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F our decades since Mukaiyama’s first reports on the successful ap-
plication of silicon and boron enolates in directed aldol reactions, the
ability of this highly controlled carbon—carbon bond-forming method
to simultaneously define stereochemistry, introduce complexity, and
construct the carbon skeleton with a characteristic 1,3-oxygenation
pattern has made it a powerful tool for natural product synthesis. This
Minireview highlights a number of representative total syntheses that

demonstrate the impact of the Mukaiyama aldol reaction and discusses
the underlying mechanistic rationale that determines the stereochem-

ical outcomes.

1. Introduction

The ability to forge new carbon—carbon bonds in a regio-,
stereo-, and enantioselective manner is of paramount impor-
tance in organic synthesis. Since the seminal reports of the use
of boron enolates!" (1971) and silicon enolates® (1973) by
Mukaiyama and co-workers, the aldol reaction has evolved
into one of the most powerful methods, excelling especially in
controlling acyclic stereochemistry.’! The mild reaction con-
ditions, along with the high levels of predictable stereocon-
trol, directly facilitate the efficient assembly of complex
polyoxygenated natural products, particularly those of poly-
ketide origin.!

The directed aldol reaction forms a bond between
a preformed enolate and a carbonyl compound, such as an
aldehyde or a ketone, to give rise to a -hydroxy carbonyl
compound and introduce one or two stereocenters
(Scheme 1). Among the various protocols available, the most
straightforward method to generate an enolate intermediate
is from a carbonyl precursor. A silicon enolate can be
obtained by deprotonating a suitable carbonyl compound
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with a strong base followed by treat-
ment with a trialkylsilyl chloride. For
ketones, a combination of tertiary
amine and trimethylsilyl chloride or
triflate is also effective for regiocon-
trolled enolization. Usually isolated,
the silicon enolate can then participate in an aldol addition
with another carbonyl compound in the presence of a suitable
promoter (often a Lewis acid) via an open transition state.”] A
boron enolate is more reactive and is typically generated
in situ by treatment of a carbonyl precursor with a boron
Lewis acid and a weak amine base.! The ensuing enolate can
then directly undergo an aldol addition with an aldehyde
partner via a highly ordered cyclic transition state,/”! to result
in a predictable stereochemical outcome that often comple-
ments the silicon-mediated aldol reaction. In particular, the
close correlation between the enolate geometry and the
product stereochemistry (Z enolates give syn aldol adducts,
E enolates give anti aldol adducts) makes the boron-mediated
aldol reaction particularly powerful.[¥

In their 1976 paper,') Mukaiyama and Inoue foresaw that
the boron-mediated aldol reaction “would provide a practi-
cally useful tool in organic synthesis, because of its mild

base ,SiRa promoter
R3SIX Y RYCHO
= R’\ ™ R3 —/\
R2 prmmmmemdecaann, \

0
R1&/R2 — }—' R*u
R3

carbonyl precursor ! cyclic ! aldol adducts
weak base BR, + transition state ;
RoBX Q" " RicHO
ML
X=0TforCl
R2

boron enolates

Scheme 1. The directed aldol reaction employing silicon or boron
enolates. Tf=trifluoromethylsulfonyl.
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reaction conditions, the simplicity of the procedure and high
regiospecificity”. Indeed, the robustness of the transforma-
tion, together with mechanistic understanding, has allowed
predictably high levels of stereocontrol to be achieved in
complex settings. In this Minireview, we discuss the various
controlling influences in silicon- and boron-mediated aldol
reactions in the context of selected natural product total
syntheses.

2. Diastereoselective Aldol Reactions with Silicon
Enolates

2.1. Control by Chiral Aldehydes through 1,2- and 1,3-
Stereoinduction

A powerful approach to achieve highly diastereoselective
aldol reactions with silicon enolates is to use a chiral aldehyde
partner to control the configuration of the newly generated
stereocenters by 1,2- or 1,3-asymmetric induction.”’ Impor-
tantly, this strategy excels even in complex molecular settings,
thus providing a predictable method for realizing key frag-
ment couplings in challenging natural product syntheses. Two
illustrative examples of this concept are apparent in the
Paterson group’s total synthesis of swinholide A (1,
Scheme 2), a C,-symmetrical marine macrodiolide that ex-
hibits potent cytotoxic activity through disruption of the actin
cytoskeleton.['"]

Firstly, a vinylogous Mukaiyama aldol reaction of dien-
olate 2 with [-alkoxy aldehyde 3 promoted by the mono-
coordinating Lewis acid BF;-OEt, gave adduct 4 (70 %, 90:10
d.r.), which arose through 1,3-stereoinduction in open tran-

OBn
tBu
BF;+OEt, L
CH,Cly, —78°C “3”‘2'
91% ’

dr.>97:3 .,

1,2-syn
1,3-anti \MeO,
A

tBu ‘tBu
7

1: swinholide A
R

Scheme 2. Synthesis of swinholide A (Paterson, 1994).'" TBS =tert-
butyldimethylsilyl, TMS =trimethylsilyl.
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sition state TS-1, as rationalized by the Evans polar model
based on opposed dipoles.'!! At a later stage, a pivotal
Mukaiyama aldol fragment coupling established the full
carbon backbone and oxygenation pattern of the monomeric
swinholide seco acid. In the event, treatment of methyl ketone
derived silicon enolate 5 and aldehyde 6 with BF;-OEt, at
—78°Cled to a clean and rapid aldol addition, which provided
adduct 7 in excellent yield and diastereoselectivity (91 %,
>97:3 d.r.). The efficient acyclic stereocontrol arises here
from a cooperative inducing effect from the o- and (-
stereocenters in aldehyde 6; the combination of Felkin—Anh
control and opposed dipoles results in complete m-facial bias
in TS-2. The configuration of the newly generated hydroxy-
substituted stereocenter was then relayed to the adjacent
ketone by a 1,3-syn Narasaka reduction!™? to secure the C17
and C17’ stereocenters of swinholide A.

