,

rR—C

Scheme 1-34. A possible reaction mechanism for the conversion of aldoximes into
amides with Rh(OH),/Al,O;. The value of n is probably 3.

80°C TT7 /LT b Kb Rax L7 I vORmazEiT) &7V RET ADARK
BWEE1E 0.035 mM mint Td - 72, Rh(OH)/ALOs fil D fF(E T Ti%, 1.5 mM mint &
50 0L BEE S L, Z D AT v 7 TH Rh(OH)/ALO: 23 il & U CHERE L T\ b Z &
NHGNE 25T,

Fo. afiNEAEBRINTZR AT L RXFL AEZHVCRIGE T8 2 A,
W B RN A B ANBLH S, step 2 MBS TH D Z E N L E Aa o Tz,
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1.8 OMS-2 (Octahedral Molecular Sieves)

THEF & BB LR DO R 2 S BIZH R LIRS OB 21T 9 72012, HikZ ]
IRHIEMERED TH L LT T < RUSHREICIEZE D 5 BB 2/l d b 2 & 2l
Irlz, BRI THE 2 AT 5 OMS-20VE 72 54 ik & L CHEHRAK LY
fikiids K OB ER ek 2 L L 72,

1.7.1 OMS-2 &R%

W~ TR Y 7 2 (5.89 g, 37 mmol) ZffiK (100 mL)IZ g S Wiz, £z, Mg~
> 7 —KFn#(8.8 g, 52 mmol) & K (30 ML) AN %, HERRER(3 mL) & N 2. CIafE &4
oo MARZIRG S TR LN REAKE Z 100 °C (reflux) T 24 KRR L 7=,
BRI U T BB & il L =F K@ L) L7z, I8 HETH H 2 & 2k
RLTRIT, o T [E{A% 150 °C THREHE LT-, Lk TT VOB L 2T REHER
2% 8.2 g (KMngOge - NH,O (n=0 T FW. 734.59) & L7=lsD~ > A o _— ZA D BRI &I X
8.29)fF b7,

1.7.2 Cu(OH),/OMS-2

AV SRR A (8.3 mM, 30 mL)iZ, ARk L7- OMS-21.0g Z Wz CRIETH L < #H#k
L7, 155312 1.0 MKER(ET b U o 2K Z N2 5 Z & T pH % 12.0 IZFH%EE L |
Z O BRAREIR 2 S DT 24 KR LT 72, WRICRB|A|E170, AR EICE -
kl%%kg@ﬁma3ufﬁﬁbto%M;ﬁk%%ﬁyﬁ@Méﬂ@w’&%%

RUTERICEZERBRAITV, LA TT 0 OS5 LI BEH KA AU L72(0.92g), ICP |
FVHIE LR, ~> T OEEBIT TR 1.48 wt% (0.233 mmol g ™), 52.3 wit%
(9.53mmol g ) Th -7, £7=. pH Z 10.0 [TFHE L CTHE LN EDH, ~o H D
GHBRITTNZFN 1.45 wt% (0.228 mmol g ™). 52.8 wt% (9.60 mmol g 1) Td - 7=,

XRD /3% — 3RO OMS-2 LRI TH U | &RICRRLSNICER T 5> 7
VI & 7R - 7= (Figure 1-9),

1.7.3 Au/OMS-2
B4 ()RR (8.3 mM, 60 mL)IZ, Ak L7 OMS-2 2.0 g # Il 2 TR TH L
SHEE L7z, 15211210 MKEE LT U U 2K R ZMZ 5 Z & TpH % 11.0 12
FWL Z DO RAREIK Z S HIZ 24 BRI Lie T 7=, RICBI AR 21TV, ARk
(ZF% o T R 2 REOMK TG Lz, TRiRIZED A 4 i snians & x
ﬁ%a L7 BICE 2B A T W HLEA T 0 D58 LTz, £ 1T 400 °C C 4 BEfFIBERL L 2
MR ZEIL L7z, ICPIZ XV HIE LI2EDHFFEIZ 46 W% TH -7,
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Cu(OH),/OMS-2

OMS-2

10 20 30 40 50 60 70
20 (degree)

Figure 1-9. XRD pattern of Cu(OH),/OMS-2.

1.9 AWFFD BHY

pH OIRJE 72 EIZ L - TR S =& B KBt 2 iR~ L EEfL 5 Z &
T, &FEH D Lewis 5 & KR kD Bransted ¥ 5505 & 241 4 B Al 2 77 5
T& % (Figure 1-10), 2D X H I L TR SN HE LT =0 2OKER Lk, #i7K
BRI, v 20 DOKERAL A 3 0 U7 B B KA TR MR S NUTRBE T
V. 15205 L7 T~z L 9 2pfEi 2 OROSIZH L CRiEtEz ~d, £ 2 TRIFFET
1. HERE B KR Lkt Lewis F2 3 I OF Bronsted Hi D RO F 2 W T,
Bl BRI SOS OB 2179 2L 2 BrvE LT,

72 BT, MRx R L2 L, T a— LT B =T D RG
TH=RUABDLVET I REARTHIIEE2AME Lz, 7 a— L ORE X
BV, BB AKEREfRIEE R T v a— L DKFEE G Z R 2 & THAR=HULEHHR
ERL, TUE=T EORIGHENEE D Z ERWIRE S,

5% 3 T TIL, TiO ICHFF SN Si/KE- (L FE N K G 7 V& > & K LCHI() 7 & T
U REEEMRT D EEFALT, TAX T Y RO 13- IR S X
T NX L OFLIRED v 7V U TRISE T T, £2. RICHEREICX L THE O
THRE S LIS DR DO BT DT, BARIICIE, HIRE B2 D HKER LY
HOTHE L TR TRISICEREBADLIEF2AHKR LS L TREFLE
Cu(OH),/OMS-2 it 2 FHR L . T x> OBRLIARE D v 7Y o TS EIT - 72,

FATETIE, BI3ETHY LR Z A~ IS TS L0 ) FEPO K
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IERTHENTHD 2 L &R 72510 AuUOMS-2 il B2 FHHL LRI 7 L% v & /) b
Nav o Lok v 7Y v I RIS EIT ST,

Brgnsted base “
OH (H) 0L

SO M M
) . % < ::I M M | |
Lewis acid .M/ M \(a)/ (O, O ¢
“immobilization”
_O_ Control of solution states

O/O__ \O\ (pH, concentration,
Ve Support temperature etc.)

Figure 1-10. Preparation of supported metal hydroxide catalyst.
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21 BR
211 —FYILEOEEHN

= MU VHITAEBLTFARICBIT D EERYWE CTH S, = M) VT A OB VR
=B VAR VRO R & 7 | BIEE D IR et e PooHfiik s LCHIA
ENTWAY &5z, T U= R AT, T2 U ERRE. BIIE. A DERNE
v— L LTHATHS, 77 Vr= R LOKRRICEVELNET 7 ULT IR

T, Z<OMBICAHNLNTVWAE, 72, TrEXr =1 N
B
(3,5-dibromo-4-hydroxybenzonitrile) IX B 5 Al & L CHIH &1 r ~
NQAY) [3'410 HO
Br bromoxynil

212 EEO= M) ILERGE
Sandmeyer /<y

~NHz  NaNO,/HCN ~~NENCN  CuCN _~_CN
R{:T RT — R{:T + N
= = AN

Scheme 2-1. Sandmeyer reaction.

HEBEST =i ar AemA F bW 3 e 7 A A & D
& S (Sandmeyer SS)EFIHT 5 2 L CHERFER= N AVEEGS Z LT B,
—EENITLL T O X 5 72 2 BeBE DI % One-Pot T1T 9
() SIS E 2T V=TT Y =g A% T V—/L 7T I & NaNO/HCN /KIFiK &
DN L > TERKT 5
(i) > 7 AEEA() & ORISIZ LD 7V — = h U VHEEREGKRT D

ZOFETEREOZ= NIV EEKRT D ETAHRFIETHLIN, AN TEL=
NUANREER= NV VRO, ZROSBEBIAERY ZHEHT D L0 ) RERD
5o W, T AbH U w A L2 Culphen/Cu(BF,), & FV 5 & fiEEA)1Z Sandmeyer
IS HHEITT 2 Bl ST BB

N2TALY BT = FE DRI

R >Br + NaCN ——» R“>cN + NaBr

Ar—X + CuCN —> Ar—CN + CuX
Scheme 2-2. Synthesis of nitriles from alkyl halides (or aryl halides) and inorganic cyanides.

Na AN T AT A A A D REBE S L > ThEx r= R U L
WEBAZENTXS, ~aF b7 Al oo b7y — e Hic£< o
FIRmEINTEY, Floxa 7 A7 Y —/v & O Rosenmund-von Braun s
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PIEEND, L L, REOFEMHOKEX SROKEOSBIEORIE L W o - BN H
D, BENRBSPOEHLEVHELVWEITEZ R, £72, IRERELTT La—L
LT AT R U AL DRI S SN TN AR

Wittig /<y
CN o) NC R? NC RS
R3P:< + I, — — or >:< + R3P=0
R1 R?” RS Rl RS RL R2

Scheme 2-3. Synthesis of unsaturated nitriles by Wittig reaction.

TNATE RE LUELT & AAAR 7 U (phosphorane) & S SHTT VT v %455
BHGEZ Wittig SUs & WD, 7 ) BRERTLHLRART o 2EEE L THNSZET
REgfi= P U AT 22 LR TE B, ol AP T U AT A OSIFICE
a3,

7 3 FOBASMS
o)

I + socl, ——= RCN + SO, + 2HC
R™ “NH,

Scheme 2-4. Dehydration of primary amides.

BT I REMATDHE= NI NVERKRTHIENTE D, 7 ROBKIZIZ—
I ERmRE VLN, L ESALNTHWDIDEHEBE— U > TH Y, O
e F A=A w7 e e B eI CCl-PhiPt . MeOOCNSO,NE;
(Burgass ##£)* | oxalyl chrolide!™72 E235 %, LavL, Zhb O Ei#mAEE N5
T L EBEER A BLE ) BAFE L < AR, ZHUSKE L, AR (OH)ReOsM, RUCI,(PPhy)!
PACL!™ &y o 7= 34— Rl 2 IV B B b G ST b,

NH>  (HO)ReO3 (0.9-1.0mol%)

.~ CN
o) mesitylene (2 mL), reflux, 1 d
1 mmol 91% vyield
Scheme 2-5. Re-catalyzed dehydration of primary amides.[14d
@)
PdCl, (0.1 mol%) CN
-
water (3 mL), MeCN (3 mL) 91% vield

rt, 4 h
Scheme 2-6. PdCl,-catalyzed dehydration of primary amides.[*>"]
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7
O~ 4 NHg ¢ 320, Mo-Bi or Fe-Sb N s 3 o
400-450°C

Scheme 2-7. Ammoxidation of propylene.

T UEBERONE, T B =T AAE FICBWTZER EBLA L T HKMEKISTH Y |
TEMIZT 7 Va=h I XY= NIAREEAERT HHES LTHAIATY
BN 77 U m = R Y JUTIRBIR USSR T, SOHIO IEE M Fh 2 T u e L v
DT EALISIZ L > THRE S TR Y . L Mo-Bi 5% & % VN3 Fe-Sb SR 23H]
AENTHBEL 7 TR LR ISIIRE L 7 v E=T 0L b= N UL EEKTE S
T OIZZMTEREICRS LW, —J7, BEOEMIIT v v L o R0m R/ LG D —i
2 EIZRBN D,

< DD G
TV RS L OBLK S (Scheme 2-6)M % 7 X L D ik K (Scheme 2-7)0
TV IR & BAL S T 2 & DS (Scheme 2-8)M72 R IT BB,
R/%N/OH > R-CN + Hy0
Scheme 2-8. Dehydration of aldoximes.

1. NaOCl
R">NH, ———> R-CN
2. H,0
Scheme 2-9. Dehydrogenation of primary amines.

_ 250-300°C
RCOO™ + BrCN » R-CN + CO, + Br

Scheme 2-10. Reaction of carboxylic acid salts and cyanogen bromide.

213 ZILOA—ILETUEZTHLDELHI= M) ILERK

T =T IIMEEZ & OB b, i EEFRIEEOE & 70 5 TEEMIZE D
DTEBERWE TH D, £lo. ABGRODEIZIR > THHRESARRIE L L TIAL
HOONDBEEREEMTH Y | FRTERRIAEZHISIZ BV TN THoJRF2h =
DEWEHFLE L TAHAATH S, BlziE. VT=vfilllfta Wb Z & Tra—)L
26T 2 2~ One-Pot TERERLHAZ AT o TSN HRESN TR, BHFLLTT
YE=T EHWD Z & TRIER KD B TIEFIZIR TR O OISR ERKBL L
TU 5 (Scheme 2-11)2Y, HEE RS L LC, ()72 —AmbOKES X2 &
LT7NVT e ROAERK, (NVTVT e RET VBT ORI L DA 2 D4Rk, ()3l
THRWIKBIZE DA I o, v ke LIZOs THBVERM O T I 215 T
V% (Scheme 2-12),
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1 (0.1 mol%)

Ph” SOH + NH3 : - Ph/\NHz + H,0
ammonia (7.5 atm) 8 old
10 mmol toluene (3mL) 7% Yie
reflux, 12 h Ph” >N" Ph
12% Yield
(byproduct)

Scheme 2-11. Synthesis of amines directly from primary alcohols and ammonia. [21]

RCH,OH + NHj RCH,O NH,*

ipr,p 4 CO

Scheme 2-12. A possible reaction mechanism for the direct synthesis of amines
directly from alcohols and ammonia.[?1]
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TUoR=THEERFE L THWD L) REBREFMEO= M VERKIEE LTT L
A= ET UEET LB = NV ESRT ARG E X bivh, T b
HRERICT v E=T 205 = M LVERRIETIEH 505, 7 o ERRGBKAES TH
DBEE R S MBE L T B DK L, T a— VKA L 5 EG ClE g
FERO SIS IR R S 41T U 2 (Table 3-1)P2 201 7= FLBTH M & IR < | Table 3-1
(R LT DT v a— VEOMIS . BaRIENR T L a— R ) L7 Lo
— VRS F O T L a— VR L s b RbET S = b U VRN EIE
THLNATND, LarL, EOHEF S EimEOBIMACIR LA Z LB L T 57201
BIZERY) - BEFEMD R EITERT DL WO RBEAR & D, AR 2R T2 2 &
TERLAI & LT FIRERE 2 IV, & BITHIE EORINF b RE 2R 0% &2 84
HZENTEIUR, BIAERIIIKORE 720 BIZREICXOI LWEKRFE L2 5,

KB, Ty a =)L OFHVKRE TR PUS DS E 2 md Tnd, £Z T, k1
KEFHEDRNT VLT & R~ ERELMLISZAIT> T D IRICH VR =)V EE~D
T =T ORBBEEAT O ICHERIRE SN TN D, file LTI UvRz Eimad
LU THW B RS R OHEE FUSHERE 2 774" (Scheme 2-13)%°), — o UG TIE, ()7 /v =
— VDI L BT VT FOER., ()T VT RET UE=T LDORAMEEICL D
A IV OER, (i) ORIz E D= MU VOARR, LWk LRI Lo
THET A= R LE/TND,

H H
+ NH3 + I ———> + + R—=N
RXOH 3 2 H>O 2 Hi
l2 | (-HI) (-HI)
H H H NH; H NH5 H
/| —_— —_— —_— )\\ /|
R™ O (-HI) R"70 (h,0) R NH (0) RN

Scheme 2-13. A possible reaction mechanism for the synthesis of nitriles from alcohols with 1,.[2]

Flo, WL OROT AT UION T, SHIBIRIC &> TH T va—r &7
VEZTDLEENICHIGT A= P UARERSITWS, =X ) —Anhb T b=
UV E BT D OGS DU TEAUE % T OARBESS B 25 ¥ i S 4Ty % (Scheme
2-14)F7 UinL, 300°C ML O AME Y L, & I HE OB bk, %
DOMDOZFIEDF & LT, BV AZ ) —AnbxfisT 5= N VEHRDL KRS
WA SN TSR, = h ULOBRMET L < 221 (Scheme 2-15),
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Sb-V-P-0O/Al,03
EtOH + NH3 + (O] > MeCN + 3H,0O
400°C

81% Yield

SAPO
EtOH + NHy + O,

Y

MeCN + 3 Hzo

350°C .
99% Yield

Scheme 2-14. Gas-phase synthesis of acetonitrile directly from ethanol and ammonia.l?7-2%]

N V-Mo N. _CN N N
X OH X Y7 N0 X
350°C = = =

56% 15% 4% Yield
Scheme 2-15. Gas-phase synthesis of 2-pyridinenitrile directly from 2-pyridinemethanol.*”!

214 BREEEZHMRIGIZEDTILI—ILIOLDT = FERK

F—f%7 I R(RCONH)IX, AHEARICIT 2 RRIESCEINE, BER, Bkl Al
ELTHIA SN BEEMEAY TH L, tekigna 7F b7 v e 7 2 v L ORE
(Scheme 2-16), H /LR U ERFHEIR L T 2 & DKE(Scheme 2-17), & 5 WO TR K Y
ET =T E DO (Scheme 2-18)IC L > CTZNE AR L TV, g, 7/La—/u
B DIV VR E ORI LW D SN S B0, BIARS O—E) 72T L R
VAENDDEFE T I FOARLME SN TR, YRETHHFT Uy LKEE
b fik i (Rh(OH)/ ALO:) S i & v 9™ 2 & % RLH L T 5 (Scheme 2-19)52,

T D T

Scheme 2-16. Synthesis from acyl halides and ammonia.

O O
R NH — I +  R—OH
R” O R™ “NH,
Scheme 2-17. Synthesis from ethers and ammonia.
S — L i
* NH3 +
R™ 07 R R” “NH, R“J\OH
Scheme 2-18. Synthesis from acid anhydrous and ammonia.
Rh(OH),/Al,03 O
R NOH > )J\

R™ “NH,
Scheme 2-19. Rh(OH),/Al,05-catalyzed synthesis of amides from aldoximes.
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THNA—=)L T BT NODFE—HT I ROEETIE, 2 DOIE D L) Zh
OB RN EEE Th D Z &0, BABRINZIZEIAE R 23K D I T & % (Scheme 2-20)
EWORIEN DD, TNETICHRE SNEZT Va3 — LOBEREERFEISICE ST IR
DEFBBIE LT, AU 20 Az AW THE—#T 2 N &4k L7 % (Scheme 2-22)P
BLOr YU LA AW CE 8T 2 K& A L7R(Scheme 2-23)PY o 2 {1234
HEINTWD, AIEDOKIGE, KBVBENT A EIZEVICEIVRE LAYV DT A
filli 2 AT A OICEREDA LV 7 4 v ELELETH, AL T 4 O bV ICHEE
IZ X > TBEDO AL ZITH) Z N TENTIVEE LW, F72, FEoe FeXx
AT IV XVHEMART CE=T WS Z ENTEIULS IR L
RFNCHEE LW, BEORIGTIIERFE LTTVE=T 2HWAH I EBHEET
HbH, LonL, KEMIEA L L TEREOA LV 7 4 U EME LT L AULFAKETH Y,
TSRO ENHEBORMND 5,

Fo. BT I REERKRLIEFIZHOWTIEL, A7 =7 M2 7= 6 o st
ENTVBPL RUSITECIRNA S BB & LA WBEROS Tl d 528, EICT v
=T MV LN TERVWEDIZE —HRT I FOAREITHI> 2 LIFTERW
(Scheme 2-24)%

R"OH * NHz + 0 ——> R)?\NH + 2HO

2
Scheme 2-20. Direct synthesis of amides from alcohols and ammonia.

215 AHARDEB

AL TIE, D RBR(B D WVITER)EZBRILA LT 5T v a— e T E=T 0
SOEHE= U AERE HBYE 5 (Scheme 2-21), Z AL E TOWMEHNIL Ein E O
FIPUSINA 2 VTR Y . & BICEEBMEOFITHRE STV e, 2 ORIG % FE R
ki D % AW C(EREOREEZ AWTIO)ERT 5 Z Encau, BARD K
DI TIRFNRDOEWEREFFR DO = NV VEREE 78 D,

/-, TN a— LT UE=T S One-Pot TH KT I REEKTHZ & 2RE
172 BEE & 9% (Scheme 2-20), Z3LE TIZH—RDOHESSHI N H A LTV D03,
IKEFHEAN O&E 2 Bel=3 A L 7 4 VHHOWMMBPKETH > 1=, AL I3k o
Sy B« AR SR OB DA 72 ERAREE A V., & DICEEA L L i3y ik
FERND Z & THOTMBNIHN 2N &2 BHIET,

R"OH *+ NHg + 0O R-CN +  3H,0

Scheme 2-21. Direct synthesis of nitriles from alcohols and ammonia.
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i) [Ir(Cp*)Cly]» (2.5 mol%) 0
Cs,CO3 (5 mol%)

©AOH styrene, PhMe, reflux, 24 h NH;
ii) HO-NH,.HCI, reflux, 16 h _ _
1.0 mmol 87% isolated yield

A
[ir]
[ir]
[IH2
_H,0

Scheme 2-22. Synthesis of primary amides from alcohols with iridium catalyst.!33!

[Rh-N] (0.2 mol%)

liguid ammonia (1 mL)
©/\OH methyl methacrylate (6.5 mmol)

THF (1 mL)

COOM COOMe
A
— —N
[Rh—N] ~ \’_ \ [Rh N]
(| ] N
/ ‘Q”"Rh - ‘
[Rh-N] | Rh [Rh— N]
H H Y PH3 Y
\H/COOME ©AO NH; ©)\ YCOOMG

Scheme 2-23. Synthesis of primary amides from alcohols with rhodium catalyst.[34]
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1 (0.01 mmol) J\/\/\
toluene (3 mL)

10 mmol 10 mmol reflux, Ar, 7 h 96% isolated yield

_PBU 2

N—Ru—co
)/ NEt2

I Rr2

Rl

Ir=z

Scheme 2-24. Synthesis of secondary amides from primary alcohols with ruthenium catalyst.[352]

2.2 HiR&
NH»
oxidation NH
PO 3 PO
R Son | —— R 0 R DOH R SNH
oxidation oxidation oxidation I

hydration N
I— R//
nitrile

Scheme 2-25. Possible reaction path from alcohols to nitriles or amides.

