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1. Introduction

The directed aldol reaction allows the construction of new carbon—carbon
bonds in a regio-, diastereo-, and enantioselective manner. The kinetically
controlled, boron-mediated aldol reaction is particularly powerful for the
efficient synthesis of B -hydroxy carbonyl compounds. Compared to other
metal enolates, the boron—oxygen bond in boron enolates is relatively short
which, on addition to aldehydes, leads to tight cyclic transition states and
highly stereoselective carbon—carbon bond formation. Moreover, variation of
the steric demands of the ligands on boron allows discrimination between
competing transition states. Chiral auxiliaries attached to the boron enolate are
frequently employed to control the relative and absolute stereochemistry of the
aldol products. Asymmetric reactions using chiral ligands on boron are also
possible and these produce useful enantiomerically enriched adducts. The
utility of boron-mediated aldol reactions has been demonstrated in numerous
total syntheses of complex polyoxygenated natural products, and several of
these are highlighted in the Application to Synthesis section of this chapter.

Several reviews of the directed aldol reaction are available, (1-8) including the
Organic Reeetiorge f f - fql covered in
this review-el"‘ bk mmm A mxy carbonyl
compounds using boron enolates and surveys the literature from 1981 until the
end of 1995. (10)




2. Mechanism and Stereochemistry

In the boron-mediated aldol reaction, enolization of a carbonyl compound with
a Lewis acidic boron reagent (L,BX; X = OTf, Cl, Br) generates a boron
enolate 1, which combines with an aldehyde to form a reactive ate-complex 2
(Eg. 1). This complexation then facilitates bond reorganization via a
six-membered cyclic transition state, thus affording the boron aldolate 3 which,
upon hydrolytic workup, gives the aldol product 4.
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and gives rise to four possible products: a pair of syn stereoisomers (5 and 6)
and a pair of anti stereoisomers (7 and 8) (Eq. 2). If the R*, R?, and R® groups
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contain any further stereocenters, then compounds 5 and 6 will be
enantiomers, as will compounds 7 and 8. The selective formation of any one of
these four stereoisomers constitutes an asymmetric process. In such an aldol
reaction there will be two stereochemical issues operating: relative and
absolute stereocontrol.

2.1. Relative Stereocontrol Arising from Enolization Selectivity

Most boron-mediated aldol reactions are considered to proceed through a
chair-like transition state, where (Z)-boron enolates’ give syn aldol products
(Eg. 3) and (E)-boron enolates” afford anti aldol products (Eq. 4). (10a,b) The
controlling influence

8] OH
R! R?
R2
OBL- i X 1.2-syn aldol
R])%/ R ul (3)
(Z)-enolate 0 I|::;.H
R R?
R2
OO00000000000000
R! . R3
R2
OBL, Hiw 1,2-anti aldol
RVRI — @
R ; O OH
(E)-enolate Ik/"\ 3
B2

in these reactions is the avoidance of severe 1,3-diaxial interactions in the
cyclic transition states (TS 1vs. TS 2and TS 3vs. TS 4). Itis also unlikely that
transition states such as TS 2 and TS 4 would be accessible because this
requires the formation of an unfavorable cis geometry about the ate-complex 2.



As the boron enolate geometry is faithfully translated into aldol product
stereochemistry, enolization selectivity is crucially important. In the case of
direct boron enolate formation, it is usually possible to selectively prepare
either (E)- or (Z)-boron enolates by enolization of simple ethyl ketones

(R? = Me). (10-13) A combination of small ligands on boron (e.g., n-butyl), a
good leaving group (e.g., triflate), and a bulky amine base (e.g.,
diisopropylethylamine) usually leads to (Z)-selective enolization (Eg. 5). On the
other hand, use of sterically demanding
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ligands on boron (e.g., cyclohexyl), a poor leaving group (e.g., chloride), and a
small amine base (e.g., triethylamine) usually promotes (E)-enolate formation
(Eq. 6). (11,12,14-17) Two explanations have been proposed for this
enolization behavior. (18,19)
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2.2. Absolute Stereocontrol Arising from p -Facial Selectivity

In an aldol reaction, absolute stereocontrol is the selective production of either
syn aldol products 5 or 6 and, similarly, the production of either anti products 7
or 8. Control of the absolute stereochemistry requires facial discrimination of
either the boron enolate or aldehyde p -systems. This p -facial discrimination
can be achieved by one or more of the following methods:

1. The use of chiral aldehydes where R® is a stereogenic group

2. The use of auxiliary control from the enolate where R is a stereogenic
group and is subsequently removed

3. The use of substrate control from a chiral enolate where R' is a stereogenic
group but is retained in subsequent steps

4. Reagent control by the use of chiral boron reagents



A more detailed discussion of these individual effects and their combined
influence is outlined in the following section.
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3. Scope and Limitations

3.1. Asymmetric Induction from Chiral Aldehydes

Reactions of achiral enolates with chiral aldehydes represents the simplest
method of asymmetric aldol synthesis. Control of the boron enolate geometry
generally determines the syn versus anti diastereoselectivity; it therefore
follows that if a good level of facial selectivity can be imparted by a chiral
aldehyde, a useful asymmetric aldol reaction will be possible. The selectivity
induced by a chiral aldehyde can fluctuate, and changing either the ligands on
boron, (20) the solvent used, (21) or the protecting group on a 3-oxygenated
stereocenter (20) can have a significant effect. When these variables are
optimized, a synthetically useful reaction can result. For example, reaction of
boron enolate 9 with aldehyde 10 proceeds in high yield to afford a single
observed syn aldol adduct (Eq. 7). (22) Interestingly, the aldol reaction of
aldehyde 11 was initially performed using a chiral auxiliary, but it was
subsequently found that the facial bias of the aldehyde was enough to use the
achiral enolate 12 (Eq. 8). (23)
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3.1.1. a-Chiral Aldehydes and Influence of Enolate Geometry

Aldol reactions of achiral boron enolates and a-substituted chiral aldehydes
are the most thoroughly studied systems. The Felkin—Anh model for
nucleophilic attack on a -chiral aldehydes predicts the product stereochemistry
indicated in Eq. 9, where R, is either the largest group or the group with the
lowest lying s * orbital. (24,25)
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When a reaction takes place through an acyclic transition state, the
Felkin—~Anh model generally holds. However, boron-mediated aldol reactions
usually proceed through a highly ordered cyclic transition state where other
factors have an influence on the selectivity. Thus, while (E)-boron enolates
usually favor formation of the Felkin adduct, as in Eq. 10, (21, 26) (Z)-boron
enolates normally lead to anti-Felkin products, as in Eq. 11. (27)
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This anomalous behavior of (Z)-boron enolates has been attributed to a
destabilizing syn-pentane steric interaction in the cyclic chair transition state
TS 5 leading to the Felkin product (Fig. 1). (28, 29) This interaction is avoided
in the diastereomeric transition state TS 6 leading to a preference for
anti-Felkin attack. For (E)-boron enolates, the aldol addition favors the



Felkin-type TS 7 over TS 8.
Fig.1.
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There are exceptions to this generalization; for example, an a-heteroatom may
provide an especially strong facial bias leading to Felkin-type selectivity (EQ.

12). (30)
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Few examples of boron-mediated aldol reactions of methyl ketones or
thioesters with a -chiral aldehydes which do not possess a 3 -stereocenter
have been reported. (31) It would appear, however, that the asymmetric
induction from an a -methyl group alone is negligible (Eq. 13). (32)



OBL»

)H/\m“m
rl\ OTBS + OTBS

L =CgHy, 19 (Felkin)
(71%) 19:20 = 50:50

3.1.2. Stereochemical Trends for B -Alkoxy Aldehydes

The boron-mediated aldol reactions of ketones with chiral aldehydes having a
B -alkoxy substituent have been studied in detail. (20, 33-39) In the majority of
cases, the aldehyde also possesses an a stereocenter which complicates the
analysis. For dialkyl boron reagents, a chelation-controlled reaction is not
possible, but the B -alkoxy stereocenter has steric and electronic contributions.
There are many variables in these reactions, including the 3 -oxygen
protecting group, the choice of ligands on boron and, of course, the structure of
the enolate concerned.

The B -alkoxy stereocenter of an aldehyde may exert an electronic or opposed
dipoles effect resulting in the production of a 1,3-anti diol relationship. (37, 39)
Such an effect is strongest for reactions that proceed through an open
transition state, such as the Mukaiyama aldol reaction. In the examples of Egs.
14 and 15, the selectivity
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of the aldol reaction deteriorates when the aldehyde [ -stereocenter is inverted,
indicating some contribution to the reaction. (38) The bias of the aldehyde is
still dominated by the a -chiral methyl group however, showing that the effect
of the B -stereocenter is only moderate.

The analogous methyl ketone aldol reaction of a -methyl- B -alkoxy aldehydes
has been extensively studied. (20, 34, 35, 38-40) As already indicated (Eq. 13),
boron-mediated aldol reactions of methyl ketones are not greatly influenced by
the a -chiral methyl group of an aldehyde, and from the results reported to date,
the B -stereocenter can play a significant role. For example, the 1,3-anti
product is obtained independent of the configuration of the a -methyl group of
the aldehyde (Egs. 16 and 17). (39)
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In contrast, the reaction of boron enolate 29 with aldehydes 30 and 31 leads to
a small preference for the 1,3-syn product (Egs. 18 and 19). (34)
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In the previous examples, the choice of 3 -alkoxy protecting group controls the
selectivity of the reaction. This effect has also been observed in more
complicated systems. The exchange of a methoxymethyl ether protecting
group for a silyl group caused the reaction depicted in Eq. 20 to show a strong
preference for anti-Felkin attack leading to a 1,3-syn diol arrangement. (20)
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The selectivity of these reactions may be due to a steric interaction of the 3
-alkoxy protecting group in the chair transition state, causing the reactions to
proceed through a boat transition state. (20) A contributing factor could also be
the simple alteration in conformational bias of the aldehyde as the p-alkoxy
protecting group is changed. It should be noted that the same trends do not
appear to be followed for a -unsubstituted chiral aldehydes, where limited
induction is observed (Eq. 21). (37)
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A more pronounced example of 1,3-induction is observed for a -methylene- 3
-oxygenated aldehydes, where the selectivity is dependent upon the structure
of the boron enolate. (33) Methyl ketones add to these aldehydes in a 1,3-syn
manner, especially when the protecting group on the 3 -oxygen substituent is
large, as in aldehyde 40 (Eq. 22). In contrast, syn aldol reactions of ethyl
ketones with this
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aldehyde show high selectivity for the formation of 1,3-anti diols, as shown in
Eq. 23. (33)
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In summary, the level of induction imparted by a chiral aldehyde with a boron
enolate is usually moderate, and control from a chiral enolate becomes
necessary to achieve more synthetically useful levels of selectivity. Still, the
contribution from the aldehyde is important for double stereodifferentiation



because it can make the difference between a matched aldol reaction and a
potentially unsuccessful, mismatched reaction. (8)

3.2. Auxiliary-Mediated Aldol Reactions

3.2.1. Heterocycle Auxiliaries

Boron aldol reactions mediated by a covalently attached chiral auxiliary are
powerful tools for acyclic stereocontrol. The most widely used chiral auxiliaries
are those based on oxazolidinone heterocycles. There are many variations on
this theme, but the most popular are the Evans auxiliaries. (41, 42) The
(Z)-boron enolate is prepared in the usual manner by enolization of the parent
imide 45 with a boron triflate reagent in conjunction with a hindered tertiary
amine base (commonly diisopropylethylamine) in dichloromethane (Eq. 24).
This method normally gives exclusive formation of the (Z)-enol borinate 46,
which leads to syn aldol products of the type 47 with diastereoselectivities of
up to 500:1. (27, 43)
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The observed selectivity is accounted for by coordination of the aldehyde to
the boron enolate 46 followed by transition state TS 9 where the dipoles of the
enolate oxygen and the carbonyl group of the auxiliary are opposed. (44)
Some examples of this reaction for achiral aldehydes are given (Egs. 25, (41)
26, (45, 46) and 27 (47)).
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The facial bias of these enolates overrides any inherent p -facial selectivity of
chiral aldehydes in all but a few cases. For example, the boron-mediated aldol
reaction of aldehyde 48 with either boron enolate 46 or its enantiomer ent-46
leads to auxiliary control of the newly generated stereocenters (Egs. 28 and
29). (48-50)
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A wide variety of alkylated imides have been successfully used in the
boron-mediated aldol reaction of oxazolidinone auxiliaries. By far the most
common is the propionimide which acts as a propionate building block for
polyketide systems. The crotyl imides are also popular (e.g., Eq. 30), and the
products of these reactions have been used in approaches to several natural
products. (23,51-54)
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In contrast, the parent N-acetyl imide is unselective in its aldol reactions, giving
approximately equal amounts of the two aldol diastereomers 49 and 50 (Eq.
31). (41, 44) This result may be attributed to competition of boat transition
states. (55)
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The lack of selectivity for unsubstituted enolates can be overcome, usually by



the temporary incorporation of a heteroatom substituent. (41) For example, a
thioalkyl group can be reductively removed after the aldol reaction; this tactic
has been employed in a synthetic approach to rhizoxin (Eq. 32). (56)
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Another example of this protocol is the incorporation of a halogen atom, which
was used in a synthesis of the immunosuppressant FK-506. (57) The aldol
products from such reactions are also interesting building blocks for other
purposes. For example, synthesis of amino acids via an azide displacement
step (Eqg. 33) (58) and the synthesis of epoxides have also been reported from
both chlorides and bromides (Eg. 34). (59, 60) It should be noted that
enolization of these systems apparently provides ~25% (E)-enolate, which
does not interfere with the aldol reaction because it reacts more slowly than
the corresponding (Z)-enolate. (58)
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The use of a -oxygenated N-acetyl imides has also been well studied. The
(2)-enolate 51 from the p-methoxybenzyloxy substituted imide reacts with



typical behavior, producing aldol product 52 in high yield and selectivity (Eqg.
35). (57) This
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same conversion is not possible when protecting groups sensitive to the Lewis
acidic enolization conditions are used; triethylsilyl, tert-butyldimethylsilyl, and
3,4-dimethoxybenzyl groups are all removed under the enolization conditions.
Such protecting groups on the aldehyde segment pose no such problem in
boron-mediated aldol reactions. Moreover, careful attention to the quality and
guantity of reagents employed ensures that most common protecting groups
can be tolerated in the enolate component.

A notable exception to the impressive syn-selectivity of these auxiliaries is the
reaction of dibutylboron enolate 53 with aldehyde 54 which affords the anti
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One area where the auxiliary-controlled aldol reaction has been underutilized
is in the production of enantiomerically pure products from racemic aldehydes.
(57,62—-65) The kinetic resolution reaction of the boron enolate 56 with two
equivalents of racemic aldehyde 57 gives the major syn aldol adduct 58 from a
matched case (Eq. 37). (65) Here, the minor product is the anti aldol adduct 59



obtained from the mismatched reaction, which may result from an acyclic
transition state.
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Another example (Eq. 38) is the aldol reaction of boron enolate 46 with the
racemic aldehyde 60. (63) Both enantiomers of the aldehyde react with similar
rates
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to give an equimolar mixture of syn aldol products 61 and 62. These
compounds were separated and used in an approach toward the synthesis of
the macrolide antibiotic erythromycin, where this single aldol reaction provides
five of the ten stereocenters required in erythronolide A (Co will be oxidized).

One of the advantages of these oxazolidinone auxiliaries is that they may be
elaborated in many ways. Nondestructive hydrolysis of the imides is possible,
(66) wusually using lithium hydroperoxide. (67) Transamination to the
synthetically versatile Weinreb amide is also a common transformation, (68) as
is the reductive removal of the auxiliary. (51, 69-71) This latter approach may
be followed by a deoxygenation step, which allows the syn aldol reaction to be

(38)



used as an apparent anti aldol reaction, and this protocol has been used in
several polypropionate natural product syntheses (53, 72) including rapamycin
(Scheme 1). (73)
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Deoxygenation of the aldol products themselves allows access to
1,3-dimethylated systems, and such an approach, with two sequential
iterations, has been used in the synthesis of the marine natural product

doliculide (Scheme 2). (74, 75)
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While the heterocyclic auxiliaries introduced by Evans are by far the most
widely used, many variations have been reported. A selection of those imides,
63—70, which have been utilized in boron-mediated aldol additions, is shown in
Fig. 2.
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All of these auxiliaries function along similar lines, producing the same major
product based on the Evans aldol transition state model (see TS 9). Each of
the auxiliaries acts as a molecular scaffold with a carbonyl group acting as a
strong dipole and a large and small group supplying facial selectivity (Eq. 39).
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Only a few of these second-generation auxiliaries offer advantages over the
original design. For example, the cysteine-derived auxiliary 63 confers
excellent
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selectivities in syn aldol reactions (76, 86) and has found use in natural product
synthesis. (87-89) Aminolysis (86, 90) and direct reduction to an aldehyde is
possible, (87, 89) but a nonoxidative aldol workup is necessary because
competitive oxidation of sulfur is problematic. (76) The “quat” chiral auxiliary 64
offers the advantage of improved exocyclic selectivity in its hydrolytic removal.
(77) The bifunctional, C,-symmetric reagent 71 undergoes simultaneous
two-directional chain extension to give bis-adduct 72, thus facilitating atom
economy (Eq. 40). (81, 82)
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Several of these second-generation auxiliaries contribute useful levels of facial
bias to unsubstituted enolates. (91, 92) The best of these would appear to be
thioimide 73, which gives good control in the methyl series as shown in Eq. 41.
(93, 94) The absolute
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conflguratlon of the h dr stereocenter in these reactions is opposite to that

state is now domlnant

The Oppolzer sultams 74 and 75 have also been used in boron-mediated aldol
reactions, providing selectivities which compete with the oxazolidinone
auxiliaries. (95-98) One experimental difference with these auxiliaries is that
the reaction of the sultams proceeds better when using in situ generated
diethylboron triflate as opposed to dibutylboron triflate. Again, enolization
selectively gives the (Z)-boron enolate 76 and this, in turn, reacts to afford the
syn aldol product 77 via a
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transition state that relies on preorganization due to opposed dipoles. (98-100)
Removal of these auxiliaries by hydrolysis is common, and “transesterification”
with allyl alcohol in the presence of Ti(OEt), is possible. (101)

The foregoing auxiliaries offer excellent levels of asymmetric induction in syn
aldol reactions via the preferential formation of (Z)-boron enolates. Note that
the analogous (E)-enolates should afford anti aldol adducts. However, owing
to the steric bulk of the auxiliaries, (E)-enolates cannot be formed preferentially
on enolization. The generation of anti aldol products is possible by diverting
the (Z)-bor¢n ndlpte Jiic Jii ( QR Eli: IS|iE ygud

accomplish —mﬂﬂid such as
EtAICI, thereby leading to an open transition state. (102, 103) When a bulky
Lewis acid is used, these aldol reactions favor a single anti aldol product with
the minor isomer, usually a syn diastereomer (Eg. 43). A transition-state model
TS 10 which explains the formation of the anti aldol products is shown (Eq. 44).
(103)

O  OBBu; JK[( O o OH O 0O OH
A T A ) OANJY'T
\_Q (43)
Pr-i

\ : Et,AlCI \ :
Pr-i Pr-i
78 79
(67%) 78:79 =90:10
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favored for large
Lewis acids

The reaction can also be adapted to provide the “non-Evans” syn aldol adduct
as the major product by using nonsterically demanding Lewis acids such as
TiCls (EqQ. 45). (103) It should be noted that the premixing of sensitive
aldehydes with Lewis acids may lead to side reactions.

O  OBBu; O 0O OH O O OH
U)'I\N)\\H/ H:j( D)LNM/ A O)LN/H/\H/
%4 (45)
\_(Eu-: \_QBLH' \_QBU-.I"
80 81

(65%) 80:81 = 87:13
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In certain cases, excess dibutylboron triflate can act as a Lewis acid, thus
diverting the usual syn-selective reaction to an anti aldol reaction. (102, 104) A
loss in selectivity when using an excess of dibutylboron triflate is indicative of
this competing reaction pathway. Note that when triethylamine is used rather
than diisopropylethylamine, this effect should be less important since
triethylamine coordinates more strongly to dibutylboron triflate, thus minimizing
any erosion of stereocontrol. (10, 102)

With the successful generation of anti aldol products, one area that still
requires study is the asymmetric synthesis of quaternary centers. (105) The
reaction of tetra-substituted enolates of typical oxazolidinones proceeds poorly,
(106) but the use of the related ephedrine-derived imidazolidinone 82 is
reported to be successful, as shown in Eq. 46. (345) It remains to be seen
whether this can be extended to the asymmetric synthesis of quaternary
stereocenters.
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C.ﬁ.H i1 ! CﬁH 11
82 (B0%) =99:1

Another method of establishing quaternary stereocenters involves the aldol
reaction of a boron enolate with an unsymmetrical ketone. However, boron
enolates are usually unreactive to ketones, and other metal enolates such as
tin(Il) would be better suited to this transformation. (5) The only successful
examples of such an asymmetric, boron-mediated reaction are with highly
electrophilic ketones such as hexafluoroacetone (e.g., Eqg. 47), which probably
proceed through an open transition state. (107)

O OBBu; 0

\_( o (47)

Pr-i Pr-i
(86%) =991
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3.2.2. a-Oxygenated Ketone Auxiliaries

Chiral auxiliaries unrelated to heterocyclic imides and sultams are also known.
The most common of these are the a -oxygenated ketones 83, (108) 84, (109)
85, (110) and 86, (110) although the a-silyl ketone 87 (111) is also known (Fig.
3). While these are simple chiral ketones, the aldol products are manipulated
in such a way that they are best considered as chiral auxiliaries.

Fig.3.
TBSO T‘»’[‘;(}\)\‘ \/“\I \/“W
H|| Bu-1 TBS

Sal“l'l 841”‘} 35.R=Bn”'] STIII
86.R = Bz'!"



The ethyl ketone 83 and its enantiomer are derived from (S)- and (R)-mandelic
acid respectively. (108) The derived enolates of these ketones undergo highly
selective syn aldol reactions using sterically demanding ligands on boron. The
major aldol products are desilylated and then oxidatively cleaved to reveal the
enantiomerically pure carboxylic acids. The reaction of enolate 88 even
proceeds with formaldehyde to generate adduct 89; (112) related reactions
have been used in several synthetic efforts (113-115) including the synthesis of
6-deoxyerythronolide B (Scheme 3). (116)

Scheme 3.
OB(CsHg)a 0 O OH ] OH
TBSUW 'J'I“ TBSO
CeHy CeHyy
88 89
0 (90%) =99:1

H

——*. 6-deoxyerythronolide B

“mMod0000000000000

(T1%) >93:7

An analogous system employs the auxiliary 84, which is likely to be of limited
synthetic utility because it is obtained from the expensive (L)-tert-butylglycine.
(109) The derived boron enolate 90 reacts with the same sense of induction as
enolate 88, again giving syn aldol products with useful levels of
diastereoselectivity, as indicated in Eq. 48.

The third of these auxiliaries is the lactate-derived ketone 85 (Fig. 3); its
(Z)-boron enolate 91 also undergoes selective syn aldol reactions (Scheme 4).
(110, 117) The aldol products, such as 92, can be manipulated via an oxidative
cleavage step to reveal synthetically useful compounds. This process has
been extended to the in situ addition of carbon nucleophiles to the aldolate
intermediate 93 to give a stereochemically defined diol product 94. (117) Ethyl
ketones, for example, compound 95, can also be prepared using samarium
diiodide (Sml,) to remove the a-benzyloxy group of ketone 92. Potentially, this
can be used as an “auxiliary-free”
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system with the methyl group of the products retained (cf. the cyclohexyl or
tert-butyl groups of the previous auxiliaries). Another advantage is that both
enantiomers are easily obtained from the inexpensive (S)-ethyl and
(R)-isobutyl lactate esters.

Scheme 4.
LM ,,L
OBLa 4
BnD )K( Hn()\)[j/'\( \)\h/
mukup
91, L =CgHy, (81%) 92:8
13 TRSOTT,
MeMgBr 2,6-lutidine
2y Bmlsy
HO OH 8] OTBS
BnO ;
94 (80%) 90:10 95 (81%)

The three previously described auxiliaries lead to the same sense of
asymmetric induction, as indicated in Eq. 49. In each case, the (Z)-enolate
reacts via chair

o) o O OH

PO LaBX, _ HJLR; § PO R?
]i | aming hase I:Q i

R! = Me, +-Bu or C¢Hy,
P=Bn, TMS or TBS (49)

opposed dipoles




transition state TS 11 with the bulky alkyl group positioned to avoid steric
congestion and the alkoxy group aligned so as to oppose the dipole associated
with the enolate oxygen. The moderate loss of selectivity when changing from
the cyclohexyl or tert-butyl groups to the a -methyl group of compound 85 is
noteworthy.

An alternative to the previously mentioned a -oxygenated auxiliaries is the a
-silyl ketone 87, whose synthesis depends upon the use of a RAMP or SAMP
auxiliary. (111) The (Z)-boron enolate 96 shows high levels of asymmetric
induction in aldol reactions, again giving syn aldol adducts (Eq. 50). The
diastereoselectivity

9]

OBBu, O OH 0O OH
W HJH/ HBEy/H0)
. . (50)
TBS TBS

96 97  ~90:10 (62%. two steps)

of the reaction matches the (Z):(E) selectivity of the enolization, so further
improvement to the enolization selectivity would be profitable. The aldol
products, such as ketone 97, can be desilylated with tetrafluoroboric acid to
give the corresponding ethyl ketones, a transformation analogous to thea
-deoxygenation of aldol adduct 92, Scheme 4.

e oegol b il s ekt b e e

absolute configuration can be successfully constructed using auxiliary control.
However, the synthesis of anti aldol products without using strong Lewis acids
to divert reactions away from cyclic transition states is desirable. One solution
to this problem is the benzoate-protected, lactate-derived ketone 86. (110) The
(E)-enolate 98 adds to aldehydes with almost complete p -face selectivity to
give anti adducts, where the minor product (<2%) is a syn aldol isomer (Eq. 51).
(110, 118)

8]
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Bz iCsHy1)2BCI BzO H)K( BzO) '
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86 {Jﬂ, L= C(}H] ] (B6%) =909:]



The anti selectivities from this reaction depend on formation of the (E)-boron
enolate 98 by enolization of ketone 86 with the bulky dicyclohexylboron
chloride reagent in conjunction with a small amine base (typically
dimethylethylamine). Note that the conditions for the formation of this
(E)-enolate (Eg. 53) are almost identical to the conditions for the formation of
the (Z)-enolate 91 of the benzyl protected ketone 85 (Eq. 52). The benzyl
protecting group of the aoxygen in compound 85 allows chelation of the boron
reagent before deprotonation, leading to the formation of a (Z)-enolate 91. In
contrast, the benzoate-protected system 86 does not facilitate chelation, and
the (E)-enolate 98 is formed.

QO OBLA 0 Q OH
BnO (CeHy2BCLL BHD\A/ H'JJ"‘R BnO) R
E Et,N : : (52)
85 91, (Z)-enolate
0 OBL, " 0 OH
BzO CHBa,  BZO A 4N, BO :
. _ - ¢ _ - : R 53)
Me;NEL (

98, (E)-enolate
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Reagent control is possible in this anti aldol reaction, as demonstrated by the
reaction of each enantiomer of the ketone with the same a -chiral aldehyde 99
(Egs. 54 and 55). (110) Here, the enolate facial selectivity dominates that of
the aldehyde leading to the Felkin 100 or anti-Felkin product 101, respectively.

8]

OBL,> O OH
BzO) N H J\':/\{JBH BzO ]
; ' 99 v , OBn (54)

L=CgHy; 100 (80%)>97:3
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OBL, O OH
B2O_A HJ\./\““" B0
g _ v ; OBn (55)

L=CgH,, 101 (61%)95:5

This anti aldol reaction has also been extended to propyl and a -alkoxymethyl
ketones with similarly high diastereoselectivities (Eqg. 56). (110)

OBL, 0 O OH
BzO HJY BzO '
AN
N T JH/Y )
! OBn ' OBn
L=CHy, (77%) 99:1

The synthetic utility of the anti aldol products is similar to those already
discussed. Hence, a two-step protocol (lithium borohydride followed by sodium
periodate) affords aldehydes of general structure 102, while removal of the a

-benzoate ﬁﬁWIth samarium d||od|dﬁ|ves ethhketones 103, Eq. 57. (117)

L0000 EIEI

OTBS
l. LiBH4
2. Nul(y H R
O OTBS
| : 102
BzO b (57)
: O OTBS
Smly, THF R
103

3.3. Substrate-Mediated Aldol Reactions Using Chiral Ketones

The asymmetric induction imparted by chiral aldehydes alone is usually
insufficient to lead to highly selective boron-mediated aldol reactions (vide
supra). Hence, it is usually necessary to impart stereocontrol from a chiral



enolate. This has already been demonstrated for the auxiliary-mediated aldol
reaction where the auxiliary group is subsequently removed. This section
outlines reactions of chiral ketones where the controlling stereocenter(s) is
retained, not just in the aldol product, but also in the target molecule. Such an
approach is often more direct than using auxiliary control, as steps to install
and then remove the auxiliary are not required.

3.3.1. a-Chiral Ketones

One of the most simple and effective chiral ketones for use in asymmetric aldol
reactions is ethyl ketone 104, which acts as a dipropionate equivalent for the
synthesis of polypropionate natural products. (119-121) It is synthesized in
three steps from commercially available (S)-methyl
3-hydroxy-2-methylpropionate. (122) The same route is followed in the
enantiomeric series starting from the (R)-ester. The (E)-boron enolate 105 of
this ketone, generated by reaction with ( CeH11)2BClI /Et3N, reacts with
aldehydes to give anti-anti aldol adducts with high levels of diastereoselectivity
(>95% ds) (Eq. 58). (120, 122)

)]
o : OBL, Jkk O OH
I_L:'(,HH_:I:HLI. H |
BI'IOYH EiiN, Et2() H”Dfﬁ BnO I | (58)
104

105 (93%) 97:3
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Transition-state structure TS 12 accounts for the selectivity of this anti aldol
reaction. (6) The benzyloxymethylene unit of the ketone faces into the
transition state, and this contra-steric arrangement is explained by the
avoidance of lone-pair repulsion between the enolate oxygen and that of the
benzyl ether substituent (cf. TS 13). If the ether oxygen is replaced by a
methylene group, the enolate face selectivity is greatly reduced.




This aldol reaction is particularly well suited to the synthesis of complex
polyketide natural products and has been used in the synthesis of swinholide A,
(208, 213) denticulatins A and B, (123, 124) oleandolide, (122, 125) and
muamvatin. (126) For the last, the chiral enolate ent-105 was added to the
chiral aldehyde 106 to give anti adduct 107, resulting from a matched aldol
reaction (Eqg. 59). Note that the benzyl

-Bu :F;i'.H”_I -Bu .. . Bu-f
0 00 LSi
OBL, M O OH O O
H : ;
BHU/\')ﬁ we BnO (59)
ent-105, L =C:H 107 (91%:) =98:2
protecting group of the ketone can be varied to include PMB and TIPS,
although the latter leads to reduced selectivity.
The reaction has also been extended by the in situ reduction of the initially
formed boron aldolate, thus affording syn 1,3-diols selectively in a single
operation (Eq. 60). (123, 124, 127)

OH OTBS

(60)

L=CsHy (91%) 973

The analogous a -alkoxymethyl ketones are equally successful in anti aldol
reactions. The aldol addition of chiral ketone 108 with aldehyde 109 proceeds
with high stereocontrol (97% ds) to afford adduct 110, a C(24)-C(32) subunit
of the macrolide rapamycin. (128)
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Chiral methyl ketone 111 undergoes aldol reactions with useful levels of
1,4-asymmetric induction to give 3 -hydroxy ketone 112 preferentially (Eq. 62).
(120) The diastereoselectivity of this reaction is improved by the use of chiral
ligands on boron; this is discussed further in the next section.

