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Introduction

Isolation
HO HH oH Me My e Ryanodine, isolated from the South American
HoMe, Q2 HO 1.  OH Me plant Ryana speciosa Vahl in 1948.
Me Me 00
i-Pr’H ) . Me
o o i-Pr » 0
OH OH Biological activities:
HNT N © e Ryanodol, was known to regulate a family of
—_ Ryanodine (1) Anhydroryanodol (2)

calcium 1on channels.

HO HH oH Me
Me 00O
HO Structural features

M . .
i-”H ) ¢ e Highly oxygenated cyclic carboskeletons
Pr OH e 11 stereogenic centers
OH e 7 contiguous tetrasubstituted stereocenters

Ryanodol (3)

Folkers, K. et al, J. Am. Chem. Soc. 1948, 70, 3086—3088. 4




Introduction

Ryanodol, Inoue, 2013 ( ) i

HO HH oOH Me

Ho Me o0 Ring-closing HO Radica_:l
M metathesis HO Me allylation
e
i-Pr 0 —
OH
OH
H
Ryanodol
(o] Transannular
0 Me o ,OH reaction
ya
& Me
N\
°7X HO _

C,-symmetric intermediates

Masayuki Inoue et al, Chem. Sci., 2013, 4, 1615-1619 5




Introduction

Ryanodol, Reisman, 2016 ( ) =
HO 1 {1 OH Me OHHOHMe
HO Me o0 Reductive Me Ol o: Cross- "
cycllzatlon couplmg e
TfO
OH
Ryanodol Anhydroryanodol SeO,-mediated
polyoxidation

H
.~ OH Me . molecular H H OH Me

H OH Me Jactonization/ Me

P: -Khand Me
cuprate addition Me S W Mce
Me / 0 0= 0
HO
(o)

Reisman, S. E. et al, Science 2016, 353, 912-915 6
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Ring-closing

metathesis
HH
HO OH Me H
Ho Me ol ) Reductive HO H ‘OH Me Acetal-lactone
cyclization
i-Pr"H iPr
reported by
Deslongchamps
OH ;
and Reisman
Ryanodol (3) Anhydroryanodol (2)

Acylation Me |

o
and methylatlon
i-Pr | H Me

l-Pr
(o] Me




Synthetic Route

Synthesis of annulation substrate 14

o Me I Me |
i-PrMgCl, Cul, I,  Me_ _|  2lithiofuran, THF T O 1) TBSOTY, lutidine .
I then MnO,, DCM then NBS, H,0 DCM, 86% _
> H o & iPr »  j-Pr
67% i-Pr 86% S || 2) CIRh(PPhy);, H, o 15
2:1dr PhH, 73%
OH o 0
. 9 10  OH dr=3:1 11 OTBS
1) LIHMDS,12
OPMB 599 | THF
_on.4l 2) KHMDS
dr=20:40 < 0O
Me // Me I
O o O O
| H || Me Pd(PhCN),Cl, H || Me
i-Pr - i-Pr
- Bu;SnCC(CH,),0PMB '~
0 Me 58% Y Me
e ———— OTBS 14 OTBS 13
i 0 ;
: NCWE
: 12 Me :

Ma, S. et al, Org. Biomol. Chem. 2009, 7, 3258—3263.
Wilkinson, G. et al, J. Chem. Soc. 1966, 1711-1732. 9




Synthetic Route

° 0 ° ° 0 4 ] ’v
Investigation of the oxidative annulation: N
OPMB
t-BuOOH
Ti(Oi-Pr),, i-PrMgCI -20°C tort
Me _— —_—
THF, -78 to -20 °C 23-33%
i-Pr
-
Pr
L oTBS 16 - OTBS
OTBS 1) DDQ, pH 7 buffer
B 2) 0-NO,CgH,SeCN
PBU3, then H202
Me 56%
Via H-0 0| on
i-Pr
Me
i-Pr Me
L . 18
15 OTBS
1) TASF, DMF
2) TPAP, NMO

97%

Payne
Me<y—
rearrangement




Synthetic Route

SN
N\
Completed synthesis of Anhydroryanodol and formal total synthesis of Ryanodor==