ARETE Z 0B85 KSR % Scheme 2-25 12777, T Clok_7~-k 52, 2n=E
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TOWEFH TIIOT V=L OBLIC L DT AT FOARK. ()7 VT RET UE
=T ORI L DA I D4R, (i)A 2 vOBbIic kb= LA, D =B
DBRFIGZE > T= MU ARERIND A=A LR REIN TV D, &EKERL
Wi c b Z ORI FREE B2 DD, FRIT, T THEDLT = U LOKER L fih
#E(RU(OH)/ALO)IZ 2 E TIZ 7 /L 3 — LR RS 7 3 o gfplP78 = K U v ook
FBPA L o 72 SOSITx UCREOABER M 2 R 2 E AL E R THE Y | ARISIC
ML THAMHERTLZ RSN, T7hbb,
« step (DIZ*F L CiX. Ru(OH)/ALOs IS i M EME 2 7”9
- step ()&, 2T LY EFwISDHETT D
« step (iii)lZ%F L CTiE. Ru(OH)/ALO; flth s i M EE: A 774
EVND LI, ERNENDRAT v T OETIXHICREETH B, ULFRFRE Tl
T = U APUANOHFEE RIS B E R T L b E X DD, & Be.
RITVT L, vy LR EEL DESRZ O TR AITO RSNV S,
SIHIZ, FOMORKEEETHZ L THEERLIZT /L3 —/L) 5 One-Pot TH—
T X REAKRT 52 EbRENREEE TS, BEAMIZIT Ru(OH)/ALO; filt i3 =
FUNLDOKFNZE DT X FEBIZKH L TEWVEEEZ AT HZENRFATE L B X
SNDPL Fm, Ta—A O TEHBLICK VAR LA LRUBET V=T LD
SOOGS0 7 2 R3VERT 22 C LRI T 2 aREMR H D,

2.3 EERIE
2.3.1 filiE Rl
HHEF KR LI X2 THE 1 ORI - TR L 7=,

232 PUEZTARKRDAR

W . A X, )by 7 hZbe ka7 Ty (A /) —LERWE,
BB WK T T2 S GREG A Z L. S DICHEA & LTk Ly 7 A
FoOT- U FIBE B LT,

PR (S mL) 2 2 LUV EICHE L U FEICHER LT, 7 V=7 7K(28%, 30
mL)% KT T A TWZ AV A0°CITIMBA LT, T VB =T KN ORAET DT VE=T H
A 6 ENT V7 EEDHETHNE THRBEA LIRS, AR LT v E
=T IR DRAF T (10°C)N TIT VO % TE SR ELIT RIS I Lz,
BERIE « AR L 72K 1 mL 2K 60 mL( b /L IR DOSAITIE T & b o tik=
30/30 mL)IZHI 2 7=, 25°C IZfR S, HEE A W CIHE AT - 72, € #hFR % Figure 2-1
WZRT, ROTT VE=TEBEIENZENALLTOHEY Th o,
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(a) dioxane solution of ammonia: 0.65-0.70 M
(b) toluene solution of ammonia: 0.20-0.25 M
(c) THF solution of ammonia: 0.43-0.48 M

(d) methanol solution of ammonia: 0.84-0.96 M

2.3.3 Rt

RIS A— 7 L—7 T o 7=,

() 77 v UESIIFTVERO YT, M, B, WerEe AN, A— 7 L—T % E

A L7,

(i) 225 D VWMIRER CATE DI £ T L7,

(iii) FTEDIRE DRSEEEIZE v b,

(iv) AR OFRIEIL GC-MS, E&EIT GC Z VT E 7 = = /L2 NIEHEYE & L TR
WETITo 7o, F7o, HBEEICEZ RO 2B ITAE - YA Al « =KL —v
g N2k - TIERERZE L7212, 'THNMR I CTAERY OMEREIT > 12,

(a) Dioxane

400 - (b) Toluene

300 -
200
100

Electrical potential [mV]

Electrical potential [mV]

_200\ T T T T 1 '200\ T T T T 1
0.00 0.20 0.40 0.60 0.80 1.00 0.00 0.10 0.20 0.30 0.40 0.0

Concentration of ammonia [M] Concentration of ammonia [M]

300 - (c) THF 400 (d) Methanol
300 -
200

Electrical potential [mV]
Electrical potential [mV]
|_\

o
o

'300 T T 1 '200 I T T T T T T 1
0.00 0.20 0.40 0.60 0 02 04 06 08 1 12 14

Concentration of ammonia [M] Concentration of ammonia [M]

Figure 2-1. Titration curves on (a) dioxane, (b) toluene, (c) THF, and (d) methanol solution of ammonia.
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24 BREBER
2.4.1 FENROEE

2-FTHVLUAL )= (la)ERE L LT, TYE=ST EOEE= b VAT
T DR R ORMR 21T - 72,

Table 2-2 |\Z/R T L DI —T VEAZ B L L CTHWD & D30 1 KFE O G Txf
JGTHFT 7 =R U QRayPFEARY E L TEON(Entry 1, 2), £/2, bl iiX
TR T OEIREN/NE NS OO = kU LR EIERTE S 72 (Bntry 3), — 5T,
AR =K E WS TT m N MR R AW SR TIRIT & A EROGETE T, fil
BEA~DOBNLINZ K D IEPELE 23~ S 4172 (Entry 4, 5),

UL EDFERD S | UBEORIGIET V=T D= —T WVIEE 2 VT = kU L &2%hR
IL<EKRTHZEAZBME LT,

Table 2-2. Influence of the solvents on the oxidative synthesis of 2a./

CN B
Co > — A0SR
1

a 2a 3a
Entry Solvent Yield [%]™
2a 3a
1 THF 74 17
2 dioxane 53 31
3 toluene 79
4 methanol 8 4
5 water nd 16

[a] Reaction conditions: 1a (0.5 mmol), Ru(OH),/Al,0; (Ru: 10 mol%),
solution of ammonia (2 mL, NH;/1a = 1.8), air (6 atm), 120°C, 1 h. [b]
Yields were determined by GC. nd = not detected (<1%).

2.4.2 FER DRIEDEMHELLER

FEx DT VI T HEEEEKBR A 2R L, 1la b 2a ~DO'EREALHISIZ
KT B MR E D L 21T o 72, W2 HERE B /KR ik 5 5 Ru(OH)/ALOs fil
BN b BV MEME 2 R L72(Table 2-3, Entry 1-5), 7 2 & =7 0B L A IETEE D
7o, T =0 ALSOHEFE B KR LRI TIE T v 2 — L DFRRIT k9 2 fillie
RRNZEA RN o T, fERTERA TH 2 VT =7 A(Entry 9), fHIRD 7
(Entry 14), fitli£72 U(Entry 15O 54 TIERISITIZ & A EEIT L7220 o T2,

Flo VT =ULE RRX T ANEAL NOAVT =T LT =R DX D 2R L) —F%D
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VT =7 M (Entry 6-8)°, VT =T AT EFATE R F R, AT = LRT A
YHEA = VT =T LTNRZVD KD T =0 AR (Entry 10-13) & Hig
L T%., Ru(OH)/ALO; filii7s 2a D& IR L TR EMEZ R LT,

Table 2-3. Transformation of 1a to 2a with various catalysts catalysts."

CN B
([ fgp— -

la 2a 3a

Entry Catalyst Yield [%]™

2a 3a
1 Ru(OH)/ALLO3 74 17
2 Au(OH)/ALLO; 10 29
3 Pd(OH),/Al,0O3 nd 1
4 Pt(OH)/AlLOs nd 5
5 Rh(OH)/ALLO; nd 2
6 Ru/C 22 30
7 RuHAP 4 11
8 RuO, anhydrous nd nd
9 RuCl;'nH,O nd nd
10 Ru(acac); nd nd
11 RuCl,(PPh3); 2 4
12 [RuCl,(p-cymene)], 2
13 Ru3(CO)12 nd 3
141! AlLO; nd 2
15 none nd nd

[a] Reaction conditions: 1a (0.5 mmol), catalyst (metal: 10 mol%), 0.45 M THF
solution of ammonia (2 mL, NHs/1la = 1.8), air (6 atm), 120°C, 1 h. [b] Yields were
determined by GC. nd = not detected (<1%). [c] 200 mg.

2.4.3 RISEHDEE

4-A R X ARV T A= L (Ad)EIE & LTRSS D 21T - 72 (Table
2-4),

FT R ORKFENZ BT L 2A, FONT 8 R E TIZIFFL L, £DO%IE
REJEDT VT E RN 10%EEKST2EETHDHZ ENH LN E 72> = (Entry 1-6,
Figure 2-2), ASIIBILKIGR TH D720, RISFEAR ZMEESRE &35 2 & CiEfk
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O EERRE L2y, = b U VIEROSEIL R b7 7> 72 (Entry 4 versus 7).

INDDRERN DB O KRIEN DN, R AZES L TRIGEITo T2
(Entry 4 versus 8—12), filifi:a 8 mol%LL LW & Z ATREIGD T VT & KDL
ARG, 10 mol%HW e & ZATRIEDIZIFR T Lz, LIedi> T, DK
& CTIHEHE L% LT 10 mol% D il 2 F VN CRUSE1T 9 o

BOGHREE 140°C 726 120°C ME T S ETRIS AT 2 T2 BIRIZKR E 22 KIT A 6
727> 7= (Entry 5 versus 13), F72. 170°C TG ZIER 5 &7 I ROULEIHY
MU, = RV VDOIEEY Rl CTEABRY & 70D 2 L3720 - 7 (Entry 14),

Table 2-4. Reaction of 4-methoxybenzyl alcohol (1d) and ammonia.”

O
o | O L T
MeO MeO MeO MeO
2d 3d 4d

1d
Entry Ru(OH)/ALOs Temp Time [h]  Yield [%]™

[(Ru:mmol)] [°C] 2d 3d 4d
1 5 140 1 56 23 2
2 5 140 2 68 18 nd
3 5 140 4 71 12 nd
4 5 140 8 75 9 nd
5 5 140 12 76 7 nd
6 5 140 16 72 9 2
7t 5 140 2 61 21 nd
8 6 140 8 72 9 6
9 7 140 8 71 10 1
10 8 140 8 79 2 2
11 9 140 8 68 2 3
12 10 140 8 74 nd 4
13 5 120 12 74 7 nd
14 10 170 21 43 1 21

[a] Reaction conditions: 1d (0.5 mmol), 0.65 M 1,4-dioxane solution of NH; (2 mL,
NH,/1d = 2.6), air (6 atm). [b] Yields were determined by GC and 'H NMR analyses. nd =
not detected (<1%). [c] O, (5 atm).
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80( _

60( | j/./._’.\.
Figure 2-2. Reaction profiles for the

40t Ru(OH),/Al,O;-catalyzed synthesis of 2d
directly from 1d and ammonia. Reaction

200 conditions: 1d (0.5 mmol), catalyst (Ru:
10 mol%), 0.65 M 1,4-dioxane solution of
!SI . NH; (2 mL, NHy/1d = 2.6), 140°C, under

0 - *————¢
air (6 atm). The diamond (), square (H),
0 4 8 12 16 and triangle (A) symbols indicate the
Reaction time [h] results with 1d, 2d, and 3d, respectively.

Yield [%]

244 V—F TR

AR DOTEVER R STV T =0 DKL L D 6 D0, 82 WIS
HFICEH L7V T = AFRIZE D2 b O0EH 6N ET 572010, lahb 2a ~D&
7 V=7 O THF AR mL)F TITo 70, KISSEMAT Table 2-2 LREETH D |
Ru(OH),/ALOs fil i I3 FLE 1256 LT 10 mol% Iz, 224 6 atm D ANE T 120°C (2 ANk
L7=, 73— LOEALRNE L 30%DI L CTKIBIZ L » TRUGNZEEIL L, Al
X o TG D B il 2 25 U7z, AURIZT & =7 @ THF A1k (1 mL) % 2 CH
O 120°C IZMBA L CRUR AT o T2 & TARISIEIT Lo 72 Z L b | g 42
[E KD Ru(OH)/ALO; IZ L2 b DTh % 2 & AWRE ST,

FTo, KIS TH OIS D 1CP JIE 21T - 7o, FERIFIEZ, AT X0 Al 4 b
WIS NS 8 HICmNR L —3 3 VT K D IEEABRE L, o IRy 24
BBIESECEDOEBHIONLT =0 DEZET DLV bDThHolz, VT =T
AR ENR o TZ(BRHBRLL T TH-o712)Z &b, STICHEF SN LT =
U LFEOEE DN E R ENT,

UL EDFERD G 1E LT = 7 KB Ll O fil R 1 TR S Lo v T = 0 A
KEBALFEICHKRT 26D THY . £72, ISR ~DONLT =7 LFEOEH S 720
ZEND, ARSRIFEICAE R THD 525,

245 i DO EFEA

Table 2-2 DA THRIGKF M A 3 FFfHl~ELIERT 5 &, lanbh 2a ~DEREAL
JEANFIESE T L 2a MR 91% T 5 407=(Scheme 2-26), SUGHE T H ORISR D6 5
W J > TAREEZ B L, ()7 & b B, Q)fKR e, (i) L (1.0 M NaOH aq)
EITWEHERBEOSM CTRIGEIToT2E 2 A, 2a OILRIT 81%E RO TR RS
iz ROBKE T % OWIR%E A LT 2 FREEEI L, RIARO AR 21TV RS IS
izl Z A, 2a DILHEIT 61% Th o7z, RRIGSEMAETHAMBEOME Y IR L o I
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RIS DZ EDBHLNE 70T,
3a 7B 2a ~DHREEEWSE Z RO R TIT o 725612 b . Bl L7 il ¢
ZAED 72 DS BIEPE DR T 23 B 5 4172 (Scheme 2-27),
_ % CN
OH . NH 4O Ru(OH)X/,.AIZOg, (Ru: 10 mol%) + 3H,0
1a T.HF solution ofONH3 (2 mL, 0.45 M) 2a
0.5 mmol air (6 atm), 120°C, 3 h fresh catalyst: 91% yield

1st reuse: 81% vyield
2nd reuse: 61 % yield

Scheme 2-26. Direct synthesis of 2a from 1a and ammonia with fresh or reused Ru(OH),/Al,O;.

o Ru(OH),/Al,O5 (Ru: 10 mol% CN
T ¢ o, Soostictomin o A e
3a THF solution of NH3 (2 mL, 0.45 M) 2a
air (6 atm), 120°C, 3 h )
0.5 mmol fresh catalyst: 93% yield

1st reuse: 87% yield

Scheme 2-27. Direct synthesis of 3a from 1a and ammonia with fresh or reused Ru(OH),/Al,O;.

246 EEERAM

M2 DF kT V2 — /L% W TTRBUG R O F B T YL Ot 217 - 72 (Table 2-5),

HE LT =0 LK b XX DL T L a— VU - SERET U VT L 3 — U
2k L CRWRBEE 2 R 2 S B b e o, = hadk e A R XU COE
ROV T N a— VEERE L L THW S S ICIEERILOE 7t 5% - B k5]
PEICEOTXIET 2= MU A ZEIERTEDS Z LN TE(b-1j), = HIZ, EHED
MEIZHOWT S = U AVAERICE 2 523/ S 72 b D725 7 (le-1d, le-1g), —HfH
BEATLHREEICONTE, TO_EHESZRFFLIEEEFAMNE T 2= VERS
IRTHE Bz (1k-11), BRIFE MR 772 EDO~T rf &2 G327 /v a—/LHA
IZOWTHENL R PICKDENRZ 5 2 & b7 < SOSTEIT L7=(Am=1p), —J7 T,
BIFIENI IR T v a— v q). JENGIET VLT L —u(1r), P LF T L a— L
)& HE & L THWESGAIZE, MIGK TH b REOLE MR S NBISITIEE A
EHITL TV noTe, ZHHDT L a— L TIEPALOD C-H F5E M AIER N 72 80 T
boHrEEZLND,

TNha— ORI L2 DT VT v REHWTRERO S CTRIG 21T - 7-(Table
2-6), NUATNT b NEOKINE, BEHRILICISTHRIET L, —EEEGE
AT HEEIZONTIE, 2O _EHEAERFLIEEEENET 5= MU VAN EIE
THEONZ, BRI TCMER TR EO~Tuf12HF3 57 /v a—VHEHIZOWTH
BNZ 72 CIC R DEFENEZ D5 Z & bR SITEIT LTz, S HIC, T/ha— a2 iE
ELizex By EET VT e REEREE L THWEGAICHLEMET S =1
U EIRTHE LN,
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Table 2-5. Scope of the Ru(OH),/Al,Os-catalyzed transformation of alcohols to nitriles.™

O
R OH R—CN | + R Yo + R)J\NHZ
1 2 3 4

Entry Substrate Time [h] Yield [%][b]

2 3 4
1 la 3 96(91) 2 nd
2 1b 5 72 2 3
3 1c 5 85 2 8
4 1d 5 83 6 2
5 le 6 89 0 3
6 1f 6 80 6 6
7 19 5 80 5 2
8 1h 5 92(82) 4 nd
9 1i 6 84 16 nd
10 1j 6 82 5 nd
11 1k 5 82 1 4
12 1l 5 76 15 nd
13 1m 7 80 9 2
14 1n 7 67 nd nd
15 1o 6 81 7 2
16 1p 12 65 20 nd

[a] Reaction conditions: alcohol (0.5 mmol), catalyst (Ru: 0.05 mmol), 0.45 M THF
solution of ammonia (2 mL, NHj/alcohol = 1.8), air (6 atm), 120°C. [b] Yields were
determined by GC and 'H NMR analyses. Values in the parentheses are the isolated
yields. nd = not detected (<1%). [c] 130°C.

Primry alcohols

OH
la 1b 1c MeO 1d le 1f

OMe




Table 2-6. Scope of the Ru(OH),/Al,0s-catalyzed transformation of aldehydes to nitriles.

@]
R X0 R—CN | + R)kNHZ

3 2 4

Entry Substrate Time (h) Yield of nitrile (%)

2 4
1 3a 3 93 nd
2 3d 5 85 nd
3 3g 5 80 nd
4 3h 5 90 nd
5 3k 5 82 nd
6 3n 6 76 6
7t 3t 12 68 nd
glcl 3q 16 71 1
olel 3u 16 81 3

[a] Reaction conditions: aldehyde (0.5 mmol), catalyst (Ru: 0.05 mmol),
0.45 M THF solution of ammonia (2 mL, NHs/alcohol = 1.8), air (6 atm),
120°C. [b] Yields were determined by GC and '"H NMR analyses. nd = not
detected (<1%). [c] 130°C.

Aldehydes
3a MeO 3d 39 cl 3h 3k N©  3n
AN, )\/\)\/\
o) X X NN NN
@] @]
3q 3t 3u

247 RIGA D =X LDEE

FEIZ 1la # AW TRISOREE(L 2B 72 ZA X LDICT VT b R@a)in Ak
L. #HEWTHE T D= U (Qa) DA RS S dL7z (Figure 2-3), Z O#EFLIL, Table
26 \IRTEHIBREA DT NALTE REEET V=T NOIRIL kT 5= MV L
MRRONTZ L EBAEMRH D, Flo. BUSET T GC-MS IZ XV £ DIEE 21T
o572k A, la, 2a, 3a B TE A —s i anifl, stind 254 I
(2-naphthalenemethanimine) D &'— 2 $ £ )72 55 & #EF8 S A1 7= (Figure 2-4),

T IINVHIREAITH B 2,5-T-tert-7 F)L-4- A F )7 = ) —)L & lalZxt LT 5 mol%
WML T 2a ~DOBERELLMIEEIToT28 2 A, ERYORINKRA~LEL 5 2 720
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STy ZOFRERNSG | RKIGRTIEZ YV —F P AVHRENER L TRV Z &R
2z,
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Figure 2-3. Reaction profiles for the _
Ru(OH),/Al,0,-catalyzed synthesis of Figure 2-4. The mass spectrum of the

corresponding imine detected during the

2a directly from la and ammonia.
Ru(OH),/Al,O5-catalyzed transformation

Reaction conditions: 1la (0.5 mmol),

catalyst (Ru: 10 mol%), 0.45 M THF of la (Inset: chromatogram). The mass
solution of NH; (2 mL, NH,/1a = 1.8), spectrum was recorded at ca. 60%
140°C, under air (6 atm). The triangle conversion of 1a. m/z (%): 156 (12), 155
(A) and square (M) symbols indicate (100) [M™], 154 (92), 153 (18), 128 (32),
the results with 2a and 3a respectively. 127 (44), 126 (18), 77 (18).

bz Lt A0 Ru(OH)/ALO; il X5 = F U VAT 3 DOk d 5
FISIZE > THEATL TWA Z R I, 77205, ()Ru(OH)/ALO; iz &
Btk T V3 — VDL E (T VT & ROER), ()T VT e KT UE
=7 OPAREE (A 2 > DERK). (iii) Ru(OH)/ALO; il X 5 A 2 o O L HIM K
FS(= b UV DHERK), T % (Scheme 2-28), S(1)3 L ONGii) 2 B3 5 SO HEAE D5
METES 1 | CREL <aR7z,
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1/20,

OOH
Rl’u’” OH
Ru™
H H
R)(OH
(@]
2 H,O
H
']' R
H
Ru"™ Q 2
>¥/ Run+
H
R/J%o
NH3
H,0
H
R/gNH H,O
>,/\ i
OH H
| N/
Ru™ \
Ru™
1/20,
R—CN
Cl)OH H
Ru™ F\lun+

O,

Scheme 2-28. A possible reaction mechanism for the present
Ru(OH),/Al,O5-catalyzed direct oxidative synthesis of nitriles from
alcohols and ammonia. The transformation proceeds via three sequential
reactions of the aerobic oxidative dehydrogenation of alcohols to
aldehydes, the dehydrative condensation of the aldehydes and ammonia to
imines, and the aerobic oxidative dehydrogenation of the imines to produce
the corresponding nitriles. The value of n is possibly 3.
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2.4.8 K-BEWEBBRPTORIG

INETORERNOERBEEF TIE= NI AN BIRMIZELND Z LB BN E
Tpol-,

Ru(OH)/ALO; i3k IEHE T = b U AKFIRER AT 2P 2 L. b ook
EEAEDLZETTNa— LT VBT NLHEET I REERT 52 2R AT,
BOSE BV RBER TITW, T U= T K EERFE L THW,

FPEEIALE T CORIS & FREIC, Ru(OH)/ALO; it Z WV Clb & 7 =7 &
DS EAT2Tee 2D EET N T— VO ERPMELS, T UE=T &K E ORNLFLE
IZ K D20y 5 Ru(OH)/ALO; IBEDIEMEA Je oL TN D T & 3RS S 172 (Table 2-7,
Entry 1), & Z C, KPP TH EEAE W T L a— )LER{LHEE 7R Au(OH)/ALOs filt i %
M2 TRINEAT>T2E 2 A, 1b ORBLISDIETT L, 2b, 3b, 4b DU\ £ L7,
Au/Ru it L 1:1 TiX 3b 725 2b ~DFUSTEMEDMEN (A T DRI EV)Z LD
Ru(OH)/ALO; filtlif D EZWER L CRILZITH 2 & T 2b 23%h3 X <5 b7z (Entry
2-5), L2rL. 2b 25 4b ~ DRSS DIEPEIZZIUE Em < 720,

Table 2-7. Reaction of 1b and ammonia with Ru(OH),/ALOs and Au(OH),/ALLO5 !

O — @f©* e

Entry M(OH)/ALLO; Yield [%]®

Ru [mol%] Au [mol%] 2b 3b 4b 5b
1 2 0 2 6 4 nd
2 1 1 25 34 12 5
3 2 1 43 27 16 6
4 4 1 54 5 10 nd
5 5 1 62 5 6 nd

[a] Reaction conditions: 1b (0.5 mmol), NH; (2.5 mmol), water (150 uL), toluene (2
mL), air (6 atm), 130°C and 24 h. [b] Yields were determined by GC. nd = not
detected (<1%).

& BT, FSEE (Table 2-8, Entry 1-3)38 X TN > & = 7 I8 (Table 2-8, Entry 1,4,5)%
B2 TR EATSTENT I RORENPRKE L\ ET 5 Z &137270 > 72, Ru(OH)/ALO;
e X5 = U VKT ROG CIIIAIER O K2 LB L L, Table 2-7 & 5\ X Table 2-8
DEIIBRKDDVIRNGFETFTTIET I R EAERDE LTHEDLZ L3 LV E L
7=
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Table 2-8. Effects of the concentration of ammonia and reaction temperature on the reaction
of 1b and ammonia.

o — ©f©* o

Entry NH; [mmol] Temp [°C] Yield [%]®
2b 3b 4b 5b

1 2.5 130 62 5 6 nd
2 2.5 120 66 1 13 nd
3 2.5 110 46 4 12 nd
4 1.0 130 63 1 5 1

5 0.6 130 65 3 11 nd

[a] Reaction conditions: 1b (0.5 mmol), catalyst (Ru: 5 mol%, Au: 1 mol%), water (40—150
puL), toluene (2 mL), air (6 atm), and 40 h. [b] Yields were determined by GC. nd = not
detected (<1%)

2.4.9 KBFFERTORI

NH»
oxidation NH;
PO PN
R"oH | — R0 —— R/l\OH ——  RT\H
oxidation oxidation l oxidation

0 NH, O hydration N
B B
~—— | R °NH R
OHhydrolysis 2 nitrile

amide

Scheme 2-29. Possible reaction path from alcohols to amides.

2.4.9.1 BROBHFERKBIEMMIRICEDT I FEK

fle D7V TR RE KB E 2 R L K- T =T HE T TOE R
T — LELEEIC SO W T REIC AN Y AT L a— (1) IV THRE %17 - -
(Table 2-9),

AR T B OTEPE 2 R L2 Ru(OH)/ALOs il I3k & 7 2 =7 OB O
HENODNTEVEIENEZ RIS R o7z, ROSIZHW D ¢, Au(OH)/ALO;
FRIED T3 T e 3 — L DRI L CEVEME AR LTz, LinL, EAERMITARE
TH= R UAEDRT I @b T < RRAERSD) Th - 1.

64



Table 2-9. Reaction of 1b and ammonia with the various kinds of metal hydroxide catalysts.

O (0]
OH CN ~0
— NH, OH
1b 2b 3b b 5p

Entry  Catalyst (([mmol]) Conversion of 1b  Yield [%]™

[%] 2b 3b 4b 5b
1 Ag(OH)/ALO5 (-) 10 nd 4 nd nd
2 Au(OH)/ALLO3 (2.0) >99 nd nd 14 70
3 Cu(OH)/ALO3 (2.0) 15 3 7 nd 1
4 Pt(OH),/A1,03 (2.0) <1 nd nd nd nd
5 Rh(OH),/Al,05 (2.0) <1 nd nd nd nd
6 Ru(OH)/ALLO3 (2.0) 10 nd 10 nd nd
7 Ir(OH)x/A1,05 (2.0) 24 1 5 nd nd

[a] Reaction conditions: 1b (0.5 mmol), water (40—150 uL), toluene (2 mL), air (6 atm), and 40 h.
[b] Yields were determined by GC. nd = not detected (<1%).

