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1. Introduction and aims 

Chiral synthons, applied successfully in asymmetric homogenous and heterogeneous catalysis, 

are of increasing importance in organic chemistry.1ï3 A large number of natural products such as 

Ŭ- and ɓ-pinene,4ï6 2- and 3-carene,7,8 and (+)-pulegole9,10 serve as important starting materials 

for the synthesis of bi- and trifunctional chiral compounds and heterocycles. The most frequently 

applied approach to optically active monoterpene derivatives is the transformation of the ring  

CïC double bond.4,7,8,11 This general method provides an opportunity to access b-amino acid 

derivatives, such as b-aminolactones and b-aminoamides, as valuable precursors for  

1,3-amino alcohols, aminodiols, and diamines. 

Besides being important starting materials in the synthesis, b-aminolactones possess significant 

biological activities such as increasing the proportion of cells in the G2/M and S phase12 and 

serving as water-soluble derivatives that might retain cytotoxicity through a prodrug 

mechanism.13 In addition, ring opening of b-aminolactones with different amines may provide  

b-aminoamides, which are well-known subunits of biologically important compounds such as 

bestatin, a potent aminopeptidase B. Its usefulness in the treatment of cancer through its ability 

to enhance the cytotoxic activity of known antitumor agents is well-known.14,15 b-Aminoamides 

exhibit other biological activities as well such as antidiabetic,16 HIV-protease or renin inhibitor 

effect.17 Besides interests in the synthesis of b-aminoamides, the opening of b-aminolactones 

with b-amino esters is a useful method for the synthesis of dipeptides containing b-alanine 

moiety. b-Alanine is a precursor of the antioxidant dipeptide carnosine (b-alanine-L-histidine), 

which is claimed to increase cell viability via an anti-senescence mechanism.18 b-Ala-Gln has 

been applied in medical fields as a component of patient infusions.19 Furthermore, b-alanine 

transporters were found to be highly upregulated in antibody-producing cell lines indicating the 

cellôs requirement for this amino acid.18 

Monoterpene-based 1,2- and 1,3-amino alcohols have been demonstrated to be excellent chiral 

auxiliaries in a wide range of stereoselective transformations including intramolecular radical 

cyclizations,20 intramolecular [2+2] photocycloaddition,21 and Grignard addition.22,23 Besides 

their value in enantioselective catalysis, 1,2- and 1,3-amino alcohols are also excellent building 

blocks for the synthesis of various heterocyclic ring systems, such as 1,3-oxazines, 1,3-thiazines 
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or 1,4-oxazepams.24,25 2-Imino-1,3-thiazines and 2-iminothiazolidines can be found as structural 

units in biologically relevant compounds, including antifungal and antimicrobial agents,26 

BACE1 inhibitors,27 or cannabinoid receptor agonists.28ï30 

Moreover, aminodiols, combining the chemical properties of 1,2- and 1,3-amino alcohols 

derived from naturally occurring terpenes, are excellent starting materials and catalysts in 

stereoselective synthesis31ï36 and useful building blocks for the synthesis of 1,3-heterocycles 

such as 1,3-oxazines and oxazolidines. Depending upon the hydroxy group involved in ring 

closure with the amino group, five- and six-membered rings may be formed stereoselectively. 

The resulting bicyclic heterocycles bearing a free hydroxy group can contribute to high 

enantioselective inductions in asymmetric addition reactions.37ï40 

Besides their chemical interests, some natural aminodiols exhibit marked biological activity. For 

example, aristeromycin, first isolated from Streptomyces citricolor and its modified derivatives 

belong to an important group of carbocyclic nucleosides that exhibit a wide range of 

pharmacological properties such as antiviral, anticancer, and antitoxoplasma activities. 

Aristeromycin analogues, in particular, are widely used as antiviral agents against a range of 

viruses, including human immunodeficiency, hepatitis B, herpes simplex, varicella-zoster, 

influenza, and hepatitis C virus.41ï43 Other aminodiols may serve as starting materials for the 

synthesis of biologically active natural compounds. For example, cytoxazone, isolated from 

Streptomyces species, is a selective modulator of the secretion of TH2 cytokine.42,43  

In view of the advantages of monoterpenes, our aim was to synthesize monoterpene-based 2- and 

3-functionalized building blocks such as b-amino acid derivatives and aminodiols, starting from 

commercially available enantiopure natural monoterpenes, such as (ï)-limonene and (ï)-

isopulegol.  

