Synthetic Approaches to the Phainanoids

Sam He
Literature Presentation
3/11/22



Isolation and Bioactivity

il

» phainanoids A-F were isolated from Phyllanthus hainanensis
= only native to Hainan island in China

Yue, J-M. et al. J. Am. Chem. Soc. 2015, 137, 138-141
Dong, G. et al. J. Am. Chem. Soc. 2021, 143, 19311-19316



Isolation and Bioactivity

il

» phainanoids A-F were isolated from Phyllanthus hainanensis
= only native to Hainan island in China

» found to have potent immunosuppressive activity against T
and B lymphocytes compared to clinically used cyclosporin A

Yue, J-M. et al. J. Am. Chem. Soc. 2015, 137, 138-141
Dong, G. et al. J. Am. Chem. Soc. 2021, 143, 19311-19316



Isolation and Bioactivity

il

» phainanoids A-F were isolated from Phyllanthus hainanensis
= only native to Hainan island in China

» found to have potent immunosuppressive activity against T
and B lymphocytes compared to clinically used cyclosporin A

= structure-activity relationship postulated the 4,5-spirocycle is

crucial for the bioactivity
= OR? with methyl or acyl groups exhibited improved activities

Yue, J-M. et al. J. Am. Chem. Soc. 2015, 137, 138-141
Dong, G. et al. J. Am. Chem. Soc. 2021, 143, 19311-19316
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Structural Challenges

Me

all phainanoids have at least 8
quaternary centers, 3 of which are

contiguous

highly strained systems
» alkylidene cyclobutene, vinyl
cyclopropane

Dong, G. et al. J. Am. Chem. Soc. 2021, 143, 19311-19316
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A Challenger Approaches: Dong’s Approach to 4,5-spirocycle

Dong et al. constructed a model
system for the 4,5-spirocycle of
the phainanoids

Dong, G. et al. Org. Lett. 2017, 19, 3017-3020
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Dong’s Approach to 4,5-spirocycle

Mel, NaH
o) (o) %
DMF Me
(o) OEt 95% o) OEt

Dong, G. et al. Org. Lett. 2017, 19, 3017-3020



Dong’s Approach to 4,5-spirocycle

Mel, NaH PhNTf,
o) > 0o - > TfO
DMF ‘Me KHMDS Me
o OEt 95% o OEt 93% o) OEt
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Dong’s Approach to 4,5-spirocycle

Mel, NaH PhNTf, 1. DIBAL-H
» TfO >  TfO
DMF KHMDS Me 2. DMP, NaHCO4
95% 93% 0“ TOEt 74%, 2 steps
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Mel, NaH
o
DMF
07~ “OEt 95%
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PhNTf, 1. DIBAL-H
> 0o < > TfO > TfO
‘Me KHMDS Me 2. DMP, NaHCO,
0” TOEt 93% 0~ "OEt 74%, 2 steps

Al,O3 (basic)
DCM, rt
84%
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Mel, NaH PhNTf, 1. DIBAL-H
o ™ 0 % > TfO > TfO
DMF ‘Me KHMDS Me 2. DMP, NaHCO,
o OEt 95% o OEt 93% (o) OEt 74%, 2 steps

o
| ~ Al,O3 (basic)
Z DCM, rt
0 84%

H,, Pd/C

PhMe/DCM (50:1)
91%
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Dong’s Approach to 4,5-spirocycle

Mel, NaH PhNTf, 1. DIBAL-H
o) > 0 4 » TfO “ >  TfO
DMF ‘Me KHMDS Me 2. DMP, NaHCO,
0% “OEt 95% 0% NOEt 93% 0“ “OEt 74%, 2 steps
o)
| \ Al,O3 (basic)
= DCM, rt
Y 84%
Y
Pd(OAc), (5 mol%)
QPhos (10 mol%) Ha, Pd/C
- -
LiOfBu PhMe/DCM (50:1)
THF, rt, 60h 91%
57%
@/P(Bu)z

Ph_ ©__Ph
Ph@!’h
Ph

Dong, G. et al. Org. Lett. 2017, 19, 3017-3020



Nan’s Approach to oxaspirolactone in Phainanoid F

Me
“OR?