8] 8] OH

(CgHy );BCL 0
EisN, Fi,0 H ’”\/\
BnO . ~ BnO (62)

111 112 (84%) 88:12

A related anti aldol reaction, which again uses dicyclohexylboron chloride for

enolization_is that of B -keto imides (Egs. 63 and 64). (129) In these systems,
e o metbilfolb H b chruiiulh Sl e b krer

stereocenter of the enolates 113 and 114 has little effect.
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3.3.2. B-Alkoxy Chiral Ketones

Another well-studied group of chiral ethyl ketones are compounds 115 and 116.
(21, 26, 38, 129-133) It is possible to generate selectively either the (E)- or
(2)-enolate of these a-methyl- 3 -alkoxy systems, which then display high
levels of asymmetric induction with achiral aldehydes.

OF O OF O
RJ\l)H R/\]/H
115 116

Results indicate that the B -stereocenter of the ketone plays a limited role in
these reactions because the compounds epimeric at this stereocenter lead to
similar levels of asymmetric induction in anti aldol reactions (Eq. 65). (129)
Therefore,

TBSO OBL, o H :R}:iﬁ i
p AN H |
..O,..--"‘ .
- DbOoooofopoPooooo.
L 5
L=C¢Hy, TS 14

TBSO 0 OH
: 5-(R), (90%) 946

5 5-(5), (75%) 96:4

the a -methyl group is the principal controlling influence which acts in the
opposite sense to the previously mentioned anti aldol examples (cf. enolates
105, 113, and 114). This has been rationalized by a steric model TS 14, where
the large group (R.) occupies the outside position in the chair transition state
and A(1,3)-strain is minimized. (6, 129, 134)

The reaction of the (E)-boron enolate 117 has also been studied with chiral
aldehydes. (38) These reactions proceed with good levels of control when the
enolate is matched with the aldehyde in a Felkin sense as in product 118. The
dominant influence in these reactions is from the enolate, and even the



mismatched case giving adduct 119 proceeds in good yield, although with
lower levels of asymmetric induction (81% ds). (38)

TBSO  OBL, R REMB TBSO O OH OPMB
J '
B | !
117,L = CgHy, 118 (85%) >99:1
TBSO  OBL, T e TBSO O OH OPMB
H - i
5 _ L
117,L = CHy; 119 (79%) 81:19

The analogous syn aldol reaction of these systems is also synthetically useful
(130, 132, 135) and has been applied to the synthesis of ebelactones A and B

(see Application to Synthesis section). (21, 26) Again, the 3-alkoxy group of
the enolate 120 plays a limited role in the reaction; the steric transition state
model TS 15 accounts for preferential formation ofﬁroduct 121 ﬁ 68). (6,

o O00000000000004

TBSO  OBL, Me-.._ .~ R L TBSO O OH
e HJ’K’( I.|

—

Rp Me

5 5 0s.521.26
120, BL> = 9-BBN TS 15 121 (87%) 95:5

In the preceding examples, the a -methyl group of the enolate controls the
selectivity of the aldol reactions. (Z)-Enol borinate 122, where such an a
-methyl group is absent, reacts with achiral aldehydes with high levels of
1,4-asymmetric induction giving, for example, adduct 123 (Eq. 69). (136)

(66)

(67)

(68)
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When this reaction was applied to the synthesis of the macrolide bafilomycin
Ay, it again performed well, affording the desired aldol product 124 exclusively
(Scheme 5). (136) These aldol reactions are notable for the utilization of the
uncommon chlorophenylboron enolate. (137)

Scheme 5.
t-Bu. _Bu-f
JS]"\
O O OBPhCI
] -“\“\‘ +
122

Bafilomycin
A

124 (60%) >95:5

This last example highlights the benefit of developing reaction conditions
whereby the stereochemistry of the aldol substrates can be used to advantage
in the concise synthesis of complex systems. There are times, however, when
the inherent facial bias of the enolate and the aldehyde are mismatched. The
use of chiral ligands on boron then offers the possibility of enhancing the
required selectivity, and this is discussed in the following section.

3.4. Ligand-Mediated Aldol Reactions Using Chiral Boron Reagents

The use of chiral ligands on boron for stereochemical control in aldol reactions
of ketones and thioesters with aldehydes corresponds to reagent control. This
contrasts with the substrate control provided by chiral ketones or chiral



aldehydes. A significant advantage of this class of boron-mediated aldol
reactions is that it produces enantiomerically enriched synthetic intermediates
from simple prochiral starting materials. It also provides the possibility of using
a chiral reagent to reinforce and perhaps even overturn the inherent
stereochemical bias of a chiral ketone or aldehyde.

3.4.1. Isopinocampheyl (Ipc) Ligands on Boron

Among the most common reagents used are the two enantiomeric forms of
diisopinocampheylboron chloride, Ipc,BCl, which is a commercially available
crystalline solid. (138) This reagent

(=)-IpcsBX. X = Cl or OT¥ (+)-IpesBX, X = Cl or OTf

was introduced for the asymmetric reduction of ketones; (139, 140) the
corresponding boron triflate was first used for the asymmetric aldol reaction of
an azaenolate. (141, 142) The boron chloride can itself be a useful chiral
reagent for aldol reactions, or the corresponding diisopinocampheylborane
(Ipc2BH) can be used to prepare the triflate. (121, 141)

The use of the boron triflate in conjunction with the hindered base
diisopropylethylamine leads to the formation of (Z)-enolates from ethyl ketones

e T

0} 0} OH

(= )-lpeaBOTT, O |
Hw i-Pr;NEL H 'J'L‘u ru\/\R
- - : (70)

R = C(Me)=CHa, (78%) 98:2, 91% ee
R = (E)-CH=CHMe, (75%) 98:2, 86% ee

aldol reaction of diethyl ketone with aldehydes facilitated by (—)-lpc.BOTf
proceeds in good yield to afford aldol products with enantiomeric excesses up
to 93%. (121, 143) The in situ reduction of the boron aldolates of these
reactions provides enantiomerically enriched 1,3-diols in moderate yield (Eq.
71). (144)
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(56%) 94:6, 92% ee

The corresponding methyl ketone aldol reaction (Eq. 72) with the same
reagent system affords aldol adducts which are lower in enantiomeric purity
and,

0 {(=)-IpcaBX. ji 0O OH
X=ClorTf R (72)

R = C(Me)=CH-, (59%) 73% ee
R = Pr, (68%) 7T8% cc

surprisingly, of opposite aldehyde facial selectivity than the ethyl ketone
reaction. (121,145) This is explained by the ethyl ketone reaction proceeding
through a chair-like transition state, with the methyl ketone reaction preferring
a twist-boat arrangement. (146)

An extension of this work uses Ipc,BH, which reacts with enones in a
conjugate f@ II l E“@E ﬁ E ll E 8) This
reaction has the advantage of controlllng the regiochemistry of enolate
formation and, at times, leading to the preparation of otherwise inaccessible
enolates. (149, 150) An example is the reaction of  -ionone (125) with Ipc,BH
and subsequent aldol addition to either acetaldehyde or benzaldehyde (Eq.
73). Under standard enolization conditions, the exclusive formation of this
particular (Z)-boron enolate would not be possible. (147, 148)

0} 0 OH

(=}-Ipc:BH., THF H B R

(73)

125 R =Me, (60%) 75% ee
R =Ph, (77%) 75% ee



The Ipc,BOTf and Ipc,BCl reagents have also been used in conjunction with
chiral ketones in double stereodifferentiating aldol reactions. For example, the
aldol reaction of enolate 126 with achiral ligands on boron affords adduct 127
with reasonable selectivity. When chiral ligands on boron are chosen in a
matched sense, the selectivity and yield of the reaction improve considerably.
(120, 151)

0
OBL- )H/ (9] OH ] fI)H
H H
Bno/‘\r& B"D/M 3 B“O/\l/u\/\‘/

(74)

126, L = Bu 127 128

129 L = (—)-1
(—)-Ipc L = Bu, (45%) .11 = 84:16

L = (—)-Ipc. (91%) L.II = 95:5"

An informative example of this concept is the aldol reaction of chiral ketone
104 (Eq. 75). Using an achiral boron reagent the reaction was nonselective,
giving

JO00000ROO000Q0F

L. BOTT, =
i-PraMEL

104 130 (75)
L =Bu, (76%) 130:131 = 54:46 (+ 8% 4.5-anti adducts) 8] OH
L = (+)-Ipc. (74%) 130:131=93:7 £
L = (=)-Ipc, (62%) 130:131=7:93 BnO : 5
131

a mixture of syn aldol isomers 130 and 131 in approximately equal amounts.
(119) However, with the use of either (+)- or (-)-Ipc,BOTHT, either of the syn
adducts can be produced with high stereocontrol. (119)

A kinetic resolution process using an asymmetric boron aldol reaction has also
been performed with Ipc,BOTTf. (131, 133) Enolization of racemic chiral



ketones with (+)-1pc,BOTTf affords diastereomeric enolates, which may react
with aldehydes at different rates. In Eq. 76, reaction of the diastereomeric

enolates 132 and 133 with half an equivalent of methacrolein affords

enantiomerically enriched aldol products (  95%ee) from the faster reacting,

matched enolate 132.

TB5O OBL,

=

= 134

133 L = (+)-Ipc, (72% of max.), 134:135 = 98:2, 95% ee

3.4.2. Borolane Reagents

Two chiral boron reagents which are structurally related to each other are the

C,-symmetric triflate 136 (152, 153) and chloride 137, (154-156)

DDDE%EDDDEQEDDDD

(S,5)-reagent, 136 (R.R)-reagent, 137

\’H\(I\/ TB50O 9] OH TB5SO .
132 ||J\n/ '
+
I [ \I‘/[\ru\l)\“/ . \N)\ru\/\u/ (76)
TBSO OBL4 (115 equiv) /

both of which are prepared by a resolution procedure. These borolane
reagents are efficient for asymmetric thioester aldol reactions, including
reactions of acetates which are difficult to control using chiral auxiliary

protocols (Eq. 77). (152, 155)
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Reagent (136), R = i-Pr. (81%) 86.9% ee - (77)

(137), R = i-Pr, (72%) 92% ee'>®
(136), R = C;H . (95%) 85.6% ee'>?
(137), R = C¢H, . (87%) 95% ee!™?



These reagents have also been used successfully in anti aldol reactions of a
-substituted thioesters with aldehydes. With the use of a bulky group on sulfur,
generation of the (E)-enolate is favored, which then leads to the formation of
anti aldol adducts with high diastereo- and enantioselectivity (Eq. 78). (152,
155)

O 136 o 137, 0 O OH

{-PraNEL H ‘J‘L B :
Et;CS - -  Et;CS R

Reagent (136), R = i-Pr. (85%) 95.4% ee!2  (78)
" (137), R =i-Pr, (82%) 99% ee '
(136). R = CsH, . (82%) 93.1% ee'>?
" (137), R =CgH, ;. (58%) 98.7% ee!"

This work has been extended to reagent control in aldol additions to chiral
aldehydes. (157) The strong induction from the boron enolate is effective in
over-turning any existing facial bias of the aldehyde. For example, either of the
two diastereomeric products 138 or 139 is prepared in good yield from

aldehyde lm@ W Nomi ﬂm) (158)

OTBS
COMe
OBL,
H 0~ "~ 0TBS

El :;CS OMe 140 EIECS

Et:CS 0~ v OTBS
139

Reagent 136, (88-93%) 138:139 =919
ent-136, (88-93%) 138:139 = 11:89



Reagent 136 has been successfully applied to the aldol reaction of ketone
substrates as well as thioesters. The example shown in Eq. 80 is from the total
synthesis of bryostatin 7. (153, 159, 160) Use of an achiral boron reagent
indicated that the 3 -oxygenated chiral enolate 141 has little facial bias, and
hence the use of chiral ligands on boron was necessary for a synthetically
useful reaction.

MOMO  OBL, MOMO O OH

OBn

OTBDPS

141
MOMO O  OH

(80)
OBn

TBDPSO 143

Reagent meso-136, (—) 142:143 =52:48
136, (87%) 142:143 = 80:20
ent-136, (—) 142:143 = 20:80

3.4.3. Menthone-Derived Ligands

compuer dea il e e EITE L ey

Lo Ll

[(=)-(Menth)CH-]-BCI, (144)  [(-)-(Menth)CH-]-BBr, (145)

are derived from the methylenation and subsequent hydroboration of
menthone. While the boron chloride 144 does not promote efficient enolization
of thioesters, the bromide reagent 145 is sufficiently reactive, leading to
products 146 of high enantiomeric purity (Eq. 81). (162)



0 [.BBr, 0 O OH
/IK EGN )I\/L
t-BuS i Sl B R R

146 (81)

L = (-)-(Menth)CHa. R = i-Pr, (75%) 95.2% ee 1%
L = (-)-(Menth)CHa. R = CeH 1, (88%) 93.4% ee!0?

The selectivity obtained from this reagent overrides the influence of several
chiral aldehydes in aldol additions, thus providing an example of double
stereo-differentiation. (164, 165) Aldol reaction using either of the enantiomeric
reagents with a -benzyloxy aldehyde 147 overturns any inherent facial bias of
the aldehyde (Eq. 82). (164)

(8]

OBL, HJ\:/ O OH O OH
147 OBn J\/\/
Ehcs& Et;CS "+ E{CS ,
CI}I:’-n (i)l:ln (82)
148 149

L = (=)-(Menth)CHa, (75%) 148:149 = 93:7

O

Use of the boron chloride reagent [(—)-(Menth)CH2],BCl for the aldol reaction
of methyl ketones (161) leads to enantioselectivities comparable to those
obtained with the Ipc,BCl reagent (Eq. 83). (121) On the other hand, the anti
aldol reaction of diethyl ketone using [(-)-(Menth)CH,].BCl is greatly superior
to the same reaction using Ipc2BClI (Eq. 84).

0

0 : O OH
)j\ L-BCI, EtisN
(83)

L = (—)-Ipc, (67%) 62% ee'?!
L = (=)-(Menth)CH,, (65%) 58% ee!"!




O O O OH

RH L-BCl, EiyN N HJ\'{ _ M‘/
: (84)

L = (—)-Ipc, (80%) 80:20, <20% ee'?!
L = (=)-(Menth)CHa, (62%) 93:7, 75% ee'®!

A useful extension of this work has involved the anti aldol reaction of a variety
of a -substituted thioesters, for example, compounds 150 and 151, which
proceed with high levels of asymmetric induction to afford products 152 and
153, respectively (Egs. 85 and 86). (163)

0 O OH
[(—)-(Menth)CH;],BBr, O
FiaM, Et={WV(CH-Cl- )
PhS : 2 2Ll H™ "Ph PhS : ‘ Fh (85)
OTBS OTBs3
150 152 (79%) 97% ee

EIEIEIEIEIEIEIEIEI I

[(=3-(Menth)CH: :BBr
EiyN, Ei(VCHACls
"'B”SJ\ - : - f'B"S/u\-/kr (86)
cl Cl
i 153 (70%) 94% ee

3.4.4. Diazaborolidine Reagents

While several chiral boron reagents are successful for the asymmetric aldol
reaction of thioesters, only reagent 154 has been used for the corresponding
reaction of esters. The boron bromide 154 is effective for the asymmetric anti
aldol reaction of tert-butyl esters (19, 166-168) and for the syn aldol reaction of
phenyl thioesters (Eq. 87). (19, 168, 169)



Ph,  Ph
Ar0,S—N_ _N—SO,Ar
e
Br

Ar= 3,5—{CF?‘}2C(}H31 154
Ar= {)—I\"ICC&H;]. 155

(87)
0 & (8] {':}H O OH
R)lw 154, i-Pr;NFEL _ HJLi.h N R/HA Ph RJY\ Ph
156 157

R = OBu-1, (89%) 156:157 = 96:4, 94% ee'®®
R = SPh, (90%) 156:157 = 1:99, 97% ec'®®

It is worth noting that the reaction of diethyl ketone and benzaldehyde with the
related diazaborolidine reagent ent-155 affords aldol product 158 with an
enantiomeric excess higher than any previous results for this reaction. (169,
170)

o OOOdOoMoOOpMnEOnoo

ﬁ‘w ent-155, i-ProNEI " H "J'L“ Ph Ph (88)

158 (95%) 97% ee

3.4.5. Boronates

Chiral enol boronates which utilize tartrate-derived ligands on boron have also
been used in boron-mediated aldol reactions. a -Unsubstituted enolate 159
reacts with aldehydes to afford adducts, 160 for example, with moderate
enantiocontrol (Eq. 89). (171)

In contrast to enol borinates of ethyl ketones, (E)- and (Z)-enol boronates of
ethyl ketones add to aldehydes in a stereo-convergent manner to give syn
aldol products. (31, 172-176) With this in mind, it is interesting that (E)-enol
boronate (E)-161 affords greater asymmetric induction than the corresponding
(2)-enol



CO,Et 5

P’S k]: O OH
H H

..-'B“-. k: ]‘.' |

s S

)\ —_— | (89)

159 160
(64%) 57% ee

boronate (Z)-161 (Eq. 90). (177) It should be noted that these enolates are not
formed by direct enolization of 2-butanone.
COsPr-i

P O OH
- B‘-..

z 0 ¥
CO,Pr-i )j\/\
O D JI\ ] C-gH 11-1

H l(.1=,H 11=M _ (90)
)\\% |

{(E)-and (£)-161 (E)-boronate, (74%) =05:5, 72% ee
(Z)-boronate, (45%) >95:5, 30% ee

3.5. Triple Rgfm ﬁm C iE pDDD D—,Du
The most cpa 0 pmggalg 0S€ be WQI’] chiral Ketones and

chiral aldehydes mediated by chiral boron reagents. There have only been a
few reported examples of these triple stereodifferentiating aldol reactions; (35,
178-180) this area of research will provide many interesting results in the
future. To date, only methyl ketones have afforded reasonable yields; the
enolization of sterically demanding ethyl ketones with bulky chiral boron
reagents is problematic. It appears that the intrinsic facial selectivities of the
components combine in an additive fashion. (8) One such example is shown
and indicates that when the individual components of the reaction complement
each other in a matched sense, as in the formation of 162, highly selective
reactions are possible. (178)
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TBDPSO 163

BOTI
L = Et, (90%) 162:163 = 88:12
136 Reagent 136. (92%) 162:163 = 50:50

ent-136, (94%) 162:163 =96:4
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4. Application to Synthesis

The excellent levels of selectivity and high yields obtained in the
boron-mediated aldol reaction have ensured that it has become the
cornerstone of many total syntheses. The auxiliary-mediated reaction has
commonly been used for the enantiocontrolled synthesis of subunits and also
as a reliable method for the introduction of functionality at a late stage. A more
concise approach is the use of chiral ketones in aldol reactions for the
stereocontrolled synthesis of complex fragments. The coupling of these units
may also use a boron-mediated aldol reaction, and chiral boron reagents allow
the possibility of enhancing the required selectivity.

4.1. Cytovaricin

In the synthesis of the macrolide cytovaricin, the Evans syn aldol reaction is
used five times in all. (61) Three of the boron-mediated aldol reactions were
performed with chiral imide 164 and achiral aldehydes, while two were
performed on more complicated substrates, including the example shown in
Eq. 92, which afforded compound 165 as a single stereoisomer in 87% yield.

OOO0O0doooodoooo
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4.2. Macbecin |

The efficiency of the oxazolidinone aldol reaction has sometimes stimulated
similar synthetic approaches to a target. In the Baker (181-184) and Evans
(185, 186) syntheses of macbecin I, both groups use the same
auxiliary-mediated syn aldol reaction to build the C(14)-C(15) bonds (Eq. 93).
Similarly, both use a boron aldol reaction to build the C(6)—C(7) bond, and
Evans also uses such a reaction to introduce the C(10)-C(11) stereocenters.
Subsequently, Martin (46) has completed a formal total synthesis of macbecin
I, which again uses a boron-mediated aldol reaction to form the C(6)-C(7) and
C(10)-C(11) bonds.



Macbecin 1, R = C(O)NH;

0 OMe

N ]
0O  OBL, ., O 0O OH OMe

0 N)\“/ DJ\N gt NO

OMe

OMe

L = Et, (88 18!1-184
L = Bu, (80%) >97% ds!83.186

+3 s 0O0000000000000

The utility of boron-mediated aldol reactions is readily apparent from synthetic
efforts toward the immunosuppressant FK-506. In the Merck synthesis, the
four different chiral imides shown are used in five auxiliary-mediated aldol
reactions. (57, 187, 188)

The reliability of the boron-mediated aldol reaction for the stereocontrolled
formation of carbon—carbon bonds is highlighted in this synthesis. A key step is
the reaction of boron enolate 51 with complex aldehyde 166, which proceeds
in 88% vyield to give adduct 167 (Scheme 6). The two newly generated
stereocenters from this reaction become part of the tricarbonyl unit of FK-506
and hence the aldol reaction is important, not for the stereocenters generated,
but instead as an efficient carbon—carbon bond-forming step. It is also notable
that several groups incorporate the C(21) allyl group via a boron-mediated
aldol reaction. Again, this generates a stereocenter at C(22) which is
subsequently lost through oxidation. (57, 189-191)

Scheme 6.

(93)
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Apart from those already mentioned, several other synthetic approaches to
FK-506 have used boron-mediated aldol reactions; (192-194) an interesting
variation is the use of the chiral boron reagent 168 which was used in the
stereocontrolled construction of a C(18)—C(35) segment (Eqg. 94). (195)
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OH O (85%) 96:4

4.4. Discodermolide

Another demanding synthetic target with immunosuppressant activity is
discodermolide. One synthesis of this molecule relied upon Evans syn aldol
reactions generating eight of the thirteen stereocenters. (196) The observation
of a common stereochemical triad in discodermolide resulted in the aldol
product 169 being used for three separate segments in the Smith total
synthesis. A further boron aldol reaction provided the C(16)-C(17) unit.

(—)-Discodermolide repeating stereochemical triad |:| (95)
O OBBu; O O OH
0 ;
O N HJ\I/\UPM B O N , OPMB
\_k \_k :
Bn Bn

169 (=89%)

Other approaches to discodermolide have also used boron-mediated aldol
reactions. In the Paterson approach (Scheme 7), two anti aldol reactions under
substrate control were used to construct the C(4)-C(5) and C(12)-C(13)



bonds. (127, 197) Here, the former bond construction was followed by in situ

reduction of the boron aldolate to introduce the C(3) stereocenter.
Scheme 7.

0. .0
0 2 Si,
- -Bu” "Bu-t
18] OH
Bn( o (80%) 97:3
5 P
OBLA
H.3 =
L=CgHy 0O OTBS
then LiBH, guench

(915 97:3

A third approach to discodermolide uses an anti aldol reaction for the C(4)-C(5)
bond, while an Evans syn aldol reaction is again used to construct the
C(11)-C(12) bond. The anti aldol/reduction sequence is used to establish the
four contiguous stereocenters of the d -lactone portion (Eq. 96). (198, 199)

J’Bn
(9] N H.s .
\(“: 0 D EDD I (96)
BT £ 2. Zn(BHy); OH

(73%:) with 82% ds for aldol
(89%%) with 80% ds for reduction

4.5. ACRL Toxin IlIB

While the use of syn aldol reactions has become common practice, there are
few examples of auxiliary-controlled anti aldol reactions. A notable exception is
the synthesis of ACRL toxin IlIB (Scheme 8), where two anti aldol reactions

both proceed with high diastereoselectivity (>99%ds). (118)
Scheme 8.
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(95%) =091

ACRL Toxin 111B

4.6. Elaiophylin

An advanced intermediate in the synthesis of the C,-symmetric antibiotic
elaiophylin was obtained from a double aldol reaction of dialdehyde 170 with
two equivalents of the (Z)-boron enolate 171 (Eq. 97). (180, 200) This aldol
reaction is notable in that it accommodates an acid-sensitive glycosidic linkage
in the ketone

OOO0O0doooodoooo
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in only 13% yield. The use of chiral ligands on boron failed to overturn the
substrate selectivity observed in this aldol reaction.

A synthesis of an elaiophylin aglycone again utilizes a double boron-mediated
aldol reaction of dialdehyde 170. (201-203) In this case, the construction of the
dialdehyde included an Evans syn aldol reaction to install the C(7)-C(8) bond.
Reaction of compound 170 with an excess of (Z)-boron enolate 175 afforded
the required aldol adduct in just 9% yield, again as the minor product of the
reaction.
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It might be anticipated that in the two previous examples, the addition of a
(2)-boron enolate would favor the formation of the desired anti-Felkin product,
but this was not the case. It is interesting that the same stereochemical motif is
found in bafilomycin A; (see page 31); an aldol reaction with substrate control
was successful in obtaining the desired anti-Felkin product as the sole
observed stereoisomer. (136)

4.7. Denticulatin A and B

Denticulatins A an B are challenging polypropionate synthetic targets and
several total syntheses of these compounds have been reported. (123, 124,
204-207) The targets are well suited to the use of boron aldol reactions for
bond construction, and three different examples are now highlighted.

OH i

~HOp0ONN000000000

Denticulatin A, C(10) epimer 1 C(4)-C(5) disconnection, Oppolzer”"”
Denticulatin B C(6)-C(7) disconnection, Paterson 2124
C(9)-C(10) disconnection, Hoffmann?"3-20¢

Paterson uses an anti aldol reaction of chiral enolate 105, followed by an in
situ reduction of the boronate intermediate, to set up four of the required
stereocenters of the natural products (Eg. 98). (123, 124) Hoffmann uses a syn
aldol reaction as the penultimate step to couple the two halves 176 and 177 of
the denticulatins, where the minor product is epimeric at C(12) resulting from
the presence of the enantiomeric enolate (Eq. 99). (205, 206) A third synthesis
of the denticulatins, reported by Oppolzer, (207) uses meso-dialdehyde 178 in
a symmetry-breaking,
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OBL, (99)
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boron aldol reaction (Eg. 100). Addition of boron enolate 179 with dialdehyde
178 gives a major aldol product corresponding to a matched, anti-Felkin
reaction.
OTIPS
: o | 0
OBEt, '
SO, H 7 H
A A
NN 3 N3 g (100)
179 (95%) >95:5

4.8. Ebelactone A and B

A synthesis of the enzyme inhibitors ebelactone A and B utilizes three different
boron-mediated aldol reactions (Scheme 9). (21, 26)

Scheme 9.
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The first is controlled by chiral ligands on boron to afford adduct 180 in 86% ee.
The second uses substrate control from the chiral ketone 181 to give the syn
product 182 with high selectivity (95% ds). Finally, anti aldol addition of

(E)-boron enolate 183 (R = Me or Et) to chiral aldehyde 184 affords the
ebelactone A and B precursors 185 and 186, respectively.

OOOO00oooonoooo

Ebelactone A, R = Me
Ebelactone B, R = Et

4.9. Swinholide A

Swinholide A is a cytotoxic marine polyketide with a 44-membered
macrodiolide structure. Two groups have reported approaches to this
compound which rely upon boron-mediated aldol reactions. (35, 208-212)
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In the Paterson total synthesis, (210) the anti aldol reaction of the (E)-boron
enolate 105 with enal 187 gives aldol adduct 188 with 397%
diastereosdlegfiv chidm| , [rek chiral enolate
189 with alm or ﬂmﬂl@m MICT ' . ransformed
into the dihydropyran unit of the natural product. (209, 214) A third boron aldol
reaction was used in the first synthesis of preswinholide A (the monomeric
form of swinholide A). (35, 215) Because aldehyde 192 undergoes unwanted
si-face attack with (Z)-boron enolates, an anti aldol reaction with the isomeric
(E)-boron enolate was employed with inversion of the C(15) stereocenter at a
later stage. Unfortunately, attempts at triple asymmetric induction by using
chiral ligands on boron had little effect apart from lowering the yield of the

required aldol adducts. (35)
Scheme 10.
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Nakata's approach to swinholide A uses two auxiliary-controlled boron aldol
reactions in the synthesis of the C(11)-C(32) unit (Eq. 101). (211, 212) The
first introduces the C(21)-C(22) stereocenters and the second aldol coupling
unites two advanced fragments 193 and 194.

MeOy__~ ,WN\’(U + 5

193 194

Me(O)

(>54%)

OOO0O0doooodoooo



5. Comparison with Other Methods

While boron enolates are easily formed and frequently react with aldehydes to
afford 3 -hydroxy carbonyl compounds with high levels of stereocontrol, other
metal enolates can act in a complementary fashion. The Mukaiyama aldol and
allylation/crotylation reactions are closely related to metal-mediated aldol
reactions and these are also briefly discussed in this section.

