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the producta exhibits theR-configuration at the acetal car-

bon (as demonstrated in Scheme 2). Bronfigured prod-

uct is obtained as a crystalline material wher)-menthol

is used. The whole procedure is well documented, and

for Diels—Alder reactions, 1,4-conjugate additions, 1,3-di- experimental details are carefully described in the literdture.

polar cycloadditions, [22]-photochemical additions, dia- In this context, one should mention brominated derivatives

stereoselective bishydroxylation, and tandem-Michael-addi- of 4 and their resolution presented by Chen etas. well as

tion processes. To the best of our know'edge, menthy|0xy the saturated |a_Ct0n_e accessible via hydl’ogenatlon of the

furanone 4) surfaced first in 198%and is easily accessible ~double bond moiety irt.?

on a gram scale (see Scheme® Bemarkably, the initial . .

impulse came from industrial researchers at Roussel Uclafz'l'z' Diels-Alder Reactions

who outlined the use of as a chiral analogue of maleic Using chiral menthyloxy furanoné as a dienophile for

anhydride. Diels—Alder reactions is a reliable way of creating new
The reaction sequence starts with a singlet photooxygen-stereogenic centers. Originally introduced by Feringa and

ation of furfural @). Subsequent acetalization of the resulting co-workers’ this methodology applies to a variety of dienes

hydroxyfuranoned with either (+)- or (—)-menthol affords 5 (see Scheme 3) and was recently used in Paquette’s total

a diastereomeric mixture dfand4b, which can be epimer-  synthesis of sclerophytin A.

ized under acidic conditions. Crystallization from petroleum  Conventional heating of Danishefsky's die@ with

ether yields the diastereomerically pure menthyloxy furanone menthyloxy furanonetb and subsequent cleavage of the

4a. When the naturally occurring-)-menthol is employed,  silylenolether gave theis-fused bicyclic frameworl6é in
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Scheme 1. Diastereoisomers of Menthol and One Common in all these reactions is the stricface selectiv-
Enantiomer ity, which can be rationalized by the model depicted in Figure
e ™~ 1. As shown for cyclopentadien&d), only one of the four

(V)\ b Si ~
" “OH HO” ™ ﬂ
AN AN 0

1a 1b MenQO Oi/

(-)-Menthol (+)-Menthol N
N _/ H
o o Yo 3

: OH OH OH Figure 1. z-Face-selective DietsAlder reaction of4b.°
PR

1c 1d 1e

possible diastereoisomers is formed in the reaction wilir 5(

menthyloxy furanonetb, due to anendeapproach which

(+)-Neomenthol (+)-Isomenthol (+)-Neoisomenthol . )
takes placenti to the menthyloxy substituent.
good yield as the sole product. Compoudigrovided the In the case o#ib, the sterically demanding menthyloxy
basic scaffold for the synthesis of the respective cytotoxic group protects one side of the molecule from being attacked
soft coral metabolite. by cyclopentadiene, andReface addition is expected for

A similar reaction protocol was applied in the synthesis the 5§)-menthyloxy furanonéb. Interestingly, furan does
of the tricylic systenv. Starting from the 3g)-configurated not react with4 under various conditions.
menthyloxy furanoneda, cycloaddition to cyclopentenyl This Diels—Alder approach can be successfully intramo-
silylenolether5b and adjacent hydrolysis resulted in one lecularized, as was shown by Jauch (see Schenik 4).
single stereoisomer. One should acknowledge that four Starting from the substituted furanori®, which was
consecutive chiral centers were generated with excellent yieldderived from 5§)-configurated menthyloxy furanor, the
and selectivity. Employing non-functionalized hydrocarbon cyclization proceeds smoothly under strict exclusion of traces
dienes 5¢c and 5d, the [4+2]-cycloaddition affords the  of acid (silylated flask), in order to avoid epimerization at
corresponding produc&and9 in moderate to good yields.  the acetal center.

Scheme 2. Optimized Synthesis of Menthyloxy Furanone®4
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Scheme 3. Various Diels-Alder Products
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Scheme 4. Synthesis of a Kuehneromycin A and Mniopetal presence of copper(l) iodide afforded the desired lacighe
Precursor According to Jaucht! The reaction proceeded with almost complete stereoselection
from the less hindered face due to the shielding effect of
the menthyloxy substituent (see Scheme 6).

A similar example was presented more recently by
Ishibashi et al. (see Scheme¥}heir synthesis of cyano-
bacterin, a photosynthesis inhibitor of freshwater cyanobac-
teria, commenced with the stereoselective addition of an
isopropy! anion to menthyloxy furanorka.

11 (68%) A subsequent second alkylation with dihalo compoiid
gave the alternatingll-trans stereo-triad in18 with good

Another example for this cycloaddition was presented by selectivity.

Bush and Jonésin 1996. The key step of their enantiose- Michael Additions. The 1,4-addition of activated meth-
lective synthesis of «{)-podophyllotoxin consists of an  ylene compounds to menthyloxy furanohwas investigated
entirely regio- and stereoselective addition dRB(enthyl- by Kang et ak®cin 1997. Although few examples for
oxy furanoneda to pyronel2 (see Scheme 5). Michael additions exist in the literature, simple conver-

Again, the glassware in which the reaction was con- sion at room temperature in DMF catalyzed by NaOEt gives
ducted was base-washed prior to use, but in this case due tdhe diastereomerically pure products in high yields (see
the acid sensitivity of the generated tricyclic lactone. Sub- Scheme 8).
sequent cleavage of the latter in glacial acetic acid affords  This selectivity is due to an attack from the sterically less

Xylene,

OTBDPS 140°C, 60 h

the podophyllotoxin carbon framewodd in good yield. strained face ofla. As ethyl cyanoacetate is a prochiral
) . carbon nucleophile, it should be mentioned that the exocyclic
2.1.3. Conjugate Additions stereocenter in9d is formed with a moderate selectivity of

The standard organocopper addition of alkyl reagents Only 38% de. . .
seems to be d|ff|cu|t, and prob'ems have been repéﬁted. Furthe'r Intl’amolec.u|al’ conversion of Michael prodlﬂﬁs
Usually conjugate addition to menthyloxy furanome  Was attained by Feringa et ‘& (see Scheme 9).
involves heteroatoms or heteroatom stabilized carbon nu- Exposure to TiCl at low temperatures rearranges the
cleophiles. Nevertheless, one outstanding example wascarbon skeleton dt0in a highly selective manner, and one
presented by Mulzer et &. single sterecisome2l is obtained.

In their efforts toward the synthesis of cobyric acid, the  Conjugate Tandem Addition of Sulfur-Stabilized Carb-
C-ring fragmentl5 was prepared starting from menthyloxy anions.Tandem reactions represent a very effective strategy
furanone4b. Addition of vinyl Grignard reagent in the to exploit the stereochemical information offered by a

Scheme 5. Diels-Alder Reaction of o-Quinonoid Pyrone 12

o 0 OMen 4 s50°C, MeCN,
< O 5 o 2. HOAc
NS
o +
¢ )
MeO OMe 4a
OMe
12

13 (69%)
only one diastereomer

Scheme 6. Synthesis of C-Ring Fragment of Cobyric Acid

X {
0
1. VinylMgCl, Cul, /
_ TMSCI, -78°C
L7\ 2. TBAF min, t . —
MenO™ >4 =0 MenO™ ~57 =0 > o
N
) H

4b 14 (65%, > 95 d.e.

15

Scheme 7. Starting Sequence of the Cyanobacterin Synthesis by Ishibashi efal.
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Scheme 8. Michael Addition According to Kang et aft6ac

MenO..,, 0 O
Menon O o R7COR'
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2

19a (R = NO,, R' = Et, 92%),

19b (R = CO,Me, R' = Me, 86%),

19¢ (R = CO,Et, R' = Et, 70%),
19d (R = CN, R' = Et, 86%)

Scheme 9. Titanium-Mediated Sakurai-like Ring
Opening—Ring Closure Sequenc&®

TiCl,, CH,Cl,, EtO,G CO,Et
-80°C RN COH
" OMen
21a (83%)
as above EtO,C CO,Et
—— ;\\\\
CO,H
VR
Y OMen
21b (67%)
Scheme 10. Synthesis of thall-trans Stereo-Triad via
Tandem Addition (X = Hal)
i 1
o 1. LIC(SR),R , o
2. R2X or aldehyde R
[ o 3. desulfurization " o
~
OMen OMen
4a 22

Oertling et al.

predefined stereocenter: the double bond in menthyloxy
furanoned is readily attacked by sulfur-stabilized carbanions

in a 1,4-fashion. The generated enolate anion can be trapped
in situ by successive addition of a quenching agent, for
example aldehydes or appropriate halogen compounds (see
Scheme 10). The double addition takes place with complete
stereoselection, and thall-trans relationship in 22 is
established in a one-pot procedure. Hydrogenolytic cleavage
of the sulfur appendices is accomplished by conversion with
NaBH./NiCl, or Raney-nickel. The reliability and satisfying
yields of this approach have led to the synthesis of a series
of lignans, as is illustrated in Scheme 11.

The precursor scaffold to such different molecules as
(—)-eudesmin 26),Y” (—)-deoxyisopodophyllotoxin24),'8
and ()-5-detigloyloxysteganolide 25)* were menthyl
derivatives23. Pelter, Ward et al. preparezBa and 23b
starting from 5R)-configurated menthyloxy furanor&a in
excellent yields. Subsequent desulfurization and adjacent
dementholization lead to aryltetralg®; the final cyclization
step is accomplished in neat trifluoroacetic acid with a yield
of 92%. Biphenyl25 was assembled in a similar fashion,
although in this case the concluding step is an oxidative biaryl
coupling. Remarkably, in the course of their synthesis, the
rigid translactone moiety of23b imposed its chirality on
the newly formed biaryl unit ir5.

Utilizing the 5@)-menthyloxy furanonelb, Feringa and
co-workers obtaine®3c in 62% yield, which was then
transformed into symmetrical lignan-f-eudesmin Z6) in
an overall yield of 16%: dithian@3c was converted into
the corresponding ketone using HgO in the presence of
BF3-OEL. Subsequent multistep reduction with LiA{lgave
a tetrol, which was cyclized to the final produ2é by
dehydration again using BfOEL.

Conjugate Addition of a Phosphorus Nucleophile.

Feringa and co-workeYssynthesized the enantiopure diphos-
phine28in a straightforward reaction sequence (see Scheme

Scheme 11. Enantioselective Syntheses of Different Lignans via Tandem Addition
OMe

MeO

OMe

OMe

OMe

HO
PhS
PhS OMen
(6]
o—/ OMe OMe
23a (80%) 23b (92%) 23c (62%)

1. NaBH,/NiCl,
2. NaBH,/KOH
3. TFA

OMe MeO

(-)-deoxyisopodophyllotoxin
24 (29% overall)

(+)-5-detigloyloxysteganolide
25 (30% overall)

1. NaBH,/NiCl,
2. NaBH,/KOH
3. DDQ/TFA

1. HgO, BF - OEt,
2. LiAH,
3. BF,-OFEt,

OMe OMe

(-)-eudesmin
26 (16% overall)
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Scheme 12. Synthesis of EnantiopureS(S)-Chiraphos!®

Chemical Reviews, 2007, Vol. 107, No. 5 2141

1. LiPPh, 1. LiAIH,,
2 Ph.PCI 0=O_OMen 2. TsCl, pyridine, Me Me
Oﬁ,OMen —>2 . /
— Ph,P ’Pth 3. LiAIH, Ph,P PPh,
4a 27 28
(92%, single diastereomer) (S,S)-Chiraphos
(overall 35%)

12). Again, menthyloxy furanonéa served as the readily

that all g-amino lactone29 obtained exhibit an isomeric

accessible starting compound; addition of lithio diphenyl- purity of de> 92%. These substrates can be converted into

phosphide at-90 °C and immediate trapping of the gen-

optically activef-lactams30, which resemble useful precur-

erated enolate with the corresponding chlorophosphine sors in the synthesis of carbapenem antibiotics, via an acid-

affords theall-translactone27 as a single diastereoisomer.

Further conversion gave the desired liga2®lin 35%
overall yield. Of course, theRR)-enantiomer of28 is

amenable by switching the absolute configuration of the

starting material.

