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Definition of Spirocycle: chemical compound that presents a twisted structure of two or more 
rings, in which at least 2 rings are linked together by one common atom.

The spirocycle is considered heterocyclic when the spiro atom or any atom in either ring are not 
carbon atoms. Examples:

spiropentadiene
JACS 1991 5084

Si

Si
Si

Si

Si Si(TBS)3
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Science 2000, 504
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O
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The scope of this group meeting would be limited to strategies/tactics/considerations in the 
preparation of hetero-spirocycles that contain at least 1 heteroatom in positions adjacent to the 
spiroatom (carbon).

Appropriate strategies would be discussed using relevant examples; suitable case studies where 
multiple tactics were exmployed would also be discussed.

Useful group meeting references: All-carbon spirocycles (Cherney, 2012), (The)anomeric Effect 
(Krawczuk, 2005) and references cited therein. Appropriate reviews for the following topics would 
be given along the GM

Outline: oxa/aza-spirocycle synthesis; spiroketal/aminal synthethesis; benzannulated 
spirocycles; enantioselective spirocyclization methods; outlooks/conclusion

O OH

n-Bu

NHPh

5 mol% Dy(OTf)3
MeCN, 80ºC, 15h

54% N

O

Me

Ph
ACIE 2011, 7167

NOHC

Iminium Reactivity:

OO
NH2

MeO Bpin
CH2O, EtOH, H2O

58%

OO
HN

MeO 1. HCl, H2O
2. PPTS, PhH, heat

>70% (2 steps)
Org Lett 2001, 1347

Strategy 3: Simultanous ring and stereocenter construction

Ph

N OCOC6F5
10mol% Pd(PPh3)4, Et3N, 

DMF, 110ºC, 30min

77%
NPh

Synlett 2001, 974

Metal Catalyzed Reactions:

Strategies towards 1-aza or 1-oxaspirocycles

Reviews: Tetrahedron 2006, 3467; Synthesis 2004, 2249

General strategies:
1. Construction of carbocycle onto heterocycle
2. Construction of heterocycle onto carbocycle
3. Simultaneous construction of heteroatom & ring

1&2 —> highly dependent on good
synthesis of 3º amine/OH

HO

OTBS
n-Bu

                       , Bu3P; 
Chloroamine-T, MeOH

N
O

O
PhSe

86%
OTBS

n-Bu

TsHN

alkylation; RCMTetrahedron 1999, 1427

N

SnBu3Bu3Sn

O
SnBu3

PhI(CN)OTf;
TolSO2Na

58-65%
N

Bu3Sn

O SO2Ar

SnBu3
MgBr2 N

Bu3Sn

O SO2Ar

JOC 2004, 7928

HO

R5

O

XH
R3 R4

R2

R1

BINAP(AuCl)2, 
AgBF4, Cu(OTf)2

53 - 75% X

O
O

R5

R4
R3

R2
R1

N

O

O
Me

Cl

OH

H

halichlorine

Adv. Synth. Catal. 2015, 747

X = O or NH

Cycloaddition:

O

OO

O

N
O

PMP

1. pTSA, MeOH/H2O
2. PhMe, heat N

O

O

O

1. K2CO3,
    MeOH
2. SmI2

MeO2C

HN
HO

HHO
towards pinnaic acid

Org. Lett. 2001, 413
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Photocyclization

O
O

N

CO2Et

TMS
tBuO2C

hv, MeOH
73%

O
O

tBuO2C N

CO2Et

JOC 1984, 228

O
O

N

CO2Et

TMS
tBuO2C

via

towards cephalotaxine

Strategies towards Spiroketals and Spiroaminals

General Reviews: Chem Rev 1989, 1617; Chem Rev 2005, 4406, Molecules 2008, 2570, Eur. JOC 
2008, 4391

General strategies
1. Understanding & Controling the natural of the spiroketal
  1. Thermodynamics of ketalization - anomeric or non-anomeric
  2. 1,3 diaxial interaction
  3. Hydrogen bonding - vicinal and long range
  4. Kinetic ketalization
  5. Non-anomeric ketals
  6. Epimerizable centers

2. Strategies that doesn’t invole spiroketalization
  1. HAT reactivities
  2. Cycloaddition
  3. TM catalyzed ring closures