5.1. Use of Other Metals in Asymmetric Aldol Reactions

Because of their ease of formation by enolization of ketones, esters, and
thioesters, lithium-mediated aldol reactions are commonly exploited in
synthetic endeavors. (1-8) However, compared with boron enolates, lithium
enolates are more basic, and aldol selectivity is generally lower and less easy
to predict. It is more difficult to control lithium enolate geometry and also, for
ketones, the enolate regiochemistry. Moreover, the geometry of a specific
lithium enolate may no longer be faithfully translated into the relative
stereochemistry of the aldol product (i.e., syn versus anti selectivity).
Nevertheless, stereoselective lithium-mediated aldol reactions are possible, as
seen in Egs. 102 (216) and 103. (217)

OM er 0O OH
H
PI'I/\I/J\\\‘/ PI_./\H\H\[/
NBn, NBn» (102)

LOO0000000C KL Gl

M = Na, (92%) >95:5

0 OBOM

OLi H™ ™ 0O OH OBOM O OH OBOM
'\H“ ' . [ i 1
rlv W M (103)
195 196

(75%), 195:196 = 87:13

Titanium and zirconium enolates normally afford highly syn-selective aldol
reactions, irrespective of their enolate geometry. (2, 218) This
stereoconvergent behavior is rationalized by (Z)-enolates reacting through



chair transition states, while (E)-enolates favor boat transition states. An
exception to this generalization is the zirconium-mediated, anti-selective aldol
reaction of ester 197 (Eq. 104). (219)

Ph O 0 Ph 8] (I}H
TMSO . RoNLi . )‘K‘/ TMSO _ '
0 2. CpaZrCly 0 (104)
PH Ph z ] Ph  Ph
197 (82%) 97:3

Titanium-mediated aldol reactions can proceed with high levels of substrate
control and sometimes in higher yield than their boron counterparts. In Eq. 105,
the titanium (220) and boron (135) enolates favor production of the same syn
aldol product 198, while lithium favors the diastereomeric syn product 199.
(221)

0
TBSO OM JY TBSO O OH TBSO 8] OH
H

T 4 4 :

—_— - 3 + 3

10
199 (105)

1

M =9-BBN, (66%) 198:199 =92:8
M =Li, (85%) 198:199:3.4-anti = 17:76:7

Like enol borinates, titanium enolates offer a good method for the
stereocontrolled coupling of complex fragments in total syntheses. Such a
reaction is seen in the synthesis of the macrolide antibiotic rutamycin B (Eq.
106). (222, 223)
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Chiral ligands on titanium can promote enantioselective aldol reactions.
Transmetallation of the lithium enolates of acetate and propionate esters with
chlorotitanium reagent 200 leads to useful levels of reagent-based asymmetric
induction (Eq. 107). (224, 225)

O
1. LA
: J\ 2.200 J\)\ M\)\
t-BuO t-BuO O,

0000000008 EEE00

(}} TiCpCl (107)

Tin(ll) enolates are readily prepared by reaction of certain carbonyl
compounds and tin(ll) triflate in the presence of an amine base. (5) These
enolates are more reactive than boron enolates and can afford high levels of
selectivity in aldol reactions. Whereas the boron and lithium enolates of imide
201 give low selectivities upon reaction with aldehydes, the tin(ll) enolate is
highly successful (Scheme 11). (226)

Scheme 11.
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A comprehensive study which examined five different metal enolate
derivatives of a -chloro- and a -bromoacetimides offers an insight into the
different selectivities of this system (Eqg. 108). (59, 60)
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M = Li, (46%) 202:203:204:205 = 17.5:53:17.5:12

M = ZnCl, (68%) 202:203:204:205 = 10.5:84:5:0.5
M = SnOTT, (77%)) 202:203:204:205 = 78:19:1.5:1.5
M = SnBus, (669%) 202:203:204:205 = 10.5:74:13:2.5
M = BBus,, (529%) 202:203:204:205 = >98:<2:0:0

From these results, it was concluded that lithium, zinc, and tin(1V) favor a
transition state with chelation of the oxazolidinone carbonyl to the metal center,
while boron and tin(ll) do not. A similar argument has been used to account for
the selectivity of the titanium-mediated aldol reaction of a related
oxazolidinone (Eq. 109). (227, 228)
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There are many examples where different metal enolates react in a
complementary fashion. While the (E)-boron enolate of the chiral ketone 105
shows high levels of substrate control in anti aldol reactions (see Eq. 58, page
27), (120) chiral ligands on boron are necessary for synthetically useful levels
of control in the syn aldol reaction of the (Z)-boron enolate reaction (Eq. 110).
(119, 122) On the other hand, the tin(ll) (Z)-enolate shows good selectivity in
favor of the syn aldol product 208 (Eqg. 110). (229)

]
OM T J\l‘( (8] OH 8] (I}H
/\I/L‘\"-,/ B“D/YuYH‘/ 3 BI‘IO/\H\/\N/

(110)

DDDDD@@E : (. E 4,5-anti adducts)

M = SnOTT, (92%) 208:209 = 93:7 (<1% anti isomers)

A similar example of the complementary behavior of different metal enolates
concerns the chiral ketone 210 (Scheme 12). Reaction of the tin(ll) and
titanium enolates both afford syn aldol products, but in the opposite relative
sense. (230) As already mentioned, the (E)-boron enolate of this system

affords anti aldol products with synthetically useful levels of control. (129)
Scheme 12.
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In an impressive example of the differing behavior of various metal enolates,
each of the four possible diastereomeric aldol products (211-214) of related
chiral ketones is formed by appropriate choice of metal enolate. (109) Hence,
the lithium and boron (Z)-enolates both give syn aldol products, with lithium
favoring a chelation pathway (Eq. 111). Similarly, generation of the
(E)-magnesium and titanium enolates leads to the two different anti aldol
products (Eqg. 112). (109)

,._£0aDON0geOnanan ¢

Bu-t Bu-t Bu- (112)

211 212
M =Li, R =TMS, (70%) 211:212 =>95.5
M = BBus, R = TMS, (70%) 211:212 = <5:95

0
OM JW/ 0 OH O
: H :
RU\/LM\“" R‘D\/M\I/‘\I/ X RO
Bu-t Bu-t Bu-t (112)
213

M =MgBr, R =TMS, (75%) 213:214 = ca. 93.7
M = Ti(OPr-i);, R = TBS, (85-88%) 213:214 = <5:95



5.2. Mukaiyama Aldol Reactions

In contrast to most boron-mediated aldol reactions, the Lewis acid catalyzed
reaction of silyl enol ethers with aldehydes proceeds through an open
transition state where the geometry of the enol ether may not be reflected in
the aldol product stereochemistry. Felkin—Anh control from the aldehyde
component is particularly strong in Mukaiyama aldol reactions (Eq. 113), (231)
and similarly,

)

OTBS . Ph O OH
)\x/ Ph
t-BuS — t-BuS | (113)
Bl OFEL '

(75%) 91:9

B -oxygenated stereocenters of aldehydes imply a strong facial bias (Eq. 114).
(232, 233)
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OTMS O OH OTBS

= — (114)
H]‘_,-"':H'J:

O00000000000000cT

Auxiliary control from the enol ether is possible in the Mukaiyama aldol
reaction, as can be seen from the example in Eqg. 115. (234) Excluding
auxiliary controlled

/{in\l:ls j}\r 0O OH

H

N N

3 I 42 N

0 (75%) 96:4

reactions, induction from a chiral enol ether is less common. A notable
exception is the 1,4-diastereoselectivity observed for the chiral enol ether 215
(Eqg. 116). (235)
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The Mukaiyama aldol reaction is versatile in that choice of either a chelating
(e.g., SnCly,) or nonchelating ( BF3*OEt,) Lewis acid can give either
diastereomeric product if the aldehyde has a suitable chelating group in the a
or 3 position (Eq. 117). (236-238)

9]

/ﬁi\mg H’IJ\T/ jj]\/{;}i/ j\/l‘f';i/
-Bu ¢- -Bu . + I-Bu .
Lewis acid i i
OBn OBn (117)
216 217

SnCly, (86%) 216:217 = 991236237
BFi(gas) (85%) 216:217 = 10:90%%

LO0000000000Onon

When Felkin control from a -methyl chiral aldehydes is desired, the
Mukaiyama aldol reaction is the method of choice; such a reaction is common
in natural product synthesis. One example is the key fragment coupling step in
the synthesis of swinholide A (Eq. 118). (35)
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A stereocontrolled Mukaiyama aldol coupling reaction is also found in the
synthesis of (+)-calyculin A. (40, 239) Again, Felkin control leads to the desired
product 218 in good yield as the only observed diastereomer (Eqg. 119). In a
subsequent
PivO MeO DPMEDTMS S PivD MeO {]PMBD OH OTES
W s HW L E [ ]

—_— -

BF * OFt,

"HO000000000000

18

synthesis of (=)-calyculin A, a similar Mukaiyama aldol reaction to form the
C(20)-C(21) bond proved too slow to be synthetically useful. (240) On this
occasion, a boron-mediated aldol reaction was superior and, using bulky
ligands on boron, afforded exclusively the desired product 219 in excellent
yield (Eq. 120). A third synthesis of calyculin utilized the reaction of potassium
enolate 220 with aldehyde 221; this again gave the desired product 222 as the
major isomer (95% ds). (241) These examples highlight the versatility of the
aldol reaction in acyclic situations and show how a reaction can be tuned to
afford the desired stereochemistry by appropriate choice of enolate.



OPMB OTES OPMB OTES

OPiv (}XU Iﬂc{ll ' OBL- 8] UBn : O OH
§ ' { ! 21
M H J\/%\}LL
| 20

TESO L =CgHy TESO
219 (93%)
~ OPMB 0 QTES OPMB
MeO | OK . ) ¢ O OH OTES
M 2 ' 2 A N
1 N
{}\r(} 0. _0 (121)
PMP PMP
220 222 (55%)95:5

An important point concerning the use of silyl enol ethers is that the
Mukaiyama aldol reaction allows chiral modification of the Lewis acid promoter.
For example, titanium(lV) complex 223 catalyzes (2 mol%) the reaction of silyl
ketene acetals with aldehydes to afford silylated aldol products in good yield

and high enantlomerlc exce ﬂ94~97% e ﬁ 1226d
N O000000000
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L
OTMS 0 0O  OTMS N7 N 5
P b~ Br
H Ph S
M‘EC‘& 223 (2 mol%) NfeDMPh C /0 (122)
- " 0 0
(72-98%). 96% ee Z
-Bu
223 -

The tartaric acid derived chiral (acyloxy)borane complex 224 catalytically
(20 mol%) promotes the addition of silyl enol ethers and ketene acetals with
various aldehydes (Eq. 123). (243, 244)
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The use of chiral diamines with Sn(ll) species efficiently promotes asymmetric
Mukaiyama aldol reactions. By choice of protecting group, the asymmetric
synthesis of either syn or anti 1,2-diol units is achieved with high levels of
enantioselectivity (Eq. 124). (245)

OTMS 0 BuaSn(OAC), O OH
Sn(OTh); :
EtS” S T H | O,\ D‘ EtS + EtS
N
OP 5 OP
225

P=Bn, (85%) 225:226 = 98:2, 97% ee
P =TBS, (75%) 225:226 = 3:97. 94% ee

5.3. Asymrlr;lln]cgygmunsl,]anggo@lpong D D D D D

Allylation and crotylation reactions are closely related to aldol reactions and
are often used to synthesize similar polyketide-derived natural product
fragments. While several different allyl and crotylmetal reagents are available,
boron is frequently the metal of choice, and cyclic transition states are again
operative. (246) As in the boron-mediated aldol reaction, crotylboration
reactions show a strong relationship between reagent geometry and product
stereochemistry. Again, (Z)-reagents give syn products with anti-Felkin
selectivity and (E)-reagents afford anti products with moderate Felkin control.
(247) Transition states similar to those already depicted for boron-mediated
aldol reactions have been proposed to explain the selectivity of the reaction.
(246) It should be noted that allylor crotylboron reagents are apparently more
reactive with aldehydes than the corresponding boron enolates. Another
important difference between the reactions is that removal of the boron during
workup is usually more difficult for allyl/crotylborations.

Chiral ligands on boron are successful in controlling the allylation/crotylation



reaction. Isopinocampheyl- (Eq. 125) (248-250) and tartrate- (Eq. 126)
(251-254) derived
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reagents are the most commonly used, while other chiral reagents are also
available (Eq. 127). (205, 255)

2 (85%) 97% ee
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In certain cases, these reactions are more selective than the corresponding



boron-mediated aldol reactions. Allylation reagent 227 (256) affords products
of higher enantiomeric excess than the corresponding methyl ketone aldol
reaction. (121) Surprisingly, the aldehyde facial selectivity is opposite in these
two reactions and this is explained by the allylation (Eq. 128) proceeding
through a chair

O OH
JI\ :
<§ ; __}EB/Y H )L/\ (128)
227

(=56%) 90% ce

transition state, (257) whereas the unsubstituted enolate 228 (Eq. 129) reacts
via a boat transition state. (146)
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Allylations and crotylations are especially well suited to an iterative synthetic

strategy. For example, the C(19)-C(29) fragment 229 of rifamycin S was
eparea of fled b peolt bl Hedlodt i I b reecion.
(253) Similarly, the C(1)—C(9) segment 230 of denticulatins A and B was
prepared in such a manner. (205,206) This highlights one difference between
boron-mediated crotylations/allylations and the aldol reaction. The latter
reaction is especially well suited to the joining of two large fragments, as
desired in convergent natural product synthesis. The use of
allylation/crotylation reactions in such convergent syntheses is limited by the
availability of the necessary reagents.
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6. Experimental Conditions

The most common method for the generation of boron enolates requires the
use of a tertiary amine base in conjunction with a dialkylboron triflate or
chloride reagent. Both of these boron reagents are strongly Lewis acidic and
moisture-sensitive. Hence, like most water-sensitive reactions, a
boron-mediated aldol reaction requires care in experimental technique. The
reactions must be carried out under an inert atmosphere using anhydrous
solvents and reagents. So long as the ketone and aldehyde are not overly
volatile, they can be dried via azeotropic removal of water under reduced
pressure. Sensitive aldehydes can be used without chromatographic
purification, and residual impurities often do not hinder the reaction. A readily
available aldehyde is frequently used in large excess compared with the
enolate, but it is often better to use just a slight excess of the aldehyde.

Boron enolates are normally geometrically stable over the temperature range
in which most reactions are conducted (—78° to room temperature). However,
they do not store and need to be freshly prepared for best results.

While Bu,BOTf and 9-BBNOTf are commercially available, most problems
encountered in the boron-mediated aldol reaction result from the use of impure
triflate reagents. If a given reaction is not performing well, freshly prepared
boron reagent should be used. (258-260) While the choice of amine base
between Et;N and i-ProNEt is normally arbitrary, EtsN may be beneficial in that

it more str f ’ rsq be
SRR |0 0 0 o

Other workers have noted that i-Pr,NEt is superior to EtzN (263) and hence
experimentation may decide which of these two bases is better for a given
reaction. Dichloromethane is normally the solvent of choice, although nonpolar
solvents such as toluene or pentane can also be used. (57)

When using dialkylboron chlorides, diethyl ether is the favored solvent though
dichloromethane and pentane are adequate. Dicyclohexylboron chloride is
commercially available, but it is easily synthesized and can be stored at —20°
for several months without noticeable deterioration. Both enantiomers of the
boron chloride reagent Ipc,BCl are commercially available, and this material is
suitable for most purposes.

The enolizing ability of the various reagents is important, especially when the
enolization of carbonyl compounds other than ketones or imides is required.
The enolization of esters can be achieved using boron triflate reagents such as
Bu,BOTf. (264,265) However, the selective enolization of an ethyl ketone in
the presence of a potentially enolizable ester is possible using triflate reagents,



(21) and such an example is included in the Experimental Procedures section.
Dialkylboron chlorides will not enolize esters and will only slowly enolize
thioesters. Use of the corresponding dialkylboron bromides is often preferred
for the latter reaction. Dicyclohexylboron iodide has been introduced as a
reagent capable of the enolization of esters and amides. (266-268)

The boron-mediated syn aldol reaction of Evans auxiliaries operates well on a
large scale (an experimental procedure for a 560-g reaction has been reported
(269)) with the enolization carried out at 0°, then addition of the aldehyde at
—78°. Certain reactions may not need to be performed at —78°; for example, in
Eq. 130 the aldehyde was added at 5° with no deterioration in the reaction
selectivity. (270)
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In a small number of cases, removal of the boron atom after an aldol reaction
can be problematic, and a useful check for residual boron is B NMR
spectroscopy. Normally, an oxidative workup with aqueous H,O/pH 7 buffer is
employed, which oxidizes boron and leads to clean breakdown of the boron
chelate, thus affording the aldol adduct. [CAUTION: H,O, may generate
organic peroxides.] Occasionally an oxidative workup is inappropriate, owing
to sensitive functionality, and alternative procedures are available (see the
Experimental Procedures section for such an example). Even after an
oxidative workup, removal of the boron atom may occasionally be difficult, and
azeotropic removal with methanol or addition of diethanolamine may be
appropriate. The use of IRA-743 resin to sequester boron has also been
reported. (129)



7. Experimental Procedures

7.1.1. Di-n-butylboron Triflate (Bu,BOTf) (8d,8h,269)

To a well-stirred solution of BuzB (711 mL, 531 g, 2.92 mol) was added
CF3SOg3H (15 mL, 25.4 g, 0.17 mol). The reaction mixture was warmed to 40°
and stirred until gas evolution commenced (usually <10 minutes) [CAUTION:
venting of the evolved butane is necessary] . The remainder of the CF3SO3zH
(258 mL, 439 g, 2.92 mol) was then added dropwise via a dropping funnel
such that the internal temperature remained at 40-45°. At the end of the
addition, the temperature was raised to 50° and the flask was placed under
vacuum (20 mm Hg). Subsequent distillation (64—65°/2.5 mm Hg) provided the
title product (682 g, 85%) as a yellow oil. **C NMR ( CDCls) 5 118.1, 25.1, 21.5,
13.6 (one signal not observed).

7.1.2. Dicyclohexylboron Chloride [( CeH11)2.BCl ] (14, 271)

To a solution of dried cyclohexene (21.2 mL, 210 mmol) in anhydrous Et,O
(90 mL) under an argon atmosphere at 0° was slowly added
monochloroborane-dimethyl sulfide (11.6 mL, 8.62 M, 100 mmol). The mixture
was stirred at 0° for 2 hours and then the solvent was removed by distillation.
The resulting crude product was distilled under reduced pressure
(104-105°/0.5 mm Hg) to afford the title compound (16.65 g, 80%, d ~ 0.97)
as a colorless oil. 'B NMR ( CDCls) & 76.2. *C NMR ( CDCls) 5 36.3, 27.7,
27.2, 26.6.

7.1.3. (-)-Diisopinocampheylborane [(-)-Ipc2BH] of >99.5% ee (272)

e IOARNOAORNGANE
maintained — 3 MeE> O mrC, TO0 wly to

control the mildly exothermic reaction. Precipitation may occur at this stage; if
S0, the reaction was warmed to 50° until dissolution occurred. The clear
solution was then allowed to stand at room temperature for 18 hours after
which it was cooled to 0° for 2 hours. The supernatant was removed and the
crystalline Ipc2,BH was washed with pentane (20 mL), then dried under
reduced pressure to afford the title compound (25.9 g, 91%).

7.1.4. (-)-Diisopinocampheylboron Chloride [(-)-Ipc2BCI] (139, 142, 273)
To a cooled (-78°) suspension of (-)-Ipc2BH (23.2 g, 81.2 mmol) in Et,O

(40 mL) was added a solution of anhydrous HCI (90 mL of a 1 M solution in
Et,O, 90 mmol). The reaction mixture was then allowed to warm to 0° and
stirred at this temperature until a solution resulted (2 hours) [CAUTION:
venting of the evolved hydrogen gas is necessary] . The reaction was then
concentrated under reduced pressure taking care to maintain anhydrous
conditions. The residue was then crystallized from anhydrous pentane to
afford the title compound (18.6 g, 71%) as colorless crystals, mp 54-56°. 'B



NMR ( CDCls) & 74.0. *C NMR ( CDCl5) 5 47.7, 41.0, 39.0, 37.5, 34.2, 32.7,
28.3,28.1, 23.2, 22.7.

7.1.5. (-)-Diisopinocampheylboron Triflate [(-)-Ipc.BOTf] (119, 121, 140,
143)

TfOH (1.44 mL, 16.3 mmol) was added slowly to a gently stirred, cooled (0°)
suspension of (-)-IpczBH (4.66 g, 16.3 mmol) in anhydrous hexane. After 15
minutes, the mixture was warmed to 20° (hydrogen evolution) and the
colorless solution of the reagent was cannulated from the orange residue.
Addition of hexane (6 mL) provided a reagent solution (ca. 1 M) which can be
used in aldol reactions, or concentration followed by distillation (oven 130°,

0.05 mm Hg) affords the title compound. [l — 43-5(¢ 30.4, hexane). *C NMR

(CDCls) & 118.9 (g, J = 318 Hz), 48.3, 41.5, 39.3, 37.3, 33.9, 28.6, 28.3, 23.4,
22.7.
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7.1.6. (4S,5S,6S,7R)-5-Hydroxy-7-[4-(methoxybenzyl)oxy]-2,4,6,8-tetramet
hylnonan-3-one (Anti Aldol Reaction of an Achiral Ketone with a Chiral

Aldehyde)
Dicyclohexmmammmmmed (0°)
solution of 2-methylpentan-3-one (137 pL, 1.11 mmol) in Et,O (6 mL), followed
by dropwise addition of EtsN (186 pL, 1.33 mmol). The resulting white mixture
was stirred at 0° for 1 hour, then cooled to —78° and a solution of the aldehyde
(250 mg, 1.00 mmol) in Et;0 (0.25 mL) was added dropwise and the resulting
mixture stirred for 2 hours. The reaction was quenched by addition of pH 7
buffer (ca. 10 mL) and diluted with methanol (~5 mL). After the mixture was
warmed to 0°, 30% aqg. H,0; (1.2 mL) was added and the mixture was stirred
at room temperature for 1 hour. The volatiles were removed under reduced
pressure and the residue extracted with Et,O, then washed with NaHCOj3; and
brine, dried ( MgSOQ.), and purified by MPLC (Michel-Miller column size C,
10% EtOAc/hexanes) to afford the title compound (294 mg, 84%). Silylation of
crude material with 1-(trimethylsilyl)imidazole and subsequent GLC analysis

indicated an initial 93:7 ratio of aldol isomers. [alf = 41.5(¢ 1.20, CHCLy). IR

(thin film) 3483, 2967, 2935, 2875, 1711, 1613, 1587, 1515, 1464, 1382, 1302,
1250, 1036 cm™. *H NMR ( CDCls) & 7.27-7.22 (m, 2 H), 6.87—6.83 (m, 2 H),
4.54 (ABq, J = 10.5 Hz, 2 H), 4.13 (dt, J =9.7, 1.3 Hz, 1 H), 3.79 (s, 3 H), 3.36



(d,J=1.4Hz 1H),3.36(dd,J=8.2,3.3Hz,1H),286(dq,J=9.8,70Hz, 1
H), 2.74 (septet, J = 6.9 Hz, 1 H), 2.05 (m, 1 H), 1.86 (ddg, J = 7.1, 3.3, 1.5 Hz,
1H),1.09(d,J=7.0Hz,3H),1.05(d,J=6.8Hz,3H),1.05(d,J=6.8Hz, 3

H), 1.04 (d, J = 6.6 Hz, 3 H), 0.92 (d, J = 6.8 Hz, 3H), 0.91 (d, J = 7.0 Hz, 3 H).
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7.1.7. [3-(2S,3S)-4S]-3-(3-Hydroxy-3-phenyl-2-methyl-1-oxopropyl)-4-(phe
nylmethyl)oxazolidin-2-one (Auxiliary Controlled Syn Aldol Reaction with
an Achiral Aldehyde) (42)

Dibutylboron triflate (27 mL, 0.107 mol), followed by EtzN (16.7 mL, 0.120 mol)
were added dropwise to an ice-cooled solution of the imide (21.2 g, 0.091 mol)
in CH.CI; (200 mL) so that the internal temperature of the reaction did not
exceed 3°. The reaction mixture was then cooled to —78° and freshly distilled
benzaldehyde (10.3 mL, 0.101 mol) was added via a syringe pump. The
reaction mixture was stirred at —78° for 20 minutes and then warmed to 0° for a
further 1 hour, after which pH 7 buffer (100 mL) and methanol (300 mL) were
added. A solution of methanol-30% aqueous H>O, (300 mL of a 2:1 solution)
was then added cautiously at such a rate as to maintain the internal reaction
temperaturmmm T I:qulr the
resulting m Emmm with Et,O
(3 x 500 mL) and the combined organic extracts were washed with 5% ag.
NaHCO3; (500 mL), brine (500 mL), then dried ( MgSO,) and concentrated in
vacuo to afford the crude aldol adduct. Recrystallization of this material
(EtOAc/hexane) afforded the diastereomerically pure product (28.6 g, 93%),
mp 92-93°. GC analysis of the crude aldol product indicated >97%
diastereomeric purity; [ a ]o + 75.7° (c 1.00, CH,CI,). IR ( CH2Cl,) 3520, 3040,
2980, 1695, 1455, 1385, 1212, 1110 cm™. *H NMR ( CDCls) & 1.2 (d,
J=7.0Hz, 1H),2.8(dd,J=13.4,9.5Hz,1H),3.1(d,J=2.7 Hz, 1 H), 3.3 (dd,
J=13.4,3.4Hz,1H),41(m,3H),4.6(m,1H),51(m,1H), 7.1-7.5(m, 10
H).
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7.1.8. (R)-3-{(2R,3S,6R)-3-Hydroxy-6-([(4-methoxyphenyl)methoxy]methyl
)2-methyl-1-oxo-octyl}-4-(phenylmethyl)-1,3-oxazolidin-2-one (Auxiliary
Controlled Syn Aldol Reaction with a Chiral Aldehyde) (274)

Dibutylboron triflate was added to a cooled (0°) solution of the imide (13.4 g,
57.7 mmol) in CH,Cl, (105 mL) under nitrogen at such a rate as to maintain
the internal temperature below 5°. Diisopropylethylamine (8.9 g, 69.1 mmol)
was then added, giving a yellow solution which was cooled to —78°, and a
solution of the aldehyde (13.1 g, 52.4 mmol) in CH,Cl; (26 mL) was added
dropwise. After 20 minutes, the solution was warmed to 0° and stirred at that
temperature for 1 hour before being recooled to —10° and quenched by
addition of pH 7 buffer (50 mL), methanol (250 mL), and 30% ag. H202 (50 mL).
The resulting mixture was stirred at 0° for 1 hour and then concentrated in
vacuo to remove the volatiles. The aqueous residue was extracted with Et,O
(3 x 150 mL) and the combined organic extracts were washed with aq.
NaHCO3 (100 mL), and brine (100 mL), then dried ( MgSQ,) and purified by
flash chromatography (55% EtOAc/hexanes) to afford the title compound

(25.30 g, 100%) as a colorless oil (ds > 99% by analytical HPLC). [al5 —40.9(¢

0.35, CHCly). IR (neat) 3530, 2940, 1785, 1700, 1515, 1385, 1245, 1210 cmi .
'H NMR ( CDClg) & 7.27 (m, 7 H), 6.87 (m, 2 H), 4.69 (m, 1 H), 4.42 (s, 2 H),

4.20 (m, 2 H), 3.91 (m, 1 H), 3.80 (s, 3 H), 3.74 (qd, J = 7.1, 2.6 Hz, 1 H), 3.33
(d, J =5.5 Hz, 2 H), 3.01 (m, 2 H), 2.89 (d, J = 3.0 Hz, 1 H), 1.66-1.29 (m, 7 H),
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7.1.9. (2¢R,3¢S,5¢S,4R,5S)-3-(3¢-Hydroxy-5'6"(isopropylidene-dioxy)-2¢-
(methylthio)hexanoyl)-4-methyl-5-phenyloxazolidin-2-one (Auxiliary
Controlled Syn Aldol Reaction of a Thiomethyl Imide) (56)

A solution of the imide (4.06 g, 15.3 mmol) in CH,Cl, (32 mL) cooled to 0° was
treated with freshly prepared Bu,BOTf (4.74 g, 17.3 mmol), and then i-Pr,NEt
(2.45 g, 24.1 mmol) was added and the mixture stirred at 0° for 70 minutes.
The mixture was cooled to —70° and a solution of the aldehyde (2.00 g,

13.9 mmol) in CH,Cl, (10 mL) was added over 5 minutes. The reaction mixture

O
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was then stirred for 14 hours while being allowed to warm to room temperature.
After addition of pH 7 buffer (50 mL), the resulting mixture was stirred for 90
minutes and then extracted with CH,Cl (2 x 20 mL), dried ( MgSO4), and
concentrated in vacuo. Flash chromatography (20% EtOAc/hexanes) afforded

the title compound (5.06 g, 89%) as a yellow oil. [@l’ +12:3(c 0.42, CHCL). IR
(neat) 3482, 2985, 1773, 1701, 1687, 1654 cm™. *H NMR ( CDCl3) &
7.48-7.29 (m, 5 H), 5.70 (d, J = 7.5 Hz, 1 H), 4.84 (m, 1 H), 4.70 (d, J = 7.1 Hz,
1 H), 4.38 (m, 1 H), 4.23 (m, 1 H), 4.14 (dd, J = 8.2, 6.8 Hz, 1 H), 3.63 (dd,
J=8.2,6.5Hz,1H),3.18 (d,J=1.6 Hz, 1 H), 2.17 (s, 3 H), 1.84 (apparent t,
J=6.2 Hz, 2 H), 1.44 (s, 3 H), 1.37 (s, 3 H), 0.92 (d, J = 6.6 Hz, 3 H).
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7.1.10. (4R)-3-[(2S,3S,4E,6E)-3-Hydroxy-2,4,6-trimethyl-1-oxa-4,6-nonadie
nyl]-4-isopropyloxazolidin-2-one (Auxiliary Controlled Anti Aldol
Reaction of an Imide Auxiliary with an Achiral Aldehyde Precomplexed
with a Lewis Acid) (47)

To a cooled (0°) solution of the imide (370 mg, 2.0 mmol) in CH,Cl, (4 mL) was
added i—Prﬁm s Eﬂ:m Tf (2.2 mL
ofalMso mﬂ —H2 m&m =Separately,
CHCI, (4 mL) was added to a solution of Et,AICI (3.3 mL of a 1.8 M solution in
toluene) and after cooling to —78°, a solution of the aldehyde (415 mg,

3.0 mmol) was added. After the mixture was stirred for 5 minutes, the boron
enolate was added dropwise and the reaction mixture was slowly warmed to
room temperature over a 12-hour period. After the mixture was recooled to
—78°, methanol (10 mL) and 35% ag. H,O, (2 mL) were added and after
warming to 0°, water (20 mL) was added and the aqueous phase was
extracted with Et,O(4 x 50 mL). The combined organic fractions were washed
with sat. aq. NaHCO3 and brine (20 mL), then dried ( MgSO.), and
concentrated. Column chromatography of the residue afforded an inseparable
mixture of minor aldol isomers (15%) and the title compound (476 mg, 74%) as

colorless crystals, mp 88° (hexanes). 2l —96.0(c 4.00, CH,Cl,). H

NMR( CDCls) 5 5.88 (s, 1 H), 5.32 (br. t, J = 7.2 Hz, 1 H), 4.48-4.42 (m, 1 H),
4.31-4.00 (m, 1 H), 2.66 (d, J = 6.9 Hz, 1 H), 1.06 (d, J = 6.6 Hz, 3 H), 0.98 (t,
J=7.5Hz 3H),0.91(d,J=7Hz 3H),0.88(d,J =7 Hz, 3 H).
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7.1.11. (1S,3R,4S)-4-Hydroxy-1-triethylsilyloxy-6-benzyloxy-1-cyclohexyl-
3-vinylhexan-2-one (Auxiliary Controlled Syn Aldol Reaction of an a
-Oxygenated Crotyl Ketone with an Achiral Aldehyde) (275)

To a cooled (-78°) solution of the ketone (150 mg, 0.506 mmol) in CH.Cl,

(10 mL) was added i-ProNEt (224 pL, 1.29 mmol) followed by (CsHg),BOTf
(256 pL, 1.03 mmol). The reaction was stirred at 0° for 2.5 hours and then
cooled to —78° and a solution of the aldehyde (2.5 equiv.) in CH2Cl, was added
and the reaction mixture warmed to 0° and stirred for 2.5 hours. Methanol

(3 mL), pH 7 buffer (3 mL), and 30% aq. H20, (0.5 mL) were added and
stirring was continued for 1 hour. Usual workup (see other experimental
procedures for examples) followed by column chromatography (15%

Et,O/hexane) afforded the title compound (215 mg, 93%). [ali’ + 118.37 32 (m,

5 H), 5.84 (ddd, J =18, 10, 9 Hz, 1 H), 5.32 (d, J = 10 Hz, 1 H), 5.26 (d,

J =18 Hz, 1 H), 4.51 (s, 2 H), 4.15(m, 1 H), 3.96 (d, J =5 Hz, 1 H), 3.72-3.52
(complex m, 4 H), 1.97-1.41 (complex m, 8 H), 1.30-0.83 (complex m, 5 H),
0.94 (t, J=8Hz, 9 H), 0.58 (g, J =8 Hz, 6 H).
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7.1.12. (2R,4R,5S,6S)-7-Benzyloxy-5-hydroxy-2-(p-methoxybenzyloxy)-4,
6-dimethylheptan-3-one (Auxiliary Controlled Syn Aldol Reaction of a
Lactate-Derived Chiral Ketone with a Chiral Aldehyde) (276)

To a cooled (—78°) stirred solution of dicyclohexylboron chloride (2.67 mL,

13 mmol) in dry Et,O (40 mL) under argon was added triethylamine (2.1 mL,
15 mmol) followed by a solution of the ketone (2.22 g, 10 mmol) in Et,O

(40 mL). After the reaction was stirred at —78° for 1 hour and then 0° for 3
hours, then recooled to —78°, a solution of the freshly prepared aldehyde
(2.85 g, 16 mmol) in Et,O (20 mL) was added. After stirring for 1 hour, the
reaction mixture was transferred to the freezer (—25°) for 16 hours and then
quenched at 0° by the addition of methanol (40 mL), pH 7 buffer (40 mL), and




30% ag. H2O2 (40 mL). Stirring continued for 1 hour, after which time the
reaction mixture was partitioned between water (100 mL) and

CHClI>(3 x 100 mL). The combined organic extracts were dried ( MgSO.) and
concentrated in vacuo. Flash chromatography (10% EtOAc/hexanes) afforded
a minor isomer (240 mg, 6%) and the title compound (2.96 g, 86%) as a

colorless oil. [218 = 10.7(c 0.69, CHCI). IR (thin film) 3491, 2975, 2935, 2873,

1715, 1612, 1514 cm *.*H NMR( CDCls) & 7.34-7.24 (m, 7 H), 6.87 (d, ABq,

J =8.6 Hz, 2 H), 4.50-4.40 (m, 4 H), 4.09 (q, J = 6.5 Hz, 1 H), 3.96-3.92 (m, 1
H), 3.80 (s, 3 H), 3.48 (dd, J = 9.2, 4.2 Hz, 1 H), 3.41 (dd, J = 9.2, 4.9 Hz, 1 H),
3.17-3.11 (m, 1 H), 3.00 (d, J = 2.0 Hz, 1 H), 1.84-1.76 (m, 1 H), 1.33 (d,
J=6.9Hz,3H),1.17 (d, J = 7.0 Hz, 3 H), 1.00 (d, J = 7.0 Hz, 3 H).
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7.1.13. (2S,4R,5S)-2-Benzoyloxy-5-hydroxy-4,6-dimethyl-6-hepten-3-one
(Auxiliary Controlled Anti Aldol Reaction of a Lactate-Derived Chiral
Ketone with an Achiral Aldehyde) (110, 277)

To a cooled (-78°), stirred solution of freshly prepared dicyclohexylboron
chloride (140 pL, 0.778 mmol) in anhydrous Et,O (2 mL) under argon was
added Me; qO0 one

