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CONS P EC TU S

Q uaternary carbon stereocenters are found in a broad range
of organic compounds, including important bioactive natural

products and medicinal agents. Given their ubiquity and the
significant synthetic challenges they present, quaternary carbon
stereocenters have long attracted great interest from synthetic
organic chemists. Numerous efforts have been devoted to their
construction, leading to a spectrum of strategies for creating stereogenic quaternary carbon centers. In this context, the semipinacol
rearrangement has proven successful. In this extension of the pinacol rearrangement, the 1,2-carbon-to-carbon migration in a 1,
2-diol has been expanded to include leaving groups other than the hydroxyl group.

Over the past decade, our laboratory has explored the semipinacol rearrangement strategy for the stereoselective construction
of quaternary carbon stereocenters. We have investigated various substrates, including 2,3-epoxy alcohols (also termed
r-hydroxy epoxides), 2,3-aziridino alcohols, and allylic alcohols. Several promoters that effect the semipinacol rearrangement have
been identified, including Lewis acids based on Al, Sm, B, Zn, and Ti for the rearrangement ofr-hydroxy epoxides and 2,3-aziridino
alcohols; cationic halogen species for the rearrangement of allylic alcohols; and cinchona alkaloids and chiral phosphoric acid for
the asymmetric semipinacol rearrangement. Our research efforts have led to a series of valuable synthetic methods, including (1) a
tandem semipinacol rearrangement and Meerwein�Ponndorf�Verley reduction, (2) a tandem semipinacol rearrangement and
Tishchenko reaction, (3) a tandem semipinacol rearrangement with either an allylation or a propargylation, (4) a tandem
semipinacol rearrangement and Schmidt reaction, (5) a semipinacol rearrangement of 2,3-aziridino alcohols, (6) a semipinacol
rearrangement of allylic alcohols induced by halogen cation, (7) a tandem aziridination and semipinacol rearrangement of allylic
alcohols, and (8) asymmetric semipinacol rearrangements with chiral organic catalysts. One hallmark of these reactions is the
creation of stereogenic quaternary carbon centers with high levels of stereocontrol. In this Account, we describe the development of
these synthetically useful methodologies and their successful application to the total syntheses of natural products.

Our results demonstrate that the semipinacol rearrangement of carefully designed substrates constitutes an efficient approach
to the stereoselective construction of quaternary carbon centers. These reactions have produced a broad array of useful
compounds that lend themselves to further elaboration. Furthermore, the total synthesis of a series of alkaloids, with significant
bioactivity and intriguing molecular architecture, was achieved through these semipinacol rearrangement strategies, highlighting
their synthetic value.

1. Introduction
Quaternary carbon stereocenters, that is, carbon centers

with four different non-hydrogen substituents, are present

in awide variety of organic compounds. The construction of

such quaternary carbon centers, with high levels of stereo-

control, remains a significant challenge in organic synthesis,

despite tremendous efforts having been devoted to this

area. The stereoselective construction of quaternary carbon

stereocenters has been the subject of several excellent

review articles.1 In most cases, a stereogenic quaternary

carbon scarcely appears as the sole stereocenter in an

organic molecule, but instead coexists with other chiral

centers, forming architectures with multiple stereocenters.

The construction of such a quaternary carbon, with
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simultaneous stereocontrol over other coexisting stereocen-

ters, is an even more challenging task, since both enantios-

electivity and diastereoselectivity need to be considered in

the case of an asymmetric synthesis. The semipinacol re-

arrangement, a variant of the pinacol rearrangement, has

become a well-established reaction that allows the rapid

synthesis of relatively complex architectures comprising

multiple stereocenters, with one being quaternary.

In contrast to the original definition, which describes a

rearrangement involving a 1,2-carbon-to-carbon migration

TABLE 1. Rearrangement of R-Hydroxy Epoxides with AI(i-PrO)3
a

aThe 91/9 refers to a ratio of C2-C3 anti isomer to the syn.
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toward the secondary center of a tertiary, secondary 1,2-diol

with the loss of water, the semipinacol rearrangement has

now been extended to include rearrangements involving

leaving groups other than the hydroxyl group (eq 1). Two

review articles contributed by Coveney2 and Snape3 have

documented the advances of the modern seminacol rear-

rangement, with the latter focusing on the rearrangements

ofR-hydroxy epoxides and their synthetic applications. Early
contributions from Suzuki, Tsuchihashi, and co-workers,4

Marson et al.,5 and recent efforts by other groups6 have

reported the application of the semipinacol rearrangement

to certain epoxides for the creation of stereogenic quatern-

ary carbon centers. Despite these achievements, however,

we have further developed the power and scope of such

transformations with our continuous efforts.

