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The relay of stereochemistry of a breaking C—O bond into a forming C—C bond is well-known in the
context of [3, 3] sigmatropic shifts; however, this useful strategy is less well-known in other types of
molecular rearrangements. Though the first successful example of a [1, 3] O-to-C rearrangement was

-to-C rearrangement: opportunities for stereoselective synthesis

reported more than 100 years ago, this class of reactions has received less attention than its [3, 3]
counterpart. This perspective analyzes the various methods used for the activation and [1, 3]
rearrangement of vinyl ethers with an emphasis on mechanism and applications to stereoselective

synthesis. We also highlight our own contributions to this area.

1 Introduction

Central to the synthesis of complex molecular targets are method-
ologies to construct carbon—carbon bonds. One such strategy is
the Claisen rearrangement, which constructs a new C-C bond by
way of a [3, 3] sigmatropic shift. The utility of this reaction lies
in its power to translate stereochemistry from the breaking C-O
bond to the forming C—-C bond (Scheme 1).! This strategy takes
advantage of our ability to control C-O bond stereochemistry to
relay it to generate C—C bond-based stereocenters. On the other
hand, [1, 3] O-to-C rearrangements are less well-known, and while
thermal [1, 3] sigmatropic shifts that relay stereochemical infor-
mation have been reported, there are a dearth of examples and
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the transformation lacks generality. It is not surprising then to find
that in a field where novelty and creativity reign supreme, chemists
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have discovered a plethora of other methods to promote [1, 3] O-
to-C rearrangements. In 2000, we initiated a program aimed at
providing a general solution to this problem. Herein we provide
a critical analysis of the potential mechanisms involved, and a
summary of the major advances in this field, with an outlook to
the future.

There are four general methods for the activation and [1, 3]
rearrangement of vinyl ethers (Scheme 2). The oldest method,
thermal activation, can furnish [1, 3] products through two dif-
ferent mechanisms: 1) a diradical, or 2) a concerted shift. [1, 3]
Rearrangement by transition metal catalysis proceeds by elec-
trophilic or nucleophilic activation of the substrate. Nucleophilic
catalysis may also be mediated by an organocatalyst. Lastly and
most intensely studied are Lewis acid-mediated processes. The
unifying theme among these diverse methods of activation is that
an intermediate pair is formed, whether it be radical or ionic in
nature, and control of these species leads to the formation of the
desired products.?
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2 Orbital symmetry of [1, 3] rearrangements

[1, 3] Sigmatropic shifts can be rationalized by frontier molecular
orbital theory.* For a reaction to occur there must be symmetry
within the system to allow for HOMO-LUMO orbital overlap
between the reacting ends of the molecule. For a thermal [1, 3]
sigmatropic rearrangement to be symmetry-allowed, it must
occur by an antarafacial rather than a suprafacial approach
(A vs. B, Fig. 1).* If the migrating group possesses a p-orbital,
the suprafacial [1, 3] shift is symmetry-allowed and proceeds with
inversion of stereochemistry at the migrating carbon (C to D,
Fig 1).5 The majority of migrating groups in O-to-C [1, 3] shifts
are sp’-hybridized, which places additional geometric constraints
on the system.

LUmo ¢
: HOMO
suprafacial antarafacial
symmetry forbidden symmetry allowed/

geometrically difficult

: HOMO

suprafacial
symmetry allowed

Fig. 1

3 Early examples

The seminal report of a thermal [1, 3] rearrangement was presented
by Claisen in 1896, prior to his discovery that O-allyl acetoacetate
undergoes a [3, 3] sigmatropic rearrangement.” He stated that, “on
short superheating such as boiling for a few hours under two at-
mospheres’ pressure” a-methoxystyrene provides propiophenone,
the product of formal [1, 3] shift. A qualitative enhancement in
reaction efficiency for [1, 3] alkyl shifts was reported to follow the
general trend n-propyl > ethyl > methyl (eqn 1). Wislecenus and
Schrotter (1921) illustrated that this methodology could be used to
generate quaternary stereocenters (eqn 2).® The thermal [1, 3] shift
also proceeds efficiently with cyclic systems to provide substituted

cyclopentanediones (eqn 3).°
OMe 0
300 °C )
65% Me
1 2

COyEt COsEt

~ _OMe 200°C _0
Me ©)
3 4
EtO, 0. Et
o) Me o) Me (3)
5 6

4 Thermal reactions
4.1 Thermal reactions: mechanism and stereochemistry

Early studies of the [1, 3] O-to-C rearrangement were primarily
focused on identification and expansion of the substrate scope,
and the mechanism was not addressed until 1933, when Spielman'
suggested that the thermally initiated [1, 3] rearrangements pro-
ceed by way of a radical process.!! However, consideration of
stereochemistry in the context of thermal [1, 3] O-to-C rearrange-
ments is a more sensitive probe of mechanism. In the event
that rearrangement proceeds with inversion of configuration at
the migrating center, a concerted [1, 3]-sigmatropic shift is the
operative mechanism."? On the other hand, if the rearrangement
proceeds with retention of configuration at the migrating center, a
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fast intra-solvent-cage radical-radical trapping mechanism can be
invoked.® If racemization predominates, dissociation or rotation
of a radical pair'* can be invoked (Scheme 3).
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In 1954, a report by Hart and Eleuterio described the rearrange-
ment of optically active phenethyl phenyl ether, which proceeds
with approximately 20% retention of optical purity (eqn 4)."* The
argument was advanced that there is an intramolecular component
to the reaction. This type of stereochemical test was shown to be
substrate dependent by Wiberg and Rowland, in a process in which
optically active a-2-butoxystyrene was racemized upon heating,
thus suggesting radical pair dissociation (eqn 5).'

