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Magical Chiral Spiro Ligands

Xie, Jianhua* Zhou, Qilin*
(State Key Laboratory and Institute of Elemento-organic Chemistry, Nankai University, Collaborative Innovation Center of
Chemical Science and Engineering (Tianjin), Tianjin 300071)

Abstract Transition metal catalyzed asymmetric reaction is a hot issue and a frontier of the research in current organic
chemistry. The design and synthesis of new type of efficient chiral ligands and chiral catalysts, esspecially those with novel
skeleton is the focus of research in asymmetric catalysis. Since 1990’s, chiral ligands based on spiro skeletons have received
increasing attention and gradually developed into a new type of chiral ligands with distinctive characteristics. The skeletons
of the chiral spiro ligands developed from spiro[4.4]nonane with three chiral stereocenters to spirobiindane and
spiro[4.4]nonadiene with only one axial chirality, as well as other types of spiro skeletons. Nowadays, the library of chiral
spiro ligands contains a wide range of chiral spiro ligands with different skeletons, including chiral spiro monophosphorus
ligands, diphosphine ligands, phosphine-nitrogen ligands, dinitrogen ligands, and efc. Many of these chiral spiro ligands and
related catalysts not only have shown high catalytic activity and high enantioselectivity for various asymmetric reactions such
as asymmetric hydrogenations, asymmetric carbon-carbon bond forming reactions, and asymmetric carbon-heteroatom bond
forming reactions, but also have made the enantiocontrol of many catalytic asymmetric reactions, which are difficult in ob-
taining high enantioselectivities, more easily and possible. The chiral spiro skeleton has become a ‘privileged structure’, and
chiral spiro ligands and catalysts have been used in the syntheses of different type of chiral compounds including chiral natu-
ral products and chiral drugs. The emergence of chiral spiro ligands increased the dynamism of research on finding new chiral
ligands and catalysts, and promoted asymmetric synthesis chemistry. Henceforth, the focus of study in chiral spiro ligands
will continue to be the development of new chiral spiro ligands and catalysts with high activity and high enantioselectivity. At
the same time, the applications of chiral spiro ligands in the new catalytic asymmetric reactions, and in the asymmetric syn-
thesis of bioactive chiral compounds, chiral natural products and chiral drugs will become a new focus of research.
Keywords spiro skeleton; chiral spiro ligand; chiral spiro catalyst; asymmetric catalysis; metal catalyst
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Figure 1 Examples of early developed chiral phopshine ligands
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T FHEARIR T E M LA SPRIX (7). At AT 1R L%
TR PR XA AL FI7E. Wacker ZEL AN FR
SIS 0 3 I R AR s R B R k. L pl T
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Figure 2 The early attention and development of chiral spiro com-
pounds and ligands
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HE— 20 SR B O T PRI AR, 2002 4F, FILAK
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Figure 3 The attempts of synthesis of chiral spiro diphosphine ligands
with a spiro[4.4]nonane skeleton
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Figure 4 The spirobiindane and spiro[4.4]nonadiene skeletons and their
chiral spiro ligands
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Figure 5 Chiral spiro diphosphine ligands with spiro[4.4]nonane skele-
ton and their applications
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Figure 6 Chiral spiro dinitrogen ligands with spiro[4.4]nonane skeleton and their applications
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Figure 7 Other chiral spiro ligands with spiro[4.4]nonane skeleton and their applications
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Figure 8 Chiral spiro monophosphoramidite ligands with spirobiindane
skeleton
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Figure 9 The application of chiral spiro monophosphoramidite ligands
in asymmetric hydrogenation of dehydroamino acid esters and enamides
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Figure 10 The applications of chiral spiro momophosphoramidite ligands with a spirobiindane skeleton
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R =aryl, Cy, etc. DCM, 30°C, 18~72h
74%~99% yield
55%~97% ee
regioselectivity > 20:1

B 1 TPRREE 4 I REBLIL MR 4 SIPHOS-PE 11 ]
Figure 11 The applications of chiral spiro monophosphoramidite SIPHOS-PE ligands
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B, JHHARAEB SIPHOS 282 11 - MR A e
Tt TC A T P J 0 2 SO b T AR R B e AR, R T
ShiP 2874 [ F-PEUR IR F 14 SV i FR R 14 24(1 12). IX 2%
TP P AT U8 IR 1 T A 2 A A o i B A 7R ) 0 T ik
TRAL A AN Tk 95 TR 6 A i I 0L, e AR Ak 57 0 1R ol
W W RS AKIRR 1,2-In s BT, AR ATEEA L
775 VA T2 K S 1100 A AP 0 e AN K ik 0 T i e 6 e e o %1 e
HF IR = T S UR.

24 shiP

25 FuP 26 SITCP

Bl12 FATIE T S E BRI T P R R Y AR I IR 12 I AU
[{IRE

Figure 12 Chiral spiro monophosphite, monophosphinite and mono-
phosphine ligands with spirobiindane skeleton

WIAERE AL 5 FEO R X - R TR 1 AN 5o R o sk
N, PR RIR Y i R TR T A (S)-24a 45 H T 51%~96%
(IR 70%~93% ee [N MIEFPER™ (K] 13, 10 15).
E— RN T o- R B 5 QIR IR IX —H 2
TR A R AR T 0T I T k. AEAEHEAL 95 JEAI R X 5 i
A BRI N, B 5 2- 28 5 A% (¥ T
IR IRIRAC AR (S)-24e 25 T I lr 4 9. X R 5155 %
WNPR 55 05 B A KRR I T 91%~97% 1%
62%~87% ee [N WLEFEPER™ (B 13, X 16). 7EF53E
2 X3 e AP AU P N P 5 i R T A QS IE e (1)
TR N T PR R A B PR R B A (S)-24a 15K
Ak 7 B R B A ARG . S PR AR T A B
87%, MWL B ik E] 95% ee B (] 13, R 17).
X R A 07 F R (AN KRR AL A AR B TR 1A RO
k.

o 6 mol% (S)-24b Ar, OH

1.5 mol% [RhCI(CH,CH,),],

1
Rz)J\r(OR + ArB(OH),

R'= Et, Bn, ’Pr, etc.
R? = Aryl, PACH=CH,

2.1 mol% (S)-24c

LiF (2.0 equiv.),
o DCE/H,0 (1/4)
rt., 12~60 h

RZA,(OF“ (15)
(0]

