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1. INTRODUCTION

Sugars are ubiquitous in Nature. They are used as sources of energy, means for storing energy, and
as parts of macromolecules either to modify properties, as in glycoproteins, or as building blocks
such as in DNA and RNA. Synthetic organic chemists have found carbohydrates a valuable source
of chiral centres for incorporation into a synthetic target. In this context, many of the reactions
discovered by the early carbohydrate chemists are still invaluable as extensive modification of the
sugar may be required before it can be incorporated into the synthetic sequence. An expansion of
the ‘chiral pool’ would do much to alleviate this problem, as only a few monosaccharides are readily
available from natural sources.

Many biologically important molecules contain sugar units, and the synthesis of modified
analogues for biological activity testing is often tedious. In both the traditional synthetic organic
and medicinal chemistry fields, it is advantageous to have useful synthetic methods to carbohydrate
analogues.Y The preparation of many analogues of 3’-azido-2’,3’-dideoxythymidine (AZT) for
potential use in AIDS therapy admirably illustrates this point.?

The last few years have seen tremendous advances in the area of asymmetric synthesis. It is now
possible to control the stereochemistry at two or three centres within an acyclic substrate with no
induction being required from an existing asymmetric centre within the substrate molecule. The use
of these powerful reactions, coupled with the use of chiral starting materials, will surely be the way
synthetic strategy evolves.

Thus, from the viewpoints of both an organic chemist practicing the art of asymmetric synthesis
from a chiral starting material and a medicinal chemist preparing analogues of natural sugars, the
need has arisen for methods to prepare carbohydrates from acyclic, non-sugar derived precursors.
Such an approach can be applied to the synthesis of natural, unnatural (e.g. L-isomers) sugars and
a wide array of analogues containing a plethora of functional groups. This review will cover methods
for the preparation of 1,2- and 1,3-difunctional compounds that have the potential to be used for
the preparation of carbohydrate derivatives. Reactions discussed are not limited to those that result
in an optically pure product; transformations which control only relative stereochemistry, or are
stereoselective under certain conditions, have been included for completeness.q Kinetic resolutions
have been included when appropriate.

This review falls into two parts. The first part covers synthetic methods which have been used

9 The application of these synthetic methods for the synthesis of carbohydrate derivatives is discussed elsewhere.'
9 Throughout this review, in the interest of space, only the major isomer of a reaction product is shown. In addition,
when a racemic mixture results, only one isomer is illustrated.
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for the preparation of 1,2-asymmetric centres with defined relative stereochemistry. The second
part discusses 1,3-difunctional compounds where two 1,2-difunctional relationships may also be
established. The emphasis of this report is on the synthetic methodology and control of stereo-
chemical relationships rather than applications for carbohydrate synthesis.' Applications of the
synthetic methodologies presented in this review for the synthesis of carbohydrate derivatives, and
the use of methodologies that establish multiple asymmetric centres will be considered separately. '

Many of the reactions provide molecules where the relative, rather than absolute stereochemistry
is defined. To avoid any ambiguity, as with the erythro/threo nomenclature system, the pref/parf
and syncat/ancat nomenclature systems proposed by Carey will be employed throughout this
chapter.’ Alternative nomenclature systems have also been proposed to avoid this dilemma.*

Other reviews have addressed methods for the synthesis of carbohydrates,’ while others have
focused on advances in asymmetric synthesis,® or have considered topics discussed herein.” Of
course, other classes of compounds, including ionophoric antibiotics,® insect pheromones® and
macrolides, '° benefit from the development of these methodologies.'!

2. ONE-CARBON TRANSFORMATIONS

Although this review centres around the synthesis of contiguous chiral centres, some trans-
formations at a single asymmetric centre are relevant as they extend the use of other methodologies.

Nucleophilic substitution at an asymmetric centre allows for inversion of configuration. This
approach can remedy a condensation reaction that provides the ‘wrong’ isomer as the major product.
With regard to carbohydrates, inversion of a hydroxy group may be of importance. Reduction of
a ketone may generate an additional asymmetric centre. Thus, these reactions will be considered
briefly.

Electrophilic additions to alkenes can provide 1,2-functionality. In other cases, such as reaction
of alkene with water, only one functional group is introduced. Both of these reactions are considered
together in Section 3.

2.1. Nucleophilic addition to a carbonyl compound'?

In addition to the plethora of synthetic methods which rely upon nucleophilic addition to a
carbonyl group, ' many stereoselective condensations have been developed from this simple reaction.

Condensation of a nucleophile with a carbonyl compound, with concurrent carbon~carbon bond
formation, has proven to be one of the most powerful reactions in organic synthesis. Thus, the need
to control and predict the direction of attack for the nucleophilic species has spawned many
models.'* These early rationalizations could be used in a predictive manner, but suffered from errors
due to the assumption of a perpendicular approach for the incoming nucleophile relative to the
carbonyl plane. Calculations have shown that the trajectory of the nucleophile is at an angle,'® and
closely relates to the model of Felkin.'*'® This model (Fig. 1 and Scheme 1) has become known

Nucleophile
” /
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as the Anh-Felkin model.§%'%*!7 This model is powerful as it can also be used for a-substituted
carbonyl compounds (Section 2.2). The major shortfall centres around identification of the ‘large’
group.'® The interpretation of the Anh-Felkin model also gives powerful insight into means to
optimize asymmetric induction : strong electrophilic assistance (i.e. complex formation between the
carbonyl oxygen atom and a strong Lewis acid) aids selectivity, while use of a ‘hard’ nucleophile
will be detrimental to high asymmetric induction. '®

LM o NG LM OH

? ( Anh-Felkin addition 3 ("“

s R S Nu

Scheme 1.

In cyclic carbonyl compounds, the approach of the nucleophile can be influenced greatly by the
nature of the ring substituents, as well as the nucleophile itself.?’ In many respects, therefore, cyclic
cases must be considered on an individual basis.?’

2.2. Chelation-controlled addition

This type of addition is relatively simple to perform with carbohydrate precursors due to the
prevalence of hydroxy groups. Although chelation-controlled addition can be accomplished with a
wide variety of substrates, it is simplest to consider the rules by use of the models developed for a-
substituted carbonyl compounds.

The addition of a nucleophile to an a-halo ketone, often referred to as the ‘dipole model’,'* is
depicted in Fig. 2.!° The approach has been modified from the original proposal to be consistent with

o L

' I 2
\ nucleophile

R S

where S = small substituent
L = large substituent
X =halogen

Fig. 2.

the favoured trajectory of the approaching nucleophile, although the overall product stereochemistry
remains the same (Scheme 2).

L 0 N L OH
R e m—— 0,
s"*‘i < Dipole model & L”Nu
x R X R
Scheme 2.

Perhaps of more importance is the cyclic, or chelation model of Cram (Fig. 3),? where formation
of the chelate can reverse the stereochemical outcome of a reaction compared to when a chelate is

9 The direction of approach usually coincides with that determined by Cram (ref. 14a) who proposed the first model.
Thus, it is not uncommon to see the use of ‘Cram addition’. The chelate model described in Section 2.2 is often referred to
as ‘anti-Cram addition’.
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M+
i'on
0
$ L
/n
nucleophile
Fig. 3.

not formed (Scheme 3) (vide infra).>*> Once again the model has been modified to conform with
Anbh’s results.

L R -
s Nu

—_— - S
" 4 OH
RO re) Chelation control RO Nu
Scheme 3.

A varient of these rules is provided for a-keto esters by Prelog’s generalization (Fig. 4).%*
However, as with all of these generalizations, care must be exercised in their application as ‘excep-
tions’ do exist, particularly when the models are pushed to their limits.?*

nucleophile

1. Nucleophile “°§<Nu
;
2. Hydrolysis R” NCOH

where L = large hydrocarbon group
M = medium sized group
S = small group.

Fig. 4.

In some cases, high diastereoselectivity during an enolate reaction may not be due to a chelate-
controlled mechanism, but can be attributed to enolate conformations within an aggregate.?®
However, it has been demonstrated that chelates are true intermediates for the addition of an
organometallic reagent to an a-alkoxycarbonyl compound.?’

The mechanism of a reaction can also have important stereochemical consequences ; for example,
reduction of an acyclic ketone by an electron transfer process can provide the opposite stereo-
chemistry to the more traditional metal hydride reagents.??

As complex formation is often crucial for high stereoselectivity, the nature of the oxygen-
protecting group and solvent play an important role to determine the selectivity of the addition.
Obviously, this oxygen-protecting group must also be easily and cleanly removed. For these reasons,
the use of benzyl, benzyloxymethyl, or furfurylmethyl protection has been advocated with Grignard
reagents. The use of the Anh-Felkin or chelation-controlled addition allows regulation of the

product stereochemistry as these two modes of addition usually give rise to different diastereoisomers
(see Schemes 4 and 5).%°

MgBr _/\r
>_'/— TBDMSO X
TBDMSO o OH
O AO~Fh bad 0\/0\/ o
(Isomer ratio = 50:1)

Scheme 4.
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Tsomso\/Y(Y MeMgCH TBDMSO\/\‘/é;r’
)

OO -Ph OO Fh
(Isomer ratio = 50:1)

Scheme 5.

The philosophy of chelation control was employed to control the aldol reactions (Section 4.2)
in Still’s synthesis of monensin.?° Condensation of the kinetic enolate (formed from the ketone 1)
with the aldehyde 2 in the presence of magnesium bromide afforded a 5:1 mixture of the di-
astereomeric adducts in favour of the chelation-controlled product. Subsequent transformations of
the adduct, 3, and removal of the minor diastereomer by chromatography provided the aldehyde
4. This aldehyde 4 was subjected to a second aldol reaction, but as Anh~Felkin control was required,
the branched nature of C-3 had to override the ability of the methoxy group to form a chelate. This
control was achieved by the use of cis-2-butenyldiethylaluminium as a propanal enolate equivalent,
and yielded about a 3 : 1 diastereoisomeric mixture of lactone 5 (Scheme 6).3%

OSiMe, 1. LDA, THF B0~ "0 OH ©
2. MgBr,, -110°
o) 3,810 N0 2 4 OSiMe,
2 CHO
1. HglOg, MeOH OMe O
2. KN(TMS), oHeS OMe
3, M82804 H
4. Hy, PA-C =
5. CrOa.2pyr, CH,Cly 4
5
Scheme 6.

The condensation of lithium enolates derived from esters and ketones with a¢-alkoxy aldehydes
follows Anh-Felkin control, if the alkoxy substituent is assumed to be the ‘large’ group.®' This
former mode of addition is also observed with other organometallic reagents.?? The use of tri-
isopropylsilyl has been advocated for the protection of an a- or f-hydroxy group when chelation-
controlled addition is not required.?”*?

The use of a Grignard reagent with a f-alkoxy aldehyde does not, however, result in high
induction. This situation can be alleviated by use of a cuprate, although chemical yields may be
diminished. A fS-substituent, when an a-substituent is also present, can have a marked effect on
selectivity.”® An excellent illustration is provided by the cuprate addition to 2,3-O-iso-
propylideneglyceraldehyde (6) (Scheme 7) ; organometallics usually provide the ancat isomer.**
An alternative procedure to effect chelation control with a f-alkoxy aldehyde is to use an organo-
titanium reagent.>® The selective cuprate reaction with S-alkoxy aldehydes does not translate to
a-alkoxy aldehydes.?*

g_o RMgBr, Cul OJ <

R
O\)\ \&
CHO THF, MeS
]

OH

Scheme 7.
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The addition of a nucleophilic reagent to a carbonyl group is influenced by many variables,
many of which can be determined through the reaction conditions and reagents. Although the
interplay between these variables is not completely understood, the rules described above can be
used in a predictive manner. For example, the size of a reducing agent for a ketone can have an
effect on the facial selectivity (cf. Section 3.4.2.2).37

2.3. Use of ‘extended’ organometallic reagents*®

The use of an organometallic reagent which contains functionality allows further modification
of the adducts derived from addition to carbonyl compounds. This approach has provided alter-
natives to the aldol (Section 4.2), and the homoaldol reactions. In this regard, many heteroatoms
have been incorporated into the organometallic unit along with unsaturation to afford a substituted
allyl anion.3®

The flexibility of such an approach does rely somewhat upon the configurational stability of the
ambident allyl anion and its site of reaction.?® Examples of metals that fulfill these regiochemical
criteria are included in Table 1. In addition to carbonyl compounds, a wide variety of electrophiles
have been condensed with allyl anions.

Table 1.

Exampies of allylic moieties that condense with carbonyl compounds.

Allylic Base or Major Reference Allylic Base or Major Reference
Compound Catalyst isomer® Compound Catalyst isomer?
XCH,CH=CHR®  LiorMg, Cp,ziCl, A 41 ROCH,CH=CHR"  Base.' Et A A 58
SnX, £ 42 Base,' Cp,ZiCl, S 58a
crel, A 41b,42a,43 t-BuLi, Cp,TiCt A 54
7n s a4 Bul.i. BF(OMe), S 59
CpTiCl, A 43a45 )
8 _ i
MoGpGING A 46 R'SCH,CH=CHR  Base.'BujSnCl,BFy A 58a
Pd-SnCl,% A 47 Base.' Cp,2rCl, S 58a
LDMAN-CeCl,® - a8 Base' Y 60
-BuLi, Ti(Opr-i 1
sb S 49 t u1< i(Opr-i), A 6
Base, CIB{NMa,),.Mel
R'3SICH,CH=CHR  F A 50 (Me,C(OH),1, A 62
TiCl, ¥ 51 Base.' CIB(NMe,), Mel
SnCl, - 652 [Me,C(OH), ], s9 62
s-Bulli, TMEDA Yy 53 )
s-Buli, TMEDA, EtzAl - 53 RSOCH,CH=CH,  LDA, MesP 1 63
t-BuLi, Cp,TiCl A 54
R'SeCH,CH=CH,  s-BuLi, TMEDA vy 53
R'aanH2CH=CHR BFa.OEl2 s9 55 s-BuLi, TMEDA, ElaAl . 83
BF .01, S 56
MgBr, § s6e R')NOCOCH,CH=CHR BuLl, TMEDA, i-Bu,AIX § 64
a A9 566,57 BuLi, CITI{OPr-i), s 65
Buli, TMEDA, i-Bu,AlX 59 642,66
R',BCH,CH=CHR R'ZB(?H20H=CHR
RZB- HZB'
o}
o— ou
10— - A 67 BnN
Ph ,
BnN "O/ . 78
(Me,C-0),- - A 68,69 o
s9 68-70 2-ler - - 80
[(CgHy1)CH-Ol, - s9 71 - A 80 {cont)
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Table 1 (cont.)

Aliylic Base of Major Reference Allylic Base or Major Reference
Compound Catalyst isomer? Compound Catalyst isomer®
9-BBN - A 564,72 s9 8o
{0-CgH,0,) - A 73 ™S
Ipc, - - 74
- A 75
s9 75 . e
RCH=CH(OMOM)SnB
RO,C NG )SnBu,
: Y A 82
RO, C™ 0" - A 76
sd 77 RACH=CH(OCH,0Men)SnBu*
Ph NSO, Tol A
T 2 - . 7 A 83
ph = NSO, Tol ROCH=CHCH,SnBu,
- s 84
ACH=CRCH(CH,0B2)SnBug, R, NCO,(ToIS0,)CCH=CHR
N s 85 BuLi, T{OP1);CI A 91
ROCH=CHCH,B(OCMe,), TMSCH=CHCH,B(OCMe,),
- A 86 - A 92
89 86,87 0. _#COFr
7/
RSCH-CHCH. BOCM CeH,1OMe,SICH=CHCH,B_ j,
=CHCHBOCM,), . O™ g o,Pr-i
- 59 62,88 - A 93
CH,=CHCH(OEE)TMS RCH=CHCXBR,
s-BuLi - 89 Ry = (OCMey), - A 94
[OCH(CgH, g - . o5
ANCO,CH,CH=CHTMS
BuLli, i-BuyAIX A9 9o RCH=CHC(SiMe ){9-BBN]
BuLi, TiRyX a9 90 - A 96
R,NCO,CMe=CHCHMeSnBuy
Ticl, a 97

3 The isomer can vary depending on the substrate, refer to the original citation. The abbrevialions S = syncat (syn), and A = ancat (anti) have been used. b X=a
Watogen. © Not appicable o not given. 9 X = OH. © X = 5P, Denotes y-adkdition of the allyl anian s the major reaction pattway. 9 From the gig- akene. " The traps-
isomer is Interred, uniess otherwise staled. i No specilic base is quoted. i An Evans rearrangement also occurs under the reaction conditions. k Where Men denoles
menthyl. ! Where X is a halogen or methoxy.

ML,

R!

Scheme 8.
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The additions can proceed through one of four likely possible cyclic transition states (Scheme
8).3% In these cases, the ligand, L, can determine the stereochemical outcome of the reaction.
Diastereoselectivity decreases as the length of the metal-oxygen bond increases.’® The selectivity is
dependent upon the minimization of steric interactions within the chair transition state.*® However,
it is not certain that a cyclic transition state is involved in every case; an Sg2’ reaction pathway
could be preferred, particularly when the heteroatom is silicon or tin.”® The use of organosilanes
and stannanes in the presence of a Lewis acid provides homoallylic alcohols.**

The use of chiral allyl boranes allows transfer of the allyl group in an asymmetric manner
(Scheme 9)‘68,69.7Iu,74d,76a.76c;79,80,83.100

i O

o CO,BL:L. oHC AV : Y
’ ——f . ‘ . \/Y\/
/\/B‘O " CO,Pr-i CHoCly, -78 OH

91%
Scheme 9. (96:4 ds)

"o

Indeed, the use of substituted allylboron systems, such as crotyl, with a-substituted aldehydes has
been the subject of considerable investigation. The diastereoselectivity does not depend upon the
size of the substituent in the reagent, but only on the alkene geometry (vide infra). These observations
have been interpreted in terms of the minimization of strain energies for a chair transition state.%%'°!
The high selectivity could arise from n—n electronic repulsive interactions between the aldehyde
oxygen atom and an ester carbonyl group. These interactions have been exploited by the use of the
boron compound 7 (Scheme 10).”’
Ph

o OH
+ A Jo~
R H Toluene R

oS
?
il N ph
7 Scheme 10,
The tartrate esters, although they do not provide the highest diastereo- and enantio-selectivity,
are very reactive and provide very short reaction times, certainly when compared to compound 7.'%*

A hypothesis which accounts for the effect of reaction variables (temperature, solvent, moisture),
and based on lone pair interactions has been proposed (Scheme 11).'°%

CO,RLL
P‘S
W COLPr-i
/\/ B\o 2Pf !

RCHO

— R
Ao | )
CO,Pr-i H } OPr-i lProgcﬁ.

