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Development of Ru and Cu Catalysts Supported by Nitrogen Heterocycle Structures and
Their Application to Hydrogenation of Carbon—-Oxygen Unsaturated Bonds
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B WE RN X 3RS o AKRFIRG—

AALE W OAEFNRE S DR TTRIN T, AHE AL O /08 TEEREHLIED—D
Thb, BT, HTFIRAKREEKZEL LTHWER TG, Wb B KFBSIE, RO
REAFIFE G ORITHEHE Ch o Ruk Rl RevUfk- B Ra7LvI=v Ak
CIXERY | BEED A SRV ER TR RREATROFEL LTEETHDH, I E
TRFIST, T v TAF v BEER L Vo B DR FE— R BRI SD
=hwl T R INRE NV AR R EOERRIED R LT KR — “TQE%T
B SICEAE T, = b, AL . NTFP A Il h LT = A, 3L gk,
7 EOEBOEH LS NIMmAE, b LUIIZNOETEER, VU7V, TAIFRE
OFERITHHE U7 B AR 2 VA — R ClRIA < FEfi Sh T& 7=,

R — R SR DERY DOSBERE S T % Z & | MR w2 &7 &

FMEICENT R R EZFF > TR, LI I NV XOEENEFEIZB N TAFIA S
TW5, LU, RUSO BRI 2 & AR B, RE RS TH D, — T,
BB A BEERIC X 58— RAMLROSIE, 2R ICREE LR FOERIC LY | & RADE
T SN SE S ETET D 2 LN TE D720, BRI SUSAER TE 5 & AR
2 FOGERME BRI TE D Z ENRZ W, FRC, REKFRISICRESN L =F o F A%
R 722 SO T — B BE BN M 2 R T HE O —o>TH Y, ERLENTWD T 741 7
IANVAERT BT ACBWCERS B A AR L 3550 FABHIR DI WFEE L e
ST D, Fall Tl B 2SR EHT IS < B O TR R 2R TR 48 S5 IR ARIEE S 72
STV DIED, B — R D I 72 R — R EH Lol b 2 b, 5% K0 IAH
7 ATOMAPHGEIND, V=P AT 4 F TN I AN —ORBICES X,
FIS7 v ADE TRV —{bie & REFFIMEZ Bk L 7GR EHIEEIC > TRV,
& VIR 2R BUS SR TEWEM 2R3 TR G 2 D TW S MR H 5,

B BRI K D RF—RBAFFE G OKFLSIGIE, 1965 4, Wilkinson 51
KV ¥R SNz Rh $HEDORITIC IR 2 5 5, AIEEEC YA 72 RhCI(PPhs)s #5123 5371k
KRFBZTEMEAL L TS L TIT7e b & SERBEEOIERV NS WT LT R0 T L F v & 1R
RNREMETETT A, BEIC, POESBEORA % RuCL(PPh); ICXk D F L7 4 Dk
BB & Siz?, ARFEACBUE ORI D385 AL F I Tl S T, OB SR
EIRCTHIRFRIE~DOEHNEA T, It ZHF BRI S DX — Rl & LT, Crabtree fit
BHIRBEINDHEBARRT 4 e Y DU B IR & 35 0 F A HEEERD . RUGME
DIRNWIUEIRA V7 ¢ OIRFACIZFIH FTRE 72 il & U TR &7z (Figure 1-1 £)3, 2

! (a) J. F. Young, J. A. Osborn, F. H. Jardine, G. Wilkinson, Chem. Commun. 1965, 131. (b) J. A.
Osborn, F. H. Jardine, J. F. Young, G. Wilkinson, J. Chem. Soc. A 1966, 1711.

2 (a) D. Evans, J. A. Osborn, F. H. Jardine, G. Wilkinson, Nature 1965, 208, 1203. (b) P. S. Hallman,
B. R. McGarvey, G. Wilkinson, J. Chem. Soc. A 1968, 3143.

3 R. Crabtree, Acc. Chem. Res. 1979, 12, 331.
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o DY) ZARKF A ORI BT DR % b L2, S F S E BN TRRF A HES, fil
BETEPECPOGIERRPEN YR ST & 7o, EERPFERROXIGUL. (1) HFAEM BN T %
FIA UTe R RFLBUS OMESL, (2) BRFE—IRE ARG A DS O R ST IE A fnfs &35 o
~DJER, (3)Mn X° Fe 72 & ® 3d EB 4B ORI KB T 5,

W, \PCy3_| PFe o, P
s JIre
1l S 1< SN=
L .
Crabtree catalyst Ir-PHOX type catalysts

Figure 1-1 F V7 ¢ » DARRIERISICRIAFTRE R Ir SE Al

70 % T LR REFEE SR T B KBTI O STARA L S A I D R KBRS~
BlE LT, TJEDIETENER X 7 ¢ v 2 D Rh =2 Ru SERE RN S HBIR S -,
Knowles 5%, R AT ¢ VBT (RR)-DIPAMP % v, Rhfilfitic K578 e 7 3
I BBEORFEKRFISINZ LY 97.5% ee & D FEFITEOKBIIETT 2R T VR T V7
VEIRIT L, /N Y UIRIRIRIETH D L-DOPA O T3EAFEIZ ) L= (Scheme 1-1
By, FBHEOIE, CRIFMEEZ S OMARF Y T U — LR AT ¢ UEL T BINAP % Bi%S
L. ZOFENT%Z24A79 % Ru(OAc) {(S)-binap} il (2 X 5 REFKFBLSISIZ LV | o,p-Ffd
FA VR VNS PIRIERTHHS)-T 7 Xt % 97%ee TARTEDZLEERWEL
72 (Scheme 1-1 F)°, & 52 Crabtree Il HER A7 4 L LY DU BIRELZY &
— R JEFL— ML FE LT, DR RAT v —F XU R F A Paltz 12
L0 ARSI, EIEEI DT o T A RIRA e BB S 7z (Figure 1-1 £4), 2O X
DN B D ARF P b REDIHEMALEW 2 B R T & D2 ARF O3 3 LT,

4 B. D. Vineyard, W. S. Knowles, M. J. Sabacky, G. L. Bachman, D. J. Weinkauff, J. Am. Chem.
Soc. 1977, 99, 5946.

> Monsant Company Patent: US4008281 A1, February 15th, 1977.

6 T. Ohta, H. Takaya, M. Kitamura, K. Nagai, R. Noyori, J. Org. Chem. 1987, 52, 3174.

7 S. J. Roseblade, A. Pfaltz, Acc. Chem. Res. 2007, 40, 1402.
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Scheme 1-1 RFEEM AR R T 4 ZFIA L7- Rh B X Ru $EERIC X A ARFKEBILRS

Knowles
OCH3 OCH3 /O
AcO H2 AcO
[Rh(cod){(R,R)-dipamp}][BF 4] P/ \P
| o
AcHN™ "CO.H AcHN” “CO,H \
L-DOPA precursor (R,R)-DIPAMP
97.5% ee
Noyori
i e
CO,H Ru(OAc)z{(S)-BINAP}‘ - CO,H PPh,
PPh,
99
(S)-naproxen
97% ee (S)-BINAP

INHDOENCHBND KD %%é@fﬁﬁiﬁﬁl@; K DIKRFBACSIRIE, T AT 97 3
¥ LWV o T RBEIRFEABINRE G OB T Z TS HED ATV e, 1990 IR Y |
TRT 4y I T IERT LM FERATHZETT AT RO e EORFE—E
RAEMFBEAEDOKBIRKIGHBAIREIZR T, KE-EE - BIKLI1E, Ex o
Ru(diamine)(phosphine), & % M & Ru(diamine)(diphosphine)fFIJ ® Ru SR (Figure 1-2) 72654
5T RU REERDS, M Lo RF R _EHEGOBEITCICATH D Z L E2H DM
7

pp, m H CIH .

r r

’ / \ j C / \ }R Ar3P/ | }R < }R
H H

ArzP
' CIW CIW
Figure 1-2 ﬁ%—@%K@ﬁﬁéwmimﬁmwmﬁmmmk&67n74y&?iv
%10 Ru ik

B DEEIRIZ X 2 KFEUSOE OFEREZ B 207803, BHK 50 Morris 5 D 7 /L —7Z
L iEFRI AThL, %< OFERWEEL LOBmAEICL T, 8 BETF7IVVER
U FEERL 16 BT I FEEROMHEEMARNE ) &L L THEIT T2 b0 LifEES TN D
(Scheme 1-2), ¥t KU REERIZE D &7 b U BKFELE T I NS FEFETIL, TS-1 12”7 X

27T 47T I VBN Brensted iR E L CIET LW TEEZIEMHL L, Ru Lo
b FU RENLTFDS VIR =)V RS & RIZ B 5 N BBREBERIRE A L TH#IT+ 5 & &
NTWD, T2, SMEDBEBICENT 52 &2 BB TT I 7 e B LU Ru
e R REMHAEER L, B REBIIC XD EIC SN ORR, sV LR =)L SR
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BLOZF U FAEREREBRTLHDOLEEZXENTNDE,

Scheme 1-2 HZEHE8E Ru 7 I iz X A AKFBLRIGEOREE

O OH
RJLW RVKW
H H /‘ H
P, | N _ P.,, N
o) - -
P/ | \” \ P/ | \”
H 2 H, H 2
18e amine complex ] 16e amido complex

H H

\ /

Ru—NH

TS-1

ZOEIT, TeT 4w T I AT D HZHERE Ru SEAANEEIC L0 | RS TT
NTE RRT h b Wo e iR L Tc RFE—BBEAEFFE G Z2 7V a— V8T 5 2 &R
"REIC R o T,

WHILARE Tl RFE—IEEARFIE eI OKFSISICBIE L, 12 2000 F105% 1 LA
R U720 AT IC 8 B U, Bk OWFFERHFE O Wi 2 5ol L, A8 CHLY M eiiE
i SR

8 (a) K. Abdur-Rashid, M. Faatz, A. J. Lough, R. H. Morris, J. Am. Chem. Soc. 2001, 123, 7473. (b)
K. Abdur-Rashid, S. E. Clapham, A. Hadzovic, J. N. Harvey, A. J. Lough, R. H. Morris, J. Am.
Chem. Soc. 2002, 124, 15104. (¢) C. A. Sandoval, T. Ohkuma, K. Muniz, R. Noyori, J. Am. Chem.
Soc. 2003, 125, 13490.
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BE W RAELT X 5 EER TR FE—TRR ARG OKFRLRIS

AIEIC T I v 7a b 20T 5 HZHEEE Ru il 7v7 e K- 7 b OKRFEIS
CEWIETEZ RS 2 L 2k, L L, oM LT iRBE—BEARE S 2 /3 5 BHERIX
ZOENMITHEELHFAET D (Scheme 1-3), A X R 2T /b« DILRUET I REWoT-
WD INVRUBEHEER, BLOI—ARR—F - =" A— | - T LT Lo T RIEHE
BIX, 7VT e R b ERDNVR = NVIRFORE T HEPNRNW -, £ OEITCG T &
DIREEL SNTW5, FE, ZhbDOEREEDOHBLEETISOWMEFNLT LT B 47 b
VORI A WA SN AL RO TV S,

Scheme 1-3 20 L I RIFE—RRAEIEE 2 H T 5 EEE

0 o
WKH WKRE

aldehyde  ketone

! S
5 ROJ\OR RN TOR  R,N” °NR,
. carbonate carbamate urea

less electrophillic carbonyl group

. )
1 1
. carboxylic acid derivatives , carbonic acid derivatives
1 1

FRRIZ, FEBRE|IZB W T IO OFREDEICIE NaBHy, LiAlHs IR SN HEEE N
U Mz b FEimE A2 FIEICEGFE L TWD, 2RO R, JUSHKICAEL D5 KR
DEBEARY L B E ORBERNEMECH Y, Flo—o e KU FRIKIL, 2 ORLEN
DI DI NEE &2 E T 5 70 RIS 2V, TEMNIIE, AR CTH 5807
2~A K (CuO/CuCr04) 23—EAZFIH X523, 200 °C LL 2D 200 &KJELL O 72
ARV LT LT TR, CrOEWEERLZEmIZBOTERSEEN TS,

Bt Z 0 S O EEE ST OB REE O AR K FALSUS 3 | (KRR AT - mzhiR i T4
Bl & L CHER SN TR Y, AN CWb, AREICIE, 3d BEESREZ RO
P — A O WE BN N T, KB EOEREZ LICHELTRNT 2, Sbic,
{BIRFEDKFALIRITCIC L DX, Db N, A F ) — VAR OWTHIZERILE LD 5,
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(1) A X FOfERKF VS

1993 £4£{Z Drago Hld. [Ru(dmp)o(H20)][PFel2 SR Al L L N-AF N7 A IR
NE ) TAF SN, NAFAERY DU a2 5252 LE2RELES UL, TOWEK
13 28% K<, B BIEIC OV TH SR IR TV /2L (Scheme 1-4),

Scheme 1-4 Ru $EEfEEIZ L B N-AFNL R 7 4 I ROKBILRIE

0
O
Ru(dmp),(H-0),][PF
N-CHy + H, [Ru(dmp),(H20),][PFel2
toluene/EtOH = 1/1 N—CHy
0 6.8atm 100°C 24h
S/C =100 28% vyield

2005 #-{Z1E, Bruneau 5723, [RusHe(p-cymene)s]Cls 35 & UNRuCly(p-cymene)], 2 721 2
ROKFACBORZ LY . T 7 Z LRI GFONDL T E2ME LY, Ll 7 —b
AIFEREELT DL A I LRI ER bKFEGEILEZZ T D70 8, RO E eI
PUEIZEN & % (Scheme 1-5),

Scheme 1-5 Ru $EAftic X 5 7 # VA I ROAKBILRE

O O @]
RuCl,(p-cymene
NH + H, [RuCly(p-cymene)l, | NH + NH
H,O0
S 59atm 90°C.15h Y
S/C = 50 24% yield 76% yield

ZHucxt L, fER - JREFRETIE, YT v 2T IR L— ML EAT DT
Yo RA o FRIRH AF )L 7 n XY =)L Ru A (Cp*Ru $&5(K) Z =, A 2
R OALFIEIRA) 2K FAUSOSIZ L 0 | RFE—EFMEEPRER LA E LT Fr¥y
7 X RIS 6D 2 & & 2007 FIZHE L TWD!, TaT v 7T I UEMLFIC
EO0A I DI NR=NVEO—HRECEZTehEMEREL, ALD2T7 VT B RRE
HIZKFLEZ T 2 ZBBERIS Th D, ALFEIRME, IO TR <, 60 °C TRILATE
T D, Fio, KA I RORF KBS L DIERHIZ B EE LT % (Scheme 1-
6)12O

% D. E. Patton, R. S. Drago, J. Chem. Soc. Perkin. Trans. 1 1993, 1611.

19 R, Aoun, J.-L. Renaud, P. H. Dixneuf, C. Bruneau, Angew. Chem. Int. Ed. 2005, 44, 2021.
"' M. Tto, A. Sakaguchi, C. Kobayashi, T. Ikariya, J. Am. Chem. Soc. 2007, 129, 290.

12' M. Ito, C. Kobayashi, A. Himizu, T. Ikariya, J. Am. Chem. Soc. 2010, 132, 11414.
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Scheme 1-6  Cp*RuCl(chiral PNM)fili#iiz & 2 %851 X FOARF KRS

O Cp*RuCl(chiral PNH) O
F N-Ar + H, —OtBu F HN-Ar
2-propanol
0 30 atm 60°C,24h OH
R - 10-1- >99% vyield
substrate:Ru:base = 10:1:1 >99% ee

Cp*RuCl(chiral PN")

—J7. 2010 412 Bergens © (%, Ru(diamine)(diphosphine)$& Kz H\ 7= #1541 X R DOIEXFR
bZ D RFERISIZ 0 HFEMEE FrX o T 7 ZARE6N5 2 L2 @A L7283, AR
J&TIE, Scheme 1-6 (R RUS LTS D | A I RO 1TEBEHOKFEICL Y e Frxs T
7 B L EIRIINCAF H 40D (Scheme 1-7),

Scheme 1-7 AR Ru 7 I U fIC X 20771 I RORFKRFBILIG

H Ru complex H Q
O SO
+
2 THF
H o 4atm 0°C,17h H OH
substrate:Ru:base = 1000:1:9 98% yield
96% ee
Ph, H,
OO P’/,, H \\\N ‘\\\©
"Ry’
N
P N
Ph, H H,
Ru complex

Q) AT NEBIURT 7 b O K FLES
TRATNART 7 ORI, W< b ERED LiAlH 2 W5 OB —FTh
6140

13°S. Takebayashi, J. M. John, S. H. Bergens, J. Am. Chem. Soc. 2010, 132, 12832.
14 (a) S. N. Ege, Organic Chemistry, DC Health & Company, Lexington, 1989, p. 596. (b) J. March,

8



s

LA
/N
[iii}

I

H—
e

rm

1980 FARIT, FFED =R T VBT D Mt /K FLEOS S S, ER5 M
WA BT HEMEC AT VO T L a— L ~DEITRE, 12-VT AT /LOE Red oA
T ~DIETE7 BTkt LT Ru AN S 7z, 1990 EARIL 0 b Bl 2 7 L D7k
(B DS FRES S s 7223, Elsevier' 73 L PR S 82 1 5 2 ilic & &% 721, Elsevier ©
D% Scheme 1-8 |2/~ T, AL TIX, 2 UEEY A FNLOKBALINITE D 25D A0

RN VEPNBETLINTC=F L7 ) a— A REEMNIZELINL TS, ZiubiE, 3 id Ru
AIBRIARIC R LR A 7 ¢ VBN T SR E L C Zn 2N 2R TH 0 | MEERE O
HEIITRHTH D,

Scheme 1-8 Ru & Zn Z W= 2 UEEY A F L OKBILR IS

Ru(acac);
0 triphos PPh
Zn OCHs 2
OCH s, OH , HO
CH30)H( S+ M Gnon Ho ~OH + /\[O]/ PPh,
0 69 atm 100°C.16h 950, yield 1% yield PPh;
triphos

substrate:Ru:ligand:Zn = 84:1:1.15:0.22

2000 AR, AT ART I b OKECRIGITRE JTHICAFSE S 3L Ru SEAfidE
Ze OIS ETE MR R BN BN ST, FORISHERIE, ) ER LT eT 4 v 7T I
—Ru (2L D WHEEER D A T = X LA R D R DT D>, (b) PNP- & 25U X PNN-E
—BRALF- DO B Y DNVEROGFHFERAL WG EERLZ M D @B —RAL BB, () Ru(l)Y
b U RESRZIEVERE & 2 BE OB & SRR I 538 70 2 £ 5 MR I KBl S h
Do

FRLOYD & BN B EICEE S B U RIS ARIC X B KFELSUGIE, Milstein 5

X VEENRICHIZERNED bz, FD A = X AE Scheme 1-9 (IR X o iz—{b
TW5b, Yt R REERIC LY RFE—FEHE ZEGEASVKRFE LI DFEEFE T, TS-2 TR
FT LI PUBRICBEEET B A T L UERE)S Brensted fig 5 & L CEIWW CTHEYE AR L
Ru EDOt RU REMLF T VAR = VIERE & SRIZBET 5 BBIRELZ R T 5 2 & TR
WCHEIT T B, Thbb, YuT 4 v/ 7 I —Ru il L FRRICHEE N EBICENI TS 2 L
72 BN TR eI K v BrE b,

Advanced Organic Chemistry, Wiley/Interscience, New York, 1992.

15 R.A. Grey, G. P. Pez, A. Wallo, J. Am. Chem. Soc. 1981, 103, 7536.

16U, Matteoli, M. Bianchi, G. Menchi, P. Frediani, F. Piacenti, J. Mol. Catal. 1984, 22, 353.

17" (a) H. T. Teunissen, C. J. Elsevier, Chem. Commun. 1998, 1367. (b) M. C. van Engelen, H. T.
Teunissen, J. G. de Vries, C. J. Elsevier, J. Mol. Catal. A: Chem. 2003, 206, 185.

18 K. Nomura, H. Ogura, Y. Imanishi, J. Mol. Catal. A: Chem. 2002, 178, 105.

191990 487> B 2000 FEAANFIZ T TiE, B Frd U2 K 5= 2T )L DEITTOHIE
N Y VIt oY I GAY

For review see: D. Addis, S. Das, K. Junge, M. Beller, Angew. Chem. Int. Ed. 2011, 50, 6004.
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Scheme 1-9 FHEBR(L /MBEEFRILZ £ > &B—BNL T EZIR
(@] OH

K

R! "R2 R

. . . R! . :
aromatized dihydride 0—< dearomatized monohydride

L TS-2

2006 4F, Milstein 1%, B> ¥—7 RuH(CO)PNN)SER Y, JE ittt 100, 1,4- A4 %
P RGIEEE 115°C, KFEE 5.3 atm &\ 9 FLEAGIRFI 225 T I5ilER X O F IR
T AT IVOMBERIKFLSISICE THD Z L2 RN LD, Z ORIk, Bk,
BB E ORI % LB LT BEIEYOD 720 FEF I/ R ARG & v 2 % (Scheme

Scheme 1-10 PNN > #—# Ru &AM IZ KX 5 = X T Vv DOAKBILKIG

o)
y RuH(CO)(PNN) OH EionH
+ > +
OEt 2 1,4-dioxane
5.3 atm 115°C,4h 96% vyield 99% vyield
S/C = 100
RuH(CO)(PNN)

2011 4EI21E, COBNL ¥ 2 7272\ T R T & RuR b — FEARG S 1L, D72 il
ME T AT IVOKFACE TN AJREIZ 72 72 (Scheme 1-11)21, & KU RFOREEMER & K
BLL7-REREB 2 DD,

20 J. Zhang, G. Leitus, Y. Ben-David, D. Milstein, Angew. Chem. Int. Ed. 2006, 45, 1113.
21" J. Zhang, E. Balaraman, G. Leitus, D. Milstein, Organometallics 2011, 30, 5716.

10
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Scheme 1-11 CO BT % & 72721 PNN B U9 —8l Ru g1z L 3= XA F L DOARILK

0
H PNN-pincer Ru OH CH.OH
+ +
OCH;, 21 4-dioxane or THF 3
PEBU) o6 = 100 P(tBu), g/ =200
R oo 3am 15 eC.an | /N S 10atm 110 °C, 12
CRu— R
4 J— 4
97% yield HY | 96% yield
NEt, NEt,
RuH(CO)(PNN) RuH(BH,)(PNN)

B LOEFEEZR ESE, B Y FExhEibd 2 s LT N-~T miikl L
A2 (NHC) # % & —RIE 11238 A L 72 Ru $EAAREE )Y Milstein??<° Song? 512 L Y
T ENWME Sz (Scheme 1-12), NHC % A ¢ % [RuH(PPhs)(CO)(CNN)][CI] £ 14 |
RuHBr(CO)(CNN)g& &L, TEMEFEA RO 7= & L CKOt-Bu # 43 & 3573, NHC %= %
7o/ e Y —A Ru $EIRIC A OB E SR A TE D, RAT 4 BN NHC B
fLrICEEHDY, HLEROEFEENRM ELETEDEEZOND,

Scheme 1-12 NHC 8¢ % v’ ¥ —& Ru iz X 2 = 27 VO KBILE

O
CNN-pincer Ru OH
OEt + Hs > + EtOH
toluene

CNN-pincer Ru

— Cl
N/_\N Mg

\ \(\\PPh3 s(/)ct=4o1(z(()) °C,12h
N-Ri—CO 50 atm, :

N

NDipP g)c = 100

Br 5.2 atm, 105 °C, 2 h
7 N-Ri—co

71% yield —(y’ | 98% vyield

NEt,

[RuH(PPh3)(CO)(CNN)][CI] RuHBr(CO)(CNN)

22 (a) E. Fogler, E. Balaraman, Y. Ben-David, G. Leitus, Linda, J. W. Shimon, D. Milstein,
Organometallics 2011, 30, 3826. (b) E. Balaraman, E. Fogler, D. Milstein, Chem. Commun. 2012,
48, 1111.

23 Y. Sun, C. Koehler, R. Tan, V. T. Annibale, D. Song, Chem. Commun. 2011, 47, 8349.
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Chianese HlE, NHC % -5 CNN £ P —RIFI 72O\ T, NHC &7 I o fE#
DRIEEME I 2 D B % FiE L 7= (Figure 1-3)2, Z O F, BEHAELD ) & & S HSfEE v
CHBE BT 252 ENHLMNTRY  NHC HIIMRET LR CRLNEEW 2,6-04A V7
OELT 2 = VENRERERETHY, P FAT I ERLNNCVAS Y T E LT
IR OB BT ATFIUT X L mWAMBEEEZ 725 LT,

9 wﬁ?@?@%

N-RuU—CO
__ H( increasing acfivity
NR’,
NEt,
NR', = N(CHs3)
RuHCI(CO)(CNN) 3)2 N(i-Pr),

Figure 1-3 TRXTVOKRFILEISIZEIT D CNN B2 % —RIENFOEBRESN R

TaT 47T UM AT S OB SRR OGEERAENC X D = 2T L OKFE(LRIG T
2007 41T Saudan HIZ &V W10 THE Sz, Scheme 1-13 IR d 7 I 7 m hrafT 5
Ru S$EARMRIEAY, = AT LB LT 7k OKFSOGICH L CIEFITEWIEEZ R T2 &
EWELES, TIV3MAAT 4% b— NN 2 H T 5 JEE 71X UERAL L7Z Ru
PEIRIT, ZEFER A TV OKFSE 7 [HICHET S, 2 E COMBR X0 & &m0Vt
Zs 7= (TOF =1980 h'!), — 5 CHILENZ L2, 7 b OKREBSICHE SN TE =
Ru(diamine)(diphosphine) ! DI T 2 T /L DK FLITITIF & A ETEMEEZ RS 2V, 2 oofil
BEROKFE & LT, NaOCH3 (2 K 2 MRS N CRURZAT 9 2 & T WO AR P23 J B
DEBNETOEND,

24 L. Le,J. Liu, T. He, D. Kim, E. J. Lindley, T. N. Cervarich, J. C. Malek, J. Pham, M. R. Buck, A.
R. Chianese, Organometallics 2018, 37, 3286.

25 L. A. Saudan, C. M. Saudan, C. Debieux, P. Wyss, Angew. Chem. Int. Ed. 2007, 46, 7473.

12



s

LA
/N
[iii}

I

H—
e

rm

Scheme 1-13 #HEHEE Ru 7 X UK L A= 2T VDK B

(0] Ru complex

NaOCH; OH
OCH; + Ha THE + CH30H

49 atm 100 °C, 1 h
substrate:Ru:base = 2000:1:100

Ru complex.
H, CI H >_<
?, N N BN
[ / | s ( o’ | s j
thCI th 'Ph2 Ph2 th
99% yield 99% yield 96% yield
Cl H, PhZCI H2 Ph,Cl H,
PhsP., | N P, | \\ P, | «N
Ru [ [ Ru
PhsP” | N P” | P
Ccl H2 Ph2CI H2 PhaCl Phy
0% yield 0.5% yield 0% yield

2010 4RI, W EE T MR SHOFFE 7 /L — 75 Ru(diamine)(diphosphine) O § {4
%26 F 7= Morris 5 XM EIZBIF L7 NHC-7 2 % L— NN &2 B A2 2 h2h
HANTY, 2 AT I)VORFACSIEH IR LS ETT D 2 L2 LT\ (Figure 1-4),

%N/ | PFe
Phy 12 @ N—,

3 —

Figure 1-4 T RXTNVOKELRIGICERR, 7Iv 7w b r2FT % Ru gEikfh

2012 4, Gusev O ITHEE S 72 Ru-t R YU REEARZ W7o SR T 2V il it 2000,
T hZ7be Ra 77 RIGHE 40 °C, /KFEIE 50bar & WD IBFIZRGMET, REEFRA T
IVOIRTENEITT 5 Z L2 WA L7122, ZO8EKIE, Scheme 1-14 (Z/-3 &L 512, = EERL
T-HHE LT RESE AR CH 0 . BRUGTEEE 100 °C Tk, Rtk % 20000 £ TEIFSH 2

26 W. Kuriyama, Y. Ino, O. Ogata, N. Sayo, T. Saito, Adv. Synth. Catal. 2010, 352, 92.

27 (a) W. W. N. O, A. J. Lough, R. H. Morris, Chem. Commun. 2010, 46, 8240. (b) W. W. N. O, A. J.
Lough, R. H. Morris, Organometallics 2012, 31, 2137. (¢) W. W. N. O, R. H. Morris, ACS Catal.
2013, 3, 32.

28 D. Spasyuk, S. Smith, D. G. Gusev, Angew. Chem. Int. Ed. 2012, 51, 2772.
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L BAHE T B, T 0 THEEKIIARABEG F T, B R Y FRALT 2 bR i
BTy T IUBRER L, SNATERIERL L CEAT AR SETT S LB A bR
Tb\éo

Scheme 1-14 KIGRHBTT T 4 v 7 7 I V2T 5 Ru SEAFREE

o . P(i-Pr),
’ dinuclear Ru OH O (Ii-Pr)oP:, R| - J/R'u .CO
+ _— +
50 bar 40°C,17 h /N N
82% conv “ | . |
S/C = 2000

FERITIN A, Holr TIE = BB F 2 FIH U7 K SBAEARME OB D3R AT 72 > T b, FFIT
PNHP v —AIELA 1~ (MACHO) 2 EiETE7 @R SRR E Ik 2 A 72 AL & L
THEHENRTWS, EERONZEZ L—71%, Ru-MACHO $§E%2#HE L, Z O kots
ET, BIR T AT NVOKBCRIGDETT 5 2 & % H\72 L7z (Scheme 1-15)%, &\ il
[EEDBNT T, WEO I NR =) a i3 EHEEREE 2 W TH | M iE L2 2 <HER
5 Z L KFLEHMEGD Z LN TE D,

Scheme 1-15 Ru-MACHO % W= 2 7 VO KFBILK

o) Ru-MACHO HOH
NaOCH, N, | SPPh
\_)J\OCHB + H2 - 5 5 \:/\OH + CH3OH /Ru\\ 2
B CH40OH H =~ 1"~ co
OH 4MPa 30°C,17h OH Ph, Cl
0, o,
96% conv 99% ee RU-MACHO
S/C = 5000

2013 AEIZ Gusev B, FHEBERE Ru it 2 W=, ZEFEE A TV OKFAL IS EB N T
Ru-MACHO @ X 9 72 PNHP "0 Y —EF DR AT 4 VENZE Y DU, MR ICHE
Xz D&, 40°C, 3h &V FEFITIRF R SAF D EEHE TEIRII R UL T v a— L
DEFOND Z L AWE LN, £7-. SNHS B U Y —EI DT I VEAD kT v ALORD
WA % VIR = VA0 6, KD EFEREOEWN N 7o=AT vy R 7=
RAT 4 ~EEEWR D2 ETEENRM L3252 & RN LTS (Scheme 1-16),

2 T. Kuriyama, T. Matsumoto, T. Ogata, Y. Ino, K. Aoki, S. Tanaka, K. Ishida, N. Sayo, T. Saito,
Org. Process Res. Dev. 2012, 16, 166.
30 D. Spasyuk, S. Smith, D. G. Gusev, Angew. Chem., Int. Ed. 2013, 52, 2538.
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Scheme 1-16 SNMS ¥4 —RIEIN F72 E2FIH L7227 VD KFBILRS

(0]

OCH;

Ru complex
KOCH;4
H2
THF
5MPa 40°C,3h

substrate:Ru:KOCH3 = 2000:1:100

OH
©/\ + CH3OH

y H Cl
P(t-Bu), H2 Cl H2 LT
Cl N, | 2PPh,
/ \N_R \\\_CO [ ,,, j \\\PPh2 ,Ru\\
_ <:/,r SN Spehy
NEt, Phedi P Bhe & o«
Milstein's cat Ru-MACHO
4% yield 63% 4% 75%
H Cl H Cl
VRS S TN PN
N \SEt N7, | skt N T SEt N \SEt
Ru
s/ | \PPh3 s” | pph s/ | \AsPh s/ e
Et CI Et Cl Et Cl Et CI
86% 84% 57% 45%

ERDEARL & HEAR I, PNUP- & 2 —RIFINL AR Dt D L R - & LT, &

L HRED B NHC % 2 Ru 85K Z AR L. CO X PPhs Flf7 1 L ¥ & @ WARBLEM: 2 & 72
LT ZEEP LT LT (Scheme 1-17)%, &I, HIEF TOZ AT NAKFEIEN, T D
Ru-MACHO-NHC &K% iV 7= THF i BB bt 50, SOSREE 50 °C OS&AHICE

W, fID TR ST,

Scheme 1-17 Ru-MACHO-NHC iZ & 3 = 25 VD KT it

OH
+ CHZOH

Ru complex

KOt-Bu
OCH; + H2

toluene

1MPa 80°C,5h
substrate:Ru:KO¢-Bu = 1000:1:100

0]

HOH “BWZ H Gl H Gl
N, “PPh, / \\SEt N, “PPhy
‘Ru's N Ru CO N =11 /
P"ﬁU\\CO <:”’ <:;"ﬁu N
Ph, CI NEt Ph, CI N—/
2 /

Ru-MACHO Milstein's cat GusevV's cat Ru-MACHO-NHC
49% yield 64% 82% 94%

31 0. Ogata, Y. Nakayama, H. Nara, M. Fujiwhara, Y. Kayaki, Org. Lett. 2016, 18, 3894.
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ZJERCAL 712 NHC 238 A U761 & L C, Pidko & (% NHC Hii& & s 7 > — & Lk
\Z7a7 4y 77 &S9O CNIC B — Ru 5K 2 SR L. 2 OFERITE A ORI
BLOFEBEINVR BT AT VOKRBSINTK U, @O EEE 2 R~ 2 & 2 ®mE L
TWb, FRlzh 7' a ViR F L OKFLSTIL, 70 °C, 16 h DT, TON = 77280 (2
L, RS KO AMER BN Z & AR EN7Z (Scheme 1-18)%2,

Scheme 1-18 CNHC v ¥ —HIETF % H D Ru $EEIZ L 5 = 27 VD KFBILR G

j\ [{Ru(CNHC)}o(u-Cl)3][PF] oH
KOt-Bu
n-C:H OEt * 2H; > + EtOH
5111 THE n—C5H11
50 atm 70 °C, 16 h 96.6% yield
substrate:Ru:KO#-Bu = 80000:1:1600 TON = 77280
~\ ~ 1PFe
NR RN
( 7/ g )
HN— Ru Ru—NH

C, »NRC' RNA B

[{RU(CNHC)}z(M C|)3][PF6]
R = 1,3,5-(CH3)3CSH2

N7 Ir7 e hrEATHRuUSEEMBNIC L2 AT VB LT 7~ OKRFCE
DFERED Bergens HIZ LD BLI N T 5D, 2009 4121%, Ru(diamine)(diphosphine)& {4 % H
WeZ 7 hr b ERBUSIZE Y . BUSTREZEHIL T\ 53, 3725, Scheme 1-
19 12773 K 912, trans-[Ru(H)2{(R)-binap} {(R,R)-dpen} |#EAIZ % L, THF-dg VA H-80 °C D
FMHET. 3YEOy-7T T s ok 3YEOKOBu ZIRINT 5 &, 30 3HZIC~I T X
7% 2 REERD 67%IR CTAERKT 5 Z & 03 %H NMR JIEIZ L W iR S b,

Scheme 1-19 Ru ¥k RV Fgtk L 57 b & oBREG

Ph, H, Ph, H,
O ) e 2 O (I et
"/,,R| o ' KOt-Bu (3 eq) W .
u + _—
s O THF-dg N
P N . : P N
th H H2 -80 °C, 30 min th (@] H2
3eq H

67% yield

32 G. A. Filonenko, M. J. B. Aguila, E. N. Schulpen, R. van Putten, J. Wiecko, C. Miiller, L. Lefort,
E. J. M. Hensen, E. A. Pidko, J. Am. Chem. Soc. 2015, 137, 7620.
33 S. Takebayashi, S. H. Bergens, Organometallics 2009, 28, 2349.
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:@«*7t&m%yF#¢1\&Mmmaomﬁfiﬁm?iF%%&«i?t&—w
DEIMSTHB SN D,

Scheme 1-20 Ru7 X R$EE L ~I TR FZ—N L DERKIE

Ph2 H2 Ph2 H2
OO P, T «N @ OH OO P., T WNw
RS + /,Ru\\
D Eéo THF-dg 1INy
O S W QTR b
) 3

quantitative
Flo, TONITEZ m Y PR KFZFERAT, MEEZEH S E5 £-40°C TERER
WX T B = APKBCENT DT — A BERAL LT Vv a %k REEERN RO D, 20
FERND, ~AIT X r XY RERNOAIT B — V& S E 2 72 OBV
WMETH D Z L DR I 7= (Scheme 1-21)

Scheme 1-21 Ru~3IT7EZ X FEEE L KE, BHELORIE

Ph, Ho Ph, H>
Dy e L mean DO

N KN[Si(CH3)3], (0.5 eq) Ru\\\

|\ -401C AN
Ph, O H, Ph, O H,
H

quantitative

INFETHRNLIZL ST, AT LVOKRFISIZEBNTHEERDO~I 7 & —/LIiTi@E
WHEES LW, Loy P T U RSt LR O IX, DVR = VRSB D a il
KREMEDOENT v FREBEATLH L BUSEMHIT L > TREERmNI A~7t&—w%5zé
ZEERWELTCWDM, TaT 4 v T R UENL T E AT S PNIP-E Y —H Ru $51K (Ru-
MACHO @t RVYU RENL 237 vl RCER I ZEHAR) 23, N U 70 A aliig A F/roK
FALSOC B THEAMESRA: T KSEE 10 atm, SOSIRE 40°C &V 5 IRF172 54 C Scheme
122 IR LTI T8 — Va2 E2ARME LTHEXDZ EETILNZL TN D,

34 T. Otsuka, A. Ishii, P. A. Dub, T. Ikariya, J. Am. Chem. Soc. 2013, 135, 9600.
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Scheme 1-22 HEMEEE RuSEERZFWETZ AT ABITIZ L BAANITEZ — VDA

PN"P-pincer Ru 'TI/—C—I\
o) OH OH N, | JPPh,
NaOCH3 _ /Ru\\
A e ] PN
FsC~ "OCHj; CH30H FsC~ "OCH;  FsC P co
10 atm 40 °C, 21 h Phy Cl
84% conv 96 : 4 ENP-o| R
-pincer Ru

substrate:Ru:NaOCH3 = 3000:1:750

a7 4 v T IS0 Ru SEIRAEEDOF] & LT, Leitner 51X =JE D triphos B
% 12 Ru(triphos)(TMM)SEK (TMM= KU X F L A X)) ZRWEZEERREATF LD
IKFALFIEZATUV, BRI AR DA T L a— L 2B 5, filE MR IR EFE T
THF F TR T 2EERNZ T B R Y RESAR L Z 2 B0 TS (Scheme 1-23)%, Afilfhi A 13
BT D LI HNRBEOKFESISIZ LB TH 5,

Scheme 1-23 T AT NVDOKBLKISICE R 72 ZEEKR R 7 4 —Ru RiERE & Z OiEHERE

PPh,
FPh2 PhoP,, | .oH
thP/,, 45 bar H2 2 :Ru\;
\/4 ®THE P ‘ H
ph2 N 140°C, 14 h PhZTHF
Ru(triphos)(TMM) active dihydride

Z OfIEA TIL, Scheme 1-24 (233 K 912, {EMEREICH T2 HE ORI E B KU RiFA
D Wl%%%f?xm X FHREEZ AR L., D3 < KEBBNIEHEDTERL & F DA%
B L VBN EIT T D EEZE 2N TV D,

35 T. vom Stein, M. Meuresch, D. Limper, M. Schmitz, M. Hélscher, J. Coetzee, D. J. Cole-
Hamilton, J. Klankermayer, W. Leitner, J. Am. Chem. Soc. 2014, 136, 13217.
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Scheme 1-24 triphos-Ru P& R U REEERZTEMERE L T 2 = X T VKRS O RIS

o] +H, OH - CH3OH O  +H, OH
B RS S N =r=rra P R o
Ph” “OCH, Ph” “OCH,; * CH3OH pp” ~Hy Ph™ Y,
E I
\\\H
P3RU\\
(|) H S j\ R = OCHy: E
/ JIg pn” R =H
y PR
P3Rl|r“ “
P3RuU
0 | H

[FRED A J1 = X L TKRFBACRIEPEIT L TWD EEZX HNDHIE LT, Beller 5137 2
7u hE A LTWRWKRRAT ¢ ) A I X — VBT % BN L 7= =56 D Ru filliit 7 % 4
HLTWD, ZOfMETIE 80 °C, 5.0 MPa DA TEANRICEL B A F VO KFELE
ZEER L T D (Scheme 1-25)%,

Scheme 1-25 HART 4 ) A I FZ Y — VBN F% iz Ru SRR X A= 2T v DKFE

LR
[Ru(benzene)Cl,],
O ligand
K KOt-Bu OH + CH.OH
OCH;4 2 THF 3
5MPa 80°C,4.5h 90% yield

Ir S5 CIE, Sanford, Goldberg © 12 & 0 ¥ T4 LMD [Cp*Ir(OH2)(NN)J[OT{], # {4
B BEEZTMLRORET O AT A OKRFBBIE T 5 Z LB RNESh TS
(Scheme 1-26)7,

36 K. Junge, B. Wendt, F. A. Westerhaus, A. Spannenberg, H. Jiao, M. Beller, Chem. Eur. J. 2012,
18, 9011.

37 T. P. Brewster, N. M. Rezayee, Z. Culakova, M. S. Sanford, K. I. Goldberg, ACS Catal. 2016, 6,
3113.
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Scheme 1-26 Ir $&{Kfitic X A2 = X F VD ARBILK IS

Hﬁol\\ | ©ThH,
o [Cp*Ir(H20)(NN)J[OT]> 7 N"/,
P'S + H, CH;OH + EtOH I
H” “OEt DME >N on
30 atm 100°C, 16 h | 2
substrate:Ir = 200:1 TON ~ 173 HCO =
[Cp*Ir(H20)(NN)J[OTT]>

() INRUEET IR - T 7 Z SO KT VG

HNVRUEET I R AT VLD & & HITREFEMEL . B2 Z IS WEREL
Th V., £ OMBEHEETOBII I, £72, DVRUEET I ROKFBCEIS T, RIGD
EFRIRER AT L, Thbb, 7 FR—EBKFECINELLZA~AIT I T —Lnb,
C-NFEANUIBr ST 2 U BET DR A L. C-O fEA 2 U S KA LBk % 78 B
D 2 ODORIEIE N ZE 2 HHD (Scheme 1-27), A DRI TIL, 747 & RHEKRE LT
A UT%, BEHIKELRTEZT, BEICT Vva—Lvz52%, BORETIE, Bkl
TAIVEAL, i< A I VORFEBTICEVBBEBLINTET IVRERT D, 2D
M, — ORI FIZB T KBTI, 7 ROKFEELTICEVAETLH~I T
F— U REDN G ISR A ORISTT I 7T v RBER L, BKESIZEDA
U L KRFRITTIT I D 7 I UBERT D BERICHETT T DRI, FV D fidgl
RPUGFRIFIC L > TR E D, 728, MBS T LiAlH 2 VW D b2 B8 o SsUG Tlid—
RAIZ, 7 RO C-0 _EHFEAENRAE LT I & KkEE52 D,

Scheme 1-27 H/NVARUEERT I ROKRLRIRZ BT HLFEZRME

A O +H OH
- )]\ + HNR, — 25 /%H + HNR,
C-N bond cleavage R H R H
0 +H, H OH
)J\ ” )4 ] acidic condition
R NR, R NRy
B +
- NR; +H, HH
C-0 bond cleavage )]\ + OH- 2, + H,0
R™ "H R 'NR;

VAR ART X R OERAEC X5 KFEBOSIE, Rh & L <3 Ru 1Zx6f L, el s L
TRe, W, & L<IEMo ZMZ7IRGEBROMBLA FHWTIThiILD, BKZES KFELS
RIC L VBB b SNTT I VA E 5 25, L)L, @i mESREELEE L, o
FEREZATLHEEICONWTL, FERLEILIND RPBBETH 5%,

38 (a) C. Hirosawa, N. Wakasa, T. Fuchikami, Tetrahedron Lett. 1996, 37, 6749. (b) G. Beamson, A.
J. Papworth, C. Philipps, A. M. Smith, R. J. Whyman, Adv. Synth. Catal. 2010, 352, 869. (¢) G.
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P)— R K D VAR R T X ROKFCRISP & LTIiE, 2007 4D Cole-Hamilton
2L D Ru ABRIA L =R A7 ¢ UENL T2 AW T filr 3w ST, 265 bk
OO BTN LA E 52 503, Bl - BIESRMEARETHY  MHEE D 2611

DR EFUTUVVRUY (Scheme 1-28)%,

Scheme 1-28 Ru $EAfREEIZ L 2 VR VBT 2 ROKBLRIE

n-CgHi7~ N’ i

0 R.u(acac)3 N PPh,
triphos o

)J\ + H, 91% vyield PPh,

n-CsH17 N THF/HzO =10/1
: 39 atm 140°C, 14 h o~ PPh,
n-CgH17 OH + .
. H.N triphos

substrate:Ru:ligand = 100:1:2 9% yield 2

2013 4E1Z, Leitner, Cole-Hamilton &%, EFEDORIC A Z 2 AV R 2RI L T- etk 4
BT TR XT =Y ROKBICSIGZEITO, mERAIIC N-7 = =X D7 X U RERK
T5HZEEREL TS (Scheme 1-29)4,

Scheme 1-29 Bronsted BT 12 81) 5 Ru gEEflEIZ £ 27 I RoARLR)G

Ru(acac);

triphos /@
/@ Ho MSA N +  H0
THF H
10 atm 220°C,16h
substrate:Ru:ligand:MSA = 100:1:2:1 92% yield
Beller 5 IXFEFEDOMMER & LT, LA ABRD Yb(OT); ZHM L7 TR X7 =1 R

DIKFACSIEEFTD N-T = =R DT 2V ERE S LD, ARG TIIKEES
ESOSIREDEM S LTS (Scheme 1-30)%2,

Beamson, A. J. Papworth, C. Philipps, A. M. Smith, R. J. Whyman, J. Catal. 2010, 269, 93. (d) G.
Beamson, A. J. Papworth, C. Philipps, A. M. Smith, R. J. Whyman, J. Catal. 2011, 278, 228.

¥ EEEEAY VW Ra s U R K BIEITEN 1990 FREZ L B < Hlk STk
%, FETIE, ZMCEEREBER CThHLEROEREAELE L THWTWAHI L H Y 1E
HIZMEd %, (a)S. Zhou, K. Junge, D. Addis, S. Das, M. Beller, Angew. Chem. Int. Ed. 2009, 48,
9507. (b) Y. Sunada, H. Kawakami, T. Imaoka, Y. Motoyama, H. Nagashima, Angew. Chem. Int. Ed.

2009, 48, 9511.

40 A. A. Nufiez Magro, G. R. Eastham, D. J. Cole-Hamilton, Chem. Commun. 2007, 3154.

41 J. Coetzee, D. L. Dodds, J. Klankermayer, S. Brosinski, W. Leitner, A. M. Z. Slawin, D. J. Cole-
Hamilton, Chem. Eur. J. 2013, 19, 11039.

42 J. R. Cabrero-Antonino, E. Alberico, K. Junge, H. Jungea, M. Beller, Chem. Sci. 2016, 7, 3432.
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Scheme 1-30 Lewis FR1ESRMETIZH1T 5 Ru AR L 57 2 ROKFRILRG

Ru(acac);
tnphos /@
THF H
5atm 190°C,15h
substrate:Ru:ligand:Yb(OTf); = 50:1:2:2 85% yield

IIHOFIEICK L, fEE - SREFEE TIE, NaOCH; (2 X D8 HEMESE T, W Rkne
Cp*RuCIINN"fifiE S N-7 U — v T 7 & ZOKFACISITIERZ R~ 2 & 2 lnw/iZ Lz, |k
ORI L ) C-NFEARAZ LI BIIPETL, ST 27 I BT va—Lzh
2% (Scheme 1-31)*%,

Scheme 1-31 #ZHEE Cp*Ru itz X 2 N-7 U — VT 7 ¥ ADOKFILK

Cp*RuCI(NN™) OH | X

NaOCHj, . N, S

) e
@ t-BUOH HN@ RU

50 atm 100 °C, 90 h

y

94% yield Hz
Cp*RuCI(NNH)

substrate:Ru:NaOCH3 = 10:1:3, [substrate] = 1.0 M

2010 4E(Z1% Mistein & & 20 1P B > —7 Ru(PNN)fREEY | [AARIC C-N S B Z £ 9
FNRAEET X ROKRFBACEUG 2 @iE Ule, ARBOSITIEE /it 100, /K3EE 10atm, X
JSIREE 110°C O THF HCHETT L, AN % 2 BT, ol & e~ J0E — ek
B A RFUEERRERD T I R ERHEICEN MR BB AR A b DA E 2 ThDICRET S
NTWDZ END, ITFHEOERMEEREREN E RY T =0 ARRBRIC T 5 BN — A
ZIEL. mUWEMEDG BT FTRENMED S 5 (Scheme 1-32)%,

4 (a) M. Ito, T. Ikariya, J. Synth. Org. Chem. Jpn. 2008, 66, 1042. (b) T. Ikariya, M. Ito, T. Ootsuka,
PCT Int. Pat. Appl. WO 2010/073974 A1, July 1st, 2010.

4 E. Balaraman, B. Gnanaprakasam, L. J. W. Shimon, D. Milstein, J. Am. Chem. Soc. 2010, 132,
16756.
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Scheme 1-32 V¥ —& Ru $AMELIZ X B A NVR VR T 2 ROKFRILR)IG

(0]
o N . 4, RUHCONPNN) O~ . HoN
N 2
H THF
s/C = 100 10 atm 110 °C. 48 h 89% yield 90% yield

RuH(CO)(PNN)

2011 #E, Bergens HiX, 707 4 v /T I3 AAT 4 oF L — NENL T E2HT HH
HUCBRA%E L7z Ru S50 % FVC, &2 I x 7238 it = 1000 O&MHFTH, 77
2 EADKFCIEDEIT L, ST DT I /T Aha—An3GonsZeaz@®ELTn5
(Scheme 1-33)%5, Afilifit A DOiFMEAEIL RuH(PNY), ThH 5 L EZ b TEY | [ Ui L F
R ATHE 72 RuCly(PNY), Z il AT B (A & L CHW T H [RIZERE OEMRE LS Z L AVREN
T3,

Scheme 1-33 HEBRE RU 7 I UREEIZ X B 5 7 #Z A DKFBILRE

{(CH3)3Si}oNK

O
+ H, . PhoP,,
N@ THE HN@ Ph P’Rlu_>
° 2
50 atm 100 °C, 24 h k/NHZ
R - - 100% vyield
substrate:Ru:base = 1000:1:50 oy [(773-aIIyI)Ru(PNH)2][BF4]

[(773-ally|)Ru(F ‘IH)z][BF4] H (\ BF 4
|

2016 4FIZ, Beller H1E7 0T 4 v I T IV ERAT 4 V7B NNIA I XY — I L D
il S 417z PNUN B U3 — BRI~ % & O Ru $ERAREE A BR %S L7z, ARIERATBEIR L LCTF b2
b ReRb— MEREHNTEBY, 120 °C OFEESMGZ2ET 2L 00, HEDOFRINN AR
EWV O KB ®H D (Scheme 1-34)%,

45 J. M. John, S. H. Bergens, Angew. Chem. Int. Ed. 2011, 50, 10377.
46 J. R. Cabrero-Antonino, E. Alberico, H. J. Drexler, W. Baumann, K. Junge, H. Junge, M. Beller,
ACS Catal. 2016, 6, 47.
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Scheme 1-34 a5 4 v 277 I %2 HDPNIN B —B RuEKRIZ LB 7 2 FokFElb
it

0
/@ RuH(BH,)(CO)(PNFN) oH
N voH 2-propanol *
N prop H,N

30 atm °
120°C, 18 h 99% yield

substrate:Ru = 200:1

RuUH(BH,4)(CO)(PNHN)

ZDIE, TaT 4wl T IO Y —RIEN A OwEAE & LT, PNEHP B —
B2 H o7 Tk Fadb— hMEK (Ru-MACHO-BH) 3T 7 % NED KELG
WCETEMETH S Z & Tu HIZ XL DA S/ (Scheme 1-35)Y7,

Scheme 1-35 Ru-MACHO-BH iZ X % T 7 % ADKBILRIG

H H
0] Ru-MACHO-BH OH lllﬁ\PPh
R KsPOy R CRul 2
R R > - u
N 2 THF HN (P/ | co
50 atm 150 °C, 24 h Ph, H\BH
3
substrate:Ru:K3;P0O, = 100:1:10 Ru-MACHO-BH

IaT 4y 7T I UBNAZ 7o/ Ru SRR LT, g O3 2013 4F, HEAMES:
TR, RAT 4 U P UBRTHR L — MNL LIRS RN, flix OB VR EET I RO
KFACBOSITTEEZ R L, T 57 I v BIOTLVa— 25252 L2RELTE
(Scheme 1-36)*, L2> L7223 5, /KFEE 8 MPa, SUGIREE 160 °C, FE Mttt 20 &9 i
BEIR AR DIED, DEBWVIEIEN VB L T aT 4 v 7 T 2 &S ORISR 3 B BT
PER B D LISV EE,

47 J. Chen, J. Wang, T. Tu, Chem. Asian J. 2018, 13, 2559.
4 T. Miura, 1. E. Held, S. Oishi, M. Naruto, S. Saito, Tetrahedron Lett. 2013, 54, 2674.
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Scheme 1-36 PN ¥ L— NN FE2E TS RUSBEERIZE DA I NVAVEET I ROKBILRS

) RuCl5(PN),
~ 4 n, Dase OH . uN~
l\ll toluene |
80 atm 160°C,24h
substrate:Ru:base = 50:1:10 83% yield
Cy2 ¢ Cv2
,,,, B
RU ONa
SN N
N N
| Cl |
= S
RuClI,(PN), base

INETICHRE SN INVAR VBT I ROKBIGEMBLT 2 & 77 % H2HEICS
WU A EPAAN A < . BOSSREED 100 °C FREOREF NS 5 —F . SURO VKR BT
I NEEE, AR TEY . RISREIX 100 °C UL EZ2E 5, 77 % NIERE
WZHRT 57 I FEOOTHIC LY BRI A0 D DAV = )V EE~D IR0 F 38 L ry /s
SLHEHIRDT I REARTE FU RBLZZITRT WD EA LD, FURO VR R
7 X N& X IR 5 CRBGIETT AT Re e i D BRI FT O R #1138 5

(4) VIR RO KFEACSE

TNV UERDKFACSSIE. T AT AT 2 R EO B IVR U EEH RO K EA ST
PR THEF 3D 72 < 2 O BUSTEELER I DOV KHEITEE L TV, 2,
EMREOREE NY L VR VBRFIST 22 L TAEL D NRF T T MEKRR, &
Bkt LR < BiAL L, Akt R U REEEROMEREMRZRDND Z B —KEBZOND, fF
2, 7aT 4 v 7 T UEN B S OMICRIC K AWM, R R AT, %
T Va3 — VAR 2 | RAEKFE~DZEE S OF5 L3 < BIRVERIEI N EE T d 59,
P)— RN K D T VAR R DARFACELE O] & LT Scheme 1-37 (2773 K 9 1T, Goldberg
BIX Ir 85K Z W FER O KELUS 2 WA LT D03, T a— L Afggoftic, =2
TRREIELTEY . Z ORI,

49 J. Ullrich, B. Breit, ACS Catal. 2018, 8, 785.
S0 T. P. Brewster, A. J. M. Miller, D. M. Heinekey, K. I. Goldberg, J. Am. Chem. Soc. 2013, 135,
16022.
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Scheme 1-37 U F4 4 Cp*ir iz X A EHER DK FRILR i

[Cp*Ir(H,0)(NN)J[OTfl, HaCO_ ] (©Th,
O Sc(OThs 0 | ,§&
Ir

+ H N +
)J\OH 2 neat OH )J\O/\ Z N,,,/
27 atm 120 °C,65h 7\
19% conv 1 : 59 NN OH,
substrate:Ir:Sc(OTf); = 8700:1:8 TON =27 1610 | >
H;CO

[Cp*Ir(H0)(NN)][OTH],

Leitner HIX=J® triphos BN T4 &2 Ru i 2 2% BN O KRFECSIS 2T
220 °C EFEHREHTIEH D OO, EERICR DL T L a—L &5 T 5 (Scheme 1-
38)510

Scheme 1-38  triphos-Ru $&&1Z & 5 Z EEFBOKF LRI

o PPh,
Ru(triphos)(TMM) OH

OH + Hy : > + HxO PhZP\R|u Y

1,4-dioxane p~ ~/

5MPa 220 °C, 24 h Ph,  #°\

substrate:Ru = 100:1 88% yield Ru(triphos)(TMM)

HRED X, HER AT 4 % 6O Ru RN Z B EREO KBS L 5P
TNha—LERICAERTHDZ L ZMEL TWD (Scheme 1-39)2, HE DL BFHEMEI 1L
RF T MRRALT & LT Ru ICEAL L7 RRE S BEALE N TR 2 5 & SR TV 5,

Scheme 1-39 HERR 7 4 % b D8 Ru Sk % W= EEROKEILK S

Ha
Cl o) Cl
o [RUCI(PR3),]2(H20) \ / AN /
+ H NaOAc OH , H.0 | RsP—RI—CI—RU—PR;
OH 2 ‘toluene 2 / \ / \
40 atm 160 °C, 24 h RsP Cl PR;
substrate:Ru:NaOAc = 33:1:3 34% yield R = 3,5-(CH3),CgH3
[RUCI3(PR3)2]2(H20)

2017 2, VR AT 4 DD Re SR 2 O B VIR RO KFEALEOGZE H S 7z
(Scheme 1-40)%, iR Ru SEARARER & [FERICNIE A 7 = X L CTEILHEITT D,

31 T. vom Stein, M. Meuresch, D. Limper, M. Schmitz, M. Hélscher, J. Coetzee, D. J. Cole-
Hamilton, J. Klankermayer, W. Leitner, J. Am. Chem. Soc. 2014, 136, 13217.

52 M. Naruto, S. Saito, Nat. Commun. 2015, 6, 8140.

33 M. Naruto, S. Agrawal, K. Toda, S. Saito, Sci. Rep. 2017, 7, 3425.
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Scheme 1-40 Re $&{&fitifitiz X 2 B VARV ERD KBV G

Re(O)Cl3(PP) e
e
0 KBF, NP
4 - PN
)]\ + H2 R OH *+ Hzo Ru
R™ “OH toluene or THF P/ | \CI
40 atm 150-180 °C, 24-36 h ph, Cl
substrate:Re:KBF, = 50:1:5 Re(O)ClI3(PP)

(5) H—ARF—hk « =2 — ]k « U LTOIELKIE
HA—ARF— K« =N A=}« T LT 7 8O RBEFHEROMBLA AKE ST, 2011 4,

Milstein & (2 X 0 #1D TH#HAE X472 (Scheme 1-41)%, /KZEJE 10-13.6 atm., SUGIEEE 110 °C,
THF VA AR HESR R & L, JRER Y A TV OKRFACIS Tk, ZEE /b 1000, SOGRERH
48 W CEEANC A X J —ADBEDBND, Flo. N-XU DTN VR A TFIVOKFEL
BOGClE, ZEE /MR 100, [SHRERE 48 I CREBINICA & /) — /L XUV LT I UG
BND, EHIT, NN-DAF LT LTIZONT S, FEMMEEE 50, BOSRRT 72 B o 44
TRFBISIEDIFELHEIT L, BIETRAY ) — L EATFAT IR ELND,

Scheme 1-41 ¥ 49— Ru SEAEBELIC X 2 REFFEAR DO KRB

RuH(CO)(PNN)
\O)J\O/ + H, THE 3 CH30H
10atm 110°C,48h 96% yield
S/C = 1000
o)
Py RuH(CO)(PNN) H,N
NS0~ * Ha 2 CH3OH +
N THF
10 atm 110 °C, 48 h 97% vyield
S/IC =100
RuH(CO)(PNN)
o)
RuH(CO)(PNN
N S H, (COXPNN) CH3OH + 2 NH,(CHs)
NN THF
13.6atm 110°C,72h 93% vyield
SIC =50

ARIBERIT, A X ) —VEORFRESE LTiffsivsd, 37205, Scheme 1-42 12789
oz, EiR - WESET, AR AND A X )=V EARTDUEROFEICRDY .
fbiRFEE 2 BED AL ) — )i B IKEE Y A TV AR LTt AR X 5K
FABISIZE Y | BRI IEGETISBEDORAY ) — N E2GDH LN TE D,

¥ B —ARFR— bk« = A — FD/KFE{LIE: E. Balaraman, C. Gunanathan, J. Zhang, L. J. W.
Shimon, D. Milstein, Nature Chemistry 2011, 3, 609. 7 L 7 ®/k (V< )ix: E. Balaraman, Y. Ben-
David, D. Milstein, Angew. Chem. Int. Ed. 2011, 50, 11702.
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Scheme 1-42 —BLIRFBDEITTIZL B A X J —IVERR

<Conventional method>

Cu-Zn cat.

+ 2H, —————
co 2 50-300 ¢ CHaOH
50-100 atm
<Milstein's strategy>
Ru cat.
o 3 H,
COQ + 2CH3OH — ~ )J\ _ - 3CH30H
(@) (0]

2015 FITIE, T 0 A 2 TR kiRFE L T X ) =2 ) — )V ORBKERILROR
WCEDBRRY LY AR E, ZOBRRY LY U OKRFIRIC LD A X ) —VERED v
RNy PTHEIELS, Z0 Ru MR TIE, ZELKE T AFAE T TIEBRIR D L & o DKFHE
CBUSIET L2, BRIRD L2 AERRICKHE A BT 2 0ER’H L, £, V¥
ACEH D I NV =)V IR FEDREAPEIMEN T ZONKESRTEHE L A ¥/ —1LD
AREN#RIE TON =21 (ZH# £ > TV % (Scheme 1-43),

Scheme 1-43 BV L Z L OARBILFINZ L D A X ) —/VERK

0 RuH(CO)(PNN)
KOt-Bu H,N  OH
DMSO . i-Pr

TON =21

RuH(CO)(PNN)

[FRED A & ) — LA RREEIS 1L, Ding HICX > THIE SN TWD, “fMbm#EL = F L
VARV RIMLESDICHETCE L F L —Rx— b EAFELRUSICH L, Ru-MACHO
AR ETEMEZ R 2 & AW L CUvD (Scheme 1-44)%,

Scheme 1-44 =F L v —RFX— b DKBILINZ XL B A Z ) —VERR

o Ru-MACHO TH

)]\ KOt-Bu HO OH N, ~PPh;
+ Hy ——0 > CHsOH + RU

QP THF - (P/ RIu\co

\/  s0atm 4,4 °C.72h 84% yield 87% yield Ph, Cl

substrate:Ru:KOt-Bu = 100,000:1:1 Ru-MACHO

33 J. R. Khusnutdinova, J. A. Garg, D. Milstein, ACS Catal. 2015, 5, 2416.
36 7. Han, L. Rong, J. Wu, L. Zhang, Z. Wang, K. Ding, Angew. Chem. Int. Ed. 2012, 51, 13041.
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LU, “RAEERFSE DD 206 ORERFEERZ M L TEBERNICA X ) — 2B LT
WDBIEAR N, EERITI, IRETHRIAT 9 % FIFH S 2 R 3 5 EHRY 2 “RRLERR 5 A
5 ) =N A~DEMD T B HFEITH %,

(6) —MefbrFR DOKFSIG

B, TRRALIRFBOKFSIEIT LD XM, HDOWE, AF ) —A~DEHIT, C1 EiF
DAENFHOBUL THER SN TWDHE TH D, Scheme 1-45 (2" T K 912, REFTORR
{LIRED +4 D “FRALERE DN D 1 0 F DKFEDPIIN LT F W3 ERLT %, Table 1-1 (2R
£ 91T, FEEA~OEBIIES) AR T 57250, BVR EEOWRKE TII0@ H HEE S 7
WA, BUGSSHFIZ Ko TSR XTMFHEERE LTHDL Z N TE 5, FlxiX, RSN
BV TFRRRIEAE HIDIED, T/ = — APEBR T T, ¥R & OBUKIEEIC L Y ¥
ATNANERL D D, FHRICHE 1 #kdHDWVIEE 2 7 I OFFE T TIEFEEY I RAVER
5, ZNDFE@EHERIT, SDIT I HFORRLERIET D LAV LT VT e R fifEfk s
LT L, 30 FHOKRBMIM LY | BALIRBHl DA FZ ) — L E TS D, ik
IRFEID AL ) =N ~OEBTIE, ZHE THRARTE IRV BEFHERSL I VR =L
BHPRRLE LTEKRL TRV | 2RA A IIABROEE (L= R F—2 T %
R FE IS BLZ 72 B L RIFFIC, HRID A X ) — VDR EFRWINGE D TRPMETH D,

Scheme 1-45 “RRALIRRDARIERISIZ L V&N HILEWEE

H” SoH —H0
+ H,, ROH o +H, O  +H,
Co - - —2 > CH30H
2 — H,0 HJKOR — ROH H)LH 3
+ Hy, HNR, :ﬁ\ +H,
- H,0 H NR, —HNR;
carboxylic acid derivatives aldehyde alcohol
Table 1-1 ZFR{LERFRIRIT DB S
AG° (kJ/mol)
COz2(g) + Hz (9) - HCOH (1) 32.8
CO2(9) +  H2(9) - CO(9) +  H0() 20.4
COz2(g) + 3H2(9) — CH3OH ()  + H20 (1) -9.5
CO2(g) + 4H2(9 ~— CHa4 (9) +  2H0 () -130.8

37 (a) W.-H. Wang, Y. Himeda, J. T. Muckerman, G. F. Manbeck, E. Fujita, Chem. Rev. 2015, 115,
12936. (b) S. Roy, A. Cherevotan, S. C. Peter, ACS Energy Lett. 2018, 3, 1938.
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TEMEIRFEOKFRIE & LT, R —REERAMENC LD A X ) — L ~DEBD <
DHBER SN TERR, Bk X 5 2B 2 5 LM TH 5 7= 012, BUEDORBER A %
HoTLTH 250 °C FREDOEIREMEDLETH 5D, Z ORI TIL, Table 1-1 DFIFDEL
JFNRT A—=B TR0 BRI EA L 72 D720, A F ) — VAEROBI 72 RIS
INEL 2D, 2D ALFIRMEOHIENZHE#E L < —BLIRFECA X OERDHA LT
< Do FRIZ, WKMET X7 MRORIZ K D —MAVIRFE DRI AL —F A Z ) —/)VERRIZE
T AREIRMED F R & 725 T D, —fANICIE Cu-Zn SRR b i) i S IR A 72 fidu it -
LTHBNTEY, YU BIRT LI F, Dra=T Lo -flix OHKICHETE S 177 Cu-Zn
AR D Bt 2 OB GMEe A & 7 — WABRRMEDN S STV DS, e Th, TN KSR
bl & LT H SN TV D Cw/ZnO/ALOs (2B L CIEMERE D R E ANt 2, Cu ki F+F£HE I
REND Cu-Zn BEMNEMER & L TERT 2 Z E BB LN > TV DY, Fi Tid, LY
EIGPE R il e LT, B FEARBIC X VM L Cu-CeOy R #IEMER E T 5
Cu/CeOyTiO(110) IO NA 2NV —T ' NRA T Y —=2 712k RniE Sy Cu-
Ga,05-H0203/y-ALOs Il B A3 15 X 40T 5 28 TR EE SRR Al S LTl & 9 SR 1 72 fid it
EBR IR ek B,

— 07 B R B BEI AR 2 TN T R FE— IR SR N B RS & DK FALBUS TIX, ZALE TR
L TEI L DITEREND 200 °C BEE TO, BIIFMICA X 7 — VAERRICE R KRS
TER B CTE 5, RIREFIZB W TR, —BLIRBEDOAER A D Z L BRIRICA X ) —
NEARKTE DRIV THEBMMENR D D, O, FEEFHERTRIAREZ 2% X < AKFELF
REZR IR FH D3 IZ 72 D

IHE T, FIC RuR It 2 W ER S 8 S AR S B bR 0 b TR TR~ D KHE
{EIZETE D EIBINTH 5 Z ERME STV D, Bl iE, B, REHIE, FA T
>—Ru &R E V. BEER R bRFET TO CELIRFE OB B L, BahE
XTI RERAZ R L TV 5 (Scheme 1-46)%2,

8 W. Wang, S. Wang, X. Ma, J. Gong, Chem. Soc. Rev. 2011, 40, 3703.

3 M. Behrens, F. Studt, 1. Kasatkin, S. Kiihl, M. Hivecker, F. Abild-Pedersen, S. Zander, F.
Girgsdies, P. Kurr, B.-L. Kniep, M. Tovar, R. W. Fischer, J. K. Norskov, R. Schlogl, Science, 2012,
336, 893.

