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1. Introduction

The stereoselective synthesis of carbohydrates and relate
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embedded in their structural framework remains a topic of
great current interesdtThanks to the strength of numerous
asymmetric transformations of the carberarbon double
bond developed in the last decadedk-1-en-3,4-diold have
inspired many elegant solutions for the synthesis of structural
domains containing sequences of contiguous oxygen-bearing
stereocenters.

This review deals with the straightforward and versatile
approach to the alk-1-en-3,4-diol motifrepresented by the
formal a-hydroxyallylation of carbonyl compounds by means
of synthetic equivalents of the 1-hydroxyallyl aniof) (
(Scheme 1). Among the efficient synthetic protocols devel-
oped in the last two decades, attention is focused on properly
designed 3-oxyallyl organometallic compourRisapable of
providing stereocontrolled routes 10

Scheme 1
OH OH OH (Ij
R)\H\/OH — R)\(\ - R) @l/\
OH OH OH
1 2
P = alkyl, aryl, silyl, etc.
O = PONML, M= metal
OH L = metal ligand
2 3

Oxyallyl organometallic compound where M is a metal
center, L is a charged or neutral ligand, including a donor
solvent molecule, and P is a protective group, will be dis-
cussed first. Then, the chemistry of 3-silylated or 3-borylated
allyl organometallic complexes will be included, since both
emerge as potential precursors dfafter the eventual
oxidation of the carbonsilicon and the carbonboron bonds
to a carbor-oxygen bond.

Of course, when allylic organometallics are involved, the
fluxional equilibrium betweemw-bonded or monohaptay{)
andzr-bonded or trihaptor®) structures of metal complexes
3 must be carefully investigated.

The overall picture of the potential equilibrium between
n* and 5 structures of metal complexe® is shown in
Scheme 2. The values of the energy barriers determine the
configurational stability of 3-oxyallyl organometalli&

Kubota and co-workers investigated the structure of model
3-hydroxyallyl lithium and zinc species (B H) through
B3LYP/631A calculations. For M= lithium, two 7° struc-
tures were located, thg® anti-3 complex, stabilized by
intramolecular Li-O coordination, being 12.9 kcal/mol more
&table than they® syn3 isomer. Moving from M= lithium
to M = zinc, threey! structures were located; the most stable
structure was the! y-Z-3, where coordination of the oxygen
atom to zinc prevents hyperconjugation between thZ@
o-orbital and the &C z* orbital. Such a conjugation occurs
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1.1. Regiochemistry of the Addition Reaction to
Aldehydes

Several features govern the regio- and stereochemistry of
the addition ofy*-complexes3 to aldehydes: (i) the shape
of the energy profile for the metallotropic rearrangement
(Scheme 2), (i) the structures of the transition states (TSs)
in the reaction with an aldehyde, and (iii) the reversibility
(thermodynamic contrdi) or the irreversibility (kinetic
control) of the addition step.

Since, in general, the addition reactions to aldehydes fol-
low a &' mechanismy! y-3 complexes afford enediol pre-
cursorss, while #* a-3 leads to adduct8. Either cyclic TSs
(4 and7) or open-chain TSs, such as the anticlinal5; @re
adopted, mainly depending on the metal used (Scheme 3).

Scheme 3
ML, 1t
OML, path b

Ee
v ML, path a
bl Do H
wjifo R)\/\ R
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n

b F:O _ RWOF’

R

7 8

According to this general mechanistic frangpr 8 is
regioselectively formed if one of these two conditions is met.
In the first case, the fluxional rearrangement is slow
compared to the addition to the aldehyde at the selected
reaction temperature. Such a condition ensures, indeed,
constitutional stability to the allylic comple3, as happens
in the cases of 3-methoxyallyl tributylstannahesd of
3-alkoxyallyl cyclic boronate$,which are constitutionally
stable at room temperature. Alternatively, the energy barriers
for the metallotropic rearrangement must be low, and one
among the equilibrating complexeés must be markedly
favored on thermodynamic grounds or more reactive on
kinetics grounds. This second hypothesis is encountered in
the case of 3-alkoxyallyl chromium(lll) complex&sn all
other borderline cases, mixturesGénd8 are to be expected.

In addition, lack of regiochemistry could result from the
concurrency of Smechanisms or from the involvement of
13 species in the addition step.

The reaction ofy! a-3 with aldehydes, a version of the
homoaldol reaction, will not be considered here, since
excellent review articles are availalfieHowever, it is
interesting to notice how thermodynamic stabilizationybf
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Figure 1. Carbamates stabilized-oxyallyl metal complexes as / M\L L ‘é’P "l" / s iz
synthetic equivalents of homoenolate ions. op R)\‘)< L B1 Y
a-3 complexes can be achieved by forcing the metal to stick y'f'z' ]
on the oxygen-bound carbon terminus through intramolecular 3( L
chelation by a properly tailored P substituent. Examples i R '\lﬁ
derived from Hoppe’s group are given in Figure 1, where R™"H — fJ: L
different metals such as lithiun®§),'° boron ©b),'* and 70
titanium @c),*? are efficiently coordinated by the strong opP cz OML
donor carbonyl oxygen of a carbamate functionality. In these \ )\/"\
examples, the stereogenic oxymetalated carbon is configu- Y RTOYS
rationally stable and perfectly stereocontrolled homoaldol — R0t / QP
products are obtained. /- antr6
1.2. Stereochemistry of the Addition Reaction to L
Prochiral Aldehydes "
[Vl
With a configurationally defined;! y-3 complex in our — |:’C’\/'\/‘\“o’
hands, the question is now how to achieve good diastereo- R c3 oML
control in the nucleophilic addition to a prochiral aldehyde. PO \ )\;\
In the most favorable cases, we can distinguish among three TS L RTYTS
types of oxyallyl metal complexes, henceforth defined as 0 rf/«—o‘ M7 / il
types A-C organometallics. POAM T R X - ant-6
With type A species, diastereoselectivity depends both on -E-3
the metal and on the=€C bond configuration, while, with + —
type B or C complexes, diastereoselectivity depends on the o )Q L
metal only, with the stereochemical outcome being inde- i PR ,\|,|\
pendent of the configuration of the=€C double bond. RO H " Po J:O )
Type A reactivity is rationalized in terms of cyclic TSs ca
(chairlike C1—C4 and boat-likeB1—B4 TSs), and the oML,
diastereochemical outcome of the nucleophilic addition can PO. \ )\l/\
be easily anticipated on the basis of a simple conformational L. Tz\\/ ? L R =
analysis (Scheme 4}.With regard to boatlike structures, ~ "\l"/ oP
we consider onlyB1—B4, having the carbonyl oxygen and L B4 syn-6
the allylic CH group in the bow and stern positions, thus
avoiding repulsive bowspritflagpole interactionsB1 and Type B oxyallyl organometallics react in a stereoconver-

B4 are highly destabilized by the R/OP eclipsing interactions. gentanti-fashion due to a rapid haptotropic rearrangement
In any case, when compared to chairlike TSs, structB&s  which accumulates the more reactive isomet-3, which,
and B3 are inherently disfavored as a result of eclipsing then, adds to the aldehyde, adopting a cyclic TS (e.g., allylic
interactions, which can be only partially but not substantially chromium complexes which stereoconvergeati-6 ad-
relieved by the adoption of a twist-boat conformation. ducts)?

Chairlike TSsC1 andC3, at a first glance, look like the Type C oxyallyl organometallics, on the other hand, react
most stable ones, since repulsive steric interactions are mini-in a stereoconvergersynfashion; in this last case, open-
mized, if we suppose that the 1,3-diaxial interaction€ chain TS structureD1-04 are involved (Scheme 5).
and C4 are larger than the gauche interactions between R TrajectoriesO1 andO2 identify the less sterically hindered
and OP inC1 andC3. A frequently observed trend, indeed, approaches betweenz-3 andy-E-3, respectively, and the
is that diastereogenic-GC bond formation occurs with non-  carbonyl compound, with both paths converging into adduct
equilibratingi* y-3 complexes, with th& complex favoring syn6. This is the case of constitutionally stable complexes
the synadduct6, and theE complex favoringanti-6. such as 3-oxyallylic stannaneés.

However, exceptions to this rule exist, depending on the L ] ]
nature of P and L, and, particularly, on the presence of 2. 3-Alkoxyallyl Lithium, Zinc, Aluminum, and
supplementary substituents on the oxyallyl structure, as the Titanium Complexes
result of subtle balances between repulsive and attractive -
interactions which may favor a different TS, including a 2-1- Lithium Complexes
boatlike TS. An analogous uncertainty affects the oxyally-  In the world of real chemistry, organolithium compounds
lation reaction of ketones, where TS stabilization depends 10 are the closest analogue of the 1-hydroxyallyl ani&p (
on the difference between the steric requirements of thethey are prepared by metalation of allyl ethers by means of
ketone substituents. alkyl lithium bases at low temperature, in order to avoid the
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Scheme 5 Scheme 7
o} o} o
X X B0
RCH RTH
. oML, | BuLl LA oTBS 43
HL OP — N ~—  HJOP _~_OTBS
\@ oP | 12 THF, -40 °C
o1 syn-6 02
ML
MLn n HO\ 'T' HO\N,Bn
o] o} an N - :
Y oY ; 7 = _ OTBS
R oML, 2 nwd’ oH oTBS
' Y '
PO _H — R/'\_/\ - PO _H 15 14 (55%)
18 o T
03 anti-6 04 Scheme 8
ML, MLy N
(S)/—N N—((S)
Scheme 6 _~_OPh BuLi/ TMEDA  PH Ph 17
Nop 16 THF, -78 °C l
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-65/-78°C PRO\ \
OP Eopn PhO"' ® =0
PO~—Li i/ s + (S)
J = PO — S ”4 NH HN%
— Li — /—NH HN /—
n'y-Z-10 n’anti-10 n'a-10 18 (23%) 19 (17%)
R-l : . . : .
‘ iary, which selectively directed the nucleophilic attack to the
oP oP diimine si face (Scheme 8).
VR + R)\/ Even though very few studies on the direct addition of
211 a1 lithiated allyl ethers to carbonyl compounds are available in
the literature, they find an exceptionally useful application
P= THP Ph Et £Bu SiEts as precursors for a number of oxyallyl metal complexes via
A1 0= 5446 6337 7525 8941  97:3/81:19 transmetalation with suitable metal salts MiScheme 9).

Most of the species discussed in this review are prepared
Wittig or the Brook (P= SiRs) 1,2-migration. In 1974, in from lithiated allyl ethers using the transmetalation protocol.
two consecutive papers, Evans and co-worKeasd Still

. . Sch 9
and Macdonalt reported the metalation of allyl ethers with cheme N BuLi
s-BuLi in THF at low temperature and the reaction of the _~_OP ) Buli LM__~_-OP
resulting intermediates, bidentate umpolung synthons pos- 2) ML,

sessing donor properties at C1 and C3, with electrophiles.
Chemical evidence, such as the regip-adductsl 1 prevail) 2.2. Indium and Zinc Complexes
and stereochemistryZ{11 only) of the alkylation reaction
of 10with alkyl halides (Scheme 6), supported the hypothesis
that the most likely structures a0 had to bey® anti-10, as
proposed by Evadsand in agreement with calculations by
Kubota’s groug or a fluxional equilibrium ofy* y-Z-10and
n* a-10 structures, as originally suggested by Sill.
Moving from alkyl halides to carbonyl compounds, the
regiochemical course of the reaction witBis reversed when
P = t-Bu in favor of thea-adduct6 (M = Li), while a slight
preference foB is preserved when B Me (see Scheme 3).
Reactions of oxyallyllithium reagents with azomethine gcheme 10
derivatives have also been reported. Thus, a stereoselective

The structure of oxyallyl complexes of zinc and indium
prepared via transmetalation protocols was not spectroscopi-
cally determined, but it was deduced on the basis of the regio-
and stereochemical outcome of the addition to carbonyl
compounds.

For instance, the configuration 8fi, prepared from allyl
methyl ethe20 with InCls, was assumed to kon the basis
of the synstereochemistry of adduc®?, as anticipated by
Type A reactivity (section 1.2) (Scheme 10).

synthesis of 2-hydroxymethyl-3,4-pyrrolidinedids) started o~ 0. SBULITMEDA  1BInGhs ¢~
with the reaction of nitronel3 with silylallyl ether 12, 20 THF, -78°C -0 ;;-an
previously metalated witks-BuLi (Scheme 7)Anti adduct
14 was diastereoselectively obtained, accompanied by trace l PhCHO
amounts (0.5%) of the-adduct:®

Allyl phenyl etherl6, after metalation with BULi/TMEDA, OH
reacted with the chiral nonracemic glyoxal diimih&to give Ph
the double adduct$8 and19. Productl18 was the result of OMe
o andy attack to the diimine, while produdi9 was due to 22 (90%, syn/anti 89:11)

a doubleo-hydroxyallylation reactiod’ The complete simple
anti diastereoselectivity paired with an outstanding asym-  Evans observed that, moving from an oxyallyl lithium
metric induction exerted by the-phenylethylamino auxil-  derivative to the corresponding oxyallyl zinc complex, the
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formation of y-adducts in the reaction with carbonyl
compounds was suppressédrhe same observation was

Chemical Reviews, 2007, Vol. 107, No. 9 3847

aldehydes? y-Z-Oxyallyl borate or aluminate ions, e.§3,
appeared to be excellent candidates for the promotion of a

recorded by Savoia et al. in the reaction of the oxyallyl zinc synaddition to aldehydes, according to Type A reactivity

complex derived fronil6 with diimine 17, which afforded
19 (46%) accompanied by its af isomer (11%).” The

(section 1.2). An example is presented in Scheme 14, where
the chemo-, regio-, and stereoselective addition of allyl MOM

foregoing results were in perfect agreement, in terms of ether aluminate comple33 to 5-oxohexanal afforde@4, a

simpleanti selectivity and of diastereofacial preference, with
the reaction of allylic zinc comple23 with imine 24, where
again the nucleophilic attack was directed to the insne
face to deliver26. The anti selectivity exhibited byZ-23
was explained by the six-membered transition 2&fevhere
the sterically crowded.-methylphenylamino group finds its
energetically more favored location in the axial orientation
(Scheme 11)°

In analogy to simple allyl zinc complexes, 3-alkoxyallyl
zinc species (e.g23) add to vinyl lithium or magnesium
derivatives (e.g.,27) in a regio- and diastereoselective
fashion, opening a route ®ynor anti 1,3-dialkoxy deriva-
tives28.2° In the example shown in Scheme 12, gyslanti
relationship in28 was controlled by th& or Z configuration
of the starting vinylmetaR7.2*

The carbometalation reaction, or zinca-ene reaction, of

lithium derivative 29 with 30 produced agentbismetallic
intermediate31 which spontaneously underwent cyclopro-

panation, leading to the enantiomerically enriched derivative

32 (Scheme 13%?

Scheme 11
= ZnBr ph{S)\lN
OCH, H)}(O\Bu
23 24 O
OMe O L co,Bu
(S B _Zn—
N (s) oY - L ‘Nﬁh
(s) H
Ph\l/N\H Ph/\ OMe
26 (50%) 25
Scheme 12
{—Bu
| ‘O-tBu T
Li E-27 Y (:/ z-27
_0 ZnBr
Et,0 23 Et,0
20°C,24h 20°C,24h
~ 7
OMe Ot-Bu OMe Ot-Bu
syn-28 anti-28
Scheme 13
Ot-Bu m MgBI’z, Et20
Pred® Li Y 5 4 7B
_ O nBr 20°C,24h
29 30
MgBr,
Pr,‘(s) PI',‘
7—Ot-Bu MOMQ  —Ot-Bu
(R) D 3
© |
= = L ZnBr
32 (55%) 31 Li

2.3. Aluminum and Boron Ate Complexes

straightforward precursor @xobrevicomin35.24

The protective group P offers the opportunity to insert a
chiral auxiliary on the allyl ether backbone. Thus, allyl
arabinopyranoside36, subjected to the usual lithiation/
transmetalation protocol, was reacted with prochiral alde-
hydes. In terms both of simple and of facial diastereoselec-
tivity, trialkylalanes were found to warrant the best results
(Scheme 15%°

Less effective, on the other hand, was the reaction of
y-alkoxyallyl aluminate37 with the chiral aldehyd&8. A
perfect control of simplesynstereochemistry was achieved,
but no diastereoface discriminating ability was observed
(Scheme 165¢

Scheme 14
1) BuLi -
o}
/\/o\/o\ 1
33 H
o OH
0 .
\?(;2; i )J\/\/I\|/\
35 34 OMOM
Scheme 15

O}L

o]

O}L 'h\\%,o

0] o s-BuLi PhCHO (o}
A0 1Bs

(S)‘ S

HO" ~Ph

(75%, 88% e.e.)

g EtAl
A9 1Bs

36

Scheme 16

1) s-Buli i@ o
THF, -78 °C AMe;

2) AlMe;

=
OPMP

PMPO/\/ TBSO

CHO

OPMB
38

TBSO OPMP TBSO OPMP

=
+

o OH o
PMB

|

OH

s

PMB

2.4. Titanium Complexes

In 1992, as a development of allyl titanium chemistry
carrying sugar-derived alkoxy ligands on the métadafner,
Duthaler, and co-workers proposed a series of substituted
chiral allyl titanium complexes of general struct@@ which
included the oxyallyl specie89d and 39e?® They were
synthesized by transmetalation of the corresponding lithium,
potassium, or magnesium allyl complex with TADDOLCp-
TiCl at 0 °C. Two crucial features characteriz88: (i) a
fast fluxionality, proved by NMR analysis of the crotyl

Trialkylalanes and trialkylboranes were also proposed asreagent, favoring thg-E isomer, precursor adnti adducts

modifiers for the addition of lithiated allyl alkyl ethers to

with aldehydes (Type B mechanism), and (ii) an astonishing
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enantioface discriminating ability toward prochiral aldehydes. Scheme 20
Impressive was the chemical and stereochemical efficiency

Lombardo and Trombini

of the reaction o89ewith benzaldehyde to giv&0 (Scheme 0 CHO THF / Et,0
17). R ome * ent-39e

A few applications of39e to the synthesis of natural ®| A 780 H
products have been reported. For instance, the reaction of OMe Meo OMe
ent39e with hexanal gave the addudfl (Scheme 18), an 46 47 (73%)

intermediate in an asymmetric synthesis of the fungal

metabolite aspercyclide @2).2°

The chiral aldehydd3 afforded theanti adduct44 upon
reaction with39e a key intermediate in a total synthesis of

|

H
3%

the neurotoxic fungal metabolite slaframingb) (Scheme THF / Et,0 OMOM
19)30 78 —0°C
O 48
Scheme 17
@ attack to the aldehydee face. With both chiral aldehydes
X g Ph o X Me 46 and 48, the diastereofacial preference of the oxyallyl

YOSPh 39c:X=TMS
® 39d: X = OMe
Ph= o) 39e: X = OPMP
i @
Et,0 8 - b F=Ph
39e + PhCHO /\l/@Ph
78°C  PMPO  Ph

40 (93%, > 95% e.e.)