R o B-O rotation B_O rotation ” e

0’§ \; o
H i nCOLPr-i \"~0 . : H
/ \-/,'B\O 2 \_/ i-Pro O’B\‘\/ \
SN clockwise o) anti-clockwise N
JC AR
OPr-i
disfavoured

r
g
L

OH Scheme 11.
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The use of the ‘stien’ control group allows recovery of the chiral reagent in an expeditious
manner (Scheme 12). Substituted allyl anions can also be employed in this approach.’”®

ISOZToI
Ph N
Ay
B
Ph CHO S0,Tol Ph A
OMOM CHyClp

OMOM
Scheme 12.

Isocaranylboranes have provided excellent selectivity for the control of a single chiral centre
(Scheme 13), and compare extremely well to other boron reagents (Table 1). In addition, the

homoallyl alcohol product has the opposite stereochemistry to that from the analogous reaction
with B-allyldiisopinocamphenylborane or B-allylbis(4-isocaranyl)borane.

80,103
o (Zd-lcr)ZB\/\ OH
R)k H Et;0, -78° R/\/\
Where 2%-lcr =

‘....,,E

Scheme 13.

is observed (Schemes 14 and 15). Again, the resultant diastereoselectivities compare favourably to
those obtained with other chiral auxiliaries on boron.

When a substituted allyl system is employed with 2-isocaranylboranes, a high degree of selectivity
80,104

N MeCHO

- Q

H

N

973

(>99% de)
Scheme 14.

The use of metal carbonyl complexes of aromatic and propargylic aldehydes greatly enhances
the enantioselectivity observed for reaction with allylboron reagents.!%*

(z-dlcr)zB—\e\ MeCHO

o)

H

at

982
(>99% de)

Scheme 15.
The use of a chiral titanium complex has allowed enantioselective alkylation (86-94% ee)
(Scheme 16).4544%:196 A similar result is observed with a molybdenum complex.

46,107
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Cp
. ]
CpTi(OR ),Cl Ti RCHO OH
MCl — ——  ———— R'O7 ORR —m—- ———— H
v 0 RN
where Cp= CgHs
. H o
o ~— o
- o$
Scheme 16.

The alkene unit of the condensation product can be used for further modifications. In the first
example (Scheme 17), an aldol-type product is obtained without the use of a strong base.>* For the

SnBu.
(o} 3
/lk \=/— Ph j)\/ PdCl,, CuClz, Oz Ph
Ph H BF3.0Ety, CHsCl

DMF, H,0
OH .
92% OH o

Scheme 17.

latter example (Scheme 18), a chiral silane is used which ultimately provides a f-hydroxy ester
with good enantioselectivity.’'® A chiral allylsilane based on an asymmetric silicon also affords

enantioselectivity when reacted with an aldehyde.*®
o1 oH
sSiMe;  i-PrCHO z Ph 1. KMnO. N H
3 - - . 4, NalOy : CO.Me
ﬁpn TiCly CHCl, T NN e A0
66% 2. CHN2
(91% e0)
Scheme 18.

Chiral carbonyl moieties provide the opportunity for either Anh—Felkin or chelation-controlled
addition.'®® Condensation of an allylstannane with an a-alkoxy aldehyde in the presence of mag-
nesium bromide forms the chelation-controlled addition product.'®® The diastereofacial selectivity
also increases with the size of the alkyl group in the aldehyde moiety. The preferred method of
protection for the hydroxy group is benzyloxymethyl.*® Similar results are obtained for g-alkoxy
aldehydes with allylstannanes.’® The exact mechanism of these stannane reactions is dependent
upon the reaction conditions.''® Of the many allylic nucleophiles investigated, allyltrimethylsilane
provided the best selectivity (cf. Scheme 18) ; this outcome has been rationalized in terms of a strong
chelation effect.'"’

As shown in Table 1, other functionality can be incorporated into the allyl anion. Examples
are provided by the y-alkoxyallylaluminium series, which show high diastereoselectivity through
formation of a chair-like transition state (8) where the large group adopts a quasi-equatorial
orientation (Scheme 19).%

. 1. s-Buli, TMEDA, THF K/\
N CoHrz, -78° AlEt

2. Et,AICI, PhMe, -78°

Scheme 9.
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Employment of an acetylene anion removes the regiochemical problem associated with ambident
allyl anions. Methyl-a-L-oleandroside (9) is available from L-alanine (10) by such a method (Scheme
20).'12

MaO. OMe OMe
OMe
H .
CO;! HNO, COM SOCl, 1. Lindlar, H, | o
H2N+H i AcO—"—
2. BrMgC=CCH(OMe), o 2 NaOH,HO,
Me dioxan HO H
10 AcO H Mo
Me
_HsPOLCOU O, OMe 1. LA, B0 O oMe 1. MeOH, H*
2. BnCl, NaOH —

HO CO OMe
2. Hy, Pd-C _

In the presence of a Lewis acid, an acetal can act as a carbonyl surrogate.''® The use of these
masked electrophiles also allows for the introduction of a chiral auxiliary (Scheme 21)."''*

Scheme 20.

R

o

o Ticl,
+ N siMe
oy R

TH{OPri)s

1. PCC

Y
R 2. KOH, H,0, MeOH HO R!
\(/OH

o]

Scheme 21.

A varient is the use of 2-methoxyoxazolidines where the Lewis acid employed can control the
stereochemical outcome of the reaction (Scheme 22). In this case, the addition could be selective
exclusively 12.'"°

while the Lewis acid promotes an equilibration ; treatment of 11 with titanium tetrachloride provided
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e
i 07V
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Scheme 22.

species.''® The addition of allylorganometallic reagents to imines affords homoallyl amines.''” The
(Scheme 23).!'#

Anhydrides can function as electrophiles to afford w-keto acids after reaction with the organometallic
1yl unit can be difunctional ; the imine nitrogen also allows for the introduction of a chiral auxiliary
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To;:st s=( A~ MBr To|:s'\s-7/ 1. A 20, NEt3, Eto0 HzN%
oh i P;'o,/\ 2. Og, CHsChy, -78° Ph¥" "—COpH
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4. HCL H0, A
5. NHOH

Scheme 23.

Vinyl anions have also been used in stereoselective additions to carbonyl compounds.''® Reaction
of the vinyllithium 13, obtained from ethy! (S)-lactate, with benzaldehyde resulted in formation of
the enone 14, after hydrolysis (Scheme 24).'2°

H Me
s
H ?\Me /f\OMEM
Buli, THF
/f\OMEM N
MaS H 13
H OH
Ph
MeS MeCN, H,0 !
14

Scheme 24.

A related reaction allows for the preparation of diols (Scheme 25)'2! and triols.!?2

OEt 1. MEMOI CBr, MEMO
HO —ZT—> MEMO i —_—
) - Divel )

Br Br

1. Bul, EtO MEMO | 1. Oq HOY\OH
2. PhCHO HO. .,,
Br 2. NaBH, H Ph

Dl
=

Scheme 25.

2.4. Inversions at a single carbon centre'?*
The classic Sn2 reaction is a useful, ubiquitous tool for the stereospecific introduction of a variety
of functional groups at a specific carbon atom. As always, care must be exercised with the choice

of reagent, solvent, and other reaction parameters.'?* Representative examples of this methodology
are given in Schemes 26'%° and 27.'%¢

R R
A Br NaN, R 1. THOBn), ho et
H DMF o N, PRCH,OH NH,
o 5 2. Hy,Pd )
SO;N(CgH,1)2 SON(CHy1)

Scheme 26.
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Scheme 27.

The former approach is particularly useful for the introduction of a nitrogen moiety adjacent to a
carbonyl group.'?” The latter method has been extended to prepare 1,2-diols (Scheme 28)'?® and
1,2,3-triols.'?®

H BuaSn
s 0 BusSnLi o2 0
Rw-eaB —_— RDECB\
¢ ©° ”"o'/ R O w,,/
15
: <
I]
R LOH
1. H05 BuaSn o~ - BuLi, -100° " ~#B~0 H,0; e
—_—- H —_— —
2. CICHOCH, HmE=0” O 2. 15 o~ o~
i R Y0 N0 R Yo" N0
Scheme 28.

For the formation of a carbon—carbon bond, the use of an organocuprate, particularly with a
tosylate, has been advocated as inversion at a secondary centre is clean, particularly when a
heteroatom group is on an adjacent carbon atom. '*°

Retention of configuration at a specific centre is often best achieved by use of two inversions. 131

Not all substitution reactions can be accomplished with a high degree of asymmetric induction.
However, results continue to accumulate, as for the coupling of an organometallic reagent with an
alkyl halide, and hold promise for future application.'??

2.4.1. Inversion of a hydroxyl group. To transform stereochemistry, inversion of a hydroxy group
can be an extremely useful tool in carbohydrate chemistry. Unfortunately, it is not always a
straightforward procedure. Conversion of a specific D-sugar to the L-isomer does not involve
inversion at just one centre and, therefore, requires a multistep procedure.'??

Inversion can be achieved by conversion of the alcohol to a mesylate or tosylate followed by
nucleophilic displacement with potassium superoxide or nitrite in dimethyl sulphoxide.'** Caesium
carboxylates in N,N-dimethylformamide, or in toluene with a crown ether, also give clean S\2
reactions with mesylates.'>?

The Mitsunobu reaction allows substitution of a hydroxy group by a wide variety of nucleophiles
with inversion of configuration.'*® This Mitsunobu protocol often provides very high yields for
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unhindered alcohols.'*%137 A useful version involves the use of zinc tosylate, diethylazodicarboxylate
and triphenylphospine. '**

3. 1,2-FUNCTIONAL GROUPS

The backbone of a carbohydrate molecule may be considered as an array of 1,2-functional
groups. Indeed, a linear synthesis of a carbohydrate through the addition of a series of one-carbon
units onto an original building block is demonstrated by the Formose reaction.’

The principal methods for the introduction of juxtaposed functional groups rely on the stereo-
selective addition of an electrophile to an alkene. This addition can be either a one-step process, e.g.
when a nucleophile is also present in the reaction medium or a metal oxide is employed as the
reagent, or a two-step sequence proceeding, for example, through an epoxide.

A carbonyl group can be reduced to provide an alcohol or used to extend a carbon chain through
addition of an organometallic reagent. A key methodology, which cannot be overlooked, therefore,
concerns the stereoselective reactions of aldehydes, ketones and esters at the a-carbon atom (vide
infra).

3.1. Alkene synthesis'**'3°

Many of the methods cited below rely on the addition of various reagents to an alkene in a
stereoselective manner. To provide good stereoselection, only one isomer of the alkene must be
present in the substrate. Indeed, many of these methods have been employed in the synthesis of the
insect pheromones.'*? It is pertinent, therefore, to address methods that can be used to prepare
alkenes stereospecifically. These methods fall into three main categories : reduction of an acetylene ;
condensation of an organometallic species with a carbonyl or vinyl compound ;'*' and elimination
reactions.

Acetylenes can provide E-alkenes by reduction with sodium in ammonia, '*? while hydrogenation
and hydroboration provide access to Z-alkenes (Scheme 29),'4%!44

LiAH, B, NaOMe
Hes==—R' 4 BBX — . \==\ —_— /A
R! l2 R R!

Scheme 29.

The E-alkene is available through use of a 1-bromo-1-alkyne as the substrate in a hydroboration
approach. '** Carbonyl compounds can be converted to either geometric isomer of the corresponding
alkene by hydroboration of the enamine.'*®

Many metals are available to catalyze the condensation of vinyl anions with a wide variety of
electrophiles, providing a versatile preparation of alkenes.'*® The vinyl anions are available by
transmetallation procedures as well as from acetylenes.'*’

The Wittig reaction has been investigated extensively, and it is possible to control the stereo-
chemical outcome of this condensation to a large degree through manipulation of the reaction
parameters. '*® The silicon analogue of this reaction, the Peterson reaction, can also be used for the
stereoselective preparation of alkenes, although separation of the diastereoisomeric intermediate f-
hydroxysilanes may be necessary if a single alkene isomer is the desired product.'*®

Olefins are available by the Julia method, where a sulphone is reacted with a carbonyl
compound.'*® Subsequent conversion of the hydroxy formed to a better leaving group, such as
acetate, followed by reductive elimination, usually affords the E-alkene (Scheme 30).'°! An anal-
ogous reaction with sulphides to provide Z-alkenes is known.'*? Selenium can also be a useful
alternative to sulphur.'”?
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Scheme 30.

Allylic compounds can undergo substitution by organometallic species to provide alkenes (see
Section 4.12.1).'54

Vinylsilanes offer a variety of methods for the preparation of alkenes. The vinylsilanes are, in
turn, available from a number of routes including the reduction of acetylenes, silylacetylenes, and
carbonyl condensation reactions.'>’ The silyl group can be displaced in a regioselective, and often
stereoselective manner by a wide variety of electrophiles, including protiodesilylation (Scheme
31).155e‘l56

Me,Si R? HI H R
>—___< ———— el >=<
R! R? R! R?
Scheme 31.

Elimination of a wide variety of functional groups either through an E2 reaction,'®’ or by
thermal elimination provides stereospecific routes to alkenes.!*® In general, the former reactions
proceed with anti-stereochemistry, while the latter are syn.'**!2* However, both approaches destroy
asymmetric centres to afford a single alkene isomer.'*®

Sulphoxide elimination, along with the selenoxide analogue, have been used to prepare
alkenes, '%° but the stereoselectivity of these syn-eliminations can be compromised by the problems
associated with the asymmetric introduction of the heteroatom.'%%16!

Alkenes are also available from epoxides'¢? and diols.!®®> Many methods also exist for the
inversion of olefin stereochemistry. !¢

3.2. 1,2-Functional groups

Many reagents add stereoselectively to alkenes, such as hydrogen halides'®* and halogens.
Such an addition can be useful to control relative stereochemistry, especially if regiochemical control
is accomplished through application (or violation!) of Markovnikov addition.'?*'%¢ In contrast,
very few methods are currently available to control absolute stereoselectivity ;'¢” however, advances
in this area have been rapid (vide infra).'®

3.2.1. Metal oxide additions. Many metal oxides have been employed to convert an alkene to a cis-
1,2-diol.'*® This approach is complemented by nucleophilic opening of an epoxide, which invariably
results in the net formation of a trans-1,2-diol.!”°

Oxidation of an alkene by osmium tetroxide,'!”! or alkaline potassium permanganate'’? occurs
by syn-addition from the less hindered face of the double bond.!”* This steric effect is amplified in
cyclic substrates (Scheme 32)."'"* Such an approach has been employed in the preparation of many
natural products, including methyl elenoate!’> and mannose.'”¢

164 1244,165

172

HO e
t-BuOH, OsO4 Ho\:b CO,H
Hy0,, H:0 COH

Scheme 32.
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In both the osmium and manganese oxidations an intermediate cyclic ester accounts for the cis-
stereochemistry.'”'#'”7 Use of chromyl chloride can lead, by a syn-addition, to formation of a
chlorohydrin or epoxide through appropriate choice of reaction conditions.'”®

The hypervalent iodine reagent [(hydroxy(tosyloxy)iodo]benzene (16) oxidizes alkenes to the cis
tosylate by a syn-addition (Scheme 33),'”? although the exact mechanism has yet to be determined.

OTs
| PhI(OH)OTs  (16)
CH,Cl OTs

Scheme 33.

3.2.1.1. Osmium reagents. Osmium reagents can be used reliably to form cis-vicinal diols'’'«'""®

from the less hindered face of a carbon—carbon double bond.'®® Cyclic examples can provide
extremely selective conversions (Scheme 32).

Significant advances have been made towards an asymmetric transformation through the use of
chiral ligands. '8! Early work on the oxidation of an alkene by osmium tetroxide in the presence of
a chiral ligand, such as dihydroquinine acetate (17; R = Ac) or dihydroquinidine acetate (18;
R = Ac), led to diol formation with some enantiomeric excess.'®? However, this asymmetric di-
hydroxylation problem has now been solved by the use of cinchona alkaloid esters (17 and 18;
R = p-CIC{H,) together with a catalytic amount of osmium tetroxide. The alkaloid esters act as
pseudoenantiomeric ligands (Scheme 34).'%* They can also be supported on a polymer.!%*

L I,
HO  OH" < H
&

18
050, (cat.), MeCO, H;0, R% OH
2
NMMO or K3Fe(CNJs R >%/ R
OH

where R = p-chlorobenzoyl
Ar=

Scheme 34.

The original procedure has been modified by the use of a slow addition of the alkene to afford the
diol in higher optical purity, and ironically this modification results in a faster reaction. This
behaviour can be rationalized by consideration of two catalytic cycles operating for the alkene
(Scheme 35), since the use of low alkene concentrations effectively removes the second, poorly
enantioselective cycle.'®*'®° The use of potassium ferricyanide in place of N-methylmorpholine-N-
oxide (NMMO) as the oxidant also improves the level of asymmetric induction. '#¢
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X-ray, nmr, kinetic analyses and theoretical approaches have provided insight into the mechanism
of the oxidation, '8! 1836.187

Although the use of cinchona alkaloids as chiral ligands does provide high asymmetric induction
with a number of types of alkene, the search for better systems has continued.'®® Thus, this
area promises to provide better methodology for the asymmetric oxidation of a wide variety of
unfunctionalized alkenes.

The 1,2-diols formed by the asymmetric oxidation can be used as substrates in a wide variety of
transformations. Conversion of the hydroxy groups to p-toluenesulphonates then allows nucleophilic
displacement by azide at both centres with inversion of configuration (Scheme 36).'%°

050, NMMO 2” NH,
ph/\/ Ph W'_" Ph/\/ Ph _lﬂ)l;pyr—_b h
Lo "
- . NH,
Scheme 36.

The use of azide can be avoided by reaction of the cyclic sulphate (Section 3.2.2) with an amidine
(Scheme 37).'°°

OH %20
a1 SOCk 0§
R 2. NalOg, aa’
RuCla, H,0
OH Rt
Ph
/j\ Ph
HN" NH HN,\( 1. AcCl NH,
DME F N 2. HBr, AcOH AR
R NH,
Scheme 37.

Allyl ethers can be used as substrates for this oxidative methodology providing alternative
strategies to the epoxidation of allyl alcohols (Section 4.4).'°!
3.2.2. Formation and reactions of cyclic sulphates. Cyclic sulphates provide a useful alternative
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to epoxides now that it is viable to produce a chiral diol from an alkene. These cyclic compounds
are prepared by reaction of the diol with thionyl chloride, followed by ruthenium-catalyzed oxidation
of the sulphur (Scheme 38).'?2 This oxidation has an advantage over previous procedures, as it only

uses a small amount of the transition metal catalyst.'®?
OH Y oH
e 1. SOCh, CCly 1 Oﬁz 1. N A /k/Rz
R! 2. NalO,, RuCly. 3H,0, P 2. HpS04, Hz0, EtzO H
S MeCN, H,0 Nu

Scheme 38.

The cyclic sulphates undergo ring opening with a wide variety of nucleophiles, such as hydride,
azide, fluoride, benzoate, amines and Grignard reagents. In the case of an ester (R? = CO,Me) the
addition occurs exclusively at C-2 (Scheme 39) ; however the analogous epoxide does not demon-
strate such selectivity.'°>!** Terminal cyclic sulphates (Scheme 38; R? = H) open in a manner
completely analogous to the corresponding epoxide. '**

S0 "o
o % 1. PhCOsNH, Ho I _coM
Q ‘N _COMe ... >  CiH /\r 2Me
] 2. iSO, cme/Y 15131
CisHs!  COMe OCOPh OH
83%
Scheme 39.

