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Anomeric Effect: Discovery and Origin

-First observed by J. T. Edward in 1955 and studied by R. U. Lemieux
-The term “anomeric effect” is first introduced in the 133 National
Meeting of the American Chemical Society at San Francisco (1958).
“The tendency of an electronegative substituent at C(1) of a pyranoid
ring to assume the axial rather than the equatorial orientation, in
contrast to predictions based solely on steric grounds.”
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Anomeric Effect in [5.5] and [5.4] System
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Meaningful Anomeric-Nonanomeric Dichotomy

1. Clear difference between anomeric and nonanomeric configuration
as in six-membered ring system where axial/equatorial bonds are
often well defined. Five-membered ring undergoes rapid
pseudorotation.

2. Conformational locking is required to stabilize the nonanomeric
structures.
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Additional factors that help stabilize nonanomeric conformers in nature:
-Intramolecular hydrogen bonding

-Coordination to a metal cation

-Macrocyclic ring constraint

Aho, J.: Pihko, P.: Rissa, T. Chem. Rev. 2005, 105, 4406



Definitions

Contrathermodynamic spiroketal

A. Spiroketal that defies the law of thermodynamic?

B. Spiroketal with less than maximum number of possible anomeric stabilization?
C. The less thermodynamically favored isomer of spiroketal.

The conformation of aplysiatoxin with one anomeric
stabilization is more stable than the conformation with two
anomeric stabilizations. Must consider multiple factors.
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Nonanomeric [5.4] Spiroketals in Nature
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The nonanomeric configuration
of the CD ring segment
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Endusamycin (CP-63.517)

Perron, F.; Albizati K. Chem. Rev.1989, 89, 1617-1661

-Nonanomeric spiroketals are common in
insect pheromones, polyketide antibiotics and
marine toxins.

-Endusamycin belongs to a class of polyketide
lonophore antibiotics which are microbial
metabolites produced by Streptomyces

-Biological properties related to ion
transportations across biological membranes

Aho, J.; Pihko, P.; Rissa, T. Chem. Rev. 2005, 105, 4406 Endusamycin rubidium salt



Nonanomeric [5.4] Spiroketals in Nature

Peclenoloxing {PTX} 1-7 and 2b

F"eﬂennlﬁx-'-s
2c and 810

Pectenotoxins 1-3 and 6

R

L1

F:-!:J

T
. 8]
H |

B "o 30: PTX3

28: PTX1

3M:PTX4
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Aho, J.; Pihko, P.: Rissa, T. Chem. Rev. 2005, 105, 4406

-Marine natural products
-Isolated from the Scallop
Patinopecten yessoensis

-C., configuration is R
-Significant cytotoxicity
against a variety of lung,
colon and breast cancer cell
lines.

-Nonanomeric isomers are
major isolated products
-Appear to be more cytotoxic
than the anomeric congeners



Nonanomeric [5.5] Spiroketals in Nature
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Unfavorable
Interacifons The nonanomeric spiroketal
configuration in Spirofungin B

99: Spirafungin A (15K) 100: Spirofungin B {155)

Spirofungin A and B

-Polyketide Antibiotics

-Collected in Australia Otway National Park

-Isolated as 4:1 (A:B) mixture from the extract of Streptomyces
violaceusniger Tu 4113

Aho, J.; Pihko, P.: Rissa, T. Chem. Rev. 2005, 105, 4406



Nonanomeric [5.5] Spiroketals in Nature

112: Spongistatin 1 = Alfohyrtin A €l
113: Spongistatin 2 = Allchytin € H
114: Aliohyriin B Br

OH
F H
dr 707
MeG

The nonanemeric configuration
of the CD ring in spengistatins

Spongistatins

-Marine natural product

-Very active antitumor compounds
-Spongistatin 1, the most active member,
has IC;, ~ 0.13 nM in average against
the NCI's panel of 60 cancer cell lines!
-42-membered macrolactone

-Two spiroketal units

-Why is CD ring nonanomeric?
-Intramolecular hydrogen bonding
-Conformational constraints imposed by
the macrocyclic structure

Aho, J.; Pihko, P.: Rissa, T. Chem. Rev. 2005, 105, 4406
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Synthesis of the CD Ring in Spongistatin
Evans

o Tes
0"0 O OMeQ O Me CSA
T’ﬂw\-’uv/‘\fu‘“o’l‘mp MeOHICH,Cl,
115 Strategy:
Stabilize the nonanomeric structure
OH OH by metal chelation and thus favor it
Hgﬁ\/H O Me  HO— I in the equilibration.
i}'\”'} ~Ho g O o e

