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Amido complexes

R,
CeHs -802—4 CH3-CeH4 (Ts)  1,2,3,4,5,6-(CH3)g (hmb)
t RU—O -SO,CHj3 (Ms) 1,2,3,4,5-(CHg)s (pmb)
-SO,CF; (Tf)

CeHs 1,2,4,5-(CHs)4 (durene)
R)-d 1,3,5-(CH3)3 (mesitylene)
Ru[(R,R)- |am|ne](77 -arene) 1.CH3-4-CH(CHy), (p-cymene)

(R,R)-Ru1a:R=Ts R, =hmb
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(R,R)-Ru1c: Tf hmb
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(R,R)-Ru1f: Ts mesitylene
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Michael acceptor:

cyclic enones acyclic enones
O O (0] O O
CeHs
1e 1f
1c 1d

nitroalkenes

A NO2 Ar= Cotls CH3/©/CH3O/©/ F/©/ CI/©/ ©:C'
O O - J

CH3O
OCH3 cl
i OCH3 i cl
2| 2m
Nucleophile:
malonates B-ketoesters 1,3-diketones
O O O O
O O
R1OMOR1 A, R1MR1
R? R OR R?
R' = CH3, R? = H (3a) R' = CH3, R? = CHj (3f) R'! = CH3, R? = H (3n)
R1 = C,Hs, R? = H (3b) R' = CH3, R? = C(CH3);3 (39) R1 = C,Hs, R? = H (30)
= CHs, R? = CHj; (3c) R' = CH3, R? = C,H5 (3h) = CH(CHj3),, R? = H (3p)
= CH,CgHs, RZ=H (3d)  R'=C,Hs, R? = CHj (3i) = CHs, R? = CH; (3q)

= C(CHg3)3, R = H (3e) R" = CH(CHs3),, R? = CHj; (3j)
R' = C(CHj3)3, R? = CHj3 (3k)
R' = CgHs, R2 = CHj (31)
R' = C4Hs, R% = C,H5 (3m)
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B Thy, TRNETOSBEGAMB L 3R BRTEREZETERVAERILEY DI
MO LMEETH D, @BEEERVI L LERERFERCZEMEOmE N b HELE I D~
AL CIX D D705, BLELME TII e & A i & bz 5 & ERMEOHE D b 1T E DO R HLA
I Tn5b,

ZO X, MBERISITHW S D AT, 5 & T D ERIZIS UTTEW T
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& B SR & AR & 3 D 4y ARSI OSBRI 72 BF SR 1965 4F:, Wilkinson (T &
D RS e U r ASEK - RhCI[P(CeHs)s]; (Wilkinson $51K) 2 F W=7 L7 L FHD K
FALSIE TH %, Wilkinson 23PH%E L7z Rh $5(AZ FIW T, 77 DO KFELEIE 3551
L UL CRERINCAFZE T & 2 X 9 1272 o 7=, Wilkinson S5 (K % filliit & 9~ 2 7 L4 D K FEAL
DEHERE%Z Scheme 1-1 1R £ 4 B0 2w AEMADRN FTHH FY 7 ==
JVIRAT 4 U HMERE LT, VRIS 1 OB BB R R R A 2 5% D, WIT, K
DERLIIMINL TP Y REA B 2 52728, TA7 VN RF-KFE HES T n Bz
Liz$ERC 2525, n v h—k RU REGHICT V7 BN EARIG L, B 7 A-fRFE
fEh (ofE) Zb O D 2525, BH TR Co5K D O A SIS A HEE B & 72
Do BICHED IZBWT, #BICHE LTV E U FET X VB DR TRINRED
RMICHEIT L, KFE(LIR L 5K A &2 5 2, i1 7 VS5ElkT 5,

Scheme 1-1
H
Ph3Pu”AhﬂuH =
H CI=| ~PPh, R
2
s
B
+S T
) PhgP..,, | WH
PhsPr.,  WwPPhs __°PM3 _ php, .S éI,Rh‘\PPh
CI= SPPh, <o G “PPh e
Wilkinson catalyst ~ +PPhj A c R
Ph = CgH
615 fast H slow
S = solvent H H Phsp'//,R,lh\n‘S s
— CI” | ~PPh;
R LrH
R
D

Knowles & 13 Z DKFALDSIEHERBIZIESNT, B 7 ==L R AT ¢ VELF
DRDOVIZXFTNVTHRAT ¢ VEALFEROIUE, B EDVICAFREZHBETE, K
FARBMPIENEBTEDL D EEZXT, EEE, FTIAVRAT7 0 Ui+ LT, Vb
WCARFFLE LOBRN FE2BER LT, TAT CORFEKREEDETTEZ L2 RN L,
BHIDOFIGEDARFWRITE -T2 b DD, ZD%, Kagan ORI L7-F L— MUX T )Lk
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AT 4 ENLF DIOP 7B OMEHEIZ LV | AFEANLT & LT DIPAMP B2 F 2 V% &7
ka7 /8, =) ROKFEBETT T ARRICHETT 5 2 L2 RN Z LIS,
Z ORIEIE, Scheme 1-2 12773 X 512 Monsanto £EIZ L 0 /=% 0 Y VIR DRI TH 5
L-DOPA O TEMBIERICWH R FIA S, ZOMREEZEIC, T VEN T2 50
Bz 723 T VA B SEIR & Al & 3 5 RE KBRS RFFE S, < DFER T vt 2D
FINTo, BESEEOTLERE LT, YU AUSMNI HIFE A EOBEBER IR S,
FNENDOERBIFFA O RFMBLSOEHZ B INTETVD,

Scheme 1-2. Asymmetric Hydrogenation of (Z)-a-(Acylamino)cinnamic Acid with Rh Complexes

MeomCOZH y [Rh((R,R)-dipamp)(cod)]BF, Meoji)/\l/COZH
+ L
2
ACO NHAc ACO NHAc
95% ee
;: :; HO CO,H
P PI Xl -
O+ PO — "

OCH; CH30 (S)-DOPA
(R,R)-DIPAMP

Wilkinson $§EDFE R O%, F 70w 07 AGEEORREIT, RRIZEELIZHD
D, FERDSUSHEZ TR T VT =0 MO TRIL, 3G 2 % 7 Vi oo S5E 1 A3 L S
NTNRPo T OFBITOCEN, EEDIL. FT7/0r U0 A KE L TEINZHE
ZHOXTINTRAT ¢ BT BINAP 1235 H L C BINAP Bz 4 A 5 Bz A a7
VT =7 BB - RuyCly(binap),* (C,HSNH,) & BAFE L, 2 D% T /LML 7 L or L HER0 0 L
R LB DO ARF KRB E L TR TH D Z L ZRWE LTs, ZORRE I,
1980 4R e, BFK O IXRCALABLFN /2L T = 7 LR © RuXy(binap) &K% p—4 k= 2T
NADREARFACAEE L LT TREWIEREZ R T 2 L 23S Lz, b Ok iRftiiix
HNVR = VIO B ERRZ o7 MU RBEOKIRICAE TH v | BAh MR RER
DNAT =T LEREA~AFL— MU THIET, bR ERDE 9 —HFDOANR=1ED=
FUFF BB IS S, BT F AR TEIT SN EB AL TVND,
Scheme 1-3 |29 X 9Tk~ 72 b U BB L CEA FTRETH 0 | Mied CHEAMICEN
Tl CH D, LinL, D ORI A7 Ru-BINAP SEAMEET, BMEERER A b
T2 WHGL T b ISR LTI R USRI 2 b T, RO EETh o7z,
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Scheme 1-3. Asymmetric Hydrogenation of Functionalized Ketones

o (S)-BINAP-Ru(ll) OH 0““TJ o

X
X + Hp - X X !

R/ﬂfvﬁ R, R/M\c” R/M\C’C

n=1-3

X = NR'5, OH, OR', SR, halogen, CO,R', CO,H

OH OH H O

@)

SN(CH3), /\/\/:\/OH R/-\)J\OR'
96% ee 92% ee 99-100% ee
OH O OH O OH Br
/\)J\N(CH3)2 /\)J\802H5
96% ee 93% ee 92% ee

1995 4E, BF{K, Kf&, B 5 I%. ERATO Y u ¥ =2 MIBWT, Hflir b
B ENRISKFETE DH R FHMESIC S F T 00 TR OBRRICHES Lz ™5,
Wilkinson $5{&, RuClL[P(CeHs)s]s (X7 V7 FHOKFEALAlEE & U CHRES 228, 7 b JA
DKFEILEEIX, Table 1-1 D entry 1 TR T LIRS D Th o7, ZOFKICE 7T
VO FLUT IV, BRO L UTOKEED U U LAZ RN THHES b SEHO
KRFAETIR D & entry 3 1T K910, REEANICABEEMED M) L5 2 LdbinoT,
—Ji, entry 4 {ITRT LI, HEMT IV THD NNNN-7T ETAFNLZF LU IT
YERWESA, BRI RIEICE T2 2 Bbnots, TRHOERIZ, EF Lo
7'a N U PREEEMRBLICEE R ZH o TNDA Z EEZR LTS, ZOHICHRES
AT TR RE SR I BB, REUFN S b O KR TIRSE — IRFE S EME S Z
9 & BRI HNVR=NIE KRBT D2 R broT,

Table 1-1. Hydrogenation of Ketones by Ru Complex with Diamine Ligands

o OH
Ru cat
+ H, -
2-propanol
entry Ru cat TOF (mol/Ru+h)

1 [RuCly(PPh3)s] <5
2 [RuCl,(PPh3)3]/KOH (1:20) 70
3 [RuCl,(PPh3)3]/NH,(CH5)oNH,/KOH (1:1:20) 6700
4 [RuCly(PPh3)3]/N(CH3)2(CH5)oN(CH3)o/KOH (1:1:20) very low
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EBIZ, PONT =T L-TRAT ¢ VAL VT I VBT E ORISICE DD
1% RuClLy(PAr; ) (en)$E A 2 W 72856, Scheme 1-4 (2R F K 912, FEFIS @V OAREETE M 2
ZNE RPN S 4

Scheme 1-4. Hydrogenation of Ketones by Ru Complex with Ethylenediamine

Ru cat:
O OH

H
Ru cat Cl 2
O HOTNE
u
- e N
10 atm tBuOK ArzP Clll N
2-propanol, 60 °C Ha

S/C = 100,000 96% yield RuCl,(PAr3),(en)
(Ar = 4-CH3CgHy,)

WT 2T D=DRAT 4 =TT I UGN T VIR = AL G DK FAEBISIZE
W T O BRBETEME 2 R T EE L, RO K 9 ICE 2 5T 5", Scheme 1-5 IZ7RT L 91,
FRERTERIA T 2 m 7 ABEEIR A 1T, AL, BRI KFFFEKTICBNT, B A
72 16 EF7 2 RESAB 2525, $%K B 225 O OSIE, FUSEFICE ~T2 o0
bl A 2 MK VT T2 B2 b0, RIGEEEE LTI va—rn X skra kv
PRI A V25681, 5B O7 I NOER LIZBEEN SO T m M AR > THF
FNEBEIR C L7200 KRENREE L TKREEE D 252, 7 b AR L0 BALfafn
7218ETYe RY RESMAE # 5 2 5 (Cycle ), 2SI NVAR= LB E RIS L TT L2
—NEG 200 HREHITT I REKRB 2 HAET D, —J7, USKENIET 1 b oM
B E TR, EREOEIAE T CTORIETIE, 7 3 RESE B BSEHEKFEIEHLL T
KFEEAF 25 2, KFORWERZEICE YV RY FEEAE 25 2 5(Cycle ), Zhn
HINKRE=AEEM ERIELTT va—ve 5255 7 2 REEIR B S FFA L Tl ~
NWIRTERRT B, 2D X DI, VT =7 A-NH A % b 28K D B VR = b B D KFEL
P& T, Scheme 1-5 D45 LICRd K 510, BENTLERICEERMCETIC, @8 Lo
ERURETINER EOT 7 M ORHEOICH VA= VEOIEEICES LT, 6 BB
BRIREL R COKEBEIT L5, SMEHMIC L0 ETT 5,
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Scheme 1-5. A Plausible Mechanism of Hydrogenation Catalyzed by Ru Complexes

H
Cl 2
P\|/N
/Ru\ (@]
P” I N ;
CI H2 | :
. iy
P | N
~
Base C /Rui
H, P~ | °N
H H,
P N
N e
+ Ru
H2_|+ H < -
P I N H
P N ‘%V H H, ?
Ru -H* B
e N
P~ | ON \
c H H2 OH -H2
- A HoH b
P\ |/N
H, -H, Cycle | Cycle I /Rlu\
P N
0 H H,
F
ﬁﬂngj+ /ﬂ\
P
~ |~
C /Ru\
P I1| N H H2
H, H* P | _N
D /Ru\
P” I N
E k

BT, AIRFALISIZDOWT, Dub HIEFEM 7R FR 22 FIEIC LV | HKHH
TOMT RO 24278 Lo, R RN T3 < iR e LTo Aokt
PERZ R L, BBSICEUSAEITT 5 L W) D TH D", Scheme 1-6 (27T X 912,
ERU REEIRE S N B LR L TAHT A OV T =T ARE | BFE o7 w1 b
VEKREEERT DX TNT N AXY RT =4 B DA 4 kRN AR T 5, &
2. S FIRKFE L DRI K DV IKFEEHRZTER L, FTAT L asx RT =4 03KkFES
FO~NT YT v 7 BRRARERET 2EEZHN2N L, FTALTVa— VD4R E E
RYU REHADFANMTON D, MA T, ZiVE CHENEVERE L& 2 b TE 2B A fLFn
7216 BT =T L7 I REEERN, 1 7 Iz D EEMERE TIE RV 2 & B
ST LTV A,
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Scheme 1-6. A Revised Catalytic Cycle for the Asymmetric Hydrogenation of Acetophenone
_H

o] o)
CH, X CH,
H 1Y
/Ru\
7 N
=y
§ N
X
CH
H.o '3 ©)
—Ph HsC. .0
o A
A H Ph g
/X LY
H | /Y P'/,/ @ W N
P/,/ , | \\\\\N C /,RU\
P"ﬁu\‘N P N\Y
H T7Y H CH; X
o >\\Ph ion-pair
I\
/ \
/I
H-— | Y _
N/ H=H
< @ Ru j
X,Y=K,HorH,KorH,H] Y
ion- palr

TDONT =T L=V HRAT 4=V T UK, ST NRUKRAT ¢ VR T
EXTNANRTT IVENL T EERAGDETHWS Z LI L0 EERE A KR il
Bl UCHERET 57292, RERX I AT A a— VEOEFMENEED —> L LTIL¥EN
ICHWHN TV D,

b X iz, B)—RMMEHT X 2 K FABOS A TR 70 2 50T T 5 1,
KFIE LTT NV a—ARX @ EORELEYE A\ 5 /KEBBALE TS b A
WS TES, KEHRAEZHORNI LM ERSE LE LT, BEOHEH D
BHERE SN D REETH D, RHEKBLSIG & FRRIC, REKBEBEVRLETCSL bIEK
FoBitEn TE D, JOSESCEREOT THa iR E 5 2 e h o7z,

1995 £, Bk, B0, B 5D ERATO 7u Y =7 MIBWT, LEilRoAFEFK
SEACARE & RIS A b O m SR A K BB BV RN AR ST s B S, Al
MATHLERZ LI T e b 2HFTD27 I EBMKATHY, BELVT =0 LK
[RuCly(7’-arene)], & ¥ 7 /LT 2 5 b ki S U5 B F(S,S)-TsDPEN  (TsDPEN = N—(p—
PV E ALK NI2-Y T 2= X DT ) ALY
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RuCl[(S,9)-Tsdpenl(r6-arene)$ 423 7 ~ D KFZBEN A K IEITLAISITMRD THZH T
BB EBRENES, THBOAT =T LT L— U S5KIC £ 5 R FR TSI, B
ERERG TH i RREEICHATRETH S Z L5, TEMICHIREFA S TY
57, Fim, AT =0 LKL SEIMEE ATV VU A BLOL B YT LGHE
LY P HEOKRFEBBUAFELSISCHD TH D Z EBMESNTNDE, 2 b ok
PRI, A L HOBFR R R RSSO EDTH B,

ARARFFIRIC)ETIE, Scheme 1-7 (237 L 9 ICHEICHEI S N7 L AT v
RERMEAZH T 5% 707 I REER Ru(diamine)(r78-arene) 3 7 /L 21— L & 5 W EFEE &
FOSLTH I AT =0 L KU KT S UfEz G2, AR LZE RY FESER S H
L 6 BB INE AR B KREBE Lot A A 52, & R Rk
I RERICR D & STV D, BBEEMRO 7 3 REkE | AR IO © 1Y REED
TSRS A 7 CBEE U, WSS D0 h oAl AR SRR BLORH Th 5 & & 2
HENTVD,

Scheme 1-7. Asymmetric Transfer Hydrogenation Catalysts of Ketones and Imines

DH D X
CeHor 1 Rn \fl\\_//// ™ R
oHs., _N_ =/ -~ Cefs, N XA
,,[: /Ru_tii/ﬂ ~ RS
CoHs” N o CoHs” N H
ArCH(OH)R  ArCOR H

Amido complex

. Hydride complex
16-electron DH,: HCO,H, CH3CH(OH)CHj3

18-electron

A possible transition state

B ClE, figE. Dub & WG O SUSHMEIZE U CRIFEIL PRI FIEIC X 0 R
AL, IO IR A & LA Ao xtblih 2 il U, BEFEAICRUS ST T 5
ZEEHOMICTLTNDY, WHEOREEBE L2V EHETIE, Scheme 1-8 @ FEYIZIRT
EHIZ, TNETLRERIC 6 BREBREARE L THENIISOEHEITT S L ShTw
7oy, WRFATCIX. Scheme 1-8 D FEZART L DI, iR A & L CTA A xR & #%H
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T 5 BEBE 2 BOBHEIC L W AT 5, T7eb b, B KU RElRE 7 F B E NS
FAEEIRON IR L THF A MOV T =7 Ak E | BF EoTm b LKEREGE
BT DX TNTNaxy N7 =F U InbROA T RGERNAERT 2, RIS, FT LT 0
avXx K7 =F0E, BT AR O T I 7 E(NHy)., £720E, 7'r b U MEEE S O
Ia hBENCLOXRTI AT VAL EE 2D, ZORE, Ta b OMRER OIS Thi
X, T LE, TE CHENEERE LB X O T E R AR 16 AT =T LT
T FESAZRRE LAV E B SN LTWA, Scheme 1-6 (25 L 72 K AL flE D SR
L RIER, fRBEHRIA L LTA Ao xtblitha 525 2 ik, 7 Rk e @it e b &
LOFRIEE & DRINIZBW T H BT 2HERFERTHL LB X OND,
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Scheme 1-8. A Plausible Mechanism of Asymmetric Transfer Hydrogenation of Ketones

B Gas phase (concerted mechanism)

= <

Ts\ RU\H + — Ts\ Ru\H
o
CeHs )\/N“H CeHs )\/N“H--O
CeHs 06H5
hydride complex —%

[ E S :I Hé
5\ Ru\H“, —_— Ru 2
: / \ _.-H-O
)\/Nﬂ_| -0 Ts—N N

C6H5 CGHS //C6H5

T
CgHs

amido complex
H Continuum solvent reaction field (stepwise mechanism)

hydride complex )* @)

q@k <

- O@ - /RU\ H O: )\
. H-o Ts-N N 1 Ho
Ts—N H / SH H
F O CeHs CoHs ©
CeHs  CgHs
- ion-pair B amido complex

ZO &I, MR ORI & & BITHALF ORERL ZHENRDB S BED
FEREZ BRI B S, @R L & bICRISEEOTEMAL 21T 5 2 & TRUBEROS 2 20 =R X
SHRHES 2 W B RE M 3. 0], BPK, iR OIS KV MES T bAoA U
FTR< L RRA R L OBEROSICEM TE 2 Z AN Lo TE 72, S6I2, i
FETIEZ OBEEZ YRR L e &R R L 2 MBS A B L < Al Tnd, 2T,
IKFE DI 2 Bl & 3 2 Rk 2 I il ORI S W TR %,
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Scheme 1-7 THlk~_7= X 512, FTFNRE ) ANVKR= VT T I VENLAF % H DL
T=UL, BYTLA BIOA Y UTAERIT, X, XBE, BLO2-T e — Lk
KR & T2 KFBEULOSOfBEL UTHRIEET 2 Z L3 mon TRy, 7 bR A
VA NRANCRF R L, @mOREMEO T L a— VT I VR 52 5, TE, BiE
EOHIZEYD ., O OB N AFERA I VOB ILSUCLSMI B EA TE 5 2 & 23]
HNERoTERL HPIZIRX. T I ) BEAT 4 VENLA % D Cp*Ru(P-N)EEIA 1T, Scheme 1-9
WARTEICT I AT IV a— Do FtNKEBEIIGZE D7 N ARG FTRE T &
D, EHLIZXFTART I )HRAT 4 VBN % H D Cp*Ru(P-N)EAREZ FWD Z &L Tx T
NRAAAERICHATE S Z L 2MELTVEY, 25 DOHREIEMEBIT, ¥ 1
T a— D Z % HLBURN RV A — VEOBALRIGIC L D T 7 R ALBUEPIC AW S 2
LbHTE D,

Scheme 1-9. Cp*Ru(P-N) Complex-Catalyzed Isomerization of Allylic Alcohols

Pm
_ KO'Bu Qi.E\\
@)\/ — @)J\/ E

30°C, 1h

[Cp*RuCI(P-N)]  [Cp*RuCI(P-N)*]

WEEEE A A T 2 KB OREF L LT, ROV T =0 AT KA T 1 v
VT I UBEERRET BN D, AKFAEEE O ABTEE R L, 2L OB FERS b
BORT T v F AR BRAFAKEDETT 5, REKFMICHNOEN D% OEERT
X, B FE LTHRTARRAT 4 UBREHINTWDEN, ERASHNLBNTNDHRRT
oV RDARF KRB L 132 D X A FOflE L LT, FE/& 51, Scheme 1-10 (2737
LB FEEGEDOXF TN T I VRN T E AT H Cp*RuCIN-N)EEIRN 7 ~ DA T
IKFALfbiE & U CHRET 5 2 2 RV LR,
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Scheme 1-10. Asymmetric Hydrogenation of Ketones Catalyzed by Cp*Ru Complexes Bearing

Primary Amines

Cp*RUCI(N-N
o Cp*RUCI(N-N) P RUCI(N=N)

OH
KOH : J
+ M - /\,L
- o, ~ W
10Mpa 2Propanol, 30 °C [ /Ru\
, N Cl
ketone/Ru/KOH = 100:1:1 98% vyield H H
95% ee

Flo, EFHEMEOT I )RR T 4 VEALA 2 SO Cp*Ru(P-N)FERIT, [b55%E
REY72 =R 2 FORBRKISER, —MKANAER) 2 KBS NEEE S DA I R, F
ARFVT IR, BEO, ZRAFAOKEIGCHHDTHBHH,

FRL7EE T, VT =T AT =88R, Cp*a U U AR, Cp*r P A
BRI, AR OE R REHANR S F U Z2B LT va—Lvx bz bz, 7
2 REEANAERT D, T LT, T2 REEAIT A a— b ORKERSICE Y E KUK
BERICR D, 2O OROAEN 7 b 2 OB IR T L 2 — /L DO RiKFE SO
BITE, Jif. B FYU REERITT boroA I ERINT AT T, BB &G L
TKREHEZDELEHIZ, BHIIT I REEERICRD Z Enbholz, ZORE S LIT,
Scheme 1-11 |Z7R 9" & 9127 /b = — )L O fil LR 72 B SRR L RS S ATRE & 72 - 125,

Scheme 1-11. Aerobic Oxidation with Bifunctional Molecular Catalysts

0, H,0
O = Cxf)
M s
N/ \H / ”
Hz ¢} OH
M = Ru, Rh, Ir Ar)J\ Ar)\
L = CRy, NSO,R
> = pP-arene, Cp*

EEIC, RRBREORHELIIEE —RFEMEEZ O KT I F L— MK
FIET, 7 =X FNT NN a— )L O2EKERC UG 21778 72 & 2 A Scheme 1-12 1T &
T E R T = ) UBNERT DI EE2RWE LS, it LTk I L— MK
ZHWD ERBREOR TN RAONTZ EE, ARISIZE W THAE/NH FBALIC LD
R ER N EE R ERZ R LT &Nz D,
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Scheme 1-12. Aerobic Oxidation with Cp*Ir Hydride Complexes Bearing C—N Chelate Ligands

OH o Ir cat )?\ HoO
+ 5 > + H,
C6H5/ﬁ\\ (air) THF CeHs
s/C =10 rt., 3h
Ir cat:
Ix\ “‘x\
%HEE r E
C6H5 H2 CH3/ \CH3
63% vyield 5% yield

I BT, FTINAGRAEEZ WD Z L2k, FEIKT LV a—nns o
o El 2 & b7 O MKFEOSRATREE 72D, FEBR, Scheme 1-13 IZRTEHITHFT A
CULT I REERIEET., FEIRKT AL a— L BRPOBELAEHIELZ2ITLY,
EVHEMEDT N — Va2 5252 EERWELTNSY,

Scheme 1-13. Aerobic Oxidative Kinetic Resolution of Racemic Secondary Alcohols

OH o chiral Ir cat COH 0 o
+ 2 > - + + 2
Ar/i\\ THF, 30 °C AN Ar/ﬂ\\
S/IC=10 up to 50% recov.
up to >99% ee
chiral Ir cat:
I\/Ils
CgHs.,
6'157, N\|
N
CeHs™ |}

AR O 4 JE-NH 2 EEAE CTIX 18 B 17 I VEKIK L 16 BT 7 I NESKDH
R IL M BSOS DFE L 7o o TND Z L &R LI, ImFE T, “@E-NH” L
SO &R & BN DS ZRENAE T 2 872 7250 A D BAFE DS HE A K FE DIz % Ko &
T DR A 2RO ST D

Z DEN TR S FI DO —> & LT, Shvo $ERIZ L 5 B R = AL B DK
LRSS, BEO, TAa— VO T & LRSS B TNS, Scheme 1-14 12737 &
IIZ 18 FE1D Shvo K Al @B Lok N REE 7 aX 2 V= Vlifi+ Lo~
o R, RO 18 BT I UEERE16 BT X REEREFERO@ X2 L, LR =L
BAWHEMTTERAL S E DD, 7 N ~DOKEBBRIENETT 2D LB BN TND,
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T, TAa— VO T LIS T, 16 E 1O Shvo $5K B 287 /L — LB O ik
T [AIREIZ 18 - Shvo S8R A I K DB ITSUENHEIT L, FERE L TT La—b
D77 UURISHEITT 522 L 0D, ZORBIL, BEELIFH LIz BT va—1Lo
BIEEREIC LIS STV S,

Scheme 1-14. Hydrogen Transfer to Carbonyls from Ru Hydride Complex

Ph
Ph O- Ph
H
| 0] Ph™ | ~Ph

Ru _— R+

0C's “H---4 H Vo WRu
oC H J{ R OgC, \D

A B

& BIZ, Shvo $5ED L 5 ICKFBERISICBIT A 70 b oRZICEEFT 5
Re %oz o8k E LT, (in, #HE 51X Scheme 1-15 IR T X H 22— ke v
U UEREF B b0 Cpr A U ¥ BEERA, ML 2 LB L LW T b3 — L Ok
RBLES 2 TR 5 2 2 RV LEY, ZoRIETIR, BEEOE W AFEELLOL
Fro s AN E R FEOMEERIC L S HRIMZRBAKERGE 7L a— L0l
MALIC B 22 EI 25> T D, FEROBERICIE SV CRREF L7z RN T2 A5 2,2
—ER Y O — MERIE £ EOEBEIERER R T A — L EORIS T, B R
— MR FOHEEBACE NS, TAa%y RESANERT 2L EX BTN,

Scheme 1-15. Dehydrogenative Oxidation of Alcohols with Iridium Catalysts

OH 0]
Ir cat
= = + H,
R— | toluene, reflux R—— |
AN AN
~ .-
Ir cat: R

t

R’ )
== e S0 Ho< o o
r\ O
N N
\

OH Yay, \_ 7/ \ 7 |

O
AN
N N=—
_ 5

Cp*IrCly(2-PyOH)  Cp*Ir(2,2-bipyridonato)(H,0) activation of alcohol

15



5y
|
T

F 72, Milstein 51, Scheme 1-16 (2773 & 912 PNN =R % H OB P —
RINT =7 LEERIN, AF L UEALO aWifg el v s oAbz fE 5 18 Bk L 16 &
PERDM AL LY . ETEMERKFE A L L CliET 2 2 2 RV LTS

Scheme 1-16. Liberation and Addition of H,

PR, / PR,
K -Hp j |H
N-Ru-CO N-Ru-CO
| L -
NR', NR',
R = C(CH3)3
R' = CyHs

Scheme 1-14, 1-15, 3 XU 1-16 DAL, RHELUG TIXR WS DD | il SG D%
& & HITENL T DOREEEL & £ > TV BT, 48 -NH 22 RE Al OBESR 12 FE S0
TWD, ZALE O &8 -NH WHEMREARE & 72 2 JiL, &BICHE LicciE 4o
N ORISR > TVWD 2 ETH D,

UED XS, VT =T L-DRAT 4 =TT IR, BLO, VT =7 A4
T L USEARTC RS SV SRR oy AR I, KRR, BIohUR, B R &
DIKFE DT % Helih & 2 S SOS OHERR 72 T < FREOBEA IS IS < Bz Zn s A ik
BEDBHFIZ BNV | LT ORBICZ KRB EZ R L TWVD, T HIERT - BB
ST BN T, JEE 72 Brensted i EEMEE H 07 2 REERIC KL DT v a—)b, XEEZ & Ol
AHALEN O DOBLT 1 b AN EEREEE TH D, ZoMEIE. FREORMET 7 b
VEATLAEIED~DEMTE, BRIEET I FERICL BT 2 F oAb a2 SR &
T D RF-RBARECTERS IR F-—~T B R FRES TR 72 & DFBACE W D EAE B DORESE
WEHTE2bDEEZ NS,
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BH XTI NSTFAENC X B RE - RERETRRG

ATEI TR 72 L D12, BRBEEEY I REEMIE. AKFEROTEEMICENTT IR
& (NH ) 28 Brensted HiJim & LTHEBEL . —J5. B FU F7 IR P BED
FOGMZEBWTIET X /3 (NHy &) O 7'5 k273 Brensted B & L C /LR = LB &6
T 2 %E % BT HBEEEIEREZ 2 ZNA L TWD, 20K D AethZHaEAt I OBES
(X, KFEORZ %I & § 2B ISR T2 T Tl < RFE-IRFER ARSI
BOWTHMODTHEHETHLEEZOND, £Z T, AHiTIE, TN ETHEIN TV D
B 22 RF IR F-IRFBRE AT SOS B L. 2 O TORFEDNE ST 2k 5,

SERER ) 70 P - IR B RE G TR RS T, T REBE AL BV TRFB I D
NRRIR e EE L L CHEARATIEO -2 TH Y, RFETETES2 VT ZEDT
RV RFESCEIONARTLEMBETE DT END, T E THA R B RURS
R SOS ASBRFE AL TN D, R, AR IR E-IRFBREETRSOSE E L T, RET L
R—V i, RF~A TV, RET VX MEROG, RFET U — RO, R ERIEK
Wow RED w7V TR, BEO, RFWALSR E DL < ORIGHFEMICAFIE S 41T
BY ., EHMICOENTARFHMENBRE S TWND,

ZAIVD ORFAEE L U TR T AR A2 AT D ARFS BRI VWD Z &
NI T D03, M2 7 VARG % I O D AR5 ARSI DORFFE & /U1
7o TETWD, My T2 RFEIRFERE AR Z BRI, L SLERIRIIZAT 5 72
DITIE, 2 FEOKIES T &5V TS B RIGHEERER IR R TG Eh 5
L& bz, MRS DO NRRBE D EEIZEZ DNAMER DD, ZHET, MIU7 VR
— R ICRE SN D L DT, 7T & ROBZEARF Lewis BRIC L 0 IEMALT 5 6D
5. SIS TSI X0 ROSHEE & 2B VISIICTEE LT 5 iR £ T Hkx
RAFRB-RBEATIERHRE SN TS, 5 DOREHZRIFZEENZ SV THER
T5,

TNATE R, FE, Fhrox ) 7— NMElikE LTI ) — Lz —F
N RWD Z I K0 SEREIRVEO I 23 FTRE & 72 o 7z A EIZ BV T, AR A 2 v
%) F AN e 1L T L R— VS0 < s & CTuv b, Scheme 1-17 1IZ/RT
£ 91T, Lewis BEfifit & LTI e m U UV UBUL 2 L DA X2 WA Z &2k v,
YT AT UVARIRNK, 2o, @t F AR SERET LTV R— VAR %
B2 5% ORI TIE Lewis BRIC £ 0 B LR = VES S IRRIREICTE (L S, v UL
T )= NT—T LD REHBEEZTOTRDHDbDEEZ LN TS,
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Scheme 1-17. Asymmetric Aldol Reactions of Silyl Enol Ethers with Aldehydes

OSi(CHs)s chiral cat (20 mol%) Q  OSI(CHs)s
+ CgHsCHO

CZHSS C2H50N, —78 °C CzH5S C6H5

O_\ 77% yield
N syn/anti = 92:8, 90% ee
chiral cat: Sn(OTf), + | HN

Denmark © (% Scheme 1-18 IZ/R T L 22 F T VR AT 4 A F ¥ K& AR Lewis
WML LTHY, NV Zmrry o) F3—heT AT REDFH YT AT LA ERR
W, 2o, BT U FARRNARRE T )V R— L OEOBFICE LTV DY, Z ORI

TIETAFRFN 5. HDHWNE, 6 BB O EBENREZ KT D HE 2 AIZHH LT
W5, FUzuaay U KOy A RFRFDN Lewis i TH DR AT 4 A%y REFALE
M3 D & TR A RERRLOD, VI T ) T — FOREMEZH LSS, [FF
(2. 7 A FBIFRFO Lewis BBYEIC L > CT7 VT & ROA VR = )VENEEILESND, 20k
LT, FTNRAT 4 A ¥ RITHEEMBE L UTHREL ., MIBICRIEDNETT 2 b
DEEBEZHBNTND

Scheme 1-18. Asymmetric Aldol Reactions of Silyl Enol Ethers with Aldehydes

C6H5/

CeHs ):N I\O
OSiCl3 (5—-15 mol%) oH O
CgHsCHO  + \/\ > CeHe CeHs
CeHs CH,Cly, —78 °C

95% yield
RN NR; synfanti = 18:1, 95% ee
2 \P-NRZ

O
WCl
‘%\#)\\\Sl\\

proposed transition state
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WA, S FNICERME R, BRO, MM S OmEEREZ &b b D2 ikl ER 5y
FREEERBFAE SN TETEBY, ZRETHEE SN TE 2, FEMDINR = EW %
NI R AR T L RV BOS SR STV D, R, AR5 13, Scheme 1-19 (2777
91T Lewis BER, BELV, Lewis HESAZ b OARFE (1) A HN57 17k K&
AT IR T AT EE, A VT O ERT X R EORFT I F— KGR
WICHETT 522 RWELL, ZRUODORIETIE, Y7 MeahoicA Y =) R
B2 2 & RIRFICEAL OB 7 X VKT e hAvAbSn T8/, 79— &R D,
TNTE RZAhF Ao TLEMAEENT L2 L TEEbsh™ 7 — F DR
BEZZ T 5 <20 fiRE L TRISHERRICET T 26D LEZEX 6N TWD, §72
DB RS FRNICHEAAAENTZERMER, BEO, HEEEM R IEE U CHRE Z21EME L T
FOGZRE L TV D,

Scheme 1-19. Gold(I)-catalyzed Asymmetric Aldol Reaction of a-Cyanoacetates with Aldehydes

[Au(c-CgH41NC),]BF4/chiral ligand

0 (1 mol%) R COXCH; R COXCH;
RCHO + cp —
c \)J\OCH3 CH,Cly, 25 °C N O_N
R = CH3, t-Bu, CeHs chiral ligand: trans cis
o 93-99% yield
N/\/N\) trans/cis = 89:11-100:0
: ~ 89-97% ee
Fe P(CGH5)2 — -
C}\ép Cabelo Ph ?/l\'l
5=Ph
&SP TR
Fe /AU\C:N\\ L
S g oo,
N_/—NHR2 I
/

proposed transition state

LRI HITH— TN 2 O R D BBEEAL, — % Lewis BEm, iz
Bronsted i & & R E & 0 MRE S8, SOSEYE % [FIRFICEERE L > TR MEE T 2 2 A i
Oy F i 2 5% 5 L CL Mk x 2B D IRF-IRFREGTEMRSOUCZ BRI L, BRIk e H
FTnb, BlzIX, Scheme 120 IR EHIZ, FoarTrafxy R #7408 F7 K
—VFHER, R, BXO, KENLRBE S LLB fillf1X, 7 b ET LT B REDR
FT N R— VIS TH R fildit < & 5,
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Scheme 1-20. Asymmetric Aldol Reaction Catalyzed by La-Lithium-BINOL Complex

chiral cat (8—10 mol%) OH O

o) KHMDS, H,0
R'CHO + 2 - 1J\)J\ 3
R\)J\Rs THF, —50~—20 °C REY R
R
R' = tBu R2 =H, OH chiral cat: (R)-LLB ‘ 71-95% yield
CeHsCH2C(CHg),  R® = CgHs synlanti = 35:65-14:86
BnOCH,C(CH3),» p-CH30CgH, O ‘ 76-98% ee (anti)
CgHs(CHy)3 CH, O Li-O O
CH3(CHy)4 CoHs O E/O\ .
CeHs(CHy), OC(CH3)3 oLa. L

ZORISTIEE, VF U LERED Bronsted ik LTEAL, ¥ oD afiir
cozglEthE, VFousax ) 7— a4k d 5, —FH, 7% &R0 Lewis 8 &

LTERAL, 7T REEELT S, 20X ICENETNOERETLICE > TEEES
MW EE YRR ROE T 25D EBEX LN TS, SHIT, FAEOEEZ 2 i

AL TENENICE R DHREZ G U 7= 2 Sl Al S AFE S v s, Bl 203,
Scheme 1-21 IZ/RT X910, SEFS OB LIZF T L0+ 7 b— VB8R E 7L Ll
SRl &5 Zn-Zn-linked BINOL $5(K%7 <>, Trost H DF%Ft L7z 7 1 U VhE A i

BN D RFHIBEEIARF T L F—AROSOME L L THDTH 5,

Scheme 1-21. Chiral Catalysts for Asymmetric Aldol Reaction

Csz Ar\’/ j\
C6 5 6H5
CeHs CeHs C6H5/O' u,,,z O CeHs
d ] m [ Lo
‘N O N
OO OO LI
R R? R?
1
(S,S)-Zn—Zn-linked BINOL complex chiral Zn cat L R

proposed transition state

RFEL BRI, RET IV R— VSIS E 72 AR b B < B &
TWAY filz1E. List Hi%. Scheme 1-22 |ZRT L H o7 vl Uz »7r N &7 LTk
REDRFET IV R—=AISICEN THL 2R LT0WAY ZoKETIER, 37
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RUCRT P ERISLTEF I 2525, ROT, KEMEDOHE LIz a RENLT Y &
D I3 VR F 2V ELD Brensted [ 5 TIEMAL SN T VT & R EBRRICKRIST 5 2 & Tt
B A 7 AVNEBEL TS HDOEEZ LN TS, & 52, MacMillan 5137 1 U il
WCEABTATE REDAREFZ B AT N R— VSR EITT 5 2 2@E LTunaY,

Scheme 1-22. Proline-catalyzed Asymmetric Cross Aldol Reaction

(- PR
H O OH |

(0] O (10-30 mol%) ﬂ\/l\ N
@)
2+ - 5
RJL\/R H)LR3 DMSO or DMF R = R R
excess rt,2-72h R Lo gs H

up to 97% yield - -
up to >99% ee proposed transition state

RFET N F—=VIOG & FRRIS . 2 mili#f ORI F 7 F LRSI BN T
LR OHND, BKSIE, Scheme 1-23 [Z/RT K 9ITF T LT I/ 7L a—/1((-)-DAIB) Z i
MAICHODTAFAHGRET VT REDRFT VX IMISICHWE Z A, mx=T v
FABIRAN SIS PEIT L, i 98% ee DF T VE T Va—nrhbz 252 L& RN
PLEY L FOT7 I ) T Aa— LR 25+ T VX VHEEICEUL L, SUSOERIREE
T EHEREREZTER L TWDHbDEEXbILD, 7 X T/ —)LOERIN & FEHE
ERNEASECAL L7 80T Lewis B & L CT VT & R(BAZEIE) Z2iEMHET 5 & & biC
b 9 —HOHEEHTHK L TEERR AL Lewis i & LCUT AT MEn (RFEREAD)
EHEAER L, 2 DOMEMIC S WILEFEAREL b > TRISEEAEBSE L2 L2k,
BWHFHMEDOT Va— W EKE2 522D EE2 6D,

Scheme 1-23. Asymmetric Addition of Diorganozincs to Aldehydes

)O]\ DAIB (2 mol%) OH
+  (CzHs)Zn >
R "H toluene, 0 °C R)\/
R = CgHs 80-97% yield
CeHs(CHy2), 61-98% ee
n-CeHq3 Lewis acid
N(CH3), N< l R
E Zn
o N
OH \ ,O:,<
Lewis base Zh—R" nucleophile
(-)-DAIB R’

possible transition state
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PLED X Sz, £ < OfbERY 7o R IR FE IR B RGBT 31T 2 AR HE.
— DRI F DI ZENEMAT 2 H—FEREM & | 2 OG0 & VE VISR M
b3 5% SHERIC KRB S D, —F, ARE - F—EI Tk~ X9 ITHZSHRE T X NESA
I, AKRBIROIEHEALIZIBWTT 2 FE (NH ) 75 Bronsted HE5EA & L CHERET D & & b
W2, B L7 RU RT I UEEROT I 7K (NH, ) 137 P EDRIGIZE N T
Bronsted f2/5 & L CHERET 2 L5 | BSOS O & & b ICEANLF DR IEZE L & fE 72
RG . BREH 7R ORI DTG AL 2 8 TAMESOS S EIT T 28 A A LT 2, 1 ZEtkaE
T X REERD, & b OB ITRIE & R BRSO 22 RS OIS P AR T RFRSE
—IRFAEATREEHEITSE D Z EN AR THIUE, ZNE TORFAMEBIEER TR
DA H B F X, LRI O LI SUSHEREOBLE N D RE S R 2 L
L2 REARERSRRENC X 2 - R N EE ORI i E LTREMTOND
DEZEZBIND,

E7o. B RERF-RBREETRLUEOBRFE T, Ao 72 A2 6
B S RESNTWD, DA X 5 E ORI, A X 58 - K
JENFERE 72 D702, ZORICEITAEEOMEICZROND, LIen->T, FA—1l
D7 v~ OBMEENMEN-T20 . T 72T 2O RISTENMEWEA T PSRN
HITLIZK Wb D LB HND, ZOL I RMWEND ., A 1A A A B Al &
NCRMARKEEER LTS EEZ DL, KEOUSEREWGEIZ, T ORISR REK
RIZEHTE 5 bDEBEADLND, Hl2IE, BUETERDL= a7 7 OIS TIEA
By R 2 N T2 2, TSR L, W2 REAREEIZ, O R & SRR D
ROAREEEETH L ZLnb RIGHFOWEIE CTHLERE LB FEE A R
52 LT X0 ROSMERIEIRIE A HIE C & | AR AR X DIEM L R RE A 5
B2 0 MBI S D ZENAEETH L EEZXLND, TRbh, HWEH B RIGNE
AEET D& AT & T SR A OB HEHITIAVW EEZ BN D,
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B @RT I FERCIIFREEMOENREL, IV, MERIE

AR - F—H TR 92, &FE7 I FEEIKIL Bronsted M2 H T 252 &
MO, WERIET e bk b ORBEEM L ROR L, RFEIKERE E O LTz e
BT IVEERE G 2D EPMONT WD, T X REER A ARBER) 72 SRS G TR
FOGRKF—~T v R FREBTRBONT B T 256, 7 X FESE L ROSEE & DOIGIT
FVARTHHAOEEZA SN L TR 2L T, 73 FHAO&SZILE L THz 72
fEERFE ORI AF DD & & bIT, Bl eSO OMEE DR b D LB B
%o Bz 1%, Bergman 5%, Scheme 1-24 |Z/R T K HIZTAFNKRAT ¢ ) =% (DMPE)
B2 b ONT =T LEEN T 2= LT F Ly, RUVUALTT =R, BLD, V7o
THE ) CEDRIGTIE, TV E=T ORBEEZENRRHALT =T A-KEFEEGE L OER
T IR E B Z DD LT, ZA L EDRIGTIEA T kR 2T 5 2 L %
WELTWEY, USIEEIC L o TERT 286REARL L bDOEEZ NS,

Scheme 1-24. Reaction of Ruthenium Amido Complexes with Acidic Organic Compounds
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Scheme 1-25. Reaction of Ruthenium Amido Complexes with Acidic Organic Compounds
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ICEB-RBEMEELOT I VMR B2 52 L2 RVELTVEY, &6l2, 2hbnd
BT I RESAROBronsted i M DOIR S 1T, FOBEBE M AU T I VRN OFEBHIZ L o
TRELSEEINDZEZH LML TN,

Scheme 1-26. Reaction of Amido Complexes with Acidic Organic Compounds
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Scheme 1-27. Reaction of Chiral Amido Complexes with Deuterium Labeling Nitromethane

A stepwise mechanism

B | 8 _
o TS\N/Ilr ~<— CD,NO, anti addition \ﬁ\
@N\H N c:D2
X H _
3 O O

major product

A concerted mechanism

ﬁ Ts
Ts ! " N/
\N/Ilr - (|3D2N02 syn addition (T T
. Lo
N\H‘ D \‘\H,IEI CD2
D\ /Nt
O (o)

EBIT, FERAFFEEOF W 1% Z O LA RA IR FE-IRFEREE TG~ & B
L7-, Schemel-28 127" L9, 3-T ==L 7 aF— L= ha A X LORKF=+n
TV R—= VIR E B LI R, VT =0 A7 I REERE O TZRE ISR E QIR 5
40% ee DFTMAERMZ G252 E2HLMCLEY, —F., &BR-KEEAEZLORY Y
LEEIRROA Y DU AR TIE, VT =0 AR L IRERFEORIEEA R LI, =F v F
AIRMEIT B BB LR oTz, £, ATV T I VEM T2 257 2 Riifké =t
A& L OB Z "THNMR TiEBF L, Ru(Tsdpen)(p-cymene)$E &3 7 I Rk & 7 3~
PR D SEMHR AW & 5 2 5 DTk L, Cp*Rh(Tscydn)$E &, 3 LN, Cp*Ir(Tscydn)${A 75
TBBIKRFBHAE D ORERBENERNIHOND Z 2R LT, b ORI
= kB XX ORNZFE) & AEIENE, BRI S D 2 L AR LTS, SR
ZRET D5 ETERZOL IR LEZ NS,

ryy,

26



5y
|
T

Scheme 1-28. Asymmetric Nitroaldol Reaction with Chiral Amido Complexes

O OH
chiral cat z
H + CH3N02 > N02
2-methyl-2-butanol S
30°C,24h
chiral cat yield, % ee, %
Ru[(S,S)-Tsdpen](p-cymene) 37 40
Cp*Rh(CH,NO,)[(S,S)-Tscydn] 29 0
Cp*Ir(CH,NO))[(S, S)-Tscydn] 25 0

Conditions: Ru/aldehyde/CH3;NO, = 1:50:100
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Scheme 1-29. Reaction of Ruthenium Amido Complex with CH;CO,D
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Scheme 1-30. Reaction of Chiral Iridium Amido Complex with a-Cyanoacetate
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Scheme 1-31. Asymmetric C—N and C—C Bond Formation with Chiral Ir and Ru Amido

Complexes
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Scheme 1-32. Reaction of RuH,(PPhs), with a-Cyanoacetate or Acetylacetone
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Scheme 1-33. Reaction of Amido Complexes with Acidic Organic Compounds
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Scheme 2-1. Asymmetric Transfer Hydrogenation Catalysts of Ketones and Imines

catalyst:
Ts (CH3),CHOH  (CH3),CO Ts | g
CgHs, n CgHs, S0
o, L o 2
e . 7N
CeHy N ;o cHZ N H
ArCH(OH)R  ArCOR H H
16-electron amido complex 18-electron hydride complex
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Scheme 2-2. Proposed Mechanism for Transfer Hydrogenation of Ketones

M Gas phase (concerted mechanism)
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Scheme 2-3. Reactivity of RuCl(N-sulfonylated diamine)(7°-arene) complexes
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Scheme 2-4. Asymmetric Nitroaldol Reaction with Chiral Ru Amido Catalyst
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<N -SO,CF; (Tf) 1,2,4,5-(CH3), (durene)

1,3,5-(CH3)3 (mesitylene)
1-CH3-4-CH(CH3), (p-cymene)

CeHs

CeHs
Ru[(R,R)-diamine](7°-arene)
(R,R)-Ruta:R=Ts R,=hmb

(R,R)-Ru1b: Ms hmb
(R,R)-Ru1c: Tf hmb
(R,R)-Ru1d: Ts pmb
(R,R)-Ru1e: Ts durene
(R,R)-Ru1f: Ts mesitylene
(R,R)-Ru1g: Ts p-cymene
(R,R)-Ru1h: Ms p-cymene
(R,R)-Ru1i Ms mesitylene
R
(]
e v o
)i /Ru—
CeHs”™ N i e i e
Ru[(S, S)-diamine](hmb) (S,S)-Ru1j (S,S)-Ru1k (S,S)-Ru1l  (S,S)-Ru1m

2\ R

(S,S)-Ruin (S,S)-Ruto  (S,S)-Rulp (S,S)-Rulq
Figure 2-1. Chiral Ru amido complexes used in this thesis.
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Scheme 2-5. The Effect of Arene Ligands on the Catalytic Performance

(@]
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DMF, 30 °C, 24 h
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Ru cat: N R, yield, % dlimeso ee, %
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s
CeHs ”2 \CI 1,2,3,4,5,6-(CHz)s (hmb) 5 99.9:0.1 >99
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R (R,R)-Ru1la:R=Ts R, =hmb
CeHs. _py _ /Rn (RR)-Rulb:  Ms hmb
t :Ru_@ (R,R)-Rulc:  Tf hmb
CoHg” H X (R,R)-Ru1ld:  Ts pmb
(R,R)-Ru1e: Ts durene
Ru[(R,R)-diamine](7;*-arene) (R,R)-Ru1f: Ts mesitylene
(R,R)-Ru1g: Ts p-cymene
(R,R)-Ru1h: Ms p-cymene
R: Rn:
-S0,-4-CH3-CgHy (Ts) 1,2,3,4,5,6-(CHz)s (hmb)
-SOzCH3 (MS) 1,2,3,4,5-(CH3)5 (pmb)
-SO,CF3 (Tf) 1,2,4,5-(CH3)4 (durene)

1,3,5-(CH3)3 (mesitylene)
1-CH3-4-CH(CH3), (p-cymene)

Figure 2-2. Chiral Ru amido complexes having multi-substituted arene ligands.