Scheme 18

titanium complex dominated the stereochemical outcome of
the process (reagent-control).

3. 3-Alkoxyallyl Boronates and Boranes

3.1. 3-Alkoxy-substituted Allyl Boronates

Thanks to the pioneering studies by Hoffm&hmand
Wuts® in the early 1980s, both-E- and y-Z-alkoxy-sub-
stituted allyl boronates became available and their diastereo-
selective addition to aldehydes provided one of the first
efficient routes tesynandanti enediolsl.

The preparation of-E- andy-Z-alkoxy-substituted allyl
boronates required rather different synthetic approaches, as

OH
THF / Et,0 ® outlined in Scheme 21. Direct lithiation of allyl methyl ether
ent3% + hexanal Z G only affordsy-Z-methoxyallyllithium, so subsequent bory-

41 (69%, 90% d.e., 92% e.e.)

L

lation leads ta/-Z-50. On the other hand, for the preparation
of y-E-50, Hoffmann proposed a two step protocol involving
metalation of theE configurated allyl sulfideb1, followed

by transmetalation with bis(dimethylamino)chloroborane, at

HO very low temperature, in order to preserve the configurational
integrity of the intermediatg*-anti-methoxyallyl potassiur#.
[e) ==\((R) . .
o OH Instead of the methoxy protective group50, silyloxy,
£ phenyloxy, tetrahydropyranyloxy, and methoxymethyloxy
o] \\\/ groups can also be used.
42 Haptotropic rearrangement in substituted allyl boronates
is known to be slow on a macroscopic time scale, conferring
Scheme 19 constitutional stability toy-E- and y-Z-alkoxy-susbstituted
allyl boronates®
% _Boc }L _Boc
o\ o 0| (R)OPMP Scheme 21
© H + 39e © S BuL,
- N uLl =
© on S TMEDA A NMe;,
43 44 (69%) _0 Ol CI—8
| l NMe,
H QA 9)§< HO& hiMe,
P (\/B\O OH = B\NMez
HNT N O L zs0 P
45
Gennari and co-workers exploited both enantion8ds | e
and ent39e in two different steps of a synthesis of the O SPh C NMe,
diterpene glycoside eleutherobin, a coral metabolite with 51 i CI—B
cytotoxic activity3! The two key steps are outlined in Scheme NMe,

20. Aldehyde46 was first reacted witlent39eto give the HO

anti adduct47 upon attack to the aldehyds face. The & g OH | NMe,
intermediated7 was then elaborated into aldehyéf& which A0

in turn was treated witB9eto give anti-49, via nucleophilic v-E-50 (EIZ = 9/1)
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Type A reactivity rationalizes the excellesyndiastereo-
selectivity displayed by-Z-50in the addition to aldehydes
through chairlike TSC1 (Scheme 4), as well as the good
anti diastereoselectivity exhibited hyE-50through chairlike
TS C3.

A more practical route toE-configurated y-alkoxy-
substituted allyl boronates4ab was devised by Miyaura,
who exploited the iridium-catalyzed isomerization of the
double bond of vinylboronaté&3ab, which was easily
accessible via hydroboration of a propargyl ether (Scheme
22)36 An asymmetricanti a-hydroxyallylation of cyclohex-
anecarboxaldehyde could be carried out wsdb, where
optically active diisopropyl tartrate was used as diol com-
ponent (Scheme 23).

A further approach tg-E-56 was proposed by Hoffmah
and involved the direct zirconium-catalyzed hydroboration
of ynolether55 with pinacolborane, followed by a Matteson-
type homologation with LICHCI (Scheme 24).

Scheme 22
1) Ipc,BH OEt
8807 TBSO™ B Ry
1
2) MeCHO Okt HO Ry
R
HO™ X1
52a,b
[Ier(AcOEt)z(PthMe)]@PF6® o
TBSO” 7B N R
| 53a,b O\z:sz
TBSO" X" B _Ry , Ri
6\2<R2 52a = pinacol
v-E-54a,b R, 52b = diisopropy! tartrate
(E1z=98/2-9911) Ry
Scheme 23
OH
X Np-OR) c-CeH11CHO ) A
TBSO ‘%J—cozipr ———— ZY®
O0—/r) toluene, MS-4A TBSO
1-E-54b  COaiPr (85%, 91% e.e.)
Scheme 24
O\
A BH A o)
O /
o — 0B
Cp,ZrHClI

J LICH,CI, -100 °C

The a-hydroxyallylation of aldehydes containing an oxy-
gen-bearing stereocenter on tiosition offers an attractive
route to carbohydrates from acyclic precursors. Critical in
this approach is the control of diastereofacial selectivity.

In the reaction with protected lactaldehy88, y-z-57
discriminated much better thap-E-57 between the two
diastereotopic faces of the aldehyde. Four triads of contigu-
ous stereocenters were generated in prod&8téScheme
25), which could be converted into 2,6-dideaxdrexoses
with arabing, xylo, ribo, andlyxo configurations®®

In a synthesis of olivomycin A, a member of the aureoleic
acid family of antitumor antibiotics, the construction of the
p-fucose intermediaté3 commenced with a highly stereo-
selective addition of-Z-50 to aldehydes0, available from
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Scheme 25
5
/
%\/B\o
PO BnO OP BnO OP
y-Z-57 ) 4 /\(R)/\/
)Y S (S) : (R)
OH OH
(82:18)
BnO arabino-59 xylo-59
o)
o
58
| BnQ OP BnO OP
OA 2+ r )
YR S
H H
9)% : 59 (43:57) I . 59
ribo- XO-
PO\/\/B\O y:

v-E-57

O/E

y-2-50 + (lﬁ\\o —
(R
o

60
OMe O/E
: 0
EtO,C7 X" Y
0B

74
63

P= -CH2CH2TMS
Scheme 26

o 9& 1

O~=7=o0-F~0
T(;\/
OMe
61
' PR
YRR
OH
62

OMe O

Scheme 27
OMe
! /
20 NS N,
(\/ = P 1) s-BuLi, THF, -78 °C
o NF o O~ui ) s-Bu I,O T
64 L~ 2) RO-B
0
3) H,0
2
O_\\OH OA\L
o~ F E\;/O
‘ 0
cis-66 65

L-threonine. The reaction was supposed to proceed by way
of the Cornforth transition stat®l (Scheme 26%°

The intramolecular version of the-alkoxyallylboration
of aldehydes was also investigated. Hoffmann recognized
thatcis-fused tetrahydropyran rings could be fashioned from
64, through a synthetic sequence involving multiple intramo-
leculara-alkoxyallylboration reaction®. After protection of
the carbonyl group 064 with the Weinreb lithium amide,
lithiation/borylation, and aqueous hydrolysis at pH 7, forma-
tion of Z-boronate65 was immediately followed by the
spontaneous diastereoselective cyclizationisdetrahydro-
pyran66 (Scheme 27). The last intermediate could be easily
converted into67, which, upon reiteration of the same
reaction sequence, gaés8, in turn a precursor 069 and,
hence, of the tri-tetrahydropyraf0, having a pureis-syn-
cis-syn-cisconfiguration (Scheme 28).
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A solution was then devised to approattans-fused
tetrahydropyrans. The ytterbium triflate-catalyzed intramo-
lecular alkoxyallylboration oE-71 affordedtrans-66. Fol-
lowing the strategy shown in Scheme 28ans66 was
transformed intde-boronate72, having the correct double
bond configuration to induce the formation of the desired
trans-syn-transbis-tetrahydropyra’3 (Scheme 29y’

Scheme 28
H H H
O\/\ o AN
66 —=,. p—r
~
OH o OH HOH
67 68
= ANF
OH TR O oW RO
70 69

Scheme 29
MeO OMe
H
8/ Yb(OT; (j'/\oi
0 Xxg-0 ag. CHsCN ol Z
\

0]

71 trans-66

H o H H 9J§<
aq. CH3;CN o)
OH HOH H
MeO”™ "OMe
72

73

Miyaura improved the Hoffmann approach ttans or
Ccis-66 by exploiting his route to allyl boronates via isomer-
ization of vinyl boronates (see Scheme 22Platinum-
promoted hydroboration of the triple bond @% with
pinacolborane affordeds, which could be stereodivergently
isomerized to botlZ- and E-76 by using iridium or nickel
catalysts, respectively. With the synthesisZsfand E-76

accomplished, good cyclization routes were sought next. Best

results were obtained using the ytterbium triflate-promoted
cyclization of 76 in water/acetonitrile at 98C, which directly
affordedtrans andcis-66, as well as the correspondieg-

or trans-2-vinyl-oxepan-3-0ls7/7 (Scheme 30).

3.2. 3-Alkoxy-substituted Allyl Boranes
In the frame of his studies on diisopinocampheylallyl and

Lombardo and Trombini

Scheme 30
OMe OMe
o\
OMe BH OMe
)n/ o ) 0J§<
/
o 7 Pi(dbal, OB
(2,4,6-(Me0);CgH,)3P
74a: n=1 75a: n=1
74b: n=2 75b: n=2

NiCly(PPh,Me),
LiHBEt,

[Ir(cod)(PthMe)z]PV ‘

OMe
oM %
e B e}
), o& g \—/ M
/ OMe
O~ B MeO
E-76a: n=1 Z-76a: n=1
E-76b: n=2 Z-76b: n=2
Yb(OTf); Yb(OTf);
H,O / MeCN H,O / MeCN
90 °C 90 °C
trans-66 or cis-66 or
H H

0~ 0
\, -

H
trans-77 cis-77
Scheme 31
() .
PN ‘)\\B OCH,
EJ[ 2 ®
R " N (1'3)|M ;
=z /\/ pc2
) )
RO=—L  THF,-78°C RO
80a-c
a: R = MeOCH,-
b: R = MeOCH,0CH,- BF3 Ot
¢: R = MeOCH,CH,OCH,- -78°C
OH 1) CH3CHO
®) 78°C ~-Blec,
RY N RO
OH 2) H;0
57%, 99% d.e y-Z-78a-c
90% e.e.

boron ligands in terms of aldehyde enantioface discriminating
ability. The preparation of78b is shown in Scheme 31.
Lithiated allyl MOM ether is borylated with IpBOMe (79)
to give allyl ate complex80b, which, upon treatment with
BF; undergoes dequaternizationyteZ-78b. All these steps,
including the reaction ofy-Z-78 with aldehydes, were
conducted at-78 °C.

Among conjugated aldehydes, whigs-enals react with

crotyl boranes, Brown reported in 1988 the synthesis of y-Z-78cin good yields with completsyndiastereocontrol

y-Z-methoxyallyl borane38a, y-Z-(methoxy)methoxyallyl
boranes 78b, and vy-Z-(2-methoxyethoxy)methoxyallyl
borane¥8¢ as well as the preliminary results in the reactions
with a few model prochiral aldehydes, demonstrating a
striking syndiastereoselectivity 99%) and an excellent
enantiocontrol £90% ee)? To achieve such a level of

and high enantiocontrol (9394% ee)*® conjugated ynals
such as phenylpropynal, when exposed’8&, underwent
extensive decomposition and the expected adduct was
isolated in less than-510% vyield. Since the carbetrtarbon
triple bond was the likely culprit for the very poor results,
Ganesh and Nicholas devised an attractive solution by

diastereocontrol, it was necessary to conduct the reaction attonverting thea,3-ynal into the corresponding dicobalt

—78 °C, since allyl boranes undergo a much faster metal-
lotropic rearrangement than their boronate counterpgadise

hexacarbonyl complexed aldehy8le The expected addition
product,syn82, was eventually obtained in good chemical

to the greater Lewis acidity of the boron center in boranes. yield with excellent stereocontrol>05% de,>95% ee)

Both enantiomers of pinene, directly available from the chiral

(Scheme 323* Once82 was decomplexed with CAN, the

pool at a low price, confirmed superior advantages as chiral authors also found conditions for the chemoselective dihy-
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Scheme 32
OH
Ph—==-CHO Ph——
a + y-Z78a — == o
B OMe
(OC)3Co~Co(CO); (OC)3Co™~Co(CO)3
81 82 (75%, >95%d.e., >95% e.e)
Scheme 33
OH
o THF, -78 °C
.+ 80b ———— e X
FsC” H OMEM

syn-83
(75%, >95% d.e., 96% e.e.)

droxylation (NMO, Os@) and epoxidation of the carben
carbon double bond (TBHP, VO(acgacin the presence of

the carbon-carbon triple bond.

Boronatey-E-78 was also accessible by exploiting the
protocol shown in Scheme 21; the addition)eE-78 to a
few cobalt-complexed ynals afforded, as expectedi-82

in good chemical yields and ir95% de and e
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of 91 with prochiral aldehydes was characterized by a perfect
control of the relativeanti stereochemistryX90% de) as
well as by an excellent control of the absolute stereochem-
istry (>90% ee). Theanti aminol 93 (constitutional isomer

of 87) was freed by simple acidic hydrolysis of the
intermediates imine92.

In the attempt to convert the iminoalcoh®2a into an
aziridine upon activation of the hydroxyl group with triflic
anhydride, Barrett and co-workers observed an unexpected
rearrangemer¥. Through the likely involvement of the
iminium ion 94 followed by nucleophilic attack of the triflate
ion to the more reactive allylic carbon of the aziridium ion,
the intermediat®5, precursor of thenti aminoalcohol6,
was regioselectively formed (Scheme 37).

In conclusion, starting from-E-allylborane91, both alk-
1-en-3-amino-4-ol (e.g93) and its structural isomer alk-1-
en-4-amino-3-ol (e.g96) are accessible.

Scheme 34
) NH,
™S Ll®® 1) MeOH
+ Ipc,BY OMEM Ph o
HJ\Ph ZoMe 2) H,0,, NaOH OMEM
86 80c THF, -78°C 87 (65%,
98% d.e., 95% e.e.)
Scheme 35
(/-Bu)zAI\N NH,

1) MeOH
Fluoral was another example of an aldehyde that, exposed H)KO + 80c 2) H,0,, NaOH m

to y-Z-78b, undergoes extensive polymerization. In this case,
the addition producsyn83 was formed uneventfully from
the direct reaction of fluoral with quaternary borate complex

THF, -78 °C
88 89 (62%,
>98%d.e., 89% e.e.)

80bat—78°C, as shown in Scheme 33. The completion of g.pame 36

a total synthesis of fluoroblastmycinolact8K required the
inversion of the configuration of the hydroxylated stereo-

center insyn adduct83 via an oxidation (DessMartin
periodinane)/reduction with Zn(Bf sequencé®
The a-hydroxyallylation of aldehydes by means piZ-

alkoxyallyl boranes78 found valuable applications in a

Ph LDA Ph rN\\/‘\ |pCzBC|

No~
S Y
Ph -78°C ph © L®
90
OH

R)\_/\ RCHO Ph\r/N\/\/Blpcz

number of total syntheses of natural products. A group of N _Ph Ph
1-en-3,4-diol derivative85 is presented in Figure 2 along T 9

. : X . i . Ph
with the first manipulation(s) that the enediol intermediate 92 (>90% d.e., >90% e.¢.) OH

has been subjected to, the structure of the target molecules,

and ee’s’5%5 HO" R)\-/\
When azomethine compounds are used as electrophiles,

1-en-3-alkoxy-4-amino derivatives become accessible. Ra'Scheme 37

machandran reported the useNdkilylimines 86 as electro-

philes. Since86 is not compatible with BEEt,O, required OH Tf(%

NH, 93

TfO

to generate78 from the ate complex80 (Scheme 31),
N-silylimines were directly reacted witt8Og allowing R/'\ﬁ/\Ph (CFaS02)20 R)\IEI/\Ph R/_/\
T Y .

authors to gain an easy entrysgnaminol 87 in very high N®
de and ee (Scheme 3%). Ph Ph h” “Ph

Analogous results were obtained willraluminoimines 92a: R = c-CgHy 94
88, preparedn situ via reduction of nitriles with DIBAL-H. Ph /
Reaction of88 with the ate comple80cin THF at—78°C /
afforded virtually pure protecteslynaminol 89 in high ee :
(Scheme 353¢ Ozonolysis of the double bond followed by RY™S
aldehyde oxidation (NaCl§ completed a useful approach OH OH
to enantiopuren-hydroxy3-amino acids, a class of com- 96 95
Eeosuena?riho.f utmost importance in medicinal and biochemical , 3-Alkoxyally! Stannanes

The nitrogen-substitutegE-allylborane91 was produced . .
by borylation 0fo0with Ipc;BCI (Scheme 36y The perfect 4.1. Prochiral and Chiral 3-Alkoxyallyl Stannanes
control of theE configuration in91 was governed by the In 1987, Keck and co-worketsand Koreeda and Tana-
transW-shaped conformation ¢0.58 The in situ reaction kaf® independently, published the preparationyedikoxy-
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Lombardo and Trombini
1-En-3,4-diol Key Synthetic Elaborations Target molecule Ref.
(e}
OH . S .
H Mitsunobu inversion at the alcoholic
X stereocenter and oxidative cleavage of (46)
OMEM the C=C bond (OsO,4, NalO,4) :
OH
0,
85a (98% e.e.) Goniodiol
OH - .
H Oxidative hydroboration followed by
N Dess-Martin periodinane oxidation and (47)
z Wittig reaction
OMEM
85b (95% e.e.)
OPMB OMOM In a later stage of the total synthesis, the
_ C=C bond is oxidatively cleaved and 48
oxidized to the ester functionality (OsOy, (48)
TESO OH Pb(OAc),, NaClO,, CH,N,)
85c (>90% d.e.)
OMOM OMOM
AN OTBDPS
OH O SMe Peloruside A (49)
PMB
85i
OH - . OH &
H Oxidative hydroboration followed by /
CyoH /\/\ CHon to CH2| transformation and C12H25 o O (50)
12 25 z . h . "\ . . . . Y 0
: Negishi coupling with a vinyl zinc derivative H 9
OMEM OH OH o
85d (95% e.e.) Murisolin
@
OH Conversion of the alcohol into trichloro NH;
AR acetoimidate followed by the Overman [3,3]- o 51
R) rearrangement which occurs with complete (R) CO3 (61)
OMEM chirality transfer
85e (94% e.e.)
O-Silylation with a dimethyl chlorovinyl (0]
TBSQ OH silane followed by ring closing metathesis
TBSO Q fe) \/=\/\ and O-Si bond cleavage. The neat result HO HN™ “CysHaq (52,53)
TBSO TN of this procedure is an E stereo-selective Hofg&/o CiaHar
OTBS OMOM cross-metathesis at the terminal C=C fe) N
85f (99%) bond of 85f (ref. 52) OH éH
D,L-Glucosylceramide
OTBS OMEM
= NF Alcohol oxidation to carbonyl group (Dess- (54)
z Martin periodinane) followed by
85g OH diastereoselective Grignard addition to
give a monoprotected anti-diol
OMe

Double bond oxidative cleavage (OsO4,
NMO) followed by a sequence of Horner-
Wittig and Wittig olefinations and final

macrocyclization.