(89.0 mg, mmmm “ ﬂ H u H mmen warmed
to 0° and stirred at this temperature for 3 hours before recooling to —78°, after
which freshly distilled methacrolein (143 pL, 1.73 mmol) was added and
stirring at —78° was continued for 2 hours before the mixture was transferred to
a freezer (-26°) for a further 16 hours. The reaction mixture was quenched at
0° by addition of methanol (2 mL) and pH 7 buffer (2 mL); 30% aq. H>O, (2 mL)
was then added cautiously and stirring was continued for 1 hour. The resulting
mixture was partitioned between water (30 mL) and CH,ClI»(3 x 30 mL) and
the combined organic phases were dried ( MgSO.) and concentrated in vacuo
and the crude material was subjected to flash chromatography (50%
Et,O/hexane), thus affording the title compound (116 mg, 97%, 99% ds by

HPLC analysis) as a white solid, mp 59-60°. [2lf +29.9(c 0.60, CHCI3). IR

( CHCIs) 3509, 1718, 1601 cm™*.*H NMR( CDCls) 8 8.07 (d, J = 7.4 Hz, 2 H),

7.56 (t,J =7.4Hz, 2 H),7.44 (t, J=7.4 Hz, 2 H), 5.44 (q,J = 7.0 Hz, 1 H), 4.95
(s, 1H),4.92 (s, 1H),4.25(d,J =8.8 Hz, 1 H), 3.01 (dq, J =8.8, 7.2 Hz, 1 H),
2.28(s, 1 H), 1.71 (s, 3 H), 1.56 (d, J = 7.0 Hz, 3 H), 1.03 (d, J = 7.2 Hz, 3 H).
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7.1.14. (3SR,4SR,6RS,7RS)-2-Ethyl-3-hydroxy-4,6,8-trimethyl-7-propanoyl
oxy-1,8-nonadien-5-one (Syn Aldol Reaction of a Chiral Ketone with an
Achiral Aldehyde) (21)

To a cooled (—78°) stirred solution of 9-BBN triflate (1.30 mL, 0.66 mmol, 0.5 M
in hexanes) in Et,0 (2.0 mL) was added EtzN (124 yL, 0.89 mmol), then a
solution of the ketone (95 mg, 0.44 mmol) in ether (1.5 mL). The reaction
mixture was stirred at —78° for 4 hours, then freshly distilled 2-ethylacrolein
was added (215 pL, 2.20 mmol) followed by stirring for a further 1.5 hours at
—78°. The reaction mixture was partitioned between pH 7 buffer (5 mL) and
CHCl3(3 x 10 mL) and the combined organic extracts were washed with brine
(5 mL), dried ( MgSQ,), and concentrated in vacuo. The resulting oil was
dissolved in a methanol-pH 7 buffer mixture (5:1, 6 mL overall), cooled to 0°,
and 30% ag. H,O, (1 mL) was added, dropwise. The resulting mixture was
stirred for 1 hour at 0°, then water (10 mL) was added followed by extraction
with CH,ClI>(3 x 10 mL). The combined organic extracts were washed with sat.
ag. NaHCO3 (10 mL) and brine (10 mL), then dried ( MgSO.), and

concentrattl maﬁ ation (20%
EtOAc inh Ema IS - ric aldol
products, which were isolated as a series of coIorIeSS oils (100 mg, 76%
overall yield). The title compound was the major diastereomer: IR (thin film)
3500, 3100, 1735, 1710, 1645 cm™*.*H NMR( CDCls) 8 5.44 (d, J=5.9 Hz, 1
H), 5.13 (brs, 1 H), 4.94 (m, 2 H), 4.93 (br s, 1 H), 4.36 (br s, 1 H), 3.13 (d,
J=2.1Hz, 1H),3.09(dq,J=6.7,6.7 Hz, 1 H), 2.80 (qd, J = 7.3, 1.8 Hz, 1 H),
2.32(q,J =7.6 Hz, 2 H), 2.00-1.82 (m, 2 H), 1.74 (s, 3 H), 1.11 (t, J = 7.6 Hz,
3 H),1.07(d,J=6.7Hz, 3H),1.05(t,J=7.4Hz, 3H),1.04(d,J=7.3Hz, 3
H).
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7.1.15. (2S,4S,5S,6E)-1-Benzyloxy-5-hydroxy-2,4-dimethyl-6-octen-3-one
(Anti Aldol Reaction of a Chiral Ketone with an Achiral Aldehyde) (122)
To a cooled (-78°), stirred solution of ( C¢H11).BCI (5.00 mL, 23.0 mmol) in
Et,O (30 mL) was added dropwise EtsN (4.22 mL, 30.3 mmol) followed by
addition of a solution of the ketone (3.90 g, 18.9 mmol) in Et,O (20 mL),
whereupon a white precipitate formed. After 3 hours at —78°, freshly distilled
crotonaldehyde (3.13 mL, 37.8 mmol) was added dropwise and the reaction
mixture was stirred at —78° for a further 3 hours, before being left in the freezer
(=20°) for 16 hours. The reaction mixture was then partitioned between

Et,O(3 x 200 mL) and pH 7 buffer (200 mL) and the combined organic extracts
were concentrated in vacuo; the residue was resuspended in methanol (50 mL)
and pH 7 buffer (10 mL) and cooled to 0°. Hydrogen peroxide (20 mL, 30% aq.)
was added dropwise and stirring was continued at room temperature for 1 hour.
The mixture was then poured into distilled water (200 mL) and extracted with
CHCl3(3 x 200 mL). The combined organic extracts were washed in turn with
5% aqg. NaHCO;3; (150 mL) and brine (150 mL), dried ( MgSQ,), and
concentrated in vacuo to afford a yellow oil. Flash chromatography (10% Et,O/
CH.Cl;) provided 4.86 g (93%) of the desired anti-anti aldol product as a

colorless oil. HPLC analysis indicated > 98:2 selectivity. [@lp + 17-1(c 4.3,

CHCI3). IR (thin film) 3440, 1700 cm™. *H NMR ( CDCls) & 7.33-7.25 (m, 5 H),
5.71 (dqd, J = 15.3, 6.4, 0.9 Hz, 1 H), 5.43 (ddq, J = 15.3, 7.7, 1.6 Hz, 1 H),
4.49 and 4.47 (ABq, J = 12.0 Hz, 2 H), 4.16 (apparentt,J =7.7 Hz, 1 H), 3.67
(dd,J = 8.8, 8.7 Hz, 1 H), 3.44 (dd, J = 8.8, 5.0 Hz, 1 H), 3.07 (dqd, J = 8.7, 7.0,
5.0 Hz, 1 H), 2.81 (br s, 1 H), 2.75 (dg, J = 7.7, 7.1 Hz, 1 H), 1.70 (br d,

e 0
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7.1.16. (2R,3S,4S,5S,6E)-2,4,6-Trimethyl-1-phenylmethoxy-6-nonene-3,5-
diol (Anti Aldol Reaction of a Chiral Ketone and an Achiral Aldehyde
Followed by in situ LiBH4 Reduction) (123, 124)

To a stirred solution of dicyclohexylboron chloride (2.4 mL, 11 mmol) in dry
Et,O (20 mL) was added Et3N (1.6 mL, 11 mmol) and the mixture was cooled
to —15°. A solution of the ketone (1.54 g, 7.5 mmol) in Et,O (5 mL) was added
and the mixture was stirred for 2 hours at —15°. A solution of
(E)-2-methyl-2-pentenal (1.5 mL, 13.1 mmol) in Et,O (5 mL) was added and
stirring was continued at this temperature for 2 hours. The reaction mixture
was then cooled to —78° and LiBH4 (19.2 mL, 2 M solution in THF, 38 mmol)




was added. After 2 hours, the reaction mixture was partitioned between
Et,O(3 x 100 mL) and sat. aq. NH4Cl (60 mL), the organic extracts were
combined and washed with brine, then concentrated in vacuo to give an oil.
Purification by flash chromatography ( CH.Cl,) gave the semipure boronate
(4.3 g). This residue was suspended in cold (0°) MeOH (30 mL) and 10% ag.
NaOH (10 mL) and 30% aqg. H,O, (15 mL) were added and stirring was
continued at room temperature for 2 hours. The resulting mixture was then
poured into water (150 mL) and extracted with CH,Cl»(3 x 150 mL). The
combined organic extracts were washed with sat. ag. NaHCO3 (50 mL), sat. aqg.
NaHSO; (50 mL), and brine (50 mL), then dried ( MgSQO.) and concentrated in
vacuo to give a yellow oil. Purification by flash chromatography (10% Et,O/
CH2Cl>) gave the title compound (1.85 g, 81%) as a colorless solid, mp 64-65°

(pentane). @]’ +15.6(c 1.4, CHCI,). IR ( CHCls) 3440, 2970, 2930, 2870 cm™.

'H NMR ( CDCl3) & 7.37 — 7.27 (m, 5 H), 5.33 (t, J = 6.9 Hz, 1 H), 4.52 (s, 2 H),
4.16 (s, 1 H), 4.08 (s, 1 H), 3.90 (d, J = 9.2 Hz, 1 H), 3.84 (d, J = 9.2 Hz, 1 H),
3.60 — 3.55 (m, 2 H), 2.02 (qd, J = 7.5, 6.9 Hz, 2 H), 1.97 — 1.92 (m, 1 H),
1.79—1.72 (m, 1 H), 1.60 (s, 3 H), 0.99 (d, J = 7.0 Hz, 3 H), 0.95 (t, J = 7.5 Hz,
3 H), 0.59 (d, J = 6.8 Hz, 3 H).
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7.1.17. (4S,5S)-5-Hydroxy-4,6-dimethyl-6-hepten-3-one (Aldol Reaction of
an Achiral Ketone with an Achiral Aldehyde Using a Chiral Boron
Reagent) (121)

A freshly prepared stock solution (see above) of (-)-Ipc.BOTf (2.05 mL,

3.9 mmol, ca. 1.9 M in hexane) was diluted with CH,Cl;, (16 mL) and cooled to
—78°. Diisopropylethylamine (1.04 mL, 6.0 mmol) was added, followed by
diethyl ketone (300 pL, 3.0 mmol). After 3 hours, freshly distilled methacrolein
(330 pL, 4 mmol) was added and stirring was continued at —78° for 1 hour and
then the reaction was transferred to the refrigerator (—15°) for 12 hours. The
reaction mixture was then partitioned between Et,O(3 x 20 mL) and pH 7
buffer (20 mL). The combined organic extracts were concentrated in vacuo,
then dissolved in methanol (15 mL), and pH 7 buffer (3 mL) and 30% ag. H>O-
(4 mL) were added and stirring was continued at 0° for 1 hour. The reaction
mixture was then poured into water and extracted with CH,Cl(3 x 30 mL). The
combined organic extracts were washed with sat. ag. NaHCO3 and brine, then
dried ( MgSOa,) and concentrated in vacuo. The resulting oil was purified by




flash chromatography (10% Et,O/ CH,Cl,) to afford the title compound
(365 mg, 78%) as a colorless oil. The syn/anti ratio was determined by
400-MHz 'H NMR analysis to be 98:2 and a chiral shift experiment indicated

91% ee. [olp’ —33:8(c 3.7, CHCIy). IR (thin film) 3460, 1700, 1650 cm™. H

NMR ( CDCls) & 5.04 (m, 1 H), 4.92 (m, 1 H), 4.37 (d, J = 3.6 Hz, 1 H), 2.72 (qd,
J=7.2,3.6Hz, 1H), 257 (dg,J = 18.1, 7.3 Hz, 1 H), 2.49 (dq, J = 18.1,
7.3 Hz, 1 H), 1.68 (s, 3 H), 1.06 (d, J = 7.2 Hz, 3 H), 1.04 (t, J = 7.3 Hz, 3 H).
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7.1.18. tert-Butyl (2S,3S)-(-)-2-Bromo-3-hydroxy-4-methylpentanoate
(Aldol Reaction of an Achiral Ester with an Achiral Aldehyde Using a
Chiral Boron Reagent) (167)
(R,R)-Bis[3,5-di(trifluoromethyl)benzenesulfonyl]-1,2-diamino-1,2-diphenyleth
ane (10.0 g, 13.1 mmol) was heated at 65° under reduced pressure (ca. 1 mm
Hg) and the flask was then filled with nitrogen and cooled to 23°. Anhydrous
CHCl; (150 mL) was added and the resulting solution was cooled to —78°,
then treatemi lm T mm he reaction
mixture wa m m 18 hours.
The solvent was removed in vacuo while maintaining an anhydrous
atmosphere, then CH,Cl; (30 mL) was added and the solvent was removed as
before. High vacuum was then applied (ca 1 mm Hg) for 10 minutes while
heating at 40° and then the flask was opened to nitrogen, then replaced under
vacuum, and this cycle was repeated five times. Toluene (300 mL) was added
and the resulting mixture was warmed until a solution resulted, which was then
cooled to —78°, and Et3N (2.01 mL, 14.4 mmol) was added dropwise and the
mixture was stirred at —78° for 5 minutes. tert-Butyl bromoacetate (2.01 mL,
12.4 mmol) was added and the mixture was stirred at —78° for 5 hours, after
which a solution of isobutyraldehyde (1.01 mL, 11.8 mmol) in toluene (13 mL)
was added and stirring was continued for 5 hours. While the mixture was held
at —78°, methanol (5 mL) was added to quench the reaction, which was then
diluted with Et,O (300 mL). The organic layer was washed with brine (150 mL),
dried ( MgSO,), and concentrated in vacuo, after which the crude product was
treated with CH,Cl, (5 mL) and hexanes (100 mL). After the mixture was
stirred at room temperature for 1 hour, the white precipitate was filtered and
washed with hexanes (100 mL) to afford recovered diamine (8.9 g, 89%



recovery). The filtrate was evaporated and the residue was purified by column
chromatography (20% Et,O/hexanes) to yield the title compound (2.83 g, 90%).

Analysis indicated anti:syn = 98:2, 92% ee for anti). (@5’ — 109 2.62, CHCI).

'H NMR ( CDCl) 8 4.12 (d, J = 7.9, 1 H), 3.78 (m, 1 H), 2.66 (d, J = 6.6 Hz, 1
H), 2.13 — 2.07 (m, 1 H), 1.50 (s, 9 H), 1.01 (d, J = 6.8 Hz, 3 H), 0.92 (d,
J = 6.8 Hz, 3 H).
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7.1.19. tert-Butyl
(3R,4S)-4-[N,N]-Dibenzylamino-3-hydroxy-5-phenylpentanthioate (Aldol
Reaction of an Achiral Thioester with a Chiral Aldehyde Using a Chiral
Boron Reagent) (165)

To a cooled solution of tert-butyl thioacetate (31 mg, 0.23 mmol) in

Et,O(950 yL) was added a solution of [(-)-(Menth)CH_],BBr (880 yL of a 0.4 M
solution in CH,Cl,, 0.34 mmol) followed by Et;N (52 yL, 0.37 mmol). The
reaction mixture was stirred at 10° for 2.5 hours, then cooled to —78° and
dibenzyl phenylalaninal (99 mg, 0.30 mmol) was added dropwise and stirring
was continm o E ' my addition
of pH 7 bu W S m =IThe residue
was dissolved in methanol (5 mL) then treated with pH 7 buffer (1 mL) and
30% ag. H,O, (1 mL) and stirred at room temperature for 45 minutes. The
reaction mixture was concentrated in vacuo, then extracted twice with CH,Cl».
The organic extracts were washed with water then brine, dried ( Na,SO,), and
concentrated under reduced pressure. Column chromatography (15%
EtOAc/hexanes) afforded the title compound (79 mg, 75%) as a colorless oil.

[ 385 11g) — 846 1
365(Hg) (c 1.42, CHCI3). "H NMR ( CDCl3) 3 7.40 — 7.10 (m, 15 H),

4.40 — 4.25 (m, 1 H), 3.78 - 3.58 (2 x ABq,J = 13.8 Hz, 4 H), 3.20 — 2.70 (m, 5
H), 2.45 — 2.30 (m, 1 H), 1.48 (s, 9 H).
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7.1.20. (2R,5S)-1-Benzyloxy-5-hydroxy-2,6-dimethylheptan-3-one (Double
Stereodifferentiating Aldol Reaction between a Chiral Ketone, an Achiral
Aldehyde, and a Chiral Boron Reagent) (151)

To a cooled (0°) solution of (+)-Ipc2BCI (2.07 g, 6.45 mmol) in anhydrous Et;,O
(25 mL) was added Et3N (0.90 mL, 6.45 mmol) followed by a solution of
(R)-1-benzyloxy-2-methylbutan-3-one (0.793 g, 4.1 mmol) in Et,O (15 mL).
The white suspension was stirred for 3 hours at 0° before cooling to —78°, and
isobutyraldehyde (1.24 g, 17.2 mmol) was added dropwise. The reaction
mixture was allowed to warm to —50° over 2 hours and then stirred at 0° for 1
hour. The reaction was quenched by sequential addition of methanol (140 mL),
pH 7 buffer (56 mL), and 30% ag. H,O, (14 mL) and the biphasic system was
stirred vigorously at 0° for 10 minutes and then at room temperature for 1 hour.
The mixture was poured into water (100 mL) and extracted with
EtOAc/hexanes (1:1 v/v) (5 x 100 mL). The combined organic extracts were
washed with H,O (100 mL), dried ( MgSOQ.), and concentrated in vacuo. The
resulting oil was subjected to column chromatography (EtOAc/hexanes, 15:85)
to afford the title compound (980 mg, 91%) as a colorless oil. *H NMR analysis

(500 MHz) indicated a diastereoselectivity of 95:5. (215’ —504(c 0.27, CHCIy).

IR 3462, 1707 cm™. *H NMR ( CDCl3) & 7.25-7.36 (m, 5 H), 4.50 (d, J = 12 Hz,
1 H), 4.46 (d, J =12 Hz, 1 H), 3.82 (ddd, J = 9.7, 5.8, 2.2 Hz, 1 H), 3.57 (dd,
J=8.8,8.4Hz, 1H),3.48 (dd,J = 8.8, 4.2 Hz, 1 H), 2.92 (m, 1 H) 2.68 (dd,
J=17.4,9.8,1H),2.54 (dd, J = 17.4, 2.3 Hz, 1 H), 1.67 (m, 1 H), 1.06 (d,
J=7Hz, 3H),091(d,J=6.8Hz, 3H),0.89 (d, J = 6.8 Hz, 3 H).
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7.1.21. (2S,4S,5R,6E)-1-Benzyloxy-5-hydroxy-2,4-dimethyl-6-octen-3-one
(Double Stereodifferentiating Aldol Reaction between a Chiral Ketone, an
Achiral Aldehyde, and a Chiral Boron Reagent) (119, 122, 278)

To a stirred solution of (—)-Ipc2BOTf (1.09 mL, 0.65 mmol, ~0.6 M in hexane) in
CH.Cl; (2 mL) at room temperature was added i-ProNEt (228 pL, 1.31 mmol)
followed by the ketone (90 mg, 0.44 mmol) in CH,Cl, (2 mL). After 3 hours at
room temperature, the reaction mixture was cooled to 0° and freshly distilled
crotonaldehyde (108 pL, 1.31 mmol) was added. After stirring at 0° for 1 hour,
the reaction mixture was transferred to the refrigerator (—4°) for 16 hours, then
partitioned between Et,O(3 x 20 mL) and pH 7 buffer (20 mL) and the
combined organic extracts were concentrated in vacuo. The residue was



resuspended in methanol (4 mL) and pH 7 buffer (1 mL) and cooled to 0° C,
then 30% ag. H20, (2 mL) was added dropwise and stirring was continued at
room temperature for 1 hour. The mixture was then poured into water (20 mL)
and extracted with CH»>Cl>(3 x 20 mL). The combined organic extracts were
washed in turn with 5% ag. NaHCO; (15 mL) and brine (10 mL), dried
( MgSO,4), and concentrated in vacuo to afford a yellow oil. Flash
chromatography (10% Et,O/ CHCl,) allowed separation of the aldol products
from isopinocampheol; HPLC purification (10% Et,O/ CH,Cl) provided minor

aldol products (11 mg, 8%) along with the title compound (78.1 mg, 65%). by

+26.2 (¢ 5.0, CHCI3). IR (thin film) 3450, 1690, 1600 cm™. *H NMR ( CDCl3) &
7.36 — 7.23 (m, 5 H), 5.68 (dqd, J = 15.3, 6.3, 1.1 Hz, 1 H), 5.44 (ddq, J = 15.3,
6.2, 1.3 Hz, 1 H), 4.47 (ABq, J = 12.1 Hz, 2 H), 4.33 (ddd, J = 6.2, 4.0, 1.1 Hz,
1 H), 3.64 (app. t, J =8.7 Hz, 1 H), 3.43 (dd, J = 8.7, 5.2 Hz, 1 H), 3.08 (dqd,
J=87,71,52Hz, 1 H), 2.78 (qd, J=7.1, 4.0 Hz, 1 H), 1.68 (dd, J = 6.3,
1.3 Hz, 3H), 1.12 (d,J = 7.1 Hz, 3 H), 1.04 (d, J = 7.1 Hz, 3 H).

OOO0O0doooodoooo



8. Tabular Survey

An effort has been made to tabulate all reported examples of asymmetric
boron-mediated aldol reactions from mid-1981 until the end of 1995. Tables
I-111B are listed in order of increasing carbon count of the enolate precursor
and then the aldehyde. Tables IVA-VB are arranged in order of increasing
carbon count of the chiral ligands, enolate precursor, and aldehyde. Table VI
lists the reported examples of chiral boron enolates adding to ketones.
Protecting groups are not included in the carbon count. When two compounds
have the same carbon count, the compounds are ordered by increasing

hydrogen number.

Isolated yields of the combined aldol products are included in parentheses and
a dash indicates that no yield was reported. Where an enantiomeric excess is
reported, it relates to the major product of a reaction. The solvent used in the
reaction is dichloromethane unless otherwise indicated.

The following abbreviations have been used in the tables:

Bn benzyl

Boc tert-butoxycarbonyl

BOM  benzyloxymethyl

Bz benzoyl
OO00MOENO000000

Cbz benzyloxycarbonyl

DEIPS diethylisopropylsilyl

DMIPS dimethylisopropylsilyl

LDA lithium diisopropylamide

MEM methoxyethoxymethyl

MOM  methoxymethyl

Np 2-naphthyl

PMB  p-methoxybenzyl

PMP  p-methoxyphenyl

TBS tert-butyldimethylsilyl

TBDPS tert-butyldiphenylsilyl

TCE
TES
TFA

2,2,2-trichloroethyl
triethylsilyl
trifluoroacetic acid



THP  2-tetrahydropyranyl
TIPS  triisopropylsilyl
TMS  trimethylsilyl

Ts p-toluenesulfonyl

Table I. Achiral Enolates with Chiral Aldehydes

View PDF

Table lIA. Chiral Enolates (Auxiliary Control) with Achiral Aldehydes

View PDF
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View PDF

Table llIA. Chiral Enolates (Substrate Control) with Achiral Aldehydes

—View PDE _

Table llIB. Chiral Enolates (Substrate Control) with Chiral Aldehydes




View PDF

Table IVA. Chiral Enolates (Ligand Control) with Achiral Aldehydes

View PDF

Table IVB. Chiral Enolates (Ligand Control) with Chiral Aldehydes

View PDF

Table VA. Chiral Enolates (Ligand and Substrate Control) with Achiral
Aldehydes
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Table VB. Chiral Enolates (Ligand and Substrate Control) with Chiral
Aldehydes

View PDF

Table VI. Chiral Enolates (Auxiliary Control) with Ketones

View PDF
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TABLE I. ACHIRAL ENOLATES WITH CHIRAL ALDEHYDES

Enolate Precursor Reaction Conditions Aldehyde Product(s) and Yield(s) (%), Diastereomer Ratio Refs.
C,
(0] (o] OH [¢] OH
HO Bu,BOT. i-PraNEL, H)H/\OMe HO™ ™ OMe + HO OMe 239
OBn E,0 _N_ OBn N_ OBn N_
Me Cbz / ~Cbz / Cbz
Me Me
I (67) LII =72:28 1
G 0 0 OR 0 OR
1. Hg(OAc),, Ph,BOH, .
EtO Aldehyde H o t0 o + EO o] 279
2. Alkyne Oﬁﬁ O\# O~ﬁ
1 11
R=HorAc, (55 .11 =92:8
(0] o
(CeH2BCL, H OTBS OTBS OTBS 2
EuN. EuO B +
I (71) L1 = 50:50 I
O  OTBS O OH OTBS O OH OTBS
(CgH,),BCl, ' ' + ! 33
E;N, Et;O H
racemic 1 (89) L:II = 76:24 11
o otBs O OH OTBS O OH OTBS
(CgHy1)BCl, u (A . i g
EGN, E,O
I (74) LI = 52:48 |
(0] OTBS (0] OH OTBS (0] QH OTBS
(CeHi1)2BCl, " . A 4
EuN, E,O
I (83) LIl =76:24 n
t-Bu_ . _Bu-t t-Bu _._Bu-t
1
0o 07 o 0O OH 07 0
(CeHy)2BCl, H X v I+ 34,35
Et;N, Et;O : i

o

Bu,BOTY, i-Pr,NEt HJ\/\OR

1. Bu,BOT,
i-Pr,NEt
2. CF3COH

(81) E:I1 = 70:30
+B Bu-
U:Si, u-t
O OH 07 "o
i

OR R =Bn, (—) LIEI = 56:30:14
: R =TBS, (—) EILIH = 50:43:7

(o] OH
COMe M + 29

(—) EILIIEIV = 42:28:25:5¢
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TABLE 1. ACHIRAL ENOLATES WITH CHIRAL ALDEHYDES (Continued)

Enolate Precursor Reaction Conditions Aldehyde Product(s) and Yield(s) (%). Diastereomer Ratio Refs.
0 OH 0 OH
Bu,BOTH. i-PrNEt J\/ R Rt : _— 29
H . v "
' Co B
OH
i _R
oom
R = CH,OBn, (—) EILII = 57:31:12
R = CH,OTBS. (—) LILIII = 50:43:7
R =Ph, (—) LILIII = 13:83:4
R =CeHyy, (—) LIEIT = 78:13:9
O  OR OH OR O OH OR
Bu,BOTT, i-Pr,NEt H%/ HH/'\U/\K _ 33
racemic I I
R = Bn, (>62) LII = 69:31
R =TBS, (>62) I.I1 = 75:25
R = TBDPS, (26) LI = 93:7
[0} OTBS o OH OTBS
Bl]lingTf, i-Pr,NEt H)j\”)\lﬂ OBn W OBn I + 36
t | H |
? OMe - OMe
(60) LII = 79:21
[o} OH OTBS
Wﬂ on 1
OMe
O  OTBSOTMS O OH OTBSOTMS
9-BBNOT, Hw W 85) 2
i-Pr,NEt : : H !
o} = OTBS o
A §
H () ~ OMe
0 OH # 0O OH (#
I 11
o OH = (o] QH =z
m v
Bu,BOTT, i-Pr,NEt @1 LI =84:16 34,35

(C¢H1),BCl, Ei;N, Et,0

BuBOTY, i-Pr,NEt

9-BBNOTT,
i-Pr,NEt

H

;
;

0  OPMB

;
:

(58) IIL:IV = 56:45 35

o]

OH OR

(o] OH OR

;

O OH OPMB

O OH OPMB

I+ 37
R =PMB, (82) LIl = 42:58
R =TBS, (79) L:II = 52:48

N EII=69:31

!
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TABLE 1. ACHIRAL ENOLATES WITH CHIRAL ALDEHYDES (Continued)

Enolate Precursor Reaction Conditions Aldehyde Product(s) and Yield(s) (%), Diastereomer Ratio Refs.
(0] OPMB [¢] OH OPMB
9-BBNOTf, H ‘ v I+ 39
i-Pr,NEt 1 ' (85) kIl = 77:23
(0] OH OPMB
I
(o] OR o OH OR
(CeHi)BCL, H L+
Et;N, Et,0
racemic (o] OH OR
Y
R =TBS, (89) LIl = 71:29 280
R = TBDPS, (60) L:II = 89:11 33
o o OH
9-BBNOTE, . J\/'><\ M 1 37
i-Pr,NEt
92) LI = 66:34
o OH (92)
X 0
(o] R (o} OH R
9-BBNOTY, HJ\/’\/\ Ph M Ph I+ 37
i-ProNEt
0O OH R
\HJ\/\/k/\ Ph I
R =OPMB, (77) LIl = 56:44
R = OTBS, (82) L:II = 48:52
R =0Ac, (77) LIl = 73:27
R=Cl, (68) LIl = 77:23
(o} OR OTBS (o] OH OR OTBS
H v OTBDPS v OTBDPS I 20
|
(0} OH OR OTBS
OTBDPS 11

9-BBNOTT, E;N
Bu,BOTY, Et;N
(CsHy),BOT, EN
9-BBNOT, E;N
Bu,BOTY, Et;N
(CsHo),BOTf, EN
9-BBNOTY, Et;N
Bu,BOTY, Et;N
(CsHy),BOTT, EtsN

R =MOM, (80) L1l = 75:25
R =MOM, (84) LIl = 62:38
R =MOM, (72) LIl = 52:48
R =TMS, (86) L:1I = 59:41
R = TMS, (82) L:II = 10:90
R =TMS, (49) I:1I = 20:80
R =TES, (92) LI = 40:60
R =TES, (74) LIl = 5:95

R = TES, (78) I Il = 14:86
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TABLE I. ACHIRAL ENOLATES WITH CHIRAL ALDEHYDES (Continued)

Enolate Precursor Reaction Conditions Aldehyde Product(s) and Yield(s) (%), Diastereomer Ratio Refs.
OR OTBS (0] OH OR OTBS
H X OTBDPS X OTBDPS 1 + 20
[0} OH OR OTBS
v OTBDPS I
9-BBNOTT, Et;N R =MOM, (82) LIl =41:59
Bu,BOTf, E:;N R = MOM, (69) L1l = 61:39
(CsHo),BOTY, Et;N R = MOM, (86) E:H = 50:50
9-BBNOTf, Et;N R = TES, (36) LIT = 50:50
Bu,BOTf, Et;N R = TES, (94) L1 = 45:55
(CsHy),BOTT, Et;N R =TES, (77) LIl = 52:48
Ce
XA i JA
o N Bu,BOTf, Et;N H X 27
\_/ JH : \_/
(—) LI = 64:36
B
Jk/\/\”/
o (o] OPMB OH OPMB
(CeHy1)2BCl, H 38
EGN, Et,0 :
(84) 11 = 93:7
(@] OPMB OH OPMB
(CeH11)2BCl, H 38
Et;N. Et,O
(82) LIl = 74:26
OMOM OMOM
¢} OTBS O OH | OTBS
9-BBNOTT, Et;N HJH/\.)\r\OR ; _ OR I + 281
OMOM
O  OH OTBS
v OR NI +
OMOM
o OH | OTBS
Y Y OR M1
R =TBDPS, (53) EILHI = 75:15:10
/l(])\ O  OTBS O OH OTBS O OH OTBS
+-Bu 9-BBNOTf® H v Z 1-Bu 7 + t-Bu 7 40
1 (—) kI = 50:50 11
O  OPMB O OH OPMB O OH OPMB
9-BBNOTT, H t-Bu + 1-Bu 39
i-Pr,NEt

I (—) kN =73:27 1
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TABLE I. ACHIRAL ENOLATES WITH CHIRAL ALDEHYDES (Continued)

Enolate Precursor

Reaction Conditions Aldehyde Product(s) and Yield(s) (%), Diastereomer Ratio Refs.

PhsJ\

(0] OPMB OH OPMB

9-BBNOTT, H J\/\r t-Buw 39
i-PraNEt '

(79) .11 = 80:20
OH OPMB

"BUM

(o] OTES (o] OH OTES

Ji§
Bu,BOTY, Et:N HJ\K\I/\OTBDPS o} JK/YY\OTBDPS (84)95:5 2
\_/

0
L,BOTS, i-PrNEL OTBDPS oTepps ¥ 180
Et,0

A)WOTBDPS

L,B = Bu;B, (59) L:II = 70:30
L,B =9-BBN, (93) LIl = 55:45

o oOH 0 OH
[o] H
: 4 Ph Ph Ph
i-Pr)NEt, CIB\Oj H )Kr -BuS /[H/kr + . BuS ' + 231
1 I
o OH
Ph
t-BuS v (68) LILIII = 90.6:7.5:1.9
m
o 0 OTBS
(C¢H11)2BCl, EtN, q Z

solvent (see table) ! ! !

