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1. Introduction

Desymmetrization of meso compounds to yield chiral
products proved to be a powerful synthetic tool in asymmetric
synthesis since it allows formation of multiple stereogenic
centers in one symmetry-breaking operafiémthis context,
considerable attention has been paid in recent years to the
desymmetrization of cyclianeseanhydride$, leading to
optically active products which are valuable building blocks
particularly due to their use as intermediates in the synthesis
of natural products or biologically active substances (Scheme
1). The great potential of the cyclic anhydrides as a substrate
class was proven in the synthesis of chiral hemiesters,
lactones, amido acids, and more recently ketoacids and
thioesters. Moreover, their easy accessibility, either from
commercial suppliers or by means of chemical transforma-
tions, makes them valuable for both academic as well as
industrial communities.

The goal of this review is to give a comprehensive
overview on well-established as well as newly developed
strategies in the field of anhydride desymmetrization. In this
context we will limit the discussion to the diastereo- and
enantioselective desymmetrization of cychieseanhydrides
and highlight related synthetic applications. Parallel kinetic
resolution of asymmetrically substituted racemic cyclic
anhydrides as well as parallel and dynamic kinetic resolution
of N- and O-carboxy anhydrides have recently been
summarize&#?*2and are regarded as beyond the scope of
this review.

2. Diastereoselective Anhydride Opening

Several attempts toward the development of a highly
diastereoselective anhydride opening are described in the

© 2007 American Chemical Society
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literature, and chiral alcohol and amine nucleophiles are
known to undergo reaction with low to excellent diastereo-

selectivity. The advantage of the above-mentioned technique
consists in the availability of a large range of methods

suitable for separation of the two diastereoisomeres. The
main drawback is the requirement of stoichiometric amounts
of chiral substances which are not always part of the target
molecule and have to be removed after establishment of the

stereogenic centers.

2.1. Diastereoselective Anhydride Opening with
Nitrogen Nucleophiles
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diastereomeric ratio. Despite low selectivity this is one of
the first reports on a nonenzymatic desymmetrization process.
Almost three decades later, in 1981, scientists at Sumitomo
reported on the desymmetrizationas$-1,3-dibenzyltetrahy-
dro-2H-furo[3,4-d]imidazole-2,4,6-trione 4) with various
chiral secondary amines to yield the corresponding imida-
zolidin-2-one derivatives which were subsequently converted
into the appropriate lactone in satisfactory overall yields and
up to 89.6% ee (Scheme R&).5 Crystallization of the amide

Scheme 2
0o o j\
Aux*H (1 equiv), 1. THF, CHoN,
BaN” "NBn  E¢N (1 equiv) BnN)kNBn 2.NaBH,, THF, it,48nh BN NBn
: THF, t, 48 h N 3. HpS0y, dioxane, Y
0o 0 Aux*OC COOH  5h, reflux 0o~
1 2 3

*. 79.8%, 89.6% ee
For Aux*H: Me

A 92%
B 1.EtN, iPrOH, CeHyy, 65% | 1.,2.,3.
Me\N/'>( O 2. HCI, EtOAG, 96.5% -

Hpr ph

72.8%, 100% ee

acid intermediat@ obtained from the reaction dfwith (S)-
N-methyl-2-amino-1,1-diphenyl-1-propanol followed by es-
terification, reduction, and cyclization allowed formation of
the desired lactongin enantiomerically pure form (Scheme
2,B).

Mukaiyama described the opening of several bicyclic
anhydrides with R)-2-amino-2-phenylethanol followed by
conversion of the amide acids into the corresponding chiral
imides (67-90%)¢ Subsequent selective reduction, acid-
catalyzed hydrolysis, and cyclization furnished the appropri-
ate lactones with moderate to good enantioselectivities (58
88% ee) in good overall yields (66/5%) (Table 1).

The first approach toward a diastereoselective process Although in this particular case the reduction of imides
dates back to 1954 when Carter subjected the 3-phenylglu-5a—e and not the anhydride opening determines the stere-

taric anhydride to reaction wittg(-1-phenylethylaminé The

ochemistry of the products, it is mentioned here since the

crystalline product was isolated in 95% yield and in a 3:2 approach is of high synthetic value as illustrated by the four-



Stereoselective Anhydride Openings

Table 1. Anhydride Desymmetrization with
(R)-2-Amino-2-phenylethanol
Ph

o) 3 (|3 Ph
GUJ{O N OH OJ\Nﬁ
oy THF, 0 °C, 15 min, ”‘co'-c|)H OH
o) thenr, 1 h 4a-
a-e
1. Ac,0O, AcONa
100°C, 3 h
2. HCI, MeOH
reflux, 2 h
o)
O g
al = —
e/ "\(_>
O HO
6a-e 5a-e
[ I G {
<] o e><]h o[] o O o o)
SO G G {
7 8 9 10 1

entry anhydride imide vyield (%) lactone vyield (%6)ee (%)

1 7 5a 90 6a 60 58
2 8 5b 67 6b 64 81
3 9 5c 82 6c 70 69
4 10 5d 78 6d 71 69
5 11 5e 68 6e 75 88

aYield over three steps, starting from imide.

step synthesis of optically activeRBS)-cis-chrysanthemic
acid (12) starting from lactonéb (eq 1).

(o]
Me \/< Me -COOH
<] o —= Me 1)
Me e/ Me :<
6b 12 Me

81% ee 81% ee

In 1984, Oda reported on the ring openingnése?,4-
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Nagao reactethese2,4-dimethylglutaric anhydride with
two equivalents of the ()-4-methoxycarbonyl-1,3-thiazo-
lidine-2-thione (4) to give the corresponding diamidi
which, on aminolysis with piperidine, afforded the diamides
16 and 17 in 66% yield and 97.5:2.5 ratio (Scheme °3).
Recrystallization from ChCl,—petroleum ether afforded the
major productl6in a pure form. Furthermoré6 was reacted
with various nucleophiles, yielding enantiomerically pure
products which are useful precursors in the total synthesis
of several natural products. On the basis of data from X-ray
crystallography the authors assumed that the piperidine
nucleophile attacked predominantly the carbonyl group
attached to theS) stereogenic center. It should be noted that
the same protocol has also been successfully applied to
diverse symmetrically substituted diacids, leading to optically
pure products in good overall yield$.

Later a direct desymmetrization process was developed,
which implied use of the sodium salt of 44-isopropyl-
1,3-thiazolidine-2-thione as nucleophife Addition of a
freshly prepared THF solution of the sodium salt of the
thiazolidinone19 to a solution ofcis-4-cyclohexene-1,2-
dicarboxylic anhydride 41) in THF at low temperature
followed by acidic workup gave the crude amide acid which
was subsequently treated with diazomethane to give the
corresponding amide est@0ain 96% yield and 86% de
(Table 2, entry 1). Screening of various additives showed a
strong dependence of the reaction on the nature of these
additives. Although the yield decreased (80% vs 96%), the
diastereomeric excess improved (94% vs 86%) using a
stoichiometric amount of DMSO as additive (Table 2, entry
2). Carrying out the reaction in the presence of HMPA, 18-
crown-6, or TMEDA was less efficient with respect to the
yield and/or selectivity (Table 2, entries-3). Regarding
the mechanism, it was assumed that the sodium salt attacked
the pro-@ site carbonyl carbon from its least hindered side,
whereas approach of the pm}(site was sterically unfavored.

In order to extend the substrate scope, other anhydrides were
tested in the reaction described above with and without

dimethylglutaric and 3-hydroxy-3-methylglutaric anhydrides PMSO as additive, but they always occurred with lower yield
with axially chiral binaphthyldiamine derivatives, the amide and selectivity (Table 2, entries-d.1).

acids being obtained in good to high selectivity {@2%

Ward described the desymmetrization ofnsese2,3-

de)’ Efforts toward extending the method to other substrates dibenzylbutanedioic acid anhydride witR)¢1-phenylethyl-
were less successful, and the products were obtained withamine, the corresponding amide acid being obtained as white

lower diastereomeric excesses {&8% de)?

crystals in 62% yield and 86% dé.

Scheme 3
MeO,C.
o2,
2equv g 8 s /S S\ s
MeIIMe 1473( \g Me Me \7:'/\8 NH
DeC Py ChCL 647 Y CHCly, 20 °C, 66%
00 Ng  DCCPY.CHLCL 4% o 0 COMe
13 15
S\(S Me Me ] Me Me
Q/N H H O rec. Nu Nu = = N
Y 58% 79-99% Y
MeO,C O 0 0 18 O
16 o o
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Y Y EtO
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Table 2. Anhydride Desymmetrization with Scheme 4
(4S)-4-I1sopropyl-1,3-thiazolidine-2-thione o
0 .
s /< 1. 24 (1 equiv), CH,Cly, ‘\k( A
.. Me /& —78 °C, 30 min M (+)-Aux*t
A‘j’; Na: \)/(Na S G,”,(o 2. TMSCHN; (2.5 equiv), G’“COOM
Me \ -78°C, 16 h °
O 1.19(1 equiv), o o 23a-g
/< additive (1.2 equiv), I 1.1 equiv

C o THF, -50 to -40 °C, 1 h C
\( 2. CH,Np, Et,0
o)

. -0 (0] (0] (0]
‘COOMe H_N “\ /( /{ /<
1.1 equiv 20 ©jj <] <O Oﬂ“ <O O <O
7 2 A\ R g
/< /< Me.,, Me oTBS © 7 O 25 O 1 O
O" o} D o) /]:1[\ rl 24: (+)-Aux*H  74%,92% de  98%, >95% de  96%, >95% de
“f “f 0”0 Yo
o} o] 0" o "o o} o} o} o}
21 9 13 22 WA WA WA WAl
. . e U Tlp G
entry anhydride additive yield (%) de (%) o o o K
1 21 none 96 36 21 O 26 O 27 O 28 O
2 21 DMSO 80 94 90%, >95% de  99%, >95% de  90%, >95% de  98%, >95% de
3 21 HMPA 48 96
4 21 TMEDA 68 82 Scheme 5
5 21 18-crown-6 6 76 ;
0 o o o o2 N yave_cozio e _TBSOTE 2 84utcine
) 13 none 87 28 ("COOMe THF, rt, 30 min .., OH CH.Cl,,0°Ctort, 16 h
9 13 DMSO 86 46 23¢ L2
10 22 none 62 40 74%, >95% de
11 22 DMSO 46 16 ﬁ\
“N(4)-Auxt _LiBH,, EtOH, Et,0 “"NoH
) ) ) ... OTBS 0°Ctort, 16 h ... OTBS
The desymmetrization adndebicyclo[2.2.1]hept-5-ene- 30 31
2,3-dicarboxylic anhydride using proline esters as chiral 77%,>95% de 100%, >95% ee

nucleophiles was reported by NothThe process has been

successfully applied to the synthesis of peptides and auxiliary leads to the 1,4-monoprotected dg&il in good
pseudopeptides incorporating @mde (2S5 3R)-norborn-5-ene  overall yield and excellent enantioselectivity ©5% ee).
residuet* Unfortunately, proline cannot be cleaved and  Although the ring opening of cyclimeseanhydrides with
replaced by other amino acids, so that this synthetic approachsilyl azides to yield isocyanato carboxylic acid silyl esters
is limited to molecules containing proline at the first position has been reported by several groups (etf a8) asymmetric

of one peptide strand. In addition, the protocol suffers from version of this interesting transformation has yet not been
strong substrate limitations in that any attempts to extend provided.

the methodology to bicyclic anhydrides resulted in poor or

no asymmetric inductiof® O

Ghosh described the desymmetrization of 3-substituted /( TMSN ~COOTMS
glutaric and 3,4-bis-substituted adipic acid anhydrides with 3 G 2)
the lithium salt of Evans’ oxazolidinoné%.Notably, this oy Dioxan, A “'N=C=0

work includes the only known example concerning the
asymmetric ring opening of a seven-membered monocyclic
anhydride. Although the reactions occur with low selectivity . . . . .
even under optimized conditions (284% de), the diaster- 2.2. Diastereoselective Anhydride Opening with

eomeric amide acids and their corresponding methyl, benzyl, OXygen Nucleophiles

and tert-butyl esters are easily separable by fractional Several reports focus on addition of chir@-based
crystallization and/or chromatographic methods. In addition, nucleophiles such as alcohols, diols, aminoalcohols, and
the oxazolidinones can be fully recovered in analytically pure hydroxyacids taneseanhydrides. This reaction offers access
form. Furthermore, the method has found application in the to diastereomeric hemiesters and was explored for the first
total synthesis of the antifungal agent)¢preussirt’ time by Cohen in the mid-195@8 For this purpose 3-phe-

In light of these results, the desymmetrization process nylglutaric anhydride was examined in the reaction with
reported recently by Ley constitutes a significant achievement . -menthol, but the product was obtained with poor selectivity.
in the field!8 As depicted in Scheme 4, upon treatment with  The first significant achievements in the field were
chiral isoxazole24 and subsequent trapping with TMS reported by Heathcock.In an initial study, addition ofR)-
diazomethane, various bi- and tricyclic anhydrides have beeni-phenylethanol to 3-fért-butyldimethylsilyl)oxy]glutaric

o]

converted into the corresponding amide methyl est8es-g  anhydride 22) in the presence of achiral amine bases was
in high yields (74-99%) and with high to excellent selectivi-  investigated under various conditions. Subsequent esterifi-
ties (92->95% de). cation with diazomethane yields the corresponding diester

The synthetic usefulness of the method was demonstrated32 in good overall yields. The best result (80% yield, 15:1
by conversion of the amido est2Bcinto the corresponding  dr) was achieved when the opening reaction was carried out
monoprotected 1,4-diol (Scheme 5). Selective reduction of in dichloromethane at40 °C in the presence of DMAP (1
the methyl ester moiety with Schwartz reagent followed by equiv) as base (Scheme®)The two diastereomeric diesters
alcohol protection and reductive cleavage of the chiral are easily separable by preparative HPLC and have been used
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Scheme 6
OTBS 1, )Nf Me
Ph™ "OH, DMAP (1 equiv) Ph/'\O OTBS
—60 to —40 °C, CH,Cl, A_CO,Me
07707 70 5 N, o
32
22
80 %, 15:1 dr
1. Me >99% ee
Np” “OH
DMAP (1 equiv),
~75 °C, CH,Cl, > 99% ee
2. CH,N,
Me
Np” SO OTBS . Q0 OoPGO IF?'(OMe)
o COMe ——>, MeO 2
33 96-97% ee 34, PG = TBS

93 %, 50:1 dr

Scheme 7
4

¥
HO_ Me Np~ ~OH, DMAP (1 equiv), ie
60 °C, CH,Cly, 5 Np” O Me PH
2. MeOH, DCC, —40 °C, 2h oA A cOMe

0" 0" "0 thentt,24h 86% de
‘o

38 39
OH OH O TBSO Me
A = L)
RO OH MeO o
41a:R=H 40 86% ee
41b: R = Me

together with their corresponding enantiomers as synthons
in the total synthesis of compactin and several compactin
structural analog$2PA further improvement was achieved
when R)-1-phenylethanol was substituted [§)-L-naphth-
ylethanol, the appropriate diest&3 being obtained in a very
high yield (93%) and excellent selectivity (50:1 diastereo-

meric ratio) (Scheme 6}

In order to enlarge the substrate scope, several 3-substi
tuted glutaric anhydride85 were tested in reactions with
racemic 1-naphthylethanol to give hemiesters, which have
been converted into the corresponding racemic die&@rs
and 37 by treatment with diazomethaAgAs depicted in
Table 3, the level of diastereoselectivity proved to be highly

Chemical Reviews, 2007, Vol. 107, No. 12 5687

Scheme 8
Me
Me Np” OH

DMAP (1 equiv)
-40°C, 6d,

07070 CHCl

35a

Me
Np/_\O Me —
o) COOH 87%ee O Me O °
97%, 87% de
42 43

(Scheme 7¥2 The chiral diesteB9 obtained in this fashion
was used as precursor in the total synthesisSphfrochry-
sone 41a) and §-torosachrysonef(Lb),?* two key interme-
diates in the synthesis of dimeric pre-anthraquinone pigments
which are commonly isolated from fungi and higher plants.