Diastereoselective aldol reactions controlled by chiral
aldehydes can also be achieved with silicon enolates derived
from ethyl ketones. This was demonstrated by Taylor,

Angew. Chem. Int. Ed. 2013, 52, 9097 —9108
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Laschat, and co-workers who reported the synthesis of
gephyronic acid (8, Scheme 3), a potent inhibitor of eukary-
otic protein synthesis.'® In this context, Z silicon enolate 9
underwent a BF;-OEt,-mediated aldol reaction with aldehyde

BF3+OEt,, CaH,
-100°C — -78°C

TBSO O TMSO  OMe OTBS
g CH,Cl,
Z X v oo H + OPMB
8 61%, d.r. >95:5
10 9
1
1,2-syn

1,3-anti

TBSO OH O OMe OTBS

8: gephyronic acid

Scheme 3. Synthesis of gephyronic acid (Taylor and Laschat, 2011)."!
PMB = para-methoxybenzyl.

10 to give C8,C9-anti-adduct 11 (> 95:5 d.r.). This outcome is
consistent with the addition proceeding via TS-3, an open
transition state based on the Felkin—-Anh and Evans polar
models. Reductive removal of the C9 alcohol by a Barton—
McCombie deoxygenation then provided an intermediate
suited to completing the synthesis of gephyronic acid.

Diastereoselective aldol reactions of silicon enolates
mediated by Lewis bases!' have also found applications in
complex polyketide synthesis, and are useful for configuring
syn propionate units. Towards this end, Nelson and co-
workers!™ have reported their use in the total synthesis of
erythronolide B (12, Scheme 4). Thus, an aldol coupling
between enolate 13 and a-chiral aldehyde 14 facilitated by
Lewis base catalyst 15 cleanly provided all-syn adduct 16
(72%,99:1 d.r.) via open transition state TS-4 with complete
Felkin—Anh control. Tetrabutylammonium p-nitrophenoxide
(15) possesses the optimal Lewis basicity to promote the
desired aldol addition without epimerizing the a-chiral
aldehyde 14.

The mt-facial selectivity of a 3-oxygenated aldehyde can be
fine-tuned or even overturned by a judicious choice of
protecting group on the oxygen atom.!'® A reversal in the

15 (20 mol%)
OTMS O OTMS  THF,-70°C;
A then 1N HCI

P ON  *NBuy !

catalyst 156

12: erythronolide B

15

Scheme 4. Synthesis of erythronolide B (Nelson, 2010).
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normal 1,3-stereoinduction is exemplified in the synthesis of
Tolypothrix hexaether (17, Scheme 5) in racemic form by
Yamamoto and co-workers. In the event, hexanal was treated
with tris(trimethylsilyl)silicon enolate 18 in the presence of

CsH41CHO
TH,NH (0.05 mol%)
0Si  IC=CPh (10 mol%)

H H Si —r—
J CH,Cl,, 40 °C Hin/\O, : oSi 0Si 0Si 0
79%, d.r. 80:12:5:3 | vy C5H11/'\/'\)\/U\H

18 H

si
8 1,3-syn

o 1 _
= Si(TMS)3 Si'NTf, 1g5 1
1,5-syn + O  OSI(TES);
OH O OSI(TES)s X 20
DMF LiIHMDS, LiBF,

DMF, —40 °C
64%, d.r. 73:20:7

OMe OMe OMe OMe OMe OMe
CaHy X
17: Tolypothrix hexaether
Scheme 5. Synthesis of Tolypothrix hexaether (Yamamoto, 2011).'
DMF = N,N-dimethylformamide, HMDS = hexamethyldisilazide, TES =
triethylsilyl.

triflimide and iodophenylacetylene to preferentially provide
the triple adduct 19 with an all-syn configuration (79 %,
80:12:5:3 d.r.) via postulated TS-5. To further demonstrate
the utility of their “super-silyl” method, aldehyde 19 was
subjected to a double-stereodifferentiating aldol reaction
with the lithium enolate of the P-tris(triethylsilyl)siloxy
methyl ketone 20 to give predominantly 1,5-syn-adduct 21
(64%,73:20:7 d.r.), whereby the stereochemical outcome was
rationalized by TS-6.0'"

2.2. Diastereoselectivity Arising from Chelation

By using Lewis acids that possess multiple coordination
sites, heteroatom-substituted substrates can undergo chela-
tion-controlled aldol reactions to afford adducts with a re-
versal of m-facial selectivity compared to the nonchelation
reaction.”¥ An example of this concept was shown by Corey
and co-workers in their synthesis of lactacystin (22;
Scheme 6),"” a microbial natural product that affects the
turnover of misfolded and denatured proteins. The aldol

23 24 (10:1 E/Z)

1,2-anti

TBSQ,

HOLC
—
Ph—~ Y M9

NHAc

NH 3

0]
HO  s—iPr
HO

22: |lactacystin 25

07

Scheme 6. Synthesis of lactacystin (Corey, 1998).
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reaction of aldehyde 23 and Esilicon enolate 24, in the
presence of Mgl,, proceeded with high diastereoselectivity in
favor of the desired 1,2-anti-adduct 25 (85%, 9:1 d.r.). This
stereochemical outcome arises from chelation of the magne-
sium Lewis acid with the formyl oxygen atom and the
neighboring benzylamino group that renders the aldehyde
Si face more susceptible to nucleophilic attack by the enolate,
as shown in TS-7.