(o} OH (0} OTBS
R : ; 1
(o} OH (o} OTBS
5 3
-BuS ! : z : : I
R : ' '
Solvent Yield Ratio of L:I1:2,3-Syn
R=Me CH,Cl, (76)° 71:29:— 282
R =Me Pentane (77)¢ 45:55:— 26
R=Me E,O (71) 52:44:4 21
R=Et E,O (75) 61:37:2 21
o O OH O OH
O\ )J\/ )j\/K/ )]\/I\/
[ /BCI. i-Pr)NEt H Y hS X 1 + PhS Y 31
Y OBOM OBOM OBOM
(50-60) L:II = 52:48
(o]

(o] OH [0} OH
O\ !
[ /BCI, i-ProNEt H (o] PhS o I + PhS (o) 31
o 0—$ O$ O\$ b1

(50-60) L:II = 80:20
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TABLE 1. ACHIRAL ENOLATES WITH CHIRAL ALDEHYDES (Continued)

Enolate Precursor Reaction Conditions Aldehyde Product(s) and Yield(s) (%), Diastereomer Ratio Refs.
Cy
o} o} O OH O OH
O\ JJ\/ /U\/.\/
PhS [ BCLi-PpNEt  H ‘ PhS v I + PhS v v 1 31
o OBOM OBOM ' OBOM
(50-60) LIl = 67:33¢
0o O OH O OH
o} :
[ JBCLi-PpNEt  H 0 PhS , o I + PhS o I 31
0 0$ : o.# 0\#
(50-60) L:XI = 88:12¢
0o O OH
)J\/R R R = Me, (—) >97:3
9-BBNOTT, H Y PhS Y R =Bn, (—)>97:3 30%
i-PryNEt NBn, NBn, R=i-Pr(—)76:24
R =i-Bu, (—) 76:24
0o O OH
o, :
[ /BCI, i-ProNEt H OBn PhS OBn  (50-60) 55:45° 31
0
racemic
0o o><0 O OH o><o
9-BBNOTY, i-Pr,NEt H)W PhS . 69) 283,284
Et,0 :
(o}
o o (o] [0}
\
l.[ BCl, i-Pr,NEt CO,Me
J H PhS (50-60) 31
2. CF;CO.H ) L:HI = 50:50¢
racemic 1 1
(o} O OH O OH
o Ph Ph ‘ _Ph
,BCL. i-Pr;NEt H PhS I + PhS . I 31
o !
racemic (50-60) L1 = 90:10¢
Cp
(0] 0 O OH O OH
0, 1 )J\/\/
PhS [ ,BCL i-Pr;NEt H v PhS 1 + PhS v 1| 31
: J : ‘
o OBOM OBOM __ OBOM

C3H7~"

C3Hy-n C3Hy-n
(50-60) L:I1 = 70:30

“ The products shown in this equation are not the actual isolated products. Compounds I and IV cyclized to 3-lactones, while compounds

1I and ITI were transesterified to n-butyl esters.
b The amine base used in this reaction was not specified.
¢ The aldehyde used in this reaction was racemic.
4 The syn:anti ratios ranged from 20:1 to 30:1.
¢ The structure of the minor isomer was not assigned.
/' The syn:anti ratios were 30:1.

& For a related reaction, see reference 401.
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TABLE IIA. CHIRAL ENOLATES (AUXILIARY CONTROL) WITH ACHIRAL ALDEHYDES

Enolate Precursor Reaction Conditions Aldehyde Product(s) and Yield(s) (%), Diastereomer Ratio Refs.
C
4 o} 0 O OH
BZO\)H (CeHy1)2BCI, H JW/ BZO%/ (77)99:1 110
| OBn Me;NEt, Et,0 ; OBn
Cs o
0 0 OH R = Et, (93) >99:1 110
Bz0 (CeHi1):BCl, HJ\ R Bz0 R R=CMe)=CH, (97) 982 110
: Me;,NEt, Et,0 ' R = i-Pr, (95) 97:3 110,36
R =Ph, (85) >99:1 110
0 O OH
(CeHy)2BCl, HJH/\ BzO, . = R =H, (95) 93:7 285
Me;NEt, Et,0 R : R R =Me, (86) >99:1 18
0 0 O OH R =i-Pr, (81) 92:8 110
B"O\)H (CéHy1),BCl, H /U\ R BnO N R = Pr, (89) 90:10 110
: Et:N, EO : R = C(Me)=CH,, (87) 90:10 110
R = C(E)=CH,, (85) 90:10 117
Y HO R OH
1. (CH1),BCl, BnO. R = Me, (80) 90:10 117
EGN, Et,0 H . R = CH;=C(Me), (66) 90:10
2. RMgBr H
[¢] HO OH
1. (C¢H,1),BCl, BnO_ (92) 90:10 117
EuN, Et,0 H ;
2. EMgBr :
Ce
0 0 0O OH
BzO (CéHy1):BCl, u BzO. (95)93:7 110
Me;NEt, Et,0 :
\
Cs X R
S
j\ Q o )L o o S i-Pr  (87)
x N Bu,BOTH, i-Pr,NEt )L x” N R S Ph (76 76
{ H™ R (g o Pt @D
“COMe 'CO,Me o Ph (89)
S o )SL O OH
0 B N
O/lLN JW Bu,BOTH, i-Pr,NEt /[L 0 N v R R =i-Pr, (83) 76, 87-89
\—4 H® 'R \——< : R = Ph, (78) 76
CO,Me CO,Me
o o 0 fL O OH
PSS A AA
‘—< Br \_< Br
Pr-i Pr-i
Bu,BOTY, i-Pr,NEt R =i-Pr, (51), >98:2 59, 60
Bu,BOTH, i-PryNEt R =i-Bu, (48), >98:2 60
Bu,BOTY, i-Pr,NEt R=n-CsH,,, (62) >98:2 60
Et,BOTY, i-Pr,NEt R =Ph, (63) 98:2 286, 287
i L
Bu,BOTY, i-P,NEt H 0" N (60) 93:7 286, 287
Pr-i
Ph Ph
o o [o} OH
HJJ\/\CnHﬂ-n 288

Bu,BOTf, Et;N

Br

O)L N WC};Hﬂm (77) 94:6
{

Pr-i
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TABLE IIA. CHIRAL ENOLATES (AUXILIARY CONTROL) WITH ACHIRAL ALDEHYDES (Continued)

Enolate Precursor Reaction Conditions Aldehyde Product(s) and Yield(s) (%), Diastereomer Ratio Refs.
o o 0 O O OH
M N N N
0" °N Bu,BOTf, Et;N H g \7 o~ °N . \7 (72) 289, 49.
\——(\ Br N \—(\ Br N, 50
Pr-i CPh; Pr-i CPh;
J I TR
o N H/U\R o) NJ\,/\R
\—( al al
Pr-i Pr-i
Bu,BOTY, i-Pr,NEt R = i-Pr, (52) >98:2 59, 60
Bu,BOTY. i-Pr,NEt R = i-Bu, (55) >98:2 59, 60
Bu,BOTY, i-Pr,NEt R =n-CsH,,, (62) >98:2 59, 60
Et,BOTY, i-Pr,NEt R = Ph, (68) >99:1 286, 287
o )(J)\ O OH
Bu,BOTY, i-ProNEt HJ\’/ 0" "N (an 290, 291
Br \—( & Br
Pr-i
L] X | P
0] N/Uﬁ Bu,BOTY, i-P,NEt ~ H Ph o N T Ph (60) 65:35 287
{4 {
Pr-i Pr-i
)OL 0 o O OH O OH
N N A N
O N H N Aux N +  Aux N +
\J )}\&7 w7 Y
N OBn N\ OBn N\ OBn N\
Pr-i CPh; CPh; CPh,
1 i
O OH O OH
. N N
N N
AuxM7 + Aux : \ >
OBn N\ OBn N\
CPh; CPh;
m v
9-BBNOTY, i-Pr,NEt (89) EILIILIV = 26.4:4.2:67.4:2.0 261
(CsHo),BOTH, i-Pr,NEt (98) LILIIEIV = —:30:—:70 261
0 ? T R = (CH,);0Bn, (85) >95:5
TMSO. ) J\ TMSO. -f 2)20Bn, (85) >95:
v Bu,BOTf, i-P,NEt ~H~ "R v R R=i-Pr, (70) >95:5 109
Bu-t Bu-t R = r-Bu, (80)¢ >95:5
R = Ph, (85) >95:5
o 0 j\ j\ O OH /lOL O OH
0 N/Lk BuBOTf, i-Pp,NEt  H”™ "R 0 N/U\/\R + 0 NJ\/LR
Pr-i "Pr-i Pr-i
I 1
R = Me, (—) LI = 72:28 41
R = i-Pr, (—) LIl = 52:48 41,44
Cy
S N Bu,BOTf,i-Pr,NEt H~ "R s °N R R =i-Pr, (85) 76
(- L R = Ph, (90)
‘CO,Me CO,Me
Bu,BOTT, i-Pr,NEt H OMe S N OMe an 86
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TABLE IIA. CHIRAL ENOLATES (AUXILIARY CONTROL) WITH ACHIRAL ALDEHYDES (Continued)

Enolate Precursor Reaction Conditions Aldehyde Product(s) and Yield(s) (%), Diastereomer Ratio Refs.
) i LA
o~ N )H H /U\ R o O N /U\/\ R
“Pr.i Pr-i
Bu,BOTY, i-Pr,NEt R =Me, (—) 143
Bu,BOTY, i-Pr,NEt R = CH=CHj,, (98) >98:2 102,292,
293
Bu,BOTT, i-Pr,NEt R = CH,NHBOC, (83) 50
Bu,BOTf, Et;N R = Et, (84) 258,294
Bu,BOTY, i-Pr,NEt R = i-Pr, (78) 99.8:0.2 41,43,295
Bu,BOTH, i-Pr,NEt R = n-Bu, (75) >99:1 41
Bu,BOT, i-Pro,NEt R = Ph, (88) >99.8:0.2 41,44,
71,82
/[OL O OH )OL O OH
0 "
1. Bu,BOTY, )J\ 0 N/LH/\R I+ O N/“\(LR I 103
i-Pr,NEt H™ 'R \—(
2. Aldehyde, Pr-i Pr-i
EtAICI R =Et, (81) LIl = 88:12
R = C(Me)=CH,, (67) LI = 90:10
R = i-Bu, (86) LIl = 86:14
R = t-Bu, (65) LI = 95:5
R =Ph, (62) LIl = 74:26
0
1. By;BOTY, I+ ILR=iPr 103
i-Pr,NEt H Additive
2. Aldehyde, TiCly (2 eq), (83) L:II = 16:84
additive SnCly (0.5 eq), (51) LII = 95:5
SnCly (2 eq), (60) LI = 13:87
EAICI (2 eq), (63) L1 = 95:5
(o) /[OL O OH
Bu,BOTY (1.9 eq) H/U\/\SR o \_—{\IJW\SR 102
Pr-i I
ISP
o "N )W\ SR
Pr-i I
i-PryNEt (2.2 eq) R =t-Buy, (74) LIl = 25:75
i-Pr,NEt (2.2 eq) R = Ph, (90) L:II = 92:8
i-ProNEt (2.2 eq) R = 2-naphthyl, (76) L1I = 93:7"
Et;N (2.4 eq) R= ", (87)LII=<2:98"
i-PrNEt (2.2 eq) R =2,4,6-(Me);CH,, (85) LI = 91:9
Et;N (2.4 eq) R= " , (83) LTI = <2:98
i-Pr,NEt (2.2 eq) R = 2,4,6-(i-Pr);C¢H,, (85) LIl = 89:11
Et;N (24 eq) R= " ,(92) EII = <2:98
Jit e 1
Bu,BOTf,Eu,N  H” "R 0 N/[H/\R + O NJ\‘/LR + 107
Pr-i 1 Pr-i n

o (o] OH R =CF;, (62) LILIII = 85:15:—

P'S J\/\ R = CF3/TiCly, (83) LILII = 46:54:—
0 N>R R=CO,E, (50) EILTH = 44:35:20

! R = COPh, (55) LILIII = 54:42:4
R = CF,(CH)3Ph, (33) LILIII = 82:12:6
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TABLE IIA. CHIRAL ENOLATES (AUXILIARY CONTROL) WITH ACHIRAL ALDEHYDES (Continued)

Enolate Precursor Reaction Conditions Aldehyde Product(s) and Yield(s) (%), Diastereomer Ratio Refs.
o) O o OH
1. Bu,BOTT, J\/\/c’/CHZ )L : C,/CHZ
i-ProNEt H ~ 0" 'N “ (85)75:25 65
2. Aldehyde, \‘—<
ELAICI Pr-i
o} O O OH
OBn )L i OBn
Bu,BOTf, H o N . (90) >95:5 296
i-Pr,NEt \—( '
OBn Pr-i OBn
0o
Bu,BOTf, H = (69) 297
i-Pr,NEt
TBDPSO
o R j)\ O OH R
Bu;BOT, Et,N H/U\)\/\c(,u,,-n 0 NJ\‘W\C(,H.;% R=H,(84)>973 298
\———( ' R =Me, (74) >97:3
Pr-i
0o [0}
1. Bu,BOTY, SPh
i-Pr,NEt H n=1,(63)51:49 299, 300
2. Aldehyde, n=4,(69)84:16
Et,AIC] n
o o 0] O O OH
)L k/ NHBOC )L NHBOC
o °N Bu,BOTH, H 0" N (65) 50
\—(\ i-Pr,NEt \——[\
Pr-i Pr-i
1. Bu;BOTH, ? )OL 2™
. Bu; N
i-PryNEt HJW\’ o N%/\' (89)83:17 47
2. Aldehyde, \—( :
ELAICI Pr-i
0 0o O o OH
)L 0 /u\ J\ /U\/\ R = Me, (—) 99.6:0.4 41
0 NJH Bu,BOTH, H™ R o~ °N v R R=Pr,(—)989:11 41
\—< SMe i-PryNEt SMe R=i-Pr, (—) 98.4:1.6 41,44
Pr-i Pr-i R =Ph, (—) 92.4:7.6 41
0O o 0 j\ O OH
0 N Jﬁ Bu,BOTT, Et;N H Y 0° 'N 7 (80) 301, 302
\——f\ SMe \—1\ SMe
Pr-i 0 Pri 0
Cio
0o o] O o0 OH
)k 0 /U\ )k )K/\ R = Me, (82) >98:2
0" 'N /U\lk Bu,BOTf, Et;N H™ "R 0" N v R R=Et, (94) >98:2 51
\—< \ R =i-Pr, (90) >98:2
Pri Pr-i R =Ph, (92) >98:2
i o} 0 )SL O OH
s7ON Bu,BOTY, HJ\/ s” N J\/\/ @1 303
\—< i-Pr,NEt
CO,Me CO,Me
)OL o ~ j\
HO.
0 NJH/ Bu,BOTY, H” Ph SN o (23)96:4 106
\——< i-Pr,NEt
~ o Ph
Jp i T r
(o] NJ\ Bu,BOTf, Ei;N H o° N T (72) 302
SEt o ) o
Pr-i Pr-i
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TABLE IIA. CHIRAL ENOLATES (AUXILIARY CONTROL) WITH ACHIRAL ALDEHYDES (Continued)

Enolate Precursor Reaction Conditions Aldehyde Product(s) and Yield(s) (%), Diastereomer Ratio Refs.
o o [} O o OH O o0 OH
)j\ 1. Bu,BOTT. J\ /[L )]\ .
O N i-PrNEt H R O N R I+ O N R 11 103
\—< 2. Aldehyde, \—< \—<
Bu-r TiCls 2 eq) Bu-r Bu-t

R=Et (72) LI = 88:12

R =i-Pr, (70) LI = 94:6

R =C(Me)=CH,, (65) LIl = 87:13
R =i-Bu, (68) LII =87:13

R =t-Bu, (50) LII = 89:11

R =Ph, (65) .11 =92:8

0] 0] (o] OH
TBSO TBSO
‘ i-Pr,NEt H)J\ R , R
CeHyy CoHiy
(CsHy),BOTf R = H, (90) >99:1 112
(CsHy),BOTf R = Et, (70-85) >99:1 108
(CsHo),BOTE R = (CH,),0Bn. (70-85) >99:1 108, 114
9-BBNOTf R = (CH,),0Bn, (—) 94:6 304
Bu,BOTf R = (CH,),0Bn, (—) 94:6 304
Bu;,BOTf R = C(Me)=CH,, (85) >96:4 115
Bu,BOTf R = i-Pr, (70-85) >99:1 108
9-BBNOTf R = i-Pr, (—) >99:1 304
(CsHo),BOTf R = Ph, (70-85) >98:2 108
0 o o OH
TBSO (CsHy),BOTH, " J\ N TBSOW)J\/'\ g R=H0>991 12
i-Pr,NEt : R =Et, (85) 99:1 116
CeH CeHyy !
0O o 0 o o OH
%NJH Bu,BOTY, HJ\ Ph %NJH/L Ph  (84)>97:3 77
. i-Pr,NEt .
R =Me, (71) >99: 1 97
Cu 0, O 0 0, O OH e. (71) >
s? ) s R =Et, (85) 98
E:/[\/\N JH Et,BOTY, H™ "R ©/\/N R R = i-Pr, (95) >99:1 97
| i-ProNEt \ R =i-Bu, (78) >99:1 97

R = Ph, (84) >99:1 97

0 j\ 0 OH
O)J\N)H Bu,BOTf HJ\Ph 0 NJ\_/\Ph (80) 85

o 9 C
OJ\NJH Bu,BOTf¢ HJ\Ph OJ\ NJ\/\Ph (86) 85

S S
MeN MeN
\=N \=N
0 j\ Q OH R=Me, (70) 93:7
TBSO — (CsHo),BOTT, WP SR TBSO oBn R =Ei (18)9%7 s
™ -PraNEt Cotnr & ‘R=i-Pr, (21) >98:2

R = Ph, (82) 93:7
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TABLE IIA. CHIRAL ENOLATES (AUXILIARY CONTROL) WITH ACHIRAL ALDEHYDES (Continued)

Enolate Precursor Reaction Conditions Aldehyde Product(s) and Yield(s) (%), Diastereomer Ratio Refs.
o} o} O OH
TBSO\/K /U\/\ TBSO.
v R H OBn OBn I + 275
CeHyy CeH o
O OH
Y T OBn 11
CeHyy \
= (E)-CH=CHMe, (CsH9),BOT, i-Pr,NEt (89) LI1 = 22:78
R= " , Bu,BOTH, i-Pr,NEt (70) L:1I = 38:62
R= " ,9-BBNOTY, i-Pr,NEt (96) L1 = 33:67
= (2)-CH=CHMe, (CsHo),BOTY, i-ProNEt 80) LI =91:9
R= " . Bu,BOTY, i-Pr,NEt (47) L1 = 80:20
R= " ,9-BBNOTH, i-Pr,NEt (89) L:II = 75:25
R = CH,CH=CH,, (CsHq);BOTT, i-Pr,NEt (71) LI = 95:5
R = Me, (85) >99:1
i i R = (CH,),0Bn, (93) >99:1
= n, >99:
TESO = Py TESO (CHy)y
‘ (CsHy),BOTH, H R v R R =Et, (81) >99:1 275
CeHuy i-Pr,NEt (AT N R = i-Pr, (77) >99:1
R = Ph, (83) >99:1
i J B P
"N Bu,BOTY, J\O Q N/“\'/\(ﬁ ©8) 270
\——< i-Pr,NEt \—< ; Z
Pei | N Pr-i w N
XA I B P
0" N Bu,BOT, Et;N HW Q7 ONTY Z (68)97:3 53
Pr-i Pr-i OBn
o)
0 JC])\ (o] i /\)L )L R = Me, (54)
HL N° N Jﬁ Bu,BOTY, H™ "R N R R =Et, (24) 305
>—l\ N-ethylpiperidine >—‘( R =Ph, (51)
0 j\ R = Me, (>55) ~90:10
\)H Bu,BOT, H” R R = Et, (>62) ~90:10 111
TBS i-Pr;NEt TBS R = i-Pr, (>62) ~90:10
R = (CH,);Ph, (>55) ~90:10
X
Bu,BOT, H” “Ph \)K/\ (>68) ~90:10 1t
i-Pr,NEt TBS
o o] O OH
\fu\‘ BuBOTY, HJ\/ ﬁ)j\/\/ (>58) ~90:10 i
TBS i-Pr,NEt TS
X
Bu,BOTH, H” "R 306
i-Pr,NEt, Et,0
(coycr’ (coycr’
i
(coxcr’

R = Et, (80) L:II = 90:10¢

R = (E)-CH=CH(Me), (77) L:II = 88:12
R =i-Pr, (81) LIl = 95:5¢

R = Ph, (75) L:II = 92:8¢

R = (E)-CH=CH(Ph), (78) LI = 89:11¢
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TABLE IIA. CHIRAL ENOLATES (AUXILIARY CONTROL) WITH ACHIRAL ALDEHYDES (Continued)

Enolate Precursor

Reaction Conditions

Aldehyde Product(s) and Yield(s) (%), Diastereomer Ratio Refs.
o} o}
Bu,BOTY, H /u\/ /@ﬁj\/[\/ 306
> oM i-Pr,NEt, Et,0 MeO
Cr(CO),R Cr(CO)R
racemic
R = CO, (85) LII = 90:10
R = PPhs, (30) L:1I = 50:50
R = P(OPh);, (80) L:II = 50:50 MeO OMe
R = P(OMe);, (55) L:II = 80:20 Cr(CO)zR
(o] o]
Bu,BOT, H/U\/ 306
, > R! i-ProNEt, Et,0 R!
R¥(CO),Cr’ RYCORCr”
. R =0OMe, R2 = CO, (80) I:II = 90:10
racemic [e) OH
= OPr-i, R? = CO, (75) LIl = 85:15 ;
R! = Me, R? = CO, (45) LI (or ILI) = 40:60 1
= OMe, R? = PPh;, (50) L.II = 88:12 3
= OPr-i, R? = PPh;, (30) LII = 70:30 RA(CORCr
R' = Me, R2 = PPh;, (40) LI = 50:50
R! = OMe, R? = P(OPh);, (85) L:1I = 88:12
R! = OMe, R? = P(OMe)3, (60) I:11 = 86:14
)OL o o} )()L O OH
o N J\y Bu,BOT, EtsN H J\ R o N /U\/L R R=C(Me)=CH,, (50)97:3 307
\——(\ Br \——(\ Br R =i-Pr, (63) 98:2 58
Bn Bn
0o OH
)OL 0 JOL )L R = Me, (67) 95:5
o) N Bu,BOTT, Ei;N, H R [0} R R =i-Pr, (75) 96:4 58
) S EL,0 \——1 R =Ph, (79) 97:3
PN \ PH
0O o 0 j])\ O OH
N N
o)LN (CsHo),BOT, HN\) 0 NW\ (97) 94:6 261
{ OBn i-Pr,NEt N, \—1\ OBn N,
*Bn CPh; Bn CPhs
[} j\ O OH
BuBOTY, E;N H J\/\ o N W ©2) 308, 260
\——(\ OBn
Bn
(0] 0 (6] )OL o OH
o )J\N Bu,BOTE, EGN H /U\/\”/ o N/Uﬁ/'\/\ﬂ/ (78) >98:2 68
\—( OBn D OBn
Ph,/ . Ph’ \\
o )OL O OH
Bu,BOT, Et;N H 0" N (84) 309
H OBn
PH N
0o O O OH
HJ\/\ Ph o)L 310

Bu,BOTf, EtzN
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TABLE IIA. CHIRAL ENOLATES (AUXILIARY CONTROL) WITH ACHIRAL ALDEHYDES (Continued)

Enolate Precursor Reaction Conditions Aldehyde Product(s) and Yield(s) (%), Diastereomer Ratio Refs.
J0L 0 0 j\ O OH
0" N /U\ Bu,BOTY, E;N HJ\/\OTBS 0" °N /U\/\/\OTBS I+ 311
Bn Bn 61) LII
1) LIl = 62:38
)OL 0 OH @D
0 NM/\OTBS I
Bn
/lSL o) )SL O OH )SL O OH
0" N J\ 0 0" N /“\)\ R 0" N J\/\ R
L I+ I
H” R
9-BBNOTY, i-Pr,NEt R =Pr, (88) LI =87:13 93,94
Bu,BOTY, i-Pr,NEt R =Pr, (83) LI =75:25 93,94
9-BBNOTY, i-Pr,NEt R = i-Pr, (84) LII = 86:14 93,94
Bu,BOT, i-Pr,NEt R = i-Pr, (69) LII = 76:24 93,94
9-BBNOTY, i-Pr,NEt R = Ph, (86) LI = 96:4 93,94
Bu,BOT, i-Pr,NEt R=Ph, (74) LII = 75:25 93,94
9-BBNOTT, i-Pr,NEt R = (E)-CH=CHMe, (84) L:II = >99:1 93,94
Bu,BOTY, i-Pr,NEt R = (E)-CH=CHMe, (69) L.II = 92:8 93,94
9-BBNOTT, i-Pr,NEt R = (E)-CH=CHE, (65) L:II = >99:1 93
9-BBNOTY, i-Pr,NEt R = (E)-CH=CHPr, (63) L:II = >99:1 93
9-BBNOTT, i-Pr,NEt R = (E)-CH=CHTMS, (59) LIl = 93:7 93
9-BBNOTH, i-Pr,NEt R = (E)-CH=CHPh, (61) LII = 95:5 93
9-BBNOTY. i-Pr,NEt R = (E)-CH=CHSPh. (78) L:II = 97:3 93
o o O O OH O o OH
0 ML ;
OJ\ N J]\ JU o/U\ N R oJ\ N /U\/\ R
H” R % I+ 2 g i 94
9-BBNOTY, i-ProNEt R = (E)-CH=CHMe, (58) LIl = 67:33
Bu,BOTY, i-Pr,NEt R = (E)-CH=CHMe, (62) LI = 35:65
9-BBNOTY, i-Pr,NEt R="Pr, (61) LIl =71:29
Bu,BOTY, i-Pr,NEt R="Pr, (7)1 =27:73
9.BBNOTY, i-Pr,NE R = i-Pr, (67) LI = 60:40
Bu,BOTY, i-Pr,NEt R = i-Pr, (61) LII = 30:70
9-BBNOTY, i-Pr,NEt R = Ph, (60) LI = 64:36
Bu,BOTY, i-Pr,NEt R = Ph, (82) L:II = 44:56
J X IS
0 N Bu,BOTY, H™ “Ph o N ¥ Ph  (69) 41
\——< i-Pr,NEt '
o COEt R o COGE
° o o oH R = (E)-CH=CHMe, (69) 91:9
/U\ J\/\ R = Pr, (62) 80:20
N Et,BOTY, H” R N” " "R R=iPr,(87)92:8 312
i-Pr,NEt ' R = 1-Bu, (43) 86:14
0 o R = Ph, (83) 92:8
R = CgH, (82) 80:20
0 0 0 OH 0o OH
N/[H Eu,BOTY, HJH/ NM/ + N%/ 312
o i-Pr;NEt o o
n

I (35) LI = 69:31
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TABLE IIA. CHIRAL ENOLATES (AUXILIARY CONTROL) WITH ACHIRAL ALDEHYDES (Continued)

Bu,BOTf, H
i-Pr,NEt

o NW (93)

L

Enolate Precursor Reaction Conditions Aldehyde Product(s) and Yield(s) (%), Diastereomer Ratio Refs.
R = (E)-CH=CHMe, (76) >98:2
o O o 0O O OH
)J\ R = Pr, (64) >98:2
N JH Et,BOT, H™ "R N R R = i-Pr, (68) >98:2 79
i-PrNEt R = -Bu, (36) >98:2
R = Ph, (95) >98:2
R =CgHyy, (67) >98:2
)OL o 0 /lOL O OH )oL 0 OH
o~ N Bu,BOTH, H/U\CF3 o] N)H/\CF3 + 0O N/[k‘/'\a:3 107
\—< C4Hg-n i-PrNEt \—‘< C4Hy-n \—< C4Hy-n
-i Pr-i Pr-i
I (60) LII = 81:19 I
Ci3
o o o o o OH
/lL J\ )L J\/\ R = Me, (71) >99:1
0" °N Bu,BOTf, Et;N H™ "R 0" 'N X R R =i-Pr, (73) >99:1 80
‘ R = Ph, (64) >99:1
R = (E)-CH=CHPh, (62) >99:1
)SL o] o )SL 0O OH
s NJ\ Bu,BOT, H/U\/\ s” N @87 76
\—< SPh i-Pr,NEt \—/ SPh
‘CO,Me ‘COMe
XA Ji§ LT
0 N)H H™ R 0 NJJ\/\R
Bn Bn
Bu,BOTf, Et;N R = CH,0Bn, (74) 98:2 313
Bu,BOTf, Et;N R =Me, (85) 314,315
Bu,BOTY, i-Pr,NEt R = CH=CHj,, (83) 239
Bu,BOT, i-Pr,NEt R=Et, 91) 316, 317
Bu,BOT, Et;N R = i-Pr, (83) >99:1 220
Bu,BOT, Et;N R = (CH,);0TBS, (70) >99:1 318
Bu,BOTY, Et;N R = (CH,),CH=CH,, (90) 319
9-BBNOTY, i-Pr,NEt R = (CH;)40Bn, (84) 97:3 320
Bu,BOTf, Et;N R = Ph, (93)>97:3 321
Bu,BOT, Et;N R = (E)-CH=CHPh, (93) 309
J§ LR A ar
Bu,BOTf, Et;N H™ “CF o) NJ\I/\C& + O N/U\‘)\CE 107
Bn Bn
I (80) L:1I = 78:22 n
(o} O o OH
OTBS /U\ . OTBS
Bu,BOT, H 0" °N v (77) 88:12 322
i-PrNEt \—-< '
Bn
1 XL T
Bu,BOTf, Et;N H S 0° N v X 672 323
Bn
o )OL O OH
W . NF a7
n

Bi
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TABLE IIA. CHIRAL ENOLATES (AUXILIARY CONTROL) WITH ACHIRAL ALDEHYDES (Continued)

Enolate Precursor Reaction Conditions Aldehyde Product(s) and Yield(s) (%), Diastereomer Ratio Refs.
o O O OH
SPh )L i SPh
Bu,BOT, H 0 n= 1, (88) >95:5 324, 300
i-Pr,NEt )n L—( n =2, (76) >90:10
Bn
0o )OL O OH
Bu,BOTY, Et;N H Z N 0" N v = N (93) 88:12 298
NHBOC \—< ‘ NHBOC
Bn
o o o} O O OH
/[L J\ /[L R = Et, (80) 98.5:1.5 269, 325
0" N Bu,BOTf, Et;N H™ "R 0" N R R =(E)-CH=CHMe, (99) >99:1 274,222
\—/\ \—(\ R = i-Pr, (80) 326,327
Bn Bn
I 1 Ji§ IS S
[\ JW H™ "R (O /LH/'\ R
o PH
Bu,BOTf, Et;N R =Me, (93) >98:2 328,53
Bu,BOTf, Et;N R = CH,0Bn, (83) >99:1 61
Bu,BOTH, i-Pr,NEt R =Et, (>80) 329
Bu,BOT, i-Pr,NEt R = CH=CHj,, (80) 292,330
Bu,BOTf, Et;N R = (CH,),0Bn, (85) 331
Bu,BOTf, Et;N R = (CH,),0PMB, (87) 61,332
Bu,BOTY, i-Pr,NEt R = (CH;),0Bz, (—) 35
Bu,BOT, i-Pr,NEt R =i-Pr, (91) >99.8:0.2 41,333334
Bu,BOTf, i-Pr,NEt R = Bu, (95) >99.8:0.2 41
Bu,BOTf, Et;N R = (E)-CH=CHEt, (92) 61
Bu,BOTf, Et;N R =n-CsH,), (71) 98:2 335
Bu,BOT, i-Pr,NEt R = Ph, (89) >99.8:0.2 41,48
Bu-BOTf. EN R = (E-CH=CHPh. (70) >95:5 185. 186
o} j\ O OH /([)1\ O OH
H /U\ 0" N /U\/'\ 1+ 9 °N J\/\ I 104
T P
1. Bu;BOTS (1.1 eq), i-PryNEt (84) LIl = 71:29
2. MeCHO, EtAICI
1. Bu,BOTf (2.0 eq), i-Pr,NEt (90) LII = 88:12
2. MeCHO
o] /lOL O OH
[
Bu,BOT, i-Pr,NEt R =H, (80) 336
9-BBNOTH, i-Pr,NEt R =1, (65) 184, 181
Bu,BOTf, E;;N R = Me, (85) 337,338
o O O OH
Bu,BOTf, EtsN . O_ R o /lLN O_ R R =H, (92) >99:1 45,46
W/ \/ \ R=Et (81) 339,258
o
o a ¢ j\ O OH a ci
Bu,BOT, Et;N H /U\/\)Q o~ N 92) 335
\_{