0~ >Ph OH
neat *
200 °C Ph 4)
7 8
[a]p?® = 5.08 [o]p?® =-0.82, 85%
OJ\/ t M
nea
Ph/& 200 °C Ph )
9 10

[a]p?® = -13.56 [a]p?® =-0.16, 76%
>95% racemization

A [1, 3]-sigmatropic N to C rearrangement has been accom-
plished by Lown, Akhtar, and McDaniel (eqn 7). Deuterium-
labeled 1,4-dibenzyl-1,4-dihydropyrazine 11 was thermally rear-
ranged in the presence of radical inhibitor butane thiol'” to provide
12 with >95% retention of optical purity and inversion at the
migrating benzyl carbon. The reaction follows first-order kinetics,
which implies that it proceeds through a concerted process and
not a radical mechanism."

(6)

60%, >95% retention

[o]p?° = 0.738
of optical purity

In an interesting report by Shiina and Nagasue a “[1, 3] sigma-
tropic rearrangement” proceeding with retention of configuration
at the migrating phenethyl group was described (eqn 7). In light
of the above mechanistic discussion, it seems more likely that this
particular example proceeds via the radical pair mechanism.

1) i) 100 °C
: OTMS i) 1M HCI : 9
() : (S : Bn
Ph/\o)Y Ph/>%LN/
13 2) BnNH,, DPC 14 H (7
DMAP
98% ee 62% ee, 25%

DPC = dipyridyl carbonate

4.2 Thermal rearrangements: examples

The concept of [1,3] rearrangement via migration of an alkyl
group, specifically -CH,Ar, found broad success under the thermal
reaction manifold. Presumably, this functionality could stabilize
either radical intermediates or charge build-up in the transition
state for the concerted mechanism. Arnold and Kulenovic showed
that silyl enol ethers derived from benzyl acetate would rearrange
upon heating to provide [1, 3] adducts in good chemical yield
(eqn 8). In all cases, no [3, 3] product was observed.”

o
OTMS 0 OTMS
THF
%O/\Ph 70°C Ph/\{)kOTMS (8)
15 16 17
[1, 3] I3, 3]
74% not observed

Heteroaromatics also participate as the vinyl ether component
en route to unnatural amino acids (Scheme 4)* and functionalized
butenolides (eqn 9).2 It is important to note that the major
competing process in this system is not the [3, 3] rearrangement
which would provide 21, but rather the corresponding [1, 5] shift
to generate 20.

During their studies of aminomercuration of alkynes, Barluenga
and coworkers found that with furanyl substitution, p-oxy enam-
ine products would undergo a subsequent [1, 3] rearrangement in
60% yield (eqn 10).2 Deuterium labeling experiments revealed a
secondary kinetic isotope effect of 1.83, which suggests complete
C-Obond cleavage in the transition state and that the reaction may
proceed by a radical pair mechanism. The thermally initiated [1, 3]
O-to-C rearrangement can also be used to synthesize spirocyclic
systems as described by Swenton (eqn 11).2*

[1, 3] Benzyl group migrations have been used as the termination
step in a domino reaction (Scheme 5).* Benzocyclobutane 28
rearranges via a 4n electrocyclic ring opening followed by a
6 electrocyclic ring closing and [1, 3] benzyl shift, to provide
isochromene 29. However, when heteroaromatics such as furyl
or thiophenyl are employed the [3,3] termination process is
competitive (eqn 12).

A thermal [1, 3] rearrangement of allyl vinyl ethers has been
noted in two instances. In both cases the [3, 3] process is inhibited
by a significant kinetic barrier due to strain in the transition
state, and thus the[1, 3] rearrangement predominates. Danishefsky