A two-step sequence that involves the proline-catalyzed
aldol dimerization of o-siloxyaldehydes, and a subsequent
tandem aldol addition/cyclization reaction, was used by the
MacMillan group for the concise synthesis of differentially
protected carbohydrates (Scheme 7). Treatment of alde-

1,2-anti
o 27 (10 mol%) O OH
JH DMSO A
—_—
H 92% il
OTIPS dr. 4:1,95% ee TIPSO  OTIPS
26 28

29 29 29

MgBr,+OEty, Et,0|  MgBryOEty, CH,Cly TiClg, CHoClp
-20°C—4°C -20°C—~4°C -78°C —» —40°C
T|Pso/'IO/\[0H TIPSO/'IO)’OH Tipso” O~ O
TIPSO” " “0Ac TIPSO” ¥ “0OAc TIPSO Y “OAc
OH OH OH
30: protected glucose 31: protected mannose 32: protected allose
79% 87% 97%

d.r. 10:1, 95% ee d.r.>19:1, 95% ee d.r.>19:1, 95% ee

[\ OTMS
N7 COH xOAC |
LR

27 29

Scheme 7. Two-step synthesis of protected hexose carbohydrates (Mac-
Millan, 2004)." DMSO = dimethylsulfoxide, TIPS =triisopropylsilyl.

hyde 26 with L-proline (27) provided adduct 28 (92 %, 4:1 d.r.,
95% ee), which proved inert to further proline-catalyzed
enolization or enamine addition under the reaction condi-
tions. Subsequent Mukaiyama aldol reaction with silicon
enolate 29 afforded protected versions of glucose (30),
mannose (31), and allose (32); the selectivity was tuned by
judicious choice of Lewis acid and reaction solvent. For
example, the use of MgBr,-OEt, favors a chelation-controlled
open transition state, wherein the facial selectivity of the
silicon enolate is solvent dependent. Aldol coupling mediated
by TiCl,, on the other hand, is rationalized as proceeding
through Felkin-selective titanium enolate addition to the
aldehyde through a Zimmerman-Traxler transition state.
Overall, the modular nature of this process makes it possible
to independently derivatize (isotopically or functionally) the
hexose, thus allowing for the rapid construction of a broad
range of differentially protected building blocks in saccharide
and polysaccharide synthesis.

2.3. Control by Chiral Auxiliaries
The vinylogous version of the silicon enolate aldol
reaction was first reported by Mukaiyama and Ishida in

1975.11 After four decades of continued development, both

www.angewandte.org
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diastereoselective and enantioselective versions of the reac-
tion have evolved.” A practical auxiliary-based method was
developed by the group of Kobayashi,?!! and later extended
by the groups of Hosokawa'® and Kalesse;*! this method
uses silicon dienolates of type 33 to simultaneously configure
one double bond and up to two stereocenters. The efficiency
of this vinylogous aldol addition was demonstrated independ-
ently by De Brabander and co-workers? and Nicolaou,
Chen, and co-workers™! in the total synthesis and structural
revision of palmerolide A (34, Scheme 8), a marine macrolide

OTBS

o] o]
TiCly, CH,Cl,, 78 °C
O)LN N L H iClg, CHClp R —( H H i,
\ N 20 =~ De Brabander(24 N 0
R R =iPr 80%, d.r. 13:1 )§o R Me
I Nicolaou and Chenl25! 0 *~~
33 35 R=Bn 83%,d.r. 18:1 TS-8
on !
OH 1,2-anti
34: proposeq structure of 0 o OH
palmerolide A 0 )L 554 |
/& <— 0" N Z 19 X
H 07 "0 HN™ 0 -/
WN AN R 3
0 s

Scheme 8. Synthesis of the proposed structure of palmerolide A (De
Brabander, 2007;% Nicolaou and Chen, 2007).%!

that exhibits potent and selective activity against melanoma
cancer cells. The reaction of dienolate 33 with aldehyde 35, in
the presence of TiCl,, gave anti adduct 36 in high yield and
excellent diastereoselectivity. The high degree of long-range
acyclic stereocontrol may be ascribed to the open transition
state depicted in TS-8. In this scenario, the addition proceeds
on the less hindered m face of the preferred conformation of
silicon dienolate 33, in which dipoles are opposed, whereas
the facial selectivity of the aldehyde is dictated by minimi-
zation of steric interactions between the nucleophile’s a-
methyl substituent and the R substituent of the aldehyde.

Interestingly, a switch to syn diastereoselectivity can be
attained when a- or B-heteroatom-substituted aldehydes are
employed in this vinylogous aldol reaction. In the recent total
synthesis of the antioxidant and antinephritis agents, Q-
1047H-A-A and Q-1047H-R-A (37 and 38, respectively;
Scheme 9), the C8 and C9 stereocenters were installed by
Chen, Yang, and co-workers using this strategy.’® Through
the TiCl,-mediated aldol coupling between dienolate 39 and
methoxy-substituted aryl aldehyde 40, syn-adduct 41 was
obtained (92 %, 20:1 d.r.) via chelated transition state TS-9.
The X-ray crystal structure of 37 enabled reassignment of the
absolute configuration of the natural products.

3. Enantioselective Aldol Reactions with Silicon
Enolates
3.1. Chiral Tin Lewis Acid Mediated Aldol Reactions

In 1989, Mukaiyama and Kobayashi first reported that
enantioselective aldol reactions of silicon enolates can be

Angew. Chem. Int. Ed. 2013, 52, 9097 —9108
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07N+ HTO 2 78°C-0°C | g /= HQ‘T'L
. p Jibn
s 92%, d.r. 20:1 T8sd/ { Me )\
Bn \ //
OMe N—
99 40 1S9 NO
1,2-syn
OH OMe
) NO;
(:)H 41 OMe

38: ent-Q-1047H-R-A

37: ent-Q-1047H-A-A

Scheme 9. Synthesis and structural revision of Q-1047H-A-A and Q-
1047H-R-A (Chen and Yang, 2013).%

achieved by using a chiral diamine/tin(II) triflate complex as
an aldehyde activator.’”l Moreover, this method can be
rendered catalytic in the presence of tin by slow addition of
the starting silicon enolate and aldehyde to the tin catalyst
solution to suppress the racemic background reaction pro-
moted by TMSOT{. Depending on the o substituent of the
enolate, the reaction can afford either the anti or syn adduct,
and thus constitutes a powerful method for controlling the
absolute stereochemical outcome in directed aldol reactions.

