Total Synthesis of (+)-Haperforin G

Wei Zhang, Zhenyu Zhang, Jun-Chen Tang, Jin-Teng Che, Hao-Yu Zhang, Jia-Hua Chen,*
and Zhen Yang™

haperforin C2 (4) harperspinoids A (5) haperforin G (6)

https://dx.doi.org/10.1021/jacs.0c10122
J. Am. Chem. Soc. XXXX, XXX, XXX-XXX



cojugated

addition | H
& Aldol Rx .
"""uu</ ;O \) + """’"</ 0]
Me
@)
_ 8
(+)-faperforin G (6)
epoxidation Pd-catalyzed
& Ley oxidation IAT
H
Me “\‘\\\ Me HO H
OTIPS Me —\  OTBS Me,, e
3 '"l
e TMSO " "< o
W E Me —
—— M€ < N 0 =0
| | O / PK reaction | Me
/ Me tBUO
TIPS 11 TMS 10 9 15
RCM Rx
Me Zn Me
Me
asymmetric 16
. alkylation . 0 Cl +
H 4 /U\)L + \— TIPS ©
Il HO Me \ /
TIPS CHO

12 13 14 17



O
JI\/U\ N\ .
Me OH 1. "BuLi, tetramine A R.LiQ
> PR NN
LLi k ) Li—N

13
+ 77% (ee =91%)
THE” \
O\L,,O THF
|

/—TIPS
- THF 'THF
G HN” " NH O
N
\)\Ph o~

temtramin A
Me Me
Me — OTBS g 1PAP, NMO Me >=\ QTBS
TMSO (90%) TMSO—) )
Me - N
y H,C=PPh, Me HO
74 (92%) /
2 21
™S

6. TBSCI, imidazole (95%)

2. DCC, DMAP

3. Grubbs Il
(76%)

Me
OH 4. CeC|3, CH3MgBr
-
Z ?

Me
5. TBAF TIPS
Me

11 OTIPS

7. KHMDS, TMSCI (89%) Mé

(88% in 2 steps)




Synthesis of compound (-)-18 (Method A)
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Synthesis of compound 21
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To a stirred solution of S8 (7.10 g, 21.78 mmol) and TMSCI (18.93 g, 174.24 mmol) in THF
(220 mL) at 0 'C was added KHMDS (130.7 mL, 1.0 M in THF, 130.70 mmol) over 1 h. The reaction
mixture was quenched with a saturated solution of NH4CI (500 mL) and the mixture was extracted
with EtOAc (800 mL), the organic layer was washed with HCI (500 mL, 0.5 M 1in water) and brine
(2 x 500 mL), dried over sodium sulfate, and concentrated in vacuo. The residue was purified by
flash chromatography on silica gel (petroleum ether : EtOAc¢ = 100:1 to 50:1) to give 21 (9.11 g,
89%) as colorless oil.
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334 PAUSON-KHAND REACTION

(References are on page 647)

Pauson & Khand (1973): 9
R® RS . 1 C_ R®
Rl—— R2 N — Co2(CO)s (1 equiv) R . RS
R4 R6 solvent / heat R4
2
terminal or internal mono-, di- or R! > R? R R®
alkyne trisubstituted alkene Substituted cyclopentenone
Modified P-K reaction: Intramolecular variant:
1
transition metal R 1
complex 9 Co(CO)g R
R!——=——R? : C. R® / .
(1 equiv) R’ (1 equiv)
’ g \ R® X promoter / solvent X = c=0
RS R5 promoter / solvent 4 _
>_< CO atmosphere R? R M————R2 y_ CH,, CHR, 2
ki . R CRy, O, NHR, S
R R

R'6 = H, alkyl, aryl, substituted alkyl and aryl; transition metal complex: Co,(CO)g, Fe(CO)s, Ruy(C0)12, Cp,TiR,, Ni(COD)s,
W(CO)g, Mo(CO)g, [RhCI(CO),l,; promoter: NMO, TMAO, RSCHs, high-intensity light/photolysis, "hard” Lewis base

Mechanism: “¢%2

O
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S loss of 2 CO Co Co alkene | ~co
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18 € complex R! > R2 18 e” complex 16 € complex R
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C0)3Co(CO)3C
5 ‘., (CO)CO(CONRCOS gi loss of R’
+co R “Co(CO); +CO R? [Cop(CO)l  |R2
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Table 1. Evaluation of Co-Mediated Reaction Conditions

Me 19 OTBS
Me OTBS Me
RO conditions o
> RO
Me 110 °C 6 {7
balloon presure of CO  Me Me TMS
10 (R = TMS) 22 (R = TMS)

TMS  10a (R = H) 22a (R = H)

entry conditions results

1 10a (1 equiv), Co,(CO); (1.2 equiv), Et,0, 1.5 h;  dr > 20 1;
then toluene, 24 h“ 40%"