By encompassing the construction of quaternary carbon

stereocenterswith high efficiency and stereocontrol, we have

studied the semipinacol rearrangements of R-hydroxy epox-

ides, 2,3-aziridino alcohols, and allylic alcohols under the

influence of a range of promoters. This has laid the founda-

tion for a series of synthetic methodologies unique to the

creation of quaternary carbon stereocenters. More impor-

tantly, these reactions have been applied to the total synth-

eses of anumber of interestingnatural products. These efforts

and findings comprise the major focus of this Account.

2. Diastereoselective Construction of Qua-
ternary Carbon Stereocenters via the Semi-
pinacol Rearrangement of r-Hydroxy
Epoxides
During the course of our studies toward the total synthesis of

didemnaketals, a group of marine natural products isolated

from the ascidian Didemnum sp. possessing inhibitive activ-

ity toward HIV-1 protease, we serendipitously observed that

the optically active R-hydroxy epoxide 1, upon treatment

with 2 equiv of aluminum isoproxide (AI(i-PrO)3) in isopropyl

alcohol, delivered 1,3-diol 2 bearing a quaternary stereo-

center at C2 as a major byproduct, in an effort to prepare

allylic diol 3 as a synthetic intermediate (eq 2).7 Presumably,

the formation of 2-quaternary 1,3-diol 2 results from a

tandem reaction sequence, involving an initial semipinacol

rearrangement of the R-hydroxy epoxide 1 and a subse-

quent Meerwein�Ponndorf�Verley reduction. The 2-qua-

ternary 1,3-diol units are synthetically valuable for a wide

range of bioactive natural products and spirocyclic com-

pounds for chiral ligands in asymmetric catalysis.8 These

potentials, coupled with the long-standing challenge in

constructing quaternary carbon stereocenters, inspired us

to study this reaction in depth. This discovery became the

starting point for all our subsequent studies toward the

stereoselective construction of quaternary carbon centers

via semipinacol rearrangement strategy.

The reductive rearrangement of enantioenriched R-hydro-
xy epoxide 1 was extended to a range of racemic analogues

derived from the corresponding cycloalkenyl alcohols 5

(Table 1).9 Upon treatment with AI(i-PrO)3, under the standard

conditions (2 equiv of AI(i-PrO)3, refluxing temperature of

2-propanol or THF, 4�8 h), the epoxides 6 underwent a

smooth reductive rearrangement to produce 1,3-diols 7 and

8 in good yield. A key strength to this methodology is the

stereoselective construction of three carbon stereocenters,

with one being quaternary, simultaneously in one simple

operation. The stereochemical outcome of the reaction indi-

cates the following: (1) the carbon-to-carbon migration occurs

in an anti orientation relative to the cleavedC�Obond (except

entries 7 and 8), which is consistent with the general observa-

tions in related semipinacol rearrangements promoted by

other Lewis acids, such as TiCl4,
10 BF3 3OEt2,

4 and SnCl4;
5 and

(2) the hydride transfer to the latent C1 keto group proceeds

through a pathway in favor of diastereomer 7, with C1�OH in

an R-configuration, as themajor product. The stereoselectivity

of this overall transformation was further supported by using

deuterated AI(i-PrO)3 (Table 1, entry 13). Based on the stereo-

outcome of this reductive rearrangement and the deuteration

experiment, a possible mechanism was proposed (Scheme 1).

Evidently, theAI(i-PrO)3 in this transformationservesadual role

as both a Lewis acid to promote the semipinacol rearrange-

ment and as reducing agent for hydride transfer. Of the two

possible pathways for hydride transfer, path A is more favor-

able in terms of steric hindrance versus path B, which affords

the C1�C2 syn diastereomer 7 as the major product.