In the total synthesis of the important anticancer agent
taxol (42, Scheme 10), an anti-selective aldol reaction was
employed by Mukaiyama and co-workers to define the side-
chain stereochemistry, as well as to configure the C1 and C2

1,2-anti
[
weo. N one SNOTN: 45, BuxS(0AC), < OBn
9 +Bno Y CH,Cl, —40 °C meo X 2 _owe
OMe O OTBS  68%, d.r. 4:1, 87-93% ee OMeOH O
44 43 47
1,2-anti
OBn Sn(OTf),, 46, Bu,Sn(0AG),, M ohn
TR CH,Cly, 78 °C ph. J_ st
0TBS 95%, d.r. 99:1, 96% ee oH O

42: taxol

Scheme 10. Synthesis of taxol (Mukaiyama, 1999).1%!

stereocenters in the B ring.” Silyl ketene acetal 43 under-
went aldol coupling with aldehyde 44 in the presence of
stoichiometric amounts of Sn(OTf),, chiral diamine 45, and
Bu,Sn(OAc), as a Lewis basic silicon enolate activator. This
reaction gave anti adduct 47 in useful selectivity (68 %, 4:1
d.r., 87-93% ee), thus enabling the stereochemistry of the
C10 hydroxy-substituted stereocenter and the BC ring junc-
tions to be controlled at a later stage. The aldol reaction
between 48 and benzaldehyde took place under similar
conditions to give anti-adduct 49 (95%, 99:1 d.r., 96 % ee).
The ensuing benzylic alcohol stereocenter was subsequently

Angew. Chem. Int. Ed. 2013, 52, 9097 —9108
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inverted by hydrogen azide under Mitsunobu conditions,
reduced, and benzoylated to complete the taxol side chain.

The tin-promoted aldol method can also provide access to
syn adducts by changing the o substituent in the silyl ketene
thioacetal, as demonstrated in Kobayashi’s total synthesis and
stereochemical assignment of the antifungal agent khafrefun-
gin (50, Scheme 11).” In the presence of chiral tin(IT)/

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

r ks
CoH1gCHO
51 (20 mol%) B 1,2-syn
SnO (20 mol%) Negp-NH H
OTMS 0, 78ec | ML= P 0
P — 2270~ | O H - "
SEt 3% Y \ . CoHig” Y~ SEt
d.r. 97:3, 94% ee R,
52 ’ )\rSEt 53
TS-10
L oTMS |
== 51,52
OPMB OH O Bu,Sn(OAC), OPMB 0
CroH112 AN 2 5 st CH,Clp, —78 °C C1gHp112 NN H
Y 90%, d.r. >99:1 T 54
u OH § el E
OH 0 o ¢/ OoH :O—\N :
i A\ :
Gt B A AN NS OWOH i Me” SuH O :
e EN i TfO OTf :

50: khafrefungin i

Scheme 11. Synthesis of khafrefungin (Kobayashi, 2001).%

diamine complex 51 as a Lewis acid catalyst and SnO as
a Lewis base, an aldol reaction between decanal and 52 gave
syn-adduct 53 with excellent selectivity (83%, 97:3 d.r.,
94 % ee). The reaction likely proceeds via a pentacoordinate,
square pyramidal tin(IT) intermediate, wherein the Re face of
the aldehyde is shielded by the diamine naphthyl group, thus
allowing the nucleophile to attack the aldehyde Si face via
open transition state TS-10.5° Intermediate 53 was next
transformed to aldehyde 54 for a second aldol iteration under
similar reaction conditions (albeit requiring a stoichiometric
amount of tin(II)/diamine) to provide adduct 55 (90 %, > 99:1
d.r.).

3.2. Chiral Titanium and Copper Lewis Acid Catalyzed Aldol
Reactions

The use of chiral titanium Lewis acids to realize catalytic
enantioselective Mukaiyama aldol reactions®'! was exempli-
fied by Carreira and Singer in their total synthesis of
macrolactin A (56, Scheme 12), a polyene macrolide that
inhibits HIV replication in T-lymphoblast cells.*?! Recogniz-
ing the structural homology between the two dienyl alcohols
within macrolactin A, enantiomeric fragments 57 and ent-57
(80%, 92% ee) were prepared by the aldol reactions of
common precursors S8 and 59, in the presence of the
appropriate enantiomer of the Ti'V catalyst 60 to establish
the C7 and C15 stereocenters.