T Bk & 13-V VR = b e E DOARE~ A VA IIEORIC
BOWTENZMEEEZRTFILLT =0 AT 2 FEER Ru[(R R)-Msdpen](hmb)
((R,R)-Rulb)Z &M & LT, ZDOEMDFEMITONTIR~RD,

7 2 REER((R,R)-Rulb)iE. Scheme 2-6 (27”9 K 912, SCHRECHE D FIEICH/E- T
AR L7z, £7, [RuCly(hexamethylbenzene)], $51& & (R R)-N- (A X L A/LHR =)L) —1,2-
VT 2=V X VT 2 ((RR)-MsDPEN) & &l A F L VU KIRATASE R, R L LT
WFIDOKEEE A V7 LOFFAE TG SH, AR HKEIZ L0 BT D %2 522k
LU, WNTRFEA N T LATERIMATHZ LKLY, BEAOREKELTT IR
R A T Z OB BEOFBEZPRT D720, ISR LakE GRS T
AT D ZEDRMATH D, TOHBIE, ASEKRITEEZ 2B e bz b O EE DO
0 fALERD REFRB-IRBREETERISICHN N DT, T AE&OHEK (22T
TAKERE A U U L) BERAFT D L FTEOMIESISIC B NWT T 7 0 7 RGBS EAT L, $5KD
FBRETE MR SOSIAR SR D EHE 72 RIS R EE L 72 2026 CTh D, > T, &7 M HOKFER
FARE TS D X OISR TT I RESERZ R DOFE FICAER S THW D HIEIER
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WUITH Y, HEE - B USEREZAVD M ELE 2D, AR LE—H#HOT I REkK
Rul (I, RNLETHUEBKNETH Y | LRI A ARERSE . NMR (2 X 0 G & FE
L7z, fstEo RV T 2 RESAIE, %3845 Figure 2-5 12T X SRS REEMAT 217720,
PEIR DM IERFFEIZ DWW TEE LTz, et LIS WEERDSGEA . A BRER,. NMR
2k 7 I NREEADAER AR L TRISICAWS Z iz L 0,

Scheme 2-6. Preparation of Ru[(R,R)-Msdpen](hmb) ((R,R)-Rulb) Complex

CH3
o= S O
CsHs
C6H5 | C|

(R,R)-MsDPEN [RuCl,y(hexamethylbenzene)],

KOH (10 eq.)  CaH, CeHs\I:
CH,Cl,/H,0
rt, 1-2h CeHs’

(R,R)-Ru1b
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2—2. VHAHIZEBONALKSVERLOXTIANT = AT I REEDER
T, A= i Eo@EBILICEH L, Figure 2-3 (29X 912, SRR
EEWALR= LV EEZ B OF T ANT =T LT I REEEO SRR EIT -1,

R
i / >Ru—
CeHs™ N

Ru[(S, S)-diamine](hmb)

R

(S,S)-Rutj (S,S)-Rutk (S,S)-Ru1l  (S,S)-Ruim

@Y@f@ A

(S,S)-Ru1n (S,S)-Ruto (S,S)-Ru1p  (S,S)-Rul1q

Figure 2-3. Chiral Ru amido complexes having sterically bulky N-sulfonyl groups.

ZITIER, RERMIE LT ba T AL UEHE 13-V ARV EEmE D
RE~A T AN B TN ABERR A G T 2% 70T =7 A7 I REfiK
Ru[(S,S)-PMsdpen](hmb) ((S,8)-Rulp) D& IZ>WCit#i 45,

AT & [ABRIZ LT Scheme 2-7 (2779 & 9 12, [RuCly(hexamethylbenzene)], &4 &
SS)N- (RN HFAFNT 2= VALK =)V) —12-V T 2=V X U7 I
((S,S)-PMsDPEN) & Z 3 b A F L U KIBA T, AL U CEFIoKEIES U 7 L% H
WTEIRICTRIS S, KB, IRWTKFEI N> T D LD WALBIC LY e
DR ERECOERE L CTHz, ALz —HEOT I FHEE Rul 1, REE THENEH
HCThHY, TROMMBAFEERLA . NMR (2L D #&EEFE L7223, o R nT 2

REFAIZ DUV TIE, Figure 2-4 (2R3 & 912, X BURERAREIRIT 2 & & IZER O ER)FF
Lk—‘/)l/ \VC% L/fk_o
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Scheme 2-7. Preparation of Ru[(S,S)-PMsdpen](hmb) ((S,S)-Rulp) Complex

O=§=O
CeH5/,/ NH
+ [RuCl,y(hexamethylbenzene)],

C6H5 NHZ

(S,S)-PMsDPEN 0=5=0
KOH (10eq) CaH, CoMs., N_

> - /Ru—
CH20|2/H20 C H N
rt, 1-2 h % H
Ru[(S,S)-PMsdpen](hmb)
(S,S)-Ru1p

2—3. FINAT I NEEOEELHE

BRELIZF T AT =0 L7 I REEHA, Ru[(S,S)-PMsdpen](hmb) ((S,S)-Rulp) &
Ru[(R,R)-Msdpen](hmb) ((R,R)-Rulb)'’, 33 L, 7 h VB ORFKEBE R CMIEE LTH
Fi72 Ru[(S,S)-Tsdpen](p-cymene) ((S,S)-Rulg) ' O X M S ST 21770\ 2 b O§EA
3 A LU - RRRIE U 72, X RS A Al IEMEAT 21772 o 728518 @ ORTEP [X % Z 112} Figure 2-4,
Figure 2-5, ¥ XY Figure 2-6 (27”7, F£72, b 3 FDOEERD X ik EMHT O
K237 A —H — L RS O g F % 6 18 C Table 2-1 ISR LTz,

Figure 2-4 ({2779 & 912, [EARIREEDS,S)-Rulp &KX, ALK =LH Lo~
BAFNRUBURT L= B & ONRKFE LT D LIV T I 07 = =V
ZE & AR =IVEED 2 OOEEIFR AT L— UL L A WA I G E L > TV D,
—J7. Figure 2-5 279 K 9 IZ(R,R)-Rulb $8KIL, AR =/VEE B X F VLR SLARIIZ
i < 722 O H (CHs=SO fE G237 b — VB OIS x L CTHAT & 70 D K 512 ho,
AFNENST I D7 = = )VE SR Z BT 5 L OB L TS, Zhcx LT
(5,8)-Rulg $&{K1T, Figure 2-6 |Z/k T X H 1, 7 L— BN F-SRMIZZUE B 722
WeDIZ, T U —-SO, fEGNT L — VL OEICH L TETE R D L9, vD, 7
U—NIEIRDT I D7 = = )VEL ESERROE 2T D KO i e L > T D,

49



o
AR F AT = 08T S FIMED A E

| Ru[(S,S)-PMsdpen](hmb)|

P2, (#4)
R1(wR2) = 0.097(0.180)

Ru(1)-N(1)  2.063(10) A
Ru(1)-N(2)  1.913(9) A

Ru-C(hmb) 2.143(10) - 2.314(10) A A=0.171 A

Figure 2-4. X-ray structure of Ru[(S,S)-PMsdpen](hmb) ((S,S)-Rulp) complex
(30% probability level).

| Ru[(R,R)-Msdpen](hmb) |

P2, (#4)
R1(wR2) = 0.036(0.094)

Ru(1)-N(1)  2.110(4) A
Ru(1)-N(2)  1.902(4) A

Ru-C(hmb) 2.141(4) - 2.259(5) A A=0.118 A

Figure 2-5. X-ray structure of Ru[(R,R)-Msdpen](hmb) ((R,R)-Rulb) complex
(30% probability level).
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Rul(S,S)-Tsdpen](p-cymene)

P2,2,2, (#19)
R1(wR2) = 0.042(0.079)

Ru(1)-N(1)
Ru(1)-N(2)

2.071(4) A
1.903(4) A

Ru-C(p-cymene) 2.150(4) - 2.226(5) A A =0.076 A
Figure 2-6. X-ray structure of Ru[(S,S)-Tsdpen](p-cymene)((S,S)-Rulg) complex
(30% probability level).

Table 2-1. Selected Distances and Angles of Ru Amido Complexes along with Their Catalytic

Activity and Selectivity

Ru amido Ru[(S,S)-PMsdpen](hmb) | Ru[(R,R)-Msdpen](hmb) | Ru[(S,S)-Tsdpen](p-cymene)
complexes (S,5)-Rulp (R,R)-Rulb (S,5)-Rulg
Ru-N1, A 2.063 2.110 2.071
Ru-N2, A 1.913 1.902 1.903
Ru—C(arene), A 2.143-2.314 2.141-2.259 2.150-2.226
ARu—C(arene), A 0.171 0.118 0.076
ZN1-Ru—N2,° 78.6 78.1 79.1
catalytic activity 99% yield 45% yield 34% yield
enantioselectivity” 90% ee 77% ee 15% ee

¢ ZHIUE D Scheme 4-16 33 X Y Scheme 4-17 IZFt#{ L7z= hr AF L Qa)b~vr Vg
A F(3a) & DARF~ A 7 MO (OGS : 2a/3a/Rul = 50:50:1, toluene, 30 °C, 24 h.),
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BT MG T A—F DU AEIToTo, T ANBR=VEEHT H%EH (N1)
ENT =L EOREATEE Ru-NI), BEIO, AUHR=LiEE L 7220ER N2)E LT
=0 L E DA Ru-N2)IZHOWTEHEET D, ZNETORESINTNDLZ 1Y REERER
RuCl[(S,S)-Tsdpen](p-cymene) D /L7 =7 A—2E R OFEATEEIX, T3 Ru-NI1: 2.117 A,
BELOL RuN2: 2.144 A TH Y, DT Ru-N2 [ OFEABEENEV, —J7, Table 2-1
W L7z & 912, 7 2 KSR Ru[(S,S)-Tsdpen](p-cymene) ((S,8)-Rulg) Tix . Ru-N1:2.071 A,
Ru-N2: 1903 A LWt 7 v U RESR K VG ERRES < 28D & & H1T, Ru-NI1 KD
Ru-N2 BIOHEENE S 7r> TV 5 2 Zhid, BUZAafn7e 18 7 3 FESEL HEUMLAR
faf72 16 7 X REERANEEEZ(LTHZLICL Y, EBERERNLT =T L~DN2 |k
DINSLE AR OFEIIAZ P Z > T Ru-N2 fEEZFREIC L, 2 BEGEEZ S Z & THS
HHEN S oo b D EBEZ BID, [RFEOMBFIE, Ru[(S,S)-PMsdpen](hmb) ((S,S)-Rulp)
X Ru[(R,R)-Msdpen](hmb) ((R,R)-Rulb)T% L 541, Ru-NI [i] £V Ru-N2 [H D& A FERED
LW ERDhoTe, VT =T LT L— U8R & [FIERIZ, Figure 2-7 IR L 91247 B
VHEONKFBALMBLE LTHRARALAT =V LA-VEKRRAT 4 -V T I VK
RuHCI(PPh;),(tmen) T#%, 7 X &K RuH(PPhs),(NH,CMe,CMe,NH) Z 2k L 723581k, 7
I R NH &7 =0 ABOFES AL 72 212 H D 2 L 23, Morris 512 X0 #A S
NTWAM! (tmen = 1,1,2,2-tetramethylethylenediamine)

amine complex amido complex
H H H H
PhsP L// PhsP_ L// N1
N2 \ N2
Ph3P/ é| N Ph3P/ N
H H A
RuHCI(PPh3),(tmen) RuH(PPh3),(NH,CMe,CMe,NH)
Ru-N1=2.192 A Ru-N1=2.176 A
Ru-N2 =2.195 A Ru-N2 = 1.967 A

Figure 2-7. The Structure of RuHCI(PPh;),(tmen) and RuH(PPh;),(NH,CMe,CMe,NH)

W, VT =T L ET L— BT Offl 2 DR & OREEBRBEIC OV T, ARu-
Clarene) DA & & ITHELET 5 L, AR =L EOBEHEN S E < 72 51200, kA IERE
DFENFAE L 720 | SHERFED =0T L— U B F O[S AR = VSN 5 57
NG Z & > TWD 2 ERbDd, FlxiX, 7 — VB & LTAFATFr
N8 % AT 5 Ru(PMsdpen)(hmb) £ 1K ((S,S)-Rulp) & Ru[(R,R)-Msdpen](hmb) & /4
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((RR)-Rulb) & Z iz 5 L BEWRU X ATF T 2 =)V ALK =V E S DK
((S,8)-Rulp)D J5 8 ARu—C(arene) DEN K&\, T L— U EIML 1 & ALk = )VHE F oo @k
E DR R DB FERIFRTH D EBEZ BND, ZOX I BRNAKFITL Y 7 L— il
NADT 2 REZMEN2IMH L Z &1k, Scheme 2-3 (2R L2 K 9 2 EHR b D KTE
BEARCEISICBW T, TV — VB &7 b DFEFRED CspHH/m, & 50T
Csp)H/RDOFENEMIC L 0 7 b o BEZBHE L T D0, §KE & R B L oSk
KFEBREL 2D, L0 —BRISHEDIERTEZ B0 EBZ 2 HD5,
—H. VT =T LT X R RFE-IRFERE TR L2 sa. VT =
ZENL L= #8 5 1 & . NH, LTI SN2 F T 2 b o & PHREIND -
O, T —UENAOEE T, BRSO ARFETCAR LT R R SR E BT T
bLOEEZLND, T L—VEN ML Z Lk 0 SRR &7 D T I REH(N2)
RNT =7 DTSSR 720 | Z O E PR E VNG EAESOSIZ 1 B fldiE v
KT U T AR L KT AN S 5, T7bh, 7 REZEN)LT =T
DTSRRI 725 2 & TIHM L SN2 B R L OB E S 72 0 | IRF-IRFBRE
TERR OTEMHALE TRV —RN L0 /NS L o TRUSMBESND b O L HIfF SN D,
Fo, KVBEEENTISHOTMD . RERLOMEREmAREL, = F 4%
REDH FICHETHb0EBEx 605, SDIT, ZEHBT L — VBN ORISR
IR T Tl BIIREEERIFL TS EEZLND, Thbh, ~F AT L
NUBUD L ICEFHGHEREDO A TFARELZEET 57 b— BN FE. TOETEE
PEIZE Y 7 X K NH @ Bronsted FINME A @D Z L L7 b | ZORHE. Scheme 2-8 (277
TEITTEEATF L ALEYNu-H)DO 71 UG EHERR VLT R bDEER
SY LR
72, T L= UEUNL T ORI R L RIRRIC . A LR =V o @B A
THZETTL—VENFOEENRKEL 2D KGR T o FABIRMEO R EICF
B350 EZEx 065,
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Scheme 2-8. Relation of the Structure and Reactivity of Ru Amido Complexes

Nu-H 0=8=0,
\ = C6H5’/,
< jt
SN
Nu H A=B H
A-EB
16e amido complex 18e amine complex

2—4. 7 FeEEOLFERZEN

ARDO X 512, VT =0 A7 I REERITEEZRBET 1 o2 b OaHLEY
DL v M ACIZ X VBT T I VR E 52, 207 I VR T, IREFEIRFBHA K
PETT 20D EEZOND, MG Z @ANRICET S5 72DI20%, ABEATER A, fil
BORMERE, B L O, AR DT S CTOMMEROG S FICB W CllE R R EMEEZ A LT
WHZENMEATHDLEEZEZLNDZ &G, MGV L 25V T =0 L7 I NESERD
PSR T IR DR EME AR L T < 2 &, TR A SR & 9 2 s %
WETLH ETIIEETHLI EEZOLND,

ZHET, 7 FEEROLFENRZEEIC O N TIE, FEERIFEREO /NS IZ X
DA EN TR, Bl 21X Scheme 2-9 /R T X HIZ, VT =7 AT I Rk
Ru(Tsdpen)(p-cymene) ((S,8)-Rulg)NEEPEEDE T 2 &2 b o7 b a—LiEitf ¢, 7
U=V ANK=VEDOA /) MLC-HFEA, B, V7 z=Ar=F LT Ivr07 ) —
NIEEDA I ML C-HFEB AR L, VT =0 h-RER-EEATDHV 7 r A XL
L7z 1I8ETT I Vitha 525 2 L2 AL TP RRISTIX, 7 2 Rtk R 7 v
a— O hrrg|ERE 18 ETORNMEMRT I =T v ax VAR FRIAE L
THERT D EEZ LN TND,
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Scheme 2-9. The Stability of Ru Amido Complex under the Acidic Conditions

H H
©/ " CF3CH,OH H H\i/CFs
//,, N\ / 3 2 CGHS/,/ N\ /O
Cnf) = Lo

CeHs "N CeHs™ "N
0=5=0 Ts
H
(S,S)-Ruig

50°C,7.5h

FIT, BEHBT L— R R b ONT = AT I NSRRI GG T
2B D REMZMHERT D BT, BVZZEMEZ2ii4& L7z, Scheme 2-10 IZ/RT XK 912, ~F
P AFARCB UM 25T 50T =757 2 REEK Ru[(S,S)-Tsdpen](hmb)
((5,8)-Rula)% hLm i 50 °C, 24 B OGMETMEERE L7 2 A, 130D 7T 2 NEE
R EEREIC, ANVKR= VI EOT U — VDAV ML C-H BN SNEZ D, VT =
U L-REREA T b OA KX T A 7 IVEER(S,S)-Ru2a) E 525 Z L ivbho T,

Scheme 2-10. Thermal Stability of Ru Amido Complex

O:$:O HH—\N/RU""//

CeHs.,, N 74 toluene l\/l
50°C,24 h CeHe" Kl/ \uQO

CeHs H N\ CeHs

(S,S)-Ru1a (S,S)-Ru2a

Z® X 512, Ru(Tsdpen](hmb)FE{A((S,S)-Rula)iZ B W\ THESHIZA L b A X ALK

JEEZ ZHEITRDO LY ICBZ 6D, BFHEEORWT L— B AL T =0
DAL INPAATS Z L2 XY Bronsted HREMEZH L7727 X NNH X, 7327 v 7
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MEERIZE O AT =0 K LT AV ML C-H GO 7 v b AL ZRIET 5720,
C—H #EA YIRS & ZHUTHE A B A ZMEROERES IR Z 5 b0 LRl SN D, =
DX D RBST, M SIZEB T, AR EOT U — VO AL ML E R A
LIROAT =0 LT 2 R E AV 256 OMBEEIER T ORIR & 72 5 mTREMER B Y |
FUSEMEOTRA/MBINC R D D EEZBND,

2—5. FINARAKR=ADTIVDOER

FIE2 — 2 Tk, AAFR= A EICEERT VL EEFTLF T L AR =
NTT I UENFEANTEF TN T =0 AT 2 REAZEAKR LTz, ZRETIZEZLOF
FGNANKZ NN DT I VB REAR S, VT = AT L— 8RBT 1 & L TR
EILMSICHEA SN TEZL 0D, AVK=VEE BICSERT VL EREGT5F T LA
WR=NDT I UBRMNLFIET B RO AR TR TR II AW b T Z R o T,

ARIETIE, BIE2 — 1, BEL, 2—2TERLEFTINVNLT =0 LT I Rif
BOFETHLX T NANKR= VDT I VRO T, SRR E @R Z AT LT
TV ARV EE L OF TN T =)L X VT 2 (PMsDPEN) OARRIZOWT
M5, FUEICTHRET DL D10, AR FIZ= a7 L7 e 13-V AR =
bEW L DRFE~ A T AAIBORIZEN T, &b EN AL R T I ALT =0 4
7 X NG Ru(PMsdpen)(hmb)E& A (Rulp) D+ & L THWHIL D,

TsDPEN Bifz1-DO A K & [AARIZ, Scheme 2-11 ([ZR-F X S 1Mk A FLod b
VZFAT I VDFETF.0 CICTEINAY T 2= Z VT 2 (DPEN) &~ X AT
NRBUANVR=NIa T4 REERISSE D, OGK TH, AlEEZK, S\WT,
MR THRER, WS N U LATEET D, MR U U LAZERAIEIC LY ERE,
B AR LT D52 L THEME D, BT L7a~ T T77 40— BIO, HfiaER
IZE v Atfsh & LT HYEIGE 48% THT-,
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Scheme 2-11. Preparation of (S,S)-PMsDPEN

0=5=0
CeHs.,, NH2 N(C,Hs); (1.1eq.)  Cells., NH

SO,CI > /l:
CeHe NH2 CH,Cl,, 0 °C CeHe” ~NH;
(S,S)-DPEN 1.0 eq. (S,S)-PMsDPEN

B EL®

—ETHRARZ LI, VT =T AT R REEERIIARE= ha 7L R—L RGO

fillt L LTHZITH Db DD, @NRRARHK RFA-IKFEREE TG OREGE L ) 5 BLR T
E, = F o TFARIRENFREICE EE LT TR, METEE L A5 TH Y | il
SR D— RN D o7z, TOERD—2L LT, kex eiiEz b ox 707 I Rk
DEFRDPIER STV ho Tz Z ERFET D,

Z 2T, AETIHEENE, o, BT v T AR R A K R E- IR FERE ST
PG ZRBT 572012, THETHRRBEPITRoNTI RPN T =0 AT I NiE
ROEICHERTHZ L E L, £IT, TL—rBNF & AR =V EoE#ILIC S
HL, a2 7 L—E . B, ALk =vik BIC@EREEZ OF T LLT =0 4
T X REEERE AR LT,

AR LT8R D 5 5| fERIEICEN TV D | Ru[(S,S)-PMsdpen](hmb) ((S,S)-Rulp)
& Ru[(R,R)-Msdpen](hmb) ((R,R)-Rulb)D X #ik s & i 21770\, 7 b DK FE )
iR JCROSREE & U TR ER Y72 Rul(S,S)-Tsdpen](p-cymene) ((S,S)-Rulg) & i « fREE L 7=, %
DOFER, ZEIBRT L— BN & LTAF T ATFANRCB 2 AGT 58K, p-o A 8
BEOH, VT =T LK LTT L= A L VN TND Z &b hotz, ZHud
T L VRN & AJVIR =V OB & OSTRRI KN E R Th D & E
AbiD, T U= BAFAMES 28Ik, MO B DNV T =7 L ET
J BSEBEDRSLAREC S 720 | BB R L ORI < 722 2 L TREBE-RBER GRS
DMEHE S A2 & RIRFIS, BOGZEMIAS K0 RENC EE S D 2 & CHETR 1 0 ks 7 B [ A3
e S4v, = FAEPMEOR BRSNS, Eo, ~AF P ATFARBLUOLHIC
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BIEEMEDO A F AL ZHAETHT L— B Fix, ZOBEFHEMEICEY T IR
NH OfEMEEE @D LI L L fERE LT, EEATF L ALEY (Nu-H) O 71 K
VHlEREERRETHLOLEEZBND,

XTI NWNT =0 LT I REEOFHIRMEEICONTIE, ZEHRT L — AL
Fabb, ANVR=NERICT V=N EEE2 AT DERITEVEMEIC RS, MEUZ LD T
— VDAV ML C-H YIRS Z D VT =T A A X T A 7 NVEERNES AR T
HT EWbhole, ZOZEIE, XTNVAT =0 LT I REEREAEL &2 E, AlE
PEREPEA L L THOWDBOSICEW T, @R iR 28T 2 L COERERIMA L5
bbb,
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F—f S

RE~A TS (ORFHBEAIBE) (3R IRE — IREFH G
TEHRM 2SS TH Y | Fix OFREEZ L OF T /ULEMOEKRTIEE LT, 2tk
ThEx Ip~ A TV RIRE M HAROMATICE 5% OMFEFINHFE S TWD !, R~
A 7 A INBOSIZ A B3 5 SREERI 2 BOSAIOMWE CHETIUE. 1) AY 77 A5
Fl At~ 7200 DBOGH] ARESEOSH, AHHESNLUSH], B IO, AR R
EO&BTIEME L SN RFBREAIE, 2) vv VBT ATV, -7 b= AT L, 13-V
rhy, =harnhy VT VBRI ATIV, 7Ry TT b R8O BRI IR
DEFNT e b b OFREEMD 2 DITKRBIS D,

3—1—1. ARESEBERELRIBREHR L T IARF~A I ARG

A4 BRI A RFERBEFNCH N D = ) VA~ OB R ~ A 7 VAU
& LT, AHESRIEA % VD BUSD S B ShTng ", ZoSETIE, = v
AL 250 =T 2 ) T A a— ARV T I VRN OMA . H AV, St
XTNRAFRT I XA ML OBAEEDRHNTH S, B 21 Feringa H 1%, Scheme 3-1
WRTEIEHFTIAETFTT F=ADnOFEEINTF T IVRAReT I F A MRALA &8 b
V7T — B RDEERIFIET., 2-v 7 a~xt /) LV F lligh L BTN L.
~ A TIAINEE 98% ee DM TH 25 Z & WG LIz

Scheme 3-1. Copper-Catalyzed Asymmetric 1,4-Addition of Dialkylzinc

o) Cu(OSO,CF3), e}

chiral ligand
+ (02H5)22n >
toluene, =30 °C, 3 h
chiral ligand: 94% yield
o,
OO CeH 98% ee
O. ;
_P—N

O >.....
I e

£ 0 FTNVAREREISEEOFET . AR v IR A R REANZ W
D82 < DAFRF-RFEE TG PHFE STV DA, [\ BRI RF <A 7 v
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IBISIZB W T AN TH D Z LW STV D, FlZIX, B, A5 1% Scheme 3-2
WRT RO, AFu Yy AMlEE WAl R e CiRe =) VEHEDKISIZEY . @
K D~ A T AATIEBRE NS Z & 2R IZ L MY, BINAP £EDF T LUK A7
4 VM FRF TNV R AR AT ORF R DT AEMARE L L TEDTH D,
ZORISTIE, TUV—=nARu o fglal M RED T U AAZ AT K Y BT 5T
U—n—a Py LEE~DT ) COFFARS, =T UV ay AFEOER, DV THKsy
RERET, ~A T NVIEREOND DO LB X IV TN D, ARG BE & IR
<, NATNVZRERE LT a, B-REF7 b LAMT Y o, p-REAFI= 2TV, 1-T L7 =
AR ARFT— b, BEO, BRO= a7 A7 VEBFIATE, @UVERRED~ A 7L
IERENENHZT LI D,

Scheme 3-2. Rhodium-Catalyzed Asymmetric 1,4-Addition of Phenyl Bronic Acid

0] Rh(acac)(C,H,),/(S)-BINAP )
(3 mol%)
+ PhB(OH),
dioxane/H,O
100°C,5h Ph
93% yield
97% ee

transmetalation [Rh]-Ph 0]

PhB(OH), <\:> insertion

0

[Rh]-OH —— [Rhy—>
H,0

PH

hydrolysis

Ph

83— 1—2. 1,3-VINR=EEME RFBREA L T 2R8F~ A ARG
B IEEOmN T e b E b D, BRx RERREE AT 2 AL EM & RFE
KEFNZHN D~ A T AAINBSEE A Z G T2 b0 B2 b, BB ~1 7
SR E LT, v~ a VB AT AR T N AT AR ED 13-V NR =G E
WABMINER L, A RTEE 7R = AT VNSO VAR = VIR B AT E 5 2 & b AL
FIICHEETHY . ZHE CIENTMBRDBEZ SN TN D, EE R
BRMERED T m b A LTWD Z D, Brensted Y M2 A4 5 REAAE BT T
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T T IV 2T 2ARFARS TS ZH STV D, ST, 20X D el -
HWHRSOSZ BB ) &5 B RORIC DWW T, ~ A ZAVZFER L LGR & 2 8T L L
TR AR RO 2 AT S 2 72 912, 43 F-NIZ Brensted HE 55 s <° Bronsted % 5., & 72 1%
Lewis fE 3D 2 DOEREZ & b D% AHAERL A 2 I 2 0F7861 & 2EERE ST
Do

RFT 4 B SR & I B AR FI & LT, L8167 5 1%, Scheme 3-3 12/R7 X 91
2 FFH D48 2 5 T 25 I B R AR OME S 2 955k L CRREF S 7z ALB fillit, 3 2 M T La-
linked-BINOL fEASBRIR o, B—REEFN7 F U E~ 0 VIR AT NV E ODRF~A 7 IV
JMZAZNTH Y . RIET DRV FRED~ A Z A IMER SRR THE LN D 2 & & 7D
72U Lewis iR & 72 B TLAJBIC Lo TIEM b ENT== 2 v & 4y 7PN D Bronsted
BRI Lo TEE L SN ) 7 — FBBRICSOS L T IR 522 b0 B2 5
NTW5, b, BFRERESZIE A L7 NR-linked-BINOL Ffi7+ (R’=H or CH;) & 7
VAT Ay R LB SN S La-NR -linked-BINOL filiftid, BRIK o, p—RAEFI7 k
VHE B R AT HE ORMBHIRTE~ A SVBISICA N TH DO, R E LT
BTNV Ax L REERZAE L TWDH A, ZOREE, REIIATHOI TV RN EER(bY:
LUV TOMSRIT 43 Tlid 7wy,

Scheme 3-3. Asymmetric 1,4-Addition of 1,3-Dicarbonyl Compounds with ALB and
Linked-BINOL catalyst

9 0
]

0
chiral cat * O\La/O *
+ CH3(CO2R), > 0~ ,7 V0
DME , ~COzR WARN
2 H /| O H
n ( 0 o
o CO,R § b
n= up to >99% yield RO

OR
up to >99% ee \\/

proposed transition state

chiral cat:

O G0 055

(R)-ALB (R R)-La-linked-BINOL R' = H: (S,S)-NH-linked-BINOL
R' = CHj: (S,S)-NMe-linked-BINOL
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7z, #hliE 51X Scheme 3-4 [Z779 K 912, Bronsted HiJ& sl & Bronsted f2 D 2
DOMEREZE AT D AF/NT7 VU A-BINAP GHAD afLICEHIEEZ & OB P AT 11,3
U brd o, BAREERST b2 DRIERIARE ~ A T ABISICAENTH Y | R F K HE %
bLOF T IALAMEDEINCEZ D EERELTND, ZORIETIE, X7 VT ACF
L— ML L7 B~ R AT AR 13-V X LC, TIOH I2 X571 hAvkiz k-
TiEM ks lcm ) VEEBER T U F AERBICRIS L TV D b D EERZ BTV D,

Scheme 3-4. Palladium-Catalyzed Asymmetric 1,4-Addition of 1,3-Dicarbonyl Compounds
O O

7 9 o hiral Pd cat ( 1%) 1ﬂ7)L3
chira cat (5 mol% R 2 R
R1MR3 + \)J\ > R2,’,
RN ORS THF 4_\:
R2 R o
chiral Pd cat: RS
R', R2 = alkyl R*=H, CH; 69-93% yield
R3=alkyl, alkoxy =~ R®=CHg, CoHs AT Ar 86-99% ee

P__ 2:OH,

g%\bm
Ar AT oTo-

Ar = C6H5, p-CH3-CﬁH4

Scheme 3-5 (2779 K 912, Morris HIFFERMIEEDOMFIEFER LI, 7 M JE
DARFKFBACICHN 2O HRAT 4, BEXOB-T I/ HRAT 4 U EENFICH LT =
LB FYU RRaE RY RESERERa, BRI b &~ VR RT LVORE A
VRGO E LT, xHET 2% 7Rk E SR L 525 2 L2 BELT0DY, ¥7
VT =T LT I REER L~ VR AT VORI LV AR T 5, EFEEOKFE L KHE

fEE L7- O-bound B 7 5 — MEEIRAMbE R AR & 4B S v T g ¥,

Scheme 3-5. Ruthenium-Catalyzed Asymmetric 1,4-Addition of 1,3-Dicarbonyl Compounds

e, 2
Pt _P_Ph
PR
o P |'! N o)
o 0 Phy  gh, He

N .
ij CHso)J\/U\OCHg benzene, 20 °C, 24 h CO,CH3

S/C =50 CO,CH3
97% ee (S)
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—. REAES A HnWbs > ) VEE 13-V IR = RO RS~
A TNOS b EBE T ENTNWD, o, pARERMANVR= UG &~ r BT AT LR
B AT NI ED 13-V N =/ ALEY & OARF~ A 7 VUSRI 272 A5 Ffil
BEX, NS T X E T3 kT X U ERAL & Bronsted BRAR L 72D VIR VR
WAL, ETX F AU VT EML AR T D R T LT I AT 5, Jergensen © 1,
Scheme 3-6 (2739 K D25 F-PICE kT X LV EML & VIR VR A B b b DR A
IEY N UM T, v a VIR ATV E SR o, BREIF S b UBEE BRIE L, B
99% ee D<A T NMINEE G252 L2 RN LEY, ARISTIE, RIGHREAE LTH
R=ULAAAFUDBERLTND EBX LTINS,

Scheme 3-6. Asymmetric 1,4-Addition of 1,3-Dicarbonyl Compounds with Organocatalyst

/
N
CH J
615 N)qtcozH
H

(0] CHA(CO,BN) (10 mol%) O  CH(CO,Bn),
+ n > -
R)J\/\Ar 2 G neat, rt R)K/\Ar
150-288 h .
R = alkyl _ up to 95% yield

up to 99% ee

B /
\/(N
CeHs %»\COZH
R

proposed iminium ion intermediate

I, BT b AT NE~ A T IER L T DR~ A VRS S
BEENTWD, BAEEYS 7 2o F Lo DT IUNbFE LEARRA I XV U VUil
BEAFAE T, Scheme 3-7 123 K912, BIK B b= AT L L o, p-REIFNT b 2 & DG
L. HitmdE & LT/ b TS warfarin 250K 96%, S AHIE 82% ee THBNB',
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Scheme 3-7. Asymmetric 1,4-Addition of 1,3-Dicarbonyl Compounds with Organocatalyst

H
CeHs N
>—CO,H
OH CeHs™ N OH CgHsO
o (10 mol%)
X + > X
m oA T Gt 150
o o o o
warfarin
96% yield
82% ee

Flo, BRI T I VELE T AU LTI EAT D ERET I T
7 LT filit . Scheme 3-8 IR T X DI, o, pREEFIAI VR =LAWL 13-V B LR =
LB E DFRF~A T NISICHEN TH S Z LB snTnha!, 73 v-F4 L7
M 3T D RO, T VB E = ) DN RV ERRIE L TA S = LA
e L, DWT, FAULTENAIC LD~ VB AT LD VAR =)V KFEREE Z I
LT h7 7SS 2 BN L CRE-RBEMETERIEPHEITT 2 b D LHEE S
TWn3,

Scheme 3-8. Asymmetric 1,4-Addition of 1,3-Dicarbonyl Compounds with Organocatalysts

(0]
(0]
O O Primary amine-thiourea catalyst é
+
RO)J\/U\OR ,,"l/COZR

CO,R
— CFs B CFy |
ook, . Q
S
w7 A L
= NN CF3 N)J\N CF;
N NH NH, H-NT M H
NF ¢ NH MeO }i
NH, H
- \.,O
L OMe —J

proposed transition state

LIEDE DI, 13-V ANVER=MEEWE o, BRI VR = ALEH & DR
FA T IATIEISIZ BN TIE, ~ A T GAR & SRR ORI BRI G2 R 207
PRI Lo o i D fFil8 2 E TE STV D,
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FINNTZDANT I FEEEE BB K a, BRI b A E
TEER T L AEEH) & DFRZF~4 7 NI

ZD XD ARFIRFE-IRFREATERSIEE T D722, ZNETOXF T v
T =T LT 3 RERORE SR BB FEIC S & | 8 - B TR X D 1K
UG ST X T AT I RESERN, =hu Xy TR Jz=AT®FLURE
BRI D/hS W' m R b ORBEEMDO T e U EIERE, ¥ T LT I U
KEHGZ2DZEICEH Lz, T78bb5, Scheme3-9 (IR T L 51T, FT/WILT =T LT 2
RE&RIT Bronsted M2 G T2 2 b, WERBEET T F A2 L0 13-V LR =L
LG L FOS LTT R ViR A b2, S il ik & U CiRE L C o, B-—RESFIA LA
=AW & DORFE~ A T AMIBOEBETT 2D EB 2, MBS~ R Z it L
Too ZORER, FTNNT =0 LT I FRFET., vr B 271 BLOY, B~ |k
TATNIRED 13- ANHR=)ULEW L o, B-AREAFI VAR = UALEW & BRIS L, @y
WFMEL b O~ A T AR EZ RIS 5252 2 /RVWIELT,

AFETIE, BUNCF TN T =7 LT 2 REEKL | 13-V R= U bEWE D
{EFERPOSIZEVIGFOENDT I UHEEROECEIH T COEBZA LI T 2, 2 b
DOHREE X TX I NVNVT =0 L7 I REEEREZA WD o, B-REaf7 b FEHE 13-UF
VAR =AY & DRI FE~ A 7 VAEBURA~D BB DWW TR~ 5,

Scheme 3-9. Asymmetric Michael Reaction with Chiral Ruthenium Amido complexes

CR
CgH
° 57: Acceptor

W R
CGHS\ /N\ O
H H o= S (0]
Amine complex ( CeHs N St
H Ru - -
n CoH- AN 7 3~ nucleophilic
SN NE , attack
Donor o s+H.
Nu—H N
o= S o electrophilic O
O CoH activation n
65
R1 T: RUO ( " T\lu
CeHs" Michael adduct

Amldo complex
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BIHEH XTNNLToULT I REERLBET T N2 b OFBELEY L DRIG

FINDTIVERMNFET V=V F 2B OF T 0T =0 L7 X FEERIT
A £ TICR 72 K 912, X 2-7 08 ) — Va2 KEMGERE T 547 F A I U
DIKFBEVRGE SRS OARF i & U CEMAMICENRLTWD ZERH LRI TE T
%2, KREBEISICB T DA B L X0 o 2ol oF AL 2 VT, TR
kL T La— L ol e hAic L D R RT7 I UERDAERD, 6 BEEBINE

ZAR T D W 22 72 BOGEREE T 72 < | Scheme 3-10 (2R T L 912, A A kR A #EH LT
71 b AL BB HEI TS5 & 0 D B MRIE S e, KFEBEIRSICBIT S Z 0
KOMRERIT, 7T I FEHAL BN T 1 A2 b ORI EM L DORORIT b I 2 B
HRETHDLEBEZBND,
Scheme 3-10. Deprotonation of Alcohol with Chiral Ruthenium Amido Complex
Ar
/RK\ 5~ : /li) “Q@H\OR

Ts=N N TOR T s N: H

/ “H W )—/ H OR

CoHs CeHs OR CeHs  CeHs

amido complex R =-CH(CHj), ion-pair N

_ ¥

_<;:g A _<;jg RO
r H
Ru--_,__. > Ru- \ Ar
—_— TS\N/ ‘ H ‘E'I\ e TS\N/ ‘ H + :O:<
CGHS)\./’:I\H//,C')\ CeHs)\_/':l~H H
- H Hq H - H RO
CeHs 7 OR CeHs

— RO - hydride complex

ZITET, T FEEEREEBET 2 b2 b ORAILEY & OERRPOS E ET
L7ze ARGRIZEALT, % - HEF TR X O, MEHEEZHFETL2X 747 IR
BERIIO#E FE 72 Bronsted HEEMEAH 5 Z L7025, Scheme 3-11 [ZART L OIZ=ha 2 &

T 2= AT EF LU ERIELT,
=z F =R (KQ) 25252 BB
7 A FILEEAN,

IERTWAME . x5
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(FEE/ME LV = 50) ofifit s UTHERE L, ARIRARN S| PRRE DT J 2 F A 8iR
PECTRMBEPOS DTS 2 2 & BDhr > T D,

Scheme 3-11. Deprotonation of Acidic Organic Compounds with Amido Complexes

X
1 T
CeHs N % CeH N
N HsN - es 1
I /RU < + C 3 02 -— \RU,, ( )
CGHS\\ H CHzclz CGHS\\\ /N\ ?L‘lz
S ’/N\ —

o o
Ts Ts
N N\
(\[ \Ir‘e + CgHsC=CH — > i\[ >Ir,/ @)
L 2
Ny CH,Cl, SN N
H HH \\

CeHs

Bonl-&R-RE\EMEEEHET D= ba AFLEERIL, Scheme 3-11 OR(ITR
L= &2, D FKERAICL D ZEL SN, RE-RBHBEERSOEOETE K E A
EL, WETAMIMEA CHLIFTIAT LI —ARNENETHELNRNI L, F27x
=NV T = VR TR - A MRE TH 0 RE AN LT Ieor 72 B & 5 Bl
LABWNWZ EREVPHLNZIEN TN D,

I 52, FERMFEEOERINIL, Scheme 3-12 IR T L IICFTNA VT TAT
I NEEERE ST VMR AT NV EDRISIZEY , W7 R AEREITL T, 7 o=
RCENL LY T gy F— A FURIBERE 52, TP LEICHBESN D2, 6122
DN RFE-~T B T EE TR EE R EMTH L Z e EEaH LML T
%',

Scheme 3-12. Deprotonation of a-Cyanoacetate with Iridium Amido complex

CIS %
ol CeHs., N, &
Cs )i Ir‘\
CSHSIN\"__O . _ CeHs N\
/
CoHe N CH,Cl,/ether
H NC

CO,C,H5

Cs = (R)-camphorsulfonyl
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LEo X oz, 2707 I REEKREEMET 1 F 2 b OFLAEY & O ISME
R, BENDT I UEMAORTE, BE O FOISHEERALNCENSDH D OO, fil
BEROE & OBREIZOWTIELT LS BFEIC R > TR WVWORBRTH H, £Z T, FT/1
7 X UEEROEE & ARG & DB AR DT DI, BANCF T AT =T LT X RS
RE 13-V N NVR= LG & O REROGEFEICRATT 5 2 & & LY,

EH—1 FIATI R~ BB AF L EDLRERNS

. FT LT =T AT I REER Ru[(R,R)-Tsdpen](mesitylene) ((R,R)-Rulf) &
~ B URY A TFL(3a) & DAL RIS R LTc, ZORR, SOSIT AR HEST L,
FEMEE VL = 111 OFM F I —0ERME 5 2 720> 7-, 2T, FTALT IR
BEIRICKT L C8YUBED~r VIEY ATF LBa) iR L T bR RIR TG SED &,
7T X REERRER ORERNIREA L, IRBAOSRNAERT 5 Z L3bhol, BIREZBRNEL
Tete, TOEEBMBEITRoT2L 2 A, HEAERMGMZ HRBEHNER 70% TH, Z ORI
NMR A7 b, RO Hifiah X #AEIEAET OF R, Scheme 3-13 [Z/RT XL DI~ m
e AFL(Ba)yDAF L U RFENT =7 A0S L= C-bound TEEAR((R,R)-Ru3fa) TdH
B ENbhrot= B B NTEEAD TH NMR 227 MLORE, L0, PC NMR 2
7 MV ORER 8 % Table 3-1 127”7,

Table 3-1. '"H NMR and *C NMR Spectrum of (R,R)-Ru3fa

"H NMR (400 MHz, CD,Cly); 8, ppm
2.07 CHs; of mesitylene
225 CH;of Ts
3.70 CO,CH3 X 2, NHH (no hydrogen bond)

0=9$=0 3.87 CH-NH,
CeHs N\ / 415 Ru-CH(CO,CHs),
\ R _GO,CH 431 CH-NTs
CeHs™ N CII 2v 5.0 CH of mesitylene
H H c\ 6.68 NHH (hydrogen bond)
0% “OCHs

6.6—7.5 aromatic ring protons

(R,R)-Ru3fa
3C NMR (100 MHz, CD,Cly); &, ppm

28.82 Ru-CH(CO,CHa),
178.04 CO,CHs
181.93 CO,CHs
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Bt 7= C-bound HEIA((R,R)-Ru3fa)?®> CD,CL 11,25 ‘CIZ31F % "H NMR HlIE
T, AT=U LA L TWD~Ya VB ATF NLBa)D AT ViRF EO7a iR 4.15
ppm ([ZHRJAVY T L E LTIl S VT2, E 51T, A VT LU BML D A F VD 2.07 ppm
(2 FIAVEEDO AT VI 225 ppm (2, ~ B VEEY A FABa)D 2 ODAFEE 1 OD
TIv7ua BRIy 7 E LT 3,70 ppm 2, NH, ICBEET D mRFEO T 1 R ond
3.87 ppm 12, NTs ([Zf#T B IRFEDT 7 bR 431 ppm 12, AV T LU ENL 1D 32D
ok VIS 5.0 ppm IS, B D) —ODT I 71 kU 6.68 ppm (2, F LT, 6.6-7.5 ppm
WICHEBFRERO T 0 honEnEgn@liillsni, 2 207 I 7 hrORN, —HoME
SEIC B S 7o BRih & LT, Bl 3 2 BLAE S X SRS RRET ORE R A BT D & IR
FIZBW T FNOKFER-EAICHKT D Z LR EN5, PC NMR A7 ML T
LT =7 DTHES LTV D RN 28.82 ppm B S 3L, oD VAR = /LR E M IR
12 178.04, B LT, 181.93 ppm ([T ZENENBIM S 47z, F7o, HEE L 728K 2 BRI D>
L& 2 A, WIRFP T~ r VY A F L @a)i g L C7 2 REER((R,R)-Rulf) % F/E9
L e, Tbb, W7m F AP PERISTHL Z AR LTV D,

