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State-of-the-art P-chiral phosphine oxide synthesis:

A. Methylphosphonate Oligodeoxynucleotides (MPOs): Significance and Synthesis
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B. P-Chiral Phosphine / Phosphine Oxides: A Challenging Chemical Space

BIBOP

C. This Work: TLO-Based Π Reagent for Asymmetric P-C Bond Formation
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�
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P

X

Ph Me

R2

P

X

Ph LG

R2

LG
installation

conditions

Entry Leaving group (conditions) Yield e.r.

1

2

3

4

S

O

O

O

Cl (SOCl2)

Cl (MeI, then SO2Cl2)

SMe (MeI)

tBu

tBu

o-anisyl

o-anisyl OMe (MeI, then NaOMe)

no rxn /

65% 67:33

5

O o-anisyl Cl (MeI, then SO2Cl2) mixture /

88% 94:6

O SEt (EtI)o-anisyl 43% 94:6

THF, rt, 12 h

O SBn (BnBr)o-anisyl 43% 94:6

O o-anisyl OPh (MeI, then NaOPh) 80% 50:50

98:2

6

7

8

77%

Leaving Group Optimization for the Final Displacement

MeMgBr
(2.0 equiv.)P

O

Ph SH

R2

X R2

e.r. >98:2
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U���� ��
����
��� ���� ���
���������
�� ���-�� ��� ���� ���	�� 
���
� ��� ���� ��

��	�������

���	��������
�&����
���C2E6N�C�����-���������5�.EV+�

�

� �

C. Displacement

S

P
O

S

C6F5S
Me

H

Me

R1MgBr
(2.0 equiv.)

THF, rt
2 - 12 h

[Loading]

R2Li (2.0 equiv.)

THF, – 78 °C, 3 h
then MeI, rt, 1 h

[Coupling]

P

S

R1
O

S

NaOMe
(1.0 equiv.)

MeOH, rt
4 h

R3MgBr or R3Li

THF, rt or – 78 °C
2 h - 12 h

(2.0 equiv.)

[Displacement]

P

O

R1

R2
SMe P

O

R1

R2
OMe P

O

R1

R2
R3

[LG Installation]

P

S

O
S P

S

Me
O

S

P
(S)

S

O
S

OMe

P
(S)

S

O
S

P

S

O
S

Ph

1.15a: 52%, >20:1 d.r.
1.15b: 55%, >20:1 d.r.

P

S

O
S

P

S

O
S

Ph

P
(S)

O

SMePh

MeO

P
(S)

O

SMePh

Me

Me

Me

P
(R)

O

MePh

MeO

P
(R)

O

EtPh

MeO

P
(R)

O

iPrPh

MeO

P
(R)

O

tBu
SMePh

P
(S)

O

Ph

MeO

P
(R)

O

nBuPh

MeO

P
(R)

O

tBuPh

MeO

Me

P
(S)

O

Ph

MeO

Fe
P

(R)
O

Ph

MeO

P
(S)

O

Ph
OMe

MeO

O

N P
(R)

O Ph
P

(R)

O

PhFe

Me

Me

1.26a: 89%, 98:2 e.r.
[2g scale]: 84%,

97:3 e.r.
1.26b: 81%, 2:98 e.r.

1.30a: 83%, 90:10 e.r.
1.30b: 79%, 13:87 e.r.

P
(S)

O

SMe
Ph

N

P
(S)

O

SMePh

Ph

P

S

O
S

1.13a: 33%, >20:1 d.r.
1.13b: 32%, >20:1 d.r.

P

S

O
S

P
(S)

O

Ph

MeO

MeO

P
(S)

O

SMe
Ph

P
(S)

O

SMePh

Me

Me

P
(S)

O

Ph

MeO

1.32a: 93%, 97:3 e.r.
1.32b: 93%, 3:97 e.r.

OMe

1.37a: 56%, 94:6 e.r.
1.37b: 40%, 6:94 e.r.

D. Selected P-chiral ligands

B. Coupling

A. Loading

1.27a: 87%, 97:3 e.r.
1.27b: 85%, 3:97 e.r.

1.28a: 77%, 97:3 e.r.
1.28b: 68%, 3:97 e.r.

1.29a: 94%, 97:3 e.r.
1.29b: 86%, 3:97 e.r.

1.31a: 90%, 96:4 e.r.
1.31b: 84%, 3:97 e.r.

1.34a: 65%, 98:2 e.r.
1.34b: 53%, 3:97 e.r.

1.35a: 93%, 97:3 e.r.
1.35b: 88%, 3:97 e.r.

1.36a: 83%, 93:7 e.r.
[1g scale]: 70%, 91:9 e.r.

1.36b: 83%, 7:93 e.r.
1.38a: 84%, 98:2 e.r.
1.38b: 76%, 2:98 e.r.

1.33a: 93%, 98:2 e.r.
1.33b: 92%, 3:97 e.r.

1.8a: 60%, >20:1 d.r.
[10g scale]: 57%,

>20:1 d.r.
1.8b: 65%, >20:1 d.r.

1.17a: 59%, >20:1 d.r.
1.17b: 59%, >20:1 d.r.

1.18a: 54%, >20:1 d.r.
1.18b: 63%, >20:1 d.r.

Me

Me

1.19a: 67%, >20:1 d.r.
1.19b: 68%, >20:1 d.r.

1.12a: 66%, >20:1 d.r.
1.12b: 70%, >20:1 d.r.

[3g scale]: 52%,
>20:1 d.r.

1.14a: 77%, >20:1 d.r.
1.14b: 80%, >20:1 d.r.

1.16a: 68%, >20:1 d.r.
1.16b: 72%, >20:1 d.r.

1.11a: 82%, >98:2 e.r.
[5g scale]: 84%,

>98:2 e.r.
1.11b: 79%, <2:98 e.r.

1.20a: 52%, >98:2 e.r.
1.20b: 64%, <2:98 e.r.

1.21a: 81%, 61:39 e.r.
1.21b: 83%, 37:63 e.r.

1.23a: 30%, 
>98:2 e.r.

1.23b: 32%,
2:98 e.r.

1.22a: 80%, 
>98:2 e.r.

1.22b: 77%,
<2:98 e.r.

1.24a: 63%, 
>98:2 e.r.

1.24b: 61%,
<2:98 e.r.

1.25a: 32%, 
96:4 e.r.

1.25b: 23%,
3:97 e.r.

1.1a = (–)-Π (shown above)
1.1b = (+)-Π

a: from (–)-Π
b: from (+)-Π

(S) (S) (S)

(S)

(S)

(S)

(S)

[retention] [retention] [net retention over two steps]
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P

O

MePh

MeO

1) [Me3O]BF4
    50 °C

2) NaBH4, 50 °C

P

BH3

MePh

MeO

1.26a
97:3 e.r.

1.39a
96:4 e.r.

60%

O B

O

O

PMe O

O

O B

O

HO

[Coupling][Loading]

Workflow:

[Stereospecific] [Redox-economic] [Simplified procedures]

Π-Based MPO Synthesis: Workflow and Optimization

Optimization of nucleoside loading:

O T

HO

DMTrO

P

S

Me
O

S 1.12a
(2.0 equiv.)

1)

O T

O

DMTrO

P
O

Me
MeS

DBU (3.0 equiv.)

THF, rt, 12 h; workup
2) MeI (2.0 equiv.)

Et3N (2.0 equiv.)
THF, rt, 1 h

Entry Deviation from above Yield d.r.

1

2

3

4

85% 7:1

5

82% 5:1

1.3 equiv. of 1.12a

MeCN as solvent

10 equiv. DBU, 4 h

direct MeI quench methylation of T /

column after each step

71% + free dT >20:1

50% >20:16

none 88% >20:1

via OR

PMe O

SMe

(RP)-1.40
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S

P
O

S

C6F5S
Me

H

MeMeMgBr
S

P (S)

O

S

Me
Me

H

Me

(–)-Π
1.1a

1.12a (Sp)

S

P
O

S

SC6F5
Me

H

Me

(+)-Π
1.1b

MeMgBr
S

P(R)

O

S

Me
Me

H

Me

1.12b (Rp)

[Loading]

O B

DMTrO
O B

DMTrO

O
P
(R) O

Me
MeS

O
P
(S)O

Me
SMe

DBU, LiCl, DMF

[Coupling]

O B

O

TBSO

O B

DMTrO

O
P
(R)O

Me

O B

O

TBSO

O B
DMTrO

O
P
(S) O

Me

O B

O

TBSO

O T

O
P

O

Me

O B

O

TBSO

O ABz

O
P

O

Me

O B

O

TBSO

O CBz

O
P

O

Me

O B

O

TBSO

O GiBu

O
P

O

Me

DBU, LiCl, DMF

[Coupling](Rp)-1.12

(R)-loaded

(R)-coupled

(Sp)-1.12

(S)-loaded

(S)-coupled

O T

O

DMTrO

P
(R)O

MeMeS

O ABz

O

DMTrO

P
O

MeMeS

O GiBu

O

DMTrO

P
O

MeMeS

O CBz

O

DMTrO

P
O

MeMeS

(RP)-1.41
82%, 20:1 d.r.