Figure 2. Synthetic applications of the-alkoxyallylation of aldehydes by means pfZ-78.

(55)

Herbimycin A NH;
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Scheme 38
1) s-BuLi
/\/OR TMEDA or HMPTA Z SnBuj;
2) BuzSnCl OR
y-Z-97a-d
a:R=Me
b: R=TBS
c: R=PMP
d: R = MOM
BuzSnH
== AIBN RO~ SnBus + y-Z.97a
OMe benzene
reflux, 30 h y-E-97a (-1
Scheme 39
(|) MgBr2~Et20 oH
/\) +  y-Z97b AN
OBn OBn OTBS
(67%)
Q MgBryEt,0 OH
BnOY +  y-Z97b Bno/\l/\:/\
OTBS
(65%)
OBn OH
OBn O MgBrzEtZO H
)\) 297 ———— 2 AN
oTBS

(75%, 2,4-antil2,4-syn = 4:1)

allyl stannanes and the first data on the Lewis-acid-catalyzed

reaction with aldehydes. Since themalkoxyallyl stannanes

have been the most widely used synthetic equivalents of the

1-hydroxyallyl anion ). Their good fortune is also due to
their easy purification and storability. Metalation of an allyl
ether withs-BuLi in the presence of TMEDA or in a THF/
HMPTA solvent mixture followed by transmetalation with
RsSnCl furnishes-Z-alkoxyallyl stannane87. Less efficient
was the route tg-E-alkoxyallyl stannane87 proposed by
Koreeda and Tanalé,consisting of the AIBN-catalyzed
hydrostannation of methoxyallene. This route gave a 1:1
mixture of y-Z- and ofy-E-97 (Scheme 38).

In the presence of BFELO, both y-Z and y-E-97
stereoconvergently affordesynadducts when reacted with
prochiral aldehyde® Type C reactivity discussed in section
1.2 is generally considered for the mechanism of the Lewis-
acid-catalyzed addition of allylic stannanes with aldehydes.
Good facial selectivity was also observed with racemic chiral
aldehydes, using MgB{ELO as Lewis acid, as shown in
Scheme 39? It is worth of note that the facial selectivity is
inverted when the stereocenter on theposition of the
aldehyde bears a benzyloxy growgyit—synstereotriad, first
example of Scheme 39) or a methyl grougyrg-anti
stereotriad, second example of Scheme 39).
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Scheme 40
S,
: y-Z-97c, BF3-Et,0
N5 b CHCly
o)\ O ‘res 78 — =10 °C
98
Scheme 41
DMPM.. DMPM.
o 0 o BF5EL,0 Qo OH
+ -l =
H\) ! CH,Cl; TS
: 78 °C OTBS
100 101 (75%, 90% d.e.)
Scheme 42
SnBuz |*
H CONH
0. CONH2 . 7 97b, MgBr,Et;0 | TBSO s
CH,Cly, -30 °C °FHI ©
0%s)"CHO T v -0
(s) Mg
102 Br
103
#Q oTBS
o. 209
SOYRY (S
H,NOC  OH
104 (50%)
Scheme 43
OTBS
OPMB :

G .OPMB

I v-2-97b, MgBr,-Et,0

o
%O 105

.

CH,Cly, -20 °C

HO .
)
(83%) %—o

4-Z-97b, MgBrEt,0
CH,Cly, -20 °C J

I

OTBS

OH (86%)
reorelationship ol01was achieved (Scheme 41), as opposed
to that obtained in the second reaction of Schemé&!39.

Aldehyde 102 derived fromp-tartaric acid, was coupled
with y-Z-97b in a synthesis of a phosphonate analogue of
moenomycin A,. In the presence of MgB{ELO, a single
stereoisomer, -galacto104 was obtained, presumably via
the a-chelated TSLO3 (Scheme 42§?

The facial diastereopreference may be reversed by using Stannane-Z-97b also found two interesting applications

different Lewis acids, for example working under chelation
control (e.g., MgBj) or under nonchelation control (e.g.,
BF;), as in the case shown in Scheme 40. Hya—syn
starred stereotriad 99 was formed when nonracemic chiral
aldehyde98, bearing a silyloxy group on the-position,
reacted witt7cin the presence of BFELO (Scheme 40%°

The inversion of facial selectivity was confirmed by the
reaction ofy-Z-97bwith the chiral aldehyd&00in a partial

in the construction of two fragments of apoptolidin, a novel
drug which selectively induces apoptosis of cancer cells. In
both examples, two chiral aldehydes with an oxygen-bearing
stereocenter on thg position, 105*® and 1065* reacted in

the presence of MgB{ELO with high stereoselectivity,
consistent with g-chelation model (Scheme 43).

Allyl stannanes incorporating a chiral auxiliary group R*
were reported for the enantioselective synthesisyofl.

synthesis of tedanolide, a potent cytotoxic macrolide isolated Thus, lithiation/transmetalation of tleeglucal-derived allyl

from a sponge. Using BFEL,O, the syn—syn starred ste-

ether 107 according to the standard protocas-Buli/
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Scheme 44 Aldehyde Conditions Product
(0]

RON o}
O\ "“oTtBDPS 1) s-Buli, TMEDA Q OTBDPS ! BF3Et,0,
Q -_— 07X TBSO CH,Cl, TBSO

O/\/ 2) BusSnCl

OH

3

-78 °C OMann
107 108 SnBuy (S)-111 70%, 90% d.e.
PhCHO /\j BF4-E,0, OH
o : -78°C ' OMann
OH 1) BusNF ~0TBDPS (R)-111 80%, 88% d.e.
2) (COCI), / DMSO, Et;N
X Ph o OBn OBn OMann
3) K,CO Ph BF3-Et,0, )\/\/
OH ) K2CO3 N )w ChaCly : P
1a (94% d.e., 88% e.e.) 109 (68%) OH o} -78°C OH
(R)-112 52%, >99% d.e.
Scheme 45
o OO~ 1) BuLi, THF /HMPTA, -78 °C OBn OBn OMann
2) BuzSnCl )ﬁ MgBry-Et,0, )\l/'\/
#\ o . I CHCly OH
o) (R)-112 -23°C 80%, >94% d.e.
SnBU3

\)/ OBn OBn OMann OBn OMann
0N OO : BFSELO, A Ao 4
110A O;— /% : A CH,Cl, :
o /k o o) 0 78°C OH 5-1 OH
0N\ O‘ﬁ (Sy-112 61%

¢

less hindered

siface  (SOa@® oB
N [ sne 10(95%) y MgBry Et;0, wﬂ
4 “N CH,Cl :
0 -23°C OH
. S)-112 65%, 87% d.e.
TMEDA then BuSnCl) afforded chiraly-Z-stannanel08 ©) °
which reacted with aldehydes to give addut®® The best Bn O BFELO OBn OHR
results were obtained with aromatic aldehydes using AICI TBSO\/(,;)\(_RV 0;202,2‘ TBSO\/(S)\‘;S’)(S)\"’/\
Et,0 as Lewis acid (Scheme 44). The chiral auxiliary is then 5Bn 780 OBn OMann
destructively removed to free the enantiomerically enriched 113 75%, single isomer
syndiol 1a (R = Ph)®% o 0Bn 0 OBn OH
Anticipating a diastereofacial bias exerted by the mannosyl 5o, s | MgBr,-Et,0, TBSO J\U?l\(,;)/\
auxiliary (exo anomeric effect in the conformati@aOA), ) CH,Cl, ® OE;S’ OM\
-7- i OBn -23°C n ann
they-Z-mannopyranosiloxyallyl stannaiid 0was prepared ont-113 65%, single isomer

by the usual lithiation/stannylation procedure (Scheme 45), )
and the stereochemical course of the reaction with chiral Figure 3. Reactions of-Z-(mannopyranosyloxy)allyl stannaf&0
aldehydes was carefully monitoré. with chiral aldehydes.

A selection o_f the r_esults rep_orted_ by_Roush and Van- scheme 46
Nieuwenhze usind10is summarized in Figure %,where 1) s-BuLi

a perfect simplesyn diastereoselectivity was accompanied THF / HMPTA, -78 °C SnBu
by variable levels of facial selectivity (de’s refer to Felkin/ TBSOVJ\ , ¢

. L. ) BuzSnCl
anti-Felkin isomers). OTBS

In the BR-Et;O-promoted reaction ofLl10 with both 114 115 (64%)
enantiomers oL11and112 the diastereofacial bias gfZ- :
mannopyranosiloxyallyl stannaidéOinvariably dominated. A_OPMB | MgBryEt,0
The role of the Lewis acid in promoting the adoption of cl) 116 CH,Cl,, -78 °C
chelated or nonchelated TS structures found a beautiful
application in the case o112 where opposite pairs of TBSO :
diastereotopic faces were involved in the reaction Wi, ~_OPMB
using MgBg-Et,O or BR°Et,0. These results also proved OH

that, using MgBs with the mismatched pait1d(9-112 the
aldehyde diastereofacial preference controlled the stereo-
chemical outcome. With both enantiomersldf3 the same
stereochemical outcome recorded f8)-(and §-112, using
either BR-E,O or MgBr-Et,O, was observed.

117 (93%)

stereoselectively reacted with the enantiopure aldehyiée
to give thesyn—anti adduct117 (Scheme 46§’

2-Silylmethyl-substituted allyl carbamatd8, after a three-

) ; step lithiation/titanation/stannylation sequence, produced the
é&ppﬁeﬁlﬁ%)t(ggyysll%gtmgﬂﬁs Carrying a stereodefinedZ-allyl stannanel20. The Ti/Sn exchange
presumably occurs via the chelated chairlike T with

A substituted allyl ether, subjected to the classic lithiation/ the carbamate substituent in a pseudoaxial orientation
stannylation protocol, produces a substitujedlkoxyallyl (titanium ligands are omitted for clarity). The addition to
stannane. An example is offered by stanndi&, which prochiral aldehydes was mediated bys;HH,0 and afforded
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Scheme 47 Scheme 50
E SnBu oTBS
1) s-BuLi / TMEDA B“é?” ™S 8 BF;Et,0 R
TMS 2 Ti(Oi-Pr), Bu"[~ci--Ti BuzSn =~ ~0TBS + RCHO “cnon . BusSn X
AN 212
Cbo 3) BuzSnCl LA o 127 -78°C 128 O
78° (>95%, 30-90% d.e.)
118 Et;0,-78°C N(i-Pr)
Cb = -CON(i-Pr), 119 Scheme 51
J Bu3Sn-SnBu SnBus
— 3ol 3
OH R'CHO SnBu, =7 oMoMm BusSn
" ™S Pd(PPhs)s OMOM
BF3-Et,0 CbO__~ TMS 129 neat, 95 °C 130
OCb
121 (92-98%) 120 (80%)

0o
MgBr,-Et,0 !
l R?CHO, Bi(OTf)3:H,0 CH,Cl,, -78 °C K\O/J

131

OCb t
Br
BU3Sn OH Br~Mg_‘_‘o SnBU3

R2” 07 TR!

Y . - ' H SnBus
122 (84-95%) ovs b o )
Scheme 48 OMOM
o OH 83% 132
Bno. SnCly (1 equiv.) \|/|\)]\/TMS
120 + j) W : In the search for bisorganometallic species to be applied
(5123 ' OBn 8‘83;) in multistep multicomponent processes, two bistannylated
¥ propenyl ethers were designed and their reactivities were
OH properly checked. Double addition of the higher order cuprate
8SnCl, (2 equiv.) ™S [BusSn(Bu)Cu(CN)Lj] to propynal diethyl acetal, to pro-
120 + (¢)123 ——— "o - . : .
CH,Cly, -78 °C OBn OCb pynoic acid methy! ester, or to malonic ald_ehyde sodium
(57%) salt, followed byO-silylation, afforded thgenibistannylated
propenyl etherl27 in variable yields? In the presence of
Scheme 49 BFs-Et,O, 127 added to aldehydes, including conjugated
1) s-BuLi / TMEDA R'CHO enals and ynals, to giveyn adducts128 in moderate to
Et,0, -78 °C ocp T8—=-0°C excellent diastereomeric ratios (Scheme 50). The wvitiyl
118 2) THOMP, 78°C bond in 128 looks very flexible from a synthetic point of
“ TMS Ti(O/-Pr)s view; it allowed, indeed, tin/halogen exchange reactions as
124 well as palladium-catalyzed cross coupling (Stille or Sono-
; N gashira) reactions.
@ Rl OCh ™S . : oo .
&\Af R R2CHO OH The second bisorganometallic species |sa_ioeb|stanny—
(731-3%) - | R2X- o R N Iqted propenyl ethet30, prepared from palladium-catalyzed
126 TMS ci|202|2 OCh bis-stannylation of 1-alkoxyallen&29 (Scheme 51). Reac-

tions of 130 with prochiral aldehydes were better promoted
by BFs-Et,0, while the bidentate MgBtEL,O was the Lewis

acid of choice when chirai-oxygenated aldehydes (e.g.,
131) were involved; with the latter promoter, the reaction

125 (56-82%)

thesynadductl21 The allyl silane functionality iri21can
then be exploited in the Sakurai reaction with a second alde-Iikel roceeded via the chelated TIB2, responsible for
hyde. The last step of this multicomponent sequential conden- Y pro L P
sation strategy was catalyzed by Bi(OJnd led to the ster- the anti diastereoselectivity .observed (Scheme 51).
47)68 Z-134 was demonstrated by Quintard and co-workéri;
However, the reaction 0120 with a-alkoxy aldehydes  Was based on tha@'_reactio_n of a lower o_rder magnes_,ium
failed, unless SnGhwas used as Lewis acid instead of8F ~ cyanocuprate combined with BELO, with the readily
Et,O. Moreover, simpleanti diastereoselectivity could be ~ available vinyl stannaneg-133* As usual, condensation
reversed teynby simply doubling the amount of SnChs ~ With aldehydes was promoted by BEtO, but simple
shown in Scheme 48 with racemic aldehyi8 dlastereoselec_tlwty was heavny affected by the steric Qemand
An analogous stereodefined route to polysubstituted tet- Of the R substituent. While the double boiconfiguration
sation strategy. The-carbamoyloxy allyl titanium complex ~ Sively shifted fromsynwhen R = H or Me toantiwhen R
124 reacted with an aldehyde to give the enol carbamate = t-Bu (Scheme 5237 The same authors reported the
125 which then was forced to react with a second aldehyde addition of134bto R- or S-cyclohexylidene glyceraldehyde
under Lewis acid conditions to giv&22 (Scheme 49§° followed by ozonolysis of the carbercarbon double bond,
Sakurai reactiond25— 122 and121— 122 (Scheme 47)  thus opening a route to aldopentoses.
were suggested to occur intramolecularly via a transient When cyanocuprates were added to chli2B¢ enantio-
oxonium ion126derived from the aldehyde and the hydroxyl merically enriched stannanes (e.#§35) were obtained
functionality of 125 (Scheme 53§
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Scheme 52
R'Cu(CN)MgClI
BuzSn OR BF3-Et,0 BuzSn
7 _— =
\/\OrR ether mR
78 —-30°C
133a: R = Et 134a,b (50-95%)
133b: R=Bn
OH
BF3'Et20 R‘l
134a + PhCHO Z Ph
CH,Cl,, -78 °C OEt
R': HorMe Bu i-Pr t-Bu

syn/ anti: 93:7 70:30 19:81 3:97

Scheme 53
BuMgCI (S)
Bu3Sn o Bu3Sn
Y i _CueN YN
B
ONm  BFeELO COTY™
-78°C :
133c 135 (61%, 88% d.e.)
Scheme 54

H
2 Ti(Oi-P
TP, PRt L(\’ Ns

OYO
9c  N(-Pr), Bu3SnCl

9a N(/-Pr),
G
X
BusSn  OCb
136 (80%, 95% e.e.)
Scheme 55
SnBuCl
OMe BuSnCl; (2 equiv.) )\n e
——————— H__7 TMS
/ SnBus — ch,cl, 78 °C ¥
T™S OMe
137 138
iPrCHO
78 — -10°C

OH T™S
M
oM

e
139 (93%, 94% d.e.)

An alternative route to enantiomerically enrichegub-
stituted y-alkoxyallyl stannaned436 was based on Hoppe

Lombardo and Trombini

Scheme 56
Q  BussnLi '
| uzSnLi
R/\) —_— R/\)\Snsu3
rac-140 ADD
T (R)-BINAL-H 1
R/\%g)\SnBU:; R/\)I\SnBu3
S-140 141

Scheme 57

K
rac-140 + ClI 2 S

o)

i-Pr,NEt

e e
i-Pr +

A H i-P
R/\)(S}SnBu3 ’ RN snBu;
S-142 R-142
Scheme 58
OH OBOM
BnOCH,CI
X 7
Bu/\/(!)\SnBu3 Bu/\)\SnBu:;
S-140a 143
n—C6H1SCHO
BF3-Et,0, CH,Cl,, -78 °C
OH OH
BOM ~
n'CSH13)\|/§/O ° + ”'CsH13/\:/\
Bu Bu OBOM

E-144 (70%, > 98% d.e.) Z-144 (30%, 80% d.e.)
cyclic TS, which accounts for thanti diastereoselectivity
observed.