A de of 87% was observed in the opening of 3-methyl-
glutaric anhydride354) with (S-1-naphthylethanol, and the
product was applied in the synthesis of a new powerful
oxamacrolide musk odorads (Scheme 85>

Mukaiyama reported on a boron-catalyzed desymmetri-
zation of bicyclicmeseanhydrides with R)-1-phenylethanol
derivatives as chiral sour@éThe strategy was based on the
possibility of activating the anhydride by diphenylboryl
triflate followed by selective esterification of one of the two
enantiotopic carbonyl groups. With cyclohexane-1,2-dicar-
boxylic anhydride 11) as test substrate, the best results were
obtained when the reaction was carried out in toluene at O
°C and R)-2-methoxy-1-phenylethanol diphenylborate was
employed as nucleophile. Subsequent treatment with diaz-
omethane afforded the corresponding diedtaras a single
diastereomer (99% de), albeit in moderate yield (59%) (Table
4, entry 3). The yield could be considerably increased (90%)
when two equivalents af4 were used in the reaction (Table
4, entry 4). The method was successfully extended to other
bicyclic anhydride substrates, the products being obtained
in good yields (75-95%) and moderate to excellent diaste-
reoselectivities (4699% de) (Table 4, entries 1, 2, 5, and

6).
In the search for a convenient route for the synthesis of
optically purecis- andtranshemiesters with a norbornene

dependent on the size of the substituents and decreasedable 4. Diphenylboryl Triflate-Catalyzed Anhydride

considerably with increasing the steric bulk.

Recently, Miler extended this methodology to the de-
symmetrization of 3-hydroxy-3-methylglutaric anhydri@8)(

Table 3. Diastereoselective Anhydride Desymmetrization with
Racemic 1-Naphthylethanol

Me
Me :
1. N O R
R
Np)\OH A N _come
DMAP (1equiv) O .o
—78 to —40 °C, Me
07 0" O CH,Cl, U
35ae 2 CHoN: Np” O R
A _A_CO,Me
o
rac-37
entry anhydride R yield (%) dise:37)
1 35a Me 94 16:1
2 35b Et 95 14:1
3 35¢ i-Pr 97 7:1
4 35d Ph 92 8:1
5 35e t-Bu 91 1:3

Desymmetrization

1. OBPhy
o) OMe O Ph
Jooen . RN
G“ o 44 1.2 equiv O (0]
Ph,BOTf (30 mol %), OMe
\< toluene, 0 °C COOMe
2. CHoN, 45a-e

[ SO I S
,,,‘\<0 O,,“\{O O,m\(o ©~,,\<O Q«o
7 © 10 © o o] 6 ©

1 21

entry anhydride diester yield (%) de (%)

1 7 45a 91 40
2 10 45b 75 70
3P 11 45¢ 59 99
4 11 45¢ 90 99
5 21 45d 95 90
6 46 45e 90 90

aBackbone stereochemistry: $2R). 1 equiv of44 was used in
the reaction® Backbone stereochemistry was not determined.
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Table 5. Diastereoselective Anhydride Derivatization with Mandelic Acid Derivatives
COOR

0

Q%
"

(0]

LiO” "Ph

THF, low temp
entries 1-7

a.

..COOH
O ..Ph
w

O COOR

deprotection

entries 8-14

(0]

.COOH

G ]/o Ph

“

COOH

Atodiresei et al.

o} o) o}
A A A .COOH .COOH .COOH
{ { { g g )
2 a7 28 43 O COOH 49 O COOH 50 O COOH
entry anhydride hydroxy acid ester;;R ~ temp €C) de (%) entry dep. diacic? yield® (%) de (%)
1 26 (R), PMB —35 70 8 A 48-(2R,39) 50.2 100
2 26 (9, Bhe —-78 48 9 B ent48-(2S,3R) 47.0 100
3 26 (R), Bn -78 72 10 C  49(2R39 65.0 100
4 47 (R), Bn —65 74 11 c 49(2R 39 66.0 100
5 47 (9, PMB -35 72 12 A ent49(2S3R) 65.5 100
6 28 (R), Bn —65 46 13 C  50(2S3R) 66.0 97
7 28 (9, Bn —65 48 14 C  ent50(2R39 65.5 97

aDeprotection: A, conc HCl in CkCN; B, CRRCOOH in anisole; C, Kland Pd/C in MeOHP Backbone stereochemistryOverall yield, after
crystallization, starting from anhydridéAfter crystallization.c Bh = benzhydryl.

Table 6. Efficient Synthesis ofcis- and trans-Methylmonoesters

«~COOH MeONa (10 equiv) Q“'COOH p-TsOH/MeOH G\\.COOMe
< lCOOMe MegH,A /,4] ]/O\‘/COOH Hy, Pd/i, AcOEt " GOOH
O Ph
COOH .COOH @\‘»COOMe COOH \‘»COOMe
COOMe COOMe ""COOH COOMe ""COOH
51 52 53 54 55
entry? diacid method hemi-ester yield (%) ee (%) eftry diacid hemi-ester yield (%) ee (%)
1 48 B 51 93 99.8 6 ent48 ent51 94 99.8
2 49 B 52 94 97.4 7 ent49 ent52 95 99.8
3 49 A 53 80 >99.9 8 ent49 ent53 88 >99.9
4 50 B 54 50 96.0 9 ent50 entb4 50 95.2
5 50 A 55 82 97.0 10 ent50 ent55 78 97.0

2 The methods applied for the reactions listed in the entriet(6are the same as for the synthesis of the corresponding enantiomers, entries

1-5.

and a norbornane-type backbone, Ohtani selected severalcheme 9
mandelic acid derivatives and tested their efficiency in the
ring-opening reaction of tricyclic anhydridésAs high-
lighted in his study, the best results were obtained upon
treatment of the anhydrides with the lithium salt of benzyl,
benzhydryl, omp-methoxybenzyl mandelate at low temper-
ature in THF (Table 5, entries17). Subsequent deprotection
followed by crystallization afforded the appropriate diacids
48-50in good overall yields and excellent diastereoselec-
tivities (97—-100% de) (Table 5, entries—84). Attempts
toward extending the desymmetrization methodology to
3-substituted glutaric anhydrides remained less succeXsful.
Furthermore, the diacid$8—50 were readily converted
into the correspondingis- and trans-hemiesters by two

independent pathways. As presented in Table 6, while
esterification followed by catalytic hydrogenolysis provides
access to the desireds-hemiesters (route A), selective
epimerization and esterification in the presence of an excess
amount of sodium methoxide (10 equiv) offers access to the
transhemiesters without loss of selectivity (route B). It

should be noted that gradual addition of an insufficient

amount of sodium methoxide (2.5 equiv) to a refluxing
solution (MeOH:THF= 2:1) of cis-diacid 49 afforded the
trans product52 in a racemic form. It is assumed that

Ph

{
O
o

o)
N
e

“

1 O

94%, 92% de

OH OH
CF3
56 CF,4 O\UCOOH
NaOH, toluene, "Co0 OH
-78°C,1h WCF
57 Ph CF; °

{ {
ot Qo
21 © 2% O

92% de

74% de

epimerization. Decreasing the amount of methoxide to 1.8
equiv induced no epimerization and caused total racemization
of the cis-hemiester. However, the problem could be
circumvented by dropping diaci9 into a large excess of
concentrated sodium methoxide<B0 equiv) in refluxing
methanol.

Modest to high levels of asymmetric induction were
attained by Taguchi in the opening of various bi- and tricyclic
anhydrides (Scheme 9) and several 3-substituted glutaric

racemization takes place through an intramolecular cycliza- anhydrides (Table 7) with the monosodium salt of 1-phenyl-
tion reaction followed by a nonselective methanolysis and 3,3-bis(trifluoromethyl)propan-1,3-diob6).2° Nonpolar sol-
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Table 7. Diastereoselective Ring Opening of Glutaric Anhydrides highly effective for discrimination of the two carbonyl groups

with 1-Phenyl-3,3-bis(trifluoromethyl)propan-1,3-diol in the case of the tricyclic anhydrides, affording the corre-
R 9 e sponding hemiesters in high yields (889%) and excellent
3 - . .
Ph CF, w diastereomeric excess (989% de) (Figure 1).
NaOH, toluene, HO O

o~ 0" 7O

OH
-78°C, 15-20 min ssat ) T<CF

Ph CF, /? /f /? /?
Ty O G G

entry  anhydride R hemiester  vyield (%) de (%) 2% O 66

1 22 OTBS 58a 90 92 o oo S o . .

2 35a Me 58b 90 66 - 86%, 99:1 dr 99%, 150:1 dr  84%, 140:1dr  90%, 160:1 dr

3 35¢ i-Pr 58¢ 94 90 Figure 1.

4 35d Ph 58d 95 66 ) ] ) ]
5 35f CFRs 58e 95 90 An isolated example, presenting the opening aié-
6 359 Bn 58f 96 76 cyclobut-3-ene-1,2-dicarboxylic anhydridé7j with (—)-

pantolactone as a key step in a nonenzymatic alternative route

vents and the presence of the two geminally trifluoromethyl © ()-3-0xabicyclo[3.2.0]hept-6-en-2-onéd), was briefly
groups on the nucleophile proved to be crucial for ac- described by Huet (Scheme 19).
complishing a clean and fast reaction. Scheme 10

The sense of asymmetric induction was constant in the o
set of monocyclic anhydrides, and higher selectivities were ./ (_)-pantolactone, n-Buli
achieved when more sterically bulky substituents were D,W O —MPA THF, 78 °C.2h
present on the substrate (Table 7). { 61%, 90% de

Kunieda achieved high diastereoselectivity in the ring
opening of a variety of bi- and tricyclic anhydrides using o %o 1. CICOLEY, EtN, o)

L Iz
] o

67

lithium complexes generated in situ from various sterically ~7°C, 30 min Dw/(
hindered chiralN-sulfonylamino alcohols (Table 89. A " COOH Me® 2. NaBH,, MeOH, 0o/
significant increase in the diastereoselectivity was observed 68 é:?(/) , ggl ';e 69
when hexamethylphosphoric triamide (HMPA) was em-
ployed as additive. For example, the cyclohexane hemiester In a recent study, Dai describes the synthesis of racemic
59cwas obtained in 93% yield and 99% de using the lithium 2-substituted\,N-dialkyl-1-naphthamides followed by reso-
salt of the corresponding bulky 2,4,6-triisopropylbenzene- lution into enantiomerically pure compounds and their
sulfonyl amino alcoho63 and 5 equiv of HMPA at-78°C application in the ring opening of bicyclic anhydrid®&s.
in THF (Table 8, entry 3). Interestingly, use of the zinc salt ~ Considerable attention has also been paid to the desym-
as nucleophile resulted in formation of the other diastere- metrization ofcis-1,3-dibenzyltetrahydro2-furo[3,4-d]imi-
omer. Accordingly, both diastereomers could be selectively dazole-2,4,6-trionelj with various chiral secondary alcohols.
synthesized using different metal salts of the same chiral In this context, a highly diastereoselective process has been
amino alcohol. developed by Pauling and Wehrli at Hoffmann-La Roghe.
Although less selective in the case of cyclohexane-1,2- It was found that severalSf-alcohols with the general
dicarboxylic anhydrideX1) (92% de) (Table 8, entry 6), the formula RMeCHOH are able to discriminate between the
lithium salt of the chiralN-TPS-aminoalcohob2 proved two anhydride carbonyl groups (Table 9), leading to the

Table 8. Diastereoselective Anhydride Desymmetrization with ChiraN-Sulfonylamino Alcohols

(o] R
O/{O reaction O“'COOH -COOAUX" .@
_ feaction .
conditions . . R NHPG
\(() COOAux COOH AuxH OH
59a-e 60a-e 61:R=H,PG=Ts

62: R=H, PG =TPS
63: R=Me, PG=TPS

< ot b of ‘Aﬁ
G g U Ulp A%
7 O (o] 21 O

10 O 1 64 ©
BuLi/aminoalcoholb3 (1:1) HMPA (5 equiv), THF~=78°C, 2 h ZnEg/aminoalcohobl (1:1) no additive, CkCl, 24 h
entry anhydride hemi-ester yield (%) 59.60 de (%) hemi-ester temp€) vyield (%) dr59.60 de (%)

1 7 59a 95 500:1 >99 60a reflux 85 1:1.3 13
2 10 59b 78 500:1 >99 60b 25 82 1:4 60
3 11 59c 93 >500:1 >99 60c reflux 85 1:26 93
4 21 59d 93 >500:1 >99 60d 25 89 1:17 89
5 64 59 81 28:P 93 60e 25 90 1:22 91
6 11 59c 93 22:F 92 60c

7 21 59d 91 20:F 91 60d

8 64 59e 60e 25 1:38 95

aTHF (1 equiv), 6 h? Aminoalcohol 61/BuLi (2 equiv) and LiCl (2 equiv) used as additive, 3%tReaction performed in the presence of
aminoalcohol62. 92 equiv of ZnEt.
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Table 9. Influence of Alcohol Structure on the Ring Opening ofcis-1,3-Dibenzyltetrahydro-2H-furo[3,4-d]imidazole-2,4,6-trione

B o j‘e gy X=HUu Bn
o Nj-ﬂ/( R”OH o=<N]\‘~COOX O;/N]\.-‘Q
—_—
N ,,,,<O reaction N~ O Me _reaction N
B \ conditions A B Y conditions B o
n40 "7200 R " ent3
entry alcohol reaction conditions lactone, ee (%)
M .OH A. Toluene, (S)-1,1-diphenylpropan-2-ol (1 equiv),

DABCO (0.5 equiv), —10 °C, 18 h, rt, 1 h, HCI

a
1 B. LIBH, (2 equiv), THF, EtsN (1 equiv), 40 °C,2h 98  98.7
Ph” >Ph HCI, 70 °C, 30 min
71
Me__,.OH A. Toluene, (S)-3,3-diphenyl-2-butanol (1 equiv),
2 reflux, 6 h, EtzN (1 equiv), THF 86.5 9500
Ph B. LiBH4 (2.4 equiv), THF, 40 °C, 14 h - -
pn. Me 10 °C, HCI, 60 °C, 30 min
72
Me_..OH A. THF, (+)-10,11-dihydro-o-methyl-5H-dibenzo-

[a,d]cycloheptene-5-methanol (1 equiv),

3 EtsN (1 equiv), rt, 18 h, HCI 85.0 95.0%
B. LiBH, (2.3 equiv), THF, EtsN (1 equiv), 40 °C,
2.5 h, 10 °C, HCI, 60 °C, 30 min

A. THF, (+)-9,10-dihydro-o-methyl-9-anthracene-
4 methanol (1 equiv), EtsN (1 equiv), rt, 18 h

a
B. LiBH, (1.9 equiv), THF, 40 °C, 2 h 832 942
10 °C, HCI, tt, 24 h

A. (S)-1,1-diphenyl-1,2-propandiol (1 equiv),

Me__,.OH toluene, -5 °C, BugN (1 equiv), 0°C, 1 h
j\ i, 1h, INLIOH, 4 h

b 4> 0oH

5 Ph-: B. LiBH, (1.3 equiv), THF, 10 M Hz0 in THF, 98.5
Ph 20 °C, 4h, 40 °C, 2 h, H0
75 HC1, 90°C, 1 h

a After recrystallization.

corresponding chiral hemiesters which upon reduction and 2,3, Diastereoselective Anhydride Opening with
cyclization afforded the (F6aR)-lactoneent3 in up to Carbon Nucleophiles

o . ) L
95.8% ee (Table 9, entriesH). A single recrystallization The first transformation involving carbon-based nucleo-

from isopropanol raised the enantiomeric excess to 98.7% _, . . .
. . . philes was reported by Real, who employed chiral Grignard
(Table 9, entry 1). Although highly diastereoselective, the reagents’ Addition of pseudoephedrine-derived Grignard

Process IS less attracnve_f_or the large prOdPC“OU scale S‘mcereagent76 to anhydride28 produced the expected diaster-
it requires several additional steps for isolation of the

hemiester int diat d invol tedi ificati eomericd-keto acid as its corresponding salt. In situ
emiester intermedialé and INVoIves tedious purilicalions, o qyction and acid hydrolysis proved to be highly regiose-

which are essential for recovery of the water-soluble amine |4 tive delivering predominantly the desired aldehye
base catalysts. A considerable improvement has been achievegl. gg 404 de) in 64% overall yield ard99% ee. Use of the

by switching to water-insoluble amine base catalysts such gnantiomeric Grignard reagent under the same reaction
as trlbl_JtyI- or tr|(_)ctyla_m|ne. Th_|s process e_lllowed purification o ditions led to the enantiomeric aldehyeai78) in 65%

of the intermediates just by simple filtration and washifig.  gyerall yield,>99.4% de, and 99% ee. Development of this
Accordingly, the trioctylammonium salt of the hemiester highly substrate-specific process was the result of the demand
obtained in the ring opening of anhydridewith the chiral  for an efficient strategy for the synthesis of aldehyi&

diol 75 was isolated as a single diastereomer (100% de) in which is a key intermediate in the synthesis of 7-oxabicy-
89% yield. Analogously, the tributylamonium salt has been cloheptane prostaglandin analds.

obtained in 97.6% de directly after the reaction (99.8% de
after isolation). In situ conversion of the tributylamonium 3. Epantioselective Anhydride Desymmetrization
salt into the lithium salt proceeded cleanly and afforded the
product in 96% vyield and 98.7% de. Subsequent ester
reduction and cyclization led to the desired lactone, a key

Despite several attempts toward a highly diastereoselective
process, no general protocol, with respect to anhydride
: PN : I structure, could be elaborated. Consequently, the enantiose-
!snetleerg':i\e;iotl;agéHSEJD()eeS’e);ng'Ir']aeg;Z gﬂe?lltcr);/l%) with excellent lective desymmetrization emerged as an attractive alternative.