60 J. Graciani, K. Mudiyanselage, F. Xu, A. E. Baber, J. Evans, S. D. Senanayake, D. J. Stacchiola,
P. Liu, J. Hrbek, J. Fernandez Sanz, J. A. Rodriguez, Science 2014, 345, 546.

61 B. Zohour, I. Yilgor, M. A. Gulgun, O. Birer, U. Unal, C. Leidholm, S. Senkan, ChemCatChem
2016, 8, 1464.

2 P. G. Jessop, Y. Hsiao, T. Ikariya, R. Noyori, J. Am. Chem. Soc. 1994, 116, 8851.
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Scheme 1-46 HiEEFR R 7 4 v % D Ru $EAIC & 2 BEER _M(LIRFEPIZEIT 5 DMF &

F%
o Cl
RuCIx{P(CH3)3}4 )J\ (HsC)sP~,, | P(CHg)s
COZ + H2 + HN(CH3)2 H ~ + Hzo ,RU\
100 °C, 19 h (H3C)sP” | “P(CH3);
13 MPa 8 MPa I ¢
Ru:amine = 1:1,000,000 TON = 370,000 RUCI,{P(CH3)3}4

F72. BIRSIXPNP B —Ek %2 & Ir $EAAEE A2 WD & Tl Y v LA RO fil
BEIRTHEEAS 3,500,000 [Z3EET D Z & A #HIE L TV D (Scheme 1-47)%3,

Scheme 1-47 PNP B> ¥ —Ir $5K % AWz ZBMLIRBDAKBILRISIC L DX I Y ¥ L

Gy
P(i-Pr),
IrH3(PNP) 0 7\ |H
CO, + H, + KOH J o+ mo N—Ir—H
H,O/THF H™ oK = |
3MPa 3 MPa 120 °C, 48 h P(i-Pr),
IKOH = 1:5,000,000 TON = 3,500,000 IrH4(PNP)

WL L TT I v EHOESAE, SBROT I VENMEONDS, XBERHELTH I U
L 2G5 X0 HIEMEITEFIR 2R 508, AP OZARBEIEIZ L FEIAFEETRETH 5,
Pl & 1%, HEEARR LI PNP B —R e gk L NV =& ) — 7 I 2 LTH
W, XRME A TON = 160,000 TFFCTU % (Scheme 1-48)%,

Scheme 1-48  PNP &' % —Ir @A 2 A\ 2 ZERILIR R OKRILRISIT X 5 FERIE AL

OH IrHCI,(PNP) (0]
CO, + Hy, + N >34> )J\ OH + H,0
150 °C, 13 h H™ ~OH-N
2.5MPa 2.5MPa 3

Ir:amine = 1:500,000 TON = 160,000

P(i-Pr),
cl

NS
Hyco— N—Ir—cl

H
P(i-Pr),

IrHCI,(PNP)

63 R. Tanaka, M. Yamashita, K. Nozaki, J. Am. Chem. Soc. 2009, 131, 14168.
%4 W. Aoki, N. Wattanavinnin, S. Kusumoto, K. Nozaki, Bull. Chem. Soc. Jpn. 2016, 89, 113.

31



o
=

1

=11

BT T, RO 27 Ve VR U BRT 2 R ONIKFE R T & 2 EiEE 72k $E
LAk BEBRRE AR L2720, FMFHEMAR LD L S OICBILREBORN A & ) — L ~DZE#a
WCBADAEE D L 91272572, JBIT Table 1-1 (/R L=k Hic, “E(LIRFE L AKES 715
AH )= ERDPERT D USRI TH Db DD, BE D IRFE—EEFHEE G OUIM % £
DT, WEGRINHEF I L WIS TH D, ZD72D, BMREMETTD AL ) —/LV B
IZBWT, IEH L= 3L —DREREE T 200722 SUSKREE OFIN & | Z % BT 5 8%
R P RRBEERE N EE CH D, TN E TICHRE SN ZBLIREN DDA X ) — VAR
ZPRIAR L 72 V155 FMFEMRIC L > THET D L. Scheme 1-49 DX HICELOBND,

Scheme 1-49 FEx O XHFHEMAREZBEH T2 _BILIRBARILERIC LD A F ) —VARR

+H,

+2H
COy +H, - 2

CHsOH + H,0 (a)

—=—2 __» CHsOH + ROH (b)

0
+ +2H
P AR, PIg —=——%—— CH3zOH + HNR, (c)
- H20 H™ "NR,
0
M +2H
— L _ 2 CHsOH + H,0  (d)

(a) FWEERRHBT DAY ) —NVERK

AT TR L2 & 918, VAR EEFREAR DK AR TTI A 27 1) — R Al O BH 3¢ 2 226%
& LT, TERMLIRED DB R A R D A ¥/ — VAR &SNS L )itk o7z,
WM, Laurenczy Hl1X, _MILRFBNOXMERBTHA X /) —VEREREL TS
(Scheme 1-50)%, Z DR TiX, BV Y P UEN %2 DU T4 N Cp*ir $51K% HWT,
KFHTOZ@UIRFE D KBS £ D FXBEAERMGEE D&, EIRIESIFE TOXFBORLK
JGE2NCE D AZ )=V EAE LTS, il e LTHNTOWS I $5RIR OfEPEEIC L
O BOGHEDRZAL U, HEREMESIE T CIE T IR 38 DO K FAUSUGIT & 2 e A= s\ il g
PEZ IR L, BRPESRIE T Tl SO NIRIC X D KERASIEOMBEL L THEZITH D Z &0
Do TNDS, ZOMBRIT, H—Re R AZ Tz B LIRFEND DA Z ) —VE R
FERT. VR y NCER LD TOHITH D, Lo, ZOMMBIEHEIIAmRD T L,
SR T CoOMBEREREL (TON) X 1.6 128 EF D, £/, KINRE 70°C 12 EiF, 2.5M OFfi
RS FICB W RIS EIT>Th, 50h 0 TON 18 TH o7,

65 K. Sordakis, A. Tsurusaki, M. Iguchi, H. Kawanami, Y. Himeda, G. Laurenczy, Chem. Eur. J.
2016, 22, 15605.

6 J. F. Hull, Y. Himeda, W. H. Wang, B. Hashiguchi, R. Periana, D. J. Szalda, J. T. Muckerman, E.
Fujita, Nat. Commun. 2012, 4, 383.
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Scheme 1-50 XER%REHT 2 T HFF M Cp*Ir(NN)SEERE W= A Z /) — VAR

[Cp*Ir(H,0)(NN)J[SO,]
CO, + 3H, 2 Y CHsoH + Hoo | MO B IR
2MPa 6 MPa 2N,
|
condition A: 70 °C, 50 h, in 2.5 M H,SO, TON =8 2N
N “OH,
B: rt TON = 1.6 | P
HO
cat [Cp*Ir(H20)(NN)][SO4]
C02 + H2 —— HCOzH (1)
cat, H*

3HCO,H == CH,0H + 2CO, + H,0 (2)

(b) BT AT NVERBT DAL ) —/VERK

Sanford H 1, 2 fEFAD Rufiifit & N U 70 A A X ANV UBEA T 2T 2T K0 HERR
END R E AW, FBATAERBTIAY ) —LAEREREL TS
(Scheme 1-51)%7, Z ® % CTl&, RuCl(OAc)[P(CHs)sls % VN2 (b 38 DK FEALSUGRIT
FWEA K & | So(OTh); % /LA ARl & 7= XD = 27 Wb, % LT RuHCO(PNN)IZ
L DX AT NVOKBILTIED ZBEMEDISIZ LD A% 2 — L EEK L TWD, Lk
WIZFEEA TV E A K ) — VNG ENDHN . TON [FENEI, 34,25 EARIEPEICE EE D
T AT WAERGIEMENZ EDIRIBE D,

Scheme 1-51 FEEA F L %ZFHT % Ru, Sc, Ru fillit a2 v iz X #Z ) —ILERR

RUCI(OAC)[P(CH3)sl4

Sc(OTf)3 P(CH3)3
RuHCO(PNN) (H3C)sP., I P(CH3)3
CO, + 3H, > CH30H + HCO,CHjy
CH3OH (HsC)sP” |
1MPa 3 MPa 435 °C, 16 h TON =25 34

RuCI(OAc)[P(CH )3la

RuCI(OAC)[P(CH Sc(OTf RUHCO(PNN
CO, (OAC)P(CHa)sls HCO,H Sc(OThs, HCO,CHs RUACO(PNN)_ CH30H

(c) XTI FERBTLAX ) — LA
Sanford HiX, YAFNT I AFEFICBIT XY I RERMT5H A% /7 —LERRH#
LT % (Scheme 1-52)%, Z D% Tlid., Ru-MACHO ${K% T, 95 °C TO —fE{b/x
FOLOXEET I RAEME, K< 155°C TOT 2 ROKFILIGIZE D A% ) — N EHEK
LTW5, AZ ) —/LOAERBHEIT TON = 550 TH Y, FGICHEN LIZFWmBRHRez 27 /L

67 C. A. Huff, M. S. Sanford, J. Am. Chem. Soc. 2011, 133, 18122.
% N. M. Rezayee, C. A. Huff, M. S. Sanford, J. Am. Chem. Soc. 2015, 137, 1028.
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BRICHANERTH S, LL, ZORIFTTVLRY NTHAHLOD, KSBMED b — R
M ICHIRZ VB L5, £7-, &M Lo oI EMIE L2 INT 5 570 8 RS
BIL CEDORMMNESI N TS,

Scheme 1-52 DMF Z#&H% % Ru-MACHO-BH Z W= X & ) — L&/

Ru-MACHO-BH
K4PO, o) o)
. + + CH30H + H,0
THF H” SO H,N(CH H™ “N(CH3)
0.25 MPa 5 MPa 9510 155°C  \_ 2N(CHa) * TON = 550
Ru:amine = 1:4500 L Y
,/_|_\ TON =1870

( A PP
P~ | ~Nco

Phy H{
BHj3

Ru-MACHO-BH

COZ + 3H2 + HN(CH3)2

Ding & I3FHELD PNIP v —H Ru $5(AZ AV, 7I & LTEARY &2 HNoF
BT X RIRHICTORA X/ — VB A WA LTS (Scheme 1-53)%, A X 7 — VARSI
TON=3600 & @Ay, —EMEH OKFSORZ LY FET I FEa Lick, —BEREEO

I ROKRFBCSIG AT 9 BN, R iR 2 FOGR B ERE | 2B L CK#E 2 fBn
ET 20BN D 5,

Scheme 1-53 N-F/VINVENARY U ERHAT S RU-MACHO ZHWZ A % ) — V&L

Os_H
H H, (5 MPa)
N, | PPh
N Ru-MACHO KOt-B N Ryl 2
CO, + 3Hy + - 22U L CHOH 4 ( RU\
THF 160 °C Ph CI
35MPa 35MPa ~O 120 °C TON = 3600 2
Ru:amine = 1:10000 63% yield Ru-MACHO

Z D, Olah HIFXNTFEOREVWRY 7 I Z2H, “BILRFEEZ DA VERIEE L

T ST, KFBILSIEEIT Y & A X — U ERT 2 L5 L7z (Scheme 1-54)0, =
DFRTIE, BEFICEO AZ ) — NV ERSY ET I UOXWEFEEIR L DO BEDFTRE TH 5 R
ZHOolE, MRS X O 2 COBFRHEREZITo TV D, E7-. Sanford H DR EFE,
FOGIEF CTHIRT 2 BN BN OEIREMFETY VR y NEHEA X ) — VAR & E
L TW5,

6 L. Zhang, Z. Han, X. Zhao, Z. Wang, K. Ding, Angew. Chem., Int. Ed. 2015, 54, 6186.
70" J. Kothandaraman, A. Goeppert, M. Czaun, G. A. Olah, G. K. S. Prakash, J. Am. Chem. Soc.
2016, 138, 778.
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Scheme 1-54 RY T I o 2HEEMKL T3 _BILIRBKBILRRNC LB AFZ 7 —LVERKR

Ru-MACHO-BH “pen
PEHA NH 2
Co, + 3H, CH3OH + H,0 \/f ﬁ 2 (/
triglyme
0.75MPa 6.75MPa 145°c,200h ~ TON = 1200 PEHA Ph; H BH3
Ru:amine = 1:1530 RU-MACHO-BH

Ru-MACHO BID SR ZFIH T 25, BT I B TO A ¥/ —VERlE, ftho X
FHEREZRAT D8 & AR THRDFENIGER LV, ZHMEEOEMIL, FFEOT I
RN ~—% RS & L THW: bR FEOBRIKFELRISIZE D A % 7 —VEicE: B
Z 725 7=(Scheme 1-55)"!, IR U =F L > A 2 > (PEl) #4E FDiHIZH T Ru-MACHO-BH
AR B WEMEAZ R L, CO % 2MPa, Hy F£E% 6 MPa & LC, THF &iEH, 150°C, 20
h OFMFIZBNTAY ) =V EEESK L TS, Ru flEZdd 257 IR Y ~—0U
EaxEilbToE, TI0 2=y ROV IYED A 7 — 03 EL, Ru 7215 T
T VI B AERCAER LSS Z LA FIE LT, ZORISRTIE, AU v— ETF
BHBRETERT 720, JUSRAEVMOABICE D 7T IR Y ~—REILAFETH D | Ak
WD RAR ) —VERBGHET D ENTED,

Scheme 1-55 PEI %35 Ak & Té_@4lﬁi£$7k$4lﬁﬁm XBA% ) —NERR

ISE-IMACHO-BH PPh2

CO, + 3H, THE CH3OH + H,0 t /\5/ (/ U\

2 MPa 6 MPa 150 °C, 100 h TON = 689 Ph2 BH3
M,, = 25000 Ru-MACHO-BH

(d) E#EEA Y ) —VERcR (BOEFRIARE LTEL S8/~ MEROBEHEE T2 R H)
Leitner 51X b U AR AT ¢ EULF (triphos) % &2 Ru itz W2 EHE A % 7 — LA AL
%%ibfwé@mmmL%Wozmﬁfm’mN=M2fx&/—»ﬁ$Wwaéﬁ
ﬁ%mamm@m PEEZ R L7z o[BI - BRI 17> TV D, 72, RISHFEIE
T AVOMERFREICL Y | S5 L (EAZEN) TR LREN B AL DA~ ML
E#@ﬁb\%5/—»%5%6%%%%%LTM60

"I A. Yoshimura, R. Watari, S. Kuwata, Y. Kayaki, Eur. J. Inorg. Chem. 2019, 2375.
72 S. Wesselbaum, V. Moha, M. Meuresch, S. Brosinski, K. M. Thenert, J. Kothe, T. vom Stein, U.
Englert, M. Holscher, J. Klankermayer, W. Leitner, Chem. Sci. 2015, 6, 693.
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Scheme 1-56 FE4 O XEFHEEEZEHT 5 _BILIRBARBILRIZE D A F 7 —VERR

Ru(triphos)(TMM) PPh,
HNTf, (1 eq./R
CO, + 3H, 2(180/RY _ pon + H,0 PhoP |
THF N
2MPa 6MPa  140°C. 24 h TON = 442 th
Ru(triphos)(TMM)

ZOXDICH A OXBFHERE TR E T DAL ) — VAR, FEICE P —BEN T
ZHT D RuBHMRICE VD ER I TE Y, 140~160 °C FRE DS CIHME 2R T,
ERUL72E 912 Ry, Ir IZRFBEENDERFE L LRI -2 AR L U TRUEIZEGH S
BRI XD, TR ETEH LW E SN TE VR CERFHERSC (bR 3B DA )
RNRIATOND L H1ZhhoTETND,
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B=H 3d BBERZFIM LI RFARR TGS OKRLRE

H#i—I4 Fe. Mn., Co. Ni SR A FIH L 7= ik FE—WEH ARG OKFIG
AIETE T2, EIZ Ru, Rh, Ir 204808 &3 2 KFE(AEHZ DWW TR~ 72, Frlc, &
JVIR CRHER 7R E OEBE D RFE—FRFRED OIREITITR LT, Ru SR A 20725 fil
B LTSN TWD, ZOfEEERFE LT, PNUP-E Y —HEN FICESND L

JEBNL -2 @95 2 & T B DD EIE AR IS ZEGRE STV B,

Ru $5IRIC 31T D Z RN 1% EHE, 3d BB ZFIA Lz TG EHI b KREH
H LT3, 3d#EBEREIL. RuTr & H_RERENEE CLi2EEFE L LT, IFED
PERAMEEBIFEIC W TR ST D, Rz, B TR — R0 Vv 7 7 I Jv
AFEERIFICAND &, ATRRGREREOFMIIRE RERZRND 5, BRSNS Tl %
TERT B B IERINT 11, —ARICEHIS T CARLER 3d EBSREAREZFINT 59 2 CH
B IEHRIE & W R D, A FIROK R D EEBAZIC K 2 i 22K 3 DTEMALFIEICR D
V. KFBORHERZICEL D e FY FEBREOARICET 2 EMAEE V. 3d EBLJE
Rz KFALSOMZHERA T 5008385 SN b Koo 7=, ARETiX. Mn, Fe, Co. Ni,
Cu & F.OEJE & 7 2 B — RKF LA D BRFE B a2 8L L . AWF7E THL Y fTe R & B A
i L7,

Fe 88K % T2 IRFB—IR R AR EIFIRE & OKFLSIE, Casey HIZ XD 2007 2D T
RNEZENTD, v ormXv 2oz ) B+ & T 28R F Bz R EFHT 5
Z LT, R OKRFERUED S/C =50, 3 atm, 25 °C DS CTiEERR S 4172 (Scheme 1-57).
HHEPIAFET 2 AR ¥ RROZ AT Vg MO RF—EFEAEAIIKRFEE 51T 720, Fe
FEobe RY REEN T Lo Fafxo7a h BN EEZEH LT 2 HREHER O A 1 =X
APEE SN TND, BF, deVries HIZLD, v 7 uaXu¥Tx ) % b Fe $EANTE
YL ENTZ= AT NWVIB DOKFACSINHEHAFTRE TH D Z L DRIN TN DT,

Scheme 1-57 ¥ 7 mu_u¥vx ) U EKRE SO Fe izl 57 b oXRBIERIEG

\ ™S TMS
O OH OC,

I+ H fooat | P oc, ¢ Y. 0,
R™ R toluene R R Fé OH s \ TMS

3atm 25 °C 7 X TMs oc? H H

SIC = 50 oc H N0
- Fe cat R

)L R’ _

73 C. P. Casey, H. Guan, J. Am. Chem. Soc. 2007, 129, 5816.
4 P. Gajewski, A. Gonzalez-de-Castro, M. Renom-Carrasco, U. Piarulli, C. Gennari, J. G. de Vries,
L. Lefort, L. Pignataro, ChemCatChem 2016, 8, 3431.
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Z D%, RIFE—IBFREIFRE G ORKBICSINT A 270802 < O Fe SEIRDBAFE S 417,
% UFZ RN FEXFHIEE DN TER Y | ARG A Figure 1-5 IR LTV 5D, TUED
PNNP Bz 713, KFBIEIERFICB N TEDRFZ —ER _HEGNEILIN, 71T«
I T IVENETRT HEBEZLNTWD, T rT v 77 I UEEE, WTILOBT
FAZBW TS HROBENEIZFE L, SR D OfEREZ B CFREHI R > T D L RIFFIC,
W DELEIIR AT 4 N2> T D, BRIk 2 Mn S5 2 JHV 72— % Ry T PNH 722
EOZJEX L— ML FIZAE D E ZAHN LA TN,

PNHP-pincer H H
H N N
|
~ey O ID ACT)
R,P PR, P P PP
R2 R R2 R
PNP-pincer PNNP
3,0,
~
RoP PR, R2

Figure 1-5 [RFE—RFRF AT & OKFRILISIZHV b7 Fe $8ADEAL 1S

IKFBALESEDOH E LT, Z 2 CTIEEBECED = 2T VOB T EFEINT 5, 2014 F1C
Milstein 5%, PNP & % —RIENT 29 5 Fe $5ANN 7 v BiEMH I NI AT VD KE
{EEOSIZIEMED & 5D Z & Z 7R L7 (Scheme 1-58)75,

Scheme 1-58 PNP v 4 —RIEN T % & D Fe $EKIZ X ATEMHAL = X F L DKFBILK it

o FeH,(CO)PNP P("Eu)z
_ \ >
PN + n, KOtBu 2 F,c” OH 7 N-Fe—co
F;C~ O 'CF3 1,4-dioxane — H,
10 atm 40 °C, 2h 98% yield P(t-Bu),
substrate:Fe:KOt-Bu = 200:1:2 FeH,(CO)PNP

[F4. Guan 57 & Beller &7 3212 PNUP B —FUEN %2 D Fe 7 M7 & KR
L— MR Z W e 27 L OKRFEBOG 2 # L7z (Scheme 1-59), EH T _&EH& L

5 T. Zell, Y. Ben-David, D. Milstein, Angew. Chem., Int. Ed. 2014, 53, 4685.

76 S. Chakraborty, H. Dai, P. Bhattacharya, N. T. Fairweather, M. S. Gibson, J. A. Krause, H. Guan,
J. Am. Chem. Soc. 2014, 136, 7869.

77 (a) S. Werkmeister, K. Junge, B. Wendt, E. Alberico, H. Jiao, W. Baumann, H. Junge, F. Gallou,
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p=1100

T, Beller 5%, Bz EDT 0T 477 I % AFOVILITER LT Fe f5ATIEa< K
FACRIEPEIT LN EEHL ML TS, LEER->T, 20 Fe iRzl nd
Ru 2 CHIZ 17 0T 4 v 77 2 —ERBIC L D MENLIEEOBETHABE TN D
LEZDND,

Scheme 1-59 PNHP ¥ ¥ —HIFTF % 3D Fe 5K L 2 = X TV DKFBILE

(0] H
)]\ + H, FeH(BH,4)(CO)(PN"P) R“NOH + ROH
R” TOR' toluene of THF
Guan: S/C = 33, 115 °C, 10-16 atm up to 96% yield
Beller: S/C = 100, 100 or 120 °C, 30 atm up to 99% yield
'TI H\ H,C H\
N, | «P(i-Pr), N, | P(i-Pr),
. /Fe‘\ ' /Fe‘\
(FPrzP~ | =CO (FPr)P” | CO
“BH3 “BH3
FeH(BH,)(CO)(PNHP) no reaction

RAT 4 v ENTF I TEL S NIRIERSEOREEDO PNUP B 3 —RIBIA 75 Mn
BERIZ L B = AT VO KRFEACSOGIZH#EH S 4L TV D (Scheme 1-60)78, 27 /LR = /LEHIK,
AFF M N IR VEER & BIOKFLSZRE L, W bisMfEch o e
RU RNV R=NEEENR R CTIR S D 2 ERFHELFAC LD RIS TN D,

Scheme 1-60 PNHP &> 9 —HIEN T % &2 Mn &K K 5 = 2T VD KFILE

Mn cat

o :
L+ w KOtBu _ _ ~oH + ROH
R”™ "OR' 30 atm 1,4-dioxane
110 °C
substrate:Mn:KO¢t-Bu = 50:1:5 up to 98% yield

H Br H H
TN ("PEt, | YaRy
N., | “PEt, H. | N,, | “PEt
Cvn N., | CO Cvn
p= | ~co L M P~ | co
Et, CO P” | co Et, CO
Et, CO
MnBr(CO),(PNHP) [Mn(CO)a(PNHP)][Br] active catalyst

M. Beller, Angew. Chem., Int. Ed. 2014, 53, 8722. (b) S. Elangovan, B. Wendt, C. Topf, S.
Bachmann, M. Scalone, A. Spannenberg, H. Jiao, W. Baumann, K. Junge , M. Beller, Adv. Synth.
Catal. 2016, 358, 820.

8 S. Elangovan, M. Garbe, H. Jiao, A. Spannenberg, K. Junge, M. Beller, Angew. Chem., Int. Ed.
2016, 55, 15364.
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Milstein & & Mn K2 K2 = AT LV OKFCEE Z#HE LTS (Scheme 1-61)7, 1
523 ZAVE THAFE L CTE 72 PNN B —RIEIA - & B0 ) | ARAREERIZ 0 T S vz fdhr
Fix7aT 4 v 7T I LTS (PNNE B U —) SEEC KRR Clae ) ¥
NEEOFFBCL T ERAL 2 £ 5 SRR @R cidied, ur v o730 —
Mn bt RU RIZEDEOBELHEITTH2EEZX DN TS,

Scheme 1-61 PNNH v > % —BIEN; T % D Mn 88812 L 2 = 2T v ARG

o MnBr(CO),(PNN) NH(t-Bu)
+ H, S R"OOH + ROH |/ \N_M,;“E%O
R” "OR' 50 atm toluene e |
100 °C Br
substrate:Mn:KH = 100:1:2 up to 99% yield P(t-Bu),
MnBr(CO),(PNNH)

Beller, Pidko Hi%, ™A 7 4 /7 I % L— MR+ (PNUEMZF) N AT /L DKFE
(LB E T D HE RN+ TH D Z & 278 L7= (Scheme 1-62)%, 3d EH 4R & FIH L7-
[RFB—RFEAREFFE A DOABLFISICBWT, X L— NN F2 S 7-0oTo
BTH 5,

Scheme 1-62 PNH % L — MEMIF % D Mn 88KIZ & B = X F L DOKBILK S

o MnBr(CO)3(PNH) Ph,Br
)J\ + H2 KOt ?U R/\OH + R'OH (P,,,Mn\\\\CO
R OR' 50 atm 1,4-dioxane N/ | \CO
100 °C H,
substrate:Mn:KO¢-Bu = 500:1:375 up to 99% yield
MnBr(CO)4(PNM)

Co SERIC OV TIE, ZEEENT % FHT & 2 = AT L D KFEALER 2 = HIHE ST
%, 2015 -1 Milstein & 1%, Mn $5KDOF4] & [7] UHEE O PNNH B2 —HIEL7 -2 5D
Co AR T AT VD KRFALINCTEME A~ 2 & s L7z (Scheme 1-63)%, HE#IT) 72
RELT, 7a7 4y 77 I 020080 —RIRA 1723, o> PNP & %\ & PNN Bifi7

7 N. A. Espinosa-Jalapa, A. Nerush, L. J. W. Shimon, G. Leitus, L. Avram, Y. Ben-David, D.
Milstein, Chem. Eur. J. 2017, 23, 5934.

80 R. van Putten, E. A. Uslamin, M. Garbe, C. Liu, A. Gonzalezde-Castro, M. Lutz, K. Junge, E. J.
M. Hensen, M. Beller, L. Lefort, E. A. Pidko, Angew. Chem., Int. Ed. 2017, 56, 7531.

81 D. Srimani, A. Mukherjee, A. F. G. Goldberg, G. Leitus, Y. Diskin-Posner, L. J. W. Shimon, Y.
Ben David, D. Milstein, Angew. Chem., Int. Ed. 2015, 54, 12357.
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FEVLEFEETHLIENHITOND, LN LARSZOEMMEITO TN TH Y, Al
REFMTLHETeT v 277 I—Co kb NI NIZXBEEOEILHIEEDM FICFHEH LT
WD IR, Eo, AR ATRE R EE X, WA=V afiil e hER
TOHREICRONTEY, WEICL Y BENEME L LIz ) —VORFB—IRFE ZEESD
BILER T, KBMEBEITL TND EEX LR TWD,

Scheme 1-63 PNNH &Y —RIFT % 3D Co $5IC L 5= 2 F v DKRFBLR G

CoCl,(PNNH)
NaHBEt,
0 ) OH
/{A%v/ﬂ\ v H :ﬁiBu g /&A%V/J + CyOH
OCy 3
S0atm 45556 38 h

substrate:Mn:NaHBEt;:KO¢t-Bu = 25:1:2:6

NH(t-Bu) NEt, P@Bu
\ \\\\Cl \\\\Cl \\\\CI
/ N—Co\
— | Cl
P(t-Bu), t-Bu)2 t-Bu
CoCl,(PNNH) CoCl,(PNN) CoCl,(PNP)
85% vyield 67% 27%
0 Mmm
R + t-BuOH
»me RVAbR
Ha
Co cat

OK

O
Rok + R L R A,

—J7 Jones 1%, PNHP &2 —HIE 1% 4D Co A A AR L, = AT /L DIKFLK
JEIZE A L7 (Scheme 1-64)2, RGBT AT VI EB VAR =L afilic7 v &b/
WIRE B AKFLFTRETH 5, ZOMERTH 0T 4 v 7 7 UM & b 72 2 WENL -8
FEOIEEEZRLTEY, a7 4 v 277 I0—Co b KU RIZX D HZZHERER iR e Ttk
ITLTWVD ST LHNZ R,

82 J. Yuwen, S. Chakraborty, W. W. Brennessel, W. D. Jones, ACS Catal. 2017, 7, 3735.
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Scheme 1-64 PNHP v Y- —RIEIIF% D Co $ERIZ L B = AT VD ARILK G

o Co{CH,Si(CHs)s}(PN"P)I[BAr,"
)J\/\ . H, FI-H; 2Si(CHg)sK IBAr,T 2 P oH

Ph (@] Ph
55 atm 120 °C, 20 h
substrate:Co = 50:1

H,C F
. EY 3 ~ |BAr,
N/’\ PCy, N/’\ PCy,
Co. Co,
P”” NCH,Si(CHa)s P”" NCH,Si(CHa)s
Cy2 Cy2
[Co{CH,Si(CH3)3}(PN"P)I[BAr,F] [Co{CH,Si(CH3)3}(PNP)I[BAr,]
97% vyield 91%

Elsevier, de Bruin & (%, —J#745 A 7 ¢ > triphos & Co(BF4)2-6H0 75 78 5 -t R il 2
#45 L7= (Scheme 1-65)%, Scheme 1-24 {27k L 7= Ru $5(KDO B & [FIEEIZ, FEOENL & 48
—t FU REG~DFAIZL O BISHNEITL TV D EEZbRD,

Scheme 1-65 Z=PFER AT 4 v & D Co $EfEfiIc kX 2= X T NV OABILK >
(@) CO(BF4)26H2O

triphos OH
+ H > + CH30H
©)‘\OCH3 2 CHsoH ©/\ 3

40 atm 100 °C, 5 h
substrate:Co:triphos = 10:1:1 95% vyield

Mn, Fe, Co [ZHBILD ANENAEEZ AR L 35 3d BEABIERIZOWT, RN T
AT K D IRF—WR R B RS A Skt 2 K FA LSS DRFFERFE 3t AL TV D, Ru Iz 1T
HENLTRRFNE O F FHH SN FINZ VD, K &2 OL BRI RHE 2B %R M T
bihiflbd s, HHTRERE LT, RudtRIZ L 2 =27 WIKBINIT B TRU %
L TWeT BT 477 I VBN a5 W REERER OIS . Mn 35 KO Fe 85
RIZBWTHEERICENTIZTZ DN TN D —F, CodiATIIuT Ly eTr 1+ v 77 I VR
DL DN RIFTHERE TE TN ERbIT 65,

Ni $5IRIZ K D RF—F AR S OKFOSE, 7 P EEIZR S5, 2008 4

ICHEHEOIX, 787 IMET b= 27 VEEOBIEHE R 2E] (DKR) %19 KFE(LK
Jin % L72 (Scheme 1-66)%, DKR (Z2OW T, 2 _F Ttz <%,

8 T. J. Korstanje, J. Ivar van der Vlugt, C. J. Elsevier and B. de Bruin, Science 2015, 350, 298.
8 Y. Hamada, Y. Koseki, T. Fujii, T. Maeda, T. Hibino, K. Makino, Chem. Commun. 2008, 6206.
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Scheme 1-66 YHRATZ 4 »—NilL LB TEIKS P X7 LD DKR %5 REKFLK
Ni(OAc),-H,0
o) e) diphosphine OH O
R OCHZ * H2 NabAS ~ R OCH
3 trifluoroethanol/AcOH : 3

NH2-HCl 400 atm Ms 3A, 1t NH;
up to 98% yield

95% ee
@/chyz
. Ar = OCHj,4

Fe PAr2

<

diphosphine

BT Cu AR U 7 R B — Wi R RS & O K FAUBUS

FRoOeRTE Hi D | Cu il X 5 RFE—WFRAEFRE G DOKFCEOS O TR I
ARE =R TEHLSPHHERIN TN D, 1920 FRUICE L ST Co R Ni O T F—EE&ITE
END AR VHBEIZ BT, Co filililixz= kU 172 ViRFE—ER RS DRFELK
Jis. Ni il 3R B—mERE A 72 & iR O/ N S WA o BRI E N ENED T
HDHZENPBRBRIIZHONTWD, —FH, 7X—CulIT VTt FOKFLISITIEMEZ =~
L. RFE—BRFB ARG S ORI Cu flEN G TH D Z EPRB I TN, fRFE—
FEEAE G OKRFALSINIT BN Tl bR ST E 7o i 72 Cu il Cu 7 v =1 K
(CuO/CuCr04) TH B, 1931 42 Adkins 5 75> CuO/CuCraO4 237 VT & K& R DKFE
CEUSIZAN T D Z & 2160 TR LTS, BUSSRIFIT/KFEED 100-150 £, IREH
150-180 °C TH Y | MitEN7lT L A EOFEE N 3 h TIRIFEEEIIT V2 — iz
%o TATNVAOKFCSOEG S FFERE 203, 220 KJE, 250 °C &0 95 24 1S 72
A BEF B, Cuz <A FOIED, Cu/SiO2, Cw/ALO; R R LR FE D KFELSIGITA
Bhie Cu-Zn FMEENRIFE SN TE T, 2D OflliE 2 72 R FE—IRFERE G OKRFLIE
DOfl% Table 12 1ICF & DD, FNVT7T—MTCuZmr~vA MLV, T7 e RENET
SNTIZNAVTZ YT a—Vlizfbd % (entry 1), —J7, Cu/Zn/Al/Ca/Na Z it - U CH
Wb e 250°C, 1latm OFRETIZ AT VAT a—OT )Va—LOiginE CKRFEIG
DEATL, 2-AF AT T UNFEERME LTHELND (entry 2)¥, FERIZ, 7V Er—1OD
KRFALEUETIE, Cu 7 v~ A 80 Cu/ALO; Il ESIZ KV | 1 (LD fRFE—IEHERE G D U

8 H. Adkins. R. Connor, J. Am. Chem. Soc. 1931, 53, 1091.

8 H. Adkins, K. Folkers, J. Am. Chem. Soc. 1931, 53, 1095.

87 H.-Y. Zheng, Y.-L. Zhu, B.-T. Teng, Z.-Q. Bai, C.-H. Zhang, H.-W. Xiang, Y.-W. Li, J. Mol.
Catal. A 2006, 246, 18.

88 7. Xiao, C. Li, J. Xiu, X. Wang, C. T. Williams, C. Liang, J. Mol. Catal. A 2012, 365, 24.

8 Y. Feng, H. Yin, L. Shen, A. Wang, Y. Shen, T. Jiang, Chem. Eng. Technol. 2013, 36, 73.
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ST, 12-7 e X Vd— i3 Gbid (entries 3 and 4), T A7 /LIEEDOKFEGIET
X, WTNOMEETE 200 °C UL EO @RS ZET 203, ENWFRFITERH D, V7Y
VBT NRRA Y VY = F VO KFECETIX, CuZ v~ A Ml X B SR s S
I TEILHETL, ZNENXIET DA — 0355405 (entries 5 and 6)°, > = V&
VA FNOIKFACRIE T, Cw/SiO, il 73 LB 20 e il T v | 19 atm D/KFEET
TF LT Y a—ARENRTELND (entry 7)., —ERLRFERC BALIRFEDKFEIK
JSZA N2 Cu-Zn/ALOs 23, AT 7 U VT F /L% LT 30 XU DS Cfiflit & U CTIEH
T5HZENRESNTND (entry 8)°%, WA D KBCEISDOHERF & LT, D
12-7a /R VA= A SOERB | B NS, TR E A NG T a R ) — s D2
D3, EAEI Cu/fSiOz, Cuw/ZnO & W TER SN TWD 2, WT i 200 °C UL EDER %A
FLTW5 (entries 10 and 11),

% H. Adkins, Org. React. 1954, 1.

o1 US Patent, US4614728.

2 L. He, H. Cheng, G. Liang, Y. Yu, F. Zhao, Appl. Catal. A 2013, 452, 88.

% R.D. Cortright, M. Sanchez-Castillo, J. A. Dumesic, Appl. Catal. B 2002, 39, 353.
% G. Vedage, K. Klier, J. Catal. 1982, 77, 558.
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Table 1-2  THLHY 7R Cu EAAE 2 2 REBE—BRFRKE & D AKRIL G DBH

Entry Substrate Product Catalyst PH, [atm] TI[°C] t[h] Yield [%]
(l) OH
1 O O CuO/CuCr,0, 100-150 150 2 100
\ ! \
O
| (0]
2 o] q Cu/Zn/AlICa/Na 1 250 - 87
I \
\
3 OH OH CuO/CuCr,0 41 210 10 85
HO\)\/OH HO\)\ ! I
4 OH OH CuO/Al,O 1 180 88
HO\)\/OH HO\)\ ! 2 )

o)
5 CQHSOM HO\/\)oi CuO/CuCr,04 252 250 4 60
o}

0
6 CoHs0 OH CuO/CuCr,0 225 250 6.5 81
OC,H5 HO\/\) 2Y4 .
o}
0
HsCO HO i ]
7 3 OCH, N Cu/sio, 19 220 95
o}
0
8 i oH Cu-Zn/Al,05 30 230 4 >98
16 OCoHs
o)
9 HO HO OH CuO/CuCr,0 272 250 35 91
\HJ\OCZH5 Wﬁ It '
o)
HO ,
10 HO TAOH Cu/Sio, 7 200 - 88
OH
9 \/\
1 OH Cu/ZnO 75 250 - 637
A,

@ Conversion.

TIT DAY —% Cu filBE OB TIL. (a) FHRRHIRDOERZE . (b) T/ #EEOH4E,
(c) A A XY v 7 EDOFHNERITHTT ST Y | IEED A BSOS SR OfEFI A3
HHEIZ 2 > TETUWA,
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B zIE, V7 U CEBEOKFESISIZE T, Cw/SiO) filliER> Cu/ZrO, filifs 2 F 2% & /-
b EEDETE E MARBLBSEITL Ty - r T 7 h 28 90%LL EDOEIERTR LD 08,
INA ALY v 772 Ni-Cu/SiO il 2 H WD &, S HIZy - r T 7 b OKIIKRFEK
JERHEIT L, FEMME LT2-AF LT F T8 Ra 77 20 0%REDENETHEOND
Z & 73, Hwang, Chang 52XV #HE ST % (Scheme 1-67)%,

Scheme 1-67 Cu 72 HTNINRA A X U v 7 Ni-Cufliiiic L5 L7 ) U EBRD ARt

O OH o
HOM Hp | Ho\ﬂ/\)\ . o & (/0
_HZO —Hzo
0] O
y-valerolactone 2-MeTHF

Cu/SiO, (10 atm, 265 °C) >99% -
Cu/ZrO, (34 atm, 200 °C) >90% -
Ni-Cu/SiO, (25 atm, 265 °C) - ~90%

Fio, R ED Cu Tt/ EEEHIEI L, SOGOBRMEE 2L S ¥ 726 & LT, Scheme 1-
68 [IRT AT VY AT VD KRFALSUEN & 57, T3 Cu B -3 11 nm (ZHIH X 1
72 CuSiO VD ET R Tk Ru 77 Uil B%DOEINETH LD DXL, ¥ Cu
K825 33 nm @D Cu/SiOy TiE, FIRUSERME T 53%NE Ty -7 F 1T 7 b ETTRIGH
KT95, BENRERIZRLRNEOD, CuZua~A NaEHWEZAT VU ZTF LD
KFEALIE (Table 1-2, entry 6) {2k LC, JESRED KIRITHEM TN D,

Scheme 1-68 F / #BE&HIHE S 7z CulSIO LI X B R 7 T VY A F L DKFBL s

O OH (@)
i 2H
RO or + 2H2 CulSiO; _ RO ., o 2, /70
—-ROH —-ROH -H,0
0 25 atm 265 °C o

y-butyrolactone THF

11 nm-Cu <5% 93%

33 nm-Cu 53% <5%

FIREIC ., HERF L OKFBIISNZ LD 12- 7 a X P — OB T, T/
REEHIE S 72 Cu/SiOs i DA MDA & 25272 > T %, Scheme 1-69 (12773 K 912
Zhu 5%, 72 5TNZ, Hwang, Chang 5212 X D ANAIZHAE S 4072 Cu/Sio, iR Tk, &

% A. M. Hengne, C. V. Rode, Green Chem. 2012, 14, 1064.

% P. P. Upare, J.-M. Lee, Y. K. Hwang, D. W. Hwang, J.-H. Lee, S. B. Halligudi, J.-S. Hwang, J.-S.
Chang, ChemSusChem 2011, 4, 1749.

97 P. Kasinathan, D. W. Hwang, U.-H. Lee, Y. K. Hwang, J.-S. Chang, Catal. Commun. 2013, 41, 17.
% L. Huang, Y. Zhu, H. Zheng, M. Du, Y. Li, Appl. Catal. A 2008, 349, 204.

9 P. Kasinathan, J.-W. Yoon, D. W. Hwang, U.-H. Lee, J.-S. Hwang, Y. K. Hwang, J.-S. Chang,
Appl. Catal. A: Gen. 2013, 451, 236.
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BN AT NVIEOKBILRICDNEIT L, CuZ va~A &2 HWE4A (Table 1-2, entry 9)
EHEANTREE LIRERMF P HEEISEII S TS

Scheme 1-69 7/ ¥¥&#IfH X 7= Cu/SiO, i & A RLER = F L DK B G
(0]

HO
HO + 2H, SUWSO2 \T/\OH4-BOH
OEt 180 °C

23 nm-CuO, before activation (50 atm) 99%
15 nm-Cu (25 atm) 99%

VA UEY A FIVOKFRIE T, Fx O EO CufiiiENE 2 THD Z LIRS
N TCW5 (Scheme 1-70), ANJTEET U B (HMS) 0LV 4 A ko HZSM-5'' 7 v /rA
feti) /) F 2 —7 (CSNTs)!2, 725 NT, A Y AKR—TF AU B SBA-15'B %KL T 5Lt
WAEHR AN EA SN TS, 2D OEIENETS -~ 72 Cu fitlitix )/ #E&E 25 H8 S h
TED, WTLEH 10nm LT O Cu bl FEETH H, CSNTs R0/ A X U 7 il T
& % Cu-Au/SBA-15 [ZBW T, RIS E—F Ru SEARALLIZ )32 0 -5V T&E TV
Do EHT &M kLxrm&%mcwmww®%ﬁ@CuIW%ﬁ®%% BWTEEZR
BHRLLSoTWVDLIERBITOND, CuSIOx il 25 L7=Fllci VT, Cutplimr i
fIBEIE & EDIEEEZ R LTV D1, Cu® By IR E OB ERZUC % 535 — T, Cu'h
EEOEMLIZHEET 2B 26 T05D,

100° A Yin, X. Guo, K. Fan, W.-L. Dai, ChemCatChem 2010, 2, 206.

101 H. Lin, X. Zheng, Z. He, J. Zheng, X. Duan, Y. Yuan, Appl. Catal. A 2012, 445-446, 287.

102X Gong, M. Wang, H. Fang, X. Qian, L. Ye, X. Duan, Y. Yuan, Chem. Commun. 2017, 53, 6933.
103 Y. Wang, X. Duan, J. Zheng, H. Lin, Y. Yuan, H. Ariga, S. Takakusagi, K. Asakura, Catal. Sci.
Technol. 2012, 2, 1637.

104 (a) L.-F. Chen, P.-J. Guo, M.-H. Qiao, S.-R. Yan, H.-X. Li, W. Shen, H.-L. Xu, K.-N. Fan, J.
Catal. 2008, 257, 172. (b) B. Zhang, S. Hui, S. Zhang, Y. Ji, W. Li, D. Fang, J. Nat. Gas Chem.
2012, 21, 563.
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Scheme 1-70 FE & QK LD Cu BEHEALELIZ L 53 = VERY X F L OARFRILEIGS

3CO\[ﬁOH

O

2H
H,CO 2H,
° %OCH:s _CH4OH

)

2H, o H,
™2 . Ho
“CH,OH OH Zho

ethylene glycol 2 ethanol

Cu/HMS (25 atm, 200 °C) 98% -
Cu/SiOy,, 54.9%-Cu™ (25 atm, 200 °C) 98% -
Cu/SiOy, 62.3%-Cu™ (20 atm, 200 °C) 95% -

B-Cu-SiO, (30 atm, 190 °C) 93% -
Cu/SiO,-HZSM-5 (30 atm, 190 °C) 94% -
CSNTs (30 atm, 180 °C) 98% -
Cu-Au/SBA-15 (30 atm, 180 °C) 99% -
Cu/Al,05 (30 atm, 270 °C) - 96%

UL ED X ST, ZhE TRFE—IFEABFE A OKFLABEERR TIX, 3d BBA&REOF
THAE—% Cu il RICAFZENET LTV D, T T, Cubi+Ho Cu-Cu BNENZE
NI ERFEZTEMALT 8L LTI 2 EDRBEND AL, BIREN A I =X A
HLI|/RINTND,

—J5. %)% Cu bR MIEIZ K 5 RFB—EFRFE A KT 2 KFUEIG OBFFERR R 1L, B
JE D BN T V@Tx74xmu%@ﬂ WZIRHN D, 1989 FFICHBE Sz ) 7 ==L
RAT 4 AT HE KU REHAD 6 BIK[(PhsP)CuH]s 28 o, B -AREIFI A LR = AL EW D
LA-BICITIEMEDR S D Z ERFNHAILTWED, PATFIVT 2 =/VIR AT 73 E DR
A7 4 EFJRPICEINT D&, 7AT B RRT M OKRFLISIZHIHAIRETH D Z &0
2000 4E(Z Stryker 512 1 - T/REMTZ (Scheme 1-71)195, SRR CHROUGITEITT 528, HE
i EE S 20 LARS . T L b ETEME S TV 220,

105 (a) J.-X. Chen, J. F. Daeuble, D. M. Brestensky, J. M. Stryker, Tetrahedron 2000, 56, 2153. (b)
J.-X. Chen, J. F. Daeuble, J. M. Stryker, Tetrahedron 2000, 56, 2789.
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Scheme 1-71  Stryker iZLBHRRAT7 4 »—Cull LB 7 AT K « & b OARILRIG

H, (1-34 atm)
Cu cat A-C

0._Ph
A (S/C = 10, 1 atm, 30 h)

o
A (S/C =20, 1 atm, 48 h)

&

)

@]
llle)

(@)
(@)
I

A (SIC =20, 1 atm, 30 h)
OAc

B,

> O

(SIC = 20, 1 atm, 27 h)

(@)
Za

A (S/C =20, 1 atm, 24 h)

)

A (S/C =20, 34 atm, 26 h)
C (S/C =20, 34 atm, 21 h)

@o

A (S/C = 20, 34 atm, 30 h)

B (S/C = 20, 34 atm, 25 h)

C (S/C =20, 34 atm, 20 h)
0}

T

A (S/C = 20, 34 atm, 18 h)
C (S/C =20, 34 atm, 18 h)

Ph/\)LH

A (S/C =20,4.8atm, 4 h)
C (S/IC =20, 4.8 atm, 18 h)

OH

: ChBuon T e B: CuCl/NaO'Bu/P(CHa),Ph = 1/1/6
R sHe/ BUOH,

A: [(Ph3P)CuH]s/P(CH3),Ph = 1/36

R2

%yield C: [(Ph3P)CuH]s/ PhP, = 1/36

83% (25: 1)

OH

lle)

OCHs
93%1111

|:|
93% (16:1)
OH
2

99%

eqailcen

97% (4
84% (19.1)

Fou o\

90% (2.7:1)
92% (4.4:1)
>99% conv (1:2)

T

95% (32:1)
83% (38:1)

P -"oH  * Ph” " OH
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R EROWIE T V—T1E, FTNVHRAT 4 2R PRI 5 2 L TeT v F Ak
R 72K FILSOE Z 3 ATV D (Scheme 1-72)1%, AR OEFHEIILT L H R < e
P, FEEfRBELE DS 200~500 I E STV D, BN FIXE /R AT 4 EURAT ¢
CBFARHCRPUISIFE L TR Y . MEBOREEZH O TOD L HbND, B ProFt”
=, FTNREOEFRSFREAT DA TS BIFICISOHETT 5, AMERIC
BT, a, B-RERIN LR = MEAMIEE N 12580 TAEL SN, RT3 7 VLT
=BG O D,

Scheme 1-72 A DYEKRAT 4 > —Cull LB T7NATE K« 7 b OARILKIE

H, (50 atm)
?L Cu cat A-C jJ\H PPh, PPh,  PPh,PPh,
RT"SR2 EtOH or PrOH R1R2
300r50°C,16h  gyield DPPB (S,S)-BDPP

A: [Cu(NO3)(PPhs),/NaOH/DPPB = 1/10/1

o)
B: {Cu(NO3)[P(3,5-xylyl)s]o}/NaOBU/P(3,5-xylyl)3/(S,S)-BDPP = 1/10/6/1 <o O
C: {CU(NO3)[P(3,5-xylyl)3]o}/NaOBu/(R)-SEGPHOS = 1/10/1

_________________ 0 PPh,
L
o]
)

aldehydes (S/C = 500)

)
X

=¥ (Y
\_s N”
A 96% A 85%

o)
Q H
<7Jm
N\ NH
A 0% conv A 92% (51:1)

ketones (S/C = 200)

(0]

O ~
Ph)J\ \_S
B >99% conv B 82%
56% ee (S) 36% ee (S)
(S/C =500)

o (e}

S | N
_<\ [ _
B 91% B 71%
90% ee (-) 89% ee (-)

16 (a) H. Shimizu, D. Igarashi, W. Kuriyama, Y. Yusa, N. Sayo, T. Saito, Org. Lett. 2007, 9, 1655—
1657. (b) H. Shimizu, T. Nagano, N. Sayo, T. Saito, T. Ohshima, K. Mashima, Synlett 2009, 3143.

(¢) H. Shimizu, N. Sayo, T. Saito, Synlett 2009, 1295.

50

PPh,

o (R)-SEGPHOS
| o H
_N

A 56% conv
mixture of several products

o)
Ph/\)LH

A 68% (>99:1)

0]

a
S
B 93%
92% ee (S)

Ph/vj\

B 93% conv (97:2:<1)
62% ee (S)

C 98% conv (98:2:<1)
72% ee (S)
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Z D%, Beller 597 72 5N Johnson 5182 1 W NI =) > F AR 7247 b DK
FALPUS WS Sz, WS Cu(OAch 12Nz Tl L LT KOt-Bu, 725 WNIH AT
A VR D70 D RN EH ST D 10~15°C & 5 FEFITIKIR T & BERE
TAHRRMPD D, FVDITZENL T OfE & SRS F% Scheme 1-73 1278 LT 5,

Scheme 1-73 % b DARFRILBISIZAV D7z Cu(OAC)/KOt-BUlR A 7 ¢ ¥ Z TRl

JOJ\ + H Cu(OAc),/KOBu/phosphine ternary system j)\H
R1 R2 2 iPrOH R1 R2
%yield

(0 S
CO o @F;;}PthFI’Arz

ligand (Ar = 4-CF3;CgHy) ligand (Ar = 3,5-xylyl)

Cu(OAc),/KO'Bulligand = 1/6/2—4 Cu(OAc),/KO'BU/P(3,5-xylyl)s/ligand = 1/15/1/1
S/C = 300, 49 atm, 10 °C, 16 h SIC = 67, 20 atm, 15 °C, 24 h

ERROBIO X S, CusBiRIiz L 2 DR = ULEHDOKRFSISIE, FIZ CulZxt LR
A7 4 VBT 2 Y B B GBI Ko TIE 36 YEE TINA TREBIIERTTHILT
W5, ZHUE, RAT 4 r—Cu BNEBIEETH D LFRFIC, CufiL ) Las L THEE
ELRTWHER S Y . G E AL N2 BEBAZTER LT T 0ERHDHT-DTH
%,

H)—F Cu SBIRAMIEC X 2 IR F—WFERE S DAKFELEUSIT Mo R0 Fe 12964 U THE &N
TbDD, ZOHLT LHEINICRBEIN TEbIT TR, BidoRtrsH 5, #
BRIZ, WV CEEREARSS LIRS 7 & OEEE T T OKRFACSOS IR - il
q*e&ié;hﬂ\tcm AR — RN K 2 R B G OARFACSIL TIE, Cu il F12
ﬁﬁb\ LIVTE TG A D & BRIV TH Cu i OFI H ATRENE 2 5T 2

IHERTH D, Eio, HEEILHES T OKFELSUSIZIW T, Ru SRS 5 F5EH
%é@%brnﬁz‘)%#ﬁ {TEDH LT, BEPLOBTHEELY D LMHEREHIANTHS I,
3d EBBIRDR7T CulE NI & 72 b VEREMEN &S RKE WD (Table 1-3), BT 5
B RY REEERIL, SFFENLFO B BTt 52202 2 L THLOBBRETEE Th
0. EIEMEZRKE LA A AT 5 5 X Tl BB L B2 b b,

107 K. Junge, B. Wendt, D. Addis, S. Zhou, S. Das, S. Fleischer, M. Beller, Chem. Eur. J. 2011, 17,
101.

108 S W. Krabbe, M. A. Hatcher, R. K. Bowman, M. B. Mitchell, M. S. McClure, J. S. Johnson,
Org. Lett. 2013, 15, 4560—4563.
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Table 1-3  Allred-Rochow E& et B

Sc Ti \Y% Cr Mn | Fe Co Ni Cu | Zn

AT | M

g |

1.20 | 1.32 | 1.45 | 1.56 | 1.60 | 1.64 | 1.70 | 1.75 | 1.75 | 1.66
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HEIUET AEFZEEOEHB

LLED X 91Z, BRI X 5 RFE—BRAAFES OKFICIEDRRITT VT |
R P ACE EELT, SHITRITPREEE SN ORA RERESLIEDRD S2OoH 5, fie
B ZRHEMREETHEL XY T v 7T I FL— F@EM?’—%%O%%%AWW)
Cp*Ru $&R%Z FI - fllER B [AERIC, & L— MEL T ORIUC L 0 JR#i e FE 2
ﬁ%@%@%@«&%%émf%fwéoﬁﬁﬁét%wf\ﬁ%%ﬁmﬁ\ﬂw77iw
JVAEPEIZ RO BV @it ANE & EiEtEicinz, 7V —v Y2740 F 707 I A ) — 08
SRS | BT EE D )L — T ORI SR BEFEY O HIIL, ARG IR ORI 2 JEE
HVENRG D,

INETOMERREEMRT 2 L, LV RBEMEOEWE Y REA R THRA S 5l
BERTERIR 2 7 1 T AUR, & DICEIETE A A BRRS T & 2 vl RetEnd & 5, 5RO HL
GEEZXVETEFEICTHZENTEIUL, B RY ROREM IR ET5 & TFRINS,

RFHSCTHE, B OSSRMICRB W TR X S HEET 2 RFE—RFE A& 0 KFEL
%ﬁ%%%¢5 EEFER L, & EOBETHEE L & ARG L 0 | SRS 1
ZIBITLATRER BB —E R U FREEZFK L 5 2EBGRBAME ORI 21T o7, IRIX 2 20
T a—F b I o7 (Figure 1-6), £7 . Cp*Rubtihkz iz &7 5% L— M1 &
LT, 7074y 77 I8 e NNUENZF, RO TNS, N-~T B2 f
F% CNH &% L— REZ -2 L, VR VR ER O K FELBUSICE D fLA TS, 512
SRETLE 3d BRERBICE A, FHICEXBREEDOEN Cu 2T 0EE & T 5HHUKHR
(LAt OBIFIZE D AL TS, AFasUiE, & OMFERR Z B #8 [HEFE~T nRiEEL b
DT = U L KOO BA S & R FE—BR ARG G OKFLIE~DIEH] LB L,
2\ EETHERR L 72,

Development of hydrogenation catalysts with high e” density at metal center

H L

N—H--___ O
9 L_C:|U_H //ICI:\\
L—M——H _-C. |
\\/4 L

= Strong e donating protic amine ligands = High electronegativity metal catalysts

Cp*Ru catalysts
E ,Ru\

N H

H

Figure 1-6 [RFE—RRFEA DARRLRISITE 2 HBRMELBI R I DR #t

Novel Cu catalysts

L,—Cu—H
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H— w?%&L;%%éE%W%ﬁ K DB REEE O ST DUV TREBL L, AHF
ZEDE

i %f@ Cp*Ru $5MRIZ L % HEE SuME IR F— B AR & O K FA LSS & 2T 5
ZEEAMIC, mATABEIOT 7 bR RE LT MIBERICE R A Y T, EITICA R
¥ L — NENL T OREE & AR BEATERIR & 72 28T Ru SEIR DGR E A TR & B — ik
PEZ D72 T MO A O S Lz, S HIT, FAEE S L— ML T FV DKk FEK
I & LT, BYWEEE R E & 1 O = AT MO A F IR TG E LR L, EBRIVTHGEE LT,

BB T, SOICERTOREER I NR BT I ROKFLKEZ @R TEBLT S Z
LZHMIZ, Ru @JE~DRWE TGN TE 5 NHC 2% L — MRfZFIZEA LK
FHl Cp*Ru(CNISEARME DB I AHLA 72, HEE - SR E L 7 Fiss IR IC > CBETF
@ Cp*Ru(PNH) 72 &5 ONZ Cp*Ru(NNHYEE(A & FE TR AE 2 LLIGRRGE L. NHC A D) F % Bt
T % ERIREC, B TERER 2 &g LT, IR 5o CHERE T 2 miTE e 2 ikt o AL B+
L7,

FINETIX, 3d BESREZFA Lz 2B bRFEOKBIEEERT D 2 L& BIIZ,
IHETITHIO RN —3R Cu SEAARBEOBIFEIZI D FHATE, Cu $EIRIC & D ZF{biRFED
t Fa v U b5 &2 T, RAT 4 >—Cu 72 6 NE NHC—Cu $§RDKFELREE iR
AET 2 EIRIREIC, 7 X VAR A TR L7 Cu il X 5 (bR FE LR OB Z 9
S L7,

FHHE T, 3d BEAREZFA L BED ORI A ik s A A 72 2 RN 134 i
Tk I lz, BN E TR RN O AR ZG T, 0T I ¥ Ml 2 & Lo iR+ 2 Al 1Y
L. Z® Cu SERZKFCAE & T 5 FBERA~OFH A LTz, ZHET IV &2 608
HCudBEZ 8t - FE L., 7 2V UVEAFD Cullxd DENALEET 20 & 29 5 & [FRE
(2, R MERBRIC K > TEET IV UEN T OFAMEE R LT, RAT 4 —Cu $EKIC
RO DB 1= 22— FARB M A RS 2 L 2 B & LTz,

FONE T, B R FHI B W TR LN AL b LT, B S ic BV THERE

DA —F Cu KFACHBEDBIR 23k d=, 7 I VU HEOEN T Cu ISk BRI 2 1%
72 L., DBU Effi SI7oR U ~— % CHA L UTHIA L, BN OEEHEIZENT Cu T
J ORI 2155 L RIRRC, KE(EMIER & L CORENZFTMT 5 2 ick-oT, 7IPv
& Cu OFFMEZFIH T 2 AREEBRJE O ATREME 21858 L 72,

FEEAREE L, FNELFERIEL LT,
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7aT 47T % L— ML (LN & § D Cp*Ru S5 1K

bt 2 W= AT VB L ONT 7 b v OKREAV i D B 3

B S —TaT (v TS AT AHIEIEEE Cp*Ru BT X A RERE
TR D A E K TE—

B B VLT R VBN LT Cp*Ru SR A L S5 = 2T LB I ONT
ZANAY/ & A

HE VR = eI e N EAET DT b OB E R E
) RFEKFEAG

UL R



[
TaTr 4y 7T I rF L— ML (LN Z § D Cp*Ru SRR A2 W= X7 L8 L
77 b OKRFEIS DBRFE

B—H S —TvT 4 v T IVEATSHEMEE CorRu I X 2B EREE DK
RIS —

fie2 « HEWFEETIL, M L7 RF—IBFEHEG OBRITTITHEN Ry il LT, 7'r
T4 TIFb— ML AN EGT HN—TH o R o TR 2Ty 7 mx
4 T =)L Ru kiR (Cp*Ru $51K) ZBH% L C& 7z, —#HD Cp*Ru s L HEILIc L 5 ot
R CIE, 55— Tk 7= Ru(diamine)(diphosphine)fit it & [FkEIC, 70T 4 v 7 7 2 U
PSR, L7 e B AL ENT=T 2 RENL AR & UCTER T 5 TR A0 R
2L, KESTLLTa Rkt KU RAOREERZ LB E S CoRE OEMEL %
PE S KB HIBICHEITT 5 Z E 2L LTWAL Scheme 2-1 12779 X912, £D
HEESROSHE TIx, £ AEERTERIA TH 5 Cp*RuCILNDEERY | Y EDOHIE LS L T
BT Ay 7T IR BT e oAb S, BAZRIC A BERNZR 16 FE T X RESRE G2
Do ZOT X REEEPMBIEER & L6 &, 7Tva— W o IRkFEE A
BT A Z LIk, 18 BFT I (B FUR) $EANAEL S, TS3 ITRT X IIT,
X 5T Bronsted gl L THERET 27 2 7' b U TER ROV VAR = )ViEess & FHAAE
AT 2 LR, ZOWFHIALET 5 Ru Eo v KU RS &4 OV R F I RAICAHN
L CKFAERME 52, 7 I REENFAET S, Thbb, Ml 1 7 uix, AR
7 16 BF7 2 FEAL 18 BFT7 I (B RUR) $EADHAELHRARRE: LT 5L 0
ThoHEEZDLNTWD, Fo, ARONTBEHO T )V 72— W2 K 2 BEE 72 RS DR HER) R
MRONTCZ EnD, 7 FERICE D 0 FIRKER AR ERAT R TIL, 7
TV L REERZ B H L Scheme 2-1 10D TS-4 12" K 9 72 7 /v o — LIRS+ 2 LTz
ERIRRENBE 552 Z £ 232001 4FICHEE S iz, T O =— 7 28I 2O T, Andersson
SITFHBEL RO FEETEA L, TV a— AN kFEORYERAERET D 2 L A7 LT
W5, ZDH%, BHK S SRR O T L 3 — VIR DR R A8 TV 52, AHiTld, Cp*Ru(LN)
PEIR 2 VG VERE & 9 5 X — RKFE LMD BHF B A AR/ L. ARS8 CTHUY MTe R & iR %
P72,

I M. Ito, M. Hirakawa, K. Murata, T. Ikariya, Organometallics 2001, 20, 379.

2 (a) M. Tto, T. Ikariya, Chem. Commun. 2007, 5134. (b) C. Hedberg, K. Killstrom, P. I. Arvidsson,
P. Brandt, P. G. Andersson, J. Am. Chem. Soc. 2005, 127, 15083. (c¢) C. A. Sandoval, Y. Yamaguchi,
T. Ohkuma, K. Kato, R. Noyori, Magn. Reson. Chem. 2006. 44. 66.
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Scheme 2-1 {#ZHERE Cp*Ru itz & 2 KRILRIS OHEEME

. Jor T R ]
ROH L, H---0
R( /N
s+ H H
N \ /
H, Ru—NH
amine alkoxide | Ts4
L
L, R base N Hz
R T e [ R
VANN -HCI N/
N Cl H ROH
Ha
precursor 16e amido B ]
L., A=B
Ru // \
VRN H H
L = L-type ligand Ay H \Ru—N{-I
A-B, 18e amine-hydrido | TS-3

Cp*Rushithk: 7 a7 1> 77 I % b— NN ZFI T 2 KFEAER T 2001 42124
D THE e 1, Cp*RuCLNEERDFIERA & 72 2 [EHE /e 1,5- 7 aA 7 4 Vo U
A% B> Cp*RuCl(cod) & & T V72— 7 2 =8 =k 7 2 &% L— ML, HEEEZ IR
A L CIMBEMERE 24 U5 S0 R M T, 7 u X I 0 b ORFARESH ER S
LTV % (Scheme 2-2),

Scheme 2-2 Cp*RuCl(chiral NNtz X % 77 b v ORFKRILKE

Cp*RuCl(cod)
0 chiral NN" ligand OH
KOH - : [ﬁFW
©)K( + H, 2-propancl >~ m N NH,
10 atm 30 °C,6-18h ‘)
98% conv chiral NN" ligand
substrate:Ru:ligand:KOH = 100:1:1:1 98% ee

TaT 4w T I U E LTHE MR AT 4 L DF L— ML F(PNHZIRINT 5
LR I U =R I % b— MR (NN TIXHETT L7222 OfPEEREE O
KBRS ZEBLT H Z LN TE D, Bz, Scheme 2-3 1T X 92, gz - HHM
FBOW)NE, 2V T ==K AT 4 )T NT I ERIN LT Zn R il A =R Ko
KFACSOGICEIEE 2R T2 E 2L LTNDS, FL— NN TOTaT 4 v 7T R
VRITIRRVEL A S =T I VD SRR A T 4 A X122 & T, Ru B EUL A ~D
BIOURENREL RoTHLERBOEBETFHEN TR -HER, 7I 072 o

3 M. Ito, M. Hirakawa, A. Osaku, T. Ikariya, Organometallics 2003, 22, 4190.
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Bronsted FEVED N £ 0 . FEEHEPHICEAENE LT EBRZI N TWD,

Scheme 2-3 Cp*RuCI(PNMfEIZ & B =R F ¥ FOKRILKIES
Cp*RuCl(cod) OH

') ligand
+ H KOH R . OH
2 2-propanol ©/\/
30°C,2h

10 atm

branch linear
substrate:Ru:ligand:KOH = 100:1:1.5:1

ligand

(CH3),N NH, Phy,P NH,
0% conv 63% conv
b/l = 89:11

fie2 « SEHEMREOR IIAMBERA, DIVRVBFH SR TH LA I ROKFLEISIZ
BbAENTHHZ L E2 RN L TWBDY BIRIE 30 °C OIRFZ2SEETHenIcH#iTL, B R
2% 7 I RESERPIZE 25 (Scheme 2-4),

Scheme 2-4 Cp*RuCI(PNHfffiiz KX 51 I FOKFRILRIS

Cp*RuCl(cod)

? PhyP(CHy),NH, Q
N-CHPh + H, —orBu HN—CH,Ph
2 2 2-propanol 2
y 10 atm 30°C,2h ‘i
substrate:Ru:ligand:base = 100:1:1:1 >99% yield

Scheme 2-5 |2/ R T X912, 2Ok Rux7 I R, 2 BEBEOERTCERTAERT D Z &0
PhroTWVD, T2, 1 BEHOKFMBOSIZE Y AR LT e T 7 2 L5013 &
HTTATE RT 2 REDEHIRREICH Y, ZDOT LT K7 ROTILVT b REALR 2
BMEHOKFENEZTHZEICEVE Rexv 7 I RBAEKRT 5,

4 M. Ito, A. Sakaguchi, C. Kobayashi, T. Ikariya, J. Am. Chem. Soc. 2007, 129, 290.
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Scheme 2-5 b Ru¥I 7 I ROARRERE
O O O O
H2 —_— H2
N-R —> N-R HN-R —> HN—R
\
O OH (@] OH

DICABURIE, ez - S2RMFEEO/IR « BAKIZE D REFRIE~ER S NS, 7
NTBaT AT I VE AR AT 4 % L— NELf-(chiral PNH)Z 4535 Cp*Ru fili
ZHWT, A X FORFARZBIZ K DIERPMERHE STV D, ZORFKFK
JETIL, 1 B H OBETTAET T DERIC, F TN 2 SO T m X F AR VA= VK%
AT D70, HFEMEE Re X T I RBAERT D, OGO SLASERIRMEI I #i /e 7L &
A I FEEEOER FOBREOREL RELSZT, 7V —E 21 TH34-ATF LY
FX T 2 VENER LB L TR b AT FAERMEE $ 72 53 (Scheme
2-6),

Scheme 2-6  Cp*RuCl(chiral PNM)filtiz X 2 %851 I FORZF ARG
(0]

Cp*RuCl(chiral PN") 0
Y 30atm 60°C,24h o
substrate:Ru:KO#-Bu = 10:1:1 >99% yield

>99% ee

| g%

Cp*RuCl(chiral PNH

AARFRIGZRHT D&, 30 p-7 A7 2=V EEZ b7 21 I b, &K
>99% ee THIEBHITHH()-SuxtF o OEMTRHEKEZS SN S (Scheme 2-7),

> M. Ito, C. Kobayashi, A. Himizu, T. Ikariya, J. Am. Chem. Soc. 2010, 132, 11414.

