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Enantiomeric Carvones In Total Synthesis and the Chemistry They Inspire

I. Introduction

             A. (R)- and (S)-Carvone and Their Chemistry

II. Exploiting the Enone Functionality 

             A. The Diels Alder Reaction
                          i. (-)-Peribysin, Danishefsky, 2008
                          ii. Lairdinol A: Ward, 2008
             B. Radical Cyclization
                          i. Pavidolide B: Yang, 2017
             A. Enolate Chemistry  
                          i. (+)-Shearilycine, Newhouse, 2023
                          ii. Crotophorbolone: Inoue, 2015
                          iii. Hapalindole Q: Baran, 2004
                          iv, (-)-Aristolochene: Pedro, 2006

II. Isopropenyl Group Modification

             A. Epoxidation and Coupling 
                          i. Phomactin K: Sarpong, 2020
             B. Hydroboration
                          i. Briarellin E and F: Overman, 2002
             A. Halogenation
                          i. Himalensine A: Qiu, 2015

II. Cyclohexene Ring Fragmentation 

             A. Favorskii Rearrangement 
                          i. Nortrilobolide: Ley, 2003
             B. Oxidative Cleavage
                          i. (+)-Mikanokryptin: Maimone, 2019
                          ii. (+)-Omphadiol A: Romo, 2011
                          iii. (-)-Scabrolide: Stoltz, 2020
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“The carvones constitute the most often used monoterpenoid starting materials in natural product synthesis.”

Why Carvone? A Versatile Chiral Synthon In Total Synthesis
(S)-(+)-carvone

$3.62/g
First isolated in 1841

Found in caraway and 
dill seeds

O

Me

Me

(R)-(-)-carvone

$0.30/g
First isolated in 1891
50-60% content of 

spearmint oil
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Me

Me
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O
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H
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1. A, EtAlCl2
2. NaOH, MeOH

O
Me

Me 74% over two steps

1. LDA, TMSCl
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O
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H
O
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OH
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O

Me

OH Six steps
Me

Me

H

O

Me

Me

H
Me OH

1. PIDA, NaOH
2. HCl

3. N2H4
88% over three steps

OH 1. DMP
2. [CuH(PPh3)]6 

PhMe2SiH
91% over two stepsMe

Me

H
Me OH

O

A

OTMS

Me

O
Me

O

OMe

1. A, EtAlCl2
2. Pd(OAc)2

O

Me

Me 63% over two steps

O

Me

Me

H
O

1,2-ethanedithiol
 MeOH, BF3•OEt2, 83%

O

Me

Me

H S

S

MeO PPh3 Cl-

KHMDS then HCl
89% over two steps
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Me

H S

S

Four steps
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H
O

1. OsO4, H2O2, NaIO4, 
2,6-lutidine, 85%
2. m-CPBA, 45%
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AcO

Me

H
O

1. TMSN3, I2, pyr, 71%
2. B, Pd(PhCN)2Cl2, 
Ag2O, Ph3As, 89%
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AcO
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H
O

OTBS

1. H2O2, NaOH, 85%
2. NaBH4, 91%, 7:1 d.r.
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H

OH

A

B
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B
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Me Me
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Me

H
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Exploiting the Enone: The Diels Alder Reaction

(-)-peribysin E

2008, Danishefsky: (-)-peribysin

Key Reaction To Review: Lewis Acid catalyzed Diels Alder reaction. 
Stereoelectronic considerations: Reactions can take place with an endo or exo TS. The endo TS is kinetically favored (2° 

orbital effects) and the exo TS is thermodynamically favored (fewer steric interactions). 

2008, Ward: lairdinol A

lairdinol A

J. Am. Chem. Soc. 2008, 130, 41, 13765-70. J. Org. Chem. 2008, 73, 1071-76.

Me

Me

H
Me OH

OH

O

OMe
Me

HO

Me

H

OH



Key Reaction To Review: Radical cyclizations
Driving force: Ring strain release and the formation 

of stabilized radical
Radical stability: EDGs and EWGs both stabilize 
radicals. Captodative effect – the presence of an 
EDG and EWG for any one radical has a greater 

stabilizing effect than the presence of two EDGs or 
two EWGs. 

1. Cu-Ox, air, t-
BuOK, 42%

2. RhCl(PPh3)3, H2 
95%

O
Me

Me

O
Me

Me

Me OH

Br CO2Me

CO2Me

Me
CHO

+

1. A, NEt3, 79%
2. CH(OEt)3, PTSA
3. Me4NOH, 80% in 

two steps
Me

MeO2C CO2H

EtO

OEt

A, PPh3, DEAD, 
74%, 1.5:1 d.r.

