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Ac acetyl

AIBN azobis(isobutyronitrile)

aq. aqueous

Ar aryl

BDP 1,2-bis(diphenylphosphino)benzene

Bn benzyl

Boc tert-butyloxycarbonyl

BOM benzyloxymethyl

Bu butyl

cat. catalyst

CBS Corey-Bakshi-Shibata

CMPI 2-chloro-1-methylpyridinium iodide

COD 1,5-cyclooctadiene

COE cyclooctene

CSA 10-camphorsulfonic acid

DBU 1,8-diazabicyclo[5.4.0]undec-7-ene

DEAD diethyl azodicarboxylate

DIBAL-H diisobutylaluminium hydride

DIPEA N,N-diisopropylethylamine

DMAP 4-dimethylaminopyridine

DMF N,N-dimethylformamide

DMP Dess-Martin periodinane

DMSO dimethylsulfoxide

dppf 1,1'-bis(diphenylphosphino)ferrocene

dr diastereomeric ratio

EDCI 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide

ee enantiomeric excess

ent enantiomeric

equiv equivalent

ESI-MS electrospray ionization mass spectrometry

Et ethyl

HATU 1-[bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxide
hexafluorophosphate

HBTU 1-[bis(dimethylamino)methylene]-1H-benzotriazolium 3-oxide hexafluorophosphate

HIV human immunodeficiency virus

HMPA hexamethylphosphoric triamide

HOAt 1-hydroxy-7-azabenzotriazole
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#—%  Manzamine 3H D B - #E - AVIETEB X O EG G

Manzamine #H(%. manzamine A ()ICRR I N2 FEET 104 FHETH Y | £% < DS
Ko BB #E SN Twb (Figure 1o MBIV “XAMEY L L CEET S, 2hbDT
nAm g N, R FEKEZALCw 2, YOFRKICHOIEL T 2 DOKREKRT T v
WERALND,

Manzamine 8%, %R0 FEMICHK L TRA YRGS #HEs T T %, Manzamine A
(DHiE. w79 TIHEBICN 3 2 @OCHEHEEE ' 2 12 Co & LT, FIREE 2 FIRAEEN: 2.
HIfEEEYE ¢ 7o CIRE R WS TE DS i X T B, Manzamine B )13 HEiD BRI, ~ 7 2 AL
JeAl ek P388 1t 3 2 MU EEE 23 ss X 17z 5, Keramaphidin B 3)i%. ~ 7 A H ALk
P388. KBt I REEMALIC N3 2 Mg % 7R L . ingenamine (4)1%~ 7 A F AT K P388
WXt 3 2 MAgEEYE 72 23, xestocyclamine A (6)1Z 7R T 4 v FF—¥ Ce ~DHEEELRHE S
7%, % 7. manadomanzamine# (7,8)IC @ L T, b FEAET 4 LR (HIV-1) &F5ZEIC
xf3 2 BEGHFE E 254 5 LT B %, Manzamine A (1)O~ 7V 7 JFHIC 9 2 HE5EPE E% M 13
fieZ V) 7L LCHIH &3 chlorquine % artemisinin % %  EiGtETH 5 2 &2 6, KHMIC
SIS MEAEBARTSE 23 TN C & 72 15, L L. i@ manzamine $HICBY L CTix, KA 5 Dffkis
BV hnw b H 0, FElRETENRHTIATOh T, 2070, EPYNGETEICE T 2
FULERS & REIRT I VIS0 BIIRMIHCH . (L EARTOMENREHRAE TN TV
%,

| ]
Na N
H H leH
X X
—N HN
| A |
keramaphidin B (3) ingenamine (4)
manzamine A (1) manzamine B (2)
OH

S
23 24 33
xestocyclamine A (5) xestocyclamine A (6)
(proposed structure) (rivesed structure) manadomanzamine A (7) manadomanzamine B (8)

Figure 1. Manzamine 38 O 5l



Manzamine D HffE L, 1986 {EDHE O OME * ICmZFHT 2, Mo lx, WHBEO T HEEIC
489 8 : Haliclonasp. X 9 B-71VvR ) V&2 H S 2 /\BRIET7 v 710 4 F manzamine A (1)
ZHREL . FUEICIEFE Ui 2> 5 manzamine B (2)D HEfE% #E L 72 5,

Keramaphidin B (3)i%. 1994 FFIC/MASIC X - T, MR OBEREEEICAER T 2

Amphimedon sp.7> & Higf - BEEHRIE X N7z 6, T OHBEDOERIC, keramaphidin B (X, (+)-3:(-)-3 <
20:1 DRAEYE LTRON, HNEER T £ IO X SRS IC X ) E S h7z, i
MECE ICBI L Clid. SR Mosher {£1C X D IRE T N7z, 7nF. keramaphidin B (3)IZ. manzamine
A (1)*° manzamine B 2)DEALATIA E LTEZ LN T WD 101 [H4E, Andersen 5 I3,
T =a2—F 2T O~X VEHICHEET BT : Xestspongia ingens 7> b ingenamine (4) D HLHfE % ¥
HLTH Y, FEICIIFE U S (+)-keramaphidin B (+)-3) D HBfE 2 MG L7727, T Ic /el
\J. Crews b 1% 1993 41T Xestspongia ingens 7> b AP+ 1L 7 4 v % 3 5 xestocyclamine A (5)D
HEEZIRE L7z 8, L2 L., E4ED Firstner © DG IC X - T, xestocyclamine A 13, A
BUFLT7 4 v AT S6, T7DDH ingenamine (4)D TF v F A4~ — D A[HEME D E W & AEERT IE
I Nz 2,

Manadomanzamine A (7)3 X U* manadomanzamine B (8)/%. 2003 4F{C Hamann 5 1C X > TA v F
2T O~F FBICERT UM« Acanthostrongylophora ingens 2> b Hilff « #HERE S N, T
ZN C22 AL DAL ED R B 9,



Manzamine FHOAEAGKICEI L T, Baldwin b3, Ye e ) vy=vLf 4+ v 11 OERLKIE
IC X2 BB ZIRIBL 72 (Scheme 1) '%, TvE=T7¢7278L A4V, ClI0 2=y FDYT
LT e F9Dffity, MILERBALCY e FrEYV Y V10,725, 10070 b v PHIC K D AT
2VerFurel)y=vsiFy 11 DT Diels-Alder KIGICTHIREDA I =V 444V 12
~EHE NG, ZDHK, 12 DEJICICT keramaphidin B Q)35 512, KEKHEE L 723
Diels-Alder G ICB D 2 A£G EER (TR £ TR A I T2, keramaphidin B (3)723(+)-
3:(0)-3 <201 DIEAYME LTHEEXI N Z L. ingenamine )DL F v FF~v—Th 3
xestocyclamine A (6)25[F — DM LHBt X N2 L 2 BT 2, T IRTHRERI NG L&
AbNTwna 1,

T aohe
N.  ------ » (& N
| ) " ! |
[ = [ 4
10 1
Diels-Alder
D ——

keramaphidin B (3)
Scheme 1. Baldwin 5 IZ X % keramaphidin B (3) D 4= A AR 5t



% 72 Baldwin & (. manzamine A (1)3 X O’ manzamine B 2Q)DAEAK %KD X 5 IR L 7=
(Scheme 2) "% F 3. Diels-Alder KIGICTH R I Nz HEBRED A I =V 244 Vv (+H)-12 Dk F
U FERAZIC X o TH-13 BAEL 5, T D(+H)-13 DKM THOERPIZEI I N 14 720, 14
DEEALIC T ircinal B (15)~. 7 Y MA7EE(L & B % %% T ircinal A (16)~Z24#1 X 15, Manzamine
A (1), manzamine B (2)lZ., ircinal A(16)b L 1314 & F U 7 b7 7 v L DFFAICTEAREI NS
LLTw3,

manzamine A (1) ircinal A (16) ircinal B (15) manzamine B (2)

Scheme 2. Baldwin 5 iZ X % manzamine 8 ® 4= & AR G



Manzamine 8O #f AARECE I 13, BEEIRZEWAIR 2 H 5, fAEKI 7 manzamine FHD 9 b,
manzamine A (1), manzamine B (2), ircinal A (16), ircinal B (15) (% [F]— D 37 (i & < HLEfE & L7z
DX L, ircinol A (18), ircinol B (17)1%. i DA AR E CHEE X Nz 458, zoz e b,
Baldwin & DAEEIRG# B E 2. /IS IZ. 2o DEEKEZRD X 5 I1c#% L7~ (Scheme 3)
N, Fhbb, (2)-13 DKMOBRIC, REERBESRFE S L. (0)-13 225 (L ircinol B (17)23, (+)-13
PHETATE R 14 PEAKEINZE NI bDTHD, £DHK, ircinol B A7)k, 7V AAifE
fb & BR{L % $ T ircinol A (18)~ZEHax N %, 14 25 1%, Scheme 2 IZfif > T, manzamine A (1)%°
manzamine B Q)23 SR I L5,

manzamine B (2)

CHO
H
manzamine A (1) WOH
ircinal A (16) « N
\ ——
CiN)
ircinol A (18) ircinol B (17) ' ircinal B (15)

Scheme 3. /MK 5 1T X 3 manzamine 28 D 4 & ARG



Baldwin 5D Yk Fu v ) =9 LA 4 v OBELRIGIC X 2 BHEHEFICH L, Marazano © 1%
Zincke 7 V7 & F 21 @431 Diels-Alder SUG % #8H L 72 2E A BUREL 2 #2808 L 72 (Scheme 4)
4, 3=y F OHFFRHCEIL T, Baldwin 5137 7 v L A4 v &% L7223, Marazano i
NEWiE 2 S AEER I~ vy TATe FEfwi, ~a vy Y TAFe FeET I /)T AT
F 19 DFfiAICE D 20834 %, 20 D—J7D Zincke TV 7 b FAMEA LIBILEFE T, Y Fnm
Y)Yy LAF Y21 &Y, 55 F N Diels-Alder IGIC T 14 03EKFT 2L LT3,

CHO (\/WH_- oHC _
I/ Sho A, W_
CHO — NH

NH, CHO
. OHC) = ZcHo
19 20
CHO , CHO
N — | X :
ﬁ/ NH = SINN / . N
| - s
_ A~cho | HN | HN
2 21 14

Scheme 4. Marazano 5 IZ X % manzamine $8 D 4= & A% i



Manadomanzamine 28 (7, 8) DAL, HHE% ¥ L 72 Hamann 5 1C X - T, manzamine B
Q)% FEH 3 2 RN X 4172 (Scheme 5) ° Manzamine B 2)D B-A A H Y VERODEITIC X
DAEUC20% =7 IviARtand &, A=V L4V 23L%%, TD23HKMETH
TTATE F 24PER L, BoMT I VO RF L F~OREKBICX 28k 41 I VB
BIC T, 28 3L %, wmBIC, 25D 4 I = A4 F ic T+ b v L T manadomanzamine
A (7) £ manadomanzamine B (8) 234 &I 5,

0

S =
©
|

manzamine B (2)

manadomanzamine A : 22a-H (7)
manadomanzamine B : 223-H (8)

Scheme 5. Hamann & IZ X % manadomanzamine $8 (7,8) D4 &G



5 "% Keramaphidin ¥ D & B 5E
i L coERM

Keramaphidin BHO &G HIC IE, KELK 2T T2 00558235 5 (Figure 2), 1 2HIZ [H.00
SRREERORME] 2 2HIZ [ZHhAL 74 vEET 2 2 DOKRERT I viEEDOHEE] ©H
3, CNETRRALRT 70 —FIck b, hio ZBREEKOBENHKA LN TE 7225, Bk
ISR L =201dbTh 2 HloATH B, T2 TlE. TNETICHE X7 keramaphidin 25D
BRI ERBNT S

ZIRMEE
CKRIRIR7IVIEE

keramaphidin B (3) ingenamine (4)

Figure 2. Keramaphidin 26O & ik - D F5E

Dixon 5 I, (-)-keramaphidin B (3)D&&ICH T T, F T 7 31 Z&A L7 (Scheme 6) '5
Wold=rmtL 742608527 v 27Dy a= v 28 #7247 Michael f11K
JBIC XY TV FAERNIC29% B LT, 291, 5-~T T V- 1-TIVEFRLVLT ATk
FEEbicmETs e, 77 voldBEE = b v-Mannich IGIC X 3 7 7 & LR H LY IC
HEITL, 30 25 272 (82% ee), Mt < B LFEDFEEIC T keramaphidin B Q)D K HEZEAL 7=
31 ~En7z,

—
NH,
COzMe
~ toluene, —20 °C CH,0 aq.
O5N MeOH, refl
2 92%, dr = 95:5 wx
2 56%, 82% ee

_— 7 NI » HN | A
_ | 1 o v - > N
HN s 2
-)-keramaphidin B (3 5
) phidin B (3) R cr, 28

Scheme 6. Dixon & IC X % (-)-keramaphidin B (3) D& e



S 12, Baldwin H O L 724 A 8{KEE (Scheme 1) 1Zfifiv >, 5T Diels-Alder K& IC X
% keramaphidin B 3)D 0B OEEL HIE L 72 (Scheme 7) 6, ItV R220LEM LY
EFevY Ny 3303, Lewis BRZ AN L TIMEAS 2 & 701 M Diels-Alder KUGSEIT L 72, L
2L, OB 34 135503, (LB RIEMR3S D A4 L7z,

X
= _ COgMe )
(0]
33

(CHJCl),, 80 °C

32

yields
entry L.A.
34 35
1 - 0% 0%
2 InCl3 0% 10%
3 SnCly 0% 32%

Scheme 7. H1H & IC X % 731 Diels-Alder G DR

10



Garg b 1, BRIRT L v @D Diels-Alder &t % FIH L 7z lissodendoric acid A (44) D A K % 12 L
7 (Scheme8) ', WilkO v =LtV 77— 3645 CBSEILEZFUEIIC T Y AL 7o
TREEAAT L3, e FeFrnryi8rbrry30x ZNENAKL T2, 37 L 39D MeCN
W% CsF CULEET 2 &, BERT L v 40 234U, 39 & @ Diels-Alder )KIGIC & - CTEEBRIECA
V&l x5 27, OB 37T OFRFERPELE X7z (90% ee—>79% ee)o RiICT, EFEFF D a
Mot el ¥V FZHOZLAERRNZ 1,4-8ITICT 42 & Lz, 42 1L, BiREE,
Cu(OTh), Z V> 7z Boc EDFEIRIIBRZE, T MUICTA3 ~E WL 7z, miRIC, BABRA X2
ARG & RTC, REFR DFRE % £ T lissodendoric acid A (44) 235 L X L7z,

o] CBS SiMe,Ph COzH CO,t-Bu
B reduction B
| —_— | r o — O
—_— —_—
BocN oTf BocN 12180(‘4 o = OH 0 = g N
36 37 (90% ee) 38 39
-H
. BocN ) 1. PDC, t-BuOOH
CsF, TBAB 40 ,,M-NBoc, benzene, rt, 49%
+ —_— >
39 MeCN, —20 °C _LOABUL gy, 2. Cu(OAC),*H,0
L 79% ee BDP, PMHS, +-BuOH
6 o 39 toluene, rt, 89%
(€]
CO.t-Bu CF.CO COoH
00 o H 2 Y
Boc,N H_W]CO2t-Bu 1. MeCN, 80 °C; 1. Grubbs 2nd
2ol 7 Cu(OTf),, 40 °C 0 _N CH,Cl,, 40 °C, 83%
0 Boc >
BocN )e 2. acryloyl chloride %z HN 2. Ph(COD)(acac)
\ EtsN, CH,Cl, f PhSiHg, CH,Cl,
42 0°Ctort 43 40 °C, 38%
3. TFA, CHCI
48% (2 steps) 78°Cte rt,277% lissodendoric acid A (44)

Scheme 8. Garg © IZ X % lissodendoric acid A (44) D 245K
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¥ 72, Garg b3, BRIKT7 L v @ Diels-Alder )& % J&F L 72 keramaphidin B (3)D & k% HiE L.
THE Y nBIEOERE LG L7z (Scheme 9) ', BEFID 45 O &K L7z =LY 7 F
—td6%, IO T Y 4770 L L BT, CsF CUHET 2 &, BRUIRT L v % #H L 72 Diels-Alder
FOGHHET L, 48 2355 7-, 48 1%, lissodendoric acid A (44)D A K (Scheme 8) DX & [AlKE
DEWERT, YTV 9 ~FEINT, TOYLHFLVLTATE FICTHEAEIEZ50D1
v LAt kYT 740 L, 5FW Diels-Alder KIGIC X 5T ey 7 nglgoigs H
fEL722, ZBRIEAEY 51 S o Nk o7z, K51, ARG TIX KB B OREEEH HEE & Hb
L. 6 BERDBPIEMCTE 2IKBEHRICEH Lz 2 54 TG L7z, LA L. 52,54 0%
xR (Tor) 4 3=va4FvEfvd, fFL 2 =R LAY 53 2 55 oAICIE

BoRPoT,

OSiEts N OTf 47, CsF ~.__/~OBn
Boc'\EI — > BocN SiEts BocN -
Br MeCN, rt h Br

L BNy 1O

45 46 N(Boc)p 56% 8 ©

OBn OBn

0 L acid, CH,0 O _~H
HN HN
f Br : B

T

49 NH, 50 HNy
OBn OBn
@é @ét
BocN e BocN 4
ocl Br ocl Br
\ Formation of Formation of
iminium species acyliminium species

52 CN 53 54 o7 N, 55

Scheme 9. Garg H1C L2 (7Y V) 4 I=v 44 Vv D
Diels-Alder SGIC X % keramaphidin 28D = BRVEEEHEEE Ol 4
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Baldwin 513, HE OB L 724 ARG (Scheme 1) 1ZHI 5 7z (+)-keramaphidin B (3)D &£
%@ L7z (Scheme 10) 1%, 5.7 0 E_vFATvT—F 56 020iFE L 2FAK=Y 4
Hs7 L, 3-v )y 7o) — 8 OIELTHLNE T AT F 59 D Wittig RIGIC T, Z{E
L7460 B LT, TD 60 X LIEOLZHIC T 8 iK6l & L7zfk, BILLTT bk
Favl) Yy 62 %1%72, 621F Polonovski IGDFETICCH#tEh, YeFrey )=y 1A
F v 63527, TP 63 FIKIE TICH T MeOH/Tris buffer iK1 TIPS % &, 437 M Diels-
Alder SG23E4T L. NaBHy 32T Z R8T, (£)-keramaphidin B Q)23 &K I iz, LA L. ARG
DKL 03% K<, 63 2NETLE N 2 BEICHONZ, i, 63 D7 v b+ v FEfHc kY
Lsvebtuvl) vy (Yxv) PIEFICALERCEETH S Z Lo E T T b,

1. PPhg, 100 °C;

K>CO3, H,O KHMDS, THF
MeOH, rt, 76% ® -78°Ctort N —
AN > AN N
Br OAc ) PhsP otHP — T = |
56 2. 3,4-dihydro-2H-pyran 57 83% N/ 60 OTHP
PPTS, CH.Cly, 1t, 93% l l
(COCl),, DMSO | AN —
CHJCl,, -65 °C; @
=z | OH - =z | Xo N/ /g |
\N 58 EtaN, rt, 90% \N 59 . \

NaBH,, MeOH
78 °C to rt, 56%

MeOH, Tris buffer 1. m-CPBA, CH.Cl,

pH 7.3, -78 °C: N T 0°C, 98% A T
- @2 N, -——————— N
N “® N
NaBH,, -78 °C to rt 2. TFAA, CH,Cl,
— X 0°C, 100% — X

3:0.2-0.3%
62: 60-85% 63 62

(£)-keramaphidin B (3)
Scheme 10. Baldwin 5 I X % (+)-keramaphidin B (3) @ £ & BB A B
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Baldwin 5 ¥, 7> 7HRIGIC & % A D Diels-Alder )G % & TH b, (+)-keramaphidin B (3)~E&

W7z (Scheme 11) 8818, 3. ) v 7 moN ) — L 58 H HIRAMOEALETERECT I F
oYy 64 Liztk, TAa—Lolgl e Witig RIGICT 65 ~E 7z, 65 D Polonovski X
JGERETEONET I/ =YL 66%, PY 7AAOFEBIRCUEET 2L, Yebuor) =
T LA TV 6T ~EEW I NI, T D 67 1%, MeOH/Tris buffer D 54T T4 T-[E] Diels-Alder Kt
DAHEFT L. ST IC CEREAR 68 23K 22% T b L7z, mRIC, BBRA X v ARIBICT
(£)-keramaphidin B 3)D && K EZIER L7z, L L, —~EOBRLTCHKIEAEIEL 72 69 28E I
L, 69 ZHERSMFIC» T CHREELDEST 5 DH”7Z o7, Diels-Alder KIGIE. 77 FHIG
(Scheme 10, 63—3) ICH AT, IERA ELAZZ &0, D THNOEEIIKIGEE B2 BT L
FEAIEE & o T b eI NG, KA L, PARA X2 ARG TD 13 BEOEE
1T ZARECEERICIEE ICHEETH B LAl 2 5,

1.1
RV 1. (COClI),, DMSO
toluene reflux B CH,Cl,, -78 °C; N X
quant. WOH EtoN, 15 °C, 98% (j/\/\
a OH - N - N
N 2. NaBH,, MeOH 2. MePPh,Br, n-BuLi
N 58
~78°C to rt, 93% 64 A THF, -78 °C to rt 65 A
90%
1. m-CPBA, CH,Cl» SN SN MeOH / Tris buffer
0°C, quant N AgOCOCF, o N DH83. -78°C:
- L~ -
N7 CN —_— N

2. TFAA, CH,Cly, 0 °C; W EtOH W NaBH,4, 78 °C to rt
KCN, H,0, 87% 66 X 67 X
H

22% (2 steps)
N l“
(}

s
®
Scheme 11. Baldwin © iC & % 73 f-[d] Diels-Alder SG % & H L 72
(+)-keramaphidin B (3) D2k

Fiirstner © (%, xestocyclamine A (6) D NA A K Z K L 72, Xestocyclamine A (Z244)] Crews b
KXY, REREOAL 74 vOLENRERS § oG LTiREINTHAE & UL,
Fiirstner © (%, xestocyclamine A (6)D EAKIC T, RIEBIN T/ 5 Tid7Z . ingenamine (4)D
ITFvFA~—6ThHhdLMEITIEL 7z (Schemes 12, 13) 12,

9, RIEME S O EZFLT (Scheme 12), 4-v'~< VU F v 72 2> bFFEA[HE7: 73 % LiHMDS
T L 728, F 747k 3-tFuxs XY PNy 70 Z2EREEELLTHEOLNE T1 Z2NZ5 &,
Michael ffIJEDHEIT L, T4 %5 272, 2D 74 % KoCO;z & & B IT MeCN VA CTINET 2 & |
73T Michael (IISIGHSET L. =ZEBREEI 75 5o N7, BIBROZHICTY T v+

cat. Grubbs 1st

N v
CH,Cly, reflux @
3:1-2% =
/Y

69: 10-20% (+)-keramaphidin B (3)

N

14



¥ 76 ~FHE L /-4, Firstner HE SR L 72T A F v A X o Afilllt 77 L 78 #H 7=, Ef
BRAZ 2 AROGICE Y, =27 v B UK 79 2B L7z, R\\T, 79 DAL~ — MMEERLORR
£, BT T I LIS TRFBHAZEAL, 80 & L7z, 2D 80 % 9-BBN TULET 2L, TAs
voOr Fuk R XOT A v OIEEERN e F ok v R 2T L, 81 2Rk
ROBREMELTE 272, 20 F 7 v Ry PRIGICT, FiZH T =AKRT7 v % 71 b
Vbl T 82 & L7z, BifE% NaHCO; TZ v F L7ctk, 7V HRy FRIGTOSAEMA v 7Y
vZIc TR 7 n BRIk 83 ZAM L 72, wmiRIC, 7 I FHEDEIT, TBS EOfREICT, 5~
Bz, LHL, 205 L HEEOBRICHRE $ 117z xestocyclamine A © 'H 35 X O °C © NMR ¥ ¥
— FB—EL o7,

0 0
O\IBOC _»—» \/\OJK@BOC
oH 0 " LIHMDS "~ “NBoc  K,CO,
+ | OTBS ,
)O]\ _— _
. 0
MeO” N THF, =78 °C MeCN, reflux NS
0”0 OMe

H"(\AI\ — X o AN 43% (2 steps)
R 75
72 73 |
X
cat. 77 1. L-Selectride
cat. 78 THF, rt
tol
oluene 2 0O
110 °C X X
. NaBH(OAc); |
85% CH,Cly, 1t
89% (2 steps)
AcOH cat. [Pd(dppf)Cl,]
9-BBN H20, rt; cat. AsPhj, T|QCO3
—_— —_— e
THF, rt; NaHCOs, rt; DMF, rt
48%
81a: R' =H, R?= 9-BBN
81a: R' = 9-BBN, R2=H
DIBAL-H ph,si” O
THF, rt;
e
MeOH, rt Siwa /\S\iF’hg
Ph”
57% ~ OH
75 Ph2Si—OH

xestocyclamine A (5) (proposed structure)

Scheme 12. Fiirstner & IZ X % xestocyclamine A D21 E 5 D&KL
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Fiirstner H 1t AP* 4L 7 4 v %2325 6. 3720 ingenamine ()DL F v F A+~ —HIEL
WHRE7ZZ LROE L. 6 A L 72 (Scheme 13), 5 DAL 76 DT Vv De Fudk vk
LB bERTHEONE TAT b F 84 O Wittig IGICT ZIEA L 7 4 v EEEL 2%, milEk
£ (CMPD) ZHWwT~27m 727 XL 85 2EBKL7z, RT 5 DEMDERLFRkIC, 71F v
ARV ARIGICT 86 ~iFE L, A ufbt=yv 7 rEHWAETrx v oPETe . LIAIHIC X 5
T IFVEDRITICLY 6 DG EIEKL 72, &KL 72 6 I3, ingenamine (4)D HifflKD 'H, 13C
DNMR F ¥ — b & —F L7z L, 04580 TFA f#7E T Tl xestocyclamine A @ HiEE#H & © NMR
Fr—tZ2 X HHELZ, 2D &P 5 Firstner b ¥, xestocyclamine A (3 ingenamine (4)D T 7
VIFAe—ThY, sl 6 TH D LT,

X X X
1. 9-BBN, THF, rt; 1. BrPh3P(CH,)4COOH
NaBO3z*H,0, rt NaHMDS, THF, 0 °C
—_— >
= 2. PDC, MS4A = 2. L-Selectride
OMe CHCly, 1t Me THF, 40 °C
74% (2 steps) 3. CMPI, DIPEA, CH,Cl,
rt, 39% (3 steps)
1. Ni(OAc),+4H,0
NaBH4, H2
cat. 77 ethylenediamine
cat. 78 EtOH, rt, 86%
[ >
toluene 2. LiAlH,4, AICl3
100 °C THF, rt, 58%
82%
xestocyclamine A (6) (revised structure)
t-Bu .OH
t—BU\ Tl "J\i Ph28|

N-Md \g H
~t-Bu .
\g N St/ SiPh,
- 45 PhoSI—OH

" J

Scheme 13. Fiirstner & I X % xestocyclamine A (6) DFFI&ERT IE & 24K
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Fiirstner & (% xestocyclamine A (6)DHEEE] 1E & &AM D F4E, keramaphidin B (3) & ingenamine
@D EER %L L7z (Scheme 14) %, 73 ZIGIECULIE L 72T, ent-70 2D &K L 72 87 %
Mz, =50°C 2 b E T THRAICHIRT 2 £, FD Michael (T INIG S —FICHEIT L7z, 2D
BS. Boc A FRE I Nz720, FRELEITER T, 88 21872, 88 2 LA TEOLH TV T
NF V89 L L7ztR, Mo 90 & & bicnEhd 5 &, PHERT V& v X X e & G HETT L.
~ 7 aBAUIK 91 23S 547z, T D 9T L CTIRFESHAZEA L 72 92 %, Grubbs O 55— A filt 44
WA 22 ZAROGICTERILL T ent-86 Z AWML 7ze ZOREDA L 7 4 v DONIHAGERE X
WD T2 > 72 (E/Z=60:40), % D, xestocyclamine A (6)D &% (Scheme 13) & [EREDZ
fa% #%C. ingenamine () D AL EIEK L 7z, T HIC, AFPREE N2 20 M7 ra—1%
PrEL 72 93 Icxf L <. [ABRD OGS & U keramaphidin B (3)~ & E 7z,

1. t-BuOLi, 73, THF

50°C ot
Q‘IBOC NBoc __BoczO, DVAP, t
2NasH,
OH MeOH, 0 °C

TB!
ent-70 O S 53% (2 steps)

cat. 90 1. L-Selectride
MS5A THF, 40 °C, 91% cat. Grubbs 1st
—_— D —— B ——
toluene 2. 0 toluene, 100 °C
reflux )L(\%/\
Cl X 97%, EIZ = 60:40
83% EtaN, CH,Cl,

0°Ctort, 71%

1. Ni(OAC),*4H,0

NaBHy4, H, 0
ethylenediamine )]\
EtOH, rt, 86% N
> A MEQSl
2. LiAH,, AICl5 [ 0
THF, rt, 58% 73 O

ingenamine (4)

1. cat. Grubbs 1st
(CH,CI),, reflux
83%, E/Z = 50:50

2. Ni(OAG),*4H,0
NaBH4, Ha
ethylenediamine
EtOH, rt, 89%

| 3. DIBAL-H, Et,0

t, 38%

Scheme 14. Fiirstner © I X % keramaphidin B (3) & ingenamine (4) D 415K

92

keramaphidin B (3)
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A Brvih et

RV DG B % GUARARAEICE T, ERMEREIIES cERE R Ech 2, EE
VERTE R, HIWIBEICR E 2 2 2 0 Clde . BUEERR L L EOEE 20 2 < & 2
ORI % M T 2 EI2 B 5, Fric, S LEY o R 2 BT AG T 2856, %
REDOE T IIAAIRTH S,

AifE & U, SBIUEIORE SR E 72 3B 2o W IFnsiciE . Hlx i3, (ke A %
Jikle LT, BBREX TR YERHBELT, EBB D L ZZ0BMEB 252 2 KL%
% 2% (Figure 3), HEMREATIE. FEFM O RIS 35\ TBEIRIE O LEM ICKTE L 72581
W FE T2, $7abb, BEREXDZY XV DRETHNIE, EBYIBEFEERI L 55,
—7iv B TR, RIS IS B TLE D LIETRIC X o TERMED R E 5, £8P B
BAB I SLELRYE. BREERYTSH 5,

Kinetic Control Thermodynamic Control
X ——
@ — @ =
S
S — I’ I'
ERIKEOREEICIKE LEYMOREHIKE

Figure 3. BRSO & 240752 3CHAL

Z DR PEER AT & B A3 RE & B U CL sk 0 BRI & 13t 0B IRIE I R 3 5 SUG 78 &
HE Cicki% S o FARCERIGHBRE I N TE /2, o OKIGIR, FEKD Tk T i3 R
A IR R BB L. RN 7250 T O G EHEE I OS2 "R IC L 72,
INICED, AEER L 750G ERE to—&EZ s T2, LarL, S TiEOH
HALICHE W B3R rh c o3 R SIRC - B WO FiEE W Th . HIfF T 25
REDBFEHR L R EHDRE, 22oTIVECAZTOND LI IChoT,

%
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SRR O MER fRPd 2 7k 1 2L LT, BfERsmon ez 2, Bt
E. PSR TICB W, LaYE Lol - BFtEoZ2 AL T, YT AT LA — -
TSV FA~—OEWR-CEREEGIET 2 FETH 5, MRLEMERS o, FicL¥ETm
T RICBWTHHEING Z & H% v, flziE, FlEIGIcE T, LEY B2 A B LY B
BREE AT 256, ICOHETICE> T B OR5ESEIRIICHTIN T 5 (Figure 4). A%,
R T OBBIRECILEY ORENE TR ALAEP ORI - EIREICIKTE L 72E RS
KT 2720, H—F TR LERWEREIFTCEZ L WAL H 2, £z, Bdh3
FEEm ORI D X 203, RICHRDUER D K CHHHPTET 372 fLHE T v v X TOFHiiD & X
IZDRD-> T\ b,

Dynamic Crystallization
crystallization ‘

Figure 4. Bi#%5 L

(»)

A

B o Bt omfsello % < 1k, B b, FFicy 7 xA 7 v A ~—ZficHw b N TE
77 22T, REMERICE T 28R LEZH VY T AT LA~ —Zof % iE03 %
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Zhang » (%, halichondrin B OFFERTH Y | LA DIKEH L L T 2010 FITKR I N7z
halaven D &K ICHE T, a-A F =+ Vv B % BFE R TGEBR L 72 (Scheme
15) 2, AL 72 94 13, C25 MO FED T 2 94a: 94b = 1.6:1 DIRAYITH Y, EATH
W 9a RERSTTH o7, LA L, FfEEHIC K D, 94a:94b < 1220 DGO N Z LICKH
L. Bfsa b 2elAa 7z, 94a:94b=1.6:1 DIREVI . ~7 X v & P v ORGEBEHIC Tl
BEOEETUIT 2L, = F U afid BUALLHEIT L. 64%D I T 94a:94b = 1:12 D i
PIRONTc LG L7z, ZOFK IBHIT 94a:94b=1:1 TH - 7z,

H
NGz © o "0 heptane tolwene. . C O \_/o
_t)

0,
94a 64% 94b

94a:94b = 1.6:1 94a:94b = 1:12 (crystal)
94a:94b = 1:1 (solution)

Scheme 15. Zhang © IZ X % BhiviG b o FlH

Cossy B, 7 U 7 DRI TH % artemisinin D & RATH % dihydroartemisinic
aldehyde (95)® Betti L% Fl W 72 Bh9fG S i X 2 8L 23S L 72 (Scheme 16) 2, &AL
7= dihydroartemisinic aldehyde (95)1%. C11 ML D VARMEERDRBEY) TH 572, % T, Betti Hi¥
AW PICEH L7z, 95 & Betti itk 96 G52 & BIKN,O-7 & X — 972:97b=
7228 DIREVIGEONT, TH O 2B ORR L & IS 2 L BIRNO-T X —1LD
FABRICE VAT 24 I v 98 ZAEH L 7 BT L, 97a 23 ERGY & 70 B FE MG b L7z,
97a (%, MK fRIC X 0 7 dihydroartemisinic aldehyde (95)~ & E 241 7=,

H,N.__Ph

HO
M
oL 96 ‘O
: cat. AcOH
/H H

1 N Ph

B MeOH, rt Y MeCN, 65 °C

H H =

Me™11 CHO 83%
97a:97b = 72:28
95 (11-R:11-S = 65:35) 97a 97b

TsOH, Dowex

JE———

A _N__Ph A
;i THF, EtOAc, rt 2
85% .
97a:97b = 955 OO quant.
97a 95 (11-R-11-S = 95:5)

Scheme 16. Cossy 5 IC & % ByrifG &k O F|H
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Salom-Roig 5 %, a-conhydrine (102)& B-conhydrine (103)D & IC F T, BIfES{LIC X 2
a-7aET by ORMALZERL 72 (Scheme 17) ., A L7z 99 O 7 F v afild, H5ICH
PEAE L. 99a & 99b DRAEVITH 572, L2> L., 99b DfEGEMEAE . IRAEW % 0°C THE
&, 99b @ H i DS 88% DINE TN I 7z, Z D%, DIBAL-HiEIT, LI ZnDF L —
FZF|H L7z DIBAL-HZEJTCIC X b, 100 3 X O 101 2 Z L Z L&KL, a-conhydrine (102) & B-

conhydrine (103)~& 7z,

DIBAL-H, THF

B Y S = Brh\l)b N0 . Br Moo g

Br b Br P 0°C Br b or

88% Znl,, DIBAL-H, THF
99a 99b 99b -78 °C, 101:85%
OH . OH (I? (?)H OH

4 4 :
Br/w\(\/ ' or Br’H\(‘\/ S > Et Et

Br p-tol Br p-tol NH NH

100 101 a-conhydrine (102)  B-conhydrine (103)

Scheme 17. Salom-Roig © I X 2 @ik L o F| FH

JEX 5%, azaspirene (106)D & IS BRI L Z FIH L7z (Scheme 18) %, 7 7 v 104 % 35E
TUIRF 2 & P FHNT L = VRIEHHETT L. C ML D AREMER 105a & 105b % Z 2 1L
K 80%, 11%ICTH 272, LA L. FAY 105a 13, azaspirene (106) & 1357 2 ik L ¥ % H L
Tz, £ 2T 105a DEME(LE 105b OFEEIEICER L, U v BRI CREERLEZ L
72 A, MR 105b DRSS T EMICE O N, ®IZIT, 105b DIKFIIC T azaspirene (106) %
EERL 72,

O CHO
0 1M HCl ag. =N ZNF
7N Ny —m>
\ / H Ph THF, 1t X Ph XPh
o OH o OH

104 Me  OMOM 105a: 80% 105a 105b
105b: 11%

phosphate buffer (pH 8), MeOH
(0] rt, sonication, quant.

TsOH+H ,0 _
= O,
CHyCl, 1t Sy
78% azaspirene (106) O OH

Scheme 18. £ X 5 I X % @ik Ak o F]

21



CDXIICLETvRZDAE LT, RAVAKICOFH TN 2BWHERILTH 2205, %<
OHliE. BN (T RAT A ~— %) CEfIND, 20D, {LEMEART 2 LR
LRIEOTRD 2 THRE2ET 5L ) f TVl RS, ZOMEDOFRICIE, LEYDEK
LEMALE BT R 2 - JUCOREIBLEL 755,

S FREIROG & B 2 FRFICEB L 7241 & LT, Dillon 5 ® etoposide (110)D A2 %, 1
b, KW podophyllotoxin DFHEARTH V. HFiHAHFI L L T LEfi T 4T % etoposide (110)D
BRICEWT, #ET 7 ~ — (LD MU & B RS R IC CHRIETTRE 7 & 5 L 72 (Scheme 19)
26, Podophyllotoxln HEAR 107 & BE 108 (X, BF;-OEt, TR 2 & 7Y a v L IE2SHEST L.
FOSER ®ic, 109-a & 109-p DIREV % 5 272 (109-0:109-B = 1:2.4), 13O NZREWVIL

—EAEERIL L TE Y, Z DRERIT 109-0:109-p = 5:95 DIREVITH -7z, % 2T, KIGKE %
SRl ~CIER L. O HGMIEFEL RS &, M7k 109- 230K 82% TR L L7z, 5 1.
109-0 & 109-p DDA FEZE L TH 0. 109-a 2> 5 FEIREEDS L E 7% 109-p ~ & P 25 -
lEZLNE, 109-f 2> 5 13 Bn FDFRZEIC T etoposide (110)~EH 7z,

Me/T &ﬁ
A

OH B

Me/v
eeen: m ¢
¢} ; - o —» o
S O BF3*OEts, MeCN, —10 °C
MeO OMe 109-0:109-p = 1:2.4 MeQO” ; ~OMe MeO” ; “OMe

107 ©OH 109« O 1005 O

Me—\~0O o
ol
HO o)
1. MeCN o
70°Ctortto 0°C H,, PdIC ( 5
> 109 — » o ~.,\<
O

2. CHyCly THF, rt
MeOH, 0 °C

82% o7k
? MeO OMe

etoposide (110) OH

Scheme 19. Dillon & I X 2 Bk Sk o F)
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Yavaxd

% =% Manadomanzamine %5 D & A ST
B chE oL

Manadomanzamine 28D & ITIE T TIER I N TR WD, “HloOEBIFEIRE I T
w5,

Allin 5 1% 2009 . manadomanzamine 28D 4 v F — A B2 &L HEREEBROBELRE L 7=
(Scheme20) ¥, 7 F AT A1 25 3 TRTEHAELR T Itko 112%, L-F Y F b7 7
J = 13 & & HIT T VIR T Dean-Stark 55 F OBV 2 &, BRIK NO- T X —
1142 & 114b ZEER[RER Y T AT LAREM L LCTH 272, 114a % HCl T T 2 & | Bk
NO-TZ—=ADHERL, T4 I=v LA+ Y 115 DX D B BIRELZREL 72 Pictet-
Spengler JGHEEFT L C, H— D REMEA L LT 116 235517z,

e s
MeO.__O
Q@ 1.MePPhsBr HA

NaH, THF, rt, 99% 13 N

2. BHz*Me,S, THF, rt
0~ Y0 3.PCC,CHXClIy, rt o~ o
1M1\ 70% (2 steps) 12\ J 45%, 114a:114b = 1:1

toluene, reflux

_ o 9y _
H O(_g 24 0
] N\ 10

2M HCI

M4a —— —~ » i H ) b
EtOH, 70 °C =
NH
77%
? 115

manadomanzamine A (7)

Scheme 20. Allin 5 IZ X % manadomanzamine 28 D & 5
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Delpech & Poupon & (X, Marazano & DigET 52~u v TATe FeT7 I/ T7ATe FEH
V272 manzamine ZED AR (Scheme 4) IZE:D W72 A EGRRIEIC T, Allin & &[RRI HBR
B EREEL 72 (Scheme 21) 38, YT+ Iy 117 KHLGEREED Y 72 I v EH VAT 2
VRO, EIt, TATEe R 118 L DT F I VIBRICT 119 & L7z, 119 % TFA TULFES %
& . Pictet-Spengler SUGHEEFT L. HREHA 120 ZREH L <, BT I v 121 BF 5N, R
T 121 2, ¥ul vy, REEWREET TS 2 L. aza-Michael fTIIR)GIC T, FEEHfEA
120 & 72 o7z, 77T Diels-Alder JUSHHET L7z, Z OB, ELVfAZH T 25 121a 2
16%. C10 fLDAREER TS 5 121b 28 20% T O 1172,

1. tryptamine
THF, reflux, 85% \ |
2. NaBHsCN
MeOQCW .Me MeOH 0, N N
ZN eOH, rt, 98% NH TFA N
| > | _— H
Me Me 3. 118, citric acid aq. CH.Cl, rt
17 CH,Cl,, rt. 96% | | | |
MeO,C | MeO,C |
OW\ONa 119 O B 120 O |
118
| pyrrolidine
NH ~~N PhCO,H
e H _— > 120 s o
CH,Cl,, toluene H
85% | 55 60 1212:16% T veos F
MeOLC™ ™ 1210:20% VU2 H N €0 i

N
121
O 121a Q 121b Q

Scheme 21. Delpech & Poupon © IZ X % manadomanzamine %8 D & KAt 5E

L E® X 51, manadomanzamine D 4 ¥ F — VB Z &0 AREEEOEHEITRE ST
WEHR, KERT I viEEOEEICET 2 MR IEE L L,
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Af —

—fifi Manzamine 25 D K B BRI L

Manzamine BHOGHICE VT, [ZHEA L7 4 vEFT 5 2 DORERT I V] AT
WEET 20 RELFECH 2, INFTTOHABHITIE, KELHDTT 3 20FEIHAIH
2o Thbb, N-TAFMURIG. FABRA X2 ARG, ARGk 2~20 527 2 44LT

Manzamine A (1)D2ELICE VT, RIPICHV b N7z KEEREEE X, -7 A F LRI T
»b, % Z T, manzamine D AT BT 5 T v F ALK TDORKEBRBEG 2 N3 5,

Manzamine A (1) D 5] D2 E L TH 5 Winkler > DELTIE, BB KT I v o T rFafbic T
KEBRDPHEL X 7z (Scheme 22) ¥, M7 — L+ 122 % DIPEA & & 1T MeCN 1 ChIZhd 3
. Btk 123 BUCKE 2% TR bz, LT, KFHEOT AT v 2T AF v L L7z 124 T
2. FEFICE T, PR 89% TERLIK 125 BNEK S iz, 2D Lo, KB ZERM A
Raxat, REEAL & BB O S ARESRILIC K E REELZ 52 22 LA 5,

COoMe
H 2

\OH DIPEA
—_—

Ts0 MeCN, reflux

| H 12%

122

DIPEA
—_—

MeCN, reflux

TsO

manzamine A (1)

89%

124
Scheme 22. Winkler 5 1T X 3 7 v F ML LT DK B B

mIl s X, BE DR L 72 Ns HZ2 W2 LK IS % manzamine A (1)D 24 ICICH L 72

(Scheme 23) . Ns 7 I I 126 % DEAD & PPh; TRUE T 2 & 15 BER{LEY 127 280K 85%

THRTE 72, RRIGIK, SRRz LEe 3, EiRT 100 e v IEFICEMNZREFIcT~
7 uBHLAER S T,

DEAD, PPh;
_— >

toluene (0.01 M)
rt, 10 min

85%

— 3 manzamine A (1)

Scheme 23. f&1L1 51T X % Ns &% F W72 Y856 T o Kk BB
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T-H - £ 5 1Z. madangamine A (131), B (134), D (137), E (140) D &5 IS B W T T L F ALK
JEIZ X 2 KBRS ZEM L 72 (Scheme24) 3, TN ZENAMK L P T — b 129,132,135,138
D Teoc HEBREL THOLNBHE T I v &, HWEMEMATICT MeCN BB TMEVT 2 & |
~ 7 mn LIk 130, 133, 136, 139 235 Sz, WIN D FRED L {IF@mWICRIc T v F 4l
SUGHHET L7, THHIE, =207 27 X LDRITLEFET, RAY~FEI NI,

1. BF3'OEt2
CH4Cly, rt
—_—

2. DIPEA
MeCN, 70 °C

59% (2 steps)

1. BF3'OEt2
CH,Cly, rt

_ =

2. DIPEA
MeCN, 70 °C

76% (2 steps)

1. BF4°OFEt,
CH,Cly, rt

—_—

2. K,CO;4
MeCN, 80 °C

85% (2 steps)
135 136 madangamine D (137)

1. BF3'OEt2
CH,Cly, rt

_ =

2. K,CO;4
MeCN, 80 °C

TsO H 61% (2 steps)
138 139 madangamine E (140)

Scheme 24. T-H * £ S 1 X 2 7V F AMLRIGT D K B ERFES

N
N V

=

Plbo X5, N-T A ALRIGIc & 2 REEREEIT, Ko A EPHEZ & KIS
TRl EFEEICH Y PREMU EOPERICTRILIRZE AR S v, LaL, #WET S
REROEBER, ARRCHEIC X 2 KILERNL & BB AL 0 ZZ MR A BCE I, MICHEA R &
BHxns,
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Manzamine 87217 T72 . KRERMEEICHH I N KICH, PHRA X v ARIETH 5,
BRAZ 2y ARIGTIE, —BRICREEZLEL LA L 7 4 VERIGE TR D, ZD720,
REFELDER O TEPHIKTE 5 &I RELMELH %5, Z 2T, manzamine F O KE R
P BT 2B A % 2 v AROGO R 2 483

Martin 5 (¥, manzamine A ()D2EKICE W T, BB 2+ v ARIGIC X 5 KEBREE W
& L7z (Scheme 25) 2, {5 (3, AL 7=VUERTE(L AW 141 % Grubbs O 5 —HAUMAL -C UL L
T, w7 a8k 142 ~ L8/, REETIER, PREOAEIREICTAHL 7 4 v TR
N7z (E/Z=ca 1:8), 2Dk, 143~ &ML 7214, 8§ BERICBIL THHIE A £ &> 2 G % A
AL T 144 2GR L 7223, ARICRICH T - 72,

CH(OMe),

(\:@(\/\ cat. Grubbs 1st
2‘ CH,Cly, reflux
\ 67%, EIZ=ca. 1:8

| 141

cat. Grubbs 1st
benzene, reflux;

1M HCl aq.