MeO MeO

116 117
Acid 25
‘ catalyst | —oH
P M
HO~7 | M) §
Entry  Acid Solvent Time  116:117 Q‘@‘” 2 0" "Np
MaO
1 CsA MaOH/CH,Cl; 24h 6:1 117, dimagnesium complex
2 CSA CH:Cls Jh 1:1
3 ZnErg CH5Cla 1h 1.2.3
4 MgiOsCCFa)e CHyCla 3h 1.26
5 ZnCls CH,Cl5 3h 1:43

Evans et. al. Angew. Chem. Int. Ed. 1997, 36, 2744 11



Synthesis of the CD Ring in Spongistatin

Smith

TBS. TBS
0 "?{}s OMeO
B"D\/\/\AJ/‘\/\/D

120

2) Hg(ClOy)p, CaCOy

1) HCI, MeOH (85%)
CH;}CNszD {91}

OH

BnOD OH
07/ 0 MeO

MeO

121 Residual Ca®* ions

} HCIO, |

CH3Clz:CH3CN (10:1)
87% 2 steps
10:1

Same strategy as Evans:

Stabilize the nonanomeric structure

by chelating calcium ions and thus

favor it in the equilibration.

25

|;|=H
BnO ca? o-H
0707,

MeO
121, calcium complex

Smith et. al. Angew. Chem. Int. Ed. 2001, 40, 191.
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Synthesis of the CD Ring in Spongistatin
Paterson

JTBS
TESQ OH O OMeQ” )

PMBO. i e

123

HF (aq), MeCN
0"C

o P
PMBO (i) /\( Jd
drdo K.+ Ho "
O
MeO e
124 125
T HCI (cat.) |
CH,yCl, 20 °C
1:1
Strategy:

Stabilize the nonanomeric
structure by hydrogen bonding
Only obtain 1:1 mixture

(over 2 steps) pH7 buffer

.0
60 : 40
T H + G
0-7-0
MeQ
127

Strategy:

Hetero-Michael cyclization

Axial attack (chair transition state)
“Kinetic control”

67% \ DBU, CH,Cl,

128

Paterson et. al. Tetrahedron Lett. 1997, 38, 8911:; Tetrahedron Lett. 2002, 43, 3285 13




Synthesis of the CD Ring in Spongistatin
Heathcock

1) Hz, Pd{OH)z, THF
OH QBn
P =

This bond
y forms last
27 | H
2) ZnBr,, CH,Cl TIPSO ~ T opiv
\/\/\\/I\/l\/‘\/ﬂpﬁ“ " © /7
19
142

0
143
B0%, only diastereomer
; i
TIPSD\\L
z7 FJ{B OH ?H R
HO — »: OPiv
144

Heathcock et. al. J. Am. Chem. Soc. 2003, 125, 12836
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Synthesis of the CD Ring in Spongistatin

Crimmins

BnO EnO

i L
TBS
|

151

154-155: Stereoselective hydrogenation
Approach from convex face
155-156: Ring inversion due to severe 1,3-diaxial interaction

Crimmins et. al. Org. Lett. 2000, 2, 957
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Synthesis of the CD Ring in Spongistatin

Roush
OFMB
oH oH [ e Strategy.: o
MBO” ™ B g1 OB e -Iodo.-spquketallzatlon |
159 -159 is activated by NIS (steric
] e control)
o, 7O QD . -Axal attack by C,g hydroxyl
A" . pmla%v) group through chair transition
HO - e state
160 161

63%

2 steps
50%
OPMB
BnO || , OPwms
O 0

el
162

Roush et. al. Org. Lett. 2002, 4, 3719
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Summary of the Strategies

Thermodynamic equilibration:

Metal chelation (Evans, Smith)
Hydrogen bonding (Paterson)

Hetero Michael cyclization (Paterson)

Stereoselective hydrogenation followed by steric induced ring
Inversion (Crimmins)

lodo-spiroketalization (Roush)

Most of these strategies are case specific.
Stereoseletivity is only moderate in many instances

Iterative recycling and equilibration maybe necessary to afford
reasonable yield

Challenges:

Development of general and stereocontrolled approaches to
contrathermodynamic (nonanomeric) spiroketals.
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Rychnovsky’s Reductive Cyclization

Make use of anomeric effect

&

OR
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equatorial radical
no stabilization

CN ]

HD:i:E£7' -zﬁ]

1|
Li o
oiey | mieg

axial fithivm axial radical
spacies stabilized by
anomernc effect

Rychnovsky et. al. J. Am. Chem. Soc. 1992, 114, 8375
Rychnovsky et. al. J. Am. Chem. Soc. 2005, 127, 528

