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Intramolecular Cyclization Reaction of Multiple Bonds and Its Application
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The cycloaddition and cycloisomerization of the allene with an alkyne, alkene, or an additional allene for construc-
tion of various monocyclic and bicyclic ring systems has been developed. The characteristic features of these methods us-
ing allene functionality instead of a simple alkene or alkyne include the reaction mode that originated from the double
function as well as the high efficiency for the constructions of medium-sized rings. Furthermore, asymmetric formal syn-
thesis of (+)-nakadomarin A and total synthesis of (+)-fawcettimine and (+)-lycoposerramine-B based on highly
stereoselective Pauson-Khand reaction of alkene-alkynes were completed.
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[4.3.0] #FER2 (n=1) IZREN, IHITKER
BREEKT S EIHERERERWTH#ETH > /-
(Scheme 1). —J, EHOMHIEETILX, “HEE
ORERD ELTRIIVRDIINEOBRLEZT L > %
BALET LV -TIF AR O, O Al
1 K T®% TN Pauson-Khand % /7 jin (DL,
Pauson-Khand St DR AL E @O WT n 1
DTHEIRD [2+2+1] BB NG % Pauson-
Khand B )i EFE9) Ik, B 7O [5.3.0]
THII) VHEE 4 R ERT S FikEE R
WHI LU 72,3 1o, REEEICTB T2 2NV FZIVED
MERELT, D 7OanNNLFNTIVI—=IVENS T
LOBRBICHMAETHD 2 &, 2) RIIKRZ)L
7L ATHRABICZETH D, SRS DORINC
HRIGHRETH D Z E KV 3) KISED XKL
HOBRED 2NV IIMOEREENDOEMNWEETH
ZENETFTENS.

—75, FEEN I OROLDHEHEEILR D01,



1438

Vol. 131 (2011)

* Pauson-Khand Reaction

— 1) Co,(CO)g 5
R E—
[ /_\\ 2) A or promoter
n n
1 2
n=0,1
* Rh(1)-Catalyzed Pauson-Khand Type Reaction (PKTR)
2.5 or 5 mol% PhO.S
Ph
2% [RnCICOMlp or :
[RhCI(CO)dpppl» o
— R toluene, reflux
CO (1 atm
3 (1 atm) . R
R=H, TMS, Ph up to 84%

Scheme 1. Intramolecular [2+2+ 1] Cycloaddition

Ph
PROS Mo 25mole 1O Me PO
i [RhCI(CO), ), ég}
—_— e O
— toluene, 120 °C X
Ths (bath temp.) ™S
S5a CcO 6a 7a TMS
CO 1am 19% 68%
CO10atm 79% 8%
PhO,S po R

PhO,S R'"  25mol%
:(— [RhCI(CO)sly

1
/BZ AN
R2 _ =
— 3 toluene, 120 °C Q§o
X~ (bath temp.) n
5

H3
CO (10 atm) 6
n=0,1 up to 93%
R', R?=H, alkyl: R® = H, TMS, Ph
X =CH,, O, NTs

Scheme 2. PKTR of Tri- and Tetrasubstituted Allene-Alkynes

TV ORI AFINEEZET S =BT L -7 )b
F >k 5a % 2.5mol% ® [RhCI(CO),], &—E1k
REFHKFNTMALLEZA, HHOET 7O
[5.3.0] #FE{K6a (19%) KDDL L ALEILE b
VI #iEzaT 27 BRILEY Ta (68%) NE
R E L THESN (Scheme 2), fEx OS2
BeEt U 7=k 10 SUE D —F AL ik FINE T T,
EH’J@E“/?DP«F&!@W N T79% 720, Ta (8
%) ICEELTELSNDAZEEZRWVWHLE. S £
7=, RE&ET, rxo=@gH71L > -7+ &S5
(R2#H) #HWS &, &Rk 6 (R+H) MEELH
ZEHshn, MWERY L -7 ILF K5 (R2=Me)
DOBEITIE, n=1, RI=H, R3=TMS O % H W
5LENBAOFEPNRTEL 7 O{K6 (R2=Me) %5
Az

Kokt Z Scheme 3 12/x L7z, £330 40
7L -7 IF AR Sa ICEEA ML TO— 5o
ZIVHEE A Z Bk, —ER(LRFE DR A LETT
F BN AT AUT E S 7 Ok 6a AR T 5. —
#, BRMEO MY TR TalE, PREKA XD AF

