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OTH Y, IWHEERAR OIS E LTE, X T a7 a2, BikFERS o
2ZH 7Y o TG L OWKFR S FRIEESISA ., EHFEER ZHLDTND

AREDHBITIROBEY) ThH 5,

F9. BERFER QMR ERLEOS R ORI S, 7V =7 I A M) —B LD
I DBEEIZ DN TR D (L2 77U —r 7 I A RY—, 1340 fikllt), MR
J RO RHEIZ DWW TR R 7= Db | 2 OflRE O mie b O FE L LT, &R T
J RO A RLICOWTEER T S (L48: HEREE T kL k), Ric, TR
HZHED TV DIRMAAEHA R OBRLES & LT, Z 0T At 7 et 2 BikFER
B RAT 7N 7O KB G EFRIESOSIZOW TR T 5 (L5.6: ARA RS R
B OFBALIIS), f2lZ, L EOEREZIT T, A0 B 2R~ 25 (1.6.5: A5t
D HEY),

12. 7Y = IR Y —BH4

LT, B TOEE S - RGO RIES, BT EE - HENEEE E Ok
DORFS 2 U, 20 HALIZB T 2 Ax NS OB /e E ST O EIZKE < HBRL
T&7e, LU ALFWEN G| & 2 TREGYEES, =¥ — - WEOKREIHE -
PEFEIZ X D BIROF VS, HERBUL CERE DRI L 7e > TW D, ZORBERT 57
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ﬁﬁﬁ%E%MLfﬁ%m@¢5®?@@<\méﬁwi5k0<6_3%%@kbf
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WA - EE - B E W B R R A W R WIS R E G T H 2 &L TEBITE 5,
Fo. @ XXV EMBRFEREHNDS Z 0, LDV RV F—TRISEIT) 2 &
TRERIETE D,

Anastas D7 U —> /7 I A U —@ 12 JRARM 2 Table 1-1 12777, 246 DOJFEANC
P> TEREEFAMM e ARk - WiE T o A &9 - R T 572010, &R0 7Y —Ex
IS D FRIE S B E TH D, REMRIEEZIRIZZET %,

Sheldon DB LTz E-7 7 7 & —B L3, RIESME BRERMOEREL TH 5,
Table 1-2 |Z/R 3 & B0 | mEEEMER IR D ICON TR OENER L, E-7 7 7
Z—DEIIREL e > TWND, T2 & 2 AR O IMIED & < . FIEMEIZERL TV &
LTH, ZOREMBIZBNTEZ OFFEMD AR L TLE> TUIRHETH 5,

JR 50 RE 3 AL FEROSAA L ORFF#EIS SO 2 BRERM DO FEOFIE Th
5, —HlE LT, B FueXx ) AANEOIHE &2 W72 8iEM o ik % Figure 1-1 12
Y, BEEOX (@), (b) ZIeid 5 &, JiE TIEMER T E=U A, Wi~ T, i
ek (1) BFEIELTLE D DR T2h31E 21% (IS £ 5 DIIxt L, #%E T LAl &
LTl {bAkEZ AW TN DT DRIERMITIAKDOHZTHY | JRF25-IT 92% & 72> T
W5,

ZOXEHT, VBB TOERIZE > THRORIZZ V) — v L2 D viethnid 5, il 4
EHT 52 & THOBBCOARMNATREL 720 . O TIEZ Y — 7 I A MY —DFEE
ICRKELSEBRT 2 Z EXWIFF SN S, Anastas DZ Y — 27 2 A MU —d 12 JFANZ B W
TH, FHIRA TEMAIS LV b, AIAE7ZR IR 0 SIRA 22 A S Ky @b 77V
— 7 I AN =BT DO EEMEIZ OV TR I TV 5,

@ Nty OH
2 @ + 4MnO, + 5H,S0, + Fe —» 2 © + (NH,),SO, + 4MnSO, + FeO + 3H,0

OH

(b)
OH

OH
©+H202 —> ©+H20
OH

Figure 1-1. Synthetic methods for hydroquinone ((a) antiquated procedure and (b) catalytic green
procedurel).



Table 1-1. The twelve principles of green chemistry.2eml

10.

11.

12.

It is better to prevent waste than to treat or clean up waste after it is formed.
Synthetic methods should be designed to maximize the incorporation of all materials
used in the process into the final product.

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

Chemical products should be designed to preserve efficacy of function while reducing
toxicity.

The use of auxiliary substances (e.qg., solvents, separation agents, and so forth) should
be made unnecessary wherever possible and innocuous when used.

Energy requirements should be recognized for their environmental and economic
impacts and should be minimized. Synthetic methods should be conducted at ambient
temperature and pressure.

A raw material or feedstock should be renewable rather than depleting wherever
technically and economically practicable.

Unnecessary derivatization (blocking group, protection/deprotection, temporary
modification of physical/chemical processes) should be avoided whenever possible.
Catalytic reagents (as selective as possible) are superior to stoichiometric reagents.
Chemical products should be designed so that at the end of their function they do not
persist in the environment and break down into innocuous degradation products.
Analytical methodologies need to be developed further to allow for real-time in-
process monitoring and control before the formation of hazardous substances.
Substances and the form of a substance used in a chemical process should be chosen
S0 as to minimize the potential for chemical accidents, including releases, explosions,
and fires.

Table 1-2. E-factor.F®!

Industry Product (t/year) E-factor
Oil refining 10° ~ 108 ~0.1
Bulk chemicals 10% ~ 10° <1~5
Fine chemicals 10?2 ~ 10* 5~50
Pharmaceuticals 10 ~ 10° 25 ~>100




1.3. gt
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fil it & 1%, ALFEROS RIS BAF(E LT ALERIGE 3 LIME S 720 | FFE DKk
POEEZ LV T508, TRHHIIEORIBR TIEE A CELLIVWETH D, B
1. HOEIVIZH 5% < OMEHE, M2 FIH L 7 e 2 2R TAR SN TWD, /i
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Table 1-3. Comparison between homogeneous and heterogeneous catalytic systems. 5]

55— I RE)— e
Ak FIGARIC TV L. SR, 55 | $LFF R AL, FR(Li. %
RIS | s SRR i,
RIS | IR (1T 200°C BUF) | IRIREECE BT b ATHE
T b 2 B A
CREECE, U A RO
myegy | O 7R s b 5
E[=
ik 5 PR
B | PR
PAN: N IE
Ik et 55
i
WER | RS 22
AN Sl Zaltk N
Jﬁﬁﬁﬂﬁb




1.3.2. ¥ fidifite]

fittt & SOSVE S & HIZR— OAICAFAE L TR AT 2 & & | Z Ofiflit 2 %)
—Rft LD, FEE LR, AR OND, ¥R, —RICEER A
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DIz AL — R T — RARBEZ Fe A~ D S BEIC 23005 3 A R R L F—%
KIBIZHIKRT 2 Z ENFEETH Y, ZTORUCEALTIE, 7V =7 I A MU —B o
NOITEE LWAEETH 5,
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1.4.1. fHFFEJE T/ Rl

%< DA BRALIIRR LYo H — R e EOMIKRORKENC T/ K-/ B R
LTHWBNS, K EICF 2 hiF & LTHESESZLICK Y, &BORHEBEZH A
SH L IEHEY A MEEO L RIS ESE S &L BT, MIFLERE, B2 E N,
BRI OUEA XD Z & B AMRETH D,

AR &%, TEMERR Y & 2 O R EICHE (EE(k) U OBt Z +olc s E 57
DIZ LB fERERRER DO E D Th D, IHMEMS DO HURIE (= HREFE = IEMERK
EE) HEEUNARFFT D 0AH e 6T, AR OE - BBIIEE . REfE, AL
R E T 27O METH D, £z, MOS0 —EICEHRE L L TSR
L7eh Ry b — WICEERERIZ R -T2 865 5, RO 228 IR,
FH EEELRMBE TS 5, £ OB/ (1) B8 FORmE, ML, 24
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1.4.2. ZJo&ldT /bl
1.4.2.1. —Ju&JmT 7 Ki1 O fbETE e

TH (FRETHEUE) o&RNRA LT R (CoteR T k) 1R, B—4&
JEFE LT B e DAMEME A R T E NI LTS, FOEB E LTI, VY RRE
ET YT NNERD 2 ONFEF B b,

VYRR EIL, BREEEDOR L 2HMOSRBRE TCOETOMVICEY, T
NOEBEFEOEHIRENENTHZ L THDH (Figure 1-2), iz 1X. Au-Pd —Joa)ET
R ClE, Au DESEMEE T 254, Pd OESENEE X 2.20 TH H720, Pd 225 Au
~NEFARY . AuFE—FO L2 ) bEFEERRE, PdITHE—MEO L X LY E
TARERREIZRD EEZLND,

T TR EE, 2HEOGBENENENIEDAT v I35 Th
% (Figure 1-3), MU AT v FIZFEIKFCE ST 56 Z &b bHivE, Hx DAT v 7ITZE1
ZhEETZ b H 5,

o
v,

Support

(electronegativity: M; > M,)

Figure 1-2. Ligand effect.

Support

Figure 1-3. Ensemble effect.



1.42.2. o0& JET /R 1 Ol

Toshima 500 || Zoe& @)/ K+ OM&EIILL T O 7 BB IS D L LT 5,
(a) particle-in-particle, (b) particle-on-particle, (c)aggregated particle. (d) core-shell particle,
(e) alloy particle, (f) separate particle, (g) super core-shell particle (Figure 1-4),

(a) particle-in-particle I%, &8 A OF /K13 &)@ B OF i f-OHIZEENLTWD
X O 70iETH S, (b) particle-on-particle I%, ®J8 A DF ki1 em B DT /K10
FHENAFEL TWD KO 22E&ETH D, (c) aggregated particle (%, &8 A L 48 B T
ENOHTRIL-PEES LI L 9 2iE Th 5, (d) core-shell particle I%, B A D=7 D
KEZEEB OY L RESTND X ) RIEETH S, (e) alloy particle 1X, &8 A &
&JE B NRF LYV THEIZIRG SNTHMIETH D, (f) separate particle |%, &8 A &
&JF B ZNENDT SRS 0BEL THEL TV AIETH D, &F A L&
B DEHEDEAII AL L RN, HRIZIT u@B T /- Tldene &2 6h
%, (g) super core-shell particle 1Z, &)@ A & &J8 B DENPLZAIHEAER -T2 X 5 7ot
ETH D,

(a) particle-in-particle (b) particle-on-particle (c) aggregated particle

(d) core-shell particle (e) alloy particle (f) separate particle
OO0 OO
O % O
O O
oY YeXe
O ONG)
Metal A Metal B AB Alloy

Figure 1-4. Representative morphologies of bimetallic nanoparticle (Toshima et al.).l*



Ferrando 5P (X, “oe&E T /R FOREE L LTLLT O 4 OB AREL T
%; (a) core-shell particle, (b) subcluster segrated particle, (c) mixed particle, (d) three shell
particle (Figure 1-4), (a) core-shell particle (& Toshima & D 43$81Z331F % core-shell particle
\ZFE 9%, [RRIZ . (b) subcluster segrated particle (3 particle-in-particle, particle-on-particle,
aggregated particle (2. (c) mixed particle /X alloy particle (2. (d) three shell particle I super
core-shell particle (ZZ N EIAHYE T 5,

(a) core-shell particle (b) sub-cluster segrated particle

Figure 1-5. Representative morphologies of bimetallic nanoparticle (Ferrando et al.).t%

2 OB OMAE DY, FBILCHMENEIZLY, BOoD X T /KT ORE
TR 2 TR D,
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ot lE T R oFRiE L LT, [FIRERICIE (Co-reduction method), A IRIE LA
(Successive reduction method), %= e 8 A2 #4745 (Redox-transmetalation method), #1214
(Impregnation method) 72 &3 % %,

[AIRFIZ 0% (Co-reduction method) (3. ¥ ICEEAFE LTe 2 FEO &R A A 2 & [FIFFIZ
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AR TCIE (Successive reduction method) 13, 2 FEO 4B A A4 > 2 B RMIZEITLT DT
ETH D, FREEIGIE LR T, Bkl & RiERlZ W5, 2 BOERE O LR ITEN
DI D L& BILINTWVEREA A (M™) DMEJERIZ 0 fliiciE e S (MM —
M%) . ZORIZEILSNIZS WHOEREDEILIND (M™ — M), Tk, M™
DIBILSNT ML BAERKL7ZZELTH, M™+M — MO+ M™ ORISR HEITST 5 Z
LIk D, ZORIGIE, 2FDOEEOBLRITTEMDOEVNCEVAELLI DO THD, =
DHETIE, 1 DBOHEOERE T /RN ER L THrb, 2 DHOHEOERA 4 DiE
JEBIAT D72, T core-shell BLDOREIENTG LT WA, SBFEOMAS DEIC
Ko TTFFHEICHEZ Y | alloy iEH GO D, 1 OBEA 4 WHOAHT1oH
DFEDBRT /RFZTR S ETHO  WRTIZ 2 DHOOBRA 4 mikZ Nz %
LRIELH D,

=T 4 JE As 45 (Redox-transmetalation method) 1%, 5 O&RBOF Jhi+ L H 9 A
FOEBDOAF L HIFIEH T LT, @&RT /R FHKil CESIETFIIR AR &
T HETH D, BRMRAHNE Z D720I12iE, /R RIO&EN, A A Alo4:
B LY b bRITEMMES (A BT <) 2RI 620, 1 2HD
&JRFEDOT R ORELELEOJE 23, 2 DB O&ERBEOFET & ANWEb 5 7=, core-
shell FEIEDMVS 5070,

E=215 (Impregnation method) 13, FA/K % & R EEVAIRICIR L7 1%ICRLE3 5 2 & C,
KBS ELTETH D, wEOH% BERRC/KFIR T OS2 2 2 & T,
Au-Pd F / hi+ @ core-shell UL & alloy #3&E 2 IRAIICHED T b 5B b A Hh
Twn5,

GEFEOMAA DY, SR, T, (FFBE TS - BRETTIEOL A1) &kl
EFOEEMIC X, Hond ZwdE) R OAEb It I8 e 5,
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1.4.2.4. ZJe&JET /KL O 5y HF ) Sy tiread]

Tt T R Dy AT 7Rl L LTk, TEM, STEM (STEM-HAADF,
STEM-EDS). UV/Vis, IR, XRD, XPS, EXAFS 72 En I b1 b,

TEM (transmission electron microscopy) (2 & 0. &)@ T / *i¥@*i’x 2B A g
DEFHND, @D TIRER E DS LTV DAL, BN IER 2 RELZIED
DA NS O N D, B fREE% A+ 5 HRTEM (high resolution transmission electron
microscopy) Z WAL, A7 A r—AL UL TORENARETH D120, hif '?3
BLFTARTET T2 < | FEdnEIEICRT D FME TR LN D, £72. insitu TEM B2
ST, HE SN e E T ROk EABIERTH L LT 5,

STEM (scanning transmission electron microscopy) % . TEM & [FIEk. —c&)@ 7/ ki
DORIBCEET B IEWMNE SN 5, STEM @ HAADF (high-angle annular dark field) 413
R BESORIZHI LI P TR N (HKE) 250605700, GBREOXBIN L
LT <, SRS R OEEICET AR LS55, £72. STEM % EDS (energy
dispersive spectroscopy) & #AAHLE T, b BT /R THTOEE T L DN E~
BT HZETH, TR OBEICET OEREGEL LN TED,

UV/Vis (ultraviolet-visible) (2 LV | ZJod @7/ b+ OEICBET 2 WA /Hm 6N 5,
Bl Z1E Cu B—F /KTl 560 nm ITfHiIC 7T XTSI Bk DRI E— 27 AV
MDD, alloy &% £F> Cu-Pd (RELE 2:1) —o&Er / ki Cldzor—2o7n
HRT 5, 028 UVIVis TOE— 7 REDELD A% - T, core-shell #i&E7)> alloy &
MERET HZ LT TERVD, 2HEOEBH CTOMEDFEL TWNDIEINE I NEWND
HHRiIEon s,

IR (infrared spectroscopy) Tld. —Je& @7/ KR ~D /Ny 1 O AE T DOV TR
2L T, T IRTFOREFIFERIGFOND, FIAIE, CODIRE—ZEDOT T K
2L 0, SRt R REEE ORISR T S EWmAE s, 12

XRD (X-ray diffraction) (2L V., —IeéE T /B OEEICOWNTOBERDPE LD,
TE&JE T /RO XRD N F— s, Bo@REEA O L& S ITBIN SN D 2 —
VORLEDETHLILAEIE. 2 00RO LIV TORAIXIZEA LN &
WRESND, —J7, :;T:éé)éﬁ/ﬁ%@ XRD /™% — 73, B4 @D XRD /3% —
VINBREL B LIEEE. 2 2OEBREOFF LUV TORANREBEND, 7272 L
RIEEEL nm Lj—F®“ﬁ‘/ﬁ% ITENT 7 AMEEE EDH T ENZNTEDHIT XRD B —7
MAZTWRNZEbHY . ZJu@E ) /KD XRD /& — L DIFHRD I THEEIC
WTIRETHZ LIXTET, B -@BEOALORE — 0 WERREEM DO Z— |
TCBET IRADNZ = G LTI T 2 2 EDHEE LV,

XPS (X-ray photospectroscopy) (2L V. —w&ET ki oTnNENDO&EFEDE
WREIZOWTOFERPHFEOND, BH—@BREOLETIL, E—27 2525231 ¥—0D
Ene, SEEOME @Bei) 2L N TE D, @@ /7R Ccid Y
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Ay RRIC LY BRESEH TOEAS DR BN 5720, E—IMNENTT M T 5D,
XPS (3R HH nm DJE DRI 2 5T TH L5006, B — 7 EfE O & \mA72FEmIC &
V. REEHFEOME A RES 22 L b TE, MEICEAT BRI GOND, o FIriE
F72 ERWE LTV D5EE, BUEEANRER 2 RET 20ENRH 5,

EXAFS (Extended X-ray absorption fine structure) (2 X V. o4 @) / ki ORiEIZ B
THHHRPEOND, EXAFS 1L, H DA DJE VAT DR OfEH & % 0% A
L ENTEDD, BIZIZEE A L4R B LD Jismt / kit < b
ML EXAFS fEHT 6 RES bivd A-A. B-B. A-B G DHEDILZ, 58472 core-
shell #3& £ 7213 alloy G L IE L7z & T DOFEE OB DL L T D Z LT, —xd)E
TR OMEEZHERT 5 Z LN TE 5,

1.425. o4& ET ki1 & T IR 7 R s8]

H—& R & TR R DIEE L R T oee® T/ b Ak, CO Ffb i 3 (b
KFBAR T a— @b OGM 7o & Fie ORISR & T & 72 (Table 1-4-1-
6)o

CO f{bfts (Figure 1-6) 1%, ZEXUE. HEVEHET A, PREFER O CO BrEZR
STV, FEEEFSE - TEOME D b EERKETH 5, W AU-Ag —ud gt/
B 7O Tl CONT-& O T O ENE & 57012, @G TE 4 ©
HEZEZBNTWD,

2CO + 0O, —> 2C0O,
Figure 1-6. Oxidation of CO.
WELKFIT, BIERMDBKORTH LT 7 ) — 2 72 b AP & L CEER{bE
¥ T& 5, Hutchings 5 (X Au-Pd/C filt il 2 F 7= i@ FR bk B4 RO (Figure 1-7)

IZHB VT, Au-Pd @ alloy #1&E 75 H20; ZE RS mVEMEZ R LD, H20, D43
JIEOMHNCHFST L EERHL TN D,

Hy + 0O —> H)Op

Figure 1-7. Synthesis of H,05.

fes AR LA & L= 7 v a— Vb (Figure 1-8) 1, BREERAILD 7 7 A > /7 2
ANAERIZBWCEETHLH M £72, #%ik (151 ¥ o7 a@b7rntX) ¥4 X

12



I, Z T LT vt RN TR, REFID & REFH~DERLIAKE D
Ty T THDHN, EBRICITZDIFEAL iT/I/:P—/Wﬁ)Exﬂf‘féﬁﬂ/d‘%ﬂ/ﬂ:/*\%f\
DAL IS TH D, DT, Tva—nAbigld, ¥ > 7 L7 vt X &2 fEm L7
fiblit 2 B 5t 5 E CHEERERZ TH S, Ebitani 5K X Au-Pd/HT (HT = hydrotalcite)
DB EBRIAIE LT 1-T 2=V X ) — )L AF VT = =)L b o ~DBRL G
IZEWEME 2R 2 L 2 LTS (Figure 1-9), = @D Au-Pd/HT il i, Au 237
/v:z—/wﬁ:%v:ﬂev RREE U THEHAE L TWAREIT TR, U T RRICEVE
BEol- AuUFED 5d EEFH 00D 2n* BLEICE 552 T, A%V
%i (AUO;) FIFA—~ULA X VHE (AuO%) & LT HIREEE BIEMEILL TV D &
HEINTWD, £ HEMHEKTHOLHT 7 r b T 78742 —L LT@J% Au—
Tafky REOERIZEHS LTW\Wb, STEM-HAADF 34T & STEM-EDS Z3#ric
Au-Pd F /RN alloy #1E % & > TWA Z &, BLU, XPS 43T & XANES %ﬁ
D PdNES AU~DETBE (V7Y ROE) BN, E7E2E72 Au %;ﬁrﬁétﬁjzbﬂ\é
ZELHLMICENTVD,

OH O

+ 1/20, —» + H,O
R)\R' ? R)LR' ?

Figure 1-8. Aerobic oxidation of alcohols.
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1) Formation of negatively O Au

charged Au atom
@ ra

02

2) Activation of O, molecule. Formation of Au

coordinated peroxo species (Au-O0% species)
6) Reoxidationby O,.
Formation of water

{/KPh

4) B-hydride elimination

5) Formation of Au-hydroperoxide speceis 3) Formation of Au-alcoholate intermediate

Figure 1-9. Proposed reaction mechanism of alcohol oxidation over Au—Pd/HT catalyst (Ebitani
et al.).[tsK

14
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Table 1-4. CO oxidation by bimetallic nanoparticle catalysts.!*®l

Morphology of Nanoparticle size
Entry  Catalyst . Note Ref.

nanoparticle [nm]
1 Au-Ag/MCM alloy 20-50 [13a-13c]
2 Au-Ag/APTS-MCM alloy 4-6 [13d]
3 Au-Ag/SiO; alloy 3 [13€]
4 AuM (M = Pd, Rh, Pt), RhM (M = Cu,Pt, Pd) alloy 5-25 [13f]
5 Au-Ag/SiO; alloy 8-9 [13g]
6 PtM/y—Fe;03 (M = Au, Cu, Ni) alloy 2-3 [13h]
7 Pt—-Co/YSZ alloy 2.9 (x0.5) [13i]
8 Pt—Cul/silicate nanotubes or CeO, alloy 2 [13]]
9 Au-Cu/SBA-15 alloy 36l [13k]
10 Au-Cu/SiO, alloy 3.0-36 [131]
11 Au-Co/CeO; alloy - e OO [ 3m]
12 Pt—Ni/CB alloy 5-10 [13n]
13 RucorePtsnen/Al203 core-shell 4 [130]
14 MecorePtshenn (M = Ru, Rh, Ir, Pd, Au) core-shell 5lb [13p]

[a] Approximate value. [b] AucorePtshenr Nanoparticles.
(Abbreviation) MCM = mesoporous aluminosilicate, APTS = 3-aminopropyltriethoxysilane, YSZ = yttria-stabilized zirconia, SBA-15 = one of the
mesoporous silica reported by Stucky et al.,*® CB = carbon black.
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Table 1-5. H,O; synthesis by bimetallic nanoparticle catalysts. 4]

Morphology of

Nanoparticle size

Entry  Catalyst . Note Ref.
nanoparticle [nm]

1 Au-PdITiO; core-shell 2-10/ 35-80 bimodal  disribution - of - metal1144]
particle size

2 Au-Pd/Fe;0; core-shell 4-10/ 30-70 bimodal distribution - of - metal 1 4]
particle size

3 Au-Pd/ALOs core-shell 3-10/ 35-50 blm?dal . distribution of metal [14C]
particle size

4 AU—Pd/A|203, Fe, O3, TiOz, SiOz, C - — [14d]

5 Au-Pd/Al,Os, TiO2, MgO, C - - [14€]

6 Au-Pd/C, SiO,, TiO,, Al,O3 core-shell / alloy — [14f]
alloy structure was obtained by

! Au—Ag core-shell 40 reduction at 500 °C in Hz [149]

8 Au-Pd/C alloy 2-10 [14h]
AucorePdshen Was  converted  into

9 Au-Pd/AlLO; core-shell 10-50 PdoreAUsnen by reduction at [14]
500 °C in H2

Au-Pd/MgO core-shell .

10 Au-Pd/C alloy Bl [14]]

11 Au-Pd/TiO; core-shell 2—6 [14Kk]

12 Au-Pd/C core-shell 2-10 [141]

13 Au—Pd/MgO core-shell 2-15/20-80 ﬁ;ﬁfgzlsizsismbu“on of metal r14m]

B . i 2-10 (alloy) bimodal ~distribution of metal

14 Au-Pd/TiO; alloy / core-shell 20-80 (core-shell) particle size [14n]

15 Au-Pd alloy 2.9-4.6 [140]

16 Au—Pd/TiO; core-shell 5-10 [14p]
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Table 1-6. Alcohol oxidation by bimetallic nanoparticle catalyst.[*]

Morphology of

Nanoparticle size

Entry  Catalyst . Note Ref.
nanoparticle [nm]

1 Au-Pd/AC alloy 3 [153]
2 Au-M/C (M = Pd, Pt) alloy 2.5-35 [15b]
3 Au—Pd/zeolite-Y alloy — [15c]
4 Au-Pd/CeO> alloy 10-25 [15d]
5 Au-Pd alloy 2.5-4.0 [15€]
6 Au-Pd/TiO; core-shell - [15f]
7 Au-Pd/TiO; core-shell - [15d]
8 Au-Pd/TiO; alloy 1-11 [15h]
9 Au-M/AC (M = Pd, Pt) alloy 3.2 (Pd), 3.4 (PY) [15i]
10 Au—Pd/N-CNSs - 3.41-3.53 [15j]
11 Au-Pd/HT alloy 2.6-3.1 [15K]
12 Au—Pt alloy 1.5-5 [151]

(Abbreviation) AC = activated carbon, N-CNSs = nitrogen functionalized carbon nanostructures, HT = hydrotalcite.



1.4.2.6. —Ju&@ ) /b1 AW TR A B A AR EORR

UTAETIE, AR L2 X9 255072 bt (1.4.2.5. e )@/ Rl 2 v 72k
W ER) OB 6T ZonaeE T /RO A A R ~DRA A~ 5
Lo TE B =5y NROSITIKRIN LT, Z7wuAhy 7Y o 7RO b 4
VT LGP T s b,

14261 7027y 7Y > 7 OG

sua A7V U TRIGIE, C-C fia. CX fEa. XX A X = ~Tuli¥) &
BT D700 N FIETHY, AFTITHBAITHER 2 STz, brd —5rd
BT R A W= e Ak v 7Y v UG E LT, Suzuki-Miyaura 7 > ) 7
(Table 1-7). 2% Sonogashira % v 7"V " (Figure 1-10), 2% Heck 7~ 7"V > 7 (Figure 1-
11). P2 Ullmann =—7 V& 5% (Figure 1-12). 2 Ullmann )& (Figure 1-13)4 7232608 5 41
o Flo. 70 RAH 7Y RIS TIX WA, et kil a Hvwic e Fe
7 X /1t (Figure 1-14)%1 %> Click f<Ji&s (Figure 1-15)28 i ¢ s STV 5,

@X — PdCo ANP-PPI-g-graphene /// \ _
R\= C K,COs, 25 °C, 1 h =/ < >

X =1, Br, Cl
R = Me, NO,, PdCo ANP-PPI-g-graphen(_e = PdCo alloy nanoparticle
OMe supported on polypropylenimine grafted graphene

Figure 1-10. Sonogashira coupling catalyzed by PdCo ANP-PPI-g-graphene.[?l

©/x . @ Pd-Fe,0, O
AN NaOAc, DMF, 110 °C, 24 h O X

X=1,Br

Figure 1-11. Heck coupling catalyzed by Pd—FesO4 nanocrystal.??

Cl KO (@]
= = Cu-Zn, 18-crown-6 = X

N N NaOAc, DMF, 110 °C, 24 h N Pz

Figure 1-12. Ullmann ether synthesis catalyzed by Cu-Zn alloy nanoparticle.®!
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@I Au—Pt in hollow silica
K,CO3, EtOH/H,0, 80 °C, 4 h

Figure 1-13. Ullmann reaction catalyzed by Au-Pt alloy nanoparticle in hollow silica®*l,

/ Au-M
M = Pt, Pd, Cu, Ni
th/ ( u, Ni) ‘Ph\/ﬁ/JrPh/\K

S
Ph/\—NHz HCOONH,, EtOH/H,0, 50 °C,5h  p’ \NH  p” \-N

Figure 1-14. Intramolecular hydroamination of aminoalkene catalyzed by Au-M nanoparticle (M
= Pt, Pd, Cu, Ni).[?]

N, Rt
RI-N. + R2— Cu-Fe NN
3 H,O, r.t, 12 h gﬁ
R

R!= benzyl, hexyl
R? = Ph, propyl, C3HsOH,

Figure 1-15. Click reaction catalyzed by Cu—Fe nanoparticle.!
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Table 1-7. Suzuki—Miyaura coupling reactions catalyzed by various bimetallic nanoparticle catalysts.?"!

Entry  Substrate Product Catalyst Conditions Ref.
K3sPO4
_ 3:2 H,O/EtOH
1 @X + (HO):B @ Au-Pd/SBA-15 ? _ [20a]
100 °C, 30 min
X=1,Br, Cl :
wicrowave
K2COs
AUcore—Pdshel nanocrystal
2 I+ (HO),B— H>O/EtOH [20Db]
or AUcore—Pdsher Nn@anocube
reflux (85 °C), 1 h
Na.CO3
Pd—-Fes0.
3 I+ (HO)B— _ , 3:1 DME/H.0 [20c]
(particle-on-particle structure)
reflux, 24 h
K2COs
4 @l + (HO)zB—Q AUcorePdshel N@noparticle 2:1 EtOH/H,0 [20d]
reflux (70 °C), 24 h
W) O
—X + (HO),B—
5 Pd/FecoreFexOyshell 11 EtOH/HZO [206]

X=1,Br, Cl

r.t.

(Abbreviation) SBA-15 = one of the mesoporous silica reported by Stucky et al.[8l



1.4.2.6.2. Z 2 F LI)GHE2)

BT LNEY Ry N TTHEBO RIS E BRIAT O RISD Z L Th D, Zie)s
T/ﬂ?%ﬁ%ﬁwk&/Tbﬁmkbfi\TWZ—wETiVﬁE@4iVﬁﬁ\
LT 7na—neT7IvnbDT I REMRE TLa—icks7 I RO N-T7LF L
B2 72 ERRTFT BN D,

Kobayashi 5271 (%, Au & Pd ® alloy 7/ ¥i 2R Y ~—TCTHRYFAATHI—RT7Z
v 7 B FF S 8 72 il iE PICB-Au/Pd (carbon black stabilized, polymer incarcerated
gold/palladium alloy nanoparticles) ZH\\T, 7/ a—L &7 I UnbDA I A AE
HLTW5 (Figure 1-16), Z O, () T/ a—nb T VT b R~OfR{k, (i) 7
VDT AT RFAOREMNINC LB~ 7 I F— 04k, (i) t Rl o
KFEDORIA, WD 3AT v TORIGNT Ry F Tl L CH{TT 52 L TlRE 5,
U RRICE > TEFRE LR -7 Pd NFRVLA ARMEEZFFS>Z & T, B Ref
VL wKFBOWMAKDAT v TIREESTND LHREINTND

/
;UN

OH 2 oxidati o 2 addition dehydration
1) * HzN/R %‘d‘;‘“%, 1) *H N/R I — 1/k R R
R 2 H - H,0
02 H,0

Figure 1-16. Synthesis of imines from alcohols and amines catalyzed by PICB-Au/Pd.?"]

Kobayashi 528 %, Au & Co @ separate particle 7/ ki+Z 7R U ~—"THY HA TH
—R 7T v IR S PICB-Au/Co Z W =T va— A 7 I ombDT
2 RAEE#HSE LTV (Figure 1-17), & OUGHRIE, (1) T/ a—/nbT LT R~
Ok, (i) 7IDOT7NT b RAORBEMINZE 2~ 7 I F— D4Rk, (i) ~3
TIFT—=NDOt FeXxEORKIZIL DI VR=NVEOAERK, L\W) 3 AT v T ORIG
DU Ry hCHfE L CHEITTHZ L TlRE S, Co 1T/ AL LTz, 717t
RHRADORETFHEDR L ~I 7 I F— VRO L EICTFE LT D LR
nTnd

OH — O
OH+ ,R2 oxidation (|3+ ,RZ addition /|\ R? oxidation )J\ R
L P
R™ 0, H,o R Rs O, H,0 Rs

Figure 1-17. Synthesis of amides from alcohols and amines catalyzed by PICB-Au/Co.?®!
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Kobayashi 529 (%, Au & Pd ® alloy 7/ ¥i 2R Y ~—TRYFAATHI—R T Z
v 7 FICHE K-l PICB-Au/Pd 28, 7 /La— 27 L& AbFIE L1773 R
D N-TAFMUIZED 2 %7 I FEMRBUSITEWVEREZ RS2 L aRELTND
(Figure 1-18), ZOU&HIE, (i) 7/va—namnb 7T e ROk, (i)1#k7 I KET
T B RoBHEROARL, (i) FREOEICIZE S 2857 I ROER, L) 3 AT
Y T OROENRT Ry h Tl L CH#ITT 5 Z & Tl X 5, Au-Pdalloy 7/ ki 723 (i)
DAT v T TKERFEZITE- T, (iii)) DAT v 7 THHEICKER 2K
“borrowing hydrogen” #f# CHEEITT 2 EHEE SN TS, Lewis [ & L CTHlEEERIN S
LTV D Ba(OTH 23, (ii) DAT v 7T HD LT T/ <, (i) ODAT » FIZEIT5H H-
M-H fif (M =Au/Pd bimetallic nanoparticle) O H R ~DKFZERDOFREHLHED TN D
ZENHLNIENTEY ., “ndE T kit & Lewis BRI D 1 1) 7o il BEAE
Thbd,

@]
Ar” " OH g
Ph” "N Ar
M H
oxidation M = Au/Pd alloy reduction
(3 0
P
H. _H N
M Ph N Ar
i N o) HNAO
PO aadition
A0 / < “ Ph)J\NJ\Ar
H
O OR
)(JJ\ )J\ )\ / thermodynamically stable
Ph” “NH, Ph™ "N° “Ar hydrogen accepting intermediate
- H J

Figure 1-18. N-Alkylation of primary amides with alcohols catalyzed by PICB-Au/Pd.?°!

UbEoBITRIZEHIC, VY RhRET oY T AR L D Zond g7/ ki1fik
BEDRFE 2 RBEIE TR, # T ARG L CHR @B IRERIZ 72 b LW 2 b,
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1.5. IAHEH#E B OBRILR S
151 # 7 Algpfb7m& 2

% 5 KNS (Tandem reaction) (%, U v 7R v b THEE D K6 2 B RNZAT 5 BUGD
ZEThHDH

y&ﬁ%Am BWTE, ZNENOEMAT v 7 Z LGl 72 [OGGN GREE, fil
e IRIE, BRI L) T ) AT v 7 VA ARARN RN TH D, —Ji, F T A
Emi@§®ﬁm%7/$ykfﬁﬁéﬁ%M6t®\éﬂ¢ﬁ%®%@-%%®fﬂ
TAEEMET L ENARETH Y, TR — BB OWE B AR LT BEEY R A
BT 52 bARETH D, TDD, XU T LRSIT ) —o 7 I 2 ) —[@ ol b
B BRRENISR TH S,

BT AIEOHR TS @I 2N E Y Ry N TIT O Kb a # v 7 Lk~
2R LS B JREEE LTk, 7va—b, REFH, BIERIOEAEDE R RS K
MCTHDH, Ta—, REA BILHIOHAEDEDEAED X T AL~ v ¥ 21
WD AT v 7 X0 #I79 % (Figure 1-19); (i) 7/ —An 6T LT B R~DR{b. (i)
RERIOT LT RO, (iii-a) & Frds ke akBEOBK, £7213 (iib) & F
73 FE D VIR = )V B~ DL,

/T’ R
oxidant Nu—H
H,O

0 Nucl hil OH
R™ OH R)J\H (Nuc cop lles), )\
ex) Amine R oxidant
Alcohols oxidant—H Aldehydes Wittig reagent
(Electrophiles)
oxidant-H

Figure 1-19. Concept of tandem oxidation process.

1985 4, Ireland HPA X, RV =—F A F ) 7 4 T RPIAEME O ERIZENT, &
AR DT VT & RBFEEIETH 2 72 DICHBENREECTH D & v o MEICK LT,
Swern FE(LIC LV T v a— 2T VT b RICEWR L 72#%., RISEIRIZE O F F Wittig 75X
BT D FELIY . BERY Th 57 v v %457 (Figure 1-20),
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| (1) (COCly,, DMSO ,,
CH,Cl,, — 60 °C, 15 min o
) | OH . 1
H7: 0% H7: 0 2

(2) Et3N, —60 °Cto 0 °C

N i\/o N i\/o
H B H a
Not Isolated
OBn
Ph3PCHCO,Me, 0 °C to 20 °C, 10 min b oM
) N2 e
H= 0 2
\\\\}‘-I\/O o)

Figure 1-20. Synthesis of polyetherionophore antibiotics.?

1987 4£. Huang 5B |3, YC T~V > 7 Sz mstEsE C1-933 ((+)-1-(4- A R ¥ o
YA NNE-F RV 2- ) DT ua N UiR) OARETICEWT, TAa—LDT L
T b R~ Wittig 332800 L T, HEEREFIT 27 L DA RLAE RT3
TT B ROEWEFREMED T2 O I BRI = 2 7 /3G b e o To, Ziva iRk
T 5720, UrARy hTTVa—)b Wittig 338, Dess-Martin ~2/L 3 — ) 3K 2R
B LTHIGNEITS 2 & T, BROFRHEARfET AT V4 78% HEHER TR LD Z
& B LTS (Figure 1-21),

oxidation

H H H
Highly Volatile E\A
o N COOH

Dess-Martin periodinane, CH,Cl, .
PhsPCHCOOBN Og\@\
OMe

Figure 1-21. Synthesis of **C-labelled CI-933 cognition activating agent.[*!

