HETERQCYCLES, Yol 21, No. 1, 1984

RECENT ADVANCES IN STEREOCHEMICAL CONTRCL: MULTIPLE ASYMMETRIC

INDUCTICN

Satoru Masamune
Department of Chemistry, Massachusetts Institute of Technology,

Cambridge, Massachusetts 02139, U.S.A.

Abstract — A new synthetic strategy based on the concept of
multiple asymmetric induction is capable of constructing any new
chiral center or centers on a chiral substrate as demonstrated in
three major organic reactions: the aldol reaction, the Diels-Alder
reaction, and epoxidation of allylic alcohels.

Several natural product syntheses serve to illustrate the degree of

sterecselection that has now been achieved.

1. Introduction

For many years our major research efforts have been directed toward the synthesis

of several macrolide antibictics, a group of compounds which may be exemplified by
1

erythromycin A (1), amphotericin B (2), and rifamycin 8 {é).* Distinct in their

YR T

1 % = g-D-desosaminyl
Y = a-L-cladinosyl

* The word 'macrolide" is used in a broad sense and includes macrolactams, for

example the ansamycins such as rifamycin S.
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structural features, these compounds revealed, even at the outset of this project,

the existence of three major unsolved problems associated with macrolide synthesis:
macro-lactonization, glvcosidation, and stereochemical control.2 This last problem
concerns the proper assembly of numerous chiral centers embedded in the large lactenic
and lactamic systems, and demands a conceptually new approach for its solution. In
this lecture T will first discuss the stereochemical ocutcome of organic reactions
involving a set of two reactants (sub;trate and reagent), each of which is either
achiral or chiral. The analysis of these reaction courses will lead to a new strate-

gy which is potentially applicable to the construction of any new chiral center or

centers on a chiral substrate in a predictable manner. This process is fundamentally

important and frequently encountered in natural products synthesis. [t will become
clear that the strategy demands the development of enantiomerically pure (homochiral)
reagents that must meet a new set of criteria (see below). Such reagents have in-
deed been prepared to effect three major organic reactions with high stereoselection:
the aldol reaction, the Diels-Alder reaction, and epoxidation.* The lecture will
alse include the use of these reagents in the total synthesis of several naturatl
preducts of medium complexity, which serves to demonstrate the degree of sterec-

control that has now been achieved.

2. Multiple Asymmetric Induction3

Let us consider at first a éeneral case where a chiral substrate (35-1) having an sp2
carbon reacts with an achiral reagen?_to give productS,R% and Ek (Scheme 1).

Because §5-1 is chiral, one of the pwéidiastereomeric transition (si-attack or re-
attack)** will be lower in energy'than the other. This results in one product being
produced to a greater extent, and thus the R%/RE is not unity. This ratio E%/EQ

is referred to as the diastereofacial selectivity (D.S5.) of 3-I. For instance, re-
duction of norcampher (4} with lithium aluminum hydride provides a mixture of endo-

4

and exo-norborneols (5 and £), the D.S. being 89 :11. This example, although very

* This refers to Sharpless' epoxidation, as will be discussed in the lecture.
** Assuming that Cahn-Ingold-Prelog priority of r! (or Rl*) is higher than that of

R, the si and re faces of §-1 are those designated in Schemes 1-3.

—108—



HETEROCYCLES, Yol. 21, Ne T, 1984
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simple, illustrates a principle that has guided synthetic organic chemists in design-
ing the structure of a substrate, starting material or intermediate, in order to
incorporate proper stereochemistry in the reaction product. A variety of complex
natural products with many chiral centers have almost invariably been synthesized

in this way.

In centrast to the cyclic system exemplified above by 4, a high diasterecfacial
selectivity, significant enough to be synthetically useful, is normally difficult

to attain with acyclic systems. TFor instance, hydride reduction of 3-methylpentan-
2-one (l) will, in all likelihcod, proceed non-stereoselectively, because the acyclaic
ketone 7 1s cornformationally flexible and the difference in both steric and stereo-
electronic effect exerted by the methyl and ethyl groups attached to the C-3 carbon
of 7 is insignificant. Two products g and 9 will result in nearly equal quantities.
This non-stereoselectivity led us to search for a new means of stereocontrel other
than structural modification of the substrate. Thus we sought methodology capable
of not only producing either 8 or 9 predominantly from 4, but also of reversing the

"normal" sterecchemical course of reduction of 3 if so chosen.
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Let us condsider another general case where an achiral substrate (A-1) reacts with

a chiral reagent, e.g., a chiral enolate (g-{%), to give rise to products g’ and
E’k (Scheme 2). In an analogous manner to that mentioned for Scheme 1 (3-LT is

chiral in Scheme 2) two diastereomeric transition states that emerge from the si-

and re-attack will differ in energy, resulting in the ratio R’%/R‘k not being unity.
This ratio is referred to as the diastereofacial selectivity of $-I]. For instance,
it can be easily predicted that the chiral enolate if, if prepared, would react with

aldehyde }] preferentially from one side of 1.

r Scheme 2
s attack R’ g2*
J
si HO R
R’ oe .
>=O + < andl,
R™ e R2*
2 FU Rl R2*
re attack 4
R OH
")
R1
" %
H*" ' H Q\‘
. 0\""
»+—COMe
R2 10
PP P

" = diasterecfacial selectivity of 3-11

When (reagent} S-I1 is homochiral, the outcome of the stereochemical consequence of
the reaction between A-1 and S-I1 constitutes the basis of (single} asymmetTic syn-

*
thesis as originally defined by W. Marckwald.

