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Abstract 

 

The development of novel molecules with biological activity is always a trend topic in chemistry, 

as are the development of new synthetic pathways for their synthesis. In this work functionalized 

hehaxydropyrroloquinolines-2,3-diol were synthetized by aminocyclization of substituted 

tetrahydroquinolines. Tetrahydroquinolines were obtained in two steps from protected D-erythrose and 

anilines: 1) condensation of aldehyde and anilines, 2) inverse electron-demand Diels-Alder 

cycloaddition with N-vinylpyrrolidone in presence Lewis acid as catalyst, (Povarov’s reaction). The effect 

of differently m-substituted anilines was evaluated in terms of regio-selectivity of reactions.  Different 

catalysts were also tested. In parallel to the synthetic work, were conducted theoretical studies using 

diverse molecular modelling techniques, namely: protein structure prediction of human Golgi -

mannosidase II and lysosomal -mannosidase; docking studies of novel compounds against these 

target enzymes, and molecular dynamics simulations of inhibitor-enzyme complexes.   

From a synthetic point of view, four new compounds were synthetized with moderate yields. 

Significant progresses have been achieved within this work to give a picture of the methodological 

possibilities used.  

Computational results did not include the four compounds obtained in the experiment section, 

otherwise suggest two new hits for synthesis and biological tests.  

It must be recognized that further studies combining experimental, theoretical and biological 

studies will led to a solution to the problem in test with a full comprehension of the systems under 

study.  

 

Key words: asymmetric synthesis, docking studies, D-erythrose, hehaxydropyrroloquinoline, molecular 
dynamic simulations.  
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Resumo 

 

O desenvolvimento de novas moléculas com atividade biológica, bem como o desenvolvimento 

de novas metodologias para sua síntese são tópicos importantes em química. Neste trabalho, as 

hexahidropirroloquinolinas-2,3-diol funcionalizadas foram sintetizadas por aminociclização de 

tetrahidroquinolinas substituídas. As tetra-hidroquinolinas foram obtidas em duas etapas a partir da D-

eritrose protegida e anilinas: 1) condensação de aldeído e anilinas, 2) cicloadição de Diels-Alder de 

polaridade inversa com N-vinilpirrolidona na presença de ácido Lewis como catalisador (reação de 

Povarov). O efeito dos grupos substituintes em meta em anilinas foi avaliado em termos de regio-

seletividade de cicloadição. Diferentes catalisadores também foram testados. Paralelamente ao 

trabalho sintético, foram feitos estudos teóricos utilizando diversas técnicas de modelação molecular, 

tais como: previsão da estrutura da Golgi -manosidase II humana e -manosidase lisossomal 

humana; estudos de docking de novos compostos nessas enzimas e simulações de dinâmica 

molecular de complexos inibidor-enzima. 

Do ponto de vista sintético, foram sintetizados quatro novos compostos com rendimentos 

moderados. Foram alcançados significativos progressos que permitem entender as possibilidades do 

método experimental. 

Os resultados computacionais não incluíram os quatro compostos obtidos na seção 

experimental; mas sugerem dois novos hits para síntese e testes biológicos. 

A persecução de estudos posteriores combinando síntese, estudos teóricos e biológicos irão 

conduzir a uma solução para o problema em análise e melhor compreensão dos sistemas em estudo. 

 

Palavras chave: dinâmica molecular, D-eritrose, estudos de docking, hehaxidropirroloquinolina, síntese 
assimétrica. 
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Preamble 

 

This thesis is composed by four chapters: 

 

Chapter I 

In this chapter, a mini-review of what is known about swainsonine: small history of discovery, biological 

activity, and substituted analogue synthetic pathways in last 15 years.  

 

Chapter II 

This chapter describe theoretical work that was done, to find compounds for future synthesis and orient 

ways for rational design new hexahydropyrroloquinolines. The methods used in this part were: 

homology modeling of new human models Golgi -mannosidase II and lysosomal -mannosidase 

enzymes; docking studies; molecular dynamics.  

Chapter III 

This chapter describe methodology for synthesis new tetrahydroquinolines and 

hexahydropyrroloquinolines, using m-substituted anilines and protected D-erythrose as starting 

material.   

Chapter IV 

General conclusion of this work. 

 

The first three chapters are organized as scientific articles. 
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Abbreviation List 

ACN Acetonitrile 

B3LYP Becke, 3-parameter, Lee–Yang–Parr function 

Boc tert-Butyloxycarbonyl 
Bz Benzoate 

Cbz Benzyl chloroformate 

DCM Dichloromethane 

DFT Density functional theory 
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DMP Dess-Martin periodinane  

EDG Electron donating group 

eq. Equivalent 
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FF Force field  

FTIR Fourier transform infrared 

GMII Golgi α-mannosidase II 
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HHPQ Hexahydropyrroloquinoline 

hLM Human model lysosomal α-mannosidase  

LM Lysosomal α-mannosidase  

MD Molecular dynamics 

MM Molecular modelling  

NMMO N-Methylmorpholine N-oxide  
NMR Nuclear magnitic ressonance 

PSP Protein Structure Prediction  

RMSD Root mean square deviation 

RMSF Root mean square fluctuation 

swa Swainsonine 

TBDPS tert-Butyldiphenylsilyl 

TBS tert-butyldimethylsilyl  
TEA Trimethylamine  

TFA Trifluoracetic acid  

THF Tetrahydrofuran 

THQ Tetrahydroquinoline 

TIPS Triisopropylsilyl  

TMS Trimethylsilyl 
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“What we do now, echoes in eternity” 

Marcus Aurelius 
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1.1 Introduction. 

 Swainsonine, also known as tridolgosir, is an indolizidine alkaloid, with significant 

physiological activity, as potent inhibitor of α-mannosidase I and II. It is present in Nature in huge 

number of plants and fungi. Consumption of these plants by grazing animals, leads to a chronic 

wasting disease characterized by weight loss, depression, altered behavior, decreased libido, 

infertility, and death, have been causing enormous economic losses in livestock industries, 

particularly in North America.  

 

1.1.1 History 

 Swainsonine (indolizidine-1,2,8-triol), 1 was firstly isolated in 1973 from Rhizoctonia 

leguminicola 1, but the structure attribution was wrong 2. Colegate et al. in 1979 3 isolated and right 

characterized swainsonine from Swainsona canescens. The principal interest for plants of 

Swainsone is due to the significant cattle, sheep and horses losses. After this discover, biological 

activity studies of this compound immediately started.  It became clear that the inhibition of two α-

mannosidase enzymes was the death cause of the animals 4. The acid enzyme, known as 

lysosomal, and the neutral, known as Golgi α-mannosidases were inhibited in vitro, and the mostly 

affected α-mannosidase in vivo is the lysosomal 5. The major physiological problem is connected 

with lysosomal storage diseases. Future works aimed to study this compound as anti-tumor agent, 

develop synthetic methods for swainsonine, and find analogues with lower toxicity. 

 

Fig. 1 Swainsonine (1) 

 

1.1.2 The natural abundance of swainsonine 
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 Principal source of swainsonine was found on rangelands in the United States in Astragalus 

and Oxytropis plant species. (Img. 1) Actually, 24 species of plant containing swainsonine 

compound have been recognized. The common term used for these species is locoweed plant. 

Locoweed poising firstly was reported in 1873, the symptomology appeared after several week of 

locoweed ingestion, begins with depression, dull-appearing eyes, and incoordination progressing 

to uncharacteristic behavior including aggression, staggering, and solitary behavior, along with 

wasting, and ending in death if continued consumption is allowed 6. 

 

Img. 1 Oxytropis sericea 7 and Astragalus dasyantha 8 

 As said before firstly swainsonine was isolated and characterized from Swainsona canescens 

in 1979 and the soon in 1982 the N-oxide form was isolated from Astragalus lentiginosus 9. Most 

recent work showed that an endophyte fungal Embellisia species, isolated from Astragalus and 

Oxytropis species is able to synthesize toxic amounts of swainsonine 10. This fact raises the 

question: “Is the swainsonine biosynthesed by the endophyte fungal colonies or by the plants 

themselves?”  

1.1.3 Applications of swainsonine 

 In the next decades after swainsonine discover,  biological evaluations studies start in order 

to find possible applications for this molecule. The alkaloid was found to inhibit lysosomal α-

mannosidase and Golgi α-mannosidase II, preventing hydrolysis of mannose-rich oligosaccharides 

in cells and its accumulation. As a result a cell dysfunction would occur with consequent apoptosis. 

Potential applications of swainsonine as anti-tumor agent was deduced. 