(RP)-1.40
85%, >20:1 d.r.

(RP)-1.42
46%, >20:1 d.r.

(RP)-1.43
88%, >20:1 d.r.

O T

O

DMTrO

P
O

SMeMe

O ABz

O

DMTrO

P
O

SMeMe

O GiBu

O

DMTrO

P
O

SMeMe

O CBz

O

DMTrO

P
O

SMeMe

(SP)-1.41
90%, >20:1 d.r.

(SP)-1.40
88%, >20:1 d.r.

(SP)-1.42
59%, >20:1 d.r.

(SP)-1.43
72%, >20:1 d.r.

Protected nucleobases:

N

N

NHBz

N

N

NO

N

NHBz

N

N

N NHiBu

NH

O

thymine (T) adenine (ABz)

cytosine (CBz)guanine (GiBu)

Dinucleotide Yield (d.r.)

1.44, dT-dT (SP)
1.45, dT-dA (SP)
1.46, dT-dC (SP)
1.47, dT-dG (SP)

1.49, dA-dA (SP)
1.50, dA-dC (SP)
1.51, dA-dG (SP)

1.54, dC-dC (SP)
1.55, dC-dG (SP)

1.59, dG-dG (SP)

81% (>20:1)

1.48, dA-dT (SP)

1.53, dC-dA (SP)
1.52, dC-dT (SP)

1.57, dG-dA (SP)
1.58, dG-dC (SP)

1.56, dG-dT (SP)

75% (>20:1)

83% (>20:1)

42% (>20:1)

46% (>20:1)

77% (>20:1)

51% (>20:1)

66% (>20:1)

77% (>20:1)

91% (20:1)

71% (>20:1)

79% (>20:1)

60% (>20:1)

80% (>20:1)

39% (>20:1)

59% (>20:1)

1.55, dC-dG (RP)

1.46, dT-dC (RP)
1.57, dG-dA (RP)

1.48, dA-dT (RP) 69% (>20:1)

63% (>20:1)
70% (>20:1)

48% (>20:1)

Ψ-activated dimers:

1) TBAF

2) (+)-ψ

68% over
two steps

[builiding blocks] [oligo-ready]
[solution phase] [solid phase]

A. Route Overview and Stereochemical Assignment

B. Loaded Nucleoside Methylphosphonothioates

C. Coupled Dinucleotides

DMTrO DMTrO DMTrO DMTrO

(Sp)-1.44

1.44-47 1.48-51 1.52-55 1.56-59

1.60

NO

HN

O

Me

[retention][retention]

[inversion] [inversion]

1.44, dT-dT (RP) 75% (>20:1)
[gram scale]

O

T

O

TBSO

O

T

ODMTr

O

P
(S)

O
Me P

SO

S
Me

H

Me O

T

O

O

O

T

ODMTr

O

P
(S)

O
Me

DBU, THF

[inversion]

DBU, THF

[inversion]
then Et3N, MeIthen Et3N, MeI R1OHR1OH

R2OHR2OH
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Me

Me
(+)-limonene

Me
O

Me
(+)-cis-limonene oxide

A. Limonene-Based Ψ and Π in a Nutshell

O

P
S

S

C6F5S
Me

H

Me

(–)-Ψ

P

O

R1 R3

R2

P

O

Me OR3

OR2

P-chiral phosphine
oxides

MPOs

P

O

HS OR2

OR1

Phosphorothioates

Me

Me
(–)-limonene

Me
O

Me
(–)-cis-limonene oxide

S

P
O

S

C6F5S
H

Me

(+)-Ψ

Me

Me
O

Me
(+)-trans-limonene oxide

S

P
O

S

C6F5S
Me

H

Me

(–)-Π

Me
O

Me
(–)-trans-limonene oxide

O

P
S

S

C6F5S
H

Me

(+)-Π

Me

2 steps 3 or 5 steps

B. Enantiodivergent Synthesis of P-Chiral Phosphine Oxides and MPO

S

P
O

S

C6F5S
Me

H

Me

(–)-Π

S

P
O

S

Me
Me

H

Me

(Sp)-1.12

P

O

SMePh

MeO

P

O

PhMeS

MeO

1.11b, >98:2 e.r.

1.11a, >98:2 e.r.

PhMgBr

ArLi

ArMgBr

PhLi

5’-DMTr-dT-3’-OH

5’-OH-dT-3’-TBS

5’-OH-dT-3’-TBS

5’-DMTr-dT-3’-OH

P

O

Me OR2

OR1

(Sp)-1.44
>20:1 d.r.

P

O

Me OR1

OR2

(Rp)-1.44
>20:1 d.r.59%

35%

60%

82%

88%

83%

70%

53%
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1) NaOMe

[LG installation]
[Displacement]

[net retention
over two steps]
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2) MeI (2.0 equiv.)
    Et3N (2.0 equiv.)
    THF, rt, 1 h
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NaOMe (solid)
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MeOH + Et3N
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NaOMe + 15-crown-5

NaOMe (solid)
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NaOMe (soln.)
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NaOMe (soln.)
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20
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1.0

1.017 NaOMe (soln.)
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4

4
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48

MeOH

THF

DMSO

80%

<10% conv.

<10% conv.

/

/

97:3

MeOH

MeOH

MeOH

MeOH

MeOH

MeOH

MeOH

MeOH

MeOH

MeOH

MeOH

MeOH

MeOH

MeOH

79%

90%

no rxn

88%

89%

81%

97%

78%

93%

97%

97%

81%

76%

90%

85:15

78:22

/

96:4

50:50

98:2

96:4

93:7

90:10

98:2
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90:10

95:5

90:10
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     imidazole (2.0 equiv.)
     DMF, rt, 3 d
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        0 °C, 30 min
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THF, rt, 12 h; workup
2) MeI (2.0 equiv.)

Et3N (2.0 equiv.)
THF, rt, 1 h (SP)-1.XX
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2) MeI (2.0 equiv.)
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    THF, rt, 1 h

1.11b

1) PhLi (2.0 equiv.)
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Et3N (2.0 equiv.)
THF, rt, 1 h
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a) Sluggish cross-metathesis

Me

TBSO

Me

H H

H
OR

Me

Me

HO

Me

H H

H
OR

Me
BocHNNHBoc

b) Enolate addition

Me

TBSO

Me

H H

H

O

O

LDA, MeI

Me

TBSO

Me

H H

H

O

O

Me

single diastereomer

1) DIBAL-H
2) Ley ox.

Me

TBSO

Me

H H

H

Me
CHO

OH

(3 steps from DHEA)

Me

TBSO

Me O

H H

H
OHMe

Me

TBSO

H

H H

Me CO2tBu

low yielding, β-lactone difficult to handle

HG-II or G-II (10 mol%)

2.17: R = H
2.18: R = TMS

(5 eq.)

rt or 40 °C

Me CO2tBu

Li or B enolate
40-65% yield

d.r. = 1:1

60% <20%

TBS-DHEA

crotyl-MgBr

~70%
>20:1 dr at 3° OH

1:1 dr at Me

c) β-Lactone approach

2.20

TBS-DHEA 2.21

2.22 2.23 2.24

2.19

Side PDT:

Me

H
2.25
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Me

TBSO

Me O

H H

H Li

Me Me

Me

TBSO

H

H H

OH Me

Me

TBSO

Me

H H

H

Me

OH

OH

VO(acac)2
TBHP

Me

Me

TBSO

H

H H

OH Me
O

BF3•OEt2

Me

Me

TBSO

H

H H

Me
OH

O

semi-pinacol rearrangement PDT observed

Me

Me

TBSO

H

H H

OH Me

O

no desired Wagner-Meerwein PDT

a) Isopropenyllithium adduct

b) Dienenyllithium addition

TBDPSO

Li

O

Me

TBSO

H

H H

Me
OH

Me

TBSO

H

H H

Me

TBDPSO

R R

model: R = H, 30% yield
real system: R = OTES, no reaction

60%

BH3•DMS; Chx2BH;
CuCl + HBpin; 9-BBN;

(–)-(Ipc)2BH, etc.

no reaction

quant.