* (Ber. %QQQ, 37, 1368): "Those reactions which produce optically active substances

" from symmetrically constituted compounds with the intermediate use of optically active

materials but with the exclusien of all analytical processes."
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Now consider the case where a chiral substrate (8-1) reacts with chiral reagent
(5-11) to afford products R"% and E"Q (Scheme 3), with the assumption that both 8-1
and 3-1I favor the si-attack transition state (i.e., R%/RQ>1 and R'%/R*Q>1, respec-

tively). This process is characterized by multiple (double) asymmetric induction

Scheme 3
si atrack R1 Rz'
’
/
si HO R
R o8 pr
}O + < wnh
R re Rz'
&'i‘. ik R‘ RE‘
re attack P
R H
R! "
1 >=0
H” H
0~\h
. CGMe
RZ 10

Pt Rl
. « diastereofacial selectivity of §-31

as the chirality in both -1 and 2-I1 affects the stereochemical course of the re-
action. By simple (and naive) analysis, the ratio of products, R”%/Rnk may be
approximated to be (R%/EQ) X {R‘%/R‘Q). If this approximation holds, the R"%/R"Q
will be larger than either R%/Rh or R’%/R‘Q. Since their diastereofacial selectivi-
ties complement each other, 5-1 and $5-11 are called a matched pair. 1In contrast,
when $-I reacts with g-&{*, the ratio of products, R”%/E”Q’ may be approximated to

be (R%/RR) E E’Q/R’R. Thus, Rn%/ﬁuk will be inferior te the larger of R%/RQ and

* R-I1, the enantiomer of $-IT, should have a diastereofacial selectivity that is
equal in magnitude but copposite in selection to that of Q-Lé (i.e., R-II favors the

re-attack transition state).
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R‘%/E’h. Now that their diasterecfacial selectivities oppese each other, $-1 and
R-LL constitute a mismatched pair. The approximate multiplicativity of diastereo-
facial selectivities thus inferred unfortunately lacks rigorous theoretical justifi-
cation, and therefore must be tested experimentally to be accepted. At the outset

of this proiect we simply assumed its validity.

3. A New Strategy for Stereochemical Control

In natural products synthes:s, we frequently encounter the need to build a new
chiral center or centers on a chiral substrate. Scheme 4 formulates this trans-
formation: *A—C(x) (equivalent to 5-1 in Section 2} 1s converted to *A (*Cn)-c[z)
where both C(x) and C(z) denote appropriate functional groups for the chemical
Operation.* In order to achieve this task a chiral reagent *B-C(y) (equivalient to

*
s-1I in Section 2j is allowed to react with A-C(x) to provide amixture of stereoisomers

Scheme 4 Scheme 5
L ] - -
A -C{x) A -C(x) + Cly) 8
Process l I
d . . - . -
A L "G )=C(2) A — ¢c—¢C B
Process l II
.A-—C(x): Chiral Subistrate
®8—C(y) : Chiral Rsagent . . »
A — c—cC—C(2)

I : Double Asymmetric inducticn

. Removai af the
" Chirsl Auxiliary (*8)

BOTH *A AND *B MUST BE ENANTIOMERICALLY PURE (HOMOCHIRAL),

*
expressed by *A-*C-*C-*B (process I). The reagent B-C{y) is so chosen that a high
stereoselection (at *C) is achieved in this process. Having served this purpose,

* - -
the chiral auxiliary B is removed in such a fashion so as to leave a functional group

P a—
*"A and C denote & chiral group and a chiral center, respectively.
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C(z) for further transformation. From the analysis detailed in Section 2, 1t follows
*ox ok *
that {1) when the desired A- C- C- B 1is R”%, the major product in the matched pair
reaction, the resulting stereoselection should be higher than the diastereofacial
selectivity of *A—C(x), being augmented by that of the reagent; {2) 1f the *A—.C-
.C-*B happens to be RHEJ then the use of reagent of the opposite chirality (a mis-
matched pair) whose diastereofacial selectivity 1s substantially large enough to
cutweigh that of *A—C{x) is recommended. Such reagents of either chirality (at B*)
can be, and have been, prepared.
In contrast to many cyclic systems, acycliec chiral substrates normally exhibit a
smaller diastereofacial selectivity ranging from 1 to 5. Therefore, reagents which
have a diastereofacial selectivity of >100 can meet the above demand. In this way
a >100 : 1 stereoselection s expected for a matched pair, while even a mismatched
pair brings abcut a minimal isomeric ratic of 1 : »20, the degree of stereoselection
which is of practical significance in organic synthesis. Thus, the concept of multi-
ple asymmetric induction discloses the possibility that the stereochemistry of or-
ganic reactions may be controlled by the chirality of reagents (and substrates) rather
than substrates alone as it has been in the cases to date, and that the stereoselection
one order of magnitude higher than that previously attained in the latter cases may
accrue through this methodelogy. Let us see to what extent this possibility has been
realized in actual experiments.
4. Aldol Reaction -2
Before we discuss chiral enolate reagents newly developed for the asymmetric aldol
reaction, it appears appropriate to present some salient stereochemical features of
this well-known carbon-carbon bond-forming reaction. The reaction involves an alde-
hyde (lZ) and an enclate 13 and creates, in principle, two new chiral centers in
the product (14) (Scheme 6). When 12 is a chiral aldehyde and L3 1s an enolate
der:ved from an ethyl ketone, four possible diastereomeric products (l4a-l4d) may

be formed as indicated in Scheme 6.*

* For these stereochemical descriptions [syn, anti, Z(0), and E(0)], see ref. 5.
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Scheme 6
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The aldol is influenced by many reaction parameters and thus its mechanism is
complex, varying from one case to another. Today's discussion is confined to the
reactions of a rather general type where the chair-type cyclic intermediate 15

(Zimmerman-Traxler model) (Scheme 7) can serve to rationalize experimental results.