Conjugate Addition of N-Nucleophiles. Amines add
readily to the double bond of menthyloxy furanofeand

this reaction was investigated in depth by Feringa and co-

catalyzed ring-opening, subsequent saponification, and con-
cluding ring-closing lactamization (as indicated in Scheme
13)_20(:

Since the 1,4-addition of amines t is a reversible
process, the purification of produc®9 by distillation is
inadvisable. Pure compound8 were gained by crystalliza-
tion instead.

The solvent of choice in all these conversions was either

workers? Simple stirring at room temperature gives the de- DMF or dichloromethane, allowing short reaction times of
sired product®9in moderate to excellent yields (see Table 0.5-8 h.
1). The addition proceeds in a diastereoselective fashion, so Even two-fold reactions are easily accomplished: mixing

Table 1. Addition of Several Amines to Menthyloxy Furanone 4
at Room Temperature

piperazine and ®)-menthyloxy furanonela in DMF in a
1:2 ratio results in instant formation &f1 as a crystalline
solid (see Scheme 14).

amine solvent reaction time (h) yield (%) Subsequent oxidation with pyridinium dichromate gives
pyrrolidine CHCl, 05 76 enantiopure tetraaci@2, which is capable of complexing
piperidine CHCl, 0.5 68 europium ions in aqueous solution and is therefore feasible
morpholine DMF 1 73 as a chiral shift reagent.
ﬂlgm’lllgm'iﬂee B,'\\A"l':: % 8(5) Recently, Chen and co-worké#seported on the synthesis
benzylamine DMF 3 50 of acyclic nucleoside analogues containing adenine (see

Scheme 15). Direct addition of adenine in DMSO gave

Scheme 13. Diastereoselective 1,4-Addition of Amines to Menthyloxy Furanone 4a

MeO
0 1. p-TsOH/MeOH \_
MenO... O__o RNH, MenO:, (0] 2. NaOH/MeOH ~TOMe
o — . pu
3. Mukaiyama-
RHN SN 0
lactamization
4a 29a (R =Bn) 30

(overall 20 %, 92% d.e.)

Scheme 14. Feringa’s Synthesis of a Chiral Ligand for Europium Shift Reagents

H
N
o}
QTD__ [N PDC HO,C I\ COH
MenO.., (j —_— N Nm-(_
OMen MenO HO,C  —  CONH
4a 31 (83%) 32 (21%)
Scheme 15. Addition of Adenine to Menthyloxy Furanone 4%
NH,
NH
NN 2
O 4} ey
,<=\A\ Nl _LiAH, =L )
MenO o) (@] A
DMSO, NEt,, r.t. MenO HO_ A~
4a 5 OH
0 34 (82 %)

33 (64%, > 98% d.e.)
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Scheme 16. Tandem Conjugate Addition Applying Sulfur
and Selenium Nucleophiles

OMen
1. PhSelLi

o 2. cinnamaldehyde

r

4a

o OMen

35 (80%, > 99% d.e.)

1. BnSLi

© 2. Mel

7

4b

o]

S

s

36 (100%, one isomer)

o «OMen (0] «OMen

crystalline material33 after chromatographic work-up in
almost enantiopure form.

LiAIH 4 reduction affords the optically pure butanediole
34 in 82% yield, which can be cyclized via Mitsunobu
methodology to the corresponding tetrahydrofuran derivative.

Conjugate Addition of Sulfur and Selenium Nucleo-
philes. Sulfur and selenium nucleophiles add easily in a
1,4-fashion to menthyloxy furanoné. In general, such
additions are high-yielding processes, and the selectivities

Oertling et al.

2.1.4. Conversion to Chiral Cyclopentenones

Cyclopentenones are valuable synthons, particularly as
enantiomerically pure building blocks. Most commonly
acknowledged is their application in the synthesis of pros-
taglandins or jasmonates. Although at first glance they are
not related to one another, chiral butanolide derivati¥és
can be conveniently converted into their cyclopentenyl
analogues38 (see Scheme 17).

Conversion of37 with lithiated dimethyl methylphospho-
nate results in a ring-opening reaction under loss of the
menthyl auxiliary and subsequent ring-closure via a Hoerner
WadsworthREmmons reaction. Scharf et&lprepared37b
from 5(§)-menthyloxy furanonetb in two steps on a 20 g
scale: bishydroxylation with potassium permanganate (pro-
ceeding with complete diastereoselection) and acetalization
gave the furanosid87b in 52% vyield. Submission to the
outlined procedure afforded cyclopentenoB88b as an
enantiomerically pure compound (ee99%).

Analogously, Robertson et &.converted theall-trans
bisalkyl furanone37ainto enone38awith an unoptimized
yield of 60%. Their synthesis commenced with a conjugate
butylcopper addition to H)-menthyloxy furanoneda
Introduction of the second alkyl substituent was achieved
via a stereoselective prenylation of the lithium enolate in an
overall yield of 33%.

2.1.5. 1,3-Dipolar Cycloadditions

obtained are excellent (see Scheme 16). In analogy to Scheme Use of 1,3-dipolar cycloadditions in organic synthesis is
10, the generated enolate can be trapped by successivébigquitous, mostly because in one step multiple stereocenters

addition of either aldehyde or alkyl halides. In 2001, J&gich
applied this methodology successfully in his syntheses of a
set of natural products.

Addition of lithium phenylselenide and subsequent addi-
tion of cinnamaldehyde at60 °C affords compoun@®5in
80% yield with a selectivity of de- 99%. Strikingly, three

can be generated with high selectivities and usually good
yields. This also applies for menthyloxy furanchas it has
been shown by Feringa et @l(see Scheme 18).

Chiral dipolarophiled4a reacts smoothly with ethyl di-
azoacetate in dioxane to furnish solely compo@®das a
chiral pyrazoline derivative. Remarkably, the reaction pro-

new stereocenters are constructed in a one-pot reaction withceeds with perfect regio- as well as diastereoselectivity, due

perfect stereoselection.

A similar reaction sequence was applied by Feringa and
co-workers*in their synthesis of chiral 1,4-butanols, which
involves lithiated benzylthiol as a nucleophile and methyl-
iodide as a quenching agent. Compow@lwas therefore

obtained in quantitative yield as one stereoisomer. Neverthe-

less, this approach could not be generalized for different
mercaptans or alkyl halides.

Finally, one should mention that the addition of oxygen
nucleophiles to4 has been described for primary alcohols
by Kang et al. in yields ranging from 82 to @&72°

to an anti-facial approach of the 1,3-dipolar reagent with
respect to the alkoxy-substituent. Conversiortafwith in
situ generated nitrile oxides gives isoxazoles in satisfying
yields as mixtures of regioisomers: in the case of the
isopropyl derivative40, a ratio of 92:8 was determined in
favor of the depicted isomer in Scheme 18. It is noteworthy
that again complete diastereoselectivity was achieved.
Switching to azomethine ylide additiorss-bis-function-
alized pyrrolidines are accessible: ultrasound-assisted gen-
eration of the corresponding 1,3-dipole gives diastereomer-
ically pure N-protected bicycletl, again as a consequence

Scheme 17. Tandem Ring Opening/Intramolecular Horner-Wadsworth-Emmons Olefination

o)

)

MenOU
o)
1. KMnO, \/  MeP(O)(OMe),
2. cyclohexanone J ¢ ; g0
MenO\G;o _% cyclohexanone 0, O _Buli, THF, -78°C
4b 37b (52%)
MenO
o 1. BuLi, Cul as above

MenOu.,, O — =
(J 2. LIHMDS,
prenyl bromide

4a

37a (33%)

38a (60%)
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Scheme 18. Addition of Various 1,3-Dipoles to Menthyloxy Furanone by Feringa et &T.

>*CNO
Et0,C~N'niy EtO,CCHN,,
H ? § H dioxane, 95°C, 12h Et,O, RT, 16h
MenO™ >4 =0 ’ ‘ MenO
39 (67%, 100% d.e.) 40 (60%, 100 % d.e.)
4a
Bn Me,Si” N~ OMe O_Nij
Bn | | \ .
_ ‘ "'H
H j ( H LiF, MeCN, toluene, reflux, 16h H
MenO™ > ~0 ultrasound MenO™ > =0
41 (81%, 100% d.e.) 42 (85%)

Scheme 19. Synthesis of Enantiomerically Pure Methyl Furanone 44a According to Ferinffa

CH,N,, @)
MenO.,, (0] toluene,
(0] Et,0 o reflux MenO:., 00
MenOu,gO _
— N
N
4a 43a (100%) 44a (100%)

of the anti-facial approach. Steric congestion is responsible In the case of the non-spirocyclic systetba four new

for an exclusive attack from the sterically less encumbered stereocenters are introduced with a stereoselectivityd&%
direction. Another example is the addition of dihydropyrrole de; analogously spirocyclic systedsb and45care obtained
oxide, which results in the formation of isoxazolidide. as one stereoisomer in enantiopure form. The reaction
Bridgehead stereocenters4@ are constructed with perfect proceeds under mild conditions at room temperature, and
stereoselection due to the steric hindrance exerted by theits generality was demonstrated for more than ten exarfifiles.
menthol moiety ird. Nevertheless, no complete stereocontrol ) )

is gained over the third chiral center, and therefore cycload- 2.1.6. Radical Reactions

duct42 accumulates as a 7:1 mixture of two diastereoiso-  Although light-induced radical reactions are considered
mers. The major isome#2 (as depicted in Scheme 18) arises to suffer from the drawback of low selectivity, some
from anexoapproach of the cyclic nitrone to menthyloxy impressively fruitful examples are introduced by Hoffmahn.

furanoneda. In the presence of acetone as a sensitizer and the reagent
Addition of diazomethane gives pyrazolind3 with alcohol as solvent, menthyloxy furanode is smoothly
exclusive regioselectivity but no stereoselectiitjNever- converted into produc#6. The reaction solution is irradiated

theless, under refluxing toluene, extrusion of nitrogen oc- for 1 h, and the generated radical adds in a 1,4-fashion to
curred with an exceptionally good yield and afforded the 4a. The diastereoselectivity for all examples shown exceeds
methyl-substituted furanor&tain a convenient fashion (see  95% de (see Scheme 21).

Scheme 19).

Further examples for cycloadditions are presented by Grigg Scheme 21. Radical 1,4-Addition as Conducted by
and co-worker® Starting from the corresponding imines, Hoffmann
the authors reacR)-menthyloxy furanondain the presence oo

. . O
of DBU to receive complex cyclic systerd$ (see Scheme -/ MenO-.., o
20). MenOn..C/\éO solvent 5
. . . — acetone as sensitizer, hv, K/O
Scheme 20. Cycloaddition Products According to Grigg et 15°C, 1 h, under N,
al.28
O’B O/B 4a 46a (70%, > 95% d.e.)
H
N
ot Me0,C. N~ g Meo,Cr '\/‘\o 5 5
Men0™ =0 H Ho MenOu., o) MenO».., o
AgOAc, DBU,
4a toluene, 5 h MenO™ "0
45a (84%, > 95% d.e.) HO

46b (93%) 46¢ (82%) 46d (62%)

N S N \ As demonstrated by the use of 1,3-dioxolane to furnish
0 H =N\ 4643, this method is not limited to secondary alcohols. The
H © Ph g’ O preparative use of this approach is illustrated by a short

synthesis of {)-terebic acid 49) accomplished by Hoffmann

45b (89%) 45c (79%) (see Scheme 22).

MenO o
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Scheme 22. Asymmetric Synthesis of+)-Terebic Acid 49° reduction yields {)-isoretronecanol53a) in 33% overall
yield. The indolizidine scaffol®3ecould be synthesized in
MenO..O_0  /—\ oo an analogous manner in 26% overall yield.
HO  OH ><_/V/ An extension of this versatile concept, namely, a radical
46b pTSOH o—\*“‘ tandem cycI_izat?on, leads to sqch_diverse structures as
o] o ¥ tetrahydroquinoliné4, benzoindolizidines5, or azasteroid
l o, 56 (see Scheme 25%:3%
Generation of the nucleophilic dialkylaniline radicals

H

oo 1 KOH o0 __o proceeds via a phot(_)chemically induced elect_r_on transfer in
>(_7¢ - >(_7¢ the presence of Michler's ketone as sensitizer. Double

Ho.C 2.Hcl o—{ addition of N,N-dimethyltolyl amine yields predominantly
2 o) isomer54, accompanied by traces of the product where the
. 48 attack took place from the sterically crowded furanone side.