AL, SbicEmm~F I 2AF IR ¥ o HMB) & AL F & T 5
Ru[(R R)-Msdpen](hmb)&&{A((R,R)-Rulb)ix, ¥ = BT X F /1 (3a) & DRISIZE Y C-bound
RISEIR((R,R)-Ru3ba) % 52 7= %, 15 L7285 %250 ‘CTHIE L7z 'THNMR A7 kLD
JRE. LV, PCNMR 227 FLORFER 7RIS % Table 3-2 1277,

Table 3-2. '"H NMR and ">C NMR Spectrum of (R,R)-Ru3ba

H NMR (400 MHz, CD,Cl,); 8, ppm

$H3 179 CHjof Ms
O=E|3=O 1.98 CHs of hexamethylbenzene
CeHs N / 3.34 CO,CH3; X 1, NHH (no hydrogen bond)
\
349 CO,CH;
w N/ (:020H3
CeHs" N el 3.80 CH-NH,
H H [ 3.95 Ru-CH(CO,CHj),
~
0~ OCHs 4.08 CH-NMs
(R,R)-Ru3ba 6.45 NHH (hydrogen bond)

6.6—7.3 aromatic ring protons

13C NMR (100 MHz, CD,Cly); 8, ppm
27.04 Ru-CH(CO,CHg),
176.16 CO,CHg
181.84 CO,CHj4
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3.95 ppm IZHEIRV T 7L & LRI STz, S IS A TIVED A FVELD3 1.79 ppm 12,
AFYRAFARBFNLA DA FVFEN 198 ppm (2, ¥R VY A F/L3a)D 1 DD A
FNIHE1OOT I 7 a FNUPEANY 7 F e LT 334 ppm &, ¥R ATV
Ba)DbH H 1 DD AF VI 3.49 ppm 1T, NHLUIZHERET D RFEO T 1 k273 3.80 ppm (2,
NMs [ZBET 2 RFEDO T B bR 4.08ppmiZ. 6 9 —D2D7 I 71 h 23 6.45 ppm 1T,
ZLT, HERLEOT T FUid 6.6-7.3 ppm ICENENBIIE 72, BC NMR 222 L
T AT =T AR L TN D~ VR AT )L DafRFEN 27.04 ppm (ZHHI S, o
D ANV R = VIR FEDIFEARIZ 176.16, B LY, 181.84 ppm (ZE N E B X 47z,

Scheme 3-13. Stoichiometric Reaction of Ruthenium Amido Complexes with Malonate

t ) - Ao,

R=Ts,R,= 1,3,5-(CH3)3. (R,R)-Rulf
R=Ms, R, = 1,2,3,4,5,6-(CHz)s: (R,R)-Rulb

|I? - FIQ -
CeH ‘@ " CeH ‘g
6 STN\ / 6 5W:N\
_CO,CH3 7

CeHs

CeHs"

- . /
CGHS\\ /N\ T H CGHS / \
H H H H
C CO,CH
0% “OCHs CH30)\( 2
— H -
C-bound complex O-bound complex
(R,R)-Ru3fa, (R,R)-Ru3ba (R,R)-Ru4fa, (R,R)-Ru4dba

Gridnev 5%, Ru[(R,R)-Msdpen](hmb)#& A& ((R,R)-Rulb) & ~ 12 L g A F/1(3a)
& DO ARG T TO NMR HIEIZ L0 FEMICRET L7oRER, v~ VR XA F Lo C-
H 5 & OUIBSUE S, Scheme 3-14 (2739 3 9 IZERAGICHEFT LT, —90 ‘ClZdW\T 2 flidH
Dk ZE 13 DHTHR L Z & o, SR I > TZ DT 7 Fh-50 C
T L TBH SN Z EEZHLNI LTS, ZRHOKRTIE, NH 71 o 1
DMHNVARFINFE L KRB EZER L TEY ., 635 ppm (EAERY) & 6.48 ppm (R4
) icEnERBlsN D, BT S < | Scheme 3-14 IR X 512, EWZIPT *
TLEAY v 7 RERICH D 2 OSSR, IFEMICBI SN2 bDLEZLND,
7a AR TT I UENL AT b VBN DR A S T ORI AT L T D
ZEERTHRERTH D, ZOEmMMIS TIIAERY E LT C-bound BUgEAZ 52 578, LI
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LT PR BT RSOGO P iR & 720 5 % O-bound M=/ F — b 1A (Scheme
>

3-13 D(R,R)-Rudba $5(K) 1. '"HNMR TIZB S zdo7z,

Scheme 3-14. Possible Structure of C-Bound Complex ((R,R)-Ru3ba) in Solution

I\/Ils I\/Ils
CeH CeH
65 N\ / 65 N\ /
A CO,CH A H
W ’/,/ - \\\\ ’/,/
CGH5\\ /N\ C< 2 CeHs /N\ C<
H H é H H H | ~CO,CHs
0% “OCH, 0% “OCH,
(R,R)-Ru3ba (R,R)-Ru3ba’

im0 B3 BTz C-bound FIEEA((R,R)-Ru3fa)d Hiftidlh X MM IEMENT OFE
% Figure 3-1 17”7, AT =V LAEAVIESEETHY, vex— NI F-&7I 07
N DRI FRNAKRBREEDMET D2 b olc, HHTARERE LT, VT =0T A=
RFAFEE &L BLAL LT L— O bR DM 125967 (RS hd & 912, BAH 7
SHIET R RREE D ST TV D Z E 3P B D, C-bound BSR4 JEE
D S O, BHILFE LOTERIC XD MKEEZ MR L T D LEER HND,

T|S
CBHSTN\ /
Ru
s, COsCH3
CGHS\ /N\ CI:\H
~o2Co
O OCH3

(R,R)-Ru3fa

R1 (WR2) = 0.090 (0.230)

Bond Length (A, mean):
Ru-NH, 2.131
Ru-NTs 2.176
Ru-C 2.227

Bond Angle (°, mean):
arene-Ru-NH, 129.11
arene-Ru-NTs 131.19
arene-Ru-C 125.96

Figure 3-1. X-ray structure of C—bound complex (R,R)-Ru3fa.
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F_fi-2 XIAT7INERLE p-r b= AT EDLEERRIG

IR LD, FTVAT =T LT I REERE~n Uiy A FLO(bE
FREUSZ XD . Cbound BV T =0 A~ x— MEEDEINANCART D Z & 25T
L7z, FPLOWZETIE, ~a BT 27 /150 C-bound BUSERDAERK & AR, ~1 >
= 27 )V OBESEENL D BBICHE S LT O-bound BT 7 T — R EERDARA UIE L IZHER
ENTWD, LLBRDL, FTWALT =0 L7 I KRR E ORISIZEV T, O-bound #!
T/ T — MERITBIH S e o Tz,

ZIT, ¥ BT AT ADOYE EFREROFMETT, -7 hm AT VLT =
U LT X REMEADOILEERSOSE RS LTz, ~F Y ATF AR B U E A H D
Ru[(R,R)-Msdpen](hmb)$& A& ((R,R)-Rulb) & 7 & ML A F/L(3f) & % 1:1.5 DT, CD,ClL
H. 90 C, BLV, -50 COFMHTRIESHE, KINEREHD NMR JWEEIT 7=, £D
fi R, AR L 72 FE 2285 RIT Scheme 3-15 127 T K 912 C-bound BV T =0 AT &7 — Mh
{& : Ru[CH(COCH;)-(COOCH3)][(R,R)-Msdpen](7°-hmb)&&{A&((R,R)-Ru3bf)'*" & O-bound 4
NT = AT ) T — MR : Ru[OC(CH3)=CHCOOCH;]-[(R,R)-Msdpen](7°-hmb)$ {4
((R,R)-Rudbf)’ D 2 FHHDEEETH 5 Z L BNbhro 2,

Scheme 3-15. Stoichiometric Reaction of Ruthenium Amido Complexes with B-Ketoester

Cﬁ“t ) A,

CeHs"

R = Ms, R,, =1,2,3,4,5,6-(CHs)s: (R,R)-Rutb
R=Ts, R, = 1,3,5-(CHz)3: (R,R)-Ruff

) ‘* ) G'
CgH n CgH
GS\EN y. 615 N /

> \Ru \
- w~N~ “,.COCH, o /
CGHS / \ ? H H/ \H
H H _C. S _H
(0] OCH3 CHj3
CO,C
C-bound complex O-bound complex

C-bound BV T =7 LT &7 — MEA(R,R)-Ru3bf)D Ru—CH 7'= bk >1%3.3-3.7
ppm AU IZEBII SN D28, A b F 2 5<° MsDPEN Bl NH 7' & h v LB D, —J7.,
O-bound V7 =7 hx ) 7 — FMER(R,R)-Rudb) D=/ Z— K~ LD CH 7 v b, B&
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O, CH RFIIFHEA 727 I V7 &R, Figure 3-2 IR F X 9512, 50 CORPEIZ
BWT, CHZ'm b3 4.2-5.0 ppm FHTIZBIHI S 41, CH fXFE 1T 80-90 ppm £ 3T I Z LI =
%, HMQC A7 MWZEBWT, ZOFHTIE8 SO/ n A= RBlllENnD Z &
5. M b 8 FRED RAMEENTHRIE I H D = L DR S, IR T Tl 25 E)
ERTZENRHLNE ST, TBIE, SRRE (B, Z 1K) OSLIRBLE OKFER GO
HERE) ORLHERETHL L EZBND, 2B, C A2 hLZEWNT 89-90 ppm
FHECHRED > 7 A BBRI S D 03, Zidkkc REEEEO T AF AR EB D
Co(CH3)6 ICHIRT D 7T Th %,

3
e
o

-]
N
o

- 84.0 Ms

>
=3
| M I‘IIHI\ LLLLL M
@ N
o o
pd z—
™ \/
Py
cc\
-0
\
T

o]
2]
o

— 0

H
3}) . ‘ CH3

S !
4.8 47 4.6 4.5 4.4 4.3 (R,R)-Ru4bf CO,CH3

Figure 3-2. Section plot of HMQC 'H—">C NMR spectrum (400 MHz, CD,Cl,, =50 °C) of the
sample obtained by addition of 1.5 equiv of S-ketoester (3f) to a solution of amido complex

((R,R)-Rulb) in CD,Cl,.

Figure 3-3 (2, —90 C, —50 ‘CH LU 25 CTHEIE L7z PC NMR ORI fElsk o
AT MVERT, 90 CTIiX, BIEEIZITE A ERS T, 4 DD C-bound HUEEE (1
JLIR =)V HE 1 168.2, 169.6,169.7, 170.8 ppm) D 7 F /L& 4 5D O-bound BUEA (O-C=C :
184.3, 184.5, 187.1, 188.5 ppm) D 7 FNANENZIMSLIZERI Sz, b, SR
BLIE (E 1K, Z 1R) SoSLIRRLEE OKFE GG O 72 &) 23572 5 C-bound FUSE{A((R, R)-Ru3bf),
F721%. O-bound T ) T — FEER((R,R)-Rudbf)iZ KT B LD E# 2 55, Figure 3-3
DOHFENTRT L 912, PIERE 2-50 CIZ EF X87-& 25, 169.6 ppm, 35 LT, 169.7 ppm
DY T F IR L, £72, 1843 ppm & 184.5 ppm D> 7 F/L78 185 ppm (2
b L7z, 25 CTIE, ANAR=NVEOBEBICBRIE N2 TOY 7 F ML, 7 I Uk T
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2 RESR & ORITZT T < k% 72 O-bound FUEE{A & C-bound RS A & O] D3\ VH ELZ
i, FETE ol

—J5., WEEEDOT & NEERR A FL(3f) & . Ru[(R,R)-Msdpen](hmb)&5 A ((R,R)-Rulb)
WLV e hoAbENT-T & FEER A FL3H) & DORIDOAZHIZ L% "TH NMR & 7 F /LD
Tu—R=r270F, 710 CIZBWTHHE LD, 7w Akl 7 2 RO EiR)2EE)
FOBENZ NP0 D,

AP oA v A A iy

205 195 185 175 165
Figure 3-3. Section plots of the ?C NMR spectra (100 MHz, CD,Cl,) of the sample obtained by

addition of 1.5 equiv of f-ketoester (3f) to a solution of amido Ru complex ((R,R)-Rulb) in
CD,Cl,. Bottom: at =90 °C (the signals of the excess starting compound (3f) are marked with the

asterisks); middle: at —50°C; top: at 25 °C.

& 512, Gridnev & & & %12, Figure 3-4 |77 3 & 9 12, PHASE SENSITIVE 2D 'H
~'"H NOESY #:4&7EMH L. —50 ‘CT O-bound B / 5 — |3 ((R,R)-Rudbf) & C—bound !
BER((R,R)-Ru3bf) & DY IIT 2 B8 28~ 7-, T ORIEREIL, NOE 7 v A &
— 7 LRI n A — 7 AR GICKHTE L7280, RFEOFHEERMETEZ Y 5 /b7
e, HDHVE, O-bound = /) T — N L C-bound HUEEIR & DRI TREZ W 9 DILFATHL
DFEEHET HZ LN TE D, HEDOHKER., Figure 3-4 (277 K 912, 3.4 ppm (C-bound
HIGEIR: CO,CH;) & 3.6 ppm (C-bound HUEE(A: CO,CH;) & DRI TE — 7 JREE DRV 1 A B
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— 7 MBS, ZhuE, 2 FEEO C-bound FUEEIA((R,R)-Ru3bf) DL FAZHIZ L D D
ThD, EHIT, 4.5 ppm (O-bound HEEAR: OC(CH;)=CHCOOCH;) & 3.42 ppm (C-bound 7
B: CO,CH) L D TH E—VBREDFIWT o A &— 7 BRI S -, 2, O-bound 7!
T/ 7 — MEIR((R,R)-Rudbf) & C-bound BLEER((R,R)-Rudbf) & DALFEAMUZ LD H D TH
Do ZOWMETIEY I FERIC L DT v b AEDBENZ L SEERONIET I RESA
ZREHT %7 v A Tlid7e < Scheme 3-16 (273 T K D ITIRFE D HERFR~DFEE DR AH 2
MEHEZ TVWDLIbOLHEEIND, Thbb, BN OfEE7: LIZ, C-bound HIEEIAK
((R,R)-Rudbf)> & 1-3 > 7 k L CEFEE O-bound B = / T — N EE(K((R,R)-Ru3bf)~D H 41l
NEECTWD RN S D 1, HHETHIERT D DFT FHH O RS b, C-bound RIEEA
((R,R)-Ru3bf) & O-bound = / 7 — FEER((R,R)-Rudbf) D [ 1 = R /L ¥ —75]3 0.9 kcal/mol
EOTNeFETHD Z LD, Scheme 3-16 (2RI SISO A HEME 2 7RIE L T\ D (BT
D Table 5-2), LU, sEIZOWTIEI BR2BRAADPMBETHA I,

. . 'i—aa
¥ o
o
m
s
Ea.2
E44;
4 ¢ |F
;—45
‘ i48

Figure 3-4. Section plot of phase sensitive 2D 'H-'"H NMR NOESY spectrum (400 MHz, CD,Cl,,
=50 °C) of the sample obtained by addition of 1.5 equiv of S-ketoester (3f) to a solution of amido
complex ((R,R)-Rulb) in CD,Cl,.
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Scheme 3-16. Intramolecular Rearrangement between the C- and O-Bound Complex

Ms NIIS
CeH CeH
sHs N / 6H5 N_ /
/RU - /RU/
W ,’/, 1l 5 .,
CGH5\ /N\ ,’C/CCH3 CGH5 / (0]
H H I\H H S _H
CO,CHjs CHj3
(R,R)-Ru3bf (R,R)-Rudbf  CO2CHs

DX, TU—rENMNTFELTAFHATFARCE U MHMB)ZAT 57T
REER((R,R)-Rulb) ) S35 T 27 I U8R HEET 2 Z L3 CT& oz, LinL,

A T L VBN B D Ru(Tsdpen)(mesitylene)#5AR((R,R)-Rulf) % V7= & = A &S
DIRAM DD O-bound FLT 7 T — FEEIR((R,R)-Rudfh) 23 dh & L CHEECEX 5 Z E0vb»
ST, 13 B AVTRE SO RS XSS AT OfE R % Figure 3-5 (2R L7z, 2O X HIZLT
ARHHEL 72 O-bound BT ) T — MEEIKIT, WIS ED & O C-bound MUEEK
((R,R)-Ru3fh)<CNARFCED Fe 72 2 O-bound L 7 7 — REEIR((R,R)-Rudff) & O HE 72 -1

REWME 5 21,

Figure 3-5. X-ray structure of O—bound complex (R,R)-Ru4ff.
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CeHs N_ /
/Ru//
CGHS\\\ /N\ //O
H H H
H5;C
CO,CH3
(R,R)-Ru4ff

R1 (WR2) = 0.086 (0.214)

Bond Length (A):
Ru-NH, 2.103(8)
Ru-NTs 2.142(9)
Ru-O 2.096(8)
Bond Angle (°):
arene-Ru-NH, 129.92
arene-Ru-NR  133.53

arene-Ru-C 130.11
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UEDXSIZ, FTAMNT =0 LT I RESKRETENE X T L U ALBE Y O F E
FOGTIHE, ~a VR A7 L OR4A X C-bound BUEERO L BBH S, B~ hZ= AT LD
BTl C—bound HUgEAR L O-bound Flx ) T — MEERDOMSEARDERNBI STz, 2
WO DOFERIS C-bound BUFEERPALMET A L B2 2 2 L & T&E 523, EOME A AT
HHMTHLHAEN DD Z L2, 2B DOERE NMR /3 HEORE R B IXIEM 225G
B AEST D Z LIxTERY, o, B FEH TR~ LT, BET e Foa
LOAILEWE T X A L OLUS T, BANTA A REBEEDN AR L, RITHPEREAR
RV T g A=A FUBISERICE BRSNS Z & D, PR S LTOA A RS RD
FEEZZRLR2TER O G SUSHBIZ W TR, BHEEICBW TR L)
\Z DFT §tEZ O L. FEEBRIICHERR S 7z C—bound AR L O-bound Bt / T — K&K
ZINZCTA A xR a2 & DI fRITICIE SN TELE L, ~ A T AR D L RiEE, 725
W, =F U FABRRMEOFBE 250 U7,

FBH ~u VBT ATI)VEE~ A TGRS SRR S

BB 72 % T VLT =0 LT X REERIT~ v o= X7 )L & Al JOS
L. xhcd BEAEIF e T X V85K %E 52 5 2 L BEEIR L~V TOMFFRIZ L VS0 72
ST, AMBERNPAF RIS & RIS, 7 2 REER L 7 2 85K o 2 FEEM ALY 1 2
JVIZES5- LT, Scheme 3-9 IZ/R L2 K D12~ A Vb AR & 235840 % 2 108 FLBEREICTS
AL S5 Z ERFRETHIUX, FOERBE 0 IR E B RS L TR IRF R FE
ARG ERETEDLHDEBEXT, TI T, vurByoFLl 2-vraxXvs )
Y EDRIGEET IV E LT~ A TIVAING & fE LTz,

ZOFER BALAFI 72 7 1 v §EA RuCI[(R R)-Tsdpen](p-cymene) & i 57> & Bk
HHEL 726717 2 RESA Ru[(R R)-Tsdpen](p-cymene)((R,R)-Rulg)Z fikfit & L T = &
A, tert-T FIIVT I a— VIR - 7T ) (a) v a VRV = F L (3b) & D
BUSIE, SIC (BB /MbiEE V) = 50, SRS TICHIBIZHET LT, 85% ee D~ A /b
FIMAR((S)-4ab) % OT%INRTH- 2.5 Z Lo T, BUGSOIERLERMEIT Scheme 3-17
WRT R, FUSHFICRESEEELZ T L2235, ¥ 747 I Rl 3@ s 3
HEL THWD2N, 7 e agiRe +BuOK ORGIZ L Y R TR L7z 2 JoRiiA 465 =
EHTED, Lo, entry LITRT X DI, 2 e Rl Z V=356 ROSITHREEL 72 %
FNT X REEERE FWTZ5E L RIS WICHEEIT L, IR 96% Tt g 5~ A 7 VAR
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((S)-4ab) % G- 2721 DD A O NFHIEIT 10% ee LR D TH 72, MR THE
L7 KCl =T o TFARIREDIR T2 76 Lot D B2 biLd, FEEE, entry 2 TR
FTEOICHBEL 72T =0 L7 I FEEERICH LTI YEO KCI 22 THRISEED &, I
TIT M %EmNbOD, = F o FATRMEIL 40% ee EIKT L7z, F72, entry 3 IR T &
DN KCl DA TRIGEATR O ERISITESET LR 272, 2D X 91, KCHIARRISED
fillft & U CHRE L7200 S, RAICIETET D LM OB 2% LK T S E 5 ER &
LI ENDIoT, INOLORFIL, T AT X REEREHEEL CROSICHWD Z &3
HETHDHZ LERLTWND,

2 CHEPERI L% 717 2 REEA Ru[(R.R)-Tsdpen](p-cymene)((R,R)-Rulg)
MWD & entry 4 1T K 91T SOSEFEIZHEIT LT 97 %D @R TH G S 1,
ZTORFMED 8% e LR RMEEZRLL, V7T =7 At FU FEi{K
RuH[(R,R)-Tsdpen](mesitylene) & A S NZEH FIEETH U | entry 5 IZRT L HIZ7 & F o
TRIGEATIR D Z LWLV RPTLT =T A7 2 REERICEBR S, ~A 7 AAHINE %
RETFLILOLEEZILND,

Scheme 3-17. Choice of Ru Catalysts

0 O
o o hiral R t
chiral Ru ca
+ CHO)k/kDCH >
2’5 21’5 (CH3);COH CO,CyHs5
. 30°C,48h
1a 1:1 3b CO,CHs
S/C =50 (S)-4ab
entry  chiral Ru cat yield, % ee, %
1 RuCI[(R,R)-Tsdpen](mesitylene)/t-BuOK 96 10
2 RuU[(R,R)-Tsdpen](p-cymene)((R,R)-Ru1g)/KCl 94 40
3 KCI 0
4 Ru[(R,R)-Tsdpen](p-cymene)((R,R)-Ru1g) 97 85
5 RuH[(R,R)-Tsdpen](mesitylene) 959 91
@ |n acetone.

W, KISEEOREBIZONWT, TV AT =0 LT 2 Kl
Ru[(R,R)-Tsdpen](durene)((R,R)-Rule) % FH\ THET L7z, BUGHESC =T o F AR 1T,
Scheme 3-18 [Z/R" T & 91,27 w8 — LA RWDTEEOMHEIZ K E < SN TICRATF
R AR B2 5, I, tert-7FNATNA—)L T RIFE Ru75 . ML E N
TERIIC RAFRIGR, BE O, =T U F AR AR T Z &N bolz, T b DR
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DOIEPUL, MRS EE OERIEIZ L > TRODH Z ENTE D, 227 v/ ) — V& Kk
BENZ WG B X HRNE L A ERB LR -T2, ZHUTKREITHET D 2= m N
J=InBT 2 REHA~OKEBENEIT LT U REHAZTER L2201, jRE-IRFE
FEETERRSDET Lo b D EE X HILD,

Scheme 3-18. Effect of Solvent

o (@]
j\/?]\ Ru cat
+ R
<f57 CH30 OCHs  solvent CO,CH;
1a 11 3a 30°C,24h
' CO,CHs3
S/C =50 (S)-4aa
Ru cat: solvent yield, % ee, %
CHs3)3COH 99 95
CeHs (CH3)3
j: j@( THF 99 95
CgHs" toluene 99 94
(R R)-Rute acetone 92 93
CH,Cl, 88 93
2-propanol trace —

BT, VT =T LT X FERORBETEMEME LG Lz, TO/RE. ~1 7
JUATINEEIE, Scheme 3-19 (2R K 912, AT =7 A7 I FEMEOREEIC R E < B L%
TBHZENDbMhoTz, ELIT, $EERTOT L — VBN DOREE S SO ) T AR
PICRIETEBIEFEICRET VW ERNDND, EE, p-V AV ZEALFI2H D
Ru(Tsdpen)(p-cymene)# A ((R,R)-Rulg) % A 72354, A OULRIL 87%., FHhiE X
82%ee & RN TDIRFERTH T, T L — VBN FIC A FAIEEZEEEAL Tl 35
o, mhrFAEREL R EL, ~F T XA TF AR E RN (hmb) E O
Ru(Tsdpen)(hmb)$& A ((R,R)-Rula) % H\ 7255412 98% ee & i b B 72kl S Sz, [A
RIZ, V7 2 VBUAL 7 IZ MsDPEN Bz 1% & -2 Ru(Msdpen)(hmb)E&4((R,R)-Rulb) % H >
A, MBLTEMET S SlctE S, IR 99%, LM 98% ee & BFARRERENE SN
7o TNHOFRERIE. FUF T NANT =0 SR E VoK FBERLE TS IS BN T,
TU—VEIL TR EERL T &, OB RMEEM ET 5 b 00, IERNEEICK T 5
A &I TH B, H B BRI, T L= VBRI TR ERE L R BICD
AVCRISE RS 720 | IEM b S B R L OEES T 25 & &bz, FBERLD X
D BRI 2 2 S, OSSR L F o FAERME O\ I o RN ot b D EE
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Z N5, 2B, Cp*A U Y7 LT 2 REEIKR Cp*Ir[(S,S)-Tsdpen] (S/C = SO)FAE . [RJEE,
RSOSSN TR ZEIT?2 D EUER 12% & SOGHEIZIERW S DD HHHE L 93%ee & B
HEZER LT, ARIGTIER, A VY TLAEERID AT =0 AGHADIHFE ChH D Z L3
N5,

Scheme 3-19. Effect of Arene Ligands
O o]

O O
chiral Ru cat
é * CH3OMOCH3
(CHa)3COH CO,CH,
1a 1:1 3a 40 °C, 24 h
SIC =50 S14 CO,CHg
chiral Ru cat: Ru[(R,R)-diamine](7®-arene) (S)-4aa
R' diamine 7°-arene yield, % ee, %
o= S (e}
CgHs Tsdpen p-cymene (Rulg) 87 82
\[ Ru—O mesitylene (Ru1f) 99 89
CeHs durene  (Rule) 99 95
R': 4-CHy-CgHy: Ts pmb Ruld) 99 97
CHy: Ms hmb (Ruta) 98 98
Ry 1-CHg-4-CH(CHg)y: p-cymene| _Msdpen hmb (Rutb) 99 98

1,3,5-(CH3)3: mesitylene
1,2,4,5-(CH3)4: durene
1,2,3,4,5-(CH3z)s: pmb
1,2,3,4,5,6-(CH3)e: hmb

kiR o A HJIZ, S/C (BYE/MBBEE /L) =100 D&RET, X0 EWiE
JETORIG &R T=, TsDPEN ZEfi71- & 3 2l % & | Scheme 3-20 12773 X 91T
60 COEMTH @ T o FARRANSUSTHETT 5 H DD 30~40 CORE & 1THER Y |
SERHNC T L= VR b OB PILRAME TS Z L b oz, IS,
Scheme 3-19 THEFL /-4 % 7~ L 7= Ru(Tsdpen)(hmb)$E AR ((R,R)-Rula)Z IV 72354, UK
54% & REIZSUOSTEAME T L7z, ZHucxk L, MsDPEN Z B 712 § -2 Ru(Msdpen)(hmb)
BEIR((R,R)-Rulb)Z W 28565, 60 COMBGMETICB W T HIRMET 52 &<
BT T AR IS N EITT 5 Z L booTz, b OfERIE, MsDPEN % fifir
12 % > Ru(Msdpen)(hmb)E& (A ((R,R)-Rulb) 3 BAR) 22 EEIZENL TV D Z & F 72, TsDPEN
& MsDPEN D A L7k = )V BB ARGRIPEICIIR & B LN Z 2R L TN D,
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Scheme 3-20. The Effect of Reaction Temperature on the Catalytic Performance

(0]
. U chiral Ru cat _
» CH30 OCHz  (CHj3)3COH, 24 h CO,CH,
1a 3a
S/C =100 CO,CH;,
chiral Ru cat: Ru[(R, R)-diamine](#°-arene) (5)-4aa
diamine 7%-arene temp, °C yield, % ee, %
Tsdpen durene (Rule) 60 90 94
pmb  (Ru1d) 60 86 96
hmb  (Ru1a) 60 54 96
Msdpen hmb (Ru1b) 60 99 97
hmb  (Ru1b) 30° 99 98

a72h.

X T MEEMOERNRERIEE LT, F—% - F—Hio s TR~k X
T, TN AR N ORI AR KBRS RN F B IR b T\ D, —
J5« AN RFRFBREETE BN K2 % 7 /LB OERIEIZBE LTI, £ < oEhZAR
PR BT SAUEiT TV D b o0 il B ORI L R EE e B 0232 < (S/C=10~100
FEEEDRIGA ) . TR 2 9 2 R ITE DI WORBURTH S, 2D X 5 iy mh
5. AR CEMICH 2 O D Al T ARE RF-RFBESTEASIEN TR & A, 2D
ERIIMOTRENVWEEZI LD,

Z 2T, OGREICET 2 Mt ORE R &2 B £ 2. Scheme 3-21 (12" d K 5 124 FE
XFINNT =T LT I REERZ RV, S/C GEE/MEE /L) =1,000 DS T THRETE1T
feot2®, TOREE, entry 1 IZ/RT L DT, Scheme 3-20 THREDERE H 2 7=
Ru(Msdpen)(hmb)$&{K((R,R)-Rulb) DAL T, MU TRIGEAT D & I 97%. >99%
ee EHFMEEEL D Z L GIETHMIME G252 L boroTlz, miakd X 512,
Ru(Msdpen)(hmb) & 4 ((R,R)-Rulb) D LG FITI 1T 2 B R EMEE R U TR & %
ZBN5, —Ji. entry 2 ([Z7R”F X 9 I Ru(Tsdpen)(hmb)$E AR ((R,R)-Rula)Z VN 5 & LA
35%F TR F L2 b DD, BRI O K FMEIL 98% ee & BAFRFEREZ 5272, =F v FF
BIRMEZMER L2220 b BUSTED RIEIZIR T L72# il & LT, Ru(Tsdpen)(hmb) & {4
((R,R)-Rula) DAL EMIZRIER HH LD EB 2 HILD, AiE2-4 Tk_7=X oz, 7
I REEARD S TNEBRSIGIZ LY . A X TV A 7 UshRICE R S, fERE U CRBEEM:
MEFLELDEEZSND, entry3 TIE AR =V ERSEARAC & @2 Z AT )L
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T 2 =)V AR = VT R RN A% D Ru(PMsdpen)(hmb)&& A ((R,R)-Rulp) %z FV Tha
FILTED IR 1% EARTEETH D . HFEHE S 60% ee & TREDETH 72, T,
BERDSLARINC A B < 72 0 T E 722 DIT, SR L COURIEE ORI 22 ERE N LE S 7
TR LB B D,

Scheme 3-21. Reaction at Low Catalyst Loading

O
i M (R,R)-Ru cat
,R)-Ru
+ >
é 11 CH50 OCHs solvent CO2CH,
: 30°C,24 h
1a 3a CO,CHs
S/C =50-1,000 (S)-4aa
(R,R)-Ru cat:
R
§02 Ts
CeHs N 7 CeHs N 7
I /Ru-—- ‘ t /Ru-—- ‘
CeHs™ N N CoHs™ N /N
H CH;
Ru1a: R = 4-CH3-CgH, (Ts) Ru1r
Ru1b: CH5 (Ms)
Ru1p: CeMes (PMs)
entry (R,R)-Rucat S/C solvent yield, % ee, %
1 Ru1b 1,000 toluene 97 >99
Ru1a 1,000 toluene 35 98
Rulp 1,000 toluene 7 60
44 Ru1r 50 (CH3)3COH >99 8

@ At 40 °C.

FURELE D EFACHE S SR T O—R & LT, v 27 1 A ZHBEUE DHEST
XD, RIEFETHD AL TV A 7 ESMEDERNIE 2 D ™,

ZHAEREET 572912, Scheme 3-20 12753 L72 60 COIE T, DL T A
R oNTe~F A F N E BT %A T 5 Ru(Tsdpen)(hmb)EE A ((S,S)-Rula) DENT )%
EMEZFA LTz, Z OS5, Scheme 3-22 (2R T L 912, hrma i 50 C, 24 B D4
TR 2 T T2 2 A, AR =)V Eo 7 ) — Lo AV My C-H Sl B A3
IO AT =T A REBEE LOT I UEIR(SS) Ru2a) NVERT S 2 L Rbhots,
D7 A Z AT RIS TH Y . BEEIEEZ RS RN L b-> Tn5Y,
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Scheme 3-22. Thermal Stability of Ruthenium Amido Complex

H E I E
O:§:O > HH—\N/RU""//
CGHSIN\ 74 toluene /

Ru—-— ‘ 50°C,24 h C6H5\\\\ N\S\
7
CGHS H \ C6H5 O

(S,S)-Ruia (S,S)-Ru2a

IIDOFERIT, B ETHIRAZ K S 1Z, TSDPEN B +% OV T =T AT
REHATIZ, AR I EDOT Y — L ED AV MIRFEKRBRE S OIS ETT L,
18 A DOENLEAFNI A X T A I NEEHEE HZ 0T W L AR LTWD, —F, ALF=
NVEEBIZT V) — V& b 72720y MSDPEN $8{A Tl 43 1P C-H YIWTRUSIT & 2 Al s
WEZ VIS WEEBZ BN D ANFRF-IRFMEPISEEM T v 2L LTRFT 55
BT, ANB= NI EOBBRILN S 7 0 A 2 bz 5T O & b LRI A 5D
THETHDLZ Db oT,

Flo, INETHWTE AT =0 A7 I FEIRIX, 73T “NHENA” Z#H L
TWAHEERTH -7, entry 4 TIEN-ATF VM ZHT D7 I REEER(R,R)-Rulr)Z VT
O % B L7z & 2 A MR 7%, 6 ME 60% ee & “NH L % A9 % Ru(Tsdpen)(hmb)
EER((R,R)-Rula) & LLi U CUHE, ML & HICRIBIZIR T L7z (entry 4 vs 2), Z DfER
X, 7 REEAOEFE EOTa bR F U T ARREORBUCKEBEESLTNnDEZ &
EARTHEMERESZOND, ZOBEBIZOWTL, FBHEIZTRE YA Z ARG
DHEESGHERE & & BICERT D,

Ubokoiz, 5s BROBRKRT ) Thd 2>/ aXF-1-Fr(layk~vn
VRV AFN(Ba) b DRF A TIVRIGH, FTNNT =T KT I RESRARLE A I TR
REPHEATT HZ L B RN Lz, £ 2T, ~A FIVZERO L A #2325 B
ThEx BT )V EDRUGERFT 52 L & LT,

FT6ERT ) ThHDL 2V u~nFtr-1-4 (b)) L~ VY A F )1 (3a)
& DO & ME LTz, Scheme 3-23 1Z/Rd K 5, fitfit & L T Ru(Tsdpen)(hmb) & (&
((R,R)-Rula)Zz v, S/C CGEE/MlEE v bt) =50, 30 CIZT 48 MG ST E 2 A,
BOSIEHRIZHETT LTS 2~ A 7 VSR (dba) 2 XK 93%, JE7HliEE 96% ee TH-R
7o WIT, 2= 7 X7 1= 2 (1a)DBUS Thic R D R % 5 2 72 Ru(Msdpen)(hmb)$

171
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R((R,R)-Rulb)Z H\ o & Z A IR 99% . FHIEE 98% ee & & BICRAFRAER % 52 T2,
S/C =100 DT SUNIFEICHEIT L, IR 98%, JLFMEE 98% ee THHIMAZ 52 5
ZEmbhnol,

Scheme 3-23. Reaction of 2-Cyclohexene-1-one

0]
0]
O O chiral Ru cat
+ > S
CH3OMOCH3 (CH3)3COH COCH,

1:1
1b 3a (S)-4ba CO;CHs
chiral Ru cat S/C  conditions vyield, % ee, %
Ru[(R,R)-Tsdpen](hmb) ((R,R)-Ru1a) 50 30°C,48h 93 96
Ru[(R,R)-Msdpen](hmb) ((R,R)-Ru1b) 50 30°C,48h 99 98
Ru[(R,R)-Msdpen](hmb) ((R,R)-Ru1b) 100 30°C,72h 98 98

7 BERO 2=V 7 a7 14 Ae) DA, Scheme 3-24 1273 K D2,
Ru(Msdpen)(hmb)& A& ((R,R)-Rulb)Z W TG ZITH &, 5 BERS 6 BEROERR= /&
DB AR BIEHER IR T T 2BAICH D b OO, @OV FMEDO A% 525 =
ERbholz,

Scheme 3-24. Reaction of 2-Cycloheptene-1-one

o)
0
O O R,R)-Ru1b
¥ )J\)J\ ( )
CH30 OCH, (CH3)3COH CO,CH;
30°C,72h
1c 1:1 3a (S)-4ca CO,CHjg
SIC =50 75% vyield
>99% ee

iz, Bk VIEEORHORBEFRLHNTT ) VD 4 LIV AT
HE2HTD 44-DAFN2-2 70X T o—1-F L Ad)D S E E Uiz, & O 5,
Scheme 3-25 12779 K& 9 IZ Ru(Msdpen)(hmb)$&{K((R,R)-Rulb)DFAE T tert-7 F V7T L=
—/LHIC 30 C, 72 REM OSMECTE S /72 & 2 A, Scheme 3-20 D i & bhiig LTS
PMET L. IR 83% & SUS TR L7e o T2 b DD WEME 99% ee UL LD~ A 7 LAHN
K% 52 7-, —J7. Ru(Tsdpen)(hmb)$E{K((S,S)-Rula)DIE(E T, tert-7 F /LT b —/ L,
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F720%, P T 40 °C, 48 BFISG S BT E . TV EHIER 40%, B LN 9% &
& BOSHEIZRIT A DD 55T AR O HME T & B2 99% ee & EVMEE R LT,

Scheme 3-25. Reaction of 4,4-Dimethyl-2-cyclopenten-1-one

o 0]
. M chiral Ru cat
» CH,0 OCHs solvent =~ CO2CH;3
1d 3a ada COF
S/C =150 chiral Ru cat solvent condition yield, % ee, %
(R,R)-Ru1b (CH3)3COH  30°C,72h 83 >99
(S,S)-Ru1a (CH3)3COH  40°C,48h 40 99
(S,S)-Ru1a toluene 40 °C, 48 h 9 99

WIZ, ~A T NEERI O EIRIE OB LT L7010, v 1 VBT =T /1 (3b)
DG % REt LTz, Scheme 3-26 (27773 & 512, Ru(Tsdpen)(hmb)$(4((R,R)-Rula)DTFAE T
TRISEITI & 96% ee D~ A 7 LATIIE((S)-4ab) Z UL 96% T H- %, Scheme 3-19 |27
Lizwa Yy 2 TN @Ba)D s & T, BN 2% ee (K F L7z,

Scheme 3-26. Reaction of Diethyl malonate

o}
Q o O (R,R)-Ru1a
+ >
é CZH5OMOC2H5 (CH5);COH CO,CoHs
40°C, 24 h
1a 1:1 3b C02C2H5
S/C =50 (S)-4ab
96% yield
96% ee

YR UBEDATFND2UIATFNIEZGT DA TF N ~a LB AFLBe)&
7o) TiE, Scheme 3-27 (2783 X 9 12 Ru(Msdpen)(hmb)$& A ((R,R)-Rulb) DFE T, kL
THT30 C, 48RO EEFE LT 2 A, FTREOINETH-T=b DD /=TT
F A BN SIS ET L, 97% ee D~ A VA IK(dac) s G- 2. 7=, —T7, tert-7F VT
Jb 3= )V TR ZAT 72 o 7o 0 1R DRI AR EE 72 23 B ORI D3 80% ee & RIRIZIR T
L7 2O XD ICARE TIX EOBEBEITH L TRWS O DB RN RN R 6z,
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Scheme 3-27. Reaction of Dimethyl methylmalonate

O
O CO,CH3 (R,R)-Ru1b
é + 4<00ch3 sol\:ent * CO,CH3
iR N 30 °C, 48 h sa COLCH;
S/C =50 solvent yield, %  ee, %
toluene 51 97
(CH3)sCOH 65 80

LLEDORRNG . Bk COBRBENHTIC o0, £z, BERENEASH
BIZoH, SOSHEIIE T3 228, #8707 =7 A7 2 REMEACROGIREE 28I 5 2 &
T, L0 ESFRRSERE 525 2 L0 RSB STz,

ARAF IR FE-IRFAEATERRSUGIEEATEIC BN TV T, S/IC=100 DF&MTY Z
AR —VORSIZH A TE 5, EES. Scheme 3-28 12789 X 5 12 Ru(Msdpen)(hmb)# {4
((R,R)-Rulb)DIFE T, 30 C& W FIRIZR T 2-v 7 n XU 7 v—-1-F v (la)id~ 1 U
PAFBa) L G L, 98% ee DiE\ IEEEHIEE D~ A LA HIHA((S)-4aa) % E EAIIC 5 2
%o BUGHERMINZHEITT 272, M4 08T 2 720 TRPEEERHEICSRTE 5
HXRTNANT =T LT I REERITERMEICOEN AL E S 25,

Scheme 3-28. Gram Scale Reaction

o)
o)
O O (R,R)-Ru1b
+
é CH3OMOCH3 (CH3);COH CO,CHjy
- 30°C,50 h
1 CO,CHs
1a 3a (S)-4aa
1.07 g 1.72 g 2769
S/C= 100 99% yield, 98% ee

INHOMAZ S LIZ,100 g 27— /L TD(S)(-)3— EA(A MF T IR =)L)
AFN—1=v 7 aX B ) (S)-daa)DE ARG LTz, BARBIIZIE, Scheme 3-29 (2777
X912, 0.6 mol A7 —/LDE% SIC = 100 DA THF L7z, Ak Scheme 3-28 DI
IS S TR | RS E LT tert-7 F AT a— LR b0 IS, IWHAMERE L 247 —L
Ty TR G I v e, BOGKE TR OZEBARIT 100% & /N — VR ORE R %
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FHT DN TEL, MSBROBUETIX, hT7 L7~ 87T 7 0 —R&RRERIC
L 2ERBRETENLETH -7, BEOICIE. BIOYZ BEENEE 87%, IXE 1123 g T
I CE T, BoNTALBM DG ZITIRoTc & T A, KFHIEE 97.5% ee, {LFHIEE 99.8%
(GO L BAFfEThH o7z, 2D X, FTNWAT =T LT I REEEKIT, Bk V3L
v UET ATV EDARE A T AIISIZ BT B ERAEICEBN - ch D Z Lnb
Mmool

Scheme 3-29. 100 G Scale Reaction

(R,R)-Ru1b o
o 3.31 g (6.0 mmol)
(S/C =100)
CH?’o)k)J\oCH3 toluene (300 mL) CO2CH3
25°C, 66 h CO,CHs
1a 1 3a 100% conv. (S)-4aa
50.3 mL 68.6 mL Isolated yield: 87% (112.3 g)
(0.60 mol) (0.60 mol) Optical purity: 97.5% ee (S)

Chemical purity: 99.8% (GC)

WIZ, WE—MEOILEZ S I LT 2 MEHOSRT ) VOIS ZE LT,
F£7°. Scheme 3-30 |Z7R T XK 912, B RU REEA RuH[(R,R)-Tsdpen](mesitylene) & T 7
T o, TR REMAE AR S, (B)y3-r T r2-Fr(e). T, (BE)y 4T ==)v
*&7?Viﬁh4mkvnVMVI?»@M&@&E%@%LKO%@%%\@yy&y
TU2-Ar(1e) e I & T ARG TIE 15%DIRIERR N b~ A 7 AAHIEE 5 2 7=
KU, (Ey 47 == )V-3-T7 24 NDOGEIXEIME 2L G2 o oTz, [FERIC
Ru(Tsdpen)(p-cymene)&EA((S,8)-Rulg) DIFAE | tert-7 F /LT )V a—)L i (Ey3—XU T
2-Fr(e), F2lE, By 47 == N-3-T T 2-FA)~vr By T INEb)E DK
I EARE LTz, EORER, B B U REEA RuH[(R,R)-Tsdpen](mesitylene) D 5 & [FlAR DA 7]
B LT, (EYy 47 = =377 2= AR L K& LR Do T2 DIISTARI 22 BK ¢
LT EEND EBZ LD, SRS EE  RUNE) 32T 2= (1) D SR D
B T=DiE, FIGRHETERIRT ) v TH D 227 a7 7 v 1a)D KR 90%LL ED &
IWECTHME G2 DL 5ZBETH L, BHRBENEREE X OND, $IROIEE TS
PEDRBEE IR T L2 2 SIERIGHE & R L T D b0 EE X b, TR HIZHOWTIE
BHETELET D,
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Scheme 3-30. Reactions of Diethylmalonates with Acyclic Enones

0 . o O chiralRucat @ CH(CO>CoHs),
)J\/\R CZH5OMOC2H5 solvent )J\)*\R
R = CHj; (1e) 1 3b
CeHs (1)
S/C =50
R chiral Ru cat solvent conditions yield, %2
CH;  RuHI[(R,R)-Tsdpen](mesitylene) acetone 30°C,48h 15
CeHs RuH[(R,R)-Tsdpen](mesitylene) acetone 30°C, 48 h 0
CH;  RuU[(S,S)-Tsdpen](p-cymene)((S,S)-Ru1g) (CH3);COH 40°C, 24 h 2
CeHs RU[(S,S)-Tsdpen](p-cymene)((S,S)-Rulg) (CH3)sCOH 40°C, 24 h 0

2 Yields were determined by 'H NMR.

BNE p-7 P RATNVER 13-V bR~ A SAEEICHN S RS

A CHWe~Yr VB AT UIAHRE My 7 RKEEZ L LA TH -T2,
AEITIL, = FA My I KFEEZ SO BT = AT NVEOKISE R LTz, &7 M
& T AT IVENL D B REFSBIRMESCRUGR D VT AT L A BIRME 72 U SOSHERE DB A 6 ) Bl
HRIRWIEE TH D,

FP. 2= T ) r(a) b A Y T F VIVER A F L 2T L3 E IEIC
RAWTHRISEEOBFE 21T 272, EDOREF % Scheme 3-31 12F & O TRT, RISOZHEI
FISEMRE T TR RISEEOMAEDLERNT =T L7 2 FEROEEIC L KRELS
BInsZenbrolc, ~vEVBZATVONIG TR BIFERE 5 272
Ru(Msdpen)(hmb)EE 1R ((S,S)-Rulb)DIFE . tert-7 F /L7 )L a— L 30 C, 24 BEfE &
EHEELEZA entry LIZRT I LI OVT AT UA~—iREWE LT, 1K 6%, K
R 92% ee THRIUGT D~ A 7 /LAHINR@aj) 33 bz, B—7 b= AT ARID A F R
FVNFERIZTEMELZHBIFRO LI ICHHATE 5, 7 FZ AT ADBERIRT 7 1T
INU7ZRER T, =7 R AT IO A F U IRFEIIF T NVIRFZTH DM, BHEE DR 2
FURFZEDOT B NN EHHIE N T eI LIZbDEEZLND, tert-T FILT IV
TI— L ORDOVIZ A= EHWEGEEE, entry 2 IR T X D ITHRFBMEN 4% ee KT L
T2 2 I RIR CH 2 72, —J7. Ru(Tsdpen)(hmb)$E{A((S,S)-Rula)D i Tl B
WL U tert-7 F AT v a— & WG entry 3 1T T K 9 ITILER 94% THE A
86% ee D M A G- 2 7-DIZxt L, b= OIS TIE entry 4 (239 K 9 ICUCRIZF
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FREEZ2 NG | AR D FHE 1 95% ee £ Tl L L7=, Ru(Tsdpen)(hmb)E&{A((S,S)-Rula)
DIFAE R YA T NVZEIKRE LTOBRDERT ) o Th D 2-v 7 n~Ft~1-4(1b)
AV BRI TRIRETTR O LI 45%, JCFHEE 47% ee & AR+ fE R TRt g
LA T MIIMEE 52 T2, 2D OFERIL, Bk= /) v & -7 b= 2T L& OfABED
T HUCER T U F ABPRICRE S HEL X2 D52 2R LTV D,

VT =T LEHRDT L — BN DS K E < Ru(Tsdpen)(mesitylene) $f 45
((5,8)-Rulf) D SUE TIXEBMNC~ A T AANIEE 52726 D0, JFHED 90% ee &
Ru(Tsdpen)(hmb) & {4 ((S,S)-Rula) O < iis & FL#E L T 5% ee X F L (entry 7 vs 4),
Ru(Msdpen)(p-cymene) & {4 ((S,S)-Rulh) D )i & Ru(Msdpen)(hmb) & 4 ((S,S)-Rulb) & H#%
L CULER & G AN B AR T L7z (entry 8 vs 2), /LT = 7 LGSR OBELAL FH5E & B~
F T AT NRBIRT ) DO NARBIEN IR D BOGHERS - o F AP DR E TR CTHE T
BHDHILERBELTWND, S HIT, RISRE SIS o FARRIEICKRE < 4L
HZ25HZEnbhole, BUNREZ 0C, BLY, —20 CIZEK F S HDIZONNEZT T
72 R S BT T L 72 (entry 5, 6),

Scheme 3-31. Reactions of B-Ketoester with 2-Cyclopentene-1-one

0]
(0] O O
. (S,S)-Rucat
\HJ\/U\OC% solvent o
temp, 24 h H
1a 1:1 3j ’ (0] OCH;
S/C =50
(S,S)-Ru cat: (R)-4aj

Rula: R=Ts, R, =1,2,3,4,5,6-(CHj3)s (hmb)

R
R
|
CeHs., N 4" Rulb:  Ms,R,=1,234,56-(CHs)s (hmb)
)iN/RU_ ~ | Ru1f: Ts, R, = 1,3,5-(CH3); (mesitylene)
H

CeHs Ru1h: Ms, R, = 1-CH3-4-CH(CH3), (p-cymene)
entry (S,S)-Rucat temp, °C solvent yield, % ee, %
1 Ru1b 30 (CH3);COH 96 92
2 Ru1b 30 toluene 97 88
3 Ru1a 30 (CH3);COH 94 86
4 Rula 30 toluene 95 95
5 Rula 0 toluene 82 91
6 Rula =20 toluene 62 86
7 Ru1f 30 toluene 100 90
8 Ru1h 30 toluene 53 72
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WIT, B~ R AT VDB R AT, FORE, 7L R OSIER
REESOHRNT S U FARIREO R LICHF ST 52 BNbhoTz, BEICIE
Ru(Tsdpen)(hmb)$H A ((S,S)-Rula)z FHV /2 )& Tid, Scheme 3-32 12”73 L 912, B~ b=
2T L DOEHIE R 28 CHs DEE 2B\ T CH; < CH(CHs), < C(CHs)s DIEIZ = F 2 F 7458
PRUENT E Uentry 1, 6 and 7). 7 3 /VIEIT tert-7 FNVIAEHF T H /30 A VEER A F /0>
AZT NERD UGS TIX, RIS~ A T AR Z 5 2, O 97% ee £ Tlal L
Liz(entry 7). £72. AFAR YA AT ET— h3E), BEOZF AR AL AT T —
FEmM)DUGES . ZIEI 96% ee. B L TN9T% ee DIFHME % o~ A 7Lk % 5
Z7T-(entry 9 and 10), —77. p—~ F T AT /LD T AT )LEHEL R DO SLARRY 72 E S DK
ITRDOIREGE 2D Z ERNbhot, Bz, tert-7 FNTE T T — hBe)DIGHIE
93%DEIRE THRIGT D~ A T NAIEE 521726 DD ZDIFHEIL 72% ee £ TIKT
L7=(entry 3 vs 1), kb 123515 % Ru(Msdpen)(hmb)SE{A&((S,S)-Rulb)D i T, p-
7 RZATADT VIERIOBEHIE R ORBITZITICL < AF IS tert-7 FVIEIC
B2 TH, Boile~A 7 ATIMED N FHEIL 91% ee 725 87% ee ~EAENIR T L7z
DI T & > 7= (entry 2 vs 8),

Scheme 3-32. Reactivity of B-Ketoesters

(@]
(@]
o O S,S)-Ru cat
R’ OR? toluene 0
141 30°C, 24 h H
1a : 3 0] OR?2
S/IC =50 R’
(S,S)-Ru cat: 4
Ru[(S,S)-Tsdpen](hmb) ((S,S)-Ruta)
Ru[(S,S)-Msdpen](hmb) ((S,S)-Ru1b)
entry ketoester R R2 (S,S)-Rucat product vyield, % ee, % config.
1 3f CH, CH, Ruia 4af 100 85 R
2 3f CH, CH, Ru1b 4af 99 91 R
3 39 CHs C(CH3)3 Ru1a 4ag 93 72 R
4 3i CH,CH;  CHj Ruia 4ai 92 80 R
5 3i CH,CH;  CHs Ru1b 4ai 99 89 R
6 3j CH(CH3), CHj, Ru1a 4aj 97 88 R
7 3k C(CH3)s CHs Rula 4ak 100 97 nd
8 3k C(CH53)3 CHs Ru1b 4ak 92 87 nd
9 3l CeHs CH, Rula 4al 91 96 R
10 3m CeHs CH,CHs Rula 4am 99 97 R
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I DS TH LD NFEMEST N A BITA AR TH Y | Figure 3-6 (T
T KD TR KR T &> 5 (+)-Coronafacic acid”<>(+)-Coronatine®™, A kU % 2 27
NHvaA RO —FE T % (-)-Tubifolidine®, (-)-19,20-Dihydroakuammicine®’ ., 3 X ¢
(-)-Strychnine® | ZFFETE 5 Z L B3H LTV 5,

Y CO,H CO,H
CONH=——=3
H
,"// H
O H H /,,//
o H H
(+)-Coronafacic acid (+)-Coronatine

CO,CH3y
(=)-Tubifolidine (=)-19,20-Dihydroakuammicine H
(=)-Strychnine

@) o)

Figure 3-6. Useful chiral compounds derived from michael adducts.