50-70%

BF3•OEt2

TBS-DHEA 2.25 2.26

2.27 2.282.29

2.32

2.33: R = H
2.34: R = OTES

2.30: R = H
2.31: R = OTES
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b) Propionitrile addition

EtCN, LDA, 
THF, -78°C

Me

Me

TBSO

H

H H

OH Me

CN

96%
d.r. = 15:1

Me

Me

TBSO

H

H H

OH Me

O
partial reduction
(DIBAL-H, etc.)

a) Various aza-enolate/pyridine additions to DHEA

Me
N

retro-aldol upon workup

N
Me

Me

retro-aldol upon workup

N
Me

X

R

addition of 2.37 worked;
downstream functionalization still challenging

Me

Me

TBSO

H

H H

OH Me

HN

c) Attempted skeletal 1,2-shift

OTMSMe

H H

H

HO
Me

CN

Tf2O, AlCl3, BF3•OEt2, Ti(OiPr)4
TiCl4, SnCl4, Comins’ reagent, etc.

TBSO

Me

H

H

TBSO

Me

H

H

OTMS

Me CN

no reaction

TBSO
Li ~50%

complex mixture or retro-aldol

HCl; NaHCO3;
AcOH; NH4Cl;
Et3N/MeOH;

pH 4 buffer, etc.

2.35 2.36 2.37: X = R = H
2.38: X = F, R = Me

TBS-DHEA

2.39 2.40

OTBS
4

2.41

Me

Me

TBSO

H

H H

OH Me

O OTBS
4

2.42

2.43 2.44
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HH

HMe

HO

Me
O

HN Me
H

H

Me

ketone
alkylation

RCM

H

HMe

O

O

O

+

N

O

PG

Me

HMe

X
H

H

HMe

O

O

O

O

O H

O

H

OH

HAT

“ABC fragment” “EF fragment”

ABC

OH

– H2O

O

O H

OR

H

OH

Wittig

O

O

O H

OR

H

OH

aldolO

O

O

+

OR

OHC

a) Endgame

1) reduction
2) Appel N

O

PG

Me

HMe

CO2R H

N

O

PG

Me

HMe

H
RO2C

Me CuX

N

O

PG

Me

HMe

H

O
OMe

OLi

N
PG

Me then MeI
O

5 stepsCO2H
Me

Me

Me

(S)-citronellic acid

olefination

6 steps

H

Me

MeEF

2.1 2.45 2.46

2.47 2.48 2.49

2.502.512.52

[O]

2.53 2.54

2.552.562.57

b) ABC fragment

c) EF fragment

ref. 14

ref. 12g
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OMOM

O

OTBS

OTBS

CHO

O

O
OH

O

OTBS

LDA MOMCl

O

O
OMOM

OTBS

O

O
OMOM

O

1) TBAF
2) MnO2

O

O

O

Me

H
OMOM

H

H

2.64
major diastereomer

Fe(acac)3
PhSiH3

O

O

O

+
MePPh3Br

nBuLi
65%

wrong stereochem.
at 6-5 ring junction

73% 94%

82% overall

H H

HH
41%

2.58
(ref. 17)

2.59 2.60 2.61

2.622.63
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O
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OBz

Fe(acac)3
PhSiH3

O

O

O

Me

H

OBz

Me

O

O
OBz+

OTBS

2.74
31% (1:1 d.r.)

2.75
47%

BzO I

+

O

O
CHO

CrCl2 (2 eq.)
CoPc (cat.)
H+ sponge

O

O

OBz

H
OH

O

OTBS

O

O
O

O

OPG

H
O

O

O H
OH

O
OTBS

+

MgBr

ketone
synthesis CBS

N

O
OMe

Me

+ β,γ-unsaturated aldehyde
readily isomerized to α,β

2.68
extremely unstable

2.65
readily isomerizes

Mn, LiCl
Cp2ZrCl2

2.66 2.67

(a) NHK with alkyl iodide

(c) Intermolecular HAT

2.72 2.73

(b) Weinreb amide approach

2.69 2.70 2.71
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a) ABC fragment: literature precedented C-ring annulation

Me
O

O

O

[1 step from (S)-Wieland
-Miescher ketone]

ref. 18b

OEt
P
O

OMe
OMe

Br+

LDA, HMPA;
then HCl

63%
d.r. ≈ 1:1

Me
O

O

O

O
P

OMeO
OMe

Cs2CO3

74%

O

O

O

Me

H

single diastereomer

b) ABC fragment: endgame model studies

Me

MeO

OTf
Me

NaHMDS
44%

single diastereomer
[Table S2.1]

Cu(OAc)2•H2O
dppbz, tBuOH

PMHS
Me

O

O

O

H

HH

81%

Me

O

O

H

HH

Me

MeO
Me

single diastereomer
ref. 19

[Table S2.4a]

HG-II (20 mol%)Me

O

O

H

H

Me Me
OMe

H
49% conv.
28% yield

MePh, 40 °C, 12 h
78%

MePPh3Br
KOtBu

ref. 18

MePh, 70 °C, 16 h

2.76 2.77
2.78

2.79

2.79
Me

O

O

O

H

H

Me

MeO
Me

Me

MeO
Me2.80

2.81 2.82

2.832.84
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Me
O

O
2.85

(S)-W.M.K.

Me
O

BnO

O

BnO

Me

H

2.91

1) 2.77, LDA
    HMPA;
    then HCl
2) Cs2CO3

1) Ac2O, pTSA
2) NaBH4 (xs.)

65% overall

Me
OH

HO

1) TBSCl
2) Swern

BnO

Me
OH

+

HO

Me
OBn

+ 24% bis-
benzylation

2.87
12%

2.88
48%

Dudley
reagent

1) TBAF
2) Dudley
    reagentMe

O

TBSO
67% overall

63%
overall

71%

2.86

2.89 2.90

9:1 d.r.
after recry.:
>20:1 d.r.

ref. 12j

ref. 12j
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Me

Me

Me
HO2C

2.93
(S)-citronellic acid

Me

Me

Me
OHC

2.92
(S)-citronellal

AgNO3
NaOH

Me

Me

Me
CbzHNDPPA, TEA, 

Toluene; 
BnOH

1. OsO4
    NaIO4 N

Me

NBS, 
H2O

N

Me

HO

Br

NaH,THF
 0°C; thenN

Me

N

MeO
O

N

MeO
O

Me H H

94% 92% 2. TFA
~ 80% over 
2 steps

MgCl

1) OsO4, NaIO4
2) TPAP, NMO

-78 °C, 40 min
95%

ref. 12g

LDA, MeI
HMPA

HO

2.99
single diastereomer

H H

56% overall

Cbz

CbzCbzCbzCbz

2.94 2.95

2.962.972.98

85%

95%
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85%

N

MeO
O

Me H 1) Pd/C, H2
2) BsCl N

MeO
O

Me H
Bs

N

MeO

Me H

H

Bs

tBuO2C

then Burgess
OtBu

OLi

90%

N

MeO

Me Bs
Me H

HtBuO2C

N

MeOHO

Me Bs
Me

Me

Li

90%

H

H

Lewis acid
Nu N

MeOR

Me Bs
Me H

H
2.104

Me

H
N

OMe
AlMe3quant.

N

MeHO

Me H
N

MeO
O

Me
Bs ring

closure? N

MeO

Me Bs
Me H

H
X

Cbz

H H

N

MeOHO

Me Cbz

Nu

H

H

2.99 2.100

2.101 2.102

2.103

Me CuX

no reaction

OtBu

OLiMe

Li

or

complex mixture

(Nu = TMSCN, acetate enolate, Me2Zn)

2.105
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N

MeO
O

Me H

H

Bs Me

H
N

OMe
AlMe3

quant.

N

MeHO

Me H
N

MeO
O

Me
Bs PMBO CCl3

NH

La(OTf)3

70%

N

Me
PMBO

Me H
N

MeO
O

Me

Me

Li
OtBuMe

O

LDA

93%

Cl OEt

O

KHMDS

59%

LiAlH4

Pd(OAc)2
PPh3

95%

90%

N

Me
PMBO

Me H

O
Me

N

Me
PMBO

Me H

OH
Me

tBuO2C

N

Me
PMBO

Me H

OH
Me

HO

TBDPSCl 93%

N

Me
OPMB

Me H

HO

Me

OTBDPS

N

Me
OPMB

Me H

EtO2CO

Me

OTBDPS

N

MeHO

Me H

EtO2CO

Me

OTBDPS

DDQ

50%

52%

N

MeO

Me H

H

Me

TBDPSO

1) TBAF, 90%
2) Tf2O,
    2,6-lutidine,
    75%N

MeO

Me H

H

Me

TfO

Bs

Bs

Bs Bs Bs

Bs

Bs

Bs

Bs

d.r. = 10:1
favors desired stereochem!