Scheme 7

1 4 3 'z Rz
o---M -~— R
OH ©
16
15 1 Z(0)-EnoLATE
Oe.{RE)-ENANTIOFACE
ATTACK
20), ot: 2,3-syN 7(0), ﬁ ¢ 2,3-svN
3, 4-sYN 3,0-ANT1
EQ) o¢: 2,3-anTI ED {3: 2,3-ANTI
3,5y 3, 4-ANTI
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The outcome of the reacticn proceeding through %é which delineates the case of Z(0)-
enolate approaching the o (re)-face of the aldehyde 1s straightforward: The aldol
product }§ should have the 2,3-syn, 3,4-syn stereochemistry. The other cembinations
for the assembly of the enolate and aldehyde are: E(Q)-enolate approaching the a-
face or B (si1)-face of the aldehyde, and the Z(Q)-enolate, the B-face. The stereo-
chemistry of the product in each case is tabulated. It is clear that (1) the Z(0)
and E{Q) geometries of the enolate are translated into the 2,3-syn and 2,3-anti
stereochemistry of the aldol preduct, respectively, and (2) the enolate's approach
to the aldehyde from the o- or B-face determines the absclute configuration of the
C-3 hydroxyl group created in the reaction. The o- and R-face attacks correspond

to the B- and a-absolute cenfigurations of the C-3 hydroxyl group of the product,
respectively. Since the B-absoclute configuration of the C-4 methyl group in 16 is
"handed over” from the aldehyde, the 3,4-sterecchemistry of 4h is syn in this case.
Therefore, the stereochemical problem in the aldel reaction consists of two parts —
the 2,3- and 3,4-stereochemical control.

One simplistic confermational analysis of the transition state has fortunately led
to an expeditiocus solution of this preoblem. The relatively short O-B and C-B bond-
lengths as well as the strong affinity of boron toward an oxygen lone pair would
"tighten" the transition state and simultaneously a bulky ligand attached to the
boron atom weuld exert a steric demand in the lower space of the chair ring. These
factors could thus force the orientation of the aldehyde in the manner shown in 15.
This prediction has indeed been realized and, in a way, validates the Zimmerman-
Traxler model, particularly in the case of boron-mediated aldol reaction.

The experimental results are briefly summarized in Scheme 8. Treatment of S-phenyl
propionate {l7a) and ethyl cyclohexyl ketone (L7h) with S9-borabicyclo[3.3.1]nenyl
triflucromethanesulfonate (9-BBN triflate) (18) effects the stercoselective forma-
tion of the corresponding Z({C)-boron enolates 17 a and 177h, respectively, which
react with a variety of aldehydes to provide the racemic 2,3-syn-3-hydroxy-2-methyl-
carbonyl compounds 18a and 19b with a stereoselectien of at least 30 : 1. On the
other hand, dicyclopentylborinyl triflate Z{ converts S-tert-butyl propionate into
17"%, which is capable of producing racemic 2,3-anti aldol products (21), again with
excellent stereoselection (»Z0 : 1), Although a number of metheods for the stereo-
selective synthesis of racemic 2,3-syn- and anti-3-hydroxy-2-methylcarbonyl compounds
are now available, the boron-enolate aldel reaction remains the method of choice in

terms of overall selectivity, yield, and operational simplicity.
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Scheme 8
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While the 2,3- problem quickly came to a successful end, the 3,4- problem consumed

a great deal of our effort, One can readily recognize that the 3,4- problem concerns
the relative disposition of the aldehyde and enclate, inasmuch as 1§ and 22 lead to
14a and 14b, respectively (Scheme §). Frem the discussion in Section 3, this 3,4-
stereochemical control clearly demanded the development of chiral enolate reagents
whose diastereofacial selectivity (>100 : 1) was regarded at that time as unattainably

high.
Scheme 9

14a

L (RE) ATTACK P (s1) ATTACK
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Cne of our very first tasks encountered in the aldol work was the construction of
the 2,3-syn, 3,4-ant1 system (see Z4) from (-)-dimethylglutaric hemialdehyde (23).
The aldol reaction of 23 with an achiral Z(0)-enolate, e.g., 17°a provides an ap-
proximately 3 : I mixture of 24 and FE) which correspond te R% and gk discussed in
Section 2 (Scheme 10). The 3 : 2 ratioc is the diastereofacial selectivity of alde-
hyde 23 and represents roughly the degree of diastereoselecticn one can attain in

the aldol reactions of 23 without recourse to double asymmetric induction.