HO_~_-OH TMSCN
R\LE{ R\LE?O >~
CSA, - H,0 .
O 31 % 22( BF3OEt,

1. MsCl, Pyridine

2. LiCl, DMF

LIiDBB,
THF, -78 °C Li
63 %

Li

Lithium di-tert-butylbiphenylide
(LIiDBB)
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Rychnovsky’s Reductive Cyclization
Optimized Procedure

OTIPS
OTIPS HO t-Bu, :
t-Bu : BU-Si 1. TMSCN, BF3OEt,
.0 OH Cl t-Bu !
t-Bu—Si \(1 . o 0 then K,CO3, MeOH
\\\\ >
ONGR CSA, 69% O
\ ’ O
O SPh 2. TBSCI, 92%
Cl
QTIPS LiDBB, THE OTIPS

t-Bu,

t'B“_Sui/O o 0 ] t-gEE\Si’O _
O Ng P . -78 °C, 98% i O OTBS
CN ~Y o

. \ nOe signals
Eases £
t-Bu t-Bu

@ -Bu
Li G@C’e. OTIPS
| Es
Lithium di-tert-butylbiphenylide +tBu O —p

(LiDBB) TBSO

Rychnovsky et. al. J. Am. Chem. Soc. 2005, 127, 528
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Reductive Cyclization: Scope

OTIPS
OTIPS OTBS OMe R 0 :
: ' 8N
H;er LiDBB, THF .S o OTBS
R | O
OLg ~78°C. 88% O
o i
R=tBu 12 13
OTIPS
?TlPS 1. LIDBB, THF R, .0 -
R._ .O OTBS —40°C J8i
£l “""-"'L
OxNg N % 2 MeOH, 81% O
& H.C
3
14 15
OTIPS _
Rog O~ oTBS LDBB _ R,
Al m L/\/ THF, —78°C R"Y)
O<g Cl " 51%
o’
16
OTIES _
FLS.-C' = OTBS LIDBB _ H‘Si'D
| #
R THF, —78°C R’
Oh\‘“m LJ\/DME ?.I WD D"\-._.l-""
o
18

Rychnovsky et. al. J. Am. Chem. Soc. 2005, 127, 528
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Rychnovsky’s Reductive Cyclization:
Synthesis of Spirofugin B Core

BF; -Et-0O

B OTIPS
e ~cl 1 + 10—~ ,_/J TMSCN
Me L 72%
RDME\Z_TDR —— RO j 1.5:1
0 0 /
Me 'ﬁ@

-—.'_Me

6 - Me ) Me

)
CN CN
- — Jo. OTIPS — 10, oTIPS
DU\“ + D(/f\’
Me —— J_/\,i’ SOR Cl Me Cl Me
\j\ 6:1 24

C
(lj {"‘.;\L,.woa 23
o Me
OR Ve TBSCI
8

91%
TBS'D
Me

PhS._.0._.~~_-OR OH GT'F'S—* 0., OTIPS

— |\j\ . cl\/\l)\,cm _78°C

" 92%

e Me DTEI.E . Me
10 11

spirofungin B Core

First key disconnect is the axial C-C bond rather than C-O bond

Rychnovsky et. al. Org. Lett. 2005, 7, 1873 21



Rychnovsky’s Reductive Cyclization:
Synthesis of PTX-2 AB Ring

cl
Me HO™ " Me
TIPSO._A_0O._SPh o4 3 TIPSO._A~_0O GA}/““
___OH< 5
\/U PhSO,H, CHoCly \/U ol
Ta4%
4 8
Me
TIPSO, TIP Me M
Tipso_  Me OTBS 0. ol . TMSCN, TSN _o o H . Tieso_ M
0. 0. | " oTBS BF-OEts “"OH O, 0
—> N : 1 cl
—78 t0 —40 °C N + CN .
& 50% 5 28% HO
PTX-2 AB spiroacetal 1 2 9 10
HG,, Me
! OH z Me
: TIPSO,
_ H/\ . TIPSO O._SPh TBSCL DM, o oH P
| g _Imidazole “oTBS :
cl 3 . — CN -78°C, 76%
2 cl
Me
TIPSO, Me

H
o ol TIPSO, . oTBS
Y ¥ ~omBS | — 0 _ 0 ./
Li
Cl

1

Rychnovsky et. al. Org. Lett. 2007, 9, 711 22



an’s Methanol-Induced Kinetic

Spirocyclization

H1

+ .0

3

1

OTIPS
1 (threo-glycal shown)

C1-sidechain
attachment
—
(ref. 10)

3a-n (ant-epoxidation shown)