A relevant contribution to the chemistry ofsubstituted
y-alkoxyallyl stannanes came from the Marshall group with
the preparation of enantiopure tin complexes: literature prior
to 1996 was reviewed by the author, and readers are directed
to this article’®

The Marshall route to chiral nonracemicsubstituted
y-alkoxyallyl stannanes exploited as starting materniats
o-hydroxyallyl stannane$40, generated by 1,2-nucleophilic
addition of BySnLi to a,5-unsaturated aldehydes. ADD
(azodicarbonyldipiperidine) oxidation @#0to acyl stannane
141 followed by enantioselective carbonyl reduction led to

chemistry and exploited a sequence analogous to the converenantiomerically enriched4, for instance, 95% ee was

sion of118into 120(Scheme 47). The chiral lithiated crotyl
carbamateda (Figure 1), generated by preferential crys-
tallization from an interconverting mixture of diastereo-

obtained with Noyori’s BINAL-H (Scheme 56%.
Alternatively,rac-140were chromatographically resolved
after derivatization into diastereomeric acetals, for example

meric sparteine complexes, was first transmetalated with 142 as shown in Scheme 57.

Ti(Oi-Pr) to give 9c with inversion at the metal-substituted
stereocenter; then it was stannylated withuClI. Titanium/
tin exchange took place according toamti-Sg' mechanism
to give Z-configured136 with clean 1,3-chirality transfer

(Scheme 54).

Tin/tin exchange reactions following &'S$nechanism are
common processes in crotyl stannane chemigtrin

Lewis-acid-promoted condensation of protectd@with
aldehydes afforded enantioenriched enol ether derivalid#4s
via the usual allylic inversion (&' reaction). An example
is shown in Scheme 58.

In the absence of an electrophile, on the other hand, the
interaction of BR-Et,O or other mild Lewis acids (TBSOTT,
BusSnOTf, LiCIO,) with enantioenriched,S-143 brought

example reported by Roush showed the isomerization of theabout the stereospecific isomerization tesubstituted

a-alkoxypropargyl stannan&37 into allenyl stannané.38
and the subsequent addition to aldehydes to giné-
propargylic diol derivativel 39 (Scheme 55}8 In this case,
the more acidic SnBuglgroup favors the adoption of a

y-alkoxyallyl stannaneg,S-145 The process was irreversible
and proceeded with allylic and configurational inversion
(Scheme 59). Stronger Lewis acids lead to the decomposition
of starting stannane$?
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Scheme 59
« OBOM BF5 Et,0 BU3S? OBOM
Bu () SnBuj Bu“(s) 7
E,S-143 Z,S-145
Scheme 60
OTBS Yb(OTf)3 BusSn OTBS SnBus
z +
) SnBu; o (R "OTBS
146 Z,5-147 E,R-147
’ (3:1) ’
Scheme 61
BusSn
1) [BuzSn(Bu)Cu(CN)Li,]
=
2) TBSCI R otes
E-148
i
R/\)
BusSn  OTBS
1) BuzSnLi
R NF
2) TBSOTH, i-PryNEt
Z-148
Scheme 62
Bu;Sn OR
3 : OR BF3Et20 R!
/\/ + R'ICHO ——— X
CH,Cly, -78 °C OH
Z,S-147a: R= TBS 149
Z,S-147b: R= MOM (70-86%, 80-98% e.e.)

Interestingly, when the same isomerization was catalyzed
by lanthanide triflates, particularly Yb(OEfthermodynamic
control led to a mixture ofe and Z stannanes. The last

reaction has been applied to the isomerizatiorE@146
into a thermodynamically equilibrated mixture 8fS-147
andE,R-147in a 3:1 ratio (Scheme 60}.
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Scheme 63
PMBO
PMBO Z.R-147b
(s <o
OTs BF3-Et,0
base
PMBO
Scheme 64

SnBuj InCly InCl, ¢-CgH14CHO

/\)(R)\OMOM EtOAc (9 % “OMOM -78 °C—= 1t
E,R-150 E,S-151
H
MOMO ol R
o1 /St 7 omom
X Y \Ip Ill

OH cl
(95%, 90% d.e., >95% e.e.) 152 (R = c-CgH14)

t

Scheme 65
OH

EDC-HCI
QCOOH + /\\\‘)\SHBL@

DMAP | CH,Cly
rac-140b

OH 1) InCl; EtOAc —
2) RCHO o
/\\\)\/ R m SnBus
3) alkaline hydrolysis (0]
o5 153

When E,R-150 was treated with an aldehyde in the pres-

o,B-Unsaturated aldehydes are useful precursors of bothence of InC4, an apparent transmetalation took plaastt

E- and Z-3-siloxyallyl stannane&48 as shown in Scheme

61.

Thus,o-substituted allyl stannan&s148were generated
in racemic form from 1,4-addition of the higher order cuprate
[BusSn(Bu)Cu(CN)Lj] to thea,5-enal, followed by trapping
of the intermediate enolate with TBS&I|Conversely, 1,2-
addition of BuSnLi to the same enal, followed by tandem
silylation/1,3-rearrangement upon treatment with TBSOTf

(see Schemes 59), led tac-Z-148

y-Alkoxyallyl stannanesR- or S-147 displayed good to
excellentsyn selectivity when reacted with prochiral alde-
hydes in the presence of Lewis acids, for example-BF

Et,0 8283

An example is offered by,S147 in Scheme 62, where

adductsE-149 were obtained in high ee’s.

Marshall’s review collected a number of examples where

the foregoingy-alkoxyallyl stannanes, and particulady7,
were reacted with enantiopucealkoxy anda-amino alde-

S reaction) to givel51, which then added to the alde-
hyde to give thanti-adduct according to the cyclic TI%285
Polar solvents (acetone, MeCN, DMF, ag EtOH) showed a
benign effect on both reaction rates and stereoselectivity, but
the best results were obtained with ethyl acetate (Scheme
64)86

The foregoing process, in racemic form, was also adapted
for a solid-phase synthesis of 1-ene-3,4-didlsrac-o-
Hydroxyallyl stannanel40b (R = Me, Scheme 56) was
linked to a carboxylic polystyrene resin using 1-(3-dimethyl-
aminopropyl)-3-ethylcarbodiimide hydrochloride (EEMCI)
and DMAP in CHClIy; then the resulting polymer-bound
stannanel53 was subjected to the same protocol depicted
in Scheme 64, involving a sequential transmetalation reaction
with InCl; followed by treatment with an aldehyde (Scheme
65). Good to excellent yields were obtained, but a new
observation, independently confirmed by us, was made about
diastereoselectivity: that is, almost puaeti-adducts were

hydes, opening useful synthetic routes to carbohydrates andbtained with saturated aldehydes, while stereoselectivity

related structure®

dropped to almost zero with aromatic and conjugated

A recent application oZ,R-147bis presented in a synthesis aldehydes$’ The mechanistic aspects of these results will
of the C6-C21 segment of Amphidinolide E, isolated from be discussed in section 7.1.
marine dinoflagellates. The diastereo- and enantioselective The synthetic potentiality associated wifkR- and Z,S
hydroxyallylation step is shown in Scheme 63, as well as 147bor E,R- andE,S150is fully exhibited in the synthesis
the formation of an enantioenriched 2,5-disubstituted tet- of differentially protected precursors of aldohexoxXEsb

rahydrofurarf*

(Scheme 66). Enantiopure stannatd3 were reacted with

The same authors devised a simple solution for the protected threos&54 and erythrosd55in the presence of

synthesis oanti-diols starting fronmo-alkoxyallyl stannanes.

BFs-Et,O (Felkin—Ahn model) or MgBg-Et,O (chelation
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Scheme 66

OBn

X

O OBn

154

—

OTBS

OH OBn

A OTBS
MOMO  OBn

L-galacto 156 (72%)

Scheme 67

Lombardo and Trombini

1) MOMCI R140 1) MOMCI
2) InBrg 2) BF3Et,0

R (8L OMOM

InBry

—

R(’_?)\

BusSn  OMOM

R R
Z,5-147b \’\f’i:/(;\:\w =N (9 \
OH OBn MOMO OH OTBS MOMO OH OTBS
\—, _ oTBS
O OBn = 1) TsCl 1) TsCl
‘. _OTBS MOMO — OBn 2) TBAF 2) TBAF
H D-altro 156 (74%)
OBn R R
155 o TR o TR
facial selectivity: anti (Felkin-Ahn) MOMO H " H MOMO H ~H
157a 157b
OH OBn
154 = oTBS An elegant regio- and stereoselective conversion of opti-
MOMO  OBn cally purga—hydroxyal_lyl stannanes4_0 (;ee Schemes 57
SN Lido 156 (68%) and 58) into either chiray-alkoxyallyl indium compounds
BusSh  OMOM (InBrs) or chiraly-alkoxyallyl stannanes (BFfELO) was also
7 R-147b exploited in two stereoselective syntheses of nonracemic
OH OBn 2,5-disubstituted tetrahydrofuraf§7, as shown in Scheme
\_, = OoTBS 6788
185 MOMO  OBn

Striving for a convergent synthesis of Annonaceous
acetogenins, in particular of Asiminociig8), Marshall
disconnected the target molecule in four fragmehtsD,
shown in Figure 4. Each fragment was translated into a

D-gluco 156 (91%)

facial selectivity: syn (chelation)

OH OBn
154 :

\/\l/-\l)\/
MOMO  OBn
\/\(OMOM L-talo 156 (89%)
Y obu, [InCh/EtOAC

OTBS

E S-150 Asiminocin (158)
’ OH OBn Figure 4. Asiminocin disassembling in Marshall convergent
\—, NN -O0TBS synthesis.
155 MOMO  OBn Scheme 68
D-allo 156 (82%) Bu SnBu
= : = = OBn
ODPS OMOM TBSO OTBS
OH OBn A B
154 _ OTBS 1) InBr, EtOAc, -78 °C — rt, 80%
MOMO  OBn 2) TsCl py
OMOM 3)H, / Pd
NN NGl E1OA L-gulo 156 (95%) 4) Swern oxidation
SnBuj; u 1st stereocontrolled
E,R-150 hydroxyallylation \]
OH OBn Bu / \ -
A_OTBS I OTs 6. OTBS
155 7Y ODPS  MOMO ~'° ~“Tas
MOMO  OBn
D-manno 156 (85%) BuzSn.,, N 1) InBrg, EtOAc,-78 °C — r1t, 92%
. o | 2) TsCl, py
facial selectivity: anti OMOM Cc*
2nd stereocontrolled
. . ‘i hydroxyallylation
control, see examples collected in Figure 3), whit®were Bu / o\
reacted in the presence of In@f Even in the cases of Lors oo 0Ts 6 QTsO Lvom X
mismatched pairs, the diastereofacial preference of the chiral TBS TBS
stannane prevailed and dictated the stereochemical course
of the hydroxyallylation reaction. Thus, chiral stannahés TBAF, 47%

represent an example of the reagent-control strategy to
stereocontrol, since by a proper choice of the chiral stannane/ Bu
Lewis acid pair the diastereofacial preference of the chiral
aldehyde can be overridden. ODPS

TH
MOMO
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Scheme 69 Scheme 71
Bn..-CO2Et BEAELO
AGFN 3'ELR
MOMO™ ~X SnB +
et )\/koa CH,Cl, MeO BF,ELO
97d 159 -78°C OR s n-COEt ch,cl, 78 °C
« '
o u ‘SnBuj * )\/kOEt
NH, Bn \N/COZEt Bn\N,COZEt Z,S-147a,b 163
: — : — :R=TBS
i-BuW OH By YT ,-.BUJL‘H b: R = MOM
OH O OMOM 160
(£)-161 84%, 100% d.e. @
MeO o EtOZC\N/©
Scheme 70 N 1O~
OR Bn\N/COZEt (R) X 164
BF4Et,0 )\/\/\/ OR
K)\SHBU +159 ———m R
3 CH,Cl,, -78 °C iR 165a,b (90%, > 90% d.e., > 99% e.e.)
Z-147ab 162a: R = TBS (72%, 72% d.e.) Scheme 72
162b: R = MOM (92%,68% d.e.)
BF3 Et,0
E-147a + 159 m 162a (92%, 100% d.e.) BF-ELO
-78° 3'ED
2Cl, MOMO N-COE cpicl 78°C
. . . . "'SnB
properly designed synthetic equivalét—D*. The coupling nBus * \AOEt l
of B* with A* andC* is reported in Scheme 68. Z,5-147b OTBDPS
SynthonB*, which will supply the carbon atoms to be R-166
incorporated in the bistetrahydrofuran core structBren
Figure 4, was connected & andC* by two separate steps n-CO2Et
by exploiting the foregoing hydroxyallylation methodology. \)\I/\/
At last, the terminal alkyne functionality in synthdd* TBDPS® . GMOM
ensured an efficient completion of the synthesis of the target 7%, 100% d
acetogenin skeleton through a Sonogashira coupling with a o 100 de.
vinyl iodide incorporating the butenolide terminus 158
. . MOMU y-COZE
4.3. a-Alkoxyallyl Stannylation of Azomethine ‘SnBus * \lkoa
Derivatives BF4Et,0
. ) " ) 2 S14tb OTBDPS CH,Cly, -78 °C
The Lewis-acid-promoted addition of &iZ mixture of 5-166
MOM-protected97d (see Scheme 38) t@-ethoxy carbam-
ates159, in situ precursors oN-acyliminium ions160, has
been reported by Yamamoto to prodwygraminoalcohols
with good to quantitative de’s. An application to the synthesis N-COEt - CO2E

of the precursor for the synthesis af)-statinel61is shown \|)\|/\/ © iR

in Scheme 69° RY S
The reaction ofa-ethoxy carbamatéd59 with E- and TBDPSO ~OMOM  TBDPSO = OMOM
Z-1473b in the presence of BFELO was also reporteth. 3% 23%
Results collected in Scheme 70 confirmed that (i) tWo scheme 73
isomeric stannanes stereoconverged tosreadductsl62
and (ii) a remarkably higher diastereoselectivity was dem- =N H TiLs
onstrated byy-E-silyloxy allylic stannane compared to the o—==, NR, _TCl(OFPr; o \/\:N NR
Z isomerd! A\\S,,Bu3 CHCly, 78 °C 2
When bothZz,S-147a and Z2,S-147b were reacted with 167a: NR, = NHTs SnBus
N-ortho-methoxybenzyll 63 enantiopuresyn165 was ob- 167b: NR, = NPh, 168
tained in very high yield (Scheme 7%¥. The chelated
structure of the intermediate electrophile4 (CH—O bond) l
ensured the high level of stereocontrol. H
The utility of nonracemicy-alkoxyallyl stannanes (e.g., N.
Z2,51479 was confirmed by the reaction with enantiopure (j’ /NR2
a-ethoxy carbamat&66 derived fromR- andSlactaldehyde o7
(Scheme 72%* trans-169 (94-97%, >90% d.e.)

The o-alkoxyallylation of azomethine derivatives by
means ofy-alkoxyallyl stannanes has also been investigated acids tested, TiG(i-PrO), furnished169in virtually quan-
in the intramolecular version. Thus, hydrazod&s, when titative yield within 5 min at—78 °C.?2
treated with Lewis acids, were stereoselectively cyclized to  Exploiting the chiral auxiliary approach, chiral imid&Q,
transtetrahydropyransl69 via acyclic synclinal TS168 derived from R)-1-phenylethylamine, was treated with Lewis
(Scheme 73). Among a series of Lewis acids andnBted acids or protic acids. The two cyclization promoters showed
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Scheme 74 Scheme 77
Ph  ZrCly / CH,Cly, -78 °C N
WN;« or (R) BF;-Et,0
o= ® ; S OBOM
37% agq. HCI, 0 °C W CH,Cl,, -78 °C
SnBuj (S) I OBOM 2%12,
O  SnBus OH
170 trans-171 (95%, 92% d.e.)
176 177 (25%)
Scheme 75
Ph Scheme 78
=N
O/§\\ Ph BF5-Et,0
SnBU3 \\ 3
172 (conCo\/éo ] osom ~CHzClz -78°C
(C0)30 SnBus

98
Q ¢ OBOM
-78°C Til CAN
d oiPr 177 (91%)
CO)C —c co
OO 173 (conod—cal )3

179 (70%)
H
®) E (9N diastereochemistry, affordirtcans177in low yield (Scheme
of CHPhe @ CHPhy 77). Complexation of the triple bond with g€0) was
o 0”7 again the solution (see Scheme 32). Dicobalt hexacarbonyl
trans-174 cis-174 derivativel78afforded, indeed] 79in the presence of Bf
Et,O in good yield. Having served its purpose of reactivity-
173 (equiv): 2 05 1 1 controlling device, the dicobalt hexacarbonyl group was
Solvent: CH,Cl, CH,Cl, toluene THF oxidatively removed (CAN), delivering77in 63% overall
trans-174 (Y, e.e.): 20%,53% 27%,41% 17%,62% 8%, 15% yield (Scheme 78%
cis-174 (Y, e.e.): 61%,82% 60%, 64% 53%,62% 65%, 44% In the early 1990s, Yamamoto started his adventure in the
world of marine toxins possessing an iterateahs-fused
in Scheme 74 afforded a virtually quantitative yieldi@ns polycyclic ether frame, for which he developed several
17192293 synthetic approaches. Here, his strategy based on the
Finally, cyclization of the achiral imin&72 by means of intramolecularo-oxyallylation reaction is analyzed.
the Tagliavini chiral titaniumBINOL catalyst173* has The first attempts consisted of stereocontrolled cyclizations

been investigated. Tetrahydropyrahiz4 were obtained in  to transfused tetrahydrofuro-oxepane systed®® and

different de’s and ee’s, depending on the solvent and catalyst181,% currently found in the skeleton of marine products

loading (Scheme 75%2 such as brevetoxin, ciguatoxin, gambierol, and yessotoxin
(Scheme 79).