In addition to the tandem reductive rearrangement

mediated by AI(i-PrO)3, a catalytic amount of ZnBr2 (2�8

mol%)was observed to catalyze the semipinacol rearrange-

ment of R-hydroxy epoxides 6 to afford R-quaternary
β-hydroxy ketoneswith good to excellent diastereoselectivity
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(eq 3).11 A similar result had been reported by Marson

et al., but 2 equiv of SnCl4 was employed.5

The main limitation of the AI(i-PrO)3 mediated diastereo-

selective semipinacol rearrangement of R-hydroxy epox-

ides is the requirement for at least 1 equiv of Lewis acid, and

also the stereocontrol is not always perfect. This prompted

us to explore alternative promoters. After some trial and

error, we discovered that a catalytic amount of SmI2
(0.1�0.3 equiv), in combination with an excess amount of

aromatic aldehyde, could efficiently promote a novel tan-

dem semipinacol rearrangement/Tishchenko reaction of

tertiary R-hydroxy epoxide 6 to form 2-quaternary 1,3-diol

monoesters 11 and/or 110, with complete diastereocontrol

(Table 2).12 This reaction exhibited perfect stereoconver-

gence, since both diastereomers of the R-hydroxy epoxide

6 afforded the same diastereopure product 11 and/or 110,

which gave the same 1,3-diol upon methanolysis with

NaOH/MeOH. In addition, it is noteworthy that the opposite

stereochemistry was observed at C1 in comparison to the

products of the process mediated by AI(i-PrO)3. Thus, SmI2
and AI(i-PrO)3 offered complementary diastereocontrol over

centers C1 and C2 in the tandem reactions. This is a very

important result and is not an easily achievable task in

stereoselective organic synthesis.

The mechanistic details of this tandem reaction were

carefully studied and the actual catalytic species was deter-

mined to be a Sm-pinacol complex. The aldehyde served as

simultaneously the hydride source and acylating agent. A

plausible mechanism accounting for the perfect diastereos-

electivitywas proposed, whereby the Re face attack onto the

aldehyde is hindered by the formation of an unfavorable

transition state, due to steric hindrance between the cyclo-

hexane ring and the 1,3-dioxo heterocycle. This forces

the reaction to proceed through a more favorable Si face

attack pathway, to give the observed diastereoselectivity

(Scheme 2).

SCHEME 1. Proposed Mechanism for the Reductive Rearrangement of R-Hydroxy Epoxides with AI(i-PrO)3

TABLE 2. Sm-Catalyzed Tandem Semipinacol Rearrangement/Tishchenko Reaction of R-Hydroxy Epoxides

entry n syn:anti of 6 R1 R2 R3 Sml2 (equiv) yield (%) 11:110

1 1 Ph Ph Ph 0.1 95 100:0
2 1 70:30 Me Ph Ph 0.15 96 100:0
3 1 61:39 Et Ph Ph 0.15 92 100:0
4 1 87:13 iPr Ph Ph 0.2 92 100:0
5 1 56:44 Allyl Ph Ph 0.3 70 100:0
6 1 100:0 Bn Ph Ph 0.3 95 0:100
7 1 79:21 nBu Ph Ph 0.3 78 100:0
8 0 70:30 Bn Ph Ph 0.3 88 44:56
9 0 80:20 Me Ph p-CIC6H4 0.3 85 74:26
10 1 60:40 Me 2-thiophenyl p-CIC6H4 0.25 83 0:100
11 1 91:9 Me cyclopropyl p-CIC6H4 0.3 78 93:7
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The Sm-catalyzed process was further extended to the

secondary R-hydroxy epoxide 14, resulting in ring-con-

tracted 2-quaternary 1,3-diol monoesters 15 and/or 150,
through a tandem sequence involving the semipinacol

rearrangement with C1 to C3 carbon migration and a

subsequent Tishchenko reaction (eq 4).13 Excess triethy-

laluminum was also observed to promote the reduc-

tive semipinacol rearrangement of secondary R-hydroxy

epoxide 16, or its benzyl ether 17, via a C1 to C3migration

(eq 5).14

The realization of the tandem process mediated by AI(i-

PrO)3 or SmI2 was based on the successful reduction of the

latent C1 keto group formed by the seminacol rearrange-

ment of the R-hydroxy epoxide. After succeeding in the

establishment of the reductive rearrangements associated

with hydride transfer, we questioned whether the latent

carbonyl could be alkylatedwith an appropriate Lewis acidic

alkylating agent. With this idea in mind and in light of the

well-documented alkylating capability of alkylboronic com-

pounds, we focused our attention on the exploration of

SCHEME 2. Proposed Mechanism for Diastereoselectivity

TABLE 3. Tandem Semipinacol Rearrangement/Allylation of R-Hydroxy Epoxides with Allylboronic Acid
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semipinacol rearrangementmediated by alkylboronic acids.