PhOSS e PhO,S Mo POz3

—
(0]
——TMS X
6a TMS )/\5" A 7a TMS
PhO,S Me PhO,S |
=Tl Rh! H
[
NS0 l xR0
T™MS

S Mo ™S

R g-glimination

CO insertion
A TMS

Scheme 3. Plausible Mechanisms for PKTR and Cycloiso-
merization

‘/SOQPh 2.5 mol% SO,Ph
—— RhCI(CO
( P:— [ (CORL ¢ XA 5
X _ xylene, reflux X S
~——R CO (1 atm)
& e R
n=1,2 up to 73%
R=H, TMS, Ph
X = CHp, O, NTs
S0P 2.5mol% so,Ph  PhO2S
== [RhCI(CO)zl, N /
Xylone, roflux . @ °"o 0
;"BU CO (1 atm) \
5a' 6a' "Bu 6b' "By
26% 19%

Scheme 4. PKTR of 1,3-Disubstituted Allene-Alkenes

VEKFE D B-KF Bl & 2 D% DR ITTHI LI X
DESNS. —BLRFEOMEZ, FHEANS

D—MbRFDOHARIEZMREL, 6a DAL D
M EZDRA>EbDEEZEZTNSD,

Pauson-Khand B X JRICHBT 57 L > LD &
B OBRVEND ZIN RN HOE G EFHN DXL,
T U ORI ARV B AL 1,3-TE Y
Lo-ZIF AR ERW RN E2ITo2E 25,
ZOHBEITHY L RO _HEEEN IR L ZE
B 7131'2'-(6 f)\iﬁkl/?’: (Scheme 4). 723, 5a'%
AWZEHEIE, E 7O [4.3.0] #FE(K6a” (26
%) &t‘r‘)k, 7L >ONMOERES ERIE LT
El 70 [3.3.0] FHEMEK 6b' A 19% &ARIE /0
S/ ?

222, 7L -7 AKERW-5FA Pauson-
Khand BIRS  #HizBEEGELT, 7L -7
RS, 10 WO P Y A X D0 TN
Pauson-Khand % [ Jtz D Bl 5 & 7 o 7= (Scheme
5.2 DD HEAD [2+2+1] BBRILAMK
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PhO,S R 2.5o0r5mol% PhO,S 0P 5 mol% SOgPh
=/ [RhCICO)], « " [RhCCO)dpppl; o
X toluene, 120 °C 0 toluene, 80 °C Q
Y™ (bath temp.) H == CO(1am)
g CO (5 atm) A SO,Ph 0.1 M S0,Ph
n=0,1 up to 93% 12 13
R=H, Me X = CH,, C(COsMe),, NTs, O up to 93%
X = CHz, C(COMe),, O, NTs SO,Ph SO,Ph SO,Ph
== 10 mol%
PROS_ 5 mol% SO,Ph z [RhCI(CO)dpppl, ~ Z o Z
£ﬁ='—- IRACI(CO)), _ i::l:j>: z ~SEneTIE - 2 z
= CO (1 atm)
e T on o
10R CO (5 atm) 14a 15a 16a
11 Z=CO,Me 33% 17%
R = Me, (CH,),0Me up to 85%

X = G(CO,Me)y, NTs

Scheme 5. PKTR of Allene-Alkenes

IRDOBNTHTMITHE SN TNDIDOATHD Z &
5, 7L EZEHEGORERS &L THWD AL
W, 24241 BORICHZRERZRLZDD L
A5, ARIBIZBWTHET 70 [4.3.0] #E
k9 (n=0) A TEI 7O [53.0] #FEIK9
(n=1) OFRMNHEETH > 7. kKD Pauson-
Khand )i 2 AWTY > F 2 7 — LI Mk ik E i
FEES 7O [33.0] FEKEAKRTDHI &
WHARETH DA, B0 [4.3.0] HERZ K
TBHIERESTERW 1D ULihLiads, 1,1-
TERAL T EETEHZT L -7 IV K10
(R#H) % W7/ A Pauson-Khand %! |7 jt Tl3,
TrFaTo—(LICEHREEEITSEL 7O [4.3.0]
FHEER 1N RL<ERL .