1998 4=, Taylor 5P |3, v =a~A VU REWEOERETIZBNT, Tha—
IWINDTIVT B RO & Zicki< Wittig 7> 7V U I RSC kY ) =— |k
BREBRG LIZE ZA, TAT e FOEAG - 28I LT WHHEICEY, Ao Y=
J T— MIENEETLEON o7, £2 T, 7ba—b & Wittig 703K & FR (LA
MnO, # V> ARy NCIRALIZEZA, BHHOY = ) =— F B 78% R THLND Z &
s LT\ 5 (Figure 1-22),
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- N
Br™ " 0H Br” "0

MnO,, PhzP=CHCOOEL, CH,Cl,, It, 24 h

Figure 1-22. Synthesis of manumycin family of antibiotics ((a) All step, (b) Key step).*4
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Taylor HiX, ZO X5V Ry NTORRBICKIEE T2 20T A7 vk X
(Tandem oxidation process) | &4 L. ZALLABED FIZ MnO, ZFRILHI & LT Z 7 LR
7" & 2B p5E4 61T LTS (Scheme 1-23),

(a)
R™ O OH R X0

(b)
R \Eo R \Eo
OH ¢

RNH,

(Mezo)zp(o)C(COCHg,)Nz
K2C03, MeOH

Ph3P:C BI’2

MeHNj@
H,N , MnO,

H,oN NH,

R R!

CH,Cly, reflux
then 0.4 M KOH/MeOH

N |
HoN
I

-N
H,oN

CH2C|2, mw

H,N  NH,

Rl

Rl
NaBH4, CH2C|2, reflux
then MeOH

N_ _R!
LI
R™ N7 OR!

N/|
R. _N_ A
~

T

N

H 1

or

R >N °R?
H

Figure 1-23. MnO;-mediated tandem oxidation process systems developed by Taylor group’s ((a)

The first step involves the oxidation of the alcohol to the aldehyde, (b) the keto-aldehyde).s)

1990

BRI GIE. B & LT Dess-Martin ~L 3 — 3 L3k 3K 36 BaMnO,., B7]

IBX (2-2 — ¥ ZBEFWE)E Il fnies o7 ARt 7 a X BB STV D,
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BEETIC, T A7 v X% AWtkx b EMOAE P HRE I TS
Blal iz (X, %/ %4y Bl g5 oo Bm gy by W g 3 2741 7 3R (12842
= h UL B =257 LB 7o BRHE X C D (Table 1-8-1-13, Figure 1-24), £7-, =
%o HE & e (Three-Component Condensation) (25> T, o-7 B XA /LRFH I R
U1, f I 40— B8 AH-7 b 2 U 70 B A5 505 (Figure 1-25-1-27), S B2, Z v
T AT ADIGHE LT, 77X 77 % L8 O (2)-7 = W OGO
WAL S S Cwb (Figure 1-28, 1-29),

ZOXoIT, FrT AT mE RAIAFEGRKRETAY —A (LT a—N)
ERERDN G, fe OFRRCEM E GRTRER Y — /L Th D, FFIT, 22T ER 21k
fEFE LTHWD Z R TE UL, BIAEBDITIKOHTHY | IEFITT ) — R ROSHR
b LIRS NS,

Azolium Me
lium, DBU j\ /—\* ClI ’
P azolium, — — 2
-Bu R=-: Me
R* OH MnO,, BUOH R™ O e NNg | s
Me
Figure 1-24. Synthesis of ester via tandem oxidation process.*!
O
CuCl, (15 mol%) Rz)J\O
o~ + RL_CN + R?-COOH —TEMPO (15 moi%) | L
R* "OH NaNO, (15 mol%) RA[rNHR
toluene, O, balloon o
Figure 1-25. Synthesis of a-acyloxy carboxamides via tandem oxidation process.[!
R__O #°
CAN (5 mol%) R =N — R
+ Z + NH,OAc - |\ >@
R™ “OH \J R™ N
Ry
Figure 1-26. Synthesis of imidazoles via tandem oxidation process.[“¢!
Ph
NO, _Ph O,N
| OH N OTMS w i
t.
_ . H (cat) _ H
R—\/|L ) = TPAP (cat.), NMO R— | |
OH R X o Rl

Figure 1-27. Synthesis of 4H-chromenes via tandem oxidation process.*"]
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Table 1-8. Synthesis of quinoxalines and pyrazines via tandem oxidation process.*’!

Entry Substrate Product Catalyst Additive / Condition Ref.
R__O HaN_ o~
T wD oy
1 RIVOOH HNT Y ;[\ :@ K-OMS-2 toluene, reflux [39a]
R = aryl, R! N
RlzaryI,H
ArOH  HoN AN 4-aminothiophenol-capped .
2 J% - K2COs, H20, air, 80 °C [39b]
Ar” 0 H,N Ar” °N R Au-NPs
/QOH HZN\“ N r/N | N
3 A N0 N _ A SN NS CuCl, air, 100 °C [39c]
OH H,N N
) /E [ h r/ | . cuc molecular sieves, (3ad]
> u
Ar” 0 H,N Ar” SN ? toluene, 100 °C
OH H,N R N R
i Ji N j Jl\\/j RUCH(PPh) KOH, benzalacetone [30€]
u e
A OH  HNT N OR A SN R ATTEE diglyme

R =H, Me
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Table 1-8. Synthesis of quinoxalines and pyrazines via tandem oxidation process (continuation).®

Entry Substrate Product Catalyst Additive / Condition Ref.

Ar OH H2N AN Ar /N
6 I + D I ]@ FeMPA CHsCN, Og, reflux [39f]
Ar @] H,oN Ar N

A OH H->N
i rI . 2 j@ Ar\(/N@ FeCls [39g]
Ar” 0 H,N INNTNF Morpholine d

Ar N

OH H,oN N
8 /E N j@ L D Ga(ClO)s EtOH [39h]
N\
Ar N

Ar O H,N

OH H,N N natural sunlight or
X , . . . .
9 /E * - \| TiO2, TEMPO microwave is required as a [39i]
Ar” 0 H,N x _
Ar N source of irradiation.
OH HoN N i i -
2 X z microwave is required as a )
10 + » g MnO o [39]
Ph” 0 H,N" Ph” N source of irradiation.
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Table 1-8. Synthesis of quinoxalines and pyrazines via tandem oxidation process (continuation).®

Entry Substrate

Product

Catalyst Additive / Condition Ref.

OH HaN r/N X . microwave is required as a
11 /E + [ P8 [ P silica gel N [39K]
r irradiation.
SN0 NN A N source of irradiatio
R__O H,N_ _R?
2 .
\f + I R_N_R MS-nano (= y-maghemite
12 RIOOH H.NT OR® I\ I [39]]
3

R, R'=H, aryl, alkyl
R, R®=H, methyl, nitrile

silica nanocomposite)
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Table 1-9. Synthesis of alkenes via tandem oxidation process.“"!

Entry Substrate Product Catalyst Additive / Condition Ref.
L o o (i) MnOs (10 eq) (i) toluene, PhsP=CHCHO (404
i) Mn eq. a
ero o OH £107 P oo e (ii) PhaP=CHCOOMe
2 R OOH + PHsP=CHCOOR! /\/l?\ Ru/AIO(OH) Oz (1 atm) [40Db]
RN 0oR?
o] MnO, or PCC (as oxidant)
o) 1 toluene
OR
3 RJ\/ OH M\R - COOR* [40c]
l PhsP
0] H )
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Table 1-10. Synthesis of imines via tandem oxidation process.[!

Entry Substrate Product Catalyst Additive / Condition Ref.
= OH SyB
1 - | + Bu—NH, @ K-MOS-2 toluene [41a]
P
2 RTOH *+ HNT “Ar RSN A Pd/ZrO, KOH, air, 30 °C [41b]
R =H, alkyl
NS
X X NEt:/TEMPO/t-BuOK
3 @AOH . H2N© @ANm PA(OAC) 3 [41]
_ > > r.t.
OH - @ LIOH-H.0
4 + N Pd/DNA [41d]
HoN H20, N2 (1 atm), 50 °C
NaOH
5 A SOH + HN-R! A SR PICB-Au/Pd [27]

0O, 30 °C
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Table 1-10. Synthesis of imines via tandem oxidation process (continuation).!

Entry Substrate Product Catalyst Additive / Condition Ref.
1 Au/MgAI-HT
6 R OH + HN-R' RINR g2 _ toluene, O,, 60 °C [41€]
(HT = hydrotalcite)
OH NN
7 @ b NN @ N AUITIO: KOCHs, O; [41f]
o - UV irradiation

8 R™7OH *+ HN“Ar R AT PA@TIO: [41g]
R = alkyl, Ph (hv > 300 nm)
RISOH + HN-R? R

9 RL = alkyl, Ph. benzyl Rl&N/R Cu(ClO4)2-6H20 KOH, O [41h]
R? = alkyl, 4-OMeCgHj,, benzyl
R OH + HN-R® 2 toluene, KOH

10 R = pentyl, Ph, m-CICgH, RN R Fe(NO3)s/TEMPO _ . [41i]
R? = propyl, Ph, PhCH,CH, air, 80 °C
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Table 1-10. Synthesis of imines via tandem oxidation process (continuation).!

Entry Substrate Product Catalyst Additive / Condition Ref.

RISOH + H,NT OR? _
11 R! = alkyl, Ph RIINTR? Ru-PNP complex toluene, reflux [41]

R? = alkyl, Ph

OH PN N Ph
12 W/N + H,N~ Ph W ~ Ru-PNN complex toluene, reflux [41K]
RZ
13 RYOH + OLN R? @/ T NNCL = Cs,CO3 [411]
2 1N X \I'rJ\ )—Pd-N
R N CI\'a N N/
Cl | Cl

14 A" OH + HNT Ar AN A NaOH toluene, 100 °C [41m]
15 Ar” O OH + HNT Ar AN A KOH toluene, reflux [41n]
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Table 1-11. Synthesis of amides via tandem oxidation process.*?

Entry Substrate Product Catalyst Additive / Condition Ref.
R7OOH + H,N-R' j\ 1
1 2 RN R Ru-PNN complex [423]
R = alkyl, aryl H
H Ph RuCls NHC salt
2 o ~OH + N ph Ph NHC salt i [42b]
© pyridine Pre e
H
RTOOH + H2N—R1 N__Ph Ru(COD)Cl NHC salt KO'Bu
3 R = alkyl, Ph, benzyl PhA[( NHC salt =\ . [42c]
R=alkyl o PCyps pi-NNip, | toluene, 110 °C
R™OOH + HZN_Rl H\/Ph RU(COD)Clz2 /¢ s \ KO'Bu
4 R = alkyl, Ph, benzyl PhAﬂ/ NHC salt //\*+ Cl [42d]
y! 4 y N N.; o
R™ = alkyl o) PCyps-HBF pi-NNip, | toluene, 110 °C
3 4
R! i (a) PICB-Au/Co (a) 25 °C
1 -
5 R"oH + HN RJ\N/R ) 28]
‘52 | -
R L (b) PICB-Au (b) 40 °C
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Table 1-11. Synthesis of amides via tandem oxidation process (continuation).*?

Entry Substrate Product Catalyst Additive /Condition Ref.
R' i 0. (1 atm)
. 1 atm

6 R"SOH + HN ) RJ\N/R Au/hydroxyapatite ? [42€]
R K2 H.O, NaOH, 40 °C

o
7 ROOH + 02 + NHj o )LNH OMS-2 ag. NHs, O, (3 atm) [42f,g]
2
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Table 1-12. Synthesis of nitriles via tandem oxidation process.!

Entry Substrate Product Catalyst Additive / Condition Ref.
I> (stoichiometric) or

1 R” O OH R-CN 2 ( o X aqg. NHs [43a]
DIH (stoichiometric)

2 R™ OH R-CN Kl or I, TBHP, aq. NH3 [43D]

3 R™ OH R-CN Ru(OH),/Al.O3 NHjs, air or Oz (1 atm) [43c]
Cu(NO

4 R oH R-CN (NO3), ag. NHs, O, (1 atm) [43d]

TEMPO




Boc,0, EtzN /NaOAc A
NNy — 2 =8 N PCC /\\/A\/J\ A~
HaN OH —ir HN OH o p=cricoochen . HN O "Ph
Boc CH,Cl, Boc
synthetic intermediate
~0

— (A,

Figure 1-28. Synthesis of tedanalactam via tandem oxidation process.“®!

OH 'BUOK o O
~ 6 M HCl,
PIFA, CH,Cl, O 1 4-dioxane
—

/

~_-OH tBuOH
| HO o
OH

OH 0 OTBDMS
@)

g =
gs

synthetic intermediate

Figure 1-29. Synthesis of (+)-cuevaene A via tandem oxidation process.[*%
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1.5.2. WiAKER Y v 27 v 7V > T RS

C-C AT AU, A AL B O THILA 72 8% E) 2 0 - C & 7=, D05 JRR
i, ETREMINEOS, REZEH#SE, Friedel-Crafts UG 23R C-C fE A 4B
DD DFEERIETH o712, B 2Dk, XV BRROSRS R AZ AW 7 v 20
7V T ROGDFERE L, C-C i B TR BUG OFPHITILR L7z, B8 L L72Rs b ek
DI v ALy 7Y TR (Negishi, B Stille,51 Kumada,®® Fukuyama,® Suzukil® 7z 2)
X, BEHE LCTAEBESRILAEDZRV, N7 A2 2 LD Z ST, HFaDH
NEIERM E L CART 5 (Figure 1-30-1-34), Zhicfba 7 ) —viprua il v
Vo7 E LT, CHREEDIEMHIIZE D CCRAGERMIENRESEHEZED T
VY Z) . [61,62]

R’ R3 R R3
Pd(PPh
=+ Cl—zZn—=—R* _ PBPhal Ty +  ZnCIX
RZ X R2 \\
X=1,Br -

R = H, alkyl, CO,Me
Figure 1-30. Negishi coupling reaction. ¢

R-X + R'-Sn-R" Pdly 5 R-R' + XSnR'

R, R' = alyl, alkenyl, alkynyl, etc.
R" = n-butyl etc.
X =1, Br, OTf, etc.

Figure 1-31. Stille coupling reaction.”]

R—Mg—X + CI—R, NiCly(dppe),

» R—R, + MgCIX

R4 = alkyl, aryl
R, = aryl, vinyl
dppe = 1,2-bis(diphenylphosphino)ethane

Figure 1-32. Kumada coupling reaction.!

o) o)
et + 2R, PdCl,(PPhs) L+ 1zn-sEt
R 87 R Ry

R = alkyl, aryl, vinyl

Figure 1-33. Fukuyama coupling reaction.
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Pd(PPhs),;, M~OR'

Ri—B(OH), + Ry—X » R—R, + B(OH),(OR'),”

R = aryl, alkenyl, alkyl
X =1, Br, Cl, OTf, etc.
M-OR' = base

Figure 1-34. Suzuki coupling reaction.

2 DOIED C-HFEATEMLEZR T, KET 7 BT Z—fFETIZHBNT, C-C A
T DWMAKFE 7 0 25~ 7Y o FROGH, 2006 F1T LiB0H 52 Lo THRE S
Teo ZORUSTORIERMIL, KFE b LIE KFREKIET 78T 2 =25 L TAE
KT DAEEMOHTHY , FhRIEL 7 V=V Kb E 25, BAKER 7 axry
w7V 7 BOGKE, BRI 72 LS &0 S B D BCIER ICEE RS TH Y |
WL < OWFERI S ST & 7z, BOSLEsl i 45 % Table 1-13 |27~ §7, fillflt & LTI
Cu,184 781 Fe 1781 pdi82l 70 D& BN AV LTV D, _m%@/i\)%ﬁ>j<ﬂ§%ﬁﬁfxﬁ/
T I R— b= DFEHLICHFEE LT D, B 2 &R A AW WBIKER T 7
U v 7 ROGESSE s ST

Si-N #EAZFF LA, AL THE L B o U AR 091 555 7-RiTBR
(R4S L | CEHETH 5, 0

E Ry IO Si-HEEAE. ToE=T £72037 20O N-H AN S, TAKFEHIC
Si-N f&A& 2T 2 RGO HAEH] %2 Table 1-14 1277, ZHHOFITIL, Cu,l7 Cr,
Pd,%1 Rh, 10000 RYI02T 70 X DR A @AM & L CTHW STV 5, Bl 21X, Mizuno &
iﬂ?ﬁ@ﬁfom CULTET— MEER, B Furv T U ERAWEA Y K= N-v
U ALBOSICIEME 2 73 2 & 28 LT\ 5 (Figure 1-35), Y ftskptfby 7 > % H
WizA ¥ R=L®D N-2 U AL RO (2 o v %~JV®HE7 2 ki AbLDME DR

S, DRI & U CTART 2D 2 <. REEHAIAIZL N-2 U /U EEOG T
éo
R@ + PhMe,SiH (+ RCN) —n2(OACk, TBAWO, _ R@ (+ R'CH=NH)
N CH4CN, Ar, 50 °C N
: SiMe,Ph
73-99 %

Figure 1-35. N-Silylaton of indoles with hydrosilanes.[!
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Table 1-13. Cross-dehydrogenative coupling reactions for C-C bond formation.

Entry Substrate i;?SILcjjit Catalyst Solvent T[eo?]p TEhm]e Ref.
/
ph-N Ph—N CuBr (5 mol%
1 \ = pn = pn uBr (S mol%) Nosolvent 100 3 [64]
‘BUOOH (1-1.2 eq)
(4.0 mmol) (2.0 mmol) (74 %)
N
Ph” N7 T
N AN
Ph" N _ | Ph CuBr (40 mol%)
_—Ph (s]
2 | NBS (1 eq) MeCN 80 6 [65]
(1.0 mmol) (0.5 mmol) (52 %)
N.
©© — o Ph CuOTf (20 mol%)
3 N\Ph (67 %) ’ | Ligt;anda (30 mol%) THF 50 48 [66]
0,
(0.4 mmol) (0.2 mmol) (63 % ee) BuOOH (1eq)
Ph Ph
N
A\ ©® CuBr (5 mol%) H,O / Toluene
4 N. 2 50 18 67
©j”> Ph ‘BUOOH (1.3 eq) (0.5mL /2ml) 7]
(0.1 mmol) (0.12 mmol)
o Cu(OAc), (1 eq)
5 / L (1 20) MeCN 130 24 [68]
(0.4 mmol)
]
o) SN

@ ligand =
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Table 1-13. Cross-dehydrogenative coupling reactions for C-C bond formation (continuation).

Product Temp Time
Entry Substrate (yield) Catalyst Solvent rc] [h] Ref.
H
s EI
>—© Cu(OAc), (15 mol%)
6 NH AcOH (5 eq) DMSO 100 18 [69]
(1.0 mmol) (74 %)
o)
. J\/\ M CuBr (5mol%) CHCN/CCly g 5 o]
NBS (1.5 eq) (0.5mL/2.5mL)
(1 mmol) (1.2 mmol) (96 %)
N. 0
8 N MeNO, Ph CuBr (5 mol%) No Solvent  r.t. 6 [71]
“Ph (75 %) NG ‘BUOOH (1.0-1.2 eq)
2
(0.2 mmol) (1.0 mL) o o©O
0 O O EtO OEt Cu(OAC), (2 69)
u c)> (2 eq
9 Me)LN/\H/OEt EtOMOEt )OL okt CsCOj4 (20 mol%) Toluene 150 4 [72]
H Me” N Ligand® (20 mol%)
(0.125 mmol) (0.25 mmol) ®% M 9
Ph
MeO
10 \@ H CuBr (10 mol%) DCE 20 4 [72]
N_ _COOEt ph 'BUOOH (1 eq)
N \Q _COOEt
(0.30 mmol) e} (0.90 mmol) (63 %) H
=

O (@)
bligand = | N \\)
N N—/
Ph

Ph
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Table 1-13. Cross-dehydrogenative coupling reactions for C-C bond formation (continuation).

Product Temp Time
Entry Substrate (yield) Catalyst Solvent rc] [h] Ref.
_Ph
o N~ O
Cul (5 mol%) 33
11 )k ACOH (3 eq) No solvent 80 6 [83]
(0.5 mmol) (1.5 mmol) (72 %)
OTMS
12 F%Ph CuBr (10 mol%) DCM ot 48 [73]
L 'BUOOH (1.6 eq)
(0.2 mmol) (0.6 mmol)
—
0 ,L\/E%O
\ 0,
13 @—onps o CuBr (5 mol%) MeOH 55 3 [74]
‘BUOOH (1.2 eq)
(78 %)
(1.0 mmol) (0.5 mmol)
o Cu(OTf), (5.0 mol%)
14 InCl; (5.0 mol%) No solvent 55 18 [75]
Me Me NHPI (20 mol%)
(0.5 mmol) (2.5 mmol) (77 %)
Hop
15 N i (OMe), N.ph CuBr (5 mol%) MeOH 60 16 [76]
“Ph
(0.1 mmol) (0.12 mmol) (90 %) O”P_(OMe)2
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Table 1-13. Cross-dehydrogenative coupling reactions for C-C bond formation (continuation).

Product

Temp

Time

Entry Substrate (yield) Catalyst Solvent el [h] Ref.
—<: >— H-C=C-Ph O 0
16 \__— ph FeCl; (10 mol%) No solvent 100 24 [77]
‘BUOOH (2 eq)
(4 mmol) (2 mmol) (85 %)
0 0 (6] (6]
PN o o
17 QH 0 [Fex(CO)gl (10 mol%) THF reflux. 1 [78]
o ‘BuOO’Bu (3 eq)
(1 mL) (0.25 mmol) (82 %)
0] 0]
OEt OEt
N 0,
18 <:> FeClp+4H0 (10 mol%) 1 soivent 100 12 [79]
Ph Ph 'BuOOBu (1 eq)
o}
(4.0 mmol) (0.2 mmol) (79 %)
FeCl, (10 mol%)
(1.2 mmol) (1.0 mmol)
(68 %) NHCOPh
MeO2C o MeO,C
Ph FeCl, (10 mol%)
H 2
20 —<\ »—H —<Ph MO A DCE 100 36  [81]
Ph
(0.5 mmol) (3.0 mmol) (94 %)
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Table 1-13. Cross-dehydrogenative coupling reactions for C-C bond formation (continuation).

Entry Substrate FZ;?glgc):t Catalyst Solvent T[eocr?]p TEhm]e Ref.
21 \N / Pd(OAc), (5 mol%) iPrOH 25 17 (82]
(0.6 mmol)
A c Sc(OTf)3 (5 mol%)
22 7 Cy—H 3 No solvent 135 16 [84]
‘BUOOBuU (2 eq)
(0.5 mmol) (7.45 mmol)
0 N. VO(acac) (10 mol%)
)J\ Ph )
23 Proline (10 mol%) MeOH rt. 24 [85]
(0.12 mmoI) (0.60 mmol) (69 %) ‘BUOOH (1.5 eq)
(0]
I .
24 N.ph Ph DDQ (1.1 eq) MeNO, rt. 3 (86]
(0.15 mmol) (95 %)
(0]
H
NO, N
¢ Cy . .
25 ©/ Cy—H ©/ Dicumyl peroxide (2.0 eq)  No solvent 137 16 [87]
(0.2 mmol) (3.7 mmol) (84 %)
(o}
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Table 1-13.

Cross-dehydrogenative coupling reactions for C-C bond formation (continuation).

Product Temp Time
Entry Substrate (yield) Catalyst Solvent ] [h] Ref.
O O
O O
e
26 PhMOEt Ph™ 8 Ph OFt o-chloranil (1.5 eq) No solvent 80 05 88]
-
(0.25 mmol) (1.5 mmol) Ph™ S
(87 %)
O O
O O
27 PhMOEt Ph” s Ph | OEt o-chloranil (3.0 eq) No solvent 100 8 [88]
(0.25 mmol) (1.5 mmol) Ph
(94 %)
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Table 1-14. Cross-dehydrogenative coupling reactions for Si—-N bond formation.

. Product Temp Time
Ent _ _ - Catalyst Solvent Ref.
ntry Si-H N-H (vield) y [°C] (h] ©
PhSiH "PrNH PhSi(NH"Pr) Benzene
1 3 2 3 ToMMgMe? r.t. 24 96
(0.952 mmol) (3.33 mmol) (99 %) o vighe [96]
PhMeSiH, BzNH, HPhMeSiNHBz BzNHSi(PhMe)NHBz CuCl,
2 (2.6 mmol) (5.9 mmol) (81 %) (7 %) (7 mol%) Xylene 105 6 [37]
3 Ph,SiH PhNH, Ph,HSINHPh Cr(COo(*-HSiHPh,) Toluene - - [98]
292 (slight excess) 2 (5 mol%)
NapPhMeSiH? Pyrrolidine NapPhMeSiPyr 5wt% Pd/AI,O4
4 (2.0 mmol) (3.0 mmol) (87 %) (1.2 mol%) p-Xylene  50-60 - [99]
5 PHSiH, BuNH, PhH,SINHBu  PhHSI(NH,'Bu), Rh2H,(CO);(dppm),® CeDs - 1 [100]
(0.080 mmol) (0.101 mmol) (33 %) (0.0048 mmol)
g g
N PhMe,SiH N Rh,(OAc),
6 o (2.5 mmol) SiMe,Ph (1'mol%) CHSCN 50 2 [101]
(0.5 mmol) (99 %)
PhMeSiH, PhNH, PhMe,SiNHPh [Cp(PrsP)Ru(NCMe),](BPhy) 10
/ (0.16 mmol) (0.16 mmol) (100 %) (4 mol%) CD5Cl rt min  [102]

a ToM = tris(4,4-dimethyl-2-oxazolinyl)phenylborate. ? Nap = Naphthyl. ¢dppm = bis(diphenylphosphino)methane.
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Table 1-14. Cross-dehydrogenative coupling reactions for Si—-N bond formation (continuation).
. Product Temp Time
Ent | _ - Catalyst Solvent Ref.
ntry Si—H N-H (yield) y [°C] [h] °
Ph3SiH Amylamine Ph3SiNHAmyl
8 (2.5 mmol) (2.5 mmol) *(93 %) Yb(7%-Ph,CNCgHsMe,-2,6)(hmpa),d  THF r.t 3 [105,106]
9 Ph,SiH, ('\3682';‘5 Ph,HSINMe, "BuNF THF 0 - o7
PhSiH; "PrNH, PhSi(NH"Pr);  PhHSi(NH"Pr), [(EtaN)sUI[BPhy] 2
10 (0.756 mmol) (4.04 mmol) (37 %) * (63 %) (0.013 mmol) THF 20 [108]
Ph,MeSiH NH, (Ph,MeSi),NH Cp,TiMe,
" (5.0 mmol) (9 mmol) (70 %) (0.06 mmol) Nosolvent 25 22 [109]
Ph,SiH, H,N-NH, (Ph,SiNHNH), Cp,TiMe,
12 (27 mmol) (27 mmol) (40 %) (0.47 mmol) Toluene 120 24 [110]
Ph,SiH AmyINH, PhsSiNHAmYyI
13 (0.48 mmol) (0.48 mmol) (>98 %) Ca(7’-Ph,CNPh)(hmpa)s? THF 20 05[]
PhSiH; HN(SiMe3), PhSiH,N(SiMes), Yb complex®
14 (5.0 mmol) (6.0 mmol) (98 %) (0.25 mmol) Benzene r.t 1 [112]
Mes SliMeg

9 hmpa = hexamethylphosphoric triamide.

€Yb complex =

N N-g;
, iMe3
[N> ’ Yb‘,}l,SiMe3
Mes  SiMe;

(MeS = 2,4,6-M93C6H2)



1.5.3. Wi/AKFHEF FERIERSE

FHEBCGIT, B, BIEMS, Gt EAEE GRUBIE - ki 7e & D3 ERITIE
IR WS N AEEI(LEW TH D, 1RO U &R L sRE BRI &
LEmSIE, ZET 0 A THDH, @ - MR AET S, HWARIAERY E L TAET
L, RETN =2 I A N — OB LS EORMN S o 7= (Figure 1-36), 142

2011 4, Stahl 504 (3 Pd(TFA), /2\Mepy (= 2-(N,N-dimethylamino)pyridine) / TSOH fi:
BERE AW, T IRBEEZBILA] OKET 7875 —) L35, vZua~kd ) oin
b7z )= ~Dhy FNBKFERIGEHE LT D (Figure 1-37), ZOWEDH, 7
BAF O FREO S FNBKFEIC L D L OFFRICEM A GRS D ME 1% < 7
INTEY, ZhODRISIE., WMARIGHFERERMIS (Oxidative aromatization reaction /
Dehydrogenative aromatization reaction) & FE(XAIV, 7= 72 K EBRCAEWERRIE & L CTHIR
SR T3 (Table 1-15-1-18), [114-117]

OH

é Pd(TFA), / 2"V®py / TSOH yZ |
\R DMSO, O, (1 atm), 80 °C, 24 h \\R
Figure 1-37. First report of oxidative (dehydrogenative) atomatization: aerobic transformation of

cyclohexanones into phenols.[*4

KT ITEBRIZREONE, FEHS L OVEMMICEBRE TS &, KBILTLULTF® 4 DI
DHEEND, () vZu~xth ) unb T o ) — b ~DZEH (Table 1-15). 14 (2) >/ 1
ANEEUDOERE O (Table 1-16) 1% (3) v 7wt/ LT L a— L
57 U —m—T L ~DZH (Table 1-17). 18 (4) v 7 o~ o LT I bt
7 = D2 (Table 1-18), 171 filifil & U Tl & A E03 5 —F% Pd fillit & 72 %
THY ., R¥E—FREZHNZFIE Pd/CMOLE ¢ 2 3ZHEF D,
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1,3-dibromo-5,5-dimethylhydantoin

N-bromosuccinimide or

NaNO,ag.

bromination

N-chlorosuccinimide
or SO,Cl,

nitrosation

H,SO,, HNO;

chlorination

Acid, R—ClI

nitration

oleum (fuming sulfunic acid)

Fridel-Crafts alkylation

O
Acid, (X = halogen)
RJ\X

sulfonation

CISOzH

Fridel-Crafts acylation

CI3CCN, BCl3 or
MeSCN, BCl;

halosulfonation

Lewis acid, PhSO,CI

cyanation

sulfonylation

NH4SCN, Br, or
NaSCN, N-bromosuccinimide

thiocyanation

Figure 1-36. Traditional synthetic procedure of aromatic compounds from benzene.*®!
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1) HCI, Sn/Fe
2) NaOHag.

reduction

HCI, NaNO, ©/OH

@r“”
e O

N-alkylation ©/ R
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Table 1-15. Synthesis of phenols from cyclohexanones by oxidative (dehydrogenative) aromatization.[*#

Entry Substrate Product Catalyst / Ligand / Additives Condition Ref.
O OH Pd(TFA)2 (3 mol%) DMSO (0.4 mL)
1 é\ /l DMAP (6 mol%) Oz (1 atm) [1144a]
X | p-TsOH (12 mol%) 80°C,24h
Pd(OAC)2 (20 mol%)
NMP (5 mL)
PPh3 (40 mol%)
2 OZ@H " Br@ Ho Ar (1 atm) [114b]
Cs;C0O3 (1.5 €eq.)
90 °C, 15h
MS3A (100 mg)
|OH Pd[(CHsCN)4](BFa4)2 (3 mol%) 1) NMP (0.08 mL), O3
3 Q (HO),B O 6,6'-dimethyl-2,2’-bipyridine (1 atm), 50 °C, 4 h [114q]
c
@ + \©\ O (3 mol%) 2) DMSO (0.2 mL), O2
AMS (10 mol%) (1 atm), 80 °C, 32 h
o | N 5 | OH NMP (2.0 mL)
4 g N S I (20 mol%) 0, (1 atm) [114d]
| 160 °C, 20 h
0 OH _
| 1,4-dioxane (0.5 mL)
CuBr2 (5 mol%)
> 48% HBr ag. (20 mol%) O- (1 atm) [114e]
0 . 0
[ Me Me a rt., 20 h
O N N OH 4 1,4-dioxane (3 mL)
6 @ z o+ - | @/N\Q Cu(OAC)2 (10 mol%) O (1 atm) [114f]
80°C,3h

(Abbreviation) TFA = trifluoroacetate, DMAP = 2-(N,N-dimethylamino)pyridine, p-TsOH = p-toluenesulfonic acid, AMS = anthraquinone-2-

sulfonic acid sodium salt.
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Table 1-16. Synthesis of benzenes from cyclohexenes by oxidative (dehydrogenative) aromatization. 5]

Entry Substrate Product Catalyst / Ligand / Additives Condition Ref.
Me N Me
@Z_g / B § Pd(OAc)2 (10 mol%) mesitylene (1 mL)
1 N N Methyl nicotinate (40 mol%) Oz (1 atm) [115a]
o ¢} = | '‘BUCOOH (30 eq.) 110°C, 22 h
NS
_ Pd(OAC)2 (10 mol%)
Ny e PCyps (20 mol%) toluene (2.2 mL)
0 .
2 =P [115b]
PivOH (30 mol%) 95°C,8h
K2COs3 (0.8 mmol)
COOMe 0
= . 1) N2 (1 atm), =30 °C,
o COOMe W 1) PrMgBr (0.2 mmoly in THE ) "2 (1atm)
3 + X 2h [115c]
2) DDQ (3.5 eq.)
| 2) rt.—100 °C, 40 h
Me
Q \
/ toluene (2.0 mL)
= | A\ — Pd(TFA). (10 mol%)
4 + L Oz (1 atm) [115d]
N DPEphos (20 mol%)
| H @f \ 140°C, 30 h
Me N
H

(Abbreviation) Cyp = Cyclopentyl, Piv = pivaloyl group, DDQ = 2,3-dichloro-5,6-dicyano-1,4-benzoquinone, TFA = trifluoroacetate, DPEphos

= (bis(2-diphenylphosphinophenyl)ether.
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Table 1-16. Synthesis of benzenes from cyclohexenes by oxidative (dehydrogenative) aromatization (continuation).!**!

Entry Substrate Product Catalyst / Ligand / Additives Condition Ref.
1) Pd(OAc). (0.2 eq.)
. MGO\ /@ Me ‘ AgOAc (4 eq.) 1) DME, 100 °C, 3.5h
+ .
wiae O Pr,S (2.5 mol%) 2) 100 °C, 12-18 h
NHAC 2) Cu(OTf)2 (2.0 eq.)
1) Pd(OAc). (0.2 eq.)
X COOBu PhCO3'Bu (2 eq.) 1) DME, 100 °C
6 | + X COOBu m i . . [115€]
Bh S NHAC oh NHAG Pr.S (2.5 mol%) 2) 40-80 °C

2) p-TsOH (0.4 eq.)

{

Irz /z
@]

7 /@\ + X _COOBu
Ph NHAc Ph

1) Pd(OACc). (0.2 eq.)
PhCO3'Bu (2 eq.)
'Pr,S (2.5 mol%)
p-TsOH (0.4 eq.)

2) c-HCI (0.2 mL)

1) DME, 40-80 °C
2) —

(Abbreviation) Tf = trifluoromethylsulfonyl group, p-TsOH = p-toluenesulfonic acid.
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Table 1-17. Synthesis of aryl ethers from cyclohexanones and alcohols by oxidative (dehydrogenative) aromatization. 116!

Entry Substrate Product Catalyst / Ligand / Additives Condition Ref.
Cu(OTf)2 (10 mol%
(OTD: { ) toluene (0.6 mL)
= NHPI (20 mol%)
1 + ph” >""OH “ | KI (1 eq) 02 (1 atm) [116a]
© Ph™ "0 N 100 °C, 18 h
water (1 eq.)
no solvent
2 Q +  Hex—OH Hex @ Pd/C (1 mol%) air (1 atm) [116b]
© © 130 °C, 24 h

(Abbreviation) NHPI = N-hydroxyphthalimide.
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Table 1-18. Synthesis of N-substituted anilines from cyclohexanones and amines by oxidative (dehydrogenative) aromatization.™!"]

Entry Substrate Product Catalyst / Ligand / Additives Condition Ref.
toluene (0.6 mL)
o N [(PPh2Me)2PdCl;] (2 mol%)
1 + = Oz (1 atm)
HN | PhCOOH (20 mol%)
X 100 °C, 18 h
[117a]
H toluene (0.5 mL)
o) N Pd(OAc). (10 mol%)
2 (j * ©/ \© 1,10-phen (10 mol%) O- (1 atm)
) - 0
HN P 135 °C, 36 h
o _ H Pd(OAc)2 (10 mol%) DMSO (1 mL)
ZNd N
3 g + @ /@ @ BusNBr (1.5 eq.) O (1 atm) [117D]
Me H,N™ X = o
Me MS3A (100 mg) 90°C, 12h
H NMP (0.3 mL)
o N Pd(OAC). (5 mol%)
‘ (j ' ©/ \© Xantphos (10 mol%) Ar (1 atm) [1L7c]
an )
=N P 150 °C, 24 h

(Abbreviation) 1,10-phen = 1,10-phenanthroline, Xantphos = 4,5-bis(diphenylphosphino)-9,9-dimethylxanthene.
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Table 1-18. Synthesis of N-substituted anilines from cyclohexanones and amines by oxidative (dehydrogenative) aromatization (continuation).™!"!

Entry Substrate Product Catalyst / Ligand / Additives Condition Ref.
o N CFs N CFs  1,(0.5eq) DMSO (0.5 mL)
s 70T oo POS
cl o p-TsOH (10 mol%) 90°C,1h
DMSO (2 mL
> S NN l2 (30 mol%) (2mb)
6 g + L | D>—NH, 02 (1 atm) [117€]
H,N™ “NH, A S p-TsOH (5 eq.) 75 °C. 24 h
O HS.__ S (benzylsulfonyl)benzene PhCI (0.8 mL)
7 é + ] NQ S N | (10 mol%) 0, (1 atm) [117f]
2 o KI (10 mol%) 140 °C, 24 h
no solvent
8 Q Hex—NH @ PA/C (1 mol%) Ar (1 atm) [117g]
+ Hex— r{lam
o ? Hex 1-octene (2 eq.) g
H 130 °C, 16 h
toluene (0.7 mL
9 <:>: O o Pd(TFA)2 (5 mol%) 0, (1 t( ) ) [117h]
I I 1,10-phen (10 mol%
o Ho phen ( ) 140 °C, 40 h

(Abbreviation) p-TsOH = p-toluenesulfonic acid, 1,10-phen = 1,10-phenanthroline.