51%~96% yield
70%~93% ee

j\ 0.5 mol% [RNCI(CH,CHa), OH
. A
Ar” H ArB(OH). KF (2.0 equiv.), Ar” AR (16)
toluer;e/HZO (171) 91%~97% yield
0°C.7h 62%~87% ee
N/Ts 60/mol% éS)C—24é NTs
1.5 mol% [RhCI(CH,CH -
Ps + Af o [RhCI(CH,CHa),lp A Ar .
ArB(OH), - a7
A H KF (4.0 equiv.), oo
toluene/H,0 (1/1) 53 5/,"0;82 é)o/yleld
35°C, 20 h o=I0% 66

2.2 mol% (S)-25a : :

1 mol% [Rh(COD),]BF 4

N
Ar1)\ + H
Al

2 (10 atm)

MezN\ //O

N

R1 :R2 +

2 mol% l,, 20 mol% HOAc 2
THF, 10 atm, r.t., 12 h Ar

6 mol% (R)-26a

Am)\ (18)

73%~99.5% ee
MBQN\ //O
HN" Yo

R = aryl, iPr, Cy
R' = Ph, Et; R? = Me, Et, Ph

(S)-24a Ar = CgH5
(S)-24b Ar = 4-MeOCgH,
(S)-24c Ar = 2-napthyl

N 5 mol% Ni(COD), .
)l © o, R1 = Ar (19)
Ar ZnEty, toluene, 25°C 5

R
41%~80% yield
67%~94% ee
selectivity 1:1~14:1

(S)-25a 'Bu-FuP

Bl 13 HAIR S 2T PRI R S b I BRI . U IR 18 A AU 4 1) I

Figure 13 The applications of chiral spiro monophosphite, monophosphinite and monophosphine ligands with spirobiindane skeleton
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2004 4, JAILMRAERTNGE TS T R T B
D5 LB EEARIE ) FuP 2R T A 25( K&
12). X KT MEURER 5 0k U IR IR IR TG 4 H 1 =22 T4
A SR LR TS « I R RN A O 45 B R AN AR &AL
S8 AR B e AR X 28 B A BRI PR i S
IR FRE A R N, BEAR(S)-25a (‘Bu-FuP)RIL T &
LA, EAEEEMALIN N-(1,2- 75 5 06 3) DU AU g
KPR N L H T EE 99.5% ee MR BUEREPE
(K13, 5 18).

N R TR W PRSI L AL, R AR
FE T I8 AU BB S T W R A e R B
FCATIE ) SITCP 287 (1 B ik BUBS AT A4 26 11 (1 13). 1%
TR A DR i B W, DR A A A A
AT 2 TP R TG 0 AT A 5 X S 0 0 0 2 AN o ik s 7R
ot Ak S5 9 1L A E AR ) 6 4 % DU A A FR A
Xof R R AR T A s AR e S T e 1 3 i A8 B
o7 VA A Stk R A e I R 4 T AR e R St e R
TP A AR RS T TP e 1 30 SRR R S i v, DR 1 3%
AR BB I, 40 3,5- U T He-4- AR S R L T
PEBZ IR B G SRS AR (R)-26a - 2243 334 J5 45 1967 4,
IEREME S A E] 14 01, XFROE R m T R 94%
ee " (14 13, R 19).

2009 4, Fu S5 R ILRIPE R L & HLF1¥) SITCP 2824 1)
FPEURIR A BERCAR(S)-26b AT LU AT HLAN 2 T HEA 57
TRy 7 N RS B P2 T B R R A O BRI e s N, 45

10 mol% (S)-26b

S PV IR T W PR e i SR A A ) (1 14, K 20),
SV PR TA $1 94%, Ko L IEPEIE R 11k 90% ee. B,
AT PRF AR SRAZ AR A EORAZ AT, ST 20 e
PR BB R A BR p- IS N, 43 BRI p- a3 HUAR T
oS- A (& 14, X 21). FEIZAHIER p-hns e B
W, TRAR(S)-26b 45 H T A 95% ee MUXTHIESENE; Xt
I3 18 = 5 BRI IR TR TR A SRR p- 0 Jse (1] 14,
3 22y, FLAAR(S)-26b 4 H T 89% ee X ML FEME.
KBRS FAR W, TR IR AAAAN T Ak T i
25 B & AL AR RR O, m] AP AL
oy FHEA .
232 BAHE S E T MBI

2003 45, JHILARAETIE TR A S A R
T TR NC A SDP (10) (A 2). 1% TR IRl 44
1) XU — 5T — XUl ffEAX 7 (S, RR)-27a 11 fi BRI 1K) AN 6 o
AL S S Y R I TS AL TR (TON ik
100000)FI5F MR FENE(F7E >99% ee)™™ (K] 15, X 23).
SDP FCA(S)-10b AL I R EE IS5t 1,3-—
% A DA RS T TR T 1100 AN ) k0 TR G EA G s B vt 4
TIRGFIEEJE, Sk IE ] 99.1% eet™ (B 15, X
24); SDP BCAK(S)-10a I 4% 5 D FH TR AL 1,6-MFe S5 7
TR AR REE IR N, K13 T 41%~93%!(1)
A 89%~~99.5% ee [H1xF Wik £ ENT (& 15, K 25).

20 mol% PhCO,H or
2-BrCgH4CO,H, THF or
CPME, 50 or 55 °C

10 mol% (S)-26b R

R
to N,/ "COEL (20
H

63%~94% yield
72%~90% ee

S5~
(\\
OH  ==~co,Et
S5~
qu\&

O 10 mol% (S)-26b

OEt
R —
A F C)J\NHZ TBME, 10 °C, 36 h

fo) 3

(S)-26b

B 14 HAR S 2T IR BUR R A O A LN 2 AL

:
R 20 mol% 2-F-6-MeOCgHzOH R'
CPME, 60 °C, 48 h

Q,,”/\COZRZ )

CO,R? 50 mol% 2,4-(MeO),CeHsOHor N}y (21)

44%~78% yield
88%~95% ee
o

FsC” “NH

R )\/\[roa (22)