O
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Me

Me O
O

CO2Me

Me
OEt

OEt

PhSH, 
Ir(dF(CF3)ppy)2(dtbbpyPF6, 
p-toluidine, blue LEDs, 50%

O
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O
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O
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Me O
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H

H
O

H

H

H
H

1. Ni(acac)2, Et2Zn, 
isoprene

2. DMP, NaHCO3
94% in two steps

O
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H

H
O

H

H

O
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1. Grubbs II, 85%
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Exploiting the Enone: Radical Cyclization
2017, Yang: pavidolide B

J. Am. Chem. Soc. 2017, 139, 13989-92.

(-)-pavidolide B

O
Me

Me

Me O

H

H
O

H
OH

Me
H

Synthesis of the Vinyl Cyclopropane A

Mechanism For the Radical Cyclization



A, n-BuLi, 
CuI•DMS, TMSOTf, 

57%, >20:1 d.r.

O
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OTMS

Me

Me

TMS

B, MeLi, HMPA, 
Pd(PPh3)4, 64%, 

>20:1 d.r.

O
Me
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TMS

1. CsF
2. Mo(CO)6OBz

47% over two steps

1. O3, FeSO4•7H2O, 
PhSH, 53%

2. C, Zn(TMP)2, 
HMPA, TBAI, 53%
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O
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O

Me

H O
N
Boc Br

Me

Me

3 steps
Me

H

1. Pd(OAc)2, AgBF4, L1, 
50%

2. K2OsO4•2H2O, NMO, 
(DHQ)2PHAL, 40%, 3:1 

d.r.
3. TsOH, CuSO4, 52%,

NH

O
O Me
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O

TMS
Br OBz

N
Boc

Br

Br

N
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P
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tBu

A B

C L1
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Exploiting the Enone: Enolate Chemistry
2023, Newhouse

J. Am. Chem. Soc. 2023, 145, 4394-99

Key Reaction To Review: The Pauson 
Khand reaction. 

Great way to form butenolides. Is also 
performed with Co instead of Mo. 

Removal of the Isopropenyl Group Mechanism

(+)-shearilycine

Me

H

NH

O
O Me

Me

O
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Exploiting the Enone: Enolate Chemistry
2015, Inoue: crotophorbolone

Angew. Chem. Int. Ed. 2015, 54, 14457-61

Reagent Review: 
TTMS (BDE 79 kcal/mol) 

can replace Bu3SnH 
(BDE 74 kcal/mol). TMS 
groups help stabilize 
the Si radical. Avoids 
the use of the more 
toxic Sn and avoids 

need to purify nonpolar 
Sn byproducts.

m-CPBA Mediated Carboxyllc Acid Formation Mechanism

crotophorbolone

Me

O

Me

1. FeCl3, MeMgBr 
TMSCl, NEt3

2. BF3•OEt2, CH(OMe)3
3. LDA then A

45% over two steps, 
5:1 d.r.

Me

O

Me

OMeMeO

Five steps

1. m-CPBA, pH 7 
buffer, 55%

2. MeSO2Cl, NEt3 HO

O

H

OTIPS

Me

O

MsO

Me

1. B, DMAP then 
hv, (PhSe)2

2. TBAF
54% over three stepsPhSe

H

OTIPS

Me

O

MeO

Me

60% over two steps
PhSe

HMe

O

MeO

Me

HO

TIPSO

1. O=C(CCl3)2, PPh3
2. C, [Pd(PPh3)4] 

CuTC, K2CO3
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HMe

O
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OTIPS

O

 1. Pd(PPh3)4, KOAc
 18-crown-6, 56%

2. K2CO3, 71%
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1. (TMS)3SiH
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2. LDA, TMSCl
3. [CH2NMe2]+I-

HMe
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H
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O
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H
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OAc
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O
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H
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H
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H
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H
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Me

O

Me
1. (Me3Si)2, MeLi, 91%

2. A, KOH, 70%

O

Me

SiMe3Me

Me

1. LiAlH4, AlCl3, 54%
2. m-CPBA, 70%

Me

SiMe3Me

Me

1. TiF4, 45%
2. DMAP, Ac2O-Pyr

O
Me

Me

OAc
Me

K, 18-crown-6, t-BuNH2
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Me

Me

Me
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SiMe3Me
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Me Me
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N
H

NMe

O
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+
[O]