26%

144 manzamine A (1)

Scheme 25. Martin 5 IC X 2B X & & > ARG % W72 K B BRREEE
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Dixon H ¥, A HEBICEAR A X & ¥ AKIHIC T manzamine A (1)O KERZHEEL 72

(Scheme 26) 3, AL 7z 145 & Grubbs D 5 — AR D CH.CL IR 2 MEETR T 2 &, w7
o BUIR 146 23K 3% T b N7z, RGO IMAERNEZ. E/Z=3070 £ bTHhIcHND Z
AL 74 VBB TH o7, 146 (2. AR XGEE 147 & D Migita-Kosugi-Stille 77 v 7)) v 7
IC T manzamine A (1)~i58 X 17,

=z

oTf |

N NS H

N WOTMS cat. Grubbs 1st SnBuz 147
[E— . L
! CH,Cly, reflux ! cat. Pd(PPha),
* 'H DMF, 60 °C
| 73%, EIZ = 30:70 |
52%
145 146 manzamine A (1)

Scheme 26. Dixon 5 I X 2B A 2 & o Ao % 7= K BBk EE

PEH & 1%, manzamine A (1)DFZHEEK (ircinal A (16)DEAK) ICH W TR A £ & ¥ A NG
IC & 2 KEBRMEEZER L 72 (Scheme 27) 3, 2 DOKUiA L 7 4 v %2 H T % 148 2> 5 Grubbs
D F— WA % F > 22 BRE LK RIC T~ 7 o BRLIK 149 2 AR L 72, Z DEED 7 AER
PEICBIL CldE SN T, 2ok, &It & MLz T ircinal A (16)Z G K L 72,

CH(OMe),

1. cat. Grubbs 1st 1. DIBAL-H, CH,Cl,

CH,Cl,, reflux -78°Ctort
—N__o 2. 1M HCl aq. 2. DMP, CH,Cl,
| H EtOAc, rt 0°Ctort
63% (2steps) 21% (2steps)
148 149 iricinal A (16)

Scheme 27. 5 5 1C X 3EABR X X & ¥ A S % w72 K BBk
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Keramaphidin B Q)D& KICEHE W T, FHINAZARA 2w ARIGCTH 528, T OHEHD
HEpe LTz 22982605, i, RISICHT 2BHEOE I EL Twb, B,
% < ® manzamine (X KER EICAHL 74 v 2 HFLTEY, v/ ulbedr 74 v O —
FITAD L WIHTH D, ZOFROKIA, KRERLEDOAL 7 4 v O HERN 2R IE
HICHEEE WO SR D 2, A XLV ARG TS O, BB LB EE D72
LRI DF 55, Hoveyda HIIBRIR T V7 v DB E I REWZFIHR L 23, 22Tk, 10
BERE COBRBHTIT ZH2. 20U LTIk EERBRERICITZELE I NTw5, T
T, Z GBI A 22 o AR D BIFE S T & 72 302, BIWMER Lo 7z i3 KISt
DSET T, ARG ANEET 2, 2D, K77 manzamine FHOLKITHB VT, B
BAZ 2 ARIGTOA L 7 4 v OVAKERP RERIIRE AFEE RoTnwb, 22T,
BRA &k v ARG % FHEIRIC R L 72 manzamine 2HD & & #8NT 5,

Hoveyda & . Dixon & @ nakadomarin A (151) AP EIAICH LT, BE DRI L 72 W fil
AWz Z ER A 2 & v ARG ZHE L7 (Scheme 28) %, Dixon &1, &KL 7z 150
X9 % Grubbs O —HACAMEE A Fl v 72 BABR A % & & R KJGIC T, nakadomarin A (151)% &%
L72% (entry 1), ZOKE, EfkI L7 4 vOERPERTH -7 (E/Z=60:40), L2L. CSA
ERIML, BEERT IvEeETe oAb d b e, BIRWEAWELR L 72 (E/Z=37:63,entry2), R LT
Hoveyda 513, 150 ZJTESMF T ic T W il 152 TR S 2 & | IR E2 B D I 7 AE IR T
DIREEL 72 (E/Z=6:94) L#E L7z, (entry3),

conditions
_
nakadomarin A (151)
entry metathesis cat. conditions yields EIZ
1 Grubbs 1st CH,Cl,, reflux - 60:40
2 Grubbs 1st CSA, CH,Cly, reflux 62% 37:63
3 162 toluene, rt, 1.0 torr 63% 6:94

Scheme 28. Dixon © & Hoveyda 5 @ Z {AZEIRIIEAIR A 2 & & A G
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Firstner %, HH DOHFEL 72 Mo Ml Z W72 X 7 AHERT AV F v A X2 2 v ARIGIT X B
njaoamine C (155) D& AK % #i5 L 72 (Scheme29) ¥, 7 b 7 7% v 153 % Mo filii 90 & & 3
I PV VIR T 60°CITMENT % &, FTE D e A~ 7 nB{LIK 154 22K 91% TF b7z,
ZD%, TAFxvOPETEETETREOFEZF T, njacamine C (155)D 2 H & #EK L 72,

K 90
OBoc -
\\ /N toluene, 60 °C

N 91%

NHBoc

2R A\

|
OH
HoN N

(-)-njacamine C (155)
Scheme 29. Fiirstner 5 IC X3 X T VEHBTAF Vv XA 2 X 2 ARG

Z N ¥ T manzamine FHDO K BEMEEICE W THRA X2 ARIGIZLHINTE 22, 2D
LWL 2R o Tw3, BARA 2t v ARIGIE., FEEICRN R FiEL 13k
250D, FAGEIGHTIHERH D L \Z 5,
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— A K EBRBEICE T, RA 2 v ARNEDOR M E LT X KRS B KIEDS, i
GRscEb~rug s ik ~2ug 22 0{LTHL, TNE TEELERMEASHIDFER
INTHY, OCEEIGEL 2GR ORBEVIES TH 5, Fric, RER~7F F oG
RPEIRCIETH D, 22 TlE, w7 8v 77 %2 2.4t% 72 manzamine $HD K BEREEG] %
T 5,

Evans © ¥, nakadomarin A (151) D KEE %2~ 0 7 7 2 Z{LICTHEEE L 72 (Scheme 30) ¥,
B L 72156 D T AT DK E, BocEDFREICE Y 7 I JB£157 & L 72, 15713 HBTU &
EtsN & & DI 50°CITMENT 2 &, ~27na T 27 X2 LT L. 158 A E L7z,

0 1. NaOH, MeOH
O _mor _ HBTUEGN m
< A
COMe 2 TFA, CH20I2 COzH MeCN 50 °C
NHBoc 0°Ctort
156 73% (3 steps)

nakadomarin A (151)
Scheme 30. Evans H ik 2~7 1 7 7 2 2{bTcoOKEBREE

Amat 5 /%, madangamine D (137)D &&KICE VT, AR ECTo~r v T 7 2 2L 2 W
L7z (Scheme 31) *, %5 ZPUBRPELED) 159 © Ts HDRE L T2 T L DK DI
EDCI & HOBt % Fl W 72 ff&ESMFIc T~ 27 m 7 7 2 160 % & L 72, 16013 LIAIHJZTTIC X 1 |
magangamine D (137)~ZHa X 7z,

1. Na, naphthalene

MeO,C, THF, —78 °C LiAIH4
0 NTs > > N
N 2. LiOH aq., THF, rt; THF, rt
- F EDCI, HOB N 7
DMF, CH,Cly, rt 68% g
159 75% (2 steps) 160 madangamine D (137)

Scheme 31. Amat HIC X 3 ~7 1 7 7 2 LML TDO K EBiEHE
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TH - £ 5 1%, madangamine FH DM G LD R I, Ho@H 1A 164 & madangamine C (167)
DREBRE~I 1T 7 X2 MUICTHEZE L 72 (Scheme 32) ¥, & L7z 161 O T 2T L DJIKSY
fit L Boc HDOBREZEMRTT I /162 & L7z, 162 1. ML (CMPD) CTUIET 3L, ~ 72
077 XN 163 Hh 27z, #51F, 163 @ TIPS K ZFRE L7z 164 %@ PRA L L T
madangamine 2~ L F5E L 72, % OH T madangamine C (167)D 2 D HDKEIRIX, 165 2> b %
HINT I /Mo~ rn 7 s 224t (165—166) 1< THEE S 7z,

TIPSO 1. LIOH aq. THF TIPSO

60 °C, 97% CMPI, DIPEA
- >
TeocN 2. TMSOT(, 2,6-lutidine TeocN CH,Cl, rt
CH.Cly, 1t
162 75% (2 steps)

CSA .
___ » Mmadangamine

’ —> Ikaloid

MeOH, 40 °C alalonds

100%

1. LiOH aq. THF
60 °C, 100%
2. TBAF, THF, rt

3. EDCI, HOBt
DIPEA, CH,Cl,
rt, 71% (2 steps)

165 166 madangamine C (167)

Scheme 32. TH - EEbic k2~ v 5 7 % 2L T K EBREE

Zokoie, =7u 77 2 MV KRERMEEL. GIERICTHEORILEZ 525 C
RS, FRBRKIEE WA S, L L, ZOHIEMERICIET I v & AnER v EBEORERE F
LED B Y AREIEOEN L ) ST IR OHMAEET 57k,
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B Bk SEIC X 5 Keramaphidin 20D 426 K

F—i GG

Keramaphidin D 2&KIC X, [ZRREOHLEOME [Zh+ L 74 v 2E&ED 2 20K
BURT I VEBEORE] v ) 2 00 EDRARMHATD b,

~

Baldwin H DA HKKEE (Scheme 1) '°Tl, 11 D43F N Diels-Alder KIGIC CTHIERMEA I =7
LAF Y 123 U7tk & F U FEITERE T keramaphidin 2 EAK I N E LTwW5E, L
L. 234 3=y a4t vzhALTEY, FFICHLETCHRAEBRLE L TORY v id, H
DCHEETH 2, KFEZRT 2720, [HEEKFHEEOERRILE/R] 2#FFRKL 7%= (Scheme
33), Thbb. EEGHPRIEOARLRE.EDOER L 70 3 BFRIFEF LI ANV = AVIEEEAL T
TINEE LA, X777 %2 La9EK 168 Zikat Lz, 2nICX D, 1) & Lo LEYR
EICH Y o AlEEIC 7 %5, 72, 168 DT F I FHEE, ingenamine (4)ICH S5 b Mo ¥ o5k
ERDICEATE, 2) BERERLD E#2 Y L7 D keramaphidin ZHOMGEG 2 AIRETS & &
7z

1 TREREE PRI 12 R=H: keramaphidin B (3)

R = OH: ingenamine (4)
1 EEILEL rad

RERHE PRI
bislactam 168

Scheme 33. F8 H [EA D BET
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R 77 2 LHEE 168 ORGEAKZ HIEL ., 1) ZIREFKOMHEE (169a+170a—171a). 2)
ZHMEREAE (1712a—172), 3) 2 DO RERIKRT I VS OREE (172—168) % #% % G REHH]
#IE L7 (Scheme 34), 1 DHOMETH 2 [=BEOPFLEH] I, e FeFs ) Fv
169a D Diels-Alder JUGIC TS 2, RIS TIE, C8a LD IUMKRFZZFELEL w3, fLiE
EREZFIEH L 200 e ok v, 22T, G2 ED 2729, e FrFo vl FY169a &
~ LA I F170a #HE & L2 HEHAEIC X 2 Diels-Alder KIG ' % 5HE L 72, #0113 55 i <k
523, K Diels-Alder )G 1%, ¥—EEH COEEFRHEC - 1YL D &5 6O FiFEz Hw
Th., WIRFL 2 MEER I RB L 2 o 7, WIS, (LEYofbSMECER L TBINES
mfl ] ST EEIRME 2GS 2 FRE VR L2, AT 27 2 L[k 168 DKEIRIZ, BRE
xR RZbDOD, FA—DREHEELXHL TS, %I T, Diels-Alder BR{LIK 171a 225, —
77 e [ i (8 % B RE I L g, HUEIC Y T e 2 F I AR TE 3 e E 27, 220HDH
TH5 [2 DOOKERT I viliE] 3. X7 VKEBERTALF LI THEET 2, Thbb,
TAFMMEIZT 2 DOKERZ —ZICHEL, €277 2 L%k 168 25K T %, kfkic,
B A 168 2> STELEE % % L. keramaphidin #0% &K 2 5HHITH %,

OH 0 .
(0) base-catalyzed . ;;ng;;e .
A | NH Diels-Alder unctionalization
N 0 U - SR
0]
O O, Dynamic
</ \) Crystallization
0] 0]
169a 170a
double
macrocyclic
alkylation

bislactam 168 keramaphidin B (3) ingenamine (4)

Scheme 34. ¥ X 7 7 & LA 168 DA Ak EHH]
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B ZRMEEEORER
H—IH Diels-Alder ))& D ILE &k

Keramaphidin 200D ZEREFHE OMEEICH T 25558 1. C8a M DFEIUMKR 2L L 2036,
Diels-Alder SJ& D VLAGERE: - ML EEREZMICHET 2 0Thb 5, 22T, e FrFoy
U F v 169a DIEESRHEIC X 2 Diels-Alder UG “ ICEH L7z (Scheme35), 3. 7uEt VY
VA=AV IV THLerF Y N 169ak, THEEYE— L 14 0HY )
TZANTHDLZLA IF 170a ZAKT %, e FrFo ) Py 169a (3, HECXhe b
L HDEMEL & . Diels-Alder KIEAMEEEX 2, C OIEMALIC X 0 | FEFLA R 7 58 ARk
FEAUCSRERHE1Ta AKX TE 2 L HE 2T,

OH 0O
OH o) base-catalyzed
Ho X | NH Diels-Alder
N =N\ e TN AL 1 A e
Nl + ):/NTIPS ______ TsN - + \ »
Z Br Br 0 0]
d 0
173 174 169a 170a

Scheme 35. —Ba1EE 1% D G Ak ETH|
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T, e FRrFOUY Py 169a DEKICHT T, MBEHA Y 7TV v X BT &2 — A O
BMAZWEI L7 (Table 1), BEATHEA 7R EL Y VYU —0 173 D 2 DOk FuFx iz
TIPST—F7A~EZHL, 1758 L7z, TORE 175 13RO > ) A7V OfEIEIC XY . TIPS
EBREI N, WEMET AV I FICTHEEL 72, Ni(PPhs),CL* Z fiftfit & L T DMF 55,
40 °C DT T 175 & AHEHENGAZE 176a DIRFE A v 7V v 7R A 72530 JFE 175 25 97% T
B E 2 DA TRICIE—UETL a5 72 (entry 1), filtit% PA(PPhs) ICER L7z & & A,
YD 177 BERL 72D DD, EITH 178 DAEM L & b ITFR 175 2RI T h, ARIEE L o7z
(entry 2), MIGOIEEEIH ., MIGIREA 80°C &2 &, JFROMESHEZRETE, 177 (48%)
& e HIc 178 (23%) 2ELU 7 (entry 3), #ITIHA 178 DA X, B- F Y FHEECc X 2 b 072
&z R@ICHIBLEE D e 2 B I PACL(dpphHE FV % & 178 DA & S Icilif L, 177 28
K 95%ICTHMTE 72 (entryd), b, 177132 ) A7 A TR 2 L EH/F 5D TIPS £
DHPREEI N 179 & L CTHEETE /=,

Table 1. iREH v 7V v ' OffEt

o OTIPS ]
OH TIPSCI OTIPS <\ )\j? —y OTIPS
- O ZnBr TIPSO
HO | N imidazole TIPSO | N . N| P | N
: 0 N~
N A g, DMF, rt N A Np, %;5::::/0) o H
90% » 1emp-
173 175 177 o] 178
OTIPS NMR yields?
HO entry [M] temp. yields of 179
| N 177 178 175
_ = N~
silica gel o 1 Ni(PPh3),Cl, 40°C - - 97%
</ 2 Pd(PPhs), 40°C 13%  15%  54% 14%
179 o]
3 Pd(PPhs), 80°C 48%  23% - 46%
4 PdCly(dppf) 80 °C 95% - - 89%

aYields were determined by "H NMR using mesitylene as an internal standard.
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FToN721719 bk Fa*o vl Ny 169a 24 L 7z (Scheme 36), 179 DERIFTIC Ts 2
ZEANLTI180 & L7-%, TBAFICX Y TIPSEZFREL T, TED 169a ~E\7-, ZZ T, &
TREKEZBEEL. 7Ry Mekiks, 179 % FERROSMN T Tk L 2%, % D % ¥ TBAF
Mz 5e, e FrFL ) Fy 169a 230G 50%TE L7 (entry 1), L22L. ZOREICE
Fof o Ea Tsibdhsz 181 EU 72, X512, 1811 169a & D EERHEETH 572, 181 D
AERICiE, p-TsCl ORGP EK & 7%, % 2T, p-TsCl Offifie % B KA MGt L7z, Ts
ftotk, EtOH % ¥ L TR L T2 5 TBAF #iz 2 &, HARFED 181 04K IZHA L 7=

(entry 2), X b RKIEH D3 MeoNH Z V3 &, 8421 181 DA K & HIHI < %, UK 83%IcC
T 169a ZHEECE 72 (entry 3), THICK D, YTV THiHebFuxs ) Fv 169a 2 bF 2
3TRTAHAMTE I,

OTIPS OTIPS
HO X (0] N O, N
n-BulLi, p-TsClI TBAF
N~ > TsN  _~ > TsN  _~
THF THF, rt
<O/ 30°Cto—10°C C o1% <O/
179 O 88% 180 (0] 169a O

| }

n-BulLi, p-TsCl, THF, =30 °C to —10 °C;
Nuc.,—10 °C; TBAF, rt

NMR yleld Sa OTs
entry Nuc.
169a 181 O\
1 none 50% 22% TSN~
2 EtOH 74% 15% {
b 181 0
3 Me,NH 89% (83%")

3Yields were determined by 'H NMR using mesitylene
as an internal standard. PIsolated yield.

Scheme 36. £t Fu ¥ v U F v 169a DEAK
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Kic, w4 IF 170a D& EHIEL., 72— A oEA %G L 72 (Table 2), BEA
AfER 7o Ern—A 174 RS 3WED Y 7 v Z7OEMtE, BIEDOH v 71 v 71K 182
L DHRTH o7 (entryl), Grignard it 176b Z FHWCHREH A v 7'V v 72k A 7225, KIG
YT L7572 (entry 2), ¥R —AVDOEFEEOFGIICLY, 2oy 7Y v IR
JO IR LT L, TAF AL TOBEAZKAR (entry3), 7 BE L B —)L 174 % n-BuLi I
TV FHL B, TAFArue I F176c ZMA 5L, K 39% THED 182 G T & 72,
Tz, REMIET7 VR y P RIGICT TBAF 2N % &, TIPS EOREI N H — )L 183 ~
FEN[EETH o7z (entry 4),

Table 2. &' 12 — L ICX 3~ % 7 & & — VERAE A O REGT

— condition
J::NTIPS -
—
(0] (0]

O 176a-c
174 o)\/\x o\) 182 o\) 183

- -
NTIPS NH
= Y

Br

yields
entry condition 176: X =
182 183
1 PdCly(dppf), DMF, 80 °C 176a: X = ZnBr trace
2 PdCl,(dppf), THF, 60 °C 176b: X = MgBr no reaction
3 n-BulLi, THF, -78 °C; 176¢, rt 176¢c: X = Br 39%
4 n-BuLi, THF, -78 °C; 176c, rt; TBAF, rt 176c: X = Br - 40%

Er—L 183 226~ L 4 I F 170a ~OFLEZ MG L 72 (Table 3), v m—1dfE{kix, PCC
FROIZEEPRESINTEY B, CoEMFEFTEO~L 4 I F 170a 2K 36%TH 2 7=
(entry 1), ¥'H— V3B HEG T TEATI I EXHMOLNT WS, £ T, PCCDIEMIC X
STHEATIAREEEZEZRB L, WAL LCEEF ) V22X 5L, D hkas oI H
U7 (entry 2), HESMFE S T3 PDC TEELT 2 &, KR KIEICHEL, 72%T
170a A TE 72 (entry3), L22L. AL AT —AT v ZicfEn, IERHEE KT L 72,
ZITVIRELL TV VY ERIRMLZE ZA, WELZIEE T LA I F 170a A ATREIC
ot (entry 4)o Ll b, WHFERA S, b0 2 TROERICT, DY) 741 ThHD
<L A4 I F 170a 2MEAGATREIC 75 5 72,

Table 3. ©° 12 — L DL D#ET

0 entry [Cr] base yields
-
~NH [Cr], base, Celite® | NH 1 PCC none 36%
o CH,Cly, 1t o0 2 PCC NaOAc 46%
O\) 183 OJ 170a 3 PDC none 43-72%
4 PDC pyridine 67%
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FIH BIRAE S LT X B AL EEIRAY Diels-Alder SG

VIV 169a BLUY T 7 40 170a BETKLTE 72D T, Diels-Alder KIGIC & % ZBRIEE#
DOIEEX HIEL 720 BAKMITIIBERIRT £ X — % D 169a, 170a D% FIH U 72 Bhofs &
L CHLEERME 2 HIH L 7228, REUGO SOCHEE % BfiE 3 2 720, WREoE WY 7517 ¢
£ — )L 169b, 170b % i\ > CTREMICHET L 72 (Scheme 37, Table 4)

OH 0
0. .
A | NH Diels-Alder
TsN =~ + — >
(6]
O 0]
169a 170a
OH 0
O N )
| NH Diels-Alder
TsN  ~ + _— >
BuO O%u
OBu OBu OBy OBu
169b soluble 170b 171b 184b OBu

Scheme 37. BRIR 7 & & — L 169a, 170a & ¥ 7 F LT & X — L 169b, 170b D Diels-Alder St

EFrF ) Fv169b &~ L 4 I F 170b %, CH.ClL & R vt v OREAREHICCT DMAP
L& BHIT40°CITMET 2 &, HIOBRLAR 171b & (78 RYEA 184b % 2 2 1L 5%, 14%
ThH %272, (Tabled,entry1) Z DK, exo RO AR IZMHER X ind o 7z, KIGIT endo FERIP
WCHEEFT L7228, ROGHEE AT TH b . JFE 169b, 170b 230K 50%LA EClE iz, % Z T,
LV FRWIFEE L LT, EaN % DBU ZilAh 7203, IERDOUGEICIZE S e o7 (entries 2,3), 1
BT X B FIGCHEDZAL B R o NTsd o 77, BRI TH 2 DMAP 28 L. RICHIOFA]
T L7z, LiCl 2% 5 &, RIGERKEICH EL, BRO 169b & (& B4 170b 23, %
NZNIE 39%, 20%TiFE SNz (entry 4), HOBIMICX v, KIeEom ERAfFcE 3 &%
Z NaCl, KCl 2N L 7223, 2o ORI ARRICICEE Z JUF X v &b o7z (entries 5, 6)o
Entries 46225, YV F VLA FAYOMREPFER 2720, LiBr Lil ZfafL7z& 2 A, 2%
WHY 171b ZULE 31%, 26% TH 272 (entries 7, 8)o U F 7 LA F 4 v O RKIEHE~DRE L
MEZTE =03, IERIMET Lz, 22T, AN LiCl & LC, MEEEZRE L2, BuN &
DBU %l L 7223, DMAP DFE L FREDOHR 2[R DA TH Y, HEOEHIC X 28T K
{Ted o7z (entries 9, 10), F 7z, HIEAFME T, LiClOoHR L & HITMEL =5E1%, FEC
H % 169b 75 H TN 170b Z BN L 72728 MR IIARRICICHEART R TH 5 L Db o7z (entry
1), WHEVF Y LAF AV PEETH o720, HEEDO ) F 7 L TH 2 LiCO; ZilAa
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7B, RIGIE YT L > o 72 (enttryl2), ¥ 7z, HIEEETH 2 LDA Tk, HEBHEL .
169b—171b, 184b (ZfER X N2 D> 5 72 (entry 13), LU EDOBE 2 6. KRS D RS % |
DMAP, LiCl & L7z, £72, REHFTIE~L A4 I F 1700 D7 v b ALAEE SN B 25, 9593
ErHeipr e b APPSR TH L, e FrFo ) Py 169b 23EMEL S BRI,
Diels-Alder UG HETS 2 LHEE L 72,

Table 4. Diels-Alder K J&1C & 2 ZBHEALEY 1710 O & LD st

OH 0
o) base (10 mol %)
A I NH additive (1 equiv)
TsN .~ + > +
B O CH2C|2/CGH5 =1(0.2M)
uo OBu  40°C,3days
OBu OBu
169b 170b (1.2 equiv) 184b
NMR yields?
entry base additive

171b 184b 169b 170b
1 DMAP none 5% 14% 55% 68%
2 EtsN none 1% 4% 91% 82%
3 DBU none 3% 6% 61% 53%
4 DMAP LiCl 39% 20% 8% 22%
5 DMAP NaCl 3% 10% 75% 97%
6 DMAP KCI 2% 9% 70% 101%
7 DMAP LiBr 31% 16% 10% 42%
8 DMAP Lil 26% 12% 7% 48%
9 EtsN LiCl 36% 18% 7% 27%
10 DBU LiCl 33% 16% 10% 30%
11 none LiCl 0% 0% 83% 92%
12 Li,CO3 none 0% 0% 85% 95%
13° LDA none 0% 0% 0% 0%

3Yields were determined by "H NMR using mesitylene as an internal standard. "THF was
used instead of CH,Cl,/CgHg
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KT, A Diels-Alder G D AL IC DO W CFAEE L 72 (Table 5). Hifff L 72 171b % CHyCl, & X
VE Y OREGEIEFICT DMAP & L DICMBALZE 25, 171b AR E L7z (entry 1), D
Zepb, REFTTRIFAHRIGE L2 %, —J7. DMAP & LiICl # 4L 72%5&. e b
FEY FY169b <L A I F 170b, (7iESIEM 184b DAL HER TEZ 72 (entry2), T72b
B ARIGIE LiCl oIl X v o JEndize ROGosnlidi~ e 2109 % S HB L 7z, £ 72, NaCl,
KCl DG %EiAA 5 &, Wi td—YHEfT L 72> > 72 (entries 3,4).

Table 5. ZER1ELAY) 171b D retro-Diels-Alder KGO F

BuO OBu
OH OH)/
DMAP (10 mol %) 0 79
additive (1 equiv) O X :
o | NH
— - TsN ~ + +
CHQC|2/CGH6 =1(0.2 M) BuO O%U
40 °C, 3 days
OBu OBu
169b 170b 184b
NMR yields®

entry additive
171b 169b 170b 184b

1 none 98% 0% 0% 0%
2 LiCl 38% 12% 24% 15%
3 NaCl 91% 0% 0% 0%
4 KCl 93% 0% 0% 0%

aYields were determined by 'H NMR using mesitylene as an internal standard.
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ALiE SR 184b 1B L T b RIBRICH G ZFHA L 7 (Table 6), HEEL 72 184b % CH,CL &
RV DREGEBFICT DMAP & & b ICET 2 &, 184b AN X L7z (entry 1)o XL T,
DMAP & LiCl Z 7N L 72385413, 169b <2 170b 35 X CHIHY 171b 234K L 72 (entry 2), NaCl,
KCl DFMNTld, #RSIEETE T, 184b DA D [EUN X 4172 (entries 3,4)

Table 6. i/ & 114 184b D retro-Diels-Alder & D F1E

BuO OBu

OH )/o OH 0
: DMAP (10 mol %)
0 2 additive (1 equiv) o N
NH | NH
TsN _ TsN .~ + +
O
OB CHQClQ/C@He =1 (02 M) BuO OBuU
40 °C, 3 days
OBu OBu OBu
184b 169b 170b
NMR yields®
entry additive
184b 169b 170b 171b
1 none 97% 0% 0% 0%
2 LiCl 1% 1% 22% 27%
3 NaCl 92% 0% 0% 0%
4 KClI 95% 0% 0% 0%

aYields were determined by "H NMR using mesitylene as an internal standard.
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KIIGICE T % LiCl DXhHE 1. Horner-Wadsworth-Emmons & D Roush-1E775:4: # % &% (1
£9 L7 (Scheme38), £¥., I THZDMAPA L FaFs ') Fr169bD L Fu ¥ ir
WAL L7 185 23E L B ¥, 2D 185 O—fi28, LiCl L D AF A VR TY F v LT LaFx
v F 186 ~eAHax A, XY ENEEALFRE L 25, AT K Y. Diels-Alder RISAMEME X 21,
BRAA187 x5 72tk 70 b VLICTHMWD 1TIb EKT 2 L EZTw5, HKIBICEL T
bEFRIC, 171b DFE =M/ T L a2 —AD DMAP I X 3iEt{b & LiCl t DA F A v Rffc X - T
HEATL T2 LHERIS 2, (ZEEEAE 184b ICBIL TH R TH 5, LDA ZH 755, 186 23
BT AR I B 2 b DD, L4 I F 170b BHERICH K, HEBMRELZLEZ D,

_H--DMAP
OH o OLi
Oxn X DMAP O LiCl O 170b
—_— E— —_—
TsN _~ B TsN. - < TsN  _~ -
BuO BuO —-HCI-DMAP BuO
169b  OBu 185 OBu 186 OBu

—

O

@

H
. | NH

-
® )
-Li OBu
OBu OBu OBu OBu OBu 170b
S —
187 or regioisomer 171b

Scheme 38. LiCl @ £ € %h 5
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CZETOMARE L L2 (Table 7). BIFEDEVY 7 F LT £ X — ) 169b, 170b DA
T D Diels-Alder )G E. LiCl JEFAE T Tl FERIHRIGTH O | B SCACIC D W 72 5%
REARFKBIL 72 (entry Do XL T, LICILEEE FCld, G E 72 0 . BRI B 7RI
Fo< (entry 2), LU, AKIGOMEERYE X, SHEHRTATIE 171b:184b = 0.4:1, BTS2
XECTIE 171b:184b=2.0:1 &, EH L DFEEZMCTH T LR AT O N d o7z,

Table 7. ¥J—&#& H T D Diels-Alder )G D F & 0

BuO.__OBu

OH 0 OH )/o
o DMAP (10 mol %)
N W additive (1 equiv) Y
TsN  _~ + > +
B (@] CH,Clo/CgHg = 1 (0.2 M)
uo OBu 40 °C, 3 days
OBu OBu
169b 170b (1.2 equiv) 184b
NMR yields® regio selectivity
entry additive ’ comments
171b  184b  169b  170b 171b:184b
1 none 5% 14% 55% 68% 0.4:1 kinetic
2 LiCl 39% 20% 8% 22% 2.0:1 thermodynamic

3Yields were determined by "H NMR using mesitylene as an internal standard.
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H—EWH T @ Diels-Alder JGIC & 2 ZERPEEAE ORI, LA, B BLO &5
LOSETTH, W LABIREDBRE L o7z, 22T, BIRT7T 22— % b 2 H off
EPEICER L, 37abb, MimtkomuEE N L GERTREED H 2 [EffRL > %
Bt L7z, o7 X 5 CERESLiE. ChECOMERNCREEARVITATLA~
— D EMACSOCICHIH X LT & 72 (Figure 5A), Z D729, {bEYIOEK L BiEto 2 TRZF
BB 0Tz, —Ti. RRIGTIE, WP CO 2 551G & & FRFICEB L 2235
PLEEREZ F#H 32 (Figure 5B). T bbb, (LEWA & B2oAEEYI C & DAELNEF
Rtk L 2 A G b, BRI X 0 HIUY C 2BIRINICAT 5., < OFEIRMEH
HoEEICIX, HWY C2MhobE? A, B, D Cildih EERP o2 coltEP ot c, A
R DAR W TR T IE R & 7w,

A) Isomerization (previous research)

B

@ crystallization g

B) Two-componet reaction (this work)

crystallization <
=

Figure 5. B L IC X 2 @R
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Z 2T, BET 2LV OEMRE ZEIE L 72 (Figure 6), & Z TORME X, EREHT T
FOGERE (CHCL/CeHg = 1) ICRF2{HTH 5, BRIRT v X2 — V%G9 5 HE 169a-171a, 184a
LY T FNT X = 169b-171b, 184b Tl BHEICEHE AN RNz, YT FAT X -1
IZ 170b, 171b, 184b 25HRILEMITH 2 DK L, 169b 13HEEHTH o7z, —J7. BERT v & —
LTl 169a-171a,184a DR THMEE TH o 72, ZOHTH, HHIDOERUIAK 1712 2% 0.3 mg/mL &
B D IR oA HRT SO U EDIETFIC W EHBAL 2, Zhic X b, By
A 1T X 2 AL ERPERIE o EH Rt 2R % X vz,

o_ 0
OH 0 j
OH
0) /7 0
N | NH o
TsN = NH
0 TsN
0] (0)
169a 170a 171a 184b O
16 mg/mL 700 mg/mL 0.3 mg/mL 18 mg/mL
BuO.__OBu
: : o
0) SN
| NH T
TsN =
BuO o34
OBu OBu
169b 170b
370 mg/mL oil oil oil

Solubility in CH,Cl,/CgHg = 1 at room temperature.
Figure 6. Diels-Alder S0 D BEEAL A D ISR KL
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PSR Lic X 2 BRSO O EEIRERIEHZ Hig L. BRIKT £ % — 1 169a, 170a
% > 7z Diels-Alder G % 5T L 72, 169a & 170a % CH.CL & < v ¥ v ORAREFIC T, fil
5 D DMAP, LiCl & & % 1T 40 °C IZHNZAL 7z, (Table 8), 1 H CKIGEFEIEL 28413, HIY
DOEALIR 171a 2EK 13%., (7l RYER 1842 2% 25% TS 1L, £ OALEEIRMEIX 171a:184a =
0.5:1 TH o7z (entry 1), 2 HfE, 3 HIH. 4 HRE & NEAT 2 K] &2 X3 & . 184a DO UGE L
DU H 5 171a ODPCKAHIINM L, Z OALEZERME X 2.9:1, 10.0:1, 189:1 &¢F L EL 7%

(entries 2-4), ¥7-. RIGHEZ BN 2 1coNn T, 171a O HEOFRE OB R TE =, 7
B, MMUAYOZARBCE 2. X HRS SESHTIC CTRE L 72 (Figure 7) 4

Table 8. BiVAE L IC X 2 ZERIE(LEY) 171a DA OFRET

OH 0
o DMAP (10 mol %)
N | NH LiCl (50 mol %)
TsN = + > +
(] CH,Clo/CeHg = 1 (0.2 M)
0 0 40 °C, time
</O OJ
169a 170a (1.1 equiv) 184a
NMR yields?
entry time 171a:184a
171a 184a 169a 170a
1 1 day 13% 25% 47% 65% 0.5:1
2 2 days 52% 18% 1% 40% 2.9:1
3 3 days 69% 7% 6% 32% 10.0:1
4 4 days 71% 4% 5% 31% 18.9:1

3Yields were determined by "H NMR using mesitylene as an internal standard.
171a (0.03 mmol scale)

0)
184a OJ

@
b=

Figure 7. Diels-Alder B2L{K 171a 35 X OF 184a @ X Hihk SRS AT
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KEIGNE AT =T v 70355 TdH - 72 (Scheme 39), 8§mmol 27— Tld, KIGIEEZ 1.0
M &7 B8 HIEMET 2 & 1A D & DREHRIC TINE 77% TR E O ZEBRIE(LAEY) 171a 23
HEftc& 7z, 2ok, R ABEEAERL oo, ME@EREoTeLHEZZER L, =
BRI A 1712 DEYRI I Aa k% fEr L 72,

OH 0
(0]

S | NH
TsN __~ +

- 2

/ 169a (1.0 equiv) 170a (1.1 equiv) ‘\\

8 mmol /\
My o 0_ 0
oA
oy L e DMAP (10 mol %) oH /o
SN LiCI (50 mol %) o
O =
o o CH,Cly/CeHe = 1 (1.0 M) . NH
</ \) 40 °C, 8 days
0
o] 0 o
171a: 77% 184a: 0.5% OJ

(crystals, least soluble) 171a:184a 2041 (crystals, soluble)

Scheme 39. B1YfE AL IC X 2 {7 EIE R Diels-Alder 5t
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F=E1 5 mEIREA R

ZBRYLAY 1T1a AR TE DT, FT7AKBKTAFALOREE L 25 70 2 F 172
DEREZHIEL72e ¥ 70 I 172 DAKICIE, 3 DOBED RSB UHTD 5, [FEHEIDH
ZhTra—rolifgERle] & [SBERAIND6BERT 7 X L~OBRILK], 2200 Zk+ L
7 4 v ONMERN L] °Hd, TNOHBEOMIICIH T, K DA KEHH % 7T 7

(Scheme40), ¥ 3. Diels-AlderBR{LIA17T1a DE=MH T v a — v 2 HEFL L <. 188 ~E
KT, 4 I FEOHNKSFZRET189 & Lizth, —REFEOMELHER(LEZRE T, 6BERT 7 X
L 190 2T 5, WRIC, ZIEA L 7 4 v OASEIR AR L <. SO SV Wittig
RItERW3, 2o Witig KIGIC X 2 REFEHOME L. Z 0% BEHREEEZ I Z — 5 M E R T
ZIE, IR TY 7 I N INEAKTE L E 2T,

C-N bond
cleavage

one-carbon
homologation

190
Scheme 40. & 7’1 I F 172 O & A EHH]
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P11 Diels-Alder BLIADBiIFEHEL Z MG L7, 3. Barton-McCombie FeffF%Zida & 5 &
L7228, 3 v 7 —1 191a BERTE b o7 (entry 1), T, 171a ZiIGEHE Gl 7 v b
vtk e, LTI F T F2 D retro-Aldol RIGE R & U 723 EH D@03 8EfT L 727289
HEHIL T3, 22T, 59T CEARRLEFAALR=Z LA IXY L —F 191b,
7z NFFH—FA— P 191cEEH L7z (entries2,3)s L2> L. 554172 191b, 191c % AIBN