(0]
68%~94% yield
82%~89% ee

CPME = cyclopentyl methyl ester
TBME = tert-butyl methyl ester

Figure 14 The applications of chiral spiro monophosphine ligands with spirobiindane skeleton as chiral organic catalysts
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% F F R ik
)OL ! 0.02 mol% (S,,RR)-27a OH
. =
Ar R 2 ; N (23)
(50 atm) 'BUOK, ProH, r.t. AR
R = Me, Et, Bz 96%~99.5% ee
TON up to 100000
R1
OAc COR . Bmol% (S)10b RO,C.]CO,R
2R 2.5 mol% [Pd(C3Hs)CI]
Ph/\)\Ph + R e PNy 29
CO,R Et,Zn, dioxane, r.t.
- 87%~96% yield
R = Me, Et
R'= 1. Mo 56%~99.1% ee
R1
5 mol% (R)-10a
,—=FR' 6 mol% [Rh(COD),]BF, A
X + HSIiRy X |. SiRs (25
= DCE, 70°C, 2 h
A LSTAeC (GO, ete. 41%~93% yield

(Sa,RR)-27a (Ar = 3,5-(Me),CgHs)

B 15 FATIR AU 2T MRS I 4 ¥ 2T

89%~99.5% ee

(R)-10a (Ar = CgHs)
R)—10b (AI’ = 4-MeO-3,5-(Me)zCGH2)

Figure 15 The applications of chiral spiro diphosphine ligands with spirobiindane skeleton

JAHMEE RN, PRI RL A SDP [FIXUBE—%7 -
SUREHEAL TR BE o B IES VRIS 78 3h 230 ) 24 4%
Pa N OR Y p e R A FAVE S N TP EZ o
PEF PRI ARIR A AR A T8 o i, X ST
Wz T 771k CAE T 2 MRV L D35 1 R SR =) 43 1
IARIIRA A B A 3] T R H.

B, TETHTE o-be 3B DS 2 S MBI 3 )1 9%
SRR A AL T, TR RURERC & SDP 5 1,2-
IO (DACH) AL A 18T 1 R PR XU — 1 — XU A 771)
(SuRR)-27c 45 T 78%~96% ee IR MLEFRM:. XL
YRS IS AN Bk A S A i T pEA 7 (& 16,
3 26). TEFRRFIFLIRPITHIE -G W7 8) A5
IR A KRR A A S S B, - A XU i A
SDP [R5 T - B 7 (So,RR)-2Tb 25 HH B lef 1 45
B, EACT ) -REFEBEN anti-/cis-EFEMERIE 99 1 1, ee
HFIE 99.9% ee, MV EALEATIE 30000 (14 16,
3 27 i1 28).

FHEIBIR XU AR SDP [ XUBE—47 — WU AL 775
THTE a0~ SR ) 22580 ) 2w o AR A 3L BA
(So,RR)-27a NEALFIRT R a- 75 Fe-0/-(2- L5 HE-2-584R
LIHE)R WA R AL tH T ARSI cis,cis- BRI
75%~~99.9% ee [{Ixf Wk £eE (K 16, 30 29). {E1FH2
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Je YA, A AR FRG) R S 1) A Akt R B AR v 1 3 1,
NG F IS ey - S SR e N 7/ € R A s I
()-SR A R A B B R A5 31 T ORI o

PRI AT T 0 S R TR OB i A L AT AR
TR SRR G, JH AR AR S AR R A
FEINT IRIRER, A WIS . T A R
(B 90°) (1M - J i 48, AT Ve T B 1 T I B it 1)
T EMEEA AR 4 SFDP (28) (&l 17). i, HAE —
D1t B T PR IR XUBEC AR (R)-28a 1 28b [ R % T i
AT 53 BIAE AR RR AN B A RIS T 1) o0, B- AN AR BRI AN
SFFREA RN R T R 97% ee [RINTMUERRNE,
N AR R A 100007 (B 17, 5K 30 1 31). X 47 i
b o, B-ANHL IR IR AN Bk A S I 1) B -4 4

2007 4F, R RE T A PO TR A 4
WA T TR OT B BRI A& SDPO (29), JFA
IR AZ PR [R5 285 5 WD LE W IR AL 25 0 TR AN R A &1L
S T AR AL TS PR A Bk (B 18). 4
w1, HEAH] Tr-(R)-29 7 2-P e FEIUAR FIER A X FR Ak
RIS T 94% ee AT FEMEFN 5000 14 A 5 (14
18, X 32). IXJ& M A 0T F A R A AL I B
FEALEL
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R

R
0.1 mol% (S,,RR)-27¢c R
R a0 (26
50 oo BUOK, PPrOH, rt, 8 h
(50 atm) 78%~96% ee

TON up to 5000

0.1 mol% (S,,RR)-27a OH R!

1
2 R or (S,,RR)-27b S
N+t H - Q w2 @n
R? (10 atm) 'BuOK, ProH, r.t., 0.5~72 h )n
n

91%~99.9% ee

n2= 1~3; R" = H, alkyl cisltrans > 99:1
R* = alkyl, aryl TON up to 30000
RZ\N/R3 RZ\N/R3
9 -
R1A~’//O + Hy 0.1 mgIA) (Sa.RR)-27b R1)\(OH (28)
BuOK, 'PrOH, r.t., 1~10 h

R (50 atm) R
R = Me, Et; R" = Aryl, Me, Et 92%~99.9% ee
R? = alkyl, aryl antilsyn 71:29~>99:1

’ TON up to 10000
(0] OH OH

CO,Et .
Ar . Hy 0.1 mol% (Sa,RR)-27a_ A, (29)
; (%n (50 atm) BUOK, ProH, r.t., 50 h )

75%~99.9% ee

=1~3
cis,cis-selectivity > 99:1
Ar2 Cl H2
P’/, . | \\\\N/:, R
“Ru
P | SNTR <o
AI’Q Cl H2 e} N

(S.,RR)-27a (Ar = 3,5-(Me),CqHs, R = CgHs) (+)-r-lycorane
(Sa,RR)-27b (Ar = C6H5, R= C6H5)
(S..RR)-27c (Ar = 4-MeO-3,5-(Me),CqHa, R,R = -(CHy)4-)

Bl 16 TSI RUBEAC A SDP R H]
Figure 16 The aplications of chiral spiro diphosphine SDP ligands
0.25 mol%

Ar/\/cozH 2 [Ru(OAC),((R)-28b] Ar/\vCOZH (30)
! (©atm MeOH. rt,8=30n R
R = alkyl 90%~97% ee
0.25~0.1 mol% -~ COH
COH - R
R1/\/ Mo H, [Ru(OAc),((R)-28a] /j; (31)
R2 (6atm) MeOH, rt,0.5~40n
1 94%~97% ee
R', R? = alkyl TON up to 10000

28 SFDP

B 17 TAEBIAXUBRC /R SFDP L LR H
Figure 17 Chiral spiro diphosphine SFDP ligands and their applications

2 2

R R
B 0.1 mol% Ir-(R)-29
+  Hy . (32)
N/ R ( 1 mol% l,, solvent N~ OR!