4.4. Intramolecular o-Alkoxyallyl Stannylation

Reactions Scheme 79
. . SnB
In the late 1980s the intramolecular version of the oH o . \)/ nBus
alkoxyally! s_tannylation rgact_ion was proposed by Marshall Kj\/\) TIPSO © O~
as a promising macrocyclization technique. He used the BF o I
Et,O-promoted cyclization ofi-alkoxyallylstannylated ynal H /\L TIPSO b e (IJ
174 to construct the 14-membered ring of the cembranoid SnBus
precursor 175 The valuable features of the Marshall BF-EL,O BF-EL,O
. . .o 3'ER 3t
procedure were that (i) regioselectivity was perfectly ensured \ CH,Cl,, -78 °C CH,Cly, -78 °C

by the & mechanism, affording in this case a homoaldoliza-
tion reaction, and (ii) complete chirality transfer from the

H H
o)
stannylated stereocenter bf4to the newly formed stereo- H TIPSO

L OH ——OH
centers incis-175was ensured (Scheme 78). 0— : [
R = Tpso 1 Me
Scheme 76
CHO 180 (99%) 181 (94%)
Z
| BF4ELO The vinyl substituent on the oxepa@ering of 181 was
. subjected to routine transformations in order to install the
_ _~(Somom CHellz 78°C 3-pivaloxypropyl side chain ofl82 while the reaction

$nBus protocol shown in Scheme 44 (conversionl6f7 into 108)
174 175 (88%) was applied to the substrate having a free OH on @Gnig
order to install ay-alkoxyallyl stannane group. To achieve
Of course, regio- and stereochemistry are controlled by the latter transformation, the OH was allylated, then lithiated,
the conformational biases of the starting open-claioxo- and finally stannylated with B&$nCl. However, lithiation
stannane. Thusl76, subjected to BEEt,O-promoted cy- of the bulky allyl ether was exceedingly slow, and most of
clization, exhibited opposite regioe{alkoxy allylation) and the starting material decomposed. After several attempts, a
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brilliant technique allowing incorporation of the GHCH—
CH,—SnBu unit on a hydroxyl group, was developed
(Scheme 80%?

Alcohol 182 was treated withy-Z-97a (see Scheme 38)
in the presence of camphorsulfonic acid (CSA) to give a
mixture of diastereomeric acetal83 which were succes-
sively converted intd84using TMSI/HMDS, with an over-
all 85% yield. Oxidation of the pivalate-protected terminus
of 184to a carbonyl group allowed authors to reiterate the

standard cyclization and to accomplish the total synthesis
of hemibrevetoxin B through a linear approach based on a

sequential use of intramolecular-oxystannylation reac-
tions

Tetrahydropyrans, analogous to the ones synthesized in

Schemes 2729 with the aid ofy-alkoxyallyl boron deriva-

tives, were also obtained through the intramolecular reaction

of y-alkoxyallyl stannane485, carrying anw-acetal func-

tional group (Scheme 81). In the presence of titanium salts,

cyclic ethers186 were accessible in good yield and in

moderate to gootrans-stereoselectivity, depending on the

ring size and on the acetal structure (open chain or cy®fic).
As an example, the reaction 487, derived from R,R-

2,4-pentadiol, furnishetlans-substituted tetrahydrofurar88

in appreciable enantiopurity (Scheme 8%).

Scheme 80
OPv

Z SnBuj
OMe v-Z-97a

CSA

OPv

TIPSO

™SI 1 Me OMe SnBu
HMDS 183 (93%) TIPSO 3

OPv

—0O SnBuj;
’H \:/_

184 (85%) TIPSO H

Scheme 81
OR  TiClx(OiPr) RO,
fo% or \/(\j),,
BusSn OR TiClPPhy 0
n=1-3 185 186
Scheme 82
o). RLO OH
>0 ™" TiCl,-PPh, \l/V
J/\ /\/\or o 'I :
BuzSn ®) O “

187 188 (51%, 86% d.e.)
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Scheme 83
H
O~
&\H%O OTBDPS
= OTBDPS
0©° H
L~
189
s-BuLi, RzMCI
THF, -78 °C
H
IONGRN
Loi\'%o OTBDPS
& OTBDPS
0 °© H

190a: R3M = Bu3Sn (67%)
190b: R3M = Me;Si (79 %)

J TiCly-PPh,
—OTBDPS

OTBDPS

191 ( 0% from 190a)
(28-43% from 190b)

0% from 190a
13-24% from 190b

product in moderate yield and modest diastereoselectivity
(Scheme 83)%?

The problems encountered in the cyclization of molecules
containing a cyclic acetal functionality inspired Yamamoto
to test an alternative convergent approach to polyether marine
toxins. Besides the outstanding contributions recently re-
viewed by Yamamot®8’ a partial synthesis of yessotoXif
and a total synthesis of brevetoxirt®B(structure192 and
193 respectively, in Figure 5) are here discussed..

193

Figure 5. Structure of yessotoxinl@2 and brevetoxin B 193.

On the basis of these results, Sasaki and Tachibana planned
a convergent synthesis of ciguatoxin where the key step The strategy for the synthesis of fused oxepane or oxocane

involved the cyclization 0f190 to 191 However, this
synthetic plan encountered two critical steps: (i) the lithia-
tion/transmetalation procedure to convég9into 190, and

(ii) the cyclization step itself. Since the latter step, indeed,
did not work at all with stannan®303g, authors shifted their
attention to allyl silanel90b, which afforded the desired

ring systems (for example, see the GH domain of brevetoxin
B) is outlined retrosynthetically in Scheme 84.

An important initial design clue for a reliable avenue
toward frameworkA was provided by RCM, which en-
sured in the synthetic direction an efficient construction of
the 8-membered ring. In assessing a promising retrosyn-
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Scheme 84 Scheme 85
SnBu
‘ =z 3
H o H yw y 1) (\/Z .
Ph O ~_.0 5¥e) OMe y-Z-97a
. Y m csA
H H o} o .
§oh THo 2) TMSI / HMDS
A B OTBDPS
U intramolecular 1) DIBAL-H Ph, _O H H (o] H (0]
a-oxyallylation 2) (CH,CICO),0,DMAP Y
BS o} o o] o
uzSn N t Me™ Me
H oH | \/'ho 0=<—C| B vSnB%
O H C OAc
! LA H H_ O H
; 0 ﬂ SN0 — PhYo :~C0 -0
H H s H ; ) MgBry Et,0
b ¢ Me~ Me| @ CH4CN, 40 °C
] ) . TBDPSO K/\Sn%
thetic transformation to apply t8, authors focused their 194 (76%)
attention on the intramolecular oxyallylation methodology. Ph
This goal was admirably met b as substrate for the
MgBr>-promoted cyclization step. I€ the intramolecular 09%. 56% d.e. at the
. .. . o, b d.e.
oxyallylation step was made more efficient by using an starred stereocenter
o-acetoxy ether as the electrophilic terminus, which was
much more reactive than the cyclic acetal terminus shown
Scheme 86

in Scheme 83.

OnceC was identified as a valuable intermediate, the next
hurdles were (i) how to affix the OGHCH—CH,—SnBu
group and (ii) how to generate the desiredcetoxy ether
functionality.

A route was developed to affix the allyl stannane moiety
to a free hydroxyl group, via a CSA-catalyzé@ns enol
etherification reaction oD with y-Z-97a A mixed acetal
was formed which, upon treatment with TMSI/HMDS,
underwent elimination of methanol to give the corresponding
Z-3-alkoxy-substituted allyl stannane moiéfyTo achieve
the second goal, namely the introduction of thk@cetoxy
ether, an ester group was forecasted to be an effective
precursor. In the synthetic direction, indeed, DIBAL-H
reduction in CHCI, at —90 °C followed by acetylation
(Acz0O, py, DMAP) at the same temperature, according to
Dahanukar and Rychnovsk{; allowed the authors to
accomplish the synthesis of intermedi&@estarting fromD.

The best applications of the above-mentioned strategy
described up to 2004 are reviewed in ref 97.

The intramolecular oxyallylation ia94took place quan-
titatively using MgBgp under new reaction conditions devel- ) ) . .
oped for the partial synthesis of yessotoxin, using acetonitrile _ Allyltrimethylsilane underwent metalation bg-BuLi/
at 40°C (Scheme 85)% TMEDA to give an allyllithium complex for which the?® '

In the synthesis of brevetoxin B, although the architectural Synstructurel98was assigned on the basis of NMR studies
skeleton of the intermediate subjected to internal oxyally- N solutiont® and theE configuration of products was de-
lation is quite daunting, the cyclization reaction was carried "ved from trapping experiments with electrophiles (Scheme
out under the same experimental conditions quoted in 88).

Scheme 85, and addut®5was obtained in high yield as a For example, using oxazolidiné or carbonyl com-
single stereoisomer (Scheme 88)With 195in hand, the ~ pounds® as electrophilesy-addition productd99and200
only remaining task was the construction of the oxocane ring Were regio- and stereoselectively formed (Scheme 89).
system. For this purpose, it was anticipated that RCM would ~ On the other hand, it was demonstrated in the early 1980s
be an effective choice, and indeed RCM enabled the arrival that anti a-adducts202 were obtained when treatint98
at the target toxin. with EtAl 10 B(OMe),'*t and CpTiCl,*? prior to the

In this same study, a modification of the electrophilic reaction with aldehydes (Scheme 90). The reactions pro-

acetal terminus was proposed, if an intermediate reluctantceeded via formation of-E-(trimethylsilyl)allyl aluminum,

R = CICH,CO
MgBryEt,0
acetonitrile, 40 °C

195 (82%)

5. Allyl Complexes Carrying a 3-Silyl or Boryl
Substituent as a Hydroxyl Surrogate

to internal oxyallylation was encountered. AhS-acetal
provided the solution. Cyclization dP6to 197was, indeed,
effectively promoted by silver triflate. The reaction protocol
followed to construct theD,Sacetal in196 is shown in
Scheme 87%

boron, or titanium complexe&1a—c, which then added to
the carbonyl compound through a cyclic TS (type A
reactivity, section 1.2).

The interest in adduct202 precursors of dienes via
Peterson elimination, greatly increased when the easy oxida-
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Scheme 87
TBS
H MBS Me Me H
o : =0 Me NGOG 0Bn
Ph““ko o’ m
H H H Sph HO H H O Me OBn
AgOTf, DTBMP
MS-4A, CHyCl,
78 — -30 °C
TBS
H_ Me H. Me ~Me H
Ph o7 IN1o7l Me o O OBn

81%

same protocol
of Scheme 85

BuzSn
X
H l\_/l\/H\| Me ~Me H

Ph“"I\O o -0 0 OBn

H H H e H H Me

196 (67%)

AgOTf, MS-4A
CH,Cl,, -78 °C —= 1t

Ph*
H -~ H
Me
197 (84%, 56% d.e. at the starred stereocenter)
Scheme 88
RLi = e
NS . |7 — -~ TMS__~_E
L TMs
0’ syn-198
Scheme 89
OH
2y O,
) SR )i
ph” N Ph” NH
H
_THS DRU | 199
WRZ
TMS™ XX
2) R'R2CO R! OH
200
Scheme 90
1) RLi RCHO e
I
_~_TMs ™S XML, R\_)\/
2) ML :
" 201a: ML, = AlEt, OH
201b: ML, = B(OR), 202

201c: ML, = TiCp,

tion of the C-Si bond of silanes containing a hydride,
halogen, amino, or alkoxy group on silicon by means g

in the presence of fluoride ions was reported by TaAt&o.
An analogous oxidation of silanes containing an allyl or aryl
group on silicon by means of a peracid os®4 was also

Chemical Reviews, 2007, Vol. 107, No. 9 3863

Scheme 91
)\ J\ 1) BuLi / TMEDA
/\/gl\i\ % Cizn_~_SiMey(iPrN)
203
RCHO, -78 °C
OH 0znCl

30% H,0,, KF, K,CO3
R)\./\ R)\/\

oH MeOH / THF, 1, 5151, o \je i

anti-1 204 (53-97%)

configuration at the silylated carbon. Thus, allyl organome-
tallic species carrying a suitable allyl substituent were
targeted as promising reagents for the stereoselective syn-
thesis ofanti-enediolsl.

Tamao and co-workers proposed the 3-silylallyl zinc
complex 203 for the diastereocontrolled synthesis anfti
enediolsl. The overall process is presented in Scheme 91.
The presence of the bulky NPr), group, besides ensuring
the stereoretentive oxidation of the-Gi bond to C-OH,
prevented the occurrence of Peterson olefination in the
intermediate3-alkoxysilane204.115

5.1. 3-Silylallyl Boronates and Boranes

In this section, the most widely used systems, namely allyl
boranes and boronates carrying a silylated group on the
y-position, are examined.

The higher stability of7® synsilylallyl lithium complexes
198 compared to theirp® anti-isomers, joined to their
tendency to undergo transmetalation at the less hindered
terminus of the allylic moiety, inspired Roush to develop an
enantioselectivanti a-hydroxyallylation protocol of alde-
hydes based on chirglE-silylallyl boronate205 (Scheme
92). The source of chirality i205was an easily available
ester of R R)-tartaric acidt!® As silicon ligands X suitable
for the later oxidative desilylation, the cyclohexyloxX3069
and the phenyl group205b) were envisaged.

Scheme 92
1) BuLi/ t-BuOK CO,i-Pr
THF, -40 °C ®)
2) (i-PrO);B O
_~_SiXMe; 2) POk | Me,XSiv_~_B- sy COZP1
3) aq. NH,CI
4) DIPT, MgSO,4 R,R-E-205a,b
a: X = ¢-CgHq41O-
b: X =Ph

The addition of 205a and 205b to simple aliphatic
aldehydes or protected glyceraldehyde g208 207, or 208
with perfectanti-selectivity and acceptable ee’s (Scheme 93).
The phenyldimethylsilyl group 205 ensured a higher
stereocontrol compared to the cyclohexyloxydimethylsilyl
group.

The isomericy-Z-silylallyl boronate205bis also available,
exploiting the protocol depicted in Scheme 94. Silylcupration
of acetylene was followed by the addition of the intermediate

developed by Fleming; with these substrates an acidic vinylic cuprate to diisopropoxyiodomethyl boronate. Hy-
protodesilylation (removal of the allyl or aryl group) was drolysis of boronate and esterification witR R)-diisopropyl

followed by oxidative cleavagE? In all the oxidative

tartrate (DIPT) provided-Z-205bin good yield. Unfortu-

desilylation protocols proposed by Tamao and Fleming, nately, lower enantiocontrol resulted in tegrraddition of
replacement of silicon with OH occurred with retention of y-Z-205bto aldehydes (Scheme 94Y.
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Scheme 93
SiXMe,
toluene / MS-4A ®
RR-205a,b + CHCHO —————~ S
-78°C :
OH

206a (94%, 69% e.e.)

Lombardo and Trombini

Scheme 96
(=) CO2i-Pr

1) RCHO, toluene
MS-4A, -78 °C
2) TFA, THF, 0 °C

oﬁ
MeaXSis__~_- B - )'CO2i-Pr
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THF / MeOH
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o] OH OH

R =c¢-CgHq1: 70%, 81% e.e.
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=

207a (88%, 70% d.e.)
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SiXMe, o)

toluene / MS-4A >LO g
P RR-211 +

o
S,5-205ab + O ——— 0O
(R) | -78 °C R)

|
(o] OH (0]
208a (82%, > 90% d.e.)
o
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-78°C -
OH
85%, 84% d.e.

%o SiXMe,

208b (86%, 90% d.e.)

toluene / MS-4A

Scheme 94 ss211 + d o S e
NC‘ o (R) | -78 °C
Cu.q; acetylene T o OH
SiPhMe, Me,Phsi” )
-20°C Cul, 79%, > 92% d.e.
- Li X
rCalls ' 1) ICH,B(O/-Pr), Scheme 97
2) ag. NH,CI o
3) (R.R)-DIPT ss211 + B~ <Ixy
SiMe,Ph RCHO MeZPhSi/\L 212
: toluene / MS-4A le) 1) toluene, MS-4A, -78 °C
R = - , , ,
Y 78°C 8 oz 2) TFA, THF, 0 °C
OH L 3) Hy0,, KHCO3, KF, THF / MeOH
75-95% y-Z-205b CO,i-Pr
50-65% e.e. 5 OH
Scheme 95 Br\/\/<'/\|/\ 85%
- OH
T sie, H,0,, KF, KHCO oH H
2 ' 8 \)\/ /P
: MeOH / THF, 23 °C : 0
OH € OH Br 0 o
206a 83% Lo
PhsiMe >( Ph... 1) NH;0Ac, NaCNBH;
/2 0-0 SiMe;, AcOH > X"0H 2) HCl
H acetone H MeOH OH
OH o © OH o
206b 209 (90%)

H
@---OH 213

However, while206-208acould be oxidized under Tamao
conditions, the Fleming procedure could not be applied to went a fast protodesilylation under mild acidic conditions
the phenyldimethylsilyl-substituted substrat286—208b, (CFsCOOH in THF at 0°C, Scheme 96)8
since the preliminary acidic protodesilylation is not compat-  The mildness of the whole-hydroxyallylation proced-
ible with its allylic structure (a desilylated homoallylic ure developed witl211 made the use of the very sensitive
alcohol was obtained frora06h). epoxyaldehyde212 possible, in a total synthesis of

However, while seeking for alternative oxidation condi- (—)-swainsonine213 (Scheme 97318
tions, the authors found that treatment 206b with di- Boranes are the obvious alternatives to boronates. Barrett
methy! dioxirane followed by acidic treatment cleanly led and Malecha proposed in the early 1990s optically active
to the rearranged 1,4-dio)9in about 90% yield (Scheme  3-silylallyl boranes214 as fully anti diastereoselective and
95) 116 highly enantioselective-hydroxyallylating agents for car-

Thus, efforts were directed by Roush to targeting an aryl bonyl compound&!®
substituent for silicon which would be much more reactive  The preparation oR14 is an extension of the Brown
than the allylic moiety i06toward electrophilic protode-  methodology used for chiral allyl, crotyl, and 3-alkoxy-
silylation. After screening several aryl groups, attention was substituted allyl boranes, which involves lithiation of an
directed to a furane derivative, a highly reactive hetero- allylsilane followed by quenching with [pBOMe (Scheme
aromatic ring in electrophilic aromatic substitution reac- 98). The allyl boron complex-E-214was not isolated and
tions. Eventually, furyl ligan@®10 (the menthofuryl ligand)  was directly reacted with an aldehyde to giaati-215
was identified as one of the best solutions, since it under- Subsequent oxidative quenching under Tamao conditions left
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Scheme 98 Scheme 101

o
)\NJ\ 1) BuLi / TMEDA A~

) Et,0, 0 °C Ipc,B SiMes(i-Pr,N) SiMe,Ph
AN - g THF,-78C  poy OH
\ 2) Ipc,BOMe y-E-214
3) BF'Et,0 2) H,0,, NaOH
RCHO, -78 °C 72%, 98%e.e.