R' = (CHp),OTBDPS

R.=.0 "+ R? stereoseleciive
| epaxidation
OH —_— -

OTIPS

glycal n  R? glycal n R®
a: theo 1 H h: erpthro 1 H
b: threo 1 R-Me i: ervthro 1 A-Me
c: threo 1 5-Me iz erythro 1 5-Me
d: threo 0 H k: erythro 0 H
e: threo 0 A-Me I: erythro 0 A-Ms
f: threo O S-Me m: erythro 0 5-Ma
g: theo 2 H n: eythro 2 H

2a-n

sfereoselective
spirocyclization

A

(DMDO)

7 "OH
QTIPS
da-n (C1-inversion)

OTIPS
5a-n (C1-retention)

OMe

" H
ioH O

OTIPS
6a—n (methyl glycosides)

Configuration at anomeric carbon is
controlled by the initial
stereoselective epoxidation

Surprise! Excess MeOH leads to
Cl-inversion

Lower conc. and other alcohols are
less effective (more undesired C1-
retention spiroketals and methyl
glycoside)

Mechanism probing:

Under reaction conditions,

5a )% 4a (5a is not intermediate)
6a - 6a (6a is not intermediate)

Polar aprotic solvent did not induce
cyclization (MeOH hydrogen
bonding catalysis?)

Tan et. al. 3. Am. Chem. Soc. 2005, 127, 13796 23



TBDPSO o 1. 4 equiv t-Buli TBDPSO O._SnBuj TBDPSO oI
| THF, -78 °Cto 0 °C | I |
_—
_ 0] CH2C|2, rt
oTps 2 BusSNClL-787C OTIPS OTIPS
threo-glycal 77 % 100 %
\/\/Oj‘(
o
9-BBN, THF, rt
then 1 N aq NaOH, rt TBDPSO O 0\[( TBDPSO o) OH
| KaCO3 |
0
Pd(dppf)Cl, THF/MeOH
THF, H,0, rt OTIPS OTIPS
85 % 100 %
1.2 equiv DMDO, acetone/CH,Cl, TBDPSO inversion
. .
then excess MeOH
-63°C 86 %
TIPSO
HO
o0 OTBDPS OTBDPS
TBDPSO ,
retention
one anomeric stabilization
0%
OH OH
T|PSOM TIPSO\%Z—/_/
H\k\/OTBDPS g 6\£\/OTBDPS OMe
. TBDPSO 0 OH
steric control
DMDO from a-face )
8 0 ‘OH
° OTIPS 24

Tan et. al. J. Am. Chem. Soc. 2005, 127, 13796



b —.

I —=

Cl-inversion
TIPSO

HOG N O R

3h —=t

10 R
P
QoTIPS

4h

+

C1-retention

TIPSU
HO O\ R
0]

5a
TIPSO

Hﬂﬁaﬂ
Meﬁb
TIPSO

Hgﬁal-ﬂ
0
e
B
Ft
TIPSD\%
HO 4
5d
=]
TIPSO 0
HO
5 e
R
TIPSO 0
HO .?J

s
HO ©

0-NTOX R
OTIPS

Sh

R = (CH2),OTBDPS

TsOH
MeOH

<2:98 (39)

g2:0 (B6)
+ 6a (B%)

T=OH
MeOH

<2:98 (100)

g8:0 (85)
+ Gl (2%)

T=OH
MeOH

70:30 (709)

o4:0  (93)
+ Be (63)

TsOH
MeOH

<2:98 (74)
g2:8 (84)

TsOH <2:98 (89)
MeOH =88:2 (100)

TsOH <2:88 (92)
MeOH =08:2  (02)

threo-Glycal series

Contrathermodynamic
spiroketal is the kinetic product
(MeOH-induced)

Excellent diastereoselectivity
High yield

Access to thermodynamically
more stable spiroketal under
acidic equilibration (TsOH)

TsOH >88%:2 (829)
MeOH 2 :0 (73)

- I

erythro-Glycal series

4h has two anomeric
stabilizations

Problem: kinetic product is the
same as thermodynamic
product

The key is the stereochemistry
of epoxidation in the erythro-
glycal series o5

Tan et. al. 3. Am. Chem. Soc. 2005, 127, 13796




Stereochemical Outcome of Epoxidation is Crucial

HO HO
3h —at 0 R | oNLOA R | TsOH >88%2 (82)
DGTIPS OTIPS MeOH &2 0 (73)
=G
4h Sh
TBDPSO (0] OH TBDPSO o] OH
\/A\[;;H/A\//\V/ 1.2 equiv DMDO, CH,Cl, o
- then excess MeOH z
OH
TBDPSO O ' OTBDPS
— ‘o — OTIPS
73 % .o
b =
OTIPS two anomeric stabilization
inversion