47.6 atm) rt, 20 h N

R' = alkyl
R? = H, Me, MeO, F THF 43%~92% ee
MeO-PEG-Hexane (1:1) 65%~92% ee 29 SDPO

Bl 18 H AR S 2R T- PRI U B PR A A 2 FE R
Figure 18 Chiral spiro phosphinite ligand with a spirobiindane skeleton and its application
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233 AR SE - AHF R F R AR AR

T M A B A 7 AN ) R A s I o AT T
F & X AR R AL 7, W Paltz Z5PYR R
PHOX FCAR AR HEAL T, REs AL M AR B bk
L TRAK RN (H R 28 T PA A )0 A S v
A N RAE AR, BT T 1 = AT,
DRI T A 2k e i AN . 2006 4, R AR EEB2 Y -4 i
TR AT N A el R SR T R R T — I e b T
SIPHOX (30) (&l 19), 5 51 i 05 A E 221 Wi 1 S5k 4l
KA TR 3R, AT R R R i Bk 1 T gt
AR TR, BFF 745 A W LA 08 A 48 1 T g
BT R & SIPHOX HIARMEAL FIAE M RasE, 1EA
AR T RS RGP, (S,.S)-30a AR
PEFIAE N-T5 3 [ (R AN B A o R B 0 55 i Ak
TEYERIE PR, AR N ] DLE R R N AT, JF
T 90%~97% ee FIXTMLEREERY (B 19, X 33). F
PEIZIR SIPHOX LA A AR AL I A FERR . ELEIR. o-
B AR LN 57 A LU o p-AEFIRIE . LU «, f-
AN RIER T 5 22 T SR ] o, B- ANV FIER TR 1 AS 0 B,
S Ak th 2R B AR T 0 Ak T R e 3 B YL
(S5:5)-30b F(S,,S)-30¢ [FIHCAEATI T SCILAFERR . L5
2 LA a-i A LR 5 A SE BRI o, - AR IR K 151
R EEBEAG AL AL, FFRA T T RE 99.8% ee
10 W R E AN 3A 10000 (%A 340 (9 19, X 34).
geAh, FHEIZER SIPHOX FCAA KBk (i Ak 7% AR 3L B it A
MIFURIRUL By-F1 9, 0-NEFRIR, LLIIRFEAE T R4
BEIR 1,1- 255 56 LI BAVERRIR I AR R AL A b th
FIUH R m AT PEAXT MO BPERY. dnte gy- A

FURER AT FRAE A A, T DB AR gt — R el P £
(S2,5)-30d FIEKMEALFIZE T ik 97% ee [N BRIE ¢
PR (B 19, X 35). X F kA O % CS S N T
T(R)-curcumene 5% 1t KT 1 KR W) () AN K FR &
B AEAFR R, 7F I-SIPHOX AL A AN FIER R A
SRR N, RIS T S RMEM. X2 H i A
IR R AN 5o FR A Ak S A S 37w JEC 38 I v T g ) 1 7
PEAELL .

B, ARSI s S R AT
RIS MR RS AL ) TF PR IR -4 (B 20).
Jiie 3 B2 5 5 FEAIE 10 F YRR IR I S B 4K SpiroAP
(31) (PR B 77 RE a7 50 7 o o il PR AN o) R A AL
s AR m I WO BEVE (RS 97%  ee) SN V(e
W 35#%:, TOF, i3 37000 h™ )R of BATER AR XU 1)
AN RN A5 I P RS (R S B AL O, AR (R)-31a
WEH T 97% ee MIRTHRIEFEEFIEL 10000 (1AL
(1 20, 5K 36). DT SRURILHELFI(R)-31a
MG e &, (HE Ok — D4, LR A
X BRMAFIE G R AR E, 5 B
IR PE &4 A Spiro AP FEAA Bk & 2% & .

T ) F PR L L /& SpiroBAP (32)11)
HARACTUXT a5 J5 TR 5 TR 1) AN S R A AL S Ak 45 AR B
45 5 (K 20). WERRINEE F1(6 atm), HEELE
W R atm), HEALF] Ir-(S)-32a XF &5 a-77 3 A 5 1R
ARSI R AL T Bk 99% ee (X Wik A0
10000 FIAEALEL(E 20, X 37). 1X— SV ok AR 5 A2
R WNZEE A L ATIE ST S AR A g2 it T
B R

_AP _AP
)Nl\ 1 mol% Ir-(S,,S)-30a HY
+ -
ATt Me (1 atzm) 'BuOMe, r.t,, 20 h A Me (33)
90%~97% ee
TON up to 1000
CO.H 0.1~0.25 mol% COH
R1/\/ 20y H, Ir-(S,,S)-30b or ¢ R1/ﬁ/ 2 (34)
R2 (6 atm) R2

Et3N or Cs,CO3, MeOH

R'= alkyl, aryl
R? = alkyl, aryloxy

R

rt., 0.5~24 h

0.5 mol% Ir-(S,,S)-30d

83%~99.8% ee
TON up to 10000

R
)*\/\COZH (35)

Ar)\/\cozH *

30 SIPHOX

Bl 19 H AR S ZEA TV SRR R bk e A< A 1 1]

Ha
(3atm) EtsN (1.0 equiv.), MeOH Ar
65°C, 12 h

88%~97% ee

-30a Ar = 3,5-(Me),CgHs, R = Bn
-30b Ar = 3,5-('Bu),CgHs, R = Bn
-30c Ar = 3,5-('Bu),CgHa, R = Pr
-30d Ar = 3,5-(Me),CgHs, R = 1-Np

Figure 19 Chiral spiro phosphine-oxazoline ligands with a spirobiindane skeleton and their applications
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>
S
S

o

0.1 mol% Ir-(R)-31a

OH

#\R oM g n
n (6 atm) BUOK, "PrOH, rt., 0.5~5 h

n=1~3
R = alkyl, aryl

91%~97% ee
TON up to 10000

N
Ar” >COLH

(1 or6atm) CspCO3 (0.5 equiv.),

Hp 0.1 mol% Ir-(S)-32a /L

A >coH (87)

MeOH, 45 °C, 0.2~4 h  96%~99% ee (1 atm)

31 SpiroAP
(R)-31a Ar = 3,5-('Bu)C6H3

Bl 20 HATIR S SR T PR IR IR S IR £ K TR

94%~98% ee (6 atm)
TON up to 10000

32 SpiroBAP
(S)-32a Ar = 3,5-('Bu)C6H3, R=H

Figure 20 Chiral spiro aminophosphine ligands with a spirobiindane skeleton and their applications