The resultant sulphate ester can be converted to the alcohol by acid hydrolysis. If an acid
sensitive group is present, this hydrolysis is still successful through use of a catalytic amount of
sulphuric acid in the presence of 0.5-1.0 equiv. of water with tetrahydrofuran as solvent. The use
of base in the formation of the cyclic sulphates themselves can also alleviate problems associated
with acid sensitive groups. '87%19?

The sulphites, obtained by reaction of the 1,2-diol with thionyl chloride (cf. Scheme 38), also
undergo facile ring opening with concurrent inversion at the reaction centre when treated with
azide.'®S

3.2.3. Hydroboration.'*’ Hydroboration has become an extremely powerful method for the
transformation of an alkene into an alcohol, particularly since the advent of chiral reagents.
In addition to this transformation (Scheme 40),'°® a borane can be converted into many other
functional groups including amines, alkyl halides, aldehydes, carboxylic acids, ketones, esters,

nitriles, acetylenes, alkenes and allenes.'%7+1%°
1. (-}-{lpc)eBH
2. MCPBA
TBOMSO E\I
OBn
Scheme 40.

Good levels of 1,3-asymmetric induction are observed with terminal olefins (Section 4.1).2%¢
Diisopinocamphenylborane [(Ipc),BH] shows a high degree of selectivity toward cis-alkenes. '44-2°!
The improvement of reagents continues,?? not only through theoretical investigations into the
reaction pathway and the factors influencing the outcome, but by synthetic approaches.2°? For allyl
alcohol substrates, other factors can play an important role to provide excellent stereochemical
control (Section 4.10).
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Reaction of pinanediol alkylboronates with dichloromethyllithium can be followed by dis-
placement of the chloride by a variety of nucleophiles (cf. Scheme 27) including alkoxides, Grignard
reagents, ester enolates, hydroxide and azide. This methodology, coupled with the ability of the
resultant boronic ester to act as the substrate for a further homologation sequence, is very powerful
for the stereoselective introduction of a number of functional groups. !264204

The use of borolanes has been advocated over the use of chiral boranes (Scheme 41) for the
diastereoselective synthesis of homochiral compounds through double asymmetric synthesis.2%*

1. E{B‘Hz L
HO

R /\/ R2 R2
R
o Mel, Et,0 /\T
2. HOCH,GH,OH, N2OH, MeGH, THF, H,0, R
Scheme 41.

e

Some asymmetric induction has been observed for the addition of catecholborane to an alkene
in the presence of a chiral rhodium(I) catalyst.?°¢

In addition, boranes have been used for the chiral reduction of carbonyl compounds (Section
3.4.2.2).

3.2.4. Hydrogenation.*®” Despite the ubiquitous use of hydrogenation in organic synthetic
methodology, asymmetric hydrogenation of simple alkenes still remains elusive.?’® Although the
elegance of such an approach has spurred many attempts, the optical yields with unfunctionalized
alkenes as substrates are invariably low.2°° In contrast, considerable success has been achieved when
a functional group near to the alkene can act as a ligand for the metal catalyst (Section 4.11).20%21°
Of course, hydrogenation usually provides cis-delivery of the hydrogen which is very useful.?!

Hydrosilylation of an alkene usually provides a higher degree of asymmetric induction than
hydrogenation.?'? The methodology introduces a silyl group into the substrate, which must be
removed by subsequent manipulation (Scheme 42).2'?

Ph HSICly PNH 1. KF Ph ot
SiCls 2. MCPBA OH
65%
@) Nh(l:z o (52% @0)
PPh;  Cl
Scheme 42.

Reduction of carbonyl compounds (Section 3.4.2.2) by hydrogenation or hydrosilylation suffers
from the same limitations as olefin reduction. Enol ethers have been reduced, but again with only
moderate asymmetric induction.?!*

3.3. Epoxidations

Epoxidation of an alkene can be achieved through a halohydrin, or by reaction with an oxidant
which effects overall delivery of an oxygen atom,2'’ such as a peroxy acid?'® or a porphyrin.?'” In
the former situation, the chirality of the halohydrin must be controlled prior to epoxide formation.?'®
The key to asymmetric induction with an oxygen donor is discrimination between the two alkene
faces. This has been achieved by use of chiral peroxy acids and chiral oxaziridines, although the
magnitude of the asymmetric induction is generally not high.

3.3.1. Peroxy acid epoxidation.?'>**° An alkene reacts with a peroxy acid to afford an epoxide
in one step.?'*??! When prior association between the peroxy acid and alkene is possible, as in the
case of an allyl alcohol (Section 4.4.1), stereoselection can be good. In the case of a simple alkene,



Synthesis of carbohydrate derivatives 2823

peroxy acid epoxidation is sensitive to steric effects caused by the degree of substitution on the
alkene,?'*?2? while for cyclic alkenes, the steric constraints of the ring system can impart facial
selectivity.2!*?21¢22le The stereoselectivity series for the rate of epoxidation (Fig. 5) indicates that
there is little selectivity in reaction rates between cis, trans, and 1,1-disubstituted alkenes.?*® Facial
selectivity, therefore, is difficult to achieve with a simple alkene.

>=< >>=/>>= z\=/z\=\ S\

Fig. 5.

Some progress has been made toward geometrical differentiation for disubstituted alkenes.
Reaction of the peroxy acid 19 with an alkene shows that as the size of the alkyl group of the ester
increases, the cis-alkene reacts preferentially to the trans-isomer.?2*224

Use of a chiral peroxy acid with alkenes results in very low asymmetric induction (<8% ee)
with chirality transfer from the peroxy acid to the ‘major’ product enantiomer, 2422

3.3.2. Oxaziridine epoxidation.**® Chiral oxaziridines 20 and 21 have been used to oxidize alkenes,
and showed much greater enantioselectivity than when a chiral peroxy acid was employed.??’

Cl

Cl
N :Q\ 0 U\
SAWATRERLS VAV

[o]

20 Br 21

The configuration of the three-membered heterocycle determines the configuration of the epoxide
product. Despite the increase in enantioselectivity over peroxy acids, the degree of asymmetric
induction is not yet high enough for general synthetic application.?2"22% The transition state
geometry has been calculated,??® and is borne out by experimental observations, to be analogous
(Fig. 6) to the parallel peroxy acid mechanism.22%23°
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3.3.3. Metal-catalyzed epoxidation.**' Some metals such as ruthenium, tungsten, vanadium and
molybdenum catalyze epoxide formation in addition to diol formation from an alkene.?*? Use of a
molybdenum(VI) catalyst in the presence of diisopropyl tartrate led to low (< 11% ee) asymmetric
induction.?** The use of (S)-N,N-dimethyllactamide as a ligand led to slightly better optical yields
(16-35% ee),”***** which, in turn, has been improved upon by a platinum(II) complex (18-
41% ee).?** Although the facial selectivity has not been optimized, manganese complexes provide
sufficient induction for synthetic utility (Scheme 43).?*¢ The manganese(III) salen complex 22 can
also have bleach as the oxidant rather than an iodosylarene.?*’

10

75%

N= (57%e6)
0

Scheme 43.

It should be noted that chiral epoxides are available by an allyl alcohol epoxidation protocol
(cf. Section 4.5) (Scheme 44).232

OH OH . OH Bu—y,,
VO(acac, Bu,Cubl H Buli
H oo™ }ﬁ Bu—s v
Bu t-BuOOH O Bu OH Bu TsCl

Scheme 44.

Studies have been conducted with iron porphyrins in the presence of iodosylbenzene or other
oxidants. Enantiomeric excesses are moderate, although chemical yields are good.2!7»217%:239

3.3.4. Other methods. Epoxides are available through condensation of various nucleophilic
species which contain a heteroatom leaving group, such as sulphur,?*® selenium?*' and arsenic, with
an aldehyde or ketone.?*? Chiral epoxides are available from chiral sulphoxides and their derivatives
by a number of strategies (e.g. Scheme 45).24* This methodology is an extension of the sulphide
variant introduced by Corey.>**

o) R on BuLi
" 1. LDA TolSOg; KO R AL ——— - Ry AR
To? SO 2. RX Rt MeOH TonsoAaz THF, 100 A{ﬁz
3. LDA c R
4. R'R°CO
Scheme 45.

o-Thio ketones provide a useful approach to trans-epoxides through control of relative stereo-
chemistry (Scheme 46).24%

SR? R R?
%
R\ﬂ)\w 1. MegOBF, W’
o 2. NaBH, [¢]
3. NaOH

Scheme 46.
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The use of a camphor chiral auxiliary allows for the asymmetric preparation of a halohydrin
and, consequently, an epoxide (Scheme 47).?** An alternative procedure relies on a cobalt-catalyzed
asymmetric cyclization of chlorohydrins.>*® A kinetic resolution during epoxide formation from
chlorohydrins under phase transfer conditions has been claimed.**¢

RCHZCOCI R R
o
j'/‘ 2. TMSCI \')

SON(CeHy )2 SOMN(CsH 2 SON(CeHy ), TMS
_NBS,DME__ _ CaBH) Br NaOMe
/—‘41" —_— W<:
ﬂ'll Bf HO H
SozN(Can)z
Scheme 47.

a-Trimethylsilylepoxides, available from vinylsilanes, can be used to prepare epoxides through
fluoride ion displacement of the silyl group and subsequent reaction with an electrophile.?*® A tin
group can be exchanged with an alkyllithium and then the resultant a-lithioepoxide reacted with an
electrophile in a similar manner.?*® In addition to exchange reactions, groups that stabilize an o-
carbanion, such as silyl, sulphoxide, sulphone, cyano, carbon—carbon unsaturation, aryl and esters,
allow deprotonation to occur on the carbon atom of an epoxide that is bonded to one of these
groups without disruption of the epoxide ring (Scheme 48) 248250

anHnﬂ s:Meg 1. s-BuLi, ELO, n-CaHn‘)Los(iMea
D e

H H TMEDA, -110° P WL
. Ph £
2. PhCHO oH
73%
(ds=8:1)
Scheme 48.

3.3.5. Reactions of epoxides.”>' The regioselective control for the nucleophilic opening of an
epoxide in an acyclic system is well known. Under basic conditions, the nucleophile usually attacks
the sterically less encumbered site, while under acidic conditions, the sterically more hindered site
is favoured.?*? The product invariably contains the functional groups in a trans-disposition, when
and S\2 pathway is followed.?°**2*? If the epoxide is chiral, then an optically active product can
result from ring opening (e.g. Scheme 49).2°* The use of metal salts can provide useful catalysis for
nitrogen amongst other nucelophiles to attack at the least hindered end of an epoxide.?**

P~ &

o} 0
I\/':P..»O Lil, n-BuaSnH \/‘QMO
o% AIBN, DME, A H

OBz » DME, oH OBz
Scheme 49.

9 Reactions that involve chiral induction by chiral f-hydroxyammonium catalysts under basic conditions have been
questioned with regard to the source of the optical activity observed (ref. 247).
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Treatment of an epoxide with strong base provides a route to allyl alcohols (Section 4.3).2° Kinetic
resolutions of epoxides are also possible, giving access to 1,2-functionality.?”

3.4. Reactions with carbonyl compounds

The carbonyl group is extremely versatile for the introduction of functionality beyond its role
in the aldol reaction (Section 4.2). a-Alkylation can often be accomplished in a stereoselective
manner, while a-hydroxylation is, of course, particularly important for carbohydrate synthesis.

The second powerful transformation of carbonyl compounds is nucleophilic addition to afford
an alcohol derivative. For clarity, the discussion on the synthetic uses of nucelophilic additions to
carbonyl systems has been included in this section.

Other reactions which have shown potential for asymmetric synthesis are facial selective reactions
of carbonyl derivatives, including alkylations, and the use of chiral bases. Once again, the discussion
of these methodologies has been included in this section for completeness.

3.4.1. a-Hydroxylation of carbonyl compounds. As carbohydrates are polyols, hydroxylation
adjacent to a carbonyl group is an important transformation. Various methodologies have been
developed to accomplish this goal, but as yet there has been little development of asymmetric
methods except when the inherent properties of a cyclic substrate provide for selectivity.?*®

The introduction of an oxygen functional group juxtaposed to a carbonyl moiety can be
accomplished through reaction of the derived enol acetate with a peroxy acid or dioxiranes.?*’
The resultant epoxide usually rearranges to the a-acetoxy ketone upon chromatography or heat
treatment.'’®2'%26% The enolate derived from the corresponding carbonyl compound can also be
oxidized with an oxygen donor, such as a molybdenum peroxide reagent or dimethyldioxirane.*®!
Aldehydes and ketones are readily transformed to their silyl enol ethers (Section 3.4.3.3.). These
ethers can, in turn, be oxidized by a peroxy acid to a-hydroxycarbonyl compounds.?*? Lead(IV)
acetate, lead(IV) benzoate and manganese(I1I) acetate have been used in place of the peroxy acid.?®?
Dimethyldioxirane can also be used as the oxidant.?®* The introduction of a chiral auxiliary allows

excellent diastereoselectivity upon reaction with lead(IV) acetate (Scheme 50).2¢°

R
R 1 LDA choa HO
0 2. Measlm T meoH OH
3. Pb(OAc), OAc 0

SOZN(CgH11)2 © SON(CeHy1)2 O
Scheme 50.

Osmium tetroxide in the presence of N-methylmorpholine-N-oxide has been used to effect this
transformation,2®® while the use of a chiral diamine ligand derived from tartaric acid can lead to
some chiral induction, '8¢

An alternative methodology is provided by hypervalent iodine compounds.?*” Some of these
compounds, such as o-iodosylbenzoic acid,?®® react directly with ketones and alleviate the need to
prepare the silyl enol ether.?®® Esters and lactones can also be used as substrates.?’® Variants of this
methodology allow for the oxygen atom to be functionalized during its introduction.?”!

Treatment of a silyl enol ether with ozone usually results in oxidative cleavage of the unsaturation,
although in some cases, an a-hydroxycarbonyl compound can result.?’? This oxidative cleavage
problem can be overcome by use of a hydroboration—oxidation protocol,’’* or by use of a
dioxirane.?%* 2-Phenylsulfonyl-3-phenyloxaziridine reacts with ketone enolates to provide o-
hydroxycarbonyl compounds,?26-23%-2584274 Thjg atter methodology has been adopted, through the
use of a chiral oxaziridine (23), to introduce the hydroxy functionality in a synthesis of kjellmani-
anone (24) with an enantiomeric excess of 33-37%.27° The asymmetric induction was improved
through use of the oxazirdine 25 (Scheme 51).27¢
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Scheme S1.

The enolate derived from a chiral oxazolidinone reacts with Davis’ reagent 26 with high diastereo-
selectivity (=>98:2) (Scheme 52).277

o o o o
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26 3. (COCH),, DMSO, NEt

' Ph

Scheme 52.

The stereoselectivity is not only dependent upon the structure of the oxaziridine, but on the enolate
substitution pattern and solution structure of the enolate, as well as, but to a lesser degree, the
geometry of the enolate.?’®

High enantiomeric excesses are also possible when a hydrazone chiral auxiliary is employed to
provide a-substituted ketones (vide infra).?”® This approach has been used to introduce a silyl group
with regio- and enantio-selective control. The resultant «-silyl ketone was then transformed to the
alternative regioisomeric a-hydroxy ketone (Scheme 53).28° The a-silyl ketone can also be used to
prepare 1,2-diols by reduction of the carbonyl group (Section 3.4.2.2) followed by oxidative con-
version of the silyl moiety to hydroxy (Section 4.12.2).28!

le) (o]
1. LDA, Me;SiCl
R2 R! R2 R
2. Davis' reagent (26)
TBDMS or MCPBA TBDMS OTMS
0
1. HCI R2 R! HBF,, H,0 0
2. Si0; —_— R2 R!
TBDMS OH
OH

Scheme 53.

The a-hydroxylation of lactones and esters has been achieved by reaction of the corresponding
enolate with an oxaziridine.??%-258¢282 {Jse of a chiral imide enolate with this protocol results in
good diastereoselectivity.?®? Chiral esters also provide some diastereoselectivity when oxidized with
2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) in acetic acid.?**

a-Hydroxylation of an ester or carboxylic acid may be achieved by deprotonation followed by
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reaction with oxygen or an oxygen donor.?®'“?** A cyclic ketone in the presence of oxygen and a
chiral phase transfer reagent did provide optically active a-hydroxy ketone.?**

An alternative strategy, which does allow asymmetric induction, is the reaction of an organo-
lithium or Grignard reagent with the ketooxazoline 27 (Scheme 54) (cf. Section 3.4.2.1.).2%¢

0._sPh 1. LDA Q& O~ 4 RLorAMgX) R)i\OH
e e e R
/ < ) < . 2 Mol O Ph”” “COH
PH N—"u, 2.0 Ph N=", ] , Ha!
| | 55-76%
OMe 27 OMe (0-87%00)

Scheme 54.

The racemic a-hydroxy ketone 28 has been transformed to the enolate by deprotonation with
potassium hydride. Protonation of the symmetrical enediol 29 with (2R, 3R)-0,0-dipivaloyltartaric
acid (DPTA) at low temperature afforded the optically active a-hydroxy ketone 30 in 80% ee
(Scheme 55).2%7

Ph

Ph Ph
Ph \(L'o KH, THF Ph o DPTA Ph Yko
OH o OH
(80% e0)
Scheme 55.

a-Hydroxycarbonyl compounds are also accessible by reduction of the corresponding a-keto-
carbonyl substrate (Section 3.4.2.2). As a-amino acids are readily available, conversion of an amine
to a hydroxy group with retention of configuration provides a simple entry to a-hydroxycarbonyl
compounds (Scheme 56).23%

o]
t-BuYCOZH NaNO; t-BuYCOZH 1. Etl t-Buj)l\/
NH, Hz80, OH ; :_"':é?c' OH
70% i 83%

Scheme 56.

A chiral sulphoxide also provides access to a-alkoxy aldehydes and carboxylic acid derivatives
(Scheme 57).288

0
T 4 o 1. LDA, THF, -78 TOI\S*/YR
ov To g 2 NaBH, MeOH, o,
NHa, H,0, -40 0Bn
3. NaH, BnBr, DMF
Io) (o]
1. TFAA, MeCN, N&ClO, R
—_———— R ——— -
H/IH/ KH,PO,, tBuoH HO
| OBn > OBn
N
2. HgClp, HO
Scheme 57.