Futhermore, we also present the substituent-dependent ring closure of these monoterpene 

derivatives, such as aminodiols, with formaldehyde. Competitive ring-closure processes can 

provide both spirooxazolidine ring systems and condensed 1,3-oxazines. The results of 

experimental and theoretical studies of these synthons may expand our knowledge about these 

trifunctional building blocks in the design and construction of 3D small molecules. Aminodiols 

and their ring-closed derivatives will be applied as chiral catalysts in the enantioselective 

addition of Et2Zn to benzaldehyde. 
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On the other hand, we also intended to study antiproliferative activity of b-amino acid 

derivatives, such as b-aminolactones and b-aminoamides on multiple cancer cell lines. 

Moreover, our goal was to report the synthesis of dipeptides, which might serve as promising 

chiral substrates for the preparation of foldamers. 
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2. Literature survey 

2.1. Pharmacological importance of chiral aminodiols  

Aminodiols have significant biological activity such as chloramphenicol, one of the earliest used 

antibiotics. Moreover, many molecules containing an aminodiol moiety have proved to be 

potential HIV protease inhibitors44 and displayed renin-inhibitory activity.45 In addition, 

aristeromycin,46 a natural carbocyclic nucleoside, is known for its antibiotic and antitumor 

activities, while 1,2-deoxy azasugars from the fagomine family47 and aminocarbosugars such as 

valiolamine and their analogues48 represent important classes of glycosidase inhibitors (Figure 

1). Besides interests in pharmacological activities, aminodiols can serves as starting materials for 

the preparation of biologically active compounds, such as Taxotere, a chemotherapeutic agent.49 

 

Figure 1. Phamalogical importance of aminodiols 

2.2. Synthesis and application of aminodiols 

Aminodiols can be prepared by various methods such as aminolysis of epoxyalcohols,50 

dihydroxylation of amino alkenes,51 hydrolysis of epoxy amines,52 and nucleophilic substitution 

of a good leaving group53 (Scheme 1). For the asymmetric synthesis, Sharpless epoxidation of 

allylic alcohols, followed by ring opening with nitrogen nucleophiles (ammonia, amines, azides) 

is frequently applied for preparation of aminodiols.54ï62 



5 
 

 

Scheme 1. Methods for preparation of aminodiols 

Enantiomerically pure aminodiols and their derivatives are applied as chiral auxiliaries or 

catalysts in enantioselective transformations (Figure 2). 

 

Figure 2. Model reaction for enantioselective catalysis 

2.2.1. Synthesis of chiral aminodiols 

A library of enantiomerically pure (1R,2R)-1-dialkylamino-1-phenyl-3-alkoxy-2-propanols 4 was 

prepared from non-natural chiral compound 1 by Vidal-Ferran et. al.63,64 Aminodiols with 

general structure 4 were synthesized through two alternative synthetic routes from 

epoxycinnamyl alcohol 1 by Sharpless epoxidation (Scheme 2). In route A, epoxy alcohol 1 was 

first submitted to a regioselective ring opening by secondary amines, then the resulting amino 

diols 2 were protected by means of an appropriate R2-X reagent. In route B, the primary hydroxy 

group in the starting epoxy alcohol 1 was initially protected, and the resulting epoxy ethers 3 

were subjected to regioselective ring opening by different secondary amines. Derivatives of 4 

were tested (6 mol% ligand) in the enantioselective addition of Et2Zn to benzaldehyde (Figure 

2). According to results, compound 4a and its modified derivative 4b afforded the best ee values 

(ee = 91% with 4a and ee = 95% with 4b) with (S)-1-phenyl-1-propanol selectivity. 



6 
 

 

Scheme 2. Preparation of 3-amino-1,2-diols 

Following the breakthrough in asymmetric synthesis achieved by Noyori et. al.,65 several chiral 

ligands derived from available optically active monoterpenes such as (+)- and (ï)-a-pinene,4,6,66 

(+)-carene,7,8,67,68 (ï)-menthone,69 (ï)-fenchone,70 (+)-sabinol,71 (ï)-nopinone72 or (ï)-

pulegone9,10 were applied in enantioselective transformations. 

Philipova et. al. built an aminodiol moiety by the nucleophilic ring opening of epoxy alcohols 

derived from (+)-camphor and (ï)-fenchone.73 The aminolysis of epoxy alcohols 5 proceeded 

with excellent regioselectivity and retention of the configuration resulting in various aminodiols 

6 (Scheme 3). The aminodiols (3 mol%) were applied as chiral catalyst in the addition of Et2Zn 

and benzaldehyde (Figure 2). The best ee value (ee = 80%) was achieved by camphor derivative 

chiral ligand 6a (n = 0, R1 = R2 = Et, R3 = H) with (S)-selectivity. 

