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I .  Introductlon 

A. Scope 
After a discussion of the general methods of synthesis 

of nonracemic' glycidol ((R)-l and (S)-l) in section 11, 
a comprehensive discussion of the reactivities of non- 
racemic glycidol and a few related 2,3-epoxy alcohols 
with and without protecting and activating groups will 
be presented (section 111). In sections IV and V of this 
review, the chemistry of glycidol is put into the per- 
spective of natural product and synthetic analogue 
synthesis, with particular emphasis on the strategy used 
for the incorporation of the three carbons of glycidol 
into the target molecule. An attempt has been made 
to cover all pertinent literature published between 1980 
and early 1990. Particular emphasis will he on the 
regioselectivity of these reactions. Included in this 
discussion will be the reactions of selected alkyl- and 
aryl-substituted glycidols in order to emphasize the 
effect of substituents upon 2.3-epoxy alcohol reactivity. 
This discussion stops short of reviewing the reactivity 
of all known 2,3-epoxy alcohols. (Reviews relating to 
general 2,3-epoxy alcohol reactivity can be found else- 
~here.2.~)  

Instead, other thin glycidol itself, only the minimally 
substituted derivatives given in Table 1 are discussed. 
For these derivatives, the discussion is comprehensive, 
regarding both racemic and nonracemic compounds. 
However, because of the vast number of references to 
racemic glycidol with and without protecting groups 
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(over 11 OOO compounds and several thousand refer- 
ences), the discussion of glycidol itself is comprehensive 
only in relation to the nonracemic form. Several ref- 
erences to reactions of racemic glycidol are given, but 
they are meant only to be illustrative. 

B. Rationale and Method 

Epoxides (oxiranes) in general, due to their ease of 
formation and ready reactivity toward nucleophiles, are 
important starting materials and intermediates in or- 
ganic synthesis. Because there are two competing sites 
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TABLE 1. 2.3-Epo~y Alcoholr Dealt with in This Beview 
(For Refemnce, Only One Enantiomer Is Shown) 

1 - 4  

R3 R2 nameused here Chemical Abstracts name 

H H glycidol (1) oxiranemethanol 
Ph H trans-3-phenylglycidol (2) trans-3-phenyloxiranemethanol 
Me H trans-3-methylglycidol (3) trans-3-methy loxiranemethanol 
H Me 2-me!hylglycidol (4) 2-methyloxiranemethanol 

of reactivity in every epoxide, much work has gone into 
understanding what factors influence the regioselec- 
tivity of epoxide opening. In glycidol and ita derivatives 
the presence of a CH20X group (where X = H or a 
protecting or activating group) besides introducing a 
third potentially electrophilic center also profoundly 
influences the reactivity of the oxirane. By concen- 
trating on glycidol and its simple derivatives, an at- 
tempt is made to shed light on the influence of alkyl 
and aryl substituents, protecting groups, and activating 
groups on 2,3-epoxy alcohol reactivity in general. 

Both (R)- and (S)-glycidol are of special interest 
synthetically due to their recent availability from either 
achiral, nonracemic, or racemic starting materials. The 
technology to synthesize related nonracemic 2,3-epoxy 
alcohols on an industrial scale is now at hand. Several 
patents describe the synthesis of nonracemic glycidol 
or its simple derivatives (vide infra). 

I t  is the intent of this review to present a compre- 
hensive discussion of the synthetically useful reactions 
of nonracemic glycidol and ita derivatives. Thus, many 
of the references cited are to natural product and 
pharmaceutical syntheses which involved nonracemic 
glycidol at some stage. In most cases nonracemic gly- 
cidol was used to introduce at least one stereocenter of 
known configuration into the molecule of interest. 
Many very interesting syntheses of racemic compounds 
have also been published, but they are not included 
here. 

The references in this review were generated through 
an extensive set of Chemical Abstract Service CAS- 
ONLINE searches carried out several times in 1990. 
Searches were based both on registry numbers for ra- 
cemic and nonracemic forms of 1-4‘ and on results of 
substructure searches for all derivatives of these com- 
pounds bearing a C, S, or Si instead of H on the oxygen 
atom. Preliminary screening involved removal of ref- 
erences and compounds explicitly relating to polymers, 
plastics, and adhesives (virtually all of which relate to 
racemic glycidol). Due to the very large number of 
references to glycidol, articles related only to racemic 
glycidol ([556-52-51) were investigated further only if 
they related explicitly to reactivity or synthesis. At  this 
point approximately 1200 articles were in the database. 
Each abstract and title was then checked for relevance. 
Journal articles were reproduced and read thoroughly; 
patents were analyzed solely on information in their 
Chemical Abstracts abstract. 

C. Nomenclature 
The assignment of R or S to the C2 position of the 

enantiomers of glycidol and ita derivatives is not always 
a trivial matter. As depicted in Figure 1, the 0 atom 

&OH 0 0  &OCHpPh 

@ @  @ @  
( 4 1  “5 

thus: 

Figure 1. Stereochemical analysis of glycidol derivatives. 

Ph&OH S &OH S &OH 

2 3 4 

Figure 2. Stereochemical nomenclature for compounds 2-4. 

at C2 has first priority, but what about the ring vs the 
chain? In the original outlining of rules for stereo- 
chemical nomenclature, the assignment for certain 
glycidyl derivatives (particularly 0-benzylglycidol, 5) 
was ambiguous. The rules for assignment of stereo- 
chemical priority around the C2 stereocenter in glycidol 
and its derivatives were clarified by Prelog and Helm- 
chen in 1982.6 A new rule was established: For ster- 
eocenters embedded in cyclic structures, the stereo- 
center itself must be included as a “phantom atom” at 
the end of both ring-derived groups. Thus, for glycidol 
itself (X = H in Figure l) ,  the ring-derived group C3- 
O-C2 has higher priority than the chain-derived group 
C1-0-H. For essentially all 0-substituted derivatives, 
on the other hand, the chain-derived group (Cl-0-X) 
has higher priority than the ring-derived one. Thus, 
derivatization of glycidol results in a switching of the 
stereochemical designation.6 For example, simple 
benzylation of (S)-1 gives (R)-5. 

Unfortunately, not all investigators have been aware 
of or accepting of this rule, and the literature is replete 
with erroroneous assignments of R and S to glycidyl 
derivatives, particularly 0-benzylglycidol. In a sample 
of 25 references examined, only 4 had assigned the 
stereochemistry to 0-benzylglycidol on the basis of the 
guidelines outlined in Figure 1. It is wise to be very 
careful in reading any of the literature in this area and 
to double-check all stereochemical assignments. Often 
it is not enough simply to look at the drawing of the 
glycidyl derivative, as many are drawn ambiguously, 
and a few are even incorrect. Rather, it is necessary to 
check the stereochemistry in context by looking care- 
fully at the stereochemistry of other compounds in a 
scheme of reactions. 

The assignments for C-alkylated and C-arylated 
glycidols are more straightforward (see Figure 2). In 
the C2- and C3-alkylated cases, the assignments are as 
for glycidol. Upon derivatization of either 2 or 3, the 
stereochemical assignments remains unchanged due to 
the C3 appendage’s overwhelming priority. 

I I .  Syntheses of Nonracemic Glycldol 

A. Syntheses from o-Mannltol and L-Serlne 
The earliest approach to nonracemic glycidol was 

based on the cleavage of the diacetonide of D-mannitol 
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SCHEME 2 

9 - k  1)TsCVpyr - ?&OH - 2 H O A O  
1) Pb(OAc)4 or Na104 

2) H+ 
3) OH- 

H 2) NaBH4 
(R)-1 (9-7 

1) PhCH&I/R4N*Bf/OH- 
2) HzS04 

% 6 

PPhJDEAD 
I 

QH 1) TsCllpyr 
T - o&OCHzPh 2) NaOMe/MeOH PhCH,O&OH 

OAc 

P h C H Z o ~ o A c  

1) PPhJCClt 

31 Na/Et20 
EoH J' 2 AcOH HOC 

1) NaNOdHCl 

(m-7 8 

PPhJDEAD 
PhCOeH 

(6, Scheme 1). The easily obtainable acetonide7-" is 
oxidized with either lead tetraacetate12J3 or sodium 
periodate,"-l8 and the resultant aldehyde is reduced 
immediately with sodium borohydride to give alcohol 
(8-7. The enantiomeric purity of 7, though in principle 
extremely good, is in practice variable.lgls The problem 
is that not only is the intermediate aldehyde sensitive 
to acid- and base-catalyzed epimerization, but also the 
product is sensitive to acid-catalyzed ketal migration.12 
Both processes lead to racemization. 

Toaylation, acetonide removal, and base-induced ring 
closure leads to (R)-glycidol.12 This method has the 
advantage of being very efficient in ita use of the carbon 
atoms of mannitol, but has the drawback of producing 
only the R enantiomer of glycidol. 

Through a slightly different sequence, also outlined 
in Scheme 1, both enantiomers of 0-benzylglycidol have 
also been prepared. In this sequence alcohol (S)-7 is 
protected as the benzyl ether and then treated with acid 
to remove the acetonide and gives diol (R)-8.16J6 At this 
point a number of options can be taken. The first 
method devised involves ring closure via the tosylate 
to give (R)-5.16J7 Later methods developed to accom- 
plish the same goal include treatment with triphenyl- 

ret 24 

(W 

ref. 25 

phosphine/diethyl azodicarboxylate (DEAD)l8J9 and 
oxidation of the benzaldehyde acetal with use of N- 
bromosuccinimide (NBSP followed by base treatment 
of the resulting l-brom0-2-benzoate.~~*~~ 

The S enantiomer of 5 is available by a sequence 
involving displacement at  C1 and C2 of the dimesylate 
of (R)-8 to give diacetate 9 followed by deacylation and 
ring closure.1s 

Another method of synthesis of nonracemic glycidol 
from natural sources involves the transformation of 
L-serine into (S)-glycidol (Scheme 2). This sequence 
takes advantage of the reaction of a-amino acids with 
sodium nitrite to replace the NH2 by OH with retention 
of c o n f i g u r ~ t i o n . ~ ~  Chlorination using PPh3/CC1,, 
acetonide removal, and ring closure gives (S)-1, thus 
nicely complementing the mannitol approach. With 
O-benzyl-L-serine methyl ester used as starting material, 
either enantiomer of O-benzylglycidol is similarly 
available. 

6. Syntheses vla Asymmetrlc Epoxldatlon 

Both enantiomers of glycidol are now commercially 
available in about 88-91 % ee from allyl alcohol when 



440 Chemical Reviews, 1991, Vol. 91, No. 4 

SCHEME 3 

1 
65 % (90 %e S) 

3A mol. sieves, CH2C12 
refs. 27, 28 

asymmetric epoxidation employing titanium(1V) iso- 
propoxide, cumene hydroperoxide, diisopropyl tartrate, 
and 3A molecular sieves is used (the catalytic Sharpless 
epoxidation,% Scheme 3). Since both the natural 
(+)-(R$) and the unnatural (-)-(S,S) tartrates are 
available, this approach leads just as easily to one en- 
antiomer of glycidol as to the other. Early problems 
with the synthesis were due to the requirement for 
50-100 mol % “catalyst,” which contributed signifi- 
cantly to the cost of the process and made workup 
difficult. These problems were solved in 1986 with the 
introduction of molecular sieves to the reaction mixture, 
thus allowing the catalyst loading to be in the range 

Several patents have been issued on the basis of this 
process, which has been c o m m e r ~ i a l i z e d . ~ ~ ~  Coreag- 
ents other than molecular sieves have been reported to 
be successful (although not specifically for the synthesis 
of glycidol), including calcium hydride% and montmo- 
rillonite clay.” 

Due to the much lower amounts of titanium and 
reagent derived alcohols in the reaction mixture, the 
molecular sieves method now allows for in situ deriva- 
tization of g l y c i d ~ l , ~ * ~ ~ * ~  thus making isolation even 
easier (since derivatization leads to decreased water 
solubility and often produces a crystalline compound). 
In some cases it is preferable to reduce the excess hy- 
droperoxide by using a phosphine or phosphite prior 
to derivatization. 

5-10%. 

C. Syntheses Employlng Enzymatic 
Trandormatlon of Achlral Substrates 

Enzymes as well as titanium(IV) complexes have been 
used to produce 0 derivatives of glycidol from achiral 
substrates (Scheme 4). In the first case, allyl ethers 
are epoxidized stereoselectively to give ethers of ( S ) -  
glycidol by using one of several microorganisms, in- 
cluding Nocardia corallina (R = alkyl),r’ Rhodococcus 
equi (R’ = CHzCH20CH3),38 and Pseudomonas oleo- 
uorans (R’ = CH2C02CH3, CH2CONH2).% Alterna- 
tively, enzymatic reduction of achiral ketone 10 by 
bakers’ yeast gives diol ester (S)-11.3B Tosylation and 
ring closure then leads to Wglycidyl benzoate, (S)-12. 

D. Syntheses Employlng Enzymatic Resolutlon 
of Racomlc Substrates 

Specific esters and ethers of glycidol have also been 
produced via enzymatic resolution. In this approach, 
a racemic material is allowed to react in the presence 
of an enzyme. Two modes of reaction are possible. In 
the first, the reaction is allowed to go to only about 
20-30% completion. The resultant product, which 
must be separated from large amounts of starting ma- 
terial, is generally isolated in high stereochemical purity. 

SCHEME 4 

Nocardia c. 0 *OR 
&-/OR 

Rhodococcus e. o&O 
or Pseudomonas 0. 

R’ 
(95 - 97 %ee S) 

0 OH ? HO&otph bakers’ yeact H-OdPh 
99 % 

10 11 (>99 % ee S )  

Henson 

ref. 37 

ref .  38 

ref. 39 

1) TsCl/pyr 
2) NaH/CH,CI, 

! 
I 

0 A O C P h  

(9-12 

Because of the practical limitations of this mode, it will 
not be discussed further (even though many of the re- 
ports cited propose it to be viable.) A second mode is 
to allow the reaction to proceed to 50450% completion. 
One of the enantiomers is hydrolyzed or otherwise de- 
stroyed by the enzyme, leaving the starting material 
highly enriched in the other enantiomer, which is then 
isolated. The advantage of this second mode over the 
first is that it allows for a higher yield to be obtained. 
Nonetheless, the yield is never greater than about 
40-45% of the starting mass of the racemic starting 
material (80-90% theoretical based on the desired en- 
antiomer). 

Whitesides pioneered an industrially important pro- 
cess using lipase from porcine pancreas (PPL) to resolve 
racemic glycidyl butyrate (13, Scheme 5L40 The ori- 
ginal process involved an aqueous mixture of 13 and 
PPL with the pH kept at 7.8 by the controlled addition 
of 7 M NaOH. After 60% completion, isolation of 
starting material gave the R enantiomer in >92% en- 
antiomeric excess and 45% yield (89% of the theoretical 
50% of racemic starting material). Several patenta have 
been issued for this resolution.414 It has been shown 
that the selectivity can be improved by purification of 
the en~yme,4~** and Ladner has since modified the 
procedure to use immobilized l i ~ a s e . 4 ’ ~ ~  The process 
has also been tested with membrane-enclosed lipase, 
but with somewhat leas success.6o Use of PPL to effect 
the enantioselective transesterification of glycidol with 
vinyl ethers has also been attemptedes1 

Using similar conditions, C. H. Wong has reported 
the enzymatic resolution of racemic acetate 14. After 
a second step, (S)-0-benzylglycidol (5) of high enan- 
tiomeric purity was produced. 

Takano has made (S)-0-benzylglycidol by enzymatic 
His procedure involves racemic 2,3-di- 

chloro-1-propanol(l5) and uses immobilized Pseudo- 
monas. In this case, the initial product is treated with 
base to give (R)-epichlorohydrin ((W16). Ring opening 
and reclosure then gives (S)-0-benzylglycidol ((S)-5). 

Finally, Wong has also reported the extremely se- 
lective hydrolysis of racemic acetate 17 catalyzed by a 
purified lipase from Pseudomonas (LP-80). In this case, 
after reaction to 51 % completion, both the remaining 
acetate and the product alcohol were isolated, each in 
41% yield (82% of the theoretical 50% of racemic 
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ref. 40 

OAc OAc 
NaOH 

CI&OCH,Ph ppL CI&OCH,Ph - ?&OCH,Ph ref. 52 
60 %conversion 

CI 
CI&OH Pseudomonas - C I A O H  base C I A  0 

refs. 5 3 , s  

PhCHpOH, Bu~NHSO~ 
42-66Oh or I (a) PhCH20HIBF, (b) NaOH 

?&OCHpPh 

(5)-5 

41 (94 % ! e  S) 41 % (90 %ee R) 

ref. 52 1 I 
SCHEME 6 

1) TsCl/pyr p Na 
2) Ph,P/CCIJDMF - r O H  

T s O A C I  - o&Cl 

(9-7 LOH (9-1 6 

!Scheme 1 
i refs. 12,55 

0 C M  1) MsCVNEtdoluene p Na 
2) conc. HCI OH 

(R)-1 [OH (m-16 

?&OH j Cl&OMS - 
starting material). Both products were of high enan- 
tiomeric purity and were easily transformed into the 
corresponding enantiomers of 18. 

