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Synthetic Approaches to o,p-Unsaturated 6-Lactones and Lactols
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Keywords: Lactones / Natural products / Total synthesis

The synthesis of six-membered unsaturated 6-lactones has
generated considerable interest, due to their occurrence in a
large number of natural products possessing potent bio-
logical activities. This microreview attempts to illustrate the

different strategies used to obtain such compounds, with a
special emphasis on catalytic and asymmetric approaches.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2007)

1) Introduction

This microreview covers the literature relating to the con-
struction of a,B-unsaturated d-lactones in the context of the
synthesis of natural products published over the last ten
years.['l The a,B-unsaturated §-lactone moiety is a ubiqui-
tous motif present in a large number of natural products
displaying a broad range of potent biological activities
(Scheme 1). Moreover, it has been shown that the unsatu-

[a] Institut de Chimie des Substances Naturelles,
Avenue de la Terrasse, Bat. 27, 91198 Gif-Sur-Yvette, France

rated moiety plays an essential role in the biological activity,
due to its potential to act as a Michael acceptor in the pres-
ence of protein functional groups.!

Accordingly, a number of inventive approaches have ap-
peared in the literature in the last ten years. It is not in-
tended to give an exhaustive account (more classical meth-
ods involving an ynoate triple bond reduction/lactonization
sequence,l’! (Z)-selective olefinations,*! nucleophile-induced
isomerizations of (E)-a,B-unsaturated esters,’] and selective
oxidations of 1,5 diols!® % are not covered here) but rather
to highlight recent advances in the field, particularly cata-
lytic and asymmetric accesses.
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Scheme 1. Selected examples of naturally occurring a,B-unsaturated 8-lactones.

2) From Aldehydes and Ketones

2.1) Hetero-Diels—Alder Reactions

Hetero-Diels—Alder (HDA) reactions in the context of
the formation of tetrahydropyran rings have been covered
thoroughly in a recent microreview:!''] we will mainly be
focusing here on catalytic and asymmetric reactions afford-
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ing a,B-unsaturated lactones and lactols. Feng has recently
described efficient catalytic and asymmetric HDA reactions
between Brassard’s diene and aldehydes in the presence of
titanium-based chiral Lewis acids, affording §-substituted
B-ethoxy-a,B-unsaturated lactones with good yields and
enantioselectivities from aromatic aldehydes, whereas lower
selectivities were obtained with aliphatic aldehydes

Eur. J. Org. Chem. 2007, 225-236
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(Scheme 2).1'21 According to the authors, the reaction may
follow two competitive pathways: at low temperature
(=78 °C) the Mukaiyama-aldol pathway is predominant,
with a change to an HDA pathway at higher temperature
(0°C).1131

OTMS (e}
L*/ Ti(OiPr), 5% 10
=
OBt . RcHO - |
E1O toluene, 0 °C EtO R
Ph Ph
R = Ph; 71% yield, 93% ee
~N OH R = pNO,Ph; 56% yield, 91% ee
R = pMePh; 36% yield, 90% ee
L* = Bu OH R = iPr; 54% yield, 75% ee with R-Binol
" R = nPent; 26% yield, 7% ee
u
Scheme 2.

In a total synthesis of ratjadone, Kalesse also used an
HDA in the presence of a titanium-based chiral Lewis acid
to promote the reaction between 1-methoxybuta-1,3-diene
and ethyl glyoxylate to yield the protected lactol as an endo/
exo mixture with good enantioselectivity (Scheme 3).[4
This mixture was then epimerized, through a transacetaliza-
tion, in favor of the more thermodynamically stable an-
omer. This protected lactol was maintained over the full
synthesis, and was only deprotected and oxidized during the

latest steps of the synthesis.[!”]
L

EtO,C”7 0

Ti(OPr),

= 1 (+)-Binol

OMe  CH,CI, OMe
65%
56% de

>90% ee l steps

1) PPTS, 83%
2) TPAP, NMO 77%
3) HF-Pyr 76%

Ratjadone
Scheme 3.