A conjugate addition of an oxygen nucleophile to an «,f-unsaturated nitro compound, followed by
conversion of the nitro group to a carbonyl moiety through the Nef reaction also provides a-
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hydroxycarbonyl compounds through umpolung methodology.?*’ Other umpolung methodologies,
such as the use of a-aminonitriles, can also lead to a-hydroxycarbonyl compounds.?#*2%°

3.4.2. Additions of organometallic reagents to carbonyl compounds.*** The factors that control
the addition of a nucleophile to a carbonyl group with an adjacent asymmetric centre have already
been discussed (Sections 2.1 and 2.2). Indeed, many reagents have been investigated to improve
Anh-Felkin selectivity in simple systems.?*? A similar scenario can be visualized if an asymmetric
center is present in the nucleophilic moiety adjacent to the reaction site; examples of this type of
addition are, however, not as common. 2’3

To circumvent some of the problems associated with the addition of functionalized organo-
metallic reagents to complex carbonyl compounds, nucleophilic reagents are available that contain
masked functionality (Section 2.3). Once the condensation has been performed, this functionality

can be used for further elaboration (Scheme 58).2%*
. s oW s OH
; 1. LDA !
_ . v >pn _ RaN Ph
HO Ph/S~O 2. PhCHO HO Ph/s*o HO
Scheme 58.

To circumvent some of the problems associated with the tendencies of organolithium or Grignard
reagents to act as bases with carbonyl compounds, the use of organocerium reagents has been
advocated.??’

3.4.2.1. Alkylating agents. Chiral acylsilanes show high diastereofacial selectivity, which can be used
to prepare alcohols in a highly stereoselective manner (Scheme 59).%%¢

! BugNF, DMF
/k(sma __Rm _ H%{R' 4 .
R R
HO SiMeg

(o] OH
Scheme 59.

a-Alkoxy esters can react with nucleophiles in the presence of a reducing agent to provide either
isomer of the protected diol (Scheme 60).2°7

BnO
1. Dibal /=\/ R
2. RMgX £
Bn0 OH
/\COZE:
RMgX, LiBH, BnQ
THF /’\rR
OH
Scheme 60.

A 1,3-oxathiane chiral auxiliary allows excellent diastereoselective addition of Grignard reagents
(Scheme 61).%2°® The use of this reaction is extended further by the addition of ytterbium as this
reverses the diastereoselectivity.?*’
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A variant of the methodology uses a proline-derived chiral building block,**" while chiral a-keto
acetals also show high selectivity in carbonyl alkylation reactions (Scheme 62).*°"

MeO §—OMe

Meo—¥\§—OMe §
\ 1
R'MgX, THF, -78° O 0
O @ <
& H>Y
>y

ohGY
o

Scheme 62.

A further variation is provided by a-keto-1,3-dithiane-1-oxides.3°? An acetal functionalized within
the auxiliary unit can act as a carbonyl equivalent to allow for stereoselective reactions (e.g. Scheme
6 3) . 303

0, TMSOTt o 5
+ RCHO Y

TMSO  OTMS
N I R

t-Bu Bu-t

AL HOzC/Y KOBu-, THF oH
: Ra 0

-
CuBr. SMe, A H’:H

R1
Scheme 63.

Chiral ligands can be used to complex with a metal counterion.*°* Thus, addition of n-butyl-
lithium to benzaldehyde in the presence of a chiral ligand derived from two proline molecules gives
rise to moderate optical yields. Functionalized nucleophiles could also be used with this class of
chiral ligand (Scheme 64).3°**3% Similar findings are observed with chiral auxiliaries derived from
tartaric acid,>°® carbohydrates,*>°” and other sources.*°® However, a closely related reaction between

R—em—L}
Ph _H
T Ph/ HOI, HyO Ph/
o (R = R'4Si)
qy hr)> OH OH
Me . 6g R=MegSi

87% (R:S = 496)
Scheme 64.
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diethylzinc and benzaldehyde proceeds with high asymmetric induction.*°® Methyltitanium reagents
also show high selectivity.?°*~3'® With all of these chiral ligands, high optical yields are observed
only with specific aldehydes ;' this approach, as yet, does not seem to be general.??#3084312 The
use of titanium has, however, proven useful when a number of oxygen coordination sites are
available within the substrate molecule (cf. Section 4.2).%!3

An asymmetric alkylation of a carbonyl compound has been achieved under phase transfer
conditions.9*'4

There are many variants that allow for the asymmetric addition of a nucleophilic species to a
carbonyl group equivalent,®'* as illustrated by an approach to a-amino acids (Scheme 65).3!® The
use of a nitrogen derivative of a carbonyl compound allows for the incorporation of asymmetry

into the electrophilic moiety.*'’
RN 1. TMSCN, Zni; Ry, rNH( 1. Hal Ry, Nz
Y 2 W ph 2. H, Pd
Ph 5 CN COH
{57-70% es)

Scheme 65.

Conversely, the nucelophile can contain the asymmetry (Scheme 66),%**'® and it should be possible
to realize the potential of double asymmetric induction.

A al -

Li s
TVl Et ol
EtCH=NPh — Y\SV“ p
-7 nw:
THF. -78 PhHN O
89%
(ds =91:9)
Scheme 66.

3.4.2.2. Hydride donors. Several examples of this reaction have already been given (Sections 2.1 and
2.2). Many ligands have been used for metal hydrides ranging from amino acids and sugars
to clay.3”3%%31% In some cases, optical yields are good (ec.g. Scheme 67).32° Unfortunately, the
methodology is not generally applicable to a wide range of carbonyl compounds, which detracts
from its synthetic utility. Besides classic metal hydrides, other organometallic species, such as
Grignard reagents, can reduce carbonyl compounds with a degree of asymmetric induction. %-32!

Scheme 67.

Carbonyl compounds can be reduced by hydrogenation. As with alkenes, asymmetric induction
is usually not high.®**22 In contrast, hydrosilylation proceeds in good optical yield and affords silyl
ethers, which are readily hydrolyzed to the alcohols.¥*2? The approach can be used for the reduction
of oximes to amines. 3?2324

4 Reactions that employ ephedrine phase transfer catalysts have proven difficult to repeat (ref. 247).
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Reduction of carbonyl compounds by boranes, provides efficient access to alcohols, 37974197325
Chiral boranes, such as the isocamphenyl derivatives, (Ipc) ,BH and IpcBH ,, can provide asymmetric
induction, but the levels may only be moderate.??¢ The use of trialkylboranes does allow for the
stereoselective reductions of aldehydes,>?” although the reduction of ketones is not as selective.?”-3?®
Diisopinocamphenylchloroborane can provide high induction in the reduction of aryl ketones,*?*
while oxaborolidines 31 can provide high selectivity even in alkyl cases (Scheme 68).%°

H Ploy
1. ¥
(\N:g (31)
o A
H_ _OH
Re J\ R BHg, THF or O.BH P >{'IH|
2. H,0 o
where s = small
1=large
Scheme 68.

The oxazaborolidines 32-34 are also excellent catalysts for the asymmetric reduction of ketones to
secondary alcohols.**! Borolanes 35 also give high degrees of asymmetric reduction with dialkyl
ketones,**? as does lithium B-iso-2-ethylapopinocamphenyl-9-borabicyclo[3.3.1Jnonyl hydride
(Eapine hydride) (36).33* The problem of asymmetric reduction of ketones can also be circumvented
through the formation of an allyl alcohol intermediate.?3%

b=

Ph Ph 1-Nap

| s 2’Nap E
(\/Q BH,Li ‘ .
v H H U
Jasy) ’Ph
32 33 34

As with alkylation reactions, the presence of another functional group, such as in a-keto esters
(cf. Section 3.4.3.4), sulphoxides or sulphones, does increase selectivity (Scheme 69), 9924343234334
while the nitrogen-based carbonyl equivalents allow for the introduction of chirality in an auxiliary
unit and afford amines upon reduction.?*’

[o} . OH O
? LiAIH, 1 OMe

Ph “Tol Ph TTol ——— ——

STl STol Ph” “CHO
Scheme 69.

An alkylation—reduction procedure for cyanohydrins provides an asymmetric method to ethanol-
amines (Scheme 70).33¢

OTBDMS OTBDMS
AMgX NMgX
Ph”” CN Ph
R
NaBH,4 OTBDMS 1 HE OTBDMS
—_—— N
NH, ————— NH3.Cl
Ph M. % ho Ph 3
R 3. HCI

Scheme 70.
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The reductive cleavage of chiral acetals derived from unsymmetrical ketones provides a means
to control the absolute stereochemistry of the resultant alcohol through a choice of reaction
conditions (Scheme 71).337
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Scheme 71.

3.4.3. Chiral a-alkylations.*** Carbonyl compounds are versatile in synthesis due to their inherent
ability to undergo nucleophilic addition (see Section 2.4), but also to act as nucleophiles. The aldol
reaction involves the combination of a nucleophilic carbonyl species with an electrophilic carbonyl
compound (Section 4.2), and results in a 1,3-difunctional product. Similar methodology can be
applied to other electrophiles, including alkyl halides, and again results in the introduction of
1,2-functionality.

a-Alkylation of a carbonyl compound can be achieved by formation of an enolate, followed by
condensation with an alkyl halide.>*° This methodology not only requires regioselective formation
of the enolate,**® but the need to minimize competing elimination reactions in the alkyl halide
fragment. This latter problem can be circumvented, to a certain degree, by use of an enol ether and
a Lewis acid catalyst.?*!

One aspect now beginning to come into fruition pertains to the structure determination of
lithium enolates.?#%34? The insight gained in this area should enable asymmetric induction to be
increased.*? Lithium enolates are the most commonly used species to perform functionalization of
a carbon atom juxtaposed to a carbonyl moiety. They are generated by deprotonation from the
parent carbonyl compound by a strong base, such as lithium diisopropylamide (LDA), which under
standard conditions forms the kinetic enolate.?4934!-342.344 Ap alternative general method uses the
conjugate addition of an anion, often a cuprate, to an «,f-unsaturated carbonyl compound, and
then reaction of the product enolate in situ (Section 4.8).>** The formation of enolates and their
geometry is discussed in detail in Section 3.4.3.3. This methodology overlaps with the chemistry of
the aldol and related reactions (Section 4.2). Another area which is currently being exploited involves
use of chiral phase transfer catalysts.>*® This has been exploited for the synthesis of a-amino acid
derivatives, where many of the methods rely on the use of masked functionality. 4’

The problem of facial selectivity with a planar enolate has led to the incorporation of various
chiral auxiliaries into the carbonyl precursor. The majority of these auxiliaries are nitrogen based
(Section 3.4.3.1). However, sulphur-containing masking groups also allow for high diastereo-
selectivity (Scheme 72). The induction is rationalized in terms of a chelate between the enolate and
sulphoxide oxygen atoms leading to a chair transition state.?*®
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Alkylations of organotransition metal complexes can often be highly stereoselective (Scheme

73).*** Asymmetric protonations (e.g. Scheme 55) perform the operational equivalent of an asym-
metric alkylation.*>°
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3 B

Scheme 73.

The substitution of functionality adjacent to a carbonyl group (cf. Section 2.4) can also be the
equivalent of an alkylation.®*'

3.4.3.1. Use of nitrogen derivatives.**>* The formation of an imine or another nitrogen analogue
from a ketone allows incorporation of a chiral auxiliary which can be removed by hydrolysis after
the alkylation. A wide variety of groups have been used in the amine moiety, including ones which
chelate to the metal counterion during the alkylation procedure (cf. Section 4.2).%%*333 However,
many of the methods have been developed with cyclic ketones as substrates and have not been
extended to acyclic cases.’> Acyclic ketones can be alkylated by use of a hydrazone, although
optical yields can be variable (Scheme 74),332¢:3534355

. \ N .
NH, 1. LDA
R R OMe 2. RX R
R’ R! 3.0 R!

Scheme 74.

Imines have been used as a vehicle to transfer chirality from an a-amino acid, or similar precursor
to an a-keto acid.®*® Some asymmetric induction has been observed during the hydrogenolysis of
an enamine in the presence of a chiral acid;**” an alternative is to use a chiral amine or other
auxiliary for the formation of the imine.?*®

Chiral enolates derived from imines, imides, amides and sultams provide entry into a-substituted
carboxylic acids (Schemes 75 and 76),%°° including a-amino acids (cf. Section 3.4.3),%¢°
aldehydes®33-3¢! and ketones (Scheme 77).%¢2

o o o}
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Scheme 75.
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Scheme 77.

Oxazolines are useful intermediates for the asymmetric synthesis of many classes of compounds.
They provide useful methods for the a-alkylation of a masked carbonyl derivative (Scheme 78).3¢*
Indeed this methodology can be used for kinetic resolution,3¢3%3¢4
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0 Me
\__< 1. LDA %,

COZH
N 2. AX H R]
OMe 3 HeO' 65-88%
(60-83%e¢)
Scheme 78.

3.4.3.2. Asymmetric deprotonations.*®> A meso-ketone can be enantioselectively deprotonated by a
chiral base.® The enolate can then react at carbon with an electrophile such as an alkyl halide or
carbon dioxide, or it can serve as a precursor to an enol ether (Scheme 79).325%-366

A ,
Li
Ry
2. HyC=CHCH,Br
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2. TMSCI OH
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Scheme 79.

Chiral bases have also been used to promote eliminations*®” and to open epoxides.>** Many of these
reactions provide high regioselectivity.?¢*366:36% To date, the use of chiral bases with asymmetric
substrates has met with little general success for asymmetric transformations.37°

Although these results have yet to be exploited, they hold much potential.
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3.4.3.3. Use of enol ethers.>***37" Silyl enol ethers have found extensive application due to their
ready availability. Furthermore, these ethers react with a wide variety of electrophiles, including
tertiary halides, in the presence of a Lewis acid to afford the a-substituted carbonyl
derivatives, 341371372

As isomeric enol ethers can be separated, this class of compounds provides a powerful method
to control the regiochemical outcome of many carbonyl reactions. Since these ethers are invariably
derived from enolates, the discussion will therefore cover both of these species.

Deprotonation of the carbonyl substrate with a hindered base, such as LDA, usually ensures
formation of the kinetic enolate. 333943494373 The yse of low temperature eliminates problems due
to self-condensation of the carbonyl compound.?’* The thermodynamic enolate is formed when
sodium hydride is employed as base;*’" the silyl enol ether is available through reaction with
chlorotrimethylsilane and triethylamine in DMF.*%**743¢ Gily] enol ethers can be converted to the
corresponding lithium enolate without loss of stereochemical integrity by reaction with methyl-
lithium or fluoride ion.?7>377

Many methods have now been proposed for the generation of regioselective enol ethers for a
variety of carbonyl-containing functionalities.?”'“*7® However, the geometry of the enolate may not
be controlled during these preparations.’’® Vinyl anions can be oxidized to provide silyl enol
ethers with retention of double bond geometry.>®® Alternative approaches rely on the thermal
rearrangements of f-ketosilanes,*®' and B-keto esters.*®? In addition to physical separations,’”’
isomeric silyl enol ethers can be separated by a kinetic resolution procedure that employs reaction
with nitrosostyrene.*®* Chiral silicon moieties have been incorporated into silyl enol ethers;***
however, the chemistry of these chiral compounds has yet to be exploited.*®*

Studies on the Claisen ester enolate rearrangement have shown that the ester E-enolate is formed
in THF, while in HMPA-THF the Z-enolate predominates (Scheme 80).°%¢ N,N’-Dimethyl-N,N’-
propyleneurea (DMPU) in THF also affords the Z-enolate with high diastereoselection, and provides
an alternative to the use of HMPA.3*’

~ 1. LDA R OR! R OTBDMS
PR T Teowss OTBDMS : \=<0R‘
major isomer in THF major isomer in HMPA, THF
Scheme 80.

This observation, that HMPA can provide access to the alternative enolate geometry, has been
applied to other systems including ketones, **® hydrazones®** and oxazolines.?$'*3¢* The formation
of the E(trans)-enolate in THF has been the subject of various interpretations.’**>*”® The control
of enolate geometry can be used to form silyl enol ethers with a high degree of stereoselection.**’
Some variations in formation of the enolate are observed when sodium hexamethyldisilazide is used
as the base.?*% Silyl keteneacetals can undergo thermodynamic equilibration in the presence of
ammonium salts.>°°

OBChx,
Chx,BCl
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R
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40

Scheme 81.
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Ketones can be converted to either the corresponding (£)- or (Z)-boron enolate (39 and 40) by
use of either dicyclohexylchloroborane (Chx,BCl) or B-chloro-9-borabicyclo[3.3.1]nonane (B-Cl-
9-BBN) (Scheme 81).%°' This stereospecificity is particularly useful for application with the aldol
reaction (Section 4.2). Enolates undergo numerous reactions, including alkylations (vide supra).***
However, side reactions such as alkene formation from the alkyl halide can be minimized by use of
an enol ether, and the opportunity is available to obtain the enol ether as a single stereoisomer.
An additional advantage is that alkylation of a silyl enol ether is usually conducted in the presence
of a Lewis acid, which allows use of functional groups not compatible with enolate chemistry.?”'*3%

A wide variety of alkyl side chains may be introduced through the use of a-chloro sulphides
(Scheme 82).371%:393

CO,Et
CO,Et . oA 2 RaNi \—<:j2a
2. MesSiCl Prn Prn
3. n-PrCHCISPh, ZnBr, PhS
Scheme 82.

Incorporation of a chiral auxiliary allows for the asymmetric preparation of a number of
derivatives, including a-amino acids (cf. Schemes 26 and 83).!25244

RCH,COCI
OH AgCN \u)

SON(CgH41)2 SOMN(CaHir)e ©

LDA, MeaSICI % NBS, DME %

SO,N(CeH11)z OSIM% SON(CeH1)p ©

Scheme 83.

Although the majority of examples in this section have centred around silyl enol ethers, other
elements, such as boron, can be used in a similar context.36%

3.4.3.4. Alkylations of glycolates. The asymmetric alkylation of a glycolate enolate provides a useful
entry to a-hydroxycarboxylic acids.>** The ketone moiety can be protected as a thioketal. This
facilitates anion formation and subsequent reaction with a wide variety of electrophiles.*®® Of
course, an alternative methodology is reaction of an a-keto ester with an organometallic reagent
(Section 3.4.2.1).%°¢ Indeed, the additional functional group can afford increased stereoselectivity.*®’

Addition of allylmetal compounds to a chiral glyoxylate affords the a-hydroxy esters. The
selectivity is dependent upon the solvent and metal counterion (Scheme 84).3%60:396¢:398
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Scheme 84.
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Organozinc reagents with chiral glyoxalate esters can also give good stereochemical yields of the
resultant mandelic acid derivatives.3*®

The oxazoline 41 provided one such application of this methodology, but some difficulty was
encountered in the hydrolytic removal of the chiral auxiliary (Scheme 85).4°°

N OMOM N “(‘OMOM R
. i : Hy0 H
“ 2. RX HO,C R

26-70%
(77-92% oe)

Scheme 85.

An alternative approach is provided by the dioxolanone 42 but the preparation of the starting
material does require a chromatographic separation (Scheme 86).%°"

o o
Ph 0/g 1. LDA Ph O&R EtOH, HCI HoﬁAR
ﬁ\ © 2. RX % ~0 CO,Et
42

82-99%
(>24:1 ds)

Scheme 86.

