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Total Synthesis of (+)-Kalmanol

Tianhao Ma, Yiming Ma, Bo Li, and Yanxing Jia*

Unique 5/5/8/5 tetracyclic

0-11 contiguous stereocenters

Highly oxidative decoration

Analgesic effects and cardiotoxic properties

1,2-migration

biosynthetic
relation
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®  Retrosynthetic Analysis
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Fe(acac);, NMP M
THF -78 °C, 91%

N TBSO
TBSQ 1. BrMg 3

o CuBr-Me,S, HMPA, TMSCI, -78 °C Me™
Me/g > Hee
then Et3N, hexane; then MeLi

Comins' reagent, THF, -20 °C, 82%

TBSO

3. [Rh(CO),Cl], (10 mol%) 4. KHMDS, BEt;, THF

CO/Ar = 0.2 atm / 0.8 atm Me 780 0 °C
- > H™7 ' o
1,4-dioxane, reflux then Allyl-I, NaOH,H,0,
67% : 92%
G o)
4
TBSO,
5. PdCl, (20 mol%) % 6. KOH, rt
CuCl, O, Me EtOH/THF
v H* —_—
DMF/H,O (20:1), rt . c=0.01M
89% : o)

77%,dr=3:1 atC5 11%



7. NaH, Mel 8. DBU, P(OEt)3, O,
-
DME, 60 °C MW, DMSO, 50 °C
92% 31% (25% SM)
10 (dr = 3:1 at C5) 3 (dr = 3:1 at C5) 11

HO HO OH
i 10. Fe(acac)s, NaHCO3 M 5
p-NsOMe, PhSiHs e

11. PhCH(OMe),

9. H,S0, (2 |v|)> Me OH p1e CSA. DCM

1,4-dioxane, rt H MeOH, 0 °C to rt H “'"Me then Martin Sulfurane

96% 63% : 95%

H (@]

12 13
Ph
12. K,0s04, NMO, critic acid 13. MOMBr, DIPEA
t-BuOH/H,0 (1:1), rt Me TBAI, 75 °C
then Na,SO5 (aq.), 40 °C o toluene/DCM (10:1)
89% H 95%

14 S-1 15



14. t-BuOK, P(OEt),
0,, DMSO, rt

then TESCI
imidazole, 72%

15. DIBAL-H, THF, -78 °C
16. MOMBr, DIPEA

>
toluene/DCM (10:1), rt
95% for 2 steps

17. TBAF, THF, 0°C tort Me 19. MeCeCl,
> >

18. DMP, DCM, then DBU H™ . THF, 0 °C, 99%
81% for 2 steps

21. RuOy, rt
CCly/MeCN/H;0 (2:2:3)

22. KOH, MeOH, 65 °C
75% for 2 steps

20. Pd(OH),/C
(OH), .

H, (4 atm), MeOH
99%

kalmanol (1)



© Step?2 Iron-Catalyzed Cross-Coupling Reactions

o)

OMe

n-hexyl-MgBr
/©j\OMe [Fe(acac)s] (5 mol%) N

X THF/NMP, 0 °C—RT, 5 min
91 % (X =Cl)
87 % (X = OTf)
83 % (X = OTs)

- FERARNZRARERERSEBEMAN, REEEKR, FTRERK

- EEATANFBRERY, BRYFRRYEZHEELR

Mechanism:

© EEREAMATARNSRUAY

FeCl, + 4 RCH2CH2MgX j» [Fe(MgX)2] + 2 MgX2

RCH2CH3; + RCH=CH2, + RCH2CH2CH2CH2R
ArX

[ArFe(MgX)] + MgXs,

[Fe(MgX).] FgX

AR
r R

[ArFe(MgX),] Angew. Chem. Int. Ed., 2002, 41, 609.



© Step3 Rhodium-Catalyzed [5+2+1] Cycloaddition

1/2 Rhy(1)L,,Cl>
L = CO and/or 1,4-dioxane

(off-cycle resting state) p
Rh(CO),ClI RhL
X/\/ [Rh(CO),CI], y n o RE .
\/\/A 2 _ not easy
\ Ene-VCP L |
=6 1 +CO [5 + 2] cycloadduct
Q sp® Ln & @)
Rh
MRE
[Rh] X/\:(j e easy XC(:)
turnover-limiting L = _
oxidative addition [5+2+1] cycloadduct

educnve elimination

and catalyst transfer . -L-I— giﬁ -H’% g 4 ﬁﬂ: ’Ft )}/( EZ

[Rth and/or [Rh] @\( * &ﬁﬁﬁﬂﬁﬁ%fﬁf’: LY
: . MLEBTEHRREI SR, BREERAE

REEMLH
« REFSHC-CHEN CGIRKEITH) &

co
\ @% st + WCORMRBZHKA-05, FERENEMAN T

hREREBEHCO, NTICOLEA®AHTRA

J. Am. Chem. Soc., 2007, 129, 10060.
J. Am. Chem. Soc., 2022, 144, 2624.

rate = k[catalyst]g-ﬁn]0-5[p(00)]*
(x = 0 or ca. —0.5 for different substrates)