OPMB

Ti(0i-Pr),
i-PrMgCl 1) TMS-i_midazoIe
Me -78 to -20 °C 2) VO(Oi-Pr),
—_— t-BuOOH
_———
61% i-Pr o
j-
Pr
OTBS
OTBS 44 1 bDa
pH 7 buffer
2) 0-NO,CgH,SeCN
PBU3, then H202
23%
TMS—0 /o| OH
Me 1) TASF, DMF Me
2) TPAP, NMO e
i-Pr -——— i-Pr
3) NaOH, H,0
4) Hoveyda-
Grubbs Il, PhMe OTBS 24
67%
NaOH
| THF, H,0
65%
Fox, J. M et al, Org. Lett. 2005,7, 3593.

Suriano, J. A. et al, J. Am. Chem. Soc. 1993, 115, 1154. 11




Synthetic Route

Me TMSO
Me TMSO M
TMS-imidazole Me
- P >
I-er 80 °C, neat i-Pr
O/
27
1) szTlClz, Zn
Et;SiH
2) TASF, DMF
38% for 2 steps
HO }",H OH Me HH oH Me
o_Me 1) CF3CO;H, Na,HPO, Me °°
DCE 20 °C, 86%
i-Pr"H

2) Li, NH;3/THF, -78 °C

reported by Deslongchamps
and Reisman

OH

Anhydrowanodol (2)
Ryanodol (3)

12

Hoveyda, A. H. et al, J. Am. Chem. Soc. 2000, 122, 8168—8179.




Summary

Me ' , Me I
(0 Acylation o (o) //
| H and methylation H Me Cross-coupling Me 0 o
i-Pr | — > iPr > | H || Me
o Me
OR1 0R1
OR'
Oxidative
annulation

HH
Ho Me Formal HO , ,” OH Me

p Me Ring-closing
i : e synthesis metathesis
i-Pr'H <—i-Pr ~——+— -Pr
reported by
OH Deslongchamps

and Reisman
Ryanodol Anhydroryanodol
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The End

Thanks for your attention!
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Supporting Materials

copper-mediated addition

i-Pr
———Me O/—\ 5 Me 2# = i e
Ho M _M] o_)§(

0 E
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Supporting Materials

copper-mediated addition

1) Cu(l), toluene  Ph ~~ CsHyyn n-CsH,

Ph——= n-CstMeBr - g0 to 1, t >=§7 A

p— + . )

THF (1M +

" ( ) 2) sat. NH,4Cl (aq.) H OH Ph>_§'OH
X equiv o

-40°Ctort E-2a

1a
Z-3a

NMR yield (%)

1) 1 equiv CuCl
Entry X  Cu(l)(equiv) t(h) E-2a Z-3a  Recovery of 1a n-CeHiMgBr 0 Ctort Ph __ Csthn

— toluene, t
Pi—=—_ + i1 7nF (1M ! R>_§70H
OH o

2) 2 mol % Pd(PPha),

3.5 Cul(0.5) 46

1 12.1 9 33 1
2 3.5 CuCl(1.0) 1.6 44 9 40 6 equiv 6 equiv RI, 80 °C, t,

3 4.5 CuCl(1.0) 11.6 87 3 8 J
4 6.0 CuCl(1.0) 11.6 95 2 2 . Ph CsH11-n [2 mol % Pd(PPh

S 60 Cul(l) 120 0§ 8 ten | o Rl 5%
6 6.0 CuBr(1.0) 2.0 70 10 8 toluene. 1, M

7 6.0 CuCl(1.5) 3.2 95 3 5 "

8 6.0 CuCl(0.5) 132 88 4 6

9 6.0 CuCl(2.0) 13.0 85 4 13

17




Supporting Materials

copper-mediated addition

Cl Ph
RMgCI = PhMgCI N—
— — 27 . =CN| —» =—CN
—=CN | /~
HO THF,-78 C [o\ Mg O~/ )