We were delighted to find that, upon treatment with a

stoichiometric amount of allylboronic or allenylboronic acid

at ambient temperature, the R-hydroxy epoxide 20 under-

went smoothly a tandem semipinacol rearrangement/alky-

lation to give the allylated or propargylated 1,3-diols with

excellent diastereocontrol.15 A variety of substrates derived

from monocyclic, bicyclic, and acyclic allylic alcohols were

amenable to this tandem process (Tables 3 and 4). One of

the synthetically important features is the diastereoselective

construction of three consecutive stereogenic centers, twoof

which are quaternary. Thus, themolecular complexity of the

product is increased by incorporation of an allyl or propargyl

group, compared to the AI(i-PrO)3 or SmI2 mediated pro-

cesses, which could be elaborated for more advanced archi-

tecture, as exemplified by the construction of a tricyclic

structure 25 from the spirocyclic 1,3-diol 21d (Scheme 3).

It is noteworthy that the stereochemistry at C1 is substrate

dependent and is sensitive to the nature of R4 group in

particular. When R4 is incorporated in a carbocycle, diaster-

eomers 21 and 23 are preferentially formed. For acyclic

systems, the opposite diastereomers 22 or 24 are favorably

produced.Apossiblemechanism toexplain the stereoselectivity

of this tandem reaction is proposed (Scheme 4). The relative

steric interactions of R4 and R2 with allyl or propargyl

account for the observed stereochemistry.

These successes prompted us to further explore other

related synthetically valuable cascade transformations. The

interception of the latent C1 keto group by means of reduc-

tion with hydride or alkylation with alkylboronic acid has

proved crucial to ensure the overall tandemprocess. Beyond

the above reactionswith external intercepting species for C1

keto group, we questioned whether an intramolecular inter-

ception with an appropriate internal nucleophile would be

possible.With this inmind, we reasoned that an azide group

might be used to intercept the C1 keto group in light of an

Aub�e-type Schmidt reaction.16 Thus, in conjunction with our

long-term interest in the total synthesis of natural products,

we devised a novel tandemsemipinacol/Aub�e-type Schmidt

rearrangement of R-siloxy-epoxy-azide.17 A wide range of

carefully designed azido R-siloxy epoxides 29 underwent

the overall rearrangement under the promotion of TiCl4 in

CH2Cl2, affording monocyclic amides, and bi- and tricyclic

lactams bearing an aza-quaternary carbon stereocenter in

good yield (Table 5). The excellent diastereocontrol was also

observed in the relevant examples (entries 8�10).

To demonstrate the synthetic power of this cascade

rearrangement, the first total synthesis of (()-stemonamine,

TABLE 4. Tandem Semipinacol Rearrangement/Propargylation of R-Hydroxy Epoxides with Allenylboronic Acid

SCHEME 3. Synthesis of Tricyclic Diol
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amember of the Stemonaalkaloids,whichhas a challenging

molecular architecture involving two contiguous quaternary

centers and a tetracyclic skeleton, was achieved in our

laboratorywith the tandemsemipinacol/Aub�e-type Schmidt

reaction as the key, strategic step (Scheme 5).18

3. Diastereoselective Construction of Qua-
ternary Carbon Stereocenters via the Semi-
pinacol Rearrangement of 2,3-Aziridino
Alcohols and Allylic Alcohols
In sharp contrast to the relatively extensive studies into the

semipinacol rearrangement involving epoxides,3 analogous

research with aziridines was relatively unexplored prior to

our investigation. The chemistry of aziridines is intriguing,

due to their highly regio- and stereoselective ring-opening

reactions and their great potential as building blocks for the

synthesis of awide range of biologically significant nitrogen-

containing compounds.19

As a logical extension to our study of the semipinacol

rearrangement of R-hydroxy epoxides, we investigated the

related rearrangement of 2,3-aziridinoalcohols34. Our efforts

led to the discovery of a novel semipinacol rearrangement of

2,3-aziridino alcohols, mediated by a variety of Lewis acids,

with ZnBr2 being the most effective.20 In this study, the

preparation of the substrate 34 proved troublesome. We

eventually obtained 34 in moderate yield from the corre-

sponding allylic alcohols via an aziridination procedure devel-

oped by Sharpless and co-workers.21 The rearrangement of

2,3-aziridino alcohols 34 under the promotion of ZnBr2 in

CH2Cl2 at room temperature proceeded smoothly, affording

β-amino ketones or aldehydes35possessing anR-quaternary
carbon center in diastereopure form and excellent yields.