242 | Org. Biomol. Chem., 2008, 6, 240-254

This journal is © The Royal Society of Chemistry 2008



F3C
42\ xylenes
) o, T

CFs
0 |N
o

R= CH3, COzH
Ph
20 21
[, 3], 81% [1, 5], trace [3, 3]
unnatural
CFs  amino acid
NHCI
0]
OH
Scheme 4
FsG CFs cl al Ph
Ph— xylenes Ph OO -Ph \©/
o—" | o | ©) MeO MeO 0
o Np, 1207 0 Npy 28 180°C b 29
22 23 4‘y
70% 54%
K\o 4 -TC [1 3]
neat N
o N\) ol \)
C/) 80 °C o (10) O Ph 67 weo 0._Ph
X3
24 25 || o
\_o %
60% Scheme 5
reported an unusual ring contraction of lactone enolates of type
toluene 30 (eqn 13).%
0 1 10 oC . Ph (1 1)
A & :
Ph o) O toluene
26 27 / OTMS
83% 105 °C (13)
X 30
61%
Knight showed that silyl enol ether 32 resists rearrangement
until it is heated in refluxing xylenes (Scheme 6).?” The structure of
O/ 180 °C cyclopentane 33 was confirmed by X-ray analysis and is proposed
to arise from initial [1, 3] shift followed by a Cope rearrangement.
Rainier and coworkers reported an interesting [1, 3] rearrange-
N, — X ment of an allyl vinyl thioether (Scheme 7). The reaction
Z \ initiates via rhodium-mediated coupling of a thioether and a
Y% vinyl diazoacetate to provide an ylide, which typically rearranges
MeO 0 . MeO 0 in a [3,3] manner. However, if the allyl moiety is sufficiently
) o sterically encumbered, ionization predominates and [1, 3] products
are formed. Although the ionization is proposed to be spontaneous
=0, 2:1,73% in this mechanism, the possibility of rhodium assistance has not
=S, 5:1, 49% (12)  been ruled out.
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5 [1,3] Rearrangements proceeding through an ion
pair

5.1 Transition metal(i)-mediated reactions

In 1979, Ferrier reported that HgCl, mediates a [1, 3] rearrange-
ment of hexose 36 to cyclohexanone 37, in a reaction that now
bears his name.?3® The transformation is thought to proceed
via oxymercuration of the olefin, followed by fragmentation
and subsequent aldehyde alkylation with the mercury enolate
(Scheme 8). Palladium(11) also catalyzes a similar carbocyclization,
presumably through electrophilic-Pd(11) activation of the vinyl
ether (eqn 14).313

5.2 Transition metal(0)-mediated reactions

Alkylidenetetrahydrofurans of type 40 are known to undergo
a thermal [3,3] rearrangement to produce cycloheptanones
(eqn15).% In 1980, Trost and coworkers described a Pd(0) catalyst
system that rearranges 42 in a [1, 3] sense to produce cyclopen-
tanone 43 (eqn 16).** Tt was later found that a complementary Pd—
ligand combination would provide the cycloheptanone product
(eqn 17).%

Formation of cyclopentanone 48 presumably proceeds by
coordination of Pd(0) to the 1,1-disubstituted olefin of 46 followed
by an S\2' attack to create the zwitterionic intermediate 47,

BzO.,, HgCl,
aq. acetone
Bz0” Y “OMe reflux
36 OTs
oTs
Scheme 8

which subsequently collapses in regioselective fashion.** The
reaction proceeds with overall retention of configuration by double
inversion (Scheme 9).%

Bn-., 10 mol% PdCl, "0
Bno” > “0Bn 2:1 Bno” > OH  (14)
O _NBn dioxane/aq. H,SO4, o _NBn
S 60°C Y 30

80%
o)
CO,R =
— 2
o) CO,R (15)
40 4
CO,R

0
o Pd(PPh3), MeO,C
(16)
DMSO, 90 °C
42 43
77%

CONEt,

Pd(dppe),

o
o ——— - EtNoC °><
17)
)< DMSO, 100 °C d (
(6]

45
64%

5.3 Other nucleophilic catalyst-mediated reactions

[1,3] Rearrangements of enol esters may also be catalyzed by
nucleophilic small molecules or organocatalysts, as first demon-
strated by Hofle and Steglich in 1970.*® The reaction proceeds
by nucleophilic addition of the catalyst to the carbonyl, which
then fragments to create an ion pair intermediate, followed by
C-alkylation and formation of the product. Elegant work by Fu
(eqn 18) and Vedejs (eqn 19) showed that chiral enantioenriched
DMAP-type catalysts may render the reaction asymmetric.* The
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reaction will also proceed in the presence of an N-heterocyclic
carbene (eqn 18).%

(0]
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N
)\OPh
o
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51 OPh
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5.4 Lewis acid-mediated reactions

5.4.1 Lewis acid-mediated [1, 3] rearrangement of acyclic sys-
tems. Potentially the most general way to access ion pair
intermediates that facilitate [1, 3] rearrangement is treatment of
a suitably functionalized substrate with a Lewis acid. The overall
process is of considerable utility owing to the often convergent
and rapid assembly of starting materials and the ability to control

the stereochemical course of the reaction through judicious choice
of rearrangement parameters. Originally developed as a route to
cross-aldol products, B-hydroxy ketones,* Lewis acid-mediated
[1, 3] rearrangement of vinyl acetals showed early promise. Vinyl
acetal 53, bearing a trisubstituted alkene as a 60 : 40 mixture of
geometrical isomers, rearranges in the presence of superstoichio-
metric amounts of Lewis acid to produce protected B-hydroxy
ketone 54 as a 60 : 40 mixture of diastereomers (eqn 20).*

T e

Z:E =60:40

2 eq BF3 OEtz OEt O

CH,Cl,, -78 °C (20)
54

60:40 dr, 53%

It was later shown that the [1, 3] O-to-C alkyl group migration
could be rendered diastereoselective if a single alkene isomer was
employed in the starting material (Scheme 10).** The authors
rationalized the stereochemical outcome of the rearrangement
as an “electrostatically stabilized chair transition state” in a
Zimmerman-Traxler model (Scheme 11). A presumed electrostatic
attraction between the boronate and the oxocarbenium ion holds
the ion pair in the ordered transition state; however it may be more
prudent to rationalize stereochemistry using a simple Newman
projection viewed down the axis of the forming bond.