1.6. ABFZEDEHH

PER D B IS IS AL LUSMT B W TR, A E 72 Ein ek KO 7e SUG S 03
HTHY, BHEORAERMDEIET S E WS- MERD 5, ZD7-0, EERiE 2 £
B O OFERN R SUG S THEAT 3 A A RS R OB ITEERFRETH 5, HERE T/
R AR T, B - EUSCEERANES THY, 7V =07 I AN —OBLANLITE
F LWARY— R T 5, HEFEIE T 2 R iiiE, &F7) 2 ki & RO H 2R fil
BAEH ORI &R T 7 b0 i Bkl Lo T, S o mlb b BIFFTE 5,
TAA A A OBRLS E LTI, X o T A7 a2, BKkFEM I a0 z2h v 7Y
VT ROk KB R EFRIEESOH TR EHZEDO TWD, ¥ o7 A7 v & 2%,
BEORIGEEY Ry hTHEITSESZ LN TE S &0 ) FIMEMEIIN 2, R E 72 F1 1]
RERETHANSERBITEL20HD EWIHIFLE LD, BKFER 7 a0 v 7Y
VO ROSIE, PIREREM L SN EE A WS Z L WBMIHFET D C-H (X7~
1 X-H) fEA6., H7olil CC(FRIX CXRXX) fAaHEETHENTE D,
KREH BRI IGIE, ST EFRILEMPOEADT7 2 ) —N, 7=V TU—
N =T E Wiz DFFBRACEWMZ GRS 2 LN TE D, &R T/ ki1l
B2 RN TR/ T2 IR AR A A B OB BOS DOBAFIE, 77V — 7 X A Y —OBLR
LA RBUEINTWD,

AAFGE T, BV B THW O D BE(LEMOF RSB GR L 72 D
AR ISRDOBTE A 2 — 5> b & LT HEr R T ki oG - s A2 B & L
7z (Figure 1-38),

%2 IR, HEE T Rl (AuALOs) ZHVWz, B Ruas T L RFEOESY
fRIZE S THAL DA VYT VBOBKER I a X5 7V  TRISICE BTV A Y
VT P ERRIEERR LT, AulZ XD Si-H fEAOTEM L E . ALO; EDERSIC X D
JRIFE DB IROIEIE L\ D | &JF T kT & HUR O RV E R 2 AR Lz K
ISR TH D,

B3 ETIE, HEFE T VU AGET R TllEE (Au-Pd/ALOs) Z W=, EE%
FRlbA & LTe & o7 DRIMOKBE S FRIEASIZ L D N-EHRT =V U ARiEZ B L
2o AUDT X U ORBIKFERIGE, Pd B34 2 P EOBUKES FRERE (RE1L
S OfEHFECHY . Au & Pd 258t T56Z LI2X > T AU & Pd DZENER
DETIRENE LT-FER, Au & Pd ZNENOMBLRER M ELTWD B2 b, —
TR T I RIFRIED Y T RN E T o T AR AEFENCFIT LIRS RTH
D

54T, HEEE- T VU LAGET ) KA (Au-Pd/ALOs) & Wiz, AF L
YEKRFT 7T — L LT BKB R ERGHRISIZ L D N-E#RT = U G ik % B
LT, B3 EICBWTHR LN, Pd Al X 2 BiKFEGERIEEISIEA I 2 HfH
BOREUUISIZ KO EITT DL WO A ZZ T C EBNIZKET 787 Z—L L TR

57



FLUERATH & TAYRISZME L, N-BHT =V > 2N TE 5 2
EERHLT, TIVELTHADFH LK T IV, H2k7Iy, 7=V (T UV —
TIV) WD ZENTE, BEAWEEEHAELZ AT LS N-BERT =) UAIETH
Do

B5ETIL, BT VU LEET kit (Au-PdITiO,) % AV 7z, BLFALK
FHRGFEBRIERNC E D VT V=T 2 U EIEERRE LT, 7 2 v OBiKERIG L
A I R DA F S FRGSOS (REMEROR) 1E. Wiy Pd ASAlEyEERE T
HV, Aut PdE2AebT5ZLICE>TAU & PdDENENOEIRENE( LT
fEA. Pd OfiEER M EL T b EE X b, ZondE T RO Y T REhR
EHNCRA LIEERTH D, NUB U2 HEWE L L TARSN DR~ e S E O
HEDENL, MMBLOIENHET U —AT IV EEKAIRETH -7,

(a) Au-catalyzed acceptorless cross-dehydrogenative coupling for synthesis of silyl isocyanates

R R
2 . AU/A|203 2 L.
R°-Si—-H + H-N=C=0 > R%-Si=N=C=0 + H,
I3 acceptorless I3
R ) R
NH,CONH,;—<4—= NH4

(b) Au—Pd-catalyzed dehydrogenative aromatization for synthesis of arylamines

Hydrogen acceptor: (air)

H
(WNHZ Au-Pd/Al,O4 S
2 , - +3H,0 +NH

Hydrogen acceptor: styrene

R2
o} R? |
(:/r + HN/ AU—Pd/A|203 | X N\Rg +H20
'3 styrene + ethylbenzen
RIK R y i P ethylbenzene
Hydrogen acceptor: none (acceptorless) H
NH; Au-PdITiO, N~
2 J - | +6H, + NH,
Rl acceptorless R = XN gt
NH2 Tj
J \ +2H, + H,0
R H
/NHz Au-Pd/TiO, N N —
\ | +5H, + H,0

l/ / \ \Rz
acceptorless
/Noz HO
J + 3 H,0
R

Figure 1-38. Outline of this study.
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21. ¥E

Suzuki, Negishi, Heck, Stille, Kumada, Buchwald-Hartwig 7 > 7"V 77 ElofiFk
SNDfEA D7 a2y 7V o T RIS, 70 FEBIZ BV T b BEEDOF AR ST
b5 M raxhy 7Y TRIGIE, C-C, C-X, XX fify (X = ~TaJi{) &
TEXLEEEOB VKIS TH DM, THERE LI EEEZNEE L, 220Utk
> CHEimE (ML) ORIEMRMPELD E VoS E AT 5, W I8, /EkINe 7
B ANy 7Y T RO DB /e Tk L LT, C-H, X-H A DIEMH kI &
5T C-C. CX, XX MBZEKT DMARFEM Y v 271 > 7V o TROISHER 25D T
W5, B ZnE T, tert-7F vk Ra vt % R B iR bk @ 5 FIRER D
EWolcflixe DKFT 77 F— (LA ZHWTWKRFER 7 w2970 7K
SNz, HMPLKER (7787 #— 120 ORiKER 7 a2l 7 TGS
FAFE STV 5,
VINAYTUTF—NE, VI hy TV TR ER T 4 7 FM L LTH
WHIL, AEARALZICB O TIE D ST A VMR L UL EARMEAMTH
Do TERIETIR. UL YT FH— ML ks o7 Vgl (BIZAIXT T 1
$R) OEFREISIZ XV AR EN TS (Figure 2-1,a), 11 = o J573k1E, R E <. KA
H DK EDRISEDREWELS T b w7y T VB ZET 5, 7o, EimmEd
SRIEVBEET D720, JRFIEMENE VoA b H 5, HlzIE, DAFALT =
=n7uruv7 (RLR?=CHs, R¥=Ph) & o7 UERERO EGISICE > T AT LT
2=V I NA YT N EELSA. EDORTRIL% ICHEDH, LIeno>T,
PERIEIT D D, BB Y LA VT — MRREORENIE SN T,
ARFFECIE, by T oL LT kv I v, U7 VEBBRORERE L CRE
ZEEE Lz, BEFAMROS Y VA VT F— N ERIEDRE 21T > 7= (Figure 2-1,
b), ZOKNE, & FasZ b REOBGMIISIZE>THEL A4 VT M o
fiAER 7 0 20 o 7)o IRISTH 5, ZORIGIE. AFEES HOZ TElE bR
FREZAWTEY, BIERM LT v E2=T LAKBZORTHY . FEFIERN 90% £ T
E4 2% (RLR?=CHs. R®=Ph DHA) L\ o7z, BEEEMMMNAFEE S <AL TWD,
5T, B - BIAR S CHAEM ATRE R RS — Rl A W5 Z LR TEuE, 7Y
—2 7 I A M) —OBLED DB RN 25,1 ZivETlc, Au B Ru I Re, (8]
Pt. 19 |r 0] Al LS -Fix DERTEIC K > T Ruy T o 2 REFHR 7 A Fil
ICIEM L TE D Z LR MESNTEBY, ThbD&EE T /R & LTHET S &
T, Figure 2-1, a |27~ L7z H DO RS & ZERCT 2 R — R 272 5 L HIfF S v D,
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@

R! R!
I I
RZ—SIi—CI + AgJOCN ——> RZ—SIi—N:C:O + AgCl

R R®
(b)
1 1
5 B catalyst 2 B
R°-Si-H + urea ————> | R°-Si-N=C=0| + NH; + H;

RS RS

Figure 2-1. Synthetic procedures of silyl isocyanates. (a) Classical synthetic procedure. (b) Novel
green synthetic procedure.

2.2. EB
221, —fi%
GC

RO H A va~ k7' 7% Shimadzu ! GC-2014 % FV, BT MZiEF vy T VY —
717 I TC-1, TC-5, InertCap 5 % v 7=, MHIEXFID X ViTo7,

KO A7 v~ 277 7% Shimadzu 8 GC-8A ZH\\, BT NI HT AT T A
(ELF¥2T——T7 XA FH) 2, RHIZTCDICX viTo7=,

GC-MC

H A7 v~ k7 7% Shimadzu i GCMS-QP2010 % AV, HT AIZIZF ¥ BT U —
717 2 TC-1, TC-5. InertCap 5 # v 7z, 'EH &/ L IUEMT GCMS-QP2010 Z, A A
AEIE 70 eV OF%E THW -,

NMR

NMR A~X7 kL% JEOL %1 JEOL JNM-ECA500, JNM-EX 270 # W CHlE L7=, H
BEW BC X TMS (UL [De]toluene) ZWNAEHE L LT, 5mm B 7 B4 T,
495 MHz # X O 125 MHz (JNM-ECA 500) % 7-i% 270 MHz ¥ X O 67.8 MHz (JNM-EX

270) CHIE L7z,

ICP-AES
ICP-AES #J7E1%. Shimadzu ! ICPS-8100 % W CTHIE L 7=,
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TEM

TEM #1%£21%, JEOL TEM-2010HC % H\ CT4T~ 7=, STEM #1%£: (HAADF R H X
WEDS i~ v B v 7 i) (4. JEOLJEM-ARM 200F % VN CiT o 72, MERELEIL,
WL H 200kV OF%ETIT- 72, TEM B X O STEM OBIZEH Y 7 ik, BrkatE
(i) # % ) — IS ETERE, I—ARra—hSnizCuZ Uy RECHET
L. <=tz L7,

Ak

fil i o> H K (2 1%, AlOs (BET surface area: 160 m?g?, cat. no. KHS-24, Sumitomo
Chemical), SiO; (342 m? g1, cat. no. CARIACT Q-10, Fuiji Silysia Chemical). TiO2 (BET surface
area: 316 m? g%, cat. no. ST-01, Ishihara Sangyo Kaisya). CeO (111 m? g%, cat. no. 544841-
25G, Aldrich), MgO (28 m? g%, cat. no. P0082, Ube Industries Ltd.) % FH 7=,

R JOUEE (1b-1e 38 L OV 1k 1EBR<) (&, BIE LT, AR T3, FoLHisE T
. Aldrich 2OHEEA L2 6 D& Wz, HE 1b-1e (%, BE#HRP (2> THA LTz, £
Zolk TRV zamay Tl n-T X ) — VORI L > TE L (1k: *H NMR
(270 MHz, [D4]chloroform, 25 °C, TMS): 6 = 4.27 (s, 1H), 3.78 (t, J = 6.84 Hz, 6H), 1.62-1.52
(m, 6H), 1.44-1.32 (m, 6H), 0.92 (t, J = 7.29 Hz, 9H); *C{'*H} NMR (67.8 MHz, [D1]chloroform,
25 °C, TMS): 6 = 62.5, 34.6, 18.9, 13.8; MS (70 eV, EI): m/z (%): 248 (3) [M*], 247 (12), 206
(15), 205 (100), 193 (7), 192 (5), 191 (33), 175 (11), 163 (15), 150 (5), 149 (52), 137 (6), 135
(17), 133 (12), 121 (13), 119 (26), 107 (62), 95 (9), 93 (20), 91 (6), 81 (6), 79 (16), 77 (21), 69
(9), 63 (69), 57 (21), 56 (16), 55 (38)).

2.2.2. HRERET kil oo i 5l

AU/ALLOs 1, L FDOFNEIZHE - T, HrHLBIEIC L - TR L7z, £9°. HAUCI,-4H20
(0.15 mM) DIK¥ER 100 mL (2 Al,03500 mg & JR3% 600 mg 2%, 95°C C 5 KEfiH#
T 5, %, ART 252 & TH LI KER L RIBRIARK 500 mg 2, BRI E AW T
KA T 400 °C T 2 BEREIBERL T D 2 & C, TV T HEE T /b il (Au/ALOs) %
7=, ICP-AES 43T & v | Au OFHEFEIE, 0.027 mmol g & bvo 7z, £z, TEM Bl
B RDIZTF ) RF ORI (da) (X, 2.70m THo 72 (BEHERZE (6):0.7 nm), [FEE
DOFAFLSTHE T, SiOz, TiO2, MgO & W o =D& @R b 2 Ak & U 7=l & FR S AT fE
ThHoTl,

2.2.3. K&

il o5 2K L. A ISR TRIALEE 21T - TS U AW T2, fililit i, BEZEg & L
72735 200 °C T 2 BEEINEAS 2 = & T, KuoxbrELE, REF, B2 LAaR5
80°C T 12 BFffIMEG 2 = & T, KD ZBREL, BEBIOREK L, FLFaT7—
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— 7 REMRNTKRDERE LT,

fRIE SO I F O FIETIT o 72, Za—7 Ry 7 ZANIZBW T, Pyrex 77 2 5 ER
BO(RER 20mL) (2. Au/ALOs (Au: 0.2mol%), t Fu 7> (1, 0.5 mmol), R
(0.55mmol), h/v=> (2mL), T2, HE L, Ar(latm) FCTKINERE Y 77
v 7 AZAt (bath temperature: 135 °C) TH#E L7, MUK TR, 7 ¥ Lo kicidl,2-
vruauaxH Ly (NEEYE,0.1mmol) ZiNx, KEE LAY O EREIL GC /ir £
7213 *H NMR i K AT o7, AR BEET 235813, WEERE 2 Hviedo
Teo BlZIE 1g ORIEDH, Au/ALOs & AIEIZ LV ERE L, 7 mu RV ATHREER, &
W /KL — 3352 LI2L-T011g D 29 25567z, ERMOFREIL GC-
MS B L O'NMR 947 (*H B L UNBC) TITo 72, Mt . AuALOs 1 A > 7 L o Ailic
L O RBIZEATEETH > 7= (IBILER >95%), il FEfili F BRI B W Tk, A7 L
VARV R L7l A 7 b TR LTtk RS, BRI E LS
200 °C T 2 BEINAVLER L 7= & O Z KBl O KIS AV T2,

2.2.4. ARSI

E R

223 T FIET, MBEDORD VI V= a2 Loy 2 Ly 7 EE VTR
JGEAT o TotR, Y2 Ly 7 BRI (20°C) ETHRO LT, 100 uL HAZ A h )
ERNTY 2 Ly 7 ENOKIFOH AH 7L 50 ul 2D & Y | GCMS-QP2010 MS
IMTERZ &L o TEM O 24T 272, A V¥ 7 Uk (HNCO), NHz, Hxid., =4 miz

=43, 16, 2D 7 T 7 A MI X o TR L7,

BT

EPEHT &R U<, 22317 TFIET, BREORDV I IV—v 2k LTy 2 b
VOB EHANTHILNEI T TR, VL7 EEEIR (20°C) FTHmR Lz, 100 uL A
ABA MY P ERANTY 2 L VENOKHTOT A7 30l 2]V &0 |
Shimadzu GC-8A T/3#r L7z, MHEHE TCD Mg a A=, la OSIZBW T 2a
DA KT LT >T0%D Hy Ak 2 iR L 72,

225, AR FLT—H
R D ALY N VT — B A RITRT,

|
<:>SiNCO

Dimethylphenylsilyl isocyanate (2a). *H NMR (495 MHz, [Ds]toluene, 25 °C, TMS): § =
7.34-7.32 (m, 2H), 7.17-7.14 (m, 3H), 0.17 (s, 6H); B*C{*H} NMR (125 MHz, [Dg]toluene,
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25 °C, TMS): 6= 136.7, 134.1, 131.3, 129.3, 126.6, 0.4; MS (70 eV, EI): m/z (%): 177 (15) [M"],
163 (14), 162 (100), 91 (6), 70 (20).

|
MeOOSiNCO

Dimethyl(4-Methoxyphenyl)silyl isocyanate (2b). *H NMR (495 MHz, [Ds]toluene, 25 °C,
TMS): 6=7.23 (d, J = 8.5 Hz, 2H), 6.74 (d, J = 8.5 Hz, 2H), 3.34 (s, 3H), 0.22 (s, 6H); *C{*H}
NMR (125 MHz, [Dg]toluene, 25 °C, TMS): 6=162.8, 135.8, 127.4, 126.6, 115.1, 55.4, 0.6; MS
(70 eV, El): m/z (%): 207 (25) [M], 193 (15), 192 (100), 162 (7), 149 (6), 70 (12).

|
—QSiNCO

Dimethyl(4-methylphenyl)silyl isocyanate (2c). *H NMR (495 MHz, [Ds]toluene, 25 °C, TMS):
6=7.29 (d, J = 8.0 Hz, 2H), 6.98 (d, J = 8.2 Hz, 2H), 2.12 (s, 3H), 0.20 (s, 6H); **C{*H} NMR
(125 MHz, [Dg]toluene, 25 °C, TMS): 6= 141.1, 134.2, 133.2, 130.2, 126.6, 22.3, 0.5; MS (70
eV, El): m/z (%): 191 (17) [M*], 177 (15), 176 (100), 105 (5), 91 (7), 70 (14).

|
CI@SiNCO

Dimethyl(4-chlorophenyl)silyl isocyanate (2d). *H NMR (495 MHz, [Ds]toluene, 25 °C, TMS):
6=17.09 (d, J = 8.5 Hz, 2H), 7.04 (d, J = 8.5 Hz, 2H), 0.10 (s, 6H); *C{*H} NMR (125 MHz,
[Ds]toluene, 25 °C, TMS): 6 = 137.8, 135.5, 134.9, 129.6, 125.6, 0.3; MS (70 eV, EIl): m/z (%):
211 (17) [M*], 213 (6), 198 (37), 197 (14), 196 (100), 91 (15), 70 (16), 63 (5).

—\ |
FsC \ *S‘i*N:C:O

Dimethyl(4-(trifluoromethyl)phenylsilyl isocyanate (2e). *H NMR (495 MHz, [Ds]toluene,
25 °C, TMS): §=7.33 (d, J = 7.6 Hz, 2H), 7.17 (d, J = 7.6 Hz, 2H), 0.11 (s, 6H); *C{*H} NMR
(125 MHz, [Dg]toluene, 25 °C, TMS): 6= 141.4, 134.5, 133.2 (q, J = 32.3 Hz), 126.6, 125.9 (q,
J=3.6 Hz), 125.7 (q, J = 274.1 Hz), 0.1; MS (70 eV, El): m/z (%): 245 (8) [M*], 231 (15), 230

(100), 70 (6).

Diphenylmethylsilyl isocyanate (2f). 'H NMR (495 MHz, [Ds]toluene, 25 °C, TMS): 6 =
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7.41-7.39 (m, 4H), 7.18-7.10 (m, 6H), 0.44 (s, 3H); BC{*H} NMR (125 MHz, [Ds]toluene,
25 °C, TMS): 5= 135.2, 135.1, 131.5, 129.4, 126.6, —0.7; MS (70 €V, EI): m/z (%): 239 (24) [M*],
226 (5), 225 (20), 224 (100), 181 (7), 162 (8), 70 (18).

Triphenylsilyl isocyanate (2g). *H NMR (495 MHz, [Dg]toluene, 25 °C, TMS): 6 = 7.51-7.49
(m, 6H), 7.20-7.09 (m, 9H); BC{*H} NMR (125 MHz, [Ds]toluene, 25 °C, TMS): 6 = 136.2,
133.7, 131.8, 129.4, 126.7; MS (70 eV, EI): m/z (%): 301 (62) [M*], 302 (17), 226 (5), 225 (20),
224 (100), 223 (17), 222 (13), 181 (19), 180 (7), 155 (9), 154 (19), 147 (28), 70 (22).

lsi(Nco

Triethylsilyl isocyanate (2h). *H NMR (495 MHz, [Ds]toluene, 25 °C, TMS): §=0.83 (t,J=7.9
Hz, 9H), 0.40 (q, J = 7.9 Hz, 6H); ®C{*H} NMR (125 MHz, [Ds]toluene, 25 °C, TMS): 5= 126.6,
7.5, 6.4; MS (70 eV, EI): m/z (%): 157 (8) [M*], 129 (11), 128 (100), 101 (9), 100 (96), 72 (31),
20 (18).

XSFN:C:O

Tripropylsilyl isocyanate (2i). *H NMR (495 MHz, [Ds]toluene, 25 °C, TMS): 5= 1.26 (m, 9H),
0.91 (t, J = 7.2 Hz, 6H), 0.44 (m, 6H); *C{*H} NMR (125 MHz, [Ds]toluene, 25 °C, TMS): 5=
126.6, 19.1, 18.0, 17.9; MS (70 eV, EI): m/z (%): 199 (4) [M*], 157 (13), 156 (100), 128 (10), 115
(8), 114 (85), 86 (53), 85 (6), 72 (21), 70 (14).

Triethoxysilyl isocyanate (2j). *H NMR (495 MHz, [Ds]toluene, 25 °C, TMS): §=3.68 (q, J =
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7.1 Hz, 9H), 1.08 (t, J = 7.1 Hz, 6H) ; ¥*C{*H} NMR (125 MHz, [Ds]toluene, 25 °C, TMS): 5=
124.5, 60.7, 18.9; MS (70 eV, EI): m/z (%): 205 (7) [M*], 204 (6), 191 (12), 190 (100), 176 (34),
162 (47), 160 (35), 148 (18), 146 (49), 147 (9), 132 (33), 118 (19), 116 (10), 105 (6), 104 (66),
88 (16), 87 (8), 60(6).

Tri(n-butoxy)silyl isocyanate (2k). *H NMR (495 MHz, [Dg]toluene, 25 °C, TMS): 6= 3.71 (t,
J =6.4 Hz, 6H), 1.48-1.43 (m, 6H), 1.34-1.27 (m, 6H), 0.85 (t, J = 7.4 Hz, 9H); *C{*H} NMR
(125 MHz, [Dg]toluene, 25 °C, TMS): 6=124.6, 64.7, 35.5, 20.1, 14.8; MS (70 eV, EI): m/z (%):
289 (2) [M*], 248 (5), 247 (18), 246 (80), 234 (6), 233 (7), 232 (25), 204 (22), 191 (7), 190 (45),
178 (8), 176 (14), 174 (6), 162 (33), 160 (13), 149 (5), 148 (54), 136 (7), 132 (11), 130 (5), 122
(11), 118 (24), 117 (5), 105 (5), 104 (66), 88 (12), 69 (12), 57 (52), 56 (37), 55 (100).

23. FERLEBE
2.3.1. SUSSMDREAL

VAFNT 2= T (la) MBTYVATFAT 2= U A T F— b (2a) ~
DS ZET VRIS E LT, fix O@R %2 HEF S 7t 2 g L7z (Table 2-1),
AU/ALOs BIAFGIZ R L CTlie b @V EMEZ 7R L, 1h T60% IE (HR{k=k 66%, iR
91%) T 2a MNEHIL, S OICMIGEZ 3h FTHEETDHZ & T 91% K (xR
>09%. B 91%) F T L7z (Table 2-1, entries 1 and 2), Pd/ALO; & W= & & ¢
BOGIFEH L <HETT L, 1h T 48% IUE (HA{L=R 54%, #IM: 89%) T 2a 235 H A7z
(Table 2-1,entry 3), Rh, Ag. Pt, Ru, Cu % ALO; |ZHHFf S 7= fillit &2 H\ 2 & X 130G
IR & A EEITET. 2a DOILERIT 5% K2 & & F o7 (Table 2-1, entries 4-8), #el >
T, @Bz Au IZ[EE L THAZIR 2/ Lz, i L@ Rt o 5 5 AlbOs 2
KHBBRWINERT2a 52, Si0X° TiO2 b BAFRILE (52% KUV 45%) T2a x5 2
7z (Table 2-1, entries 1,9, and 10), —, HEMEHIALTH 5 CeO, AL L THW &
TVISHIT & A EH#EIT Ly 72 (Table 2-1, entry 11), F£7-. MBS ALO; D
KAV & &, RS EL #IT LR o 72 (Table 2-1, entries 12 and 13), LA LDk
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RS ARBUSITR U TR Z2 it & LT Au/ALOs 2 VW25 Z &1z LTz,

JRFEEE lallxt L T1,2,5,10 YEEEX TRICE T2 2A, 2HBEDORKZEZH
Wi E & b EWIGET 2a M5 5172 (Table 2-2), K- T, @R RFEE L LT,
ERuy I LS LT 2YEDRFAZMND L L Lz,

i 2 OIEBEA AW TS Z21T > 72 (Table 2-3), JEMWMEIABECTHD Frm XA v F L
VEIEEEE L THWTRIGEITo T2 & & mWIE T 2a 7345 H 47 (Table 2-3, entries 1
and2), —77. MPEEEAZ Wz L & D nxY i dang < AL, 2al3EINETH
L0, b LIEE-TLEBN2h -7 (Table 2-3, entries 3-5), £~ T, #cili 72 AL &
LThvzZflnsZEE LT

SOSTREE (bath temperature) % 80°C 75 145°C £ TAML S TG Z T T2 & &
80°C £7-1L 100°C TiX, 2a DYLHEIT 20 REICE EFEV, T/ — L Zavviak
o da 3% < AR LT (Table 2-4, entries 1 and 2), [Jin% 120°C £ T EIF 5 & 2a D
RPEIT 90% FL/& &£ Tt L7- (Table 2-4, entry 3), & B2, RFEOBDMENRIAT D
133 °C T OIRER L LT 135°C TRISEIT-To & &, mWVEIRME (91%) ZfERF L
7o F FHMEHRIT>09% & 720 | LN 91% £ TH E L7z (Table 2-4, entry 4), RE % <
51T 145°C £ T LIFE A, #EbE - BIRME L H 108 IZ /2o 72 (Table 2-4,
entry 5), LT, 135°C % i 72 S SIRE & L7z,

AU/ALO; Z ERTICEZES| & L7223 5 200 °C C 2 BEEMEL L, 0 F 2RIzt
S5 LRSS A, 91% IR (H5(L3>99%, BRME 91%) T 2a 7355
A7z (Table 2-5,entry 1), —J7, ZORIE Z{TORNoT L& T7obh, JHlltk, %=
K E D Lz AuALOs 2 Z D E ERISICHVZ & X | 2a DULER|T 79% (H5/12:>99%.,
HIRME79%) TH Y, BILEZ L7- & T THhT)IE F L7z (Table 2-5, entry 2),
T, AT AAT DR Do TG, MERmEIZRE KRS F R LV ZFEREL, T/
—L 3a v adty da ~ORIKENEITLTLE R EEILND, LoT,
AU/ALOs I3 RN MEEZE 5| & ORI AT ST B XN R BN o,

UL EDFaE{b OFEF, REIGOEGHESIFIZLL FOEY & Uiz fllgti3meEZe 5] & L
PEL7- AUALO;, JRFEIZE R Z v LICH LT 2 Y&, WEIE hro | SORNRE
(bath temperature) (% 135 °C,
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Table 2-1. Synthesis of dimethylphenylsilyl isocyanate (2a) from dimethylphenylsilane (1a) and
urea with various catalysts.

Ph-Si-H + urea ——

la
| | | | | |
Ph—Sll—N=C=O Ph—S||—OH Ph—S|.|—O-S||—Ph Ph_SII_H_SII_Ph
2a 3a 4a 5a

Entry Catalyst Conv.of 1la  Select. [%]

[%0] 2a 3a 4a 5a
1 Au/Al;Os 66 91 3 3 3
200 Au/Al,Os >99 91 1 2
3 Pd/Al;O3 54 89 5 4 2
4 Rh/AI,O3 5 82 nd 18 nd
5 Ag/Al,O3 4 >99 nd nd nd
6 Pt/Al,Os 2 >99 nd nd nd
7 Ru/Al,O3 <1 nd nd nd nd
8 Cu/Al,O3 <1 nd nd nd nd
9 Au/SiO; 55 95 1 1 3
10 AuU/TiO, 47 96 nd 4 nd
11 Au/CeO; 6 65 8 15 12
12 Au/CeO, + Al,03 53 86 7 4 3
13 Au/CeO, + SiO; 26 85 8 7 nd
140l Au/Ce0O; + MgO 12 21 49 19 11
15[ AlL,Os <1 nd nd nd nd
16 None <1 nd nd nd nd

[a] Reaction conditions: Catalyst (metal: ca. 0.2 mol%), 1a (0.5 mmol), urea (0.55 mmol),
toluene (2 mL), reflux (bath temperature: 135 °C), Ar (1 atm), 1 h. Conversions and selectivities
were determined by GC analyses. [b] 3 h. [c] Metal oxide additives (40 mg). nd = note detected
(<1 %).
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Table 2-2. Synthesis of dimethylphenylsilyl isocyanate (2a) from dimethylphenylsilane (1a) and
urea (Effect of amounts of urea).

Ph-Si-H + urea ——

la
Ph—S:i—N=C=O Ph—S:i—OH Ph—S:i—O-S:i—Ph Ph—S:i—H—S:i—Ph
2a 3a 4a 5a

Entry  Amount of urea Conv. of 1a  Select. [%]

[equiv. to 1a] [%] 2a 3a 4a 5a
1 1 >99 87 2 9
2 2 >99 91 1 6
3 5 >99 81 2 2 15
4 10 >99 89 2 7 2

[a] Reaction conditions: Au/Al:Oz (Au: 1 mol%), la (0.5mmol), urea (0.5-5mmol),
mesitylene (2 mL), 145 °C, Ar (1 atm), 5 h. Conversions and selectivities were determined by
GC analyses. nd = not detected (<1 %).

Table 2-3. Synthesis of dimethylphenylsilyl isocyanate (2a) from dimethylphenylsilane (1a) and
urea (Effect of solvents).l?

Ph-Si-H + urea ———

la
Ph—S:i—N:C:O Ph—S:i—OH Ph—S:i—O-S:i—Ph Ph—S:i—H-8:i—Ph
2a 3a 4a 5a

Entry  Solvents Conv. of 1a  Select. [%)]

[%] 2a 3a 4a 5a
1 Toluene (reflux) >99 91 1 6
2 Mesitylene >99 91
3 Diglyme >99 42 nd 56
4 DMF >99 nd nd 99
5 DMSO >99 nd 9 91 nd

[a] Reaction conditions: Au/Al,Os (Au: 0.7 mol%), 1la (0.5 mmol), urea (1 mmol), solvent
(2 mL), 145 °C, Ar (1 atm), 3 h. Conversions and selectivities were determined by GC analyses.
nd = not detected (<1 %).
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Table 2-4. Synthesis of dimethylphenylsilyl isocyanate (2a) from dimethylphenylsilane (1a) and
urea (Effect of temperatures).©?

Ph-Si-H + urea ——

la
Ph—S:i—N=C=O Ph—S:i-OH Ph—S:i—O-S:i—Ph Ph—S:i—H—S:i—Ph
2a 3a 4a 5a

Entry Temp. Conv. of 1a  Select. [%]

[%] 2a 3a 4a 5a
1 80 11 20 34 34 12
2 100 10 23 26 37 14
3 120 89 91 3 4 2
4 135 >99 91 3 4 2
5 145 >99 90 2 6 2

[a] Reaction conditions: Au/Al;Oz (Au: 1 mol%), 1a (0.5 mmol), urea (1 mmol), mesitylene
(2 mL), 80-145°C, Ar (1atm), 3 h. Conversions and selectivities were determined by GC
analyses.

Table 2-5. Synthesis of dimethylphenylsilyl isocyanate (2a) from dimethylphenylsilane (1a) and
urea (effect of the catalyst pretreatment).l!

|
Ph-Si-H + urea
I

la
Ph—S:i—N:C:O Ph—S:i—OH Ph—S:i—O'S:i—Ph Ph—S:i—H-S:i—Ph

2a 3a 4a 5a

Entry Catalyst Pretreatment Conv.of 1la Select. [%)]
[%] 2a 3a 4a 5a

1 Fresh Au/Al,Oz  Pretreated at 200 °C invacuo  >99 91 1 2 6
2 Fresh Au/Al,O3  Without Pretreatment >99 79 4 15 2
3 After the 5th reuse  Pretreated at 200 °C invacuo  >99 95 1 2 2
4 After the 5th reuse ~ Without Pretreatment >99 81 2 15 2

[a] Reaction conditions: Au/Al;Oz (Au: 1 mol%), 1a (0.5 mmol), urea (0.55 mmol), toluene
(2 mL), reflux (bath temperature: 135 °C), Ar (1 atm), 3 h. Conversions and selectivities were
determined by GC analyses. nd = not detected (<1 %).
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2.3.2. N —RAREAER

AU/ALO DI — Al & U CHERE L TV DMEND D728, £3 la b 2a ~DX
JEEATV, SUGKE Lh TAIBIZ K W AUALOs B2 L7, #ici2/k3FE 0.55 mmol %
IMZ T L 7z, ZDE &, &57% 2a DAEKITR G20 -7 (Figure 2-2), 7=,
ICP-AES HTIZ LV . Au DIEIRT~DIEHAE S TWRWnZ L bl L7, Blbnb,
AUALOs [Z R — Rl L U THEREL TV D Z &AM B MNE o7 )

100 ~

80 ~

Removal of Au/Al,O4

Yield of 2a/ %

Time/ h

Figure 2-2. Effects of removal of Au/Al;O3 on the reaction of 1a with urea. Reaction conditions
were the same as those in Table 2-1. After 1 h, Au/Al,Oz was removed by filtration, and urea was
newly added to the filtrate. Then, the resulting mixture was again heated at 135°C (bath

temperature). We carried out a set of experiments twice. The error bars (£ 3%) were determined
from two sets of experiments.
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2.3.3. filifhE o> Pk ]

la DR AUALOs 1T A V7 L AIBIZ K0 EHIZ A - B ATEETd V- (BN
R >0500), Yok, BEAR. MNEAEZES| X AMBLO#%, HOW CRISICHAWD Z &N T, H
fEA 6 M H TRV TH 2a DI 5% Ak L T/ (Figure 2-3), L2rL7273 5, 2a
DOAREE X, #IEFEHARE T 26 mMmint Tho7zdizxt L, FEH 6 [BH TiX
2.2mM min (2 LT (Figure 2-4), TEM BZZ L0 AuT ki - ORIEEN, K
AR 2.7 nm 2O FEMEHA S RIEFE:51nm EHRKLTWD Z ERERINT-Z b,
FERIZE TS AUALO; DIEMEINTIX Au 64T /R F-ORIRERICE D EE 2O
% (Figure 2-5),

2.3.4. FE M

fixDb FrvTr (1) 2REE LT RSO @AM A e L7z (Figure 2-6),
CAFNT =T (la) RO, la DT == VEORIAIZE FE R (1b and 1c)
REFREIE (1dand 1) AT 2FEMRICK LT, REOSITIRNER IS ET L, ST
HYINA T = EREWERTE O (Figure 2-6, 2a-2¢e), ¥ AF /LT = =)L
Iy (la) LD L EBICEEWS T 2= AF ATy () RN T 2=y T
(1g) Z#HEEE LTHWEE &b, pUtITh=R L <H#EFT L 72 (Figure 2-6,2fand 2g), KV
TNAXNTT o THDL NI ZF ATy (Lh)y RN =7 a ey Z s (L)
b, ASICEA R RE T o 7= (Figure 2-6, 2h and 2i), & H, TAafx v EaxFT5
FEE (1 and 1K) 12k L THARRISITEHAFIEETH U | FREOIGR TS T 5> U v
AT F— I ERAREH > 7203, EREVERME L TT F 77 vaxv 764
% L7= (Figure 2-6, 2j and 2K), LA L@ Y | AR IENE AW E @AM Z 73 2 & 23]
HNETRoT,
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Reuse.1 _P 96
Reuse.2 _ 96
Reuse. __ 96
Reuse-4 _P i ; i'?hers
Reuse.5 _P 96
ReUse.t P 95
o m o o 0

Yield/ %

Figure 2-3. Reuse of Au/Al,O3 for the reaction of la with urea. Reaction conditions were the
same as those in Table 2-1. We carried out a set of experiments twice. The error bars (+ 3%) were
determined from two sets of experiments.