80T

60T

TABLE IIA. CHIRAL ENOLATES (AUXILIARY CONTROL) WITH ACHIRAL ALDEHYDES (Continued)

Enolate Precursor Reaction Conditions Aldehyde Product(s) and Yield(s) (%), Diastereomer Ratio Refs.
o R )OL O OH R!
R? R?
H 0" °N
o
R3 R3
Bu,BOT, i-PryNEt R?=NO,,R! =R?=H, (82) >98:2 182
Bu,BOTf, Et;N R' = OMe, R?=R?=H, (83) >98:2 182
Bu,BOTf, Et;N R! = OMe, RZ=NO,, R? = H, (88) >98:2 182
Bu,BOTY, i-Pr,NEt R = OMe, R* = H, (80) >98:2 182
Bu,BOTH, i-Pr,NEt R!=R3=OMe, R2=H, (64) >98:2 182
Et,BOTf, EtN R! = R3? = OMe, R% = NO,, (88) >98:2 182-184
Bu,BOTf, Et;N R! = R? = OMe, R? = NO,, (80) >97:3 185,186
0o o 0 0o
)J\ JK/OBn /lL JJ\/\/OBn
0" N Bu,BOTf, Et;N H 0" N 79) 331
A PhH
XA i i
0" N Bu,BOTS, Et;N H/U\/% o NJ\/\/\A (89) >96:4 192
\—< OMe T™MS \—< T™S
Bn
jL o} 0 )OL 0O OH
0" N Bu,BOTH, H 0" N (99) >96:4 340
,\——[\ OMe i-Pr,NEt \_‘[ OMe
PH N PH N
Ph Ph
o o o] O O OH
)L N _COEt )L N_ _CO;
0" N Bu,BOTf, H I X 0" N S (67)>95:5 341
\—/ SMe i-Pr,NEt N =~ \—[ SMe N~
Ph’ PH N
NH, NH,
0 o 0 O 0o OH
)( N_ _CO,Et )k i _N_ _CO,Et
0 N Bu,BOTT, H | N 0 N v ‘ A (59) >95:5 341
U "
H SMe i-Pr,NEt N~ H SMe N~
Ph Ph
NH, NH,
Ph O o} Phh O OH Ph O OH
1. LIHMDS /[k /L /U : /’\ J
N 2. (RO),BCI H” >Ph N Ji\ Pho I + N Ph 342
Lrl\] 3. Aldehyde kr;l krﬁ
Cbz Cbz Cbz
R = Me, (80) L:II = 80:20
R = i-Pr, (80) LII = 80:20
R = n-Bu, (80) I:II = 80:20
0 o o] O o OH
/U\ /lL )K/\ R = Pr, (69) >99:1
0o N Bu,BOT, H™ "R Q" N° " "R R=iPr(68)>9%1 84, 83
'j i-Pr,NEt j : = (E)-CH=CHMe, (73) >99:1
R = Ph, (72) >99:1
S 0 o) S O OH
)J\ /U\ )L /U\/\ R = Pr, (78) >99:1
o N Bu,BOTH, H R o N " R R = i-Pr, (79) >99:1 84
i-Pr,NEt : R = (E)-CH=CHMe, (81) >99:1

R = Ph, (86) >99:1
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TABLE IIA. CHIRAL ENOLATES (AUXILIARY CONTROL) WITH ACHIRAL ALDEHYDES (Continued)

Enolate Precursor Reaction Conditions Product(s) and Yield(s) (%), Diastereomer Ratio Refs.
R = Me, (67) >96:4¢ 82, 81
o 0 o 0 OH 0 O O OH e (On>
)J\ /[L 1l /U\ /\)J\ | R = Et, (78) >96:4¢ 82,81
N° N Bu,BOT, H™ "R R X N° N R R=Pr.(71)>96:4¢ 82. 81
! s N-ethylpiperidine : \ R = i-Pr. (82) >96:4¢ 82, 81
R =r-Bu, (66)/ 82
R = Ph, (69) >96:4 82, 81
o) (o] j)\ O OH
Bu,BOTT, H)k Ph HL N N Ph ©61)¢ 82
N-ethylpiperidine CI/
(o] JS]\ (o] (o] OH O /lsL (o] OH
(U\ N”°N Jﬁ Bu,BOTY, H /U\ Ph Ph/\l/u\ N* N /LKH\ Ph (59 82
. N-ethylpiperidine ; g
racemic
[o] o] O OH
/ N/H H/U\ § 4 N)H/L N
S S
0, 0,
Bu,BOTH, i-Pr;NEt R = Me, (78) >99:1 95,96
Et,BOTH, i-Pr,NEt R = Et, (83) 98:2 95,96
Et,BOTY, i-Pr,NEt R =i-Pr, (82)97:3 95, 96
Bu,BOTH, i-Pr,NEt R = (E)-CH=CHMe, (59) >98:2 95
Bu,BOTH, i-Pr,NEt R = Ph, (80) 99:1 95,96
Bu,BOTf, i-Pr,NEt R = p-MeOCgHy, (48) 97.5:2.5 95
o o OH R = Me, (76) 96:4
1. E;BOTH, )L M R =Et, (79) 98:2
i-Pr,NEt H™ "R N” " "R R=i-Pr,(75)99:1 343
2. Aldehyde, S/ ! R = (E)-CH=CHMe, (64) 94:6
TiCly 0, R = C(Me)=CH,, (61) 98:2
R = i-Bu, (76) 98:2
R =1t-Bu, (76) 98:2
R = 2-furyl, (53) 94:6
R =Ph, (80) 99:1
R =CgHyy, (75) 98:2
R = p-O,NC¢H,, (72) 96:4
R = p-MeOCgH,, (70) 89:11
0 O OH O OH
HJ\R /N/U\I/\R I+ Ax” Y R I+ 100
S
0,
0O OH O OH
Aux/lﬁ/'\k i + AuxJ\r\ R v
Et,BOTH, i-Pr,NEt R = CF;, (96) LIEIILIV = 19:7:73:1
1. Et;BOTH, i-Pr,NEt R =CF;, (89) LILIILIV = 1:99:——
2. Aldehyde, TiCl,
Et,BOTY, i-Pr,NEt R = CO,Et, (66) LILIILIV = 49:30:21:—
Et,BOTH, i-Pr,NEt R = CF,(CHy)3Ph, (86) LILIILIV = 49:30:21:—
Et,BOTH, i-Pr,NEt R = COPh, (78) LILIIEIV = 25:58:17:—
o o [o] H
P X PR AR rewe
HL N N)J\l Bu,BOTH, H™ "R R v N” N )H/'\ R R =Et, (53) 305
J_/‘ N-ethylpiperidine 1 _)—/ R = 1-Bu, (59)
MeO “—OMe MeO “—OMe R = Ph, (90)
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TABLE IIA. CHIRAL ENOLATES (AUXILIARY CONTROL) WITH ACHIRAL ALDEHYDES (Continued)

Enolate Precursor Reaction Conditions Aldehyde Product(s) and Yield(s) (%), Diastereomer Ratio Refs.
Cus
Ik i J RSN
0" N | Bu,BOTY, EN HJ\/ Q7N (51)>99:1 80
% ;
o o o) O o OH
)j\ J\ )L R = Et, (93) >98:2
[0} N | Bu,BOTf, Et;N H R (0] N R R =i-Pr, (93) >98:2 51
4 N ,& - l\ N R =Ph, (88) >98:2
P N PH s
@ 1_CL XA
(@) N Bu,BOTHf, H OMOM o) N OMOM (83) 263
)—( i-Pr,NEt L
PH N P’ s
(o] [0} (o] 0] (o] OH
/[j\ )]\ R =H, (88) 98:2
MeN” N Bu,BOTY, E,N H MeN” °N R = OMe, (92) 96:4 344,345
,\—Z\ W . R =NO;, (85) 96:4
’ Ph R . Ph R
O o0 0 o o OH
)L 1. Bu;BOTf, )J\ )L
(@) N i-Pr,NEt H R (o) N R R =i-Pr, (86) >99:1 346
\—,/ 2. Aldehyde, \—/ R = Ph, (52) >99:1
\% THE \%
o o j)\ O o OH
o N )H Bu,BOTY, H” “Ph 0" N )k/\ Ph  (—)95:5 78
% i-Pr,NEt ig :
\
(o] JOJ\ 0 OH
/ N H” "R / N R 95,96
S S
0, 0,
Et,BOTY, i-Pr,NEt R = Me, (87) 96:4
Bu,BOTH, i-Pr,NEt R =i-Pr, (80) 99:1
Bu,BOTY, i-Pr,NEt R = Ph, (70) 97.5:2.5
(o] [¢] (o] o] (o] OH
JL )j\ )L R = Me, (80) 96:4
MeN N Bu,BOTf, Et;N H R MeN N R R =i-Pr, (82) >99:1 347, 345
‘ N }_‘\ R =Ph, (75) 98:2
CeHyy CeHiy R = CgH,,, (92) >99:1
Cis OMe OMe
S oy L
0" °N | Bu,BOTf, Et;N H o~ N (65) 348
,5 (\ ) {, =
PH AN CF3; P . CF;3
OMe OMe
J i o oy
Q" N | Bu,BOTf, E;N H o” °N v an 348
'> CF, ZcF,
Ph Ph
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TABLE IIA. CHIRAL ENOLATES (AUXILIARY CONTROL) WITH ACHIRAL ALDEHYDES (Continued)

Enolate Precursor

Reaction Conditions

Aldehyde

Product(s) and Yield(s) (%), Diastereomer Ratio Refs.

: OTBDPS

%@ C4H9-n

Cir
0 crcoy,

MeN N

s

Ph

TBSO.

CeHyy

TBSO.
CeHyy
SePh
TBSO.

CeHi)

SePh

(CsHg),BOTf,
i-Pr,NEt

Bu,BOTS, Et;N

Bu,BOTf, Et;N

Bu,BOTf, Et;N

Bu,BOTY,
i-Pr,NEt

1. Bu;BOTTf, EtzN
2. Aldehyde
3. PPTS

Bu,BOTH,
i-Pr,NEt

1. BuLi

2. Bu,BOTf

3. Aldehyde

4. AcOH,
(NH¢),Ce(NOy)¢

(CsHo),BOTT,

i-Pr,NEt

(CsHo),BOTH,
i-PrNEt

(CsHo),BOTH,
i-Pr,NEt

[0}

H/U\/\OPMB

[0}

I

H” CRy

(o] OH

o Y
O)kN)k/\/\OPMB ©5) 190
O o OH
O)LN
L<Pr-l
I HLM=70:30 1

0

)L JW @8) 259

\_hS /\TBDPS
0
N
\__[
0

CF;3 107

3

JJ><L R R =Ph, (80)>99:1 345

R = CeHy, (40) >99:1
CeHy;

R =Me, (70) 81:19

v R = Pr, (46) 83:17 349
N R=i-Pr, 1
Ph ~Cbz iPr, (50) 83:17
Ph
J S
[¢) NJ‘CL 79) 319
\Bn o
0O OH
N)H)\Ph (64) >98:2 95
s/ CyHgn
0,
)(J)\ 0 OH j)\ O OH
MeN NJ\/\R + MeN NUR 91
N Ph

R =Pr, (76) LIl = 86:14

R =i-Pr, (55) L1l = 75:25

R = Ph, (76) LIl = 86:14
(0} OH

TBSO.
R R =H, (90)>99:1 112

CeHy R =Et, (85)99:1 116

OBn (—) 350

TBSO.
(97) >99:1 350

CeHyj

SePh
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TABLE IIA. CHIRAL ENOLATES (AUXILIARY CONTROL) WITH ACHIRAL ALDEHYDES (Continued)

Enolate Precursor Reaction Conditions Aldehyde Product(s) and Yield(s) (%), Diastereomer Ratio Refs.
)OL [¢] (0] /[CJ)\ (o] OH
O N Bu,BOTHf, H/U\C|3Hz7~n O N C3Ha7-n (82) 351
= i-Pr,NEt . —
Cyg
X i XA
(0] N)H Bu,BOTf, H/LKR O N)H/LR R =n-CsHy,, (84) >98:2 352
\—( i-Pr,NEt \—/ R = Ph, (83) >99:1
—Ph ‘»—Ph
Ph/—’ Ph/’
[o] )OL (o] OH
Bu;BOTY, H °> o N °> (82)>98:2 352
i-ProNEt 0o \_'/\ (o]
‘/——Ph
Ph
)OL (o] (o] )0]\ [o} OH
C
0" N Bu,BOT, HJ\/\/ CoHuy o N = sHi (84) >90:10 353
\—(\ i-ProNEt \—(\
Bn Ph Bn Ph
o o 0 o o OH R = Me, (48) >99:1
Jj\ /U\ JL R = CH=CHj, (23) >99:1
MeN N Bu,BOTf, H R MeN N R R =Et, (38) >99:1 354
)—(\ i-ProNEt )—(\ R =Ph, (66) >99:1
Ph Ph Ph Ph R = 2-naphthyl, (72) >99:1
Cao )OL o o) )OL o OH
(o) N Bu,BOTf, H/lLH (0] N/U\f 5) 355
\—-/\ . i-Pr,NEt L/ ,
7 K Ph / . Ph
Ph Ph
OH O )OL 0 )OL OH 0 JOL 0 OH
P N N)H Bu,BOTY, H” “Ph Ph/\I)J\N N)H/'\ Ph (72) 82
: d N-ethylpiperidine ' C{/
CZI OH
())\\ i ())\\)\
R
N H R 7 N I+ 92
lo—=0 o—=0

I

Bu,BOTH, i-Pr,NEt
1. BupBOTY, i-Pr,NEt
2. Aldehyde, TiCl,
Bu,BOTY, i-Pr,NEt
1. Bu;BOTY, i-Pr,NEt
2. Aldehyde, TiCly

R =i-Pr, (93) LII = 90:10
R = i-Pr, (56) LII = 93:7

R =Ph, (93) I:I = 86:14
R = Ph, (69) I:II = 23:77
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TABLE IIA. CHIRAL ENOLATES (AUXILIARY CONTROL) WITH ACHIRAL ALDEHYDES (Continued)

Enolate Precursor Reaction Conditions Aldehyde Product(s) and Yield(s) (%), Diastereomer Ratio Refs.
o O o o] OH 0O O o O 4
J\ /u\ /\)L /U\ R = Me, (74) >96:4
N” °N Bu,BOTf, H” "R R™ N” N R R=iPr,(67)>96:4 71,82
)_( N-ethylpiperidine ' }—[\ R = Ph, (72) >96:4
Ph Ph Ph Ph
Cas
o O o 0] OH 0 O o o
X X TR
N” °N Bu,BOTH, H” "R R Y NN R R =Et, (66) 305
J_< N-ethylpiperidine ! —)—1 R=Ph, (71)
BnO “—OBn BnO “—OBn
Cag
J i i PP
i CieHaz
Q"N 9-BBNOTY, H Q N)KI/\/ 19 8) 356
< CigHiz-n i-ProNEt CieHaz-n _‘< CigHazn
Bn Bn

4 Concomitant loss of the trimethylsilyl group occurred upon workup.

b This reaction was repeated several times varying the amounts of Bu;BOTf and base and also in solvents other than CH,Cl,.

¢ No base was required in this reaction.

9 This reaction was performed on racemic enolate precursor.

¢ "Mono" adducts of this bifunctional reagent were also obtained with other aldehydes.

f Reactions of this auxiliary with five nonaromatic aldehydes were also performed, but selectivity was poor.
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TABLE IIB. CHIRAL ENOLATES (AUXILIARY CONTROL) WITH CHIRAL ALDEHYDES

Enolate Precursor Reaction Conditions Aldehyde Product(s) and Yield(s) (%), Diastereomer Ratio Refs.
C
> o] 0 O OH
BzO. J\A BzO i
v (C6Hy1)2BCl, H” > ~0Bn v OBn  (80)>97:3 110
: Me,NEt, Et,0 ' ' :
0] OTBS (o] OH OTBS
i BzO ; i
(CeHy))BCl, HW v = z (95)>99:1 18
Me,NEt, Et,0 !
(o] o o OH
BzO /”\/\ BzO.
(C¢Hy1),BCl, H” " ~0Bn " SOBn  (61)95:5 110
Me,NEt, Et,0 ; ' '
(o] [0} (o] OH
PMBO J\/\ PMBO
v (CeHy1):BCl, H Y OBn v . OBn  (86) 94:6 276
: EGN, E,O 1 : :
Cg
! i
0O N J\ Bu,BOTTf, Et;N H (87) 357
\—( Cl . N
Pr-i n-CsHy “OTBS OTBS
o o 0 J\
J\ NHBOC i NHBOC
0O N Bu,BOTT, H 0O N 1+ 92
\—< i-PryNEt
Pr-i Pr-i
(98) LIl = 78:22
o] (o] OH
o )L N NHBOC 1
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TABLE IIB. CHIRAL ENOLATES (AUXILIARY CONTROL) WITH CHIRAL ALDEHYDES (Continued)

Enolate Precursor Reaction Conditions Aldehyde Product(s) and Yield(s) (%), Diastereomer Ratio Refs.
Cy
/IOL o] o] i O OH j\ O OH
NHR J\/\/ NHR i__NHR
o N JW HJK,/ Q7 NI + 0 N)H/\‘/
*pr-i *pr-i Pr-i
I n
Bu,BOTF (1.0 eq), Et;N (1.1 eq) R =BOC, (100) E:H = 100:0 48-50
Bu,BOTY (1.5 eq), Et;N (1.4 eq) R = BOC, (25) LI = 38:62 48
Bu,BOTY (1.0 eg), Et;N (1.1 eq) R = Cbz, (53) LIl = 100:0 48
Bu,BOTY (1.5 eq), EN (1.4 eq) R = Cbz, (36) LIl = 18:82 48
0 )OL O OH O 0o OH
HJH/\ R o N JJ\/\./\ R + OJL N J\I/Y\ R
racemic Pr-i I Pr-i I
Bu,BOTf, i-Pr,NEt R = SPh, (70) E:II = 50:50 63
Bu,BOTf, i-Pr,NEt R = OB, (85) L1l = 54:46 62
PR X r
Bu,BOTY, i-Pr,NEt H N , OO°N : 358
OBn \—< OBn
Pr-i
I (—) LI =67:33¢ 1
o] )OL O OH j)\ O OH
i R i _R R
1. Bu,BOTY, i-Pr,NEt H o N7 N2 +* o7 N . 64
2. Aldehyde, Et,AICI $Ph \ ( $Ph \ < &ph
racemic Pri 1 Pr-i I
R =Et, (79) LIl = 75:25
R =Pr, (81) I'II:2,3-syn = 85:14:<1
R =i-Pr, (—) I'II:2,3-syn = 89:7:4
O  OBn )(1 O OH OBn
Bu,BOTY, Et;N Hw o NI 95) 74,75
Pr-i
0 i O OH
Bu,BOT, Hw 0" N , (—) 99.8:02 27
i-PrNEt ' \—< '
Pr-i
O OTBS
Bu,BOTY, H)H/H/K (68) 295
i-Pr,NEt
OMOM
, Bn
Bu,BOTf, EtN HT (95) 74,75
Bu,BOTH, (5) 65
i-PryNEt
Np
0 oo J oo
Bu,BOTf, Et;N H)H/\(\) o N /U\/\rW (85)>98:2 359,360

Pr-i
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TABLE IIB. CHIRAL ENOLATES (AUXILIARY CONTROL) WITH CHIRAL ALDEHYDES (Continued)

Enolate Precursor Reaction Conditions Aldehyde Product(s) and Yield(s) (%), Diastereomer Ratio Refs.
o) )OL O OH
Bu,BOTf, H 0” N (>88) >99:1 187
i-Pr,NEt OMe \—{ OMe
Pr-i
"OTIPS
Bu,BOTH, (88) 74,75
i-Pr,NEt
Bu,BOT, 361
i-Pr,NEt
11
0 N)H Bu,BOT, 50
\—[\ i-ProNEt .
Pr-i Pr-i
e} J)\ O OH
Bu,BOTY, HJ]\/\an 0 N)H/K/\OBn (78)>97:3 201,202
i-Pr,NEt : \—(\ :
Pr-i
o] )(i O OH
Bu,BOTf, Et;N H)H/\OPMB 0] N)W\OPMB (94) 89:11 362
“Pr-i
O  OBn OBz )(J)\ O OH OBn OBz
Bu,BOTf, E;N H 0" N (90) 362
OMe \—(\ OMe
Pr-i
1. Bu,BOTY, i-Pr,NEt 21
2. Aldehyde, Et,AICI
J
o~ °N Bu,BOTY, 363
\—< SMe i-Pr,NEt
Pr-i
[o]
TMSO\)j\
Y 9-BBNOT, 113
CeHpy i-PrNEt

(88) L:II = 80:20
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TABLE IIB. CHIRAL ENOLATES (AUXILIARY CONTROL) WITH CHIRAL ALDEHYDES (Continued)

Enolate Precursor Reaction Conditions Aldehyde Product(s) and Yield(s) (%), Diastereomer Ratio Refs.
Cio )OL o 0 )(])\ O OH
0" N | Bu,BOTY, Et;N HJ\‘/\OBn 0 N/U\‘/\‘Aoan (58) 51
-y WA
Pr-i Pr-i A
O  OTES O O OH OTES
Bu,BOTY, Et;N H OTBDPS 0" N7 Y OTBDPS  (84-90) 23
AN
-
(o} )OL O OH
Bu,BOTY, Et:N HJW\)/Y 0 NW{ (66) 94:6 54
o o L( : o "o
\/ o \_J
C C
s” °N Bu,BOT, HJ\(\NBOC NBOC (73) 364
\—[\ i-Pr,NEt oxﬁ \—/
CO,Me Me02C
o o o )OL 0 OH
0 N)H Bu,BOTY, HJ\‘/L (o) NW\ (89) 94:6° 358, 365
\—& i-PrNEt OBn \—k_ OBn
Pr-i Pr-i
0 0o 0O OH
0,M TBSO CO,M
TBSO\,/IH (CsHs);BOTT, H/U\/\/ CoMe \)H/k/\/ 2 @s5)97525 116,304
CeHyy i-Pr,NEt : : EeHyy : :
0
o o0 ’
(CsHo),BOT, H (71)93:7 116
i-Pr,NEt ;
o
Bu,BOTY, " racemic TBSO. (80) 113
i-Pr,NEt
OBn CeHn
o o
TBSO (CsHo),BOTH, H/U\/\/COZMe TBSOj)J\/\/\/Cone (—) 94:6 116, 304
i-Pr,NEt ' :
CeHyy ' ' CeHyy '
Cy
o o 0  OTBS OMEM O O OH OTBSOMEM
N N o A LA A om
0" N Bu,BOTH, H v N (15) 189
\—< i-ProNEt :
Pr-i t
o)
Bu,BOTH, H OR?
i-Pr,NEt i OMe
; R'0” ™
' “OTIPS
“OTIPS R' = TIPS, R? = TES, (95) 187
R'-R2 = PMP, (>90) 191
Ci
O [0} e} (0] e} OH
o/mNJH Bu,BOTf, E;N H/UYV\ O)J\N)H)\r\/\ (63) 94:6 58
‘—(\ Br Br
Bn \Bn



92T

12T

TABLE IIB. CHIRAL ENOLATES (AUXILIARY CONTROL) WITH CHIRAL ALDEHYDES (Continued)

Enolate Precursor

Reaction Conditions

Aldehyde

Product(s) and Yield(s) (%), Diastereomer Ratio Refs.

Bu,BOTY, Et;N

Bn
J
(o} NJ\ Bu,BOTf, E;;N
,\——/ OPMB
P R
Jup
0 N)H Bu,BOTf, Et;N
L OR
PH

Bu,BOTY, Et;N

R
Bn
J
o] N% Bu,BOTH, Et;N,
\—< OPMB toluene
Bn
J
0] NJk Bu,BOTf, Et;N

() OTES

(92) 57
OMe OMe
“OTIPS “OTIPS
(78)¢ 61
Oy;-0 >—{ PMBO 0.0
1 , N 1
+-Bu” “Bu-r Ph +-Bu” “Bu-
o O o0 OH
/U\)\/OBn )’J\ OBn
o~ N R =Bn, (75) 194
,\—4 OR R =PMB, (84) 57
PH R
0 OTES OTIPS
OMe OMe ' )OL 0 OH OTES OTIPS
0" "N Y ‘ '
\—< OR OMe OMe '
Bn
R =PMB, (90) 57
R = TCE, (>50) 57

57,188

R =H, (89) 04‘“
R =Me, (83) -N
BOC
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TABLE IIB. CHIRAL ENOLATES (AUXILIARY CONTROL) WITH CHIRAL ALDEHYDES (Continued)

Enolate Precursor Reaction Conditions Aldehyde Product(s) and Yield(s) (%), Diastereomer Ratio Refs.
Cis )(J)\ o] )OL O OH

Q NJ\ Bu,BOT, HW Q N)W\/\ (65) 366
\—< CD; i-Pr,NEt : \—< Cp;

Bn Bn

XA i PP

0" N Bu,BOTY, HJ\‘/\/\ )H)\/\/\ 5) 366
V{ i-Pr,NEt : \—«/
P

(o]

CD;
. PN
Ji§ B
0 N)H Bu,BOT, Et;N H/[H/\OR J\/\‘/\ R =Bn, (94) 198
\_< \—< R = PMB, (>89) 196
A

Bn
O OBn OH  OBn
; OTBS OTBS
Bu,BOTY, H Z 367
i-Pr,NEt
PMP PMP
o oo )OL oo
BuBOTY, Et;N H 0" °N (80) 196
0 < 0oBn 0 OH ¢ oBn

)OL
Bu,BOTY, E;N H/U\/\/\ 0 N/U\/\/\/\ (100) 368

Bu,BOTf, I+ 65
i-Pr,NEt
racemic BS)YLII=75:25
Ar = 2,6-di--Bu-4-methoxyphenyl OAr 11
(o]
Bu,BOTY, Et;N H 57
OMe
“OTIPS
racemic (88)
0 0
Bu,BOTY, H 2NN 21
i-Pr,NEt : ' '
)OL O OH O  OTBS
9 N: NN YT 52
Bn
i [o} O  OTBS )OL O OH OTBS
oy NJH Bu,BOT, H)l\l/\/ Q" N )H/'\/\/ 87 369
\—(\ i-Pr,NEt ’ \—1\ :
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TABLE IIB. CHIRAL ENOLATES (AUXILIARY CONTROL) WITH CHIRAL ALDEHYDES (Continued)

Enolate Precursor Reaction Conditions Aldehyde Product(s) and Yield(s) (%), Diastereomer Ratio Refs.
0 )OL O OH
Bu,BOTf, E;N HJ\/\/\OPMB o J\‘/'\/\/\OPMB (100 >99:1 974
‘\
(0] OTBS )CL O OH OTBS
Bu,BOTY, Et;N HT NN 0 )J\rkm (>63) 370
)(J)\ o} o} j\ O OH
Q N)H Bu,BOTY, E,N H/U\‘/\osn Q NWan (>85) 371
PhH P \
0 0
o] /”\ NEt, )OL O OH )J\ NEt,
Bu,BOTY, H 0" N v 92 372
i-Pr;NEt H ;
s’ s PH s” s
/ /
)OL 0 [0} )OL 0O OH
0 NJ\’ HJ\/\OPMB 0 N/[H/'\'/\OPMB (54 7
Ph/ «\\ Ph’, \‘
(o] 0—% O o0 OH o«k
H L o N o
Bu,BOT, H v 0" °N v (72) 92:8 374
i-PrNEt : 18_1\ :
PN )
o)
M _r
Bu,BOT, H™ ™Y Q" N v R=Me, (63) 375
i-Pr,NEt ' u ' R =Et, (63)
PH ‘\
0 /IOL 0O OH
NRBOC NRBOC
Bu,BOTf, Et;N H 0" N R = H, (100) >99:1 48
) (\ R = Me, (96) >99:1
o R O o oH R
N J N
H 0" N
P R
O O OH If
N N
Q" N Y
N
Bu,BOTf (1.1 eq), EtaN (1.3 eq) R =BOC, (92) LI =>99:1 48,376,
377
Bu,BOTI (1.5 eq), E3N (1.4 eq) R = BOC, (83) LIl = 5:95 48,376,
377
Bu,BOT( (1.0 eq), E3N (1.1 eq) R = Cbz, (82) LI = >99:1 48
Bu,BOTY (1.5 eq), Et3N (1.4 eq) R = Cbz, (74) 11 = 2:98 48
0o | 0o
Bu,BOT, HM o)L J\/\)\ I+ 358
i-Pr,NEt OBn &—1 : Ol
Ph

(—) EII =83:17¢

JI T

\_1 { 6Bn
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TABLE IIB. CHIRAL ENOLATES (AUXILIARY CONTROL) WITH CHIRAL ALDEHYDES (Continued)

Enolate Precursor Reaction Conditions Aldehyde Product(s) and Yield(s) (%). Diastereomer Ratio Refs.
i Ji§
Bu,BOTH, H/UW/J\ o) /[W]\ =17 295
i-Pr,NEt \—[
(o]
Bu,BOT, EGN H/u\/'\/ (100) >99: 1 48
NHBOC
(0] (¢]
Bu,BOTH, H Y oJ\ J\l/k/T (86) 99.8:0.2 27,359
i-Pr,NEt i \_-/
e J 8
Bu,BOTT, Et;N H (0] (62) 258
0 \_/
OTBS OTBS
)OL (0] OH (0]
Bu,BOTf, Et;N o N = X (>82) 46
Bu,BOTf, (88) 212
i-Pr,NEt

Bu,BOT, Et;N

Bu,BOTY, EtN

Bu,BOT, E;N

Bu,BOTf,
i-Pr,NEt

AcO”

AcO”™”

(o] OH OMe

JH/H/\('\/A (77)>95:5 185, 186

309

OH OPMB OTIPS s/j

(94)91:9

193

361
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TABLE IIB. CHIRAL ENOLATES (AUXILIARY CONTROL) WITH CHIRAL ALDEHYDES (Continued)

Enolate Precursor Reaction Conditions Aldehyde Product(s) and Yield(s) (%), Diastereomer Ratio Refs.
By i PP
Bu,BOT, H)H/Y\OTBS Q NJ\I/\‘/Y\OTBS (>50) 378,379
\—< i-Pr,NEt \—< OMe
Bn
)OL o] (o] OTBS )OL o] OH OTBS
0 NJS Bu,BOTS, E;N H)k(k/ 07 ON (82) 325
\_( \—(\ OMe
Bn
X I xar
Bu,BOTY, H)WOTBS 0 N)H/'\/\I/\OTBS (96) 94:6 380,379
— i-Pr,NEt ’ \—/ OMe :
PH P
o o o O o OoH
)L NHBOC )L NHBOC
0" N Bu,BOT, 0" °N (14) 381
— i-Pr,NEt M SMe
ph’ . Ph’ S
o] p«k O o OH p—%
7% I 7%
Bu,BOTHf, H (0] N (86) >96:4 56
i-Pr,NEt — SM
o) 0 OrR O
SOz :
N Et,BOT, H H 207
i-Pr,NE
i-PraNEt R =TBS, (-80) >92:8
R = TIPS, (95) >95:5
j\ o) O  OTBS j\ OH OTBS
0" °N Bu,BOTY, HJ\/\C,,H.;-,. WQH.;% (13) 9%
\—< CeH)3-n i-ProNEt \_{ CGHH n
'COMe CO,Me
Cyy
X i )OL
Y | Bu,BOTS, Et;N HJY\OBn J\i\‘/\ (58) 53
S
W i J’L
0" N HY Z R .
N
Bu,BOTY, i-Pr,NEt R = H, (64) LI = 60:40 382,383
Bu,BOTf, Et;N R=H, (—) Ll =7525 382, 383
Bu,BOTY, EyN R =Me, (84) LI = >99:1 360
o
Bu,BOTY, Et;N H™ Y | | J\(‘\/\iﬁg\ (82) >96:4 360
)(])\ [e) o] OTBS /[L OH OTBS
o7 °N Bu,BOTY, HJj\/\C“Hﬂ-n o~ °N v CiHyn  (74) 90
\—< CeHj3n i-Pr,NEt CeHy3-n

Pr-i
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TABLE IIB. CHIRAL ENOLATES (AUXILIARY CONTROL) WITH CHIRAL ALDEHYDES (Continued)

Enolate Precursor Reaction Conditions Aldehyde Product(s) and Yield(s) (%), Diastereomer Ratio Refs.
c
15 )OL 0 OMe OTBDPS ﬁ O OH OMe
il _ J\/‘\) 0 NJI\./\/'\/\OTBDPS (70) >95:5 384
\—{ \—( & ' E:Z=50:50
Bn Bn \a
OBn OBn
onps OTIPS
o0 o OTES )(L O OH | OTES
07 °N Bu,BOTF, Et;N H v (86) 194
B ] Ph
onps OTIPS
O OH | OTES
Bu,BOTY, Et;N )W\( N . ‘ | 95) 57
O\ Bn W \O\
~" NOTIPS " OTIPS
OMe OMe
R R
)OL 0 o 0O o OH
0" N Bu,BOT, H)k(\NBOC 0" N NBOC R=iPr, (77 69
pu—y i-Pr;NEt o \—[ 07/\ R = CeHyy, (90) 70, 364
PH N P’ N
/?L o] O  OMe )OL O OH OMe
0" °N Bu,BOTY, E:N H/U\/‘\./\OTBDPS 0 N/U\I/\/'\.AOTBDPS (58) 72
Bn Bn i
OBn OBn
Cie ,—P
o o0 o o [0}
1.9-BBNOT, Et;N ;!
P ! NHBOC L NBOC
0" °N 2. (Me0),CMe,, H 07 N7 (63) 262
\—< TsOH \—{ ¢
Bn CeHyy Bn CeHiy
N x
R R
)OL 0 o j\ 0 OH
o N Bu,BOTY, HJ\(\NBOC Q NJ\E\(\NBOC R =i-Pr, (—) 70
Y i-Pr,NEt o\<\ pu—y _o\$ R=CHyy, (73)
PH N PH " Pr-i
J
0" °N Bu;BOTY, Et;N DEIPSO O, (87 61
— . o)
P N .
H "OR
OTBS 5
R = CH,OCH,CCl;
Cyy
11 i
o N Bu,BOTY, E;;N H)H/\OTBDPS OTBDPS  (73) >98:2 73
,5 (\ OMe
Pii N A
PMP
ores X omes >< M
7070 OMe O O o OH OMe 07 ~O
Bu,BOTH, : PN : 211
i-P,NEt H QN Y ’

““OMe

““OMe
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TABLE IIB. CHIRAL ENOLATES (AUXILIARY CONTROL) WITH CHIRAL ALDEHYDES (Continued)

Enolate Precursor Reaction Conditions Aldehyde Product(s) and Yield(s) (%), Diastereomer Ratio Refs.