Danishefsky has also described a LACDAC (Lewis Acid
Catalyzed Diene Aldehyde Cyclocondensation) sequence,!®!
starting from the enantiomerically pure aldehyde 1 and the
famous Danishefsky’s diene 2 to yield the dihydropyrone 3
as a single diastereoisomer.['”l A Luche reduction, followed
by an aqueous Ferrier rearrangement, gave the correspond-
ing a,B-unsaturated lactol (Scheme 4).

In the total synthesis of fostriecin,['81 Jacobsen has devel-
oped an approach to the C1-C5 lactone core that makes
use of a chromium-catalyzed hetero Diels—Alder reaction
between benzyloxybutadiene and the TIPS-protected pro-
pynal to give high yield and diastereo- and enantio-
selectivities (Scheme 5).
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Finally, using the same chromium catalyst, Carreaux and
Hall have described an efficient and clever three-component
cycloaddition/allylboration sequence to give a-hydroxyalkyl
lactols."! During this sequence, a first hetero [4+2] cycload-
dition with inverse electron demand yields a cyclic allylbo-
ronate, which is then able to react with an aldehyde to give
the six-membered adducts with good yields and diastereo-
and enantioselectivities (Scheme 6). This methodology has
been further applied to the total synthesis of a thiomarinol
derivative.[?

Bpin Bpin
f | RCHO ﬁ
- . RN
S0 TOEt rt,15h |o OFt Y07 YOEt
HO
TBDPm \/(j\ /\/(j\
Ph™ ~";"0" TOEt CioHat 707 OBt 707 Ok
HO Ho 1 HO
65% yield 89% yield 73 % yield
> 95% de > 95% ee > 95% ee
( pin = pinacolate }
Scheme 6.

2.2) Catalytic and Asymmetric Vinylogous Mukaiyama
Reactions

We have recently described a direct route to o,p-unsatu-
rated d-lactones through the use of a catalytic and asym-
metric vinylogous Mukaiyamal®!l reaction in the presence
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of Carreira’s catalyst CuFL*.?21 The o,B-unsaturated 3-lac-
tones were obtained as the major products along with the
“regular” linear vinylogous aldol products. Interestingly,
the o,B-unsaturated d8-lactones were obtained with moder-
ate to good enantioselectivities whereas the linear product
was obtained in nearly racemic form (ee < 10%). From
starting y-substituted dienolates, the anti lactones were ob-
tained with excellent diastereoselectivities (>98:2 antilsyn)
and good enantioselectivities. This methodology was then
used in the synthesis of the Prelog-Djerassi lactone and the
three main fragments of discodermolide/?>4! (Scheme 7).

Cu{OTf), 10%

/\/CEMS (R)- toIBlnap 11%
= TBAT 20%
Z OEt COE
+ THF, rt. )\/\/ z
RCHO Ma or Minor
ee up to 85% ee < 10%
Cu(OTf), 10%
(R)-tolBinap 11%
\/\)O\T MS  TBAT 20% OH
NF X CO,Et
+ OBt THF,rt. )YV 2
RCHO
Major Minor
syn/anti 2:98 syn/anti 1:1
ee up to 95% ee < 10%
Scheme 7.

This methodology has further been applied to aliphatic
methyl ketones, as illustrated in the formal synthesis of tau-
rospongin A??¢! (Scheme 8).

2.3) Aldol Reactions with Vinylogous Urethanes

Aldol reactions from chiral vinylogous urethanes and al-
dehydes, providing the syn-lactones with high diastereo-
selectivities, have been described by Schlessinger. The chiral
auxiliary is then removed in two steps involving a 1,4 re-
duction followed by a Cope elimination!?*-23! (Scheme 9).