LHMDS, Cu(II)-
ethylhexanoate, 53%

N
H

O

MeMe

H
Base

NMe

O
Me

+

LHMDS, L-selectride 
then CH3CHO, 75% 

d.r. >20:1

N
H

O

Me
Me

H

OH

Me
Martin sulfurane, 61%, 

d.r. 6:1

N
H

O

Me
Me

H

1. NH4OAc, 
NaBH3CN, 61%

2. CS(imid)2, 63%

N
H

NCS

Me
Me

H
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Exploiting the Enone: Enolate Chemistry
2004, Baran: hapalindole Q

J. Am. Chem. Soc. 2004, 126, 14450-51. J. Org. Chem. 2006, 71, 4929-36.

Reagent Review: Silyl anions 
like organocuprates, add 1,4 
due to the softness of the Si.

Epoxytrimethylsilyldecaline Rearrangement Mechanism

(+)-hapalindole Q

2006, Pedro: (-)-aristolochene

Key Reaction Review: The presence of the TMS groups stabilizes the carbocation that forms as the methyl migrates. This stabilizing effect is described by the beta silicon effect which states the 
presence of a Si group helps stabilize carbocations that form on the beta carbon. The C-Si sigma orbital overlaps with the antibonding orbital of the leaving group, donating electron density, which 

lengthens and weakens the C-LG bond. (The Hosomi-Sakurai reaction, among others, is an example from 534 where this effect applies. Different transformation, same stabilization.) 

(-)-aristolochene

Me

Me

Me

N
H

NCS

Me
Me

H



Me

O

Me

1. m-CPBA, 99%
2. TiCp2Cl2, Zn 66%, 

3:4 d.r.
3. (PhS)2, PBu3, 91%

OH

Me
Me

PhS
Me

O

Me

O

1. [Rh(cod)OH]2, 75%
2. (NH4)6Mo7O24, H2O2, 

95%
O

MeMe

PhO2S
Me

OH

Me
Me

PhS

O

MeMe

PhO2S

Selective C1-C2 
Activation

[Rh]

O

MeMe

PhO2S
Me [Rh]

O

MeMe

PhO2S
Me

O

MeMe

PhO2S
Me

1,3-Rh 
shift

H+

Isomerization

1. MeLi
2. Burgess reagent

3. SeO2

48% over two steps

Me

PhO2S
Me

O

H
A, t-BuLi, 89%, 1:1 d.r.

Me

PhO2S
Me

OH

Me
Three steps

NaHMDS
53% over three steps

Me

Me

OSEM

Me

Me
TBSO

Me

PhO2S
Me

OSEM

Me

Me
Br Me

Three steps

Me

Me

OH

Me

Me

PhO2S

Me

Me

OH

Me

Me

1. VO(OEt)3, 
TBHP, 72%

2. DMP, 
NaHCO3, 90%O

Me

Me

OH

Me

Me

O
mCPBA, 

NaHCO3, 66%

Rh2(cap)4, TBHP then 
DBU, 52%

O

Me

Me

OH

Me

Me

O

O

O

Me

TBSO

 A
Me

I

Me
O [Ti] O

Me Me
HO

OH
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Isopropenyl Group Modification: Epoxidation and Coupling
2020, Sarpong: phomactin K

J. Am. Chem. Soc. 2020, 126, 15536-47. J. Am. Chem. Soc. 2015, 137, 6327-34.

In the seminal 2015 report, a variety of oxidants 
and electrophiles (m-CPBA, PPTS, NBS, etc.) 
were screened to cleave the C1-C2 bond. In all 
cases cleavage of the longer, more substituted 

C1-C4 was observed. TM complexes were 
employed for more control over sterics and 

electronics of the cleavage.  

phomactin K

Reagent Review: 
Nugent’s reagent is a 

mild SET reagent often 
used for radical ring 

openings of epoxides. It 
is made in situ from a 
metal reductant and 

Cp2TiCl2. 

DFT studies and deuteration 
experiments support a 1,3-Rh shift 
mechanism over concurrent olefin 

isomerizations. The β,𝛾 unsaturated 
enone could be isolated. Longer 

reaction times promoted 
isomerization. 

Me

Me

OH

Me

Me

O

O

O



Me

O

Me

1. 9-BBN then NaOH 
H2O2, 73%

2. TEMPO, NCS, 79%

O

Me

O

Me

1. LDA, TMSCl then 
AcOH 
2. LAH

78% over two steps, 
>20:1 d.r.

Four steps

I

Me
H

1. A, t-BuLi
2. PPTS

62% over two steps, 
3:1 d.r.