Steric control
DMDO from S-face

OTBDPS
H ﬂ OH

0
_ - S OTBDPS
H OH ~————— @) /O
/«ij;aé'_”/f_d/ 0 NS—~—OTBDPS TIPS
0
TIPSO TIPS §: OH

Rentention of configuration at anomeric carbon is required to obtain
contrathermodynamic spiroketal 26




Ti(OI-Pr),-Mediated Kinetic Spirocyclization

n‘wwﬂz MO P Onem BT e No Lewis Acid 3a:4a = 1:3
2 OH  Crighly acetane : 0 e With Ti(Oi-Pr), 3a:4a = >98:2

Bries Aries L
18=n {enapgiycal shawn] 2an * Dual roles of T|(Q|-Pr) 4
mutideriale | g, o /‘jiq i =fT:Hgfgarsu§a 1. activate epoxide
o um | R 2. guide the hydroxyl attack
o II' - -, .
hrips E; e 1 ?:E;?;' « Reaction condition of the
e @tectention) | &} @G § ke spirocyclization step:
Mok & %m : : 2 equiv of Ti(Oi-Pr),, -78 °C;
Ry 1 ltwee
-683°C [ 237
(LA GO Eﬁg ; &_‘f then 0 °C, < 1h
; = site of aql H B . ' ism:
ALl oTes oo 0 Rie Probing the.mechanl_s_m
dhversty d=n(Climersion)  n: fwec 2 H Under reaction conditions,

4a % 3a (suggesting kinetic

EaMr - o, E, M0 control)
! Pi! AW .5; '::{EE:L«H‘
& ﬁﬁlF‘&- ‘ﬁ( TIPS
]

TIF’@JI
7

Tan et. al. 3. Am. Chem. Soc. 2006, 128, 1792



Rationalize Your Results!

H1\ifj\iﬂ\woy
)

OTIPS
s1
I
YO
0 1
H _@H
H H
TIPSO

$2 (*H; conformation)

[

_D+
H
H

YO
$3 (*H, conformation)

refention

inversion

refention

7
I

inversion

non-chelated: X = TiL,orH; Y =TiL, or H

chelated: X =% =TiL,

(= early transition state) = late transition stats)
0\
x0 YO —)( Y
A R
H El xj ! ”\><
TIPSO TIPoO
54 S5
(lfemate chair conformation has
unfavorable C11-0X imteraction)
R! XY
+H
H E— E—

S6
(alfernate chair confarmation has
unfavorable C11-OTIPS interaction)

57

HO
Oady R’
OTIPS

3a (retention)

HO
|
OTIPS
O

4a (inversion)

(alternate chair conformation has
unfavarable C11-0X interaction)

TIPSD

7.

L i1 a5
unfavorable C3-0X interaction)

O‘T’ -

HO

4a (inversion)

Metal chelation through early transition state S4

28



Double Inversion?

oY
z 1 HO
R\_O /I TiorPr), X0 fq
\E/\[)o OH — —> 0\J0\ R
: TIPSO 0./ OTIPS
OTIPS a M
Me
2a S12 3a

Four unfavoured syn-pentane-like interactions in each case

Tan et. al. J. Am. Chem. Soc. 2006, 128, 1792 29



Scope

TIFED

‘% iE}TIF@

Clinveision R =(CHOTBDPS
H

TIES

48y

=HE2 @1%)

»88.2 (BE%]

=38 F2%)

3b has no anomeric stabilization

Tan et. al. J. Am. Chem. Soc. 2006, 128, 1792

-relention glmveigion R ={CH)OTBDPS

B
fi{) E;_/f 2082 {8475
TIPg P8
% g% »98:2 186%)
TIPS TIPS Q

[ e

SO
TIRSG TIRg
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Conclusion

Stereocontrolled synthesis of spiroketal is still very challenging
Limited number of approaches with generality and diversity
Rychnovsky’s strategy:

Has demonstrated its utility in natural product synthesis
Functional group compatibility with radical?

Introduces a CH,OH group

OTIPS
C:)TIPS HO t'BU\ -
t-Bu, Z

-0
o) t-Bu—Si .
tBu~Si | OH ¢ oo o — _tBu-siC
O g o o lvo_  otes
N O SPh CSA, 69AJ O N O

Tan’s strategy:
Introduces a hydroxyl group

TBDPSO 0 '/j
o)
“OH

OTIPS

Application to other substitution pattern?
Awaits to be tested in natural product synthesis
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