Indeed, many examples of the stereoselection available from this type of addition have already
been discussed (e.g. Schemes 61 and 62).

3.4.4. Homologation procedures. Homologation of an aldehyde can produce a new chiral centre
at the original carbonyl site. Many procedures accomplish this transformation and involve umpolung
reagents. ! 328943194402 Methodology has been developed which employs a metal-catalyzed addition
of carbon monoxide.*°?

Stereochemical control for the addition of an umpolung formyl reagent can be achieved through
chelate formation (Scheme 87),°* or a similar strategy.*®’

#‘o Q #\o s’j

0, Y Q,

o) o o) "oH

X

[o] o]
Scheme 87.

The use of 2-trimethylsilylthiazole has been advocated as a useful formyl anion reagent as
additions to asymmetric aldehydes proceed with high diastereoselectivity. 4%

In many respects, the oxathiane is an asymmetric homologation reagent; although the original
condensation tends not to be stereospecific, further manipulations allow a wide range of target
compounds to be reached (Scheme 61).2%®

The chiral sulphoxide 43 has been used for a chiral homologation (= 70% ee) (Scheme 88).4%7

The Strecker-type synthesis of a-amino acids does provide some asymmetric induction when a
chiral amine is employed.*°®
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Scheme 88.

3.5. Other reactions

There are a number of reactions which establish 1,2-functionality yet do not conveniently fall
into the categories described above.

a-Substituted carbonyl compounds can be prepared by the Sy2’ addition of a nucleophile to an
epoxy enol ether.*?’

A useful method for the preparation of syncat-1,2-diols relies on a ring closure, extrusion
procedure (Scheme 89).4'°

X

R R R
R HOz H 2 S
\EOOJ/R TiCly-Zn & %O RaNi HOG _ SoH
. ————_— —_— -
THF
s s EtOH
Scheme 89.

oy

Hydroformylation can be used to convert alkenes to carbonyl compounds. Asymmetric induction
has been realized but the limitations of this approach parallel those of hydrogenation (Section 3.2.4
and 4.11).4!!

4. 1,3-FUNCTIONAL GROUPS

To keep in line with the carbohydrate theme, we have included in this section reactions that lead
to functional groups at all three carbon atoms of a subunit.

A rule has been developed by Houk to predict the stereochemical outcome of a wide variety of
reactions on allylic systems (Section 4.1); his rule also has some applications for simple alkenes
(Section 3.2.3).

Two very powerful reactions exist to allow the introduction of 1,3-functional groups: the aldol
reaction and Sharpless epoxidation. The ability within these methodologies to change relative
stereochemistry through simple procedures has led to their widespread application in organic
synthesis. Another approach which has found much use, particularly in cyclic systems, is the
conjugate addition of a nucleophile to an a,f-unsaturated carbonyl system followed by trapping of
the resultant anion with an electrophile. The final major reaction class relics on the stereoselective
introduction of functionality at the a-position of a f-functionalized carbonyl compound.

4.1. Houk’s rule

To control stereochemistry, the reactive species is ‘guided’ to a particular face of an unsaturated
carbon atom through complex formation with an appendant functional group in the substrate — the
Sharpless epoxidation is an excellent example. Asymmetric induction can still be extremely high
even without prior complex formation between reactant and substrate as, for example, in the
hydroboration of an alkene by a chiral borane. The induction in these latter cases has been
rationalized in terms of the preferred angle of attack by a reagent on a multiple bond.{2°%4'2
These models are summarized in Fig. 7.'*

9 These results can also be interpreted in terms of allylic 1,3-strain (ref. 413).
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Nucleophile Radical Electrophile

~..
~
-

X=0orC
Fig. 7.

Under the assumption that a reagent will attack from the face opposite to a large substituent,
nucleophilic addition becomes the Anh—Felkin model for X = O (Section 2.1). In a similar manner
hydroboration, where the boron is an electrophile, resembles the empirical rule formulated by Kishi
(Section 3.2.3.). Still another variant is provided by the alkylation of an ester enolate (Section
4.9.2).414

42 The aldol reactionﬂl 1,98,3385,349¢,371a,371b,415

The aldol reaction, condensation of a nucleophilic carbonyl species with an electrophilic carbonyl
moiety, together with its many derivatives, has proven to be one of the most versatile methods for the
formation of carbon—carbon bonds. The addition has, until recently, been plagued by dehydration of
the initial aldol adduct and by regiochemical problems. Even with these problems circumvented,
four different stereoisomers can be formed.*'® Most of the methods for stereochemical control
of the aldol reaction rely on the use of chiral auxiliaries or the use of chiral organometallic
reagents.*! 36417

To circumvent the problems associated with the aldol reaction, alternative strategies have been
employed, including the use of allyl anions (Section 2.3), the Claisen reaction' and reductions of
B-dicarbonyl compounds (Section 4.9).

In carbohydrate synthesis, the aldol reaction has not found such widespread application as it
has elsewhere due to inherent problems associated with an oxygen functional group juxtaposed
to the carbonyl group in the nucleophilic moiety (see Section 3.4.1). However, the ketal of
glyceraldehyde has proven an extremely useful aldehydic moiety for an aldol approach.'>3%

Many studies have addressed the issue of a stereoselective aldol reaction. The major variables
are the metal counterion, together with its associated ligands, and the reaction conditions.q3*24!®
High stereoselectivity correlates with the enolate geometry (Section 3.4.3.3), and the steric influences
within this moiety, while the steric constraints associated with the electrophilic carbonyl moiety tend
to play a minor role.’®**?® The observed stereochemistry can usually be interpreted in terms of a
chair-like transition state. These principles are summarized in Scheme 90, 4! %421

Thus, the E-enolate would be expected to give the ancar (threo) product as the transition state
44 has less serious steric interactions than 45.4?2 However, in many cases, the preferred transition
state may not be a chair, or the energy difference between the two pathways is very small.*!¥423
The use of chiral auxiliaries allows ‘double’ asymmetric induction if a matched pair is utilized. 424

In some of the early studies it was found that a large alkyl group in the nucleophilic moiety

9 The nomenclature of Carey has been used throughout this section. This includes syncar and ancat, where substituents
are compared by steric bulk for a molecule written in the extended zigzag conformation. When like substituents are on the
same side of the molecule, the relative configuration is syncat, and on the opposite side, ancat (ref. 13).

9 Both theoretical and experimental studies to determine how these variables influence the stereochemical outcome of
the reaction are being performed. See, for example, ref. 419.
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Scheme 90.

affords good stereoselection (Scheme 91).422#42* Silicon can also play the role of a large group, as
in acylsilanes (cf. Scheme 59).42¢

2 LOA o 0 OH O
1. . HslOg, MeOH /H)k
- ’ R OH
2. RCHO
OTMS OTMS

Scheme 91.

The use of a metal counterion, such as lithium or magnesium, which can form a chelate does
offer selectivity through the use of either Anh—Felkin or chelation-controlled additions.*?” The use
of titanium can also prove useful,*?® and if chiral ligands are present then an enantioselective
transformation becomes available (vide infra).

Boron enolates have been used extensively to control the stereochemistry during an aldol
reaction. Boron’s small size does not allow coordination to other oxygen atoms present within the
reaction parameters. In addition to high selectivity (Scheme 92),%2%+42 4 reversal of that seen with
a lithium counterion can also be observed. *%422430

OBBN- o
= N
O =Y
. TEOMSO %) - 1. HF, MeCN
MeO,C” ™" CHO  hexane 2. NalO,, MeOH
M,
- OH
o
OTBDMS
85%
(40:1 ds)
Scheme 92.

In early studies, alkylboranes were added to preformed lithium enolates to generate the boron
enolate.*3! This technique has been superseded by treatment of the ketone with an appropriately
substituted borane in the presence of base, as this allows the use of a chiral borane, but other
approaches are available. 330422432 A gyijtable choice of chiral reagent overcomes the low selectivity
associated with mismatched pairs.*3* Indeed, some very high enantioselectivities have been observed
(Scheme 93).43°
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Scheme 93.

In addition to lithium and boron, many other metals have been proposed to control the stereo-
selection of the aldol reaction.'"?%4!5¢4!¥ Titanium enolates are proving very successful, especially
when used in conjunction with a chiral auxiliary.*** High stereoselectivity can be achieved by use
of a chiral auxiliary, which can then be removed by subsequent operations (e.g. Scheme

92),338#:3490.435 Chiral auxiliaries can also be used as ligands (Scheme 94), or as part of the substrate
(Scheme 95).43¢

1. LDA, Et,0, -78° OH O
MeCO;Bu-t 2 /_\)L
z () R OBu-t
(P 74-99%
LT (90-96% o)
RO~ I‘QR'
o 3. RCHO
where ROH = ><
o7l o
OH
0
03(
Scheme 94.
- OH
1. LDA J_cosut
tBu0C” 0 Ph T uecne i
3. Hy, PA(OH), OH
Scheme 95.

The addition of an acetic acid equivalent to aldehydes can be achieved with a high degree of
stereoselection through the use of (R)-2-acetoxy-1,2,2-triphenylethyl acetate (46),*” in turn avail-

able from (R)-mandelic acid (Scheme 96).4%® The (R)-reagent adds to the aldehyde predominately
from the Re-face. The corresponding (S)-reagent gives Si-face attack.*'"

i _ 1. 2equvlDA fPh NaOH H
/u\ T2 M, MgX,

3. RCHO :

IIO
no
o

;

OH

Scheme 96.

With aldehydes containing a chiral centre, the problem of mismatched pairs can arise ; when the
facial selectivity works in opposition, a smaller diastereomeric excess is obtained.* The selectivity

can still be high, however, with f-alkoxy aldehydes (Scheme 97).4'¥ This chiral auxiliary has been
used with a-amino aldehydes with respectable diastereoselectivity.**®
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Scheme 97.

The use of a chiral base (cf. Section 3.4.3.2) can provide reasonable enantioselectivity (Scheme
98).440

Ph
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(:/—L_i( Cehiy

- hed

2. TMEDA o OH
3. Buli
4. R%CHO

Scheme 98.

)=O

R'”

This type of approach allows for the preparation of contiguous asymmetric centres.**!

Special mention must be made of 2-oxazolines, which provide routes to f-hydroxy and g-alkoxy
acids. Although the enantiomeric excesses are usually not high (ca 20-25%),**? the adducts are
useful precursors to 1,4-addition methodology (Section 4.8).363*443 Indeed, many of the chiral
auxiliaries used for the a-alkylation of carbonyl compounds, such as hydrazones, have been used
to effect stereoselective aldol reactions to varying degrees of success. ***

The use of chiral catalysts to bring about an asymmetric aldol reaction was exploited in a
synthesis of erythromycin (Scheme 99).%%¢ Use of L-proline gave racemic products, whereas
D-proline led to good asymmetric induction, an example of double asymmetric induction.

H H H s
SJS D-proline 5JsS SJ
H +
i H ™ H
o o L
OBn

o o 0Bn OBn

210,445

Scheme 99.

Removal of the sulphur atoms provided the acyclic aldol product.*46+446#447
Condensation of chiral esters with aldehydes usually results in low levels of asymmetric
induction.**® Incorporation of a chiral sulphoxide, however, as a chiral auxiliary allows for the

synthesis of f-hydroxy acids in good chemical and optical yields (Scheme 100),44°
0 OH
1 1. t-BuMgBr, THF Al-Hg OH
Toltg S\ 001 2. R'R%CO RAQJYCOZBM RAQ‘V'\/COZB“"
Tol\‘.‘js*o
Scheme 100.

An alternative approach is to use an acetyl iron complex, as this provides for high induction
(cf. Scheme 73).4°°

Nitrogen analogues of carbonyl compounds have been utilized to effect the equivalent of aldol
reactions,>%3#*>! as have thionium ions.*>?

The Reformatsky reaction is closely related to the aldol reaction.**? Indeed, diastereoselectivity
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can also be observed with zinc enolate addition to carbonyl compounds. *21#4334434 The Reformatsky
reaction with imines has been studied extensively as f-lactams are the result of this condensation.*>’
Asymmetric induction occurs if the reaction is conducted with ketones or imines in the presence of
a chelation agent, such as sparteine,*>® or if a chiral ester is incorporated.**” The use of acetals with
a Reformatsky reagent, in the presence of a Lewis acid catalyst, again allows for enantioselectivity
(Scheme 101).4%8

ad N~ on
r7 BrZnCH,COLE 1. PCC, CH Gl 2
3
gl TiCly, CHoCly, -80° Oﬁ-““\cogEt 2. Basic resin RN\~ COE
R R
70-82%
ds=2.4-4.2:4
Scheme 101.

In addition to zinc enolates, other metal enolates react with imines to provide f-aminocarbonyl
compounds (cf. Section 3.4.3.1) or f-lactams.*>**43? Samarium has been found to be useful for the
intramolecular version of the Reformatsky reaction.*¢?

Silyl enol ethers react, with Lewis acid catalysis, with carbonyl compounds or acetals (the
Mukaiyama reaction) to afford aldol-type products (Scheme 102).303%4582:461 Indeed, silyl enol
ethers often provide excellent diastereofacial selectivity with aldehydes to afford the Anh—Felkin
product.*27#427 Stereoselectivity can arise from the stereochemical requirements of one of the
reactants, such as the acetal structure,*¢? the silyl enol ether,2*%¢4¢3 or from the incorporation of a
chiral ligand into the catalyst.*®* Oxazolidines provide an alternative to acetals for this type of
approach.*®® The stereoselection is not, however, high across a broad range of substrates. The silyl
enol ether approach can be extended to silyl ketene acetals where the additional alkoxy moiety is a
useful handle for the incorporation of a chiral unit.*¢¢

/HI OTMS W

TiCls, CHoClp 0 (o]
07 "o + 4)\ o
/K/I - HO
"y
89%
(97:3)

Scheme 102.

4.3. Synthesis of allyl alcohols
Many of the reactions discussed in the following sections rely on the availability of just one
stereoisomer of an allyl alcohol.

1. PhyP=CHCHO, PhMe 0>L 0
OH
2. TsOH
3. Dibal S
%i -
cH
5 CHO
N om
1. PhgP=CHCH(OEH),, THF 5 \U
2. TsOH

3. Dibal

Scheme 103.
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The use of a stabilized phosphorus ylid, followed by reduction of the carbonyl moiety has been
a favoured approach for the preparation of precursors for the Sharpless epoxidation (Section 4.5)
(Scheme 103).%%” The ester analogue of this reaction has also been used, *?#4%® while a Wittig reaction
on an a-hydroxycarbonyl compound provides another variant.*%® The Wittig approach also allows
for the introduction of a carbon atom prior to the elimination of the phosphorus (Scheme 104).47°

OH
1. Buli
R Pephy B /E./R'
2. R'CHO R
3. s-Buli
4. (CHO),
Scheme 104.

The condensation of a §-silylphosphorus ylid with an aldehyde provides a selective synthesis of
allyl alcohols as a result of Anh—Felkin control.!®> The phosphorus moiety does not have to be
eliminated in the initial condensation step (Scheme 105).47!

(':I) 8 OH
thPYCHo R°CHO PhyP. R? NaH R? \[/Yﬂa
A2 VoCla(THF)glAZACl] o, 4%, o R'  OH
Scheme 105.

Many other strategies can be envisioned for the preparation of allyl alcohols, '** such as: the

reduction of a propargyl alcohol;*’* addition of an organometallic species to an appropriately
substituted acetylene;*’* a carbonyl condensation (Scheme 106) ;24343092474 or conversion of a
silyl group to hydroxy (Section 4.12.2).*7® The Evans rearrangement also provides some useful

methodology (Section 4.3.1).*7¢
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\ g 1. LDA PhCH O R BuLi
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Scheme 106.

Reduction of an acetylene by a variety of metal hydrides generates a vinyl nucleophilic species
which can then be treated with a carbonyl compound.*”’

Epoxides can be converted to allyl alcohols by sequential treatment with an electrophilic silicon
reagent then a non-nucleophilic base.*’® An appropriate nucleophile or base can also be used to
open an epoxide to afford allyl alcohols (e.g. Scheme 107).47°

)

R!__SO,Ph 1. Buli R R
R? 2 o] R2  OTMS
™S R
Scheme 107.

Chloromethyl epoxides provide allyl alcohols upon treatment with telluride ion.**° Allyl alcohols
are also available through reductive elimination of f,y-epoxysulphones,*®! or palladium-catalyzed
opening of a vinylepoxide. *%?
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Allylic oxidation of an alkene provides a useful entry to allyl alcohols.*** The most commonly
used reagent is selenium dioxide. *3*

4.3.1. Evans’ rearrangement and related reactions.*®® Treatment of an allyl alcohol with a base
followed by arylsulphenyl chloride produces an allyl sulphoxide.**® The overall reaction involves a
[2,3]-sigmatropic rearrangement which can be driven in the opposite direction by the addition of a
thiophile, such as trimethylphosphite (Scheme 108).4%” This strategy allows the chemistry of an allyl
phenyl sulphoxide to be exploited before the allyl alcohol is unmasked.*’°+48¢ As the sigmatropic
rearrangement is concerted, stereochemical transfer can be achieved.*®®

Rl R¢ {MeO)gP R! R
R2 A R3
SOAr R R*  OH
t 1. R l
2. AISCI
Scheme 108.

4.4. Epoxidation of allyl alcohols

The procedure for the asymmetric epoxidation of allyl alcohols has, in many respects, revo-
lutionalized organic synthetic methodology. Very high asymmetric induction is observed with a
wide range of substrates, allowing a chemical reaction to compete with an enzymatic process both
in terms of chemical and optical yields. Several classes of reagents, mainly based on peroxy acids,
vanadium and molybdenum, have been utilized to perform stereoselective oxidations of allyl alcohols
in addition to the Sharpless titanium methodology.22%445

4.4.1. Peroxy acid oxidations of allyl alcohols.*** Peroxy acids, such as m-chloroperoxybenzoic
acid (MCPBA), when reacted with an allyl alcohol show a weak preference for formation of the
parf-isomer of the product epoxide.**° These observations have been interpreted in terms of complex
formation between the peroxy acid and the allyl alcohol, in which a dihedral angle of 120° is
preferred. In consequence, the rotamer 47 is preferred over the alternative 48 (Fig. 8).

OH
H A/t
R2 @#R‘ R? ‘@:{R‘
R3 R3
R? H
OH

47 48
Fig. 8.

When the a-substituent is large (e.g. R?> = SiMe;) then epoxidation with MCPBA can be stereo-
specific for the formation of the pref-isomer as the bulky substituent makes the rotamer 48 more
favourable (Scheme 109).4°! As a silyl group can undergo protiodesilylation in the presence of the
fluoride ion, this approach is an extremely powerful tool for the preparation of 2,3-epoxy alcohols
of defined relative stereochemistry.

OH OH OH
MCPBA QQJ _ME o~
3 n Y
BnO ‘ CH:Clz BnO DME 1
SiMe, a7 SiMe; 92%
Scheme 109.