Historically, nonracemic epichlorohydrin (16) has 
held an important role as a sort of “activated” glycidol. 
A full discussion of ita synthesis and reactivity is beyond 
the scope of this review. However, both enantiomers 
are available from mannitol. One of these syntheses 
involves glycidol explicitly, and for completeness sake 
both are depicted in Scheme 6. 

E. Glycldol Syntheds Summary 

There are advantages and disadvantages to each of 
these different approaches to nonracemic glycidol. 

Thus, syntheses employing D-mannitol or L-serine 
provide material of high stereochemical purity, but in 
their simplest form provide only one enantiomer of 
glycidol (mannitol giving R; serine giving S). If 0- 
benzylglycidol is required, then either enantiomer is 
available, but the S enantiomer does require several 
additional steps in either approach. Some of the 
reagents involved are fairly expensive and/or toxic 
substances. 

Asymmetric synthesis from allyl alcohol has the ad- 
vantages that both enantiomers of glycidol are readily 
available in one step, although <O O C  temperatures are 
generally required. In situ derivatization makes 
available R whole range of derivatives, still in just one 
step. The major drawback of asymmetric epoxidation 
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SCHEME 7 

XJOH 
nucleophilic addition at C? 

Hanson 

TABLE 2. Simde NucleoDhilic Additions to Glvcidol 

nucleophilic addition at 6 . 
protection 

activation 3 1  

I 

I oxidation 

X 

of allyl alcohol is that the optical purity of the resultant 
product (88-91 % ee) is somewhat lower than generally 
observed for other substrates (195% ee). The contam- 
ination of the product by 5-7% of the undesired en- 
antiomer is generally only a problem if no later re- 
crystallization is possible. Catalytic asymmetric ep- 
oxidation has recently become an important industrial 
process. 

The enzymatic approaches have the advantages that 
few reagents are required, that the processes are capable 
of being scaled up to industrial scale, and that the re- 
sultant optical purity is excellent. The disadvantages 
are that careful control of reaction conditions are nec- 
essary, that glycidol itself is not produced by these 
methods, that substituted glycidols are not available (or 
have not been investigated), and that from any given 
process only one enantiomer of ether or ester is avail- 
able. In addition, the starting materials for enzymatic 
resolution are not always readily available. The enzy- 
matic resolutions, of course, give a maximum of 50% 
yield. Despite these drawbacks, there is a substantial 
amount of industrial interest in these enzymatic reso- 
lutions. 

I I I .  Reactlvny of Nonracemlc Giycldol and 
Related 2 ,SEpxy Alcohols 

Virtually all of the reactions of nonracemic glycidol 
can be classified into one of four categories (Scheme 7): 
nucleophilic opening at C3, protection or activation of 
the hydroxyl group followed by nucleophilic addition 
either at C' or C3, and oxidation of the hydroxyl group 
to give an aldehyde or acid. These reactions will be 
discussed in turn. Along with each will be a discussion 
of the effect of substituents on reactivity. 

Of course, virtually all of the reactions of nonracemic 
glycidol work with racemic glycidol as well. Howeuer, 
the reverse is not as generally true. Thus, for example, 
a reaction which works fine on racemic glycidol may 
lead to partial racemization in the case of nonracemic 
glycidol. Even reactions which work on nonracemic 
glycidol may not work the same with the racemate, 
especially if crystallization is involved. Since this review 
focuses on nonracemic glycidol, reactions only reported 
for racemic glycidol will be introduced selectively and 
will generally not be pictured. In the cases where re- 

nucleophilic addition 

1 

entry reagent X yield (%) re1 

1 

2 

3 

4 

5 

6 

7 

8 

10 9 

EtMgBr/Li,CuCIJTHF -5 OC 

sat. NH$PrOHD days 

R,NHhase 

R,NHTTi(O'Pr), m situ 

ROHTTI(OR)~ 

ArONa/Ti(O'Pr)JBuOH !n situ 

RC02HTTi(O'Pr)JEt20 0 OC 

PhSH/NaOH/dioxane 

PhSHTTi(0'Pr). in situ 

HCI (gas) 

Et 

H2N 

R,N 

R,N 

RO 

ArO 

RC02 

PhS 

PhS 

CI 

71 56 

93 57 

40-90 58 

w68 36 

45-69 59 

40 36,60,61 

25-40 62 

71 63 

88 36 

96 64 

actions of racemic glycidol are of special note and are 
diagrammed or tabulated, an explicit mention will be 
made to the effect that these reactions were carried out 
only on racemic glycidol. To make the comparisons 
easier in this section, any reactions carried out on either 
enantiomer will be depicted us i f  carried out on the 
enantiomer derived from (S)-glycidol (as in Scheme 7). 

A. Nucleophlllc Addltlon 

1. Nucleophilic AWition to Nonracemic G&ckloI 

Simple nucleophilic additions to nonracemic glycidol 
are summarized in Table 2. The entries are ordered 
with respect to the stereochemical priority of the newly 
formed group. Note that addition occurs exclusively 
at C3. 

Addition of organomagnesium reagents is catalyzed 
by Li,CuCl., (entry 1). This reagent, besides opening 
epoxides, has also been used to couple or ano- 
magnesium reagents with halidess6 and tosylates8 Use 
of a methyllithium/copper(I) bromide/tributyl phos- 
phine reagent with racemic glycidol, on the other hand, 
resulted in selective reduction of the epoxide to the 
secondary alcohol, even in the presence of ketones.67 

Ammonia can be added easily to glycidol in high yield 
as a saturated solution in 2-propanol (entry 2). The 
reaction has also been carried out in a high-pressure 
reactor.57 The addition of secondary amines to glycidol 
is successful (entries 3 and 4), but most work has been 
done on racemic glycidol or protected glycidol and is 
not included in this particular table. In entry 4, the 
amine was added in situ after asymmetric epoxidation. 

The addition of small aliphatic alcohols such as 
methanol to glycidol has been reported only for racemic 
material.se Catalysis by the quaternary ammonium 
hydroxide Triton B (PhCH2Me3N+OH-) is successful. 
However, the base-catalyzed addition of long-chain 
aliphatic alcohols to glycidol (of interest in the lipid 
field) is not successful due to the problem of compe- 
titive polymerization, which leads to a highly branched 
water-soluble solid.m*70~71 The solution to this problem 
is to use a Lewis acid instead of a base to facilitate the 
reaction (entry 5) .  It was found that the best addition 
was with titanium alkoxide derived from the same al- 
cohol that was to be added (in this case primary ali- 
phatic alcohols). Use of titanium(1V) isopropoxide in- 
stead led to a significant amount of competitive addi- 
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ref. 76 

\ TMSNj N 3 x O T M S  refs. 77,70 
AI(OiPr)3 or Ti(O'Pr), 

e)-21 

SCHEME 9 

56 % 

TMS f 
OCCH,CI -P- O 

&,O&CH,CI - TMSOCH2 

67 % 

+ $::MS 

TMS 
34 % 

tion of 2-propanol. Tin(IV) chloride has also been used 
with the ra~emate.'~ These reactions were based on 
reports of similar reactions involving trans-3-propyl- 
g ly~ ido l .~~  

Phenolates add readily to glycidol in reasonable yield 
(entry 6). In this case, the yield may be lower because 
it includes the asymmetric epoxidation step. Addition 
of benzenethiolate also poses no problem under either 
basic (entry 8) or Lewis acid (entry 9) conditions. 

The addition of long-chain aliphatic acids is also of 
great interest in lipid chemistry. Opening of the ep- 
oxide with carboxylic acids in the presence of tri- 
butylamine is effective for racemic glycid01,'~ but in the 
case of glycidol it was shown that the high yields of 
addition to racemic glycidol are not reproducible with 
nonracemic material. Johnsons2 proved that the prob- 
lem is due to ester migration from one end of the 
molecule to the other, which in the case of nonracemic 
glycidol leads to racemization. Use of titanium(1V) 
isopropoxide (entry 7) gives only a moderate yield of 
nonracemic product. 

The addition of halide under acidic conditions (entry 
10) is successful. The chloride, when derived from 
(S)-glycidol (as depicted here), has male antifertility 
activity.@ Interestingly, the product from (R)-glycidol 
is inactive. 

Three additional reactions only reported for racemic 
glycidol are notable (Scheme 8). 

Reaction with lithium 4,4'-di-tert-butylbiphenylide 
(LDBB) in THF at -78 "C results in alkyllithium 
reagent 19 being produced. Addition of reagent 19 to 
pmethoxybenzaldehyde was only moderately successful 
(27% yield of the triol adduct). Use of a protected 
glycidol (methoxymethyl) was somewhat more suc- 
c e s s f ~ l . ~ ~  

Reaction of racemic glycidol with trimethylsilane and 
CO in the presence of CO~(CO)~ results in addition of 
a CHzO unit at C8 followed by silylation of all three free 
hydroxyls to give compound 20 in excellent yield (92% 
by GLC). This reaction is formally equivalent to re- 
action with LDBB followed by addition to form- 

base or 
L O P N B  Lewls add- 

PNB - pnitrobenroyl 
7 - 

X = R2N, ArO, PhS, Br L -J 

SCHEME 11 

1 

N <'I3 

H O A  8 5 %  refs. 81,82 

aldehyde. The same reaction carried out on trans-3- 
methylglycidol(3, Scheme 9) was less selective, leading 
to a 56:34 ratio of opening at C3 vs C2. This selectivity 
could be improved to 67:3 by use of the chloroacetyl 
protecting group on 3. 

Finally, reaction with trimethylsilyl azide (TMSN3) 
to give the bis(sily1oxy) azide 21 (also Scheme 8) can 
be facilitated either with aluminum77 or titanium78 al- 
koxides. The reactions were carried out at room tem- 
perature for 4-6 days, giving a 59% yield of 21 in the 
case of aluminum and 90% yield in the case of titanium. 
In both cases the regioselectivity was excellent. Other 
workers have observed somewhat less selectivity in cases 
where there is an alkyl substituent at C3.79 

A clever method of generating glycidol in situ has 
been devised by Sharpless (Scheme 10). In this me- 
thod, glycidol df about 85-9070 ee is produced by 
asymmetric epoxidation and protected in situ as the 
p-nitrobenzoate. (Though crystalline, this ester does 
not lend itself to enantiomeric enrichment through re- 
crystallization.) Treatment of the ester under many 
conditions similar to those in Table 2 results in in situ 
generation of glycidol and subsequent opening. Nu- 
cleophiles that were examined include amines, phenols, 
thiols, and bromide. 

Whereas there are no reports of the direct addition 
of a nucleophile to nonracemic glycidol at C2, one ad- 
dition of note involes initial reaction at the OH followed 
by intramolecular displacement at C2 (Scheme 11). 
Thus, oxamline 22 is formed in 85% yield when glycidol 
is treated with trichloroacetonitrile and either a cata- 
lytic amount of K2C0,81 or BF3*Et20.82 

Several similar reactions have been reported for ra- 
cemic glycidol (Scheme 12). For example, heating ra- 
cemic 1 with CH2FCN in the presence of tetraethyl- 
ammonium bromide gives oxazoline 23. Reaction with 
phenyl isocyanate under similar conditions gives oxa- 
zolidinone 24. Benzoylisocyanate has also been used 
in a related reaction.@*@ Besides nitriles and iso- 
cyanates, aldehydes also react with glycidol, for example 
giving dioxolane 25. Finally, esterification of glycidol 
as the a-toluenesulfonylacetate using dicyclocarbodi- 
imide and treatment with lithium diisopropylamide 
results in ring closure, forming lactone 26. This reac- 
tion, which leads to C-C bond formation, is less suc- 
cessful with trans-substituted glycidols due to steric 
hindrance. In each reaction depicted in Scheme 12, 

22 
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SCHEME 12 

Hanson 

TABLE 8. Simple Nuclephilic Additions to 
3-P henylglycidol 

PhNCO PhN-'fo 
Et,N'Br- * H O A 0  75% 

(*w 
/, 

Et 
ctl-1 n-4 \ EK: ~ 

\ BF3 I 
HO itzo 

r \  
H O A 0  78 % 

1) TsCHZCO2H/DCCI 
2) 2.2 eq LDA H0:d 35 % 

SCHEME 13 

84 % 5 TiCI, 

Bu3Sn 

- OH 

84 % 
TiCI, 

Bu3Sn--/ I/ 

(f)-27 (*)-28 

SCHEME 14 

degenerate- 
equilibrium 

kC0- 

ref. 85 

rel. 86 

ref. 87 

ref. 88 

ref. 89 

initial reaction occurs at the hydroxyl to give a species 
which can further react to displace the epoxide bond 
at C2. 

In contrast to this regioselectivity is the titanium- 
(1V)-catalyzed reaction of racemic allylstannane 27 
(Scheme 13) to give oxepane 28, the product of opening 
at  C3. This reaction is successful with a variety of 
substituted glycidols, including 2 and 4. The allyl- 
stannanes are easily made from 2,3-epoxy alcohols. 

It should be noted that many of the conditions listed 
in Table 2 are basic. For all 2,3-epoxy alcohols exposed 
to basic conditions there is always the possibility of 
Payne rearrangement,@" whereby the alcoholate dis- 
places the epoxide internally to form a new 2,3-epoxy 
alcoholate (Scheme 14). In the case of glycidol spe- 
cifically, this rearrangement is degenerate, however, and 
poses no problem (except for isotopically labeled gly- 
cidol). Racemization does not occur. 

In summary, reactions involving glycidol with highly 
nucleophilic reagents (such as amines, thiolates, and 
phenolates) or under acidic conditions (HC1) are rea- 
sonably successful. The problems mentioned above 
regarding polymerization in the case of base-catalyzed 
addition of alcohols and product rearrangement/race- 
mization in the case of addition of carboxylic acids are 
largely solved by the use of protecting groups, as dis- 
cussed below. 

2. Nuchmphlllc AWition to Substituted Giyc&ol 

In this section all of the reactions of compounds 2-4, 
both nonracemic and racemic, reported since 1967 are 

* P h l O H  
nucleophilic addition at d 

P h L O H  

2 i 
entry reagent X p  yield (X) ref 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

H, Pd/C 

PhC=C--BF, 

-M@l 

R,CuLi or R,(CN)CuLi, 

Ti(O'Pr),( N& 

NaNJNH,CI 

R,NWKOH 

ROH/BF,Et,O 

ArONa 
0 

Ph!OHTTi(O'Pr), 

'Pr,NH.3HF110°C,8h 

PhSH/NaOH 

H 

PhCEC 

w 
R 

N3 

N3 

RzN 

RO 

ArO 
0 

Pheo 

F 

PhS 

88 

90 

96 

78-88 

76 

>95 

84 

74-99 

83 

-90 

39 

81 

91 

91 

91 

91,92 

93 

91,93 

94 

91,95 

96 

97,98 

99 

91 

'Dashed line indicates point of attachment. 
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Red-AI 
P h L O H  DME 0+20 "C 

2 

P h x O H  

1 

phroH + 
22 

ref. 101 

summarized. Only the nonracemic reactions are tabu- 
lated. The goal is to give a sense both of what has and 
has not been done in this area and, more important, to 
illustrate the effects of substitution around the oxirane 
skeleton on nucleophilic substitution. 

a. trams -3-Phenylglycidol. Reactions of nonra- 
cemic truns-3-phenylglycidol(2) with nucleophiles are 
compiled in Table 3. Although four of the conditions 
listed (entries 4, 7, 10, and 12) are similar to some of 
those in Table 2, the other eight involve reactions yet 
to be reported with glycidol itself. The major differ- 
ences between the reactivity of 2 and 1 seem to be due 
to the phenyl group of 2 activating the C3 position to- 
ward acid-catalyzed and organometallic addition. The 
effect on base-catalyzed reactions is less evident. 

Takanogl has carefully examined the addition of nu- 
cleophiles to trans-3-phenylglycidol. Much of his work, 
along with the work of several others, is summarized 
in this table. Several entries deserve mention. 

Reduction of 2 is effected by palladium-catalyzed 
hydrogenation (entry 1). Titanium(IV)-facilitated re- 
duction by LiBH, has been carried out on the racemate 
with similar results." Both methods are highly re- 
gioselective, giving >98% selectivity for opening at C3. 
Not all reductions are selective for C3, however. Re- 
duction of 2 using sodium bis(2-methoxyethoxy)alu- 
minum hydride (Red-Al) is selective for reduction at 
C2 (Scheme 15). 

This reaction is presumed to occur through initial 
attachment of the aluminum to the primary OH fol- 
lowed by intramolecular hydride reduction. Theae re- 
sults are opposite those of Table 3, entry 1. Lithium 
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TABLE 4. Selectivities of Reductions of Four 2,3-Epoxy 
Alcohols 

ref 
reduction selectivity I? ys. C? 

e" UBHJTI(O'Pr), Red-AI LiAlH, 

P h L O H  98 : 2 
4 : 96 

100 
101 

PIICH,O&OH 
1 :99 102 

50 : 50 102 

99 : 1 100 
1 :99 103 

20 : 80 103 
CSHII &OH 

a7 : 13 100 
1 :99 103 

0:lOO 104 

SCHEME 16 

P h L O H  c 
CH2C12 -78 'C, 25 h 

2 

P h F O H  + P h x O H  € 

: 
refs. 91,105 

28 1 

aluminum hydride (LiA1H4) has also been used to re- 
duce 2,3-epoxy alcohols and appears to react with more 
similarity to Red-A1 than to LiBH4/Ti(OiPr),. How- 
ever, LiAlH4 appears to be generally less selective. Four 
comparative examples are given in Table 4. Note the 
complementary nature of the reactions of LiBH4/Ti- 
(OiPr)4 and Red-Al. 