PhMeZSi\/\/Blpcz

(0]
1) |
OBlpc, 220 S SiMe,Ph
‘\).BOMe R)\./\ THF, -78°C RCM OH

2 =(-)Ipc,BOMe

i-PrN)Me,Si
(PrzN)Me; 21 2) H,0,, NaOH

88%, 94%e.e.

30% H,0,
OH KF, KHCO3 Scheme 102
. )\/\ MeOH / THF PhMe,Si THE SiMe,Ph

5H \_>:.: + Ipc,BH

50 °C Pr X Blpc,

anti-1 (44-63%, > 90% e.e.) 7-221
Bn
Scheme 99 1) 222, THF, -78 °C
. Boc 2) H,0,, NaOH | N
30% H202 N/ OH (@] OBn 222
v-E-214  KF,KHCO; O 57% sindle PhMe,Si. Pr
= 0, single iIsomer N K .
| MeOH / THF : “OH  pom  PhMesSi, Pr OBn
5 OH o8 X N
%N/ o¢ : " OH OBn
(0] OBn
\)\ 223 79%, 54% d.e.
|
216 O 30% H,0, }LN,BOC ,Boc
\

OH N OH (dimethylphenylsilyl)allyl boronat®05b (see Scheme 92)

KF,KHCO; O o . '
\)\/'\/ + \J\l/v/ allowed Roush to verify the superior performance of the
ent-y-E-214 MeOH / THF

30% OH 159 OH diisopinocampheylboranyl grotfs compared to the tartrate
derived 1,3-dioxa-2-borolanyl group in terms of enantioface-
Scheme 100 discriminating abilityt?3
™S R BL In a further study from the same group, the enantioenriched
2 . o
== + LBH —— N adducts coming from the addition B#220to bothp,y- and
R ™S y,0-unsaturated aldehydes were subjected to RCM, leading
217 L,BH = 9BBN 7.218 to a diastereo- and enantioselective synthesis of 5- and
R=alkyl o (c-CeH)BH 6-membered cyclig-hydroxyallyl silanes (Scheme 10%f
J R'CHO The same allylation/RCM sequence was applied-221
R’ H® (obtained by hydroboration of an allenyl silane with
H)Y\ OBL, Ipc:BH according to the procedure previously shown in
R " “ Scheme 100) and the chiral aldehy222 leading to the
— 3 formation of the cyclitol precursa223 (Scheme 102324
i ©on R TMS Up to now, chiral -hydroxyallyl silanes have been
219 . ! : . .
R ™S discussed as precursors of enedibjsbut their synthetic
R potentialities exceed this application. It is well-known,

indeed, that allylic silanes may participate in Lewis-acid-
the desiredanti diol 1 in acceptable overall yields. Thus, promoted reactions with electrophiles, for example in the
y-E-214 played the role of thenti selective reaction that  Sakurai additions to carbonyl compouri@sRoush sought
complements theynselective reaction with-Z-78 (Scheme to develop an intramolecular version of the Sakurai reaction
31). The results obtained from the matched and mismatchedby preassociating the carbonyl compound toAHgydroxy-

pairs in the reaction ofR)-Garner aldehydé® 216 with the allyl silane via an acetal linkage. The-acetoxy ether
two antipodes214 derived from () and (+)-pinene show  functionality was forecasted as an effective version of the
that substrate control is here in action (Scheme 99). acetal functionality. Thu225was readily assessed in just

Z-3-Alkyl-3-silylallyl boranes218 were prepared by Gu  a few operations from g-hydroxyallyl silane by acylation
and Wang by an alternative procedure, consisting of the with the proper acyl chloride, reduction of the ester group
hydroboration of the allenylsilan217 with a secondary  of the intermediat®24 with DIBAL-H, and acetylation of
borane (Scheme 108} Adduct219 formed in good to high  the resulting hemiacetai situwith acetic anhydride/DMAP
diastereoselectivity (up to 98% ee), was used as a precursoaccording to the procedure developed by Rychnovsky
of Z- or E-dienes via acidic (E5Qy, anti elimination) or (Scheme 103)%% Treatment of225 with TMSOT( resulted
alkaline (NaOH synelimination) treatment. NMR evidence in a key domino sequence involving formation of the
on the fluxional behavior o218 was also obtained, which  oxonium intermediat@26followed by the [3,3]-oxonia-Cope
accounted for the dependence of diastereoselectivity onrearrangement, which led to this 2,6-disubstituted dihy-
reaction time and temperature. dropyrans227, presumably via a boatlike transition state

A comparative study of the performances pfE-(di- (Scheme 103%" The configurational integrity of the starred
methylphenylsilyl)allyl Blpg 220 and its analogous-E- stereocenter was preserved in the whole process.
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Scheme 103 Scheme 105
o OAc SiEty PhMe,Si SiEt,
= 1) E-220, THF, -78 °C P
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224 225 snCl, | o
CHCl, | [
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BnO
SiMe,Ph
o) o /g __SiEts
— B \
NS N0~ T SiMte,Ph B0y Z
AYH
227 (41% over 3 steps, 226 o OTBS
88% d.e.) 62%, > 90% d.e.
Scheme 104 98n 1) Z-221, THF, -78 °C
oR? clasn.. OR? —:0---SnCls TBSO._~ ——
S I f\ 5 | 2)TBSOTf, Et;N
R1J\/\/\/ OEt T RUETY ©
SiRy Oci SRs Ot BnQ Pr, SiMe,Ph BnO Pr_ SiMe,Ph
228 229 TBSO. - ~ + TBso_A A _~
j oTBS oTBS
J 232 (31%) 56%
oJCOZEt 7 PhMe,Si
- BnO €291
R ) n \) 0Bn
SnCly , CH,Cl,, -78 °C TBSO - \ OBn
OR? SiR; Nl
230 oTBS
52%, > 90% d.e.
When an O-protected -hydroxyallyl silane 228 was Scheme 106
reacted with glyoxylate ester (or glycolate ester) in the '
presence of a chelating Lewis acid, the allylation step was SnCly, CH,Cl, SiMezPh
followed by a spontaneousendotet heterocyclization on 4A-MS, 0 °C \ \
the nonclassical silylium io229 (Scheme 104). The result s I O o 8
of the formal [3+2] annulation process was cycloadduct oTBS ., OTBS
125 235a (51%)
230. s T O )
When an optically active adduct such 231 was used, 933 0105 O
excellent levels of diastereocontrol were achieved according +
to a chelation-controlled model of asymmetric induction. SiMe,Ph
Scheme 105 shows two successful applications of analogous N F
[3+2] annulations applied t@31 and 232, as key steps in 534 OTBS
two formal syntheses of amphidinolid&fand of angelmicin
129 i ;
B, reSpeCt'Ver ) ) BF3-Et20, CH2C|2 C:)TBS OTBS 8
The versatility of the previous [82] annulation protocol 4A-MS, -78 °C 235b (64%)

was demonstrated in a stereocontrolled synthesis of bis-
tetrahydrofuran structure35a-d, the core subunits of

. . SiMe,Ph
members of the Annonaceous acetogenins family. The double ez
asymmetric reaction between chiral 2-tetrahydrofuranyl car- 23+33 Lewis-acid I
boxaldehyde®33a,band chiral allyl silane234 led to bis- ont234  CHaCly, 4AMS ® STBS otes

tetrahydrofurans with a stereochemistry governed not only SnCl, : 235¢ (50%, 81% d.e.)
by the two chiral reaction partners but also by the choice of BF4EL,0 : 235¢ (51%. 60% d.e.)
the Lewis acid. For example, the reaction233awith 234

provided 2,5trans-substituted tetrahydrofura®35a using Lewis-acid

SnCl, via a chelation-controlled model of asymmetric CH,Cl, 4A-MS

induction. On the other hand, in the presence of-BEO, >"No + ent-234 —1
2,5cis-235bwas generated via a nonchelated TS (Scheme 0TBS O SiMe,Ph

106)13° Conversely, the reaction &33awith ent234, as 233b

well as the reaction a233bwith ent234, converged to the \%\:/Q—Q\:/\%
same isomerg&35cand235d, irrespective of whether Sngl OTBS OTBS
or BRs*Et,O was used. SnCl, : 235d (57%, > 90% d.e.)

BF3-Et,0 : 235d (40%, 89% d.e.)

5.2. 3-Silylallyl Stannanes : .
same attention compared to its 3-alkoxylated analggide
Despite the fact that 3-trimethylsilylallyl tributylstannane 97 (Scheme 38). Even though the BEt,O-promoted
y-E-236 was first reported in 1985, it did not receive the addition ofy-E-236t0 benzaldehyde anddecanal afforded
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Scheme 107 Scheme 109
Bu,SnCl OMe
n3-syn 198 s ™S X" snBu,
RCHO
1-£-236 BF3Et,0
78 —0°C
R FB.o
M R)\l/\
237 (77-85%) ™S
Scheme 108
°\
o
\-E236  + K(_\/éo
l BF3Et,0, -78 °C
OH OH
T™S T™MS
238a (43%) 238b (43%) silylallylation followed by

Peterson olefination
\ +BUOK, THIi/ ot
o 1) BF3Et,0, CHyCly 78 to -50 °C
O s
W u 2) t-BuOK, THF

239 (98%) OMe

synadducts, as anticipated by the Type C reactivity model
(section 1.2), the difficult isolation afyn-adducts, which in
the presence of BFELO easily undergo acid-catalyzedti-
elimination to monosubstitutegtdienes237, hampered more
extensive studies (Scheme 109).

Later on, Keck and Rom&? demonstrated, and Roush
and co-workers confirmeH! that it was sufficient to quench ~ Scheme 110

the preceding reaction with NaHG@t —78 °C, in order to OO
o._,OCH(CFs),

isolatesynadducts in good yields. For exampk38aand

238bwere isolated as a 1:1 mixture and then converted into STiL
E-diene 239 upon treatment witht-BuOK (syn Peterson CO O OCH(CFs),
elimination). TheE-diene 239 was an intermediate in a 243 (10 mol %)
synthesis of indolizidine alkaloids (Scheme 1638). 1-E-236

The synthetic efficiency of the preceding olefination -PrBEt; (1.2 equiv.)
reaction leading to monosubstitut&ddienes was recently PhCFs, -20°C
exploited by Panek and co-workers. From a retrosynthetic OH
standpoint, the triene group of the macrocyclic core of R TMS
cytotrienins240was disassembled into tisdiene241, since
in the forward direction it was anticipated that the construc-
tion of the central &C bond of the conjugated triene moiety Scheme 111
of 240 could be achieved through a reliable RCM reaction. N
The challenging structure of b&-diene241 suggested the M NSnBu. + 2ROHO 2 m
use of a doubler-silyloxyallylation reaction on dialdehyde ® CH,Cl, R "07 "R
242 The anticipated bidirectional bis silyloxyallylation/
elimination sequence afforded4l1 in 61% yield, after

ment G242 i 2 e o 7.£:236, 9IOWed BY e ituncional nature of£236as alyiating agetwas
i o ; ) exploited by Li and co-workers in a synthesis of 2,6-

The regioselectivity of the reaction of-E-236 with disubstitutectis-dihydropyran46. The reaction was carried
prochiral aldehydes was rev_ersed, as reported by Yu and cot by simply treating 2 equiv of an aliphatic aldehyde and

workers, when the BINOETI(IV) complex 243was used  ,,_E-236with a catalytic amount of InGl The reaction did

coactivator whose precise role was not determined. To comparison, see Scheme 103.

unravel the unexpected formation 845 in high ee’s, the

authors claimed that it derived from a fluxional conversion -Borvlallvl Boran

of y-E-236 into the isomerico-trimethylsilylallyl tributyl- 53. 3-Borylallyl Boranes

stannane44, which then added to the aldehyde according  An obvious surrogate of the hydroxyl group is represented
to the usual 8 mechanism (Scheme 115}. by the boron atom. The exceptional reliability of boron

245 (47-89%, 83-96% e.e.)

v-E-236 246 (50-69%, 67-82% d.e.)
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Scheme 112 Scheme 114
E\o 7 _Eto C(I) pp Ph
1 + 4
o B I\/l;Br 78°C  SogBas Ipo,BH i: g oo o
- +
247 248 Et,0, 0°C O7ENFN P 1) Et,0, 78 °C, 2 h
E-253 2) R?CHO, 23 °C, 24 h
" ho, 1P Reho
(o}
R)\»/\ 2-2 R A | OH Ph Ph *
oh NaOH B 78°C g B~ Blpc o °
0”0 249 OH R? o X &

anti-1 (63-80%, — 075N

90-95% e.e) 250 N RI7NF ;{ré

syn-Z-252 R /k OBI
Scheme 113 (72-95%, 91-95% e.e.) 254 H ooPC2
o ¥
; , @| retention of configuration at the stereogenic borylated carbon
E-249 RCHO RCHO OMRZ (Scheme 112). From the hydroboration 287 to the
Et,0,-78°C,2h  23°C,24h H1 oxidation of250, all the reactions were carried out in a one-
251 (L = Ipc) pot fashion, by successively adding the appropriate reagent

to the reaction mixturé3s
l The potentiality ofE-249as a difunctional allylating agent

OH OH was envisaged by Roush, who developed two efficient three-
R1J\/\/\R2 component condensation protocols leading eithdf to Z
anti-E-252 bis-adduct252 In the opening event:-249 was reacted
(65-87%, 89-96% e.e.) with the first aldehyde at-78 °C for 2 h; then the second

aldehyde was added and the mixture was warmed to room
chemistry was exploited by Brown and Narla in the prepara- temperature and stirred for 24 h. The different reaction
tion of the bifunctional diboron derivative-249. Nucleo- conditions of the two addition steps reflect the different
philic attack to247 by allenyl magnesium bromide followed reactivities of allyl boranes compared to allyl boronates. A
by a regio- and stereoselective hydroboration of allenylbo- plausible TS model for the last reaction is represented by
ronate248with Ipc,BH providedE-249, The latter bifunc- the chairlike structur@51, which would ensure an efficient
tional boron derivative added to aliphatic and aromatic 1,3-chirality transfer and a perfect control of thati 1,5-
aldehydes with an exceptionally higimti-diastereocontrol  stereorelationship in did52 (Scheme 113%
and with excellent enantiomeric excesses. The resulting Guided by the inspection of the TS architecture, Roush
intermediates250 were oxidized by alkaline pD, with envisioned that the CHBOIpc, substituent in T251 could

OH
OH OH E
: DPSO
g : HO
tB“OZC% T2 J\/\osn L J \(\)/\O
o 7k
255 ﬁ/o )

57
<|) 0
f'BU02C% (\Q k/\OBn DPSO o o
1 o Ng BB Lo |
R'CHO R2CHO o + E-253  + o
E-249 ﬁfo 07Q
R'CHO R2CHO
hi§
OH O O Me
TBSO TBSO  TBSO : =~ “~OBn
TBSO NG NG OTBS |
' 256 R2
R1
b Ph
Ph>2\ Q
Ph O,B\/\/Blpcz
E-253

Figure 6. Roush retrosynthetic disassemblingaofti-E- and synZ-2-en-1,5-diols.
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be forced to adopt an axial orientation if a more sterically
congested boronate moiety was used. Replacemdfndb

with E-253led to the formation o$yn-Zdiol 252in excellent
chemical and stereochemical yields (Scheme 114). As
correctly anticipated, the stereochemical outcome could be
rationalized in terms of TR54.1%7

That Schemes 113 and 114 represent two robust protocols

for the synthesis oénti-E-252 andsynZz-252, respectively,
was recently demonstrated by Roush and co-workers, who
applied them in crucial steps of formal syntheses of peloru-
side A®® and of amphidinol 339140 Figure 6 shows how
three key synthetic intermediates, nam2hp, 256, and257,
were retrosynthetically disassembled, with the central three-
carbon allylic unit being provided by either 3-borylallyl
boranesE-249 or E-253

6. 3-Alkoxyallyl Chromium and Zirconium
Complexes

Most of the allylic complexes bearing a heterosubstituent
on they position examined so far share a common protocol
for their preparation, based on the lithiation of a suitable
allyl derivative (ether, silane, etc) followed by transmetalation
with a proper metal salt. The chromium and zirconium
complexes described in this section, conversely, require an
oxidative addition process for the construction of the required
C—Cr or C—=Zr bond. The new preparative protocol entails
the identification of proper precursors of the 3-alkoxyallyl
ligand, in order to promote a facile insertion of the low valent
metal species into a suitable carbdeaving group bond.

6.1. 3-Alkoxyallyl Chromium Complexes

Reduction of alkyl halides with 2 equiv of a one-electron
reductant chromium(ll) species generates organochromium-
(1) compounds, which add to aldehydes to give the
corresponding alcohols. The reaction, known as the Nezaki
Hiyama—Kishi (NHK) reaction, has proven to be a powerful
C—C bond-forming methodology by virtue of its high
chemo- and stereoselectivity and mild reaction conditiéhs.
Takai and Utimoto applied Cr(ll) chemistry to acrolein
acetals, e.g., dibenzylace88§, in the presence of TMSf?2
Addition of an aldehyde to the reaction mixture-a80 °C
resulted in the formation o&nti-diol derivatives259 in
excellent yield and good de’s, as shown in Scheme 115. The
accelerating effect of TMSI was ascribed to thme situ
formation of ana-iodo ether, which was much more prone
than 258 to undergo the insertion of Cr(ll). The authors
accounted for the observexhti stereochemistry by suggest-
ing the formation of g-Z-alkoxyallylchromium species and
the adoption of a boatlke TS geometfy. The anti-
selectivity, in our opinion, could also be ascribed to a rapid
fluxional equilibrium between- andy-alkoxyallylchromium
complexes which favors the formation of thee-complex.