O O

H

H

OH

Me

O

O

O
O

OH
Me OH

Me Me

OMe
O

O

Me O

O
Me

H
H

H

HH
pectenotoxin-2 (PTX2)

non-anomeric, kinetic product to PTX2c

O

O
H

H

OH
O

Me O

H

pectenotoxin-2b (PTX2b)
anomeric

O

Me O

H

pectenotoxin-2c 
(PTX2c)

2x anomeric
thermodynamic product

O
O

OH

H
H

1.5h
50%

96h
46%

TFA (0.1v/v%)
70% MeCN/H2O

ACIE 2014, 799

1.5h PTX2/PTX2b/PTX2c 
        = 75:21:3
96h PTX2/PTX2b/PTX2c 
        = 28:7:65
Cytotoxicity/Potency 
PTX2 >>> PTX2b > PTX2c

Strategy: synthesize PTX2b (stable spiroketal) and isomerize to            
gf             PTX2 (less stable spiroketal) at late stage

Utilizing the anomeric effect in complex synthesis:

Oxidative Rearrangement
O

O

N
O

Pb(OAc)4, PhH, 
reflux, 10min

78-94%

O

O

N

O

O
7 steps

O
O

N

HO OMe

H

H

JOC 1988, 3439

cephalotaxine

Anomeric effect: originally defined as thermodynamic preference 
for polar groups bonded to C-1 to take up an axial position.
- general preference for gauche conformation about C–Y in the 
system X–C–Y–C where X and Y are heteroatoms having 
nonbonding electron pairs (eg. N, O, S, F)

1. Thermodynamic spiroketalization:

N
H

N

N
H OO

Me

H H

Me
crambescidin 359

OTBDPS

Me

O
OHC

O

PPh3

TBSO Me

+
O O

MeTBSO

OTBDPS

Me

1. guanidine
2. HCl
3. TBAF
4. HCl

73% 18%

Tetrahedron Lett. 2003, 251
Tetrahedron 2007, 11771

Also see Snider: JACS 1994, 549

BocHN
Me Me

O

OPMB

OTBSMe TES
AgTFA; EtOH, 

H2O, KI

N

OMe

Boc

O

TBSO
Me

towards azaspiracid

Tetrahedron 2006, 5338



3. Effect of Hydrogen Bonding

O
O

OBn

Me

OTBS

CO2Et

1. H2, Pd/C
2. PPTS, CHCl3

O

O

Me

O H
CO2Et

R
O

O
O

H

Me

Ph

Exceptions to the rule….. (equatorial vs H-bonding)

O
O

O
H pTSA, MeOH

O
O H dilute HCl

OHO O
O

OH

OHO
O

OH

88:7

Tetrahedron 1981, 2525Tet. Lett. 1984, 3875

JACS 1985, 3271

both doubly 
anomeric

x-ray

x-ray
both doubly 
anomeric
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O

O Me

OH
CO2

HN

Me
Me

O

O

Me

H

O
HO

pinnatoxin-A (PnTXA)

O OO
Me

RO

O H O OtBu

O OO
Me

HO

H
O

O

O O
Me

O
H

O
HO

H

Hirama (X-ray)
ACIE, 2004, 6506

Kishi
JACS, 1998, 7647

Zakarian
JACS, 2011, 10499

B
C

D

R

O OO
Me

O

OH
R

TBS
(100:1 under 
thermodynamic)

3:2 @ equilibrium

MgBr2 TBSOTf

Effect of Hydrogen Bonding (complex example)

PhMe for H+ equilibration (84%) CSA, CyH
R = H, 4:1

R = TES, 13:1

OH OH

O

OtBu

OHO

O

Me
HO

Effect of Hydrogen Bonding

O
O

OBn

Me

OTBS

CO2Et

1. H2, Pd/C
2. PPTS, CHCl3

O

O

Me

O H
CO2Et

R O
O

O
H

Me

Ph

Exceptions to the rule…..