 In early twenty one century several authors confirmed the inhibitory and antimetastatic effect 

of swainsonine in human tumors, namely hepatoma, breast and gastric carcinoma, 
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spongioblastoma and pate malignant tumors 11–13. The evidences are that swainsonine is a potent 

anticancer agent. However, a phase II of clinical trial of hydrochloride salt of swainsonine in 17 

patients with locally advanced or metastatic renal cell carcinoma show no evidence as anti-tumor 

activity 14. Has been shown that swainsonine is able to inhibit tumor grow in immunodeficient mice 

with sarcoma in ascites form, as also was able to stop metastasis in lungs of immunodeficient 

mice with melanoma. In both cases the animals recovered immune responses 15.  

 

1.2  Synthetic approaches of swainsonine 

 Synthetic works were started as soon as a high biological activity was found for swainsonine, 

with several potential fields of application. S. G. Pyne published in 2004 16 the last review work on 

this topic. This section intends to revise the literature on the syntheses of D- and L-swainsonine 

after January 2004 till the present. Many syntheses have been developed in these last fifteen years, 

even after being known that pure swainsonine suffers from many side effects detected along the 

biological studies as referred before 17. In what substituted swainsonine concerns only four 

syntheses have been registered of differently substituted swainsonine. Several of those compounds 

have been tested against -mannosidase/ -rhamnosidase and found to be more active than 

swainsonine itself. Developments in this field are so important from the synthetic point of view and 

mostly from the biological efficiency and selectivity. Computational technologies can also be useful 

tools to speed up an assertive solution. Evolutions of algorithms and calculation’s speed increase 

every year, with rising concordance with experimental results. Docking screening of compounds 

and molecular dynamic simulations are an open source for new solutions. 

 This review intends to help in the future to use several swainsonine precursors as starting 

points to introduce substituents in swainsonine. The work is organized by common precursors 

systematized in three main groups (one of which is divided in two): 1i) 8-oxy-hexahydroindolizine, 

and 2i) 8-oxy-tetrahydroindolizin-5-one, ii) N-protected-3-oxy-2-substituted-piperidine, iii) 2-

substituted-pyrrolidine-3,4-protected-diol (Fig. 2). 
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Fig. 2 The principal synthons 

 

1.2.1 The synthesis swainsonine precursor: 8-oxy-hexahydroindolizine 1i) 

 

Fig. 3. 8-oxy-hexahydroindolizine precursor 

 In 2005 J. Ceccon et al. 18 propose a total synthesis of swainsonine from 1i) intermediate 

(Scheme 1). 1,4-Pentadianol was converted into enol ether 2 and this was subjected to 

asymmetric [2+2] cycloaddition with dichloroketene giving dichlorocylobutanone (3). Chemical 

transformation of 3 into γ-lactam (4) include a Beckmann ring expansion using Tamura’s reagent 

O-(mesitylsulfonyl)hydroxylamine (MSH) and a dechlorination in 12% overall yield. Allylic oxidation 

under Sharpless conditions (SeO2, t-BuOOH, ClCH2CH2Cl, reflux) generates 5 in 56% yield. In the 

next the hydroxyl group was protected with triisopropylsilyl (TIPS), and the lactam was N-alkylated 

with allyl bromide giving 6. Under Grubbs 2nd generation catalyst occurs a metasthesis process 

giving a bicyclic 7. After three steps: i) hydrogenation of double bond; ii) ether cleavage under TFA; 

iii) amide reduction and iv) dehydration gave 1i). 
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Scheme 1. J. Ceccon et al. synthesis 

 S. H. Kwon et al. 19 in 2007 published another method for synthesis of 1i) (Scheme 2) this 

involves iodocyclization of the Z-alkene 8 using (R,R)-salen–Cr(III)Cl complex (13) to afford azido 

tetrahydrofuran 9 in 86% yield, and 90% ee. The azide was reducted providing an intramolecular 

cyclization, and the formed secondary amine was protected with tert-butyloxycarbonyl (Boc) group 

(10). Several transformations were then done in sequence: 1) oxidation of α-carbon of pyrrolidine 

with sodium periodate catalyzed by RuCl3; 2) opening of the THF ring under TMSI in the presence 

of BF3.ether, followed hydroxyl protection, and Boc removal to get the rearrangement to 

indolizidinone 11; 3) phenylselenylation of amide α-carbon to give 12; 4) reduction of the carbonyl 

with AlLiH4 in the presence of AlCl3, followed by an oxidative elimination of the selenium group with 

sodium periodate to afford 1i). 

 

Scheme 2. S. H. Kwon et al. synthesis  

 An interesting publication of W. Bates and R. Dewey published in 2009 20 includes a gold 

catalyzed reaction to achieve the six-membered ring of the indolizidine 1i) (Scheme 3). Starting 

from THF was obtained 14, as a racemate in a five steps synthesis with 57% overall yield. The 

deracemization was processed by an oxidation-reduction sequence using Corey-Bakshi-Shibata 

(CBS) catalyst to afford R isomer (14) in 67% yield, and ee 99%. The scale-up of the reaction 

induces a yield decreasing with formation of several byproducts. In the next step, the azide was 

reduced to amine, and then protected with Boc. The hydroxyl group was also protected with tert-

butyldimethylsilyl (TBS).  At last the alkyne group was subjected to homologation into the allene 

15, by Searles-Crabbe procedure. Compound 15 was cyclized into piperidine 16 under AuCl3 to 

give a single diastereoisomer in 99% yield. Deprotection of the amine with trifluoracetic acid (TFA) 
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followed by alkylation with allyl carbamate (alloc) furnished the substrate for the metathesis 

reaction that followed, under 2nd generation Grubbs catalyst. A first alkylation attempt with allyl 

bromide gave only modest yield.  

 

Scheme 3. W. Bates and R. Dewey synthesis   

 G. Archibald et al. in 2012 published 21 the synthesis of swainsonine from nitrone 17, 

previously obtained by the same group from L-glutamate-derived hydroxy protected diester 

(Scheme 4). First lithium acetylide was added to nitrone 17. According to the authors the 

stereoselectivity of the nucleophilic addition is due to an axial preference of the C-O bond in nitrone 

which maximize the overlapping π* (nitrone) - σ* (C-O) as the proposal of fig. 4. A Lindlar reduction 

of triple bond affords 18.  

 

Fig. 4 Proposed stereoselectivity mechanism of nucleophilic addition to nitrone 18 

Compound 18 was further cyclized by Mitsunobu reaction using di-(4-

chlorobenzyl)azodicarboxylate (DCAD), as an alternative for diethyl azodicarboxylate (DEAD) to give 

1i) in 89% yield. In the same paper vinylmagnesium bromide and allylmagnesium bromide were 

also efficiently added to nitrone in the presence of indium metal in 79% and 91% respectively, to 

give 16 N-deprotected type compounds. The obtained compound can also be N-alkylated and 

cyclized under Grubbs catalyst to afford 1i).  
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Scheme 4. G. Archibald et al. synthesis  

 The most recent literature 22 for the synthesis of  swainsonine precursor 1i) starts from 

achiral 5-chloropental. Chlorination of the enol ether -carbon occurs in the presence of the 

organocatalyst 22 to give product 19 with 75% yield, ee 82%. Treatment of 19 with lithium anion 

of propargylamine afforded 20. The adduct was subjected to Lindlar reduction to give the Z alkene. 

In an acid, and base sequence treatment was obtained compound 1i) through dihydropyrrole 

intermediate 21. At last, the hydroxyl group was protected with TBS. 

 

Scheme 5. V. Dhad et al. synthesis 

 

1.2.2 Synthesis of swainsonine precursor: 8-oxy-tetrahydroindolizin-5-one 2i) 

 Total synthesis of the swainsonine from 2i) intermediate was reported by S. Chooprayoon 

and co-workers 23 in 2011 (Scheme 6), as the chirality source was used commercially available L-

glutamic acid (23). To transform staring material to imide 24, the carboxylic group was amidated 

by via transformation of this group acyl chloride and fallowed amination with 3-phenylsulfanyl-1-

aminopropan, treatment with t-BuOK, provide the ring rearrangement to 6-member imide.  

Protection of the hydroxyl with TBS, followed by NaIO4 gave the sulfoxide 24. Further treatment of 

24 with 2.2 equiv. of lithium hexamethyldisilazide (LHMDS) at -78 ºC followed by quenching with 

water gave a mixture of stereoisomers 25 in the sulfur atom, being SS isomer the major 65 %, 

against 15% Rs isomer, after column chromatography. The isomer SS was reduced with NaCNBH3 

to give 2i). 
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Scheme 6. The synthesis 2i) precursor of swainsonine 

 The other one recent method to synthesis 2i) precursor was proposed by S.P. Chavan et al. 