Scheme 10

e

H r

H H 17a  SPh 3 . R SPn B P shh
Me0,c”” > Nop —————————* Meozc/\/\‘/Kr( * Moo, NN N
oH O o ©
{~)-23 2 25
Pa Pb

(ratio of Pa/Pb = 3/2)

Many chiral Z(0)-enolates had been prepared and examined before those (8- or R-
iba.b,c,) shown below emerged as strcng candidates for the solution of this 3,4-

stereochemistry.6 All of these reagents are rteadily prepared from commercially
Scheme 11
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o - . Y
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available, optically pure (% or g) mandelic acid via three steps and differ 1in the

ligand attached to the boron atom. The diasterecselectivities of the reagents are
impressive even by today's standards (Scheme 11). TFor instance, achiral aldehyde

A7 undergoes aldol reaction with 5-26c, the most stereoselective (but least reactive)
boron enoclate of the three (%Q%-%Q%) to provide a 100 : 1 mixture of diastereoisomers
28 and 29 (R=PhCH20-CH2—CH2—). With isobutyraldehyde (39), an oa-branched aldehyde,
the selectivity of the reaction 1s very high [>100 : 1 of 28 and 28 (R=2-Pr)] even
with the least selective (but most reactive)} boron enclate S-Zfa. Successive treat-
ment of a mixture of %§ and i3 with hydrogen flucride (or fluoride anion) followed
by sodium metaperiodate provide the corresponding 2,3-syn-3-hydroxy-2-methylcarboxylic
acids (31 and 32} with an enantiomeric excess higher than %8 %. These results meet
the criteria set for the chiral reagents (Section 3}.

We were then ready to tackle the first task mentioned earlier. Thus, the reaction
of homochiral aldehyde (-)-23 with homochiral enclate S5-2fh proceeded to provide

two diastereoisomers 5% and 34 in a ratio of >100 : 1 (Scheme 12). The change in

the chirality of the enolate reagent brought about a reversal of the result: A com-

bination of (-}-2Z3 and R-26b led to the formation of 3 and #4 in a ratio of 1 : 30

Scheme 12
oB{n-Bu),
: : 5-26 “p* : : - : : : o
mo,c/\/\cno - Meozc/\/\/'\,( M‘ozc/\/'\./\(
OH O oH ©
(-)-23 33 34

§-26b: R*= Q\O 33:34 =100 1
TEDMSIO H
R-26h: /"= |->\<:> 3334 = 1:30

TBDMSiO

{=)-23 and S-26b : Matched Pair

(-)}=23 and R-26b : Mismatched Pair
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% The significance of these two reactions is three fold:

favoring the latter {é%).T
{1) Both ratios are far superior to the ratio 3 : 2 obtained with an achiral enolate
{see above), (2) the chirality of R in 5-2pbk is directly cerrelated to the stereo-
chemistry at the 3,4-positions of the reaction products, and thus either the 2,3-syn,
3,4-anti or 2,3-syn, 3,4-syn system can be constructed in a preselected mamner, and
{(3) the two reactions, (-)-23 + 5-26 and (-)-23 + B-%Q represent matched and mis-
matched pairs, respectively, and the multiplicativity of the two diasterecfacial
selectivities (3 : Z and 100 : 1) are roughly realized. The stereochemical course
of the aldol reaction is now fully under control and the power of double asymmetric
induction isclearlydemonstrated.*

Let us see how the aldol reaction has been utilized in the synthesis of 6-deoxy-
erythronolide B (%é).7b Once the seco-acid aldol approach is adOpted,lb’2 designing

a synthetic scheme is straightforward. Splitting the seco-acid derivative (36),

Scheme 13

Aldol v
2,3-syn, 3,4-anti

6-Deoxyerythronolide :

1 +
i
o 0 ;
Fragment A Fragment
A Aldol 111
zlg?:yi 2,3-syn, 3,4-5yn
N N )
/\n/ﬂ + %H R + SR
0 0 )

Aldol I]
2,3-5yn, 3,4-anti

* These examples represent one of the first such demonstrations of stereochemical

control by means of multiple asymmetri¢ induction. Also see ref. 3d.
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drawn in a zigzag fashion, into fragments A and B immediately suggests the order
of the aldol reactions to be used in the synthesis. Aldol I (involving propanal
o7 and its 3-carbon equivalent) produces fragment A, while aldol IT (37 and 38} and
III (38 and equivalent of 37) complete a synthesis of fragment B. Finally, both
fragments are comhined via aldol IV. Note that aldol I, II, and IIf all concern
the création of 2,3-syn stereochemistry, a task that can be readily achieved with
RoAoRS

The first step of the seco-acid synthesis has already been discussed (Scheme 14).
The reaction of (-}-23 with 2gh provides the desired preduct with »100 : 1 stereo-
selection. The aldol product 33 which, after removal of the chiral auxiliary (HF
and then NaI04J, is converted to the Prelog-Djerassi lactonic acid 4§ in optically

pure form (>98 % e.e.). Addition of the C-1, C-2 fragment (see Jf) to 41, the aldehyde

Scheme 14

MeO' -
OBn-Buy . 1]
! i % -’ Lo
»* o ]
MW cHD ____.; . NH:'-O 1
S- reagent (26b; “OH al0y
(-)-23 gent ( ! c R Y .
Stereoselectivity '
>100: 1 -
OSiMez2¢-Bu :? :_2:3”
s - R=
CH,CH,- CHO . (269)
-rea a
R- reagent{26c) 37 o :"I':}
HF,NalO, , , NalQOs )
Stereoselectivity Stergoselectivity
>100:1 14 -y
0
oH O i
14
46: R*H RZ:OH 42 : R=0H
47: R'=SiEtz R:H 44: R=OH 43 : R=S¢-Bu

45: R=Et

corresponding to 48, uses the S-chiral reagent 203 (Aldol II1). Thus, reaction of
the aldehyde 41 provides (with 14 : 1 stereoselection) the major preduct which, upon
standard treatment (see 33 to 403, is transformed to the carboxylic acid 42 and then
to its thiol ester 43. After modification of the functional greups of 43 through a
series of routine reactions the resulting carboxylic acid QQ is further converted

to the corresponding ethyl ketone 45, which is an equivalent of fragment B. The
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enantioselective synthesis (selectivity >100 : 1) of the hydroxy acid QQ correspond-
ing to fragment A 1s readily achieved using propanal (éz) and R-chiral reagent %Q%
(Aldol 1I). A sequence of standard operations converts 46 into aldehyde 47.

