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Introduction

1. Isolation and identification

i CHARACTER
Me High-affinity ligand
of ryanodine
L Ryanodine ) receptors (RYR)
g \ RyR regulate Ca?*

release in organisms

U

Insecticidal activities

Ryanodol

Persea indica

Folkers, K. J. Am. Chem. Soc. 1948, 70, 3086;
Gonzalez-Coloma, A. J. Chem. Ecol. 1990, 16, 2723.
Gonzalez-Coloma, A. Phytochemistry 1993, 34, 397.



Introduction

1. Isolation and identification

Chemical degradation

KOH
EtOH, reflux Me

Ryanodine Ryanodol Anhydroryanodol

X-ray analysis

Ryanodol-p-bromo benzyl ether

Wiesner, K. Can. J. Chem. 1951, 29, 905;
Wiesner, K. Tetrahedron Lett. 1967, 8, 221;
Przybylska, M. Can. J. Chem. 1968, 46, 795.



Introduction

2. Ryanodane diterpenoids
A

(52

Ryanodane core

OH

o Me Me
(o) Me
Me
HO oH
HoV®  OH

Cinnzeylanone

HoMe "~ on

OH
Isoryanodane core Perseanol Vignaticol

Murakoshi, S. Agr. Biol. Chem. 1976, 40, 2305;

Nohara, T. Chem. Pharm. Bull. 1980, 28, 2682.

Fraga, B. M. J. Agric. Food Chem. 1996, 44, 296;

Fraga, B. M. J. Nat. Prod. 1997, 60, 880;



Introduction

3. Structural features of Ryanodol

* 5 rings system (6-5-5)

* 11 contiguous stereogenic centers
* 2 all-carbon quaternary carbons

e tertiary alcohol/ether » 8 oxygenated carbons

® quaternary center

atom number

ABDE-ring moiety

Me
AVAP T * 10-carbon framework
Me—75—7 o » 8 tetrasubstituted
Me
stripped-down skeleton



Total Synthesis of Ryanodol — Deslongchamps

P. Deslongchamps

The construction order: A—(B, C)—»D—E

Deslongchamps, P. Can. J. Chem. 1979, 57, 3348.



Total Synthesis of Ryanodol — Deslongchamps

1. Retrosynthetic Analysis

Epoxidation/

OH reductive
Me cyclization
Me Me

OH
e on — e 7 —>we
H Epoxy ring
HoMe OH opening
(+)-Ryanodol (1-1) Fragmentation
Epoxidation
0] o
Me
Me Me Me
ﬂo : Me
Baey_er-\/_|lllger Me OR\=x( Ozonation/ MeRO Reduct_lon
oxidation OR Aldol cacade HO OR Oxidation
1-7 1-6
Double aldol
condensation
o
o 6 steps MeO
-
-
(0]
Diels-Alder Me MeO 112
reaction -
N o) 1-10 Me
/) +
OMe Me o 5 steps (o)
-
™ <
o Me
1-11 1-13




Total Synthesis of Ryanodol — Deslongchamps

2. The synthesis of the Diels-Alder reactants

The Synthesis of diene

MeO MeO HO lo) o
DD CH;0CHCI,,TiCl, - BBrz, DCM BrCH,COBr -
DCM o pyridine, benzene
MeO ] _ MeO (80%, 2 steps) HO Br HO
CHO
1-16

Rieche formylation

CHO CHO
112 1-14 115
Na2C03
THF, reflux
(80%, 2 steps)
_ t?r -
o) NaOH, H,0, © o0x°
Q MeoN - NH,NH,*H,0, KOH
OY\ ethylene glycol, 195 °C o
(0] .
80% Id
o?/‘ i} (95% yield) (80% yield) ¢HO
e
- - 11 8 117



Total Synthesis of Ryanodol — Deslongchamps

2. The synthesis of the Diels-Alder reactants
The Synthesis of Dienophile

Me_ _Me (CH,OH),, PTSA e ™ 6
|.|2, Pt 03, EtOAc; benzene; > \I/C>
HOOC
Et20 H,, Pd/C HOOC CHO  NaOH, MeOH 0
1-20 1-21
Mel, Na2003
1 13 1 19 acetone

(70%, 4 steps)

LIH THF 1-22
(75%)
Proposed Mechanism
Me Me Me Me
[3"'2] retro [3+2] [3+2] o
(o) t 1 e 0
M / - e -
® =) 0—3d) 0—0
1-19 Me le, PdIC
Me Me
/”\I/\ R MGM\
N
1-20 HO HO °