24 in 2015. The chirality of precursor inherited from cheap and available D-mannitol diacetonide 

28. The starting material was subjected oxidative cleavage of diol with sodium periodate obtaining 

respective aldehyde. Followed the Wittig reaction with the formed aldehyde using 

bromophosphorane, affording the bromoester, which after a Gabriel-Cromwell reaction afforded 

the trans-aziridine 29. In the next steps the ester group was reduced to aldehyde with DIBAL-H, 

the chain elongated by Wittig-Horn reaction, the aziridine ring was opened with TFA in acetonitrile-

water 9:1 mixture, the alcohol function formed was protected with TBS, and the benzyl group was 

removed under catalytic hydrogenation to produce lactam 30. Next two vicinal alkenic “arms” 

were introduced. First lactam 30 was N-alkylated with allyl bromide, then the diol obtained by 

isopropilidene acetal cleavage was oxidated to aldehyde with NaIO4, then elongated by Wittig 

reaction to afford 31. Under metathesis using Grubbs catalyst 2nd generation was obtained 2i). 

 In same year another group publish 25 a synthesis of swainsonine from α-chiral aldimines SS  

26. Attack of an alkynyl Grignard reagent to the aldimine moiety followed by Boc2O addition led to 

the formation of six-membered ring lactam 27. The Grignard reaction’s stereoselectivity is 

controlled by the α-alkoxyl relatively to the aldimine. Lactam 27 subjected to reduction with 

formation of an alkenic “arm”. The Boc unit was removed and the allyl group was introduced in 
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nitrogen atom. The alkenic “arms” were submitted to metathesis under Grubbs catalyst 2nd 

generation to give 2i). 

 

1.2.3 Synthesis of swainsonine from 1i) and 2i) precursors 

 

Scheme 7. Synthesis of swainsonine from 1i) and 2i) precursors 

 The main strategy for obtaining swainsonine (Scheme 7) from 1i) are dihydroxylation by 

AD-mix-α (containing K2OsO2(OH)4), followed by acetylation of the resulting mixture of diols to give 

a separable 9:1 diastereomeric mixture. In the final steps, acetate group are cleaved and the 

hydroxyl at C-8 is deprotected (X=TBSDPS). The yields for the 4 steps is 49% 21. When X= TIPS the 

yield is slightly lower.  

 On the other hand, groups 23,25 which work 2i) for synthesize swainsonine used a osmium 

catalyst in the presence of N-methylmorpholine N-oxide (NMMO) as the co-oxidant. The reaction is 

absolutely diastereoselective giving the product in very good yield. The amide was finally reduced, 

and the hydroxyl deprotected.   

 

1.2.4 Synthesis swainsonine precursors: N-protected-3-oxy-2-piperidines ii) 

 Other one common precursor type ii) of the swainsonine are 3-substituted-piperidines, also 

these precursors, depending of R1 (Fig. 5) group, can converted to 1i) type precursors by Grubbs 

catalysis.  

 

Fig. 5 N-protected-3-oxy-2-piperidines precursor 
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 R. Martin and co-workers 26 in 2005 published a total synthesis of the swainsonine (Scheme 

8) through ii) intermediate. The starting material is the epoxy alcohol 32 that was first subjected 

to carbamation with allyl isocyanate (33). In the presence of sodium bis(trimethylsilyl)amide the 

epoxide opens with formation of the oxazolidinone 34. The alkenic “arms” go through ring-closing 

metathesis to form 35. The Following steps involve hydrogenation the C=C bond, benzylation of 

the hydroxyl group, carbamate ring opening and protection of the piperidine nitrogen atom (36). 

The terminal hydroxyl group formed by removal of the carbamate was oxidized to aldehyde, 

submitted to Wittig reaction affording ii) in 92% of yield from 36. The major E isomer was used for 

synthesis of swainsonine.   

 
Scheme 8. R. Martin et al. synthesis 

 In the next year another synthesis of a precursor ii) was published 27 further converted into 

1i). The starting chiral material 38 was obtained from (E)-vinyl sulfones (37) by treatment with 

AD-mix-β. To 38 was added allyl amine and β-styrenyl boronic acid in a borono-Mannich reaction 

furnishing 39.  In the next steps the hydroxyl was protected, TBDPS group was cleaved, and an 

Apple reaction was performed to give ii) by an intramolecular cyclization (Scheme 9).  

 

Scheme 9. C. W. G. Au et al. synthesis  

 The I. Dechamps et al. 28 in 2007 describe 2 pathways to the synthesis of the swainsonine 

from ii) (Scheme 10). The starting material is L-proline 40 which was converted into a common 

intermediate 41 in five steps: 1) esterification of carboxylic acid; 2) N-alkylation with trityl (Tr) 

chloride; 3) reduction of the ester function with LiAlH4; 4) Swern oxidation of the formed alcohol to 

afford an aldehyde; 5) addition of vinyl-magnesium chloride to give the allylic alcohol 41. The 

synthesis of 42 involves Tr substitution to benzoate (Bz), esterification of hydroxyl group with 
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acryloyl chloride followed by formation of a furanone via olefin metathesis with Grubbs catalyst. 

Stereo-selective oxidation of double bond with NaIO4, under RuCl3 catalysis, form a diol. This is 

protected with isopropilidene group, and the ring was opened with LiAlH4 to form 43. The primary 

alcohol was acetylated and the secondary hydroxyl was chlorinated with configuration retention 

using mesyl chloride in a microwave oven to form 44. Under silver acetate in microwave at 120 

ºC an aziridinium salt occurs leading to ring expansion with formation of the piperidine compound 

ii). A second protocol involves fewer steps and better yields. First in compound 41 the Tr group 

was substituted by the allyl group 45 (50% yield). Compound 45 led to an enantioselective ring 

expansion to form ii) under trifluoracetic anhydride and TEA, followed by NaOH. 

 

Scheme 10. I. Dechamps et al. synthesis 

 In 2009, Y. Tian et al. 29 published the full synthesis of swainsonine from trans-oxazoline 46, 

obtained from D-serine.  Compound 46 was submitted to hydrolysis for ring opening, the amine 

was protected to give 47. In the next steps occurs: 1) a stereoselective hydroxylation with OsO4 in 

presence NMMO; 2) benzoyl group migration to the primary alcohol position occurs in the reaction 

mixture by treatment with sat. aqueous Na2SO3 (48); 3) the formed diol was protected with a 

isopropylidene group; 4) TBS was cleaved, and the free hydroxyl group was oxidized with Dess-

Martin periodinane (DMP) to give the aldehyde; 5) addition of allyl group to the aldehyde with 

allyltrimethylsilane forms 49. The chiral alcohol function was protected with TBS, C=C double 

bound was oxidized under borane.SMe2 complex to form the primary alcohol 50. Treatment of 50 

with mesyl chloride and trimethylamine (TEA) provide cyclization to ii) (Scheme 11). 
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Scheme 11. Y. Tian et al. synthesis 

 The most recent literature for the synthesis of ii) intermediate 30 occurs from available 

enantiomerically pure aziridine 51 (Scheme 12). The ester group was converted into ketone via 

Weinreb synthesis giving 52. The ketone group was reduced with NaBH4, giving the respective 

alcohol in 99% ee. This group was protected with TBS. Under acetic acid in dichloromethane the 

aziridine was opened affording 53. The terminal hydroxyl group was selectively deprotected by 

using mixture AcOH/H2O/THF (3:1:1). The primary alcohol was activated by mesylation. Under 

TEA an intramolecular cyclization occurs with formation piperidine. Further steps involve 

transformation the acetate group into vinyl, and N-deprotection followed by protection with Boc to 

give ii). 

 
Scheme 12. H. G. Choi et al. synthesis 

 

1.2.5 Synthesis swainsonine from 2-substituted piperidine ii) precursor 

 

 

Scheme 13. Synthesis of swainsonine from 2-substituted piperidine ii) 
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 Precursor of swainsonine ii) can be converted into 1i) in case it bears two alkenic “arms” 

vinyl and allyl groups (as R1/ P positions) via metathesis under Grubbs catalysis (Scheme 13). 

When compound ii) bears an ,-unsaturated ester a syn-dihydroxylation of the alkenic moiety 

afford 55. Cleavage of Boc with HCl in diethyl ether, followed by treatment with Hünig’s base, 

diisopropiletilamina (DIEA), provide cyclization with formation of the bicyclic lactam. In the next 

steps the diol was protected, the carbonyl lactam reduced, and finally the hydroxyl groups were 

deprotected to give swainsonine (1).  When precursor ii) bears a protected triol with terminal non-

protected hydroxyl as R1 and P as Cbz, simple procedure will apply. Treatment with mesyl chloride 

followed by hydrogenolysis with Pd(OH)2 provide cyclization to give 54. Hydroxyl deprotection 

afforded swainsonine in 69% yield over the three steps.   

 

1.2.6 Synthesis of 2-substituted-pyrrolidine-3,4-diol precursor iii) of swainsonine 

 The 2-substituted-pyrrolidine-3,4-protected-diol iii) (Fig. 6) is one of mainframe to build up 

swainsonine. In many cases natural sugars are as the source of chirality.  