(overall 32%) HO This also applies for the reaction with a tetrahydronaphthyl

. . amine derivative, giving azasteroid scaff@@in satisfying
-‘Isrgﬂrg?fgtrgg Eﬁg'gg@;‘;}olﬂe d?%vg&eltgﬂgnng%ngiacﬂd yields._ Switchin_g to N-phen_ylpy_rrolidine results in the
P 9 Yy ¢ formation of a diastereomeric mixture 65, for no stereo-

is subsequently reacted with ozone and after saponlflcatloncomrol is exerted on the chiral center in theposition to

yields the optically active acid9. the amine nitrogen. A stereomechanistic model is depicted

Irradiating tertiary amines derived from pyrrolidine in the , riqre 5 10 jilustrate the pathway leading to compound
presence of 4,4dimethoxybenzophenone as a sensitizer

furnishes the respective 1,4-addition produs@in good

yields and with the expected facial selectivifyNo con- Photochemically generatedaminoalkyl radicalA attacks

J'nenthoxy furanondain az-face selective fashion. The next

\t/(/?tlh:i t%)?grée_dc?got:; fifrzgrt]igna'%?rrgfitrgc ;:lclemgr ?ggﬁé?ste step comprises an intramolecular addition of the electrophilic
' ' P oxoallyl radicalB to the aromatic system, and this-fused

issr:)?]:vgr;n Scheme 23 are received as mixtures of OIIaStereo'stereochemistry of bicyclic intermediateis established. A

final rearomatization concludes this radical reaction sequence.
Scheme 23. Addition of Aminoalkyl Radicals to 4a Note that in the case of blockeditho-positions in the phenyl
According to Hoffmann et al.3 ring tandem cyclizations could not be observed.

CN— 2.1.7. [2+2]-Cycloadditions

The most fundamental bimolecular+2]-cycloaddition
utilizes ethylene as a participant, constructing a cyclobutane
ring in a one-step fashion. Photochemically induced cycliza-
tion with enantiopure furanonetb, 44b, or 57 gives the
50a (94%) bicyclic systenb8in exceptionally good yields (see Scheme
26) 33 However, only low or almost no diastereoselectivity
is obtained, irrespective of the adjacent substituent on the
furanone ring.

N\Si/ Lowering the temperature results in higher selectivities,

/ 74 whereas the best result is achieved-86 °C, albeit accom-

panied by a loss in chemical yield. Nevertheless, if the dia-
50b (82%) 50c (78%) 50d (77%) stereomeric products are easy to separate, this reaction can
be employed for the synthesis of optically active products;

As the steric bulk in the pyrrolidine derivative increased, for example58bhas been separated from its diastereoisomer
the yields decreased and the ratio of diastereoisomers wady chromatography on a 50 g scale.
shifted. Further conversion ofb8b (see Scheme 27) led to

Employing this methodology, Hoffmann et&lpresented (+)-grandisol 60), a pheromone of the cotton boll weevil,

a concise synthesis of several necine bases, as shown i 34% overall yield. Starting from chloroderivativE8c,
Scheme 24. the chiral diol59 is accessible via cerium supported per-

Starting from the diastereomerically pure addition product methylation in 75% yield.

50, a reductive cleavage of the auxiliary followed by a  Cycloaddition of4a to cyclic enones has been reported
photosensitized oxidative removal of tikemethyl group, on by Hoffmann et a¥* Good results were obtained by
subsequent intramolecular cyclization, and final alanate employing isophorone as an enone: a mixture of four

MeCN, hv, under Ar, ~10min

4 4'-dimethoxybenzophenone
4a as sensitizer

MenOu.,, 0o
Hi

Scheme 24. Asymmetric Synthesis of-()-Isoretronecanol 53&!

OH

n

50a (n = 1, 52%), 51a (89%), 52a (84%), 53a (86%),
50e (n = 2, 46%) 51e (79%) 52e (83%) 53e (88%)
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Scheme 25. Radical Tandem Addition of Tertiary

Amines32.300
/
—< >—N
\

acetone, hv

O@””OMen

Michler's ketone
as sensitizer

’IOMen
54 (78%, 90% d.e.)

“""OMen

Figure 2. Model of the radical tandem reaction mechanism
according to Hoffmann et &

Scheme 26. [2-2]-Photoaddition of Ethylene According to
Scharf et al33

MenOa_C~_0 acetor;e, hv, MenOw O~ -0
g ethylene R H
R
4b (R=H), 58a (-85°C, 75%, 47 %d.e)
44b (R = Me), 58b (-25°C, 100%, 9% d.e.)
57 (R=Cl) 58¢c (- 70°C, 100%, 20 % d.e.)

cycloadducts61 was isolated in 80% yield based on a
conversion of 45% (see Scheme 28).

A distinct facial selectivity was observed, namely, a ratio
of adducts §1la+ 61b + 61d):61c= 82:18, which reflects
an anti-approach of the enone relative to the menthyloxy
group. The formation oéndoeproduct61b can be explained

Chemical Reviews, 2007, Vol. 107, No. 5 2145

by the steric hindrance in th@-position of isophorone, as
this is not observed if non-substituted cycloenones are
employed.

The appearance of the more polar regioiso6iat could
be accounted for by the use of acetonitrile as a comparatively
polar solvent. Nonetheless, all isomers were separable by
chromatography.

A new route to {)-biotin 66 was pursued by researchers
of Merck KGaA3®> Commencing with a [22]-cycloaddition
of chlorosulfonyl isocyanate to menthyloxy furanofee(see
Scheme 29), bicyclic lactaré2 is conceived stereoselec-
tively. Subsequent conversion with sodium azide in water
and successive heating followed by sulfite reduction gives
the crystalline imidazoloné4 in 48% overall yield.

Cleavage of menthol proceeds smoothly under acidic
conditions, followed by borohydride reduction to give the
skeletal structure of)-biotin-precurso65. Advantages of
this synthesis are the nonracemic assembly of the fused five
rings and the low cost of the chiral chaperone, namely,
(—)-menthol.

2.1.8. Cyclopropanation

The final example presented stems again from the inven-
tors of menthyloxy furanond, researchers of the former
French company Roussel Uclaf, who cyclopropanated
enantioselectively with sulfur ylides (see Scheme 30).

Addition of isopropylidene diphenylsulfurane from the less
shielded side under elaborate conditions gave the bicyclic
system 67 with excellent selectivities. Treatment with
aqueous perchloric acid results in ring opening of the lactone,
and aldehydé&8 s received as a sound starting material for
the insecticide deltamethrir69).%6

2.2. Dimenthyl Fumarate
2.2.1. Synthesis

Dimenthyl fumarate 71) is easily accessible via direct
esterification of fumaric acid or starting from fumaroyl
chloride® Yet, the most prevalent approach uses maleic
anhydride 70) as the starting material (see Scheme 31).
Double esterification and subsequent isomerization of the
double bond in the presence of morpholine yiefdson a
multigram scale.

This protocol has been applied te }-menthot® as well
as to its non-natural counterpart)-mentho$*c on a larger

Scheme 27. Synthesis of{)-Grandisol (60) and the Enantiopure Diol 59 by Scharf et aP?

MelLi/ CeCl,
0 w~_OH
-78°C, THF MenO o} I:l N
- R H >
s
(RR)-(+)-59 58b (R = Me), 60, (+)-grandisol
58¢ (R = Cl)

Scheme 28. Photoaddition of Isophorone to Butenolide 4a According to Hoffmann et &t.
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Scheme 29. Synthesis of EnantiopureH)-Biotin (66)3°

NI
S

o=c=N" cI

Q”"//\/\COZH

66

o ,SOCl 0 H
THE, -60°C N NaN,, H,0, 0°C N N-SON,
" ) /L_\A\
MenO 0 (6] MenO 0 (6}
62 63
1.85°C,2h
2. Na,SO0,
o o
X e X
- HN” "NH 2. NaBH, HN” "NH
-~ < B - -
o O MenO™ g~ 0O
65 (85%) 64 (overall 48%)

Scheme 30. Synthesis of Deltamethrin (69) According to Krief et &f

HCIO,,

MenOu,,,
MenO“(i?&o IPrSPh;BF, en _THR20C 20°C 07 CO,Me
— LDA CH,CI,,
DME, 780
4a 7 (82%, 96% d.e.) 68 (93%)
(0] (:)N
. Br = o A (e}
Br
69
Scheme 31. Synthesis of Dimenthyl Fumarate According to Table 2. Asymmetric Diels-Alder Reaction of Dimenthyl
Yoshihara et al3® Fumarate with Various Dienes'
1. Lewis temp yield %
diene acid equiv (°C) solvent (%) de
~ " OH butadiene i-BuiAICI 2.0 —40 hexane 56 95
E o ; isoprene i-BL,AICI 1.0 —20 hexane 94 95
/t\T oH 1ol o S cyclopentadiene  EAICI 1.0 —78 toluene 100 99
00 cat. p1osOH, toluene, o 2,3-dimethyl- EtAICI 1.0 —20 toluene 70 96
U Dean-Stark-trap ) buta-1,3-diene
2. cat. morpholine, anthracene AlGI 2.0 25 toluene 92 99

70 toluene, 100°C, 10 h,

Scheme 32. DielsAlder Reaction of Dimenthyl Fumarate

with Cyclopentadiene?

71 (73 %, ~ 40 g scale)

Generally, the cycloaddition proceeds with excellent
diastereoselectivities but only in the presence of a Lewis acid
catalyst. As with most stereoselective reactions, strong
dependency of the diastereoselectivity on the temperature is

CO_Men L
Meno.c~X-COMen - @’ z observed; for example, at78 °C almost complete selectivity

Lewis acid
71

“CO,Men is determined for the addition of cyclopentadiene, whereas
—20 °C the de drops to 91%.
Diels—Alder Reaction with Cyclopentadiene. Diels—

scale, as71 was used as the starting material for natural Alder reaction with cyclopentadiene yields prodagf which

product synthesis.

2.2.2. Diels—Alder Reactions

was used as a scaffold for a diverse set of applications (see
Scheme 33): Takacs et @lused the bicyclic system as a
backbone for chiral bis(oxazoline) ligard, which could

be prepared via hydrolysis, amide formation wilrphenyl-

The Diels-Alder reaction of dimenthyl fumaratél as glycinol, and final cyclization in an overall 25% yield starting
dienophile with various dienes is among the most carefully from 72. Both enantiomers df2 are accessible, and in case
investigated reactions in “menthol-derived” chemistry. Ini-  of the (+)-menthol-derived dimenthyl fumarate cycloaddition
tially, it was invented by Walborsky et &2° and later affords the (R 3R) absolute configuration of2.
optimized by Yamamoto et 4% This reaction is exemplified Hamanaka and co-workéfsobtained the optically pure

for cyclopentadiene in Scheme 32.

iodolactone75 in 69% vyield starting from di-¢)-menthyl

The reaction has to be catalyzed, and some examplesfumarate. Straightforward saponification and iodolactoniza-
employing exclusively aluminum as the active Lewis-acidic tion gave intermediat@é5, which was further converted into
metal are summarized in Table 2. However, catalysis of this a thromboxane Aantagonist.
reaction is clearly not restricted to aluminum Lewis acids:  Kiesman et af®® reported on the synthesis of a differ-
titanium and stannic chloride proved to be very effective as ent antagonist, namely adenosine Al antagonist BG9719

well.