H 5,5-oxaspirolactone

Zhang, C-L..; Nan, F-J. Tet. Lett. 2017, 58, 4357-4359



Nan’s Approach to oxaspirolactone in Phainanoid F
Retrosynthesis

Yamaguchi
.-~ esterification

(o) Me .- (o)
o ‘¢' "o o ., Me
0=</ o P — o=</ OH
OH = OBn
OH
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Nan’s Approach to oxaspirolactone in Phainanoid F

Retrosynthesis
Yamaguchi
0 Me esterification o e _oxidat_ive_ oBn
(0] “, -0 o - spirocyclization o
°=</ o OMe : o=</ OH > HO ?
OH %ﬁ& — OBn 7 HO ’Me \ /
OH
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Nan’s Approach to oxaspirolactone in Phainanoid F

Retrosynthesis
Weinreb ketone
synthesis
Yamaguchi o :
\Q/M‘* esterification o e pi;::(ciggf;-zv:ﬁon OBn : .
o) ‘e 20 (o) . S
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OH = OBn ” no' we 14 Me%’
OH Me
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Nan’s Approach to oxaspirolactone in Phainanoid F

Retrosynthesis
Weinreb ketone
synthesis
Yamaguchi ;
. ificati o 0 :
\Q/M‘* esterification o e .OX'dalt.'vet. oBn .
(0 . -0 . spirocyclization
n “% o) . o) [0} 7
O=</ © OMe : O=<:Q,'OH > HO . : Me | 4
OH %ﬁ& — OBn 7 HO ’Me \ / Me%’o
OH Me
Sharpless AV 4
dihydroxylation
0 y y . o
_OMe ¢ - _OMe
N N HO 7 N
Me Me HO Me e
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Nan’s Approach to oxaspirolactone in Phainanoid F
Formation of furan derivative

o CH3ONHCH3'HCI o
pyr. l\ oM
ﬁ)I\CI ﬁ) N~ e
DCM I
Me OoC _ rt Me Me

91%
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Nan’s Approach to oxaspirolactone in Phainanoid F

o CH3ONHCH3'HCI o
pyr. l\ oM
ﬁ)I\CI ﬁ) N~ e
DCM I
Me OoC _ rt Me Me
91%

Zhang, C-L..; Nan, F-J. Tet. Lett. 2017, 58, 4357-4359

Formation of furan derivative

AD-mix o o
MeSO,NH, OMe 2,2-dimethoxy propane o ' N,OMe
> HO < °N” > 3 Me
tBuOH/H,0O HO Me Me aceteone Me%’ €
0°C - rt 98% Me
92%
furan, nBulLi
THF
-78°C - -20°C
93%
Y
(o)
N o)
\ )
Me%o Me
Me



Nan’s Approach to oxaspirolactone in Phainanoid F
Attempt at selective reduction

0 OH OH
o o conditions o (o) o ~ o
\ / \ / + \ /
M M Me
Me—] o Me%’O © Me"l o
Me Me Me
desired

conditions: L-selectride, CBS reduction

Zhang, C-L..; Nan, F-J. Tet. Lett. 2017, 58, 4357-4359



Nan’s Approach to oxaspirolactone in Phainanoid F
Attempt at selective reduction

o OH OH
o o conditions o (o) o ~ o
e | > | * ‘Me |
M / Me //
Me%—0 © Me%’O Me Me%—O
Me Me Me
desired

conditions: L-selectride, CBS reduction

Attempts at diastereoselective reduction favored the undesired, so they moved forward with separable 1:1 mixture of diastereomers

0O OH
o NaBH, o
o) : o)
me——O Me |4 THF, 0°C me——0 Me | 4
Me 95%, 1:1 dr Mo

Zhang, C-L..; Nan, F-J. Tet. Lett. 2017, 58, 4357-4359



Nan’s Approach to oxaspirolactone in Phainanoid F
Oxidative spirolactonization

OBn o) o Me
o mCPBA o ~Me . o.| )7
HO 7 \ > HO—</E OH HO OH
HO Me U_/ DCM, 0°C =  OBn = OBn