: ' ' Unlike the previously described protocols, which give

A similar approach has been described by scientists atproducts with covalently linked chiral auxiliaries, these
Merck. They obtained the hemiesters in moderate to good systems deliver directly enantiomerically enriched products.
selectivity when chirgB-amino alcohols were employed as  Within the past few years, several research groups have
auxiliaries in the reactioff In the case of {)-N-methyl- focused their attention on the development of an efficient,
ephedrine the selectivity could be increased from 78% to highly enantioselective strategy. In principle, this could be
98.6% de by crystallization. Subsequent reduction and achieved by chemical or enzymatic transformations. Whereas
cyclization, followed by recrystallization, afforded the desired the first approach has grown continuously in recent years,
lactone in good overall yield and 99.9% ee. the second appears somewhat limited.



Stereoselective Anhydride Openings Chemical Reviews, 2007, Vol. 107, No. 12 5691

Scheme 11
Me. Ph
O 1.4 equiv
MgBr
1. MeOH, NaBH,,
—60t0-25°C, 1.5 =
THF 2.3NHClL 1,14 h 0
—60t0-30°C,3h 77 COOMgBr 78 0 H O
64%, >99% ee
Scheme 12 Scheme 13
O . Ar_ Ar
/< . EtZZr) (1.4 equiv), . .COOMe COOH
O“ o cinchonidine (1.4 equiv) G O Me>< THF, =30 °C, 5-7 d
MeOH (1.4 equiv), o Me TAr=pCt) G
\< THF, 0°C COOH o a s eruiJ)) COO#Pr
o 7 A Ar 80 81

(6]
L e Wi < Wi
Op OF @f 33 Ty O G

57%, 91% ee 52% ee 33% ee 51% ee?
88%, 98% ee 91%, 98% ee 91%, 98% ee
2 For anhydride 1 the product was ent-79.

3.1. Enantioselective Desymmetrization with @ o o ‘
Oxygen Nucleophiles Gs\g 32\§, 28 |
There are an increasing number of reports in the field of 92%, 94% ee 63%,98% e 82%, 96% ee

enantioselective desymmetrization of cychieseanhydrides

with alcohol nucleophiles. Among them, two complementary A large variety of tricyclic anhydrides have been function-

directions can be distinguished: while the first one promotes alized under these conditions, affording products in high
chemical transformations which make use of achiral alcohol yields (82-92%) and with excellent enantiomeric excesses
nucleophiles in combination with either a chiral Lewis acid (94—98% ee) (Scheme 13).

or a metal-free chiral mediator or catalyst, the second one  Slightly higher temperatures were required in the case of
relies on the power of enzymes to accomplish a selective less reactive bicyclic anhydrides, leading to products in good

esterification process. yields (59-87%) and with high enantiomeric excesses<{88
. . ) . . . 96% ee). In contrast, the opening of anhydrideroceeded
3.1.1. Anhydride Opening with Chiral Lewis Acids only with a low selectivity of 26% ee (Figure 2). Unfortu-

The first contribution in this field stems from Fujisawa,
who explored the reaction ohesedicarboxylic anhydrides Ve /f M A
with achiral alcohols as nucleophiles and chiral metal <] o (] o O o
complexes as mediatot$ln the optimization process, the Me o o
reactions were performed by adding a solution of the
cyclohexane-1,2-dicarboxylic anhydrid&lf to a solution 59%, 96% ee  76%,94%ee  74%, 88% ee
containing the active species generated by mixing a chiral

8 O

amino alcohol with diethyl zinc and an achiral alcohol. The /2) B” O
hypothesis that an in situ generated complex was able to O o} o= j
promote high enantiofacial discrimination was confirmed for 11"'\& Bn ; g

a metallacycle derived from cinchonidine, diethylzinc, and
methanol. In this case the corresponding hemiester was 87%, 90% ee 80%, 26% ee
isolated with 91% ee in 57% yield (Scheme 12). Attempts Figure 2.
to extend the methodology to other substrates revealed that
the process was highly sensitive with respect to the substratenately, only unsatisfactory results were obtained when mono-
structure. Thus, here the enzymatic asymmetric desymme-and disubstituted glutaric anhydrides were subjected to the
trization of mesediesters leading to the same products alcoholysis reaction.
appears superiéf. In addition, a catalytic protocol which permitted the

A similar concept making use of the presence of both a substoichiometric use of HiTADDOLate in the presence
Lewis acidic and a nucleophilic moiety within the same of stoichiometric amounts of Al(GPr); was developed. The
molecule was introduced by Seebden this particular case,  proposed catalytic cycle is outlined in Scheme 14. It was
the authors investigated in detail the possibility of a Lewis assumed that if the rate of theITADDOLate-catalyzed
acid-mediated transfer of an isopropoxy group from the chiral enantioselective alcoholysis was much greater than the rate
ligand sphere of Fi TADDOLate to cyclicmeseanhydrides of the Al(Oi-Pr)-catalyzed alcoholysis leading to a racemate,
to afford the corresponding hemiesters. The system wasthe ee of the hemiester could be retained while ARD);
optimized for the norbornene anhydrid26), and the best  regenerated the chiral catalyst via metidand exchange.
result (88%, 98% ee) was obtained-&20 °C in THF using Accordingly, the appropriate hemiester was obtained in 74%
B-naphthyltitanium TADDOLate derivative0 as mediator. yield and 96% ee using a catalytic amount of-TIAD-
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Scheme 14 structure on the reaction selectivity and sense of asymmetric
o} induction#42PGlutaric and succinic anhydrides were exam-
o ined in the reaction with methanol as nucleophile in the
@ ,,\<° presence of 10 mol % of the cinchona alkaloid. The products
26 O were obtained in high yields but with low to moderate
/—\ f) enantiomeric excesses. The enantioselectivity was found to
‘ ?L ;?,,o be strongly dependent on specific substrate/catalyst combina-
CO;Ti'O"Pr @ o orpr tion, the stereochemistry being entirely controlled by the
0" 0iPr "“COO-Pr configuration at C8 and C9 of the catalyst. Generally, the
83 naturally occurring cinchona alkaloids (erythro bases) were

more active and selective than their C9-epimers (threo bases)
in the desymmetrization of glutaric anhydrides, affording the

.ﬁ\ - AI(O-Pr), AI(Oi-Pr); products with up to 70% ee. On the other hand, the erythro

@“ o bases exhibited lower asymmetric induction compared to the

B;‘COOr’-Pr threo bases for the five-membered ring anhydrides (Scheme
15).

A similar reaction protocol was developed by Aitken.

DOLate (20 mol %) and a stoichiometric amount of . .
aluminum isopropoxide. Unfortunately, the catalytic process ROOM-temperature methanolysisméseepoxyanhydridé2

0 L
now required an extensive reaction time (24 days), and it g]yt?rirgrrﬁzfgccuela?f QSOT(}SL/S[;)érﬂﬂgIEE%I?Ot?;%?%?@f\?\llilt?]wed
was less successful when applied to other substrates. 38% ee in 80% yield> An increase in the catalyst loading

Subsequently, the methodology was extended to the ringto 50 mol % afforded the lactone with 76% ee (Scheme 16).
opening ofmesesulfonylimides to give the corresponding |n addition, a single recrystallization in the presence of
sulfonylamido isopropy! esters with up to 98%*&he Ti— quinine furnished enantiomerically pure produe89% ee).
TADDOLate-mediated kinetic resolution of racemic dioXo-  Since lactoned4 is acid sensitive, polymer-supported cin-

lanones, azlactones, and biaryllactones leading to highly chona alkaloids, prepared by copolymerization with acryl-

enantioenriched products was also descritied. onitrile, were next examined in order to avoid possible
] ] ] ] ] difficulties, which could arise from the acidic workup. The
3.1.2. Anhydride Opening with Chiral Lewis Bases reaction was found to be efficient but always occurred with

lower selectivity compared to the one performed with
nonpolymeric catalysts. The reaction was not restricted to
epoxyanhydrides, and aziridin@3 reacted under similar
conditions (toluene, rt, 10 mol % of QN) with methanol (3
equiv) to give95 with 40% ee in 86% yield.

This field is largely dominated by the use of naturally
occurring cinchona alkaloids and their derivatives as chiral
Lewis bases. Only recently, reports describing the use of
alternative Lewis bases for promoting an enantioselective

anhydride OPe”i”Q relgction hfa've appeared. i Under the same reaction conditions (430 mol %
Due to their availability, stability, and low production cost, catalyst, 3 equiv of MeOH, rt, toluene, 24 h), several
cinchona alkaloids have frequently been used not only in norbornane-type anhydrides afforded the corresponding

the chemical but also in the pharmaceutical and food methyl hemiesters with moderate enantiomeric excesses (35
industries’® Two of their main advantages are that they g794 ee) in good yields (6997%) (Figure 4)5b

possess a (pseudo)enantiomeric counterpart and that their
structure can be easily modified in order to obtain more

o} o o
effective catalysts (Figure 3). @/{ ‘m/{ @/(
! : ) . . 0 0 o)
The first results in the field of metal-free enantioselective o o "
anhydride opening were independently reported in the late 26 O 27 O 47 O
1980s by Od# and Aitken® A large variety of cycliomese QD 97%,52%ee  88%,67%ee  80%, 44% ee

anhydrides were functionalized, and the corresponding OGN 69%,61%ee  91%, 58%ee  82% 36%ee

hemiesters were obtained in high yield and with moderate Figure 4.

enantioselectivities using a catalytic amount of cinchona

alkaloids. While Oda’s studies dealt with the desymmetri-  Taking into account that 3-hydroxy-3-methylgluatric an-

zation of mono- and bicyclic anhydrides, Aitken extended hydride @8) possesses a free hydroxyl group, Shirahama
the substrate scope to more complex tri- and tetracyclic examined the possibility of an intramolecular alcoholysis
anhydrides. Oda investigated the influence of the catalystreaction?® Treatment of the anhydride with the lithium

activate site of attachment
electrophile to a polymer chain —\

H
seudoenantiomers ce\ Y
N P S J, ‘\, site of quaternary
c & " Y coOH | salt formation
activate N~ (R k
QD Quinidine (85) R = OMe QN Quinine (87)
CN Cinchonine (86) R=H CD Cinchonidine (88)

Figure 3.
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Scheme 15
Me o Me alkaloid ee (%) of product
cat. (10 mol %),
B ’ CO,H QD 67 89
o MeOH (4-10 equiv) 2 CN 70 89
toluene, rt, 4-12d CO,Me epi-QD 2 ent-89
Mé o} Mé epi-CN 5 ent-89
13 89
0 cat. (10 mol %), COH QD 48 90
Me 5 MeOH (10-20 equiv) Me{ 2 cN 28 o0
HO Et,0, rt, 1-3d HO' CO,Me epi-QD 2 ent90
o epi-CN 3 ent-90
38 20
0
cat. (10 mol %),
Mo . ” Me .COOMe Qb 32 91
><] <O MeOH (10 equiv) CN 16 o1
Me \( toluene, rt, 4-9 d Mé cooH epi-QD 56 ent-91
8 O 91 epi-CN 60 ent-91
Scheme 16 leading to equal or slightly lower selectivities (886% ee).
« In addition, a catalytic protocol which gave comparable
o) MeOH (3 equiv), QN HX results and involved use of 0.1 equiv of quinidine and 1 equiv
o toluene, tt, 2 h o— of the achiral sterically hindered tertiary amine base pem-
J Me0:C O pidine (104) was also described (Scheme 18).

92 with 10 mol % of QN — 94: 80%, 38% ee

with 50 mol % of QN — 94: 57%, 76% ee
with 10 mol % of QN — 95: 86%, 40% ee

X X X

o
O
9 N

3 Ph

alkoxide of hydroquinine afforded th&)-j-lactone96 with
90% ee in 70% yield (eq 3).

HO_ Me

L

0~ 0" “O
38

Me CO,H

o

96
70%, 90% ee

hydroquinine (1.1 equiv)
n-Buli (1.1 equiv), THF/Et,0

©)

On the basis of Oda’s and Aitken’s pioneering studies, an
improved protocol was developed by Bolm which allowed
a wide range of structurally diverse methyl hemiesters to be
prepared with up to 99% vyield and 99% ‘“d.ow temper-

ature, an excess of methanol, and a stoichiometric amount

of the inexpensive and readily available cinchona alkaloid
constituted the key features for a highly efficient ring-opening
reaction. Under the same reaction conditions, various bi- and
tricyclic anhydrides reacted with methanol to give the
corresponding hemiesters in very good yields{82%) and
high to excellent enantioselectivities (99% ee). Remark-
ably, whereas quinidine-mediated ring-opening reaction gave
rise to hemiesters of typ9, quinine always exhibits opposite
selectivity, allowing formation of enantiomeric produetst
79.

In contrast, under identical conditions, more sterically
hindered anhydride85, 101, and 102 did not react at all
(Figure 5). Unfortunately, only an unseparable mixture of

(0] (@] [¢] (0]
/< /{ Me
f o me
(0] 2 0O o (0]
65 101 102 103

Figure 5.

the desired hemiester with its epimerization product was
obtained in conversions of monocyclits-2,3-dimethylsuc-
cinic anhydride 103).

Nevertheless, compared to the existing methods this new
protocol proved to be very simple and more convenient to
perform. After the reaction the alkaloids could be recovered
quantitatively and reused without loss of selectivity. Fur-
thermore, pure toluene proved also to be a suitable solvent,

Independently, scientists at Sumitomo applied similar
approaches to the ring openingai$-1,3-dibenzyltetrahydro-
2H-furo[3,4-dimidazole-2,4,6-trioneX).*® Methyl and ben-
zyl hemiesters were obtained with comparable selectivities
(73.3% and 73.6% ee) when stoichiometric amounts of the
chiral amine base were used in the reaction. In contrast,
cinchonidine-mediated ring-opening reaction afforded the
benzyl hemiester with a considerable lower enantioselectivity
(25.9% ee) (Table 10). Attempts to carry out the desymme-
trization in the presence of a Lewis acid catalyst have also
been described, the product being obtained with only
moderate selectivity (23-755.2% ee).