ERFALF Y TF AR L & HIT 100 °CITET 2 &, ITEOBEERAE 188 1353 5T,
ERNRL 72, HERNERSFCzZ O N WwEE 2, EsB LBELZH VT, BRTIVHL
ERAEIEZEIA, BBELTIEIRL, 7220 F A —FA— 1+ & Ts EDBBREINEZT L

a—1 192 57z (entry 4),

Table 9. 55 =4 7 L 2 — L DR EAV D R st

reaction 1. reaction 2. NH
—_— —_—
2
reaction 1. reaction 2.
entry 191a-c: P =
conditions yields conditions yields
NaH, 082
1 /‘QJJ\SMe (191a) THE, rt decomposed
Mel, rt
J]\ TCDI, DMAP . AIBN, n-BuzSnH
2 FEONTY, (1910) EtsN, CH,Clp, 1t;  41% toluene, 100 °C decomposed
S PhCO(S)CI
AIBN, n-BuzSnH
3 JJ\ (191c) DMAP, EtzN 51% toluene. 100 °C decomposed
% 0Ph CHoCly, rt '
S EtaB, 02, n-Bu3SnH . o
4 /‘ej\oph (191¢) toluene. rt 192: 80%
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Barton-McCombie 518 CIIMIERIC IZNEEZ & & 2. Marké 5D Sml, Z W72 —E T &EITSH
fRFicEH L7z, 51, HMPA ZIIL 72 Sml, IC T, p-toluoyl T A7V 193 L3 % &, i
BELIR 194 M5 57z L3 L7z (Scheme 41) 9,

(0]
p-MeC5H4 (0] Smlz(HMPA)4
—_—
THF, reflux
AcO
AcO 62%
193 194

Scheme 41. Marko & i X % il 5L 0

Marké 5 D5etF% S RIOFE @A L 72 (Scheme 42), % =7 /L3 — v 171a IT p-toluoyl J&
ZEALTI9AE L7z, 2B 4 I PEOERET D p-toluoyl (L T 7z 195 BEK L 7z, %
T, KA LCE3EED MeOH ZiRM L7z 2 A, 4 I FEoARFMREI L, HHO
191d BEHTE 7z, 2D 191d Z. HMPA ZiRfIL 72 Sm & & $IC 60 °C TULEES 2 &, Ts &
DFRE & IR SET L. HIVY 196 23K 23% L RIE 2o b fF oz, HIYDM
R 196 ZAKTE b 0D, KINETH 57217 T2 <. HMPA & 196 D523 A &
5 MDA U 7z,

p-MeCgH,COCI

DMAP, Et;N
—_— —_—
CHyCly, rt MeOH, rt
96%
0]
)]\ inseparable from HMPA
0]
H
ool
Smly(HMPA) 4 NH
—_—

"y g
THF, 60 °C )
o
23% { J
0 0
196

Scheme 42. Bl 2L 196 D A AL
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% 2T, Wittig SOGIC THISEZE A L 7238 72 13, MIEMEL &2 b, HMPA & D BERE
i & # x 7> (Scheme 43), 3. Wittig KIGORAF L A2 A F=7 L4 199 Z&K L
Tro 15-_V RV YA =197 LRI T A2 — L 198 ~ZEHa L 724, 198 D EFE(L.D#%. PPhs
L DITMEAL T, FRKF=Y LG 199 & L7z, Diels-Alder BRALK 1712 12, F=HT7ra—r1
& A I FHA ptoluoyl fL L 72#%. MeOH Z AT 191d & L7z, Dk, 7 v KRy b KG CHEEE
EROTIUKARICE D T AT e F200~E 87z, 2001Cx0f L, FAF=v L1199 2> 55
B ARLEAY FCUHT 2 &, 22007 A7 b FCRIFIC Wittig KIGHHET L, Zik+1L 7
4V 201a DSHE—DVAREEFE L LTERTE %,

1. PPhs, CBry
BOMCI, NaH CH,Cly, 11, 91%
NN NN NN
HO OH —— > HO OBOM — >  BrPhgP OBOM
THF, rt 2. PPh3, MeCN
197 198 80 °C. 88% 199
90%
~ (¢} 7 0O
p-MeCgH,COCI
DMAP, Et;N
CH2C|2, rt;
—_— —_—
MeOH, rt;

199, +BuOK

—_—

THF, 0°C

79% (2 steps)
single diastereomer

Scheme 43. T 2 7 L 201a DEK
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FHN7 201a I<xf L, Marké & DRIGEME%FEM & L, &bt %2 72 (Table 10).
60 °C IZHNZA L 7z 201a © THF A IC, HMPA 245 L 72 SmL %M % % &, HIYO MRk
202 23K 25%, Ts D AP PRE X N7z 203 25 10%. TsH & p-toluoyl A FRE I N7z T v a—
204 2 37% TS b7z (entry 1), 22T, TAa—1 204 DAEFKMHEHZHIEL, ELT 3T
AT NDFEFEREDBEWRILE o-Me, m-Me, H L AT L 724, HIWD 202 OUKIIET L %

(entries 2-4), SmL~DFNMA % LICI R EGN~EZEH T 5 & T AT ALDIRITO KIGHEIMET
L. 203 22572 (entries 5, 6), AEEZ A DE W 1,4-dioxane ~ & ZH L, 100 °C i/l
BT 2L, 204 ZOT R0 IHIGIL 203 o, BEEHRA 202 230K 34% T L ALz (entry
7o BHRIFT LD 70 b v MK T OJRKZ &# 2, 0.8 F&ED NaH T L 72#21C Sml, %
Mz 2 e, HEEINGEE 43%IC THEESEILIK 202 3G T X 72 (entry 8), 2. AL 72 202 13,
HMPA & A5 1B nRETH - 7=,

Table 10. Sml, % FH\» 7258 =# 7 v 2 — v D Bl =L D 5T

Sml,, additive

—_—
THF, temp.
NMR yields?
entry additive temp. Ar
202 203 204
1 HMPA 60 °C 201a: p-MeCgH, 25% 10% 37%
2 HMPA 60 °C 201b: 0-MeCgH, 17% 31% 48%
3 HMPA 60 °C 201c: m-MeCgH, 15% 29% 42%
4 HMPA 60 °C 201d: Ph 1% 3% 21%
5 LiCl 60 °C 201a: p-MeCgH, 0% 90% 0%
6 EtsN 60 °C 201a: p-MeCgH, 21% 68% 5%
7 HMPA 100 °CP 201a: p-MeCgH, 34% 12% 31%
8 NaH, HMPA® 100 °CP 201a: p-MeCgHy4 47% (43%%) 7% 13%

aYields were determined by H NMR using mesitylene as an internal standard. b1 4-dioxane was used instead of THF.
°NaH (0.8 equiv), 1,4-dioxane, rt; then, Smlo(HMPA) 4, 100 °C. 9Isolated yield.
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(FEHMLDFE =M T v a — A OiigElL] & 220D 2K+ L 7 4 v OIREIR S ] %
ER L7720, [5EBBRAIFND 6 BRI 7 2 L~DBRILK] KET LA, I3, MAKSRIC
X254 IVHEORBREZMET L7z (Table 11), HEMSM & LT, 202 % NaOMe 3 L < I KOH
L BIT60°C ETHMEL 7223, RUGIZ—YIETE 3, RO A ZEILL 72 (entries1,2), 7=
80 °C ITMENL 723561k, FE O AR S Nz (entry 3), MEMEET CHRRT 2 2 LI

72 { . BOM 2 RE X N7 206 2315 51 7- (entry 4),

Table 11. 5 BB A I F ONIIVABE D #IC X 2 BHER DRRET

conditions
D ———————
entry conditons results
1 NaOMe, MeOH, rt to 60 °C no reaction
2 5M KOH aq., THF, rt to 60 °C no reaction
3 5M KOH aq., THF, 80 °C decomposed
4 4M HCl in MeOH, rtto 60 °C 206: 54%

BT, BILSRMFIC X 2T v a— 207 D& AT L7 (Table 12), L 72> L. NaBHs Tl
202 I3BEITC I N d o7z (entry 1), BITHDEL, 7 I FEEZT L a— 1 ICEATE % LiBHEG
ZRHGZERIZ, 202 13ETCE N3 DD, ~IT7 IF—1 208 SFAERLh 572 (entry 2),
Tz, 208 ICFEA DM EBEHT 2D, TAT e FEEDHEREIMERCE 2ok, 22T,
202 25 DA I FEEOFHER X REE L WL 72,

Table 12. 5 B4 I FDIEICIC X 2 FABR DRET
K OH

O
conditions BOMQ NH, OBOM  BOMO
—_—
—_—
207

entry conditons results

1 NaBH4, MeOH, rt to 60 °C no reaction

2 LiBHEt3, THF, —20 °C to rt 208: 95%
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A I NEOBHBRAREERZERE LT, 5 BEA I FOEANS L, FRICKEAZALF
—RRBEL T L0 LMLz, 22T, BAOKE LAY 707 v v EfRH L 2BRIEAK
JGICEHRH L2, ERNIGIE, a-7BEAFA-L-7 P T AT 209 % SmL TiEILT 5 &, Bk
KU7 211 235607z L& L7z (Scheme 44) S, bk, RRISTIRTAFAF <Y v L
BEL7H, 7 by ~OMIBH#ET LT 7 a 7 ay 210 o7z, BERAEMHTE L
ICBRIER T 2 & SOCH 2 HEE L 72,

EtO,C Br EtO,C EtO,C
o) Sml,, MeOH O[Sm]
—_— > —_— o
THF, rt
209 210 211

Scheme 44. ERJHIC X 2 a-7aE A F-B-7 b T X T VDOBRILARIG

Z T, REMFIC X 2BIER %A 72 (Schemeds), 20257 vEZ BB X X VICHT 5T
nNEMLITT, TAFAaral F212a G L7z, 212a iE NaBr 25 &, TaAFar 7o 3
N 212b ~ZHA[RETH o 72, 212a 7213 212b IR L, Smb & AW 725RH5KIC X 3 213 DEKK
BTz, 7m Y F212a 5 1d, RIGOMETHMHEZRTE o7 (entry 1)o 70 I F 212b %
w281k, 7r I FoRITRETLZb o0, BRILAKLZ 213 356 0nd. A F 1k 214
BUGE 86% TIFHNTze TAFAY <Y T LFDA I FAALFZA~DOMINDBETL b o7z
EEZbND, LEICE Y, BRI OFEIFA I FEICIE@EHREE & BT L 7=,

CICH,Br, K,cO,  BOMG

Sml,, MeOH
- > - >

MeCN, 60 °C THF, 1t

212a: 53%

202 212a: X = Cl NaBr, MeCN, rt
212b: X = Br 89%

entry SM results

1 212a 212a: 93%

2 212b 214 : 86%

Scheme 45. a-"H X F)L-B-7 b TR TV 213 DERK & BRILKDMEET
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KT, 4 I VEOERFTFICETRIIEZEATIE, BBERED 1235 72, C-N fE& 4]
WL A< 7m0, RFELERTE 5 & F 272 (Schemed6), HAHDFIEPEH . 202D 4 3
NI A A EDEINIC Tsfb LT 215 & L7z, 2D 215 % NaOEt CULHE$ 2 &, HiffE Y 5 IR
FIBRL 7z F LT 27 216 DAEKZ '"H NMR CTHERETE 72, L2 L. 216 IZiEMEERFEIC XY
thaic 215 ~FBRIL L7z, £ 2T, 215 % NaBH, TEICL, BRIR~I7 35— 217 & L7z,
OB, RIGIRED 0 °C Tld, BRK~IT IF— L OBRICK VAL AZT AT & F~DREITTH
HETL., 7Aa—n 8B4 L7 (entry 1), —J7. —20 °C TIEHERIK~IT7 I F—1 217255
INERICTHBRTE 2 (entry 2), A 217 OV cE L 2 77 v FEAAT UL, BRILKIC
W —RFZBEANLDD, BERLEIT 2 & & 27, EEIT, 21713 Wittig UGIC T, —KH
PR INT ) =T —T L 219 ~UE 86% THERHETH - 72,

H O
O, p-TsCl, EtzN
BOMO NH OBOM MezN<HCI NaOEt
— > R
CH,Cly, 1t EtOH, rt

91% 86%

202 215 AN / 216

NaBH, evapolation
EtOH, temp.
yields

BOM entry temp.
PBOM | oML 217 218
@ 1 0°C 40% 51%

—

2 -20°C 89% 0%

MeOCH,PPh,Cl
t-BuOK

THF, 1t

79%
ElZ=0.31

219
Scheme 46. 1 I FEODFHER L —~KFRDOMHRICL 2T/ — 1T —T 1219 DEK
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I/ —NIT—TNW29% 6 BERT 7 & L 221 ~AfaL 72 (Scheme47A), 219 D Ts %, /K%
WL 72 SmL CTRRE L TH—# 7 I F 220 ~FFE L 72, 15517 220 Z MeOH ##H @ HCl T
WS 2L, =/ =V —T7VOER, o THERLICX 2 6 BERT 7 X LB L.
BOM B DFREN—FITHEIT L, NO-7 & & — 221 %5 2 72, WiEHELIA 202 LA DR L 7=
FOGEMEIE, SAERIERMZ T 2 &T, Ty Ry MUIZKII L7 (Scheme 47B). 202 % Ts
fbL72%. 7 vKy FRIGTHEERD EtOH %2, 20 °C ICH T NaBHs THRILT 5 &, ~
1T IF =0 217 UK 88% THMTE 7z, 217 % Wittig UG TR L 72%%. SmbL & K%z
T L., RIRICHCIZBINT 2 L. 6 HE T 7 X 4 221 K 77% TR O L7z,

NHTsOBOM  Smly, H,0 ~ BOMQ 1M HClI
THF, 1t MeOH, rt
95% 86%
(B)
H 9 p-TsCl, EtsN H OH
: MezN-HCI & N MeOCH,PPh,Cl
BOMO NH OBOM  CH,Cl,, rt: BOMO o NTs PBOM  £BUOK, THF, rt;
—_— — >
NaBH,, EtOH Smly, Hy0, rt;
-20°C 1M HCI, MeOH, rt
= 88% = 77%
202 217

Scheme 47. 6 B2 7 7 % L 221 DAL
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~NITIF =N 21T B X INO-T & & — )L 221 DN ZARECE L. NOESY F2ERIC X 0 IRGE L
7= (Figure 8).

221 (500 MHz, CDClz, NOESY) OH
Figure 8. ~ 3 7 I F— 217 & N,0-7 & % — )\ 221 D ARRTE

{HI$E % n-Pr FEICEREAL L 72 217-1, 217-10, 221-1, 221-11 ® DFT 515 X 0| 217, 221 132007221
ICH R AL LBz EER L7~ (Figure 9), 217-L 217-I1 ZHEET 2 & 217-1 DJ5 A
LHETH 72 (0 keal/mol vs 2.9 kcal/mol)s TDIZ &6, 217 TIE~IT IF—1LDFEHEIC &
WELZT7AT e Fefl L 2B LRICHFEE L. BVIENICLER 217 Eond LEZ
7eo F 72l 22141 221-11 DL TIE, 221-1 2L ETH o 72 (0 keal/mol vs 1.4 keal/mol), 221 D
NO-TX—=NiZ, BICX2T M4 =29 AFVvOERENLIZBELRISICX Y, LE
220G N EEFRL I,

H OH H PH = H H

0 N 0. : O «~OMe O OMe
Pf Pr O Pf Pr O Pf Prg PFPrey
217-1 217-1l 221-] 2211l
0 kcal/mol 2.9 kcal/mol : 0 kcal/mol 1.4 kcal/mol

Figure 9. ~ I 7 I —/L 217-1, 217-11 & N,0-7 -t % — )\ 221-1, 221-11 DEAIJF1LE 1
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RIS, BH-BTra—roRFE MeOH DBEIC X2 71 I F 172 DAL 72

(Table 13), 3. BFR{CZHIEL. Msfb L 721&IC LiBr CORFEKAZZH, A4 — 221
ZEUX L 72 (entry 1), Appel BUGZRA 5 &, BRIT X S 222 DAL & b I MeOH D Hithft
DHEIT L7z F I P12 35 o7z (entry 2), MeOH Dt ix, [ISHMIC T HBr 234 U T
fTLZLHERELCwa, T, AlERE LT 2EEO YY) V223 L 224 DR CE 2, C
DT Enb, REMNDOKIGEEIEL ., iz F I FERIELZ L, BRICX Y 223 & 224 i
DRT D EE LT 22T, A IXY VBRI 7255385 ESM T cRFE(L L 24, TFA %
Mz THEEFFIC T+ I FME3 2 &, 112 DICKRP A E L2, (entry3), 72, LY /7 mnm
IRYANEZEHEL, 40°CICT 1T I M2 e, o m EL T51%7T 172 28
HBRTE 7 (entry 4), ALl X Hic, FTVKEBERT A FAMULOEE L2V 70 I N 112D
B RS 2 AT L 72

Table 13. ¥ 7’1 I F 172 D &K OWEt

(0]
conditions Br

«OMe
Br

221 222
entry conditions yields of 172
1 MsClI, Et3N, CH,Cl,, rt; LiBr, acetone, rt no reaction
2 PPhg, CBr4, CH,Cly, 1t, 18 h 29%
3 PPh3, CBry, imidazole, CH,Cly, rt; TFA, rt, 1 h 38%
4 PPhg, CBry, imidazole, (CH,Cl),, 40 °C; TFA, 40 °C, 1 min 51%
Br Br
0 X = )4 =z | = )4
HN .~ HN
223 O 224
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HUffi KBRS & 26

7R IF A AR CTE o, HEblikE LTRELAEERT 2 XL 168 BLD
keramaphidin B (3). ingenamine (4) D3 KICEF L7z (Scheme48), ¥ 71 I F 172 13 7 v F Ak
ZMIc T, 200> 7 nBLA—ZICHEITL, BRXF 27 XL 168 52 % L EHHI L7, 168 7> 5

. 7 IFHEE T I PEEZFIRICEITL T keramaphidin B 3)%. 7 I FREDOBLZF7-&R
JCIC T ingenamine (4)% 25K T %,

double
macrocyclic
alkylation
................ P =
................................ i
172 bislactam 168 R=H:

keramaphidin B (3)
R = OH: ingenamine (4)

Scheme 48. £ 2 7 7 2 L HifEl{k 168 I L UF keramaphidin B (3). ingenamine (4) D & )5 FE]

—fkic, =27 uB{LOBRERTERE LTid, BRA X2y ARIGEDH 5, w7z X9
IZ. FEFRICT manzamine ZHOGKTIE, % DEATHERA X2 v ARIGHBFAHEIN TS, L
Pl FTALTZ VAR LY ZARETIHINRS AL 7 4 v OVAREIREOFIMENICEEERED . 7L

FURAR RV ARIGTIIFETOLRELEL TS, 207D, X ORRN R KRARERBEDF
ERDOEN D,
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B R T 7 X LR 168 DERICHE T 2T A FAMUBRISEHRA 22 v ARG Z IR T 5 &
BTS2 BIEROE L V) T, TAFMUKIEBHEHTH 5 (Scheme 49), T&bbH, 7 b
AV 7 4 v 2258 “HWBABR A 2 2 v ARG TR, —FEH DB T 226-231 ® 6 D D Hft{A
DU 2R H Y. TEH DR T 226,227 2L IHMDO E R T 7 X 2,168 23, 228,229 %
O TALE R 232 25, 230, 231 20 O (IALIE RN 233 3BT 5, 2T KD 225 DEAER X
2 ARG TIE. 168,232,233 D 30D BYEAHE U B AHEM D H 5, £/, T bIThZT
FL 74 vONRBEMALELES, CHIEHLT, ¥ 7RI F 172 DT A FLKIE T,
—JEH DL T 234-237 D 4 DO HREAR AL U 7. TFEH DBMEIC T 234,235 2> 5 I 168 23,
236, 237 51X 22 BEo N5, 2F D, 172 DTV FIALKIGTIE 168 & 232 D 2 DD FpE(k
BEZOLNE, ZDLkSIC, EUEZREERITAFIAMMUIGEDITTHED I, HBA X2 X
Ko, B ES N 3 alEEE XS s, HW 258 IRMic 5 282 LW HicsnwT, 7

metathesis
3 possible isomers

alkylation
2 possible isomers

' '

Scheme 49. £ 2 7 7 2% LA 168 DERKICEH T BB A X &> A6 & T v F ALK G
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frEEIRE (168:232) 1k, BREBICEH L CHlfliv e e E 272, $hbb, HYOE X7
7 X168 DHD 13 BEREZAFAL TS Z &IiCiFEH L 7%, lluminati & Mandolini (X, Hiffizs 77 v
RYBOTFNTAFALT R I F~DT L FMURIGIC X 2 BGEE X, BREBUCKET 5 L
Wi L7z (Figure 10) ¥, Zo#iEic k3 &, 8 BERMUMRIL. BREHOMMICE . BRGEE A
ERF 2, HTd 13ARIE. 11 BRICHRT4FIEEE Y, ZoBLEEoZICBAL T, B
W7 IFOTAFAMMETHR L EREZZDOTHNIE, 234237 OFTH—D 13 BB~/ b
T 7R L2234 BMEERNICAER L, BIRNICE 2T 7 2 L 168 A TE 3 & 277,

/o

Br(CHmCO2”  ——  (CHp)y C=0 + Br

3 5 7 9 | 13 15 17 19 21 23

ring size (m)
Figure 10. Illuminati & Mandolini i€ X % 7V ¥ LIS X %
~rsu 77 VIBRICE T 2BREHR & KICHE OFHE
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AT 7 XL 168 DAEFERN 2 AR AL, £ 7V KBIRT v F b Z 5T L 72 (Table
14), ~7 aB{btoEHICH T Z@muiEEE L L, KICEFRALoBEEHEEOK S 8% T oD,
Z07», PR CoORMBHRTE 2 X5 aREM»OMIEE R AR, <27 nB{iciz
koonzd, TIFT=AF Vi3, BEALEEEKSEE2ET 2 L& 2, HESGEZBRL 72,
Y71 1N 172 % Cs,COs #1E . MeCN JAHEH T 60 °C I 2 &, —EOIRLD HHMET L
13 BE~2rnu 7 7 & 5234 BIEK 50% TSz (entry 1), HARRE D IC, 11 BERX D D 13
BEROBLA G LR T & 72, 60 °C T HDBEL 2%, 80 °C ICHIMT 5 & “EHD
BRALDSEITL T, HINDOE R T 27 % 1168 DSIUE 22% THKTE 72 (entry 2), KISt E%
H XY EHRMED DMF 2 e Lz e 25, KR TH RKIGDHEIT L. 40 °C 225 60 °C D5
HIT T, HBEINE 35%T 168 25, NMR K 5% THrE Bk 232 284 L 72 (entry 3), & 51
EEET®H 5 DMSO W TERA S 60 °C ~Fimd 2 &, KR ELZ (entry 4), A%
X, CCO; ZMA CTERTOEMPHE., FE CCO; ZRML T2 MET S L, DI 2Am25IL
Ko EXHERTE, 168 25 46% T L7z (entry 5), F 72, BB ZARFREZETIC, WloH
5 60 °CITHEAL 72541k, HTOIEDEKTAALNT (entry 6), TAFALTHIFDT L
FLA—Y F~OLHz HIIC, TBALZRINT 2 &, (EERESE L KT Lz (168:232=
2.0:1, entry 7). He\n T, EIEZMETL 72, KoCOs W25 E1E. —EHDOER{LHE. Kormblum
FRIL2DSEIT L 72T AT e F 23834 0. B2 T 27 X L 168 I3HERTE o 72 (entry 8), HEE
HE L LT DIPEA ZHW72B13, RN 172 P77 e F 239 34U, BRLIZEZRTE 2 -
7z (entry9), X ViEWIEHTH 2 DBU CTIX. HEVLDMET 20ATH o7z (entry10), T b
DFEF D . DMSO i, HHIERLCH 2 Cs,CO3 BARKIGIC TR TH > 72, DMSO AL
(X RIGHER LD B 75 53, Cs:COs DIAMEME~SHE L. RICOETZIRL T2 LHEHIL 72,
% 72 K,CO; T3, Komblum FE{LASEIT L7228 20, TIRT A VDAY Y ZR—AF A VD
AV TLEYD ST LDTE, KGR E L, vV LERRE L 85 LEHE LT,
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Table 14. X 7 VRKER T v F AL DRRET
H

base
solv. temp. @
bislactam 168
NMR yields®
entry base solv. temp.
168 232
1 Cs,CO3 MeCN 60 °C 234: 50%
2 Cs,CO3 MeCN 60 °C to 80 °C 22% trace
3 Cs,CO;4 DMF 40 °C to 60 °C 39% (35%P) 5%
4 Cs,CO;4 DMSO rt to 60 °C 38% (44%P) 5%
5¢ Cs,CO3 DMSO rt to 60 °C 46%° 7%P
6 Cs,CO;3 DMSO 60 °C 40%® 7%P
74 Cs,CO;4 DMSO 60 °C 41% 21%
8 K,CO; DMSO 60 °C 238: 16%
9 DIPEA DMSO 60 °C 172: 13%, 239: 36%
10 DBU DMSO 60 °C decomposed

3Yields were determined by "H NMR using mesitylene as an internal standard. Plsolated yield.
Cs,C0O3, DMSO, rt; Cs,COs, 60 °C. “With TBAI.

H
)
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REBAKICO M ERRME X, BEROARLS, TFIFEPEETHI Lok
(Scheme 50), =7 I F 172 DE&1x. HIYDBRIUIK 168 23U 46%. (7iE FMEA 232 28 7% T
HoTDITH L, NO-T =& — 222 Tlx, HHDERUIK 240 23K 35%. FriERIEA 241 23
12% T 5L, BRI DINE 7 & I AT EEFRPEIME T L 72,

Cs,CO,, DMSO
rt, 4 h;
B ——
C32CO3
60 °C,24 h

wOMe «OMe

Cs,CO,, DMSO
rt, 4 h;
B ——
082003
60 °C,24 h

222 240: 35% 241: 12%
Scheme 50. N,O-7 ‘& X — )L 222 TD X 7 VKEIRT LV F AL
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ZTNKERT v F Ao EFEIRE B L <, LFEFR#EIC X % DFT sHEO#ER % v
#4927 (Figures 11-14),

T, VEEFRERHICRECEEL 522 - EHOT A X LTI, 4 DOTREIELE
543 (Scheme 51), ¥ 78 I F 172 % Cs,COs TULIEFT 2L, TFIFT7=F v 1725 LK I
TIFT=F YV 1T2°BEL 5, 1720051k, HRIOBRULIE~FFEE R 234 b L < I3A7E 2%
4236 23, TS-A 721X TS-B ML THHN 5, —J7. 172720251k, TS-CH L X TS-D %
FEH L. HIYD 235 L 72 1 IERMEAR 237 52605,

[TS-A] —>

[TS-B] —>

Cs,CO3

[TS-C] —>

[TS-D] —>

Scheme 51. —E H D 7 L F AALTREE X 15 FElEk
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% 2T, DMSO B Ic s 2 —EHDO 7T v afbic o TEHE L7 (Figures 11, 12), £ 3.
IFIFT=AVIILTIFNT =4V 172 OREWE LK T 2 L 1T2DHFBKETH 572,
AREHHTIE, Ay v x—hFFvEZEEL TRV, EREER ARV, AL F—Eixlt
BRI/ X L 17228 122 I3 F RS CTHEL TWw B L wi b, 7=, W) 234, 236, 235, 237
. R 172,172 XV REKLENM L T BRI VT Y RIGTH V. SRIGDOMETIZEE TE
%, LRI Y ARSI Curtin-Hammett O JFERICHEV, BRIRAE D % E M D & CH7E
PR ERPIRE L B X Tz RHEMERICK 2L, ZFIFT =4 17226 HD N7-C19 #ié&
RS 5B IREE (TS-A) 28 13.7 keal/mol & . flio ik % 5 2 3 BfEIKEE (TS-B, TS-C,
TS-D) ICHRT, b RIGHEEEAME W, T7abb ., EERNIC 234 ATERYE LCHoh 5
CEPRRINT, TR, MeCNBHT COBRLICI VT, 234 2NEIRICHT b N7z FERFE

(Table 14, entry 1) %Z3HF3 258 L o7z,

TS-D

Figure 11. TS-A, TS-B, TS-C, TS-D D fx % 7€ Nt i
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(A)

20.0 16.2
40 IS-B
~. 0.0 0.0 o — :
0.0 S —
enamide
anion 172’

-20.0

5L $.40.3

234+ Br- 236+ Br~
-60.0 < 4o 4 > | < >
N7-C19 bond formation conformational change N7-C11 bond formation
(B)
iTS-C ™.,
“. 3.9 4.2 4.3
&a amide

-20.0

-38.0 ¢

— 2 -41.8

235+ Br- —
237+ Br
-60.0 < 2 | e > | < >
N2-C11 bond formation conformational change N2-C19 bond formation

The indicators and values on both sides of each transition state are conformations that are connected to the transition state by IRC
calculations. The energy value of enamide anion 172° was used as a reference (AG = 0.0 kcal/mol) in the diagram in (A) and (B).

Figure 12. =7 I F 7 =4 Y (A)B X U7 I F 7 =4 v (B)D
—EHOTAXINMUICBF B3 ANX KA T 7T A
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ZEHOT A F AL TIE, FREE 234237 Ofi 7 e b vbEREC, BIWO YR T 7 X L 168 7z
BT EEEAR 232 235, bbb, RO T =4 v 234, 23505 1%, TS-E, TS-F ##EH L
T. 168 23551 3% (Scheme 52), —J7. 236°, 23775 1E. TS-G, TS-H % #T. 232 34T
5,

[TS-E]

[TS-F] 168 (desired)

[TS-G]

[TS-H]

Scheme 52. “EH D 7 L F AALTHEE X 15 Pk
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“EHOT A FALICBAL TH, BEI NS PRIED T =4 v 23423755 [FFRIC DFT it
AT o7z (Figures 13, 14), EoHEE2 b b, T+ ICRICHHEST LTS = 4 v ¥ —[FEE (<
20 keal/mol) & . WIS HEST L R WAEBRDOLRENDHERTE 72, Thbb, TXTOHH
B b ZFEH O T A F AACITEEGRINICETHEETH V. —EH D 7 v F AL CHLE RS
FIAT 5 LR L7,

(A) (B)

200 =24 200 15.9
TS-E “TS-F
4.3 4.2
0.0
00 L 00 =20
amide enamide
anion 234' anion 235' F
bislactam 168 bislactam 168
-20.0 -20.0
-37.3
-40.3
- -40.0
40.0 168+ Br~
168+ Br~
-60.0 | < > | < > -60.0 < > | < >
conformational N2-C11 bond formation conformational N7-C19 bond formation
change change
20.0 20.0 17:5
129
 — TS-H
TS-G
0.0 0.2 0.0 0.8
0.0 — 0.0 — —
amide enamide
anion 236' anion 237"
-20.0 -20.0
-40.
-40.0 -40.0 02
-46.1 .-
— 232+ Br
232+ Br~
-60.0 | < > | < > -60.0 < > | < >
conformational N2-C19 bond formation conformational N7-C11 bond formation
change change

The indicators and values on both sides of each transition state are conformations that are connected to the transition state by IRC calculations. The
energy value of amide anion 234” was used as a reference (AG = 0.0 kcal/mol) in the diagram in (A), and the energy value of enamide anion 235’
was used as a reference (AG = 0.0 kcal/mol) in the diagram in (B), and the energy value of amide anion 236 was used as a reference (AG = 0.0
kcal/mol) in the diagram in (C), and the energy value of enamide anion 237” was used as a reference (AG = 0.0 kcal/mol) in the diagram in (D).

Figure 13. ©' 2 7 7 % 1. 168 (A, B)& X U {7 i& B 232 (C, D)0 &HKICE T 5
“EHOTAFMUDZ AN KA T I T A
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Figure 14. TS-E, TS-F, TS-G, TS-H D #x % € fit i
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R T 7 X LHEER 168 AR TE 2D T, BRICEILELZFHEL <. RAV~FEL %

(Scheme 53), 168 O 7 I FH:é £ F I K% DIBAL-H 12 CT—%I2#IC L T, keramaphidin B
Q) rEE 12 TR, BIFE 13%IC TR L7z, $7/2, 168 DT F I FE% m-CPBA IC TH7E$E
RIICig{L L 72 %, DIBAL-H I CTHLEE L T, ingenamine (4D &AM E &E 13 TR, BUICGK
0.9%IC THERL L 72,

DIBAL-H LLS: 12 steps
> total 1.3% vyield
Et,0, it
46%
1. m-CPBA
CHxClp, -10°C N LLS: 13 steps
- total 0.9% yield
2. DIBAL-H
Et,0, 1t

31% (2 steps)

(t)-ingenamine ((+)-4)

Scheme 53. Keramaphidin B (3) & ingenamine (4) D 45 X
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BN S
A Tl, keramaphidin B (3)& ingenamine (4)D & A K &K L 72 (Scheme 54), ARARKIE.

Diels-Alder SGIC X 2 ZBREEIEORE L X 7 VREBERT LV F A bick 2 2 DORERT I v
HEDWEZHE L LT\, Diels-Alder RIGDERIE Y2y - Y2/ 74 MITiE, ZhZE
NWHEATTREZR ) ¥y Ud— 173, 7RrEV T — L 174005 3 T, 2 TRRICCHEE Lz P
BXFL Y P 169a &~ 4 I F 170a ZH\ 7z, & Diels-Alder K& 1%, & CORENIC
A3 2 WG AL, BN D T oStz T IR L 2 (L EER M L &
D07, % T, LiCl I X 3 RGOt L LaYofiftEicE B L TEIRERL] 1o OE
REZFEL . ZBRECEY 1712 2B L 72, £ D%, Wittig RIGTD Z &R 7241 7 4
v OR§E (200—201a), Smb, Z M L 2 Bilk R L0 (201a—202), 5 BB A I FOBRILK

(202—217—221). —J7AIEIK COERERELE (217-221—-172) 2R C, ¥ 7 v IV IR 25
L7z SO 1721F, HHEE LT Cs:COs M A . DMSO AHEHIC T, EidA 5 60 °C ~ & EXF
ICeEhs 2 &, XT7AREIRT A FAALBET L, v A7 7 2 L[k 168 25 2 72, &%
I, 168 DFEILE % FE 2 T, & 12 TF2 T keramaphidin B (3)% . #J% 13 T2 T ingenamine (4)
rRAML T,
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OH
HO i SN
N A

r

173

/
):)NTIPS
—

Br
174
OH
0 X
TsN =~
O
Cd
169a

BrPhaP(CH,)s0BOM (199) PO

OTIPS OH
1. TIPSCI, imidazole ~ HO\_ n-BuLi, p-TsCl, THF O\
DMF, rt, 90% —30 °C to —10 °C;
- N~ - N2
2. PdCl,(dppf), 176a HNMe,, -10°C; )
DMF, 80 °C, 89% 0 TBAF, rt O o
179 o) 83% 169a </o <\ 176a
0)\/\ZnBr
P <\ O  476c
n-BuLi, THF, 78 °C; NH PDC, pyridine | NH O)\/\Br
171¢,-78 °C to nt; Celite® XN
TBAF, rt \07 CH,Cly, rt :);
40% 0~/ g3 67% 0~ 470a
0
0 p-MeCgH4COCI
DMAP (10 mol %) EtsN, DMAP pMeCeHy
| NH LiCI (50 mol %) MeCN, rt; o
0 CHoClo/CeHg = 1 (1.0 M) MeOH, rt; TsN
f) 40 °C, 8 days 1M HCl aq., 60 °C
© 77% OHC
170a 171a

Dynamic Crystallization

(o]

pMeCgHy4

o p-TsCl, EtsN

Me3N¢HCI, CH,Cly, rt

Py

TsN

t-BuOK, THF, 0 °C
79% (2 steps)

(£)-keramaphidin B ((£)-3)

Smiy(HMPA),4, 100 °C
43%

88%

201a (P = BOM)

CIPhzPCH,OMe CBry4, PPhj, imidazole
t-BuOK, THF, rt; (CHCI),, 40 °C;
Smly, HyO, THF, tt; TFA, 40 °C
1M HCI, MeOH, rt 519%
77%
C82C03, DMSO, rt;
Cs,COg, 60 °C, 46%
1. m-CPBA
DIBAL-H CH,Cl,, =10 °C
Et,0, rt 2. DIBAL-H, Et,0, rt
46% 31% (2 steps)

(1)-ingenamine ((t)-4)

Scheme 54. Keramaphidin B (3) & ingenamine (4) D 2 X
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—E  Manadomanzamine 3D K B BREEEE DO BFE

— 8 ARG

faamcii <72 X 512, 2N F TD manzamine FHO KEEMEE DL { offliz, PABRA Xt R
RIGICHH-> CT& 7z, L L, BBRA 2 v ARIETIEA L 7 4 v ONLAEIR 2 B3 MR C
WEEch v, Ffic ZhkA L 7 4 v 2 E&DRKEE% 2 23 % manadomanzamine FH D & i~ Dl
iz, VR70EWTiEkE vz b, $72. manadomanzamine $H D F.0EH S O REEE IIMGET &
TEzDiIt L, REROBEIZIIAEFTHldEINTVARY, 20D, 1) AL 74V
DIARGERE AR STE2ICHIEI L. 2) IFRICKERZ B & 2 FiEOFE L HW & L7,

% Z . manadomanzamine A (7) & manadomanzamine B (8)D &G K% RIE 2 72 2 DD KBER D
SRR 25 G G 2 2% L 72 (Scheme 55). 37, AL 7 4 v OMFERIGEER I, %
EA Y N Wittig KICE R T %, ARIGIX. keramaphidin O 2EKOKRIC, ZkA L 7 4 v
EWEES 2B FETH o2, T, RARIE., St WHEGRICE w2717
7 2 MUIC TSRS 2, ARIGIE, KEBBIR7F PR AL I hTE Y, KERELED
AR FERELELTHILNTVS, 2O Wittig RIGE~=271 7 27 X2 LMURIGD 2 DD RGDFH»
ABbET, 2200KREER, $4bb GERAICHYLT 2 10BER~7 07 7 %4245 & HERFRICH
BT 2 NBR~YI/R I 720248 %5 F 5, BARNICIZ, 77 & F 242 35 X U246 D Wittig
SGICT, VAEIRINIC ZIhF L7 4 v 243,247 L 5%, 20, ~7 8177 % L{LICT 244
BFRU 248 ~EHT 5, BRLL 72 244 12, HBWIEECTHZFEI N Ir ML 727 3 PRI
$ % 1 ILHY Strecker UGS ICT, 73/ = b Y245 L L7cf%, 24528 248D 71y 7Y v 7T
249 ~FE T E, manadomanzamine AL AIRETS & & 2 72,

NHBoc macro NH reductive NH
t-BuO,C_~ Wittig CO,t-Bu  lactamization o) Strecker CN
CHO
------------- » B Rttt B et
242 G G
—/ 243 — 244 —/ 245

H

&

o 0
macro
MeO Ot-Bu Wittig - COMe lactamization
""""""" > COQt-BU TTTTTTTTTRTeT
246 NBoc
CHO OMe 247

249
manadomanzamine A : 22o-H (7)
manadomanzamine B : 22f-H (8)

Scheme 55. Manadomanzamine £8 D K BB D & BEHH|
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Bf 10 BB~/ 8v 77 X LOEK

GERIEICHY T2 10 BER~27 07 7 X LDAMRICEF Lz, £3. w271 77 X LOHFIEKE
L7205 243 AL 72 (Scheme56), ZikA L 7 4 VIEEEDHE L 72 2 Wittig G DIRIE, & 2K
—v LM 252 1%, RO X I ICHRL 7z, BEATREZR 5-7 I/ =V &7 — 250 ZJ5kte LT,
BT I v % Boc HETIREL K., Vv EHy FRICTHMELREL PPh; /12 5 &, Appel
FOGIC XD 7 m 3 F 2512 035 b7z, 251 (F. PPhy & & b IC MeCN ¥A#EHC 100 °C ic gk L
T, FTEDOFR AT =y LI 252 ~ e AL 72, fe\C. ka7 253 Z Bk 3 TR S
TTNAT e N 242 ~FFE L7z, 253 % DMAP. +-BuOH & & I3 2 L, FABRL AL RV
i 254 2SNEK 81% THRELNTz, RWT254 DK T VIETCICTT A3 — 255 % f%H L. Swemn i
fBickoT242 ~EW L7z, 2Dk, TATE F 242 & FRF=v LM 252 % 72 Wittig )X
JGIZ XY, =7 m T 7 X LOFIEME 243 2K 66%ICTAKL 72, Z OFE, H—O L REEE
ELTZRAL 7 4 vAMF L, ELREREER R L 72,

BOCQO
CHoCly, rt: PPhs,
"o N2 CBry, PPhs, 1t o NHBoe oN 100°c  DneP NHBoc
r4, , eCN, °
250 4T 251 252
78% 98%

t-BuOH, DMAP, Et3N

N-hydroxy succinimide BH3*Me,S
(0) x 3°lVies
Ovo » BquC\/\002H —»  tBuO,C _~_OH
toluene, reflux THF, rt
254 2
253 81% 5 99% %5
(COCl),, DMSO NHBoc
CH,Cl,, -78 °C; 252, t-BuOK CO,t-Bu
. t—BUOzC\/\CHO — .
EtsN, rt THF, rt
242 — 243
62% 66%, single

diastereomer

Scheme 56. ¥ 7 @ 7 7 X LRiBK{AR 243 DA
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Bonz243b~2ru7 7 22 % BT L7z (Table15), 243 % TFA TS % & Boc 3
L tBulkdfrE I N, 7 I/ 256 ~ eIz, 256 1A LT, HEE L LT DIPEA & Hw
T, bRA AR Z G L 72, @&EHGEET (1 mM) <, mILEE (CMPD & & IicHiihy
2 . 7m0 XL 244 BPELTE D, KX 15% L KD 572 (entry 1), HOAt F 7z 1%
HOBt %, EDCI & & b I 25 Cld, KD m RIZ R o nkd o7 (entries 2, 3), 7z,
TN 3ODFEMIE, HHRMEAME & v BEEZ 2 Tz, —J7. HATU Z W 72 BRIC 1d 244
DK 29% T b i, BB L PR EE LI L 72 (entry 4), % T, entry 4 RS E L
THRZED Tz,

Table 15. 7 1 7 7 % 1L D fgt

entry reagent yields (2 steps)

NHBoc NH NH 1 CMPI 15%
CO,t-Bu Co2 reagent DIPEA 0

2 HOAt, EDCI 14%

CHZCIz CHQCIz (1 mM), rt
—/ 244 3 HOBt, EDCI 13%
4 HATU 29%
RIT, TRTTHY Strecker KL% MET L 72 (Table 16), 54k 7 I F 244 % Ir filillit & o 7 vigTT

HICUEF 2L, 4 IV 25T AL D, U7z 257 1, Vv KRy FRIGT Lewis lETH 3
TMSOTf 2T 2 e G354 I =9 A4 V34, TMSCNOfIIICc XY 7I /7 =Y L
245 AR TE 5, EBIC, KE O BIF L & Vaska #i{& (IrCI(CO)(PPhs),) & TMDS

(Me,SiH),0) % Vs 3 5t 51054 TR ITHY Strecker UGS 2 & K 30%CTT7 I/ =1V
L 245 BAERK L 72 (entry 1), — 7. Brookhart & IC X o THRE I =58 ¥ Th 3
[Ir(COE).Cl], & EtSiH, Z 7z F e U aAfbCld, I 60%TT I/ =+ UL 245 B354,
KGR E E L7z, (entry 2), AL 72 245 BARETHY, PV AhTrru< b 75
74 —FHOIZHHEIIET L2200, GERFICHY T 2ED 10 BB~ 7 v 77 X2 LD
BEICEI L 72,

Table 16. 7= JCHY Strecker St D #EET

NH N TMSCN NH
o) cat. [Ir], [Si]-H \ TMSOTH, rt CN
—_—
toluene, rt;
—/ 244 —/ 257 —/ 245

entry [Ir], [Si]-H NMR yields? isolated yields
1 IrCI(CO)(PPh3),, (Me,SiH),0 30% 8%
2 [Ir(COE),Cl],, Et,SiH, 60% 33%

3Yields were determined by "H NMR using mesitylene as an internal standard.
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B 11 BR~ou 77 2 L06

HEGICHY T2 11 BERE=-70 7 7 2 L06MICEF L, 3. ZHhAL 74V 247 DG
BUCIE T, 7Tk N 246 Z &K L7 (Table17), 71V V%258 & +-BuOH % ity L C +-Bu =
AFNE LT, WEEAFL Y DT AFAICTRIEAL 7 4 v 259 % 2 THRHIEK 93%IicTH
U720 1352172 259 % CHCLIAB IS CTA YV Vo L 7212, BITAIE LCTEGNZMA % &
K 40%ICTT AT & F 246 2355072 (entry 1), IR E%EHIIC, EICH 2 RS L 72,
L72>L. MexS % PPhs TIHIEICKE 2 LITR o727 (entries 2, 3), % T, R
MeOH % 253l A % &0 K 2% CTHMO T AT & F 246 3% 5 4, KiE7x1a Rk
L7z (entry4),

Table 17. &V V3 fRIC X 2 7 LT & ¥ 246 D& JEET

1. £BuOH, EDCI Q 0 04, sOlv. 2 0
j\/ﬁ\ CH,Cly, 1t . MeO Ot-Bu -78 °C; MeO Ot-Bu
MeO OH 2. CH,=CH(CH,),Br reductant, rt
Cs,COg3, TBAI
258 DMF, rt = 259 82% CHO 246
93% (2 steps)
entry solv. reductant yields
1 CH,Cl, EtsN 40%
2 CH,Cl, Me,S 46%
3 CH,Cl, PPh, 40%
4 CH,Cl,/MeOH =2 PPh3 82%

THATE R 246 REWTEDT, v~/ 077 ZLFIEL D ZHRA L7 4V 247 DEK
ICEF L7z (Scheme57), N-A b ¥ 7 I VIEEENE 260 % J5EHC, Bocfb e 7T A F ULz T
I F261 % L7z, 261 % PPhs & & B ICHIELT 2 &, kRbk= 4262 BB LNz, 262 %
W T AT e F 246 ICXF 5 Wittig KOGIE, 0V RREERE LT ZhAL 74 v RS X
ENAEIRIIC~ 7 0 7 7 2 LR 247 3G TE 72,

1. BOCQO, N82C03

HoO/CH,Clp = 2, 1t NN PPhs BrPhsP” " "NBoc
MeONH,+HCI > Br NBoc ___ ~ » * Onte
260 2. Br(CH,)sBr, K,CO, 261 OMe MeCN, 80 °C 262
MeCN, 80 °C
97%
76% (2 steps)
6 0 CO,M
262, £-BuOK = 2Me
MeO OtBu —m» COt-Bu
THF, rt NBoc
85%, single OMe 247
CHO 246 diastereomer

Scheme 57. ¥ 7 1 7 7 % LETERA 247 D E AL
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RNT, 24T b~ 07 7 X LfLEE L7z (Scheme 58), 247 % TFA CTHLE T % &, Boc
Fo tBuA—HIRETE, NAMFUT I 2603 Moz, RIS, N-A R FUT 3
i, WIET 3T I VIR TREESE W 2o, KoK S AREE 72 5, mlElsk

(CMPD) v ZmAmREtE (ImM) Tl I 38%IC T~ 271 7 7 X 2UHEIT L., 264 %
5.2 7= (entry 1), HOBt & EDCI D5AFETlE, DT ICIFHEIMET L7z (entry 2), HBTU % H
Wa e, INERHEEL, 46%T 264 233572 (entry 3), X W RIGHEDE W HATU % F 7235
AlikbBRVWEREZE 2, IR 2% T2 077 2 LT L7 (entry 4), ARSMETIR, &
Vv YRy 7ML THATU % 16 KA 2 1F T P32 &, 10mM OB EWIRETD &
2L BAEDOIEH % b IC, IR 718% T~ 17 7 & L 264 BEbNTz, R, EEAF
LyoT7 VbR CT, 1BR~2Rr 77 XL 248 AL 7z,

0
= COMe TFA = COMe  cagent, DIPEA = oMe
COptBU ————> COH —
NBoc CH,Cly, 1t NH CH,Cly (1 mM), 1t N"So
OMe 247 OMe 263 OMe 264

entry reagent yields (2 steps)

Os_OMe
Allyl bromide — = 1 CMPI 38%
NaH, DMF, rt N0 2 HOBt, EDCI 34%

1
77% 248

o OMe 3 HBTU 46%
4 HATU 2%
5° HATU 78%

@HATU in CH,Cl, was added over 16 h by syringe pump
(CHJCl,: total 10 mM).