Cio Ph P

g , IS8
o N)H\ Bu,BOTY, HJ\(\NBOC Q" N NBOC () 70
,\—( i-ProNEt 0$ \—/ o
PH N Ph P “ Ph

Jp ' X 4
0 N Bu,BOTH, HJ\(\NBOC o N NBOC (&) 70
)—( i-Pr,NEt 0$ \—‘[ 0
PK . CeHuy PK N CeHyy

O OPMB TIPSO  OPMB

XA

N )J\l Bu,BOTE BN H)WM\ 73
H . éMe

PH N

O\ O O OH OPMB TIPSO OPMB
: OTBDPS o)j\ N JH)\W
OMe ,\—[ “ OMe
Ph’ ‘\ Q
OTBDPS  (86)>98:2

OMe
OH
Q 0 O % NHBOC
NHBOC
N H

/
0—=0 Bu,BOTY,

0 O i-Pr,NEt O O o
/_ ;LO

(96) LI = 95.5:4.5

Caxo

N
lo—=0 I+ 92

I

“ The major product from this reaction is not the anticipated result.
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TABLE IlIIA. CHIRAL ENOLATES (SUBSTRATE CONTROL) WITH ACHIRAL ALDEHYDES

Enolate Precursor Reaction Conditions Aldehyde Product(s) and Yield(s) (%), Diastereomer Ratio Refs.
Gs o /l(J)\ O OH
BnO/\I)H (CoHiBCl, H” R BnO/\:)H/\ R R=iPr, (95955 128
‘' OBn Et:N, Et,0 " OBn R = C(Me)=CHj, (88) 95:5
o) o) O OH O OH
BnO/\HJ\ HJ\ R BnOW R+ BnO/\ru\/\ R 120
I n
Bu,BOTY, i-Pr,NEt R = C(Me)=CH,, (45) L:1I = 84:16
(Ce¢H,1).BOTT, i-Pr,NEt R = C(Me)=CH,, (40) I:1I = 86:14
(C¢H,1):BCl, Et;N, Et,0 R = Pr, (84) LII = 88:12
Ce
MOMO O o) MOMO O
(\/U\ i-Pr;NEt, TfOB H)S<\OBn OBn 1 + 159
pentane, Et;O
OTBDPS TBDPSO (—) LI = 52:48
MOMO O OH
OBn 11
TBDPSO
o) o) 0 OH
BnO/\.)H (CgHy1):BCl, H)% BnO/\'/U\l/Y\‘ (—)97:3 123
: EtN, Et,0 :
0 OH OH
123

1. (CeH1)2BCl,
EtN, Et;0 H Z
2. LiBH,

Bnow\‘ 81)96:4
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TABLE IlIIA. CHIRAL ENOLATES (SUBSTRATE CONTROL) WITH ACHIRAL ALDEHYDES (Continued)

Enolate Precursor

Reaction Conditions Aldehyde Product(s) and Yield(s) (%), Diastereomer Ratio Refs.
o o o OH
B“°AHH ”k[f B""M
Bu,BOTf, Et;N, 0° (57) anti:syn 94:6 119
Bu,BOTY, i-Pr,NEt, -78° (76) anti:syn 11:89¢ 119,122
/ﬁ\ [¢] OH
(CoHi1)BCl, H R BnO R
Et;N, Et,0 H
R =Pr, (72)95:5 120
R = (E)-CH=CHMe, (93) 97:3 122, 120,
125,133
R =i-Pr, (89) >94:6 120
R = C(Me)=CH,, 0° (72) 92:8 120
R = C(Me)=CH,, -78° (93) 97:3 122, 120,
128, 385
[¢] OH OH
1. (CeHy1),BCl,
Et:N, EO H BnO ; (83) 94:6 386
2. LiBHy H
[¢] (o] OH
(0] 0.
H BnO 119
W \
Bu,BOTf, Et3N (66) anti:syn = 84:16
9-BBNOTT, Et;N (66) anti:syn = 75:25
i X P4
BHOA.)H (CeH)1);BCl, H™ "R BnO” R R=Et(97)95:5 128
' OMe Et;N, Et,O ' OMe R = (E)-CH=CHMe, (83) 96:4
G TBSO (@] (0] TBSO (o] OH TBSO OH
HJ\”/ 2% + 6 130
1
Bu,BOTT, i-Pr,NEt (90) L:11:5,6-anti = 84:5:11
9-BBNOTT, i-Pr,NEt (70) LI1:5,6-anti = 85:5:10
C
* TBSO (o] (o] TBSO (o] OH TBSO OH
M PhBCl,, H J\‘/ . N 136
i-ProNEt :
I (68) I:11 = 87:13
(0] (o] (o] OH
BCl,, i-Pr,NEt H \/U @ 387
HO' HO'
Cy
TBSO (o] (o] TBSO (o] OH TBSO OH
M HJ\ % + 130
I
Bu,BOTf, Ei;N (85) LII:2,3-anti = 63:3:34
9-BBNOTH, Et;N (97) LII:2,3-anti = 83:7:10
OR O (o] OR O OH OR O OH
EtN, ELO . '
i 1
racemic R =TBS, (81) LI =82:18
R = TIPS, (90) I:.II = 87:13
TBSO [o] o TBSO o] OH
Wj\‘ 9-BBNOTY, H/Uj‘/ (>70) 132
Et;N

racemic
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TABLE IIIA. CHIRAL ENOLATES (SUBSTRATE CONTROL) WITH ACHIRAL ALDEHYDES (Continued)

Enolate Precursor

Product(s) and Yield(s) (%), Diastereomer Ratio Refs.

TBSO OTMS

$

TBSO OTMS

3

TBSO o

5

TBSO o

:

TBSO (o]

5

OTBDPS

TESQO  OTBSO

'
'

e
Cn
TESO OTBS (o]

Reaction Conditions Aldehyde
0
9-BBNBr H )H/
0
9-BBNBr H JW/
(o]
(CeH,1)2BCl, H)H/
Et:N, Et,O
0
(CeH,1):BCY, H)H/
Et:N, E,O
0
9-BBNOTY, Et;N HJ\[(
0
(CeHy1),BCI, H )k”/
EtN, EL,O
(o]
i-ProNEt, TfOB, H
pentane, Z N
Et,0
OTBDPS
X
Bu,BOTY, H” “Ph
i-ProNEt

PhBCl,, H
i-Pr,NEt

0
PhBCl,, H)H/
i-Pr,NEt

I8

TBSO [0} OH

(66) 92:8 135

:

TBSO o OH TBSO o OH

:

I
(68) I:I1:3,4-anti = 89:3:8
TBSO o) OH

:

(90) 94:6 129
TBSO O OH
W (75) 96:4 129
TBSO O OH
Wj\‘/k”/ (87)95:5 21,26

TBSO (o] OH

+ 132

_§

Il = 91k
TBSO o] OH (93) LIl = 79:21

I + 178

>< (80-90) LI = 75:25

TESO OTBS O OH

Ph (51 203

{

TESQ OTBSO  OH

(—) 62:38¢ 136

;z

t-Bu\S_,Bu—t
1
0O "0 0 OH

j)\_/\)k./\r (72)>99:1 136
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TABLE IlIIA. CHIRAL ENOLATES (SUBSTRATE CONTROL) WITH ACHIRAL ALDEHYDES (Continued)

Enolate Precursor Reaction Conditions Aldehyde Product(s) and Yield(s) (%), Diastereomer Ratio Refs.

O (0] (0} (o]

T Ay

36

O><Q o OH
\I/K/\)K'A‘( [+
O><(,) 0 OH
\H\I/\/‘H/k”/"

Bu,BOTf, i-Pr,NEt, CH,Cl, (78) 11 = 78:22
Bu,BOTT, i-Pr,NEt, Et,0 (76) LIl = 84:16

(o]
\/U\Q 0 0 \)J\(_) 0 OH
M 9-BBNOTY, Et;N HJ\((\ \H/\/U\/\[(\ + 21
o
J

1
0 OH (76) LI = 91:7:2

I

-

A

[0} OH

o
Et,BOTT, H 159, 153
i-Pr,NEt / N
OTBDPS
(—)LII=67:33
Cis

o o o OH

PhA/\_/UW (CeH11)2BCl, H/U\(( PhA/\z)H/\ﬂ/ I+ 128
i EtN, Et,O :

(—) LI (or IL:I) = 72:28

O OH
%A/\I/k‘/'\”/ .
t-Bu__._Bu-t t-Bu_ . _Bu-t
>Si? OPMB >Si OPMB
o T 0 o o 7 0 OH
) ' /U\/ H ' H
M Bu,BOTY, H v v I+ 34
’ i-Pr,NEt ; :
t-Bu Bu-¢ (75 LI =67:33
piig OPMB
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TABLE IIIA. CHIRAL ENOLATES (SUBSTRATE CONTROL) WITH ACHIRAL ALDEHYDES (Continued)

Enolate Precursor Reaction Conditions Aldehyde Product(s) and Yield(s) (%), Diastereomer Ratio Refs.
PMBO (o] j)J\ PMBO (o] OH
AN 9-BBNOT, H” “Ph AN Ph  (88)° 47
i-ProNEt, Et;O
Cie
)OL 0o o 0 j\ 0O O OH
0 NJ\,/H (CgH1),BCl, HJH/ o NWY 129
\—(\ : EtNMe,, Et,0 \—1\ '
Bn Bn
(89) 11 = 83:17
)OL 0O O OH
0 ij\./‘\( u
\Bn
IR J§ IS PP
0 NJ\‘)H (CgHy1),BCl, H” R 0 NWR 129
\—(\ EtNMe,, E,O \—(\ ’
Bn Bn
)OL 0 o oH
R = Pr, (70) EII = 80:20 A
R = i-Pr, (93) L11 = 84:16 'Bn
R = C(Me)=CH,, (78) LIl = 92:8
R = (CH),Ph, (84) L:11 = 88:12
= oM
€
t-Bu:Si:Bu-t OPMB t-Bu\ _Bu-z OPMB
o I o
o /Y\KK/\)H (CeH,1):BCI, J\/ /Y\KK/\)H/V
' EtN, ELO
(73) Ll = 50:50
I-Bu\Si,Bu-l OPMB
0" 0 | O OH
o7 v v I
Ca J\ Ph J\ Ph
Ph N) 0o ph” "N~ OH
1. LDA, THF J\ '
Ph 2. B(OR); H Ph X R = Me, (82) 76:25 388
3. Aldehyde R =Bu, (89)91:9
t-BuO (0] +-BuO (6]

“ The syn isomers have been assigned as syn-syn:syn-anti = 54:46.
b This reaction was performed using racemic ketone.

 The product was reported as a mixture of syn stereoisomers.

4 The stereochemistry of the minor adduct was not determined.

¢ The stereochemistry of this product was not depicted.
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TABLE IIIB. CHIRAL ENOLATES (SUBSTRATE CONTROL) WITH CHIRAL ALDEHYDES

Enolate Precursor Reaction Conditions Aldehyde Product(s) and Yield(s) (%), Diastereomer Ratio Refs.
Cs
0
sﬁ)k Bu,BOT, 389, 390
}—NPMB i-Pr,NEt
o
(87) LI = 80:20
I
o} 0 0 OH
B"O/\.)H (CsHi1)BCl, H)K(\OTBDPS no/MOTBDPS (83) 80:20 128
" OBn EtsN, E,0 ' OBn
o 0 OH
(CeHi1)2BCl, )Kﬂomm noﬁ)\(\lﬂoraops (90) 95:5 128
Et:N, ELO ‘  OBn ‘°
C
i o) O  OTBS OH OH OTBS
1. (C¢H,1),BCl, /U\/K/\
BnO/\;)H EGN, ELO H 7 ©1)97:3 127
' 2. LiBH,
o) 9><o 0O OH Q (o)
(CeHy1),BCl, H BnO” (75) >95:5 332
EuN, Et,0 '
OPMB OPMB
+Bu_ _Bu- +Bu_ __Bu-
1 l
o 0o o OH 0" o
(CeHi1)2BCl, ; (91) >98:2 126
Et;N, Et,0 H ' t '
o)
t+-Bu_  _Bu-t
BnO0” Y (CeH,1);:BCl, (80) 97:3 197
' Et:N, Et,O
o) o} 0O OH
Bno/% (CeH,1):BCl, H)K‘/\OBn no/%/k./\oan (81)98:2 385
EtN, Et,0 i : :
O OTBSOTMS O OH OTBSOTMS
9-BBNOTY, 61y 191
i-Pr,NEt H
OMe Me
0
(CeHp1)2BCl, R (84) 97:3 213,208
EtN, EL,O H Z (] .
o) 0 0 OH
(CH11)2BCl, ; (94)97:3 127
BnO X EGN, E,O H = OTBDPS nO " =y OTBDPS
' OMe I | OMe H
Cy
TBSQ [e) (0] OBn TBSO OH OBn
. Bu,BOTY, /U\/l\/ 43y 30
i-ProNEt H™ :
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TABLE IIIB. CHIRAL ENOLATES (SUBSTRATE CONTROL) WITH CHIRAL ALDEHYDES (Continued)

Enolate Precursor Reaction Conditions Aldehyde Product(s) and Yield(s) (%), Diastereomer Ratio Refs.
G TBSQ O 0 OPMB TBSQ O OH OPMB
BnO v Bu,BOTf, Et;N H/U\l/Y BnO v I+ 179
(65) L.II = 55:45
TBSO O OH OPMB
BnO . n
OR? O O  OR’ OTBSOTBDPS OR? O OH OR* OTBS OTBDPS
Bu,BOT, : : :
R'O i-Pr,NEt, H v R'O , I+ 20
Et,O :
Rl R? R NI OR? O OH OR® OTBSOTBDPS
TBS Bn MOM 7525 (44) i
R'O 1
TBS Bn TES 973 (51 '
TBS TBS MOM 69:31 (56)
TBS TBS TES 973  (40)
PMB TBS TES 919 (59
TBSO O
: OTBS
PhBCl,, 136
i-Pr,NEt
I +
TBSO O OH
} 0 (48) LI =79:21
Gy
TBSO [o] [o] OPMB TBSO (o] OH OPMB
(CeHy1)2BCI, ; (85)>99:1 38
EGN, ELO H .
0 OPMB TBSQ O OH OPMB
(CeH 1 1)2BCl, (84) >99:1 38
Et:N, EL,0 H Y X
O OPMB TBSO O OH OPMB
(CH,1)2BCI, I+ 38
EtN, Et,0 H
(79) LI1 = 81:19
TBSQ O OH OPMB
W n
0 OPMB TBSO O OH OPMB
(CeHy1),BCl, 6 I+ 38
Et:N, Et,0 H 7
(83) LIE:6,7-syn = 65:25:10
TBSO O OH OPMB
: 1|
&3
Cio :
o><o o Et,BOTS, o o
. i-PrNE, /U\/\/U\ I+ 178
Et,0 L T OMe OMe
OTBDPS ‘

(90) LIl = 88:12

o

! i -
Y Y OMe

OTBDPS
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TABLE IIIB. CHIRAL ENOLATES (SUBSTRATE CONTROL) WITH CHIRAL ALDEHYDES (Continued)

Enolate Precursor Reaction Conditions Aldehyde Product(s) and Yield(s) (%), Diastereomer Ratio Refs.
o, i H
TESQ  OTBSO Y\/\/\(H‘/
. Bu,BOTf, [0} o o o 202, 203
! i-Pr,NEt X
' H [¢]
; ™~
o ] 1
XX v ]
j +
TESO OTBS O OH O (o] OH O OTBS OTES
. ' X o
N |
: : ~
o A i 1 H
| | 1
TESO OTBS O OH O (o] OH O OTBS OTES *
: X o
AN
: : ™~
o N i ) H
| ) I
TESO OTBS O OH O (o] OH O OTBS OTES
. XX o
'\ i | (42) LILI = 42:37:21
Cp
t-Bu\s.,Bu-l t-Bu\Si,Bu-r
1
o8 \(.) (o] (o] OTBS o~ \(I) o OH OTBS
| PhBCl,, z H (56) >99:1 136
: i-Pr;NEt H : :
PhBCl,, 136
i-ProNEt
(o] (0] O (o] OTBS [0} OH O (0] OTBS
X 9-BBNOTf, SN I+ 205
: i-PraNEL, E,0, P i P
hexane
70-85% ee (88) LIl = 75:25
(o] OH O (0] OTBS
SN I
o) 9-BBNOTf,
i-ProNEt, Et,0, I+ 205, 206
AN

' hexane

ketone (ca. 80% ee), (89) LIl = 78:22
ketone (racemic), (62) L:II = 25:75
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TABLE IIIB. CHIRAL ENOLATES (SUBSTRATE CONTROL) WITH CHIRAL ALDEHYDES (Continued)

Enolate Precursor Reaction Conditions Aldehyde Product(s) and Yield(s) (%), Diastereomer Ratio Refs.

MeO o (o] (o} OTES
Et,BOTf, .

i-PryNEt !
O '

(86) E:H = 89:11

OH OTES

I

BUzBOTf, ><

[0} OTBS O (0] (0] OH OTBS
i-ProNEL, A A (69) 82:18 36

EL,O H Y OBn Y Y : OBn

OMe - ' OMe

Bu,BOT, 53,393

i-Pr,NEt

(>85) 50:50

QO O OH OTIPS

O o o 0  OTIPS j\
)J\/k/\ 199
OJLNJ\)H (CeH,1)2BCl, H Z “Ph 0 NW/\ Ph I +

Et,NMe, Et,0

Bn (73) LI = 82:18

[0} o OH OTIPS

o NJ\/U\/'\/'\/A% i}

o

1A i X
Z ~Ph (87)97:3 129,222,
BCl. H Z ~Ph O N Y
o N% (CeHia )]\r\/\ : ot

EtNMe,, Et,O N
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TABLE I1IB. CHIRAL ENOLATES (SUBSTRATE CONTROL) WITH CHIRAL ALDEHYDES (Continued)

Enolate Precursor Reaction Conditions Aldehyde Product(s) and Yield(s) (%), Diastereomer Ratio Refs.

ODMIPS I=(95,9'S,10R,10'R) [as shown]

DMIPSO. L. IT=(9R,9'S,105,10'R)

o] OY\/\/I\‘/H(H IH = (9R,9'R,10S,10'S)
DEIPSO O O L,BOTf, 0O O 0O O L,B = BB, (63) LILIII = 41:38:21 200, 180
i i-Pr;NEt, N NN LyB = (n-CsH,1),B, (57) LILIH = 34:45:21 180
: Et,0, THF ; L;B = 9-BBN, (61) LILIII = 65:27:8 180
/
ODMIPS
DMIPSO.. A .- -
o) . 9
NN i .
DEIPSO O O OH O O OH O O ODEPS
; 10
. 9 NN 0
- <" " ToDMIPS
Ci ODMIPS
>< OPMB >< OPMB
or 000 OMe | O O  OTES or OO0 OMe | O OH OTES
; : (CeH1)2BCl, A ; 240
< : BN H OBn Y : OBn
: i TESO ' - TESO ©3)
Cn
OMe B B
FBUSg B opmB
0’ ; o} A OTBS o)
o~ " v Hk" o XX OMe
OMe B B
PSSP opmB
o | 0o OH A OTBS o}
: ! ! I +
o7 ™ ' o XX SoMe
OPMB
: O OH RS
i . nm+
. o
OPMB
D0 OH Y
1 : 0
OPMB
o v
(CeH)1):BCl, Et;N, E,O (83) LILIIVIV = 52:35:13 215,35
Bu,BOTH, i-Pr,NEt (82) HEIV = 77:23 35

“ The stereochemistry of this product was not reported.



TABLE IVA. CHIRAL ENOLATES (LIGAND CONTROL) WITH ACHIRAL ALDEHYDES

L,BCl, i-Pr;NEt

Reaction Conditions Enolate Precursor Aldehyde Product(s) and Yield(s) (%), Isomer Ratio, % ee Refs.
Ce ,
BOTSf
(8,5)-reagent R % ee
0 o nooH (CH,»,0Bn  (93) 849
' 2)20Bn .
L,BOTY, i-ProNEt El;CS)J\ HJ\R Et;CSJ\/\R Pr (82) 866 152
pentane i-Pr 81) 86.9
+-Bu (1) 944
Ph (78)  89.0
CeHy) 95) 856
) 0 0 O OH
L,BOTY, i-Pr,NEt J\ J\/\ J\/‘\/\
pentane Et;CS H OTBDPS Et;CS OTBDPS  (79) 89% ee 159, 153
R ratio % ee
o} 0 O OH
& /U\ ; (CHp,0Bn (93) 97:3 922
© L,BOTY, i-Pr,NEt Et;CS H” R Et;CS R Pr ©1) >97:3 930 152
pentane i-Pr (85) >97:3 954
-Bu (95) >97:3 958
Ph (71) >97:3 957
CeHyy 82) >97:3 931
HO
OEt
N OEt
HO n/
(o) R % ee
1. Boronic acid, diol B(OH), ) o OH (E)-C(Me)=CHMe (64) 57
2. Me;NO /U\ )J\/\ Ph 62) 65 171
3. Aldehyde H™ "R R CeH, ©61) 60
(CHy),Ph (59) 41
1. Boronic acid, diol B(OH), 0
2. Me;NO (55) 48% ee 171
3. Aldehyde H N
_N
Cio o
HO
OPr-i
.. _OPri
HO ﬂ/
o R ratio % ee
1. Boronic acid, diol B(OH), 0 O OH n-CsH;p (74) >95:5 72
2. Me;NO J ' CHEL, (47) >95:5 S8 177
3. Aldehyde N H R A Ph (15) 955 65
1. Boronic acid, diol B(OH), o) 0 OH R ratio % ee
& 2. Me;NO ~ L ' nCsHy (45) >95:5 30 177
3. Aldehyde H R T R Ph @3) >955 25
Cie
1
BCl
Ph OTMS (o} O OH
L,BCl, i-Pr,NEt ~ M ; (57) 90% ee 154
MeO H MeO
0 o} 0 OH R = hee
L,BCl, i-Pr,NEt )L : n-CsH,, (67) 81 154
H™ "R R +-Bu (55) 84
Ph 60) 32
o [¢) o OH o OH
H/U\Ph é/\n, + é/'\n, (65) LII = 87:13 154

O

I I

92% ee
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TABLE IVA. CHIRAL ENOLATES (LIGAND CONTROL) WITH ACHIRAL ALDEHYDES (Continued)

(=)-Ipc,BOTH, i-Pr,NEt

Reaction Conditions Enolate Precursor Aldehyde Product(s) and Yield(s) (%), Isomer Ratio, % ee Refs.
0 0 0 OH R === kee
L,BCl, i-Pr,NEt )j\ J\ )J\/\ i-Pr (72) 92 155
Et:CS H™ 'R Et;CS R iBu (92  >9 155, 156
n-CeHyz (78) 95 155, 156
CHiy  (87) 95 155
0 0 0 OH R ‘e
L,BCl, i-Pr,NEt )J\ : i-Pr 82 9 155
Et;CS H R Et;CS R -Bu (68) 94.3
n-CeHy3 (36) 100
CH; (58) 987
0 O OH
MeO. )J\/\/\ MeO. ;
L,BCl, i-Pr,NEt H 154
BnO BnO
(58) 66% ee
0
HO.
OCeH);
.. _OCeH
HO ‘H/ 6111
0
1. Boronic acid, diol B(OH), J(L (0] OH
2. Me;NO X 0 Nph )J\./\Ph (65) >95:5, 66% ee 177
3. Aldehyde :
L
HO._ .
" SOR
OR
HO
0
1. Boronic acid, diol B(OH), fo) 0 OH
2. MesNO L R = Ph, (45) >95:5, 4% ee 177
3. Aldehyde A H™ P Ph R=Ts, (55) >95:5, 30% ee
Cin OTf
: i ]
_-B..
[0 0 O OH
L,BOTY, i-Pr,NEt HH HJ\ HH/k (26) 33% ee 143, 121
Cxo
X
!
_.B._
i R Solvent % ee
C(Me)=CH, CH,Cl, (59) 73
(-Ipc;BX 0 0 0 OH C(Me)=CH, toluene (20) 67
(-)-Ipc;BOTY, i-Pr;NE L J M cotecHy bexane 64 65 145,121
H” "R R Pr — 68) 78
Ph — (18) 57
0] 0 O OH
()-Ipe,BCl, EyN )J\ (67) 62% ee 121
H
0 o] 0O OH O OH
(~)-Ipc,BOTE, base H]\ H/U\ﬂ/ Hj\/ku/ I+ , I 145, 121
i-PryNEt, (71) LII = 62:38 (62% ee of I)
Et;N, (43) LII = 16:84 (93% ee of I)
o] (o] (] OH
/U\/\ 394

/\)J\/'\/\ (55 67% ee
Cl
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TABLE IVA. CHIRAL ENOLATES (LIGAND CONTROL) WITH ACHIRAL ALDEHYDES (Continued)

Reaction Conditions Enolate Precursor Aldehyde Product(s) and Yield(s) (%), Isomer Ratio, % ee Refs.
(o] [0} 0 OH .
/U\ R ratio % ee
(-)-Ipc,BOTH, i-Pr,NEt R H R i-Pr (56) 92:8 65¢ 145, 121
i-Bu (62) >97:3 53
Ph 48) — 61
[o} [0} [0} OH
(-)-Ipc,BOTY, i-Pr,NEt Cl/\)j\| HJ\/\ cl/\/l]\/\/\ (40) >97:3, 80% ee 394
(o] (o] (o] OH R ratio % ee
(-)-1pc,BOTY, i-Pr,NEt u /U\R A R Me (CH,Cl)  (91) 97:3 82 121,143
Me (Et,0) (—) — 51 143
Me (hexane) (—) — 56 143
C(Me)=CH, (78) 98:2 91 121,143
(E)-CH=CHMe (75) 98:2 86 121,143
Pr 92) 97:3 80 121,143
i-Pr (45) 96:4 66 121,143
2-furyl (84) 96:4 80 121,143
C(Et)=CH, an 97:3 86 21
[0} (o] (0] OH .
H R ratio %ee
(=)-Ipc,BOTH, i-ProNEt R H R Y i-Pr (99) 95:5 88 121
' iBu (19) 973 86
Ph  (97) 982 91
(o] [0} [0} OH (o] OH
(-)-Ipc,BCL, Et;N HH HJ\”/ HW I+ M n 121
(80) L:II = 80 (<20% ee):20 (80% ee)
o [0] o OH
(—)-lpczBOTf, i-Pr,NEt Ph/u\ HJ\[( Ph/u\/'\”/ (48) 61% ee 145, 121
att, (7
o o OH OH R ratio % ee
1. (-)-Ipc,BOT, i-Pr,NEt i ; Et (56)  94:6 92
2. Aldehyde R u RW i-Pr  (48) 8515 9 144
3.NaBH, ; iBu  (59) 885115 9l
Ph 43) 96535 96
o o OH OH
1. (=)-Ipc,BOTH, i-ProNEt /U\/\ ] i
2. Aldehyde H Z T =z (52) 87.5:12.5, 88% ee 144
3.NaBH, '
o jj)\ (o} OH
\)j\L H R \)J\I/\Csl'h 1-n
AN
(=)-Ipc,BH, THF R =CsHjy-n, (54) 65% ee 147,148
(-)-Ipc;BH, CHCl; R = Ph, (65) 64% ee 148
(o} j])\ [0} OH
)k% - Mlkl
(=)-Ipc;BH, THF R = Me, (60) 75% ee 148,147
(=)-1pc,BH, THF R =Ph, (77) 75% ee 148,147
(-)-IpcaBH, CH,Cl, R = Ph, (70) 62% ee 148
(—)-IpcaBH, THF R = 1-Bu, (30) 50% ee 148



TABLE IVA. CHIRAL ENOLATES (LIGAND CONTROL) WITH ACHIRAL ALDEHYDES (Continued)
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Reaction Conditions Enolate Precursor Aldehyde Product(s) and Yield(s) (%), Isomer Ratio, % ee Refs.
o )(J)\ 0 OH
(-)-Ipc,BH, THE R H” “Ph R/U\‘/\ Ph R = Me, (91) 90% ee 148,147
' R = Ph, (80) 60%
Ph S (80) 60% ce
)l(
i _B..
(+)-Ipe,BX
1. Ketone, (+)-Ipc;BCl, [0] (o] QH (o] OH
Et:N, EbO /U\ " J\/ Ph Ph \/\)J\/!\/ Ph I+ 395
2. Aldehyde
3. repeat steps 1 and 2 (;)H o (?H
Ph\/\)]\/\/ Ph II +
OH 0
Ph\/\/l]\ 11 (73) LILIII = 48:15:37
(o] (o] (o] OH
(+)-Ipc,BCl, i-PrpNEt, )j\/\ /\/U\/.\/\
toluene 7 X H OBz [o i OBz (56) 80% ee 214,209
(o] (0] (o] OH
O