An improved version of the alkaloid-mediated asymmetric
anhydride opening described above resulted from systematic
screening of alcohol nucleophiléin this context, benzyl
alcohol appeared to satisfy all criteria required by a practical
protocol. Accordingly, structurally diverse anhydrides have
been converted into their corresponding benzyl hemiesters
with very high enantiomeric excesses and excellent yields.
A simple aqueous workup permits the isolation of the
products in analytically pure form (Scheme 19).

Remarkably, in most cases the benzyl hemiesters were
furnished with slightly higher enantiomeric excesses com-
pared to their methyl analogues. This effect was more
pronounced for the quinine-mediated reactions, where the
variation Aee (benzylester/corresponding methylester) was
established between 2% and 6% for the bicyclic anhydrides.
Concerning the tricyclic anhydrides the results were even
more positive. This statement is best illustrated in the case
of oxanorbornene anhydrid@2, where both benzyl ester
enantiomers were formed in higher yields and enantioselec-
tivities. It is a notable performance since in this particular
case the corresponding methanolysis gave both stereoisomers
with 18% ee difference. In addition, with benzyl alcohol as
nucleophile the reactions could be performed in toluene as
solvent, avoiding the use of the previously applied toxic
carbon tetrachloride. The openings occurred with comparable
or even better enantioselectivities and yields in pure toluene
(Figure 6), the only difference being that the quinine-
mediated alcoholysis required a higher concentration (0.1
M for toluene and 0.05 M for toluene/C4}l

Moreover, the reactions performed excellent on multigram
scale, the products being obtained in even greater yields and
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Scheme 17
quinine (1.1 equiv),
.~COOH MeOH (3 equiv)
toluene/CCly (1:1)
COOMe —55°C, 60 h
ent-79
(0] o
/< Me /(
e " ><] o
'\< o
70 8 O
QD 96%, 85% ee 97%, 90% ee
QN  95%, 85% ee 96%, 84% ee
o] (0]
A M
(e Oy
'\( '\(
1 O 21 O
QD 98%, 93% ee 93%, 95% ee
QN 91%, 87% ee 99%, 93% ee
o (0]
A M
e O
'\( '\(
26 O 47 O
QD 98%, 99% ee 84%, 94% ee
QN  92%, 99% ee 86%, 94% ee
Scheme 18
o - .
quinidine (0.1 equiv),
O’( pempidine (1 equiv) .-COOMe
o] _—
MeOH (3 equiv),
\g toluene/CCly (1:1), 79 COOH
—55°C, 60 h
Me>(j<”e
Me I}l Me
Me pempidine (104)
(0] (0] (6]
v A A
v ... 0 [] o O 0
o ’\< ‘\(
8 O 90 10 O
98%, 74% ee 97%, 81% ee 96%, 89% ee
o (0] (@)
e~ A A
T @ O
Me '\< '\( '\(
98 O 26 O 27 O

96%, 92% ee

98%, 90% ee

94%, 91% ee

27

96%, 96% ee
94%, 93% ee

selectivities (Figure 73° For example, the oxanorbornene
derivative 112 was isolated in 89% vyield, after column
chromatography, and99% ee. The result is even more - i ! e _
relevant when one considers that cleavage of the oxygentioselective ring opening of bi-, tri-, and tetracyclic anhy-

o o
ol o
o

(0]
A
f
28 O

69%, 94% ee
79%, 93% ee

82 O

61%, 93% ee
71%, 75% ee

bis-cinchona alkaloid derivatives were also capable of
functioning as effective chiral Lewis base/nucleophilic
organic catalysts in the ring-opening reaction. These modified
cinchona alkaloids have previously been used by Sharpless
as ligands in the asymmetric dihydroxylation and aminohy-
droxylation reactiort* Screening of various aryl ethers and
esters of cinchona alkaloids in the room-temperature asym-
metric methanolysis ofis-2,3-dimethylsuccinic anhydride
showed that the dihydroquinidine-based catalysts, DHQD-
PHN and (DHQD)AQN, possess a remarkable ability to
promote a highly enantioselective reaction. A further im-
provement resulted from subsequent solvent screening.
Accordingly, a large range of bi- and tricyclic anhydrides
underwent ring-opening reaction with methanol (10 equiv)
at —20 or—30 °C in ether in the presence o020 mol %

of (DHQD),AQN, affording the corresponding methyl he-
miesters with excellent enantioselectivities {3B% ee) in
high yields (74-99%) (Table 11, entries-16). Notable, with
(DHQD),AQN (5—30 mol %) as catalyst, even the mono-
cyclic anhydrides were readily converted into enantiomeri-
cally enriched (96-98% ee) acyclic hemiesters (Table 11,
entries 79).

As already emphasized in the present section, the enan-

bridge offers easy access to carba-sugar derivatives. Thidrides is a versatile synthetic transformation providing
newly developed methodology is of practical utility since a Mmportant synthons for organic synthesis. In contrast, the
wide range of benzyl hemiesters are for the first time easily Sélective ring opening of monocyclic anhydnde,s is still

available in enantiomerically enriched forms. The protocol considered as problematic. In this light, Deng's results
is also net superior to the enzymatic methods since so fardescribed above constitute a breakthrough in the field. In

no enzyme has been shown to be able to hydrolyze benzylorder to further enlarge the substrate and nucleophile scope
diesters. new quinidine derivativeg13 have been synthesiz&UBy

A solvent-free versiot of the standard anhydride opening " appropriate selection of the substituent a competitive and
methodology was accomplished using an emerging technol-more efficient catalyst could be obtained. A schematic
ogy, namely, ball milling? The benefit of the mechano- representation of these newly developed catalysts is given
chemical technique on the alcoholysis reaction is evident in Figure 8. Since they can be prepared in reasonable yields
since the reaction is carried out now with an equimolar Starting from relatively inexpensive starting materials, they
amount of alcohol and the product can be purified by a Possess significant advantages over the high-priced dimeric
Simp'e acidic wash. cinchona alkaloids.

Comparable results were simultaneously obtained by The monomeric quinidine derivatives depicted in Figure
Deng?® who found that commercially available mono- and 8 were examined in the ring-opening reactionois-2,3-
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Table 10. Cinchona Alkaloid-Mediated Enantioselective Ring Opening o€is-1,3-Dibenzyltetrahydro-2H-furo[3,4-d]imidazole-2,4,6-trione

o /? PN 5. COOH
N reaction NS
Oz\/N]“" 0 conditions O:<N]/,_
B \( B! R"COOR
"y o n 105a-c
R = Me, Et, Bn
entry scale (mmol) reaction conditions yield (%) ee (%)
1 0.6 5 mL of toluene;-50°C, 0.6 mmol of quinine, 1.7 mmol of MeOH, 21 h, acidic workup 49.1 73.3
2 0.69 5 mL of toluene;-50 °C, 0.06 mmol of quinine, 0.68 mmol of pempidine, 1.7 mmol of EtOH, 21 h, acidic workup ~ 56.0 59.8
3 0.6 2.5 mL of toluene, 2.5 mL of C&Il—20°C, 0.6 mmol of quinine, 0.6 mmol of BnOH, 16 h, acidic workup 76.8 73.6
4 0.6 2.5 mL of toluene, 2.5 mL of C&I—20°C, 0.6 mmol of cinchonidine, 0.6 mmol of BnOH, 16 h, acidic workup 81.4 25.9
Scheme 19 ..COOBn ..CO0Bn ..CO0Bn
0 , | @
| quinidine (1.1 equiv), | “COOH “COOH “COOH
OHH(O BnOH (3 equiv) »-C00Bn 107 108 109
o, tol /CCl, (1:1), ‘., o, o o 0, o, 0,
'\( o l’_%“:%C go( Ik ) COOH 97%,96% ee  93%,97%ee  95%,97%ee
106
/0 /O /O /O ..COOBn ..COOBn ..COOBn
v ., ° [, 0 i P COOH COOH “COOH
e \( 0 \{ e 0 110 11 112
8 0 90 100 97 0 05%, 97% ee®  97%, 96% ee 89%, 99% ee
QD  95%, 92% ee 90%, 93% ee 93%, 97% ee 78%, 97% ee a oo
QN®  94%, 88% ee 85%, 90% ee 89%, 95% ee 83%, 95% ee For ent112: 94%, 97% ee.
0 0 0 Figure 7.
A oL
O o @ o I} o Table 11. Bis-Cinchona Alkaloid-Catalyzed Anhydride
o “ Me " Desymmetrization
1 0 21 O 98 O o
(DHQD),AQN,
QD  88%, 95% ee 84%, 94% ee 88%, 98% ee ( MeOH (10 equiv) -COOMe
a %. % % % % % ' —_— i
QN2 84%, 93% ee 84%, 95% ee 87%, 97% ee CM\(O 5 mL of EL,O C

O ""COOH

o o o
A A Wl Wl e} 79
Uy ©p &y Wy

AN S N
at of of of
QD 92%, 97% ee 95%, 96% ee 84%, 99% ee 79%, 96% ee " “ i i
QN®  93%, 96% ee 81%, 92% ee 77%, 94% ee 85%, 90% ee 10 0 21 O 1 0 26 O
aFor the quinine-mediated reactioent106 was obtained. /((3 /i) Ve o] R
e P € Gl To ()
Me_ . “ o Me 0”0 Yo
>, <o L] <o 82 O 28 O 103 O 358 R < Mo
Me “ “f 35¢: R = i-Pr
8 O 9 0
QD  93%, 90% ee 94%, 95% ee (DHQD)XAQN  (DHQ)AQN?
ON  86%,85%ee  90%, 90% ee temp cat yield ee yield ee
o o o entry anhydride (°C) (mol%) (%) (%) (%) (%)
/< /{ /( 1 10 —-30 8 99 95 90 93
(T o O o [D o 2 21 20 7 9% 9 92 9%
“ £ “ 3 11 -20 5 97 97 95 93
10 O 10 26 O 4 26 -30 10 82 95 82 90
94%, 95% ee  85%, 96% ee  B84%, 96% ee 5 82 —20 20 74 92 71 86
90%, 94% ee 86%, 93% ee 90%, 95% ee 6 28 —20 15 88 96 85 94
Figure 6. 7 103 -2 5 93 98 88 98
8 35a —40 30 70 91 56 82
9 35¢ —40 30 72 90 62 83

dimethylsuccinic anhydridel03) under various conditions. _ ) _
As illustrated in Table 12, containing a brief selection of | *For the (DHQMAQN-mediated reaction the product ent79.

the best achievements with methanol and trifluoroethanol asogeacnon at=20 °C with 20 mol % of catalyst: Reaction at-35
nucleophiles, the monomeric cinchona alkaloids QD-AD, —

QD-(—)-MN, QD-(+)-MN, QD-PP, QD-TB, QD-IP, and

QD-PC possess comparable or superior activity and selectiv- Next, various 3-substituted glutaric anhydrides were evalu-
ity over (DHQD)AQN. The reactions were conducted on a ated in the alcoholysis reaction. In all investigations QD-PP
0.1 mmol scale and 0.02 molar concentration in diethyl ether exhibited essentially inferior catalyst properties compared
at room temperature with 10 equiv of nucleophile. Remark- to QD-AD, QD-MN, and (DHQD)AQN. In the case of
ably, the monomeric alkaloids performed better in the methanolysis of 3-alkyl glutaric anhydrid@Saand35¢ QD-
reactions with trifluoroethanol compared to methanol, the AD and QD-MN featured selectivities similar to (DHQD)
reactions showing 100% conversion and very high selectivi- AQN. Their activity appeared to be dependent on the substi-
ties. tuent on the anhydride substrate: whereas in the case of the
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QD-CN -CH,—=N
OMe
QD-PP -CHy,—=—H
QD-PH -CHy,———Ph
QD-AN -CH,—==—p-MeOPh
quinidine-based catalysts
113 QD-NT -CHy—=—p-NO,Ph
QD-(-)-MN -CH,COO-(-)-Menthyl QD-IP -CH,COOi-Pr
QD-(+)-MN -CH,COO-(+)-Menthyl QD-TB -CH,COOt-Bu
QD-AD -CH,COO-(1)-Adamantyl QD-CH -CH,COOCgH4
QD-IB -CH,COO-Isobornyl QD-AC -CH,COMe
QD-(+)-EF -CH,COO-endo-(1R)-(+)-Fenchyl QD-PC -CH,COt-Bu
QD-(-)-IPC -CH,COO(1R,2R,3R,55)-(-)-Isopinocanphyl QD-Piv -COt-Bu
Figure 8.

Table 12. Catalyst Screening in the Ring Opening of
cis-2,3-Dimethylsuccinic Anhydride

MeOH CRCH,OH
time conv ee time conv ee
entry? catalyst (h)y (%) (%) (h) (%) (vield) (%)
1 QD-AD 25 99 90 24 100 95
2 QD-(—)-MN 7 99 89 26 100(99) 92
3  QD-(+)-MN 9 96 89 21 100(76) 94
4 QD-PP 48 93 87 53 100 89
5 QD-TB 49 95 83 13 100(94) 92
6 QD-IP 25 99 86 25 100(98) 90
7 QD-PC 275 92 86 13 100 (81) 91
8 (DHQD)AQN 13 86 92 53 100 87

aConditions: 0.1 mmol scale, 0.02 M, £, rt, catalyst (20 mol
%), alcohol (10 equiv)® Reaction at 19C. ¢ Catalyst (5 mol %).

isopropyl substituent they showed similar activity compared
to (DHQD)AQN, longer reaction times were required in the
case of methyl substitution. In addition, lowering the reaction

system it was possible to run the reaction over 18 cycles
achieving a conversion of 95% for each cycle. However,
the synthetic usefulness of the process is still limited since
it was only optimized for a single substrate and the ee
decreased drastically, from almost 90 to 60%, during the first
5 runs. Silica gel-supported quinidine, as heterogeneous
catalyst for the anhydride desymmetrization, was synthesized
and optimized for the same substrate by Car¥érilore
efficient heterogeneous chiral organocatalysts were intro-
duced by Harf? who demonstrated that silica gel-supported
bis-cinchona alkaloids exhibited higher catalytic activity in
comparison to Carloni’'s system. In addition, they proved to
be applicable to a wider substrate spectrum and give products
with up to 92% ee.

Uozumi and more recently Bolm focused their attention
on the use of non-cinchona-based catalysts for the enanti-
oselective anhydride desymmetrization. A library of five
N-chiral bicyclic tertiary amines was synthesiZeahd tested
in the methanolysis of cyclohexane-1,2-dicarboxylic anhy-

temperature and changing the solvent from toluene to etherdride (11) by Uozumi® The methyl hemiestel15 was

had only a minor effect on the enantioselectivity but
influenced considerably the catalyst activity. On the other
hand, in the case of trifluoroethanolysis QD-AD and QD-
MN showed for both substrates higher activity as well as
enantioselectivity. In addition, their efficiency was evaluated
in the reaction of aryl- and OTBS-substituted glutaric
anhydrides35d and22, respectively. The results indicate that
(DHQD),AQN is slightly more efficient in the case of the
methanolysis but again less efficient in the case of trifluo-
roethanolysis. As yet, the cost and catalytic properties
featured by the monomeric cinchona alkaloid derivatives
render them as net superior over the dimeric catalysts.

Furthermore, this new developed methodology was success-

fully extended also to bi- and tricyclic anhydrides.
Remarkably, the protocol developed by Deng for the
desymmetrization of glutaric and succinic anhydrides has
been evaluated and is in use at Daiso Co. for the large
production scale of optically active hemiest&<zurther

obtained in poor yield (33%) and moderate selectivity (65%
ee) when a catalytic amount of pyrrolo-imidazolone deriva-
tive 114 (10 mol %) was used as chiral catalyst. The yield
and selectivity increased considerably (72%, 89% ee) when
a stoichiometric amount of the chiral catalyst was employed.
Under the same conditions, the desymmetrization of anhy-
drides21 and26 proceeds less selective, the products being
obtained in 85% and 82% ee, respectively.

