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1. Introduction

sisolation
The seeds and barks of Strychnos nux vomica in 1818

+total synthesis

R. B. Woodward (1954, racemic)- J. Am. Chem. Soc., 1954, 76, 4749
Larry E. Overman (1993)- J. Am. Chem. Soc., 1993, 115, 9293
Masakatsu Shibasaki (2002)- J. Am. Chem. Soc., 2002, 124, 14546
Tohru Fukuyama (2004)- J. Am.Chem. Soc., 2004, 126, 10246
David W. C. MacMillan (2011)- Nature, 475, 183

Christopher D. Vanderwal (2011)- Chem. Sci., 2011, 2, 649

Magnus(1992, racemic), Stork(1992, racemic), Kuehne(1993, racemic), Rawal(1994, racemic),
Martin{ 1996, racemic), Bosch(1999), Vollhardt (2000, racemic), Bodwell(2002, racemic),
Mori(2002), Padwa(2007, racemic), Andrade(2010, racemic), Reissig(2010, racemic)

+ Bioactivity
notorious poison(50 mg is lethal for an adult human), which blocks
postsynaptic inhibition in the spinal cord where it antagonizes the transmitter glycine

+ Stumbling blocks in the synthesis
i) the generation of the spirocenter
ii) the assembling of the bridged framework of the alkaloid (CDE core ring)

Robert Robinson said "For its molecular size it is the most complex substance known"........ 1



Biosynthetic and degradative product of strychnine Features of some total synthesis

M R. B. Woodward - A —»AB —ABC— ABCG— ABCEG —ABCDEG — I
steps 29: total yield: 0.000105%
O N , Larry E. Overman - A —AD— ACDE— ABCDE — ABCDEF — |
HH | H steps: 24, total yiekd: 2.4%
HOY "0 . .
Wigland-Gumlich aldehyde- | Isostrychnine- Il Masakatsu Shibasaki - E— AE -ABDE —ABCDE — 1

steps: 31, total vield: 1.4%

68% 20%
fHelcO L Al \ ’AOH. EIOH. 85°C | Tohru Fukuyama - AB —+ABCDE —+ABCDEF — |
steps: 25, total viekd: 1.1%
David W. C. MacMillan - AB —ABCE —ABCDEF — |
steps: 12, total yield: 6.3%

Christophear [, Vanderwal - AB —ABCE —» |
steps: 6, total yield: 3.1%

Strychnine

All case of total synthesis has been attained
through WGA or [sostrychning

Saxton, J. E. J. Chemn. Soc. 1952, 982

Taylar, W, |, Helv. Chim. Acta 1948, 37, 2244

______________________________________ e c e cmceccmecccemcecmesesemmem————a
Stumbling blocks in the synthesis
i) the generation of the spirocenter ii) the assembling of CDE core ring
taking advantage of indole reactivity other than that Forming D-ring after forming spirocenter

- Woodward, Macmilan, Vanderwal
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Forming spirocenter after forming D-ring
: Overman, Shibasaki

Forming both at the same time
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2. Woodward's total synthesis

Dieckmann
condengation
N-AC Oxidative N-TS
CoMe  SEavage "CO,El
W and a2
a COMe ] N g
OF ~F tarmation Ac ey

5 [

Total sxnthesis

rearrangement

OMe

OMe

J. Bonjoch et al.,Chem. Rev. 2000, 100, 3455-34682

Allylic

Oxidative
cyclzation

Pictet-Spengler
reaction

Closure of Rings C and G: Synthesis of Intermediate 13

oMe py
@w* DA\@Q N ol
MH; e H
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g Oida
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1. Hz=hiMe; (2% 1. NaCN (B7%]

2. CHyl H OMe 5 M, (B

¢—— Formation of A-B ring by Ficher-indole

the structure of 11 and the epimer

apimer 11

& 11 is less steric hindrance than the epimer

Formation of C ring by Pictet-Spemgler reaction

<—— Formation of C ring by formation of amide



Closure of Ring E: Sznthesis of Intermediate 17

N--'TS
'u.-cﬂ?Er 1. HIl, red P
2. AcyD
[ COMe 5 CHaM
o = (57% overall)
13
MNag 0
NaQie q t_ EM& —
(BA%) = COxMe
o 2
1, TsCl (5955 SCHFh 1. Ranay- Ni (B4%)
2,{?-.?%!;25;\43 COMe 2. H,, PiC {73%)
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Se0; oxidation of 3
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_I1"I Reday compound

ester was converted to carboxylic acid by HI
M-Ts was reducted to N-H by red P in
condotion 1

epimerization at C-3, Formation of E
ring by Diekman-condensation

epimerization at C-15

17 AczO, pyr

(42%)