Zhang, C-L..; Nan, F-J. Tet. Lett. 2017, 58, 4357-4359



Nan’s Approach to oxaspirolactone in Phainanoid F
Oxidative spirolactonization

OBn (o) M 0 Me
o mCPBA o S o.| )7

HO 7 \ > HO—</E OH HO OH
HO Me U_/ DCM, 0°C =  OBn = 0OBn

PDC
DMF, 0°C
67%, 2 steps
10:1 dr

Y

o) Me (o) Me
) ", 0:,, 'o’
= OBn = OBn

Zhang, C-L..; Nan, F-J. Tet. Lett. 2017, 58, 4357-4359



Nan’s Approach to oxaspirolactone in Phainanoid F
Advancing to final product

(o] OMe

0 Me )l\/k/OMe O Me

ONQ( HO o "'O o

. ( . :

o=<?: " ¢l o 0=<¢' OMe

OBn OBn
e

cl cl OMe

DMAP, iProNEt,
benzene, rt
90%
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Nan’s Approach to oxaspirolactone in Phainanoid F
Advancing to final product

o
It Me HOJ]\ Hy, PA(OH),/C ols /7 e o
O~~"on - o=/\/§ 0 OMe
0=<¢: Cl O EtOAC/tBUOH, rt OH
OBn t lLCl 95% OH
cl cl

DMAP, iProNEt,
benzene, rt
90%

Zhang, C-L..; Nan, F-J. Tet. Lett. 2017, 58, 4357-4359



A Challenger Returns: Dong’s Total Synthesis of Phainanoid A
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Dong’s Total Synthesis of Phainanoid A

Retrosynthesis

bidirectional
synthesis
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Dong’s Total Synthesis of Phainanoid A

Retrosynthesis
(0] Me
O .
0—/ bPG /
OPG Me

bidirectional HO

synthesis

Dong, G. J. Am. Chem. Soc. 2021, 143, 19311-19316



Dong’s Total Synthesis of Phainanoid A

Towards D/E/F core
MeC(OEt);
? 3 steps EtC02
Me
neat, 155°C
80%

200 mmol scale

Dong, G. J. Am. Chem. Soc. 2021, 143, 19311-19316



Dong’s Total Synthesis of Phainanoid A

Towards D/E/F core
P MeC(OEt), . Z ~ oo Me e
e t
IC) 3 Steps Me ~ Me EtCOzH _ N Me EtOzC Me o ﬁz _ o \5
Me —_—
\”) —_— neat, 155°C LDA, THF 0 Me
HO 80% Et0” YO 70%

200 mmol scale

Dong, G. J. Am. Chem. Soc. 2021, 143, 19311-19316



Dong’s Total Synthesis of Phainanoid A

Towards D/E/F core
MeC(OEt); o~ Me Me
EtO,C
? 3 steps EtCOZ EtO,C™ Me o ﬁz v I \=
Me
neat, 155°C LDA, THF 0" Me
80% 70%

200 mmol scale

Mn(OAC)3’2H20
CU(OAC)z’Hzo
EtOH, rt
50%

Dong, G. J. Am. Chem. Soc. 2021, 143, 19311-19316



Dong’s Total Synthesis of Phainanoid A
Towards D/E/F core

1. LiAlH,4, Et,0, rt
2. O3, MeOH/DCM
then Me,S

3. tBuSi(OTf),
2,6-lutidine
DCM, rt
76%, 3 steps

Dong, G. J. Am. Chem. Soc. 2021, 143, 19311-19316



Dong’s Total Synthesis of Phainanoid A

Towards D/E/F core

1. LiAIH,, Et,0, rt | N
2. O3, MeOH/DCM Z NH,

then Me,S N

y ” '

. tBuSi(OTf en i

3. BBuSI(OTf), Cu(NO3),+3H,0 | O

2,6-lutidine tBu

i 76%

76%, 3 steps

Dong, G. J. Am. Chem. Soc. 2021, 143, 19311-19316



Dong’s Total Synthesis of Phainanoid A

Towards D/E/F core
1. LiAIH,, Et,0, rt | N
2. 03, MeOH/DCM ~ NH,
then Me,S N
v ” y
3. tBuSIi(OTf en
uSi(OTI), Cu(NO3),+3H,0
2,6-lutidine
H,O,, THF
DCM, rt 2
76%, 3 steps 0
MOMCI, DIPEA
TBAI, DCM
88%