100 -
2a

Yield / %

others
(3a+4a+5a)

0 1 2 3 4
Time/ h

Figure 2-4. Reaction profiles for the reaction of 1a with the fresh Au/Al,O; catalyst (black) and
the 6th reuse experiment (red). Reaction conditions were the same as those in Table 2-1.
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Figure 2-5. TEM images and Au particle size distributions of (a) the fresh Au/Al,Os catalyst
(average: 2.7 nm, standard deviation: 0.7 nm) and (b) Au/Al,Os after the fifth reuse experiment
(average: 5.1 nm, standard deviation: 2.5 nm). The size distributions were determined using 400
particles.
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1 1
R AU/Al,O5 R

RZ—S:i—H + urea > RZ—S:i—N:C:O
R R
1 2
| | |
—Si-N=C=0 MeO SiN=C=0  — Sli—N=C=O
2a, 91%, 3 h 2b, 94%, 3 h 2¢, 91%, 3 h
|_ |_ @
cl —Si-N=C=0  F,C Si-N=C=0 |
' ' @Si—N=C:O
|
2d, 87%, 3 h 2e.97%, 3 h 2f, 93%, 3 h
| AN
=
f N H
—Si-N=C=0 /—S(N:C:O /SiN=c=0
29, 97%, 4.5 h 2h, 99%, 6 h 2i, 69%, 15 h

L

Q Q
0-Si-N=C=0 0-Si-N=C=0
0 //J 0

)

2j, 56%, 9 h@l 2k, 43%, 24 hl”!

Figure 2-6. Scope of the present Au/Al,Os-catalyzed synthesis of silyl isocyanates. Reaction
conditions: Au/Al;O3 (Au: 0.2 mol%), hydrosilane (1, 0.5 mmol), urea (0.55 mmol), [Ds]toluene
(2 mL), reflux (bath temperature: 135 °C), Ar (1 atm), 1 h. Yields were determined by *H NMR
and GC analyses. Conversions of 1a—h were greater than 99%. Conversions of 1i, 1j, and 1k were
72%, 87%, and 65% respectively. The major by-products were the corresponding silanols,
disiloxanes, and disilazanes. [a] Tetraethoxysilane (23%) was also formed as a byproduct. [b]
Tetra(n-butoxy)silane (18%) was also formed as a byproduct.
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2.3.5. It A & e

KREED i3 A F6 Z O AulALOs D IEETEMEIZ ST L7z,

AU/ALOs X, & Fr v T U OKBRILEUS, TAF DT b, TAF 00 F o
t Rev b nWo7-fEax ORISR L THIEE2 /R L= (Figure2-7), & Rr v 7
v OKRBBALSOER B2 2 Y ik 0200 b Fa o U el LS TS TR, B Re Y
TUMKEFITAFEE LTHEMESNTEITTHZ ERHM L TE Y, Figure 2-7
(R LTEBOBIZB W T HRIERIC, AUALO IZ L » Tk R v T U RRE I A FHE L
LOEHE eSS TV D EHERI SN D,

KAHD GC-MS AT LV | la L IRFEDOFUSIZIBNT, 7 UE=T EAKRFENRREELT
WHZEEMER LT, £, lanff LN e T A YU T UBeE T B =T DA
T5HI L aMR LI, JRFEIX, 133°C 705 300°C DIREFIRIZBNTA VT Ui
RFBICEG T 2 Z LM BN TR Y M KISOKISIRE (bath temperature) T %
135°C TIHIRFDBEDRITE E TVDH LE X BILD, EBRIZ. TG-MS 7542 & v (135°C
ICBWTIREFEVNAGR L, A VT UVBET VE=TRNRBETHZ L 2R LLE
(Figure 2-8 and 9),

Table 2-1 [Z/R L7 &L 912, Au/CeO, (HHIRIFE 4.6 nm, HEEVEF 2= 1.3 nm) | Au/AlOs
X0 & MBEIETENME N> 72 (Table 2-1, entries 1 and 11), = Z T, Au/CeO; & Al,Os D¥)
HARAM & AW TRIGEIT 728 24, 2a DILERIT 4% (Au/CeO; DIFE) 125 46%
~LREL M ELE (Table 2-1, entry 12), Z D Z L&, AlOz 2SRRI BB 72 5| &
BELTWDZEERLTWD, [RERIZ, Si0 & Au/Ce0; EiRA S 7= & & HILRDH

FITA B4z (Table 2-1,entry 13) 725, —5 T, HEMMIATH 5 Mgo ZiREG ST &
XD XD R A SN0~ 7- (Table 2-1,entry 14), JREDA VT VLT

=T ~OBNMRITIT AT A b (H-Y B, H-B I, H-ZSM-5 Bl 7z &) 12 k- TRt Sh
H2ENRMBINTND Z &0 D B HHIKDEE DK ﬂw)%iv\ﬁér IR HIEMER E LT
BTN D EEZBND, EBRIZ, TG-MS 73#ric 135°C —JEIZIT D IRFEDEL
RIS DONT, AlOs & A7 ST RFE L, )77571%\@@@& TNZTHARTR 3 FRRED
HE TEMNEIT LTS Z L ZHEs L7z (Figure 2-9,a), MgO Z it SH7- & &%
AT UBRIFHBHEINT, ZiuE, MgO ITIRFBENSHE T Ly bRV T XLEE~DE
BEREELTWINLEEZEZLND,

U EDOFERN S ARSI RICR TGS AT X > THEFT LTV D & HERIL 7=
(Figure 2-10), £3°. B Fr > 7> ® Si-HfEAM AuflIC X > TIEML S, RETH
A FRFEPAERT D (Figure 2-10, step 1), RIFEDE GRS LY, A VT VLT
YE=TINERT DD, T OB RS ITAER ALOs DRI K D RS D (Figure 2-
10,step 2), =L C., RETHIFrAHBFE A VT VB CREAD) OBKER 7 a2
TV U TROSEIT L, KFBOREZM- T, kT2 VA Vo7 F— b AR
5D T, YA 7 VRFERLT A (Figure 2-10, step 3).
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Ph-Si—H — >  Ph-Si-OH
| acetonitrile/H,O (1.5 mL/0.5 mL) |

(0.5 mmol) 80 °C, air (1 atm), 10 min 92% yield

Au/Al,O3 (2 mol%)

Et;Si—H + Ph—— > Et,Si———FPh
toluene (2 mL)
o i
(0.55 mmol) (0.5 mmol) 80 °C, O, (1 atm), 1 h 81% yield
Au/Al,O3 (2 mol%)
Et3S|_H + Ph — 273 > Et35| ’J\/Ph
toluene (2 mL) _
(0.55 mmol) (0.5 mmol) 80 °C, Ar (1 atm), 1 h 90% vyield
| O Au/Al 0 /\Si—Ph
Ph-Si—-H + )J\ u/Al,O3 (2 mol%) _ o) ~
| Ph toluene (2 mL) Ph)\
(1 mmol) (05mmoly  80°C.Ar(latm), 3h 45% yield

Figure 2-7. Au/Al,Os-catalyzed hydrolytic silane oxidation, silylation, and hydrosilylation. It is
well known that hydrolytic silane oxidation,>-2% silylation,>° and hydrosilylation?4l proceed
through formation of electrophilically activated hydrosilanes.
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Figure 2-8. TG-MS analyses of urea (black) and a 1 : 1 (wt/wt) mixture of urea and Al,Os (blue).
The analyses were performed using ca. 5 mg of urea. The temperature was linearly increased form
20 °C to 500 °C at a heating rate of 2 °C min*. Isocyanic acid (HNCO) and NH3 were monitored
by a MS spectrometer with the fragments of m/z =43 and 16, respectively. The flow rate of a

carrier gas (He) was 100 mL min2.
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Figure 2-9. TG-MS analyses of urea (black) and a 1 : 1 (wt/wt) mixture of urea and Al,O3 (blue).
The analyses were performed using ca. 5 mg of urea. The temperature was linearly increased form
20 °C to 135 °C at a heating rate of 5 °C min, and then the temperature was kept at 135 °C for
3 h. Isocyanic acid (HNCO) and NH3 were monitored by a MS spectrometer with the fragments

of m/z = 43 and 16, respectively. The flow rate of a carrier gas (He) was 200 mL min2.
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H _H
Au —\F> Au----sl_ (or Au > (step 1)
i
O
HZNJ\NHz —A» H—-N=C=0 (step 2)

H

Figure 2-10. Possible reaction mechanism for the present Au/Al,Os-catalyzed synthesis of silyl
isocyanates by the reaction of hydrosilanes with urea (Si—H = hydrosilane, Au = Au/Al,Os).

2.4, FE

HE 4T 7 R Au/ALO: Z V=, b R T v L REBOBSRIC L 0 AT
HA T UBOBKER 7 0 2 Sy TV TSI XD, U A T F— hARK
EOBRFRICRIY LTz, REJSIE, 7V =g, 7 7oaxv il no =i~
DiEEEHETHE Ka v T A L CHEARRECTH - 72, AUGIE, Au iz L 5 Si-H
FEAOIEMAL & 1K AlLOs DEE I X D IRFE OB ORE LS | &JT kL
F L RO BRI 2R L2 BS /S A THEITT %, fERIETIE. U AA VY
7= M b Z T VRO EFRISIC L o TR LTV D, FRE O EME
OB, FBBEORA L TN X DR THROR S, LWV o R EZ A TV
7o AEIFIE LT RISRIE. AFEG D OLM THEEDIRWIEE 2 ., BIERD S 7
VEZT EKREFEOLTHY ., FFRLENE Vo T, BREFMLHEEZE AL
YUNA T I NERIETH D,
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o 3 &

R BT VT LG RA 2 iz
ZERRSE BRI A & L7 iKE T BRIE AL
BOSIZ X D N-EH#T = U 5k
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BIE

31 fEE

Z T ARONE, PEEOHEFRENARETHY . VAR y b T—FITHEEE DX
IS TS E D 2 LD TE D7D ERDBER 72 E BIEIZ LA~ TR 726 A0S Al RE
Tho W FETIE, 1 BERE (F7203 1 BELLE) oIS E &% 7 ARt 7 1
BRAB, TAT FIFFI A TIR, AT VLW TEREA OFMME
EYMOERIELE LTHEEEZED TWS B nFclicfiEsnTnbd ¥ o7 ARt~
BERACEENTWABEEDIZE A EIZT Va— Lok Thd, 7V a— /LD
{EIZ XY insitu TAR LT VT B REITS bk, REH & LT Wittig 33K, 7
T T I E WS TRBAINE FORT Do TV 3 — AN OIS & AT
BT AT R AERBET L ENTEIUR, KVIRAMEEmE S —7 >y hE L
e B T DRGSR EBTE 5 LIS LD,

N-EHLT = U FEHE B Yubt, BBt e Do Taig RV B TRW S LD BB
LA TH O N-EBEHBRT =) COABIEORITEELBETH L. W N ETON-
BT =1 A RIEOWEH 2 HEWEOBLEN O KT 25 & LTFO 32125 Sh
5.(0) 7=V r® N-7 /%4t (Figure 3-1, Eq (1)), (i) 7 > D7 U —nA1k (Figure 3-
1, Eq (2)). (iii) WiKkFEIFFEREE (Figure 3-1, Eq (3)), 7=V > ® N-7 L% /4kiC
BWTIHE, kLo a b7 AvFxABTAFAEHE L THOONTE
(Figure 3-1, Eq (1)). B 7=, BEFAMMOFIEL LT, ~aF AT X LoRBFICT
)b a— L% V% borrowing hydrogen strategy 146 <o, LR = b EWE AW TZIETT
7 2 ABEN b Tng, 7207 U —fkE LTiL, Buchwald—Hartwig 7
v 7Y 7Bl L2 Chan-Lam B v 7° Y o J 11 3384, Cd 5 (Figure 3-1,Eq (2)), 241 H D
Ay 7Y ROSE RIKOCEEEAME AR L, JOSOBREAT v 7 TOT I
BT V= NVEEALARETH 50, TERHA LI EEZLEE L, /1220
WD Eing (L) ORIESINAERT 5 E VoA EZA L TWD, IEF, ik
REBFRIGEIEN, Fx OFFEHFERILEMOERFIEL L THEAEZED TND
(Figure 3-1, Eq (3)), 101 KRB HFRIEESINZ LT, 7V, 7=V, =btn7T
L—, THRFZ, 22T )R B T A=, TU— VALK T I Renooflix
DT I MEEME T T antt ) VOB EDEND N-E#RT =V UBNEEAETH
HM, N-EHRT =V COBEEMND . B EE 2 AV N-E#RT =V UG RRiEOR
HERUEEINTND, Y7 aAF AT IVE, =B rhn 7= U~0OKFE
WIS B W TRIET 2L E/HRILAEH TH O  N-IEHRT =V AR DT DK
FHERERISOEEE L THETH S,

AHFIETIL, 7 a~F 7 Iunb N-ERT =) U EGIRT 5% V7 LRIk
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B EBRIGE GO 21T - 7= (Figure 3-1, Eq (4)), FHFEBREERIGICBWTIZEIS
Pd 2MfEMARE S L THWON DAY, 1 Bk 72k 5 A 4(bic L 24T
J kLD mEREILICE R L& 2 A, Au-Pd A4 /R 153 Pd B—F / Ri 11 kb
NTR R BEE 2 R T 2 2R L, 2% o7 AKE T BFERIEROG I,
AFRES TR HNLTWEEZ FANTWD Z & BRbAl & L TR OmEE s VT
WHZ L BIERMIIKET VE=ST ORTHD Z & B ATRE/ A% — Rt 2
WTWDHZ &, LWV o EREFAMN R A Z A LIEN-BIRT =) VG TH D,

—Typical Synthetic Procedures
(A) N-Alkylation of anilines

o NH2
| +  R%-X
Rl/ =

(B) N-Arylation of amines (cross-coupling)

X X RY X

\j
A,
=
\_/
zI
R

R-NH,  + ]
RZ/ = /\R2

(C) Oxidative aromatization

H
o] N-p2 - Nog2
+ R2-NH, —> — ||
17 Rl/ Rl/ =

— This Work
(D) Tandem oxidation process

H
NH2  Au-Pd/AI,O, N
- O/ \O \Au—PdlAlzog
e =
NH,
(Y T LN
R | | .
SN L ¢ R .
- Y R R
NHa

Figure 3-1. Synthetic procedures for N-substituted anilines.
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3.2. EBk
3.2.1. —fi%
GC
S A2 v~ k7F 7% Shimadzu i GC-2014 Z VN, T AITIEF ¥ EFT U —H T A
InertCap 5 33 LN TC-1 # vz, MHIZFIDIZ X v iT-72,

GC-MC

HAZ va< ~Z7Z 7% Shimadzu # GCMS-QP2010 # vy, I 7 AIZiZF v BTV —
717 A InertCap 5 % 7, B &1 130U B GCMS-QP2010 %, 1 4 LT 70 eV
D% E THWZ,

NMR
NMR A% kL% JEOL % JEOL JINM-ECA 500 # W CHIE L7, HHBIOBC I
TMS (I&1E: CDCls) Z A% LC, 5mm ¥ 7 L& & T, 500 MHz 3 L O

125 MHz THlllE L7z,

ICP-AES
ICP-AES #ll7& 1%, Shimadzu #{ ICPS-8100 Z H\CHIE L7,

TEM - STEM

TEM #1£21%, JEOL TEM-2010HC % i\ T4~ 7=, STEM #1%% (HAADF 4R 5 X
NEDS t#~ v B2 ZHR¥) X, JEOLJEM-ARM 200F % W CiT- 7=, NMEEEIT
WP H 200kV DFRETIT > 72, TEM B X STEM OBIE MY 7 i, *ﬁﬂzuftﬂ
(i) 2= ) — B S imRke, h—hra—hankzCu 7Y vy RECHT
L, I<ElpseitboaMALx,

A

fift i > AR 21X, AlLOs (BET surface area: 160 m? g%, cat. no. KHS-24, Sumitomo
Chemical). TiO, (BET surface area: 316 m? g2, cat. no. ST-01, Ishihara Sangyo Kaisya) % ]
Ay

Tt L OUYE T, BHb:, ke T2, FOGMIBE T 2., Aldrich 225HEA L7726
DEAN, AWEIEED 9 B 1b-1K 1% cis-trans BYEADIEREH TH Y . THNMR 2547
IZL > TEDcisitrans LER 2 H LU ORDTZEZ A, IROEY ThH-o7=; 1b (cis:trans
=58:42), 1c(cis:itrans =74:26). 1d (cis:trans=30:70), le(cis:itrans=59:41), 1f (cis:trans=
49:51), 1g (cis:trans =51:49), 1h (cis:trans = 38:62). 1li (cis:trans = 38:62), 1j (cis:trans =
52:48). 1k (cis:itrans = 46:54). FEE 10 1%, v Zu~Hh /)4y 7Ta LT 2 O
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KMEEIZ L VAR LT,

3.22. HEFE—NT VU LGeT /KA AR O

Au-Pd/ALLOs (Au/Pd = 77/23) 1%, L FOFNRIZHE - T, HriiibBIEIc L - TR L 72,
9. HAUCI4-4H,0 (6.67 mM), PdCl, (1.67 mM), KCI (PdCl;{Zxf L T 2 & 3.33 mM)
DK 60 mL (2 Al,Os 209 2Nz, TILT 15 0HAET 5, KIZ, 1.0M @ NaOH /K
AR 1.5 mL Z 4R 2 123 T L CKEEIR® pH 249 10.0 ICFH%E L, 24 BT 5, ik
. AT D Z & THOILKEBEDHIEMAK) 209 v =2 L 7B L, /KFE Latm
FC 150 °C T 30 SEIINEAT 5 Z & T, T THEFE T T AEET R il
(Au-Pd/AI,03) %4572, ICP-AES /3#HT &V (Au & Pd DFHEEFET, Z412410.137 mmol g2,
0.042mmol gt & 7o 72 (AuPd=77/23), £7=. TEM Bl b ROT=F / Ki1 DI
B (da) 1. L70m Th o7z (FEYER A (o): 0.4nm), il 858 50 o> J5UR} L
(HAUCI4-4H:0/PdCly) Z i35 Z & T kITRT & 5 72k % 72 Au/Pd H.d Au-Pd/AlO;
ZHELATRE T & - 72; Au-Pd/AILO3 (Au/Pd = 89/11, Au: 0.180 mmol g%, Pd: 0.023 mmol g %),
Au-Pd/Al,O; (Au/Pd = 39/61, Au: 0.070 mmol g%, Pd: 0.109 mmol g %), Au-Pd/Al,O; (Au/Pd
=14/86, Au: 0.025 mmol g%, Pd: 0.155 mmol g%), &7, RO IET, KITRT LD
RBRNT VU LORHEHEF S E AT 2 =7 AR E Uit SR AT T o
-; Au/Al;O3 (Au: 0.158 mmol g2, day: 3.2 nm), Pd/Al,O3 (Pd: 0.237 mmol g2, dav: 2.2 nm),
Au-Pd/TiO; (Au/Pd = 37/63, Au: 0.070 mmol g%, Pd: 0.118 mmol g %),

3.2.3. i

i LRI Z A R O FNETIT - 72, Pyrex 4 7 A RGBS (BEAK 20mL) 2. Au-
Pd/Al,O; (Au: 1.15 mol%, Pd: 0.35 mol%), > 7 2~ /L7 I > (1,1.0 mmol), n-~3F
F 7> (0.1 mmol, WIEEYEME), A F L > 2mL), BfF2nz, BE+ 52 L72<,
REH (Latm) THIGHK %A 130°C C 3h Hi#p L7z, HEB LAY OEREIL n-~F
YT PEREYE &35 GC ATIC L WiTo 70, L% BT 285618, PIEYE
W & e inoTe, RO, LI A V7 L ABIC L 0 ESIZRINATRECTH 0 (7]
IR >90%) ., FUSATRITT SR L—3 9 N2 K » TEMEFTRETH o 120 Z DMK S .
U TNERN AT A u~ NI T T 4=l Tl N-v 7 ek Ly =
U R A BBERRE T d o 7o (MR e BBRIRLL: ~F Y V= TF L — T VRE
WiR), £ ORIEIX GC-MS 3 X NMR 54T (*H B L ONBC) TiTo7=, AR 2b-
2k 1%, cis-trans ZIEEDIRAM TH > 7=7- 8, GC B L OV *HNMR 34712 Xk - T cis:trans
ez R 7o, O HIERICB N TIL, A7 L AR &0 B L 7 il A A
X )= an XX ARG T L CRzE S E 7%, KR&H (Latm) T 300 °C
T2BERIBERR L, & 5I2/k3%E Latm FC 150 °C T 30 4y MINEVLER L 7= & D & R [E D
e E LAY
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3.24. AT "NVTF—H
R D AT VT —Z ZIRICTRT,

H
O
N-Cyclohexylaniline (2a): colorless oil; *H NMR (500 MHz, CDCls, 25 °C, TMS): §= 7.16—
7.11 (m, 2H), 6.64 (tt, J = 7.5 and 1.0 Hz, 1H), 6.56 (m, 2H), 3.47 (brs, 1H), 3.26-3.20 (m, 1H),
2.05-2.02 (m, 2H), 1.77-1.72 (m, 2H), 1.66-1.61 (m, 1H), 1.39-1.31 (m, 2H), 1.26-1.08 (m, 3H);
BC{*H} NMR (125 MHz, CDCls, 25 °C,TMS): 6= 147.7, 129.5, 117.1, 113.4, 51.9, 33.8, 26.2,
25.3; MS (70 eV, El): m/z (%): 175 (37) [M*], 176 (5), 146 (5), 133 (13), 132 (100), 119 (13), 118
(15), 117 (9), 106 (8), 93 (11), 91 (5), 77 (9).

H
OO0
Me = \Me

4-Methyl-N-(4-methylcyclohexyl)benzenamine (2b, cis:trans = 39:61): colorless oil; *H NMR
(500 MHz, CDCls, 25 °C, TMS): 6=6.97-6.94 (m, 2H), 6.54-6.49 (m, 2H), 3.38 (brs, 1H), 3.52—
3.49 (m, 1H for cis-isomer), 3.16-3.10 (m, 1H for trans-isomer), 2.22 (s, 3H), 2.10-0.90 (m,
12H); BC{*H} NMR (125 MHz, CDCls, 25 °C, TMS): & = 145.5, 145.4, 130.0, 129.8, 126.4,
126.2, 113.8, 113.7, 52.7, 48.7, 34.4, 33.9, 32.7, 31.2, 30.1, 29.6, 22.6, 21.7, 20.7; MS (70 eV,
El): m/z (%): 203 (26) [M*], 147 (12), 146 (100), 133 (9), 132 (9), 131 (11), 130 (5), 120 (5), 118
(5), 107 (8), 106 (9), 91 (8), 55 (5).

H
Me\©/N\©/Me
3-Methyl-N-(3-methylcyclohexyl)benzenamine (2c, cis:trans = 80:20): colorless oil; *H NMR
(500 MHz, CDCls, 25 °C, TMS): 6= 7.05-7.01 (m, 1H), 6.47 (m, 1H), 6.40-6.37 (m, 2H), 3.66—
3.63 (m, 1H for trans-isomer), 3.41 (brs, 1H), 3.24-3.18 (m, 1H for cis-isomer), 2.25 (t, J = 18 Hz,
3H), 2.10-0.67 (m, 12H); BC{*H} NMR (125 MHz, CDCls, 25 °C, TMS): 6 = 147.7, 139.2,
129.4,118.1,117.9, 114.2, 114.1, 110.6, 110.4,52.3, 47.7, 42.8, 39.1, 34.9, 34.3, 33.7, 32.3, 30.7,
27.4, 25.3, 22.8, 22.0, 21.9, 20.8; MS (70 eV, EI): m/z (%): 203 (57) [M*], 204 (9), 188 (6), 161
(13), 160 (100), 147 (11), 146 (83), 145 (9), 144 (7), 134 (5), 133 (26), 132 (23), 131 (15), 130
(10), 120 (19), 118 (16), 117 (8), 108 (5), 107 (36), 106 (11), 91 (19), 79 (5), 77 (7), 65 (9), 55

(12).
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Me 4 Me
MO
2-Methyl-N-(2-methylcyclohexyl)benzenamine (2d, cis:trans = 16:84): pale yellow oil; *H
NMR (500 MHz, CDCls, 25 °C, TMS): 6 = 7.09-7.02 (m, 2H), 6.62-6.56 (m, 2H), 3.58-3.56
(brs, 1H for cis-isomer), 3.28 (brs, 1H), 2.96-2.91 (m, 1H for trans-isomer), 2.20-0.91 (m, 15H);
BC{*H} NMR (125 MHz, CDCls, 25 °C, TMS): 5= 146.3, 145.8, 130.5, 127.39, 127.35, 121.8,
121.6, 116.2, 116.1, 110.3, 110.0, 58.2, 53.1, 41.2, 39.4, 35.1, 34.0, 33.6, 30.7, 29.1, 26.2, 25.8,
23.5,23.1,19.9, 17.9, 17.8; MS (70 eV, EI): m/z (%): 203 (38) [M*], 204 (6), 161 (5), 160 (31),
147 (13), 146 (100), 144 (5), 133 (9), 132 (5), 131 (12), 130 (8), 120 (15), 119 (5), 118 (42), 117
(6), 107 (10), 106 (8), 91 (14), 77 (5), 65 (7), 55 (8).

I L
Et = Et

4-Ethyl-N-(4-ethylcyclohexyl)benzenamine (2e, cis:trans = 52:48): colorless oil; *H NMR
(500 MHz, CDCls, 25 °C, TMS): 6 = 6.99-6.97 (m, 2H), 6.55-6.51 (m, 2H), 3.53-3.50 (m, 1H
for cis-isomer), 3.41 (brs, 1H), 3.16-3.11 (m, 1H for trans-isomer), 2.52 (g, J = 7.5 Hz, 2H), 2.12—
0.86 (m, 17H); *C{*H} NMR (125 MHz, CDCls, 25 °C, TMS): 5= 145.74, 145.65, 133.0, 132.9,
128.8, 113.6, 113.5, 53.0, 49.0, 39.3, 38.1, 33.9, 32.0, 29.9, 29.7, 28.6, 28.2, 27.8, 16.3, 11.9; MS
(70 eV, El): m/z (%): 231 (32) [M*], 232 (6), 161 (13), 160 (100), 147 (10), 134 (5), 132 (18), 131
(9), 130 (9), 106 (14), 105 (6), 77 (5), 55 (5).

H

| X NO\
n-Pr = n-Pr

4-Propyl-N-(4-propylcyclohexyl)benzenamine (2f, cis:trans = 40:60): colorless oil; *H NMR
(500 MHz, CDCls, 25 °C, TMS): 6 = 6.96-6.94 (m, 2H), 6.53-6.49 (m, 2H), 3.52-3.49 (m, 1H
for cis-isomer), 3.41 (brs, 1H), 3.16-3.10 (m, 1H for trans-isomer), 2.45 (t, J = 7.5 Hz, 2H), 2.11-
0.87 (m, 21H); BC{*H} NMR (125 MHz, CDCls, 25 °C, TMS): 6 = 145.7, 145.6, 131.4, 131.2,
129.4, 113.52, 113.45, 53.0, 49.0, 39.6, 38.3, 37.5, 37.3, 36.0, 34.0, 32.4, 29.7, 28.1, 25.2, 20.5,
20.4,14.7,14.1; MS (70 eV, EI): m/z (%): 259 (41) [M*], 260 (8), 231 (7), 230 (39), 175 (14), 174
(100), 161 (8), 148 (6), 144 (5), 132 (29), 131 (6), 130 (10), 106 (38), 105 (9), 91 (5), 81 (5), 79
(5), 55 (9).
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H

| \/NO\
i = .
i-Pr i-Pr

4-(1-Methylethyl)-N-[4-(1-methylethyl)cyclohexyl]benzenamine (2g, cis:trans = 37:63): pale
yellow oil; *H NMR (500 MHz, CDClg, 25 °C, TMS): §=7.02-7.00 (m, 2H), 6.55-6.50 (m, 2H),
3.57-3.55 (m, 1H for cis-isomer), 3.44 (brs, 1H), 3.14-3.09 (m, 1H, trans-isomer), 2.82-2.74
(sept, J = 7 Hz, 1H), 2.14-1.01 (m, 16H); 0.87 (d, J = 7.0 Hz, 6H); *C{*H} NMR (125 MHz,
CDCls, 25 °C, TMS): 6=145.83, 145.75, 137.6, 137.4,127.4,113.4, 113.3,52.9, 48.3, 43.9, 43.5,
34.2,33.4,32.9, 32.1, 30.2, 29.0, 24.8, 24.6, 20.3, 20.2; MS (70 eV, El): m/z (%): 259 (48) [M"],
260 (10), 245 (9), 244 (45), 175 (13), 174 (100), 161 (11), 148 (7), 146 (23), 135 (6), 133 (5), 132
(31), 131 (7), 130 (12), 120 (35), 119 (7), 118 (6), 117 (6), 91 (10), 81 (7), 79 (5), 77 (6), 69 (5),
67 (5), 55 (8),

H

4-Butyl-N-(4-butylcyclohexyl)benzenamine (2h, cis:trans = 32:68): pale yellow oil; *H NMR
(500 MHz, CDCls, 25 °C, TMS): 6 = 6.96-6.94 (m, 2H), 6.53-6.49 (m, 2H), 3.51-3.49 (m, 1H
for cis-isomer), 3.35 (brs, 1H), 3.16-3.10 (m, 1H for trans-isomer), 2.47 (t, J = 7.8 Hz, 2H), 2.37—
0.88 (m, 25H), *C{*H} NMR (125 MHz, CDCls, 25 °C, TMS): §= 145.7, 145.6, 131.6, 131.4,
129.4,113.55, 113.47,53.0, 49.0, 41.1, 37.6, 37.0, 36.32, 36.27, 35.7, 35.5, 35.0, 34.3, 34.0, 33.1,
32.4,29.83, 29.75, 29.67, 29.64, 28.2, 23.29, 23.26, 22.6, 14.42, 14.36, 14.3; MS (70 eV, El): m/z
(%): 287 (55) [M*], 288 (12), 245 (9), 244 (47), 189 (15), 188 (100), 175 (8), 162 (5), 144 (5),
132 (27), 131 (5), 130 (9), 106 (40), 105 (8), 91 (5), 81 (6), 67 (5), 55 (9).

n-Bu

H

4-(1-Methylpropyl)-N-[4-(1-methylpropyl)cyclohexyl]benzenamine (2i, cis:trans = 27:73):
pale yellow oil; *H NMR (500 MHz, CDCls, 25 °C, TMS): §=6.97-6.94 (m, 2H), 6.54-6.51 (m,
2H), 3.59-3.57 (m, 1H for cis-isomer), 3.40 (brs, 1H), 3.14-3.09 (m, 1H, for trans-isomer), 2.49—
0.79 (m, 27H); *C{*H} NMR (125 MHz, CDCls, 25 °C, TMS): 5= 145.84, 145.77, 136.4, 136.3,
128.0,113.4,113.3,53.1, 48.2,42.1, 41.8, 41.0, 39.6, 39.0, 34.4, 34.2,31.7, 30.4, 30.3, 29.7, 27.7,
27.1, 26.9, 25.3, 23.7, 22.3, 16.13, 16.06, 12.6, 12.2, 12.0; MS (70 eV, El): m/z (%): 287 (35)
[M*], 288 (8), 272 (7), 259 (20), 258 (100), 188 (21), 146 (10), 132 (11), 120 (28), 57 (5), 55 (6).

s-Bu
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H

/©/N\©\
t-Bu t-Bu

4-(1,1-Dimethylethyl)-N-[4-(1,1-dimethylethyl)cyclohexyl]benzenamine (2j, cis:itrans =
30:70): colorless oil; *H NMR (500 MHz, CDCls, 25 °C, TMS): § = 7.19-7.15 (m, 2H), 6.56—
6.51 (m, 2H), 3.63-3.60 (m, 1H for cis-isomer), 3.49 (brs, 1H), 3.14-3.08 (m, 1H for trans-
isomer), 2.17-0.86 (m, 27H); B*C{*H} NMR (125 MHz, CDCls, 25 °C, TMS): 6= 145.5, 145.4,
139.8, 139.6, 126.3, 113.1, 113.0, 52.9, 48.3, 48.2, 48.0, 47.2, 34.5, 34.1, 32.8, 32.7, 31.9, 30.8,
28.0, 27.8, 26.7, 21.9; MS (70 eV, El): m/z (%): 287 (48) [M*], 288 (10), 273 (21), 272 (100), 189
(6), 188 (39), 160 (13), 134 (23), 132 (15), 106 (8), 81 (5), 57 (17), 55 (5).

H

JORS
n-CsH, n-CsHqq

1

4-Pentyl-N-(4-pentylcyclohexyl)benzenamine (2k, cis:trans = 39:61): pale yellow oil; 'H NMR
(500 MHz, CDCls, 25 °C, TMS): 6 = 6.96-6.94 (m, 2H), 6.54-6.49 (m, 2H), 3.53-3.50 (m, 1H
for cis-isomer), 3.41 (brs, 1H), 3.16-3.10 (m, 1H, trans-isomer), 2.47 (t, J = 7.8 Hz, 2H), 2.12—
0.86 (m, 29H); BC{*H} NMR (125 MHz, CDCls, 25 °C, TMS): § = 145.7, 145.6, 131.7, 131.5,
129.4, 113.6, 113.5, 53.0, 49.1, 37.6, 37.3, 36.3, 35.7, 35.3, 34.0, 32.52, 32.45, 31.9, 29.8, 28.2,
27.13, 27.09, 23.0, 22.9, 14.43, 14.40; MS (70 eV, El): m/z (%): 315 (62) [M*], 316 (15), 259
(12), 258 (59), 203 (15), 202 (100), 189 (7), 176 (5), 144 (6), 132 (29), 130 (10), 106 (49), 105

(9), 81 (8), 67 (6), 55 (12).
H
AN N 7~
Q)

Diphenylamine (3a): MS (70 eV, EI): m/z (%): 169 (100) [M*], 170 (13), 168 (52), 167 (26), 84
(112), 77 (8), 66 (7), 65 (6), 51 (11).

H

N
©/ (CHy)7CH3

N-Octylbenzenamine (8aa): MS (70 eV, El): m/z (%): 205 (13) [M*], 107 (8), 196 (100), 77 (8).
H

No
/©/ (CH,);CH3
Me

4-Methyl-N-octylbenzenamine (8ba): MS (70 eV, El): m/z (%): 219 (18) [M*], 121 (10), 120
(100), 91 (7).
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33. MRLBE
3.3.1. Au-Pd/ALOs fitiftD ¥ v 7 7 Z V¥ — 9

TEM #2200 53K D 7= Au-Pd/ALOs il D F / ki 1D SRR (da) 1E. 1.7 nm TH o
7z (Figure 3-2, a), & H T, Au-Pd/Al,Os filifi:> HAADF-STEM 43473 L O EDS i~
v B TSI TiO 8K RITH)—IZIRG Sz Au-Pd && ) /R0 HFF S
TWbHZ ENRW LM ER T (Figure 3-3),

Frequency (%)
g &

N
o
L1

o o
j_I

Size (nm)

N
o

Frequency (%)
N w
o o

[ay
o

0 :‘V—‘Jﬂﬂj:bhq—mv—q‘v_v—v—v‘
0 5 10 15
Size (hm)

Figure 3-2. TEM images and Au—Pd bimetallic nanoparticle size distribution of (a) fresh Au—
Pd/Al,O3 (average: 1.7 nm, o: 0.4 nm) and (b) Au-Pd/Al.O; after the fifth reuse experiment
(average: 4.6 nm, o: 1.6 nm). The size distribution were determined using 200 particles.

102



S mm :r_:l:::

620

465 — Au

310 —

Net Counts

Pd

1556 —

T T
0.00 5.99 11.99 17.98
Nanometers

Figure 3-3. HAADF-STEM and EDS images of Au-Pd/Al,O3 (Au/Pd = 77/23).