Scheme 58. ¥ 7 1 7 7 X LML DOMGETE 11 BER~7 10 7 7 X L 248 DERK
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G 1N T

AE T, manadomanzamine FHD KBER O TG K 22K L 72 (Scheme 59), 2N F TD
manzamine JHO KBIRMEECELHINTELZHRA 22 v ARIGE A VR VD, KEK DI
BTh s, BRI Z 2 ARIGEMMT 256, BITMROEE S - JotEoEm S 226, BRIk
KIGZ Db DDOEHERE VD OO, AL 7 4 v OIRBIRERE N & v ) FRERAE LTz,
Z TARBKTIE, 1) RLEA Y FEHWT- Wittig MG IC X 2 EnEIR 7R 2464 L 7 4 v Dl
Fr, ) KIRRRTF VR LoR{LICEHI N, BEEOEVHARICICL 27177 X L
ko 2o0%8Es LCKERZMEELZ, 7ATE F 242,246 IR LT, FRF =7 L1 252,262
WCHRST 2 ALREA Y P22 L H—DVREERE L LT ZHEA L 7 4 V243,247 BT E
7zo 243,247 3, BRICCIRERZ —ZICIRE L 2. HATU Z WM S&:fFic T, =2 v 2 27 & 4
244, 264 ~FHEARETH o o, miRIC, BFHEERELICK Y GEREICHYSY T2 10BR~ v 77 X
L2457 b N, HERENICHY 32 N BERR~27 05 7 2 L 248 DA ZERK L 72,

BrPhaP NHBoc NHBoc NH [Ir], [Si]-H;
CO,t-Bu HATU O LA TMSCN
t-BuO,C
WP "cHo
242 Wittig macro —/ 244  reductive
lactamization Strecker
single
diastereomer
5
O O BrPh3P’(/\)‘I}lBoc o]
OMe _— COzMe —
g 262 HATU OMe
Meo}?)km > g C\/\<0021'BU —
- NBoc N 0
Wittig ) macro ) 264
CHo 248 ) OMe 247 lactamization OMe
single

diastereomer

Os_OMe
Cf%/
- . H
allylation gMe O L4

Scheme 59. Manadomanzamine %8 D K B B
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AL TlE, keramaphidin B4 1% O HGEF) 7 155 & manzamine 1 O FFE) 72 KERIK T I v H5
I DN 75 A BE WL L 72,

5 —FETld. keramaphidin B & ingenamine D& %K L 72, BEATRERJERI2 LA Lz F
m¥ov) Frewl 43N, RO T ICT Diels-Alder SIGSET L, =BRIEMLEY
5272 LU, =R CTORKIGIZ, BRI O &H 5 D5FTTh . RIE
72 FACHTEEFEDME A o 72, 2 2T, RGO Ak L LG o kiRt cE B Lz TBINHS &L
ikHiz, ORI T ERPERIE O B & R L. &I O 6 2 R R E I <
BRYEE 2 G TREIC L2, Z 0fh. RO KBERORFHFICEH L& 7 mRRE K IC T/
TRTY7r I V2L, F7VKREBEBRTAFAICT 2 DOKERRT I viBEoEL —
ER L7z, RIS, BELE O FJ#E % 2 C. keramaphidin B # ¥ 12 T T, ingenamine % & & 13 T
FRICTREL 72,

o} T P base-catalyzed pairwise
N | NH Diels-Alder functionalization
TN~ + _ >
@) . —_—
0 ) Dynamic

</ \) Crystallization
0 (0]

double
macrocyclic
alkylation

keramaphidin B ingenamine

LLS: 12 steps LLS: 13 steps

% % ClX. manadomanzamine 2D 2 DD KERT I V&R MEA IS THEEL 72, &K
Ko TNT e P b Wittig ROGIC TVAAEIRIIC ZRA L7 4 v EREEL R, ~o/nmF 7
£ LB T, manadomanzamine FHD G BRiflds L O HERENICHY 32 RERZ AR L 72, % DA,
G BB IR TTHY Strecker KGICTT 37 = b Yk~ HEFBIZ T U LIS TR R ZRESE L
720

macro .
NHBoc i NH reductive NH
t-BuO,C wittlg CO,t-Bu Iadllzatlin o Strecker CN
o ScHo . .
o o macro o Ow _OMe
Wittig CO,Me lactamization allylation
eO Ot-Bu = — =
_— - > OMe _ -
);)L COxt-Bu —— > H
NBoc N" o N0
CHO OMe OMe OMe
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A. Experimental Procedures

General Details. Reactions were performed in oven-dried glassware fitted with rubber septa under an argon
atmosphere. DMF and MeOH were distilled from CaSQs. Pyridine was distilled from sodium hydroxide.
Hexamethylphosphoric triamide was distilled from CaO. DMF, MeOH, pyridine, benzene, CH,Cl,, MeCN,
(CH,Cl); and EtOH were dried over activated 3A molecular sieves. THF (dehydrated, stabilizer free) and
Et,O (dehydrated, stabilizer free) were purchased from KANTO CHEMICAL CO., INC. 1,4-dioxane (super
dehydrated) and DMSO (super dehydrated) were purchased from FUJIFILM WAKO CHEMICAL CO.,
INC. Other commercial reagents were used without further purification. Thin-layer chromatography was
performed on Merck TLC silica gel 60 F2s4, which were visualized by exposure to UV (254 nm) or stained
by submersion in ethanolic ninhydrin or ethanolic phosphomolybdic acid solution followed by heating on
a hot plate. Flash column chromatography was performed on silica gel (Silica Gel 60 N; 40-50 uM,
KANTO CHEMICAL CO., INC. or CHROMATOREX® PSQ100B; 100 um, FUJI SILYSIA CHEMICAL
LTD.). Preparative thin-layer chromatography was performed on Merck PLC silica gel 60 F»s4. For basic
products, basified Preparative thin-layer chromatography was used [Preparation: PLC was pre-developed
with EtsN/hexane 1:9, and dried]. '"H NMR spectra were recorded at 500 MHz with JEOL ECA-500
spectrometer, 400 MHz with JEOL ECZ-400 spectrometer. '*C NMR spectra were recorded at 125 MHz
with JEOL ECA-500 spectrometer, 100 MHz with JEOL ECZ-400 spectrometer. Chemical shifts are
reported in ppm with reference to solvent signals ['H NMR: CDCl; (7.26 ppm), CsDs (7.16 ppm), CD;0OD
(3.31 ppm), (CD3),SO (2.50 ppm); *C NMR: CDCl; (77.16 ppm), CsDs (128.06 ppm), CD;O0D (49.00
ppm), (CD3)>SO (39.52 ppm)]. Signal patterns are indicated as brs, broad peak; s, singlet; d, doublet; t,
triplet; q, quartet; sep, septet; m, multiplet. Infrared spectra were recorded using a BRUKER ALPHA FT-
IR spectrometer. Mass spectra (ESI-TOF) were measured with Waters, LCT Premier XE or Bruker,
timsTOF, and micrOTOF-QII. Optical rotations were measured with a JASCO P-2100 polarimeter. Melting
points were measured with a Yanaco MODEL MP-S3.
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Chapter 1 Total Synthesis of Keramaphidin Alkaloids
1-1. Synthesis of the Pyridone and Maleimide Fragments

OH TIPSCI OTIPS

HO - ‘ imidazole T|psoﬁ
Ny Br DMF, rt Ny B

173

r

90% 175

5-Bromo-2,3-bis((triisopropylsilyl)oxy)pyridine (175)

Triisopropylsilyl chloride (15 mL, 70 mmol) was added to a mixture of 5-bromo-2,3-pyridinediol (6.00 g,
31.6 mmol), imidazole (6.45 g, 94.8 mmol) and DMF (63 mL) at 0 °C. The mixture was allowed to warm
to room temperature, stirred for 2 h at room temperature. The resulting solution was cooled to 0 °C,
quenched with saturated aqueous NaHCO; (40 mL), and extracted with hexane (3x 60 mL). The combined
organic extracts were dried over Na,SOs, and concentrated. The residue was purified by basic alumina
column chromatography (hexane) to give pyridine 175 (14.3 g, 90%): a colorless oil; IR (film) 2946, 2868,
1565, 1465, 1407, 1297, 1191, 942, 884, 774, 679 cm™!; '"H NMR (500 MHz, CDCls) § 7.67 (d, J = 2.3 Hz,
1H), 7.13 (d, /= 2.3 Hz, 1H), 1.39 (sep, J = 7.5 Hz, 3H), 1.28 (sep, J = 7.5 Hz, 3H), 1.11 (d, J = 7.5 Hz,
18H), 1.08 (d, J = 7.5 Hz, 18H); '*C NMR (125 MHz, CDCI;) § 154.2 (C), 141.7 (C), 138.5 (CH), 129.0
(CH), 110.4 (C), 18.2 (CH3), 18.0 (CHs), 12.9 (CH), 12.8 (CH); HRMS (ESI) m/z: [M+H]" caled for
C23H4sBrNO,Si; 502.2167; found 502.2180.

0 176a OTIPS
OTIPS ( HO
TIPSO © ZnBr o
N 5 mol % PdCly(dppf)
Br  DMF, 80°C 0
175 179
89% Qo

5-(2-(1,3-Dioxolan-2-yl)ethyl)-3-((triisopropylsilyl)oxy)pyridin-2-ol (179)

Zinc (6.77 g, 104 mmol) was dried at 80 °C for 1 h under reduced pressure. 2-(2-Bromoethyl)-1,3-dioxolane
(8.2 mL, 69 mmol) was added to a mixture of zinc, iodine (876 mg, 3.45 mmol) and DMF (100 mL) at
room temperature. The resulting mixture was stirred for 15 h at 80 °C to give organozinc reagent 176a.
The supernatant of the mixture of organozinc reagent 176a was added to a solution of pyridine 175 (13.9
g, 27.6 mmol), [1,1'-bis(diphenylphosphino)ferrocenepalladium(II) (1.13 g, 1.38 mmol) and DMF (38 mL)
at room temperature. After stirring for 6 h at 80 °C, the mixture was quenched with saturated aqueous
NH4CI (70 mL) at 0 °C, and extracted with EtOAc/hexane 1:9 (3x 150 mL). The combined organic extracts
were dried over Na,SQ4, and concentrated. The residue was loaded onto silica gel column chromatography,
and maintained for 18 h at room temperature to cleave one of the two TIPS groups. The product was then
eluted with EtOAc/hexane (1:2 to 3:1) to give pyridinol 179 (8.95 g, 89%): a white solid; mp 108.2—
109.5 °C; IR (film) 3140, 2945, 2866, 1657, 1628, 1564, 1464, 1298, 1140, 1004, 882, 682 cm™'; 'H NMR
(500 MHz, CDCls) 6 6.80 (d, J = 2.3 Hz, 1H), 6.74 (brd, J = 2.3 Hz, 1H), 4.86 (t, J=4.6 Hz, 1H), 4.01-
3.94 (m, 2H), 3.90-3.82 (m, 2H), 2.50-2.44 (m, 2H), 1.83—1.89 (m, 2H), 1.32 (sep, J = 7.5 Hz, 3H), 1.11
(d, J=7.5 Hz, 18H); *C NMR (125 MHz, CDCls)  160.7 (C), 146.3 (C), 125.6 (CH), 123.5 (CH), 119.5
(C), 103.6 (CH), 65.1 (CH>), 34.8 (CH>), 26.3 (CH>), 18.2 (CH3), 13.4 (CH); HRMS (ESI) m/z: [M+H]"
caled for Ci9H34NO4Si 368.2252; found 368.2256.

OTIPS OH
HO N n-BuLi, p-TsCl, THF O. DN
| -30°Cto—-10°C;
N~ _ " > TsN -
HNMe,, —10°C;
0 TBAF, rt 0
179 &o 3% 169a &o

5-(2-(1,3-Dioxolan-2-yl)ethyl)-3-hydroxy-1-tosylpyridin-2(1H)-one (169a)

n-Butyllithium (2.7 M in hexane, 12 mL, 31 mmol) was added to a solution of pyridinol 179 (8.90 g, 24.2
mmol) and THF (81 mL) at —30 °C. After the solution was maintained for 15 min at —30 °C, a solution of
p-toluenesulfonyl chloride (6.46 g, 33.9 mmol) and THF (10 mL) was added at —30 °C. The solution was
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warm to —10 °C over 2 h. Dimethylamine (2.0 M in THF, 12 mL, 24 mmol) and tetrabutylammonium
fluoride (1.0 M in THF, 31 mL, 31 mmol) were added to the solution. The solution was maintained for 1 h
at room temperature, quenched with saturated aqueous NH4Cl1 (200 mL), and extracted with CHCI; (4x 400
mL). The combined organic extracts were dried over Na,SOs, and concentrated. The residue was purified
by silica gel column chromatography (EtOAc/hexane 1:3 to 1:1) to give hydroxypyridone 169a (7.36 g,
83%): a white solid; mp 192.8-194.3 °C; IR (film) 3291, 1663, 1630, 1381, 1183, 1138, 809, 675, 580
cm™!; "TH NMR (500 MHz, CDCls) § 7.99 (d, J = 8.5 Hz, 2H), 7.49 (dddd, /= 2.1, 2.1, 0.9, 0.2 Hz , 1H),
7.36 (d, J = 8.5 Hz, 2H), 6.69 (d, J= 2.1 Hz, 1H), 6.49 (brs, 1H), 4.91 (t, J= 4.4 Hz, 1H), 4.03-3.95 (m,
2H), 3.93-3.85 (m, 2H), 2.56-2.50 (m, 2H), 2.45 (s, 3H), 1.94-1.88 (m, 2H); '*C NMR (125 MHz, CDCls)
8 156.8 (C), 146.7 (C), 146.6 (C), 133.3 (C), 129.9 (CH), 129.7 (CH), 120.4 (C), 118.1 (CH), 116.5 (CH),
103.4 (CH), 65.2 (CHy), 34.1 (CHz), 26.9 (CH), 22.0 (CHs); HRMS (ESI) m/z: [M+H]" caled for
C17H20NOsS 366.1006; found 366.1007.

n-Buli, THF, -78 °C;

=

176¢c,-78 °C to rt; NH
B TBAF, rt =
ZONTIPS ——— »
= <T\o 176¢ Q
174 O)\/\Br oj

182
40%

3-(2-(1,3-Dioxolan-2-yl)ethyl)-1H-pyrrole (183)

n-Butyllithium (2.7 M in hexane, 18 mL, 49 mmol) was added to a solution of 3-bromo- 1-(triisopropylsilyl)
pyrrole 174 (12.4 g, 41.1 mmol) and THF (82 mL) at —78 °C. After the solution was maintained for 15 min
at —78 °C, 2-(2-bromoethyl)-1,3-dioxolane 176¢ (7.3 mL, 62 mmol) was added to the solution at —78 °C.
The solution was allowed to warm to room temperature, and maintained for 17 h at room temperature.
Tetrabutylammonium fluoride (1.0 M in THF, 49 mL, 49 mmol) was added to the solution. The solution
was maintained for 20 min at room temperature, quenched with saturated aqueous NH4Cl (50 mL), and
extracted with EtOAc (3x 50 mL). The combined organic extracts were dried over Na,SO4, and
concentrated. The residue was purified by silica gel column chromatography (EtOAc/hexane 1:8 to 1:5) to
give pyrrole 183 (2.77 g, 40%): a colorless oil; IR (film) 3384, 2950, 2926, 2884, 1433, 1132, 1062, 1028,
939, 913, 890, 746 cm™!; 'TH NMR (500 MHz, CDCls) 6 8.02 (brs, 1H), 6.72 (ddd, J = 2.6, 2.6, 2.6 Hz, 1H),
6.61 (brs, 1H), 6.11 (ddd, J = 2.6, 2.6, 2.6 Hz, 1H), 4.92 (t,J = 4.9 Hz, 1H), 4.03-3.95 (m, 2H), 3.91-3.83
(m, 2H), 2.67-2.61 (m, 2H), 1.99-1.93 (m, 2H); '*C NMR (125 MHz, CDCls) & 123.4 (C), 117.9 (CH),
115.1 (CH), 108.7 (CH), 104.4 (CH), 65.0 (CH>), 35.4 (CH,), 21.6 (CH>); HRMS (ESI) m/z: [M+Na]" calcd
for CoH13NO,Na 190.0838; found 190.0841.

= NH PDC, pyridine
~ Celite® | NH
B — S
3 CH,Cly, 1t OO
183 170a
0 67% OJ

3-(2-(1,3-Dioxolan-2-yl)ethyl)-1H-pyrrole-2,5-dione (170a)

Pyridinium dichromate (23.2 g, 61.5 mmol) was added to a mixture of pyrrole 183 (3.43 g, 20.5 mmol),
pyridine (5.0 mL, 62 mmol), Celite® (17.2 g, 500 wt %) and CH>Cl, (210 mL) at 0 °C. The mixture was
allowed to warm to room temperature, and stirred for 18 h at room temperature, filtrated through a pad of
Celite®, washed with EtOAc, and concentrated. The residue was purified by silica gel column
chromatography (EtOAc/hexane 1:3 to 1:1) to maleimide 170a (2.70 g, 67%): a yellow solid; mp 55.4—
56.0 °C; IR (film) 3246, 2890, 1719, 1349, 1138, 1087, 1031, 943, 892 cm™!; '"H NMR (500 MHz, CDCl5)
8 7.97 (brs, 1H), 6.30 (td, J= 1.7, 1.7 Hz, 1H), 4.94 (t,J = 4.3 Hz, 1H), 4.00-3.91 (m, 2H), 3.90-3.82 (m,
2H), 2.55 (td, J=17.7, 1.7 Hz, 2H), 2.01-1.95 (m, 2H); *C NMR (125 MHz, CDCls) § 171.7 (C), 171.0 (C),
150.7 (C), 127.5 (CH), 103.2 (CH), 65.2 (CH>), 31.0 (CH>), 19.6 (CH>); HRMS (ESI) m/z: [M+H]" calcd
for CoH12NO;4 198.0761; found 198.0763.

88



OH OH

o) o]
A 1M HCl in n-BuOH A
TsN _~ _— TsN _~
rt
o] BuO
169, 169b
</o 4 72% BUO

5-(3,3-Dibutoxypropyl)-3-hydroxy-1-tosylpyridin-2(1H)-one (169b)

Acetyl chloride (2.2 mL, 30 mmol) was added to n-BuOH (30 mL) at 0 °C. The solution was allowed to
warm to room temperature, and maintained for 10 min at room temperature. The concentration of the
solution was estimated as 1.0 M.

The solution of hydrogen chloride in »-BuOH (1.0 M, 11 mL, 11 mmol) was added to hydroxypyridone
169a (411 mg, 1.12 mmol) at 0 °C. The solution was allowed to warm to room temperature, maintained for
3 h at room temperature, quenched with saturated aqueous NaHCOs (5.0 mL), and extracted with CH>Cl,
(3x 10 mL). The combined organic extracts were dried over Na,SO4, and concentrated. The residue was
purified by silica gel column chromatography (EtOAc/hexane 1:10 to 1:5) to give hydroxypyridone 169b
(363 mg, 72%): a white solid; mp 107.6-108.9 °C; IR (film) 3278, 2960, 2933, 2871, 1664, 1630, 1382,
1193, 1141, 1086, 1054, 808, 677, 582 cm™'; 'TH NMR (500 MHz, CDCl3) & 7.99 (d, J = 8.6 Hz, 2H), 7.48—
7.46 (m, 1H), 7.36 (d, J = 8.6 Hz, 2H), 6.68 (d, /= 2.0 Hz , 1H), 6.44 (brs, 1H), 4.47 (t, J= 5.6 Hz, 1H),
3.60 (dt,J=9.5, 6.6 Hz, 2H), 3.44 (dt, J=9.5, 6.9 Hz, 2H), 2.49-2.42 (m, 2H), 2.45 (s, 3H), 1.88-1.82 (m,
2H), 1.59-1.53 (m, 4H), 1.40 (qt, J = 7.5, 7.5 Hz, 4H), 0.94 (t, J = 7.5 Hz , 6H); *C NMR (125 MHz,
CDCl) 6 156.9 (C), 146.70 (C), 146.65 (C), 133.4 (C), 129.9 (CH), 129.8 (CH), 120.6 (C), 118.0 (CH),
116.5 (CH), 102.1 (CH), 65.9 (CH>), 33.9 (CH»), 32.1 (CH>), 28.0 (CH»), 22.0 (CH3), 19.6 (CH,), 14.1
(CH3); HRMS (ESI) m/z: [M+H]" calcd for C23H34NOgS 452.2101; found 452.2099.

0 0
| NH 1M HCl in n-BuOH | NH
EE——
0] rt 9]
0 o9 OBu
oJ 170a o ogy 1700

3-(3,3-Dibutoxypropyl)-1H-pyrrole-2,5-dione (170b)

Acetyl chloride (2.2 mL, 30 mmol) was added to n-BuOH (30 mL) at 0 °C. The solution was allowed to
warm to room temperature, and maintained for 10 min at room temperature. The concentration of the
solution was estimated as 1.0 M.

The solution of hydrogen chloride in #-BuOH (1.0 M, 11 mL, 11 mmol) was added to maleimide 170a (224
mg, 1.14 mmol) at 0 °C. The solution was allowed to warm to room temperature, maintained for 30 min at
room temperature, and quenched with saturated aqueous NaHCOs (5.0 mL), and extracted with CH,Cl, (3x
10 mL). The combined organic extracts were dried over NaSOs, and concentrated. The residue was purified
by silica gel column chromatography (EtOAc/hexane 1:10 to 1:5) to give maleimide 170b (310 mg, 96%):
a colorless oil; IR (film) 3250, 2959, 2934, 2873, 1721, 1346, 1123, 1072, 1047, 914, 865, 743 cm™!; 'H
NMR (500 MHz, CDCl;) 6 7.50 (brs, 1H), 6.29 (td, J=1.7, 1.7 Hz, 1H), 4.50 (t, /= 5.7 Hz, 1H), 3.59 (dt,
J=9.2,6.6 Hz, 2H), 3.42 (dt, J=9.2, 6.6 Hz, 2H), 2.50 (td, J = 7.2, 1.7 Hz, 2H), 1.94-1.88 (m, 2H), 1.55
(tt,J=7.5,7.5Hz, 4H), 1.37 (qt, J=7.5, 7.5 Hz, 4H), 0.92 (t, J= 7.5 Hz, 6H); *C NMR (125 MHz, CDCl5)
61714 (C), 170.6 (C), 150.9 (C), 127.5 (CH), 102.2 (CH), 66.1 (CH»), 32.1 (CH,), 31.1 (CH>), 21.0 (CH>),
19.5 (CH»), 14.0 (CH3); HRMS (ESI) m/z: [M+Na]" calcd for CisH>sNOsNa 306.1676; found 306.1671.
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1-2. Base-catalyzed Diels-Alder Reaction

OH o
o 10 mol % DMAP
X 50 mol % LiCl
TN + | NH +
SNF CHoCly/CeHg = 1
o oO 40 °C
</o oj 171a 77%, 184a: 0.5%
169a 170a (1.1 equiv) 184a

(3aR,4R,7R,7a8)-3a,5-Bis(2-(1,3-dioxolan-2-yl)ethyl)-7-hydroxy-9-tosyl-3a,4,7,7a-tetrahydro-1H-
4,7-(epiminomethano)isoindole-1,3,8(2H)-trione (171a)

Lithium chloride (174 mg, 4.11 mmol) was added to a mixture of hydroxypyridone 169a (3.00 g, 8.21
mmol), maleimide 170a (1.78 g, 9.03 mmol), 4-dimethylaminopyridine (100 mg, 821 umol), CH>Cl; (4.1
mL) and benzene (4.1 mL) at room temperature. The mixture was stirred at 500 rpm for 8 days at 40 °C.
The resulting mixture was diluted with EtOH (50 mL), and filtrated. The solid was washed with EtOH (50
mL) to give tricyclic endo-product 171a (3.57 g, 77%). The filtrate was concentrated. The residue was
filtrated through a pad of silica gel (EtOAc), and concentrated. The residue was purified by HPLC (PEGASIL
Silica 120-5, 250%20 mm, UV 254 nm, CHCI3/MeOH 80:1, 10.0 mL/min, Tr = 20.3 min) to regioisomer 184a
(23.4 mg, 0.5%). Tricyclic endo-product 161a: a white solid; mp 255.5-256.3 °C; IR (film) 3212, 3110,
2974, 2939, 2887, 1781, 1740, 1718, 1440, 1344, 1174, 1094, 973, 777, 569 cm™'; '"H NMR (500 MHz,
(CDs)2S0) 6 11.6 (s, 1H), 7.81 (d, J= 8.3 Hz, 2H), 7.44 (d, J= 8.3 Hz, 2H), 6.56 (brs, 1H), 5.78 (t,J= 1.7
Hz, 1H), 4.80 (d, J= 2.0 Hz, 1H), 4.77 (t, /= 4.6 Hz, 1H), 4.73 (t, J = 4.6 Hz, 1H), 3.91-3.82 (m, 4H),
3.81-3.73 (m, 4H),2.76 (s, 1H), 2.40 (s, 3H), 2.13 (td, J= 7.5, 1.7 Hz, 2H), 1.87 (td, J= 12.6, 4.0 Hz, 1H),
1.71 (td, J=12.6, 4.0 Hz, 1H), 1.70-1.43 (m, 4H); '*C NMR (125 MHz, (CD3),S0) 6 177.9 (C), 173.5 (C),
169.9 (C), 145.7 (C), 143.8 (C), 134.4 (C), 129.9 (CH), 128.0 (CH), 127.6 (CH), 102.6 (CH), 102.5 (CH),
78.4 (C), 64.4 (CH>), 64.4 (CH>), 59.8 (CH), 55.8 (C), 49.7 (CH), 30.3 (CH,), 28.4 (CH), 27.9 (CH>»), 26.9
(CH,), 21.1 (CH3); HRMS (ESI) m/z: [M+H]" calcd for C,sH31N2010S 563.1694; found 563.1706.
Regioisomer 184a: a white solid; mp 83.2-84.1 °C; IR (film) 3229, 2957, 2889, 1722, 1669, 1626, 1369,
1190, 1175, 1141, 1090, 756, 669, 585, 548 cm™'; '"H NMR (500 MHz, CDCls) & 8.53 (brs, 1H), 7.89 (d, J
= 8.3 Hz, 2H), 7.34 (d, /= 8.3 Hz, 2H), 5.89 (td, /= 2.0, 2.0 Hz, 1H), 5.44 (dd, J=4.3, 2.0 Hz, 1H), 4.82
(t,J=4.3 Hz, 1H), 4.65 (t, J = 4.3 Hz, 1H), 4.02 (brs, 1H), 3.99-3.75 (m, 8H), 3.21 (d, /= 4.3 Hz, 1H),
2.43 (s, 3H), 2.29-2.20 (m, 3H), 1.75-1.70 (m, 2H), 1.50 (dddd, J=13.5, 11.2,4.3,4.3 Hz, 1H), 1.38 (dddd,
J=13.5,11.5, 4.3, 43 Hz, 1H), 0.87 (ddd, J = 13.8, 11.2, 4.9 Hz, 1H); '*C NMR (125 MHz, CDCls) &
176.0 (C), 172.9 (C), 170.1 (C), 146.2 (C), 143.8 (C), 134.9 (C), 130.1 (CH), 128.3 (CH), 128.2 (CH),
103.11 (CH), 103.09 (CH), 79.9 (C), 65.2 (CH>), 65.1 (CH»), 65.1 (CHz), 65.0 (CH»), 56.0 (CH), 53.9 (C),
51.7 (CH), 30.4 (CH), 29.1 (CH»), 27.3 (CH>), 24.3 (CH>), 21.9 (CH3); HRMS (ESI) m/z: [M+H]" calcd
for Co6H31N2010S 563.1694; found 563.1722.
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X-ray Crystallographic Analysis of 171a

0]
171a

The colorless crystals were obtained from DMF solution under EtOH-saturated atmosphere -saturated
atmosphere by slow evaporation at ambient temperature. The crystallographic data of lactam 171a was deposited
with Cambridge Crystallographic Data Center as supplementary publication no. CCDC-2331678. Copies of the
data can be obtained free of charge via CCDC Website.

Crystal data: C26H30N2010S, MW 562.58, monoclinic, P 1 2i/c 1, T=90 K, a = 12.3655(4) A, b =23.4604(7) A,
c=8.7796(3) A, V'=2538.40(14) A3, Z = 4, calculated density 1.472 gem?, 4501 unique reflections, 3621 (>
20(1)), R1=0.0352, wR> = 0.0741.

X-ray Crystallographic Analysis of 184a

184a

The colorless crystals were obtained from EtOAc solution by slow evaporation at 5 °C. The crystallographic
data of lactam 184a as an EtOAc adduct was deposited with Cambridge Crystallographic Data Center as
supplementary publication no. CCDC-2331679. Copies of the data can be obtained free of charge via CCDC
Website.

Crystal data: C30H3sN>012S, MW 650.68, triclinic, P -1, T=90 K, a=11.3889(7) A, b=11.5321(7) A, c =
13.5911(8) A, V'=1539.34(16) A?, Z = 2, calculated density 1.404 gcm™, 5415 unique reflections, 3291 (/
>20(1)), R = 0.0920, wR, = 0.02244.
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Synthesis of authentic Diels-Alder products 171b and 184b from structurally confirmed 171a and
184a

1M HCl in n-BuOH

60 °C
88%

OBu OBu
171b

(3aR.,4R,7R,7a8)-3a,5-Bis(3,3-dibutoxypropyl)-7-hydroxy-9-tosyl-3a,4,7,7a-tetrahydro-1H-4,7-
(epiminomethano)isoindole-1,3,8(2H)-trione (171b)

Acetyl chloride (2.2 mL, 30 mmol) was added to n-BuOH (30 mL) at 0 °C. The solution was allowed to
warm to room temperature, and maintained for 10 min at room temperature. The concentration of the
solution was estimated as 1.0 M.

The solution of hydrogen chloride in #-BuOH (1.0 M, 3.2 mL, 3.2 mmol) was added to tricyclic endo-
product 171a (178 mg, 316 umol) at room temperature. The mixture was heated to 60 °C, maintained for 7
h at 60 °C, and cooled to room temperature, quenched with saturated aqueous NaHCOs (5.0 mL), and
extracted with CH»Cl, (3x 10 mL). The combined organic extracts were dried over Na,SOs, and
concentrated. The residue was purified by silica gel column chromatography (EtOAc/hexane 1:5 to 1:2) to
give tricyclic endo-product 171b (205 mg, 88%): a colorless oil; IR (film) 3435, 3207, 3072, 2959, 2934,
2872, 1722, 1350, 1174, 1118, 669, 583, 549 cm™!; "H NMR (500 MHz, CDCl;) & 8.27 (brs, 1H), 7.87 (d,
J=8.3 Hz, 2H), 7.31 (d, /= 8.3 Hz, 2H), 5.79 (dt, J= 2.0, 1.4 Hz, 1H), 5.10 (d, /=2.0 Hz, 1H), 4.41 (t,J
=5.4 Hz, 1H), 4.40 (t, J= 5.4 Hz, 1H), 4.00 (brs, 1H), 3.59-3.49 (m, 4H), 3.43-3.33 (m, 4H), 2.69 (s, 1H),
2.43 (s, 3H), 2.21-2.16 (m, 2H), 2.10 (td, /= 13.5, 4.3 Hz, 1H), 1.80 (td, J = 13.5, 4.0 Hz, 1H), 1.74-1.66
(m, 2H), 1.64-1.57 (m, 2H), 1.54 (qt, J= 7.5, 7.5 Hz, 4H), 1.53 (qt, J=7.5, 7.5 Hz, 4H), 1.38 (qt, J= 7.5,
7.5 Hz, 4H), 1.36 (qt, J=17.5, 7.5 Hz, 4H), 0.94 (t, /= 7.5 Hz, 3H), 0.92 (t, /= 7.5 Hz, 6H), 0.91 (t, J="7.5
Hz, 3H); *C NMR (125 MHz, CDCl3) § 176.2 (C), 172.9 (C), 170.0 (C), 146.2 (C), 145.3 (C), 134.5 (C),
129.9 (CH), 128.7 (CH), 127.1 (CH), 102.3 (CH), 102.0 (CH), 77.9 (C), 66.7 (CH>), 65.9 (CH>), 65.7 (CH»),
65.6 (CH»), 60.7 (CH), 56.9 (C), 51.2 (CH), 32.1 (CH»), 32.1 (CH>), 32.0 (CH»), 31.9 (CH>), 30.6 (CH>),
29.6 (CH,), 28.8 (CHa»), 28.6 (CH>), 21.9 (CH3), 19.59 (CHb»), 19.56 (CHa), 19.53 (CH>), 19.53 (CH>), 14.1
(CH3), 14.1 (CH3), 14.1 (CH3), 14.1 (CHs3); HRMS (ESI) m/z: [M+Na]" caled for C;sHssN>O1oSNa
757.3704; found 757.3712.

1M HCl in n-BuOH

rt
o]
0 29%
184a ] J 184b OBu

(3aR,4S,7R,7aS)-5,7a-Bis(3,3-dibutoxypropyl)-7-hydroxy-9-tosyl-3a,4,7,7a-tetrahydro-1H-4,7-
(epiminomethano)isoindole-1,3,8(2H)-trione (184b)

Acetyl chloride (2.2 mL, 30 mmol) was added to n-BuOH (30 mL) at 0 °C. The solution was allowed to
warm to room temperature, and maintained for 10 min at room temperature. The concentration of the
solution was estimated as 1.0 M.

The solution of hydrogen chloride in #-BuOH (1.0 M, 3.2 mL, 3.2 mmol) was added to regioisomer
184a (180 mg, 319 umol) at room temperature. The solution was maintained for 6 h at room temperature,
quenched with saturated aqueous NaHCO; (5.0 mL), and extracted with CH,Cl, (3x 10 mL). The combined
organic extracts were dried over Na;SOs, and concentrated. The residue was purified by silica gel column
chromatography (EtOAc/hexane 1:5 to 1:2) to give regioisomer 184b (67.2 mg, 29%): a colorless oil; IR
(film) 3216, 3070, 2958, 2933, 2872, 1721, 1357, 1189, 1175, 1118, 1088, 744, 671, 582, 548 cm™!; 'H
NMR (500 MHz, CDCls) 6 8.00 (brs, 1H), 7.89 (d, J = 8.3 Hz, 2H), 7.34 (d, J = 8.3 Hz, 2H), 5.85 (d, J =
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2.0 Hz, 1H), 5.44 (dd, J = 4.6, 2.6 Hz, 1H), 4.39 (t, J = 5.4 Hz, 1H), 4.26 (t, J = 5.4 Hz, 1H), 3.90 (s, 1H),
3.58-3.43 (m, 4H), 3.41-3.29 (m, 4H), 3.24 (d, J = 4.6 Hz, 1H), 2.4 (s, 3H), 2.22 (td, J = 12.3, 4.6 Hz,
1H), 2.18 (td, J = 8.9, 1.4 Hz, 2H), 1.73-1.62 (m, 2H), 1.58-1.30 (m, 18H), 0.93 (t, /= 7.5 Hz, 3H), 0.92
(t,J = 7.5 Hz, 3H), 0.92 (t, J = 7.5 Hz, 3H), 0.91 (t, J = 7.5 Hz, 3H), 0.91-0.86 (m, 1H); '*C NMR (125
MHz, CDCl3) § 175.7 (C), 172.5 (C), 170.2 (C), 146.2 (C), 144.1 (C), 135.0 (C), 130.1 (CH), 128.3 (CH),
128.2 (CH), 102.1 (CH), 102.0 (CH), 79.9 (C), 66.4 (CH.), 66.0 (CH,), 65.8 (CHa), 65.3 (CHa), 56.1 (CH),
53.9 (C), 51.7 (CH), 32.1 (CHy), 32.1 (CHa), 32.0 (CHa), 32.0 (CHa), 30.5 (CHo), 29.1 (CH,), 28.6 (CH.),
25.5 (CHa), 21.9 (CHs), 19.59 (CHa), 19.56 (CHa), 19.52 (CHa), 19.52 (CH,), 14.1 (CHs), 14.1 (CHs), 14.1
(CHs), 14.1 (CHs); HRMS (ESI) m/z: [M+Na]* caled for C3sHssN2O10SNa 757.3704; found 757.3696.