2 (identical 1o the 2™
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Introduction of the Hydroxyethylidene Side Chain

o
2
d HC=CNa OH H;
2" Relay compound T "™ Lindlar <—— addition of acetylide ion from covex phase
H E catalyst
oF~F 22 | (86%)
o.N
i |
I
.L_Iﬂ";. H -"-ﬁ | —— <—— GC-21is reducted by LiAIH4
(30%) NTY imine is reduced by aluminum alkoxide

1. HBr, AcOH, A
2. H2504, Hz0, A

(13%) basze-induced retro-Michael addition with double-

bond migration

Isostrychning

Strychning



3. Fukuyama's total synthesis

T. Fukuyama ef al,, J. Am. Chem. Soc., 2004, 126, 10246

Ms
N
—1 I H ZTC0Me —
= CHO e
H H COM transannular M oxidative
HO O GD'_)ME cyclization Boc CO,Me cleavage
Wigland-Gumlich aldehyde 17 16
Ms HO
TBSO
M
[a] o QOTBS
— — + _
L { Do
N Fukuyama E Coupling N M
Boc CO,Me  amine synthesis ¢ co.Me H Loumte
12
14 . . s
Total Synthesis
CSCla. NayCOs HO Y TBSC TtEso” _COMe
ey THF-H,0,0°C; o imidazole | “COMe. NaH
,:_'.'-""n!.-" - A
S Tl MNaBH,. MeOH s ML CH4Cly o THE
D ‘.C e NCS ” i NES D -.c m rt
1 56% — 58% 21 71%
~ TBSO._
L BusSnH
-;‘.'_-:-«.L_____.-- - ET3E [_;-,_.;u____‘ L OTEE o
] ; f Ry= Ro= é"j Me
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2 52% 4

Fukuyama indole synthesis: to 4 from 22 T. Fukuyama et al. J. Am. Chem. Soc. 1999, 121, 3791

4B + 0, —>  ELB-O—C — = Er 4 BELOC
(&
El + O —* E00 EIO0" + Et;8 —— EIWOOBElL; + Et
BuaSn)
T6S0 ,/—\ SnBuy i H
R4 R &
H)l\(caz..ﬂa @\/_‘ : C:ﬁ Snmua [IE :
COzMe SSn”Eu :



Eormation of Vinyl Epoxides T. Fukuyama ef al., J. Am. Chem. Soc., 2004, 126, 10246

1) Ha
HOLC lig HH4-EtOH MeOL,C  OH MeO,C  OAe  MeO.C  OH
) -T8°C st Lipase AYS ,}‘.—x ;,I_{
& L - { —Br + ¢ e
— 2) AcCl, CH{OMe)y \ . - -,
MeCH, 0 °C to it AL =
& MallMe 8 an e 5 p
3) NES. Hz0 (racamic) 46%. 9% ee 50%, 55% ea
DMSO, it
52% (3 steps)
OH oOTES
Med,C, Pwe DIBAL y, PH 1) NaOMe, MeOH, 1 {} .
NN —— -
{x i Br CHaCh; % j)—ar 2) TBSCI, imidazole L
=T 'C o CHyCly. ot i
’ 73% 1 £1% (2 steps) 3
Formation of 8
HO.C NaD.C NaO
Ng  MNabab EtQH NalL . ACCl, CHIOMe),,
1SR oLl ST G I
’ H.0

H (Br

NaOMe MeO;C Nes, o MeO;C MﬂDzC
o O e

highes reactivily al ally

quanerruc}
Eormation of 12,
TBs0 aTES exdhaly TESG oTES 1};?:;1;1._;?2:\151
........... o _ ki) O 2) Lil, collidine, B0 °C
@N ! CogMe * %_) toluane N IH '-'-DH 3) Bors0, DMAE, MeCHN, 1t OO
o Coome " MEO;C oCaMe 4} NH F+HF, DMF-NMP, rt
4 5 e 1 72% (4 steps) 12