 

Scheme 3. Preparation of (ï)-fenchone-based chiral aminodiols 

Optically active aminodiols and amino alcohols based on (ï)-menthone were synthesized by 

Dimitrov et. al.69 As an example, the preparation of aminodiol 10 is illustrated in Scheme 4. 

Allylic alcohol 8 was obtained as a single diastereomer by the addition of vinyl Grignard reagent 

to 7. Aminodiol 10 was achieved by the epoxidation of 8 with t-BuOOH and VO(acac)2 as 

catalyst resulting in 9 with good diastereoselectivity (de = 98%), followed by ring opening with 
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secondary amine in the presence of LiClO4. When aminodiol 10 (3 mol%) was applied in the 

addition of Et2Zn to benzaldehyde (Figure 2), only a moderate ee was observed (ee = 40%) with 

(S)-selectivity. 

 

Scheme 4. Preparation of (ï)-menthone-based chiral aminodiols 

Lu and co-workers found that pinane-type tridentate chiral ligands were excellent catalysts in 

enantioselective reactions.31,32 Pinane-based chiral N-arylaminodiols, derived from  

(1R)-myrtenol 11, were prepared by the reaction of 11 with PBr3, followed by substitution of the 

bromo function of 12 with different amines to afford allylic amines 13. The products were 

converted to aniline-type aminodiols (14 and 15) by stereoselective dihydroxylation of the alkene 

function with the OsO4-Me3NO system (Scheme 5). 

 

Scheme 5. Pinane-based chiral aminodiols 

Aminodiols 14 and 15 (2 mol%) were also applied as chiral auxiliaries in the asymmetric 

reduction of various ketones and in the asymmetric alkylation of aldehydes with Et2Zn. The 

results showed that the reduction of ketones was best promoted by ligands 14 with (R)-17 
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(Scheme 6), while derivatives 15 containing an alkoxy substituent at C-3 exhibited better 

catalytic activity in the addition of Et2Zn to aldehydes with (S) selectivity. 

 

Scheme 6. Model reaction of asymmetric reduction of ketones 

Moreover, aminodiol 20 was prepared from (S)-perillyl alcohol by Outouch et. al.74 Chiral 

aminodiol 20 was synthesized by epoxidation of (S)-perillyl alcohol 18 followed by oxirane ring 

opening by benzylamine using [Ca(CF3COO)2] as catalyst under solvent-free conditions 

(Scheme 7). 

 

Scheme 7. Chiral aminodiols based on (S)-perillyl alcohol 

Besides the synthetic importance, aminodiols are valuable precursors for the preparation of 

cycloalkane-fused five- and six-membered heterocycles. Both oxazolidines75,76 and 1,3-

oxazines35,77ï79 are widely used chiral catalysts in enantioselective synthesis. Based on literature 

data, Andres and co-workers examined the catalytic effect of 1,3-oxazines prepared from (ï)-8-

aminomenthol (21).80 Structural diversity was obtained through relatively simple reaction steps 

(Scheme 8). Then condensation of 21 with different aldehydes provided chiral perhydro-1,3-

benzoxazines 22ï25 as single diastereomers in excellent yields. N-Substituted ligands 26, 

obtained by alkylation of 25 with allyl and cinnamyl bromides, resulted in improvement in the 

enantioselectivity of the reaction. Ligands 27 were prepared by the condensation of 21 with 

phenylglyoxal, followed by N-alkylation of the intermediates with prenyl bromide. The 

cyclization reaction of ketones 27 gave a mixture of two cis-3-hydroxy-3,4-disubstituted 

pyrrolidines (28a and 28b) fused with a perhydro-1,3-benzoxazine structure. Both diastereomers 
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could be obtained as major products depending on the reaction conditions. In order to increase 

the steric volume in the vicinity of the hydroxyl group, catalytic hydrogenation of the prenyl 

group to an isopropyl group resulted in 29. Examination of the catalytic potency, followed by 

optimization of chiral ligands 22ï29 (10 mol%), was performed in the reaction of Et2Zn and 2-

naphthaldehyde (Figure 2). Ligand 29b (R = Ph) improved the ethylation of 2-naphthaldehyde 

(ee = 97%) with (R)-selectivity. This ligand also proved to be efficient catalyst in the addition of 

Me2Zn to various aldehydes,81 while ligand 28b (R = i-Pr) was the most efficient catalyst in the 

asymmetric methylation of a-ketoesters with ee = 96%.82 The studies revealed the importance of 

the oxazine ring moiety of the ligands to improve enantioselectivity. 