728, Scheme 3-33 (/R &L DI, v R UVBRTAT AR B-7 b= AT LD &
7 o2 b o 13-P7 hr DT v FATE @B~ A RS LTHWS
LERMICHBWMEZ G2 2703, £ONFMEIL 0% ee ThoTo, 7TEFALTE @)k
FTNT I REERE ORI KV AT 28EEASIERICEN TN DDl ROT )/
& DRIEDSLERRNCHIEH S o 720y, 6D WITRE OBEE R RO 2D, EAE S
TORIEBEIT L2 D EHERI SN,

Scheme 3-33. Reactions of Acetylacetone with 2-Cyclopentene-1-one

0
o O O (S,S)-Rula
+ >
<fi7 PN (CH4)sCOH \
40 °C, 24 h COCHj;
1a 1:1 3n CH;0C
SIC =50 4an
99% yield
0% ee
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ARIINZBET 2 E LT, fEEMIE=E D Wang | Scheme 3-34 (277 XK 91T
Ru[(S,S)-Tsdpen](mesitylene) & {4((S,S)-Rulf) L @H ED T EF LT & s @) & DRILE T
B RAPTITY & FTAT I NGRS LT a2 52 5 2 L2 HE L TV D
P RS EIC L 0 BUS L 72 RS XORRE S RSEMRAT O RSB, Figure 3-7 1T X 5 AL
T = U LEER(S,S)-Ru2b) TH D Z LA LI LTV D,

Scheme 3-34. Reaction of Acetylacetone with Ru[(S,S)-Tsdpen](mesitylene)

Ts TsHN \\\PaWPh
CgHs.
GSJ:N\ . O (0] )'\/OH"—
/Ru— - = —
N
H

CeHs

N=RiI—\¢ NHTs
acetone Ph Ho '}‘\(\

O H pn
(S,S)-Ruif 3n M

(S,S)-Ru2b

(S,S)-Ru2b
Figure 3-7. X-ray structure of acetylacetone adduct of Ru[(S,S)-Tsdpen](mesitylene).
(The tosyl groups except for the ipso carbon atoms as well as hydrogen atoms are omitted for

clarity.)

ZORIE, 1 OO T =T LI LT2o0T7 v F AT M REn)BRENE
NWJERAL L, 72, 2 3 FOV7 I VMR ENENHERAM LTS, 7 L— i
NAZROTAEETHDHZ D, BAAEERTPIZIZS T I BB L TW WL T =0 A
RBNFIET 5 52 bD,
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T X oz, EErPicxt UCHRENC TR LT W T T LT & R (3n)
IE, FNED IO TEA L TW AR F 2RSS ITBWHTHEERH D Z LM bhT
W%, 1z 13X Bergman X, Scheme 3-35 127”73 X512, Ru &[AESETHD Os DT L —
UESRICE VLT, REORIGEBIEZ L T,

Scheme 3-35. Reaction of Acetylacetone with Osumium Complex

o o
CH(CO,CHs),
N NH-t-Bu an N
—Os\ > ‘ —Os---0o
y CH(CO,CHs), — HoN-t-Bu 7\ \)
0
N (jNHTpBu 90 % yield
—OS—CH(CO,CHs),
7 \\_.
g‘o
N

372 B Os(NH--Bu)[CH(CO,CH;),](p-cymene)$E A 1X 7 F L7 & + > 3n) &
Bt L, Bz 72881K Os[CH(CO,CH;),][(OC(CH3)),CH](p-cymene) & ##8f > NH,--Bu % 5 %
e ZOB, T REM BT EFATE @O hEgl &l &,
(p-cymene)Os[CH(CO,CH;),][CH(COCH3),](NH,-¢-Bu) FF AR & §% T, BONAL D ASHINE Z -
TWLHHDEEZ BILD,

Scheme 3-33 [Z/R L7 ARE~ A T AAIEOSIZIE N T, F L— MUOT I FEAL
1% Scheme 3-35 2R L7ZHET I REZ - L VBRVFEG NEA L T DD EEZEZ B
LR, TEFATE NGB DORISTIE, 7 L— VB 70F L— MUY I N1 %
fRpfE S, DN EZ G EEZ L TWD b SN D, =) FARIRMERFEEL L
RINSTeDIE, VT =T LT L— USROG K o> TER LM B0 T =0 AFES
WERET X 2 MRS IZ B LTe TREE DN B 2 b D,
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=
FINNTZDANT I FEEEE BB K a, BRI b A E
TEER T L AEEH) & DFRZF~4 7 NI

FBHE o= FoERR=ATAR -7 BB AT NV E~ A TAHEERICH O 5 Kk

RIEIE CORPI T, FTNNAT = LT 2 RERGFET, MERBET a2 ko
ZbOovn T AT (pK, =16 in DMSO) . B X, p—7 F = A7 /L (pK, = 14 in DMSO)
LRIk ) v & OB T2 R~ A T AATINBOS S FHBIZHESIT L, BV EEME D~ A1
AT E 525 2 L2 RWE L, ZOZEIE, X TWLT =7 L7 3 REERH R
BV 1 b & b OERIEAE W & RFREZH &+ 5 RAEIRFE-IRFERE S TR R T
EHZEERLERT, REEFEDOHDLHZ LEBZLND, 22T, AfiCiEkvr VBT
ATNRBT P AT ALY EOEET e kD o= FerEHET AT L (pK, = 9 in
DMSO) X a-v7 /it A7 /L (pK,=12in DMSO) &ERIk= / L HH L OJGZ et
HTEllLle, = b T T, BREEBICLVESICT I AbEW~ L BT
EXHZENL, AHRT IUEEMOERIEIZRY 95D EE X T,

ZITET, o= baFBT AT VE~A TN GRE T 5~ A 7 VAR
ERET LIz, TORER, o= FafiE=T L Gr) & 2-v 7 u X T o-1-4 v (1a) & DG
X, FOGERIHETET T, AT =0 LT I RO U7 I VN7 b— B DL
RHYEB KOEFRRBEREIC LD . @GR, &) o F RIS ETT 5 2 L &
RWNZ U7, Scheme 3-36 @ entry 1 |ZRT L DIZ, ¥R UVRT AT AR -7 P AT LD
SO Z B 2 72 filiif T & > 7= Ru(Tsdpen)(hmb)$EA((R,R)-Rula)lL, 32% ee OfHINARKY) %
3B%DRIETH R 5 DHTh o727, —F T, Ru(Msdpen)(hmb)E&A((R,R)-Rulb)Z FH\>
7oL, entry 2 ISR T K D IZEBIICISHET L, G oTo~ A 7K dar) Dt
FAIEEIL 82% ee F Tl b U7e, [AISEIAZ W CRINIRIE A tert-7 F VT Va3 — )L hv b b b
TUACEET L L entry 3ITRT K D TR 89% & ORBURMEDME F Lz b 0D ARk
DI 84% ee &I LTz, 7eds, AT D~ A 7 ATIEIL, o-= b 2 FEEE
TF MDA F VIRFENFERICTE I LT 11l OV T AT L A~—REM Th o7, B
r R AT IVORE & FERIZ AR D o= F B FER = F LD A F U fRFEDELHNT T
tIfbLizbnEEBELzBN5,

BURIENZ &2, entry 4 [TRT XL D IC AR VK FICE R IMEOIRN R Y
7 )vFu A FIVHE D Ru[(R,R)-Tfdpen](hmb)E& AR ((R,R)-Rulc) % FH\V >, tert-7 F /L7 /L2
—/LH 30 C. 24 R OSUS Z2AT72 9 & SONMEHIBICHEIT L, 91% ee D~ A 7 /LAHIIA
ZIHE 97%ThH x5 Z Embholz, ARIGNT entry 51 ZRT L2 tert=7 I VT /ba—
JHL 0 CTIT72 9 2 & B ATRE T, I 95% THEHIEE 92% ee D HHIWE -2 72, Z DK
JE T T IV 32—V RIABEN I TH Y entry 6 (239 X D12 MV R TRIGEITR D &,
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IR 10% R T4 5, £72, entry 7, 8 IR T X 12, v B VBT AT LR -7 hT A
TNERND~ AT IS O AR 23 B < 72 2> o 7= Ru(Tsdpen)(p-cymene) £ 4%
((R,R)-Rulg)=X°> Ru(Msdpen)(p-cymene)#5 A ((R,R)-Rulh)i%, ZEH#HT L — Ffi+% & O
RET 5 L, ot BEO=F U FARIRENMET T2 2 ERbooTz,
ZOLXIT, BMARBEFRGMEZGT L) 7 Aa AF VA VR= VI E
OEEAN BRI R RGEE R THEB E LT, ~A 7N GAROBEENREE L TWnD b0 L
EZbND, T78bb, o-= baFE=F LGrii= b e REOFEEIC L0 EBEIEE O &K
FEALTEY., 72 REROEREERRNER T 1 b AL X0 ERRT 5 525
WD RIGHURD T I RN E /2S8R & 72 0 | ZRIRE ORIGEME T T 5 b D
tEZLNDY, —FH, BELEICN) IAFnAF LA LE=VEE L OT I KD
AT 2 NH OfEEMEEZ K TIE572012, o= hafiB-=F L@r)Oli 7 v k>
HRIAERT D EEZ 6N DT I UBHRITRERSER TIEe < <A 7 VL BARA S IZ
fREE LT < RV BFZAREESLNIIIST 20D LIS D, ~A Tt GiRom
PEEE, 7 X REEEROEBEAAHIRMEE DEV, BEO, A 7GR E T I REFHE L OIS
IR o THERT 27 I VSRR OREWD SR RET BN TE, 4% b5
BRAPLETHS I,
o= h rFRT AT V&R WD ARE~ A VARG Feringa 512 X 0 #d &
NTHY, ALB fFIE T, o= FrFBT= AT L L =V b U HHE DRE~ A TVt
MBI &0 L %S D~ A AP IR % BB 80% ee TH2 57, ZhETH=FrF4
BN SIEN RN S TWie o7 a-= FaFfR = AT VO RE~ A 7 ARG
D, XFTNNT =T LT I REERO ALK =V EOBE IR L0 R B < #A79
HZENPhroTl,
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Scheme 3-36. Reaction of a-Nitroacetate with 2-Cyclopentene-1-one

0]
0]
o R,R)-Ru cat
+ on S
2 OC,Hs solvent CO,CoHs
0-30°C
1a 1:1 3r 4ar NO2
S/C =50
(R,R)-Ru cat:
Rula:R=Ts R, =1,2,3,4,56-(CHs)s (hmb)
CeHs Rulb:  Ms 1,2,3,4,5,6-(CHs)g (hmb)
\E Ru_ Rulc:  Tf 1,2,3,4,5,6-(CHs)g (hmb)
Ru1g: Ts 1-CH3-4-CH(CH3), (p-cymene)
CeHs’ Ruth:  Ms 1-CH3-4-CH(CHs), (p-cymene)
entry (R,R)-Rucat solvent temp, °C  time,h  vyield, %? ee, %°
1 Rula (CH3);COH 30 48 33 32
2 Ru1b (CH5);COH 30 48 99 82
3 Ru1b toluene 30 48 89 84
4 Ruilc (CH3)3COH 30 24 98 91
5 Rulc CH3CH,C(CH,),0H 0 48 95 92
6 Ruic toluene 0 48 86 92
7 Ruilg (CH5);COH 30 48 83 57
8 Ru1h toluene 30 24 81 55

@ |solated yield. Obtained as a 1:1 mixture of two diastereomers.
b Determined by '3C NMR of corresponding ketals derived from the denitration product
and (2R, 3R)-butanediol. The absolute configuration was not determined.

W, a7 ) WEE A FL3s) &~ A T NALEARE T 245~ A 7 ATINOGR &
#kdr7z, Scheme 3-37 12759 K 9 (2, Ru(Tsdpen)(hmb)E&{A((R,R)-Rula)D1F(E T (S/C = 50),
-7 a T -1-F(1a) DG E 30 C, 24 B O T TR -2 2 A, 11 DY
TATVA—IEREME L THHO~ A T IVIRas) % 22% DRI TH 2 723, D
JFHEEIL 17% ee LARVMETH 072, KRGO EAEFMITT ) v/~ A T AfhER = 2:1
DILEWTH Y | PR 52% TRHONT, FNRD o-= F aFFR= 27 L ORIG E K& B
HREREH XD AT =0 hELT I HREORMVMEEEMICL 2 bDEEZLNDY,
—J, oLz V=K E SO VT BB AT NV E WS AT, /IR A
BREENERERIGICA D 2 L ERBHFREORBNBRNZLTNDS ',
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Scheme 3-37. Reaction of a-Cyanoacetate with 2-Cyclopentene-1-one

O (o) O
o o) (R,R)-Ru1a
+ > +
<%7 NC\“JKOCH3 THF CO,CHg
30°C, 24 h N NC~ “CO,CHs;
1a 1:1 3s 4as
S/C =50 22% yield 52% vyield
(R,R)-Ruta: 17% ee
Ts
CeH
65 N ™~
/Ru
CeHs™ N
ANE OFEED

AREFTIX, W72 Bronsted S HEMAZ AT DX T AL T =T A7 I NESR & WM
7u hrEbORBEEME DRISIZER L, v BT ATV BT P ATV, 13-
Ry, o= halg=TF I, BXO, V7 JEHEA TR EIEEA T L ALEME~
A TNEERE LTHW, = VA~ A TVSEERE T DREF~ A 7 WIS % et
L7z ZOREE, MBS IEETF o FARRENTHET L, xHET 2 F F AR 2 IR
RG22 &R WELTZ,

fREROE~DRHZEZEB L T, ETXTNMAT =0 LT I Rk ~nm Vg
AT BEOL p7 b= 2T v E DRGSR L, AT 28RO RE, B X
O, NMR 7B K 28T X VSR DI T COBZEENZ DWW THE L7z, £ 0k
R VT =ULAT I RERE~a VRV ATF L EDRIGTIE, YR UVBYATFILOATF L
VIRFLIVT =T LS LTz C-bound FUSEIARN BLEE S 4L, HLAES X BAEEREATIC TE O
HEZA NI LTc, v U RY A FIVDMESEINL VT =7 MRS LIZAERRATRER O
—bound = 7 T — MEARIZ, NMR 38EICBWTHBIT 5 Z LR TEeh o Tz, (AR
IZ VT =0 AT X REERE B b= AT V& O ERmGE R L= & Z A, 0-bound
Bl ) Z— MRS EBES L, BURES X BEERIATIC CEOIEL I b Lz, £,
NMR 53 HEIZ BV T, C-bound AR & O-bound Bl / F — M SR O 5 MBI S
WP CIEHR A E L THFEL T D ZERNbhoTe, ZOLIIZ, ~a By AT
N DAL C-bound BUSEARN = RN F—MIZ LV ZEREETHHD, p~7 AT LD
Yty C-bound BLEE(AR & O-bound Bl / T — REEIRAS & b ICLERIE TH Y WL C -1
REBICHD Z Enbhrolz,
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INHOMREAESL EIZ, FTNAVALT =0 LT I REEREZMEICHND v 2 %
TATFNVHE R ) VL ORF~ A TS Z G Uiz, £ OfSER, ARSI
FIR CTHIBICET L, BUSERSTF U FABRMEITF T 00T =0 L7 I REROREIEIC
REEBEZT, RFOT L— BN OREE D UG =T o F BRI F S
HENEFIIRENWI ERNbhroTe, LLIT, ZEHT L— VBN FO~FHF A F LR
B B2 F-(hmb) % % > Ru(Tsdpen)(hmb)#i{A&(Rula)X> Ru(Msdpen)(hmb)&f{A(Rulb)% v
A, BOBRISTEE & BICkE 99% ee DTS F AR TERMNELNZ, =/
VEOREIZOWTE, S BRE2D 7T BRETORKT ) VOKIGTIIW TR b EmVE= T
VFABRMEEZ R LI OO, REBDSHEZ T2V, BEEL S ORE TIIRSEDIK T2
OB, —hH, Bk VORISITIZE A EEIT LW &b bhroTz,

FINNT =T LT I REHRDOZEMEIT A LR = V3 EOBEHRIEICRE < B
BT D, ANK=NVE EOT U — IO AV MLIZERILZ 72720 Ru(Tsdpen)(hmb)
EA(Rula)x, BAICARZETHY, 7V =IO A) b A X iz E v, KiFETH D
BOAZARI72 18 B D A X T WA 7 WSERN AR LT W ERbhote, —J, ANE=
VI BT Y — VA B 72720y Ru(Msdpen)(hmb)$& (A (Rulb) % il 2 N2 AR5~ A v
MBS N TR, S/IC CGRE /e /L) =100 D&M T, SOGIRE % 60 °C 12 i T
HEEDIR TR 6T, MBICEUCHHEITT 5 Z &b nol, TNLDHMAEZS &
(2. Ru(Msdpen)(hmb)#&{A(Rulb) D TFAE F(S/C =100), 0.6 E/L A7 —IT2-v 7 a~y
To-l-Fr(ayb~a VY AT NBayk OAREFE~A TAINIGE EfLIZE Z A, (S)
() 3—EA(RA FFTHILRZINAFN—1-2 7 a2 ) (S)-4aa)S L E 1123 g (B
BIEIY R 87%, JESFMEE 97.5% ee. (LML 99.8% ) T bz, £7-. ARJSIE S/IC GEE
MREEE L EE) = 1,000 DT H FIEICHET L, 10K 97%., >99% ee THHIMAZ 5252 &
B EAMEICENTEARERBZ-REBEBETRIETH D Z Lr3bh o,

IHIT, v AT NEERE LT B h= AT VAR 13-V b EEHWTER
W ) v DORF~ A T ATINEE G LTz, T 47 I REEEROT L— U ENL 7O
I L E BT, B P AT VHHOHED, RIEOFhE, L ID, = U FARREICK
SRWBEHEZDLZENbhote, Thbbh, TV EMlOBEREZ SR THE )
FAFRMEZIM B L, =27 Vi Z2dm < T 5 & U FABRREME T 5,

DUVNT, ARSI 31T 2 FE A 2 LR T 72 oic, ~ A bR
LT o= aFRTF @)X o7 / Hillg A FL@s) DS iEt Lz, o—= b o fF
TFAGBODIIETIE, ¥ 0 BT AT AR =0 b AT )V OROG TR EVERE 208
L7eFx TNNT =0 LT I FERE WD & 80% B D= F U FAERM A R~TIcL & F
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ST, REUGTIE, $EERD 2 VR = VI Bt S 7B REI1MEE (CF) 2H9 217 =
U LT X REERD BAFIRROSE, =F o FAEIRIEZ R L, em 92% ee D HIMZ 52 5
ZENbhol, —H., o= T HEEA FLBs) DG T, o—= h B FEETF L Br) DK
S EVERTRAS . ERD OIS . S DI~ A ZFEER 1 1okt L CEIk=
JVIR2 M LT R A 5 2 T2, ZiLD 2 DOFEEDORIENEN K E g o - EK
LT, oV T JEIRA T NGO T e NT =0 AL ORWHAEERNBES LT
HbDEZEZBND, BEMICIE, VT=U AT I KL a7 EER A FL(3s)DJX
JETIX, B—5D Scheme 1-30 IR LIk D12, 7V EBALT =0 MIERGL LY U o
v B — A FURERE T D LB A DD, ZOKIE, KIGRERDT =4 U ELA
FLERNOEEN TV A TZDIC, =/ TSV TRIGT DB IE, B+ & DSLIRRFED
HENDINEDEZR BIND, LIz o T, B LT~ A ZAATIED, O~ A 7 v
HEERE LT X FEEREROG L, fERELC2 0N LIcAEgE 52720 LB %
b b,
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B WS

REF~A T NAATINBOSEE =—FTHIR 72 L 510, RERFEHEILEDO—DL LT
HETH Y, T OB TFIEOBRENEANAT DA TWS, ~ A 7 VZRIRE L THi%
REFRGIMERIZ Lo THEMH b ENTZA L7 0 BB TSR, 2055 & ITH
N7 B REIMEREDO= Fa ERN@E L= a7 T VSO RE~ A T ARG
B RALFERNCR AMER RO EERAEEYOERFEO—2 L LTHBEINTE TV
2%, Eblc, ARISICE VB END = hr 7 Ak UHEIE, Scheme 4-1 ISR L 5 72= b m
FOFERBEAWIC L kR e BG4 PRIE M E OB AP RIRICEFE T & 2 EE S
MmThHdH Db,

Scheme 4-1. Examples of Conversion of Nitro Compounds

Nu Nu
1 . O 1 . * NLI'
nucleophlic
displacement
Nu Nu

Michael Red.
@ . R—]/\/NOZ R1&=/N02 R1&/NH2
Nu R2

eyer
R2_ RZ_

CNO R1 CN co2

1—1. FRERRELRFREAL T IRE~A TIUIRIEG

FHo_ETHRANex ) VHEORIG LRI, = ha T AT o ~DARE~A T
JASINBOGIZ IV B D RFBREH & LT, AESEHED U7 VR VIR F 5T
%3, Feringa HiF, WHICHR LIEFTINARARZTT IZA MEMIFE R 75— &
5 RN TR L= Cu(DEEERAS, Scheme 4-2 [Z/RT L DI, = b T ~DY T V¥
VISR DR AR FE~ A T A IMBIRICA N TH D Z L2 ME LTV D,
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Scheme 4-2. Copper-Catalyzed Asymmetric 1,4-Addition of Dialkylzinc

Cu(OTf), (1 mol%)
RO x_NO (S,R,R)-phosphoramidite ligand (2 mol%)
YN L Ryzn

>~ RO NO,
OR toluene, —55 °C Y\/

g

OR
(S,R,R)-phosphoramidite ligand up to 86% yield
up to 98% ee
O, 5
(0]

X INn Ty LA EZ FNC, = VEHAOT Y — AR VBEORF~ A
TNAATMBOERNHR S ETT D Z LB EEMESNTVD, ASIEFTr o0 A
W2 = a7 N EASOT U — R a SO RFAMAIN G~ & B LT, Scheme 4-3 |Z
RTEOE, TU—AARare Z@i= ha 7 g s LR L, BRI EEMED
W ZEBERMICHROND L L BT, M U FAERNICH T AT VA~ =05
BRAHZEERELTVDY ZORIGTIE, 7x=ARa v @gnba Py 2k~ 5
VARALNAL, T 2= VEEO = a7V DI ARG, 158 TT IR 2 0% C RO A it
THEDEEZLNTND

Scheme 4-3. Rhodium-Catalyzed Asymmetric 1,4-Addition of Phenyl Bronic Acid

NO Rh(acac)(CzHy), CgHs CgHs
2 S)-BINAP
+ PhBOH), NOz wNO,
dioxane/H,0, 100 °C, 3 h
o
89% yield cis trans
(S)-BINAP: 98% ee 98% ee

OO cis/trans = 87:13
PPh,
l ! PPh,
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1—2. AINVKRIAEMERBERER LT DRF~A TN IRG

[FRRIC, IRFEREAIL LT, BN = bW % D e R 55~ A 7 AT
INEOEBIES RSN TE TWD, IR EROIEMALFE L LT, k7 I
EDORISIZE D = F I 2R ST D HiE, £, BRICK DNV R= 1V ED a fLdK
FOIZFHRZFICED ==, LR, =/ F— MRS E, RFREH & L THERE
ELHERMONTND, = a7 AT 0 EDOREF~A T AAINBISICB N TS, 27
5D ANR=ACEY DOIEVEAL T B2 8 U CARFMBES S 2 0T &, 1) AA5ARK
flE e LT FRICE R I Ed. BF R IV ERT LRI LT I LA
WaERNT, INVKR=bEME DROSIC E D= F I AR, IRWT, ARk L7zF% 71>
FIVERFEREANE T D= a7V T o ~OARFE~A T AIEOE S, 2) BHB=Hk7
VENLE B OX T AT I ALEY. F72iX. Bronsted HIENEAE H T D RAAHEEBISARIC
EBD. WNVR=NVEED o RFE LOBEMET v O v M ALRIGEER E T DRGD 2
FRIC KB TE 2,

1-2—1. FINFIVERERERLTIREF~A TNIRIG

XINT I ALEWE BNV D = I R ERE R BT D ARE~ A Tt
MGG TR, 7 ) R0k, 23, AIFY VY HREDE HRT IV %
HOWDRICHHZEZ S fESNTWDY, = ka7 7~ h RO AR F ~ A 7 v
AN IZ. List®, 38X O Ender’ H3F T 0727w U o il W5 A A LT
W5, £7-. Barbas’, BE N, Alexakis’Hld, 7 I/ AF LY PoR0220-EEY D
HERE R NDAE~A T NVATINEOE % N L TWD, E5IZ, /M 51X Scheme 4-4 (2
AT RO Er U - DU RS o RS = b e T v B E Ofili
MRFE~ A T IAIIRICE I TH D Z L2 RELTND Y,

Scheme 4-4. Asymmetric 1,4-Addition of Cyclohexanone with Organocatalyst

N
AV R=N(CH3)2,N®

o (10 mol%) o A
+ Ar/\/ NO, 2,4-dinitrobenzenesulfonic acid (5 mol%) _ “__NO,
CHCIS, r.t. z

up to 100% yield
up to 99% ee
syn/anti up to 99:1
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—Ji. BT I ARG TR ORFAHT I I LD R = ks
WD =~ va T i o ~OMBERIR T~ A 7 ARG, 2006 4212 Jacobsen © (2 X V) #)8
THE Sz, Scheme 4-5 12T X 912, FTARE —RT I o —F A RBMLENR = F &
TINIT D a0- BT VT B RO RE~ A SIS E TH D, ZOR
FAMMIEL, D FRNOFE T I VEMMIAT LT B REDRIGIZ X D) I VIR EML
ELTHRET 2 & L bz, FARBEHMDIKERGEZN Lic= bkl oMAEERAICL D
FU 7 4 OIEMALEALE L THRE L . ~ A T AR & 2R DN Rl — 40 F N CIE P L &
IWCRISDETT 2D EE X bIND FH kT I v —F A RFEMIEIT, Cordova K> Schmatz
HIZL o T PUEORIRIZ bILE ST DY,

Scheme 4-5. Asymmetric 1,4-Addition of Aldehydes with Organocatalyst

\I/ s
CeHs N JC
6 5\/ \[(\N N\\
@) H H 0O R2
1 ) NH,
H R + RZ/\/NOZ HMNOZ
H,0 (5.0 eq.) §

CH; R" “CH,

34-98% vyireld
— — up to >50:1 dr

L g 92-99% ee

CH,Cl,, 23 °C, 24 h

proposed transition state

IHIT, H—ET IV AT OANE ARG E LT, BT X Ba
AERIZ S OMEENHRE SN TS, BIAE, &H 5% Scheme 4-6 (-9 K 512, FT/v
RE— o7 I VBV F U LE AN T a0 ZEHT LT Rinb I U AR A
S, = bR T AT o AsDOREYA T AAINIE B FRICEITT 5 Z L2 E L TN D
B 7By Y 4 v F— A+ R(NH;HC00) Zm Lod Vs, kT 3w
UFULIEET DI LT, RINBEASOERIEDR BT X ) DT VT b RO sREZH
M ECEDZFIVERAREL TSI DEEXBND,
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Scheme 4-6. Asymmetric 1,4-Addition of Aldehydes with Organocatalyst

COLLi
1 3 2
Rw) PR 2 . Hﬂﬁ(g%wq

R* up to 96% yield
2 1\n2
R up to 99% ee RTR® R
up to >20:1 dr

M O~© OO
N\ _A_ _CgH “_CgH
N/\/ 6''5 HN/\/ 615
R%J R%)
R2 R2

1—2—2. =)/ 77— FRBEREFLETDIREF~A T AAMRE

HANKRE=NVEED o REOPT 1 M AbLE RS E T HRE~ A T AAINBOSICE
WTIR, fBER 7 e F oAb Z2E 45720 0ERMEEZ O OMERH D, ZIvE TIZ,
Bronsted SN D @O =k T I LA S T NICH T D AN A BEAREE & & 112, Bronsted
HEMZ AT 52 < ORFAEEIBSERMBENBRIE S LTV D,

ANFF AR 2 F N 72 Je BRI 722 SO & LT AR B 13, Figure 4-1 (279 X 912,
DFRICHE =T I VA2 b OT AU LT iz v, ver@groFri=rarn
ARE DRF~ A VG R L2, AT, Bronsted FRALE L CHERET 5 T4
U LT EMERAKRBREEIC LV REFAIO= b T A o EEREL, EHICE=K/T IV
HNLSREER LD~ a VR AT VOB v i AIC L D= — VB RLE R L TR
FOSBFHRICHEIT T 2D EBEZ BN TWD, £72, Deng HlE> v aF 7 uinA Rafil
BEUZHW, wm VBT ATV EllE, BT AT A= b T s E DRSNS,
T 99% ee DEVHFME L b o~ A AR E 525 2 L2 )E L T3P, Zofit
BIX, X7 U Y UENL)S Brensted Hi kS & LT 13-V AR ULEMORL T v kAL
REL, EHICF /U EOT = ) —MKBEEPKFREICL>T=ha 7 r
BLO B b= AT NVEEMAL L OORISDNEITT 2D EBE X DD, ZILHDARK
AREAEDFTIZ, W HL S WU B E DMLy DRI & DL CRIREICIE ML S oo
FIMBJEBHEITT 20D EEZ LN TND,
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Chiral thiourea catalyst Cinchona alkaloid catalyst

Figure 4-1. A plausible mechanism for asymmetric michael addition with chiral organocatalysts.

il 70 b oAb ZR S LT DRI HOWTIE, Bl O RF AR L & b i,
Bronsted HENMEAZ AT 5% < ORFARSBEEHAE A H WD A RESh TS, =
NETICHE SN TVA DR E G T 5= T AT o ~DRF~YA Y
JASINEOGRIZ DWW T, RERBIEREZ AW OGE ST 5 L. 7 VHESRIZIWT
HLEBBN~ A T GR L ~ A ST VZREOWEE G224 7L TV 8
PEIRIZI W T, ENENOEEDINL U Tl EE 25T 2 2 A 70 2 DITKAITE 5,

XTI VHEBERBMEZ WS RE LT 13-V IV R= b= a7
VADRF A TN T, F TV~ 7 3220 MR A TH D 2 L AwsESh
T5", Scheme 4-7 [TRT L HIZ, BAAFYY ) VBN &~ KT AEARY T
T—=REDRISIZEVAERT DX TN~ 72U LN = a7 vy b~va o fET A
TNRB-T P AT N EDISIZAENTH Y, ~ 7 x>0 A ETHEENEML SRR
BLAPIMEE B2 %o N-AFIVEARY % 13-V TV R = AbLEW R LRI BN
DRSBTS B Y A AR AR U BRETIRT AEEE L 0D EEZLND,

113



/=
FINNT=DAT I PRGNS = a7 E
WERX T L AL B & DA~ /A

Scheme 4-7. Magnesium-Catalyzed Asymmetric 1,4-Addition of 1,3-Dicarbonyl Compounds

chiral ligand (5.5 mol%)

Mg(OTH), (5 mol%) O Ar
O O N-methylmorpholine (6 mol%) NO
R R2 CHCIs, sieves, r.t.
R2" S0

malonates
B-ketoesters up to 99% vyield

up to 97% ee

chiral ligand

proposed transition state
%72, Evans 513 Scheme 4-8 (IR T X OIZ2 3 FDOF TNy 7 anFkH o o7
JUEBNFICHEOF TNy FABEER, = e T sl 13U VAR =k E Y &
DRF~ A 7 MAINIE 2 RS 5 2 2 RNE LTV, ARG TR, #k
FD 1 FoTT I UontEike LTHE, 13-V AR bEwN o7 a s 1Ak %
RELS>OFLERENOHM L CTvrX— T =4 B=y 7 /WIESL L, KIZ
TNT BT H A=y BRI L0 iEM LS, AINBOSREITT 25D EE XS
N5,

.=k

Scheme 4-8. Nickel-Catalyzed Asymmetric 1,4-Addition of 1,3-Dicarbonyl Compounds

N'/,
,,, Ve | \
I
Bn

R1
R o 0 i NO
\/\ + 2 P
NO, RZO)J\/U\OR2 toluene, r.t. R°O )
CO,R
Bn 2
OR
N Br/Oz
Ni~ =
[ l"l:l/g (@] : OR?2
Bn : ; R1
O:N+ 74
o’ _

proposed transition state
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il . B B 1% Scheme 4-9 (R T X H 1T, 13-V HNR= ALEY L0 BRI
DIRNWVKFEEZ D 12-VINR=MEEW TH D o~ hT AT IV ERFEREAIE T DK
JGICRER LS, filE e, = v 7 -7 &7 — MR/ I ALY T 2 VR = 101 2
LROXTIN=y TR THL EEZDBND, TLEBRO=y F VG LT 8T —
N7 =AU HEEE LTER L, o= R AT A0 a fiDkFEEF &< LR, fui
EBIEDO= 7V Lewis lBm & LTHEREL . o7 N ATV E= hu T T Ol EE %
EMALT D2 LT, BYUT AT LA OET T v F ARG HE T 5 b0 &
BZONDABICTIE N =F AT I OTRMBBUGHED R FIZRE K FHE L TWDH,
X o P AT AN T 1 F AU LD AR LEFRRB AR L T D b D &
X BHiD,

Scheme 4-9. Nickel-Catalyzed Asymmetric 1,4-Addition of a-Ketoesters

NHBnN
NI(OAC)2 (H20)2 +
"’NHBn

(1 mol%)
(1 mol%) R 0O
) Et;N (5 mol%)

R1\/\ + 2 ° > O N\/l\)J\
R 2 3
NO, \)J\COZR3 2-propanol, r.t. ., COzR

R
up to 93% vyield

up to 94% ee

5 endogenous base 9

! 1 + -
: AcO I 1 N-O

1 AN 1 R 1 :

I ( __-Ni &= Lewis acid ! \/\Noz R /_ __Ni
! H O) ! : > v O \
E R2 S E RZ“]%YO
' H OR® : H OR®

X I VSR A AW, ERENOE RIS IEE 2 TEE T o 2 A
DO E LT, S, fak BHiE, Scheme 4-10 IR T X HICF TNV~ Ho—-v w7
WHSEEN = b TN o ~DF XA v RV DOREFE~A T NAATINSICEH TH D Z
LERNELTODY, RRUSTH, REMMBEHEOBEDS THETH D,
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Scheme 4-10. Dinuclear Manganese-Catalyzed Asymmetric 1,4-Addition of Oxindoles

waN%'*[:Iﬁﬁo
N AcOEt, r.t.

up to 99% yield
up to 96% ee
up to >30:1 dr

[FIRRIC, 2EIRF, 7K 5%, Scheme 4-11 (TR T K DI = v 7 L—v w 7 I
PSRN =ba T~ o= b T =1 RORE LA-MIBISIZ bIsO TETHD 2
LA L2, ROSHEREIZE LTI, Bronsted M A A5 —FH D= Z R o= b
T7=U ROBTe hAKICL Y = T — FE2ARSEOORNL L, KIT, Lewis MM A
LTWDH O —FHO&RN= a7 7 iEHE L, IS FEICET T2 60 L
EZoND, ZoD=y Ve RP LN ENENRR oo &EIZH - T, IRFE-RFEHE

Rk &2 LB L TV 5,
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Scheme 4-11. Dinuclear Nickel-Catalyzed Asymmetric 1,4-Addition of a-Ketoanilides

e}
o)
10 mol%
R NO2 4 HH(NHPh ( 0) ~ O,N

R" O
- NHPh
2 1,4-dioxane \/\ifkﬂ/
R® O MS 5A, HFIP R® O
rt.,48h up to 92% vyield

— upto98% ee
up to >20:1 dr

Lewis acid

JEE——

O O H

Bregnsted Base
H NHPh

L R?
proposed transition state

ED X5z, =haT7 s e VR = bEW E ORFE~ A 7 AN
TR, A TR EAR & 2R OTEMALIC N T, B - HIEE AR AR AT 5
DT REEN A TH S, [A—MEE S FNIZ~ A 7 AL GAR & S BIRZ TR MHAE T REZ: 2 DD
TEMEALENL &2 A 2 R A AR R A A A B Tl M LR F— 1 ki
HFHETHOT, FRNC L DIEMIK T 28T 272012, )72 BB imiE S A Bl 95 2
EPETH D,

1—3. NAT=UATINERZAVS, 13-UINRUEEYERBREFIE T 5
REFE~=A T VAR

HEm TR Lz k5, BT ARRRN T /e Brensted MidMEA T 5 ¥ 71
NT =T AT 2 REERIT, SR ERBEAICE SO TRIT o8 - HEAEASRIC KD, <
AT NMMEGIRTH L~ B VBT AT AR BT FZ AT /L, b NS, A TIIVZ RO
W R BEERICTE YL L. RE~ A T AAINRR & ml R, @ o T 48R
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EITSHD, £I T, YA TAZREKE LT br T AT VHEMND 13-V LR =L
LB e DARF~A T AAINBIRIZBE N TS, T LT =0 L7 I RERNRERT />
4 & [ABRIT, Scheme 4-12 (TR X 512, LB D BRSO /RTEMEAL 2468 i L CRUS LTS %
Lo LSS,

Scheme 4-12. Asymmetric Michael Reaction with Chiral Ruthenium Amido complexes

N~ Nu
H H NO
amine complex RN 2 X
acceptor TL’ 5t
H M _ nucleophilic
" _N/ SN attack
o |l| N R
Nu + N/
Nu-H TN e
NO2 | electrophilic {-O=N, _

donor R™* S
activation
t Michael adduct

amldo complex

B_H e VBXTNVEE~A TAMESEICAW S INRG

W ZREERERIE & L CTHIWA X T 40T =7 L7 3 FEE{K Ru(diamine)( 7 -arene)i
YRUBTZATIV, BT P ATV BEW, o= haffgT 27 L EERIRT ) VEED
RE~A F A INBIEORBEE L THNTH D | @R, @Eo ) o T AR Al SO
AT S, UL, A 7S EKE LTERRT  VEZ WA RIS MEICETS
D00, R 2 VEIXIZEAERIG LW ER b oo, SR 2 SO RIGMEDN
ZLWHEBEO—D2 L LT, MARPWERZ T CRETNREEREZ NS, 2T, H
NI E TR Z VIEHRIEENTA L 7 0 o ThIUX, SIROIEE TH RSN
TEHLDEER, v ATNVZEIKE LT b a7 A7 R L, EEATF L ALAY
EDORISERFTT 52 L& Uiz, 2%, Scheme 4-13 IR T L OICFXF T T =0 AT
X REEARFEIE R, HFEBRER= N T AT VHEI R VBT ATV B P AT B
KON 13-V h o ED 13-V NN =B & OO FRBICEIT L, ®IST 5%
F= b kAW E SR, ST FARRIC G 25 2 2 RV LR,
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Scheme 4-13. Asymmetric Addition of Nitroalkenes with Chiral Ruthenium Amido Complexes

R
O:§:O
CgHs,
65, _N_
/Ru—
O O CeHs ” @ 9

/\/NOZ + - R»]uRz
Ar R R? toluene, —20 °C I R? NO
11-12 R 24-48 h A S NO2

S/C = 50-100
up to 99% yield
up to 98% ee

2—1. RGBEORE

FT. BRR ) & 13-V AR =R ER E ORFE~ A VIS TER
7o fiiErERE & 7k L 72 Ru(Msdpen)(hmb)$& A (Rulb) % AW C SR OMat 21178~ 72, 2
R DR EIIBER OGRS A SR L Sk 7 o~ N7 77 4 =Dy 7 F 0 B RO
RS EERIE I K v e LT,

trans—f— = F 1B A F L v QRa)yé v UEY A F I Bl DN E
Ru(Msdpen)(hmb)$E K ((S,S)-Rulb)DAF(E F(S/C = 50), 30 C. 24 FEE DS THEM L7z,
Z DR, Scheme 4-14 (TR X 912, (BBMEREECTH D ML o TORISH e R Dt R
G2 T D~ A T AATIER((R)-5aa) D3R 45%, HFHMEE 77% ee TROAILD Z &3
Lol =I5, 7 muaR/L AR THF B TRV ORI O A H KX 0 RIGRTHE L
72o DMF°7 & b= MU L7p EDIET v b MERRIEALE R Clid, mWEAHRZ /R LTZH O
D EMET DA F ARG & A EAERR T BOGFITIR 2 AR AHTH LT,
Z DAREERID DO FNEILA L7 MVERIEST D E | 1561 em™ FHTIC= huikicHk4 5
BRI & | 3000 em™ (T OB VBRI RS DRI FAENTHERR S 1L, £, B
THEAEAICHET D 1600 cm™ (T ORI R SR Do T2 2 E DD Z ORI IE= b
DAFLCOEEMTHLEDEEZOND, ZOLEMOERSMERE AT~ D 720, il
ZRIETIZ NN-V AF VRNV LET I R trans—f—= s B AF L Qa)~a By AF
V(3a) = 1:1 ORIEERFT LI, ~ A Z A MBS EAS WIS D Rno o, T ORI,
7 REER L EAMOERICEAGE L TSI EEZRL TS,
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Scheme 4-14. Effect of Solvent

O O QH(COZCHs)z
A NOZ (S,S)-Ru1b = N02
' CHsoMOCH3 - R
141 sol\:ent
2a 3a 30°C,24h (R)-5aa
S/C =50
(S,S)-Ru1b solvent  conv., %? vyield, %? ee, %"
C,:HS Toluene 67 45 77
0=%=0 CHCl; 77 26 49
CeHs., N
T “ru— THF 61 32 30
Ve
CeHs ” DMF 97 5 _
CH5CN 100 4 _

2 Determined by 'H NMR analysis.
b Determined by HPLC analysis.

EAEW O EREEIC OV TUIH D NIT e > Ty, LD X 5 IcHE
WEnsd, —IZ, 72 =R UL, NN-CAFNLVFLLT IR, VATV ALKRF Y
R7p DI ETa b MOBMWIREL, T4 Oh B —AF 2 ThHDLERNTF AT
BN L, 7= MERERE LSBT Ao N O5| &L CE OIS EE O DB & 25
DT ENALITWD, REESISIZIBN TS, 2D OB EA A7 16 B /LT
=T LT I REERICENLT 2 Z EREGILDGI ERICR>TNDbDEZEZ BN, T
725, Scheme 4-15 1SR T L I, NI T = L7 I ReRIC Lk p~a Vg 25 L
DT e AT LY . T ED 2 o0kFE L~ o UET ATV L BRIKERE BT
LTHU— MERLTcA A U RBERZ AN T D (A A 2t SR D AR I DWW TR
Baz), OFZ, OB\ ' = F YR NN-UATF LRV LT I RigEDIE
7'a b MEOBYEEIERE T AR R ONT =7 MR BULT D, ZD72h, vr BT X
TNANDT =ANI= MR ATF LV REERERBET 50D EE2 LN, RELEIZE-
THERT D2~ A TIATIMEDT =4 13, BRIEEDOEWNZE Y 5 FRick o ~vr oo 2
TNANEDT 1 b ALZEZIFITLS K FRBHENO O T v b ALSZIT R o, HITKR
Bl o T= br AF L ~OMMBOSH Y RS, fRE LTEASWNERT S L
Bz B,