O, H
MeO 0}
0.5 eq. BF;-OFEt;
T J q. B3 OEL MeO,,
55 CH,Cl,, -78 °C 56
V4 threo(anti), 73:27 dr, 78%
O, H
MeO_ O 0.5 eq. BF;-OFt,
\( I MeO.
57 CH,Cl,, -78 °C 58
E erythro(syn), 92:8 dr, 75%

Scheme 10

More recently, dienes have been shown to undergo a regio-
and diastereoselective rearrangement (eqn 21).* These results
are consistent with the rearrangement of vinyl acetals shown in
Scheme 10 and most likely proceed via a similar transition state.
In the presence of a chiral auxiliary, the [1,3] rearrangement
can be rendered highly diastereoselective to produce all-carbon
quaternary stereocenters (eqn 22).%

H OBF
or MeO.,,
— Me
anti
(0] H
or
O BF; M eowi
syn
Scheme 11
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62 63
OBn
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Okahara and coworkers provided early mechanistic insight for
the [1, 3] rearrangement of vinyl acetals in a crossover study that
was seminal to our own work in this area. At —78 °C the ratio
of expected products to crossover products was 0.96 : 1.00 : 0.41 :
0.49, while at 0 °C the amount of crossover products decreased
(Scheme 12).% The dependence of the degree of crossover on
temperature suggests that the reaction proceeds through a contact
vs. solvent-separated ion pair.*” We have taken advantage of this
insight to establish ion pairing as a control element for the [1, 3]
rearrangement of pyranyl vinyl acetals, which will be discussed in
depth in the following section.

N,O-Vinyl acetals undergo facile Lewis acid-induced O-to-C
migration, in which the corresponding ion pair consists of an N-
acyliminium ion and a metalloenolate. The Lewis basicity of the
amine functionality necessitates its attenuation via a carbonyl or
some m-withdrawing substituent for adequate reactivity. Frauen-
rath and coworkers were the first to report this reactivity and
showed that sterics will override the stereochemical influence of
enolate geometry (eqn 23).%

The allyl group also provides sufficient electron donation to
fragment allyl vinyl ethers in the presence of a Lewis acid. The
corresponding ion pair allows access to the [1, 3] product in the face
of a possible [3, 3] rearrangement. The [1, 3] product is accessed
under kinetic conditions, where product selectivity is governed by

(6} OEt

cl N A|C|3
64
CH,Cl,
temp., 0.5h

(o) +
)ko /\{TO\/OMe
65

approach of the metalloenolate to the more exposed terminus of
the corresponding allyl cation (Scheme 13).

Q 3,3 o7 [1, 3] o
X"p V\D ~p

Scheme 13
(o]
(0]
)J\f TMSOTF )J\N/ 9,
N [SXAN
| /w CH,Cly, 0°C o (23)
70 71

Z/E = 89:11 67%, 98:2 dr

An early example by Yamamoto and coworkers showed that,
under ionizing conditions, the [1, 3] product is accessible in acyclic
systems (eqn 24).* Rearrangement of pentadienyl vinyl ether 72
provides a mixture of products in which the [1, 3] product 73 is a
significant portion of the isolated material.

Me +Bu t-Bu
Me
= Br o\/IM.o Br
t-Bu t-Bu
=
J CH,Cl,, -78°C
Ph 0 20 min.
72
Me Me (2 4)
= =
+ +
=~ 0 |
|
Ph Ph 0/ Ph
73
1,31 [3,3] [5,3]
0,
28 15 57 99%

Gansauer showed that labeled symmetrical allyl vinyl ethers
rearrange in the presence of catalytic Lewis acid to a 1 : | mixture
of regioisomeric aldehydes through an unselective trapping of the
symmetrical cation intermediate (Scheme 14).% A mixture of vinyl

OEt 0
Clw )ko OMe
6 D

(0]

66 67

. J
Y

expected products
OMe )CL
c/}(\/ OEt
o} o/\g/\/

68 69

N\ J
Y

crossover products

molar ratio 66 : 67 : 68 : 69

-78°C=0.96:1.0:0.41:0.49
0°C=1.0:0.93:0.054:0.19

Scheme 12
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ethers 78 and 79 produce a significant quantity of ion-exchanged
products (Scheme 15).

o o]
Ph
1-adamanty!
| . | 1 mol% B(CqFs)s ty PMB
80a 80b
[0) PMBO Ph 20% 37%
H,Cl,, 23 ©f
1-$damanty| CHyClz, 23°C expected products
78 79 2 9
Ph
1-adamantyl PMB
81a 81b
31% 12%
crossover products
Scheme 15

In our own studies, we have established that a regioselective
rearrangement of allyl vinyl ethers is possible through electronic
differentiation of the two ends of the corresponding allyl cation
(Scheme 16). Ultimately, the system could be controlled by instal-
lation of an additional methyl or alkyl group on the allyl portion of
the allyl vinyl ether. This creates a situation where reaction at the
more substituted carbon, in a formal [3, 3] rearrangement, would
produce a quaternary carbon center. The steric congestion in the
TS leads to selective kinetic trapping to produce the [1, 3] adduct
(eqn 25).%

/\O MeAI(OCGHzBrg)Z

= O/ \O
o +
TRIX o
Ph toluene -78 °C Ph” X Me Ph Z “Me

Me

?