The Cu"/PyBox-promoted Mukaiyama aldol reaction
developed by the Evans group, relies on bidentate coordina-
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(R)-60 (2 mol%)
Et,0,0°C

/\)L /\/KOTMS 80%, 92% ee

(S)-60 (2 mol%)
Et,0,0°C X

80%, 92% ee

TMSO TMSO [ 2Ne]
BuzSn \ 7 Bu3Sn 15 \ (0]
ent-57 57

u O T|
OTBS H
BuzSn \ 7

56: macrolactin A

Scheme 12. Synthesis of macrolactin A (Carreira, 1998).2

tion of the reacting aldehyde to the catalyst to achieve n-facial
bias in the carbon—carbon bond-forming step.™ This power-
ful method was used by Evans and co-workers in the total
synthesis of the cytotoxic marine macrolide, callipeltoside A
(61, Scheme 13).PY In the event, a Cu'/PyBox catalyzed

Evans®4
o) 62 +63
pMBo\)LH 65 (2.5 mol%), CH,Cly, 78 °C; OH 0
&3 aq. HCI PMBOWOB
93%, 95% ee 64
)\/OCMS / Paterson[®%]
ZN0R 66 + 67

Ti(0iPr)4 (50 mol%)

62:R=Et
66:R = Me (R)-binol (50 mol%) OH o)
CaH,, THF, -78 °C /\/\/\)\/U\
0 2 XY X “oMe
/\/\)’\H 89%, 94% ee 68

67 0 OR

| S : MeO. 3 ’(

io N7 -0, R=

Q/N' AN \8 : “OMe
= 2SbF5 Ph |

‘ catalyst 65 f o 61: callipeltoside A

Scheme 13. Synthesis of callipeltoside A (Evans, 2002;* Paterson,
2003).59 (R)-binol = (R)-(+)-1,1-Bi(2-naphthol).

vinylogous aldol reaction between silicon dienolate 62 and
aldehyde 63 afforded adduct 64 (93 %, 95 % ee). The observed
asymmetric induction can be rationalized by chelation of the
benzyloxy group on the aldehyde to the Lewis acidic copper
center in 65, thus imposing facial bias in the enolate addition.
Notably, this enantioselective aldol reaction tolerates varia-
tion in both the nucleophilic and electrophilic components
while maintaining low catalyst loading.

In contrast, a titanium-promoted aldol addition was
preferred by Paterson and co-workers in their synthesis of

9102  www.angewandte.org
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callipeltoside A.*) An asymmetric vinylogous Mukaiyama
aldol reaction between 66 and iododienal 67 with Ti""/binol as
a chiral Lewis acid gave adduct 68 (89 %, 94 % ee). Although
high catalyst loadings are required in this transformation, the
sensitive iododiene moiety was tolerated, thus enabling the
later attachment of the cyclopropyl alkyne side chain of
callipeltoside by a Sonogashira cross-coupling.

3.3. Chiral Boron Lewis Acid Catalyzed Aldol Reactions

Chiral oxazaborolidinium salts, such as 69, are also
effective Lewis acids for aldehyde activation in aldol reactions
with silicon enolates.’! In the total synthesis of the antimi-
crobial and anticancer agent inthomycin C (70, Scheme 14) of
Ryu and co-workers, the aldol reaction of the stannyl
aldehyde 71 with silicon enolate 72 proceeded smoothly in
the presence of catalyst 69 to give adduct 73 (92 %, 93 % ee),
and retaining the sensitive dienylstannane moiety.

69 (20 mol%),

0 PhsPO (50 mol%) ™SO O
B%SnWH PhMe, —40 °C Bussn NN ove
92%, 93% ee
7 £ 1 73
* ; H Ar l
otMs | Q—e Ar
N. O

i Y
w/l\ i B : </ i OH O
: Ph  OTf : 6} XX 2~ “NH,
72 ! Ar = 3,5-dimethylphenyl | %

catalyst 69 70: inthomycin C

Scheme 14. Synthesis of inthomycin C (Ryu, 2010).5°

3.4. Chiral Lewis Base Catalyzed Aldol Reactions

Chiral Lewis base catalyzed Mukaiyama aldol reactions®”!
feature as key steps in the total synthesis of the antifungal
polyene macrolide RK-397 (74, Scheme 15) by the group of

CHO
OTMS BaMe,Si~ X OH 0
75 2
Aot —— 0 L BiMesiT M OEt
77 (1.5 mol%)
76 78
iPENEt (20 mol%)
SiCly, CHyClp, =70 °C u
75%, 96% ee Bl
o) OPMB M
¥ -
= + "0 o
§ AAAAN
BnMe,Si 21
80 79
...................................... orM=TMS | (g

SiCly, Hg(OAc),, 81 or 85%. d.r. >19:1

OPMB

T R
N O Ph 1 5.anti
4 i i
NIP\N CHy | Q/\Q O OH
TS PR ST N -
2 H

Scheme 15. Synthesis of RK-397 (Denmark, 2005).5#
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Denmark.®! In this context, the reaction between aldehyde
75 and trichlorosilyl enolate, which was generated in situ from
ketene acetal 76, was promoted by Lewis base catalyst 77.
This reaction provided vinylogous adduct 78 (75 %, 96 % ee),
and simultaneously defined the C13 and C21 stereocenters,
which were then used to configure an additional six of the 10
stereocenters in RK-397 by substrate control. After conver-
sion into a methyl ketone, a second aldol reaction of the
derived enolate 79 with aldehyde 80 was needed to configure
the C27 stereocenter. In this scenario, the use of catalyst 81
with the derived silicon enolate gave adduct 82 with moderate
diastereoselectivity (2:1 d.r.), whereas the corresponding
boron enolate gave 82 with a characteristically high level of
1,5-anti stereoinduction (19:1 d.r.),® as discussed later in
section 4.1.