Tsuji-Trost reaction: to 11 from 4 and 5

i 1 _ .
Mechanism P 2-furyl [reverce of the configuration occurs twice |
MeO,C_R %
MeO,C . OTBS Tﬁzﬁ; attack of reverse face of epoxide
-=Pd(2-furyl)s
i
(8]
attack of reverse I‘EDE ‘OH
of pd-complex
PH(2- %
nucleaphilc attack
Dp oxidative addition
CG;ME

co;_m;:
\& {H CO‘_M;/ Initial attempls at the coupling reaction with PA(PPh3)4 in THF
\f’ ‘ provided the desired product 11, the yield was only 5% at best....,

CO:=Me 7




$ 31;. N PP 13 mM Pdgdbas, in THF with 4 agquiv
Ligand effect by MR (compared to PPhs) [ﬂf T Pdoas i T J

3 -
X) 3P NMR study of Pd(0)-PPh, complexes: Y) =P NMR study of Pd{0)-TFP complexes:
|
‘ e
! ]
! i
Boa: 8 82 oMW as _.i t PRI

I R O
= e

1,2 = Mixed Pd/dba/PPh,; complexes; 3 = PPh; oxide; 1 = TFP oxide; 2,3 = mixed Pd/dba/TFP complexes;
4 = average of Pd(PPhy); Pd(PPhy)s, PdiPPh;), and PPhy, 4 = Pd({TFP);:5 = TFP.

Temperalure:(a) 24 °C; (b} -23 °C (c) -78 °C. Temperature:(a) 24 °C; (b)-23 °C; (c) -43 °C,; (d) -60 "C.

Z) *'P NMR study of oxidative addition

.

1 W) the equilibrium constant within 22b and 22a

LEN FF D’ FP"'.I
Ot = Ores
+‘FP FRhy

22k 228

L1

| These experimental results (X and Y) show that
TFP binds Pd(0) more tightly than does PPh; .
And Z and W show PPh; binds Pd(ll) more tightly
than does TFP .

So, PPh; behaves as a effective o-donor and
poor n-acceptor while TFP does the reverse

B B

L]

W, Farina et al. J. Am. Chem, S0C, 1891, 113, 9585

[Pd] = ca. 25 mM in THF. Solutions:

{a) 1 equiv of Phl + 0.5 equiv of Pdzdbay + 4 equiv of PPh;,,

(b) 1 equiv of Phl + 0.5 equiv of Pd.dba-, + 4 equiv of TFP;

{c) 4 equiv of PPhs, added to solution b. 8



Ligand effect 2 Rahman et al. Organometallics, 1989, 8, 1

=
X
L. ] |_ Ligand of poor o-donor and strong m-acceptor is suitable for being attacked by Nu
“pPd” because bond between PdL2 and allyl compound is weak
""\“J:"H? MNu

Formation of 17

HO.
| oM NsNH; M 1) DEU, tolsene, 100 °C
@ PPhs, DEAD SOMOM 2y agq HCY, THF, 50 °C
| Hot— Il H
E - e toluene M 3) Dess-Martin periodinane
" CoMa y BOS £ome CHACly, 0°C ot
12 95%. 13 69% (3 sleps) 14

1) TMSOTE, EtaN
CHsCls, 0 °C

1) Pb{OAc)y
W‘D MeOH-benzene, 0 °C
H

QH  2) PhSH, CsaC04, MeCH, rt;
TFA, M5, CHoCl, 50 °C

2) mCPBA. ag NaHCDy

CHaCly, 0°C;
MeOH, ag HCI COMe
15 B4% (2 steps) 17
6% (2 steps)

o TMSOT

"jlf:f s

1) Ph3H, Cs,;C05
for removal of Ns
2} TFA,

for removal of Bog




Formation of stryc:hnine[ﬂ E. Kuehne af &, J. Org, Chem, 1998, 63, 9427
E. Kuehne ef al., J. Org. Chem. 1893,58, 7480

CHEAL 'jix 1) N8BHLCN, AcCH, 10°C f_'ji
BF3+DEl C' LJ\ 2} MaOMe, MeOH-THE, rl ;j\

——— H
CHaCl Ty ;1]/ ““\L 3) DIBAL, CHaCla, ~08 °C k N-T
—T8°C H  Gome ~oH 4)CHaCOH), NaDAG, Acy0 H %
ACOH, 110 °C o7~

17 9% 23

42% (4 sleps) {=J-atrychmine (1)

M
BF3 DIBALH
E— -
” =~z
H  CoMe CO,Me
COghe
17
U protenation from concave
Protection by BF 3! becasue of intimacy with
not reducted by DIBALH.... Eﬁjl on & protonated ammaonium 1!
2
|