A systematic study for p-nitroperoxybenzoic acid with various allyl alcohols also showed that
the hydroxy group had a strong directing effect. The effect was lost when the allyl acetate was used
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in place of the alcohol. Stereoselectivity was compromised by the presence of a large group jux-
taposed to the hydroxy group, or on the a-alkene carbon atom. f-Alkene substituents, however,
allowed differentiation, particularly when that substituent was cis to the hydroxy moiety ; these
effects are very similar when MCPBA is the reagent.**%*°!%492 The use of silyl ethers promotes
formation of the ancat-isomer.**’

When a large substituent is present in the f-Z-position, then a large preference is shown for the
rotamer 47, and hence formation of the parf-product.*®*

In addition to the model just described, others have been put forward to predict the ster-
eochemical outcome of an oxidation.?2%42324492::495 They are summarized in Fig. 9, which is con-

sistent with ab initio calculations,’® but none of these models differ significantly in their product
prediction.

0"

OH

2 g
R KON A
R1
s L
where S = a small substituent

L =a large substituent
Fig. 9.

The heavy dependence of the resultant stereochemistry upon the substituents of an allyl alcohol
have made metal-mediated oxidations preferable to the use of peroxy acids.?*% Despite this
drawback, peroxy acid oxidation of allyl alcohols can sometimes provide a workable alternative to
give isomers of epoxy alcohols which are not readily available by a Sharpless epoxidation procedure
(Scheme 110).4*»*°¢ Thus, the methodology has been used in the preparation of higher carbon sugar
derivatives."*° In cyclic cases, conformation considerations of the ring system usually results in
high stereospecificity.*®®

z 1. PhyP, CBrg, CH,Cl . OH
B20~cHo 2. MeLi, THF, -76° szo\/s\/r
3. CICOMe, THF v

4. Hy, Pd-CaCOs, quinoline, CgH4
5. Dibal, CH;Cl,, PhMe, -78°

MCPBA
i Me;Culi, Et,0, -20°
Bzo\/YL/OH \ on
OH BzO \/\<(
95% (o]
_od H,CCHMgBr, Cul 97%

H $ E1,0, -20°
BZO\/'Y'\/
OH
90%
Scheme 110.

Protection of the hydroxy group can still lead to selective oxidation through the cis-addition of
the oxygen, as observed with simple alkenes (Section 3.3.1).4%°
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Introduction of a second group which can also complex with the incoming peroxy acid can lead
to high stereoselection (Scheme 110). The selectivity has been attributed to the preferred con-
formation 49, as opposed to the conformers 50 and 51 (Fig. 10), thus this a variant of Houk’s

rule. 6%
o CHZOH CHZOH
20CH® H® CHzoBz

Fig. 10.

49

The stereoselection is good for peroxy acid oxidation with functionalized allyl alcohols.***

4.4.2. Other oxidations of allyl alcohols. The problems associated with peroxy acid oxidation of
an allyl alcohol and its susceptibility to substituent effects, have led to the development-of other
oxidation systems, particularly ones that involve metals.**! This work has culminated in Sharpless’
method, but other metals, such as vanadium, tungsten and molybdenum, do afford some
selectivity,2326:490.4914.492¢,497.498.500 The preferred conformations for vanadium-catalyzed oxida-

tions are shown in Fig, 11,490.491a:495¢

ov R
R R4
2 S R¢
" ‘\@:\Ra Re .
o H ov R3
leads to parf product leads to pref product

Fig. 11.

As with peroxy acid oxidations, the use of the bulky trimethylsilyl group allows high selectivity
(Scheme 11 1)‘49 12,494,501

SiMey SiMe, H
- VO -
n-CsHy, \/k‘(‘: (acac), n-CsHqq \<*\(H F n-Cehyq \<*YH
t-BuOzH
OH z ° 0.::0 o O:?
Scheme 111.

The use of chiral ligands with molybdenum, vanadium or aluminium systems gave only modest
asymmetric induction.*°? The ability to control relative stereochemistry does, however, provide an
excellent method for asymmetric synthesis if a chiral allyl alcohol is the substrate (Scheme 44).76%-238

In addition to allyl alcohols, allylic amides are suitable substrates for oxidation by mol-
ybdenum.*¢” Intramolecular epoxidations with hydroperoxides did not provide high asymmetric
induction.’®3

Osmium oxidizes allyl alcohols to affords a triol. An empirical rule has been advanced, where

the reagent approaches from the face opposite to the pre-existing oxygen functionality (Fig. 12).°%¢
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Fig. 12.

Although the hydroxy group may be protected, the presence of an acyl group reduces stereo-
selectivity ; cis-olefins provide a better selection than do their frans counterparts.’**>% It should be
noted that this is one empirical rule and other variants exist,>® which will no doubt be modified as
our understanding of the osmylation reaction expands.
4.5. Sharpless epoxidation*****'-3%7

One of the major advantages of the titanium asymmetric epoxidation is the simplicity with which
the stereochemical outcome of the reaction can be predicted.’°® The other powerful feature is the
ability to change this selectivity to the other isomer by simple means (see Fig. 13).>%

D-(-)-tartrate

R? R!
/ 1-BuOH, TI(OPr-i),
o
(]
R OH Cchlz, 20 R3 OH
70-87%
>90% ee
&
L-(+)-tantrate
Fig. 13.

In addition to having commercially available ingredients, the reaction is promiscuous and
proceeds in good chemical yield with excellent enantiomeric excesses. The reaction, however, does
suffer when bulky substituents are cis to the hydroxymethyl functionality (R' in Fig. 13). For
prochiral alcohols, the absolute stereochemistry of the transformation is predictable, while for a
chiral alcohol, the diastereofacial selectivity of the reagent is often sufficient to override those
preferences inherent in the substrate. When the chiral atom is in the E-$-position of the allyt alcohol
(R? in Fig. 13), then the epoxidation can be controlled to access either diastereoface of the alkene.
In contrast, when the chirality is at either the Z-B- or a-position (R' or R? in Fig. 13), the process
is likely to give selective access of the reagent from only one of the two diastereotopic faces.>***>!?

The introduction of a tert-butyl group at each of the possible positions in the allyl alcohols
resulted in no deviation from the principles outlined in Table 2.°'' Many examples of substrates for
the epoxidation protocol are known.*'? Even the prochiral divinylcarbinol undergoes epoxidation
with high diastereo- and enantio-selectivity. '345!3
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Table 2.
Selectivity of the Sharpless Epoxidation Procedure.

Bulky substituents Z-p to the CHZOH group are deleterious.

High optical purities usually resuit.

Absolute stereochemistry is predictable for prochiral alcohols (see Figure 13).

The procedure can be used for the kinetic resolution of a secondary alcohol.

When a chiral atom is attached to the alkene moiety in the E-p-position, the epoxidation process can access either
diastereoface selectively.

When a chiral atom is attached to the alkene moiety in either the Z-B-position or the a-position, then it is likely that only
selective approach to one face will be observed (Scheme 112).

An improved work-up procedure increases the yield for allyl alcohols containing a small number
of carbon atoms.*'* The reaction time has been reduced dramatically by the addition of calcium
hydride, silica gel or montmorillonite catalysts.®'® Furthermore, less reactive substrates provide the
epoxide readily.’'® The structure of the titanium—tartrate derivatives has been determined,’'%>!”
and is in accord with a frontier orbital interpretation.’'® Based on these observations, and the
reaction selectivity, a mechanistic explanation has been proposed (Scheme 112).°'® The complex
(52) contains a chiral titanium atom through the appendant tartrate ligands. The intramolecular
hydrogen bond ensures that internal epoxidation is only favoured at one face of the allyl alcohol.
This explanation is in accord with the experimental observations that substrates with an a-substituent
(b = alkyl; a = alkyl or hydrogen) react much more slowly than when this position is not substituted
(b = hydrogen).

0

RO o H OH

RO  Hmn, |—<H >=<_-
ROu, | O, | 0 Rl H
O/T'\o/ ";=°R t-BuOoH
H | oof'\oﬂ

H Sor .

RO \o

Scheme 112.

Use of dichlorotitanium diisopropoxide in a 2 : 1 ratio in place of the tetraisopropoxide reverses
the enantioselectivity (Scheme 113). The use of the more hindered tetrabutoxide gives higher yields
in this series.*2°

The use of tartamides can also reverse the observed selectivity.’'?* This has been rationalized in
terms of the conformational disparity between the amides and esters.*?!

Despite the widespread use of this asymmetric epoxidation procedure, some care must still be
exercised in the choice of substrate, and not only from the standpoint of ensuring good stereo-
chemical selection. Subsequent reactions of the resultant epoxide, particularly intramolecular ones,
must be considered.’*?
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cl
2TiCI,(OPr-i), OH
)k/ on DET, TBHP, 0° OH
n—.C“Hzg (+)' ET, , 0 n_c"st 767
(73% o6)
Ti(OBu-t) HO'

(+)-DET, TBHP, -20°

-

o R/OH
J{/OH n-Cy4Hz9

1-Cy4Hzg

Scheme 113.

The power of the Sharpless epoxidation method is augmented by the versatility of the resultant
2,3-epoxy alcohols (Section 4.6).

4.5.1. Kinetic resolution with the Sharpless epoxidation procedure. The ability of the Sharpless
epoxidation catalyst to differentiate between the two enantiomers of an asymmetric allyl alcohol
affords a powerful synthetic tool to obtain optically pure materials through kinetic resolution.*?
As the procedure relies on one enantiomer of a secondary allyl alcohol undergoing epoxidation at
a much faster rate than its antipode, reactions are usually run to 50-55% completion.*** In this
way, resolution can often be impressive.' 31325 An increase in steric bulk at the olefin terminus
increases the rate of reaction, 2326

This resolution method has been used to resolve furfuryl alcohols,”*” allyl propargyl alcohols
and silylallyl alcohols,*?® and has also been used to determine the absolute configuration of cyclic
alkenes.’?° Racemic f-hydroxyamines and furfurylamines undergo kinetic resolution through N-
oxide formation, by use of Sharpless’ conditions. !

The resultant epoxy alcohols from this oxidation procedure can be used for a wide variety of
transformations (Section 4.6), including an alcohol transposition (Scheme 114).°*2

527 528

R‘l
H‘
| .. TEHP.mDeT o 1 Ms0.py A1 OH
N DMAP,CHC), R2

OH 2 2. Te, NaBH,, DMF

OH
41%
Scheme 114.

509,533

4.6. Reactions of 2,3-epoxy alcohols

As noted earlier, one reason for the powerful nature of the Sharpless epoxidation is the ability
of the resultant epoxy alcohols to undergo regio- and stereo-selective reaction with nucleophiles.*°%
Methodologies have been developed to allow selective attack at any one of the three possible sites. Of
course, epoxides derived from carbohydrates are also epoxy alcohol derivatives. However, the
chemistry of these epoxides is often determined by their ring size and conformation, and the presence
of participating neighbouring groups. Because of the large number of variables, discussion of these
reactions has been omitted. %

A key reaction of 2,3-epoxy alcohols is the Payne rearrangement, an isomerization that produces
an equilibrium mixture. This rearrangement then allows for the selective reaction with a nucleophile
at the most reactive, primary position (Scheme 115).5°°*53% Reactions of a wide variety of nucleo-
philes with epoxy alcohols are summarized in Table 3.
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o HO OH Ny )\/\
rL~on R)\(qé RO Y N
o OH
where Nu = nucleophile
Scheme 115.
Table 3.
Examples of Reactions of Epoxyalc:t:)holsAa
Reactant Primary  References Reactant Primary  References
Product® Product?

PhSNa 1 467a,536 RMgBr,CuBr 1

2 536b RoCuli 2 42a,468e,551
PhSH 3 537 3 548b
KCN 3 536c RoMg 3 548b
NH, 3 536,538 LiAIH,, 2 552
NaN, 1 136b,536b,539 Red-Al 2 102b,468c,552,

3 536c,540 563

2 54 Dibal 3 548a,553
HONa 1 467a,513b,535 LiBH,, Lewis acid 3 554
RCOLH 3 5360537,542 Li.NH, THF +-BuOH' 2 555
NH,,C1,Ti{OPr-) 4" 3 543 RuCl,,NalO, 19 556
X, Ti(OPr),8 3 544 1. Swern, 2. NaCIO, 19 557
RNCO® 1 545 Cr04 2pyr 1" 558
Tscl® 1 548 Swern 1" 559
RX,base® 1 134,547 PhyP.CO1,° 1 560

e

RAl 3 548 PhyP.Znl, 1 561
RL 1 549
2 The ions in ity are due to changes in reaction conditions. b This Table indicates the major reaction pathway. The carbon atom (or oxygen

atom) at which atlack occurs is noted, the original hydroxyl group being labelied 1. Ca silyl group must be present at C-2. = The halogen is the nucleophile.
° The reagent is an electrophile, reaction occurs at oxygen. ' The oxygen must be protected as the triisopropylsilyl ether. 9The primary alcohol is oxidised
10 the corresponding carboxylic acid. ~ The primary alcohol is oxidised 1o Ihe corresponding akdehyde.

The configuration of the hydroxy group in a 2,3-epoxy alcohol can be inverted by use of
Mitsunobu conditions (Section 2.4.1).5? This approach has been exploited to provide the parf-2,3-
epoxy alcohol, which is not readily available by a Sharpless protocol (Scheme 116).%42

OH
NaH, CH,Cl o
¢ 1. PhGOH \/V\/ 22 | R 4]
R OTs
R\'>\/°H THOPr), Y DMSO H
2. TsCl, pyr OCOPh OCOPh
1. Dibal
2. HO
O NaOMe, THF
o 0
R\‘/<] 1. PhaP, DEAD, PhCOzH, CHsCla “\_/<I
OH 2. NaOMe, THF OH
Scheme 116.

Reaction of divinylcarbinol with the (+)-diethyl tartrate version of the Sharpless reagent
afforded the epoxide 53. Ring opening at pH 3-4 provided the triol 54 selectively. In contrast,
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treatment of the same epoxide with strong base provided the enantiomeric triol 55 as the major
isomer by a double inversion (Scheme 117).%'%

OH OH
My Hz0 i
£
\/Y(]) H34 L
53 °
60°, 18h 54
KOH, H,0, dioxan,
100°, 16h
o OH OH
el !
2
HO" OH OH
55
Scheme [17.

Under Payne rearrangement conditions, sodium ¢-butylthiolate provides 1-z-butylthio-2,3-diols
with very high regioselectivity. The selectivity is, however, affected by many factors including
reaction temperature, base concentration, and the rate of addition of the thiol. These sulphides can
then be converted to the 2,3-epoxy alcohols, which in turn react with a wide variety of nucleophiles
specifically at the 1-position (Scheme 118). This methodology circumvents the problems associated
with the instability of many nucleophiles under ‘Payne’ conditions. %’

OH
0 t-BuOH, Hy0, NaOH /k/\
R/<l/\0H 1-BuSH R SBu-t

H

O

1._Me4OBF,, CH.Cl» Nu

2. NaH

[ |
g-g

Qme
I

Nu

Scheme 118.

An alternative strategy to the 2,3-epoxy alcohols is illustrated in Scheme 119. Under basic
conditions, the 2,3-epoxy-1-sulphonate esters usually react through selective displacement of the
sulphonate moiety, rather than through epoxide opening (Scheme 120).238-3466.564 \Jnder acidic

conditions, the reaction is regioselective for ring opening at C-3. Mild base treatment then provides
the terminal epoxide.’®’

OH OH
"0 1. TsCl, pyr NazCOs
2™ on A _oTs MeOH
2. HCIO,, - £
Ho0, THF, Ho oY
A

87%

Scheme 119.
. ’
w (+)DET, TiOPr)y  Oa| oy 1. TsCl oXl
TBHP 2. (n-CgHyg)CuLi
2. 3,5-(02N)2CeHiCOC! 65% 5520 oGl 69%
3. K;COq, MeOH

Scheme 120.
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The tosylates derived from 2,3-epoxy alcohols can be displaced by halide with inversion of
configuration at C-1. The allyl alcohol can then be generated by further treatment with zinc or
trialkylstannate (Scheme 121) (cf. Scheme 114).°*% The epoxychloride can also be used to give
chiral propargyl alcohols (Scheme 122).3%

OTs |
Fl;: o} s{;:H Nal, Me;,CO R‘i 0 &t Zn
R3 ]

A
OH H
A2,

R H
Scheme 121.

1. PhgP, CCla, NaHCO,  Ria s
OH 5 LiNH,, NH,, R
or LDA, THF
Scheme 122.

R3 H

R

The Sharpless’ kinetic resolution provides a number of other routes to optically active propargyl
alcohols through y-iodoallyl alcohols.*¢¢

Protected glycerol units are extremely useful for the preparation of many natural products. To
achieve selective protection in glycerol nucleophilic substitution of sulphonate is a common
approach, this is now augmented by the ring opening of an epoxysulphonate by an alcohol (Scheme
123).°¢7

o) ROH OH
[N 080;Tol —nom Ro\)\/OSOzToI
Scheme 123.

The mesylates or m-nitrobenzenesulphonates derived from 2,3-epoxy alcohols react with higher
order cuprates at the least hindered epoxide centre.*®**%® The resultant alkoxymesylate does not
ring close to the epoxide at — 78°C, allowing stepwise reactions (Scheme 124).79%

OMs %JMS

: HOQ A
Bu,Cu(CN)Li,
——
2 BF3.0Et,, THF, -78°
o)
BuL BuzCu(CN)Liz HO,
THF BF3.0Et,, THF, -78°

Scheme 124.

57% overall

An azide can be introduced at C-1 into a 2,3-epoxy alcohol under Payne rearrangement
conditions.>*® Amines can be used as nucleophiles under Payne rearrangement conditions, provided
excess is employed to overcome the regiochemical problems associated with the inherently slow
reaction. However, attack at C-2 or C-3 can still be the preferred mode, and is dependent upon the
substrate’s structure, >4%-363

The use of cyanide as the nucleophile allows a variety of functional groups to be formed from
the adduct (e.g. Scheme 125).4°%



Synthesis of carbohydrate derivatives 2855

H O H
(+)-DET, TBHP, Ti(OPr-i)s }( \F
sro—  \—on 8n0 o
HO,
NaCN, H,0, EtOH 1. H,0 y
———————re .
" “oH 2. -H0 ™ No” o
OBn OBn
Scheme 125.