The Schlessinger group have described various synthetic
applications, including the four main fragments of okadaic
acid,>! (+)-phomolactone, (+)-acetylphomolactone, and
(+)-asperlin, as illustrated in Scheme 10.1°]

o) Cu(OTf), 10% (o]
/\/U\ (R)-tolBinap 11%
0,
850 TBAT20%  TBSO Q7 )
+ OTMS THF, r.t.
_ 72%, 88% ee
= OFEt

Scheme 8.
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2.4) Palladium-Catalyzed Multicomponent Coupling
Reactions

A palladium-catalyzed regioselective bisfunctionalization
of allenyl esters with boronic esters and aldehydes has re-
cently been described by Malinakova.?! The reaction is be-
lieved to involve a bis-allylpalladium intermediate, which is
finally trapped by the aldehyde. Although rather low

TBSO oTES OAc OTBS

J. Org. Chem.:
1098, 9624 . Yacobsen

taurospongine A
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enantioselectivities (<20% ee) were obtained, this sequence
affords direct access to highly functionalized lactones

(Scheme 11).
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+ + .
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2.5) Keck’s Annulation

The direct conversion of B-acetoxy aldehydes into the
corresponding a,B-unsaturated 6-lactones by treatment of

oLi o
OAc /\OMe
X _cHo N
R
R o
“ MeQ
O‘/\ 0
AL 6 £ CoMe ﬁ@H
R OMe R OAc R OAc
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Scheme 12.
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the lithium enolate of methyl acetate with B-acetoxy alde-
hydes (Scheme 12) has been described by Keck.*l This
multi-step transformation proceeds through an initial aldol
reaction, followed by an acyl migration, a lactonization,
and finally an irreversible B-elimination to provide the a,p-
unsaturated d-lactone. This methodology has been applied
by the same authors to the total synthesis of (—)-pirone-
tin 281

2.6) Cyclocondensation of a-Dicarbonyl Compounds with
Ketene Diethyl Acetal

Jorgensen has described copper-bisoxazoline-catalyzed
reactions between a-dicarbonyl compounds and ketene di-
ethyl acetal, providing (after hydrolysis) d-substituted B-
ethoxy-o,B-unsaturated lactones with good yields and
enantioselectivities®®! (Scheme 13).

[ | °
N \)
i -
B L
0 oo Ot Y g o B B0 OEt
" JKWRZ . W 20% EtO OEt
0 2
0 9 examples 1\ R
55-80% yield R &
53-93% ee
HCO,H
50-72%
R'= Ph; R? = OEt, 80% vield, 93% ee
R' = Me; R? = OMe, 74% yield, 83% ee
R'= Me; R? = Ph, 58% yield, 90% ee
R'= Me; R? = Me, 71% yield, 95% ee
Scheme 13.

3) From Alcohols

3.1) RCM, CM, and Tandem RCICM Strategies from
Homoallylic Alcohols (Esters)

Thanks to the development of highly enantioselective
and practical allylation and crotylation procedures, conver-
sions of homoallylic alcohols (through their acrylate esters)
into the corresponding lactones have become the most pop-
ular approach to obtain such compounds. Because of the
quantity of work in this area (more than 60 publications) it
has proved impossible to include all contributions made
over the last five years, and we apologize to those workers
whose contributions to this area are not included. This
strategy was first described by Ghosh in the synthesis of
peptide isosteres,*% and was then used in a number of total
syntheses including those of argentilactone,*!:3%! goniothal-
amin,B31-33:34 callystatin,[®! boronolide,*® strictifolione,*”]
hexadecanolide,?* massoia lactone,?* parasorbic acid,*
passifloricin A,B8 spicigerolide,**! anamarine,[*?! and fos-
triecin™!! (Scheme 14).
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A RCM on an homoallylic alcohol protected as an allyl
ether, followed by an oxidation, has also been described in
the total synthesis of gonotriol.*?! More recently, Blechert
has described a ring-size selective (six vs. five) RCM in a
total synthesis of (+)-phomopsolide C*3 (Scheme 15).
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_—

phomopsolide

M oreDMS
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Scheme 15.

Although it is not within the direct scope of this microre-
view (routes to o,B-unsaturated 5-lactones), it is worth high-
lighting two domino reactions involving metathesis reac-
tions. In the first one, Cossy described a domino cross-me-
tathesis/hydrogenation/lactonization sequence affording sat-
urated lactones*¥ (Scheme 16).