(CVT-124) 73: scale-up of pharmaceutical intermedid@
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Scheme 33. Enantiomerically Pure Bicyclo[2.2.1]hept-5-ene-2,3-diester 72 as a Precursor

o)
1. NaOH
O@ n O we— CO,Men 2. Phenylglycinol \} @
“w ,, |
N— N— ‘CO,Men 3. PPh,, CCl,, N
N— 72 NEt,, MeCN 5
o)
1. KOH 74 (overall 25%)
2. 1L/KI
73 |\@,C02H
o—2
o]

75 (overall 69%)

Scheme 34. Use of Enantiopure Cyclohexene 77a in Different Natural Product Syntheses

oy 1 LiAH, 1. PhSeBr

2. PhCHO, pTsOH 2. mCPBA,

Q) 3. DIBAL @/COZM‘*” then iPr,NH 1O, COMen
—_—
'1 “CO,Men “CO,Men
(6] 77a
78 (69 %)
1. LDA,
then tBuC,CO,Ph
2. KHMDS
76 (81 %) MenO,C  tBu
79 (73 %)
MenO,C O
Scheme 35. Enantiopure Bis-ester 77b as Starting Material
1. LIAIH, 1. LIAIH,
4 © OTBDPS 5 1pppsc 2. NaH, then Q
\\\\\ ! 3. Se0,, then MnO, @iCOZMen anhydride N

_— H
H =

i 4. AICL;, AlMe,, CO,Men 3. Swemn

OTBDPS 1,3-butadiene e}
80 (38 %) 77b 81 (55 %)

is adressed with a focus on reaction temperature, toxicity of Corey et al'®> commenced their enantioselective synthesis
the Lewis acid, and recovery of menthol as chiral auxiliary. of bilobalide, a Gs ginkgolide with a double addition

Diels—Alder Reaction with 1,3-Butadiene.Diels—Alder sequence of-butylacetylene phenylcarboxylate to bis-ester
reaction with 1,3-butadiene yields cyclohexét¥s a useful ~ 77a resulting in thecis-bicyclic system79in 73% yield. It
building block for different synthetic challenges (see Scheme iS noteworthy that all of the above examples started from
34). Recently, Ley et d@B3°cemployed thigransdiesterin ~ (+)-dimenthyl fumarate obtained from “non-natural”
their total synthesis of polycephalin C, a naturally occurring (+)-menthol.

tetramic acid. Allylic alcohol’8 was generated from7ain Using (—)-dimenthyl fumarate, Griesinger, Koert gt“&l.
69% overall yield and formed the asymmetric central reported the synthesis of theS2S)-enantiomef77b, which
cyclohexene unit of polycephalin C. was converted into the bicyclic syste88, resembling a pre-
The vyield of the cycloaddition is reported to be 73%, Cursor for a moleculacis-decalin switch (see Scheme 35).
accompanied by a selectivity 6f95% de. Diethylalumi- This decalin-scaffold can be obtained fronib via an
numchloride was the Lewis acid of choice ar60 °C the alanate reduction, successive protection of the diol, oxidation,
corresponding reaction temperature. and an aluminum-catalyzed Dieiélder reaction with
When the reaction was conducted in a mixture of hexane Putadiene. . _
and dichloromethane at40 °C, Solladieet al# reported a The same building block was converted into aldehgtle

yield of 98%, affording cyclohexeng7awith a selectivity ~ Py Heathcock and co-workers in 1989 in an overall 55%
higher than 90%. DiesteF7a then was transformed into  Yield*® This sequence comprises a straightforward LiAIH
monoprotected dial6with an overall yield of 81%. Building ~ reduction, mono-esterification, and final oxidation. Com-
block 76 is employed as an intermediate in their enantiose- POUNd81 served as an intermediate in their synthesis of a
lective synthesis of-f)-brefeldin A and already exhibits the ~monocyclic mevinolin analogue, used for the treatment of
desired stereochemistry, for it is transformed into the five- hypercholesterolemia.

ring unit of the target molecule at a later stage of the Diels—Alder Reaction with Anthracene. The asymmetric
synthesis. Diels—Alder reaction involving dimenthyl fumarate pro-
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Scheme 36. Synthesis of Conformationally Rigig-Amino Acid Derivative 84 According to Winkler, Axelsen et al#8
CO,Men

MenO,C 1. MsOH, MeOH HO,C oMe CICO,Me  BocHN
2. aq. LiOH 2. NaN,, tBuOH
e “

83 (35%) 84 (34%)

Scheme 37. Synthesis of Enantiopur€,-Symmetrical Pyrrole 86 According to Kr&utler et al.4%

AlC,
~XCO,Men
MenO,C : toluene, -40°C
71
(~ 16 g, 94%,
99% isomerically pure)
1. PhSeSePh, KOtBu,
2. MeOH, H*,
‘. 3. NH,, NaCN,
[~ Ny 4. SOCI, then DIBAH
86 (overall 23%)
vides access to optically activ@-symmetric dicarboxylic AICl ;-catalyzed addition of cyclohexadiene te)¢dimen-

acid derivative82. Most commonly, AIC} is chosen as the  thyl fumarate in toluene yields a crude product with 94% de
catalyst for the cycloaddition with anthracene, and standard selectivity, which is further enhanced by recrystallization
transformations of82 like ester hydrolysis or LiAIH from ethanol. The obtained $3S)-bicyclo[2.2.2]octene
reduction to the corresponding diol have been describ&d.  derivative87 is then transformed into the bis-methylester,
The conversion of chiral building blocB2 to monopro- which is submitted to an excess of phenyl Grignard reagent.
tectedf-amino acid84 was accomplished via a transesteri- Bidentate ligan@8is received after hydrogenation and was
fication reaction and successive monohydrolysis to 8e  examined for its enantioselectivity in the addition of orga-
in 35% vyield (see Scheme 36). Curtius reaction of the acyl nometallics to benzaldehyde.
azide derived fron83 results in theN-Boc-protected amino

esterg4.48 2.2.3. [2+2]-Cycloaddition
Substituted anthracerf@fave been employed by Kirter Pericyclic reactions comprise{2]-cycloadditions, which
et al.: cycloaddition of 2,6-di-butylanthracerf@ to are performed easily with dimenthyl fumaratél) (see

(—)-dimenthyl fumarate with AlGlas Lewis acid catalyst =~ Scheme 39) and ketenacetals in the presence of dialkylalu-
gave gram quantities &b in excellent yields and selectivities  minum chloride>!
(see Scheme 37).
Diester85was then oxidized to the corresponding maleic Scheme 39. [2-2]-Cycloaddition Affording Chiral
acid dimenthyl ester and after transesterification with metha- Cyclobutanones According to Ahmad*'a

nol transformed into chiral pyrrol&6, which served as a 1. ELAICI, MeQ  co,Men
precursor for a biconcave porphyrin. _~_COMen toluene, -75°C ~ MeO
Diels—Alder Reaction with Cyclohexadiene.A further MenO,C ’ 5 OMe CO.Men
example applying this methodology is Seebach’s conversion - om 89 2
of cyclohexadiene vi&7to Taddol analogu88 (see Scheme © ,
38) 50 crude yield: 98%, 90% d.e.
’ (100 g scale)

Scheme 38. Seebach’s Approach to Taddol Analogue 88 . .
PP g The addition proceeds smoothly-a75 °C and yields 83%

© diastereomerically pur89 after recrystallization from aque-
ous methanot*2 This protocol was later modified by Brun-
AlCI, ~CO,Men ner®®the amount of Lewis acid catalyst can be reduced by
Men0,c” - CO:Men oo 780 replacing dialkylaluminum chloride with a corresponding
7 ' CO,Men guantity of inexpensive Fig base. Doing so, it is even pos-
87 sible to perform this reaction at arounr®0 °C, resulting in
(crude: 94% d.e., 74% yield of diastereomerically pure material after recrys-
Q(‘ after recrystallization: 70%, 99% d.e.) tallization. Cyclobutanone89 are of considerable interest

1. MeOH. H", as synthetic intermediates en route to antiviral nucleoside
2. PhMgClI analogues.
3. Pd/C ,

2.2.4. Cyclopropanation
overall 20%)

As early as 1983 Krief et & synthesized derivatives of
chrysanthemic acid known for their insecticidal activity via
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Scheme 40. Enantioselective Synthesis of Pyrethroid Derivatives According to Krief et &.

1. LiOMe, MeOH,
PhaP:< coMen  thenHO, :<
com 2. H,B * SMe,,
X COMen ———— ><L
MenO,C THF, 3. PCC,
-78°C t0 20°C CO,Men 4 ph,PCMe, CO,Me

71

Scheme 41. Formation ofall-trans Isoxazolidine 92 via
Nitrone 1,3-Dipolar Cycloaddition>3

Me +
N=\ Ph CO,Men
MenO,C ) Ph )
en0,C._~ - - .
CO,Men -N{_/""CcO,Men
z benzene, Me™ ™o 2
2 d, reflux
71 92 (70%,

only one isomer)

Scheme 42. Direct Coupling of Dimenthyl Succinate (93)
with 1,w-Dihalides®*
1. L
>LN)<
THF, -78°C, 1 h
(

2 Y

n

.CO,Men
MenO C/\/COZMen
z " CO,Men

93 94

n=0123
X,Y = OTs or Hal,

51-96 %, 65-99 % d.e.
-78°C, 3 h

OLi

s-trans-(E,E)-Enolate from 93

isopropylidene triphenyl phosphorane addition to dimenthyl
fumarate (see Scheme 40).

Cyclopropaned0 was obtained in good yield and with
satisfying selectivity. Further conversion implied recrystal-
lization to furnish enantiopur®0 and subsequent trans-
esterification under recovery ofH)-menthol. Final assembly
of the isopropylidene unit is achieved via a selective

Scheme 43. Applications of Yamamoto’s Protocol

1. NaOH, /PrOH

CO,Men
2 2. S0Cl, C!
_—
ks 3. Barton-Crich- %
COMen  — wiotherwell- CO,Men
decarboxylation
94a (87%) 95 (54%)
CF,
coten 1+ LA, FiC E OH
O\ 28N 5 TsCl, then Nal
_—
CO,Men 3. ﬁULi,ﬂ
exafluoro-
acetone F,C——OH
CF,
94c (67%) 98 (55%)

90 (85%, 74% d.e.)

91

(overall 24%)
chrysanthemic acid
methyl ester

monosaponification, conversion to the corresponding alde-
hyde, and concluding Wittig olefination to give pyrethroid
91in 24% overall yield.

2.2.5. 1,3-Dipolar Cycloadditions

In the series of cycloadditions, a rare example of a
1,3-dipolar addition of nitrones to dimenthyl fumara?e)(
was presented by Baskaran et al. (see Scheme*41).

C-PhenyIN-methyl nitrone adds smoothly to the
(—)-menthol-derived bisfumarate to give only one isomer
of the five-membered heterocy®2. The observed selectiv-
ity is rationalized by anendeaddition mode of the Z)-
nitrone.

2.3. Dimenthyl Succinate

2.3.1. Synthesis

Dimenthyl succinate 93), the saturated analogue of
dimenthyl fumaratel), is a commercially available deriva-
tive of menthol. It is accessible via direct transesterification
of succinic acié*? or succinic anhydridé?®

2.3.2. Yamamoto’s Method

When 93 is treated with two equivalents of LiTMP
in THF at —78 °C followed by subsequent addition of a
1w-dihalide, cyclic diester94 are formed. The diastereo-
selectivity is almost perfect (usually higher than 90% de),
and yields range from good to excellent (see Scheme 42).
An explanation for this remarkable stereoselectivity is given
by Yamamoto and co-workeP42 the generated dilithium
anion of93forms thes-trans-(E,E)-enolate selectively, which
cyclizes readily with the corresponding dihalogen compound
to the three-, four-, five-, or six-memberedns-esters. The
procedure has expanded into the literature as Yamamoto’s
method.