Dong, G. J. Am. Chem. Soc. 2021, 143, 19311-19316



Dong’s Total Synthesis of Phainanoid A

Towards D/E/F core
1. LiAIH,, Et,0, rt | ~
2. O3, MeOH/DCM P NH,
then Me,S N
- th -
. tBuSIi(OTf o
3. tBuSI(OTf), Cu(NO3),*3H,0
2,6-lutidine
H,0,, THF
DCM, rt 76%
76%, 3 steps ’
MOMCI, DIPEA
TBAI, DCM
88%

n-BulLi
THF:PhMe(1:5), -78 ~ 0°C
57% (97% brsm)

Dong, G. J. Am. Chem. Soc. 2021, 143, 19311-19316



Dong’s Total Synthesis of Phainanoid A

Ring expansion

1. VO(acac),, TBHP
DCM, rt

>

S
2. AMe; 4-O=tBu

Si-face epoxidation

Dong, G. J. Am. Chem. Soc. 2021, 143, 19311-19316



Dong’s Total Synthesis of Phainanoid A

Ring expansion

1. VO(acac),, TBHP

DCM, rt b1
.~ <
2. AlMes o0~
tBu Si-face epoxidation
TMSCI, HMDS
imid.
>
DCM, rt
tB
u Si-face
blocked

Dong, G. J. Am. Chem. Soc. 2021, 143, 19311-19316



Dong’s Total Synthesis of Phainanoid A

Ring expansion

1. VO(acac),, TBHP

DCM, rt 0
> <
2. AlMejy 6/0~tBu
B Si-face epoxidation
TMSCI, HMD
gD mCPBA, NaHCO;
imid.
> >
DCM, rt
DCM, rt ,
g:so/;r 1 65% (100% brsm)
tB
! Si-face
blocked

Dong, G. J. Am. Chem. Soc. 2021, 143, 19311-19316



Dong’s Total Synthesis of Phainanoid A
Completing the D/E/F core

AlMe:AlMe,Cl (1:1)

DCM -25°C,1.5h

32% 48%

Dong, G. J. Am. Chem. Soc. 2021, 143, 19311-19316



Dong’s Total Synthesis of Phainanoid A
Completing the D/E/F core

AlMe:AlMe,Cl (1:1)

DCM -25°C,1.5h

48%

citric acid, MeOH/DCM, rt
99%
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Dong’s Total Synthesis of Phainanoid A

Dong, G. J. Am. Chem. Soc. 2021, 143, 19311-19316

Completing the D/E/F core

AlMe:AlMe,Cl (1:1)

DCM -25°C,1.5h

TIPSOTf
2,6-lutidine
DCM, 0°C ~rt
75%

48%

citric acid, MeOH/DCM, rt
99%



Dong’s Total Synthesis of Phainanoid A

Constructing southwestern hemisphere

1. TBAF/HOAGc, THF
2. TEMPO, NaCIO, KBr
NaHCO;, DCM/H,0

3. TESCI, imid., DCM
82%, 3 steps

Dong, G. J. Am. Chem. Soc. 2021, 143, 19311-19316



Dong’s Total Synthesis of Phainanoid A

Aldol problem?
o
1. TBAF/HOAc, THF (:E\e
2. TEMPO, NaCIO, KBr
NaHCO3, DCM/H,0 by ° o
3. TESCI, imid., DCM aldol

82%, 3 steps

too much steric hindrance
compared to model system

Dong, G. J. Am. Chem. Soc. 2021, 143, 19311-19316



Dong’s Total Synthesis of Phainanoid A

Solved
(o)
1. TBAF/HOACc, THF ©:‘€
2. TEMPO, NaCIO, KBr >
NaHCO3, DCM/Hzo // >
3. TESCI, imid., DCM aldol
82%, 3 steps

o too much steric hindrance

)L compared to model system

OTES

THF, -78 ~ 0°C;
then TFA
64%

Dong, G. J. Am. Chem. Soc. 2021, 143, 19311-19316



Dong’s Total Synthesis of Phainanoid A

Completing southwest hemisphere

1. TBAF/HOAc, THF
2. DMP, NaHCO3, DCM

74%, 2 steps
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Dong’s Total Synthesis of Phainanoid A