234 BoAHE S B R4 F b e A B Bk

AU IR T MR IR L B C A4 Spiro AP (31) IR HE AL 571
T SR 75 5 7 D TG AT T 1R 5 A TG
B LA, B B T AR R, Oh T il
KT PEIR IR B AL 0 200G, P i fb Rk, R IR
SEOIEE 2011 AEBETHA R T R A7 A e K6 A1 10 = ik
FPEBRIRERE L FERC A& SpiroPAP (33) (1] 21). SE5
RN, ZTF-PEIRER AR KA AL R A A AU AR
SEAFAE, FEAE T B 1 NS R A Sk P SR H S 5
WAL TG MR e B e A AR SRR AL
PG T 98% ee PR B FETERIFIE 4500000 [F1E AL,
K. AL Tr-SpiroPAP o e 55 B FEH (AN FRE
e AEH AT R, AR R Ak 99.9% eel®® (&
21, 3 38). X—HEALF OB e FH 18 97 BT R 2 it R
FGRE 19 T PE 254 K B L YT (rivastigmine) 55 (1) Tk A=
F[57]'

{HAFHE S, FPEMEAH] TI-SpiroPAP X -1
BRIIA K B AL S A B AR sk, 76 B-05 H-p- T R Ik
IAIFFREAL SN 25 T 95%~~99.8% ee 15 ik £
PERIETIL 1230000 HEEALEET (B 21, K 39). T4
HMESALIIEEIE, Ir-SpiroPAP AL RIAEL AR F5 Ak
WM. UNTE 6- 05 B-o- WA R IR 1 A KRR AL N, (AL
#] Ir-(R)-33a L 97%~99.9% ee [HIX} Wk £erE Ak
100000 FIEALEAF BDE ST 1,5-Ffb &Y (K
21, 30 40). IXELALF I 45 AR I Hh i B TR A
I ARFA” . BT IR T AR AL T R BRI -l
JBEHC /A SpiroPAP FRIEHE A FRIB Bk A Ak Y. H |
e R IR A TR AL 7R,
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235 BAEZREE R e TFH AR QLB

2006 4F, JEHLARSEIOTE 0 A B 2R A
T TR IR XA A SpiroBOX(34) (K 22). T+
IEIAHCAA SpiroBOX 7EM Bk ALK K E A PREE X 75
Jii2 () N—H BekK . By AL O—H 4 AN G BRI N I
N A AR O R R PO A I e — A i
RN TR A SpiroBOX 5 H T AR W AL TS
PRSI REE, IR T2 AR A B 43 21 Y
FH. WA o=t o- BE RN 5 it N—H (1) AN 0 R 3
NS, TERRIRER b kg ZRSEIAR 1) T 1 A3 A UL P
e (S,,SS)-34a [MAHIHEALFIZ H T 51%~96% 1R F
5 98% ee frIXF LR (I 22, 30 41). fEdkfEAL
075 H5 TR TG T g 17 2 sl 075 TR I O—H B () ANk 4k
NS, WERRIRREAR - Sk S P R B ) T P M A U e
IHKRAC A (S,,SS)-34b [FIERMEALTIZE Y T Belf 5 51, NV )
I (86% ~95%) RN} i FEME(99% ee) AR i (P 22,
30 42). XL B HOE TR A T DU S
P 4 SR AL R RCR RIS g B, B, K
B8 SR TG R A kg 2 R A PR T R A S0 R e
EAA(S,,SS)-34a FIA AL TR0 PR ) - 05 3 o- FE AR
Tk 55 P 48, O—H B AN FRAEE N S 1 22 B0 H AR e R A
S G RPN v A= L S E - 7 N L R A |
Pd-(S,,SS)-34a % a- 75 3 o- AR EE R 1A X F O—H
BN VAR T R 92% IR AT 99% ee [N
TEREPE, O HIHR T 0% SO PR A A 205 A I B P (]
22, 3 43). IERik, FHEEIAFAA SpiroBOX S H |
bV 4 e A T R I 6 2% iR S AN 6 RN Y
RGN AR A Wk B m i AR T
PERCAA.
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j\ y,  _002mol% InR)-3%a OH
+ AN 38
Ar” R (10 atm) 'BUOK, EtOH, r.t., 0.4~4 h Ar” "R (38)

up t0 99.9% ee
TON up to 4500000

OH O
0.1 mol% Ir-(R)-33a =
2
(8 atm) BUOK. EtOH, .t., 0.4~4 h Ar OEt (39)
95%~99.8% ee
TON up to 1230000

OH

0.1 mol% Ir-(R)-33a
'BUOK, EtOH, rt., 0.5~3 h A7 YoH  (@0)

PN
o o
Ar)J\MélJ\OE *

(10 atm)
97%~99.9% ee
TON up to 100000
PAr2
—_X
N// ¢
N (R)-33a Ar = 3,5-('Bu),-CgH3, X = 3-Me
O
H
33 SpiroPAP

Bl 21 HATIR i SR T R R e e B A C A L ]

Figure 21 Chiral spiro pyridine-aminophoaphine ligands with a spirobiindane skeleton and their applications

6 mol% (S,,SS)-34a
N 5 mol% CuCl or Cu(MeCN)4PFg NHAr

R1\)j\”/OR2 + ANH, 6 mol% NaBArg R OR? (41)

CH,Cly, 25°C, 2 h
o] o]

R'=H, alkyl 51%~96% yield
R? = Me, Et, Bn, ‘Bu 60%~98% ee

N2
2
R )J\”/OR + R°OH

0

R'= Me, aryl

R? = Me, Et, Bn, ‘Bu
R®=H, aryl, alkyl

6 mol% (S,,SS)-34b
5 mol% FeCl,.4H,0 OR®
6 mol% NaBArg

2
R1/H(OR “2)
CHCl,, 40°C, 2~24 h 5

R' = aryl, R? = alkyl, 86%~95% yield, 89%~99% ee
R'=ary, R?=H, 72%~94% yield, 88%~95% ee

6 mol% (S, SS)-34a

N, 5 mol% [Pd(PhCN),Cl,] OAr?
0,
Ar1)j\”/OR . ArZOH 6 mol% NaBArF AI’1 OR (43)
CHCl3, 40 °C, 0.2~8 h )
o}