 

Fig. 6. 2-substituted-pyrrolidine-3,4-diol precursor 

 D-Glucose was used in the total synthesis of swainsonine starting from compound 2-

epoxyfurane 56, described by M. A. Alam and colleges 31 in 2008 (scheme 14). The epoxide 

group was treated with allyl magnesium chloride to provide epoxide opening with olefin chain 

propagation. The hydroxyl group formed was protected with the benzyl group, and isopropylidene 

was removed under HCl 10% in methanol providing the methyl acetal 57. In the next steps, 

tetrahydrofuran ring was opened with 3 M HCl, the hemiacetal group was reduced, and the hydroxyl 

groups were mesylated to give 58. The terminal alkene was dihydroxylated with OsO4, the formed 

diol was subjected oxidative cleavage with sodium periodate, formed aldehyde was subjected 

subsequent reduction affording 59.  Simple treatment with benzylamine provide cyclization with 

formation of iii). 
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Scheme 14. M. A. Alam et al. synthesis 

 D. J. Wardrop & E. G. Bowen 32 in 2011 synthesized swainsonine from protected D-

erythronolactone (64) (Scheme 15). Treatment of starting material with DIBAL-H afforded the 

respective D-erythrose. This, by Grignard reaction with vinylmagnesium bromide gave the free 

alcohol in 71% yield, dr=97:3. Protection of the terminal hydroxyl group with TBS gave 61. 

Treatment of 61 with trimethyl orthoacetate in the presence of propionic acid as catalyst, undergo 

a Johnson–Claisen rearrangement to furnish 62. The primary alcohol was oxidized to carboxylic 

acid via Dess-Martin and Pinnik sequence. Conversion of this material into the methyl hydroxamate 

63 was obtained by reaction of isobutyl chloroformate followed by methoxylamine. Phenyliodine 

bis(trifluoroacetate) (PIFA) treatment provide a di-cyclization process with formation of 64. Lithium 

borohydride reduction of 64 afforded swainsonine precursor iii). 

 

Scheme 15. D. J. Wardrop & E.G. Bowen synthesis  

Another method for the synthesis of iii) starting from D-erythronolactone derivative 60 was 

published in same year 33 (Scheme 16).  The authors did achieve the total synthesis of 

swainsonine in the following steps. Compound 60 was converted into the methyl hydroxamate with 

N,O-dimethylhydoxylamine and trimethylaluminium. The hydroxyl group was protected with TBS to 

give 65. Treatment of 65 with (Rs)-tert-butanesulfinamide catalyzed by titanium(IV) ethoxide gave 

the chiral aldimine 66. In the next steps 66 was coupled with 70, generated in situ by lithiation 

of [3-(methoxymethoxy)prop-1-ynyl]-trimethylsilane (69) followed by transmetalation with ZnBr2 

affording 67 as a mixture of isomers. The major isomer was isolated in 75% yield. In the following 

steps, TMS attached to the alkyne moiety was cleaved, and the triple bond reduced to give 68. 
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TBS was then removed, and the formed primary alcohol was mesylated. This compound under 

TEA cyclize to furnish iii). 

 

Scheme 16. J. Louvel et al. synthesis  

 M. Trajkovic and co-workers 34 described an elegant synthesis of swainsonine in 5 steps, 24% 

overall yield from achiral staring materials (Scheme 17). 1,3-Dioxanone 71 was coupled with 

protected aminoacetaldehyde 72 in presence of L-proline, as organocatalyst, providing formation 

of 73, as a single diastereomer. Pyrrolidine 74 was formed by reductive amination, under H2, 

Pd/C. Compound 74 was treated with p-TsOH in acetone to provide migration of the isopropylidene 

moiety with formation of iii).  

 

Scheme 17. M. Trajkovic et al. synthesis  

 Another synthesis for swainsonine from sugars pool was proposed by A. A. Ansari and Y. D. 

Vankar in same year 35 (Scheme 18). D-Galactal 75 was used as the staring material. The C=C 

bond under OsO4/NMMO was dihydroxylated. Oxidative cleavage with sodium periodate, gave the 

aldehyde 76. Reduction of compound 76 with sodium borohydride gave the respective diol, which 

was mesylated to afford 77. Stereochemistry of the secondary mesylated alcohol was inverted by 

reaction with cesium acetate in the presence of 18-crown-6. The obtained compound was 

hydrolyzed and the free alcohol mesylated to give 78. Addition of benzylamine promotes cyclization 

to iii).  
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Scheme 18. A. A. Ansari and Y. D. Vankar synthesis 

 A recent report 36 of swainsonine synthesis is based on the cyclic nitrone 79 previously 

obtained from D-mannose in 6 steps and 43% overall yield (Scheme 19). Tautomerization of 

compound 79 into 80 occurred in two steps, 95% overall yield; reduction with NaBH4 followed by 

oxidation with MnO2. A second reduction with NaBH4 furnished hydroxyamine 81 as a single 

product. 

 

Scheme 19. B.C Qian et al. synthesis  

The precursor of swainsonine iii) was obtained in three steps: reduction with zinc/Cu(OAc)2, N-

protection with Cbz group, followed by selective acetal cleavage with 1% H2SO4 in methanol.  

 

1.2.7 Synthesis of swainsonine from iii) precursor 

Scheme 20. Synthesis of swainsonine from iii) precursor 

 Scheme 20 resumes literature about swainsonine synthesis from iii) precursors in 5 

pathways. The simplest pathway consists in direct cyclization into swainsonine core in case R1 

possess a free primary alcohol, either by mesylation or Apple reaction (f,d). In cases where R1 and 
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P1 can be transformed into alkenic groups, a metathesis will lead directly to the swaisonine core 

(cases c). In one case, b), when R1 is a 4-carbon atom chain possessing a dimethyl acetal group 

at the terminal position, and a hydroxyl group at C-1’, with P1 = Cbz group and P2 = isopropylidene, 

hydrogenolysis in ethanol /HCl led to swainsonine. Finally, in case a), when R1 is a 4-carbon atom 

chain with terminal ester group, and a hydroxyl protected MOM group at C-1’, P1 = Cbz, and P2 = 

isopropylidene a two reduction processes and two acid treatments afforded swainsonine in fairly 

good yields. In some cases swainsonine (1) was obtained after further group’s deprotection.  

 

1.2.8 Other synthesis of swainsonine  

 There are two cases of the swainsonine synthesis not included in previous categories. P. K.  

Sharma and co-workers 37 started from 82, a derivative of D-glyceraldehyde. The reactions were 

carried out on a kg scale. First, the primary alcohol was transformed into azide 83 by a Mitsunobu 

reaction in 85% of yield. The azide was refluxed in toluene for 20 h providing cyclization. After ester 

moiety hydrolysis with NaOH the carboxylic acid 84 was formed. By acetic acid treatment at 110 

ºC a second cyclization took place to give the bicyclic lactam 85 in 80% yield from 84. Subsequent 

treatment of 85 with an excess of borane/THF complex at < 5 ºC followed by aqueous NaOH and 

30% aqueous H2O2 result in the formation of 86 in 66% yield. In the final step the vicinal diol was 

deprotected with HCl to afford swainsonine (98 %) (Scheme 21). 

 
Scheme 21. P. K. Sharma et al. synthesis 

 H. Guo and G. A. O’Doherty 38 synthesized swainsonine starting with achiral materials: 2-

lithiumfuran and γ-butyrolactone. Condensation of the compounds afforded 2-substituted furan 87 

(scheme 22). The alcohol included in the structure was protected with TBSCl, then the ketone 

was stereoselectively reduced by Noyori (S,S) catalyst giving 88. Under Achmatowicz conditions: 

N-Bromosuccinimide (NBS) in THF/H2O the furan ring rearrange to pyranone 89 in 84% yield. A 

diastereoselective protection of the anomeric position was performed in two-steps: acylation with 

(Boc)2O followed by reduction with Pd/PPh3. The azide was incorporated at C-4 of compound 90 
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after reduction of the ketone unit with NaBH4, followed by reaction with methyl chloroformate to 

give a carbonate. Then, using stereoselective Sinou’s methodology with palladium catalysis 

(Pd(allyl)Cl)2/1,4-bis(diphenylphosphino)butane was obtained 91 in 52% overall yield for the three 

steps.  Subsequently the hydroxyl was deprotected and mesylated to afford 92; the double bond 

was dihydroxylated to give 93; finally 93 was subjected to high pressure hydrogenolysis to give 

swainsonine.  

 
Scheme 22. H. Guo & G. A. O'Doherty synthesis  

 

 

1.3 Synthesis of substituted swainsonine 

After understanding the potential of the swainsonine molecule, several modifications of its 

structure were conducted in order to improve activity, biological selectivity together with evaluation 

of the enzymatic mechanisms. As in the previous section, this part will be considered solely works 

after Pyne’s review referred to (+)- and (-)-swainsonines.  