Procedure for the optimization study

base additive
TN~ CHQCIQICGHG 1
40 °C, 3 days
OBu

BuO OBu

BuO OBu
169b 170b (1.2 equiv) 171b 184b

Additive (30 pumol) was added to a solution of hydroxypyridone 169b (30 umol), maleimide 170b (36
umol), base (3.0 umol), CH,Cl, (80 uL) and benzene (80 uL) at room temperature. The solution was stirred
at 500 rpm for 3 days at 40 °C, and filtrated through a pad of silica gel (EtOAc), and concentrated. The
yields of tricyclic endo-product 171b, regioisomer 184b, hydroxypyridone 169b and maleimide 170b were
determined by '"H NMR using mesitylene as an internal standard.

OH o
o 10 mol % DMAP
AN 50 mol % LiCl
TsN | NH +
SNF CH,Cl,/CeHg = 1
o OO 40 °C, time
d 5
169a 170a (1.1 equiv) 184a

Lithium chloride (15 pmol) was added to a mixture of hydroxypyridone 169a (30 umol), maleimide 170a
(33 umol), 4-dimethylaminopyridine (3.0 umol), CH,Cl, (80 uL) and benzene (80 pnL) at room temperature.
The mixture was stirred at 500 rpm for 1 to 4 days at 40 °C, and filtrated through a pad of silica gel (CH>Cl»
and EtOAc), and concentrated. The yields of tricyclic endo-product 171a, regioisomer 184a,
hydroxypyridone 169a and maleimide 170a were determined by '"H NMR using mesitylene as an internal
standard.
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1-3. Total Synthesis of Keramaphidin B and Ingenamine

PPhs, CBry
P N GFaN
HO™ """ oBOM —_— Br OBOM

198 CH,Cly, 1t 265
91%

((((5-Bromopentyl)oxy)methoxy)methyl)benzene (265)

Carbon tetrabromide (26.1 g, 78.6 mmol) was added to a solution of 5-((benzyloxy)methoxy) pentan-1-ol
19847 (14.7 g, 65.5 mmol), triphenylphosphine (21.0 g, 79.9 mmol) and CH>Cl, (66 mL) at 0 °C. The
solution was maintained for 5 min at 0 °C, quenched with saturated aqueous NaHCO; (20 mL), and
extracted with CH»Cl, (3x 40 mL). The combined organic extracts were dried over Na,SOs, and
concentrated. The residue was purified by silica gel column chromatography (EtOAc/hexane 1:100 to 1:7)
to give bromide 265 (17.1 g, 91%): a colorless oil; IR (film) 2938, 2869, 1454, 1379, 1155, 1113, 1043,
1027, 741, 698 cm™'; 'TH NMR (500 MHz, CDCl3) 6 7.38-7.27 (m, 5H), 4.76 (s, 2H), 4.61 (s, 2H), 3.60 (t,
J=6.3 Hz, 2H), 3.42 (t, /= 6.9 Hz, 2H), 1.90 (tt, /= 7.5, 6.9 Hz, 2H), 1.67-1.59 (m, 2H), 1.56-1.49 (m,
2H); *C NMR (125 MHz, CDCl3) & 138.1 (C), 128.6 (CH), 128.0 (CH), 127.8 (CH), 94.8 (CH.), 69.5
(CH»), 67.8 (CHz), 33.8 (CHy»), 32.7 (CHz), 29.0 (CHy>), 25.1 (CH2); HRMS (ESI) m/z: [M+Na]" calcd for
Ci3H19BrO;Na 309.0461; found 309.0471.

PPh;
/\/\/\
B ""oBoM —————>  BrPhP OBOM
265 MeCN, 80 °C 199

88%

(5-((Benzyloxy)methoxy)pentyl)triphenylphosphonium bromide (199)

Triphenylphosphine (34.0 g, 129 mmol) was added to a solution of bromide 265 (16.9 g, 58.8 mmol) and
MeCN (24 mL) at room temperature. The solution was heated to 80 °C, maintained for 19 h at 80 °C, cooled
to room temperature, and concentrated. The residue was purified by silica gel column chromatography
(MeOH/CHCI; 1:200 to 1:10) to give phosphonium salt 199 (28.4 g, 88%): a colorless oil; IR (film) 3055,
2936, 2867, 1438, 1113, 1041, 747, 724, 692, 534, 509 cm™'; "H NMR (500 MHz, CDCl;) & 7.89-7.82 (m,
6H), 7.80-7.75 (m, 3H), 7.71-7.66 (m, 6H), 7.35-7.23 (m, 5H), 4.67 (s, 2H), 4.53 (s, 2H), 3.92-3.84 (m,
2H), 3.52 (t,J = 6.3 Hz, 2H), 1.81-1.73 (m, 2H), 1.70-1.57 (m, 4H); *C NMR (125 MHz, CDCls) § 137.6
(C), 134.8 (d, /= 3.0 Hz, CH), 133.3 (d, /= 9.6 Hz, CH), 130.3 (d, J=12.6 Hz, CH), 128.1 (CH), 127.5
(CH), 127.3 (CH), 117.9 (d, J = 85.8 Hz, C), 94.3 (CH>), 69.0 (CH>), 67.3 (CH>), 28.7 (CH>), 26.9 (d, J =
16.2 Hz, CH»), 22.4 (d, J=50.4 Hz, CH>), 22.1 (d, J = 3.6 Hz, CHz); HRMS (ESI) m/z: [M-Br]" calcd for
C31H340,P 469.2291; found 469.2299.

o] o]
p-MeCgH,COCI, Et;N  P-MeCeHy 199 PMeCeHy
20 mol % DMAP o) 5 o)
MeCN, rt; BrPhsP” TOBOM  BOMO

TsN —_— TsN
MeOH, tt; t-BuOK, THF, 0 °C
1 MHCl aq., 60 °C

OHC 79% (2 steps)

200
(3aR,4R,7R,7a8)-3a,5-Bis((£)-8-((benzyloxy)methoxy)oct-3-en-1-yl)-1,3,8-trioxo-9-tosyl-

1,2,3,3a,4,7a-hexahydro-7H-4,7-(epiminomethano)isoindol-7-yl 4-methylbenzoate (201a)

p-Toluoyl chloride (1.1 mL, 8.1 mmol) was added to a mixture of tricyclic endo-product 171a (1.82 g, 3.24
mmol), triethylamine (1.4 mL, 9.7 mmol), 4-dimethylaminopyridine (79.2 mg, 648 umol) and MeCN (32
mL) at room temperature. After stirring for 15 min at room temperature, MeOH (660 pL, 16 mmol) was
added to the mixture at room temperature. After stirring for 15 min at room temperature, aqueous HCI (1
M, 64 mL) was added to the solution at room temperature. The solution was heated to 60 °C, maintained
for 3 h at 60 °C, and extracted with CHCl; (3x 50 mL). The combined organic extracts were dried over
Na;SOs, and concentrated. The residue was filtrated through a pad of silica gel (EtOAc/hexane 1:3 to
EtOAc) to give dialdehyde 200, which was immediately used in the next step without further purification.
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Potassium fert-butoxide (2.33 g, 20.7 mmol) was added to a solution of phosphonium salt 199 (11.8
g, 21.4 mmol) and THF (50 mL) at room temperature. The mixture was stirred for 15 min at room
temperature, and cooled to 0 °C. A solution of dialdehyde 200 and THF (15 mL) was added to the mixture
of the ylide at 0 °C. After stirring for 15 min at 0 °C, the mixture was quenched with saturated aqueous
NH4CI (50 mL), and extracted with EtOAc (3x 50 mL). The combined organic extracts were dried over
Na»S0s, and concentrated. The residue was purified by silica gel column chromatography (EtOAc/hexane
1:8 to 1:3) to give Z-olefin 201a (2.48 g, 79%, 2 steps): a colorless oil; IR (film) 3246, 3173, 2926, 2859,
1730, 1371, 1346, 1271, 1175, 1110, 1090, 1042, 815, 744 cm™"; 'TH NMR (500 MHz, CDCls, 60 °C) § 8.35
(brs, 1H), 8.00 (d, J= 7.7 Hz, 2H), 7.88 (d, J = 8.3 Hz, 2H), 7.37-7.26 (m, 12H), 7.23 (d, J = 8.3 Hz, 2H),
6.07 (brs, 1H), 5.48-5.37 (m, 2H), 5.33-5.23 (m, 2H), 5.13 (d, J = 2.3 Hz, 1H), 4.751 (s, 2H), 4.748 (s,
2H), 4.61 (s, 2H), 4.61 (s, 2H), 3.59 (t, /= 6.3 Hz, 2H), 3.59 (t, J = 6.3 Hz, 2H), 2.42 (s, 3H), 2.41 (s, 3H),
2.31-1.98 (m, 12H), 1.82 (brs, 1H), 1.66-1.56 (m, 4H), 1.48-1.39 (m, 4H); *C NMR (125 MHz, (CDs),SO,
100 °C) 6 176.8 (C), 172.3 (C), 164.1 (C), 163.2 (C), 145.3 (C), 143.8 (C), 143.1 (C), 137.90 (C), 137.87
(C), 134.2 (C), 130.5 (CH), 130.2 (CH), 129.3 (CH), 129.2 (CH), 128.7 (CH), 127.6 (CH), 127.6 (CH),
127.41 (CH), 127.35 (CH), 127.2 (CH), 127.00 (CH), 126.97 (CH), 126.8 (CH), 126.8 (CH), 126.2 (C),
124.3 (CH), 94.0 (CH), 94.0 (CH>), 81.4 (C), 68.4 (CH>), 68.4 (CH>), 67.0 (CH»), 67.0 (CH>), 60.3 (CH),
55.0 (C), 46.9 (CH), 33.4 (CH>), 32.1 (CH>), 28.44 (CH>), 28.42 (CH»), 26.04 (CH>), 25.96 (CH»), 25.3
(CHy), 25.3 (CH»), 23.4 (CH»), 21.5 (CHy»), 20.6 (CH3), 20.5 (CH3); HRMS (ESI) m/z: [M+Na]" calcd for
CseHesaN2011SNa 995.4123; found 995.4112.

NH OBOM NaH, 1,4-dioxane, t;  BOMO
- O @O @O
Smly(HMPA) 4, 100 °C

43%

201a

(3aR,4R,7S,7aR)-3a,5-Bis((£)-8-((benzyloxy)methoxy)oct-3-en-1-yl)-2-tosyl-3a,4,7,7a-tetrahydro-
1H-4,7-(epiminomethano)isoindole-1,3,8(2H)-trione (202)
A solution of 1,2-diiodoethane (8.05 g, 28.6 mmol) and Et;O (50 mL) was washed with saturated aqueous
Na»S,0s3 (2x 50 mL), and H>O (4x 50 mL). The organic layer was dried over Na>SOs, and concentrated. In
a glove box, the resulting 1,2-diiodoethane and samarium (8.60 g, 57.2 mmol) were dissolved in THF (190
mL). The mixture was stirred for 1 day at room temperature. The concentration of the Sml, solution was
determined as 0.1 M by titration with 2-heptanone.>®

In a glove box, hexamethylphosphoric triamide (1.2 mL, 7.1 mmol) was added to a solution of Sml,
(0.1 M in THF, 18 mL, 1.8 mmol). Meanwhile, in a glove box, sodium hydride (63 wt %, 13.4 mg, 353
umol) was added to a solution Z-olefin 201a (429 mg, 441 umol) and 1,4-dioxane (15 mL) at room
temperature. The two flasks were removed from the glove box, and heated to 100 °C. The supernatant of
the red purple mixture of SmI,(HMPA)4 was added dropwise to the solution of Z-olefin 201a at 100 °C by
syringe. The resulting mixture was stirred for 5 min at 100 °C, cooled to room temperature, quenched with
saturated aqueous Na»S,Os3 (10 mL) and saturated aqueous (+)-potassium sodium tartrate (20 mL), and
extracted with EtOAc (3x 40 mL). The combined organic extracts were dried over Na,SO4, and
concentrated. The residue was purified by silica gel column chromatography (EtOAc/hexane 5:1), and
MPLC (Yamazen Ultra Pack Column B, 26x300 mm, iPrOH/hexane 4:96 to 8:92, 20 mL/min, 210 nm, Tr
= 66 min) to give tricyclic compound 202 (130 mg, 43%): a colorless oil; IR (film) 3199, 3065, 3007, 2936,
2866, 1720, 1691, 1454, 1188, 1159, 1111, 1043, 739, 698 cm™'; '"H NMR (500 MHz, CDCls) & 8.71 (brs,
1H), 7.39-7.26 (m, 10H), 6.74 (brs, 1H), 5.93 (dddd, J = 5.7, 1.7, 1.7, 1.7 Hz, 1H), 5.44-5.33 (m, 2H),
5.33-5.24 (m, 2H), 4.76 (s, 2H), 4.76 (s, 2H), 4.61 (s, 2H), 4.60 (s, 2H), 3.91 (dd, J=5.2, 1.7 Hz, 1H), 3.70
(ddd,J=5.7,3.4,2.0 Hz, 1H), 3.61-3.56 (m, 4H), 2.88 (d, /= 3.4 Hz, 1H), 2.24-1.94 (m, 11H), 1.79-1.72
(m, 1H), 1.64-1.53 (m, 4H), 1.49-1.35 (m, 4H); *C NMR (125 MHz, CDCl;) § 178.2 (C), 175.6 (C), 174.4
(C), 148.3 (C), 138.0 (C), 137.8 (C), 131.6 (CH), 130.8 (CH), 128.6 (CH), 128.6 (CH), 128.3 (CH), 128.12
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(CH), 128.08 (CH), 127.91 (CH), 127.87 (CH), 127.7 (CH), 121.8 (CH), 94.7 (CH>), 94.5 (CH,), 69.49
(CH»), 69.45 (CH>), 67.91 (CH>), 67.86 (CH,), 58.6 (CH), 57.6 (C), 47.6 (CH), 46.1 (CH), 34.5 (CH>), 33.0
(CH>), 29.3 (CH>), 29.0 (CH»), 27.0 (CH»), 26.9 (CH), 26.1 (CH>), 26.0 (CH>), 24.4 (CH>), 23.0 (CHy);
HRMS (ESI) m/z: [M+H]" calcd for C41Hs3N>07 685.3847; found 685.3842.

p-TsCl, EtsN
MesNeHCI, CH,Cl,, it  BOMO

NaBH,, EtOH, =20 °C

88%

(18,3aR,4R,7S,7aR)-3a,5-Bis((Z)-8-((benzyloxy)methoxy)oct-3-en-1-yl)-1-hydroxy-2-tosyl-
1,2,3a,4,7,7a-hexahydro-3 H-4,7-(epiminomethano)isoindole-3,8-dione (217)

p-Toluenesulfonyl chloride (266 mg, 1.39 mmol) was added to a solution of tricyclic compound 202 (478
mg, 697 umol), triethylamine (290 pL, 2.1 mmol), trimethylamine hydrochloride (66.6 mg, 697 umol) and
CHCl, (7.0 mL) at room temperature. After the solution was maintained for 10 min at room temperature,
the solution was cooled to —20 °C. Ethanol (7.0 mL) and sodium borohydride (264 mg, 6.97 mmol) were
added to the solution2 at —0 °C. The mixture was stirred for 1 h at —20 °C, quenched with saturated aqueous
NH4CI (20 mL), and extracted with CH>Cl, (3x 30 mL). The combined organic extracts were dried over
Na»S0Os, and concentrated. The residue was purified by silica gel column chromatography (EtOAc/hexane
1:2 to 2:1) to give hemiaminal 217 (516 mg, 88%): a colorless oil; IR (film) 3277, 2936, 2866, 1731, 1684,
1496, 1454, 1363, 1204, 1172, 1112, 1044, 742, 700, 669, 580 cm™'; 'H NMR (500 MHz, CDCl;) & 7.88
(d, J=8.6 Hz, 2H), 7.37-7.27 (m, 12H), 6.24 (d, /= 5.2 Hz, 1H), 5.72 (dd, J= 6.0, 1.4 Hz, 1H), 5.37-5.29
(m, 2H), 5.27 (dd, J = 3.4, 1.2 Hz, 1H), 5.27-5.21 (m, 1H), 5.14-5.07 (m, 1H), 4.78 (d, /= 6.9 Hz, 1H),
4.75 (d,J=6.9 Hz, 1H),4.76 (s, 2H), 4.61 (s, 2H), 4.60 (s, 2H), 4.13 (d, /= 3.4 Hz, 1H), 3.71 (dd, J= 5.2,
1.4 Hz, 1H), 3.58 (t,J= 6.3 Hz, 2H), 3.58 (t, /= 6.3 Hz, 2H), 3.45 (ddd, J = 6.0, 2.3, 2.0 Hz, 1H), 2.42 (s,
3H), 2.36 (brd, J= 2.3 Hz, 1H), 2.26-2.17 (m, 1H), 2.00—1.90 (m, 5H), 1.88-1.64 (m, 5H), 1.61-1.54 (m,
5H), 1.45-1.35 (m, 4H); '*C NMR (125 MHz, CDCl3) § 174.8 (C), 172.9 (C), 149.6 (C), 145.8 (C), 138.04
(C), 138.02 (C), 134.9 (C), 130.9 (CH), 130.6 (CH), 129.7 (CH), 128.7 (CH), 128.6 (CH), 128.6 (CH),
128.4 (CH), 128.3 (CH), 128.1 (CH), 128.0 (CH), 127.8 (CH), 127.8 (CH), 120.9 (CH), 94.7 (CH>), 94.7
(CH>), 84.8 (CH), 69.5 (CHy), 69.5 (CH>), 68.03 (CH2), 68.00 (CH>), 59.3 (CH), 59.1 (C), 47.3 (CH), 46.6
(CH), 36.1 (CHy), 32.6 (CH>), 29.4 (CH>), 29.2 (CH>), 27.1 (CH), 26.9 (CH»), 26.3 (CH>), 26.1 (CH>),
24.5 (CH,), 22.7 (CH>), 21.8 (CH3); HRMS (ESI) m/z: [M+H]" calcd for C4gHeiN2OoS 841.4092; found
841.4104.

MeOCH,PPh;CI, t-BuOK Smly, H,0, THF, rt;
e ——

NTs OBOM
THF, rt; 1M HCI, MeOH, rt

7%

217
(3S5,4aR,55,7R,8R 8aR)-7,8a-Bis((Z)-8-hydroxyoct-3-en-1-yl)-3-methoxyoctahydro-8,5-
(epiminomethano)isoquinoline-1,10(2H)-dione (221)

A solution of 1,2-diiodoethane (8.05 g, 28.6 mmol) and Et,O (50 mL) was washed with saturated aqueous
Na,S;03 (2x 50 mL), and H,O (4x 50 mL). The organic layer was dried over Na,SO4, and concentrated. In
a glove box, the resulting 1,2-diiodoethane and samarium (8.60 g, 57.2 mmol) were dissolved in THF (190
mL). The mixture was stirred for 1 day at room temperature. The concentration of the Sml, solution was

determined as 0.1 M by titration with 2-heptanone.*®

Acetyl chloride (5.6 mL, 79 mmol) was added to MeOH (79 mL) at 0 °C. The solution was allowed
to warm to room temperature, and maintained for 10 min at room temperature. The concentration of the
solution was estimated as 1.0 M.

In a glove box, potassium fert-butoxide (527 mg, 4.70 mmol) was added to a mixture of
(methoxymethyl)triphenylphosphonium chloride (1.79 g, 5.22 mmol) and THF (40 mL) at room
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temperature. The mixture was stirred for 15 min at room temperature to give the dark red ylide. The
supernatant of the ylide was added dropwise to the solution of hemiaminal 217 (439 mg, 522 pL) and THF
(5.2 mL) by syringe at room temperature until the solution remained a dark red color (Total volume of the
ylide solution: 12 mL). After maintaining for 30 min at room temperature, the flask was removed from the
glove box. Water (1.9 mL, 110 mmol) and Sml, (0.1 M in THF, 27 mL, 2.7 mmol) were added to the solution
at room temperature. After maintaining for 40 min at room temperature, HCI (1.0 M in MeOH, 85 mL, 85
mmol) was added to the solution at room temperature. The solution was maintained for 4.5 h at room
temperature, and was added to saturated aqueous NaHCO3 (200 mL). Saturated aqueous Na>S,03 (50 mL)
and saturated aqueous (+)-potassium sodium tartrate (50 mL) were added to the resulting mixture. The
mixture was stirred vigorously for 1 h at room temperature, and extracted with CH>Cl, (4x 200 mL). The
combined organic extracts were dried over Na,SQs, and concentrated. The residue was purified by silica
gel column chromatography (EtOAc to MeOH/EtOAc 1:20) to give N,O-acetal 221 (192 mg, 77%): a
colorless oil; IR (film) 3255, 2932, 2859, 1666, 1438, 1294, 1074, 792, 712 cm™'; 'TH NMR (500 MHz,
CDCls) 6 7.19 (brs, 1H), 6.93 (brs, 1H) NH, 5.89 (d, J = 6.0 Hz, 1H), 5.44-5.29 (m, 4H), 4.43 (ddd, J =
5.2,29,29 Hz, 1H), 4.31 (dd, J=5.2, 2.0 Hz, 1H), 3.69-3.56 (m, 4H), 3.28 (s, 3H), 3.16 (brs, 1H), 3.07
(dt,/=6.0,2.0 Hz, 1H), 2.36-2.28 (m, 2H), 2.28-1.91 (m, 11H), 1.86 (brs, 1H), 1.68 (ddd, /= 14.0, 11.7,
5.7 Hz, 1H), 1.60-1.49 (m, 4H), 1.44-1.33 (m, 5H); 3*C NMR (125 MHz, CDCl; 60 °C) § 177.4 (C), 174.4
(C), 149.7 (C), 130.4 (CH), 130.2 (CH), 129.3 (CH), 129.2 (CH), 123.7 (CH), 82.5 (CH), 62.6 (CH»), 62.2
(CH»), 56.1 (CH), 54.7 (CH3), 52.9 (C), 48.9 (CH), 40.5 (CH), 39.5 (CH»), 34.1 (CH>), 33.3 (CH>), 32.3
(CHa), 32.1 (CH2), 27.0 (CH>), 26.8 (CH>), 25.82 (CH>), 25.76 (CHz>), 25.0 (CH>), 22.7 (CH2); HRMS (ESI)
m/z: [M+H]" calcd for C27H43N20s 475.3166; found 475.3189.

~OMe CBry, PPhg, imidazole
HO OH (CHACI),, 40 °C;
HN H
TFA, 40°C
51%

221

(4aR,55,8R,8aR)-7,8a-Bis((£)-8-bromooct-3-en-1-yl)-4a,5,8,8a-tetrahydro-8,5-
(epiminomethano)isoquinoline-1,10(2H)-dione (172)
Carbon tetrabromide (424 mg, 1.28 mmol) was added to a solution of N,O-acetal 221 (121 mg, 256 umol),
imidazole (261 mg, 3.84 mmol), PPh; (335 mg, 1.28 mmol) and (CH»Cl), (51 mL) at room temperature.
The solution was warmed to 40 °C, and maintained for 1 h at 40 °C. Trifluoroacetic acid (2.6 mL, 34 mmol)
was added to the solution at 40 °C. The solution was maintained for 1 min at 40 °C, quickly cooled to 0 °C,
and quenched with saturated aqueous NaHCOs (50 mL) at 0 °C (Cf: The longer reaction time under acidic
conditions caused the decomposition). The mixture was extracted with CH,Cl, (3x 50 mL). The combined
organic extracts were dried over Na,SOs, and concentrated. The residue was purified by silica gel column
chromatography (EtOAc) and MPLC (Yamazen Ultra Pack Column A, 11x300 mm, EtOAc/hexane 42:58
to 63:37, 15 mL/min, Tr = 19 min) to give enamide 172 (73.3 mg, 51%): a colorless oil; IR (film) 3218,
2932, 2856, 1656, 1451, 1249, 1220, 773 cm™!; 'TH NMR (500 MHz, CDCl3) 8 6.71 (d, J = 4.9 Hz, 1H),
6.22 (dd, J=5.2, 2.0 Hz, 1H), 6.03 (dddd, J = 6.0, 2.0, 2.0, 1.5 Hz, 1H), 5.86 (ddd, J = 8.0, 4.9, 1.2 Hz,
1H), 5.41-5.27 (m, 4H), 4.91 (dd, J = 8.0, 4.0 Hz, 1H), 4.23 (dd, J= 5.2, 2.0 Hz, 1H), 3.42 (t, /= 6.9 Hz,
2H), 3.41 (t,J= 6.9 Hz, 2H), 3.23 (ddd, J = 6.0, 2.0, 2.0 Hz, 1H), 2.61-2.56 (m, 1H), 2.23-1.97 (m, 11H),
1.89-1.81 (m, 4H), 1.58-1.44 (m, 5H); '*C NMR (125 MHz, CDCls) § 176.2 (C), 170.5 (C), 148.7 (C),
130.2 (CH), 129.9 (CH), 129.2 (CH), 129.0 (CH), 123.9 (CH), 123.0 (CH), 106.1 (CH), 61.2 (CH), 53.9
(©), 50.2 (CH), 42.7 (CH), 41.9 (CH»), 34.00 (CHz), 33.96 (CH>), 33.3 (CH»), 32.39 (CH2), 32.36 (CH>),
28.1 (CH,), 28.1 (CH>), 26.5 (CH>), 26.4 (CHa), 24.9 (CH,), 23.3 (CH,); HRMS (ESI) m/z: [M+H]" calcd
for C26H37B1‘2N202 567.1216; found 567.1224.
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Cs,C03, DMSO, t;
Cs,C03, 60 °C

168: 46%, 250: 7%

Bislactam (168)

In a glove box, cesium carbonate (101 mg, 309 umol) was added to a solution of enamide 172 (58.7 mg,
103 umol) and DMSO (100 mL) at room temperature. After stirring for 4 h at room temperature, cesium
carbonate (101 mg, 309 umol) was added to the mixture. The flask was removed from the glove box. The
mixture was heated to 60 °C, stirred for 24 h at 60 °C, and cooled to 0 °C. The mixture was quenched with
saturated aqueous NH4C1 (100 mL) at 0 °C, and extracted with Et,O (5x 150 mL). The combined organic
extracts were dried over Na,SO4, and concentrated. The residue was purified by silica gel column
chromatography (EtOAc) and MPLC (Yamazen Ultra Pack Column A, 11x300 mm, EtOAc/hexane 50:50
to 65:35, 15 mL/min, 168: Tr = 19 min, 232: Tr = 21 min) to give bislactam 168 (19.1 mg, 46%) and
regioisomer 232 (2.9 mg, 7%). Bislactam 168: a white solid; mp 193.2-194.0 °C; IR (film) 3005, 2929,
2856, 1670, 1644, 1466, 1419, 1399, 1363, 1242, 1222, 752, 722 cm™'; 'TH NMR (500 MHz, CDCl;) § 6.03
(dddd, J=6.3,2.0, 2.0, 2.0 Hz, 1H), 5.82 (dd, /= 8.3, 1.7 Hz, 1H), 5.65-5.55 (m, 3H), 5.37 (ddd, J= 10.6,
10.6, 6.0 Hz, 1H), 4.85 (dd, J=8.3,4.3 Hz, 1H), 4.58 (d,J= 1.7 Hz, 1H), 4.11 (ddd, /= 13.5, 10.9, 2.6 Hz,
1H), 3.75 (ddd, J = 14.0, 8.6, 8.0 Hz, 1H), 3.26 (dd, J= 6.3, 2.0 Hz, 1H), 2.71 (ddd, J = 14.0, 8.6, 8.0 Hz,
1H), 2.70-2.63 (m, 2H), 2.59-2.44 (m, 2H), 2.40 (ddd, /=4.3, 2.0, 1.7 Hz, 1H), 2.28-2.10 (m, 3H), 2.05—
1.90 (m, 5H), 1.90-1.80 (m, 1H), 1.69-1.60 (m, 1H), 1.51-1.42 (m, 1H), 1.41-1.21 (m, 5H), 1.12-1.02 (m,
1H); '*C NMR (125 MHz, CDCl3) 8 173.9 (C), 168.5 (C), 149.0 (C), 131.5 (CH), 131.1 (CH), 129.1 (CH),
128.7 (CH), 127.7 (CH), 123.7 (CH), 105.6 (CH), 67.7 (CH), 52.6 (C), 50.8 (CH), 47.7 (CH>), 46.5 (CH>),
46.3 (CH), 41.6 (CH>), 34.2 (CH>), 28.8 (CH>), 27.45 (CH,), 27.42 (CH>), 25.2 (CH>), 24.8 (CH>), 24.6
(CH>), 23.4 (CHa), 23.3 (CH>); HRMS (ESI) m/z: [M+H]" caled for C2sH3sN>O, 407.2693; found 407.2690.
Regioisomer 232: a white solid; mp 185.0-185.3 °C; IR (film) 3000, 2917, 2853, 1643, 1453, 1396, 1366,
1278, 1258, 1235, 1156, 755, 723, 706, 691 cm™'; "H NMR (500 MHz, CDCl3) & 5.96 (ddd, J = 6.0, 1.7,
1.7 Hz, 1H), 5.82 (dd, /= 8.0, 1.4 Hz, 1H), 5.48-5.39 (m, 2H), 5.38-5.31 (m, 1H), 5.19-5.12 (m, 1H), 4.94
(dd, /=8.0,4.0 Hz, 1H), 4.45(d, /= 1.7 Hz, 1H), 4.05 (ddd, /= 13.8, 3.4, 3.4 Hz, 1H), 3.93 (ddd, /= 13.8,
6.6,4.9 Hz, 1H), 3.22 (dd, J = 6.0, 2.0 Hz, 1H), 2.80 (ddd, J = 13.8, 7.8, 4.9 Hz, 1H), 2.58-2.46 (m, 4H),
2.34 (ddd, J = 14.9, 12.0, 8.9 Hz, 1H), 2.27-1.44 (m, 15H), 1.31-1.24 (m, 1H), 1.21-1.11 (m, 1H); 13C
NMR (125 MHz, CDCl3) & 173.0 (C), 168.8 (C), 148.3 (C), 131.0 (CH), 130.8 (CH), 130.4 (CH), 130.0
(CH), 129.4 (CH), 126.5 (CH), 106.7 (CH), 67.7 (CH), 55.9 (C), 52.6 (CH), 50.8 (CH), 48.3 (CH>), 44.6
(CH), 41.8 (CHy), 33.2 (CH»), 27.8 (CH>), 26.3 (CH>), 26.1 (CHy), 26.1 (CH»), 25.2 (CH>), 24.9 (CH>),
23.4 (CH>), 22.3 (CHz); HRMS (ESI) m/z: [M+H]" caled for C26H3sN202 407.2693; found 407.2689.

Stepwise synthesis of bislactam 168

Cs,CO3 Cs,CO3

MeCN, 60 °C DMSO, 60 °C

234: 55%, 172: 22% 43%

In a glove box, cesium carbonate (15.3 mg, 47.1 umol) was added to a solution of enamide 172 (8.9 mg,
15.7 umol) and MeCN (16 mL) at room temperature. The flask was removed from the glove box. After
stirring for 4 h at 60 °C, the mixture was quenched with saturated aqueous NH4CI (10 mL) at 0 °C, and
extracted with EtOAc (2x 20 mL). The combined organic extracts were dried over Na,SO4, and
concentrated. The residue was purified by preparative thin-layer chromatography (EtOAc/hexane 1:1) to
give singly cyclized product 234 (4.2 mg, 55%), along with recovery of enamide 172 (2.0 mg, 22%). Singly
cyclized product 234: a colorless oil; IR (film) 3241, 3010, 2929, 2859, 1685, 1647, 1452, 1414, 1398,
1240, 1220, 913, 773, 742, 720 cm™'; 'H NMR (500 MHz, CDCls) 8 6.13 (dd, J = 5.2, 2.0 Hz, 1H), 6.05
(dd,J=6.3,2.0 Hz, 1H), 5.82 (dd, /= 8.0, 1.4 Hz, 1H), 5.64-5.57 (m, 2H), 5.37-5.29 (m, 2H), 4.92 (dd, J
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=8.0,4.3 Hz, 1H), 4.19 (dd, J = 5.2, 2.0 Hz, 1H), 4.15 (ddd, J = 13.8, 10.9, 2.3 Hz, 1H), 3.40 (t, /= 6.6
Hz, 2H), 3.26 (ddd, /= 6.3, 2.0, 2.0 Hz, 1H), 2.67 (ddd, J=13.8, 5.2, 2.9 Hz, 1H), 2.62 (ddd, J=4.3, 2.0,
1.4 Hz, 1H), 2.56-2.47 (m, 1H), 2.23-1.80 (m, 12H), 1.70-1.62 (m, 1H), 1.54—1.43 (m, 3H), 1.42—-1.33 (m,
1H), 1.31-1.22 (m, 1H), 1.14-1.03 (m, 1H); '*C NMR (125 MHz, CDCl;) § 176.3 (C), 169.3 (C), 149.4
(C), 131.5 (CH), 129.9 (CH), 129.2 (CH), 128.9 (CH), 128.5 (CH), 122.5 (CH), 106.4 (CH), 62.3 (CH),
54.2 (C), 50.1 (CH), 46.7 (CH»), 43.0 (CH), 42.8 (CH»), 33.9 (CH>), 33.8 (CH), 32.4 (CH>), 28.6 (CH>),
28.1 (CH>), 27.4 (CH»), 27.2 (CH,), 26.3 (CH>), 24.4 (CH>), 23.3 (CH>); HRMS (ESI) m/z: [M+H]" calcd
for C26H36B1‘N202 487.1955; fOLlIld 487.1954.

In a glove box, cesium carbonate (16.0 mg, 49.2 pmol) was added to a solution of singly cyclized
product 234 (8.0 mg, 16.4 umol) and DMSO (16 mL) at room temperature. The flask was removed from
the glove box. After stirring for 24 h at 60 °C, the mixture was quenched with saturated aqueous NH4Cl (50
mL) at 0 °C, and extracted with Et;O (4x 100 mL). The combined organic extracts were dried over Na;SOs,
and concentrated. The residue was purified by preparative thin-layer chromatography (EtOAc/hexane 1:1)
to give bislactam 168 (2.9 mg, 43%), which was identical to the product by the above one-pot procedure.

DIBAL-H

Et,0, rt

46%

(+)-keramaphidin B ((+)-3)

Keramaphidin B (3)

Diisobutylaluminum hydride (1.0 M solution in hexane, 2.0 mL, 2.0 mmol) was added to a solution of
bislactam 168 (6.3 mg, 16 pmol) and Et,O (2.0 mL) at room temperature. After maintaining for 4 days at
room temperature, the solution was quenched with saturated aqueous (+)-potassium sodium tartrate (5.0
mL), stirred for 40 min at room temperature, and extracted with CH>Cl (3x 20 mL). The combined organic
extracts were dried over Na;SQs, and concentrated. The residue was purified by basified preparative thin-
layer chromatography (EtOAc/hexane 1:1) to give (+)-keramaphidin B ((£)-3) (2.7 mg, 46%): a white solid;
mp 121.5-122.9 °C; [For racemic natural sample, lit. mp 131-132 °C*];IR (film) 3004, 2923, 2851, 1460,
1437, 1350, 1281, 1219, 1153, 1110, 913, 772, 743, 723, 671 cm™'; 'H NMR (500 MHz, CDCls) 6 5.79 (d,
J=6.3Hz, 1H), 5.70 (ddd, J=10.3, 9.5, 6.3 Hz, 1H), 5.65 (ddd, J=10.3, 10.3, 4.9 Hz, 1H), 5.35 (m, 1H),
5.23 (dddd, J=10.9,10.9, 2.8, 2.8 Hz, 1H), 3.06 (m, 1H), 3.01 (s, 1H), 2.88 (td, /= 12.6, 5.2 Hz, 1H), 2.85
(dd,J=9.2,2.0 Hz, 1H), 2.68 (brdd, /= 11.8, 11.8 Hz, 1H), 2.61 (ddd, J=12.3, 4.6, 3.4 Hz, 1H), 2.35 (m,
1H), 2.31 (m, 1H), 2.27 (m, 1H), 2.27 (m, 1H), 2.24 (m, 1H), 2.22 (m, 1H), 2.21 (m, 1H), 2.16 (m, 1H),
2.16 (m, 1H), 2.12 (m, 1H), 2.10 (m, 1H), 2.06 (d, /= 10.3 Hz, 1H), 1.95 (brd, /= 15.2 Hz, 1H), 1.86 (ddd,
J=123,12.3,7.7 Hz, 1H), 1.73 (m, 1H), 1.63 (dd, J=9.2, 2.6 Hz, 1H), 1.62 (m, 1H), 1.58 (m, 1H), 1.58
(m, 1H), 1.55 (m, 1H), 1.50 (m, 1H), 1.47 (m, 1H), 1.44 (m, 1H), 1.30 (m, 1H), 1.30 (m, 1H), 1.29 (m, 1H),
1.25 (m, 1H), 1.15 (dddd, J = 12.9, 12.9, 12.9, 4.6 Hz, 1H), 0.89 (ddd, J = 12.9, 5.7, 2.3 Hz, 1H); 'H NMR
(500 MHz, CD30D) 6 5.85 (d, J = 6.6 Hz, 1H), 5.65 (m, 1H), 5.64 (m, 1H), 5.38 (m, 1H), 5.24 (dddd, J =
10.9, 10.9,2.9,2.9 Hz, 1H), 3.12 (d, /= 0.9 Hz, 1H), 3.07 (ddd, J = 14.3, 7.2, 6.6 Hz, 1H), 2.98 (ddd, J =
12.6, 12.6, 5.2 Hz, 1H), 2.87 (dd, J=9.2, 2.0 Hz, 1H), 2.77 (ddd, J = 13.5, 12.9, 2.3 Hz, 1H), 2.69 (ddd, J
=12.9,4.0,2.9 Hz, 1H), 2.42 (m, 1H), 2.36 (m, 1H), 2.36 (m, 1H), 2.36 (m, 1H), 2.35 (m, 1H), 2.30 (m,
1H), 2.26 (m, 1H), 2.25 (m, 1H), 2.24 (m, 1H), 2.21 (ddd, /= 12.3, 5.2, 1.2 Hz, 1H), 2.20 (m, 1H), 2.04
(brd, J=10.9 Hz, 1H), 1.98 (m, 1H), 1.78 (m, 1H), 1.76 (m, 1H), 1.70 (m, 1H), 1.67 (dd, J=9.2, 2.6 Hz,
1H), 1.62 (m, 1H), 1.59 (m, 1H), 1.56 (m, 1H), 1.53 (m, 1H), 1.48 (m, 1H), 1.48 (m, 1H), 1.46 (m, 1H),
1.37 (m, 1H), 1.35 (m, 1H), 1.27 (m, 1H), 1.18 (dddd, J=13.5, 13.5, 12.3, 4.0 Hz, 1H), 0.91 (ddd, J=12.3,
5.4, 2.3 Hz, 1H); *C NMR (125 MHz, CDCI;) & 141.8 (C), 132.2 (CH), 131.7 (CH), 131.3 (CH), 131.0
(CH), 122.7 (CH), 64.4 (CH), 56.2 (CH>), 54.2 (CH»), 53.7 (CH2), 50.7 (CH2), 47.4 (CH>), 45.2 (C), 43.5
(CH), 41.6 (CH>), 38.0 (CH), 37.1 (CHz), 27.8 (CHz), 27.3 (CHa), 26.6 (CHz), 26.2 (CHz), 25.7 (CHy), 25.0
(CH>), 23.0 (CH>), 21.2 (CH>), 21.1 (CH,); *C NMR (125 MHz, CDs;0OD) § 143.0 (C), 133.3 (CH), 132.6
(CH), 132.5 (CH), 131.3 (CH), 124.5 (CH), 65.1 (CH), 57.0 (CH»), 55.2 (CH), 54.5 (CH>), 50.9 (CH>),
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49.6 (CHa), 45.6 (C), 44.7 (CH), 42.2 (CH,), 39.0 (CH), 37.9 (CHa), 27.7 (CHa), 27.5 (CHa), 27.5 (CH>)
27.1 (CH,), 26.5 (CHa), 26.1 (CHa), 23.8 (CH,), 21.7 (CHa), 21.3 (CH,); HRMS (ESI) m/z: [M+H]" caled
for C2sHaiN; 381.3264; found 381.3262.