10



Total Synthesis of Ryanodol — Deslongchamps

3. The construction of A ring

(o)
(0)
(0]
Me
o benzene
1-10
+ reflux
Me Me 0\)
(0] O/> 1-23
™ o 1. AcOH/H,0 = 7/3,
1-11 75°C

2.1 M NaOH, THF, rt

(CH;0);CH
PTSA, MeOH

COCl,, pyridine

benzene
(27% from 8)

1
(0] OMe
0*\ OMe

1-25°

11



Total Synthesis of Ryanodol — Deslongchamps

4. The construction of B&C ring

o (o)
Me
CH3C03H - i
NaOAc WClg, n-BulLi
rtto 80 ° THF, -78 °C
0., EtOAc,
o OM(:MG (80%, 2 steps) PTSH;
Mezs
1.26° (90%)
LDA, THF,
—78 °C
NaBH4, BEt3, Mel
MeOH, HO o (70%)
THF 0 °C )f
(95%) o)
1-30
o 0
o 0 Me
Me OH Me
Ac;0 OA Me H
pyridine c H MOMCI, NaH > Me H
— ‘ i
Me : H THF, rt Md 0 OMe
Me O OMe (80%, 2 steps) o o OMe
HO )fo OMe ’
MeO (o)
0 1-32 N 133

12




Total Synthesis of Ryanodol — Deslongchamps

5. The construction of D ring
O

OH

o OH CrO3+(CsHsN),
Me y Me DCM
OH " e OH Me _40to-22°C
. H
Me - LiAIH, Me ‘|-| (76%) o Me
! OMe THF OMe MsClI
Me O 0 o Me
OMe (95%) fo) (o] OMe pyridine, 0 °C
89%
MeO o
~ MeO o
1-33 N 134
lo) 0 Me
CF;CO;H Me
NaHPO, —~, . H 0.3 N HBF,,
e H
DCE, 4 °C (l) OMe THF, 0 °C
o® 90 me | (97%,2steps)
o}
1-38 0 1-37
0.1 N NaOH

DCE, rt
(77%, 2 steps)

p-NO,C4H,COCI
pyridine, 0 °C
(95%)

CrO3+(CsHsN),
DCM, 25 °C
(78%)
LiBH,4, THF
-30to-20°C
(73%)

H—Q o Me
I\es Me
H
1 ’H
Me O OMe
o o OMe
MeO o
N 1.35
o]
!
N
DMSO, rt
o 0 Me
Me
H
I H
Md O ! OMe
O\F OMe
MeO o
N 1-36
O _OPNB
Me
o Me
OH
H
[ H
Md O OMe
OH ){0 OMe

1-41



Total Synthesis of Ryanodol — Deslongchamps

6. The construction of Final ring

O OPNB
M
o e
fo} Me
H
Me 'H
I
Me O OMe
OH )[0 OMe
0141

OH OH
Anhydroryanodol (1-2)

MeH
HO OH
Epianhydroryanodol (1-46)

ACzo,
pyridine;

PTSA
benzene

reflux

NaBH,, MeOH
THF, 0 °C
(90%)

1.0 M NaOH
THF, rt

CF;CO,H

Me

Na,HPO,, DCE, rt

(85%)

Li/NH;

THF, -78 °C

(60%)

>

03, DCM
— 78 to — 55 °C
MeZS

DBN, benzene
75°C
(50%, 4 steps)

O _OPNB
Me
(0]
OAc Me
Me H
| (0]
Me O
OH ){0
0 1-43
Ac20
NaOAc
100 °C

Me

A: Aldol reaction,

B+C: Ozonation cleavage /
transannular aldol cascade,
E: Reductive cyclization

(+)-Ryanodol )

14




Total Synthesis of Ryanodol — Inoue

The construction order: (A, B)—(D, E)— C

Inoue, M. J. Am. Chem. Soc. 2014, 136, 5916.