Pt02 /H, 1atm R

CH,Cl,

o]

jii ji)/
R™L

Rz R

o}

OH
R/IL\/\ + | OH

CO,H

CO,H

Scheme 16.

In addition, Piva has described a domino ring-closing/
cross metathesis sequence resulting in the stereoselective
formation of (E)-6-alkenyl-f,y-unsaturated 6-lactones. Re-
conjugation of the internal double bond was finally carried
out in the presence of a catalytic amount of DBUM
(Scheme 17).
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Scheme 17.

3.2) Cyclocarbonylation of Unsaturated ( Allenyl,
Homopropargylic, Homoallylic) Alcohols

Alkynes and allenes are also rich sources of starting ma-
terials for some efficient routes to a,B-unsaturated lactones.
Dupont has described a one-pot hydrozirconation/carbon-
ylation/lactonization sequence starting from homopropar-
gylic alcohols: during the lactonization step, an equilibrium
between the (E)- and (Z)-o,B-unsaturated acyl iodides is in-
volved in the presence of an excess of iodide®! (Scheme 18).

RZ 1) Cpyzi(H)CI
K 2)CO
OR' 3) 1z

\ 1) Cp,Zr(H)CI

Scheme 18.

Ruthenium-catalyzed cyclocarbonylations of allenyl
alcohols to provide five- and six-membered unsaturated lac-
tones have also been described by Takahashi.l*’! Although
only three examples of six-membered unsaturated lactones
have been described by the authors, this method appears to
be an interesting alternative to previously discussed meth-

RU3(CO)12 1%

= CO 10 atm (0]
R +CO Z
OH NEt L RI™NGO
R2 R dioxane, 100 °C R?

R3
R',R? R®=H or Me
3 examples: 95-98% vyield

Scheme 19.
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Kocienski, in the context of the total synthesis of (+)-
manoalide, has described a very impressive copper-medi-
ated 1,2-metalate rearrangement to give, after quenching
with iodine, a (Z)-iodo alkene in 66% yield (Scheme 20).
This compound was then transformed into the correspond-
ing lactone by a palladium-catalyzed carbonylation in
which the acylpalladium intermediate was intramolecularly
trapped by the §-hydroxy group.[*’]

4) From pB,6-Diketo Esters

Enders and Miiller have described two efficient and com-
plementary regio- and enantioselective enzymatic re-
ductions of fert-butyl 6-chloro-3,5-dioxohexanoate. The (S)
enantiomer is obtained in 72% yield with an alcohol dehy-
drogenase [from Lactobacillus brevis (reccLBADH)], whereas
the (R) enantiomer was obtained in 90-94% ee and 50%
yield by bakers’ yeast reduction. These enantiomerically
pure alcohols are easily transformed into the corresponding
lactones 5 by treatment with sodium borohydride followed
by acid-catalyzed lactonization®%>!1 (Scheme 21).

Lactones (R)-5 and (S)-5 have been used as chiral build-
ing blocks in the total syntheses of natural products such
as callystatin, tarchonanthuslactone, strictifolione, argentil-
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1) NaBH,, EtOH, 0 °C

0,
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pZ (0} > 99% ee
o (R-5
Cl
Scheme 21.

actone, and goniothalamin.’® Enantioselective reductions
of tert-butyl 3,5-dioxohexanoate allowing the total synthe-
sis of semi-vioxanthin.P!l have also been described by the
same authors. Finally, a dynamic kinetic resolution of a ra-
cemic y-methyl-6-hydroxy-p-keto ester gave the v,5-disub-
stituted lactone with good enantio- and syn-diastereoselec-
tivity (Scheme 22).[%
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Scheme 22.

5) From Epoxides

5.1) Ghosez’s Lactonization

Ghosez’s lactonization is the addition of the lithio deriva-
tive of methyl 3-phenylsulfonylorthopropionate to epoxides,
giving B-phenylsulfonyl §-lactones after acidic workup and
treatment with PTSA. These compounds are next converted
into o,B-unsaturated lactones on basic treatment with DBU
or triethylaminet>3! (Scheme 23).