59



[
TaTr 4y 7T I rF L— ML (LN Z § D Cp*Ru SRR A2 W= X7 L8 L
77 b OKRFEIS DBRFE

Scheme 2-7  (-)-3m FEF L DERK

o

0 o 7

- s - e) (0]
F HN-Ar ——> — /
— F NH ——

>99% ee
(-)-paroxetine

ez - ZFHFREOFF - AKITA I FofREEZIEE T 0% Mat L, &% LT

NaAF U HNRENVEE ANV VL Wo Tl REIMEEREE G T DT 7 X LN
Cp*RuCl(PN")/KOt-Bu @ “Ji- Rl LW IKFE(LEND Z L& RN L7208, ARRIRIEA 2
RIEBICHAORLEIRSEM (80 °C) 2T 210D, 77 ¥ ABRNDRFE—EFRMEA MR
WE TR EZZ T, 72 7 ra—ui35g5h 5 (Scheme 2-8),

Scheme 2-8 Cp*RuCI(PNYEEIZ LD N-T L aF o LR B I BN-Z V=T 7

2 L DKFRS
*RuCI(PN"
o Cp*RuCl( ) OH Ph,
., KotBu P, /;:x
+ > f
N—R > +BuOH HN-R [: FARN
30atm 80°C,2-36h ”2 cl
substrate:Ru:KOt-Bu = 20-100:1:1 92->99% yield | cp+RrycI(PNH)
o) o) o) o) o)
//,/O ////O
rR= <4 44 < £ +S

INETITH L DRAT 4 )7 2 HBEANL L 72 Cp*RuCI(PNIffiEAS | BARE A RE 72 SiA &
LCHK « ERESNTND, RulZEESENLT 2 U VIR FZ2EA LT I VRN 1Y
7 X VEL AR TRV R ENE DS W BT A S D, DT, ERROFIO L ST
b DRFACSOSIZ AR TRUSRE D EWERETH e 2 E L, U7 I U8R LY
bEWEEEZRTERBILD,

LEo X oz, a7y 77 I VBN %2 A3 25 Cp*Ru L & 55 FIRAKFEZ W=

6 M. Tto, L.-W. Koo, A. Himizu, C. Kobayashi, A. Sakaguchi, T. Ikariya, Angew. Chem. Int. Ed.
2009, 48, 1324.
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VR =AM DO KEAC ST, TATE R0 BB DA 2 RO L D VR iR
FEE~OREBMBREN TN D, €2 TAFE T, L0 REFHEOENT 2T ARH L
RUBRT 2 ROKFLKGOfE L LT, a7 4 v 77 2 VBN % H D Cp*Ru $A%
FIRT 5 2 & aikmd-, BT 50%8 LT, R - ZEFEEORFEICLY A I R
TEARF Y ROKFCSIEITATI Cp*RuCIPNIEHIKAS, T/ U BT =% o R s
THHSRNERAE T, ZEFMA TV, REFREZFLELORTZ Y NOKFRLKIE % (2
THILERNZLTOD, WEOT A )BT V=% ROBHRITFIHIC Saudan &
LG LTV B, REFMTFIL (la) OKFRIESIL, HEE VLM TR S, Scheme
291 T LT, MUSRTOHEIEDRES 010 M 725 025 MIZT 2 &, KFEARY T
BBHRUVLT I (2) OIERD 12%55 61%ICBIFICH B4 5, S50, W% 2-
TR = b THF IR R % EKFELETT L AT 2= AT VIR S, 2 231
FERMICHEOND, —FH., RUKSEHEICEN TS, hESENT L ax s Ea s
T2REEHT AT (b, 1o) THAFRLRIEA A HET LRV, -7 FAT L a— L
B CRREEM A TV (1d) OAFLRIEELT S LI E RN 2 234551, WE ORI
i U Tl )72 BOS I % 8RS 5 LB B B

Scheme 2-9 Cp*RuCI(PNMfitftiz X 2 ZEFEBT A 7 NV OKFBLKEIG
0 Cp*RuCI(PNM) e} 0
NaOCHj; OH . .
OR * H solvent + Oi-Pr OCHs5
100 °C, 21 h
1a—d 50 atm 2 1b 1d

substrate:Ru:NaOCH3 = 100:1:10-25, [substrate] = 1.0 M

yield [%]?

R Ru:NaOCH;4 solvent conv [%]? 2 1b 1d
Et (1a) 1:10 2-propanol 18 12 7 0
Et (1a) 1:25 2-propanol 97 61 36 0
Et (1a) 1:25 THF 100 99 0 0
i-Pr (1b) 1:25 THF 10 0 - 7
t-Bu (1c) 1:25 THF 6 0 - 5
CH3 (1d) 1:25 t-BuOH 99 96 - -

@Determined by GC (area%).

T, 7%V R (Ba) 2HE LT HKFLINTIBWNT, FE ittt 100, NaOCH; %

7 (a) M. Tto, T. Ikariya, J. Synth. Org. Chem. Jpn. 2008, 66, 1042. (b) T. Ikariya, M. Ito, T. Ootsuka,
PCT Int. Pat. Appl. WO 2010/073974 A1, July 1st, 2010.
8 L. A. Saudan, C. M. Saudan, C. Debieux, P. Wyss, Angew. Chem. Int. Ed. 2007, 46, 7473.
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FEIT6 LT 25 mol% i L, JE L 1.0 M O FRIAEEH CROGTRE 100 °C OSET 21
BSOS S5 &, EENICT Y L7 Y a—)b (da) 153545 (Scheme 2-10), Ru &5
RIZxH LT 1 BEOHEIEAZRIMT DHERO 7 b 2 ARBEABER TIE, 7 a— Rz X
% B 72 SUSHRER R G880 LIV TW 2, Zhics L, Hi % Ru o LigRIEER &
BT AT VAKRFIETIZ, = =T W REEES h L R T fE 7 < RS LT
LTEY, BENSMEEDER OO E D TH DL Z LN 5,

Scheme 2-10 Cp*RuCI(PNP)fiiiic X 5 7 # U FOKFRILKIE
o Cp*RuCI(PN")
: /f NaOCH; ©COH
+ H2 >
e) solvent OH
50 atm 100 °C, 21 h
3a 4a

substrate:Ru:NaOCH3 = 100:1:25, [substrate] = 1.0 M

solvent conv [%]
CH3;0H 99
2-propanol 99
Ph, | t-BuOH 98
P’/,, 1,4-dioxane 99
[ /Ru\ THF 80
N Cl
Hz diethyl ether 98
Cp*RuCI(PN" ) toluene 98
CH,Cl, 0.5

INE TR X ST, Cp*RuCIPNY)EEARIL, AT AEB LT 7 b OKFLED
il U CIERHT D Z 8N RENTWVE LD, [RoNT-HREICHT DM E EF D,
ZO—RMEFFEROICHLIZINTHRY, £ 2 TRETE, WHAEOEWT 2T 1 v
7T I UF b— MR AR L, EEER TR I D EETE D O IR e K S 4y
EFEEMN T D 2N E L, 61, ZATABINT 7 b OKFLibE L L
TERE LB S A S &2, SRR BN 7% O D A F ARG~ B % %] -
77
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BIH v UAT I UBRENL L7 Cpr*RUSEEZ ML L T AT LB LUT 7 hroK
E (A

HEHETTRLIEE IS TAB ) ERET VA% N E O SR T, Cp*RuCl(PNY)
itz X 57 # U ROKFACIEMEESILD Z ERBH NS TS, £ T Cp*Ru
I TR 2 727 S VU REUNL T2 L, A CSRHETE 0 @SWABLHEEZ2 BT 5 H8 2 7 ¢
)T 2V USNOENL T Z R LTz, £72. Cp*RuCI(PNH)filft & & 4 (2 W B H AR O iRIngh
Rix, 70T 4 v 7T I UEERMIERICIGET AERE B NS I LD, TAaxy
R 2 28 2 CREE MR & b U 7=,

(1) Bohr 1t

FFP. FL— MEALTA Cp*Ru D K FALIEVEIZ KT TR i+ 5 721,
Cp*RuCl(isoprene)ff& & 1 M &ED ¥ L — M1, HEI A V2 = S0 R il TS &2 1T - 72,
ETFTNAVEEE LTI K (3a) M, B itk 100, ML LT KOt-Bu # AHIZ
% LT 25 mol%isAN L, /KFEH: 50 atm, SUGREE 100 °C O T, EEEE 1.0M D 2-7
1% ) — )L 5 BRI SOG S T2tk O U A — VAR OILR % il U Tz, ROSIRA ISR L,
WHEHEEME E L TR 7= AZ 2L, £0 'H NMR A7 MLVOFE A b
LI E ER LTz, DR % Scheme 2-11 1277,

Scheme 2-11 Cp*RuCl(isoprene)&fk, KOt-Bu, BN T 5722 = Rfbiic k3574 Y
N2 Ay

Cp*RuCl(isoprene)
e) ligand

KOt-Bu OH | 7
t H g : R0
O 2-propanol OH N
Cl

50 atm 100 °C, 5h

3a 4a
Cp*RuCl(isoprene)
substrate:Ru:ligand:KOt-Bu = 100:1:1:25, [substrate] = 1.0 M
ligand
/N /\ /\ 7\
PhyP NH, Phy,P NH(CHs) Phy,P N(CH5), _
N NH,
5a, 47%° 5b, 41%°? 5c, <1%? 5d, 89%°?
(CH3)oN NH, (CH3)HN NH(CHs3) (CH3)HN NH, HoN NH,
5e, 29%° 5f, 76%°? 59, 75%°? 5h, 69%°?

aYield of 4a determined by '"H NMR using triphenylmethane as an internal standard.
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Tur 4y 77 I rF b— MG F(LNY) A § D Cp*Ru AL A2 V2= 27 L3 KON
7 7 b DRFES DB

TIVTRNEATHRAT 4 7T I UBANLT (Ba, Bb) (X, WL B KBRS
THY, FLV LT a— (da) HR—OLERME LTENLEN 47%, 41%INRTH
2T 7770 hoablmfWRRAT 4 27 2 UBNLT (Be) VD &4 BUGDEST
HEPERAEIN SN, ZOMERIT, EEoEZ o7 I 7o b RKETHY . H—
HIZR LTz 2k TOWRIERE Cp*Ru iiiEIZ L 5 77 b U BHOKELSUG & [RERIZ, & E—
BN OB RN AT VB I OT 7 F o OKFALISICBWTHEETHHZ &%
RLTWD, Scheme 2-12 12" T X912, 16 FE 7 I FEARL 1I8ET7 I R REEK
OHAEHIZLY, 72 NEIZEBOKFLEZT TR I L 7Y a—LETELS
nNicEEZExonbd, —BEEHOBITTERTAI~NITEXY—MEIT LT E RT/La—LiZ
HMb L, ZOANR=VENTBREH ORI ESZ T T —ANERT D EABND,
BLEIFE CH LT T 4 v 7 T 2% 0 PNHP B o —H Ru$RIC L D = A7 L DKFHE
LRSS TIES, IR LER~I T X — VAR T D N 7 VA a g A 5V OKFEEK
JRIZBWT, BEDRINEIZIS CTEAEARIB~I T B Z — A b BB OKF LT
o7 N a— BT 5 s HEMSRMER~I T & — VRO ZMAL 2 (2T
HEEZBND, ETiERE - ZHIFEEOHER 5%, Cp*RuCI(PN)EEIR R AIK TSRS D
RO 872 D VA — VORI T 7 N ACRORE T 5 Z 2 BN Z L THE 10 20
RNTANI T H—VHRENS T 7 h o ~DORbIX, A=A T LT e 7 ba—
VR ~DOELICE ~SB N 2 E AR SN TV, AAFILEIS TR, 75 K7L
a— )LRMAN RS ICBI SR o T2, O — BT IVT B K7L a— L
RKA~DOBRL, 72BN, ZNED HLBOAIT X —A0DLT 7 b ~OBLITE T,
RFCEMEII AR ThH D EEXBND,

% T. Otsuka, A. Ishii, P. A. Dub, T. Ikariya, J. Am. Chem. Soc. 2013, 135, 9600.
10 M. Ito, A. Osaku, A. Shiibashi, T. Ikariya, Org. Lett. 2007, 9, 1821.
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Scheme 2-12 7 # U FRoOKF{LOHE EHE

SHIZ 62 OVT 2= ARAT 4 A Y OVREE BRI E T Y AT I RAT
(5d) AT DA B EVEMEEZ R L, 4a OICRIL 89%IZE LTz, B U LT I UEAL
FREEEE LD LZEHIE, BV UVBRAERA T 4 k0 bEFIREGENEL, £
THRAETDE U READOE R RREERHE LD LE2 b0, =F LI T IV
FUEO T T, FhHOT I KR T 0 M BT ARLT (5e) LV liOT I MK
70 b T HECT (51-h) D15 28 BN RS 2 5725 LTz,

U EDOFERNS, 77 N OKRBIRIGIZH LT aT 4 v 7 7 U EHT HENM 5
NRENAER L, A — VAR ZE 525 Z L b o T, Fric, 2-8a Y v I (5d) 7
BH®EOMBTEEZ B2 6 Lz 2 &b, T 5d ASEAL LR Cp*RuCI(NNY) (Figure
2-1) ZEER L, TN DR SN D It R OfBER TU% OKFLRIEEITH 2 &
Wz L7,

Cp*RuCIINN")EERIE, ¥ 7 mu A X M S8 7= Cp*RuCl(isoprene)lZxt L, 7 mnm
AP AR SEIZ 1 U EOEI VAT I U2 RINL, 3 KRR L2, L T TR A
BMELTHEONEEEZ, ~F VU BLOYZF LT L THRETHZLI2L>T 97%
DEIR T B/ (Scheme 2-13), [FERIZ, B PRI TIEMED @ > 72 NN- A F Lo
FLYUT IV AT D Cp*Ru S5O HEE - HEREHE bR A28, MR — (LA e L
THRLZENTERPoT, DT IVEMTCHE, Ea 7 I E_RTRERS L —
MEEZMERTT 2 LR LWZ LRI D, KBGO FE AT Y —=
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LIEBS, BT I 2 /3007 I UNT 2 VD ETEMEMED - 7B & LT,
FBEPOGSRAE T TY T X B NES IHREE L. JE — BT TR O B 238 2> 72 2
STCAREMERZ X b D,

Scheme 2-13  Cp*RuCI(NN)8&& D& Bk

|\
f e L
R0 =N NH CH,Cl, u
- VRN
X ¢ ’ N"
2

5d rt, 3h

Cp*RuCI(NN")
97% vyield

4, §§ /N I :
\K"Ru/ * (CH3)HN NH(CHj3) CH,C, complicated

“~ N
X g 5f rt, 3 h

Cp*RuCINNY)SERIT, 7 mu X &y /n~F VRN DRI LR Lz 2
A, AREROREFEE DG DT, HES X BEERTIC L D 2O IEEE 2 52N L
TRER, RuCE 2 U LT I Uy b— RN LTV D 2 EBRESFT Bz (Figure 2-1),

"H NMR (CD,Cl,):
i~ §1.61 (s, 15H), 3.85-4.20 (m, 2H),
- -...\"} 7.10-7.25 (m, 2H), 7.50-7.60 (m, 1H),
~ 8.96 (d, J = 4.6 Hz, 1H).

(TR Y T P2ye (#14)
L_‘_ ;’ \ Z=4 3C{"H} NMR (CD,Cl,):
N -l R1=0.0356  &10.1,51.3,73.5, 119.7, 123.3,

wR2 =0.0932 134.4, 153.0, 159.3.
Figure 2-1 Cp*RuCI(NN") D BiiE b X #is EfztT

() HEROMF

Wz, FROAKFBLRISITEB O THWZ KOt-Bu DbV ICHAx O T L 2%y RERLAZIR
MU, BOSERR] 3 B CRFBILRIG 21T - 72,
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Scheme 2-14 Cp*RuCINNY)Z W57 # U ROABLRIGIZE T BEEDORS
0 Cp*RuCI(NN™)

base OH
+ H =
O 2-propanol OH

50atm 100°C,3h
3a 4a

substrate:Ru:base = 100:1:25, [substrate] = 1.0 M

entry base conv [%]? vyield [%]?

1 LiOCHj, 25 25
2 NaOCH, 5 5
3 KOCH, 97 97
4  KOt-Bu 99 99

aDetermined by "H NMR

ZOFER, Scheme 2-14 IZR"T L2112, VF UL, T RITUAL BV TLENITAL &
T 5 A R Rentries 1-3) TS L7- & Z A, LIOCH; 38 L O NaOCH; TIEAUG %
FEREETIREI % o 72, — 5, KOCH; & V% & BSRERE] 3 RER G IRIEFRHIHE R Lz,
AV TATNAXY ROTax i ErE A M END 7 PR REICE LS THKIG
PEICIZ & A EBIER R BN no Tz (entries 3, 4) » ARISTIE, FbEEEREH VA Y ¥
DTNy RBIRMAIE LTELTWD Z ERboT,

Z T, b B R A S 2 il & LT Cp*RuCI(NN), H5%L 2 L C KOt-Bu % v
C T i P PR A T

(3) 77 b oREE F#PH

S EEE 100, BOSIREE 100 °C, /KFEE 50 atm, FEEE 1.OM D 2-7 1% ) —)LiE
EHICB T DRISEERESRME L LT, Max DT 7 MAbEmERE L3 5 KBRS R
L7,

ZOfER. Scheme 2-15 2R T X912, HHRKEZ 7 b (3a) [z, BED 5 B - 6
BIR77 b (3b,3c) THRIICKIGVIET LTz, L L, 7 U — A% VD BRER &
7B IE (3d) TiE, BIIOE R o 7 AX A EZ o7 = 7 —L (4d) 13T 4%
IRIZHEE Y, FBEL @ﬁ@ﬁfﬂﬂ/~wﬁHMLk}@tPm#y7i:wph8ﬁ
VEEA Y T rEJL (1h) BNEIERTAER L T e, F—J TR K 51, ARERIET v

a— VIR CAERT 2T 2 v—T v a kv REEANKEOEMLICFHE L TWD EE X
D, KBAERD 4d 137 = 7 — W MKEEIE A & D728, Scheme 2-16 (2773 L 9 (2
Ru I BN BN L ZERT L v—T7 U — A X REER L7 | s Ch 5
b RU REEEROARMBIIH SN B X DD, KEAERWIC L DG ENEZ o7
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%, R OSEE LB X D 1h B EIT LIz L A b LD,

Scheme 2-15 Cp*RuCI(NN") & F 5 AR LA RICE A FIRE/R T 7 U EE

* H
o Cp*RuCI(NN™) O

KOt-Bu
+ Hp
R O 2-propanol R OH
50 atm 100 °C, 3-18 h
3a-m 4a-m

substrate:Ru:KO#-Bu = 100:1:25, [substrate] = 1.0 M

substrate
o 0 0
0 0
0 04<
0
Ly °
n-CsHyq HO
3a 3b 3c 3d 1h
>99% conv? >99% conv? >99% conv? >99% conv?
>99(93)% yield?  >99(73)% yield® >99(81)% yield? 4% yield? 85% yield®
CF,4 CH50
0 0 0
0 0 0
3e 3f 3g
>99% conv? >99% conv? >99% conv?
>99(82)% yield® >99(81)% yield® >99(80)% yield®
0 0 0 0
o}
o) o) o ( o)
CH50 o}
. 0,.
3h 3i 3j 3k
>99% conv? >99% conv? >99% conv? >99% conv?
>99(74)% yield? >99(83)% yield? >99(90)% yield? >99(86)% yield®
CH30
o) 3 o)
o} o}
3l 3m
>99% conv? >99% conv?
>99(87)% yield? >99(81)% yield?

4Determined by "H NMR, Determined by "H NMR and Isolated yield in parenthesis.
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Scheme 2-16 RHIZIEIET B 7L a— S KEBFEMHALIC G 72 DT R8s

“OR
ROH L., Ha ’\‘\
I RU — RU

R=alkyl (/™ -ROH
Hz . H H
L\ amine alkoxide 18e amine-hydrido
[ Ru— —
H —
- OAr
16e amido L %
ArOH 4
— R R“
V4 +
N —
N, ArOH

amine aryloxide 18e amine-hydrido

J VIR = Ve A S W T U — L (Be—g) o, XU VU v U i@ AL (Bh—k) &
45 5 BRI 7 b, KESSICHE W THEBICOKRFE LSS ET L, Bl E E&
N5z 7=, 5, BB EE T THKRE IR Z T D O~ UL (3)) 134 < mofifd
T AR SO EIT L2, S 5HI12, AAVR= Voo T V=V EE2FT5 6 BT
7 K~ @3lL,3m) HFEERICKIGT D VA — VDR BERM E L THE LI,

(4) = AT Lo AP
AFERICB T 2 = AT VHE OBEHEHEZ A NI THHT, 7T AEELE LTE
BRI TV (la) OKFESOGE Bl OFEHESM:CTiA 7= (Scheme 2-17)

Scheme 2-17  Cp*RuCI(NN)fitfi 2 FiV 5 % B F B — F 1V DK FRILRS
Cp*RuCI(NNH)

O
KOt-Bu OH
OEt + H > [:j/\ + EtOH
2-propanol

50 atm 100 °C, 4 h
1a, 99% conv® 2, 49% yield?

substrate:Ru:KO¢t-Bu = 100:1:25

O
[substrate] = 1.0 M J\
(0] + EtOH

1b, 19%°?

4Determined by "H NMR using 1,3,5-trimethoxybenzene as an internal standard.

ZOREE, B THLRU DA T A a—L (2) OIRIE 49%E TRETHY | WD
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-7 R =N B EEDO T AT VRBAERY Th 5 REFRA Y 7 u L (1b) A
19%DINETHLNTND Z Elbinol, o, JUGK TH, 77 b OKFELRIETIE
RoNRpo T AR, FONEAWHRITEIHTE L T e, IBEL72HmAR % D0 3§
B BCNMRIICK O Licl 2A RER/MRH ) UL THDL Z LR brolc, ZEEKR
HWOERIL, BOSETITIMED KNG Fiv, WEBMKSREZZ T2 & Z2RE LT 5D,

FZT, HETHARU DA T A a—LOIREDR Fa BEY & LT, Bk L Owh
W OWE 21T > 72 (Scheme 2-18) . IRl A 2-F /8 ) — L X O W EEWG-TF LT L a—)L
WCEZD E, T AT VLRI 3% E TR DI, RT3 — L OIERD 77%
\ZHGEE S (entry 1) o 2-7 BN — VIR Z W 2354 2 CKOI-Pr 23R L, 24
MEAT NS EFIEE I LT EBZ N, -7 F AT a—VIEETIEX, ZHO
KOt-Bu DREMEPMENWTZ O = AT VPR IMZ bz L EZ bND, —F, HWORIEIT t-
TFNT IV — A TH DA, BRERIC L W ZEFEEN 16%AEM L T\D 2 &b
ofc, £IZT, RHOKEFHIT D720, BN E L TELF2T7—3—7 (LUK, MS)
N Z 21T > 72 (entries 2-4) . MS 4A ZHE 1 mmol (2% L 100 mg Mz T b K01k
SERPEICRE RBLITR LN -T2 b DD, & 5ICHEE 1 mmol (2% L 400 mg £ TR
T L. LT EFEEREN G E S N, LMD/ S WV MS 3A 2T 5 & X
SICEIRMEFm B L, RV T a— i 8%INER TR LT,

Scheme 2-18 ZEBFBR=F N OKFBLERNIRBIT D -7 F AT va—)v L i oOzhR

Cp*RuCI(NNH)
© KOt-Bu
molecular sieve OH
OEt + Hy > + EtOH
t-BuOH
50 atm 100 °C, 4 h 2
1a
substrate:Ru:KO#-Bu = 100:1:25 0 0
[substrate] = 1.0 M
[:j)LmBu (:TJDH
transesterification product hydrolysis product
(1c) (BzOH)
entry molecular sieve? conv [%]°  2[%]° 1c[%]° BzOH [%]°
1 - 97 77 3 16
2 MS 4A (100 mg / 1 mmol) 98 83 1 14
3 MS 4A (400 mg / 1 mmol) >99 91 <1 9
4 MS 3A (400 mg / 1 mmol) >99 98 <1 2

dActivated by heating at 280 °C under reduced pressure.
bDetermined by "H NMR.
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ZOFRMEERNT, Flix O AT )V ORFSORZ R T2 75 S % Scheme 2-19 12777, it
BEREE LCTA RS VIR 1d) . = hFU3E (la) . o Y7 aRx Uik (1b) & L oZE&ERE
T RATVOKRFSINT, WIS OGRS 4 R CERICHET Lo, RS &
-7 F AT AT (1c) THUGK A 21 FFFIZIER 35 & REHITHA L, SR T HY
BFOLNT, —F, BEEFE T ==/ (le) IXSKFH 4 KT 71%25 88 S7e s, v
UNT N a— I GoNRhoT, TORDVIC, T )W 58%, KEER
UV 2% TENENAERKR L T e, ZIVD OAERM)IL Scheme 2-20 1273 XK 912,
DY OREERT = =/VinD | B TOREEFERTVVE 251D T7 = ) — )RR LT
EEZOLND, PInARFIC 7 = ) —AREEND E. Scheme 2-16 T/RrL7ZLH1Z, B R

REER DA ZLET 5. KBILERD O DL T va—b (2) 12X DRKEDH
Bt le D= AT NVAHRIE (eq. 2) BARFEISEHE L, RERFMBX IOV EL5R L%
ZHivb, —F, EAMEEEILD 2-E° wvg%ﬁﬁ“égig (1) (XEERNKFLSLN
EITL, BV PUVROHEEITTFAE SN, BE= ATV E LT 3-T 2= r e d g
T TV (1g) DOKRFBACEIER Z A A TR, RIS 18 ] T 3-7 = =/L-1-F' e /X ) — )L &

EBAINCH 2 T2,

Scheme 2-19  Cp*RuCI(NN")Z FAv™ 2 K R{LAREERICE A FTB/R = X T VD EE

Cp*RuCI(NNH)
0 KOt-Bu
I RN . .
R”OR' + H, - R
t-BuOH R™ OH
Ta-g 50 atm 100 °C, 4-21h 2, 2f, 2g

substrate:Ru:KO%-Bu = 100:1:25, [substrate] = 1.0 M

0] 0O

N
OR [ ocH,
=

R = CHj (1d), >99% conv?, 97% yield® ~09% conv®. :;9(56)% Jield?
R = Et (1a), >99% conv?, 98% yield”

R = i-Pr (1b), >99% conv?, 98% yield”

R = t-Bu (1¢), >99% conv?, 95% yield? OFt

R = Ph (1e), 71% conv?, 0% yield”

0]

19
>99% conv?, >99(83)% vyield”

4Determined by "H NMR, ?Determined by "H NMR and Isolated yield in parentheses.
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Scheme 2-20 ZREFBE T = = /VOKFILITIST B AR DHET A g

o) Ru cat. O
Ha
2 o — o + 2
HO
71% conv 27% 58%
0 /l:::] Ru cat. N
H, OH
o —< > ©/\ + /@ (eq. 1)
HO
2

0 J:j o
SANANCAN SETEL
HO

U EDOFERND, flix DT ) — /LT AT LT )LF VT AT U DU TAAREE R A3 %)
ZIE7e b &, JIST 2T NVa—ABGEEND ZERHLNIR ST, RPITANEGEND
EIMKRDIREOEN &0 VR B (M) OARLEE D 23, BKAIE LT MS 3A 2341
TRIFOS ZMHl TE 5 2 & nbhoTl,
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B AInF=vafiZTu hrEFETET 7 b OBREERIICFESE 2 H D RE
KFALEE

INETORENS, Cp*RuCINNY)EE(A & KOt-Bu 7> HFAH &5 I RARGLE D FE 2
TRATNLVEBLONT 7 b OKRBICKISIZH L THEITH D Z LR LN R -T2, F,
B T I VBN E LT NN-CAFAZT LYY I RN,
Cp*RuCl(isoprene), Mkl 672 2 = Rl e, 7 2 U N OKFSIRZIBW T, FSERE D
EEER L, a7 a7 4y 77 I b— ML 723 % Cp*Ru il HELME
FET, ZATABEIRT 7 U OKREBIBISIZAEN TH D Z L HHE 2, KETIE*Z
BN ZAFT % Cp*Ru itz W=7 KT 7 b o OEBEEFRPY 53 E] (Dynamic
Kinetic Resolution: DKR) |2 L 2 EME Y A — VO G RCAE G LT,

E3. DKR ([ZHOWTHEEL T 21, ITFEOEMIEFHIZEIC IV T, AEE (LAY O
RAFEIEORBITEERFREEDO —>Th D, REAKIEE LT, 7ax 7 ubEawns
b DNFAEELEM DO ERPZFT 6D —FH, 7% IMEEMOHENT L2 HFAHEE LS
MOANFHLEBERFED—DOTH D,

N EN XD ARFABIEDORFEE & U CHEGRmPIE] (Kinetic Resolution) 23451 &4
%) (Scheme2-21) %f; BoENT, 78I KD 2 >DOF o TFA~v—% R HHELTE
faswEsnzZ iz DTS U F AR EERNIEL FETH D, TRbL, 2hE
< HEERR E’J/\ﬁﬂﬁiﬁbﬂf:fﬁ/*\ TEIRKO—FOxF o FA~—nH E"J%/\&’jﬁ?ﬁé
e b —hHoxFrFA~—I3ROEERINEND, £DD, HWEGRDEITITLHE
FI OIRIT R LK 50% Th 5, LinL, = v F A4~ —HOEEEH O (kfm/kglow)
DA 7256, RCBEIICBW T F A~ —OEEEENFEI L, @IREME T3
Do

Scheme 2-21 B EiaHY5E

fast
R — > FRr
Sk, Sg: substrate enantiomers
slow Pg, Pg: product enantiomers
Sg --------- > Ps

I Reviews: (a) R. Noyori, M. Tokunaga, M. Kitamura, Bull. Chem. Soc. Jpn. 1995, 68, 36. (b) R. S.
Ward, Tetrahedron: Asymmetry 1995, 6, 1475. (¢) S. Caddick, K. Jenkins, Chem. Soc. Rev. 1996, 447.
(d) F. F. Huerta, A. B. E. Minidis, J.-E. Backvall, Chem. Soc. Rev. 2001, 321. (¢) M. T. El Gihani, J.
M. J. Williams, Curr. Opin. Chem. Biol. 1999, 3, 11. (f) R. Azerad, D. Buisson, Curr. Opin. Chem.
Biol. 2000, 11, 565. (g) H. Stecher, K. Faber, Synthesis 1997, 1. (h) M. J. Kim, Y. Ahn, J. Park, Curr.
Opin. Biotechnol. 2002, 13, 578. (i) H. Pellissier, Tetrahedron 2003, 59, 8291. (j) H. Pellissier,
Tetrahedron 2008, 64, 1563. (k) H. Pellissier, Tetrahedron 2011, 67, 3769. (1) P.-G. Echeverris, T.
Ayad, P. Phansavath, V. Ratovelomanana-Vidal, Synthesis 2016, 48, 2523. (m) V. Bhat, E. R. Welin,
X. Guo, B. M. Stoltz, Chem. Rev. 2017, 117, 4528.
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ZOHIFIEZ T H B E @R O T ARG 5 FES DKR Th 5,
ZOFETIE, FE Sk, Ss B UGR P TTIEC AL ATRER LM T, REo=F T
T~ —EOLEHHEDENEZFH LT DT F o F A~ — 2 RN ARTH LN T
&% (Scheme2-22) , ZDHA, FLFHINCITRK 100%DIVRT—H DTS o FA~—D5
PO D, BENSDWVIEMERICETT D EE O 7 7 IR & LTIy
WTRPICBT 2 EEADOT T v FAY—DFERIFIC-ETH LD, FUSHRHTH L
FOEIOFITM T L2V,

Scheme 2-22  BhR)E & 3050 E]

fast
S — > Pj
racemization Sg, Sg: substrate enahtiomers
Pg, Ps: product enantiomers
slow
Ss ---------- > Ps

INET, ZEEMBRIZE D DKR PG SN TWAR, BALR=Lafid T ¥ ks
PE S RFFEITTT L D DKR OFI0 i 2\ (Scheme 2-23) , Z D4, FLERAGEEMERE D
WAL R= a7 a hnxT ) T — et LT, BIEND WIS EMEEIC LY T+
bt B, FERC, FTAMBIC LA EO ;o F A~ —M DO ERNc L0, o
TF o F A~ =B OB LOSIETT 5, KRR E LT, 3 FHRAKFEOIFED), 2-7ms3 ) —
o XS NV ZTFAT I KEATFET MY U AEHND DKR BElE STV 5D,

Scheme 2-23 BN R=LofiD T ¥ Iz d> REFBILRIGIC L % DKR

0] chiral cat OH
JH)J\ hydrogen donor V\
R fast R
X X
hydrogen donor: H,
s 2-propanol
H racemization NEt,, HCO,H
NaBH,4
e} chiral cat OH
M hydrogen donor v\
_______________ -
Z R slow z R
X X

HIVIR = )VopLD T L% £ ) AR IEITCEONT K D DKR 13, ¥—% Ru filkllt 2 v 7= 4
BRI HE, LFICZNE TCOTERIIEEEZHFEINT D E L HIZ, Ru DA OKFELERS SR
fil it 2 FH V72 DKR OEIZOW T HETEIH T %, R KRBLIGT L D08 T DKR
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1%, 1989 FEIZHHK 536 LN Genét HIZ L0 s 7212, BHK 6 Of % LU FIZR T (Scheme
2-24),

Scheme 2-24 ANV R=NVafLIZTAFNVEBIOT I FEZHETHF R AT IVDREK
FLR Iz X 5 DKR

0] OH
Q , IRuCI(®benzene)(R)-binap)|C! Q
+ >
OCHs 2 CH,Cl, é)kocm
100 atm 50 °C =
100% conv 92% ee
anti:syn = 99:1
o O OH O
)J\g)]\ ’ RuBr,[(R)-binap] )\H}\
+ >
OCHs 2 CH,Cl, OCHs
NHAC 100 atm 15 °C NHAGc
100% conv 98% ee
syn:anti = 99:1

TR = VoL DSARELE N B A 7 (LT 5B-7 = AT V& HE L L, BINAP-Ru
ik W CEEDKFE FTEITT 5 &, DKR (2K V95 U PEARFF OHIE1 28 AfFE T
HY | FEME Ra—EHB—E X = 2T ANELND, HILR= Lol T L% LIk
BELOT I REURER LZEEThERAWESG b T4 - U7 A7 LA ERE

ESEAN

12 (a) R. Noyori, T. Ikeda, M. Ohkuma, M. Widhalm, H. Kitamura, S. Akutagawa, N. Sayo, T. Saito,
T. Taketomi, H. Kumobayashi, J. Am. Chem. Soc. 1989, 111, 9134. (b) J.-P. Genét, S. Mallart, S.
Jugé, French Patent, 8911159, 1989. (¢) J.-P. Genét, Acc. Chem. Res. 2003, 36, 908.

B HNR=NofLT VX NAVEEGT D = A7 V&2 FE & L7z DKR ORIE: (a) M.
Kitamura, T. Ohkuma, M. Tokunaga, R. Noyori, Tetrahedron: Asymmetry 1990, 1, 1. (b) J.-P. Genét,
X. Pfister, V. Ratovelomanana-Vidal, C. Pinel, J. A. Laffitte, Tetrahedron Lett. 1994. 35, 4559. (¢) K.
D. Sugi, T. Nagata, T. Yamada, T. Mukaiyama, Org. Lett. 1996, 1081. (d) D. Lavergne, C. Mordant,
V. Ratovelomanana-Vidal, J.-P. Genét, Org. Lett. 2001, 3, 1909. (e) Y. Ohtsuka, D. Miyazaki, T.
Ikeno, T. Yamada, Chem. Lett. 2002, 24. (f) T. Yamada, T. Nagata, K. D. Sugi, K. Yorozu, T. Ikeno, Y.
Ohtsuka, D. Miyazaki, T. Mukaiyama, Chem. Eur. J. 2003, 9, 4485. (g) C. Mordant, S. Reymond, V.
Ratovelomanana-Vidal, J.-P. Genét, Tetrahedron 2004, 60, 9715.

W N AKR= Vo2 T 2 REEEHT D7 b= AT V& FE & L= DKR O5l#: (a) A. Girard,
C. Greck, D. Ferroud, J.-P. Genét, Tetrahedron Lett. 1996, 37, 7667. (b) E. Coulon, M. C. Cano de
Andrade, V. Ratovelomanana-Vidal, J. P. Genét, Tetrahedron Lett. 1998, 39, 6467. (c) K. Makino, N.
Okamoto, O. Hara, Y. Hamada, Tetrahedron: Asymmetry 2001, 12, 1757. (d) B. Mohar, A. Valleiz, J.
R. Desmurs, M. Felemez, A. Wagner, C. Mioskowski, Chem. Commun. 2001, 2572. (e) H. Tone, M.
Buchotte, C. Mordant, E. Guittet, T. Ayad, V. Ratovelomanana-Vidal, Org. Lett. 2009, 11, 1995. 7%
IWAR=ZNABMIZT I REEAT D7 h= A7 V% FE & L7z DKR: (a) K. Mashima, Y.
Matsumura, K. Kusano, H. Kumobayashi, N. Sayo, Y. Hori, T. Ishizaki, S. Akutagawa, H. Takaya, J.
Chem. Soc. Chem. Commun. 1991, 609. (b) I. Plantan, M. Stephan, U. Urleb, B. Mohar, Tetrahedron
Lett. 2009, 50, 2676. (c) B. Mohar, M. Stephan, U. Urleb, Tetrahedron 2010, 66, 4144.
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BRZN LI 11 (Seheme 2-25) K07 = A1 (Scheme 2-26) A3EHR L7-
B-# FTATF N HEILE LT 5 DKRICOVTHHESNTND, ZHHDKIETIEYT AT
LRI I E SRR SN TV B,

Scheme 2-25 A/VHR=VafLi e F v 2HT 57 Fm AT IVOARFABILEIRIZ L S

DKR
3.
o O E(;C;dél?;ﬁ; methallyl), OH O
cl 90 atm 80°C,5h o]
100% conv 99% ee
substrate:Ru:ligand = 200:1:1.3 anti:syn = 99:1

Scheme 2-26 A /VR= NV LIZT X VEHBBE A H 57 P AT VORFARILEIGZ X

% DKR
e 9 [RUCI,((S)-binap)|(dmf), oH 2
ocH,ph * M2 SurE OCH,Ph
NHCl 100 atm 50 °C. 48 h NHsCl
substrate:Ru = 100:3.8-4.6 B5C|
Z
OH O
NEt, :
THF OCH,Ph
i, 1 h NHBz

87% yield, 96% ee
anti:syn = >99:1

W OREE AW 5A bt & LT BINAP B -2 HT % Ru ENG2THY |
FIE - @t FARRINIINT 2T A a— A3 oD, TOXIIT, AES R
TIVEVo DR WEREEZHZR S Z L = F T A —@lEEOESNF T L

15 J-P. Genét, M. C. Cano de Andrade, V. Ratovelomanana-Vidal, Tetrahedron Lett. 1995, 36, 2063.
HINVR=Vvohila 7w /T 57 b= ATV EIE L L2 DKR O%5I#: (a) N. Sayo, N.
Sano, H. Kumobayashi, EP519763A2, 1992. (b) J.-P. Genét, Acc. Chem. Res. 2003, 36, 908.

16 K. Makino, T. Goto, Y. Hiroki, Y. Hamada, Angew. Chem. Int. Ed. 2004, 43, 882. 7/l 7R =/l q,
NAZT I VERBEZ AT 57 h= A7 V& FE & L= DKR OJjl#: (a) C. Mordant, P.
Diinkelmann, V. Patovelomanana-Vidal, J.-P. Genét, Chem. Commun. 2004, 1296. (b) C. Mordant, P.
Diinkelmann, V. Patovelomanana-Vidal, J.-P. Genét, Eur. J. Org. Chem. 2004, 3017. (c) O. Lebeeuw,
P. Phansavath, J.-P. Genét, Tetrahedron: Asymmetry 2004, 15, 1899. (d) K. Makino, Y. Hiroki, Y.
Hamada, J. Am. Chem. Soc. 2005, 127, 5784. (¢) K. Makino, M. Iwasaki, Y. Hamada, Org. Lett.
2006, 8, 4573. (f) K. Makino, T. Goto, Y. Hiroki, Y. Hamada, Tetrahedron: Asymmetry 2008, 19,
2816. (g) Y. Hamada, Y. Koseki, T. Fujii, T. Maeda, T. Hibino, Chem. Commun. 2008, 6206.
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fEaMnEonsg,

Em, BT NI AT ALUNDEM.AF 2T LB L LTP-7 FARARST— T
(Scheme 2-27) <° 1,3-2/7 k1% (Scheme 2-28), B-% h A L7 19 (Scheme 2-29), B-7 b7
< R (Scheme 2-30) DAFIRILHIGIZ K D DKR 23 STV 5,

Scheme 2-27 B-% hFRAFRR— FDOREFABILKIGIZ & 5 DKR

T 9 ocHy [RUCI,((S)-binap)](dm), o ocHy
+ H >
)JY 3)2 2 CH4OH /\:/ 3)2
Br 4atm 25°C,100h Br

o, H 0,
substrate:Ru = 100:1.6-3.6 95% yield, 98% ee

Scheme 2-28 13-V b v OARFZKZBBENE TR Z L D DKR
O O (S,S)-(p-cymene)RuCl(Tsdpen) O OH
NEt;, HCO,H B
CH,Cl,
50 °C

84% vyield, 96% ee

substrate:Ru:NEt;:HCO,H = 20:1:40:100 syn:anti = 92:8

Scheme 2-29 B-#7 b A/VAKR Y DARFKRBEETKIHIZ X D DKR

O 00 (S,S)-(p-cymene)RuCl(Tsdpen) OHO O
N/ NEt;, HCO,H N4

S S
50 °C

95% yield, 98% ee
syn:anti = 93:7

substrate:Ru:NEt;:HCO,H = 80:1:160:400

17" M. Kitamura, M. Tokunaga, R. Noyori, J. Am. Chem. Soc. 1995, 117, 2931.

'8 F. Eustache, P. 1. Dalko, J. Cossy, Org. Lett. 2002, 4, 1263. 1,3-2°% b > @ DKR D %5l]#: (a) J.
Cossy, F. Eustache, P. 1. Dalko, Tetrahedron Lett. 2001, 42, 5005. (b) Y. Ohtsuka, K. Koyasu, T.
Ikeno, T. Yamada, Org. Lett. 2001, 3, 2543. (¢) F. Eustache, P. I. Dalko, J. Cossy, J. Org. Chem. 2003,
68, 9994. (d) F. Eustache, P. I. Dalko, J. Cossy, Tetrahedron Lett. 2003, 44, 8823.

19" 7. Ding, J. Yang, T. Wang, Z. Shen, Y. Zhang, Chem. Commun. 2009, 571. B-7~"/L X JL A )L7R
@ DKR: G. Wu, J. Zhu, Z. Ding, Z. Shen, Y. Zhang, Tetrahedron Lett. 2009, 50, 427.

20 J. Limanto, S. W. Krska, B. T. Dorner, E. Vazquez, N. Yoshikawa, L. Tan, Org. Lett. 2010, 12,

512.
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Scheme 2-30 B-77 b7 X FOARFKIEBENETIIGIC & 5 DKR

O O (S,S)-(p-cymene)RuCI(CgF5SO,-dpen) OH O
NEt;, HCO,H R
H -
Et

toluene or CH,ClI, z N
30-40 °C Et

80% yield, 99.5% ee
syn:anti = 92:8

substrate:Ru:NEt;:HCO,H = 100:1:50:200
B-77 hAR AR TR — h DA, (S)-BINAP % % 7 VEL T & 95 Ru filtlilz v 2 & EdeiR
ANCKRFALIEDHEIT L, BRARR— haflcn 249357 v a— L ERRTE D,
(S,5)-TsDPEN % % Z7 /VEM 1 & F 5 Ru iz =X~ U =F L7 I 2K bK
FREHALESCRICIZE Y | 13- 7 b FIEET L a— AR EEIRMICGE LN D
(Scheme 2-28), 2 DD IINVAR=NIHD 5B F{ OB A AEIERANITEITL L TV 5, (A Tl
EHWD & B-7 BANVERATKHLTYH 13-V b v EIRIEREO ST TR KE SR
JENARETH VD . syn KD b R a2 2Lk U SERICHE 55 (Scheme 2-29), B-7 R 7T
I RDOE. (S,5)-TsDPEN B 1D Ts Hx X ¥ 7))V A4 v 7 = =)L ALk = )VIITESS L
TeX TNAVERALF R EWVEEZ R L, X/ N =F AT I KD KBEBENRER TSI
FOBEWIT AT LA = U FARRPETB-E FeXx o7 I RS 515 (Scheme 2-30),
Flo, EEOIT12-U7 a2 EEH & 95 DKR & LT\ % (Scheme 2-31)%,

Scheme 2-31 12-V bV ORFZKZBENE T IZ L D DKR

(n8-benzene)RuCI((S,S)-Tsdpen) OH
NEts, HCO,H O

DMF O
40 °C, 24 h OH

. _ ~ o _ 100% yield, >99% ee
substrate:Ru:NEt;:HCO,H = 1000:1:2600:4400 dimeso = 90.4:9.4

| !

e
(7
ARG TIEH ETXR PV F AT I L HKEBINALE CRSIC LD 12-47 v

No—t Rax 7 b~ BHREND, ZDo-t Rax 7 ko OAIVR =)o G5
HTI7EIbL, =D F o FAY—DHND I LITERILINDER, JeFEME 1,2-0 4 —

2l (a) K. Murata, K. Okano, M. Miyagi, H. Iwane, R. Noyori, T. Ikariya, Org. Lett. 1999, 1, 1119.
(b) T. Koike, K. Murata, T. Ikariya, Org. Lett. 2000, 2, 3833.
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ARFEEND, RIGRHEEEZDZEIZE>T, a-b ReXxvr hrBXO 1,2-UV4—1
ERERMICED Z ENARETH D,

IO OEEIX, IR =NaflZEF RO WEBELA L TRY . SSRMAET.
HAEMIZ T & I ETT 5, — ., SEMSE CARAFRICKISEITV), Bl b Dafi
7% {LEETITH) DKR bHEIN TV D, afiflc7 U — VST A VA2 FT HH
i - > DKR O G2 LA FIZRd,

By N o &8 L9 5 DKR I 1996 4212 KAE, K 512 X 0 #ii5 X7z (Scheme 2-32)%,
TIVIR= Vo LiZA Y T BNV EE T H Y 7 a2 CEVEICR LT, KOH #inx 7=
HE FeMEZ54E T . Ru(diamine)(diphosphine)’! ¢ RuClL[(S)-binap][(R,R)-dpen] & A~ 7 /K &AL fil st &
LTHW, BN O\ T4 T A7 LA cis-7T b a— L EFK L TV 5,

Scheme 2-32 Effir b U ODARFARILKRIZ L 5 DKR

(0] Ru complex OH OH
k KOH \k
+ H, + o
2-propanol
4atm 28°C,11h
o a . 99.8% yield 0.2% vyield
substrate:Ru:KOH = 500:1:20 93% ee 28% ee
Ph, H,
OO P, N @

p”” | Sy
Ph, CI H,

Ru complex

ZOWELR, SEEERFHEICLDLS FUB BLOL, TTE R20O DKR 215 RF

22 T. Ohkuma, H. Ooka, M. Yamakawa, T. Ikariya, R. Noyori, J. Org. Chem. 1996, 61, 4872.

B PR = voilZ T U — v EE A9 %57 k@ DKR: (a) R. Noyori, T. Ohkuma, Angew.
Chem. Int. Ed. Engl. 2001, 40, 40. (b) N. J. Alcock, I. Mann, P. Peach, M. Wills, Tetrahedron:
Asymmetry 2002, 13, 2485. (¢) T. Ohkuma, J. Li, R. Noyori, Synlett 2004, 1383. (d) J.-H. Xie, S. Liu,
X.-H. Huo, X. Cheng, H.-F. Duan, B.-M. Fan, L.-X. Wang, Q.-L. Zhou, J. Org. Chem. 2005, 70,
2967. (e) P. Peach, D. J. Cross, J. A. Kenny, I. Mann, 1. Houson, L. Campbell, T. Walsgrove, M.
Wills, Tetrahedron 2006, 62, 1864. 71 /L 7R = /)Lofifil 7 /v ¥ )V aH 9257 k> ® DKR: (a) M.
Scalone, P. Waldmeier, Org. Process Res. Dev. 2003, 7, 418. (b) T. Ohkuma, T. Hattori, H. Ooka, T.
Inoue, R. Noyori, Org. Lett. 2004, 6, 2681. (c) N. Arai, H. Ooka, T. Inoue, T. Ohkuma, Org. Lett.
2007,9,939. BV R=vafiili a7 2G5 %55 b D DKR: A. Ros, A. Magriz, H. Dietrich,
R. Fernandez, E. Alvarez, J. M. Lassaletta, Org. Lett. 2006, 8, 127. J1 /LR =/Lofiiil 7 Z /LA
RIEZHT 5% F 2 ® DKR: A. Lei, S. Wu, M. He, X. Zhang, J. Am. Chem. Soc. 2004, 126, 1626.
FIVR= Vol T X REEZEAH T 547 b ® DKR: (a) H. Ooka, N. Arai, K. Azuma, N. Kurono,
T. Ohkuma, J. Org. Chem. 2008, 73, 9084. (b) V. I. Chiwara, N. Haraguchi, S. Itsuno, J. Org. Chem.
2009, 74, 1391. AR =/VofilZT X 7 HaHT %55 k2O DKR: (a) J.-H. Xie, S. Liu, W.-L.
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KREAIERHE SN TWD, TNHDIFE A ETHVR = Valifil T U —/V e EOE
Ko FEMNEH LG A2 AT D

ZDOEHIZRu ﬁﬁﬁi%ﬁ%b\f:ﬁ/vﬁ:wﬂ:é.\%@i%fnc:i % DKR Oxf% e LT, SF&
FREREEZEAN L EESRET S CE S, AL :%?Téifﬁ%fﬁmx—?w- 7
7 b DINR= VoL D T I ELE D REKRBIISIZ LY | S EET v a— L5245
DRETRESI N TR T,

(1) JFHEVET 2T VD KFEE
AFIBE TR K 5 2372 DKR Z T 212X T D 2 DO R AT T BN B 5
(Scheme 2-33), OFEE D T & IM{BIIEP KBS & A THFIZHNZ & @=F U F A
AV 7 72 B DN T VAR X0 N R S s 2 ETh D,

Scheme 2-33 HEfli= 2T VDI NVR= VoD T I{LEES DKR

R¢H chiral Cp*Ru cat
X 0R3 ’ ' 3 + ROOH
1 ~
R fast R1)\/OH
0]
highly basic condition * [ /RU\CI
Ha
chiral Cp*Ru cat.
2
H ~R OR? chiral Cp*Ru cat. H R2
1N ORY e > > + RSOH
R )\[f slow R1)\/OH
0]

* The rate of racemization should be faster than that of hydrogenation.

= Efficient enantiomer discrimination by chiral Cp*Ru cat.

FIT, BB THRELE AT ILOKFLEIGED . DKR IZER XA 85— DSk %7

Kong, W.-J. Bai, X.-C. Wang, L.-X. Wang, Q.-L. Zhou, J. Am. Chem. Soc. 2009, 131, 4222. (b) T.
Hibino, K. Makino, T. Sugiyama, Y. Hamada, ChemCatChem. 2009, 1, 237. 71 /L 7R =/LafiiiZ T
)vaxvHEAT 5 F L DKR: H. Ooka, N. Arai, K. Azuma, N. Kurono, T. Ohkuma, J. Org.
Chem. 2008, 73, 9084. 1)V AR =/LofiiiZ T UV —)vAF v HEHT 57 b D DKR: W.-J. Bai,
J.-H. Xie, Y.-L. Li, S. Liu, Q.-L. Zhou, Adv. Synth. Catal. 2010, 352, 81. /L 7R =/LafiLiZ 7 /L%
NIEEFT Da,B-AEafns b o FE O IR ILIZ K D DKR: V. Jurkauskas, S. L. Buchwald, J.
Am. Chem. Soc. 2002, 124, 2892.

% /vnh;‘:/vama:? U —EEH9 2577 B RO DKR: (a) J.-H. Xie, Z.-T. Zhou, W.-L.
Kong, Q.-L. Zhou, J. Am. Chem. Soc. 2007, 129, 1868. (b) X. Li, B. List, Chem. Commun. 2007,
1739. IR =afiilZ7 V—NA X HAEHFT 57 /L7 & RO DKR: Z.-T. Zhou, J.-H. Xie,
Q.-L. Zhou, Adv. Synth. Catal. 2009, 351, 363.
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T EPER LT B0, TX T3 Y LT I VB F% $ D Cp*Ru fillit %
R, HFEEE S 2T L ORFACSR 1T 2 LR O N & 5~ 7= (Scheme 2-34),
ROV ATRE R N FAIEE T 2T VB L LT, S)-7 7 =0 NhiBE I N 5>99% ee D
S)-N-ERa AT TF=TF )T AT )L ((S)-1K) & 7=, filfit & LT Cp*RuCI(NNY),
i & LT KOt-Bu & AYE 2% L 25 mol% vy, BVE /bl 100, /KEE 50 atm, JYER
FE1.0 M D 2-7m/8 ) — LI T 6 R SUS ZAT o 72 & 2A, B IRDN-E 1AL
77 =/—/ (rac-2k) BEHNT, ZORERNOKBIIEOFGEE T T, EEO 7 Ik
FOSHELINTHEITL TWD Z Enbho Tz,

— 7 KRFALAERINAE Y T 205572 N-ERa A LT T =7 —/b ((S)-2k) %>99%
ee DIEFHME THIRAR L, FEROKFELEOGSRM T2k T 52164 'H NMR A-X7 kL
BIOXIND T LEEE LA~ N7 7 4—IZXVEBHLIZEZ A, 19.5 FEH
P SETHRIS LARAWEEEIN S, KFEMECK T RoNnhole, ZThbDORER
1%, (S)-1k DIKFALEUL TIE= AT IV DR ITIZHENL > TH VAR = VoL DI L AW~ v
cAb/ 7 e hAUIC L D T EREB I 2 TnD Z & AR AT T 5,

Scheme 2-34  Cp*RuCI(NN)fREE 2 Fi v 2 22T 2 7 L DK BB S

* H

N OEt 4 p, KOtBu - N}\/OH + EtOH
H 2-propanol H
(0]

50 atm 100 °C,6 h

(S)-1k rac-2k
>99% ee? 98% vyield?
0% ee?

substrate:Ru:KO¢#-Bu = 100:1:25, [substrate] = 1.0 M

Cp*RuCI(NNH)

KOt-Bu
NJ\/OH s H, . NJ\/OH
H 2-propanol N

50 atm 100 °C, 19.5 h

(S)-2k (S)-2k
>99% ee? 95% recovery?
>99% ee?

substrate:Ru:KO¢t-Bu = 100:1:25, [substrate] = 1.0 M

aDetermined by GLC, ?Determined by '"H NMR
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WA IEDOFEN LB O 7 IMbORICH 2 DB ERRD120, WNT57 V0
EJET V3 Fx v NHEE &2 2 T(S)-1k DARFECSIS Z T L7z (Scheme 2-35) . 7V U 4
BARXY RO T AL OFELELE LI 2 A, LIOCH; 35 X OV NaOCH; & VN 7= 5
TIE, KELAERD (2k) OICEEIMENEN D TR, ZORFMENERTIT KD TE
b T IMOIRPMENZ LD o7, —TJ7. KOCHs TIHHAKRFBUEA T8/ L. 7
T IRD 2k BNELNTZ, BV AT NaAXY ROT =4 E A MY Rb -7 R
T RIZEZTH, (LFRIER LOERP O FMEIXFRE ThH o722 L n | EME
DENH Y T LT IV RORMMBANR=VoiLD T ¥ bz mEiciED 5 ETEE
ThdZ Enbhrol,

Scheme 2-35 T RTFTNAEBED T & JI{LRIRIZBIT HEEDOFHE

* H
O CHs Ep RUCI(NNT) O CHy
ase
N&(OEt + H, ———— N)*\/OH + EtOH
H 2-propanol H
o 50 atm 100 °C, 6 h

(S)-1k 2k

>99% ee®
O CHj

substrate:Ru:KO#-Bu = 100:1:25 o)
[substrate] = 1.0 M N~ + EtOH
H (0]

11

entry base conv [%]? vyield (2k) [%]? ee (2k) [%]°

1 LIOCH; 94 54 24
2 NaOCH; 90 31 88
3  KOCH; >99 >99 0
4  KOtBu  >99 08 0

aDetermined by 'H NMR, ?Determined by GLC

ZZC. DKRICH# L7243 L LC KOtBu A L. afiflc* 7 U7 4 —% & Wi T 7
b DRFARFRIEZ R L, EFABELLT, oo 7 ==Ay-7FRT 2 L (3e)
AR M T 1R LSRR D T S LRI & AKFALIIS O R 72 8 2 FAT L
72o ¥ Scheme 2-36 (27”9 L 912, Hinig bIZK WV HE SN/ T— FOREFT 1 o
fEIZ &Y 55% ee DR)-0-7 ==/L-7FT T 7 K ((R)-3e) ZaEM LIS, ZONHFE
77 kv ((R)-3e) DT F 7 /WA & 5 KFALSUEZAT - 7o ik & Seheme 2-37 1279

25 U. Gerlach, T. Haubenreich, S. Hiinig, N. Klaunzer, Chem. Ber. 1994, 127, 1989.
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Scheme 2-36 J2EEM Q-7 = =)by-TFu T 7 b DERR

@ O 1)LDA, THF, -40 °C © o)
(% E%O

0 2) (D)-ethyl mandelate, THF, -78 °C

rac-3e (R)-3e, 55% ee?
aDetermined by HPLC

Scheme 2-37 7 % 5 /L7 NNHEALF % &> Cp*Ru fEic & B EMa-7 = = /by-7F
1 J 7 b OABILRIEG

Cp*RuCI(NNH)
DI S D,
/,,' + H2
o) OH

2-propanol
50 atm 80 °C, 48 h

(R)-3e, >99% conv® rac-4e, 81% yield (isolated)

55% ee? 0% ee?

\i

substrate:Ru:KO¢t-Bu = 50:1:12.5, [substrate] = 1.0 M

aDetermined by HPLC, ®Determined by "H NMR

FE i 50, ROGIREE 80 °C T 48 L Z 1T o7 2 A, ZEIEKD 2-7 ==L
-14-7 2 VA —) (rac-de) B 81%DHRENETH LAz, ZOFENL, i 7 h o
H KOt-Bu IZ L > THEHCZ T EIL L TD, KFILELEZZIT DI ERbho T,
PIBE, RFKRFBCRIGOIEE L L Trac-3e ZHWH Z &2 Lz,

2) 77 b OARFARFCBIE B 2Bt

fix D% T DT L VBT % U, Cp*RuCl(isoprene) & 7 B 72 5 = LR ML k2
KFEMREERF L, EFAREAE LTI IKDa-T ==y T F T b
(rac-3e) % H\, FE /il 50, HEJk & L C KOt-Bu Z JEE T L 25 mol% i L, St
IR 80 °C, HEETIRIE 10 M 0 277 1% ) — L 1T 48 WERIIZIE 217 o 7, Scheme 2:38 1277
FEHT, (5)2-T ) AFAERY Vv (B5) BT & LTHVE L = A, FEHTIZIENY
KL, 98% T 2-7 == /L-14-T X VF—/L (4e) bz, FonzyA—1L D
T UF G~ —iBRER A ERICHIET S 72010, KSBOESY % BAEHE /22U 2R
WG 30 SRS LTRSS 7 £ T L L, D Y 27 LA % 51 HPLC |2 &
STHMT LTz, ZTORER., MO =F > F 4~ —\FHEIL 16% ee THHoTz, A —/LD
BB A BRI O 7 — 4 & Lol LToRE SR, 2 ORRSIIREUEIL S (R & piE Lz,
B2 DA VDRI AN L IFE VO, IR S0%E A TEY . AK
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J&TlE DKR % £E 5 REKBIENEI T L2 E W2 D, (89)-12-V 7 ==V F LU PT
I UBMEF (5) TiE, BRI OURIE 96% & BAFTIEH 5 b DO DT F o F A4~ —ilRERIL
H%IZEEFY, 5 L bEWEE RS-, LL, ZORNMTOT7 I ) HKE AT L,
BT I UACHEELIZEZA (5K). ee 1T 2% E T E L2, NN -UAF LT 7 ma
FH12-UT I UBRNLF Bl) BHWD L S BITAEROSLAER LA B L 32% ee
THAEE A=A B GOz, AWZEN 71X, Wb T 2 EOafit O SLARELE H(S)
DTTIVTHY, &2TC(S)4e ZEHX L THATm, ¥L— ML LT=YT I OARFIEHR
WE U CRFLAERIC KBS L TWDH EEX BILD,

Scheme2-38 o-7 == NVy-TF BT 7 b DAFARILICBITEXINDT I VENF

DEHR
Cp*RuCl(isoprene)
chiral N"NH ligand
@ o KOt-Bu OH
+ H, >
o) 2-propanol OH
50 atm 80°C, 48 h
rac-3e (S)-4e

substrate:Ru:KOt-Bu = 50:1:12.5, [substrate] = 1.0 M
chiral N"N" ligand

O_\ Ph Ph Ph Ph N
S\ > an 5/:

2 H,N NH, (CH3)HN NH(CH3)  (CHZ)HN NH(CHs)
5i 5j 5k 51
98% yield?, 16% ee® 96% yield?, 11% ee®  97% yield?, 22% ee® 98% yield?, 32% ee®

4Determined by GLC
bDetermined by HPLC after acetylation

PLEDOFERN G AARFRISTIHE Zh7 I ) K2 /T 55X 7 VBN TR E T I/
BEATHHLOXLD @EmONRRIMEE 525 Z Ebirolz, £ 2T, OB FHGET
B R WNRIERME L R LB (Bl) 2 AT 285K, BLOSlI B> 7 m~Fi
BREHMOHEEE LTELARRAT 0 27 I VBN (Bm, 5n) 269 2 8THSEED A %
72 (Scheme 2-39), Cp*RuCI(NNH)fifit & [FERIZ, Cp*RuCl(isoprene)$fifikod > 7 mm A X
VEHRICENL O 7 ma A X UPRIRAZER T TR P L, SRICEEEZE E LT, 56
hWreggEEzyrsanr sy /JoFro—70 b L{Evrsunr gy / ~xhUiREs
IR TR 2 & 48-86% IR TEZNENHH 2 m Y F7 I 86K (Ru-1-Ru-3) %
HEES 2 2 N TE 7, Wb il X SEEMIT oL, LERY L — MEEEZ O
=T RS TH D 2 & 03N B AL (Figure 2-2), Scheme 2-13 1278 L72 K 912,
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E o
FUT 4 v T L e ML T(LNY) & > Cp*Ru SRR 2 FIV == 2 57 135 L OF
57 b2 ORFLIIE DB

NN-TCAFNLZF L7 I TiEF U— MESEREZ B & L THEL Z LN TX
IR TN, TIEEFL— MEAEMEK T2 7o~ URICED 2 207 X 7 Ko
ﬁ?ﬁ\%%?ﬁUéthb\ét o JREROAT U7 BUEZSEIR Ru-1 AMESERIICAER L, HRE AR S 1T HL
Hifcx7-tEBZ2bND,

Scheme 2-39  #HHF 7 /L Cp*Ru $EKDERR

‘s, L, s
* : . Y/
Cp*RuCl(isoprene) R{ F ~
CHZCIZ rt

/7
N el
5I—n R H
Ru-1-Ru-3
(CHz)HN  NH(CHs) Ph,P  NH, Ph,P  NH(CH3)
51 5m 5n
CHsH Ph, Ph,
0 N P, S ), P
/ e, g /
(L > (L
N Cl N el N o
CH3H H> CH3H
Ru-1, 86% yield Ru-2, 82% vyield Ru-3, 48% yield
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\_‘_\\’ TH NMR (CD,Cly):
‘N N \,\,\\ 5 0.70-0.84 (m, 2H), 1.00-1.14 (m, 2H), 1.54 (s, 15H), 1.63
o ,'\/ \R“ N\ P242.24 (#19)  —1.73 (m, 2H), 1.76-1.92 (m, 2H), 2.34-2.40 (m, 2H), 2.45
¢ - Z=4 (brs, 1H), 2.80 (s, 3H), 2.94 (brs, 1H), 2.98 (s, 3H).
= : R1 =0.0220 13~ 1 .
C{"H} NMR (CD,Cl):
Ru-1 WR2=0.0705 5402, 24.7, 30.4, 37.3, 39.3, 62.9, 68.0, 70.8.
"H NMR (CD,Cl,):
R §0.70-0.80 (m, 1H), 1.04-1.22 (m, 2H), 1.24—-1.34 (m, 2H),
: Q\ 1.51 (s, 15H), 1.68 (d, J = 12.2 Hz, 1H), 1.72—-1.80 (m, 1H),
'\\;\ N 1.96 (d, J = 13.7 Hz, 1H), 2.18-2.24 (m, 1H), 2.32—2.44 (m,
\;; SR\ 1H), 2.90-2.96 (m, 1H), 3.20-3.26 (m, 1H), 7.25-7.29 (m, 2H),
’L/'/‘/ P \.c| P2, (#4) 7.31-7.36 (m, 3H), 7.40-7.45 (m, 3H), 7.70-7.78 (m, 2H).
, I~ Z=4 3C{"H} NMR (CD,Cl,):
\ \ R1=0.0260  §10.1(s), 25.3 (s), 25.9 (d, J = 4.8 Hz), 28.6 (d, J = 5.7 Hz),
~7 WR2=0.0767 394 (d, J=11.5 Hz), 43.8 (d, J = 19.1 Hz), 60.7 (d, J = 11.5 Hz),
Ru-2 80.8 (d, J = 2.0 Hz), 127.6 136.0 (m).
31P{"H} NMR (CD,Cl,): & 68.0 (s)
"H NMR (CD,Cl,):
8 0.35-0.47 (m, 1H), 0.82-0.97 (m, 2H), 1.08=1.17 (m, 2H),
S\ . 1.44 (d, J = 1.4 Hz, 15H), 1.64—1.69 (m, 1H), 1.81—1.86 (m, 1H),
’\} ;\_\‘\ 1.90-1.98 (m, 1H), 2.12-2.20 (m, 1H), 2.51-2.57 (m, 1H), 3.02
\P \;\\ (d, J = 6.0 Hz, 3H), 3.08-3.16 (m, 1H), 7.36—7.43 (m, 6H), 7.49
,ﬁ\Z"Ru P2_1 (#4) —7.54 (m, 2H), 7.64-7.69 (m, 2H)
‘ /;/\‘ o ZR‘I_:rO.O426 3C{"H} NMR (CD,Cl,):
\; ci WR2 = 01047 0104(s),25.4(s), 259 (d, J=4.8 Hz), 28.2 (d, J = 6.7 Hz), 32.5
Ru-3 (d, J = 12.4 Hz), 41.7 (s), 43.5 (d, 20.1 Hz), 65.8 (d, J = 12.5 Hz),

81.2 (d, J = 2.9 Hz), 127.5 134.6 (m).
31P{"H} NMR (CD,Cl,): & 66.9 (s)

Figure 2-2 JESAEMERFTHL Cp*Ru S5 D RS & X BAAEEMAT

FOGOSARZIRMEO M L2 S U, 5372858 Ru-1 % H\\"C DKR O S5O feii
bz -7, £7 Scheme 2-40 |[Z/R"T X HIZ, U7 I VBN FE2AT DT =0 LEER
(Ru-1) EHEIIC L2 2oz W26, EOAERDONFHMEITX =0k TIT-> 72 5%
B LT 32%ee Tholo (entry3) » —JLRMBLOMFHIIB T, U7 I U23F L— ML
LT SBRA AR & LTk DWW e 2 L2 BT HRER TH D, WRIT, KIGIRE % 80 °C
WZHEE L, EE A A 10-100 225 £ TE{LSH72 L 25 (entries 1-4) | fillll g% 150
TUE ERIEDOSLAERYE T U, B A 10 128 W TN ETHRETI LR TR b &
VN 47% ee DEING Do, —J. BE A2 10 & 5T 50 ISRGE L. ROSIREE
% 80 °C 2> 60 °C |2 FIF CRUGEIT -T2 (entry 1vs. 5,3 vs. 6) . AEFH O F T A4~
—IEREIERIITE A BRI R OGN R o7,
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Scheme 2-40 % I{KDa-7 = =)b-y-FTFu 77 k> ® DKR DRSO

Ru-1
@ KOtBu OH
iﬁ 2 -propanol OH

50 atm
rac-3e (S)-4e

substrate:KOt-Bu = 100:25, [substrate] = 1.0 M

entry S/C temp [°C] time[h] vyield [%]® ee [%]°

1 10 80 6 70 47

2 20 80 48 86 35

3 50 80 48 80 32

4 100 80 72 78 15
5 10 60 0 86 45

6 50 60 90 87 29

isolated yield, 96—>99% conv
bDetermined by HPLC after acetylation.