15



Total Synthesis of Ryanodol — Inoue

1. Retrosynthetic Analysis

OBn

C2,C3,C9&C10  Rcm
functionalizati —
Me Tunctionaliza lon\ Me 9’\

HO OH
(+)-Ryanodol (2-1)

OH B ]

(o)
H Me H Oxidation [0} ( "ﬁ
HLO

. desymmetrization

OR < i1
RO : o ~ OrR | °
Me o 0 RO 1 o)
)Q Me” Qg
Me Me )Q
2-6 | Me Me
2-5
Mukaiyama
Hydration
OH
H H

13 steps
R — ' 4&
] h
(0] o (o) o o
X a7 HO

Me”™ Me 2-8 29

C,-symmetric
intermediates

OBn

cé6/c11
functionalization

|

16



Total Synthesis of Ryanodol — Inoue

2. The construction of Cz—symmetric intermediates

OH o
1 210 °C 2. HzO 80 °C; 3. Me38(0)I 4.28% NHj3 (aq.)
+
| (24% yield) Py, EtsN 0°C N NaH THF 1,4-dioxane
Pt(+)-Pt(-), 0.8 A 120 °C
64% yield
OH o (64% yield) 211
2.8 29
o]
OTMS 12 11
7. DMDO TMSO <6. TMSOTT, Et;N + <> NaNOy AcOH _Ho "
DCM, 0 °C > > DCM, rt ; H,0, 0 °C
N 3\ S Tiffeneau-

2-15 2-14 Demyanov 213

2-16 (27%, 3 steps) (9%, 3steps) ' corangement
OTMS H . H HO o MeO OMe
12
TMSO 8. TfOH (1 mol%g HO - OH 4. TroH (3 mol%) 4 10.
o MeOH, rt. DCM, 65 °C ﬁ@ PPTS, benzene
o N\ 0 H Q reflux
HO OH 2.20 (72% yield)
2-17 218 -
2-19

(65%, 4 steps)

(o)
4, J, 5
13. m-CPBA OTBS

(0]
0 < 2LDATBSOTE | @ O l-DMP.OCM_ .
DCM, NaHCOg3, rt n THF, - 78 °C NaHCO;, rt
(84% yield) TBSO —_ (85% yield) o’ —_ (81% yield) OH —)
2-24 2-23 2-22 2-21

Inoue, M. Tetrahedron Lett. 2009, 50, 1035;
Inoue, M. Chem. Sci. 2013, 4, 1615.



Total Synthesis of Ryanodol — Inoue

3. The construction of D&E rings

O—OSiEt,
0 Me
H H H o Me H o Me
OH 1. NaH, MOMCI H 2. 02, Co(acac)z, Et:;SIH> H _
HO . —_—— > MOM
me ol © n-BuNIl, THF ~ Momo . 5 OMOM  t-BuOOH, DCE MOMO S o omo
V) H o
)& (2%, yield) Me 0 Me ){ 3. NfF, DBU
MeCN
2-24 )
2-7 2-25 -30°C
[ (@] H20
of A
H ) H ‘\’ e H
4. BnOH, 4 A MS OMOM $|I02 1
- column OMOM
Si0,, 80 °C (58%, 2 steps) | MOMO ' o
Me” O
P
2-5
OBn s CI_ OBn
7\
N+ NMe, OPh ¢ H
5. PhO — - )\
S o
KH, THF, — 78 °C to — 40 °C H OMOoM
o
(68%, 2 steps) MOMO (o)
2-27 2.28

18



Total Synthesis of Ryanodol — Inoue

4. The construction of C ring
OBn _ OBn OBn

6.
H
/\/ SnBU3

OMOM AIBN
benzene, reflux

(66% yield)

OMOM

O 7. BFOEt,
Me,S, DCM
2-28 2-30 - 40°C
8. DMP, NaHCO,
DCM
(65%, 2 steps)

OBn

OBn OBn
9. PdCI,;(MeCN),

NaHCOj3, toluene,

100 °C
10 oH € ——
6 t-BuLi, THF, — 78 °C 10. BF;+OEt,
Ho Ve 1o ° (84% yield) Me,S, DCM

)i 2-3 -40°C

(86%, 2steps)

12. Hoveyda- 2-31
Grubbs Il

toluene, 80 °C

(75% yield)
OBn OBn NYN
H

Cla,,

Ru=
13. TMSOTf  Me o |
pyridine 0
DCE, 80 °C ~r
(89% yield)
Hoveyda-Grubbs Il
2-2 2-33

19



Total Synthesis of Ryanodol — Inoue

5. Functionalization of C2, C3, C9&C10

OBn

15. TMSOTH, pyridine,
14. BH,*THF, THF;

DCM, -78 °C;
NaBO;+4H,0, 10% HCIl in MeOH
1.0 M NaOH (aq.) — 40 °C
(91% yield) (87% yield)
2-34 2-35
16. NPh
Bno)j\CF;,
Sc(0Tf);, 5A MS, 1,4-dioxane;
1 M NaOH (aq.)
(90% yield)
OBn OBn
19. TAS-F, DMF
(72% yield) 17. DMP, DCM, 0 °C
20.1 M HCI 18.
in EtOAc
MeOH, 40 °C Br

t-BuLi, CeCl;, THF, - 78 °C
(21%, 2 steps) 2-36

2-38

21. NaBH(OAc)3, MeCN, 70 °C;
KHF, (aq.), MeOH, 35 °C

A+B: transannular aldol
condensation, C2-symmetric
<] intermediates,

D+E: Mukaiyama Hydration
Oxidation desymmetrization

22. H,, PdIC

MeOH.
(87%, 3 steps)