QM 1a
ArN%‘OH
o) \—~N .
J (1 equiv) COOH
Ow‘(o Ar = 4-n-CgHy7C4H, O 4)
MeOH (1 equiv),

\< _oE o COOMe

10 toluene, —25 °C, 7d 115

72%, 89% ee

Although promising, the 5-step procedure for the catalyst

studies by Deng revealed that the bis-cinchona alkaloids aresynthesi$}-¢2the limited substrate spectrum, and the moder-
able to efficiently mediate the kinetic resolution of racemic ate reaction selectivity render the system less convenient from

cyclic anhydrides andi-carboxy anhydrides as well as the
dynamic kinetic resolution ofN- and O-carboxy anhy-
drides®7

A polymer-supported (DHQDAQN catalyst has been

practical and synthetic point of view.
Recent studies by Bolm disclosed new, alternative catalysts

for the anhydride desymmetrizatiéh.Ordinary -amino
alcohol$* with low molecular weight (Figure 9) were now

recently introduced and evaluated in the asymmetric ring- employed as catalysts for this reaction.

opening reaction ofis-4-cyclohexene-1,2-dicarboxylic an-
hydride @1) by Waltinger 58 By means of a repetitive batch

In the initial stage the influence of temperature, solvent

polarity, and amount of catalyst on the reaction yield and
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Table 13. Enantioselective Alcoholysis of Various 3-Substituted Glutaric Anhydrides

MeOH CRCH,OH
entry? anhydride catalyst time (h) conv (%) (yield) ee (%) time (h) conv (%) (yield) ee (%)
1 35a QD-AD 40 90 86 235 98 (88) 86
2 35a QD-(—)-MN 40 92 85 235 95 88
3 35a QD-PP 775 92(69) 77 70.5 93 (65) 77
4 35a (DHQD);AQN 17 96 88 44 97.5 74
5 35a QD-AD 86 98.4 (93) 87 49.5 98.5 (91) 88
6ed 35a QD-AD 141 86 (58) 90 94 87.6 (70) 90
7 35¢ QD-AD 36.5 96 87 52 98 (87) 89
8 35¢ QD-(—)-MN 42 97 86 61 87
9 35¢c QD-PP 91 90.3 (72) 80 91 90.9 (70) 55
10 35¢ (DHQD)AQN 36.5 99 (86) 88 51 97 78
11 35d QD-AD 245 99 (92) 86 35.5 100 (91) 91
12 35d QD-(—)-MN 29 100 (100) 84 235 97.7 90
13 35d QD-PP 52 91.5(73) 79 715 97 (89) 81
14 35d (DHQD).AQN 18 100 (98) 90 44.5 100 (84) 81
15 22 QD-AD 56 96 92 71 98 85
16 22 QD-(—)-MN 42 94 92 91 97 89
17 22 QD-PP 105 91.5 (46) 78 105 87.4 (68) 48
18 22 (DHQD);AQN 335 97 95 81 94 79
2 Conditions: 0.1 mmol scale, 0.2 M;43°C, 110 mol % of catalyst, 1.5 equiv of alcohol, tolueh&5 mol % of catalyst® —53°C. ¢ Performed
in EtO.
O,OH O,OH O,OH Table 15. Lipase-Catalyzed Anhydride Desymmetrization
R
R
’\D O '\O /J:i 1-Butanol (2 equiv) K'\
Amano P (200 mg)
. 116 117 118 o~ 0" "O £Pr,0 (10 mL), 6-48 h HOOC“SCOOBU
Figure 9. 1 mmol
Table 14. Amino Alcohol-Catalyzed Enantioselective Anhydride 1 mmol 10 mmol
Alcoholysis entry anhydride R  vyield (%) ee (%) vyield (%) ee (%)
o}
N . .COOH 1 35a Me 74 91 95 93
G o 118 (10 mol %) O 2 35b Et 67 80 92 87
\( ROH (3 equiv), toluene " COOR 3 35¢c i-Pr 85 76 85 76
0 ~15°C,120h ont79: R < Mo 4 35h nPr 72 60 72 60
ent-106: R = Bn
“fi /({3 Me “/(() /(() reaction was performed in the presencggaimino alcohol
[Dj o @j 0 j@j 0 @:D 0 117 (81%, 76% ee) (Table 14, entry 2). The yield and
“f “f Me “f “f selectivity were raised (83% yield, 82% ee) by lowering the
% 0 20 % 0 102 0 temperature<15 °C) and extending the reaction time (120
MeOH BnOH vs 72 h) (Table 14, entry 3). Comparable results were
. , - obtained wherB-amino alcohol118 was employed in the
0, 0, 0, 0, . . .
entry anhydride yield (%) ee(%) yield(%) ee(%) (oaction (80%, 81% ee) (Table 14, entry 4). Under identical
» 26 85 56 conditions several anhydrides were opened with methanol
2 26 81 6 and benzyl alcohol as nucleophile to give the corresponding
3 26 83 82 ; . C
2 26 80 81 69 83 hemiesters with good to excellent selectivities{B5% ee)
5 21 77 95 86 95 in moderate to high yields (6586%) (Table 14, entries
6 98 69 74 65 79 4-7).
7 102 67 76

aReaction at rt with 10 mol % o116 as catalyst® Reaction at rt
with 10 mol % of117 as catalyst® Reaction at-15 °C with 10 mol
% of 117 as catalyst.

3.1.3. Enzymatic Processes

There are a limited number of publications dealing with
the enzymatic alcoholysis of meso and prochiral anhydfites.
Although the results obtained by means of enzymatic

selectivity was investigated in detail. In a second phase theprocesses are not at the level reached using chemical

efficiency of varioug3-amino alcohols with distinct backbone
templates was briefly explored in the ring opening of
anhydride26. The investigation led to identification of an
efficient catalytic system—(15 °C, toluene, 10 mol % of
catalyst, and 3 equiv of alcohol as nucleophile) for the

transformations, they are worth mentioning since they focus
on conversions of substrates, which proved difficult to
desymmetrize by chemical approaches. Oda applied Amano
P lipase (fromPseudomonas fluorescgras catalyst for the
ring opening of 3-substituted glutaric anhydridé&nanti-

stereoselective alcoholysis reaction. Although completely oselectivities of up to 91% ee have been obtained when the

inactive at low temperature—60 °C), the trans{3-amino

alcohol 116 with a cyclohexane backbone turned out to be
a fairly efficient catalyst for the room-temperature reaction,
affording the product in 85% yield and 56% ee (Table 14,
entry 1). Slightly better results were obtained when the

reactions were carried out in diisopropyl ether and 1-butanol
was employed as nucleophile (Table $#&)Generally, the
selectivity decreased with increasing steric bulk. In the case
of Me and Et substituents, the yield increased considerably
when the reaction was performed on a arger stéle.
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Table 16. Lipase-Catalyzed Asymmetric Alcoholysis

R
R'OH (2 equiv), R
J:i Amano P (620 mg)
o o0 Yo toluene:i-Pr,0 (1:1) HOOC COOR'
119:R'=B
6.2 mmol 120: R = e
R= Me R!=Bu
entry anhydride R yield (%) ee (%) vyield (%) ee (%)
1 35a Me? 92 87 74 91
2 35i CH.CI 100 80 100 86
3 35j CH,F 100 84 100 70
4 35k OMe 100 81 99 86

aThe reactions were performed on 1 mmol scaleRrO as solvent.

The methodology has also been extended to use of
anhydrides bearing substituents other than simple alkyl

groups?” Their desymmetrization is particularly significant

since the products contain additional functional groups at

the third position which can be exploited in further deriva-
tization steps (Table 16).

The same protocol has been applied by i@herfe to the
desymmetrization of bicyclic anhydridg, esterl21being
obtained in 81% yield and 82% ee when Amno P lipase
(from Pseudomonas fluorescgnsas used as catalyst. An
improvement in both yield (97%) and selectivity (90% ee)
was observed when Amano PS (fréteeudomonas cepagia
was employed in this reaction (eq 5).

1-butanol (2 equiv) ,O\
——  — HOOC COOBu

Amano PS (30 mg),
i-Pr,0 (10 mL), rt 121
97%, 90% ee

) ®)
64 O

1 mmol

A slight modification of Oda’s protocol was applied by
Kuriharg?® for the esterification of 3-methyl glutaric anhy-

dride 358, and the product (80%, 86% ee) was subsequently

used as starting material in the total synthesis-9fyellow
scale pheromone.

Detailed studies on the enzymatic esterification of succinic
and glutaric anhydrides stem from Ozegow®kTreatment
of 2,3-dimethylsuccinic anhydridelQ3) with 2-butanol in

Atodiresei et al.

Table 17. Enzymatic Catalyzed Esterification of Glutaric
Anhydrides
R

R
/le i-BUOH (2 equiv)
00 Yo ename solvent, HOOC  COOIBu
1 mmol 124
entry anhydride R  enzyrme solvent yield (%) e®&(%)
1 35l OH Pan dioxane 53 60
2 35k OMe PCL EtO 80 90
3 35m OAc PCL TBME 63 41
4 35m OAc CSL* EtO 64 >9gd

aPan: pancreatin 0.5 g. PCL: Amano PS lipase fRseudomonas
cepacia0.1 g. CSL: I)ifase fronCandida sp. 38D.1 g.? Absolute
configuration: R). €4 A MS. 9 Absolute configuration: ).

Table 18. Enzymatic Alcoholysis of 3-Aryl-glutaric Anhydrides?
R

. R
R R
EtOH (1.5 equiv)
enzyme, i-Pr,0 H
070" Y0 HOOC  COOEt
125
Novozyme Chirazyme Amano
435 L-2,C3 PS-C imob
ee ee ed

entry anhydride R R time (%) time (%) time (%)
1 35d H H 61h 78 19h 83 19h F7
2 126 Cl H 5h 68 4d 71 4d 16
3 127 OMe H 13d 68 7d 68 8d 52
4 128 Cl Cl 4d 60 2d 77 2d 44

2The data summarized here are taken from ref ¥2dsolute
configuratin:  ©). ¢ Absolute configuration: R).966% ee after
recrystallization.

tions’! In this context, the efficiency of several enzymes as
well as their influence on the reaction stereochemical
outcome were investigated under variation of solvent and
nucleophile. A careful selection of the enzyme and the
reaction conditions allowed the synthesis of theRB-(

tert-butyl methyl ether at room temperature in the presence monoesters with up to 90% ee (Table 17, entrieS) The
of lipase SP 525 and calcium sulfate hemihydrate afforded Study revealed in most of cases a strong substieaealyst

hemiesterl22 with 90% ee and in 95% vyield (eq 6%

(o)

Me BUOH (2 equiv) MeICOO"B”
6
e G e ©
103 O (15 mL), 122
1 mmol 95 %, 90% ee

In the case of 2,4-dimethyl glutaric anhydride3) the best
result (72% vyield and 90% ee) was attained when the
esterification was performed in cyclohexane at room tem-
perature in the presence of CSL lipase (fr@andida sp.
382 and 4 A molecular sieves (eq 7.

Me (0] Me,
FBUOH (2 equiv) COO#-Bu
4AMS, CSL(0.19), COOH ™
vd o c-CeHy2 (100mL), 6h  \4d
13 123
10 mmol 72 %, 90% ee

The alcoholysis of 3-hydroxy, methoxy, and acetoxy

glutaric anhydrides has been explored under various condi-

dependence and showed that catalysts which proved effective
for certain substrates were inactive for others. For example,
CSL lipase (fromCandida sp. 38R which gave rise to the
(9-product in>98% ee in the case of 3-acetoxy glutaric
anhydride 85m) (Table 17, entry 4), was completely inactive

in the case of 3-hydroxy anhydrid85]).

Initially, Ostaszewski concentrated his studies on the
development of a unique one-pot, two-step synthesis based
on the desymmetrization of more reactive 3-aryl-substituted
glutaric anhydrides and subsequent use of the products as
substrates for Ugi and Passerini multicomponent condensa-
tions’? Later, optimization of the enzymatic process con-
stituted an additional focus of interédScreening of various
commercially available enzymes showed that the nonimmo-
bilized enzymes were generally ineffective independent of
the tested substrate. Nevertheless, this drawback could be
overcome using immobilized lipases, which proved to be
suitable for this type of substrates, affording the correspond-
ing hemiesters with moderate to high selectivities (Table 18).
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Table 19. (-)-Sparteine/PhMgClI-Catalyzed Anhydride Arylation
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Table 20. Metal-Catalyzed Alkylation of Mono- and Bicyclic
Anhydrides (nonstereoselective)

M
N ? Ni(COD), (5 mol %), ‘ﬁ’\
R NI |:| o R O C<O bipy (6 mol %) “INE
129 & 71.3 equiv A Et,Zn (1.2 equiv), THF, 0 °C,
J/\)l PhMgCI (1 ?fequij) : Phwo"' \<<) promoter (10 mol %) COOH
0™ 0" "O  toluene, -78 °C, 24 h 130
131: R = Me, 132: R = OAG, 133: R = (CH,)3CO,Et
entry anhydride R yield (%) ee (%)
- 354 Ph 63 88 RICOEt AcO\[COEt .COEt
% ggg EE 371 322 R” “COOH AcO™ “COOH "'‘COOH
4 35h n-Pr 74 90 131-133 134 135
‘2 ggﬁ :EL ;g gf O“‘COEt ONCOEt UCOB
; gge tol?rlés %i %17 "“COOH "“'‘COOH "“COOH
9 350 o-tolyl 87 8 136 137 156
10 35p 3-thiophene 74 91

a Reaction with 1 equiv 029, 1 equiv of PhMgCI.

3.2. Enantioselective Desymmetrizations with

.COEt COEt COEt

O

139

"“COOH “COOH "“COOH

Me
Me

141

Me '
140

Carbon Nucleophiles

entry promoter ketoacid yield (%)
As already emphasized, interest in the development of 12 4-CFysty 131 93
general and selective desymmetrization methods has in- 2 4-F-sty 132 74
creased considerably in recent years, and with it, the 3 4-F-sty 133 75
involvement of carbon-based nucleophiles in the desymme- 42 4-CFs-sty 134 88
trization reactions has caught substantial attention. Worth 23 j'(F:FTSty %gg %
noticing is that while the pioneering studies by Real, 7 4:C'§‘3t_§ty 137 95
mentioned above, dealt with use of chiral Grignard reagents, 8 4-F-sty 138 87
the concepts newly introduced by Fu, Rovis, and Harada deal % 4-CFs-sty 139 95
with use of achiral nucleophiles in the presence of chiral 10 4-F-sty 140 90
11v 4-F-sty 141 95

mediators or catalysts.

3.2.1. Grignard Reagents/(—)-Sparteine Anhydride

@ Reactions performed with 10 mol % of Ni(CODX2 mol % of
bipy, and 20 mol % of promotep.Isolated as methyl ester.