68%~92% yield
96%~98% ee

(Sa,SS)-34a R= CeHs
(S,,SS)-34b R =

34 SpiroBOX
Bl 22 FLATI8 A e A AL T IR ISP XUVE Me bk G A4 B FER (1)

Figure 22  Chiral spiro bisoxazoline ligands with a spirobiindane skeleton and their applications (1)

2009 4F, BRZE WSROV il T MR oG 1-50 2- 95% ee (4 23, X 44). ABATE LI, AEHUHE AL AR g il
FE LA A T i R A U A K . 4 (S, S.5)-34¢ Al IR 5 B ) 5 F IR KRR IR AL i 3-8 SF. F L5k

34d (K& 23), JFRILTFPEBEIAACAR(S,,SS)-34c I HAL
FIXS 3,4- B SE AR -5 0 JE R0 PRI AN o) R s T 2
b N HARGF T 5 SRR, BT St bk 2R R 1k
FEM I AL B T1%~90%, W ik £ il ik 92%~
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RN HR T R IR XUEE PR (S,,SS)-34d 4 H B 4 45 R
SN FRBCR S 52%~87%, it ik £V i i vl ik 98%
eel® (15 23, i 45).
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% F F R ik
CO,R'
HN 2 6 mMol% (R,,SS)-34c Ar,// COR'
\ 5 mol% Pd(db.
N-COR' + Al mol% Pd(dbaly N (a4)
COR? Ag3PO; (0.45 equiv.), THF N~co,R!
R%0,c 7 80 °C, 44~66 h R?0,C" 'CO,R?
R', R?=Bn, Et 71%~90% yield
92%~95% ee
R1
H
| 1 6 mol% (R,,SS)-34d y
x#\ . R 5 mol% Pd(dba), X .
- , . 45
Z ,?,H R2 AgsPO4 (0.4 equiv.), THF N A~y (45)
Ts 110 °C, 25~67 h s

R' = H, n-Pr; R? = alkyl

34 SpiroBOX

Bl 23 HAWR S 2 T PR XUE R I A A L T (2)

52%~87% yield
94%~98% ee

(S, SS)-34c R = 1-NpCH,
(S, SS)-34d R = 2-NpCH,

Figure 23  Chiral spiro bisoxazoline ligands with a spirobiindane skeleton and their applications (2)

i FE R EE ) Si—H BRI FR A & N
(kB e AR, MR B T TR A A
WV HC AR SIDIM (35) (18] 24). IX 2 0 T B R X AL
AR AR AR TR LE a5 35 T R0 I 6 Ak Joe (1) Si—H AN )
TR AN . 2 I HH AR ey (0 fRE A P R e k.
ARIA EAFH 2,6- — S HUREEY SIDIM L4 (R)-35a 14
TEALFN o- 0% AR IR AL E AN XS AR Si—H B4l A
KN ZH T 87%~95% MM FT 90%~99% ee (K%L
TEFEIE(A 24, 2 46).

23.6 BA A R TR B AR

2011 4F, Carreira 3L T8 S EiE R E T T
PERREAR VA P e R 2R T A B G A 36 (18 25). Tk
IRFABEAG RCARAE R AL 70 TN 4-Re BE B0 BRI 408
IR IR A FRE AL R N, LIS 97% ee (1)
X BREREVEIRAT T ORI T 13- gk sl 05 FEHAR
A SR 25, 2 47).

N, 6 mol% (R)-35a SiR3
- 5 mol% Cu(OTf OR
AR 4 RySH U0 (46)
T J o CH,Cly, 40°C, 2~12h ~U__J 0o
R' = Me, Et, Pr 87%~95% yield

R3Si = Me,PhSi, Et,Si, efc.

.O N//\Ar
O NS Ar

35 SIDIM

Bl 24 HATIR S0 2R T PR IR IR UL P e K T 17

90%~99% ee

(R)-35a Ar = 2,6-Cl,CgH3

Figure 24 Chiral spiro diimine ligands with a spirobiindane skeleton and its application

o) 8 mol% (R)-36

H 4 mol% [Rh(C,H,),Cll,
8 mol% MeP('Bu),, 8 mol% AgSbFg
R 1,2-DCE, 80 °C, 15 h
R = alkyl, aryl

Bl 25 HATIR S 28T MRS PR TE A S HE

(0]
G

54%~90% vyield
80%~97% ee

v

R

Figure 25 Chiral spiro phosphine-ene ligand with a spirobiindane skeleton and its application
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2.4 BFTHBIRFIHIZIRECR

2009 4, T ZEIS SV IIEIE4 4] T AR 48 BT ARL
A 2 M MR[4.4]-1,6-T 4, Wrbar R T WIPEsE, H
IR R R b TUA — /Nl T 11 T 1 0B R — i nae b i
SpinPHOX. X2 il HH14[4.4]-1,6- T & 2400 F
PERRIRBCAAR, FRAEARMEAL TG . AR 25 A X
TRt A0 S0 B Y HR 4 AR v 110 L 38 2 AR e i
PO e N-%5 e o NV Jie (1) A Bk i Ak Ak e
o, HEA] Ir-(R,,S)-13a 25 H T =ik 99% ee N BLIZL
P (26, 20 48). %W HEAK FREAL S Y A
DR F9097 RE 1R 290 AR A KT RR & 1. 4E B.B-
WY a,B- UL FT N- A8 HE-N- FF 3 9 g 1 A 6 B A Ak
AL O, A Ir-(R,,S)-13b 45 T 5k 97% ee
(R e PP (18 26, X 49). JEH BRI, 75 a0
T (2-FR I T R I PR () AN AR A AL SR N
PEFH] Tr-(R,,S)-13b et A0 T b (00, ] i ik
T AT ZERAL RS, I LARIE 99% ee [FIXT 1R
JEFRPER98 ¢ 2 Xt WO B 15 21 1 AH N T 05 7
WML, TR A P A FR A e A1t

THEITEST (1 26, 1 50).