4. Diastereoselective Aldol Reactions with Boron
Enolates

4.1. Control by Chiral Enolates through 1,4- and 1,5-
Stereoinduction

For boron-mediated aldol reactions, a powerful approach
to achieve highly diastereoselective additions to aldehydes is
to use a chiral enolate partner to control the configuration of
the newly generated stereocenters by 1,4-%Y or 1,5-asymmet-
ric induction®! through a highly ordered cyclic transition
state. Notably, computational analysis of the transition state is
well-developed in this context.”’ As discussed already in the
case of silicon enolates, this strategy excels even in complex
settings, and provides a predictable method for accomplishing
key fragment couplings in challenging total syntheses. The
synthesis of the antifungal and cytotoxic agent spirangien A
(83, Scheme 16) by the group of Paterson showcases the use
of boron-mediated 1,4-asymmetric induction as a key step
to define the majority of the stereocenters.*”! Selective

chex,BCl, Et;N methacrolein

PMBO O Eto.0°C PMBO  OB(cHex, _melaoORN
—_—
% Kl)ﬁ 84%, d.r. >95:5
84 85
1,2-anti S
1,4-syn
Me,NBH(OAC);
AcOH, MeCN, -30°c PMBQ @ QH
82%, d.r. 15:1
86

1,3-anti

1
PMBO OH OH

*2 —

83: spirangien A

HO™

Scheme 16. Synthesis of spirangien A (Paterson, 2009).1*!
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enolization® of ketone 84, derived from the Roche ester,
with cHex,BCIl and Et;N gave E boron enolate 85, which
upon addition to methacrolein gave 1,4-syn adduct 86 (84 %,
>95:5 d.r.). Subsequent Evans—Saksena 1,3-anti reduction*’!
then provided 87, containing four stereocenters with equally
high diastereoselectivity (82%, 15:1 d.r.). The aldol stereo-
control arises from the preferred bicyclic boat transition state
TS-11, which invokes minimization of 1,3-allylic strain and
a stabilizing hydrogen bond between the formyl group and the
oxygen atom of the PMB ether of the boron enolate.” The
common building block 87 was then elaborated into aldehyde
88 and methyl ketone 89, which were submitted to aldol
coupling controlled by a chiral boron reagent (see sec-
tion 5.1)" to introduce the C23 stereocenter in the spiroa-
cetal core of spirangien A.

In comparison to boron-mediated aldol reactions involv-
ing a-substituted enolates, the use of boron enolates derived
from methyl ketones often gives lower levels of stereoselec-
tivity in both substrate- and chiral-reagent-controlled reac-
tions.’>**! This outcome is likely due to a preference of such
acetate-type aldol reactions to proceed via boat-type tran-
sition states, as opposed to the chair transition states favored
for syn aldol additions with Z enolates.” Interestingly, when
boron enolates derived from methyl ketones and bearing
suitably substituted f'-alkoxy groups are employed, remark-
ably high levels of 1,5-anti stereoinduction can be achieved,™!
as independently discovered by the groups of Paterson®™? and
Evans.””* The efficiency of this powerful fragment coupling
strategy was demonstrated by the group of Paterson in their
synthesis of leucascandrolide A (90, Scheme 17),*°) a marine

TBSO\/\/E\H/ H

92 o}
-78°C—-30°C
99%, d.r. 17:1

X
N
\ g Pa— OH O O
\ TBSO
o)
N
H OMe

90: leucascandrolide A

[4€]

Scheme 17. Synthesis of leucascandrolide A (Paterson, 2003).

macrolide that exhibits potent cytotoxic activity. Addition of
the dicyclohexylboron enolate prepared from methyl ketone
91 to a-chiral aldehyde 92 afforded 1,5-anti-adduct 93 (99 %,
17:1 d.r.), thus overriding any inherent Felkin—-Anh 1,2-syn
preference of the aldehyde. In fact, equally high levels of 1,5-
anti induction were also obtained with achiral aldehydes, thus
indicating that 92 contributed only negligibly to 1,2-induction.
The stereochemical outcome arises from bicyclic boat tran-
sition state TS-12, which involves a hydrogen bond between
the formyl group and the tetrahydropyranyl oxygen atom of
the boron enolate, and minimization of steric interactions
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between the enolate f’-alkyl substituent and one of the boron
ligands.">4!

Remarkably, the intrinsic m-facial selectivity of certain
Z enolates derived from [’-alkoxy ethyl ketones may be
reversed relative to the methyl ketone case, thus giving rise to
1,5-syn aldol adducts through a chair transition state. This
effect was first described by Evans and Calter in their total
synthesis of bafilomycin A, and subsequently used as a key
step in other natural product syntheses,*¥ as illustrated by the
approach of Smith and co-workers towards the irciniastatins/
psymberin (94 and 95, Scheme 18).1! Here, the ethyl ketone

2-butanone

(9)-Ipc,BCl, EtsN
O oTBS O ELO, 0°C: O OH OoTBS O

97,-78°C —» —40°C . OMe

H 4 OMe
- 86%, d.r. 5:1

97

Cl,BPh, iPrNEt 5
" OTBS

{_OTBS CH,Cl, —78°C;
Pl inbilil
CO,Me
SEMO
‘OMe CHO ‘OMe
99 OSEM

90%, d.r. >20:1

Et,BOMe, NaBH,
95%, d.r. >20:1

OH O
101 94: irciniastatin A (psymberin): R" =
95: irciniastatin B

OH,R?=H
‘R,R?=0
Scheme 18. Synthesis of irciniastatin A (psymberin) and irciniastatin B
(Smith, 2008, 2013).1¥ Ipc =isopinocampheyl, SEM = 2-trimethylsilyl-
ethoxymethoxy.

96 (86 %, 5:1 d.r.) was readily prepared by a Paterson boron-
mediated aldol addition (see section 5.1) between 2-butanone
and aldehyde 97, and then underwent epoxide ring opening
and methylation to give tetrahydropyran 98. Selective Z eno-
lization of ketone 98 was carried out with CL,BPh and
iPr,NEt,”" where addition to aldehyde 99 gave the 1,5-syn-
adduct 100 (90 %, >20:1 d.r.). A Narasaka reduction™” then
established the all-syn configuration of the three stereocen-
ters at C15-C17 in 1,3-diol 101.