1. m-CPBA
CH,Cly, ~10°C

2. DIBAL-H
Et,0, 1t

31% (2 steps)

(+)-ingenamine ((+)-4)
Ingenamine (4)
Preparation of a stock solution of m-chloroperoxybenzoic acid in CH>Cl, (50 mM): m-Chloroperoxybenzoic acid
(70 wt %, 35.3 mg, 143 pmol) was dissolved in CH>Cl, (3.0 mL) at room temperature.
m-Chloroperoxybenzoic acid (50 mM in CH»Cl,, 0.5 mL, 25 umol) was added to a solution of bislactam
168 (9.5 mg, 23 umol) and CH>Cl; (4.7 mL) at —10 °C. After maintaining for 23 h at —10 °C, the solution
was quenched with saturated aqueous Na»S;04 (5.0 mL) and saturated aqueous NaHCOs3 (5.0 mL), and
extracted with CH,Cl, (4x 20 mL). The combined organic extracts were dried over Na,SOs, and
concentrated. The residue was dissolved in Et,O (2.0 mL). Diisobutylaluminum hydride (1.0 M solution in
hexane, 2.0 mL, 2.0 mmol) was added to the solution at room temperature. After maintaining for 4 days at
room temperature, the solution was quenched with saturated aqueous (+)-potassium sodium tartrate (5.0
mL) at 0 °C, stirred for 30 min at room temperature, and extracted with CH,Cl, (4x 20 mL). The combined
organic extracts were dried over Na,SOs, and concentrated. The residue was purified by basified preparative
thin-layer chromatography (EtOAc/hexane 2:1) to give (£)-ingenamine ((+)-4) (2.9 mg, 31%): a white
solid; mp 153.5-155.2 °C; [For chiral synthetic sample, (-)-4: lit. mp 142.4-143.6 °C'?]; IR (film) 3375,
2920, 2850, 1456, 1435, 1351, 1279, 1218, 1107, 1047, 771, 721, 668 cm™"; 'H NMR (500 MHz, CD;0D)
6 5.87 (d, J=6.3 Hz, 1H), 5.64 (m, 1H), 5.64 (m, 1H), 5.37 (m, 1H), 5.23 (dddd, J = 10.6, 10.6, 2.9, 2.9
Hz, 1H), 3.28 (ddd, J=11.7, 10.3, 4.6 Hz, 1H), 3,16 (brs, 1H), 3.07 (ddd, /= 13.5, 7.7, 5.2 Hz, 1H), 2.99
(ddd, J=12.6, 12.6, 5.2 Hz, 1H), 2.85 (dd, J = 9.4, 2.0 Hz, 1H), 2.65 (m, 1H), 2.63 (dd, J = 12.3, 4.6 Hz,
1H), 2.48 (dd, J = 12.0, 12.0 Hz, 1H), 2.42 (m, 1H), 2.35 (m, 1H), 2.34 (m, 1H), 2.31 (m, 1H), 2.30 (m,
1H), 2.29 (m, 1H), 2.23 (m, 1H), 2.21 (m, 1H), 2.19 (m, 1H), 2.08 (m, 1H), 1.99 (d, /= 10.6 Hz, 1H), 1.96
(m, 1H), 1.82 (m, 1H), 1.75 (m, 1H), 1.74 (m, 1H), 1.73 (dd, /= 9.2, 2.6 Hz, 1H), 1.65 (m, 1H), 1.59 (m,
1H), 1.55 (m, 1H), 1.53 (m, 1H), 1.52 (m, 1H), 1.50 (m, 1H), 1.48 (m, 1H), 1.36 (m, 1H), 1.28 (m, 1H),
0.70 (dd, J=10.3, 2.0 Hz, 1H); *C NMR (125 MHz, CD;0D) § 143.7 (C), 133.2 (CH), 132.6 (CH), 132.4
(CH), 131.4 (CH), 124.0 (CH), 69.2 (CH), 65.1 (CH), 56.8 (CH>), 55.1 (CH>), 54.5 (CH>), 54.3 (CH>), 53.1
(CH), 51.4 (CH>), 46.8 (C), 42.9 (CH»), 37.9 (CH>), 35.3 (CH), 27.7 (CH>), 27.5 (CH), 27.1 (CH>), 26.5
(CH>), 25.9 (CH>), 23.8 (CH>), 21.9 (CHz), 21.6 (CH»); HRMS (ESI) m/z: [M+H]" calcd for CosH41N2O
397.3213; found 397.3209.
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Chapter 2  Construction of Macrolactams of Manadomanzamine Alkaloids
2-1. Synthesis of Ten-Membered G-ring in Manadomanzamines

PPhy
NN —————  BrPh?” > " “NHBoc
Br NHBoc B 3
251 MeCN, 100°C 252

98%

tert-Butyl (5-(bromotriphenyl-A5-phosphaneyl)pentyl)carbamate (252)

Triphenylphosphine (15.0 g, 57.0 mmol) was added to a solution of fert-butyl (5-bromopentyl) carbamate
25252 (6.05 g, 22.7 mmol) and MeCN (11 mL) at room temperature. The solution was heated to 100 °C,
maintained for 19 h at 100 °C, and concentrated. The residue was purified by silica gel column
chromatography (MeOH/CHCI3 1:200 to 1:10) to give phosphonium salt 252 (11.7 g, 98%): a white
amorphous solid; IR (film) 3407, 2975, 2921, 2864, 1693, 1519, 1439, 1172, 1113, 772, 748, 724, 691, 531
cm!; "TH NMR (500 MHz, CDCls) § 7.86-7.81 (m, 6H), 7.80-7.76 (m, 3H), 7.71-7.66 (m, 6H), 5.04 (brs,
1H), 3.84-3.78 (m, 2H), 3.05 (td, J = 6.9, 6.6 Hz, 2H), 1.73-1.60 (m, 4H), 1.55 (tt,J = 6.9, 6.9 Hz, 2H),
1.39 (s, 9H); *C NMR (125 MHz, CDCl3) 8 156.4 (C), 135.1 (CH, d, J= 3.0 Hz), 133.8 (CH d, /= 10.1
Hz), 130.6 (CH, d, J=12.5 Hz), 118.5 (C, d, J = 85.8 Hz), 78.9 (C), 39.9 (CH>), 29.2 (CH>), 28.6 (CHz),
27.4 (CH», d, J= 16.2 Hz), 22.8 (CH, d, J = 49.8 Hz), 22.2 (CH); HRMS (ESI) m/z: [M-Br]" calcd for
ngH35NOzP+ 448.2405; found 448.2422.

BrPhsP” >"""NHBoc

NHBoc
BUOLC 262 CO,t-Bu
-BUOL
CHO £BuOK, THF, rt
242 —/ 243

66%, single diastereomer

tert-Butyl (Z)-9-((tert-butoxycarbonyl)amino)non-4-enoate (243)

Potassium tert-butoxide (2.32 g, 20.7 mmol) was added to a solution of phosphonium salt 252 (11.7 g, 22.1
mmol) and THF (60 mL) at room temperature. After stirring for 5 min, a solution of tert-butyl 4-
oxobutanoate 242°° (2.52 g, 15.9 mmol) and THF (20 mL) was added to the mixture of the ylide. The
resulting mixture was stirred for 15 min at room temperature, quenched with saturated aqueous NH4Cl1 (40
mL), extracted with EtOAc/hexane 1:3 (2x 50 mL). The combined organic extracts were dried over Na;SOsa,
and concentrated. The residue was purified by silica gel column chromatography (EtOAc/hexane 1:20 to
1:12) to give Z-olefin 243 (3.43 g, 66%): a colorless oil; IR (film) 3370, 2978, 2932, 1716, 1521, 1366,
1250, 1172, 1152 cm™; 'TH NMR (500 MHz, CDCls) 8 5.42-5.29 (m, 2H), 4.54 (brs, 1H), 3.11 (td, J = 6.3,
5.7 Hz, 2H), 2.33-2.27 (m, 2H), 2.26-2.22 (m, 2H), 2.06 (dt, J=7.2, 6.9 Hz, 2H), 1.50-1.41 (m, 2H), 1.44
(s, 18H), 1.40-1.33 (m, 2H); '*C NMR (125 MHz, CDCl;) § 172.8 (C), 156.1 (C), 130.7 (CH), 128.3 (CH),
80.3 (C), 79.2 (C), 40.6 (CH>), 35.6 (CH>), 29.8 (CH>), 28.6 (CH3), 28.3 (CHs), 26.94 (CH>), 26.90 (CH>),
23.1 (CH2); HRMS (ESI) m/z: [M+H]" calcd for CisH3NO4" 328.2488; found 328.2502.

NHBoc NH, NH
COyt-Bu CH.CL/ITFA=8 COH HATU, iProNEt o]
rt CHxClp, rt

29% (2 steps)
243 256 244

(2)-3,4,7,8,9,10-Hexahydroazecin-2(1H)-one (244)
Trifluoroacetic acid (1.3 mL) was added to a solution of Z-olefin 243 (83.6 mg, 255 pmol) and CH,Cl, (11
mL) at room temperature. After maintaining for 2 h at room temperature, toluene (30 mL) was added to the

solution. The solution was concentrated to give amino acid 256, which was immediately used in the next
reaction without further purification.

Diisopropylethylamine (220 mL, 1.3 mmol) was added to a solution of amino acid 256, HATU (485 mg,
1.28 mmol) and CH,Cl, (130 mL) at room temperature. The solution was maintained for 21 h at room
temperature, quenched with saturated aqueous NH4Cl (50 mL), extracted with CH>Cl, (2x 50 mL). The
combined organic extracts were dried over Na,SO4, and concentrated. The residue was filtrated through a
pad of silica gel (EtOAc/hexane 1:2 to 2:1), and purified by preparative layer chromatography
(EtOAc/hexane 3:1) to give 11.3 mg of ten-membered macrolactam 244 (29%, 2 steps): a white solid; mp
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113.2-113.8 °C; IR (film) 3314, 2912, 2850, 1645, 1549, 1434, 1289, 744, 715 cm™'; '"H NMR (500 MHz,
CDCl5.60 °C) § 5.60-5.51 (m, 2H), 5.29 (brs, 1H), 3.31 (td, J= 6.0, 4.4 Hz, 2H), 2.36-2.30 (m, 2H), 2.21—
2.13 (m, 4H), 1.71-1.65 (m, 2H), 1.63-1.57 (m, 2H); *C NMR (125 MHz, CDCls,60 °C) & 172.7(C), 135.0
(CH), 127.2 (CH), 40.5 (CH>), 36.8 (CHa), 27.0 (CH,), 26.8 (CHy), 26.1 (CH>), 24.1 (CH,); HRMS (ESI)
m/z: [M+H]" caled for CoH6NO™ 154.1232; found 154.1226.

NH [ICOE)CIL, (1 mol%) NH
0 Et,SiHj, toluene, rt; CN
e .
TMSCN
_ TMSOTT, rt —/ o5

244
33%

(£)-1,2,3,4,7,8,9,10-Octahydroazecine-2-carbonitrile (245)

In a glove box, diethylsilane (7.6 puL, 59 umol) was added to a solution of ten-membered macrolactam 244
(4.5 mg, 29 pmol), [Ir(COE),Cl]> (0.3 mg, 0.3 umol) and toluene (2.9 mL, deoxidized, purchased from
FUJIFILM WAKO CHEMICAL CO.) at room temperature. The reaction vessel was removed from the
glove box. After maintaining for 1 h at room temperature, trimethylsilyl cyanide (18 pL, 150 pmol) and
trimethylsilyl trifluoromethanesulfonate (5.8 pL, 32 pmol) were added to the solution at room temperature.
The solution was maintained for 1 h at room temperature, quenched with saturated aqueous NaHCO; (5
mL), extracted with Et;O (2x 15 mL). The combined organic extracts were dried over Na;SO4, and
concentrated. The yield was determined as 60% by 'H NMR using mesitylene as an internal standard. The
residue was filtrated through a pad of silica gel (Et,O/hexane 1:10), and purified by preparative layer
chromatography (Et,O/hexane 1:3) to give 1.6 mg of amino nitrile 245 (33%): a colorless oil; IR (film)
3341,2922,2852,1728,1449,1261,710 cm™!; 'TH NMR (500 MHz, CsD¢) 8 5.26-5.19 (m, 1H), 4.92 (dddd,
J=11.2,11.2,5.7, 1.7 Hz, 1H), 3.07 (dd, /= 11.7, 5.2 Hz, 1H), 2.84 (dddd, /= 12.9, 12.9, 12.9, 4.6 Hz,
1H), 2.76 (m, 1H), 2.32 (dddd, J = 12.3, 12.3, 12.3, 5.7 Hz, 1H), 2.18 (ddd, J = 13.2, 13.2, 2.3 Hz, 1H),
1.70-1.63 (m, 1H), 1.48-1.10 (m, 6H), 0.86-0.80 (m, 1H); *C NMR (125 MHz, C¢Ds) § 133.7 (CH), 126.4
(CH), 121.7(C), 47.6 (CH2),43.1 (CH), 30.6 (CH>), 28.7 (CH>), 26.5 (CH>), 22.4 (CH»), 21.8 (CHz); HRMS
(ESI) m/z: [M+H]" calcd for CioH;7N>" 165.1392; found 165.1393.
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2-2. Synthesis of Eleven-Membered H-ring in Manadomanzamines

BocyO, NaxCO: Br(CHo)sBr, KoCOy
\ - . } N~
2 2~~3  MeO N Boc (CH2)s 2 Br NBoc

MeONH+HCI
CHCly, HO, rt OMe

260 MeCN, 80 °C

76% (2 steps)

2;‘6 261
tert-Butyl (5-bromopentyl)(methoxy)carbamate (261)
Di-tert-butyl dicarbonate (8.7 mL, 36 mmol) was added to a mixture of O-methylhydroxylamine
hydrochloride (3.00 g, 35.9 mmol), sodium carbonate (3.99 g, 35.9 mmol), water (40 mL) and CH,Cl, (20
mL) at room temperature. After stirring for 26 h at room temperature, the mixture was extracted with
CH,Cl; (2x 40 mL). The combined organic extracts were dried over Na,SOs, and concentrated to give tert-
butyl methoxycarbamate 266, which was immediately used in the next reaction without further purification.
Potassium carbonate (19.2 g, 139 mmol) was added to a solution of fert-butyl methoxycarbamate 266,
1,5-dibromopentane (14 mL, 100 mmol) and MeCN (70 mL) at room temperature. After stirring for 7 h at
80 °C, the resulting mixture was quenched with H,O (30 mL), extracted with EtOAc (2x 50 mL), dried
over NaxSO4, and concentrated. The residue was purified by silica gel column chromatography (hexane to
EtOAc/hexane 1:30) to give fert-butyl (5-bromopentyl) (methoxy)carbamate 261 (8.08 g, 76%, 2 steps): a
colorless oil; IR (film) 2976, 2936, 1702, 1367, 1250, 1158 cm™'; "H NMR (500 MHz, CDCl5) & 3.66 (s,
3H), 3.43 (t, J= 6.9 Hz, 2H), 3.40 (t, /= 6.9 Hz, 2H), 1.88 (tt, J= 6.9, 6.9 Hz, 2H), 1.63 (tt, /= 7.7, 6.9
Hz, 2H), 1.49 (s, 9H), 1.50-1.42 (m, 2H); *C NMR (125 MHz, CDCl;) § 156.4 (C), 81.3 (C), 62.4 (CHs),
48.8 (CH>»), 33.7 (CH>), 32.5 (CH>), 28.5 (CH3), 26.4 (CH>), 25.5 (CH»); HRMS (ESI) m/z: [2M+H]" calcd
for C2,HasBroN>Og" 591.1644; found 591.1672.

PPh
B >""NBoc ¢

BrPheP” """ NBoc
OMe !

MeCN, 80°C 262 OMe

97%
tert-Butyl (5-(bromotriphenyl-A5-phosphaneyl)pentyl)(methoxy)carbamate (262)
Triphenylphosphine (17.9 g, 68.3 mmol) was added to a solution of tert-butyl (5-bromopentyl)
(methoxy)carbamate 261 (8.04 g, 27.1 mmol) and MeCN (14 mL) at room temperature. The solution was
heated to 80 °C, maintained for 20 h at 80 °C, cooled to room temperature, and concentrated. The residue
was purified by silica gel column chromatography (MeOH/CHCI; 1:200 to 1:10) to give phosphonium salt
262 (14.8 g, 97%): a white amorphous solid; IR (film) 3403, 2978, 2935, 2867, 1698, 1439, 1367, 1157,
1113, 725 cm™!; 'TH NMR (500 MHz, CDCl;, 1:1 mixture of two rotamers) 8§ 7.84-7.73 (m, 9H), 7.70-7.63
(m, 6H), 3.80-3.69 (m, 2H), 3.58 (s, 3/2H), 3.57 (s, 3/2H), 3.34 (t, /= 6.6 Hz, 2/2H), 3.33 (t, /= 6.6 Hz,
2/2H), 1.70-1.53 (m, 6H), 1.43 (s, 9/2H), 1.42 (s, 9/2H); *C NMR (125 MHz, CDCl;) § 156.2 (C), 156.2
(C), 135.1 (CH), 135.1 (CH), 133.8 (CH), 133.7 (CH), 130.6 (CH), 130.5 (CH), 118.33 (C, d, J= 85.3 Hz),
118.29 (C, d,J=85.3 Hz), 81.2 (C), 81.2 (C), 62.2 (CH3), 62.2 (CH3), 48.2 (CH>), 48.2 (CH>), 28.4 (CH3),
28.4 (CH3), 27.5 (CHa, d, J = 16.8 Hz), 27.5 (CH», d, J= 16.8 Hz), 26.7 (CH>), 26.7 (CH>), 22.8 (CH2, d, J
= 49.8 Hz), 22.8 (CHa, d, J = 49.8 Hz), 22.4 (CHz), 22.4 (CHz); HRMS (ESI) m/z: [M-Br]" calcd for
Cz9H37N03P+ 478.2511; found 478.2532.

261

CHy=CH(CH,).Br 0O O

o 0 t-BuOH, EDCI o O CsxCO3, TBAI
I, —— A M = weo” o
MeO OH CHCly, 1t MeO Ot-Bu DMF, rt
258 267 93% (2 steps) 259
=

1-(tert-Butyl) 3-methyl 2-(but-3-en-1-yl)malonate (259)
1-(3-Dimethylaminopropyl)-3-ethylcarbodiimide Hydrochloride (EDCI: 8.37 g, 43.7 mmol) was added to
a solution of monomethyl malonate 258 (4.69 g, 39.7 mmol), fert-butyl alcohol (4.7 mL, 50 mmol) and
CH,ClL (100 mL) at room temperature. After maintained for 30 min at room temperature, the solution was
quenched with H>O (50 mL) at 0 °C, extracted with CH>Cl, (2x 50 mL). The combined organic extracts
were dried over Na;SO4, and concentrated to give tert-butyl methyl malonate 267, which was immediately
used in the next reaction without further purification.
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Cesium carbonate (19.4 g, 59.6 mmol) was added to a solution of ter#-butyl methyl malonate 267, 4-bromo-
1-butene (4.4 mL, 44 mmol), tetrabutylammonium iodide (2.93 g, 7.94 mmol) and DMF (130 mL) at room
temperature. After stirring for 4 h at room temperature, the mixture was quenched with saturated aqueous
NH4C1 (50 mL), extracted with EtOAc/hexane 1:6 (2x 60 mL). The combined organic extracts were dried
over Na,SQOys, and concentrated. The residue was purified by silica gel column chromatography (hexane to
EtOAc/hexane 1:20) to give olefin 259 (8.42 g, 93%, 2 steps): a colorless oil; IR (film) 2980, 1751, 1732,
1255, 1147, 913 em™'; "H NMR (500 MHz, CDCL) 8 5.76 (ddt, J = 16.9, 10.0, 6.6 Hz, 1H), 5.06-4.98 (m,
2H), 3.72 (s, 3H), 3.27 (t, J= 7.7 Hz, 1H), 2.12-2.06 (m, 2H), 1.95 (dt, J = 7.7, 7.5 Hz, 2H), 1.45 (s, 9H);
3C NMR (125 MHz, CDCL) 8 170.4 (C), 168.6 (C), 137.1 (CH), 116.0 (CH>), 81.9 (C), 52.4 (CH3), 52.2
(CH), 31.4 (C), 28.03 (CH3), 28.01 (CH>); HRMS (ESI) m/z: [M+Na]" calcd for Ci2H20sNa™ 251.1259;
found 251.1255.

o O O3, CHxClo/MeOH =2

(o] o]
-78°C;
MeO Ot-Bu — > MeO Ot-Bu
then PPhg, rt
82%
= 259 ? CHO 246

1-(tert-Butyl) 3-methyl 2-(3-oxopropyl)malonate (246)

A two-neck flask was charged with olefin 259 (5.17 g, 22.6 mmol), CH>Cl, (130 mL) and MeOH (63 mL).
The solution was cooled to —78 °C. Ozone was bubbled through the solution for 1.5 h until the solution
remained a pale blue. After argon was bubbled through the solution for 15 min until the solution became
colorless, triphenylphosphine (8.91 g, 33.9 mmol) was added to the solution. The solution was warmed to
room temperature, and maintained for 1 h at room temperature. Toluene (50 mL) was added to the solution,
and concentrated. The residue was purified by silica gel column chromatography (EtOAc/hexane 1:15 to
1:10) to give aldehyde 246 (4.24 g, 82%): a colorless oil; IR (film) 2980, 1728, 1370, 1254, 1148, 844 cm™!;
'H NMR (500 MHz, CDCls) 8 9.76 (t, J= 0.9 Hz, 1H), 3.73 (s, 3H), 3.32 (t,J = 7.2 Hz, 1H), 2.56 (td, J =
7.5, 0.9 Hz, 2H), 2.17 (td, J = 7.5, 7.2 Hz, 2H), 1.45 (s, 9H); *C NMR (125 MHz, CDCI;) 6 200.9 (CH),
169.9 (C), 168.1 (C), 82.4 (C), 52.6 (CH3), 51.7 (CH), 41.2 (CH>), 28.0 (CH3), 21.2 (CH2); HRMS (ESI)
m/z: [M+Na]* caled for C;H;s0sNa* 253.1052; found 253.1059.

/\/\/\
o o BrPhsP NBoc

262 OMe — COMe
MeO OtBu C:\/\<002t-8u
t-BuOK, THF, rt NBoc

. OMe
CHO 85%, single
246 diastereomer 247

1-(tert-Butyl) 3-methyl (Z)-2-(8-((tert-butoxycarbonyl)(methoxy)amino)oct-3-en-1-yl) malonate (247)
Potassium tert-butoxide (2.89 g, 25.8 mmol) was added to a solution of phosphonium salt 262 (14.8 g, 26.5
mmol) and THF (72 mL) at room temperature. After stirring for 5 min, a solution of aldehyde 246 (4.20 g,
18.2 mmol) and THF (20 mL) was added to the mixture of the ylide. After stirring for 15 min at room
temperature, the mixture was quenched with saturated aqueous NH4Cl (40 mL), extracted with
EtOAc/hexane 1:5 (2x 50 mL). The combined organic extracts were dried over Na;SQs, and concentrated.
The residue was purified by silica gel column chromatography (EtOAc/hexane 1:40 to 1:10) to give Z-
olefin 247 (6.68 g, 85%): a colorless oil; IR (film) 2978, 2936, 1731, 1368, 1253, 1158 cm™'; 'H NMR (500
MHz, CDCls) 6 5.40 (dtt, J=10.9, 7.2, 1.2 Hz, 1H), 5.32 (dtt,/=10.9, 7.2, 1.2 Hz, 1H), 3.72 (s, 3H), 3.66
(s, 3H), 3.41 (t, J=17.5 Hz, 2H), 3.25 (t, /= 7.5 Hz, 1H), 2.06 (dt, J = 7.5, 7.2 Hz, 2H), 2.02 (dt, J = 7.5,
7.2 Hz, 2H), 1.90 (dt, J= 7.5, 7.5 Hz, 2H), 1.62—1.56 (m, 2H), 1.48 (s, 9H), 1.45 (s, 9H), 1.35 (tt, J= 7.7,
7.5 Hz, 2H); *C NMR (125 MHz, CDCls) 8 170.4 (C), 168.7 (C), 156.5 (C), 131.1 (CH), 128.3 (CH), 81.9
(©), 81.2 (C), 62.3 (CH3), 52.4 (CHa3), 52.4 (CH), 49.0 (CH), 28.8 (CH>), 28.5 (CH3), 28.0 (CHz3), 27.0
(CH>), 26.93 (CH>), 26.91 (CHa), 25.1 (CH>); HRMS (ESI) m/z: [M+H]" calcd for C22H4NO7" 430.2805;
found 430.2793.
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— COQMG _— COQMG
<:>\/\<Cozt-8u CHCL/TFA =3 <3/\<c02H HATU, DIPEA oMe
NBoc NH -
| N o

o rt éM CH.Chy, rt
e e .
247 263 78% (2 steps) OMe 264

Methyl (Z)-1-methoxy-2-oxoazacycloundec-6-ene-3-carboxylate (264)

Trifluoroacetic acid (3.8 mL) was added to a solution of Z-olefin 248 (1.31 g, 3.05 mmol) and CH»Cl, (11
mL) at room temperature. After maintaining for 2 h at room temperature, toluene (30 mL) was added to the
solution. The solution was concentrated to give N-methoxyamino acid 263, which was immediately used
in the next reaction without further purification.

A solution of N-methoxyamino acid 263 and CH>Cl, (10 mL) was added to the solution of HATU (2.32
g, 6.10 mmol), diisopropylethylamine (2.1 mL, 12 mmol) and CH»Cl, (310 mL) via a syringe pump over
16 h at room temperature. After maintaining for 1 h at room temperature, the solution was quenched with
saturated aqueous NH4Cl (50 mL), extracted with CH>Cl, (2x 50 mL). The combined organic extracts were
dried over Na>SOs, and concentrated. The residue was purified by silica gel column chromatography
(EtOAc/hexane 1:15 to 1:3) to give eleven-membered macrolactam 264 (608 mg, 78%, 2 steps): a colorless
oil; IR (film) 3001, 2944, 2856, 1747, 1656, 1452, 1225, 1169 cm™!; 'H NMR (500 MHz, C¢sDs) & 5.36 (dt,
J=10.3, 8.6 Hz, 1H), 5.25 (dt, J = 10.3, 6.9 Hz, 1H), 4.09 (ddd, J = 14.3, 6.9, 2.3 Hz, 1H), 3.97 (dd, J =
11.7, 4.3 Hz, 1H), 3.29 (s, 3H), 3.23 (s, 3H), 2.71 (dd, /= 14.3, 8.6 Hz, 1H), 2.47-2.27 (m, 3H), 2.24-2.15
(m, 1H), 2.09-1.97 (m, 2H), 1.78-1.67 (m, 1H), 1.49-1.34 (m, 3H); '*C NMR (125 MHz, C¢Ds) & 170.7
(©), 168.3 (C), 130.6 (CH), 129.8 (CH), 60.6 (CH3), 51.7 (CH3), 46.6 (CH), 44.5 (CH»), 28.1 (CHy), 27.6
(CH>), 24.2 (CH,), 23.9 (CH>), 22.2 (CH»); HRMS (ESI) m/z: [M+H]" calcd for Ci3H22NO4" 256.1549;

found 256.1548.
0] Oy, OMe
NOMe B C/V\Q/E\/
e NaH, DMF, rt N* 0

OMe OMe
264 77% 248

Methyl (Z£)-3-allyl-1-methoxy-2-oxoazacycloundec-6-ene-3-carboxylate (248)

Sodium hydride (24 mg, 63 wt% in mineral oil, 630 umol) was added to a solution of eleven-membered
macrolactam 264 (53.2 mg, 208 umol) and DMF (1.0 mL) at room temperature. After stirring for 30 min,
allyl bromide (53 pL, 630 pmol) was added to the mixture at room temperature. The mixture was stirred
for 1 h at room temperature, quenched with saturated aqueous NH4Cl (5 mL), extracted with EtOAc/hexane
1:5 (2x 10 mL). The combined organic extracts were dried over Na,SOs, and concentrated. The residue was
filtrated through a pad of silica gel (EtOAc/hexane 1:1), and purified by preparative layer chromatography
(EtOAc/hexane 1:2) to give 47.0 mg of macrolactam H-ring 248 (77%): a colorless oil; IR (film) 3006,
2946, 2871, 1744, 1723, 1650, 1462, 1441, 1408, 1209, 1136, 988 cm™'; 'H NMR (500 MHz, CDCls) &
5.63 (dddd, J=16.9, 10.0, 8.0, 7.2 Hz, 1H), 5.54 (dt, /=10.9, 5.4 Hz, 1H), 5.32 (dt, /= 10.9, 4.6 Hz, 1H),
5.10-5.03 (m, 2H), 4.31 (ddd, J = 14.9, 10.3, 3.7 Hz, 1H), 3.68 (s, 3H), 3.46 (s, 3H), 3.35 (ddd, J = 14.9,
4.9,3.7 Hz, 1H), 2.66-2.55 (m, 2H), 2.25-2.21 (m, 2H), 2.12-2.04 (m, 1H), 1.83-1.67 (m, 4H), 1.64-1.48
(m, 2H), 1.43-1.33 (m, 1H); 3*C NMR (125 MHz, CDCl3) § 172.1 (C), 169.8 (C), 132.9 (CH), 130.3 (CH),
130.2 (CH), 118.7 (CH»), 59.4 (CH3), 57.0 (C), 51.7 (CH3), 40.6 (CH»), 37.9 (CHa), 29.8 (CH>), 27.3 (CH>),
23.6 (CH2), 22.9 (CH,), 19.5 (CH,); HRMS (ESI) m/z: [M+H]" calcd for CisH26NO4" 296.1862; found
296.1859.
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B. Comparison of Spectral Data with Synthetic Samples

Comparison of '"H NMR of Keramaphidin B in CDCl;

(Numbering scheme adopted from keramaphidin B reported by Kobayashi et al.)®

our synthetic Fiirstner’s synthetic | Baldwin’s synthetic natural sample
sample sample' sample'® (Kobayashi)®
Proton "H NMR "H NMR "HNMR "H NMR
(500 MHz, CDCl3) (600 MHz, CDCls) (500 MHz, CDCls) (? MHz*, CDCl5)
10 579 (d, J =63 Hz, | 5.79 (d, J = 6.5 Hz, | 593 (d, J = 6.5 Hz, | 5.81 (br d, J = 6.3ss
1H) 1H) 1H) Hz, 1H)
15 5.70 (ddd, J = 10.3, | 5.70 (td, /=10.4,9.7, | 5.76 (br dd, J = 10, | 5.69 (ddd, J = 13.6,
9.5,6.3 Hz, 1H) 6.3 Hz, 1H) 5.5 Hz, 1H) 10.1, 6.3 Hz, 1H)
16 5.65 (ddd, J = 10.3, | 5.64 (td, J=10.4,5.1 | 5.66 (ddd, J = 13.5,|5.64 (ddd, J = 13.6,
10.3,4.9 Hz, 1H) Hz, 1H) 10, 5 Hz, 1H) 10.1, 5.2 Hz, 1H)
5.41 (brt, J=10.5 Hz, | 5.36 (brd, J=10.8 Hz,
24 | 5.35(m, 1H) 5.35 (m, 1H) 1H)) 1H)
” 5.23 (dddd, J = 10.9, | 5.23 (tt, J=10.8, 3.1 | 5.29 (brt, J = 11 Hz, | 5.24 (brd, /=10.8 Hz,
10.9,2.8, 2.8 Hz, 1H) | Hz, 1H) 1H) 1H)
19 |3.06 (m, 1H) 3.05 (brs, 1H) 3.52-3.48 (m, 1H) 3.07 (m, 1H)
1 3.01 (brs, 1H) 3.01 (s, IH) ‘;’é)g & J =135 Hz, 3.01 (s, 1H)
2.88 (td, J=12.6,5.2 | 2.88 (dd, J=12.6,5.2 2.91(dd,J=20.7,9.7
1y Hz, 1H) 3.10 (s, TH) Hz, 1H)
2.85(dd, J=9.2,2.0|2.85(dd, J=09.1, 2.1 2.86 (dd, /=85, 1.5
3 Hz. 1H) Hz. 1H) 2.91-2.84 (m, 1H) Hz. 1H)
2.68 (brdd, J = 11.8,|2.67 (t, J = 12.4 Hz, | 2.68 (ddd, J = 13.5,
6 11.8 Hz, 1H) 1H) 7.5,2.5 Hz, 1H) 2.75 (m, TH)
6 2.61 (ddd, J = 12.3,|2.62 (d, J = 12.2 Hz, 2.63 (dt, J=12.3,3.6
4.6,3.4Hz, 1H) 1H) Hz, 1H)
14 [2.35(m, 1H) 2.34 (m, 1H) 2.91-2.84 (m, 3H) 2.35 (m, 1H)
26 | 2.31 (m, 1H) 2.32 (m, 1H) 2.33 (m, 1H)
25 | 2.27 (m, 1H) 2.28 (m, 1H) 2.29 (m, 1H)
17 |2.27 (m, 1H) 2.28 (m, 1H) 2.27 (m, 1H)
26 |2.24 (m, 1H) 2.23 (m, 1H) 2.25 (m, 1H)
11 | 2.22 (m, 1H) 2.22 (m, 1H) 2.23 (m, 1H)
4 2.21 (m, 1H) 2.20 (m, 1H) 2.46-2.02 (m, 13H) | 2.22 (m, 1H)
19 |2.16 (m, 1H) 2.16 (m, 1H) 2.24 (m, 1H)
22 | 2.16 (m, 1H) 2.16 (m, 1H) 2.14 (m, 1H)
8 [2.12(m, 1H) 2.12 (m, 1H) 2.23 (d, /=123 Hz,
1H)
25 | 2.10 (m, 1H) 2.10 (m, 1H) 2.12 (m, 1H)
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2.06 (d, J = 10.3 Hz,

2.08 (d, J = 10.7 Hz,

8 | 1m 2.07 (m, 1H) 1H)

5y | 1.95(brd,J=152Hz, | 1.95 (4, J = 15.1 Hz, 1.96 (brd, J=15.2 Hz,
1H) 1H) 1H)

g | 186 (ddd, J = 123, 1.86 (td, /= 12.1,7.6 1.88 (dt, J=12.3, 7.6
12.3, 7.7 Hz, 1H) Hz, 1H) Hz, 1H)

17 | 1.73 (m, 1H) 1.73 (brs, 1H) 1.78 (m, 1H)

5 | 163 (dd,J=92,26]1.64 (dd, J=9.1,2.7 1.64 (dd, J=9.0, 2.3
Hz, 1H) Hz, 1H) Hz, 1H)

18 | 1.62 (m, 1H) 1.62 (m, 1H) 1.61 (m, 1H)

13 | 1.58 (m, 1H) 1.58 (m, 1H) 1.58 (m, 1H)

14 | 1.58 (m, 1H) 1.58 (m, 1H) 1.57 (m, 1H)

20 | 1.55(m, 1H) 1.54 (m, 1H) 1.55 (m, 1H)

13 | 1.50 (m, 1H) 1.49 (m, 1H) 1.78-1.40 (m, 11H) | 1 .46 (m, 1H)

21 | 1.47 (m, 1H) 1.46 (m, 1H) 1.48 (m, 1H)

12 | 1.44 (m, 1H) 1.45 (m, 1H) 1.45 (m, 1H)

5 |1.30(m, 1H) 1.30 (m, 1H) 1.36 (m, 1H)

20 | 1.30 (m, 1H) 1.30 (m, 1H) 1.34 (m, 1H)

21 | 1.29 (m, 1H) 1.29 (m, 1H) 1.32 (m, 1H)

12 | 1.25(m, 1H) 1.25 (m, 1H) 1.24 (m, 1H)

5 }'213 “ﬁdg’ J4:61f{'9’ 1.16 (qd, J= 13.0, 4.6 | 1:30-L.1L.(m, 2H) 11 17 (ddd, J = 13.0,
o % | Hz, 1H) 8.7, 4.4 Hz, 1H)

4o | 089 (@dd J=T129.T 00 109-101 (m, 1/ | 093 (ddd, /=116,

5.7,2.3 Hz, 1H)

5.6, 1.9 Hz, 1H)

*MHz was not reported.
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Comparison of 'H NMR of Keramaphidin B in CD;0OD

(Numbering scheme adopted from keramaphidin B reported by Kobayashi et al.)%

15

our synthetic
sample

Fiirstner’s synthetic
sample”

Baldwin’s synthetic
sample'®®

natural sample
(Andersen)”

Proton

'H NMR
(500 MHz, CD;OD)

'H NMR
(600 MHz, CD;0D)

"H NMR (750 MHz,
CD;0D, 50 °C)

'H NMR
(500 MHz, CD;0OD)

5.85 (d, J = 6.6 Hz,

5.85 (d, J = 6.4 Hz,

591 (d, J = 6.4 Hz,

0|7y i 5.86 (d, /=6 Hz, 1H) | {1
15 | 5.65 (m, 1H) 5.65 (m, 1H) 5.65 (m, 1H)
5.66-5.60 (m, 2H)
16 | 5.64 (m, 1H) 5.64 (m, 1H) 5.65 (m, 1H)
24 |5.38 (m, 1H) 5.38 (m, 1H) 15{'381(;};6“‘10 6I=100 5 41 (m, 1H)
53 | 524 (dddd, J=10.9,]524 (tt, J=10.8,2.7 [ 5.25 (pscudo t, J =528 (tt,/ = 10.8,238
10.9, 2.9, 2.9 Hz, 1H) | Hz, 1H) 10.5 Hz, 1H) Hz, 1H)
i ?1;)2 (brd, J=0.9Hz, | 3 15 (4 1) 3.11 (s, 1H) 3.18 (brs, 1H)
3.07 (ddd, J = 14.3, ] 3.06 (ddd, J = 13.8, 324 (dt, J=13.5, 7.5
19172 6.6Hz, 1H) 8.2, 6.8 Hz, 1H) 3:06-3.03 (m, TH) | i iy
||| 298 (ddd, J = 12.6,]2.98 (td,J=12.6,50 [ 295 (td, J = 12.5, 5| 2.99 (td, /= 125,52
12.6, 5.2 Hz, 1H) Hz, 1H) Hz, 1H) Hz, 1H)
;| 287(dd, J=92,2.0{2.87 (dd, J=9.1,2.0 [ 2.87 (dd, /=9, 2 Hz, | 2.89 (dd, J =92, 19
Hz, 1H) Hz, 1H) 1H) Hz, 1H)
s |277(ddd, J=135,[276 (id, J = 138,278 (brt,J = 13 Hz, | 2.97 (14, /= 13.5,2.6
12.9, 2.3 Hz, 1H) 13.0,2.7 Hz, 1H) 1H) Hz, 1H)
2.69 (ddd, J = 12.9, | 2.68 (dt, J= 12.9, 4.1,
6 40,29 Hy, 1) 2.8 Hy, 1) 2.71-2.69 (m, 1H) | 2.88 (m, 1H)
14 |2.42 (m, 1H) 2.42 (m, 1H) 2.41 (m, 1H)
25 | 2.36 (m, 1H) 2.36 (m, 1H) 2.35 (m, 1H)
26 |2.36 (m, 1H) 2.35 (m, 1H) 2.38 (m, 1H)
17 | 2.36 (m, 1H) 2.35 (m, 1H) 242230 (m, 7H) | 238 (m, 1HD)
8 [2.35(m, 1H) 2.34 (m, 1H) %11)0 (d, J=11.6 Hz,
2.29 (ddd, J = 10.8,
26 |2.30 (m, 1H) 6.1 15 Hy, 1H) 2.31 (m, 1H)
4 |2.25m, 1H) 2.25 (m, 1H) 2.30 (m, 1H)
2.52 (ddd, J = 135
19 |2.25 (m, 1H) 2.24 (m, 1H) ’ ’
2.28-2.20 (m, 2H)  |7-5.2.5Hz, 1H)
22 |2.24 (m, 1H) 2.22 (m, 1H) 2.26
221 (ddd, J = 123, 220 (ddd, J = 12.5, | 2.21 (ddd, J = 12.5,
155 121y, 11) 2.21 (m, 1H) 5.5,1.5 Hz, 1H) 5.2,1.2 Hz, 1H)
25 |2.20 (m, 1H) 2.09 (m, 1H) 2.12-2.09 (m, 1H) | 2.11 (m, 1H)
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2.04 (brd, J=10.9 Hz,

2.08 (d, J= 11.5 Hz,

2.16 (d, J = 11.6 Hz,

8 | 1a 2.09 (m, 1H) 1) )
2 | 1.98 o, 15) 198 (m, 1H) 13)9 (brd, J = 13 Hz, ?.}(;)Z(brd,J=15.2Hz,
18 | 1.78 (m, 1H) 1.77 (m, 1H) 1.75 (m, 1H)
17 | 1.76 (m, 1H) 1.75 (m, 1H) 1.76-1.69 (m, 3H) | 1.76 (m, 1H)
18 | 1.70 (m, 1H) 1.67 (m, 1H) 1.75 (m, 1H)
3 ;271%1;1, J=92,26 67 (m 11) Il{.g;gl)d, J=9,25 %1.281%1;1, J=92,2.6
20 | 1.62 (m, 1H) 1.61 (m, 1H) 1.76-1.69 (m, 2H) | 1.73 (m, 1H)
13 | 1.59 (m, 1H) 1.58 (m, 1H) 1.61 (m, 1H)
14 | 1.56 (m, 1H) 1.55 (m, 1H) 1.56 (m, 1H)
13 | 1.53 (m, 1H) 1.52 (m, 1H) 1.50 (m, 1H)
21 | 1.48 (m, 1H) 1.49 (m, 1H) 1.52 (m, 1H)
12 | 1.48 (m, 1H) 1.48 (m, 1H) 1.63-1.42 (m, 8H) ') 55 (m, 1H)
20 | 1.46 (m, 1H) 1.44 (m, 1H) 1.49 (m, 1H)
5 | 1.37(m, 1H) éji?é%dﬁ]z ,:1%5 3.2, 1.50 (m, 1H)
21 | 1.35(m, 1H) 1.35 (m, 1H) 1.44 (m, 1H)
12 | 127 (m, 1H) 1.27 (m, 1H) 1.40-1.36 (m, 1H) | 1.27 (m, 1H)
5 }312 (dldz‘%g’ J&%z’ 1.20 (tdd, J = 13.7,| 1.21(qd,J=14,4Hz, | 1.23 (qd, J = 14.0, 4.1
1H) ’ > [ 12.4, 4.1 Hz, 1H) 1H) Hz, 1H)
4a | 091 (ddd, J =123,10.90 (ddd, J = 12.4, ] 0.93 (ddd, /= 12,45, [ 0.98 (ddd, J = 12.5,

5.4,2.3 Hz, 1H)

5.8, 2.4 Hz, 1H)

1.5 Hz, 1H)

5.5,2.1 Hz, 1H)
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Comparison of *C NMR of Keramaphidin B in CDCl;

(Numbering scheme adopted from keramaphidin B reported by Kobayashi et al.)%

. Fiirstner’s synthetic natural sample
our synthetic sample sample!® (Kobayashi)®
Carbon BC NMR BC NMR 3C NMR
(125 MHz, CDCls) (150 MHz, CDCls) (? MHz*, CDCls)

9 141.8 141.7 141.8

24 132.2 132.0 132.0

23 131.7 131.5 131.5

16 131.3 131.2 131.2

15 131.0 130.9 130.9

10 122.7 122.5 122.6

1 64.4 64.3 64.3

19 56.2 56.2 56.2

11 54.2 54.0 541

3 53.7 53.6 53.6

8 50.7 50.7 50.8

6 47.4 47.4 47.4

8a 45.2 45.2 45.1

4a 43.5 43.4 43.3

18 41.6 41.6 41.6

4 38.0 37.9 38.0

26 37.1 37.0 37.0

5 27.8 27.8 27.6

21 27.3 27.3 27.2

13 26.6 26.4 25.6

12 26.2 26.1 26.1

25 25.7 25.5 25.6
22 25.0 24.9 25.0

14 23.0 229 22.9
20 21.2 21.2 21.1

17 21.1 21.0 21.0

Comparison of *C NMR of Keramaphidin B in CD;OD

(Numbering scheme adopted from keramaphidin B reported by Kobayashi et al.)®
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our synthetic Fiirstner’s synthetic | Baldwin’s synthetic natural sample
sample sample” sample!® (Andersen)”
Carbon BC NMR BC NMR BC NMR BC NMR
(125 MHz, CD;0OD) | (150 MHz, CD;0D) | (190 MHz, CD3;0OD) | (125 MHz, CDs;0D)