) BnO
1. LIAIH
coM “ )
:Oi 2en 2. BnBr, NaH MeOZC &
CO,Men 3. cat. 0sO,, NalO,
4. NaOEt, HCO,Et, BnO
then TsN;
96 (70%) 5. Wolff- 97 (27%)
rearrangement
1. KOH, CO,Men
LoMen 5 BH, R
Me' —— > Me""
3. DMP,
CO,Men 4. Ph,P, CBr, /
Br
Br
99 (45%) 100 (78%)
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Scheme 44. Large-Scale Synthesis of Menthyl Glyoxylate Hydrate (1G3%*

1.0, o
—_ NaHCO,/H,0
—_— 3 2
MenO,C  CO,Men 2. Me,S MenoJ\¢ ° | (overall 87%)
101 102 2 o
H
MenO
1.1 and OH
o azeotropic 0 103
o J removal of water Men O)S/OH H,CO /H,0
OH SO.N (overall 78%)
2. Na,S,05 / NaOH ;N
104 105

Scheme 45. Synthesis of Chiral 1,3-Oxathiolanes

1, DCC,
o (E;)MA(\;P' o petroleum ether, o
HOZC\( OAc H,Cl, MenOZC\( OAc  crystallization MenOZCu,,( OAc
—_— —_—
(T o o
106 107 (100%) 108 (46%)
HO
L., ((17 I
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’N—‘< HO (i o Y N N\/\/\
N I:,,,( N _ NH
Y/ S 2
F NH,
109 110

Because of its easy application and reliability in terms
of selectivity, this method has found wide implementa-
tion in natural product synthesis. Recently, Trost and
co-worker8® prepared both enantiomers of cycloprop@be
in the course of their total synthesis of callipeltoside A, a

ment of (+)-ambruticin: selective monohydrolysis 68,
followed by a reductiofroxidation sequence and concluding
one-carbon homologation gave dibromomethylene compound
100in excellent yield.

macrolide from a marine sponge (see Scheme 43). Isomeri-2.4. Menthyl Glyoxylate

cally pure building block94awas accessible in 87% yield

according to Yamamoto’'s method and subsequently trans-

formed into the mono acid chloride. Adjacent elimination
of carbon monoxide gave cyclopropyl chlori@é in good
yield.

In 1996, Grubbs et & used this methodology for the
synthesis of intermediat®4c, a precursor of chiral ligand
98, which was employed for the preparation of enantiopure

molybdenum and tungsten metathesis catalysts. Again, both

enantiomers of the ligand were prepared: commencing with
dimenthyl succinate, five-membered ridgcwas prepared

in satisfying yields from 1,3-propanediol ditosylate on a

25 g scale. A straightforward reduction, iodination, and
lithiation sequence followed by reaction with hexafluoro-

acetone gave ligan#éi8 in good overall yield.

Starting from ()-dimenthyl succinate and 3-chloro-2-
(chloromethyl)-1-propene, Kato et #dlsynthesized isomeri-
cally pure compoun®6 in 70% vyield on a 30 g scale. It
was then transformed into cyclobuta@& an interesting

2.4.1. Synthesis

Several different methods are practically viable and
described in the literatuf@,although none of them has found
application on an industrial scale. Instead, chemists at Lonza
synthesized glyoxylat@02in a straightforward fashion via
ozonolysis of maleate derivativé01*° as illustrated in
Scheme 44 (for the synthesisHd1, see also Scheme 3%).

Glyoxylate 102 is isolated as the monohydrai®3in a
one-pot procedure with an overall yield of 87%. A different
route (see Scheme 44) was applied by Hoechst chemists in
199581 starting from glyoxylic acidl04, monohydratel 03
was received in 78% vyield after treatidd5 with aqueous
formaldehyde and without isolation of the intermediate
sulfonic acid salt.

2.4.2. Synthesis of Chiral 1,3-Oxathiolanes
One recent application of menthyl glyoxylatE@) is the

intermediate for carbocyclic analogues of nucleoside bases:synthesis of 3TC or Lamivudinel {5° and its derivatives

the key steps of this ring contraction are the oxidation of
the double bond followed by a Wolff-rearrangement of the
corresponding diazoketone (see Scheme 43).

Kende et aP8 utilized the dianion strategy in their total
synthesis of ambruticin, an antifungal antibiotic, which
exhibits a linking bis-vinylcyclopropane moiety in the cen-
tral chain. Accordingly, cyclopropar was obtained from
1,1-bromochloroethane and-)-dimenthyl succinate in a
moderate 45% yield after chromatography in enantiopure
form. It was transformed into intermediate00, which

establishes the desired stereochemistry of this middle frag-

(see Schemes 45 and 46). Those compounds are nucleoside
analogues characterized by a 1,3-oxathiolane ring used for
the treatment of AIDS and hepatitis. Initially, menthol was
simply utilized as a chiral resolving agent for building block
106 (see Scheme 45).

Acid 106 was converted into menthyl estd07, and
crystallization from petroleum ether gave enantiopure precur-
sor 108 in 46% vyield (based on one enantiom&) This
material was employed for the synthesis of a whole set of
analogues, two of which are depicted in Scheme 469
bearing its fluoro cytosine moiety in the uncommon
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Scheme 46. Synthesis of Anti-HIV Agent Lamivudine (11%5%¢

1. azeotropic
removal of water,
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n-hexane, NEt;,

(0] on toluene, reflux Men0.C O _oH crystallization o
—_— 1,
MenO en®, \(j MenO,C ,(IOH
oH % S._-OH s S
103 Hois]/ M 112 (80%)
NHTMS socl,,
o) o N7 DMF,
N NaBH,, CH,CI
HO\ o }:j/NHZ Eon” YN\ NH, TMSO)I\N/ 2Cl
I%(j"“N = - Menozc”"( ENJ MenOZCu,.(O cl
S S 8_7’
115,
Lamivudine (55%) 114 (60%) 113

4-positiorf*@and110displaying the “traditional” substitution
pattern but containing a monophosphorylated alcétol.

are superiof#*¢ Nevertheless, the advantages of low cost
and easy large-scale preparation legitimate the usE)af

Recently, a very elegant approach for the synthesis of (see Scheme 47}¢

similar oxathiolanes has been published by Whitehead et

al. 52¢ benefiting from menthol glyoxylate (see Scheme 46):
construction of the oxathiolankl1 proceeds in a straight-

Consequently, in their synthesis of azido nucleoside acids,
Rozners et al. applied a copper-bisoxazoline as a Lewis acid
catalyst to enhance selectivities of the pericyclic reaction.

forward fashion, and successive dynamic kinetic resolution Homoallylic alcohol117 was obtained in good yield and

of 111 gives enantiopur&12in an impressive 80% overall

excellent selectivity, when a tenfold excess of glyoxylEi2

yield. Interconversion of the unwanted diastereoisomers is was employed.

achieved by adding triethylamine, which epimeriddd at
C-2. The desired product is removed from the equilibrium
via crystallization.

Completion of the synthesis involves introduction of
chlorine as the leaving group, coupling with the persilylated
cytosine resulting in114, and reductive cleavage of the
menthol auxiliary to give lamivudinel{5 in an overall
practical 55% yield.

2.4.3. Ene Reaction

Although menthyl glyoxylate 02 was employed in
Lewis acid catalyzed ene reactions since the 7&'dts
application as a chiral auxiliary for this purpose has been
outranked by the utilization of the corresponding 8-phenyl-
menthol derivativé, mostly because selectivities for the latter

Scheme 47. Double Asymmetric Ene Reaction According to
Rozners et alé4d

OTBDPS
OTBDPS
0 CH,Cl,, RT, o)
3d x
= + O§)J\OMen H OMen
10 mol% OH
_|2+ 10y 0,
116 102 o\ijiT/o 117 (89%, 96% d.e.)
| |
LD
NIV
Ph Cu  Pn
2 SbF,~

2.4.4. Hetero-Diels—Alder Reaction

Pyrone-type compountil9was envisioned by Mulzer et
alf5in 1995 as an intermediate for a total synthesis of
swinholide A The Lewis acid catalyzed hetero-Diel&lder
reaction of dienedl18 with 102 and subsequent desilylation
afforded almost exclusivelyans119as a 1:1 diastereomeric
mixture. Switching to 8-phenylmenthol as an auxiliary
improved selectivity and gavEL9in diastereomerically pure
form.

Aiming at the dihydropyran systenl2l, Schmidt
et al®P submittedcis-trans-hexadiene derivativd 20 (see
Scheme 48) to a thermal hetero-Dielslder reaction result-
ing in a mixture of three isomers. Isomgg1, displaying
the required stereochemistry for further interconversion
to thromboxane derivatives, was isolated in a yield of
30%.

2.4.5. Friedel-Crafts Reaction

In 1990, Bigi et aFf® presented an asymmetric Friedel
Crafts reaction involving a phen@R2 and menthyl glyoxy-
late (LO2) in the presence of titanium tetrachloride, which
was the Lewis acid of choice. Conversion at low temperatures
gave good yields for several phenols but modest selectivities
in all cases (see Scheme 49).

By switching to menthyl pyruvate1@4),57 different
procedures have been reporfédiy staying with titanium

Scheme 48. Pyran-type Building Blocks via Hetero DielsAlder Reaction

1.0.2 eq. MgBr,, (o}
z Q THF, 0°C
+ OJ oM —_ - o) CO,Men
TMSO en 2. Amberlyst
118 102 119 (65 %)
CH,Cl,, 60°C, w~_OAc
NOAC JCJ)\ 96 h, 8,5 kbar ﬁ\/
+ O S
OMe OMen MeO™ O CO,Men
120 102 121 (30 %)
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Scheme 49. Synthesis of 2-Hydroxy Mandelic Esters This concept was successfully applied in natural product

According to Bigi et al.% synthesis: Hauser et & prepared optically active atrolactic
acid derivativel290n a 15 g scale and used it as a precursor

OH Ticl,, CH,CH, OH OH for the aminoepoxybenzoxocin entity in antitumor agent
.o J -30°C, 20 h ©/\002Men nogalamycin.
OMen R 2.4.6. Addition of Organometallic Compounds

122a (R = H), 102 123 (77-82%, 50% d.e.) Several examples are described in the literaftirand

122 55543.3?22‘), usually Grignard reagents or organozinc compounds add to

122d (R = 4-Bu) the a-carbonyl moiety of ar-keto menthyl ester.

This methodology was applied in the total synthesis of
) . . ) ABT-100 (135, a farnesyl transferase inhibitor, which was
tetrachloride, but additionally applying one equivalent of inyestigated by researchers at Abbott (see Schem® Fhe
menthol as chiral CO-Iigand, selectivities could be drastica”y Synthesis is performed on a ki|ogram_sca|e, and the choice
improved (see Scheme 50); reaction with phenol derivatives for menthol is elucidated by the authorsuse of menthol
122b and 128 results in selectivities of up to 82% &&:* as the chiral auxiliary preides many adantages: low cost,
Amazingly, 1-naphtholX26) does not require the addition g ajlability, good selectiity and a tendency for intermediates
of menthol. to be crystalling’
At —60 °C and in the presence of sodium carbonagy Starting from commercially available phenylglyoxylic ester
is obtained in excellent yield and diastereomeric ex€€$s.  derivative 130, which is transesterified with—)-menthol

Scheme 50. Addition of Menthyl Pyruvate (124) to Aromatic Systems
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! OMen
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—_—
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Scheme 51. Synthesis of 1 kg of Enantiopure ABT-100 (135) According to Rozema efl.
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Scheme 52. Large-Scale Synthesis of Enantiopure Sulfinate 137a According to Sollaéieal.”? and Sharpless et af3
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C ONa 2. 1in /7 0
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1.11in NEt,
- (]
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I ( )
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138

crystallization in acetone
HCI/-20°C

Scheme 53. Andersen’s Method for the Synthesis of
Optically Pure Sulfoxides 1394

0 RMgX Q
- —_— S + .
/ O ool HO
pTol
137a 139 1a

according to a protocol developed by Kra&ikoptically
active o-keto esterl31 is obtained in 79% yield. Subse-
quently, unreacted menthol is quenched in situ with acetic
anhydride and after work-up the resulting mixture is submit-
ted to a Lewis acid promoted addition. Imidazolyl zinc iodide
adds tol131in the presence of MgBrand affords tertiary
alcohol132with a diastereomeric ratio of 11:1. Employing
the analogous Grignhard reagent gave much lower selectivity,
and without the presence of Lewis acid MgBio reaction
takes place. The product is isolated as a crystalline dimeric
zinc complex; liberation of the alcohdl32 is achieved by
treatment of the complex with disodium EDTA. Following
this procedure, the diastereomeric ratidl82was increased

to greater than 99:1. Reduction, successiyAr-reaction
with electron-deficient fluoro biphenyl34 and final pre-
cipitation as hydrochloride affords the target moleci®®

in an enantiopure form in 37% overall yield.