7 8

Ph Ph
NH4CI

11f 10
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Supporting Materials

MnO2-Oxidation —

cis — RCH = CHCH,0H + MnO; — ¢is - RCH = CHCHO + Hy0 + MnO

©.0
H 1 H
R—=CH=CH-— ? OH —» R—CH=CH-— C O- Mn OH ﬁ R—CH=CH—-C=0
\r
H H

MnO + H20

19




Supporting Materials

/Z‘: \\..‘ :
Achmatowicz rearrangement S
Q M | Me ! o
e
Me | (o] . o | H
| Li | \ NBS, H,0
—_— .
H . NS —>» j-Pr
j i-Pr
i-Pr i |
o] OH
OH
o)
Br—/.r:l
o) / =
R AN > R A Br R — R = H,0
o 3 ) > Z
o o Br (o)
HO HO ‘\ HoHO A HaHO )
H,O0 l




Supporting Materials

Selective hydrogenation Wilkinson’s catalyst

RhCI(PPhy), 4 Hy === e RhCI(PPhy)yH,
A/ Ap
Hy R H ! HC
/ d \\ C~r \C/ . Rh \c’
php—RA - o o V 0
/ST "

/! "
PhP X R pnpd x R’ / |

+

21




Supporting Materials

Selective hydrogenation Wilkinson’s catalyst

Selected nOe interaction of compound 8 and 9




Supporting Materials

Acylation and methylated

Me | Me

I
O O O O O
Y LiIHMDS o AH A KHMDS I H e
I-Pr o > |-Pr then Mel I-Pr
O then O Me 599 over 2 steps © Me
NC dr =20 1
OTBS Me OTBS OTBS

8 10 S5 (with enols) 1




Supporting Materials

Synthesis of 10 ——
1) +BUOK, MePPh.Br-
O THF, reflux 0 CuCN o
HO)W 2)(cocl),.bMF____ Cl ~ NC
o (COCh, CH4CN, reflux
neat, 0 °C

58%
S5 65% over 2 steps 6 10
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Supporting Materials

Stille coupling

L,Pd©
R1_R2 2
‘ I R<—X
reductive oxidative
elimination addition
,X
L,Pd"
RZ
R'—Sn(alkyl);
transmetallation
R1
R2

25




MgX |- MgX | \
PrO_ ojpr RT9 “—_opr| R 0P

Ti. . = Ti. o i
pro. OFr N\ pro OPr N __/ OiPr
iPrOMgX iPromgx R |
R\_
R H H 17 B CHs
Ti-OFr / Rt OiPr \ OiPr
H\/‘ / “oiPr Ti - -Ti
OiPr " OiPr
i A1 A2
F/“ T(0-iP), |
o T(O-i- | Rl
. i-PrMgCl Rl—.=.—g2 K D
Ti(O-i-Pr)y ——— —— - Ti(0-i-Pr), —= (1)
2 2
/DTi(o-i-Pr), R R*” "D




Me // Ti(0i-Pr),
o O i-PrMgCl
| H || Me
i-Pr R?
o)
OTBS

A
B tBuO(y c

(?tBu

i-Pr

27







OPMB R!

OTBS OoTBS

12
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Supporting Materials

Ti-mediated epoxidation

LnTE—,OR
s :“ v/
0 g R1
OH R3 ’/"| H /
-:,R4 - ‘u \R3 2 “\R3
RT7 N R’ ‘ R —
R R¢ . | R
R R1 H Mot
o,
threo - L, Ti—OR

30



SHARPLESS ASYMMETRIC EPOXIDATION

D-(-)-diethyl tartrate (unnatural)

Prochiral or chiral
allylic alcohol

R =H, alkyl, aryl

" :O: "
L-(+)-diethyl tartrate (natural)

20 2 27 20 10

—
%—O—OH
(>1 equivalent)
Ti(i-OPr)y4
(5-10 mol%)
activated molecular sieves
———

CH,Cl,, low temperature

Transition state of epoxidation:

EtO E = CO,Et

[Ti(0i-Pr),(DET)] [TBHP] [ROH]

R2 R1

O

Enantiopure
epoxy alcohol

or

R2 R1

o
R3 OH
Enantiopure
epoxy alcohol

Rate = >
[-PrOH]




Supporting Materials

Removal of the PMB ether
OH
0
NC. cl [ - NCIAQ,CI
Nc’I [”CI o E° NC™ ™ "Cl
o) O © OH
N - . .
~F g o e
OMe . rO
Charge-Transfer
H-0 Complex
! (OH )
T H-O P R L"_‘
Ro%x}:l\ MO | o7 l/% | - RO + m
A } 3) {:;"/ . &
=E0Me H Z~oMe A ome