NaOMe

— {-)-Strychnine (1)

10






4. Macmillan's total synthesis

Macmillan et al., Nature, 475, 183

N
-
]
Me
COaMe Me(:C CH,OH
Strychnine Vincadifformine Kopsining Preakuammicine
(strychnos) {Aspidosparma) (Kopsia) (Common t&tracg.rclic cora)
preakuammicine is believed to share a biosynthetic precursor
with a range of prominent Strychnos, Aspidosperma and
Kopsia alkaloids. This common intermediate arises biosynthetically OGlIuc
through a controlled enzymaltic cascade invalving a coupling + QHC
of the precursars ryplamine and secologanin =~ .0
MEGEE
tr';ptamine secologanin
Retrns;nthuis
M
Jaffery-Heck cyclization/lactol formation M /\l/\l
= [ > o)
H H| H N
HOY O M
. ) PME ™oy
Strychnine Wieland-Gumlich aldehyde 14
regioselective reduction by DIBAL Diels-Alder/-elimination/
i ) NBoc ;
Tsuji-Wilkinson Decarbunylal:orl CHDamme conjugate addition sequence NHBoc
> L LIS
’ -
N N SeMe
PMB PMB
Common intermediate 11 [+
Total synthesis
0
-_,‘O'.r
M Q—(Z B
-4[} i io AT, foluena
B2%. 0TH aa
ah ]
TR, BEH

aidahyde (18]

Figure 4 | Twelve-slep enantioselective total synthesis of (=)-strychnine, BN, toluene, —45°C to BT, then MeOH, = 30°C to RT, §, DIBAL-H, CH,Cl,,
Reagents and conditions are as follows, a, NaH, PMBC], di rr|ﬂ|1}-|£:nrrnumi&~ =T78°C 1o RT, then trifluoroacetic acid (TFA)L, —T8"Cio RT. B 18-

(DMF], 0 °C. PMB, pars-methoxybenzyl. b, SeOb, dioone, HA0, 100°C. dizeabicyclo[5. 4 0]undec-7-ene (DELU), KO0, DME, (Z)-4-brom-3.

¢, (B0, MOICH, 5eMe, 18-crown-6, potasien bisitrmethyllyl)amide iodobut-2-enyl acetate (13), RT. b, DIBAL-H, CH.Cl., =78°C. L. 25mol%
(KHMDS), tetrahypdrofuran (THF), =78 °C to room temperature (RT, 23 °C). Pd{O Ac),, BuyNCL, MaHOD,, FIOAG, BT, i PhSH, TFA, 45°C, k, NaOAc,

&g, enantiomeric excess. d, (PhyP)yRCL tolsene, PRCN, 120°C. e, OOCl,  Ac,0, AcOH, malonic acid, 120°C. Ac, acetyl. 11



Formation of 11 Se

D':- W
a) pratection by PMB b} oxidation
—_— - R S
E NB::»:: | MBoc I MNBoc
N N L
H
(Se Q
e
NBuc ] NBuc MHBoc
I
o ECJH F‘I'u'IB
NHBoG
HWE-alefination |
T——————
N7 S —seMe
PMB

Formation of common intermediate ~Proposed mechanism of organocascade cycles

.’m N
] L =
{ “ﬁ) Path A w
- I
B X =MR; R,
B -t g
—hl-l 1‘1

= ' W,
B e l-:l First cycle - o, Second oycle
MoSe ll o M. _n  fim) Q | P i) o [H<)
| ¥
: : R = Boc

- Ay, ot g 1 o ¥ = OH J . 1-Map
.-"ﬂ H sia I'|' i =MHEoD H w3 HBoc

= ¥ i .

= s | - f-ﬁ | "-\.T o
o S &L u
| . o =g
L, P i, 7 — A 8
T Sable R = Boc BaHA Comman intarmediata (1)

An organocascade reaction is expected to proceed through an organocatalytic Diels. Alder/fi-alimination/amine conjugate
addition sequencealong path A, involving iminium ion catalysis, or path B, involving Bronsted acid catalysis.

Pottential of leaving group

M. Stiding et al.. J. Chem. Soc., Perkin Trans. 2, 1978, 1130

ok = K
6~~—Z + B k1=B“ TIPS Pl DL DN S N
=1
() (2

SCHEME

Rank = logkgps-logk1 = logks-logk.