In the addition of organometallic reagents to 2 (Table 
3, entries 2-4) there are also a few surprises. Use of 
trimethylaluminum instead of Me2(CN)CuLi2 results 
in addition with retention of configuration at  C3 
(Scheme 16)?1*1w Other triakylaluminum reagents are 
less selective. PhCWAlEb, for example, gives only a 
3.21 ratio of retention vs inversion. Triethylaluminum 
gives a 1:l mixture of diastereomers. 

Two reagents, NaN3 and Ti(OiPr)2(N3)2, are suc- 
cessful for the addition of azide (Table 3, entries 5 and 
6). For this particular substrate, Ti(OiPr)2(N3)2 holds 
no advantage. With other substrates it is faster and 
more regioselective than NaNPB3 

Addition of secondary amines to trans-&phenyl- 
glycidol in the presence of strong base (entry 7) is only 
moderately succeasful, the product being contaminated 
by about 12% of the regioisomer from Payne rear- 
rangement (Scheme 14) followed by addition at ClSB4 
The fact that 3-alkyl-substituted glycidols under these 
conditions undergo much higher amounts of addition 
at  C' indicates that the presence of the phenyl group 
in 2 facilitates base-catalyzed nucleophilic opening at 
Cs compared to other substituents and minimizes the 
danger of Payne rearrangement. 

The Lewis acid catalyzed addition of alcohols (entry 
8) is also facilitated by the phenyl group in 2. Thus, 
2 reah smoothly and in high yield with small molecular 
weight alcohols such as methanol, allyl alcohol, and 
propargyl alcohol in the presence of BF3-Ef20 in CH2C12 
at -30 to -40 "C. Phenols in the presence of NaOH also 
add readily and highly selectively (entry 9),w as do 
thiophenols (entry 

Carboxylic acid addition in the presence of Ti(OiPr), 
(entry 10) is far more successful with 2 than with gly- 

SCHEME 17 
0 

CO2 
/Cs&OdDMF/moi. siev& ph\/f\/o 85 % ref. 107 

/ b H  
29 

93 % ref. 82 
P h L O H  CCl&N/BFrEi20 

\ 30 

\ 1) NH2!NHfli(O'Pr), I s 
2) NaHC0, Ph&oH 66% ref. 108 

31 

cidol, yields being high enough to continue without 
purification. 

Addition of fluoride (entry 11) occurs in only mod- 
erate yield with the 1:3 complex of diisopropylamine 
with HF at 110 "C for 8 h.% About 5% of the product 
of retention of configuration at C2 is also formed. Al- 
though the yield is low, the reaction is notable in that 
no isolable fluorinated materials could be obtained 
when other fluorinating reagents were employed. 

Three additional reactions of nonracemic trans-3- 
phenylglycidol are of note (Scheme 17). In the pres- 
ence of Cs2C03, carbon dioxide adds first to the OH of 
2, then opens the epoxide at C2 (much as is observed 
for nitriles and isocyanates with glycidol, Scheme 12) 
to give 29. The dioxolanone formed by carbonate mi- 
gration to the C2/C3 positions is also found in 8% yield. 
A similar reaction with formaldehyde (giving structure 
29 without the carbonyl group) has been reported with 
racemic trans-3-phenylglycidol.'Os Similarly, tri- 
chloroacetonitrile reacts with the OH, but then opens 
the ring at  the C3 position, giving heterocycle 30. 
Compare this result with that found for glycidol pres- 
ented in Scheme 11. 
Also included in Scheme 17 is the titanium(1V)-cat- 

alyzed reaction of 2 with thiourea to give the unstable 
episulfide 31 in 66% yield. Evidently in this case re- 
action first occurs at C3 due to initial titanium com- 
plexation between the OH and the epoxide oxygen. 
Displacement at C2 then occurs. No product was 
isolable prior to base treatment. 
b. trans-3-Methylglycidol and 2-Methylglycidol. 

Reported reactions of nonracemic trans-&methyl- 
glycidol(3) and 2-methylglycidol(4) with nucleophiles 
are compiled in Table 5. Of particular note are the 
organometallic reactions. Homoallylic organo- 
magnesium reagents, usually quite sluggish, added 
readily to 4 in the presence of dilithium tetrachloro- 
cuprate (entry 2). 

In addition, much work has been done in discovering 
the best way to add tritiated methyllithium to 3. Thus 
it was found that methyllithium prepared from methyl 
iodide and butyfithium in hexane (ulithium iodide free" 
MeLi) gave the desired addition (entry 3). On the other 
hand, reaction of 3 with Mez(CN)CuLi results in a 
5050 mixture of addition at C2 and C3.f18J1B Use of 
methyllithium prepared from methyl iodide and lithium 
metal resulted only in the formation of diol 32 (Scheme 
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TABLE 6. Simple Nucleophilic Additions to 2-Methylglycidol and 3-Methylglycidol 

R2 OH 
R&OH 

nucleophilic addition at 
,3&0H 

3 or 4 R 
entry R3 R2 compd reagent Xa . yield (Yo) ref 

1 Me H 3 EQAlClCR R(=IC 30 109 

2 H Me 4 -mer N,CUCI, + a5 110 

3 Me H 3 Lil-frEE PH]-MeLi [3H]-Me 50 111, 112, 113, 114 

4 H Me 4 PhSWNaOH/dioxane PhS -35 115 

5 H ME 4 LiI.OH2OIHMPT/CHCI, I 64-70 116, 117 

'Dashed line indicates point of attachment. 

SCHEME 18 

&OH MeLi/Lil c 

3 

L J 32 

18)."' I t  would be interesting to note if such a dif- 
ference is observed with glycidol or truns-3-phenyl- 
glycidol. Lithium iodide, in fact, adds readily to 4 in 
chloroform in the presence of hexamethylphosphoric 
triamide (HMPT), as shown in entry 5. 

Concentrated ammonia reacts with racemic 3 selec- 
tively at C3 in almost quantitative yield." The reaction 
is run at  85 OC for 4 h. 

c. Substituent Effects Summary. In summary, 
all reported reactions of nonracemic glycidol occur at 
C3 with high selectivity. The effect of a phenyl group 
attached at this position is to activate the C3 position 
further toward acid-catalyzed and organometallic re- 
actions. However, for nucleophilic reactions, a phenyl 
group at C3 has mixed effect, depending upon reagent 
and conditions. Most dramatic is reduction with Red- 
Al, which occurs selectively at C2. Reactions of 2 with 
organometallic reagents can even go with retention of 
configuration at  C3. The effect on regioselectivity of 
a methyl substituent at C2 is not significant. A methyl 
at C3, on the other hand, results in proportionally less 
addition at  that position and can even lead to rear- 
rangement prior to addition, as in the case of methyl- 
lithium that is not lithium iodide free. 

B. Protection 

Protection as defined here means any process which 
serves to prevent unwanted reactions by changing a 
functional group (in this case OH) into a less reactive 
group. The protecting groups discussed include alkyl 
and silyl ethers and carboxylic esters. Activation is 
defined as any process which serves to facilitate a de- 
sired reaction by changing a functional group into a 
more reactive one. A variety of sulfonic acid esters have 
been used to activate glycidol. They will be discussed 
later. 

It is important to realize that although glycidol is an 
alcohol, it is a fairly reactive one, susceptible to base- 
catalyzed decomposition. Thus not all "standard" 
procedures for alcohol protection and activation are 

SCHEME 19 

p-galactosidase 
w 

0 
HO H$+ox H O A  

33 X-&N02C6H4 (9-1 

lactose X=4-glucosyl 

HOPH 

ref% 130,131 

successful with glycidol. What special precautions must 
one take? Which groups have been successfully ap- 
plied? In addition, activation of glycidol poses a special 
challenge in that an already electrophilic molecule be- 
comes even more electrophilic. After activation, which 
site will be more reactive, C1 or C3? The discussion 
below focuses on these questions and is organized along 
the lines of Scheme 7. 

1. Protection of Nonracemic G&ckbl and Related 
Small 2,3-EpO~y Alcohols 

Since there is much similarity in reactivity among 
2,3-epoxy alcohols 1-4 toward protection, reports of 
their protection wil l  be summarized together (Table 6). 
The references in this table include details of the 
preparation of the indicated derivative. References in 
which a derivative is made by "standard" procedures 
or by procedures "described elsewhere" are not includ- 
ed. Thus, some compounds which are discussed later 
in this review are not presented here. The table is 
organized by the nature of the derivative, in increasing 
stereochemical precedence: alkyl, alkoxyalkyl, acyl, and 
silyl. Several entries in the table refer to protections 
which were carried out in situ after asymmetric ep- 
oxidation. Yields for those entries include the ep- 
oxidation reaction. 
(S) - and (R)- 0- (Triphenylmethy1)glycidol (trityl- 

glycidol, entry 1) are crystalline solids with melting 
point 99-100 "C. Recrystallization allows for a "free" 
increase in enantiomeric purity after asymmetric ep- 
oxidation of allyl alcohol and in situ protection.122 The 
trityl ether of (2S,3S)-truns-3-methylglycidol (entry 2) 
has also been prepared. 

2,3-Epoxy alcohols are more robust toward mild acid 
than one might expect, and protection as mixed acetals 
and ketals is successful when standard conditions are 
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TABLE 6. Protection of Glycidol and Related Small 2,s-Epoxy Alcohols 
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R3&OH protection 

1 - 4  

entry R3 R2 compd C@ (abbr) reagent yield (%) ref 

9 H H  1 OSi'BuMez (TBS) 

10 H H 1 OSi'BuPhz (TBDPS) 

1 1  Me H 3 (TBDPS) 

12 H Me 4 (TBDPS) 

TABLE 7. Selected Procedures for the Protection of 
R8cemiC 1 

protection 

4l-1 
entry (abbr) reagent yield ( O h )  ref 

1 CCHzPh (Bn) BnBrMaHnHF 75 132,133 

2 OCHP-OM. (MEM) MEMCV 'Pr,NH/CH,CI, 92 134 

3 0 0- (EE) CHpCHOEVHOTs ... 135,136 I 
40 

80 74 

4 O b P r  O B  nPrCCl/pyr/Et,O ... 

? 0 
5 O!C15H3, (ClSH3,C),0/hexane 

TMS 0 
6 O!CH,SiMe3 )==o/ZnCI~CH,CI, 84 137 

7 
0 0 

&CCI, Cl,!CVpyr/EtzO 78 121 

used (entries 3 and 4). A related reaction is the 8-ga- 
lactosidase-catalyzed transacetalation of lactose or o- 
nitrophenyl galacbpyranoside (33, Scheme 19). Either 
enantiomer of glycidol may be used, however the yield 
is only about 30%. 

In situ procedures following asymmetric epoxidation 
have been used not only for making trityl ethers but 
also for making p-nitrobenzoates (entries 6-8) and silyl 
ethers (entries 9-11]. These yields include the ep- 
oxidation reaction. In the case of the acetate of 4 (entry 
5), the epoxy alcohol was isolated first, then protected. 

Several procedures for protecting glycidol have been 
reported only for the racemate. Selected examples are 
tabulated in Table 7. 
For example, although (S)-0-benzylglycidol ((S)-S) 

has been made from (R)-glycidol,138 the procedure for 
benzylation has only been reported for the racemate 
(entry 1). Care must be taken to moderate the tem- 
perature of the benzylation reaction. 

Racemic glycidyl (methoxyeth0xy)methyl (MEM) 
ether has been made by using diisopropylamine and 

TrCI/Et3N/toluene or in situ 80 121,122 

TrCI/Et3N/DMAP/CH2C12 89 123 

DHP/TSOH/CH2CJz 88 124,125 

126 /cat. P0C13/CCl4 _-_ 

AWPYr  100 127 

PNBCI/Et3N/CH2CIz in situ 61 28 

65 28 

78 28 

TBSCI/Et3N/CH2C12 in situ 68 28 

TBDPSCI/Et3N/CH2C12 in situ 45 28 

76 128 

TBDPSCI/DMAP/Et3N/CH2C12 78 129 

TABLE 8. Nucleophilic Aromatic Substitutions Involving 
Nonracemic Glycidol 

L O A r  
ArX 

L O H  
1 

entrv ArX condiliow vield 1%) ref 

1 'B ArWNaHDMF 0 OC 1 h + 20 'C 16 h 55 143 
CI 

2 "m ArWNaHDMF 0 'C 1 h + 20 'C 16 h 38 143 
B 

144 3 DNoz "base" ... 

MEM chloride (entry 2). Acidic conditions have been 
used to make diastereomeric mixtures of ethoxyethyl 
(EE) ethers (entry 3). The ethoxyethyl ether of racemic 
4 has also been reported.lsg 

Acid chlorides (entries 4 and 7), anhydrides (entry 5), 
and ketenes (entry 6 )  have all been used to make ali- 
phatic esters of racemic glycidol. The anhydride used 
in entry 5 was palmitic anhydride. It would be inter- 
esting to know how general this reaction is. The al- 
ternative esterification procedure using palmitoyl 
chloride in pyridine has also been but 
indications are that the anhydride procedure is pref- 
erable.74 A careful study comparing methods of ester 
synthesis has been carried out on iacemic g1ycidol.l" 

2. Preparation of Nonracemic Glyck#yl Aromatic 
Ethers vla Nucleophilic Aromatic Substltutlon 

Several reactions involving the transformation of the 
OH of glycidol to OAr by nucleophilic aromatic sub- 
stitution to produce glycid 1 aromatic ethers are known, 
both for the r a ~ e m a t e ~ ~ ~ J ~ ~ a n d  nonracemate (Table 8). 
These compounds are not "protected" in the sense de- 
fined above, because the aromatic group is never re- 
moved. Nonetheless, their syntheses from glycidol are 
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TABLE 9. Additions of Alkyl, Alkenyl, and Aryl Organometallics to Protected Nonracemic Glycidol 

Henson 

nucleophilic addition at c? 
X L@ X = alkyl, vinyl 

entry o@ reagent Xa yield (%) ref 

1 OBn MeMgCVLi,CuCIJTHF -78 OC Me 99 145 

2 OBn /THFO°C *... 95 146 

3 OBn *Cu(CN)Li, /THF -30 OC e. 86 147 

4 OBn q(2-thienyl)Cu(CN)Li2 /THF 0 OC Q-. 90 148 

5 OBn m C u ( C N ) L i ,  /THF -78+0 OC v.. 90 149 

6 OBn p C u ( C N ) L i 2  /THF -78+0 OC 95 149 f- 
138 7 OBn L i 0 a u  /LiCI or BF,.Et,O/DME LiO&.. _ _ _  

8 OBn /CuCN/THF -78 OC c H ’ o ~ . .  98 150 

9 ORn ciLi THF -30 OC c? .... 87 151 

lines indicate point of attachment. 

described here because they are examples of a funda- 
mentally different reaction involving glycidol. All of 
these syntheses involve the reaction of glycidol with a 
halogenated aromatic system with displacement of the 
halogen. That is, the C-0 bond in glycidol remains 
intact. Reactions which form similar products by in situ 
activation and displacement of the OH of glycidol are 
discussed later in this review (see Table 16). 

3. @%activity of Protected Nonracemic G&ckbl 

a. Toward Alkyl, Alkenyl, and Aryl Organo- 
metallics. Additions of alkyl, alkenyl, and aryl or- 
ganometallic reagents to protected nonracemic glycidol 
are summarized in Table 9. Although it would be 
reasonable to me a variety of protecting groups for such 
reactions, only the use of benzyl (Bn, compound 5) has 
been reported. 
All of these reactions have been carried out with use 

of fairly similar conditions, namely, in ethereal solvents 
at subambient temperatures. Although the reaction of 
allylmagnesium chloride (entry 2) is straightforward, 
the reactions of other allylmagnesium reagents depend 
dramatically upon conditions (Scheme 20). Thus re- 
actions of either 34 or 35 at 0 “C in the absence of Cu(0 
salts leads to addition at  the more substituted allylic 
position. When 10 mol % of CUI is used at -78 “C, on 
the other hand, addition occurs at  the less-substituted 
allylic position. All of the reactions in Scheme 20 are 
reported to occur in about 90% yield. 

Lipshutd4’Ja has studied the addition of a number 
of reagents derived from vinyllithium to 5. Use of 
(vinyl),CuLi gave only a 73% yield as compared to the 
86% yield of a higher order cyanocuprate (Table 9, 
entry 3) and 90% with a higher order mixed cyano- 
cuprate (entry 4). Use of the lower order cuprate (vi- 
nyl)Cu(CN)Li gave a yield of only 11%. 