Investigations into substrate generality indicate that this re-

arrangement reaction is compatible with a variety of tertiary

or secondary 2,3-aziridino alcohols, derived from acyclic,

monocyclic, and bicyclic allylic alcoholswith varying ring sizes

and various R1, R2 substituents (Chart 1). A plausible mechan-

ism accounting for the stereochemistry of this process is

proposed (Scheme 6).

To highlight the synthetic value of this rearrangement, an

efficient strategy for accessing cis-3a-aryloctahydroindole

alkaloids was developed in our laboratory with this reaction

as a key step, as exemplified by the total syntheses of (()-

crinane and (()-memsembrine (Scheme 7). It was found in

this study a catalytic amount of ZnBr2 could efficiently

promote this rearrangement.22

The R-hydroxy epoxides and aziridines in the semipina-

col rearrangements discussed above were all derived from

the corresponding allylic alcohols. In an attempt to both

improve the overall efficiency and expand the substrate

style, we initiated a study on the direct use of allylic alcohol

as the substrate for semipinacol rearrangement. Theelectron-

rich nature of the allylic alcohol 40 suggests that an appro-

priate electrophile, such as a cationic halogen reagent, could

be used to induce the semipinacol rearrangement by means

of an electrophilic addition triggered 1,2-carbon migration

(eq 6). Indeed, there had been sporadic reports involving this

notion. In a 1973 report, Johnson and Herr described a ring

expansion reaction of isopropenylcycloalkanols by poten-

tially explosive t-BuOCl.23 Recently, a similar reaction was

SCHEME 4. Proposed Mechanism of the Tandem Semipinacol Rearrangement/Alkylation Reaction
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reported by Maleczka and Ruggles with bleach/acetic acid

system as the chlorinating reagent.24 While both reactions

afforded β-chloroketo compounds as the rearrangement

product of allylic alcohols, however, very few in-depth inves-

tigations in terms of satisfactory scope, efficiency, and stereo-

control had appeared prior to our research into this subject.25

We initially focused on identifying an appropriate

cationic halogen species that could serve the purpose.

To our delight, we found that a combination of chlora-

mine-T and ZnBr2 was capable of effecting the semipina-

col rearrangement of allylic alcohols 40, with great

efficiency and complete stereocontrol, to give R-quaternary
β-bromoketo compounds 42 as products (Chart 2).26 A

wide variety of tertiary and secondary allylic alcohols

were amenable to this procedure. It is noteworthy that

this reaction was also effective with ZnCl2 or ZnI2, afford-

ing the corresponding chlorinated or iodinated products.

A possible reaction mechanism is proposed, in which the

in situ generated X�Cl through the oxidation of ZnX2 by

chloramine-T promoted the stereocontrolled semipinacol

rearrangement via the formation of a halogenium ion

(Scheme 8). Interestingly, the halogen source was further

extended to fluoro species by using a cationic fluoro

reagent, commercially available Selectfluor (eq 7).27

The R-quaternary β-haloketo compounds 42 produced

by this protocol have the potential to serve as versatile

building blocks for further elaboration, owing to the pre-

sence of the halo and carbonyl groups, together with the

quaternary stereocenter. Using this methodology as a key

step, the efficient total syntheses of an array of biologically

important Amaryllidaceae alkaloids possessing intriguing

molecular architecture were achieved in our laboratory.

Initially, an efficient total synthesis of (()-lycoramine, a

SCHEME 5. Total Synthesis of (()-Stemonamine

TABLE 5. Tandem Semipinacol Rearrangement/Schmidt Reaction of
Azido R-Siloxy Epoxides
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galanthamine-type alkaloid, was achieved in eight steps

with 21% overall yield, wherein N-bromosuccinimide (NBS)