TasLE
Leaving-group ranks in elimination from carbanions ®
. Z Bons, b log k, Rank =4
NMe,Ph 1.21 x 10* 4.5/ 10.7
SePh 3.5 x 107 0.25 ¢ 10.0
sPh 1.04 x 10733 1.09 4 7.9

12



MNHEa:

o
—_
!
N Shla M’“\.‘ O
ILHE- a ™
Me o
(+)-mintiensine (1) |T+d2]a cat. 7 gl cyelization
J: JBoc X7
M ":.‘-H f-':r' N}H
[ e
In case of B-SMe, not leaving!!l —» % 5 jre— % h
Shia H* Shla
" HNFi; = cal. 7 Y
PME 9
Macmillan of al., J. AM. CHEM. S80C. 2009, 1371, 13606
R

egioselective reduction by DIBAL and Tsuji-Wilkinson Decarbonylation

CHO

d. (Fh, P RhC toluene, PRCK, 120°C,
e, L K.'l._-.H .‘.\.-. I:||]l.|:;|'||.',

]
PMB

45 Cro BT, then MeOH, =30 "Cta BT,

£, DIBAL-H, CH.Cl,, — 78 °C to BT, then trifluoroacetic acid (TFA), —78 Cio RT
d) Tsuji-Wilkinson Decarbanylation

J. Tsuji et al., J. Am. Chem. Soc. 1968, 90, 85

1 [ 'ﬁ' 1 '-I:D
* CHO . C._.H O Rh
. RHC
% %

'

. .:j.r wiunu H
" e

% Y
decarbonylation

reductive elimination

oxidative addition

f) Regioselactive reduction by DIBAL

3 T ANE
: el
PMB CDzl'l."I& Al=—H

\ ~ MeO

pathA: attack of DIBAL to nitrogen

——

N .
& Ny
[—. - M
%) N2 H PMB” |
Moo’ SO "'*!; iBu _A{G oute
iBu

pathB: attack of DIBAL to carbonyl




Formation of 153

L =
= s 3
Sy r/ 76%
12 | H
PMB ClOgMe

£ | B-diazabicyclo]5.4.0undec-7-ene (DBU), K004, DMEF, /I--I-l1r-un1n-.1-icxhlhul-!-;'n}'l. acetate (13), RT.
h, DIBAL-H, CH.CL,, —78°C.
i, 25 mol% Pd(0AC):, Bu,NC], NaHOO,, EfDAc, RT.

Synthesis of (£)-4-bromo-3-iodobut-2-eny| acetate {13

1) AcClI [1.1 eq), Et;N [1.5 eq]

SETO SETO
2) TsOH [0.1 eq], MeOH
imidazole [1.5 eq) Red Al [1.3 eq) ) p;m [F1 EE]’]. B: [1.1 eq],
HO OH TESCI[1.0eg] OTES OH I [1.4 eq] H o ELN[1a ) H
e DMF — THF
[ OH 5% I OH
(4.0 eq] B3% B5%
OTES H
g S— ¢ intermediate
RO— Al reducted by Red Al
i H‘“"-O
RO

Jaﬁeg-Hm‘.k cyclizatio n/lactol formation

Pd(OAc)2

Mechanism
{: no reductant such a5 PPhs, ETaNIN

Pdm]

oxidative addition
reductive elimination -\
ij SER.

H-Pd-l !

H )
/ AR
OH, hydrometalation steric hindrance !

! k/
position about Pd and H is anti,

s0 alimination cannot occur

the PMB protecting group was critical in Tacilitating regioselective i-hydride elimination.
15 Such a high degree of regiocontrol presumably arises from the allylic strain that
accompanies formation of the N-PMB-substituted enamine, a destabilizing element

14



Jaffecy condition T. Jeffery et al., Termhedron 1996, 5210113

I Pd(OAC); (5mol%)
s = _—
CO.CHy  Base, QX
sobvent, B0 "C, 3.5 h —
CO,CH,
Effect of Tetraalkyiammonium Salts on Pd-catalysed Arylation of Effect of Tetraalkyiammonium Salts on Pd-catalysed
Methyl Acrylate in the presense of phosphine ligand Arylation of Methyl Acrylate in the absence of phosphine
ligand. (MaHCO4y as base all Entry in Molecular sieves)
Entry Hase Solvent ™ X Maolecular sieves | Yield (%)
E E [ vield )™