2.4.9.2 HE /KR LAREC X 2 OGS

Table 2-9 (2B W ThH b 1b DEHLFED F D > 7= Au(OH)/ALOs filtlit %2 AW TS 51z
=47 > 172,

AREISRIZIBWNT IR BB ERT HRRKIET7 VT v ROk, HH50E7 IR
DIMKSIR TS D &% 2 B D (Scheme 2-29), FARM T 5 5b DAERRRK A H 5
NETHEDIT b & T UEF=T EORISDORIEZE 2 L - 7= (Figure 2-5), 5b 235
IO REIZAER L, BIERY THH T I FEb)IIIRA IZAER L TV D103
Lk irole, £z, TATE RROITZBRKISEDOFRUATH 5 &b b, fRRE
EDREFD2 B INVRAFRIET I ROMKGETIZ RS TVT E ROBKIZ L > TA
KL TWD Z LRIz,

80% - Figure 2-5. Reaction profiles for the
synthesis of 1b and ammonia with

— 60% -

X ° Au(OH) /AlO,. Reaction conditions: 1b
S 40% - (0.5 mmol), catalyst (Au: 2.8 mol%),
e NH, (5 eq.), water (2 mL), air (5 atm),

20% - 130°C. The triangle (A), square (4) and
circle (@) symbols indicate the results

' with 5b, 2b, and 4b respectively.

0 10 20 30

Time [h]

0%
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Wiz, TUE=T ZMZATIT Table 2-9 & RROSFMETRIGEIT> T2, 8 FEf#ZIC
GCIZLVAERMDEREITH & 2b, Bb BENEI 6% T DAL TEY ., Thdix
BINZEE— 7 BFIE LTz, GC-MS |2 XV AT REEFB TNV ThD I LD
Hinkirotz, ZHUT1b ESb ORINICK VAR LIZbDEEZ BN, TVE=T D
FELRZWEETTH 50 BREIZAER L TWEZ ERHLMNE o2, LRS- T,
AP RMAE TO I VR BEOERIZEICT VT B ROBILICE DD THDLZ &
D EF ST,

Au(OH)/ALO; fIEAFAE FTBb & 7 V=T L DRIEEIT o128, BE 57 3
RAb)TE< A Loz, T ORISR LTl 160°C UL Lo SR A2 %4 5K
JECH 0 R RREIE TSRV CAKB bR Al & U CHRES D 2 & id e
7,

U EOFERNS, 7T e ROBLEIGEIT 5 Z E37 I ROWER EO72HITR
ARTHDZENHLMNE -T2, TAT 8 ROBILIZT VNS THEITT S L S
NTEY, VBV OBINC LY KERIEI S b, £ 2 TEREIZRLT S
mol% Dt Kua X /) VAR L CRIGEIT>T2, 2KV 7T & ROEIZMmH
ENEHLOO, fHEERRLE T LTS Z ERNRBENT, FHZT LT R
= MU A~DHRG(A 2 ORI IE E A EHEIT L7205 72 (Scheme 2-30),

Au: 2.8 mol%

@] O
©AOH hydroquinone: 5 mol% ©Ao CN " N
ammonia (5 eq.) 2
water (2 mL)

130°C, 24 h, air (5 atm) 4% Yield
Scheme 2-30. Au(OH),/Al,0;-catalyzed reaction of 1b and ammonia with hydroquinone.

0.5 mmol <1% 5% 6%

FE122b% AV CTAu(OH)/ALOsfil D = + U /L /AKFIRE 2 372, Au(OH)/ALOfik
B —E O EEMEZ R L2 b DD, Ru(OH)/ALO M) & Frige 3 2 L &M R
(Scheme 2-31),

O
CN Au: 2.8 mol%
+ Hzo NH2
water (2 mL)
0.5 mmol 130°C, 24 h, air (5 atm) 23% vyield

Scheme 2-31. Hydration of 2b with Au(OH),/AL,O;.
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TNTEe RET =T OIS TIIARLERT I ) TR —NVE2REAT 5, Th
NELEND ZLICE D 7 I RVERT ARKELEADNS, 7T E=T ORbYIC
F—T I THLT =V AN TRIREIT2Te, ZORISTIHA I b =1Y
NASDEACLSGTIRE Z D 37202, 72 ROARNBRI S ET S /) 78X —b
OIS ET L2 & W2 D, GC-MS (X AERMOREEIT-7-& 245, 556
NIZDIEA I DFHTH > 7=(Scheme 2-32), H—ikT I &7 =7 ORISR
PERH LMD, TIATE RETUVE=TORGTERLET I NIX, 77
TH =L OBETIERS = I AVERBLTERLIEBDEEZ BND,

©/\OH Au(OH)X/AI203‘ @O
toluene
130°C O
air (5 atm) NH2 /©
Oxidation N
H not produced

on /@ /
N 0
Dehydration ©/\ main product

Scheme 2-32. Reaction of 1b and aniline with Au(OH),/Al,0O;.

INETORRFEEELODL L KPTEHE BT NVa— VT VBT NOE—HRT
X REEHEEKRT A7OITIE, ()7 VA NAEERZHNTCT VT v RO ZIE3
HZ &L ()= MU NVOKIIGEITH 2 &, ()7 X ROMAKSEZ M9 25 2 &5
W 72 2 (Scheme 2-33),

oxidation NH
P 3 PN
R"oH | — R o —— R)\OH —  RT\H

hydroquinone * oxidation

)OJ\ hydrolysis hydration ///N
R OH

Scheme 2-33. Possible reaction path from alcohols to amides in aqueous ammonia
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2493 £ LTV LEEMEIZK DR

Au(OH)/ALO; IF/KFTOT NV a—VEgbEELZ R LTI2, BAERM THALT I R
ERILSERTDHZEIETECWRY, 22T, A IVOB(EHLWIE= RV LD
m%mm 2P LTI 2 st & L C Ru(OH)/ALO; Z#HHEA L CHWA Z &

X RO &R ATz,

Ru(OH),/AL,0; % 1b (2%t L C 5 mol%ffl L. Au(OH)/ALOs D&% % 2 TRIGEAT
72 (Table 2-10), fffEEA 1 mol% &V &7 WG TIiE 1b DI LRI E ) -T2, F
7.2 mol% AV 72 RE T 13 Bb DARKEEIMNT 2 DA THI &2 4b DA EIZE(L
L2 hole, Liehi> T, UBOKIETIZ Au/Ru DHFEEZ 1/5 & LT,

BRSO &KL IR A TH Y Au O TH D LHEESND, 2T, 7O
Au(OH)/ALO; & A Y 7' r /X ) — )LH T 80°C IZMNE L TIETTALEL 21T > T B i
= (Bntry 5),  BARE D S IR TCALEL D Aw/ALO; il 2 -V TiT o 72,

Table 2-10. Effect of the amount of Au(OH),/Al,O; on the reaction of 1b and ammonia.®!

She @%@@@

Entry Au(OH),/Al,0O3 Conv.of 1b Yield [%]®

[%] 3b 2b 4b 5b
1 2 >99 nd 11 43 39
2 1 99 1 15 43 19
3 0.5 88 9 12 26 17
4 0.25 69 7 6 14 18
5 1 >99 nd 8 39 38

[a] Reaction conditions: 1b (0.5 mmol), Ru(OH),/Al,03, NH; (5 eq.), hydroquinone (5 mol%),
water (2 mL), air (5 atm), 130°C, 24 h. [b] Yields were determined by GC. nd = not detected
(<1%).

LT =T LAORD DI - BT L - A U DT AENENOKIBEY & il & )
HYRA L TG &EIT > 7= (Table 2-11), L2>L, W OfiliE T 1b Ol RN |
2b, 4b F & A B LN o T, ARG SME TliE Ru(OH)/ALO; 25 A X > D
BT L TEvEMEZ R LTz,
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Table 2-11. Change of the metal hydroxide catalyst."!

T

OO o O

Entry M(OH),/ALO;  Conv. of 1b Yield [%]™
[%] 3b 2b 4b 5b
1 Cu 40 10 nd nd 2
2 Rh 66 37 1 2 8
Ir 63 34 nd 1 3

[a] Reaction conditions: 1b (0.5 mmol), Au/AL,O; (Au: 1 mol%), M(OH),/ALL,O; (M: 5
mol%), NH; (5 eq.), hydroquinone (5 mol%), water (2 mL), air (5 atm), 130°C, 24 h. [b]

Yields were determined by GC. nd = not detected (<1%).

FOSIRE DI L VA2 D AT v T ORIGHEENEALT HT7-
110°C TlX 2b 3% <> TR ML DEHP ThHh - 7=,
LU & BIZEWREE Tl o

DB % fiEt L 7= (Table 2-12),

120°C The b 4b DULENE < 42 % Th o1z,

FHUERE TR CARIED S EE AL S LT 5 Al

Table 2-12. Effect of the reaction temperature on the reaction of 1b and ammonia.

OOy oo O

S

LoTHbRbDEBbns,

. 110-150°C T*%

EMELH Y | FEIZOW TR L &8 9
VENH D, SHICEEZR FIF TV & b OFKEN ML, ZHb6DIiFEAL
X BRI TH D 4b DINKGEIZ

(a]

Entry Temp [°C] Conv. of 1b Yield [%]™!

[%] 3b 2b 4b 5b
1 110 >99 nd 29 23 7
2 120 95 5 10 42 21
3 130 >99 nd 8 39 38
4 140 99 2 6 26 42
5 150 >99 nd 1 22 65

[a] Reaction conditions: 1b (0.5 mmol), Au/Al,0; (Au: 1 mol%), Ru(OH),/Al,0; (Ru: 5
mol%), NH; (5 eq.), hydroquinone (5 mol%), water (2 mL), air (5 atm), 130°C, 24 h. [b]

Yields were determined by GC. nd = not detected (<1%).



T X ROMAKGHRITIERIC L > TRIES D, RHPOT U E=TREEZ/NS LT
B2 ALY TN S FTEEME S & B (Table 2-13), 7 U E=7 ®A HE XL
T3IYEFETOR LD, DR BAEMREICRE REITR T I FOHFEIFHK
EINRDoT, TUVE=T 24 RICTHET VT B RBERINTZ(Entry 4), 7
VEZTOHPICEOTATE RETVESTORIENDEBL rolzl-H EE LN
Do TUE=T %7 1 YBITT S & T a— L ORI KIE 22K T 28 & & 7= (Entry
5, UbDZ Lint, e EHAFIORISSHERMTIET I ROWESEDT-DIZT
BT EABETSZEEHEVERTERVWEE X,

Table 2-13. Effect of the concentration of ammonia on the reaction of 1b and ammonia.™

i @@@*@*

Entry Ammonia Conv. of 1b Yield [%]®

[%] 3b 2b 4b 5b
1 5eq. >99 nd 8 39 38
2 4 eq. >99 nd 10 36 30
3 3 eq. 98 7 4 29 30
4 2 eq. 99 6 5 32 25
5 1 eq. 91 23 2 16 18

[a] Reaction conditions: 1b (0.5 mmol), Au/Al,O;3 (Au: 1 mol%), Ru(OH),/AlL,O3 (Ru:
5 mol%), hydroquinone (5 mol%), water (2 mL), air (5 atm), 130°C, 24 h. [b] Yields

were determined by GC. nd = not detected (<1%).

TV HNVFERFNC O W TR 24T o 7= (Table 2-14), £ R/ o ofb v iz
TEMPO (2,2,6,6-tetramethyl piperidin-N-oxyl) = W\ TG 2T 2 A, = MU LD
AERREDN DI S VIR RO ARCE DI LT, T3 2 BE RSN T R
REEH TR BN AR LT TReE & L 7 O VRISHENRD NS LS T AT e R
DI EZ 0 IR CBERNAER LT ATRENE & 38 2205, AR ORGSR B ITIRIK % Fr e
THZ LI TERDol, Flo, B RRX ) VOBREEZ TRISEITST20, FEITIL
T HECITR BN -T2,
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Table 2-14. Effect of the scavenger on the reaction of 1b and ammonia in water."

e @*wm @*w
1b 3b 2b a6 5h

Entry Scavenger Temp Conv. Yield [%]™

[°C] ofIlb[%] 3b 2b 4b 5b
11 TEMPO 5 mol% 130 >99 2 3 35 27
2 hydroquinone 5 mol% 120 95 5 10 42 21
3 hydroquinone 4 mol% 120 >99 nd 18 39 11
4 hydroquinone 2 mol% 120 >99 nd 17 37 10
5 none 130 >99 nd nd 24 55

[a] Reaction conditions: 1b (0.5 mmol), Aw/AL,O; (Au: 1 mol%), Ru(OH),/Al,0; (Ru: 5
mol%), hydroquinone (5 mol%), water (2 mL), air (5 atm), 130°C, 24 h. [b] Yields were
determined by GC. nd = not detected (<1%). [c] Au(OH),/ALO; (Au: 1 mol%),
Ru(OH),/Al,O; (Ru: 5 mol%). [d] 2,2,6,6-tetramethylpiperidin-N-oxy]l.

2.4.9.4 7 = FDOhIKG RN

HIVAERS) TH DX AT I RBIKRGHET 5 Z LIV REFBERER LT
ROWEMET T2, MKSROFREZAOLNE T HOICR XTI RELEE L
T % 4T > 72 (Table 2-15), il 7D 2 TIIMAK S FEBHEIT L2V olzkt LTTr >
T=T DIFET DR TIHIMKDIENET L TR Y | SRR O FENEDS K53 RO R
KTHDHZ LB LNERST,

Table 2-15. Examination of the cause of hydrolysis of 4b./
0] (0]

©)J\NH2 hydrolysis ©)‘\H

4b 5b

Entry Additives Yield [%]™!
4b 5b

1 NH; (2.5 mmol) 44 63

2 catalysts' 77 2

3 NH; (2.5 mmol) and catalysts!® 48 39

[a] Reaction conditions: 4b (0.5 mmol), water (2 mL), air (5 atm), 130°C, and 24
h. [b] Yields were determined by GC. nd = not detected (<1%). [c] Catalysts is
Au/Al,O; (1 mol%) and Ru(OH),/ALO; (5 mol%).
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F O HMEIGENSRE T CRIGEST D 28 TF 2 ROMKDESZME L, 4b %
ERTH L Z b 2l AT (Table 2-16), £T | BFRFE L TT U E=TORDLVIZK
FhEHANTRIGEIT > T2(Entry 1,2), JRFIL 1 D TBIKDRTHZETT =72

FEBERT D, RPCTIREDRAINKRGHEST D2 L TT 22T M S, £
& 3b DB T HZ & T, ﬁﬁ@m$@7/%:7ﬁf@mﬁﬂ%ﬁéhkoL#
L. FZBRICIET VT & RO LERBE S JRBEOIAKGIHEDR EFEETL TN &
DRI, 72, 5b OERLMEHE TETE LT, Wﬂe%ﬂ%b\é;c‘:f\wboﬁiﬁ?ﬂ
PeambESEsHZ LITTERPoT, WIT, RISHNS T OEEZ I % THEIZETY VIR
L THBINENT 5 Z & 2R do, WIRICIEE R A N % CKFA 4 U REZ 9123
LT RISERME LN, 5b OARITIHI CEenoTe, o, IEFITH—R
VNG U ANENERNE SN, ORI S TR,

VL EOFERENS . KBEEF TIZEE DT V=T OFFE FTT X ROMKSR
ATUTHIVARCEERAER L, £72. BURSRIFZEFELWINA7e 12 X 0 Ko ST
AT EVREETHD Z LD, TR REEICETHED Z L IXTE 20 &l
L7,

Table 2-16. Examination to suppress hydrolysis of 4b."!

O O O o ©*

Entry Nitrogen source Temp Conv. Yield [%]™®

[°C] of 1b [%)] 3b 2b 4b 5b
1 urea (0.5 mmol) 130 98 14 2 19 37
2 urea (0.5 mmol) 150 >99 7 1 24 42
317 ammonia (2.5 mmol) 130 >99 nd 1 14 17

[a] Reaction conditions: 1b (0.5 mmol), Auw/AL,O; (Au: 1 mol%), Ru(OH),/Al,O; (Ru: 5
mol%), hydroquinone (5 mol%), water (2 mL), air (5 atm), 130°C, 24 h. [b] Yields were
determined by GC. nd = not detected (<1%). [c] Perchloric acid (2 mmol).
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2410 PILIA—ILETUE=ZTMNHD One-Pot F—#7 = FERK
Scheme 2-34 DX H R FIATKIGZITH) 2L TV I REEAERME L TEDZ LN
T&F, SPT1IERBEEORIGE LTIb &7 =T ORIGIZEY 2b Z2157-, Bk
ITOTITIEREHT~EKEMZ, BEMNEAEITH Z & T 2b OKFIIGEITVR IS
T % 4b ZIUFE 70% (GC yield) T,
o)

[::T/\OH ) [::T)LNHZ
i)

1b 4b (70% yield)

Scheme 2-34. Ru(OH),/Al,0O;-catalyzed one-pot synthesis of 4b
from 1b and ammonia. Reaction conditions: i) 1b (0.5 mmol),
catalyst (Ru: 0.05 mmol), 0.45 M THF solution of ammonia (2 mL,
NHj/alcohol = 1.8), air (6 atm), 120°C, 5 h, ii) followed by addition
of water (2 mL), Ar (5 atm), 150°C, 24 h.

25 £& 8
ﬁ%%ﬁ¢f®7»:—»&7y%—7kwﬁﬁ
Ru(OH)/ALO; itz WA Z & T, F—MT7 Va— LT U E=T PO DEE=

FJWQm%%mbto_hif@ﬁﬁ%Fjwéﬁ®ﬁ%%Ti\w#h%@%é
DERLHI D D VTEED L U g L LTz, —F, RRISRITEILA] &
LT TREBREEZNNDZENTE, ELIZZEOMOEREOWRMAIG LB L LR
ZEM, BIESPBKORTIRFNROENRKRTH D, WEIZITFEL DX DT
w:—wﬁ\%5wiﬁ§%7)w7w:—wﬁ%%wé ETE, ST H=1Y
NEEIERTE, . E-HJT7La—LORbICHELDOT LT REREE L
THWAZ LB HEETH ST,

KBS T T Ru(OH)JALOs fil i I EZ FEAARSE & U TR L TR0 . RS
5@L£D@%_%ﬁ%ﬂﬂﬁé_kﬁf%koﬁ%m (2 & o THMEE O FEAE 217
D ZEMARETH ST, BV IR LOEHICIFRARH 572,

AREJSIE. (1) Ru(OH)/ALO; iz K 5 85—k 7 /L =2 — /L DER{L IR SR RS (7 v
Fb ROERK)., (7Tt RET =T OMAKNMEERIG(A 2 > OAERK). (i)
Ru(OH)/ALO; il fiElZ X %A X D bR KF N BRI & 325 = F UL DR, &
WO T S 3 B DRISICE > THEITL TWDH Z EAREBE I N, £, —HOKX
JERETRIZR P~ EKREMZ TMENT % 2 & T= N U VOKRFIBIEHEIT L, xS
HE—RT I REENETHLIELARETHS T,
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KBEPTODTZINA—ILETUVEZTEDRIE

KB CRISEIT 5 2 & T, THTHERT D= b U VKRR MEdE ZdTxt
T DT 2 RBNAERKR LTz, KPP TOTILVa— Ltz AwWALO; T, 1 I Ok
K O= KU vDKM%Z Ru(OH)/ALO; TENEIVEMH LS EHZ LT, HETLHT
S ROUERIT 40%LA EICETZE L, L L, 7 NEHDOIMKZHEIZ L D VR
FEOAERRBIGRDIN T A E . 2Ll EONERR Eo HALUISE > TR0,

F—k TN A= T BT NOERT I ROGIE. 7 I ROMKfEZ 5
2D T DICH BRI R CRUSZATV, EamE DK & DRUGT= U L DK Al HE R
it 2 D 2 L TER SN EEZHND,
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3.1 F=
311 ZILF2ET D RE® 1,3-BUBF+RE RIE

1,2,3- 8 U 7Y — VTGRSR ER, BEFICHW N8 2tEWmTH Y |
TAFLETVRED L3I FINBRALSISIZ L > TAKRT 5 Z ENARETH 5,
ZORSIE 80°C LA RITIENS 5 Z & TEITT 228, HBonsd MY T Y —VBIL 14-
EHA L 15-BHIRDOERIRGY & 7 oM,

Shrpless 5> Meldal &Pli%, #£4 72 Culb& & filfit & L CHWS = & CRGE
FEDTREAIZ I L, LA4-BEHURO LD DRI G OND Z & 2 LTV 5 (Scheme
3-1), %FiZ Sharpless IX, RFE-~T vl IS 2RI OEHINE TR ATEER Z D
Kisa 27 U > 7472 ) —Boh iz km E frE-sSig Tun b,

16:1 PH
Ph—
Ph/\N3 * O\—: > Ph/\Q» pht o)

(o]
neat, 92°C, 18 h 0 I

CuS0,-5 H,0 (1 mol%)

Ph—0O sodium ascorbate (5 mol%)
PNt —= ,01-BuOH, 2.1, 11,81 o o
2IBURR, & 1 O 91%yield

Scheme 3-1. 1,3-Dippolar cycloaddition of alkyne and azide.!?]

Table 3-1. Previous reports for the 1,3-dipolar cycloaddition of terminal alkyne and organic
azide with heterogeneous catalysts.

©/\N3 . @ _ catalyst= ©\/,\'l’\l:g

Entry Catalyst Azide/Alkyne/Cu Temp [°C] Time[h] Yield [%]
1 Cu nanocluster 1/2/0.01 25 18 80

2 Cu’/C + Et;N 1/1/0.05 60 10min 99

3 Cu’/AIO(OH) 1.1/1/0.03 25 6 94

4 Cu(l)-ALG 1/1.1/0.21 r.t. 18 >08

5 Cu(l)-Usy 1/1.2/0.1 r.t. 15 83

6 Cu(I)-HT 1/1.2/0.28 r.t. 6 86

7 Cu(OH),/Al,O3 1/1/0.015 60 1 99

EMERECH D Cu(DFE I —RAIIIE in situ TO Cu(IDFEDIRTE, & 5 i Cu(0)7 7
2B —DBALIZ & » TR SN D0, ERARRBEN SR E LW ERAEEOF & LT
X, CuF 2 75 22— cuc +EtN;", cu%AIoOH)®!, cu”ALO:". Cu'-ALG (ALG
= alginate-based biopolymer)!®, Cu"-USY (USY = ultra stable Y-zeolite)*), Cu"-HT (HT =
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hydrotalcite)™?, Cu(OH)/ALOMID X 5 72 & D73 & Tu % (Table 3-1),
TNFXETVRED 13- INBRACEOE O SO DFT G503 5 D
BlELOHB STV D
Himo 5. DFT sHEIC X 0 BEEEOH) 7 & F U REEOF SR DEN L= %1
F—DEFIZHEGELTWEZ L 2@E LM o) 72 F U REET Y RRA X
T YA 7 NETER L CERILEUS & #1735 (Scheme 3-2)

Rl

jﬂc:ul_nZ R Culn, Nl_/\N\RZ
N\\ , 2 ;_( N
N R Ns  N~g2 Y
N
[LnCu]”

R—=—"Culn RL—=——CuL,

Scheme 3-2. Proposed reaction mechanism by Himo et al.[14]

Rodionov i3, 7 2/ U U L& AW ToHREEdI(11) % insitu TiEo L7z
Cu(DFEZfilfE L LT, XV T Y Rla)é =F =¥ (2a)& D 1,3-BUHGEFFF
INBRAV B I 00 3 B R OARATT % 1T - 7= (Scheme 3-3)1), [ bk | 2 fil B 0D — e 12 FLA5
L. SFEANEENC 72 2 & MBI IEAF L RN ERHA LN E R oTe, 2D b,
il K OIEPERE DAFAED RIE 7o, A3 3R D S CII S HE 1T 1la F5 K OF 2a
DK L TENEN IR TH o7z, £72, 2a 1TBEI O S Tl MR~ DBUL D
7O EERE L TER L,

Cu/SO,
©/\N — Na ascorbate ©\/ ',\':N
3 4 — > N/
N\ / 4:1 DMSO/H,0 \)\©
1la 2a 20+2°C 3a
Scheme 3-3. 1,3-Dipolar cycloaddition of 1a and 2a.[*%]

BMIREETH, _HOEEAEEZ AT 58 _EWRR ) Ax Y 27 A7 —F
TBA[y-H,SiW;0036Cuz(u-1,1-N3)2] (1, TBA = tetra-n-butylammonium)2s, 7 /v &7 ¥
N& D 13- BARFHMBERALEOSIT® L CamW Al EE A2 AT 56 2 L 2HmE L TS
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(Scheme 3-5)M%, 1a & 2a ZIHE & U CHlIEERMMT 21T 072 & 25, SO 1 fil it
B ) LT IRIZHAEI LTz, £72, DFT FHEICE > TREROHA ¥ 741
7 IVETERRT D2 3242 L 7= (Figure 3-1),

230
1178230 B
(3381 L8230 %
F ® 1.2? f .
| Y 241192 11'2:?_
267 \tm 130_ 127 751
b \ & "X 143 °
59 4 3.