- 
SCHEME 20 

-McI (34) 
THF 0 OC &OBn ref.152 

* &OBn ref. 153 

5 

U O B n  mf.153 CUI THF-78’C 

Two aryllithium species have been added. Thus 
Ireland1% added the lithiofuran of entry 7 in unreported 
but presumably high yield in the presence of either 
lithium chloride or boron trifluoride, and 
added a cuprate reagent derived from p-bromoanisole 
(entry 8). A 2-lithiofuran hae also been added to ra- 
cemic 5 in excellent yield with boron trifluoride used 
as coreagent.‘” 

b. Toward Acetylides. Reactions of acetylidea with 
protected nonracemic glycidol are s u m m a n d  in Table 
10. Acetylene itself, either as the sodium or the lithium 
salt, has been employed (entries 1 and 2). Use of lith- 
ium (trimethylsily1)acetylide (entry 3) allows for op- 
tional removal of the TMS group by using KF in 
methanol. For substituted acetylides, the reaction can 
be carried out in THF without (entry 5) or with the aid 
of N&,”,”-tetramethylethylenediamine (entry 4), 
boron trifluoride (entry 6), or hesamethylphosphor- 
amide (entries 7 and 8). 

Takano has found that the adduct of acetylene with 
5 can be isomerized to the internal alkyne 36 (Scheme 
21) using potassium tert-butoxide in DMS0.lmJa No 
racemization is observed. This isomerization thus leads 
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TABLE 10. Nuoleophilio Additions of Acetylides to Protected Nonracemic Glycidol 
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nucleophilic addition at C? 

X+M 

entry @ M conditions Xa yield (%) ref 

1 OBn Na 

2 OBn Li 

3 OBn Li 

4 OTHP Li 

5 OBn Li 

6 OTBS Li 

7 OBn Li 

8 OBn Li 

DMSO H 

NhbNH, /DMSO 0 OC H 

BF,.EtZO/THF -78 OC TMS 

TMEDAKHF -78425 OC Et 

THF -30425 OC M c O ~ O " C H 2  

HMPAKHF -70425 OC B... 
BF3,EtZOTTHF -78 OC THPOCHZ 

HMPAKHF -25425 'C 

'Dotted lines indicate point of attachment. 

87 155,156,157 

89 158,159 

82 132 

77 124 

74 160 

80 161 

76 162 

84 163 

TABLE 11. Loctonizations Involving Protected Nonracemic Glycidol 
0. 

nucleophilic addition at C? 
X 

entry @ reagentlconditions X yield ("I.) ref 

0 
E d  75-84 15,166 

O 8  
1 OBn a) EtO!CHzCOEVNaOEt/EtOH 

2 OBn a RCH CNILiN(TMS&THF 0 OC R 72 167,168 

3 OBn a) 37lLDAKHF -30425 OC Y C H ,  80 169 

bj KOHktOH (c) toluene A 

b) toluene A 
CH3 

4 OBn a) 38lLDAKHF -78425 OC CHz=k 62 170,171 
b) toluene A (c) LDAKHF (d) HCI 

5 OBn a) 39lLDAKHF -78425 OC pMeC&!d 65 172 
b) toluene A 

b) KOHlEtOH (c) H+ 
6 OBn a) 40lLDAKHF -78425 OC mMeOC& 63 173,174 

7 OBn a) 41ILDAKHF -78-+25 OC 3,4-(MeO)zC&, 64 175 
b) KOHlEtOH (c) H+ 

to an alternative method of forming nonracemic a- 
acetylenic alcobols.lM 

c. Toward Stabilized Carbanions. Several reag- 
ents have been used to make a C-C bond at  C3 with 
concomitant formation of a lactone to the newly formed 
OH at C2. These reactions are s u m m a n d  in Table 11. 
Nucleophiles include &keto ester enolates (entry l), 
a-lithionitriles (entries 2 and 5-7), and carboxylic acid 
dianions (entries 3 and 4). 

Initially in all of these reactions, close to a 5050 
mixture of syn- and anti-substituted lactones is pro- 
duced. In the case of diethyl malonate (entry l), de- 

SCHEME 21 

KO'BU 
\<OBn DMSO 

..- 

JoBn 930/0 refs. 157,159 

carboxylation using MgClz in N,N-dimethylacetamide 
removes the stereocenter a to the carbonyl complete- 
ly.lSs In entry 4, additional deprotonation/protonation 
steps were taken to reduce the mixture (including a 

36 
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SCHEME 22 

Hanson 

a) LDArrHF -78 'C 
b) sat. aq. Na2S04 

OBn 

a) LDArrHF -78 'C 
b) Me1 -78+25 'C 

c 

Me0 OBn 

a) LDA 
b) crotyl bromide 

I 

Me0 OBn 

OBn 

sole product 

74% ref. 172 

80 % ref. 173 

+ 11 % of the other diastereomer 

64 % ref. 175 
Me0 OBn 

f 
+ 11 % of the other diastereomer 

TABLE 12. Reaction# of Protected Nonracemic Clycidol with Nitrogen-Based Nucleophilee 

- x x 0 8  
nucleophillc addition at 

X nitrogen-based 

entry 08 reagent X yield ("A) ref 

1 OBn NH3/'PrOH 3 days 

2 OAr 'PrNH,/alcohol A 1-20 h 

3 OAr 'PrNH,/neat 

4 OAr 'BuNH, 

5 OAr RNH, neat 

6 OAr RNH,/Me3AI/CH2CI2 

7 OPNB R,NH/HOAc7d 

R 
8 0C"Pr R,NH/CH&N A 8 h 

9 OAr RBnNH/alcohol A 
A 

10 OAr ZN-NH /alcohol 

11 OPNB NaN$pyr.HOTs/DMF 

conjugated isomer) to a sole product, the syn lactone. 
The fate of the stereocenters in entries 5-7 are de- 

picted in Scheme 22. (In each of these reactions, (R)-5 
was used, as depicted in this scheme.) Deprotonation 
of the lactones and "kinetic" quenching at low tem- 
perature clearly increased the diastereomeric purity of 
the product. 

Such a sequence of depronation followed by 
quenching at low temperature is not always so suc- 
cessful. In entry 2, the R group is a tetracyclic steroidal 
unit connected via the D ring at C" (see also Figure 14 
in section IV.3.6). Thus both components of the al- 
kylation are nonracemic, and in this case only the ad- 
duct with (S)-5 could be successfully quenched to give 
a single lactone. The R isomer, on the other hand, gave 
a 3:l mixture upon quenching with aqueous sodium 
sulfate at -78 OC. The product of entry 3 could at best 
be transformed into a 5.4:l ratio of syn to anti, this by 
quenching of the lactone enolate with trimethylsilyl 
chloride, followed by treatment with trifluoroacetic acid 
at -70 OC. 

A similar reaction has been carried out on racemic 
0-ethylglycidol (42) with use of the dianion of a-phe- 

H2N 100 57 
H 

'PrN 30-80 60, 187, 188,189, 
179, 190, 191 

H 

H 
'BUN 

H 
RN 

H 
RN 

'PrN 80-85 192, 193, 194, 195, 196 

_ _ _  197,198 

_-_ 199, 181,200,201 

144 -__ 

R2N 58 202 

203 

183,204,205 

_ _ _  184, 185, 186 

_ _ _  R2N 
_ _ _  RBnN 

n 
ZN N 
U 

N3 65-88 80 

SCHEME 23 

1) PhSeCHzCOzHILDPJTHF 
L O E t  2) HOACA 
M-42 3) HzOflOAc 

&OEt 5 6 %  ref. 176 

w-43 

nylselenenylacetic acid (Scheme 23). Oxidation with 
acidic hydrogen peroxide gave butenolide 43 in 56% 
overall yield. 
Three interesting reactions involving stabilized anions 

are shown in Scheme 24. In the first case, the di- 
methylhydrazone of acetone is deprotonated and used 
to open (R)-5 at C3. This product was not isolated but 
rather deprotonated again and treated a second time 
with (R)-5 to give a bis-adduct. In a second reaction, 
treatment of glycidol with 2 equiv of sodium (methyl- 
sulfiny1)methide in dimethyl sulfoxide also resulted in 
opening at C3. Heating the intermediate sulfoxide in 
refluxing o-dichlorobenzene led to sulfoxide elimination 
and the formation of allylic alcohol 44. Interestingly, 
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SCHEME 24 
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L O B "  60% ref. 178 
5 \ 1) N ~ C H ~ ~ C H ~ D M S O  

2) CaCOd&,H4CIz 
44 

0 

$(CHdz 
L O E E  'BuOH 50% 3 davs L O E E  7 0 %  ref. 135 

TABLE 13. Reactions of Other Nucleophiles with 
Protected Nonracemic Glycidol 

nucleophilic addition at c? 
X other than RM or N 

entry reagent X yield (Oh) ref 

1 W-Gl 
2 OPNB 

3 OPNB 

4 OPNB 

5 OTBDPS 

6 OBn 

7 0 t h  

8 OR 

9 OTr 

10 OBn 

0 

1 1  OPNB 

12 OTr 

13 OR 

14 OPNB 

UAIHJEtzO 1 h H 

KCN/(CH&C(CN)(OH) N=C 

EbAICN N=C 

MeOHlHzSO4 Me0 

C ~ ~ H ~ O H / B F ~ E t ~ O I C H ~ C i ~  C1&i& 

CIeH370NdDMF 80 "C 2 h CleH370 

ArOHIR,N+X-/toluene A ArO 

phosphofylchollne/KOAc/AcOH A RP03 

USWTHF0"C RS 

NaSPhfrHF 0 'C PhS 

PhSH/EtoN or pyr PhS 
0 0 

R ~ S H  <IO min RkS 

CI AIC1&HC13 0 *C 1 h 

NaVNaOAc/AcOH/EtCOzH I 

72 206 

85 80 

71 80 

85 80 

74 207 

46 208 

75 209 

42 210 

82 122 

89 211 

97-100 80 

94 122 

69 212 

89 80 

reaction of racemic 0-( l-ethoxyethyl)glycidol(45) with 
the related dimethyloxosulfonium methylide results in 
ring expansion to give oxetane 46 in 70% yield, in 
analogy to that reagent's reactions with ketones to give 
epoxides. 

d. Toward Nitrogen-Based Nucleophiles. Reac- 
tions of nitrogen-based nucleophiles with protected 
nonracemic glycidol are summarized in Table 12. 
Ammonia (entry l), primary amines (entries 2-6), and 
secondary amines (entries 7-10) have all been used 
under a variety of conditions. Of special interest in the 
pharmaceutical industry have been the reactions of 
primary and secondary amines with glycidyl aromatic 
ethers (entries 2459, and 10). Several more complex 
primary amines have also been used.179183 In entry 10, 
Z has been either a r y P  or a1ky1.186J88 

Addition of amines to nonracemic glycidyl esters is 
also successful (entries 7 and 8). In the reaction with 
azide (entry ll), some ester migration occurred due to 
the basic conditions employed. An alternative method 
of azide addition is the one presented for glycidol in 
Scheme 8, namely the reaction of trimethylsilyl azide 
catalyzed by aluminum or titanium(1V) isopropoxide. 
Racemic acetates and ethers give excellent selectivity 
and yields in the range of 70-80%.77J8 

e. Toward Other Nucleophiles. Other nucleo- 
philes used to open protected glycidol are shown in 
Table 13. These include hydride, cyanide, alcohols, 
acids, thiols, and halides. 

The reduction of glycidyl n-pentyl ether has been 
effected using lithium aluminum hydride (entry 1). 
Comparing this result with those depicted in Table 4, 
it would appear that such a reduction would not be 
successful on 3-substituted glycidyl ethers. 

Cyanide has been added to glycidyl p-nitrobenzoate 
either as potassium cyanide in the presence of acetone 
cyanohydrin (entry 2) or as diethylaluminum cyanide 
(entry 3). Acetone cyanohydrin acta as a "time-release" 
buffer, allowing no build-up of potassium alkoxide, 
which would cause problems with the benzoate group. 

Alcohols have been added to protected nonracemic 
glycidol by using three different methods (entries 4-6). 
Thus, treatment of glycidyl p-nitrobenzoate with 
methanol in the presence of sulfuric acid (entry 4) gave 
the methyl ether. Racemic glycidyl acetate has also 
been opened with methanol by using a heterogeneous 
tin-phosphorus catalysta213 Treatment of silylated 
glycidol with hexadecyl alcohol in the presence of a 
catalytic amount of boron trifluoride gave the hexadecyl 
ether (entry 5). Use of basic conditions is also succe88fu1 
with O-benzylglycidol (entry 6). Similar treatment of 
the glycidyl butyrate, however, led to ester hydrolysis 
and partial ra~emization.~~ The addition of phospho- 
rylcholine (Me@2H2CH20P0;) in buffered acetic acid 
(entry 8) to a glycidyl alkyl ether leads to substances 
related to platelet activating factor (see also Table 21). 
Alumina has been used to catalyze the addition of 
tert-butyl hydroperoxide to a racemic glycidyl aryl 
ether.214 

Quaternary ammonium salts nicely catalyze the re- 
actions of glycidyl butyrate with phenols (entry 7). 
These conditions have also been used to add carbox- 
ylates to racemic O-benzylglycidol.121 Interestingly, the 
reaction of racemic mixed carbonate 47 (Scheme 25) 
under the same conditions gave carbonate 48 in high 
yield. The same product was formed from glycidyl 
trichloroacetate (with loss of CHCIB). 

Reactions with thiols can be achieved in high yield 
by using several different conditions (entries 9-12). In 
the case of the p-nitrobenzoate, once again some ester 
migration occurs.8o 

Halides have been added either as the buffered anion 
(entry 14) or as the group I11 compound (entry 13). In 
a related reaction, dimethylboron bromide has been 
used to add bromide to a racemic aryl ether of glyci- 
dol.21S 

Three additional reactions of note are shown in 
Scheme 26. In the first reaction, glycidyl butyrate (13) 
was treated with an isocyanate to form oxazolidinone 
49 in quantitative yield. This reaction is catalyzed by 
lithium bromide (solubilized as a phosphine oxide 
complex) and was fiist developed by using racemic 5.21'3 
Presumably the bromide first opens the epoxide, the 
resultant alcohol reacts with the isocyanate, and, finally, 
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SCHEME 26 

R A*:'& o&pr 
&OCnPPr 2-3 mol% LiBr/Bu3P0 

xylene 140 OC 1 min 49 13 

5 50 

0 L O T r  CSdKOHIMeOH SAOTr 

51 

the nitrogen intramolecularly displaces the primary 
b r ~ m i d e . ~ ~ ' * ~ ~ *  This reaction is thus very similar (and 
complementary) to the one shown in Scheme 11. 

The reagent derived from carbon disulfide and po- 
tassium hydroxide in methanol leads to displacement 
at both C3 and C2, giving, upon reduction with lithium 
aluminum hydride, dithiol 50. In the case of 51, tri- 
thiocarbonate 52 was isolated prior to reduction. 

4. Reactiviw of Other Protected Nonracemic 
2,3420~~ Alcohols 

Several reactions involving derivatives of 3 and 4 
bearing protecting groups are shown in Table 14. 
As in the case of glycidol, organomagnesium com- 

pounds in the presence of Cu(I) salts are the reagents 
of choice for addition of alkyl groups at the C3 position 
of protected 3 (entry 1). Unlike glycidol, which reacts 
completely at C3, in this case the regioselectivity was 
only 9O:lO C3/C2. Trimethylaluminum has also been 
used with racemic trans-3-methylglycidol to add a 
methyl at C3 (forming an isopropyl group) with >99% 
regioselecti~ity.~~~ The reaction is strongly catalyzed 
by butyllithium. 

In entry 2 a lower order cuprate was used, which 
probably explains the very low yield (along with the fact 
that the epoxide was in excess). Use of a higher order 
mixed cuprate in place of the lower order vinyl cuprate 
might have significantly increased this yield without 
sacrificing the precious alkenyl reagent, since a similar 
reaction using a higher order mixed 2-thienyl cuprate 
reagent worked well on racemic glycidyl benzoates.226 

Less than ideal selectivity (7:l C3/C2) was observed 
for the copper-catalyzed addition of a vinyl organo- 
magnesium reagent to the trityl ether of 3 (entry 3). 
However, a closely related a-silyl reagent (entry 4) 
added exclusively at C3. In entry 5, where the mixed 
ketal of acetone was used as the protecting group, the 
ratio of C3 to C2 addition was once again about 9O:lO. 
The reagent in this case was the (presumably) sterically 
undemanding ethylenediamine complex of lithium 
acetylide. 

The success of a-llthio sulfone addition to silyl- 
protected 4 (entry 6) was very sensitive to sulfone 
structure. The authors report that only allylic a-lithio 
sulfones were successful (see also Figure 5).  Such 
sulfones have also been successfully added to a racemic 
silyl ether of glycidol as dianiomm Addition of a-lithio 

52 

SCHEME 27 

82 Yo refs. 219,220 

56 Yo ref. 17 

ref. 122 

0 0 U', Na+ 
1) -*Me BFrEt20 

L O B n  2) pTsOH CsHs A - H20 

w-53 
0 

"'"b OBn 96 *lo 

(fH4 

SCHEME 28 

Me*l+Br ) z  

P h h O T B S  - 
3 1  

55 
CHzCIz -70 'C 1 h 

Ph %HO 
$( 67 % ' 'OTBS 

56 

ref. 230 

ret. 232 

dithianes to a silyl ether of 3 (entry 7) occurred in good 
yield. 