9 143.0 143.0 142.9 142.8

24 133.3 133.3 1333 133.4

23 132.6 132.6 132.60 132.8

16 132.5 132.4 132.59 132.6

15 131.3 131.5 131.3 131.0

10 124.5 124.3 124.5 125.0

1 65.1 65.3 65.0 64.6

19 57.0 57.1 57.0 56.9

11 55.2 55.2 55.2 55.1

3 54.5 54.6 54.5 543

8 50.9 51.0 50.9 50.8

6 49.6 48.5 48.8 48.8

8a 45.6 459 - 45.0

4a 44.7 44.9 44.7 44.1

18 42.2 42.3 42.1 41.8

4 39.0 39.1 39.0 38.8
26 37.9 37.9 37.8 37.6

5 27.7 28.0 - 27.5
21 27.5 27.7 - 27.1

13 27.5 27.5 27.5 27.1

12 27.1 27.2 27.1 26.8
25 26.5 26.6 26.5 26.5
22 26.1 26.1 26.1 26.1

14 23.8 23.8 23.8 23.8

17 21.7 21.8 21.7 21.6
20 21.3 21.5 21.3 20.9

Comparison of "TH NMR of Ingenamine
(Numbering scheme adopted from keramaphidin B reported by Kobayashi et al.)%
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our synthetic sample

Fiirstner’s synthetic
sample'

natural sample”

Proton | 'H NMR (500 MHz, CD;OD) | 'H NMR (400 MHz, CD;0D) | 'H NMR (500 MHz, CD;0D)

10 |5.87(d,J=623 Hz, 1H) 5.86 (d,J= 6.5 Hz, 1H) 5.85(d,J= 65 Hz, 1H)

15 | 5.64 (m, 1H) 5.69-5.63 (m, 1H) 5.63 (m, 1H)

16 | 5.64 (m, 1H) 5.69-5.63 (m, 1H) 5.63 (m, 1H)

24 | 5.37 (m, 1H) 5.40-5.36 (m, 1H) 5.36 (m, 1H)

23 ;331{(;1??51’)‘] =106,106,29.1 5 56 5.1 (m, 1H) 5.22 (tt, J = 10.8, 2.9 Hz, 1H)
5 ﬂisl(gsd, J=TL7,103,46 | 331 205 0 1hy %5,71(;11;1@ J=118,10.1, 4.8
13,16 (brs, 1H) 3.16 (d, J= 1.1 Hz, 1H) 3.14 (d,J = 1.3 Hz, 1H)

. ;(Z)Ylg)dd, J=135,77.521 3 07 3 03 (m. 1H) il.;)jtlg)dd, J=141, 82, 6.1
11 12{'2,91(§§1d’ J=12:6,12.6,52 | 3 00 (dt, /= 12.7, 5.1 Hz, 1H) | 2.97 (td, J = 12.6, 5.2 Hz, 1H)
3 |2.85(dd,J=9.4,2.0 Hz, 1H) |2.85(dd,J=9.3,2.0 Hz, 1H) | 2.84 (dd, /=9.2, 1.9 Hz, 1H)
4 |2.65(m, 1H) 2.66-2.64 (m, 1H) 2.64 (m, 1H)

6 |2.63(dd,J=12.3,4.6 Hz, 1H) | 2.63-2.60 (m, 1H) 2.61(dd, J=12.0, 4.8 Hz, 1H)
6 fﬁf (dd, J=12.0, 12.0 Hz, | 5 47 1, 7= 12.0 Hz, 1H) 2.46 (t, J=12.0 Hz, 1H)

14 | 2.42 (m, 1H) 2.43-2.38 (m, 1H) 2.41 (m, 1H)

26 |2.35(m, 1H) 2.36-2.33 (m, 1H) 2.35 (m, 1H)

17 | 2.34 (m, 1H) 2.35-2.34 (m, 1H) 2.34 (m, 1H)

25 [2.31 (m, 1H) 2.35-2.28 (m, 1H) 2.31 (m, 1H)

26 |2.30 (m, 1H) 2.29-2.27 (m, 1H) 2.28 (m, 1H)

8 |2.29(m, 1H) 2.24(dd, J=5.4, 1.2 Hz, 1H) | 2.26 (d, J= 10.8 Hz, 1H)

11 |2.23 (m, 1H) 2.22-2.18 (m, 1H) 221
19 |2.21 (m, 1H) 2.20-2.17 (m, 1H) 2.19

22 |2.19 (m, 1H) 2.20-2.16 (m, 1H) 2.18

25 | 2.08 (m, 1H) 2.09-2.03 (m, 1H) 2.08 (m, 1H)

8 |1.99(d,J=10.6 Hz, 1H) 1.99-1.95 (m, 1H) 1.98 (d, J = 10.8 Hz, 1H)

22 | 1.96 (m, 1H) 1.97-1.94 (m, 1H) 1.95 (m, 1H)

18 | 1.82 (m, 1H) 1.83-1.79 (m, 1H) 1.82 (m, 1H)
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17 | 1.75 (m, 1H) 1.74-1.72 (m, 1H) 1.73 (m, 1H)
18 | 1.73 (m, 1H) 1.73-1.70 (m, 1H) 1.71 (m, 1H)
3 |1.73(dd,J=9.2,2.6 Hz, 1H) | 1.75-1.73 (m, 1H) 1.71 (dd, J=9.2, 2.9 Hz, 1H)
20 | 1.65 (m, 1H) 1.65-1.61 (m, 1H) 1.64 (m, 1H)
13 | 1.59 (m, 1H) 1.61-1.55 (m, 1H) 1.58 (m, 1H)
14 | 1.55(m, 1H) 1.56-1.51 (m, 1H) 1.54 (m, 1H)
12 | 1.53 (m, 1H) 1.54-1.46 (m, 1H) 1.48 (m, 1H)
13 | 1.52 (m, 1H) 1.53-1.51 (m, 1H) 1.50 (m, 1H)
21 | 1.50 (m, 1H) 1.52-1.46 (m, 1H) 1.48 (m, 1H)
21 | 1.48 (m, 1H) 1.36-1.33 (m, 1H) 1.34 (m, 1H)
20 | 1.36 (m, 1H) 1.35-1.31 (m, 1H) 1.35 (m, 1H)
12 | 1.28 (m, 1H) 1.28-1.23 (m, 1H) 1.27 (m, 1H)
4a  |0.70(dd,J=10.3,2.0Hz, 1H) | 0.70 (dd, J=10.1,2.2 Hz, 1H) | 0.69 (dd, J=10.1, 2.1 Hz, 1H)
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Comparison of *C NMR of Ingenamine

(Numbering scheme adopted from keramaphidin B reported by Kobayashi et al.)®

our synthetic sample Fiirstrslzrm’;lsgfllzlthetic natural sample”
Carbon | *C NMR (125 MHz, CD:OD) | © Nl\éi%f)l) MHz, | 150 NMR (125 MHz, CD:OD)

9 143.7 143.8 143.8
24 133.2 133.2 133.1
15 132.6 132.6 132.6
23 132.4 132.4 132.4
16 131.4 131.4 131.4
10 124.0 123.9 124.0
5 69.2 69.3 69.3
1 65.1 65.2 65.2
19 56.8 56.9 56.9
11 55.1 552 55.2
3 54.5 54.6 54.7
6 54.3 54.3 54.3
4a 53.1 53.1 53.1
8 514 514 51.5
8a 46.8 46.9 46.9
18 42.9 42.9 42.9
26 37.9 379 379
4 353 353 35.2
13 27.7 27.7 27.7
12 27.5 27.6 27.1
25 27.1 27.1 26.5
22 26.5 26.5 26.0
21 25.9 25.9 25.7
14 23.8 23.8 23.8
20 21.9 22.0 22.1
17 21.6 21.6 21.6
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C. Computational Details

Structual Optimization of hemiaminal and V,0-acetal.

The Macromodel module of the Schrodinger suite’” was used for Monte Carlo conformational analyses of
model compounds. The structure was minimized using the OPLS3e force field. The resulting conformers
with a relative energy within 25 kJ/mol of the global minima were then used as the input structures for
further geometry optimization. The Gaussian 16> module of Schrédinger was used to perform B3LYP
hybrid density functional theory (DFT) geometry optimization calculations using the 6-31+G(d) basis set.
To compare energetics, we also carried out single-point energy calculations for the lowest energy structures
using ®B97Xd/6-31+G(d).
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217-1
number of imaginary frequencies = 0
Electronic energy (a.u.) =—1738.585061

-5.07149100 -3.14950500 -1.79735700
-5.72329600 -1.52163100 -1.55329900
-4.76306500 -1.88451700 -2.99629600

Zero-point correction (a.u.) = 0.487769

Thermal correction to Energy (a.u.) =0.516058
Thermal correction to Enthalpy (a.u.) = 0.517002
Thermal correction to Gibbs Free Energy (a.u.) =

0.429878

TIT T T T TTTTTTITIOOOO0OOOO00NOO0OOOOO0OO0OOOOOOZOZOOOON

-0.84136500
-2.04759300
-2.21846400
-1.28780200
-0.50212500
-1.70713700
-2.78114000
-2.89602000
-1.88137400
-0.50628800
-0.39604200
-3.68463600
-2.04672300
-0.26483700
-3.25868700
-3.58608900
-4.85770700
0.81381100
2.07963500
3.25573100
0.74399700
0.65743800
0.62439700
2.22592400
2.69832800
3.87193400
4.57601500
4.07111200
2.89886900
5.86811000
-3.23853900
-0.59065600
-1.66076600
-3.30439400
-1.98227700
0.29971000
-1.42292500
-3.06186000
-4.12164800
-3.69216700
-2.74686700

-0.57624200
0.29140900
0.19565600

-0.92705300
-1.27007000
1.78069000
2.58385600
2.57242400
1.57376500
1.99696600
2.11501400
3.23302900
-1.99265900
-0.64264000

-0.20323900

-1.68750500

-2.08366600

247320500

2.72203300

3.14315400

-2.40920100
-2.88769600
-3.31443600
-1.45215300
-1.14540300
-0.41163700

0.01275600

-0.30668700
-1.03889200

0.77410500
-0.08724200
-0.57572200
1.93600100
3.25364500
1.54314200

2.17714900
-2.66083000
-0.01178000
0.41125900
-1.92302100
-2.29433700

-0.87491800
-0.55592200
0.98011200
1.47271900
0.27491400
-0.88276500
-0.31011900
1.05112000
1.62166300
1.14393400
-0.18152900
1.69739300
1.94036600
-1.93899800
-1.36146500
-1.17550200
-1.92260800
-0.98932300
-0.17491800
-1.05174200
0.36058500
1.73786200
-0.75893500
0.19193600
-1.08141400
-1.19549500
-0.06469600
1.19939100
1.33825000
-0.20382000
1.25011900
2.24362900
-1.96189800
-0.85154800
2.70671500
1.84701600
2.26514200
-2.42442700
-1.07588200
-0.11027500
-1.53817300
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0.57818100
0.99320200
2.33657300
1.88547000
4.16223600
3.47008100
3.04332300
2.14984500
4.25181400
4.60701500
2.51824200
6.72243100
5.90509800
6.00111600

3.36441900
1.66622800
1.80883200
3.50015100
3.28867000
2.38109300
4.08322900
-1.47279200
-0.16886800
0.01564400
-1.30636800
0.08723500
1.32761800
1.48603400

-1.59107800
-1.71449800
0.37549100
0.57425600
-0.45524500
-1.80946400
-1.57364600
-1.95684700
-2.18407000
2.08789700

2.31805900
-0.18688600
-1.14619000
0.61626200



217-11
number of imaginary frequencies = 0
Electronic energy (a.u.) = —1738.583079
Zero-point correction (a.u.) = 0.487847

Thermal correction to Energy (a.u.) =0.516053
Thermal correction to Enthalpy (a.u.) = 0.516997
Thermal correction to Gibbs Free Energy (a.u.) =

0.430104

TIT T T T T T TZTTTOOOO0O0O0O0O0OOVIZOOOOOOO0OOOOOOOZOZOOOON

0.84124800 -0.65685400
-2.09943000 0.15373500
-2.29184300 0.10898500

-1.36409000
-0.49820200
-1.83977700
-2.95053800
3.02248500
-1.96797000
-0.61869700
-0.53556700
-3.80916200
-0.65023400
-0.24749200
-3.26281600
-3.56373900
-4.73714100
0.64844000
1.91837700
3.07706500
-3.32526100
0.77624800
0.72749400
0.66628100
2.22262100
2.70488100
3.84928800
4.51579100
4.00020900
2.85454300
5.77862500
-1.93087800
-1.81802100
-3.45698800
-2.04263200
0.19241600
-0.16911300
-3.02322100
-4.15264200
-3.79101500
-2.67510700

-1.00330000
-1.30472300
1.64490900
2.40839500
2.45809300
1.51473500
1.96932400
2.06150700
3.13224000
-0.57321900
-0.73875400
-0.44635900
-1.91637500
-2.43996100
2.43573500
2.74438100
3.14650600
-0.13826300
-2.41055800
-2.84113200
-3.37205600
-1.41714900
-1.21535600
-0.44676200
0.11295500
-0.10159600
-0.86208600
0.90996400
-1.91040300
1.76093700
3.08956900
1.51727700
2.17287600
-1.34820300
-0.34669000
0.16587600
-2.04087300
-2.52721500

-0.83131800
-0.56836900
0.96814600
1.50322900
0.34174100
-0.95618900
-0.39739400
0.96857200
1.55828300
1.04059600
-0.28819000
1.60340200
2.61335800
-1.88530200
-1.37107800
-1.06755400
-1.89334800
-1.12762600
-0.34076600
-1.24914900
1.22511900
0.45370400
1.84894300
-0.62044900
0.21142400
-1.07845000
-1.24778300
-0.15403200
1.12781300
1.32031800
-0.34983900
1.74104800
-2.04121700
-0.94145100
2.64308100
1.72936500
2.94259100
-2.43751500
-1.17822800
-0.00037800
-1.27137200
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-4.94015800
-5.64941700
-4.52635300
0.37733800
0.84341100
2.19836900
1.71742700
3.98459000
3.30380500
2.83875400
2.18445800
4.23484700
4.50313600
2.46042800
6.65675200
5.78603700
5.89493100

-3.49144600
-1.86852000
-2.36068300
3.30282400
1.61461200
1.86085900
3.54957200
3.34478700
2.34961100
4.05223700
-1.64670400
-0.28253600
0.33175300
-1.03161400
0.25492700
1.41159200
1.67025000

-1.66868700
-1.68788300
-2.96557700
-1.74967600
-1.83242200
0.24500900
0.37734500
-0.66940900
-1.96668800
-1.81866900
-1.92511000
-2.25022800
1.98780200
2.31583700
-0.30661600
-1.32162900
0.42809200



221-1
number of imaginary frequencies = 0

Electronic energy (a.u.) =—998.382469
Zero-point correction (a.u.) = 0.424862

Thermal correction to Energy (a.u.) = 0.446620
Thermal correction to Enthalpy (a.u.) = 0.447564
Thermal correction to Gibbs Free Energy (a.u.) =

0.373957

T T T T T T TITITTITITIIITIITIIITIITITIOOOOOOIOOOOOOOOOOOZOZOOOOO

0.49730800
0.50921200
0.54952100
0.69926400
1.66711500
1.18412600
-0.80689100
-0.76604800
-0.70762200
-0.74049900
-1.93871600
-1.98289800
-0.60593500
2.94165800
-0.03014100
3.94875800
1.41336800
1.76635700
1.86792300
3.19700600
-3.00284800
-4.08693700
-5.08012600
1.05085800
-0.26641900
1.70924500
1.19458100
-0.88503300
-0.66803600
-0.73890100
-2.67788500
4.89157400
3.77637900
4.01400800
1.79547700
2.64465600
1.75369300
1.04438100
3.26196400
4.04175500
3.32195300

-1.13208000
0.27852900
0.32940400

-1.04159300

-1.92774100
-2.08722600

1.00082300
2.34932600
2.45664800
1.04937700
0.31201000
0.26341800
3.49754900

-1.33808400
-1.39436900

-2.07326300
0.93392500
0.99743500
1.13666100
1.76836200
-0.39758000
-1.17456500
-1.83599800

-0.92199700
-1.55818900

-2.93605200

-2.99800600

1.04694600
3.17130900
1.13091000
-0.13390600

-1.55848900

-2.11874200

-3.09977100
1.99663900
0.46388300
0.16007300
1.75782200
1.88302600
1.14909100
2.75955600

0.80445500
0.22119200
-1.34687700
-2.01125600
-1.24639100
0.10859200
0.65893100
0.10505800
-1.25310000
-1.85742800
-1.30106900
0.03184800
-1.87529700
-1.32197400
1.87687400
-0.66854800
-1.63908800
0.77761500
2.29681000
2.70905600
0.90758300
0.16514600
1.11847800
-3.04011900
-2.03688400
-1.68599000
0.54558400
1.74410200
0.67961200
-2.94507300
-1.95817900
-0.86030800
0.41499700
-1.06200600
0.32509700
0.39533900
2.77840800
2.67178600
3.79572600
2.38564800
2.25791200
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-3.47070800
-2.47112900
-3.61372500
-4.62244100
-5.84769500
-4.57172000
-5.58696800

0.37440700
-1.06150100
-1.93963300
-0.49932100
-2.39197300
-2.53632400
-1.08822600

1.53784500
1.60234100
-0.46395900
-0.51437000
0.57064200
1.79074400
1.73915000



221-11
number of imaginary frequencies = 0

Electronic energy (a.u.) =—998.377368
Zero-point correction (a.u.) = 0.424618

Thermal correction to Energy (a.u.) = 0.446468
Thermal correction to Enthalpy (a.u.) = 0.447412
Thermal correction to Gibbs Free Energy (a.u.) =

0.373553

T T T T T T TITITTITITIITIITIITIITITIOOOOOOOZOOOOOOOOOOOZOZOOOOO

-1.02684900
-0.29994500
-0.59042200
-1.64464900
-2.80158400
-2.28580900
1.23819400
1.90596100
1.66929400
0.75370800
1.36161000
1.60982200
2.08351600
-3.72772100
-0.54933100
-5.02179100
-0.96102800
-0.75759100
-0.44492700
-1.05427500
2.21202300
3.58908700
4.62076500
-2.02111600
-1.21978100
-3.29075400
-2.73485500
1.52182200
2.41732000
0.60032500
1.56690000
-5.43616200
-5.03488000
-5.64751400
-0.29819800
-1.84219800
-0.80829000
0.64210500
-0.80600600
-2.14675700
-0.68755700

0.06706100
0.56131000
-0.29457100
-1.38293800
-0.86043000
-0.41224300
0.47744400
0.96559300
0.28102900
-0.90848100
-1.70060700
-0.98753000
0.59105800
-1.88522300
0.17674700
-1.43828700
0.38276100
2.02073000
3.03368600
4.40128900
-1.47434100
-0.85152400
-1.14177300
-1.73869300
-2.23749600
-0.01463300
-0.78334600
1.08698100
1.83365100
-1.48672700
-2.76239700
-0.78044900
-0.89907500
-2.32769800
2.35723200
2.01046700
2.66737300
3.14191700
5.12779500
4.33918500
4.79493800

-1.20616700
0.04444700
1.32689800
1.11760400
0.28809000
-1.00579300

-0.21313800

0.98982200

2.14587400

1.83477300

0.69941900

-0.39996500

3.24724400
0.09035200

-2.32837000

-0.25544600
2.10585300
0.29648600

-0.80574900

-0.50086100

-1.68188700
-1.96800800
-0.88004000
2.08146000
0.57923400
0.80090500
-1.83291800
-1.06904300

1.01470300

2.74661000

0.79438700
0.52130100

-1.21319400

-0.34387700
1.23447300
0.47565500

-1.77147000

-0.91009100

-1.28088600

-0.43687200
0.45425800
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H 1.52807000
H 2.30967400
H 3.48116700
H 3.94512000
H 5.59800000
H 4.31159700
H 4.74539600

-1.23253400
-2.56655000

0.23386300
-1.23302500
-0.72193100
-0.71633700
-2.22178900

-2.50383100
-1.63983200
-2.09342500
-2.93232000
-1.13968500

0.08050700
-0.73789900



Calculation of Transition States of Doble Macrocyclic Alkylation and Intermediates

To obtain the transition states (TS-A, TS-B, TS-C, TS-D, TS-E, TS-F, TS-G and TS-H), we employed a
protocol that provides various conformational isomers of transition states. The first step in obtaining T'S-
A was a conformational search of 234. The low-energy conformational set of 234 was obtained by the
Monte Carlo Multiple Minimum (MCMM) method using the OPLS4 force field.”” Each of the obtained
conformations was optimized using GFN2-xTB.® The resulting 234 conformers were converted to the
conformationally equivalent 172’ structures through the transformation of bond information and
subsequent force field minimization.®' These pairs of 234 and 172’ geometries were used to search for the
minimum energy path using the nudged elastic band®* (NEB) method and estimate the transition states.
With the roughly predicted transition state geometries, saddle point searches were performed at the
®B97Xd/6-31G(d) level of theory. Vibrational frequency and IRC calculations were performed on the
converged structures at the same level of theory to confirm that they were expected transition states for the
formation of the C—N bond. A single-point calculation was then performed at the ®B97Xd/6-311+G(d.p)
level of theory with the solvation effect by PCM(DMSO) model. The same sequence was repeated
with 172’ as the starting structure. The above protocol yielded 55 conformers of TS-A in the transition state,
which were assigned numbers in decreasing order of Gibbs free energy. The most stable conformer was
labeled “TS-A-#001". A similar protocol for searching for transition states was applied to TS-B, TS-C, TS-
D, TS-E, TS-F, TS-G and TS-H yielding 52, 47, 15, 34, 55, 41 and 25 transition states, respectively.

To obtain the energy of 172°,172”, 234°, 235°, 236’ and 237’ GFN2-xTB-optimized conformers
of 172, 1727, 234°, 235°, 236’ and 237’ obtained in the above protocol were optimized at the ®B97Xd/6-
31G(d) level of theory. Then, vibrational frequency calculations confirmed no imaginary frequencies, and
single-point calculations were performed at the ®B97Xd/6-311+G(d,p) level of theory with the solvation
effect by PCM(DMSO) model. The conformations with the lowest Gibbs free energy were
designated 172°, 1727, 234°, 235°, 236’ and 237’, respectively.
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172

number of imaginary frequencies = 0

Electronic energy (a.u.) = —6420.23184837
Zero-point correction (a.u.) = 0.578659

Thermal correction to Energy (a.u.) =0.610157
Thermal correction to Enthalpy (a.u.) =0.611101
Thermal correction to Gibbs Free Energy (a.u.) =

0.514403

C
N

oNoNoNoNoNoNoNoRoNoNoNoN:-NoNoI o NoNONONQ!

-1.12250 -3.49270
-1.50100 -2.17430
-0.72610 -1.23070
0.63700 -1.54640
0.88360 -3.03750
-0.08900 -3.96190
0.64690 -0.74910
1.88440 -1.05230
2.08810 -2.34350
0.89030 -3.17310
1.90080 -3.31220
1.75010 -1.02680
-1.03000 -0.00830
-0.37090 -2.54100
-0.51810 -1.25410
3.09970 -2.77960
1.86660 -1.79260
2.74230 -1.05770
2.43390 -0.70290
1.14860 -0.98770
0.14150 0.17460
-0.39730 0.38810
-1.45780 1.45570

Br-0.77940 3.25070

-1.68550 -0.36590
-1.28500 0.94700
-2.42320 1.93530
-2.77500 2.74690
-2.07610 2.82630
-1.03660 3.95600
-0.28120 4.02640
0.57250 2.81310

Br 2.01020 2.55940

H
H
H
H
H
H
H
H

-1.78200 -4.21660
0.07160 -5.03330
0.61100 0.31750
2.61850 -0.36570
1.02800 -4.21280
1.56410 0.03270
2.71120 -1.07900
-1.09120 -3.11620

0.49030
0.69930
0.17640
-0.50740
-0.89140
-0.23110
-1.85160
-2.56910
-2.91790
-2.46440
-0.57460
0.42180
0.22070
-3.00700
-2.68790
-3.46360
1.75040
2.72680
3.97750
4.71380
4.65010
3.23990
3.09740
3.57680
-2.99210
-3.69740
-3.76500
-2.76390
-1.43130
-1.38310
-0.05570
0.27300
-1.06290
0.97570
-0.32700
-1.65520
-2.66110
-2.76490
0.62680
-0.10810
-3.58130
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0.86780
2.28670
3.72080
3.17090
1.38490
0.66860
0.61810
-0.69130
-0.86520
0.42140
-2.30910
-1.78630
-2.42020
-2.17080
-0.44000
-0.92460
-3.00050
-3.61120
-1.59520
-2.81820
-0.31820
-1.53290
0.34530
-0.99460
0.02640
1.09440

-1.95200 2.16570
-2.78920 1.55620
-0.76630 2.34100
-0.12680 4.53810
-1.19080 5.76520
-1.89280 4.32340
1.09660 5.00750
-0.03700 5.33400
-0.53440 2.87010
0.60370 2.54680
1.30170 3.76140
1.52720 2.06130
-0.90730 -3.60020
-0.11040 -2.04260
1.39850 -3.16380
0.71790 -4.70680
1.96050 -4.68840
3.42980 -2.91470
1.87220 -1.19210
2.99970 -0.64000
3.82160 -2.20150
4.91830 -1.55900
4.92570 -0.03080
4.11570 0.77540
1.86490 0.27100
2.93750 1.22100



TS-A

number of imaginary frequencies = 1

Electronic energy (a.u.) = —6420.20971387
Zero-point correction (a.u.) =0.577810

Thermal correction to Energy (a.u.) = 0.608981
Thermal correction to Enthalpy (a.u.) = 0.609925
Thermal correction to Gibbs Free Energy (a.u.) =
0.514099

2.10090 -1.33320 1.02230
1.64200 -2.84630 1.76190
3.44320 -4.03180 0.71380
4.96740 -3.06550 -0.81580
2.94170 -0.74350 -1.09000
4.13550 -1.24860 -2.27040
4.92960 0.79520 -1.22140
5.99360 -0.53410 -0.78000
5.66210 0.69400 1.25300
4.69550 -0.77250 1.39780
2.66380 0.64940 0.57110
3.68740 2.07200 0.83860
-2.02430 0.61260 -1.98360
-3.35330 -0.29190 -2.67220
-4.94380 0.68700 -1.05220
-3.62470 1.44610 -0.16810
-4.60190 2.22930 -2.99610
-3.68650 4.36920 -2.51320
-3.27400 3.49490 0.34900
-2.74750 4.99670 -0.38840
-1.35650 2.32420 -0.93320
-0.74600 3.92750 -1.31890
-0.52550 4.40270 1.14080
-1.22680 2.83330 1.49840
1.02600 2.21970 -0.22170
1.27530 2.52450 1.58450

-0.51760 0.17400 2.20760
-0.04400 0.63090 0.98980
0.02060 -0.19690 -0.04810
-0.42600 -1.68370 0.06420
-1.11840 -2.09170 1.40280
-1.01340 -1.04370 2.46760
-1.49060 -1.92130 -1.06600
-1.96170 -3.30200 -0.97320
-2.57340 -3.66240 0.17960
-2.62440 -2.45760 1.11150
-0.64990 -3.01700 1.76740
0.81170 -2.55160 -0.21980
0.46150 0.16340 -1.16610
-3.25390 -1.29590 0.37690
-2.66320 -0.99800 -0.78210
-2.97550 -4.79280 0.44260
1.94360 -2.39610 0.80940
3.22530 -3.03480 0.33240
4.07700 -2.49630 -0.54530
3.95760 -1.14150 -1.19250
4.98250 -0.13280 -0.63790
4.78620 0.17300 0.85200
3.54780 1.01940 1.08990
r 3.03190 0.99230 2.98780
-2.97250 0.12320 -1.72740
-3.95910 1.15820 -1.17080
-4.07710 2.37200 -2.05140
-3.56280 3.57490 -1.77830
-2.77300 3.91070 -0.53530
-1.33940 3.36240 -0.58840
-0.63140 3.38220 0.76050
0.72290 2.72470 0.68030
r 2.13000 4.53650 0.14180
-0.45490 0.91530 3.00530
-1.36130 -1.29180 3.46700
-1.04650 -1.75530 -2.04670
-1.72930 -3.99390 -1.66960
-3.14230 -2.72710 2.03280
1.19390 -2.27660 -1.20770
0.51090 -3.60570 -0.26980
-4.09480 -0.75760 0.80110
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TS-B

number of imaginary frequencies = 1

Electronic energy (a.u.) = —6420.20568570
Zero-point correction (a.u.) = 0.577873

Thermal correction to Energy (a.u.) = 0.608929
Thermal correction to Enthalpy (a.u.) = 0.609873
Thermal correction to Gibbs Free Energy (a.u.) =

0.514112

0.65410
-0.11330
0.47810
2.02050
2.79160
1.96600
2.29000
3.73390
4.37780
3.36780
3.66590
2.54230
-0.16360
2.24230
1.66120
5.58740
2.25230
1.19650
0.05050
-0.54470
-2.04130
-2.32400
-2.30160

maooaoooaonoocoaonoocaomaonozaononoanza

1
N
W
(e)
g
0
S

C 0.46450
C -0.16940
C -1.51790
C -2.67750
C -2.80890
C -3.05310
C -2.93790
C -1.56200
Br -0.15880
0.08890
2.45730
1.89280
4.24550
3.87070
2.09100
3.62230
1.93370

aajijanianfaniiasfasilanilan

-1.31880
-0.19780
0.91710
1.00410
-0.35320
-1.47130
1.58030
1.60470
0.41440
-0.68990
-0.21580
1.97530
1.95020
-0.59160
0.60870
0.26350
1.51950
2.35130
1.96060
0.58060
0.60010
0.91930
-0.28690
-1.09310
1.03950
-0.05220
0.37180
0.13710
-0.63950
-2.13650
-3.00580
-3.01720
-3.68360
-2.14730
-2.41260
2.59040
2.46790
-1.65780
2.95900
2.09090
-1.45850

1.19620
0.92760
0.49900
0.34920
0.41560
0.96960
-1.08410
-1.31100
-1.30100
-1.01180
1.06820
1.42350
0.21040
-2.01850
-2.07300
-1.45390
2.87810
3.55290
4.11540
4.20560
3.85140
2.37970
1.47950
1.68990
-2.86560
-3.73720
-4.26300
-3.64230
-2.35740
-2.61410
-1.36160
-0.72050
-1.93740
1.62760
1.20020
-1.17110
-1.41420
-1.00980
1.25100
1.27540
-2.59230
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1.98670

3.17480

1.42970
-0.56200
-0.43980
-0.01260
-2.53410
-2.50390
-1.58630
-3.30090
-1.94530
-2.42350
-0.27810

0.73240

0.50080
-0.26530
-1.52570
-3.60160
-3.63390
-1.89900
-4.04980
-2.33520
-3.62080
-3.23840
-1.52120
-1.21320

0.45790 2.89840
1.61250 3.46630
3.41720 3.59190
2.73890 4.57610
0.21230 5.23620
-0.12120 3.55680
1.35140 4.48170
-0.36160 4.10680
1.62370 1.98160
1.39800 2.27220
-1.24110 1.83110
-0.15580 0.41800
1.41190 -2.14810
1.90660 -3.48680
-0.29220 -4.57160
-0.97040 -3.14770
0.93650 -5.19470
0.48780 -4.10030
-0.24240 -1.75190
-0.50750 -1.76050
-2.26950 -3.05110
-2.49310 -3.36240
-2.63520 -0.58340
-4.03350 -1.59460
-3.68110 0.14220
-2.02690 -0.43250



234 + Br-

number of imaginary frequencies = 0

Electronic energy (a.u.) =—6420.29940666
Zero-point correction (a.u.) = 0.582035

Thermal correction to Energy (a.u.) =0.613311
Thermal correction to Enthalpy (a.u.) =0.614256
Thermal correction to Gibbs Free Energy (a.u.) =

0.516657
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-0.49250
-0.04030
-0.00190
-0.40880
-1.05850
-0.95820
-1.49080
-1.89470
-2.49270
-2.55630
-0.55170
0.85760
0.38430
-3.24450
-2.69970
-2.87740
1.99030
3.26920
4.15710
4.09000
5.11270
4.88510
3.64470
3.02150
-3.12620
-4.16170
-4.24100
-3.67900
-2.87350
-1.54410
-0.74610
0.40250
2.90780
-0.41670
-1.28010
-1.07220
-1.69800
-3.04320
1.22630
0.57510
-4.11090

0.25730 2.19970
0.70980 0.94850
-0.11000 -0.14050
-1.58890 0.00810
-2.00860 1.36130
-0.96650 2.42840
-1.87710 -1.10080
-3.27330 -0.97090
-3.63310 0.19030
-2.41640 1.11130
-2.91310 1.72120
-2.41610 -0.29400
0.28980 -1.23860
-1.29140 0.37250
-0.99990 -0.81080
-4.76290 0.46890
-2.25010 0.73170
-2.89230 0.25260
-2.33320 -0.57450
-0.94790 -1.16070
0.01540 -0.52510
0.24250 0.97480
1.08280 1.22490
0.89330 3.08130
0.04010 -1.80350
1.04270 -1.26440
2.28830 -2.10530
3.46000 -1.79140
3.73190 -0.53950
2.96560 -0.52200
3.11060 0.76880
2.10730 0.84930
4.68210 0.20590
1.00170 2.98410
-1.22880 3.43090
-1.71160 -2.09270
-3.95600 -1.68710
-2.69010 2.04750
-2.12180 -1.28180
-3.47330 -0.35540
-0.79560 0.79620
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2.15080 -1.18800
1.69520 -2.69780
3.45060 -3.91190
5.04020 -2.91190
3.07770 -0.53690
4.30270 -1.00870
5.08380 0.97420
6.12120 -0.39200
5.75400 0.73700
4.77900 -0.73050
2.79560 0.76220
3.78860 2.15320
-2.23140 0.57500
-3.51920 -0.46220
-5.14310 0.55500
-3.89430 1.30740
-4.77170 2.19970
-3.77840 4.28230
-3.45230 3.44490
-2.68310 4.80710
-1.75580 1.90520
-0.92510 3.27180
-0.30450 4.11140
-1.40870 2.98130
1.03870 2.19450
1.02610 2.31450

0.94330
1.68730
0.58970
-0.84740
-1.07710
-2.23530
-1.05800
-0.66640
1.42160
1.46680
0.62300
1.06640
-2.14460
-2.69890
-1.21570
-0.23550
-3.05300
-2.49830
0.34970
-0.44640
-0.66800
-1.37490
0.84490
1.63620
-0.03040
1.72170



236 + Br-

number of imaginary frequencies =0

Electronic energy (a.u.) = —6420.29887719
Zero-point correction (a.u.) =0.581996

Thermal correction to Energy (a.u.) =0.613139
Thermal correction to Enthalpy (a.u.) = 0.614083
Thermal correction to Gibbs Free Energy (a.u.) =

0.517274
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0.40830 -1.13230
-0.20780 0.10050
0.49440 1.17450
2.01250 1.05720
2.62650 -0.37460
1.69120 -1.39180
2.27590 1.52540
3.70600 1.41100
4.24690 0.17110
3.15160 -0.82480
3.50480 -0.32000
2.69770 2.02020
-0.06500 2.23450
2.01510 -0.68180
1.53190 0.55800
5.43160 -0.09530
2.45660 1.69010
1.32570 2.46920
0.21780 2.00550
-0.23970 0.57940
-1.71850 0.41480
-2.11430 1.00510
-1.65890 0.22830

Br-5.03120 -1.22430

0.34790 1.03430
-0.30310 -0.03050
-1.66230 0.40160
-2.80920 0.10060
-2.90410 -0.75190
-3.06410 -2.24560
-2.90160 -3.16380
-1.51290 -3.16500

Br-0.13510 -3.81590

H
H
H
H
H
H
H
H

-0.25670 -1.87010
2.08190 -2.37620
1.96550 2.56080
4.28500 2.22060
3.56890 -1.83100
2.36260 3.04240
3.77100 1.98730
1.62720 -1.54980

1.31160
1.04490
0.58680
0.39200
0.50320
1.07470
-1.08730
-1.34720
-1.27770
-0.90960
1.15920
1.38350
0.31450
-1.89590
-1.99940
-1.44550
2.87430
3.49150
4.07340
4.20130
3.79700
2.43920
1.20760
1.20500
-2.78760
-3.68130
-4.17070
-3.55490
-2.31590
-2.65020
-1.43750
-0.82580
-2.07980
1.74640
1.30990
-1.21890
-1.51140
-0.86440
1.17410
1.16890
-2.41550
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2.31290

3.36970

1.46860
-0.46950
-0.14280

0.39970
-2.33230
-1.98730
-1.76340
-3.20840
-2.08800
-2.04930
-0.39670

0.63950

0.35560
-0.39160
-1.68850
-3.74620
-3.74400
-2.00400
-4.05390
-2.33140
-3.58450
-3.17440
-1.44300
-1.16690

0.61230
1.94150
3.55060
2.74160
0.25910
-0.08830 3.61820
0.90690 4.56300
-0.64940 3.82870
2.03920 2.36270
1.02260 2.37600
-0.77700 1.23270
0.71810 0.31160
1.41500 -2.07510
1.90440 -3.39230
-0.24280 -4.53180
-0.96780 -3.12240
1.02140 -5.06610
0.45630 -3.98190
-0.43850 -1.68480
-0.60540 -1.70780
-2.41090 -3.09160
-2.52680 -3.41680
-2.83870 -0.63930
-4.19060 -1.70620
-3.82900 0.03470
-2.17160 -0.54450

3.00700
3.42870
3.47150
4.49490
5.24840



172>

number of imaginary frequencies = 0

Electronic energy (a.u.) = —6420.22444898
Zero-point correction (a.u.) = 0.578830

Thermal correction to Energy (a.u.) =0.610287
Thermal correction to Enthalpy (a.u.) = 0.611231
Thermal correction to Gibbs Free Energy (a.u.) =

0.513758

QOOOOOOOOOOOOIOOZOOOOOZO

C
C
C
C
C
C
C
C
Br

H
H
H
H
H
H
H
H

2.15120
0.93070
0.47150
1.30820
2.55840
2.93480
0.36430
1.08590
2.11500
2.30280
3.41350
1.67580
-0.60240
1.00430
-0.05050
2.92500
2.39850
2.41740
1.40530
0.06560
-1.10860
-1.21660
-1.68430

[
=
=
=
~
S

-1.45690
-2.56980
-2.48450
-2.38620
-2.32890
-2.30800
-1.01920
0.27290
0.24430
2.39400
0.34830
3.87300
-0.49310
3.15880
2.27610
0.75810
0.95750

1.38810 -3.80390
0.72080 -3.62580
0.25600 -2.43430
0.49740 -1.18040
1.41300 -1.35570
1.70240 -2.77670
1.24810 -0.15550
1.47850 1.08650
2.29160 0.91360
2.74450 -0.55380
0.92020 -0.87430
-0.88240 -0.60230
-0.34850 -2.38440
3.34160 -1.02930
2.54490 -0.83310
2.66730 1.79810
-1.82350 -1.58060
-3.24470 -1.07180
-4.11160 -1.17440
-3.87060 -1.82260
-4.29880 -0.92390
-3.50200 0.37740
-2.06740 0.21750
-1.92540 -0.17620
2.80590 -1.30310
2.35150 -0.33960
2.98490 1.02190
2.33540 2.18420
0.83540 2.34130
0.34000 3.78920
0.64600 4.55870
0.18790 3.90220
-1.73770 3.42640
1.60950 -4.83640
0.52770 -4.42870
2.21540 -2.96460
0.60200 0.03580
3.41620 -0.65040
-0.72600 0.29910
-1.37280 -0.27100
4.31770 -1.50660
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1.89750

3.42190

3.32080

1.53650
-0.04850

0.00890
-0.99510
-2.04760
-0.22700
-1.87280
-1.22010
-1.54500
-1.56730
-1.61850
-3.53180
-2.56410
-2.50370
-2.33330
-1.42840
-3.17530
-3.15350
-2.45780
-0.90750
-1.09730

1.11880

0.49930

-1.79350
-1.47010
-3.56760
-5.10680
-2.82040
-4.45620
-5.36190
-4.20630
-3.44630
-4.01560
-1.53830
-1.51070
3.87770
2.28390
2.61810
1.25880
4.07560
2.92480
0.46900
0.36510
0.76900
-0.74600
1.73240
0.22100
0.28290
0.68320

-2.55570
-1.75190
-0.55600
-0.74570
-2.11220
-2.75110
-0.67720
-1.48410
0.85310
1.08880
-0.61470
1.14170
-1.51490
-2.25710
-0.79980
-0.26290
1.03390
3.10050
1.83540
1.82450
4.34180
3.78650
4.68710
5.56630
4.58330
2.94830



TS-C

number of imaginary frequencies = 1

Electronic energy (a.u.) = —6420.19911416
Zero-point correction (a.u.) = 0.577330

Thermal correction to Energy (a.u.) = 0.608792
Thermal correction to Enthalpy (a.u.) = 0.609737
Thermal correction to Gibbs Free Energy (a.u.) =

0.511147
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-5.33370 0.06480
-4.34740 0.83900
-3.00520 0.64780
-2.53070 -0.61040
-3.61820 -1.37570
-5.03010 -0.96110
-1.44050 -0.16860
-0.94630 -1.35190
-1.87140 -1.91950
-3.26410 -1.25720
-3.53660 -2.44150
-1.93120 -1.59500
-2.21300 1.46230
-3.10650 0.20220
-2.12590 0.79560
-1.69770 -2.90040
-0.77160 -1.07970
0.17210 -2.19940
1.38990 -2.39640
2.13580 -1.53230
2.68040 -2.32030
1.63340 -2.68690
1.20290 -1.54990
3.13770 -1.16250
-1.61710 2.19530
-0.26110 2.19950
0.39870 3.54950
1.40020 3.92650
2.06710 3.06220
3.28150 2.30330
3.99970 1.50690
5.15950 0.66870
6.63850 1.78230
-6.34960 0.37290
-4.61770 1.68000
-5.83130 -1.53080
-0.61260 0.32450
-4.00610 -1.77700
-2.73900 -1.98140
-1.56520 -2.43600
-3.72120 0.69160

1.09780
1.72230
1.57750
0.85250
0.02600
0.30810
-0.19560
-0.88000
-1.64490
-1.49590
0.27750
1.88360
2.04670
-1.83910
-1.15560
-2.40170
2.75830
3.09840
2.58630
1.60410
0.40160
-0.65530
-1.55180
-2.80830
-1.30780
-2.04700
-2.06510
-1.26650
-0.22690
-0.77970
0.30750
-0.19360
-0.87830
1.31520
2.21300
-0.15230
0.32190
-2.10550
2.51880
1.28660
-2.58980
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-0.23980
-1.16830
-0.20920
1.94100
1.51190
2.99010
3.14650
3.47520
0.72620
2.01470
1.20840
0.64540
-2.33770
-1.47820
0.40010
-0.42480
-0.00080
1.80460
1.35490
2.39290
2.95840
3.98080
4.33780
3.28960
4.86750
5.60600