2.5. Menthyl p-Toluenesulfinate
2.5.1. Synthesis

Menthyl p-toluenesulfinatel37) was first examined within
the context of chirality and optical rotation by Phillips in
192571 but it became most popular due to the preparation
of optically active sulfoxides in the 1960s. This chiral
building block is most commonly synthesized by two
different procedures. Solladét al’? established a procedure
starting from the sodium salt gf-toluenesulfinic acidl36

52) and trimethylphosphite as the in situ reducing agent.
Epimerization at the sulfur center takes place in the same
fashion, as well as the crystallization of thg-enantiomer

in acetone.

2.5.2. Synthesis of Enantiopure Sulfoxides: Andersen’s
Method

The property of 137 that is most frequently taken
advantage of is the addition of organometallics with the
simultaneous loss of the menthol moiety. Nucleophilic attack
at the sulfur center results in complete inversion of the
configuration. fn other words, optically pure sulfinate esters
yield optically pure sulfoxidéswhich was first described
by Anderseft using Grignard reagents (see Scheme 53).

This procedure has found widespread application in the
synthesis ofp-tolyl alkyl or aryl sulfoxides. Because of its
frequent use, compound37 has therefore been coined
“Andersen’s reagent”. Switching to different organometallic
nucleophiles, which can even be highly functionalized, has
opened the field to a whole class of chiral sulfoxides derived
from menthol. For an in-depth study of their applications,
refer to the literaturé®

2.5.3. Solladié’s Diketosulfoxide

Some recent examples are presented in Scheme 54:
Solladieet al’® converted the trianion of dioxo estér0
with menthyl toluene sulfinaté37binto enantiopure diketo-
sulfoxide 141 Adjacent reduction takes place regio- and
stereoselectively, but the produtd2 has to be separated
from starting material and p-ditolyl disulfide byproduct.
Crystallization from ether/dichloromethane afforded pl42
in yields ranging from 42 to 66% (see Scheme 54).

With compoundl42in hand, a variety of structurally very
diverse intermediates have been successfully prepared (see
Scheme 55): aldehyd®43 was employed in the synthesis
of the polyol fragment of amphotericin B. It is accessible
from 142avia a reduction of the keto group, acetonide
formation, reduction of the ester moiety, and final liberation

(see Scheme 52). In a convenient fashion, the diastereomeriof the aldehyde through a Pummerer reaction in an excellent

products are equilibrated by addition of hydrochloric acid,
and ©)-(—)-menthyl p-toluenesulfinate {379 is obtained
in pure form with 65% vyield.

This well-described procedure affords up to 60 g of the
desired sulfinatd37a

In 1987, Sharpless et & published an alternative method,
using sulfonyl chloridel 38 as starting material (see Scheme

56% overall yield’®2

Tetrahydropyran rind44 occurs naturally as a fragment
of phorboxazoles A and B; both marine sponge macrolides
display inhibition of tumor cell growth. Again, keto group
reduction ofl42ato the corresponding diol, transformation
of the ester moiety into a methyl ketone, and intramolecular
hemiketalization affords the THP-scaffold. The concluding

Scheme 54. Synthesis of Key Intermediate Hydroxysulfoxide 142

1. NaH, o oH O
29 then t-BuLi ? 9 ™ DiaH 1 V\)\
M _— 3 v Pz — > :u}
2
CO,Me (.S? pTol CO,Me pTol CO,Me
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140 Meno™S\' 141 (70%) 142

pTol
137b

(44%, d.e. > 95%)
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Scheme 55. Intermediate 142 in Different Natural Product Synthesé%
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Pummerer reaction gives aldehyiié4 as the only diaste-

reomer in optically pure form and 11% overall yi€fd.
The synthesis of both aldehydé43 and 144 benefits

from the commercial availability of “unnatural”{)-menthol,

This building block was employed in the synthesis of
9,11secosteroid 149 by Posner et af in 1982. Addition
of a naphthyl Grignard reagent in a 1,4-fashion and subse-
guent quenching with methyliodide proceeded with 98%

used as the starting material for menthyl toluenesulfinate Stereoselectivity (see Scheme 57).

137h

Lactonel45 is one key intermediate in Sollddketotal
synthesis of {-)-colletol, an unsymmetrical bismacrolide first
isolated in 1973. Employing the same synthetic strategy,
this time starting from natura)-menthol, desulfurization
of reduced 142b with Raney-nickel and zinc-mediated
lactonization of the corresponding hydroxy ester results in
the formation of lactond45in 61% yield/®"

2.5.4. p-Toluenesulfinyl-2-cyclopentenone

Directly derived from the menthyl sulfoxide37a crystal-
line vinyl sulfoxide147is accessible in multigram quantities
via lithiation of bromo ketall46, subsequent nucleophilic
substitution of menthol at the sulfur center, and concluding
deketalization in 54% overall yield (see Scheme %6).

Scheme 56. Synthesis of Sulfinyl Cycloalkenone 147
According to Posner et al’2d

1. n-Buli H
2. 0 *
I
: n‘/ \O W
o\ pTol o o
o_.0O g
Br 137a é/ N
pTol
3. CuSO,, acetone
146 147 (54%)

Adjacent desulfurization ofLl48 with dimethylcopper-
lithium and alkylation with methyl bromoacetate gave the
desired steroidal scaffold in the natural configuration.

but 5 5.5 p-Toluenesulfinyl-2-furan

This approach is not restricted to cyclopentenones but also
applies for furans: when submitted to Andersen’s procedure,
furan is transformed into a chiral heteroaryl sulfoxitie0
(see Scheme 585.

In contrast to the lithiated cyclopentethd6, quantitative
inversion is only achieved when the lithiated furan is
transmetalated to magnesium using freshly prepared mag-
nesium bromide. Various substituted furans and thiophenes
have been prepared according to this method in enantiopure
form, and yields usually exceed 75%.

Montana et af® investigated [4-3]-cycloaddition reactions
of thirteen different chiral furans with oxyallyl cations (see
Scheme 59). Among those furans, compods® was the
most efficient in terms of selectivity.

Employing symmetric dihaloketorib1as oxyallyl cation
precursor allows formation of four possible diastereoisomeric
cycloadducts out of whicH52 is the one preferentially
formed.

2.5.6. p-Toluenesulfinylquinone

Several chiral sulfinylquinones were prepared in 1992 by
Carréio et al® as depicted in Scheme 60. Starting from
1,4-dimethoxybenzene, a direct lithiation approach proved

Scheme 57. Posner's Formal Total Synthesis of Equilenin Derivative 149
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Scheme 58. Rouessac's Synthesis of Chiral Furan catalytic amounts of Ni(acaghnd preformed organozinc
Derivatives’® reagents. Careful control of the reaction temperature and
1. n-BuLi order of addition allowed for both selectivity and reactivity
z MgBr,/ ELO < to exceed 90%. Simple desulfurization with zinc metal
-0 completes the synthesis in an overall yield of 38% and
S excellent enantiomeric excess.
pTol Q )
@ 1372 Q/SQ: 2.5.8. Ferrocenyl p-Tolyl Sulfoxide
pTol The chiral ferrocenyp-tolyl sulfoxide (163 was, to the
150 (91 %, 100 % e.e.) best of our knowledge, initially invented by Kagan efl.
in 1990.
Scheme 59. Sg%/nthesis of Cycloheptene Moiety According to It was shown that Andersen’s method could be applied to
Montana et al: ferrocene (see Scheme 63). Various procedures have been
o 0 Q presented for its synthesis, mostly addressing the issues of
\HH/ O__Suu: Cu/MeCN ’ generating pure monolithioferrocene optimizing yield and
Lol wr o g SOpTol selectivity®®

The procedure depicted in Scheme 63 was described by
151 150 152 (51 %, 46 % d.e) Backvall et al. in 2003 as a result of careful optimization
and appears to be the most convenient method so far.
to be superior to a bromination/lithium-bromine exchange  Ferrocene is directly lithiated in the presence of potassium
sequence. Remarkably, for obtaining good ee values, not-butoxide witht-butyllithium, and subsequent addition to
switch to the organomagnesium species was necessaryl37ain THF solution at—55 °C affords almost enantio-
Subsequent oxidation df53 with CAN gave the desired  pure ferrocenyl sulfoxidd.63in 80% yield.
chiral quinonel54 in an overall yield of 68% in almost One outstanding property of this chiral sulfoxide is the
optically pure form. fact that, if 163 s lithiated, the sulfoxide group exhibits a
One impressive example in which central chirality is highly diastereoselectivartho-directing effect making planar
effectively transformed into helical chirality was presented chiral 1,2-substituted ferrocene-derivatives accessible (see
by the same group (see Scheme &1¢hiral quinonel54 Scheme 64). This was originally recognized by Kagan and
was submitted to a twofold DietsAlder reaction with  co-worker8® and further pursued to improve access to planar
hydrocarbonl55 furnishing a helical heptacyclic system.  chiral ferrocene8®
The initially formed cycloaddition/sulfoxide elimination The synthesis of planar-chiral phosphine ligands has
product was further aromatized with DDQ, yielding the especially attracted considerable interest, as those ligands
helicenel56in overall 45% yield and excellent enantiomeric  are ubiquitous in enantioselective, transition-metal-catalyzed
purity. The whole process can even be shortened to a onetransformationsOrtho-lithiation of 163 with LDA and a
pot procedure and is the first non-photochemical asymmetric subsequent transmetalatieNegishi cross-coupling sequence
approach toward helicene-bisquinones. introduced the aryl moiety af64in a diastereo- as well as
. atroposelective fashion and excellent yield.
2.5.7. Synthesis of L-765,527 An even more intriguing feature of this sulfoxide approach
Another successful example for Andersen’s strategy is becomes apparent in the next step: desulfurization is easily
outlined in Scheme 62. Researchers at Merck were facingrealized by lithiation, if164 is treated witht-butyllithium.
the challenge of synthesizing relevant quantities of clinical Direct trapping of the anion with chlorodiphenylphoshine
candidatel62, used for the treatment of asthr¥ta. affords the chiral monophosphine ligah@5in enantiopure
Beginning with lithiated picoline, Andersen’s methodology form. Its usefulness is demonstrated in the palladium-cata-
afforded chiral sulfoxidel157 in very good vyield and lyzed asymmetric hydrosilylation of styrene, in whitB5
multigram quantities. Subsequent aldol addition to cyclo- exhibits an enantioselectivity of 90% ee and a remarkably
pentyl isovanillin (58 is performed in the presence of high turnover frequenc§2
sodium amylate, resulting in the formation of one single A different ligand design is achieved if the diphenylphos-
diastereomer of the addition produt$9. Straightforward phine moiety is introduced in the first step, as has been
elimination of the alcohol moiety gav&60 as the only demonstrated by Kagan and co-work&fsSuccessive in situ
isomer. 1,4-Addition of organometallic reagents to chiral protection of the phosphine with borane to avoid oxidation
vinyl sulfoxide 160required vast optimization: yet excellent gives166in enantiomerically pure form. Sulfur substitution
selectivities and yields could be achieved by the use of with chlorodimethylphosphine and deprotection result in

Scheme 60. Synthesis of Enantiopurp-Tolylsulfinylquinone According to Carrefio et al8!
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Scheme 61. Asymmetric Synthesis of Tetrahydro[7]helicene
Bisquinone (M)-156*2
.0 O
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2.DDQ, CH,Cl,,
4°C,20h

155

planar chiral diphosphine ligand67. When 167 was
employed in asymmetric rhodium-mediated hydrogenation,
enantioselectivities of up to 95% ee were achieved.

2.5.9. Sulfinimines

Chiral sulfinimines 169 were originally prepared by
addition of metalloimines (generated in situ by addition of
Grignard reagents to nitriles) to Andersen’s reade3a®
Because of the low yields of this approach, Davis et al.

Oertling et al.

diastereoselective reduction with DIBALH followed by
deprotection under mild acidic conditions gave the desired
amine 173 with good selectivities (see Scheme 66).

Although it was not pursued further, this was the only route
allowing for recovery of the chiral auxiliary. Moreover, it is
noteworthy that in this case the applied Andersen’s reagent
137bwas derived from “non-natural™)-menthol (b).

Instead of reducing the chiral imine, DeGoey and co-
workers benefited from the diastereoselective addition of
silyloxypyrrole 176to 175(see Scheme 67). This represents
the key step in their enantioselective synthesis of neuramini-
dase inhibitorl78 developed at Abbott laboratorié%.