>20g prepared
10g single pass

2.100 2.105 2.106

2.1072.1082.109

2.110 2.111 2.112

2.1132.114

[Table
S2.8a]
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i) Endgame sequence

Me

BnO

O

H

N

MeO

H

H

Me

Me

TfO

Me

BnO

O

H

N
Bs

Me

O
H

H

MeMe

H

Bs

+

(1.0 eq.) (1.2 eq.)

NaHMDS (1.1 eq.)

33% yield
single diastereomer

Cu(OAc)2, dppbz, 
PMHS, tBuOH

40°C

43%
>20:1 d.r.

Me

BnO

O

H

N
Bs

Me

O
H

H

MeMe

HH

MePPh3Br, KOtBuMe

BnO

H

N
Bs

Me

O
H

H

MeMe

HH

HG II (20 mol%)
MePh, 70°C, 16 h

45% conv.
20% yield

O

N

BnO

Me

H

H

H

Me
Me

H

H
MeBs

76%

 known 2-step
deprotection O

HN

HO

Me

H

H

H

Me
Me

H

H
Me

cyclopamine (2.1)

ref. 10

2.91 2.114
2.115

2.1162.117

2.118
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a) Reaction of Interest

NHPI, DIC;
NiCl2•DME,

ligand

BnO

Me H

H

CO2H

H
+

N

O

Bs

Me

HMe

CO2H H

Me

BnO

Me H

H

O

Me
Me N

Bs

Me

H

H

Href. 20

b) Brief summary of reaction screening
i) Best condition found:

N

O

Bs

Me

HMe

H

Me

(1 eq.)

NHPI O

CONHPIH

H

Me

H

BnO

(3 eq.)

+
Me

BnO

H

N
Bs

Me

O
H

H

MeMe

HH

16% yield

NiCl2•DME (1 eq.)
4-OMe-H-PyBox

(1 eq.)
NaI (0.2 M)

DMF (0.033 M),
(+)Zn/(–)Ni,

4 mA, 4 F/mol

Variables screened: Ni source, other metals, RAE, ligand, concentration, temp., additive, anode, cell type, DC vs. rAP

ii) Common side product:

N

HO

Bs

Me

H
Me

Me possibly via

2.123
~30% in most cases

N

O

Bs

Me

HMe

NiLn
H

Me

relief of
ring strain

N

LnNiO

Bs

Me

H
Me

Me
β-O elim.

2.119 2.120 2.117

2.121 2.122 2.117
[Table S2.2]
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N

O

Bs

Me

HMe

HO2C H

Me

O

N

O

Bs

Me

HMe

H

Me

HO2C

N

OPMB

Bs

Me

HMe

HO2C

Me

OH

N
S

MeO

H

H

Me
MeO

HO2C

O Ph
O

a) Other substrates tried

complex mixture elimination of OH

2.128

trace PDT
~30% ring opening

c) Control experiment with other metals

N

O

Bs

Me

HMe

HO2C H

Me

Me

10% yield
~30% ring opening

b) Attempted 1°-2° coupling

N

O

Bs

Me

HMe

H

Me

Cy

cyclohexyl-
RAE

25%
no ring
opening

CONHPI
H

H

Me

H

BnO

However,

no rxn

Ph CONHPI
4

Fe(acac)3, ligand,
PhMgBr•LiClN

O

Bs

Me

HMe

H

Me

NHPI O

N

HO

Bs

Me

H
Me

Me

~50%

N

TMSO

Bs

Me

H
Me

Me
no PDT detectedno PDT detected

PhCHO
CrCl2, TMSCl

93%

2.124 2.125 2.126 2.127

2.129 2.130

2.121 2.1232.131
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a) General disconnection

BnO

Me H

H
OHO

N

H

HMe Bs

MeH

Me Prins
conditions

BnO

Me H

H

O

N
Me

H

H
Me

Bs Me

known
intermediates

b) Synthesis of Prins precursor

BnO

Me

O

H

N

O

Bs

Me

H

H

Me
MeO
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 i) Tsuji-Trost
ii) Metathesis

Convergent coupling
      [1,2-addition]

BsHN OBn

ABC fragment (2.139) EF fragment (2.140)
Concise, asymmetric
 fragment syntheses
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P
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key disconnections

i) [3 + 2]
ii) Alkylation
iii) Reduction
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45% over
3 steps

[single diastereomer]

(S)-Wieland-
Miescher ketone (2.141)

7.

[gram scale]

2.144

2.147 2.1462.139

8. MePPh3Br,
    KOtBu
9. DIBAL-H
10. I2, PPh3

PPh2

PPh2

dppbz

[single diastereomer]

2.145
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O

2.142

ethylene
glycol,
pTSA

KOtBu,
AcOH;

then NaBH4

BnBr,
KHMDS;
then H+

[gram scale]

Conditions Yield

0%
Mn(dpm)3, PhSiH3 decomp.

0%
Cu(OAc)2, dppbz, 

PMHS
86%

Stryker’s reagent

SmI2

1. 2. 3.
(via 2.144)

[single diastereomer]
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9
46% overall

(9:1 dr,
>20:1 dr after recry.)
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OTBSO
OO

H

N

O

Bs

Me
O

H

H

N

Me

Bs

TESO

Me

O
Me

H Me Li
then TESCl

a. Pd2(dba)3, L1,
    K2CO3, NH4OAc

75%
97% ee

d. AIBN,
    Bu3SnH

e. LHMDS,
MeI, HMPA

71%

f.

[single diastereomer]

2.148 2.149

2.140

[single diastereomer]

65%

OO

H
N

Me

2.150

methallyl acetate

b. BsNHOBn, 
    DBU, THF;
    then Zn0,
    NH4Cl (aq.)

71%, 71% ee
(after recry.: >97% ee,

50% overall)

Conditions Yield

NIS, K2CO3
PIDA, I2, hv

KOtBu, I2

20%
complex mixture

40%
51%

N
OO

H

H SO O

Me

I

Bs
H

Me
N

O

Bs

Me
O

H

H
95%

2.153

NHRRHN
L1

O
PPh2

R =

H•

N
OO

H

H S
O O

Me

via 6-endo-
trig

DBU, I2

2.1512.152

c.

5

3

[gram scale]
[gram scale]

(10:1 dr)[single diastereomer]

(+21% 2.150)

Me
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BnO

H

H

H

OH
Me

Me
N

O
TES

H
Bs

Me Me

BnO

H

H

H

OBoc
Me

Me
N

HO

H
Bs

Me

Me

BnO

H

H

H

Me
O

N
Bs

Me
H

H
Me

Me

BnO

H

H Me O

Me

N

Me

BsH

H

H

11. tBuLi,
LaCl3•2LiCl

71%

Me

HO

H

H Me O

Me

N

Me

HH

H

H

12. KHMDS, 
      Boc2O
13. HF•pyr

14. Pd(OAc)2,
          PPh3

15.

Ru

NNAr Ar

Cl
Cl

Ph

PCy3

73%

16. LiDBB

78%

[single diastereomer]
[X-ray]

2.139   +   2.140
58% over
2 steps

[single diastereomer]

(–)-cyclopamine (2.1)

2.154 2.155

Cat. Yield

20%
31%
67%
70%

Solvent

85%

Ru

O
iPr

NNAr Ar

Cl
Cl

Ru-1
Ru-2
Ru-3

Ru-3
Ru-2

MePh
MePh
MePh

F8-MePh
F8-MePh

Conv.

45%
54%
90%
90%
full 2.117

2.118

Ru-1: Ar = mesityl
Ru-2: Ar = o-tolyl

Ru-3: Ar = mesityl

[Table S2.8b]
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Reagents and conditions: 1) pTSA•H2O (1 eq.), ethylene glycol, rt, 30 min. 2) KOtBu (2 eq.), THF, 

0 °C to rt, 2 h; then AcOH (3 eq.), rt, 2 min; then NaBH4 (4 eq.), EtOH/THF (2:3 v/v), 0 °C, 1 h. 3)

BnBr (2.5 eq.), KHMDS (1.2 eq.), THF, 0 °C to rt, 8 h; then pTSA•H2O (3 eq.), acetone/H2O/THF 

(1:1:2 v/v/v), rt 16 h. 4) LDA (1.2 eq.), 2.143 (1.2 eq.), HMPA (2.6 eq.), THF, –78 °C to rt, 16 h; then 

1 M aq. HCl (5 eq.), acetone/THF (1:2 v/v), rt, 8 h. 5) Cs2CO3 (5 eq.), THF, 50 °C, 16 h. 6) LHMDS 

(1.2 eq.), tert-butyl bromoacetate (4 eq.), DMI (4 eq.), THF, -78 °C to rt, 6 h. 7) Cu(OAc)2•H2O (20 

mol %), dppbz (10 mol %), tBuOH (4 eq.), PMHS (4 eq.), MePh, 40 °C, 16 h. 8) MePPh3Br (4 eq.), 

KOtBu (3 eq.), THF, 0 °C to rt, 2 h. 9) DIBAL-H (4 eq.), DCM, 0 °C, 2 h. 10) I2 (1.2 eq.), PPh3 (1.2 

eq.), imidazole (1.3 eq.), DCM, 0 °C, 2 h.