Iodide addition to the p-nitrobenzoate of 3 (entry 8) 
was highly selective, but the authors also report that 
phenylthiolate addition was not. 

In analogy to some of the reactions known for pro- 
tected glycidol with dianions (see Table 9), the dianion 
of methyl acetoacetate reacts with racemic 53 (Scheme 
27), opening at C3. Enol formation occurs in a second 
acid-catalyzed step, giving 54. Similar reactions have 
also been carried out by using racemic glycidyl s i l y P  
and benzyl2% ethers. 

Under Lewis acid conditions, silyl-protected trans- 
3-phenylglycidol(55, Scheme 28) has been observed to 
give aldehyde 66. In this reaction, the entire C1 ap- 
pendage migrates to the Cs position with concomitant 
formation of an aldehyde at the original C2 position and 
no loss of enantiomeric purity. An alternative mecha- 
nism, involving phenyl migration via a phenonium iona1 
was ruled out, as it would produce an aldehyde of the 
opposite absolute configuration. 

Thus, as in the case of protected glycidol, reactions 
of protected 2-alkyl-substituted glycidol should be ex- 
pected to occur exclusively at  C3. In the case of pro- 
tected trans-3-alkyl-substituted glycidols, reactions are 
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TABLE 14. Reactionr of Other Protected Nonracemic t&Epoxy Alcoholr 

HO R2 
nucleophilic addition at e R&C@ 

x 
entry R3 R2 reagent Xa yield ("4) ref 

1 Me H ~ 3 ~ 0 ~ e  "PrMgBCuITTHF "Pr >40 221 

2 Me H OTBS R F C ~ ( C N I L i  /Et20 -40 OC 17 222 

OTr d h B r  /CuITTHF 0 + 25 OC 2 days a 68 223 3 Me H 
TMS 

4 Me H OTr R d M g B r  /CuI/THFO0C 
TMS 

R,J, -.. 84 123,224 

HC=C 90 126 5 Me H 0 o b  HC=CLi(en) DMSO25OC36h 

6 H Me OTBDPS R 2 .  LI IHMPAITHF R'.'.. 48 129 

7 Me H OTBDPS ClL, /DMPUTTHFO°C c?.. 76 128 

K 
Ts 

8 Me H OPNB Nal/NaOAc/AcOH/EtC02H I 95 80 

'Dotted lines indicate point of attachment. 

TABLE 16. Activation as Alkyl and Aryl Sulfonic Acid Esters 

activation * R3&0!X 
1 - 4  tl 

entry R3 R'mmpd X (aWr) reagent yield ("YO) ref 

1 H H  

2 H H  

3 P h H  

4 Me H 

5 H Me 

6 H H  

7 H H  

8 H H  

9 H H  

10 H Me 

11 H H 

1 

1 

2 

3 

4 

1 

1 

1 

1 

4 

1 

MsCVEt,N/toluene <O OC 

TsCVEt3N/CH2C12 in situ (-10 "C) 

TsCVpyr -1 0 OC 

TsCVEt3N/DMAP/CH2C12 in situ 

TsCI/Et3N/DMAP/CH2C12 in situ 

2NsCVEt3NTTHF 0 OC 

3NsCVEt3N/CH2C12 in situ 

4NsCVEt3N/CH2C12 in situ 

2NpsCI/Et3N/CH2C12 in situ 

Tf20/pyr/CHzC12 -20 to -65 OC 

61 

40 

70 

70 

69 

60 

57 

48 

75 

83 

57 

233 

28,35 

234 

28 

28 

190 

35,32 

35,235 

35 

236 

237 

expected to always favor C3, but not necessarily with 
extraordinarily high selectivity. 

C. Actlvatlon 
1. ActlvsMon of Nonrecemic C3!yckW and Related smn 2 3 - ~ p 0 ~  A W W ~  

Sulfonyl groups have been used extensively to acti- 
vate compounds 1-4 at the C1 position. Reported 
procedures for their formation are summarized in Table 
15. In situ refers to asymmetric epoxidation with in 
situ activation. Yields in these cases include the ep- 
oxidation reaction. 

Perhaps the most salient point regarding these con- 
ditions is that low temperatures are important in order 
to minimize the risk of polymerization and chloride 
displacement of the newly formed t o ~ y l a t e . ~  Some of 
these products are not very stable and cannot be stored 
for long periods of time. The tziflate in particular (entry 
11) is quite unstable and is best used immediately or 
stored at -80 OC.= Besides mesylates (entry l), other 
alkylsulfonates that have been made by using racemic 
glycidol include isopropyl and n-butyl.2'0 
Quite a lot of work was done in the Sharpless groups 

investigating a variety of crystalline sulfonates (many 
not listed in Table 15) in hopes of finding ones which 
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TABLE 16. Reactions of Nonracemic Glycidol with Phenols 

HOAr * o  
L O A r  

1 O I :  
PPhs EtO8N=NCOEt (57) 

entry HOAr conditions yield (“A) ref 

2 toluene 25 OC 1 h 

48 184 

93 24 1 
f 

4 THF 0-125 OC 3 h 

5 WPh -_. 

SCHEME 29 

P h L O H  PPh3 - Ph&,CI 87% ret. 246 
CCl, 

58 

are both reasonably stable and increase in enantiomeric 
purity upon recrystallization. Of all those tested, the 
m-nitrobenzenesulfonyl derivative (3Ns, entry 7) was by 
far the best. 

Several derivatives, though crystalline, could not be 
increased in enantiomeric purity beyond 85-909’0 ee. 
Thii curious behavior was attributed largely to the fact 
that for many (though not all) of these troublesome 
derivatives the racemate has a higher melting point 
than the individual enantiomers. Thus the racemate 
would crystallize first upon cooling, leading to no im- 
provement in ee. Such is the case for both the ‘Ns 
derivative (entry 8) and the 2Nps derivative (entry 9). 
(The 2Ns derivative, entry 6, is an oil.) The enantiom- 
erically pure 3Ns derivative, on the other hand, melts 
15-20 O C  higher than its racemate. 

Although 4-(dimethy1amino)pyridine (DMAP) has 
been used to facilitate the reaction of sulfonyl chlorides 
with alcohols, ita use in these cases is optional and not 
necessarily recommended even though it was used in 
the original work. 

An example of a reaction in which a substrate is ac- 
tivated in situ and allowed to react further without 
isolation of an intermediate is the Mitsunobu reaction 
with phenols.lg In this case nonracemic glycidol is 
treated with a phenol in the presence of triphenyl- 
phosphine and diethyl azodicarboxylate (DEAD, 57). 
The aryl groups that have been used to date are shown 
in Table 16. In all cases, these reactions proceed by 
direct displacement at C’. 

A related reaction, shown in Scheme 29, is that be- 
tween nonracemic trans-3-phenylglycidol and the 
reagent derived from triphenylphosphine and carbon 
tetrachlorideu6 to give chloride 58. Although this re- 
action is general for trans-3-substituted glycidols, it has 

80 242,243,244 

200 _ _ _  

not been reported for glycidol itself. 
2. Reactivm of Activated G&c&loi 

a. C3 Reactivity of Activated Glycidol. One might 
think that the reason to activate glycidol would be so 
that it would react with displacement at C’, and indeed 
a few such reactions are known for nonracemic glycidol. 
In most cases, however, activated glycidol reacts simi- 
larly to what we have seen already for glycidol itself and 
protected glycidol, that is, by ring-opening displacement 
at C3. All of the reported reactions of nucleophiles with 
activated nonracemic glycidol at C3 are summarized in 
Table 17. Note that in every case, the reactions are 
carried out in the presence of either a Lewis or Br0nsted 
acid. Notable in their absence from this table of nu- 
cleophiles are acetates and phenolates. Those nucleo- 
philes will be discussed later. 

An important study done in the Sharpless group% 
carefully explored the reactivity of nonracemic glycidyl 
tosylate. Several of their findings are given in the table. 
For example, borohydride reduction (entry l), copper- 
catalyzed organomagnesium addition (entries 2 and 3), 
aryllithium addition (entry 4), and diethylaluminum 
cyanide additionm (entry 6) all occur at C3 without 
displacement of the tosylate. 

In the addition of phenyllithium catalyzed by boron 
trifluoride (entry 4), 38% of the starting material was 
also isolated. When a cuprate reagent was used instead 
(Scheme 30), the major product was the epoxide formed 
by secondary in situ tosylate displacement by the oxy- 
gen atom on C2. 

This sort of secondary reactivity, although actually 
quite generally desirable, has been the bane of the ac- 
tivated glycidol story. Prior to careful studies involving 
nonracemic glycidyl sulfonates, it was never known (nor, 
perhaps, of any interest) whether such an indirect 
displacement of the activating group occurs. A first 
“Occam’s razor” analysis might be that such mecha- 
nisms involve simple &2 displacement of the activating 
group. On the other hand, when nonracemic activated 
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TABLE 17. Reactions of Activated Nonracemic Glycidol at C' 

nucleophilic addition at C? 

entry c@ reagent Xa yield (Yo) ref 

1 OTs 

2 OTs 

3 OTs 

4 OTs 

5 0 3 ~ s  

6 OTs 

7 OTs 

8 OTs 

9 OTs 

10 OTs 

1 1  0 3 ~ s  

12 OTs 

13 OMS 

14 OTs 

BHdcat. NaBHJHF 0 OC H 

*MgCI IL~~CUCIJHF -35 OC //'.. 
RMgCIILi2CuCI, or Cul/EtzO -40 to -50 OC R 

PhLi/BF3.Et20TTHF -78 'C Ph 

HC=CLi/BF3.Etz0 R C C  

Et,AICN/toluene 20 min NC 

R2NH/HOAc 5 days RZN 

H2S04/'PrOH/H20 A 1 h HO 

BnOH/BF3Etz0/CHzCl2 0 --f 20 OC PhCHpO 

ROH/BF$.Et20/CH2CI2 20 OC 18 h RO 

RO 

PhSH/BF3.EtzO/CH&I, 4 OC 18 h PhS 

conc. HCI 30 min CI 

CI 

81 

69-74 

49 

61 

71 

96 

56 

30-50 

81 -93 

79-83 

73-83 

81 -83 

80-85 
_-_ 

35 

35 

35 

35 

247 

35 

202 

203 

248,249,250 

250,251,252 

250,251 

250 

12,55,233 

233,253 

aDotted line indicates point of attachment. 

SCHEME 30 

PhzCu(CN)Li2 * 
THF -78 'C h O T s  [Ph,,(,OT] - P h A  64% ref. 61 

glycidol is used, displacement at C1 leads to the opposite 
enantiomer as displacement at C3 followed by internal 
displacement. Thus, any lack of regioselectiuity 
translates into a loss of enantiomeric purity. More will 
be said regarding this problem in the discussion of 
Table 18. 

Nonracemic glycidyl tosylate also reacts with amines 
(entry 7), water (entry 8), alcohols (entries 9 and lo), 
and thiols (entry 12) all in the presence of acid to give 
opening at C3 and no further reaction. The alcohols 
used in entry 10 were long-chain aliphatic alcohols. In 
that case, the m-nitrobenzenesulfonate (entry 11) was 
also tested and found to be as good as the tosylate. In 
fact, since it is available in higher enantiomeric purity 
than the tosylate (vide supra), the m-nitrobenzene- 
sulfonate is superior. Racemic glycidyl mesylate also 
reacts with secondary amines at C3.2@ 

The m-nitrobenzenesulfonate has also been used to 
add an acetylenic group at C3 (entry 51, again with use 
of Lewis acid catalysis. 

Finally, both the mesylate (entry 13) and the tosylate 
(entry 14) react with HCl to give chloride opening ex- 
clusively at C3. Treatment of the resultant hydroxy- 
sulfonate with base gives nonracemic epichlorohydrin 
(16, Scheme 6). Similar opening with chloride has also 
been observed for racemic glycidyl sulfonates?@ 

SCHEME 31 

BFrEteO c d L O T s  91 % ref. 61 
CHsCN 0 'C 

L O T S  

N3 
TMSNfli(dPr), 

4) 
K O T s  THF25OC7days - 
4) 

Three additional reactions of glycidyl tosylate have 
been reported (Scheme 31). These reactions are similar 
to those already mentioned in relation to protected 
glycidol. 

b. C1 Reactivity of Activated Glycidol. The 
known reactions of activated nonracemic glycidol oc- 
curring at C1 are compiled in Table 18. Three clear 
differences between this table and the last stand out. 
First of all, the conditions are basic, in sharp contrast 
to the acidic conditions of Table 17. Second, triflates 
appear here and not in Table 17. Third, the reactions 
involve fairly classic nucleophilic additions, rather than 
the organometallic reactions found in Table 17. 
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TABLE 18. Reaction# of Activated Nonraoemic Glycidol at C1 

nucleophilic addition at C' 

entry a reagent X yield (%) ref 

1 0 4 ~ s  

2 0 3 ~ s  

3 0 Ms 

4 OTf 

5 ClTs 

6 OTf 

7 02Ns 

8 OTf 

9 OTf 

10 OTf 

11 O'Ts 

(a) Me3N (b) anion exchange CP Me3N+ 

NaNd18-crown-G/DMSO N3 

RZGNONdTHF 48 h RpC=NO 

RzC=NONdTHF 1 h R,C=NO 

ArONdDMF 4 h ArO 

ArONa ArO 

ArONmHF 60 OC 13 h ArO 

PhOH/K2C03/CH&12 40 h PhO 

PhONaCH2CI2flHF 10 min PhO 

ArOWDMF 5 min ArO 

F KF/Kryptofix 222flHF 95 OC 12 min 

256 

235 

_-_ 
-__ 

30-57 257, 258 

>20 237 

72-89 35,60 

200 _ _ _  
60 190,201 

93 259 

91 259 

260 _-_ 

60-80 239 

Both trimethylamine (entry 1) and azide (entry 2) 
have been reported to add exclusively at C'. Similar 
reactivity has also been observed with an aromatic am- 
ide.*l 

McClure et al., at  E. M. M e r ~ k , ~ ~ ~  did the initial 
careful studies comparing the regioselectivities of ad- 
dition of phenol to epichlorohydrin, glycidyl mesylate, 
and glycidyl triflate. They found that the selectivity 
for direct C' displacement increased in that order. 
Epichlorohydrin expresses more C3 opening than direct 
C' displacement, with selectivity on the order of 7-201. 
On the other end of the spectrum, the substrate most 
selective for C1 addition is the triflate, for which there 
is no known reaction which goes by initial C3 addition. 

The Sharpless group,% using information also from 
McClure's study, were able to correlate the ratio of 
C':Cs addition of phenol to the acid strength of the 
conjugate acid of the leaving sulfonate. Thus, they 
found that roughly log (C3/C1) = 2.06 X pKe + 12.05. 
Thus, the stronger the conjugate acid (the lower the 
pK,), the less C3 addition takes place. This finding is 
consistent with the intuitive idea that the stronger the 
conjugate acid of the leaving group is, the better the 
leaving group will be, thus the less direct epoxide 
opening (Le., addition at Cs) will occur. 

Thus, mesylates, having the weakest conjugate acid 
(MsOH, pKe -6.2), result in the most C3 addition when 
phenol was used (1:5.7, in favor of C'). Tosylates (p- 
TsOH, pKe -6.6) are intermediate (1:32, still more in 
favor of Cl). m-Nitrobenzenesulfonates (3NsOH, pKe 
-7.1) show essentially no C3 opening by phenol. 
All of the results for sulfonates are in sharp contrast 

to the reaction of epichlorohydrin, which neuer exhibits 
substantial amounts of direct C1 displacement. In fact, 
except for possible arguments relating to availability, 
it is hard to imagine a reason to use nonracemic epi- 
chlorohydrin, since the m-nitrobenzenesulfonate is 
crystalline and exhibits higher (albeit reversed) re- 
gioselectivity in its reactions. 

In the case of racemates, both glycidyl tosylateaS2 and 
o-nitrobenzenesulfonatem have been treated with 
phenols with (apparent) reaction at C'. Reaction of 
racemic glycidyl mesylate with sodium acetate has also 

SCHEME 32 
A 'q I NaH 

DMF 

21 % refs. 61,264 

been observed, giving apparent addition at C', but due 
to the racemic nature of the material, it was not de- 
termined how exactly the displacements 
Racemic glycidyl triflate has also been treated with a 
derivatized a-naphthol with displacement of the trif- 
late.2e0 

Radioactive fluoride (Table 18, entry 11) also has 
been added to nonracemic glycidyl tosylate. In this 
study, due to the short half-life of '8F (less that 2 h), 
the key to success is speed, not necessarily selectivity. 
Much work waa done to determine the best conditions 
for the reaction, including examining the uae glycidyl 
triflate. The triflate turned out to be too unpredictable 
for this work. The less reactive m-nitrobenzene- 
sulfonate, however, was not tried. It would have been 
a cleaner starting material and would have allowed for 
use of lower reaction temperatures than those necessary 
for the tosylate. 

One reaction of activated nonracemic glycidol in- 
volving C1 displacement followed by intramolecular C2 
opening of the epoxide has been reported and is shown 
in Scheme 32. In this reaction, once the finst C-O bond 
with catechol was made, the second followed rapidly. 