From:
Ph/\)\ Me

78:22

From:

(@]
§ ) s

Ph)\/\Me 9oid

8

(]

Scheme 16

Me 07X Me o

)\)\ Cu(OTf),
Ph X Me

CHCl, -50°C  pr X-"“me  (25)
84 85
>95:5, 81%

O-Allyl phenols undergo a [1, 3] rearrangement catalyzed by
montmorillonite K-10 clay as originally reported by Dauben.*
This reaction was later optimized by Dintzner and coworkers
to produce the product of [1, 3] rearrangement (eqn 26). It was
noted that the activity of the catalyst diminished significantly in

successive runs,
7
on (26)

87
66%

Montmorillonite

@\ /\)\ K-10 clay
o =

86 CCly, 23 °C

5.4.2 Lewis acid-mediated [1, 3] rearrangement of pendant aryl
and vinyl ethers. Development of the [1, 3] rearrangement of
pendant aryl and vinyl ethers illustrates both the utility and
convergence of this reaction manifold. At the heart of the
stereochemical issues associated with this rearrangement are ion
pairing and molecular conformation. A variety of models can
be used to rationalize the observed product ratios; however, the
steric influence of substituents primarily dictates product stere-
ochemistry. An early example of a [1, 3] O-to-C rearrangement
was disclosed by Suzuki and coworkers. A mixture of anomeric
fluorides and a phenol first forms an O-glycosidic linkage, which
upon warming rearranges to its C-congener. Tin and boron Lewis
acids are effective for the formation of the a-product, while
the Cp,HfCl,—AgClO, mixed Lewis acid provides the B-product
(eqn 27).%*

“g D) e
O 27)

MeO MeO O
o o
\\Q/o -78t00°C
Rt % OH
MeO ‘OMe MeO OMe

89
B =19, 92%

Cp,HfCl,-AgCIO,

CH,Cl,, -78 °C

Resorcinol derivatives also perform well under these reaction
conditions, favoring the B-product with good regioselectivity
(eqn 28). This method has been expanded to incorporate O-
acetyl glycosides as efficient glycoside donors*® and as an approach

MeO 90 OMe

4A MS, CH,Cl,
78100 °C

OAc OH
MeO MeO
(e} (0]
+
OH OAc
MeO 91a OMe MeO 91b OMe

BFyOEt, (a/B=1:17) 81%, 11%
Cp,HfCl,-AgCIO, (/B = 1:15) 83%, 8%

Lewis Acid

(28)
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toward the vineomycin skeleton.”” Suzuki proposes that these
reactions proceed through ion pairs.

Preformed tetrahydrofuranyl O-aryl glycosides rearrange ef-
ficiently in the presence of catalytic Lewis acid, as shown by
Kometani and coworkers (eqn 29).*® In more complex sugar-
derived systems the B-anomer is the favored product (eqn 30).%

Q\O
LI

92

10 mol% BF5-OEt,

CH,Cl,,0°C (29)
OH
e
T v,
93a 93b
100:0, 83%
HO
10 mol%  OMe
BF,-OFt,
25°C

OMe g4 OMe

95
74%

Frauenrath and Runsink described the stereoselective rear-
rangement of dioxolanylpropenyl ethers 96 and 98 to the cor-
responding aldehydes (eqns 31 and 32).%° Once again, double
bond geometry affects the stereochemistry of the product: a Z
olefin configuration provides the syn product (dioxolane oxygen
syn to methyl) and an E olefin configuration gives the anti product,
although neither proceeds with high selectivity (Scheme 17).

o BF4-OEt, _0
X)) e ST e

96 97

syn, dr (79:21), 79%

5 mol% TMSOTf

n-Hex

Jéfojé\oJL Me
H A

102

CH,Cly, -78 °C
103

97:3dr, 72%

m
n-Hex” =0 Me
HoH

e - (8

)To anti
o
F,BO
Scheme 17
o BF4-OEt, /\8\&0
o/\_:< I o )

(32)

)To

The steric environment about the allyl cation can also control
facial selectivity in the recombination event. Grieco and coworkers
developed a LiClO,—Et,O protocol for the [1, 3] rearrangement
of aliphatic allyl vinyl ethers. In a particularly nice example, a
verbenol-derived allyl vinyl ether 100 rearranges with complete
inversion (eqn 33). A crossover experiment revealed that these
conditions were enabling the reaction to proceed through a
dissociated ion pair, which mandates that product selectivity
arises from recombination from the less hindered face of the ring
system.®!