Me

O

Me

HO

2. KOtBu,
then AcOH,
then NaBH4

68%
>20:1 dr

Me

BnO

O3. KHMDS, BnBr;
then pTSA•H2O

91%

Br
OEt

P
O

OMe
OMe

4. LDA, 2.143,

then HCl

Me

BnO

O
O

P

H

OMe

O

OMe

5. Cs2CO3

42%, 9:1 dr
(>20:1 dr

after recry.)

2.143

Me

BnO

O

H
Me

BnO

O

H CO2tBu

H

Br CO2tBu
LHMDS, DMI

6.

93%
>20:1 dr

Me

BnO

O

H CO2tBu

HH

Me

BnO

H CO2tBu

HH

Me

BnO

H

HH

I
8. MePPh3Br

KOtBu

80%

9. DIBAL-H

57% over
2 steps

Cu(OAc)2
dppbz, PMHS

86%

7.

SI-2.2SI-2.1 2.142

2.1442.1452.146

2.1392.147 SI-2.3

O
O

O
OO

Me

O

10. I2, PPh3

2.141

1. ethylene
    glycol,
    pTSA•H2O

75%

HMPA;

>20:1 dr
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Reagents and conditions: a) Pd2(dba)3 (5 mol %), L1 (12 mol %), 

NH4OAc (20 mol %), K2CO3 (2 eq.), methallyl acetate (2 eq.), THF, -

20 °C, 10 h. b) BsNHOBn (2 eq.), DBU (0.5 eq.), THF, -20 °C, 24 h; 

then Zn0 (40 eq.), sat. aq. NH4Cl, reflux, 16 h. c) KOtBu (1.5 eq.), I2 (3 

eq.), MePh, 0 °C to rt, 9 h. d) AIBN (0.2 eq.), Bu3SnH (2 eq.), MePh, 

100 °C, 1 h. e) LHMDS (1.2 eq.), MeI (1.2 eq.), HMPA (1.2 eq.), THF, -78 °C, 1 h. f) 2-lithiopropene 

(2.0 eq.), THF, -78 °C; then TESCl (5.0 eq.), THF/pyr (2:3 v/v), rt, 6 h.

OTBSO OO

H Me

N

O

Bs

Me
O

H

H

N

O

Bs

Me
O

H

H

Me
N

Me

Bs

TESO

Me

O
Me

H Me Li
then TESCl

75%
97% ee

c.

d. AIBN,
    Bu3SnH

e. LHMDS,
MeI, HMPA

71%
>20:1 dr

f.

95%
>20:1 dr

2.148 2.149 2.151

2.140 2.153 2.152

65%

OO

H
NHBs

Me

2.150

N

O

Bs

Me
O

H

H I
71%, 71% ee

(>97% ee
after recry.,

50% overall)
>20:1 dr

b. BsNHOBn, 
    DBU, THF;
    then Zn0,
    NH4Cl (aq.) KOtBu, I2

51%, 10:1 d.r.

a. Pd2(dba)3, L1,
    K2CO3, NH4OAc

methallyl acetate

HNNH
OO

PPh2

PPh2

L1
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Reagents and conditions: 11) 2.139 (2 eq.), 2.140 (1 eq.), tBuLi (3.9 eq.), LaCl3•2LiCl (2 eq.), 

THF/Et2O (1:2 v/v), -78 to -40 to -78 °C, 3 h. 12) KHMDS (2 eq.), Boc2O (2 eq.), THF, -78 °C, 1 h. 

13) HF•pyr (ca. 120 eq.), pyr (ca. 120 eq.), THF, rt, 3 d. 14) Pd(OAc)2 (1 eq.), PPh3 (4 eq.), DMF, 

120 °C, 2 h. 15) Ru-3 (60 mol %), F8-MePh, 70 °C, 16 h. 16) LiDBB (12 eq.), THF, -78 °C, 2 h.

Me

BnO

H

H

H

OH
Me

Me
N

O
TES

H
Bs

Me Me

BnO

H

H

H

OBoc
Me

Me
N

O

H
Bs

Me

Me

BnO

H

H

H

Me
O

N
Bs

Me
H

H
Me

Me

BnO

H

H Me O

Me

N

Me

BsH

H

H

11. tBuLi,
LaCl3•2LiCl

71%
>20:1 dr

Me

HO

H

H Me O

Me

N

Me

HH

H

H

12. KHMDS, 
      Boc2O

14. Pd(OAc)2,
      PPh3

15.

Ru

NNMes Mes

Cl
Cl

Ph

PCy3

73%
>20:1 dr

16. LiDBB

78%

2.139
+

2.140 64%

cyclopamine (2.1)

2.154 SI-2.5

85%
Ru-3 F8-MePh

2.117

2.118

Ru-3

TES

13. HF•pyr

Me

BnO

H

H

H

OBoc
Me

Me
N

HO

H
Bs

Me

91%

2.155
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Me

O

O

O

Me

O

O

O

H
Me

Me
OMe

H

Me

MeO

X

Me (2.0 eq.)

H base (1.2 eq.)
conditions

conditions results

LDA

LHMDS

NaHMDS

KHMDS

KOtBu

THF, 0 °C to rt, 12 h
THF, 0 °C to rt, 12 h
THF, 0 °C to rt, 12 h

THF, 0 °C to rt, 12 h

NaH

base

HMPA (2 eq.), THF, -78 °C to rt, 12 h
HMPA (2 eq.), THF, -78 °C to rt, 12 h

40% conv., complex mixture
~30 % conv., clean, trace PDT

no rxn

full conv., complex mixture

full conv., complex mixture

65% conv., 47% yield, 27% SM recovered

no rxn

no rxn

enone γ-alkylation only (10%)
enone γ-alkylation only (18%)

no rxn
LDA

LHMDS

NaHMDS

KHMDS
KOtBu

THF, 0 °C to rt, 12 h
THF, 0 °C to rt, 12 h
THF, 0 °C to rt, 12 h
THF, 0 °C to rt, 12 h

NaH

HMPA (2 eq.), THF, -78 °C to rt, 12 h
HMPA (2 eq.), THF, -78 °C to rt, 12 h

no rxn

OTf

OTf

OTf

OTf

OTf

I

I

I

I

I

I

OTf

X
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N

O

Bs

Me

HMe

H

Me

(1 eq.)

N

O

Bs

Me

HMe

H

Me

Ph 4

18% yield

N

HO

Bs

Me

H
Me

Me+

~30%

Deviation from above Results

0.0067 M 10% yield

0.067 M 17% yield

2 eq. AcOH as additive 17% yield

terpy as ligand only hydrolysis to acid

NHPI O

Ag NP conditions only hydrolysis to acid

Mg anode 5% yield (NMR)

2 mA current 11% yield (NMR)

PyBox as ligand (no 4-OMe) 8% yield (NMR)

Ni anode no reaction

Ph CONHPI

NiCl2•DME (1 eq.)

4-OMe-H-PyBox (1 eq.)

0.2 M NaI, 0.033 M in DMF,
(+)Zn/(–)Ni, 4 mA, 4 F/mol

(3 eq.)
4

4-NMe2-H-PyBox as ligand 11% yield (NMR)

4-Cl-H-PyBox as ligand trace PDT, mostly hydrolysis to acid

4 eq. Ni and ligand 16% yield (NMR)

Al anode only hydrolysis to acid

2 eq. acac as additive trace PDT, mostly hydrolysis to acid

Ni(BPhen)Cl2•2DMF only hydrolysis to acid

Ni(dppp)Cl2 messy rxn, no PDT

Ni(dppe)Cl2 messy rxn, no PDT

neocuproine as ligand only hydrolysis to acid

4,4’-OMe-bipy as ligand trace PDT, mostly hydrolysis to acid

(R,R)-iPr-PyBox as ligand 5% yield (NMR)

4,4’,4’’-tri-tBu-terpy as ligand trace PDT, mostly hydrolysis to acid

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15

Entries

16
17
18
19
20
21
22 0 °C, 16 F/mol 11% yield, ~30% ring opening

N N

Ph Ph

N N
MeMe

NO

N N

O

R

4-R-H-PyBox
(R = OMe, Cl, NMe2, etc.)