O
O

O
H pTSA, MeOH

O
O H dilute HCl

OHO O
O

OH

OHO
O

OH

88:7

Tetrahedron 1981, 2525Tet. Lett. 1984, 3875

JACS 1985, 3271

2. Effects of 1,3 diaxial interaction - beware of C6 substitution:

O
15

O
H

Me
H

Me
H

(15S)

15
O

O
H

Me
H

H
Me

(15R)

O
O

Me

Me

Me

OH

Me

CO2H

Me
HO2C

15R, spirofungin A
15S, spirofungin B

PMBO OBn
O

Me

OTBS

Me

OTIPS HF-pyr

84% O
15

O
H

Me
H

Me
H

15
O

O
H

Me
H

H
Me OPMB

OBn

OBn
PMBO

Org Lett 2004, 2587

30:70

CDCl3

O
O

O O

O

Me Et

OH

Me
O

CO2H

Et
H

Me Me Me Me

H
Me

Et

H
OHH

OH

R = H, salinomycin, R = Me, narasin

R

Case Study: Anomeric stabilization vs 1,3 diaxial interaction vs H-bonding

O O

Me

Me

Et

H OH
O

Et

Me Me

H
MeO

H OAc

TBDPSO OMe

Kishi:

1. H2, Lindlar
2. AcOH/H2O

O O

Me

Me

Et

H OH17
O

OAc

O

Me

Me

Et

TBDPSO 17-epi-configuration

O O

Me

Me

Et

H OH17
O

OR

O

Me

Me

Et
O

Me

OH

Me
O

CO2H

Et
H

Me

H

R

17-epi-configuration

steps

TFA, DCM R = H, 1:7 17-epi:salinomycin
    = OAc, only 17-epi-salinomycin

JACS 1993, 8414
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4. Kinetic Spiroketalization

OR

OTIPS

OR

OTIPS OH OH

DMDO *OR

OTIPS OH

O
OR

OTIPS OH

O
DMDO

*
OR

OTIPS

O
OH

*
OR

OTIPS

O
OH

*
OO RHO

TIPSO

*
O

O

RHO
TIPSO

anti-
epoxidation

methoxy
ketal

inversion, non
-anomeric

retension, 
anomeric

conditions

spontaneous
MeOH, -63ºC

70   :  30
92   :    0  :  8  (86%)

pTSA <2   :  98         (99%)

*
OR

OTIPS

O
OH

*
OR

OTIPS

O
OH

OO R

OH

OTIPS

inversion, 
anomeric

retension, 
non-anomeric

spontaneous
Ti(OiPr)4, -78ºC to 0ºC

75   :  25
<2   :   98   (81%)

pTSA 98   :    2    (82%)

conditions

O
O

R

OH

OTIPS

JACS 2005, 13796
JACS 2006, 7916
JACS 2011, 7916

O
R

TIPSO

O

O
H

O
H

Me

HO
Me

OO R

O

OTIPS

Ti

OO R

OH

OTIPS

Ti
O

O
H

RO

H

Ti

OTIPS

OH

O

OTBS

nBuLi
OH

OH

OTBS

AuCl, K2CO3
MeCN

O

OH

OTBS

O

OTIPS

OH

DMDOO

OTIPS

OH

O

O

TIPSO

O

OH

O

TIPSO

O

OH

Sc(OTf)3, THF

Lewis acid

Sc(OTf)3, DCM

Bronsted acid Org Lett 2014, 2474

4. Kinetic Spiroketalization - benzannulated examples:

5. Non-anomeric ketalization - Case studies in the synthesis of cephalostatins

AcO

Me

Me

H

H

AcO

O

HO
OTBS

Me OTBDPS

TMSO 1. CH2I2, Et2Zn
2. PPTS, MeOH
3. NBS

AcO

Me

Me

H

H

AcO

O

HO O
Br Me OTBDPS

OTBS

JACS 2010, 275

dr 5:1

cephalostatin 1 northern/eastern half

AcO

Me

Me

H

H

AcO

O

O
OTBDPS

Me
OH

HO

MeTMS

NBS
77%

AcO

Me

Me

H

H

AcO

O

O OBr
Me OH

OTBDPS

MeTMS

steps

Me

Me

H

H

AcO

O

HO OBr
Me

OH

OTBDPS

Me

O

CrCl2, nPrSH
DMF, -15ºC

96.5% brsm
dr 9:1

Me

Me

H

H

AcO

O

HO O
Me

OH

OTBDPS

Me

O cephalostatin 1 northen/eastern half JACS 1999, 2056
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Double hemiketalization/hetero-Michael