i NaHCO, | CHCN : o 10 Y Solvert b | YeHOD

2 MaHC O, | CHWCN i-Bis ] aHL 0 0 7 1 CHAH . | 3

3 WEHC T CIHCH n-BayNCI ™ no T 2 THAH LT | 0

4 MIHCO, | CHCN n=Ba,NCI yes ] 3 CHAN n-BusWHEO, 45

5 MaHCOh | CHiCM n-BuNHS0, yes 98 4 CHLH n-HuyMBs { 0

& KHCD, | CHCH n-BuHHE0, e w 5 DMF - i 5

7 KHCO, | ciew n-BuNBx e &7 6 DMF wBuNCI® | 9

B MEHC O, DMF . ves 15 7 DMF nBwNHED, 90

E MaHCO, DMF n-BuNC1 = yes o L DMF n-BuMBr &2

0 HaHC Oy DMF B NHED, yes L 2} Sem General Prosedure (Meshod 1, with 44 molecular simves). b determined by GLC

" KHCO, OMF e NHS0, yer o e misenal stieadsed. <) ~Tetrs-bulybessnium chieside T8%" fiom Lancaite,

12 KEHCOy DMF n-Bu,NBr yes 11

ummﬂm:mu l]l-l.r.l.t'w:dlsnlm t]dulm‘runﬁlbyﬂlfw--nmd
Bydrage 90%° from Aldrich. ) "Tetrs-n-b

d)T
G from Lancaster,

Jeffery found that Heck reaction proceeded in the absence of phosphine ligand.

Proposed Mechanism (Pd{llj«=Pd(IV))
L. Shaw., Mew J. Chem., 1998, 77

COMe co.Me)?
o T (e
Pd
\-.-{,-’:":"“CDECHQ, QOAc ‘PdOAC \L o
Pd{OAc)s DgC
COCH; J\\ 0Ny,
B
COaMe
L Ph
‘pé’%ff }e’ﬁ frhydrogen 27 ~CO,CH,
Onidative addiion L= | 0 mlgramn |_-"‘ elimination
e b Ph s .
2 o
97 o 070 | COMe
A A L. 1
i
L= solvant H o [_?Dz

At first, carbonate attack C=C bonds, generate complex A or B.
After that, Oxidative addition, migration with loss of the carbonate ion and fi-hydrogen elimination proceeds.

But the substrate in synthesis by Macmillan is different from methyl acrylate in nature of olefin,
Sa, | think that proposed mechanism is not applicable to this case
15
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5. Vanderwal's total synthesis ' direct synthesis of important core structure 1
[ ]

W 0. Vanderwal et al., Chem. Sef., 2011, 2, Edii

'n'rh\/_\un conjugate

M additian it constitutes the ABCE ring system of the curan
skeleton (3) commaon to most Strychnos alkaloids.
Obscured by the lack of unsaturation at the C14-
C15 bond of these alkaloids is the possibility of a
direct synthesis of this important core structure via
an intramaolecular Diels-Alder reaction of a
tryptamine-derived aminodiene such as 2.

Such an approach is confrontedby two major
challenges: (1) indoles are notoriously poor
dienophilic components for [4 + 2] cycloadditions;
(2) most aminodienes are electron-rich and would
be poorly reactive toward the electronrich

indole. 2 For an approach of this type, an ideal
strategy avoids indole protection and places an
electron-deficient C-atom at R1 to allow for
straightforward elaboration toward natural product
targets. A tryplamine-derived Zincke aldehyde fulfills
these criteria.

D. Vanderwal et al., J. AM. CHEM. SOC. 2008, 131, 3472

6.5 ﬂl.iu':l o
-@ \ KO-Bu (1.05 equiv),
I HOH LN THF. 0.02 M, 80 °C
e ———
- HN. o, than ag. HaQH I P 4%
H 81% based on pyridinium salt A " PdiPPhy), | °
P 180% recovery of excess 9 11 ©He 12':"0 (5 el s) ¢
[enown, one siep
froen ryplophy! Brovmide]
WH
[Cp*RuiMeCH), PF, (0.5 mol®), 1. MsCl, BtyN, LiBr
m/\%{vm MeEFDISIH, Boetone - HO = 2. MeMgBr, ELL0 "’n\‘lﬁ\j .
EMI%. fnken cruds Mo Sl 47%, 3 siops Sikle, OM -
13 " 15 Hon Lo
7
MaHMDS, NP "
then CuBr-SMe,, 0 to 65 °C My OH  LPrNEI
- Brook redrrongermen b’ 9%
conjugate additicn )
5—10% yield CHE