32




Supporting Materials

Grieco elimination

nBUgP: @P"BU3

_ HCN
— ArSe-—®P£B/u:_\- —_— oA
R o)
©cN ArSe

&

S oxi. ) —
— RN e\Al' — - R)Q/\Sf\Ar M’R/\

ArSe-CN

syn-elimination
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Supporting Materials

Ley oxidation

AR o fe :
\\{’ Dl P J\ \\/Go OH
H //R\ o = i /P\ A
R\, o oo : | J b R™H o oH

34




This molecular transformation presumably begins by lactone hydrolysis fo
llowed by regioselective epoxide opening in a stereoelectronically favored
6-exo manner. Two factors may play a significant role in controlling the
regioselectivity for this reaction: (1) nucleophilic addition at C12 would
result in a highly strained trans-fused bicyclo[3.3.0]octane motif,19 an
d (2) the C11 position is activated by the neighboring alkene

35




Supporting Materials

Selective epoxide opening at C11 -
R1
// O R!
o O o
H || Me oxidative P : -
s )\ wgz  71% overall yield.” This molecular transformation presumably
annulation o ) ) ] ] - )
o) HO Y, OH begins by lactone hydrolysis followed by regioselective epoxide
e = tertiary alcohol/ether . . . .
o e = quaternary center 0 opening in a stereoelectronically favored 6-exo manner. While
| I both electrophilic sites of the epoxide may participate in a 6-
o SO ring opening process, © two factors may play a significant
y VO role in controlling the regioselectivity for this reaction: (1)
HO L, - o gt 7 nucleophilic addition at C12 would result in a highly strained
§ 2 , : . trans-fused bicyclo[3.3.0]octane motif,'”” and (2) the Cl1
M R regioselective RN e . . . 20 .
S ©  grmreemmnnnas HO pd "R% 5| position is activated by the neighboring alkene.”™ While those
id ; HO &\ OH ,.° — . : - .. ;
o epoxide opening Me- -
© - 0.’ .
H
v ]

36




Kohler & Bickel (1935): Payne (1962):

o OH KOH or BaO OH o
PhM Ph or Mg(OMe), /I\OQ<Ph H,, SH 0.5N NaOH ’ C%\CHB
Ph MeOH (solvent) Ph Ph HaC OH 3 v CHs
HaC O OH
Payne rearrangement followed by nucleophilic epoxide ring-opening:
ol SN on
R1\|>;\/OH base (catalytic) R2' ) y 1. nucleophile R 3 5 Nuc
352 1 OH 2. acidification R2" 1
R Isomeric OH
2,3-epoxy alcohol 2,3-epoxy alcohol
Aza-Payne rearrangement (can be true equilibrium): Thia-Payne rearrangement (only forward direction):
H X H ; :
O = R 3 R Oc:= Lewis acid
1 3 2 : ;
R }!>2\/ X _base(eat) R2" 1 RN Z (=1 equiv)
G2 ! or Lewis acid OH 3'%2 1
. (=1 equiv) 2,3-Aziridino . 2,3-Thiirino
2,3-epoxy amine alcohol 2,3-epoxy sulfide alcohol

R'2 = H, alkyl, aryl; when X = NRy, X' = NR2+; when X = NHMs, X' = NMs; when Z = SAc, Z' = S; when Z = SR, Z' = SR*
base: NaOH, KOH, NaOR, NaH, KH; Lewis acid: AIMe3, TMSOTf, PhB(OH),, BF3-OEty, Ti(Oi-Pr)4
37




Supporting Materials

Single epoxidation of the C11-C12 alkene N~
tBu
(I)/
2OH _
Me =. VO(Oi-Pr); ° N H—0 /o o 2OH
i-Pr ) "
Me
(0]
(0]
OoTBS
OTBS

OTBS

chair-like TS
38




Supporting Materials

Ring-closing metathesis N

Q

G & ﬂ A o @
/ (remrn) Ao

u—

O—Ru—L C"“Ru— (rewrn) )\0 |
O~ 0T NI O

(0] | &Cl{ Of ||
4 4

2

7




Supporting Materials

Reductive cleavage of epoxide oA

/\SZ 2 Cp,TiCl C'Cp/?T\'O;I\
2 ph T2
Ph :