Scheme 115
A~0BN 1) crCl,, THF, -30 °C PhCHO )OH
Ph” ¥ X
OBn 2) TMSI -30°C,3h :
258 OBn
259
(89%, 76% d.e.)
OMe OMe OMe
A Ph A NN
OH OTES OH OTr OH O_ ODMPM
TBS

260a 260b 260c
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Scheme 116
o

\)J\Rz

l cr(lly

cr(in)
OSiR;  Path A ocr(lll)  Path B 0

0
. — —_ |
%/\Rz R3SiCl %RZ R'CHO R! &H\RZ

l Cr(ll l cr(lly

OSiR3 e
pZ O O
Cr(llny R?
Cr(lll
1) R'CHO
2) TBAF l H,0
OH OH OH
R1)\(\ R R2
R2 OH H
262 (50-85%) 263

The subsequent addition of tlreE-complex to the aldehyde
should occur according to Type B reactivity (section 1.2).
The Takai-Utimoto reaction was applied in three syntheses
of polyketides where acrolein dimethylacetal was coupled
to chiral aldehydes: structuZ60awas an intermediate in
a synthesis of bafilomycin }4?* 260b'42°and260¢4¢were
intermediates in two syntheses of bafilomycin (Scheme
115).

o,f-Unsaturated ketones can be directly reduced by
Cr(Il) salts in the presence ofsBiCl to give y-silyloxy-
allylchromium complexe261, which add to aldehydes to
give synanti mixtures of diols262, according to reaction
path A (Scheme 116). On the other hand, the same reduction
carried out in the absence o§HCI furnishes cyclopropyl
carbinols263 via path B** From a mechanistic point of
view, path A corresponds to a pinacol cross-coupling between
an o,5-unsaturated ketone and an aliphatic aldehyde. The
weak point of this procedure is given by the use of 8 equiv
of CrCl, and 6 equiv of BSiCl with respect to the aldehyde.

The synanti ratio of adducts262 was dramatically
influenced by temperature (first equation in Scheme 117).
When theE-configuration of261was blocked as in the case
of the cyclic enone shown in the second equation of Scheme
117, thesynadduct was the sole produég.

With ever-increasing pressure from green chemistry issues,
the use of stoichiometric (or more than stoichiometric)

Scheme 117
o 1) CrCl,, Et5SiCl, DMF

\)]\/\ 2) TBAF, THF
X ph * n-CgH47CHO

|

OH

n-CgHy7 N
PhH,CH,C OH

T=0°C: synlanti=7:93
T=30°C: synlanti=55:45
T=75°C: synlanti=90:10

HO
HO,

Ph
o}

% + PhCH,CH,CHO

1) CrCly, EtSiCl

2) TBAF, THF

T=0°C: syn>99%
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amounts of chromium, a transition metal classified by the
US EPA as one of the priority pollutant¥is no longer
considered acceptable in large scale production. That is why
the original protocols of the NHK reaction and of the Takai
Utimoto hydroxyallylation reaction do not fulfill sustain-
ability criteria. However, an outstanding improvement granted
the NHK reaction a new dawn, namely the development of
the Firstner catalytic version of the NHK reaction, where

Cr(ll) is regenerated by manganese powder in the presence

of a silylating agent*® A key role in the Fustner modified
catalytic protocol is played by trimethylsilyl chloride. Sily-
lation of the initially formed chromium alkoxide indeed
released a Cr(lll) halide derivative which was very efficiently
reduced to Cr(ll) by Mn(0) powder, the stoichiometric
nontoxic and cheap reducing agent.

The Fustner new catalytic version of the NHK reaction
was then successfully extended by Boeckfffamo the
Takai—Utimoto reaction. To a stirred mixture of CrD.07
equiv), Mn(0) powder (2.5 equiv), and Nal (0.2 equiv) were
sequentially added, at30°C, 1,1-dimethoxy-2-propene (2.3
equiv), benzaldehyde (1 equiv), and TMSCI (3.2 equiv).
After 20 h at—30 °C, acceptable yields (4803%) of the
anti-diol derivative264were obtained from a set of prochiral
and chiral aldehydes, with de’s ranging from 60 to 83%.
The overall catalytic cycle is depicted in Scheme 118. The

Scheme 118

OMe

= +

TMSI =<—— TMSCI + Nal
OMe

Cr(lll) -~ ~OMe

/\l/l PhCHO
OMe
OCr (1)
Cr(lll Mn(0) Cr(ll) /
3
Min(ll) TMSCI
Cr(ll
Mn(0) oTMS

/\l/-\Ph
OMe 264

key to success in this specific application is the addition of

catalytic amounts of Nal to the reaction mixture, which likely

converts TMSCI into TMSI, thus allowing the transformation
of acrolein acetal into an-iodo ether.

Analogous studies have been presented by Groth and Jung.

Addition of an aldehyde (the addition rate must be slow to
achieve good results) to a mixture containing aib-
unsaturated ketone, 10 mol % of CsClan excess of
manganese, and TMSCI in DMF delivered adduisg in

Lombardo and Trombini

Scheme 119
e} e}

Rﬂ)kH * t—Bu)I\H

1) Mn (2 equiv.), CrCl, (0.1 equiv.)
TMSCI (2 equiv.), DMF
2) TBAF (2 equiv.), THF

OH OH

7H\l/r-su + RTI/'\l/t-Bu
OH OH

syn-265a (59%, 95% d.e.)
syn-265b (63%, 84% d.e.)
syn-265c¢ (39%, 5% d.e.)

anti-265d (39%, 44% d.e.)

R=¢tBu:
R=i-Pr:
R=Et:
R=Me:

zirconium species, hereinafter abbreviated as2€p™° This
species is prepared by reacting ZpCl, with 2 equiv of
BulLi, as originally reported by Negishi (Scheme 12%).

The oxophilic nature of the zirconium atom, joined to its
low oxidation state, renders “Gpr’ extremely reactive
toward allylic and propargylic ethers as well as toward acetals
of conjugated aldehydes. The insertion of %Zg into the
carbon-oxygen bond of266 gave the y-Z-alkoxyallyl
zirconium complex267, as shown in Scheme 12'H, 1°C
NMR spectra and NOE experiments were consistent with
the assigned configuration of267. Addition of 267 to an
aldehyde resulted in the formation of the add&&8
although with modest diastereoselectiVity.Diastereose-
lectivity, however, could be reversed by running the reaction
in the presence of BFEL,0, as shown in the two reactions
reported in Scheme 121.

Scheme 120
I o CoHs
@Zr cl -78°C @Zr -Gt @ '

| +2BuLli —

%\C % n-CaHo T’ %r nl

Scheme 121
"Cp,Zr"
-~ OFEt P2 CpoZr (:)Et A
OEt toluene EtOCp,Zr<~—OEt
-78°C OEt
266a y-Z-267a
OH OH
c-CgH{1CHO
X+ a
OEt OEt toluene, -78 °C
(BF3°Et,0)
syn-268a anti-268a

without BF5 : syn-268a (8%), anti-268a (51%)
with BF 5 : syn-268a (65%), anti-268a (20%)

50—-80% vyields and good diastereomeric excesses (see

Scheme 116)* When o-substituted acroleins were used,
the diastereoselection depended ondhsubstituent struc-
ture1#8 Branchedx-substituents favored the formationsyf+
diols 265 while the opposite diastereopreference was
observed with linean-substituents, as shown in Scheme 119.

6.2. 3-Alkoxyallyl Zirconium Complexes

For the last 10 years, Taguchi and co-workers have been
investigating the coupling of acrolein acetals or acrylic acid
ortho esters with aldehydes, mediated by a low valent

1) "CpoZr"
/\(f} 2) PhCHO ag. HCI )\|/\ )\/\
(e} toluene o
78°C Ho >0 HO
266b syn-268b anti-268b

without BF 5 : syn-268b (25%), anti-268b (46%)
with BF : syn-268b (58%), anti-268b (24%)

Moving from acrolein acetal266 to acetals of cinnam-
aldehyde269aor prenal269b, the regiochemical course of
the reaction was reversed in favor of homoaldol products
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Scheme 122 Scheme 125
"Cp,Zr" Ph ) S)
th/\fo Cpazr X 1) TMSOTF (1.1 equiv.) TfO OFt
o) toluene, -78 °C EtOCp,Zr  OEt RCHO + 273 toluene, -78 °C — rt TMS\O®
269a y-270a 2) ag. NH,CI /U\ 7 “OEt
" ZrCp,OEt
PhﬁwOH H,0* PhCHO PhWZGCZOEt
toluene, -78 °C OEt TfO@
o ™S " okt
271a (55%) -270a OH OFEt ®
R OEt R OFEt
1) "CpyZr"
Wo 2) PhCHO aq.HCl  ph—_ O« .OH 275 (75-90%) ZrCpoOFt
OJ toluene, -78 °C p Scheme 126
269b 271b (34%) ) 1) TMSOTf (1.1 equiv.)
toluene, -78 °C — rt
273+
Scheme 123 )n 2) aq. NH,CI l
OEt "CpyZr" OFEt
P ort _ UPln X oTMS
OEt  toluene,20°C  EtOCp,Zr<—OFt 1)RCHO 0 T0© OEt
272 273 2) aq. NH4CI OEt ) — )
A EtO
OH EtO
EtOCp,Zr
R X n =1, 276a (86%) P2
EtO OEt n =2, 276b (96%)
274 (58-96%)
Scheme 127
Scheme 124 5
; OEt |
}L >L N Ph 1) CuCN (1 equiv.)
e BFyELO (0.2equiv.) O EtQ OFt I+ g7z Quene/THR.0297C_ | ok
+ 273 > Ph H 2) aq. NH4CI
| toluene / THF Y CuCN
o OH
78%, 85% d.e. H. _Ph
N
271, since, in this case, metallotropic equilibrium favored Ph/g(\
the formation of the thermodynamically more stable conju- EtO OEt
gatedo-alkoxyallyl zirconium complex270(Scheme 1225 277 (84%)

Triethyl orthoacrylate272, also, reacted with “CZr” at . . .
room temperature to generate the-diethoxyallyl zirconium ~ 11Cl4, or BR+ELO were added, the reaction resulted in the
complex273 a synthetic equivalent of the formal acryloyl formation of a complex mixture. However, the addition of

anion. The addition o273 to an aromatic or aro,3- CuCN (1 equiv) to an equimolar mixture 873and an imine
unsaturated aldehyde afforded addu@®4 in good to N toluene/THF (1:1 v/v) led to adduct877 in good to
excellent yields (Scheme 1257 excellent yield. The process likely involves an intermediate

Zr/Cu transmetalation process. The reaction temperature is
critical, and it must lie in the 625 °C interval. Below 0

°C, the reaction was extremely slow, while, at higher
temperature, black precipitates appeared, indicating decom-
position of copper intermediates (Scheme 127).

At last, we wish to mention the allylation reaction of
73by means of allylic and propargylic phosphates. Again,

sing t ture f 78°C t i ¢ h the presence of CUCN was essential. The reaction involved
raising temperature fror 0 room temperature, the 5 g > mechanism, very often observed using cuprates,

reaction of273with conjugated or unconjugated aldehydes, oo qing 5.alkenoates and 4,5-alkadienoates, as shown in
as well as with saturated ketones, followed a different Scheme 12856 ' '

reaction channel, affording, after neutral workup, cyclopro-
panone ketal275 An aldol type addition of the ketene acetal
moiety existing in273to the carbonyl compound promoted 7. 3-Acyloxyallyl and 3-Alkoxycarbonyloxyallyl

by the Lewis acid was followed by spontaneous cyclization Metal Complexes
as ShOWﬂ in SChem-e 123‘The relative StereOChemiStry in With the aim to deve|op a generaL Simp'e' economica”y
275was not determined. and environmentally friendly solution for the hydroxyally-
In an analogous way;73 added to conjugated ketones, |ation route to enediold, we pursued this challenge by
under the preceding reaction conditions, in a conjugate relying on oxidative addition techniques for the preparation
fashion, affording cyclopropanone keta/6 (Scheme  of 3-oxyallyl metal complexes, rather than on the much more
126)4 demanding lithiation/transmetalation procedure (use of alkyl
y,y-Diethoxyallyl zirconium compleX273 did not react lithium bases, anhydrous solvents, low temperature, etc.).
with Schiff bases. When Lewis acids such as TMSOTf, Thus, we sought to identify flexible and versatile oxy-

To force aliphatic aldehydes to react cleanly W3
0.2-0.3 equiv of BR-Et,0 were necessary; moreover, THF
had to be used as cosolvéht.Under these conditions, a
satisfactory coupling of glyceraldehyde acetonide \2it3
was recorded (Scheme 124).

However, when a Lewis acid, for example TMSOTf, was 2
used in a stoichiometric amount in toluene as solvent while



3872 Chemical Reviews, 2007, Vol. 107, No. 9 Lombardo and Trombini

Scheme 128 Scheme 131
]
OTBS ot Ph/\/\ OFt oM OCOR
O~/ 0Kt O~ -OEt R2CHO
i i 280a,b R2 = R2
o OCOR! oM
273/ CuCN 273/ CuCN
toluene / THF 1:3 toluene / THF 1:3 L H,0 L HO
Ph
OoTBS \/;’\A OH OCOR!
TN H\(' CO,Et Z R = Rr2

89%, 50% d.e. 86%

] ] ] o _.using an aldehyde, allyl bromide, and zinc metal in aqueous
processes with low valent metals. Searching through the oldfgcysed on the use of indium in waté?.The reason why
literature, we found that Kirrmann had reported in 1938 the jndjum attracted the attention of synthetic chemists can be
preparation of 3-bromopropenyl aceta®9a**’ Thus, itwas  found in its physicochemical properties. First, indium pos-
envisioned that allyl halide279 carrying an acyloxy  sesses a relatively low reduction potentiat0(338 V)
substituent in position %2 could be suitable substrates for compared to zinc £0.763 V), which makes it a more
our purposes. The original preparationZ@9involved the  gelective reducing agent. Furthermore, indium powder is not
addition of acetyl chloride to acrolein. The kinetic product affected by boiling water or alkali and it is relatively stable
was the 1,2-addition produ2f8 which slowly equilibrated g ajr. Lack of surface passivation means that there is no
into the thermodynamically more stable 1,4-addlid, upon  need for specific activation of indium, such as heat, soni-
standing for a few days. Later on, Neuenschwander dem-cation, or acid catalysis, as is necessary for other elements,
onstrated that conversion d78into 279could be completed  gych as magnesium, zinc, etc.
in a few hours by simply stirring the reagents &@in the Having targeted 3-halopropenyl esté®9aas a promising
presence of 510% anhydrous ZnGF* reagent for the hydroxyallylation of carbonyl compounds,

Using acetyl bromide, the formation of 3-bromopropenyl poth zinc in aqueous ammonium chloride and indium in
acetate279awas even more rapid, taking place-a20 °C water were tested under one-pot Barbier conditions. The
in the presence of Zngl(Scheme 129). ) ) metal of choice was found to be zinc, which allowed us to

Concerning the carbercarbon double bond configuration,  synthesize in saturated ammonium chloride solutions the
anE/Z mixture was generally obtained and the ratio depended corresponding adducts in very good yield&Indium in
on the reaction and the purification conditions, as well as \yater, on the other hand, gives its best results at pi3, 2
on the nature of the acyl halide. With the key 3-halopropenyl \/gjye which is not compatible with the acid-labile enol ester
esters secg(ed as starting materials, attention was turned tc’?unctionality present ir279 Owing to the occurrence of
their reactivity with low valent metal species which are jntramolecular transesterification processes (Scheme 131),
known to insert into the carberhalogen bond of organic  tne extracted crude product mixture was directly hydrolyzed
halides, affording 3-acyloxyallyl metal complexe280 with methanolic potassium carbonate to deliver unprotected
capable of reacting with carbonyl compounds (Scheme 130)-syr{anti diols 1 (Scheme 130%*

Ketones also reacted, but 20% THF was added to the
saturated ammonium chloride solution in order to enhance
the substrate solubilitif> Typical results are shown in Figure
7, protocol B, where yields and diastereomeric compositions
of adducts obtained with a few reference aldehydes and
ketones are reported.

The oxidative addition of 3-halopropenyl esters to zinc
and indium also occurred in aprotic solvents, such as THF,

Scheme 129

OCOR o)

\/U\H * R)J\X - \/kx - X/\/‘"O)J\R
278 279

279a: X=Br,R=CH;
279b: X=Br,R=Ph

279c: X=Cl,R=CH;
279d : X=Cl,R=tBu

Scheme 130 acetonitrile, DMF, DMSO, etc. In aprotic solvents, two
oH alternative reaction protocols can be applied, either a one-
1) R°CHO pot Barbier protocol, where the metal is added to a solution
279 M — AN )]\ _ - ’
¥ XM 2P0 R ) kco, sz\(\ of the 3-halopropenyl ester and the carbonyl compound, or
280 1 OH a classical two-step Grignard protocol, where the organo-
280a: M= Zzn(ll), R' = Me 1 metallic species is formed first and then treated with a
:ggb: :A"='c’:‘(('l)”?“g’1°f "3'('”% R =Me carbonyl compound. The latter procedure must be adopted
C =0Cr y = Me . . . .
280d - M= Cr(ll), R = £Bu when pinacolization reaction of the carbonyl compound

competes with the formation of the organometallic spe-
) i cies!64166 Typically, enediol adductsl were formed in
;I%C %ﬁg%ﬁcﬁﬁﬂyégﬂ]dpéxpe‘lé(oxycarbonylOxyallyl slightly higher yields and diastereomeric excesses with
respect to reactions in water (Figure 7, protocol A). Since
For the development of practical, economic, and green both inter- and intramolecular transesterification reactions
organometallic procedures directed to the construction of occurred, an alkaline workup was again necessary to directly
carbor-carbon bonds, great attention has been devoted bydeliver 1 from the crude reaction mixture.

the chemical community over the last 20 years to allylation
reactions in water as solvelf. After the work by Luche in
1985161 who first carried out the classical Barbier reaction

Combining the hydroxyallylation step to the ozonolysis
of the terminal G=C bond of 1, a simple two-carbon
homologation of carbohydrates was developed. TRBidSa
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OH /7 OH Scheme 133
A 0 Z A
OH

OH CHO HO——H
Prot. A: 91% Prot. A: 72%, H——OH Br\ﬂw\ HO——H
synlanti=85:15 syn/anti=90: 10 (-78 °C) HO——H . In H——OH
Prot. B: 90% Prot. B: 81% HO——H O\H/Ph EOH 50 G HO——H
synlanti = 65 : 35 synlanti = 80 : 20 H——0H 279b ) ! HO——H
OH OH CH,0H H——OH
AN S W D-galactose CH,0OH
OH OH o OH 90%, 3.5:1 d.r.
Prot. A: 96% Prot. A: 79% H OH OH
syn/anti =70 : 30 synlanti = 85 : 15 =0 OH
Prot. B: 81% HO 1) O3, MeOH, -78 °C
synlanti = 60 : 40 OH 2) Me,S
OH OH D-threo-L-gulo-octose
X
*/H/\ Scheme 134
oH OH OBz
Prot. A: 88%, Prot. A: 83% 279b, In \_ ¢
synlanti =10 : 90 synlanti = 35 : 65 = =0 HO/THF OH
Prot. B: 80%, Prot. B: 76% ° - 1) Grubbs Il
synlanti=15: 85 synlanti =30 : 70 TBSO otBs 40°C, ’))) - i
Yy 37 284 TBSO OTBS 2) deprotection
OH OH