 

Scheme 8. Chiral perhydro-1,3-benzoxazin derivatives from (ï)-8-aminomenthol 

Other pinane-based derivatives, derived from (ï)-a-pinene, were also prepared.83 The 

transformation of 30 to key intermediate epoxy alcohol 33 was accomplished via stereospecific 
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epoxidation and rearrangement followed by stereospecific oxirane ring formation. The 

aminolysis of 33 led to pinane-based aminodiols 34 when various secondary amines were 

applied in the presence of LiClO4 as catalyst. The structural diversity of aminodiols 34 offered an 

opportunity to examine the influence of the N-substituents on the enantioselectivity in the 

reaction of Et2Zn to benzaldehyde (Figure 2). Increasing enantioselectivity was observed in the 

sequence NH2<NHR<NR1R2. O-Benzyl derivative 35 was applied by regioselective alkylation 

with benzyl bromide. In order to study the tendency of aminodiols 34 to furnish either 

spirooxazolidine or 1,3-oxazine, derivatives 36ï38 were prepared. In each case, formation of the 

spirooxazolidine derivatives was preferred. (Scheme 9). 

 

Scheme 9. Pinane-based derivatives from (ï)-a-pinene 

Furthermore, natural monoterpene-based aminodiols, derived from (+)-carene, could be 

prepared.7 Epoxidation of 39 with mCPBA furnished epoxide 40, which underwent 

rearrangement to allyl alcohol 41. Epoxidation of allylic alcohol 41 with mCPBA resulted in 

epoxy alcohol 42. Aminodiol library 43ï50 was prepared by aminolysis of 42 with secondary 
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and primary amines with LiClO4 as catalyst. N-Methyl derivative 51 and primary aminodiol 52 

were synthesized by debenzylation of 43 and 44 (Scheme 10). Aminodiol derivatives 43ï52 were 

used as chiral catalysts in the enantioselective addition of diethylzinc to benzaldehyde (Figure 2). 

The best, but still moderate, result was obtained with N-(S)-1-phenylethyl-substituted aminodiol 

49. Aminodiols 45 and 48ï51 were reacted with CH2O furnishing 1,3-oxazines 53ï57 obtained 

in highly regioselective ring closures. When oxazines 53ï57 were applied as catalysts in the 

addition of diethylzinc, the best result (ee = 96%) was obtained with the use of N-(R)-1-

phenylethyl-substituted 1,3-oxazine 55. 

 

Scheme 10. Preparation of aminodiols from (+)-3-carene 

Another synthetic route leading to aminodiols based on carene is presented in Scheme 11.8 

Reductive amination of 58 with various primary amines followed by Boc protection gave 

protected allylic amines 62ï64. Dihydroxylation with OsO4-NMO system furnished compounds 

65ï67. The effect of the protecting group on the stereoselectivity of dihydroxylation was 

examined by applying the Cbz group to 80. The synthesis of 81 proceeded similarly with 

excellent stereoselectivity. LAH-mediated reduction of 65 led to 68. Deprotection of 65ï67 with 

TFA resulted in the formation of N-benzyl aminodiols 69ï71. Primary aminodiol 72 was 
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obtained by catalytic debenzylation of 69ï71 or Cbz-protected 81. When aminodiols 69ï71 were 

reacted with CH2O, 1,3-oxazines 73ï75 were obtained. Aminodiol derivatives 68ï79 were 

applied as chiral catalysts in the enantioselective addition of diethylzinc to benzaldehyde (Figure 

2). Based on experimental results and DFT modelling, N-isopropyl- and N-benzhydryl-

substituted 1,3-oxazines 77 and 79 were also prepared and provided high enantiomeric excess 

values (ee = 95% for compound 79 and 98% for compound 77 with S-selectivity) in the model 

reactions. It is interesting to mention that both aminodiols and 1,3-oxazines proved to be 

excellent catalysts in the additions of diethylzinc to either aromatic or aliphatic aldehydes with 

opposite stereoselectivity. 