— 7. BUSEHE & U TR ML 2 WA, SEA LIc it 5k L
ZBREROWIEENERSND Z Lnb, EEWOLEMIGSH I S, FrEDO~ A 7 Af
IBOSRHIFICETT 20D EEZDBND, DEORFTIE MLvx v & OSSN S
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Scheme 4-15. A Possible Mechanism of Polymerization of Nitroalkene with Ru Amido Catalysts

| $ AN _| *
0=5=0 0=s=0 [ D g
' R CeHs, N_ &7 "
CGHS’/, N\ /\/ n + Nu—H > 6'157, N \\\‘\
VZ o olven /N
CeHs” "N CeHs” N s
H H\ /H
Nu
Nu R/\/ N02 k
N02 Nu
R)I/ / R)\/NO2 RN N0
R S NO, © U

POLYMERIZATION

2—2. FINTIFEEDOANVK=NLVE EOBBEHR

KR~ A 7 AT D FOSHERCTERYEIL, 27 X VB DOREIEIZ R E <
WX, £ <IZ, Scheme 4-16 [Z/RT X 912, AR = VI EOBEBRILOFENKE WD
Enorolz, VT I DANVR=VEE EOEELIC L DS, BLO, = F T A
EIRVEOFIB 2 L7 0L, Bk /v &b o= bR AT L L OIS (B =% - 4
TLffi) (ZH b LTV /e Ru(Tfdpen)(hmb)EEA((S,S)-Rule)id, IR, (K= J 2 F A 8dR
PaR L, S6iC, Bk v e~ uigr 27 /1 & OROG TS TRAFRERZ 5 2
7= Ru(Msdpen)(hmb)&& 4:((S,8)-Rulb) % T | ISR 45% & KiE e dcE T A o iv/e o7
. ML 77% ee & BAFIEE R LT,

OEIL, NAVKR=AVIEEOT V=V EICEBREZEA LA, T —L
FEDOKRBIRANEAFPEEHED T IV F VI L o TEBLINDITHEV, PR L OV
WA LT D2 ENbhrole, ZNHD I L, AV MAUCEBELZET L7 ) —1Ee b o
N-ZNVR =T 2 =)v DT 2 R Ruln-p) DA B2 SOGME, BLO, =F T4
BIRMEZ R L, LIS, RUAAFNLT 2= VAVKRE NV EZ O T AL T =7 AT 2
K&K Ru[(S,S)-PMsdpen](hmb) (PMs = pentamethylphenylsulfonyl, hmb = hexamethylbenzene)
((S,8)-Rulp) e b BAF72fE R A 5 2 7o, 2R, 30 C. 24 FFH O SUS SR TIREEAIITK
JEDIEELT LT 90% ee D HEIMIDMG Bz, FUGIFE—20 CIZBWTH HIFIZHEETT L. 94% ee
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DIFRME LA L OHIIME 52 Tc, SHIZ, BREWVERETHL I 7 7 — AR =L EE
EHTHNLVT =0 LT I REHA((S,S)-Rulq)z AWV THBL S 2 Rt Lz, L, 7V —
NWIEEEHT 555K (Rula, Rulj—m) & ol LT, USHESCT=F U FARIRERME T L2 &
NG, ANR=VEE EOBEWHILL LTT Y =V EOFEEREETHD Z L3 bh o1,

PLED X5, REISTIEY T I VBN O Z VAR = VI B EHEE D RO
RTF U FABRMEZGIE T 5 ECTHEELRERTH Y . BARRIGHERT o F 48U
EAFDITIE N-A VAR = VL IS A0 MICE#IEZ 57 UV — VIO FENRMETH D
Rl

Scheme 4-16. Effect of N-Sulfonyldiamine

o O (S,S)-Ru cat CH(CO2CHg),
NO ' :
CsH5/\/ 2 + )J\/U\ /-\/NOZ
CH30 OCH; toluoene CeHs
2a 1:1 3a 30°C,24h (R)-5aa
S/C =50
(S,S)-Ru cat: ‘
: ®
0=S=0
CoHs, Y, R= CFs CHg (Ms) (Ts)
)i “Rur—| Rulc Ru1b Rula Ruij
N A
CeHs N yield, %2 36 45 50 65
ee, %P 41 77 72 79
(PMs) 0o
Ru1k Ru1l Ru1im Ru1n Ru1o Ru1p Ru1q
43 61 60 88 94 99 (93°) 43
70 63 73 87 87 90 (94°) 70

2 Determined by "H NMR analysis. ? Determined by HPLC analysis. ¢ —20 °C.

— 07 AV MLICE#ILZ © 72720 T U — L 2L = )LEE{K(Rula, Rulj—-m)%
WhHE WIS HREOIECHKIGHNMEILT D Z ENbholz, Ziux, F & - F
HiD Scheme 2-10 (2 Tk 7= X H 12, ANFB= VI EOT U — VDAL MricE#aik %
bRV T =T AT I REHRIER, v BT L 720 TES AV ML C-H #E S
W Z D 7 a AZ ML LTET I UEEIR(S,S)-Ru2a)z 5 2 0T W2 LICEKT S
DEEZLNDD, KB, 207 I U RE L L THO, rans—f—= b 1 2F L 2 (2a)
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Evu By AFNBa) b DL EITD & HIO~ A 7 AR DOIGERIZ DT 9 2% Th
D, FERWE LT ML UREY 2 v RV ACRIERESMIE L,

2—3. FIATINEEROT L—UENTFOBBRENR

XFINTT I UEMLA D N-A VR =)V EOE B L [FERIZ, Scheme 4-17 12
AT RO, FTIAT I REEEROT L— VBN S UG T U F AR A AT 5
BERBERERD R olz, V7 I BN % TsDPEN Blfii f-ICEE L, 7 L—r
BNL & LT p-v A BEOBAFTAFARCB 26T 58K %2V, 30 °C, 24 B
DTS Z1T > 72, Ru(Tsdpen)(p-cymene) S A ((S,S)-Rulg) i S EAME N Z 1T T
< B OIFRME LT ) 15% ee ThHo7=, —J5. Ru(Tsdpen)(hmb)E5A((S,S)-Rula)
WD LR 50% E TH LT DL &b, SEFRENRIE I EL, 72%ee D~ A/
IR ((R)-5a2) % 5- % 7o, TVFAIEC Lo CEBINI-ZERT L— BN T2 HT
HEERDY, B =R L FRRICARPOSIC B W T BN OGN, B IO ) o F A BRI Z R
T Enbhrol,

Scheme 4-17. Effect of Arene Ligands

o O Ru cat CH(CO,CHj3),
NO, . :
C-H /\/ NO
[o]
2a 1:1 3a 30°C, 24 h (R)-5aa
S/C =50
Ru cat: Ru[(S,S)-Tsdpen](;°-arene
(S, S)-Tsdpeni(z ) n’-arene yield, %  ee, %
Ts R,
CeHs .,
6751, N\R _f/| p-cymene ((S,S)-Rulg) 34 15
NN
CeHs™ 1 hmb ((S,S)-Ru1a) 50 72

R,: 1-CH3-4-CH(CH3),: p-cymene
1,2,3,4,5,6-(CH3)g: hmb

2—4. XIAVTIFEEROVT I EROHR

RO X 912, FTA7 I FEEEROHE, & IS N-ZVR= LV EoE#E L
7 L — B O EHIE DSOS OTEME & BIRVEIZZ KRB L 52, XU FATF LT
= VAN =R BEO AT Y AT AREB U EZERNL IS DT = U AGER(Rulp)
W trans—f-= b B AF L Qa)k~a UEY AT IV(3a) & DRF~ A 7 VAN O filii
&L TRV IEMEREZ R 2 E b o T,
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INET, FTATIRERICEHLT, ¥ 12-v7ua~FHh o7y

(CYDN) Befi+Z2 AT 2LV 7T =7 L7 X R§fRE DPENENI 72 HOF 74T I Rk E
DIEHEDE NI OWTHRFT SN TE Y, L0 7 I RESANZEE 72 DPEN (K & 135720 |
CYDN #8118 BE17 I U HUBEAR & L TLREITAE LT W I LB BTV D, EEE,
CYDN Efii % H D27 I REFRITMEDKEIG L 18k FrX VT I ViikE 5 %2
%, % T, Scheme 4-18 |[TRT L 9T, U F AFNT = =L AR =)V E(PMs) & H
9% CYDN Bfii+., BE, T —rBfiiF& LTAFHAF AR L (hmb)a b 18
BT Fr Y7 I 8K Ru(OH)[(S,S)-PMscydnH](hmb)® %A Ak U . il i i 2 57 7=
S/IC (EE/Mte L tk) =50, b (1.0M), —20 °C, 48 KOG T trans—
p=hurAF L rQa)b~a Y AT NBADKIEERFTLIZE Z A, IR 99% TR
FEE 85% ee D~ A 7 MATIA((R)-5aa) % 5-% 72, Z OfEHRIL, DPEN Bl 1% A7 5 851K
W (94% ee) & LERTROREWIERTH D, b Z et U7 I VENLFOR
KEROENS =T FARIRYEDIE BB % 5 2. CYDN FfiZ¥- X ¥ DPEN A7 1%
HOEERD T L0 E I O~ A T AATINEE 525 Z LS binoT,

Scheme 4-18. Effect of Diamine Skeltone

S UNO O O chiral Ru cat CH(CO,CHj3),
C<H /\ 2 + > = NO
6’5 CH3O/M\V/M\OCH3 toluene CeHg™ > -2
2a 1:1 3a -20°C,48h (R)-5aa
S/C =50 .
999 Id
chiral Ru cat: Ru(OH)[(S, S)-PMscydnH](hmb) 85‘;2 éI:

2—5. FIATI FEEOPLERDOBFE

& B ORI & 2 ZIRITHONT, AT =7 AR TIRE WS, B LU
TS T AR E R T LD, FEIEEEZATLOIXTINAY DT LT I NEERTO
BOSHECBRS & 72 %, EBIC, S DOISIIERIFEED L) L i ST

Y., Scheme 4-19 IZ/RT L O, DT IVDERFEEB AL A NVEKR=VE, BRI, R
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ZAFNT 2=V ANVR=NVEERT LT 260 Cp*A U ¥ U L7 I FEFRITSUGE
RS U FARREICENT, ALY T I VR FE2 SOV T =0 L7 I RESRICE~,
BOREREGZDZENDPoI, UEDOZ D, A UV T LKL VLT =7 18
B3, REOSOARFRE L L TENATND Z LB bhoTe,

Scheme 4-19. Effect of Metal

“__NO O O (S,S)-Ir cat CH,(CO,CH3),
CeHs ™ 72+ > “__NO
6’ CH3O/ﬂ\V/ﬂ\OCFb toluene CeHs™ > 2

2a 1:1.2 3a 30°C, 24 h (R)-5aa
S/C = 50
(S,S)-Ir cat:

R CHs (Ms) (PMs)
|

0=$=0 %3 47 48

CeHs, N\ conv., %
/,rﬂ yield, % 28 27
CeHs ” ee, %P 21 9

a Determined by "H NMR analysis. ? Determined by HPLC analysis.

2—6. ~RVBTATNLVOSMENZRE

SOX|Z, MERTH D~ 1 BT AT L OREE R I RIE T IO
Tz, AR D K 91T, BEAEFZR 16 B LT =7 L7 I Rk L v v VR X7 )L
EDORIT XY | BRI/ 18 BBANT =T AT I VR E G525 LD, v A T
RETHDL= a7 T P ROSFREIZIBVTIEMEL 235 BRO BOSHEREIZ B9 2 Fn 5,
DEOLNHHLOEHIFFTEX 5,

FEE. Ru(PMsdpen)(hmb)$&{A((S,8)-Rulp)DFELE F (S/IC=50), h/LxHiT—
20 °C., 48 WD Z Mt L2 H, Scheme 4-20 (/R T & 912, v B VERY X F /1 (3a)
MHYB VBT FAGCICEZD L W, BLY, = F o FAERMER DT NTET
L7z, —H., ~a Ry AT @a) L U A EE, ~a BRI AT LD 20T AT
NIEEATDHAT N~ VY AFLBe)TliE, v 1 VEEY AT /1(3a) & RIEFSE O ek
gl LB, EFEMEN DT IZE E LT 97% ee D~ A 7 AAMIEGBae) % 5% 72,
FEEmTIE, Bk v EATF A~ Y AT Be) E DIISIZRBW T, @V
ERLIEDODORIEMENRRKE KT L7 (35 =5 Scheme 3-27) , AT IBWTRIGHED
KFRRBD LN TeDF = ba T AT OEWSINEICHKET 2D EE 2 BN 5,
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Fo, TAT IR DNIEER T H~a ViU ABA) S B R RGEE R L,
TF T ABRPWEDOBHERIKR T IXA NN oTe, —FH, ZATAEMIZ 7 FLEE S
DU tert-T T NVBNTEZ D & BRI 40%I2% L THBD~ A 7 VAHIIE(Sae)
DYLERIT 7% & RIEIAR T L, £, JEFME S 49% ee LHERIETHABIS D E L6
2. BARIREBZZ BN DEIRISOEITRFED ALz, Z0O X 5 IR BISHAHETT L7
Mol-BlE LT, VT =0 L7 I REHRIZE o> Tva U -tert-7 F LV Be)TIEMEL
NDbOD, ERRLIENT =0 LT I UBERDNRN 2@ S D=L, =Tl
WNEBIE D ICERMSIZ K oz, HDHWIE, TEME SN D L ODOREREDIRFE — K
RO TERSOSDRIZEIT LR Do 72 2 B R bV,

Scheme 4-20. Reactivity of Malonates

7 9 (S,S)-Ruft 11
~_NO »O)Rulp
CBHS/\/ 2 + ROMOR > RO R OR
, toluene NO,
1:1-1.2 R —20°C,48h CeHs™
2a Sa-e 5aa-5ae
SIC =50
O O O O O O
CH3O/M\V/M\OCH3 CH3CH20/M\V/H\OCHZCH3 CH3O/M\T/H\OCH3
CHs,
3a 3b 3c
97% isolated yield 90 95
95% ee (R) 93 (R) 97 ()

ng S K

3d 3e
99 7*
94 (+) 49

*Polymer was observed.

2—7. =huTArrOTV—LEOSEE, BXO, BEFHHER

XINNT = LT I REEREMELE T 25 transp—= b B AF L L 2a) L Fix D
~ 0BT ATV Ba-e) & DARF YA TIVEINICEWN T, ¥ 747 I REERO YT I R
fif. BEO, 7 L— OS2 BYNCOEINT 5 2 & T, RUSHEINER, mTF
FABIRINCHEAITT D 2 & Nonotz, 22T, Mxrf b BAF 2R 2R L
72 Ru(PMsdpen)(hmb)&H 4 ((S,S)-Rulp) DIFE T (S/C = 50), —20 C. 48 KifE] D ISSAET
Bhx B HT 55 ER= ha T 7 L ORE~ A 7 WIS & et Lz,
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HEG= T OB AR OW TN 72HIC, 7 = =b ko
NINNZBAREENEIED A FLH(2b), A FF U HEQ2e), TiE, BRI EO 7 L4 nm
RQ2d). 7 nuiQe iz AT 5= AF L UEHE v a VBT AT LBa)D KL E fEt LT,
Z OFER, Scheme 4-21 IR T X H 12, 25 ORE TIXEINENOFET T FARIRAIC
RIGHHEIT L. ST D~ A ZAAIEE 52 72, 26 OfEFIE, ARBRIGA =k r
TNT DT V= NEOE AR EZ TN AR LTS, £, AV ME
WZE RO 7 mafih O 20 TH, mIE - @) v T AR SUS A HETT

THREAE D ICEHRIEAZEA L2 2 LIS X AR E ISR S L 5 AR UG TEOE T
RO bR oT,

DOENL, AT rEERZ b OEEOMGS MG Lz, ZORE. Scheme 4-21 12
R LI, T AT = VBRQeCT T VRN E b o= ha T A VEORISIZBWT, £
NEI97% ee. 98% ee & R\ T o FARIRMECTHIGT D~ A 7 AHIMED @R T
bivlee ZNETOZ L DISIZENT, EEEOAT vfif 03 & BIRLAL L TSR
ZHET D ERMONTWDN, RIS SR LT ONERMEICE 2 5 2 37, 1B
HATT 5 2 20, AR ITILEEAMICERL WD Z Ebho T,

Scheme 4-21. Reactivity of Various Aromatic Nitroalkenes

O O
o O (S,S)-Ru1p
A N0z 4 J Hsczo)K:)J\()(;k|3
CH30 OCH; toluene : NO
2b-h 1:1.2 3a ~20°C, 48 h A NO2
S/C =50
o Iy O 1T T
H3C CH30 F cl
2b 2c 2d 2
YIeld, % 96 85 99 93
ee, %2 92 (+) 96 (+) 93 93
L ¢ °
o U wr
2f 2g 2h
99 98 96
96 (+) 97 08

@ Determined by HPLC analysis.
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BT, TV RIZ 2 DOBBBEE T L= ha T v VO R B R
L7z, ZDfER, Table 4-1 (2773 K 912, 3.4 - [EHROEE (24, 2j) TILE BN SULH
AT L, JEFHE 95% ee O~ A FAATINEZ -2 7o, —F . 2,6 - i&E#i0 F'E (2k-m)
CEFH, BRI, SEERREELR T OMERNEONL, A PR VERS AT
KO L ETFHEMNEEE b0 2k R0 211E, PREOGSHZ R L, B RyIMED 7 1
A SO 2m TEWEUSHEZ R LT, B EMEZ & E TR, ISR OB HE
D ELTeledlZ~a VBT AT VORBHENEZ VIZK S Roltb D EFEX BILD,
T FARPWEICOW TR, 2,6 - EHOIE 1T 3,4 - EHOLE L gL, KIE
IR 52D bholc, 2 fLOBIEWILZA L THWDLDOTHIUL, 7V —/V I E
B2 L CT U — ik EO@EHIL L RORSE TR D~ A 7 VEGRRID 2 F L s & DNLIRK
FERETHZ ENAIRETH L0, ISR TH D ZHIEEE VI 2,6 fLOBEHELNRY 3
ZET, ENGERIL L RIGRE DOSREFEIZ LD ISP HMIZET Lo b D & HE
Wb, LEOFERNG, ZHEHHEGE D ISIEREEZE CRWIRE THIUT, RWEE
—fEMEE R E NPT,

Table 4-1. Reaction of Nitroalkenes with Disubstituted Phenyl Group

] WD

yield, % 99 99
ee, %? 95 (+) 95 (R)
OCH;4 CHj; Cl
2k 2l 2m
(77)° 50 (99)°
11 39 (+) 31

@ Determined by HPLC analysis.
bYield in parenthesis was determined by 'H NMR analysis.

2—8. IR —NORIG:HLOOFIR Y T AFRHEDOERR
K= A T NASIBOE DR E L TR WAREERD R @R 2R SEN M
PERZET BN D, (LFEMEORISEENOIZETERNCAERDDFTOND Z &b, K
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ISR T RIS Z I T Lo~ NI T 7 4= Lo TRlfEdT 57200 TER B HEEBECX 5,
Flo. VT AR —IVORIGH AIHETH U | Scheme 4-22 12787 &L 9 12, Ru(PMsdpen)(hmb)
BEIR((S,S)-Rulp) DIFE T (S/C =100), HEKEEH= Fa 7T 2))2.11g L~vr gy
AF(3a) 127 g EORISIZE D HiooFIa Y 7T AHRASja)”" ' 2SN HEEIER 94%
(2.97g) . JEFEHE 95% ee T BT,

Scheme 4-22. Synthesis of Rolipram Intermediate

AT - bl
:@N T CH0 OCH;

CH30 2j 1:1.2 3a
_ 211g¢g 1279
S/C =100 CH(CO,CHa),
(S,5)-Ru1p Q/O:ONNOZ
tol ,—20°C, 48 h
oluene CH3O
5ja
297g
94% yield
95% ee

NH
—
_
CH30
(R)-Rolipram

B pT P RATAER IV MR <A TABEEIZRAW S RIS

B - NI TR L oIS, Bk TR L, A TG4k E LT -
r N AT N E OGS TG L S T AR DL, & ONFERE LT >
VIR OBEBRILCE KIREBEZ T DL ERbote, —H, 13-P7 b ThHhHTEF
NTE R@n)E OIS TIE, EEMICSIGHDETT 2 ODOAERD OHFHEIT 0% ee
Tholc, ZZT, = b7 AT HE BT FZ AT AR 13-V 7 b VOIS E G L
T, AR O REMARHEEZEE T 2L & Lz,

F. rans—p-= b1 AF L 2 a) & 7 & MEEEE A FL(3) & DEUSIE. Scheme
4-23 12779 & 912, Ru(PMsdpen)(hmb)${A((S,S)-Rulp) DIFE(E T (S/C = 50), ko
=20 C. 24 W DOFMTH#AITL T, 95% & BRAFRICECARM Z 52 5 b DO, JFHE
1X58% ee & MREEEDE T o 7o, = AT WAL OEHIEN R AT D 72D 7 & MEERT
FNL@DEIRZATIR ST, IR, BEL, =) FARRMEICZA LR A SR o T,
— 5. TUNERAIOE#HRIE R L LTFLiEE o7 n A = VR A F LG TR, X
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JEPEITHERF LoD, HFHEDY 89% ee T L, IHIZ, BHER A A Y T rE L
BICEZ T A Y TF VNEEA F LGB VD & 94% ee £ TIEHEE LA L LT, 72,
BEHERICT = = /VE RICZFNVEEZ O Y A VEEE T F /L (3m) D SUG TiE, 92% ee
& BIFREFHE LR GO, 20X, B FZAT O TIXT VL
M OBEHIED &R SN =T o F AN KA B L2 525 2 LhbiroTz,

BB, KEISTH LN~ A 7 AAIEZ, B~ F= 2T D A F 2 fRFEN
FIEERICT B LE LIS OV T AT LA~—RAEME L THELNTND, ZOH
HIZBRIRT /)  OG & [FREIZ, B~ b= AT AN AR T D F T ViR EOKFEFRTH
7o b ThY, VT =T LT I REEROMFETICESGIC T EILEDEEXD
N5,

Scheme 4-23. Reactivity of B-Ketoesters

O O
o X N0z M (S,S)-Rutp R OR’
6"’ R OR toluene NO
2a 112 3 -20°C,48h  CeHs * 2
S/C =50
O O O O O O
CH3MOCH3 CH3J\/U\OC2H5 CszMocr
3f 3h 3i
95% yield 94 97
58% ee 58 89
O O O o©
\HJ\)J\OCHS ©)‘\/U\OC2H5
3j 3m
97 96
94 92

*All compounds were obtained as a 1:1-1.5 mixture of two diastereomers.

JelZalk 7z B4 b= AT VKBS, 3h-j, 3m) & trans—p—= b T AF L > (2a) & DA
F~A T NMIRISIC BN T, =) F AR E I+ 5K 0—>2& LT, -7 b=
AT VDT NEOSIER RS m EINEE THH I ERNbhrole, 2T, 7 MEx 2o
BT 5 13-V N HEORIE%E ERLO B—4 b= ATV L RO SR TR LTz, T ORER,

Scheme 4-24 |Z/R T L 912, | bHH T N THDLTEF LT E h(3n) & ORIGTIE
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Scheme 4-24. Reactivity of 1,3-Diketones
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TF U F A RPN E R A B X DERZ R D T2, FEERIZ, M TH D
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HAL A F L P TIT20, "THNMR I TBIZE LTz, Z OfE R4 Figure 4-2 (TR T,
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free diketone
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J 0 0
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l
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Figure 4-2. 'H NMR of Ru[(S,S)-PMsdpen](hmb) ((S,S)-Rulp) and 1,3-diketone.

ZORER, = U FARREO B NS T2 2,6-7 AT I-35-~T X VA (3p)
& Ru(PMsdpen)(hmb)EHA((S,8)-Rulp) & D ISIE, 1:1 DT TIEETET, pUSEE &
7 X REARO E— 7 BB Sz, MRIBEO Y7 b OROSTIE, v B iR A
TR B MNBT A MV OROEERERIZ, L7 7 b ALERTT I U EkE 522 b0 &
Ezbhbd, —H, kb Ty F AR REDOEKLTZTEF LT E @)

Ru(PMsdpen)(hmb)#5A((S,S)-Rulp) X EIEF THRD TSN EIT L VT =0 AT I R
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VIHERS (2 DUV TR 5
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Scheme 4-25. A Plausible Reaction Mechanism
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Scheme 5-1. Reaction of Chiral Ru Amido Complexes with 1,3-Dicarbonyl Compounds
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BRI E % DEAEAE A DI BRI OV T HFE LT 5,

Scheme 5-2. Catalytic Cycle

Michael adduct Amido complex
0 SO,R
CeHs N Rn
Y ore
Ru—|— |
( ¥ \\\\ N/ NS
" Nu CeHs
Donor
Step 3: Step 1: H=Nu
C-C bond formation Deprotonation N ©)
u
Acceptor H K CBHS,SOZR
o} ] N
Step 2: CgHs ‘ /
Amine complexes NI/RUC? — R,
< o NS o T R
n CeHs N n CgHs N // n
NS // ~_/ . .
_Ru- < | _Ra |on-pa|(r co?\plex
\\\\ N \\\\ N \Nu Ru5
CGH5 N CGHS /N
H\ /H H H
NGO
Chelate ion-pair complex C-bound complex (Ru3)
(Rué6’) O-bound complex (Ru4)

B NVTovATIREERICIE A v B AT, BXY, -7 b AT D
7 a b AIZ & B A A st MR O A SRS 2 B 2 BB AL R R AT
INETHENRZEIIZ, FTAMAT=ULT I FERE 0 BT AT 07

MgT 271 EDFORIZ LY . C-bound MUEEA(Ru3)F LT O-bound B/ T — A

RuUHPIR L AT 5 2 L 2 FEBRICH SN L TE T, £ 2T, 2O %

BERE & T D BRI R IR FB-IRBRECTERIC D EITT H D EE X £T, v~ a U BY AT

JL(3a), BLO, 7 MEEEE A F/L(3f) & Ru(Msdpen)(hmb)E&{A((R,R)-Rulb)iZ L 57" & k

LA (Scheme 5-2 @ Step 1) DFEAM A FHAEAL AT RRET L 7=,
~A TIEERTH D~ 1 Y A F L (Ba)eT & FFEE A F/L(3f)1L. Scheme

5-3 @© EBITRT X 912, Ru(Msdpen)(hmb)E5A((R,R)-Rulb) DX L — 7 I VB D 7

= = VIEIL O STRRE S 28T 2 X O I FEEIED X 7 V7 X REERDO— T DN Hilr>

Wi e N AT D, T OB M OMN D DOIRIE, BT D 7 = = LD

EEIC LD, v o BT AT UM AR ba), £721E. S b= AT UAHINEE A

(Rul’bf) & OHRGEROIER A2 ZNRANE SN TND Z L35,
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Scheme 5-3. Reaction of Chiral Amido Ru Complexes with 1,3-Dicarbonyl Compounds

CH30,C._COX

H
) R HHceH
CeHs T:N\ ! o o | \'ﬁ o R
Ru— + | / 5
K N/ XJJ\/U\OCH:; N/IRU\ n
CeHs™ H H H
3a: X = OCH, A

(R,R)-Ru1b: R = Ms, R,, = Ce(CHg)g 3f: X = CHs Rut'" )<H

(R,R)-Ru1i: R = Ms, R, = 1,3,5-(CHs)s CHO.c” COR
(RR)-Rulf: R =Ts, R, = 1,3,5-(CHz)3 82
X = OCHj3: Ru1'ba, Ru1'ia, Ru1'fa
X = CH3: Ru1'bf, Rut'if, Ru1'ff
X
H3CO,C -
>/COX CH50,C_
o ]
6Hs V' CgH
H R HoHoy ;/R
— I~ . I~
N/IRU -~ N/IRU—
H/ H /" H
Rn ( lon-pair compl x] : Rn
Ru5 p PleX ) Rue
_CH(COZCH3)(COX) X = OCH3: Ru6ba, Ru6ia, Ru6fa

CgHs I\ X
H H l
Ru4
CH30,C H

( O-bound complex ]

T

0

CgH
615 N\R
W N/ L;I'/
CeHs™ N o x
H H” |
Ru4' Ox H
OCHg

( Chelate O-bound complex ]

T

R .
CeHs rlj ; "

N
AR COX
CGHS\\\ /N\ /,C:
HH (H
-
Ru3 0% NOCH;

[ C-bound complex ]

X = CH3: Ru6bf, Ru6if, Ru6ff

Ru6'
X = OCH3: Ru6'ba, Ru6'ia, Ru6'fa
X = CH3: Ru6'bf, Ru6'if, Ru6'ff

( Chelate ion-pair complex]

Ru5
X = OCHjs: Ru5ba, Rubia, Ru5fa
X = CHs: Ru5bf, Rubif, Ru5ff

Ru4
X = OCHs: Rudba, Ru4ia, Ru4fa
X = CHs: Ru4bf, Ru4if, Ru4ff

Ru4'
X = OCHjs: Ru4'ba, Rud'ia, Ru4'fa
X = CHs: Ru4'bf, Ru4'if, Ru4'ff

Ru3
X = OCHs: Ru3ba, Ru3ia, Ru3fa
X = CHs: Ru3bf, Ru3if, Ru3ff
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Z ZTHEBEMFEOFEZHWT, 3FEOX T VLT =0 A7 I RESA
(Ru(Msdpen)(hmb)&& A ((R,R)-Rulb), Ru(Msdpen)(mesitylene)#&{A((R,R)-Ruli),

Ru(Tsdpen)(mesitylene)$&5{A((R,R)-Rulf)) L~ a2 F /L (3a), BLW, 7t MEEEE A
FILBODOIT 1 b ACEEBE 2T Lz, ZOFE R, Table 5-1 ICF O ORI X I, it
7u b ALDEMEA B R F—E ) 1, w7 UERY A FLBa) DA 1 14.7-16.0 keal
mol', BL, 7 & MEEEE A F L3 & DS TIE, 7.8-12.3 kealmol’ TH v | IR T
THRPICIET D & & bIT, BRI TR L D1IC, NMR 3 GEIC KV BIZE ST
WD RS S AT EICHEIT L CT 2 REEA-T 2 5RO P 2R LT 5 EBRER L 6 —
T B eBbhotz, £12. ZOBTE b ALKIED B = R X —ZLAE X IEDAE
Thd, T72bb, /LI UKETHY ., Brensted BEVEE DO BT & NEEEE A F/1(3f)
EDORIEIN LY = VX —HIBNICHEIT T 5 2 DN b,

EHIZ, FHEALFORR, BT m b AR DA A 2k EER(RUS) DIFAEN /IR S 4L
Too DA F UXREERIT NMR 5 EIEICB W TR S L 7e sy, 2 s R Zf&H LT
X V2587 C-bound BEEIR(RU3), & D\ IE. O-bound Bt / 7 — MR Rue)Z 525
DEEZBND, FEEE C-bound BEEIR(RU3), 25\ L, O-bound il / T — K&K (Ru4)
IXREREE UTHEE, $ L<IEINMR A7 MUICBIE SRS,

oz, FHRALFIC K DM ORE R, B m b Afbth, FEBRAGICBIII S e o
F ot EERRUS) AR LT, BFEED 2 5D H LABRAICE W REENTA F o5t
EAR(RUG)PTFIET B AREMEARIB STz, 2D DA 4 U xb$RiT, NMR (2 X - THERR
IRV, TS DEERN S T =4 oy H3 ek L COMERL A 4 5 AR E 52 D%
Bix, BET RV —Z(CAE DEOKEVRT LI LFETH Y, = F X — IR F
ThdZENTREND, 1E>T, A F U PERITEFHM Th 52, USFRHIAEE LTHF
TECE D AREMENTRE SN, TROORKRIL, F—F - H—Hi?D Scheme 1-8 |Z/R L7z &
INT, HNVR = AL E DO KFEBEVRLE TS ICBIT 27 I FER L T v a—L & OIS
. HRIIEECHEITT DO TR A A USSR A R H 3 D B 2R R A el &
THEETH D Z LR BT TND,
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Table 5-1. Computational Data on the Deprotonation Step

R
| Ror O O
N
IN/R“_@ ' XMOCHs
H Nu—H

Amido complex
(R,R)-Ru1b: R = Ms, R, = C4(CH3)s 3a: X = OCHj3
(R,R)-Ruli: R = Ms, R,, = 1,3,5-(CH3)3 3f: X = CHj4
(R,R)-Ru1f: R = Ts, R, = 1,3,5-(CH3)3

CeHs

CeHs

'Tlu Nu~
H H H CeHs
\ _SO,R
Hot Bt 5or En'AE" N“T 2
! N S E— CeHs [+
C6H5 | / N/RU\ —\ _R
N/RU\ — Rn / | N X n
AN HH N\ /
\ 7
' Ru5
Ru1
NU™ = CH(CO,CHj)y: [ ion-pair complex]
Ru1'ba, Rut'ia, Ru1'fa NU™ = CH(CO,CH,)
= CH(CO,CH3)(COCH;): u= 2-3)2:
Rl£1'b? Rlﬂ('if Ru13';f Ru5ba, Rubia, Ru5fa
’ ’ = CH(CO,CH3)(COCHs):
Ru5bf, Rub5if, Ru5ff
R
|
O:?:O R
2 CgH n
AE, NN s &
-— . /Ru—< | + Nu
CeHs [
Ru7
Amido EA, AE', AE?,
complex Nu-H TS ion-pair keal mol™ keal mol™ kcal mol™
Rulb 3a TS1 Ru5ba 16.0 154 78.7
Rulb 3f TS2 Ru5bf 9.7 0.5 93.4
Ruli 3a TS3 Ru5ia 15.9 14.4 82.9
Ruli 3f TS4 Ru5if 12.3 9.8 87.4
Rulf 3a TS5 Ru5fa 14.7 13.3 81.3
Rulf 3f TS6 Ru5ff 7.8 5.5 86.2
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BE A TP EEN DT I SR~ DAERICZEET 5 HELFEH R AT

AIETCl _7= L 212, W7 v b ALERM TH 5 A 4 2 kHEERRUS) DO/
7 — b AN DOFFBEN KR EETH 5D Z & 55| Scheme 5-4DStep 212777 X 512, C-bound
MR RE3), £721%, O-boundT / 7 — FMEERuA) X, A A X EEERUS) ~D T ) T —
R A NU)DT U FAINC & o THERT 2 TREMAS RIS Sh b, ERIC, AE. /b,
ERINGIEL, 7 REEEREEBET 1 2 b ORBEEM E ORISIZIBWT, FAERKY &
LT o FIMEE 52 % 2 & 2RI 62 LT g (BE—FDScheme 1-27,
Scheme 1-29. Scheme 1-30), & 512, FEBRANZEI S 72\ A A SR RuS) 2 F i L <,
% ED2ODH L KBRS L 0 ZE ST A A 2 S HEERRUE) B AFEIET 5 ATREME YT
e X iz,

Scheme 5-4. Catalytic Cycle

Michael adduct Amido complex
o SOR
CgH n
6 SIN\ //
Ru—|— |

( * N/

" Nu CeHs

Donor
Step 3: Step 1: H=Nu
C-C bond formation Deprotonation N u@
A
cceptor H H (;6H5  SO,R
o .
Step 2: CGHS)Y‘
Amine complexes l/RlﬁL> =\ Ry

( SOR R S%R HH Q7

" CeHs (N CeHs // Rn . .

@ [~ ion-pair complex
(Rub)
Nue
Chelate ion-pair complex C-bound complex (Ru3)
(Ru6’) O-bound complex (Ru4)

% 2T, Table 5-2i2F8 T A A >t $E A (RuS) 7> & C-bound A (Ru3), O-bound
B ) 7 — MERRu), 35 LN BN NETISEAR(Ru6’) DA FET I VSR DAL RAR I IZ D
WTERERMCER L, ZNHDOT7 I UEEAOARIE, AR TR VX —Z(LAE L AE®
WEDEZTRTRT A ILFIETHY . LT I VERAIICRL b D LB b, K
(12, C-boundFEAR(Ru3), O-bound®!=™ / 7 — FEEA(Rud), BLO, KFEHEEIZL > TH
TEAL ST A A 2 EE AR (Ru6) D SEARBLAE 2 Fiifb L. Z 4L & AR v RE 7R 3FEAR D el AR oD B
BT L ¥ —%& g L7,
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~ Y AFABaDOR T 7 kA XY AT D C-bound S A (Ru3)i
NMR AT R LREAIRIEDREIED S B & N2k, T AT LD B VR =)V FEINHEE &K
FREAICEVZEMSINTND Z R DD, DI, 1DDOKERMEZ DA 4 xHER
(Ru6)iZ, Table 5-2127R"F & 9 1CH T RLF—ZALAE* H0IZITVME (-3.2~1.5 keal mol™)
ThoHZ D, 1DOKEMBAETIRTEAELZELSN TNV RNWEZZ BN, —FH, 2
DDOKRFBREAIZ L - TH L — MER LA A 2 5B RRu6”) DA 72 22 EMEIT, *hisd 5
C-boundEEAR(Ru3), I LW, KFEHEE HD0-boundM T / 7 — FMER(Rud’) & [FFEE T
BV FTADITABLOSSEME FIZBW T, HERMICHIATELZ D EB X bND, Kb
HE ED2oDKEREAIT L DLENBFIL, BEFHELOMBSOS BT U LIFBIR S
ns®,

RERIZ, 78 NEEEE A FL@HOT v h i ABIZBW T, 1 DOKFE-EEEZ SO
A F U RHEERRU6), IV, 2 DOKEREAITE > TH L— b LioA A > xR (Ru6”) 23
BESHEMN, HHT R VX —ZAE DN L2 oD KEREEICL > TL W REILS
A F X EER(R6) PN ZERE & B2 Hivd,

IO ORBRALFR AT OREFRIT, 7 MEEEA T3 & ik LT r R
P AFNBa)DEE . C-bound BEERRUI)N LV LETHDHZ L ERLTWND, ZOfER
E, B om TR X S I r Y AT L(3a) & WA C-bound FUEE A (Ru3) & HL
B CEERER L LT D, IBIC, T MEHE A FLGHO UG TIE, NMR 206k
{2 T C-bound EE(A(Ru3), L, O-bound Bl / T — k(A (Rud) L] T DAy 8]
Moz & &b EEMIZ—ET 5,
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Table 5-2. Computed Relative Energies (kcal/mol) of Anti-addition Reactions Converting lon-Pairs

Ru5 to M—X-bound Complexes Ru3, Ru4 or Ru4’ and Chelating Ion-Pairs Rué6’.

CeHs
CeHs

5

Ru1b: R = Ms, R, = C4(CH3)s
Ru1i: R = Ms, R, = 1,3,5-(CH3)3

Amido complex

Ru1f: R =Ts, R, = 1,3,5-(CH3)3

AE3

\ 7 ‘v, ’
CeHe" ”2 ‘Nu anti-addition H

Starting ion-pair

Amine complex
Ru4 (O-bound)

X = OCHs: Rudba, Rudia, Ru4fa

X = CH3: Rudbf, Rudif, Ru4ff
Ru4' (Chelate O-bound)

X = OCH3: Ru4'ba, Ru4'ia, Ru4d'fa
X = CH3: Ru4'bf, Ru4'if, Ru4'ff

Ru3 (C-bound)

X = OCHs: Ru3ba, Ru3ia, Ru3fa

X = CH3: Ru3bf, Ru3if, Ru3ff

Ru5

R
| Rn
T:N\ @ O o
Ru— +
N xjk/u\oc:H3
H Nu—H

3a: X = OCHj,
3f: X = CH,

Nu

X = OCHs: Ru5ba, Rubia, Ru5fa
X = CH3: Ru5bf, Ru5if, Ru5ff

Amine complex
Ru6’ (Chelate ion-pair)
X = OCHj: Ru6'ba, Ru6'ia, Ru6'fa
X = CHj: Ru6'bf, Ru6'if, Ru6'ff

Amido Nu-H | Starting Amine AE? AE*
complex ion-pair | complex | C-bound | O-bound ion-pair
Rulb 3a Ru5ba | Ru3ba -20.3
Ru(Msdpen)(hmb) Rudba -8.1¢
Ru4’ba -18.8"
Ru6ba -3.2
Ru6’ba -18.3
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Rulb 3f RuSbf | Ru3bf -34
Ru(Msdpen)(hmb) Rudbf —4.3¢
Rud4’bf -12.6"
Ru6bf 0
Ru6’bf -9.2
Ruli 3a RuSia | Ru3ia -22.7
Ru(Msdpen)(mesitylene) Rudia -5.3¢
Ru4’ia -15.2"
Rub6ia -0.2
Ru6’ia -12.6
Ruli 3f RuSif | Ru3if —-16.7
Ru(Msdpen)(mesitylene) Rudif -13.0°
Rud’if -20.9
Ru6if —6.7
Ru6’if -14.3
Rulf 3a Ru5fa | Ru3fa -21.8
Ru(Tsdpen)(mesitylene) Rudfa 0.1
Rud’fa -10.8"
Ru6fa 1.5
Ru6’fa -12.6
Rulf 3f Ru5ff | Ru3ff —15.8
Ru(Tsdpen)(mesitylene) Rud4ff -12.5¢
Rud’ff -19.8"
Ru6ff —5.4
Ru6’ff -13.4

* s—trans conformation of the enolate (no hydrogen bond).

b s—cis conformation of the enolate (hydrogen bond).

Scheme 5-5 (2%, Table 5-1 & Table 5-2 OFEF A5, Ru(Tsdpen)(mesitylene)dE 4
((R,R)-Rulf)z Tz~ VRV A TF LBa) D7 v ki ALIZ L 5 A A4 2 53R (Rusfa) D
ARk & FHET X VR (C-bound BUEEA(Ru3fa), O-bound = / 7 — MEE{A(Rud’fa),
X L — ML A U kER(Ru6’fa) DA E COTZRLF—T a7 7 AV EE LD T
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~9, C-bound UGFHA(RUIfa) T =R VX —IZLZETH Y, ERPIEONT-ZEEH—

BT A, £, 2 o7 I Nk TRELENTF L — NLA F o 5tk

(Ru6’fa)ixX, NMR 3 EEICBW TR IS OO, C-bound HUEER(Ru3fa), 35 KO8

O-bound = / 7 — hER(Rud’fa) L LG L €, RIRREOHHZRXLX—24LTEY

THNF =IO ZERPUCTRETH L EH 6N D,

Scheme 5-5. DFT Analysis of Deprotonation

CH,0,C
>—cozcn3
How CGH;,TS
TS of Deprotonation @| +/ @
Ru—|—
P— N—— @
\ -
| 147 kcalimol H w \\R -
i %\ ion-pair n
3 R,
: ) CeHs
: 13.3 kcal/mol A \E g
' "
: ™ /
Ts : :\‘\ CeHs™ N OCH;,
. : ; W H H |
65 N\ ' ‘n“
i ; A CH;0,¢” “H
t Ru “\\ 302
CeHs™ H '

. Obound @ OCH

' l
‘E \  2.5kcal/mol

i
“. \ chelate ion-pair
[}

N
' 0.7 kcal/mol CH;0 O csHs Ts
0.0 kcal/mol

C—bound
-8.5 kcal/mol csHS\E

CeHs™ N

(R,R)-Ruf
CH,(CO,CH3), (3a)

S -

HUET  O-bound $54K, C-bound $5Hk, BIUKFRHEHELRR= /v LD
IRFB-RFBFEATRISIZ BT 5 FHEAL R 2R

NT =0 LT X REAL <~ UERY A FL(3a). £721E. Tk MEEEEA FL(3E6) &
DL, Feloor L £ O BRI HETT LT, i7" 1 b 2B 1 C-bound AUEER(Ru3),
O-bound T / T — MER(Rud), E721%. A A4 5 8EERR6) & TR 5 A]

A[REMED B B 2
LM o7z (Scheme 5-6 D Step 2), AHiTIiL., Scheme 5-6 D Step 3 I/~ T LD, T

SHMEROH T, FTLREICHBERTEEZ: C-bound HUEH{A (Ru3)E O-bound H= / 7 — i
R(Rud) Z #8192 R AR it B ARG S 2 BRAE L 72, IRIZ, NMR 206 T8 S s
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WH OO, C-bound HUEER (Ru3)X°> O-bound T / 7 — FER(Rud) &I F%EOH BT
FNFX =% 7T DA A4 2 % EERRU6) DS DWW CRERNZf#HT L7, 7238, C-bound 7!
BEARU3), E721F O-bound B / T — FER(Rud) & BRIk U D FUGT DERIX, 7 b
DO RFRICIOE & RIBEIC % Fo/KFE7)S Bronsted B & L THERE L, BRik— /) v 2 3KE
THNTIEMELT 2 b D EBEZ B D, KEREEIRRUS)DSUSTIE, %EHE EOKENR~
A T NMALBRDOTEMALICH VDTV D Z & D, LB Lewis BRm & L THEREL .
Bk ) U EEM LT 20D EB X HND,

Scheme 5-6. Catalytic Cycle

Michael adduct Amido complex
O SO,R
CeHs 1 Rn
T oreE
Ru—|— |

( ¥ \\\‘ N/ NS

" Nu CeHs N 5

onor
Step 3: Step 1: H=Nu
C-C bond formation Deprotonation

Acceptor

O

Step 2:
Amine complexes

< SOR g OR[N

n C6H5 N\@ // n C6H5 N\ /// n

/Ru— —\ | /Ru\
CeHs" F{i CeHs™ N Nu
\ a
Chelate ion-pair ' ,/@ C-bound complex (Ru3)
complex (Ru6') Nu f O-bound complex (Ru4)
electrophilic
activation

4—1. C-bound BGEALITRIRT /) > & DRIS

~ 1 Y A F3a)E WSS A, FHRAL RIS b 2 E L C-bound FIEH A
Ru3)ZRET 5 GRBEEZ R Lz, LvL, 208K, XEREETT — 2. B
LN NMR GHIEOFERNPOL RGNS X 1T, @RFLICRENEEICHEET HE L
2, D FPKFERAIC LV BERF L — MEEZ AL TWDZ L, @BICHEG LTV DK
FENR, 1 5D 22— 7 T o—-1-4 2 1a)Z B0 IAD 2R NE OSSR IAZ A > T
WHZ L, SLICEICHE LN T = U AR &7 =4 U HRFORIZBWEREZ AT 5
Te OISR S D 2 L6 (A BN IRB-IRFRETERBUSIZEAG TERNb D EE X
bNb, EDOZ LD, ZORREOFEAFRN RN 2R I o T2,
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4—2. OboundEx)T—  EEKLBRT ) V& DORIG

A2, Ru(Msdpen)(mesitylene)$& (R, R)-Ruli) & 7 kEEEE A T /L(3f) & DG
X VAT 5 O-bound =/ 7 — FEEARuif) & 2-3 7 X T —1-F 2 (1a) & DN
FRMZ DWW TR LTz, FIREZRBRRRED A A — VX% Figure 5-1 128 L7, 2= 7 mx
YT 1A rAa)E RO DA, TR MERATFAGHE T X KT a ko oKFERE
AR L TR OS2 & 0 Bk 3, NH B & KERE 2R L o-ofE L &
NHH0E/-EEL,

(a) TS7-S and TS7-R (b) TS8-S and TS8-R (c) TS9-S and TS9-R
" CeHs Ms " CeHs Ms " CgHs Ms
Cape N oK oK
— — —
H/N_|RU H/N_|RU ___H/N_|RU
LH | Ly O | H
o’/H Q o] H\\\O ll—l\
)t g
LT o -7 =
CH,O CH;0” Y0 CH,0
TS7-S TS8-S TS9-S
CeHs Ms H CeHs Ms H CeHs Ms
CeHs N CeH5Jﬁ//N CeHs N
— — —
H-N—-Ru H-N—-Ru O--H-N—7-Ru
H | b L'H
o " J Mg s /
) CHs _ . ©
CH,0 CH;0” Y0 CH,O
TS7-R TS8-R TS9-R

Figure 5-1. Possible structures of the transition states TS7-TS9.