5. Asymmetric Aldol Reactions with Boron Enolates
5.1. Control by Chiral Auxiliaries and Reagents

The versatile Evans syn aldol reaction involving boron
enolates substituted by a chiral oxazolidinone auxiliary was
first reported in 1981.%¢ This has subsequently proved to be
a very dependable method for the stereocontrolled synthesis
of complex polyketide natural products. A complementary
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approach is to use a chiral boron reagent for enolization of
carbonyl compounds, for enantioselective aldol additions with
aldehydes, where Ipc,BX (X=OTf or Cl) reagents have
proved particularly valuable.**! The use of these two asym-
metric boron-mediated aldol reactions on a large scale was
demonstrated by the Novartis process chemistry group in
their synthesis of discodermolide (102; Scheme 19), a marine

Bu,_ ,Bu o 105
O O  Bu,BOTY, Ets;N 'B‘ \/\CHO
M cHCh0°C —78°C—0°C
N ——— o
P 82%, d.r. >95:5
Bn
103 104
125yn (o] : T
PMP > _)g
: PMBO OH 0o o “OFNTen
o™ o )L R/I:S(O -'B\\Bu
H 18 — N (0] H '-,/ 0
19 H }_/ —
1507 Ve
106 68k J
104 ( g) TS-13
—78°C —10°C \
85%, d.r. >95:5 l
E:.’MP 1,2-syn /TBS
0/\0 OHO O PMBO ?TBS (0] O (0} on
| : Me
110 B 108 109

(#)-Ipc,BCl, EtsN
Et,0, 0 °C;

63%, d.r. 4:1

112 (70 g)
. Me,NBH(OAC);

THF / ACOH
2. HCI, MeOH

-

51% over 2 steps

OH 102: discodermolide (62 g)

Scheme 19. Large-scale synthesis of discodermolide for phase 1 clinical
trials (Novartis, 2004).F*! PMP = para-methoxyphenyl.

sponge-derived microtubule-stabilizing agent that entered
clinical trials as an anticancer drug candidate. This impressive
campaign produced more than 60 g of this architecturally
complex polyketide through total synthesis, by using a hy-
bridized Novartis-Smith®''-Paterson®? approach.

In the route developed by the Novartis group, boron-
mediated aldol chemistry, featuring Evans oxazolidinone syn
aldol and Paterson Ipc aldol methods, was employed to define
nine of the 13 stereocenters in discodermolide. In this context,
enolization of propionimide 103 with Bu,BOTf and Et;N
followed by addition of the resulting Zenolate 104 to
aldehyde 105, derived from the Roche ester, gave syn adduct
106 as a single diastereomer (68 kg); the reaction proceeds
through the chair transition state TS-13.) Common inter-
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mediate 106 was next elaborated into the three subunits 107,
108, and 109. A second Evans aldol reaction gave adduct 110
(85%) with no minor diastereomers observed. Following
elaboration, including reductive cleavage of the auxiliary and
iodination of the ensuing alcohol, a Suzuki cross-coupling
with fragment 108 was realized, which later led to aldehyde
111. In the final reagent-controlled aldol reaction, enolization
of 109 with (+)-Ipc,BCl and Et;N, followed by addition of
aldehyde 111 led to adduct 112 (63 %, 4:1 d.r.) via the boat
transition state TS-14.7<! Finally, an Evans-Saksena reduc-
tion” of 112 and complete deprotection gave 62g of
crystalline discodermolide (102), as a single polymorphic
form (monohydrate).

6. Combined Use of Silicon and Boron Enolates in
Total Synthesis

6.1. Synthesis of Phorboxazole B

The total synthesis of the marine anticancer agent
phorboxazole B (113, Scheme 20) by Evans and co-workers
nicely showcases the application of both silicon- and boron-
mediated aldol chemistry in the assembly of this architectur-
ally complex polyketide.® Using a-oxazole aldehyde 114 as

N CHO
il
ph—/ 07 (114 OH 0O

TESO O
OTMS 116 (10 mol%) s H
)\ CH,Cl,, 78 °C o015 StBu o5 H
115 91%, 94% ee — 117 2/ 118
Ph OTIPS
BnOvCHO (120) + OBn
,TMS,TMS 65 (2 mol%), CH,Cl, OH O O
o) —93°C ~-78°C  g5/37:x —» O 0
P —_— OtBu I : WO,
OtBu  85%, 99% ee Obin o_\)

119 121 122

25 qff@

Ph TfO OTf Ph Ph

122, Bu,BOTF, iPr,NEt
CH,Cl, —105 °C; 118
82%, d.r. >95:5

@]

1,3-anti  1,5-anti

2 SbFe TESQ OH O

cHex,BCl, Me,NEt 1,2-anti

Et,0, 0°C; 14-syn
T\(CHO OHO O O
4
JL ¢ 125
)_/ -73 °C—0°C
Bn 97%, d.r. 94:6

124

MeO,,

113: phorboxazole B
[54]

Scheme 20. Synthesis of phorboxazole B (Evans, 2000).
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a bidentate electrophile, the Sn"-catalyzed asymmetric aldol
addition of silicon enolate 115 to 114 provided adduct 117
(91%, 94 % ee), which was converted into aldehyde 118. The
aldol reaction of silicon enolate 119 with benzyloxyacetalde-
hyde (120), in the presence of Cu"/PyBox catalyst 65, gave 8-
hydroxy-f-ketoester 121 (85 %, 99 % ee). 121 was converted
into ketone 122, which was subjected to a 1,5-anti boron-
mediated aldol coupling with aldehyde 118 (performed at
—105°C) to give adduct 123 (82%, >95:5 d.r.). A second
fragment was constructed using a boron-mediated aldol
reaction®! between the E enolate derived from B-ketoimide
124 and aldehyde 125 to give anti-adduct 126 (97 %, 94:6 d.r.).