Alkylation

Fu# focused on development of an enantioselective
version of the protocol described by Real. It was found that
commercially available-)-spartein€® promotes an enanti-
oselective ring-opening reaction of 3-phenyl glutaric anhy-
dride @5d) by phenyl magnesium chloride (PhMgCl),
leading to the correspondinttketo acid in 63% yield and
88% ee (Table 19, entry 1). A significant improvement in

provide the key intermediate, which upon reductive elimina-
tion affords the product and regenerates the catalyst. Use of
electron-deficient olefins as promoters for the reductive
elimination increased the yield and reaction rate considerably.
For example, addition of ZnEto cyclohexane-1,2-dicar-
boxylic anhydride {1) is 250 times faster in the presence
of 10 mol % of p-trifluoromethylstyrene and affords the

the yield (91%) and selectivity (92% ee) was observed when product in 80% vyield in less than 5 min. Concerning the
a slight excess of Grignard reagent)sparteine compleX influence of the ligand structure on the reaction efficiency,
was employed as a source of chirality (Table 19, entry 2). jt was found that bidentate phosphine ligands are superior
Under these conditions various 3-substituted glutaric anhy- to trialkyl- and triarylmonodenate ones. The reaction is highly
drides were converted into the corresponding keto acids in general with respect to the substrate, and a large variety of
good yields (5+91%) and high enantioselectivities (87 mono- and bicyclic succinic anhydrides have been reacted
92% ee) (Table 19, entries-30). with ZnEt to give the corresponding andd-keto acids in

. . moderate to excellent yields (6B5%) (Table 20)’®
3.2.2. Metal-Catalyzed Anhydride Alkylation Moreover, tri- and tetracyclic succinic anhydrides undergo
Detailed studies on the alkylation of cyclimese

smooth reaction with Znkteading toy-keto acids in high
anhydrides catalyzed by a nickel complex have been yields (68-96%) (Table 21)7°

described by Rovi&’ Initially, nonstereoselective approaches  Surprisingly, although the bipynickel complex was
were investigated. They will be presented here since the highly effective in promoting alkylation of succinic anhy-
results provided the bases for the subsequent asymmetriarides, glutaric anhydrides did not react at all under identical
anhydride opening developed by the same author- 2,2 conditions. Nevertheless, alkylation of glutaric anhydrides
Bipyridyl and several phosphine ligands were initially tested could be successfully achieved using a pyphos-derived nickel
in combination with Ni(COD) in the addition of diethylzinc ~ catalyst. Accordingly, a number of monocyclic glutaric
to cyclohexane-1,2-dicarboxylic anhydridel). The mecha- anhydrides with various substitution patterns have been
nistic pathway involves, first, an oxidative addition of the alkylated, affording the products in moderate to good yields
low-valent nickel complex to the electron-deficient-O (52—85%) in a short period of tim&® As depicted in Table
bond of the anhydride. The resulting organometallic species22, alkyl- and aryl-substituted anhydrides performed well
then undergoes transmetalation with the zinc reagent toin the alkylation reaction leading to acyclic keto acids in
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Table 21. Metal-Catalyzed Alkylation of Tricyclic Anhydrides
(nonstereoselective)

Table 23. Metal-Catalyzed Alkylation of Bridged Bicyclic
Glutaric Anhydrides (nonstereoselective)

. (0]
/2:) NI(CQD)Z (10 mgl %), ‘k /(Z Ni(COD)z (5 mol %), ﬁ\
O“ Y bipy (12 mol %) G Et pyphos (6 mol %) SR
v~ BleZn (12 equiv), THF, 0°C, " EtZn (1.2 equiv), THF, O
\g promoter (20 mol %) COOH \g 0 °C, 4-F-sty (10 mol %) COOH
entry anhydride product yield (%)

@NCOEt @“\coa ‘ COEt
"COOH ““COOH a ‘COH o} H H
142 143 14 S EtOC\O,COOH 90
\\\COEt @\,‘COEt @“‘COEt 640 152
o]
"“"COOH "“COOH ""COOH /< eoc H M coon
S IEG) Ile o s
\<o
@‘\‘COEt
"“'COOH
148

4 1

14
46 153
e e
COOH OtBu g OBy
o :
A, o  EOC COOH

149 0 88

0

entry promoter ketoacid yield (%) 154 O 155 o><o

% igEjg iig gg 210 mol % of Ni(COD),, 12 mol % of pyphos, 6 mol % of 4-F-sty.

3 4-CFs-sty 144 79

;‘b 2:,?_@{;“’ iig gé of the dialkyl- and diarylzinc reagents from the appropriate
&b 4-F-sty 147 96 lithium or Grignard reagents was also feasible and indicated
72b 4-F-sty 148 90 that the byproducts (lithium and magnesium salts) are
& 4-F-sty 149 68 tolerated in the reaction mixture. Furthermore, an alternative

2|solated as methyl estetReactions performed with 5 mol % of

Ni(COD),, 6 mol % of bipy, and 10 mol % of promoter.

Table 22. Metal-Catalyzed Alkylation of Glutaric Anhydrides

protocol based on the use of Ni(acaa} catalyst precursor
was developed, showing that the reaction was not limited to
use of highly sensitive Ni(CODR) The keto acids obtained
by this methodology have been selectively reduced either

by EtBHLI (Super Hydride) or by PhMeSiH to give the
corresponding anti and syn lactoriés.

In addition, use of PfaltzN,P-ligand 156 (i-PrPHOX)
afforded an active catalyst for the enantioselective alkylation
of cyclohexane-1,2-dicarboxylic anhydridelf and provided

(nonstereoselective)
R" R" Ni(COD), (10 mol %), R" R

H'ri[n' pyphos (12 mol %) R' R
0”0 o

Et,Zn (1.2 equiv), THF,
0 °C, 4-F-sty (20 mol %) H°°C150COE'

entry anhydride R R R yield (%) the y-keto acid137in 85% yield and 79% ee (eq 8F
12 35a H H Me 81
2 35d H H Ph 5 ? Ni(COD), (10 mol %), ﬁ\
3b 35q H H OBn 52 On“(o ligand 156 (12 mol %) wSE
4 35r H H NHTs 57 Et,Zn (1.2 equiv), THF,
5 151 H OAc  Me 75 " \g 0°C, 4-CFy-sty (20 mol %), 3 h 157 00" (®)
6 13 Me H H 85 85% 79% e
2 4-CFs-sty. ® 5 mol % of Ni(COD}, 6 mol % of pyphos, 10 mol % ligand:
of 4-F-sty. o

high yields (7785%) (Table 22, entries 1, 2 and 6).
Furthermore, heteroatom substituents were as well tolerated,
providing O- andN-protected3-hydroxyl ands-amino acid
derivatives in moderate yields (5275%) (Table 22, entries
3-5). desymmetrization has also been develofi&Rbom-temper-
Notably, alkylation of bridged bicyclic anhydridég and ature palladium-catalyzed diphenylzinc addition to structur-
46 proceeds highly diastereoselectively, affording the cor- ally diverse cyclic anhydrides provided the corresponding
responding 1,3yncyclopentane and cyclohexane derivatives keto acids in good yields (6189%) and high enantioselec-
as single isomers in very high vyields (90% and 88%, tivities (89-97% ee) (Table 24).
respectively) (Table 23, entries 1 and’?)Under similar As an extension of this work, use of mixed zinc spe€ies
conditions, even the labile substraté4 undergoes clean in the Ni-catalyzed anhydride alkylation was evaludted.
reaction, leading to the pentasubstituted cyclopentane derivadnitial studies revealed that while in the case of parent
tive 155in 88% vyield (Table 23, entry 3). diorganozinc reagents methyl was transferred twice as fast
The methodology has also been extended to the use ofas ethyl and four times faster than phenyl, in the case of
nucleophilic coupling partners other than diethylzinc. In this mixed species generated from a 1:1 mixture of the parent
context, diorganozinc reagents (dimethyl, diphenyl- and reagents phenyl transfer was favored over methyl and ethyl
diisopropylzinc) as well as alkylzinc halides proved to be (Table 25, entries 43). For consistency, the transfer of
compatible coupling partners. Noteworthy, in situ generation bulkier isopropyl and TMSCHgroups was also investigated,

i
N PPh,
156

An improved protocol for this asymmetric anhydride
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Table 24. Enantioselective Anhydride Arylation
/23 Pd(OAC), (5 mol %),
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Table 26. Rhodium-Catalyzed Enantioselective Alkylatioh
0

NuzZnOTf (1.4 equiv),
C o JOSIPHOS (mol %) C“‘COOH Me [Rh(cod)Cll, (4 mol %) M
o Ph,Zn (1.1 equiv), 168 (8 mol %), DMF, 50 °C Nu”™ ~Y~ "COOH
\ THF, 18 h COPh Me Ve
103 O 167
R_...COOH ..COOH R ..COOH Ph Ph MeO. Li MeO Li
j G D o) (0] Me
R”"COPh COPh R COPh Me>< PN MeO o
M a0
157: R = Me 159 160: R = H © 070 Me OMe -0
158: R = (CH,)3CO,Et 161: R=Me Ph Ph 168 169 170
Li e
.COOH +COOH Mo O ..COOH Me—_O__Li O._Li N
O QOO w1 o 0 O O
"COPh “coph Me 0 “COPh R
162 163 164 171-173 174 175 176
entry product temp°C) yield (%) ee (%) entry nucleophile (NuLi) yield (%) ee (%)
1 157 80 72 92 1 169 85 87
22 158 80 61 89 2 170 88 88
3 159 40 74 89 3 171 75 85
4 160 23 69 91 4 172 74 87
5 161 23 87 90 5 173 78 87
6 162 23 89 94 6 174 82 85
7 163 23 84 95 7 175 76 80
8 164 23 83 97 8 176 84 86
2 The product was isolated as the methyl ester. 2171, R=H; 172 R= Me; 173 R = F. NuZnOTf formed in situ

Table 25. Anhydride Alkylation with Mixed Zinc Reagents

(nonstereoselective)
Ni(COD), (5 mol %), .COOH .COOH
U O
""COR “'COR'

(o]
"“/<O bipy (6 mol %), sty (10 mol %)

( RoZn (1.1 equiv), R'>Zn (1.1 equiv),
\ THF, 0t0 23 °C, 16 h

from 1:1 NuLi/Zn(OTf}.

Scheme 26
/? NuLiiZn(OTf), 111,
O o _ [Rh(cod)Cll, (4 mol %)
(168 (8 mol %), DMF, 50 °C,
Y Nu=345(0Me)Ph

.CONu

a

""COOH
177

21 O 165 166

entry R R product ratid65166  yield (%) o o o o
1 Ph  Et 19:1 91 ol wll ol Wl
2  Ph Et 19:1 87 O o (J o ., 0 .0
3 Ph  Me 9:1 89 { { { {
4 Me Et 31 75 9 O 10 O 1 O 21 O
g ,\PAZ :E; Z%gi gg 56%, 76% ee? 61%, 77% ee? 72%,83% ee  77%, 82% ee
7 Et TMSCH >20:1 78 a2 Reactions run at 25C.

20.7 equiv of RZn, 0.7 equiv of R.Zn.

guent treatment with zinc triflate, performed best (85%, 87%

and as expected, their transfer rate was much lower comparegse) in DMF at 50°C with a complex derived from [Rd-
to the transfer rate of methyl, ethyl, and phenyl groups (Table (cod)CIL and phosphoramidite ligarkb8 (Taddol-PNMe).

25, entries 57). Furthermore, in situ generation of one of Remarkably, the reaction tolerates a large range of nucleo-
the parent diorganozinc reagents followed by subsequentyhijes and the corresponding keto acids are obtained in good
metathe5|s to generate the mixed zinc reagents was als‘gields (74-88%) and high enantiomeric excesses{88%
viable and broadened the scope of potential transferableee) (Table 26). Notably, this newly developed methodology

groups. A transfer rate of 10:1 and an enantioselectivity of SN ; )
75% ee were obtained when the phenylation oi-4- Eﬁjsr]feo:;ggae:]r;ge!lcatlon in the total synthesis of three eupoma

cyclohexene-1,2-dicarboxylic anhydrid&lj was carried out

with 0.7 equiv of a 1:1 mixture of BEn and E$Zn in the Furthermore, the reaction is not limited tocis-2,3-
presence oi-PrPHOX ligand {56) as a source of chirality.  dimethylsuccinic anhydride, and under previously optimized
It should be noted that although the transfer rate and yield conditions, several bicyclic anhydrides have been alkylated,
of the reaction were essentially not affected, the enantiose-|eading to the desired products with slightly lower yields
lectivity decreased considerably when the parenZRhvas (56—77%) and selectivities (7683% ee) (Scheme 20).

in situ prepared from the corresponding phenyl bromide, L .
n—butyllirt)hilfm and zinc chloride. P g pheny In addition, it was demonstrated that nickel complexes are
Another important issue, namely, the enantioselective also able to mediate the processes of decarbonylation and

anhydride desymmetrization with in situ generated orga- cross-coupling omescanhydrides? leading for the first time
nozinc reagents, has been successfully addressed by switcHO the corresponding- andy-cross-coupled products in good

ing to rhodium complexe®. In this context, alkylation of
cis-2,3-dimethylsuccinic anhydride1Q3 with 3,4,5-tri-
methoxyphenylzinc triflate, formed in situ from the appropri-
ate arylbromide by lithiumrhalogen exchange and subse-

yields (50-85%). These newly developed technologies

expand the number of potential chemical transformations
which are based on the derivatization of easily accessible
meseanhydrides.
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Table 27. Oxazaborolidinone-Catalyzed Anhydride Alkylation Table 28. Sulfonamide-Catalyzed Anhydride Thiolysis
I° ? BnSH (1.2 equiv) ? ‘i
A . , | _ |

/i) )\/SNBU3 COOH 1.3 N NaOH .COOBn C“' <O m C“‘ LSBI‘I w C"' SBn

(O —____ (7 2. aq. HCI . wul”  ELO,M,20h vcoon  CaHyMeOH, oo
- Me Me b 1, 15 min e

‘ 0 . 3. BnOH, DCC o ,

{ . |K\ﬂ/ DMAP

o B-X (0] o)

gn” N 178a: X = Cl p h

SO,CF3 178b: X = p-CIC¢H, R 184: R = Me

0,S-NH N-Me :
MeJ\l ™ 185: R =Ph
FsC MeO,C COSBn 186:R=0TBS

.COzBn .COzBn ..COzBn ‘;.COZBn 183
COMe COMe COMe g COMe CFs

179 180 181 182 COSBn
hydride roduct  temfQ) ield (%) ee (%) M O O
eniy any procy Y ° > MeO,C COSBn  MeO,C" > "CcosBn "“CoMe
1 11 179 rt 96 18 187 188 189
11 179 -20 57 30
3 21 180 nt 91 16 entr anhydride roduct ield (% ee (%
4 21 180 —20 49 28 y Y P yield (%) (%)
5 26 181 rt 82 29 1 35a 184 87 91
6 26 181 —40 26 53 2 35d 185 95 91
7 100 182 t 80 17 3 22 186 88 93
4 13 187 100 90
5 46 188 90 98
6 21 189 90 83

3.2.3. Oxazaborolidinone-Catalyzed Anhydride Alkylation

A recent report from Haradashowed that the widely used
oxazaborolidinones (OXB% are promising Lewis acid
catalysts for the ring opening of cyclineseanhydrides with
2-methylallyltributyltin. As illustrated in the general reaction
scheme of Table 27 the anhydrides were treated at room
temperature with 2 equiv of tributylmethallylstannane in the
presence of oxazaborolidinordg8b (30 mol %) as Lewis
acid to give the corresponding alkylated products. Subsequen
treatment with base led to fragmentation and epimerization
and acidic workup and esterification provided trens-keto
esters179-182in good overall yields (8696%) but low
selectivities (16-29% ee) (Table 27, entries 1, 3, 5, and 7).

Treatment of 3-phenylglutaric anhydridgsg) with benzyl
mercaptane in the presence of a catalytic amount of sul-
fonamide183 provided the corresponding benzyl thioester
monocarboxylic acid, which upon methylation with TM-
SCHN, afforded the corresponding diester. Regarding the
catalyst structure, screening of various sulfonamides ac-
centuated the necessity of both acidic and basic functional-
fties within the catalyst frame in order to ensure a successful
'reaction. The influence of solvent, temperature, and amount

of catalyst on the reaction yield and selectivity has been
investigated in detail, and the best results were obtained when
the reaction was performed at room temperature in diethyl
. ether and with 5 mol % ofl83 as catalyst. Accordingly
Sarious anhydrides have been converted into the correspond-
ing diesters in very high overall yields (8200%) and high
to excellent selectivities (8398% ee) (Table 28).