AN, XARAE A C LD N8B R Z & L ITEBIREE TST-S & TST-R 2 fHE
L7z, REHE#ER A Figure 52 (239, TST-S IXFEBRMNCBIER S NO)VERDO LM E 5 2 %
BEBRIRETH Y, TST-R £V 2.9 keal /mol ZETH Y, BHMICERRZHATZ LD
DEBEZBND, LinL, ZORFEIRFMEETHICLERIEMAE AT LF—I% 25
kcal/mol & FLFE S DAL, MBS TR S 2 WVIHRIRSGE T O RICHHEITTH 2 &b,
FEBRORME SRR & 135 212 W E DI, IRFIRFBE TR E 72 P RIE D RL
SNT, MR TRFIKFR B TR AR 2 BT 272007 1 kKT 4.8 keal/mol
DIEVA L= RN F =2 B L35 Z L Rbhol,
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2T, EBRRERAZGHEAICHIEER L =L F—IC AR 22 R A AR
E LT, 3725 0-bound = / T — [EEAR(Rudif) 3~ A 7 ML GAR EORERIRF & NH,
7' b OBTRFER-AZ DO LT, LVENTRLF—OEBREZ R H LG
WET T DRt 2 B4 Lz, £ 2T, OB LIORED LY % 5 2 2 EBIKE TS8
& TS9 #4H7E L7z, Figure 52 OHELZ, TS8 TiX—>? NH £ T O-bound ! / 7 — k
IR (Rudifn) 2 ZELT 2546, FEIZ TS TIE NH 28 2 SR CARFEHA L TLELT 55
BER LI, WTFNOEA LKE-EZE B2/ TST L Hilik LT, AFEMEICL 0 xhEd
HEBEBREO HHT R VF—ITHDT 50D, LD bT % G EEFICH T & 72
otz | FERTEROIETEL B = R L —E, DM(S)IRARRIZ 25.6-26.5 keal/mol D% 7R
72 & Figure 52 IR TERTOHAIZBO U LABRZ XL —REWEETHY, X
D ZEN SR E RNWTET 2 ENTE R o T,

LLE® & 512, Ru(Tsdpen)(mesitylene)#& {4((R,R)-Rulf) & ~ o i A F/1(3a),
F7E, T MEEEE A FLBHO T NMR GBI W TEIE S, F70, FEERICHEE
&7z C-bound UEE(A(Ru3fa), LT, O-bound HT / T — FEER(Rudf) ZFE 3 % %
F-IRFAEA AT RAF =B S AT 2 >, F 71 ERID ONLIRAL T % A BRI
HTERWnWZ ERbhoto,
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TS7-S 7.6 kcal/mol TS7-R 10.5 kcal/mol
E, 25.4 kcal/mol E, 28.0 kcal/mol

TS8-S 2.9 kcal/mol TS8-R 2.2 kcal/mol
E, 26.5 kcal/mol E, 21.7 kcal/mol

T89-S 0.0 kcal/mol TS9-R 1.1 kcal/mol
E, 25.6 kcal/mol E, 24.1 kcal/mol

Figure 5-2. Computational data on the C-C bond formation in the O—bound complexes.
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4—3. KBEHACLVREBINEAFUEEEBRT ) v & ORIG

EBALFNE LN T e R AR TH D C-bound BLEEAR(RU3), LD
O-bound ! / 7 — MEIR(Rud) L, [RFE-IRFFECTER A GELAICHI T & 5 PR T2
W2 EDRFREALTEICH LN E 7o T, £ TCARE - B -HTHLMZ LI X 512, NMR
GrtiETe E ORI FIETITBITE 2V, FHELFRICAE TR, 7 Lk 2
DOKFHE EKRFBREE TR L CTLREN ST A A X5 (Ru6’) Z % H 7~ 5 #25 D wlREME
ZAEA L7o, Table 5-2 IZ/R L2 L 912, A A x5 Ru6’) D H =1 /L¥ —|E, C-bound
RIEERRUB), B LN, AKFFEA%E B2 O-bound B / 7 — MMERR) L IZIFED S 220
ZEMbhoTV5S,

A A X EEAR(RU6) X, Table 5-2 (2R3 L 512, AHAMIEIC L 5 IRFE-IRFEFESTE
F B OB A &AL K FREAIC LV RE(L S R 2 A L TR0 *, i<
SRR ERGIIEHLL 9 D Lewis BMEA AT 28 BTLE L OMETHD Z ENRDIND,
X L— MUDOKFREAIC LV ZENSINIoA A 3R Ru6) & 2-2 7 a7 o—1-4
Y(la)& DRISIZBWT, (OHE. REDERMZ 5 2 5 5 RIGHEE % Scheme 5-7 12777,
Ru(Msdpen)(mesitylene)$E A ((R,R)-Ruli) & ~ 17 LY X F/1(3a), £7-137 & MEERE A F /L
BHDOSIHIZ LV KT D F L — MEED A 4 % 8K (Ru6’ia), F 721Z(Ru6’if)| L4 .0
\CZEREZ A L TERY, 2= 7 n e T -4 v (a)lda e OIS BT LIE P b &2 5%
JAHZENFEETH D, ZDRE, A 4 k85K Ru6’ia)lE MsDPEN B D —>D7 = =
JVIEHAEE?)N equatorial, euqatroial B DBLE 2 & 5 DIZXF L, A 4 2 %85 (Ru6’if) TiX, axial,
axial BIDORLE % & 5, RFE-REFB AT DO SARLFIT, A A o xR (Ru6’ia), & L < T,
(Ru€’if) |2 1T 20N ) 77 ) v B IC LA A RAREREICH LT, 2-v 71
NRUT 1A (1a) B BRI SRBITENL 72 si—il, B RO reHiO— 7 23R L TR
THZEILEVRESNDbDEEZR LIS, LT > T, Scheme 5-7 (27T K 912, ()
ROERMEEL 2 OO, £ LT, REFEOEFKYZEL 2 SORKEEDET 450
R NEZ BID,
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Scheme 5-7. Possible Reaction Pathways for Enantioselective C—C Bond Formation

o H T$10-S
R\g/%o’ —————3  S-adduct
N Ru8ia-S, Ru8if-S
CeHs /N—ll%\ o
/H |L H —_—
R /O O/ HCGHS /
- TS10-R
CGHS/Jﬁ_?ﬁ — > R-adduct
H OCH; M
H
Ru6'ia(ee), Ru6'if(ee)

R é
H OCH3

‘ T Ru8ia-R, Ru8if-R

CH30 Q¢ HO\
H R O H H 6 5“N/MS TS11-R
_ \ N\P“” — > R-adduct
‘ Ru
CH30 O\\ CeHs HI\N/\ N
O HT{'\PN/MS CeHs H
=
L R
HN—RU~ o) Ru9ia-R, Ru9if-R
CeHs H >
Rué'ia(aa), Ru6'if(aa) H R Q
B (@]
O
CH30 \ \
T g e s
| R\\PF‘{” s
0 u —— > S-adduct
H 7 N/\ < u
CeHs H

Ru9ia-S, Ru9if-S

R = OCHj3: Rué6'ia(ee), Ru6'ia(aa), Ru8ia-S, Ru8ia-R, Ru8if-S, Ru8if-R
R = CHj: Rué6'if(aa), Ru6'if(ee), Ru8if-S, Ru8if-R, Ru9if-S, Ru9if-R

FT. EBROICY A DT U F A — OB R TE D MUSR, T7b
b, TREOZ ;U F A~ —ilERE 52 51 4 5 HEHRRu6e’ N % H L CTH#EITT 5,
Ru(Msdpen)(mesitylene)$& R ((R,R)-Ruli)iZ L 5 2- 7 a X7 o~1-4 > (1a) & 7 & N
AF B & DIEERIRL T, GHRALENB R E2IT o 72,

FOGREHE & L C Scheme 5-8 127”9 L 91T, EIZHE L2V T =0 AR ICELL
LCEMbEn-o ) VENHLEICL > THFL— N LIz ) T — T =4 B b0
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ERY By X —A 4 HEERRUSIH-S) % E LT-, TOME, Yy ¥ —A 4 RIGHK
(Ru8if-S)7)> b D IR F-RFEFES TN, 8.2 keal/mol DIEVELHH =RV ¥—%2 A7 5 &R
IRHEE TS10-S Z#kh L CHEIT 5 Z LW bhoTe, FHEICEK VRO TZEBIREE TS10-S O
TRV F—(T, 4-2Hi T R72 L 9 72 O-bound L= / 7 — NEEIRZ IR H§ 2 @R R HE TS9
=S (25.4~26.6 kcal/mol) ZH~TH) 17 keal/mol IRV METH 5,

WIZ, Y By X —A F U REEHR(RuSIf-S) & HIEIC . (RWEDAEME 525 X5
WZx= ) UBELAT A Y By X — A A U RIBER(Ru8if-R)Z X E L C DFT 3t %2179 & HH
T RLF—H 5.5 keal/mol &7 < . & HITIEMEL A =R /LF — % 10.9 keal/mol & KV &\ ME
oL, BEIREEICE T D HHT RV X —(T 8.2 keal/mol m\VMEZ 7~ L7=,

—J7. VB X — A F O TER(RuSIf-R) & [F] U(RYKD AWM % 525 K 5 1T#%
EESNTZY By X —o TSR (RIIM-R)DHE1E. H T R/LX—7) 4.4 keal/mol., 1&M:
{EAB=RLX—2 5.6 keal/mol &, V& ¥ —A A L HIGHEARUSIf-R) & i L T & H1Z
BUVMEZ R L, RIEOAERME 52 55813 © v X —A 4 TSR (Ru9if-R) ) & BB IR
E TS11-R Z AT 2RV AFTH D Z LS ni, 72, OROAERWE 525
Yy X — A A TGE R (Ru8if-S) & (R)VED AWM E 5 2 5V © v B — A F o RIGEE
(Ru9if-R) & OEBIREICBIT 2 HHZ RNV X —% R T H L, VB v X —A F U RIEEE
(Ru9if-R)73 5> 72 1.8 keal/mol i\ MEZ 7= L 7=,

B, OEROEEME G2 5y Z—A F BRIEERRIIH-S) 12DV T,
Figure 5-3 TR T 5 L 512, =X F—MIZR B AR LR TH L Z LN LN TH T
Z s FRALTFIN IR A SR A T Do T,
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Scheme 5-8. Possible Reaction Pathways for Enantioselective C—C Bond Formation

M
H CeHs /-
N
CGH5/J(i€//
H/T T Ru Ts10-S
\

o’ H H o 8.2 kcal/mol
CHj 74 Il — S-adduct
— é Ep = 8.2 kcal/mol
M H
H CeHs 1° Q OCH,
N e
CsHs/]/(NiI?G\ I Rusif-S 0.0 keal/mol
R —
CH3\§/O\<O/ :JLC/GT/ :jl/'s TS10-R
_ 16.4 kcal/mol
+/
CeHs /N—lRu/ ————— R-adduct
H OCH;3 P IVIEAN
. o H be) Ea = 10.9 kcal/mol
Rué6'if(ee) CHs \g/\<o/
H OCH3 é
“ Ru8if-R 5.5 kcal/mol
H CH3 Q
CH oﬁo N TSTI-R
H  CH, I RIS AV 10.0 keal/mol
- N\P\u —————— R-adduct
CH50 O CyHs H-—N—RU E, = 5.6 kcal/mol
C)\ H \H N/MS C6H5 H
\\ l
HIIRL/RJ g _
CeHs H - Ru9if-R 4.4 kcal/mol
Ru6'if(aa) H CHs Q
- o}
o}
CH30 g \
3 H HCGHS\‘N/MS
N\Pl\i'* TS11-S
u —_— -
HN—1 N S-adduct
CeHs H

I, Scheme 5-8 (2R L7z & 912, DFT #HRIC L W =R F—Mick b AFIT
% &EZ BN DHIERIRAE TS10-S 2 JEHEIC, ERIRAE TS10-R & TS11-R Z#8H 3 5 AlHE
PEa KA L=, Figure 5-3 (213, FAiifb A7 @K EE TS10-S, TS10-R 35 X X TS11-R O
HEik & ERIREE TS10-S 2 JEEL L7z, TS10-R 3 L TSH-R O H T RV F—E% IR
L7z, (RYWEDAM % 5 2 % BB IRAE TS10-R OTERL T, (SIRD LY % 5 % 5 BB IR
HE TS10-S L3 EA D, 2-3 7 u T o-1-Fr(1a)D Y A F L U EL(-CH-CHy-) 23 T L
— VBN & ONRBEEZ RS ZITH 2 LD ZORKITHE 2 12< <, DFT st R OFER T
t . EBIRAE TS10-S L 0 HIEMEL B B =R /LF—7% 8.2 keal/mol KX WMEZ /R L TV 5,
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Fo. AT =T LEERICB T S8R OONRREIZHREEZA L TWAHDI, T
=T DEAITOW TR DN ARELE & & O R ~D 2-3 7 n X7 —1-F 2 (1a)DETL
LARETH D, ZOHE, BBEIRRE TSU-R Z#H L CRKRDAERDBE LN D, EBIK
BE TSII-R Tix, V7 IVEMF EDT 2=V ED—28 2= 7 u T —-1-4 1 (1a)
DY AF b EAL(-CHy-CH,-) & DNIARRFE Z 5| E R 29772, ERBIREE TS10-S LV & H
=RV F—728 1.8 keal/mol KEVMEZ 525, EHIT, EBIRAE TSII-R D 237 v
VT U= (1a)D Y A F L AL (-CHy-CHy-) 28 7 L— BN NS O 72 B R R
TS1-S DAL, PAF LV UEMLE T L— VBT & OSHRRFER D Z L, BB
WCZ RN —IAF]ITH Y . T ORBIZ DD TUIFHEAL I #2322 o 12, LA
LEDEIIC 4 SDOBEBIRIED 5 B TS10-S ZfR M7 2 IRFEIRFREETHRN T 1L X —H
(i b ARRPOGKERE T 0 . BRI OS2 GBS T E 5.

7238, Figure 5-3 OZNENOEIREICKT LT, 7 & MFEEE A F /L @037
X LROTSAEES &V 9 D0, ZOWBROFHECENRMITITR AR n -, B
BEOBRT ) L EB-T P AT BEIO, EWUEDO= a7 AT e P AT L L
DRF~A TN T, 7 P AT DT L IVERSERICE S WSS T
FUFAERMEE R L, W AT IVERRL A SEREIC B i & = v F R PE MR T
B eV BUEEWEERDME LN TS Z b, SHERIRFNRLETHS I,
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v#i281.4 cm? v#i269.0 cm

TS10-S, 0.0 kcal/mol TS10-R, 8.2 kcal/mol

v#i247.2 cm?

TS11-R, 1.8 kcal/mol

Figure 5-3. Optimized geometries and relative energies of the transition states TS10=S, TS10-R,

and TS11-R.
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BHE KBREEEELBRT ) VEORIFITBIT BT o FBIRED
REWBICETIHBE RN RER

5—1. ¥FUT I FERIZBIT BT U— VBT O & RONEREOFEE

FINT I FEMEE VD RE A VRIS, $ 28 - iR~k )
W2, T U= VENL A OREICRELSEEBEZZ T L EBbho TN, 22T, TL—V
BT O & RUREIRME & OMBIC SOV TEHRILFERIC B LR LT,

FHEAL SRR R K D & Figure 5-3 IR L7 & 912, BB IREE TS10-R
ITERIRAE TS10-S LT, 7 L — B & 2= 7 u T o—-1-F o (la) DY A F L
> HERNL(-CH,-CH,-) & D SLARERESE (LI LT, 8.2 keal/mol =R /LF—HIZAF]THY . (R)
RO Z 52 HDDIIRNETHL EEZZ bND, —JF, TLERONAKLF R8I 5B
BIRRE TSU-R 2BV T, U7 IVEN A DO—H D7 =i b 2-v a7 o—1-
FrAa)D Y AT L UENL E DONRBEE DD, EEIREE TS10-S L Y 1.8 keal/mol & >
INTHDLINAFTHLZ ENbhoTe, TOXHZT V—VEMAMTOHE, BIO, &F
HUDARE & RO ONARRIR M & ORI D,

ZI T, BRxIeiEE O T L— VBN T AR T AT = U LT X Rk e~
0T AT V(3a), X, T NEEEEA T30 E O—EOMAE DD R D IS
BT OEBIRE TS10-S &, @RPLAFORL HEBIRIE TSU-R L DR L —7E%
ZNENFHHEIZ X Y RDT=, Table 5-3 121X, T HOREMRFHEBREEE O TRLE,
T L=V D@mBREL RDICONTZRAF—ENKRESRDZENL, TL—r
FNLFDSIRIGE N KR E < AR DI, WO RTLAE 2 b OEBIREEZ B H T DRI
MR F—BNCARN/R Y | =F U F A HOBIRD B IATOILTWDH Z L Z/R LT
5o Flo. TN 2TOHEOIEREBHTZ R LT —IZOWTHMT L, v R U BY AT
JW(3a) D i Tl 3.4-6.7 keal/mol, 7 & hEEEE A T /L3N D A 1L 6.4-10.4 keal/mol D #i[H
WZHDZ Enbhol,
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Table 5-3. Difference in Energies (ZPE Corrected) and Free Energies of the Computed Transition

States for the Formation of S— and R—Products

Substrate Sulfonyl group | Coordinated arene of Ersiir—Etsio-s G(298)1s11r™
of the catalyst the catalyst (kcal/mol) G(298)71s10-s
(kcal/mol)

Ms Hexamethylbenzene 4.7 6.3
Pentamethylbenzene 3.7 53
Mesitylene 1.7 2.6
Malonate p-Cymene 0.3 1.8
(3a) Ts Hexamethylbenzene 3.7 5.1
Pentamethylbenzene 2.6 4.0
Mesitylene 1.1 3.0
p-Cymene 0.6 1.8
Ms Hexamethylbenzene 4.3 5.8
Pentamethylbenzene 4.0 6.7
Mesitylene 1.8 (Figure 5-3) 3.6
B-Ketoester” p-Cymene 0.8 2.0
(3f) Ts Hexamethylbenzene 34 5.0
Pentamethylbenzene 2.5 3.6
Mesitylene 0.6 2.2
p-Cymene 0.8 2.0

“ In the case of B—ketoester the difference between slightly more stable transition states with the
acetyl oriented toward the coordinated arene is shown. Another couple of the transition states TS10

—S and TS11-R was also computed for each case demonstrating the same tendency.

ERIc~m VY A FABa)d 227 By T -1 v (la) DRSS L D 1S
b= o FARREEZ S L2, RIEE 5 2 DIEH LB B 2L X — L ()R E 5 2 D1
MALHH TR LX— L OEZRH U2 RE Table 5-4 12F & O TRT, EBRMIZT T 1L
T =T LGEROT L— B D R S DTS O TAERM O N TEMEE A A B3 D A%
FEMRED, BT 2DERMEREIFFLTNDL 2 EhbnroTs,
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Table 5-4. Effect of Arene Ligand on Outcome of Asymmetric Michael Addition

Q o o CeHs™ N
+ L
é CH3OMOCH3 CO,CH,

tert-butyl alcohol, 40 °C

1a 3a (S)-4aacoch3
Difference of the free energies of
the R- and S- pathways computed
arene yield, % ee, % from the ee values (kcal/mol)

Hexamethylbenzene (Rula) 98 98 2.3

Pentamethylbenzene(Ruld) 99 97 2.1

Mesitylene (Rulf) 99 89 1.2

p-Cymene (Rulg) 87 82 0.9

PLEDOFERD S . Ru(Msdpen)(mesitylene)$5 4 ((R,R)-Ruli)Z V= 2-2 7 .~y
T r-1=Fr(1a) L 7 & MEEEE A F LB E DR~ A T AN X, Figure 5-4 1273 &
N, MR R & U OKFR A L0 ZEL S oA A U 5 BE R (Ru6’if) & 52 7214, 8.2
keal/mol DAL H =R /L 2 —Z £ 5 BRBAIKHE TS10-S Ak LT, =/ 7 — MUARY)
(Rul0if-$)% 525 Z & Do T,
H iy v?'

ceus—-l(—\i'éf(',—-

H’T_;"'~
o LA

o)
/4 O" 0
=g &j
H L

OCH; """

8.6

P

RUBif-S l Ru10if-8
T 0.4 H

Figure 5-4. Profile of potential energy for the enantioselective C—C bond formation step.
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5—2. HRRERAERYOBIBRE
WNT, ERBIRRE TS10-S Z /% L=/ 7 — MARY(RUl0if-S) % 5 2 5 R

ZOWTHRFRT LTz, ZOFEH, Scheme 5-9 1233 & 912, RFEIRFBREATA & [FIFEZ O-
T )7 — MNMIMEE AT ORERTHEKE G252 ERnbrol, £ T, £l
(RulOif-S)IZ BT HAIMR~DEHE 72 71 R o BEIORIREE A BL LI, 7' b o Afbod
R IR OGRS B RFET D 2 E N TE oz, — kI, BRFEF~07 1 s U BEOIE
PEAAABET XX — 13 LK< (169 keal/mol, #E B IKAEE TSHO) . * 7=,
Ru(Msdpen)(mesitylene)$t R ((R,R)-Ruli) % AT 5 720 D= R L F—EEE TR | Bl =
J 7 — MMUSERRuIf-S)Z R CE 2 H D LB X B, EEEOMBERESAF D b & Tk
Z DML AR E I L 5 0 FRITCOEBEN /2T T — FMUEEARullif-S) D 7 o
R AL TARL, BWIEIC L 27 0 FALDO FREE S ZE 2 b2, fE> T, 2 2 TR
FIRFRED TR D SRR BB RIF SRV E D EE R T RIFEEIC 2

WL D FHRALFZI IR fRNT 2 3 Ao Dy o 72, 7233, Scheme 5-9 DWIBETHLH L hr~A
TSR D Z &b TPRINDD, —#HO RO REEE TH L7 e kAL 4E
A DNLARBEF D72 DIZHHE Z 0 1< < b b e~ A FVBORHEITT 5 Al REMEIE
NWHDEBZZ HILD,

Scheme 5-9. Enantioselective C—C Bond Formation, Hydrogen Transfer, and Product Releasing

H CgHs :I/AS H CeHs /
CGH5/]<@?G CGH5
— /
M Q ‘m

Steps

o H coordination
CHi— o + EE——— CH3
H OCH, H OCH,
Ru6'if Rus8if-S
Tsto-s. CeHs TSHO C6H </
- Ru
C6H5 / \ CBH5
b_<cocH3 cocH,
CO,CHj [) <
if- CO,CH
Ru10if-S L RU11if-S 203 |
(0]
dissociation/ CeH N|IS
proton transfer 6115 N
—_— Ry = +
CeHs™ N CH30,c— H
(R,R)-Ru1i COCH,
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5-3. HEMERLEREROHEE

LEDX ST, T NMAT =0 L7 I REEERE WD ERIR o, B-—ARFfs b HH
LNV ANR= LB & DR~ A I ARG 35T 2 iR SRS A FEBRIL 719
BLO, #HELFNRFEE ZHAEDE D 2 LTI EHIICHHEL toT, 22
TEBIT, RO TECE SO T IR E TOERBROFEMIRERERART,

5-3-1. ~ATNVZBFEOHEE

=% D Scheme 3-24 [Z/R L7z K 912, BRIR= /) U DSOS TIE, BREEDMEINT
L0, = FUFABEIREOETITRDO ON2WNES DDRISENE T T 2S5
(Scheme 5-10), Z DfEFIX, Figure 5-3 DEBIKAE TS10-S ITRINTNWDHEDIZ, w147
VERIBHRIVT =0 KERICEA T 2B, s—trans Bl D RFE—RHFE ZEREAEALNT L
— VBN < KD ICERAT A DN TR X —HICHHI TH 508, BEENEINT 5
IRV IEEAROEE S DTSR L ONRRENR AT, FER L L TRIGHED
KFIZoRR -T2 b D EFHATE S,

Scheme 5-10. Reaction of Cyclic Enones

o)
* o o (R,R)-Ru1b
+ h
CH3OMOCH3 (CH3)3COH COCH,
30°C, 72 h
1a  1:1 3a (S)_4aaCOZCH3
S/C =100
99% yield
98% ee
o)
o)
o O (R,R)-Ru1b
+ >
CHgOMOCHg, (CH3)3COH CO,CH;,
30°C,72h
1c 14 3a (S)-4ca CO2CHs
S/C =50 75% yield
>99% ee

[FERIZ. Scheme 3-25 (TR T L DT, BEHILEZHT D 4~V AFN-2-0 7 m~y
T 7 AA)DFISTIBN T, @RI O AR A S AT EERIZLL T O X 5 I T
% %, Figure 5-3 OEBIREE TS10-S (2R L2 K D12, RIS 103907 =7 KESIRIZEINT
T HBE. strans BPED IRFE-IRFE ZHEESER T L— BRI A KD ICEAT D
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F) VTR F—CHRATHY . ZTOME, WEA)D Y A F VLT b — BN 71
%f UCNIRRESE & 72 O W LEICELF C& 5720, WHEBAROER SIC X0 OSHEIFIE T
THHOD, = U FARFMEITIR T LR o7 b D EBEZBND,

5-3-2. $HR=/ ORI
%5 —# D Scheme 3-30 (278 L7z K 912, $R~ / v O FUSHERBE AR B 1C
DUNTE, =/ DOSLIRFLE S R F- R B S TR OBBIRREIC 1T 2 =/ o OSLARELE
BEELTWD O EHElSND, 22T, ETEHORRKRT ) o L8Rk= ) v orEN
B LTz, Bk IR ) VAV EREZRAL TN DL EEZ BN NG, B
DIEEN O DHERET) & 70 | WIS Z TR T O LB 2 b5, WRIT, EEOIRR
(2 H L THAD & Figure 5-3 OBIREE TS10-S [I/RINTWDH LI IC, BRIk /D
BOS T~ A TVERERNT =0 LSERICELN T 2 BR1%, strans WEIEDRFE-IRFE HE
EAERALA T L — VBN AN < &9 BRI T D RS = R L F—ICR b AR TH Y |
RFB-IRFAE TR OBEBIRREIC BT 5 ) v OhiF £ LWOSARRLE 1T s—trans 11ETH 5
EHEI SN D, —J5, Sk 7 1%, Scheme 5-11 (2R T X 912, s—trans 7211 T <
s—cis fIED &0 9D LB BV, MKRBRENEE SN TWRNWI &, EHIT, strans &
HOHRT ) URKIET 25ATH, RERFEZEMBEICH L CEHRE R LTV
FONARBLEIX F 7 o AMROBARIZH U | Figure 5-3 128 L7z L 912, EBIRTE TS10-S %
ZETHE, BHERIIT L— VBT & ONIK I E ST 2 L 80D, KSR Z
LS b b0 LTINS, EE, Scheme 3-30 (IR TEHRIL R BN AFLILL 0 EENT
= =V E S OSIRT ) TR HEIT Le v o T DIE, SEREEORBIZ LD B0
EEZLND,

Scheme 5-11. Reactivity of Cyclic Enones and Acyclic Enones

5 - A=

s-trans s-trans S-Cis
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5-3-3. ~ATNVEEEEORE

% =D Scheme 3-37 (TR L7 L 212, av 7/ HEE= AT )V (3s) %~ A 7 /LAl
HRE T DO TIERWTE T U F AR Z RSP, SOICEAFRBE LT 2> nly
Tro-1-ArAa) s o> T J R AT L (3s)N 2:1 OETRIG LIALEw NG LN
(Scheme 5-12, (1)), —7#. Scheme 3-36 [Z/R 72X 91T, a== FaFHE= AT 1 3r)&~
AT NEEAR E T LS TIEmWT T U F AR L R T & &b 1a/3r = 2:1 O TRIS
L 7oAL AT Ak L 72 5> > 7= (Scheme 5-12, 2(2)),

Scheme 5-12. Reaction of a-Nitroacetate and a-Cyanoacetate

% o) o)
0 o) (R,R)-Rula
* NC >~ + )
é \)J\OCH3 THF CO,CHjs
. 30°C,24h NC~ "CO,CH
1a 11 3s 4as CN 2~11s
SIC = 50 22% yield 52% yield
17% ee
o)
o)

CH3CH,C(CHj),0H

0 (R,R)-Rulc
+ oN_J 2)
OC,H5 CO,CoHs

1:1 0°C,48h NO
1a 3r dar 2
S/C =50 95% yield
92% ee

IO XD RISEDENT, ¥TNANT = AT I RERICE D a7 /B
TATAGE)DOHT v b ALICEVAERT BT I VAN, v B VBT AT AR b=
ATNDFEERRDTDEEZBND, FEE, RBINI. FTA0T =0 L7 I RESE
RXTNA VP TAT I REERE aflcT V=N EE Do T/ EiBET AT L & DT
2 M ACEISTHE LI D T I VEHED, 7 ) ERHRLEBICENL LY U v B — A
VABEATH D Z L FERMICEIEL TV DD, &b, ZORIGTEER, 7YYL
RUBT AT VY, F0E, THF Loz 27 VR L EIER, S s F AR
JETHZ EERNELTWS, UK LT, o= haFHE=F L@r)& X717 I Rk
RKEDITZ L DT 2 U ERDAERKIZ OV TIEINMR 3 EEC DFT #HRIC K 5 & 572 58
BERMLETHDHN, a7 / FE A F L (3s)DEU & R T o F AR 23 R B I
WZEND, o= FaFBZTF L@ VBERE LD 2 DOKFELF L — MEK LA A%t
A E 52, v R BT AT VR = ATV & [ERRD BUSHERE CTARF~ A 7 AT
JEREIT LI D B2 BND,

169



BhE
BRI a, B—TLIFIS R HHETIEA T L ALY E DFFF~ A AT NRIIC 51 S
VI 7

5-3-4. FINLT I FEEIZBIT S NH EDORE

% =@ Scheme 3-21 IZ/R LK IIC, N-AFVEMERT LT I RE&K
((R,R)-Ru2q)iL, 1T & A ExF o FABRIRNMEZL R S 727025 72 (Scheme 5-13),

TF T ABRPENBE AR T L2 IRO K HI2BETE D, “NH A%
HTHLVT =0 L7 I REHEAD KIS TIL, AED Scheme 5-3 12T L9212, v a2 BT A
FID 2 ODIBHEINLEL . SEEDEHE LD 2 SDOKF L NFNENKERAZR LT-x
L— ML %R (Ru6) 28 SUSH IR & L CARKRT 5 2 & SBERRE OHEITIC LA
AR THDHN, “N-AFIVENEHT DT I REEIR(R,R)-Ru2q)DGEITT 2 7 F EDk
FII1OTHLIDIC, v VR AT IVNT X 5 ET2 SDOKEHEIC L DL EME
EEECET, A RICEESIC WHED EE X HLD, Table 5-2 [Z/R L7z DFT #H&E O
FERNO S, BHEED 1 DOKIEOHRTKFER-E ZI LToA A B RRu6) X, 2 DDK
FAEEEN LA A Uk RRu6) & ik LT ZELEN TN L &R LTV D,
T URNAT =T AR LT, v r U AT VDN RFIREE G A TORT DA
BEICAETE RN, FilERF I NAVINGEEZIRTE T, = v FABRFUER R E <K
FTLiborEZzLNS, LLEORERIZ, $T707 2 REbikE WSSOSO EHI R
W, BEREHEGZ2HbDEBZLND,

Scheme 5-13. Effect of Amino Group

Q O O i
. J\)J\ (R,R)-Ru2q .
CH30 OCHs (GH,),COH CO,CH;
1a 1:1 3a 40°C,24h CO,CH,4
s/0 = 50 So0% isd
(R,R)-Ru2q: 8% e
Ts
CeHs N\ 74
t /Ru——- ‘
CeHs™ ) N\
CHj3
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BAHE i®

ARETIE, FTNVNLT=ULT I FEERZHWDLERIRT ) o ~D 13- LR
=IALE D T o F AR 2~ A 7 AATINEOE O SOGHRE ORI A BN & LT, EB
L5098 L OHEC T EEZ O TR Lz, ZORE, R TR~z RSP
RITARYS 5 KRR OB BT 5 NMR 3 EiEIC & 2 BB HA04E RN 2 T, A

THEMNZR ~72 DFT FHRALTFIC K DTS SR D & | A FE LU H R D A B A R0
T F BRI B DOERTH AR T 5 Z LN TE,

BARIIZIZ, FT0LT =0 A7 I REEEZ WD RE~ A Z/VAEHINBOG T
BANINT =0 LT X REEERIZ K D~ A AL EAROBL T 7 b ACSOSIZ £ 0 A 7 2 xhbl
HBRuS)Z 525, ZZHHIEFEIC 2 DORKKIZ IV ISR AR L (Scheme 5-3), 1

NP D~ A I WAEEARSF DT o F AN L 0 O-bound B 7 T — kA (Rud, Rud’)<°
C-bound UG ARUI)Z 5 2 DK L 6 9 —HIX 1 DOKFERER % DA 4 U k55K (Ru6)
AL T, 2 DOKRERMEEN LI-F L— ML F U 5HERRu6’) % 5 2 2RI VEE
SINDHZ ENbhol,

EBALFEOIZIZ~A it R Thr~vr R AT L, LT, B-F b=
AT NEXRTNNT =T LT I REEROFERIOST, W77 b AL EIR THLH
HAT L, JFEO 7 2 RS, C-bound HUEEIAR(Ru3), F 721% O-bound Lt / 7 — kAR (Rud)
Ea it R W E 5 27 (B =%8), ~A FVitERE L Cvr VBB AT v E WD
J& Tl C-bound BUSEAR(Ru3) Z B HIIC G- 2. Z OSSR ORI TRIE NMR R0 B5 fH X RS
FHEERATIC L VS M Lz, — 7, AT =T A7 2 REREB—7 AT )L & DK
TIEX. NMR A7 MV OFFITIC & 0 B4 228K DO EHR A & L TBIIS D 2, BUG
F6 O-bound Bl / T — hEEAR(Rud) D32 EIZ BB S v, XSRS AERT IC L 0 2 o
W2 Sz LT,

ARETIE, FRROFERFEE S &2 DFT #RICE D) o F A RIRA 22 R -
IRFBEREBTER D SSIREE DIRITHER AT o 72, T ORER. FEBRIIZFEE SN2 2 b OfE
RREIT, RO LM & 5 2 2 POGHEHS FATALE S 2 AP RA TIZ R W 2 EbinoTz,
T 72H, DFT #HEIEL O-bound T/ 7 — MMERRub) & 2-> 7 X7 —1-4 2 (1a)
& DIONIE, K 25 keal/mol DIEMALE =RV X —ZNELETHZLERLTND, &6
(2 C-bound HUEEAR(RUI) L, =T FABIRA 2R IKF KB R QTN Z D EALFHIRICFS
W, BIR= D1 372D LNRWIEE, HEVIZHSERITIAZAS> TS, =
WO ORERIE, FEBRO RIS ERCIIRSEM T CHEITT 5 2 & 2B EAICHPI TE W,
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Z 2Ty X0 BN HEA I A T A D TR B Scheme 5-14 (2783 A 4
KIEERRUS)ZRRET 5 2 DOT7 I 70 bl ko TLELENT-F L— ML 45

FEARRU6%)H . NMR 73 A IC BN TRIE S 720 S D O = 1L FF —FIT b 22 7 fili v i
KTHDZ EBbroTe, FEEE, Ru(Tsdpen)(mesitylene)S{A((R,R)-Rulf)iZ L 5~ 1 gy
AFNBa)y D7 v b A KD ERRT D F L — ML 5B (Ru6’fa) X, Scheme

5-14 12F O TRT L HIZ, C-bound BEER(Ru3fa), 3L, O-bound B>/ 7 — NEEA
(Rud’fa) & bl U CRIFREDOHH =R L F—%2fF L TNWD Z ERbnolz,

Scheme 5-14. DFT Analysis of Deprotonation
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0.0 kcal/mol
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—
—-8.5 kcal/mol

ZDOF L— ML A UKL, Scheme 5-15 (2T X S 12, FLEENS T A
MR T CREEEEEZA L TCWEEOICREFA (w41 FVZRR) 2% AR5
RRAIZA LTS, BRT ) UNZ OB LIIENT 5 2 LIC KD iEM bEh, #iRke
U TR T L T NA T RIBEIR & MU 2 2 BRIE AR T = F U F AR 22 K
F IR FBREATERSE DI TS D Z E o7, DFT HRIC I E, ARUSERE OTFEM

{LH BT R/ F—(% 8.2 kcal/mol TH V) | FBiRAT CRIGDHEITT A Z L L LA T HHEA
R 7o,
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Scheme 5-15. A Possible Mechanism Based on DFT Analysis
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H’N_RU proton transfer

B —————
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TS 8.2 kcal/mol

CeHs'

SHIT, =FUFABRREOREIIL, R/ CORMICE > THESND Z
ENbholz, &IT, RFEIKFREATERPE Z DBEOBBRREIZIB VT, 7 L— U FifiL
TOBBIETT IVEN A LD T = = VIS SIRHBIEEIC S KRB R RIET 2 &R
We XAz, AR E O g D~ A T AR D Z I O A B BT 5 B EAE A 72
FRNT 2 AT 70 o ToAb g, EAEMMD & 5 % DK T, RFB-RFBHEAHROBBIRIEIZB T
T L— VBN DB IBNAREEF LR D0 L, v A T—RERDE G5 Z DR TIE, 7
L— VB2 Tl < RETFH (A T AVZEER) 27 L— BT & THZAT K

INNMET DT I VBN F LD T = = VOSSR R B 22T 5 Z L RNbhoT-, L
=M o T, EDOT L— VBN EEOIE E~ A T~ A IV IR O A s IR B -
Y, FERE LTl U F RO m FICER D Z LR SN, 2R ORI
HIZRFEATRE SR, BB =BTz K9 12, AR SUS TIEBER D T L — VB 1% s <
T HIZO0M, SUSERL =T v FARIRNER A 5 &0 ) EREER & L A8 5,
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1701.
? Ru(Msdpen)(hmb)# 1A ((R,R)-Rulb) & = 11 U EY A F /L (3a)DFUSIZ L 0 BT 51 A
XEEARRu6’ba)D Y 77 U B I K DA AEBIZI VT, Ru6’ba(aa)iIRu6’ba(ee)
CIRIERIFORBRZ XL —E2 AL TEY (2.9 kcal/molZE) . (LA BT R /LF—I%,
3kcal/mol: AFEL HILDH, F7-. Ru(Msdpen)(mesitylene)s& A ((R,R)-Ruli) & 7 EEfE A
F B & DIISIZ XV BT D A A Uk HEERRu6’i) D55 . Ru6’if(aa) & Ru6’if(ee) &
DODHHBTZRLF =TT E A LR HEEEA =R LF —|ES5 keal/mol & WA S B D,
' Tto, M.; Osaku, A.; Kobayashi, C.; Shiibashi, A.; Ikariya, T. Organometallics 2009, 28, 390.
HOERRHE TS10-S 123517 5 7 & MEER A FILGBHDT AT IVERRL & 7 3V Esifia & &
725 TBRIREE TS10-S° 12DV T BEBIREE TS10-S E DR NLF—EA2FLDDHETERD
£t s, To—rENFAmEL RDIFE, MEBIREMO= VX —E0/hE <
LEmR RSN,

Starting amido complexes Ersi0.s—ETs10-8
(kcal/mol)
Ru(Msdpen)(hmb) (Rulb) 0.3
Ru(Msdpen)(pmb) 0.5
Ru(Msdpen)(durene) 1.2
Ru(Msdpen)(p-cymene) (Rulh) 2.8

"2 Handgraaf, J. -W.; Reek, J. N. H; Meijer, E. I. J. Am. Chem. Soc. 2007, 129, 3099.
DORAIEERE RS BN LK PR 22 4R
1 Hasegawa, Y.; Watanabe, M.; Gridnev, 1. D.; Ikariya, T. J. Am. Chem. Soc. 2008, 130, 2158.

"> Hasegawa, Y.; Gridnev, I. D.; Ikariya, T. Angew. Chem., Int. Ed. 2010, 49, 8157.
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ABFZEIT, BJE-NH EAL OB AE AN RIE S MREEEZ AT D5 F 710
T=U LT X NEARMEE 2 D DI IR AN R R IR FE AR B TR PR DB%E, 72 BTN,
ZDORISHERE DO Z B & LT,

F— P Tk, 7 RESEROSE-NH & ICH kT 2mERE G RIS
£ B ZEHEREVE I % KB D252 % Sl & 9~ 2 flE ORI Fe S W TR L 72, S B1c, 72
RESHIC LD, BEEREEMET 7 b 2R T 2 RETKEEE OTEMEHEMEICOWT, Zh
FCOMGEHIZ S LITHEEL L. AFFED BBy L BERIC OV TR,

B THRMREX T VLT =0 A7 2 REMAO G EE- ] Tk, 7 b
DRFEBEBRIAFRITCICICEB N T, Mk, FEAERFENTI b o7, ZEHRT L
— VB E B OXF T AT =T LT I REEER, BEO, ANF= VK BICEERT U —
NERTLHXRINNT =0 LT I NEEREZ G L. RGOS C 5 2 5 58D
WTEE L, BT, TNV T =0 LT 2 REEKRO(LEOME & L CEWZEMICS
WCHE L, AR RIZT U — V2 G 285 T EMRIC R T, MBI L0 7
U— VDA N ML C-HUIBSUGDSE Z D VT =T KA X TV A 7 VSR ER I 2
HZEERLTE, ZORRIE, XTIV T =0 LT I REEERAENC X 2 @ 2h = A il R %
WS DH L COERERMATH S,

B IX T NLT =0 AT I REEERE AL B o, p-—AfaFn7 b JH & e
AF L ANMEME DREFE~A T ARG T, FTAVT =0 L7 X Rk~
27, BEOY, p-7 h= AT VLD EwRGEZ NMR 3G KO BE L, &
R CTERT D7 I UEROBEESCEINEENIC DWW TR =, 72, FTNVLT =0 AT
I REBARBEIC K A BRI ) VS 13-V AR =LA & DENRRARF~ A L
B % B%E LT,

NT =T LT I RERE~a VY ATV EDORIG T, Scheme 6-1 12779 &
N, IR U AFLDAF L URELILT =7 LARFES LT- C—bound BUSE A7) AR X
Ao, BURE S XOBAEERRATIC CEOMEZ A O Uiz, BT A ARERH DL H —2D
AT CH D, v R VB Y A TF I ORBEENI NV T =7 MIHFEA LT O-bound . ) T —
REARIZ, NMR 23 HEIEICB W CHEIIT 5 Z N TE ol
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Scheme 6-1. Stoichiometric Reaction of Ru Amido Complexes with Malonate

R
0=S8S=0 R,
CeHs ,{,\ o o
Ru + M
IN/ CH,0 OCHs
CeHs' H

R B R N

CeH " CeH "
6 S\EN 7 65 ~_ 7

N
> \Ru T: Ru
- , S
C \\\\ N/ ‘s, /002CH3 \\\\ N/ ‘s,
6Hs /\ T H CeHs /\ o
H
C CO,CH
o- \OCH3 CHs0 N 2CH3
— H —
C-bound complex O-bound complex

—H., VT =T LAT I REERE pr b AT EOLFERRICE R LT &
Z 5. Scheme 6-2 |Z/RF K 512 O-bound Blr / T — NSRS HEREE S, BSS X s
FEMTIC CZEOMIEZ B BT Lz, F72. NMR ZEEICEB W T, C-bound HUEE{AK &
O-bound B! / Z — NEER O 5 S BLM < 7z,

DL, wa U Y AFNAOEETE C-bound HEEKN = R L X — WL TE
BETHLDOIZHK LT, p~7 b= ATV OEAIE C-bound BEE(A L O-bound Bl /
— MEEA L BICREHETH O, WIRT CIFEREEM E L THFEL TS Z 2N bh

S72,

Scheme 6-2. Stoichiometric Reaction of Ru Amido Complexes with -Ketoester

R
O:?:O Rn
CeHs N_ O O
Ru + M
:EN/ CH3 OCHjs
CeHs H
R R
CeH " CeH n
5 N\ 7 65 N\ 7
- AR, _cochs AR
CGHS\\ /N\ “ : 3 C H5\\\ /N\ /'O
H LH H H ~__H
0% “OCH, CH;
CO,CH,3
C-bound complex O-bound complex
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INEOERBTELNEMAIT, BEHEICTRANLERF <A 7 ARG D
PR DFRBIZ 3T, FHRALFICIES ST R S AB DT D Z LIk v | FEMl7e
RSHE 2 #imT 5 DICENER TS,

BORT ) VL 13- U AR LAY (va v AT B FZ AT L)
L DARFE~ A WATINBOG Tl SRS 2 P IS T S & 5 72 O3Sk Lo T L—r
BN F 23D CHETH Y | 7 b O KFB BNV AT IE UG TIRSS D R AT
THLEET L — VBN RIS DB v F AR 2 BRI X5 2
LR PN o7, Scheme 6-3 IR T HHIZ, T L—rENLA & LTAFH AT AR R
fLFZ2bOFTNNT =T LT I FEEEOHFET, BRIk VLA D 13-V AR =
MAEE & DS EOR L, i 99% ee DT v F A& Tl 5 ~ A 7 LAk
bz Te, ARBOSIE, S/IC GEE/MEEE VL) =1,000 TH @R, @xF o F A @RI
RIGRHEATT 5, @ ERAFRFZ-KFEGRIETH D, Fio, ~A kbR
LTo—=FafRc A7 VE NS EHARETH D | BEIRD AR =)V EL BIZ5R 778
A RBIMER(CF)EE AT HZ LT, BT FARIRCIEDETT 5 Z B bh-o
oo BT, WHEOMMAEEZBE LRI OV TR,

Scheme 6-3. Asymmetric Michael Addition of Cyclic Enones

R
CeHs(_N
\ —
. N/Ru
o CeHs 1 (0]
(R =Ms, Ts, Tf)
+ Nu-H > (
( _ solvent, 0-60 °C AN
n 1:1-1.2 24-79 u
S/C =50-1,000 up to 99% yield
solvent: toluene, (CH3);COH, THF up to 99% ee
Nu-H:
O 0] 0] 0] O
o
R1OJ\KU\OR2 |a1ﬂ\(u\0|a2 2 OC,Hs
R® RS
malonate B-ketoester a-nitroacetate

BUE: (X707 =0 A7 I REEREANDI= a7V U ETEEA T
NEEME DRF~A T AAING] T, F 7L T =0 A7 2 R L 5 =k
nT N R E TR D 13-V VR = LG & ORBERAR T~ A 7 AT IR % B
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Lo AISICIE, ZBHRT L— VBN 720 TR, ARV BICEERT Y —v
a2 HTDENET D2 ENDhroTz, B, TU—ED 2, 6 M T /L F A EIZ L -
TEMBEINTZT I FEEERN B O & =0 > F A =PRMEE R L, Scheme 6-4 (2773 &
IR HRAFINT 2 =)V ANV KR =N DT I VBN & ARG DR TS5 IR DN e B o fill il
PEREZ /R L7z, & bIS, BE Om AHiHH 2 B L72RERIC OV T~ 7z,

Scheme 6-4. Asymmetric Michael Addition of Nitroalkenes

O=§=O
CeHs,
615, N\ R
N/Ru
CeHs™ [
O O
0] 0]
Ru[(S,S)-PMsdpen](hmb) M
Ar/\/NOZ + RAJ\KU\RZ = R" X, R?
toluene, —20 °C : R o
RS 24-48 h A >SN0z

S/C =50-100 1:1-1.2
up to 99% yield
up to 98% ee

K~ AT VIR DORHE L U TR SR 2h 372 S BT E AR
P BN 5, FEBE. Scheme 6-5 IZ77F & 912 Ru[(S.S)-PMsdpen](hmb)$E AR DIEE T (S/C =
100), $19 2FI U 7T AHEHENR T T DA —VORGTH BRAFRIE, BIW, =F
yFARBRE TR LT,
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Scheme 6-5. Synthesis of Rolipram Intermediate

0] @)
O™ LA
+
CH50 OCH,

CH50 :
3 2119 112 127 g
S/ =100 CH(CO,CH3),
Ru[(S, S)-PMsdpen](hmb) Q/O ~NO2
toluene, =20 °C, 48 h
CH50
297 g
94% yield
95% ee

NH
— O D&
CH50O
(R)-Rolipram

%ﬁﬁﬁﬁﬁa&%%ﬁ#hyﬁk%@%?VVMQkaKﬁ74&me
BRI BT 2 RGNS ) T, B | TR RR ) v v B AT L £
Ix. B#kEXTw&@T%74ﬁwHMﬁE®ﬁEw%_omf B _REOR itk
72 K5I NMR 3B K 5 EBRILF e FIEN OGO E . B HEOF R

R DB ONIMRITHE R & A DE TERT L LICLY, Y 1 7 L OF BRI
BT, MESOSICB G 285 EEZ I O M2 T 5 & &b, AEREOEIEICONT
bEfk L7z,

BOGHEMEIE Scheme 6-6 IR T LD ICE LD bD, FTHRIIC, VT =T LT
IR K DR B AT LD T e R AMAEDRER, 2 2DOT I T a h L DKFHE
ERICE o Tva VBT AT VR F L— b L7oA A VSRS A KT 5, EBRILFENICIX
C—bound FUGEAL, UNE LIFMEESS O RS HREMA & LTHRY EiF540% O-bound B /
7 — MERBBLI S N7 b OO, DFT §H5H TIE 2 S OFERITAEF RIAR CIix2 2 &3
Abmbizole, ZOLT =0 AERIL, BTZAEEK BRT V) 2ZFALD Lewis
fel UCHEBE L. WA OIENFRIRHCIEMEL STz, 3 P AE DI o T8k %E 5 %
Do REFKBUIBIRT / COEMIC L > THESH, FFIZT7 L—V BN FOEEmS &Y
RV EDT = S VPSR IRBICZ KRR A 525 2 L Rbhol, ZTDXHIT, 2
DOBEREMEEZ AT HLT =T L7 I REERIX, 2 DORIGCEE ZRRHIIEMEE LR 6|
RIS SOG DR RBLE HET 22 =—7 72 3IRITOF F VRIS ZED 32 &b

ST,

%P?
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Scheme 6-6. Outline of Reaction Pathway

CeHs
t RU_O + CHy(CO,CHs),
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ors oz coordination e +/ - |

H/N_RU\ H/N | RU

| H 7—> R
o’ H CH40 o O n

CH50 Y

\f_\/(o i °

H H
OCH; OCH;

chelate ion-pair

H
N A
CeHs/ﬁ/ﬁ E\J dissociation/
|
. |

proton transfer

o 41 0 CO,CHs
CH3OM_\——U CO,CH3

o

A JBE-NH #E S kT 2 IR G20 R 2 & S i Z8ise 20 7 AlBE13 Scheme 6-7
WRT LT, T I AT I NESAD 2 SOfEREDF AL LY . kU A
LUBOARFIRIC « REFKRFBACSIED X 9 7ok FE O % Sl & 3 2 BSOS 7210 T <
R R F— IR FEAE O TR R0 7 B R~ Fo A B TR G 72 &k & T B RS 2 20 28 B
SHITSHALZ EMTE D,

AL TIE FTNNT =0 LT I REHEDIF(E T, ~A 7R s LT 1,3-
CHNRZMEEDR o-= P RFHBT AT VAW BETFZAERTHLIRRT ) VES=
e T HEDRE A TIPS ZRE LT, TS DRISET 7 LA —1 T
HRAFICHEIT L. RIS, 13-V NR= b EM L BRIR T ) L DORUETIE SIC (EE/fik
BEE/LEE) =1,000 TEINER, @) o FABRAISOCHEITT 570 L SRR AR IR
F-RFE TS Z L TE 2, ZhUODORIEEATREIC L7zDIiX, 7 X REslko 7 L
— PN T E LTAF T ATF AR UM TFEHW-ZZ 21X b, 7 N AFHOKEBE)
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TR T ST B THRBLE M DO IR WA T A F LR B U SEIRN | RF~ A 7 AHINEDS
TENTAEMEREZ R Le 2 &, BRI U TSR s rIRE & W 9 | Al R O FF
BTHdHLENZD,

E HIZ NMR 73 HEIEIC K 2 AL FIE & GHRAF 2R T Bk & 2 0P L.
13- B NR =G LBk ) VL DARF~ A 7 VAN O fib i SO A B 5
PNZ UTe, fiklErP R & 7257 X U 85IRIE, Scheme 6-7 IZ/R T X D12, =% - 5 _HiT
EBRAL AN S Uz PSR (C—bound RUEE(ASS O-bound = / T — RARIGEIK) T
2  DFTEEICL Y 2507 I 07 a b EDOKRBRHEAICL > T 13-V IR = S
MR L — MNER LA T UREERTH D Z BTz, ZO/REIE, ER)IIbICE-
THE SN 0~V 7 VBB T AT VA~ A 7 AR &3 5 K55 R F-RFERE G TR G
RN IRF-EFEBTERSUST I 1T 2 AR RAD . Y T v Z—A F R TH -
T2 EIIHBTH D, L LS, SSHIEIER > TI O X )72 A A4 wbsiifix,
IR BN A 38 T SRR E K FALSUS I BT AR TH 5 2 & 23 Dub HIZ X
STH LTI TWD, fBETEMER-CAE PR L 72 D 7 I R OMEIE, 7 X NS
BROMEE L BEFHGEROMEICL > TRRDZLEZRBL TS L & BT, ATEMER
PR L LCOA A o RISHADBEEMEZ R LTV 5,

B BT, ZRETCOWMEFLELDHDH L, T I FEERICK 28
T b L ORBILEWD C-H fEIEMHEL (7w b iAb) T, NS A A bl
ERAER L, Zhaimas USSR, £7%. Y U0 v ¥ — A A VBB RN AR T S
LRI, RMRIZENT, T 7e hAT KD~ A T BROTEE(L L L b
BRI L DB ZRIROIEMAL 2 0 5 A A 2 585K 0 & O BER S HERE N R R S hiz 2
ClX YT gy B A R R AR L2 WD SR AR L TS ETORE eikE
fRetic b EBEZLND,

ARWFFE TR BT ZSHERE /> TAlEIX . Scheme 6-7 [Z/RT L H 12T I RE&K
WL DEFMEMR (H-Nu) OB " R ACBUSIZEN T, 7 X REfk L Bk 5k osr
Ky, BEO, BT ERSHAEMIERA LDV, BEOT7T I VikE LD 95D, &b
W2, 7 2 UK OEEIS U T 2 7 e b (Breonsted BgfL) o E7201E. FOEE (Lewis
BRR) MWETSZEEOTEMAN & UTHRET S 2 Lic kv BB R0 REEIGEN
PR S 4, BRA RS SR AT REIZ o T2 b D B2 b VD, T7obb, MINEEOME
OMEEIIE U T2 T I VSR Z L&D 5 5 2 & 2203, 1 RHERE Y 1AL 2 REME 2
RTHBATHL EBZZBND,
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Scheme 6-7. Reaction Intermediates of Asymmetric Reaction with Chiral Amido Complexes
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Experimental Section

General

All manipulation of oxygen- and moisture-sensitive materials were conducted under
argon atmosphere by the use of standard Schlenk techniques. Reagents were purchased from
Kanto Chemicals, Aldrich, Tokyo Kasei Industry, Wako, Fluka, Lancaster Synthesis, or Avocado.