OH 78%, single isomer E
=
B /\/\/Y‘\/ .OH
OH OH -
Prot. A: 95% Prot. B: 84% HO  OH
synlanti =30 :70 syn/anti = 40 : 60 conduritol C

Prot. B: 81%

syn/anti=30:70 \ so Bz
_ _ ) — —0 279b,Zn
Figure 7. The reaction of280a and 280b with carbonyl com- _\—/_ H0/ THF = +OH
pounds. Prot. A= Grignard procedure using In(0) in THF. Prot. B o_ .0 40°C. ) et 1) Grubbs II
= Barbier procedure using Zn(0) in aq NEl. >< . 0_ 0 2) deprotection
285
Scheme 132 73%, single isomer OH

@-"OH

}L _Boc
o N
L HO OH
1) \/(Shr }LN/BOZH conduritol D
A~ In 216 O O = i
Br OAc . .
270 THF  2)K,CO;4 \/\I/\/ Scheme 134% The hydroxyallylation step was sped up using
OH

MeOH / H,0 4:1 ultrasound irradiation in aqueous THF at 4D, and under
these experimental conditions, both the ester migration and

the formation ofsynadducts were not observed.

j In all the hydroxyallylation experiments carried out with
279 simple diastereoselectivity was characterized by the

H 1) H;0* .Boc .B . -
HQ 2; Hi Pa/C (}\L/gl\l/(,o 05 (}\Lry/\:f same unprecedented trenahti-adducts being formed when
o

281
(80% isolated yield)

;_Z -— saturated aldehydes were used, aydenriched adducts
AR ™ 075 o7< being formed when conjugated or aromatic aldehydes were
283 282 used.
Since starting materi@79was not configurationally pure,
reacted with the Garner aldehy@46 (Grignard protocol, we modeled all transition states in the additionEodnd Z

THF, In(0)), giving rise to addu@81in excellent yield and zinc complexef80aboth to benzaldehyde and to 2-meth-
diastereocontrol. Protection of the diol as an acetonide ylpropanal in dimethyl ether as solvent. Figure 8 shows that,
followed by ozonolysis of the carbertarbon double bond  at the DFT-B3LYP/DZVP level, the formation of thenti-
afforded the protected aldehyd@82 which was directly adduct over theynadduct is favored in all cases, while only
treated with aqueous TFA followed by reductive cyclization the reaction oE-280awith benzaldehyde shows two almost
(Hz, Pd/C), delivering 1,4-dideoxy-1,4iminoribitol (283), degenerate diastereomeric TSs (the 0.2 kcal/mol energy
as shown in Scheme 13%. difference is not significant). Whil& andB correspond to

Following an analogous approach, Madsen developed anthe more stable chairlike TSs on the basis of the Zimmer-
efficient two-carbon homologation of aldopentoses and man—Traxler rationaleC andD, presenting the aldehyde R
hexoses into higher sugars usi2g9b under Barbier condi-  group in the pseudoaxial orientation, are not anticipated as
tions in ethanol at 50C (Scheme 133)8 the more stable ones by the same reactivity model. The

If an unsaturated aldehyde is used, the correspondingreason is that the presence of a bromine atom on zinc in the
hydroxyallylation adduct may be transformed into a car- axial orientation produces a 1,3-diaxial Br/R interaction that
bocyclic compound via RCM. Madsen exploitegdo- is less destabilizing than the R/OAc gauche interaction
unsaturated aldehyde&84 and 285 to address a synthesis present in the diastereomeric TSs, where the R group is in
of conduritols C and D via the elegant sequence shown in the pseudoequatorial orientation.
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PhCHO i-PrCHO

?r F
H
MeZO’Zr]“jt\ Me, o*Zn J\
0= N\ ~0Ac OAc
Ph i-Pr
H A

AAGi(anti-syn) = 0.2 Kcal/mol AAGt(ant/—syn) = 1.4 Kcal/mol

: l

anti-1 anti-1

E-280a

PhCHO

Me, 0’Zn J\N/

i-PrCHO

Me, O’Z“ J\N/

oAc © OAc D
ANGT (anti-syn) = 1.0 Kcal/mol AAG*(anti—syn) = 1.5 Kcal/mol

; l

anti-1 anti-1

Z-280a

Figure 8. TS modeling for the addition oE- and Z-280a to
benzaldehyde and to 2-methylpropanal—B correspond to the
lowest energy transition state (TS). In each cas&G* refers to

the activation energy difference between the most stable TSs leadin
to theanti andsynadducts, respectively.

Scheme 135
« i NBS, AIBN (10%) I
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Scheme 136
[ Barbier protocol in water ]
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Zn =z R
286 + RCHO
aq. NH,CI / THF (9:1) /OTO
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R
o ke
286 + RCHO — /\/F " /Yko
o
rt, 45 min Oj( Me 288 %o
0
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”o o | DMF RCHO /\(ko
n
t,45min  -50 °C °‘§
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The structure of compound279 suggests that their

Lombardo and Trombini

OH OH OH
X X X N
OH
OH ~o OH
Zn/aq. NH4Cl: 95%  Zn/aq. NH,CI: 98% Zn [ aq. NH,4CI: 88%
syn/anti=70:30 syn/anti=88:12 syn/anti=75:25
In / DMF: 90% In/ DMF: 90% In / DMF: 90%
syn/ anti = 65 : 35 syn | anti =65 : 35 syn/ anti = 65 : 35
OH OH OH
X )W\ n-CgHq7 %
OH OH OH
Zn/aq. NH4Cl: 92%  Zn/aq. NH,CI: 86% Zn [ aq. NH4CI: 91%
syn/anti=5:95 syn/anti=30:70 syn/anti=10:90

In/ DMF: 91% In / DMF: 94%
syn/anti=7:93 syn/anti=28:72

Figure 9. Barbier coupling o286 with aldehydes using Zn(0) in
ag NH,ClI or In(0) in DMF.

an exceptionally robust and reliable substrate for zinc- and
indium-promoted hydroxyallylation reactions (Scheme 136).
Four main reasons mad86 more attractive thar279 for
hydroxyallylation processes: (i) the starting material, allyl
methyl carbonate, is less toxic than the acrolein required for
the preparation of estel®79, (ii) contrary to 279, 286 is

Ostable and storable for months without appreciable decom-

position; (iii) under all the reaction protocols usezB6
performed better than 3-halopropenyl es@r8in terms of
yield, but with a similar stereochemical outcome (Figure 9);
(iv) no scrambling of the carbonate functionality in the
adducts was observed in aqueous reaction media, thus
allowing isolation of a regioselectively monoprotectad-

diol 28779 while cyclic carbonate288 were obtained in
aprotic solventd’*

The indium-promoted coupling of Garner aldehy2iE6
with 286 under Grignard conditions at @ in DMF took
place with high diastereocontrol, and the add28® was
isolated in 90% vyield. A very efficient microwave-promoted
cross-metathesis reaction with 1-tetradecene allowed instal-
lation of the correct chain 0B89, necessary to conve?B0
into p-ribophytosphingosin291 (Scheme 137)2 The target
molecule291was obtained in overall 75% yield from Garner
aldehyde216.

Imines” (Scheme 138) or imines producedsitu’4175
from a-amidoalkyl phenylsulphon&¥ (Schemes 139 and
140) underwent a clean hydroxyallylation reaction by means
of 279a 279h, and 286 in aprotic solvents. Reactions
produced anti-adducts, regardless of the nature of the
azomethine compound. The hydroxyallylation of imines
followed by eventual cleavage of the protective groups freed
anti 1-en-4-amino-3-ols in good yields (Schemes-1380).

Nitrones were also examined as electrophiléslowever,
using279a all the hydroxyallylation protocols analyzed so
far did not work with nitrones. To force nitrones to react,

performances as hydroxyallylating agents can be modified precomplexation with TMSOTf was necessary. The reactions
by changing the ester group. It was assumed on this basiswere run using zinc in DMF at room temperature (Scheme
that replacement of the ester group with a carbonate 141). Under Lewis acid activation,syndiastereopreference

functionality could positively affect the reaction course, for

was observed as the result of the adoption of open-chain

example by solving the problem of the ester migration shown antiperiplanar transition states. The resulyghomoallylic
in Scheme 131. The preparation of 3-bromopropenyl methyl hydroxylamines292 underwent clean iodocyclization by

carbonate286 was simply achieved in multigram scale via
the free-radical bromination of allyl methyl carbonate
(Scheme 135).

Most gratifyingly, 3-halopropenyl methyl carbons286
worked beautifully with simple model aldehydes, acting as

means ofN-iodosuccinimide (NIS), affording the sterically
congesteall-cis trisubstituted isoxazolidinez93 Following

an analogous pathway, the miremti-homoallylic hydroxy-
lamines when subjected to iodocyclization conditions (NIS)
gave isomeric 3,4rans-4,5-Cis-293177
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7.2. 3-Acyloxyallyl Chromium Complexes
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Scheme 142
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280c
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Scheme 143
Mn / CrCls (10 %)
0" ¥ (RR)-Salen (20 %)
C,/\) ' EtsN (40 %) RCHO
CH4CN, 20-25 °C TMSCI (1.2 equiv.)
279d 18 h
oTMS
)
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syn-296 (50-78%, syn/anti = 71:29 - 85:15)

RinRCHO: ¢-CgHyqy n-CsHyy PhCH,CH, i-Pr  i-Bu
syn-296 (e.e.): 94% 93% 99% 92% 92%

142, an aldehyde, 3-chloropropenyl acetai®@g TMSCI,
and BuNI (0.2 molar %, the Lewis base additive) were
successively added to a premixed suspension of Mn powder
(3 equiv) and CrGl (0.1 equiv) in acetonitrile, and the
reaction mixture was stirred at room temperature or at 65
°C. Under these conditions, the protected homoaldol deriva-
tive 294 was the major product, particularly when the
reaction was run at 65C.1’8 The addition of a source of
iodide ions was necessary to achieve acceptable conversions.
In the authors’ opinion, the iodide ion, rather than promoting
the formation of a more reactive 3-iodopropenyl ester, acted
as a Lewis base, activating the chromium center. The
conceptual framework of the enhancement of the local Lewis
acidity of a metal center by means of a Lewis base has
recently been rationalized by DenmafR Thus, the Cr(lll)
atom in the intermediate oxyallyl chromium compl280¢
upon coordination with a supplementary iodide ion, could
give rise to a hypervalent chromium species with an
enhanced Lewis acidity on the metal center, resulting in a
faster nucleophilic addition to the aldehyde.

If the Lewis base is enantiomerically pure, enantioface

In section 6.1, the scope and limitations of the chemistry discrimination may be observed in the hydroxyallylation step.

of 3-alkoxyallyl chromium complexes prepared via insertion
of Cr(ll) to the carbor-oxygen bond of acrolein acetals have
been examined. Analogous 3-acyloxyallyl chromium com-
plexes were available by the interaction of Cr(Il) salts with

3-chloropropenyl acetate or pivalatg7@cd). In particular,
catalytic protocols were developed following thérgmer

strategy:*® Regiochemistry was determined by the nature of
the ester group i279and by the presence of a supplementary

Seeking for chiral organic Lewis bases, Jacobsen salen,
previously used by UmaniRonchi in an asymmetric cata-
lytic version of the NHK reactiof® was found to be a
superb solution. Thus, a new catalytic protocol was devel-
oped (Scheme 143), where salen (20 mol %) andl £40

mol %) provided the chiral basic activator for Cr(lll) in the
oxyallyl chromium intermediat280d (see Scheme 130). The
new process displayed a number of unexpected features: (i)

Lewis base. In the first reaction protocol shown in Scheme the regiochemistry was completely reversed. Homoaldol
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derivatives294 were absent, and hydroxyallylation adducts Scheme 146

296 were the only products. (i) Simple diastereoselectivity o]
wassyn contrary to the known behavior of other oxyallyl 2zl Ph)k/YOEt
chromium (see Scheme 115) or crotyl chromium reagéhts. o Me3SiCN, EtsN
(iii) Both synandanti adducts were formed in enantiomeri- 300 301 THF, 25 °C
cally enriched forms, and in the case yfradducts from OTMS Znl
aliphatic aldehydes, ee’s were constantly higher than $8%. N opt MessioN | TMSQ \v ort
The process outlined in Scheme 143 is the first example of | Ph PR
catalytic asymmetric addition of an oxyallylic organometallic z 302 (99%) OTMS 0
reagent to an aldehyde, while a number of catalytic asym-
metric strategies for the synthesis of homoallylic alcohols I HNTs
via allyl and crotyl organometallic reagents are available in | TMSQ=---zn"--0 PhCH=NTs : OFt
the literaturets? P X OEt Ph™ XX

303 Ph OTMS O
8. Miscellaneous Routes to Oxyally! (78% single diastereomer)

Organometallic Reagents
At | £ al . . alk hetero-Diels-Alder reaction between boron&@@5and ethyl
ew examples of alternative preparationscoBlkoxy- i) ether16 The cycloaddition was catalyzed by Jacobsen’s

allyl metal complexes are examined in this section. The yijentate chromium compleg06:%7 Complete conversion
nucleophilic addition of sodium [(cyclopentadienyl)iron(ll) to adduct307 with 96% ee was realized with -2.5 mol

dicarbonyl]297to glycidyl methyl ethe298opened a route % catalyst loading, in the presenck4A molecular sieves

to the Z-3-alkoxyallyl iron reagen99 (Scheme 144%3 or of BaO. and usin :
, g an excess of ethyl vinyl ether as solvent.
Turos and co-workers found th2@3could be forced to react Noticeably, boronat807 could be isolated by distillation

with carbonyl compounds, imines, and acetals under mild or flash chromatography on silica gel without loss of

conditions in the presence of BERO. Iron—olefin z-ad-  qaranchemical integrity. WheB07 was reacted with car-
ducts were obtamegl, from which the target organic adduct bonyl compounds, the polysubstitutechydroxyalkylpyran
.COUId be freed by simple treatment with acetonitrile or Nal 309 a structural m,otif found in a number of natural products
in acetone (Scheme 145}, with antibiotic and anticancer activity, was obtained (Scheme
Scheme 144 147). The authors succeeded in integrating the Bidlsler
reaction and the allylboronation step into a three-component

.o o) om one-pot consecutive protocol, by simply adding the aldehyde
%CC/ N [~ OMe 1) THF, -78 °C after completion of the cycloaddition step, in ethyl vinyl ether
297 208 2) 48% HBF4, Ac,0 as solvent. The stereochemical outcome is consistent with
the Zimmerman-Traxler TS structure808 and the scope
@ EtsN @ of the reaction was extended to substituted vinyl ethers.
ocyfe N, “mg o ocue oM
oc” EtO,0°C ¢/ 2ANONE Scheme 147
299  OMe
Scheme 145
299
PhCHO PhCH=NTs W \/l_k
BF3Et,0 BF3Et,0 o__0
0°C, Et,0 25 °C, Et,0 O\B/O B
. (S)
MeCN l l Nal / acetone = l 306 (0.3-5%) )
+
Yo OEt 23°C O~ T"OEt
OH NTs NTs 307 (96% e.e.)
Ph )\l/\ Ph)\l/\ + )\/\ 305 excess
OMe OMe Ph PhCHO, 40 °C
80%, syn/anti = 4:1 47% 23% "
Further examples odi-alkoxyallyl metal complexes car- ﬂ H g‘?
rying specific substituents on the allylic framework were Ph_ OFt /R/ N¢)
targeted to achieve the synthesis of peculiar target molecules. no 1 OPh ©

Matsubara and co-workers developed an original and ste-
reoselective route tp-Z-silyloxyallyl zinc reagents®® Ad-

dition of gemdizinc reagenB800to theS-acylenoate801in ;
the presence of a silylating agent andNEafforded302in 9. Concluding Remarks

high yield (Scheme 146). When the reaction was carried out The scope of organic synthesis at both the academic and

309 (82%, >98% d.e., 96% e.e.) OEt 308

at 80°C in the presence of Zpland N-tosylimine, cyclo- industrial levels has been profoundly impacted and expanded
propyl ketal302 first underwent Lewis-acid-mediated ring by developments in asymmetric synthesis, acyclic stereose-
opening t0303 The latter intermediat803 contained & lection, asymmetric catalysis, etc. The allylation reaction of
configuratedy-silyloxyallyl zinc moiety and was capable of carbonyl compounds by means of allylic organometallic
reacting withN-tosylimine to deliver theanti-adduct304. compounds is considered a variant of the aldol reaction. From

The last example examined was based on an alternativea mechanistic point of view, transition state modeling of
assembly of chiral cyclic allylborona8)7by an asymmetric  allylation reactions parallels that of aldol reactions (Zim-
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merman-Traxler model, etc). From a synthetic point of view,  (9) (a) Ahlbrecht, H.; Beyer, USynthesisl999 365. (b) Hoppe, D.;

; ; i Hense, TAngew. Chemint. Ed. Engl.1997, 36, 2282. (c) Crimmins,
hom.oa."yllc aICOhO|.S Ca.n be eaS|Iy converted into aldol_s, M. T.; Nantermet, P. GOrg. Prep. Proced. Int1993 25, 43.
furnishing outstanding improvements in terms of acyclic (10 (a) Seppi, M.; Kalkofen, R.; Reupohl, J.; Froehlich, R.; Hoppe, D.
stereoselection compared to the corresponding aldol reac- Angew. Chem., Int. EQ004 43, 1423. (b) Hoppe, D.; Zschage, O.
tions. Angew. Chemlnt. Ed. Engl.1989_ 28, 69.
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of 3-oxyallyl organometallic compounds, which are important  (13) (a) Marshall, J. A.; Hinkle, KJ. Org. Chem1995 60, 1920. (b)

members of the broader family of allylic complexes. Many Hoffmann, R. W.; Kemper, BTetrahedron Lett1982 23, 845. For

of them are discrete and isolable chemical entities which a general discussion about cyclic transition states involved in the
. . . . allylation/crotylation of carbonyl compounds, see: Roush, W. R. In

afford alk-1-en-3,4-diolsl with predictable and efficient Comprehensie Organic Synthesigrost, B. M., Heathcock, C. H.,

diastereocontrol. Moreover, environmentally friendly condi- Eds.; Pergamon Press: Oxford, U.K., 1991; Vol 2, pgb3.
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. . . , 1974 96, 5560.
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