(¢}
CH,Cl,, -78 °C )ng

anti, dr (73:27), 87%

98

% 3M LIiCIO, 7
0F E40,25°C H

100 101

single diastereomer

94% (33)

A sequence of papers by Ley and coworkers described the
rearrangement of pyranyl vinyl acetals and related anomerically
linked nucleophiles.®>** Typically, products of 2,6-trans stereo-
chemistry about the pyran ring are isolated. The trans products are
essentially identical to those that can be accessed by intermolecular
oxocarbenium ion alkylations. However, by simply increasing
the amount of Lewis acid and the reaction temperature, the
trans product could be equilibrated to the cis stereochemistry,
presumably through ring-opening of the pyran (Scheme 18).%

Using Okahara’s insight into the nature of the ion pair interme-
diates formed by Lewis acid-mediated cleavage of vinyl acetals,

/E\|\)OL
4 &
n-Hex H OLA Me

1 eq. TMSOTf

CH,Cly, 23 °C

ij\)OJ\
n-Hex” =07z Me
H

H
104
94:6 dr, 78%

Scheme 18
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our laboratory has developed a stereoretentive rearrangement
of pyranyl vinyl acetals. A mixture of Lewis acids (Me,Al and
BF;-OFEt, in a 4 : 1 ratio) produces a tight ion pair from the
cleavage of vinyl acetal 105, which leads to the formation of the
2,6-cis pyran 106 (eqn 36).% The reaction of 105 in presence of
BF;-OEt, provides trans-106 in 95 : 5 dr and 93% yield.

H H H H
n-Hex : O : O _Ph PhMe pnHex : o_: Ph
\ﬂ/ -78°C
0
105 106 (34)
1.2 eq. BF3OEt2 93:7 dr. 86%
4 eq. MezAl ’

1.2 eq. BF3-OEt, 5:95dr, 93%

It was hypothesized that a tight contact ion pair was respon-
sible for the cis product stereochemistry. Indeed, a crossover
experiment revealed minimal amounts of products arising from
ion scrambling, while providing cis stereochemistry (Scheme 19).
The crossover experiment, when performed in the presence of
BF;-OEt,, provides primarily the zrans products with modest but
significant amounts of crossover. This suggests that two different
ionic species are involved: 1) a tight ion pair that provides the cis
product (Me;Al/BF;-OEt,) and 2) a solvent-equilibrated ion pair
(BF;-OEt,) that emulates an intermolecular nucleophilic addition
to an oxocarbenium ion, but presumably does not fully dissociate
in the low polarity medium.

Another interesting observation that evolved from this report
is an example of an isoinversion® effect: lower temperatures
provide lower selectivity, while higher temperatures provide greater
selectivity (eqns 35 and 36), a situation easily explained when one
considers the entropic factors involved in solvating two distinct
ions.* This method also provides stereoselective access to 2,7-
disubstituted oxepanes and 2,5-disubstituted tetrahydrofurans.

Woerpel and Shenoy showed that 5-(benzyloxy)pyranyl vinyl
acetal 117 rearranges under the Rovis conditions for generating
contact ion pairs and BF;-OEt, to provide the trans product
stereochemistry in nearly identical yield and selectivity (eqn 37).¢
They suggest that the reaction proceeds under both conditions via
a solvent-equilibrated ion pair. In this case ion pairing does not
explain their results, which remain consistent with their inside-
attack model.®

Me

H H
n-Hex_: _O_:

- 0O
o

el

n-Hex
Lewis acid

PhMe, -78 °C

non-crossover products

T

OTTN

113

s

Ph

1.2 eq. BF3-OFt,

4 eq. MezAl PhMe (35)

114 cis/trans
-25 °C, 10:90, 85%

-78 °C, 60:40
H
(O TTOI
Me 115
o (36)
H
(o} Tol
+
(e}
Me
116 cis/trans
-78 °C, 33:67
-25 °C, 89:11, 78%
B
ST
117
Lewis Acid | toluene, -78 °C
(37)
o 0
m . LJ \n/
o] 0o
BnO!' BnO
118a 118b

BF;-OEt,, 22:78 dr, 91%
BF;-OEty/Me;Al, 21:79 dr, 99%

We have also shown that this rearrangement could be applied
to more complex systems. Rearrangement of vinyl acetal 119
can provide access to 1,3-polyol arrays through a stereoretentive

t-Bu

112

crossover products

Lewis Acid cis-109 trans-109 cis-111 trans-111
BF3OEt, 0.5 23.0 0.3
Me;Al/BF3OEt, 48.8 14 42.8

cis-110 trans-110 cis-112 trans-112
0.6 20.8 0.1 15.3
0 0.3 0 <0.2

Scheme 19
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process that provides syn-120 or a solvent-equilibrated ion pair
that provides anti-120 (eqn 38).® The rearrangement of pendant
cyclic vinyl ethers also works well under the solvent-equilibrated
ion pair conditions to provide 122 with the simultaneous formation
of two new contiguous stereocenters (eqn 39).”

o
J/\ 119

Lewis Acid | toluene, -78 °C

1 X

1,3-syn-120 1,3-anti-120

BF;-OFEt,, 2:98 dr, 89%
BFOEty/Me;Al, 96:4 dr, 81%

(38)

H H
n-Hex : O _: O\©
U 0 39
121 PhMe, -78 °C 122 39

2,6-cis, >99:1
2,2"-anti, 79:21
90%

BF,OEt, 1o

5.4.3 Lewis acid-mediated [1, 3] rearrangement to make hete-
rocycles and carbocycles. Lewis acid-mediated rearrangement of
cyclic vinyl ethers to form either heterocycles or carbocycles is
fundamentally different from the rearrangement of pendant vinyl
ethers because they lack a cyclic oxocarbenium ion that can be used
as a control element. As a result the selectivity in these reactions is

Lewis
Me acid |—|
| /T H
OEt 22h HO  Me OEt HO  Me OEt
% 125

0
123 \100 conv. 124
i-BuAl \ / EtsAl
R
e s
NOEt :

(IJ O/ Me OEt
e
eLA

Scheme 20

strongly influenced by both the size of the Lewis acid employed and
the nature of the substituents on the substrate in question. In an
early report, Menicagli and coworkers showed that dihydro-2H-
pyrans would undergo ring contraction to form the corresponding
cyclobutanes (Scheme 20).”