was used as the rearrangement promoter for superior

stereocontrol and efficiency (Scheme 9).28 Subsequently,

this strategy was applied to the concise total synthesis of

(()-galanthamine, a potent acetylcholinesterase inhibitor

for the treatment of Alzheimer's disease, in 13 steps with a

12% overall yield (Scheme 10).29 This strategy was further

extended to the total syntheses of a group of struc-

turally similar crinine-type alkaloids, (()-hemeanthidine, (()-

pretazettine, (()-tazettine, (()-crinamine, and (()-crinine

(Scheme 11).30

Noteworthy, this halogenium ion induced semipinacol

rearrangement of allylic alcohol was further highlighted

by Wood and co-workers in their elegant total synthesis of

(()-welwitindolinone A isonitrile (Scheme 12).31

The success in the development of the highly efficient

halogenium ion induced semipinacol rearrangement of

allylic alcohols with complete diastereocontrol, together

with the great power of this strategy for total synthesis,

stimulated us to make more efforts. In consideration of the

low efficiency associated with preparing 2,3-aziridino alco-

hols 34 used in our previous studies,20 we successfully

developed a tandem aziridination/semipinacol rearrange-

ment of allylic alcohols 53 by using a combination of N-

aminophthalimide (PhthNH2) and PhI(OAc)2 with the assis-

tance of silica gel.32 This operationally trivial process ob-

viated the need for the preparation of the 2,3-aziridino

alcohols and offered an efficient alternative approach to

R-quaternary β-amino carbonyl compounds 54with a broad

structural diversity (Chart 3).

4. Enantioselective Construction of Quatern-
ary Carbon Stereocenters via the Asymmetric
Semipinacol Rearrangement of r-Hydroxy
Epoxides and Allylic Alcohols
Asymmetric synthesis for producing chiral nonracemic or-

ganic compound has long been attracting considerable

CHART 1. Semipinacol Rearrangement of 2,3-Aziridino Alcohols

SCHEME 6. Proposed Mechanism for the Semipinacol Rearrangement
of 2,3-Aziridino Alcohols

SCHEME 7. Synthetic Applications of the Rearrangement of 2,3-Aziridino Alcohols
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attention due to the significant importance of enantiomeri-

cally puremolecules in a variety of fields. In this context, the

enantioselective construction of quaternary carbon stereo-

centers represents a challenging task.1 The above-

described studies demonstrate the unique capability of

the semipinacol rearrangement in the diastereoselective

assembly of quaternary carbon containing architectures,

mainly in racemic form. This prompted us to develop an

asymmetric version of this rearrangement protocol, by

introducing an enantiocontrol element. To our delight, this

notion has been brought to fruition in our laboratory

with the identification of suitable chiral promoters. In

the following part of this Account, we will focus on our

achievements with the asymmetric semipinacol rearrange-

ment for the enantioselective construction of quaternary

carbon centers.

Initially, an asymmetric semipinacol rearrangement of

the R-hydroxy epoxide was attempted. Our experiences

with nonchiral Lewis acids led us to envisage that an appro-

priate chiral Lewis acid which could catalyze the rearrange-

ment might be used to effect a kinetic resolution of the

racemic R-hydroxy epoxide. With this in mind, a series of

chiral Lewis acids based on the (S)-BINOL skeleton were

evaluated. To our delight, Ti-[(S)-BINOL]2 generated in situ

from Ti(OiPr)4 and (S)-BINOL proved to be the catalyst of

choice.33 The enantiomeric catalyst based on (R)-BINOL

was then applied to the kinetic resolution of a range of

tertiary R-hydroxy epoxides via the asymmetric semipinacol

rearrangement, affording enantioenriched R-quaternary
β-hydroxy ketones in 24�61% ee and tertiary R-hydroxy
epoxides in 51�94% ee (eq 8). It is noteworthy that one

or two recrystallizations of the recovered tertiary

R-hydroxy epoxides could raise the enantiomeric purity to

g99% ee.

The halogenium ion induced semipinacol rearrange-

ment of allylic alcohols and the synthetic utilities thereof

stimulated our great interest in developing an asymmetric

version of such reactions. In light of our preliminary result

with the use of Selectfluor,27 coupled with the literature

precedent concerning asymmetric fluorination with the

combination of cinchona alkaloid and Selectfluor,34 we

developed an unprecedented approach to the enantiose-

lective synthesis of R-quaternary β-fluoro aldehydes

through the asymmetric semipinacol rearrangement of

allylic alcohols mediated by a quinine/Selectfluor

CHART 2. Semipinacol Rearrangement of Allylic Alcohols Induced by the Combination of Chloramine-T/ZnX2

SCHEME 8. Proposed Mechanism for the Semipinacol Rearrangement
of Allylic Alcohols
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combination.35 Moderate yields (33�50%) and syntheti-

cally useful ee's (54�82%) were achieved on a range of

secondary aryl allylic alcohols (Chart 4). Of note is that this

reaction exhibited an excellent level of enantioconver-

gence, as no kinetic resolution of the racemic substrates

was observed.