1: strychning
4 mew C-C bonds and ¥ C-0
Bond o Jincke aideh pde’]

16



Zinkle aldehyde D. Vanderwal et al., J. AM. CHEM. SOC. 2009, 131, 3472

Figure. Aminolysis of pyridinium salls. A = activating group.

||\/:| m’;rm;ﬁ"g The ring-opening reaction of pyridinium salts dates

RNH, NT RLNH back over a century to the pioneering wn_rk nf_E_in_{:I-{E
A and Konig. Activation of pyridines as their pyridinium
1

salts followed by treatment with primary amines,

= o - leads to the formation of new pyridinium salts (2),
» ~.fw while the use of secondary amines cleanly
z+ X o4 A-NH. R + A-NH, affords the products of ring opening.
2 3 : Zincke
aldehyde

Mechanism of pyridine ring opening

G
=" R

2 H
N O ”& N <
F'E
/Rh /R \ 4 =1

as Base: 9

B, 2l

=

Intramolecular Diels-Alder
% > H
11 cHo

Try In condition of 160 *C 0. Vanderwal et al., J. Am.Chem, Soc. 2008, 130, 7560

W

H
Tha

Attempted Intramolecular Diels-Alder Cycloaddition of 11 Yielded Unexpected Rearrangement Product A........

Two Reasonable Pericyclic Cascade Mechanisms

=R RN
NR Ry Q ? Q )\)j
R,RN R,R4N J\f
H RRNT F

CHO Cih Clhr\'ﬁﬁg - NR.R, ===
—_—
= H E? Z C? A variety of Lewis acids and protic acids

were also unsuccessful in
promoting the desired cycloaddition......
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Hydrﬂsilylatiun using Cationic Ruthenium CDmDIEI M. Trost ef al, J, AM. CHEM, S0OC, 2003, 125, 11578

[Cp*RuiMeCN}]*PFs (0.5 mol%), 1. MsCl, Et;N, LiBr
WN Me;(EtD)SIH, acetone - m’\r;\> 2. MeMgBr, E,O . - ATFW
oH =90%, taken cruds Me;5i 47%, 3 stops Sibhe, OH
13 14 15

Two mechanisms of hydrosilylation have been widely accepted the Chalk-Harrod and the modified Chalk-Harrod
mechanisms. Linear anti-Markovnikoy products are obtained and the products is almost syn addition of silane.
The reaction tend to proceed via cycleA using Pd Pt catalyst, and via cycleB using Ru,Rh catalyst

R R

Mechanism H SiR'y M SiR’3 . A= Chalk-Harrod
— — B= modified Chalk-Harrod

o

/_7 reductive elimination | reductive elimination *T\
oxidative addition

R
H
Ln hg_/sm:; an(_<H
R B A SR

o S H - S )
insartion to M-3i \ - th{ - insartion to M-H
\ SR’ f
= =\
S S R
But, using [CpRu(MeCNI3IPFE (1) and [Cp*Ru-(MeCN)3]PFE (2).......
R H(D

1%1 or 2 N produce the branched, Markovnikov

R—== - and trans-addition of silane products!!!
E'35iH(D). CH,Cl, R3S H

Investigations on the hydrosilylation of system 3 and 4 using density functional theory calculations.

In system 3 and 4, Which is H-insertion and
Si-insertion more favored?

new R R
i
cRERCaS
] ey
i L]
/! ;!
Me —xj Ma —xz;
“;—}s e Ma” e
R=H ™M
3 N 4

Hydride insertion is favored with a nitrile ligand, while
silyl insertion is favored in the absence of a nitrile.
Owerall, hydride insertion (H-TS3) is much favored
over silyl insertion.
Figure 1. Calculated precursor complexes (3, 4, R = H) and tramsition
structures resulting from hvdnde and silyl insertion with relative free
energies (keal'mol) amd selected boud distances (A). Methvl, mitrile. and
Cp hydrogen atoms are omitted for clasiny
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itrans-addition of silane by a counterclockwise rotation
Markovnikov and anti- transition structure iof the Cu-Cf bond

T (1.5 kcalmol) H-TS3{12.6)

6 (0.0)

Figure 2. The calculated hodride-insertion tramsition structures for the Mo

reaction of tethylsilane with propyne. The hydrogen atoms of the Cp group
and nitrale are amited for clasity

M

Structure 7 is apparently destabilized by the steric interaction
between the bulky silyl group and the propyne mathyl group.
Markovnikov product is calculated to be more stable than
transition structure 7. which gives the anti- product,

by about 1.5 kcal/mol.