NO

N N

O

iPr iPr

(R,R)-iPr-PyBox neocuproine

BPhen (bathophenanthroline) 4,4’-OMe-bipy

N N

MeO OMe

N

tBu

N N

tBu tBu

4,4’,4’’-tri-tBu-terpy
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BnO

Me H

Me

H

O

Me
N

H

H

Bs Me

Prins

structure fully assigned
A

BnO

Me H

Me

H

O

Me
N

H

H

Bs Me

B
exact structure TBD

Conditions Results

pTSA (0.1 eq.), MePh, rt, 1 h

pTSA (0.1 eq.), MePh, 40 °C, 16 h

TFA (1 eq.), DCM, 0 °C, 30 min

Bi(OTf)3 (1 eq.), DCM, rt, 30 min

BF3•Et2O (1 eq.), AcOH (10 eq.), DCM, 0 °C, 30 min

Amberlyst 15, DCM, rt, 2 h

full conv., predominantly A (40% isolated yield), traces of B
full conv., predominantly A, traces of B
full conv., predominantly A, traces of B
full conv., predominantly A, traces of B
full conv., predominantly A, traces of B
full conv., predominantly A, traces of B

FeBr3, -78 °C, 1 h exclusive formation of B

BiBr3, -78 to -50 °C, 2 h formation of a new, unidentified side PDT

InBr3, -78 °C to rt, 16 h sluggish reaction, mixture of A and B

 HFIP, 80 °C, 16 h mixture of A and B
H2O, 80 °C, 4 d extremely slow reaction

neat, 80 °C, 4 d extremely slow reaction

BnO

Me H

H
OHO

N

H

HMe Bs

Me

Me

H
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conditions results

Mn(dpm)3 (20 mol %), PhSiH3 (1.5 eq.), THF, rt, 12 h
Mn(dpm)3 (20 mol %), PhSiH3 (1.5 eq.), THF, 60 °C, 12 h

Mn(dpm)3 (20 mol %), PhSiH3 (1.5 eq.), TBHP (2 eq.), THF, rt, 2 h

SmI2 (2 eq.), iPrOH (10 eq.), THF, rt, 12 h

[Cu(PPh3)H]6 (1 eq.), PhH, 80 °C, 12 h
[Cu(PPh3)H]6 (1 eq.), MePh, 130 °C, 12 h

no reaction
no reaction
no reaction

non-selective reduction of all olefins

no reaction

complex mixture

Me

O

O

O

H
Me

Me
OMe

H

Me

O

O

O

H
Me

Me
OMe

H

conditions

H

Cu(OAc)2•H2O (1 eq.), dppBz (0.5 eq.), PMHS (3 eq.), MePh, rt, 12 h 53% yield, 34% SM recovered

only 1,2-reductionL-selectride, THF, -78 °C to rt, 4 h

Me

O

H CO2tBu

H

Me

O

H CO2tBu

H

conditions

H
BnO BnO

conditions results

Cu(OAc)2•H2O (1 eq.), dppBz (0.5 eq.), PMHS (3 eq.), MePh, rt, 2 d 47% yield, 40% SM recovered
Cu(OAc)2•H2O (1 eq.), dppBz (0.5 eq.), PMHS (3 eq.), MePh, 40 °C, 16 h 81% yield
Cu(OAc)2•H2O (0.2 eq.), dppBz (0.1 eq.), PMHS (4 eq.), MePh, 40 °C, 16 h 86% yield

(A)

(B)
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OO

H

Me OO H Me

N3HR R

R = H or Me

XN3
(X = Na, Li, H, TMS)

   various solvents
various temperatures

PR3; then, BsCl

OO H Me

NHR

Bs
H

. significant effort was directed towards 1,4-azidation of our key butenolide fragment, which at the onset 
seemed feasible given the plethora of literature examples (with varying γ-substitution) on known 
butenolides. However, in our hands none of these reported methods ever yielded any desired product - which,
we hypothesized may have been due to our γ-substituant lacking electron withdrawing character.

OO

H

Me
OO H Me

NH
Bs

OBn

THF [0.25], 12 hr
conditions

entry conditions results

BsNHOBn (2 eq.)

BEMP (10 mol%), RT

DBU (10 mol%), RT

R
R

1

2

R

Me

3 H

4

DBU (10 mol%), RT

(0.1 mmol)

80% yield, 42% e.e.5

DBU (10 mol%), -20 oC 20% yield, 99% e.e.6a

DBU (1 eq), -20 oC 80% yield, 82% e.e.7

TEA (10 mol%), RT NAR

8 DBU (50 mol%), -20 oC 80% yield, 70-75% e.e.

9a DBU (25 mol%), -20 oC 57% yield, 89% e.e.

10b DBU (50 mol%), -20 oC 80% yield, 70-75% e.e.

a prolonged reaction times, to achieve higher conversion/yield, resulted in 
significant enantio-erosion
b >1g scale(s), slow addition of DBU (on scale, these conditions were the 
most robust - and, recrystallization allowed access to enantiopure material)

OO H Me

NH
Bs

H

entry resultsconditionspot

two-pot

two-pot

1

2

conditions

HO2C
HO H Me

NH
Bs

H

+

Zno, AcOH:H2O:DCM, RT NAR

Zno, HCl (10%), THF, RT NAR

3 two-pot SmI2, THF, RT trace 3

4c,d two-pot Zno (20 eq), sat'd NH4Cl [0.1], 
        100 oC, overnight

1
2 3 4

full conversion, 22%             
         3, 52% 4

5c,d two-pot

0.1 mmol

Zno (20 eq), sat'd NH4Cl [0.1], 
        75 oC, overnight

Zno (20 eq), sat'd NH4Cl [0.05], 
          75 oC, overnight

two-pot6c,d

50% conversion, 
 20% 3, 17% 4

full conversion, 
50% 3, 30% 4

7c,d

one-pot   BsNHOBn (1.2 eq); Zno (40 eq), 
sat'd NH4Cl [0.05], 100 oC, overnight

full conversion, 
40% 3, 24% 4

80% yield, 1% e.e.

NAR

8c,d

  BsNHOBn (2 eq); Zno (40 eq), 
sat'd NH4Cl [0.05], 100 oC, overnight

one-pot full conversion, 
55% 3, 25% 4

  BsNHOBn (2 eq); Zno (40 eq), 
sat'd NH4Cl [0.05], 100 oC, overnight

full conversion, 
71% 3, 0% 4

one-pot   BsNHOBn (1.2 eq); Zno (40 eq), 
sat'd NH4Cl [0.05], 75 oC, overnight

variable conversion,
    30-40% yield 3

9c,d

10e,f one-pot

c 4 could be quantitatively lactonized to 3 using EDCI (1.5 eq), HOAt (1.5 eq), 
and DMF [0.01] (rt, overnight)
d 3 maintains the enantiopurity determined for 2, Zno reduction does not racemize
e 1g scale(s); although stalling was sometimes observed on scale, the reaction could
 be cooled to RT and be re-acidified with 6M HCl along with additional NH4Cl (s) (40 eq)
and taken back to reflux - also re-lactonizes any 4 that is present

NAR

BEMP (10 mol%), RT

#� 
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OO

H

Me OO H Me

N3HR R

R = H or Me

XN3
(X = Na, Li, H, TMS)

 various solvents
various temperatures

PR3; then, BsCl

OO H Me

NHR

Bs
H

. significant effort was directed towards 1,4-azidation of our key butenolide fragment, which at the onset 
seemed feasible given the plethora of literature examples (with varying γ-substitution) on knownγγ
butenolides. However, in our hands none of these reported methods ever yielded any desired product - which,
we hypothesized may have been due to our γ-substituant lacking electron withdrawing character.γγ

OO

H

Me
OO H Me

NH
Bs

OBn

THF [0.25], 12 hr
conditions

entry conditions results

BsNHOBn (2 eq.)

BEMP (10 mol%), RT

DBU (10 mol%), RT

R
R

1

2

R

Me

3 H

4

DBU (10 mol%), RT

(0.1 mmol)

80% yield, 42% e.e.5

DBU (10 mol%), -20 oC 20% yield, 99% e.e.6a

DBU (1 eq), -20 oC 80% yield, 82% e.e.7

TEA (10 mol%), RT NAR

8 DBU (50 mol%), -20 oC 80% yield, 70-75% e.e.

9a DBU (25 mol%), -20 oC 57% yield, 89% e.e.