O O O

Me

OBn

HO

OTBS
O

O
OTBDPS

Me

Me

MeTBSO

O

O

O

OBn

Me
TBSO

B

C

D
O

Me

TBSO O

O
OTBDPS

Me

Me
LiOMe (1eq)

77% +14% 
other isomer

Tetrahedron 2002, 10375

Reductive Cyclization

O

OSi
O

tBu
tBu

OTIPS

O
CN

OTBS OMe LiDBB, THF

71-91% O

OSi
O

tBu
tBu

OTIPS

O OTBS

JACS 2005, 528

O
CN

RO
1e-, –CN-

O
OR

equatorial radical
no stabilization

ORO
1e-

ORO
Li

axial radical
stabilized by 

anomeric effect

axial lithium
configurationally stable

JACS 1980, 1201
Application in synthesis:
JOC 2007, 2602
JOC 2006, 1068

Org. Lett. 2005, 1873
Org. Lett. 2013, 2226

Org. Lett. 2007, 711
JACS 2010, 9591

Org. Lett. 2015, 3268

Other methods for non-anomeric spiroketals

N

Me Me

NMe2

TBSO

Me

OEE

I

i) LDA
ii) Cu(OAc)2

OTBS

Me

O

i) LDA
ii) Swern

O

Me MeMe

OEE O

Me

OTBS

TBSO

O

O

Me
Me

O

Me

Me

HO
O

O

Me
Me

O
Me

HO
Me

CSA

90%
7:1

+

JOC 1991, 6255
thermodynamic

C1 to C9 of 
6-deoxyerythronolide B

6. Epimerizable centers:

AcO

Me

Me

H

H

BzO

O

H

* Me
OH

BzO

Me

H

H

5.9:1

PhI(OAc)2, I2
light
91%

AcO

Me

Me

H

H

BzO

O

H
Me

H

H

O *
Me

OBz

5.5:1

OBC 2010, 29

towards ritterazine M

O

OOH
OH

Pb(OAc)4,
PhH, heat

39%

Tetrahedron 1969, 985

O
O

OPiv

H

H

Me

Me

Me

O
OH

OPiv

H

H

Me

Me

Me

H

OPivOPiv

HgO, I2
CCl4, light
53-70%

JACS 1987, 8117

Strategies that doesn’t invole spiroketalization

1. Intramolecular Hydrogen Abstraction
see review: OBC 2009, 29

O

Me MeHO2C CO2H

PhH, H+
O

O
Me

Me
O

O LDA (2eq);
MeI, -110ºC O

O
Me

Me
O

O
Me

Me

O
O

Me
Me

O

OMe

Me

+
58%
9:1

TFA:H2O:THF = 1:1:15
99%, no epimerization

O

Me Me

HO2C CO2H

MeMe
O

Me

Me

Me
O

Me

invictolide
JACS 1981, 5618
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CASE STUDY: Spongistatin CD ketal

O O
MeO

OH
H

nonanomeric config. of
CD rings in spongistatins

TrO OR

OO

Ph

O OMe OTBSO

Evans:

CSA, MeOH, DCM

O
O

MeO

HO

OH

H
CO2R

O O
MeO

OH
H

CO2R
+ HO

6:1
O O
MeO

O
Mg2+ CO2R

H

O

Mg2+

dimagnesium complex
ZnCl2, DCM, 4h

1:4.3
ACIE, 1997, 2737

Rational:

Hetero-spirocycles (strategies & tactics)

O

Me

MeMe

OTBS

OMe

Me

O

+
4OH-TEMPO
110ºC, 48h

56%

O

O

Me
R

Me
Me

Me
R

2 steps

O

O

Me
R

Me
Me

OBz
H

Me

R

HCl
CHCl3

7:3

O OMe
R

Me
Me

BzO

Me

R

1,3-diaxial
interactions

JACS 1988, 5768

Aplysiatoxin

O

I

O
H

I
Zn, NiCl2, ethyl crotonate, 

pyr, DMF, rt, 12h

72% O O

H

H
Chem Comm 2014, 472

O O
H

PMP

65%
1.2:1

O
O

Me
Bpin

51%
>20:1

O OBn
OHOH

OPMBRoush:

PMBO

NIS

O O
HO

OPMB
HBnO OPMB8:1

I

Org Lett 2002, 3917

O N

O
H
N O

RO
RO

O

R = –(SiiPr2OSiiPr2)–

1. Ph3P=CBr2, 42%
2. (Bu3Sn)2, PhH, 
hv, 80ºC, 78% O N

O
H
N O

RO

RO
dr 2:1 Chem. Eur. J. 1999, 2866

O OH

O O
Me Me

PPh3 (0.25eq)
CHCl3

mechanism?