-0.27870 2.24350
-0.63120 3.67640
-2.94160 3.80080
-3.28020 2.91300
-0.70240 1.25230
-1.07880 2.12710
-3.24300 0.76930
-1.74560 -0.08520
-3.06010 -0.17190
-3.49150 -1.29160
-0.53210 -1.19550
-1.77230 -2.44490
2.81640 -1.85370
2.64380 -0.31580
1.46480 -1.57590
1.84890 -3.07340
4.27050 -2.77820
4.93200 -1.38090
2.34060 0.19360
3.69380 0.60950
1.61480 -1.57210
3.01200 -1.24050
2.17230 1.11140
0.80210 0.76100
0.04060 -1.03600
0.06410 0.59500



TS-D

number of imaginary frequencies = 1

Electronic energy (a.u.) =—6420.20367353
Zero-point correction (a.u.) = 0.577436

Thermal correction to Energy (a.u.) =0.608513
Thermal correction to Enthalpy (a.u.) = 0.609457
Thermal correction to Gibbs Free Energy (a.u.) =

0.513264
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3.28870
3.45750
2.45950
1.04780
0.83520
2.09580
0.12490
-1.25060
-1.43640
-0.14220
0.31410
0.61630
2.69710
0.45590
0.62120
-2.50570
1.53910
1.07980
1.27520
2.01410
1.16220
-0.01250
-0.88860

Br-1.77540

C
C
C
C
C
C
C
C

1.25740

0.46460
-0.95790
-2.06080
-2.14610
-3.45110
-3.60990
-2.66170

Br -3.60580

H
H
H
H
H
H
H
H

4.20680
4.37810
2.02110
0.21680
-0.33820
-0.39940
0.56130
0.74210

3.18130
1.88280
0.96630
1.36780
2.85800
3.65570
1.12270
1.41170
2.67330
3.51520
2.87730
0.40430
-0.15880
3.33400
2.05490
3.17230
0.36060
-0.69360
-2.00810
-2.70610
-3.78480
-3.21010
-4.23570
-5.44240
1.54190
0.41080
0.78970
0.16110
-1.07960
-1.16510
-0.08990
-0.23020
-2.01730
3.75070
1.57510
4.66780
0.07050
4.55690
0.67210
-0.60120
4.17960

0.77960
0.27910
0.15520
0.57630
0.98560
1.12720
-0.68360
-0.32800
0.02960
-0.05950
1.95220
1.69420
-0.28310
-1.43060
-1.77670
0.44960
2.91980
3.89820
3.76430
2.65280
1.96330
1.17460
0.48300
1.76540
-3.03690
-3.71900
-4.02010
-3.60720
-2.75270
-1.95110
-0.87520
0.29250
1.43870
0.86280
-0.00190
1.51260
-0.96530
0.20360
2.00260
1.27210
-2.05080
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2.56640 0.15140
1.56140 1.34200
0.50580 -0.34420
0.85990 -2.67070
2.37270 -1.98960
2.90370 -3.19480
0.78240 -4.48380
1.79980 -4.36870
0.37410 -2.56030
-0.64460 -2.58330
-0.32830 -4.89210
-1.71080 -3.75770
1.38960 2.37730
2.26220 1.15820
0.97840 0.15510
0.50180 -0.48990
-1.07730 1.67830
-3.02240 0.56390
-1.28710 -1.14060
-2.08410 -1.96790
-4.29630 -1.08870
-3.52600 -2.14930
-3.43820 0.90060
-4.63360 -0.10420
-2.76870 0.43430
-1.73130 -0.76660

2.59710
3.40790
4.75550
4.52540
1.90460
3.07370
2.71930
1.28730
0.37530
1.81400
-0.18340
-0.04780
-3.73660
-2.80970
-4.65590
-3.09830
-4.64180
-3.93070
-2.07440
-3.39760
-2.64740
-1.47420
-1.30140
-0.48880
1.13330
0.20130



235 + Br-

number of imaginary frequencies =0

Electronic energy (a.u.) = —6420.29623866
Zero-point correction (a.u.) = 0.582585

Thermal correction to Energy (a.u.) =0.613758
Thermal correction to Enthalpy (a.u.) = 0.614702
Thermal correction to Gibbs Free Energy (a.u.) =

0.518267
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-4.41640 0.76830
-3.21300 1.44690
-1.98790 1.00590
-1.87930 -0.39800
-3.23220 -1.09000
-4.46040 -0.40100
-1.07800 -0.24590
-0.94440 -1.57670
-2.10660 -2.15270
-3.28730 -1.25990
-3.22350 -2.10270
-1.13550 -1.30090
-0.99270 1.71070
-3.06530 0.09650
-1.89500 0.65350
-2.19660 -3.24560
0.32550 -0.94760
1.04510 -2.12540
2.02390 -2.82960
2.64320 -2.59710
2.15410 -3.58340
0.66350 -3.44340
0.34960 -2.18470
3.46090 -0.24970
-1.41180 2.02210
-0.01290 2.03110
0.55080 3.42460
1.11200 4.13660
1.27710 3.65990
2.57350 2.86850
2.54080 2.11760
3.61150 1.05310
5.42660 1.83240
-5.29510 1.27470
-3.23700 2.37150
-5.41760 -0.88880
-0.08630 0.15660
-4.21750 -1.74050
-1.72710 -1.34210
-1.16180 -2.31200
-3.81840 0.56130

1.51050
1.73960
1.35210
0.75460
0.36890
0.87980
-0.58550
-1.18250
-1.56750
-1.19180
0.79140
1.77160
1.50060
-1.82030
-1.50550
-2.12260
2.10070
2.69920
2.12100
0.76810
-0.31090
-0.63930
-1.46800
-2.15210
-1.88710
-2.53820
-2.69680
-1.71440
-0.29330
-0.05920
1.27350
1.39980
1.48140
1.89080
2.14710
0.72880
-0.39430
-1.49610
2.69550
1.35540
-2.44870
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0.84620
0.35320
0.69590
2.41570
247170
3.73240
2.35630
2.74930
0.10080
0.31080
1.11250
0.38430
-2.13910
-1.38010
0.68140
-0.07670
0.48090
1.49700
0.43790
1.24310
2.70430
3.44350
2.58610
1.57940
3.63920
3.51570

-0.63040
-0.09280
-2.44110
-3.68850
-1.57660
-2.69980 0.85590
-4.61030 0.01910
-3.41330 -1.21680
-3.41630 0.29860
-4.32660 -1.18100
-1.41730 -1.31520
-2.43330 -2.53480
2.48890 -2.56130
2.64250 -0.98300
1.42210 -1.94680
1.54250 -3.51700
3.87060 -3.68800
5.12870 -1.94910
3.01460 -0.01400
4.51770 0.39060
2.13440 -0.86280
3.53610 -0.09870
2.81120 2.12260
1.59150 1.35380
0.41090 0.51750
0.46060 2.30970

1.19470
2.78480
3.68300
2.66760
0.41490



237 + Br-

number of imaginary frequencies = 0

Electronic energy (a.u.) =—6420.30126898
Zero-point correction (a.u.) =0.581771

Thermal correction to Energy (a.u.) =0.612945
Thermal correction to Enthalpy (a.u.) =0.613889
Thermal correction to Gibbs Free Energy (a.u.) =

0.517282

3.33630
3.23780
2.07140
0.76180
0.86810
2.26150
-0.21330
-1.45630
-1.33430
0.12150
0.31210
0.18920
2.07840
0.63910
0.46390
-2.25900
1.10000
0.49240
0.97120
2.24000
1.99110
1.34050
1.27020
Br 0.14770
C 0.93360
C -0.16730
C -1.30580
C -2.60620
C -3.25190
C
C
C
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-4.31180

-3.79320

-2.74680
Br-1.57410
H 4.35130
H 4.07800
H 2.38560
H -0.43650
H 0.20550
H -0.77640
H -0.01650
H 1.12090

2.27250 0.80640
0.98050 0.27720
0.31840 0.05080
0.98170 0.49670
2.49010 0.88990
2.99520 1.10620
0.91030 -0.73670
1.59620 -0.37200
2.91120 -0.08540
3.34280 -0.20120
2.63430 1.82550
0.12980 1.64710
-0.79200 -0.47270
2.95120 -1.56570
1.66340 -1.87010
3.63700 0.27920
0.04180 2.88010
-0.83080 3.94290
-1.98860 4.40590
-2.68400 3.98870
-3.87200 3.04400
-3.44950 1.72920
-4.52580 0.66790
-6.05050 1.23720
0.95550 -3.10680
0.14610 -3.81660
1.00890 -4.28510
0.85340 -4.02490
-0.21600 -3.18840
0.34200 -2.22690
1.42210 -1.27410
0.92880 -0.24870
-2.72910 -0.82910
2.62220 0.95080
0.49620 -0.00720
3.99210 1.51580
-0.13160 -0.96680
4.40820 0.01490
0.56330 1.93710
-0.87400 1.26160
3.67490 -2.21590
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2.08220 -0.34030
1.26530 1.05080
-0.45810 -0.47420
0.37810 -2.52030
2.92870 -1.98470
2.75340 -3.05240
1.35800 -4.61680
2.95150 -4.36290
1.90730 -2.62240
0.33070 -3.06410
2.24150 -4.96440
0.77740 -4.15100
1.35880 1.69270
1.74210 0.26510
0.29240 -0.34190
-0.51530 -0.66130
-1.00920 1.84930
-3.29750 1.57560
-2.50980 -0.78750
-3.74720 -0.93970
-5.14040 0.76490
-4.73290 -0.49060
-3.35210 2.23520
-4.64260 1.85900
-3.11690 1.10040
-2.56540 -0.14500

2.58350
3.28270
4.34190
5.15080
3.50180
4.88560
3.54240
2.83780
1.27780
1.90420
0.43700
-0.22860
-3.79920
-2.83380
-4.68720
-3.16340
-4.91540
-4.46460
-2.62240
-3.85250
-2.81130
-1.64790
-1.86010
-0.73810
0.76860
-0.35040



234°

number of imaginary frequencies = 0

Electronic energy (a.u.) = —3845.43257752
Zero-point correction (a.u.) = 0.567435

Thermal correction to Energy (a.u.) = 0.595824
Thermal correction to Enthalpy (a.u.) = 0.596768
Thermal correction to Gibbs Free Energy (a.u.) =

0.507500
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0.28640
0.27250
0.09760
-0.20370
-0.05720
0.13690
0.81620
0.48070
0.62690
1.09600
-0.97160
-1.63010
0.13540
2.34090
2.20560
0.36740
-2.75030
-4.07990
-5.10590
-5.21490
-5.22180
-3.88870
-2.75230
-3.08140
3.22370
4.45670
5.22600
5.17330
4.33630
2.83160
1.94000
0.47690
0.42470
0.15880
0.71970
1.21270
-1.65780
-1.80330
3.24150
-2.54820
-2.76210

0.61900 -2.28960
1.64020 -1.32300
1.37490 0.00990
-0.06000 0.45930
-1.17700 -0.61350
-0.67070 -2.00550
-0.44470 1.61620
-1.77050 2.13060
-2.69270 1.19810
-2.14380 -0.17200
-1.78080 -0.60840
-0.03620 1.04620
2.27980 0.84360
-1.32620 0.03650
-0.40610 0.99590
-3.92340 1.31820
0.27630 0.04240
0.34790 0.74140
-0.50270 0.65220
-1.74790 -0.18470
-3.02890 0.67070
-3.32540 1.36270
-3.68840 0.42530
-5.40540 -0.49770
0.58830 1.47340
0.72650 0.56150
1.99280 0.82260
3.09420 0.06640
3.25340 -1.18440
3.27140 -0.88210
3.32080 -2.11920
3.01420 -1.78610
0.97800 -3.30400
-1.39280 -2.81640
0.29720 2.41530
-2.95130 -0.89860
0.70380 1.85470
-1.01500 1.50380
-1.49350 -0.54750
1.24250 -0.44110
-0.47280 -0.75670
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-4.18190
-5.97870
-4.41540
-6.15530
-6.00340
-5.49620
-4.01750
-3.56320
-2.63860
-1.78910
2.72930
3.54210
4.12350
5.10730
5.84090
5.75140
4.62150
4.54060
2.58170
2.59450
1.98950
2.29750
0.11800
-0.15350

1.18760 1.43030
-0.30310 1.27580
-1.79720 -0.93180
-1.71150 -0.74940
-2.93980 1.43500
-3.88250 0.03950
-4.12610 2.09910
-2.43510 1.91830
-2.97130 -0.38710
-3.82420 0.92340
1.56310 1.57280
0.32480 2.49290
0.70160 -0.48200
-0.14630 0.70010
2.00830 1.72250
3.96180 0.38130
4.17380 -1.70720
2.42870 -1.88160
2.36760 -0.32410
4.11300 -0.21900
4.30720 -2.59690
2.59500 -2.86300
3.67530 -0.99640
3.16420 -2.66890



TS-E

number of imaginary frequencies = 1

Electronic energy (a.u.) =—3845.40387801
Zero-point correction (a.u.) = 0.566682

Thermal correction to Energy (a.u.) =0.594651
Thermal correction to Enthalpy (a.u.) = 0.595595
Thermal correction to Gibbs Free Energy (a.u.) =

0.508114
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-1.71630 -2.95800
-2.27420 -1.75190
-1.59340 -0.56450
-0.26490 -0.50670
0.39020 -1.87650
-0.50760 -3.05460
0.79440 0.23450
2.04500 0.34050
2.60940 -0.83900
1.73530 -2.02140
0.66260 -1.84810
-0.49300 0.27750
-2.05450 0.45580
1.44930 -1.82210
0.95040 -0.61480
3.71680 -1.03100
-1.07180 1.69880
-0.65380 2.54810
0.27530 3.50770
1.10060 3.99060
2.60960 3.92840
3.21080 2.52110
3.52090 2.04720

Br 5.33710 3.44720
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0.54890 -0.06990
0.48380 -1.12520
-0.33100 -0.66890
-1.58480 -1.05280
-2.40100 -2.00810
-2.75010 -1.41300
-3.50750 -2.35540
-3.58080 -1.81580
-2.36530 -3.81790
-0.15570 -4.02830
0.43230 1.23490
2.21600 -2.97480
0.49560 0.34550
-1.11910 -0.32710
1.65160 -2.59950
-0.74550 2.15570
-2.16490 1.65180

0.70620
0.24910
0.32100
1.08410
1.44770
1.25050
0.16990
0.90740
1.12920
0.65740
2.51140
2.39950
-0.18960
-0.80810
-1.08700
1.68310
228210
3.44940
3.43690
2.27320
2.56380
2.47500
1.07540
0.50680
-2.42660
-3.54660
-4.72620
-4.98820
-4.14360
-2.77290
-1.84220
-0.40990
0.57800
1.57760
-0.07890
0.88740
2.86440
3.06930
-1.53860
1.34710
2.22550
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-1.13940
0.48650
0.83290
0.87800
3.14910
2.78960
2.51980
4.13630
4.13890
2.95750

-0.42920
1.23930
0.05390
1.50330
0.14120

-2.08090

-3.31900

-1.84600

-1.82170

-3.32140

-4.53040

-3.01770

-3.99340

-4.22780

2.32240
4.02110
5.03590
3.42470
4.58210
4.32810
1.79200
2.46910
1.17420
2.40430
0.41500
0.73720
-2.04520
-1.37530
0.05490
-0.62550
-2.28190
-2.94380
-1.12610
-0.48570
-2.52000
-3.33910
-0.80620
-2.45200

4.39970
4.37700
2.06570
1.36170
1.87060
3.56990
2.90850
3.05630
0.95360
0.22810
-2.31710
-2.71260
-3.13570
-3.86570
-5.39040
-5.85850
-4.67640
-3.98700
-2.27790
-2.90550
-2.20350
-1.83010
-0.40360
0.20280



168 + Br-#001

number of imaginary frequencies =0

Electronic energy (a.u.) = —3845.50261223
Zero-point correction (a.u.) =0.571381

Thermal correction to Energy (a.u.) = 0.599296
Thermal correction to Enthalpy (a.u.) = 0.600240
Thermal correction to Gibbs Free Energy (a.u.) =

0.513351
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-1.64120 -2.88800
-2.22680 -1.69690
-1.56760 -0.50110
-0.23920 -0.41080
0.43570 -1.76180
-0.43060 -2.96110
0.78560 0.30930
2.04680 0.45400
2.66170 -0.71060
1.80380 -1.89650
0.67610 -1.71490
-0.49690 0.40160
-2.03210 0.51110
1.53680 -1.75480
0.99870 -0.58130
3.74160 -0.80150
-0.90650 1.87800
-0.68210 2.60490
0.23520 3.54710
1.23520 4.13080
2.65530 3.55350
2.76550 2.05950
2.63390 1.75550
3.73410
0.58590 -0.10310
0.53250 -1.21180
-0.27400 -0.80850
-1.52640 -1.20170
-2.35120 -2.11860
-2.70910 -1.46830
-3.47200 -2.37540
-3.54070 -1.79130
-2.27070 -3.76230
-0.05890 -3.92540
0.42150 1.29390
2.30510 -2.82630
0.43140 0.35620
-1.24410 -0.13670
1.77380 -2.55470
-0.33080 2.35650
-1.95710 1.94270

0.64470
0.18280
0.23030
0.99350
1.39820
1.18820
0.04440
0.77520
1.08800
0.64330
2.46800
2.28940
-0.29090
-0.83640
-1.17220
1.66720
2.15280
3.45160
3.69290
2.72720
2.90000
2.58070
1.07930
0.47400
-2.53290
-3.59960
-4.80440
-5.05790
-4.18010
-2.83710
-1.87640
-0.46220
0.52050
1.51910
-0.24120
0.91340
2.86540
2.88740
-1.52920
1.35750
1.85190
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-1.31490
0.30040
1.28550
0.90170
3.35710
2.97610
1.99250
3.72680
3.61880
1.99500

-0.39800
1.26590
0.10190
1.55500
0.20510

-2.01390

-3.26600

-1.79970

-1.78250

-3.27780

-4.49650

-2.98940

-3.96040

-4.17610

2.28490 4.28040
3.93640 4.70960
5.21480 2.88800
3.99680 1.69240
4.10720 2.26380
3.71720 3.93680
1.52100 3.13710
1.67470 2.93250
1.84040 0.60820
2.49840 0.59530
0.37310 -2.44230
0.69810 -2.85530
-2.11320 -3.14950
-1.47210 -3.89980
-0.11630 -5.49640
-0.81320 -5.95080
-2.41170 -4.70760
-3.04830 -3.98130
-1.16450 -2.34820
-0.54600 -3.00870
-2.54400 -2.23000
-3.36170 -1.83500
-0.78500 -0.48320
-2.41210 0.17730



238’

number of imaginary frequencies = 0

Electronic energy (a.u.) =—3845.43123513
Zero-point correction (a.u.) = 0.567474

Thermal correction to Energy (a.u.) = 0.596074
Thermal correction to Enthalpy (a.u.) = 0.597018
Thermal correction to Gibbs Free Energy (a.u.) =

0.507600
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2.03420
1.44660
1.05400
1.32860
1.81100
2.22060
-0.05080
0.10920
0.46280
0.68210
2.67040
2.34570
0.46100
-0.60630
-1.01240
0.59200
3.09710
3.46190
3.02540
2.08310
0.66910
-0.10480
-0.57500
-2.21440
-3.24190
-4.29190
-4.38580
-3.45250
-2.12140
-1.09340
0.27580

Br 0.27280

H
H
H
H
H
H
H
H
H

2.36990
2.68860
-0.39480
0.97880
1.80430
3.08810
-1.12020
2.48740
4.01000

0.29130
-0.86840
-0.87800

0.30330

1.63170

1.45610

0.62370

1.75200
2.92190
2.71120

2.02020
-0.25970
-1.86470

2.14380

1.03030

3.99670
0.75320
0.15670
0.57030

1.71000

1.20910

0.65970

1.74200

0.19180

0.21890
-0.84820
-1.93580
-2.27590
-2.86130
-3.02660
-3.43550
-5.28190

0.21450

2.29740
-0.24730

3.65630
-0.96820
-0.85960

2.61090

1.64190

1.08140

-4.14000
-3.66090
-2.39290
-1.40960
-2.06790
-3.49670
-0.74080
0.18670
-0.41120
-1.90530
-1.50900
-0.37820
-1.88210
-2.46240
-1.85030
0.17380
0.51340
1.84170
3.03440
3.32300
3.66640
246330
1.47120
-2.15770
-1.00530
-1.13720
-0.36640
0.77150
0.27830
1.39510
0.88670
0.17990
-5.17760
-4.00270
-0.18370
-2.36230
0.25710
-0.91990
-3.29700
0.67180
-0.00060
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4.12190
3.34410
2.46930
2.02670
0.74730
0.09330
-0.98500
0.51410
-1.65110
-0.43310
-1.87920
-2.68750
-3.70790
-2.70970
-5.00310
-5.16960
-3.93670
-3.24290
-2.30040
-1.68970
-1.44780
-0.95250
0.58170
1.03270

-0.71120
0.01110
2.27680
2.41490
0.42570
2.02700
0.12190

-0.08210
1.62610
2.73930

-0.84090
0.52950
1.21250
0.09790

-0.72220

-2.65910

-2.98930

-1.37990

-3.82850

-2.20750

-3.72680

-2.05800

-2.82400

-3.43830

1.80780
3.91520
4.17940
2.48580
4.43110
4.11840
2.83330
1.94450
1.28100
1.89470
-2.31290
-3.08730
-0.97750
-0.05560
-1.95370
-0.58710
1.44890
1.37120
-0.20760
-0.48810
2.16160
1.89580
0.03390
1.67050



TS-F

number of imaginary frequencies = 1

Electronic energy (a.u.) = —3845.40757682
Zero-point correction (a.u.) = 0.566608

Thermal correction to Energy (a.u.) =0.594393
Thermal correction to Enthalpy (a.u.) = 0.595338
Thermal correction to Gibbs Free Energy (a.u.) =

0.509345

2.69310
1.87620
0.84410
0.62060
1.51180
2.57060
-0.86080
-1.06660
-0.32920
0.58400
2.01090
0.92230
0.03410
-0.30430
-1.09130
-0.37860
-0.00080
0.16260
-0.74410
-2.14510
-2.27520
-1.46460
-2.05260
-2.18720
-1.87560
-0.85750
-0.03300
0.04640
1.36600
2.58370
2.56950
Br 3.20610
3.49970
3.26650
-1.55250
1.17190
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0.90530
-0.32640

1.52850
1.10560
0.30720
-0.29990
0.28150
1.22270
-0.03750
-0.69640
-0.18820
0.92800
-0.56010
-1.81840
-0.04170
1.95620
1.45780
-0.58260
-2.69300
-4.14740
-4.93850
-4.57140
-4.30130
-3.09680
-1.74770
2.18700
2.57830
3.68300
3.88950
3.04590
3.21080
2.65810
1.15650
0.47330
2.18990
1.62890
-0.45840
1.32190
-1.93230
-2.21120
2.98890

-0.05270
-1.08410
-0.83030
0.57770
1.72770
1.24660
1.00700
2.30940
3.32440
2.81240
2.22950
0.48040
-1.72230
2.15410
1.20000
4.48960
-0.38550
-0.03750
0.54560
0.96470
2.47840
2.96680
2.51900
0.47610
-0.97680
-1.07950
-2.10770
-3.35400
-4.11490
-3.37290
-3.21590
-5.37500
-0.37600
1.97610
0.28000
3.64280
0.13850
1.50200
2.48930

0.22150 -2.51910 -1.44250
-1.04120 -2.39330 -0.24270

H
H
H
H
H 1.96020
H
H
H
H
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1.14320
-0.44930
-2.50440
-2.81900
-3.33660
-1.94620
-0.44210
-1.39360
-2.58670
-2.78940
-2.43950
-3.08390
-2.81510
-1.54060
-0.83470

0.62960
-0.77780
-0.10460

1.29660

1.53410

2.63690

3.50230

3.42600

1.65400

-4.57300
-5.96290
-3.70310
-5.39760
-4.16210
-5.19400
-3.18940
-3.10670
-1.86150
-1.40680

3.09330

1.55310
2.91120

1.69570
4.38760
4.75640
3.32090

1.99260
2.70800
4.27610
3.09640
2.94540
0.66430
0.59160

-0.25610
0.77660
0.40180
0.70650
2.72360
3.02480
2.59030
4.05780
1.57200
3.25650
1.04150
0.48510

-1.44230

-1.53090

-0.24630

-2.07030

-4.02890

-3.08910

-5.08660

-4.32140

-2.37140

-3.89270

-2.78410

-3.28470



168 + Br-#002

number of imaginary frequencies = 0

Electronic energy (a.u.) =—3845.49718263
Zero-point correction (a.u.) =0.571306

Thermal correction to Energy (a.u.) =0.599037
Thermal correction to Enthalpy (a.u.) = 0.599981
Thermal correction to Gibbs Free Energy (a.u.) =

0.514141

oNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoN-HoNO N HONONONONO NI

2.78460
2.01960
0.87140
0.62600
1.47100
2.54040
-0.87410
-1.08020
-0.38770
0.50550
1.97510
0.97780
0.09090
-0.39790
-1.15570
-0.45450
0.11270
0.30000
-0.60380
-2.02250
-2.19940
-1.43470
-2.04600
-2.27440
-1.95980
-0.94060
-0.06090
0.11750
1.53430
2.63440
2.55030

Br 1.18430

H
H
H
H
H
H
H
H
H

3.60530
3.17560
-1.53590
1.06390
2.03200
0.92450
-0.46130
0.37680

1.54340
1.04500
0.33980
-0.24350
0.34420
1.28900
-0.02960
-0.70990
-0.18180
0.96650
-0.49050
-1.75420
0.06220
1.97230
1.45540
-0.58000
-2.63340
-4.08790
-4.90250
-4.57240
-4.34270
-3.12920
-1.78730
2.14860
2.58140
3.68700
3.90070
3.05920
3.12980
2.70310
1.23780
-0.38440
2.18090
1.73560
-0.46550
1.36990
-1.83420
-2.15790
2.99910
-2.44560

0.00490
-1.06290
-0.84530

0.55190

1.72680

1.28670

0.94470

2.23280

3.27100

2.78630

2.23210

0.43600
-1.75330

2.11460

1.14650
4.43120
-0.48270

-0.14510

0.40850

0.79630

2.31180

2.85010

2.41150

0.42370
-1.01560
-1.07210
-2.05220
-3.28730
-3.86240
-2.88680
-2.41860
-5.78130
-0.30440

2.04490

0.19890
3.63160
0.13940
1.45070

2.46060

-1.52840

-0.94010 -2.36140 -0.38050
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1.29440
-0.29200
-2.38460
-2.67140
-3.27000
-1.86130
-0.39880
-1.39670
-2.56150
-2.80110
-2.56870
-3.14370
-2.89680
-1.63250
-0.97330

0.58220
-0.58700
-0.13590

1.58140

1.74270

2.63540

3.60320

3.55340

1.93840

-4.48900
-5.92260
-3.69850
-5.40540
-4.23660
-5.23910
-3.18940
-3.16190
-1.89920
-1.47140
3.03310
1.47810
2.93370
1.71750
4.39730
4.77960
3.39440
2.01540
2.48850
4.15740
3.36910
2.84870
0.79670
0.64640

-0.34460
0.63560
0.24400
0.49970
2.53120
2.84620
2.50440
3.94230
1.45420
3.14040
1.00200
0.41100

-1.47040

-1.60170

-0.24430

-1.97720

-4.06260

-3.07290

-4.75070

-4.19040

-2.01480

-3.37780

-2.41610

-3.10220



236’

number of imaginary frequencies = 0

Electronic energy (a.u.) = —3845.42669501
Zero-point correction (a.u.) = 0.567302

Thermal correction to Energy (a.u.) =0.595708
Thermal correction to Enthalpy (a.u.) = 0.596652
Thermal correction to Gibbs Free Energy (a.u.) =

0.505824

oNoNoNoNoNoNoNoNoNoNoNoNoNoNcHoNoNoNoN--NoNoN HoNONONONO N HONe

-4.08430
-2.85320
-2.88560
-1.81850
-0.55360
-0.48190
-1.78290
0.65660
1.90940
1.93940
0.63720
-0.15210
-0.37180
-1.87260
0.33990
0.34430
2.88080
-1.47950
-2.54860
-3.85880
-4.61050
-5.57000
-4.95350
0.09950
1.41270
2.16310
3.21630
3.92000
5.28710
5.16150
6.48400

Br 7.55810

H
H
H
H
H
H
H
H
H

-3.76570
-4.66590
-3.78990
-1.84400
0.68190
0.71080
0.59910
-0.29410
0.14100

0.09810
-1.71280
-0.39010

0.45610
-0.02800
-1.54870
-2.26960
0.24200
-0.16070
-1.46690
-2.20150
-1.65800

0.81710

1.59990
-1.87790
-0.56700
-2.11530

0.64650

1.70460

1.55460

0.28860

0.46180

1.04510
0.11100
0.58910
-0.53780
-1.20170
-0.96140
-0.28370

1.15970

1.87960

1.09620

0.60990
-0.77890
-2.24650
-3.30020

1.31400
-3.27190

0.52920

1.87380
-2.64720

-0.28540
0.86710
0.39490
0.52920
1.24210
1.57460
1.42590
0.25010
0.87920
1.09470
0.68710
2.61660
2.51860
0.07630
-0.75200
-1.00280
1.62070
3.58370
3.52430
3.31710
3.01380
1.81960
0.54210
-2.31620
-2.98160
-3.63670
-3.15290
-1.84630
-2.02590
-2.50930
-2.69170
-4.15110
-1.19770
-0.58530
0.74730
1.76270
0.02950
0.89380
2.93200
2.23600
-1.49390
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-1.91470
-1.01430
-2.18170
-4.47610
-3.92020
-5.21670
-6.04570
-6.37840
-4.36390
-5.76560
-0.42630
-0.55110
2.03170
1.16740
1.76270
3.63960
4.07170
3.29800
5.82470
5.89720
4.58810
4.59410
7.12060
6.35270

-0.35670
0.71000
2.71750
2.45500

-0.54020
0.00640

-0.50300
1.13490
1.93430
1.37560

-0.56340
0.97870
1.09450
1.33780

-0.85320

-1.99680

-1.92760

-0.37760

-0.29600

-0.85420
1.19740
1.73980
1.81310
2.92320

3.52000
4.57640
3.69870
3.34180
2.83890
3.88660
1.59740
2.13400
0.78580
-0.11780
-3.00450
-2.15040
-2.23210
-3.74520
-4.60150
-3.76960
-1.34870
-1.15960
-1.06870
-2.73850
-3.44250
-1.76740
-1.80910
-2.97410



TS-G

number of imaginary frequencies = 1

Electronic energy (a.u.) =—3845.40966075
Zero-point correction (a.u.) = 0.566949

Thermal correction to Energy (a.u.) = 0.594548
Thermal correction to Enthalpy (a.u.) = 0.595492
Thermal correction to Gibbs Free Energy (a.u.) =

0.509247

-3.46280
-2.21130
-2.25200
-1.20460
0.07420
0.01070
-1.19300
0.35890
1.57330
1.48650
0.11160
0.90200
1.22780
-1.28840
-0.96080
-0.84830
2.40410
1.07620
0.48310
-0.63790
-1.65320
-3.09270
-3.35350
-1.77760
-1.05310
-0.19660
1.11450
2.03320
3.49500
3.75700
3.63250
Br 5.62690
H -3.71190
H -4.27080
H -3.08680
H -1.24440
H 0.48760
H
H
H
H

oNoNoNoNoNoNoNoNoNoNoNoNoNoNcHNoNoNoNoN--NoNoN HoNONONONO N HONQ

0.06500
2.13810
1.34330
-1.74790

-1.13300 1.56170
-2.48780 -0.08840
-1.38510 0.78060
-0.51400 0.89870
-0.75560 0.09200
-1.86820 -0.99810
-2.74890 -0.90260
0.59130 -0.68970
0.45020 -1.47220
-0.48710 -2.40210
-1.19030 -2.41250
-2.50170 -0.89660
-1.02540 1.07880
0.46690 1.63720
-0.13710 -2.50780
0.82430 -1.58810
-0.84410 -3.17840
-2.30590 1.93060
-2.06400 3.29290
-2.56750 3.81390
-3.45460 3.14900
-2.95380 3.38230
-1.48020 3.04610
1.98680 -1.39580
3.34540 -1.34040
3.59760 -2.54880
3.84700 -2.56080
3.95470 -1.36910
3.63660 -1.70650
2.17550 -2.07290
1.21580 -0.91300
1.57690 0.21170
-0.07330 1.45850
-1.70840 1.09980
-3.12540 -0.03270
-3.62390 -1.54320
1.39130 0.04390
-1.94380 -3.20170
-1.08480 0.47430
-0.15610 1.73740
-0.18080 -3.25620
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0.50490
2.07500
1.07990
-0.87960
-1.44510
-1.58340
-3.79070
-3.32970
-2.57690
-4.30450
-2.51570
-2.33400
-0.45550
-1.81370
-0.72140
1.58900
1.68800
1.98920
3.80990
4.13320
3.05430
4.76200
3.84530
3.06560

-3.06080
-2.73600
-1.40630
-2.29190
-3.55080
-4.46810
-3.59270
-3.09750
-0.85240
-1.18070
1.99430
1.86070
3.40480
4.13420
3.55930
4.01850
3.29970
4.97860
4.27180
3.90220
1.83690
2.07390
0.17340
1.46880

1.37960
2.08220
3.92700
4.84240
2.08050
3.56930
2.82490
4.44460
3.49400
3.50440
-2.20830
-0.45690
-0.42550
-1.26020
-3.50460
-3.52880
-0.56130
-0.97090
-2.54470
-0.85530
-2.83720
-2.49380
-1.08080
-0.03230



232 + Br-#001

number of imaginary frequencies =0

Electronic energy (a.u.) =—3845.50821895
Zero-point correction (a.u.) =0.571264

Thermal correction to Energy (a.u.) =0.598971
Thermal correction to Enthalpy (a.u.) = 0.599915
Thermal correction to Gibbs Free Energy (a.u.) =

0.513820

C
C
N

caopaoaozoaoooaooaon

OO0 00

oNoNoNoNoNONONONONONONONS!

-3.33880 -1.13140
-2.14360 -2.49940
-2.14130 -1.40820
-1.08570 -0.54520
0.18020 -0.80660
0.04920 -1.88940
-1.16000 -2.75860
0.49320 0.54990
1.65460 0.33750
1.48990 -0.57530
0.09460 -1.17930
0.93470 -2.53640
1.34600 -1.13850
-1.14600 0.43780
-0.92070 -0.06040
-0.72190 0.87040
2.36440 -0.91220
1.15250 -2.41240
0.60130 -2.14270
-0.51700 -2.61640
-1.56810 -3.48620
-2.98860 -2.94790
-3.21790 -1.47100
-1.59520 2.05430
-0.83080 3.38900
-0.16590 3.74110
1.11840 4.04560
2.21840 4.10170
3.50480 3.40950
3.32110 1.94340
2.93910 1.00130

Br 2.19760 2.83250

H
H
H
H
H
H
H
H
H

-3.57090 -0.06840
-4.16060 -1.69640
-3.02190 -3.13010
-1.23770 -3.62400
0.73670 1.32010
-0.03400 -1.90330
2.23650 -1.25440
1.53270 -0.27330
-1.74070 -0.04950

1.63480
-0.04380
0.83810
0.93100
0.09840
-1.01760
-0.89910
-0.64180
-1.51130
-2.49400
-2.42030
-0.97050
1.05390
1.66460
-2.43310
-1.49740
-3.29200
1.90450
3.27880
3.83190
3.20090
3.46260
3.11950
-1.20290
-1.13410
-2.43550
-2.63700
-1.61380
-2.08810
-2.48850
-1.32390
2.02280
1.52660
1.18560
0.03530
-1.54890
0.08980
-3.22560
0.42590
1.70060
-3.14450
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0.53730
2.13430
1.23000
-0.72630
-1.38790
-1.51170
-3.71540
-3.20480
-2.42220
-4.15600
-2.38310
-2.09030
-0.11020
-1.55750
-0.83290
1.42440
1.90250
2.45970
3.90980
4.25710
2.54750
4.24620
3.70470
2.88540

-3.14080 1.36500
-2.88590 2.03370
-1.49350 3.89000
-2.32710 4.86360
-3.59940 2.12880
-4.49650 3.63030
-3.57290 2.92680
-3.07610 4.53120
-0.85870 3.55480
-1.14580 3.58630
2.11480 -1.96420
1.89500 -0.23650
3.36170 -0.30960
4.17310 -0.88020
3.74760 -3.29960
4.28920 -3.65680
3.67250 -0.65790
5.15470 -1.40580
3.95610 -2.95070
3.48390 -1.29180
1.87750 -3.26070
1.58450 -2.95230
0.22520 -1.21030
1.54370 -0.37560



237

number of imaginary frequencies = 0

Electronic energy (a.u.) = —3845.43629952
Zero-point correction (a.u.) = 0.567046

Thermal correction to Energy (a.u.) =0.595651
Thermal correction to Enthalpy (a.u.) = 0.596595
Thermal correction to Gibbs Free Energy (a.u.) =

0.505924

oNoNoNoNoNoNoNecNoNoNoNoN:-NoNoN HoNONONONON Q!

0.53110
1.19500
0.82390
-0.33140
-0.91730
-0.42560
0.26670
-0.78820
-1.29580
-0.59210
-2.01460
-1.42940
1.36420
0.89750
1.37470
-2.24110
-1.94980
-2.83560
-2.40240
-0.96910
-0.47330
-0.23720
0.96370

Br 2.66170

asiijasijasiifasiasiasilasiasiias O NONONONONONONY!

2.82180
3.15190
2.76860
1.92100
1.14310
-0.27480
-1.15560
-1.43960
0.85270
-0.85620
0.61130
-0.98570
-2.26600
-1.01940
1.51320
-1.08930
-2.49250

3.62700
2.62200
1.36940
0.99830
2.16660
3.50780
-0.02980

0.35130

1.03700
0.80150
-0.17620
-1.02810
-0.58540
-1.19510

-0.41720 -2.13980

0.59350
1.89880
2.13970
0.31410
0.38560
1.69760
0.68580
0.47140
1.18920
0.43270
-0.41590
-0.77380
-0.16750
1.34280
1.75680
1.18100
0.34190
-1.14480
-1.63370
-2.62200
-3.47630
-3.79000
-2.56110
-1.71770
4.63270
4.39250
-0.91520
2.69890
0.03050
-0.61010
2.36680
1.60150
2.04930

-2.88290
-2.54980
-0.94900
0.65770
1.37550
-2.67550
-1.94950
-3.66440
1.80930
2.76730
3.70410
4.00130
5.32630
5.25120
4.41790
5.25750
-1.75340
-1.96970
-3.33750
-3.63210
-2.66680
-3.16150
-3.40270
-2.14090
0.63420
-1.04890
-0.66370
-3.17840
0.00560
1.07660
-3.26910
2.34830
1.40060
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-3.91020
-3.14270
-0.30540
-0.89280
-1.20660
0.45900
-1.11590
-0.13650
1.00390
1.05300
3.10960
3.42570
2.67380
4.23360
3.24720
1.76420
1.67030
1.09510
-0.20500
-0.76490
-2.10770
-0.69190
-1.11830
-2.51760

0.58080
-0.90190
-0.46910
-1.86670
-0.37540
-0.66000

1.82360

1.76080

1.31130

2.83880

0.60980

0.95860
-1.74340
-1.27450
-1.10700
-2.86010
-4.42880
-3.00120
-4.35960
-4.45020
-2.89550
-1.91400
-2.24570
-1.54980

2.66510
4.34160
3.18420
4.07180
6.11530
5.62800
4.79790
6.25900
3.42200
4.33660
-0.72860
-2.43080
-1.18830
-1.83070
-4.16440
-4.68570
-2.51590
-1.68060
-4.09760
-2.43410
-3.82930
-4.15460
-1.23790
-2.04560



TS-H

number of imaginary frequencies = 1

Electronic energy (a.u.) = —3845.41159044
Zero-point correction (a.u.) = 0.567079

Thermal correction to Energy (a.u.) =0.594871
Thermal correction to Enthalpy (a.u.) = 0.595815
Thermal correction to Gibbs Free Energy (a.u.) =

0.509146

oNoNoNoNoNoNoNecNoNoNoNoN:--NHoNoN HoNONONONON Q!

oo

T
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0.02480 -1.39260
0.13780 -0.03280
0.35860 0.40550
0.57040 -0.58080
0.26500 -2.08500
0.06080 -2.37660
-0.43390 -0.13940
-0.26390 -1.04190
-0.52070 -2.34670
-0.97380 -2.52710
1.11280 -2.68470
2.01950 -0.41430
0.41000 1.62150
-2.10840 -1.57560
-1.83580 -0.29530
-0.35130 -3.26130
3.08540 -0.74670
3.81700 0.47170
3.94890 0.92090
3.38450 0.35680
2.77630 1.46250
1.46260 2.03030
0.25820 1.20640
-0.11970 1.93080
-2.66560 0.88490
-2.97650 1.93060
-3.98890 1.47180
-3.75540 1.07380
-2.41100 0.91590
-2.13260 -0.56060
-0.66550 -0.87120
0.27250 -0.60470
-0.11700 -1.64930
-0.05730 -3.41250
-0.20950 0.87900
-1.21840 -3.57520
2.15870 -1.06330
2.15350 0.61680
-3.02800 -1.92070
2.62690 -1.28880
3.82620 -1.43040

2.66840
2.43600
1.19770
0.01650
0.30610
1.75860
-1.10570
-2.25320
-2.00310
-0.56380
-0.05560
-0.47560
0.91050
-0.27110
-0.53170
-2.81040
0.60140
1.09210
2.34190
3.61820
4.49620
3.95050
4.32010
6.54200
-0.10790
-1.19620
-2.21030
-3.46300
-4.11200
-4.43430
-4.72470
-3.53450
3.72030
2.06530
-1.41870
-0.38750
-1.34790
-0.82120
0.19180
1.43480
0.16660
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4.30980
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232 + Br-#002

number of imaginary frequencies = 0

Electronic energy (a.u.) =—3845.50877256
Zero-point correction (a.u.) =0.572125

Thermal correction to Energy (a.u.) = 0.599684
Thermal correction to Enthalpy (a.u.) = 0.600628
Thermal correction to Gibbs Free Energy (a.u.) =

0.514319
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