23. EX-7L &% AV F A Pauson-
Khand # x5 TL-TIVFMREHNWE
Pauson-Khand #IZnic LB E 70O [6.3.0] B#
DR, BHCEZES OMBREICBWTRWHEIN
TWin, REEREOSEVWKIETH 7. 5
b, WHDLEMEERDET L I ICEERATZE -

7 L 4K 12 12 & % Pauson-Khand ® X jtz & 175 7=
LZA, BOET 7O [6.3.0] FEK 13 3h%
< Beons &z AWl L7z (Scheme 6). 419
ARRINTIE, FHRZBET 5 KD B ZRKZ
WHE, DEDHMABRFHEOEZ-T L RKDY
BICHBNREIEFTTHZ LA, HTHRIEZ
i <ol BREBERICISANDETREMEL 2
—UpE LT, BHOKINEE (0.1M) THEH
BAETISIERFOREZALTVS, &5
K,ﬁ%ﬁ@EmEZYVV%Ma%ﬁMEﬁW
T, E>70o [7.3.0] #FER 15a HVIE 33%

Scheme 6. PKTR of Bis-Allenes

MoEsNE. ZO%A, 29@1#Vﬁb74>
EHTHHBREDO N LK 16a H 17% O ILE
BIEL .

3. DFAREEMH RGOSR

31. 7L -TILF o AERVAFAREEN
LRI 4D Scheme 3 THRALET L -7
IWF MRS ZHWERIERITBNWT, —B{kx#
DOMEIT K D Z O AR SN EE S 31T Pauson-
Khand BIERAE (K 6a 2MEEMICE 5 N5 2 L3RS
WAz —F, —BILRFEDEEL RV EITIE,
B-K BB D HMEST L THIRIED MY T RDH
MERTHDTRRNWNEE R, ORI EEFRSF
A FCirok&ElA, PHILZEOD MY I ART
M 97% DI TH: 537z (Scheme 7). BHBRIE
WZ&IZ, WEHY L RS Z2HAWZ5EEI12E,

M)Z AR TEFZEBELT1,3-PT B DELDE
72 ETFRRIENEITL, E> 20 [5.2.0] #
AR 1T IR L 2.

32. EXR-TL AHERAVESFARRIEEMEER
B EZ-7 L 4K 14a & W\ 7= 4> F N Pauson-
Khand # s (Scheme 6) DOBRICEIAL7Z 9 B3R
L& 16a1d, EHFFHK T T 10mol% D [RhCl
(CO)dpppl, EMHELT B Z 12K D 96% D IR
ARk U7z (Scheme 8). #MEEL L TiE, 2207 L
CORMANIALET 5 _EHiES O DT AN
fHnL 721, MIsEME o 9 BIRERS) T 1,5- /K EBE)
ERTOTTLAORTHGEENETT LD EER
TW5,

FWT, HIHOEBEREZET L ZEEEZXT L >
w14, 2 ZHWTCHEDORINZEITD I EZ A, £+
NENKIET 5 9 KU 8 BER MY L1k 16, 18 A
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1
2.5 mol% PhO,S R
PhO,S, :(F“ [RhCI(CO),l, or 7
P e [RhCI(CO)dpppl, "NyR?
— e .
X\/:_R3 toluene, reflux X N
0 15 " ¢
n=0, %
R', R2 = H, Alkyl, Aryl lip o 9%
R3=H, TMS, Ph
X = CHy, NTs
PhO,S 2.5 mol% OZS PhOgS
[RhCI(CO)2]2
. xylene reflux
H: = alkyl, aryl up to 88%
R®=H, Ph, TMS
X = CHy, NTs

Scheme 7. Cycloisomerization of Tri- and Tetrasubstituted
Allene-Alkynes

502Ph SO,Ph
E—e— 10 mol%
z [RhCCO)dpppl, Z
—_—
z toluene, reflux 4
— Ny
16a  50,ph
SO,Ph B o
Z= COzMe
Rh'!~| oxidative reductive Rh!'
addition elimination
SOzPh SO,Ph
., 1EHshitt 7 .
Rh z Rh
SO,Ph S0,Ph

Scheme 8. Cycloisomerization of Bis-Allene 14a and Plausi-
ble Mechanism

I <K L7 (Scheme 9). B, AXISIZH
WTHETHRGEEZ TR BEE LN 7.

33. TL-TLF AREROIEN [2+2] R
EFmREY HECEERTFEET LT L -
TIVF AR 19a 202 T AT X S0 TFH
Pauson-Khand BI S DFEMHITHLEZ A, BHW
@E:/ﬁn [5 3.0] #EAK 20a &&%L’Eybm
[52.0] FHAK21a N 27% DNETHS N
(Scheme 10). B [2+2] fﬁﬂ:ﬁﬁﬂﬁﬁﬁ
METTAHIEICE>TEKLEDDEEZ SN
=0, DVWA@E&%%%JJHJ@?%?%%I%T@JH%&
L7z&EZA, 21aDHMN % DEINERTHS Iz,

KIZ, EAGHOILEEZX > & ;5, v o
[4.2.0] #&EAK23 (n=0) S0 [5.2.0]
(4.2.0] #FER23 (n=1) OARKRST, B0
[6.2.0] FHER25 BRI AERTDHI L7 AN
H L7~ (Scheme 11).