Me

TIPSOOH

Me
H

Me

TIPSO

Me
H

Me

TIPSO OH
HO

TMS

1. B, p-TsOH•H2O
2. SnCl4Me

H

O

TMS

CHO
H
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H
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TIPSO

TBDPSO

R1 H

O
H

Me
H

R2

OH

R3

HO
±H
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H

R2

OH

R3

O
R1

OH2

Me
H
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R3

O
R1

Me
H

R2

O

O

R1
R3

Sn

Cl
Cl

Cl

Cl

Me
H

R2

O

O

R3

SnCl3

R1

Me
H

O R1

CHO

R3

H
H

R2

H

1. CrCl2-NiCl2, 79%
2. DMP, 79%

Me
H

O

TMS

H
H

Me

H

Me

TIPSO

HO

1. (t-BuO)3Al, TBHP
2. Ac2O, DMAP

3. TFA
4. Ac2O, DMAP

Seven steps
Me

H

O

H
H
H

Me

O

AcO

C7H15O2

Me

OH

87% over three steps

Me
H

O

H
H

Me

H

Me

TIPSO

AcO

AcO

HO

1. Bu3SnAlEt2, CuCN 
78%

2. I2, 84%
3. Hydrolysis and [O]

Me
H

O

H
H
H

Me

O

HO

C7H15O2

Me

OH

I

Me
H

O

H
H
H

Me

O
Me

OH

C7H15O2

O

1. hv
2. KOH

55% over two steps
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O
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H R1HO

O

OMe

O

OMe
O

R1Me Me Me
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H
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O
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HO

R1HO

HO
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84% over two steps

OHC
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OTBDPS
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Me Me
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TMS A
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Isopropenyl Group Modification: Hydroboration
2002, Overman: briarellin E and F

J. Am. Chem. Soc. 2020, 126, 15536-47. J. Am. Chem. Soc. 2015, 137, 6327-34.

Key Reaction Review: Via the 
NHK reaction an aldehyde can 
react with an allyl/vinyl halide 
to form an ROH. Ni oxidizes 
Cr(II) to Cr(III) which reacts 
with the carbonyl. This is a 

useful ring forming reaction. 

Prins-Pinacol Rearrangement Mechanism 

briarellin E and F

Acetate-Assisted Epoxide Opening Mechanism 
Me

H

O

H
H
H

Me

O
Me

OH

C7H15O2

O



Me

O

Me

O2, TPP, hv then 
PMe3, HCl, 81%

N3
Me

1. A, s-BuLi
2. PPh3

NH2
Me

OH
O

76% over two steps

1. B
2. Mg(ClO4)2

76% over two steps
N Me

1. DBU, p-ABSA
2. Cu(tbs)2

55% over two steps, 
3:1 d.r.

N

Me

O

O
Me

O

Me

O

t-Bu3P, 82%
N

Me

O O

H
H

N

Me

O

Me

O

PtBu3

N

Me

O

O

Me

PtBu3

Intramol. 
SN2’

N

Me

O
Me

O N

Me

O

O

Strain 
release

Claisen 
Rearr.

N

Me

O O

H
H

Three steps
N

Me

O

H
H

N

Me

O

H
H

1. m-CPBA
2. K2CO3 N

Me

O

H
H

72% over two steps

OH OH

1. DMP
2. NaOMe
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1. [Ir(CO)(PPh3)2Cl], 
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CH3COOH
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N
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O
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O
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Isopropenyl Group Modification: Halogenation
2021, Qiu: himalensine A

Angew. Chem. Int. Ed. 2021, 60, 9439-43. Angew. Chem. Int. Ed. 2019, 60, 9439-43., ACS Catal. 2020, 10, 8880-97. 

Amide Reduction with Vaska’s Complex and TMDS

himalensine AReagent Review: Vaska’s complex can be used to selectively reduce amides in the presence of ketones. The 
intermediate imine can also be intercepted with other nucleophiles than a hydride.  

N

Me

H

O O
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Cyclohexene Ring Fragmentation: Favorskii Rearrangement
2003, Ley: nortrilobolide

Angew. Chem. Int. Ed. 2003, 42, 5996-00. 