With good nucleophiles, under relatively mild conditions, 2,3-epoxy alcohols will undergo
epoxide ring opening at C-2 or C-3. In simple cases, nucleophilic attack at C-3 is the preferred mode
of reaction. However, as the steric congestion at C-3 is increased, or if substituents play a significant
electronic role, attack at C-2 can predominate.’?%

2,3-Epoxy alcohols react cleanly with isocyanates to provide the corresponding urethanes, which
can then cyclize under basic conditions (Scheme 126). The same transformation could also be

O
o BnNCO NHBn
H NEt;, CH.Cl,
BnNCO, NaH, THF A
NaH, THF

O (o]

o
R OH LIOH, EtOH, H,0 H Y o + in some cases NBn

NHBn B"N\( R
o OH
56
Scheme 126.

achieved as a one pot reaction. The resultant isoxazolidinones 56 are cleanly opened by lithium
hydroxide to afford 2-amino-1,3-diols.*®® This methodology has been used for the preparation of
B-hydroxy-a-N-methylamino acids.’*> In contrast, acid treatment of the unsubstituted carbamate
(87) afforded a mixture of cyclic carbonates (Scheme 127).54%

/K/\/ly\ )OL

(e} NH,
)\/\/ly\OH 2
o 0

1. CLCCONCO, CH,Cl,

2. AlOy
57
X
o~ o
BF,. OEty, Et,0 4 + WO & o]
or HCIO4, Hz0, 0
dioxan OH (17%) o}
(70%)

Scheme 127.

The intramolecular cyclization of the carbonate 58, does proceed as expected (Scheme 128).468¢379

3 Lo

Aoy

58

oA NP

Qe
I

Scheme 128.
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The presence of titanium tetraisopropoxide in the nucleophilic opening of 2,3-epoxy alcohols
leads, not only to a marked increase in the reaction rate, but also to an increase in the regioselectivity
for attack at C-3 with a wide range of nucleophiles.*3>"!

In addition to the reactions with sulphur and nitrogen nucleophiles, regioselective reduction of
an epoxy alcohol can be accomplished by sodium bis(methoxyethoxy)aluminium hydride (Red-
Al).>*? Thus, this methodology can be used for a stereoselective synthesis of 1,3-diols, and has been
extended to more complex systems (e.g. Scheme 129),332372

OBn

OBn TIOPr)y (\A(')/\ Red-Al, THF OH OH
——- [ ——
_E/\/\ QDETTBHP, £ oM Bno\)\/k/\OH
or OH oo, -20° 70% 5%
{ds >100:1) (ds >50:1)
Scheme 129.

Complimentary to this methodology, epoxy alcohols undergo reaction at the 3-position with
concomitant inversion of configuration when treated with organoaluminium reagents, including
diisopropylaluminium hydride®*® and alkylaluminates.**% The reaction of trialkylaluminates is
catalyzed by butyllithium or lithium methoxide and proceeds best in hydrocarbon solvents when
the hydroxy group is protected as the benzyl ether.>”* This provides a method for the stereoselective
synthesis of 1,2-diols (cf. Section 3.2).

Reduction of a 1,2-epoxy-3-ol protected as the ethoxyethyl ether, with lithium aluminium hydride
proceeds by attack at C-1 and formation of a 2,3-diol, >%%* whereas attack at C-2 has been observed
for a free alcohol.*%

An alternative method for the reduction of 2,3-epoxy alcohols to 1,2-diols through regioselective
delivery of hydride at C-3 can be achieved by use of lithium borohydride in the presence of titanium
tetraisopropoxide with benzene as solvent.>**

Epoxide opening with organocuprates is both regio- and sterco-selective, and affords the sub-
stituted 1,3-diol (Scheme 110).42#468«551a.5516 Hawever, when the 2,3-epoxy alcohol is not branched
at C-4, cuprate epoxide ring opening may not be regioselective. This problem has been overcome,
to a certain degree, by the use of higher order cuprates; the preferred mode of attack is once again
at C-2.%%1

The expected mode of attack, that is at the least substituted position of the epoxide, can be
achieved with a wide range of nucleophiles if the hydroxy group of the epoxy alcohol is protected
as an ether (Scheme 130).%74

MeO,CCCLi
BnO/\7 2 Bno/\/\
BF3.0Et, CO;Me

o OH
Scheme 130.

The 1,2-epoxy alcohols do react, as expected, with organometallic reagents at the primary
position of the epoxide.’*® This aspect illustrates the importance of the isomerizations of epoxy
alcohols (Schemes 118 and 119).

2,3-Epoxy alcohols can be oxidized to the corresponding epoxy acids by treatment with
ruthenium chloride in the presence of sodium periodate.’’% The analogous transformation to the
aldehyde can be performed by use of Swern oxidation conditions. %%

The coupling of two reactions, namely the regioselective opening of a 2,3-epoxy alcohol by
benzoate followed by ruthenium oxidation, allows for the enantioselective preparation of a-hydroxy
acids.’?*

Protection of the hydroxy function in a 2,3-epoxy alcohol can have a significant effect on the
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regiochemical outcome of a reaction. Acid catalysis during the ring opening of the «,f-epoxy ether
59 led to nucleophilic attack at the a-position, as evidenced by the inversion of stereochemistry at
this centre (Scheme 131).%4757°

—e A F NaH. THF —3{3{‘_ Ma:CO, BF5.OFt, o><o
\ —_—— 0Bz
HIL\_ oM BzBr H 0Bz \ﬁ/
59
Scheme 131.

Reaction of the silyl ether of an epoxy alcohol with the hindered aluminium reagent 60 leads to
rearrangement and formation of the optically active B-siloxy aldehydes (Scheme 132).°7¢

Br [oXge} Br
)
OSiMe,Bu-t
/'\/\){Q/\ 5 /,\/\j(
= 0SiMe,Bu-t

.
CHCl, -78° CHO

Scheme 132.

Finally, notwithstanding their amenability to ring opening, epoxides are relatively stable entities
and, with care, can survive a number of synthetic sequences.’”’

4.7. Oxidations and reactions of other unsaturated systems

In addition to allyl alcohols, a,f-unsaturated carbonyl systems have also served as substrates
for oxidation reactions. The products can undergo stereoselective reactions that often complement
those observed for their allyl alcohol analogues ;>*' some examples follow.

Epoxidation of enones in the presence of a N-benzylquinine salt may give optically active
epoxides.q°’® Enones have been converted to the corresponding «,8-epoxy ketones with a high degree
of enantioselectivity by a triphasic system.*”® «,f-Epoxycarbonyl compounds are also available by
a chromium-induced oxidative rearrangement of tertiary allyl alcohols.’®® An aldol-type con-
densation with a-halo ketones provides an alternative route to «,8-epoxy ketones. !

Treatment of an epoxy ketone with a selenide nucleophile provides an alternative route to an
aldol-type product (Scheme 133).°82

R, O R? R!
% PhSeNa, EtOH
N
R R3 %m0
(s} o} R3R
Scheme 133.

Although the stereochemistry for epoxidation may be difficult to control, relative stereochemistry
can be controlled through reduction of the carbonyl group (Scheme 134).%%* The observed stereo-

/\"/ TBHP, Triton-B <¢'>\l( Zn(BH,); <h/

o CeHs o Et,0 OH
56% m%
Scheme 134.

9 This result has been questioned. %’
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selection can be rationalized in terms of a chelate model,*** but the conformational model (as
shown in Fig. 14) seems more likely, as the effect of a-substituents can be accounted for.%

RHC—3}—0
N

R Alpha \
P nucleophile

where alpha = alpha substituent

Fig. 14.

The carbonyl group of a,f-epoxy ketones can also be reduced with high stereoselectivity by
sodium borohydride, as long as no a-substituent is present (Scheme 135).49%:584 Use of zinc boro-
hydride circumvents this limitation and results in the pref-isomer (cf. Scheme 134).3%?

NaBH, R! R

g
R~ O R2 ~ OH

Scheme 135.

Oxidation of a,f-unsaturated esters may be achieved with peroxy acid®®*® or dimethyldioxi-
rane.*** Subsequent reaction with ammonia provides the B-amino-a-hydroxy acid.’*®*®’ In
contrast, the epoxide can be opened with hydrazoic acid to provide B-hydroxy-a-amino acids

(Scheme 136),%® or treated with organoaluminates to provide a-hydroxy esters.’%’
o HN o 740
) COLEt 3 H CO.Et 1. BH3.SMa,, NaBH, o 3

- 2 2 CO.Et
£ ds oME oL Y 2. MeC{OMe), :
Ny 3. Pd-C, Hy, EtOAC N,
97% 54%
Scheme 136.

o, f-Unsaturated esters are substrates for the asymmetric dihydroxylation methodology (Section
3.2.1.1) (Scheme 137).5°° The resultant diol can then be used to form a cyclic sulphite, which can
undergo subsequent ring-opening reactions (Section 3.2.2). In addition, the 2,3-dihydroxy esters
can be selectively reacted with arylsulphonyl chlorides at the 2-position. This then allows for epoxide
formation or reaction with an external nucleophile (Scheme 137).°°!

o OH © QAc O
/\)I\ 0504, quinidine cat. HBr, ACOH M
f— 1
R OR KaFa(CNJs, KoCOs, R OR' " (®, R' alkyl) R™ Y "OR
1-BuOH, H,0 OH Br
KoCOjy
ArSO,Ci alon
pyr
o]
(o) oH O Ag)]\
choa &)k R OR1
R 1
‘-_7_
fo) OR! OSOAr
NaNg, DMF
(Ar = p-O2NCgHa)
OH O
R Y TOR!
N

Scheme 137.
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The Darzen condensation is a classical route to o,f-epoxy esters, but stereochemical control is
difficult.***> An alternative procedure is to react the dianion of a f-hydroxy ester with iodine, which
provides the least hindered (frans) product due to control in the condensation step (cf. Section
4.9).%%3

a,B-Epoxy esters are attacked regioselectively by cuprates at C-2 to provide the S-hydroxy
esters,*¢%:3%% Reduction to B-hydroxy esters is available by a magnesium iodide catalyzed epoxide
opening, followed by a tin reduction.***

Lithium -butylhydroperoxide oxidation of «,f-unsaturated esters which contain a chiral
auxiliary in the ester portion can result in considerable asymmetric induction (20-100%).%%°

a,f-Epoxy acids are available by oxidation of the corresponding allyl alcohol with hydrogen
peroxide in the presence of sodium tungstate ; use of chiral amines then allows for resolution.*?¢
The reduction of these epoxides can be regioselective and is influenced by the counterion (Scheme
138).%%7

\__ Hz0, 0 1. NaOH, NaBH, \’ L0\ rcoz”
COM Nawo, \ H0 HO * oH
82% 18%

COh 2. HCl
1. NaOH, LiBr,
NaBH,, H,0 40% 60%
2. HO
Scheme 138.

The epoxides of «,B-unsaturated acids are available from «-halo acids by a variant of the Darzen
condensation.’®® 2,3-Epoxy acids are opened regioselectively by cuprates (Scheme 139).%%°

1 OH
Y XV MexCuLl, Et,0 Al P
H CA 3

Scheme 139.

Conjugated dienes can be oxidized to monoepoxides in good chemical yields in the presence of
molybdenum(VI), but the regioselectivity can be low.?*?” An alternative strategy, the Wittig
condensation with an epoxy aldehyde, does provide the monoepoxide of a conjugated diene stereo-
selectively,®’® and telluride chemistry provides a further alternative.®! These monoepoxides undergo
Sn2’ additions with organocopper reagents (Scheme 140) amongst other nucleophilic reagents.®°2

R!
R:’zCuIJ R
- - R
)\K(\) EL,0 \/H/\ OH
R? R2
Scheme 140.

4.8. Conjugate additions®®*

The addition of a nucleophile to an a,f-unsaturated system involves a question of controlling
facial selectivity.®®* Of course, the problem of 1,2- versus 1,4-addition must also be overcome,'’
and this aspect is often accomplished with a cuprate reagent,®’> although other metals, such as zinc,
have been used. °°® Conjugate addition is usually observed when a ‘soft’, stabilized anion is employed
as the nucleophile (vide infra).®®’

The resultant enolate is formed in a regioselective manner, and can undergo further elaboration,
such as aldol condensations (Section 4.2), or silyl enol ether formation (Section 3.4.3.3).33%:33%.340a
The methodology also allows for the introduction of functionality in both the nucleophilic and
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electrophilic moieties.*%*4%414-698 T cyclic cases, the nucleophilic and electrophilic groups are
introduced in a relative trans-configuration.®°® The methodology does translate to acyclic systems,
provided that a large nucleophile is employed (Scheme 141).5'°

1. Ph{MeS),CLi A

R}
\ 2 vl th)Tcoznz
CoR? MeS” Sme

Scheme 141.

In cyclic systems, facial selectivity can be dictated by steric effects from appendant substituents
(e.g. Scheme 142).5"!

™\
s$__S o OMe
0 OMe

{} EtOZCXLi [¢]

[o]

—_— S :I
Ei0,C s

Scheme 142.

Control in acyclic systems has centred around the use of chiral auxiliaries, for example in
esters (Scheme 143),%!? sultams (Scheme 144),33%:612¢:613 gxazolines (Scheme 145),363¢443b.443c.614
imides,®'> imines,®'>¢'® amides,®'’ enamines,®'® hydrazones,®'® oxazepines,®?° oxazionones,®?!
aminals (Scheme 146)%2? and B-alkoxy sulphones (Scheme 147),'*7* amongst others.3*%623

't o]
o) 1. MGCLI.BF:;, BU3P
2 N HO
. NaOH
[ "
Bu-t
Scheme 143.
O 1. EtAICI, R
MeO,C A
sofN§=\ 2. RPCu.PBu, N R
R 3. MeOMgBr ds = 88-96%

o) 1. RZZCuLi J\(R‘
SRELAT e S
/% 2. NHCl HO.C

—N 3. LiOH, THF R?
S0z ds = 8391%
R1
Scheme 144.
Ph o) Ph +
PRl T
e ——————te
N -78° R— N~ R—$A<—
: ) 3 R L iR

Scheme 145.
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Scheme 146.
R'O  SO,Ph
1. MeLi
2 F R
R'O  SO,Ph
R SiMeg
1. MeLi
R'O
2. PhSeCl
3. Hy0, R COH
Scheme 147.

These systems not only allow for the stereoselective 1,4-addition of an alkyl group to an «,f-

unsaturated system, but also conjugate reductions (Scheme 148).°?* This flexibility can allow for
alternative stereochemistry to be available at the f-position.

1. (s-Bu)sBHLI 0
N*g=¢“2 2. HyO* N o7
— . O
80; H Rt d SO;” H® =R
H H

Scheme 148.

Asymmetric conjugate additions are observed when a chiral sulphoxide is present on the a-

position of the enone. Although most of this work has focused on cyclopentenone derivatives,®?°
examples are available in the acyclic (Scheme 149)62¢

and lactone series.®?” Selectivity is also
observed for simple chiral sulphoxides and sulphoximines.

628
- T n-Bu
SOPh Bu,Cui n-Bu SOPh 1. AkHg "
— —_——— g 2. NaOH H
CO,Me Ei0 CO.Me COMe
Scheme 149.

Conjugate addition to a vinyl sulphone in an asymmetric manner can be achieved in the presence
of an adjacent chiral auxiliary (Scheme 150)°2° or asymmetric centre.**°
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1. AL R
o] H
SiEt, 2. NBusF OHC
s ~ 3. HoX SO,Ph
H 50,Ph
Scheme 150.

With organocuprates, the addition of chiral chelation agents, such as sparteine, results in
only low levels of asymmetric induction.®®*%*! Higher optical yields were obtained with proline
derivatives®®? and chiral copper complexes.®** Chiral ligands for organozinc reagents also allow
asymmetric 1,4-additions. %

Michael additions can be catalyzed by chiral phase transfer catalysts, although optical yields are
variable.?47-63°

Conjugate addition of enolate of methyl dithioacetate provides the pref-isomer, rather than
that predicted by Houk’s rule (Section 4.1). This selectivity has been interpreted in terms of an
intramolecular proton transfer.®*®

A conjugate addition methodology allows functionalization at the a-position of an unsaturated
system through use of a masking group to protect the unsaturation.'”'“%*” Indeed, some enantio-
selectivity has been observed for the addition of thiols to anones.®**”** The nucleophile that
partakes in a conjugate addition can be chiral, such as a sulphoxide,*3*%3 a -hydroxy ester®*? or
an oxazepine.®*! As an alternative, a chiral ligand can be used to provide induction (vide supra).®**

As yet, no universally applicable mode! has been found to predict the stereochemical outcome
of a 1,4-addition, but significant advances are being made in this area.®*’ The use of chiral ligands
with cuprates has led to a transition state proposal for use with cyclic enones.®** Michael addition
is promoted by the presence of a Lewis acid,®*® or a silyl chloride,**®and these experimental results
are providing information about the transition state requirements.®*’

The use of an acetal allows for the introduction of a chiral moiety (e.g. Scheme 151

s “
—\_<0 \ 1. PhCu.BF3 h}(\CHO
)
o E 2. Ac,0, DMAP P H

3. TsOH, Me,CO, H0

).648

Scheme 151.

The self-regeneration of a stereogenic centre provides a powerful method for the preparation of -
hydroxy acids (Scheme 152).646¢4°

OH 1. t-BuCHO, H* o)\o 1. RM HO. o
/k/co H 2. NBS )\/J\ 2 W )i/co H
2 . 3 .

3. Hp, PA-C 0 R 2
Scheme 152.

The use of a nitrogen nucleophile in a Michael addition provides a rapid entry to $-amino acids
(Scheme 153),642#630

Ph’lN'B”
Q G -Bn
/\/lk [ (o)
" 0But THF, -78°

OBu-t

83%
(>99:1 ds)

Scheme 153.
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4.9. Reactions of B-functionalized carbonyl systems*>*

Aldol products, as well as f-dicarbonyl systems, can undergo stereoselective reductions or
alkylations. Thus, these reactions augment those already described.

4.9.1. Reductions.'®’*%%! g-Alkoxycarbonyl compounds are reduced stereoselectively by a careful
choice of reductant and protective group (Scheme 154).%° The observed stereoselection correlates
directly to Anh—Felkin or chelation control, as governed by the relevant variables.®*’

' Zn(BH), Et:0
/J\"/'\/O“ (ds = 25:1)
° /J\‘/'\/
— OH
M 1. Zn(BHg)p, EO OH
COzBu 2. LiAH,, EtO

(o] (ds = 25:1)

1. TrCl, pyr
2. O3, MeOH

3. Me;S
1. TBDMSCI, imid, DMF

o OTr 2. Red-Al, PhMe
HOY
OH
I JYK/OTr
9]

OH
Zn(BH;)2, Et,O
ot (BHy)2, Ety
HO (ds = 25:1)

OH

Scheme 154.

B-Dicarbonyl compounds have been reduced selectively, allowing an alternative to stereoselective

aldol reactions (Scheme 155)."%°* Other dicarbonyl systems can also be reduced in an asymmetric

manner, %*® such as by hydrogenation (Section 4.11).6%¢

6 0 HSCHZCH,SH /" Vo

P e
R HCI, E,0, ZnCly )()L R

- é‘o\ Oa PP
,A.”j
0" NP,
1. /N o oH

A

T
LiAlH,, Et,0
2. HgO, BF3, EL,O
Scheme 155.