6.2. Synthesis of Azaspiracid-1

The total synthesis of the marine neurotoxin azaspiracid-
1 (127, Scheme 21) by the group of Evans features a series of
highly efficient silicon- and boron-mediated aldol reactions to

1,2-anti
130 (10 mol%) O, (T
CH,Cl,, -78 °C

° 0 (o}
o + JS(NHPh : Z
X
d 2 K z 94% conv., d.r. >40:1, 97% ee « "NHPh

recrystallization — 67%, >99% ee 131 OH

128 129 u
OH O O OTMS MgBr,+OEt, TBS.,
CH)Ch,0cc Q@ : O O
N o —= / Ng =T ——— A
\ 93%, d.r. >95:5 H
Bri 133 | fag ‘OPMB
134 cHex,BCl, iPr,NEt v
CH,Cl,, -78 °C; 0 : O OH O
o) 136,-78°C - 0 °C : ”
H * Ny
d.r. 60:40 OPMB
135
TBS HF, H,0
MeCN, -78 °C

OH O : O OHO

N, 92% over 2 steps

127: ent-azaspiracid-1

156]

Scheme 21. Synthesis of ent-azaspiracid-1 (Evans, 2008).

build the FGHI-ring system and meet the challenging
stereochemical requirements in this region.”*>"! Siloxyfuran
128 underwent a vinylogous Mukaiyama aldol reaction with
glyoxamide 129 in the presence of Sn" catalyst 130 to give y-
lactone 131 (94 %, > 40:1 d.r., 97 % ee). After elaboration to
aldehyde 132, a chelation-controlled aldol reaction promoted
by MgBr,OEt, with silicon enolate 133, derived from
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oxazolidinone-based aldol product 134, cleanly provided
adduct 135 (93 %, >95:5 d.r.). Regioselective enolization of
methyl ketone 135 with cHex,BCl and iPr,NEt, and a sub-
sequent aldol addition to aldehyde 136 led to the formation of
137; the low diastereoselectivity of this reaction was incon-
sequential because the C26 alcohol was later converted into
an olefin. When diol 137 was exposed to aqueous HF in
MeCN, cleavage of the TBS group at C32 was accompanied
by spontaneous acetalization to afford 138 (92% over 2
steps), thus efficiently generating a key intermediate suited to
completing the total synthesis of ent-azaspiracid-1.

6.3. Synthesis of Rhizopodin

The recent total synthesis of the actin-targeting macro-
diolide rhizopodin (139, Scheme 22) by the Paterson group®!
relies on both silicon- and boron-mediated aldol methods to
install most of the stereocenters. A vinylogous aldol addition
of silicon dienolate 140 to aldehyde 141 catalyzed by a chiral
titanium Lewis acid afforded adduct 142 (66 %, 94 % ee).

Ti(OiPr)4 (50 mol %)
(R)-binol (50 mol %)

oTMS
N0y, o><o Mo o 0
07N  CaH,, THF,-20°C
> A _
70 66%, 94% ee | 0 | 1 OMe
140 I 142 7=
O OMeOTBS o
A -
TMSO._ 0./, : (143
| I TiCl CH,Ch -78°C
s SIS
| 52%, d.r. 20:1
144
1,2-anti
cHex,BCl 1y4_§j,,;
Me,NEt — . H
Et,0,0°C; - s %
L8 G e R O AR
1470 OHC78°C OH O OMe Me
- 148
61%, d.r. 955 145
via TS-16
OHC o 1. cHex,BCl, Et;N, Et,0;
TBS 149, -78°C - 0°C
OMe OMe Q" O OMe 2. Et;NSO,NCO,Me, THF
NS 3. [PhsPCuH]s, PhMe

4. HF -py, THF

46% over 4 steps

""""""""""""""""" O OMe Me
139: rhizopodin

Scheme 22. Synthesis of rhizopodin (Paterson and Dalby, 2013).5%
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Using chelation-control with TiCl, and p-methoxyaldehyde
143, aldol addition of dienolate 144 proceeded to give 1,3-anti
product 145 (52%, >20:1 d.r.). The 1,2-anti related stereo-
centers in the remaining fragment 146 were configured by
addition of the E boron enolate from lactate-derived ethyl
ketone 147 to 3-butenal to give adduct 148 (91 %, >20:1 d.r.)
via the formyl hydrogen-bonded bicyclic transition state TS-
15.51 Completion of the total synthesis required a challenging
two-directional aldol coupling between the methyl ketone 146
and macrocyclic dialdehyde 149. In the event, this critical
carbon—carbon bond formation®! was best accomplished by
enolization of 146 with cHex,BCl and Et;N under mild
conditions, and subsequent controlled addition to 149, to give
the bis(-hydroxyketone), which was transformed into rhizo-
podin (139).

7. Summary and Outlook

The foregoing representative examples serve to highlight
the impact of silicon- and boron-mediated aldol chemistry in
contemporary total synthesis. In particular, creative solutions
have been devised to render these aldol reactions highly
stereoselective, efficient and reliable in complex settings, in
which the sensitivity of densely functionalized substrates
often provides only limited scope for successful chemo-
selective manipulations. The development of practical stoi-
chiometric and catalytic asymmetric aldol reactions has also
been achieved, and their scope and versatility are being
continuously enhanced. These aldol reactions enable the
preparation of chiral building blocks suited for the assembly
of more elaborate molecular frameworks, as well as for
allowing reagent control of stereochemistry and overturning
the inherent substrate preference while defining new stereo-
centers. Total synthesis empowered by Mukaiyama’s aldol
chemistry has rapidly grown into a vibrant area of research
over the past forty years, and will no doubt continue to serve
as a fertile ground for the advancement of the field of organic
synthesis in the future.
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