The utility of this newly developed transformation has been
proven by conversion of the diesté&85 into the chiral
ketoesterl90(83%, 91% ee) upon treatment with Fe(agac)
and EtMgBr in THF at low temperature (eq 9).

decrease of yield (Table 27, entries 2, 4, and 6). An
improvement in the selectivity was obtained by switching

to alternative catalysts with enhanced Lewis acidity, which

were able to promote a more selective alkylation reaction at
lower temperature. For example, extended reaction (120 h)
of the tricyclic anhydrid&6 at —78 °C catalyzed by OXB-

BCI (1789 afforded the enantiomeritansketo estergnt

181, Wlth 80% ee in 13% yleld Ph Fe(acac), (0.2 equiv) Ph
: EtMgBr (2.4 equiv) ' : 9
3.3. Enantioselective Desymmetrization with MeooC cosen T T78CAMyeooc  Cor ©
Sulfur Nucleophiles 185 190
91% ee 83%, 91% ee

The success of sulfur-based nucleophiles in the enanti-
oselective desymmetrization ofieseepoxides is well ac- 3.4, Asymmetric Reduction
knowledged in the literature, and several excellent catalytic
systems have been disclos&dRecent advances in the field
of desymmetrization led also to the development of new
methodologies based on use of thiol nucleophiles for the
asymmetric ring opening aheseanhydride®® and newly
aziridines?®

Selective reduction of the cyclmeseanhydrides provides
direct access to the correspondingando-lactones. In some
early attempts chiral Ru(ll) complexes were used to catalyze
the asymmetric hydrogenation of several 3-substituted glu-
taric anhydrides and some bicyclic anhydrides. However, the
products were obtained in moderate yields and with low
3.3.1. Sulfonamide-Catalyzed Anhydride Thiolysis selectivities? . .

A practical protocol with a wider substrate scope was

Although rather difficult, the breakthrough in the field of described by Matsukd and involves use of the well-known
enantioselective thiolysis ofmeseanhydrides has been BINAL-H.® The great efficiency of the complex derived
achieved by Naga®. Chiral bifunctional sulfonamide®, from LiAIH,4 ethanol, and 1,;ibi-2-naphthol has been
which recently emerged as new organocatalysts for severalpreviously demonstrated in the reduction of unsaturated
asymmetric processes, proved their usefulness also in thisketones. Treatment of various tricyclic anhydrides with the
transformation. in situ preparedR)-BINAL-H afforded the corresponding
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Scheme 21 Scheme 22
(R)-BINAL-H /O quinine (1 equiv), COOH
:O--"<O Et,0, —20 °C =<:'
OO A~OH O
O n { Z s
Li Al 203 O 204 o
Care,”
0o 1. EtOAc, N-ethylmorpholine,
G/{ 191 /< CICOOt-Bu, -50 °C
o] N O 2. NH; (aq.)
\( ~78°Ctort, THF et 3. sodsium 2-ethylhexanoate,
o} Pd(PPhg),, PPhg
o o} o) o
/{ /{ /{ _NHpHCI  KOCI, KOH, -5 °C Il
O @b Q% SO By
192" 193“ 194“ "'COOH fﬁzirﬁgf Il"]/ONa
66%, 88% ee 69%, 84% ee 65%, 95% ee 206-HCI 205 O
o o} o)
/( /( /{ Scheme 23
Qe @b @b .
.y ./ ./ ‘ < quinine (1 eq:uv), COOH
195 196 197 O Et,0, 20°C <:|
68%,99% ee  72%,83%ee  63%, 99% ee o A~ OH ff..er\/\
For ent-195: 72%, 94% ee 10 207 0
. i X L. 1. EtOAc, N-ethylmorpholine,
y-lactones with high to excellent enantioselectivities{83 CICOOtBu, -5 °C
o N d o a 2. NH; (aq.)
99% ee) in good y|elds (6372%) (Scheme 2_19)2. o 5 sodlun 2-sthylhexancas,
Furthermore, this method has been applied to bicyclic Pd(PPhg),, PPhs
anhydrides, and the products have been obtained in moderate o
to good yields (5276%) and moderat_e to high seleqtivities _NHyHCI  KOC, KOH, -5 °C, I
(64—90% ee) (Figure 10%® Reduction of anhydridel O Fmoc-OSu O NH,
delivered the lactonent3, which is the key intermediate “COOH ir?gg)ﬁ% " ONa
for the synthesis of)-biotin, in good yield (76%) and high 209-HC| 208 O

selectivity (90% ee). It is assumed thaR){BINAL-H ) o ) _ ) )
preferentially attacks the carbonyl group attached to the The increasing interest in such cyclic compounds is particu-
carbon of pro-R) configuration from its less hindered face larly due to the bright spectrum of biological properties
(anhydrides26, 47, 65, and66), leading in a first stage to a  exhibited by many of the members of this cldsg addition _
hydroxylactone which is further reduced to give the final to their usefulness as essential elements in the pharmacologi-
product. In addition, the corresponding enantiomeric lactonescal and medicinal chemistry, recent studies have also been
can be easily prepared by means of reduction with the easilydevoted to their incorporation inyé-peptides with defined
accessible 9-BINAL-H. structure® _ _

A recent report from Spindler describes the use of iridium-  On the basis of the results of Oda and Aitken, Mittendorf
based catalysts for the asymmetric hydrogenation of mono-developed a straightforward procedure for the synthesis of
and bicyclic anhydride¥ Although good to full conversions  alicyclic f-amino acids$? Ring opening of the 4-methylene-
are obtained, the selectivity is in the range of-Br% ee  cyclopentane-1,2-dicarboxylic anhydridg0g with allyl

even under optimized conditions. alcohol in the presence of an equimolar amount of quinine
in diethyl ether proceeded efficiently, affording the corre-

3.5. Applications sponding hemiester in 83.5% yield and over 99% ee after
only 4 h (Scheme 22). Comparable selectivity has been

3.5.1. Amino Acids and Derivatives attained also with propanol, butanol, and isobutanol as

nucleophiles (9598% ee). Interestingly, employment of
methanol under similar reaction conditions was less suc-
cessful and led to the desired methyl hemiester with a
significant decrease in the selectivity (75% ee). Nevertheless,
subjection of the allyl hemiester©9% ee) to aminolysis

Considerable attention has been paid in recent years to
the development of efficient strategies for the synthesis of
optically puref-amino acid® and especially cyclic onés.

/? WA /? with agueous ammonia and subsequent cleavage of the allyl
>Q 0 D,.‘ 0 O 0 protecting group led to the corresponding amide acid in the
198 190 200 form of its sodium sal205 Hofmann rearrangement with
62%, 69% ee  61%, 64%ee  60%, 83% ee successive mild protection/deprotection steps afforded the

desired amino acid hydrochloric saR06HCI without
o o Bn o epimerization.
WA Wl Nl Cispentacine hydrochloric sa#09HCI was obtained in
@wo OI,._/O O_ﬁ/Nj,.,,/O a similar manner starting from cyclopentane dicarboxylic
201 202 Bl ent3 anhydride 10) (Scheme 23). Cispentacif@9, an antifungal

antibiotic, which was independently isolated by two Japanese
groups fromBacillus cereusandStreptomyces setoffi® was

#95% ee after recrystallization first prepared enantioselectively by Davi€sSince then
Figure 10. several groups have focused their research toward synthesiz-

52%, 78% ee 68%, 80% ee 76%, 90% ee?
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HOOC  NH,
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b4

HoOC

HOOC  NHsCl HOOC  NHCI NHeCl  HOOC  NHLCI
206 214 215 216 217
Figure 11.
Table 29. Synthesis of Varioug#-Amino Acids According to Mittendorf
o]
uinine (1 equiv), (PhO),PONg, NEt3,
G““«o N e pa ~COCH toluene, 90 °C
1.5 equiv . O Ph 1.2equiv
\g 80UV b ___OH " 2\0/\/ of " Ph__~_OH
step 1 O 210a-c step 2 reflux
Q Pd(OAGC), (0.05 mol %), NH
= 0 PPh; (1 mol %), morpholine, EtOH w2
o— HN—4 d
_//—/ o o “COOH
Ph 211ac _\=\ step 3
Ph
) ) ) step 1 step 2 step 3
entry anhydride aminoacid vield oo yield ee vield s
(%) (%) (%) (%) (%) (%)
7
, :Ow-(O 94 85 70 >99 70 >99.5
o O COOH B® 85 08 80 >99 85 >99.5
203 O
2b :O :O: 93  >93 79  >99 68  >99.5
( COOH
203 O ent-206
L
3 O O 93 >86 57 >99 66 >99.5
\( COOH
10 O 209
o]
< NH;
et I S
‘\( “COOH

212 O 213

a After crystallization. ® Quinidine-mediated reaction. ° Data are not provided.

ing this valuable materidP? Newly, besides its antifungal

Utilization of this material in the next step permitted isolation

activity, cispentacin has attracted attention also as an efficientof the protected amino aci@llain 80% yield and>98%

organocatalyst for the HajeParrish-Eder—Sauer-Wiechert
reaction%3
A substantial improvement of the synthetic path described

ee (Table 29, entry 1 B). Furthermore, the reactions
performed well on a pilot-plant unit to produce the free amino
acid on kilogram scale. The corresponding enantiomer has

above has been attained by making use of the same protectivéeen selectively synthesized from the enantiomeric hemiester

group for both acidic and amine functionaliti®4 This new
strategy can be used to circumvent extra protection/depro-
tection steps which were required in the initial approach.
As envisaged, the opening reaction of 4-methylene-cyclo-
pentane-1,2-dicarboxylic anhydrid®0@ with cinnamyl
alcohol proceeded selectively in the presence of quinine to
give the crude hemiest&10ain 94% yield and 85% ee.

ent210a obtained in the quinidine-mediated ring-opening
reaction. Cispentacir2Q9 and heterocyclic amino aciil3
have been synthesized in a similar manner and tested together
with the examethylen derivatives for their potential anti-
fungal activity agains€andida albicansA similar approach
toward synthesizing the cinnamyl es@tOawas recently
described by scientists from Daiso C6Q-propargylquining>™

Subsequent Curtius rearrangement and trapping of thebeing now employed as catalyst in the reaction.

isocyanate intermediate with cinnamyl alcohol followed by
crystallization afforded the protected amino a2id.ain 70%

yield and =98% ee. One-pot removal of the ester and
carbamate protecting groups followed by recrystallization
allowed the isolation of free amino acD6in 70% yield

and over 99% ee (Table 29, entry 1 A). In addition,
precipitation of the racemic form of the product obtained in
the first step followed by filtration and evaporation allowed
isolation of the optically active hemiester in 85% yield and
with an increase in the enantiomeric excess9§%).

Other optically active cyclopentafeamino acid analogs
have been easily accessible starting fr@®6 using the
N-Boc-protected amino acid or amino ester as key intermedi-
ates (Figure 11).

In addition, an alternative synthesis of the free amino acid
214starting from thenmeseanhydride203 has been recently
described by HamersdR® The synthetic approach involves
conversion of themeseanhydride 203 into the racemic
5-methyl-4,6a-dihydro-3aH-cyclopentalc]furanl,3-dione fol-
lowed by quinine-mediated kinetic resolution and Curtius
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Scheme 24 Table 30. Synthesis of Varioug?-Amino Acids According to
1. EtsN, CICOOEH, Bolm
_coome . THF,-20°C _COOMe 1. EtgN, CICOOEY,
. 2. NaNj (aq.), =10 °C . cooBn . THF, —20°C CO0Bn COOH
" 3. benzene, 80 °C " NHGCb. N 2. NaNj (ag.), =10 °C N H,, Pd/C N
‘COOH 4. BnOH, EtgN, CH,Cl, "NHCbz 3. benzene, 80 °C 2 MeOH O
COOH 4, BnOH, EtgN, CH,Cl, NHCbz NH;
.COOMe -COOMe Me -COOMe entry protected yield ee aminoacid yield
<:| amino acid (%) (%) (%)
““NHCbz “"NHCbz Me ““NHCbz
218 219 220 ; Me__.COOBn 0 19 Me><:NH2
69%, 97% ee 75%, 92% ee 76%, 96% ee? ME " NHCbz Me \—COOH
224 225
.COOMe .COOMe .COOMe
@ @ NHCbz NHp
“'NHCbz ""NHCbz " NHCbz 2 L] 74 93 ] %
221 222 223 “COOBn "COOH
73%, 95% ee? 73%, 96% ee? 66%, 99% ee 226 27
aQver 99.7% ee after recrystallization. ~NHCbz ~NH
. . . 3 77 942 O 98
rearrangement to give a mixture of cis- and trans-protected ““COOBN " COOH
amino acids. Purification by crystallization followed by 228 209

deprotection and recrystallization allowed isolation of the

free amino acid14in 97% ee. . \. cooBn \‘ coon -
Similar strategies, which allow the synthesis of various " NHCbZ “NH,

protected as well as free cyclig-amino acids, were 229 230

independently developed by Bofth92cThe first approacli® #>99.7% ee after recrystallization

used as chiral synthons the hemiesters available from the o _ S
highly enantioselective methanolysis of cyciieeseanhy- Application of this new protocol allowed the simplified

drides?” Subjection of the methyl hemiesters to Curtius asymmetric synthesis of cispentac#0) (>99% ee) (Table
rearrangement and trapping of the isocyanate intermediate30, entry 3) and delivered for the first time the optically
with benzyl alcohol afforded the correspondimgChz-  active saturated amino acRBO (93% ee) (Table 30, entry
protected amino este18-223without loss of selectivity ~ 4)-'%® It should be noted that in the case of cyclopropy!
(Scheme 24). Only conversion of the methyl hemiester (95% derivative224the Curtius degradation process occurred with
ee) obtained from the desymmetrization of anhydd@®  Partial racemization, which is most probably due to the
into the corresponding protected amino acid was less Presence of an open-chain intermediate which finally un-
successful, and due to side reactions, the product wasdergoes a stereospecific ring-closure reaction (as revealed
obtained in 28% vyield and 27% ee. The synthetic route by NMR spectroscopy). The instability of the three-
described above was not limited 6Cbz protection, and it ~ membered ring was once more proven during the attempted
was shown that protecting groups like MOZ, hzZ, (2-M@-  hydrogenolytic deprotection reaction when instead of the
Z-, or Boc are as well tolerated. Furthermore, one-pot acidic desired cyclic product the corresponding ring-opened achiral
hydrolysis of the isocyanate and ester moieties in the Y-amino acid225was the only identified product. Consider-
intermediate derived from the monoester obtained from the able attention should also be paid to the deprotectidczPéf
quinine-mediated methanolysis of anhydrideafforded the ~ In this case, the corresponding free amino a2&¥ was
cispentacine hydrochloride as its hemihydrate compég(  obtained in high yield (93%) and selectively (93% ee) only
HCI-0.5 H,0), an additional ion exchange chromatography When the hydrogenation was performed under standard
being required to liberate the unprotected amino &&fd. conditions (H, Pd/C, MeOH, 2 h). Extending the reaction
Furthermore, botlexo-andendonorbornene derivatives ~ time to 12 h led, in a test experiment, te-C bond cleavage.
222 and 223 proved to be useful monomers in the ring- Although highly sensitivé? the (—)-2-aminocyclobutane-
opening methathesis polymerization reaction, allowing the 1-carboxylic acid227is a valuable material and has been
synthesis of polymeric materials with a defined weight and Used, in a protected form, for the synthesis and structural
chain length% The N-Boc-protected norbornene amino acid ~ investigation of conformationally constraingetlipeptidesi®
derivative has been used as a template for the synthesis ofn addition, an alternative strategy which allows the synthesis
conformationally constrained two-stranded peptides with an of both enantiomers with>97% ee has recently been

antiparallel orientation? described
Easier access to the free amino acids was facilitated by Remarkably, with the aid of the desymmetrization protocol
the availability of optically active benzyl monoestétdn described by Bolm, even the synthesis of highly sensitive

this particular case the ease of benzyl ester deprotection byoxa-norbornene derivatives has successfully been addressed
simple hydrogenation was explored after the derivatization (Scheme 25)? Regarding the overall synthetic strategy,
reactions. Accordingly, theN-Cbz-protected amino acid additional protection/deprotection steps are required since
benzyl esters, obtained by Curtius rearrangement of thethe substrate is prone to decompose during the conventional
corresponding acyl azides and trapping with benzyl alcohol, Curtius degradation. In this context, protection of the double
were easily converted into the desired fig¢@amino acids bond in the acyl azid&31 obtained according to Bolm
(Table 30). Although the reactions were performed on a 15 followed by rearrangement and double-bond deprotection
mmol laboratory scale, due to the ease of all the synthetic furnished the protecteds-5-amino acid232 N-Benzylation
steps and accessibility of the substrates, larger quantitieswith simultaneous epimerization and subsequent deprotection
would as well be easily manageable. afforded the appropriateans3-amino acid234, which was
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Scheme 25 alcohol 245 which was easily converted into thé-Cbz-
protectedy-amino aldehyd@46. Theao-hydroxypyrrolidine
derivative obtained by cyclization was subsequently con-

verted into the desired proline derivati?d8

1. Brp, CH,Cly, 0 °C

~CONg 5 toluene, reflux ~NHMOZ
p-MeOBnOH /.
COOBn 3. COOBnN

231 2Zn, TiCly, THF, 232
0°C . . .
NaH, BnBr, 3.5.2. Toward the Synthesis of Glycomimetics
DMF, 0°¢ Another synthetic approach, which relies on the protocol