Scheme 2-12 T/R L7 K 91T, 77 b UATZBMBEOKRFEMECICEV T VTE F—T Lo
—NERTOA—WICERINTND EZEZ NS, HEEOHBEMENT 7 b BRI
%7W%ﬁuiéﬁﬁﬁ%#w@%ﬁ5uﬁKé%@@\ﬁW$:WaM®7tQMﬁm
X, 77 bR OVBHERSWT LT E RRBEEO G REZ DTV, 20, 77 b
YEBRBRLET AT E RO ED S OKRFIISDBERED L3 ENT I TE 2 & 70

2922 &IFEE LV, Scheme 2-41 (2R T K 912, SIKDO VA — LV AEILAINCE 2 D LR
e LT, (A) EEO DKRIZEL D (S)-3e BMEEMITKF LI, BrrrzzidodTnwWrLrs
b R=7 /v a— LRI T & I E T 2RISR FE RSN Dy —A L (B) 7
I RNCHBENTEIRKDOEET AT F=T ba— x5 % ZOHEERICHT 5 DKR IZ
£V SIEOT VT v RBMERINIKFEZ T D7 — AP EE S5, Scheme 2-40 (230

B M SRR, AR 2 PO A O T T AR )
THEMB AN LD, KFEETCREZEET 2 & 7% JERISIZ L 5D LRSI
PEOIRTE2MEIT 52 N RBEND, -T, T/ATE RFMEDOT & IR 572
W2 EREFE LWARKENEEZBND,
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Scheme 2-41 T2 F v ODARFABILFEINIZ L B DKRIZEBWTHEE &5 KB

A
O OH @]
Ho base / H, OH
O O OH OH

(S)-3e (S)-4e
base base
©d ©@m©c
(R)-3e

WIZ, HEEL 72858 Ru-1-Ru-3 ZH W T, a-7 = =/Ly-7F 1727 L (rac-3e) OF
FARFBACSES DO NLARRIRNE & Ll U 7=, £ OFEF, Scheme 2-42 (TR T L H 2, SEOYT
2 URMEAE WA O N VA — L ORI ARLE 1L S A THh o7k L, 8
PoWEEET D SKKOKRAT ¢ 7 7 I UBNLF 2 A 5l (Ru-2, 3) TiZ RIADAR
MG onT, RAT7 47 IUVEMFOHBAETH YT I VRN ERERIC, BT
VB R D B R I VB DIE D BEmn = o FAERIRMEZ L L7 (entry 3 vs.
4), Fio, MEERMENRZOEET R @SOVEFHED A — L35 5 4L, entry 5 DSFEIC
B TAEB DN T 50% ee (T L7220, MR EEDS @ WSRO =) F 4%

% F¥IMKOa-B-XUVNAF T 2=V AT I)y-TF T 7 b (rac-3)) wHE LT
% Ru-1-Ru-3 & W2 RE KBRS T H . AR Ot SEAARELE R 2 AR E O it
IMEARAFTEIZ OWTCREROBERmN R Sz, 72720, 7 I VBN 286795 Ru-1 Tic b
EONLAREIUE 2R L7 U2 5,

0 Cp*Ru complex i OH
KOt-B
2-propanol
o) 50 atm 80°C, 6 h o
rac-3j (+) or (-)-4j

substrate:Ru:KO#-Bu = 50:1:12.5, [substrate] = 1.0 M

entry Cp*Rucomplex yield [%]? ee [%]°

1 Ru-1 81 24 (-)
2 Ru-2 73 3 (+)
3 Ru-3 81 18 (+)

8isolated yield, >99% conv
bDetermined by HPLC.
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FHERRE DT, PT I VBN ERBRICR AT ¢ VT I VEN T TCHLT 7 U
DNLARGERN DIRPRPEHIENC B W TSBR E B2 6D, —FH, T I VBN FERAT 4
)T 2 UENL T TR BN D AR ONR L ER WiEE LB BHIIARHTH DL, OE 00w
REME L LT, Figure 2-3 [ O T X 912, T 7 b ORFE—FRFBAREIFFES I TF AAEH ATRE72
TIve RY REEAOT T 4 v 7 7 I U OMINREEN, U7 I UEN T ERAT ¢
JT VR TCHERRDZENEBZ LD,

Scheme 2-42  #FHF¥ TV Cp*Ru fEIZ L Do-T7 == Vy-TFu T 7 b U DARFARIILK
JZ & 5 DKR

Cp*Ru complex
@ O KOt-Bu OH
+ H, *
0]

2-propanol OH
50 atm 80 °C, 6-48 h
rac-3e (R) or (S)-4e
substrate:KO#-Bu = 100:25, [substrate] = 1.0 M

entry Cp*Rucomplex S/C yield [%]? ee [%]°

1 Ru-1 50 80 32(S)

2 Rut . L 0 ar(s)
3 Ru-2 50 76 27 (R)

VR Ru3 50 84 39(R)
5 Ru-3 10 88 50 (R)

gisolated yield, >99% conv
bDetermined by HPLC after acetylation.

. RN/ Cp* i} Ehz Cp*
H N / N /S
\ HRU \ RU
RP; H sV W
O\ ,’S H\ // o
O‘
\SS% é%]
Ru-1 Ru-3

Figure 2-3 RBEINDX T NEEKRL 57 N EEH & OHEERDH]

ARAFH BUSZ2 R U Tz @AM E A9 OB B Z B I AL, VR = VoL~ oL
PERRILEZH T 5% Dy-7F 1T 7 b (rac-3h—k) #HE & L Ru-1 & V- AFKE
EEOGEBR Lic, ARSI E VG55 P4 — i, Cp*RuCI(PNH-2)fifl (1 ko 2 (7 & 3
W77 FAbzRTT7 7 b U ZF oA~ LIGHTE % (Scheme 2-43)7, =717

27 M. Ito, A. Shiibashi, T. Ikariya, Chem. Commun. 2011, 47, 2134.
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7 hopEDT 7 MV I UBIE, ERTEHIBCERIC LV ER S OGRS E LT
FIHSA TS,

Scheme 2-43 27 by Y I F U E~D

R
R Cp*RuCI(PNH-2) . o |\\
P on acetone | P 0 R
* X
4h—k ) |\ o
Ph, Q 2
P,,/ Y lactone lignan
,Ru\
N Cl
Hy
Cp*RuCI(PNH-2)

Scheme 2-44 IZ/RT K 9HIT, TXTOa—EERT 7 b BT OV TS E RmAIZHEST
L. TNENENERTRIGT D VA —L ((-)-4h=k) 25 17-25% ee THEETE 7=, LnL,
WL ba-7 == y-TF T 7 b OE X VIRV M Th o7, VAR =bafinil
T U= VN ER LT B O G, TOFAEBILOLEA LV b VAR = Vo OFEMEEEH
L, WMEICEIDAEEDO T EIMLOIEREGN &, b LTI NR=NEFIZT Y —
ENGFET D L, i XA EEO =) v T4~ —MONRBRIN A 272 H 2 L HEEH
ELTETFLND,

Scheme 2-44 A NVAR=NVofLiC_XV ONEBBRELF T 2y-7F 0T 7 b ORFAKFEL
Bz & % DKR

0 Ru-1

R *
R KOt-Bu
S + H, |\\ OH
| P O 2-propanol _ OH
50 atm 80 °C,6-48h
rac-3h—k atm (-)-4h—k

substrate:Ru:KO¢-Bu = 50:1:12.5, [substrate] = 1.0 M

substrate o
o) o) Elf o)
o O
DAS: jons: @ ST T
CH;0 4 o}
rac-3h rac-3i rac-3j rac-3k
67% yield?, 21% ee® 75% yield?, 17% ee® 81% yield?, 24% ee® 72% yield?, 25% ee®

alsolated yield, >99% conv, “Determined by HPLC, ®Determined by HPLC after acetylation
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77 N B DKR &1 9 A AKRFCBIGIZ £ DG/ O A — VAT, AR
IZ Ko THIO CERM S LTz, RROFRSIHER %, Zhou HITHFIENE/: PNIN = JEEFNT 7
EHTD I $ERE AT 7 b RE O DKR 2855 L, Flix O VA — LS E O ERE ©
BoD Z & EHEL TS (Scheme 2-45)%,

Scheme 2-45 Zhou B2 L35 7 b v DAFAFLKITIC & 5 DKR

0 (PNFN)Ir(H),ClI OH
R +oH, OB - R "N, T wPAT
0 1-propanol OH Y
,  10atm rt,7-36 h n s Iy
n=1and2 85-95% yietd | | _J "
R = alkyl, aryl 69-95% ee
substrate:Ir:KOt-Bu = 500:1:500 (PNFIN)Ir(H),ClI
Ar = 3,5-(t—BU)CGH3

< filt, Bergens HiX, JESEEME/RPUEE PNENYP B2 H D Ru Yk R U REEA%E A
WT, ANVR=Nafill 7 V=N AF 2 HT H80RT 271D DKR % 9 R EKFEK
JisZe #d L7z (Scheme 2-46)%°, VEH T _&EHE LT, KFMMRISOTRIE LA BN LT IV
T b REEICOWTRSGM TRFIRISEAT D & T a— VAERP O FAE DK T 23
FHIV, T AT IVOBETLEBH I TH P O SIARELE SR TE SND AT = A L' X
ESICIEAY LE /Y 15¥ (R QUAV N

Scheme 2-46 Bergens HiZ & 28R T R T NV ORFAKFRILKIGIZ & 5 DKR

O Ru complex PhO
PhO NaOEt WAOH
+ H, ———— + EtOH
“‘)J\OEt 2 DME
4atm rt,1h
99% yield
substrate:Ru:NaOEt = 50:1:25 93% ee

N, POy,
/,Ru\\
(\[ N
(0] Ru complex N H
PhO NaOEt F’hOWAOH H
Ho o+ H o
DME

4atm rt,1h
28% vyield
substrate:Ru:NaOEt = 50:1:25 40% ee | Ru complex

2 X.-H. Yang, H.-T. Yue, N. Yu, Y.-P. Li, J.-H. Xie, Q.-L. Zhou, Chem. Sci. 2017, 8, 1811.
2% R.T. Endean, L. Rasu, S. H. Bergens, ACS Catal. 2019, 9, 6111.
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[AI£RIC Bergens &1, Ru(diamine)(diphosphine)®!d 57 1EM: Ru A Z HY, =27 /L &
0 IKRFAEDREE 2GR VAR BT 2 RO DKR Z 5 REKFILSISICH B LT D
(Scheme 2-47)%,

Scheme 2-47 Bergens HIZ L B VR VBT 2 FORFARILRIGIZ X % DKR

Ru complex 2 Ehz cl \Hz Ph
O THE o7 | Ny Spn
4 atm rt, 24 h Ph, Cl H,
X= O, N, S up to 99% yield
substrate:Ru:NaOi-Pr = 20:1:50 >99% ee Ru complex

WTNOFNZEBWT S, HEEEOSWERE T L axy REHEIZR LT 025-25 Y&
WL, BEDOINVER=)ValiD T (b aEtEdT 5 Z £, DKR O%EE &5 ETHE
BTChAZ ENbnoTWNA,

30 L. Rasu, J. M. John, E. Stephenson, R. Endean, S. Kalapugama, R. Clément, S. H. Bergens, J. Am.
Chem. Soc. 2017, 139, 3065.
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Tur 4y 77 I rF b— MG F(LNY) A § D Cp*Ru AL A2 V2= 27 L3 KON
77 b v ORFAIER DB

S A

ARETIE, 707 4 v 77 I EHT 25 Cp*Ru(LNDfiiEAs | SRE T HEME L Eor &=
WS WZRAT VB IO T 7 b ORFICE RSB W TERITRET 5 2 &
ZBH 5T L7z (Scheme 2-48), HFlZ, ﬁ%&bfﬁU?ATwZ%VP filt & L C 2-%
I YT I UENL A2 DD Cp*Ru SR EZ W86 10k B RE 5272, 2-v'al
TR UEML T :mifﬁw%nfét$x74/7:/kmmféﬁﬂ%wnwwt
A& mOWETSEEZAE L. B R RAT =0 AHREIEOETL M EIC%E LT
WHEBEZHBND,

Scheme 2-48

less electrophilic carbonyl group |
)

Cp*Ru catalysts

L A

L,/ R)J\R R Q R R)J\OR
u
/7 N\

ketone imide ester
) B L =N(CHj3), B L=PPhy B L = pyridine
Previous works This work

Scheme 2-49 2”3 & 912, HHE /flfiEtk 100, KOt-Bu & £ (2% L 25 mol%isin L, 7k
FIE 50 atm, SSIRFE 100 °C, FEEMREE 1.OM D 2-7 a8 ) —LVHOLRMT, fx DFE
77 b BXOUEET 7 b o S@RICkFL S, STV 4 — V25252 &
RWIE LT, Flo, Z AT AOKRFEEIETIX, MRS HEZ I Z 57D MS 3A ORI
WA THY . BRI KSR T DT L a— LV ERMBREOND Z L2 MNI LT, K
ISR B L LTS R, 77 b LRSS CRINERE LT t7 F AT v a—L % H
WhE BEEBROEY VU ANRUBHRROGFRT AT NIZT TR LV REFE
#éL%%%MiXTN 12X L TH 95%LL EONETEILTEHZ ERbool,

DICHFEET X B % D Cp*Ru il a2 VT, VR =b a ML DR F
%ﬁ#é?&by@mﬁMﬁm%ﬁok DKR ZfEN28 BIRITAHETT L, a4
—AWRELND T ERDoT2 (Scheme 2-50), ARFSISMIHFZ 7 b OB NLVFR=)La
N T I{bEFED DKRIZFKE LTI CORITH S, £7. 7 F 7 V7l 7% H T
HEEIE T AT NV OKFASIEZITO, FONDERDONFEMENME T T 2854 b &
W2, TATNAOT 2 IMbHEZFN LAER. DV ULAT vy REREELTHWD

&L KRBT A U THRHREZIFREL 78 IETEXAH 2 L AHLMNC LT, 2O LT,
XFINRFL— T IVEMNFEEAL, STAREHJT IVEN LD HFH T
VBT DIE D BB O F o F A~ — R OSARFRBEN SN & B RN L, FEEIC
NN-DAF L 7 a7 I RN FON-ATFIN2-(V T = =)V R AT 4 /)-1-T7 X
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FUT 4 v T L e ML T(LNY) & > Cp*Ru SRR 2 FIV == 2 57 135 L OF
57 b2 ORFLIIE DB

J A UBRNL AT S Cp*Ru $5ARZ HIHUIC AR L, ABLATER AR E L CRIHTX
5HZ L EENDT, TOME., a-7 = =/by-TF 11T 7 b DKR &£ S KEEIGIT &
0. RHENEIR 2-7 = =)V 4-T B DAV % 88%ILER, Fie K 50% ee DFEARMETHT
HIENTET,

Scheme 2-49

0 Cp*RuCI(NNH) OH

KOt-Bu
+ Hy > .
R @) 2-propanol R OH | AN
50 atm 100 °C
~N, \
’, /
Ru

substrate:Ru:KOf-Bu = 100:1:25, [substrate] = 1.0 M

VRN
Cp*RuCI(NNH) H Cl
o KOt-Bu, MS 3A 2
.+ H ~ R7OH + ROH Cp*RuCI(NN*)
' t-BuOH
R OR
50 atm 100 °C
substrate:Ru:KOf-Bu = 100:1:25, [substrate] = 1.0 M
Scheme 2-50
Ru-1 CHgH
KOtBu OH W N x
, /'R/
2 -propanol OH ’ U\
50 atm 80°C,6h N Cl
rac-3e (S)-4e CH3H
substrate:Ru:KOt-Bu = 10:1:2.5 70% yield Ru-1
[substrate] = 1.0 M 47% ee

Ru-3
Ph
@ KOt-Bu © OH P,
— /,,’ . ’// /
2-propanol OH Ru

rac-3e

50 atm 80 °C, 6 h

substrate:Ru:KOt-Bu = 10:1:2.5

[substrate] = 1.0 M
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NHC—7 2 > % L — NS 1% AT 5 Cp*Ru(CNEE (A fil
WA W= VR BT 2 RBIXWT 7 # LD KFACSE

HH s —NHCHREZ B A L& meiihs & € oME—

5 = AT LR Cp*Ru(LNDEE AR Z WD N-7 = =1-2-t'r J 2/
> DIKFAUSEG

B HHNHC—T 2 % L— MEAZ &2 A9 % Cp*Ru(CNI)EEIR D Ak

WIUER  Cp*Ru(CNMEEAZ WD LR U BET 2 B I WT 7 % LD KEK

CERIN (T TS
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NHC—7 3 »% L ML T2 A% Cp*Ru(CNIE AL E e LR BT S RS
LT 7 B LOKRFSIE

E— S

BOETHRARIZL YIS, T4 v T S VRN A EET D A Cp*Ru Bl
%ﬁx#?iﬁwfﬁﬁ®IXTW£iU77F/@K%kﬁmi%ﬁmf%é_k#ﬁ
WSz, T TARETIE, SHIRETEZTICS WANKR=NVIREFG T L VR R
T I RBEOT 7 Z LOKRBSIE~ LRI LT, FH—E Tk oz, AR
VERT R ROKFELSOSIFY —RAE L LT Ru 85K % FOCHFZEntE D St @Ak
WmeLT, Y I MbShieT va— a5 2 5356 LRBEILINTET I VAW E 5
ZHBEND D, BRSNS Z & 235\ Ru-triphos $EAIC L D KFE(LOS2TIX, %E
BRI OGN D, ZhIT L, v 1 v 77 I VRN T4 S0 Ru gk £ fliofil
BERCIIRF—EREEORKEEZR TV a—L T I UBERKRT S,

Scheme 3-1 WNVRUEET I ROARRIGBIT LB M:

(@]
- L+ R, tHa /%_H + HNR,

C-N bond cleavage R H

NR, +H, H H
C—-0 bond cleavage )J\ + OHW —— + H,O
R H R NR,

HVRART X RIZANVR BT ATV ER UBLEMETHHL L DOD, BIVR=)VR
DREAMENT AT MR TE LR, KFLBUSEZED HITIE, LV EEL w*@%
%#5@@%%50%%%ﬁ*fﬁﬁﬁ%Lﬁ#éU&o@ﬁ%kbf TV = Vs
NEZENLOBFHEICL Y HBNEFEETHLIZE2RAL, BUESME2EHATD 2
&@%f%néo—WkaBﬂa% \w4XMkLTYWHm%%MLk*@T
Ru-triphos $8RIZ K 52X X7 =V ROKFCRISEAT 2 FEHZ VA ARRIZ L > THEME
LU ANV HR = VRFBOREFMHZHOTRuE R FIZXDE LA AHEIC LTS (Figure
3-178), L2> L., Yb(OTH); & FW = AR 2BV T H 150 °C D EREEBLETH 7=,
KREw ST, ERTTHED VR VR T X ROKRBIIE Z ERITAT D 721, IR =

1'Y. Zhou, R. Khan, B. Fan, L. Xu, Synthesis 2019, 51, 2491.

2 (a) A. A. Nafiez Magro, G. R. Eastham, D. J. Cole-Hamilton, Chem. Commun. 2007, 43, 3154. (b)
D. L. Dodds, J. Coetzee, J. Klankermayer, S. Brosinski, W. Leitner, D. J. Cole-Hamilton, Chem.
Commun. 2012, 48, 12249. (¢) J. Coetzee, D. L. Dodds, J. Klankermayer, S. Brosinski, W. Leitner, A.
M. Z. Slawin, D. J. Cole-Hamilton, Chem. Eur. J. 2013, 19, 11039. (d) T. vom Stein, M. Meuresch,
D. Limper, M. Schmitz, M. Hg¢lscher, J. Coetzee, D. J. Cole-Hamilton, J. Klankermayer, W. Leitner,
J. Am. Chem. Soc. 2014, 136, 13217. (e¢) M. Meuresch, S. Westhues, W. Leitner, J. Klankermayer,
Angew. Chem. Int. Ed. 2016, 55, 1392. (f) J. R. Cabrero-Antonino, E. Alberico, K. Junge, H. Jungea,
M. Beller, Chem. Sci. 2016, 7, 3432. (g) M.-L. Yuan, J.-H. Xie, S.-F. Zhu, Q.-L. Zhou, ACS Catal.
2016, 6, 3665. (g) M.-L. Yuan, J.-H. Xie, Q.-L. Zhou, ChemCatChem 2016, 8, 3036.
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NBERIFE T EFHAAEHRER YT 4 v 7 7 I UEEEZ b B, iiliEEECTHL e N
U REEIRDREEM: 2 51 6D L iy 13X DA T D &5 2 72 (Figure 3-1 47), @& LD
BEER RIZENE RY REHRORBEMEZ SO DB F & LT N-~T aBRIR T L~
(NHC) (2% H L=,

H

LA-.__3* N—H--___
L
R“U “NR, L:R“@ >
L =NHC

Figure 3-1 EZIRQRINRUEET I ROARILRIGEERTD-DDFHE

ANSNAI MDA A TH Y | MEFE 6 DRFIA 7 T v FANIHES TV
=0, WEARZERIEFETHD, LnL, DARUIREOBHEICERIF TN ELR L
EA\WNA/®WQE&%$@mj@¥ﬁk@ LR L BEROFmWVEREMEEIZH
kT HFHEBEIC ORI EHEENREN SIS, IOICRRILEYE L CE
@Imﬁék\%®ﬁm’iﬁ%uﬁi?éo_@i5ﬁ€§$@$%%%®ﬁwNV%\
M«%m%ﬁﬁw&y(mm)t%%?é%4iﬁf9y$4v?ym4iﬁf%wm%
O NHC TH Y, Fiﬁ%m%émfméww&yfﬁéa@mwakzo@%ﬁﬁ%
DEeENTZINRURFIL, BOVERENEmOE LS %?tbm\%ﬁﬁéﬁﬁw
DOIFFENL T & LTHA S Tun 54,

N'R n resonance effect
4

N 45 inductive effect

Figure3-2 A I# V'Y y-2-1 ) 7B NHC OEFIRE

NHC B3 @icxt L T2 EF a2t 5945 LR+ TH YD, RmAT 4 VBT
~NE W TG %%?ﬁ%@uﬂbﬁlLMM?5@W#%50$X74/EM%ENMZ
BN & O G OFEM 72 FEie 23 Nolan 512 K > TITHOIL TV 5, Ni BLAR = LEE K
ZBT D MREFHER % Table 3-1 (27”775,

3 (a) W. A. Herrmann, C. Kocher, Angew. Chem. Int. Ed. 1997, 36, 2162. (b) F. E. Hahn, M. C.
Jahnke, Angew. Chem. Int. Ed. 2008, 47, 3122.

4 M. N. Hopkinson, C. Richter, M. Schedler, F. Glorius, Nature 2014, 510, 485.

5 R. Dorta, E. D. Stevens, N. M. Scott, C. Costabile, L. Cavallo, C. D. Hoff, S. P. Nolan, J. Am.
Chem. Soc. 2005, 127, 2485.
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Table 3-1 Ni $&& % V7= NHC EENLF & R R 7 4 VEALF & DEFHL 5D Hik

L —\ [ \
,\|” R-NN-R R-NUN-R
OC““/ ~co . .
oC
L Voo [cm™ ] R = IMes SIMes
IMes 2050.7
SIMes  2051.5 LPr
IPr 2051.5
SIPr 2052.2 IPr SIPr
ICy 2049.6 ,
i-Pr

P(t-Bu); 2056.1
PCy;  2056.4

PPh;  2068.9 ICy

¥

Nolan 5%, NiL(CO); $51A& D CO el ld S D ARIMBIN A7 LD H A LIz L
T, NHC B 72 HONTHR AT o VB OB A B GRe 2 FERT B L7c, RA T 1 v
BAALEEIRIE. U R BT RTT VR VER S iR &S W E 52 S D5 E T
t. CO fEREND /N> K% 2056 ecm™ ' 2 ICH H oD, —J, NHC ENLESATIL, CO
BN I B2 D K 0 k< n it 52 50F, & DI O 2050 cm™ (U712 CO {HfFEHR
BNBRSND, ZNHOREREREZ D LI, NHC WA RAT 4 v L0 EN-E -t 54E
ARPENLT & L CRERR ST D,

Z DK D BB D) R B HEGMEM B 72 SRR IC B L AN E £ 0 . NHC ELhr
b OEBEIREHAN L < AR SN TE 7= (Scheme 3-2)%, NHC $EAD AR 1T, (a) A
XYY U LEICK L, A ER S CERT DO LR B S RICEN S 5 07
B, (b) A XY U TLEE AgO 1 HIFHILED NHC-Ag §5IKD kT A X Z ALK, (c)
21 A I = VHERO BRI A BRI, 5N, (d) BlmEE oA IH
VDY a A GO L D C-H GO ZRM LI FER ER DT b d, folt
TlE. (@) 2-A I XV U NSERDEHE LA T X UET 5 HER, () 7 L= F U RIckt
TLUAFIE BTV OMBMEINC XD A b #E S TV 5,

6 Q. Schuster, L. Yang, H. G. Raubenheimer, M. Albrecht, Chem. Rev. 2009, 109, 3445.
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Scheme 3-2 NHC 23Efz L 1-B & B DE R T E

_| x base [\

R™ -N N R M—-NHC
~ —_— —_
-HX N

(@) R- N\(
H

= X =\
i ~1/2 H,0 Y ~AgX
H AgX
/A X e X
(c) R/N\f'll\R — I\l/I”—NHC
X X
— X =\
(d) rR-NS N_| w M—>R/N N
RO
H
— =\ X
N N 4>RX R’N N\R
(e) R~ \f
M M
Ph /
N(CH3)2 INH(CH3)
(f) wm=c=c= c 4»
oh ~HN(CHs),
M

FTE, AIFY =24V T 80 E, EOICEFGROEN I A UENFO
R BITONTWD, A IXY = VHKORRDMEICHANVRPNELTT 7 ) —< )L
NHC DI, BT — VKD NSRBI A-RH R DRI sp? IkFEZ OB R
UPUHRDBIRT VFRALT I ) IR (CAAC) 72 Y, S XFERhEEHEZRLLAED
HRD T VAR BT A3 EE STV D (Figure 3-3)7,

imidazole pyrazole pyrrolidine (CAAC)
R R R

=\ e N
RN N RN @N\R 7C\N\R
Figure 3-3 SZERERBRMLEWHRD NHC

NHC Bz 1% & O8RIE, HO&ROE FEENN L3 57217 T2 <. NHC B350
ENZEINT D Z LI X VRO ZEMN M LT 2560842 < . By 7V U I RIGEIZ LD,

7 D. J. Nelson, S. P. Nolan, Chem. Soc. Rev. 2013, 42, 6723.
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Bx REOSOMBPLL LTHITH D Z LMo TNDE,

FHEE TN L2 X 912, NHC 0L 2 BN I8 A L CAJR EOBE B L1 LS,
ERY RBTHZBIET ARAN T 2T VEOKFERIGICB N THREF STV S,
Milstein®<> Song!® 512 & U | NHC F{ 2 A3 % 2 P —RIENZF % & D Ru SRR 1
ZHE S 7= (Scheme 3-3),NHC 49 % CNN B2 —AIgEKIL NHC % % 72720 PNN
B2 Ru $ERMNT R A A WA B BOG IR EE SR I B W TR NS RE
Tn5,

Scheme 3-3 NHC 2§ 5 v ¥ —8 Ru iz X 52 = 27 VD KRFBILK IS

O

pincer Ru OH
OEt + Hy ——— + EtOH
toluene
PNN-pincer Ru CNN-pincer Ru
P(t-Bu), —\ —| Cl

N NMes

N_ _NDipp

PPh3
\ Br
N-Ru—CO 7/ N\ o
NEt, v N:Ru—CO
—\H
NEt,
S/C =100 S/C = 4000 S/C =100
5.3 atm, 115 °C, 4 h 50 atm, 110 °C,12h 5.2 atm,105°C, 2 h
96% yield 71% vyield 98% yield

Flo, T v TR EEHOHEE L L TED Y5 PNHP-Ru $5(R1%, KFE—
SR AR BFNFE & OKRFISON B W TEVEEZ 7267, S HICZ OFERICHED NHC
ZEA L7 Ru 85 TIE, = AT VOKRFEIEERT LT 5 Z ERHALMNIR-TWND
(Scheme 3-4)'2,

8 E. Peris, Chem. Rev. 2018, 118, 9988.

% (a) E. Fogler, E. Balaraman, Y. Ben-David, G. Leitus, Linda, J. W. Shimon, D. Milstein,
Organometallics 2011, 30, 3826. (b) E. Balaraman, E. Fogler, D. Milstein, Chem. Commun. 2012, 48,
1111.

10y, Sun, C. Koehler, R. Tan, V. T. Annibale, D. Song, Chem. Commun. 2011, 47, 8349.

1" J. Zhang, G. Leitus, Y. Ben-David, D. Milstein, Angew. Chem. Int. Ed. 2006, 45, 1113.

12-0. Ogata, Y. Nakayama, H. Nara, M. Fujiwhara, Y. Kayaki, Org. Lett. 2016, 18, 3894.
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Scheme 3-4 TR F N DAE(ITHIH S /- BE NHC Befrosfk

0 Ru-MACHO-NHC HCl
’ KOt-Bu OH CH.OH (N"R ““PPhZ/
+ + u
OCHs 2 toluene 3 P~ | \/N
10 atm 80 °C,5h 94% vyield Phy CI /NJ
substrate:Ru:KOt-Bu = 1000:1:100 Ru-MACHO-NHC

Flo, a7 4w 77 I8 NHC D672 D 2RI & D8 ARIL, W <O iEFIA
BB, ZNDEHNWTEZ AT NVOKFBAENHAA LI TN D (Scheme 3-5), Morris 513,
Cp*Ru & 5V i (arene)Ru (Z%f L NHC-7 2 > F L— MENL 723 7 BERA X TV A 7 V&2
B L7288 R 2 BARE LT 514, Pidko HIE, =R T-& LT CNUC & o —RIFAT 1 2 F)
U7k Al 255 U, SRttt 80000 O IEE IZABETRINE A D 2o WP
THRIBTREINE G252 L2 RWELTNDS, LhL, IARUEET I ROKFHE
{bISIZT a7 4> 77 I —NHC 2 A7 5 Ru SR H Sz flix 7z,

Scheme3-5 u7 4 v 77 I —NHCENF% b RufiEr Ao 27 Vv DKFE

Morris

(\N/ ~|PFs
N—, *;%\ 0] [Cp*Ru(pyridine)(CN")][PFe] OH

R + 2H KOt-Bu + CH-OH
a
7 \ OCH, 2 2_propanol 3
NN 25 atm 90 °C, 24 h
— 78% conv

[Cp*Ru(pyridine)(CNH)|[PFe] S/C = 1500

Pidko

|PFs
N Y 0 {RU(CNFC)}o(n-Cl)gl[PFe]
( YNR o RN~ _> Pe KOt-Bu OH
— > Ny CsHi” TOEt + 2 H, THE > e ) + EtOH
RO ) 50 atm 70 °C, 16 h o
N N S/C = 80000 96.6% yield

[{Ru(CN"C)}(u-Cl)s][PFé]
R= 1,3,5-(CH3)3C6H2

FZTARETIE., TUDICZATABLIOT 7~ OKRBIGOfIEE S U CTHERET 2

13 B. Ramasamy, P. Ghosh, Eur. J. Inorg. Chem. 2016, 1448.

4 (@) W. W.N. O, A. J. Lough, R. H. Morris, Chem. Commun. 2010, 46, 824. (b) H. Ohara, W. W.
N. O, A. J. Lough, R. H. Morris, Dalton. Trans. 2012, 41, 8797. (¢) W. W. N. O, R. H. Morris, ACS
Catal. 2013, 3, 32.

15 G. A. Filonenko, M. J. B. Aguila, E. N. Schulpen, R. van Putten, J. Wiecko, C. Miiller, L. Lefort,
E. J. M. Hensen, E. A. Pidko, J. Am. Chem. Soc. 2015, 137, 7620.
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NHC—7 2 v % L— ML FZ2 AT 5 Cp*Ru(CNIGERARE 2 N2 H VR T 2 R
AN NGV S AN

hZ3HERE Cp*Ru il 2 VN, T2 ¥ L& ET VB & U COKELBOSTEEZ M L 72, 15
DIV HI R A E 2. Cp*Ru 8Kk Lot KU RELFORZEMA M EESE 5 BT, 7'm
T4y I T IUFL— MMLFIZEWD R —ME2 G5 N-~T BRI /L2 (NHC) &
AL H 2 G L. DR VERT I ROKFLABEE U ClEH Lz,
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B T RTBRTME Cp*RU(LNMEEEZ VD N-7 = =1-2-v'r Y ¥ v OKE
B

B EICBW T AT AKELS O & U CEWIEMEZ 7R L7z Cp*Ru(NNP)SEIA %
77 B LOKFBACRISZEH LTz, £ OFER Scheme 3-6 IR T X 912, N-7 = =/L-2-E' 1
Uy (6a) DALFHEIRI KBS RET 5 Z L2 RW/E L-, KOt-Bu 12X 5
FEMESRAE T, K 50 atm, SOSREE 100 °C, FEEIRE 1.OM D 2-7'm /3 ) —/LHITC 24 Ik
RO A ATV, AR & AN & O RRET 217 > 72, Cp*RuNNHEEAZ 1 mol% M55
WU, BREED JAE D L B av, KRFBOISITIZ & A EHEIT LR 27208 (entry 1), IRIIEZ% 5
mol% &5 & RFE—ERMEABAE LD KB RINANIZHEIT L. 69% I Txbli
THT I T Aa—L (Ta) BELIE (entry2), & 6ICHMEEZ 10 mol%IC F THIRT &
84% D IR TS MMEIT L7z (entry 3), TAT NVOKFLEINZEA SNTZHR AT 4 )T
IRV T I E AT D Cp*Ru SEIR & AlEENEZ bl L7- #6558 (entries 4 and 5), WL dh
2-B' a2 U V7 I UEML T ORI ST R Dy o T, B 7R AT B 72 DI I3 7o 7 i
BERHDBMETH D B X T,

Scheme 3-6 Cp*Ruffitic k2 N-7 = =/L-2-¥' e U ¥/ » OKRFR G

E S
Cp*RuCI(LNM ol
Ezi KOt-Bu i i CE\I%R
| u
2-propanol ' /
@ 00 ¢ HN@ W

50 atm 100 °C, 24 h

Cp*RuCI(NN")
substrate:Ru:KOt-Bu = 100:1-10:25, [substrate] = 1.0 M

! Ph,
B
entry Cp*Ru complex  Ru [mol%)] conv [%]? yield [%]®? [ Ru/

1° Cp*RuCI(NNH) 1 37 5 5 N el
| H2
2 Cp*RuCI(NN" 5 69 69 :
P"RUCI(NNT) ! Cp*RuCI(PN")
3 Cp*RuCI(NNH) 10 84 84 (73)
4  Cp*RuCI(PNW) 10 43 43 : CH3H
: ., _N R
5  Cp*RuCl(chiral N"NH) 10 72 72 ; (/[ ol
aDetermined by "H NMR. 5 N ¢
bisolated yield in parentheses. | Cl-i3\H
°Black precipitates were observed in reaction mixture. ! Cp*RuCl(chiral N"NH)
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B FHNHC—T I % L— ML FEH TS Cp*Ru(CNI)EEAE DA AR

(1) 727 4 v 277 I —NHC BN DAL

F—HI TR Lo X 5 ICHE 2B I G REA R & 95 NHC BN 7- 28 A L7 KIE,
b FU REERORBEMER E O B v, KRFEAEIEMEA M B2 EfF S5, Morrds H13
A IXY—)VHFEDONHC L F—HkT I/ HEDRNTEF L— MRS © D Cp*Ru SR,
T RAT NVKRFARIE O L U CTEWEEZ R T Z EZH oML TS 4 LrL, 7=
= LB EGLEERY U — MEEIC L DS RMREANRE T D H0, VT X LER
NHC Bdfii 7 X0 bE TGRS D Z b, B FRRFHOBLE DS EORMIAE S
TW%, F£72 Cp*Ru FHEARTIIE Y VU MEUNL LB fafn 7z 1 4 sk & LT
B S-SR A KRB e L TR LTV 5, BV D32 E LT & LT ORhE
WD HDOD, KFBCHBEOIEREZ 5 2 5 - OIREET 2 LERH Y | RO T
RS ERICRVEDS, T2 T U RREHOIOR2MEEBFHFL T, U7 VT LE
BANHC L —h7 I U TABERS L— M FTRERE L F OB E B Z 2> 7=,
Scheme 3-7 TR T K DIZ, A IXY—/EIZT I TAFMUIBHABEAT H729DIZ,
14T TFNAIZY =)V HDHWT 1-AF VA IFY =/ N-2-T B EZTF /)T Z LA
REfMInEElz, OSIE. P U@l T THECET L, BT I B fri# S
NTleA XXV T LERGELNTZ, HWTAERYMEZE RV TR LT XA V%
WifRiET 5 & kT X EEHT HENLFRIEMA (5o, 5p) 3V T h BFEIE 81%
THELILE,

Scheme 3-7 HE—#& 7 I >—NHC % L — FEBNALFDOEEL

o 1) toluene R_| Br
\ .\ Né\NR reflux HoN |/N
> H, =N
g, \=/ 2)N,H,, EtOH ij
0 reflux

50: R = t-Bu, 81%
5p: R = CHj, 81%

723 Morris H1%, BNLFRIEFA Bp OXIT =4 NERHA I XY o Al EARKR L.
K% NHC—Ag $EIRIZFEE L7214, (p-cymene)Ru 7 7 7' A > b ~D kT 2 A A X AL %&
T, [(p-cymene)RuCl(CNH)|[PFq]8& 1A (Ru-4) %A LTV % (Scheme 3-8)16, Z D&AIL,
7 N OKRFEBENE TG L OKFLSISE Ol & UCTHRET 2 Z L B Bz 725 T
WAHMN, ZATIIVOEITLISITIEH VSTV, (p-cymene)Ru(ID) &5 (R 13X %8 3%
Cp*Ru(IDFER L 0 )8 LOBEFHEEMES, IEEREO v R Y RESERN I F 4 o PEEEA T
DT, TATNEIBEITLT DICOIZMEREVRENZHA TV RneEZEx bbb, F

16 H. Ohara, W. W. N. O, A. J. Lough, R. H. Morris, Dalton Trans. 2012, 41, 8797.
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7= Morris & OB FAERTFETIR. 2-7 a0 xF L7 I VHEBBEICH L 1-AF A I XY
— VBRI 5 BEMATWD LD, IERIT 60% & FREEICE EED, ZORITEBWT
% Scheme 3-7 DA RIEITSESI N TV 5,

Scheme 3-8  Morris 51T & % [(p-cymene)RUCI(CN")][PFe]8&& D &Rk

1) toluene ) )
. o o] (CP)(PFg)
H3N—\__| + Né\NCH3 reflux N N_3|
Cl — 3 |4+
— 2) KPFg, acetone \/N\/)
rt
1) [(p-cymene)RuCl,], _| -
CH, | (CN(PFg) Ag,0, DMSO/CH3CN /\NR
HaN" N ° rt N b
’ r:;> 2) AgPFg, CH5CN <\__ RO
\/N rt NO \Cl
Ha
Ru-4: R = CH3

Q) 1t-TF A IZS—AmbFEESNSE T 0T 4 v 7 7 2 —NHC B+ % & Ru 8
ROA R
Fi—Hi TR L7 X 912, NHC—Ru $EEDO AL S LT NHC—Ag BN LD F 7 &
A B IALSOERF BTN D, OBV, 7 b= U vd, EBF B t-7TFVEE
AT HBNLAFRIBEA (50) (Zx LT AgJRFHH T 1 4 &ED Ag,0 ZFH S NHC—Ag £
R&EAR S E 7%, Cp*RuCl(isoprene)z I 2 TR T T L. NHC B &2 &1 —Hk
7 2% L— b Cp*Ru $EAD SR ZME L7 (Scheme 3-9), S N T- A5 D [E A
® 'H NMR AT MVIGEMEIe s 7 v aR L, EEOILEWDIREY TH D Z L H Rk
Sz,

Scheme 3-9 t-7FNAENRBE L7 NHC— 0T 4 v 7 7 I VENF%2H D Cp*Ru #Ek

DA R
-Bu Br
HyoN |//'ll + 1/2 Ag,O + Cp*RuCl(isoprene) ——— complicated
LN J CH4CN
rt, 18 h

50

E - ZDOMIZ, NHC—Ag $5RZH L WA GIEE LT, 7vaxy FEREZHWT
R TR ST VS DB OFRIR2, Cp*Ruisoprene) A OSSR AR 2 VT it
wATo72h . BHIO NHC A9 % Cp*Ru $5ADEHIZITE S 20> 7=, £Z T, 50 DEL
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AT RIBEIR & L CORIMELZRFET S BAY T, Scheme 3-8 T L 7oA BIE I,
(p-cymene)Ru 7 7 7" A o MIxES L8R & 37+ 72 (Scheme 3-10)

Scheme 3-10 t-7FNE%EH 5 NHC B FZ & T (p-cymene)Ru $&1& DA AR
. t8u®" pipr, . tBu|PFs
O D

60°Ctort,1h
5q, 89%

PF
1) Ago0, DMSO/CH4CN CNR —| °
N

rt, 18 h ,
59 + [(p-cymene)RuCl,], R
NIV

2) AgPFg, CH4,CN

t,1h
rt, H, Cl

Ru-5: R = t-Bu, 48%

Mortis HDFEE BB AFVINAR ) VAT VAR T =4 254032 7
L 5q ZER L7z, 5q 7»H NHC—Ag §ifkz 2 T &8 T, [(p-cymene)RuCla]s (25
T DR R AT, §FONTNRE %%T%?E%m77//m/&/%ﬁﬁgﬁ#
BIC KV L7 & 2 A, AR 48%IEETH LN, BfES X B &I
-7 FOVREMNER LT NHC—7 2 V3% L— MEIT L7”:[(p-cymene)RuCl(CNH)][PF()] (Ru-5)
DFEM 7 E 2 P L7z, £ ORTEP [X% Morris & D A F/VEHILZ H OREZIR (Ru-4)
DTS & 12 Figure 3-4 12”7,

Cf’}—(t’ﬂ"\_:ﬁf—)—«"?)\@ f—‘:
Ru
/[\\
/r{ ﬁ,\ﬁ ﬂ
Ru-4: R = CHj3 Ru-5: R = {-Bu

Figure 3-4 [(p-cymene)RUCI(CNH)]PFe] D Bifk bl X Mt gt

A FIVHE B D Morris B DOEER (Figure 3-4 /£) Tl p-cymene D1 Y 7' 1 B /L H7 NHC
NZ N TV D DIZx L B2 A R L7z NHC 205 -7 TV EESE U H L 72 85K (Figure 3-4
F) TiXA Y 7 a EVEN NHC O -7 F VAT AR CRtdaib L Cnb, F£72. NHC
DA N fRFE L Ru OFEAFEEEIL, Morris © @%ﬁﬁif X204l A THDHOIZR L, -7 TFIL
EHATIL 2,100 A &80 R\, BEHER ONAREEIZ L > TF Lb— MEZBHEL< 72> T
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NHC—7 3 »% L ML T2 A% Cp*Ru(CNIE AL E e LR BT S RS
LT 7 B LOKRFSIE

HZEMNRREND, EIRO X IS T 50 25 Cp*Ru 7 7 7 A v ML L 7zsE kDA
FUZITE B2 D> 723, p-cymene B/ 7 L VD S B2 S & Cp*lcfii 128, -7 F kLo
SEREOBIZ K o T L— MR A BRE L7 AlREER B 5,

B) I-AF A IZ = pbiFEsnNs 7 aT 4 v 7 7 2 —NHC BT % H -2 Cp*Ru
IR DAL
ATIAOFEBRFE R ZEE E %, EREO S\ I 2 ML TBL TR A L LT 1-AF 1A
= MhbiFEE IS4 I X 7L 5p) AV, NHC—Ag 85K 2B 35
Cp*RuCl(isoprene) & D s & i 7= (Scheme 3-11 _EE%),

Scheme 3-11 A FNEEEHT S NHC BALF & &% Cp*Ru SEED AR

materials
rt

; 7
B NR
H,N |//'}rl + 1/2 Ag,0 + Cp*RuCl(isoprene) —— > "R/ + unidentified
Ps s
N Br
5p Ho
R = CH,
CH, | O
H,N rN +1/2 Ag,0 + Cp*RuCl(isoprene) —— complicated

\/N/\Jr/) CH3CN
5r

rt

i Z
CH, | B EiyR
H,N ﬁ’l‘ +1/2 Ag,0 + Cp*RuBr(isoprene) —— > ol
j CH3CN < AN
rt N Br
5p Ha

R = CHa, 74%

RISt AL D8R a7F A%z ABIC LV R BRE, W2 E%T N Je kanr o
LA LR, BEaoBEERAE LIz, £ TH NMR A7 MVHIEORER, B
MFDOZFLUEOTT AT LA Ny 77 4 DO7 0 by N CIREMIC BN Sz
ZEMH, BT R LS NHC THL— ML L TWD Z EREMIT BN, LrL,
BIERMICHRET D EEBEZODNDRETERWERO Y 7P b Bl Sz, &2 THERK
WMuET R ka7 oy /XU VRN OFAERICE VB LA, Ty 7k
DRSS DT, B X AEERTIC L 0 2 OMEIEZ B 5202 LI R, Rul2hs
A Ll m 7 RS Cp*RuCl(isoprene) H R DM Tide < | BeAZFRIBMAH RO R FEIC
& X #1172 Cp*RuBr(CNIEERTH 5 = L 23D~ 7= (Figure 3-5).
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H NMR (399.8 MHz, CD5CN):
§7.08 (d, J=1.8Hz, 1 H),7.04 (d, J= 1.8 Hz, 1
NI~ H), 3.86 (m, 1 H), 3.78 (s, 3 H), 3.49 (m, 1 H),

5 3.41 (m, 1H), 3.10 (br, 1 H), 2.86 (m, 1 H), 1.98
Pbcn (#60) (br, 1 H), 1.56 (s, 15 H).

Z=8
R1=00548  °CNMR (100.5 MHz, CD3CN):

WR2 =0.1327 51915, 121.9, 121.1, 80.7, 49.8, 41.5, 36.8, 9.4.
Figure 3-5 Cp*RuBr(CN")D EifE & X SRS AatT

ZIT, RMT =AU B A THDA IX VY UL (Br) ZREEFAR L, RO
FIETEIER AR DT85, B O EED 'H NMR A7 MUTEHECRY . FIETE A
72> 72 (Scheme 3-11 HE), Cp*Ru(CNY)EEAEII N1 7 U EUL 723570 5 & 2 DR EMED K
LB L, BERT 0 I REEEOLPHEBECE B2 D, 7r I RERIZZ 7Y
REERDNBAT D AREME D BB L, SEHARTERA & LT7 v I REEK Cp*RuBr(isoprene) & {417
ZHWT Bp & DS E T o1 b 2 A, KINBEWI O BHERMZT NT e Rur 7 v
ko THHET2Z ERAETHY, 7 FEEEZINER 4% CTHDL Z LK L
(Scheme 3-11 FE¥), AKIGIZ LV &5 172 Cp*RuBr(CNDEEAD 13C NMR H|E T, B~
VIRFIRIR S D T 7S V% 191.5 ppm (ZHEFR T & 72, LA%., Cp*RuBr(isoprene) % Rif B4
&F B 71T L 72 Cp*RuBr(CN)SE(R % F\N T % O - IRAESCBETE M 2 374 L 7=,

(4) IV =V T % b B F A o MESER[Cp*Ru(CO)(CNH)[OTE] D &k
NHC BN DR OEEEICKIETEEZRDHNT, hTFA L=
PR % AR L 72 (Scheme 3-12),

Scheme 3-12 7 52 1% Cp*Ru(CO)(CNH)EEE D AR

@ NR @ NRp 19T
{':j”k + NaoTf —=>tam) N—/,,,R + NaBr
THF, rt R

¢ N\ 04
N Br N “co
2 R=CH, 2 R=CH,
99%yield

T hT e Ra 7T MR LTz Cp*RuBr(CNDEEIRIZ 1.1 HED MY 74 a 2 2 20
RUBRT R U AEM A, —ER{LERFE | atm O THRER L7-, W ERICE LN
BUWERD THNMR A7 b UZ Ko THife 72 NHC 5RO A R 2 sl L7, $FI2, 2.13 %
L3225 ppm (ZHELEM AT S T a hr DT TSN IH ST O0METH b, TJE
FL— b LT I UEMNLAFOREEZHERF L T D Z ENEMT Bz, £72 3C NMR A%

17 C. Gemel, K. Mereiter, R. Schmid, K. Kirchner, Organometallics 1995, 14, 1405.
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7 MVTIIHNRUIRFED V7 F v E L BT 204.1 ppm ([ZH VA= VIRFICIRIE S ILD v
TFNVEBR L, 512 H-BC ZR7c-HMQC A7 hZ L FL—rHEO 71 |k
> (3.50 ppm 2H, 3.60 ppm 1H, 4.03 ppm 1H), 35 X U~T 2EED A F/LEHIL (3.65 ppm) D
CITFTNVBWRE L, TNHLO/REIT., IAR= AN TFE SO TF A UMD
[Cp*Ru(CO)(CNH)][OTf]2Y Scheme 3-12 IR’ THEETH D Z L 2R LT 5,

(5) Cp*Ru(CNMGERD H0 4 Ji 0 FE 146 1 O R
A VIR = )VEER[Cp*Ru(COYCNH) [OTH D ARAARIL A7~V (IR) MIEEAT o7& T A,

1928 cm!' |2 CO MfEIRENCIRIB SN DN REBHILTZ, ZOfE L, R - WS
D, RPN AR « F L 72 [Cp*Ru(COYNNH[OTfEE A,  [Cp*Ru(CO)PNH)[OTS]EE A
DIR AT RV % g L Ru D> VR = VBN~ O Wi it 5O K & X 27 L 7= (Figure
3-6)'8, PNHBLAZ G A & NNHEAZ A D CO MfEIREN IR E S 2 RIUEZZE L Z 40, 1948 em™!
1938 em™! Th 5, HriclZE A L7z CNHENZEEAR Tl 24D & VAR RIS & & o
NTEY, IR VBN ~OWEE RN 2 EAVRE Sz, § 725, NHC B 1
DEAN, PLEEOETEEOR EEZLT-HLTEEEZLND,

(\NR _|OTf A _|0Tf Ph _|on
N_/”'R | /N"'R [P
Uy

N VAN VAN
N o N~ co N~ CO
2 R=CH, H2 H2
Veo = 1928 cm™’ 1938 cm™’ 1948 cm™

Figure 3-6 [Cp*Ru(CO)(LNH][OTf$EERD CO fiifEIRE D Higk

¥ T LU A ST EERY L — FEKE IR 227 LA L7, Morris 5
N L 72 [Cp*Ru(CO)CNH)][PFs B A100D 77 L AR = )L DO FEHIREN IR 8 S5 W IE 1940
cem! [ZEIHI S D (Figure 3-7), X7 =4 DiEWEBET LML ERNHDH OO, SEIEHK
L7 FHEBRNDERR L TUVRWNHC 2 b ONEES L— MM F1E, PREEY fLEeREOE
FREZSHIZEmOLRELTELLIZE VR D,

z _|OTf N — _|PF6
o U
& Ru q .

N

VAN Ru
N coO 7 \
2 R=CH, N, Co
Vco = 1928 cm™! 1940 cm™

Figure 3-7  [Cp*RUCO(CNM][OTHSEERD 11 VR =)L DRSO Lk

18 M. Tto, M. Hirakawa, A. Osaku, T. Ikariya, Organometallics 2003, 22, 4190.
19 W. W. N. O, A. J. Lough, R. H. Morris, Organometallics 2012, 31, 2137.
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EUE Cp*Ru(CNYEEEZANWBE I NLRVEET I RBLOT 7 Z LDXKFBILRG

HIE AR L7= Cp*RuBr(CNH)Z HW T, IR VEET 2 RBIONT 7 X A FEE x5
K FAAEE M2 B L7-, NHC MAIZ Xk Db RU RZETHEAOM B4 RiAKL, kXY
& il B A R C . BV 100 O S TR RS AR LT,

(1) RT3 N OMERK RS I35 1T 2 BTSSR D1 DO

Scheme 3-13 12" T L 912, NN-UAF R X7 I K 8awE & L, KOt-Bu # FEHE I
%L 5 mol%Ash L, FEEIEEE 1.0M D 2-7 113 ) — )LIRHE T, 90 °C, /KFEJE 25 atm DA
TIKFBALSEZATUN, RS 24 RERE]ONEZ © & 12 Cp*Ru(LNM)EE AR CIEMEA Lol L
720 INERIX TH NMR A7 RJUZEIT DR VAT )L a—L 2 OEERENSEE L,
NHC %#H 3% Cp*RuBr(CNMEEARZ WD & HEIOT /L a— L h 67%IEE TR LIV,
[FkE D T Cp*RuCI(NN), 72 5 TNT, Cp*RuCl(PNH) SR Z it & U C/KFALBOUG & ik 2
T, /o7 v a— UEENEN 4%, RO NTEME TH -7z, 2O X 912, NHC %
WA L2 L— MR B VR R T 2 ROKFEIEE O BICw 5925 2 E 860
L7200 Ru&d EOBETHEZ @O D ARG OGBS ERE S T,

Scheme 3-13  Cp*Ru(LNW$EEZ AV D NN-P A FIRU AT I FOKFRER G

0 Cp*Ru(LN") OH
] H. _CH
N/CH3 + 2H, KOt-Bu N . l}l 3
! 2-propanol CHj
CHs 25atm 90°C, 24 h
8a 2

substrate:Ru:KOt-Bu = 100:1:5, [substrate] = 1.0 M

7" "NR A
Ph,
N—/,,, | /N,f\%\ P,,/
&NORU\ ,Ru\ [ Ru
N
Ho

Br VRN
N |
H2 = CH,4 H, c
Cp*RuBr(CNH) Cp*RuCI(NN") Cp*RuCI(PNH)
67% yield? 4%?2 <1%?

Yield of 2 determined by "H NMR.

RIATIE, Cp*RuBr(CN)EE{A 2 H U CTEVE — e 2 MiGiE L 72 R b~ %,

Q) DIVERUERT 2 ROKFALSG
Scheme 3-14 [Zff % DI /VR VBT I FOKFILEBE LR E £ L iz, NN-UATF
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NHC—7 3 »% L ML T2 A% Cp*Ru(CNIE AL E e LR BT S RS
LT 7 B LOKRFSIE

R AT XK 8aaFE & LT L7z Scheme 3-13 &R USRMFTHEMRT LT /L a—LdD
INRE T, B NNCHE RO X7 =1 K (8b, 8¢) DAEGTIZENEN
97%. 94% & EIE TR UNT IV a— 2 NELNTE, —F, FHFkOX X7 IR 8d
DRFACSONT A EIT LR o7z, RN TR v hifb L7z 8d 7% Ru (ZEAZ L 7=
carboxamido—Ru SR Z AL L, ENIIE L7 EE 2 D20, IRIET R v AkDT I K
SE (8a, 8e, 8f) DARFCLUNIE, 33~67%ILRICE EED | N-T V=B )VRAFET IR
WZHERTAHNR=NVIRFBOREFENMENZ N HOFEFIL, B RV FRuERIC L %%
ZIFIZS W EPRIBEN D, — 5, IRIFIE A VAR VRO X R kDT = Y RiEE(A 8g, 8h
IR LS AKRFE RS, MISTHEVET Va2 —LEBLORA Y ) —AREIETHE LD
ZENRDLDI o, NN-UAF RN LT 2 R (DMF) 8i (T A Y ) —MIEBEINIZHL DD,
IERIE 29%I2 & EE o7z, BLEDORER KD | AR S ORI HE OS] k%<%ﬂ
BT, RIS, INVR=VRFEASOEFHEG /NS IRAT X 7 RO BBEREDS w0 AL
B O D@ OO Z R T E A A B 2T i o 72,

Scheme 3-14 Cp*RuBr(CNY)g&{E% AW 5 VR VERT 2 KDAFRLR IS

Cp*RuBr(CN")

JOL + 24, KOLBU - j);IH + HNR2R®
R "NR2R3 2-propanol 1
8 25atm 90 °C, 24 h

substrate:Ru:KO¢#-Bu = 100:1:5, [substrate] 1.0 M

o) 0 o) o)
Ph _Ph
PH/M\N(CH3b Ph/ﬂ\N Ph/ﬂ\u PH/M\NHZ
CH
8a g8b” 3 8c 8d
67% yield® 97%? 94%3 <1%2
o
0
_Ph _Ph
Ph \fﬁJL‘ J
H™ “N(CH,),
CH3 .
8h 8i
33% 39% 93% 79%32 29%:2

aYield of corresponding alcohols determined by "H NMR.

GYN-7 U= HNR BT I RBLOT 7 # LOKRFEEIE
N-7 U —/V VAR BT X RIZOWT, B E 2 et L7z, A5 T 90 °C T/KE
(BB % FEhifi L= R R AR E 2. ISR SO I b OFE IR LT, JSIEE

20 S, Kamezaki, S. Akiyama, Y. Kayaki, S. Kuwata, T. Ikariya, Tetrahedron Asymmetry 2010, 21,
1169.
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B
NHC—7 2 v % L— ML FZ2 AT 5 Cp*Ru(CNIGERARE 2 N2 H VR T 2 R
AN NGV S AN

Z 50 °CIZRRE L. £ O FE Ui TRFLIE Z1T > 72 (Scheme 3-15), UXHRITARLT
HTNa— T =Y UFEERO THNMR A7 MU KX D EEMENOHEM L,

FFT N-AF AR X7 =V R 8b DARFALIISIE, 50 °C DFUSSAF TEEIIZHELT L,
WFFEFERRIE TR VAT a— 2 L N-AF LT =V 9b BEHAL (entry 1), i
REZ X D230 °CIZ P TH, @R TRKFLAERM DS LT (entry 2), Z DFEHRIL,
EEEIRDORMETHNAR AT I ROKFELEER LD TOFITH D, RIZ, N-7 Y
— VD RT LT A OEBIEEFT D N-AF AR AT 2 RFERO KBRS % BEt
L7c, 7oA mil 8), Z7rerkafA+558H 8k 1L, EEMICAMOT LVa—LB I
T UNCEHE S LTS (entries 3and 4), — 5, T REENPELLINEE 8l) TlE, DT
R SBRIC L o TRKFBITERR LI AR B MR SR, BOT va—Lre 7 I Uid
90% D EIN = T HALTZ (entry 5), B 1REIMED MU 7 vd v A F A HOHE (8m) 2>
LBHNELL TV a—ABLOT I VARG LN—), EiGED 2 hx s
AT HHEE 8n) 1T ERME L | RIS DERD 10%F2 RS S 4172 (entries 6 and 7).
ORI, N-TU—ATNVRCET I FEBIZBWTS, WA= VRFE~OETFHE
REAEWIREITR CEZZ TS K RAERNR R 6N, AF Lot e f4 28
(80) X, T H— AL E IR -T2 F FARFLERM NG ST (entry 8),

Flo, T RERROFOBEBBREONSE S LISHICHEEL 5252 L Bbhol-
(entries 9-11), EHE EDOT I X NVIAE A TF NN T FNVILITE X T-E (8p) TiX. Mt
HEOIK TIER SN T EEITKFEIEPETT 00, V7 a~F I VLR E
% & (8q) FUGNREE 90 °C TARFZHAATH, EBLRIT10%REICE EE o7, FERIZ,
N-7 U — V3D AL MLIZ A F VIR ER U2 HE (8r) T ISIEEE L < FLE S 4, 50 °C
DT 10%REDILRICE PE o7,

BNCEO B Y U UBRE b O =aF UEEHSROIE (8s) ZJREHIH W EZ A, 90 °C T
FIR L CTHIRIZ A0%FREIC L EF o7z (entry 12), Z DOFERIT, vV DU HENKFEILIG
ZRAET S Z L 2R LT D, Morris ©23BA%E L 72 [Cp*Ru(pyridine)(CNH)][PF¢] 55 {4
DL, BV PUENL A b OB RTERAII A OTEME A INE] S ATV D TR E <
ftBERREHZ B W CEHE 582 5 2 2R Th 5,

TR LEEON-7==en ) V) 6a DRESITEREMICHEITL, 7/ T
o —/bL 7a NERRIE TR LI (entry 13),

112



Gt

NHC—7 3 »% L ML T2 A% Cp*Ru(CNIE AL E e LR BT S RS

QO NV (A

Scheme 3-15 N-7 U —/V AR ERT I ROEEE FEHE

O]

R1

I

NR2R3

Cp*RuBr(CN)

OH
+ 2H, KOt-Bu .~ %H + HNR2R3
2-propanol R' "
25 atm 50 °C, 24 h 9

substrate:Ru:KOf#-Bu = 100:1:5, [substrate] 1.0 M

0O

)J\ .Ph

Ph N

CHj

8b

0] = I (@) (0]
AR Ph)J\N,Ph N
Ph” N ,
CH, Et
. 8p
8j: R, = 4-F
8k: R, = 4-Cl 8q

0
81 R, = 4-Br
8m: R, = 4-CF, E%NAQ
8n: R, = 4-OCH,

80: R, = 3,4-(OCH,0)- 6a

8r: R, = 2-CHs

entry substrate

alcohol vyield of alcohol [%]? amine yield of amine [%]?

1
2b

0 N o O b~ W

9
10°¢
11
12°¢
13

8b
8b
8j
8k
8l
8m
8n
8o
8p
8q
8r
8s
6a

2 99 9b 100
2 86 9b 84
2 100 9j 98
2 100 9k 100
2 90 9l 90
2 95 9Im 97
2 90 9n 91
2 94 90 96
2 100 9p 99
2 n.d. 9q 11
2 12 9r 12
3-(HOCH,)CsH4N 39 9s 41
7a 100 - -

aDetermined by "H NMR. ?30 °C. °90 °C.

PLED X 5z, R & LT Cp*RuBr(CNY), ik & L C KOt-Bu % H\ 7= e A fik
BB 100 OSMETREZ OB VR T I ROKFSICAER TH 5 Z &
MH B DL T o To, RAMECRIE, 23V E THE SR X v IRRf725:0F (90 °C) CTHERE
FEEIT X > TIH30°C THARFEE LA AIRERETEELZ R T Z &2 RWZ LT,

BEDS

(4) AT NVOKFALE
a7 & H D Cp*RuCINNDSERIZHERTE R REEAD BV REMSEEZ R,
Cp*RuBr(CN") & KOt-Bu 725 72 5 It Rl 2 N 7o KSR AL oD 16 F i B 4 B & 2~

113



o
NHC—7 3 »% L ML T2 A% Cp*Ru(CNIE AL E e LR BT S RS
LT 7 B LOKRFSIE

DI, T AT IVOKFACREZ R L7z, £ VIR 2R EiaHEL, ZR
ERTFNLETTNARE L LT, }iﬁf(mf_?)o °C . /KFEHE10 atmf*ﬁuf%’:ia 72572 (Scheme
3-16),

Scheme 3-16 Cp*RuBr(CN")iZ & 3 &Z E&FB = F 1L DKFEILK G

Cp*RuBr(CNM) o
O OH O
KOt-Bu
+ 2 H2 - + +
Ph/ﬂ\OEt ROH Ph/J Ph/ﬂ\OR Ph/ﬂ\O/A\Ph
1a 10 atm 30°C,5h 2 1b or 1¢
substrate:Ru = 100:1, [substrate] 1.0 M
5 mol% KOt-Bu, R =i-Pr  82% 15% 3%
1 mol% KOt-Bu, R=t+Bu 86% 6% 1%

I L LC2-7' X — vk v, A FLEICK L 5 mol% N X 7o S FIC BV T, Kt
BtR 5 BFREIZIC_ DT /b a— b (2) BIER 2% THEL-, L LEFFIZ, = AT )L
RHIZ L 0 AR L2 2 BERA Y 7 a L (1b) 8 15%. 4B 2 & FE & D= AT VASHR
R CTd D B REFB L VLN 3%ERR L TV, B ETE LN AT NV KFEEEG
DA AESEIZ, T AT VA A IH L CIER & IR EA K572, HHEo &4 5
BIZXL 1 mol%IlZiE B9 & & bis, 7 F AT N a— L EEEE L THWDSZ & & LT,
ZOREF., BRI TH D 2 OUEEIT 86%\21M) 1L, D= 2T /VAZHA A DIHRIL 10%
KZINA D ZENTET, Ea V7 I Uit s (38720 MS3A 225 2 & 72 < @il
RCKRFILERDBEONT-, 2B, T T Fa 770 2EME LTHW L2 A, K
FACSIT RS HEIT Lo 7o 2 e b, KRR T V3 — W I %2 LT 1
RIKFE DR H A5 Scheme 3-17 DFBENEZ ENTWDH EEZBND, £=, BiIHE

TITHE LTe VR T X ROKFCEORIZIBN T, 2-7 ' m X ) — )L 2 i & LT
b DD, FUSEEWTIZTZ AT VAR L T 514 Y 70 BV T AT VD3 igd S
NIBNEZ2hr oo, 7 X RAKRFIUIGDGFETZATARBPIRE LI LTH, =27
JVIKFEAL & X B 0 AR OBIRE~DEDEBII A SN\,
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Scheme 3-17 ix?wﬁao THNVKRUBT 2 FOWEKFEILA =X A

It
_ Z “NR
(\NR /-PrO N_'/ )
PR He . ( RE:
&;ﬁ“ ~H, AN \W
Hz b H H\(I),H
- i-Pr
TLMOH j i-PrOH
//NR /iﬁR
t H,, i-PrOH
Cp*RuBr(C NH) KOBuY N_Q ﬁ» > <\L Ru/
4 N\
N
D H
X X
H X =ORor NR,
O [Ru-H OH
HX + _— H
L ek

ZOX D ITARMBERIT, B T FETRET L7 Cp*Ru il & AR = 2 7 L O KFEIEITHE
A LTEY ., ZOMBEEIE Cp*RuCINNEER L 0 & < | KEE 10 atm, SOGRE 30 °C
EWVH RS TR 72 & T AT NV OKFERATRETH 5, T AT L DKRFLIIHIC
A%h72 Ru-MACHO 2! 7 & 7' a7 ¢ v 7 7 2 > %2 H T 5 Ru SEARME2C1x, —fRicEik

G EEAT 2 2 & TSR EEIT 223, AMESRITT I REEEADOERIZLE: Ru
PEARITKRT L — Y 80D KOt-Bu ORI K 0 FEGE L, 32 LS CIEMEZHREBELL T 5 R
(W THLBRYE N,

(5) A biRSE DKF LG

IHNETHLMNZ LI X ST, FRICA R L7 Cp*RuBr(CNH)EEIRIZ T 2 7 L0 LR v
7 X R7p & OEERITIEIRF TR AT A O KBS TEWIEEEZ R~T, &
T ORI A I T 721 R B IRE DK FAL G AR A To, BHB—E TR L L D12,
Py — R b2 1 2 bR 3R O KBS TlX, FOGSRMEIDIR U T 2 O X RRFHER 15

2! (a) T. Kuriyama, T. Matsumoto, T. Ogata, Y. Ino, K. Aoki, S. Tanaka, K. Ishida, N. Sayo, T. Saito,
Org. Process Res. Dev. 2012, 16, 166. (b) D. Spasyuk, S. Smith, D. G. Gusev, Angew. Chem., Int. Ed.
2013, 52, 2538. (c) O. Ogata, Y. Nakayama, H. Nara, M. Fujiwhara, Y. Kayaki, Org. Lett. 2016, 18,
3894.