Step 5

Wacker Oxidation

Wacker oxidation:

ce

Wacker-type oxidation:
H Pd-complex (catalytic) j]\ H Pd-complex (catalytic) Nuc
H H,O / organic solvent H H Nuc-H / organic solvent
RS o - R RS 0 or cul diing
H Cu(l) or Cu(”) salt (Cat.) HZ Cu” or Cu'"" salt (Cat.) H
terminal alkene O, atmosphere Methyl ketone terminal alkene O, atmosphere
O Na,PdCl, (catalytic) 0O O P‘Q‘o Pd"-complex (catalytic) o RZ\O
Rl /\)J\ R2 TBHP or H,0, u H,O / organic solvent
H,O R7B R? 1/%) | I > 1JJ\/|B
o,p-unsaturated M2 ) R Cu® or cu™ salt (cat.) R p
carbonyl AcOH or I-PrOH or NMP | 1,3-Dicarbony! allylic ether O, atm. or benzoquinone | B-Alkoxyketone
R = alkyl, substituted alkyl; R? = alkyl, aryl, O-alkyl
. . 5
Mechanism: ) +HCI + Hy0 H,0
R CHs 2 cucl,
12 H=0
cl, , \\H insertion cl. , 4){" 0.5 02 + 2 HCI
Pd Pd—C—CH3 requctive Pd© 2 cullci
N H,0 F|{ elimination
Rﬂ/ hydrid catalyst
R Brhydride regeneration
OH elimination Start here
—OH  ghydride PdCl,
1
Cl ‘, ‘Pa f l elimination IS}
v complex
H20 formation 2¢l
rate-determining
st
e * c., «c]®
C Cl, , \\C| alkene ( Pd ~
P Pd nucleophilic coordination Cl
HO CH attack ligand Cl., \CI
72 Cl, ,Pd\\CI exchange d
CH CI _\
HO™ '\ H,0” \/
R H® H,O ce
R



© Stepb Aldol Condensation Cyclization of Diketone 9

Section 1.1 Attempts to aldol/elimination reaction and control experiments.

TBSO, TBSO,

Me conditions Me
Hie- —_— H»
(@]
A OMe
9
entry conditions

1 NaHMDS, THF, —78 °C to rt 10 35 -¢
2 t-AmOH, NaH, toluene/t-AmOH = 5:1, 60 °C 10 15 2:1
3d LiTMP, HMPA, THF, —78 °C - - -
4¢ Zn(TMP)CI-LiCl, THF, 0 °C to rt - - -
5 MeONa, MeOH, 0 °C to rt C5-epi9 63 -
6 Pyrrolidine, AcOH, MTBE, 60 °C CS5-epi-9 43 -
e PTSA, toluene, 60 °C - - -
8 MeOLi, i-PrOH, 0 °C to rt CS-¢pi-9 20 -
9 NaOH, i-PrOH, rt 10 15 2.3:1
10°¢ H;3POy4, toluene, reflux - - -
i1 n-BusNOH, THF, rt - - -
12 NaH, toluene, 80 °C 10 65 155
134 NaH, DMF, rt . . .
14 NaH, heptane, 80 °C 10 45 1:6
15 KOH, EtOH/THEF, 0 °C to rt 10 77 3:1

“Isolated yield. “Ratio of dr was determined by 'H NMR of the pure isolated product.

“Single isomer. Ydecomposed. °No reaction.
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Step 6

Aldol Condensation Cyclization of Diketone 9

Section 1.1 Attempts to aldol/elimination reaction and control experiments.

TBSO,
conditions Me™

entry conditions

15 KOH, EtOH/THF, 0 °C to rt 10 77 31

EtOH, KOH

—

< >
THF, ¢ =0.01M

C5-epi-10 (single isomer)



©

Step 8 Convert Carbonyl Compounds to Acyloins
Davis Oxaziridine .

. WEM, WhEE e e
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Step 10

Mechanism:

Mukailyama Hydration

O, (atm), Co(acac),

Co(acac)»

PhSiH4 o) Me
N o,
or Mn(dpm),, x=2/3 R)\/H %:O/CO\

Markovnikov Me

hydration product
L,Co*2
OH OOSiEty 2, o Bt
.- ! Oy, EtsSi

+3_
Markovnikov LoCo™-H RTX:
alcohol product Et3SiH \(

LZC|0+3

O,O
R)\/H

L,

c
R)\/H

O+2
} L200+2
S _H

R™ >

Me
0=
o Vi
Me

Org. Lett., 2002, 4, 3595.



© Step 10 Mukalyama Hydration Using p-NsOMe as Oxidant

NO,

SO;Me

\

Fe(acac); (cat)

PhSiH;
Mechanism:
Ar R .
% Fe cat. Advantages:
R\/ % //N:O > \l/\H
O hydride reductant OH

"y FEEASAE, £METER
PSS H FEES WKL, BRI
Fe(lll)

AL A A F 5 uhldeat s B ik
Ro~y N- N-O N-0
w °>%ﬁL —
H

Fe(ll) R |y Fed R
| I I

Angew. Chem. Int. Ed., 2021, 60, 8313.
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