1)Buli o o EN o
OMe 2) R (or DBU)
OMe (0] [0)
PhSO; OMe . |
3)H R SOPh R
4) PTSA
6 examples
31-82%
Scheme 23.

This methodology was used by Ghosez in the synthesis
of (-)-argentilactone and was next further illustrated by sev-
eral groups in the syntheses of (+)-goniodiol (Scheme 23),
laulimalide, and callystatin AB4571 (Scheme 24).

o o oM
e
* PhsO /\)<0Me
Ph 2
(o]
1) BuLi
2) H,S0, 3M, 50 °C
3) DBU 3 equiv.
(0]
OH O ‘
Ph B Goniodiol
OH 60%
Scheme 24.
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5.2) From Silylated Vinyloxiranes

Malacria and Courillon have described one-pot, two-step
diastereoselective syntheses of a,B-unsaturated-y-silylated
d-lactones from silylated vinylepoxides. In the first step, a
stereoselective palladium-catalyzed 1,2-silicon shift provides
an a-silylated f,y-unsaturated aldehyde. After completion
of the rearrangement (TLC monitoring), alkylation of the
aldehyde with a Grignard reagent proceeds with a complete
anti diastereoselectivity, thus providing (when starting from
enantiomerically pure silylated vinylepoxides) enantiomer-
ically pure y-silylated lactones. The desilylation process
(KF/DMSO), however, occurred with partial racemiza-
tion®! (Scheme 25).

TBDMS, O Pd(0) it

X

) then R-M CO,Me

MeO,C

R= CH3v iPr, tBu, C11H23v C5H11 o
= A )Oij
60-90% vyield R .

74-96% de

TBDMS

Scheme 25.

6) From Sugars

As a result of some similarities between sugars and some
naturally occurring polyhydroxylated o,B-unsaturated d-lac-
tones, the use of sugar derivatives as chiral building blocks
in the multi-step total syntheses of argentilactone,®®! anam-
arine,’°% asperlin,l®l and acetylphomalactonel®!l has been
widely studied. This topic is beyond the scope of this review
and so is not covered here. However, Yadav has recently
described the mild conversion of several glycals into a,-
unsaturated d-lactones: a mechanism involving an indium-
mediated allylic rearrangement followed by the IBX oxi-
dation of the corresponding lactol is postulated®?

(Scheme 26).
INCI3/1BX 10% ROAROjO
CH3CN/H,0 RO\‘\' &

RO © |
RO"

OR 9 examples
65-85%

Scheme 26.

7) By Cyclic Expansion

7.1) Translactonizations from f-Lactones

Pons has described a translactonization route to o,f-un-
saturated 8-lactones from B-lactones. After [2+2] cycload-
ditions between B-silyloxy aldehydes and trimethylsilylke-

Eur. J. Org. Chem. 2007, 225-236
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tenes, the corresponding B-lactones underwent HF-induced
translactonization/crotonization sequences to provide the
unsaturated d-lactones in high yields. This methodology has
been applied to the syntheses of goniothalamin, massoialac-
tone, and prelactone Bl (Scheme 27).

™S
oTBS J=+=0

R CHO H

O

EtAICI,, =50 °C R T™S
Et,0

ag. HF

MeCN, 50 °C

O

R = CsHy4; (-)-massoialactone (61%, 2 steps)
R = PhCH=CH; (+)-goniothalamin (61%, 2 steps)

Scheme 27.

7.2) Translactolizations firom y-Lactones

Translactolizations from 7y-lactones have also been de-
scribed by Hanaoka and Mukai.l®¥ From a starting o,p-
unsaturated y-lactone, dibal-H reduction affords the corre-
sponding y-lactol, which undergoes a silyl migration fol-
lowed by a translactolization from the silylated alcohol in
the o-position. The é-lactol obtained in this sequence is
then further oxidized into the d-lactone as illustrated in the
synthesis of goniotriol (Scheme 28).