10b DBU (50 mol%), -20 oC 80% yield, 70-75% e.e.

a prolonged reaction times, to achieve higher conversion/yield, resulted in 
significant enantio-erosion
b >1g scale(s), slow addition of DBU (on scale, these conditions were the 
most robust - and, recrystallization allowed access to enantiopure material)

OO H Me

NH
Bs

H

entry resultsconditionspot

two-pot

two-pot

1

2

conditions

HO2C
HO H Me

NH
Bs

H

+

Zno, AcOH:H2O:DCM, RT NAR

Zno, HCl (10%), THF, RT NAR

3 two-pot SmI2, THF, RT trace 3

4c,d two-pot Zno (20 eq), sat'd NH4Cl [0.1],
  100 oC, overnight

1
2 3 4

full conversion, 22%            
         3, 52% 4

5c,d two-pot

0.1 mmol

Zno (20 eq), sat'd NH4Cl [0.1],
        75 oC, overnight

Zno (20 eq), sat'd NH4Cl [0.05],
  75 oC, overnight

two-pot6c,d

50% conversion,
 20% 3, 17% 4

full conversion, 
50% 3, 30% 4

7c,d

one-pot   BsNHOBn (1.2 eq); Zno (40 eq), 
sat'd NH4Cl [0.05], 100 oC, overnight

full conversion,
40% 3, 24% 4

80% yield, 1% e.e.

NAR

8c,d

  BsNHOBn (2 eq); Zno (40 eq),
sat'd NH4Cl [0.05], 100 oC, overnight

one-pot full conversion, 
55% 3, 25% 4

 BsNHOBn (2 eq); Zno (40 eq), 
sat'd NH4Cl [0.05], 100 oC, overnight

full conversion, 
71% 3, 0% 4

one-pot   BsNHOBn (1.2 eq); Zno (40 eq),
sat'd NH4Cl [0.05], 75 oC, overnight

variable conversion,
    30-40% yield 3

9c,d

10e,f one-pot

c 4 could be quantitatively lactonized to 4 3 using EDCI (1.5 eq), HOAt (1.5 eq), 3
and DMF [0.01] (rt, overnight)
d 3 maintains the enantiopurity determined for 3 2, Zno reduction does not racemize
e 1g scale(s); although stalling was sometimes observed on scale, the reaction could
 be cooled to RT and be re-acidified with 6M HCl along with additional NH4H Cl (s) (40 eq)
and taken back to reflux - also re-lactonizes any 4 that is present

NAR

BEMP (10 mol%), RT
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OO

Me
H

NH
S

O
Ph

O

Conditions

O

N
O

Me

S OO
Ph

I

Entry Reagent Result

1.
2.
3.
4.
5.

I2, NaHCO3, MeCN
I2, Chloramine-T, MeCN

NIS, DCM: HFIP
NIS, pTSA, DCM

NIS, K2CO3, DCE

No desired pdt
Traces of pdt

Traces of pdt, messy
Complex mixture

Low conversion

6.

KOtBu, 0 °C, 30 min; then I2, MePh, rt, 9 h 51% pdt, 47% recovered SM (note 1)

7. PIDA, I2, DCM, hv (125W, whiite LEDs) Complex mixture

8. Snyder's reagent, MeNO2, 0°C, 1h

O

N
O

S OO
Ph

O

NH
O

Me

S OO
Ph

OH
NHAc

pdt1 pdt2

Snyder's reagent, MeNO2, rt, 2h
Snyder's reagent, DCM, 0°C, 1h
Snyder's reagent, DCM, rt, 1h

Snyder's reagent, MeCN, 0°C, 1h
Snyder's reagent, MeCN, rt, 1h

9.
10.
11.
12.
13.

No reaction

No reaction

No reaction

Complex mixture

pdt1

pdt2

14. LHMDS, Toluene -78°C; I2, -78°C to rt
NaHMDS, Toluene -78°C; I2, -78°C to rt
KHMDS, Toluene -78°C; I2, -78°C to rt

15.
16.

17. TMG, 10’; then I2, MePh, rt, 2h 60% conv., 30% 
isolated yield

Low conv. in 6h, pdt observed;
Full conv. in 24h, no pdt observedTMG, 10’; then I2, MePh/THF, rt, 4h

TMG, 10’; then I2, DCM, rt, 2h

Low conversion, byproduct observedBarton’s base, 10’; then I2, MePh, rt, 2h

Low conv. in 6h, pdt observed;
Full conv. in 24h, no pdt observed

18.

19.

20.

SM recovered
SM recovered
Elimination pdt

DBU, rt, 10’; then I2, DCM, rt, 16h
Et3N, rt, 10’; then I2, DCM, 35 °C, 16h no conversion

~90 conv., ~40% yield

21.
22.

DBU, rt; then NIS, DCM, rt

23.

NIS, K2CO3, DCM ~20% yield, low conv.

24.
25. 25% yield

DBU, rt; then NIS, MeCN, rt Low conversion

NIS(xs), K2CO3(xs), DCM Complex mixture

26.
NIS, K2CO3, DMF Complex mixture27.
Palau'Chlor, CHCl328.

O

NH
O

Me

S OO
Ph

Cl

N

Br
S+

EtEt
SbCl5Br

Snyder's reagent

NHCO2Me
MeO2CHN

no pdt (note 2)

OO

Me
H

N
S

O
Ph

O

Cl

First hit!
N-centered radical

Clean profile

Not reproducible on large scale

Notes

Note 2: Byproducts isolated from the Palau’Chlor reaction:

same as entry 22, with 3 eq. TEMPO29. no reaction

Note 1: If left for another 16 h, the reaction resulted in 15% isolated yield and ca. 80% recovered SM.

same as entry 22, under ambient light30. full conv. in 15 min, messy reaction

HN
OO

H

H

S
Ph

O O

Me

IN
OO

H

H

S
Ph

O O

Me

N
OO

H

H

S
Ph

O O

Me

N
OO

H

H

S
Ph

O O

Me

N
OO

H

H

S
Ph

O O

Me

I

tBuOK; I2

     N-I
homolysis propogation

  6-endo-
cyclization

I I

I NBsR

termination

or

selective
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1,2-adduct 1,4-adduct
single isomer

1 : 3

N

Me

Bs

TESO

Me

O

Me

M
conditions N

Me

Bs

TESO

Me

Me
HO nBu

N

MeTESO
O

Me Bs

Me

nBu

Entry Conditions Ratio of 1,2 vs. 1,4

1

2

3

nBuLi (1.1 eq.), Et2O, –78 °C, 1 h

only 1,4nBuLi (1.1 eq.), ZnCl2 (1.1 eq.), Et2O, –78 °C, 1 h

nBuLi (1.1 eq.), THF, –78 °C, 1 h 1.2 : 1

4 nBuLi (1.1 eq.), inverse addn, THF, –78 °C, 1 h 3 : 1

5 nBuMgCl (1.1 eq.), inverse addn, THF, –78 °C to 0 °C, 1 h ~1:1, sluggish reaction

6 nBuLi (1.1 eq.), CeCl3 (1.1 eq.), inverse addn, THF, –78 °C, 1 h only 1,2, incomplete conv.

7 nBuLi (1.1 eq.), LaCl3•2LiCl (1.1 eq.), inverse addn, THF, –78 °C, 1 h only 1,2, full conv.