They later confirmed the stereochemistry about the cyclobutane
ring to be cis (hydroxy methylene cis to ethoxy group). Interest-
ingly, employment of an Al-etherate complex provides the product
of alkyl group transfer (secondary OH) in preference to reduction
(Scheme 21).7

Seven-membered rings may be converted into their five-
membered ring counterparts via Lewis acid activation. Frauenrath
and coworkers described a ring-contraction of 2,4-disubstituted
dioxepins; however, a surprising effect was noted. The cis-2,4-
disubstituted dioxepin provides a mixture of the four possible
diastereomeric tetrahydrofurans, while the frans-disubstituted
dioxepin provides only two tetrahydrofuran products with good
selectivity for 137 (Scheme 22).

Takano and coworkers illustrated a diastereoselective ring
contraction to produce a 2,3,4-trisubstituted tetrahydrofuran en
route to (+)-asarinin (Scheme 23). They showed that two different
Lewis acids would provide complementary diastereomeric tetrahy-
drofurans with good selectivity.”

We chose to expand on these isolated examples of 1,3-dioxepin
ring contractions and hypothesized that the stability of the
oxocarbenium ion intermediate was key in controlling the relative
stereochemistry of the tetrahydrofuran. The Frauenrath and
Takano conditions were ineffective for the rearrangement of 141
(Table 1). However, when MeCN was used as the solvent, the ring
contraction proved selective for one of the four diastereomeric
tetrahydrofurans. This allowed for vast expansion of the substrate
scope.”

The relative configuration in the 2,3,4-trisubstituted tetrahydro-
furan products can be rationalized with our proposed stereochem-
ical model (Fig. 2). Both R, and R, prefer to be in the equatorial
positions (A vs. B). We also believe that there is an interplay of
energy minimization brought about by the potential relief of A, ;
strain between R, and the metalloenolate (A vs. C).

Favored

Fig. 2

Et Et Et
U conditions o, ; Ho+ j/j\ . j/j\
0~ TOEt HO  Et OEt HO  Et OEt 07 ko Et HO” EtO Et
126 127 128 129 130
0.5 eq. EtzAl, 98 °C, 4.5h, (100% conv.) 34 51 : 15 : 0
0.5 eq. Et;AI-OEt,, 98 °C, 20.5h, (100% conv.) 9 91 : 0 : 0

Scheme 21
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AN BF5-OEt, b o
0.0 °©
CH,Cl,, -78 °C H b
/\ AN
131 133 134 135
54:19:24:3 dr, 81%
,,,,,, ﬂ BF5-OEt,
(0] (0]
I CH,Cly, 78 °C )?\( i
136 \ / 137
o 89:11 dr, 93%
OLA
— —
(6] @O —~
Scheme 22
n-CsHqy
n-C5H11\/\<_\ o
0 LeW|s Acid
CHzClz, -78°C
139 then NaBH4
o)
o~/ asarinin
TiCly(0-iPr), 30:1dr, 53%
TBSOTf 1:13 dr, 85%
(dr = 2,3-trans/3,4-cis : 2,3-cis/3,4-trans)
Scheme 23
Table 1 Optimization of [1, 3] ring contraction of 1,3-dioxepins
Ph
% Ph Ph
m Lewis Acid P /2
0 o Solvent o + 5
141\(/ Ph 142 Ph a3 Ph
Entry Lewis acid Eq. Solvent T/°C dr (142:143:minor products) Yield (%)
1 BF;-OEt, 0.1 CH,Cl, —78 62:24:3:11 93
2 Cl1,Ti(Oi-Pr), 1.1 CH,Cl, —78 19:66:11:4 92
3 TMSOTf 0.1 CH,Cl, —78 55:33:6:8 80
4 TMSOTf 0.1 MeCN —40 91:5:4: <1 85

Coleman and coworkers described a similar ring contraction of
dibenzodioxepins, as an approach to the spirobicyclic ring system
of the schiarisanrin class of natural products (eqn 40).7

Another effective and convergent oxacycle synthesis emerged
from the labs of Petasis.”” Condensation between a hydroxy acid
and a ketone provides spirocycles of type 146. Carbonyl olefination
with the Petasis reagent provides the desired vinyl acetal, and
when treated with i-Bu;Al, rearrangement followed by ketone
reduction furnishes 148 with excellent cis diastereoselectivity
(eqn 41). Tertiary alcohols may be accessed using this method

through the use of Me;Al or Et;Al as the Lewis acid/alkylating
reagent.