203 @
o191
{7;.?1 K’
/187 \

]-225 L 130 1.2 143
1.895 ® &
- 28 es
e 991\ "y 1.99\1.85412 ©

[ 2.114| | . e

Figure 3-1. Calculated energy diagram of the 1,3-dipolar cycloaddition of mechanism of
methyl azide to methyl acetylene on the reduced precatalyst | in the gas phase (energies
and lengths in kJ mol™® and A, respectively). Blue, black, green, red, and light blue balls
represent copper, carbon, nitrogen, oxygen, and hydrogen atoms, respectively.
Polyoxotungstate framewoks of [y-H,SiW,,05,]** (x= 2 and 3 for A and the other states,
respectively) are omitted for clarity.[6a

PlbEZFE bl T 7Y RED 13- BHRAFIINERAVSOSTE 82 O (1) FE
PSR CTH Y, ()L T L DORIGICE 2817 BF U RREOAERK, (ii)b 9
—JFO~OENLIZ L DT Y ROIEMAL, (i) A % 7 %A 7 VO, (V)B4
Bz LD 14- T @EH-123- M) 7Y — LA, LW BRBEARTEITTALEEZD
o,

312 FILXUOBILHMKREAYTI LY

VA UHERIIRRMEEY. mr e BT b MEMES R E oy CEE
EEmTH D, VA OB TEE L TESAVLNDEIGDOONE DIZT L H
TDORED TN TNET NG, FRIBERZ LA L T ARGTE RS K<
B 2 S & 3 B BNV, BEEIR TS v 77U v RISIE Glaser DAL <
DA D72 ZFUTN D 23, il o TR 2L BRI D 73 BlE & 5 s AR 2 R —
FORSBNE D 72 (Table 3-2), Entry 1 i3IS UCKER(LT R U w7 A% W D1t
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20 atm DL O EEDBEZ S T TG 2T S, 7, Entry 2 B8 L3 1L EOfih

fi(Cu: 110 mol%™, 30 mol%®) & 1 K (Entry 2) & B & T 5,

Table 3-2. Previously reports for the oxidative homocoupling reaction of terminal alkynes.

2 < :)—: + 1/20, catalyst a ——— \_/ + Hy0
Entry Catalyst Base Solvent Temp Time[h] Yield
[°C] [%]

Cu-Mg-Al BuOH

1 hydrotalcite NaOH 160 1 72
(Cu: 1.4 mol%) (0.1 M NaOH)
CuAl-LDH TMEDA

2 _ CH3;CN 25 4 87
(Cu: 110 %) (1 equiv.)
Cu-USY zeolite

3 - DMF 110 15 97

(Cu: 30 mol%)

T DR ED » 7 ) T RISOFEMIEI B2 & 72 o TR, fIE A
FETIL, HENOLHN 1B IS E RS ZEICE - TT A= T OB IVRERT D X
5727 VHNVEENRRE S0P BIE I OIS IIE E S, KO T &
F U FREOKZE 5 KISHEREN L < Z T AR BN TV, = 1% Bohlman 12 & -
TRREINZWETHY . DFRIOT A DA v 7V o 7 TIE R0 B A L e
D ZWRIZEHBIT D DK L, 3 FNOT VX DTy 7 o J R TUR B FE 73
BIREO—RIZHEBTHZ Enn, 20087 EFY RENO VA UEKRTHEL
T % (Scheme 3-4) 2%

_ -2+ - - 2+
B B B B
N ¥ N ¥
Cu Cu
S a8 y72mn
R—=0 + | X X | =—— AN
or cu R Cu
as © complex B/ \B AN
L _ . B B _
R——0O Scheme 3-4. A possible

reaction mechanism for the
oxidative homocoupling of
alkynes. The formation of
dimeric copper acetylides
proposed by Bohlmann and
co-workers.[23d B = N ligand,
for example, pyridine; X =
Cl, OAc~.

or as m complex

2+

B B

N ¥
Cu_ R
R Cu
AN
B B
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3.2 BB
3.2.1 Cu(OH)/TiO, fliEIC K BAKRIGHETILF U DBIEMKREH Y T U IREE L UVUEK
W7ILF D ET D RED 13- BIBFMNRIERIG
TEBOFEMHSEEEAETLON _EBREA IS X T AT — |
TBA4[y-H2SiW10036Cu,(u-1,1-N3),] (I, TBA = tetra-n-butylammonium) i, F& 4 O/
> DBLHIRE D v 7V v Z OGS LTl BE 2 =3P, 72, gk X9
22 O B OTEMEAEEIZT VX TV R ED 13- FUR-FIIERAL RS % LT
HANTHERET 5 (Scheme 3-5)M8, il “ % & K7 L X LM E DSIZ L o TR E
NHHTEF Y FESESERTH Y, il A 7 V0L 2R DR TH D,

I (2.2 mol%)

2 Ph—= + 1120, — Ph————Ph + Hy0

1 mmol acetonitrile (2 mL) 91% yield
100°C, 3 h, O, (1 atm)
I (0.1 mol%) N=N
Ph" N3 + Ph—= — ~ Pho N~
| I acetonitrile (1.5 mL) ~ Ph
1 mmo Lmmol ggoc, 3h, Ar (1 atm) 98% yield

Scheme 3-5. I-catalyzed oxidative homocoupling and 1,3-dipolar cycloaddition.[1624]

T X =7 HEFRKER L iR (Cu(OH)/TiO,) & [RIERIZ . Ruli 7 /L > & B LTl
TEFY REBRTIHEELETHE) ()Q)]. AFETIE, ZOBEICLY
CUOH)TIO R T L2 &7 K & D 13- MM B LA G35 & O L% v ofgfl
WIRET » 7 7RO T DA 2R3 2 & 2 W57 L, mehs 722 A AR R
DRI EEBRTHZ L2 HIET,

2Cu(ll—OH + 2 R—=

2Cu(l) + R—=—=—=-R + 2H,0 (1)

Cu() + R—= ~ Cu(l———R' + H* (2)

3.2.2 Cu(OH),/OMS-2 fit 8= & HRIGFT ILF v DEILMREA Y TY VI RIE
Cu(OH)/TiO, M1 T AR 7 V% o OFRLHIFR T D » 7Y Vv T KNI 287
ARG & U CHEE L7223, Al oo 005 36 X OVFE F O I EEME & o BT B - 7
GEMIIRER EBLROE), 72, ORI B Z U3 8iFE O FFER (b S 23 5
WZENRRTH D Z NS, ZORBEEZERST 572012 Cu(l)FEDFREL
EEERELTHI L 2ELT-, T T HKEZHEARLMMO T E LT TRL,
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Cu(DFEN B DB ZHEIRE L THWD Z & Thib L= KR O RO MR & i =,

AWFGETIE~ U BAEIZEH L=, MnO/Mn,03 DEE(LIZICEN A 1.04V  (vs.
SHE) C. Cu,+/Cu” (e.g., 0.67 V for CuO/Cu,0, 0.75 V for Cu(OH)2/Cu(OH)) & 0,/H,0(1.23
V)E DI T D Z &b, RT3y b d LT~ 0 U BREITER L e & 0
TREFREE L THRET A2 2 ERWIfRfFTE 5, FRC2X2 0 hr p WV RIREEZ AT
DB T D OMS-2 I3k R ImfE 2 A9 5 (ca. 100mgh) = &, BEFEET
FOSIZEWIEEZ RS 28, EWHOHBENLBEFZREMERE LTHAMETHDL L&
27 T H, OMS-2 28 Cu()EN S DE TR E LTHX, Cull)ED L
ERET D Z & T, IO FE ML T B AR AR O BR 3 12> 72 53 5 (Scheme
3-6),

2 R—— / 2Cu?* \\/ 2Mn0O, \

rapid electron-transfer path a

= 7 N2 N,

Scheme 3-6. Possiblereaction path for the Cu(OH),/OMS-2-catalyzed alkyne
homocoupling viacoupled electron-transfer reactions.

3.3 EEIF

3.3.1 fihsEERA

KB b 34 T 1 o ftbic k- TR L7,

CuCl/AlL,O; DFFTL 3 LEI DT & b U ¥EHR(31.7 mM, 5 mL)|Z 550°C T 3 KEfEBERL L 7=
TiO, (77 % —¥M, ST-01, BET £ 316 m?g ™) 1.0g Z A TEIETHM L < ##k
L7, SRR IC =R L —2 a3 L2k - TT7 &' F o &BRE L. CuCly/Al,O3 % 1572 (1.0
g, Cu: 1.0 wt%),

332 ZIFETYRD 1L3-MBFHH MR RIS

Va L7 EIZHTE RO « R - TR B AL, TV UEREAT CHTERE
W7 N VTR 21T o 721200, 7Y RERIN UG E B Lz, ERMORE « &
1L GC-MS BL O GC ZHWTITo 7z, Tz, HBENEZ KD D BT II b - ALt
AW s TR L — g N ko TIERERZE L7211, "H NMR IZ TAERY DR %
1T-77,

83



333 ZIXTUDBILMAREA Y T VT RE
A7V 2—% v v TREBE T E RO « WL - TS RNz, BREEIAK
T CRIGEIT> T2, ERORIE « €&lE GC-MS BELWNGC #HWTITo7=,

3.4 HBREEXR

CU(OHW/TIOLIZ& BT7IF 2 ET Y FD 1,3-BIBFT MR R (3.4.1-3.4.6)
341 1-_RUP)-4-T T Z)L-1H-123- Ry 7 I =)L

KAL) IEFTF X =7 2t L THWAZ E T, XUUALT YV Rla)éoTF=
NRUBrRa)EDRIGZED 1-_ U -4-7 = =)L-1H-1,2,3- F U 7 > —/1(3a) 3 %N
L <A B (Scheme 3-7), Z D& X 14-V7 = =)L-1.3-7 % DA L (4a) D3RR
&L THOT DT 1%)Ek LT,

FUT Y =)L 3allid LA-BEHUR & 15-EHURD 2 DORIEERMERDE 2 HILD D3,
UIFOERBREREND LA4-BHROLNDER L TWDZ ENRHLMNE o T,

— CU/TiO, (Cu: 1.5 mol%) N=N
@“3 )= - 7
toluene (1.5 mL)

1a (0.5 mmol) 2a (0.5 mmol) 60°C, Ar, 10 min 3a (99% vyield)

Scheme 3-7. Cu(OH),/TiO,-catalyzed 1,3-dipolar cycloaddition of 1a and 2a.

'H NMR
3a ® 'HNMR 2% kL% Figure 3-3

_N
@IZRT, Q& ATF L EOTR & [ilvfm (jxﬁ/
THBH LAY ML EDERE LD N%*(J

& . Figure 3-3 (D)IZ/RT L D124 —
TNV =BRERT TR b OFFHE Figure 3-2. 1,4- and 1,5-Redioisomer of 3a.
MIALMNE ol ZOZ b ELN

TALAEWIL LA-BHIRTH D Z LR ST,
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S
(a) % D

DR,

'[ i I I I l T | I I ]T I I I | T T T T ] T | LR l T
8.0 7.5 7.0 6.5 6.0 Ei.S

& [ppm]

Figure 3-3. (a) "H NMR and (b) difference NOE spectra of 3a obtained by the reaction of 1a

and 2a.

B i X RRAE S AEAT
BASS X BRFEEMITIC L 0 | S THELONTALEWN LA-BEHIETH D 2 & DR
S 7= (Figure 3-4),

3.4.2 FERDAMED FEMELLER

FOSIZ AW Tl 2 OFRAfRIEED 5 B Cu(OH)J/TIO, 23 b i W EMEEZ /R L 10 43 &0 9
R O 9 BIZRUSMNTE T L= (Table 3-3 Entry 1), fH{A% Al,O3 ~ & 28 z 7= il ¢ i
RVEMEN L D RS T £ T2 60 0 &2 2 L7=(Entry 2, 3), ZAUIFHHE; S fu7z Cu(ll)FE
INOIEMERECTH D Cu(l)EN AR T 2HEDERTHD EEZOND, -, #HikE
DU BN EEZ IR SIRIE & A LT L2y 72 (Entry 4), fHIROZHERIZS
W T OFEIEZ IR T 2, AR AL C I AN Tio,, AlLOs IZBIb &3 S
TR, BB AETE I L THEEREEH A > TV Z LR I
(Entry 6-8),
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i O HITBRAR T &> 5 HALFA(11) (Entry 9)CHK D 7 (Entry 20, 21), & 2 WM filfit7e L
(Entry 22) D544 TIEBUSTHEIT L 72 D> o 72, BRERSRA(I) - FAKFI# (Entry 10)i%7 A =L
B EE e & OBITCAITFEAE TSR T 13- B LS % L CiE k249 51
. BNIENZ O 2R WA RS CHEROSIZIE & A EHEIT Lo T2, & OO
{R(Entry 11-14)0 R M O R LR (Entry 15-16), /KER{LER(Entry 17-19)% AW 723412
HLIEEITR C TR TH - 72,

H(12)
Figure 3-4. The X-ray crystallographic analysis of 3a (ORTEP drawing).
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Table 3-3. 1,3-Dipolar cycloaddition of 1a and 2a with various copper catalyst.

Ph" >Ny + Ph—= carayst thlg\I:;\Ph
la 2a 3a

Entry  Catalyst Time [min]  Yield [%]™
1 Cu(OH)/TiO;, 10 99
2 Cu(OH)/Al,O4 10 28
3 Cu(OH),/Al,O4 60 >99
4 Cu(OH)/SiO; 60 nd
5 CuCl,/TiO, 60 nd
6 CuCl,/TiO, treated with 0.01 M ag. NaOH 10 99
7 CuCly/Al;,04 60 nd
8 CuCl,/Al,03 treated with 0.01 M ag. NaOH 60 99
9 CuCl, 60 nd
10 CuS04-5H,0 60 1
11 Cu(OTf), 60 nd
12 CuCl 60 2
13 [Cu(CHsCN)4]PFe 60 1
14 [Cu(I)(C=CPh)]» 60 nd
15 CuO 60 nd
16 Cu,0O 60 nd
17 Cu(OH), 60 nd
18 Cu(OH), + TiO, 60 4
19 Cu(OH); + Al,O3 60
200 TiO, 60 nd
211 Al,03 60 nd
22 None 60 nd

[a] Reaction conditions: Catalyst (Cu: 1.5 mol%), 1a (0.5 mmol), 2a (0.5 mmol), toluene (1.5

mL), 60°C, under Ar atmosphere. All reactions were carried out by pretreating catalysts with 2a
at 60°C for 30 min. [b] Yields were determined by GC. nd = not detected (<1%). [c] A mixture of
Cu(OH); (Cu: 1.5 mol%) and support (50 mg). [d] 50 mg.
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343 FENROBEB LIV —F I TR

la & 2a Z#HE & LT, 1,3-BBA BRI EOS TR T 2 TR R IZ D TR
%47 o 72(Table 3-4), ML Lp-FL LU HDHWNEA LT L2 & o 72 RS
BEEntry 1-3)DARISITR L TRWEREZ 52, MU T Y — A 3a nEIETHDL
Nz, 7o, "aF U REEL X7 & = NV v b B4 2E R 245372 (Entry
4-6), —H T, 7 v b AEBIEAEB(Entry 7, 8)X°7 1 b EEABE(Entry 9, 10)1,
TEMHEFE~OIRWENLAEIC X 0 IS LE SN TND 2 E0RIB Sz,

Table 3-4. Effect of solvents on the Cu(OH),/TiO,-catalyzed 1,3-dipolar cycloaddition of
1a and 2a."

Ph" ON; + Ph—= cavast th£l:>\Ph
la 2a 3a
Entry Solvent Yield [%]™
1 toluene 99
2 p-xylene 99
3 mesitylene 99
4 1,2-dichloroethane 99
5 chloroform 80
6 acetonitrile 96
7 DMSO 12
8 DMF 3
9 2-propanol 1
10 water nd

[a] Reaction conditions: Catalyst (Cu: 1.5 mol%), 1a (0.5
mmol), 2a (0.5 mmol), toluene (1.5 mL), 60°C, 10 min, under
Ar atmosphere. All reactions were carried out by pretreating
catalysts with 2a at 60°C for 30 min. [b] Yields were
determined by GC. nd = not detected (<1%).

INHLDEED YL ML T ' b= h U MZOWTRIGDOREEELE & -
7z (Figure 3-5),

ML IR T la & 2a DISITVY, 3a DIGENRIB L E 50%DRERTA T
L AIIZ LY Cu(OH)/TIO, ZFrE LTz, ZDHRIZARDINEE T =& Z A,
BB IR U 3a OYSRIZEINT R S e o Tz, 2 OfERITARFREEE 23 E R O
Cu(OH)/TiO, IZHKTH LD THDHZ EEREBLTWVWD, Fio, KISKTHD b
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VT RN D AT K > T Cu(OH)/TiO, ZFREL S HIZZm/NRL—3 3 T &
ST Mo ZbrE Lln, BRERS ZIRERICEM ST T, 20RO ICP JIE
HATWHITCR DO E B LT o1z, SR SR> To(HERALU T Tho72)Z &
G OSHFICHE SN OE B 2N 2 ER Sz, L EDORERNG |
NV R C O AR MR IR S SRR LR ICH R T A D TH Y |
Fo. KISEERP~OFEORH B 2N 2 E DO ARKSERIFEIIARE —RTHD
EWVWZ D,

— 5T, 7' M= MY AERP OIS TIXFERRICAEEZ R E L72#% bk 4 I 3a
DRI U IEERE OV A RIE S 4L7e, FEBRICKR D ICP JEZEIT D &
INA T B DR K 10%DF M FISHH T~ EWH L TV Z LB L
otz

L7eR > T, PIBEORIGIT A THELENZ hr= 2 W T To 72,

100 1 100 -
(a) toluene (b) acetonitrile
. 80 80 -~
S, S
© 60 M- o m S 60 - u
N ™ -
> 40 S 40 | \
— o
2 o
>_ —
20 - > 20 -
O - T T T T T 1 O . T T T T T 1
0O 10 20 30 40 50 60 0O 10 20 30 40 50 60
Time [min] Time [min]

Figure 3-5. Effect of removal of Cu(OH),/TiO, on the 1,3-dipolar cycloaddition of
la to 2a in (a) toluene and (b) acetonitrile. Reaction conditions: Cu(OH),/TiO, (Cu:
1.5 mol%), la (0.5 mmol), 2a (0.5 mmol), toluene (1.5 mL), 60°C, under Ar
atmosphere. The reactions were carried out by pretreating the catalyst with 2a at
60°C for 30 min. The arrows indicate the removal of Cu(OH),/TiO, by hot filtration.

3.4.4 M OEMERA

BOSKE TR OWRIRE AL T L7 4V H =2 X0 AREITH 2 & TR Il
T A ENTE, AR ET L AT K Y BEEZ T, B L 7= filf 2
FAWTHRBEOSFM TS EITY &, D7e &b SENFARDIEOK T e LIZH
f# F AT HE T & > 7= (Table 3-5 Entry 1-4),
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3.45 EE AN

Table 3-5 (Z/RT X HIZ, FRABREKEET VX LT Y ROMAEDLEIZENTH
INRTHBE TS R T Y — VLA BB S ST,

7Y RIEHEEOa B IO 1b), BV BL P 1d)E BITEWERTRY T
— V% B 2 1, BEERT LV H(2a-29) Tl BEHFE OBk G - B R G E,
& D VMIEHLIEDONLE (2c-2e) 2B & TS HONTHEIT Lz, Fo, HEfS
BEBFETHTAF L EDRIETIE, FO _BHESERELE-EE 0TI T
VUG BT (Entry 14), —RPNTIESOS D EST LIS WIBIIR T ¥ 8 & gl
BT NF 2 EDORIGTHEINETHRO Y 7 — VNS S 7= (Entry 19),

Organic azides

N N NN N
©/\ 5 /@/\ . " "
la 1b 1c 1d

Terminal alkynes

F— >—2f: Cng: \/\/\/;/h \/\/\/\//; QTJ:

Cu(OH)/TiO, IZ IR T @ W EEMEZ /R U, SUSHIEREE > 53R 7= TOF 1L 60
h™' T - 7=(Scheme 3-8), £7-. F— VA — LD THHMETSH R 7 —
JVINEIR TS B 72 (Scheme 3-8), & D & & USHIEE DB RO TOF B L O
TON (ZZ 24 50507, 800 Th -7, 5 IXEAMBEOHAFITH S Cu T/
7 A —(44h7",80)P) . Cu/C+ EtN; (120 h ™', 200, Cu/AIO(OH) (6.3 h™', 19)P) |
Cu’/ALO; 3.7h7", 1D, Cu"™-ALG (0.3 17", 51, cu-USY (1.7 17", 91 Cu'-HT (2.7
h™', 16)!", Cu(OH)/ALO; (144 h™!, 667! & Ehile L The b K& ARl - 72,

©/\N3 . @ __ Cu(OH),/TiO, (2.5 mol%) _ @\/ Ni>©

— toluene (1.5 mL), 25°C, 40 min N

1la (0.5 mmol) 2a (0.5 mmol) 3a (99% yield)

TOF: 60 h™1, TON: 40

Cu(OH),/TiO, (0.12 mol% =N
O™ O= e -0
— toluene (15 mL), 60°C, 10 h
la (5 mmol) 2a (5 mmol) 3a (>99% vyield)
TOF: 505 h~1, TON: 800

Scheme 3-8. TOF and TON based on the initial rate of Cu(OH),/TiO,-catalyzed 1,3-dipolar
cycloaddition of 1a and 2a.
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Table 3-5. Scope of the Cu(OH),/TiO,-catalyzed 1,3-dipolar cycloaddition.

=N
R/\NS . catalyst _ R\/NTI\/\R,
1 2 3
Entry  Azide Alkyne Triazole Time [min] Isolated yield [%]
1 la 2a 3a 5 89(99™!
2l la 2a 3a 5 99L!
3l la 2a 3a 5 99L!
4l¢] la 2a 3a 5 99L!
5 la 2a’ 3a 5 95l
6 la 2b 3b 5 91
7 la 2C 3c 5 98
8 la 2d 3d 5 97
9 la 2e 3e 5 89
10 la 2f 3f 5 91
11 la 29 39 5 95
12 la 2h 3h 10 78
13 la 2i 3i 10 96
14 la 2j 3j 10 91
15 1b 2a 3k 5 92
16 1b 2e 3l 5 95
17 1c 2a 3m 5 92
18 1c 29 3n 5 88
19 1c 2h 30 30 98
20 1d 2a 3p 80 98

[a] Reaction conditions: Cu(OH),/TiO, (Cu: 2.5 mol%), azide (0.5 mmol), alkyne (0.5 mmol),
toluene (1.5 mL), 60°C, under Ar atmosphere. All reactions were carried out by pretreating
Cu(OH),/TiO, with the respective alkyne at 60°C for 30 min. [b] GC yield. [c] Reuse
experiments; 1st reuse (entry 2), 2nd reuse (entry 3), and 3rd reuse (entry 4). [d] The

deuterium content at the 5-position was 27%.
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T, HWEHELTT YV RORDVIZT I ATF oA I v 2RV TG EIT> T2,
A A FHWNT T Y A F oA I T XD 13- BRI INBRAC S &2 1T - 12
BINHY, ZOKELEOT BT Y FEMEERTHL SN TNDLZ 2,
Cu(OH)/TiO, MBEiH M2 A4 5 = & B s h 7=,

FELLT IR DPUF U3 FFVET YDA T A2 REFubt' S
— BT F N N TRISZAT 9 & BUSMTEL LT L IR TR LG
23& H 4172 (Scheme 3-9), LU, IGEH CTHMEEZ A@IC L > ThRELIEEZ B K
JSIEHEST L, TEPEREOIR H 23R S U7 (Figure 3-6), 8% 2 2 TG E T2 %
DD Cu(OH)/TiO, 23 EAARSE & U THERET 5 Z L3 en o7z,

O
@)
o Cu(OH),/TiO, N
N (Cu: 1.5 mol%) N |
+ =——COOEt

N
@\ CDCl3 (2 mL) COOEt

\\© 0.75 mmol 60 °C, Ar (1 atm), 1 h
0.5 mmol 94% vyield (*H NMR)

Scheme 3-9. 1,3-Dipolar cycloaddition of 1-benzylidene-3-oxopyrazolidine-1-ium-2-ide
and ethyl propiolate.