22 (a) L. A. Saudan, C. M. Saudan, C. Debieux, P. Wyss, Angew. Chem. Int. Ed. 2007, 46, 7473. (b)
G. A. Filonenko, M. J. B. Aguila, E. N. Schulpen, R. van Putten, J. Wiecko, C. Miiller, L. Lefort, E. J.
M. Hensen, E. A. Pidko, J. Am. Chem. Soc. 2015, 137, 7620.
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BNDIEN, EDITEBILNEIT LAY ) — L ~DOEBE G STV D, KR, Aflfit
A CIRINERA2 A S DMF OKFESET L2 2 8ARDL L, 72 UFE T TO R{LikHE
DOIKFACRITORERFIET I FAETIUX, TR AMENIC K-> TI HIokFE a2z T
AR ) —)VETEILIND ATREMERH D,

Scheme 3-18 |[Z/”7 9 K 912, Cp*RuBr(CNH)IZxF L, 2.5 45D KOt-Bu, 725 NI, 500 4
BOVAT T I UERML, COE 10 atm, KFEE 30 atm DR, 2-7' w3 ) — )L
100 °C T 72 h IMBEFE L7=, ZOREF, WML 77T 2 1Tk L 17%U3E T DMF (8i) 234
ﬁb\:Mﬁﬁ%@ﬁ%%ﬁﬁ’ié#@??Fiﬁﬁcwmmmm% F0REEND Z
EBbMhotz, LhL, BRILETTIZE DAY J —VOERIIME TE T, Z05KMHT
ﬁDMF@*%ﬁ@ﬁﬁﬁiL L7gino T, AREED 2 % 7 — V&R~ DR O % 1 <
IZIE, FBT I FOERDFELZUWET L EBNETH D,

Scheme 3-18 YA FNT I UFETICBIT 5 B LRFR DA R

Cp*RuBr(CNH)
KOt-B O
CO, + H, + HN(CH3), - L + CH30H
2-propanol H N(CHs),
10 atm 30 atm 100 °C. 72 h 8i
17% yield 0% vyield
amine:Ru:KO¢t-Bu = 500:1:2.5, [amine] 10 M TON = 85

RBEHE -FETHENLIELOIC, ZOBARMREZIEHN L, ZHMEEOE & LI
/ﬁﬁkbtm)v~%&mﬁkLfﬂ%#ég%mW$®m$Mﬁm«&ﬁn%%%é
W28, ZOFER, v T 4 v 7 T I EETe PNIP =% L — hil Ru-MACHO-BH $5{4%
I, RY = F LA IURRALIMEINTERY v —Z2FET L L & biT, Fi<
WY~ —EORNVLT I RITHT DMKEIRIE LD BRIV EWRZ ML LT, S HIT
BLIRFDP DT I RERBMTHEENRA Y ) —LERICKIIL, TIVvRI~v—1
IR RET D Z & A FEEEL T 5 (Scheme 3-19),

Scheme 3-19 PEI #HEMAK L 35 “BILIRFB KRBT L B A FZ ) —/VERR

Is;—lMACHO—BH \\Pth
CO, + 3H, g = CH3OH + H,0 E\C /A\ﬁ// <:’,,
20atm 60 atm 450°c 100h  TON =689 ' th BH3
' M, = 25000 Ru-MACHO-BH
Ha, PEL (\/\f'
—H20 /L§ ————» CH3OH

23 A. Yoshimura, R. Watari, S. Kuwata, Y. Kayaki, Eur. J. Inorg. Chem. 2019, 2375.
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BEE R

AETIE, NHC O&BTL~OmEmWEFERICERT 2 m0e R FEITEES) & WiFE
L. NHC BB LI-7T 0T 1 v 77 I F b— N F2IE T 5 KB AR 2 A5 L
Too EFT. -AF A IFZY—ADLPHRARE/ T I = F LIS A H D NHC & vy, #r
Bi72 Cp*RuBr(CNMEERD AR LTz, 5 b7 8ADBRES X SEEARIT 2170,
NHC LTIV EEFLAREBRYL— MEEZ L OBELHER LT, I0IZEED
[Cp*Ru(CO)LNHHUGERIZ DT, IR A7 F LD CO HEIRENR A ki L, v 7 4
v 77 I —NHC ¥ L— MR %2 & O8ERIL, AAT7 0 27 I (PNY) =2 L7 2
> (NNH) % & 8K, Ru 72>6 W VAR = VENEF~D it B3 K& W2 & 2B 5
{2 L7 (Scheme 3-20), Z L5 DFEEH S, NHC H#1EDE A L 0 e B OB B EE )M
ELTWBZ LR ENT,

Scheme 3-20

high electron density at Ru

[ )
V

OTf OTf
Ph, }o |OTf | N ] f NRL , |
P, _N, % NJ,,/ x
[ R i& R( ‘ ( R ‘
N

7 N\ VRN 2 N\
N~ Co N~ CO N~ CO
Ha Hy 2 R =CH,4
Voo = 1948 cm™ 1938 cm™’ 1928 cm™”
This work

Cp*RuBr(CN") & KOt-Bu 7572 2 "o flliix, AR BT I R bWNTT 7 Z LD
KFMIRTEZRTH Y, = AT VKF il L LT —ECTHW a7 Iv%ED
2 Cp*RuCIINNDGER L 0 H 1L D MITEWEEZ R T 2 & 3D o7 (Scheme 3-21), #iE
TMEEREOKFRCICB TS0 T 4 v 7 7 0F b— ML Fa%atE LT, R —1k
DEVVNHC #EDBEANF L TH D Z & NEMT bz,

Scheme 3-21

less electrophilic carbonyl group
)

Cp*Ru catalysts

TESUENE
[L" RJ\R RN R R)J\OR R)J\NRZ
/u\
N° H
Ha

ketone imide ester carboxamide

B L=N(CH3), m L=PPh, B L=NHC
Previous works This work
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Scheme 3-22 (Z/R$ K 912, FE/flfiEEr 100, KOt-Bu Z FEIZx L 5 mol%iRin L., 7K
FJE 25 atm, BUGIRFE 90 °C, HEEE 1.OM D 2-7F 18 ) — LR <, fix OB LR
7 I FBXOTZ 7 ¥ A0 KFELI, RE-EREEOHHEE Lo THIET 2T v a—
NEBEXOT I UoNERWIELNT, ZNETHRESNTAONLVR VBT I RRT7 7 X4 LD
IKFEACARBER T A FRCRIRE S CIRIT AT L. AREER O T E\VEe ) & 5
BRAICEA T 7o, B2RENT Y — VB INTZE B X7 =V RFEAROKB LIS
W K LT L, BOGIREE 50 °C IZB W T H RIS T 27 /b a—L &7 I U REINE TR S
iz,

F 72 Cp*RuBr(CNM) & KOt-Bu 7225 72 % /il %, =2 7 /L O i) /K FE LS IZ B
LTHmWEEEZ O Z L AW Lic, ZEFBRT T NV OKFHN, FE ki 100,
KOt-Bu Z# #E (2% L 1 mol%#ishi L. /KSEE 10 atm, SR 30 °C, FEERE 1.0M O t-
TFNT 2 — VR TohR ST LT,

FTVATFIT IV DFET, ABERIC L - TEBLRFEDOKBILIEEB 229 &
7 XV HEAEIE 17% T DMF MG 57z, £ U7z DMF OZFRKFLIZ L D A X ) — DA
IR TE 2o T2 b OO, AR X 5 DMF O/KFEL B RITIRIE 72208 ST 5
TEEDNVRET I ROKFCEE D FE A OMRFHERRIZ B W THEGE L TV 5,
SBOEIRDMBEROLBIZ L - T, ZELRFEN S OBEHENR A X ) — VAR~ D R
LTSNS,

Scheme 3-22
o Cp*RuBr(CNH) ~ "NR
ﬂ:@ . op, KOtBu _ jH + HNRZR® N—/,,,
R" S'NR?R? 2 2-propanol R & 'Ru\
25 atm 50 or 90 °C, 24 h N, Br
R = CH,

substrate:Ru:KOt-Bu = 100:1:5, [substrate] = 1.0 M

Related examples

0]
' RuH(CO)(PNN) A~ N
R)#N/R + 2Hy; TF > R OH " R'—NH;
H 10 atm 110 °C, 48 h
substrate:Ru = 100:1
D. Milstein, J. Am. Chem. Soc. 2010, 132, 16756.
H H
O Ru-MACHO-BH OH L~
K.PO N,, | .«PPh;
N+ 2H, o - N RN
2 THF P~ | co
50 atm 150 °C, 24 h Ph, H.

BH3

substrate:Ru:K3PO,4 = 100:1:10 )
T. Tu, Chem. Asian J. 2018, 13, 2559.
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U
#fit & 1,8-Diazabicyclo[5.4.0Jundec-7-ene (DBU) D ##Z X 5 bk 3E D KFLEER

E— S

B OERBIWE-ETIE, v 7 v 77 I 0% b— ML % D Cp*Ru FHIRIC
TR CERHEAR D KBGOGB T LR, 7 v e xta 73 L BlEL 0% %&5
PEDIETEME I R X 2B RITT Z L BB L b e oTe, ZHUEERE OB THE DM
FiotEn, MEEETH D R FSMAORE OG-0 tE2 N5, Zh
LOHMRAEBEZ, RELBETIZ, V727280 bEEHEENKRE S, FOLEENL
FRRNL T O B2 20 5 B2 N5 3JdBBERICER LT, £ OFHsE A
BEDOAIRL 2RI Tz, FHCLEMTATRES 2 CuiCBLT, 74Tt R 7 b OKRERICH]
%éhf%k¢x74wﬂm%¢%ﬁ%ﬁ¢mfm% R R OBAFE IR FLATE,

— TR K912, RB—BARFRE S O KF OIS ITFIH FTREZR R —% Cu fi
ﬁiww@ﬁﬁ%ﬁﬁu£éiﬁﬁ%Lﬁnéﬂfﬁko*ﬁ\ﬁ*ﬁm$Mﬁ$L%L
95 Cu SR KIS B T 2 0F2813F 1UiE £ 4% < 720, Caulton 5% Cu $5KIZ K 20 11k
KFEDTEVEALICE#E L, WP CRAESHEZ Cu T axy RBKEFAERIGEL, Cu b

KU REERZART 5 Z &% 1981 10 L7c (Scheme 4-1 EEX), ZD1%, HBEAIRER
Cubt FU KL LTHRY 7= b RAT ¢ UDBENL LTSGR E W=7 T e Rer b
DKFB LV Fa VLSRR BRI SN D Ko hoTebD D, o RFE—FR
FABIFASE & OKFRIZITEEH S e 72, Sadighi B3, 1 KUEO LR FEIFFHST .,
NHC % 3CFFBRINF- & 95 8% Cu & R U REHMARISH L i bR FELFA L, B~ MEE
TK Cu bR E TR T D 2 & %?&ibflﬂé (Scheme 4-1 TR, £72, Z Cuk RVU K7
T AR —IZxT D LR FBIRA BB EA TV DY, 2D OFERIT, Y] 7 LFRFELAL
FZ b Cu bR DRGEF LV | mﬁ@ﬁﬁm&QMmm$®ﬁﬂ_ié%Mém#ﬂ%T&
DT EERELTND,

FRE e Frd 708 FrART U &2KRERE LT HRFTCu R FERZIASE,
f BRI LR F B L T 2 FIERRE I TV D, HlxiE, KA. BH oI
@@m»mo&9¢x74ymﬁ%@L}am971:w¢x74nm/t/hiég
TERAREE A D TR bIRFE DO Ru v U ERIS 2 LT\ 5D, RINRE W & K T
B 5L FEOAEEFEEAE TON = 8100 T 5415 (Scheme 4-2 EEY), 612, YRR T
A VENL DY T 2= )VIR AT ¢ ) FE VA Y T a EARICHEEEMT 5 2 LT, TON (X
62000 £ Tl L L, $il,/ YRR T 4 RIS IER ITEmWIER L T b T 2 L 2B b
WL TW33,

' G. V. Goeden, K. G. Caulton, J. Am. Chem. Soc. 1981, 103, 7354.

2 D. M. Brestensky, D. E. Huseland, C. McGettigan, J. M. Stryker, Tetrahedron Lett. 1988, 29, 3749.
3 C. M. Wyss, B. K. Tate, J. Bacsa, T. G. Gray, J. P. Sadighi, Angew. Chem. Int. Ed. 2013, 52, 12920.
4 (a) K. Nakamae, B. Kure, T. Nakajima, Y. Ura, T. Tanase, Chem. Asian J. 2014, 9, 3106. (b) K.
Nakamae, M. Tanaka, B. Kure, T. Nakajima, Y. Ura, T. Tanase, Chem Eur. J. 2017, 23, 9457.

3 (a) K. Motokura, D. Kashiwame, A. Miyaji, T. Baba, Org. Lett. 2012, 14, 2642. (b) K. Motokura,
D. Kashiwame, N. Takahashi, A. Miyaji, T. Baba, Chem. Eur. J. 2013, 19, 10030.
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$fiHi & 1,8-Diazabicyclo[5.4.0]Jundec-7-ene (DBU) D EIC & 5 —FeAb 3 D K FEAL O

Scheme 4-1 Cu $&fiC & 2K RIEMEAL & ZER{LIRFERA
H, Activation
[Cu(Ot-Bu)], + PPhs + H, e 1/6 [(PhsP)CuH]g + t-BuOH
1Tatm rt,4h 60% yield

CO, Insertion

“BFa , co H ~|BFa

2
(IPr)Cu Cu(IPr [Dg]THF (IPr)CuO0Cu(IPr)
1atm -45°Ctort,1h

99% vyield
IPr= Pr /-Pr
i-Pr i-Pr

Scheme 4-2 Cu I L2 “BLkFEDOE Fu v ) bR

Motokura, Baba

Cu(OAc),°H,0

S 5 i
igan _ H,O HCOH | HCO,—[Si
1,4-dioxane ,
CH3 N 60°C,6h !

1 atm

PP ligand

Ph,P  PPh, (PP P(i-Pr),

TON = 8600 62000
Hou E i-Pr i-Pr
IPr)Cu(Ot-B O | N_ N
r)cu -bu !
CO, + (Et0)sSiH (IPHCu( ), L ! \(
neat OSi(OEt); ! , ,
1 atm 60 °C, 6 h ; i-Pr Cu iPr
TON = 7489 ; L.

(IPr)Cu(Ot-Bu)

51, NHC BN F42FH42 Cu 7aFxy FEsAEZ AW TR = hFv v T %E R
URFEETDE Rav U ERIGIZE Y, TON = 7480 TXBRIENEOND Z L2 RV E L
TV % (Scheme 4-2 TE¢)S, b R U LbBUGIE, — I/ EmEOL Rrei %
BILAIE LTHWA D, KISHRIZY T 7 —nevaxi o b no e BEMMER L, K
FALSINT AR D LR FNEPMMRNER H D, LorL, B FryZ ok KU Rt

¢ L. Zhang, J. Cheng, Z. Hou, Chem. Commun. 2013, 49, 4782.
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CALES
§liHE & 1,8-Diazabicyclo[5.4.0Jundec-7-ene (DBU) D EIC L 2 bR 3E O KFEACSE

HBRED =8, W25 TRIEDETT 5 Z L% <, WMOOWRAES CTrEiEE b R
ThHoOREFEMMEOH L FIEO—2>ThH D, —J7, Bl oI, [F CIPr)Cu(Ot-Bu)dfi{Ass &
Fa—nAARTUOHFEICLY, ZRbRFEOE RaR U b EEET 52 L2 RN E LT
Wa7, ZnHOFITWTFRE, Cu B R RO LRFFAL . @RAKFCHIZLD
Cut RFU FOHAEIZLYCHEITTHEEZ LTS,

Jessop BT R bR FE DO KFALEISITR U THEER 3ER S B EZH O T 5720 fix
D ZJERN A& DB EDREICL DN, ZAN—TF y b 27 ) —= 0 THER L TW5, £
DR, Co R Ni 72 EOEBENECIEE AR T — . Cu I RIEH2eRE L F M
TWN5S, EERIC, bR FEOKFLISTIE, o 3d BEARE & IRV ¥)—% Cu fil
BEOWMEITHETH -7,

Scheme 4-3 3d BRERBE & “BEMNFO~ N v 7 22X 5 ZBLRFEKRBILONNA
N—F NARI ) —= T
metal salt
ligand
Co, + H, + DBU [')9“720

60 atm 40 atm 50 °C, 21h
DBU:metal salt:ligand = 10:1:3, [DBU] = 0.075 M

[DBU-H]'[HCO,]

active:

Co(OAc),, CoCl,, CrCls, FeCls, InClz, Moy(OAc),, MoCls, NbCls,
NiCl,, WCl,, WClg, W(CO)g

inactive:
Cu(OAc),, Fe(OAc),, Mn(OAc),, Ni(OAc),, Zn(OAc),, ZnCl,

= 2 CHNETIE, 5 Cu M & 5 “IE(LB R DK RILRIRIC & 5 SR & pl 4 L
Y BT, Cu ARBERTEACHIE ORI & O BSOS SRR % b & ICBIE SIS ORI R R &
FAETHFAHE L Cu MDA AP S50 T 5 B CFZEE AT - 7.

7 R. Shintani, K. Nozaki, Organometallics 2013, 32, 2459.
8 (a) C.-C. Tai, T. Chang, B. Roller, P. G. Jessop, Inorg. Chem. 2003, 42, 7340. (b) M. A. Affan, P.
Jessop, Inorg. Chem. 2017, 56, 7301.
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#fit & 1,8-Diazabicyclo[5.4.0Jundec-7-ene (DBU) D ##Z X 5 bk 3E D KFLEER

FH ABIRIGEREORKRT

A CIR_7= L 91c, KA, BEODO I NL—FRFESIL, PR AT ¢ VENLF° NHC AL
N %HOCusERn “bRFEOLE Fu v VUG ZRETHZ EZHLMNT LTV 5D,
F. DD Cu b bR FE D KBS IEME 2 R 2 8 EE LT,

Scheme 4-4 Cu $8612 & 5 “ B bR FB KRR I DFEt

Cu cat |
Co, + H, + DBU [DBU-H]'[HCO,I" | i-Pr i-Pr
1,4-dioxane ! __
20 atm 20 atm 100 °C, 21 h E N) N\
DBU/Cu =500, [DBU] =2.0 M 2pr C|u s
entry  Cu cat yield [%]?? TONP : Ot-Bu
: (IPr)Cu(Ot-Bu)
1 (IPr)Cu(Ot-Bu) 4 21 |
2 Cu(OAc),-H,0/dppbz® 5 25 i
3 Cu(OAc),H,0 21 103
4 none <1 - E PhoP PPh;
E dppbz

@Molar ratio of the product/initial DBU.
bDetermined by 'H NMR.
®Using 3 equiv. to Cu.

AT 5 XA T 2L LT 18- 7 7 1n[54.0]-7-7 5 & (DBU) %i#
R U7z, 9, Cu #5148 0.02 mmol (25} LIFHEL & LT 500 24 &0 DBU %l 2, /K3E/E 20 atm,
CO, [£ 20 atm, SUSTREE 100 °C, HEIJEE 2.0 M O 1,4-U A4 %3 0 1T 21 BSOS 24T -
720 AT D X L DBU O ([DBU-HJ'[HCO,])% 'H NMR AX7 hUZ L > CTERL,
fiEIETER 2 (TON) (ZH Lfﬁiiﬁfﬁﬁ%tﬁi L7z, “BRLIRFER L OUKEN S O FERAERK
IEENCAR]ITH Y | HEROBEL FICG NN bbb M ERowE &4 ik
L L CXMEONEREFHE LT, %@/r?:?%\ Scheme 4-4 |Z/RF L 92, NHC =D
(IPr)Cu(Ot-Bu)$E{A=>, Cu Hil UK AT 4 72 2% It Al Cu(OAc), - H,O/dppbz % H
W5 & TRLRFEOKFBICIEN DT ICHEITL TON ~ 20 FEE CXBEN S LN
(entries 1 and 2), L72>L., ZFEZFZ N2 T2 Cu(OAc) HoO HIR TR L7 & 2 AKE
(BSOS BEZE IR HE X 3L, TON 2% 103 £ Tl L7z (entry 3), Entry 4 (2”7 KL 912, Cu
WA U2 WEEFETIIEL UG EIT LR o 72 2 &b . AKRFIEERMFITB N TUR
A7 4 BN NHC BfL 1% & 72720 Cu $ERDEVIESEEZ G T 5 Z LB LN/
77

ZZTHWS Cu O A% 2 C DBU f#1E FIZBIT DS M4 i L7z, fix D 1
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#fit & 1,8-Diazabicyclo[5.4.0Jundec-7-ene (DBU) D ##Z X 5 bk 3E D KFLEER

i, 72 5 ONZ 2 flid Cu HEDTFAE T T W bR FEDOKFAL S E 1T > T2fE R, Scheme 4-5 (2
AT E IV TIO Culliz VT8 RAFICRISHEIT L, L3l Cu-NHC & %M Cu-7)
AT 4 CEERED %%?ﬁi%&% L7z, 22T 1 lids KOV 2 i OFEEEHIX, W 41H TON ~
100 THRE/ERZMREL, mUWEEEZRT Z LD o7 (entries 1-3), Cu(NO3), X°
Cu(OCH3), 72 &', 7 =4 O IEVEEE N F 72 DT 4 D Cu(I)HE % entries 4-7 THET L7223,
BERRSR L D & OoRIRVETEZ R LTe, 7T =4 mid o FIRAKFZBDO~T ) v RIZLbHE
RU R CuflEDEMICEELRITTEBEZLNLN, ZNOD CulizBlT 57 =40
HEFEPERE & IS & MBI B o T, LD~ 7 U8RI OV T b AR I
JE L AREENE & OFEBIIT R ST WITLE TON ~ 60 F2E DIEMETS > 7= (entries 8-10)

Scheme 4-5 R LIRFR DAKFRILIGIZIIT 5D Cu HORET

Cu cat
co, + H, + DBU [DBU-H] [HCO,J
1,4-dioxane
20 atm 20 atm 100 °C, 21 h
DBU/Cu = 500, [DBU] =2.0 M
entry Cu cat yield [%]?? TONP®
1 Cu(OAc),'H,0 21 103
2 Cu(OAc), 20 96
3 Cu(OAc) 19 101
4 Cu(NO3),'2.4H,0 18 88
5 Cu(OTf), 17 82
6 Cu(acac), 19 92
7 Cu(OCHj3), 18 91
8 CuCl 11 53
9 CuBr 14 66
10 Cul 12 61

4Molar ratio of the product/initial DBU.
bDetermined by "H NMR.

Cu LIS D 3d BB, Cu LR L 11 EILHFED Ag oW T, Cu i & FIERDIEMEE 73
DMREET 5 Z & & BHINIC, &G R OFFRRE 2 3N L C g ki 3 OKRFELRS & MEt L
Teo EOREHR, Scheme 4-6 IZRT L 912, WTO&REZHWTHIEE 2%LL T, TON =
10 LJFT%O%:O FRIZ, ZAvE T bk RAKFE Al & L THE IO & %5 Mn, Fe, Co, Ni
WAaERWTESE, A O TH NMR A7 RUZEWT, FERIZHKRT 52 7 F v @il
éhé%@@\ THITAEE S U TIZ & A EREE L 722 o 72 (entries 1-4), — 7, ZnX° Ag
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§liHE & 1,8-Diazabicyclo[5.4.0Jundec-7-ene (DBU) D EIC L 2 bR 3E O KFEACSE

TiX, DT PICHBHERZ R3S DO, Culllb_XTEDOIEMIX 1/10 LR Tdh > 72 (entries 5
and 6),

Scheme 4-6 Cu LIS D & BEEERE & FV 7= B IR DA EIL R it DSt

metal acetate

CO, + Hp + [DBU-H]*[HCO,I
1,4-dioxane
20 atm 20 atm 100 °C, 21 h
DBU/metal acetate = 500, [DBU] =2.0 M
entry metal acetate yield [%]?? TONP?
1 Mn(OAc), <1 1
2 Fe(OAc), <1 2
3 Co(OAc), <1 <1
4 Ni(OAc),-4H,0 <1 2
5 Zn(OAc), 2 8
6 Ag(OAc) 2 8

4Molar ratio of the product/initial DBU.
bDetermined by "H NMR.

S 7R TS A 2 F8 8L L 72 Cu(OAc) HoO & FHW D AR IZ DT IR 2 M AL D 52 %8¢
TSI Fia ORI R L Z OWEENMEE & IR O % ik U755 R % Scheme
4712k O, TIVALAWE LT, DBU L RISEOEEMELZGTD 15-UT7FEev s
[4.3.0]-5-/ 1> (DBN) ZiRM L7256, FEEOICRIZBZE KT L, MIS%ORA
WCAGEOFT PN EI Sz, O EYIEE LR T CRIRE & & BT LN D
MR L2 &6, DBN & RSB DOMIE L E 2 Hiv, ZE{kiRE T T DBN 2 UG
R DARGTEE LT 2 & DR HIR T OIRK L B2 bivd, RVEEEEORmWNT T =
VIERLE LT, 1,57- U T E Y7 2[44.0]-5-7 2 (TBD) X0 7-AF-157-F U 7HE
v 7 1[4.4.0]-5-7 > (MTBD) & MW ediaid, %—F% CRBILSIEAHEIT L TWTZ3,
Z @ TON [TEH o 7o, HIIIBOEZ BT ) FHNAERRITREOE L 72OITIRIMEN D720,
IR E N @ E L B E DK BRSNS Z LI S D, Ak
FHE R, ARISOMRERIT, AW HEEOEEMEOMIIIE L THL720 3N DT
72< . DBU HiHEIZFERIERAR S H Z L 2R LTS, oL LT, 7 I UiEEE
Mgkt B e LTHARLIZEZ A, RUZFAT IV, FXZ7 VTV 4 VAFLTI B
T OWTNERWTHRFEISHNET L o 72, Cu & DBU OfAA ot A e
B b IRE DK FALEOG AR L, FriC, FERBERNEVEEZ R T 2 L RbhoTale
B, LT OMFEFTIE, Culid LT Cu(OAc) H0, A E LTDBU NS 2 & & LT,
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$fiHi & 1,8-Diazabicyclo[5.4.0]Jundec-7-ene (DBU) D EIC & 5 —FeAb 3 D K FEAL O

Scheme 4-7 HEERSAZ F\ T2 —BMLIRE DKFBILKISIT BT DEEDOEHR

CO, + H, + base CU(QAS),HZ0

> [base-H]*[HCO,J

1,4-dioxane
20 atm 20 atm 100 °C, 21 h
base/Cu = 500, [base] =2.0 M
imine amine amidine guanidine
~\
K N N
A
Ny (OO )
P W N ” N
DMAP NEt; DBU TBD
TON = <14 <14 1037 40°
N
N PN
[ ~ N N
N N CH;
quinuclidine DBN MTBD
<14 374 424

stronger base >
aDetermined by "H NMR.

BOSEMEO L Z Y | IO R A LTz, Scheme 4-8 (279 K 512, 14-PFF
PR bEWD TON 25277600, o= —F L REHS NN-DAFALTE R T IR
(DMAc) T [RIZEDIHEMEMNS H T2 (entries 1-5), MIEESED J7 78 BAF 72045 R a4 G- 2 HAHA)
WHDHHLOD, entry 7 1R LIZIFMRIERBED ML THIFEN S O, —J7, T
— IV RIBBECIIGDNE L A EHEIT L7 > 72 (entries 8 and 9),

Scheme 4-8 FEERSRA % A\ Tz —BAVIRE DAKFRILISIZR T B DR R
Cu(OAc), H,0

CO, + H; + DBU > [DBU-H]*[HCO,]
solvent

20 atm 20 atm 100 °C, 21 h

DBU/Cu = 500, [DBU] = 2.0 M

entry solvent yield [%]®® TONP
1 1,4-dioxane 21 103
2 THF 20 97
3 DME 17 81
4 diglyme 21 98
5 DMAc 20 99
6 CH5CN 13 62
7 toluene 14 66
8 CH30OH <1 <1
9 2-propanol <1 4

@Molar ratio of the product/initial DBU.
bpetermined by "H NMR.
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§liHE & 1,8-Diazabicyclo[5.4.0Jundec-7-ene (DBU) D EIC L 2 bR 3E O KFEACSE

Cu i & LT Cu(OAc)'H,0, Hike LT DBU, &% 1,4-U4 %9 & LTI
R #E &K - 72 (Scheme 4-9), £9°, T F THEMENZRELME LTH— L T 7=MUGFE %2
21 BEM2ND 116 FERICHER L7 & 2 A, ISR « TON (349 1.5 f5I12880 L, 33%ILEE - TON =
167 £72 57 (entry 2) o UGMRIZDIZLCTH, ZhBl EOIED M LT RIAD 7RI 7-
7o, WIT, RONREEC X 2 S~ DB A Et Lz, ROSIREZ 80 °CIZ FiT 5 &,
FR TR PRI IBEE IR L7z (entry 3) o — 7 RIS % 120 °C £ T EIF 723551280 TH
TR MEIE 100 °C K D ARWFER & 72 o 72 (entry 4) o SUSE TIREO BOSR G 48 SEIR
D& DI I DT, Cu D EERIZ X 2 K05 TON R FOFK EE 2 b,
JEDGMIZDONT, CO/H, % 1/l OFEREZZET TR E1To T2, TORSR, 2F%
60 atm & L 72356 IS ROGKFH 21 B#fH] T 32%MX, TON =163 (Z[f] L L7z (entry 5) . ®E%
80 atm ¥ C LI 7235A b 1XERFEOMBLIENETS 72728 (entry 6) . 2JE 60 atm 73 i)
NThHEABND, ZOLE 1S O RIEAEE TOF=7.8 ! THY, ZHNET
DRREFT Tl @O RBETEYE S B vz,

Scheme 4-9  HEEREH % FV e ZBRALER R DARFRILRISIT BT 2 RIS FFEDE#EIL

Cu(OAc),H,O
co, + H, + DBU > [DBU-H]*[HCO,]
1,4-dioxane

20-40 atm 20-40 atm 80-120 °C

DBU/Cu = 500, [DBU] = 2.0 M

entry P(COy/Hy) [atm] T [°C] t[h]  vield [%]*® TONP®

1 20/20 100 21 21 103
2 20/20 100 116 33 167
3 20/20 80 21 5 26
4 20/20 120 21 13 81
5 30/30 100 21 32 163
6 40/40 100 21 34 165
7° 30/30 100 21 60(54)° 60

4Molar ratio of the product/initial DBU.
bDetermined by "H NMR.

°DBU/Cu = 100.

dIsolated yield.

entry 7 TlX, IEOM L& BAEICABEAEC L TS ETT2 T 2 A, TNE TTH
KD 60%INE TX NG O, KISREWE —BuikiE 35 & Figure 4-1 O X 5 124RK
WO L. Ar FHE TICBIT 5 AWBEIC L > TEXBOT I V=7 2D 54% IR
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#il¥fi & 1,8-Diazabicyclo[5.4.0]undec-7-ene (DBU) D Whf#hic L 5 bk 58 D KBS

THffCX7=,

overnight

= . i . V o
reaction mixture isolated in 54% yield
60% NMR vyield by simple filtration

Figure 4-1 LIRS #D> D D[DBU-H]*[HCO2] DT H

VI EOBEIORER, Tk THREHID /0o 7= ZFR bR O K I X 5 FEet
BERINCH 72— Cu 2 10 TRV Lz, B Cutlis LTROLAEDTH Y,
VIRATZ 4 R°NHC ZHT 5 Cudfith LV b EMEAZ R Lo ik e LTDBU 25
& SOUSDNEEE \eE S, fi et T C, TON = 163, filimI#s4HE TOF =78 h [T L 7=,
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$fiHi & 1,8-Diazabicyclo[5.4.0]Jundec-7-ene (DBU) D EIC & 5 —FeAb 3 D K FEAL O

F=Hi DBU-CufEDAERL L My HfEIC BT 555

ATETC RN L7z Cu MiIZ K 5 T BIRFBE DOKRFE(LN T, AEEICH 5 DBU # H
W5 ZENIMEEIZB W TEETH o7z, DBU IZERWDOXEZ FFI L, BFEMICE
MR A AN E LTER D Z L0, B LTeKFESFbe R NEfkE 52 D
7a M ALK E LTHEET5EE2 00, I HIT, RAT X NHC B 1% b D8hk
XV b Culfil DBU OMMAGOEREWMBIEEAZ R L2 Z &5, DBU 28R Z TR L
filiifE & UCHER L7 ATREMED D D, % 2 CARHEICIEL. AKF(LIE D G H#E & DBU @
BB 2B H 2 L& BIC, DBU-Cu $EEKDARL « #EEIEZIT- 72,

Scheme 4-10 |Z7R T X 912, Cul IZKF L 3 ¥ EDODBU #7 h=F VU AH T, E|ET
15 BT 2 &0 IRIETEI R —REEP G ONT-, BEZR-E LR, REx T
NTZ—T KD EE L, BE T CHET 5 EERAOBRNPSE LN, ZOBEEZT K
FJebRu7Iy /P F =7 LR CHE G LIERER, EAOERREE R 88%INER T
Have, HfSe X BMEERRITORER, 2 OffdnIE CulZxh L DBU 23 2 4 &HFlf7 L 7= Bz D
il S AERIOEIRTH S = Lo 7= (Figure 4-2),

Scheme 4-10 (dbu).Cul §&KDE R,

N
Cul + N/j > - m |
X CH3CN  recrystallized N.-N_ _N
N" tt,75h  from THF/E,0 Cu
3 equiv l

13C NMR (CgDg): 88% vyield
5 159.7 (C=N) 5 163.0 (C=N)

"H NMR (CgDg):
8 1.05-1.10 (m, 4H), 1.23-1.29 (m, 4H),

|- 1.43-1.49 (m, 4H), 1.55-1.61 (m, 4H),
- / 2.55-2.58 (m, 8H), 2.72-2.75 (m, 4H),
{ — _
. , P2, () 3.55 (t, J = 4.9 Hz, 4H).
CORow N z=4 13C NMR (CgDg):
= _=" R1=00864 5225, 258, 28.2, 29.5, 38.4, 46.6, 48.2,

I WR2 =0.2322 529 163.0.
Figure 4-2  (dbu).Cul &0 BifE & X g ST
Fo. BREZEOSEEROTTHR SRR S, B e —H L7z, #iHH#E Tk DBU @ sp? ik
DERIFAF Cu lZxf LEfZ L TERY | EAEUREIKD BC NMR A7 ML TlE, 7

VURBITIRBEND VT L, HEEED DBU &IXRRHFET T MTh Db, B
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§liHE & 1,8-Diazabicyclo[5.4.0Jundec-7-ene (DBU) D EIC L 2 bR 3E O KFEACSE

X9 159.7 ppm 725 163.0 ppm (ZAKEE Y 7 b LTz, ZOZ & BIRIFIREET Y DBU
WENL LTS 2R L TV D B2 b5,

—7J7. (dbu)yCul $ERIZA K J— N EMAEBRTHRET L L, — BB LZ% T ICAE
MARDHTH LIR®D . ZiE —20°C CHIET 5 & 67%ICE TH - esbR N Bk & LTH
HAV7c (Scheme 4-11), AREEIRIL, IEARMEIME TR BB CIAM LA = (T T o 7272 NMR
27 M X ARIEIZTE R o 72 b DD, BT X BHEEARHT OfE B, Cu 2%t L DBU
23 1 M ERNL LTz 3 v RBEE A TH D Z EAVHIB LT (Figure 4-3), 77 /v — LIRIK
HCIX, HEZEEER D DBU MMREE L7 < SR S L CRidb L7z tHEE S D, Al
#fi, Scheme 4-8 T/R L7z K 912, 7/ a3 —/LIEEEEH T Cu il o> (b iR 3 DK FLIEMED
KbonlzZ b, T3 — LA 5O Cu $SEO PSS T DBU MRl L 7255 5 &
HBOETEXDH L, DBU @ Cu ~OFENID FERAERICEE 2% EI 2 R LT D Z LR
mIn5b,

Scheme 4-11 A % ) — /)L TD(dbu),Cul &K D ZH)

™ NJ _DBU N Q

| > 172 N—Cd——Cu—N
NN N CH3OH  recrystallized N—Z \I/
U C|u rt, 0.5 h under—-20 °C
|
67% yield
’ Pbca (#61)

Z=8

R1=0.0223

wR2 = 0.0806

Figure 4-3  [(dbu)Cul], & D Bifkh &t X g ST

R SR DK FAVSOL TR D @ 7> Te HEERER 2632 DBU O BLNZSEA T HRAE T X 72
Mo T2, A5 ORI ERE N & DBU-Cu i % HEEd 2 2 S 12k L7z, Scheme 4-12 (27K
3 X 912, Cu(OBz)'1.8H,0 (ZxF L 3 2 HD DBU Z¥#INT 5 &, Cul DA & [FEEIC DBU
28 2 53 FENL L7 DBU-Cu FlAS 61%IE T H AL, B dh X #EMAITIC LY . DBU 23A.
VN I T 2 AR U7 A O m TR SE IR CThd 5 2 & S 58T 72 5 72 (Figure 4-4),
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#fit & 1,8-Diazabicyclo[5.4.0Jundec-7-ene (DBU) D ##Z X 5 bk 3E D KFLEER

Scheme 4-12  (dbu),Cu(OBz), $&{& D& Rk

oy

\ /N\
Cu(OBz),-1.8H,0 + /j > Cu
CH3CN recrystallized 7/ \

it, 15 h from THF/Et,0 N =N

05'\1 :
61% yield

3 equiv

N, &
N Eﬁ
N ijj P24/n (#14)

R1= 0 0572
wR2 =0.1290

Figure 4-4  (dbu),Cu(OBz), $&{& M Biikdh X MEERET

354172 DBU-Cu $5{RIZ DWW T, ZELIRFE DKFALSISIC BT DIEMEZ FUEO Cu g &
L U7z (Scheme 4-13), & OfER:, I 7L & (dbu)Cul &K Z il & L THWZEED TON
IXZNEI 61,64 T 0 [FZE OS2 - 72, (dbu)Cu(OBz), &K D TON 1% 102 (1ZEE L,
Cu(OAc) HoO Z fitiEaiiBRiAR & L CHWRER (TON ~100) & D THELL TWe, Zhb
@ DBU-Cu $81A & %159 58t & obelid, b Dk #FE(LSE&iFH23F T DBU 28 Cu
DOIFFRUL T & LTI HWTNWD Z L 23T 5, AR & L CRIA S5 DBU 72
EOTIVVEIL, BTEER ERE L OO, P EOBRFTNEE L AEAERT
52 LT, RN LOWENNS L BRASOERWVETIGREAHIFIN D, ZORR,
HRAT 4 VBN EHERTE RY RIEHREORE DN L, SWABYEEEZ 726 Lz &
Bz bbb,
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Scheme 4-13 ZFR(KIRFBDKFBILRIATEIT 5 DBU-Cu $EE D AELTE M DREE

Cu cat
CO, + H, + DBU [DBU-H] [HCO,J
1,4-dioxane
20 atm 20 atm 100 °C, 21 h

DBU/Cu = 500, [DBU] =2.0 M

entry Cu cat yield [%]??  TON?#b
1 Cul 12 61
2 (dbu),Cul 12 64
3 Cu(OAc), 20 96
4 Cu(OAc),°H,0 21 103
5 (dbu),Cu(OBz), 21 102

aMolar ratio of the product/initial DBU.
bDetermined by "H NMR.

LEORER LY | 8 /I CRWE LTe bR D AKFESIZI T, DBU-Cu 851473
it yEMEFE S L CTE L T2 & B2 L d, ARISTIE, 1l & 2 i O FERES C [R5 D fil
BIEMENSE LN TEY, £72 Figure 4-1 TR L7Z K 912, RUGEZ DIRAW D EEOEIRT
ST Z LR D L KBTI Cu(DFEDERNIT/EH L T\ D Z LR s D,
Scheme 4-14 |27 3 X 512, AMBERD A B =X L E LT, Cu(Dt KU RESER~D (bR
FAEAIC LD Cu()A/L I VESIROTERGEER & Cu(l)FR /L I VEERDIKFETEHEILLE R
RESAR & PRt A 5 2 I8 X DR S L 2 il 7 V3 8E S, DBU I, Ef7
T LTI b EREMEOREmWE R U REEROIER, 726 ONTHR L I VEERD B DOKETE
PEALOFWFRICE G LTV D B X T D,

Scheme 4-14 DBU FFFETIZBIT 5 Cu ki &k 5 LR E DA B i D8 e
[Cul-H

[DBU-HJ*[HCO,]- CO,
H,, DBU

[Cul-0,CH  [Cu] = (dbu),Cu

AFRBESOS ORGSR & DBU S8R G A & 3 D L a3 K%, Appel BT ZJEFR AT 4
> % 1D Cu $&{A[(triphos)Cu(NCCH;)][PF] 2%, [RIARIZ DBU T71E FiZ (b3 D KELK
ISEARHET D Z L A L7c, 0 TON [T KT 500 (23T 5 (Scheme 4-15)°, &5 _HilZ

% (a) C. M. Zall, J. C. Linehan, A. M. Appel, ACS Catal. 2015, 5, 5301. (b) C. M. Zall, J. C. Linchan
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BT DWECrE, S 2 R R 7 0 VBN FRIRITZ L &R L7223, Appel D
BITIX, ZHER AT 4 AR GEROBRILEMEZ E D, 140 °C OEIREMFTH Cu 88D
BEEICL D RIEZIHIL, BN TON 25726 L7 EE 2 B D, EEIZ Scheme 4-9 (277 L
72X 912, DBU #EANLT- & T 2R T, 100 °C %8 2 5 S TN R A 5
PIEMEDPME T L7o72 . SRR OB G887 Tle < | SR T2 FIIF LIEPERE
DRIEZEH S Z & BRISOENFICENTEHETH D Z ENRBIND,

Scheme 4-15 Appel HIZ XD ZEERRT 4 % D Cu ddih s AWz B bikFEDARIL

&
o + b s ppy PNOSICUNCCHSIPF] . PPhs
v Hy, + > [DBU-H]'[HCO,I" PPh
2 2 CHACN [ I'l 2l 2
20 atm 20 atm 140 °C, 20 h TON = 500 PPh,
DBU/Cu = 1000 L triphos

F 72 Bertrand DT, A I XY — LHRO NHC LY HEHGEEORWVERIR T VX LT
J HR (CAAC) O3BENL L 7= Cu $5(CAAC)Cu(HBH;) D fil RS HE 2 BF &5 222 LT\ 5,
DBU {7 F T FRILK R D KFELRUS ST U, FHTBIfEE LT R Y AR Z T v F
7 = =/)LIRT > (BCF) %Sl L7=4C TON 25 1881 (2% 95 (Scheme 4-16)!", CAAC AL
NADOEWNVEFHEEMEN Cu & R REEA~O LR FHRANENIEA T2 & FRIC,
DBU & BCF 2 X A Frustrated Lewis Pair 5D /KFZB S DIEMEL2Z Cu b KU ROFAZ2H
V== T IR AT = A LEREL TS (Scheme 4-17),

Scheme 4-16 Bertrand 5125 % CAAC % %D Cu %2 Fv - Z LIk R D/KFILE G

(CAAC)Cu(HBH;) i-Pr
B(CeFs)3 _ + - N E
CO, + Hp + DBU = >~ [DBU-HJ*[HCO,] t

15 atm 45 atm 100 °C, 24 h TON = 1881

DBU/Cu = 40000 CAAC

and A. M. Appel, J. Am. Chem. Soc. 2016, 138, 9968.

10V, Lavallo, Y. Canac, C. Prasang, B. Donnadieu, G. Bertrand, Angew. Chem. Int. Ed. 2005, 44,
5705.

1T E. A. Romero, T. Zhao, R. Nakano, X. Hu, Y. Wu, R. Jazzar, G. Bertrand, Nat. Catal. 2018, 1,
743.

12 C. Jiang, O. Blacque, T. Fox, H. Berke, Organometallics 2011, 30, 2117.
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Scheme 4-17 CAAC-Cu${k & DBU/BCF Lewis pair {2 & 5 LR35 DKFILR)IEDHEE
A=A
[Cu]-H---B(CgFs)3

[DBU-H] [HCOZ]X ﬁco2 + DBU
[Cu]-O,CH ng

@B(Cer)s [Cu] = (CAAC)Cu B(CoFs)s
DBU/BCF
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CALES
§liHE & 1,8-Diazabicyclo[5.4.0Jundec-7-ene (DBU) D EIC L 2 bR 3E O KFEACSE

BOUE  Em

AETIL, HEEICMED R F—FRFE ARG DKFECBURAS FIE7: 3d B4 & il i oD B
HEHAPE LT, EXEMEEOR Cu B A2 Y T MiERE 2, 7o, FRT, bR
FDOKRFACSISIARTEYE L B2 ST E B —FR Cufilificxt L, EFEEREEe RU KN
RO Z gL T2 XFMEIELRR L, MEEERBUCSEA 2 R 2 620N 3 5 2
EMBIFFRIZHE T LT (Figure 4-5),

||‘ Allred-Rochow electronegativity
A Oy, Cr Mn Fe Co Ni Cu 2Zn
L C|u H C\\O 1.56 1.60 1.64 1.70 1.75 1.75 1.66
L Mo Tc Ru Rh Pd Ag Cd
High electronegativity metal catalysts 1.30 1.36 1.42 145 1.35 1.42 1.46
Figure 4-5

ZORER., AEBEEETH S DBU OFFE T, flix O Cu g3 L UTid7z b & RS
F£ 100 °C D54 T LR FEOKFIEEARET 2 Z L2 RWE L, YRAT 4R
NHC #43 % Cu AT, (RO BLEIEICE £ 5 —F ., Scheme 4-18 (/T L 912, HE
ez M -G aickbm 0 lEEEE2 R L, kKT TON = 167 TERD O
[DBU-H]'[HCO,] 23 % H 417z, DBU LSO ARG TId, IEHENE LUK T L7729,
DBU MR HRREZ BL L T D 2 E BNEAHT Dz,

fE AR 2 R E T A lA & LT, ZivE CTHEEE O8> 72 DBU-Cu % Cul 725
IZ Cu(OBz), 2 HENEILERL L, HLEE - MERE L2 (Scheme 4-19), Z# 5 DBU-Cu
BEARIL, RIS T D Cu g & RIEOMBTEMEZ A LT\ Z b, KGR H T DBU IEEL
L7 RAECEEMRARIBEE L THSREL T2 & B 2 bivd, DBU (I & LT ELIRFE DK
FICSUEDAER Th D XM E T RT 57200 T, KFEDTORLEFRZLBRIC LB
L%, SHICDBUNT 2 VUBENL & U CHIERT 2 2072 Bt & L C, Cu/ksE
{EARBR IR 7o B A D 2 EARIB S vz,

Scheme 4-18
Cu(OAc)z'HZO
CO, + H, + DBU [DBU-H]*[HCO,]~
1,4-dioxane
CO,, Hy, =20-40 atm 100 °C TONSs up to 167
DBU/Cu = 100-500 54% isolated yield

13 V. B. Birman, Aldrichimica Acta 2016, 49, 23.
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Scheme 4-19

B DBU-Cu complexes were isolated firstly.
B Catalytic activities were displayed comparable to corresponding Cu salts.

Possible Catalyst Plausible Mechamism
X—Cu-+N > . B (dbu)nCU—H
\ N [DBU-H]'[HCO,] CO,
H,, DBU
n (dbu),Cu—0,CH
X =Hor O,CH
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LT X BN A A D Cu SRR 2 A= TR kR
& DKL

H
]

2
[l

B spP-E R RN FAFE TSI D iR FE D KFLEORIT L D F

P te A Rk
FBH ZET IV UBMLFEA T D Cu Zg BTN Mn $EAD AL

HIUE ZEET IV —Cu SR A I TELIRE O KB & 5 FEAE

CERIN (T TS



L
ST IV UBML T EH T 5 Cu SEIRAREE A VN 7e T ER b IR 3R DK FL G

E— S

HIE T, Cuti s 1,8-Y 7 H 7 1u[54.0]-7-7 > F > (DBU) 75725 5t Rl
W, ZEEIRFEDKFICEONIZ L2 FMBEERICAEZ TH D Z & W LT Lic, Al
RIZBWTDBU L, AT 2 FWmaE L U LIS E BV FICEFNCED 57200 C
72 KRB FOREERZERIC L LI5S, F725EE R « HEE L 72 DBU-Cu &K
DSETBRARD Cu HE & [RIZE OfyE % £ 725 L= Z & 225, DBU 1% Cu (ZEL L CHEMAE %

TS & EN 2 H - TS Z &R Iz, D% Appel! 5X° Bertrand®’ 12 K 0 £ %
NREE STz Cu SEIRAEIC X 2 LR FE D KERISIZE VTS, DBU OFIEDM il
FOSOREIZHFG L THD I ERHLNIEN TS, Zhb 3 BB 2 BEKIEGA T
= A L% Scheme 5-1 IZF L HTWD,

Scheme 5-1 Cu $EfiEE %2 AW iz —B(LIRBOARILRISICBIT 2BEA = AL L
DBU D& E|

This work
(dbu),Cu-H

[DBU-H]*[HCO,]
H,, DBU

(dbu),Cu-0,CH

Appel
HCO,~ LCu*-DBU
L=
PPh,
H-DBU*
PPh,
LCu-O,CH A LCu-H =—= LCu-H- CuL
PPh,
002
Bertrand
LCu- H---B C6F5 L= .
[DBU-H]'[HCO,]- CO,, DBU P
N Et
C6F5)3---DBU CGFS 3---DBU .e Et
LCu-0O,CH i-Pr

Appel ST BETRATH D ZJER A7 4 &2 B oA/~ b CudBRIZ% LT DBU 23 E i
U AR LT T4 U PE8EIR LCu™-DBU 2SKEF#EM L LT Cut KU FRENEHAT D AL

I (a) C. M. Zall, J. C. Linehan, A. M. Appel, ACS Catal. 2015, 5, 5301. (b) C. M. Zall, J. C. Linehan,

A. M. Appel, J. Am. Chem. Soc. 2016, 138, 9968.
2 E. A. Romero, T. Zhao, R. Nakano, X. Hu, Y. Wu, R. Jazzar, G. Bertrand, Nat. Catal., 2018, 1,

743.
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AL
SZIET VUL T2 AT S Cu SERREE A IV T2 TRRILER R DK TG

= ALEBELTNWD, £72Cut RV FREICIE, SRR 2 R 9 BALRE & MG 72
BEfd & O TV FEAE L, DBU DSHEBSERD AR AT Z &I X o TRl RE 23 HERr S
o EHEEL TS, —J7 Bertrand H 1, BRAIRT /LF LT I B (CAAC) D3 L
=A< b Cu $KICHONWT, MU R Z 7 F 7 ==/L)RT 2 -DBU EHAKN,
Frustrated Lewis Pair ED/KFIEVELZ B LT, Cu b R REEEAVRHATLHIA D= L%
HEEL TV, WTROANIZIBW TS, KEEMHE(LIZ DBU BARE REEZ R LTS 2
EBRRRENTND, —F, _ELRFEFAEME (Scheme 5-1 A) OIEMEFEIL, DBU 23EML
LTCWRWZER AT 4 —~Cuk RY R CAAC-Cu b RY R2VEESNTEY, FBUFET
Fi TR AT R0 N %5 F 720 DBU BUALEE R DS SCEL A 72 il -1 7 L & X B e 72
EORHDH, T TARETIE, ITUHIZDBU 2 D7 IV VBB & LTHRIH S
BEAR D IATHRGCE 2 4B L. AKRFE(LARBE L UCT X ¥ U ENL O A2 MEE LT,
Figure 5-1 IZ7R" 9T X 912, DBUIZE EN DT I VU HiElL, N=C-N [l 4% L7z = P
bbb, sPERNTE M ALEZIT D L, EBHN 2 DOEHRFTRICIEREL L TLE
BT 5720, RV 2 RT, 7 2 O UED s BENSEBICENL LIZHA. 2
D g IERNEFEE RO, RRPOOUHENNE L GR~OEWE TS5
FCED, 7V UMEITIINAKD i E 2T TR 2 VR BT X RIZEBRS AT 0
728, BT IV UTABIEFENICIIFE E A EFIH SR TV ARWA, DBU X 1,5-U T W
E'Y 7 1[43.0]-5-/ % (DBN) O X O ICEREEK 2T 256, HIRIL E TR
T ABREA L LT LI LIEAVWO D, BRlOERELEmE LT, AERNHZ 3
JHOE ATV UEEIZEEN, BBRICEM L CERY VX BRRT 54 I X — LR
HbH, AIX—IVHE N=CN B THE L x FEzEdboN, BRLFFREFEHKL TNDHT
W, EOWEMEEITT IV UHERE SRR D, AR, NN-UAFLA4-TI Y U
(DMAP) (Z7 37D =u—7 L2562 ENTEDLN, TI VT EOHEEMEE T D
STV,

\N/
N'R ')n resonance effect N N 7 HN
C >\ x> <;k\ x> | Q\_y
N R - N N N N
o o inductive effect DBU DBN DMAP  imidazole

pKa = 24.31 23.89 17.96 15.07
Figure5-1 7 IVVEOBEFREBLERBROT & F=F U AHIZBEIT S pKa fE?

A IF IV REEITENL U T SERII S D BEEF 23 8 % — 5T DBU BAALEEIR DS
BHIBR STV S, Cu filERIZISWT, DBU QUMD DTN B A 2h 724132

3 S. Tshepelevitsh, A. Kiitt, M. Lokov, I. Kaljurand, J. Saame, A. Heering, P. G. Plieger, R. Vianello,
I. Leito, Eur. J. Org. Chem. 2019, 6735.
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SZIET VUL T2 AT S Cu SERREE A IV T2 TRRILER R DK TG

HHo, ZOFIIX . DBU BENL 7L LTI ZEEBEL T DB HH 54 LavL,
ZD X5 NI VT S DBU 28 Cu IZEME L 72 AL REIL[EE STV 7R,
BN E Tk 72 £ 912, (dbu)Cul 72 & NI (dbu)Cu(OBz), #{A(%, DBU 75 Cu (ZAMz L7
SEANHBES NI WO TOBITH S, HOBBEFEIZOWVWT, Mg®72 b WNZ Zn*D 7 X1y 7
= UBEIRD T X2 VALIZ DBU 8 1 55 F-BAAL L7853 Janczak © 12 X W ABERE S LT
WHHEDOD, IS DORINEITH G20 STV ey, Ni(cod) 1I2xF L 3 Y& DBU {F1E
TCobRFE L =T Lo OBERIBREET L, 297D DBU BEMNLLIz=v 7T T
NUWIERLT D 2 EDNA BTV D (Scheme 5-2), FEROBALIIERILIZ, H A7 ¢ L
TCTHETT D2 ENMBNTEY, DBU BB - & LTERILZREL TWD EE X
Hivh, £D%, Hoberg B8, IIARDY &S0 L VMSIIZ Ni & DBU IZ L Db Eimid7e
TNVRX L IACIEBFIE S Llz, L L, ZAVE T DBU BN S5 AR O ) 70 F) 1 X
EN TR,

Scheme 5-2 Ni%DBU FEETIZBIT 5 ZBLIRBR E = F LV OBLHIRILIC K 5= 7T
57 N~

N
(3

CO, + CyH, + Ni(cod), + DBU N
2+ Cofla r Hicod)s 7810 40 °C, 90 h \N(/A:l§
15atm 30 atm 3 equiv. N
N\\)

N o O

60% yield

— . EBEOT IV U R b OL RN A D) — R RS SR S B3 < o
PHE SN TW5, Dupont B, %L — MENALATREAR ATEMET S VD vbem e LTE A
AIEY) UHEEREARR L, TOPAdEEREHEL L THW L RLR L DAFE K

4 (a) G. Sekar, A. Datta-Gupta, V. K. Singh, Tetrahedron Lett. 1996, 37, 8435. (b) D. Fournier, M.-L.
Romagne', S. Pascual, V. Montembault, L. Fontaine, Eur. Polym. J. 2005, 41, 1576. (c¢) K. G. Thakur,
G. Sekar, Synthesis 2009, 2785. (d) E. Feng, H. Huang, Y. Zhou, D. Ye, H. Jiang, H. Liu, J. Org.
Chem. 2009, 74, 2846. (¢) W. Wei, X.-Y. Hu, X.-W. Yan, Q. Zhang, M. Cheng, J.-X. Ji, Chem.
Commun. 2012, 48, 305. (f) F.-W. Li, Q.-L. Suo, H.-L. Hong, N. Zhu, Y.-Q. Wang, L.-M. Han,
Tetrahedron Lett. 2014, 55, 3878. (g) K. H. Oh, S. M. Kim, S.Y. Park, J. K. Park, Org. Lett. 2016,
18, 2204.

5 J. Janczak, R. Kubiak, Polyhedron 2013, 56, 200.

6 J. Janczak, R. Kubiak, J. Lisowski, Polyhedron 2011, 30, 253.

7 H. Hoberg, Y. Peres, C. Kruger, Y. H. Tsay, Angew. Chem., Int. Ed. 1987, 26, 771.

8 H. Hoberg, Y. Peres, A. Milchereit, J. Organomet. Chem. 1986, 307, C38.

% S. Saito, S. Nakagawa, T. Koizumi, K. Hirayama, Y. Yamamoto, J. Org. Chem. 1999, 64, 3975.

10 K. Shimizu, M. Takimoto, M. Mori, Org. Lett. 2003, 5, 2323.
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7V —AbS Z#E LTV % (Scheme 5-3)!, ARBUGIE, T I VU AT 8 Rl
BRSO DOHID TOBITIH %, FOSOIRITENS DD AR DICFHELNL 7% ee &RV
B, FEROSIARTRDIBE DL FHEMERAL T ORI ER H D & B 2 bild,

Scheme 5-3 ZEET I V% HDPd#EERERWE ) ARARVOAREFLE Ra 7 U —1fk
H H
PdCI,(NN) Ph,, _N N._Ph
NEt, HCO,H Ph < j
+ Phl —2 =2, N ON—-
DMF Ph \Pd/ ‘Ph
90 °C, 0.75 h Pd

substrate:Pd = 100:1 100% yield Cl Cl
7% ee PdCI,(NN)

Beller 5%, BU 2D 2,6-(ilZA 24V U VBN EHE L7= NNN & o —RIET 7% B
L, MIE ¥ 7 VEMEERT 5 20 =N T4 4L 7 0 OARFZRF ALRIGIC
WH L7= (Scheme 5-4)2, A 2 # > VERO sp-2EH# EOEWHILIL, XUV ALk=
NI TNVERF NI AR ANR=AVEPBRFENTEY, 2 ThH, -7 h¥T T
JUTR =)V EE TR S AU BN A3 e S SEASERBIRE DS R < | trans- A F L2 D AR F AR,
>99%IL . 71% ee THEITT 5,

Scheme 5-4 EOT IV HEEEETe NNN B —RIEA F 52835 Ru &K Z V-
REFZRE ALK

R
N N
Ru(NNN)(ONO) Ph‘&{\l | ’\}Q"‘Ph
PR

0]
H,O
pr X Ph 222 - Ph/ﬂ
t-amyl alcohol/H,O

Ph _
A 99% yield rL i Lo Q
>399% yle
substrate:Ru = 20:1 71% ee Owo ﬂo O
Y

Ru(NNN)(ONO)

ZDOXINT, BT I VUNIEEERNL T & LT, RE—RFER S NN RFE—IRFEE
BT AWV BT E T2, FaltlZ 72 o TORKFEMAREE O SRR & LT ORI HFIA
A STz, BE BIE, Cp*Ir SR % FW 7z "L SR DKELUSIZ L D X BT V) U LG

" J. Dupont, G. Ebeling, M. R. Delgado, C. S. Consorti, R. Burrow, D. H. Farrar, A. J. Lough, Inorg.

Chem. Commun. 2001, 4, 471.
12°S. Bhor, G. Anilkumar, M. K. Tse, M. Klawonn, C. Dobler, B. Bitterlich, A. Grotevendt, M. Beller,

Org. Lett. 2005, 7, 3393.
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SZIET VUL T2 AT S Cu SERREE A IV T2 TRRILER R DK TG

BIZEWNT, ZET IV MEEMTHDLEARAL I XY U a2 bofkn, v vrer
AA LY =NV b OFER LY HIXD NS E WM EE A R T 2 L 2 BT L
(Scheme 5-5)13, A I # V' U rO@EWET GRS EVMETEEZ S 6 T LR ST
60

Scheme5-5 ZJB&7 I VU2 HT B Cp*ir $ik% V7= Z Wbk B DABLR G

[Cp*Ir(H20)(NN)][SO4]

KHCO4 _ J\ + H,0
H,0 H™ > OK

5atm 5atm 50°C,1h

KHCO4:Ir = 100000: 1

‘jsm_ _ _jan X _jsm
PP G
AN

C02 + H2

VRN VARN 7 N
HN” N OH, HN” N OH, | SN OH,
\/ \—/ ~
TON = 1290 20 1

= 1520 at 80 °C

—F, EHELIE, TAF LU THEBESNTAIZY Y VBRNLRD T IV UALEY
AL, Ni ICXDEFEGRN7R ZRILRFE L T VX DH v 7Y 7 OGO IZF
L TW% (Scheme 5-6)14, B A7 I VU MBI L7285 RIZHEES LT Wb oo, B X
T I UUNEE LR OWRIEICEB W TERD O 7 A HIEITE Ao b, Z0R
MBS EREL TND EBX BND, RBUGIZITE S 2007, R ERT XTIV
FONETEB SN JET IV bR SN TWS,

Scheme5-6 NiY—JET7 I DU HFETICBIT A BILIRE L T AV OBLE v 7Y v

7
Ni(cod), Ph o
NN ligand H,0"
CO, + Ph—= danc. Ny, PSR
THF (NN)Ni Ph" X" “OH
1 atm 0°C,2h \b o

alkyne:Ni:ligand = 1:1:1

NN ligand H Bu Bu H \ /
N N N N

67% yield <5% 0%

13°S. Xu, N. Onishi, A. Tsurusaki, Y. Manaka, W.-H. Wang, J. T. Muckerman, E. Fujita, Y. Himeda,
Eur. J. Inorg. Chem. 2015, 5591.
14 M. Aoki, M. Kaneko, S. Izumi, K. Ukai, N. Iwasawa, Chem. Commun. 2004, 2568.
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FROBO LT, BEOT IV UMEE b OZERN X, BB LIREICRE ST
%72, Ru, Pd, Ir, Ni OZFENL & L TRIHESNTWSD, RETIE, X UDIT sp?-2EHR
BN & LCHEEICRIHEND 1L,L10-7 =F v ha U bW B RAQ-A4F 5 ) )ik
b D R A IV, B R O KFSORIT I T DRI A EE L T2, 55
Nl EEE 2, BB THGRAMHFINIEROT I VU EE S0 Hlt L — b
AL F 2RI L, £ Cu SR Z KFLAEE &+ 5 FREEKA~DFIH 2R 72, 2, Cu
filfk 2 FHN 2 K SEAL OIS AR T - 7- DBU L REE, 7 2 VU EHE EOBHIENTTT
NENVETHDLT IV SAICER Lic, 2T IV &2 SO H Cu SERZ HEE - [FE L,
T XV VENLA- D Cu lZH T BENIEE Z B ST L L b, iEERBRIC L - T
JET X VUL OFREE R LT, AT 4 —Cu $SIRICR I D72 7 ¥ — Rk A fi
BOBRREEE L,
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L
ST IV UBML T EH T 5 Cu SEIRAREE A VN 7e T ER b IR 3R DK FL G

B sp>-ER EEEINLFFE TSR T 5 TRMLRE DKRILKIGIZ & % FERE K

ZET 2 V2 L [ARRICRI A PTREZe sp-E SRR & LT LI0-7 =) > b U v BN
ERQ-AFY Y NEEE b0 R T & ERLIRFE O KT I#E ) L7z, Scheme
5-7 VR T L DT, 14-UAFH 2 H ] Cu(OAc) H.0 1Z%F L 500 24 & DBU ## L, CO,
J£30 atm, /K3&E 30 atm T, 100 °C T 21 Kl L, 15572 2D DBU HOUIE & fil
BEEEREL (TON) Z R Uiz, ZOREHE, 1,10-7 =F > hr U2 (Bs) RZOFEK (5t-v)
ZIRIMLTH, HUE TR A7 U —DEE (32% yield, TON=163) X v &, K
PEEE TONICE EEoTe, bbb, 1,10-7 =) b U UHEHD Cu lZEML L7 g5 R D fih
SHEEMET DBU-Cu FE L D HRV, BRIZ, 2,9-F A F1-1,10-7 = F > b > (Bv) &N
%5k %%1&%@?% V. B FIC K DA OSREEN A ERZHE Lz L3805

o — . BERQ-AFV VU NEEE DO Bw-y IR LGS, —BRICHRBEE MO )
Lﬁ)ﬁ bilc, —OoOFXY Y v ETa e T UM TO/RWE 6 BERY L— ML T
(5x,y) B, BERQ-AFH VU ) Bw) LD HEWIELE TON #6705 L, SLRBEE O/
By IZX 5T 41%INE, TON =207 I[ZE L 7=,

Scheme 5-7  sp?-ZE R AN F771E T2 BT 5 ZB(bLRFRE DKFRILEIS
Cu(OAc),H,0

ligand
CO, + H, + DBU —3 ~ [DBU-HJ'[HCO,]~
1,4-dioxane
30 atm 30 atm 100 °C, 21 h
DBU/Cu = 500
ligand
/
\ / \ / N
5v
27% ylelda b 6%a b 7%6 b 24%3b
TON = 136° 132°P 137° 119°

% v
N N
5y
36"/"’"’ 38°/ab 41%2P

178b 1870 207°

aMolar ratio of the product/initial DBU. ®Determined by "H NMR.
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DX, BRQ-FAFXY VU NEEE b JERNLFS, 1,10-7 = hu U UiEiE
XD =R E VIR 2R L2 2 L Bl OB SR S s oo h) 2 E
BEThHHEBEZOND, o TAXYY U UHHEL Y BVEFRGENHGFINE T IV
MG L OB AR T AU, MEEEO I B 5 BN RIAD D EE X IREILIRE
ThETsZ &L,
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B ST IVUENFEAET D Cu BN Mn $ERDERR

() BEOT IV U EE b OZERL A DAL

ZIEOT IV U EABUNL T, BERLF L — NENLEEROTEA FIRE T d 5 & [FIRFIC
T IV UOEEMEICHRT o mWEF GRS TE S, NETHWONTE 2L
B, 7IVUEFR LTV —AVEREST 0 FOERR LB, A IX VY VB
D EFERITMEER LTEEN 2V, 2T I P VENL T OEFGHEE I LITED D720
FTP, TIVUVER LOBEBBENT X TT LI AVEORN FOEREITo T2,

Weisman, Wong & DFVEIZHEVY, Scheme 5-8 (TR T L 912, RO EAXT IV (52)
BOFFAAFY I RENN-EZ-B-T I FatN)12-2F Lo PT I UnbAR LTS,

Scheme5-8 ZBRAERATITVVDERKR

S S H
H>N N
’ N> QNH + 2NN S \/\H/\/\NHz 80 °C. 2 h <: />—<\ )
2 2 ~2 NH3, -2 H,S

5z, 59% yleld

Flo, e FUoCHEBEINZEAT IV (Baa) B, VAT IN~nr /= KU EN-
AFNZF LD TIVDE) p- MV ZAVRVBENS B LT, BELIEIvr /Y
AIX— kBT 2% baa OLEMEMEAHE L TWVDHA B REMIZIBWTHEA L7z
Oxley 512855 Lo -EA(A I E VY 2 A WN)T I DERIENZ L - T, HIROILEY
DOEATIR, 33%INETHDL I ENTE,

Scheme5-9 etV FUTHF—RERT I DERK

. _|(OTS)2
/)Q\ + 2 +/ \ _| OTS \,><‘/
N = AN _NH2 NH2 neat CH3OH \)

N 160 °C. 1 h NH HN
2 NH, 5aa, 339% yield

X512, Scheme 5-10 (Z/- T L H12, a7 4 v 77 I UEL AT L ORI & LT,
AI )T Rr=FI L NAFNLZF LT IDFE /) MV Z)UR R DB [A)
FRDOTEIZ X - T NNON ZJEfE7 7 (5ab) & ARk L7,

15 J. Li, D. W. Widlicka, K. Fichter, D. P. Reed, G. R. Weisman, E. H. Wong, A. DiPasquale, K. J.
Heroux, J. A. Golen, A. L. Rheingold, Inorg. Chim. Acta 2010, 364, 185.
16 P. Oxley, W. F. Short, J. Chem. Soc. 1947, 497.
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Scheme 5-10 a5 4 v 27 7 I % %D NNHUN = EERALF D AR

_ “or A § e
= N Xy + 2+ N\ S
N7 N —NH, NH, neat &WAH \\)

140 °C, 1 h NH HN

-2 NH;

KOt-Bu }\l l\{

awon N D)

5ab

Beller 5OWME L, BV VLD 2600241 I XY U VERDNER L 72 NNN ZJEENL 712
DNT, A IX VY B ENATFNILOBUL T 5ac ZH7- IR L7z, A EIE Beller 5
DFHEITHN 2, AZ )= NFETF 2,6-P> T ) VDT b4 35— MIHEE L
% N-AFNLZF L VT I KD REEIINT LD 58%IHETERK LT,

Scheme 5-11 F U P 8% %> NNN = EEEAL FOERR

S B NH NH VoY
| Na H4CO A_0OCH;, 2 N AN
~ N CH,0H N CH,Cl, &l N \J
N SN rt, 40 h NH NH reflux, 48 h N N

-2 CH30H, -2NH;  5ac, 58% yield

(2) Cu SR DAL
AR LB & Cu i E OB Z R 272 572, Cu(OAc) H,0 D7 & b=k U /LA
WZxt L, 1 Y BEOERT IV VBN T 2RI U L%, RIE2BEL, Yr7aarx v
ST F N —T & AN DR EREIC L 5 T ST 5 b — P EER A I ER X< B
L 72 (Scheme 5-12, Scheme 5-13), 5z 7> H 453 H A7z L — MEEK Cu-1 D Hifkdh X Stk s g
Mr Dt 5% Figure 5-2 12”79, Cu(ID)HFDMIIEFL— ML L= 5z L & BiZ2>DT & H b
BOAL 728 wl-Fefr L, AT EEMUENAEEZ & > TV D,

Scheme5-12 =BA_JET I P2 H D Cu S ERk

CH3CN
rt, 0.5 h

( (o }
Cu(OAc),'H,O + <:/>_<\:> —
N 52 N

AcO/ \OAc

Cu-1, 65% yield
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o/ e N
! >_,/ \
A v/ N g

Ve =

e C2 (#5) l
i A Ri=00M7 "\
0 0\ wR2 = 0.0755 : Y 42020

Figure5-2 ZBATHET I VU % b Cuslfh (Cu-1) D X BRELKE RAEEARAT

FERIC, 5aa 2> B b VZF L— MEMZEE(R Cu-2 D&% Figure 5-3 (2R, FiPUEd
NFEEN D DEALEFRT /ST A—F Th D ufE7ld Cu-1, Cu-2 TZEHZ4, 0.20, 025 T
HY ., Cu-2 DIF D D ENUBNAEE D D DEHLDKE U,

Scheme 5-13 Fu ¥t UF o FHPF—"EBT7 IV % b CusEkDEmk

\ \?@/ /
N N
CulOAck R0 &%J CHyCN Q/lN\ /NlJ

rt, 1.5 h Lu

AcO OAc
Cu-2, 74% yield

P2,/n (#14) / Cu /
Z = 4 P 4 \\ _ 4 e

R1=00919 \ B ot
N\, wR2=02215 Y =025 N
Figure5-3 7R UVF U727 IV %D Cu kil (Cu-2) O X fRERSREIEEMR
¥

—7J7. 5ab & Cu(OAc) H.0 & DI AERM % FIERIZALBE L TH ., fES D LY %15 %
Z LMW TERoT2 (Scheme 5-14 1B), AERIE Cu() D FREMHELEM T S22, 'H
NMR A7 M GREIREREZSD Z I3 LW RAMTH D LW Lz, = Z T,
Cu $5RJFE 2 Cul IZE 2 T hab & DR E B 2o To, RUNEAWMETE h=1KU L/

170 CPm UBLALEY) -1 (Ui (A8 OfE % B 5 L. Yang, D. R. Powell, R. P. Houser, Dalton Trans.
2007, 955.

148



L
ST IV UBML T EH T 5 Cu SEIRAREE A VN 7e T ER b IR 3R DK FL G

VEFNT =T D FREE LT R, A A VIR & & BITIRIER 72 23 & B AL 03 5
B A7z (Scheme 5-14 T Bt), AREEIRIE, ARIEMEME D OTRHRIRAE CIRML 2 2 T 0T o 72728,
NMR A7 MVEFGD Z LR TE RT3, 2O T e Bikd X ST o R 5.
5ab O7 I UEMLIFENI L TR LT T I VU UEMLOAENEANL LT SR TH D Z E b
7> 7= (Figure 5-4), Cu(OAc) Ho0 & DISIZEBWTH MR G Lo oDk, [F
ERIZ Bab 73 K L— MR- & U TR D B FEBRLALERAZ A 51 D Cu HCZ BAAL L 728 3
BUERSE A TR LTcToH B2 b5,

Scheme5-14 u7 4 v 277 I &b D=E NNN BN F%2FT 5 CudBEDERR

Cu(OAc)y'H,O + N ——» complicated
( 2 &% /\(J CH4CN P

rt, 1 h

\ L

S

Cul + 5ab—— > 1/2 \CU CU + unidentified materials
CH4CN

rt, 1 h (&NJ\X

Cu 3, <5% y|eId

\N /\/\ /4\
\,\ A/

C2/c (#15)
\/\ Z=24
/ R1 = 0.3631

wR2 = 0.3873
Figure5-4 7u5 4 v 277 I %2 b D=FE NNINEN FZ2FT 5 Cu sk (Cu-3) ® X#
BAfE SR G AR AT

[FREIZ, Cu(OAc) HoO (2% L bac DEETER & i 7o & 2 A, fhdntED AR E 155 2 &
L TETIRAWTH S &l L7z (Scheme 5-15 EE%),5ac & Cul & D UGAERRD NG 1T
vouan ARy S VEFIE—T UG OFEAEROER, RREORS & REEORE A
KAFFHALTZ (Scheme 5-15 TEY), #ififhD X #RELAEBEMATIC LY . ZJERAFOE Y &
VEDEODDAIX VY VERO spR-ERN CullkLF¥ L— ML L7Z—FH, KRV DAIX
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VU VERDMBO Cu JRFICHVIEAL LT IS TH 5 Z e N bhroTe, ZORRN LA
BFICAS DA TEE R, S SITBBOZ VR > TWD 2 ENBEX LD,

Scheme 5-15 'V P EBAE D= NNN BEN F2FT5 Cu SEEDERk

Vo)
Cu(OAc),H,O + N =z N ——— > complicated
20z </; N° CH5CN
N 55c N rt, 1h
B “|-CH,Cl,
Cul + 5ac >1/2 ™~ + unidentified materials

CH3CN  recrystallized ps

,1h  from CH,Cl,/Et,O

Cu-4, 47% yield

f.-d\"‘h-/____j‘\ /--\

\ ..,___. /e N
P24/n (#14 2L10o):
\ 2 Jn(#14)  'HNMR (CD,C):
i N/ N z7=4 52.99 (s, 6H), 3.67 (br, 4H),
“- --, R1=00628  4.22 (br, 4H), 7.44 (t, J = 6.7 Hz,

WR2 =0.1455  1H), 7.57 (br, 2H).
Figure5-5 BV YVR%Z D= NNN BE 72 F9 5 Cudlfh (Cu-4) O X BRBEHER
W IEARAT

DX, TEFL— MIOERT I VBN BIE, Cu(OAc) H0 & D RRIC
Ko THIGT 2% L — MERAZEERD RAFRIGE TR O, —F. SRIGHK L7 ZEFx L
— MNUOT I VUERBN TN DI, B8R ESL R L S, TGN T

DITEBOZMEERORAM E D EBNRRENT, TaT 4 v I TIVERTD
SRR L— MNENL TR, TR U UBEORBENL L, T X AL OELIE A BT o
77

(3) Mn SR DAL,
ERL72EBY CulzLTiE. 7T v 7 7 I8 a2 D 5ab O 7 I U U EMNLES
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TORNLZHERTHZ LN TE R0 T, 5ab O ZJEF L — MCAREN ORMGEE B &
LT, Cu DS DFEx OFE—EHEBEESHIKL bab OIS ZMET Lz, £ ORER,
MnBr(CO)s & DI EW T, 5ab 2 facial =% L— ML L 72 85K0Y 74% IR THE LR
72 (Scheme 5-16), M AWM Z /L EOT Y ) —VHICEfESE, 20 °C TifE L TE LT
ftin 22 A T2 BLRS & XORR S AT O %5 R % Figure 5-6 127”9,

Scheme5-16 v 4 v 77 I & H D= NNN BN F%2 AT 25 Mn $EERDERR

\ /
MnBr(CO)s + N N NG — B\
5 O'f;;@ AT
N

Mn-1, 74% vyield

P24/c (#14) "H NMR (CD,Cly):
7-4 5 2.85 (s, 6H), 3.36-3.43 (brd, 2H),

e R1=00406  3.57-3.86 (m, 8H), 4.15-4.23 (brd, 2H),
WR2 =0.0973  7.83 (br, 1H).