2010 4F, TGSV IL TR T m B 28 gt &
BT TR PN E IR LA 37 (B 27). i TTEIRIARL
FECAA A AL R B-IRIR BRI o~ S SN Hh 45 Y
AR i 1RO P, AR B PR R, [RIAE, ATk 5E
BT BT I AL TR R XUB RO AR 38 i
A R, B AR 1% T I MR A O I A 1) AR A4 A R
It S 2 R 7 I P AN R A AN A T R
JEE R g B, (L 0 A T B I 1 AN %o B Ak P
321 85 S B0 T B b 42 00 T 2 U I A4
BDPP2, 33 W W (R 88 T 4 B 28 10 T 1 3 g
DT ZRAPERI R BE S, BRAL, AT X T 0 R gl i
PEBPRAC A SpinPHOX  [¥IBEMEIbR S 73 AT T A& 1 A i,
TS T B ME[4.4]-1,6- T 4B 2810 T 1 2
MR 39173 (& 27). #Ibszsea LR, Frhig
FRIBE—RUIC A 39 FRIBR A A AR A0 A PR M R Ak I 4
AR AR E BEALIR R AR AR A TR B — e A
TG PR K e B

R? 2
N” HN™
| 1 mol% Ir-(R,,S)-13a =
1)\ 1 + Ha 11 (48)
Ar R CH,Cly, 110°Corrt., 8~20h Ar” 'R
(1~20 atm)
R' = aryl, alkyl 88%~98% ee
R? = alkyl
R O RZ O
0, - -
1)\/11\ Me +  H 2 mol% Ir-(R,,S)-13b 1)*\/11\ Me  (49)
R N (50 atm) CHgCly, rt, 24 h R N
OMe OMe
R1 = aryl, alkyl 65%~97% ee
R? = Me, Et, Pr

N
M 50 atm

X = CHy, OCHy, (CHa)a, (CH2)s

O/>
)R
_ N
\ JPAr,

13 SpinPHOX

Bl 26 FLATIRE 1 SR T PR R - e e A 2 1

1~3 mol%
Ir (Sa,S)-13b

50
0H20|2 rt,24h

26~>99% ee
66:33~98:2 dr

(R.,S)-13a R = Bu
(Ra,S)-13b R =Bn

Figure 26 Chiral spiro phosphine-oxazoline ligands with a spirononadiene skeleton and their applications

37
B 27 e BA R 6T A0 T MR Rl A

Figure 27 Others chiral spiro ligands with a spirononadiene skeleton
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125

{S|.

25 BARERFIHBIREK

2003 4F, van Leeuwen 258 T o) AR (6
YoE B AR R SRR BT /& SPANPhos (40) (& 28). H T
i) 2% 1% SR AU PICAA ¥ 6 2% S AL AR A TR HE, s T
IXRIBIR T BRI R SN . L3 2012 4F, Ak 1A
BEAZ T PR PROBUBRC 7R N 2L a-fR LK 1
CBEIIARIRIEA RN, A H T 93% ee HIN MIEFE
P (& 28, 20 51). 2012 4F, T 2RSSR FARATR I
0,0~ (2= FE T NV ) BRI PR AN o Bt A S A/ 4 B AL
RNASRTFE 2,208 e g i, R A R T AR
AR S TR R XUBE R AR SKP (417 (1 28). 1%
F IR BEACAA SKP R AL Pd-(R,,RR)-41b X}
Morita-Baylis-Hillman (MBH) G228 20 (145 T4 2 i
PR -5 5 PRI AN FIR s TR JRE e e s I LA IR e (R pE A v
PERST WeRE FEPETTT KON IR IL 67%~96%, it
IEPEMEIE 91%~97% ee. LT Pd-(R,,RR)-41b [¥14k2%
EREPEL, SEVERARE &, HAEOTIA 4750 (B 28, X
52). ZASKIHRM P FE R AR SO OB Bl T B A T
T 30T 244K 4T 2277 (ezetimibe) IR AR TR 4 K.

B, JE OISR T8 b SR RC /& SKP
(I G AL Au-(S,,SS)-41a SZHL T 3- T 00 Wkl 55 0
JEIAKIFRIR N BEAL SN 28, 30 53). ROVl T4
RO (44%~ 86%) AR =1 IR HEXT Lk 8% (> 20
DRI MR FEE (B mis 94% ee). [N ARG VL

6 mol% (S)-40a

B, AR 1,2- —BURIGRER LS tH AR 4f
g,

2008 4F, Freixa Z57V% g 7 HATIE (ke B 280 T
PEREER S BC A% SPANamine (42) (18 29). {HiZ B4R
AR SREAABN T 237 o SR AN BEAR (<50% ee).
Van Leeuwen 2558 J5 B H T HLHEAL 5-B0 RIS (1) A X
PRI BN, AHALAF 21 450 R IE FEVE(63% ee).

2011 4F, TR IS T R kil
L) TFPERRPROE BRI /4 SPANDox(43) (& 29). If H.
KIFITLUCHL ) SPANbox BLAA(R,,SS)-43a {EEFHEALIR
AR B-HAREEE o AN RRFRFEAN S Y T 45 HH ik 99%
ee (RN L FEPERY (18] 29, X 54). LEA SR EF AL FRAR B-
PR TG o= A R OV, BEAA(R,,SS)-43a 45
H T A 96% ee (XM FEPES (8] 29, X 55). {H3
PR, KA R T BT 43 21 (0 S A0 =4 -5 AR
B-BARRTE e 7 AR U AR B . ol id, R R — kg 78
) T 1k M2 A XV PR bR P A& SPANbox, AR AL AN [7] ) 4 I
A LA BAH AR A =4, IX T AR IR A
FPE RS 2 00 T P OUTE bR P A A2 R 5 .

2011 4E, Van Leeuwen 2580 % J 7 HATIE — (O kv
BRI T PR UL MR TSC & SPANDbox(43) (18] 29). {H
At ATD R T 1% T P R A O e T A 114 1) £ B
il -2 R T2 AL T TG PR AS 0 R AL S B A T 52K
R, AN ).

CN NG
. NES 5 mol% Pd(OAc), F 1)
COEt EtOH,0°Corrt,18h  Ar" COEt
35%~97% yield
9%~93% ee
ohe O 2.5 mol% (R,,RR)-41b AVZ\NH 0
¢ 2 1 mol% [Pd(allyl)Cl], -
1 + APNH Ar OEt (52
Ar OEt 2 K,CO; (aq.), CH,Cly (%2)
rt.3h 67%~96% yield
91%~97% ee
chemoselectivity 75:25~>98:2
X 4 4 mol% H/«
\\ (SaS9)-41a X _RTI A
+I TNy (53)
=z 4 mol% AgBFy, CgHsF | P 0
0°C,0.1~5h H

40 SPANPhos
(S)-40a R = C6H5

PRy

Bl 28 HLATIR (i i 2R T PR IR R OB G e S LR

44%~86% vyield
82%~94% ee (dr > 20:1)

PAI"Z Ar2P

41 SKP

(R, RR)-41a Ar = CgHs
(Ra,RR)-41b Ar = 3,5-(Me),CgHs

Figure 28 Chiral spiro diphosphine ligands with a spirobichroman skeleton and their applications
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1% #*

x>
4

¢

2.2~11.0 mol%

(R,,SS)-43a 0

N Q Ar N -
L on 0 1~5mol% Zn(OTh, -~ OH
X + N N
e 7 T pno,g  DCErt,5min=3h oo, "COR

(54)

n=12 . 98%~99% yield
RoMo fBu ag T ANOLCoeHe 90%~99% ee
9~22 mol%
0 (R,,SS)-43a o)
r"/::\ 5~10 mol% M(OTf)2 r"::\ Cl
X COR + NCS —————— xi (55)
~ e DCM or DCE, r.t. ~e 7, COR
n=1,2 or 60 °C, 5 min

R = Me, Bu, 'Pr, Ad

M = Cu, 82%~99% vyield, 63%~97% ee (DCM, r.t.)