100 + \

S D o
o o o
\ \ \

\/

Yield of adduct [%]

0 60 120 180
Time [min]

Figure 3-6. Effect of removal of Cu(OH),/TiO, on the 1,3-dipolar
cycloaddition of azomethineimine and alkyne. Reaction conditions:
Cu(OH),/TiO, (Cu: 1.5 mol%), 1-benzylidene-3-oxopyrazolidine-1-
ium-2-ide (0.5 mmol), ethyl propilate (0.55 or 0.75 mmol ), solvent (2
mL), 60°C, under Ar atmosphere. The arrows indicate the removal of
Cu(OH),/TiO, by hot filtration. The square (M), circle (@), triangle
(4) and cross (X) symbols indicate the results in acetonitrile-d,,
chloroform-d, methanol-d,, and toluene-dy. The diamond (4) symbol
indicates the result without Cu(OH),/TiO, in chloroform-d. Yields
were determined by 'H NMR.
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3.4.6 RIGHEDEET

Cu(OH)/TiO, flIHAF/E R T, WET L XL ThHAY Tz AT EFL U HH
X 2-A7F L la & D 13- PHBRFATIMBRALS 21T 272 & 2 A, BOn T A < 1T
L7ginotz, ARG HR TIZ, K7 rnbo7a b oz L ks
NDHETE2F Y NEOERNEETHL EEZLND,

Z DOERUKFZEOHHAEIZOWT D= T =X ra’) & v CRE A Ol
B0 L 24T - 72 (Table 3-7), Cu(OH)/TiO, f77E I Tl& 20°C T 5 FFH D S DI
KD EKFEDOEE L 98% 5 57%~EALF L7=(Entry 1), Cu(OH),/ALO; DA
H [FAREIZ 98%720 5 51%~E KT L7=(Entry 2), —J5 C. Cu(OH),/SiO, CHH R AL 4
i, RO I B D WA L O TIIKR/EAKRFEOLZHITIZE A LR
O 28’ DBREF S V72 F £ 72 5 72 (Entry 3-9),

Table 3-7. The H/D exchange reaction of 2a’.1"

— catalyst

2a'
Entry Catalyst Deuterium content [%]™
1 Cu(OH)y/TiO, 57
2 Cu(OH)/AL,O3 51
3 Cu(OH),/Si0, 98
4 CuCl,/TiO, 97
5 CuCly/ALLO3 97
6 TiO; 95
7 Al,O3 97
8 Si0, 98
9 none 97

[a] Reaction conditions: Catalyst (Cu: 2.5 mol%), 2a’ (0.48 mmol,
deuterium content at the terminal position: 98%), CDCl; (1.5 mL),
20°C, 5 h, under Ar atmosphere. [b] Deuterium content at the terminal

position of 2a’ was determined by 'H NMR.

F7-. Cu(OH)/TiO; fil f-AF1E T C 0.48 mmol ™ 28’ & /K% Bt S8 5 & /KFE/EK
EORHMELZ Y | 20°C T 30 /M OISO *H NMR HIEIZ & > T 0.21 mmol
?® 2a’ & 0.23 mmol ® E/K(HDO 1 L " D,0, HDO #51) % 15 7= (Table 3-8, Figure 3-7),
—J7. CuCL/TiO, & 5 WMFFRIED TiO, D DSk TII/KFE/EAKFZEDOAHITE = 5
IRo T,
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Table 3-8. The H/D exchange reaction of 2a’ and water."”

_ catalyst
=D + H,0 —> ——H + HDO (D,0)

2a’
Entry Catalyst Deuterium oxides [mmol]™
1 Cu(OH)4/TiO> 0.23
2 CuCl,/TiO, nd
3 TiO, nd

[a] Reaction conditions: Catalyst (Cu: 2.5 mol%), 2a’ (0.48 mmol,
deuterium content at the terminal position: 98%), water (0.1 mL),
[Dg]benzebe (10 pL, internal standard), THF (1.5 mL), 20°C, 30 min,
under Ar atmosphere. [b] Deuterium oxides (HDO and DO, calculated
as HDO) were determined by *H NMR.

L72235 T, TiO; & 5 W& ALO; bk~ & HHEF S 7= Fi/k R b ¥ FE 13 Scheme 3-10
DI, TR OREAKFZBEMH L TRT BTV NHEEZERT &5 %2 £
LTWDZENRBI NIz, F7o, HIEDR Si0, DA ITHI/KEELTE N KR % il
Mo Z DR TERVWOIL, HIKOBRMHEEDFARIZIEMEE CTH 5 7 L F - O R
KFZEOHMEZHET 27D THLEEZ NG, Lo TKR/EAKREDLZHRNEZ
ST, 13- BARF ARSI T 2 TS TE S A Lauy,

—_——

+

—_——

Scheme 3-10. H/D exchange reaction with supported copper hydroxide.
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| S
L [D¢]benzene ’

(internal standard)

(a) o %mj N
e

HDO (or D,0O)

31|t|1|||||"1—‘T"'T""T'“||rr1[""]'_rs|]|||||

8 7 6 5 4 3 2
& [ppm]
Figure 3-7. “H NMR spectra of a chloroform/THF (1/1 v/v) solution of 2a’ (a)
before and (b) after the treatment with Cu(OH),/TiO,. A chloroform solution of
2a’ (0.32 M, 1.5 mL) was treated with Cu(OH),/TiO; (2.5 mol%) at 20°C for 5 h.
After the treatment, THF (1.5 mL), water (0.1 mL), and [Ds]benzene (10 uL,
internal standard) were added to the reaction mixture and stirred at 20°C for 30
min. Then, the catalyst was removed by filtration and the spectrum of the filtrate
was measured. The solution contained 0.48 mmol of 2a’ before the treatment
(spectrum (a)). After the treatment with Cu(OH),/TiO,, the solution contained
0.21 mmol of 2a’ and 0.23 mmol of deuterium oxides (calculated as HDO,

spectrum (b))

T3 KA T CHERKEREY & 2a ORGEITH &, HEEE N Cudl)K
itz Bt F e LT 2a ODFRED v PV U IRIEHEITL, 14-Y 7 ==L
-1,3-7 # TA U 3F B AU (Scheme 3-11),

2©{+2Cu(ll)—></ V= = \_/+2Cu(|)+2H+

Scheme 3-11. Stoichiometric reaction of 2a and supported copper hydroxide.
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Cu(OH)/TiO, & 2a & OFUETIE 20 77 BANITIZIE A TO Cu(IDFED Cu(fdE~ &
BT S AL, Cu(I) OIR TEHE (2a DI EHE )T 16.141.6 mM h™' T& - 7= (Figure 3-8),
—J7 Cu(OH)/ALO; TlE, Cu(IDDIETLH L T TiO, AR DIGE DI L& 120 L 72
72(0.684+0.075 mM h™"), Scheme 3-11 DL, (i) Scheme 3-7 (IZH 587 & F U K
FEDARK, (i) 2 207 2TV KNS OB ITCHIMEEZ L DA DA E WD
2 BEREOKIETHEITLTWD EE X HILDH, Table 3-7 ThHr L7 L DHIT,
Cu(OH),/TiO; & Cu(OH)/ALO; & DIZKE/FEKFERWRE D ZTLITFRD LAV,
L7223 o T, 2 Bt B ORUSEE DN ERE Cu()FEAERKEEDZESR L 72 o> THILT
W5, Scheme 3-4 TRLTZE DT, BEED v TV v F RGOSR T O
EMESEENZ T ANLN TS, — T EXAFS OHIEN S, Cu(OH)/ALO; D
FHE S N7 SRR R C AR | L L BEAZ I T W BE CHIE STV B 2 & AR X
TV 5, Cu(OH)/TIO, OFEIEIZEI T A H LIS S TW A, BLEDORE R
SIS R EEEE A L TS Z ERHEESND,

60 - 80~
Cu(OH),/TiO, L
qC) _ 50 - ; 60 -
[ 40 -
55 30 - Q
£l 20 - Cu(OH) JALLO g 20 - A CU(OH)/TIO,
g8 i = O0: Cu(OH),/AL,O,
< & 10 + ©
& 0 T T T T T

0 20 40 60 80 100
Amount of Cu(l) species formed [umol]

0 0.5 1 1.5 2
Reaction time [h]

_ ' ' Figure 3-9. Relationship between the
Figure 3-8. Homocoupling reaction catalytic reaction rate of the 1,3-dipolar
of ethynylbenzene with supported cycloaddition of 1a to 2a and the amount

copper hydroxide. Reaction of Cu(l) species formed in the supported
conditions: Cu: 100 pmol, copper hydroxide catalysts. The amount
cthynylbenzene (5 mmol), toluene of Cu(l) species was estimated by the
(15 mL), 60°C, under Ar atmosphere. amount of diyne production and was

controlled by changing the length of the
alkyne pretreatment. Reaction conditions:
Catalyst (Cu(OH),/TiO, or
Cu(OH),/Al,0;, Cu: 100 pmol), la (5
mmol), 2a (5 mmol), toluene (15 mL),
60°C, under Ar atmosphere.

wIZ, CuDFEDAREZ 2 Fa— L L TG EITo> 72, Cu(DEDEREILT
X VRO A ZE 2 A2 Tay ha— L TX 5, 13- PRF(HINBLE s
BHAGEFD Cu(DFED Ak & Z OPIEE & ORIZIZT—ROFMEN S . ROSHEE X
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R D ST RTLEE I ERK T 5 CuD)EOBEITIKFT D Z LALLM E o Tz
(Figure 3-9),

APALBR R Cu(DFE R T D Z & 13D UV/ivis A7 R )L DORIEDN D &R
ST, T VRILBRZ TS T fililila 7o — 7 7R v 7 AT AIEIZ XL - TlElY
L7ce MV Wi | 220 22T\ FTREZR R U 38 < R UV/ivis IlE 21T
- 72 (Figure 3-10), 7 /L % U HILBLOH#% T Cu(INFED d-d ERIZJFE S 415 730 nm
DI ROMER LTz, Cu(IDFEDOPANIA )G R T Cu()FED ARk & 4l T o
HEZEZOBND, F2. 400 nm ([ZBN RIS NIZT 8T Y ROREKICHE KT
HE—2 ThndERbNs®, Zov—2i%, EIN L4 la & SSE5S 2
Iz X o TIHE L., 3a DARK(0.0027 mmol, GO)3MERR Sz, L7 - T, Cu)
TEFY RFEET Y NEORIGZEZY N T — VENAERT D Z BN E
Tpol-,

0.003
(©) A)
0.3
X
S 0.002 |
=
S
=
< 0.2 2 Pretreatment
S 2 0.001 with 2a
S
X
3 V
3 ~_ (B) J
< 01 [ (B) 0 : —_—
Pratreat . 600 650 700 750 800
retrea
men Wavelength [nm]
0 l \ = =
300 400 500 600 700 800

Wavelength [nm]

Figure 3-10. The UV-vis spectra of the fresh Cu(OH),/TiO, catalyst (spectrum A), the
catalyst recovered after the pretreatment with 2a (spectrum B), and the catalyst recovered
after the reaction with 1a (spectrum C). Pretreatment conditions: Cu(OH),/TiO, (Cu: 2.5
mol%), 2a (1.0 mmol), toluene (3 mL), 60°C, 1 h, under Ar atmosphere. Reaction
conditions: Pretreated Cu(OH),/TiO, (Cu: 0.025 mmol), 1a (1.0 mmol), toluene (3 mL),
60°C, 15 min, under Ar atmosphere.
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NUTY—FED 5 ALOKFBIRFOBKEW L ETHI0OIT, HARBELEL
72 Cu(OH)/ALO; B L OHEAKFE TT L LIz fE (2a’) % FHW T Scheme 3-12-3-14
DEI BRI EITST2, ZNHDORERNS, MY T Y — VHEOKZRFIZEITKD
HNET R FTHD Z ERREE T,

fih e oD FAALERII LA F O ERZ T LI FEHK T T 3 ERVRTZEick-T
1To72, O)®EET F U v LEKEEHKO.1 mM, 10 mL)IZ Cu(OH),/Ti0, 0.5 g Z 1% T
BT LB L, (0)24 BEFRIC AT X - TRl Z [ L, E/K(10 mL)
TYRES, B2 A 1T o 72,

) =N
©/\N3 . @ — 5 Cu(OH),/TiO, (2.5 mol°/=o) ©\/l\llN P
— toluene (1.5 mL)

1a (0.5 mmol)  2a (0.5mmol)  60°C, 5min D 34 (99% yield)
D content: 27%

Scheme 3-12. 1,3-Dipolar cycloaddition of 1a and 2a’ with Cu(OH),/Ti0,.

Cu(OH),/TiO,, pretreated

=N
with D,0 (2.5 mol%) N=
Ng </ \> — H > N/
— toluene (1.5 mL)
1a (0.5 mmol) 2a (0.5 mmol)  60°C, 5 min D 3a (99% yield)

D content: 59%
Scheme 3-13. 1,3-Dipolar cycloaddition of 1a and 2a with Cu(OH),/Ti0O, pretreated with D,0O.

Cu(OH),/TiO, pretreated

. N=N
with D,O (2.5 mol%)
- D= - DL
— toluene (1.5 mL)
1a (0.5 mmol) 2a' (0.5mmol)  60°C, 5 min D 3a (99% yield)

D content: 86%
Scheme 3-14. 1,3-Dipolar cycloaddition of 1a and 2a’ with Cu(OH),/TiO, pretreated with D,0O.

PLEDOFER S . Cu(OH)/TiO, fIlEEIZ LD T /v &7 ¥ R ED 13- 3140
BRALSUG O SOSHEREIILLT O X9 72 b D73 3CFf &4 % (Scheme 4-12),
() RIm7 /¥ mb07m hARHIZ K D Cu(IDT7BF U RO AR
(i) B Cu(ID)7EF U RO ORITTHIMAEC L 521 3B LT Cu(DFEDARK
(iii) Ko7 vFrnbo7 v b AHIC I D Cu() T BF U RO AR

(iv) Cu)7EF Y LTV FEDKINZ LD Cu- b U 7 — LFED A A

(v) Cu(DFED FRA (I A 7 L DFERE)
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II Cull

Scheme 3-15. A possible reaction mechanism for the Cu(OH),/Ti0O,-catalyzed 1,3-dipolar
cycloaddition.

MZIC 1la & 2a & &2 FEICHW CHEERRIMIT 21T > 7o, AR & ROSHIHE
EDORNTITIEDFABAN & > 7= BFEHIZ DUV CTIEB] 5 2> Tk 22V (Figure 3-11), 1a i@
FEE R & OICIZAOHEEN S 57z, ZTAUFMMBHI LT la 2RI AFET
BT, IO~ E la BEALT 5 2 &I L0 St OTEES LS S b 728
EZEZDBND, Flo, FIEED lafREIEKAF LRI LD ARG OFOH
BPEIIAT v 7 (V) D WIEW)TH D LHEE S LD,

80 - 2.0 -+
5 60 - ¢ 1.5 -
=
E o |
s 40 - L 1.0
E . 8
20 | 0.5 - Slope = 1.72
2
0 ¢® | | | | 0.0 ‘ ‘ T \ ‘
0 1 2 3 4 -0.4 -0.2 0.0 0.2 04 0.6
Amount of Cu [mol%] log (Amount of Cu)

Figure 3-11. Dependences of the reaction rate (R;) on the amount of Cu(OH) /TiO, (Cu:
0.5-3.0 mol%) for 1,3-dipolar cycloaddition. Reaction conditions: 1a (0.16 M), 2a (0.16 M),
toluene (3mL), 40°C, under Ar atmosphere. All reactions were carried out by pretreating
Cu(OH),/Ti0, with 2a at 40°C for 30 min.
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Figure 3-12. Dependences of the reaction rate (R;) on the concentration of 1a ([1a] 0.08—
0.32 M) for 1,3-dipolar cycloaddition. Reaction conditions: 2a (0.16 M), Cu(OH),/TiO, (Cu:
1.0 mol%), toluene (~3mL), 40°C, under Ar atmosphere. All reactions were carried out by

pretreating Cu(OH),/TiO, with 2a at 40°C for 30 min..

8.0 - 1.0 -
60 1 ® o . 08 1 & o o
T . ¢
[ o
€ 4.0 A X 0.6 -
(@]
% o Slope = 0.048
= 2.0 1 0.4 -
04
0.0 ‘ ‘ 0.2
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Concentration of 2a [M] log [2a]

Figure 3-13. Dependences of the reaction rate (R;) on the concentration of 2a ([2a] 0.10—
0.60 M) for 1,3-dipolar cycloaddition. Reaction conditions: 1a (0.16 M), Cu(OH),/TiO, (Cu:
1.0 mol%), toluene (~3mL), 40°C, under Ar atmosphere. All reactions were carried out by

pretreating Cu(OH) /TiO, with 2a at 40°C for 30 min..
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CU(OH)JTIO fIEIC K BT IL X DBILMIREHD Y T VI RIEG (3.4.7-3.4.11)

3.4.7 R DOft

IR EMH LR

Scheme 3-11 T/R L7 BUSMZBWTAERT 5 Cu(DfEZ Cu(IDFE~ & Flgkd 5 2
ENTENX, TAXUDOFRED 7V TRIGIZE D VA AR s &
72%, FREE O Cu(OH)TIO, 2 W TR g fbAl & L TRIGAEIT O &, 2a DR
TA TV TRISWNFE L ETLIET D2 A U EIE T B 772 (Table

3-9, Entry 1),

Table 3-9. Oxidative homocoupling reaction of 2a with various copper catalyst.

]

catalyst
Ph——= + 1/20, —> Ph—=——"=—=—Ph + H)0O
2a 4a

Entry Catalyst Yield of 2a [%]
1 Cu(OH)y/TiO, 90

2 Cu(OH)X/A1203 1

3 Cu(OH),/Si0; nd

4 CuCly/TiO,™ nd

5 CuCl, nd

6 CuSO4-5H,0 nd

7 Cu(OTf), nd

8 CuCl nd

9 [Cu(CH;CN)4]PFg 1

10 copper(I) phenylacetylide nd

11 CuO nd

12 CU.QO nd

13 Cu(OH), nd

141 Cu(OH), + TiO, nd

1514 TiO, nd

16 none nd

[a] Reaction conditions: 2a (0.5 mmol), catalyst (Cu: 5 mol%), toluene (2 mL), 100°C, 0.5

h, under 1 atm of O,. Yields were determined by GC. nd = not detected (below 1% yield).

[b] Prepared without the base treatment. [c] A mixture of Cu(OH), (Cu: 5 mol%) and TiO,
(100 mg). [d] 50 mg.
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ALO; ZHIRE LTHWD ERUENIEE A EHEIT L7 > 7= (Entry 2), Z AUIAE]T
i@ Scheme 3-11 DRGSR EREWNS Th 5, 72, Si0, K & L7255 (Entry
3), & D WIS HEEHil(Entry 4) TROSETT L2 WRRI, 1,3- 804740
BALROG DB TR R X 5 I T A F o ORMKEOHE 21T Z LN TEP, &
HETHLMT BTV FEEZFEKTE WL THDL EEX LD,

il D RITBRAR T & 5 LS (Entry 5)<CHHRD A (Entry 15) 2 W Sl 7e L
(Entry 16) DS TIIUNTET Lo 72, 72, FEx O (Entry 6-9)0 RN EME
OFIfIE(Entry 10-14)% AV 2356 BOSIIHEST L7220 72,

348 U—FUUTRAb

da DILRNE L ZF 50%DEETA T Lo A Lo it 2Rk L, RIS D
TN FREAT » 72 & 2 ARUGME 1E U 7= (Figure 3-14), = O BV I AFRBETE A 23 [EH
RO Cu(ON)VTIO IZH KT D H D TH DL Z & AR L TS,

Fo. RIS THD ML= UEER DB AIIZ K - T Cu(OH)/TIO, ZBREL S 6
IZZNR L — g k> TRV U ZRE LT, B & BRI R S &
T, ZOWED ICP JEEITWHICEDEREZIT T2, S SN2 T=(
HIRRLL T CTh 7o) &b, RISHICHEF SN IZHIEOE MR 72N 2 & AR S
iz, BLEDORERNG, b R T O flBE M IR S - Sk BB b FE
WCHRT 26D THY ., £7o, USRS T~OHFFEOEH S 722 &b ARG
RITEICAE—RTHDL LNV Z D,

100 -
— 80 -
S
S 60 -
©
5 40| e M
CIVAN
> 20

0 T T 1
0 10 20 30
Time [min]

Figure 3-14. Effect of removal of Cu(OH),/TiO, on the
oxidative homocoupling of 2a. Reaction conditions: 2a
(0.5 mmol), catalyst (Cu: 5 mol%), toluene (2 mL),
100°C, 0.5 h, under 1 atm of O,. The arrows indicate
the removal of Cu(OH),/Ti0O, by hot filtration.
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3.4.9 i DKRE L BENEBER)

Figure 3-13 TIESEINC R E < RO DN BOR LA 2N KRG L T\ 2 &8
IR ENT, & TR % 5 mol% D 2.5 mol%IZJi b 8 TRRFFE(L ZiB > 7
(Figure 3-15), FASZEFRFAR T COLML T B ALY d4a OILEN 60%% 4 z 7231
D CROGAIFIFELE L, ZZRFEHE T CTORG TITEE TRV S OORE 0 IR
N 60%% 2 7230 0 CROLHE T Uiz, TON =25 FRENRR TH D Z L n3kEbi
5o

100 §
75
4
50 (24 h)

Yield of 4a

N
ol

PavaWe Wa VeV VWl

0 60 120 180
Time [min]

Figure 3-15. Reaction profiles for the Cu(OH),/TiO,-
catalyzed oxidative homocoupling reaction of 2a.
Reaction conditions: 2a (0.5 mmol), toluene (2 mL),
100°C, (A: catalyst (Cu: 5 mol%) under 1 atm of O,,
@ catalyst (Cu: 2.5 mol%) under 1 atm of O,, H:
catalyst (Cu: 2.5 mol%) under 1 atm of air).

ZORIEDFRRIZOWT, EPFRISHFIZAERT 2 KICEDEDRNE Z BN
7otz TOREIZX L TAKE 1 2 E(Table 3-10 Entry 1) 5 W IIAEE & (Entry 2)
IMZ TR EAT > T2 IEMEH L A~DOIKDOENLIT L 2D BN IK O BHEZ) R
FIFET D ERHALNE R ST, BEmEREOKIZIDZEEIIRWEFZ D,
Tz, KOWAEAE LT150°C THBEIEZE LT 27— —7 4 A (100 mg) % N
2T ZA, A TIEMETT 5 E WV RN BN (Entry 4), JRIFE LT
FEENELX a7 = =T ~NEWEINATDICICNEESNTWD Z EnE
zZ bbb,

S BT, AT L DEDROBE 21T O 2O TFOEE 2 1 &M 2R
RECRIGEIT o To SOSIZECMIZHEIT L, BEZNRIZ A 672205 72(Entry 4),
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Table 3-10. Examination of the cause of inactivation.[®

catalyst
@—:+1/202—>::+H20
2a

4a
Entry Catalyst Additive Yield of 4a [%]™
1 Cu(OH)/TiO,  water (0.25 mmol) 97
2ld Cu(OH)/TiO, water (1 mL) nd
3 Cu(OH),/TiO; molecular sieve 4A (100 mg) 63

4 Cu(OH)/TiO;  1,4-diphenyl-1,3-butadiyne (0.25 mmol) 93
[a] Reaction conditions: 2a (0.5 mmol), catalyst (Cu: 5 mol%), toluene (2 mL), 100°C, 0.5 h,

under 1 atm of O,. [b] Yields were determined by GC. nd = not detected (<1%). [c] catalyst (Cu:
2.5 mol%), toluene (1 mL).