Reduction of an a,f-unsaturated carbonyl system can proceed in a 1,2- or 1,4-manner.®>’” A
number of metal hydride reagents have been developed that not only provide conjugate reduction,
but achieve asymmetric reduction on the basis of their chiral auxiliaries.*®® A chiral reducing
agent has been developed for the 1,2-reduction of enones, and this methodology was paramount in
a synthesis of ginkgolide, 2%%6°°

The use of binaphthol-derived aluminium hydrides allows for high asymmetric induction in the
reduction of ynones.??° The asymmetric reduction of enamines provides f-amino acids although
optical vields are not high (cf. Section 4.11).9%°
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B-Amino and B-hydroxy ketones have been reduced selectively (Scheme 156).%¢'

/U 1. BugB OH OH
2. NaBH,
R R!
or HzBORz R R
Scheme 156.

The syn-diols are available by a borane, Dibal or tin hydride reduction,®®? but the size of an «-(C-2)-
substituent can have a significant stereochemical effect.®®® The mild reagent, tetramethylammonium
triacetoxyborohydride, provides the ancat-diol with high selectivity (Scheme 157).%

oH 0O OH OH

\NH/ Me NHB(OAC)3

Scheme 157.

4.9.2. Alkylations. The regioselective alkylation of f-dicarbonyl compounds can be controlled
through the use of the mono- or di-anion. The dianion usually undergoes reaction at the distal
carbon atom,*®**%%° while the monoanion provides substitution at the central carbon atom;
diastereoselection is usually poor.®%® Asymmetric induction can be achieved through incorporation
of a chiral auxiliary. Use of different conditions for the alkylation of the enamine derived from
valine allows for facial selectivity; top face attack is preferred in toluene in the presence of
hexamethylphosphoric triamide, whereas bottom face attack takes place in the presence of THF,
dioxane or an amine (Scheme 158).47°

[e] o]
R
——————
+BuO,_ O HMPA R} ) OR?
o o R R
1. (S)-Valine, t-butyl . 54-90%
nijk‘/u\oas ostor NL O —J {ee 70-90%)
2. LDA, PhMe 1 3
R2 R OR o o
R2 R*X JYL
——
THF, or NRg R & OR?
or dioxolane R* R2
20-83%
(ee 44-92%)
Scheme 158.

Asymmetric induction has been observed for the alkylation of a cyclic f-dicarbonyl compound in
the presence of a chiral phase transfer catalyst®®’ or an amino acid chiral auxiliary (cf. Section
4.8).%'% Malonic acid derivatives have been successfully alkylated in an asymmetric manner through
the incorporation of a chiral auxiliary in a monoester.®®

[}

o]
-4
t )

O HO, Nu

o (o]
1. LDA )k Nu’ OJ\N L R

2. RCOC! \—y

Y[
(
-

i [0} )OL 0 o]
O O Ny OH
. 7 N ;
~ \/oE —— A <R
PhQ % 2. RCOCI Phs % \__J H

Scheme 159.
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An alternative strategy to chiral §-dicarbonyl systems is through acylation of an enolate. The
adducts can then undergo nucleophilic addition, including reduction (Scheme 159).%%°

The use of pyrrolidine chiral auxiliary allows for the asymmetric alkylation of a-cyanoacetic
acid.®”®

B-Hydroxy esters can be alkylated with a high degree of selectivity.*** B-Alkoxycarbonyl
compounds, available by an aldol protocol, provide a better opportunity for asymmetric alkylations
as a chiral centre is already present within the substrate (Scheme 160).%”! The affect is attributed to
the chelation effect which shields one face of the enolate.®”?

1. LDA

o)
x
o]

.

le)
I
(]

3

OFEt 2. RX OEt

Scheme 160.

A silyl group can be used as a latent hydroxy group to provide the equivalent transformation
(Section 4.12.1).573

Sulphoxides provide a convenient method for performing stereoselective alkylations (Schemes
100 and 161).%7* The products can be converted into a wide variety of other compounds including
epoxides, B-hydroxy esters and lactones.’’

oy 9 1. NaH, Bulli oy ¢ Dibal 0‘3’\: o .
N & — e . 3
ths\/u\ 2. R Ph/s\)k/n PR ONTN

1. Mell R s~ o . 1. Zn, TMSCI o «.CR

= : 4
2. R'CHxX Ph” 2. Mo;OBF, R
3. NaOH
R1
Scheme 161.

B-Amino esters can be alkylated with a wide degree of diastereoselection. The products can be
used to prepare a wide range of compounds.®’® Enone alkylation can be achieved by a protection
methodology (Section 4.8).393677
4.10. Hydroborations of allyl systems'®"¢7%

In addition to the power of hydroboration with chiral reagents (Section 3.2.3), the reaction of
a borane with an allyl alcohol or derivative can provide control over relative stereochemistry
(Scheme 162).°** The outcome does depend on the degree of substitution ; indeed, in most reactions
the ancat isomer of the 1,3-diol predominates (Scheme 163).46%%7° The most sterically demanding

1. BHgz. SM Ui
. 3 6.
Bu OH bt Bu\)\/OH
Y\/ 2. HyOp, NaOH
Scheme 162.
R! R2 1. 9-BBN R L R
OH R3 2. H202, NaOH OH OH

Scheme 163.
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1 O:QBH OH OH
o /H)

Rh(COD)Clz, PPhg R
OSiPhgBu- 2. Ho0,, NaOH, H,0
R |
OH OH
1.9-BBN
2. H05, HO' Y
Scheme 164,

boranes afford better stereoselectivity, so the outcome is then consistent with Houk’s rule.'%20%

The selectivity may be reversed by the use of a rhodium catalyst (Scheme 164),°%° or by use of a vinyl
ether (Scheme 165).%24-¢81 If the hydroxy group of the allyl alcohol is protected, anti-Markovnikov
addition is observed with syn-addition control of relative stereochemistry.®®? For the rhodium-
catalyzed additions, the larger the protection, the better the induction observed, and the oxygen
acceptor group then adopts the anti-position.®*® Clearly, an oxygen atom is not a prerequisite for
Houk-type addition; indeed, allylsilanes provide a useful entry to 1,3-diols (Section 4.12.1).%%3
Hydroboration of allylamines with, or in the absence of, a rhodium catalyst to give 1,3-amino
alcohols parallels the reactions of allyl alcohols and ethers. *%*

1 2
RYK/ A 1. ThexBH, wﬁ)\/ﬁz

o/ 2. Hy0p, NaOH o 5 "
Scheme 165.

207,2084,2095,209¢,685

4.11. Hydrogenations
Unlike the situation for isolated double bonds, considerable success has been realized for

the reductions of functionalized alkenes. For example, a,f-unsaturated esters and acids undergo

stereoselective reductions (see also Section 4.9.1).%5¢8¢ [ntroduction of an amide group then allows

for the asymmetric synthesis of a-amino acids.%-¢»2%%687 The amide ligand is essential for selectivity.

Kinetic resolution in an asymmetric reduction of an a-amidoalkyl acrylate has been observed.’?*
Allyl alcohols can be reduced to either antipode (Scheme 166).9%8

)\/\/l\/\ SBINAP R, He /K/\/k/\
OH OH

R-BINAP-Ru, Hy

M S-BINAP-Ru, H,

OH
Scheme 166.

;

OH

Unfortunately, the stringent requirements of functional group arrangement within the substrate
detract greatly from the general application of asymmetric hydrogenations, although a plethora of
ligands have been investigated to overcome this limitation.%¢%° However, it is possible to reduce
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appropriately substituted o,f-unsaturated acids with good optical yields.®*® -Keto esters can also
be reduced by an asymmetric hydrogenation (Section 4.9.1).°°' This methodology is extremely
powerful when a kinetic resolution occurs and the f-keto ester can equilibrate (Scheme 167).°%2

Ru-(R)-BINAP
e
Ha. CHyClp R! OoR®
(o] o] R2

‘M s »92% eg
R OR3 —

R2

Ru-(S)-BINAP OH 0
. ot
Hz, CHCl, R! OR?3

Scheme 167.

Substituted allyl alcohols bearing a chiral auxiliary are reduced selectively. However, the extent
of diastereoselection depends upon the catalyst to substrate stoichiometry. **3

a,f-Unsaturated amides with a chiral nitrogen moiety provide an efficient asymmetric hydro-
genation protocol to carboxylic acids (Scheme 168).%

N\“/\rﬂ‘ _HPeC %N i LOH.THEHO _ HO R!
7Y
so, O S0, O 0

Scheme 168.

Hydrosilylation has been used to reduce a number of conjugated functional groups ;>'2¢%% the
use of allyl alcohols allows a stereoselective synthesis of 1,3-diols (Scheme 169).5%¢

)YL\ 1. (HMe,Si);NH )\A H205, NaHCO, )YLI
MeOH, THF
2. HaPtClg O——SiMe, eOH, TH 81'1/, OH

o 78%
Hy0,, KF
1. TBDMSCI NEta,
DMAP I KHCO2. MeOH, OH OH OTBDMS
2. (HMeSi)NH Me,Si—O  OTBDMS  Tuf 24%
3. HP(Clg 79%

Scheme 169.

In many cases, the constraints of a cyclic system allow for facial selectivity during the reduction.
This effect has allowed for the asymmetric synthesis of amino acid derivatives.®®’

4.12. Other reactions

In addition to the general reactions cited above, others have proven useful for the preparation
of 1,3-funetionality. Rhodium BINAP catalyzes the asymmetric isomerization of an allylamine to
an enamine (Scheme 170).°%*
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=7 NEt1,
L
— -
' EtoNH
Rh(S)-BINAP l HgO*
e e ———r e i
| NEL, | CHO
Scheme 170.

Homoallyl alcohols provide an entry into 1,3-diols (Scheme 171);°%° the analogous reaction
with allylamines provides 1,2-amino alcohols as the four-membered cyclic intermediate is formed.”?°
The two hydroxy groups of a meso-1,3-diol can be differentiated by Lewis acid promoted ring
opening of the corresponding spiroketal derived from menthone.”®!

N~ Y

OPO,EL, MeCN o._.0
0% “oEt
R
_neom e Y O LA
oL
POLEL, OH OH

Scheme 171.

The pivotal role of glycerol has led to the development of many synthetic methods to control
both relative and regiochemical problems associated with hydroxy group protection.”®?

4.12.1. Allylic alkylations.?3"%® Allylic systems can undergo nucleophilic substitution in the Sy2
or Sn2’ reactions.’”® Regiochemistry can often be controlled, such as by the use of
cuprates, ' 301416154705 Thig methodology has been employed for the regioselective synthesis of
allylsilanes, where the urethane gives better selectivity than the corresponding acetate.”®® Use of
carbamate as a chiral auxiliary does allow for some asymmetric induction (Scheme 172).7%7

. QO

N

C Y
H %)
P ———.T
AN 2. Bui, E1,0 N
3. R'Cu,Ex0 1970%
(>B8% e8)

Scheme 172.

The use of a metal catalyst, such as palladium, does allow for some asymmetric induction
when an allylic system is treated with a stabilized ester anion (Scheme 173),”°® or with other
nucleophiles. ! 4¥:6814708709 Thig approach also allows for the kinetic resolution of allyl acetates.”'°

COH
1. PCly

/TN 2. chiral ligand

3. NaCH{COaEt),
4. Lil, NaCN, DMF
5. NaOH, MeOH b

Scheme 173.

2
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The methodology suffers from competition between syn and anti mechanisms in acyclic cases.
Indeed, the pathway may depend on the nature of nucleophile and substrate.”®**7!!

4.12.2. Reactions of functionalized silanes.***’'* Organosilicon chemistry allows for a wide
variety of transformations, often in a stereoselective manner. The use of this chemistry has expanded
greatly by the development of methods for conversion of a silyl group to an alcohol.”'* Many of
the reactions in this section comply with Houk’s rule (Section 4.1)!%* — the silyl group acts as the
large substituent.

Allylsilanes allows for the regiochemical introduction of a wide variety of electrophilic
species, ! ! 1153371714 Ap intramolecular proton transfer can provide good asymmetric induction.”'?
Conversion of the silyl group to hydroxy then provides an allyl alcohol,”*¢

Reaction of a chiral allylsilane with an aldehyde provides the homoallyl alcohol with good
asymmetric induction (Section 2.3). Oxidative cleavage of the unsaturation affords the f-hydroxy
acid (Scheme 18).°'“7!" The selectivity arises from the anti-SE’ mode of the reaction. Indeed,
condensation of a chiral allylsilane with a wide variety of electrophiles proceeds with high asymmetric
induction.”!® Allylsilanes undergo hydroboration with good regio- and stereo-chemical control. The
resultant alcohols can be converted to 1,3-diols (Scheme 174).6837'?

PhMe,Si 1. 9-BBN PhMe,S  OH 1. (PhCO)0 O
—_— - T
: DMAP, NI
2. NaOH, H,0, 2. KBr, Acoih
NaOAc, AcOH
Scheme 174.

Ancat-1,2-diols are available by reaction of an allylborane with an aldehyde followed by oxidative
substitution of a silyl group. The use of a chiral tartrate ligand on the boron also allows for

enantioselectivity (Scheme 175).°%
CO,Pri
Mo.Si 1. Buli, KOBu-t ? =M COLPT-i
CeH11OMeaSi THF, 20° (CeH11OMeSi A~ B~¢

2. (Pro);B, -78°

3. NH,CI, H0

4. DIPT, MgSO;,

" OH
RCHO SiMe{OCgH4q) Hp03, KF \/'\/
Toluene, mol sieve R\/‘\/ KHCO3, MeOH : i &
78 H THE 5
OH OH
Scheme 175.

Phenyldimethylallylsilanes react with osmium tetroxide and MCPBA according to Houk’s rule;;
the stereoselection, however, can be low for the methyl series (R = Me) (Scheme 176).72° Reaction

of the epoxysilane 61 with fluoride ion then yields an allyl alcohol.”?!
PhMeSi  OH
0s0Oy, pyr A . A
OH
PhiMe,Si
R

MCPBA PhMe,Si

NaHPO, R =

61
Scheme 176.
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A related sequence uses an a-alkoxysilane and Anh-Felkin controlled addition of an acylsilane
(Section 3.4.2.1) (Scheme 177).7%2

OH
R3Si\/\/ 0s0Oy4 RgSi
AcO AcO OH
~
0~ “0Bn o
1. TBDMSCI, imidazole ) R'M Resi @~ OBn
R,Si _———— R\ Z

2. CICH;0Bn, iPrNEt
3. Dibal O  OTBDMS OH OTBDMS

4. Swem oxidation
Scheme 177.

p-Hydroxy esters are available through conjugate addition of a silyl cuprate and then alkylation,
the sequence of addition controlling the relative stereochemistry (Scheme 178).4!34612:673.723 The
selectivity observed is attributed to electronic factors.®’®> The scheme can be extended to aldol
reactions,”?* and has been made asymmetric through employment of a chiral auxiliary (Scheme

179).6121-

PhSiMe, O o9
ewesoni g v A
2. A RN “OMe 2. MCPBA, NEt; Y O
R R
o R =H)
R1/\)LOM9 ]
R3
R =R
. HO O
1. (PhMe;S)Culi  FhSiMe; O 1. HBF, /kHL
- — - 1
2. NHCI R! )\HLOMG 2. MCPBANE; 1 OMe
R il
Scheme 178.

N R

N SiMePh R
/ W ALi, Cul, WH
SO, o PBus3, EtAICI, S0, 0 SiMe,Ph

1. LiOH, THF, H,O MeO R 1. HBFy MeOWR
iy K3
2. CHN, W“ 2. MCFBA H
o) SiMe,Ph o OH
Scheme 179.

Conjugate introduction of a silyl group to an enone provides an approach to f-hydroxy ketones. 725

Vinyl sulphoxides can also serve as Michael acceptors for silylcuprates.®*%
The use of a chiral vinylsilane does allow for the preparation of chiral allyl alcohols, although

a separation of the intermediate diastereoisomers is required (Scheme 180).72¢
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NoPhMeSi NpPhMeSi
1. 2 equiv t-Bull R NBusF Rﬁ
Br 2. RCHO, BF,.0Et, OH OH
3. Separate
Scheme 180.

Hydrosilylations of allyl alcohols provide a stereoselective approach to 1,3-diols (Scheme 169).%%

5. CONCLUSIONS

Many methodologies have been developed for, and applied to, the synthesis of carbohydrate
derivatives. The application of some of these methods, and the use of approaches that establish
stereochemistry at multiple centres will be discussed elsewhere.'

An understanding of some reactions that have been available for a considerable period of time,
such as epoxidation, hydroboration and the aldol reaction, has allowed the subsequent development
of asymmetric methods. Other methodologies, such as hydrogenation, still require the development
of a general reagent system which can be used on a broad range of substrates. Despite these
shortcomings, there are still a large number of transformations available that can be used for the
synthesis of carbohydrate derivatives.

Table 4.
List of abbreviations and acronyms used in this review.
AIBN 2,2"-azobis(2-methylpropionitrile) LiIHMDS  lithium hexamethldisilazide
ancat like substituents on opposite side MCPBA m-chloroperoxybenzoic acid
of zig-zag chain Ms masyl
9-BBN 9-borabicyclo[3.3.1]nony! NaHMDS  sodium hexamethyldisilazide
BINAP 2,2"-bis(diphenylphosphina)-1,1'- Nap naphthenyt
binaphthy! NBS N-bromosuccinimide
Bn benzyl NCS N-chlorosuccinimide
Chx cyclohexyl NMMO N-methylmorpholine-N-oxide
Cp cyclopentadienyl Np naphthenyl
DDQ 2,3-dichioro-5,6-dicyano-1,4- part prionity anti-refiective
benzoquinone pref priority reflective
de diastereoisomeric excess pyr pyridine
DEAD diethyl azodicarboxylate Ra Ni Raney nickel
DET diethyl tartrate Red-Al sodium bis(2-methoxyethoxy)-
DIPT diisopropyl tartrate aluminium hydride
DME 1,2-dimethoxyethane salen N.N'-bis{salicylideneamino)-1,2-
DMF N,N-dimethyiformamide dipenylethane
DMAP 4-dimethylaminopyridine syncat like substitutents on same side
DMPU N.N'-dimethyl-N,N'propyleneurea of zig-zag chain
DMSO dimethylsulphoxide TBDMS t-butyldimethylsilyl
DPTA {2R,3R)-dipivaloyttartaric acid TBDPS t-butyldiphenylsilyl
ds diastereoselectivity TBHP t-butyl hydroperoxide
Eapine B-iso-2-ethylapaopinocampheyi-9 Lid triflate
borabicyclo{3.3.1]nony! TFA trifluoroacetyl
ee enantiomeric excess {or trifluoroacstic acid)
es enantioselectivity thexyl 2-(2,3-dimethylbutyl)
HMPA hexamethylphosphoric triamide THF tetrahydrofuran
2%ier 2-isocarany! tol p-tolyl
Imid imidazote TMEDA N.N.N'.N'-tetramethylethylene-
Ipc isopinocamphenyl diamine
(lpc),BH  diisopinocamphenylborane T™MS trimethylsilyl
KN(TMS)2 potassium hexamethyldisilazide Ts tosyl (p-toluenesulphonyl)
LDA lithium diisopropylamide umpolung  reversal of a functional group's

natural polarity
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