At —23 °C, the trimethylsilyl triflate mediated reaction
proceeds smoothly to yield the crystalline diasterohér
exclusively, which was confirmed via single-crystal X-ray
analysis. Employing the diastereomer&-p-toluenesulfin-
imine leads to a reversal of the facial selectivity of the
addition to the imine, demonstrating the dominating influence
of the chiral sulfinyl group.

A further example demonstrating the synthetic utility of
chiral sulfinimines was recently presented by researchers of

developed the prOtOCOl depicted in Scheme 65, which was Schering_Pk)ugh (See Scheme BZB)Q\CCESS to 0pt|ca||y

constantly improved over the yedfs.

The optimized proceduf® is a two-step process starting
with the synthesis of enantiopupetoluenesulfinamidd 68
which is converted into the desired sulfinimine89in the
presence of titanium ethoxide. This protocol works for

active f-amino sulfones181, a biologically interesting
structural motif, is achieved via addition af-lithiated
sulfones179 (R = tBu or adamantyl; R= Me) to imine
180 This approach can be extendegbtamino sulfonamides
[R = NMe;, R = Me or R-R' = —NMe(CH,),—] and

aldehydes as well as ketones, and in the case of aliphaticfyrnishes the desired products with very good yields.
examples enolization does not occur due to the strong The addition occurs with excellent stereocontrol and both

activation that théN-sulfinylgroup exerts on the €N bond.
Sulfinimines169can be regarded as chiral ammonia imine
synthons, providing a solution to the problems usually

the a- andj-stereocenters are formed with almost complete
diastereoselectivity.

encountered when adding organometallics to imines: activa- » 5 10, Sylfinamides

tion, powerful stereodirecting effects, and convenient cleav-
age of the SN bond make them ideal building blocks in
asymmetric synthesfs.

Optically pure sulfinamide482 have continuously been
prepared according to a straightforward addition of lithiated

Researchers at Bristol-Myers Squibb examined different amines to Andersen’s reagéAtEmploying this approach,
routes to produce the human leukocyte elastase inhibitoryields are commonly satisfactory and the products are formed

DMP 777 (L74).°* Key intermediatel 73was accessible via
the original metalloimine protocol: addition af-propyl

magnesiumchloride to piperonylonitrile’0and subsequent
reaction with137b gave chiral sulfiniminel71. Successive

via inversion at the sulfur center with exclusive selectivity
but in one case (see Scheme 69): phgnidluenesulfin-
amide (L82b) had to be recrystallized several times to obtain
enantiomerically pure materiéf?

Scheme 62. Total Synthesis of L-765,527 (162), a Phosphodiesterase IV Inhibfifor

1. n-BuLi

4
)
-
w
N
o
3,
o
No=o

Zn/AcOH

B ———

OMe

162 (75%)

O
O;@)‘\H
MeO

158

@ (N
:\;S =
pTol
HO
OMe

161 (> 90%, 92% d.e. )

o)
£AmylONa, O/
THF, 0°C
159 (93%, ~ 40g)

Tosyl imidazole,
NaH, 0°C

7 mol% Ni(acac),,
then ZnCl,/PhMgBr

OMe

160 (66%, ~ 25 g)
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Scheme 63. Synthesis of Ferroceny-Tolyl Sulfoxide (163)
According to Bdckvall et al.8%

1. 0.12 eq. tBuOK, 9
2.0 eq. tBuli, S
THF, - 55°C @/ N
pTol
Fe 2. = Fe
& 0 =
I
San S
4 O 163 (80 %, 98 % e.e.)
pTol
137a

To obtain high ee’s careful control of the addition order
is necessary; thus, the lithiated species has to be added to
solution of137a

This strategy was used by Koomen et®dlin their
synthesis of enantiopure tetrahyd¥ezarbolines183 (see
Scheme 70), a common motif in biologically active mole-
cules. Chiral tryptamine derivativE82dis cyclized with an

Chemical Reviews, 2007, Vol. 107, No. 5 2157

Sometimes removal of auxiliaries is only realized under
harsh conditions, causing racemization in the case of optically
active materials. However, in this sequence applied here, the
aminel83could be liberated in high yields and without loss
of optical activity under exceptionally mild conditions:
complete removal was accomplished under acidic treatment
within 5 min at 0°C, and even recovery of Andersen’s re-
agent was possible if cleavage was performed in the presence
of (—)-menthol instead of ethanol.

2.5.11. Derivatives of Andersen’s Reagent

One derivative of the reliable Andersen’s reagent that has
received increased attention recently is fwromoben-
zenesulfinatel85 (see Scheme 71). Prepared frdi84
according to the Sharpless protoé#itwo large-scale syn-
theses have been report&d.

The optically pure materid85is obtained by HCI-driven
isomerization and repeated crystallization from acetone
analogously to the synthesis of thaolylderivative 137 (see
Scheme 52).

aliphatic aldehyde in the presence of camphorsulfonic acid One intriguing aspect of this halo-Andersen readk8t

to afford the tricyclic systend83 as crystalline material.

is the possibility to perform a double replacement sequence

Scheme 64. Synthesis of Planar Chiral Mono- and Diphosphine Ligan8s

1. LDA, ZnCl,, OMe OMe
2. Pd(0), .
pMeOCH,| y ggerlh
: 2 PPh
[—> Fe SOpTol 2 . Fe 2
Q > &
1
St
@/ \pm 164 (95 %, > 98 % d.e.) 165 (38 %)
é
163 PPh,BH, 4 BuLi, @/Pphz
2. CIPMe.
L . Fe TsopTol 2 Fe TMe;
1.LDA, @ 3. HNEt,
2. CIPPh,
3. BH,, THF 166 (57 %, > 98 % d.e.) 167 (35 %)
Scheme 65. Synthesis of Chiral Sulfinimines According to Davis et &
o 1. LIHMDS, 1.RR'CO, ‘
T 2.NH,CI 0 2. Ti(OEt), R0
:\“‘S\ W - /S.,,, . )\\ S s
/ O HNTON R ONTTN
pTol pTol pTol
137a 168 (72 %) 169 (for benzaldehyde:

92 %, > 95 % e.e., ~ 15 g)

Scheme 66. Reduction of Chiral Sulfinimines According to Storace et &k

1. n-PrMgClI
2. O o
:'28 II

171 (70 %, 20 g)

0
Il
S

/7 NH
(6]

172 (80 %, 86 % d.e.)

1. TFA
2. NaOH

173 (86 % e.e.)
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Scheme 67. Synthesis of Antiinfluenza Compound A-315675 (178)

\
o TMSOTY, o H

8. CHJCI,-23°C S

i
e OH
/\W —>—> /\)YQ'UCOZH
NH H

\/\8\ PTO| O\ pTol., _NH Boc
3 oTBS 2”

175 176

177 (59-82 %,

o)

178 (A-315675)

only one isomer)

Scheme 68. Addition of Sulfonyl Anions to Sulfinimines 180

According to Velazquez et ai®
R

: H
O\\S’/O 1. nBuLi Reg ; N\S/PT‘)'
7 j - A\ T
RO 2 ¢ o o 0
R I
N/S,‘:
179 | “pTol 181 (85-92 %, > 98 % d.e.)
H
180

Scheme 69. Addition of Lithiated Amines to Andersen’s
Reagent*

BuLi Q
R-NH, — R /S(' :
B H pTol
0
c8 182a (R=BnortBu), 80%, >98%e.e,
/0" 182b (R = Ph), 41%,
pTol 182c (R = p-MeOCgH,), 63 %, enantiopure,
182d (R = tryptamine), 73 %, enantiopure
137a
Scheme 70. PictetSpengler Reaction According to Koomen
et al.94d
(l)l 1. RCHO, NH
NS - CSA, -78°C N
N\ H N\ - =
pTol 2. HCI, EtOH N R
N H
H
182d 183 (~ 54 %,

R = alkyl; e.e. > 98 %)

Scheme 71. Synthesis of Menthyp-Bromobenzenesulfinate
(185) According to Naso et aP°

e 1.1a/NE, 0
2. P(OMe), "¢ O

O

Br
185 (57 %)

crystallization in acetone
with HCI

as illustrated in Scheme ?2% The first substituent is
introduced pursuant to the standard protocol accompanied
by the loss of menthol. In the second step,gHaomophenyl
substituent acts as a leaving group and is easily replaced by
aliphatic Grignard reagents.

Remarkably, both steps proceed with very good stereo-
selectivity and a double inversion of configuration at the
sulfur center. Regarding the excellent yields, this approach
paves the way for the synthesis of enantiopure dialkylsulf-
oxides187.

Plainly, the bromine atom can be used for further func-
tionalization, as has been demonstrated by Gallina et al. (see
Scheme 737 For their synthesis of metalloproteinase
inhibitor 190, they transferred Davis’ sulfinimine approach
(see Scheme 65) onfmbromoderivativel85 Subsequent
stereoselective addition of lithium diethylphosphite affords
the phosphonat&89as single isomer after chromatographic
workup in good yield over three steps.

Oxidation of the sulfur, consecutive Suzuki-coupling with
p-methoxyphenyl boronic acid, and acid hydrolysis gite6
in enantiopure form. This sequence benefits from the
availability of both enantiomers of menthol, for both enan-
tiomers of190were prepared and crystallized as complexes
of the respective metalloproteinase. Therefore, their different
binding properties and interactions with respect to chirality
could be studied in detalil.

2.6. Menthyl Chloride

2.6.1. Synthesis

If the hydroxyl group in the menthyl scaffolda is
replaced with a chlorine atom in &&-fashion, the stereo-
chemical outcome of this reaction allows two possibilities:
either substitution under retention resulting in menthyl
chloride (L91b)°8 or reaction with simultaneous inversion of
the configuration yielding neomenthyl chlorided(1g°%° (see
Scheme 74). Both protocols have been established on a
preparative scale since the 1950s.

2.6.2. Menthyl Diphenylphosphine

Most frequently, the menthyl chloridel91b) serves as
a precursor for the corresponding Grignard read®nt,
which is configurationally stabt#&’@and was therefore em-

Scheme 72. Double Replacement Sequence According to Naso etoafs

nDecylMgBr,
benzene

Br

185 186 (91 %, > 98 % e.e.)

iPrMgBr,
THF

—_—

187 (97 %, > 98 % e.e.)



Applications of Menthol in Synthetic Chemistry Chemical Reviews, 2007, Vol. 107, No. 5 2159

Scheme 73. Synthesis of Enantiopure Matrix Metalloproteinase Inhibitor 199
= O
; I
0 1. LHDMS 5““S\N//\(
—_—
S 2. PrCHO,
Ti(OEY), 188
Br LIHDMS,
HPO(OEY),
Br 185
1. mCPBA,
2. pMeOC¢H,B(OH),, 0
Pd(PPh,),, Na,CO;, - wS. _OEt
o\\s,,oj\/ _OH PPhale NaCOs 1Sy PLoEt
“N” "P-0H Hoo
Hol 3. AcCOH/HCI, reflux
O Br
MeO 190 (~20%) 189

(52 % from 185)

ployed in the synthesis of menthyl diphenylphosphine
(192b),191 a chiral tertiary monophosphine ligand (see
Scheme 75)%*

Starting from the same menthyl chloridé9(b), the
diastereomeric monophosphine ligat@Rais accessible via
nucleophilic substitution of the halogen. The fairly cumber-

Scheme 74. Synthesis of Menthyl Chloride (1918 and
Neomenthyl Chloride (191a§°

i PPh 4/Cl, i ZnCI /HCI
gl Nl

/:\ /:\
191a (93 %) 1a 191b (> 90 %)
Scheme 75. Synthesis of Neomenthyl and Menthyl )J\/ MenO,G
Diphenylphosphines (192a and 1928} =
O\‘./ Cy. N CO,Me
1. M FER H
d 2. CI%Ph NaPPh, or (5 L UN S —OMe H oz
T "Cl CsOH-H,0, 7 PPN, 198b
AN HPPh, AN
192b ()-MDPP 191b 192a (+)-NMDPP Figure 3. Transition state for the formation aB8baccording to

(51%) (54% for CsOH) Grigg et alt1?

Scheme 76. Asymmetric Reductive Coupling Using+)-NMDPP According to Jamison et al1%
20 mol %

(0] H

192a
O= + vy
10 mol% Ni(COD),

200 mol% BEt,
EtOAc / DMI

193 194 195 (81%, 93% e.e.)