3. Reactions of Related Activated Nonracemic 
2,  EPOXY Alcoihols 

Very little work has been reported which involves the 
reactions of either racemic or nonracemic activated 
derivatives of alcohols 2-4. The few that are known are 
shown in Scheme 33. 

Thus, treatment of racemic tosylate 69 with boron 
trifluoride in acetone results in (presumed) opening at  
C3 and formation of racemic acetonide 60. Treatment 
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BF.vEtg0 acetone - f L O T S  100% ref. 117 

2 eq. UPPh, - P h L P P h ,  6 5 %  ref. 234 / THF2O0C20h : 
PPh, 

Ph L O T S  0 

ref. 265 
61 \ N ~ S C H , ~ O M ~  P h L S C H Z C O M e  :: 

THF 2 h 
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3 eq. NalO,. 5 eq. H,O 
cat. Ru04 CH,CN 

70 % ref. 268 

PhhoH (cocgpMs0 CHZCIz -78 Oc P h & ' ~ ~ ~  80% ref.269 

2 

Ph&OH a) NalOJcat. R u ~  2,6-l~t ph& . 
CH CNICCI,IH20 C0,Me 50K ref. 270 

2 b) CHzd&O 

&O,H 86% ref.268 
3 eq. NalO,, 5 eq. HzO 

cat. Ru04 CH&N 
3 

@kHO ref. 271 
(C0Cl)dDMSO 
CHzCIz -78 'C 

d 

of nonracemic tosylate 61 with either lithium di- 
phenylphosphide or the sodium salt of methyl thio- 
acetate results in displacement at C'. In the case of the 
phosphide, a second equivalent of LiPPh2 then adds at 
C3. (It is also possible that in this case reaction occurs 
first at C3.) 

D. Oxidation at C1 

Finally, the oxidation of 2,3-epoxy alcohols 1-4 to 
aldehydes and/or acids has been reported (Scheme 34). 
Thus, aldehydes are made by using Swemzas conditions. 
Acids are formed by ruthenium tetroxide by using a 
method developed by S h a r p l e ~ s , ~ ~  optionally followed 
with esterification with diazomethane. The Sharpless 
method has recently been modified to minimize de- 
composition by using close to a stoichiometric amount 
of water.2se 

I V. Natural Product Syntheses Involving 
Nonracmk Glycldol and Related 2,3-Epoxy 
Alcohols 

It is important to realize that many of the reactions 
presented in section III were carried out in the context 
of a larger synthetic scheme. As such, the chemists 
involved had a bigger picture in mind than simply the 
reaction of glycidol. In particular, they were interested 
in establishing the absolute and relative stereochemistry 
of complex substances. In this section the focus is on 
how the stereochemistry of compounds 1-4 can form 
the basis of a stereoselective synthesis. In section 1V.A 
are presented several small molecules that have been 
made from glycidol and hold great potential as early 

C ' A  

16 

62 

63 

64 

Figure 3. 

65 

d o @  
66 

d o @  
67 

L o @  
68 

intermediates in stereoselective synthesis. Then, in 
section IV.B, the 46 natural product related targets 
which have been made to date using the technology 
presented in section 111 are discussed. (Pharmaceutical 
analogues are discussed in section V.) 

A. Small Synthetic Intermediates Available 
from Glycldol 

Complex syntheses begin with small molecules. A 
dozen representative small molecules having only one 
or two stereocenters (if you count alkenes) which are 
available in just a few steps from glycidol are shown in 
Figure 3. Each will be discussed briefly. 

Epichlorohydrin (16) has been introduced already. As 
mentioned in section 111, glycidyl m-nitrobenzene- 
sulfonate is a crystalline solid and exhibits higher se- 
lectivity than 16. Nonetheless, (R)-16 has been made 
from (R)-l (see Scheme 6) and so is mentioned here. 
Addition of organometallics to glycidyl sulfonates at C3 
(see Table 17 and Scheme 30) followed by treatment 
with base gives terminal alkyl epoxides (62). Lactones 
63 and 64 both hold prominent places in natural 
products synthesis in their own right. Both are avail- 
able from glycidol (Table 11, entry 1 and Scheme 23, 
respectively). Alkyne 65 and alkenes such as 66,67, and 
68, where X is either a protecting or an activating group, 
are all available (Tables 9, 10, and 17, respectively). 
Propargylic alkyne 69 is available from 66 (Scheme 21), 
and the synthesis of allylic alkene 70 has been described 
(Scheme 24). Finally, both 71 and 72 are available from 
69 by standard methods. 

A comprehensive discussion of how these compounds 
have been used is outside the scope of this review. The 
following discussion includes syntheses involving the 
compounds of Figure 3 only if those syntheses refer 
explicitly to using nonracemic glycidol as a starting 
material. 

B. Synthetlc Strategies 

The discussion of natural product syntheses in this 
review is organized along theoretical lines, involving 
glycidol as a synthon. (In contrast, the discussion of 
synthetic analogues will be organized along functional 
lines, involving the biological function of the analogue 
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Figure 4. The synthons of glycidol and related 2,3-epoxy alcohols 
used to date in natural product syntheses and their subheading 
designator for this review. 

itself.) The nine synthons relating to glycidol that have 
been used in natural product syntheses are summa- 
rized in Figure 4. The designation below each synthon 
refers to the subsection of this review which addresses 
all syntheses employing that synthon. A ”+” indicates 
the equivalent of an electrophilic site, which at some 
point in the strategy is intercepted by a nucleophile. A 
carbonyl in the synthon indicates a position which gets 
oxidized. Thus, for example, the three references dis- 
cussed in subsection 3.b, below, refer to a common 
strategy involving the oxidation of one of the carbons 
of glycidol and nucleophilic addition to the other two. 
If multiple transformations occur at the same position 
(for example, oxidation, then nucleophic addition, then 
another oxidation), only the first is shown. 

The nine synthons fall into four distinct classes, de- 
pending upon how much transformation of the basic 
glycidyl unit occurs. Furthermore, three of the four 
classes (2,3, and 4) are subdivided into subclasses de- 
pending upon the type of transformation involved (a 
or b, without or with oxidation, respectively). Finally, 
the second class is further subdivided on the basis of 
the adjacency of the two transformations on the 
three-carbon glycidyl framework (i or ii, nonadjacent 
or adjacent, respectively). 

The starting points of the syntheses to be discussed 
all involve nonracemic compounds 1-4 or one of their 
protected or activated forms. For information regarding 
the syntheses of these starting compounds, see section 
I11 of this review. In each of the several figures to 
follow, the portion of the target molecule is highlighted 
which arose from the carbons and oxygens of the par- 
ticular 2,3-epoxy alcohol used. In addition, the numbers 
1,2, and 3 on the target molecule refer to the carbons 
of the original 2,3-epoxy alcohol which have been in- 
corporated. (This should not be confused with any 
official numbering scheme of the target molecule. No 
such official numbers will be necessary for the discus- 
sion.) Next to each molecule is a bold arrow with the 
reference indicated in italics. 

Note that the drawings of epoxides in this part of the 
review are drawn as the specific enantiomer used. 
Whereas in section I11 of this review the epoxy alcohols 
have all been drawn with the same orientation, here 
they are drawn in as close a resemblence to the target 
molecule as feasible. Thus, at first glance, some of the 

depictions of glycidol and ita derivatives in this section 
may seem ambiguous. To remove any ambiguity, each 
depiction is accompanied by labels of R or S, as ap- 
propriate. 

Finally, a depiction of the essentials of the transfor- 
mation are given. The abbreviations are “Nu” for nu- 
cleophile, “ [ Ox] ” for oxidation, ”[ HI” for reduction, and 
“El” for electrophile. Note that in terms of synthons, 
reduction (as was also done in section 111) is grouped 
with nucleophilic addition, since hydrides can be con- 
sidered nucleophilic reagents. For multiple transfor- 
mations, each is numbered to indicate the temporal 
order in which those transformations occurred. 

1. Singb Transformations 

The simple use of glycidol for ita electrophilic prop- 
erties at C3 leads to the introduction of a diol moiety 
into a molecule. The syntheses involving this 
straightforward strategy are summarized in Figure 5. 
In all of these syntheses, the C2 stereochemistry remains 
intact and both oxygens are used. Each will be briefly 
discussed with particular emphasis on stereoselectivity 
and regioselectivity. 

For 73, acetylide addition (Table 10, entry 1) followed 
by carboxylation with C02 introduced the needed car- 
bons. The rigidity of the lactone was used to translate 
the C2 stereochemistry to the second center with high 
selectivity. 

The objective in the case of 74 was to develop a re- 
iterative route to all-syn polyols. Here stereochemistry 
is established by vinyl cuprate addition (Table 9, entry 
3) and propagated by epoxidation of the resultant 
homoallylic alcohol. 

Addition of thiophenol to the C3 position of 1 (Table 
1, entry 8) or 4 (Table 5, entry 4) followed by protection 
as the acetonide, oxidation to the sulfoxide, and Pum- 
merer rearrangement272 led to 75 and 76, respectively. 
Note that aldehyde 75 is of stereochemistry opposite 
that derived from mannitol (Scheme 1). 

The successful addition of the deprotonated allylic 
sulfone derived from farnesol in the case of 77 has al- 
ready been mentioned (Table 14, entry 6). Further 
acid- or selenium-catalyzed cyclization, however, was 
unsuccessful. 

Several syntheses of (S)-(-)-frontalin (78) have em- 
ployed unprotected, unactivated 4, which thus seta the 
absolute stereochemistry for both tertiary centers in the 
target cyclic ketal. Similarly, use of 3 for the synthesis 
of (+)-a-multistriatin (79) established three of the four 
stereocenters in the product. The other methyl sub- 
stituent was not introduced in a stereocontrolled man- 
ner, although the two diastereomers could be equili- 
brated. 

Finally, in the syntheais of 80, the yield of lower order 
vinyl cuprate addition (Table 14, entry 2) was very low, 
as mentioned in section 111. Nonetheless, the strategy 
here was an important one: the coupling of two inde- 
pendently generated seta of absolutely defied stereo- 
centers. Evans’ oxazolidinone enolate chemistf13 was 
used to generate the other three stereocenters selec- 
tively. 

Also in this category are the two syntheses summa- 
rized in Figure 6. Note that in both cases a second 
transformation involving the glycidic unit was carried 
out after the initial nucleophilic addition. That 
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SCHEME 35 

retrosynthetically. overall: 

OBn 

transformation is depicted in Scheme 35. Without 
going into details, the initial acetylide adduct was 
treated with base as shown in Scheme 21, above, and 
reduced to give the Z alkene, which was functionalized 
as the ether shown here. Treatment with butyllithium 
resulted in an anionic electrwyclic rearrangement, 
which resulted in the stereoselective transposition of 
the double bond and the creation of two new stereo- 

'"%../x 

centers a to the original glycidic unit. Retrosyntheti- 
cally, the result is the very interesting transformation 
shown also in Scheme 35. 
2. Double Transformatlons 

All of the other natural product syntheses to be dis- 
cussed involve more extensive changes to the glycidyl 
framework. When two such transformations occur, 



banson 

have both been explored and will be considered sepa- 
rately. 

i. Nonadjacent Addition. The nine syntheses em- 
ploying the nonadjacent addition of two nucleophiles, 
one to C3 and one to C', are depicted in Figures 7 and 
8, respectively. 

In the cases of sulcatol(83) and ramulosin (84), the 
second "nucleophilic" addition wm actually reduction. 
The initial organometallic additions are described in 
Scheme 20 and Table 10 (entry 1, ref I%), respectively. 
In the case of 84, the stereochemistry at C2 was trans- 
mitted to the ring fusion position by governkg the 
conformation of an unsaturated lactone. 

For 85, after addition of a functionalized acetylide 
(Table 10, entry 6). intramolecular ketalization gave a 
compound reminiscent of frontalin (78). Reduction 
then proceeded with excellent selectivity. The second 
nucleophile was finally added after this reduction. 

The adjacent hydroxyl and methyl stereocenters in 
86 were established cleanly by hydroboration of the 
corresponding 2,3-dihydrofuran. So in this case the 
stereochemistry at C2 governed which side of the di- 
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several possibilities ensue, as shown in Figure 4. 
e. Addition of Two Nucleophiles. When two nu- 

cleophiles are added, they may be added either one at 
each end (nonadjacently) or one to an end and one to 
the middle carbon (adjacently). These two possibilities 

83 (5)-(+)-sulcatol 

4 4  

84 (+)-ramulosin 

""%- a 
0 

85 skeleton of 
isolaurepinnicin 

86 L-(+)-muscarine iodide 

Figure 7. 

87 erythronolide B 
intermediate 
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SCHEME 36 

hydrofuran was approached by the borane. The second 
nucleophile, trimethylamine, waa added in the last step 
of the synthesis. 

Finally, use again of trans-3-methylglycidol in the 
synthesis of 87 established two adjacent stereocenters 
hearing methyl and hydroxyl in a s y n  arrangement 
when drawn in zig-zag form. The nucleophile in this 
case wa8 lithium acetylide (Table 14, entry 5). 

In Figure 8, an especially efficient use of (S)-0- 
benzylglycidol (Table 9, entry 9) established all  five of 
the stementers of 88 with excellent selectivity. In this 
molecule, eachof the central three carbons were from 
dithiane. Counting all connections, deprotonated dit- 
hianes were used six times as nucleophiles! 

In the synthesis of lacramin A (89), initial addition 
at C3 was by chloride (Table 17, entry 14). Ring closure 
then gave (R)-epichlorohydrin (Scheme 36). The sec- 
ond nucleophile, a vinylaluminum ate complex, was 
then used to open the epoxide ring (at the original C' 
position). The use of such complexes with glycidyl 
sulfonates has not been reported, hut since cuprates add 
nicely (Table 17), it is quite poasihle that aluminum ate 
complexes might he successful as well. If so, then by 
using glycidyl m-nitrohenzenesulfonate the intermedi- 
acy of epichlorohydrin might have been avoided. The 
second carbanionic nucleophile (Nu' in Scheme 36) was 
a lithiated methoxyallene. 

Note that all of the syntheses diseuased so far involve 
addition first at C3, then at C'. However, in the case 
of 90 (Figure 8), we have one of the first reported uses 

in natural product synthesis of a nitrobenzenesulfonate 
group to effect initial C' displacement. (It is not clear 
why the p-nitrobenzenesulfonate was used in this case 
rather than the more generally useful meta derivative.) 
Trimethylamine cleanly displaces at C' (Table 18, entry 
1) to give an intermediate epoxypropylammonium salt, 
which was then opened with cyanide. 

These two syntheses illustrate the flexibility of gly- 
cidyl sulfonates. In the case of 89, acidic conditions are 
used to add to C3; in the case of 90, basic conditions are 
used to add to C'. Use of a nitrobenzenesulfonate in 
the case of 90 ensures against loss of enantiomeric pu- 
rity. 

ii. Adjacent Addition. Clearly the strategy of ad- 
dition of two nucleophiles, one at C3 and one at C', has 
been widely appreciated. A different strategy, which 
utilizes addition at Cz, although certainly described in 
section 111, has not yet been as widely used. All such 

118, 1 1 s /  

PH ' 

91 (-)-Monic Aeid C 

Figure 9. 
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reports except one are presented later, because they all 
involve further transformation of the glycidic unit. The 
single report that does fit here, the synthesis of monic 
acid C (Sl), is depicted in Figure 9. 

Especially surprising should be the addition of the 
first nucleophile, Me2(CN)CuLiz, to C?. Were this a 
selective process, it would be unprecedented. The key 
to the success here, however, relies not on selectivity, 
but rather chromatography. The reaction was, in fact, 
not selective, giving a 1:l ratio of Cz/C3 addition. 
However, the strategy here was to remove the unwanted 
regioisomer by chromatography and accept the loss in 
yield. Though perhaps not particularly elegant, the 
strategy worked. The second nucleophile in this case 
was iodide. The resultant iodide was made into a 
phosphonium salt and coupled with an aldehyde with 
disappointingly low stereoselectivity. Thus, this 
strategy, like the one for 80 also involved the coupling 
of two independently generated sets of absolutely de- 
fined sterewenters. In this case, the two enantiomers 
of the other half of the couple were resolved by chro- 
matography. 
b. One Nucleophilic Addition and One Oxida- 

tion. As for the case of transformations involving two 
nucleophilic additions, transformations involving one 
nucleophilic addition and one oxidation fall into two 
subclasses, nonadjacent and adjacent, which will be 
discussed separately. 

i. Nonadjacent AdditionJOxidution. Four of the 
five reported addition/oxidation transformations in- 
volving C3 and C' (that is, nonadjacent) are depicted 
in Figure 10. 

Note that in each case addition is carried out first, 
oxidation second. In the firat three cases, the purpose 
of the oxidation was to generate an aldehyde, which 
could then undergo coupling with a second independ- 
ently nonracemic component. In the fourth case, all of 
the stereocenters are generated from the two in the 
starting epoxide. 

The strategy for the synthesis of clavulone I1 (92) 
involved intermediate 63 (Figure 3), where the pro- 
tecting group is the benzyl ether. Deprotection and 
Swern oxidation thus completes the transformation to 
an aldehyde. The coupling carried out involved Wittig 
reaction with a reagent derived (eventually) from L- 
(+)-diethyl tartrate. 