Figure5-6 7R7 4 v 77 IV Z b OZENNNERLTFZ2H T 5 MnéEfR (Mn-1) @ X#R
BfE mR G R

INENZFER 2 TR 2% Mn BIBEAIZ 3T LT, Sab 23 ZJFERCNL L 72 851K 035 b iviz, B
B DT DR ZTERL LTz Cu lZ DWW TRIE 7o Z RS AR 2 B IRAY IS B AT 2 1213, Bk
TIVrA=y MHOT PR ESOEROFRMEL LS E LR EDOHEZRR T 50 H
WoHEEZBND,
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FNE —BERFIROKFIRIGIZ X D FBRIEAHK

ATEICARR LI O T I ¥ UV ENGNL A H 2 Cu $5K72 & TNZ Mn $5RIZDV T, CO,
DRFACSORNT K D FRHEARICHE L, ZOMEMA i L7z, Scheme 5-17 12779 K 912,
1,4- 4% U o U EEfR S T2 85RITHRT L 500 24 &0 DBU #s1 L. CO,JE 30 atm, H,JE
30 atm {ZANE L, ROSIREE 100 °C T 21 RFEEHE L7z, Entry 1 ICIXE O 72 0DI2, FHIUE
Tik_7=, Cu(OAc) H.0 IZ X AU FERZ R, AUk L, ZBRAOERT IV UL
+ 5z %t Cu-1 ZHWHA, INEK 16%, TON = 81 £720 . Cu(OAc) -H,0 & H~_TiE
PEIME TR L7z (entry 2), — 5, et UF ) oh—Moe A7 I P N+ 5aa & O
Cu-2 1F Cu(OAc), Ho0 £V & EWIEMEEZ R L, 41%IXZE, TON = 210 & 72572 (entry 3),
Cu-3 (%, TON = 111 T _R{bRFDOKFLZEE LT (entry 4), FHUEDOFERDO K DI,
TESEATHDZ L. HOWIE, T =4 NI TETHLHZ ENMEIEEOHEB EEZD
5, [FIERIZ, entry 51278 L7z Cu-4 bR MEIIE o7, 70T v 77 I b D=
JERNLF- 5ab A2 F 7 5 Mn $5K (Mn-1) OfETENEIT, Cu A L L _TIRWZ &3 h o
77

Scheme 5-17 ZJET I V VB F & b o2& BE#ERE V72 ZBRLIREDAFRILRG

CO, + Hy + DBU ot [DBU-H]*[HCO,
1,4-dioxane

30 atm 30 atm 100 °C, 21 h

DBU/cat = 500, [DBU] = 2.0 M

entry cat yield [%]?? TON? TOF [h"]®
1 Cu(OAc),-H,0 32 163 7.8
2 Cu-1 16 81 3.9
3 Cu-2 41 210 10.0
4 Cu-3 25 111 5.3
5 Cu-4 19 93 4.4
5 Mn-1 6 28 1.3

4Molar ratio of the product/initial DBU.
bDetermined by "H NMR.

B2 Saa & H-D Cu-2 &, ARELEIHSAHEE (Turnover Frequency, TOF) (28T,
Cu(OAc) HO oD T ¥ U EfEER L 0 mvMEZ R L TR Y . iR A ATER A T H
DT EMbhotle, ZHET X YU X DRGSO EAITEER LT Cu(OAc), H,0 % L[]
HEWIEEEZ 726 L7 EE X L5, Scheme 5-18 127779 & 512, Cu-2 ZHW TGS
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Db ERB Zinoto b 2 A, KIGIRE% 100 °C 705 80 °C ITIK F &85 iHMHITET L
72 (entries 1 and 2), >3\ T SHET % 60 atm (2R H DD CO, & Hy D3 EE L ST,
BB S 2 M5 L7 (entries 1, 3, and 4), © D5, CO, 53/ E % FIF 7256 23 MEN A E L.
CO, JE 20 atm, H,/E 40 atm ® & ¥|Z TON = 239 £ Tl L7, LAL COJE 10 atm, H,
J£ 50 atm £ T CO A FiF 5 & IEMEIFHITINT Lz, COx e AARIZ2 v | 1&MED
KFLEEARBID, Entry3 DFMFT, KISK#Z 88 h IZHERT 25 & IIERIT 59%F TW I
L7=—7. Cu-2 DDV I Cu(OAc), Ho0 & AW 25A121E, SOGRFRIERZ X DD
] BB S RIRnotztzh, THEXR L— MUT I D U3 OS G BOAIAEE A AR L, il
OZELEMAMEDR EIZTHE L TWD LB D, £70, KISKH%Z 3 h 1258 L=
BIZBWVTH, Cu-2 (11%IXFE) 53 Cu(OAc) H0 (8%) (Zxf LEENLZRTEMEZ R L, HANED
RIET Tl flgRE b mnW 2 LR b o T,

Scheme 5-18 Cu-2 & VW= LR FE DA RILEISZ BT B RSSO B #E{L

Cu-2
CO, + H, + base

base-H]*[HCO,]
1,4-dioxane [ I 2l

21h

entry base base/cat P(CO,/H,) [atm] T [°C] vyield [%]?? TONP

1 DBU 500 30/30 100 41 210
2 DBU 500 30/30 80 12 65
3 DBU 500 20/40 100 46 239
4 DBU 500 10/50 100 39 212
5 NEt; 500 20/40 100 <1 <1
6 BTMG 500 20/40 100 <1 <1
7 TBD 500 20/40 100 19 95
8 KOt-Bu 250 20/40 100 5 27
9 DBU 40000 20/40 100 4 1660 (79.0)°

4Molar ratio of the product/initial base.
bpetermined by "H NMR.
°TOF value [h™'] in parentheses.

% 2T COyJE 20 atm, HpJE 40 atm Zfgii Stk & L, N DA OBR 21T 572, F U
TFLNT IVERWEZE Z A, KFIISIFEL EITET, EUNEIC Cu OEEN B
THEIEE S, SRR RL TS Z EDVRIE S A2 (entry 5), 2OV T DBU XV & @
EHEEZLST7 T =V AL LT, 2dtent-7 FV-1,133-T N T AF LT T =T
(BTMG) & 1,57-F U 7H 7 0[44.017 #-5-=> (TBD) it L7z, ME &V BTMG
WG E ., KRFROSITESETET, RISEIZ Cu DEER R b7, STt
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BESAE T CHEME AR L T enEE X 51D (entry 6), —J7. TBD ZHW\5 &, K
FALBOGEAHEIT L, TON = 95 THIGT D XN H 72 (entry 7)., HHERLTH D
KOt-Bu b5t L7223, ZOIEMEIFIR) - 72 (entry 8), #HIUTEIZIST D FEEAHH 2 U 7= — 5T
Ffihitt & RAEIC . HEMEE OB WYY = LR KOt-Bu LY & DBU AEmWiEHE 725
T ERDhoTo, FRIT, 22 EV BTMG & WA I EHEIC X DL IE N E & 72 2
EMD, BED CulZx 3 DB DS EIEMEIZEE L T\ D Z & DVRIR S L7z, I E T
7o Z 202, REISIZ UliD Cu & R U REFHADNEMEFECTH D & B 2 HiL5H 23, Scheme 5-19
WRT RIS, ZEF L= MUOT IV UBREM LT 1ioe R REHARIZIE Cu RIZZER
PLHEER 1 DFR STV D, CulZx T HEULRES ) & & DHEEEDIFIEN, B Y REERD %
{b7e 81 X B ARTEMERE DA RCPEEE T L 2 RIEZ 0 L CW D RTREMER B 2 bivd, ZERL
MEE S22 WEECue RY REZA U9 )7 =S L— MUT I VU EaRN %
BF CE AU, BRI E W CTRISZ B PRI L0 GRNCHED 720 | 22l 72 MR
KEFHTXDAREERD D,

Scheme 5-19 #87E S D BN EDOZHFR

Cu-2 —=

(bisamidine)Cu'H

8 N N T (bisamidine)Cu'H - ~N_ H N _
Cu Cu . . Cu Cu —> aggregation
/N +L SNy T (bisamidine)CulH N

N /N
H

N

fibi[alR 2 2 e RAL T~ 2 7= 1c, LD IRIIE % DBU @ 1/40000 X4 & F Tl b L TKE
bzl Tc & 2 A, WL 4% if%f&?a‘é H D@ TON = 1660, TOF = 79.0 h'! TLEM
AT L72 (entry 9), Z DffIE, ¥J—% Cu %ﬂ%ﬁﬂﬁ% L DFXBIEARICB T 2 REETHD
Bertrand 5 D %% (TON = 1881, TOF =784 h'y? LIFFFRETHY, “JEFL— M7 IV
Y DOXFFNL & L CORRAEZRL TV D,
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BRE

ARETIL, B Cu itz X 2 “E{bRFEDOKFEINCHT 57 I ¥ U EhL 1 DOF H
YA FGET D BT, BEO7T I VUM E b OZEEF L— b Cudbiko Az it rz,
2, BPHGHEICETR T I U UENL A Cu il m W E I ERE L REMRE b T L
EHIFFL T, TRTOER LIZT VX VRN ERR L2 FAL 12 0T, KB~
M7,

T, TIVUBEROT Y —EHENRRLERAT IV DIEN, BV VUL
BT A4y I T IvELDZEXL— MUFRN AR L, ShH0T IV UEN L Cullt
& OEETERR ATV X R HRE AR IS AR AT I X 0 SR E 21T 5 72, Cu(OAc) H0 & DFER
ROFER, “TJEFL— MO E AT VUG L EESEAN SR TE LR
(Scheme 5-20), —J5, —JEX L— NMUEINL -5 1%, HEHERRGY L /e D SR EIZIZE D
2o do, BlE, Cul & OFEEAIZL Y, Zih =¥ L — MR IR~ RRE DI T
TRSEEEIRRT 5 Z ENbh Y BEEESSICIE, BRT IV asy MHOT Y-
PR, BEOFRME LN EE LR EOMELZR BT OLENH L EEZABND, 70
T AT T 2 UEMNLE O Z S L— FRNNEN BN F1E, DT 2 ERALAS Cu (2B L
o=t DD, EAE, BNIREIE 2N R 72 D MnBr(CO)s (2%F L Clid, 58| facial =¥ L
— NEESLT D2 &b broTs,

HEEL 7= @ Cu-7 I P U8E a2 T, LR E D KELRGIT X 5 XA RO
REN 2R L7k, e 7o ) v h—BIOE AT I VU EHT 585K Cu-2 Db &
VWEMEZ R L, Cu(OAc) HO B THEHT 5 L0 bl LTHITHL Z Enibinrols
(Scheme 5-21), FUGSHFDFEIZ LV | ROSKHH 21 h (28T, IUFEITHE K T 46%, TON
IZDWTIIHKR T 1660 1T LTz, ZTHE TROIEENEWE STV 2B —F% Cu Az
CECT 2fECH Y, b R REERORESEEZ @O LTI, mWE T GHEE 27 IV
VX L— MENAEIEIC K o THRENSEAS S MBERHNAZY TH L Z EBREMT BN
7o TIHOFEBRFERMNG, ZHET IV H D Cu S50, RA T ¢ »—Cu SR
DHT- 70 ) FAKE b & U CRIFATRE T 2 Z & B3WID T BT e o 72,
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Scheme 5-20

bisamidines

N/_\N \ /

<: />_<\ :> N N

NN Ui N
e 1

o8
ACO/ \OAC AcO OAc
65% yield 74%

amidine-containing tridentate ligands

CHZC|2 \ /_| |2 /\,
N N —N co [er
&Y\H/\\/\) EN,,,Mn\\\\CO
N_ _N PULLN
~ Cu_Cu >N” | ~co
" (N/\N/B H k</N
H ]
NU\/N\)\"\{ /N
|
2
<5% 74%
Scheme 5-21

\ /
cua “%“
CO, + Hy + DBU ——————— [DBU-H]*[HCO,J &l lJ

1,4-dioxane

N
20 atm 40 atm o Cu
100 °C, 21 h TON = 1660 N
DBU/Cu = 40000 TOF = 79.0 h-' AcO OAc
Cu-2

Related examples

[(triphos)Cu(NCCH,)][PFg]
5 [DBU-HJ*[HCO,]

CH,;CN

140 °C, 20 h TON =500

TOF =25.0 h™  [triphos)Cu(NCCH4)][PF]
A. M. Appel, ACS Catal. 2015, 5, 5301; A. M. Appel, J. Am.Chem. Soc. 2016, 138, 9968.

COZ + H2 + DBU

20 atm 20 atm
DBU/Cu = 1000

i-Pr
N Et
(CAAC)Cu(HBH3) . Et
B(CeFs5)3 + _ FPrey
CO, + H, + DBU THE [DBU-H]'[HCO,] H/ \H
15 atm 45 atm 100 °C, 24 h TON = 1881 g7
DBU/Cu = 40000 TOF = 78.4 h! Ho
(CAAC)Cu(HBH3)

G. Bertrand, Nat. Catal. 2018, 1, 743.
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DBU &fiffiR U AF L AHEf Cu il L 2 R FE—FE B ARG O /KFELG

i

E— S

FENEB L OERLFICBO T 3dEBERBO Cullxd LTT IV #EEE2ET 50+
WA BRE 22 S FFRONL 7 & LTI B &, 72V r——Cu R Z BT 5 2 L NEAT BT,
I, 7 IV UENLA DBV TR IR O KB CAEEE O RBUZEHF 5T 5 2
EWRBREI N, TbOmEmEIE, TR //*”ﬁﬁﬁﬁtfoc@au%ﬁi& L ChrF ARSI
ATE2ZEE2R LTS, BIET 5 Cu ARMEEIC X 2 @bk FE O KIS DT

1%, AKREENERIZ TéDMJ\¥@%5#mﬁéﬂék&%ﬁ\QNHBUK%?%%W
PEDML DA FEFRIG FE I HE T S 20T 2 & 28 Scheme 6-1 (R BN FACHRERIZE U
TROHLNTND, ZZTARETIE, BERT IP-Cu fiHEIEN L THZ A —F
il DBR%E 2 AT, BARBYIZIZ, DBU iR Y 2 F L o2& ROEE R E L CHIH
L. ZOREERET) & RE—BREAERFEE % b ORI 2 K FOTENE 2 MEE L7z,

Scheme 6-1 Appel 512 & A [(triphos)Cu(NCCH:)][PFs]iZ Xt 9" 2 AR sRE B DB F 35 #4

NR, K (triphos)Cu—NR | PF

6
(triphos)Cu—NCCH, |PFs + L~ =~ ——= YR, + CH;CN
R™SNR  CD,CN K
Yy L Oy
> ~ >
N SNTSNH N)*N SNTSN(-Bu)
N | H |
~100% ~50%

B)— Rl c k1T 5 3d EBAROFIAIX, 4d, 5d &BOME & ik 2 Bl iy e Bk 72
FTi< | ZETHAORmWEBRMB O TS EZ RIEA 725 2 THIER STV D
[FARIZ, BEARAMEEIZ 3510 DB RGO R ATEN L, R 7*1@%010@372%?5 Z
EHFEMMBEL LTEREP O D, N ~—HIELH AT 5 A8 — R I1T, SEAMIE A
MERF L2 EE L DIEDNT, INECBER 21TV )/ B 1 & Lflmﬂﬂ“é{ﬂfb‘ﬂ] LI TW5
I H D Cu @ Tefl% Scheme 6-2 (Z/R”T, AIE TIL, R 7 /L% O &2 W T, 2
fli> Cu # MY 7Y rWmkT v Y~ —#HEKICEE L7425 H L?’:WH}?
Mohammadpoor-Baltork, Khosropour (2 K ¥ #i AU TV 52, BEIZBW T, K6 I
@DMF@ﬁﬁfcmn%m%ﬁ#LT%%néCuf/ﬁ%%%ﬁkﬁéﬁwV/ﬁmW°

! C. M. Zall, J. C. Linehan, A. M. Appel, ACS Catal. 2015, 5, 5301.

2 M. Nasr-Esfahani, I. Mohammadpoor-Baltork, A. R. Khosropour, M. Moghadam, V. Mirkhani, S.
Tangestaninejad, V. Agabekov, H. A. Rudbari, RSC Adv. 2014, 4, 14291.

3 Y. Isomura, T. Narushima, H. Kawasaki, T. Yonezawa, Y. Obora, Chem. Commun. 2012, 48, 3784.
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N

HEED » 7V U TR HE SN TW5D, F2, /IMRBIEN R—7" 1 —R U 41f CoCu F
IR E ML T T L a— LB X OT VT b ROBRKRBILH = AT WALRIG & s LT
WABS, RENZEBWT, RY@-E=/LE Y D)2 Ca T /R EROBYA L LRI T
BO, OSFERIZED N R=T I —Ro~EEBRINTND, ERmDXHic, EFEEGH
RN ~—1, CofiLFEET H2HEE LTHAHTH DL Z L2300 57, DBU EAiARY 2F L
CEFMALEFITERE STV ARV, £, Cu 2R Y ~—2 IS E Lo K FE LK
S DREEHE S 720,

Scheme 6-2 ZEFREHEUAIC X D EEAL Cu flEDHE ]

Mohammadpoor-Baltork, Khosropour Immobilization of Cu species as complexes

HoN NH,
Cu%\ Cu?*

HZNV\/NTNYNV\/NHz

N\fN
NH Cu(ll)-TD@nSiO, (0.6 mol%)
I 2 R—= » R————R
o CH3CN, DBU (20 mol%)
S|02

air, rt
Cu(ll)-TD@nSiO,

Kobayashi  Immobilization of Cu species as nanoparticles (CuNPs)

1) Co salt PN
Cu salt Ar™OH - Nci-colcu (1 mol%) 0
n reductant NCLCo/C or >
—_— -Co/Cu . ROH,O Ar OR
= | 2) pyrolysis HetAr”™ =0 ?
NS
N

Z ZCHARE T, BEL Cu il A AW R EFEIEE AR S OKBRE AR D
T BB AR IR W TR O AR AE S IS, ARSIV THERET 5 Cu Kk
{LflfiE DBAYE kI tz, 7 2V UHHOEN T Cu 1Tk B EUMIEES A% L, DBU {E#ii &
NTERY ~—Z2PDTHEE L LCTHH L, SifftAE & B EMICE N Cu T/ Bl 215
% LRIREIZ, KB(LAE L L CORENZFM L, 7 I VU E Cu OBIFEEFI A L 7= fibt
B O RIREME 2B %0 LT,

4 H. Oka, K. Kitai, T. Suzuki, Y. Obora, RSC Adv. 2017, 7, 228609.
> T. Yasukawa, X. Yang, S. Kobayashi, Org. Lett. 2018, 20, 5172-5176.
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B_Hi DBUEBHIRY RF LU FETICRIT BT b OKRBICRKIGDORRET

F 97, Aldrich #£ XV TR S LTV 5 DBU &fifidl U AF L > (PS-DBU) % Cu filliit oK
ELTHRE LT, 20 CufEDEELEE & AKFIIEMEEZ B S M3 2% BT, Scheme 6-3 (2
RLETE N7 /2 10a 2T ANIEE LT A KBS EREE L T2,

Scheme 6-3 PS-DBU 727E FIZ BT B K FRLE i & filfi [mie
1strun
0 Cu(OAc), OH
PS-DBU _ polymer
" " " CH30H - [:j/k\+r%Mw
O O 10a 10 atm 90 °C, 20 h 11a (insoluble)
80% yield
1. filtration
2. wash with CH3;0H
N =N 3. drying in vacuo
2nd run
PS-DBU O _ OH
1.8 mmol/g + H, polymer residue
CH3;OH
10a 10 atm 90 °C, 20 h 11a

87% yield

BOSGRMEE LT, WE ittt % 100 & L, CO2 KFICIB W THHZRFBRAETH -7
Cu(OAc) (2K L, DBU == 232 Y& L 725 L HIZ PS-DBU 1%, /KFEJE 10 atm, X
JEIREE 90°C, FEEEE 1LOM DA X /) —))VHIT 20 RIS 21T o 12, FOFER, 1-7 ==

L Z ) —) 11a B3 80%INRE TRINIICE D, RONEAEWIL. B2 &R e
DOEMENSRY, R ~—BEOEME T LA T TAIE - Polf « H28E L%, [
ISGRIEO Z BRI L2 2 A, —kEBR KL D b Ey 8T%IE TR O T L a—
v lla b ITc, ZORIRIT, KESOGNTER & REETEME 2 MR L2 E RIS TV
HZ RTINS,

Z DOFER A 917 T, Scheme 6-4 278 L7= Cu oM 217 -7, 9. entry 2 (TR L7=
Cu HE 2RI L7220 Tla 2 < KBNS T Lo 72 2 L 5| Scheme 6-3 DT
Tl Cu i3 PS-DBU EIZH43ICFEE S TIEMENREBL L7z 2 L BT bz, BiFe
1EMEZ 7R L72 Cu(OAc): (entry 1) & IIxFHRAYIZ, Cu(OAc) (entry 3) X° CuCly (entry 4) (&—
W ZRERER & BITTEMEZ RS o T, BIRERNZ £12, CuCl Z Wiz 2 A, —kik
BRCITTEERHBLL 20 b 00, ZREBRICB W TIEEZ /R L 76%IE T 1-7 = =)Lx X
J =V 1la ™G 57 (entry 5), ARERIL. CutiA R U~ — BIC[HEE & 7= 1% (S fllitys o
FEL 220 F CICHEMIBNH D Z L 2R L TCW5D, CuCl T, —&RER® 20 h OFIZEE
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DBU fEffiAR U 2 F L AHEF Cu it fR AR NS & DK FESUE

(R

b3 T O OIEHRIZIZTE ST, ZREBRIC L 5 20 h ORISIEEREDN B S Ve & A5
N, FEIZ, CuCl Z AV T 40 h OKFILUSEAT 72 & T AH, TEENFEBLL 53%IHET
HIOT L2 —/L 1a 2% b, OISR CuOThy. & 5\ i Cu(OTh(toluene)os &
HWTZGEIT b b AL7e (entries 6 and 7), Hf&HIIC, Cu(acac), 235 72 Cu i & L TRV
AL, —R - AR & BITRISD5ERE LT (entry 8),

Scheme 6-4 PS-DBU 7#1E P23} 2F &4 D Cu 35 % FV T2 K RAL S DRRES

Cu salt o
j\ .y, PS-DBU )i . polymer
Ph CH;0OH Ph residue
10a 10 atm 90°C, 20 h 11a

ketone:Cu:DBU units = 100:1:2, [ketone] =1.0 M

l4| polymer recovery

/

2nd run

entry Cu salt yield in 1st run [%] yield in 2nd run [%]
1 Cu(OAc), 80 87
2 none <1 <1
3  Cu(OAc) <1 <1
4  CuCl, <1 <1
5 CuCl <1 76
6  Cu(OTf), <1 7
7 Cu(OTf)(toluene)g 5 <1 14
8 Cu(acac), >99 >99
99 Cu(acac), 60 59
10°  Cu(acac), >99 >99

aCu:DBU units = 1:1. °Cu:DBU units = 1:3.

D OFfREETEPEOEWE IV S Cu AEERTER DA% IS & B -S1) 5 & | Scheme 6-5 (27
TN ALz, T72bb, ZREEORETHFET S 1 i CuOAc X° CuCl TIHEMHED
FENBEN—T7, D Culb B E EH S AMEN 30 2R L, RIS, BUsh
ROWRRETHFAE L T D Cu(acac), i bENTAIBRATH 72 L XD Z ENTE D,

Scheme 6-5 #2Xh 5 CulEDiEE & gt & e

_____________

' polymeric 1 ‘dinuclear | mononuclear
' _Cu(OAc) CuCl, CuCl! | Cu(OAc), Cu(acac),

superior catalytic activity
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Cu(acac) |Z%19" % DBU #iE Ot 2 R 729 BT, PS-DBU OIRINEZZ{L S w7
& A, Cullx LT 1 28D DBU LD &M TIE Cu DB ELA A+ 53 72 7o D iR E D
I3 & 72 572 (entry 9 in Scheme 6-4), 2 X4 &Ll |0 PS-DBU DAFIEA BAF 22 iS4 2 15 5
IZTCHEHETHDZ LRI -7 (entries 8 and 10), LIFE, CulZxfL DBU == % 24
BEOHFIEITA D X OB 564 RkE & L THRET22& & LT,

RIZ, Scheme 6-6 (2779 & 912, PS-DBU DKL L COMREZH OMMICT Hzdica s
he—VEBREIToT-, £F, HEEZRIN L7205 C Cu(acac), D& TG & kA 7223,
KRFACAERMITGE DN D> T2 (entry 2), H—RIEDEALE LT, RYAF LU EEHER
W DBU 43 1% Cu(acac) [Z%f L 2 U BRI L TS EITo T2 & 2 A, EROILERIL 2%I
LEEY . ROSEAYTTIC Cu HROREMOEENRRL LN (entry 3), DBU D%
Cu(acac) (ZxF L 20 B EF THLCLTH, ZOREIIINA D Z LIXTE ., JKiEHcKkb-o
72 (entry 4), ZALHOFERIT, DBU 53 FDFEIC LY Cu SERITIEERA~ LT 2D
D, CuBOUEIC LY | fBENKIET 5 2 LOVRBE ST, DBUMEENRY AF Lk
IZEE ST D Z &8, Cu il OIEMEICIF B A B 2 T D 2 & D % HAEYT . DBU
DT EEMINTWRNWAY ZAF L U EHAAEDE COKRERISERF LI E 2 A, BER
® DBU 531 Of] L RIEDOFERTH 72 (entry 5), Z Z THININTZAR U ZAF LA, — K
ABRICHE L C IR A2 R & 22y o 72, PS-DBU KA 5 7/ 7 =V U4l 2 b S ERfiR U A
F L& LT, PS-TBD &AW MEEMEZS 72720, 2 TR L T&7- DBUHiED Cu
SO EWENL A, IEHEOR BB DM AMEIC B W TEERZEH Z R LD &R
RE X2 (entry 6),

Scheme 6-6 7 b > D/KRFCLK RN IBIT 5 HEEDORGET
0 Cu(acac), OH

+ H, ligand _
CH4OH
10a 10 atm 90 cC, 20 h 11a

ketone:Cu = 100:1, [ketone] =1.0 M

entry ligand C=N units/Cu yield [%]

m
O O 1 PS-DBU 2 >99
none <1

2 -
3 DBU 2 2
)N\ 4 DBU 20 3
NN 5 DBU, PS 2 4
v 6 PS-TBD 2 6
PS-TBD
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(R

YL EORRE ORGSR, #7212 PS-DBU AR Y ~—4{K & 95 Cu KB LAl Z A8 U7, fil
BERTBRMAR & LT Cu(acach Db A M TH Y . MOFTEEA & H~%h= L < PS-DBU H1IZHLY
AFENEWIEMEZ R T 2 LB LI 5 7, PS-DBU 134 B A K FLTEME DR BLIZ % 5-
LTEY, AU ~—Fo DBU HEAitEEE O E b d, S b, FEHEEO DBU
S CIHEIEECTH o722 £ 2D PS-DBU IHIEMEM 2 ZEb T 2 BREZ It L T\ 5 &5
BTz,
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(R

B BEEL Cu DGR L AT

AEN TR L7z Cu(acac), & PS-DBU % V7= —Jo & filifti %, PS-DBU _EIZ Cu filifit 7 [
TEAL ST T2 DITTEPEDN R B S 7= 2 E Vil < RIB Sz, AEI T, EEL &7z Cu fil
BEORERE IR 2 FE | [EE(L Cu O FHRL & SFEHTIC L 0 il 42 B8 Lz,

Cu(acac) IZ%F L .2 Y& DBU #iEDMF(ET 5 L 912 PS-DBU Z#A1 L, /KF#EE 10 atm,
CuBEN 0.1 M D AKX/ — )L CNEMEHR U, IRFESM: & iR I 23 B 70 2 R oo fi it
ZFRE L7 (Scheme 6-7), WTILDFMAETHIRZEOR Y ~—FifIL, IRAFREEGIZR > TN
oo BORIREE 90 °C, SUGKEM 20 h THHHL L 72 Cw/PS-DBU A I\ T, WA L7z Cu 23+
{2 PS-DBU EICHEE SN TWDNRFET 5720, BFEREA 77 X~ (Inductively
Coupled Plasma Atomic Emission Spectrometry, ICP-AES) & CHN Jt&/04TIC L0 AN
O CuF i, oW, DBU BHAEAZNENER LT, TORERE, Cu & DBU #iED
FAEEI0.93/2.0 TH Y I L7 Cud 93% B3R Y ~— EICHEEShIZZ 2R LTV,

FIXFRROFERD . RISIREE 130 °C, SR 4 h TS L 72 Cu/PS-DBU B IZH W\ T H 15
bz,

Scheme 6-7 PS-DBU EIZHEE X7z Cu il (Cu/PS-DBU) D

1. filtration
2. wash by CH;0H
H, (10 atm) 3. drying in vacuo

CH5OH (5 mL)

[Cul=0.1M A: 90°C, 20 h
Cu:DBU units = 1:2 B: 130 °C, 4h

Cu(acac), + PS-DBU

Cu/PS-DBU
conditions Cu content DBU content ratio of yield of
[mmol-Cu/g]® [mmoI-DBU/g]b Cu/DBU units immobilized Cu
A 0.82 1.77 0.93/2.0 93
B 0.83 1.76 0.94/2.0 94

aDetermined by ICP-AES. ?Determined by CHN elemental analysis.

572 Cu/PS-DBU O & A EHUELIE L EFVEIC X 2 A 1 BH8E (High-Angle
Annular Dark-Field Scanning Transmission Electron Microscopy, HAADF-STEM) #2212 L 0 | K
) v—t{w) Cu OFZIR « A &7 (Figure 6-1), TOFER, @3 F T A R TR <

(ZAFET DR T OAFEN RS S 7=, HAADF B4 Cld, ER TIEEWDL 0 b T A
MZ2D 720, AEROKFHN Cu i fThdEHEZ, AEET (1~3) LR E LTI
—HB4y (4) @ EDX A7 ML EIE LT, %@F% HESDIZIZOT S Cu & EN
TWHDIZKF L, 7 L—#40E Cu BB ST, iﬁ%@if@n’:ﬂﬁif“%é LIRS
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77,
Cu/PS-DBU A
COCu Mo Cu Cu Mo

1! N | F—
- ! |

by

=
-

INTENSITY (arb. unit)

-—
-

PP P S S S - b aa P P TR
4 - ) ! 8

b 2

ENERGY (keV]

Cu/PS-DBUB

COCu Mo Cu Cu Mo

ALI.A...A;—-Mm AA.._ T TR TR I PR T T TN STy

"
-4
§n2
s L.l ‘ l
> 10 Ao adbed nm sk e s n ;‘ aiaha s su udh | o o
3
F 4
e \
z

.

N .4 L. i
4
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ENERGY [keV]

Figure 6-1 Cu/PS-DBU ® HAADF-STEM #l£2 & EDX A~X7 v

HEERDM Cu bl - Th D Z &N -7272%, HAADF-STEM #1535 Cu ORI 1%
B L., Figure 62 I[Z77d B A b 27T A%&1G72, Cu/PS-DBUA ORiFEDAN G, ki
21X 25.0nm Th o7, —J7, Cu/PS-DBU B X, T MITHAA 03 < EEIRL1-£803 18.6 nm
O Cu KL F-2MFEL T2, Cu /R 15 PS-DBU LIZE L, BElkShTnDd 2 en
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HENTRo T,

Cu/PS-DBU A Cu/PsS-DEBU B
15 p k]
25
[} 20
- n
£15
g :
5 10
5
a o
9 4 B 12 96 20 24 28 32 36 40 44 4B 5T 56 6O O 4 B 12 16 20 24 28 32 36 40 44 45 5T 56 60
diameter [rm] diameter [nm)

Figure 6-2 HAADF-STEM 8222 & 0 B &7z Cu/PS-DBU DRI FERSAR

X #REE 7575t (X-ray Photoelectron Spectroscopy, XPS) A~X2Z K /LZDWNTC, H—o R
X ¥ UM ORGSR, Cu/PS-DBU X, kR E LT, RFE, ER, BHE. CunFEL T
DT ENH B E 72572 (Figure 6-3), Cu L& IZ DWW T, Figure 64 (/R L7cr—AF ¥
VAR MVOFERN G 2D Cu FEITHY T D 938~945 eV FHIICHNL L EREEN YT
TA M= BB SN2 ol 2 e b, fEFRREEE T, B 2 ffidd Cu(acac), 2335
TEEN 0 i DN T AlD Cu F /R BIEL STV D Z ERH LN o7, L L,
KA "B 0 i/l fitbZRETHZ EITTE oz, o, EFEOTr—AFX ¥
VAT FIVOFER NG spP-EEFE (399.8 V)R HNT sp2-4EFE (398.0eV) ITHY T HE—
B NTZZ LG DBU MSEZHMERF L TV D Z L DVRIB STz,
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Figure 6-4 Cu/PS-DBUB ® XPS 7 B —AXF% ¥ AT L

Cu b O i, *ﬁ?ﬁx& [FIREIC AR PRI T B A RIFTEEARERZ TH A Z & 145
HILTVWAS, XPS HIEIZ LY PS-DBU (& FNHRFE, BEDIEN, BFE L Cu NH S
nr-z & 75>1>9\Cu/PS-DBU IZIFBELZ S 1O CoFERTFEL TWD EE 2 bND, 7,

6 (a) L.-F. Chen, P.-J. Guo, M.-H. Qiao, S.-R. Yan, H.-X. Li, W. Shen, H.-L. Xu, K.-N. Fan, J. Catal.
2008, 257, 172. (b) B. Zhang, S. Hui, S. Zhang, Y. Ji, W. Li, D. Fang, J. Nat. Gas Chem. 2012, 21,
563.
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Cu/PS-DBU |Z& ENDHHEMME Cu FEFET H720, BHKICE D X BBl (X-ray
diffraction, XRD) #liE %17 > 7= (Figure 6-5), & DfEHR, X M E 0.7 AlcBW\WT, RY XF
L ASKIGT D & BB DIERERS D 20 < 15°EIC R IR IELR2 e —27 & LTHD
AT2IED 20 =20°Z X U od & T 5 0 i OFEEEME Cu lxH T 2 B — 27 OIFEDHER STz,
—J7, MliD Cu FEITIFE S D B — 7 i3t S e o727,

25e+004

20e+004

1.5e+004

1.0e+004

L (eps)

5.0e+003

20 40 60 80
Copper, syn, Cu. 01 —089-283g]

26 (deg

Figure 6-5 Cu/PS-DBUB @ XRD A~XZ kv

IAERN T ZZ DT Cu T /RAHO 1 MFEOFEEZMGET D720, X BRI &
(X-ray Absorption Fine Structure, XAFS) fi##T 21T >7-, XAFS HIEIZ LV | FHRLS:S F 72
% 2 FEE OV 7L Cu/PS-DBU A, B DAY ML ETZI1EM, FEAERELE LT XRD T
HES72 04D Cu (Cu foil), 72BN, BEFRZET 1o CufEié LTCwO L7 v axy
RFE T & 5 [Cu(Ot-Bu)]s & ZEIHIE L7= (Figure 6-6), = DFEF., X MWL IT 5 1S
(X-ray Absorption Near Edge Structure, XANES) A7 /L Cl&, Cu/PS-DBU A,B 7’ Cu foil
WCHEL LA R L b OO, WIUGOMER DTN/ =RLF—lice 7 FLTE
0. 0MiLIA D Cu FEDFIED R STz,

720=18° fULIZOTNITIRIL R E =7 BH oIz, TJHRXRD 2 ELLEZ A, Z
D &' —7 3 Cu/PS-DBU #lEt 2 K5 T THIET 2 = & THEDHIY 77,0 fli Cu &'— 27 Ok
HPR BNz, £D72H, Cu/PS-DBU IR T T Cu(0)D3 R4 ICHALZ 51T Cu0 1272 &
OB,
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2 I I | I I I
CuPSREY Cu_PS-DBU_A 01.txt ——
Cu foi | Cu_PS-DBU_B_01.txt ——
15k N Cu_foil_01.txt — | |
: Cu20_01.txt —
CuOtBu_01.txt —

normalized xp(E)

| S

1 1 1 1 | 1

8960 8970 8980 8990 9000 9010
Energy (eV)
Figure 6-6 Cu/PS-DBU A, B 72 & QNZHEHERELD XANES A7 b L

EDT, M E 7 4 v T 42 (Linear Combination Fitting, LCF) % L T,
Cu/PS-DBU |[ZE £ 5 Cu O EM R L OVER LA L Z A, Figure 6-7 FEITR LT X
212, Cu/PS-DBU A {22 T, Cu kb C Cu foil 23 53 at%. [Cu(Ot-Bu)ls 2% 47 at%DEE Tl
X MR LTz (R-factor = 0.00020), — 57, Figure 6-7 FE:IZ/R L7= X 912, Cu foil
& CwO CTLCF #iiHd 25 &L, —EREENE LKL 25722 LD (R-factor = 0.00238),
Cu/PS-DBU A [ZIFAEERIIZ Cu0 £V H[Cu(Ot-Bu)]a 12TV Cu FERN G F TV D Z & AR
e E N,
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Energy (eV)
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Figure 6-7 Cu/PS-DBU A ™ Cu foil/Cu(Ot-Bu)7 & TMZ Cu foil/Cu,0 12 & % LCF

[F#EIZ Figure 6-8 |Z7x9 & 912, Cu/PS-DBU B (22T, LCF{Z XY Cu foil/Cu(Ot-Bu) =
0.71/0.29 THEE XL W EO—E)N B 547z (R-factor = 0.00029), XANES A7 hLni
Cu/PS-DBUA, B (2 LT Ofid Cu DIE 1D Cu 7 /v ax o RRFENTNDLZ L%
R HRERNE ST, Scheme 6-7 (Zr L7z & 912, —i#? Cu/PS-DBU [Z/KFEFHS T
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DR RENZ E N7,

1-2 I I I I I I I
L Cu foill ICu(OtBu) = 0.71/029 | W-F=PBU B |
c R factor = 0.0002911 " esidgal ———+
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Figure 6-8 Cu/PS-DBU B ® Cu foil/Cu(Ot-Bu)72 & TNZ Cu foil/Cu,0 12 & 5 LCF
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Figure 6-9 (2779 T 09 72 IRk X AR MGMA% S (Extended X-ray Absorption Fine Structure,
EXAFS) O#ERy A%z k% &, Cu/PS-DBU A, B (Zi, Cu foil D& —iT#E Cu JFi 1241
MF 25224 ADOE—7 P HM RIS EFKFIZ, CwO & [Cu(Ot-Bu)ls IZA H LD H—iT
PERRIR IS T2 150 A %2 by 7T DEAOE— 7 BRI e, Z0& &, Cu0
T B Cu i FICHIYS T2 273 A B — 7 N — TS L RS 0OME TRl s D
23, Cu/PS-DBU ITIZZAUCHY T HE— 7 R binoTz, £D7, Cu/PS-DBU (21
Cw0 DX H 7% Cu-O-Cu lEE NG EN TV RN EE 2 b, MM Cu 7y a ¥y RFED
FENKR SN, £72. XANES A7 ML BRE L7 0/l flitbiZ/s U ¢, B —2 3
JEDERN A DTz, T7ebb, 1 lifiz L 2% < &Tr Cw/PS-DBUA TiE, BIZktL 1.50 A
Ry 7edT570— RRE—ZOMENRRKEN—FHT,224A D=7 I/N&hote, Th
HOFERNG, Cu/PS-DBU @ 1.50 A (D7 m— KE—27 23 1 lid Cu-O fEAITHE L,
[Cu(Ot-Bu)]s & [FEEDHED Cu 7V a X%y RETH 5 ez LH LT\ 5,

4 I I I I
2.24

Cu_P5-DBU_A Mot ——
Cu_PS-DBU_ B 01 bt —— ]
Cu_foil 01 bt ——
Cu20_ Mbt — ]
CuOtBu_01 tt ——

(A9

[X(R)|

£ i "?___.-—T.__,.-—w._\_ —— -

3 4 5 6
Radial distance (A)

Figure 6-9 Cu/PS-DBU A, B 72 & NTHE#EREL D EXAFS B2 707 Bk

DL EOREEfRITIC L 0 . Cu/PS-DBU X, Cu 72820 nm FEE ORI 1-& L CEEINTEY,
TR B LA ZIT TVNDH T &, S HIZEDOMRE LT, 0 fifEDIE2> Cu(OCH3)IZAHY 3
L 1UOD Cu 7vaxy RREENTWND Z EARBE Sz, EUER S NTHE LR TRL
o THOBBB LU IEOT IV -Cu iR Z BT 20 FIHEDO T I P R LR
V. @~ Yy 27 200 DBU EIZiE, #EOMENGR25 Cu T /KPR ESND
ZENRbroT,
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ENE BEElCuMiizcks 7 FrBIOT AT E FOAZELRRG

(1) Cu/PS-DBU fiflifii: & Cu(acac)o/PS-DBU 7t S filtfiht o> 74 b

ATER TR L7z PS-DBU LIZEE b S 7z Cu F/ ki ¥ (Cu/PS-DBU) (22T, 5 Hi
@ Cu(acac), & H\ D o R filllE & i5ME % tele L7z, Cu 2% 0.02 mmol & 72 % L 9 ([Tl 2 IR
ML, 7% b7 =/ 10a Z 8 /it 100, SOSTREE 90 °C, /KFEIE 10 atm, FEEHEE
LOM DAL ) — VIR CRIS ZAT o 1o, BUGKR &G bz 1-7 ==L F LT )b —
Jb 1la DR & DOFERS % Scheme 6-8 12777, £ DR, @ T/ L7z Cu(acac),/PS-DBU it
AL VEPERFIT D E TR 3h OFEHNRFEEL TV, —F, BTRLE, AL
7= Cu/PS-DBU A 1%, SUGBRAAZIE HICTEME A R L, SOGKEH 10 min THRE DS 3%H5{k LT
BV, 6 h LINIZTERITKF L EIT L7z, FERIZ, TR L7 Cu/PS-DBU B & LB AaT:

HIZIEMEZ R L, Sh INICREA 58 T L, Cu/PS-DBU A X 0 & %5y @i tE7E - 7=, Bili&
Cu/PS-DBUB ZHWe7 & b7 =/ OKRFUIEE 2.5 h ATV BAREAIBIZ KL VR Y ~—
Pl A BRE L, HEKELZLBELT 25 h MEGEHRLIZ L 2 A, FRGORIE TR
(75%) DEAL L ey ol=Z &b, BEFOSEEHC L0 OSHEIET S 2 Enbhoiz,
PS-DBU _EIZ[EEAL 4172 Cu(acac), 3D Cu T /KL 3MyEEFECH D = & 2RIBT 5
HRTH D,

Scheme 6-8 7 & b7 =/ OKFRIICE T B Ffliit oD i R —I R dhsj

@) OH

Cu cat
+ H,
CH,;0H
10a 10 atm 90 °C 1a

ketone:Cu = 100:1, [ketone] =1.0 M

100 ¢

80 |

60 |
eCufacac)y? + FS-0BU
BCu/PS-DBU A
+«Cu/PS-DBU B

40 |

yield of 11a [%]

20 f

(2) Cu/PS-DBU fifii D8 1) 35 LAt FH 3R
L L 72 Cu F / Ri 7723 PS-DBU _EIZZEMICEE I LTV D DMRRET B 728, fillfit gk
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VIR UAE B 21TV M ERC & 2 TR O ZE(bZ TR~ 5 & RIRFIZ, Cu OWRAHF~
DR EZ ERE LT (Figure 6-10), 1 [0 H OB SEER & LT, Cuw/PS-DBU A (0.82
mmol-Cu/g)% Cu 7% 0.02 mmol & 7225 X D IZHI 24mg) L, 7 h7 = /> 10a =g~
il BEEE 100, BOSIREE 90 °C, /KR 10 atm, AEJREE 1.0 M DA % — /VESIE AT 4 I fH
FO&&AT > 12, FOSHEDIEFD TH NMR A7 UZBW TNEHEREME & OFES % b
LT v a— v a DR ERET S & & HIC BERIEREEE (TOF) 7> 5 ik 2 54 L.
ICP-MS IC XV CulREAER LT, 7o, RINEOBEMITAT L TRO MR SR
L7zo 6 BV R UMM S GRER 21T > 7oRE K. BUSILERIE 85~94%, TOF 1% 21.3~23.0
h! OFPHIZH Y, —EDOEMEMERE L CWDHZ ElbhoTz, 72, KUSHE O T D
Cu JRE X ICP-MS AT OFE R 52T 1 ppm Kiiti TH - 72728, Cu 1K IR E I FH E
SNTWDLZERPLMNIRoT, ZRHDOFERNG, DBU HIEDORVY Cu ~DOEANL S %
FA U7z B AR 5 o S EME N AT Sz,

O OH

v H, polymer residue Cu contamination [ppm]
10 at CHgOH <1 <1 <1 <1 <1 <1
10a atm 90°C,4h 11a 100 ¢ - 25
ketone:Cu = 100:1, [ketone] 1.0 M * A ¢ * ¢ i
80 {1 20
=
= 60 | {1 15 E
r—liquid phase: solvent + product 5 40 10 5]
=>determined the Cu-leaching = [ ] -
| (ICP-MS) =
° . 20 F {15
L] L]
. * ~——solid phase: Cu/PS-DBU
o —recycled for next cycle
- ; 0 0
reaction mixture 1 2 3 4 5 6

cycles

Figure 6-10 Cu/PS-DBU ®7 % h7 = / » OXRFLIZRIT B #V i& U FRER

X512, 6 [Alffi 1% D Cu/PS-DBU fitlifi 2 HAADF-STEM 8152 L, hi 04 & ki 1
PeAEFM LT (Figure 6-11), & OFEH, M HRTE THOMICE(LIZR 5T, FEE D 24.8 nm
Thy ., HHATD 25.0nm & FI%ELE 72720, BEfbsneF 2 hifid, maf~h)vo
AP TEEE T, BEREECH D Z LR ENT, Scheme 6-6 OREHIFBWT, KIEAR
DRV AF L BIIREWRERS AL L2y~ 72 2 & 225 PS-DBU $H£F Cu 7/ ki 113, DBU
i FISRIOIIETER N R S D 2 & CHIESUESMEIC 3BT DA ~ D ¥a <[+
TOEENEZ O RhoTo B2 BN,
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Cu/PS-DBU A

O 4 B8 12 16 20 24 28 32 36 40 44 48 52 S6 60
diameter [nm)

slO{FHEOCWPS-DBU A

O 4 8 12 16 20 24 28 32 36 40 44 48 52 56 ©0
cameter {nm)]

Figure 6-11 flEAE FR#% 0 Cu/PS-DBU DRI T4 AR

(3) e & TSGR Ot

Cu 7% 0.02 mmol & 7% X 9 (2 Cw/PS-DBU B (0.83 mmol-Cu/g) DIRMEZHE— L, KHBLE
10 atm, FERE 1.0M ORFEEFIZBIT A7 b7 =/ > 10a OKRFERISIZEB N T, FEix
DR KOOSR 2 /T Ui l L7= (Scheme 6-9), AfRMEAIC X 2 /KB GE. H
WARBIC LD RESEEBEZITHZ LR -7 (entries 1-6), 7 /L 2 — /L PEFRIE T,
WIS UGTEIT L, A ¥ ) — AR E L CRWE Sz, Mx T, =%/ —
NWIEEC S+ RN TROSDET LTz, —FH, 72 = IV, T T RrT7T
frxzrbnoiodfrm M MEEETIE, & L BRI, WL HIEDR 5%
K72 -7,
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Scheme 6-9 Cu/PS-DBU & W= /KFE(LEEDKET

@) OH

Cu/PS-DBU B

+ H, >
solvent

10 atm

[ketone]=1.0 M

entry solvent S/C  temp [°C] time [h] vyield [%]

1 CH3;0H 100 90 5 >99
2 ethanol 100 90 5 96
3 2-propanol 100 90 5 33
4 CH;CN 100 90 5 2
5 THF 100 90 5 <1
6 toluene 100 90 5 <1
78  CH,;O0OH 100 90 5 <1
8 CH3;0OH 100 60 20 99
9 CH3;0H 1000 90 50 97

4Conducted under Ar (10 atm) instead of H,.

TV — VIEBE, ZNEEPKFRE L TER L CW A RIEEENR B 2 bd, £ 2T,
BKHEWNELLGX AL ) =V E RS LTHW, KFEORDYIZT VI TIE
LI mat Lic b 2 A, &L URHEIT Lsh o 72 (entry 7), & OFERN S | AR
WIABICLVIEENELCINTEBY ., 7T a— LiREEN S OKBBESNIIE Z > TW R
WZ EDRH LN T,

X D IRF72 SR RS HEEET B DRGEET A 72 KUSIREE 60°C TV h 7=/ DK
FE T 2 A, RUGKRE 20 BT 99%D &I THRUGT 2 7 v a— G s itz
(entry 8), SULKFRHIZIER T A M (ZH -7 DD, Cu/PS-DBU (X, AR¥—Rfidft L L TR
72 60 °C O CTHIET 2 Z E B LM o 72, MEARINES 1/10 & LT, A8 il
BEEE 1000 OGMEZ AT & 2 A BOUGKER] 50 REFIZ ICIZIZ R 2EE S, 97%I=RTT
Jbm—)b 1la MG S ATz, R ki 100 O Seft: & fliERldsE EE A ik % & (TOF =20
h!, entry 1), (FIE[FED TOF = 19 h! TKFDHET LTz, REFHBOGTHIEMEZMER L.
fIEE RN & 2 1/10 1ITH 2 T RIEETITE EIOKFBUEAETe Z & 3o Tz, Fiz,
f B[R 5L 1 FIE 1000 £ THIE L CTH Y . Cu/PS-DBU 23Md ) —5% Cu KFALMMS L 0 &

8 (a) J.-X. Chen, J. F. Daeuble, D. M. Brestensky, J. M. Stryker, Tetrahedron 2000, 56, 2153. (b)
J.-X. Chen, J. F. Daeuble, J. M. Stryker, Tetrahedron 2000, 56, 2789. (¢) H. Shimizu, D. Igarashi, W.
Kuriyama, Y. Yusa, N. Sayo, T. Saito, Org. Lett. 2007, 9, 1655. (d) H. Shimizu, N. Sayo, T. Saito,
Synlett 2009, 1295. (e) H. Shimizu, T. Nagano, N. Sayo, T. Saito, T. Ohshima, K. Mashima, Synlett
2009, 3143. (f) K. Junge, B. Wendt, D. Addis, S. Zhou, S. Das, S. Fleischer, M. Beller, Chem. Eur. J.
2011, 17, 101. (g) S. W. Krabbe, M. A. Hatcher, R. K. Bowman, M. B. Mitchell, M. S. McClure, J. S.
Johnson, Org. Lett. 2013, 15, 4560.
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WIEPEZA L, OARE—R Cu il & i LT Cu BNEDR DRV THREL TV 5,

@) 7 brBLOT AT v RO A

Cu 7% 0.02 mmol & 725 X 912 Cu/PS-DBU B (0.83 mmol-Cu/g) ORMEE —EIZ LT, &
B 100, KFEIE 10 atm, SUGIREE 90 °C, EERE 1.0M DA X J —/LHickir 5
FOGEEHRESRMELE LT, a2 b BT AT e REEE LT 2 KFIEEE R L
7= (Scheme 6-10), 10a & [RIERIZ, HAR= NV a iR EEN22-PAF LT a4 7 = /)
> (10b) OKFLEIS S EGITHEIT L, RIS T 2% kT va— 1lb b ivic, 7
n7ueN 7= b (10c) ZREE L THWTE, Y7 e rm B AERBEERE T,
SERETLBPWECTHM O 7 L a— L 1e DVER LTz, VR = VHGEHER NS @ 2°- A F )L
T FT7 =/ 10d 13 FOSTEDPME S . BOSHFFE 20 h B OUCRIL 8T%IZ L EF 7z, —
Jiy AFIVENT EFNVEEICHK LTA XA (10e), HDWIE, /ST )L (10f) ICEHR S iz
BiX, F&MFCeaflokFeasniz, 7V — &k EOBEREOE RN IGEIZ S
b BN DT, B RBMED 7 v vk (10g), bW, EFHEEMD A %
TH(10h), 7 (100) B OREE TN ETIVRE LIz L A, BIEOE FIIEIRIC
B 53 20 FREFLINOBUGKRRNIZ I W CTREIBER TS T 5 7 /0 2 — /L NE RIS B 1L
Too MAT, =T I 7 EPFE L CHRER < AEEAFERET 5 Z LS BT o 7e,
HERAIE 7 b > 10) 1%, BOSKER] 15 BE TRl v 7 a7 b a—)b 11 1Tk S
Teo 7 R LRERIC, 7T 6 FEE O ARBERIC K VARG ITKFE LS, 6 R LA,
JT BT IV T VINSERIRINE TR LN, XU XT AT e K10k TR, =
W7 X HEELOEE 100, M F V77 ATV —bAEE L TEERE ReXd v AT L
TNT7 T =L 10m bR KBS T, AMBERITHEL R E ORI A BB L L
Tow, FEARILT A — ML ST B AT, Ailh & VRBERE L O Bl B ALEE TR
FLEE 73D 88~98% D N CKFE(LA M N HRfE T 7=,

% (a) N. Ravasio, V. Leo, F. Babudri, M. Gargano, Tetrahedron Lett. 1997, 38, 7103. (b) N. Ravasio,
R. Psaro, F. Zaccheria, Tetrahedron Lett. 2002, 43, 3943. (c) A. J. Marchi, D. A. Gordo, A. F. Trasarti,
C. R. Apesteguia, Appl. Catal. A 2003, 249, 53. (d) F. Zaccheria, N. Ravasio, R. Psaro, A. Fusi,
Tetrahedron Lett. 2005, 46, 3695. (e) N. Ravasio, F. Zaccheria, A. Fusi, R. Psaro, Appl. Catal. A
2006, 315, 114. (f) N. M. Bertero, C. R. Apesteguia, A. J. Marchi, Appl. Catal. A 2008, 349, 100.
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M SR AN BANAE & DK LAOG

Scheme 6-10 Cu/PS-DBU % WA /KB RIZEARRER 7 v BT LT e FE

=1
] Cu/PS-DBU B OH
o - L
10 10 atm 90 °C 11

substrate:Cu = 100:1, [substrate] 1.0 M

AoWhe Ao Aol of

10a 10b
>99% vyield (5h)  >99% (7 h) >99% (20 h) 87% (20 h)  >99% (20 h) >99% (15 h)
97% isolated yield 98% isolated 97% isolated 97% isolated 98% isolated
ci 10g  MCO 1on 2N 10i [izj
)
>99% (15 h) >99% (15 h) 97% (20 h) >99% (15 h)
97% isolated 98% isolated 88% isolated
A @ wj*
Ph” H |
10k (H5C),N \
>99% (4 h) >99% (6 h) >99% (6 h)
96% isolated 98% isolated 98% isolated

o, B-FREFMH NV R= AL EME LT, /7 aEr 2T LTHW-E 2 A, 1485CI1C
Bond4ru~x )b ara~ ) —A0NERE 11 OREME L TELNT, &KL,
1,2-@7531_?)39/‘]f&xi@*ﬁ7k$ﬂﬁﬁﬁﬁik LT, @@AMIER (Metal Organic Framework,
MOF) [Z[EE S 7= Pt F KL -V STV D H O D10 Cu/PS-DBU filifitod o, B -A~fiafn
TNV R = MAEE PR DAL R IR TR D o 7o,

(5) bR DOKFCSE
IHNETHLMNI LK 9 1C, FHICER L7Z Cu/PS-DBU filifi X7 ko7 /LT R
RFACSINZ EEMEZ R T, & 2 CARMREE 2 HEE STtk O R m— W B AR Fnfs & oK FE

10" (a) M. Zhao, K. Yuan, Y. Wang, G. Li, J. Guo, L. Gu, W. Hu, H. Zhao, Z. Tang, Nature 2016, 539,
76. (b) Z. Tian, X. Xiang, L. Xie, F. Li, Ind. Eng. Chem. Res. 2013, 52, 288. (c¢) K. R. Kahsar, D. K.
Schwartz, J. W. Medlin, J. Am. Chem. Soc. 2014, 136, 520. (d) B. Wu, H. Huang, J. Yang, N. Zheng,
G. Fu, Angew. Chem. Int. Ed. 2012, 51, 3440. (¢) J. P. Stassi, P. D. Zgolicz, S. R. de Miguel, O. A.
Scelza, J. Catal. 2013, 306, 11. (f) G. Kennedy, L. R. Baker, G. A. Somorjai, Angew. Chem. Int. Ed.
2014, 53, 3405. (g) C. J. Kliewer, M. Bieri, G. A. Somorjai, J. Am. Chem. Soc. 2009, 131, 9958.
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BIUCICHEH T 2720, ZEURFEOKFIRIEERAB T, F—E TR LIZLOIC,
{BIRSE DIKRFACEOS T, BUSSMIZIS U T2 O FEEFHEARD S 5415, Scheme 6-11 12
AT R DI, HWEMESRFIZB W TRRBENSE LN DI1ED, TJV:—/b‘iﬁi{Zliﬂfj“C“éi\ Xz
L DFAMEEIZE D FBT AT AP ERT D, ZHODORISTIE, @EKFELELREST S
eI =T I 2R LR TiThn s, 2L, F—hd 2 0IEE k7
Y OFIE T TIXFMT I RS 5,

Scheme 6-11 Z—EMLRFBDOKFBILKIGIC L VB LN 5 FRFEA

+ Ho, base j\ 4 base
H™ SO~
+ H,, ROH O
CO, 2 - JlU + Ho
NR3 H” “OR
+ Ho, HNR,

o)
SH R o
H” “NR,

Scheme 6-12 {2777 & 9 12, Cu/PS-DBU B (0.83 mmol-Cu/g) @ Cu (%} L, 500 H{EDT I
YEWRML, COyJE 30 atm, H, ¥ 30 atm ([ZANE L, 7 /b= —/ /LiEHEF 100 °C T 21 KE#EN
BRI LTz, TORE., VAFAT IVEIRMULESGS, KBS E DS T IV ED
PR HMEEIZ L D, DMF 230 L7277 2 02 L 3% TAR L 72 (Scheme 6-12 B%), L
N, RIGREMDORY) ~—kiti % AB LTRSS AR Lz 2 A, — K
R L VIEMENMELS 2poTe, HBEMT IO MY ZFAT I RV, AKX ) —LEREET
XA TNV OB E R E Z A, TON = 8 TXEEA TN LT (Scheme 6-12 F1E),
L2 LIAIREIZ, FEED b Y = F LT I VBRI LT T X 1Tk L 5%IEE, TON =25 T4
BLTEY, FBATFNLIDBNERE o7, WEEE A X ) =D 2-7 8% ) — )T
T2 LIRS EBBE O BN AR L, A F 7 — ) /VIREE L A% O, TON TXE@O Y =
FNT I DG BT (Scheme 6-12 TEY), RS DR Y ~—5&iE %2 ZKGERIZHE L TH
A% DTSRG ONT-Z LN RRISSERMFIZIBW T Cu/PS-DBU N2 ERIIZIE M 4 fEHF
XDH T ENRBEEINT,
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Scheme 6-12 7 X UTEFE T IZHIT % Cu/PS-DBU (T & % e {k iR DA RILRG

Cu/PS-DBU B o

CO, + Hy, + HN(CHs), + H,0
30 atm 30 at 1C(|;|035’)ct| 21h HJ\N(CHG’)Z
am - soam ’ 3% yield®?
amine:Cu = 500:1, [amine] = 2.0 M TON = 167

® The resulting polymer residue showed inferior activity (1% yield, TON = 7).