 

Scheme 11. Synthesis of carene-based aminodiols 

Transformation of (1R)-(ï)-myrtenol to aminodiols was also reported (Scheme 12).68 (1R)- 

Myrtenol 82 was transformed into 83 via Overman rearrangement. Dihydroxylation of 83 with 
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OsO4-NMO resulted in aminodiol derivative 84. Primary aminodiol 85 was transformed into 

secondary derivatives 86ï88 by reductive amination followed by reduction with NaBH4. A bulky 

group was conveniently introduced into the amino moiety by the reaction of 85 with 

benzaldehyde in the presence of Et3N and NaBH4. In order to increase the steric hindrance on the 

nitrogen, an additional benzyl group was introduced by the N-benzylation of 89 using benzyl 

bromide in MeCN in the presence of Et3N. When compound 89 was stirred with aqueous 

formaldehyde, product 91 with a condensed oxazolidine ring was isolated. The transformation of 

91 into N-methyl-N-benzyl aminodiol 92 was accomplished with LiAlH4 in a treatment at reflux 

temperature. Debenzylation of 92 gave N-methyl aminodiol 93. The ring closure of 93 displayed 

the same regioselectivity furnishing oxazolidine 95. Aminodiols and their ring-closed derivatives 

85ï95 were applied as chiral ligands in the addition of Et2Zn to benzaldehyde (Figure 2). The 

best ee value (61%) with (R)-selectivity was obtained when N-benzyl derivative 89 was applied. 

 

Scheme 12. Chiral pinane-based aminodiols from (1R)-(ï)-myrtenol 

A library of aminodiols, derived from (+)-pulegone, was also reported recently (Scheme 13).10 

(+)-Pulegone 96 was stereoselectively reduced to pulegol 97, which was then transformed into 
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allyl trichloroacetamide 98. Dihydroxylation of 98 with the OsO4-NMO system furnished 99a 

and 99b. After removing the trichloroacetyl group of 99a, the obtained primary aminodiol 100a 

was transformed by reductive alkylation with benzaldehyde into secondary amine 101a. Stirring 

101a with CH2O furnished a mixture of 1,3-oxazine 102a and oxazolidine 103a in a 1:2 ratio. 

The transformations discussed above were repeated for diastereomeric aminodiol 100b obtained 

from 99b with similar results. The aminodiol derivatives were used as chiral catalysts in the 

enantioselective addition of diethylzinc to benzaldehyde (Figure 2). The best ee value (ee = 90%) 

with an (S)-selectivity was obtained when 103a was applied. 

 

Scheme 13. Preparation of (+)-pulegone-based chiral aminodiols 

Furthermore, (+)-sabinol, a natural compound isolated from the essential oil of Juniperus sabina 

L. (ee = 98%), was used to prepare a new family of monoterpene-based chiral aminodiols.71 

Sabinol 104 was transformed into allylamine 106 via the Overmann rearrangement, followed by 

protecting group exchange resulting in 107. Stereospecific dihydroxylation of 107, applying 

OsO4 as the catalyst and NMO as the oxidant, produced protected aminodiol 108 as a single 

diastereomer. Acid-catalyzed removal of the protecting group resulted in primary aminodiol 

hydrochloride 109. Aminodiol 109 was transformed to N-benzyl derivative 110, followed by ring 

closure with CH2O resulting in spirooxazolidine 111 as the single product (Scheme 14). 

Application of aminodiols 109ï111 (10 mol%) was tested in the ethylation of benzaldehyde 
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(Figure 2). Only moderate asymmetric induction was observed with the predominant formation 

of the (S)-enantiomer in all cases. 

 

Scheme 14. Preparation of (+)-sabinol-based chiral aminodiols 

2.2.2. Application of chiral aminodiols 

Besides their value in enantioselective catalysis, aminodiols such as (+)- and (ï)-a-pinene were 

also used as building blocks in the synthesis of carbocyclic nucleoside analogs (Scheme 15). The 

carbocyclic nucleosides, similar to the adenosine analogue natural aristeomycin and neplanocin 

A, containing a cyclopentane or cyclopentene ring and two or three hydroxy groups on the ring, 

possessed potent antiviral and antitumour activity. In addition, some of these compounds, such as 

the antiviral North-methanocarbathymidine (N-MCT) or the species-independent A3 receptor-

selective agonist (N)-methanocarba-adenosine 5ǋ-uronamides 6, exhibited noteworthy 

pharmacological activity.84 

 

Scheme 15. Carbocyclic nucleosides from Ŭ-pinane-based aminodiols


































