Scheme 77. Stereoselective Synthesis of Different Pyrrolidines According to Grigg et’af.

LiBr / NE,
MeCN, 3 h

AgOAc, 197
toluene, 2.5 h

N
199j<

MenO,C

Lo

198a (83 %, > 95 % d.e.)

MenO,C
CO,Me

@

N~ Me
H

198b (83 %, > 95 % d.e.)
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Scheme 78. Asymmetric Baylis-Hillmann Reaction in Aqueous Media According to Tang et at!

o
O,N
197

Scheme 79. Synthesis of Menthyl Diazoacetate (202

(‘j\ 0 )\/\ONO
T

Y benzene, AcOH

PN
201

/_\
202

73 %

some original protocol was recently improved by the use o
cesium base¥

Although 192ais a commercially available chiral mono-

phosphine ligand, its use in organic synthesis is limited: both

isomers have been utilized for hydrogenati®ihydrosilyla-
tion,1%%2and hydroesterification reactio®$" Recently, their

scope of application was extended to the nickel-catalyzed

reductive coupling of alkyne&93 with aldehydesl94 as
illustrated in Scheme 784

Using equal volumes of 1,3-dimethylimidazolinone (DMI)

and ethyl acetate as solvent, the catalytic system affords

trisubstituted allylic alcohols195 corresponding to the
exclusivecis-addition to the alkyne in excellent regioselec-
tivity and in 93% ee

2.7. Menthyl Acrylate
2.7.1. Synthesis

Menthyl acrylate {97) is easily prepared via transesteri-
fication of acrylic acid methylestéP® conversion of acryloyl
chloridei° HCI-elimination from menthy}j3-chloropropio-
natel” or triphenylphosphine-catalyzed reaction of maleic
anhydride with menthol°8

2.7.2. Applications

Menthyl acrylate was widely applied in Lewis acid
promoted Diels-Alder reactions as chiral dienophile but

H,0 / 1,4-dioxane
cat. NMe;, r.t.

—_—

o

OH
mcozmn
O,N

200 (88 %, 83 % d.e.)

1. Tos<,,.
v o

o NQ)I\Cl

2N,

Y "OH
AN

1a

2. NEt,, CH,C,
68 %

f Scheme 80. Copper-Catalyzed Cyclopropanation According

to Pfaltz et all13a

51 i
/ < OJ\¢N2
AL 202

!
1,2-dichloroethane, - S
1 mol% CulL,, H CO,Men CO,Men
16 h, 23°C 204a 204b
CN (91% e.e.) (90% e.e.)

L=

HO7:5\ 203
2.8. Menthyl Diazoacetate

2.8.1. Synthesis

Two different procedures have been reported in detail for
a synthesis on a multigram scale (see Scheme 79): menthyl
glycinate @01), which is easily accessible via direct esteri-
fication of menthol with glycinél?® is diazotized with
isoamyl nitrite. After chromatography, menthyl diazoacetate
(202 is obtained as yellow crystals in good vyield.

An alternative one-pot protocol was described by Landgrebe
and co-workers*? esterification of menthol with glyoxyl-
chloride tosylhydrazone and subsequent addition of triethyl-
amine gives the diazoest202 in comparable yield.

(204a : 204b = 85: 15,
total yield: 65-75%)

constantly was surpassed by its menthone-derived sibling2.8.2. Applications

8-phenylmenthol in terms of selectivity®
Better results were achieved by Grigg ef'dlusing a

The most popular application of chiral diazoes?éR2 is
the asymmetric Cutt® Rh-** or Ru-mediate#® cyclopro-

1,3-dipolar cycloaddition approach for the construction of panation reaction. Because of generally convenient chro-
substituted pyrrolidined98 (see Scheme 77) starting from matographic separations often found for each of the cyclo-
azomethine ylides derived from iminé96. propane diastereome284 (+)- and ()-menthyl diazoacetate
The carefully chosen combination of base and metal salt have been commonly used to assess diastereoselection in
afforded a set of sterically crowded heterocycl®8 with catalytic systems. This is exemplified in Scheme 80 for a
guanidine basel99 commonly giving the best yields. —copper complex with two semicorrine ligand@3invented
According to Grigg et al*® a stereochemical model of the by Pfaltz et ak'32in 1986.
transition state is depicted in Figure 3. The isopropyl group  In the case that«)-menthol is employed fo202, the
of the menthyl moiety shields the @)-Siface of the selectivity of the catalyst could be clearly improved, 20d
acrylate, which reacts out of @cis conformation. is received in an excellent 937% ee optical purity. Those
An example for asymmetric Baylis-Hillman reactions was results for the cyclopropanation of styrene were unmatched
presented by Tang et &t (see Scheme 78). Addition of N 1986 and remain impressive even twenty years later.
p-nitrobenzaldehyde to menthyl acrylate in aqueous dioxane
gave the allylic alcoho200with good yield and selectivity. 2.9. Menthy| ?hlorOformate
In case themrnitroaldehyde is employed, the selectivity 2-9.1. Synthesis
rises to 99% de, albeit at the expense of the chemical yield, Menthyl chloroformate Z06) is most commonly synthe-
which is decreased to 45%. sized via a simple reaction of menthol with phosgene in the
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Scheme 81. Resolution of Binaphthyls According to De Lucchi et &k8a

OCOZMen
OCOzMen

1. diastereomer
separation,
2. saponification

Chemical Reviews, 2007, Vol. 107, No. 5 2161

OH
OH

racemic 205

Scheme 82. Variety of Binol Derivatives 208212 Resolved
via the Menthyl Chloroformate Protocol18117¢

212

presence of an amine ba$&Because of the high toxicity
and volatility of phosgene, triphosgene OC(Og)&lis
frequently used as a replacemétit.

2.9.2. Resolution of Binaphthyls

(ent-205)

chromatographic methods. Cleavage of the terpene auxiliary
is a standard operation, employing KOH or LiAIH he ease
and applicability of this protocol is reflected in Scheme 82,
which shows very recent examples of effective resolutions.

2.9.3. Resolution of myo-Inositol

A further example is illustrated in Scheme 83yoc
inositol (214) is amesehexahydroxycyclohexane, occurring
in nature in its tris-phosphorylated form, nametyycinositol
1,4,5-tris-phosphate, playing a major role in transmembrane
cell signaling. Any functionalization starting froomyoc
inositol (214) to corresponding derivativesl6—218 has to
master the challenges of regio- and enantioselectivity, which
becomes obvious in all three differemiyoinositol-scaffold
modifications presented by Schmid?edeBittman1%'9 or
Martin-Lomast!9ap

All approaches consistently make use of menthyl chloro-
formate Q06) to resolve the racemic mixtures, and all
diastereomeric menthyl carbonates are formed at the C-1
position. Bittman’s and Schmidt's syntheses start with a
double acetalisation oimycinositol (214) giving bis-

Menthyl chloroformate is almost exclusively used to protected diolf13and215 respectively. In a likewise tin-
derivatize racemic alcohols or amines in order to resolve their mediated fashion, only one of the two hydroxy moieties is
enantiomeric counterparts. One especially successful strategyransformed into the menthyl carbonate giviag8 in a

is outlined in Scheme 81.

Axially chiral diols 205 can be easily converted into their

bis-menthyl carbonate207, which generally exhibit a high

controlled manner. Compouril6 resulted from the initial
tin-mediated benzylation followed by reaction wiftD6.
Starting from the unprotecteahycinositol (214), Martin-

difference in crystallinity. Diastereomer separation is either Lomas et al. effected conversion into the monosubstituted
achieved via simple crystallization or in some cases through carbonate217 directly via a perborylation/transmetallation

Scheme 83. Different Synthetic Routes to an Enantiopurenyo-Inositol-scaffoldt®

cyclohexanone, ; 0

cat. pTsOH, OH
OH (MeO),CMe, HO H  cat. stOH o OH
-~
“OH HO " Y " OH 0" "oH
OH o}
214, myo-Inositol 215

1. Bu,SnO, 1. Et,B/BUCO,BEt, (BuSn),0,
2. CsF, BnBr 2. Bu,Sn(acac), oene, 208,
3. 206, pyridine 3.206, NMI, -30°C NaHCO,

OH

217

crystallization in
methanol

crystallization in
ethyl acetate/ethanol

2

0 o 3

crystallization in
petroleum ether
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sequence. In all cases, diastereomerically pure menthyl (15) Igshibhashi,zganggk,zg.l; Kusano, T.; Kuwano,Blosci. Biotechnol.
H 1 H H lochem. A .
8§;bonate§|16—218wlere 3.Ch|evgq Vgi ﬁrySta”éZBatlsonher(T (16) (a) Kang, F.-A.; Yu, Z.-Q.; Yin, H.-Y.; Yin, C.-LTetrahedron:
Ifferent so VE:I’IIS as Is indicated In ; cheme ) chmi t et Asymmetn1997 8, 3591. (b) Geertsema, E. M.; Leung, C. W.; van
al. even mention that scale-up of this convenient resolution Oeveren, A.; Meetsma, A.; Feringa, B. Tetrahedron Lett1995
process resulted in the manufacture of 50 g quantitiq &f 3_? 731t5-t For a dlgtalle?: %5.03_59?qusahesagl\tgloncﬁf ethyl
The enantiomers d¥16and218were prepared in the same %g)g%ia%zs;e (c) Kang, F.-A; Yin, C. L; She, S.d\Org. Chem
way but employing the respective optical antipode of menthyl (17 (a) Jansen, J. F. G. A.; Feringa, B. Tetrahedron Lett1991, 32,
chloroformate. 3239. (b) van Oeveren, A.; Jansen, J. F. G. A.; Feringa, BI.L.
Org. Chem.1994 59, 5999.
(18) (a) Pelter, A.; Ward, R. S.; Jones, D. M.; Maddocks,JPChem.
Soc., Perkin Trans. 1993 2621. (b) Pelter, A.; Ward, R. S.; Jones,
. . L D. M.; Maddocks, PJ. Chem. Soc., Perkin Trans.1D93 2631.
As menthol has been known to mankind since antiquity (19) Jansen, J. F. G. A.; Feringa, B. Tetrahedron: Asymmetry99Q

and is among the most readily available compounds from 20) % )759-L 5 Bolhuis. - Feri B Tetrahedron 989

“ H »oo H H H H H a) de Lange, b.; van bolnuis, F.; Feringa, o. ranedaro
the “chiral pOOl , 1ts us.e In Syn.thetlc organ_|c ChemlStry IS. 45, 6799. (b) Feringa, B. L.; de Lange, Betrahedron Lett1988
preva[ent. B.ec"j_\use of its benefltlng properties asa nontoxic 29, 1303. (c) Lubben, M.; Feringa, B. Metrahedron: Asymmetry
material which is highly crystalline, cheap, environmentally 1991 2, 775. _
friendly, and most of all on-hand in both enantiomeric (21) Hulst, R.; de Vries, N. K.; Feringa, B. l1. Org. Chem1994 59,
conﬁgurquons in bulk quantities, almost any discipline of (22) He, L Liu, Y.: Zhang, W.: Li, M.: Chen, QTetrahedror2005 61,
preparative chemistry availed from its advantages. 8505.

With asymmetric synthesis being considered one of the (23) Jauch, JJ. Org. Chem2001, 66, 609.
major frontiers in chemistry, further contributions from (24) (&) Jansen, J. F. G. A.; Feringa, B. $ynth. Communl99z 22,

d . d industrial research to this field have to be 1367. For further examples concerning sulfur additions, see also (b)
acaaemic an . Feringa, B. L.; de Lange, Bletrahedron1988 44, 7213. (c) de
expected. One can conclude without overstatement that Jong, J. C.; van den Berg, K. J.; van Leusen, A. M.; Feringa, B. L.
menthol, seen on a historical scale, is one of those exclusive Tetrahedron Lett1991, 32, 7751. (d) Garcia Ruano, J. L.; Bercial,
molecules that helped to shape asymmetric organic synthesis

3. Conclusion

Asymmetry200Q 11, 4737.

F.; Fraile, A.; Martin Castro, A. M.; Martin, M. RTetrahedron:
and is likely to do so in the future.
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