Completing southwest hemisphere

1. TBAF/HOAc, THF

2. DMP, NaHCO3, DCM KHMDS, PhNTf,

THF, -78°C
67%

74%, 2 steps

Dong, G. J. Am. Chem. Soc. 2021, 143, 19311-19316



Dong’s Total Synthesis of Phainanoid A

Completing southwest hemisphere

1. TBAF/HOAc, THF

2. DMP, NaHCO3, DCM KHMDS, PhNTf,

Dong, G. J. Am. Chem. Soc. 2021, 143, 19311-19316

74%, 2 steps THF, -78°C

Me Me
Me\( MeMe
'}'H2 p?__Me
>
]

Fa—
O OMs  pp_Fe ph

Ph

H,, Pd/C
PhMe, rt;
then Pd-QPhos-G3
CSQCOg, PhMe
70°C, 24h
62%




Dong’s Total Synthesis of Phainanoid A

Elaboration of northeastern hemisphere

1. KHMDS, PhNTf,
THF, -78°C
70%

2. TBAF/HOAc, THF
3. TsCl, EtzN
DMAP, DCM

65%

Dong, G. J. Am. Chem. Soc. 2021, 143, 19311-19316



Dong’s Total Synthesis of Phainanoid A

Elaboration of northeastern hemisphere

1. KHMDS, PhNTf, HCI, 60°C
THF, -78°C HOAc/H,O
70% >
80%
2. TBAF/HOAc, THF
3. TsCl, EtzN
DMAP, DCM

65%

Dong, G. J. Am. Chem. Soc. 2021, 143, 19311-19316



Dong’s Total Synthesis of Phainanoid A

Elaboration of northeastern hemisphere

1. KHMDS, PhNTT, HCI, 60°C
THF, -78°C HOAc/H,O
70% >
- 80%
2. TBAF/HOAc, THF
3. TsCl, Et;N
DMAP, DCM
65%
°y-0 0 DIPEA, LiC
, LiCl
.«OTMS MeCN, 36°C
(Et0),0P Me 57% (63% brsm)
TMSO 1:1

Dong, G. J. Am. Chem. Soc. 2021, 143, 19311-19316



Dong’s Total Synthesis of Phainanoid A

Completion of natural product

Ni(cod),, LiBr
EtsN, MeCN, rt

21%
recovered 29%
of diastereomers

— migratory insertion —

Dong, G. J. Am. Chem. Soc. 2021, 143, 19311-19316



Dong’s Total Synthesis of Phainanoid A

Completion of natural product

Dong, G. J. Am. Chem. Soc. 2021, 143, 19311-19316

Ni(cod),, LiBr
EtsN, MeCN, rt

21%
recovered 29%
of diastereomers

migratory insertion

()

LiBr NiBrX

Si face blocked

. Me3Si N
—‘.—‘ (o) Me

Li \
o

N
.

protonation from
Re face




Dong’s Total Synthesis of Phainanoid A

Completion of natural product

Dong, G. J. Am. Chem. Soc. 2021, 143, 19311-19316

Ni(cod),, LiBr
EtsN, MeCN, rt

21%
recovered 29%
of diastereomers

migratory insertion

()

LiBr NiBrX

Si face blocked

N
.

. Me3Si N
—‘.—‘ (o) Me

A
0

protonation from
Re face




Dong’s Total Synthesis of Phainanoid A

Completion of natural product i face blocked B
— - Me,Si
N, me
Li, & “
Ni(cod),, LiBr o
EtsN, MeCN, rt
21% / \‘
recovered 29%
of diastereomers LiBr NiBrX

protonation from

— migratory insertion —
g y Re face

1 pot, 2 rings, 3 stereocenters!!

Dong, G. J. Am. Chem. Soc. 2021, 143, 19311-19316



A Challenger Succeeds: Dong’s Total Synthesis of Phainanoid A

Si face blocked

N
.

— - . Me3Si\
—‘.—‘ (o) Me

Li \
Ni(cod),, LiBr o
Et3N, MeCN, rt
21% ///"\\\
recovered 29%
of diastereomers LiBr NiBrX

protonation from

— migratory insertion —
g y Re face

1. DMP, NaHCO,

DCM
-«

2. TBAF/HOAc
61%, 2 steps

phainanoid A, 1 pot, 2 rings, 3 stereocenters!!

32 LLS from methacrolein
0.015% overall yield

Dong, G. J. Am. Chem. Soc. 2021, 143, 19311-19316