SO,Ph SO,Ph
— 10 mol% =
Y [RhCI(CO)dpppl, ]
X - » X
V. toluene, reflux V.
— N,
SO,Ph 16 SO2Ph
14 up to 71%

X, Y = CHj,, C(CO,Me),, NNs, NTs, NCO,Me

PhO,S

5 mol% PhOzS
[RhCI(CO)dpppla  y/
toluene, 80 °C

{1

N
PhO,S PhO,S
12 18
X = CH,, C(COsMe),, NTs, O up to 92%

Scheme 9. Cycloisomerization of Bis-Allenes 14 and 12

PhOLS PhO,S PhO.S
Ll AN \
—_— O
H__~——Ph o] 0 Ph
19a 20a Ph 21a

2.5 mol% [RhCI(CO)dppp]»
toluene, reflux, CO (1 atm)

none of Rh catalyst
xylene, reflux, Ny

46% 27%

91%

Scheme 10. Reaction of Allene-Alkyne 19a with or without a
[RhC1(CO) dppp],

PhO,S PhO,S
> = o= xylene 7
z — reflux Z
X—r B N, R
22 0.1M 23
n=0,1 up to quant.

R = alkyl, aryl, TMS
X = CH,, C(COsMe),, NTs, O

Z=H, COMe
PhO,S PhO,S
z =t mesitylene Z AN
z fl z
— retiux
T L X Ph
24 0.1M 25
X =CHy, NTs, O up to 88%
Z=H, CO,Me

Scheme 11. Thermal [2+42] Cycloaddition of Allene-
Alkynes 22 and 24

34. TILF-TLZL 707N ARERAN
7o [5+2] RIEMATIMRIE °:)L>7D7"D/\°‘/
ZCs 1w b&ELTRHE—REMERISITHAT
LHNFME TN TEO, Flxl ;tmyrﬁAﬁM%%H%m
7IIVF 2 EDORISTIE [5+2] BRABMTMIRIZ X
D7TERMERIND. TS LNLERNS, 7LD
V7 a7 a2 w2 B I EOR I W % B3 e
INTWiaho/z FIT, oPULsfiiicks7
WF -7z a7 a)N k26 O4FN (5



No. 10

1441

+2] BRGNS ZREL=EZA, TREDE Y
70 [5.4.0] FEK2INNRILI< BN
(Scheme 12) . WA K HO#EIZIE, YL LoD
o7 o)z 2y AN mL zo—4 2
ONFtLZUF AR B Z2RHBT 2REE, 7
Lo-7IIvFoEnicayy ADNBALRMmL 72
O—4%2 70X O HEEC Z2RETSRED 2
BmREZoND. ARISTHE, YIVF2-TL IV
vra7oNR28nsET 70 [5.5.0] FEK
29 %1352 EBHAEETH D, UL, BRIEMAMK
LS THET 2 2D0 7 BB —%ICHEL /-
MO TOHTHS.

10 mol% SO,Ph
PhO,S [RhCI(CO)dpppl,
. or [RhCI(CO),]» N
X toluene or DCE X
N~~——R 80 °C, N, R
26 27

R =H, TMS, alkyl
X = CH,, C(COsMe),, NTs, O etc.

Ph();?:\/? PhO,S
i
Rh and /or X
=Tl
I = X o=
B C

PhO,S J> 10 mol% pePh

*—  [RhCI(CO)dpppl, ¥ N

up to 90%

X\\ﬁ: toluene, 80 °C
28 No 29
X = C(CO,Me),, NTs up to 74%

Scheme 12. Rhodium-Catalyzed [5+2] Cycloaddition of
Alkyne-Allenylcyclopropanes 26 and 28

4. 737 Pauson-Khand % it Z F|F L 7c X2
=y

41. (+)-THET) ADEXFTELER

(=)-FHETU AR, IHSIZE> TH#ED
HEHE Amphimedon sp. £ D BB SR ES N, 6
RUMEZ AT 2MIERRYTDH 5. 2020 2002 £12
Magnus 51%, ARBRYOEGHZEZTRALT, T4
SAR30a W= aN)V AT IRV ET
FIVAFIVZIV T 1 RIT K % 4rF N Pauson-Khand
ROz TV, ZREEY 31 & 69% DINERTHT
W5 (Table 1, Entry 1). 22 Z %, 2-2. TikX/=
BROIEALDD, HRHECEREEZETIES 7D
[4.3.0] ‘B # % Pauson-Khand itz THIE & < &k
LTCWBEHREBFITH D, ZOMEGICHEHKERS,
EENCRBEORHND ELT, XUV FF
SIFIVEZETIVF R RITEA LY IV -
TIVFE AR 300 R FEEEIIHLZEZ A, KBTS
PRI 2<EoNnkh>7 (Entry 2). 7ILF >
%7 L 2248 LT Pauson-Khand Bl fn 2175 &
EbEZONN, MAmEF LR, TILF K