For lipoxin A, (93), addition of butyne (Table 10, 
entry 4) followed by reduction gave a &-alkene. After 
some protecting group changes, the primary alcohol was 
oxidized to the aldehyde and treated with chromium(II) 
chloride and iodoform (CHI,) to give a vinyl iodide. 
This iodide was then coupled with palladium catalysis 
to the other half, the stereochemistry of which was 
derived from asymmetric epoxidation of a secondary 
allylic alcohol. 

In the synthesis of 94, protected trumd-methyl- 
glycidol is opened with a dithiane (Table 14, entry 7), 

1.75 

96 

OH OH 
COnH 

95 zincoohom subunit 
94 FR-900520 

Iragme", 

Figure 10. 

thus once again setting the stereochemistry for two 
adjacent centers bearing methyl and hydroxyl. The 
p-methoxybenzyl group was put in place by DIBAL 
reduction of the corresponding acetal between the ox- 
ygens of C' and C2. Oxidation gave the aldehyde. 
Coupling in this case involved an a-lithio sulfone de- 
rived from an asymmetric Diels-Alder reaction. 

Finally, the strategy for 95 also employs trum-3- 
methylglycidol, this time protected as the mixed ace- 
tonide with methanol. The nucleophile was n-propyl- 
magnesium bromide (Table 14, entry 1). Here, too, the 
stereochemistry at C2 and C3 was used to produce a syn 
orientation of methyl and hydroxyl, but this time a 
secondary transformation translated the hydroxyl cen- 
ter stereochemistry to a new position. The strategy 
used is too involved to describe here, but essentially 
relies on the C2 stereochemistry to direct an addition 
of an acetylenic organomagnesium reagent to the oxi- 
dized C' position. The stereochemistry is further 
propagated down the chain via an anionic electrocyclic 
reaction similar to that shown in Scheme 35. 

One last reaction that employs an addition/oxidation 
strategy is shown in Figure 11. Several aspects of this 
strategy are very interesting. As denoted in the figure, 
oxidation came f i t .  In terms of natural product total 
syntheses, this is the only report to date of initial oxi- 
dation of nonracemic glycidols 1-4 prior to nucleophilic 
addition. The oxidation was carried out as depided in 
Scheme 34 to give the methyl ester. 

After amide-ester exchange, the precursor to anion 
97 (Scheme 37) was produced. Treatment with a cat- 
alytic amount of tetramethylammonium hydroxide 
produced 97, which cyclized to lactam 98 as a 31 mix- 
ture of epimers. Only the major diastereomer was 
carried on. It was reduced, tosylated, and treated with 
base to give 96. 
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kCHO 
\ 

105 

96 dehydroclausenamide 

Figure 11. 

ii. Adjacent AdditionlOxidation. There is one re- 
port involving the directed addition of a nucleophile to 
C2 followed by oxidation at  C'. It is depicted in Figure 
12 and involves the reaction of glycidol with trichloro- 
acetonitrile (see Scheme 11). The adduct, 22, is con- 
verted easily to N-BOC-protected serine methyl ester. 
(Thus one can make glycidol from serine and vice 
versa!) 
3. Triple Transformation 

There are just a handful of reports of nucleophilic 
additions and oxidations involving all three centers of 
compounds 1-4. They are depicted in Figures 13 and 
14. 

a. Addition of Three Nucleophiles. The three 
reported strategies involving nucleophilic addition at  
all three glycidic carbons are depicted in Figure 13. 

The clever strategy for the synthesis of gloeosporone 
(100) required two glycidyl units. The three-carbon 
chain linking their C3 centers was provided by 2-fold 
nucleophilic addition of the dimethylhydrazone of 
acetone to (R)-0-benzylglycidol (see Scheme 24). The 
Cz-symmetric compound thus obtained was trans- 
formed into a bis-epoxide and treated with (nBu)2CuLi, 
opening at C'. The other end of the molecule (Cy) was 

107 

R 
HNCO'Bu 

n 
HO- 

- 
'./ 99 protected serine 

@pa 
~ N J '  H 

Figure 12. 

opened with a functionalized acetylide. The 14member 
lactone was then produced by Mitaun~bu'~ displace- 
ment a t  C2. 

In the strategy for the synthesis of 101 the initial 
nucleophile, a t  Cs, was an aryllithium (Table 9, entry 
8). Here the tosylate (or, perhaps, the m-nitro- 
benzenesulfonate) would have been more straightfor- 
ward to use, since the next part of the strategy involved 
formation of an epoxide between C' and C2, much like 
the one shown in Scheme 30. It was opened with ace- 
tylide. The final transformation of the glycidic unit 
involved Mitsunobu displacement at C* again, this time 
by phthalide. A series of seven steps then led to 101. 

A particularly creative strategy utilizing glycidol was 
used by Kuehne in the synthesis of vincadifformine 
(102). Notice that in this case the entire glycidic unit 
has been transformed into a simple alkyl chain, trans- 
lating all of the inherent stereochemistry of glycidol to 
the three stereocenters of 102. The key to Kuehne's 
overall plan was to use the stereochemistry at  C2 as 
'scaffolding" to direct a Diels-Alder reaction, and then 
to remove it later, revealing the desired skeleton. Such 
a subtle strategy is well worth considering further. An 
outline of this synthesis is depicted in Scheme 38. 

The synthesis begins with (R)-16, which is derived 
from (S)-glycidyl tosylate as described previously 
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(Scheme 6 and Table 17, entry 14). Opening with di- 
ethyl ethylmalonate, lactonization, and decarboxylation 
gives lactone 103. Lactone opening, treatment with 
base to reform the original oxirane system, and re- 
duction gave aldehyde 104. Unfortunately, the authors 
did not fiid reducing conditions that were selective for 
the ester, and yields were no greater than 31% for that 
step. 

Treatment of this aldehyde with indoloazepine 105 
gave (presumably) enamine 106, which spontaneously 
underwent intramolecular Diels-Alder addition to give 
107. Note that in this key step the stereochemistry at 
C2 is the only directing influence for the Diels-Alder 
addition. Almost certainly the addition to the non- 
terminal side of an epoxide was directed intramolecu- 
larly after enamine formation. Product corresponding 
to the six-member ring enamine (from addition at the 
terminal position of the epoxide) was also found in 14% 
yield. It was transformed into another alkaloid, (-)- 
tabersonine. Transfer of the nitrogen atom from the 
original C2 to the C3 position involved a quaternary 
aziridinium salt, which upon reduction gave 102. The 
enantiomeric excess of 102 (>97% ee) is a measure of 
the amount of influence of the stereochemistry at  C2 
in the Diels-Alder addition, which was thus excellent. 
b. Two Nucleophilic Additions and One Oxida- 

tion. The three reported strategies involving two nu- 
cleophilic additions and one oxidation are shown in 
Figure 14. In each case, 0-benzylglycidol was used, and 
the sequence was addition to C3 first, displacement at 
C2 second, and oxidation at  C' last. 

In the syntheses of 108 and 109, the essential feature 
involved allowing 0-benzylglycidol to react with de- 
protonated nitriles (Table ll, entries 2 and 5, respec- 
tively). The a-disposed methyl groups adjacent to Ca 
in 108 and 109 originate from the CN of these nitriles. 
The stereochemistry was set by kinetic quenching of the 
deprotonated lactone product (see Scheme 22). In each 
case, the synthesis is completed by reduction of both 
the lactone and C2, followed by oxidation to an aldehyde 
at C' and Wittig reaction. 

108 (-)-desmosterol 

BO 

1156 
HO a,, 

H o  

110 4-hydroxyproline 

.N.D 

111 (+I-esermelhole 

Figure 1s. 

The fial synthesis in this set (110) involves a 
straightforward plan very similar to that used for the 
synthesis of 101 (Figure 13), but simpler. Again ace- 
tylide was added at C3 followed by Mitaunobu reaction 
with phthalide at  C2. After ring formation, oxidation 
to the acid completed the synthesis. 
4. Transfmtion with Loss of Carbon 

Several reports involve the use of nomacemic glycidol 
to incorporate only two carbons into the framework of 
a synthetic target. In all of these cases, the C' position 
was removed oxidatively. In one approach, discussed 
in subsection 4.a. nucleophilic addition at  C2 precedes 
C' removal. The vast majority of the syntheses, how- 
ever, involve the simpler addition at  C3 followed by 
1,Bdiol oxidation of C2 and C' together, with concom- 
itant loss of C1. These syntheses are discussed in sub- 
section 4.b. 
a. Nucleophilic Addition at C3 and C2 with Loss 

of C'. The single reported synthesis employing the 
strategy of nucleophilic addition at  C3 followed by nu- 
cleophilic addition at  C2 and finally oxidative removal 
of C' is depicted in Figure 15. 

In this synthesis of esermethole (lll), addition of a 
crotylmagnesium reagent (see Scheme 20) followed by 
Mitaunobu addition of phthalide provided all of the 
framework carbon atoms as well as the nitrogen atom 
adjacent to C2. Removal of C' involved decarbonylation 
of an a-aminoaldehyde. The two stereocenters, how- 
ever, were not introduced in a selective manner. 
b. Nucleophilic Addition at C3 and Oxidation at 

C2 with Loss of C'. A total of 14 syntheses have used 
strategies involving addition of a nucleophile a t  C3 
followed by oxidative elimination of C' and further 
transformation of the resultant carbonyl group at  C*. 
These syntheses are presented in Figures 16-20. 



112 (-)-ereroline 

Figure 16. 
113 mesembrine 

The strategy depicted in Figure 16 for both eseroline 
(112) and mesembrine (113) is typical. This approach, 
which ia simii to that discussed above for 108 and 109 
employs addition of an a-lithio nitrile to C3 followed by 
lactonization (Table 11, entries 6 and 7, respectively). 
In these cases, however, the resultant lactone was ste- 
reoselectively alkylated (Scheme 22) to provide the 
necessary quaternary center adjacent to C3. The ben- 
zyloxymethyl substituent was ultimately removed by 
sodium periodate cleavage of a C'-C2 diol, reduction 
with sodium borohydride, and relactonization. 

The use of carboxylic acid dianions to produce lac- 
tones (Table 11, entries 3 and 4) has been applied to 
five Syntheses of natural products (Figure 17). In these 
cases, the stereochemistry at Cz was transmitted to the 
appendage by kinetic protonation. 

In the case of citronellol (114), the lactone carbonyl 
became a methyl substituent in the final product, much 
as was done in the syntheses of 108 and 109. In the 
other four syntheses, the lactone carbonyl was used to 
introduce alkenes into the molecules either by reduction 
and elimination (115) or by Wittig reaction (116-118). 

A strategy involving the addition of functionalized 
acetylenes to nonracemic 0-benzylglycidol (see Table 
10) has resulted in the syntheses of three natural 
products (Figure 18). The pyrrolidine system in these 
compounds was derived from the intramolecular elec- 
trocyclic addition of an aziridine to an alkene (Scheme 
39). The reaction was highly stereoselective in each 
case. 

The two reported syntheses involving nonracemic 
trans-3-methylglycidol are depicted in Figure 19. In 
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both strategies the oxidative removal of C' resulted in 
the formation of an aldehyde at  Cz, which was then 
reacted with an organometallic nucleophile. Thus, in 
both of these cases, the stereochemistry at  C2 was not 
utilized (although there is no obvious reason why it 
might not have been in the case of 122). 

Finally, nonracemic trans-3-phenylglycidol has been 
used for the syntheses of two amino acids (Figure 20). 
Addition at  C3 was effected either directly in the case 
of 124 (as azide; Table 3, entry 6) or intramolecularly 
in the case of 125 (to give 30, Scheme 17). Oxidation 
to the acid was effected by periodate either in comhi- 
nation with Mn(VI1) or catalyzed by ruthenium salts. 

C. Summary of Synthetic Strategies 

Among all of the synthetic strategies involving com- 
pounds 1-4, two stand out as the most productive to 
date. Referring to Figure 4, they are strategy 1 (simple 
addition at  C3, Figures 5 and 6) and strategy 4.b (ad- 
dition at C3 followed by oxidative removal of C', Figures 
16-20). Two additional approaches have led to a 
moderate number of syntheses, namely strategy 2.a.i 
(addition at both C3 and C', Figures 7 and 8) and 
strategy 2.b.i (addition at  C3 and oxidation at  C', Fig- 
ures 10 and 11). All of the other strategies of Figure 
4 were used in fewer syntheses. This is not to say that 
these less-used strategies are less effective, merely less 
obvious or less general. 

V. Analogue Syntheses InvoMng Nonracemlc 
Glycldol and Related 2.3-Epox.v Alcohols 

Besides natural products, a large number of biolog- 
ically and/or pharmaceutically important compounds 
(analogues) have been made from nonracemic 1-4 or 

OH 
2 2 

116 lavardulol 117 rothrockene 118 chrysanthemol Santolinatriene 

Figure 17. 
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epinephrine norepinephrine 

Figure 21. 

ers will be guided to discover what compounds might 
be made from nonracemic glycidol. 

A. Cardiovascular Agents 
Three fundamental goals of cardiovascular druga are 

the lowering of high blood preasure (antihypertemives), 
return of the heart to rhythmic beating (antiarrhythm- 
ics), and the general improvement of heart muscle tone 
(cardiotonics). Biochemically, it is known that at least 
five mechanisms of action are involved with these ac- 
tivities, four of which involve the adrenergic system. 
This hormonal system provides the communications 
link between the sympathetic nervous system and in- 
voluntary muscle. Especially important are the neu- 
rotransmitters epinephrine (adrenalin) and nor- 
epinephrine, the active forms of which are shown in 
Figure 21. 

There are four known receptors for these molecules: 
al, a2, &, and The a receptors are acted upon 
by norepinephrine in arterial and heart muscle and have 
been implicated in the maintenance of blood pressure. 
In particular, the al receptors are postsynaptic and 
appear to be closely linked with hypertension and ar- 
rhythmia. The a2 receptor is associated with presy- 
naptic and postsynaptic nonspecific action, and a2 ac- 
tivity is generally considered to be an undesirable side 
effect of drugs. 

Blocking of the @ receptor system reduces the overall 
activity of the sympathetic nervous system. Agents 
which are @-blockers are thus used to increase life ex- 
pectancy after the occurrence of a heart attack. There 
are two known p receptors, and &. Compounds 
which are '&specifc" act on the heart specifically and 
are especially important potential cardiac drugs. Com- 
pounds which are "&-specific" have been found to be 
active on smooth respiratory muscle. Even though 
much of the hypertensive activity of drugs seems to lie 
with the a receptor system, all @-blockers are potential 
antihypertensives, since there is often substantial ac- 
tivity of a drug toward both a and @ receptors. 

A fifth way that a cardiovascular drug may act is by 
direct influence upon CaZ+ transport in cells. By in- 
hibiting the transport of Ca2+ across cell membranes, 
these drugs dilate arteries and reduce heart rate. 

The series of cardiovascular drugs derived from 
nonracemic glycidols will be presented in the following 
order: general j3-blockers, &/&selective blockers, a- 
or combined a-/@-blockers, and drugs with adrenergic 
activity but of unspecified biochemical mechanism. In 
each case, the ordering of the compounds in each figure 
will be roughly chronological so as to emphasize the 
continuing progress being made in this area. 
1. General 8-Adrenergic Blockers 

The general @-blockers that have been made from 
nonracemic glycidols are shown in Figure 22. 

Except for 132 and 133, these compounds were made 
by addition of an amine to a nonracemic glycidyl aryl 
ether at C3. These aryl ethers were made in a variety 

imi a 
Figure 19. 

124 L-phenylgiyeine 
hydrochloride 

Figure 20. 

121 (-)-kainic acid 

R 
'BuOCNH 

Ph +OK 3 

0 

125 D-phenylglycine 
(BOC-protected potassium salt) 

their protected or activated derivatives. In this section, 
those synthetic analogues are reviewed. Due to space 
limitations, detailed discussions of the strategies in- 
volved in these compounds' syntheses will not be 
presented, especially since most of the strategies in- 
volved have already been presented. References to 
those strategies refer to Figure 4 and subsections of 
section 1V.B. 

This discussion is divided into four categories: car- 
diovascular agents, antibiotics, biochemical probes, and 
miscellaneous pharmaceuticals. Of course, many of 
these compounds have been made in a variety of ways 
not involving glycidol, and similar compounds have 
been produced by using strategies not within the scope 
of this review. Whole reviews have been dedicated to 
the pharmacology of these compounds, and it is not the 
intent here to provide any rigorous pharmacological 
review. Nonetheless, it is hoped that this discussion will 
provide a much needed reference point for workers in 
the field. In seeinme variety of nonracemic bioactive 
compounds that haue been made, perhaps these work- 
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the sodium salt of a-naphthol was reacted with (S)- 
glycidyl m-nitrobenzenesulfonate derived from asym- 
metric epoxidation. 