Thus, eight chiral centers out of the ten embedded in the target molecule 35 have
been created with remarkable efficiency and stersoselection. At this stage the
overall yield is 30 % and overall stereoselectivity is approximately 90 %. The
remaining tasks consist of the final aldol coupling (aldol IV in Scheme 13) of
fragment A with B and the macro-lactonization of the resulting seco-acid derivative,

both of which have been successfully executed, as cutlined in Scheme 15.

Scheme 15

‘l(PWmfin

—_—
£} y
/’”ﬁ’i‘tm
1
]
21(.: He) 5
25" Stereaspecificity
0
R
- -

The macro-lactonization has already been adequately reviewed, and the stereochemical
+0

control in aldol 1V is methedologically different from what has been discussed above.

Therefore, both transformations in the final stages of the 6-deoxyerythronalide B

synthesis are omitted from this discussion.

* Aldol IV is distinguished from aldol I1-{II in that it (IV) involves the coupling

of two structurally prefixed componhents.
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5. Diels-Alder Reaction

This reaction effects one of the most efficient organic transformations in that it
(D.A. reaction) normally proceeds in excellent yield and creates, in principle,
four chiral centers as exemplified in Scheme 16. The pericyclic reaction of two

chiral components, diene 4§ and dienophile 43 can hypothetically produce 24=16

Scheme 16
R“ _
+ A
~ R-z ——ri
O
48 49
O
»_-OMe
2?5: O - l Ph
\jr/J e
O
\\\flif "
51 52
2 .
R
o I
1 11

sterevisomers, isomeric at the C(2), C(3), C(4), and C(5) atoms in éQ. The attain-
ment of the potential stereoselection requires the advantageous (and simultaneous)
exercise of, at least, four elements which govern the stereochemical course of the
reaction, These elements are indeed well known: <c¢is-addition, endo-addition, and
diastéreofacial selectivities of both the chiral ene and dieme.* With regard to

the last factors, diastereoselectivities have indeed received renewed interest in
recent years, and some excellent chiral reactants such as dienophile ékg and diene
é%g are now available. After a close review of this previous development, our
attention has been directed to the design of chiral dienophiles in which a chiral
auxiliary {(R*) is attached one atom closer to the three-carbon enone unit (Type I}

than in the reagents (type IT) often used earlier (see 31}.

* The last factor (the selectivity of the chiral diene)} is closely related

with the orientation of 48 to 43 in the transition state (regio-chemistry of 4833.
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The type I reagent of choice was éé.lo Coupling of 53 with cyclopentadiene (QQ) in
the presence of InCl, at -40°C is completed within 1 h to provide two endo-products
RR and =8 in a ratio of »100 : 1, in addition to asmall amount of the exo-isomers

(Scheme 17). Likewise the reaction of &4, a homclog of Ry with 54 under the ident-

Scheme 17
DIELS-ALDER REACTION

oM 55/56= >100/1

, 58/59= »>100/1
H ZnCiy o OH
57 —40°C 58 o CH 59 H-’ .

60

i1cal conditions proceeds smoothly with equally high sterecoselection (%8 : 39 =>100 :1).
The results of these and other related experiments disclose, at least, two important
features of the D.A. reaction. First, thecoordination of the Lewis acid catalyst
with the o-hydroxyketone moiety of the dienophile 23 leads to the formation of a
rigid five-membered chelate, thus making the two diastereotopic faces of the encne
system highly distinguishable (see $R). Second, from the established absolute con-
figurations of %n and 35 (and also 57 and 38), one concludes that, which the chelated
framework of R, the D.A., reaction proceeds with the enone fragment in its cisoid
(synplanar} conformation, at least, in these particular instances [as opposed to the
transeid conformation often postulated earlier for chiral esters of type II (see
above)}].

A variety of dienes react with 83 and %{.10 In the three examples shown i1n Scheme

18 the cycloaddition reaction provides a single adduct to the detection limits of

1H NMR spectrosceopy (270 Hz). Oxidative removal of the chiral auxiliary group from

the adduct (cf. a similar transformation of the aldol products discussed in Section
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4) leads to a homochiral product (at minimum 98 % e.e.), which serves as an inter-
mediate for the synthesis of a natural product. Example 1. Reaction of S-53 with

excess butadiene (Q%) in the presence of ZnCl2 gives rise to Q% which is in turn

Scheme 18
Example 1
H
o ~— 0y
ZnC1z
H
5-53 F ga
E>%%eﬂ
Sarkomycin
Example 2 Oac Qac o
o OH HO. CO.H
S-53 + e gy — >
2w BF3" o™
Et,0 L &
85 66 &7
| >98%de | Shiximic acid
Example 3 HNCO,CH,Ph HNCO,CH, P!
HNCO,CH,Ph € Jh T He
o} H_OH ACHO
oH 4 = S g -

