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C O N S P E C T U S

Although catalytic asymmetric synthesis has undergone tremendous growth in the last 30 years, chiral auxiliary-aided
asymmetric synthesis continues to attract considerable attention. Chiral N-tert-butanesulfinamide, as pioneered by Ell-

man and co-workers, is undoubtedly one of the most efficient auxiliaries developed to date; it allows the preparation, through
simple conversion, of a diverse range of enantiopure amines, which are ubiquitous in natural products and biologically active
molecules. Following on from our studies of the SmI2-mediated asymmetric syntheses of R,γ-substituted γ-butyrolactones,
we found that simple homocoupling of chiral N-tert-butanesulfinyl imines in the presence of SmI2 produced enantiopure
vicinal C2-symmetric diamines in high yield. In addition, C2-unsymmetric chiral diamines are readily prepared through SmI2-
mediated cross-couplings of N-tert-butanesulfinyl imines and nitrones; these transformations represented the first success-
ful examples of asymmetric cross-coupling between two different imine species. Subsequently, we discovered another useful
reaction induced by SmI2, the efficient cross-coupling of N-tert-butanesulfinyl imines and aldehydes, which provides ready
access to enantiopure anti-1,2-amino alcohols. The synthetic applicability of this reaction was demonstrated through its use
in the facile total syntheses of (3R,4S)-statine, D-erythro-sphinganine, (+)-CP-99,994, and (+)-L-733,060.

The Zn/In-mediated allylation of chiral N-tert-butanesulfinyl imines yields homoallylic amines. After pondering the reac-
tion mechanism, we developed optimal reaction conditions for reversing the stereogenic outcome, thereby allowing the prep-
aration of enantiopure homoallylic amines of either handedness from single enantiomers of the (R)- or (S)-sulfinyl imine.
When a benzoyl-substituted allyl bromide is used for allylation, the reaction proceeds smoothly to give 2-vinyl-substituted
anti-1,2-amino alcohols in high yields and diastereoselectivities, another simple method for preparing enantiopure amino
alcohols. We employed these reactions in the syntheses of enantiopure allylglycine, 3-allyl-isoindolinones, and (-)-cytox-
azone. Further studies led to the discovery that the allylations of N-tert-butanesulfinyl aldimines can be performed in water.

The reactions described in this Account are among the simplest and most efficient synthetic methods available for pre-
paring enantio-enriched diamines, amino alcohols, homoallylic amines, and other amine derivatives. These reactions are addi-
tionally attractive because of the ready availability of the starting materials, the simplicity of the reaction conditions, and
the high degree of stereochemical control. Their applications in the total syntheses of several biologically interesting mol-
ecules illustrate the versatility of these transformations; we hope that they will stimulate the development of new syn-
thetic methods.
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Introduction
The great demand in life science for enantiopure compounds

has led to an extreme significance of asymmetric synthesis.

The organometallic complex-based and metal-free organic

catalysis as well as biotransformation provide most of the

enantiopure compounds. However, the development of prac-

tical and efficient synthetic methods for the synthesis of these

compounds using chiral auxiliaries still attracts wide interest.

Since its introduction, N-tert-butanesulfinamide,1 (R/S)-1 (Fig-

ure 1), has drawn great attention in the auxiliary-aided asym-

metric synthesis of a broad range of chiral amines, which are

present in numerous pharmaceutical agents, natural products,

and synthetic materials (for example, ligands). N-tert-Butane-

sulfinyl imines, (R/S)-2, which can be prepared from readily

available (R/S)-1 and aldehydes or ketones,2 exhibit unique

reactivity and stereoselectivity in various reactions and have

been proven to be extremely versatile chiral reagents. Up to

now, the N-tert-butanesulfinamide-related reactions mainly

included the nucleophilic addition to imine 2, metalloenamine

additions to electrophiles,3 transition-metal catalyzed addi-

tions of organoboronic acids to imines,4 and other types of

reactions.5 To further expand the use of N-tert-butanesulfina-

mide for the synthesis of enantiopure amines, new synthetic

strategies are still desirable in terms of efficiency, practicabil-

ity, and diversity.

Our investigations in the synthesis of enantio-enriched

amines using N-tert-butanesulfinyl imines were rooted in the

SmI2-mediated asymmetric synthesis of R,γ-substituted γ-bu-

tyrolactones.6 Single-electron reduction of ketone by 1 equiv

of SmI2 gives a radical intermediate, which adds to an R,�-

unsaturated ester, followed by second electron transfer by

another equiv of SmI2 and the subsequent intramolecular lac-

tonization to finish the synthesis of γ-butyrolactone. Consid-

ering the substrate scope of this reaction, we envisioned that

a similar reaction between imine 2 and an R,�-unsaturated

ester could possibly give an enantiopure γ-butyrolactam, since

imine 2 was activated by a chiral sulfinyl group and the

samarium atom tended to bind tightly to nitrogen and oxy-

gen atoms.7 To our disappointment, this reaction only pro-

duced intractable mixtures after several attempts. However, we

later found that imine 2 was very efficient in the SmI2-medi-

ated pinacol-type coupling reactions, such as homocoupling or

cross-coupling with nitrones and aldehydes to provide enan-

tiopure vicinal C2-symmetrical and unsymmetrical diamines

and �-amino alcohols. Following that, the efficient synthesis of

enantiopure homoallylic amines by using N-tert-butanesulfi-

namide as chiral auxiliary was also achieved, in which atten-

tion was paid to the reversal of the stereochemical outcome

under different reaction conditions or by using different

reagents. The applications of these synthetic methods have

been demonstrated in total syntheses of some biologically

interesting molecules.

SmI2-Mediated Synthesis of Enantiopure
1,2-Diamines and 1,2-Amino Alcohols
Enantiopure 1,2-diamines and 1,2-amino alcohols are preva-

lent in drug and natural products and serve as important pre-

cursors to many chiral ligands or organocatalysts for

asymmetric catalysis.8 The most straightforward method for

forming vicinal diamines is perhaps the direct reductive cou-

pling between two imine species.9 A number of reaction sys-

tems have been developed for the homocoupling of two

imines but very often with low stereoselectivity.10 Cross-cou-

pling of two different imines is rather difficult because of the

competition of the homocoupling of each imine substrate.

Only one example of synthesis of racemic 1,2-diamines

through direct intermolecular cross-coupling of two different

imine species was reported.11 Recently, we reported a reduc-

tive homocoupling of N-tert-butanesulfinyl imine to chiral

C2-symmetrical vicinal diamine.12 Upon treatment with 2

equiv of SmI2 and 2 equiv of hexamethylphosphoramide

(HMPA) as additive, the homocoupling of aldimine 2 success-

fully proceeded at -78 °C in tetrahydrofuran (THF) to give 3
as a single diastereomer (Table 1). Imines 2 containing either

electron-withdrawing or electron-donating substituents were

all coupled to afford the corresponding 1,2-diamines in mod-

est to high yields. In the case of substrates bearing electron-

donating groups (entries 5, 6, and 10), better yields were

achieved in the presence of 6 equiv of HMPA. After removal

of the chiral auxiliary under acidic condition, free diamines 4
were obtained with excellent ee’s.

A proposed reaction mechanism is shown in Scheme 1.

Substrate 2 could undergo one-electron reduction to give a

radical intermediate (S)-cis-5, which because of the bulkiness

of the Sm complex coordinating with HMPA could be rapidly

transformed into structurally more stable intermediate (S)-

trans-5. Directed by the chiral N-tert-butanesulfinyl group, both

Re-face approaches of two (S)-trans-5 radicals could occur to

provide the homocoupling product with excellent diastereo-

selectivity. This kind of diamine bearing a para-halogen, an
FIGURE 1. N-tert-Butanesulfinamides, 1, and N-tert-butanesulfinyl
imines, 2.
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acetoxy, or a methoxy substituent on the phenyl ring (entries

1-4 and 6 in Table 1), in addition to being useful chiral

ligands in asymmetric synthesis with different electronic prop-

erties, would be a useful functionality for further attachment

onto solid support material such as via O-alkylation or Suzuki

coupling reaction.

A further extension but more challenging subject is the

cross-coupling of N-tert-butanesulfinyl imines with nitrones or

aldehydes to afford enantiopure unsymmetrical vicinal

diamines13 or anti-�-amino alcohols14 in a broad substrate

scope. In the presence of SmI2, a reductive cross-coupling

between various nitrones 7 and chiral aromatic N-tert-butane-

sulfinyl imines afforded the expected unsymmetrical vicinal

diamines 8 with high diastereoselectivities (Table 2). This is

the first successful example of asymmetric cross-coupling

between two different imine species. Conversion of the cross-

coupling product to the corresponding free diamine was then

accomplished in a three-step reaction sequence. For exam-

ple, as shown in Scheme 2, deoxygenation of the hydroxy-

lamine moiety of the coupling product 9 by Zn/Cu(OAc)2,

followed by removal of the sulfinyl and benzyl groups, fur-

nished the optically pure (R,R)-3-methyl-1-phenylbutane-1,2-

diamine (10) as HCl salt in 87% overall yield.

The proposed mechanism of this cross-coupling reaction is

shown in Scheme 3. The nitrone 7 could be reduced by two

electrons transferred from 2 equiv of SmI2 to give an R-aza-

nucleophilic anion 11, which could add intermolecularly to

CdN bond of the imine 2 to form intermediate 12. Herein,

chiral sulfinylimine 2 could act as an electrophile. The steric

bulkiness of R1 in the nitrone anion and R2 in N-tert-butane-

TABLE 1. SmI2-Mediated Reductive Homocoupling of Chiral
N-tert-Butanesulfinyl Iminesa

entry R yield of 3 (%)

1 4-ClC6H4 99
2 4-BrC6H4 93
3 4-FC6H4 83
4 4-AcOC6H4 61
5 4-MeC6H4 71 (72)b

6 4-MeOC6H4 58 (80)b

7 C6H5 25
8 3,4-Cl2C6H3 81
9 3,4-F2C6H3 69
10 3,4-(MeO)2C6H3 52 (85)b

a Reactions were carried out with 0.5 mmol of imine 2, 1.0 mmol of SmI2,
and 1.0 mmol of HMPA in 12 mL of THF at -78 °C. b Performed with 6 equiv
of HMPA.

SCHEME 1. Proposed Reaction Mechanism of SmI2-Mediated
Homocoupling of 2

TABLE 2. SmI2-Induced Reductive Cross-coupling of Nitrones with
N-tert-Butanesulfinyl Iminesa

a Reactions were carried out with 0.5 mmol of imine 2, 0.7 mmol of nitrone
7, 1.0 mmol of SmI2, and 1.0 mmol of t-BuOH in 11 mL of THF at -78 °C.

SCHEME 2. Synthesis of Diamine 10

SCHEME 3. Proposed Reaction Mechanism of the Cross-Coupling
Reaction between Nitrone and Imine Induced by SmI2
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sulfinyl imine group within the transition state 13 could result

in the preferable attack of the anion to the Si-face of the CdN

bond in imine. The lone electron pair on the sulfur atom in 13

was possibly responsible for the limitation of R1 to be only an

aliphatic group in order to avoid the n-π electron repulsion.

The above cross-coupling allows us to extend to the pina-

col-type reaction between carbonyls and imines to furnish vici-

nal amino alcohols. In principle, the pinacol-type cross-

coupling between carbonyls and imines is the most

straightforward route to �-amino alcohols. However, only a

few examples of employing this strategy have been reported

because of the difficulty of achieving satisfactory stereoselec-

tivity.15 Our results are shown in Table 3. A series of N-tert-

butanesulfinyl imines 2 react with various aldehydes 14

smoothly in the presence of SmI2 and t-BuOH to give prod-

ucts 15 in good to excellent yields and with extremely high

diastereomeric ratios. The use of a little excess of aldehyde

substrate and t-BuOH was found to be helpful for the achieve-

ment of high yields. Cleavage of the sulfinyl group under

acidic conditions subsequently afforded �-amino alcohols in

>95% yields in all cases. This method is effective for the prep-

aration of a broad range of chiral �-amino alcohols. When R1

substituents are an aryl or aliphatic group, even bulky, all cou-

pling reactions proceeded smoothly, demonstrating the great

capacity and efficiency of this method. It provides a good solu-

tion to a long-standing difficulty in the construction of enan-

tiopure �-amino alcohols via the direct pinacol-type cross-

coupling between carbonyls and imines.

The synthetic values were illustrated by the easy prepara-

tion of two biologically important compounds, (3R,4S)-statine

16 and D-erythro-sphinganine 17 (Scheme 4).16 The cross-

coupling of aldehyde 18 (2 equiv) with N-sulfinylimine 19 was

performed at -78 °C under standard conditions to provide 20
in 58% yield with 99% de. The tert-butyl ester and N-sulfinyl

were then removed by hydrolysis in one step to afford enan-

tiopure (3R,4S)-statine (16) in high yield. When palmitalde-

hyde 21 (4 equiv) was treated with imine 22 under similar

reaction conditions, 23 was obtained as a single diastereomer

in 64% yield. Removal of the benzyl and sulfinyl groups gave

D-erythro-sphinganine (17) in 90% yield with 97% ee. To the

best of our knowledge, this approach represents one of the

most convenient syntheses of 16 and 17 reported to date.

(+)-CP-99,994 (24) and (+)-L-733,060 (25) are potent and

selective human neuronkinin-1 substance P receptor antago-

nists.17 Their valuable biological properties have stimulated

immense interest in their syntheses.18 The applications of the

imine-aldehyde asymmetric cross-couplings are further dem-

onstrated by total synthesis of two important 2,3-disubstituted

piperidine derivatives (Schemes 5 and 6).19 Reductive cou-

pling of 4-pivaloxybutanal 26 with (R)-imine 27 afforded 28
in 78% yield and >99% ee. The chiral auxiliary was

removed, and the resulting amine was then protected with

Boc to give 29, which was subjected to mesylation and sub-

sequent azide displacement to afford 30 in high yield.

Deblocking of Piv with NaOMe, mesylation of the terminal

hydroxyl, and ring closure gave 2,3-disubstituted piperidine

31 in a satisfactory yield. (+)-CP-99,994 (24) was finally

obtained after reduction of the azide, attachment of the aro-

matic moiety, and deprotection of the Boc group.

The synthesis of (+)-L-733,060 (25) is outlined in Scheme

6. Amide 32, which was obtained after simple transforma-

tions from the same adduct 28, underwent an intramolecu-

lar cyclization in the presence of MsCl/Et3N to give oxazoline

33. Reductive ring-opening of 33 afforded syn-1,2-amino alco-

hol 34 in excellent yield with an inverted stereochemistry of

the hydroxyl group. Switch of the protecting group of amine

to Boc and subsequent O-benzylation gave 35, which was

converted into 36 after routine deprotection of Piv and ring

closure. (+)-L-733,060 (25) was then successfully obtained

after the removal of Boc group.

The syntheses of (+)-CP-99,994 (24) and (+)-L-733,060

(25) illustrated the vast utility of the SmI2-induced reductive

coupling of N-tert-butanesulfinyl imines with aldehydes. The

anti-1,2-amino alcohols thus obtained can be favorably trans-

TABLE 3. SmI2-Induced Reductive Cross-Coupling of Aldehydes
with 2a

entry R1 R2 yield (%) dr ee

1 4-CH3C6H4
iPr 92 >99:1 98

2 4-CH3C6H4 C6H11 90 99:1 >99
3 4-CH3C6H4 (Et)2CH 73 >99:1 99
4 4-CH3C6H4 n-C5H11 90 91:9 95
5 4-CH3C6H4 PhC2H4 95 88:12 95
6 C6H5

iPr 86 99:1 97
7 4-FC6H4

iPr 89 98:2 >99
8 4-ClC6H4

iPr 71 99:1 98
9 4-BrC6H4

iPr 70 >99:1 >99
10 4-AcOC6H4

iPr 82 >99:1 >99
11 4-CH3OC6H4

iPr 84 >99:1 >99
12 3,4-(MeO)2C6H3

iPr 90 >99:1 >99
13 2,4-(MeO)2C6H3

iPr 73 >99:1 >99
14 iPr iPr 88 >99:1 98
15 PhCH2CH2

iPr 87 96:4 >99
16 CH3(CH2)4

iPr 95 98:2 97
17 BnOCH2

iPr 82 >99:1 97
a Reactions were carried out with 0.5 mmol of imine 2, 0.7 mmol of aldehyde
14, 1.0 mmol of SmI2, and 1.0 mmol of t-BuOH in 11 mL of THF at -78 °C.
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formed into syn-1,2-diamines, syn-1,2-amino alcohols, and

2,3-disubstituted piperidine derivatives. In this way, 2,3-disub-

stituted piperidine derivatives of all four possible configura-

tions can be prepared.

Stereoselective Zn/In-Mediated Allylation
of N-tert-Butanesulfinyl IminessReversal of
Stereogenic Outcome and the Reaction
Mechanism
Following Ellman’s pioneering work,20 N-tert-butanesulfinyl

imines 2 have been widely employed in the 1,2-nucleophilic

addition by Grignards, organolithiums, and Reformatsky-type

and Barbier-type reagents (eq 1 in Scheme 7). In many cases,

the products were obtained with high diastereoselectivities. A

six-membered cyclic transition state 37 with metal (such as

Mg) coordinating to the sulfinyl oxygen atom was proposed

for the observed stereochemical outcome of the adduct 38. In

the case of N-tert-butanesulfinyl ketimines as substrates (eq 2

in Scheme 7), the Me3Al-mediated 1,2-addition of organo-

lithium reagent was found to provide higher levels of diaste-

reocontrol to form product 40, where organolithium reagent

subjected to 1,2-addition with the coordination of Me3Al to

nitrogen on the sulfinyl group formed a kind of transition state

39.

Quite often, it is desirable to prepare enantiopure amines

in both orientations. Therefore, the reversal of diastereoselec-

tivity from the same enantiomer of either (R)- or (S)-sulfinyl

imine by altering the reaction transition state would be a sub-

ject of great interest and significance.21 Inspired by the suc-

cess of using N-tert-butanesulfinamide as chiral auxiliary in the

SmI2-mediated coupling reactions, we turned our attention to

the Zn-mediated allylation of N-tert-butanesulfinyl imines. To

our delight, a complete switchover of stereochemical outcome

was realized in this reaction.

The diastereoselective additions of allylmagnesium and

allylindium to chiral N-tert-butanesulfinyl imines have been

previously reported by Ellman20 and Foubelo,22 respectively.

In their studies, addition of allylmetal (Mg or In) to N-tert-bu-

tanesulfinyl imines was proposed to proceed via the six-mem-

SCHEME 4. Synthesis of (3R,4S)-Statine (16) and D-erythro-Sphinganine (17)

SCHEME 5. Synthesis of (+)-CP-99,994 (24)

SCHEME 6. Synthesis of (+)-L-733,060 (25)

SCHEME 7. 1,2-Nucleophilic Addition of Organometallic Reagents
to N-tert-Butanesulfinyl Aldimines and Ketimines
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bered chairlike transition state model (TS-1 in Scheme 8), in

which allylmetal could coordinate to sulfinyl oxygen and the

R group would take the pseudoaxial position. Thus, when (R)-

N-tert-butanesulfinyl imine is employed, the Si-face addition

will be favored to yield the (S)-amine as the major product.

However, it can be assumed that an acyclic transition state,

TS-2 in Scheme 8, might also be involved in the presence of

a rather strong Lewis acid. The coordination of Lewis acid with

nitrogen and sulfinyl oxygen of imine would direct the allyl

attack predominately also from the Si-face to give (S)-amine.

Additionally, another type of acyclic transition state model,

TS-3, could be envisioned, which results in the allylic addi-

tion to the less-hindered Re-face of imine where the (R)-amine

product would be preferably formed.

Gratifyingly, as shown in Table 4, the allylation of (R)-N-

tert-butanesulfinyl aldimines 2 in two systems, with TS-2 and

TS-3 model, went equally well.23 All the reactions proceeded

smoothly at room temperature to provide the corresponding

homoallylic amines 41 in good yields as well as with high

diastereoselectivities in both systems. Thus, the opposite ste-

reocontrol was achieved. N-tert-Butanesulfinyl imines of aro-

matic aldehydes proved to be excellent substrates in both

systems giving excellent dr in most cases. Taking into account

the transition state model TS-2, In(OTf)3 was found to be the

best additive among the screened ones. On the other hand, it

seemed that chelation of Zn(II) with sulfinylimine was dis-

rupted in HMPA in the presence of a small amount of H2O

where the reaction proceeded via transition state model TS-3,

though the real role of H2O in the system is not clear yet. For

aliphatic imines (entries 11-14), the HMPA system gave even

better diastereoselectivities.

N-tert-Butanesufinyl ketimines 42 were also examined as

substrates to produce the corresponding quaternary carbon-

containing chiral homoallylic amines (Table 5). The asymmet-

ric allylation of ketimines is a challenging topic in organic

synthesis partially because ketimines are relatively less reac-

tive than aldimines. In our case, ketimines 42 work equally

well in the presence of In(OTf)3 giving the corresponding

enantiopure homoallylic amines 43 in moderate yields and

with excellent diastereomeric ratios. In most cases, >95:5 dr

was observed. However, ketimines did not react with allylic

bromide in THF in the absence of Lewis acid additive. This was

one of the few reports of success and among the best in

asymmetric induction in the allylation of aromatic ketimines.24

In the optimized HMPA system, ketimines were not activated

enough, and the allylation reaction did not take place.

SCHEME 8. Three Possible Transition States in the Allylation of
N-tert-Butanesulfinyl Imines

TABLE 4. Diastereoselective Allylation to (R)-N-tert-Butanesulfinyl
Aldimines in Two Different Systemsa

THF systemb HMPA systemc

entry R yield (%) dr yield (%) dr

1 C6H5 93 98:2 97 1:99
2 4-FC6H4 98 98:2 97 1:99
3 4-ClC6H4 98 98:2 96 3:97
4 4-BrC6H4 93 97:3 99 2:98
5 4-MeC6H4 95 96:4 88 3:97
6 4-MeOC6H4 91 95:5 81 2:98
7 2-ClC6H4 91 97:3 73 2:98
8 2-MeC6H4 95 98:2 89 3:97
9 3-BrC6H4 98 98:2 99 2:98
10 2-naphthyl 81 95:5 86 3:97
11 cyclopropyl 98 86:14 97 4:96
12 cyclohexyl 99 97:3 94 3:97
13 ethyl 93 88:12 92 5:95
14 propyl 96 94:6 94 2:98
15 phenethyl 92 90:10 93 4:96
16 phenetheneyl 83 91:9 87 6:94

a Reactions were carried out with 0.25 mmol of imine 2 and 0.5 mmol of Zn/
allyl bromide in 5 mL of dry solvent at rt. b In(OTf)3 (0.275 mmol) was used
as additive. c Water (10 µL) was used as additive.

TABLE 5. Diastereoselective Allylation to (R)-N-tert-Butanesulfinyl
Ketimine in THF Systema

entry R yield (%) dr

1 C6H5 69 97:3
2 4-MeC6H4 67 96:4
3 4-CF3C6H4 89 96:4
4 4-MeOC6H4 76 95:5
5 4-ClC6H4 83 97:3
6 4-BrC6H4 85 97:3
7 4-FC6H4 79 97:3
8 3-MeC6H4 66 95:5
9 3-ClC6H4 81 98:2

a Reactions were carried out with 0.25 mmol of ketimine, 0.75 mmol of Zn/
allyl bromide, and 0.325 mmol of In(OTf)3 in 5 mL of dry THF at rt.
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The Zn/HMPA system can be extended to set vicinal chiral

centers simultaneously.25 Reaction of (S)-N-tert-butanesulfi-

nyl aldimines 2 with benzoyl-substituted allyl bromide 44 pro-

vided the �-amino alcohol derivatives 45 (Table 6), which are

very useful building blocks for the preparation of natural and

bioactive compounds. In most cases, the corresponding prod-

ucts were obtained in high yields and with excellent diaste-

reoselectivities. This method provides a new alternative route

to prepare various side chains of Taxol and its derivatives by

subsequent conversion of the yielded amino alcohols.

Qin reported a different synthetic approach to the side

chain of Taxol through an enolate addition of O-protected

R-hydroxyacetate 46 to (S)-N-tert-butanesulfinylimine (Scheme

9).26 The bulky protecting group in 46 improved the yield and

stereoselectivity, leading to 47 as the sole adduct. Again, the

reaction was rationalized as subject to six- and four-membered

bicyclic transition state 48, in which cis relationship between

the R group in the axial position and the OR′ group in the

equatorial position may allow the easier access to C2 and C3.

That could be the reason why the bulky R′ group (such as Boc)

favored the formation of 47 as the dominating adduct.

The synthetic application of the allylation of N-tert-butane-

sulfinyl imine by the benzoyl-substituted allyl bromide 44 was

illustrated by the total synthesis of (-)-cytoxazone (49)

(Scheme 10),27 a microbial metabolite isolated from Strepto-
myces sp. and a selective modulator of TH2 cytokine secre-

tion.28 Allylation of imine (S)-50 with 44 in the presence of

Zn/HMPA provided 51 in excellent yield. Routine removal of

the benzoyl group and chiral auxiliary followed by ring clo-

TABLE 6. Preparation of Vicinal Amino Alcoholsa

entry R yield (%) dr

1 C6H5 93 97:3
2 4-FC6H4 98 97.5:2.5
3 4-BrC6H4 93 97:3
4 3-ClC6H4 98 98:2
5 4-ClC6H4 85 96:4
6 2-CH3C6H4 98 98.5:1.5
7 2-naphthyl 96 96:4
8 3-methylbutyl 82 78:22
9 4-MeOC6H4 99 96:4
10 4-CH3C6H4 96 96.5:3.5

a Reactions were carried out with 0.25 mmol of imine 2, 0.5 mmol of 44, 10
µL of water as additive, and 0.5 mmol Zn powder in 5 mL of dry HMPA at rt.
Caution: HMPA is a suspected human carcinogen.

SCHEME 9. Addition of O-Protected R-Hydroxyacetate to
N-tert-Butanesulfinyl Imine

SCHEME 10. Synthesis of (-)-Cytoxazone (49)

TABLE 7. Allylation in Aqueous Mediaa

entry R yield (%) dr

1 4-MeC6H4 97 98:2
2 4-ClC6H4 99 97:3
3 4-CF3C6H4 99 97:3
4 4-MeOC6H4 85 98:2
5 4-PhC6H4 93 99:1
6 3-ClC6H4 98 99:1
7 3-MeOC6H4 95 98:2
8 2-MeOC6H4 94 >99:1
9 2-FC6H4 92 >99:1
10 2-BrC6H4 99 >99:1
11 2,4-Cl2C6H3 95 >99:1
12 2,4-(MeO)2C6H3 84 >99:1
13 3,4-(MeO)2C6H3 81 98:2
14 1-naphthyl 99 98:2
15 2-naphthyl 98 98:2
16 2-thiopheneyl 98 94:6
17 3-furanyl 90 95:5
18 2-pyridyl 73 95:5
19 ferrocenyl 74 >99:1
20 propyl 84 92:8
21 isopropyl 82 96:4
22 cyclohexyl 87 96:4
23 phenetheneyl 92 95:5

a Reactions were carried out with 0.25 mmol of imine 2 and 1.0 mmol In/
allyl bromide in 5 mL of saturated aq NaBr solution at rt.

SCHEME 11. Preparation of Enantiopure Allylglycine
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sure in the presence of carbonyldiimidazole (CDI) gave oxazo-

lidinone 52. Ozonolysis of the double bond of 52 followed by

reduction of the generated aldehyde with NaBH4 completed

the total synthesis of (-)-cytoxazone (49).

Notably, the additive-aided allylation reaction can even be

performed in aqueous media in open air.29 Among the

screened media, such as aqueous NH4Br, KBr, NaCl, NaBr, and

NaOAc solutions, aqueous NaBr offered the best result, and

the reaction proceeded well at room temperature even in

open air. As shown in Table 7, both aryl and alkyl aldimines

provided the corresponding homoallylic amines in high yields

and with excellent stereoselectivities. To demonstrate the syn-

thetic utility of this aqueous allylation, the enantiopure allylg-

lycine 55 was conveniently prepared as shown in Scheme 11.

This provides a novel and easy access to unnatural amino

acids. This method could also be used to prepare chiral 3-sub-

stituted isoindolinones, which are valuable pharmacological

compounds and important synthetic building blocks (Scheme

12).30 Allylation of imine 56 proceeded smoothly at room

temperature to give 57 in high yields and excellent diaste-

reoselectivities. Treatment of 57 with HCl in CH3OH led to the

removal of chiral auxiliary and subsequent lactamization to a

series of enantiopure 3-allyl isoindolinones 58, which may be

transformed into other chiral 3-substituted isoindolinones

through elaboration of the allyl group.

Conclusion
We have developed several new and stereoselective reactions

for the preparation of enantiopure amines as chiral building

blocks, chiral ligands, and auxiliaries in organic chemistry.

SmI2-mediated homocoupling and cross-coupling of N-tert-
butansulfinylimines with nitrones and aldehydes provide an

efficient way to synthesize enantiopure vicinal diamines and

�-amino alcohols. This system is highlighted by its simplicity

and high efficiency in stereochemical control. The successes

of these reactions may greatly stimulate the investigation of

N-tert-butansulfiamides as chiral auxiliary in other SmI2-me-

diated reactions. In the Zn-mediated allylation of N-tert-butan-

sulfinylimines, a stereoselectivity reversal can be realized by

simply alternating the reaction conditions. Even more, this

reaction can be used to set up two chiral centers in one step

by using the benzoyl-substituted allyl bromide as the nucleo-

phile. Further studies found that this allylation mediated by In

can be even carried out in aqueous media at room tempera-

ture and in open air. Applications of these synthetic methods

have been demonstrated by the total synthesis of some bio-

logically active molecules, which in turn contribute to the

development of new synthetic methods.
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ortho-Metalation of Enantiopure Aromatic Sulfoxides and Stereocontrolled Addition
to Imines. J. Org. Chem. 2006, 71, 2609–2616.

6 (a) Xu, M.-H.; Wang, W.; Lin, G.-Q. A Highly Efficient Asymmetric Synthesis of
Optically Active R,γ-Substituted γ-Butyrolactones Using a Chiral Auxiliary Derived
from Isosorbide. Org. Lett. 2000, 2, 2229–2232. (b) Wang, W.; Xu, M.-H.; Lei,
X.-S.; Lin, G.-Q. Chiral Sulfonamide Induced Enantioselective Protonation of
Samarium Enolate in the Reaction of R,�-Unsubstituted Ester with Ketone. Org. Lett.
2000, 2, 3773–3776. (c) Xu, M.-H.; Wang, W.; Xia, L.-J.; Lin, G.-Q. Development
of a New Reaction System for the Synthesis of Highly Optically Active R,γ-
Substituted γ-Butyrolactones. J. Org. Chem. 2001, 66, 3953–3962.

7 Kagan, H. B. Twenty-five Years of Organic Chemistry with Diiodosamarium: An
Overview. Tetrahedron 2003, 59, 10351–10372.

8 (a) Viso, A.; de la Pradilla, R. F.; Garcı́a, A.; Flores, A. R,�-Diamino Acids: Biological
Significance and Synthetic Approaches. Chem. Rev. 2005, 105, 3167–3196. (b)
Lucet, D.; Le Gall, T.; Mioskowski, C. The Chemistry of Vicinal Diamines. Angew.
Chem., Int. Ed. 1998, 37, 2580–2627. (c) Bergmeier, S. C. The Synthesis of Vicinal
Amino Alcohols. Tetrahedron 2000, 56, 2561–2576. (d) Trost, B. M.; Terrell, L. R.
A Direct Catalytic Asymmetric Mannich-type Reaction to syn-Amino Alcohols. J. Am.
Chem. Soc. 2003, 125, 338–339. (e) List, B.; Pojarliev, P.; Biller, W. T.; Martin,
H. J. The Proline-Catalyzed Direct Asymmetric Three-Component Mannich Recation:
Scope, Optimization, and Application to the Highly Enantioselective Synthesis of
1,2-Amino Alcohols. J. Am. Chem. Soc. 2002, 124, 827–833. (f) Matsunaga, S.;
Yoshida, T.; Morimoto, H.; Kumagai, N.; Shibasaki, M. Direct Catalytic Asymmetric
Mannich-type Reaction of Hydroxyketone Using a Et2Zn/Linked-BINOL Complex:
Synthesis of Either anti- or syn-�-Amino Alcohols. J. Am. Chem. Soc. 2004, 126,
8777–8785.

9 Recently, Shi reported a catalytic asymmetric diamination for a variety of conjugated
alkenes in good yields with high regio-, diastereo-, and enantioselectivities. Du,
H.-F.; Yuan, W.-C.; Zhao, B.-G.; Shi, Y. Catalytic Asymmetric Diamination of
Conjugated Dienes and Trienes. J. Am. Chem. Soc. 2007, 129, 11688–11689.

10 (a) Hatano, B.; Ogawa, A.; Hirao, T. Cp2VCl2-Catalyzed Meso-Selective Pinacol
Coupling Reaction of Aldimines in the Presence of Chlorosilane and Zinc Metal. J.
Org. Chem. 1998, 63, 9421–9424. (b) Alexakis, A.; Aujard, I.; Mangeney, P.
Practical and Efficient Synthesis of C2 Symmetrical Diamines with Zn/Me3SiCl.
Synlett 1998, 873–874. (c) Ortega, M.; Rodrı́guez, M. A.; Compos, P. J. Zn-
Mediated Catalytic Photoreduction of Aldimines. One-Pot Synthesis and Separation
of meso and d,l C2 Symmetrical Diamines. Tetrahedron 2004, 60, 6475–6478.

11 Shimizu, M.; Suzuki, I.; Makino, H. Highly Chemoselective Crossed Imino Pinacol
Coupling Reaction Using the Synergetic Effect of Boron Trifluoride Etherate and
Trichloromethylsilane. Synlett 2003, 1635–1638.

12 Zhong, Y.-W.; Izumi, K.; Xu, M.-H.; Lin, G.-Q. Highly Diastereoselective and
Enantioselective Synthesis of Enantiopure C2-Symmetrical Vicinal Diamines by
Reductive Homocoupling of Chiral N-tert-Butanesulfinyl Imines. Org. Lett. 2004, 6,
4747–4750.

13 Zhong, Y.-W.; Xu, M.-H.; Lin, G.-Q. Samarium Diiodide-Induced Asymmetric
Synthesis of Optically Pure Unsymmetrical Vicinal Diamines by Reductive Cross-
Coupling of Nitrones with N-tert-Butanesulfinyl Imines. Org. Lett. 2004, 6, 3953–
3956.

14 Zhong, Y.-W.; Dong, Y.-Z.; Fang, K.; Izumi, K.; Xu, M.-H.; Lin, G.-Q. A Highly
Efficient and Direct Approach for Synthesis of Enantiopure �-Amino Alcohols by
Reductive Cross-Coupling of Chiral N-tert-Butanesulfinyl Imines with Aldehydes.
J. Am. Chem. Soc. 2005, 127, 11956–11957.

15 (a) Taniguchi, N.; Uemura, M. Asymmetric Synthesis of �-Amino Alcohols by Cross-
Pinacol Coupling of Planar Chiral Ferrocenecarboxaldehyde with Imines. J. Am.
Chem. Soc. 2000, 122, 8301–8302. (b) Tanaka, Y.; Taniguchi, N.; Uemura, M.
Asymmetric Synthesis of �-Amino Alcohols by Reductive Cross-Coupling of
Benzylideneamine with Planar Chiral Benzaldehydes. Org. Lett. 2002, 4, 835–838.
(c) Chavarot, M.; Rivard, M.; Rose-Munch, F.; Rose, E.; Py, S. First Asymmetric
SmI2-Induced Cross-Coupling of Cr(CO)3 Aromatic Nitrone Complexes with Carbonyl
Compounds. Chem. Commun. 2004, 2330–2331.

16 (a) Pesenti, C.; Bravo, P.; Corradi, E.; Frigerio, M.; Meille, S. V.; Panzeri, W.; Viani,
F.; Zanda, M. Synthesis of (+)- and (-)-Satine via Chiral Sulfoxide Chemistry. J.
Org. Chem. 2001, 66, 5637–5640. (b) Andrés, J. M.; Pedrosa, R.; Pérez, A.; Pérez-
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30 (a) Csende, F.; Stájer, G. Approaches to the Formation of Condensed Isoindolones.
Curr. Org. Chem. 2005, 9, 1261–1276. (b) Wang, Z.-Q.; Feng, C.-Q.; Xu, M.-H.;
Lin, G.-Q. Design of C2-Symmetric Tetrahydropentalenes as New Chiral Diene
Ligands for Highly Enantioselective Rh-Catalyzed Arylation of N-Tosylarylimines with
Arylboronic Acids. J. Am. Chem. Soc. 2007, 129, 5336–5337.

Exploring N-tert-Butanesulfinyl Imines Lin et al.

840 ACCOUNTS OF CHEMICAL RESEARCH 831-840 July 2008 Vol. 41, No. 7