UL EDORERD S . Cu(OH)/TIO, Al D IR IRNITIEEF L OEMTH D Z &8
M STz, BOGTEICIEN L7z filfil 2 7% b - fliKIC KD %o O EEE 1T
WRAIERD RS SECTRAER T2 &, REHOMBEZ W 2356 & ik LIRIER
Mg ZAK T L7z (Table 3-11, Entry 1,2), RIZ, TREDOEIMIEAIT > T O RIEEDOS
HFTRISEATD & da DUIED 82% & 72 0 KIE /2 dE N 7 5 7= (Entry 3), Lo
L. &HEIZ -4 7 F o2 AT SA AR A & B A - o oo s
DFEBITRE L, MEFAEORRNTRE I,

fish 4L P A= AL

DO AT Vo7 4 NE—% HNTRIGKE TH%OERE Al LT-

@ B L7ofilils 7 o v —ETT7® hohis L

@ X HITHIK TH Lz Z1T -7 (Cu(OH),/TiO; (reuse A))

@ Cu(OH)/TiO; (reuse A) % 0.1 M KEE{LF R U 7 A7KEEHRH C 1 REfHHE L7
® ik T L% 1T > 72 (Cu(OH)/TiO; (reuse B))
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Table 3-11. Recycle experiments.™
catalyst

2 R= + 120, ——> R—=—=R + H,0
2 4

Entry  Substrate Catalyst Yield of 2a [%]
1 ethynylbenzene (2a) Cu(OH)/TiO; (fresh) 90

2 ethynylbenzene (2a)  Cu(OH)/TiO; (reuse A) 65

3 ethynylbenzene (2a)  Cu(OH)/TiO, (reuse B) 82

4 1-octyne (2h) Cu(OH)/TiO; (fresh) 88

5 1-octyne (2h) Cu(OH),/TiO; (reuse B)"! 48

[a] Reaction conditions: substrate (0.5 mmol), catalyst (Cu: 5 mol%), toluene (2 mL), 100°C,
0.5 h, under 1 atm of O,. Yields were determined by GC. nd = not detected (<1%). [b] Without

base treatment. [c] With base treatment.

3.4.10 EHEAMtD®RE

Table 3-12 (2774 & 912, Fix OREG T /L F 1280 T Cu(OH)/TiO, iz X v
BINERTHET V4 VRSN,

FEET V% (Entry 1-9) Tl EHIEOE LG - B3RS IMEH DV IEE

Ha L DAL & (Entry 4-6)1Z B0 & 3 SIS TIHC I T LTz,

Flo. —EANCERMEE MR RSB HELT LIS WE SN DREIET V% HH
(Entry 10-14)H 5V NE U AT v F L o (Entry 15DOKREN v 7V 78R K<
EITL, RIETHIA LV EEIETHLIZENTE T, £, “EHEEGEZETD
TAXLTREZEDO EHAERFELEZEEFAMNE T2 2B R T
(Entry 14),

UL EDOFERN G | ARSI R O TR FE il A2 S & 7e o7z,

F7-. la%z 10mmol AVWTC T —V A — )V CRIGEIT-T2& 2 A, EEMIC 4a
155 Z & 3T & 2 (Scheme 3-16),

Cu(OH),/TiO, (10 mol%)  /— — ho
2< >7: + 1120 - = * H2
2 toluene (40 mL) \_/ \_7/

10 mmol 100°C, O, (1 atm), 2 h >99% yield

Scheme 3-16. Large-scale homocoupling reaction of 2a with Cu(OH),/TiO,.

105



Table 3-12. The

homocoupling.™

scope of the present

Cu(OH),/TiO,-catalyzed alkyne-alkyne

catalyst
Entry Alkyne Product Yield [%]
1 @{ Q = = Q 90
S S— (N=="1 0
OCH3
s O= (== >99
H5;CO g
« Q= 09
6 @{ 86
7 FO{ FF 0
Cl
c O= O==0
Cl || Cl
T CO )
10 n C4Hg_: n'C4Hg%n'C4Hg 95
11 N-CeHiz—— N-CgH;3—=——=—=—n-CgHy3 88
12 N-CgH|——= n-CgH;7——=—=—=—n-CgH7 99
13 n C14H29—_ n'C14H29% n'C14H29 96
14[b] Q—: == >99
151 (i-C3H,)sSi—= (i-C3H7)3Si—=—=—Si(i-C3H7)3 95

[a] Reaction conditions: Alkyne (0.5 mmol), Cu(OH),/TiO, (Cu: 5 mol%),

toluene (2 mL), 100°C, 0.5 h, under 1 atm of O,. Yields were determined
by GC. [b] Cu(OH),/TiO; (Cu: 10 mol%).
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3.4.11 RIGHEDIRET

TV IARRA L LT 2,6-T-tert-7 F)L-4- A F )T = ) — )L il RGERE S
T OFNE)NTK LT 1 HMEMATRICZIT O &, ROSHEE « INEIHITE b7
Mol ZOZELIITAI=ATIHADE IR T —F P AFRRN AR L
TWRWZ &R LTV 5,

1,3- B - IMBAL IS DIR T H IR 7= K 9512, T/ T U FREE T CRISETTH
EMBOTUA UNAER LT Z & DB (Scheme 3-11), Cu(OH)/TiO; 12 K 2 Al 1
I IATLLTI O X 9 7et O FF S 415D (Scheme 3-17),

() RI7 ¥ mb07m hARHIZ K D Cu(ID) T BF U RO AR
(i) & Cu(I)7 &BF U RS ORITTAIMBEZ X 521 B X O Cu()FED AL
(i) FEEILIZ LD Cu(ID) T EF U RO AR Y A 7 LV D5ERS)

Figure 3-16 (2R3 L 91 Xi%?zvﬂv/oﬁﬂwﬁ%w v Y T RO DR
iﬁﬁﬁiikc}:()\ﬁ&ﬂ%%r IR LU, BRI CITRF Ly, 51T
TV 2 DR G K 3R O E i E’Jﬂuﬁ-w% T & A B S o T (knkp =

1.1), L7e3-> T, fEEBRIIFEEOFBILEETH L Z LRI,

R———R
(if)
cu cd R R (1)
L N\ N\ OH OH
2 R——= \CUH\CU” < / \ cd' cd
2 HY » 2H,0 2 R—=
R' R'
NN
cu' Cu
(iii)
2H+ 120,

Scheme 3-17. A possible reaction mechanism for the Cu(OH),/TiO,-catalyzed
oxidative homocoupling.
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Figure 3-16. Dependences of the

30 reaction rate (R,) on (a) the amount
of Cu(OH),/TiO, (Cu: 0-7.0 mol%),

T

£ b) the partial pressure of molecular
s 20 H W L (b) the p . p_ ure of u
E oxygen (Pp,: 0.2-1.0 mol%), and (c)

o the concentration of 2a ([2a]: 0.13—
107 0.69 M). All homocoupling reactions
of 2a were carried out at 100°C.

0 0.2 0.4 0.6 0.8
Concentration of 2a [M]

Cu(OH),/OMS-2 i IC K B KRIHETILF U OBIEMHREL Y TY VI RIE
(3.4.12-3.4.16)
3.4.12 R DAMEDEMELLEL

Cu(OH)/OMS-2 fill it IV C=F = )L _ ¥ o 2a DFRLEIARE D » 7V o F UG
EATHT2L 2 A, MIGT DA 2 da b 98%INER T 517~ (Table 3-13, Entry 1),
[FA£ D ST Cu(OH)/TiO, il & W TS 24T - T2 AR R 1T 12%IC 8 £
- 72(Entry 2),

FHIKD OMS-2 D Fx(Entry 4), KD OMS-2 & /KER{LER & DY ERIE A (Entry 5).
& 5 WAL 72 U(Entry 15)DSRAIFTIIOSITEIT Lo 7o, Fo, Fx O
RN DI 2 T2 551 S BUSTET Lo 7o,

Cu(OH),/OMS-2 filiff:a v /= 2a DARES v 7V o ZRISOHEET 88.4 mM
min' T&H Y . Cu(OH)/TiO, il & v 72 & X (5.1 mM min)D 17 5 TH - 7=,

TN DOFERIT OMS-2 (2 L o THOEOFRALIGMEE SN Z &2k D
DEZEZXBID,
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Table 3-13. Oxidative homocoupling reaction of 2a with various copper catalyst."!

catalyst

Ph—— + 1/20, — > Ph——=——=—=—Ph + H,0
2a
Entry Catalyst solvent Cu [mol%] Time [min] Yield of 2a
[7o]
1 Cu(OH),/OMS-2 toluene 1 10 90
2 Cu(OH)/TiO, toluene 1 10 12
3 Cu(OH)x toluene 1 10 nd
4 OMS-2 toluene - 10 nd
5 Cu(OH)x + OMS-2  toluene 1 10 nd
6 CuO toluene 5 30 nd
7 Cu,O toluene 5 30 nd
8 CuAl-LDH toluene 5 30 nd
9 CuCl,-2H,0O toluene 5 30 nd
10 CuCl toluene 5 30 nd
11 CuS04:5H,0 toluene 5 30 nd
12 Cu(OTf), toluene 5 30 nd
13 Cu(OAC),"H,O toluene 5 30 nd
14 copper(l) toluene 5 30 nd
phenylacetylide

15 none toluene - 30 nd
16 CuO DMSO 5 10 nd
17 Cu,O DMSO 5 10 nd
18 CuCl-2H,0O DMSO 5 10 nd
19 CuCl DMSO 5 10 22
20 CuSO4-5H,0 DMSO 5 10 12
21 Cu(OAC),-H,O DMSO 5 10 4
22 CuCl DMF 5 10 nd
23l cuCl acetonitrile 5 10 nd

[a] Reaction conditions: 2a (0.5 mmol), catalyst (1 mol% for Cu catalysts, 20 mg for
OMS-2), toluene (2 mL), 100°C, 10 min, under 1 atm of O,. Yields were determined by
GC. nd = not detected (below 1% yield). [b] CuAl-LDH was prepared according to ref. 27.
Cu:Al = 3:1. [c] Reflux.
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3.4.13 M DEMHER
Cu(OH),/OMS-=2 [T F =RV DRED v 7Y T RISITBWT, 1EHE -
BIEAIZEA R T ESEL 28R EY 13 BORFEANAETH -2
(Figure 3-17), [RIERD % Cu(OH)/TiO, & AWV TIT» 723554 WIElE 56%IX%E T
KT D VA GBI, 2 [B1H O TUER T 3%I2 F TIHHEME T L7z,
VU EDORER IV . OMS-2 3l O I (b OS Z et 32 2 & TREE MOk
BIOKEOIHIE WD 2 DOHMEERTDH I ENTE T,

fresh | 198
1st reuse | 199
2nd reuse | 197
3rd reuse | 1 96
4th reuse | | 97
5th reuse | 198
6th reuse | |95
7th reuse | 195
8th reuse | 196
oth reuse | 191
10th reuse | 192
11th reuse | 1 96
12th reuse | 191
13th reuse | 190
0 20 40 60 80 100

Yield of 2a/ %

Figure 3-17. Reuse experiments. After the homocoupling, Cu(OH),/OMS-2 was retrieved
by filtration. The retrieved catalyst was washed with acetone and water, and then dried in
vacuo prior to using the next reuse. Reaction conditions: Cu(OH),/OMS-2 (Cu: 2 mol%),

2a (0.5 mmol), toluene (2 mL), 100°C, under 1 atm of O,.

3414 7ILIUFEKX T TORI
OMS-2 D&HENZ TR D 7212 T V3 KRB T TO K& % 1T - 7= (Figure 3-18),
Cu(OH)y/TiOx(Cu: 10 pmol) & 2a & DILEZEAT 9 & BN ISDEIT LIEIE
S4B da WAER LI-(HE S 7- 2a &1 9.3 pmol), — 75T Cu(OH),/OMS-2
(Cu: 10 pmol, Mn: 420 mmol)Z W CRERD IS EAT 9 & IA 728 D &2 Kig i
110



A% ED 4a D ERM LTZ(HEE Sz 2a O EIE 20 25T 220 umol),

©
N
=

0.16

0.08 |

Amount of 2a converted / umol

Time / min

Figure 3-18. Reaction profiles for the homocoupling of 2a with (a)
Cu(OH),/OMS-2 and (b) Cu(OH),/TiO, under Ar atmosphere.
Reaction conditions: catalyst (Cu: 2 mol %, 10 umol), 2a (0.5
mmol), toluene (2 mL), 100°C, under 1 atm of Ar.

Z OFEFIL, Cu(OH)/OMS-2 % W ISIZEB W TT LT U RHR T Th - T
b Cu()FED R LRI HEI T L TS Z L &RB L TW5, $72b5H, Eq. (1)D
FOSIZE > TOA U NAER LTI, BT SHZEfE D OMS-2 ~ & B2 B8
9% Eq. Q)DOFILNETITT 5, Cu(OH),/OMS-2 23l & U CHERE ™ 2 g R SIS
T CTOMGTIE, BILENTZ~ B UENEHEICL > THEBRL I 5 2 & Tfili
YA 7 NADBEMIIND,

Eq. (DL Cu(OH)/TiO, IZH IO TH D = L5, Cu(OH),/OMS-2
MK T VX DL E T v 7Y 2 7 OGSk LT W ABETE M 2 7R~ 01X
Eq. QB L VOQR)DOHFLETH D Z EIREB STz,

2 R—= + 2 Cu(ll) R———=—R + 2Cu(l) + 2H" (1)
2a 4a

2Cu() + 2H* + 2MnO, 2Cu(l) + Mn,O3 + H,0 (2)

Mn,O3 + 1/2 0,
(or Mn,O3 + O, + 2H*

2 Mn02 (3)

2MnO, + H,0
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3.4.15 EEERAM DK

Cu(OH),/OMS-2 it D FE i MM DRE 21T o 72 & 2 A, Flix DR 7T V3%
DELIIRET N v 7 ) 7 RSN ERNICHEIT L, ST 2 VA R EINER 5
5 A7z (Table 3-14), ARfERIT, HEET VX, BHGRET VX, TA¥dF=/L
Ty, TRV ELT L a—) i ElCkkx I B ICE A FTRE Th o T2,

Table 3-14. Scope of the Cu(OH),/OMS-2-catalyzed oxidative alkyne homocoupling."”
catalyst

R—— + 120, — > R———=——-R' + HyO

2 4
Entry Alkyne (R’=) Yield [%]™
1 Ph 98(91)
2[b] Ph 90
3l 2-CH;CgHy4 99(87)
4 3-CH;3CHy 98
5 4-CH3C¢Hy4 99
6 4-CH;0C4H,4 98(94)
7 4-FCgH,4 93(90)
8 3-CICH, 98
9 4-CICgH,4 99(83)
10 4-CF3CeHa4 88(73)
111 I 99(92)

CC
12 sC// _ 92(80)

131 n-Ce¢H 3 83
14 n-CsH,7 85(75)
15 n-C14Hz9 74
16! (i-C3H-)3Si 97(90)

17t 78
HO —

[a] Reaction conditions: Alkyne (0.5 mmol), Cu(OH),/OMS-2 (Cu: 2 mol%), toluene
(2 mL), 100°C, 10 min, under 1 atm of O,. Yields were determined by GC. Values in
the parentheses are isolated yields. [b] 13th reuse. [c] Cu: 5 mol%. [d] Cu: 3 mol%.
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3.4.16 EEmDIRET

LR, i, MESEEETNETNEZTT 2=V T vF L o OBRLHR
TNy TN T ROSEATV, SUOSHIEE DRI OV TRE 21T > 72,

7'y NI REREIC 0 Wk, S S BRESEICENERL—RIT
KFELTND Z EDRBI N, ZAUTAREEIZ Cu(OH)/TIO, & IR & [FEED
fHmTHY, OMS-2 OEAIC L VRES LT RBAEEIIHRBRILERETH D
LEZOND, VAL OERE IR S SO D OMS-2 12 k- TH
b Zis, HOPRBRBIICH ST 5~ T AV)FEIZ OMS2 FO—HTH Y |
BILINT~ o FROBEBENEETHL LB HN5,

0.020 1.4 7
0.015 | Lo N
i 0.010 x | { : l
(D]
e 2 Slope=0.04
S, 0.6 1
0.005 |
0 \ \ \ \ 0.2 : : .
0 30 60 90 120 -1.2 -0.8 -0.4 0.0
Time/ sec log [phenylacetylene]

Figure 3-19. (a) Reaction profiles and (b) dependence of the reaction rate on the
concentration of phenylacetylene for oxidative homocoupling of phenylacetylene.
Reaction conditions: Cu(OH),/OMS-2 (Cu: 2.5 pmol), phenylacetylene (toluene
solution, 0.083-0.67 M, 3 mL), 100°C, under 1 atm of O,.

0.020 1.6 7
0.015 1
= Cu: 5 pmol _ 127
— o
Qf; 0.010 ED
S, 0.8 1 =
0.005 | Slope=10.98
Cu: 2.5 umol
0 ‘ ‘ ‘ : 0.4 . - -
0 30 60 90 120 0.0 0.4 0.8 1.2
Time/ sec log (amount of catalyst)

Figure 3-20. (a) Reaction profiles and (b) dependence of the reaction rate on the
amount of catalytst for oxidative homocoupling of phenylacetylene. Reaction
conditions: Cu(OH),/OMS-2 (Cu: 2.5-5 umol), phenylacetylene (toluene solution, 0.67
M, 3 mL), 100°C, under 1 atm of O,.
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0.020 1.2 1
0.015 -
> under O, = 0.8 {1 Slope=0.97
.éomo E
= : 0.4 1
0.005 1 under air
0 ‘ ‘ ‘ 0.0 : . ,
0 30 60 90 120 1.0 -06  -02 02
Time/ sec log pO,

Figure 3-21. (a) Reaction profiles and (b) dependence of the reaction rate on the partial
pressure of O, for oxidative homocoupling of phenylacetylene. Reaction conditions:
Cu(OH),/OMS-2 (Cu: 2.5 umol), phenylacetylene (toluene solution, 0.17 M, 3 mL),
100°C, under 1 atm (the partial pressure of O,: 0.2—1.0 atm).

35 F&H

TILXETORFED 13- BB F MBI R

Cu(OH)/TiO, it Z FHND Z L T 7 AF U E TV RED 13- 887N b
JERNR LS EIT LTz, RUVAT UV REZTF =R UB U L ORIGHRED S
R72 TOF 1L 505 h  IZEE L, 2 E TIOHA Sz B i bR g%
RLTz, £, BAxOT VX LTV REDHAGDLENLXINT S 1,23-FU T
V= VAN @R T B, f“b\%%r@ﬁﬁ AR LTz,
ABUGGAE T T Cu(OH)/TIiO, fil i I EIZ BRI & UL TR L TRV | s
i%@_ibﬁguﬁﬁ%ﬂﬂﬁé_k#?%koik\EWLk%ﬁ%kwm
VT LTC RIS ELROSITHWD & BIRES LOTEEOK T e Licdia b
3 ENEFEHANARECTH -T2,

TILX DEALRED Y T VIR

Cu(OH)/TiO, filkliE % FHW 5 Z & T, KT A F o ORRILARE T v 7Y VT K
JEDENR L LT LT, ARIGRTIHERLED L5 RifshnFlz v g3, ZhE
T O E R DA F] & g U T/ il & CRIN D ET Le, £, Fix D
K 7 V% v DT ;ofﬁm¢5/4/%ﬁé ENTE, JRWEE A
R LTce RRUSSEAET T Cu(OH)/TIiO, AR T H= I FE AR - L TER L TR Y |
FOSZIT A Z 0SS A2 32 2 kﬂ?%koﬁ%@ \Z & o T
DEFERZITH) Z ENARETH 72, MV LOFEAICIKRARD 7=, Zh
ITEWEHOFBIEEINZ LA b DTH D EE X LN,
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Cu(OH),/OMS-2 |%, OMS-2 MH{K L LT TR EBEBFBEIFRA L LTH &
DHTHIETHNPOBFE~DESRZEAMESELHELZ R LI, 295 LT
DOEBLEET H Z L 12X - T, Cu(OH)/OMS-2 fllEI IR 7 L% o Db
RERD Y TV T RIS L TR ABHEMEZ R L, K& RIEEOR T 722 < FHE
ATz LbfeLnoiz,

HETE UGS
Cu(OH)/TiO, il lIC K 2 1,3- BRI B LG L VT L% o OER LRI A E
1> 7 T IROGOHEE RS % £ & T Scheme 3-18 127”77,

——R' OH OH
cu' cu! ) R
(A)
cu' R\ F
e \\\\ N\ 2H,0
(B) <" ‘cu"
1,3-Dipolar cycloaddition Oxidative homocoupling

N=N

cu'
E)\\\\_,‘<<j N
RN, 2H*+ 1120,

Scheme 3-18. A possible reaction mechanism for the Cu(OH),/Ti0,-catalyzed 1,3-dipolar
cycloaddition and oxidative homocoupling.

F 4 =7 BICHEF SN SKER L FEIL 7 L% o ORI KFE AR L, $HaD T
F Y FEZK LTZ(A—B), ZUITF ¥ =7 EICHRFS =R TITE o v
2RV TH Y . AJESHE D Lewis fig & /KEEFLH D Bronsted Hi F: D 721
MENTREBE I N, £, TH=7 LOHEA)TvF Y FREIZT A > OiETTHINEE
IZEVEIMFE~EBEITLT D I ENARETH - 72(B—C), HEZITITVVIRRE THEE X
A7z Cu(OH)/ALOs filt Tl Z O RS ITFEF IZEE < | Cu(OH)/TiO, filtihE o> S | 3 16
URZERETHEINR TS EEZ 2 b5,

TNF TV RED I BBAIMRICISE TR, CuDFEC)ETrF o &D
RIS E 0RO 72T U FEDO)PAER L, 7Y KEDOBRILKISDHZIZHE O C Ok
RE~ L RO Y1 7 VRSERE T 5, FRIC O T BT U RFEEO AR BOG
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DETHDHLEINTEY, WY REOBR & HILIRIC L > T2 OF5MFETT
- Cu(OH),/TiO, fil i DL N AT HE T H - 77,

F 72, Cu(OH)/TiO, filt > Cu(DFE(C) T/ FIRFESE TR T2 Z L B AlETH
0. AN T EF Y FEB)VBHETHI ETT A OBEIRED v 7Y U 7R
DR A 7 VR 5ERET D,
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— VB F L& T 5.0 mmol A7 — /L TRIGEIT D &, DTt E T K
IR X <H#EAT L, mICR TBRILEA Y 035 & HU7-(Scheme 3-19)P%,

O
( C
E«N@ cat. (Cu: 0.1 mol%) N/N |
N, + =—COOEt
SA\ CDCl5 (30 mL) COOEt
\\© 60 °C, Ar (1 atm), 6 h
o o
5.0 mmol 5.5 mmol 86% yield

Scheme 3-19. [Cu(u-OH)(tmen)],Cl,-catalyzed 1,3-Dipolar cycloaddition of 1-
benzylidene-3-oxopyrazolidine-1-ium-2-ide and ethyl propiolate.
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41 B&
411 TAF= Ly T BOEEN

A BITHEK EICEEICHFET DI ERETHY, EE LT ABRIESC B{brAF L
LTHIEL TN D, —RINCHEET A FLEWITHEEDN NS S LEEO RS D%
< RESCHISHOR DB NEG THLEWVIFEREAT S, TDD, RERWE

RIZB T D75 A FZa gl OR A, 70280 v 7Y v T RIG~DIH 72 ED3k
MNTHFFE S LTV D,

R;—=——H R———H
R l+ HSIR, l+ HSIR,
R———SiR; —— |R—=——SiR;

R TN

i fREE SRRy T)oT TOHMORIE
(F-, base, Ag)

Figure4-1. Utilizationofalkynylsilane.

g7 A BALEMDOFTH T 10T sp REDFEES LIALEWIIT A= T
EMEEIL, AT DXL D BRI ~DIs AR HRE STV 5,
@ M@t 7 ¢ ook

1) ArtMgl (1.5 equiv)

« V] Cul (30 %), Et,0, 0 °C Ar® N7 |
AN Si N > Arl N
/ \

2) Ar?l (1.5 equiv) ~ /Si\
PA[P(t-Bu)a], (5%), THF, 40 °C Et
@7 r S F LT L — VDA R
0 KOEt (10 mol%) oH
(RO)sSI—=—R; + Ry ] ==
R;™ "Rs  THF,0°C Ry R4
@ X A 7 DR
Pd(PPhs), (5 mol%)
Ph—I + Ph—==—SiMe,OH Ph—==—Ph

TBAF (1 equiv.) h 978
THF, 60 °C 2.5, 97%
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412 EEDTILFZILDZ VERE

WROTNX= VT EBRIEET VX o 2iEH b L T A= A 20 (F Y
DA, VFUL TR UL, High/ed) R LB BT ERESED
ENIBLDTHoTz, LorL, THHDOFIETIEMAKGHE ST <UD A E
Ny ERWDZ LR, ROVEWICEREEZETLIERT NI UL, AV T
Ly 7V =y — VRSN NETH D L) BN H - 722,

4.1.3 R 7 )V ORI Y AL
NEOXNT X2V T o OERKEE LT, Fix Otz AT frv oL
KT VX 2 & ORIGE PKFBINCET S D FESFREINTE T, ZOKIETIE
REOBMVPNNREL THY, TEEEVOBENL L L VLEE LWERKIELEE 2D
ZOBKRFERD ) MEBIGIE, O7 v F U R ERBET 5504V V7 A
A Q) F AR D 3 SORIGERBHLE XN TN S,

O7&F VU FHREEZ R T 5 KGR

WRIZE DT VT ORmKFEOGIEHRE, HOHWIEETEF U K (Yb, Ca, Cu,
Zn) OFFRIZ LD T X Z2iEMEALT 2 2 & CRISNEITT 5, B Ra v U ki
1T LR T2 OSBRI FE R I B O e ISP EE E < e (FEICTOF<1h Y,
Flo, VI UDNEKEEDORE LTS N EE Fasv T oy 7Y U7
HITLRW, 22T, VF=fbkEmETe ey I v 20 THRY 7T =Ly
T UDEAEBEI L TWAHINEL b D,

L LA

SHETARFICL Y B @B Fnv T o TF =AY & ORI R
HERTEY, BT AF= Ly T U ARISHT 5 O ZER TN TS, B R
By U IERIRIFIEE A E (D W0IEEL) EITLARWD, TV =L OER M
FEEICIW, —FH, VT UDOBEHILIC L ANKEEDRE L RELZITH20, HiZ
FMUE#HiE ey T L Rm7 VX EORINTIZEAL (BHWIEEL) EITLA
VN FE - T - BRI O PR DS EER IR, KT OIRNITIEEDOIK NN S, R
RS & BAtR72 N,

EH DITET MO 12 & B AERUS & s LB A S D AU R Eg
T2600, BTV, 22T, HEOTLAIHLY 5127 b ) &8s 503
TAHY LHEEBOTLaAFT R TAXLER T I REIRE G2 — Rl
il UCHERET 5 2 & A L7-, Table 4-1 (i BUICHS B 2 97839,

Ono 51% KNHo/ALO3 12 & % il 2 s L TV B8, s oKk~ = k5]
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EHREIC Lo THERT D INVART =4 DS HFRETH D, TvF% 0 0 BMAL - HiE
ERETTALEODHANAZ EOTEAT X AZHIBER KXV, £7-, T/X %218
HEANWAIULENDH L EWVOFES LD D,

Table 4-1. Reaction of phenylsilane with phenylacetylene in the presence of base catalysts.™

oh bh
PhSiH; + Ph—— Ph—=—=—Si—H + Ph—==—Si—==—Ph + hydrosilyl compounds
1 1 2 ! 3

Catalyst Silane  Alkyne Temp Time Conv.[%]  Yield [%]®  TOF

[mmol] [mmol] [°C] [h] Silane Yne 1 2 3 [hY]
MgO!™ 5 12 80 4 88 - 43 24 0 0.061
(496 mol%)
LiAIH,4 53 53 120 20 53 56 42 9 3 059
(5.1 mol%)
Ba(OiPr), 51 52 80 8 75 99 53 30 0 25
(0.57 mol%)
Ba(C=CPh), 49 50 80 8 75 99 54 30 0 32

(0.45 mol%)

[a] 10 mL of diglyme was used as solvent. [b] Based on silane. [c] TOF/h™ = (Yield of 1/%) + (Yield
of 2/%) x 2 / (amount of catalyst/mol%) / (reaction time/h). [d] Phenyltris(2-phenylethynyl)silane was
also produced in 10% yield.