‘ 7\ H . BFy+Et:0 CH

R-57 68 69 70
| »98%ae |

Pumihiotoxin

transformed via three steps to alcohol §3 ( 98 % e.e.}. Conversion of the enantiomer

of §3 to natural sarkomycin §4 has already been documented.lo

Example 2. 1,4-Di-
acetoxybutadiene (§f) and S-33 are coupled with the aid of BF;-0Et,. Product g6,
which 13 the exclusive stereoisomer of this cycloaddaition, is then subject to a
series of six transformations analogous to those used earlier to provide optically
pure shikimlc acid (Qz} Example 3. A mixture of R- él and BF *OEt, is allowed to
react w1th excess diene bR to pr0v1;e an adduct Q% w1th >100 : 1 diastereeselection,
which is in turn converted in two steps to aldehyde J0. Conversion of 7 to the
hydrochloride of (+)-pumiliptoxin &k follows the published procedure.12
The above example; of single asymmetric induction clearly demonstrate that our chiral
diencphilic reagents R and nd are highly diastergofacially selective (»100 : 1)},
satisfy the prerequisites for successful double asymmetric induction which is, of

course, the issue of our prime concern. In order to examine the validity of the

matching and mismatching concept as applied to the D.A. reaction, a set of experiments
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has been carried out, using butadienyl phenylacetate (1%), as an achiral diene and

S- and R-O-methyl mandelates (S5-37 and R-32) as chiral dienes.

rate diastereoselectivity (Scheme 19).

0
GJLW 0
5
2 JOH
Z P .
72 5-53
0
Hgn .
f Ph LV
.
T l
S=-52 matches pair  S=53
R OMe
i 0
S LOH
& B +
N
R-52 §-53

mismatched pair

Scheme 18

BF3-0Ety

BF3-0Etz
————

BF3'05t2
—_—

Diene R% has a mode-

" R"=Phenyl -
0 0 acetyl

S _LoH

73
>100 ¢ 1
selectivity

R = S-Mandelyl
A
o
S J0H
74
»130 : 1
selectivity
R R’z R-Mandelyl
0
Y]
S _LOH
I | s
selectivity

The first experiment involving $-33 and 72 reconfirm, the high diastereofacizl

selectivity of 5-53% as applied to JZ2, which is close in structure to chiral diene

R4+ As expected, 73 is the major product of the reaction which proceeds with

>100 : 1 stereoselection in the presence of the catalyst BFB-OEtz.

In the next

two experiments, two chiral reactants are coupled under the conditions identical

to those used in the first one.

provides a >130

75 and its sterevisomer obtained from diene R-52 turns out to be 35 : 1

The reaction of diene §-52 with dienophile S-33

i mixture of 74 and its diasterecisomer, while the ratio of adduct

10b

Note that in the latter two cycloadditions the absolute configurations of the two

major products 74 and ]5 are the same at the C-1 and C-2 centers and are directly

correlated with the chirality of 53, thus the stereochemistry of these reactions is
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controlled through the selection of R or S-35. In a manner similar to that demon-
strated in the aldol reaction (Section 4), this outcome reflects the large dia-
stereofacial selectivity of §3 as compared with that of é%* The different ratios
(130 : a and 35 : 1} observed in the above reactions obviously correspend to matched
and mismatched pairs, respectively. Thus, both k) and 24 have been proved to be

capable of creating new chiral centers in a predictable manner.

6. Some Comments on the Aldol and Diels-Alder Reaction
The two reactions discussed in the preceding sections are proposed to proceed through
the transition states depicted in 7f and £0. In both cases, the two sides (or faces)

of the plane defined by the sp2 carbon atoms, and perpendicular to the w cloud, of

w0
H
0=
: ™~ 5-53
with the R reagent 60
76
with Cy with Ca
77 78

H;_(!“E

B8O 81

the chiral reagent R-26 (in 78) fand also of S-33 (in £4)] are distinctly diastereo-
T -

* The chiral center of A is close to the reaction site, and thus the diastereo-

facial selectivity of most chiral dienes normally encountered in the synthesis is smaller
than that of 22. Therefore, the chirality of 23 would control the stereochemistry

of most double asymmetric reactions.
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topic (as shown in a mere schematical manner in 77*). Thus a reacting counterpart
(the aldehyde in 7§ and cyclopentadiene in §Q) is forced to approach the reagent
almost exclusively from one "open'" side. The presence of an asymmetric center in
each reagent, of course, is responsible for tﬁe resulting high diastereoselectivity
of the reaction, and the reagent lacks any symmetry element (C1 symmetry).

Another design of chiral reagents is basedon the concept of axial symmetry, in
particular that osz (see‘ZQ), the advantage of which is clearly seen in a hypotheti-
cal case of hydride reduction of acetophenone (see 1%). Assuming a four-membered
transition state for this reaction, one would expect that the ketone approaches the
five-membered diaza-metallocycle from the two directions (see the solid and broken
arrows} with the orientations indicated in 79 [the methyl on the right** and phenyl
on the left side of the carbonyl in the top approach (solid arrow) and the reverse
in the bottom approach {broken arrow)]. Both approaches result in the formation

of S-1-methylbenzyl alcohol. Thus, with a chiral reagent of Cz-symmetry a subst-
rate 1s allowed to enter one of the two stereochemically equivalent quadrants (non-
shaded parts of the circle in 1%). The space is now limited and thereby the stereo-
selection will 'be enhanced (cf., 78§ and zl). For the aldol and Diels-Alder react-
ions, the reagents of C1 symmetry have been devised because both reactions involve

a multicentered (6-membered) transition state, which demands a large space and

can be accommodated by a hemtsphere but perhaps net by a quadrant in most cases.

In contrast, some other reactions are not as space-demanding; indeed several excellent
reagents of C2 symmetry are now known as exemplified by Chiraphes (QQ) for homo-
geneous catalytic hydrogenation and also by the Binap-Al reagent §1 in ketone reduct-
ion. Sharpless' titanium reagent for epoxidation may be included in this category

and is discussed in the next Section.