+
@ CICp,TiO

2 /\J\
_ @ Ph H

2 base*HCI HO
’ /\J\ + 2 Cp,TiCl
Ph "

H

M
2 Cp,TiCl N . 2 Cp,TiCl + MnCl

40




Supporting Materials

Reductive cyclization

41




Supporting Materials

Rh-Catalyst Pauson-Khand Reaction
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Supporting Materials

Reily oxidation

0..\. /O é
'S¢ HO. .O
e'.\'-n Sej 0 o OH
l' /</\ /\)\ : /\A
R1/*'-\/d\Rz R SFR2 RV X R2 R X R2

t-BuOH o OH o
solvent . )‘:gs'e syn-elim, 1
R 0 R H
Se0 o oH Ha/ R?
I
R2 RZ

MeOH or dioxane 0 0

O
solvent Rtikée’ R’Jj\(o
2 R2
Pummerer
rearrangement

43




Supporting Materials

Pauson-Khand Reaction

Pauson & Khand (1973):

terminal or internal
alkyne

Modified P-K reaction:

R3 RS
=
R RS

mono-, di- or
trisubstituted alkene

0
RG
Co,(CO)g (1 equiv) R * .
> \ R
solvent / heat R4
R1 > R2 R2 R3
Substituted cyclopentenone

Intramolecular variant:

transition metal R!
1 — o2 complex / Coz(CO)e
R'——R ( 1 equiv) (1 equiv)
+
3 5 promoter / solvent X promoter / solvent
R _ R CO atmosphere N———R? X = CHa, CHR, R2
wd s CR,, O, NHR, S
1
8 R1 R1 R
loss of R3 Co(CO)
\ —
(0C);Co—Co(CO); R'—=—— Ri Co(CO); cCO Co(CO); =—/ Rz/?/ °
\ R2 "/ R2 "/ Co-CO
loss of 2CO Co alkene N
0 Co ene |_"co
(CO)3 (CO) coordination ==\
18 e” complex R!> R2 18 e~ complex 16 e” complex R®

18 e” complex

R1
CO)3Co(CO)3Co
i (CO)3Co( 2)3 Y R? loss of ~
+rco R ~Co(CO); +CO R _ [Coz(CO)e]l  |R2
—_ / —_— C=0 —  » =
alkene Co(CO); co C=0
insertion insertion
R3 R3 5
18 e” complex 18 e” complex R




Supporting Materials

Oxidized by singlet oxygen

OPMB

OTBS

R2

OTBS

Ti(0i-Pr),, i-PrMgCl
_—
THF, -78 to -20 °C

Payne

rearrangement

i-Pr

|

Me

elimination
i-Pr

[l,\ll]\O
0o _R'

Me

OTBS

OTBS

Me

OPMB
t-BuOOH
20 °C tort fo)
—_—
Me-
23-33% iPr Me Me
OTBS
1) DDQ, pH 7 buffer
2) 0-NO,CgH,SeCN
PBU3, then H202
56%
H-po 0O |
o / OH
Me-
M
i-Pr e

OTBS

1) TASF, DMF
2) TPAP, NMO
97%

H—O/Ol OH
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N) ’ ’ ’
upporting Materials s
° ° o = 4 “I.J'.\' \\
Oxidized by singlet oxygen o
o OPMB
Ti(Oi-Pr), 1) TMS-imidazole
i-PrMgCl HO OH 2) VO(Oi-Pr), TMS—-o O
7810 -20°C  Me — t-BuOOH Me
OPMB e ——— >
61% i-Pr Me 3) bDQ i-Pr Me
pH 7 buffer
Me. F 0 4) 0-NO,C4H,SeCN
(0] (0] PBus, then H,O
| H | Me OTBS R OTBS
i-Pr +
1) TASF, DMF
o) Me OPME 2) TPAP, NMO
- 67% | 3) NaOH, H,0
OTBS 4) Hoveyda-

Grubbs II, PhMe

/
Me 4
\  Pb(oAC), OH \)L OH
| H Me Me Ho H Me
0

0% jpr —Me
o i'Pr

Me

OoTBS

NaOH
| THF, H,0

65%
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