Fig. 1. (+)-Nakadomarin A

Table 1. Pauson-Khand Reaction of Alkene-Alkynes 30

(TR
condition

NBoc

R!

TSN\C - = Ts(%?:o
NBoc

30 R2

R? 31

condition A: Co,(CO)g, "BuSMe, DCE, Ny, 80 °C
B: 1) Coy(CO)g, Et,0, rt
2) "BuSMe, toluene, CO, 110 °C

Entry Substrate R! R? Condition Product Yield (%)
1 30a H H A 31a 69¢
2 300 R ~_0Bn A 31b
3 30¢ ~F ~_-0Bn A 31c 28
% OPMB
4 30d \/\H; ~_-0OTBDPS B 31d 60

@ The result was reported by Magnus.!?”
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I —HEAESEE AL 30c 2HWNWD &R 28

S HE DA 31e 56N 5 2 &%%mﬁb
7z (Entry 3). E&HIC, FREEEDLZODIZETSIT
Mﬁ%@ﬁbt%%um%?»#yzﬂwb%%
ELERBRIZTFIVAFINZIN T 4 REEHIT 110°C
M LEET A, MNT 2 =RBMEIEY 31d /8
60% DINETH SN (Entry 4). EA L /- HEiE
#13, Pauson-Khand )t D vz M EXE 20
H25T CREEEDE-DICHOERTH . /7,
L-EOV VY I NS FHEEL T DRSO R
EDINAERRFEICED, EAAERNICEROLEY
ZHZT. BoNRK 31d 7052 DR D2

LD, RBMDOILF>FAX—ThH5(+)-Th
R > AoRAALRFL2GRZEKRL 2 (Fig.
1)' 23)

42. Tr—tFIr, JaARELTI-BDORE
AR  EEOWFEETIE, LGB TF IV
SEBMUENFEEEI A KRR EZANT
wam@mﬂﬁﬁ%“ﬁ&%ﬁ%%ﬁ%tE&ﬁ
O 33 M 89% DINETHESLHNDZEERNWHLT
%@%m%wﬁwaﬁﬁﬁﬁtibzﬁﬁiﬁb
SR EGHRL, VIORDPULTIAOA RO
BRI I Y, N ITFDREERE
B2 ER L T3, 20 ZOER Ak 34 =5 H L
T35 "NEHR, TN ERISICID Y F 28R
% 96% DINETHEL, 36 2157, TD%, 36 %
HANWTY ARSI ATIINAOL RO T +—tF 32
WY IARETI-BOARFREEREERL -

oTBS oTBS
HO,

rtto 45
diethyl L-tartrate 32

OBn
TBSO ﬂ DEAD, PPhg
MOMO : g toluene, rt

NHNs

H Ho
TBSO ‘\ g
NNs \NMS

(+)-fawcettimine  (+)-lycoposerramine-B

8z

Scheme 13. Total Synthesis of (+4)-Fawcettimine and (+)-
Lycoposerramine-B

Cos(CO
\[COQEI TBSO\C//\/ “ﬁgzs)" TBS0.. = Tgso,, i):/j o
A = DCE g
HO" “CO,Et  TBSO' = o H
3

(Scheme 13). 27

5. &HYIC

DEDXDITEEIT, 7IVF, 7V, 7L
RN ETDRIKINCKD, 49 BRE S
Ol 2 O BEBRMEN N BRI A Y O Z B
HIIcE -7, £/, 4T Pauson-Khand (i D
TR E —BITHETE 28 EE 4 DRAR
WERICHAL, ZORFLEAMRICES .

HEE  AMRERTIDICHRED, RIRTHEY
CTHEREZ B O U RIRR AR R R TR
Rl EEERIOLDIDEH#BL KT, KGR
RIE, TEEEBD LU ERIRRFAEERED
FEHEE AR - ACHEMBAEBURITIR AL U BT E
T RRICAIFEZ & BT R RIRKEE LRI

DT HEREARREOEEHE IR LB L BT
7.
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