! 0,
(+)-Ipc,BOTT, i-Pr,NEt HH H 1 HH/K@ (86) 96:4 80% ee 121

/
pee
RS
0 /I(J)\ 0 OH
(-)-Binaphthol, BCl3, HH H” “Ph Hj\l/\m (24) 46% ee 396
i-Pr,NEt :
a
I
.-B..
2-9cr
1. Acid, LDA, THF i )(L ?o™
. Acid, .
2. (2-Icr),BCl HO/U\ H” “Ph HO Ph (53) 72% ee 397
3. Aldehyde
1. Acid, LDA, THF 0 o o M QoM
. Acid, )
2. (2-41cr),BCI Ho/lg H/U\Ph Ho)H/LPh I+ Ho/“\,/L Ph I 397
3. Aldehyde R R R
R LI
Me (90) 90 (90% ee):10 (20% ee)
Ph 68) 95 (>99% ee):5 (—)
SMe (85) 90 (>99% ee):10 (—)
OPh  (68) 80 (98% ee):20 (50% ee)
1. Acid, LDA, THF " i T
. Acd, . '
R
2. 2-“1er),BCl HOJ\( HJ\ Ph HO/[S(\ Ph  R=Me, (90)>99% ee 397
3. Aldehyde R R R R =Et, (60) >99% ce
a
r'B‘~ : :
4-9cr
o o O OH

. Acid, LDA, THF /U\ JJ\ /U\/'\
(4-“Icr),BCl HO H Ph HO Ph (50) 42% ee 397

Aldehyde

w o
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TABLE IVA. CHIRAL ENOLATES (LIGAND CONTROL) WITH ACHIRAL ALDEHYDES (Continued)

[(-)-(Menth)CH,],BCl,

Reaction Conditions Enolate Precursor Aldehyde Product(s) and Yield(s) (%), Isomer Ratio, % ee Refs.
o o) O OH o OH
1. Acid, LDA, THF /lk ; /U\/\
2. (4-“Icr),BCI HO H” “Ph HO Ph I + HO . Ph 11 397
3. Aldehyde R R R
LI
Me (90) 87 (22% ee):13 (92% ee)
Ph (68) 57 (52% ee):43 (>99% ee)
SMe (82) 92 (61% ee):8 (>99% ee)
OPh  (70) 80 (80% ee):20 (96% ee)
o o) O OH
1. Acid, LDA, THF R J\ '
2. (4-41cr),BCI HO H™ “Ph HO Ph R = Me, (90) 94% ee 397
3. Aldehyde R R R R = Et, (56) >99% ee
Cy
cl
]
N
PN
o JOI\ O OH
(+)-IpcB[(-)-(Menth)CH,]Cl, HH H” "R ‘)k'/'\k R = C(Me)=CH,, (25-38) 70:30, 30% ee 398
EtN, Et,0 ' R = Ph, (25-38) 70:30, 18% ee
o )OJ\ O OH
(+)-IpcB(-)-(Menth)CH,]CI, \Hj\’ H” "R \ru\.)\k R = C(Me)=CH,, (25-38) >98:2, 33% ce 398
EuN, Et,0 ' R = Ph, (25-38) >98:2, 41% ee
(l)Tf
N0
P
0o o} O OH .
JI\ R ratio % ee
(-)-IpcLBOTY, i-Pr,NEt H™ "R R Me 60) 97:3 52 121
C(Me)=CH, (52) 964 28
Pr 65 97:3 46
i-Pr (36) 964 32
Ca2
(I)Tf
S’@"BO
Ph’
[} 0 O OH
(-)-IpcLBOTT, i-Pr,NEt HH H/U\ HI\H\ (17) 97:3, 33% ee 121
OMe
(l)Tf
—‘B‘\ E %
OMe
0o o} O OH
L,BOTY, i-PryNE HH HJ\[( ’)1\/\”/ (45) 90% ee 121
P BX
2
[(9)-(Menth)CH,},BX
o o o OH R %ee
/U\ Me (65) 58
R H R Et 61 634 161

Et:N, Et;O

i-Pr (66) 76
i-Bu (80) 55
+Bu (62) 75
Ph  (81) 69



TABLE IVA. CHIRAL ENOLATES (LIGAND CONTROL) WITH ACHIRAL ALDEHYDES (Continued)
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Reaction Conditions Enolate Precursor Product(s) and Yield(s) (%), Isomer Ratio, % ee Refs.
o O OH
[(-)-(Menth)CH,],BCl, (lk‘ HK/L R R=E,(50)92:8,80% ee 161
EtN, Et,O ’ R = C(Me)=CHj, (62) 93:7, 75% ee
0o 0O OH .
R ratio % ee
[(-)-(Menth)CH,}],BCl, \HH " R Et (50) 97:3 85 161
Et;N, EbO : C(Me)=CH, (51) >99:1 88
CeH) (54) >99:1 74
0 O OH
[(=)-(Menth)CH;],BCl, (5 M (60) >99:1, 74% ee 161
Et:N, Et,O !
o O OH
[(9)-(Menth)CH,),BCl, . (59) >99:1, 56% ee 161
Et:N, Et,0 ;
o O OH
[(-)-(Menth)CH,],BCl, Ph/lH Ph)J\'/k”/ (60) >99:1, 86% ee 161
Et;:N, Et,O :
o O OH
J\ /Lk/‘\ R % ee
{(-)-(Menth)CH,],BBr, -BuS -BuS R Pr (85) 940 162
EtN, Et,0, CH,Cl, i-Pr (75) 952
C(Me)=CH, (71) 872
Ph (68) 894
CeHyy (88) 934
(CH,),Ph (90)  96.6
(o] (o] OH
)J\ /U\/L R % ee
[(=)-(Menth)CH,},BBr, Et;CS Et;CS R i-Pr 85) 9438 162
Et:N, E,0, CH,Cl C(Me)=CH, (60) 85.0
Ph (64) 860
o O OH
[(-)-(Menth)CH,},BBr, PhS/U\ Phsw (60) 60% ee 162
EuN, Et,0, CH,Cl
o O OH
R ratio % ee
[(=)-(Menth)CH,],BBr, . R C(Me)=CH, (55) 97.5:25 75 162
EtN, Et,0, CH,Cl, ' Ph (70) 90:10 72
o O OH
M R ratio % ee
[(=)-(Menth)CH,],BBr, +-BuS 1-BuS v R Pr (64) 97:3 98 162
EtN, Et,0, CH,Cl, : i-Pr 61) 964 98
C(Me)=CH, (43) 946 98
Ph (69) 955 98
(E)-CH=CHPh (66) 97:3 98
(CH,),Ph (57) 97:3 98
o O OH
R ratio % ee
[(-)-(Menth)CH,},BBr, PhS PhS . R C(Me)=CH, (68) 80:20 98 162
Et;N, E,0, CH,Cl ' Ph (65) 7426 98
o o 0O OH .
)J\ /U\)\ R ratio %ee
[(=)-(Menth)CH,],BBr, t-BuS 1-BuS Y R Pr 57) 97:3 952 163
EtN, E,O, CHoCl, OBn OBn i-Pr (50-60) 97:3 954
C(Me)=CH, (78) 982 956
Ph (65) 97:3 9%
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TABLE IVA. CHIRAL ENOLATES (LIGAND CONTROL) WITH ACHIRAL ALDEHYDES (Continued)

Reaction Conditions Enolate Precursor Aldehyde Product(s) and Yield(s) (%), Isomer Ratio, % ee Refs.
(o] [0} [0} OH .
)]\ )}\/’\ R ratio % ee
[(=)-(Menth)CH,],BBr, PhS H Ph PhS T Ph  Bn (40-50)  >99:1 96 163
EtN, Et,0, CH,Cly OR OR TBS (79) >99:1 97
(0] (0] (o} OH .
JL M R ratio % ee
[(-)-(Menth)CH;],BBr, t-BuS H R 1-BuS Y R Pr (73) 96:4 94.6 163
Et;N, Et,0, CH,Cl, Cl a i-Pr (70) 9:4 94
Ph (65) 91:9 >98
(0] [0} (o] OH .
)J\ )j\)\ R ratio  %ee
[(-=)-(Menth)CH,},BBr, t-BuS H R t-BuS v R Pr (45) >99:1 >98 163
Et;N, Et,0, CH,Cly Br Br i-Pr  (55) 97:3  >98
Ph  (40-50) 97:3 >98
o (0} [0} OH o OH
[(-(Menth)CH,},BBr, PhS)H H)H( phsw I+ Phsw 1
Et:N, E,0, CH,Cl, R R R
R=Cl, (55) LIl = 52 (92.6% ee):48 (90% ee) 163
Cae Ph Ph R =Br, (55) L. II = 80 (92% ee):20 (86% ee) 163
Ar0,S-N_ o N—-SO,Ar
|
Br
Ar = p-O,NCcH,
0 [0 0 OH R ratio  %ee
L,BBr, i-Pr;NEt J )J\/\ Pro(12) 955 97 170, 169
PhS H R PhS ! R Ph (70) 982 05
0 0 O OH
L,BBr, i-Pr,NEt PhS )H H | PhS Y (54)% 194
Ph Ph
Cag
Ph,  Ph
/
\
TsN_ _NTs
B
|
Br
o (0] o OH
JJ\ : R =Et, (91) >98% ee
L,BBr, i-Pr,NEt H” "R " R R = i-Pr, (85) 95% ee 170, 169
: R = Ph, (95) 97% ce
[0} (0} OH
it JJ\ M R =i-Pr, (82) 83% ee
L,BBr, i-Pr;NEt PhS H R PhS R R =Ph, (84) 91% ee 170
Cx
Ph /Ph
Ar0,S-N__N-SO,Ar
B
|
Br
Ar = 3,5-(CF3),CeH.
el R = OBu-, (73) 80% ee
o (0] (0] OH
J\ /U\ /U\/»\ R = SBu-1, (82) 73% ee
L,BBr, i-ProNEt R H Ph R Ph R = SBu-t, (94) 52% ee® 168

R = SPh, (82) 64% ee
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TABLE IVA. CHIRAL ENOLATES (LIGAND CONTROL) WITH ACHIRAL ALDEHYDES (Continued)

Reaction Conditions Enolate Precursor Aldehyde Product(s) and Yield(s) (%), Isomer Ratio, % ee Refs.
(o] JOL (o] OH [o) OH
L,BBr, i-PryNEt R)H H Ph R/U\I/L Ph I+ R)H/\ Ph I 168
R LII % ee

OBu-r (89) 4:96 94
SBu-t  (73) 71129 50
SPh 90) 99:1 97
OBn (73) 84:16 97
SBn (790 70:30 81

[0} jJ)\ [0} OH [0} OH
L»BBr, Et:N, toluene, R/UW H” ph RJ\(\ Ph I + R/LH/L Ph 1I 168
hexane
R |81 % ee
OBu-r (64) 982 94
SBu-r (86) 94:6 46
SPh (78) 694 95
OBn (78) 85:15 97
Ph, Ph SBn  (84) 919 94
ArO;S-N_ _N-SOAr
B
|
Br
Ar = 3,5-(CF3),CeH;
(o] (0] (o] OH
t-BuO/[H H J\ R t»Buo)j\_)\ R
Br Br
R LII % ee
L,BBr, Et;3N, toluene i-Pr (90) 98:2 92 167
L,BBr, Et3N, CH,Cl, Ph (86) 98:2 96 166
L,BBr, Et;N, toluene Ph 94) 99:1 98 166
L,BBr, Et:N, toluene CeHyy (65) 98:2 91 166
L,BBr, Et;N, CH,Cl, (CH,,Ph  (70) 928 74 166
L,BBr, Et;N, toluene (CHy),Ph  (72) 955 91 166
(0} [0} [0} OH
L,BBr, EN, toluene t-Buo)H HJ\/\ Ph :-Bqu\l/k/\ Ph  (96)99:1,98% ee 166
Br Br
o 0 o OH R ratio o ee
/U\ /U\/L Ph 93) 982 94 19, 169
L,BBr, Et3N, toluene, -BuO H R -BuO T R CeHy, (82) 946 75 19
hexane ' (E)-CH=CHPh (81) 99:1 98/ 19
R ratio % ee
(o] o 0] OH
Jj\ )J\/L Ph 80) 973 93
L,BBr, Et;N, toluene, 1-BuO H R -BuO T R CeHyy (72) 928 171 399
hexane SnBu; ' (E)-CH=CHPh (89) 96:4 96
R ratio % ee
[¢] [¢] (6] OH
)J\ M Ph (93) 99:1 97 19, 169
L,BBr, i-Pr,NEt PhS H™ "R PhS . R CeH, 86) 982 91 i9
: (CH,),Ph (79) 982 83 19

“ This reaction was performed in toluene.

b The configuration of the product from this reaction would suggest that the enantiomeric reagent (-)-Ipc,BCl was used.
¢ Arbitrary assignment of the syn-configuration was made.

¢ This reaction was performed in CH,Cl,.

¢ This reaction was performed in toluene/hexane and using Et3N as base.

/' This reaction was also performed in CH,Cl; as solvent giving similar results.

£ The enantiomeric excess of this product was not reported.
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TABLE IVB. CHIRAL ENOLATES (LIGAND CONTROL) WITH CHIRAL ALDEHYDES

Reaction Conditions Enolate Precursor Aldehyde Product(s) and Yield(s) (%), Diastereomer Ratio Refs.
Ce
BOTf
(R.R)-L,BOTf
)
0 o 0o o Y
1. (R.R)-L,BOTY, i-PryNEt, )J\ )J\/\/COZMe 1+ o I57.153
ELO ELCS HOYTY Et,CS : Et:CS
2. CF4CO-H (81) LI =91:9
o
o 0 o o
1. (RR)-L,BOTH, i-ProNEL, )I\ COMe I+ n 157,153
ELO Et:CS H Et;CS Et;CS
2. CF5CO:H (83) LI = 86:14
0
/U\ + 158
Et,CS
n
Et,CS 0~ ~"SotBs
OMe
(5.5)-L,BOTT, i-Pr;NEt, Et,0 (88-93) LII =919
(R.R)-L,BOTY, i-Pr,NE, E,0 (88-93) LI = 11:89
BOTf
(5.5)-L,BOTF
0
(5.5)-L,BOTf, i-Pr,NEt, Enjcs/u\ 160
Et,0
o
1. (R.R)-L,BOTY, i-Pr;NEt, o . .
Et,0 e j\/\/ g I+ mo 157,153
COM
2. CF;CO.H E:zcs)H HOON N BesT NN Et;,CS
(90) LIE = 98:2
1. (R.R)-L,BOTY, i-Pr,NEt,
Et,O Q Q I+ 157, 153
CO,Me
2. CF3COH Et;CS)J\' H)H/Y 2 EtCS ECS

(83) 11 = 96:4
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TABLE IVB. CHIRAL ENOLATES (LIGAND CONTROL) WITH CHIRAL ALDEHYDES (Continued)

Reaction Conditions Enolate Precursor Aldehyde Product(s) and Yield(s) (%), Diastereomer Ratio Refs.

(R.R)-L,BOTY, i-Pr,NEt, Et;CS )H EtyCS (82)92:8 240
Et,O
Cio
o)
HO
OPr-i
.. OPr-i
HO n/ (R,R)-tartrate
O derived
B(OH), 0 o OH O OH
1. Boronic acid, diol )\/ : I+ 1l 177
N
2. MesNO H o} Y ] o}
3. Aldehyde o ' o o
(R.R)-tartrate, (55) LTI = 99:1
(S.S)-tartrate, (46) LII = 80:20
B(OH),
" 1+ 1 (R.R)-tartrate, (54) L1I = 99:1 177
Cie = (S.,5)-tartrate, (48) LII = 68:32
Ph
BCI
by (SS)-LoBCI
o 0 0O OH o OH
Et;CS)J\ H)]\I/\ R E(3CS)J\N\ R + EuCS )J\/k/\ R 155
Nan I NBHZ i NBHZ
(5,5)-L,BCl, i-Pr,NEt R = i-Pr, (85) LIl = 6:94
(R.R)-L,BCl, i-Pr,NEt R = Ph, (50) LXI =97:3
o o) O OH 0 OH
El_;CS)J\ H/U\(\R El;CSWR + El;CSJ\/\‘/\R 155
NBn, 1 NBn, 11 NBn,
(8.5)-L,BCl, i-Pr,NEt R = i-Pr, (80) L:I1 = 7:93
(R.R)-L,BCl, i-Pr,NEt R = Ph, (65) LII = 96:4
0 o} O OH
(8.5)-L,BCl, i-Pr,NEt Et;CS)H HJ\(\ R El;CS/IW R R=iPr(—)955 155
NBn, ' NBn;, R =Ph, (—) 93:7
0 0 O OH
(5,5)-L,BCl, i-Pr,NEt Et;CS )H H J\/\ R Et;CS /U\/'\/\ R R=i-Pr,(—)>99:1 155
NBn, ' NBm R=Ph, (—) 98:2
Cao ?l
.B.. %
(-)-(Ipc)2BCt
o) 0  OTBS O OH OTBS O OH OTBS
(+)-(Ipc),BCI, Et3N, Et,O (43) LI =95:5
(-)-(Ipc)BCl, Et3N, EL,O (33) LIl = 29:71
(C¢Hy1)2BCl, EtN, Et,0 (74) LI = 52:48
o} O  OTBS O OH OTBS O OH OTBS
(+)-(Ipc),BCl, EGN, Et,0 (44) LI1 = 73:21
(9)-(Ipc);BCI, E3N, E,O (70) LI = 5:95

(CeH{1)2BCl, Et;N, Et,0 (83) ILII = 24:76
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TABLE IVB. CHIRAL ENOLATES (LIGAND CONTROL) WITH CHIRAL ALDEHYDES (Continued)

Reaction Conditions Enolate Precursor Aldehyde Product(s) and Yield(s) (%), Diastereomer Ratio Refs.
- Bu- 5 -
’Bu:Si: u-t ’Bu:Si:Bl”
[0} (o] 0 o (o] OH O (0]
H)H/\/H/ , I+ 34,35

Hk

(+)-(Ipc),BCl, EiN, Et;,O
(-)-(Ipc)2BCl, Et;N, Et,0
(CeH,1,BCl, EGN, Et,0

(+)-(Ipc),BOTY, i-Pr,NEt

o
(-)-(Ipc),BOTH, i-ProNEt
Cn
. BX
2
[(-)-(Menth)CH,1,BX
o

Et;CS)l\

[(=)-(Menth)CH,),BBr, E;N, Et,0
[(+)-(Menth)CH,],BBr, Et;N, Et,0

(0]

Et;CS )k

[(-)>-(Menth)CH,1,BBr, EtsN, Et,0
[(+)-(Menth)CH,1,BBr, Et:N, Et,0

0
E‘_,cs/lk

[(-)-(Menth)CH,},BBr,
Et;N, Et,0

[0}

[0}

H)HAOBn

racemic

OTBS

r—Bu\Si,Bu-l
o OH 0" ~0

(75) EH = >95:5
(40) £l = 77:23
(81 L1I'=70:30

XY X OMe 34,35

0O OH = OTBS o

1
o oH Z OTBS 0
Hk‘/\"(oj\/'\/ﬁ/\/u\om 1|

(BN LI =75:25

0 OH O OH
R/“\./Y\OTBDPS + R)WOTBDPS 180
1

R = i-Bu (30), LI = 67:33 o

164

o OH 0 OH
El;CS)J\/K_/ I+ Et;CS)J\/\/

i !
OBn OBn
(75) N = 93:7
(65) LI = 6:94

0 OH 0 OH
El;CS)J\/Y\o + E:3cs/u\/'\(\o 164
(o] [e]
I I

(45) L1 = 3:97
(50) 11 = 96:4

(0] OH [¢] OH
G N
Et;CS OBn  Et:CS Y OBn
I 1 '

(70) LII = 50:50
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TABLE IVB. CHIRAL ENOLATES (LIGAND CONTROL) WITH CHIRAL ALDEHYDES (Continued)

Reaction Conditions Enolate Precursor Aldehyde Product(s) and Yield(s) (%). Diastereomer Ratio Refs.
(o} (o] o OH (o] OH
)k + : 164
Et;CS H OBn Et:CS OBn Et;CS OBn

[(=)-(Menth)CH,],BBr, Et;N, EL,O
[(+)-(Menth)CH,1,BBr, Et;N, Et,0

o

I-BuS)J\

[(-)-(Menth)CH>},BBr, Et;N, Et;0
[(+)-(Menth)CH;],BBr, Et;N, Et,0
[(=)-(Menth)CH,],BBr, E:N, Et;0
[(+)-(Menth)CH,],BBr, Et;N, Et,0
[(-)-(Menth)CH;},BBr, Et;N, Et;O
[(+)-(Menth)CH,],BBr, Et;N, Et,0
{(-)-(Menth)CH,],BBr, Et;N, Et;0
[(+)-(Menth)CH,),BBr, EsN, E;O

(o}

t-BuS)]\

I(—)-(Memh)CHZ]QBBr, EI}N, Elzo
1(+)-(Menth)CH;];BBr, E:N, Et,0

(o}

Et_;CS)H

[(=)-(Menth)CH,],BBr, Et;N, Et,0
[(+)-(Menth)CH,1,BBr, Et;N, Et,0
0

E:SCSJH

[(-)-(Menth)CH,],BBr, Et;N, Et;0
[(+)-(Menth)CH,],BBr, Et;N, Et;O

o)
[(=)-(Menth)CH,},BBr,
EtN, Et,0 Et:CS

(o]
EthS)H

[(-)-(Menth)CH;],BBr, Et;N, Et;0
[(+)-(Menth)CH,},BBr, Et3N, Et,0

(0]

[(=)-(Menth)CH,],BBr,
Et;N, Et,0

o

S

NBng

:
it

NBn;

racemic

OBn

‘{;:o _2:0

racemic

(70) I.11 = 68:32
(60) I:11 = 4:96

O OH O OH
,.Bus/u\/'\/R I+ :-BusJ\/\,/R | 165
NBn, NBn,
R 11

Me (80) 98.5:1.5
Me (75) 3.7:96.3
i-Pr (80) >99:1

i-Pr (72) 3.5:96.5
i-Bu  (78) >99:1

i-Bu (71 2.5:97.5
Bn (75) 98.6:1.4
Bn (70) 3.2:96.8

O OH
* /u\/\/k/ 163
+-BuS Y

NBn, NBn,
| |

(75) k11 =98.2:1.8
(7H LN =4.6:954

EtiCS e Et;CS)H/\/ 164
P OBn

(65) LIl = 99:1
(60) LTI =1:99

E(JCS)H/Y\ + EuCs /“\)Y\ 164
(0]

(45) LII = 5:95
(50) LII =99:1

)W\ le4
Bn Et;CS

81 LI =51:49“

164
Bn EI3CS

(60) LTI = 95:5
(60) LY = 35:65

Ol

-BuS

:
;O
T

Et;CS

o
- (]
T

Et;CS

o
— o
=]

(o] OH

O OH
‘l‘SRl+ MR I 164

R = CH,OBn (68), L:IL:4,5-syn = 62:33:5¢
R = Ph, (75) L:11:4,5-syn = 86:4:10, 25% ee
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TABLE IVB. CHIRAL ENOLATES (LIGAND CONTROL) WITH CHIRAL ALDEHYDES (Continued)

Reaction Conditions Enolate Precursor Aldehyde

Product(s) and Yield(s) (%), Diastereomer Ratio

Refs.

(0] (o]

N -

[(=)-(Menth)CH,],BBr, Et;N, Et,0
[(+)-(Menth)CH,1,BBr, EtN, E,O

Ca
Ph Ph

Ar0,S-N___N-SO0,Ar
?
Br
Ar= 3,5—(02N)2C{,H3
(o] (o}

(5.5)-L,BBr, i-Pr,NEt Phs/lH H |

OMe

“OTBS

[0} OH [0} OH

o
MOM 1+ HH/S\‘/\O&. 1 QT

(72) LIL:4,5-syn = 71:24:5
(64) I:11:4,5-syn = 37:55:8

PhS (85) 96:4

OMe

““OTBS

195

“ No assessment of the enantiomeric purity of these products was given.
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TABLE VA. CHIRAL ENOLATES (LIGAND AND SUBSTRATE CONTROL) WITH ACHIRAL ALDEHYDES

Reaction Conditions Enolate Precursor Aldehyde Product(s) and Yield(s) (%), Diastereomer Ratio Refs.
Ce
BOTf MOMO O o
HJ><\OBn + 159, 153
OTBDPS
I
OTBDPS

(8.5)-L,BOTY, i-Pr,NEt, (87) L.I1 = 80:20

pentane, Et;,0
(R.R)-L,BOTHT, i-Pr,NEt, (—) LI =20:80

pentane, Et;0O

0>< 0 O o OXQ o OH
H I+ 178, 160
OTBDPS = X OTBDPS = X
OTBDPS OTBDPS
O (0} (0] OH
I
OTBDPS

(R,R)-L,BOT(, i-Pr,NEt, (86) I:11 = 89:11 OTBDPS

pentane, Et;,0
(5,5)-L,BOTH, i-Pr,NEt, (80-90) LI = 33:67

pentane, Et;0
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TABLE VA. CHIRAL ENOLATES (LIGAND AND SUBSTRATE CONTROL) WITH ACHIRAL ALDEHYDES (Continued)

Reaction Conditions Enolate Precursor Aldehyde Product(s) and Yield(s) (%), Diastereomer Ratio Refs.
0
H + 159, 153
= X
OTBDPS
n
OTBDPS
(R.R)-L,BOTY, i-Pr,NEt, (—) LI = 86:14 OTBDPS
pentane, Et;0O
(8,5)-L,BOTH, i-Pr,NEt, (86) 11 = 33:67
pentane, Et,0
Cxo X
|
f’B“~ E %
()-(IpcyBX Q j’\ O OH o OH
(9)-(Ipc);BOTY, Bno/\')k H™ R BnO R I+ BnO R I 120
i-Pr,NEt
R LI
C(Me=CH, (84) 937
Pr (74) 928
Ph a7 8416
0 0o O OH 0 OH
(+)-(Ipc),BCl, E,N Bno/\l)k H)H/ Bno/\v)k/\/ + Bro” 151
Et,O H H H
2 1 ©1) LI = 95:5 I
o} o] O OH 0O OH
BnO/\HH HJ\R BnOWR I + BnO R I
97% ee R LII
(-)-Ipc,BOTH, i-Pr,NEt Me (65) 92:8 119
(-)-Ipc,BOTH, i-ProNEt (E)}-CH=CHMe  (73) 89:11 278, 119,
122
(-)-Ipc,BOT, i-Pr,NEt C(Me)=CH, (62) 93 (>99% ee):7 (64% ee) 119
(+)-1pc,BOTH, i-Pr,NEt C(Me)=CH, (74) 7 (64% ee):93 (>99% ee) 119, 278,
122
(-)-Ipc,BOTH, i-ProNEt 2-furyl (60) 92:8 119
(+)-Ipc,BOTH, i-Pr,NEt 2-furyl (64) 10:90 119
o} 0o O OH O OH
Bno&‘)H H/U\R B,,OAI)H/LR I+ BnO/\‘)}\I/\R m 19
84% ee R LI
(-)-Ipc,BOT, i-ProNEt C(Me)=CH, (74) 13 (9% ee): 87 (99% ee)
(-)-Ipc,BOTH, i-ProNEt 2-furyl @81 14:86
(+)-Ipc,BOTH, i-Pr,NEt 2-furyl (53) 89:11
o} o) O OH
o ;
(=)-Ipc,BOTT, Et;N BnO v H 9 BnO I+ 400

(63) 11 = 89:1

I

1
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TABLE VA. CHIRAL ENOLATES (LIGAND AND SUBSTRATE CONTROL) WITH ACHIRAL ALDEHYDES (Continued)

Reaction Conditions Enolate Precursor Aldehyde Product(s) and Yield(s) (%), Diastereomer Ratio Refs.
TBSO [0} o TBSO (o] OH TBSO (o] OH
s j
HJ‘H}/ %]/ + /H/U\S/f’\[( 130
82% ee I I
(+)-Ipc,BOTH, Et3N (62) L11:5,6-anti = 91:3:6
(-)-Ipc,BOTH, Et;N (67) LII:5,6-anti = 72:21:7
TBSO [0} (o} TBSO (o} OH TBSO [0} OH
HJ\ R 33 R + 3 2°R
90% ee I I
(+)-Ipc,BOTH, EtsN R = Me, (65) L:II:2,3-anti = 94:2:4 130
(=)-1pc,BOTH, Et;:N R =Me, (67) LII:2,3-anti = 72:24:4 130
(+)-Ipc,BOTH, Et;N R = C(Me)=CH,, (79) L.II = 98:2 131
(-)-Ipc,BOTT, Et;N R = C(Me)=CHj, (—) LI = 69:31 131
TBSO [0} (o] TBSO (o] OH TBSO (0] OH
racemic 0.5 equiv I II
(-)-Ipc,BOTT, EtzN (34) LII = 97:3, 89% ee
(+)-Ipc,BOTT, Et;N (36) ent-L:ent-II = 98:2, 95% ee
t-Bu_ . _Bu-t
oSiZ OPMB
I B
! ' I
(+)-Ipc,BOTH, i-Pr,NEt (42) 11 = 88:12
(-)-Ipc,BOTH, i-Pr,NEt (49) LI = 8:92
Cyo
Ph_ Ph
ArO;S-N__N-SO,Ar
B
|
Br
Ar = 3,5-(CF3),CeH3
[0} (e} (0} OH
“OJ\/LR R = CgHy,, (91) 93:7¢ 19

L,BBr, Et;N, toluene,
hexane

'

' R = (CH,),Ph, (83) 97:3¢

“ This reaction was also repeated in CH,Cl, with similar results.
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TABLE VB. CHIRAL ENOLATES (LIGAND AND SUBSTRATE CONTROL) WITH CHIRAL ALDEHYDES

Reaction Conditions Enolate Precursor Aldehyde Product(s) and Yield(s) (%), Diastereomer Ratio Refs.
Ce
BOTf
(R.R)-L,BOTf ¢ 9o 9
178
OTBDPS
1
(R,R)-L,BOTH, i-Pr,NEt (94) LII = 96:4
(5.5)-L,BOTH, i-Pr,NEt (92) EII = 50:50
MeO (o] o 0 OTES OH OTES
HJI\/\/ I+ 178
[0) : (0]
I
(R,R)-L,BOTH, i-Pr,NEt (84) LI = 95:5
(8.,5)-L,BOTH, i-Pr,NEt @1 LI =67:33
Ca20
(I)Tf
B.. %
(=)-(Ipc),BOTf OPMB TBSO [0} OH OPMB
()(Ipc)BOT, ELN /\)\ru\ /[H/\r Bn OM I+ 170
TBSO O OH OPMB
BnO I

(72) LI = 67:33

)‘Bu\ si” _Bu-t OPMB
~0 OTBS [0}
M J\ A EN OMe

tBu\ si” _Bu-t OPMB
~o OTBS

Me

tBu\ | _Bu-t OPMB
OTBS

(+)-(Ipc),BOTH, i-ProNEt (16) I:II = 50:50
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TABLE VI. CHIRAL ENOLATES (AUXILIARY CONTROL) WITH KETONES

Enolate Precursor Reaction Conditions Ketone Product(s) and Yield(s) (%), Diastereomer Ratio Refs.
Cs
/iOJ\ (o] (o] /ﬁ\ (0] OH
0 NJW Bu,BOTH, Et;N CF3/U\CF3 0 N/U\rt: CF;3 (90) >99:1 107
\_< \_< 3
Pr-i Pr-i
C
. j})\ 0 o} j\ O OH
0" °N Bu,BOTf, E;N CFy~ CF o N CFCF3 (88) 95:5 107
\—( CiHgn \—< CoHon'
Pr-i Pr-i
Cis
(0] (0] (o] OH
/N)H Bu,BOTY, Et;N CFg)J\CF3 /N)l\/k; CF (93 100
' 3
S S
02 02
Cis
)(J)\ (o] (o) /[OL o OH
Q NJKL BuBOTY, Et;N c1=3/u\c1:3 0" °N CFCF3 (86) >99:1 107
\_< \____( 3
Pri P ori Ph
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To simplify discussion, (Z)- and (E)- enolates are assigned whereby
the oxygen—metal substituent is designated a higher priority than R*
(see Egs. 3 and 4).

End

Notes

*

* The yield and selectivity of this reaction are improvements over the
published procedure (see Experimental Procedures for details).
(120,151)
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