M = Zn, 80%~>99% yield, 28%~96% ee (DCE, 60 °C)

NR,

RoN

42 SPANamine

B 29 HATIR O 2 TR AU R L L

(e
(

o N

R, SS)-43a R = CgHs
N“ o
-

R R

43 SPANbox

Figure 29 Chiral spiro binitrogen ligands with spirobichroman skeletons and their applications

2.6 HTEZ2IABRNFHIZIAEIK

B T UL EA I LTSI AR AN, s — s
BT RS IR AR AT WS, a0 2005 4, k&G
SIS P B T HL AT MR I R B T P AR A B
WL HRR AR 44 (18 30). &% T-TEIBER R AAAE a-it
SR IR S AT AW (R AN Bk A A S A s B H Al 2 B
AR IR0 e B VE(99% ee). BT, ABATTRF % T-PEIZ
AR I 2 AT T, &R T & %
TPEURFR AR AA 458 IX —WARTEAR L — 2R
o AR B P AN B SL N e S W P 46 I 99%  ee
(1) 6F L JE R

T VR R PR C B 2 R R 1) KN AR 5
AT SRCR R, ISR A T B A
0B DU SRR S 01 T R R A B U U B I A P A 46 (]
30), FEAEAEMEAL I SR IE BRI 1A AR AL Y 45
F T 5135 99.3% ee (XML FEER, X R IIEIR 3N
AN JE T (R DY S 25 4 )R v DU P 08 A e
AT SRR

2012 4E, de Meijere 2101k 2 T BATIE[2.2] R pe Al
TUR[2.0.2. 1) BEGEE B F RIS IR XS AR 4 47 FN 48
(B 31), JEA LR T TR IR P ) 04 T s PR
B PR AN BRI P SE AR S Y, H L7538 7 o 2 B (1 ot
WOEFETE (78% ee).

2009 4, Shibatomi ZE8W A T HAT MR ZE 1
I FPEIZ IR e I A& SPYMOX(49) (K 32).
2T P MR R P AA A AT AR AN O R A P R A R s 2 TR
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HAL p-T RIS (0 A Bk et 1 S SV AN o Bk i
I P T AR RO R BRI T R PR bk e
MR A (R)-49a FRYHREE AL 7R AEBEIR BRIAR. - IR IR PR 1)
AKEFRGA N A H T ik 98% ee PRI ki vk 1550)
(Kl 32, i 56).

44 45
o /Me
~p—
o~ P N\
Me

46
B30 G AN T MR R S 1A

Figure 30 Chiral spiro monophosphorus ligands with other spiro skele-

tons
PhyPui.. %PPhZ thF’“"Abv“\Pth

47 48

B 31 JUEIRERE AR T R ER UG A
Figure 31 Chiral spiro diphosphine ligands with other spiro skeletons
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R1/u7,/cozR3 + O;Jfglit
(97R?

n=0~3;R" = alkyl, aryl

R? = alkyl; R® = Me, Bu, etc.

Cl

49 SPYMOX

Bl 32 RIS T R A S A S HL

12 mol% (R)-49a 0
10 mol% Cu(OTf),

el il 1)1\\‘\\002R3 (56)
I}l o benzene, r.t., 1~12 h R‘\

(97R> !

72%~99% yield
63%~98% ee

Figure 32 Chiral spiro dinitrogen ligands with other spiro skeletons and their applications

3 HitE5RE

M 20 tHAD 90 AFAR, Rt 21 ALk, Fik
IRIRACARZ ) T BB P R R B, H T 2 &%
hy HAG SN SRR 10 TR A . FYEIZOR At
S F PSR B XUBERC AR B SRURCAA . XD
RS TR, X TR A S LA A 5]
AMELEARRFRMEALEAL . AU FREE—FREE TG R TR—2%
5 B T 1l 2 22 P SIS TR (1) RS R A A S H 38 2 TR
P A TG R WO e, i AR A3/ 22 i 5 4
323 T W B AN SRR (R A0 S N AR 13 T . T-PEIBR
T A4 P DA Sy M HE S T AN FR B A 2 1 R . A
Joi, FHMIARCAR MBI TR AL, MR, sk
PERIEC AT AL CAAE, K LAY FH 158 B AN Bk B (1)
W RIE PR LT T TR =R 25 (AT
PR K 25 1k T I 7 40

1EEE T

WA, B RFRFEF I 1992 S A0 IF PR
F R FRFE P, 1997 FEHTFRF LERAVAERR
PR AR 4245, 2003 448 I K52 L F A UL AT 7T 3K
LA, IR R AL, MG BRI E 4 2007 5
2008 FAEEELE 2 K% Doyle #IZiRMAMITLEAR.
2008 £ NLHF I Frest F AT LHRT, 2013 £
FEAFXAARHRFEEALFHEELTY. AATCALAF AR
L T0 &%, HAEAZIR 1900 &Kk, B AR T #HR4E
TR R FHE M B R KRB .
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B R, RPN FF AL 1982 F 20 F 2 X%
R, 1987 48 AR LA AL S AT AT IR 54,
SIF ARG AR, 1988 5% 1996 45 AL AL T KF.
42 E Max-Planck #F % B7. 3+ Basel X% f=% & Trinity X%
ML EATR. 1996 Fh NALR T K3, A8, Hi%,
1999 F 2B FHR “KirdE HNFBHE THIFRF
FLE R PACFE R PT A%, 2009 #4538 3 A F B A R R+,
2010 £ 3P EMFLINTFR TBHTHABRALEHFMN
. HMARFTEE. RSB F.
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