HCH
Cpinee.,, ,-:‘-I'E'" Ca \
=2 283 1351

O

10 (1365 1L {3} 12 (6.7

"ﬁ'-fter_ lfansfern.ng of the H tfj' C so that a planar ) Figure 3. Calenlated hydnde-insertion fransition stroctures (H-TS3 and
n1-vinylruthenium structure is formed, the formation of both 10, s-vinybtheninm (§) and metallacyelopropene (1) intermediates, and
8 and 11 was accompanied by a counterclockwise rotation a-silyl migration transition stmctures (9 and 12) for the reaction of Cp-

of the Ca-Cf bond so that the transferring hydride RulHCN) rimethylsilane with acetylene and propyne (3. B = H and Me).
mm anti to th i ro ﬁ The values in pﬁlnlﬂ!n.-\.l:e.- are caleulated relative fiee enerines witly 1|.-x|'||.-|.:|

© o the siiyl proup. ter thear precurser complexes. The livdrogen atoms of the Cp and methy]
aroaps and nifnle are catted for clarity.

Table 2. Calculated Geometrical Parameters and Relative
Energies (kcal/mol) of Structures on the Potential Energy Surface
of C,—Cy Bond Rotation of the Metallacyclopropene intermediate
(11) {Distances Are in Angstroms and Angles Are in Degrees)

=g1° =T 85

H'CCRu (14) —G0 =3 3y 30 G0~ (11)
RuC, 1909 1947 1992 2078 198 1940 1926
RuCp 2228 2385 2564 2451 2519 2345 2228
CoCa 1392 1370 1351 1313 1.3% 1376 15392 13 is the planar structure.
CpRuN® 125 127 128 120 126 122 121 the counterclockwise rotation of the Cu-Cf
CpRuSi 111 107 106 e 111 13 114 bond (-7°, 30°, 607, 85%) more favored
CpEuC, 122 124 124 119 126 135 139 than the Ca-Cp bond rotates in a clockwise
CpRuCy 148 148 149 135 119 11% 118 manner(-7°, -30°, -60°, -91%).
ColeRuSi 13 7 3 27 50 65 68
CpRuC,Cp 145 146 151 120 88 79 74
run’ 233 2.29 2,26 238 288 257 144

(236) {233} (23D

Ef .0 3.7 6.2 98 38 1.2 0.0

* Cpis the centroid of the Cp ring. * The shortest HH distance between
the trmethylsilyl and CyHx groups. © The relahve energy 15 m terms of
electronic energy. a0



Brook rearrangement/conjugated addition

MaHMDS, NMP
then CuBr-SMe;, 0 to 65 °C

Brook rearrangement’
comnjugate addition

5=10% yield 2: Wisland-Gumlich aldehyde
(caracurine Vi)

Mechanism

"% NaHMDS N
SiMeOH CuEr SlMBQGu 5|M&3 D Cu OSilMey
E— BCu
CHO CHO
M

H;_CI NHgﬂq
D f/" 'DH e 2
DSiMay

CHOCu

The authors believe that the conversion of 16 to 2 is self-limiting in the sense that the presence of acidic
protons in the substrate andfor product leads to quenching of the key reactive organometallic reagent, resulting
in an inefficient and rather irreproducible reaction.

Because the mass balance consists largely of the product of protodesilylation, which likely occurs by Brook
rearrangement/hydrolysis of the resulting vinyl metal,

Precedents
Rg
SiMe; OH ‘I:| t-BuOCu Ry p on
== R ]
=
Ry Rs R4 S
& 2) m\[/\, R1 Rs
? R
2
.
3) TBAF Takeda et al., J. Org. Chem., 2002, 67, 8450
. 1) t-BulCu
SiMe;  OH I - A OBMe
a )%V/LR 2) Arl, Pd(PPhg), !
' ? R SR
Ry 3) TBAF 1 3
Rz
6. Summary

Reports of 18 total synthesis (11 racemic syntheses, 7 asymmetric syntheses) have been presented.

"Admittedly, by one whose special familiarity with the intricacies of its structure
and behavior might excuse a certain prejudice, but with six nuclear asymmetric
centers and seven rings constituted from only twenty-four skeletal atoms, the case
is a good one" - R. B. Woodward et al,. Tetrahedron, 1963, 19, 247
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