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C O N S P E C T U S

Amino acids are one of the most important classes of the building blocks of life: they are the structural subunits of proteins,
peptides, and many secondary metabolites. In addition to the 20 R-amino acids that constitute the backbone of proteins,

hundreds of other natural R-amino acids have been discovered either in free form or as components in natural products. The dif-
ference between these molecules is the substituents at the chiral carbon situated between the amino and carboxyl moieties; this
carbon (and any atom along a chain attached to it) is thus an important synthetic target.

Because tailor-made R-amino acids are increasingly popular in biochemistry and organic synthesis, further refinement in syn-
thetic methods to generate both natural (L-configuration) and unnatural (D-configuration) amino acids is a very active area of cur-
rent research. In this Account, we examine the tricycloiminolactones, which are versatile glycine equivalents derived from natural
camphor. We have developed the tricycloiminolactones in our laboratory and used them in the synthesis of several kinds of enan-
tiopure R-amino acids.

As nucleophiles, enolated tricycloiminolactones were shown to successfully participate in alkylations, Aldol reactions, Michael
additions, and Mannich reactions. These reactions all gave excellent stereoselectivities and high yields. Simple conversion of the
products offered R-alkyl-R-amino acids, R,R-dialkyl-R-amino acids, �-hydroxy-R-amino acids, R,γ-diamino acids, and R,�-
diamino acids. One particular advantage is that the same electrophile can react with two chiral templates in the same way, thus
affording access to both enantiomeric amino acids. In other words, some natural (L-configuration) R-amino acids and their unnat-
ural (D-configuration) counterparts can be prepared very conveniently.

The relation between substrate structures and product stereoconformations derived from our investigations serves as a convenient
guide in the synthesis of useful chiral amino acids. In addition, highly stereoselective 1,3-diploar cycloadditions between alkenes and chiral
nitrones derived from tricycloiminolactones provide a potential method for the synthesis of γ-hydroxy-R-amino acids.

We also discuss applications of our methods in the synthesis of complex natural products, including conagenin, polyoxamic acid, lac-
tacystin, and sphingofungin F. The preparation of some clinically important drug molecules, such as thiaphenicol, florfenicol, and chloram-
phenicol, was greatly simplified with our methods. The tricycloiminolactones offer a number of advantages in the synthesis of both natural
and unnatural R-amino acids and provide many useful building blocks in the synthetic pursuit of complex molecules.
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1. Introduction

Amino acids are widely incorporated in proteins, peptides, and

many secondary metabolites. R-Amino acids constitute an

important family of natural products1 and are essential mol-

ecules in many areas of research. Usually, they are employed

in the construction of peptides and proteins as structural units,

ligand design, and total synthesis as chiral pools.2,3 In the past

decade, it was discovered that several R-amino acids could be

used to catalyze certain reactions, which opened the door of

asymmetric organocatalysis.3 Apart from 20 proteinogenic

R-amino acids, hundreds of R-amino acids have been discov-

ered in the free form or as a component in natural products,

and the number of such R-amino acids still grows constantly.

Generally speaking, the R-carbon of major natural R-amino

acids is of L-configuration. Some of the D-series exist in non-

protein compounds of plants, fungi, and microorganisms but

are not common in animals and never in any protein. Further-

more, tailor-made unnatural R-amino acids are widely and

increasingly employed in organic synthesis, biochemistry, and

some other areas. Thus, the development of R-amino acids

synthesis is necessary.

Important applications of the enantiomerically enriched

R-amino acids have attracted a great deal of attention among

scientists. Particularly, the increasing demand of these opti-

cally active compounds has encouraged chemists to develop

new synthetic methodologies. In the last 30 years, catalytic

asymmetric synthesis of R-amino acids has undergone tre-

mendous growth.4 Chiral auxiliary-mediated asymmetric syn-

thesis has attracted considerable attention continuously. In

many asymmetric synthetic methods of R-amino acids medi-

ated by chiral auxiliaries, chiral templates derived from gly-

cine, alanine, and other R-amino acids were used frequently

and widely,5 because such a process is considered to be one

of the most straightforward and reliable methodologies. Our

efforts on the development of tricycloiminolactones (12, 13),

versatile glycine equivalents, and their applications in the syn-

thesis of R-amino acids (Table 1) and natural products will be

reviewed in this Account.

2. Preparation of Tricycloiminolactones
from Natural Camphor
As part of our work to develop procedures for the prepara-

tion of optically active R-amino acids, we designed the chiral

glycine equivalent 12 based on 3 derived from natural cam-

phor.6 In developing an asymmetric glycine equivalent, we

focused our attention on camphor-based tricycloiminolactones

for the following reasons: (1) the rigid transition state derived

from a cyclic system could enhance the asymmetric steric

effect of the auxiliary in controlling the stereochemistry of the

reaction; (2) single Z-enolate obtained from the lactone pro-

vides a single product when the electrophile approaches from

one face of the enolate specifically; (3) the C12-methyl group

of camphor could block the top face of the enolate, resulting

in good stereoselectivity; (4) both the imine and the lactone

functionalities can be hydrolyzed easily to form the amino

acid and recover the chiral auxiliary; and (5) camphor is inex-

pensive and readily available. Therefore, iminolactone 12 is

expected to form a rigid transition state upon deprotonation,

and an electrophile is expected to come in from the less hin-

dered bottom side of the lactone to give the product in high

diastereomeric purity.

Our route started from natural camphor (Scheme 1). (1R)-

(+)-Camphor was oxidized with selenium dioxide to give (1R)-

(+)-camphorquinone 2 quantitatively. Selective protection of

the less hindered carbonyl group followed by reduction and

hydrolysis afforded 2-exo-hydroxyepicamphor 3 as the sole

isomer. Hydroxyketone 3 was then transformed into ester 10

with N-Cbz-glycine. Removal of the Cbz group and concomi-

tant cyclization to the imine occurred to give rise to the

desired chiral template 12 (Scheme 2).

R-Substituted amino acids could be obtained by the reac-

tion of electrophiles and enolated 12 followed by hydrolysis.

In principle, the antipode of the R-amino acids can be synthe-

TABLE 1. Reactions of Tricycloiminolactones

reaction type reactant yield and de selectivity of product corresponding amino acids

monoalkylation 12/13 + RX yield ) 59-93%, de > 98% RCH(NH2)CO2H, yield ) 70-82%, ee > 94%
bis-alkylation 12/13 + R1X + R2X yield ) 71-90%, de ) 71-96% R1R2C(NH2)CO2H, yield ) 82-90%, ee > 97%
Aldol 12/13 + RCHO R ) Ar, yield ) 73-83%, de)85-96% RCH(OH)CH(NH2)CO2H, yield ) 74-84%,

ee > 98%
R ) alkyl, yield ) 63-86%, de ) 71-96%

Michael 12/13 + RCHdCH2NO2 R ) Ar, yield ) 77-94%, de > 92% NH2CHCHRCH(NH2) CO2H, yield ) 65-82%,
ee > 99%

R ) alkyl, yield ) 71-92%, de > 90%
Mannich 12/13 + RCHdNBoc yield ) 71-94%, de ) 85-96% RCH(NH2)CH(NH2) CO2H, yield ) 75-85%,

ee > 99%
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sized if unnatural (1S)-(-)-camphor is utilized through the

same sequence. Unfortunately, unnatural camphor is much

more expensive. So, a more practical method by exchanging

the position of the hydroxyl group of the chiral auxiliary from

C2 to C3 was probed.7 In order to accomplish this exchange,

a selective hydrolysis of the ketal was employed as a key step

(Scheme 1). When compound 7 was converted into 8 success-

fully, preparation of compound 13 became easy (Scheme 2).

Different Rf values were observed for 12 and 13 on TLC,

which suggested that a mixture of compounds 12 and 13

could be separated by flash column. Thus, we directly reduced

compound 2 with NaBH4, and compounds 3 and 4 were

obtained as a mixture. Without separation, the mixture was

used in the next two steps to give pure 12 and 13 success-

fully (Scheme 3).8

3. Synthesis of r-Alkyl-r-amino Acids and
r,r-Dialkyl-r-amino Acids
In many lactone participated reactions, alkylation is the sim-

plest. Thus, alkylation of the deprotonated tricycloiminolac-

tones was investigated first.6,7,8a It was expected that the

alkylated products could offer optical pure R-alkylated gly-

cines after simple hydrolysis.

Alkylation of tricycloiminolactones was carried out at -78 °C

using various combinations of different bases, solvents, addi-

tives, and electrophiles. The results of alkylations strongly

depended on the reaction conditions employed. It was found that

the combination of lithium diisopropylamide (LDA) and hexa-

methylphosphoramide (HMPA) gave the best yield and excel-

lent stereoselectivity. The scope of electrophiles including methyl

iodide, ethyl iodide, butyl iodide, benzyl bromide, and allyl bro-

mide was examined in detail (Scheme 4). NMR coupling patterns

and X-ray crystallography confirmed the stereochemistry of alkyl-

ated iminolactone and demonstrated that the major product had

endo configuration. It is noteworthy that methylation of the two

iminolactones with KOtBu as a base resulted in considerably

lower facial selectivity compared to LDA. Similarly, benzylation of

iminolactones with KOtBu resulted in a reversal of selectivity but

with a poor distereomeric ratio.6

Hydrolysis of the alkylated iminolactones afforded the cor-

responding R-amino acids in good yields and enantiomeric

excesses (Scheme 5). The configurations of the amino acids,

SCHEME 1. Synthesis of 2-exo-Hydroxyepicamphor (3) and 3-exo-
Hydroxycamphor (4)a

a Reagents and conditions: (a) SeO2/Ac2O, reflux, 17 h, 100%; (b)
HOCH2CH2OH, TsOH, benzene, 78%; (c) NaBH4, Et2O/CH3OH (v/v ) 1:1); (d)
cold H2SO4, 94%; (e) NaBH4, MeOH/Et2O, 0 °C, 30 min, 87% (3/4 )1/1.85);
(f) HOCH2CH2OH, TsOH, c-hexane, reflux, 4 days, 88%; (g) cold aq. H2SO4 (v/v
) 1:1), 91%; (h) NaBH4, Et2O/CH3OH (v/v ) 1:1); (i) cold aq. H2SO4 (v/v ) 1:1),
20 minutes, 93%.

SCHEME 2. Synthesis of Tricycloiminolactones 12 and 13a

a Reagents and conditions: (a) Z-GlyOH, DMAP, DCC, THF, rt, 16 h, 98%; (b)
H2 (1 atm), Pd/C, rt, 14 h, 76%.

SCHEME 3. Optimized Approach to the Tricycloiminolactonesa

a Reagents and conditions: (a) NaBH4, MeOH/Et2O, 0 °C, 30 min, 87% (3/4 ) 1/1.85); (b) Z-GlyOH, DMAP, DCC, THF, rt, 16 h, 98%; (c) H2 (1 atm), Pd/C, rt,
14 h, 76% (12/13 ) 1:1.59).
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determined by comparing the optical rotation of the products

with the literature values, were in accordance with those

assigned to the respective precursors. In addition, the chiral

auxiliaries 3 and 4 were recovered in excellent yields and

could be recycled.

After the preparation of R-monoalkylated glycines, we

turned our attention to the synthesis of R,R-disubstituted

R-amino acids.8a According to our previous results, alkyla-

tion of iminolactones 12 and 13 gave the monoalkylated

products 14 and 16, respectively, as the sole products in good

yields. If compounds 14 and 16 were alkylated again under

the same conditions, compounds 20 and 21 might be fur-

nished. Followed by hydrolysis, corresponding R,R-disubsti-

tuted R-amino acids could be obtained. Thus, monoalkylated

products 14 and 16 were alkylated again under the condi-

tion used in the alkylation of iminolactones 12 and 13 except

1.3 equiv of LDA was used. Fortunately, the reaction occurred

smoothly and the scope of the electrophiles was as wide as

monoalkylation. Good yields and excellent diastereoselectivi-

ties were observed (Scheme 6). Interestingly, the enolates of

iminolactones 14 and 16 always attacked the electrophiles

from the endo face regardless of the sizes of the electrophiles

to generate the stereocenters with virtually complete diaste-

reoselectivity. Consequently, the configuration of the R,R-di-

substituted R-amino acids could be controlled by employing

proper order of alkylations. According to the above results, we

reasoned if the mixture of compounds 14 and 15, as well as

16 and 17, was alkylated directly under the same conditions,

SCHEME 4. Alkylation of Tricycloiminolactones

SCHEME 5. Hydrolysis of Monoalkylated Tricycloiminolactones

SCHEME 6. Preparation of Dialkylated Tricycloiminolactones

SCHEME 7. Direct Alkylation of a Mixture of Monoalkylated
Tricycloiminolactones

SCHEME 8. Hydrolysis of Dialkylated Tricycloiminolactones
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a single diastereoisomer of the product would be obtained

(Scheme 7). This presumption was confirmed by experiments.

Representative dialkylated tricycloiminolactones 20 and 21
were hydrolyzed with 2 N NaOH at room temperature for 2 h

and then with 6 N HCl at 92 °C for 3 h to afford the corre-

sponding optically active R,R-disubstituted R-amino acids in

good yields and enantiomeric excesses (Scheme 8). The con-

figurations of R-amino acids were in agreement with those

assigned to the respective dialkylated tricyclominolactone pre-

cursors.

The extremely high endo-face selectivity for alkylation is

discussed using semiempirical (MOPAC 93) calculations (Fig-

ures 1 and 2, and Table 2), and the results are in accordance

with our conclusion drawn from experiments.

It is noteworthy that Jørgensen reported an excellent

method for the synthesis of R,R-disubstituted R-amino acids in

2008 (Scheme 9).8b An organocatalyzed Michael addition of

R,�-unsaturated aldehydes by racemic oxazolones was

employed as the key step. Good yields and stereoselectivi-

FIGURE 1. Electrostatic potential isodensity surfaces of two transition states obtained from ab initio calculations.

FIGURE 2. Geometries of transition states for alkylation of compound 16 (R1 ) CH2CHdCH2, R2 ) n-Bu): (left) axial nucleophile attack;
(right) equatorial nucleophile attack.

TABLE 2. Energy Difference between Exo- and Endo- Attack (kcal/
mol)

reaction compd 16

R1 R2 ∆Eexo ∆Eendo ∆(∆E)a

CH3 CH2C6H5 35.58 32.25 3.33
CH2dCHCH2 CH2C6H5 38.80 35.91 2.89
CH2dCHCH2 n-Bu 41.19 39.62 1.57
CH2C6H5 CH3 36.63 31.06 5.57
CH2C6H5 CH2dCHCH2 37.31 35.99 1.32
CH2C6H5 CH2C6H5 37.02 34.77 2.25

a ∆(∆E) ) ∆Eexo - ∆Eendo.

SCHEME 9. Organocatalyzed Approach to R,R-Disubstituted R-Amino Acids Developed by Jørgensen
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ties were observed. By contrast, our method has obvious

advantages in the synthesis of R,R-dialkyl R-amino acids,

especially in the regulation of stereochemistry.

4. Synthesis of �-Hydroxy-r-amino Acids

�-Hydroxy-R-amino acids are important constituents of pep-

tides and other complex natural products. Therefore, meth-

ods that can control the stereochemistry of R- and �-positions

of �-hydroxy-R-amino acids would be highly useful.9 After we

achieved the enantiomeric synthesis of R-alkylated-R-amino

acids, we probed the aldol reactions between the enolated

iminolactones and aldehydes (Figure 3). The aldol reactions

were carried out at -78 °C in THF using LDA as the base. In

an attempt to improve the yield and diastereoselectivity, we

carried out a series of experiments by varying the additives

used. The results demonstrated that the addition of 6.0 equiv

of lithium chloride led to remarkably improved diastereose-

lectivity. Then, a series of aldol reactions was conducted using

the above-optimized conditions, and the results are summa-

rized in Scheme 10. As expected, these reactions furnished the

aldol adducts in good yields with high stereochemical con-

trol for the two newly generated stereogenic centers.10

In principle, the aldol reaction of any tricycloiminolactone

(12 or 13) with an aldehyde will form four diastereoisomeric

products. However, in our reactions, the exclusive endo addi-

tion of the nucleophile to the aldehyde only led to the pro-

duction of two diastereisomers. It is presumably due to the

steric hindrance of the C12-methyl, which effectively blocks

the approach from the exo-face and thus favors attacking the

electrophile from the endo-face of the enolate. Additionally,

the lone pair of electrons on the auxiliary nitrogen fuses the

iminolactone into a boat conformation.

It is noteworthy that the aldol reactions of aromatic alde-

hydes with 12 and 13 produced predominantly threo-adducts,

while reactions of aliphatic aldehydes gave exclusively erythro-

adducts. The reason for this selectivity pattern can be

explained by the theory of Zimmerman and Traxler (Figure

4),11 where pathway 2 details the orientation for erythro-ad-

ducts in the aldol reactions of aliphatic aldehydes with 13. In

this case, the stereoselectivity comes from minimization of

SCHEME 10. Aldol Reactions between Aldehydes and Tricycloiminolactones

FIGURE 4. Proposed mechanism of the Aldol reaction of 13 with
aliphatic aldehydes.

FIGURE 5. Proposed mechanism of the Aldol reaction of 13 with
aromatic aldehydes.

FIGURE 3. Synthesis of �-hydroxy-R-amino acids.
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nonbonded interaction in the form of a chairlike transition

state, in which the alkyl group of aldehyde (R1) assumes a

pseudoequatorial position. For the reactions of aromatic alde-

hydes (Figure 5), the transition state in pathway 2 may expe-

rience a π-π interaction between the phenyl ring and the π
system of the iminolactone. As a result, the phenyl ring can

adopt an orientation parallel with the iminolactone ring, as

shown in pathway 1, to reduce the steric interaction. There-

fore, pathway 1 is more favorable than pathway 2 in the reac-

tions of aromatic aldehydes. The hydrolysis of the isolated

single aldol products afford the corresponding �-hydroxy-R-

amino acids in good yields with excellent optical purity

(Scheme 11).

5. Synthesis of �-Substituted
r,γ-Diaminobutyric Acids
Michael addition of electron-deficient olefins is one of the

most important approaches for carbon-carbon bond forma-

tion. As excellent Michael acceptors, nitroalkenes were used

to synthesize nitro-compounds and amino-compounds fre-

quently. Therefore, we probed the Michael addition of

nitroalkenes by tricycloiminolactones and expected to pre-

pare enantiomerically enriched R,γ-diaminobutyric acids after

subsequent reduction of the nitro group and removal of the

auxiliary.12

After optimizing of the reaction conditions, we discovered

the Michael addition of nitroalkenes by tricycloiminolactones

occurred in THF with LDA as a base and Ti(i-PrO)4 as a Lewis

acid additive to give excellent yields and stereoselectivities. A

range of aromatic and aliphatic nitroalkenes was employed to

investigate the scope of the reaction. Results of the reactions

are summarized in Scheme 12.

Under similar reaction conditions, excellent diastereoselec-

tivities were also obtained for the reactions of aliphatic

nitroalkenes when the addition order of the reagents was

changed.

On the basis of above observations, strong correlations

between the enolate geometries and the adduct stereostruc-

tures were discovered. Predominant syn adducts were

obtained when R was an aryl group, while anti-adducts were

preferentially formed when R was an aliphatic group. As with

Aldol reaction,10 the steric hindrance of C12-methyl and boat

confirmation of tricycloiminolactones lead to a high endo/exo
ratio at the C5 position. The π-π interaction between the

phenyl ring of aromatic nitroalkenes and CdN in the donor

led to the generation of syn-adducts. By contrast, when ali-

phatic nitroalkenes were employed, there existed no π-π
interaction. Thus, the nucleophilic attack occurred from the

SCHEME 12. Michael Addition between Tricycloiminolactones

FIGURE 6. Proposed mechanism for the Michael addition.

SCHEME 11. Hydrolysis of Aldol Adducts
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less hindered face of nitroalkenes, and anti-adducts were

obtained (Figure 6).

In order to prepare R,γ-diaminobutyric acids, the Michael

adducts were reduced to amino groups and protected with

Boc2O. Following removal of auxiliary afforded several kinds

of R,γ-diaminobutyric acids (Scheme 13).

6. Synthesis of Enantiopure �-Aryl-r,�-
diaminopropanoic Acids
Optically active R,� -diamino acids are an important class of

compounds due to their presence in a variety of peptide anti-

biotics, antifungal dipeptides, and other biologically active

compounds.13

The Mannich reaction is another important carbon-carbon

bond forming reaction for the synthesis of nitrogenous mol-

ecules, which can lead to the generation of two contiguous

nitrogen-bearing stereogenic centers.14 After investigation of

Aldol and Michael reactions, we focused our attention on the

Mannich reaction between tricycloiminolactones and imines.15

Our investigation began with the reactions of iminolactone 12
with various N-aryl substituted imines, but no Mannich

adducts were detected. Given the low reactivity of the imine

in this nucleophilic addition, a strong electron-withdrawing

group, such as sulfonyl, was introduced on the nitrogen atom

of the imine to activate the CdN bond. Fortunately, we found

that N-tosyl-C-phenyl imine 32a reacted smoothly with imi-

nolactone 12 at -78 °C in THF using LDA as the base to

afford a mixture of diastereomeric adducts. Optimization of

the reaction condition demonstrated that addition of 1.2 equiv

of zinc chloride dramatically improved both the yield and the

diastereoselectivity. We examined the scope of the reaction

with a variety of N-tosyl imines under the optimized condi-

tions. As revealed in Scheme 14, high yields and excellent

diastereoselectivities were obtained with all the substrates.

The high diastereoselectivity led us to propose a mecha-

nism to account for the stereochemical induction of the reac-

tion. The zinc enolate of tricyclic iminolactone 13 is formed in

situ from the corresponding lithium enolate via transmetala-

tion with 1 equiv of zinc chloride. As shown in Figure 7, two

possible pathways for the reaction are depicted. Obviously, the

coordination of the imine via the lone pair of electrons on the

nitrogen with the zinc center enables a six-membered cyclic

SCHEME 13. Synthesis of �-Substituted R,γ-Diaminobutyric Acids

SCHEME 14. Mannich Reaction between Tricycloiminolactones and N-Protected Imines
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transition state in pathway 1. This model can account for both

the endo- configuration and the high diastereoselectivity. By

contrast, in pathway 2, the bulky sulfonyl group within the

imine would not allow for efficient interaction with the zinc

center.

Subsequently, we attempted to hydrolyze the Mannich

adducts under acidic conditions, but we found the removal of

para-toluenesulfonate (tosyl) group was difficult and racem-

ization was unavoidable under acidic conditions. Therefore,

we turned our attention to N-Boc imine as an electrophile.

A series of Mannich reactions with N-Boc imines was con-

ducted as summarized in Scheme 14. The predominant endo

configurations were the same as N-tosyl imines.

Facile deprotection of the N-Boc group and removal of the

chiral auxiliary could be achieved under acidic conditions

(Scheme 15). It is exciting that racemization was not detected

and both the (2S,3R) and (2R,3S) forms of �-aryl-R,�-diamino-

propanoic acids were obtained in high diastereoselectivities.

Diastereo- and enantioselectivies obtained in this manner are

higher compared to those obtained by previously reported

methods.

7. Investigation for the Synthesis of
γ-Hydroxy-r-amino Acids
Asymmetric 1,3-dipolar cycloaddition reaction between

nitrones and alkenes is one of the most efficient methods for

the construction of optically active isoxazolidines, which are

readily converted to useful chiral γ-amino alcohols.16 There-

fore, 1,3-diploar cycloaddition between alkenes and the

nitrones derived from tricycloiminolactones was investigated,

FIGURE 7. Proposed mechanism of Mannich addition.

SCHEME 15. Hydrolysis of Mannich Products

SCHEME 16. 1,3-Dipolar Addition between Alkenes and the Nitroalkenes Derived from Tricycloiminolactonesa

a Reagents and conditions: (a) 10% Pd/C, H2, i-PrOH, rt, 100%; (b) MCPBA, Na2CO3, 0°C to rt, 44%; (c) toluene, 60°C, yield ) 93-100%, exo/endo ) 20:1-99:1.
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and the transformation of cycloadducts to γ-hydroxy-R-amino

acids was probed.17

Cyclic nitrones 41 and 42 were prepared by catalyzed

hydrogenolysis and oxidation (Scheme 16) from 12 and 13,

respectively. 1,3-Diploar cycloadditions between the cyclic

nitrones and alkenes were carried out to give the R-face

cycloadducts (43, 44) in high exo/endo ratios.

In all cases studied, the cycloaddition reactions took place

from the less hindered face of nitrones, which placed the

5-substituent (R3) of the major stereoisomer in the exo-posi-

tion. This was due to the steric hindrance of the C12-methyl

group. Because of steric hindrance between the substituents

on the alkenes and the nitrones, exo-transition states were

favored to give 5-exo-substituted isoxazolidines as the major

isomers.

To remove the chiral auxiliary, it is necessary to cleave the

N-O and C-N bonds regioselectively. The oxidative proce-

dure developed by Langlois was employed. However, treat-

ment of 44 with MCPBA failed to initiate any reactions. It was

postulated that the bridgehead methyl group adjacent to the

nitrogen atom blocked the approach of MCPBA. On the other

hand, oxidation of the regioisomeric adduct 43 with MCPBA

afforded an intermediate N-oxide 45, which underwent a

spontaneous elimination to produce nitrone 46. Subsequent

transesterification, hydrolysis, and further oxidation of 47 gave

R-oximino-γ-lactone 48 (Scheme 17).

8. Total Synthesis of Natural Products
Based on the Tricycloiminolactone
Methodology
Following the successful development for the synthesis of �-hy-

droxy-R-amino acids, we investigated their application in the total

synthesis of natural products. Polyoxamic acid, conagenin, lac-

tacystin and sphingofungin F were selected as targets.

Polyoxamic acid is a common fragment in many polyox-

ins, an important group of nucleoside peptide antibiotics.18

Our route19 started with the diastereoselective aldol reaction

between tricycloiminolactones and 2,3-O-(isopropylidene)-D-

glyceraldehyde, and afforded amino alcohols 49 and 50. After

hydrolysis of the aldol adducts, two diastereoisomers of poly-

oxamic acids 51 and 52 were obtained (Scheme 18).

Conagenin is an immunomodulator of antitumor activity.20

Total synthesis of (+)-conagenin was usually assembled from

two fragments 53 and 54 (Figure 8). Synthesis of the R-me-

thylserine reported by many groups was complex and the

preparation of its enantiomer was difficult. We employed the

aldol reaction between methylated tricycloiminolactones and

SCHEME 17. Cleavage of the Chiral Auxiliary

SCHEME 18. Synthesis of Polyoxamic Acida

a Reagents and conditions: (a) LDA, THF, LiCl, -78°C, 49 (83%, dr ) 9:1); 50 (85%, dr ) 12:1) (b) (1) 4 N HCl, rt, 2 h; (2) 0.6 M NH3 · H2O, Dowex 50W X8
(H+), 90-95%.

FIGURE 8. Retrosynthetic analysis of conagenin.
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formaldehyde as the key step to construct the stereochemis-

try of R-methylserine and its enantiomer (Scheme 19).21

Hydrolysis of the aldol adducts and esterification of the amino

acids afforded 56 and its isomers, which were coupled with

5322 followed by hydrolysis to give conagenin and its 2-epi-

diastereoisomer in high yields.

(+)-Lactacystin, a potent and selective 20S and 26S pro-

teasome inhibitor, was isolated from the culture broth of Strep-

SCHEME 19. Synthesis of Conagenin and Its 2-epi-Diastereoisomera

a Reagents and conditions: (a) (i) LDA (1.1 equiv), DMPU (1.5 equiv), MeI (1.5 equiv), THF, -78 °C, 98%; (ii) LDA (2 equiv), DMPU (1.5 equiv), HCHO/THF, -78
°C, 55a (64%, dr ) 2:1), 55b (83%, dr ) 7:1); (b) (i) 6 N HCl, 90 °C, 6 h; (ii) EtOH, propylene oxide; (c) CH2N2/ether, rt, 54a (83%), 54b (80%); (d) 54a or 54b,
DCC, HOBt, DMF, rt, 6 h, 57a (61%), 57b (69%); (e) 1 M K2CO3, MeOH, conagenin (85%), 2-epi-conagenin (83%).

SCHEME 20. Formal Synthesis of Latacystin and the Intermediate of Its Diastereoisomersa

a Reagents and conditions: (a) (1) LiCl, LDA, -78 °C, (CH3)2CHCHO, 2 h, 58 (85%), 63 (84%); (b) 6 N HCl, 80 °C, 59 (84%), 64 (87%); (c) (i) HCl (g), MeOH; (ii)
PhC(OMe)3, PTSA, DME, reflux, 60 (82%), 65 (82%); (d) (i) HCl (g), MeOH; (ii) Et3N (3.0 equiv), PhCOCl (1.1 equiv), 61 (77%), 66 (75%); (e) SOCl2, THF, 62 (89%),
67 (80%).
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tomyces sp. OM-6519 by Omura et al. in 1991. Its unusual

structure along with its remarkable biological activity has

attracted the attention of many synthetic chemists.9c,23,24

Many groups used oxazoline 62 derived from enantioenriched

hydroxyleucine as a key intermediate in their total synthe-

ses. Although several approaches for the synthesis of chiral

3-hydroxyleucine have been reported previously, our strat-

egy allows for the most concise preparation of either (2S,3S)

or (2R,3R) 3-hydroxyleucine. So we can easily prepare trans-
oxazolidine 62 and the other three isomers. The synthesis of

trans-oxazoline 62 and its diastereoisomer 67 are outlined in

Scheme 20. Iminolactones reacted with isobutyric aldehyde at

-78 °C to form compounds 58 and 63 with good yields and

selectivities.10

Subsequent hydrolysis afforded the corresponding 3-hy-

droxyleucines 59 and 64. After esterification, the esters were

transformed into amides 61 and 66, which underwent cycliza-

tion to give oxazoline 62 and 67 via reaction with 1.5 equiv

of thionyl chloride. Based on the above achievement, formal

synthesis of lactacystin has been accomplished and the total

synthesis of other diastereoisomers of lactacystin is ongoing.

Sphingofungin F isolated from the fermentation broth of

Paecilomyces variotii exhibits inhibitory effects toward the

serine palmitoyl transferase (SPT).25 Its novel structure and bio-

logical activity attracted considerable attention of synthetic

chemists.26 Based on our method, sphingofungin F can be

divided into two parts, methyl tricyclic iminolactone 13 and

polyhydroxyl long chain aldehyde 67. The latter can be

obtained by the coupling reaction of long chain lipid 68 and

polyhydroxyl trans-olefin 69 (Figure 9).

Compound 68 (Scheme 21) was prepared according to our

reported method from ε-caprolactone 70,27 and compound

FIGURE 9. Retrosynthetic analysis of sphingofungin F.

SCHEME 21. Synthesis of Sphingofungin Fa

a Reagents and conditions: (a) KHMDS, BF3 · Et2O, 65% (dr ) 3:1); (b) 0.2 N HCl, EtOH, reflux, 66%.
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69 was synthesized from L-(+)-tartaric acid. Coupling of com-

pound 68 and 69 afforded aldehyde 67 after several steps.

With aldehyde 67 in hand, aldol reaction between compound

13 and 67 was carried out and compound 71 was obtained

in 65% yield with dr ) 3:1. Hydrolysis of 71 afforded sphin-

gofungin F in 66% yield. An efficient strategy for the total syn-

thesis of sphingofungin F has been accomplished in 15 steps

and with 10% overall yield, which is the highest among all

reported routes.28

Besides the above natural molecules, the application of our

method in the synthesis of some drug molecules such as thi-

aphenicol, florfenicol, and chloramphenicol was also investi-

gated. As shown in Scheme 22, two kinds of important

�-hydroxy-R-amino acids were prepared easily and trans-

formed into our target molecules after several simple steps. By

using our method, the preparation of these drug molecules

was greatly simplified.

9. Conclusion

In the past few years, our group discovered tricycloiminolac-

tones and probed their usage systematically. Facile

approaches to several kinds of R-amino acids were developed

and successfully applied in total synthesis of related natural

products. The striking advantage of our methodologies is that

both enantiomers of R-amino acids can be produced from the

same inexpensive and easily accessible chiral source and the

chiral auxiliaries can be recovered. From a synthetic viewpoint,

a method which provides both enantiomers of products by

using chiral auxiliaries derived from a single chiral source is

most attractive and desirable. Our methodologies have sim-

plified the synthesis of a few kinds of useful R-amino acids

and should provide many useful building blocks for the syn-

thesis of some complex molecules.
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