Table 4-2. Reaction of diethylsilane and terminal alkynes in the presence of KNHy/Al,O3.

IIEt IIEt
Et,SiH, + R— R—=—SH + R—="Si—=R
1 Et 2 Et
Entry Alkyne Yield [%6]™ TOF [h]
1 2
1 3,3-dimethyl-1-butyne 77 9 0.14
2l 1-hexyne 67 9 0.12
3kl phenylacetylene 0.5 0 -

[a] Reaction conditions: KNH,/Al,03 (0.2 g, K: 0.51-0.52 mmol), diethylsilane (1.5 mmol), alkyne
(3.0 mmol), hexane (2 mL), 55 °C, 20 h. [b] Based on silane. [c] TOF/h™ = (Yield of 1/%) + (Yield
of 2/%) x 2 / (amount of catalyst/mol%) / (reaction time/h). [d] 2-Hexyne (1.5 mmol) was also
produced. [e] (2)-1,4-Diphenylbut-1-ene-3-yne (0.90 mmol) and (E)-1,4-Diphenylbut-1-ene-3-yne
(0.04 mmol) were also produced.
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A TN E DA (or T DA) — o4 I B

Takaki &1%1 v T /LD LK (1) Ph.
WREGT VF & OPRAKFER Y Lk N vb(hmpa),
RO TR LT BRI 2 R T & % i
ﬁiLTWéMOEﬁ@%@%i%

\Z A 2 B REIMENTRVDIZ
TEMEDE,

A v TIE T LRI in situ TARRT 5. Yb (0.25

mmol), diphenylmethylideneaniline (0.25 mmol), HMPA (1.0
mmol) in THF (0.5 mML)IZ CHal (0.5 pL)% Il % TEIE T 4 I R3SiH
IR 5. 13 b NI BT SR & 0 % T B B, >
SHREA M OETKIE (T R
3

HAWIT V=T o DAER) 1T
HITL2WZD, TAF= AT 0D
BPEITIEF I m W, TEMEIZEUE E R 2 <, EICRITEREOMA G bEICKE
HEIFT %, MUEKE Ruv T2t 147 F 2 L ORMIG T, BEfREICT VI VEE
AT HHEFEBNAERD PR LS55 (Table 4-3), *ﬁf?»%VV
=TT LU ERAWDS EBARMIZIZE A EB LW B%RUN), VE#D
HVTEERE Ry T UHE 107 F U0 EORIE TR, BE O mbf%/7
F=)L, DTN F=L, PUTAF=LTUNREME L TELND,

Buch LA v 7T BT LAORD VMR AN T L2V THEE LA I
SEADARMATRETH Y . THEIEN 2 HIRETH D Z L 28 LT 50

1

Py
I‘I

Yb—N(Ph)CHPh,

H—Yb—N(Ph)CHPh,

Table 4-3. Reaction of 1-hexyne and trisubstituted hydrosilanes in the presence of 1.1

1 (in situ prepared)

n-C4Hg—=—= + R3SiH n-C4Hg—=—=—SiR; + H»
Entry Hydrosilane Yield [%]™ TOF [h]

1 Et;SiH 7 0.041

2 'BuMe,SiH trace -

3 (EtO)sSiH 38 0.22

4 PhMe,SiH 31 (21) 0.18

5 Ph,MeSiH 76 0.45

6 PhsSiH 82 (81) 0.48

7 Cl;SiH nd -

[a] Reaction conditions: 1 (10 mol%), 1-hexyne (2.5 mmol), hydrosilane (2.5
mmol), THF (0.5 mL), rt, 17 h. [b] GC yield (isolated yield).

123



B

Liu &1% 1 i bEiA TMEDA & DHAfFD b L RKimT vx b R T U HHE
DBAKFERL S U AARSITR LTl S U THEES 5 2 2 LTuhae,

b Foa v U EROGHETT L7222 O@BIRMEIT B AT Th 5, 16 FTRE 7R B 1L
B30 b Fa T OBEHILNE 2 IO TREISIEEIME T 5, Bl IEAF
NT T x =T OROGTIE BRAERMIZE G720,

T2V T v ERWTEESFOEMRIZEAL T, VT2 AR HDHNIET =
SAARAFNADITF =TT L DRICOW TR 21T > T\ D, KT /L% DI
ISMEIZ R E NS D EHE LTV D,

Table 4-4. Copper-mediated dehydrogenative coupling reaction of phenylacetylene and
substituted hydrosilanes.

Silane [silane]/[alkyne]/  Temp Main Isolated ~ TOF [
[CUCI)/[TMEDA] Time product Yield [%] [h™]

PhSiHs; 1.8/5.6/ 90°C  PhSi(CCPh)s 80 1.44
1/1.1 3h

Ph,SiH, 2.15/4.3 90°C  Ph,Si(CCPh), 44 0.062
0.76/0.85 40 h

PhMeSiH, 2.3/5.01/ 90 °C PhMeSi(CCPh), 40 0.12
0.82/0.9 18 h

(n-CeH13)SiHz  1.7/5.2/ 90 °C (n-CeH13)Si(CCPh); 51 0.15
0.92/1 17 h

(n-Bu)MeSiH, 2.3/4.6/ 105°C  (n-Bu)MeSi(CCPh), 57 0.21
0.82/0.95 15 h

Ph,MeSiH 2.712.7/ 108°C  Ph,MeSi(CCPh) - -
0.57/0.61 17 h

[a] Reactions were carried out under neat condition. [b] TOF = substituted alkyne (mmol)/amount of
copper (mmol)/reaction time. [c] An additional 0.9 mL (90% of the initial amount) of phenylacetylene
was added gradually after 8 h of reaction to compensate for consumption in side reactions leading to
the formation of styrene and 1,4-diphenylbutenyne. [d] An additional 0.5 mL (30% of the initial
amount) of phenylacetylene was added 6 h after the start of the reaction.

I
Kahnes 5137 /L% = VEIAL T2 A4 5 “REHEEhER O Sz @it Lz, £722 0
WRFED T, ZREHENEER (1) 25 Si-C R 2 AR AR5 2 &2 A LT, fi
BEROGA TR & 72 5w TR < BOUGHEE RS TEVY, FUSMEIL S T o E#HEL
DNEFREDHEEZRKEL IT D, PIZIE RV ZTF AT T URVATF AT =T
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TS BUSHEIT LRV,

1 (3.5 mol%) O_‘ 4@

Ph—== + Ph,SiH Ph,SiH(CCPh) + Ph,Si(CCPh), Me3Si SiMe
4.0 mmol 302mm§| [Dglbenzene (3.0 mL) 2 81% i 7% i i \r \r Y ’
' : rt, 4 weeks (isolated yield) SiMesR SiMez

* Hp 1a (R=OCHPh(CCPh))

1b (R=Me)

@4V U7 Al R

e DAV LERERNTT VX e Rars I Ra v U b
FENTND, ISHEEIZOWTOMR LA TH D0, PAKBER OIS DHEITIZD
WTIE - &Y LWES %%6 LN LIEEDOT VX OB KERIRA & 72D
LTS EIT T A LT HE L TRY, T LY T TV RN ERA R
T2,

FEARMIZIZE Ra v U AR LR TdH 5 03, 1ry(CO)12/PPhs & TILBIFM
T VT =)V T o OFBPFRED F N,

AV LERIZE > T Fa v U MBS ETT 5 2 S IFXLREIN L 54T
WTERN, TAXR= AT T DEKEZYNO CTHBINLTZOIE O 5O
IrH,(SiEt;)(COD)(AsPhs) % T~ -8, DI E T A F =L T %D 1-~Ft
VINERK LT,

|rH2(SIEt3)(COD)ASPh3
(0.01 mmol) n-Bu
Et;SiH + n-Bu—— n-Bu—=—SiEt; + B\
3 | | DCE (8 mL) 3 SiEts
2 mmo 6 mmo 60°C, 1 h 37% trans:cis=20%:43%

BRBEBICEIDZT NNV T U OERITA U DT LOMIZE DT L HEDOR]
b DA, WTI S EAERY L1372 0 BTVR, HEE A = R K& LT IoRgEeeed,

RsSi—Ir-H

R ! !
™ oiRs R)ﬂ HSIR3 14\

SiR3
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Shimizu © O L7z Iry(CO)12/PPhs R ITFISIC T L =0 o T o DERMENE < |
727 v F U RRIOARE & i U TR D A AT 5B kK EHIEA & L
TTAXROUINCT B F LU - AL T V- 7 F U EERVD Z LR TE 5D
E LRI TH D, (Table 4-5)

Table 4-5. Dehydrogenative silylation of acetylenes with hydrosilanes in the presence of
Ir4(CO)1,—PPh3.[

R3SiH + R—= R—==—SiR; + hydrosilyl compounds + R-""Xx
1 2
dehydration hydrosilylation
Silane Alkyne(R’) Cat. [mol%] Temp Time Yield [%]™
Ir4(CO)12 PPhs [°C] [h] 1 2
PhMe,SiH Ph 2 24 100 24 80 16
'‘BuMe,SiH Ph 2 24 120 40 95 4
Me3SiOSi(Me),H Ph 2 24 100 24 73 20
(EtO)Me,SiH Ph 2 48 100 24 79 18
Et;SiH CeHis 1 12 100 36 93 5
Et;SiH cyclohexyl 2 24 100 40 93 7
Et;SiH ‘Bu 2 24 120 36 83 15

[a] Reaction conditions: Silane (1.0 mmol), acetylene (2.3 mmol), DME (1 mL). [b] Yields were
determined by GLC based on employed hydrosilanes.

©=k 31 EN

Voronkov S iE~FH 7 mu Belit s 3 UVROMAGOEICL > TR 7 LF D
K U ACBORHY 3 IRKF B LR B =R TR LS ET T2 2 L %
#E LT al

UHEPE LT RSl ZHWD TS - BRMEILICH BT 2, L 2HAWEGEI
I insitu T HaPtCIe/R3Sil AAER L TV D EE X B D,

BERPERIEE (o, RUBY . UL )EHWD EBAKER S U AL I
F 50%LL ETHE LN, BEEE(TOF, 7 h=hU ) ZHN5LE R UL
IEIEDTFHENRKEN->T-, Fo, KISHEDO LR e Rav U ko5 KX <
9%, 60°C Tidt Fa v U /b LNEITT 5,

T U DOEBRILOEFRBIMENRE L 8D LIRS, —FH, TAFOE
BEEDZEIT/ NI,
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Table 4-6. Reaction of phenylacetylene and trisubstituted hydrosilanes.™

Yield [%]™ TOF [h]
dehydrocondensation hydrosilylation
product compounds (total)
Et;SiH 83 (89! 17 1780
MesSiH 340 not mentioned 680
(EtO)sSiH 16 82 -
EtSiHCI, 3 95 -
HSICl; 0 0 -

[a] Reaction conditions: Hydrosilane (20 mmol), phenylacetylene (20 mmol), H,PtClg (0.025 mol%),
I, (2.5 mol%), hexane (5 mL), THF (0.1 mL), 20 °C, kept until hydrogen stopped evolving. [b] GLC
yield. [c] TOF = (amount of dehydrogenative product)/(amount of platinum)/(reaction time). [d]
Reaction time was 2 h.

Table 4-7. Reaction of terminal alkynes and trisubstituted hydrosilanes.!

Silane Alkyne Yield of dehydro- TOF [h™]
condensation product [%]™

Et;SiH 1-butyne 24 480

Et;SiH 1-hexyne 96 1920
Et;SiH 3,3-dimetyl-1-butyne 86 1720
Et;SiH phenylacetylene 89 1780
Et;SiH 3-chloro-1-butynel™ 74 1480
Me3SiH 1-butyne 68 1360
Me3SiH phenylacetylene 34 680

[a] Reaction conditions: Hydrosilane (20 mmol), alkyne (20 mmol), H,PtCls (0.025 mol%), I, (2.5
mol%), hexane (5 mL), THF (0.1 mL), 20 °C, 2 h. [b] GLC vyield. [c] TOF = (amount of
dehydrogenative product)/(amount of platinum)/(reaction time). [d] Lil was used instead of I,.

4.1.4 HEEMEIZ L5 Fa 2 U U BERIG

HEFSMEZ AN CRWT LR & /e Ry T U EHEDODKIGEITWE R v
U ALK SR EITT 2 2 L RS ST A o, BkER O 7Y v K
JEbHOTITHEIT L, BIAERE LTELND Z EDRHERIN TV D,
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415 AHARDEH

INFETICHESN TVBTAXF =AY T VHOAREIZIIERL —E—EHb 5,
TEFY RFRKRZRBET XA TOKETIEE Re v UIUERET Laan=oI
BTSN EWORFRN DD, — T, AETEMHEIIR S SEREEIZLY MY Efe
Ry VORITEITL 350D, BIZRY TAX=Ly T ORI S
HZHD0THDH, NEE Fnd 702 EE L THWA KIS TIEA U 2T MMl %
& EAMBR WS STV D, AIFITKEMIEAIE LT AR 00 o 2ing
008N BT, EROBERMNER TS EWVIRERD D, BEITS IR
KEDRIET D720, ZNEHESCDITHRE L TERMOT LI =Ly T URNETEN
HZEHPIIETDMENRD D,

AL TIE, D TRBR B D2 WVITER)ZBRbA L35 MU @Efie Rev T v &K
TR EDRINCE DT VR =V T U EE B E T 5, MBS IX o EE - PR
FDRE Gy 7 B R A2 -5, Z O RS % B AR O 4 2 W C (&m0l 3 % A
WP T D 2 &N TE AU, BRI HIKD I TR DR W EREEF AL O
TF =TT CERIE & 72 % (Schem 4-1),

R? R?
I Au/OMS-2 I

RI——H + H-Si-R® + 120, RI———sSi-R® + H,0
R R

Scheme 4-1. Anenvironmentally friendly approach to the synthesis of alkynylsilane.

4.2 EREE

HESME L HNTT VR e T U REM L LDy T RIS EITO LB R
2 U LT 5, 2 OREKERLOFOG b — ST LARFZE D B AR T &
HTNF=NT T UobRIET S, &2 THIRIZ OMS-2 W5 2 & TRLRIS Z
ELUBMAKBRHOKIGDTFGE#RKRELTDHZETT A= U T U2 BERICERT
5Dl aERART,

4.3 EBRIE

HERfRE T A T 1 Eo kI TR L 7=,
FOSIXE 24 Table IC5E L 72T o 72,
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A4 FER LB
441 EROEFEEMEZAVZRIE

fix OHEFLBMEZANTZF AR B NI F LT DRI ELT
WV, ENENOfEEEIZ oW TR ETT o 72,

Table 4-8 [Z7R3" X 9 12, OMS-2 HEF @At 2 FHVN D & BOS TSI T L, BRY
ETHTNX= N T UNIEE W THE O, —HF T, NIV A -H e VT =
UV y AEHELEMBEECIXENAERMIZIZEAEGON NS, T,
OMS-2 FHEFF/KER L AIEAFIE T Tl F = LR B U OBLERE D » 7Y 7
FOSREITL 14-V 7 == V7 2T A UG b e, KD OMS-2 DA% VT
FOSTIE E A EEEIT Lo 72 2 LD, OMS-2 HHEF Sl B S A SO 5 L TR
T e U Tl 2 2 L R ENT,

Table 4-8. Cross-dehydrogenative coupling of 1a and 2a (Screening of metals).™

Ph———H + H-SiEt3 Ph———SiEt3 + others
la 2a 3a (mainly hydrosilylation products)
Entry Catalyst Conv. of 1a [%]" Yield [%6]
3aa Others

1 Au/OMS-2 97 80 16

2 Pd/OMS-2 541 1 2

3 Pt/OMS-2 <1 <1 <1

4 Ru/OMS-2 <1 <1 <1

5 Rh/OMS-2 <1 <1 <1

6 Cu/OMS-2 >99l*] <1 <1

7 OMS-2 <1 <1 <1

[a] Reaction conditions: Into a Pyrex glass reactor were successively placed catalyst (40 mg, metal: ca.
2 mol%), 1a (0.5 mmol), and toluene (1 mL), and then a toluene solution of 2a (0.55 M, 1 mL) was
added to the reaction mixture over 1 h by a syringe pump at 80 °C under 1 atm of O2. [b] For this
screening, the supported metal hydroxide catalysts were used. [c] Yields were based on la and
determined by GC analysis. The hydrosilylation was a major side reaction. [d] Unidentified
byproducts were formed. [e] All of 1a was converted into 1,4-diphenylbutadiyne.

4.4.2 OMS-2 MR D5

fx OB YA RS L CTHEeMEEZFR L, la & 2a L OB 2 A0
> 7Y 7 RO RS 2 TR VE Otk 217 5 7=, (Table 4-9)

W=D 5 © Au/OMS-2 filt 723 e & BV A R L, B E 3571
X =/l T 3aa & BUDILETH L= (Entry 1), ZORRIZELE Rr v Uil
AT FEICERTH 7=, RISET VI UFEHKR T TITY & FEICk Res U b
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JEWHEITT 2 Z LD RIS T FIRIEHR 2 kA & LTHITE 2 2 LR
S 472 (Entry 2),
Table 4-10 (2779 K 912, Au/AlL,O3 & OMS-2 % ¥R A U 7-filtt 2 VTG 21T

9 & AU/ALOz D F % filli & U -CHW =B & bl U C HIAE Y 3aa ORI DS TEHE
iz L7z, 20 Z Lt OMS-2 1357 FIREEFRIC L A LS 2R ET 5 Z &1
FoTRIRKIETH D Ru v U AbRISZ IR 220083 % &R S iz, - T,
AR E LT OMS-2 V5 Z & T Au/OMS-2 filBiE /S AR 12 % L TR iETER L O
BIRMAZRLIZEEZDBND,

Table 4-9. Cross-dehydrogenative coupling of 1a and 2a (Screening of supports).©!

Entry  Catalyst Conv. of 1a Yield [%]™ Cross-coupling/
[9%]™ 3aa Others hydrosilylation ratio

1 Au/OMS-2 >09 93 6 155

ot Au/OMS-2 95 7 87 0.08

3 Au/MnO, 98 51 44 13

4 Au/CeO, 96 83 12 6.9

5 Au/Al,O3 >99 81 19 4.3

6 Au/SiO, 98 75 23 3.3

7 AU/TIO; 87 72 14 5.1

8 Au/C0304 70 54 15 3.6

[a] Reaction conditions: Into a Pyrex glass reactor were successively placed catalyst (40 mg, metal: ca.
2 mol%), 1a (0.5 mmol), and toluene (1 mL), and then a toluene solution of 2a (0.55 M, 1 mL) was
added to the reaction mixture over 1 h by a syringe pump at 80 °C under 1 atm of O,. [b] Yields were
based on l1a and determined by GC analysis. The hydrosilylation was a major side reaction. [c] The
reaction was carried out under 1 atm of Ar. [d] Amorphous MnO, was used as a support.

Table 4-10. Cross-dehydrogenative coupling of 1a and 2a (Effect of OMS-2).1%

Entry  Catalyst Conv. of 1a Yield [%]™ Cross-coupling/
[%]™! 3aa Others hydrosilylation ratio
1 Au/Al,O3 58 37 20 1.9
2 Au/Al,O3 64 59 4 14.8
+ OMS-2

[a] Reaction conditions: Into a Pyrex glass reactor were successively placed catalyst (40 mg, metal: ca.
2 mol%), 1a (0.5 mmol), and toluene (1 mL), and then a toluene solution of 2a (0.55 M, 1 mL) was
added to the reaction mixture over 1 h by a syringe pump at 50 °C under 1 atm of O2. [b] Yields were
based on 1a and determined by GC analysis. The hydrosilylation was a major side reaction.
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4.4.3 RISFEHDIRET

AIAE CTOVY U IOR T ERAWTHRLIZ 2a 2 F L TGS ET H T1(Table
4-11, Entry 1) & tei D72 ROGBAERE S la & 2a & OIRERIEZ AW TS E1T
-7,

FEEOEZ la2a=11 OFE TRISEIToTE ZA B ET AT VX =Ly T
3aa DILRITH T2 8% TH VY Lict Ko v U RIS I T 5555 & 722 > 7= (Entry
2), RIZHE 1a & 3150 1.5 mmol HW TG AT o7z, T2 &8RPER M) E LIE
1 21% & 72~ 728, TR DWW FERITIZE S 2o T2,

AREOER T ROG A RE ST D Z & T Ku o U BRSNS v, @Rk
ME LT ERRBEINTWD, £ZTAH— M7 L—T7%HWCTEEREINE F(10
atm) CSZ T 72 (Entry 4) & Z A, 3aa (FHE 44% T O AU EIRMED M E9
LT EDER SN, LrL, Entry 1 OIGRE T 5 L{EWERTH L Z L0 b,
AIGERTIEL Y VR TR RHWTERE 2 R4 IRNT 2 FEE AW S,

Table 4-11. Cross-dehydrogenative coupling of 1a and 2a.