\ (+)-Ryanodol ) 20




A 15-step Synthesis of (+)-Ryanodol — Reisman

S. E. Reisman

The construction order: C—D—(A, B)—E

Reisman, S. E. Science 2016, 353, 912. 1



A 15-step Synthesis of (+)-Ryanodol — Reisman

1. Retrosynthetic Analysis

Epoxidation/
reductive
Me cyclization

——

Cross-
coupling Me

(+)-Ryanodol (1)

R
\OOH o R
—_ lactonization/
Me ————Me . Cuprate addition Me
Me <\
(o)
R 3-6

hydration/
oxidation

intramolecular

12 Pauson-Khand

1
\
2.
§Me<
3 N

U R )

(0]
Me

Me

Me
(S)-pulegone

22



A 15-step Synthesis of (+)-Ryanodol — Reisman

2. The construction of Anhydroryanodol skeleton

1. KHMDS, then

o ph \<’{*sozPh
Me (o) 2. BnO
Me THF, - 78 °C i-Pr,NEt, TBAI
(42 - 50% yield) Me pcwm, 50 °c

3. Me ———MgBr

(S)-pulegone Davis oxidation 65 yiold) e
3-7 3-8 (81% yield, 5:1 d.r.)
OEt
~_OH / 5. Et0—=——MgBr Bno”~ O OHO 4. 0,/0,, DCM/MeOH /\ OH
BnO o] / -« THF, 23°C Me :\Me - - 78 °C, then PPh3 Me \Me
Me e (75% yield) Me (91% yield)
Me B
Bno_ _o ©OH no\/301o 3 9
NS - -
3-11
6. AgOTf (2 mol%) Plausible Mechanism
toluene, 0 °C OH OH Otle"
(90% yield) Ag Ag
Ag*
o X o — —> ‘\l
t
~_O OH | g) 0 "OEt
BnO o) D/ oL,
—_—
Me ——Me
Me Ag
Bno. O \ \
3'12 0H2
o o) "\ &7 okt
OEt

Akai, S. Org. Lett. 2013, 15, 4150.

23



A 15-step Synthesis of (+)-Ryanodol — Reisman

2. The construction of Anhydroryanodol skeleton

1. KHMDS, then

N
o Ph \<\0 SO,Ph

2. BnO
i-Pr,NEt, TBAI
Me pcm, 50 °C

Me
THF, - 78 °C
(42 - 50% yield)
Me Davis oxidation
(S)-pulegone
OEt
OH 5. EtO ——MgBr

Bno” o / / THF, 23 °C
Me :\Me (75% yield)

Me

OH
BnO o
NS
3-11
6. AgOTf (2 mol%)
toluene, 0 °C
(90% yield)
BnO \ MgBr
/ —~—Me — CcuLTRHF
Me -78°Cto-30°C

(84% yield)

Bno” Mo 0
P —
BnO o Me 3. Me =———NMgBr

THF, 0 °C
(81% yield, 5:1 d.r.)

65% Id
37 (65% yield) 3-8

OH
Bno” o o

4. 0,/0,, DCM/MeOH /\ OH
Me :\Me - - 78 °C, then PPh3 Me \Me
Me (91% yield)

BnO
3-10 3-9

ﬁém
3 13

8. [RhCI(CO),],
(1 mol%)
CO (1 atm)
m-xylene, 110 °C
(85% yield)
Pauson-Khand reaction

24



A 15-step Synthesis of (+)-Ryanodol — Reisman

3. Oxidation/hydration

O 9.5e0, 4A MS

1,4-dioxane . 10. X Cl
110 °C 1. |
=
- 346 H TN N
i-Pr,NEt, DCM
~78°Cto 0°C
(28% yield, 2 steps)
o)
0 Me "
Me 12.LiBH,, THF B0\ © Ve
Me then KHFy/MeOH e Ve SnBu,
] 13. Hp, Pd(OH),/C PdCl,(PPh)
HO ) ~abla 2
noVe ™ on M EtOH, 22 °C BnO.__o b LiCl, 2-MeTHF
(+)-Anhydroryanodol (61% yield, 2 steps) “H (64% yield)
3-18