7. Epoxadation of Allylic Alcchols
Sharpless' reagent consists of titanium tetraisopropexide, tert-butyl hydroperoxide,
and diethyl (+)-or (-}-tartrate (Scheme 20). With (+)-tartrate the oxidant approaches

the allyl alcohol from the topside of the plane shown in %%, whereas the bottom side
* The empty and shaded sides indicate the side open for the attack of a reactant and

the blocked side, vespectively.

** As it is drawn in J9.
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active epoxy alcohols 83.

1 in many cases.

four chiral hydroxymethylene groups,

embedded in the sugars.

The device of the cycle is straightforward:

(Scheme 21).

The Pummerer reaction of the sulfide

The reagent has approximate D

Scheme 20

D-{-)-deethyl tartrole (unnokecal )

Ry

70-87% yeid,
r0%ae

Lr{+}- duthyl wrircte [naturat] 8a

B2

.
got]

84

is open for the (-)-tartrate reagent®, giving rise to the corresponding optically

A.E.) is proposed te proceed through the reagent-substrate coéplex %Q, which ex-

hibits the high face-selection (demonstrated in this reaction) which approaches

the concept of multiple asymmetric induction, thus being capable of constructing
two new chiral centers on a chiral substrate in a predictable manner.
Cne way to demonstrate its validity 1s to achieve, in a general and systematic

manner, the sterecselective synthesis of all eight aldohexoses, each of which has

carbon extension cycle, and its double application leads te the chiral centers

13

This asymmetric epoxidation (hereafter abbreviated as

Therefore, we became interested to see if this A.E.

Qur strategy is based on a reiterative two-

It involves four key transformatiecn

Conversion of analdehyde into its corresponding E- and Z-allylic

alcohols (or their precursors) via the known Wittig olefination.

Treatment of the epoxy alcohol with benzenethioclate anion in a basic

symmetry, cf., 84.

2
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Scheme 21
?ﬁ' O'Rl
AR-CH=~ cH-CH=CH-cHZOH —_—
\\
\\
\\
R-CH=CH-CH20H .
II \
. N
R-CHO o)
R C{'I \CH CH
< £ 2OH
OR’ OR’ ‘r’,/’/;;:/

] 1
R-CH-CH-CHZSH

0f prime concern is the doubly asymmetric inductien for which the allylic alcchol

85 derived from D-glyceraldehyde was chosen as a model (Scheme 22).

Treatment of Br

Scheme 22

_7é‘ Tl(O-‘(). 7 Q /] 2
Q = H q\/)\\/T\vaH * Q\/)\y<1\»/0H
TBHP ~0 o
85 86 (23:1) 87
Scheme 23
AE,
B A e S S g D
(+}-DET o
a8 89 (99: 1}

—129—




with titanium tetra-isopropoxide and tert-butyl hydroperoxide (Sharpless' reagent

without diethyl (+)- or (-)-tartrate) provides a 2.3 : 1 mixture of epoxy alcohols
%Q and %Z. This ratie (2.3 : 1) that represents the diastereofacial selectivity

of LR is much smaller than that of the chiral epoxidizing agent, as reconfirmed
with the A.E. reaction of epoxy alcohol 88, providing §2 with 2 99 : 1 stercoselec-
tion (Scheme 23). All the conditions necessary for the stereochemical ceontrol of
epoxidation in a double asymmetric reaction appears to have been met.

The asymmetric epoxidation of §3 with (#)- and (-)-tartrate proceeds smoothly to
provide epoxy alcohols R7 and §6 in ratios of 22 : 1 and 1 : 90, respectively

(Scheme 24).13b

As predicted and also verified with these results, 5 with A.E.-(+)-
DET and A.E.-(-)-DET constitutes mismatched and matched pairs, respectively. Under
basic conditions both 89 and %l are in equilibrium with the corresponding terminal

epoxides (Payne rearrangement) which can be trapped with benzenethiolate anion teo

provide dihydroxysulfides 9f) and 31 in excellent yields, respectively.

Scheme 24

( )-DET

" (22 1)

A.E, 70
Q

85 ——r——ir 86 ——
{=)-DET
(g0:1} OH
90
Scheme 25
L e
\)\)/ &
o N
~ 55 ¥ 93
(30:1)

A_E. +0 OH
92 —F— 4
{-)}-DET
¢

In contrast to the successful stereocontrol exhibited above for 85, the Z-allylic
alcohol 92 is found to react with the A.E. reagent extremely slowly (Scheme 25):
With {+)-DET the epoxidation reaches only 55 % completion in 14 days at -20°C.
However, the stereoselectivity is excellent favoring the formation of 93 in a 30 : 1

ratio. With (-)-DET, the reaction is too slow to be practical.

Asoriginally envisioned and described above, our basic cycle is intended to create

—130—



HETEROCYCIES, Vol 21, No 1, 1984

two new chiral centers using two elements of stereocontrol: the Wittig reaction
(Z-and E-olefin) and A.E. Since one of them nowcannot be used fully to our advan-
tage, we must seek an alternative, Let me summarize the results we have seen thus
fer. Thecycle (Scheme 26) leading to the 2,3-erythro products 24 via the E-isomer 35
15 satisfactory, but, the A.E, of the Z-isomer 26 in the Z,3-threo series 37 often
proceeds intolerably slowly. The stereocontrolling element thus lost 1s now replaced

by another and the cycle is modified as outlined below.