Cu/PS-DBU B O

CO, + H, + NEt + [EtzNH]*[HCO,I
2 2 3 ChH,OH HJ\OCH3 [EtsNH]"[HCO,]
30 atm 30 atm 100 °C, 21 h 5% yield®®
amine:Cu = 500:1, [amine] = 2.0 M TON = 8 TON = 25°
CO, + H, + NEt Cu/PS-DBU B [EtsNH]*[HCO,I
2 2 3 2-propanol 3 2
30 atm 30 atm 100 °C, 21 h 4% yieldab
amine:Cu = 500:1, [amine] = 2.0 M TON = 22°

B The resulting polymer residue showed comparable activity (4% yield, TON = 21).

aMolar ratio of the product/amine substrate. °Determined by '"H NMR.

BIRARRRIENG DT 2-7 w8 — VEEIEHRIC 81T 5 bk R OKFLRISIZ D
WT, HWAHE RO Z Mt L7z, Scheme 6-13 (/"9 K 912, Fix DEEDOHFETIZ
Cu/PS-DBU B # MW KFLRIGZMFTT 5 & &b, KINEEWNORY ~—Kikx 5
B, [RBOSSRAED ZREERITAE UIEPEDSHERF S B 0D 7=, Entries 1,2 DL 912, b
U F T I UAFE T TlE, TON 28 20 F2EE CIEME A MERF 372 — 757, entries 3,4 D X 51T,
DBU e LTHWA & — KBTI N = F AT I v EREWEEREZ TR T OO,
TR TIXIRIERS LT LRy o 72, DBU I Cu FE~OENL /7S iR FR[E T 5 7=
¥, DBU {#1E [ Cl& PS-DBU IZ[HE S4L7z Cu BEH L TWD EE 2 oid, BRI O
KOt-Bu Z W% & | A U 7 L7H3 10%I0FH, A4 50 TARR L7z, ek T,
EHEOETRALND OO, %I, fllftEl#EsEk 30 2/~ L7z,
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DBU Efifin U AF L HEF Cu fillgEl IR FB—TEFAFATRE G DK BSOS

Scheme 6-13 B LIRFBEDABILFIIC & 5 FEBEARICK T HHEEDORSH

Cu/PS-DBU B
or polymer residue .
CO, + H, + base > [base-H]'[HCO,]-
2-propanol
30 atm 30 atm 100 °C, 21 h

base:Cu = 500:1, [base] =2.0 M

entry Cu cat. base yield [%]*® TONP
1 Cu/PS-DBU B NEt; 4 22
2 polymer residue NEt; 4 21
3 CuPsDBUB  DBU 12 58
4  polymer residue DBU 1 3
5 CwPS-DBUB  KOtBu 10 50
6  polymer residue KO#-Bu 7 30

4Molar ratio of the product/initial base.
bDetermined by "HNMR.

PLEOKFHZ L Y, Cu/PS-DBU A 7 b o7 T & RIZT Tl #hE o R
{BIRFE DKRFACSOGIZ bIEMEZ /R T 2 L BRI ST o7, RO E42 X5 1213 &
VMR BOSRIEOBRR 22T 2 b DD, FLERBELETHL N =F LT I UAFHET T,
PS-DBU (Z[EE S 4172 Cu b 1348 0 & LEERICHF 2 . TEMEAMERFT 2 2 & 3o Tz,
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DBU f&fffiAR U A F L L HFF Cu it IR FB—TEFAFATRE G DK BSOS

(R

BRE ham

ARETIL, 7 IV VO Culllkt$ 5 @mOBAL ) 215D UTo iz 7 ifliisdt & LT, AV
~ —FE55Z DBU i & & -0 DBU &8RN U A F L &2 vy, Cu flSEE S e A~ —%
KRFE LD AR A5 72, ZOFEHE., DBU EHfiR U AF L > OIFE T, Cu(acac), N7 &
b7z VKRB L L TIEe b 2R RWE L, /KISHED 1-7 2= 124 ) —)b
AETIRMAZ g BER, RN ~—EL RN L, FOKFEORCER L2 2 A L&
INCKFACIEDHEST L= 2 £ 6, PS-DBU _EIZEE & 7= Cu FEAMkE & L CTHRE L o
ST TWD I ERREBEINT,

BIl&, FFHTC Cu(acac), & PS-DBU Z/KFEFFS T CHEHE#ET 5 2 & T, Cu fAREE S
M7z Cu/PS-DBU Z Bl L, KTt LTHATEIZEbbhotz, HHNTE
Cu/PS-DBU @ ICP-AES & Ju# T OfE R 6, FHREFHZIRIN L 72 Cu D 90%LL E23EE(k
ENTWDZ Enbooiz, £7-. HAADF-STEM #1222 L 0 . RV ~— LIk 7808
20 nm (I S 7z Cu T RIF DR L TS 2 E R LMNCT D E & BHIT, XPS A2
7 MVOFERNG . Culd 04id 2WVE 1 ORETHEL TRV, AR Y ~—I% DBU i
ERFFLTWVWDZ EREMT Bz, S HIS, B XRD 72 6 TNS XAFS @iz & v, 0
D> Cu ODIFTEPHER SN2 EFRIFFC, 1ifEE LT Cu 7 vaxy RRGENLTWH I &
R E LT, 35477 XANES 222 RUIZx L LCF Z#M L, Cu 73k N4
Te 0 /1 i 2 HEE L7z,

Scheme 6-14 |Z7x 9 X 512, FHE L 7= Cu/PS-DBU (X, flix D7 b BLOT LT E KD
RFEACSIRCE WG Z R T 2 & BN D S vz, BEEAFE & bhig LC, fltiRn &3/
BONEETH T b DOKRFRITR L TR L SHERET 2 Ch 2 Z LR LT o7,
T N7 = OKRFACE E ISR LR R, Cu/PS-DBU fillitix, SIS E HITTE
Pea R L, 6 BIOMEEY YA 7 AR Z 8 L C—EDIEMZHEFF L7z, Cu OB~
DU, Cu B FREOELS RN -T-Z &b, Ao PS-DBU 12X 5 &\ Cu
[ EALEE ) & M AEDS AT Sz,

FLERNVZTFAT I VOFEET., ARBIZ X > TEBLRFBOKREIEZITH> E, T
I UHHEIER 4% TREIEN S S vis, TEER EoRIES b 00, EEFEELTHS b
UZFNAT I UBFELTH, PS-DBU IC[EE Sz Cu KL FIXIEMEAMERF L, M0 K LR
HABETH S Z ENPH LN o7z,
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DBU f&fffiAR U A F L L HFF Cu it

RS2 N BN & DK FLBUE

(R

Scheme 6-14
Q ..  CulPS-DBU OH
R)]\ . 2 CH4OH R™OR
10 atm 90 °C

13 examples
up to 98% isolated yield

substrate:Cu = 100:1, [substrate] 1.0 M

Cu/PS-DBU

~20 nm
Cu(0) and CuOR

Related example
o Cu/AlL,O OH
+ SUARYs
)K Hz n-heptane )\
Ph 1Tatm 90°C,1.5h Ph
T 94% yield

substrate:Cu = 7:1, [substrate] 0.1 M

N. Ravasio, Tetrahedron Lett. 2005, 46, 3695.
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DBU f&fffiAR U A F L L HFF Cu it R FE—TRFBABIFRE & DKEL S

(R
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AALE W OARETNRE S DR TCRINE, AE LT D53 B CHEERBHKED—
Thb, FrZ, 0 FRAKFEEZKRZRE L THWABERKFCEOSIE, L EmREO SR
KRFDIZ L DB BWRTHEEZ O TIRERREAMAOTFILEL LTEETDH
Do REJ—RAEE, RISEDOERYOZBENRES TH YD | D TEWIEMEZRT Z & 722
E. ERAEICENTZBERSH Y, S0 7 I IV AOREENEEICBO TR FHA SN T
W5, —F., BBRERIEIRIC L DRSS, RN S T ENEIRAY 2R SOG & FEBL
TELZENMLNTEY, &RICHES LB T2 @EIRIR U, &RIEROE T5E
RONARHY 2 > S 18 S B FE R IS IRET T D AR ET S FTRE T 5, it TUX, W3 OPE A %
B Z CIEME &R PUE 2 N T 2 ARBERH R S 2 . BAICZETE CL D ETE R 7R TR 4 B
IRAREE S NS SV T DT D, B RARE O B FS 438 U T 72 5 2 R — RAREIZ IS
MT 2587 7a—F &K LT\ 5, B KEIRISS AR EE X, 77y, 55
BRILEW 2 EOBMBAKRETZ T TR ~T a2 G EREEL bOLEWmEE D,
RGOS HEE . TEEESTME) 0 FI1T% U T B IR M « SEARIZEIRME 2 & 2 L A8 T RE 72 fid e
DRDBITND,

Z ZTARFSUCIEL, RFB—EF ARG OKFILINTE R EZ ST, B2 EMtIcs
WTRIR L S BEET D AEOBREZ B & L, RKEFEMEOWERE TR E 28T 5
7o OfREREHES & LT, BTG MEORNM T OBEAIZL > TSR LoETHES
. EUVREME Lo E— NY NEZERT 5 2 EICEIRE BV 2 (Figure 7-1), 7
SCRIYE T, BEIZ O VR = LG O KRFECETTICEE DO H D Cp*Ru $HKICH L, o fit5
MERENFT- T e T 4y 7 T IR b— NN T2 L, #ER T VR SR
DIKRFALSIEE R LTz, &0 BTt Ccid, ZMiCilEfEr7s 3d 8 4E L LT Cu
LR JE & T D HTBUKE AL DBRFE (C LY FLA T,

Development of hydrogenation catalysts with high e” density at metal center

H
N—H-- O

\\H L—Cu—H /&\
L—M—H -G |
\\/ L

= Strong e donating protic amine ligands = High electronegativity metal catalysts

Cp*Ru catalysts

[ R

N\

N H
H,

Novel Cu catalysts

L,—Cu—H

Figure 7-1
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F—E T, BRSBTS ERREOKBIRISIZONTHBLL, &
FRENLFRREE A EOARBENE & SOSBRIMEZ b 72 O TR B R ST E -
FRMEZ IR T2, I OBFZEBRFE DWW & LC, (1) SEAEMRRNL T 2R A Lo A& KEL
SIS DOMEST, (2) ST A v DKRFALEOG ) b #EE STE RS ST~ D EBH. (3) Mn
X Fe 72 £ D 3d BEARE ORI M 2 BN 5T 72,

BARRNZIZ Q) IR L, 7T b R4 b7 EOM L 7z IR FB—E B AR AIFFES O
BRITIZOW TIPS o7 DAFFERB 2B L, KF(LE: LT eT v T I
ZHORUBHADE THDL Z & Zfm U, FLDflé LT, ZATARHNVRCET IR
REDH VR UBEFERSCH =R —~, D= A— |k LT Vo REEFHER, —
Wil & & iR T L B O KFEALR TS, PNHP- B2 S —TUEINL 1% & DR ) B 7R
DO EIEME e L U TR TE D Z LA LT,

Fio, BRICEBEISEST 22X L— ML 13, —ARICEBIGE CRLER 3d &
GBS BRI L U CIEA T D72 OICEHE RIS - E 2 oD 2 L AR L.
Mn. Fe, Co $fA % il K BRI D Sl OFGl %2 £ L iz, —TF, RE—RRE
KD RF—WHEREE DOKFRIETIE, Cu MR EICHVWLNATEEbDD, %)—% Cu
PEIRIC K D IRF—IFBRE A DOKRBILINIREN TH D Z & 2B E 2. VAR EFHEAE
R bR SR 7 EEEE TSy T DK FALEIS TR FIHE7ZR Cu SER O BT DR E & ik~ 7z,

B_ETIE, 7u T4 v 7T I UFb— ML % D Cp*Ru S5 D KE LAt HE
PR, TATNNEBLOT 7 b ORFCEIRCH D 2B EZ BN LTz, 7 I —Ru
FEDOHIBAR T % Cp*RuCl(isoprene)lZkf L, flix O F L — M7 & LA RN L 72 =50
R RE L, Ea AT I D WIEE SR RI T I T Z Y ROKFEKIZ
FrlZmWEE2 RT 2 E 2N L, B2 U AT I UV X, 2ETHWLRT
KPR AT 4 )T I EHRTERBNLD n- Wik G/ NEL, BWETFEGEREEZA L, b
RYU KT =0 AFREORTHE EICHES LD EEZLND, B&, EaUiT
> % H T % Cp*RuCIINNEER 2 FHE U KSR LA & U CEH L 72 /G5, B8 filiiitt 100,
KOt-Bu Z BE 2k L 25 mol%isin L, AEIRE 1.0 M D 2-7a/X ) —)LH L WE -7 F v
TV — VR KSEE 50 atm, SOSHE 100 °C O T, lix O AT VB I ONT 7
b DIKRFELS I, @BINERTT V3 — VARG Hivle (Scheme 7-1), 72, ¥ 747 2
VRN F % D Cp*Ru il A v, HEIEMESRIET . AR =L afric DR FE G T D
77 b UBOKRFOEETT O & BIFEERRIETE (DKR) 215 RA =L THE
ThO, HEEETA—ABEEND 2 & & RWE L7z (Scheme 7-2), ARE UG T HHEZ
I N DINER=VafiD T L&D DKR OO TOFITH S, FixDF T /%L —
BT VR AR LA, NN - ATF L T and Yo 0T I VR EAT D
Cp*Ru fitlft (Ru-1) ZH DL, a-7==/b-y-TF 0T 7 F LV OKEINZ LY | &K
47% ee TO)AKD 2-T7 2= )V-14-T H o DF =N G0Nz, —J7. N-AFNL2-(V T ==
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WRAT 4 ))1-T X ) 7ua~ty U2 H3 %5 Cp*Ru fililit (Ru-3) ZHW\% &
50% ee TR)-IKD VA — B E 5T,

Scheme 7-1

0 Cp*RuCI(NNH) OH

KOt-Bu
+ Hy - N
R O 2-propanol R OH | AN
50 atm 100 °C
Ru

N
substrate:Ru:KOf-Bu = 100:1:25, [substrate] = 1.0 M e,
VRN
Cp*RuCI(NNH) H Cl
0 KOt-Bu, MS 3A 2
’ PN '
JL o+ Hy ek R”SoH * ROH Cp*RuCI(NN")
R OR
50 atm 100 °C
substrate:Ru:KOt-Bu = 100:1:25, [substrate] = 1.0 M
Scheme 7-2
Ru-1 CH3H
KOtBu oH N, RS
. . )
2 -propanol OH ,RU\
50 atm 80°C,6h N Cl
rac-3e (S)-4e CH3H
substrate:Ru:KOt-Bu = 10:1:2.5 70% vyield Ru-1
[substrate] = 1.0 M 47% ee

Ru-3
Ph
@ KOt-Bu © oH " P
_— /,,' . ., /
2-propanol OH Ru

VAN
50 atm 80 °C, 6 h N
rac-3e (R)-4e CH3H
substrate:Ru:KOt-Bu = 10:1:2.5 88% yield L Ru-3
[substrate] = 1.0 M 50% ee

F_ETIL . Rue B ~ORNE TR EREN I TE 2 NHC 2 #iotE s L Th o7 e T
4 w77 2 —NHC & L — ML % FHVY, Cp*Ru fiERS LR BT X RB XUV T 7 4
LOKRFACIEPIRA 72 THIT T2 2 26N LT, T, 1-AF A I XY —)L
OFEAEERRT X ) = F B A &> NHC RiBEIAN G Bk Cp*RuBr(CNH)\’fiﬂ%@/—\

BRICERS L=, &6 :?%%hf:ﬁj*{j:%ﬁ/wﬁ:wﬁ%{zlsmk i | NHC AT BT
R E NI & 2 A, ﬁ?@ﬁbkf:U»7~y%$x74/7iy%

NigEAR X 0 & NHC ZF1 % Ru st f21—<0>j375>/£)§ﬁ 5 VIR = VBN -~ D 358 < |
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=6

EEOETEENR LELTND Z ERNRENTE (Figure 7-2), Cp*Ru(CNP)EEIR % filitt & L C
R JRE ki 100, KOt-Bu & FVEIZKE L S mol%Iisin L, FEBRE 1.O0M D 2-7 ' m X
J VIR KT 25 atm, ROSIRE 3090 °C DKM THARVEET 2 RBX T 7 ¥
LOKFBCSIEEATH &, BIRCIRFE—ERZEADEHE L, IARESEAERD & LTT
Na— T I URE L E B (Scheme 7-3), 2V FE THAE S 7= /K FLABLA I T
R TR RIS TE AT U, AR R O TEWRE N BN EBRIIZER T B
77

high electron density at Ru
)

Ph OTf X —|OTf 7 NR _|OTf
ke L & N
./ ./ ./
[ RU U ( ’RU
N

7 N VAN AN
N~ CO N~ CO N ©o
Hy Ha 2 R=CH,3
Voo = 1948 cm™’ 1938 cm™ 1928 cm™
This work
Figure 7-2
Scheme 7-3
o Cp*RuBr(CNY) @ NR
ﬂgf .,y KOtBU j)H . HNRZRS N—,
R" ¢'NR*R® > 2-propanol R & Ru
25atm 50 or 90 °C, 24 h N, Br
R = CH3

substrate:Ru:KOt-Bu = 100:1:5, [substrate] = 1.0 M

Related examples

0]
‘ RuH(CO)(PNN) P +
R)&N,R + 2Hy ToE R OH * R'—NH,
H 10 atm 110 °C, 48 h
substrate:Ru = 100:1
D. Milstein, J. Am. Chem. Soc. 2010, 132, 16756.
H H
o Ru-MACHO-BH  OH Vann N
K;PO N,, | «wPPhy
N+ 2H, - N RN
2 THF P~ | co
50 atm 150 °C, 24 h Ph, H.

BHj3

substrate:Ru:K3P0O,4 = 100:1:10 )
T. Tu, Chem. Asian J. 2018, 13, 2559.
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BNETE, Cu zH 0B ETIETEERE N NEORMAWFH L, —BLRFED
KRFBACKISIZH 2N 78 Cu & AR IE D70 D Zon R B 2 R L, £ ORER,
Cu(OAc),'H,0 (25 LT DBU % 500 S8R L, HILEE 2.0 M O 1,4- 745V R
CO2/H, JE 30/30 atm, SISIREE 100 °C DSAE T @ bk FE D KT L S v, iR E (TON)
= 163 TXF D DBU #7235 53172 (Scheme 7-4), ¥RINT DI O ILVERE & flyEPE oo
(ZIXBREZ2 AR 72 < . DBU 2MRFERICEWEEZ 72T 2 L 2B 6L, H—F Cu
fib iz & 2 R bR FE O KFCEOG MO TEBLLTZ, S 51T, Scheme 7-5 12777 DBU—
Cu S5 % 4] 6D T BB IEIRE L, Z OSEERNIFIZEOKFLRE ) &2~ $ 2 & &M 7=, DBU
X, MR E U CRLRFBOKRFIIEDERD TH D XWer P L, k&I
RET L5 Z LNz, KESFORYERZBRIZLEE LGS, b2, TIVUHME
BT & L THIER L, Cu AKFMAMERIC R A e 5E A4 5 Z E AR Sz,

Scheme 7-4
Cu(oAc)z'Hzo
CO, + H, + DBU > [DBU-H]*[HCO,]~
1,4-dioxane
30 atm 30 atm 100 °C TON =163
DBU/Cu = 500
Scheme 7-5

B DBU-Cu complexes were isolated firstly.
B Catalytic activities were displayed comparable to corresponding Cu salts.

Possible Catalyst Plausible Mechamism

(dbu),Cu-H
X—Cu4-N_ )
YT \ [DBU-HI*[HCO,] Co,
Q H,, DBU
n (dbu),Cu-0,CH

X =Hor O,CH
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BHETIE, 7T IV VHEOXEEML T E L COFAMENGET5AMT, 7TIVIF L
— MENLFE2ETHHH Cu $AZ A L. "B LRFBOKFCEIEZME Lz, Cu lZH
EICREET 22X L— ML LT, RO IV UBEL b OB 25/ L, ©
AT IV BNTHIRIC T XY UL & OB S L— MR AR L 72, Cu
MK T DEI R 2 Rt LR, Ch oo +0 )b XL — MEE 2T I Vv
25 Cu(OAc) H20 1T U CHEAAL L 72 BEEEEE R NICR K <& b dv, BB - [FEICHKR L7
(Figure 7-3), —JH# L — MUENL 7205 1%, Cul & OFEERIC LY, K~FFREDILR T
BSERZ B Lz, 70T 4 v 7 7 2 VEMia b =X L— M NNEN BN 7 D34,
Cu lZxt LTT X EMAIBNL Lo 7o b DD BAIEL, BT IS 23 272 25 MnBr(CO)s (2
%f L ClE, BEIC facial ZJEF L— MM D Z &3> 72, Scheme 7-6 [Zx79 L 912,
THET RV EAT D Cu BRIk L DBU & 40000 M ERML, HERE 20 M D 14-7
F %Y PRI COx/H, [ 20/40 atm, JSIREE 100 °C D5 T R LIRFE DK F L S 4L,
i[5 %L 1660 TXEED DBU NG LN, AT I Y0 —Cu fillifix, ZhE THES
TV D)% Cu il D H Tl b @ OIS & 7R 3 CAAC-Cu fil B2 VT~ 5 PhEpE & 7~
L, mWEEGHEEZ LTIV 22X L — MELIZ L » THRENCHES SE, B RU FEE
RO RN Z 5D DR N2 Y Th D 2 L BT DR &G,

bisamidines

N/_\N \ /
/>_<\ N%N
e O

N
S8
ACO/ \OAC AcO OAc
65% yield 74%

amidine-containing tridentate ligands

-CH,Cl, \ /—| Iy /\’ —|B
—N co r
<\J/\”n ” /\W\N) t N IVI n\\\\CO
- Ncu_cu™ "N”'| ~co
L [N/H\N/B H k(Nj
Ay »
i <5% 74%

Figure 7-3
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Scheme 7-6

\ /
cu2 “%“
CO, + H, + DBU ——————> [DBU-H]*[HCO,J Q/l lJ

20 at 40 at 1,4-dioxane N\C/N
aim aim ° u
100 °C, 21 h TON = 1660 /N
DB =4
U/Cu 0000 TOF = 79.0 h-' AcO OAc
Cu-2

Related examples

triphos)Cu(NCCH3)JIPF
[(triphos)Cu( 3l GL [DBU-HJ*HCO,]-
CH4CN

20 atm 20 atm 140 °C, 20 h TON = 500
DBU/Cu = 1000 TOF =25.0 h™!

C02 + H2 + DBU

[(triphos)Cu(NCCHj3)][PF¢]
A. M. Appel, ACS Catal. 2015, 5, 5301; A. M. Appel, J. Am.Chem. Soc. 2016, 138, 9968.

i-Pr
N Et
(CAAC)Cu(HBH,) - Et
B(C¢F e
CO, + H, + DBU ﬂ(_'Fﬁ sk > [DBU-HJ*[HCO,]- H/C“\H
15 atm 45 atm 100 °C, 24 h TON = 1881 \B/
DBU/Cu = 40000 TOF = 78.4 h™! Ha
(CAAC)Cu(HBH,)

G. Bertrand, Nat. Catal. 2018, 1, 743.

FORETIE, 7 IV UBOENTC Cullkt T 2BIRE ) 2160 L, R Y ~—43{K 2 DBU
f§i&E 7 © O DBUERRAR Y AT L v % CufEOHR & 92 Fr iz 72 il o £l 8 % 3 7 7=, Scheme
7-7 129 L 912, DBU #4i&% 1.8 mmol/g % ¢e DBU Efffiin U AF L &2 W T, 0.5 Y&
® Cu(acach WML, A ¥ /—/LH 10 atm O/KFBEME F CTHEFET 5 & Cut / kL
TRV ~—DBU LTI S 4L, BRI L7 Cu @ 90%LL EAEE(L I TWD Z
&N boTo, HAADF-STEM B2 L 0 . R U ~— EIEERIFEEHI 20 nm (ZHIH S
7c CuF /B3B8 S du, XPS IZ K DHEROTR ORE DR R, Cu T/ K13, 0ffid> 50>
X T MHORETHFAEL TS ZENHB L, AU ~—XDBU & ZHRFL TWDH 2 LA
Molz, XHIT, HSHE XRD 72 6 NS XAFS fETIC L 0. 0 i Cu DIE/ 1 lFEE L
TCuTNaxy RPNEGENLTND Z EDNRBEINTZ, 20 Cut /K (Cu/PS-DBU) % fil:
BERZHWD & flix D o BEN B 100, KFEE 10 atm, SOGTREE 90 °C,
FERE1OM O A X ) — VIEEEF TRFL S HL, Al & IEBEE B OB LB E D A Cxtbii
T 57 b 32— /LN EIER ) D E A CHEE S 4172 (Scheme 7-8), B d~ 5 A —% Cu fillit
E R LT, MBI ER D 72 WSRIETH 7 b OKRFEITH LTI X < HRET 5 it
ThDHZENERMTRINTZ, o, TR N 7=/ COKREITH L, ARflEix 6 B0
M0 3R UAE I 2, Cu filE XA R VA U7 W EREEME 2R LTz, & SIS 2 F U,
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M) =F AT I el UCmbRFBOKEIIEEITO &, T 2 VIR 4% T
Feta 35 BTz, BNMEE R OLEE F T Cuw/PS-DBU [k v i L ofifi N Z 1&ME & #E
FT D2 ERBALMNIZ2Y . PS-DBU IZ XK 5 E W Cu [#E(LRE )T & MHAPENEST T H i,

Scheme 7-7

1. filtration

2. wash by CH3;OH
H, (10 atm) 3. drying in vacuo
CH3OH (5 mL)
1.8 mmol/g 130 °C, 4h

Cu(acac), + PS-DBU

[Cul=01M Cu/PS-DBU
Cu:DBU units = 1:2 94% vyield
of immobilized Cu

Cu/PS-DBU

~ 20 nm
Cu(0) and CuOR

Scheme 7-8
O . OH
)]\ ¥ H, Cu/PS-DBU )\
10 atm 90 °C

13 examples
up to 98% isolated yield

substrate:Cu = 100:1, [substrate] 1.0 M

Related example
O Cu/AlL,O OH
+ oy, SWALYs
Ph)K 2 n-heptane Ph)\

1atm 90°C,1.5h 94% yield

substrate:Cu = 7:1, [substrate] 0.1 M

N. Ravasio, Tetrahedron Lett. 2005, 46, 3695.
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Pl b, AFHSCTIE, Cp*Ru K72 5 QN Cu ikl OSRE 2 K HlE 4 AL & LT, 7
74y 77 I h D NN L — M7, NHC 3% CNH & L— Mid(Zf-. DBU
BLXOZOR) v —#HER, TJEXL— MIEZAT7 I VUENTEBEEL, b —#O
GER~T OREEE LAY ATV IARVET IR, bRFIRE SN
2 #EETTVE T VIR = A E W ORI KV EOGIZE H L7z (Figure 7-4), NHC X°7 I ¥
2=y MIHKTLHOVE TG, % L— MEEICH & DSV TOENT 172 & O REE
KRFBOETHES NS R MR OS2 IE L, SV SkEEZ 535 &%7@9
b, TORF, AiwmSCTHIZITBRZE Lo biiEAs | fEk o il e~ T Al EEYE it
DNEZRT Z ERH BN 5 T2,

Development of hydrogenation catalysts with high e” density at metal center

H

N—H--___ '|-

I Os
- M— L—Cu—H ~Cs
L—M—H g-Cy 0
X =0R, NRy L
= Strong e~ donating protic amine ligands = High electronegativity metal catalysts
Cp*Ru catalysts Novel Cu catalysts
[L,,/ L,—Cu—H
Ru
7 N\
N H
Hz N
- m n
N

</j\>_\ chapter 4
—N NH,

chapter 2
\ /
[N/\ N I \ N NN
N~ NH: </N NJ \\)
/chapter3 chapter 5 chapter 6

Figure 7-4
INHDOWFERER LY | AR EFHEIZZ LW VR = bSO KFEALBOSIZER L

. BFHEGEOEERAT nBREEEDOEADR, ERICE LT, £ R R R
@2 CHIET DR MR 2 e T P THD Z L AMMITR T LN TE T,
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Experimental

General Procedures

All manipulations of oxygen and moisture-sensitive materials were conducted under purified argon
atmosphere (BASF-Catalyst R3-11) using standard Schlenk techniques. All reactions were
performed in commercially available anhydrous solvents (Kanto Chemical Co., Ltd.) unless
otherwise noted. Solid compounds were used as delivered or prepared. Liquid compounds were
distilled under reduced pressure and stored under argon atmosphere. Distilled solvents were dried by
refluxing over CaH (2-propanol, t-butyl alcohol and n-hexane), P>Os (acetonitrile and CH>Cly) or
Na/benzophenone (THF and diethyl ether), and stored under argon. Column chromatography was
performed using Fuji Silysia silica gel FL100D (neutral) eluting with ethyl acetate and n-hexane.
NMR spectra were recorded using CDCl3 at 25 °C on JEOL LA 300 and ECX 400 spectrometers for
'H (referenced to external Si(CH3)s via the residual protio impurities), *C{'H} (referenced to the
solvent resonance), '°F (referenced to external CF3CO-H at -76.5 ppm), and 3'P{'H} (referenced to
external 85% H3POy) signals. Analytical chiral HPLC was performed with a JASCO Gulliver system
with UV detector. Optical rotation was performed with a JASCO DIP-370. Recyclable preparative
high-performance liquid chromatography (HPLC) was performed on a Japan Analytical Industry
LC-9225 NEXT system equipped with JAIGEL-1H and -2H columns using CHCl3 containing 0.5 %
triethylamine as eluent at a flow rate of 14 mL min'. Elemental analyses were performed on a
Perkin-Elmer 240011 CHN analyzer. The electrospray ionization high resolution mass spectrum
(ESI-HRMS) was acquired with Bruker Daltonics micrOTOF 11 and JEOL JMS-T100LC
spectrometers. Gas chromatography (GLC) was conducted with a SHIMADZU GC-17A with a
flame ionization detector using He as carrier gas. X-ray single crystal structural analyses were made
on a Rigaku Varimax diffractometer using graphite monochromated MoKa radiation. X-ray
photoelectron spectroscopy (XPS) was carried out on a Thermo Fisher Scientific VG Theta Probe
spectrometer equipped with a monochromatic AlKa source. Peak binding energies were referenced
to the C 1s peak at 284.6 eV. High-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) images were obtained using FEI TITAN80-300 operating at 200 kV,
after the samples were dispersed on Mo grids by wet process. Energy dispersive X-ray (EDX)
spectra of the images were carried out on an EDAX r-TEM/SuperUTW detector. Inductively coupled
plasma-atomic emission spectroscopy (ICP-AES) and -mass spectrometry (ICP-MS) analyses were
performed on a SHIMADZU ICPS-8100 and PerkinElmer ELAN DRC II, respectively, after the

analytical solutions were prepared by ashing of the samples.
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Chapter 2

Preparation of Ru Complexes

Cp*RuCl(isoprene) [148657-53-8] was prepared according to reported procedure.!

Cp*RuClI(2-picolylamine) (Cp*RuCI(NNH))

| /\N,
RE

’
N \Cl
H,

To a solution of Cp*RuCl(isoprene) (374.5 mg, 1.10 mmol) in CH>Cl, (6.0 mL) was added
dropwise a solution of 2-picolylamine (119.0 mg, 1.10 mmol) in CH>Cl, (6.0 mL) within a period of
60 min at room temperature. The resulting solution was stirred for additional 2 h and concentrated in
vacuo. The residue was washed with n-hexane (3.0 mL) and diethyl ether (3.0 mL) to give the title
compound as a brown powder (408.3 mg, 97% yield). The complex (about 10 mg) was recrystallized
from distilled CH»Cl> (2 mL) and distilled n-hexane (18 mL) to give dark red/prism crystals suitable
for X-ray diffraction study.

"H NMR (CD>Cl,) 8 1.61 (s, 15H), 3.85-4.20 (m, 2H), 7.10-7.25 (m, 2H), 7.50-7.60 (m, 1H), 8.96
(d, J=4.6 Hz, 1H).

BC{'H} NMR (CD,Cl,) 3 10.1, 51.3, 73.5, 119.7, 123.3, 134.4, 153.0, 159.3.

Anal. Calcd for C1sH23CIN2Ru: C, 50.59; H, 6.10; N, 7.37. Found: C, 50.28; H, 6.05; N, 7.30.

Cp*RuCI[(1S,2S)-N,N’-Dimethylcyclohexane-1,2-diamine] (Ru-1)

CH3H
0 N, >
(L ke

N e
CH3H

To a solution of Cp*RuCl(isoprene) (220.9 mg, 0.65 mmol) in distilled CH>Cl» (15 mL) was added
one portion a solution of (1S,2S)-N,N’-dimethylcyclohexane-1,2-diamine (TCI D2460, 94.0 mg, 0.66
mmol) in distilled CH2Cl, (5 mL) at room temperature under argon atmosphere. The resulting
solution was stirred for 3 h and concentrated in vacuo. The residue was washed with distilled
n-hexane (15 mL) and distilled diethyl ether (15 mL X 2), and purified by recrystallization with
distilled CH2Cl, (0.5 mL) and distilled hexane (20 mL) to give Ru-1 as orange/platelet crystals
(231.1 mg, 0.56 mmol, 86% yield).

"H NMR (399.78 MHz, CD2Cl») 6 0.70-0.84 (m, 2H), 1.00—1.14 (m, 2H), 1.54 (s, 15H), 1.63-1.73

(m, 2H), 1.76-1.92 (m, 2H), 2.34-2.40 (m, 2H), 2.45 (brs, 1H), 2.80 (s, 3H), 2.94 (brs, 1H), 2.98 (s,

' P. J. Fagan, W. S. Mahoney, J. C. Calabrese, I. D. Williams, Organometallics 1990, 9, 1843.
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3H).
BC{H} NMR (100.53 MHz, CD2Cl,) 6 10.2, 24.7, 30.4, 37.3, 39.3, 62.9, 68.0, 70.8.
Anal. Calcd for CisH33CIN2Ru: C, 52.22; H, 8.03; N, 6.77. Found: C, 51.91; H, 8.25; N, 6.85.

Cp*RuCI[(1S,2S)-2-(diphenylphosphino)-1-aminocyclohexane] (Ru-2)
Ph,
" P, >
¢

To a solution of Cp*RuCl(isoprene) (169.3 mg, 0.50 mmol) in distilled CH>Cl> (15 mL) was added
dropwise a solution of (1S,25)-2-(diphenylphosphino)-1-aminocyclohexane (Strem 15-7154, 141.1
mg, 0.50 mmol) in distilled CH>Cl, (5 mL) within a period of 30 min at room temperature under
argon atmosphere. The resulting solution was stirred for additional 1 h and concentrated in vacuo.
The residue was washed with n-hexane (5 mL) and diethyl ether (15 mL), to give Ru-2 (226.9 mg,
0.41 mmol, 82% yield). The obtained powder was purified by recrystallization from distilled CH>Cl,
(1 mL) and distilled diethyl ether (19 mL) to give orange/prism crystals.

'"H NMR (399.78 MHz, CD»Cl>) 6 0.70-0.80 (m, 1H), 1.04—1.22 (m, 2H), 1.24—-1.34 (m, 2H), 1.51
(s, 15H), 1.68 (d, J = 12.2 Hz, 1H), 1.72—1.80 (m, 1H), 1.96 (d, J= 13.7 Hz, 1H), 2.18-2.24 (m, 1H),
2.32-2.44 (m, 1H), 2.90-2.96 (m, 1H), 3.20-3.26 (m, 1H), 7.25-7.29 (m, 2H), 7.31-7.36 (m, 3H),
7.40-7.45 (m, 3H), 7.70-7.78 (m, 2H).

BC{'H} NMR (100.53 MHz, CD>Cl,) 8 10.1 (s), 25.3 (s), 25.9 (d, J = 4.8 Hz), 28.6 (d, J = 5.7 Hz),
39.4(d,J=11.5Hz), 43.8 (d, J=19.1 Hz), 60.7 (d, J = 11.5 Hz), 80.8 (d, J = 2.0 Hz), 127.6—-136.0
(m).

3IP{'H} NMR (161.83 MHz, CD>Cl>) 8 68.0 (s).

Anal. Calcd for CosH37CINPRu: C, 60.58; H, 6.72; N, 2.52. Found: C, 60.83; H, 6.91; N, 2.74.

Cp*RuCI[(1S,2S)-N-methyl-2-(diphenylphosphino)-1-aminocyclohexane] (Ru-3)

Ph,
P, N
g

N
CH3H
To a solution of Cp*RuCl(isoprene) (170.8 mg, 0.50 mmol) in distilled CH>Cl, (15 mL) was added
dropwise a solution of (1S,2S)-N-methyl-2-(diphenylphosphino)-1-aminocyclohexane (132.5 mg,
0.45 mmol) in distilled CH2Cl, (5 mL) within a period of 30 min at room temperature under argon
atmosphere. The resulting solution was stirred for additional 2 h and concentrated in vacuo. The

residue was washed with distilled n-hexane (15 mL) and distilled diethyl ether (15 mL % 3), to give
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Ru-3 (122.4 mg, 0.22 mmol, 48% yield). The obtained powder was purified by recrystallization
from distilled CH>Cl, (1 mL) and distilled n-hexane (19 mL) to give orange/prism crystals.

"H NMR (399.78 MHz, CD,Cl>) §0.35-0.47 (m, 1H), 0.82-0.97 (m, 2H), 1.08-1.17 (m, 2H), 1.44
(d, J=1.4 Hz, 15H), 1.64-1.69 (m, 1H), 1.81-1.86 (m, 1H), 1.90-1.98 (m, 1H), 2.12-2.20 (m, 1H),
2.51-2.57 (m, 1H), 3.02 (d, J = 6.0 Hz, 3H), 3.08-3.16 (m, 1H), 7.36-7.43 (m, 6H), 7.49-7.54 (m,
2H), 7.64-7.69 (m, 2H).

BC{'H} NMR (100.53 MHz, CD,Cl») 6 10.4 (s), 25.4 (s), 25.9 (d, J = 4.8 Hz), 28.2 (d, J = 6.7 Hz),
32.5 (d, J = 12.4 Hz), 41.7 (s), 43.5 (d, 20.1 Hz), 65.8 (d, J = 12.5 Hz), 81.2 (d, J = 2.9 Hz),
127.5-134.6 (m).

3'P{'H} NMR (161.83 MHz, CD,Cl,) 8 66.9 (s).

Anal. Caled for C0H39CINPRu* 1/2H,0: C, 60.25; H, 6.97; N, 2.42. Found: C, 60.24; H, 6.93; N,
2.62.

Preparation of Ligands

5b, 5c¢, 5i, 5k, and 5| were prepared according to the reported procedure.?
2-(Diphenylphosphino)-N-methylethanamine (5b) [350021-81-7],
2-(Diphenylphosphino)-N,N-dimethylethanamine (5¢) [29679-67-2],
(S)-(+)-2-Aminomethylpiperidine (5i) [-], (1S,2S)-N,N’-Dimethyl-1,2-diphenylethylenediamine
(5k) [70749-06-3], (1S,2S)-(+)-N,N’-Dimethylcyclohexane-1,2-diamine (5l) [87583-89-9].

5a, 5d-h, 5j, and 5m were commercially available and used without further purification.
2-(Diphenylphosphino)ethylamine (5a) [4848-43-5]: Aldrich 43162, 2-Picolylamine (5d)
[3731-51-9]: TCI Al161, N,N-Dimethylethylenediamine (5e) [108-00-9]: TCI DO0719,
N,N’-Dimethylethylenediamine (5f) [110-70-3]: TCI D0720, N-Methylethylenediamine (5g)
[109-81-9]: TCI MO0518, Ethylenediamine (5h) [107-15-3]: TCI E0077,
(1S,2S)-(-)-1,2-Diphenylethylenediamine (5)) [29841-69-8]: TCI D2175,
(1S,2S)-(+)-2-(Diphenylphosphino)-1-aminocyclohexane (5m) [452304-63-1]: Strem 15-7154.

(1S,2S)-(+)-N-Methyl-2-(diphenylphosphino)-1-aminocyclohexane (5n)

~
<

Ph,P  NHCH;,

A solution of (1S,25)-(+)-2-(diphenylphosphino)-1-aminocyclohexane (Strem 15-7154, 368.8 mg,
1.30 mmol) in ethyl formate (TCI F0053, 10 mL) was refluxed overnight under argon atmosphere.

The resulting solution was concentrated in vacuo and the residue was dissolved in distilled THF (10

2 M. Ito, M. Hirakawa, A. Osaku, T. Ikariya, Organometallics 2003, 22, 4190.
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mL). To this mixture was added LiAlH4 (Acros 37732, 2.4 M in THF, 0.8 mL, 1.92 mmol) at room
temperature and the resulting solution was refluxed overnight. After the reaction mixture was
quenched by adding Na>SO4:10H>O at 0 °C until evolution of gaseous materials ceased, the
insoluble materials were removed by filtration through Celite 545, using distilled diethyl ether, under
argon atmosphere. The filtrate was concentrated in vacuo and distilled by bulb-to-bulb distillation to
give the title compound (299.5 mg, 77% yield).

"H NMR (399.78 MHz, CDCl3) & 0.92—-1.03 (m, 1H), 1.13-1.32 (m, 3H), 1.64—1.79 (m, 3H), 1.95
(brs, 1H), 2.13-2.31 (m, 3H), 2.39 (s, 3H), 7.27-7.36 (m, 6H), 7.41-7.49 (m, 4H).

BC{'H} NMR (100.53 MHz, CDCl;3) & 24.0 (s), 25.9 (d, J = 3.9 Hz), 26.8 (s), 31.8 (d, J = 6.7 Hz),
33.6 (s), 40.2 (d, J=14.3 Hz), 59.7 (d, J = 13.4 Hz), 127.8-136.9 (m).

3S'P{'H} NMR (161.83 MHz, CDCls) & -8.3.

HRMS (EI) caled for Ci9H24NP 297.1646, found 297.1646.

Preparation of Substrates

a-Phenyl-y-butyrolactone (3e) [6836-98-2] was prepared starting from diethyl phenylmalonate
(Aldrich 111996) and 2-(2-bromoethoxy)tetrahydro-2H-pyran (Aldrich 475394) according to the
reported method.? a-(4-Trifluoromethylphenyl)-y-butyrolactone (3f) [524937-59-5] was prepared
from 4-(trifluoromethyl)phenylacetic acid (Aldrich 233021) according to the literature procedure.*
a-Phenyl-8-valerolactone (3I) [13019-37-9, 112607-09-7] was prepared from phenylacetic acid
(Aldrich P16621) according to the published procedure.’

la—g and 3a-d were commercially available and stored according to general procedure.

Ethyl benzoate (1a) [93-89-0]: TCI B0069, Isopropyl benzoate (1b) [939-48-0]: TCI B0073,
Tertiarybutyl benzoate (1c) [774-65-2]: TCI B0067, Methyl benzoate (1d) [93-58-3]: TCI B0074,
Phenyl benzoate (1e) [93-99-2]: Aldrich 142719, Methyl pyridine-2-carboxylate (1f)
[2459-07-6]: TCI P0423, Ethyl 3-phenylpropionate (1g) [2021-28-5]: TCI P1304, Phthalide (3a)
[87-41-2]: TCI P0401, y-Nonanolactone (3b) [104-61-0]: TCI N0285, &-Hexanolactone (3c)
[823-22-3]: TCI H0759, 3,4-Dihydrocoumarin (3d) [119-84-6]: TCI P1223.

a-(4-Methoxyphenyl)-y-butyrolactone (3g)

CH,0
0

0]

3 S. R. Gerald, PCT WO 94/12487.
4 A. H. Mermerian, G. C. Fu, J. Am Chem. Soc. 2003, 125, 4050.
> Y. Ishii, K. Osakada, T. Ikariya, M. Saburi, S. Yoshikawa, J. Org. Chem. 1986, 51, 2034.
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This compound was prepared according to the reported method® as follows: To a solution of
4-methoxyphenylacetic acid (Aldrich M19201, 0.83 g, 5.0 mmol) in THF (20 mL) was added a
solution of hexyllithium in hexane (Aldrich 468568, 2.3 M, 4.3 mL, 10 mmol) at —78 °C. After
stirring at the same temperature for 1 h, the reaction mixture was warmed up and
2-(2-bromoethoxy)tetrahydro-2H-pyran (Aldrich 475394, 1.15 g, 5.5 mmol) was added at 0 °C.
Then the resulting mixture was stirred at 30 °C for 18 h and quenched by adding 1 N NaOH agq. (25
mL). The aqueous layer was separated and acidified by adding 5 N HCI aq. until the pH reached ca.
1. Then the mixture is diluted with THF and stirred for 1 h at 30 °C. The resulting mixture was
extracted with diethyl ether and the combined organic layer was washed with brine, dried over
MgSOs4, and filtered through a pad of Celite. The filtrate was evaporated and the residue (1.0 g) was
purified by silica gel chromatography (Fuji Silysia FL100D neutral) and subsequent bulb-to-bulb
distillation to give 39 as a colorless oil (0.49 g, 51% yield).

"H NMR § 2.35-2.42 (m, 1H), 2.61-2.71 (m, 1H), 3.70-3.76 (m, 1H), 3.79 (s, 3H), 4.30-4.35 (m,
1H), 4.40-4.45 (m, 1H), 6.89 (d, J=8.8 Hz, 2H) 7.19 (d, J = 8.8 Hz, 2H).
BC{'H} NMR 5 31.5,44.6,55.2, 66.4, 114.2, 128.5, 128.9, 158.9, 177.7.

General procedure for the preparation of a-benzylic-y-butyrolactones (3h-3k)

0]

oA
CH30

The preparation of a-(p-methoxybenzyl)-y-butyrolactone (3i) is illustrative: To a solution of
4-methoxyphenylboronic acid (Aldrich 417599, 2.51 g, 16.5 mmol) and [RhCl(cod)], (Aldrich
227951, 0.37 g, 0.75 mmol) in degassed aqueous 1,4-dioxane (6/1 v/v, 50 mL) was added
a-methylene-y-butyrolactone (TCI M0907, 1.55 g, 15.8 mmol) and triethylamine (2.3 mL, 16.5
mmol). The orange solution was stirred at 30 °C for 15 h, and white precipitates were gradually
formed. The resulting mixture was quenched with 1 M citric acid aq. (20 mL) and extracted with
ethyl acetate (70 mL x 3). The organic layer was washed with brine (200 mL), dried over Na>SOs,
filtered through a silica plug, and evaporated. The residue was purified by silica gel column
chromatography (Fuji Silysia FL100D neutral, 65 g) eluting with gradient mixtures of
n-hexane/ethyl acetate (100/0 to 50/50) followed by bulb-to-bulb distillation to give 3i as a colorless
oil, which became solidified upon standing (2.33 g, 71 % yield).

'"H NMR $ 1.95-2.03 (m, 1H), 2.20-2.28 (m, 1H), 2.73 (dd, J = 13.4, 9.1 Hz, 1H), 2.77-2.90 (m,
1H), 3.16 (dd, J = 13.4, 4.0 Hz, 1H), 3.79 (s, 3H), 4.11-4.23 (m, 2H), 6.84 (d, J = 8.6 Hz, 2H), 7.12
(d, J=8.6 Hz, 2H).

¢ J.D. Rosen, T. D. Nelson, M. A. Huffman, J. M. McNamara, Tetrahedron Lett. 2003, 44, 365.
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BC{'H} NMR § 27.8, 35.1,41.2,55.2, 66.5, 114.0, 129.8, 130.3, 158.4, 178.8.

Spectral data for 3i were identical to those reported.’

a-benzyl-y-butyrolactone (3h)
0

Sae:

Following the general procedure, the reaction of a-methylene-y-butyrolactone (1.56 g, 15.9 mmol)
with phenylboronic acid (TCI B0857, 2.01 g, 16.5 mmol) was performed in degassed aqueous
1,4-dioxane (6/1 v/v, 50 mL) containing [RhCl(cod)]> (0.37 g, 0.75 mmol) and triethylamine (2.3 mL,
16.5 mmol) at 30 °C for 20 h (2.57 g, 92% yield, oil).

"H NMR § 1.94-2.04 (m, 1H), 2.21-2.28 (m, 1H), 2.75 (dd, J = 13.7, 9.5 Hz, 1H), 2.81-2.89 (m,
1H), 3.25 (dd, J=13.7, 4.0 Hz, 1H), 4.11-4.25 (m, 2H), 7.20-7.26 (m, 3H), 7.29-7.33 (m, 2H).
BC{'H} NMR 5 28.0, 36.1, 41.0, 66.5, 126.7, 128.6, 128.8, 138.4, 178.7.

Spectral data for 3h were identical to those reported.®

o-(m-benzyloxybenzyl)-y-butyrolactone (3j)

gy

Following the general procedure, the reaction of a-methylene-y-butyrolactone (1.50 g, 15.3 mmol)

0]

with 3-(benzyloxy)phenylboronic acid (Aldrich 526339, 3.76 g, 16.5 mmol) was performed in
degassed aqueous 1,4-dioxane (6/1 v/v, 50 mL) containing [RhCl(cod)]. (0.37 g, 0.75 mmol) and
triethylamine (2.3 mL, 16.5 mmol) at 30 °C for 16 h (4.01 g, 93% yield, oil).

"H NMR § 1.90-2.00 (m, 1H), 2.17-2.25 (m, 1H), 2.71 (dd, J = 13.7, 9.5 Hz, 1H), 2.78-2.86 (m,
1H), 3.22 (dd, J=13.7, 4.0 Hz, 1H), 4.10-4.16 (m, 1H), 4.19-4.24 (m, 1H), 5.06 (s, 2H), 6.81-6.88
(m, 3H), 7.21-7.26 (m, 1H), 7.31-7.44 (m, 5H).

BC{'H} NMR 5 28.0, 36.1, 41.0, 66.5, 69.9, 113.0, 115.5, 121.4, 127.5, 127.9, 128.6, 129.7, 136.9,
140.0, 158.9, 178.6.

HRMS (EI) calced for CisHi303 282.1256, found 282.1256.

7 A. Arcadi, M. Chiarini, F. Marinelli, Z. Berente, L. Kollar, Eur. J. Org. Chem. 2001, 3165.
8 X. Verdaguer, M. C. Hansen, S. C. Berk, S. L. Buchwald, J. Org. Chem. 1997, 62, 8552.
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a-(3,4-methylenedioxyphenylmethyl)-y-butyrolactone (3k)
O

SR

Following the general procedure, the reaction of a-methylene-y-butyrolactone (1.41 g, 14.4 mmol)
with 3,4-(methylenedioxy)phenylboronic acid (Aldrich 499994, 2.74 g, 16.5 mmol) was performed
in degassed aqueous 1,4-dioxane (6/1 v/v, 50 mL) containing [RhCl(cod)]» (0.37 g, 0.75 mmol) and
triethylamine (2.3 mL, 16.5 mmol) at 30 °C for 15 h (2.16 g, 68% yield, oil).

"H NMR § 1.93-2.04 (m, 1H), 2.21-2.29 (m, 1H), 2.70 (dd, J = 13.8, 9.2 Hz, 1H), 2.75-2.83 (m,
1H), 3.14 (dd, J = 13.8, 4.3 Hz, 1H), 4.12-4.18 (m, 1H), 4.21-4.26 (m, 1H), 5.94 (s, 2H), 6.64 (dd, J
=79, 1.8 Hz, 1H), 6.69 (d, J= 1.8 Hz, 1H), 6.74 (d, J=7.9 Hz, 1H).

BC{'H} NMR § 27.8,35.7,41.2, 66.5, 100.9, 108.3, 109.2, 121.9, 132.0, 146.3, 147.8, 178.6.
HRMS (EI) caled for Ci2H1204 220.0736, found 220.0736.

o-(4-Methoxyphenyl)-8-valerolactone (3m)

CH,0
3 o)

)

According to the published method®, this compound was obatined by the DBU-mediated
ring-closure of 5-chloro-2-(4-methoxyphenyl)pentanoic acid, which was prepared by reaction of
4-methoxyphenylacetic acid (Aldrich M19201, 0.83 g, 5.0 mmol) with hexyllithium (Aldrich
468568, 2.3 M, 4.3 mL, 10 mmol), and 1-bromo-3-chloropropane (0.87 g, 5.5 mmol) in dehydrated
THF (20 mL), in 44% yield (0.45 g).

"H NMR $ 1.90-2.10 (m, 3H), 2.17-2.30 (m, 1H), 3.60-3.75 (m, 1H), 3.77 (s, 3H), 4.35-4.46 (m,
2H), 6.86 (d, J=8.6 Hz, 2H), 7.14 (d, J = 8.6 Hz, 2H).
BC{'H} NMR 5 22.0, 28.2,46.2, 55.3, 69.0, 114.1, 129.2, 130.9, 158.8, 172.8.

(S)-N-Pivaloylalanine ethyl ester ((S)-1k)

(@)
% J\Woa
N
H o

To a solution of (S)-alanine ethyl ester hydrochloride (Aldrich 855669, 3.25 g, 21.2 mmol) and
triethylamine (9.0 mL, 64.2 mmol) in anhydrous CH,Cl, (40 mL) was added dropwise a solution of
pivaloyl chloride (TCI P0677, 2.63 g, 21.8 mmol) in anhydrous CH>Cl, (10 mL) within a period of

30 min at 0 °C. The resulting mixture was stirred for additional 2 hours and washed with water,

203



R
g
pui

saturated NH4Cl aq, and brine. The organic layer was dried over Na,SOs, filtered through a cotton
plug, and concentrated in vacuo to give the title compound (3.30 g, 77% yield) as a white solid.
Analytically pure sample was obtained by column chromatography on silica gel using hexane and
ethyl acetate as eluent.

"H NMR (297.60 MHz, CDCl3) & 1.21 (s, 9H), 1.28 (t, J = 7.1 Hz, 3H), 1.40 (d, J = 7.1 Hz, 3H),
4.20 (q, J=7.1 Hz, 2H), 4.54 (dq, 3J = 7.1 Hz, *J = 7.1 Hz, 1H), 6.19 (brs, 1H).

BC{'H} NMR (100.53 MHz, CDCl3) 6 14.1, 18.5, 27.4, 38.5, 48.0, 61.4, 173.4, 177.9.

Anal. Calcd for C1oH9NOs: C, 59.68; H, 9.52; N, 6.96. Found: C, 59.73; H, 9.67; N, 7.00.
Enantiomeric excess was determined as >99% by GLC (Varian CP-Chirasil-Dex CB column (df =
0.25 mm i.d. x 25 m; column temperature was increased from 80 °C to 130 °C with a rate of

1.0 °C/min), Ry = 31.7 min for the (S)-isomer).

(R)-a.-Phenyl-y-butyrolactone ((R)-3e)
. ¢
. do

This compound was prepared from (£)-3e by a slightly modified method of Hiinig® as follows: To
a solution of LDA in THF/heptane/ethylbenzene (Aldrich 494585, 1.8 M, 2.5 mL, 4.5 mmol) was
slowly added a solution of (+)-3e (250.0 mg, 1.54 mmol) in dehydrated THF (15.0 mL) —40 °C and
the resulting solution was stirred at the same temperature for 45 min and then cooled to —78 °C, to
which was added a precooled solution of ethyl (R)-(-)-mandelate (TCI M 1344, 1.63 g, 9.05 mmol) in
dehydrated THF (6.0 mL). After stirring for 20 min at —78 °C, the reaction mixture was quenched by
slowly adding a solution of acetic acid (0.3 mL) in dehydrated THF (3.0 mL), warmed up to ambient
temperature, washed with sat. NH4Cl aq. (50 mL % 2) and brine (50 mL), dried over Na;SO4, and
filtered thourgh a pad of Celite. The filtrate was concentrated in vacuo to an oil, which was
chromatographed on silica gel (Fuji Silysia FL100D neutral) eluting with gradient mixtures of
n-hexane/ethyl acetate (50/1 to 50/7) followed by bulb-to-bulb distillation to give the title compound
(Rf = 0.13, n-hexane/ethyl acetate = 5/1 (v/v), 136.0 mg, 54 % yield), whose enantiomeric excess
was determined to be 55% (R) by HPLC analysis using a Daicel Chiralpak AD-H column (df = 4.6
mm i.d. x 250 mm; eluent, 96/4 = n-hexane/2-propanol; temp. 30 °C, flow rate, 0.5 mL/min;

detection (UV), v =254 nm-light), 'R = 33.1 min for the (S)-3e and 'R = 38.9 min for the (R)-3e.

Experiments of Catalytic Reaction

General procedure for hydrogenation

Hydrogenation with a ternary catalyst system of Cp*RuCl(isoprene), KOt-Bu, and chelate amine

% U. Gerlach, T. Haubenreich, S. Hiinig, N. Klaunzer, Chem. Ber. 1997, 127, 1989.
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ligand: To a mixture of a substrate and Cp*RuCl(isoprene) placed in a 50-mL stainless autoclave
was added a solution of base in a distilled solvent containing appropriate chelate amine ligand under
argon atmosphere. After argon atmosphere was replaced with H, by fill/release cycles, H, was
introduced. The mixture was stirred vigorously in an oil bath for specified time and cooled. After
carefully venting H», the solvent was removed under reduced pressure.

Hydrogenation with a pre-formed catalyst: To a mixture of a solid substrate and Cp*RuCI(LN™)
placed in a 50-mL stainless autoclave was added a solution of base in a distilled solvent. In the case
of a liquid substrate, a mixture of a base and a substrate in a distilled solvent was transferred to
Cp*RuCI(LN") placed in an autoclave under argon atmosphere. After argon atmosphere was
replaced with H, by fill/release cycles, H> was introduced. The mixture was stirred vigorously in an
oil bath for specified time and cooled. After carefully venting H», the solvent was removed under
reduced pressure.

General procedure for isolation of products: The crude mixture was concentrated under reduced
pressure, and the residue was purified by silica gel column chromatography eluting with ethyl

acetate and n-hexane to give an analytically pure product unless otherwise noted.

Spectral data of products

2, Bz0OH, 2f, 2g, and 1j are commercially available.

Benzyl alcohol (2) [100-51-6], Benzoic acid (BzOH) [65-85-0], 2-(Hydroxymethyl)pyridine (2f)
[586-98-1], 3-Phenyl-1-propanol (2g) [122-97-4], Benzyl benzoate (1j) [120-51-4],
1,2-Benzenedimethanol (4a) [612-14-6]

Nonane-1,4-diol (4b)
OH

OH

n-CsHy4
'H NMR 5 0.87-0.90 (t, J = 7.1 Hz, 3H), 1.25-1.40 (m, 5H), 1.41-1.55 (m, 4H), 1.60-1.80 (m, SH),
3.60-3.75 (m, 3H).
BC{'H} NMR § 14.0,22.6,25.4,29.1, 31.8, 34.4,37.5,62.9, 71.9.

Spectral data for 4b were identical to those reported.'®

10 M. Ito, A. Osaku, A. Shiibashi, T. Ikariya, Org. Lett. 2007, 9, 1821.
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Hexane-1,5-diol (4c)
OH

OH

'H NMR § 1.20 (d, J = 6.1 Hz, 3H), 1.35-1.55 (m, 6H), 1.56-1.67 (brs, 2H, D,0-exchangeable),
3.66 (t, J = 6.5 Hz, 2H), 3.78-3.86 (m, 1H).
BC{'H} NMR § 21.8, 23.5, 32.4, 38.7, 62.6, 67.9.

Spectral data for 4c were identical to those reported.'!

2-Phenylbutane-1,4-diol (4e)
OH
OH

"H NMR § 1.67 (brs, 2H, D>0O-exchangeable), 1.85-1.92 (m, 1H), 2.00-2.08 (m, 1H), 2.95-2.98 (m,
1H), 3.58-3.62 (m, 1H), 3.67-3.70 (m, 1H), 3.79 (d, J = 6.4 Hz, 2H), 7.23-7.26 (m, 3H), 7.30-7.38
(m, 2H).

BC{'H} NMR 5 35.8,45.9,61.0, 67.4, 126.8, 127.8, 128.7, 142.3.

Spectral data for 4e were identical to those reported.'?

2-[4-(Trifluoromethyl)phenyl]butane-1,4-diol (4f)

CF3
OH

OH

"HNMR 6 1.82-1.90 (m, 1H), 2.01-2.15 (m, 1H), 2.10 (brs, 2H, D>0-exchangeable), 3.02-3.06 (m,
1H), 3.50-3.60 (m, 1H), 3.68-3.72 (m, 1H), 3.79 (d, J = 6.4 Hz, 2H), 7.34 (d, J = 8.0 Hz, 2H), 7.57
(d, J=8.0 Hz, 2H).

BC{'H} NMR & 35.4, 45.4, 60.4, 66.8, 124.0 (q, 'Jcr = 270 Hz), 125.4, 128.1, 129.0 (q, 2Jcr = 33
Hz), 146.6.

F NMR § —62.3.

HRMS (FAB) calcd for Ci1H3F302+H 235.0946, found 235.0947.

" G. P. Black, P. J. Murphy, A. J. Thornhill, N. D. A. Walshe, C. Zanetti, Tetrahedron 1999, 55,
6547.
12 J. B. Morgan, J. P. Morken, J. Am. Chem. Soc. 2004, 126, 15338.
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2-(4-Methoxyphenyl)butane-1,4-diol (4g)

CH30
OH

OH

'"H NMR § 1.80-1.90 (m, 1H), 1.93-2.03 (m, 1H), 1.85-2.00 (brs, 2H, D>O-exchangeable),
2.89-2.93 (m, 1H), 3.54-3.61 (m, 1H), 3.64-3.70 (m, 1H), 3.74 (d, J = 6.4 Hz, 2H), 3.79 (s, 3H),
6.87 (d, J = 8.4 Hz, 2H), 7.14 (d, J = 8.4 Hz, 2H).

BC{'H} NMR & 35.8,45.0,55.2,61.1,67.4, 114.2, 128.8, 134.0, 158.5.

Spectral data for 4g were identical to those reported.'?

2-Benzylbutane-1,4-diol (4h)
OH

S

"H NMR § 1.55-1.63 (m, 1H), 1.66-1.74 (m, 1H), 1.95-2.04 (m, 1H), 2.54 (dd, J = 13.7, 7.3 Hz,
1H), 2.66 (dd, J = 13.7, 7.3 Hz, 1H), 2.74 (brs, 2H, D>O-exchangeable), 3.47 (dd, J = 10.7, 6.8 Hz,
1H), 3.59-3.66 (m, 2H), 3.73-3.78 (m, 1H), 7.15-7.21 (m, 3H), 7.25-7.29 (m, 2H).

BC{'H} NMR § 35.2,38.2,41.2,61.0, 65.5, 126.0, 128.3, 129.1, 140.3.

Spectral data for 4h were identical to those reported.'*

Enantiomeric excess was determined by HPLC analysis (Daicel Chiralcel OD-H column (df = 4.6
mm i.d. x 250 mm; eluent, 96/4 = n-hexane/2-propanol; temp. 40 °C, flow rate, 0.5 mL/min;
detection (UV), v = 254 nm-light), R; = 37.0 min for the (-)-isomer and R; = 43.4 min for the

(+)-isomer).

2-(4-Methoxybenzyl)butane-1,4-diol (4i)

OH

O e
CH,0

'H NMR & 1.54-1.64 (m, 1H), 1.66-1.74 (m, 1H), 1.90-2.02 (m, IH), 2.45 (brs, 2H,
D,0-exchangeable), 2.50 (dd, J = 13.7, 7.3 Hz, 1H), 2.61 (dd, J = 13.7, 7.6 Hz, 1H), 3.51 (dd, J =

13" A. P. Guzikowski, A. P. Tamiz, M. Acosta-Burruel, S. Hong-Bae, S. X. Cai, J. E. Hawkinson, J. F.
W. Keana, S. R. Kesten, C. T. Shipp, M. Tran, E. R. Whittemore, R. M. Woodward, J. L. Wright,
Z.-L. Zhou, J. Med. Chem. 2000, 43, 984.

14 G. P. Reid, K. W. Brear, D. J. Robins, Tetrahedron: Asymmetry 2004, 15, 793.
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10.8, 6.6 Hz, 1H), 3.62-3.70 (m, 2H), 3.76-3.78 (m, 1H), 3.79 (s, 3H), 6.82 (d, J = 8.7 Hz, 2H), 7.08
(d, J=8.7 Hz, 2H).

BC{'H} NMR § 35.2,37.3,41.3,55.2,61.1, 65.6, 113.8, 130.0, 132.3, 157.9.

Spectral data for 4i were identical to those reported.'

Enantiomeric excess was determined by HPLC analysis (Daicel Chiralcel OD-H column (df = 4.6
mm i.d. x 250 mm; eluent, 96/4 = n-hexane/2-propanol; temp. 40 °C, flow rate, 0.5 mL/min;
detection (UV), v = 254 nm-light), ‘R = 55.2 min for the (-)-isomer and 'R = 65.1 min for the

(+)-isomer).

2-[3-(Benzyloxy)benzyl]lbutane-1,4-diol (4j)

OH
©\/O

'"H NMR § 1.55-1.61 (m, 1H), 1.65-1.72 (m, 1H), 1.94-2.05 (m, 1H), 2.52 (dd, J = 13.8, 7.4 Hz,
1H), 2.64 (dd, J = 13.8, 7.7 Hz, 1H), 2.80 (brs, 2H, D>0-exchangeable), 3.46 (dd, J = 11.0, 6.8 Hz,
1H), 3.59-3.65 (m, 2H), 3.72-3.78 (m, 1H), 5.05 (s, 2H), 6.77-6.83 (m, 3H), 7.20 (t, J = 7.8 Hz, 1H),
7.31-7.44 (m, 5H).

BC{'H} NMR 3§ 35.2, 38.2, 41.0, 61.0, 65.5, 69.9, 112.2, 115.8, 121.8, 127.5, 127.9, 128.5, 129.3,
137.0, 141.9, 158.8.

HRMS (EI) caled for C1sH2003 286.1569, found 286.1569.

Enantiomeric excess was determined by HPLC analysis (Daicel Chiralcel OD-H column (df = 4.6

OH

mm i.d. x 250 mm; eluent, 96/4 = n-hexane/2-propanol; temp. 40 °C, flow rate, 0.5 mL/min;
detection (UV), v = 254 nm-light), 'R = 80.8 min for the (-)-isomer and 'R = 105.1 min for the

(+)-isomer).

2-(3,4-Methylenedioxyphenylmethyl)-1,4-butanediol (4k)
OH

Seps

'H NMR § 1.52-1.64 (m, 1H), 1.66-1.78 (m, 1H), 1.88-2.02 (m, 1H), 2.35 (brs, 2H,
D,0-exchangeable), 2.48 (dd, J = 13.7, 7.3 Hz, 1H), 2.60 (dd, J = 13.7, 7.6 Hz, 1H), 3.51 (dd, J =
11.0, 6.4 Hz, 1H), 3.64-3.69 (m, 2H), 3.76-3.81 (m, 1H), 5.92 (s, 2H), 6.61 (dd, J = 7.9, 1.5 Hz, 1H),
6.67 (d, J= 1.5 Hz, 1H), 6.72 (d, J = 7.9 Hz, 1H).

13C{'H} NMR § 35.1, 37.9, 41.3, 61.1, 65.4, 100.8, 108.1, 109.4, 121.9, 134.0, 145.8, 147.6.

15 S. Batra, P. Gupta, K. Bose, A. P. Bhaduri, B. S. Setty, Ind. J. Chem. 1996, 35B, 36.
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Spectral data for 4k were identical to those reported.'®

A mixture of the obtained 4k, pyridine, and acetic anhydride reacted at room temperature for 30 min,
and then quenched by addition of 1 M HCI aq. The crude product was extracted with ethyl acetate,
and the organic layer was washed with distilled water and brine, dried over Na,SOs, and filtered
through a plug of cotton. The filtrate was concentrated in vacuo to give the diacetylated derivative.
The enantiomeric excess was determined by HPLC analysis (Daicel Chiralcel OD-H column (df =
4.6 mm i.d. X 250 mm; eluent, 99/1 = n-hexane/2-propanol; temp. 40 °C, flow rate, 0.5 mL/min;
detection (UV), v = 254 nm-light), 'R = 71.3 min for the (+)-isomer and ‘R = 78.0 min for the

(-)-isomer).

2-Phenylpentane-1,5-diol (4l)

OH
OH

"H NMR § 1.41-1.50 (m, 2H), 1.55 (brs, 2H, D,O-exchangeable), 1.60-1.69 (m, 1H), 1.79—1.87 (m,
1H), 2.76-2.83 (m, 1H), 3.59 (t, J = 6.4 Hz, 2H), 3.71-3.79 (m, 2H), 7.20-7.26 (m, 3H), 7.31-7.35
(m, 2H).

BC{'H} NMR 5 28.1, 30.4, 48.4, 62.7, 67.5, 126.8, 128.0, 128.7, 142.0.

Spectral data for 4] were identical to those reported.!”