O

O O O

O
O

O

O

Me

Me
Me

Me
JOC 2012, 3846

ChemistryOpen 2015, 577

96%

mCPBA O

O
OMe

Me

O

O

O
O

Me
Me

O
OH

ArOCO

x-ray

76%

Others

OTES

Cl

Me

OTES

O

Me

+

O

Me

Adm
N Cr

O SbF6

then DDQ; pTSA

58%

O O H

Me
O Cl

Me H

towards bistramide A
ACIE 2014, 11075

2. Cycloaddition strategies
Useful Reviews: OBC 2009, 1053

3. Metal catalyzed reactions

OH O O Re2O7, DCM
RT, 8h
84%

O O H
O

H

OH O
H

O3ReO

O
H

HO

OReO3

ACIE 2013, 625

O

Me
O

Me
HH

Me

O O

Me

Useful Reviews: OBC 2014, 7423; Synthesis 2012, 3699
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TIPSO OPiv

OO

Ph

O OBnOH

Heathcock:
1. H2, Pd(OH)2
2. ZnBr2, DCM

80%
1 diastereomer

O O
O

OH
H

OPivTIPSO

HO OPiv

O OBnOH

TIPSO
OTIPSO

OH O
HO

PivO

O HO
O

OH
H

OPivTIPSO

chelation; kinetic; stereoelectronics; order

JACS 2003, 12836

BnO O Me
OTBSOH OH

Crimmins:

O O
O

OTBS
HPivO

O

Org Lett 2000, 957

TFA, PhH
1.5:1

O
O

OTBS

BnO

O
HO

Me
2 steps O

O
OTBS

PivO

O
HO

Me
H2, Pd/C

>80% after recycling

O
O

OTBS

PivO

O

HO

Me

ring flip

OH

Me

O O

O

MeO
O

O OH

OH
HO

O

CO2Me

OHO

OMe
MeO heliquinomycin

ACIE 2001, 4709
ACIE 2001, 4713

O O

O

MeO
O

O OH

OH
HO

O

CO2Me

rubromycins

see GM on Rubromycins by Renata
naphthoquinone

isocoumarin

Benzannulated spiroketals/aminals
Useful Reviews: Eur JOC 2007, 3801; NPR 2009, 1117

N
H

NH

H
N

OH
OH

OO
O

O

Me2N

N
H

O
OH

O

O

NMeN
O

O
Me

NMe2

N
H

O
OH

O

O

NMeN
O

O
Me

NMe2
HO

exiguamine A exiguamine B

+
AgO (>10 eq), 

MeOH/formic acid

43 - 47%

Nat. Chem. Bio. 2008, 535

H2N H2N
H2N

Trauner: Biomimetic cyclizations

MOMO OH

MeO
SOPh

OCO2Me

O

CO2Me

CO2Me
OMe

+
Me OMe

Me

OTMS

; Tf2O;
iPr2NH

1. mCPBA
2. TFAA
3. TFA

O
O

CO2Me

MeO

HO

O

O

OMe

CO2Me

ACIE, 2007, 7458

Kita: synthesis of rac-!-rubromycin

!-rubromycin

SPh

O
O

OH

MeO

OMe
O

MeO

MOMO

CO2Me

39%

58%

HO
OMe

Br

O
OMe

Br

LiTMP,
dimethyl-
melonate

Cp2TiCl2, 
AlMe3O

OMe

Br

O

triethylorthoacrylate, PivOH, 
PhMe, heat; H+; KOH
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R

O
O

R

P
O

N

O
P

R

O
O

R
catalyst:

R = 2,4,6-triethylphenyl

R

O
O

R

P
OH

O

catalyst:

R = 2,4,6-iPr3C6H2

JACS 2012, 8074
JACS 2015, 444

O

HO

O
O
HO

Me

Me
5 mol% cat, 
RT, pentane O

OHO
RO

RO

87% dr 95:5

O

O

O
O
HO

Me

Me

H
RO

RO P
O

O

H

O O
Ph Ph

O O
Ph Ph

96%, ee 94% 96%, ee 92%

D

KIE= 0.85, syn(H-O) > 99:1
Review: Synlett 2013, 661

Nagorny:

berkelic acid

OH

Me

OMeO2C

Me

Me

OH

O

OH

CO2Me

R

OEt
+

1. AgSbF6
2. TBTO

O

O

O OH
CO2H

H

H

Me

OMeO2C

Me

Me

Me

Me
OHO

Me

O
MeO2C

Me

Me

spicifernin

OH

O

O

CO2H

R
pulvilloric acid

JACS 2009, 11350

 dr 6:4

OH

MeOH

OH

OH

CO2Me
O

R

+

ACIE 2012, 4930

dr 2:1

OMe

R

O

O OH

CO2Me

R

4 steps

De Brabander & Fananas and Rodriguez : Bio-inspired cyclizations

HO

+

NH2

Br
+ CO2HO

(JohnPhos)AuMe
chiral PA, PhMe
94%, dr = 3:1

er = 97:3

O
O

O

HN

Br

ChemComm 2013, 2715

Fananas & Rodriguez:

For similar transformation with benzannulated alcohol, see Org Lett 2013, 460

O

Me

OOH MeMgBr (3.6 eq)
0ºC, Et2O

97% O
O

O
OH

Me

Me

Me

O

O
O

OH

MeHO
HO

Me

O

OH OH
Me

O

cynandione E

Aust. J. Chem. 2007, 89

O

Me

OH Me

TFA, Et3SiH
O

Me

O MeOH

O

steps

Mis-assigned intermediate:

Strategies for Enantioselective Spirocyclization

O

Me

O

Me

10mol% cat
–35ºC, MTBE

O
O

Me

O
O

Me
76%, dr 7:1 

non-thermodynamic
(thermodynamic dr 1:60)

86%, dr 100:1
Nature 2012, 315

OH

OH

O
O

(S)-olean
5 mol% cat
77%, 96%ee

O
O

5 mol% cat
81%, 90%ee

R1List:

Useful Reviews: ChemSoc Rev 2012, 1060; the following examples represents a near exhuastive 
sampling as of preparation of this GM

OH
O

MeO

OMeO

MeO

O
OMe

O

O

CO2Me

+
CAN

O OMeO

OMe O

O
MeO O

O

CO2MeOMe

O

O O

O

MeO O
O

CO2MeMeO

MeO

OMe

+
BBr3

50 - 60%58%
1:2

!-rubromycin

JACS, 2011, 6114

Pettus: synthesis of rac-!-rubromycin
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Yi Yang See Baran Lab Group Meeting
09/12/2017Hetero-spirocycles (strategies & tactics)

Better ways to construct the linear precursor?

Me

OTBS

Me

TMS

MeMe

OH OPMB
+

1. Ti(OiPr)4, c-C5H9MgCl
2. HCl
3. O3, DMS; pTSA

32%

O O

MeMe

H MeH

Me

OPMB
JACS 2010, 2010

OBoc O O

3

[{Ir(cod)Cl}2] (1mol%)
(S)-L (4mol%)

Zn(OTf)2 (2mol%)
BnOH (2eq), 4ºC, 48h

60%, 95:5 er O
O

OBn
7:1 dr

JACS 2017, 8082

Carreira:

Asano & Matsubara:

PhS OH

O

O

thiourea cat.

82%, dr = 8.6:1
96% ee

O O

PhS

O N
H NMe2

N
H

S
Ar

Ar = 3,5-(CF3)2-C6H3

ACIE 2015, 15497

Wang & Ding:

Ir cat., H2

96%
dr = 98:2
>99% ee

ACIE 2012, 936

O OHOH

OO
Br

Br

Me

Me

Me Me

BrBr

P
N

O

PhPh

Bn

Ir[cod]BArF

cat:


