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C O N S P E C T U S

Modern organic synthesis depends on the develop-
ment of highly selective methods for the efficient

construction of potentially useful target molecules. A pri-
mary goal in our laboratory is the discovery of new
reactions that convert readily available starting materi-
als to complex products with complete control of regio-
and stereoselectivity. Allenes are one underused moi-
ety in organic synthesis, because these groups are often
thought to be highly reactive. However, many com-
pounds containing the allene group, including natural
products and pharmaceuticals, are fairly stable. The
chemistry of allenes has been shown to have signifi-
cant potential in organic synthesis.

Electrophilic additions to allenes have often been
considered to be synthetically less attractive due to the lack of efficient control of the regio- and stereoselectivity. How-
ever, this Account describes electrophilic reactions of allenes with defined regio- and stereoselectivity developed in our lab-
oratory. Many substituted allenes are readily available from propargylic alcohols. Our work has involved an exploration
of the reactions of these allenes with many different electrophiles: the E- or Z-halo- or seleno-hydroxylations of allenyl sul-
foxides, sulfones, phosphine oxides, carboxylates, sulfides or selenides, butenolides, and arenes, and the halo- or seleno-
lactonization reactions of allenoic acids and allenoates.

These reactions have produced a host of new compounds such as stereodefined allylic alcohols, ethers, amides,
thiiranes, and lactones. In all these reactions, water acts as a reactant and plays an important role in determining the
reaction pathway and the stereoselectivity. The differing electronic properties of the two CdC bonds in these allenes
determine the regioselectivity of these reactions. Through mechanistic studies of chirality transfer, isolation and reac-
tivity of cyclic intermediates, 18O-labeling, and substituent effects, we discovered that the E-stereoselectivity of some
reactions results from the neighboring group participation of functional groups forming cyclic intermediates. We ratio-
nalize Z-stereoselectivity under other conditions by soft Lewis acid-base interactions and steric effects. These elec-
trophilic reactions of allenes are efficient and useful methods for the synthesis of stereodefined alkenes and lactones,
useful functionalities for synthesis.

Introduction

Allenes have two cumulated CdC bonds. Their

history dates back to 1874, when Jacobus H. van’t

Hoff predicted the correct structure of this type of

compound.1 Because of their unique structure, for

a long period of time they had been considered to

be highly unstable. In fact, the first synthesis of

pentadienoic acid was attempted with the purpose

of proving the nonexistence of allenes.1 However,

many natural products and pharmaceuticals con-
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tain the allene moiety.1a The reactivities of allenes are very

different from those of alkenes and alkynes. During the last

10-15 years, many new reactions of allenes have been

developed1b-e,2 and some of these reactions had been suc-

cessfully applied for the efficient synthesis of natural prod-

ucts.2 The most recent notable advances are transition metal-

catalyzed hydro-, carbo-, or heteroatom-metalations and

cyclizations.1c It is obvious that the chemistry of allenes will

further be extensively explored to show their potentials in

organic chemistry.

The rich abundance of electrophilic additions and cycliza-

tion reactions of alkenes and alkynes3,4 suggests that allenes

should also easily undergo electrophilic reactions.5 Because of

the presence of two CdC bonds in allenes, there are issues of

regioselectivity (which CdC reacts and in which direction addi-

tion occurs) and stereoselectivity (Scheme 1).

After some trial and error, we observed that sulfoxide, sul-

fone, phosphine oxide, carboxylate, sulfide, selenide, and

butenolide functionalities all may be used to control the regio-

and stereochemistry of the halo-/seleno-hydroxylation or -ami-

dation and thiiranation reactions. The mechanistic models to

rationalize the products are different for different reagents.

When there is a nucleophilic functional group in the allene,

electrophilic cyclizations have been observed to afford the

cyclic products with very high regio- and stereoselectivity. In

this account, the electrophilic addition reactions of 1,2-alle-

nyl sulfoxides, sulfones, phosphine oxides, sulfides, selenides,

butenolides, and arenes, and the lactonization of allenoic acids

and allenoates with electrophilic halogenation reagents or

PhSeCl, are discussed.

Part 1. Electrophilic Addition Reactions
with E-Stereoselectivity Controlled by the
Formation of Cyclic Intermediates
1,2-Allenyl Sulfoxides. At the beginning of the research in

this area, we studied the nucleophilic additions of inorganic

halides to electron-deficient allenes,6 specifically 1,2-allenyl

sulfoxides.7 The reaction of 1a with NaI in HOAc gave a com-

plicated mixture. Finally, one of the products in this mixture,

i.e., 3-acetoxy-2-iodo-1(Z)-propenyl phenyl sulfide 2a, was

identified (Scheme 2).

On the basis of the structure of this new product 2a, we

reasoned that this product may be formed by the electrophilic

addition reaction of sulfoxide 1a or sulfide 1a′ with the in situ
generated I2 by the oxidation of I- with the aerobic oxygen.8

We noted that (1) product 2a has the Z-configuration; (2) the

sulfoxide functionality has been reduced to form the sulfide;

and (3) the acetoxyl group must come from HOAc. With these

notions in mind, the direct electrophilic addition of propadi-

enyl phenyl sulfoxide 1a with I2 in HOAc at 60 °C was tested.

The reaction surprisingly afforded sulfoxide 3a with exellent

regio- and stereoselectivity albeit in a low yield.9 Compound

3a has the configuration of the CdC bond reversed and the

acetoxyl group replaced by the hydroxyl group. This unex-

pected observation prompted us to further optimize the

iodohydroxylation of 1,2-propadienyl phenyl sulfoxide 1a
(Scheme 3).

Eventually, we established the optimized reaction condi-

tions for the high-yield formation of 3: 1 equiv of 1,2-allenyl

sulfoxide and 1.2-2.4 equiv of I2 in MeCN-H2O (7:1) in the

presence of LiOAc (2 equiv) at room temperature (rt) (Scheme

4).9 LiOAc acts as a base to remove the in situ generated HI

to ensure high yields. Optimization of reaction conditions in

such a case requires rather tedious testing of a variety of

experimental conditions. While mechanistic insights may

guide the experiments to be tested, there is really no substi-

tute for the human labor required to identify optimum reac-

tion conditions.

SCHEME 1. Possible Products of Electrophilic Additions to
AllenessIssues of Regio- And Stereoselectivity

SCHEME 2. Reaction of Propadienyl Phenyl Sulfoxide 1a with NaI
in HOAc

SCHEME 3. Reaction of 1,2-Propadienyl Sulfoxide 1a with I2 in
HOAc
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The reaction is faster with additional alkyl or aryl substitu-

tion, indicating the electrophilic nature of this reaction. No

electrophilic addition reaction occurred to the more electron-

deficient CdC bond of the allene. Even if there is an isolated

CdC bond in the starting allenyl sulfoxide, the reaction occurs

exclusively at the allene moiety. This reaction can be

extended to bromohydroxylation10 and chlorohydroxylation

by using CuBr2 (Br2, NBS) or CuCl2 (solvent free, mixing with

silica gel), respectively (Scheme 5).11a The yields for chloro-

hydroxylations are usually lower.11a Conducting the reaction

in MeCN in the presence of EtOH at 0 °C also afforded the

E-iodohydroxylation product.11b

The corresponding reactions of optically active 1,2-allenyl

sulfoxides, which are easily available from optically active pro-

pargylic alcohols,12 afforded the expected E-halohydroxyla-

tion products with a new center of chirality at the 3-position

in good-to-excellent yields without obvious racemization

(Scheme 6).11a

In order to obtain detailed steric information for this reac-

tion via X-ray crystallographic structures of both the starting

allene and product, many substrates were prepared, but all

failed to yield solid products. It is lucky that the reaction of

optically active 1b, a solid, with I2 under the optimized con-

ditions afforded the crystalline product 3b. X-ray diffraction

studies on both the starting 1b and the related product 3b
revealed that the axial chirality in the starting material was

efficiently transferred to the center of chirality in the product

(Scheme 7). The absolute configuration of the sulfur atom was

inverted during the reaction. On the basis of these data, the

following mechanism was proposed: The relatively electron-

rich CdC bond at the 2-position of the starting 1,2-allenyl sul-

foxides 1 reacts with I2 to form the positively charged three-

membered iodinonium intermediate 4. Intramolecular attack

of the sulfoxide oxygen at the carbon atom of the 3-position

gives the five-membered intermediate 5. Finally, attack of H2O

at sulfur gives 3 with the inverted configuration of the sulfur

atom.11a This mechanism nicely explains the regio- and ste-

reoselectivity.

With this mechanism in mind, we envisioned that certain

nucleophiles may attack the different locations of the five-

membered heterocyclic intermediate 5. However, we were sur-

prised to observe that, when BnSH was added for such a

purpose, the sulfoxide functionality was reduced to sulfide; the

regio- and stereoselectivity are the same; and after the reac-

tion, BnSH is converted to BnSSBn (Scheme 8).13

The mechanism in Scheme 9 accounts for the observa-

tions.13

SCHEME 4. Regio- and Stereoselective E-Iodohydroxylation of 1,2-
Allenyl Sulfoxides

SCHEME 5. Bromo- or Chlorohydroxylation of 1,2-Allenyl
Sulfoxides

SCHEME 6. Synthesis and Halohydroxylation of Optically Active
1,2-Allenyl Sulfoxides

SCHEME 7. Inversion of Chirality and Mechanism for
Iodohydroxylation of 1,2-Allenyl Sulfoxides

SCHEME 8. Iodohydroxylation and Sulfoxide-Reduction of 1,2-
Allenyl Sulfoxides in the Presence of BnSH
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In addition, it has been observed that similar highly regio-

and stereoselective selenohydroxylation of 1,2-allenylic sul-

foxides with PhSeCl occurs (Scheme 10).14

1,2-Allenyl Sulfones. Under the same reaction conditions

for halohydroxylation of sulfoxides,9,11 the halohydroxylation of

1,2-propadienyl phenyl sulfone failed to afford the expected

product; 80% of the starting allene was recovered, most proba-

bly due to the fact that the relatively strong electron-withdraw-

ing sulfone functionality makes the allene too electron-deficient.

Thus, we reasoned that the interaction of 1,2-allenyl sulfones

with Br2 is the rate-determining step. For that reason, 3-mono-

substituted 1,2-allenyl sulfones were mixed with Br2 in MeCN at

rt for 30 min, followed by the addition of H2O. Luckily, the reac-

tion afforded sulfones 10 (Scheme 11). With 3,3-disubstituted

1,2-allenyl sulfones, 2-bromo-1(E),3(E)-alkadienyl sulfones were

formed.15

On the basis of these observations, we further reasoned that

the five-membered 11-type cyclic intermediate may be stable

enough for isolation. Thus, in order to obtain a crystalline prod-

uct, a para-bromine atom was introduced to the phenyl group.

Indeed, a 1:1 cis/trans diastereoisomeric mixture 11a was iso-

lated by just mixing 9a with Br2 in MeCN at rt. Furthermore, the

pure cis-isomer was obtained by recrystallization and character-

ized by X-ray diffraction (Scheme 12). In addition, this 1:1 dias-

tereoisomeric mixture reacts with H2O in MeCN at 0 °C to afford

the E-bromohydroxylation product 10a in 63% yield, proving the

intermediacy of 11a in this type of regio- and stereodefined

transformation.

Since this type of cyclic intermediate is stable, we started to

study its reactivity toward other nucleophiles. In the first place,

when the reaction was quenched with a saturated aqueous solu-

tion of Na2S2O3, 12 was afforded unexpectedly.16 By starting

from the optically active 1,2-allenyl sulfones,17,11a the axial

chirality was transferred into the center of chirality in 12 (Scheme

13).

The reaction of 11a-type compound under the same reac-

tion conditions afforded the thiiranation product. We believe that

Na2S2O3 attacks the cyclic intermediate 11 to afford the ring-

opened intermediate 13, which eliminates one molecule of SO3

to afford sulfide anion 14. Conjugate addition and �-Br elimina-

tion affords the thiiranes 12 with high stereoselectivity (Scheme

14).16

1,2-Allenyl Phosphine Oxides. Because of the similarity

between sulfoxide/sulfone and phosphine oxide functionalities,

we reasoned that 1,2-allenyl phosphine oxides may behave sim-

ilarly. In fact, the reaction of 1,2-allenyl phosphine oxides 16A
with I2 in aqueous MeCN afforded the E-iodohydroxylation prod-

ucts 17A.18 Four equiv of I2 are required to ensure the high E-ste-

SCHEME 9. Rationale for the Formation of E-2-Iodo-3-hydroxy-1-
Alkenyl Sulfides

SCHEME 10. Selenohydroxylation of 1,2-Allenyl Sulfoxides

SCHEME 11. Electrophilic Reaction of 1,2-Allenyl Sulfones with Br2

SCHEME 12. Isolation and X-ray Diffraction Study of Five-
Membered Cyclic Intermediate 11a and Its Reaction with Water

SCHEME 13. Formation of Optically Active Thiiranes
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reoselectivity. The reaction of 16B was conducted in the

presence of AgNO3 (6 equiv) to avoid the formation of the diio-

dides (Scheme 15).

18O-labeling experiments and reactions of optically active

substrates19 suggest that a similar type of mechanism

involving the participation of the phosphine oxide function-

ality to form the five-membered intermediate 18 operates

(Scheme 16). This is the first time that the neighboring

group participation effect of the phosphine oxide function-

ality is observed.

2,3-Allenoates. It is well-known that the alkoxycarbo-

nyl group may act as a neighboring group.20 However,

when we tried to extend the iodohydroxylation to 2,3-al-

lenoate, a complicated mixture was formed.11a Thus, we

decided to try this type of reaction with other electrophiles

and successfully observed the E-phenylselenohydroxyla-

tion of 2,3-allenoates with PhSeCl in MeCN. However, the

alcohols 24 were immediately oxidized in the presence of

PhSeCl and Li2CO3 to afford the corresponding ketones 20
as the final products, together with 1-3% of lactones 21.

The E-stereoselectivity is controlled by attack of the carbo-

nyl oxygen to form 23 (Scheme 17).21

Part 2. Electrophilic Addition Reactions
with Z-Stereoselectivity
1,2-Allenyl Sulfides and Selenides. As shown in Scheme 2,

we noted that the CdC bond in product 2 is in Z-configura-

tion and the iodohydroxylation of 1,2-allenyl sulfoxides

afforded the E-products (Scheme 4). We reasoned that the

halohydroxylation of 1,2-allenyl sulfides may be sterically dif-

ferent. Indeed, the reaction of I2 with 26a in aqueous ace-

tone afforded 27a in 68% yield together with 2-iodo-3-

methyl-4-phenyl-2-butenal in 16% yield (Scheme 18). In

aqueous MeCN, the reaction afforded the aldehyde (E/Z )
0.32:1) as the only product in 16% yield.22

The aqueous acetone conditions are general for differently

substituted 1,2-allenyl sulfides.22 For bromohydroxylation, the

related reaction in aqueous MeCN in the absence (for propa-

dienyl sulfide) or presence of Na2CO3 (1 equiv) afforded 28b

or 28, respectively (Scheme 19).

SCHEME 14. Mechanism for the Stereoselective Formation of
Thiiranes

SCHEME 15. Iodohydroxylation of 1,2-Allenyl Phosphine Oxides

SCHEME 16. Chirality Transfer and Mechanism for
Iodohydroxylation of 1,2-Allenyl Phosphine Oxides

SCHEME 17. Reaction of 2,3-Allenoates with PhSeCl and the
Mechanism for the Formation of Ketones 20
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This iodohydroxylation reaction may also be extended to

1,2-allenyl selenides, although the yields are relatively lower

(Scheme 20).22b

The puzzle here is the reversed stereoselectivity. It has

been noted in the literature that Br2 reacts with an allene in

the presence of MeOH to yield the methoxy-bromination

Z-isomer as the major product (Z/E ) 87:13); the selectivity

was attributed to a steric effect of the substituent on the

allene.23 Thus, we introduced an extra alkyl group to the

1-position of 1,2-allenyl sulfides to see if this added alkyl

group would change the stereoselectivity. However, the reac-

tion of 1-alkyl substituted propadienyl sulfides 26c and 26d
still afforded the Z-products 28c and 28d,22b indicating that

the sulfide functionality is exclusively responsible for the ste-

reoselectivity (Scheme 21). Thus, the Z-stereoselectivity was

rationalized by the soft Lewis acid-base interaction between

the sulfur or selenium atom and the positively charged X+ as

in intermediate 31 in Scheme 21.22b

If 31 reacts with water, allylic alcohols 27 or 28 are formed.

The reactivity of 31-type intermediate was further demonstrated

by conducting the reaction in the presence of alcohols to afford

the stereodefined allylic ethers 32, which may further be elabo-

rated to form cyclic products (Scheme 22).24

In addition, the 31a-type intermediates formed in the reac-

tion of propadienyl selenides with I2 in a 1:1 mixed solvent of a

nitrile and n-hexane at 25 °C are relatively stable toward the

presence of a limited amount of water.25 They underwent the Rit-

ter-type reaction with the nitrile26 first, followed by the reaction

with water to afford the corresponding amides 34 (Scheme 23).25

2(5H)-Furanonyl-Substituted Allenes. Recently, we

developed an efficient synthesis of 4-(1,2-allenyl)butenolides

35 from the Pd-catalyzed cyclization of 2,3-allenoic acids in

the presence of propargylic carbonates.27 We decided to pur-

sue the possible halohydroxylation of 35 by applying the

steric and electronic properties of the furanone ring to con-

trol the regio- and stereoselectivity. The Z-iodohydroxylation

was successfully observed in the related reaction of 35

SCHEME 18. Z-Iodohydroxylation of 1,2-Allenyl Sulfide 26a

SCHEME 19. Halohydroxylation of 1,2-Allenyl Sulfides

SCHEME 20. Iodohydroxylation of Propadienyl Selenides

SCHEME 21. Bromohydroxylation of 1-Alkyl-Substituted
Propadienyl Sulfides and the Rationale for the Stereoselectivity

SCHEME 22. Iodohydroxylation of 1,2-Propadienyl Sulfides and
Selenides

SCHEME 23. Ritter-type Reaction of Intermediate 31asRegio- And
Stereoselective Z-Iodoamidation of Propadienyl Sulfides and
Selenides
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(Scheme 24). The stereoselectivity of the corresponding reac-

tion in aqueous MeCN is much lower.28

The addition of iodine to allenes 35 may be reversible, and

the stereoselectivity may be explained by the steric effect23 in

the step of nucleophilic attack at the three-membered iodi-

nonium intermediates by water (37A vs 37B) (Scheme 25).28

Part 3. Fluorohydroxylation of 3-Aryl-1,2-
allenes with Reversed Regioselectivity
In all the reactions discussed above, we applied a relatively com-

plicated functionality to control the regio- and stereoselectivity.

Thus, it would be of high interest to control the selectivity in the

reaction of the readily available simple alkyl- or aryl-substituted

allenes. This idea led to the development of the fluorohydroxy-

lation of 3-aryl-substituted-1,2-allenes with Selectfluor in aque-

ous MeCN at rt. This electrophilic reaction occurred highly

regioselectively with the more substituted and electron-rich CdC

bond (Scheme 26).29 However, the success with simple allenes

is so far still very limited since the presence of the aryl group is

important for the success of this transformation.

Part 4. Electrophilic Cyclizations of Allenes
with a Nucleophilic Functionality1b

In all the reactions discussed above, intermolecular electrophilic

attack occurs; however, if the starting allenes contain a nucleo-

phile, electrophilic cyclization may be realized to afford cyclic

products.

Allenoic Acids. For the selective formation of lactones or lac-

tams,30 we have found that CuX2 (X ) Br, Cl) may trigger the

halocyclization of 2,3-allenoic acids,31 or of salts formed by the

reaction of 2,3-allenoic acids with optically active amines,32 2,3-

allenoates,33 and 2,3-allenoamides.34,35 With I2 or N-bromosuc-

cinimide (NBS), 2,3-allenoic acids may also be cyclized to afford

�-halobutenolides (Scheme 27).36,37 This type of transformation

may also be realized by using PhSeCl,38 PhSCl,38 or Selectfluor39

as the electrophiles (Scheme 27).

In all these electrophilic lactonization reactions, the more

electron-rich CdC bond reacts with trans-attack of the carboxy-

lic acid or ester functionality. With 4,5-allenoic acids, the

iodolactonization reaction in cyclohexane with I2 afforded the

five-membered lactones exclusively in fairly good yields and

a very high Z/E selectivity (Scheme 28).40

SCHEME 24. Z-Iodohydroxylation of �-(1,2-Allenyl)butenolides

SCHEME 25. Rationale for the Stereoselectivity-Steric Effect

SCHEME 26. Regioselective Fluorohydroxylation of 3-Aryl-1,2-
Allenes

SCHEME 27. Halo- or Selenolactonization of 2,3-Allenoic acids

SCHEME 28. Regioselective Iodolactonization of 4,5-Allenoic Acids
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However, the reaction of optically active 4,5-allenoic acids

with axial chirality under the same conditions afforded the race-

mic lactones. In order to solve this problem, new electrophiles

and solvent effects were screened. This led to the observation

that the reaction should be conducted with NIS in the presence

of Cs2CO3 in CH2Cl2 to ensure the high efficiency of chirality

transfer. However, the Z/E selectivity is poor. Finally, this prob-

lem was solved by applying the kinetic resolution with the Sono-

gashira coupling reaction to afford the pure Z-isomer (Scheme

29).40

The regioselectivity involves formation of the five-membered

products. The Z/E-selectivity and chirality transfer is rationalized

by the anti-nature of this iodolactonization reaction (Scheme 30).

The reaction of 3-substituted 4,5-allenoic acids with I2 in

cyclohexane at rt afforded the trans-isomers 50 with high yields,

excellent Z/E ratios, diastereoselectivity, and enantiopurity via the

1,2-chiral induction in the π-allyl cationic intermediate 51
(Scheme 31).40

2,3-Allenoates. The 2,3-allenoic acids are usually pre-

pared from the hydrolysis of 2,3-allenonates. Direct lactoniza-

tion of esters would be highly desired in terms of synthetic

efficiency. With this notion in mind, we successfully devel-

oped direct iodolactonization of 2,3-allenoates with I2, afford-

ing �-iodobutenolides 53 in good-to-excellent yields (Scheme

32).41 With PhSeCl, the reaction of 2,3-allenoates in aque-

ous MeCN also afforded the �-phenylselenobutenolides 54 in

high yields (Scheme 32). It is obvious that the water in the

mixed solvent is mediating the lactonization process.42 As

noticed in Scheme 17, the carbonyl oxygen attacks the car-

bon atom at the 4-position to afford the lactone ring.

Conclusion
Through these studies, it is obvious that the regio- and ste-

reoselectivity of the electrophilic reactions of allenes with elec-

trophiles may be finely tuned by the nature of the

substitutents. E- or Z-Halo- or seleno-hydroxylations have

become one of the most common electrophilic addition reac-

tions for allenes: sulfoxide, sulfone, phosphile oxide, and car-

boxylate functionalities lead to the E-selectivity due to the

formation of the cyclic intermediates; the related reaction of

2,3-allenoates affords the E-selenohydroxylation products,

which are further oxidized to ketones;21 Z-selectivity may be

realized in the reactions of 1,2-allenyl sulfides/selenides and

�-allenylbutenolides. Water can influence these transforma-

tions. Generally speaking, aqueous MeCN is the most com-

monly used media for these types of reactions, although in

some cases aqueous MeNO2 has also been applied. The

readily available optically active allenes for the synthesis of

optically active products with center chiralities, and the vari-

SCHEME 29. Iodolactonization of Optically Active 4,5-Allenoic
Acids and the Kinetic Resolution via the Sonogashira Coupling

SCHEME 30. Rationale for the Z/E-Selectivity and Chirality Transfer

SCHEME 31. 1,2-Chiral Induction in Iodolactonization of 3-
Substituted 4,5-Allenoic Acids

SCHEME 32. Iodolactonization of 2,3-Allenoates
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ety of products that can be formed should give these reac-

tions synthetic potential.
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