Key Reaction Review: The Favorskii 
rearrangement is a rearrangement of 

cyclopropanones and ⍺-halo ketones in the 
presence of base to yield a carboxylic acid 

derivative (acid, ester, or amide). When the ⍺-halo 
ketone is cyclic, the transformation is a ring 

contraction. 
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2. CH2=CHOEt, t-BuLi, 

96%, >95:5 d.r.
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MeSO2NH2, K2CO3, 

90%, 16:1 d.r.
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CeCl3, 78%
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1. KHMDS then MeI, 
99%
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1/27/24 Kayla Landers 1
2

Cyclohexene Ring Fragmentation: Oxidative Cleavage
2019, Maimone: (+)-mikanokryptin

Angew. Chem. Int. Ed. 2017, 56, 1624-28. J. Am. Chem. Soc. 2019, 141, 14904-15. 

(+)-mikanokryptin

Manganese-Catalyzed Alpha Hydroxylation of a Ketone

Key Reaction 
Review: The In 

and Sn mediated 
allylations are 

Barbier reactions. 
They are similar 

to Grignard 
additions.

N

Me

H

O O

2011, Romo: (+)-omphadiol
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Me

O
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Cyclohexene Ring Fragmentation: Oxidative Cleavage
2020, Stoltz: (-)-scabrolide

J. Am. Chem. Soc. 2020, 142, 8585-90. 

N

Me

H

O O

(-)-scabrolide

Ruthenium Catalyzed 
Hydrosilylation: The 

ruthenium coordinates to the 
alkyne. Phenyl silane is 

activated  through a sigma 
complex and the hydride is 
delivered in a Markovnikov 

fashion.  
J. Am. Chem. Soc. 2005, 

127, 50, 17644-55

Titanocene Mediated Epoxide Opening: Titanocene is reduced to the active Ti(III) species via 
the metal reductant, manganese. The most stable carbon centered radical is formed upon epoxide 

opening and collidine is protonates the Ti-O bond. 

O

Me

O

Me Five steps H

O

MeO OMe

Me

1. Br2CHPPh3Br, t-
BuOK, 71%

MeO OMe

Me

Br Br

H
n-BuLi then TMSCl 

then HCl, 73%

H O

Me

TMS

1. CBr4, PPh3, 83% 
2. n-BuLi, then CO2, 

then TBAF,  49%
Me OTBS

1. VinylMgBr, 
CuBr•DMS, TMSCl, 

64%, 9:1 d.r.
2. LiTMP, TESCl, 66%

TESO

Me OTBS
1. DDQ, HMDSl, 84%
2. NaBH4, CeCl3 then 
TBAF, 78%, >20:1 d.r.

HO

Me OH

+

Five steps

1. m-CPBA, 87%, 
1.7:1 d.r.

2. Ph(CH3)2SiH, 
[RuCp*(MeCN)3]PF6, 

85%

Me

TMS

CO2H

O

Me
HO

O

Me

O

O

Me
HO

O

Me

O

O

PhMe2Si

H

1. hv
2. Cp2TiCl2, Mn0, 

collidine•HCl
70% over two steps

O

Me
HO

O

O H
H

H H

Me

OH

SiMe2Ph

H

H

1. Hg(OAc)2, AcOOH/
AcOH, 55% 

2. o-NO2PhSeCN, n-
Bu3P, then H2O2, 79%

O

Me
HO

O

O H
H

H H

Me

OH
CuI, NIS, 61%

O O
I

H Me

O

OHMe
O

H

fragmentation/
recombination

O

Me
HO

O

O H
H

H
I

O

Me

O

Me
HO

O

O
H

H

O

Me

Tamao-Fleming Oxidation: The Tamao-Fleming oxidation converts a C-Si bond to a C-O bond 
via the action of a peroxy acid or hydrogen peroxide. This reaction is often used for oxidations of 

fluorosilanes.  
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“The carvones constitute the most often used monoterpenoid starting materials in natural product synthesis.”

Why Carvone? A Versatile Chiral Synthon In Total Synthesis
(S)-(-)-carvone

$3.62/g
First isolated in 1841

Found in caraway and 
dill seeds

O

Me

Me

(R)-(-)-carvone

$0.30/g
First isolated in 1891
50-60% content of 

spearmint oil
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(+)-omphadiol
Romo, 2011
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Me

(-)-scabrolide A
Stoltz, 2020

Me

O

The carvones are a 
linchpin in total 
synthesis. Their 

inherent chirality and 
access to all carbons 
on the cyclohexene 
ring allow access to 
thousands of natural 

products while 
allowing for the rapid 

build up of complexity.

While 15 syntheses 
were detailed here, 
there are countless 

examples of the 
excellent use of the 
carvones in natural 

product synthesis and 
only a brief survey of 

distinct 
disconnections have 

been considered here.