3.3.2. filhEzh R

DraAFUALT IV (1) D N7 aAF AT =Y v (28) ~DEX T LI
KREFEF BRI 2 ET VIR E LT, S R 2 #5t L 72 (Figure 3-4, Table 3-1),
Figure 3-4 (1Z1% 2a DU AN I > 72 S 7 v 7 7 A v % | Table 3-1 (213 RefH]
3h 2T % la DEALFRL, HAERMOIRZR L TV D,

Au-Pd/ALO; (Au/Pd = 77/23) A3V MRBLEMEZ % L, 3 h T 95% IU3R T 2a 233 bz
(Figure 3-4, Table 3-1, entry 1), Au/ALOs # W\ =& % N-v 7 a~F Ty v 7~
FA I PR 4a 1L 3h TI8W IR THOLND b DD, 2aldB< AR LT
(Figure 3-4, Table 3-1, entry 2), F 7=, Pd/ALOs #H 7= & x4, 2al3e< ERk Lo
7= (Figure 3-4, Table 3-1, entry 3), Au/Al,O; & Pd/AL,Os DYFRHRIR G & V- & & X
JSTEITT D H DD 2a 1% 3% LR L7z~ 7= (Figure 3-4, Table 3-1, entry 4), Fij1H
3.21L.THHMT L7 L 512, Au-Pd/ALO; 1% AL,Os HH{K 12 Au & Pd &R DT 7 K
THRESEEESNEEEZALCVD, 202 LD, Au t Pd DT L-ULTOIR
BNABISICBWTHETHL Z NP LN Lo, 7B, AUALO;, PA/ALOs, 35
FOZOYWHIREEWE WL EORISETIE, 7=/ —ART =V UREIELTES
(T2 VORISR E EERNT A7~ N7 77 4 —TIIRHTE T s
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BEZbhb,

Bk % 72 AulPd tE3 % Fi> Au-Pd/ALOs (Au/Pd = 89/11, 39/61, 14/86) % FAVNTHUG & 4T
STl & OSITETT 523, 2a DULERIT 40-68% (28 E £ D . Au/Pd=T77/23 @ 95% (Z
KX 727> 7= (Table 3-1, entries 1 and 6-8), F 7=, Au-Pd/TiO, (Au/Pd = 37/63) % i\ T
SIS aiToT2E 2 A, 2a DILERIT 62% (2 & & F - 7= (Table 3-1, entry 5),

BERRAE DSAE. F7203 AlOs DHZ AWV D RIETIE, 1la DEMLITESEE 20> 72
(Table 3-1, entries 9 and 10),

100
80 A
S
[ 60 N
N
- —&— Au-Pd/Al,O,
- 40 —— Au/ALO,
-g —&— Pd/ALO,
20 —@— AU/ALO, + Pd/ALO,
(physical mixture)
0 - s—F% — & — % |
0 1 2 3
Time [h]

Figure 3-4. Tandem dehydrogenative aromatization of cyclohexylamine (1a) using various
catalysts. Reaction conditions: l1a (1.0 mmol), catalyst (Au: 1.15 mol%, Pd: 0.35 mol%),
mesitylene (2 mL), 130 °C, open air (1 atm). Detailed data, e.g., conversions of 1a, and yields of
2a and other products 3a—5a, are noted in Table 3-1.
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Table 3-1. Tandem dehydrogenative aromatization of cyclohexylamine (1a) using various

catalysts.?
NH, N N N N
SEEIORGIOACISACIORS
la 2a 3a 4a 5a
Entry Catalyst Au/Pd Conv. of  Yield (%)
molar ratio la (%) 2a 3a 4a 5a
1 Au-Pd/AlO3 3.3 >99 95 <1 <1 <1
2 AU/ALO3 - 42 <1 <1 18 <1
3 Pd/AlO3 - 34 <1 <1 <1 <1
410 Au/Al;O3 + Pd/Al03 3.3 76 3 <1 12 <1
5 Au-Pd/TiO; 0.59 >99 62 3 <1 4
6 Au-Pd/Al;O3 7.8 81 40 <1 6 5
7 Au-Pd/Al;O3 0.64 96 68 <1 <1 <1
8 Au-Pd/Al;O3 0.16 93 60 4 <1 5
9lcl AlLO3 - <1 <1 <1 <1 <1
10 None - <1 <1 <1 <1 <1

[a] Reaction conditions: 1a (1.0 mmol), catalyst (Au: 1.15 mol%, Pd: 0.35 mol% for entiries 1-4; total
metal (Au + Pd): 1.5 mol % for entries 5-11), mesitylene (2 mL), 130 °C, open air (1 atm), 3 h.
Conversions and yields were determined by GC analysis using n-hexadecane as an internal standard.
[b] Physical mixture of Au/Al;Oz and Pd/Al>Os. [¢] Al203 83.9 mg.
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3.3.3. N —RAMEASER

AU-PA/ALO; N A — A filtt & U CHEBE L TV 2 0N 5728, £ lan b 2a -~
DS EATV, BOSEE 1 h TAIEIC L Y Au-Pd/ AlLOs 2 BRZ= L7214, ORI & InEk
L7c, Z0&E, Sb7d 2a DAERITR b/ - 7= (Figure 3-5), F£7-. ICP-AES 7;
FrZE D, AuB X OPd DIFEH~ORHEBEE TORWZ E LR LT, LLEND,
Au-Pd/ALOs [ZARY)— R & U THERE L TV D Z LB L Te o7z, B2

AU—Pd/A|203 H
O/NHz (Au: 1.15 mol%, Pd: 0.35 mol%) ©/N\©
mesitylene (2 mL) -
la air (1 atm), 130 °C 2a
100
80 -
g -
e 60 -
N .
© L e
5 40 A ‘\ [ u - a
2 7
> 20 A Removal of the catalyst
O ! I ! I ! I
0 1 2 3
Time (h)

Figure 3-5. The effect of removal of the Au—Pd/Al.O; catalyst (verification of heterogeneous
catalysis). The reaction conditions were the same as those described in Table 3-1. GC yields are
shown here.
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3.3.4. filtt o> A

la D)% AU-PA/ALOs 1X A > 7 L o AIEIZ K 0 B 7B BN S FTRE T b ([
IV >90%), Buidr, BERk, AKFWE D%, FFONR UIGIZHAWS 2 &R TE 7= (Figure 3-
6), FEA 5 M HIZHBWTEH 2a DILERIE 75% 2 MERF L ClIW 225, FRE A I 1y 2

52 LI 2a DULEPRA IO L TWD Z ERbnbd,

TEM #lg12 L9, Au-Pd F/

B ORIRD, REARE 1.7nm O FEH 3 EIE%: 46 nm SHERKLTWD 2 &3
WEINTZ Ens FFEAIZE T 5 Au-Pd/ALOSTIO, DIEMER T iX Au-Pd 547 / kit

DRI RIZE D EE 2 b5 (Figure 3-2, aand b),

AU—Pd/A|203

H
N

ONHz (Au: 1.15 mol%, Pd: 0.35 mol%)
mesitylene (2 mL)

Sh®

la air (1 atm), 130 °C 2a
100
80 A
S
c 60 A
N —t— fresh
q‘5 —fi— ]st reuse
s 40
) —t— 2nd reuse
p
=0 3rd reuse
20
== 4th reuse
0 . . | —>:(— 5th rellee
0 1 2 3
Time (h)

Figure 3-6. The reaction profiles for the catalyst reuse experiments. The reaction conditions were
the same as those described in Table 3-1. GC vyields are shown here. Final yields (3 h): Fresh
(95%), 1st reuse (88%), 2nd reuse (83%), 3rd reuse (79%), 4th reuse (86%), 5th reuse (75%).
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3.3.5. ALE MM

fEix D r7ma~X LTIy () 2885 E LT, RGO RE AL R LT
(Figure 3-7, Table 3-2), > 7 B ~F LT I D AN, 3L, 2 (LI A TFIVENREAIN
T 7~ T IVTHRINMIIRLSETL, nT067 =V UrR"iEbhik
(Figure 3-7, 2b-2d, Table 3-2, entries2-4), > 7 ua~F TV T I D 4Ll =F i 7
DEVHE A Y TR VR EALEE D ST T =) AR TE T (Flgure 3-
7, 2e-2g, Table 3-2, entries 5-7), S HITEEWERIL TH DL 7TV, s-7F/LHE t
FNRE - F I A FR OB I L CHO ARSI FIRE Th o 72 (Figure 3-
7, 2h-2k, Table 3-2, entries 8-11), LA L XV | ARSI, Fix D7 ma~Fi 7 I 02
XU CIAWEEAMEZ RS Z ERA LN E 2ol 7ol HE b1k ZHW TG %
1To72 & & AR 2b-2k @ cis:trans FL3RITHE 1b-1k & tE_XTH7Z2 > Tu /= (Table 3-
2, entries 2-11),

H
C]/NHZ Au-Pd/Al,O5 N @/ij
B} _ k
P R , <R

R
1
H H H
SROEENCACHERNOASH
_ pe " J U
2a, 88%, 3 h 2b, 73%, 2.5 h 2c, 81%, 2.5h
Me H H H
o, g
©/ \O Et Et n-Pr n-Pr
2d, 40%, 5 h 2e,64%, 2 h 2f, 74%, 3 h
H H H
pr” Z i-Pr n-Bu n-Bu s-Bu s-Bu
29, 74%, 3 h 2h, 72%, 3 h 2i,82%, 3 h
H
L Q/ L
U/ 7 t-Bu n'C5H1 n-C Hll

2j, 65%, 2 h 2k, 65%, 4 h®
Figure 3-7. Scope of substrates. Reaction conditions: 1 (1.0 mmol), Au-Pd/Al,Os; (Au:
1.15 mol%, Pd: 0.35 mol%), mesitylene (2 mL), 130 °C, open air (1 atm). Detailed data, e.g.,
conversions of 1, yields of 2 and other products 3-5, and cis/trans ratios of 1 and 2, are noted in
Table 3-2. [a] Au—Pd/Al;O3 (Au: 2.3 mol%, Pd: 0.7 mol%).
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Table 3-2. Scope of substrates (details for Figure 3-7).18

H H H

NH, N o N N N
SEEPROIORMISAGISAS®
RS RS R RS R RS R RS R

1 2 3 4 5

Entry  Substrate (1) cis/trans  Time Conv. of Yield [%] Isolated yield cis/trans
ratioof 1  [h] 1 [%] 2 3 4 5 of 2 [%] ratio of 2

1 R=H (1la) — 3 >99 95 <1 <1 <1 88 —

2 = 4-Me (1b) 58:42 2.5 >99 82 <1 <1 <1 73 39:61

3 = 3-Me (1c) 74:26 2.5 >99 91 <1 <1 <1 81 80:20

4 = 2-Me (1d) 30:70 5 >99 53 <1 <1 <1 40 16:84

5 = 4-Et (le) 59:41 2 >99 78 <1 2 <1 64 52:48

6 = 4-n-Pr (1f) 49:51 3 >99 76 <1 2 <1 74 40:60

7 = 4-i-Pr (19g) 51:49 3 >99 83 5 <1 <1 74 37:63

8 = 4-n-Bu (1h) 38:62 3 >99 71 <1 2 <1l 72 32:68

9 = 4-sec-Bu (1i) 38:62 3 >99 78 2 2 <1 82 27:73

10 = 4-tert-Bu (1)) 52:48 2 >99 78 10 <1 <1 65 30:70

1100 = 4-n-CsHy (1K) 46:54 4 >99 60 4 <1 2 65 39:61

[a] Reaction conditions: 1 (1.0 mmol), Au-Pd/Al,O3 (Au: 1.15 mol%, Pd: 0.35 mol%), mesitylene (2 mL), 130 °C, open air (1 atm). Conversions and
yields were determined by GC analysis using n-hexadecane as an internal standard. [b] Au: 2.3 mol%, Pd: 0.7 mol%.



ABOGHRIE, Au-Pd/ALOs DEZIERL L, SUGKH A IER T D &\ o 872 SIS S
BHEZATHZT T, lanb 2a ~DOSITHES 2a 726D E 572 5 /KFE T HERTEAUL
JRIZE T, P7x2=A7 I Ba) BT HZLEAEETHY . 6h T 64% ILET
3a N7z (Figure 3-8), 7272 L. 6h OW AT 3a (64%) LIS DIVE R L OAERMIL
BHENTEBLT, I—Ro TR T2, Tt 225% (BEFEET) 2B
WTIAT 5 E NI FEHICL ST, 7=V (2a BLW 3a) 7 VP HNLVEEMHORIK
ST L. GC TR FTREZR & o TR OB A ER L T L E 272D TR
EEZLND,

AU—Pd/A|203 H H
O/NHZ (Au: 7.8 mol%, Pd: 2.2 mol%) ©/N\© ©/N\©
- ——
mesitylene (2 mL)
1a air (1 atm), 130 °C 2a 3a
100
’ ——2a
< 80 —=—3a
©
™ 60
o
©
N 40
©
ke
o 20
>_
0

Time (h)

Figure 3-8. The reaction profile for the tandem dehydrogenative aromatization of
cyclohexylamine (1a) to diphenylamine (3a) using Au-Pd/Al,Os. Reaction conditions: la
(0.5 mmol), Au—Pd/Al;O3 (Au: 7.8 mol%, Pd: 2.2 mol%), mesitylene (2 mL), 130 °C, open air
(1 atm). Yields were determined by GC analysis using n-hexadecane as an internal standard.
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336. rua~FHh T IUNDDOKIN

I anFUNT I e FE e LT BUKE T FRIZABOSICHO T, Au-Pd/ALO; %
ANT, v r7mnFd ) &7 IUnbxic T % N-EIRT =1 o ~OBiKETFHFERIE
FRES R A 72, Au-PdIALO; fFAE T, v 7~/ (6a) X° 4-ATF /L7 a
X4/ (6b) & n-A T FNAT IV (Ta) ORI E > T, MIGTDHN-TAXALT =Y
» (8aaand8ba) NAKAIEETH - 7= (Figure 3-9), S HIZ, 7 a~FH ) IRz T
vrma~Ft s —/ (9aand 9b) WL E S, ST A N-TAFALT =V (8aa
and 8ba) 23 E K AIHE T > 7= (Figure 3-10),

H

o} N_
(j + CH3(CHy);NH, ©/ (CH)7CHs
6a 7a \ Au-Pd/Al,O4 f 8aa, 53% yield
H
o / \ N
+ CH3(CH,);NH, /@ (CH,);CHg

Me Me X

6b 7a 8ba, 51% yield

Figure 3-9. Dehydrogenative aromatization of cylcohexanones (6) with amines (7). Reaction
conditions: 6 (0.5 mmol), 7 (1.0 mmol), Au—Pd/Al,O; (Au: 7.8 mol%, Pd: 2.2 mol%), mesitylene

(2 mL), 130 °C, open air (1 atm), 3 h. Yields were determined by GC analysis using n-hexadecane
as an internal standard.

H
N
OH “(CHp),CHs
+ CHj3(CH,);NH,
9a 7a \ Au-Pd/Al,O4 f 8aa, 70% yield

/ \ o

OH N
~(CH,)-CH
Me Me

9b 7a 8ba, 42% vyield

Figure 3-10. Dehydrogenative aromatization of cylcohexanols (9) with amines (7). Reaction
conditions: 9 (0.5 mmol), 7 (1.0 mmol), Au—Pd/Al>Oz (Au: 7.8 mol%, Pd: 2.2 mol%), mesitylene

(2 mL), 130 °C, open air (1 atm), 3 h. Yields were determined by GC analysis using n-hexadecane
as an internal standard.
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3.3.7. FUS/SA L Beb DR B

332HTHRLZEHIT, laib 2a ~DFISIZFH VT, Au-Pd/ALOs IFFEH 1T E
TEME 2 7R T — . AUuALOs, PA/ALOs, X OEOWEMEAMITIEE A CTEEEZ 5D
X727 7= (Figure 3-4, Table 3-1),

ERFEOEE L ASILDOR, BIOBEKG SR ZRET 2720, LT OFEREZIT
ST, FF. Vv aAFUAT IV (5a) EHEWE LT DS, Fia Ot (Au-
Pd/Al,Os. Au/Al,Os, Pd/AL,Os. Au/Al,O3 & PdIALOs DWERRNEAEY)) & HWTiTo 72
(Figure 3-11-14), Au-Pd/ALO; fF7E . ba MO DOPKENZIR IS HITL, 2a782h T
79% IR TS 7= (Figure 3-11), Au/ALOs & V=& &, Sa b A 2 v da ~D ik
FEONTETT 20D, d4a b 3a ~DOPKERIE (BKFRITEFEREEKE) 134<
HEAT L7227 o 72 (Figure 3-12), L7223 > T, Auld, 7 X 0B A 2 U ~DKFERISIZ
IAREENE 2 7R3 b DD AKFEHERIEH SO IIAETEM 2 RS20 2 L 3bo
770 PAIALOs W= L &, 3aklWa iz b AL Tk 59, ba DM /AKFE G
IT& AT L2 o 72 (Figure 3-13), Z 2 C, ZXHFH TON-v 7 a~x V5o A V7
2 ELT IV (10) OIS%E ., Au-Pd/AIOs, Au/Al0s, PA/AIOs Z W THGEF L7z & Z
5. Au-Pd/ALO; X° Pd/ALOs Z Vo & & N Y e EALT =Y (11) 28N-A V7
RELT T aAF T I (12) ORIEZES TERT 55—, AulALOs Z W &
T 1R 12 OERIT AL E 2o 7= (Figure 3-15), 2D Z x5, Pd flILy 7 mo~
XA X R D PR FE T FERTE R SUG OREERE T 2 Z &b o T, £z,
28R D 10 OST 1L OERKTZ T T/ < 12 OFRIEN R 5= 2 & (Figure 3-15) (20
Z T, Ar 1T 10 DG EIToT-EXITF 11 & 12 28 1:2 O TERLEZ L
(Figure 3-16) 726, BiAKEH FERIRGNT S 7 B ~F A I U FRHRO RIS
THDHZENRH LN ER T2, AuALOs & PAIALOs MERRIIR G % VT 5a DS %
iTolc&&iE, 2aid2h T2% R THOLNLDL B DD, FHEUA 4a 23 11% FHKFL TV
7= (Figure 3-14), Au-Pd/AlL,O; DR & MEEIREM OFE R % b5 & | Au-Pd/ALLO; I3,
T X ORAKRFROEE L OMKFEFERIESIS (X FREIED REULIIE) D
FHDOIGITHR LT HEANESY LV & O EM: 2R+ 2 L 235 (Figure 3-11
vs. 14), Au-Pd G4&23 T L a3 — LER{ESS H02 ik & W o 7o fli 2 DL I3 LT
VIEMEZ R T Z ERMBINTWA B Zqud, U RERICE->TPd 6 Au lZHE
FMmH 2L TEFERELERST AUD O 70 FD 2n* WLBIZEFHEGT 52 & T, ~
AT VR (AUOy) 72X A—ULA SV (AuO?) & L CThH iklEER HIGMEL L
TWAHNHEEZ LD, 1 F7- Au-Pd/LDH (LDH = Layered double hydroxide) %
WIEBRERILAI E T 5 7 unty v (v 7 a~st ) —L) hH 7 =)
— N ~DIKBHFFBRIEERSIEOFITIE, Pd FICE Dy 7 vkt oing 2-v 70
ANFE U L-F U AOPKEIZEBITD Bt R RBBED X7 v 7SO ORSHEEHE T H
D, VB RHIRICES>TPARETFARELERDIET, ZOB-8 KU KEEAT v~
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DRI S H, FER & LT Au-PA/ILDH 723 Z OBk &5 B BRI RSOGO TR 2 7~
TR TS M SEIORIZEBNTS, Uy FHIRICE- TETETE L 2-
72 AuDRFE Z BRALAN & 42 7 X 2 OBKE BRI % st 2 m) B & —J57 T
B AR L o7 Pd bRUKEGERIZSOE (f > OREESIE) (263 5 kg
PEZm ESETEBY . 20 Au & Pd DBFZERIIEER (73 T ARR) I2d - T,
Au-Pd G4 /KA DIARFUST S U CRER RSP E A R LT D72 & B2 b D,
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H AU—Pd/A|203
N

H H N
(Au: 2.3 mol%, Pd: 0.7 mol%) N N N N O// \O
\O mesitylene (2 mL) ©/ \O ©/ \©
2a 3a 4a

J

air (1 atm), 130 °C

b5a
100 ’—’._
~_ 1 ’r——
S 80 - ‘
2]
ke,
&)
— 60 _
>,5_ —— 2a
S 40 —6—3a
‘© —>—4a
)
Z 20 -=-&--Conv. of 5a
o)
O
0 s/i)
0 1 2
Time (h)

Figure 3-11. The reaction profile for the tandem oxidation of dicyclohexylamine (5a) using Au—
Pd/Al,Os. Reaction conditions: 5a (0.5 mmol), Au-Pd/Al,O3 (Au: 2.3 mol%, Pd: 0.7 mol%),
mesitylene (2 mL), 130 °C, open air (1 atm). Yields were determined by GC analysis using n-
hexadecane as an internal standard.

AU/Al,O3

H H N
(Au: 2.3 mol%) N N O// \O
> + +
\O mesitylene (2 mL) ©/ \O ©/ \©
2a 3a 4a

air (1 atm), 130 °C

H
N

J

5a
100
S 80 - -
% PR Tl
K Y e
£ 60 - el ——2a
rd

5 /’ —e—3a
S 40 - ’ ——4a
o
2 v
()]
>
c
o
@)

0 1 2

Time (h)

Figure 3-12. The reaction profile for the tandem oxidation of dicyclohexylamine (5a) using
Au/AlyOs. Reaction conditions: 5a (0.5 mmol), Au/Al,Os; (Au: 2.3 mol%), mesitylene (2 mL),
130 °C, open air (1 atm). Yields were determined by GC analysis using n-hexadecane as an
internal standard.
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Pd/Al,O4

H H N
(Pd: 0.7 mol%) N N O// \O
> + +
\O mesitylene (2 mL) ©/ \O ©/ \©
2a 3a 4a

ZT

J

air (1 atm), 130 °C

5a
100
g 80
(%2}
o
(0]
— 60 -
> ——2a
5 |
g 40 - —— 3a
I2 ——4a
o)
g 20 - --e--Conv. of 5a
O
0 ¢--0---0---0---¢ & *——
0 1 2
Time (h)

Figure 3-13. The reaction profile for the tandem oxidation of dicyclohexylamine (5a) using
Pd/Al;Os. Reaction conditions: 5a (0.5 mmol), Pd/Al>Oz (Pd: 0.7 mol%), mesitylene (2 mL),
130 °C, air (1 atm). Yields were determined by GC analysis using n-hexadecane as an internal
standard.

AU/A|203 + Pd/A|203

H N N N
N (Au: 2.3 mol%, Pd: 0.7 mol%) N N N . O// \O
O/ \O mesitylene (2 mL) ©/ \O ©/ \©
2a 3a 4a

air (1 atm), 130 °C

5a
100
——2a
= _
S 80 - —e=% - °
8 | ——4a _-*
] 4"
< 60 ---e=-Conv.of5a .®
o
§ 40
Iz
g
c 20
S
O
0
0 1
Time (h)

Figure 3-14. The reaction profile for the tandem oxidation of dicyclohexylamine (5a) using the
physical mixture of Au/Al,Os; and Pd/Al,Os. Reaction conditions: 5a (0.5 mmol), Au/Al,Os +
Pd/Al,Oz (physical mixture; Au: 2.3 mol%, Pd: 0.7 mol%), mesitylene (2 mL), 130 °C, open air
(1 atm). Yields were determined by GC analysis using n-hexadecane as an internal standard.
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catalyst

H H
/Nj/ (Au: 1.15 mol%, Pd: 0.35 mol%) N\\/ Nj/
> +
O/ mesitylene (2 mL) ©/ O/
10 11 12

air (1 atm), 130 °C, 10 min

(0.5 mmol)
Au-Pd/Al,O3: 27% yield 33% vyield
Au/Al,O3: <1% yield <1% vyield
Pd/Al,Og: 37% yield 36% yield

Figure 3-15. Aromatization of N-cyclohexylideneisopropylamine (10) to N-isopropylaniline (11)
under open air (1 atm). Reaction conditions: 10 (0.5 mmol), catalyst (Au: 1.15 mol%, Pd:
0.35 mol%), mesitylene (2 mL), 130 °C, air (1 atm), 10 min. Yields (based on 10) were
determined by GC analysis using n-hexadecane as an internal standard.

AU—Pd/A|203

H H
/Nj/ (Au: 1.15 mol%, Pd: 0.35 mol%) N\\/ NW/
> +
O/ mesitylene (2 mL) ©/ O/
10 11 12

Ar (1 atm), 130 °C, 10 min

(0.5 mmol)
21% vyield 41% yield

Figure 3-16. Aromatization of N-cyclohexylideneisopropylamine (10) to N-isopropylaniline (11)
under open Ar (1 atm). Reaction conditions: 10 (0.5 mmol), Au-Pd/Al;O3 (Au: 1.15 mol%, Pd:
0.35 mol%), mesitylene (2 mL), 130 °C, air (1atm), 10 min. Yields (based on 10) were
determined by GC analysis using n-hexadecane as an internal standard.

VL EDOFEBFERNS . Au-PA/ALO IZL 5 1 05 2 ~DPiKFES FERI RS O St
NRAZFEE LT (Figure 3-17), F3°, Au O ERIZ L - T, R 2 E{LAlE LTy 2
BAFTALT IV () BRAKZESN, YZaaAaFg Iy (13) BAEKT S
(Figure 3-17,step 1), XIZ, 128 1BITKRBEHBE L, W7 v E=T &> TN-v 7 m~F
VUTFvv a7 I (4) BERT S (Figure 3-17,step 2), = LC, Pd O filifi
TERIZ X - T 4 OPUKFEFEBFRIZIRSIEDEIT L TN-v 7 a~F oy =0 (2) 2%
FHi % (Figure 3-17,step 3), = DI /KR IFHFERTEHSUS I ARENULIISIZ K - THEFT
L7, 13, 4, ZELXPOBMBRIRILH OKFT 787 2—) L LTHEX AT, £nth
1. 5. KPERMT D2, LIBIOBILENZI Au OFIEIERIC K- CERFR A FR LA &
LCxIaT 54 2 138 L WN4ITHikFESID (Figure 3-17, steps Land 4), #& /). Bt
BRE L ThRIZE X0, ARISOBLANTERT OE CTH L, FE 1b-1k Z V=L
o, HWE AR O cistrans BN R > TW=DIE, 4 ORB{LRIE (Figure 3-17,
step3) & 5 Dii/kFE e (Figure 3-17, step 4) ITEINT 5 & BND,
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R 1
— (step 2)
NH NH, //N\
[ e O A
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13 1 4
— (step 3)
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Figure 3-17. Possible reaction pathway for the present Au—Pd/Al.Os-catalyzed tandem
dehydrogenative aromatization of cyclohexylamines to N-substituted anilines.
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3.4. FEm

AT, BT ki it Au-Pd/ALOs 23, ZERHEEE A IRLAI & LTy 7 m
ANX VAT D N-EHRT =V VEERT DX T DRIKSE T FER TR S &
VEMEART AR LT, £/, v Zunh oo sand o7 I um
O, ®ISTD N-BERT =V U EARTAH2ZLELARETH -2, 20X T LHIPIKE
FEBRICAES T, AFEL TR BT WREEZHWT WD Z & ibAle LTZE
AP OEFEEHANTWD Z &, BIAERMIIKET =T OHRTHDH Z L, FHHTHE
AR =R A FNTND Z &, LV TR EE2 2 <A L N-EfT
=V AR TH D, Au-PAALOs 1T — Rl L U THERE L, 5[OS rEET
ol ARGOEERAMEITIEL  Fx OBEBIEEAFETHL 7 o~F L7 I H
MAETH 7T, VH Y RIRIZE T AUDT I 2 DRKFERIG R 5 s &
Pd DBLKFE G ERIZISES (2 2 DOARBULSIER) 12k 2 ABEMER & bicm L,
Z D Au & Pd OBEROMBAER (7o T ARNE) 1Tk o T, Au-Pd G4 R 2
AP x U TR R RBTE 2 R L 2 1o 7o B2 b b,
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41. ¥EE

T=U BRI ON-BEERT =V AXEHE, B AREEYE, Yk BRI S Vo
TMRIAWGE CHWON S EERMEEWM TH L. B TEMTIE, 7=V iF=bhrX»
BUOBRICEV ARSI TS W ZHETIC, L ON-BHRT =V U OERIEN
RSN TE.BT 7= D N-TAFAUTER LV SN TEFIETH Y,
N-T7 VX UAbAlE LTiInm oAb 7 v b b TE . B L Laens, E
JEBEITVERT =) o ORREOHIHARETH L L WIHIRBER1H D, -,
AT AT NAFNVFHER DY SROBIEFMPEKT DLV I RALH D, TD
7o, BREMFE LT X ALAIOBRFE BITOITETEBY, fIIEX, 7va—Lix7
L ALAIE LCHY = borrowing hydrogen strategy 512 K57 =V > d N-7 L% L1k
WEE SN TND B Eo, IAR= b EWZE AWTZE T T 2 ERS b e S
TEY HIET =V v ORBFELT= R EBVEHWD Z LD TE LIRS H
%W, Buchwald—Hartwig 7 >~ 7'V > 7™ L Chan-Lam 7 v 7'V > 7B (3 N-BEH#T =
VoG ruRrly 7))  IRISOR TROEXLRTIETH D, THD 7 u Ry
TV T RORE WBIRWVIEEEAEZ R L, RISOBREAT v 7 TOT I ) FE~DT
— VB ALARETH L0, TIHEREbLINTEEZMNE L L, 0205 &
& (L) ORVERNERT 2 E Vot RZA L TWD,

IR, WAKFEHERIZRBOEDS, Fix OBFFFACEMOERFIEE L THEREZED T
W5, T F2 ) —3% Pd Al 2 AW T2 K BT F BRI BUSIZ K-> T, 7 maFx i/
T IUInG N-EET = U UNERTE S, 3 E T, HEF Au-Pd Zid R
T R (Au-Pd/ALOs) fF(E T, BB ZKFET 78 7% — (BALAl) & L7k
BERERMISIZE ST, 78Xy T7 IV NoRIET 5D N-v 7 a~fF T =
UUNARTEDZ EEW LML (Figure 4-1, a), ZDORUGIE. LA FOGE/SAT
HITT 5 EEZX L5 (Figure 3-17), £9°, Au OfEEAERIC L - T, R Z2W{bAl L L
Ty 7 a7 IURBKRESN, V7 a~nt i I U4 RT % (Figure 3-17,
stepl), KIZ, 7 BAXFT AT I VBRI BT A I NTREZEL, T E
=T & ST N-vZa~F Ty rsant vy I UnAERT 5 (Figure 3-17,
step2), = LC. Pd OEAEMAICE 5T N2/ BAF LY Fo v/ aaf L7 I
DOWAKFZ T EFBRICESISDEITLT N-v 7 a~F 7 = U EERY & L TE
bivd (Figure 3-17,step 3), = DMi/KFEFEFER SIS IR EOSIZ K> THEITT 5
T, I BEAFVIAAL IV NV EAFTV T sand LT I BRPO
MeZBRbA OKFET7T 7872 —) LLTEHEA T, ENENT 7 ue~nF 7T s,
DU aHINT I KPERT LN, 7 aAnF LT I BRIV aak
VVT 2 ATENEN Au OfEERIZ Lo TEAR 2B LAl L L THOIRNT 514 2 v
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~MiKE Z4 D (Figure 3-17, steps 1 and 4), /@, BUGRIEKE L TAL & &2, RIS
DEELANTZERF OBFETH D, ZORIEFHR TITAEZN RN EETH Y | HEF Au-Pd —
JeA BT Rl (Au-Pd/ALOs) & FW= & &, mWIERT N-EHT = U U R 55
b —7. AulAlOs, PA/ALLOs, B L OZFDOWEIIRAEMZ W= & &2, 1FEA L
N-EHT =V &5 5n/eho 7= (Figure 4-1,8), Z DS TIE, AudT 2 Otk
BS % Pd DK FE T FRIERSUS (1 X KO RBCIIR) & 22 it LT
BY, AL PdZERtTHZLICED, VI FHIRIZESTAU L PdDZERER
DOPETEEF E LTV 5 & & 2 b a0,

ZO@mWVBIEEEZ AT 5 Au-Pd otk g R AE VT s m ks o
ETIUNE N-BERT =V &S5 ENTER, RO N-BERT =V 2D
EWIfEND, ZFZCONN-EHRT =V U ERKT D2 LA HME LT, Au-Pd/ALO;
fFIET, ZBRFOMRELEKET 787X —ICHW, v Z7a~xth ) o EE22MT IV %
JFEE LBk FE S BFERERISZ R Lz 24, BRO NN-B#RT =V 3745
BNHHEDD, NN-ZEHS 7 o~F AT I UBEIEL, NN-ZERT =) DRk
BIRMICIE 2 Z LT TE o7 (Figure 4-1, b, 4378 #558 L 52 TR+ %), oh
13, ERTOMBIIAET 7S 2 —L LTORDMEL . 7 a~xH ) L5 2#%
T VOMAKMEEICE VAL DT I R EOREEIRC X o THAKRFE G HFER
EOEMMEIT L CLE D 2R EEZBND, £, —ENN-_EH T 7 o~ LT
SUNEELTLEY & T 2 I o ~DOiKEIIR#ETH D, ZNEfFRTD
eI, R OBFEDORZE R D I VENTKKZT 787 F—2 A5 LT, ik
TR BB BT 2 RIS OWEATZIHI L, > 7 a~F T L U ORIES
B2 &M TEIUR, BRI NN-ZEHRT =V U ERNAIBRIC 72 5 EHIFF S D,

ARFFETIL, Au-PdIALO; fF7E T, BN KET /72 —L LTAF LU EHAWD
TET, vrmaaFt ) T IUnBEIREIC N-BE#RT =V U255 KRS HER
TER SR DB %247 - 7= (Figure 4-1, ¢), Z DS TIL, fix D7 a4/ U iHE
RETIY CBLHBT IV, BT I, 7=V ViFEK) o, ST % N-E#T
=V UERERICERT D Z ENARETH - 7,
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@ H

NH, catalyst N
? P 02 - > | \O
R : R

R
Au-Pd/Al,O4: 95% vyield
X limited substrate scope AU/ALOS: <1% yield
(cyclohexylamines only) PA/ALOS: <1% yield

Au/Al,O3 + Pd/Al,O5: 3% vyield

R? R2
o ,Rz Au-Pd/Al,O4 ’I\| 3 ’I\| 3
+ HN o > | R + (v R
‘3 }
Rl/ R 2 Rl/\ Rl/J
X inevitable formation of substituted cyclohexylamines
() R?
[0) RZ |
, Au-Pd/Al N.
+ HN u ; d/ 203 - Z | R3
e 'R3 styrene o
R Rl/

v selective formation of desired anilines
v/ wide substrate scope
v reusable catalyst

Figure 4-1. Heterogeneously catalyzed dehydrogenative aromatization routes to N-substituted
anilines. (a) Au-Pd/Al,Os-catalyzed system from cyclohexylamines (see Chapter 3 and Ref. 9),
(b) Au-Pd/Al,Os-catalyzed aerobic routes from cyclohexanones and amines (see Table 4-1,
entry 2), and (c) the reactions utilizing styrene as the hydrogen acceptor.
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4.2. E
421, —f%
GC
HAZ va~< ~7Z 71X Shimadzu # GC-2014 # vy, BT AZEFvy BT U —H T A
InertCap 5 & L OF Stabilwax %z v 7=, I FID IC X V17572,

GC-MC

HAZ va< ~Z7Z 7% Shimadzu # GCMS-QP2010 # vy, I 7 AIZiZF v BTV —
717 A InertCap 5 % 7, B &1 130U B GCMS-QP2010 %, 1 4 LT 70 eV
D% E THWZ,

NMR
NMR A% kL% JEOL % JEOL JINM-ECA 500 # W CHIE L7, HHBIOBC I
TMS (I&1E: CDCls) Z A% LC, 5mm ¥ 7 L& & T, 500 MHz 3 L O

125 MHz THlllE L7z,

ICP-AES
ICP-AES #ll7& 1%, Shimadzu #{ ICPS-8100 Z H\CHIE L7,

TEM - STEM

TEM #1£21%, JEOL TEM-2010HC % A\ T4~ 7=, STEM #1452 (HAADF 455 X
NEDS t#~ v B2 ZHR¥) X, JEOLJEM-ARM 200F % W CiT- 7=, NMEEEIT
WP H 200kV DFRETIT > 72, TEM B X STEM OBIE MY 7 i, *ﬁﬂzuftﬂ
(i) 2= ) — B S imRke, h—hra—hankzCu 7Y vy RECHT
L, I<ElpseitboaMALx,

XPS
XPS #HI7E 1L, JEOLJIPS-9000 % AV, MgKa ## (hv=1253.6eV,8kV,10 mA) THIE L
oo BE—ZAEIX. Al2pse DB —72 (740eV) ZHEAEL L, MIELT-,

A

fil i D PRI 1. AlLOs (BET surface area: 160 m?g?, cat. no. KHS-24, Sumitomo
Chemical), TiO, (BET surface area: 316 m? g%, cat. no. ST-01, Ishihara Sangyo Kaisya) % f\»
7=

Tt L OUYE T, B b, O ke T2, FOGMIBE T 2., Aldrich 226HEA L7 %
D& HWT=, HWIZEYE % Figure 4-2 128,
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Figure 4-2. Cyclohexanones and amines used in this study.

4.22. W@ T DT LEET KRR

Au-Pd/ALLOz 1&. LLF DO FINEIZHE > T, AriibBIEIC L » TR L7z, £3.
HAUCIl4-4H,0 (4.2 mM). PdCl, (4.2 mM). KCI (PdCl, |Z5%f LT 2 24 &: 8.3 mM) DAKIEIR
60 mL |Z Al,O32.0g Z /1%, IR T 15 T 5, W2, 1.0M @ NaOH ZK¥E#E 1.5 mL

BRI T UKD pH 259 10.0 ICHRBE L, 24 BT 2, Hifbtk, A9
D ETELNT KB HIEMAR 209 2> = Lo 7 FIZE L, K#E Latm F T 150 °C
T 30 wEMET 2 Z LT, TAITHESE NT VU LGS /R Tl (Au—
Pd/ALLOs) %157, ICP-AES /o#Tk V. Au & Pd OfHFFEIL, Zh<H 0.070 mmol gt
0.109 mmol gt & o7z, TEM BN GRDTZF /R ORI (da) 1%, 2.9 nm
Th o7 (EHERF2E (0): 1.0 nm, Figure 4-3,a), = 512, Au-Pd/TiO, filtfit > HAADF-STEM
ST X NEDS Jisf~ » B AT KV ALOs AR L) — TR A S L7z Au-Pd &
GF 2RI HEEES TN D 2 ERH BN E 22572 (Figure 4-3, b-d), F7=. [RIEEDOH
HET RIS T LI RN T VT AL EWMFFIH LT 2 =7 2K L L
7ol & SR ATEE T o 72 Au/ALLOs (Au: 0.158 mmol g%, day: 3.2 nm, o: 1.1 nm, Figure 4-
4), Pd/ALLO; (Pd: 0.237 mmol g%, da: 2.2nm, o: 0.5 nm, Figure 4-5), Au-Pd/TiO, (Au:
0.070 mmol g%, Pd: 0.118 mmol g da: 1.8 nm, c: 0.4 nm, Figure 4-6),

Fo, LFIORTHIEIZE > T AU & Pd 208 FEF L7t 23055 = & & AlhE
Thole, £, Bb RO TTE WritiLEyE) T Pd O A 2 #HEf S E 7l Pd/ALO;
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L, DWTINZHEELE L THUONHLBIEIZ L > TAU 2R SE5 2 & T,
Pd—Au DA T EIfHEE S 7= il Au-Pd/ALOspaay 2373 54072 (Au: 0.109 mmol g%,
Pd: 0.120 mmol g%, dav: 3.5 nm, o: 1.3 nm, Figure 4-7), £7-. LOFIEIZDOWT, HEFDIA
Ter ANEZDHZ & T, Au—Pd DJETHEFEF X E 72l Au-Pd/AlLOspau—pgy © 7T
AHECTdH > 7= (Au: 0.115 mmol g%, Pd: 0.128 mmol g%, dav: 6.3 Nm, o: 4.1 nm, Figure 4-8),

40 -

30 —

20 A

frequency (%)

(b) 2.5nm

(d) 2.5nm

Figure 4-3. (a) TEM image of Au-Pd/Al,Os and the size distribution of bimetallic nanoparticles
(average: 2.9 nm, o: 1.0 nm). The size distribution was determined using 200 particles. (b)
HAADF-STEM image of Au—Pd/Al,QOs. (c) EDS image (Au element) of Au—-Pd/Al;Os. (d) EDS
image (Pd element) of Au—Pd/Al,Os.
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Figure 4-4. TEM image of Au/Al;O3 and the size distribution of Au nanoparticles (average:
3.2 nm, o: 1.1 nm). The size distribution was determined using 200 particles.
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Figure 4-5. TEM image of Pd/Al,Os; and the size distribution of Pd nanoparticles (average:
2.2 nm, o: 0.5 nm). The size distribution was determined using 200 particles.
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Figure 4-6. (a) TEM image of Au-Pd/TiO; and the size distribution of bimetallic nanoparticles
(average: 1.8 nm, o: 0.4 nm). The size distribution was determined using 200 particles. (b)
HAADF-STEM image of Au—Pd/ TiO,. (c) EDS images (Au element) of Au—Pd/TiO,. (d) EDS
images (Pd element) of Au—Pd/TiO,. Green: Au, Blue: Pd.
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Figure 4-7. TEM image of Au-Pd/Al:O3ps—aw and the size distribution of bimetallic
nanoparticles (average: 3.5nm, o: 1.3 nm). The size distribution was determined using 200
particles.
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(d) 10 nm 10 nm 10 nm

Figure 4-8. (a) TEM image of Au-Pd/Al;O3au—rg and the size distribution of bimetallic
nanoparticles. Au—Pd/Al,Ozau--rdy has wide size distribution (average: 6.3 nm, o: 4. nm). The
size distribution was determined using 200 particles. (b) HAADF-STEM and EDS images and
cross-sectional compositional line profiles of large nanoparticles consisting of Aucore—Pdshen. (C)
HAADF-STEM and EDS images and cross-sectional compositional line profiles of large
nanoparticles consisting of palladium. (d) HAADF-STEM and EDS images of small nanoparticles
consisting of palladium. Green: Au, Red: Pd.