Comments:
• Full conversion was observed unless otherwise specified
• For entries 1-3, nBuLi was added to a solution of SM;
  For entries 4-7, SM was added to the organometallic reagent (i.e. inverse addition)
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BnO

Me

H

H N

Me

O

Me
SMe

HO

O

O

BnO

Me

H

H
N

Me

O

Me

S

Me
O

O

O

Pd(OAc)2 20 mol%
PPh3 80 mol%

DMF, 
Temp. Time

MeO

rt
50 °C
110 °C

4h
4h

12h

NR
NR

<10% conversion

BnO

Me

H

H N

Me

O

Me
SMe

HO

O

O

BnO

Me

H

H
N

Me

O

Me

S

Me
O

O

O

Pd(OAc)2 20 mol%
PPh3 80 mol%

DMF, 
Temp. Time

EtO

rt
50 °C
80 °C
85 °C
90 °C
95 °C
100 °C 
105 °C
110 °C
115 °C
110 °C

2h
2h
2h
2h
2h
2h
2h
2h
2h

30 min
24h

NR
NR
NR
NR
NR
NR
NR
NR

<10% conv., no desired PDT
<10% conv., no desired PDT
<10% conv., no desired PDT

Ethyl carbonate:

Methyl carbonate:

N

Me
OH

Me H

H

S O
O

Ph

EtO2CO

Me

TBDPSO

N

MeO

Me H

H

S O

O
Ph

Me

TBDPSO

Conditions

Metal Ligand Solvent Temp. Time Outcome

THF rt
Pd(OAc)2
 10%mol THF

Pd(OAc)2
 10%mol DCM

Pd(OAc)2
 10%mol DCM

Pd(OAc)2
 10%mol DMF
Pd(OAc)2
 10%mol DMF

Pd(OAc)2
 10%mol DMF

Pd(OAc)2
 10%mol

PPh3
40%mol

PPh3
40%mol

PPh3
40%mol

PPh3
40%mol

PPh3
40%mol

PPh3
40%mol

PPh3
40%mol

65°C

rt

45°C

rt

70°C

100°C

12h

12h

12h

12h

12h

12h

36h

No reaction

No reaction

No reaction

No reaction

No reaction

No reaction
100% conv.
~60%yield 

dr=2:1

Temp. ResultsTime

Temp. ResultsTime

(A)

(B)
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Acid cyclization of the diol:

Me

BnO

H

HH

N

Me

Bs

HO

Me

OH

Me
H conditions

Conditions Results

aq. HCl (30 eq.), THF/H2O (9:1), rt, 2 h no rxn

HCl in dioxane (30 eq.), THF, 0 °C, 16 h

HCl in dioxane (30 eq.), DCM, 0 °C, 2 h

HCl in dioxane (30 eq.), Et2O, 0 °C, 2 h

trace HCl, HFIP, rt, 30 min

<10% conv., multiple byproducts

multiple byproducts

no rxn

full conv., multiple byproducts

DCM/HFIP (9:1 to 3:1 to 0:1), rt, 2 h each no rxn

PPTS (30 eq.), HFIP, rt, 16 h single byproduct, no PDT

pTSA•H2O (30 eq.), HFIP, 0 °C, 1 h decomp.

BiCl3 (10 eq.), DCM, 0 °C, 2 h single byproduct, no PDT

Me

BnO

H

N
Bs

Me

O

H

H

MeMe

HH

Me

RO

H

HH

N

Me

Bs

HO

Me
Me

byproducts via:

Boc carbonate:

Me

BnO

H

HH

N

Me

Bs

HO

Me

OBoc

Me
H

Pd(OAc)2 1 eq.
PPh3 4 eq.

DMF
Me

BnO

H

N
Bs

Me

O

H

H

MeMe

HH

100 °C
120 °C

2h
2h

12%
73%

Temp. ResultsTime
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Me

BnO

H

N
Bs

Me

O

H

H

MeMe

HH

RCM
conditions

BnO

Me H

Me

H

O

Me
N

H

H

Bs Me

H

Conditions Results

HG-II (60 mol%), MePh

0.01 M
70 °C, 16 h

o-tolyl (60 mol%), MePh

indenylidene cat. (60 mol%), MePh

HG-II (60 mol%), F8-MePh

o-tolyl (60 mol%), F8-MePh

indenylidene cat. (60 mol%), F8-MePh

indenylidene cat. (20 mol%), F8-MePh

Entry

1

2

3

4

5

6

7

20% yield, 45% conv.

31% yield, 54% conv.

67% yield, 90% conv.

56% yield, 76% conv.

70% yield, 90% conv.

85% yield, full conv.

<10% conv.

Ru

O
iPr

NNAr Ar

Cl
Cl

HG-II: Ar = mesityl
o-tolyl: Ar = o-tolyl

Ru

NNMes Mes

Cl
Cl

Ph

PCy3

“indenylidene cat.”
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pTSA•H2O (1 eq.)

(CH2OH)2, rt, 30 min
75%

Me

O

O

O

2.141 SI-2.1
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Me

O

Me

HO

KOtBu (2 eq.)

EtOH, 0 °C, 1 h
68%, >20:1 dr

THF, 0°C to rt, 2 h Me

O
then AcOH (3 eq.)

then NaBH4
(4 eq.) Me

HO

+O

O

O

O

O

O

O

O

SI-2.1 SI-2.2
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Me

HO

Me

BnO

BnBr (2.5 eq.)
KHMDS (1.2 eq.)

91%

then pTSA•H2O
(3 eq.)

THF, 0 °C to rt
8 h

acetone/H2O (1:1)
rt, 16h

Me

BnO

O

O

O
O

O

SI-2.2 2.142
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OEt

P

O

OMe
OMe

Me

BnO

O

Me

BnO

O

H

Br

OEt

P

O

OMe
OMe

LDA (1.2 eq.)
HMPA (2.6 eq.) Cs2CO3 (5 eq.)

42%, 9:1 dr
(>20:1 after recry.)

Me

BnO

O
O

P OMe

O

OMe(1.2 eq.)

THF, -78°C to rt, 16 h;
then 1 M HCl (5 eq.)

acetone, rt, 8 h

THF, 50 °C, 16 h

2.142 2.144

2.143

2.145
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CO2tBuBr

LHMDS (1.2 eq.)

Me

BnO

O

H CO2tBu

H

93%, >20:1 dr

(4 eq.)

DMI (4 eq.)

THF, -78°C to rt, 6 h

2.145 2.146
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H CO2tBu
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Cu(OAc)2•H2O (20 mol%)
dppbz (10 mol%)

tBuOH (4 eq.)
PMHS (4 eq.) Me

BnO

O

H CO2tBu

HH
86%, >20:1 dr

MePh, 40 °C, 16 h

2.146 2.147
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H CO2tBu
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H CO2tBu

HH

MePPh3Br (4 eq.)
KOtBu (3 eq.)

80%
THF, 0 °C to rt, 2 h

2.147 SI-2.3
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BnO
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OHDIBAL-H (4 eq.)

DCM, 0 °C, 2 h
91%

SI-2.3 SI-2.4
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H
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OH

I2 (1.2 eq.)
PPh3 (1.2 eq.)

imidazole (1.3 eq.)

DCM, 0 °C, 2 h
63%

Me

BnO

H

HH

I

SI-2.4 2.139



##�

�6>?6523�����"

!��	���������" -���	
�	�
�������
����������
�	�
����	
�����
�+� ���-���	�
������
���������

�������������������
������
�	���C����
���.���
��8�	%$���5����=�8�B���_�O(=@����'O=@E+�

�	���
���������������������
�	�
����	
�&������������������
���
�+�

�6>?6523�����$

!��	����� ����$ -��� 	
�	�
��� ����
����� ��� �� 
�	�
���� 	
�����
�� -���� ���� �����-����

�����������������������
���-+�

�-=/078.,,+:.8+62�6D��3�	3A.�

4����-���� �� ����
���
�� 	
�����
�$� ���C�
�E	 C'O(� ��E� -��� ������&��� ��� ��+� @O� �"� ���

����
���.���!J!�	 C	��������
�����
��������B	E����������
�����
�����!�����D ���
���&������

��������&���	���������
���/+�����	����-���
������-�������������������
���.���!J!�	 ������

����!����������
������
���
������������
�������
���������
�U�������
����5�����
���&�
�����

���C�
�E	V+�����&���������-�
��
���&������
	����CE)(�W!�-���
�
�������	�
���
�� ��������


���/�
�������-���������&������O��"�!J!�	 C#���9�	�������"�������"�;��&���
�"�����
�"E+�

��������C'(��"$��!��
��������
���E�-������-��������$�������������/�-������
������6'(�W!�

��
� ��+� @(� �+����� 	
���	������ -��� ���������� 
�� �� ����/� ����
������ ���� -������ -���� �����

�������� C'�5�'��"E$���
��
����� ��/��� ���������.����
� �5	���
�+����� 
��������� ���

�����

���C�
�E	 -���	��
��������	���������	�������
����������
�	�	�
�C���
���&��
�����������������

����-���
E�����������
�����

������������/�����	��������������&������C@���

E����
�+�����

������ -��� ������� �
������� �&�
�� O� ���� ������ �� �	������ ���� 	������ 
��/� ��� &�����$� ��

	
������ ����� -��� 
�	������ ��
��� �����+� ���� 	�
���� -��� ����
������ 
�� %>�� C!�!�	��

����
���.����&�
�K�!B	E+� ��	���������
���/����

�-�������������+�I(^�	�
����-����
������$�

-�����-������
������6'(�W!+

OTBSO
2.148

OO

TBSOTf,
Et3N, DCM

95%

OTBSO OO
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O
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Zn0, NH4Cl (aq.)
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N

Me
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OBn

71%, 71% ee
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