  

1.3.1 Synthesis of 5-substituted analogues 

 Fujita et al. 39 reported the synthesis of 5-substituted swainsonines as well their biological 

evaluation. The chemical sequence starts from 95, obtained from commercially available D-

erythrolactone derivative 94. In the first step occurs a non-stereoselective reduction of lactone with 
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DIBAL-H and further etherification of the anomeric position with acetone dimethyl acetal to afford 

96 in quantitative yield. Hydrogenolysis of the azido group under palladium hydroxide provides 

cyclization to give compound 97, the key intermediate for synthesis 5-substituted swainsonine. 

(Scheme 23)    

 

Scheme 23. The synthesis of key precursor for 5-substituted swainsonine 

 Under acid treatment in protic solvent 97 suffered a cyclization with formation of an 

imonium salt, in equilibrium with the respective enamine. Mannich addition of ketones occurred to 

afford products 98 in moderate to low yields. Epimerization at C-5 occurs in reasonable yield by 

incubation of 98 in MeOH for several days or by treatment with basic ion-exchange resin (Dowex 

1X8) for several hours, to give the isomer 99 (Scheme 24).  

 
Scheme 24. Fujita et al. synthesis of 5-substituted swainsonine by Mannich reaction 

 Evaluation of compounds 98 in α-mannosidase from Jack beans, with R= p-MePh, p-t-BuPh, 

p-BrPh, p-IPh showed good inhibition activity IC50=0.22-0.42 µM (swainsonine IC50=0.25 µM), but 

its isomer 99 is less active (IC50=0.91-3.29 µM).  

 

1.3.2 Synthesis of L-swainsonine 6-substituted- and 6,6,7-trisubstituted L-swainsonine 

analogues 

 A. E. Hakansson et al. 40 synthesized 6- and 6,6,7-trisubstituted analogues of the L-

swainsonine from readily available glucoheptolactone 100. Pyrrolidine 101, the key intermediate, 

is obtained in a sequence of hydroxyl protection/deprotection, and incorporation of the nitrogen 

atom at the last step with benzylamine. Pyrrolidine 101 was converted into 102 in two steps: 1) 
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oxidative cleavage with sodium periodate; 2) Wittig olefination with Bu3P=C(Me)CO2Me afford the 

conjugated esters in 1 (Z) : 4 (E) ratio, and 81% combined yield.  The mixture was submitted to 

hydrogenolysis under palladium hydroxide to afford separable R/ S bicyclic lactams 103, in 43% 

(R)/ 28% (S) yields. Each lactam was reduced under borane–tetrahydrofuran complex, and 

deprotected with TFA to afford (+)-L-6-methylswainsonines 104 in 77% (R), and 81% (S) yield 

(Scheme 25). L-Swainsonine could also be obtained following the same sequence from 101 

using Bu3P=CHCO2Me in the Wittig reaction. Enzymatic inhibition studies of R and S 104 isomers 

showed a very good activity for the R compound towards α-L-rhamnosidase IC50=34 nM, Ki=32 nM, 

but the S isomer inhibition activity decreased in two folds of magnitude to IC50=1.17 µM Ki=1.10 

µM. The inhibition of α-L-rhamnosidase by L-swainsonine is less active then the R isomer ahead, 

IC50=130 nM Ki=450 nM.  

 

Scheme 25. A. E. Hakansson et al.  L-6-methylswainsonine synthesis  

 Intermediate E-102 was used for the synthesis of L-6,6,7-trisubstituted swainsonines 

(Scheme 26). Under osmilation conditions were obtained a separable mixture of lactones 106 

and 109 in 3:1 ratio. Hydrogenation of each lactone under Pd(OH)2 followed by treatment with 

potassium carbonate in methanol led to lactams 107 and 110. Final products were obtained by 

reduction with borane–tetrahydrofuran complex. Isomer 108 was obtained in 22% of yield and 

isomer 111 was also isolated, but no yield reported. Inhibition activity of 108 and 111 against α-L-rhamnosidase is IC50=21.3 µM for 108, and IC50=9.2 µM for 111, both lower than for 6-

methylswainsonines. 
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Scheme 26. Synthesis of (+)-L-6,6,7-trisubstituted swainsonine analogues  

 

1.3.3 Synthesis of 7-disubstituted D-swainsonine analogues 

 Alessandro Tinarelli and Claudio Paolucci 41 synthesized 7-acetamidoswainsonine analogue 

(Scheme 27) from lactam 112 described in literature 42. Reflux of lactam 112 under DMP and 

diazabicycloundecene (DBU) afforded 113 in 88% yield. The ,-unsaturated carbonyl unit was 

subjected to Michael addition to give 114 (84%) and 115 (78%). Additions are highly 

stereoselective processes. The synthesis of a swainsonine analogue was concluded only with 114. 

The azide group and carbonyl were subjected to a tandem reduction with borane-dimethyl sulfide. 

The isopropylidene group was removed under HCl treatment.  Subsequent treatment of the 

deprotected compound with acetic anhydride led to amine and hydroxide acetylations. The final 

product 116 was obtained after alkaline treatment in 56% overall yield for the three last steps.  

 

Scheme 27. Synthesis of 7-substituted D-swainsonine analogues  
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Theoretical studies.  

 

 

 

 

 

 

 

 “When the theory coincides with the experiment, this is 

no longer a discovery, but a closure of the topic.” 

Pyotr Kapitsa  
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2.1 Introduction 

 Glycoprocessing enzymes are an interesting therapeutic target because they are 

responsible for the metabolism of complex carbohydrate structures involved in many biochemical 

recognition processes. 

 Natural alkaloid swainsonine (swa) is known as a potent and selective inhibitor of glycoside 

hydrolases from the GH family 38 1,2. The effect of swainsonine on oligosaccharide processing was 

also elucidated 3. Also, its role as anti-tumor agent was disclosed in Chapter 1.  

 However, swa and all other known GH38 α-mannosidase inhibitors exhibit also a serious 

side effect. i.e. they inhibit broad-specificity GH 38 lysosomal α-mannosidase (LMan) (EC 3.2.1.24) 

4,5. This fact limits their use as therapeutics due to an accumulation of mannose-containing 

oligosaccharides in tissues and serum, and their appearance in urine, provoking lysosomal storage 

diseases. 

 The known characteristics and effect of swa are a start point in the design of swa based 

compounds with improved profile, i.e., presenting decreased toxicity and high selectivity towards 

Golgi -mannosidase. In this sense, the major aim in using computational techniques is 

understanding broadly both enzymes and the interaction pattern with swa and designed analogs. 

Molecular modelling (MM) methods can disclose in detail aspects of Golgi and lysosomal 

mannosidases, as their dynamic behavior, active site characteristics and the interactions with 

inhibitors. Many MM techniques were used in this work to study the properties of interest. 

 One major challenge in the study of this type of inhibitor, in its ultimate target, the human 

Golgi and lysosomal mannosidases, refer to the difficult to purify mammalian samples in a quantity 

suitable for physical studies 6. Because of this fact, most of studies are performed in glycosidases 

from other organisms, typically from drosophila (Drosophila melanogaster) or Jack bean (Canavalia 

ensiformis).    

 Due to the know structural conservation among organisms, it is possible to predict the 

structure of human Golgi and lysosomal mannosidases using threading search algorithms, 

implemented in Protein Structure Prediction (PSP) programs.  

 Globally, Golgi α-mannosidase is a type II transmembrane protein, with approximately 125 

kDa in size and located in the Golgi apparatus. GMII consists of a N-terminal α/β domain, a three α-helix bundle and an all-β C-terminal domain forming a single compact entity, connected by five 

internal disulfide bonds 6. Structurally, lysosomal is very similar and located in lysosomes, although 

small in amino acid sequence. Concerning the active site, both enzymes has a Zn2+ ion essential 
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to the biological activity and hydrolase reaction, as the substrates complexed with this ion, and 

then the reaction occurs. 

 To understand what could be behind of an optimum binding and selectivity, we study the 

enzymes by using different techniques, such as, PSP/homology modelling, virtual screening of 

inhibitors via molecular docking, molecular dynamics (MD) simulation of the most promising 

inhibitor-target complexes and analysis tools. Scheme 1 helps to follow our rational and protocol 

for computational studies.  

 
 
Scheme 1. Representative workflow of the protocol/computational experiments used in this study 
 
 

 

2.2 Results and discussion 

 To accomplish the protocol described in Scheme 1, several tasks were performed. First, 

were designed hexahydropyrroloquinoline (HHPQ) type compounds that could be synthesized by 

the method described in next chapter, creating a library with 119 possible inhibitors. After this, 

molecular docking using two different methods were carried out to dock these compounds against 

the mannosidases. This was done using experimental determined structures and the human 

models proposed here.   

 Concerning the human models, we proposed structures for Golgi α-mannosidase II (hGMII) 

and Lysosomal mannosidase (hLM) via homology modelling, as this is the ultimate target for 

applications of the designed inhibitors. These models were equilibrated through molecular 

dynamics simulations.  

 Finally, were selected the best candidates and simulated the inhibitor-enzyme complexes, 

to achieve a global understand about these systems. 
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2.2.1 Protein structure prediction of human enzymes 

 Currently exist two X-ray structures of the enzymes addressed in this study with good 

resolution: Golgi α-mannosidase II (GMII) of drosophila PDB ID:3blb and bovine lysosomal α-

mannosidase (LM) (1o7d). However, none experimental solved structure is available for the 

equivalent human glycosidases.   

 To study the possible behavior of some partial analogues of the swa with the human 

enzymes, PSP techniques were performed.  This was done using I-Tasser server 7–9, a program that 

generates model structures by homology modeling and call upon templates from the Protein Data 

Bank 10. To use this method, it is necessary submit into the server the full human sequence of our 

target protein that were achieved through UniProt Database 11. For Golgi, the entry Q16706 was 

used, and for lysosomal, the code O00754.  

 After that, the program search for threading templates to predict the models. In the case 

of human Golgi α-mannosidase the templates were the proteins with the following codes: 3dx4, 

5jm0, 2ow6 and 3bvx. For human lysosomal α-mannosidade, I-Tasser used: 6b9o, 3dx4 and 3bvx. 

Three of these templates are high resolution X-ray structures of Golgi -mannosidase from 

Drosophila melanogaster, one Jack bean -mannosidase from Canavalia ensiformis and one not 

related.  

 I-Tasser generates five hit models using the templates above mentioned and the one with 

the best C-score (confidence) was chose to proceed in protocol. Lysosomal was predicted with 

more confidence than Golgi, due to a more successful alignment identity with other proteins. The 

new generated enzymes were subjected to relaxation by MD simulation for 20 ns, allowing the 

equilibration of atomic positions to a most stable structure in comparison with the model. After 

this, the models are ready for subsequent studies and analysis.  

 The 3D structures predicted for the proteins addressed in this study are shown in Fig. 2 

(A and D). Also was calculated the electrostatic potential surface of each enzymes with APBS-

PDB2PQR server 12 and visual analysis was done. The hGMII (1144 amino acids) are bigger than 

hLM (1011 amino acids), the active center of hGMII larger and carring much negative charge in 

comparison with hLM. These facts contribute to a rational design of new compound for selective 

inhibition of hGMII.  

 To compare the models with the experimental solved structures, BLAST 13 alignment was 

used. The hGMII presents 43% of identity with 3blb, the mannosidase from drosophila, and hLM 

reveals an identification around 81% with the lysosomal mannosidase from bovine species. 
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Importantly, if the active sites were compared by sequence alignment, selecting only the amino 

acids present in this region, a very similar active site is identified, as showed in fig. 1. However 

small changes in amino acids, could lead to significant difference in interaction pattern and overall 

shape of active center, being importantly to study the compounds library in both cases: 

experimental structures and model ones.  

 

 

Fig. 1. Comparative analysis of active centers X-ray vs Homology Modeling structures 
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Fig. 2. (A-C) refer to the predicted structure of human Golgi -mannosidase, where B shows the electrostatic potential surface and 
C highlights the active center pocket. (D-F) refer to the predicted structure of human lysosomal a-mannosidase, where E shows the 
electrostatic potential surface and F highlights the active center pocket. In the electrostatic potential surfaces, red represents the 
negative potential values and blue, the positive potential values; these potentials (kb T ec

-1) were calculated using APBS-PDB2PQR. 
The pockets present their cavities in grey surface representation. G shows the structure of human lysosomal a-mannosidase (light 
grey) superimposed to human Golgi -mannosidase.  
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2.2.2 Ligand design and preparation 

 The design of new compounds were made by the following criteria: 1) 

hexahydropyrroloquinoline-2,3-diol (HHPQ) core was maintained; 2) modifications at positions 4 

and 5 that can be substituted in synthetic process though electron demand Diels-Alder reaction or 

transformed after; 3) modification of aromatic ring substituents; 4) reactions viabilities; 5) reagents 

availabilities. Following this rational, 119 structures were designed. Before the docking studies, 

these structures were subjected optimization through DFT 14 calculations for obtention of a 

minimum Gibbs free energy by using Gaussian09 15, with B3LYP function 16–20 and 6-31+G(d,p) 21–24 

as basis set.   

 The optimized structures were transferred to pdbqt format (atomic coordinates, partial 

charges and AutoDock atom types), using OpenBabel 25 software, for the use on docking protocol.  

 

2.2.3 Molecular docking studies: AutoDock Vina 

 The 119 optimized structures were submitted virtual screening by using AutoDock Vina 26 

into experimental and model structures of Golgi and lysosomal mannosidases. The grid box was 

restricted to active center of enzyme and exhaustiveness option equal 40.  

 From the best Gbinding, was calculated the energetic binding difference between X-ray 

structures (Golgi vs. lysosomal) and homology modeling structures. After that, were selected 

inhibitors more negative in at least -1.5 kcal/mol for Golgi. The table 1 shows these differences, 

named Gaffinity, and in supporting information all Gbinding are listed for the 119 molecules in all target 

enzymes.  

 

 Table 1. Selection of the best Docking Vina results, for GMII and LM X-ray structures 

 

 

 

 

 

 Analyzing the vina energies was observed that with R5=pyrrolidone and R3=acid result in 

affinity to Golgi -mannosidase II, but if R3 pass to methyl ester group, the affinity and the binding 

energy decrease. Also, more bulked esters did not demonstrate better results, as could be expected 

due the large active pocket for Golgi in comparison with lysosomal.  

Analogue ∆Gaffinity Analogue ∆Gaffinity Analogue ∆Gaffinity Analogue ∆Gaffinity 
1 -2.8 65 -1.8 41 -1.6 80 -1.5 

2 -2.3 66 -1.8 95 -1.6 88 -1.5 

91 -2.1 117 -1.8 39 -1.6 94 -1.5 

113 -2.0 69 -1.7 11 -1.5 114 -1.5 

3 -1.8 55 -1.7 40 -1.5   
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 To perceive better this observations, image of docking positions was generated for the 

most negative binding energies, as seen in fig. 3. In additional scheme 2 helps to fallow the 

inhibitors structures. 

 

 

 

Scheme 2. Structures with the best results of vina for X-ray structures 

 

Fig. 3. A: Active center pocket of GMII X-ray B: Active center pocket of GMII X-ray with analogue 1, C: Active center pocket of 

lysosomal X-ray D: Active center pocket of lysosomal X-ray with analogue 1 
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 Similarly, the virtual screening of the 119 structures was performed using the human 

models as target macromolecules, and results summarized in table 2 and scheme 3. 

 

Table 2. Vina ∆Gaffinity results in homology modeling structures 

 

 

 

 

 

 

 

 

Scheme 3. Best results of vina docking for homology modeling structures 

 The hit results obtained for the human models were different than the observed for X-ray 

targets. This was expected, especially for Golgi, since some amino acids in the sequence vary 

between the organisms, also the binding pocket arrangement and interactions. As the goal of this 

work is to develop novel inhibitors selective for human Golgi -mannosidase, the inhibitors with 

Analogues ∆Gaffinity Analogues ∆Gaffinity Analogues ∆Gaffinity 

75 -2,2 6 -1,8 31 -1,5 

46 -2,1 39 -1,7 51 -1,5 

71 -2,0 40 -1,6     

118 -2,0 44 -1,6     

45 -2,0 111 -1,5     
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best results in this target were selected to further analysis and studies. Therefore, the docking 

experiments using crystalline structures served more to solidify the use of the method and for 

comparative terms than to pursue the main objectives of the study. 

 Fig. 4 highlights the active pocket differences between the human models and also the 

binding mode of analog 75, the one with best binding energy, using vina. These docking poses are 

a first indicative of selectivity of compound 75 towards hGMII, as the hydroxyl groups are near the 

Zn2+ in this case (Fig. 4 B) and more far in lysosomal active center (Fig. 4 D).  

 

Fig. 4. A: Active pocket hGMII. B: Complex of hGMII with analogue 75 C: Active pocket hLM. D: Complex of hLM with analogue 

75 

 

2.2.4 Molecular docking studies: AutoDock4 Zn  

 From the best results obtained with AutoDock Vina, for inhibitors in homology modelling 

structures, AutoDock 4 27 was tested for method comparison. Twelve molecules were selected, and 

all of them demonstrated the same profile observed in vina, to binding with a more negative energy 

in Golgi -mannosidase, however with less difference between the enzymes.  