TBDMSQ  OTMS TBDMSQ  OTMS
: Dibal-H :
Ph Y Ph
OBn O Et,O
—78°C
0 OH
{1 tBuoK
THF, =70 °C
0 OH

TBDMSO 1) PDC, AcONa TBDMSO

Ph 2) 10% HCI, MeOH Ph

OBn OH OBn OTMS

69% overall

Scheme 28.

7.3) Baeyer—Villiger Oxidation from Cyclic Ketones

Starting from an enantiomerically pure o-substituted
five-membered lactone, Ogasawara has described a regio-
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selective Bayer—Villiger oxidation, followed by an acid-cata-
lyzed crotonization to provide the o,B-unsaturated 6-lac-
tonel®! (Scheme 29).

OCum
s R ? mcpba 0o
R NaHCO3
5 steps 0
OTBS CHCl R OTBS
pTsOH
benzene
reflux

O

R = CgH11; 74% over 2 steps (massoialactone)
R = C44Ha3; 71% over 2 steps

Scheme 29.

7.4) From Furans

The oxidation of 2-furfuryl alcohols to the correspond-
ing 2H-pyran-3(6H)-ones is a well known reaction that can
be mediated by several oxidants such as peracids, PCC, or
NBS.I°¢l Ag illustrated in the following Scheme, Honda has
described a three-step route to a,B-unsaturated y-hydroxy
lactones from furans.l®”) In a first step, the furan is oxidized
with mcpba to give the corresponding lactol, with the corre-
sponding y-hydroxy lactone being obtained in high yields
after an oxidation/Luche reduction sequence. This strategy
was used by Honda in the total syntheses of malyngolide
and of several derivatives of goniodiol.l®! A related ap-
proach was used by O’Doherty in the syntheses of several
styryllactones and phomopsolide CI (Scheme 30).

mcpba
0 NaOAc
O _—
N © CHCI3, 0°C
HO CgHyg
1) PCC

2) NaBH, CeCly

70%
(3 steps)

Scheme 30.

An interesting alternative based on a Sharpless kinetic
resolution of racemic furyl alcohol has been described by
Honda and Sato!”"! and was further used by Pan and Zhou
in the syntheses of isoaltholactone and asperlin, respec-
tively’!) (Scheme 31).
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Ti(OIPT),
(+)-DIPT

7\ R

OH  cHyel, —20°c ©

{BUOOH
by HOTTOT R

rac

32-38% yield l
>95% ee

asperlin,
isoaltholactone

Scheme 31.

7.5) From Methylenecyclopropanes

Copper-catalyzed ring expansions of methylenecyclopro-
panes have been described by Huang.”? The selectivity
(five- vs. six-membered lactones) depends on the reaction
temperature: at higher temperatures, six-membered lactones
become preponderant (Scheme 32).

R CuX; 85°C X R XH,C
CO,Et CH3CNH0 @0 + Z—><
2 o! o” ©
X=1,Br
R = Me, Et, nPr, Bn
70-83%

Scheme 32.

8) Cyclization of Allenic Acids

In the synthesis of (-)-malyngolide, Nelson!”3! described
the Ag'-catalyzed 6-endo-trig cyclization of an enantiomer-
ically pure allenic acid to afford the f,y-unsaturated lactone
in high yield (Scheme 33).

AgNO; 10% .
H 3 =
__~NCeH1g  ipNEL, 5% NCeH1g
cHensoec O ©
co,H  OBn 3 BnO
80%
Hy
paic | &%
wnCgHyg
07 o
HO
(~)-Malyngolide
Scheme 33.

9) Conclusion

The common occurrence of a,B-unsaturated d-lactones in
natural products with potent biological activities has been a
major force behind the development of synthetic strategies
to obtain these compounds. This review demonstrates the
rapid progress that has been made in this field, particularly
in diastereo- and enantioselective direct access to these lac-
tones. Nevertheless, the development of more practical,
concise, and general routes remains a key challenge for the
future.
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