'H and *C{'H} spectra were recorded on a JEOL JNM-LA300, INM-LA400 and
JNM-ECX400. 'H NMR shifts are relative to the signal of the solvent: CDCl3, 6 7.26; CD,Cl,, &
5.32; C¢Dg, 8 7.15, C¢DsCDs, 8 2.09; CDsCN, 5 1.93.  *C{'H} NMR shifts are relative to the
signal of the solvent: CDCls, 6 77.00; CD,Cl,, 6 53.5; C¢Dg, 6 128.00. Peak multiplicities were
given as follows: s, singlet; d, doublet; t, triplet; q, quartet; hept. heptet; m, multiplet. Broad
peaks are represented as; br.  The coupling constants were described in hertz (Hz). Optical
rotations were measured with a JASCO DIP-360 or JASCO DIP-370 spectrometer. High
pressure chromatographic (HPLC) analyses were conducted on a JASCO PU-980 or JASCO
PU-1580 equipped with a UV-970 detector. Infrared (IR) spectra were recorded on a JASCO
FT/IR-610 spectrometer. X-ray diffraction experiments were performed on a Rigaku Saturn
CCD area detector with graphite monochromated Mo-Ka. radiation (1 = 0.710 70 A).
Elemental analyses were performed by the Analytical Facility at the Research Laboratory of
Resources Utilization, Tokyo Institute of Technology or on a Perkin-Elmer 240011 CHN analyzer.
Mass spectra analyses were performed on Waters LCT PremierTm XE. ESI mass spectra were

measured on JEOL Accu. TOF CS (JMS-T100LC).
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Chapter 2
Chapter 2 Section 2

N-substituted DPEN ligands' and Ruthenium amido complexes” were prepared

according to the literatures.

Synthesis of (S,S)-PMsDPEN ((S,S5)-(CH;)sCs-SO,NHCHPhCHPhNH,)

A dry CH,Cl, solution (50 mL) of pentamethylphenylsulfonyl chloride (3.48 g) was
added dropwisely for 5 h to a mixture of (S,5)-DPEN (3.0 g) and triethylamine (2.2 mL) in dry
CH,Cl, (100 mL) at 0 °C.  After the reaction mixture was stirred at 0 °C for 12 h, the solution was
washed with water and saturated NaCl solution and then dried with Na,SO,4. The solvent were
completely removed under reduced pressure to give the crude yellow solid product (5.94 g).
Purified by column chromatography and recrystalization gave white precipitate of the desired

product, 2.87 g (48 %).

O:?:O (”)
CeHs., _NH PMs = -$-S

1l
s °
CeHs” NH2

"H NMR (300 MHz, CDCls, ppm): & 2.06 (s, 6H, Co(CH3)s x 2), 2.16 (s, 3H, C(CH3)s x 1), 2.37 (s,
6H, C(CHj)s x 2), 4.15 (d, J=7.5 Hz, 1H, CHCHNH,), 4.39 (d, J=7.2 Hz, 1H, CHCHNHPMs),
6.86-7.10 (m, 10H, C¢Hs x 2).

C NMR (75 MHz, CDCls, ppm): & 16.8, 17.6, 18.8, 60.4, 63.7, 126.7, 127.0, 127.1, 127.3, 127.6,
128.2,133.9, 134.2, 133.9, 134.2, 136.2, 138.4, 138.9.

MS (Cl/isobutane) m/z 423.21 (M + H").
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Ru[(R,R)-Msdpen](hmb) ((R,R)-Rulb)

cHs
0=$=0
C6H5 N\ 9
t “Ru— Ms = §-S—CH,
CeHs™ N o)

'"H NMR (300 MHz, CD,CL,, ppm): & 2.30 (s, 18H, Cg(CHz)g), 2.21 (s, 3H, SO,CHz), 3.86 (d, J =
4.6 Hz, 1H, CHPhCHPhNH), 4.21 (s, 1H, MsNCHPhCHPh), 5.96 (br, 1H, NH), 7.15-7.41 (m,
10H, CeHs x 2).

For crystallographic data, see Table 7-1.

Ru|(S,S)-PMsdpen](hmb) ((R,R)-Rulp)

0=8=0
CeHs .,

N_ o
)i _Ru— PMs = -§-S
CeHs ” O
"H NMR (300 MHz, C4Dg, ppm): & 1.84 (s, 6H, SO,C4(CH3)s), 1.89 (s, 3H, SO,Co(CHs)s), 2.08 (s,
18H, C¢(CH3)s), 2.25 (s, 6H, SO,C4(CHs)s), 3.80 (d, J = 4.6 Hz, |H, CHCHNH), 4.15 (s, 1H,
CHCHNPMs), 5.31 (d, J=4.1 Hz, 1H, NH), 7.03-7.09 (m, 5H, C¢Hs x 2), 7.18-7.26 (m, 3H, CcH;
x2),7.50 (d, J=7.3 Hz , 2H, CeH; x 2).
*C NMR (75 MHz, CD,Cl,, ppm): 8 15.2, 16.9, 17.3, 19.4, 72.2, 79.0, 88.7, 126.3, 127.1, 127.4,
128.0, 133.5, 135.1, 137.0, 137.6, 146.0, 146.5.
IR (KBr): 3450, 3316, 3294 cm™' (van), 3054, 3017, 2910 cm™" (Varene c-11)-
Anal. Calcd for C37H46N,O,RUS * (CH,Cl,): C, 59.36; H, 6.29; N, 3.64. Found: C, 59.59; H, 6.19;
N, 3.62.

For crystallographic data, see Table 7-1.
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Cyclometalated Ru[(S,S)-Tsdpen](hmb) ((S,S)-Ru2a)

<=

H RUII/,,,
H-N""

CGHS\\\\KI/I\I\TQI'*O

CeHs ©O
'H NMR (300 MHz, CDCls, ppm): & 2.15 (s, 18H, Cs(CHs)s), 2.35 (s, 3H, SO,C¢H3CHs), 2.98 (d,
J=9.2 Hz, 1H, NH), 3.65-3.80 (m, 2H, CHCHNH , CHCHNPMs), 6.73-7.23 (m, 13H,
SO,CeH;CHs, CeHs x 2).
*C NMR (75 MHz, CDCls, ppm): 8 15.6, 21.7, 69.0, 72.8, 93.9, 124.6, 126.2, 126.8, 127.5, 128.0,
128.5, 128.7, 138.0, 138.6, 139.5, 143.8, 148.4, 171.0.
IR (KBr): 3444 cm™ (van), 3027, 2918 cm™ (Varene c.11)-

Chapter 3
Chapter 3 Section 2-1
Preparation of Ru malonato complex

Ru[CH(CO,CHj3;),][(1R,2R)-N-(p-toluenesulfonyl)-1,2-diphenylethylenediamine](mesitylene)
((R,R)-Ru3fa)

Dimethyl malonate (0.78 mL, 0.68 mmol) and acetone (4 mL) were added to
Ru[(1R,2R)-Tsdpen](mesitylene) (50 mg, 0.085 mmol) and the reaction mixture was then stirred at
room temperature for 10 min. The dark orange solution was concentrated under reduced pressure
to ca 1 mL giving a yellow crystalline compound. The crystalline solid was dried under reduced
pressure to give 43 mg,
Ru[CH(COOCH;),][(1R,2R)-N-(p-toluenesulfonyl)-1,2-diphenylethylenediamine](mesitylene).
Isolated yield, 70 %. Single crystals suitable for X-ray structural analysis was obtained by

recrystallization from acetone.
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Ts
caHs\Er'u\ /
~o"%~ocH,

'H NMR (400 MHz, CD,Cl,, 298 K) 6: 2.07 (s, 9H, CHs x 3), 2.25 (s, 3H, CH; of Ts), 3.70 (br. m,
7H, OCHs;, NHH), 3.87 (br. m, 1H, CHPh), 4.15 (br. s, 1H, CH-Ru), 4.31 (d, 1H, CHPh), 5.0 (s, 3H,
mesitylene), 6.68 (br. m, 1H, NHH), 6.6—7.5 (m, 14H, aromatic)

C NMR (100 MHz, CD,Cl,, 298 K) 6: 18.03 (3 CH;), 18.63 (CHs, tosyl) 28.82 (CH-Ru), 50.49
(OCHj;), 51.60 (OCH3), 67.97 (CHPh), 75.46 (CHPh), 85.67 (3CH of mesitylene), 94.19 (3C of
mesitylene), 126.12, 126.66, 127.07, 127.24, 127.49, 127.62, 127.88, 128.09, 128.29, 128.43
(aromatic CH), 138.88, 139.63, 139.94, 140.44, 141.74, 144.61 (aromatic C), 178.04 (C=0),
181.93 (C=0).

Elemental analysis: calcd. for C;5H4oN,OgSRu: C 58.56, H 5.62, N 3.90; found: C 58.78, H 5.53, N
3.81.

Priority for the assignment of absolute configuartion at Ru; Mesitylene>NTs>NH,>CH.

For crystallographic data, see Table 7-1.

Ru[CH(CO,CHj;),][(1R,2R)-N-(methanesulfonyl)-1,2-diphenylethylenediamine](hmb).
((R,R)-Ru3ba)
Ru[CH(CO,CHj;),][(R,R)-Msdpen](hmb)

I\/Ils
CeH
o N\Ru/
w~n~ ‘., _CO,CH
CeHs /N\ C< 2
HH LH
0% “OCH,

'H NMR (400 MHz, CD,Cl,, 223 K) §: 1.79 (br. s, 3H, CH3 of mesyl), 1.98 (s, 18H, 6CH3), 3.34
(br. m, 4H, OCH3, NH), 3.49 (s, 3H, OCH3), 3.80 (br. m, 1H, CHPh), 3.95 (br. s, 1H, CH-Ru),
4.08 (d, 1H, CHPh), 6.45 (br. m, 1H, NH), 6.69 (d, 1H, ortho), 6.96 (t, 1H, meta), 7.09 (t, 1H,
para), 7.32 (t, 1H. meta), 7.45 (d, 1H, ortho), 7.0-7.3 (m, SH, C6H5)

C NMR (100 MHz, CD,Cl,, 223 K) : 14.72 (6 Me), 27.04 (CH-Ru), 40.32 (OCH3), 43.87 (CH3
of mesyl), 52.82 (OCH3), 66.11 (CHPh), 70.41 (CHPh), 90.72 (6C of hmb), 123.57 (br., CH ortho),
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125.95 (br., CH meta), 126.74 (br., CH para), 127.21 (CH meta), 130.92 (CH ortho),
138.61 (C tert), 144.13 (C tert), 126.24, 126.44, 127.88 (5CH of another phenyl), 176.16 (C=0),
181.84 (C=0).

Chapter 3 Section 2-2

Ts

N
Tf

A
W

CeHsw N "o
H H

CeHs

H
CHg3

CO,CHs
(R,R)-Ruaff

For crystallographic data, see Table 7-1.

Chapter 3 Section 3

Experimental procedure for Michael reaction of 2-cyclopenten-1-one with dimethyl malonate
catalyzed by
Ru[(1R,2R)-N-methanesulfonyl-1,2-diphenylethylenediamine](hexamethylbenzene)
((R,R)-Rulb)

Dimethyl malonate (228 mL, 2.0 mmol), 2-cyclopenten-1-one (168 mL, 2.0 mmol) and
t-butyl alcohol (1.0 mL) were added to
Ru[(1R,2R)-N-methanesulfonyl-1,2-diphenylethylenediamine](hexamethylbenzene) ((R,R)-Rulb)
(11.0 mg, 0.02 umol) and the mixture was degassed by freeze-thaw cycles. The mixture was
stirred at 30 °C for 72 h, then was evaporated with a vacuum pump and purified with column
chromatography (silica gel, eluent: n-hexane/acetone = 9:1) to give
(5)-3-di(methoxycarbonyl)methyl-1-cyclopentanone with 98% ee in 99% isolated yield. The
reaction under otherwise identical conditions except for 60 °C gave

(S)-3-di(methoxycarbonyl)methyl-1-cyclopentanone with 97% ee in 99% isolated yield for 24 h.
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(5)-3-di(methoxycarbonyl)methyl-1-cyclopentanone ((S)-4aa)

O

CO,CH;4
CO,CH3

97% ee, 99% yield.
'H NMR (300 MHz, CDCl,, ppm): 6 1.60-1.75 (m, 1H, cyclopentanone ring proton), 2.01 (ddd, J
= 1.2, 11.2, 18.3 Hz, 1H, cyclopentanone ring proton), 2.12-2.44 (m, 3H, cyclopentanone ring
protons), 2.52 (dd, J = 7.8, 18.6 Hz, 1H, cyclopentanone ring proton), 2.78-2.97 (m, 1H,
cyclopentanone ring proton), 3.39 (d, J = 9.3 Hz, 1H, CH(COOCH3)2), 3.75, 3.78 (s, 3H x 2, CH3
x 2).
HPLC separation conditions (column: CHIRALPAK AS (4.6 mm id. x 250 mm), eluent:
n-hexane/2-propanol = 80:20, flow rate: 1.0 ml/min, temp.: 30 °C, detection: UV 210 nm);
retention times: (R) 25.1 min, (S) 33.0 min.
[alp?! —96.3 (¢ 0.54, CHCLy) (lit. [a]p>® +98.8 (¢ 0.54, CHCl;, >99% ece (R)), Kim, S. Y.
Matsunaga, S.; Das, J.; Sekine, A.; Ohshima, T.; Shibasaki, M. J. Am. Chem. Soc. 2000, 122,
6506.).

Experimental procedure for Michael reaction of 2-cyclohexen-1-one with dimethyl malonate
catalyzed by
Ru[(1R,2R)-N-methanesulfonyl-1,2-diphenylethylenediamine](hexamethylbenzene)
((R,R)-Rulb)

Dimethyl malonate (114 mL, 1.0 mmol), 2-cyclohexen-1-one (97 ml, 1.0 mmol) and
t-butyl alcohol (1.0 mL) were added to
Ru[(1R,2R)-N-methanesulfonyl-1,2-diphenylethylenediamine](hexamethylbenzene) ((R,R)-Rulb)
(11.0 mg, 0.02 umol). The reaction mixture was degassed by freeze-thaw cycles and was stirred
at 30 °C for 48 h. The mixture was evaporated with a vacuum pump and purified with column
chromatography (silica gel, eluent: n-hexane/acetone = 9:1) to give

(S)-3-di(methoxycarbonyl)methyl-1-cyclohexanone with 98% ee in 99% isolated yield.
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(5)-3-di(methoxycarbonyl)methyl-1-cyclohexanone ((S)-4ba)

O

CO,CHs

CO,CHj

98% ee, 99% yield.

'H NMR (300 MHz, CHCls, ppm): & 1.40—1.60 (m, 1H, cyclohexanone ring proton), 1.60—1.80 (m,
1H, cyclohexanone ring proton), 1.89-2.01(m, 1H, cyclohexanone ring proton), 2.02-2.15 (m, 1H,
cyclohexanone ring proton), 2.19-2.35 (m, 2H, cyclohexanone ring protons), 2.35-2.65 (m, 3H,
cyclohexanone ring protons), 3.35 (d, J= 7.8 Hz, 1H, CH(COOCH3)»), 3.75, 3.76 (s, 3H x 2, CH3
x 2).

HPLC separation conditions (column: CHIRALPAK AS (4.6 mm i.d. x 250 mm), eluent:
n-hexane/2-propanol = 85:15, flow rate: 0.5 ml/min, temp.: 30 °C, detection: UV 210 nm);
retention times: (R) 32.9 min, (S) 48.8 min.

[a], —3.45 (c 2.44, CDCly) (lit. [a],?* +3.99 (¢ 2.10, CDCl3, >99% ee (R)), Kim, S. Y.;
Matsunaga, S.; Das, J.; Sekine, A.; Ohshima, T.; Shibasaki, M. J. Am. Chem. Soc. 2000, 122,
6506.).

Experimental procedure for Michael reaction of 2-cyclohepten-1-one with dimethyl malonate
catalyzed by
Ru[(1R,2R)-N-methanesulfonyl-1,2-diphenylethylenediamine](hexamethylbenzene)
((R,R)-Rulb)

Dimethyl malonate (114 mL, 1.0 mmol), 2-cyclohepten-1-one (114 mL, 1.0 mmol) and
t-butyl alcohol (1.0 mL) were added to
Ru[(1R,2R)-N-methanesulfonyl-1,2-diphenylethylenediamine](hexamethylbenzene) (1f) (11.0 mg,
0.02 mmol) and the mixture was degassed by freeze-thaw cycles. The mixture was stirred at
30 °C for 72 h, then was evaporated with a vacuum pump and purified with column
chromatography (silica gel, eluent: n-hexane/acetone = 9:1) to give

(S)-3-di(methoxycarbonyl)methyl-1-cycloheptanone with >99% ee in 75% isolated yield.
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(5)-3-di(methoxycarbonyl)methyl-1-cycloheptanone ((S)-4ca)

O

CO,CHj

CO,CHs

>99% ee, 75% yield.

'H NMR (300 MHz, CDCly, ppm): & 1.30-1.65 (m, 3H, cycloheptanone ring protons), 1.80-2.05
(m, 3H, cycloheptanone ring protons), 2.40-2.65 (m, 5H, cycloheptanone ring protons), 3.36 (d, J
=7.1 Hz, 1H, CH(COOCH3)2), 3.75, 3.76 (s, 3H x 2, CH3 x 2).

The enantiomeric excess was determined by the relative intensities of diastereomeric ketals
obtained by the reaction of 3-di(methoxycarbonyl)methyl-1-cycloheptanone  with
(2R,3R)-butanediol in the presence of p-TsOH in toluene.

Ketal of (R)-di(methoxycarbonyl)methyl-1-cycloheptane with (2R,3R)-butanediol, °C NMR (75
MHz, CDCl;, ppm): 6 16.4, 16.5, 22.3, 28.3, 33.6, 34.2, 40.3, 43.2, 52.2, 58.1, 110.7, 169.0, 169.2.

Ketal of (S)-3-di(methoxycarbonyl)methyl-1-cycloheptane with (2R,3R)-butanediol, *C NMR (75
MHz, CDCl;, ppm): & 16.6, 16.8, 22.2, 26.6, 32.2, 33.5, 40.4, 42.7, 52.2, 57.6, 110.2, 169.0, 169.3.

[a],?” —45.2 (c 1.76, CDCly) (lit. [a],?!* +49.7 (¢ 1.76, CDCls, >99% ee (R)), Kim, S. Y.;
Matsunaga, S.; Das, J.; Sekine, A.; Ohshima, T.; Shibasaki, M. J. Am. Chem. Soc. 2000, 122,
6506.).

Optically active 3,3-Dimethyl-4-di(methoxycarbonyl)methyl-1-cyclopentanone (4da)

O

CO,CHj;
CO,CH;4
>99% ee, 83% yield.
'H NMR (300 MHz, CDCls, ppm): & 1.01, 1.11 (s, 3H x 2, CH3 x 2), 2.06-2.28 (m, 3H,
cyclopentanone ring protons), 2.57 (dd, J = 8.3, 19.1 Hz, 1H, cyclopentanone ring proton),
2.75-2.92 (m, 1H, cyclopentanone ring proton), 3.51(d, J = 9.5 Hz, 1H, CH(COOCH3)2), 3.73,
3.77(s,3H x 2, CH3 x 2).
C NMR (75 MHz, CDCls, ppm): & 21.6, 27.6, 38.7, 41.3, 45.3, 52.3, 52.7, 52.8, 55.3, 168.7,

169.0, 215.5.
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The enantiomeric excess was determined by a HPLC analysis after transformation to ethylene ketal
by reaction with 2-ethyl-2-methyl-1,3-dioxolane in the presence of p-TsOH.

HPLC separation conditions (column: CHIRALCEL OD (4.6 mm i.d. x 250 mm), eluent:
n-hexane/2-propanol = 97:3, flow rate: 0.5 ml/min, temp.: 30 °C, detection: UV 210 nm); retention
times of two enantiomers: (minor) 17.6 min, (major) 19.7 min.

[a],2 —101.6 (¢ 1.04, CDCL5).

MS (EL, 70 eV ) 242 (M+), 227,182, 153, 132, 111, 95, 83, 59.

(5)-3-Di(ethoxycarbonyl)methyl-1-cyclopentanone ((S)-4ab)

O

CO,C,H5
CO,C,Hs5

96% ee, 96% yield.
'H NMR (300 MHz, CDCl;, ppm): & 1.27, 1.29 (q, J = 7.2 Hz, 3H x 2, CH3CH2COO), 1.57-1.78
(m, 1H, cyclopentanone ring proton), 2.03 (ddd, J = 1.2, 11.2, 18.3 Hz, 1H, cyclopentanone ring
proton), 2.10-2.45 (m, 3H, cyclopentanone ring protons), 2.52 (dd, J = 7.6, 18.3 Hz, 1H,
cyclopentanone ring proton), 2.75-2.98 (m, 1H, cyclopentanone ring proton), 3.34 (d, J = 9.3 Hz,
1H, CH(COOC2H5)2), 4.21,4.23 (q, /= 7.2 Hz, 2H x 2, CH3CH20CO x 2)..
The enantiomeric excess was determined by a HPLC analysis after derived to ethylene ketal by the
reaction with 2-ethyl-2-methyl-1,3-dioxolane in the presence of p-TsOH.
HPLC separation conditions (column: CHIRALCEL OD (4.6 mm i.d. x 250 mm), eluent:
n-hexane/2-propanol = 97:3, flow rate: 0.5 ml/min, temp.: 30 °C, detection: UV 210 nm); retention
times: (R) 17.9 min, (S) 19.5 min.
[a],2 =79.3 (c 1.06, CDCly) (lit. [a],?* —82.7 (¢ 1.00, CDCl;, 98% ee (S)), Nara, S.; Toshima, H.;

Ichihara, A. Tetrahedron 1997, 53, 9509.).
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Optically active 3-[1,1-Di(methoxycarbonyl)ethane-1-yl]-1-cyclopentanone (4ac)

@)

2 CO,CH3;
CO,CH;4

97% ee, 51% yield.
'H NMR (300 MHz, CDCl;, ppm): & 1.46 (s, 3H, CH3C(COOCH3)), 1.63-1.85 (m, 1H,
cyclopentanone ring proton), 2.03—2.30 (m, 3H, cyclopentanone ring protons), 2.30-2.520 (m, 2H,
cyclopentanone ring protons), 2.76-2.95 (m, 1H, cyclopentanone ring proton), 3.74, 3.75 (s, 3H x 2,
CH3 x2).
C NMR (75 MHz, CDCls, ppm): & 17.9, 24.6, 38.4, 40.7, 41.6, 52.6, 55.5, 171.6, 171.7, 217 4.
The enantiomeric excess was determined by a HPLC analysis.
HPLC separation conditions (column: CHIRALPAK AS (4.6 mm id. x 250 mm), eluent:
n-hexane/2-propanol = 80:20, flow rate: 1.5 ml/min, temp.: 30 °C, detection: UV 210 nm);
retention times of two enantiomers: (minor) 18.9 min, (major) 36.6 min.
[a],* —87.2 (¢ 1.00, CDCls).

MS (CI, 70 eV ) 229 (M+1).

Chapter 3 Section 4

Typical experimental procedure for Michael reaction of cyclic enones with S-ketoesters
catalyzed by chiral Ru amido complexes.

Isobutyrylacetic acid methyl ester (3j) (142 ul, 1.0 mmol), 2-cyclopentene-1-one (1a)
(84 pl, 1.0 mmol), and toluene (1.0 ml) were added to Ru[(1S,2S)-Tsdpen](hmb) (Rula) (13.0 mg,
0.02 mmol) and the mixture was degassed by freeze-thaw cycles. The mixture was stirred at 30 °C
for 24 h, then was evaporated with a vacuum pump and purified with flash column chromatography
(silica gel, eluent: n-hexane/acetone = 9:1) to give
(R)-4-methyl-3-0x0-2-(3-oxocyclopentyl)pentanoic acid methyl ester (4aj) in 95% isolated yield
with 95% ee.
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Optically active 3-[(Acetyl)(methoxycarbonyl)methyl]-1-cyclopentanone (4af)
O

* 0
H
o) OCH,

91% ee, 99% yield, a 1:1 mixture of diastereomers.

'H NMR (300 MHz, CDCls, ppm): & 1.52-1.65 (m, 2H), 1.84 (dd, J=10.5, 18.0 Hz, 1H), 1.96 (dd,
J=11.0,17.9 Hz, 1H), 2.13-2.51 (m, 8H), 2.26 (s, 3H), 2.28 (s, 3H), 2.81-2.93 (m, 2H), 3.48 (d, J
=5.1 Hz, 1H), 3.52 (d, J=4.6 Hz, 1H), 3.76 (s, 3H), 3.78 (s, 3H).

C NMR (75 MHz, CDCls, ppm): & 27.11, 27.23, 29.07, 29.34, 35.54, 35.62, 37.73, 37.86, 42.43,
42.59, 52.34, 63.90, 64.19, 168.55, 168.65, 201.21, 201.37, 216.71, 216.72.

HPLC separation conditions (column: CHIRALPAK AS (4.6 mm i.d. x 250 mm), eluent:
n-hexane/2-propanol = 80:20, flow rate: 1.0 ml/min, temp.: 30 °C, detection: UV 210 nm);
retention times for the four stereoisomers: (major) 22.8 min, 35.8 min, (minor) 29.4 min, 41.8 min.
[a]p> —83.5 (¢ 1.35, CHCls) (91% ee, dr = 1:1).

MS (EI, 70 eV) 198 (Mt).

Stereochemistry of the stereogenic center of cyclopentanone ring was determined by converting to
a known diketone, (R)-3-(2-oxyopropyl)cyclopentanone.

[a]p™ =79.1 (c 0.5, benzene) (lit. [a]p —70.6 (benzene, 92% ee (R)), Yamamoto, K.; Kanoh, M.;
Yamamoto, N.; Tsuji, J. Tetrahedron Lett. 1987, 28, 6347.).

(R)-3-[(Acetyl)(tert-butoxycarbonyl)methyl]-1-cyclopentanone ((R)-4ag)
(0]

* 0
H
o OC(CH3)3

72% ee, 93% yield, a 1:1 mixture of diastereomers.

"H NMR (300 MHz, CDCls, ppm): & 1.47 (s, 9H), 1.49 (s, 9H), 1.63-2.02 (m, 2H), 2.24 (s, 3H),
2.26 (s, 3H), 2.16-2.34 (m, 8H), 2.45 (d, /= 7.3 Hz, 1H), 2.50 (d, /= 7.3 Hz, 1H), 2.81-2.87 (m,
2H), 3.32 (d, J=4.9 Hz, 1H), 3.35 (d, /= 4.9 Hz, 1H).

C NMR (75 MHz, CDCls, ppm): § 27.13, 27.62, 27.76, 27.80, 28.95, 29.17, 35.63, 35.71, 37.95,
38.12, 42.55, 42.99, 65.76, 65.96, 82.49, 82.52, 167.44, 167.50, 201.64, 201.77, 217.30.
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[a]p> =50.6 (¢ 1.10, CHCls) (72% ee, dr = 1:1).

MS (CI, 70 eV) 241(M+1).

The enantiomeric excess was determined by the relative intensities of diastereomeric ketals
obtained by the reaction of (R)-3-(2-oxyopropyl)cyclopentanone, the decarboxylation adduct of
3-[(acetyl)(tert-butoxycarbonyl)methyl]-1-cyclopentanone, with (2R, 3R)-butanediol catalyzed by
p-TsOH in toluene (lit. Kim, Y. S.; Matsunaga, S.; Das, J.; Sekine, A.; Ohshima, T.; Shibasaki, M.
J. Am. Chem. Soc. 2000, 122, 6506.).

Ketal of (R)-3-(2-oxyopropyl)cyclopentanone with (2R, 3R)-butanediol,

C NMR (75MHz, CDCls, ppm): & 16.47, 16.87, 17.04, 17.14, 26.08, 31.24, 33.02, 37.28, 45.56,
46.08, 77.82, 78.05, 78.20, 78.49, 117.03.

Ketal of (S)-3-(2-oxyopropyl)cyclopentanone with (2R, 3R)-butanediol,

C NMR (75 MHz, CDCls, ppm): & 16.46, 16.82, 17.06, 17.13, 25.98, 31.68, 33.47, 37.93, 45.87,
45.92, 77.80, 78.05, 78.07, 78.45, 116.94.

Absolute configuration of cyclopentanone ring was determined by converting to a known diketone,
(R)-3-(2-oxyopropyl)cyclopentanone.

[a]p” =77.6 (¢ 0.5, CHCL;) (lit. [a]p —70.6 (benzene, 92% ee (R)), Yamamoto, K.; Kanoh, M.;
Yamamoto, N.; Tsuji, J. Tetrahedron Lett. 1987, 28, 6347.).

3-(Diacetylmethyl)-1-cyclopentanone (4an)
O

COCH5
CH50C

0% ee, 99% yield.

'H NMR (300 MHz, CDCls, ppm): & 1.30-1.41 (m, 1 H), 1.56-1.65 (m, 1H), 2.04 (s, 3H), 2.05 (s,
3H), 1.95-2.22 (m, 4H), 2.70-2.78 (m, 1H), 3.51 (d, /= 10.5 Hz, 1H).

3C NMR (75 MHz, CDCls, ppm): & 27.02, 29.12, 29.39, 240 35.79, 37.51, 42.19, 74.00, 202.27,
202.48, 216.28.
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(R)-3-Ox0-2-(3-oxocyclopentyl)pentanoic acid methyl ester ((R)-4ai)

o)
0
H
o) OCH;

Colorless oil: 89% ee, 90% yield; a 1:1 mixture of diastereomers.

HPLC separation conditions (column: CHIRALPAK AS-H (4.6 mm i.d x 250 mm), eluent:
n-hexane/2-propanol = 85:15, flow rate: 0.44 ml/min, temp.: 30 °C, detection: UV 210 nm);
retention times: (minor) 42.1 min, 67.1 min, (major) 45.3 min, 70.0 min.

[a]p™ +73.2 (¢ 1.04, CHCl;) (89% ee, dr = 1:1) (lit. [a]p>* —64.9 (¢ 0.81, CHCls;, 89% ee (S)),
Majima, K.; Takita, R.; Okada, A. Ohshima, T.; Shibasaki, M. J. Am. Chem. Soc. 2003, 125,
15837.).

(R)-4-Methyl-3-0x0-2-(3-oxocyclopentyl)pentanoic acid methyl ester ((R)-4aj)

o)
£ 0
H
o) OCH;

Colorless oil: 95% ee, 95% yield; a 1:1 mixture of diastereomers.

"H NMR (300 MHz, CDCls, ppm): & 1.11 (d, J= 7.6 Hz, 3H), 1.13 (d, J = 7.3 Hz, 3H), 1.11 (d, J =
6.8 Hz, 3H), 1.14 (d, /= 7.0 Hz, 3H), 1.45-2.00 (m, 4H), 2.12-2.52 (m, 8H), 2.72-2.97 (m, 4H),
3.64 (d, J=6.1 Hz, 1H), 3.67 (d, /= 5.9 Hz, 1H), 3.73 (s, 3H), 3.76 (s, 3H).

*C NMR (75 MHz, CDCls, ppm):

8 17.52,17.54,17.91, 18.08, 27.10, 27.50, 35.83, 35.99, 37.82, 37.97, 40.73, 41.03, 42.46, 42.82,
52.25,61.20, 61.43, 168.38, 168.49, 207.26, 207.37, 216.78, 216.82.

HRMS (TOF(+)) calcd. For C;,H 304Na (M+Na+): 249.2587; found, 249.0638.

HPLC separation conditions (column: CHIRALPAK AS-H (4.6 mm i.d x 250 mm), eluent:
n-hexane/2-propanol = 80:20, flow rate: 0.44 ml/min, temp.: 30 °C, detection: UV 210 nm);
retention times: (minor) 24.0 min, 35.0 min, (major) 25.6 min, 41.0 min.

[a]p™® +73 (¢ 1.00, CHCl3) (95% ee, dr = 1:1).
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Absolute configuration was determined by comparison of the sign of its optical rotation with that
of the one derived from Michael adduct of dimethyl malonate to cyclopentenone (lit. Majima, K.;

Takita, R.; Okada, A. Ohshima, T.; Shibasaki, M. J. Am. Chem. Soc. 2003, 125, 15837.).

4,4-Dimethyl-3-0x0-2-(3-oxocyclopentyl)pentanoic acid methyl ester (4ak)

0]

* O

o) OCH,

(absolute configuration was not determined) colorless oil: 97% ee, 100% yield; a 1:1 mixture of
diastereomers.

'H NMR (300 MHz, CDCls, ppm): & 1.10 (s, 9H), 1.12 (s, 9H), 1.29-1.76 (m, 2H), 1.90-2.36 (m,
10 H), 2.83-2.99 (m, 2H), 3.65 (s, 3H), 3.68 (s, 3H), 3.79 (d, /=4.0 Hz, 1H), 3.82 (d, /= 4.0 Hz,
1H).

C NMR (75 MHz, CDCls, ppm): & 25.94, 25.96, 27.10, 28.18, 37.25, 37.44, 38.16, 38.29, 42.40,
43.40, 45.31, 45.33, 52.43, 52.45, 57.41, 57.65, 168.56, 168.72, 208.12, 208.21, 216.83, 216.86.
HRMS (TOF(+)) calcd. For Cy3H,004Na (M+Na"): 263.2853; found, 263.0691.

HPLC separation conditions (column: CHIRALPAK AS-H (4.6 mm i.d x 250 mm), eluent:
n-hexane/2-propanol = 80:20, flow rate: 0.44 ml/min, temp.: 30 °C, detection: UV 210 nm);
retention times: (minor) 21.0 min, 31.3 min, (major) 26.5 min, 43.0 min.

[a]p” +90 (¢ 1.13, CHClL3) (97% ee, dr = 1:1).

(R)-Methyl-3-0x0-2-(3-0xocyclopentyl)-3-phenylpropionate ((R)-4al)

(0]
* O
0 OCHs
CeHs

Colorless oil: 96% ee, 91% yield, a 1:1 mixture of diastereomers.
'H NMR (300 MHz, CDCly, ppm): & 1.41-1.79 (m, 2H), 1.96-2.52 (m, 10H), 3.01-3.06 (m, 2H),
3.61 (s, 3H), 3.64 (s, 3H), 4.23 (d, J= 6.3 Hz, 1H), 4.27 (d, J= 6.3 Hz, 1H), 7.40-7.56 (m, 6H),
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7.92-7.97 (m, 4H).

C NMR (75 MHz, CDCls, ppm):

5 27.38,27.79, 36.44, 36.64, 39.03, 38.15, 42.76, 43.13, 52.59, 58.56, 58.89, 128.52, 128.85, 133.8
6, 135.98, 136.17, 168.83, 168.92, 193.30, 193.53, 216.98, 217.02.

HRMS (TOF(+)) calcd. For C;5sHs04Na (M+Na+): 283.2749; found, 283.0535.

HPLC separation conditions (column: CHIRALPAK AS-H (4.6 mm i.d x 250 mm), eluent:
n-hexane/2-propanol = 80:20, flow rate: 0.44 ml/min, temp.: 30 °C, detection: UV 210 nm);
retention times: (minor) 44.7 min, 51.5 min, (major) 63.4 min, 67.9 min.

[a]p™ +60 (¢ 1.00, CHCl3) (96% ee, dr = 1:1).

Absolute configuration was determined by comparison of the sign of its optical rotation with that
of the one derived from the Michael adduct of dimethyl malonate to cyclopentenone (lit. Majima,

K.; Takita, R.; Okada, A. Ohshima, T.; Shibasaki, M. J. Am. Chem. Soc. 2003, 125, 15837.).

(R)-Ethyl-3-ox0-2-(3-oxocyclopentyl)-3-phenylpropionate ((R)-4am)

(0]
* (@]
o OC,Hs
CeHs

Colorless oil: 97% ee, 99% yield, a 1:1 mixture of diastereomers.

HPLC separation conditions (column: CHIRALPAK AS-H (4.6 mm i.d x 250 mm), eluent:
n-hexane/2-propanol = 85:15, flow rate: 0.44 ml/min, temp.: 30 °C, detection: UV 210 nm);
retention times: (minor) 38.0 min, 48.3 min, (major) 51.7 min, 61.4 min.

[a]p” +61 (¢ 1.01, CHClL3) (97% ee, dr = 1:1).

Absolute configuration was determined by comparison of the sign of its optical rotation with that
of the one derived from the Michael adduct of diethyl malonate to cyclopentenone (lit. Majima, K.;

Takita, R.; Okada, A. Ohshima, T.; Shibasaki, M. J. Am. Chem. Soc. 2003, 125, 15837.).
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Chapter 3 Section 5

Typical experimental procedure for the reaction of 2-cyclopentenone with ethyl nitroacetate
catalyzed by
Ru[(/R,2R)-N-trifluoromethanesulfonyl-1,2-diphenylethylenediamine|(hexamethylbenzene)
((R,R)-Rulc).

Ethyl nitroacetate (3r) (111 ul, 1.0 mmol), 2-cyclopentenone (1a) (84 pl, 1.0 mmol) and
t-butyl alcohol (1.0 ml) were added to
Ru[(/R,2R)-N-trifluoromethanesulfonyl-1,2-diphenylethylenediamine](hexamethylbenzene)
((R,R)-Rulc) (12.0 mg, 0.02 mmol) and the mixture was degassed by freeze-thaw cycles. The
mixture was stirred at 30 °C for 24 h, then evaporated with a vacuum pump and purified with flash
column chromatography (silica gel, eluent: n-hexane/ethyl acetate = 5:1) to give
3-[(ethoxycarbonyl)(nitro)methyl]-1-cyclopentanone (4ar) with 91% ee as 1:1 mixture of two

diastereomers in 98% isolated yield.

3-[(Ethoxycarbonyl)(nitro)methyl]-1-cyclopentanone (4ar)

O

CO,C5H;5

*
NO,

92% ee, 95% yield, a 1:1 mixture of diastereomers.

'H NMR (300 MHz, CDCls, ppm): & 1.32 (t, J = 7.1 Hz, 3H),1.34 (t, J = 7.1 Hz, 3H), 1.76-1.88(m,

2H), 2.07-2.61 (m, 10H), 3.15-3.18 (m, 2H), 4.31 (q, /= 7.1 Hz, 2H), 4.34 (q, J= 7.1 Hz, 2H),

5.13(d,J=2.7 Hz, 1H), 5.16 (d, J = 2.2 Hz, 1H).

3C NMR (75 MHz, CDCls, ppm): & 13.64, 13.67, 25.41, 26.17, 37.12, 37.36, 37.70, 40.87, 41.39,

63.07, 63.10, 90.68, 90.89, 163.13, 163.20, 214.66, 214.85.

[a]p** =78.5 (¢ 1.5, CHCl3) (92% ee, dr = 1:1).

MS (CI, 70 eV) 216 (M+1).

The enantiomeric excess was determined by the relative intensities of diastereomeric ketals

obtained by the reaction of the denitration product with (2R,3R)-butanediol catalyzed by p-TsOH

in toluene.

Major ketal compound: >C NMR (75 MHz, CDCls): & 14.16, 16.76, 17.03, 30.11, 34.08, 37.68,
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40.17, 44.26, 60.06, 78.18, 116.64, 172.68.
Minor ketal compound: BCc NMR (75 MHz, CDCl;): 6 14.16, 16.86, 17.03, 29.71, 33.65, 37.29,
40.35, 43.93, 60.06, 78.30, 116.64, 171.92.

Chapter 4
The frans-B-substituted nitroalkenes 2a—2g were prepared according to literatures’.
N-substituted DPEN ligand', amido complexes” were prepared according to the literatures.

Absolute configuration was referred from the literatures®.
Chapter 4 Section 2

Experimental procedure for the enantioselective Michael addition of dimethyl malonate
(3a) to trans-B-nitrostyrene (2a) with
Ru[(1S,2S)-N-pentamethylbenzenesulfonyl-1,2-diphenylethylenediamine]-
(hexamethylbenzene) ((R,R)-Rulp).

Under an argon atmosphere, to a solution of trans-f-nitrostyrene (2a) (149 mg,
1.0 mmol) and dimethyl malonate (3a) (137 pL, 1.2 mmol) in dry toluene (1.0 mL) was
added chiral Ru cat ((R,R)-Rulp) (13.7 mg, 0.02 mmol, S/C = 50) at —20 °C and the mixture
was degassed by freeze-thaw cycles. The reaction mixture was stirred at —20 °C for 48 h.
After evaporation of the solvent with a vacuum pump, the reaction product was purified with
column chromatography (silica gel, eluent: CH,Cl,) to give (R)-Methyl
2-carbomethoxy-4-nitro-3-phenylbutyrate (5aa) with 95% ee in 97% isolated yield. The
NMR yield was determined to be 99% by using hexamethylbenzene (162 mg, 1 mmol) as an

internal standard.

(R)-Methyl-2-di(carbomethoxy)-4-nitro-3-phenylbutyrate ((R)-5aa)

CH(CO,CH3),

©/-\/N02

95% ee, 97% yield.
'H NMR (300 MHz, CDCls, ppm): 8 3.54 (s, 3H, OCHj3), 3.74 (s, 3H, OCH;), 3.84 (d, J=9.3 Hz,
1H, CH(CO,CHs),), 4.25 (td, J= 5.6, 9.3 Hz, 1H, CHCH,NO,), 4.82-4.94 (m, 2H, CHCH,NO,),
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7.10-7.40 (m, SH, C¢H5).