Pyrans may also be constructed using this method, for which
the reduction to the secondary alcohol proceeds with good
diastereoselectivity (Scheme 24).” In spite of the potential for
an oxonia-Cope rearrangement, the reaction still proceeds with
excellent diastereoselectivity between the phenyl and isopropyl
substituents in product 150.

Electron-donating groups other than the ether functionality will
sufficiently activate a vinyl ether towards [1, 3] rearrangement.
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_ AChH
"CH,Cl, 25°C

0._0
144
95‘7
’ (40)
Cl
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o Cl’le Ph
Ph \
0 THF, 65 °C 0
o=\ o=\
146 147
41)
. OH
i-BugAl Ph
PhMe, 65 °C 5
148

97% syn, 75%

OH
Ph., i-BusAl H
. HLO 3A Ph.,, Q
Oxk e CHyCly, -78°C e

149 150
8:1dr, 88%

H>§
— :Ph
i-Pr: N ,A\I/L

o
L

P o i — P 51/

O~ —i-Pr = (0) i-Pr

Cl =5 7o
oM oM

Scheme 24

Sinay and coworkers reported a Lewis acid-mediated Ferrier
reaction for a variety of functionalized C-glycosides (eqn 42).7%
The ketone intermediates, formed after the rearrangement, are
further reduced by i-Bu;Al as per the work of Petasis.

R 0 i-BUAl

R R

RATx
R PhMe, 50 °C OH R (42)
R =0Bn
X =151, SPh, 81%
152, SePh, 84%

Dicobalt hexacarbonyl complexes of alkynes are known to sta-
bilize propargylic cations® and thus have been used in the context
of [1, 3] rearrangement of pyrans.®>® In contrast to the example
by Smith (vide supra), Harrity and coworkers have illustrated that
FE and Z olefin isomers lead to different diastereomers (eqn 43).
Enantioenriched pyran Z-153 rearranges efficiently in the presence
of TiCl, with minimal racemization.

We have shown that allylic stabilization of the carbocation will
allow for [1,3] rearrangement of cyclic allyl vinyl ethers (2,5-
dihydrooxepins) in a modular route to densely functionalized
cyclopentenes (Scheme 25).3 A pre-existing stereocenter that is

1.5eq. TiCly
(0C)sCo; X _Ph (0C)sCoy.
e 0 S 0

// CH2C|2 ///
n-Bu 7810 25 °C n-Bu Ph (43)
E-153 cis-154, 81%
Z-153 trans-154, 78%

Z-153, 73% ee trans-154, 67% ee, 52%

Ph
Ph
R EtAIC, \E§
CH.Cl, O ™
o 23°C, 5min I R
155 H 156
95% ee 70%,>95 :5ds

95% ee

H CHs

H H
& &
H3C/Kj\CH3 =222 A HsC/k_i\H
k Ph _>Ph
Ko

-

o A |
@AIEtCI2 13 OAIEtCI,
unfavored favored
A B
Scheme 25

O
/lQ N B 0--LA
RN W 0
Ry H Ry
productive but

unproductive not formed

Me,AICI

CH,Cly, 78 °C

Scheme 26

OBPS H OBPS
Me,AICI

o

H
AN
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o
H

CH,Cl,, -78 °C P o

1:1 (E:2) 91%, single diastereomer

S

OAIH,R3
Me_ _=|. @
R1/// _1o Rz

160 e

77—

Me
0
R SO R,

o
R:AI0  Me
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BPSO

OBPS

\ =

TIPS 162

—_— MeO.

phorboxazole A

Scheme 28

not epimerizable under the reaction conditions leads to enhanced
levels of diastereoselection through minimization of A,, and A, ;
strain (A vs. B).

In the arena of natural product synthesis, the most spectacular
examples of this type of transformation were accomplished by
Smith and coworkers en route to (+)-phorboxazole A.*%¢ A first-
generation approach to the key dioxane revealed that the oxazole
and ether oxygen could form a chelate with the Lewis acid,
suppressing reactivity (Scheme 26). This problem was overcome
through the synthesis of a regioisomeric dioxane, which rearranges
in the presence of Me,AlCl.

Stereoconvergent rearrangement of a 1 : 1 mixture of E and
Z trisubstituted alkene isomers 159 provides 162 as a single
diastereomer in good yield (Scheme 27). This surprising result
was rationalized as follows: the Z isomer reacts via a preferred
chair transition state 160 while the £ isomer rearranges through a
boat conformation 161.

Both 158 and 162 were carried on to complete the total synthesis
of (+)-phorboxazole A (Scheme 28). This carbocyclization has
also been effectively used by Smith and coworkers en route to
(—)-kendomycin and the EF fragment of (+)-spongistatin 1.57#

6 Conclusion

This review has attempted to comprehensively survey advances
in the development of [1,3] rearrangements. Although signif-
icant progress has been made in this area, there is room for
improvement of existing methods and their application to more
complex scenarios. In particular, the incorporation of nitrogen
into rearrangement precursors would undoubtedly expand the
utility of this class of reactions. Certainly, future research with
an eye towards substituent effects and ion pairing will have a large
impact on the general understanding and development of new
[1, 3] rearrangements.
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