Scheme 26

~=<CHO
XL
j\qu (ER;‘LHRO) \
/R 95 ; ) ] CHO
RCHO i, . - )(:.\[R
99

~ OH 98 B-ELIMINATION
1S NOT OBSERVED
R

;CHD4§/

96 TN G
. X
LO 0
{THREO} HM(.
97 R o

~  gga

In compounds 84 and 87 the proton at C-2 is o to the aldehyde group and thus epi-
merizable. From the expected stability of 97 relative to 94, the latter which is
readily eobtainable can be equilibrated to give mainly e which has

been up te now of limited access. The acetonide chosen as @& protecting group
apparently suppresses the potential complication of a B-elimination (g8 to 29)
inasmuch as the acetonide group helps maintain orthogonality between the enolate

n system and the B-alkoxyl substituent (see 39a). Thus, treatment of several com-
pounds represented by the general formula 94 with potassium carbonate in methanol
at 25° indeed effects smooth isomerizatien (>20 : 1). Incorperation of this

critical epimerization technique in our basic cycle leads to the satisfactory synthe-

—131—




sis of all possible stereoisomers (four in one cycle).

Cur final version is shown in Scheme 27, using the pentoses as illustration. The
epoxy alcohol 88 undergoes ring opening to provide €[ which is converted to the

acetonide J0a through kinetically controlled acetonation followed by oxidation and

Scheme 27

CHO

b o
e
O=-

o a/f 100
MCPBA e 981
R Ph = SPh

Ru TN OH 98:2 CHO

101

\f R ) “cHo
e b
R-CHO MCPBA i {5: 5 02
R SPh —s R Ph
B a: DIBAL 784 i
/ OH 0 AC
0 91a

b: KCOs a1 \
q\zj\\

CHO %9:1 i
R

g
.
I

CHO

103

acetylation. Reaction of $80a with Dibal provides, virtually without epimerization,
a product (LgQ) which proves to have the ribose configuration. Compound $S0a can
also be converted to the C-2 epimer of 18¢. Thus, treatment of %Q% with potassium
carbonate in methanol causes hydrolysis of the acetoxythiocacetal group and epi-
merization at the C-2 center to give a mixture of }Ql and 186 in a 98 : 2 ratie.
Compound 01 has the arabinose configuration. The acetonides (%Q% and %Q%) of
xylose and lyxose are prepared in exactly the same manner. The key intermediate %ké

obtained from 87 via 31 provides 102 and 103 in the manner indicated in the scheme.
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In this way a highly efficient route from the same intermediate 82 to either the
erythro- or threo-2,3-dihydroxy aldehydes has been established. It is obvious that
the success of the above scheme depends heavily upon high asymmetric induction
realized by the titanium-catalyzed epoxidation with (+)- or {-)-tartrates. The
diastereofacial selectivity of this reagent outweights the influence of the pre-
Now that efficient,

existing chirality in the allylic alcchol. practical routes

from a chiral or achiral aldehyde toc all the four possible bishomologated aldehydes

Scheme 28
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have been established, these final products are ready for a second two-carben
extension. Indeed, the synthesis of all the possible hexoses has now been completed,
as shown 1n Scheme 28,

The top row of the scheme represents the first cycle of the hexose synthesis, which
begins with a single building block, 4-benzhydryloxy- (E)-but-2-en-1-01 (%Q%},

a compound which is readily prepared from (Z)-2-butene-1,4-diocl. Step I of the
extension cycle is therefore eliminated in this initial case. Conversion of 104
into 107 and &QQ completes the first cycle, and the conversion of AQ7 and Q8.

inte F19 to lZ6 constitutes the entire set of the second cycle. The yield and
selectivity are described for each step. I am not going ainto the details of the
sequences leading to a2ll hexoses. It suffices to say that all steps in this scheme
except for the steps iiz - 116 proceed with remarkable regio- and stereoselection.
Since the mirror image of every compound can be prepared by simple exchange of the
chiral ligand (tartrate ester) in the A.E. reaction, the formal synthesis of the
D-hexoses has also been achieved. This achievement adequately proves that the

concept of matching and mismatching is valid in the A.E. reaction as well.

8. C(ouncluding Remarks

The power of the strategy based on the concept of multiple asymmetric induction

has now been amply demonstrated. In the process of creating a new chiral center

or centers, the reagent used in a matched pair augments the stereoselectivity
intrinsic to the substrate, whereas the stereochemical course of a mismatched
reaction is governed by the diastereoselectivity of the reagent. There is no
reasen to believe that the validity of multiplicativity of two (or more) diastereo-
selectivities is limited either to the cases of the above three major organic
reactions or to the cases of the acyclic systems used to illustrate this

concept. Therefore, the introduction of highly diastereoselective reagents into
organic synthesis has brought about an era characterized by the evolution from
substrate-controlled to reagent-controlled organic reactions. The multiplicativity
of diastereoselectivities is only-approximate, and not precise. This is so because
our simple analysis completely ignores many factors which are considered to play

a minor role in the face selection, e.g., such interactions that arise in the
regions remote from the reaction site. All of the examples quoted in this lecture
show that the stereoselectivities in both matched and mismatched pairs are somewhat

lower than those calculated from the diastereoselectivity of each reactant partici-
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pating 1n the reaction., This lowering is in all likelihood caused by these minor
factors.

I conclude this presentation by pointing out some intersting features of multiple
asymmetric induction. It 1s cbvious that the two {or more) reactants involved 1in a
reaction must be homochiral in order to gain full control of its stereochemistry

in the manner described above. Needless to say, the resulting product is optically
active. For example, we have succeeded 1n synthesizing L-glucose, but we are unable
to prepare racemic glucose directly and with equal efficiency. Nature rarely syn-
thesizes d,l-mixtures. Perhaps there is ne pressing demand for racemates when the

corresponding enanticmers can be made.
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