HPLC separation conditions (column: CHIRALPAK AD (4.6 mm i.d. x 250 mm), eluent:
n-hexane/2-propanol = 90:10, flow rate: 0.5 ml/min, temp.: 28 °C, detection: UV 210 nm);
retention times of two enantiomers: (S) 25.8 min, (R) 36.2 min

[a]p™ +5.13 (¢ 1.02, CHCls) (lit. [a]p> +4.40 (¢ 1.02, CHCls, 93% ee (R)), Barns, D. M.; Ji, J.;
Fickes, M. G,; Fitzgerald, M. A.; King, S. A.; Morton, H. E.; Plagge, F. A.; Preskill, M.; Wagaw, S.
H.; Wittenberger, S. J.; Zhang, J. J. Am. Chem. Soc. 2002, 124, 13097.).

MS (Clisobutane) m/z 282 (M + H").

Mp. 59-61 °C.

(+)-Methyl 2-di(carbomethoxy)-4-nitro-3-(4-methylphenyl)butyrate (Sbha)
CH(CO,CHs),

N0

92% ee, 96% yield.

'H NMR (300 MHz, CDCls, ppm): & 2.28 (s, 3H, CH; CoH,), 3.54 (s, 3H, OCH3), 3.73 (s, 3H,
OCHj;), 3.82 (d, J=9.0 Hz, 1H, CH(CO,CHs;),), 4.19 (dt, J= 5.3, 8.8, 1H, CHCH,NO,), 4.78-4.91
(m, 2H, CHCH,NO), 7.09 (s, 4H, CcH,).

3C NMR (75 MHz, CDCls, ppm): 8 21.0, 42.5, 52.8, 52.9, 54.7, 77.5, 127.6, 129.6, 132.9, 138.1,
167.2, 167.9.

HPLC separation conditions (column: CHIRALPAK AD (4.6 mm i.d. x 250 mm), eluent:
n-hexane/2-propanol = 90:10, flow rate: 0.5 ml/min, temp.: 32 °C, detection: UV 210 nm);
retention times of two enantiomers: (minor) 22.2 min, (major) 29.1 min.

[a]p” +3.25 (¢ 2.00, CHCL,).

MS (Cl/isobutane) m/z 296 (M + H").

Mp. 92-94 °C.

(+)-Methyl 2-di(carbomethoxy)-4-nitro-3-(4-methoxylphenyl)butyrate (5ca)
CH(CO,CH3),

~_NO

CH30

96% ee, 85% yield.
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'H NMR (300 MHz, CDCls, ppm): & 3.55 (s, 3H, CO,CHj), 3.74, 3.75 (s, 3H each, CH;0C¢H, &
CO,CH3;), 3.81 (d, J=9.0 Hz, 1H, CH(CO,CHs),), 4.18 (dt, J=9.0, 5.1 Hz, 1H, CHCH,NO,),
4.84 (dq, J=5.1, 12.9 Hz, 2H, CHCH,NO,), 6.82 (d, J = 8.5 Hz, 2H, C¢H,), 7.13 (d, J = 8.8 Hz,
2H, CeH,).

C NMR (75 MHz, CDCls, ppm): 8 42.2, 52.7, 52.9, 54.8, 55.1, 77.6, 114.3, 127.8, 128.9, 159.3,
167.2, 167.8.

HPLC separation conditions (column: CHIRALPAK AD (4.6 mm i.d. x 250 mm), eluent:
n-hexane/2-propanol = 60:40, flow rate: 1.0 ml/min, temp.: 22.5 °C, detection: UV 220 nm);
retention times of two enantiomers: (minor) 7.8 min, (major) 11.6 min.

[a]p™® +4.39 (¢ 1.09, CHCL,).

(R)-Methyl 2-carbomethoxy-4-nitro-3-(4-fluoropheny)butyrate ((R)-5da)
CH(CO,CHj),

/©/-\/N02
F

93% ee, 99% yield.

'H NMR (300 MHz, CDCls, ppm): & 3.56 (s, 3H, OCHj), 3.75 (s, 3H, OCHj), 3.82 (d, J= 9.0 Hz,
1H, CH(CO,CHj;),), 4.23 (dt, J=5.1,9.3 Hz, 1H, CHCH,NO,), 4.79-4.94 (m, 2H, CHCH,NO,),
6.97-7.04 (m, 2H, C¢H,), 7.19-7.25 (m, 2H, Cc¢H,).

PC NMR (75 MHz, CDCls, ppm): § 42.2, 52.9, 53.1, 54.6, 77.4, 115.8, 116.1, 129.6, 129.7, 131.8,
160.8, 164.1, 167.1, 167.7.

HPLC separation conditions (column: CHIRALPAK AD (4.6 mm i.d. x 250 mm), eluent:
n-hexane/2-propanol = 90:10, flow rate: 0.5 ml/min, temp.: 30 °C, detection: UV 210 nm);
retention times of two enantiomers: (S) 37.3 min, (R) 60.0 min.

[a]p®® +5.50 (¢ 1.05, CHCI3).

MS (Cl/isobutane) m/z 300 (M + H").

Mp. 4649 °C.

The absolute configuration of adduct was determined by conversion to ethyl
2-carboethoxy-4-nitro-3-(4-fluorophenyl)butyrate, which had a optical rotation of [a]p>” +7.59 (¢
1.0, CHCls, 93% ee (R)) (lit. [a]p>* =7.20 (¢ 1.0, CHCls, 92% ee (S)), Okino, T.; Hoashi, Y.;
Takemoto, Y. J. Am. Chem. Soc. 2003, 125, 12672.).
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(+)-Methyl 2-carbomethoxy-4-nitro-3-(4-chloropheny)butyrate (Sea)

CH(CO,CH3),

NO,

Cl
93% ee, 93% yield.
'H NMR (300 MHz, CDCls, ppm): & 3.59 (s, 3H, OCH3), 3.76 (s, 3H, OCHj3), 3.82 (d, J= 9.0 Hz,
1H, CH(CO,CHj;),), 4.22 (td, J = 5.3, 9.0 Hz, 1H, CHCH,;NO5), 4.80-4.94 (m, 2H, CHCH,NO,),
7.10-7.35 (m, 4H, CsH,).
C NMR (75 MHz, CDCls, ppm): 8 42.3, 52.9, 53.1, 54.5, 77.4, 129.2, 129.3, 134.4, 134.6, 167.0,
137.6.
HPLC separation conditions (column: CHIRALPAK AD (4.6 mm i.d. x 250 mm), eluent:
n-hexane/2-propanol = 90:10, flow rate: 0.5 ml/min, temp.: 30 °C, detection: UV 210 nm);
retention times of two enantiomers: (minor) 39.0 min, (major) 54.4 min.
[a]p” +5.04 (¢ 2.02, CHCI,)
MS (Cl/isobutane) m/z 316 (M + H").
Mp. 88-91 °C.

(+)-Methyl 2-carbomethoxy-4-nitro-3-(2-chloropheny)butyrate (5fa)

CH(CO,CHs),
~_NO;
cl

96% ee, 99% yield.

'H NMR (300 MHz, CDCls, ppm): & 3.66 (s, 3H, OCH3), 3.76 (s, 3H, OCHj), 4.14 (d, J= 7.0 Hz,
1H, CH(CO,CHs),), 4.78 (dt, J= 4.4, 8.5 Hz, 1H, CHCH,NO,), 4.98 (dd, J=4.4, 13.7 Hz, 1H,
CHCH,NOy), 5.15 (dd, J = 8.5, 13.7 Hz, 1H, CHCH,NO,), 7.26-7.29 (m, 3H, C¢H,), 7.42-7.45 (m,
1H, C¢H,).

HPLC separation conditions (column: CHIRALPAK AD-H (4.6 mm i.d. x 250 mm), eluent:
n-hexane/2-propanol = 90:10, flow rate: 0.5 ml/min, temp.: 30 °C, detection: UV 210 nm);
retention times of two enantiomers: (minor) 21.5 min, (major) 44.2 min.

[alp?’ +5.71 (¢ 1.33, CHCI3).

MS (Cl/isobutane) m/z 338.04 (M + Na").

208



Methyl 2-carbomethoxy-4-nitro-3-(2,6-dimethylpheny)butyrate (5la)
CH(CO,CH3),

~_NO;

39% ee, 50% yield.

'HNMR (300 MHz, CDCls, ppm): & 2.41 (s, 3H, CHj), 248 (s, 3H, CH3), 3.34 (s, 3H, OCH3), 3.79
(s, 3H, OCH;), 4.09 (d, J = 10.8 Hz, 1H, CH(CO,CH3),), 4.80 (dt, J=3.9, 11.7 Hz, 1H,
CHCH;NO,), 4.90-5.00 (m, 2H, CH,NO,), 6.94-7.06 (m, 3H, CcH5).

C NMR (75 MHz, CDCls, ppm): & 21.0, 21.3, 37.7, 52.3, 53.0, 77.1, 128.0, 129.1, 130.3, 132.5,
136.1, 138.8, 167.0, 168.1,

HPLC separation conditions (column: CHIRALPAK OD-H (4.6 mm i.d. x 250 mm), eluent:
n-hexane/2-propanol = 90:10, flow rate: 0.5 ml/min, temp.: 30 °C, detection: UV 210 nm);
retention times of two enantiomers: (minor) 24.6 min, (major) 34.2 min

[a]p™® +14.6 (¢ 1.01, CHCl,)

MS (Cl/isobutane) m/z 332.11 (M + Na").

Methyl 2-carbomethoxy-4-nitro-3-(2,6-dichloropheny)butyrate (Sma)
Cl  CH(CO,CHs),

N0

Cl
31% ee, 99% yield.
"H NMR (300 MHz, CDCls, ppm): & 3.49 (s, 3H, OCHj), 3.81 (s, 3H, OCHj), 4.45 (d, J=11.5 Hz,
1H, CH(CO,CH;),), 4.97 (dd, J=4.9, 13.4 Hz, 1H, CH,NO,), 5.15 (dd, J=4.7, 13.4 Hz, 1H,
CH>NO,), 5.33-5.41 (m, 1H, CHCH,NO,), 7.17 (t, J= 8.0 Hz, 1H, C¢H5), 7.29 (dd, J = 1.5, 8.0,
2H, C¢Hs), 7.37 (dd, J = 1.2, 7.8, 2H, CsHs).
HPLC separation conditions (column: CHIRALPAK AD-H (4.6 mm i.d. x 250 mm), eluent:
n-hexane/2-propanol = 99:1, flow rate: 0.5 ml/min, temp.: 34 °C, detection: UV 210 nm); retention

times of two enantiomers: (major) 69.0 min, (minor) 71.1 min.
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(+)-Methyl 2-carbomethoxy-4-nitro-3-(4,5-methylenedioxyphenyl)butyrate (5ia)

H(CO,CHj3),

CH( )
(@]

95% ee, 99% yield.

'H NMR (400 MHz, CDCls, ppm): 8 3.60 (s, 3H, OCHj), 3.76 (s, 3H, OCHj3), 3.80 (d, J= 9.3 Hz,
1H, CH(CO,CHj;),), 4.12 (dt, J = 5.1, 9.3 Hz, 1H, CHCH,NO,), 4.80 (dq, J=9.3, 13.2 Hz, 2H,
CHCH,;NO,), 5.95 (s 2H, OCH,0), 6.62—6.68 (m, 3H, C¢Hj).

C NMR (100 MHz, CDCls, ppm): & 42.7, 52.8, 52.9, 54.7, 77.5, 101.2, 108.0, 108.5, 121.3, 129.5,
147.5, 148.0, 167.1, 167.7.

HPLC separation conditions (column: CHIRALPAK AS-H (4.6 mm i.d. x 250 mm), eluent:
n-hexane/2-propanol = 90:10, flow rate: 1.0 ml/min, temp.: 30 °C, detection: UV 210 nm);
retention times of two enantiomers: (minor) 34.8 min, (major) 39.1 min.

[a]p” +2.58 (¢ 1.07, CHCl,)

MS (Cl/isobutane) m/z 326 (M + H").

Mp. 86.0-87.5 °C

(—)-Methyl 2-carbomethoxy-4-nitro-3-(2-thienyl)butyrate (5ga)

CH(CO,CH3),
S NO,
\ /"
97% ee, 98% yield.
'H NMR (300 MHz, CDCls, ppm): & 3.66 (s, 3H, OCHj), 3.76 (s, 3H, OCH3), 3.91 (d, J=7.8 Hz,
1H, CH(CO,CHj;),), 4.56 (td, J=5.9, 7.8 Hz, 1H, CHCH,NO), 4.86-5.00 (m, 2H, CHCH,NO),
6.85-7.00 (m, 2H, thienyl), 7.23 (dd, /= 1.7, 4.7 Hz, 1H, thienyl).
C NMR (75 MHz, CDCls, ppm): & 38.3, 53.0, 55.2, 77.2, 77.8, 125.6, 126.7, 127.0, 138.3, 167.0,
167.5.
HPLC separation conditions (column: CHIRALPAK AD (4.6 mm i.d. x 250 mm), eluent:
n-hexane/2-propanol = 90:10, flow rate: 0.5 ml/min, temp.: 30 °C, detection: UV 254 nm);
retention times of two enantiomers: (minor) 31.1 min, (major) 36.3 min.
[a]p?®® —11.4 (¢ 1.01, CHCL;)
MS (Cl/isobutane) m/z 288 (M + H").
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(-)-Methyl 2-carbomethoxy-4-nitro-3-(2-furyl)butyrate (Sha)

CH(CO,CHs),
9 NO,
\
98% ee, 96% yield.
'HNMR (300 MHz, CDCls, ppm): & 3.67 (s, 3H, OCHj), 3.74 (s, 3H, OCHj3), 3.93 (d, J= 7.8 Hz,
1H, CH(CO,CHj;),), 4.37 (dt, J = 5.4, 7.8 Hz, 1H, CHCH,;NO), 4.83-4.94 (m, 2H, CHCH,NO,),
6.20 (dd, J= 1.0, 3.2 Hz, 1H, furyl), 6.27 (dd, J= 2.0, 3.2 Hz, 1H, furyl), 7.33 (dd, J= 1.0, 2.0 Hz,
1H, furyl).
C NMR (75 MHz, CDCls, ppm): 8 36.7, 52.5, 52.9, 75.2, 77.2, 108.3, 110.5, 142.8, 149.3, 167.1,
167.4.
HPLC separation conditions (column: CHIRALPAK OD-H (4.6 mm i.d. x 250 mm), eluent:
n-hexane/2-propanol = 90:10, flow rate: 0.5 ml/min, temp.: 30 °C, detection: UV 210 nm);
retention times of two enantiomers: (major) 20.4 min, (minor) 50.4 min.
[a]p™>" —8.94 (¢ 1.03, CHCl3)
MS (Cl/isobutane) m/z 272(M + H").

(R)-Ethyl-2-di(carboethoxy)-4-nitro-3-phenylbutyrate ((R)-5ab)

CH(CO,CH,CHj3),

©/-\/N02

93% ee, 90% yield.

'H NMR (300 MHz, CDCls, ppm): & 1.02 (t, J= 7.1 Hz, 3H, (CO,CH,CH;),), 1.24 (t,J = 7.3 Hz,
3H, (CO,CH,CHj3),), 3.80 (d, J=9.3 Hz, 1H, CH(CO,C,H3),), 3.98 (q, /= 7.1 Hz, 2H,
CO,CH,CH3;), 4.13-4.28 (m, 3H, CHCH,NO,, CO,CHHCH; x 2), 4.78 (dq, /= 9.0, 13.2 Hz, 2H,
CHCH,NO,), 7.20-7.29 (m, SH, CcH5).

C NMR (75 MHz, CDCls, ppm): 8 13.7, 13.9, 42.9, 54.9, 61.9, 62.1, 77.2, 77.6, 128.0, 128.3,
128.9, 136.2, 166.8, 167.4.

The % ee value was determined by HPLC analysis.

HPLC separation conditions (column: CHIRALPAK AD (4.6 mm i.d. x 250 mm), eluent:
n-hexane/2-propanol = 90:10, flow rate: 0.5 ml/min, temp.: 33 °C, detection: UV 210 nm);

retention times of two enantiomers: () 29.6 min, (R) 40.1 min.
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[a]p™® +6.04 (c 1.10, CHCI;) (lit. [a]p® +7.09 (c 1.00, CHCl;, 95% ee (R)), Barns, D. M.; Ji, J.;
Fickes, M. G,; Fitzgerald, M. A.; King, S. A.; Morton, H. E.; Plagge, F. A.; Preskill, M.; Wagaw, S.
H.; Wittenberger, S. J.; Zhang, J. J. Am. Chem. Soc. 2002, 124, 13097.)

(—)-Methyl -2-carboethoxy-2-methyl-4-nitro-3-phenylbutyrate (Sac)

C(CH3)(CO,CH3),
NO,

97% ee, 95% yield.

'H NMR (300 MHz, CDCls, ppm): & 1.35 (s, 3H, CCH3), 3.72 (s, 3H, OCH3), 3.77 (s, 3H, OCH;),
4.17 (dd, J=5.3,9.2 Hz, 1H, CHCH,;NO,), 5.00-5.10 (m, 2H, CO,CH,NO,), 7.14-7.17 (m, 2H,
CeHs), 7.28-7.31 (m, 3H, CcH5).

C NMR (75 MHz, CDCls, ppm): § 20.3, 48.3, 52.8, 53.0, 56.7, 77.5, 128.5, 128.8, 128.9, 134.9,
170.7, 171.3.

The % ee value was determined by HPLC analysis.

HPLC separation conditions (column: CHIRALPAK OD-H (4.6 mm i.d. x 250 mm), eluent:
n-hexane/2-propanol = 90:10, flow rate: 0.25 ml/min, temp.: 30 °C, detection: UV 210 nm);
retention times of two enantiomers: (major) 32.5 min, (minor) 60.0 min.

[a]p” =34.7 (¢ 1.01, CHCI3) (lit.* [a]p™> +32.3 (c 1.06, CHCI3, 93% ee)), Okino, T.; Hoashi,
Y.; Takemoto, Y. J. Am. Chem. Soc. 2003, 125, 12672.).

MS (Clisobutane) m/z 296 (M + H").

Mp. 128.0-129.5 °C.

(+)-Methyl-2-di(carbobenzoxyl)-4-nitro-3-phenylbutyrate (5ad)

CH(CO,CH,CgHs),
NO,

94% ee, 99% yield.

'H NMR (300 MHz, CDCls, ppm): & 3.94 (d, J= 9.0 Hz, 1H, CH(CO,CH,C¢Hs),), 4.25 (q, J= 7.8
(8.8)Hz, 1H, CHCH,NO,), 4.83 (d, J= 1.5 Hz, 1H, CHCH,NO,), 4.86 (s, |H, CHCH,NO,), 4.94 (s,
2H, CH,C¢Hs), 5.16 (s, 2H, CH,C¢Hs), 7.07-7.35 (m, 15H, C¢H;s x 3).

C NMR (75 MHz, CDCls, ppm): § 29.7, 42.9, 54.9, 67.6, 67.8, 127.9, 128.3, 128.3, 128.4, 128.5,
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128.5, 128.6, 129.0, 134.6, 135.9, 166.5, 167.1.

HPLC separation conditions (column: CHIRALPAK AD-H (4.6 mm i.d. x 250 mm), eluent:
n-hexane/2-propanol = 95:5, flow rate: 1.0 ml/min, temp.: 30 °C, detection: UV 215 nm); retention
times of two enantiomers: (minor) 63.0 min, (major) 71.3 min.

[a]p™® +20.4 (¢ 0.4, CHCL,).

MS (Cl/isobutane) m/z 456.14 (M + Na").

Methyl-2-di(carbo-#-butoxy)-4-nitro-3-phenylbutyrate (Sae)

CH(CO2C(CHg)s)-
NO,

49% ee, 7% yield.

'H NMR (300 MHz, CDCls, ppm): & 1.22 (s, 9H, C(CHj)s), 1.47 (s, 9H, C(CHj)3), 3.61 (d, J=9.8
Hz, 1H, CH(CO,CHj;),), 4.12 (dt, J = 4.4, 9.8 Hz, 1H, CHCH,NO,), 4.79 (dd, J= 3.2, 12.7 Hz, 1H,
CHCH,NO,), 4.93 (dd, J= 8.3, 12.7 Hz, 1H, CHCH,NO,), 7.22-7.33 (m, 5H, C¢H5).

HPLC separation conditions (column: CHIRALPAK AD (4.6 mm i.d. x 250 mm), eluent:
n-hexane/2-propanol = 90:10, flow rate: 1.0 ml/min, temp.: 32 °C, detection: UV 210 nm);

retention times of two enantiomers: (minor) 6.9 min, (major) 13.8 min.

2 G scale preparation of the intermediate of (R)-rolipram (5ja).

Under an argon atmosphere, to a solution of dimethyl malonate (3a) (1.10 mL, 9.6
mmol) and 3-cyclopentyloxy-4-methoxy-B-nitrostyrene (2j) (2.11 g, 8.0 mmol) in dry toluene (16
mL) was added chiral Ru cat ((R,R)-Rulp) (54.7 mg, 0.08 mmol, S/C = 100) at —20 °C and the
mixture was degassed by freeze-thaw cycles. The mixture was stirred at —20 °C for 48 h, then
was evaporated with a vacuum pump and purified with column chromatography (silica gel, eluent:
CH,Cl,) to give (R)-Methyl
2-carbomethoxy-4-nitro-3-(3-cyclopentyloxy-4-methoxyphenyl)butyrate in 94% yield (2.97g) with
95% ee.
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(R)-Methyl 2-carbomethoxy-4-nitro-3-(3-cyclopentyloxy-4-methoxyphenyl)butyrate ((R)-5ja)

CH(CO,CHj3),
OD/:\/ NO,
CH30

95% ee, 99% yield.

'H NMR (400 MHz, CDCls, ppm): & 1.53—1.72 (m, 2H), 1.73-2.05 (m, 6H), 3.58 (s, 3H), 3.76 (s,
3H), 3.81 (s, 3H), 3.85 (d, J = 9.0Hz, 1H, CH(CO,CHj3),), 4.16 (ddd, J=9.0, 5.4, 3.7 Hz, 1H,
CHCH;NO,), 4.68-4.78 (m, 1H, cyclopentane ring proton), 4.78—4.95 (m, 2H, CH,NO,),
6.68—6.88 (m, 3H, CcH5).

C NMR (100 MHz, CDCls, ppm): & 24.0, 32.7, 42.6, 52.8, 52.9, 54.8, 55.8, 77.6, 80.4, 112.0,
114.7, 119.9, 128.1, 147.6, 149.9, 167.3, 167.9.

HPLC separation conditions (column: CHIRALCEL OJ-H (4.6 mm i.d. x 250 mm), eluent:
n-hexane/2-propanol = 90:10, flow rate: 1.0 ml/min, temp.: 35 °C, detection: UV 210 nm);
retention times of two enantiomers: (S) 26.2 min, (R) 30.9 min.

[a]p” +6.94 (¢ 1.15, CHCL,).

MS (Cl/isobutane) m/z 396 (M + H").

Mp. 97-98 °C.

The absolute configuration was determined by HPLC analysis of ethyl
2-carboethoxy-4-nitro-3-(3-cyclopentyloxy-4-methoxyphenyl)butyrate obtained by
transesterification of its methyl ester (lit. Seebach, D.; Hungerbiihler, E.; Naef, R.;
Schnurrenberger, P.; Weidmann, B.; Ziiger, M. Synthesis 1982, 138.).

HPLC separation conditions (column: CHIRALPAK AD (4.6 mm i.d. x 250 mm), eluent:
n-hexane/EtOH = 90:10, flow rate: 1.0 ml/min, temp.: 35 °C, detection: UV 210 nm);
retention times of two enantiomers: (S) 6.6 min, (R) 8.5 min.

(lit. column: CHIRALPAK AD, eluent: n-hexane/EtOH = 90:10, flow rate: 1.0 ml/min,
detection: UV 210 nm; retention times: (S) 7.1 min, (R) 9.8 min. Barns, D. M.; Ji, J.; Fickes,
M. G; Fitzgerald, M. A.; King, S. A.; Morton, H. E.; Plagge, F. A.; Preskill, M.; Wagaw, S.

H.; Wittenberger, S. J.; Zhang, J. J. Am. Chem. Soc. 2002, 124, 13097.)
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Chapter 4 Section 3

(+)-Methyl 2-(2-nitro-1-phenylethyl)-3-oxobutanoate (5af)
O O

O/

ph e~ NO2
58% ee, 95% yield, a 1:1 mixture of diastereomers.

'H NMR (400 MHz, CDCls, ppm): & 2.05 (s, 3H, COCH3), 2.29 (s, 3H, COCHj3), 3.53 (s, 3H,
OCH53), 3.77 (s, 3H, OCH3), 4.05 (d, /= 9.8 Hz, 1H, CH(CO,CH3)), 4.14 (d, J=9.5 Hz, 1H,
CH(CO,CHy)), 4.17-4.28 (m, 2H, CHCH,NO2), 4.74-4.80 (m, 2H, CH,NO,), 7.15-7.40 (m, 10H,
Cets).

C NMR (100 MHz, CDCls, ppm): 6 30.3, 30.4, 42.3, 42.6, 52.8, 53.0, 61.5, 61.8, 77.7, 77.8,
127.8,127.9, 128.3, 128.4, 129.0, 129.2, 136.3, 136.4, 167.4, 168.0, 200.2, 201.1.

[a]p’ +15.4 (¢ 1.06, CHCI3) (58% ee, dr = 1:1).

MS (Cl/isobutane) m/z 266 (M + H").

Mp. 76-77 °C.

The % ee value was determined by HPLC analysis of 1-nitro-2-phenyl-4-pentanone obtained by
decarboxylation of methyl 2-(2-nitro-1-phenylethyl)-3-oxobutanoate.

HPLC separation conditions (column: CHIRALPAK AS (4.6 mm i.d. x 250 mm), eluent:

n-hexane/2-propanol = 90:10, flow rate: 1.0 ml/min, temp.: 30 °C, detection: UV 210 nm);

retention times of two enantiomers: (major) 20.5 min, (minor) 27.1 min.

Ethyl 2-(2-nitro-1-phenylethyl)-3-oxopentanoate (5ah)
O O

o

P % NO,

58% ee, 94% yield, a 1:1.2 mixture of diastereomers.

"H NMR (300 MHz, CDCls, ppm): & 0.98 (t, J = 7.1 Hz, 3H, CH,CHj, major), 1.25 (t,J= 7.1 Hz,

3H, CH,CHj3, minor), 2.03 (s, 3H, CO,CHj3, minor), 2.28 (s, 3H, CO,CHj;, major), 3.91-4.24 (m,

8H, CH,CHj3; (major & minor), CH(COCH;)(CO,Et) (major & minor), CHCH,NO, (major &

minor)), 4.73 (d, J= 6.1 Hz, 2H, CHCH,NO,, major), 4.79—4.82 (m, 2H, CHCH,NO,, minor),

7.17-7.23 (m, 10H, C4Hs, major and minor).
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C NMR (75 MHz, CDCls, ppm): 8 13.6 (major), 14.0 (minor), 30.1 (major), 30.3 (minor), 42.3
(major), 42.5 (minor), 61.7 (minor), 61.9 (major), 62.2, 77.2,77.8, 77.9, 127.9 (minor), 127.9
(major), 128.3 (major), 128.3 (minor), 128.9 (major), 129.1 (minor), 136.3 (major), 136.4 (minor),
166.8 (major), 167.5 (minor), 200.3, 201.1.

The % ee value was determined by HPLC analysis of 1-nitro-2-phenyl-4-pentanone obtained by
decarboxylation of ethyl 2-(2-nitro-1-phenylethyl)-3-oxobutanoate.

HPLC separation conditions (column: CHIRALPAK AS (4.6 mm i.d. x 250 mm), eluent:
n-hexane/2-propanol = 90:10, flow rate: 1.0 ml/min, temp.: 30 °C, detection: UV 210 nm);

retention times of two enantiomers: (major) 20.5 min, (minor) 27.1 min.

(+)-Methyl 2-(2-nitro-1-phenylethyl)-3-oxopentanoate (5ai)
O O

O/

ph e~ NO2
89% ee, 97% yield, a 1:1.5 mixture of diastereomers.

'H NMR (400 MHz, CDCls, ppm): 8 0.82 (t, J = 7.1 Hz, 3H, CH,CHj, minor), 1.05 (t,J = 7.1 Hz,
3H, CH,CHj, major), 2.05-2.20 (m, 1H, CH,CHj3;, minor), 2.40-2.55 (m, 2H, CH,CH3;, major and
minor), 2.58-2.75 (m, 1H, CH,CHj3, major), 3.52 (s, 3H, OCHj;, major), 3.75 (s, 3H, OCHj;, minor),
4.04 (d, J=10.0 Hz, 1H, CH(CO,CHj3), minor), 4.13 (d, J= 9.5 Hz, 1H, CH(CO,CH3;), major),
4.19-4.29 (m, 2H, CH(CH,CHj;), major and minor), 4.75—4.92 (m, 4H, CH,NO,, major and minor),
7.10-7.40 (m, 10H, C¢Hs, major and minor).

BC NMR (100 MHz, CDCl;, ppm): 8 7.15 (minor), 7.35 (major), 36.7 (major), 37.0 (minor), 42.4
(major), 42.7 (minor), 52.6 (major), 52.8 (minor), 60.5 (minor), 60.8 (major), 77.5 (major), 77.7
(minor), 127.7 (major), 127.8 (minor), 128.2 (major), 128.3 (minor), 128.9 (major), 129.0 (minor),
136.3 (minor), 136.5 (major), 167.5 (major), 168.0 (minor), 203.1 (minor), 204.1 (major).

[a]p’ +39.8 (¢ 1.08, CHCI3) (89% ee, dr = 1.5:1).

MS (Cl/isobutane) m/z 280 (M + H").

The % ee value was determined by HPLC analysis of 1-nitro-2-phenyl-4-hexanone obtained by
decarboxylation of methyl 2-(2-nitro-1-phenylethyl)-3-oxopentanoate.

HPLC separation conditions (column: CHIRALCEL OJ-H (4.6 mm i.d. x 250 mm), eluent:
n-hexane/2-propanol = 90:10, flow rate: 1.0 ml/min, temp.: 35 °C, detection: UV 210 nm);

retention times of two enantiomers: (minor) 17.6 min, (major) 19.7 min.
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Experimental procedure for enantioselective Michael addition of methyl isobutyrylacetate
(3j) to trans-B-nitrostyrene (2a) with
Ru|[(18,2S)-N-pentamethylbenzenesulfonyl-1,2-diphenylethylenediamine] (hexamethylbenzen
¢) ((R,R)-Rulp).

Under an argon atmosphere, to a solution of ¢rans-f-nitrostyrene (2a) (149 mg, 1.0
mmol) and isobutyrylacetic acid methyl ester (3j) (171 pL, 1.2 mmol) in dry toluene (1.0 mL) was
added chiral Ru cat ((R,R)-Rulp) (13.7 mg, 0.02 mmol, S/C = 50) at —20 °C and the mixture was
degassed by freeze-thaw cycles. The mixture was stirred at —20 °C for 24 h.  After the solvent
was evaporated with a vacuum pump the reaction product was purified with column
chromatography (silica gel, eluent: n-hexane/acetone = 9:1) to give methyl

4-methyl-2-(2-nitro-1-phenylethyl)-3-oxopentanoate (5aj) with 94% ee in 97% isolated yield.

(+)-Methyl 2-(2-nitro-1-phenylethyl)-4-methyl-3-oxopentanoate (Saj)
O O

O/

NO,

94% ee, 97% yield, a 1:1.3 mixture of diastereomers.

'H NMR (400 MHz, CDCls, ppm): 8 0.69 (d, J = 7.1 Hz, 3H, CH(CH3),, major), 0.98 (d, J = 6.8
Hz, 3H, CH(CHj3),, major), 1.03 (d, J = 7.1 Hz, 3H CH(CHj3),, minor, 1.08 (d, J = 6.6Hz, 3H,
CH(CHj;),, minor), 2.43 (m, 1H, CH(CHj3),, major), 2.71 (m, 1H, CH(CHj3),, minor), 3.53 (s, 3H,
OCHj3, minor), 3.75 (s, 3H, OCHj;, major), 4.16 (d, J = 10.0 Hz, 1H, CH(CO,CH3;),, major),
4.20-4.30 (m, 3H, CH(CO,CHj;),, CHCH,;NO,), 4.72-4.92 (m, 4H, CHCH,NO,), 7.14-7.36 (m,
10H, C4Hs).

C NMR (100 MHz, CDCls, ppm): 8 1.73 (major), 17.6 (minor), 17.7(major), 18.1 (minor), 41.4
(minor), 41.9 (major), 42.6 (minor), 42.9 (major), 52.7 (minor), 52.8 (major), 59.5 (major), 59.6
(minor), 77.2 (minor), 77.5 (major), 127.8 (minor), 128.1 (major), 128.3 (major), 128.9 (minor),
129.0 (major), 136.4 (minor), 136.5 (major), 167.5 (minor), 167.9 (major), 206.2 (major), 207.4
(minor).

[a]p™® +44.8 (¢ 1.02, CHCI3) (94% ee, dr = 1.3:1).

MS (Cl/isobutane) m/z 294 (M + H").

Mp. 84-104 °C.
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The % ee value was determined by HPLC analysis of 1-nitro-2-phenyl-4-pentanone obtained by
decarboxylation of methyl 2-(2-nitro1-phenylethyl)-3-oxobutanoate.

HPLC separation conditions (column: CHIRALCEL OJ-H (4.6 mm i.d. x 250 mm), eluent:
n-hexane/2-propanol = 95:5, flow rate: 1.0 ml/min, temp.: 35 °C, detection: UV 210 nm); retention

times of two enantiomers: (major) 25.9 min, (minor) 42.8 min.

(-)-Ethyl 2-phenylcarbonyl-4-nitro-3-phenylbutyrate (Sam)
O O
Ph o

ph w02

92% ee, 96% yield, a 1:1.5 mixture of diastereomers.

'H NMR (400 MHz, CDCl3, ppm): 6 0.89 (t, J= 7.1 Hz, 3H, CH,CHj, major), 1.17 (t,J= 7.2 Hz,
3H, CH,CHj3, minor), 3.80-3.94 (m, 2H, CH,CHj3, major), 4.17 (q, J= 7.2 Hz, 2H, CH,CHj,
minor), 4.40-4.55 (m, 2H, CHCH,;NO,, major and minor), 4.72—4.86 (m, 3H, CHCH,NO, and
CH(CO,C,Hj5)), 4.88-5.02 (m, 3H, CHCH,NO, and CH(CO,C,Hj5)), 7.10-7.70 (m, 8H, CcH5,
major and minor), 7.80—7.90 (m, 2H, C¢Hs, minor), 8.00-8.10 (m, 2H, C¢H’s, major).

C NMR (100 MHz, CDCls, ppm): & 13.5, 13.8, 43.0, 65.3, 57.0, 61.9, 62.2, 77.9, 127.9, 128.1,
128.2, 128.3, 128.5, 128.7, 128.8, 128.9, 133.8, 134.2, 135.7, 135.9, 136.2, 136.7, 166.9, 167.6,
192.7.

HPLC separation conditions (column: CHIRALPAK AD (4.6 mm i.d. x 250 mm), eluent:
n-hexane/EtOH = 95:5, flow rate: 1.0 ml/min, temp.: 35 °C, detection: UV 210 nm); retention
times of four enantiomers: (major) 14.1 min, 19.7 min, (minor) 25.3 min, 37.9 min.

The % ee value was determined by 92% concerning the stereogenic centers at the benzylic
positions.

[a]p™® —1.46 (¢ 1.09, CHCls) (92% ee, dr = 1.5:1) (lit. [a]p> —2.31 (¢ 1.03, CHCls, 87% ee),
Barns, D. M.; Ji, J.; Fickes, M. G,; Fitzgerald, M. A.; King, S. A.; Morton, H. E.; Plagge, F.

A.; Preskill, M.; Wagaw, S. H.; Wittenberger, S. J.; Zhang, J. J. Am. Chem. Soc. 2002, 124,
13097.)

MS (Cl/isobutane) m/z 342 (M + H").

Mp. 92-102 °C.
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(+)-3-Methylcarbonyl-1-nitro-2-phenyl-4-pentanone (5an)
CH(COCHj3),

~_NO;

7% ee, 90% yield.

'HNMR (300 MHz, CDCls, ppm): & 1.94 (s, 3H, COCH), 2.30 (s, 3H, COCH), 4.20-4.28 (m, 1H,
CHCH,NO,), 4.38 (d, J=10.7 Hz, 1H, CH(COCH3;),), 4.58-4.69 (m, 2H, CHCH,NO,), 7.17-7.20
(m, 2H, C¢Hs), 7.29-7.36 (m, 3H, CsH).

C NMR (75 MHz, CDCls, ppm): & 29.5. 30.4. 42.7. 70.6. 78.1. 128.0. 128.5. 129.3. 135.9. 201.0.
201.7.

HPLC separation conditions (column: CHIRALCEL AS-H (4.6 mm i.d. x 250 mm), eluent:
n-hexane/2-propanol = 90:10, flow rate: 0.5 ml/min, temp.: 30 °C, detection: UV 210 nm);
retention times of two enantiomers: (major) 34.8 min, (minor) 51.7 min.

[a]p” +9.64 (¢ 1.11, CHCls, 7% ee) (lit. [a]p"" —31.9 (¢ 1.0-1.1, acetone, 30% ee), Brunner,

H.; Kimel, B. Monatsh. Chem. 1996, 127, 1063.).

MS (Cl/isobutane) m/z 250 (M + H").

Mp. 101-105 °C.

(+)-2-Methyl-3-methylcarbonyl-1-nitro-2-phenyl-4-pentanone (5aq)
C(CH3)(COCHg3;),

N0,

50% ee, 74% yield.

'H NMR (300 MHz, CDCls, ppm): & 1.42 (s, 3H, CCH3), 2.03 (s, 3H, COCH), 2.09 (s, 3H, COCH),
4.22 (dd, J/=3.7,10.7 Hz 1H, CHCH,;NO,), 4.77 (dd, J= 3.7, 13.4 Hz, 1H, CHCH,NO,), 4.88 (dd,
J=10.7,13.4 Hz, 1H, CHCH,NO,), 7.16-7.19 (m, 2H, C¢Hs), 7.27-7.33 (m, 3H, CsH5).

3C NMR (75 MHz, CDCls, ppm): & 18.3, 27.1, 28.8, 67.7, 76.7, 128.4, 128.8, 129.2, 134.9, 205.6,
208.0.

HPLC separation conditions (column: CHIRALCEL AD-H (4.6 mm i.d. x 250 mm), eluent:
n-hexane/2-propanol = 90:10, flow rate: 0.5 ml/min, temp.: 30 °C, detection: UV 210 nm);
retention times of two enantiomers: (minor) 21.7 min, (major) 24.2 min.

[a]p® +12.6 (¢ 1.45, CHCI3).
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(+)-3-Ehtylcarbonyl-1-nitro-2-phenyl-4-hexanone (5a0)
CH(COC5Hs),

SN0,

97% ee, 98% yield.

'H NMR (300 MHz, CDCls, ppm): 8 0.77 (t, J = 7.1 Hz, 3H, CH,CH;), 1.06 (t, J = 7.1 Hz, 3H,
CH,CHj;), 2.05-2.20 (m, 1H, CH,CHj3), 2.23-2.40 (m, 1H, CH,CH3), 2.43-2.68 (m, 2H, CH,CH,),
4.20-4.40 (m, 2H, COCHCO, CHCH,;NO,), 4.58-4.75 (m, 2H, CH,NO,), 7.10-7.40 (m, 5H,
Cets).

C NMR (75 MHz, CDCls, ppm): & 7.24, 7.43, 36.4, 36.8, 42.9, 69.1, 77.9, 127.9, 128.4, 129.2,
136.2, 203.9, 204.5.

HPLC separation conditions (column: CHIRALCEL OJ-H (4.6 mm i.d. x 250 mm), eluent:
n-hexane/2-propanol = 90:10, flow rate: 1.0 ml/min, temp.: 35 °C, detection: UV 210 nm);
retention times of two enantiomers: (major) 32.1 min, (minor) 47.0 min.

[a]p®’ +150.65 (¢ 1.19, CHCL;).

MS (Cl/isobutane) m/z 278 (M + H").

Mp. 97-98 °C.

Experimental procedure for the enantioselective Michael addition of
2,6-dimethyl-3,5-heptanedione (3p) to trans-B-nitrostyrene (2a) with
Ru[(1S,2S)-N-pentamethyl-benzenesulfonyl-1,2-diphenylethylenediamine]-(hexamethylbenze
ne) ((R,R)-Rulp).

Under an argon atmosphere, to a solution of trans-B-nitrostyrene (2a) (149 mg, 1.0
mmol) and 2,6-dimethyl-3,5-heptanedione (3p) (206 ul, 1.2 mmol) in dry toluene (1.0 mL) was
added chiral Ru cat ((R,R)-Rulp) (13.7 mg, 0.02 mmol, S/C = 50) at —20 °C and the mixture was
degassed by freeze-thaw cycles. The mixture was stirred at —20 °C for 24 h.  After the solvent
was evaporated with a vacuum pump, the reaction product was purified with column
chromatography (silica gel, eluent: n-hexane/acetone = 9:1) to give
3-isopropylcarbonyl-5-methyl-1-nitro-2-phenyl-4-hexanone (Sap) with 97% ee and in 98%

isolated yield.
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(+)-1-Isopropyl-3-isopropylcarbonyl-1-nitro-2-phenyl-4-hexanone (5ap)
CH(COCH(CH3),).

N0,

97% ee, 99% yield.

'H NMR (400 MHz, CDCls, ppm): & 0.72 (d, J = 6.8 Hz, 3H, CH(CH3)), 0.84 (d, J = 6.6 Hz, 3H,
CH(CH3)), 1.07 (d, J=2.7 Hz, 3H, CH(CH3)), 1.09 (d, J = 2.9 Hz, 3H, CH(CH3)), 2.49 (m, 1H,
CH(CH3)), 2.74 (m, 1H, CH(CH3)), 4.30 (ddd, J = 9.8, 9.4, 4.3 Hz, 1H, CHCH,NO,), 4.53 (d, J =
9.8 Hz, 1H, COCHCO), 4.63 (dd, J=12.8, 4.3 Hz, 1H, CH,NO,), 4.73 (dd, /= 12.8, 9.4 Hz, 1H,
CH,NO,), 7.15-7.40 (m, 5H, CcH5).

C NMR (100 MHz, CDCls, ppm): & 17.8, 18.0, 18.2, 18.7, 40.9, 41.0, 43.3, 67.3, 77.7, 128 2,
128.4, 129.1, 136.4, 207.4, 207.9.

HPLC separation conditions (column: CHIRALCEL OJ-H (4.6 mm i.d. x 250 mm), eluent:
n-hexane/2-propanol = 90:10, flow rate: 1.0 ml/min, temp.: 35 C, detection: UV 210 nm); retention
times of two enantiomers: (major) 14.0 min, (minor) 18.5 min.

[a]p™® +142.8 (¢ 1.00, CHCL;).

MS (Cl/isobutane) m/z 306 (M + H").

Mp. 127.5-128.5 °C.
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Crystallography

Single crystals suitable for X-ray analyses were mounted on glass fibers. Intensity

data were corrected for Lorentz polarization effects and absorption. Details of crystal and data

collection parameters are summarized in Table 7-1.

Structure solution and refinements were

carried out by using the CrystalStructure program package. The heavy-atom positions were

determined by a direct method program (SIR92) and remaining non-hydrogen atoms were found by

subsequent Fourier syntheses. The non-hydrogen atoms were refined anisotropically by

full-matrix least- squares techniques based on F>. Hydrogen atoms were placed at calculated

positions and included in the refinements with a riding model.  For (S,S)-Rulp,(R,R)-Rulb, and

(R,R)-Ru4ff, the R1 and wR2 parameters remain relatively high values due to the poor quality of

the crystals.

O=§=O
CgHs,
615, N\
/Ru—
CeHs N
(S,S)-Ru1p

'Irs
CoHs N /
I U, CO,CH;,
CeHs" /N\ C,,,
H

L'H
H. _C
"O” " TOCH;

(R,R)-Ru3fa

GHs
O:§:O
CgH
6/ 15 N\
/Ru—
CeHs™ N
(R,R)-Ru1b
Ts
CeHs N_ /
\E /Ru/
C6H5\\\ /N\ //O
H H H
CHj3
CO,CH3

(R,R)-Ruaff

Figure 7-1. Amido complexes ((S,S)-Rulp, (R,R)-Rulb), C-bound complex ((R,R)-Ru3fa), and

O-bound complex ((R,R)-Ru3fa).



Table 7-1. Crystallographic data

(5,5)-Rulp (R,R)-Rulb (R,R)-Ru3fa (R,R)-Rudff
Formula C37H46N,0, SRu  Cy7H34N-O,SRu C3sHyoN,OgSRu  C35H4N,OsSRu
M 683.91 551.71 717.84 703.86
Crystal system monoclinic monoclinic monoclinic orthorhombic
Space group P2, P24 P24 P2,2:124
Crystal size (mm3) 0.4x03x%x0.3 0.8x05x%x0.15 02x0.2x0.2 02x02x0.2
a(A) 15.823(7) 10.797(4) 8.098(2) 9.319(3)
b (A) 13.130(6) 17.610(7) 22.593(6) 14.771(4)
c(A) 15.908(7) 13.620(6) 17.761(5) 23.304(2)
a(®) 90 90 90 90
B 91.321(5) 102.068(5) 90.575(5) 90
v (°) 90 90 90 90
V(A% 3304.0(25) 2532.3(18) 3249.4(15) 3207.5(14)
T (K) 193 193 293 293
VA 4 4 4 4
1 (Mo Ko) (mm™) 0.573 0.728 0.595 0.599
D, (gcm™) 1.375 1.447 1.467 1.457
F(000) 1432 1144 1488 1464
transmission factors 0.729-0.842 0.742-0.897 0.705-0.888 0.750-0.887
No. of unique 16108 19907 13628 8888
reflections
Rint 0.077 0.039 0.077 0.104
No. of valuables 869 663 891 397
R1[1>20(])] 0.0970 0.0350 0.0900 0.0860
wR2 (all data) 0.1800 0.0830 0.2080 0.2140
GOF on F* 1.003 1.087 1.049 1.077
largest difference 6.29/-2.73 1.53/-1.19 2.44/-2.17 1.45/-0.64
peak/hole [e A~
Flack parameter 0.01(6) 0.09(3) 0.05(5)
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Computational Details.

All computations were carried out using the hybrid Becke functional (B3)® for electron
exchange and the correlation functional of Lee, Yang, and Parr (LYP),® as implemented in the
GAUSSIAN 09 software package.” For ruthenium, the SDD basis set with the associated effective
core potential was employed.® All other atoms were modeled at the 6-31G(d) level of theory.’
Test optimizations at several levels of theory for the compounds (R,R)-Ru3fa and (R,R)-Ru4ff
with available X-ray structures were carried out for calibration purposes. It has been found that the
introduction of the diffusion functions for the main group elements notably improves the
reproducibility of the experimental bond lengths and valent angles within the B3LYP fucnctional.
The recently developed M052X functional'® has been also tried. Since the results obtained with
MO052X/ SDD(Ru)/6-31G*(C,H,N,0,S) were almost identical with those obtained with
B3LYP/SDD(Ru)/6-31G*(C,H,N,0O,S), the latter functional has been chosen as the one most
frequently used in the computational studies of the transition metal catalytic reactions. Geometry
optimizations were performed without any symmetry constraints (C1 symmetry). Starting
geometries for the transition state search were located either by QST2 or QST3 procedures, or by
the guess based on the structure of the previously found TS. The transition states were
subsequently fully optimized as saddle points of first order, employing the Berny algorithm. "’
Frequency calculations were carried out to confirm the nature of the stationary points, yielding
zero imaginary frequencies for all Ru complexes and one imaginary frequency for all transition
states, which represented the vector for the C-C bond formation or for the proton transfer in all
respective cases. Zero-point energy corrections were carried out for all computed energies. The
solvent influence has been checked by several single-point CPCM-SCREF calculations for THF and
EtOH. The relative energies computed in the gas phase or either of the solvents were found to be
almost the same; hence the solvent influence was further neglected, and all shown data correspond
to the zero-point energy corrected gas phase values, as has been suggested in a recent work for a

.. . . 12
similar catalytic reaction.
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