 Analyzing case by case, the results were non-concordant with AutoDock Vina, as the same 

binding energy trend was not observed among the compounds. To fend off this problem, was 

decided to use optimized forcefield for zinc (AutoDock4 Zn). This method includes a potential able 

to describe the interactions of zinc with coordination ligands 28. 
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 Using AutoDock4 Zn, the results of affinity were more concordant with vina results, despite 

the fact of vina not consider the zinc charge and contribution to the binding.  Table 3 list the 

binding energy difference (∆Gaffinity) between hGMII vs. hLM.  

 Some known limitations of docking experiments refer to the fact that the proteins are static 

in this method, and only the ligand has movement, flexibility and torsions. In addition, solvation or 

desolvation are poor estimated as no explicit waters is present in docking. Because of that, it is 

reasonable to use MD simulations to make end point decisions. Five compounds were selected 

(Fig. 5) for future evaluation using MD simulations, respecting the criteria: 1) reject very much 

similar structures 2) select compounds by simple and viable pathway synthesis.  

 

Table 3. Result of ∆Gaffinity using AutoDock4 Zn and human mannosidase models 

Analogue ∆Gaffinity Analogue ∆Gaffinity Analogue ∆Gaffinity 
118 -3,92 46 -1,39 75 -0,18 

51 -2,12 39 -1,35 44 3,20 

6 -2,09 40 -1,18     

71 -2,07 111 -1,05     

31 -1,55 45 -0,52     

 

 

Fig. 5. Structures of the selected compounds for MD studies, in complex to hGMII and hLM 

 

2.2.5 Molecular dynamics studies  

 From AutoDock4 Zn docking poses, MD simulations of the 5 complexes for each enzyme 

were carried out during 10 ns. This was done to perceive the stability of each complex, to see the 

compound behavior in active center and the interaction with amino acids. All compounds stay at 

active center during the simulation. However more deep analysis allows to make some conclusions 

without prolongating the simulation time, which request huge computing resource and time.  

 First, was followed the RMSD (Root Mean Square Deviation) analysis, which is a measure 

of the deviation of the particles position with respect to a reference structure over time. For this 

calculation was chosen the amino acids of active center in the presence of the selected 
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compounds, which give us the relative stability of the active center when a ligand is bound. The 

results demonstrate that in the presence of compound 31 hGMII are more stable than hLM, next 

compound 75. Oppositely, these two compounds induce a considerable change at hLM active 

center.  

 

Graphic 1. RMSD analysis of active center in presence of ligand for hGMII (left) and hLM (right) 

 Several analyses, as RMSF, Hydrogen Bond and distance between Zn2+ and ligands, were 

performed. However, these results were not useful to distinguish a selectivity towards Golgi 

mannosidase. In this sense, was calculated the middle conformation of the ligand during the last 

5 ns of simulations, where complexes were stabilized. This is done using the clustering analysis, 

which can find out the most representative structure of the inhibitor, in a time interval, resulting in 

a conformation for visual evaluation, i.e. will tell the most sampled position of the compounds in 

active site (Fig. 6). 

 The conformation generated in this analysis helps to understand the proximity of HHPQ 

ring and hydroxyl groups to the Zn2+ ion, which proves to be more comparative among the systems 

than other analysis tested. 

 Comparing the compound position in both active sites (Fig. 6), some interesting 

conclusions emerge. Compound 6 positioned its hydroxyl group in similar way (near zinc) in the 

two enzymes, while 39 is far from zinc ion in both cases. For the ligand 111 the most sampled 

conformation in the two enzymes does not help to distinguish a preferred binding. Finally, inhibitors 

31 and 75 are the two cases where we can infer a selectivity towards Golgi, as the HHPQ core is 

oriented and the diol very near to zinc ion, for these compounds. This arrangement is very different 

of the ones sampled in lysosomal.  
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2.3 Conclusions 

 For this study different molecular modelling techniques were implemented, from structure 

prediction to molecular dynamics, to address the binding of novel inhibitors to mannosidases. 

Currently, most studies addressing the activity of inhibitors in Golgi and lysosomal mannosidases, 

make use of structures from another organism, not human. That is why understand in detail the 

structure and interactions in human Golgi mannosidase is very important to best design novel 

selective inhibitors.  

 The results show that despite the conserved similarity to mannosidases from other species, 

the activity pocket of the human models is different. Importantly, the pocket in Golgi is more opened 

than in lysosomal, indicating that one possible strategy would be increase the size and volume of 

the inhibitor compound.  

Docking experiments were a first attempt to design and chose selective ligands. With this 

technique a library of 119 compounds was screened against the enzymes and 5 hit structures 

were selected. 

 Molecular dynamics simulations evaluated the stability of the complexes from the best five 

docking results, trying to better differentiate the affinity to both enzymes. From the complete 

computational protocol, only 2 ligands demonstrated selectivity towards Golgi, the compounds 31 

and 75.   

 Simulating the complexes for mores nanoseconds could distinguish and give more 

information about the evaluated systems. These enzymes comprising a high number of amino 

acids, making these systems very computational demanding and time consuming. 

 We highlight that the findings we obtained suggest lead compounds to synthesis and 

further biological studies. Importantly, novel molecules could be designed using the top 5 

structures.   

Acknowledge  

“Search-ON2: Revitalization of HPC infrastructure of UMinho, (NORTE-07-0162-FEDER-000086), co-funded by the 

North Portugal Regional Operational Programme (ON.2-O Novo Norte), under the National Strategic Reference 
Framework (NSRF), through the European Regional Development Fund (ERDF). 

Supporting Information (optimized structures list, docking energies, enzyme models) 

available at attached file. 

 



40 

 

Fig. 6. Abundant of ligands position after last 5 ns of MM simulation complexes of hGMII (left) and hLM (right) with 

interaction by hydrogen bond with amino acid of enzyme 
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2.4 Molecular modelling options 

2.4.1 Molecular docking 

 Docking experiments were performed with Vina, AutoDock 4.0 and AutoDock Zn and 

prepared with the AutoDock tools software. As macromolecules, X-ray structures of Golgi and 

lysosomal were used, as above mentioned, and the most representative structures from MD 

equilibration of human models. 

 In the case of vina, this method has a simpler implementation, using a combination of 

scoring function and an optimization algorithm, being fastest in predict docking poses. For this 

method a grid spacing of 1 Å is used, therefore the grid points, i.e., the size of the box where the 

search is done, vary accordingly the enzyme and inhibitors, but the box is always centered at the 

zinc ion. An exhaustiveness of 40 and num_modes = 5 were used.  

 For AutoDock 4 or AutoDock 4 Zn, Lamarckian genetic algorithm (LGA) was chosen as 

search algorithm. Similarly, a grid box was created and centered near Zn ion, but in a resolution of 

0.375 Å, with the necessary size to involve all inhibitors sizes/volume. Grid potential maps were 

calculated using AutoGrid 4.0. Each docking consisted of 50 independent runs, with a population 

of 150 individuals, a maximum number of 25x106 energy evaluations and a maximum number of 

27,000 generations. 

 

2.4.2 Molecular dynamics simulations 

 All simulations were performed using the GROMACS 5.1.4 version 29, within the GROMOS 

54a7 force field (FF) 30. 

 The first simulations were carried out to equilibrate the human models generated via PSP 

method. Both enzymes were modeled in water with the simple point charge (SPC) water model in 

a cubic box with a hydration layer of at least 1.5 nm between the macromolecule and the walls.  

 To achieve system neutrality counter ions were added to the simulation boxes. One stage 

of energy minimization was performed using a maximum of 50,000 steps with steepest descent 

algorithm for both structures. The systems were initialized in a NVT ensemble, using V-rescale 

algorithm 31, with the coupling constant τT = 0.10 ps, to control temperature at 310 K (37 °C). 

After that, a NPT initialization step was performed, with V-rescale and Parrinello-Rahman 32 barostat 

algorithms to couple temperature and pressure at 310 K and 1 atm respectively. Was used the 

following coupling constants: τT = 0.10 ps and τP = 2.0 ps. Position restraints (with force constant 
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of 1000 kJ.mol-1.nm-2) were applied to all protein heavy atoms in initialization steps. 20 ns of MD 

simulations were performed for each system, without position restraints, and with the same NPT 

ensemble described above. The Lennard-Jones interactions were truncated at 1.4 nm and using 

particle-mesh Ewald (PME) method for electrostatic interactions, also with a cut-off of 1.4 nm. The 

algorithm LINCS was used to constrain the chemical bonds of the peptides and the algorithm 

SETTLE was used in the case of water. 