4.2.3. K

IR SIZL FOFINETIT o 72, Y2 L 7% (8K 20mL) 12, Au-Pd/AlLOs (Au:
1.4 mol%, Pd: 2.2 mol% with respest to cyclohexanone), <7 v~/ > (1, 0.5 mmol),
7 (2,1.0mmol), AF L (1.0mmol), n-7 5> (0.1 mmol, WiEHEYE), kL x
Y @mL), T ENA, TOMET T ARELIFITLRTER L, V2L 78R
IR EHZTHHA L QR ZHRE S, a2 L 7 ENEE BZE125 W etk il 5 2
& TP OBRFIBRREZRTMETICRET D, LW EEZ 3E#R YIRS Z & T, JOSH
R OEIERRFE 2 R E Lz (BHEDAIE) O b, Ar(latm) %2 FtE L=, sk % 100 °C
TohHIE LIz, HEBXOERYOERIL -T2 % NIEEEYE &35 GC Tz &
VAT o T, BRI & BT 25813, NEEEME 2 W e o7, BOS#E, fliix A o
TV UABIZE D EGIZENAIEETH D (R >90%), SUSERIT= AL — 3 >
IZk o CRMEFARE Ch oo, ZORMKN D, YV BT NVERNZ AT L a~ T
T 4 =Ko THE R N-EBHT = U AR & BB rTRE Cdo o 7o (MVAY 70 fe B
ANF Y VTN —T EAERIR), AR DOFRIEIL GC-MS 38 X TNNMR 7347 (*H &
LN BC) TiTo7z, LD FMHERIZB W TR, A7 L A X0 R L 7= fil
W2 AR ) — Y7 mu AR ARG TR LT, 2251 100 °C T S ¥ 724,
7K3& 1atm T 150 °C T 30 Zy HIMNEMLEE L 72 & D 2 IR B D BUGIZ VY Z,
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424, AT "NVTF—H
R D AT VT —Z ZIRICTRT,

O
4-Phenylmorpholine (3aa). *H NMR (500 MHz, CDCls, 25 °C, TMS): 6= 7.28-7.25 (m, 2H),
6.91-6.86 (m, 3H), 3.84 (t, J = 4.5 Hz, 4H), 3.13 (t, J = 4.3 Hz, 4H); **C {*H} NMR (125 MHz,

CDCls, 25 °C, TMS): &= 151.5, 129.4, 120.3, 116.0, 67.2, 49.6; MS (70 eV, EI): m/z (%): 163
(58) [M"*], 164 (6), 162 (5), 132 (6), 106 (10), 105 (100), 104 (41), 91 (5), 78 (5), 77 (30), 51 (11).

©/ D
1-Phenylpyrrolidine (3ab). MS (70 eV, El): m/z (%): 147 (76) [M*], 148 (8), 146 (100), 144 (6),
119 (8), 118 (5), 104 (18), 91 (49), 77 (29), 51 (10), .

H
N

Sh®

N-Cyclohexylbenzenamine (3ac). *H NMR (500 MHz, CDCls, 25 °C, TMS): §=7.16-7.12 (m,
2H), 6.64 (tt, J = 7.5 and 1.0 Hz, 1H), 6.58-6.56 (m, 2H), 3.49 (brs, 1H), 3.26-3.21 (m, 1H),
2.06-2.03 (m, 2H), 1.77-1.72 (m, 2H), 1.67-1.61 (m, 1H), 1.40-1.31 (m, 2H), 1.25-1.09 (m, 3H);
B3C {*H} NMR (125 MHz, CDClg, 25 °C, TMS): 6= 147.7, 129.5, 117.1, 113.4, 51.9, 33.8, 26.2,
25.3; MS (70 eV, El): m/z (%): 175 (34) [M*], 133 (12), 132 (100), 119 (12), 118 (15), 117 (9),
106 (9), 93 (12), 91 (5), 77 (10).

H

Py

N-Hexylbenzenamine (3ac). MS (70 eV, El): m/z (%): 177 (15) [M*], 107 (8), 106 (100), 79 (5),

77 (9).
H
S

N-Phenylbenzenamine (3ae). *H NMR (500 MHz, CDCls, 25 °C, TMS): §=7.27-7.24 (m, 4H),
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7.06 (d, J = 8.5 Hz, 4H), 6.92 (t, J = 7.0 Hz, 2H), 5.67 (brs, 1H); *C {*H} NMR (125 MHz,
CDCls, 25 °C, TMS): & = 143.4, 130.0, 121.3, 118.1; MS (70 eV, EI): m/z (%): 169 (100) [M"],
170 (13), 168 (58), 167 (30), 166 (5), 141 (5), 115 (5), 84 (16), 77 (11), 66 (8), 65 (7), 51 (12).

s

4-Methoxy-N-phenylbenzenamine (3af). MS (70 eV, EI): m/z (%): 199 (75) [M*], 200 (11), 185
(13), 184 (100), 167 (5), 155 (5), 154 (9), 129 (15), 128 (12), 77 (12), 51 (7).

TRl

4-Methyl-N-phenylbenzenamine (3ag). MS (70 eV, EI): m/z (%): 183 (100) [M*], 184 (15), 182
(53), 180 (7), 168 (6), 167 (19), 91 (16), 90 (6), 77 (10), 65 (5), 51 (5).

o

[
e

4-(4-Methylphenyl)morpholine (3ba). MS (70 eV, EI): m/z (%): 177 (49) [M*], 178 (6), 120
(10), 119 (100), 118 (28), 91 (44), 90 (5), 89 (5), 77 (5), 65 (15), 51 (5).

o

Me \©/ N \)
4-(3-Methylphenyl)morpholine (3ca). MS (70 eV, EI): m/z (%): 177 (47) [M*], 178 (6), 146 (5),
120 (10), 119 (100), 118 (33), 92 (5), 91 (34), 89 (5), 77 (5), 65 (16).

o

[
P

4-(4-Ethylphenyl)morpholine (3ca). MS (70 eV, El): m/z (%): 191 (78) [M*], 192 (10), 190 (6),
177 (5), 176 (39), 134 (11), 133 (100), 132 (15), 130 (6), 119 (12), 118 (98), 117 (9), 105 (19),
104 (9), 103 (10), 91 (16), 90 (8), 89 (6), 79 (8), 78 (8), 77 (19), 65 (8), 51 (7).
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o

N
ve)

4-[1,1°-biphenyl]-4-yImorpholine (3ea). MS (70 eV, El): m/z (%): 239 (86) [M*], 240 (15), 238
(5), 182 (15), 181 (100), 180 (22), 167 (6), 154 (5), 153 (27), 152 (37), 151 (9), 147 (5), 90 (21),

77 (8), 76 (15), 73 (18).
r =
Me

1-(4-Methylphenyl)pyrrolidine (3bb). MS (70 eV, EI): m/z (%): 161 (75) [M*], 162 (8), 160
(100), 133 (5), 118 (16), 117 (6), 105 (43), 91 (23), 77 (5), 65 (11).

Me\<j/N®
1-(3-Methylphenyl)pyrrolidine (3cb). MS (70 eV, El): m/z (%): 161 (73) [M*], 162 (8), 160
(100), 133 (6), 118 (13), 117 (5), 106 (5), 105 (43), 91 (23), 77 (5), 65 (12).

Et J@D

1-(4-Ethylphenyl)pyrrolidine (3db). MS (70 eV, El): m/z (%): 175 (52) [M*], 176 (7), 174 (28),
161 (12), 160 (100), 132 (5), 130 (5), 119 (13), 118 (10), 117 (5), 91 (8), 77 (7).

1
AT

1-[1,2’-biphenyl]-4-ylpyrrolidine (3eb). MS (70 eV, El): m/z (%): 223 (100) [M*], 224 (17), 222
(81), 180 (8), 167 (25), 165 (6), 153 (14), 152 (23), 151 (6), 112 (6), 90 (6), 76 (8).

PORG

N-Cyclohexyl-4-methylbenzenamine (3bc). MS (70 eV, El): m/z (%): 189 (38) [M*], 190 (5),

I
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147 (13), 146 (100), 133 (15), 132 (10), 131 (14), 130 (7), 120 (9), 118 (7), 107 (10), 106 (14),

91 (10), 77 (6), 65 (5).
H
RORS

N-Cyclohexyl-3-methylbenzenamine (3cc). MS (70 eV, El): m/z (%): 189 (38) [M*], 190 (6),
147 (13), 146 (100), 133 (12), 132 (11), 131 (14), 130 (6), 120 (8), 118 (8), 117 (5), 107 (9), 106
(7), 91 (10), 65 (5).

Jene

N-Cyclohexyl-4-ethylbenzenamine (3dc). MS (70 eV, El): m/z (%): 203 (50) [M*], 204 (8), 188
(7), 161 (15), 160 (100), 147 (15), 134 (8), 132 (23), 131 (12), 130 (13), 118 (5), 106 (21), 105
(7), 91 (5), 79 (5), 77 (7).

0

N-Cyclohexyl-[1,1°-biphenyl]-4-amine (3ec). MS (70 eV, El): m/z (%): 251 (82) [M], 252 (16),
209 (19), 208 (100), 195 (15), 194 (11), 193 (15), 182 (8), 180 (5),169 (17), 168 (8), 167 (9), 153
(6), 152 (12), 141 (6), 115 (6), 104 (6), 55 (5).

Behe

4-Methyl-N-phenylbenzenamine (3be). MS (70 eV, EI): m/z (%): 183 (100) [M*], 184 (14), 182
(53), 180 (7), 168 (7), 167 (20), 91 (20), 90 (8), 77 (13), 65 (6), 51 (7).

H
RORS
3-Methyl-N-phenylbenzenamine (3ce). MS (70 eV, El): m/z (%): 183 (100) [M*], 184 (14), 182
(28), 180 (6), 168 (16), 167 (35), 91 (11), 77 (9), 65 (6), 51 (5).
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Behe

4-Eethyl-N-phenylbenzenamine (3de). MS (70 eV, El): m/z (%): 197 (50) [M*], 198 (8), 183
(15), 182 (100), 180 (6), 168 (5), 167 (11), 91 (5), 90 (8), 77 (11), 51 (5).

Nene

N-Phenyl-[1,1’-biphenyl]-4-amine (3ee). MS (70 eV, EI): m/z (%): 245 (100) [M*], 246 (20),
244 (20), 243 (6), 167 (6), 152 (5), 115 (5).
2

C\N\Ej
1,1°-(1,3-phenylene)bispyrrolidine (3fb). MS (70 eV, EI): m/z (%): 216 (100) [M*], 217 (15),

215 (71), 189 (6), 188 (33), 187 (30), 174 (6), 173 (20), 161 (8), 160 (7), 147 (6), 146 (18), 145
(5), 132 (5), 118 (9), 117 (8), 108 (9), 107 (10), 104 (7), 91 (10), 86 (5), 77 (7), 65 (6).
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43. FERLEBE
4.3.1. Au-Pd/ALOs il D ¥ v Z 7 X V¥ — 3

TEM #1527 53R 7c Au-Pd/ALOs it > 5 7 K DL (da) 1%, 2.9 0m ThH o
7= (Figure 4-3, @), & 512, Au-Pd/ALO; filtlit > HAADF-STEM 734135 L U EDS JLs8~
v BT E D . ALOs K RITH—ITIREG S4L7z Au-Pd 6@ /K- 8 &
TWAHZ ERHBE -7 (Figure 4-3, b-d),

432. KET 72T H—DhE

rma~Fkt ) (la) EENARY L (2a) D 4-T7 2 =ENRY - (3aa) ~DJ
KRB EBREOG 2 ET VUG E LT UKET 78 72— R4 G L7z (Table 4-
1), BISIE, vm s s LTV, ROSHREE 100 °C, SUSHHH 6 h TIT - 72, Au-
PA/ALOs fAE T, KFET 7872 —DIFELIRWEMET, Ar (latm) T TRISEIT> 72
A BRERMTH D B3aa L aA~ LT I VEIERY daa . BEE 120
EIE (3aa: 34% yield and 4aa: 64% yield) THAEK L7 (Table 4-1,entry1), ZDZ L,
Wik G ERIEREEOSIE, 1la & 2a OBiAKMEEIC X Apkd 2 =7 I K 5aa DR
UM L » THAITT 5, T78bb, =/ I Uik 5aa BE DB KFET 787 —L
LTE ZEnbhholz, ZEXRH (Latm) THILZEIT-72& 2 A, 3aa 28 41% IUET
BoNT=boD 7 a~FT T 2 daah 46% IR THEIZE L7 (Table 4-1, entry 2),
TOZ N ERFOBREIIKET 7T —L LTI b oo, =) I Uik 5aa
DA Z RIS Z EIXTE RNV ERNbo 72 (Figure 4-1, b), 723, HHID N-
BT =V v 3aald, 7 a~F LT 2 v daa RS LS TIRAER Lanz &
ZHEFZR LT 5 (Figure 4-9,a), L7=723-> T, —EEHI[EA 5aa O RNMLISIZ & - T 4aa
DEIELTLED & KRBT 7872 —NHAFEL T2 & LT daa DK S ITHE
ITET. BWO N-EHT = > 3aa OHZEIRNIEL Z LIXTE RN nz s, N
VIR U EKRET IR T =L L THWEEE RV R B L OEE IRRIEAR ]
REZRRIAER A L LT L E W, 3aa i3 702 5% IR T LG b ->7- (Table 4-
Lentry7), L7cho> T, NV F ) AIARMIGRIZH L TEIAE Y TDH Z En3bno
Tro ATV EAKFZT VT HZ—L L THWE X, 4aa (T2<EAEET, 3aa ODAHN
BRI D72 (Table 4-1,entry 3), & 52, KR Z 18 h IZIER L= & Z A, 3aa
DULFRILT6% IZEL, 2D & X daa DRIAEIT—UIR 570> 7= (Table 4-1, entry 4),
OT NI ThD LA T oRovrut s T rEkET 7872 —LE LTHOTK
JEE T -T2 & Z1X, baa OAREULEMHIT 5 Z LN TE T, 4aa PRI L7z (Table 4-1,
entries 5 and 6),
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(a) (\O
AU—Pd/A|203

o) (\o
N NS, N
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\j

<1% yield <1% yield

(b)
o AU-Pd/AL,O4

v P
O T OO

(L

5aa 3aa 4aa
69% vyield <1% yield
(©
(\O Au-Pd/Al,O Q 0
u_
N \) 273 > N J + N \)
No acceptor
5aa 3aa 4aa
31% vyield 61% vyield

Figure 4-9. (a) Dehydrogenative aromatization starting from 4aa. Reaction conditions: Au—
Pd/AlO3 (Au: 1.4 mol%, Pd: 2.2 mol% with respect to 4aa), 4aa (0.5 mmol), styrene (1.0 mmol),
toluene (2 mL), 100 °C, Ar (1 atm), 6 h. (b and ¢) Dehydrogenative aromatization starting from
5aa. Reaction conditions: Au-Pd/Al;O; (Au: 1.4 mol%, Pd: 2.2 mol% with respect to 5aa), 5aa
(0.5 mmol), hydrogen acceptor (0 or 1.0 mmol), toluene (2 mL), 100 °C, Ar (1 atm), 6 h. Yields
(based on 4aa or 5aa) were determined by GC analysis using n-decane as aninternal standard.

KFT 78T HZ—DFIZONT XV FEMITHRET 5 7Dlc, KET 7T H2— (A
FLo, ATy, vratr T ) BXObaa OKFEKIEEIT- T (Table 4-2),
BUSE. Au-Pd/ALOs F#1E T, Halatm, FUSHKEH 1h ORMETIT o7, AF L DKE
BSZAT o1 & & ONMFFERITNE LS EIT L, >99% PERTZF AN B PG
Hiv7e (Table4-2,entry 1), 5aa, 1-4 77, 7 uaFd 77 W7 s OKE
{ERISHHEIT L, ST DT A BTN, EORIGEEIZAT L OEE XD
H/NE o 72 (Table 4-2, entries 2-4), Z D Z &b, AF LU BT V7 AAZHERT
KELSNRT W EnbhroT,
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Table 4-1. Dehydrogenative aromatization of 1a with 2a using various hydrogen acceptors and
catalysts.?

o o o

go . [:] — ©,N\) . O,N\) N @,N\)

3aa 4aa 5aa
Entry  Catalyst Hydrogen acceptor Yield [%)]
3aa 4aa 5aa
1 Au-Pd/Al;O3 none 34 64 <1
2[b] AU*Pd/A|203 Oz (air) 41 46 13
3 Au-Pd/Al,O; styrene 59 <1 12
4l Au-Pd/Al,03 styrene 76 <1 <1
5 Au-Pd/Al;O3 1-octene 51 47 <1
6 Au-Pd/Al;O3 cyclooctene 41 56 <1
714 Au-Pd/Al,03 benzoquinone 5 <1 <1
gtel Au/Al,O3 styrene <1 <1 40
ol Pd/Al,O3 styrene 20 <1 12
100! AU/Al,O;3 + Pd/AlO3 styrene 33 <1 48
110 Au-Pd/TiO; styrene 84 <1 <1
120 AU-Pd/AlOxpiny styrene 62 <1 8
1300 Au-Pd/Al,O3au-pa) styrene 36 <1 14

[a] Reaction conditions: catalyst (Au: 1.4 mol%, Pd: 2.2 mol% with respect to 1a), 1a (0.5 mmol),
2a (1.0 mmol), hydrogen acceptor (1.0 mmol), toluene (2 mL), 100 °C, Ar (1 atm), 6 h. Yields
(based on 1a) were determined by GC analysis using n-decane as an internal standard. [b] Open
air (1 atm). [c] 18 h. [d] Substrates and benzoquinone were mostly converted into unidentified
by-products. [e] Au: 1.4 mol% with respect to la. [f] Pd: 2.2 mol% with respect to la. [g] A
physical mixture of Au/Al,Oz and Pd/Al,Os (Au: 1.4 mol%, Pd: 2.2 mol% with respect to 1a). [h]
Au-Pd/TiO; (Au: 1.3 mol%, Pd: 2.3 mol% with respect to 1a). [i] Au: 1.7 mol%, Pd: 1.9 mol%
with respect to la.
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Table 4-2. Hydrogenation of various hydrogen acceptors using Au—Pd/Al,03.[

Entry Hydrogen acceptor Hydrogenated product Yield [%]
1 styrene ethylbenzene >99
2 5aa 4aa 65
3 1-octene n-octane 63
4 cyclooctene cyclooctane 66

[a] Reaction conditions: Au-Pd/Al.O; (Au: 0.4 mol%, Pd: 0.6 mol% with respect to hydrogen
acceptor), hydrogen acceptor (1.0 mmol), ethanol (2 mL), room temperature, H, (1 atm), 1 h.
Yields were determined by GC analysis using n-decane as an internal standard.

KFET 78T X —DKFEFINCDONTE BIZFEL K HRD7=DIC, BEFHIKFELK
%47 - 7= (Figure 4-10), %5 E /LD A F L o & 5aa DIR AW DMK FE G 21T
STl ZAH, AF LUV DBPBRIRICZF LR P o~ LAKELEN (T7% LK), 5Saa
DKFIT AL #IT LR~ 7= (Figure 4-10,a), — )7, ST /NLED 1-4 27 7 L 5aa D
BRAMOBSAHIKESIEEITT28A . n-A4 27 % (63% ILR) & 4aa (67% IXL=FR) O
1:1 OIRAEWHBE ST (Figure 4-10,b), ZEE/NVED T 7 vA 7 7 L 5aa DIRAEH D
BEAIKRFEACRIG 21T > 7o 8 61%, 5aa OKFELSISMELRIITE Z v | d4aa Y 76% YU
KTHLN, 7 uad s T rnkBlbsnizvr7at7 2 036% LEosnzehroi-
(Figure 4-10,¢), Z U5 OBEFHIKFLSIGSDOFERN . Au-Pd/ALLOs % FAN 7= ik 75
FBRIEASSIZBT H5KET 7w 74— & LTORESFHNIE, cyclooctene < 1-octene =
Saa<<styrene DJHIZ7e > TWNH EEX LD, ZiuL, Tabled-1 OFEREH—ET %,
Pd F / KiF-REIZBIT DT V7 O C=C fEEDAKFLIGNE, Pd £ | C di-o-#5 5
PR Z B L CHEIT L, Tk Pd T R REOHEERANEETH D Z &M
HMHNTWD (Figure 4-11), M = o3& 2 (285 & ERROBFIIKFLISEOFER I
ROL IR TE D, AF L OFHEFRNPEFO p bl L OCEmEZR S, di-o-f
BHREEROERIZAFN < 720, AF L UidkFbasned v, M —J5 1477
. vruA s Ty, baald, MARIZESWT VXV EA T 70, di-e-fE A HE
RICARFNCE L 72D, 1-A 7T, v r7ut s T, baa ldAF L AR TKELS
v, W FEOEE NS, ZF Ly Au-Pd/ALOs Z 7= K #E BB E ALK
JRIZBWTENTKET 78 72— LTHREET 2 — ., 147 7oy rutr7 v
DKZBT 7T HZ—E LTORENIATF L ACKIER -T2 &2 BN 5,
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o Au-Pd/Al,0 o
NI 4 = e N .
SREREh ot

5aa 4aa
<1% yield 77% yield

(\O Au-Pd/Al;,O4 (\O

@/N\) + C6H13/\ > O/N\) + C6H13/\

5aa 4aa
67% yield 63% yield
(c)
(\O Au-Pd/Al,O; (\O
©/ N \) + O/ N \) +
5aa 4aa
75% yield 6% vyield

Figure 4-10. Au-Pd/Al,Os-catalyzed hydrogenation of an equimolar mixture of the hydrogen
acceptor ((a) styrene, (b) 1-octene and (c) cyclooctene) and 5aa. Reaction conditions: Au—
Pd/Al,O; (Au: 0.4 mol%, Pd: 0.6 mol% with respect to the alkenes), hydrogen acceptor
(1.0 mmol), 5aa (1.0 mmol), ethanol (2 mL), room temperature, H, (1 atm), 1 h. Yields (based on
5aa and the hydrogen acceptor, respectively) were determined by GC analysis using n-decane as
an internal standard.

substrate hydrogenated product

di-o-bonded intermediate

interaction

Pd nanoparticle

Figure 4-11. Mechanism of the hydrogenation of alkenes on Pd nanoparticle.!*!]
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4.3.3. il 5

fEWN T, la & 2a 7B 3aa ~DIKFE L EEREHSUG 2 T VEOG E LT, fliizh R
ZEt L7z (Table4-1), 432 THmR L2k 912, Au-PA/ALOs(FE T, AF L &K
KT T =L L THWEE &, 3aa BRI EICETHE SN (Table 4-1,
entries 3 and 4), —J7. AU/ALO; f77E F i, 3aalZ&< A L2 Enn, Au i3t
KEZFBRIEK SO K L TIEMEZ RS RN &b oo 72 (Table 4-1, entry 8),
Pd/ALOs f74E F T, 3aa i 20% YN THERL L (Table 4-1, entry 9), Pd IZBi/K3E 75 & ER
TR SSIZ AR R T Y . PdIALOs 13 Au-Pd/ALOs 12 Fe A~ THEEMEAME Z & 2370
72, AU/ALO; & PdIALO; DMFERNRGM Z iz & & 3aa 1 33% I THAR L
(Table 4-1, entry 10), Au-Pd/Al,O; Z#H\\ /2 & Z DR L K0 -7, 43.1LIHTRLT
£ 912, HAADF-STEM Z3#rd L OVEDS Juh~ » B 7T L U . Au-Pd/Al,Os fififi
1% ALOs K EIZH)—IZIRE Sz Au-Pd 54 /R 3RS sH LT
% (Figure 4-3, b-d), L7223> T, Au-Pd/Al,0s ® Pd FEDARBIEMEIL, PA/ALO; IZEE~
TR ELRIBRERLS > TEY Au & DAEILIZ X - T Pd DIKFE S EFERL
ST B AR E LTV D Wz B, UL, TV a— L bR bk
AR E Woleflix ODBILISDOHREFZ b HOND LI, VH LV RHRICL-T
Pd7H AUICEFME-> TWAH Z EIZL D B2 65, B0 EERIZ XPS S Hric T,
Au-Pd/AlL,O3 D Au DG = H /X —% AUALO; IZHER TR RV F—llc> 7 R LT
WAHZENBEINTEY PAdND Au~DE DR BRI T35 (Figure 4-12),
FI3ETHBEL LM@Y, Au-Pd &7 /R FIZi VWi, Uy REFRIZEL > T Pd
DEFARELERDZET, WARERFBFREAISCEBIT S B-v FU NUEERT v 73
RE S, ISR LIETL TV DD EE X LD, B2

728, iR Au-Pd/AIOs & PA/ALOs DIEMEELERIZ ISV TIE, T/ R DRIBEDE N
IZ X DREFEFEOENEZE L TR0, TEM (2 X 0 EH L7 ERi %2 VT
FTIORAFET N EHE L, RERFHETEEL TUEMEL KT L LND#EY &7
%, BEHRIS 22322 Au-Pd F ki 128 fec #iECTd D L ARE L C Au-Pd/ALO; DET
NEEZDE, APd T ki CEYERIEE: 29 nm) (X561 HDOJR 0 b7, 2D H 5
REIZHEH LRI 252 [ TH L0006, KT OFIGIE, 252/561 = 44.9% ThH 5
(Figure 4-13), [RIERIZ PAIALOs DET NV EFZ 2 5H &, Pd T/ ki (CF¥RIFR: 2.2 nm) X
20 HDIRF B2 2D ) LREICEMN LR FIT 138 ETHL Z b, KHEH
FDEIAI, 138/248=55.6% ToH 5 (Figure 4-14), L7228 > T, Au-Pd/Al,03 & Pd/AlLO3
OftEM %2 F R FREICEH L TS RFOMEE TEE L Tt 5 &, Au-
Pd/Pd =59/20 x 55.6/44.9 =3.7 {f & FLH 41, 01L Y Au-Pd/Al,05 ® Pd FE O il iHEEME 1|
PA/ALOs IZLE_NTEWZ &35,

AlLO; & 72 KT H 5 TiO, EIZ Au-Pd &4/ RL 1 % fHEF X & 7= it Au-Pd/TiO,
Z B L (Figure 4-6, Au: 0.070 mmol, Pd: 0.118 mmol, average 1.8 nm), Ktz 1T-72& 2

142



7. 84% IV T 3aa M5 H L7z (Table 4-1, entry 11), = MUK T Au-Pd/Al,03 D 59% IV
I HEN TS (Table4-1,entry 3), L2xL7en3 6, EFLdD Au-Pd & Pd Ofiltys
el & RIRRIC T /R F-DET N E2 B AT, KEIZHEHLTWD Pd 77 1 HHZ0H O
TON (turnover number) % Zf&H 5 & Au-Pd/TiO 1% 86, Au-Pd/AlO;3 1% 98 & HH X,
Au-Pd/Al,03 DIE 5 73318 Pd JiF 1l & 7=V @ TON (Zmh -7,

Sy EHEFRZ o TR L 72 A2 DWW T S ES L7z, Pd D21 Au 2 FHFF S8 TRl
L7z Au-Pd/Al,Ospg—ay (FTHEETRILE 35nm THY, ZHxHWTRIGEIT>To L&D
3aa DULFHE LT 62% TdH - 7= (Figure 4-7, Table 4-1, entry12), L 7223 > T, Au-
Pd/ALOspaoay 13, [RIFFHEF T L 72 Au-Pd/ALLOs & LE_T, it o Fs L OVENE
IZIZEAEEDITRNWZ LRI N, —, AuDH%IZ Pd ZHFF ST L -
Au-Pd/ALOzau-py (T FKIEE 6.3 nm, FEHERZAE 41nm THY ., WTFNADOED Au-
Pd/ALOs X2 Au-Pd/ALOspany L ¥ &KX 2357- (Figure 4-8, a), HAADF-STEM /41 5
FOVEDS 1t~ v B ZHTIZ LD . AUcorePdshen f1&E % > 5 nm FEELL EDO KX
W& Pd D& G7225 3nm FREELL T O/ S WKL O 2 FRENFET 5 2 &b o
7= (Figure 4-8,b—d), Z ® Au-Pd/Al,03au-py % AV TG EIT -T2 & & D 3aa DILRT
39% T&H V. Au-Pd/Al,0s X° Au-Pd/ALOspg—nn 1T IT 727> 7= (Table 4-1, entry 13),

Intensity

90 88 86 84 82 80
Binding energy (eV)

Figure 4-12. XPS spectra of (a) Au-Pd/Al,O3 and (b) Au/Al;Os around Au 4f components. The
two peaks were attributed to Au 4f7 (around 83.0 eV) and 4fs;; (around 87.0 eV). Au—Pd/Al,O;
exhibited negative shifts in the Au 4f binding energies in comparison with Au/Al>Os, suggesting
the electron-transfer from palladium to gold atoms by alloying. Such phenomena have frequently

observed for Au-Pd alloy nanoparticle catalysts.
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(b) Second layer, total 75 (out: 27, in: 48) (c) Third layer, total 60 (out: 24, in: 36)

(a) First layer, total 91 (out: 30, in: 61)

(e) Fifth layer, total 33 (out: 18, in: 15) (f) Sixth layer, total 21 (out: 21, in: 0)

(d) Fourth layer, total 46 (out: 21, in: 25)

2.9 nm).

Figure 4-13. Models for the Au—Pd nanoparticle of Au-Pd/Al;O3 (dav

(b) Second layer, total 40 (out: 19, in: 21) (c) Third layer, total 29 (out: 16, in: 13)

(a) First layer, total 52 (out: 22, in: 30)

(e) Fifth layer, total 10 (out: 10, in: 0)

(d) Fourth layer, total 19 (out: 13, in: 6)

2.2 nm).

203 (dav

Figure 4-14. Models for the Pd nanoparticle of Pd/Al
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4.3.4. RN¥— AR

AU-Pd/ALO; 23R — il & U CHEEEL TV AN D DT, FT latEr Y
¥ (2b) MHXET D7 =V > 3ab ~OKHEITV, FUGKER 1L.5h TAI|IZE Y Au-
Pd/AILOs Z R4 L7, HOVRIRZMELT-, ZoL &, &57% 3ab ERIZR G
72> 7z (Figure 4-15), F7z. ICP-AES Z3HTIZ L V| Au 38 KX OV Pd DIEIE T ~DE A3
BETWRNWZ E bR L, LLED, Au-Pd/ALOs 1A — Rl & L CTHERE L C
WD ENRHLNE Ao 1

la 2b 3ab
100 1~
80 A
g p
o 60 4
@
S .
B 40 -
E i - . i . |
> 20 - N
1 Removal of the catalyst
O T T T T T T
0 1 2 3 4 5 6

Time (h)
Figure 4-15. The effect of removal of the Au—Pd/Al-O; catalyst (verification of heterogeneous
catalysis). Reaction conditions: Au-Pd/Al,O3 (Au: 1.4 mol%, Pd: 2.2 mol% with respect to 1a),

1a (0.5 mmol), 2b (1.0 mmol), styrene (1.0 mmol), toluene (2 mL), 80 °C, Ar (1 atm). Yields
(based on 1a) were determined by GC analysis using n-decane as an internal standard.
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4.3.5. fill o> FfE

la & 2a(F 721X 2b) O, Au-PdIALOs IE A > 7 L 2 AIEIC L 0 i HIZ 53 B - [A]
INAFRETH U (MR >90%), Waifr, BERL, AKFLBL DO, HFOR CAOSICHWD Z
ENMTETL D MFI LTz, la & 2a OISV T, Au-Pd/ALO; O H)EIE R TIE
76% INFE T 3aa A HAVTW A, 1IElH O HRFZIL 67%. 2 [BIH O AR
49% L FHEAERS Z L2 3aa DYIFEIFE T L TWho7z, la & 2b ORISIZEB W T [FE
ERIZ. 3ab DULERIL, Au-Pd/AIOs DAENE FRE 87% 7~ 5, 1 [B1H O FE A Tl 67% 12
P> UTc, TEMBIZRIZ XY | 1a & 2a OISV T, Au-Pd T/ KL DRI DA H
KF: 29 nm 725, FEA LIEIH%: 29nm, 2 [B[H#&: 4.3 nm EHER L TWD 2 & kR
S 47z (Table 4-3, Figure 4-16), L7273 T, FEHIZIIT D Au-Pd/Al,0s DIEMHAR T I3
Au-Pd 547 /R 1-ORBIERIZE D EB 2 BND,

Table 4-3. Results of the repeated reuse experiments for the dehydrogenative aromatization of 1a
with 2a.[

Au—Pd/Al;O3 Yield of 3aa [%] Average particle size [nm]
Fresh 76 2.9
First reuse 67 3.8
Second reuse 49 4.3

[a] The reaction was carried out under the conditions described in Figure 4-11.
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Figure 4-16. TEM images of Au-Pd/Al;Oz and the size distributions of bimetallic nanoparticles.
(a) Fresh (before the first use) (average: 2.9 nm, o: 1.0 nm). (b) After the first use (average:
3.8 nm, o: 1.0 nm). (c) After the second use (average: 4.3 nm, o: 1.8 nm). The size distributions

were determined using 200 particles.
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4.3.6. FE A

AP O RSB AT 2 st U= (Figure 4-17), 7 a~%4 /> (la) L5 2 %7
SUTHHENRY V (2a) P r U Ty (2b) OISIIRNR LS EITL, Wiad 5 N-
BT =V UREWVETE LN, £, v raaFHt 2 (la) EELHETIT
HDHY I EAFUILT IV (20) R n-A 7T AT IV (2d) ORIGH RIS HEITL,
WIGT A N-BRT =V a2, 7TIE LT, BIHET IV E TRl 7=
(2e) . TOFBHEKRTHD 4-A ML T =0 2f), &-AF LT =V (29) LHAWD
TENTE, vru~xHh v (la) EORISICE > TOT U —AT I U255 2 LR
T&Te, - AF v r7a~xtt 7 (1b), 3-AF v 7a~FxH /v (1c), 4=F v
gua~t />y (1d), &7 == rankt sy (le) LWoTofix OEBRILEET
Ly gmasxW ) AR LT, F2/HkT 22 (2aand 2b), F1#T 2> (2 and 2d).
7=V UK (2e20) EAWASZENTE, 3BT H N-EHRT =V A2 A ATHET
Hol-, IHIT. 2-v 7 un~Fkr-1-4r (If) Evnr U Yy (2b) ZREREICHW-, 1,4-
AL 2-( IR B F BRI D 2 T ARISIZ LY ®IGT 5 13-V 7 2 /R
Yo (3fb) AT 52 L L AEETH - 7= (Figure 4-18),

148



(@) Ry N.
(\:/,/ + HN\ AU—Pd/A|203 - = | R3
Rl/ Rs Rl\/\
1 2 3
@’ @f ©’ o e
32, 76% (75%)"”!  3ab,187% 3ac, 95% (78%)" 3ad, 69%
H H H
spe @’% e
. g
X OMe X \Me
3ae, 91% (80%)[b] 3af, 87% 3ag, 73%
3ba[a] 85% 3ca,® 83% 3da,® 64%
D
@ @’ Me@’D r
X Et
3ea,™ 35% 3bb,® 71% 3cb,l 77% 3db,[ 73%
H H
@N O oo
Ph Me
3eb, 4 77% 3bc, 68% 3cc, 74%
H
O L0 Lr
Et Ph Me X
3dc, 77% 3ec, 80% 3be, 60%
H H H
o't OO0 g
Et X Ph x
3ce, 83% 3de, 44% 3ee, 50%

Figure 4-17. Scope of the present Au—Pd/Al,Os-catalyzed dehydrogenative aromatization of
cyclohexanones with amines. Reaction conditions: Au—-Pd/Al;,Oz (Au: 1.4 mol%, Pd: 2.2 mol%
with respect to 1), 1 (0.5 mmol), 2 (1.0 mmol), styrene (1.0 mmol), mesitylene (2 mL), 130 °C,
Ar (1atm), 24 h. Yields (based on 1) were determined by GC analysis using n-decane or
naphthalene as an internal standard. [a] Toluene (2 mL), 100 °C, 18 h. [b] The values in the

parentheses indicate the isolated yields.[c] Toluene (2 mL), 80 °C, 6 h.

149



o H
[::T? + :N: Au-Pd/AI,03 N N
1f 2b i:

3fb, 85% vyield

Figure 4-18.  Au-Pd/Al,Os-catalyzed tandem  1,4-addition/1,2-addition/dehydrogenative
aromatization reaction of 1f with 2b to 3fb. Reaction conditions: Au-Pd/Al.O; (Au: 1.4 mol%,
Pd: 2.2 mol% with respect to 1f), 1f (0.5 mmol), 2b (2.0 mmol), styrene (1.0 mmol), toluene
(2 mL), 50 °C, Ar (1 atm), 6 h. Yields (based on 1f) were determined by GC analysis using n-
decane as an internal standard.