Bn developed by Bolm, was described by Bernardi, who applied
+N-voz the anhydride desymmetrization as a key step in the synthesis
COOBn of both enantiomers dfans-cyclohex-4-ene-1,2-dicarboxylic
233 acid 250.1*" The (1S,2S) enantiomer obtained according to
the route depicted in Scheme 28 was used as a synthon in

NHB" 1. TFA, CH,Cl,, 1t
COOH 2. NaOH, dioxane, rt

234
used in an Ugi multicomponent reaction. Subjection of the

Ugi adducts to retro-DielsAlder reaction and several Scheme 28

deprotection steps allowed, as a result, the synthesis of cooH cooH /0

various §-o-amino acid derivatives in a highly efficient @ 1. +BuOK, THF . @-“‘(O

manner. The corresponding enantioneet-234 and, with “COOMe 2 '/—\icog: "C"BSH COOH o
. 2V Velle

it, controlled access td)-o-amino acid derivatives is easily 249 210
provided just by using quinidine in the initial desymmetri-
zation reaction.
A slightly modified protocol has been used by scientists HO
at Bristol-Myers Squibb for the pilot-plant production of
HO

trans8-amino acid237*2which is a valuable intermediate

in the synthesis d?42 a selective CCR3 antagonist (Scheme

HOQCOOR HO\O;COOR

HO COOR HO" COOR
252

26)14 The enantioselectivity of 87% ee observed in the

253
desymmetrization step has been retained during the selectivéhe synthesis of conformationally constrained cyclohex-
ester epimerization reaction and could be significantly anediols of type&251—253 which are useful building blocks
increased ¢ 99% ee) by crystallizing the salt obtained when for the preparation of glycomimetié& as promising thera-
treating thetranshemiester with R)-1-phenylethylamine. ~ peutic agent3!®

Recently, the synthesis of proline derivat48!'° a key
intermediate for the synthesis of a Hepatitis C virus protease Axinellami
inhibitor,1® has been accomplished by starting from cyclo- Xinefiamines
propanemeseanhydride8. Aminolysis of the allyl half-ester Axinellamines 258'?° are bis-guanidine alkaloids which
243followed by reduction afforded the appropriate 1,4-amino received increasing attention after their isolation from the

.COOR

COOR
251

3.5.3. Asymmetric Synthesis of the Cyclopentyl Core of

Scheme 26
1. K&-AmO, —15 °C, DPPA, NEt
.COOEt COOEt . NEts,
O“ toluene O’ toluene, 85 °C O’COOEt
. 2. (R)-1-phenylethylamine, ., BnOH, 110 °C .,
coon 2 (F-t-phenylethylami COOH 'NHCbz
235 3. HCI, H,0, toluene 236 237
OH
1. DIBAL-H, -90 °C, 1 - H'\O \CL
toluene/MeCgH4 CHO Ph” “COOH F
2. aq. NaHSO3 239
3. aq. K,CO4, MTBE, 1. NaBH(OAc),, DMSO, 10-14 °C
heptane NHCbz 2. Hy, Pd/C, IPAC
238
Me
Me
o (0] NMMe
N I
NH, phoJ(N/Qﬁ\«Me HNJ\NHJ\S %
RN 21 H S o~ .
z N v o N N N
PrOAc, THF, 40 °C
F F
240 242
Scheme 27
o) o]
| | 1. LIAH,, THF, COOH 1. KoCOs, EtOAC,
Me_ J\o/\/ NH4HCOg, Boc,0O  Me kO/\/ H,S0, Me_ . —OH CICOOBN,
Me” V.. THF, C4HeN Me ~_NH, 2. LiAIH,, reflux * 2. NaHCO;, KBr,
COOH o r 3.CgHsCOOH, M€ —NH, TEMPO, EtOAG,
243 244 O MTBE 245 NaOClI
cho 1. NayS,0s, oN 1. NaOH, MeOH FOOMe
Me_ . EtOH, CH,COOH Me 2 HCl Me_
—_ > >l NCbz >l NH-HCI
Me” . _nmopz 2 TMSCN, BFg-EtO Me 3.H,, Pd/IC, MeOH Mg

246

4. HCI

248
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Scheme 29
oTBS OTBS OTBS

CbzHN
=
ref. 121 z ——
/. 7 4
o COOH (_NPht
o s COOMe NPht

254 O 25

oTBS
. NHCbz

. Cl-,, —
— / AN ——

/
PhtN  NPht
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3.5.4. Total Synthesis of Brefeldin C

Anhydride desymmetrization and subsequent selective
epimerization were also used in order to introduce the
stereochemistry into the main fragment required for the total
synthesis of naturally occurring biologically active-)¢
brefeldin C £63).12? This compound is the precursor fok)-
brefeldin A?® a naturally occurring macrolide which, as
previously demonstrated, possesses unique biological activi-
ties.

3.5.5. Synthesis of a o83 Antagonist
A slight modification of the desymmetrization procedure

257

258 reported by Bolm has been applied by scientists at Merck

for the ring opening of monocyclic anhydri@&4 (Scheme

31) 124 Accordingly, both methyl hemiester enantiome8; (
265 and R)-265, could be easily synthesized on kilogram
scale. Subsequently, they were converted into phosphorane
266 and phosphonat@67, respectively, having the same
absolute configurationg). At this stage, their different
reactivity coupled with the advantageous purification of
phosphoran266by crystallization favored its use for further
derivatization. Hence, the synthesis proceeded by coupling
of phosphorane266 with aldehyde268 and subsequent
functionalizations afforded the desiregs; antagonis81,

a potential candidate for the treatment of osteoporosis.

Scheme 30
7
O“.\(O ref. 122 COOMe o ot THE <j,COOMe
. 0°Cto rt, HCI .
{ COOH © COOH

10 O 259 260

1. BHz*SMe,, THF, COOMe

—20°Ctort, 12h O/COOMe CrCly, CHly O’
2. Swern oxidation “GHO THF-dioxane /\I
261 262

c)H/Carreiral's ;:ro@oc?I
Mo g een 3.5.6. Toward the Synthesis of Biotin

52 As highlighted in the previous sections, the diastereose-
lective anhydride desymmetrization has frequently been used
as a supporting tool for the synthesis of lactemé¢3, a key
intermediate in the total synthesis of biotthConcerning
the enantioselective ring opening @$-1,3-dibenzyltetrahy-
dro-2H-furo[3,4-d]imidazole-2,4,6-trioneX), despite several

—_—
—
p—

AN
Suzuki-Mi
263 cross-coupiing.

marine sponge Axinella sp., particularly due to their activity
against the Gram-negative bacteriltelicobacter pylori
Development of efficient methodologies for their stereose- !
lective synthesis was therefore demanded. In this context, 2{téMPts so far the best results were achieved by Deng when
Carreira described an approach toward synthesizing the€MPloying the mono-cinchona alkaloid DHQD-PHN as
cyclopentyl core of these natural products in a stereocon- catalyst in the reaction. Selective acid reductioei$105a
trolled mannef2! As illustrated in Scheme 29, the overall followed by cyclization allowed formation of the desired

synthetic strategy takes advantage at an early stage of thdactoneent3 without any decrease of the enantiomeric excess

anhydride desymmetrization methodology in order to intro- (Scheme 32)z°

duce asymmetry into theesesubstrate. The fully function- . :
alized cyclopentyl core57 was obtained by following a 3.5.7. Toward the Synthesis of Lophotoxin
suitable synthetic path and proper selection of the reaction Deng’s desymmetrization protocol has also been success-

conditions. fully applied to the ring opening of 3-OTBDPS-substituted
Scheme 31
OMe OMe
1. NEtg, THF, -5 °C,
MeOH N™SN pivaloyl chloride N”N
OMe [ quinidine (J 2. PhyP=CH,, o (J
P : THF, -70 °C :
NTSN HOOC.__~._COOMe PhePs I __A__coome
a (5)-265 (5)-266
OMe 1. 9 OMe
BrMg_ R~oipPr Py
(@) O (¢} MeOH N| SN Qi-Pr NI SN
264 quinine K) 2. MeOH/H,SO, o o I\)
MeOOC.__A.__COOH ipro-P A coome
(R)-265 FPro (5)-267
OMe
NTSN
1. Boc |
N_ N ¥
O > e
2 68 N COOH
(5)-266 or (S)-267 = | P
2. Hy, P/
3. NaOH (5)-269

4. TFA
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Scheme 32
Bn (@]
N /( DHQD-PHN (5 mol %),
O=< j MeOH (10 equiv)
N~ E0,-40°C,28h
/ \
Bn
1
Bn Bn
N__..COOMe 1. cyanuric chloride, N /<
0= NMM, THF 0= ] o
N— 2. NaBH,, H,0 N—/
gl SO 3 aq Hel Bl
ent-105a ent-3
100%, 93% ee 82%, 91% ee
Scheme 33
OTBDPS
(DHQD),AQN (30 mol %),
MeOH (10 equiv) OTBDPS
o  EbO0,~40°C,70h meooc._L__cooH
Y 271

270

95% ee

COOEt
- 1\
ool o
TMS
OTBDPS
279 COOMe
Scheme 34
(DHQD),AQN,
MeOH, Et,0

<_4,,©‘\_002Me 1. (COCI),, toluene, rt
o . 2. Hy,, Pd/C, THF,
COM 5 &-lutidine

< @COZMe
oy o
277

<,,,I©\"COQM6
“CHO
276

1. PhSeCl, CGHSN

CCHCLO0°C COMe \-CHO
2. H,0p, CHyCly, 0 °C < R < CHO

glutaric anhydrideZ70*?6to give the methyl hemiest&71

-18°C,3d

1. ZnCly, NEtg, TMSCI,
benzene, rt to 40 °C

2. MeOH/CHCl, (4:1),
O3, -7 °C

CD
(95% ee), which was, after intensive optimization processes,cp
converted into the furan derivati&y2, a potential precursor

for the synthesis of lophotoxir2{3 (Scheme 33)?”

3.5.8. Toward the Synthesis of an Isovelleral Analog

The bis-cinchona alkaloid-catalyzed ring-opening reaction

constituted the key for successful transformation oftiese
anhydride274into the optically activex,S-unsaturate@-keto

ester278(90% ee)-?® The latter compound is an intermediate
in the synthesis of tridemethylisoveller@79), an analogue
of the biologically active isovelleral. Since the conversion
of rac-278 into the &)-dialdehyde279 has already been
accomplished?® the synthesis of optically pure material
constitutes a complex but not difficult task. Notably, racemic
tridemethylisovelleral displayed higher cytostatic activity

toward cancer cells when compared to){isovelleral.

Apart from the impressive applications described above,
the desymmetrization methodology has also found utilization y;tgg
in the synthesis of chiral diaminé¥,'3aminoalocold?2133

and more recentlC,- and C;-symmetric bis-oxazoline’s?

Whereas Bolm described the synthesis of norbornane-typeNp

Atodiresei et al.

vicinal diamines*° Tanyeli presented the synthesis of a 1,4-
analog!®! Furthermore, synthesis of 1,3-amino alcohols with

a norbornane backbotté and 1,4-amino alcohols with an
unsaturated framewol¥ has also been addressed, and the
products have been tested as chiral ligands in the asymmetric
addition to aldehydes.

4. Conclusions

The anhydride desymmetrization has extensively been
investigated over the past few years, and along with well-
established methods involving the use of oxygen- and
nitrogen-based nucleophiles, new concepts making use of
carbon and sulfur nucleophiles have recently been introduced.
As stated above, both diastereo- as well as enantioselective
approaches furnished reliable and practical synthetic proto-
cols, which have received increasing attention and wide-
spread applications for the preparation of biologically active
compounds on lab- as well as large-scale synthesis. Regard-
ing the enantioselective ring opening, a couple of methods
are particularly noteworthy since both enantiomers of a given
product are easily available in optically active from the same
substrate just by careful selection of the reaction conditions.
Furthermore, as a result of the development of new methods
in the field of anhydride desymmetrization, even the synthesis
of challenging substrates can now be successfully addressed.

5. Abbreviations

Ac acetyl
Acac acetylacetonate
t-Am tert-amyl
Aux auxiliary
AQN anthraquinone
BINAL-H reagent prepared from 1;tinaphthol, LiAlH,, and
ethanol
bipy 2,2-bipyridyl
Bh benzhydryl
Bn benzyl
Boc tert-butoxycarbonyl
Bu butyl
i-Bu isobutyl
t-Bu tert-butyl
Cat catalyst
Chz benzyloxycarbonyl
cinchonidine
cinchonine
COD 1,5-cyclooctadiene
Cp cyclopentadienyl
DABCO 1,4-diazabicyclo[2.2.2]octane
DCC N,N-dicyclohexylcarbodiimide
DIBAL-H diisobutyl aluminum hydride
DHQD dihydroquinidinyl
DHQ dihydroquinyl
DMAP 4-dimethylaminopyridine
DMF N,N-dimethylformamide
DMSO dimethyl sulfoxide
DPPA diphenyl phosphoryl azide
Et ethyl
Fmoc-OSu N-(9-fluorenylmethoxycarbonyloxy)succinimide
HMPA hexamethylphosphoramide
Josiphos R)-(—)-1-[(9-2(diphenylphosphino)ferrocenyl]-

ethyldicyclohexylphosphine
methyl
p-methoxybenzyloxycarbonyl
methyl tert-butyl ether
NMM N-methylmorpholine
MS molecular sieves
naphthyl
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NPht phthalimido

Nu nucleophile

QD quinidine

QN quinine

pempidine 1,2,2,6,6-pentamethylpiperidine

PG protecting group

Ph phenyl

PHN 9-phenantryl

Pyphos (2-diphenylphosphino)ethylpyridine

PMB p-methoxybenzyl

i-Pr isopropyl

n-Pr n-propyl

Py pyridine

i-PrPHOX (8)-4,5-dihydro-4-isopropyl-2-[2-(diphenylphos-
phino)phenyl]-1,3-oxazole

[Rh(cod)CI},  bis(1,5-cyclooctadiene)dirhodium(l) dichloride

Sty styrene

TADDOL o,0,0 o' -tetraaryl-2,2-dimethyl-1,3-dioxolan-4,5-
dimethanol

TBDPS tert-butyldiphenylsilyl

TBS tert-butyldimethylsilyl

TEMPO 2,2,6,6-tetramethyl-1-piperidinyloxy

Tf trifluoromethanesulfonyl

TMEDA N,N,N',N'-tetramethylethylenediamine

TMS trimethylsilyl

o-tolyl o-methylphenyl

TPS triisopropylbenzenesulfonyl

Ts p-toluenesulfonyl

hz phenethyloxycarbonyl

(2-NOy)-Z- o-nitrobenzyloxycarbonyl
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7. Addendum

This review covers the literature until June 2007. During
the submission and review period of this article a few new
publications related to this topic have appeai&d:*®
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