Entry 1la 2a 02 Temp Yield [%6]® Cross-coupling/
Time 3aa  Others  hydrosilylation ratio
10! 0.5 o] Flow  100°C 77 7 11.0
1h
2lc] 0.5 0.5 latm 100°C 8 53 0.15
0.5h
30! 15 0.5 latm 100°C 21 43 0.49
0.5h
41 0.5 0.52 10atm 140°C™ 44 21 2.1
1h

[a] Yields were based on la and determined by GC analysis. The hydrosilylation was a major side
reaction.. [b] Into a Pyrex glass reactor were successively placed Au/OMS-2 (4 mol%), 1a (0.5 mmol),
and toluene (1 mL), and then a toluene solution of 2a (0.55 M, 1 mL) was added to the reaction
mixture over 1 h by a syringe pump at 100 °C under 1 atm of O2. [c] Reaction conditions in a Pyrex
glass reactor: Au/OMS-2 (4 mol%), 1a, 2a and toluene (2 mL). [d] Reaction conditions in a autoclave
reactor: Au/OMS-2 (4 mol%), 1a, 2a and toluene (2 mL). [e] Bath temp.
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444 )—FTTR K

ARSI DS E R D AuIOMS-2 fIlIEEIZ L5 & DDy, & 2 WIEEUSEIR FISTEH L7z
SHEIZLD2LONERALNETH2OIT, la & 2a L ORI H v 7Y v TR EAT
VY la DEAEFEN IS L E 25%IZ5E L2 TAIRIZ L D Au/OMS-2 filtii 2 2 th 7 & bR
E LT, AIRIZ2aZ{i T L7222 b SRR R 5 P50 T (1 atm) T80 CITNEA L 7= & 2 A
B7-72 3aa OEKITR N2 o T,

Fo, KN THEORKISED ICP JIEZIToT=, KISHDAENHITEb~ T
B S 2o 72 2 v B (Au: 0.001%L8L T, Mn: 0.003%LL F), Bt HH 2 Au/OMS-2
R DA D372 N2 EBRE T,

UL EDFERD G | ARBUS CTRUH S V7 A EEME 2 BOS U L e @Bl R Th
%2 EIIEE S, EIRO Au/OMS-2 il Z K 5 AR —MISR TH D Z LRI I
776

445 A OEMER

ASGHET 1% AuIOMS-2 it} 3 A L 0 BB IZEI T 5 2 & AT E72(95%LL 1),
FRALEE X 7= Au/OMS-2 il 1a & 2a & ORI » 7V v 7 ROSIZxE LT 72 <
&Y 10 RIOERAMNATRE TH o 72, BRPEIXFEMHICE > THRAIIKTF L= b 00,
0 FBOFEHATHHETET7LF =L T 3aa 2 80%DIEKTH ST,

446 EEERMEDO®EE

s FL % Table 4-12 127" T, Au/OMS-2 fillit 2 i\ 25 &4 OFRIHT V¥ k6 X
NE /e Fav I 02 L THWAZERARETHY, e TH57F= 1T
YRENETHE L,
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Table 4-12. Scope of the Au/OMS-2-catalyzed aerobic cross-dehydrogenative coupling. ©!

2 2
R 54 s _AWOMS2 . §4R3

Entry Alkyne Silane Yield™
(R'=) [%]

1 Ph Et,Si—H 93(91)

2 Ph PhMe,Si—-H 88

3 Ph (Et0)sSi—H 74

4 2-CH3CgH4 EtsSi—H 90

5 3-CH3CgH4 Et;Si-H 86

6 4-CHaCoHa EtsSi—H 95(92)

7 4-FCgHy EtsSi—H 94(90)

8 4-BrCgH, Et;Si-H 81(77)

9 4-CF3CgHg4 EtsSi—H 90(83)

10 I EtsSi—H 85(78)
0

11 n-CgHi7 EtsSi—H 98

12 RN N EtsSi—H 95(89)

[a] Reaction conditions: Into a Pyrex glass reactor were successively placed Au/OMS-2
(1.9 mol%, 40 mg), alkyne (0.5 mmol), and toluene (1 mL), and then a toluene solution of
silane (0.55m, 1 mL) was added to the reaction mixture over 1 h by a syringe pump at 80°C
under 1 atm of 0,. [b] Yields were based on alkyne and determined by GC analysis. Values
in parentheses were the isolated yields.

4.4.7 HTERICHE

THAAERAK T Tlad 2a b DRISEITD & EARDITE R U k&% T
HYH, ZOWNRITEFH T8N THHT=, H E"Jiﬁﬁz%‘(“a‘bé TNF=v T DIERIT
1% ToH Y | KPOSI L TIRPBEELRKEEZRIZLTWDLZ ERHLNE T,

KimsK 36 & EHAKFRITEHL L,f:i%:/l//\‘ B (1a’)D HID RS, Au/OMS-2
AP E T CIRIE E A AT Loz 2 e, &7 8T U Nl ﬂiﬁﬂaﬁ%ﬁ% 7 v

X LT TNt EZ N5, 72 1a b 1a’ L O ERMFENMALIFI 0.70
ThHolz, T DOF HERIFEN AR RITHIEE ML sp—sp2 DFHRKZ GirZ & &
RIBELTWD,

L7=mM > T, Au/OMS-2 filiEic LA K7 v 2/ 8 Rrv T v L O{bih
> 7V 2 T ROGDOHEE S HEMEIE Scheme 4-2 [T X9 R D TH D EEZBND,
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9. B Rr YT Si-H A2 Au/OMS-2 fillfi iz I 0 iEME(L S FRE O 7 A
TN SN, ZDZ &%, AUIOMS-2 733 T v D KFIRIERAL BOGIZ % L C fl
EHEZ R T ZEMO B LN Th o7, KIZ, A FEPREFHELITV /LT
=a ZHNZHEWNET VX = VBRIV, ZOBRBENEEEM THDL L F X5,
RBIZE R REOBBENHEIT L, S HIC0 FIRIBEHRICE 2L L > THA
B CTHLT VX =T RN ERRT S,

HSIR3
Au VRN |

H,0 r| ‘\ / R\ H SiR3
SiRs j*\| HSIR; | ~\| HSiIV
R5Si SiR3

©)
R’ Au. R' Au. R' Au.
| ...... ,?\u-H 1 H i H I H
H . . .

R3S~ H H© SR, H” SiR;

|

Scheme 4-2. Possible reaction mechanism for the present Au/OMS-2-catalyzed cross-
dehydrogenative coupling of terminal alkynes and monohydrosilanes.

4.4.8 1HEFA) O LfiEE AN KIS

TINX T EDBILI D 7 ) VORI O T AT =T B D K
JEOHEFE LTA VD7 Witz 0D b O0RH - 72,0 22 THEA U 2w Ll
BARWDZ & T A =R EY BB ET LT X =L T UG LR N
meFEz T,

L 7> L, Au/OMS-2 filtflt & [FlER OFRBLTIE TIXA U 2 v A FE A OMS-2 1K FIZ [
BT 252 EMTERDS 2D, EIZ IWALOs il it 2 AW C RIS ZIT > T2, fhmme L
TiE, B ET DT AF =LA T 2@ TED Z L3 T, kLI
&FE & OWZRIT L0 ERE S V2 AUIOMS-2 i DB ME DS HERE S =, BLTFIZZE DR
AHfE R A T,

T, B RICOWTHRT 24T - 7= (Table 4-13), AT F LU bz bnoiz
BRI CROSITIERLMTEIT L AREUSIT L TEE LWIEELCTHh - 7= (Entry
1,3), — 5T, WMEREEF CIEEEOILRIIK TR A SN,

AT LV URRE N TT VT UREK T CTRISEAT - 723, BERIRFHAT & g
L CIEMEROIBINMEIC R & 2@V T 22 v o 72 (Entry 1vs. 2), WD G TH D ED A
FLUBBRHEENTZZ EnE ARG TIEBR LA L LT FIREEEZFIHT D Z &0
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TEPIT, AE la 2WKFERIEA L LTOERBFBRIZLTND EZEX D,

Table 4-13. Cross-dehydrogenative coupling of 1a and 2a in the presence of Ir/Al,03.%!

Entry  Catalyst Temp!™ Conv.of 1a  Yield [%]™
Time [%]* 3aa hydrosilyl
compounds
1 mesitylene 140°C >99 7 61
05h
2l mesitylene 140 °C >99 4 56
05h
3 toluene 100 °C >99 11 60
05h
4 dioxane 100 °C 98 10 56
05h
5 water 100 °C 7 <1 <1
05h
6 acetonitrile 80 °C 5 0 <1
1lh
7 1,2-dichloroethane 80 °C 78 6 42
1h

[a] Reaction conditions: Ir/Al,O3 (100 mg), 1a (0.5 mmol), 2a (0.5 mmol), solvent (2 mL),
under O, atmosphere. [b] bath temperature. [c] Yields were based on 1a and determined by GC
analysis. [d] Under Ar atmosphere.

WIZ MV IR TIT S T2 OS2 OW T, #REFA L% Table 4-14 127, HEY &
TAHTINF=)L T 2 3aa OFEPFPEIIGBIRERL 5 F IR, RIS E e v

UMERIS TR £ Z B ER LIS ET I SN T E R~ Liinfb L Tue,

F 72, Pt(OH)/ALOs il it 2 AW CRIBR D L 1T > T2, Z DA, 3aaliliF & AL

AT, BIBOSTHHIOND ERBAER L TV,
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Table 4-14. Reaction profile.[

Ph—— + HS%—Ph -~ Ph—=—si + Ph)z N Ph\:\ + opr NS
i Si
1a aa 5a-(2) 5a-(E) 6a
Entry Catalyst Time Conv.ofla Yield [%]™
[min]  [%]™ 3aa  4a 5a-Z 5a-E 6a
1 Ir/Al,O3 0 0 0 0 0 <1 0
2 6 0 <1 0 0 0
4 45 4 7 9 7 0
6 94 10 18 21 15 <1
8 >99 11 20 21 18 <1
10 >99 10 20 17 22 <1
15 >99 10 20 8 32 <1
20 >909 10 20 4 37 <1
30 >909 9 20 1 40 <1
2 Pt(OH),/Al,0; 0 0 0 0 0 0 0
2 13 0 0 0 1 0
4 21 0 3 0 6 0
6 43 <1 8 0 19 0
8 66 <1 15 <1 34 0
10 83 <1 19 <1 45 <1
15 95 1 23 <1 52 <1
20 96 1 23 <1 52 <1
30 98 1 23 <1 52 <1

[a] Reaction conditions: cata!)yst (100 mg), 1a (0.5 mmol), 2a (0.5 mmol), toluene (2 mL),
under O, atmosphere and 100°C. [b] Yields were based on 1a and determined by GC analysis.
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AU/OMS-2 il Tl Y U R T THREERAICIHE T T 5 2 L TS T 57 L%
=TT O E LTz, 2T IMALOs il A T [AIEE D Tk 2 AV TG
iTo72, Lo L, 7AF =/ T 3ab OFIRENRKELS M ETHZ L3, =
IZ b Ko v U A2 ST L 7= (Table 4-15, Entry 1), &filiiz FH 2 & S OFE D>
BAF L ARIZE A EBRE SN EnD | IALO; filliix sy T IREE S & FR LAl &
LTHAT2ZENRTERNEBZZOLND,

Table 4-15. Reaction of 1a and dimethylphenylsilane (2b).[

Ph—=——H + H—SiMe,Ph Ph———SiMe,Ph + hydrosilylation products
la 2b 3ab
Entry Catalyst Conv. of 1a [%]™ Yield [%]™
3ab Hydrosilylarion
products
1! Ir/Al,O3 >99 16 56
2 Au/OMS-2 >99 66 29
3 Au/Al,O4 86 43 39
4 Au/Co304 80 44 20

[a] Reaction conditions: Into a Pyrex glass reactor were successively placed catalyst (metal: ca. 4
mol%), 1a (0.5 mmol), and toluene (1 mL), and then a toluene solution of 2b (0.55 M, 1 mL) was
added to the reaction mixture over 45 min by a syringe pump at 100 °C under 1 atm of O,. [b] Yields
were based on 1la and determined by GC analysis. [c] Styrene was obtained at 16% vyield.

45 £+

Au/OMS-2 fitlli 2 W5 Z & T, RIg7Tvx o e/ KT &0kl »
TV TRISZ K DT =T U ERE R LT, AR I3 2 ORERT V¥
VHEBIOE e Fa v T VHEICEAFTRETHD . ST AT AF =TT U EEND
NRTHEDLZ ENTET,

AN I8N T Au/OMS-2 Bl T DA — /il & U CTIER L T\ 5 2 & 23
RINTo, BUSEZITZAIZ LA I ZFEINT 2 Z LN TE, RERIEVEDIKT
R BRI TH - 72,

ST IRBEZEEZBLFE L TCRT7 X EFE /B R T U MEDT LR =Ly
T VAR E R LT DI ARMBER RS TH 0 | BIERBDKDO B T ) — 2 72 55
ThoHEE A5,
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AL Tl GRS RAKRR LT & S 248K & O AE LT EEIRT 52 & T,
R E AR O BRI 21T - T & 7o, HFreB/KE (LA, F—&R RIZAT 5
EIBHE KDL A AFEEE L OKBERREDO T L o 2T v FHEESOHERI 22N B
Ko Thkx B R EHLUNICR L TEBNIIEEEZ R LTs, 612, EZHiie 548
BKBRETEO T L LTI A 2D TlidZe < | ISR L OB 157 SEHEKG
(R D EN Rt 5 2 L Tt O migRE b 2 X 5 72,

F2ETIX, 7AVITHEEALT = AoKR{bRiE A WS 2 8T Bk L=
—NNET UE=ZT NODEE= VAR A FEEL L 72 (Scheme 5-1), ARG L()EH —
T v a— VORI ER S L BT T e R4, ()T VT e RET o E=
7 EDOWAMEEIT L DA I AR, (i) 2 OB AKEZER SIS =YL
DR, L9 3EBEREOERE LIRS L - THEIT L TR Y . fix O&R KRyt
BEOFTT VI FHELT = 7 AOKER LIRS T | = TAFE F TR B LD
(@ii)loxf UL TmW B EE 2 R LTc, S BICRIS>INDAEamicEIT 52 LTI b
DI ZENFE L < one-pot THITEELZ EMNARETHY, HETH=FNV VE%
BN THED Z LN TE R, ARUGHR T FIRBEEEZBILAIE LTHWTED | §
MFEGEL L2 &b | RIS KD F TR 20RO = O BREEFRAN D
JEEWNWZ D,

RU(OH)X/A|203 NH3 RU(OH)X/A|203
R™ OH - R Y9 —> R N\ » R—=N

Scheme 5-1. One-pot synthesis of nitriles directly from alcohols and ammonia.

W3 E G, HEKIB L RENR R T L X v L ORIGIC L > T 7 EF Y FEE
T2 & W) EMEEFIH LT, RE7 V% OBRLAIRT D v 7 ) RIS IO
Ko 7 NF & TV RED LIV AAIBRCISZIT T, ZOM7EF Y REs
TERT 2 RS DN A A L AKBRIED T L v 2T RO W RN E /2%
T2 ]Iz U, R 7 /LS 0B OKFEH . A & DOiTrIMREC K 2 R -l i RE
ANDIRITLEWV D 2ODIGT L » THEITL TV, ZOMIGTIE EOHRT =T Y R
FENRISHETCH D Z ENEINTEY RICTF X =T 2%IRT 52 & THE

(ZHEEE LTSk b 2 Al L 7,

FF, F ¥ =7 HEHUKER RS 55 FIREE SR A B (kA & 3 2 R 7 L% o Dfg
EHIRE D > 7V v TROSIZHR U TR ABEMEZ R L, A OFRGE T V% 2 Hxf
ST DA EBNERTARARETHD Z L e MR Lz, LLAnD, SR
BRI X > TSI ATEMERIRIE O 72 F U RFEAAER L, ARSI
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52 L BEIFCHLNE IR oTe, ZOMBARRT 572012, HIRICEFBEI PRI
ELTOHREGFE, OBHBLRISEIRES Y 5 2 L 2lAiz, 217 AEE
P& FF R 2 OBREMIC OV TR 21T - IR, SR EH - &8 a8 - %
BITREE WO RFREZH T~ B UL OMS-2 # V5 Z & T, #HEFS 7= 8ifE
IR L DR THSLNICEFBEDEITT L Z LB 50 72 57 (Scheme 5-2), =
9 L TR S 7z OMS-2 FHEFG/K B Ll IR G 77 v & o OBERIRE D v 7'
VISR U C R RE AR [ AR & U CHRE L, IEME - BRI AR T S A Z L
< FH# H 2 AT BE T & - 7= (Scheme 5-2),

(&) RN —

0, H,0
W OMS-2

Scheme 5-2. Rapid electron transfer via the designed Cu(OH),/OMS-2.

Cu(OH),

I BT, T UFERK N CRISEIT 9 2 & TIRIRFilidifd 4 7 FF U 7o £ FIEMER
ELTHIARBETH L Z EbHLMNE o7, Thbh, F4 =7 HErKER il
BEARWD Z ETRMT X TV R ED 13- A (HINBRAL UG 283 2 4T
L. ¥fIi5d 5 MU 7Y — &GN THEET 5 2 & AT E 7= (Scheme 5-3),

Cu(OH),/TiO, N=N
P R — - [
R N3 + R — > R - N \/)\ R

Scheme 5-3. Cu(OH),/TiO,-catalyzed 1,3-dipolar cycloaddition of azides and alkynes.

B4 TETIT, OMS-2 HHEFEMEE 2 WS Z & T, K7 vF o e Rav g uhb
DT NHF= )N T o ENEFEB LT, ZORISTIHEIRIGTH D E Re U A bRIG
T 5 72 DIk 2 IR A ST D, ARFZE T, BBERUSICA R TH
% OMS-2 Z#fifk L L C&INT 2 Z & TRIERDORMBEZ R L., BNET57 /1%
SV T U R EIER - EERINICA KT D 2 E B ATREE LT, ARG RIT D TIREESE
EBALAIE LCTAF =AY T U BB LTI COFITHY | TINAISE L LELE L
2N e BB DRIKD I TIRF RO ENT Y — 72 S5 T & > 72 (Scheme
5-4),
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R2 R2
I Au/OMS-2 I

Rl——H + H-SI-R® + 1/20, RI——Si-R® + H,0
R4 R4

Scheme 5-4. An environmentally friendly approach to the synthesis of alkynylsilane.

LD X 91T, AFZE TIE SR S W - @) 2R R 217 9 = & Takine
EAAEDORFR 21T > TE e, T72bb, EEABEZHIETLZ &, 2 WITHE
HEICEBEGE DA &E 2525 2 LT, fix OERMBERE L OH KOG E £
B LT, 20 ORIEEBEREBEAAEE O BZIC B WA SRR e iHEE# Th
HEWRD,

Frlo, BT BE Ak s U Clied 2 MRITEHEERZE 2 R T rlietEn d 5, [#
AV B W TIEMES BT B S DR T 23T 2 L 9 ROSIFEE L < | BUSH ST
LRV, HDWITHEIT L THIFEMEMEN S ORE W, L LR S, @yl Hk sz
RT 22 LI Lo THEPOREFEZEZITO Z LR AMHRE & Zetuid, e EEOmAL
BRILSOSMEZIZI2 D . 2V E CHEBAEE CIXER SN TH > 72 L 9 22 RITH
L Tl D @R b 3 T X 5, Bl 21X, AR TH W Z OMS-2 X° Co304 £ Vo
T AL TSEAC ST U0 DL ORI TEFBENZIT O Z L NAEETH U  Wacker Z 1
T ORISR EFNT VT B RO I W CHRBEY 1 27 L &2 2k L 7= (Scheme
5-5), T 7bb, BEBEHHAEE HWD & ) B FHEH TR < ISHARE/R DT
HY . WOREVERERE L OMAEDEORELEZIT) 2 & T, ZbD X gk
BOSZIZ o & T 2 F 2 ORGSR & BRSO Z 2 IV CEMRT 2 2 8 HIfF T
a3

PdCl, (4 mol%)
OSM-2
NN+ 120, > /\/\/Y
100°C, O, (1 atm) o)
43% yield

PdCI, (4 mol%)
Coz0
NN+ 120, 34 > /\/\/\f(
100°C, O, (1 atm) (0]
20% yield

PdCl, (4 mol%)

OMS-2
WO + 1/202 /\/\MO + Hzo

(0}
70°C, O5 (1 atm) 50% yield

Scheme 5-5. Catalytic reactions in the presence of PdCl, and the metal oxides as electron
transfer intermediates.

142



[ 3 i

1. "A Supported Copper Hydroxide on Titanium Oxide as Efficient Reusable Heterogeneous
Catalyst for 1,3-Dipolar Cycloaddition of Organic Azides to Terminal Alkynes"
K. Yamaguchi, T. Oishi, T. Katayama, N. Mizuno.
Chem. Eur. J. 2009, 15, 10464—-10472.

2. "An Efficient One-Pot Synthesis of Nitriles from Alcohols or Aldehydes with NH3
Catalyzed by a Supported Ruthenium Hydroxide"
T. QOishi, K. Yamaguchi, N. Mizuno.
Top. Catal. 2010, 53, 479-486.

3. "An Efficient Copper-mediated 1,3-Dipolar Cycloaddition of Pyrazolidinone-based Dipoles
to Terminal Alkynes to Produce N,N-Bicyclic Pyrazolidinone Derivatives”
T. Qishi, K. Yoshimura, K. Yamaguchi, N. Mizuno.
Chem. Lett. 2010, 39, 1086-1087.

4. "Conceptual Design of Heterogeneous Oxidation Catalyst: Copper Hydroxide on
Manganese Oxide-Based Octahedral Molecular Sieve for Aerobic Oxidative Alkyne
Homocoupling”

T. Qishi, K. Yamaguchi, N. Mizuno.
ACS Catal. 2011, 1, 1351-1354.

5. "An Efficient, Ligand-free, Heterogeneous Supported Copper Hydroxide Catalyst for the
Synthesis of N,N-bicyclic Pyrazolidinone Derivatives"
K. Yoshimura, T. Oishi, K. Yamaguchi, N. Mizuno.
Chem. Eur. J. 2011, 17, 3827-3831.

6. "Heterogeneously Catalyzed Aerobic Cross-Dehydrogenative Coupling of Terminal
Alkynes and Monohydrosilanes by Gold Supported on OMS-2"
K. Yamaguchi, Y. Wang, T. Oishi, Y. Kuroda, N. Mizuno.
Angew. Chem. Int. Ed. 2013, 52, 5627-5630.

ESBEE
1. "Heterogeneously Catalyzed Efficient Alkyne-Alkyne Homocoupling by a Supported
143



Copper Hydroxide on Titanium Oxide"
T. Oishi, T. Katayama, K. Yamaguchi, N. Mizuno.
Chem. Eur. J. 2009, 15, 7539-7542.

2. "Catalytic Oxidative Synthesis of Nitriles Directly from Primary Alcohols and Ammonia™

T. Oishi, K. Yamaguchi, N. Mizuno.
Angew. Chem. Int. Ed. 2009, 48, 6286—6288.

144



O



A SE B R F L R R RS L F R BOK B e S AR TUAT » T2 e &
FLOEbLDOTYT, AKFEEZITOICHT-> T, BHERITR o725 %2 1S & BILA
LET,

KBFHZIZIT, anX v AR0T 4 A vy a OB THEARERETHEE L, &
o RHZ A L2 BRICITE E E T REWVITR TW W2 0 — ISR Ik Tz
TN EREZHEREEBEHT LE L, AEIZHOVRE) T N0E L,

B LR - NEREEER - JERERERTICIE, BIL LW SRR Z T TV a2 & KA
BHEHIZRD E L, RYICHV N E S TINE L,

WL O AEZ IS L QN 78 X | WFSE O BT « BERT T IR\ ek & sk 722 5%
HTHRA~DIER 2R L TV X RO X5 I8N S, E72800 THEWTED
DCTL, Flo, BKAEZHLTHIEZ b N BARRICH L TERm<EL T X
REFH L TEBOET, RYZHVREH> TINELE,

WHHEZER « SEHHEBFRIITEERE L T2 < EESITH 0 AT LD,
BX AR ETHYRT RS AEZTHEE L, EH28b0REHI TS NELE,

FIFBIEICIE B4 ORFICEBHRE L T2 X RIS 20X E R H 2 T
W EE LT, ELWANARBHFEZMWVWTEEB IS TV EEE L, &Y
IZHOME S TS LTV,

FEEOHHE S AT HEBN e TPl X e EREBMERICRVE LT, EH2bb R E
9 X WE LT,

INEREATIFUHIF UHEIE 72 b H D WANAREMICEZ Tl E
FlLiz, E20H0VNRES X VELT,

FINZAIZIFRICEHE O RT7 7 FEWH Z L TWANAREREAZ L TWETE X,

EFTEMESETWELEEE L, E9bb0 e T NnE L,

IO ME . FEEE, CEE, BHI AL REBHERC/RY £ Lz, FETIE
Hrodk Lzl - BRICTCEZTHLH o720, 2N LBFIIT-720
RINTAT T2 EEELWH A TL, WERETIALIIZIATE Lo TV g
T, REZHYRES T VE LT,

%k ®ﬁmﬁ EHE. EELHONEITSVELE, BT —<NITNnE N D
ZLTHCILONLEMT A ENENE I REY W EETIIT b E LT, £
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