2-(4-Methoxyphenyl)pentane-1,5-diol (4m)

CH50
3 OH

OH

'"H NMR & 1.20-1.40 (brs, 2H, D>O-exchangeable), 1.45-1.66 (m, 3H), 1.74-1.85 (m, 1H),
2.73-2.78 (m, 1H), 3.58-3.62 (m, 2H), 3.69-3.71 (m, 2H), 3.80 (s, 3H), 6.87 (d, J = 8.3 Hz, 2H),
7.13 (d, J=8.3 Hz, 2H).

BC{'H} NMR 5 28.2,30.4,47.4,55.2,62.7,67.6, 114.1, 128.9, 133.9, 158 .4.

HRMS (EI) caled for Ci2H 303 210.1256, found 210.1261.

16 L. Shao. S. Miyata, H. Muramatsu, H. Kawano, Y. Ishii, M. Saburi, Y. Uchida, J. Chem. Soc.,
Perkin Trans. 1 1990, 1441.
17" A. Rumbero, 1. Borreguero, J. V. Sinisterra, A. R. Alcantara, Tetrahedron 1999, 55, 14947.
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N-Pivaloylalaninol (2k)

%k

This compound was identified by the '"H NMR spectrum of reaction mixture and whose yield was
calculated based on the signal at 3.53 ppm (dd, 2J = 10.7 Hz, 3J = 6.3 Hz, 1H) and 3.68 ppm (dd, 2J =
10.7 Hz, 3J = 2.9 Hz, 1H).

The authentic (S)-isomer was synthesized by the following procedure: To a mixture of
(S)-(+)-2-amino-1-propanol (TCI A1085, 1.17 g, 15.6 mmol) and anhydrous CH>Cl, (22 mL) and
triethylamine (4.4 mL, 31 mmol) was added a mixture of pivaloyl chloride (TCI P0677,1.87 g, 15.5
mmol) and anhydrous CH>Cl, (10 mL) as dropwise at 0 °C. After the resulting mixture was stirred
for 1 h 20 min, the suspension was washed with water, sat. NH4Cl aq., and brine. The organic layer
was dried over Na,SOs, filtered through a plug of cotton, and concentrated in vacuo to give the title
compound (0.97 g, 39% yield). Analytically pure sample was obtained by bulb-to-bulb distillation.
'"H NMR (297.60 MHz, CDCls) & 1.18 (d, J = 6.8 Hz, 3H), 1.21 (s, 9H), 2.00 (brs, 1H), 3.53 (dd, 2J
=10.7 Hz, 3J = 6.3 Hz, 1H), 3.68 (dd, 2J = 10.7 Hz, *J = 2.9 Hz, 1H), 4.04-4.08 (m, 1H), 5.74 (brs,
1H).

BC{'H} NMR (100.53 MHz, CDCl3) § 17.0, 27.4, 38.6, 47.5, 66.9, 179.4.

Enantiomeric excess was determined by GLC (Varian CP-Chirasil-Dex CB column (df = 0.25 mm
i.d. x 25 m; column temperature was increased from 80 °C to 130 °C with a rate of 1.0 °C/min), R;=

42 .4 min for the (R)-isomer and R; = 42.8 min for the (S)-isomer.).

N-Pivaloylalanine isopropyl ester (11) [331755-13-6]

O
YT
0
This compound was identified by the "H NMR spectrum of reaction mixture and whose yield was
calculated based on the signal at 5.04 ppm (sept, J = 6.3 Hz, 1H).
"H NMR (297.60 MHz, CDCl3) & 1.21 (s, 9H), 1.25 (d, J = 6.3 Hz, 3H), 1.26 (d, J = 6.3 Hz, 3H),
1.38 (d, J=7.1 Hz, 3H), 4.50 (quint, J = 7.1 Hz, 1H), 5.04 (sept, J = 6.3 Hz, 1H), 6.20 (brs, 1H).

Spectral data for 1| were identical to those reported.'®

18 R. Mazurkiewicz, A. W. Pierwocha, A. Brachaczek, I. Mitrus, Phosphorus, Sulfur and Silicon
2000, 165, 43.

210



R
g
pui

Chapter 3

Preparation of Ligands

1-(2-Aminoethyl)-3-tert-butylimidazolium bromide (50)
t—BT| Br
H,N |//'1‘
\/Nj

To a solution of N-(2-bromoethyl)phthalimide (3.00 g, 11.8 mmol) in toluene (5 mL) was added
1-tert-butylimidazole (1.47 g, 11.8 mmol) at room temperature; the resulting solution was heated
overnight under reflux conditions. The imidazolium product was insoluble in toluene and
precipitated as a white solid as the reaction proceeded. After cooling the reaction mixture to room
temperature, the resulting microcrystals were collected by filtration, washed with THF, and dried in
vacuo. To a suspension of the obtained white crystals in ethanol (50 mL) was added hydrazine
hydrate (1.00 g, 20 mmol). The resulting solution was stirred overnight under reflux conditions.
After cooling the reaction mixture to 0 °C, the resulting white insoluble material was collected by
filtration and subsequently washed with cold ethanol (3 x 10 mL). The filtrate was evaporated to
afford a white solid. The subsequent extraction with CH>Cl» (3 x 15 mL) followed by evaporation
gave a yellow liquid in 81% yield.
'"H NMR (399.8 MHz, CD;0D) & 1.67 (s, 9 H), 3.10 (t, J = 6.0 Hz, 2 H), 4.28 (t, J = 6.0 Hz, 2 H),
7.66 (d,J=19Hz, 1 H),7.84(d,J=2.2Hz, 1H),9.14 (s, 1 H).

1-(2-Aminoethyl)-3-methylimidazolium bromide (5p)
ﬁHa Br
D
5p was obtained from 1-methylimidazole in a similar manner to 50 (81% yield).
"H NMR (399.8 MHz, CD30D) 8 3.07 (t, J = 6.0 Hz, 2 H), 3.93 (s, 3 H), 4.24 (t, J = 6.0 Hz, 2 H),

7.56 (d,J=1.9 Hz, 1 H), 7.62 (d, J = 1.8 Hz, 1 H), 8.96 (s, 1 H).

Spectral data for 5p were identical to those reported.!®
1-(2°-Aminoethyl)-3-tert-butylimidazolium hexafluorophosphate (5q)

ﬁﬂ PFg

To a solution of 50 (3.78 g, 10.0 mmol) in water (60 mL) at 60 °C was added aqueous HPF¢ at

60 °C, and the reaction mixture was stirred for 10 min. After a white powder was formed, the

19 X. Zhou, T. Wu, K. Ding, B. Hu, M. Hou, B. Han, Chem. Commun. 2009, 1897.
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mixture was stirred at room temperature for 30 min. The resulting white precipitate was collected by
filtration and subsequently washed with cold water (3 x 10 mL). The filtrate was dried under
reduced pressure to give a white powder as a title compound in 89% yield.

"H NMR (399.8 MHz, CD>Cl,) 51.64 (s, 9H), 3.10 (t, J = 6.0 Hz, 2H), 4.16 (t, J = 6.0 Hz, 2H), 7.34
(d,J=2.2Hz, 1H), 7.42 (d, J=2.1 Hz, 1H), 8.65 (s, 1H).

BC{'H} NMR (100.5 MHz, CD>Cl,) 4 29.5, 41.2, 52.6, 60.4, 119.3, 123.1, 133.7.

Anal. Caled for CoHisFeN3P: C, 34.51; H, 5.79; N, 13.42. Found: C, 34.64; H, 5.66; N, 13.34.

Preparation of Ru Complexes
Cp*RuCl[2-(diphenylphosphino)ethylamine] (Cp*RuCI(PN™)) [660398-78-7] 20 |
Cp*RuBr(isoprene)?!, and [(p-cymene)RuCly], [52462-29-0]%> were prepared according to

reported procedure, respectively.

Cp*RuBr[1-(2’-aminoethyl)-3-methylimidazol-2-ylidene] (Cp*RuBr(CN"))

Ho Rr- CHj

To a solution of 50 (107.2 mg, 0.52 mmol) in CH;CN (8 mL) under argon in the presence of 3 A
molecular sieves was added silver(I) oxide (66.3 mg, 0.286 mmol) in the dark and with stirring for
several minutes at room temperature. To the resulting mixture was added [Cp*RuBr(isoprene)]
(180.6 mg, 0.47 mmol) and stirring at room temperature was undertaken for 18 h. The resulting
mixture was filtered to give a red-orange solution. After removal of the solvent under reduced
pressure, the resulting red-orange solid was extracted with THF (2 x 50 mL) and the extract was
filtered through a pad of Celite. The filtrate was dried under reduced pressure. The desired product
was obtained as a red-orange solid in 74% yield (153.1 mg).

"H NMR (399.8 MHz, CD3CN) 8 1.56 (s, 15 H), 1.98 (br, 1 H), 2.86 (m, 1 H), 3.10 (br, 1 H), 3.41
(m, 1 H), 3.49 (m, 1 H), 3.78 (s, 3 H), 3.86 (m, 1 H), 7.04 (d, J=1.8 Hz, 1 H), 7.08 (d, J= 1.8 Hz, |
H).

3C NMR (100.5 MHz, CD3CN) 6 9.4, 36.8, 41.5, 49.8, 80.7, 121.1, 121.9, 191.5.

Anal. Calcd for Cs;HgBrsNoORus [3(Cp*RuBr(CNH)-THF)]: C, 44.73; H, 6.21; N, 9.03. Found: C,
44.40; H, 6.08; N, 8.95.

20 M. Tto, M. Hirakawa, A. Osaku, T. Ikariya, Organometallics 2003, 22, 4190.
21 C. Gemel, K. Mereiter, R. Schmid, K. Kirchner, Organometallics 1995, 14, 1405.
22 M. A. Bennett, A. K. Smith, J. Chem. Soc., Dalton Trans. 1974, 233.
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[Cp*Ru(CO)(CNH)][OTH]

@NR} ot
& :Ru/

N
N ©co
2 R=CH,

To a solution of Cp*RuBr(CN") (81.5 mg, 0.19 mmol) in THF (10 mL) under argon was added
NaOTf (33.0 mg, 0.19 mmol) at room temperature. The resulting mixture was purged with an
atmospheric pressure of CO and stirred overnight. After removal of the solvent under reduced
pressure, the remaining yellow solid was extracted with CH>Cl, (2 x 2 mL) and the extract was
filtered through a pad of Celite. The filtrate was dried under reduced pressure. The desired product
was obtained as an orange-yellow solid in 99% yield (98.4 mg).

"H NMR (399.8 MHz, CD>Cl,) & 1.75 (s, 15 H), 2.13 (m, 1 H), 3.25 (br, 1 H), 3.50 (m, 2 H), 3.60 (m,
1 H), 3.65 (s, 3 H), 4.03 (m, 1 H), 7.04 (d, J=1.8 Hz, 1 H), 7.06 (d, J=2.1 Hz, 1 H).

13C NMR (100.5 MHz, CD:Cly) 8 9.7, 37.7, 42.8, 50.2, 94.3, 120.8 (q, J = 319 Hz), 122.4, 123.5,
178.0, 204.1.

IR (ATR/cm): 1928(s), 1263(s), 1166(m), 1032(m), 804(w).

(p-cymene)RuClI[1-(2’-aminoethyl)-3-tert-butylimidazol-2-ylidene][PF¢] (Ru-5)

To a mixture of Ag,O (Nacalai 31022-02, 144 mg, 0.62 mmol) and [(p-cymene)RuCl:]» (129 mg,
0.21 mmol) in acetonitrile (6 mL) in the presence of molecular sieve (3 A) was added a solution of
the 59 (162.9 mg, 0.52 mmol) in DMSO (2 mL) under dark and stirred for 18 h at room temperature.
The resulting mixture was filtered through a pad of Celite to give an orange oil. This oil was washed
with toluene (3 x 10 mL) and diethyl ether (2 X 5 mL). The oil was subsequently dissolved in
dichloromethane (6 mL) and AgPFs (Aldlich 227722, 52 mg, 0.21 mmol) was added. After stirring
for 1 h, the reaction mixture was filtered through a pad of Celite, and the solvent was removed to
afford a crude orange solid. The product was obtained by extraction with THF and the following
precipitation by a slow addition of pentane. The title compound was obtained as orange crystals in
48% yield.

"H NMR (399.8 MHz, CD2Cl,) & 1.06 (d, 3H, *Jun = 7.0 Hz), 1.22 (d, 3H, 3Juu = 7.0 Hz), 1.76 (s,
9H), 1.95 (s, 3H), 2.23 (m, 1H), 2.73 (sept, 1H, *Jun = 6.7 Hz), 2.90 (br, 1H), 3.29 (m, 1H), 3.72 (m,
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1H), 4.00 (m, 1H), 5.34, 5.41, 5.43,5.70 (d, 1H), 5.65 (br, 1H), 7.10 (d, 1H, 3Jux = 2.1 Hz), 7.33 (d,
1H, 3Jun = 2.2 Hz).

Preparation of Substrates

N-Methylbenzanilide (8b)** and N-ethyl-N-phenylbenzamide (8p)** were prepared according to

reported procedures, respectively.

6a, 8a, 8c, 8d, 8h, and 8i were commercially available and stored according to general procedure.
1-Phenyl-2-pyrrolidinone (6a) [4641-57-0]: Aldrich 307041, N,N-Dimethylbenzamide (8a)
[611-74-5]: TCI D0256, Benzanilide (8c) [93-98-1]: TCI B0016, Benzamide (8d) [55-21-0]: TCI
B1418, N-Methylformanilide (8h) [93-61-8]: TCI MO0552, N,N-Dimethylformamide (8i)
[68-12-2]: TCI D0722.

N-Benzoylpyrrolidine (8e) [3389-54-6]

O
Sa
8e was prepared from pyrrolidine (TCI P0576, 765.3 mg, 10.8 mmol) and benzoyl chloride (TCI
B0105, 726.5 mg, 5.17 mmol) by the similar method to the preparation of 8f (832.7 mg, 92%yield).
This compound was used without further purification.
'H NMR (399.78 MHz, CDCI3) & 1.83-1.90 (m, 2H), 1.92-1.99 (m, 2H), 3.41 (t, J = 6.4 Hz, 2H),
3.64 (t,J="7.0 Hz, 2H), 7.35-7.41 (m, 3H), 7.42-7.52 (m, 2H).
BC{'H} NMR (100.53 MHz, CDCls) & 24.4, 26.4, 46.1, 49.5, 127.0, 128.2, 129.7, 137.3, 169.7.

Spectral data for 8e were identical to those reported."”

N-Benzoylpiperidine (8f)
O

O
To a solution of piperidine (TCI P0453, 980.2 mg, 11.5 mmol) in anhydrous diethyl ether (20 ml)
was added benzoyl chloride (TCI B0105, 755.7 mg, 5.38 mmol) at room temperature. After stirring
for 30 min, the resulting residue was filtered through a plug of Celite and washed with diethyl ether.

Then the filtrate was concentrated in vacuo to give the title compound (987.0 mg, 97, %yield). This

compound was used without further purification.

23 S. Zhou, K. Junge, D. Addis, S. Das, M. Beller, Angew. Chem., Int. Ed. 2009, 48, 9507.
24 M. Lei, X.-L. Tao, Y.-G. Wang, Helv. Chim. Acta 2006, 89, 532.
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'H NMR (399.78 MHz, CDCl3) § 1.51 (brs, 2H), 1.67 (brs, 4H), 3.33 (brs, 2H), 3.71 (brs, 2H),
7.31-7.40 (m, SH).

BC{'H} NMR (100.53 MHz, CDCls) & 24.5, 25.6, 26.5, 43.0, 48.7, 126.7, 128.3, 129.3, 136.5,
170.2.

Spectral data for 8f were identical to those reported.”

N-Methyl-N-phenylnonanamide (89)

\WJ\,Ph
7 N

CHj

To a solution of nonanoyl chloride (Aldrich 156833, 1.22 g, 6.93 mmol) in anhydrous diethyl ether
(15 mL) was added N-methylaniline (TCI M0147, 1.6 mL, 14.8 mmol) at 0 °C. Then the reaction
mixture was allowed to room temperature and stirred for 2 h. After removal of the residue by
filtration, the filtrate was washed with 1 M HCI aq., distilled water and brine. Then the organic layer
was dried over Na,SOg, filtered through a plug of cotton and distilled by bulb-to-bulb distillation to
give the title compound (1.00 g, 58% yield).
'"H NMR (399.78 MHz, CDCl;3) 8 0.85 (t, J = 6.9 Hz, 3H), 1.12-1.27 (m, 10H), 1.52-1.60 (m, 2H),
2.06 (t,J="7.2 Hz, 2H), 3.26 (s, 3H), 7.15-7.18 (m, 2H), 7.31-7.35 (m, 1H), 7.39-7.43 (m, 2H).
BC{'H} NMR (100.53 MHz, CDCls) & 14.1, 22.6, 25.5, 29.1, 29.3, 29.3, 31.8, 34.1, 37.3, 127.3,
127.6,129.7, 144.3, 173.3.
HRMS (EI) caled for Ci6H2sNO 247.1936, found 247.1936.

General procedure for the preparation of aryl-substituted N-methylbenzanilides (8j—o, 8q-s)

The preparation of N-(4-fluorophenyl)-N-methylbenzamide (8j) is illustrative: A mixture of benzoyl
chloride (2.11 g, 15.0 mmol) and pyridine (2.0 mL) was added to a solution of 4-fluoroaniline (15.0
mmol) in CH2Cl, (20 mL) at 0 °C. After stirring for 2 h at room temperature, the reaction mixture
was washed with 2 M HCI aq. and brine. Then the organic layer was dried over Na>SOs, filtered
through a plug of cotton, and concentrated in vacuo. NaH (0.46 g, 19.0 mmol), which was washed
twice with n-hexane at 0 °C prior to use, was treated with the resulting residue dissolved in THF (40

mL). After stirring for 10 min, CHsl (12 mL) was added, and then the mixture was stirred at room

25 T. Ohshima, T. Iwasaki, Y. Maegawa, A. Yoshiyama, K. Mashima, J. Am. Chem. Soc. 2008, 130,
2944,
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temperature overnight. After concentrated in vacuo, the product was extracted with ethyl acetate and
washed with water and brine. The organic layer was dried over Na,SOg, filtered through a plug of
cotton, and concentrated in vacuo to give 8j. Further purification was performed by recrystallization
from diethyl ether to obtain 72% yield.

"H NMR (399.8 MHz, CDCls) & 3.46 (s, 3H), 6.87-6.92 (m, 2H), 6.98-7.01 (m, 2H), 7.15-7.22 (m,
2H), 7.22-7.32 (m, 3H).

Spectral data for 8] were identical to those reported.?®

N-(4-Chlorophenyl)-N-methylbenzamide (8k)

Ph)OJ\N/Ej/CI

|
CH3

Following the general procedure, this compound was prepared by the reaction of 4-chloroaniline
with benzoyl chloride followed by addition of CHsl and purified by column chromatography with
ethyl acetate/n-hexane as eluents to obtain 90% yield.

"H NMR (399.8 MHz, CDCl3) & 3.46 (s, 3H), 6.95-6.97 (m, 2H), 7.16-7.20 (m, 4H), 7.23-7.30 (m,
3H).

Spectral data for 8k were identical to those reported.?’

N-(4-Bromophenyl)-N-methylbenzamide (8)

Br
0 ( ]/
Ph)J\N

|
CH;

Following the general procedure, this compound was prepared by the reaction of 4-bromoaniline
with benzoyl chloride followed by addition of CHsl and purified by recrystallization from diethyl
ether to obtain 84% yield.

"H NMR (399.8 MHz, CDCls) 8 3.46 (s, 3H), 6.89-6.91 (m, 2H), 7.17-7.20 (m, 2H), 7.25-7.35 (m,
5H).

Spectral data for 8| were identical to those reported.?®

26 S, Wang, J. Wang, R. Guo, G. Wang, S.-Y. Chen, X.-Q. Yu, Tetrahedron Lett. 2013, 54, 6233.
27 7. Wang, Y. Kuninobu, M. Kanai, Synlett 2014, 25, 1869.
28 Y. Li, F. Jia, Z. Li, Chem. Eur. J. 2013, 19, 82.
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N-Methyl-N-(4-(trifluoromethyl)phenyl)benzamide (8m)

o /©/CF3
Ph)J\N

|
CHj;

Following the general procedure, this compound was prepared by the reaction of
4-(trifluoromethyl)aniline with benzoyl chloride followed by addition of CHs3l and purified by
column chromatography with ethyl acetate/n-hexane as eluents to obtain 79% yield.

"H NMR (399.8 MHz, CDCls) 8 3.51 (s, 3H), 7.13-7.15 (m, 2H), 7.16-7.22 (m, 2H), 7.26-7.31 (m,
3H), 7.47-7.49 (m, 2H).

Spectral data for 8m were identical to those reported.?’

N-(4-Methoxyphenyl)-N-methylbenzamide (8n)

o /©/OCH3
Ph)J\N

|
CH;

Following the general procedure, this compound was prepared by the reaction of 4-methoxyaniline
with benzoyl chloride followed by addition of CHsl and purified by column chromatography with
ethyl acetate/n-hexane as eluents to obtain 70% yield.

'"H NMR (399.8 MHz, CDCl3) & 3.43 (s, 3H), 3.72 (s, 3H), 6.71-6.74 (m, 2H), 6.93-6.95 (m, 2H),
7.13-7.33 (m, SH).

Spectral data for 8n were identical to those reported.*®

N-Methyl-N-(3,4-methylenedioxyphenyl)benzamide (80)
o)
2
s
CHs

Following the general procedure, this compound was prepared by the reaction of
3,4-methylenedioxyaniline with benzoyl chloride followed by addition of CHsl and purified by
recrystallization from ethyl acetate to obtain 60% yield.

"H NMR (399.8 MHz, CD>Cl,) 6 3.38 (s, 3H), 5.90 (s, 2H), 6.48-6.51 (m, 3H), 7.18-7.33 (m, 5H).

2 J. Symes, T. A. Modro, Phosphorus and Sulfur 1988, 39, 113.
30 L. Ran, Z.-H. Ren, Y.-Y. Wang, Z.-H. Guan, Chem. Asian J. 2014, 9, 577.

217



R
g
pui

N-Cyclohexyl-N-phenylbenzamide (8q)

0
Ph)J\N/F)h

8q was prepared from N-cyclohexylaniline with benzoyl chloride and purified by recrystallization
from diethyl ether to obtain 96% yield.
"H NMR (399.8 MHz, CDCls) 6 0.99-2.07 (m, 10H), 4.79 (m 1H), 7.07-7.11 (m, 2H), 7.18-7.34 (m,
8H).
BC{'H} NMR (100.5 MHz, CDCls) § 25.5, 26.0, 31.8, 55.6, 127.4, 127.6, 128.1, 128.6, 128.9, 130.9,
137.5, 140.1, 170.7.

N-Methyl-N-(o-tolyl)benzamide (8r)
O

A

Ph N

éH3 CH3

8r was prepared from 0-toluidine (Kanto 40197-30) with benzoyl chloride. Recrystallization of the
products from diethyl ether to obtain 81% yield as a mixture of two isomers.
Major isomer
"H NMR (399.8 MHz, CDCl3) & 2.20 (s, 3H), 3.37 (s, 3H), 7.01-7.13 (m, 6H), 7.16-7.22 (m, 1H),
7.25-7.26 (m, 2H).
Minor isomer
"H NMR (399.8 MHz, CDCl3) & 2.33 (s, 6H), 3.23 (s, 3H), 7.40-7.50 (m, 3H), 7.53-7.60 (m, 2H),

and other signals were overlapped with those of the major isomer.

N-Methyl-N-phenylnicotinamide (8s)

@)

N N,Ph

| |
CH
N 3
8s was prepared from N-methylaniline with nicotinoyl chloride and purified by column
chromatography with ethyl acetate/n-hexane as eluents.
"H NMR (399.8 MHz, CD,Cl,) & 3.50 (s, 3H), 7.00-7.28 (m, 6H), 7.58-7.61 (m, 1H), 8.43-8.48 (m,
2H).
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Experiments of Catalytic Reaction

General procedure for hydrogenation of carboxamides

To a mixture of a substrate (1.00 mmol) and a Cp*RuBr(CN") (4.4 mg, 0.01 mmol) placed in a
50-mL stainless autoclave was added 0.05 M KOt-Bu in distilled 2-propanol (1.0 mL, 0.05 mmol)
under argon. After the argon atmosphere was replaced with H» by fill-release cycles, H, (25 atm)
was introduced into the autoclave at room temperature. The mixture was stirred vigorously at 50 or
90 °C for 24 h. Then, the autoclave was cooled in an ice bath and the pressure was carefully vented.
An aliquot of the resulting mixture was measured by 'H NMR spectroscopy in CDCl; to determine
the yield of alcohol and amine products based on the relative integration ratios to the signal at 3.76

ppm due to the methoxy groups of 1,3,5-trimethoxybenzene used as internal standard.

Spectral data of products

2, 9b, 9j—n, and 9p-r are commercially available.

Benzyl alcohol (2) [100-51-6], 1-Nonanol [143-08-8], Methanol [67-56-1], 3-Pyridinemethanol
[100-55-0], N-Methylaniline (9b) [100-61-8], 4-Fluoro-N-methylaniline (9j) [459-59-6],
4-Chloro-N-methylaniline  (9k) [932-96-7], 4-Bromo-N-methylaniline (91) [6911-87-1],
4-(Trifluoromethyl)-N-methylaniline (9m) [22864-65-9], N-Methyl-p-anisidine (9n) [5961-59-1],
N-Ethylaniline (9p) [103-69-5], N-Cyclohexylaniline (9q) [1821-36-9], N-Methyl-o-toluidine
(9r) [611-21-2].

4-(Phenylamino)butan-1-ol (7a)
OH

T8,

'H NMR (399.78 MHz, CDCLs) § 1.58-1.73 (m, 4H), 2.62 (brs, 2H), 3.15-3.20 (m, 2H), 3.70 (t, J =
5.9 Hz, 2H), 6.61-6.63 (m, 2H), 6.71-6.73 (m, 1H), 7.18-7.19 (m, 2H).
13C{'H} NMR (100.53 MHz, CDCls) § 26.1, 30.4, 43.9, 62.6, 112.9, 117.5, 129.2, 148.3.

Spectral data for 7a were identical to those reported.’!
3,4-Methylenedioxy-N-methylaniline (90)

jd®
(H3C)HN o

'H NMR (399.78 MHz, CDCL3) & 3.06 (s, 3H), 3.15 (brs, 1H), 5.79 (s, 2H), 3.70 (t, J = 5.9 Hz, 2H),
6.00-6.62 (m, 3H).

31 R.A. T. M. Abbenhuis, J. Boersma, G. J. van Koten, Org. Chem. 1998, 63, 4282.
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BC{'H} NMR (100.53 MHz, CDCl3) & 39.4, 95.9, 100.5, 104.3, 108.6, 139.4, 144.3, 148.3.

Spectral data for 90 were identical to those reported.*?

32 Y. Li, L. Sorribes, T. Yan, K. Junge, M. Beller, Angew. Chem. Int. Ed. 2013, 52, 12156.
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Chapter 4

Materials

Metal salts, ligands, and organic bases were commercially available and used without further
purification.

Cu(OAC)2-H20:  Aldrich 229601, Cu(OAc)2: Aldrich 517453, Cu(OAc): Strem 93-2989,
Cu(NOs),-2.4H,0: Aldrich 229636, Cu(OCHa),: Aldrich 332666, Cu(OTf),: Aldrich 283673,
CuCl: Aldrich 229628, CuBr: Aldrich 212865, Cul: Aldrich 205540, Cu(OBz),-1.8H20: Acros
Organics 401910100, Mn(OACc),: Aldrich 330825, Fe(OAC)2: Strem 93-2678, Co(OAC).: Alfa
Aesar  B23218,  Ni(OAcC)2-4H,O:  Strem  28-1100,  Ag(OAc):  Strem  93-4701,
1,2-Bis(diphenylphosphino)benzene (dppbz): Aldrich 460273,
1,8-Diazabicyclo[5.4.0]undec-7-ene (DBU): TCI DI1270, 1,5-Diazabicyclo[4.3.0]non-5-ene
(DBN): TCI DI1313, 7-Methyl-1,5,7-triazabicyclo[4.4.0]dec-5-ene (MTBD): Aldrich 359505,
1,5,7-Triazabicyclo[4.4.0]dec-5-ene (TBD): Aldrich 345571, Triethylamine: Kanto 40271-00,
Quinuclidine: Aldrich 197602, 4-(Dimethylamino)pyridine (DMAP): TCI D1450.

Preparation of Cu Complexes

(IPr)Cu(O'Bu) was prepared according to reported procedure.*

(dbu).Cul

™ "
|J

N__N N
\Clu/

O

A solution of distilled DBU (609 mg, 4.0 mmol) in distilled CH3CN (20 mL) was added dropwise
over 20 min to a mixture of Cul (248 mg, 1.3 mmol) and distilled CH3CN (20 mL) at room
temperature. The resulting solution was stirred for additional 15 h and concentrated in vacuo. The
residue was washed with distilled diethyl ether (5 mL) to give a pale-yellow powder. Single crystals
of the title compound were obtained by slow diffusion of distilled diethyl ether into a distilled THF
solution at room temperature to give colorless prism crystals (564 mg, 1.14 mmol, 88% yield). 'H
NMR (399.78 MHz, C¢Ds) & 1.05-1.10 (m, 2H), 1.23-1.29 (m, 2H), 1.43—-1.49 (m, 2H), 1.55-1.61
(m, 2H), 2.55-2.58 (m, 4H), 2.72-2.75 (m, 2H), 3.55 (t, J = 4.9 Hz, 2H).

BC{'H} NMR (100.53 MHz, CsDg) & 22.5, 25.8, 28.2,29.5, 38.4, 46.6, 48.2, 52.9, 163.0.
Anal. Calcd for CisH3>CulNy: C, 43.68; H, 6.52; N, 11.32. Found: C, 43.65; H, 6.41; N, 11.21.

3 N. P. Mankad, D. S. Laitar, J. P. Sadighi, Organometallics 2004, 23, 3369.
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[(dbu)Cul];

|
g i S "
. N Cu\I/Cu N\_)

A solution of (dbu),Cul (35 mg, 0.07 mmol) in CH30H (3 mL) was stirred until white precipitate
began to form. The resulting mixture was stored under —20 °C to obtain [(dbu)Cul], as colorless
prism crystals in 67% yield (16 mg, 0.02 mmol).

Anal. Calcd for CisH32CualoNg: C, 31.54; H, 4.71; N, 8.17. Found: C, 31.16; H, 4.85; N, 8.00.

(dbu).Cu(OBz);

A solution of distilled DBU (61 mg, 0.40 mmol) in distilled CH3CN (20 mL) was added dropwise
over 20 min to a solution of Cu(OBz),-1.8H,O (44 mg, 0.13 mmol) in distilled CH3CN (20 mL) at
room temperature. The resulting solution was stirred for additional 15 h and concentrated in vacuo.
The residue was washed with distilled diethyl ether (5 mL) to give a purple powder. Single crystals
of the title compound were obtained by slow diffusion of distilled diethyl ether into a distilled THF
solution at room temperature to give purple prism crystals (48 mg, 0.08 mmol, 61% yield).

Anal. Calcd for C3pHa,CuN4O4-1/2H,0: C, 62.07; H, 7.00; N, 9.05. Found: C, 62.41; H, 6.85; N,
8.98.

Experiments of Catalytic Reaction

General procedure for hydrogenation

Distilled 1,4-dioxane (2.0 mL) was added to Cu(OAc),-H>0O (4.0 mg, 0.02 mmol) in an oven-dried
20-mL Schlenk tube under an argon atmosphere and ultrasonically agitated for 20 min to form a blue
solution. Distilled DBU (1.52 g, 10 mmol) was added to the resulting solution. The solution was

transferred into a 50-mL autoclave equipped with a glass insert and a magnetic stirring bar under
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argon, followed by addition of distilled 1,4-dioxane (3.0 mL). The autoclave was filled with CO, (30
atm) and H> (30 atm) at room temperature, then warmed to 100 °C and stirred vigorously for 21 h.
After the reaction, the autoclave was cooled in an ice bath and the pressure was carefully vented. An
aliquot of the resulting pale yellow solution was measured by '"H NMR at a relaxation delay of 10 s
in CD30D to confirm the formation of [DBU-H]*[HCO:] . The yield was determined based on the
relative integration of the signal at 8.56 ppm (1H) to that at 1.15 ppm due to the methyl groups of
2-propanol used as an internal standard. The analytically pure product was isolated by crystallization
from the reaction mixture at room temperature and washed with distilled THF (3 mLx3) under an
argon atmosphere to give hygroscopic white platelet crystals. 'H NMR (399.78 MHz, CDCls):
1.56-1.63 (m, 6H), 1.89 (quint, J = 5.8 Hz, 2H), 2.71-2.72 (m, 2H), 3.29-3.37 (m, 6H), 8.65 (s, 1H),
12.06 (brs, 1H); *C{'H} NMR (100.53 MHz, CDCls): § 19.7, 24.1, 27.0, 29.0, 32.1, 38.2, 48.5, 54.0,
165.6, 168.6.

These spectral data are identical to those of an authentic sample prepared by the following
procedure: In a glovebox, a mixture of distilled formic acid (1.0 g, 22 mmol) and distilled diethyl
ether (5 mL) was added dropwise to a mixture of distilled DBU (3.2 g, 21 mmol) and distilled
diethyl ether (20 mL), to form a white precipitate. After stirring for 1 h, the resulting mixture was
filtered and the residue was washed with distilled diethyl ether (20 mL), then dried under vacuum to
give [DBU-H]'THCO:]  as a white hygroscopic solid; yield: 4.1 g (21 mmol, 98%).
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Chapter 5

Materials

Metal salts and organic bases were commercially available and used without further purification.
Cu(OAC)2:H20O:  Aldrich 229601, Cul: Aldrich 205540, MnBr(CO)s: Aldrich 341622,
1,8-Diazabicyclo[5.4.0]Jundec-7-ene (DBU): TCI D1270,
2-tert-Butyl-1,1,3,3-tetramethylguanidine (BTMG): Aldrich 20615,
1,5,7-Triazabicyclo[4.4.0]dec-5-ene (TBD): Aldrich 345571, triethylamine: Kanto 40271-00.

Preparation of Ligands

2,2°-Isopropylidenebis(2-oxazoline)  (5y) ** and 2,3,4,6,7,9,10,11-Octahydropyrimido-

[2',1":3,4]pyrazino[1,2-a]pyrimidine (5z)% were prepared according to reported procedures,

respectively.

5s—x were commercially available and used without further purification.

1,10-Phenanthroline (5s): Aldrich 131377, 3,4,7,8-Tetramethyl-1,10-phenanthroline (5t):
Aldrich 162884, 4,7-Diphenyl-1,10-phenanthroline (5u): Aldrich 133159,
2,9-Dimethyl-1,10-phenanthroline (5v): TCI D0771, 2,2’-Bis(2-oxazoline) (5w): TCI B1226,
2,2°-1sopropylidenebis[(4R)-4-benzyl-2-oxazoline] (5x): Aldrich 495301.

2,2'-(Propane-2,2-diyl)bis(1-methyl-4,5-dihydro-1H-imidazole) (5aa)

s

This compound was prepared according to the reported method 3¢ as follows:
N-Methylethylenediamine (1.48 g, 20 mmol) was slowly added to a mixture of TsOH-H,O (3.80 g,
20 mmol) in CH30H (10 mL) at 0 °C. The resulting solution was concentrated in vacuo and dried in
order to remove hydrated H>O. Dimethylmalononitrile (0.94 g, 10 mmol) was added to the residue
under argon atmosphere and heated at 160 °C. The heating was remained 1 h with vigorous stirring
after the mixture became homogeneous and evolved NH3 simultaneously. The resulting residue was
resolved in CH;OH (20 mL), then 1.0 M KO'Bu in CH;OH (20 mL) was slowly added to the
solution at 0 °C. After the precipitate was filtered off, the filtrate was concentrated in vacuo and the
resulting residue was served to hot filtration by toluene (150 mL) at 120 °C. The filtrate was

concentrated in vacuo and purified by GPC to give the title compound as a faint yellow solid (0.69 g,

3 L. Miao, 1. Haque, M. R. Manzoni, W. S. Tham, S. R. Chemler, Org. Lett. 2010, 12, 4739.

35 J. Li, D. W. Widlicka, K. Fichter, D. P. Reed, G. R. Weisman, E. H. Wong, A. DiPasquale, K. J.
Heroux, J. A. Golen, A. L. Rheingold, Inorg. Chim. Acta 2010, 364, 185.

36 P. Oxley, W. F. Short, J. Chem. Soc. 1947, 497.
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3.3 mmol, 33% yield).

'"H NMR (399.78 MHz, CDCl;3) 8 1.48 (s, 6H), 2.78 (s, 6H), 3.28 (t, J = 9.8 Hz, 4H), 3.63 (t, J=9.8
Hz, 4H).

BC{'H} NMR (100.53 MHz, CDCl3)  26.3, 34.2, 38.4, 51.8, 54.7, 169.3.

HRMS (TOF) calcd for [C11H21N4]" ([M+H]*) 209.1761, found 209.1760.

Bis[(1-methyl-4,5-dihydro-1H-imidazol-2-yl)methyl]amine (5ab)

Y

N-Methylethylenediamine (1.48 g, 20 mmol) was slowly added to a mixture of TSOH-H>O (3.80 g,
20 mmol) in CH30H (10 mL) at 0 °C. The resulting solution was concentrated in vacuo and dried in
order to remove hydrated H>O. Iminodiacetonitrile (0.95 g, 10 mmol) was added to the residue under
argon atmosphere and heated at 140 °C. The heating was remained 1 h with vigorous stirring after
the mixture became homogeneous and evolved NH3 simultaneously. The resulting residue was
resolved in CH;OH (20 mL), then 1.0 M KOBu in CH;0H (20 mL) was slowly added to the
solution at 0 °C. After the precipitate was filtered off, the filtrate was concentrated in vacuo and the
resulting residue was served to hot filtration by toluene (150 mL) at 120 °C. The filtrate was
concentrated in vacuo and purified by GPC to give the title compound as a brown oil (0.84 g, 4.0
mmol, 40% yield).

"H NMR (399.78 MHz, CDCl3) § 2.22-2.48 (br, 1H), 2.79 (s, 6H), 3.27, (t, J = 9.5 Hz, 4H), 3.43 (s,
4H), 3.66, (t, J=9.5 Hz, 4H).

BC{'H} NMR (100.53 MHz, CDCls) 6 33.7, 46.1, 52.5, 53.7, 166.2.

HRMS (TOF) calcd for [C1oH20Ns]" ([M+H]") 210.1713, found 210.1719.

2,6-Bis(1-methyl-4,5-dihydro-1H-imidazol-2-yl)pyridine (5ac)

This compound was prepared according to the reported method3” as follows: Sodium (35 mg, 1.5
mmol) was added to 2,6-pyridinedicarbonitrile (1.29 g, 10 mmol) dissolved in CH;OH (25 mL).
After stirring 40 h, acetic acid (75 pl) was slowly added to the resulting solution and concentrated in
vacuo. N-Methylethylenediamine (20 mmol, 1.48 g) was added to the residue dissolved in CH2Cl,
(50 mL) and refluxed in 48 h. After washing the reaction mixture with H,O (10 mL), the organic

37 S. Bhor, G. Anilkumar, M. K. Tse, M. Klawonn, C. Débler, B. Bitterlich, A. Grotevendt, M. Beller,
Org. Lett. 2005, 7, 3393.
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layer was dried over Na>SOj4 and filtered through a pad of cotton. The concentrated residue in vacuo
was purified by bulb-to-bulb distillation to obtain the title compound as a pale yellow oil (1.40 g,
58% yield).

"H NMR (399.78 MHz, CDCls) & 3.06 (s, 6H), 3.49 (t, J = 10.1 Hz, 4H), 3.88, (t, J = 10.1 Hz, 4H),
7.77-7.81 (m, 1H), 7.89-—91, (m, 2H).

BC{'H} NMR (100.53 MHz, CDCls) § 36.1, 53.1, 54.7, 125.1, 137.4, 149.7, 165.3.

HRMS (TOF) calcd for [C13HsNs]" ([M+H]") 244.1557, found 244.1562.

Preparation of Complexes

(2,3,4,6,7,9,10,11-Octahydropyrimido[2',1':3,4]pyrazino[1,2-a]pyrimidine) Cu(OAc). (Cu-1)

2,3,4,6,7,9,10,11-Octahydropyrimido[2',1":3,4]pyrazino[ 1,2-a]pyrimidine (19.2 mg, 0.10 mmol)
was added to a mixture of Cu(OAc),"H>O (20.0 mg, 0.10 mmol) in CH3CN (5 mL) in argon
atmosphere and stirred vigorously in 30 min at room temperature. The resulting solution was
concentrated in vacuo. The residue was washed with distilled Et;O (2 mL) and purified by
recrystallization from distilled CH>Cl, (0.5 mL) and distilled Et,O (3 mL) to give the title compound
as blue/prism crystals (24.3 mg, 0.065 mmol, 65% yield).

Anal. Calcd for C14H2CuN4O4: C, 44.97; H, 5.93; N, 14.98. Found: C, 44.62; H, 6.07; N, 15.21.

[2,2'-(Propane-2,2-diyl)bis(1-methyl-4,5-dihydro-1H-imidazole)] Cu(OAc); (Cu-2)

2,2'-(Propane-2,2-diyl)bis(1-methyl-4,5-dihydro-1H-imidazole) (146 mg, 0.70 mmol) was added to
a mixture of Cu(OAc)'H>O (140 mg, 0.70 mmol) in CH3CN (10 mL) in argon atmosphere and
stirred vigorously in 90 min at room temperature. The resulting solution was concentrated in vacuo.
The residue was washed with distilled Et;O (3 mL) and purified by recrystallization from distilled
CHCl; (1.5 mL) and distilled Et,O (4.5 mL) to give the title compound as blue/prism crystals (0.52
mmol, 74% yield).
HRMS (TOF) calcd for [C13H23CuN4O2]* ((M—OAc]") 330.1117, found 330.1110.
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[(NNMN)CU][1]2 (Cu-3)

\ ]
Yo

Cu_Cu

>

NN
5

A solution of bis[(1-methyl-4,5-dihydro-1H-imidazol-2-yl)methyl]amine (5ab; 178 mg, 0.85
mmol) in distilled CH3CN (12 mL) was added dropwise over 20 min to a mixture of Cul (162 mg,
0.85 mmol) and distilled CH3CN (12 mL) at room temperature under argon atmosphere. The
resulting mixture was stirred for additional 1 h and concentrated in vacuo until the volume halves.
The solution was recrystallized by slow diffusion of distilled diethyl ether (12 mL) to give the title
compound as quasi transparent prism crystals in low yield, accompanied by unidentified materials as

an insoluble dark brown powder.

[(NNN)Cul]2-CH:Cl; (Cu-4)
B “]-CH,Cl,

\N7

2

A solution of 2,6-bis(1-methyl-4,5-dihydro-1H-imidazol-2-yl)pyridine (5ac; 122 mg, 0.50 mmol)
in distilled CH3CN (7.5 mL) was added dropwise over 20 min to a mixture of Cul (95 mg, 0.50
mmol) and distilled CH3CN (7.5 mL) at room temperature under argon atmosphere. The resulting
mixture was stirred for additional 1 h and concentrated in vacuo. The residue was recrystallized by
slow diffusion of distilled diethyl ether into a distilled CH>Cl, at room temperature to give the title
compound as dark red prism crystals (112 mg, 0.12 mmol, 47% yield), accompanied by unidentified
materials as insoluble yellow powder.
"H NMR (399.78 MHz, CD,Cl») 8 2.99 (s, 6H), 3.67 (br, 4H), 4.22 (br, 4H), 7.44 (t, J = 6.7 Hz, 1H),
7.57 (br, 2H).
Anal. Calcd for Co7H36C1.CuzlaNyo: C, 34.05; H, 3.81; N, 14.71. Found: C, 33.97; H, 3.97; N, 14.50.
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[(NNHN)Mn(CO)s]*[Br]- (Mn-1)
—N co _IBr
EN,,/M WCO

n
-N” | Sco
H N

K(j
N
/
A solution of bis[(1-methyl-4,5-dihydro-1H-imidazol-2-yl)methyl]amine (5ab; 167 mg, 0.80

mmol) in distilled EtOH (3 mL) was added dropwise over 10 min to a mixture of MnBr(CO)s (220

mg, 0.80 mmol) and distilled EtOH (12 mL) at room temperature under argon atmosphere. The
resulting mixture was stirred for additional 2 h and concentrated in vacuo to ca. 2 mL. The solution
was recrystallized by cooling at —20 °C to give the title compound as white/prism crystals (253 mg,
0.59 mmol, 74% yield).

"H NMR (399.78 MHz, CD»Cl,) & 2.85 (s, 6H), 3.36-3.43 (brd, 2H), 3.57-3.86 (m, 8H), 4.15-4.23
(brd, 2H), 7.83 (br, 1H).

Anal. Calcd for C13H19BrMnN;sOs: C, 36.47; H, 4.47; N, 16.36. Found: C, 36.32; H, 4.32; N, 15.99.
IR-ATR (solid) [em™']: 2022 (s, vco), 1914 (s, veo), 1883 (s, veo).

Experiments of Catalytic Reaction

General procedure for hydrogenation

Distilled 1,4-dioxane (5.0 mL) was added to Cu-2 (7.8 mg, 0.02 mmol) in an oven-dried 50-mL
autoclave equipped with a glass insert and a magnetic stirring bar under argon. Distilled DBU (1.52
g, 10 mmol) was added to the resulting solution. The solution was filled with CO> (20 atm) and H»
(40 atm) at room temperature, then warmed to 100 °C and stirred vigorously for 21 h. After the
reaction, the autoclave was cooled in an ice bath and the pressure was carefully vented. An aliquot of
the resulting pale yellow solution was measured by '"H NMR at a relaxation delay of 10 s in CD;0D
to confirm the formation of [DBU-H][HCO,] . The yield was determined based on the relative
integration of the signal at 8.56 ppm (1H) to that at 1.15 ppm due to the methyl groups of
1,3,5-trimethylbenzene used as an internal standard. The analytically pure product was isolated by
crystallization from the reaction mixture at room temperature and washed with distilled THF (3
mLx3) under an argon atmosphere to give hygroscopic white platelet crystals. "H NMR (399.78
MHz, CDCl): 8 1.56-1.63 (m, 6H), 1.89 (quint, J = 5.8 Hz, 2H), 2.71-2.72 (m, 2H), 3.29-3.37 (m,
6H), 8.65 (s, 1H), 12.06 (brs, 1H); *C{'H} NMR (100.53 MHz, CDCls): § 19.7, 24.1, 27.0, 29.0,
32.1,38.2,48.5, 54.0, 165.6, 168.6.
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Chapter 6

Materials

Metal salts, ligands, and substrates were commercially available and used without further
purification.

Cu(OAC)2: Aldrich 517453, Cu(OAc): Strem 93-2989, CuCly: Aldrich 451665, CuCl: Wako
033-12482, Cu(OTf)2: Aldrich 283673, Cu(OTf)(toluene)os: Aldrich 513512, Cu(acac): Aldrich
514365, 1,8-Diazabicyclo[5.4.0lundec-7-ene  (DBU): TCI DI1270, Polystyrene-bound
1,8-diazabicyclo[5.4.0]lundec-7-ene  (PS-DBU); 100-200 mesh, 1% cross-linked with
divinylbenzene: Aldrich 595128, Lot No. BCBL9633V, Polystyrene (PS); 100-200 mesh, 1%
cross-linked with divinylbenzene: TCI P1432, Polystyrene-bound
1,3,4,6,7,8-hexahydro-2Hpyrimido[1,2-a]pyrimidine (PS-TBD); 200-400 mesh, 2% cross-linked
with divinylbenzene: Aldrich, 358754, Lot No. 1453093V, Acetophenone (10a): TCI A0061,
2,2-Dimethylpropiophenone (10b): Aldrich 280925, Cyclopropyl phenyl ketone (10c): Aldrich
125512, 2°-Methylacetophenone (10d): TCI M0172), 3°-Methylacetophenone (10e): TCI M0191,
4’-Methylacetophenone (10f): TCI MO0135, 4’-Chloroacetophenone (10g): TCI C0033,
4’-Methoxyacetophenone (10h): TCI M0105, 4’-Aminoacetophenone (10i): Acros Organics
103090100, Cyclohexanone (10j): Aldrich 398241, Benzaldehyde (10k): Aldrich 418099,
4-Dimethylaminobenzaldehyde (10l): TCI D0645, 5-Hydroxymethyl-2-furaldehyde (10m):
Aldrich H40807.

A hydrophilic PTFE membrane filter (ADVANTEC H050A025A, pore size: 0.50 um) was used for
separation of polymer catalysts from the reaction mixture after hydrogenation and catalyst

preparation.

Preparation of Catalysts

General procedures for the preparation of Cu/PS-DBU B

Distilled methanol (5.0 mL) was added to Cu(acac), (130.9 mg, 0.50 mmol) and PS-DBU (555.6
mg, 1.00 mmol-DBU units) in an oven-dried 50-mL autoclave equipped with a glass insert and a
magnetic stirring bar under Ar atmosphere. The autoclave was filled with H, (10 atm) at room
temperature and subsequently heated at 130 °C for 4 h with a stirring rate of 300 rpm. After the
reaction, the autoclave was cooled in an ice bath and the pressure was carefully vented. The reaction
mixture was decanted under Ar atmosphere to separate the polymeric materials and liquid reaction
mixture. The resulting dark red-brown polymer residue was washed with distilled methanol (10 mL)
and dried in vacuo overnight, affording the title compound. The Cu content in Cu/PS-DBU was

determined as 0.83 mmol-Cu/g by ICP-AES analysis.
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Experiments of Catalytic Reaction

General procedures for hydrogenation

Distilled methanol (2.0 mL) was added to Cu(acac), (5.2 mg, 0.02 mmol) and PS-DBU (22.2 mg,
0.04 mmol-DBU units) in an oven-dried 30-mL autoclave equipped with a glass insert and a
magnetic stirring bar under Ar atmosphere. Degassed 10a (240.3 mg, 2.0 mmol) was added to the
resulting mixture. The autoclave was filled with H, to 10 atm at room temperature and then heated at
90 °C for 20 h with a stirring rate of 300 rpm. After the reaction, the autoclave was cooled in an ice
bath and the pressure was carefully vented. An aliquot of the resulting colorless mixture was
measured by '"H NMR spectroscopy in CDCl; to confirm the formation of 1-phenylethanol (11a).
The yield was determined based on the relative integration ratios of the signal at 1.38 ppm (d, 3 H)
of the product and that at 2.09 ppm due to the methyl groups of 1,2,4,5-tetramethylbenzene used as
internal standard. The analytically pure product was isolated by filtration from the reaction mixture
at room temperature, washed with methanol (6 mL), and concentrated in vacuo to afford an almost

colorless oil.

Spectral data of products
1-Phenylethanol (11a)
OH
Ph
'H NMR (399.78 MHz, CDCL:): & 1.50 (d, 3 H, 3J = 6.4 Hz), 1.91 (brs, 1 H), 4.90 (q, 1 H, 3 =6.4
Hz), 7.26-7.30 (m, 1 H), 7.34-7.40 (m, 4 H).
3C{'H} NMR (100.53 MHz, CDCL): § 25.3, 70.5, 125.5, 127.6, 128.6, 145.9.

Spectral data for 11a were identical to those reported.®

2,2-Dimethyl-1-phenyl-1-propanol (11b)
OH

=

'H NMR (399.78 MHz, CDCls): § 0.93 (s, 9 H), 1.86 (brd, 1 H, 3] = 2.8 Hz), 4.40 (d, 1 H, 3J = 2.8
Hz), 7.25-7.33 (m, 5 H).
13C{'H} NMR (100.53 MHz, CDCls): § 26.1, 35.8, 82.5, 127.4, 127.7, 127.8, 142.3.

Spectral data for 11b were identical to those reported.>

3% T. Wdowik, C. Samojtowicz, M. Jawiczuk, M. Malifiska, K. Wozniak K. Grela, Chem. Commun.
2013, 49, 674.
3 F. Jiang, K. Yuan, M. Achard, C. Bruneau, Chem. Eur. J. 2013, 19, 10343.
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a-Cyclopropylbenzyl alcohol (11c)
OH

T

'H NMR (399.78 MHz, CDCL:): § 0.35-0.41 (m, 1 H), 0.45-0.51 (m, 1 H), 0.53-0.59 (m, 1 H),
0.61-0.68 (m, 1 H), 1.18-1.27 (m, 1 H), 2.01 (brs, 1 H), 4.02 (d, 1 H, 3J = 8.3 Hz), 7.27-7.31 (m, 1
H), 7.34-7.38 (m, 2 H), 7.42-7.45 (m, 2 H).

13C{'H} NMR (100.53 MHz, CDCls): 3.0, 3.7, 19.3, 78.7, 126.1, 127.7, 128.5, 143.9.

Spectral data for 11c were identical to those reported.*

1-(2-Methylphenyl)ethanol (11d)
OH

"H NMR (399.78 MHz, CDCls): 6 1.47 (d, 3 H, J = 6.4 Hz), 1.80 (brd, 1 H, 3J = 3.7 Hz), 2.35 (s, 3
H), 5.13 (quartet of doublet, 1 H, 3J = 6.4 Hz, 3] = 3.7 Hz), 7.13-7.20 (m, 2 H), 7.22-7.26 (m, 1 H),
7.52(d, 1 H, 3] =7.6 Hz).

BC{'H} NMR (100.53 MHz, CDCls): 6 19.0, 24.1, 66.9, 124.6, 126.5, 127.3, 130.5, 134.3, 144.0.
Spectral data for 11d were identical to those reported.*?

1-(3-Methylphenyl)ethanol (11e)
OH

'H NMR (399.78 MHz, CDCls):  1.49 (d, 3 H, 3] = 6.4 Hz), 1.86 (brs, 1 H), 2.37 (s, 3 H), 4.87 (q,
H, 3J = 6.4 Hz), 7.09-7.27 (m, 4 H).
13C{'H} NMR (100.53 MHz, CDCls): § 21.6, 25.3, 70.6, 122.6, 126.2, 128.3, 128.6, 138.3, 145.9.

Spectral data for 11e were identical to those reported.!

1-(4-Methylphenyl)ethanol (11f)
OH

'H NMR (399.78 MHz, CDCL): & 1.49 (d, 3 H, 3J = 6.7 Hz), 1.83 (brd, 1 H, 3] = 3.4 Hz), 2.35 (s, 3

40 S, R. Mothe, P. Kothandaraman, W. Rao, P. W. H. Chan, J. Org. Chem. 2011, 76, 2521.
41Y. Yang, J. Guo, H. Ng, Z. Chen, P. Teo, Chem. Commun. 2014, 50, 2608.
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H), 4.87 (quartet of doublet, 1 H, 3J = 6.5 Hz, 3 = 3.4 Hz), 7.17 (d, 2 H, 3) = 7.9 Hz), 7.27 (d, 2 H,
3] =17.9 Hz).
13C{'H} NMR (100.53 MHz, CDCls): § 21.2,25.2. 70.4, 125.5, 129.3, 137.3, 143.0.

Spectral data for 11f were identical to those reported.®

1-(4-Chlorophenyl)ethanol (11g)

OH

Cl

"H NMR (399.78 MHz, CDCl3): 6 1.47 (d, 3 H, 3J = 6.4 Hz), 1.94 (brs, 1 H), 4.87 (q, 1 H,3J =64
Hz), 7.28-7.33 (m, 4 H).

BC{'H} NMR (100.53 MHz, CDCls): 6 25.4, 69.9, 126.9, 128.7, 133.2, 144 4.

Spectral data for 11g were identical to those reported.*?

1-(4-Methoxyphenyl)ethanol (11h)

OH

H,CO

"H NMR (399.78 MHz, CDCl5): 6 1.48 (d, 3 H, 3J = 6.7 Hz), 1.86 (brd, 1 H, 3J = 3.4 Hz), 3.80 (s, 3
H), 4.85 (quartet of doublet, 1 H, 3J = 6.4 Hz, 3J = 3.7 Hz), 6.86-6.90 (m, 2 H), 7.28-7.32 (m, 2 H).
BC{'H} NMR (100.53 MHz, CDCls): § 25.1, 55.4,70.1, 114.0, 126.8, 138.1, 159.1.

Spectral data for 11h were identical to those reported.

1-(4-Aminophenyl)ethanol (11i)

OH

HoN

'H NMR (399.78 MHz, CDCL): & 1.45 (d, 3 H, 3J = 6.4 Hz), 1.89 (brd, 1 H, 3] = 3.4 Hz), 3.65 (brs,
2 H), 4.78 (quartet of doublet, 1 H, 3] = 6.4 Hz, 3] = 3.4 Hz), 6.64-6.67 (m, 2 H), 7.14-7.18 (m, 2
H).

13C{'H} NMR (100.53 MHz, CDCL): § 24.9, 70.2, 115.2, 126.8, 136.1, 145.9.

Spectral data for 11i were identical to those reported.*?

42 M. V. Rojo, L. Guetzoyana, I. R. Baxendale, Org. Biomol. Chem. 2015, 13, 1768.
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Cyclohexanol (11j)
OH

'"H NMR (399.78 MHz, CDCl3): & 1.09-1.32 (m, 5 H), 1.49 —1.55 (m, 1H), 1.67 (brs, 1 H),
1.69-1.75 (m, 2 H), 1.85-1.91 (m, 2 H), 3.56-3.62 (m, 1 H).
BC{'H} NMR (100.53 MHz, CDCl5): § 24.3, 25.6, 35.6, 70.4.

Spectral data for 11j were identical to those reported.**

Benzyl alcohol (11k)
OH

)
Ph
"H NMR (399.78 MHz, CDCl5): & 1.93 (brs, 1 H), 4.68 (s, 2 H), 7.29-7.32 (m, 1 H), 7.35-7.38 (m, 4
H).
BC{'H} NMR (100.53 MHz, CDCl): § 65.4, 127.1, 127.8, 128.7, 141.0.
Spectral data for 11k were identical to those reported.*’

4-(Dimethylamino)benzyl alcohol (111)

OH

(H3C)oN

'H NMR (399.78 MHz, CDCLz): § 1.61 (brt, 1 H, 3J = 5.2 Hz), 2.95 (s, 6 H), 4.56 (d, 2 H, J = 4.8
Hz), 6.71-6.75 (m, 2 H), 7.23-7.26 (m, 2 H).

13C {'H} NMR (100.53 MHz, CDCls): 8 40.8, 65.5, 112.7, 128.8, 129.0, 150.5.

Spectral data for 111 were identical to those reported.*®

2,5-Bis(hydroxymethyl)furan (11m)
OH
HO 0
\
"H NMR (399.78 MHz, DMSO-ds): 8 4.35 (d, 4 H, 3J = 5.8 Hz), 5.16 (brt, 2 H, *J = 5.8 Hz), 6.18 (s,

43 M. Takasaki, Y. Motoyama, K. Higashi, S.-H. Yoon, I. Mochida, H. Nagashima, Org. Lett. 2008,
10, 1601.

4 H. Jiang, L. Lykke, S. U. Pedersen, W.-J. Xiao, K. A. Jergensen, Chem. Commun. 2012, 48, 7203.
45 C. Battilocchio, J. M. Hawkins, S. V. Ley, Org. Lett. 2013, 15, 2278.

46 M. Zhao, W. Xie, C. Cui, Chem. Eur. J. 2014, 20, 9259.
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2 H).
13C{'H} NMR (100.53 MHz, DMSO-ds): 8 55.7, 107.4, 154.6.

Spectral data for 11m were identical to those reported.*’

47S. Elangovan, M. Garbe, H. Jiao, A. Spannenberg, K. Junge, M. Beller, Angew. Chem. Int. Ed.
2016, 55, 15364.
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Complex: Cp*RuCl(2-picolylamine) (Cp*RuCI(NN"))

formula

fw

crystal syst

space group

a(h)

b (A)

c(A)

B®)

V (A%

z

Deaic (g/cm?)

Fooo

g (em™)

no. of reflns collected
no. of independent reflns
no. of variables
R1[1>2c ()]

wR2 (all data)

GOF

Ci6H23CIN2Ru
379.89

monoclinic
P2i/c (#14)
10.665(3)
14.107(4)
11.108(3)
100.732(3)
1641.9(7)
4

1.537
776.00
11.100
13269
3754

204

0.0356
0.0932
1.000
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Complex: Cp*RuCl[(1S,2S)-N,N’-dimethylcyclohexane-1,2-diamine] (Ru-1)

formula CisH33CIN2Ru
fw 414.00
crystal syst orthorhombic
space group P21212, (#19)
a(A) 9.001(2)

b (A) 10.809(3)
c(A) 19.636(4)

V (A?) 1910.4(7)

z 4

Deaic (g/cm?) 1.439

Fooo 864.00
u(em™) 9.601

no. of reflns collected 15750

no. of independent reflns 4376

no. of variables 233
RI[I>2c ()] 0.0220

wR2 (all data) 0.0705

GOF 1.000

236



R
g
pui

Complex: Cp*RuCl[(1S,2S)-2-(diphenylphosphino)-1-aminocyclohexane] (Ru-2)

formula C28H37CINPRu
fw 555.10
crystal syst monoclinic
space group P2, (#4)
a(A) 10.9274(10)
b (A) 12.7869(11)
c(A) 19.117(2)
L) 94.715(2)
V (A% 2662.1(5)

z 4

Deaic (g/cm?) 1.385

Fooo 1152.00

4 (cm™) 7.652

no. of reflns collected 22032

no. of independent reflns 12118

no. of variables 652
R1[I>2c (D] 0.0260

wR2 (all data) 0.0767
GOF 1.000
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Complex: Cp*RuCl[(1S,2S)-N-methyl-2-(diphenylphosphino)-1-aminocyclohexane] (Ru-3)

formula C290H39CINPRu
fw 569.13
crystal syst monoclinic
space group P2, (#4)
a(A) 10.977(2)
b (A) 12.587(2)
c(A) 19.248(3)
L) 94.216(2)
V (A% 2652.3(7)
z 4

Deaic (g/cm?) 1.425

Fooo 1184.00

4 (cm™) 7.700

no. of reflns collected 22023

no. of independent reflns 9773

no. of variables 674
R1[1>20 ()] 0.0426
wR2 (all data) 0.1047
GOF 1.000
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Complex: RuCl(p-cymene)[1-(2’-aminoethyl)-3-tert-butylimidazol-2-ylidene]PFs

([(p-cymene)RuUCI(CNH)][PFs]) (Ru-5)

formula

fw

crystal syst

space group

a(A)

b (A)

c(A)

V(A%

z

Dearc (g/cm?)

Fooo

g (em™)

no. of reflns collected
no. of independent reflns
no. of variables
R1[1>2c (D]

wR2 (all data)

GOF

C23H39CIFsN3OPRu
655.07
orthorhombic
Pna21 (#33)
10.0316(5)
17.4855 (8)
15.2815(5)
2680.5(2)

4

1.623
1344.00
8.083

21165

6120

364

0.0271
0.0807

1.000
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Complex: Cp*RuBr[1-(2’-aminoethyl)-3-methylimidazol-2-ylidene] (Cp*RuBr(CN"))

formula

fw

crystal syst

space group

a(A)

b (A)

c(A)

V(A%

z

Dearc (g/cm?)

Fooo

g (em™)

no. of reflns collected
no. of independent reflns
no. of variables
RI[I>2c ()]

wR2 (all data)

GOF

CisH26BrN3Ru
441.38
orthorhombic
Pbcn (#60)
20.093(4)
11.841(2)
14.632(3)
3481.1(11)

8

1.684
1776.00
32.015

24615

3994

216

0.0553
0.1244

1.000
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SR
Complex: (dbu),Cul
formula Ci8H32CulN4
fw 494.93
crystal syst monoclinic
space group P21 (#4)
a(A) 8.660(7)
b (A) 9.091(7)
c(A) 25.61(2)
B 93.491(11)
V (A%) 2012(3)
z 4
Deaic (g/cm?) 1.634
Fooo 1000.00
4 (cm™) 26.281
no. of reflns collected 10645
no. of independent reflns 6430
no. of variables 242
RI[I>2c ()] 0.0864
wR2 (all data) 0.2322
GOF 1.000

241



M

Complex: [(dbu)Cul]»

formula

fw

crystal syst

space group

a(A)

b (A)

c(A)

V(A%

z

Dearc (g/cm?)

Fooo

g (em™)

no. of reflns collected
no. of independent reflns
no. of variables
RI[I>2c ()]

wR2 (all data)

GOF

CisH32CulNy
685.38
orthorhombic
Pbca (#61)
8.6989(11)
15.956(2)
16.143(3)
2240.6(5)

8

4.063
2656.00
93.306

17164

2564

134

0.0223
0.0806

1.000
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FBRIA
Complex: (dbu),Cu(OBz)
formula C32H42CuN4O4
fw 610.25
crystal syst monoclinic
space group P2i/n (#14)
a(A) 10.381(3)
b (A) 9.714(3)
c(A) 15.179(4)
L) 107.352(4)
V (A% 1461.0(7)
z 2
Deaic (g/cm?) 1.387
Fooo 646.00
4 (cm™) 7.916
no. of reflns collected 11780
no. of independent reflns 3277
no. of variables 208
RI[I>2c ()] 0.0572
wR2 (all data) 0.1290
GOF 1.000

243



R
g
pui

Complex: (2,3,4,6,7,9,10,11-octahydropyrimido[2',1":3,4]pyrazino[ 1,2-a]pyrimidine) Cu(OAc),

(Cu-1)

formula C14H22CuN4O4
fw 373.90
crystal syst monoclinic
space group C2 (#5)
a(A) 12.840(6)
b (A) 9.613(4)
c(A) 8.910(4)
L) 133.547(4)
V (A% 797.1(6)

z 2

Dearc (g/cm?) 1.558

Fooo 390.00
u(cm™) 13.959

no. of reflns collected 3327

no. of independent reflns 1780

no. of variables 117
R1[1>2c ()] 0.0347
wR2 (all data) 0.0755
GOF 1.000
Flack parameter —0.005(18)
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Complex: [2,2'-(propane-2,2-diyl)bis(1-methyl-4,5-dihydro-1H-imidazole)|Cu(OAc), (Cu-2)

formula Ci5H26CuN4O4
fw 389.94
crystal syst monoclinic
space group P2i/n (#14)
a(A) 8.638(3)

b (A) 16.695(5)
c(A) 12.795(5)
L) 109.180(4)
V(A% 1742.8(11)
z 4

Deaic (g/cm?) 1.486

Fooo 820.00

4 (cm™) 12.801

no. of reflns collected 13796

no. of independent reflns 3946

no. of variables 243
R1[1>20 ()] 0.0919
wR2 (all data) 0.2215
GOF 1.101
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FBRIA
Complex: [(NNHN)Cu],[I]2 (Cu-3)
formula Ca0H35Cu2laN1o
fw 799.49
crystal syst monoclinic
space group C2/c (#15)
a(A) 35.63580
b (A) 10.11570
c(A) 24.88830
B ) 93.44800
V (A% 8955.52005
z 24
Dearc (g/cm?) 1.779
Fooo 4704.00
4 (cm™) 35.211
no. of reflns collected 25324
no. of independent reflns 6958
no. of variables 514
RI[I>2c ()] 0.3631
wR2 (all data) 0.3873
GOF 59.667
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Complex: [(NNN)Cul],-CH2Cl, (Cu-4)

formula

fw

crystal syst

space group

a(h)

b (A)

c(A)

B®)

V (A%

z

Deaic (g/cm?)

Fooo

g (em™)

no. of reflns collected
no. of independent reflns
no. of variables
R1[1>2c ()]

wR2 (all data)

GOF

C27H36C12Cuz12Nyo
952.46
monoclinic
P2y/n (#14)
10.131(3)
24.294(5)
14.457(4)
105.784(4)
3424.0(13)
4

1.847
1864.00
32.372
28062

7784

424

0.0628
0.1455
1.000
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Complex: [(NNHN)Mn(CO);][Br] (Mn-1)

formula

fw

crystal syst

space group

a(h)

b (A)

c(A)

B®)

V (A%

z

Deaic (g/cm?)

Fooo

g (em™)

no. of reflns collected
no. of independent reflns
no. of variables
R1[1>2c ()]

wR2 (all data)

GOF

C13H19BrMnN;0;
428.17
monoclinic
P2i/c (#14)
10.695(2)
16.189(3)
9.994(2)
93.985(2)
1726.2(6)
4

1.647
864.00
31.064
14084
3933

227

0.0406
0.0973
1.000
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