Very recently, the asymmetric semipinacol rearrange-

ment of allylic alcohols was advanced further by incorpor-

ating organocatalysis. Inspired by the chiral iminium

catalysis of enones,36 we envisioned that a purposely

designed enone substrate 57 possessing an allylic alcohol

motif might undergo the semipinacol-type rearrangement

under the promotion of a chiral amine catalyst to form

enantioselectively the 1,4-diketone product 59 bearing a

quaternary carbon (eq 9). To validate this hypothesis, the

hydroxyl enone 60a was studied as the model substrate.

Gratifyingly, the combination of the cinchona-derived

primary amine 62 and N-Boc-L-phenylglycine (NBLP) in

CCl4 could effectively catalyze the rearrangement,

affording the spirocyclic diketone 61a in 84% yield with

SCHEME 9. Total Synthesis of (()-Lycoramine

SCHEME 10. Total Synthesis of (()-Galanthamine

SCHEME 11. Total Synthesis of (()-Haemanthidine, (()-Pretazettine, (()-Tazettine, (()-Crinamine, and (()-Crinine
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SCHEME 12. Total Synthesis of (()-Welwitindolinone A Isonitrile

CHART 3. Tandem Aziridination/Semipinacol Rearrangement of Allylic Alcohols

CHART 4. Asymmetric Semipinacol Rearrangement of Allylic Alcohols
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77% ee (eq 10).37 The substrate scope was then extended

to a variety of cyclic hydroxyl enones 60, bearing a

cyclobutanol motif, to afford a wide range of spirocyclic

1,4-diketones 61 in moderate to high yields (57�95%)

TABLE 6. Enantioselective Rearrangement of Hydroxy Enones Catalyzed by Chiral Amine
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and good to excellent enantioselectivities (77�97% ee)

(Table 6).

In addition to cationic halogen species,26,35 we proposed

that the electron-rich nature of the carbon�carbon double

bond in the allylic alcohols could be further harnessed by

using other appropriate electrophilic species to enable a

semipinacol-type rearrangement, especially in an asym-

metric version. In the context of asymmetric protonation

of the carbon�carbon double bond,38 we conceived an idea

of inducing the asymmetric semipinacol rearrangement of

allylic alcohols with chiral Brønsted acid.39 As proof of

concept, we were delighted to find that, under the catalysis

of the BINOL-derived phosphoric acid 63 or its silver salt 64

in CCl4, the 2-oxo allylic alcohols 65 rearranged smoothly to

the chiral spiroethers 66, presumably through protonation

of the enol ether and a subsequent 1,2-carbon migration

involving hydrogen bonding.40 A variety of 2-oxo allylic

alcohols bearing dihydropyranyl or dihydrofuranyl moieties

and a cyclobutanol motif were well suited to this rearrange-

ment, affording spiroethers containing an oxo-quaternary

carbon stereocenter in high yields (51�98%) and good to

excellent enantioselectivities (74�98% ee) (Chart 5).

5. Conclusion
Encompassing the subject on the stereoselective construc-

tion of quaternary carbon stereocenters, wehave developed

a series of synthetic methodologies based on the semipina-

col rearrangement strategy. A wide range of substrates,

including R-hydroxy epoxides, 2,3-aziridino alcohols, and

allylic alcohols, together with various promoters have been

extensively studied. We have expanded upon the entire

range of semipinacol rearrangements. These reactions pro-

vide efficient approaches to a variety of structurally diverse

multifunctional architectures possessing quaternary carbon

stereocenters with excellent stereocontrol. The great syn-

thetic power of these methodologies is highlighted by their

application as key steps in the total syntheses of a variety of

naturally occurring alkaloids, which possess important

CHART 5. Asymmetric Semipinacol Rearrangement of Allylic Alcohols Catalyzed by Chiral Phosphoric Acid
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bioactivities and intriguing architectures. We anticipate that

these new methodologies would continue to serve as im-

portant tools in synthetic organic chemistry.
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