4.3.7. BUL/NA

Au-Pd/ALO3 (2 & % 1a & 2a DPIKFEFFEREASIZIZIHB N T, RIGHEHE 6 h TlE—
F 2 MK Saa AFEFEL TUWAH N, 18 h Tl 5aa 1L < FRAE L TV /R (Table 4-1,
entries 3and 4), F7z, 5aa ZJREt L L TG ZITo7o & &, N-E#LT =V > 3aa 2345
NnN5HZ e afEid L Twb (Figured4-9,bandc), X5, KFET 7T X —L LTAF L
UHHEFEL TWASRETH - TH, 7 a~F LT 2 v daa 2R LIZiKkESEH
BRIEAREUNMTI A EIT LRV & bR LT 5 (Figure 4-9, a), Z U5 D FEERHEFIC
BT, Au-Pd/IALO; 12 K % Bk S8 5B BRI OGO OGS A 2 487 L7 (Figure 4-
19), .7 u~FH v 1) ET7 I (2) DBAMESIZE D KDOEIAZLE- T,
TS I A (5) WARKT 5 (Figure 4-19, step 1), KIZ, PAFEIC L%, AF L &K
KT IR TH—L L5 OPABIIGZE T, 2F AR BUORIEEE-> T, YV
VIR (8) AR % (Figure 4-19, step 2), &I, ATV EKRFT 7 T7H—L
L72 6 DFKRFRISIZE > T, ZF AR BUORIELZ - TON-EHRT =V > (3) 2
ARk d 5 (Figure 4-19,step 3), AF LU A2 KFET 7872 —L LTHWZ L X, N-E#t
T=Ur 3 OBRPERMICHEOND, 432THTELRLIZLIIC, AF L UIIERTZK
KT —L UTHREL, = I U HRRS K0 HKFE{ES°d 0 (Figure 4-10,
e —H. LTI TR F I T NSTET AT DKET IS E—E LTD
RESZ. 5 LIRRREMNZNLLFTH D (Figure 4-10,bandc), L7z~ T, AF L U AfE
FELBRWE XX, = I UHEERS AEBKET 772 —L LTV TLEY, R
IBEJGICE 2Ty 7 a7 IV AREIAELTLEY EEXZDND,
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— (Step 1: Condensation of cyclohexanone with amine)

o) R2 R?
q + HN — @z'\LRB + H,0
> RS
RIS 5

1 2

R

— (Step 2: Dehydrogenation of enamine)

R? R?

| |
@,N~R3 + ©/\ Pd @,N~R3 N ©/\
T4 1///
R 5 R 6

— (Step 3: Dehydrogenation of diene)

R2

R2

I

N. Pd N.
Yy O

R! 3

Figure 4-19. Possible reaction pathway for the present Au—Pd/Al,Os-catalyzed dehydrogenative
aromatization starting from cyclohexanones and amines to produce N-substituted anilines. When
using primary amines (R? = H), the corresponding ketimines are formed as the intermediates.

4.4, K

HE ST 07 AEET ) R (Au-Pd/ALOs) Z Wiz, AF L &2KET Y
TS a = LEBKB S FRBRMIGICE D N-B]RT =V U ARIEEZRRE L, Bh
TKFET IR THZ—L LTAFLUEHWDLZ LT, A3V (FR01F=F 2 0) ik
DOARLUCRISZ Bl U, BRI N-E#R T =) V255 2 LN TE T, ZORIG T,
FEEELT, lxDvra~nty ) UFFERET IV BLIRT IV, HFH2HlkTr I,
T=U UBER) 2WD I ENTE IRV IEE A Z R Lz,
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BEE

5.1. &

VT U—AT I UTERE, BIK Ykl T U VIRBRIER LG AL MR E Vo
TR OBWWTHWONL ARG TH LM ZNETOTT U —1T 3
VERBIEOREG & HEWEOBLEN DO KBIT S L LD 42125 Eh5; () 7
V=nnF A4 RIZEBT7=Y 207 U —nAk (Figure 5-1, Eq (1)).[23 (ii) 7V —/1 A %
NEERIEIT V=N AZaA REICEET7T =0 D7 U—1t (Figure 5-1, Eq (2)). ¥
(i) Alm 2RI H L7z CH AIEMEILEE> 7=Y o7 U —4k (Figure5-1,
Eq (3)). (iv) WiksEI5HFERAIE (Figure 5-1, Eq (4)). [

Buchwald & & Hartwig 5%, Pd fillillc X527 =V &7 V=T A RO7a AT
v 7Y T RO B FE VS #AS L7z (Buchwald—Hartwig 7~ "V > 27, Figure 5-
1, Eq).D 77U =T A N2k T7 022707V —/Mbb ZhiCEEN5. 8 7
U=V RAZNFEETNLT V= A ZaAf RFEICK 7=V o7 ) —fkE LTE T
=V rET V=R ue i (F3E7 VAR a VB AT V) O a Ry 7Y v
7 K& (Chan-Lam 71 > 7'V > 7 B4 THL W F7o, 7=V v (FiZT7 =V %
flifR) &7V —/ A ZLFE (A Z VMg, Zn, Ni,Au 72 E) @ C-N &1 v 7V v 7 Kt b %
HALTWA (Figure 5-1, Eq(2). B v D7 a2 v 7Y o J RO MR A\ FL 8 i
PEZ R L, BEMEOEWS T U —AT I VARTFEE LTERASNTHWD R, 71U —
NTARRT V=N AN E VST PRERRE L SN EEZLEE L, £7220IC
S B (UAL) ORIAERMNERT D &V o-MEREAT 5, ERIEEZFIHLEZ
C-HEGIEMALZES T =) DT U —/HL b STV D08, EimE (L) off
BERIECmb A A e L, HEEAMEICHER S S LWV ol RAEZ LTS
(Figure 5-1, Eq (3)). [®

AR, KT G BRI EOGD, Fix OB FEFRICEW DG FIEL L TERZED T
W5 (Figure 5-1, Eq (4). 78 Bl 21, 7 a~kH ) U EEv 7 o~k ) —uing,
HIETHT7 = ) — VBN ERARETH S, BN Fi- FHIWBLOFELIETHLRLIELD
2y vranFd ) LT Iy MRS N-ElRT =) b ERARETH DT
FIREEFE, 1A T, AF L, tert-T F IRV A )L~ EF v K (TBHP), 2,3-V
7 an-56-Uv7 Ny F ) (DDQ), Ik E U Lo o ik 2 B LAl (KRBT
7275 =) BBAKRFGTFERESISIZHN O TWS 8 Fi- RE—% Pd fillfiic
Loy ruanxy ) onn 7o ) = ~OBMKER (77872 —1R) ORiK
REBRIEESOS b E ST 5 B )b EH S FIRoKFE L U TKERF % K
HI9 2 B KRS, 23, REGRtE, KEY A 7 LVOBLENOHLET
5, 1
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% 3 Tl Au-Pd e d BT/ KL T AN IR SE A BRL A & L T K BT R BRI AR
JRIZE D N-EHAY =) U ERUCTEMEZ R L, 7 a~F o T IV 2 3 rnbasd
D NEBRT =V BTV AT IVRERTEDLZE (LY TV =7 2
VARBICBWTIE T VI NEAMEE BDN SRS DEITICE > T —R T2
DL R DMHEENCH D). £, Y7 ua~FH ) o172 onb bRad 5 N-&E
7 =) URERTEDIEER LT, £72, FHA4FETIE, Au-Pd —Joé)m T/ ki1l
BEIATF Lo BKRET 78T ¥ — & LT PKRES FRERSUSIH LT HIEEE R L,
vankY ) bfAOT IV (BRT IV, FLIHETIV, T2V UrBIOED
FHER) DOXINTHN-EHLT =V (T VAT I EEGR) BEKTEAZ %
R LTz, BAKERFERIERGCE DT V=7 2 HARICRBWTIE, Bk SR
DRIFWFEFTREN 2, TBNFERTEIE, FEMOBRERMORT YV —L7 I
HOERIEERY 5 D,

ARFE T, Au-Pd —Je& 8T/ K-l X DK FE BRI RIS D & 572 5B
& LT, HUMBKSERMEFRBERSC LDV TV —AT 2 U ARIEORIICEII L
720 Au-PAITiO IEAFAE T, BB KBRS FEREROGIZE Y, 7 a~F Ly
V2D RNNT DR T U — AT 2 U EARRETH ~ 7= (Figure 5-1, Eq (5)).
Fo, T=Ur v a2 (Figure5-1, Eq (6)). 7 B A~F AT I ET T
2~ /> (Figure 5-1, Eq (7)), = hmr X L7 m~FH /—/L (Figure 5-1,
Eq(8)) & Woiflix OIEDMAEDLENS, MR T V=T 2 L EMATHET
Holz, ZNEDRIGETIE, Ar(latm) FIZBWTELAIZ —OIHWD Z L2 1T L,
Sy FIRAKRFEERE AR E LCRIZET S (Eq@) (ISR TRIGIZE W TIdkFIxARK L
), AU-PAITIO, IZARY)—Rfilfi & U CTHERE L. RISRRICAES I ATRETH D | K&
IRIEMEDIR T2 BER T2 Z LN ARE TH o 72,

5.2. EB
5.2.1. —fi%
GC

D H A v~ h7'Z 7% Shimadzu & GC-2014 % v, BT MiZiTF vy T Y —
717 I InertCap 5 & V72, MEHIXFID IZ X V1T o7z,

SIDOHT A7 v~ + 7 F 7% Shimadzu B GC-8A M\ ., T T AITIIH T AH T A
(EVF=2TF7—r—7XBAFHE) #H\W -, RHIZTCDICX VT,

GC-MC
WD H A7 v~ k27" F 7% Shimadzu ! GCMS-QP2010 % vy, T AZiEF v &
7V —7 7 A InertCap 5 & v 7z, E & IXIUEAMRS GCMS-QP2010 %z, 1 A {bE
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J£ 70 eV D% E THW =,

NMR
NMR A% kL% JEOL # JEOL JINM-ECA 500 # W CHIE L7, HHBILOBC I1Z
TMS (IA5E: CDCls) Z A% LC, 5mm ¥ > 7 L& % T, 500 MHz 3 L O

125 MHz THllJE L 7=,

ICP-AES
ICP-AES &%, Shimadzu H ICPS-8100 % AN THIE L 7=,

TEM - STEM

TEM #1%21%, JEOL TEM-2010HC % H\CT4T7~ 7=, STEM #1%£% (HAADF R H X
OEDS T#~ v B2 7 RkE¥) 1Z. JEOLJEM-ARM 200F % N THT - 7=, MEEE I,
WY 200kV DR ETIT> 72, TEM B8 XL O STEM OBIZH 7 v, BrRslE
(i) 2% ) — OB SETWRE, W—ARra—ha3nfzCu 27V v N ECHET
L., I<¥@EEe-b0aMH LT,

XPS
XPS HIZE 1%, JEOLJPS-9000 % v ., MgKa % (hv=1253.6 eV, 8 kV, 10 mA) THIE L
oo BE— 7A@, Ti2per DE—72 (459.4 V)10 Z UL L MHIEL7-,

it O AR IZ X, TiO, (BET surface area: 316 m? g%, cat. no. ST-01, Ishihara Sangyo
Kaisya). SiO2 (BET surface area: 274 m? g%, cat. no. CARIACT Q-10 (75-150 mm), Fuji Silysia
Chemical Ltd.). Al,Oz (BET surface area: 160 m? g%, cat. no. KHS-24, Sumitomo Chemical).
CeO; (BET surface area: 111 m? g%, cat. no. 544841-25G, Aldrich), MgO (BET surface area:
36 m? g%, cat. no. NO-0012-HP, lonic Liquids Technologies) % fv 7z,

I ds L OEYE L, B b, BOUbR L3E, FOHi3E T3 Aldrich 2 BIEA L2 %
D&MW =, HWHE % Figure 5-2 |27~ 7,
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(a) Previous works

H
N
‘ X NH, X | N ‘ AN 7 | W
R/ = * /<R' > X<
X = halogen
9 H
~NH; M~ SN~
| + | - | @)
R/ = /QR P N
M = metal, B(OH),, etc. H
- NHa Ho SN
‘ P + | > ‘// \\l @)
R/ DG /\R
DG = directing group H
N
A =
‘ ~NH; o X | | @
U _ + J Sz N Ye
R R’
(b) This work
NH, N H _
2 @ — | |+ NHg+6H  (5)
H
o NH; o SNz
- \ | + H,O + 2H,  (6)
\ + _ X
Sz < P N A
R R’ R R
H
NH, o N~
S P @ IR
P N
R SR R SR
H
~NO, HO N~
\ P + e | P « | + 3H,0 ®)
R/ \R, R/ \RI

Figure 5-1. Synthetic procedures for diarylamines.
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Cyclohexylamines (1)

IO OO o O
oo 47 SOLSSYo

1g 1h 1] 1k

NH,
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4h 4 4i 4

Cyclohexanones (5)

jeheNh o ﬁ ot V je8
OO O Oﬁ@ 0 O~

5m

Nitrobenzenes (7) Cyclohexanols (8)

Figure 5-2. Substrates used in this study. Compounds 1a, 1c-1k, 5e, 5f, and 8b are mixtures of
cis-trans isomers.

160



5.2.2. HEfE—T VU LEeT /) KA O

Au-Pd/TiO; (Au/Pd =58/42) 1%, LATOFNAIZHE> T, HrdibEIEIC K-> T L7z,
%9°. HAUCls-4H.0 (5.0 mM). PdCl; (3.3 mM). KCI (PACL{z%t L C 2 %5 6.7 mM) @
K¥ANE 100 mL 12 TiO, 2.0g #1zx., =R T 15 0T 5, KIZ, 1.0 M @ NaOH KiF
R 15 mL 2% % (2 F L CKEIKD pH 25 10.0 ([ZFH%E L, 24 BT 5, 1R,
AT D Z & THRLIT KL RIBRAR) 209 2 2 LU 7 EIZE L, K% Latm T
T 150°C T 30 wHIMET 5 Z & T, F¥ =TS T U LEET /R 1l
(Au-Pd/TiO;) %157, ICP-AES 74T L ¥ (Au & Pd OFHEFE X, 24 0.134 mmol g2,
0.095 mmol gt & oA oTz, £/, TEM BIEN LR DTIZT /R OFEEPRIFE (da) (3.
33nm Tho7o (IFEHERZE (0): 1.0 nm), ALGEFRRIEFO B (HAUCH-4H:0/PACly) %
B2 Z & T, WITRT X 5 728k % 72 AulPd o> Au-PdITiO; ZfRBLATRECTH - 7=
Au-Pd/TiO; (Au/Pd = 76/24, Au: 0.150 mmol g%, Pd: 0.046 mmol g'%). Au-Pd/TiO, (Au/Pd =
35/65, Au: 0.078 mmol g, Pd: 0.144 mmolg™?) . Au-Pd/TiO, (Au/Pd = 14/86, Au:
0.031 mmol g%, Pd: 0.188 mmol g%), F£7=. RO GIET, RIZRT L 5 R8T
T LD I R ST O & e R A IR & LAl S IR TR Th o
7= (Au-Pd/MgO FRHLIEIE NaOH ZKEEIRIZ T 72100); Au/TiO, (Au: 0.149 mmol g2, day:
1.9 nm, o: 0.5 nm), Pd/TiO; (Pd: 0.250 mmol g%, da: 2.0 nm, o: 0.8 nm). Au-Pd/SiO, (Au:
0.026 mmol g2, Pd: 0.048 mmol g2, dayv: 6.4 nm, 6: 7.7 nm). Au-Pd/Al,O3 (Au: 0.111 mmol g2,
Pd: 0.090 mmol g%, da: 3.7nm, o: 1.1nm) . Au-Pd/CeO, (Au: 0.128 mmol g, Pd:
0.086 mmol g%, dav: 3.2 nm, c: 1.1 nm), Au-Pd/MgO (Au: 0.074 mmol g%, Pd: 0.062 mmol g%,
dav: 5.1 nm, o: 1.9 nm),

5.2.3. i

f IR SIZL FOFINETIT 272, Y2 L 78 (REF20mL) (2. Au-Pd/TiO, (Au:
1.45 mol%, Pd: 1.05mol%)., > 7 2 ~F T /L7 I > (1, 1.0mmol), n-~FHF
(0.1 mmol, NEEHEH'E), AL F L 2mL), HEEFE2Mzx, T ET T2 ET
AL TEMALIL, Y a b 7ELRERERTHRAIL TREZHR S, Y2 L7 #
W2 225 W e, R 2 2 & TP ORFBRREZXHETICRET 5, &)
BEZ 3EME D IKT Z & T, RISERIRT OBRGFIBEZRE L FEIHEKE) 0ob, Ar
(Latm) AV OMHESV— 28 Lo, KN % 160 °C T 24 h fif#E L7z, HEB IO
BRI D ERIT n-~F T 0 A NEEEE & 5% GC Tic L 01T o7, R4 B
BET 25613, WIEEDE 2 AW oT-, MOGtk, iz 2 o7 L AR X W ES
IZIEUXATRECTH W ([BIUXR >90%) ., SKIARIRIT T NR L — 3 AL > TEMEAIRETH
STy ZORKEERNS, YU D TN BRI T LI a~ NI T 7 4 —|Z X o THlFE 2
DTV =T I AR A HEERETH o - (RS2 BBRIRIE: 7 v m AR L AN
P ARGTRIR), LM OFREIL GC-MS B L NMR 208 (H BL O BC) TiroT,
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FORIZ X D7 =T ERFEOAERKIL, RISHEDY 2 L 7 ENOKIO GC ot &
N GC-MS ZHTIC L 0 EMERNCHERE LTz, KFEOERIL, 7 E=T REKRDOZEDEK
EEMLIC L VT T, TVE=T OERIL, 72 E =7 % HCl KIEK & SO S E 7% 0
NaOH 7KIFHRIC £ DiE (WEE) IZ X > TiTo 70, MO FMEHEERICH W TIE, A
T VL A X VAR LA A 2 — Y s ma AR IRA TR TR LT
MW7, KFE Latm T C 150 °C T 30 23 HIMNELER L 72 & D & IR[El D BSOS V72,

524, AR fLT—XH
D AT N IVTF—Z B RITRT,

H
\((jNO\(
4-(1-Methylethyl)-N-[4-(1-methylethyl)phenyl]benzenamine (2a; synthesized from 1a). MS
(70 eV, El): m/z (%): 253 (50) [M*], 254 (11), 239 (21), 238 (100), 222 (10), 112 (8).

H
o
N-Phenylbenzenamine (2b; synthesized from 1b). MS (70 eV, El): m/z (%): 169 (100) [M*], 170
(14), 168 (54), 167 (28), 166 (5), 141 (5), 84 (12), 77 (8), 66 (6), 65 (6), 51 (9).

H
JORON
4-Methyl-N-(4-methylphenyl)benzenamine (2c; synthesized from 1c¢). MS (70 eV, El): m/z (%):
197 (100) [M*], 198 (17), 196 (43), 182 (5), 181 (9), 180 (10), 97 (7), 91 (13), 77 (5).

H
onol
3-Methyl-N-(3-methylphenyl)benzenamine (2d; synthesized from 1d). MS (70 eV, El): m/z

(%): 197 (100) [M*], 198 (15), 196 (16), 182 (9), 181 (19), 180 (9), 167 (9), 97 (7), 91 (7), 79 (5),
77 (7), 65 (7).

KPR T V=T I (2)
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sae

2-Methyl-N-(2-methylphenyl)benzenamine (2e; synthesized from 1e). MS (70 eV, EI): m/z (%):
197 (100) [M*], 198 (15), 196 (13), 182 (25), 181 (11), 180 (21), 167 (11), 104 (20), 106 (15), 97
(6), 93 (7), 91 (7), 78 (6), 77 (9), 65 (9).

H
UoALY
4-Ethyl-N-(4-ethylphenyl)benzenamine (2f; synthesized from 1f). MS (70 eV, EI): m/z (%): 225
(79) [M*], 226 (15), 211 (16), 210 (100), 195 (12), 194 (6), 180 (6), 98 (9), 77 (6).

H
A/©/N\©\/\
4-Propyl-N-(4-propylphenyl)benzenamine (2g; synthesized from 1g). *H NMR (500 MHz,
CDCls, 25 °C, TMS): 6 = 7.04-7.03 (m, 4H), 6.94-6.92 (m, 4H), 5.46 (brs, 1H), 2.51 (t, J =
7.5 Hz, 4H), 1.59 (sext, J = 7.5 Hz, 4H), 0.93 (t, J = 7.3 Hz, 6H); BC{*H} NMR (125 MHz,

CDCls, 25 °C, TMS): 5= 141.6, 135.4, 129.5, 118.1, 37.6, 25.1, 14.2; MS (70 eV, El): m/z (%):
253 (59) [M"], 254 (12), 225 (18), 224 (100), 195 (15), 194 (6).

~ATC

4-Butyl-N-(4-butylphenyl)benzenamine (2h; synthesized from 1h). *H NMR (500 MHz,
CDCls, 25 °C, TMS): 6 = 7.05-7.04 (m, 4H), 6.95-6.93 (m, 4H), 5.48 (brs, 1H), 2.53 (t, J =
7.8 Hz, 4H), 1.60-1.54 (m, 4H), 1.39-1.31 (m, 4H), 0.92 (t, J = 7.3 Hz, 6H); BC{"H} NMR
(125 MHz, CDCls, 25 °C, TMS): 6 = 141.6, 135.6, 129.5, 118.1, 35.2, 34.2, 22.7, 14.3; MS
(70 eV, El): m/z (%): 281 (47) [M*], 282 (12), 239 (21), 238 (100), 195 (15), 194 (6).

H
/\(@N\@Y\
4-(1-Methylpropyl)-N-[4-(1-methylpropyl)phenyl]benzenamine (2i; synthesized from 1i). H
NMR (500 MHz, CDCl3, 25 °C, TMS): 6=7.06-7.04 (m, 4H), 6.97-6.95 (m, 4H), 5.50 (brs, 1H),

H
N
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2.56-2.49 (m, 2H), 1.58-1.55 (m, 4H), 1.21 (d, J = 7.0 Hz, 6H), 0.83 (t, J = 7.3 Hz, 6H); BC{*H}
NMR (125 MHz, CDCls, 25 °C, TMS): 5= 141.7, 140.4, 128.0, 118.0, 41.2, 31.6, 22.2, 12.6; MS
(70 eV, EI): m/z (%): 281 (34) [M*], 282 (8), 266 (7), 253 (22), 252 (100), 223 (6), 222 (12), 112

Seney

4-(1,1-Dimethylethyl)-N-[4-(1,1-dimethylethyl)phenyl]benzenamine (2j; synthesized from
1j). MS (70 eV, El): m/z (%): 281 (40) [M*], 282 (10), 267 (24), 266 (100), 250 (8), 236 (5), 126
(7), 98 (14).

T
4-Pentyl-N-(4-pentylphenyl)benzenamine (2k; synthesized from 1k). 'H NMR (500 MHz,
CDCls, 25 °C, TMS): 6 = 7.05-7.04 (m, 4H), 6.95-6.93 (m, 4H), 5.49 (brs, 1H), 2.53 (t, J =
7.8 Hz, 4H), 1.58 (quint, J = 7.5 Hz, 4H), 1.35-1.26 (m, 8H), 0.89 (t, J = 6.8 Hz, 6H); C{*H}
NMR (125 MHz, CDCls, 25 °C, TMS): 6 = 141.6, 135.6, 129.4, 118.1, 35.5, 31.9, 31.7, 22.9,
14.4; MS (70 eV, EI): m/z (%): 309 (45) [M*], 310 (11), 253 (21), 252 (100), 208 (5), 195 (15),
194 (6).

HERHLT V=T 3 (6)

H
JOR®
4-Methyl-N-phenylbenzenamine (6a; synthesized from 4b with 5a, 4l with 5b, 1b with 5b, 1c

with 5a, 7b with 8a, and 7c with 8b). MS (70 eV, EI): m/z (%): 183 (100) [M*], 184 (15), 182
(55), 180 (7), 168 (8), 167 (22), 91 (20), 90 (7), 77 (13), 65 (6), 51 (6).

H
SRS
3-Methyl-N-phenylbenzenamine (6b; synthesized from 4c with 5a, 4l with 5¢, 1b with 5¢, and

1d with 5a). MS (70 eV, EI): m/z (%): 183 (100) [M*], 184 (14), 182 (24), 180 (5), 168 (16), 167
(30), 91 (12), 79 (5), 78 (6), 77 (18), 66 (5), 65 (16), 63 (6), 51 (12).
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@f H
O
2-Methyl-N-phenylbenzenamine (6c¢; synthesized from 4d with 5a and 41 with 5d). MS (70 eV,

EI): m/z (%): 183 (100) [M*], 184 (14), 182 (59), 181 (5), 180 (20), 168 (18), 167 (30), 166 (6),
165 (10), 117 (5), 106 (23), 104 (6), 91 (17), 90 (5), 84 (5), 78 (6), 77 (14), 65 (9), 51 (9).

0
3,4-Dimethyl-N-phenylbenzenamine (6d; synthesized from 4e with 5a, 41 with 5e, and 1b with
5e). *H NMR (500 MHz, CDCls, 25 °C, TMS): 6= 7.22-7.18 (m, 2H), 7.01-6.96 (m, 3H), 6.86—
6.81 (m, 3H), 5.49 (brs, 1H), 2.19 (s, 3H), 2.19 (s, 3H); BC{*H} NMR (125 MHz, CDCls, 25 °C,
TMS): 6= 144.3, 140.9, 137.8, 130.6, 129.9, 129.6, 120.6, 120.4, 117.1, 116.5, 20.2, 19.3; MS
(70 eV, EI): m/z (%): 197 (100) [M*], 198 (16), 196 (39), 182 (25), 181 (12), 180 (15), 167 (6),
105 (8), 98 (5), 91 (5), 90 (7), 77 (11).

H
Yone
4-(1,1-dimethylethyl)-N-phenylbenzenamine (6e; synthesized from 4f with 5a, 4l with 5i, 1b

with 5i, and 1j with 5a). MS (70 eV, EI): m/z (%): 225 (48) [M*], 226 (9), 211 (17), 210 (100),
195 (7), 194 (6), 182 (5), 180 (7), 168 (5), 167 (5), 92 (9), 91 (8), 90 (9).

0

4-Methoxy-N-phenylbenzenamine (6f; synthesized from 4g with 5a and 7a with 8a). MS
(70 eV, El): m/z (%): 199 (86) [M*], 200 (13), 185 (15), 184 (100), 167 (5), 155 (5), 154 (9), 129

(16), 128 (13), 77 (12), 51 (7).
H
SRS
F

4-Fluoro-N-phenylbenzenamine (7g; synthesized from 4h with 5a). MS (70 eV, El): m/z (%):
187 (83) [M™], 188 (11), 186 (32), 185 (16), 170 (13), 169 (100), 168 (53), 167 (27), 166 (6), 93
(6), 84 (13), 77 (11), 66 (12), 65 (8), 51 (12).
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Wone

N? N!-Dimethyl-N*-phenyl-1,4-benzenediamine (6h; synthesized from 4i with 5a). MS (70 eV,
EI): m/z (%): 212 (100) [M*], 213 (16), 211 (11), 198 (8), 197 (38), 196 (9), 170 (6), 169 (7), 168
(6), 167 (14), 106 (7), 105 (5), 92 (17), 77 (6).

ens

Ethyl 4-(phenylamino)benzoate (6i; synthesized from 4j with 5a and 4l with 5j). MS (70 eV,
El): m/z (%): 241 (100) [M*], 242 (18), 214 (6), 213 (37), 197 (12), 196 (72), 169 (7), 168 (17),
167 (39), 166 (7), 98 (5), 84 (9), 77 (5).

i

N-Phenyl-1-naphthalenamine (6j; synthesized from 4k with 5a). MS (70 eV, El): m/z (%): 219
(100) [M*], 220 (17), 218 (50), 217 (38), 216 (8), 115 (10), 110 (5), 109 (17).

shes

3,5-Dimethyl-N-phenylbenzenamine (6k; synthesized from 4l with 5f and 1b with 5f). MS
(70 eV, El): m/z (%): 197 (100) [M*], 198 (16), 196 (20), 182 (12), 181 (24), 180 (14), 167 (10),

98 (5), 90 (6), 77 (10).
H
SRy

4-Ethyl-N-phenylbenzenamine (6l; synthesized from 41 with 5g and 1b with 5g). MS (70 eV,
El): m/z (%): 197 (58) [M*], 198 (10), 183 (15), 182 (100), 180 (6), 168 (5), 167 (11), 90 (6), 77
(9).
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AU
N-Phenyl-4-propylbenzenamine (6m; synthesized from 4l with 5h and 1b with 5h). 'H NMR
(500 MHz, CDCls, 25 °C, TMS): 6=7.24-7.20 (m, 2H), 7.07-7.06 (m, 2H), 7.00-6.98 (m, 4H),
6.86 (t, J = 7.3 Hz, 1H), 5.56 (brs, 1H), 2.52 (t, J = 7.5 Hz, 2H), 1.61 (sext, J = 7.4 Hz, 2H), 6.94
(t, J = 7.3 Hz, 3H); BC{*H} NMR (125 MHz, CDCls, 25 °C, TMS): ¢ = 144.1, 140.8, 136.1,
130.0, 119.4, 1185, 117.7, 116.8, 37.7, 25.0, 14.2; MS (70 eV, El): m/z (%): 211 (41) [M*], 212
(7), 183 (15), 182 (100), 180 (6), 167 (8), 77 (7).

H
y “
N-Phenyl-[1,1°-biphenyl]-4-amine (6n; synthesized from 4l with 5k and 1b with 5k). *H NMR
(500 MHz, CDCls, 25°C, TMS): § = 7.52-7.00 (m, 14H), 5.59 (brs, 1H); ®*C{*H} NMR

(125 MHz, CDCls, 25 °C, TMS): & = 143.1, 142.8, 141.1, 133.9, 129.7, 129.0, 128.2, 126.9,
126.8, 121.4, 118.3, 118.0; MS (70 eV, EI): m/z (%): 245 (100) [M*], 246 (21), 244 (17), 243 (5),

167 (5).
shee

N-Phenyl-2-naphthalenamine (60; synthesized from 41 with 5I). MS (70 eV, El): m/z (%): 219
(100) [M*], 220 (18), 218 (39), 217 (23), 216 (5), 115 (8), 109 (9).

Sholl

4-Ethoxy-N-phenylbenzenamine (6p; synthesized from 1b with 5m). MS (70 eV, El): m/z (%):
213 (78) [M*], 214 (13), 185 (27), 184 (100), 154 (6), 129 (11), 128 (9), 77 (7).
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5.3. faR & BE
5.3.1. Au-PdTIO, flil D ¥ 7 7 X U ¥ — g

TEM Bl£2) bR D 7= Au- Pd/TIOz il o) 2 R DONEHPRIEE (da) 1%, 3.3nm THhH o
7= (Figure 5-3, a and b), & . Au-Pd/TiO, ﬁﬂaﬁi@ HAADF-STEM /34135 & O EDS &
Ry EUTHHTICELY | TiO; ?E{Z!KL ZHITIRA & Au-Pd A4 kL3 HEEF
SNTWD Z B E 7o 72 (Figure 5-3, dff)o

S

o
frequency [%]
N
o

0 2 4 6 8 10 0 2 4 6 8 10

size [nm] size [nm]

(e) 2.5 nm (f) 2.5 nm

(9) 2.5nm (h) 2.5nm (i) 2.5nm

Figure 5-3. (a) TEM image of Au-Pd/TiO,. (b) The size distribution of bimetallic nanoparticles
(average: 3.3 nm, : 1.0 nm). (c) The size distribution of bimetallic nanoparticles after the third
reuse experiment (average: 4.4 nm, o: 1.9 nm). The size distributions were determined using 200
particles. (d) HAADF-STEM image of Au—-Pd/TiO.. (e) EDS image (Au element) of Au—Pd/TiO..
(f) EDS image (Pd element) of Au-Pd/TiO.. (g) HAADF-STEM image of Au-Pd/TiO, used after
the third reuse experiment. (h) EDS image (Au element) of Au-Pd/TiO, used after the third reuse
experiment. (i) EDS image (Pd element) of Au-Pd/TiO, used after the third reuse experiment.
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5.3.2. filfHsh R

44V TN T a~F LT IV (la) 5, 4-(1- A F/V=FV)-N-[4-(1- A F /v
TF )T 2= LR BT 2 (28) ~OHMBLKFER S FR IR A T VG
& LT, flix OEFF Rl oo g 1 A faGs L 7= (Figure 5-4, Table 5-1),

Bk~ 72 AulPd H3:% F#> Au-Pd/TiO, (Au/Pd = 76/24, 58/42, 35/65, 14/86) % I\ T i
EAToT2 L & WIS RINERNE L SH#EIT L, 6h T2aBNEZ1 43%. 54%. 46%.
40% IR TH: S 7= (Table 5-1, entries 1and 9-11), fix & B WK% 5 % 7= Au/Pd = 58/42
D Au-PA/TIO, Z W T, LKA 24h ETIERE L2 2 A, 2a OILEIT 88% (I2F
T# L7- (Figure 5-4,a,and Table 5-1,entry 2), Z D& X, KAHOHTIC LD, lalzxf LT
134 E (2.8mmol) DAFE LK 054 E (0.3mmol) OT U E=THNERL TSI &
B L2, F72. O BhREEE T) I2B8W T, 4-1-A F LT L)-N-[4-(1- A F
NZTF )T aNFUAIRCECT IV Ba) BEDY 4-L-ATF VT )R BT
I (4a) DR EARR L, T, 3a L da DICRDIKT & & HIT 2a DR L
TWLHZ b, 3aBLVda ISR TH D Z &R Sz (Figure 5-4, a),

AUTIO Z W T RN A T o7z &, 1a DT 2 UnbA I U ~DiKFEICHET S &
Erxohbdyra~dibf Iy 10a BLO 10a BKFELENTZT I v 12a BT H
AR LTS L O0, FEEA AT 5 2a,3a.4a 13— L Cuds- 72 (Figure 5-
4,b,and Table 5-1, entries 3-4), Z D Z &6, AulZHMPLKEZEDORIZEBWNTH T I U
A X U ASOBKFPISIZOTNITTEEZ R T H DD, &7 maF LA I R D
FEBRICESOSIZIT A IEEZ RIS W ERH LN E R 5T,

PA/TiO, # TR AT o 7o & & RISTHEIT L, 24h T 2a 23 44% IR TH O
7= (Figure 5-4, ¢, and Table 5-1, entries5-6), Z DO Z L6, PAFEIZT I b A I s
DBKRFEIE & 7 m~F A I RO FRIZESE DWW TS bIEMEZ R
FT—F5. Au-Pd 54T /R X D ITEHEIXRNZ ERB N E o T,

AUTIO; & PAITiO, DWMERANIR G 2 IV TRUG ZAT o 72 & &, 24 h T 2a 73 69% IR
T 541 (Figure 5-4, d, and Table 5-1, entries 7-8), Pd/TiO, D X 0 (FIEMEIXE WV H DD
Au-PAITIO; £ 0 IHIEMHIFKD o7, 2D Z Db, Au & PdIZAEBILTHZ LIk -T
EWARBLEM 2Bl 5 L) ZENH b E o T, TV a— VL RSCEmER LK
KA KFBOBILIE) 12BN T, VT RRICK 2687/ b OffiE
OFNTI S TWD, M F7- . Au-Pd/LDH (LDH = Mg-Al-layered double hydroxide)fifif:
AN L& el 3 | = R BN 7= SN S AV A= ol s S = SN s A A Y IEY SR B
DK FEH FERICESOSI S EVEEZ R L, Au & OEe(kIC L 5 Pd OISO E
DEHETHLHENW) Z b HEINTND, B SRIOKIGRIZBNTSH, Au & Pd ©
B, BOAETEEORBUCHEREE ZH > TV 2B 2 6D, ZILUIDONT
E. BIFEDIHE (5.3.6.JH K/ SA L AELOE) THEMICHRTFT 5,

fli 2 OHRIZ Au-Pd B4 2 B2 S B 7ol 2 W TS E T 72 & 2 A,
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DR TH 5 TiOs, ALOs CHEEMEDHHETH %5 MgO, CeO, & U /= & & 2a DY
RITIE R W—J7, BRERTH 5 SiO & V2 & & 2a DILERITDT 0 3% 1Tk
EE D BRERRIIARSSRICRE Y Th D 2 & 2VRER S L7z (Table 5-1, entries 1 and
12-15), ZAUF. BIAKEFFEREESCE T 54 2 Vi~ Pd Ot~ 2 kUi
NEAT > IR T, EEMEREREN 7 7 b o 28 U, BRI~ e b 2561
HMHThHDHEZEZ LD, B

VIR OHEITIE, Au-Pd/TiO, (Au/Pd = 58/42) % i 7afiifit s U CHWA Z &z L7z,
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Table 5-1. Acceptorless dehydrogenative aromatization of 1a using various catalysts.?