2 10a (1.0 equiv), Co,(CO)s(1.2 equiv), toluene, dr > 20 1;
24 h“ 40%

3 10a (1.0 equiv), Co,(CO)g(0.8 equiv), toluene, dr > 20: 1;
24 h” 529

4 10a (1 .0 equiv), Co,(CO);s(0.8 equiv), toluene, dr > 20 1;
24 h" 57%"

S 10a (1 .0 equiv), Co,(CO)s(0.2 equiv), toluene, dr > 20 1;°
36 h” 85%

6 10 (1.0 equiv), Co,(CO)4(0.2 equiv), toluene, 36 h”  dr > 29 1;
86%°

“Reactions concentration conducted on 0.1 M. bReactions concen-
tratlon conducted on 0.01 M. “Determined by 'H NMR spectroscopy.
solated yield after purification by silica gel chromatography
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To a solution 0£26 (1.63 g, 11.80 mmol) in CH2Cl2 (24 mL) was added 7-butyl vinyl ether (1.42
g, 14.20 mmol). To this mixture was added NIS (3.19 g, 14.20 mmol) at -30 °C mn portion-wise
manner, and the resultant mixture was stirred at the same temperature for 20 min. The reaction
mixture was quenched by slowly addition of a saturated solution of NH4Cl1 (50 mL), and the mixture
was extracted with EtOAc (2 x 100 mL). The combined organic layer was sequentially washed by
Na2S203 (20 mL) and brine (2 x 50 mL), and dried over anhydrous NaxSO4. The solvent of the
extract was concentrated under vacuum, and the residue was purified by a flash chromatography on

silica gel (petroleum ether : EtOAc =100:1) to give product 15 (4.02 g, 93%, dr=1:1) as a mixture
of diastereoisomers.
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Scheme 3 Proposed mechanism.
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Entry Substrate Product Yield”
1 NG ' 82%
'
2 ¥ 4 1a
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“Reactions run 0.05 M in PhMe at 130 °C with the use of Pd{OAC)z
(0.02 mmol, 4.6 mg) and dppf (0.06 mmol, 34 mg) for 24 h. " Isolated

yield. © No reaction.
Org. Biomol. Chem., 2012, 10, 7274-7277
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Table 2. Evaluation of Alkyl Radical-Based Coupling Reaction of Iodide 8 with Enone 7

conditions
7 + § ——>

entry conditions” results”
1 AIBN, Bu;SnH, benzene, 2 h, 80 °C dr > 20:1; 21%°
2 AIBN, Bu;SnH (syringe pump), benzene, 2 h, 80 °C dr > 20:1; 40%°
3 fac-Ir(ppy)® (2.5 mol %), DIPEA (2.0 equiv), MeCN 90 W Blue LED, 12 h, rt dr > 20:1; 30%“
4 [Ir(ppy),(dtbbpy) |PFy (2.5 mol %), Et;N (2.0 equiv) DMF, 90 W Blue LED, 20 min, rt dr > 20:1; 45%“
5 [Ir(ppy),(dtbbpy) |PF, (2.5 mol %), DIPEA (2.0 equiv), MeCN, 90 W Blue LED, 4 h, rt dr > 20:1; 25%°
6 [Ir(ppy),(dtbbpy) |PF, (2.5 mol %), Et;N (2.0 equiv) DMF, 90 W Blue LED, 4 h, rt dr > 20:1; 35%°
7 [Ir(ppy),(dtbbpy) |PF, (2.5 mol %), DIPEA (S equiv), DMSO Hantzsch ester (3 equiv), 90 W Blue LED, 3 h, rt dr > 20:1; 64%"°

“Reactions conducted on 1.2 equiv of 8. "Isolated yield after purification by silica gel chromatography. “28a as product. 928b as product. “28 as
product.
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Synthesis of compound 28

(2.5 mol%) o
[Ir(ppy)2(dtbbpy) ]PFG e " /
& DIPEA (5.0 equiv.), DIVISO Me
Hantzsch ester (3. 0 equiv.)

90 W Blue LED 3h
64%

To a stirred solution of 7 (50.0 mg, 0.192 mmol) and 8 (70.1 mg, 0.231 mmol) in DMSO (2.0
mL) was added DIPEA (124.0 mg, 0.960 mmol) and Hantzsch ester (146.0 mg, 0.576 mmol) at rt
under nitrogen atmosphere, followed by addition of [Ir(ppy)2(dtbbpy)]|PF¢ (5.3 mg, 0.006 mmol),
and the resultant mixture was stirred under Blue LED (90 W, kessil A360We) for 4 h. The reaction
mixture was quenched with water (25 mL), and extracted with EtOAc (2 x 25 mL). The combined
organic layers were washed brine (30 mL), and dried over sodium sulfate. The solvent of extract
was concentrated under vacuum, and the residue was purified by a flash chromatography on silica
gel (petroleum ether : EtOAc = 2:1 to 1:1) to give a yellowish oil, which was purified again by a
flash chromatography on silica gel (CH2Clz2: EtOAc¢ = 20:1 to 4:1) to give 28 (54.1 mg, 64%) as
yellowish oil.