14. CF3CO3H, Na,HPO,
DCE, 20 °C.
(86% yield)
15. Li, NH;/THF, — 78 °C
(38% yield)

D: AgOTf-catalyzed
Intramolecular Cyclization
CII A+B: Intramolecular Pauson-
Khand

Hydroxy: SeO2 oxidation

k (+)-Ryanodol )

25



Synthesis of Anhydroryanodol — Micalizio

G. C. Micalizio
The construction order: (A, By -»D—C—E

Micalizio, G. C. J. Am. Chem. Soc. 2020, 142, 12937.
26



Synthesis of Anhydroryanodol — Micalizio

1. Retrosynthetic Analysis

selective
Me hydration at C11
)
7
and C-ring
formation
(+)-Ryanodol
Ti-mediated
annulation
Me
Me
acylation Pd-catalyzed

. and methylation
(\

coupling

——— i

i-Pr

27



Synthesis of Anhydroryanodol — Micalizio

2. Synthesis of annulation substrate

OH 1.Cul,i-PrMgClI

then I,, THF i-Pr
0°Ctort
| | 2. MnO,, DCM, rt. |
(67%, 2 steps) Me |
Me 4-10

4-8

9. Pd(PhCN),Cl, OTBS 4-17
PhsAs, THF

\/\
PMBO T—"—SnBu;

v (58% yield)
OPMB

Me

THF/H,0 (5:1)

Me |
4. NBS

3. furan, n-BulLi (o) \ i-Pr
o

THF, - 78 °C to rt | /
4-11
o)

M [
7. NCJI\/\( e o

16 . | H

LiIHMDS, THF P

8. KHMDS, Mel, THF O. 15

(59% 2 steps, >20:1 d.r.)
OTBS
4-14 (C15 B-OTBS)
4-15 (C15 o-OTBS)

(86%, 2 steps, 2:1 d.r.)
OH Achmatowicz rearrangment

4-12

OH

5. TBSOTH, lutidine
DCM, - 78 °C to-40°C
(95% vyield)

6. Rh(PPh3);ClL H, .
i

benzene, rt

(73% yield)

14:15=3:1

28



Synthesis of Anhydroryanodol — Micalizio

3. Oxidative metallacycle-mediated annulation

Me

i-Pr

" 10. Ti(Oi-Pr), i-PrMgCl oH ) oH
€ THF, 78°Cto-20°C _ Me _
(61% yield) O
F-Pr i-Pr o
OTBS
A 4-4 Pb(OAC), 4-18 19:18 ~ 1.4:1 to 1.6:1 4-19

Micalizio, P. J. Am. Chem. Soc. 2017, 139, 12374;
Micalizio, P. Org. Lett. 2019, 21, 6126.

29



Synthesis of Anhydroryanodol — Micalizio

4. The construction of Anhydroryanodol skeleton

OPMB
OH ) OH 11. TMS-imidazole = PMBO
— Me DCE, rt
B
12. VO(Oi-Pr);,
o t-BuOOH
toluene, 60 °C
oTBS 13. DDQ, pH 7 buffer| 14. 0-NO,C4H,SeCN

4-19 DCM, 0 °C to rt PBu,, then H,0,, THF

(23% 4 steps)
TBSO

17. NaOH, DMSO, rt

18. Hoveyda-Grubbs I
toluene, 85 °C
(92%, 2 steps)

23:24=1.3:1

15. TAS-F, DMF, 0 °C - rt
€

16. TPAP, NMO
CH;CN/DCM

(73%, 2 steps)

19. TMS-imidazole,
80 °C
(79% yield)

Me
o

4-2T
NaOH, THF

65% yield
30



Synthesis of Anhydroryanodol — Micalizio

5. Convert to Anhydroryanodol

OoTMS 20. m-CPBA, NaHCO;

DCE, rt
(54% yield)

Me

(+)-Ryanodol

OTMs 21- Cp,TiCl, Zn
Et;SiH, THF,
0 to 50 °C

23. CF3CO3H, NazHPO4
DCE, 20 °C (86%)

22. TAS-F, DMF
0°Ctort
(38%, 2 steps)

24. Li, NH3/THF,
— 78 °C (38%)
reported by
Deslongchamps
and Reisman

Anhydroryanodol

W,

afiy

A+B: Ti-mediated annulation
D: selective epoxide opening
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