O 00O
O Oy

Entry Catalyst Conv. [%] Yield [%]
la 2a 3a 4a 10a 12a

1 Au-Pd/TiO, >99 54 36 4 <1 <1
2[bcl Au-Pd/TiO, >99 88 3 3 <1 <1
3 AU/TiO; 34 <1 <1 <1 1 1
4lbd AuU/TiO; 44 <1 <1 <1 5 6
5l Pd/TiO, 95 30 36 23 <1 <1
glbel Pd/TiO, >99 44 25 24 <1 <1
7i AU/TiO; + Pd/TiO, >99 44 43 4 <1 <1
giba AU/TiO; + Pd/TiO, >99 69 15 4 <1 <1
9l Au-Pd/TiO, >99 43 52 3 <1 <1
10 Au-Pd/TiO, >99 46 25 21 <1 <1
110 Au-Pd/TiO, >99 40 21 38 <1 <1
12 Au-Pd/Al,O3 >99 44 47 2 <1 <1
13 Au—Pd/CeO; >99 44 45 10 <1 <1
14 Au-Pd/MgO >99 29 61 8 <1 <1
15 Au-Pd/SiO; >99 3 74 1 <1 10

[a] Reaction conditions: catalyst (total metal (Au + Pd): 2.5 mol%), 1a (1.0 mmol), mesitylene
(2 mL), 160 °C, Ar (1 atm), 6 h. Yields were determined by GC analysis using n-hexadecane as
an internal standard. [b] 24 h. [c] Co-production of hydrogen gas (2.8 mmol) and ammonia gas
(0.3 mmol). [d] Au: 1.45 mol%. [e] Pd: 1.05 mol%. [f] A physical mixture of Au/TiO;, and
Pd/TiO; (Au: 1.45 mol%, Pd: 1.05 mol% with respect to 1a). [g] Au/Pd = 76/24 (mol/mol). [h]
Au/Pd = 35/65 (mol/mol). [i] Au/Pd = 14/86 (mol/mol).
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5.3.3. N —RAMESER

AU-PA/TIO, A — Rl L U CHEE L TW DD 5720, £9° 1a D 2a ~
DG EATV, SOSHEE 3h TAIBIZ LYW Au-PdITIO; Z[Rds L 7o, ORI &2 I L
7o TDOEX, EB7% 2a DAERB IO 3a & 4a DIEEITR S 72h - 7= (Figure 5-
4), F7=, ICP-AES HTIC LV, AuB L ONPd DIEERF~OEHNEE T RN &
el L7co LLEDD . Au-PAITiO 1A — Rl & U CTHEREL TW D Z & B E 72

7=, 12

la 2a 3a 4a

ié removal of the catalyst

Yield [%]

0 6 12 18 24

Time [h]
Figure 5-4. Effect of removal of Au—Pd/TiO, (verification of heterogeneous catalysis). Reaction
conditions: Au-Pd/TiO. (Au: 1.45 mol%, Pd: 1.05 mol%), 1a (1.0 mmol), mesitylene (2 mL),

160 °C, Ar (1 atm). Yields were determined by GC analysis using n-hexadecane as an internal

standard. The arrow indicates the removal of Au—Pd/TiO; by hot filtration.
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5.3.4. fili oD A

la D4 . Au-PAITIO 1T A 7 L A L 0 B HLIZ 53 - BIUNASFTRETH D ([
U= >900%), Heifr, KFBELBEOHK, FOVE URISIZHAWD Z &N TE 7228, i AR
R0 IRT 2 L2k 5T, 2a OULERIT fresh: 90%. A 1[E1H: 86%. Ff#fH 2 [A1H
82%. FFH 3EH: 71%, &R~ IZIKF L CTWw-o7= (Figure 5-5), TEM #ZI2 LV | Au-
Pd F ki ORI, AMERRE 3.3 nm 226 FEH 3EIH%Z: 44nm LKL TS Z
LR S 4u7z (Figure 5-3, b and ¢), 7235, HAADF-STEM 453#35 L OV HAADF-STEM
FHTRE L OEDS Jik~ v B 70 h, Au-Pd OASIREBIZRIZNTWD Z &35
o 7- (Figure 5-3, g-i), L7228 > T, FHEMICEIT 5 Au-PdITiO, DIEMAR T X Au-Pd
GBa&T IR ORBIERIZE D Z ERHALMNE ST,

5.3.5. HE I A
KBTIV =T I

AU-PATIO 1L BT 7 a~FI AT IV (1) DOHMHYT U —AT I (2) ~DH
I 7K S 1R B BR 2 S s 0D J5 B 3 4 2 e L 7= (Figure 5-6), JEE1X. Figure 5-2 12
RLELOEHAWE, BEROY 7 a~F I L7 Iy BV e~ HUBoZh
FIANL, 3PL, 2P ATFAEEFTH L7 oAUl T K LT, ST RAT
AT L, ST 207 U — 7 I U5 biLic (Figure 5-6,2b-2e), £70., S bl mE
WTILFNVETH DTV (1), n-7m e (1g), n-7F 0% (1h), sec-7 F /LKL
(1i). tert-7FIoLHE (1)), n-_>FE (1K) Z 4L THFEA DY 7 a~F LT 2
YUOARKISICEMAFRETH Y . ST A M TV — AT I AR RETCHh o T
(Figure 5-6, 2f-2K), F7=., 77 AR — )L COKGHIHE L < EIT L. 10 mmol @ la 7>
5. 94% YT 2a MG S 7= (Figure 5-7),

R T V=T I

VIANFULNT IVORBRLT, T=U L, = hrXRXUBr . vraakt o
vrmagkt ) — Lol filix OREEIT, NUB A HFREEEE LT, TEMICKE
ICAEFESNTND B 2 b 0l K2 OFERIIAES ICAFARTH D
e, INHEEHEERE LTHWED T Y —A T I AN ERTE UL, FRRY
TUV—=NAT I VERFEL D LIS D, £ 2T Au-Pd/TiO, & FHV - BLfI K &
TR EOGIC L D, () 7=V ey rangy 2 r (i) Y Z7a~fi 7y
Ly zaag s (i) = hexXvBrirrantt ) —L Lo fliax OREE
DA EDEDD DIEFFHRY T U —L T 2 U AERE G LTz, X, Figure 5-2 (2R
L7cb Dz Hunie,

T=Ur @) Evrankt sy B) DOOIEMHRTT V=T I UARERGL
7= (Figure 5-8), Flix DT IXNFEEHTHT =V v (4b-4f) &7 a~FH /) (5a)
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DIJEN S, LT 2IERHRT T U —T I U3 G 57z (Figure 5-8, 6a—6e), A k=
VE (4g). A e (4h), DATFAT I @), = ATE @) Lot flie D
BEHYELZAT 27 =V Vb ARKSICHEARRETH Y ST 2IFEHET UV —LT I
%5 2 7- (Figure 5-8,6f-6i), £7-. MABRILEMTHD 1-T7F LT I (4k) HAK
JRIZRWD Z v T& 7= (Figure 5-8,6)), 7=V > (4) L DOJSIZx LT, iz DOE
BrHTLHY7a~dY )L LT, 4 AF L7 a~dt ) (Bb), 3-AF L rn
ANFA )V (BO) 22 AT LT aaF ) v (5d), 34-DAF LT a~FF ) v (5e),
35-VATF N T ua~Fkt sy (5f), 4= F s a~FtHt ) (Bg), - mENLT S
g ~FH 2 (Bh), 4-tert-7F LT T o~k v (Bi), 44TV v aAaFt UL
RUBETF IV (5]), &7 == 7a~FV ) (5k) ZHAND I ENTE, 5T 5D
TV =T I UNERCE - (Figure 5-8, 6a-6e, 6i, and 6k-6n), £z, 7 m K
JrELTBT Iy Bl) ZHWTT =V @) LORINEITST2E &, TV HL
IR Ll LAl E L CEBERIEAEM THD N-7 == /V-B-FT7F LT I B ELI
7":0 [14]

WIZ, a7y (1) & 7ua~kxt s 5) MODOIEFFHTST U —b
T I UEak bR L7z (Figure5-9), &7 m~F L7 I (1b) & DOISICR LT, 4-
AF N (Bb), 3-AF I (5c), 4-=F LI (Bg). 4-7 v BLIL (Bh), 4-tert-T7 T L Hk
Gi) EWVolfx DT VXN EEHET Ly 7 a~dt ) v EHAND Z ENRTE, 3T
LHIERFTT V=T UG BT (Figure 5-9, 6a—6b, 6e, and 6l-6m), 7=, 34-v
AFN 7 a~FH ) (5e), 35-FAFNL T a~FH ) (5f) LoTn 2-E#HL
Juan~gt ) R, 4 FX VR (Bm) R0 4-7 ==L (BK) EW o B A AT D
vru~kt ) oh ARISICHEAREETH - 7= (Figure 5-9, 6d, 6k, 6n, and 6p), 7
aAXH v (5a) EDORIGNIHK LT, 4- A F N (lc), 3-A F /L (1d), 4-tert-7 F L
% () 2AETHHEAO I a~dF LT IURHANWS Z ERTE, ST HIERFRY
TV — LT I URERTE 7= (Figure 5-9, 6a—6b, and 6e),

IHZ, = hrXBY (Ta-Tc) &7 mr~FH/—)L (Baand8b) DIHNZ L~ T
HIERIFRY T U —L T 2 U3 BT (Figure 5-10, 6aand 6f), Z DA, o7 m~FxH
J=vinb 7 asF Y ) DMK OGS & KR E BRI ROG TE L 5 KFED
HLrHE= PR BUNLT =Y UADBICICHEE SND 720, KSR TR
KRBT T, KOBDBEIERRD & L TERKRT S,
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R R R
2

L Ar (1 atm), 160 °C, 24 h

H
H H
YCE\QY O JoRnel
2a, 90% 2b, 78% 2c, 82%
86% (1st reuse)

82% (2nd reuse)
71% (3rd reuse)

H H
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H H

2g, 75% (75%) 2h, 70% (69%) 2i, 87% (84%)
H
H

}/@N% /\/\/©/N\©\/\/\

2j, 86% 2K, 55% (49%)

Figure 5-6. Scope of the Au—Pd/TiO,-catalyzed acceptorless dehydrogenative aromatization of
cyclohexylamines. Reaction conditions: Au-Pd/TiO, (Au: 1.45mol%, Pd: 1.05mol%), 1
(1.0 mmol), mesitylene (2 mL), 160 °C, Ar (1 atm), 24 h. Yields were determined by GC analysis
using n-hexadecane as an internal standard. The values in the parentheses indicate the isolated

NH,
Au-Pd/TiO, (1.1
2(1.109) -
mesitylene (10 mL)
Ar (1 atm), 160 °C, 24 h

1la (10 mmol) 2a, 94% yield

yields.

H
N

Figure 5-7. Larger scale acceptorless dehydrogenative aromatization of 1a. Reaction conditions:
Au-Pd/TiO; (Au: 1.45 mol%, Pd: 1.05 mol%), 1a (10.0 mmol), mesitylene (10 mL), 160 °C, Ar
(1 atm), 24 h.
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6l, 93% 6m, 91% (88%) 6e, 98%
H H
N \/N H
Tl TCL o~
~ O / A~
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6i, 59% 6n, 72% (67%) 60, 66%

Figure 5-8. Scope of the Au-Pd/TiO.-catalyzed synthesis of diarylamines starting from
cyclohexanones with anilines. Reaction conditions: Au—Pd/TiO2 (Au: 2.9 mol%, Pd: 2.1 mol%),
4 (0.5 mmol), 5 (0.5 mmol), mesitylene (2 mL), 160 °C, Ar (1 atm), 24 h. Yields were determined
by GC analysis using n-hexadecane or biphenyl as an internal standard. The values in the
parentheses indicate the isolated yields. [a] Au—Pd/TiO, (Au: 1.45 mol%, Pd: 1.05 mol%), 12 h.
[b] Au-Pd/TiO; (Au: 0.73 mol%, Pd: 0.52 mol%). [c] 4k (2.0 mmol), 5a (0.5 mmol).
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H
N
O/NHz 0@ Au-PdITiO, @( \@
* . > P «
R R mesitylene (2 mL) R g
1 5 6

Ar (1 atm), 160 °C, 24 h

oo OU 00 UL

6a, 66% 6b, 75% 6l, 77% 6m, 70%
H H
H
o oor O o
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6e, 59% 6d, 58% 6k, 65% 6p, 43%
H
H
N H H
> ‘\“ o0 TUu LU e
6n, 54% 6a, 58% 6b, 71% 6e, 63%

Figure 5-9. Scope of the Au-Pd/TiO.-catalyzed synthesis of diarylamines starting from
cyclohexanones and cyclohexylamines. Reaction conditions: Au-Pd/TiO, (Au: 2.9 mol%, Pd:
2.1 mol%), 1 (0.5 mmol), 5 (0.5 mmol), mesitylene (2 mL), 160 °C, Ar (1 atm), 24 h. Yields were
determined by GC analysis using n-hexadecane as an internal standard.

HOO . QH 0

6f, 99% yield

Q
HO Au-PdITiO, /t N
Q O < U

mesitylene (2 mL) o
Ar (1 atm), 150 °C, 24 h 6a, 76% yield

ONOZ "L L
6a, 81% yield
Figure 5—10. Scope of the Au—Pd/TiOZ—cataIyzed synthesis of diarylamines starting from tandem

dehydrogenation aromatization of nitrobenzenes and cyclohexanols. Reaction conditions for the
upper reaction: Au—Pd/TiO, (Au: 5.8 mol%, Pd: 4.2 mol%), 7a (0.25 mmol), 8a (0.25 mmol),
mesitylene (2 mL), 150 °C, Ar (1 atm), 24 h. Reaction conditions for the middle reaction: Au-
Pd/TiO, (Au: 2.9 mol%, Pd: 2.1 mol%), 7b (0.5 mmol), 8a (0.5 mmol), mesitylene (2 mL),
150 °C, Ar (1 atm). Reaction conditions for the bottom reaction: Au—Pd/TiO, (Au: 2.9 mol%, Pd:
2.1 mol%), 7c (0.5 mmol), 8b (2.0 mmol), mesitylene (2 mL), 150 °C, Ar (1 atm). Yields were
determined by GC analysis using n-hexadecane as an internal standard.
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5.3.6. [/ SA L BELD T

AU-PATIO IZE D7 a~F I NT I L BB YT U —T 22 2 ~O BT
IRFER G F BRSSO S/ S ANTDOW T, FEMITIRET LTz,

532 THIRAZ X DI, latb 2a ~DRISZE W T, KIS BhREE T) (I
BT, N7~ 7=Ur3aBLO0r=Yr (/7 UV —1L7 ) 4a HHH
MEAERL, £0%, 3a L da DILROIL T & & HIZ 2a DYEEN\ ELTWD Z &)
O, 3BLVARKETHETHSD Z LR XD (Figure 5-4,a), ZEi L7 e L
T, AU-PAITIO FAE T N-v 7 a~nF 7= 3) #iEL LA, et b
VTV AT IUREEND Z EEMER LTS, £2, Au-PdITIO; #ET\ la DX
JRIZBWT p- hbA P (4b) #HAFS WG E. YTV —v T I 2a 721 T
<.lat db1 3+ FTOICHKTEOT Y =T 2 v 6q YR (27% yield) AkT 5
Z & bR LT (Figure 5-11), T HDFERMNG, N- 7 aA~F 7 =1 3B LW
T2V (BT V=T I)41F, SHRIETHL Z EBHALMNE o7,

R A S

2a (32% yield) 3a (16% yield) 4a (10% yield)
H
6q (27% yield) 39 (2% yield)

Figure 5-11. Acceptorless dehydrogenative aromatization of 1a in the presence of 4b. Reaction
conditions: Au-Pd/TiO. (Au: 1.45 mol%, Pd: 1.05 mol% to 1a), 1a (1.0 mmol), 4b (1.0 mmol),
mesitylene (2 mL), 160 °C, Ar (1 atm), 24 h. Yields were determined by GC analysis using n-
hexadecane as an internal standard.

1726 2 ~OHEHMHKFGFEFEREESOSIE, T 7 m~FrT7 Iy (1) oxbe
ToHLY I EANFINA I (9) ~ORKERISHHHMGT D EE X B 5 (Figure 5-
12, initial step), = ZC, 9{ZxF LTI Z D ISIZ L » T, 2 DS/ — R 35
%2 545 (Figure 5-12, Route Aand B), /L — bk A Tld, 9 DA%, 9 & 1 DFEE I =
D\%TV%:T%%ofMyﬂm«%vv?yv&n«%ﬁVTiy(m)@émf

o RNT, 10 ORBIKZEEFERIERISICE > T3 NERT S, ZLT3IDOT I
%4 VANDOPAKFEIZL ST N-T U =y zua~tinAg Iy (1) BEKRT S
(Figure 5-12, Route A), —J7, /b— k B Ti, 9 DERLIZ 9 DBiKEF FERIF S H
HEITL, AMNEKRT D, TO%, 9L 4DBT v E=T 2HEIMEIZL > T, 1L AR
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9% (Figure 5-12, Route B), W\ T 11D /L— h DA S HAKHINT 11 OFKE S FEREK
FIGZ K -T2 34ERkd 5 (Figure 5-12, final step), Figure 5-4, a D712 7 7 A )L C
X, BOGH, FIZ3DIREN 4 DRELY b REW, LIen-T, 3xFEICET L
—FADIEHIN, 4 ZHREICELL—FB XV AL DAL= THDLEZZ B
%, F£7-. Figure5-4,a D70 7 7 ANV EVD . 3B 11 OT I UWiAKFEIL, 10159
~OT IURBAKRFELD BEBNEEZLND,

532 TR L7 & 912, AulZ” I v OBiKFERIER & KRG FERE ROV
NS HIEMEZR T E A LRSS, — ., Pd IZWTNOMISZ bIEMEEZ T2 &b ho
TuW5 (Figure5-4), £7-. Au & DAELKIZ L - T, Pd OfENER K& < ML TV
% (Figure 5-4), = Z T, (AA 2 /L— b THD) /L— b A BT D Pd OB 2 5F

— (initial step)

NH, NH
C( - (;/r v H,
RS RS

1 9
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NH NH, _N
J T [T ™
R< R< R >R
9 1 10
N N
z =
O/ \O + 2acceptor —» | + 2 (acceptor-H,)
R >R R >R
10 3
H N
g8 — L)
< > RS R
3 11

— (Route B)
NH _~_NH;
g + 2acceptor ———» | + 2 (acceptor-H,)
R< RS
9 4
NH A~ NH; A~ NG
L | I N | + NH;
R< S RS >R
9 4 11

~ (final step)

N H
= X = N~
. | + 2acceptor ——————> | | + 2 (acceptor-H,)
R/\ \R R/\ \\R
11 2

Figure 5-12. Proposed reaction pathways for the Au-Pd/TiO,-catalyzed acceptorless

dehydrogenative aromatization of cyclohexylamines.
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HCHRETT 272012, N-vZ a7 =V (3b) ZHEWE LT H5%, i
DOfE (Au-Pd/TiO2, AU/TiO, Pd/TiO,. AU/TIO, & PAITIO, DMERRIEAY)) % FAWT
1T 7= (Figure 5-13), Au-Pd/TiO, # W TG A To 7o & & RUSIThE L <H#EITL,
T U =T 2 2b BMER L= (Figure 5-13, 8), Au/TiO, & W TG ZFT o 7= & &
3a DELIZEL A6 T, AuldT 2 v 3 DOFKFBIZH L UIFEEZ RS 2N Enb
o 7o (Figure 5-13, b), Pd/TiO, Z HHWW TG Z{To7c & &, 2a WAER L TWDH Z &)
5. Pd BARKISICARRI R THDH Z L o3bh-T= (Figure 5-13, ¢), Au/TiO; @ Pd/TiO, D
MBHR A 2 AW TR Z T o 72 & & | ST PA/TIO, L IZIXFRETH Y | Au-
Pd/TiO, X WKW Z &b o 7z (Figure 5-13, d), L7223> T, Au & Pd D&4fbic &
L TR O B, 3005 9 ~ORIGICKE L B> T\ Z &N ynoT,

EHIC, N7~y UFo_u¥Pr7 30 (11b) 2HBEWE L+ 5 UG % it
L 7= (Fiugre 5-14), Au-Pd/TiO, f#7E F. 11b IZSUGBHARE R (10 43 LAN) 1IN
NTHE S, 2b & 3b DK 1:2 DIREMA 5 2 7= (Figure 5-14,3), £ D%, 1lb1I4

00— 00 O

3b
350 - 350 ,
200 | (@) AU-PdITIO, 200 | () AUITIO,
W o —0)
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Figure 5-13. Reaction profiles for the acceptorless dehydrogenative aromatization of 3b.
Reaction conditions: catalyst (Au: 2.9 mol%, Pd: 2.1 mol%), 3b (0.5 mmol), mesitylene (2 mL),
160 °C, Ar (1 atm). Yields were determined by GC analysis using n-hexadecane as an internal
standard. (a) Au—Pd/TiO. (b) Au/TiO-. (c) Pd/TiO,. (d) Au/TiO; + Pd/TiO, (physical mixture).
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<R ENn72do 7= (Figure 5-14,8), F 7=, 11b i, 3b & HIEFEEE LGB W T
HER ST e (Figure 5-13,8), 2D Z D, YT U —AT 22 201, 1lb OR
PUESORZ L > TARLTEY . Fi2. ZORELEISIE 3b 205 11b ~Di/KFE LD
HIEFITHNZ ENI B0 E o T2, PATIO, 1 X Z OABEIGITKT L e 2R3 —
e AUITELSTERZ RS o7 2 8 b Pd BDABHEISIZB W TRAIR TH D Z
EVH L E 7257 (Figure 5-14, b),

@O neumo, @ © @O

250

200 4

= 150
=
£
o 100

50

(b)
N catalyst
o O @ @r e
11b
Au-Pd/TiO,: 34% yield 64% yield
Au/TiO,: <1% yield <1% yield
Pd/TiO,: 36% vyield 62% vyield

Figure 5-14. Acceptorless dehydrogenative aromatization of 11b using various catalysts. (a) The
reaction profile using Au-Pd/TiO.. (b) The reactions using various catalysts for 10 min. Reaction
conditions: Catalyst (Au: 2.9 mol%, Pd: 2.1 mol%), 11b (0.4 mmol), mesitylene (2 mL), 160 °C,
Ar (1 atm). Yields were determined by GC analysis using n-hexadecane as an internal standard.

UL EOFEBFERNS . Au-PAITIO2 12X % 1la 205 2a ~O MK FER T FER AL
SR, T OBMIKERS, A X ORBE (KR FEREAUR), #i 6K
IS DB A A DRIZ L VIEITL T D EHEE L7z (Figure 5-12), 7 X > @ B K
FIIGEEA IV ORI, WIS (Au TlE7Ze<) Pd IZL > THITLTEY
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Pd OfRBETEIEZS Au & OBEEICL VA ELTWD EEZBND, & OHEMLKER S
FERIHEGNE. ETT7 I 10064 20 9 ~DOHHiAKSEIC LV BIAT 2 (Figure 5-
12, initial step), /L — R~ A(A A > /b—R) Tl 9 & 1 OHEAIZTL D 10 B4R L. 10 D
ARSI &> T3 MAERT 2 (Figure 5-12, Route A), AL IZRBWTIE, 10 H
.9, 11 ® C=NFEAEMINAKFET 7872 —L LTEEET, 2hEhsbicd 27 2
VERDIM, INHEDOT I EFHO Au-PAITIO I K > THHST B4 I o~ & Bk
REIND, 2B, 10 BKFET 78T X —L LT\, Yo Za~Fi LTIy
(12) AT 525, 12 ZHBIFEEE LIS TH YT V=T I 2 B3 fGbh5 2 &
ZHEF LT 5 (Figure 5-15), 3 O7 I UMiAKFRICE T 1L 84K L, 10 O5E L FH
BRIC, 1 OFRBUERISICE > TP T V=T v 2 RR&ERME L THELND
(Figure 5-12, Route Aand final step), /L — F B Tlix, 9 O AREHEEISIZ L > T4 B4R L,
9L 4 DMEAIC L > T 1L LRSS (Figure 5-12, Route B), % LT, 11 OREULSIC
LoTUT V=T I 203 &AM E LT B 5 (Figure 5-12, final step), /L— b
A L—FBOWTNTHETLEEAD, lalcxf LT3 YUEDKFEL 05 YEDT U FE
=7 238 LEIAT 5 (Table 5-1, entry 2),

Figure 5-8 B LN 5-9 TR LFZIEHT T U —L T 2 V&L UG T, XU DIk
BoMie (7=~ /) v re~ 7 Ivtv sk
NN K oTA I UMRAERKR L, D%, Figure5-12 L RIEED XA THEITT D EE 2D
%, Figure 5-10 TR LS TIE, 1ZUDIZT 7 aatt ) — b7 gt )
sk FEBON NHETT S, v H/\ﬂ'r%/—zb@ﬂﬁkfki()ﬂf&kﬁﬁ%f%%ﬁiﬁ
JZ E o THRAET HAFE (F721F Pd Rl Lok FY R 1L, = haxXBrns7
=V UAOBICITHE S D, D%, Figure 5-12 & [AEEO XA THETTH LB 2B
% (Figure 5-16),

Au-Pd/LDH (LDH = Mg-Al-layered double hydroxide) fififins, e Zla(bAl & Li=v 7
aAFHt ) UEIRY kY ) = h T = ) — A ~ORIKFESERIEEEIGC
BUVEEZ R T Z ERHEIN TS B ZofBEIZBWNT, Auldl Y REHRICE
> TPd Z#EFARERRIEICT HME Z LT PAdREICL D7 mAaFk ) ohhbyrnm
~FtE ) UAORKBRISNZEB T HPd-= ) T — MED B-& R U RUEEDO 2T~ 712kt
L CTRERZTRT EN) ZENPLNE SN TG, B

Au-Pd/TiO; & AU/TIO, D Au4f J&3 D XPS 73Hr %217 > 7= (Figure 5-17), fi&& = x /L%
—83eV BLU87eV OfFITIZ Audfrp B I AU IZFNENIRBEB SIS 2 KO E—
7 HBHIL7=, Au-Pd/TiO, D Au @ E— 7 1%, Au/TIO2 12T 0.6 eV FEEK— /L ¥
—fillc> 7 FLTHED, Au 205 Pd ~OFETOR Y /RS jivfe, B8 ER L7229
12, REOSROBHEFEAT » 71 3 0D 1L ~OHMPIKESLIETHY . ZDT I
ARERIGIE B-& KU RBERT » 725 A TNDH EEZ B0 Lo T, Au

et L7z Pd N Ty RIRIC L s TETFARRREL 200, BEIGAT v 7T
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Figure 5-15. Reaction profiles for the acceptorless dehydrogenative aromatization of 12b.
Reaction conditions: Catalyst (Au: 2.9 mol%, Pd: 2.1 mol%), 12b (0.5 mmol), mesitylene (2 mL),
160 °C, Ar (1 atm). Yields were determined by GC analysis using n-hexadecane as an internal
standard. (a) Au—Pd/TiO,. (b) Au/TiO.. (¢) Pd/TiO,. (d) Au/TiO, + Pd/TiO- (physical mixture).
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— (dehydrogenation of cyclohexanol)

OH (0]
Ly — [J
R,/ R,/
5

8

— (reduction of nitrobenzene)

NO, NH
X 2
= =
R R
4

7

— (dehydrogenative aromatization)
H
\ + _— \ | + HO0 + H,
R = RS R >0 XN R
4 5 2

Figure 5-16. Proposed reaction pathways for the Au-Pd/TiO.-catalyzed acceptorless
dehydrogenative aromatization of nitrobenzenes and cyclohexanones. Initially, dehydrogenation
of cyclohexanol proceeds to give the cyclohexanone. Then, nitrobenzene is reduced to the aniline
by hydrogen. Finally, dehydrogenative aromatization of cyclohexanone and anilines proceeds to
give the corresponding diarylamine. The reduction of nitrobenzene utilize the hydrogen (or
transiently formed metal hydride spices directly) formed in the dehydrogenation of cyclohexanol

and dehydrogenative aromatization steps.
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(a) Au—Pd/TiO,

Intensity

(b) Au/TIO,

Binding energy [eV]

Figure 5-17. XPS spectra of (a) Au—Pd/TiO; and (b) Au/TiO, around Au 4f components. The two
peaks in each spectrum observed around 83 eV and 87 eV are attributed to Au 4f7, and 4fsp,
respectively. The Au 4f peaks of Au—Pd/TiO, were observed at more negative binding energies in
comparison with those of Au/TiO,. These significant negative shifts indicate the net electron-
transfer from palladium to gold by alloying. Such phenomena have frequently observed for Au—
Pd alloy nanoparticles catalysts. We also attempted to confirm the peak shifts of Pd 3d components
in Au-Pd/TiO,. However, it was very difficult to confirm that because the peak due to Pd 3ds.
was overlapped with that of 4fs;; and the intensity of the peak attributed to Pd 3ds;, was very low.
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BOE WMIE

AWPIETIE, AW B THW b2 BEA LG OB R OBREEMAI 2 B & 72 %
AR FEEIER DRI R 2 —7 > b & LIzBEr&JE T/ Kt oGk - B 21T o7,

02 mTIE, HEST R (AUWALOS) WS, b Rri T L REOESY
fRIZE S THEL DA VT VBROBKER I a X5 7  TRISICE ATV A Y
T — NAEEE BRI LT (Figure 6-1), Au (2 X% Si-H A OEMA L L . AlLO; Lo
F2RIUZ K D IRFEOEGFEDOMAE &5 | @R T/ K1 & FIR O 2SRl EH A2 G 25
FIR LTS RTH D,

R R
o ! AU/A|203 > .
R?-Si-H + H-N=C=0 > RZ-Si=N=C=0 + H,
R3 ‘V' NH, acceptorless R3
NH,CONH,

Figure 6-1. Au/Al,Os-catalyzed acceptorless cross-dehydrogenative coupling of hydrosilanes
and isocyanic acid derived from in situ thermolysis of urea for synthesis of silyl isocyanates.

3T, AT U A e R TR (Au-PU/ALO:) &, B %
b & L2 o7 DRIKFR S B RIGESOSIZ L D N-EHR T = U ERiiEZ % L
7o (Figure 6-2), Au 237 X » ORBiKFBERIGZ . Pd 23 A X RO KSR T B/ BRI AR
& (REAER) ORBEEERCH Y Au & Pd 25483252 L1k >TAu & PdD
FNENOERENEN LR, Au & Pd ZNENOMELEEN M L L TWnb &35 %
I, Ze@E T RLF D ) T R LT Y TV R A AN RI A LT S
HRTHD,

H

(\/NHZ AU—Pd/A|203 A N\O
2 _ | +3H,0 +NH;
Rl/\) O, (air) Rl// \Rl

Figure 6-2. Au—Pd/Al,Os-catalyzed aerobic dehydrogenative aromatization of cyclohexylamines

for synthesis of N-substituted anilines.

54T, HEEE- T VU LAGET ) KA (Au-Pd/ALOs) & Wiz, AF L
YEKRFT 7T — L LT BKB R ERGHRISIZ L D N-E#RT = U G ik % B
% L7= (Figure 6-3), % 3 FH|IZBWTHE LN, Pd fiEEIZ K 2 BiKE S FBRIEAS G IE
A RO R LV HEFTT D E VWO MR EZT T BRI KET 7 T4
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— S L TCAF LU 28T 52 & CREBISZH L, N-[EHL T = U 2 28RS
RCEDHZEERM LI, 7I L THADFHELHET IV, H2H/kT Iy, 7=V
(TUV—=ATIV) ERNHZERTE, BAVEEEAMEZET S N-ERT =Y 5
RIETH D,

RZ

O R aupdiaL0 N. 5 +H,0
+ HN 23 AN > R3 2
RL< RS styrene 1|// + ethylbenzene
R

Figure 6-3. Au-Pd/Al,Os-catalyzed dehydrogenative aromatization of cyclohexanoes with

amines using styrene as the hydrogen acceptor for synthesis of N-substituted anilines.

85 B CIX, HEE— T U LGS T R (Au-PAITIO) Z MV 7o, B K
FRGFEBRICRSOGC LD VT V=T 2 U ARREEB% L= (Figure 6-4), 7> D
RARFESE & A X RO IKFE S EFRIEESOE (RECEUE) 1X. Wihd Pd 23
fityEHEFECH Y . Au & Pd 5@ b T 52 &1L > T AU & Pd DZENZENDE IR
REMMZL L7-fE R, Pd OfERENH E L TWD EE X B, —ndE T/ hiito
Uy RHREFEDFRA LSRR TH D, XUB 2 HBEWE L LTRSS
Bex I B OMABEDENL, MBI OIERHT T UV —AT I 25K ARETH -
72

H
~NH, Au-PdITIO, N~
2 J | | +6H, +NH;
Rl acceptorless R1 = AN <Rl

(\/NHZ
1‘/ y + 2 H, + H,0

/NHZ Au-PdITiO,
h +5H, + H,0

\ 2
torl R
/NOZ HO acceptoriess
h \O + 3 H,0

Flgure 6-4. Aude/T|02-cataIyzed acceptorless dehydrogenative aromatization for synthesis of
symmetrically and unsymmetrically substituted diarylamines from various combinations of

substrates.
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Flo, AFFREOREGRCE LT, iF 70T A F kit (P/ALOs 36 LT
Pd/Ce02) Z MWW HMi KBRS FEREMONC L D 7 a~Fkt ) BT =/
— NV ET U =L AFE LT =T ORI T UV — b RIS BBEE L TV 5
(Figure 6-5), Z OSIE, MAB G EFERIZESISIZB N TERR Y —A L LTT I
TR T =T 2EA LIEWIOBITH 0 2l CAFREZ D OBEDOK N 7 o
X o072 —nNET V= ULAlE LT A O T U — LT I B ATHE
Thbd,

H
o Pd/ALO5 SN
2 + NH; > | | +2H,0 + 4H,
RIK acceptorless Rl// >Rt
1/2 CO,
1/2 NH,CONH,
+
1/2 H,0
(b) H
xOH Pd/CeO, AL NN
2 | +  NHj > | | +2 H,0
Rl// acceptorless Rl// >Rt
H2 + C02
HCOONH,

Figure 6-5. Related works. (a) Pd/Al.Os-catalyzed formal arylation of ammonia using
cyclohexanones for synthesis of diarylamines. (b) Pd/CeO,-catalyzed formal arylation of
ammonia using phenols for synthesis of diarylamines.

AL CIL, FAFFEJE T B o @R LI K 2 IR A AL O K 38 B O
BAZE AT\, SRS IR U RS BiEtE 2 R T BN L S 20MZ Lz, AFECHE L
TR ZERE LT, UFIORT LI R E DR HHIEROBBELFHTX 5,

3 EICB W, BKBESBFRERSNIA 2 v (i) 2 2) FREERORHBME
SIS E > TH#ITTHZ 2L E L, Au-Pd/ALOs |12 L DR Z LA E L CTHWD
raaFY ) UL E 2T I U EEE L LS T, RERIEIZ L o TRIET S
FIMT I VNI VAFHBRILTERWEBES N, ZORKE LT, F4FET
TENTZKET 78T F—L LTAF LU EHWD Z & TREULRIGE < Z LITRk
LR, BREOEKRIEL LTAF LU 2N TEY | BEATRLHE LERDE
BN TH D, £ 2T, EIH—FK Cu filflie (5] Cul) (k> TEEZIILAIL L
THEIET IV EMNGTIHZFT I VAL TELZ EnmbTEY (Y. Pan et al.,
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Org. Lett. 2015, 17, 5488.), Zi1% Au-Pd/ALO; LFlAB DL Z LT, 7 u~dt ) v
EEHE 2T IUND L, BRFARLAE LCRIST D N-BIRT =V V28RS

TX5OTEH RV EHRFSILD (Figure 6-6), R, FH 2 H{7 I LTV T7T U —1
TV (ZHUEESEICB W TRk A 2 OMAS OO B KFEMTCEKRTE 5
EWVH T EERLE) EHWD ZENRTEIUL, B HEIOS B CIEFICEE LAY
THHNITUV—ATIVEEKRTHIENTE, PHEREEESNEEZEL, &
MEORVERMEER LT\ v Ay 7Y T RORORER L 72 5 Fi DR
T2 U7 U= AT I ARIEICRY 9 2 LIS LD,

Au-Pd/ALO;

o | N.
SR o S8
14 R 0, S
R?
|
X N‘R3 Pd ’
L , —

Figure 6-6. One example of application of this study: dehydrogenative aromatization of
cyclohexanones with secondary amines for synthesis of N-substituted anilines by combination of
supported Au-Pd bimetallic nanoparticles and homogeneous Cu salt.

ARIFFE TR LI Mn R e FEO TLE T o A LHAEDOELZ LICLE 2T UTFD
KOV AT NEMEETHZ ENAIRETH D (Figure 6-7),

JRIEIE, TEMNIET V=7 & 2B ERBP AR EINTND (FELRE MRS
—N)y o, TUE=TITEREKREND VDD L N— = Ry 2 iBIC L > TERK
INTWD (FELEN A AT—L), —JH, F22ETHBLE I ALY T F—h
BHIBIZBWCEIAET 27 U E=T BIOKEIX, oD LET R Y ¥4 71
ARETH D, TDD, FE2HETHB LIV AL VT — NakiEL . BMEOTE
TrntA (REMET o ABLIUON—1— Ry vaFotR) 2flribEsz L
2L~ T, EEKZREIERD D —HIAER LW 27 AMELR[RETH 5 (Figure 6-7, a),

TEx OWER  FELEER 6 BBRILAWIT. XUP A HEWE L LT T ¥EMITARE S
LTV 5 (Figure 6-7,b, BRED), BKFE A FEREEIGE LT, 1T 7 m~F i
DU EFENE L7 = ) — 0 N-EHL T = U DA LA, Stahl 550 Li 51T & » Tl
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S CE 7= (Figure 6-7,b, ZRKFN), ARFIETIE, 7 o~FH ) o OATRLS, k0%
REEOMBEOENLT V—AT I VEEANT 2 HEEZHB T2 L T e D
6 BRILEMNOOT U —LT7 I HAA R OB IS L7 (Figure 6-7, b, &%
FD, 52, UMEETHR L CE v Zuntth /vt /) —unb7 o
) = ~DORiKE S FREE ST v E=T OFRRAT UV — bz k597 U —b
7 X ARG (Figure 6-7,b, FRHY), £72, BUEREFO MU 7V —L7 I AKX
JIGRT V=T ORXT ) —fblic ka7 =02 (£ 7V —AT V) AR
(Figure 6-7,b, HHIRARH]) £ TEDDL L, TEMITRBUNLAMRENHEL D6 B
BALEMEMAE L, 7V —AT I VDL LTHIEHTE D Lnvolz, AR
IRE B AT A EEREARETH D,

PLE XY KEFZEIL, EELAY ORI 2B A A2 R e R )/ Rl
DEERRILIC L > TEIL, SOICBFOTET v R EHAGDOETL VAT MEHO
AREME B R LTS LW ) ST RIS S TEMIC L RERA T Va2 EZ DD
Th b,
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(a)
This study
(Chapter 2)

Si—H + H-N=C=0O msssssssm) | Si—N=C=0 |+ H,

Well-established process
(Haber-Bosch process)

Well-established process
(urea production)

(b)
Other groups
H' A
— This study
(Chapter 4)

This study
(Chapter 3)

H
N

Y
O

This study
(Chapter 5)

Under studying

limamm———————n,

Q
5~

Figure 6-7. Application of this study to industrial processes. (a) Silyl isocyanates synthesis
(Chapter 3), (b) Arylamines synthesis (Chapters 4-6 and related works).
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