Of the two enantiomers of each of these compounds 
except 132 and 133, the S enantiomer, which is the one 
more similar to the structure of epinephrine (Figure 21), 
is more active. In the cases of 132 and 133, however, 
both enantiomers show roughly the same activity. In- 
terestingly, although both enantiomers were active, 
related compounds without the C2 hydroxyl were in- 
active. The authors suggest that the “pseudosymmetry” 
of the molecules explains this unprecedented phenom- 
enon. 

2. @ ,-Specific Adrenergic Blockers 

0-Blockers that have been made from nonracemic 
glycidols and show differential or p2 activity are 
depicted in Figure 23. Once again the S enantiomer 
is the more active enantiomer. 

With regard to 141a and 141b, the second stereo- 
center (labeled 6) also influenced the drug activity, 
especially in regard to f12 activity. The relative im- 
portance of the two stereocenters in 141a and 141b can 
be evaluated by stereochemical factor analysis,%l the 
results of which are shown in Table 19. This analysis 
is not so much in terms of the absolutely most effective 
drug for an application as it is in the relative selectivity 
within a series of drugs. For both p1 and o2 receptors, 
the CF3 derivative (141a) shows a tremendous influence 
of stereochemistry-in fact, slightly more so at position 
6 than at position 2. The CH3 derivative (141b) shows 
less overall influence of stereochemistry, this time with 
relatively more influence at C2 than at C6 (by a factor 

126 propranolol 
refs. 35,60,182,188,279 

128 (aS,2S)-FM-24 
ref. 191 

130 
ref. 199 

132 IPS-339 
refs. 258,237 

127 oxprenolol 
ref. 193 0 

!Me 

129 befunolol 
refs. 243, 242 

131 penbutolol 
ref. 35 

xiJo.N x 
133 falintolol 

ref. 257 

Figure 22. General @-adrenergic blockers. 

of ways, including microbial oxidation of an allyl aryl 
ether (see Scheme 4), nucleophilic aromatic substitution 
of glycidol (Table 8), Miteunobu reaction with glycidol 
itself (Table 16), and several other methods not in- 
volving glycidol per se. In the case of propranolol (126), 

9 H  

‘QP, y b o  
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refs. 195,182 

OH 
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ref. 194 

. .  OH 

m N 8 N E t 2  
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137 celiprolol 
refs. 198, 197 

CH30 
136 bometolol 

ref. 205 

II 
CNH, 

138 metoprolol 139 atenolol 
refs. 38,280 ref. 38 

0 

a N 8 C H 3  H 

140 betaxolol 141a X = CF, 

ref. 182 
141 b X = CH, ref. 192 H 

Figure 23. &-Specific adrenergic blockers. 
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142 143 nipradilol 
ref. 181 refs. 201, 190 

Ph 

144 nesapidil 
ref. 191 

145 propafenone 
ref. 200 

Figure 24. a-Blockers or combined a/D-blockers. 

TABLE 19. Stereochemical Faotor Analysis of &Blocking 
Ability of lala and 141bo 

compd receptor Ic*(WS)2 b(W6 KdW 

141a p, 12.2f2.1 17.8f3.0 0.63f0.11 
p2 18.0f4.0 23.6f5.2 0.83f0.17 

141b 6, 3.6f0.2 2.850.1 2.150.1 
p2 8.3f0.8 1.8f0.2 10.6f1.3 

'Data are from ref 182. K,JR/S),  is the relative contribution to 
the receptorinhibitor dissociation constant, K,, of stereocenter x .  
Larger diesociation conatanta indicate lower activity. Thus, the RS 
isomer of l4la (CF,) is 217 times less active at the & receptor than 
the SR isomer, since Ki(RS)/Ki(SR) - K,,(R/S)? x KmI(S/R), = 
12.2 X 17.8 = 217. See also note 281. 

of 3.6 to 2.8 in the case of the p1 receptor and 6.3 to 1.8 
in the case of the B2 receptor). 

The third column of numbers in Table 19, &(l/u), 
indicates the influence of the relative stereochemistry 
of the two centers (like, RR or SS, vs unlike, RS or SR). 
Kml(l/u) would be expected to be close to 1 in a situa- 
tion where the two stereocenters are acting independ- 
ently. The large value of 10.6 for 141b at the P2 re- 
ceptor, if it is accurate, can only mean one thing: in this 
case the binding to the receptor is much more de- 
pendent upon the relative stereochemistry of the two 
stereocenters than it is upon the absolute stereochem- 
istry of those centers. This is an extraordinarily in- 
teresting and perhaps unprecedented result. 

Note that such an analysis as was done above is of 
potentially great practical import in the area of drug 
development. In a biological system such as this one, 
where several types of receptors are involved, the de- 
velopment of selective drugs is at least as important as 
the development of potent ones. Stereochemical factor 
analysis pinpoints that selectivity in relation to dia- 
stereomers. 
3. a-Blockers or Combined a-/&Blockers 

Several compounds have been made from nonracemic 
glycidols and tested explicitly for a activity (as potential 

-N-kH, H II 

146 0 
ref. 144 

TABLE 20. Stemochemical Factor Analysis of h lnt ive  
Active Doses of 148' 

~~ ~~ 

PI (right atrium) 130f32 4 1 f 1 0  1.6f0.4 
BZ 6 0 f 1 7  3 7 f l l  1.0f0.3 
a 2.0 f 0.4 25 f 5 0.8 f 0.2 
direct K+ 0.80 f 0.14 37 * 6 1 .O k 0.2 

OData are from ref 190. See ale0 notee 281 and 282. 

antihypertensives and antiarrhythmics). They are 
compiled in Figure 24. 

Most notable about this series is that the a-adre- 
nergic activity is essentially independent of absolute 
configuration. Thus, both enantiomers are of similar 
activity with this receptor. It is important to realize 
that the lack of importance of stereochemistry for the 
compounds of Figure 24 does not necessarily mean that 
one might as well have synthesized the racemic mixture. 
Rather, for the primary effect, either enantiomer would 
be effective (and should be available by independent 
synthesis), whereas in terms of undesired secondary 
effects, the two enantiomers are likely to behave dif- 
ferently. For example, it is known that many of these 
compounds also affect the /3-adrenergic system, where 
stereochemistry is of great importance. Such secondary 
effects could well account for observations of differential 
metabolism and toxicity of two enantiomeric forms of 
the same compound. 

Such variation in two enantiomers' activities can be 
put to practical use. For example, in the case of 145, 
the R enantiomer, with lower /3 activity has been sug- 
gested to be prescribed for hypertension in cases where 
@ activity needs to be minimized, whereas the S enan- 
tiomer might be prescribed when cardiac-specific B 
activity is desired. It is even conceivable that a series 
of drugs based on the ratio of enantiomers of a single 
substance might be of therapeutic use. 

In the case of 143, the second stereocenter turned out 
to be decisive in terms of the amount of both a activity 
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Figure 25. Analogues exhibiting unspecified adrenergic activity. 

and direct effect upon K+ transport (Table 20). Much 
information can be derived from this table. For exam- 
ple, the Cd(u/l) data indicate that the two stereocenters 
act essentially independently in all cases. The stereo- 
center marked with the asterisk is important for all 
activip even for direct influence upon the K+ channel. 
The C stereochemistry, on the other hand, is important 
only for 0-adrenergic blocking. 

Note that in this case the data are relative concen- 
trations required to achieve an equivalent effect,2B2 so 
higher numbers again correlate to lower activity. 
Multiplying or dividing numbers in the same row of 
Table 20 gives the relative selectivity for two isomers. 
For example, the RS isomer is 5300 times less active 
than the SR isomer at the PI receptor (130 X 41 = 5300) 
but only 50 times less active at the a-adrenergic re- 
ceptor (2.0 X 25 = 50) and only 30 times less active with 
respect to K+ transport (0.80 X 37 = 30). 

4. UnspeCfM Adrenergic AcNvity 

In several cases, at least in the reports relating to 
synthesis, only general activity has been reported. 
These compounds are depicted in Figure 25. 

Except for 153, theae compounds were all synthesized 
from nonracemic glycidyl aryl ethers. These aryl ethers 
were produced in a variety of ways, including reactions 
of 0-benzylglycidol (147), glycidyl tosylate (150), gly- 

ref. 261 

cidol itaelf (151), and epichlorohydrin (152). In the case 
of 153, (R)-glycidyl hy la t e  was reacted with a 7-mem- 
bered ring lactam. 

B. AntlMotlcs 
Several antibacterial and potential (though in these 

cases inactive) antiviral agents have been synthesized 
beginning with nonracemic glycidols. They are depicted 
in Figure 26. 

Moat of these syntheses were fairly straightforward, 
involving the addition of acetylide (154), isocyanates 
(156 and 157), methyllithium (158), or an amine (159) 
to nonracemic protected glycidol. In the case of 155, 
(2R,3R)-trarts-3-phenylglycidol was oxidized to the al- 
dehyde (Scheme 34), transformed into an epoxyimine, 
and reacted with 2-phthalimidoacetyl chloride. The 
resultant epoxylactam was then oxidized to remove the 
original phenyl ring and Cs and give the aldehyde 
shown. 

C. Blochemlcal Probes 
Many of the compounds derived from nonracemic 

glycidols have not been used as pharmaceuticals per se, 
but rather as probes into the mechanism of enzyme 
systems. A good example is the use of nonracemic 
glycidol for the synthesis of glycerophosphocholines 
(also called phosphatidylcholines or PCs, Table 21). 
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Figure 26. Antibiotics 
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Figure 27. Biochemical probes. 

The compounds listed were synthesized for a variety 
of reasons, primary among them the study of phos- 
pholipase enzymes. Entries 1 and 2 also have potent 
antitumor activity. These compounds are methyl ether 
analogues of entries 3 and 4, which are known as pla- 
telet activating factorsm and have acetates at position 
2. Entries 5-11 constitute a whole series of additional 
synthetic glycerophosphocholines that have been in- 
vestigated. The thioethers and thioesters of entries 
12-14, though not technically glycerophosphocholines, 
are included here as PC analogues since they were used 
as substrates for phospholipase A, and A,. 

All of these syntheses begin with reactions already 
discussed in section 111, including reaction of nonra- 
cemic glycidol (Table 21, protected glycidol (Table 8 and 
Scheme 26), and activated glycidol (Table 17). 

Four additional compounds have been made specif- 
ically to be used as biochemical tools. They are pres- 
ented in Figure 27. 

Amino acid 160 was of use in the study of &lactam 
biosynthesis. Salts 161 and 162 were of use in the study 
of asparagusic acid biosynthesis and L-valine metabo- 
lism, respectively. The syntheses of 160-162 involved 
the addition of isotopically labeled methyllithium to 
nonracemic trans-3-methylglycidol (Table 5). Amino 
acid 163 was synthesized as a potential ligand in H i i t y  
chromatography for the separation of the enzymes as- 
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sociated with ethylene biosynthesis. Ita synthesis in- 
volved the addition of diethyl malonate to (R)-epi- 
chlorohydrin, which was derived from (S)-glycidyl me- 
sylate. 

D. Miscellaneous Synthetic Analogues 

Seven additional synthetic analoguea have been made 
from nonracemic glycidols. They are depicted in Figure 
28. 

The RR, RS, SR, and SS isomers of 164 were pro- 
duced independently (the second stereocenter being 
generated by resolution prior to coupling). The hy- 
droxypropyl chain in this compound came from a 
functionalized acetylene, which was added to glycidyl 
m-nitrobenzenesulfonate (Table 17, entry 5). This 
synthesis nicely illustrates the use of glycidyl sulfonates 
without the intermediacy of epichlorohydrin. Although 
it has not been thoroughly investigated, it is clear from 
this study and those listed in Table 17 that organo- 
metallics add to glycidyl sulfonates exactly as they do 
to epichlorohydrin (with ring-opening displacement a t  
C3). Several of the syntheses described in this review 
might have been simplified had the chemistry of gly- 
cidyl sulfonates been more widely known. For example, 
in the synthesis of 89 (Figure 8 and Scheme 36), the use 
of glycidyl m-nitrobenzenesulfonate might have reduced 
the number of steps by two. 

Diols 165 and 166 were produced by addition to 
(R)-glycidol itself. Finally, compounds 167-169 were 
all synthesized from (2R,3R)-transs-3-phenylglycidol. 
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Figure 28. Miscellanaous synthetic analogues. 

For 167a and 167b, phenolate addition occurred at  C3 
(Table 3, entry 9); in the case of 168 and 169, initial 
reaction involved reduction by Red-A1 at C2 (Scheme 
15). 

VI.  s m a f y  
This review has presented the chemistry of nonra- 

cemic glycidols 1-4, including protected and activated 
derivatives. Several approaches to the synthesis of 
nonracemic glycidol and several of its derivatives have 
been detailed. These include transformation of D- 
mannitol and L-serine, asymmetric epoxidation and 
enzymatic transformation of achiral substrates, and 
enzymatic resolution of racemates. 

Protection and activation of nonracemic glycidol is 
not generally a problem if care is taken to avoid ex- 
tremes of temperature, acidity, and basicity. Some of 
the approaches to 0 derivatives of glycidol, in fact, 
involve in situ derivatization or bypass glycidol itself 
completely. The most widely used protecting group is 
benzyl, partially due to its robustnesa toward acids and 
bases, and partially due to the history of development 
in this field. Thus, for a long time, the only source (and 
still the most widely used source) of nonracemic glycidol 
was in the form of 0-benzylglycidol from D-mannitOl. 
The recent advances in asymmetric synthesis and en- 
zyme-catalyzed reactions are clearly having a major 
impact on choice of substrate, with a wide range of 
substrates now available, including both enantiomers 
of glycidol itself in high stereochemical purity. 

The reactivities of nonracemic compounds 1-4 toward 
nucleophiles have been examined in detail with selected 
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references to reactions of racemates. For unprotected 
1, all reactivity occurs a t  C3 (epoxide ring opening) 
unleas directed intramolecularly, in which case opening 
occurs a t  C2. Substituents have substantial effects, 
generally decreasing reactivity a t  the site of their at- 
tachment. The presence of a phenyl ring at Cs in 2, on 
the other hand, tends to increase the reactivity at that 
center, and may even lead to reaction with retention of 
configuration. 

Protecting groups serve three functions besides the 
obvious one of preventing involvement of the primary 
hydroxyl In the case of glycidol itself, protection allows 
for easier handling by (a) reducing the hydrophilicity 
of the compound and (b) sometimes producing a crys- 
talline derivative. In the m e  of tmm-3-methylglycidol, 
protection has a moderate influence upon the regiose- 
lectivity of reactions, increasing the selectivity at C3 at 
the expense of reaction at Cz. Finally, proper choice 
of protecting group can have an effect upon later de- 
velopment of stereocenters (“transfer of chirality”) in 
complex syntheses. 

Activating groups have been studied in detail, espe 
cially with 1, and have been found to have different 
effects depending upon the type of nucleophile. Thus, 
‘hard” nucleophiles such as amines and alkoxidee react 
selectively with glycidyl sulfonates with direct dis- 
placement a t  c’. “Soft” nucleophiles such as organo- 
metallics react selectively with epoxide opening at C3. 
Acidic conditions also strongly favor reaction at C3. 
Historically nonracemic epichlorohydrin (16) has been 
important as a synthetic starting material. The selec- 
tivity observed with 16, however, is not exceptionally 
high, and much greater selectivity is observed for gly- 
cidyl m-nitrobenzenesulfonate, which is available in 
both enantiomeric forms from asymmetric epoxidation. 

Many of the reactions of compounds 1-4 have been 
employed in the context of natural products or syn- 
thetic analogue synthesis, especially reactions of 1. Of 
all of the strategies used (summarized in Figure 4), only 
four have gained widespread recognition and applica- 
tion. These include simple nucleophilic addition at C3, 
nucleophilic addition at both C3 and C’, and nucleo- 
philic addition at C3 followed at some point by either 
oxidation at C’ or oxidative removal of C’. Nonetheless, 
several other strategies have been used, many of them 
very creatively, including some that radically transform 
the glycidyl framework. 

Clearly the need for enantiomerically pure pharma- 
ceuticals has driven much of this research. In most 
exploratory work, both enantiomers have to be made, 
not so much because it is unpredictable which wil l  have 
the higher activity, but rather because the two enan- 
tiomers may have dramatically different side effects due 
to the presence of multiple receptor sites, each of which 
may have different selectivities for the two enantiomers. 
Furthermore, exciting work is being done in the de- 
velopment of pharmaceuticals having more than one 
stereocenter, and in several cases different diastereo- 
mers have been observed to have tremendously differ- 
ent effects. Stereochemical factor analysis is useful in 
determining which of the stereocenters is most influ- 
ential in this selectivity. 

In terms of the useful producta derived from glycidol, 
this is only the tip of the iceberg. Thousands of glycidyl 
derivatives have been made, and only a handful have 



472 Chbmical Revbws, 1991, Vol. 91, No. 4 

been synthesized asymmetrically. Yet, in most cases 
the racemate and the individual isomers have different 
physical and biological properties. In the 10 years since 
asymmetric syntheses (including enzyme-catalyzed 
syntheses) of these substances have been available it 
is clear that a dramatic revolution has occurred in the 
whole approach to natural product and synthetic ana- 
logue synthesis. The syntheses described here, involv- 
ing glycidol and related 2,3-epoxy alcohols, are at the 
forefront of the asymmetric synthesis revolution. 
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