 The second type of simulation were performed using the best docking pose for the 5 

selected cases in each human enzyme model. These simulations were performed during 10 ns, to 

perceive the spontaneous tendency of the inhibitor to remain or leave the active center, or simply 

to observe the interaction pattern with the target or the conformational changes which causes to 

the enzymes.  

 To simulate the complex, it is necessary to generate GROMOS parameters for the inhibitors 

molecules using ATB 33, making these compounds recognizable by the Force Field.  These 

simulations followed the above described parameters.  

 
2.4.3 Analysis 

 For visual analysis and take pictures was used PyMOL 34. Other analyses were performed 

using the tools available in GROMACS.  

 The analysis RMSD or root mean square deviation is very used in this field, to follow the 

conformational changes along time, in comparison with a reference structure. For this study, the 

active center was the focus, where we calculated the deviations in the presence of a ligand. 

 The clustering analysis minimize the RMSD variance and results in a conformation that 

best represents all the frames sampled, being possible to see the most probable arrange of the 

inhibitor at the active site. 

 Hydrogen bonds were followed through PyMOL, to see the interaction pattern among the 

inhibitors and enzymes. Other analyses, as RMSF and distance were performed for the complexes, 

but were not helpful to distinguish the systems.  
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Chapter III: Results and discussion. 

Experimental work.  

 

 

 

 

 

 

 “Chemistry begins in the stars. The stars are the source of the 

chemical elements, which are the building blocks of matter and 

the core of our subject.” 

Peter Atkins 
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3.1 Introduction 

 Tetrahydroquinoline (THQ) or 1,2,3,4-tetrahydroquinoline is an important framework to 

which a variety of biological activities are ascribed. This core-structure is present in natural 

products, and plays a key role in synthesis of new drugs in pharmaceutical industry. Natural 

products range from simple alkyl derivatives to more elaborated polycyclic structures. E.g. 2-

methyl-THQ is present in human brain; 2-arylalkyl: (-)-angustureine, (1) (-)-cuspareine, (-)-galipeine 

(2) isolated from a Venezuelan shrub-like tree display a variety of medicinal properties1,2. Synthetic 

1,2,3,4-THQs derivatives have been design to meet an array of biological applications, from 

cardiovascular agents, to anticancer agents, immunosuppressors, antiplasmodial. For example 

oxamniquine (3), sold under the brand name Vansil, treat schistosomiasis; THQ L-689,560 (4) is 

a potent antagonist at the glycine-NMDA receptor 3.  

 

 Besides, pharmacological applications, THQ derivatives have also other important 

applications as pesticides, corrosion inhibitors, and antioxidants. Some THQ have been used as 

coordination ligands with various metals, such as rhodium and iridium, in asymmetric synthesis 1.  

 THQs were previously synthetized in our laboratory by Povarov’s reaction from protected D-

erythrose (5) and p-anisidine 4 (Scheme 1). In this work were described the synthesis of other 

THQs starting from D-erythrose and other anilines. HHPQ were obtained from THQ by 

aminocyclization.  

Fig. 3.  THQs of natural sources: angustureine (1), galipeine (2); synthetic THQs: oxamniquine (2), L-689,560 (4) 
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Scheme 1. Previous work of synthesis functionalized tetrahydroquinolines 

 

3.2 Results and discussion 

 The main objective of this work is the synthesis of new THQs derived from reaction of anilines 

with aldehyde 5, followed by in situ reaction of the imines with electron rich dienophiles, and further 

cyclization of THQs into HHPQ. The starting aldehyde 5, was prepared from D-glucose according 

to the literature procedure 5–8, which includes a methodological upgrade with yield improvement 

and reaction scale-up (Scheme 2) 9. Anilines substituted at m-position with esters groups were 

prepared according to the literature described for methyl ester 10, or by Fisher esterification from 

respective amino-acids followed by neutralization.  

 

Scheme 2 Synthesis of the starting material, D-erythrose (5) 
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3.2.1 Synthesis of D-erythrosylimines 

 

Scheme 3. Synthesis of D-erythrosylimines (8a-f) 

 Imines 8 were prepared “in situ” by reaction of aldehyde 5 with aniline, anilines bearing 

electron-donating groups, and anilines bearing electron-withdrawing groups. Reactions were run in 

THF or ACN in the presence of MS 4 Å at 35 ºC for 1-24 h (Scheme 3). The syntheses of aromatic 

imines containing m-EDG were completed in 24 hours. Reactions were much faster (1-2 hours) 

with anilines bearing m-EWG. The formed imines bearing EWG has to be used immediately after 

preparation. On the contrary imines with EDG are stable under the reaction conditions. Anilines 

bearing the carboxylic acid group do not react even after heating at 40 ºC for 24 h.   

3.2.2 Addition of N-vinyl pyrrolidone to m-substituted imines 

 The crude imines 8a-f were subjected to inverse electron demand Diels-Alder cycloaddition 

(DAINV) with N-vinylpyrrolidone. The imine reaction mixture previously made in the first step was 

cooled to -79 °C, BF3.ether was added, followed by the dienophile. The temperature was then 

allowed to rise to reach room temperature for 2-19 h. The reaction of imine 8a took run in ACN 

gave a better yield (52%) than the one run in THF, 34%. Reactions of aromatic imines bearing m-

EWG 8b-d took 2 hours to be completed. Reactions of imines incorporating m-EDGs did not occur, 

even prolonging the reaction period till 24 hours. 1H NMR showed no signs of cycloadducts, but 

only degradation products (Scheme 4). The crude products were subjected to flash 

chromatography, giving inseparable mixtures of isomers 9 and 10 in ratio, and overall yields 

described in Table 1 (from D-glyceraldehyde 5). 

 

Entry R Time(h) 

a H 2 

b CO2Me 1 

c CO2Et 2 

d CO2iPr 2 

e OH 24 

f OMe 24 
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Scheme 4. Inverse electron demand Diels-Alder reaction of m-substituted imines with N-vinylpyrrolidone 

Table 1. Yields and isomeric ratio of products obtained from inverse Diels-Alder cycloaddition. Yield from 5 (global); NR=not 
reacted; *from NMR spectra 

R= H CO2Me CO2Et CO2iPr OH OMe 
Yield (%) 52 44 55 51 NR NR 
Ratio* 

(9/10) 
1:1 0:1 0.7:1 0.4:1 x x 

 The regio-seletivity directing effect of different alkyl group inserted into the ester function in 

the phenyl ring m-position was evaluated to see if the isomeric ratio of products 9 and 10 could 

be altered. With imine 8b the reaction in THF demonstrated to be completely selective giving a 

single regio-isomer, 10 in 44% yield. The yield decreased to 32% when the reaction was run in 

ACN, and maintaining the regio-selectivity. Reactions of imines 8c,d (in THF) containing bulkier 

alkyl groups (ethyl and isopropyl) were run to find if the “bottom” position of the aromatic ring 

could be preferred (compound 9). The results showed that the ethyl group is able to induce a new 

regio-isomer, 0.7 (9) :1.0 (10) ratio. The introduction of a larger group, isopropyl, was expected to 

improve the isomeric ratio towards the isomer 9, but in fact gave a 0.4:1.0, favored to the “top” 

position. This is not consistent with a simple steric effect. Chromatographic separations were tried 

in both cases but were found useless.  

 With the aim to modify the regio-preference of the reactions in order to obtain isomers 9, a 

couple of bidentate Lewis acids were studied as catalysts in the cycloadditions, instead BF3.ether. 

Imine 8c was used as model (Table 2). A mixture of both isomers was formed in both cases: with 

Ln(OTf)3 a 1:1 mixture of products 9c and 10c was formed, with a very low yield; with InCl3 a 1:2 

ratio of products is formed, but favoring 10c. 
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Table 2. Evaluation of Lewis acid effect; Yield from 5 (global); *from 1H NMR spectra 

Lewis Acid BF3.OEt2 InCl3 Ln(OTf)3 ηglobal (R=CO2Et) 55% 40% 9% 

Isomeric ratio* (9c:10c) 0.7:1 0.5:1 1:1 

 

 To guide the ester group into the “bottom” position of the structure, an ortho-meta 

substituted aniline was used (Scheme 5). Imine 11 was obtained in 2 hours, in THF and used in 

the next step without purification. Product 12 was obtained in 30% overall yield, as an amorphous 

solid.   

 

 

Scheme 5. Synthesis of THQ from ortho-meta-substituted imine. 

 

3.2.3 Aminocyclization of THQ towards hexahydropyrroloquinoline. 

 Structure 13 compiles all the THQs obtained, which will be subjected to cyclization. First 

the acetal cleavage occurred under HCl with formation of the hydrolyzed THQs as ammonium salts 

14a-d. The benzaldehyde formed was evaporated. The cyclization of the triol chain into the THQ 

moiety with formation of HHPQ was tried under various strategies, which included transformation 

of terminal hydroxyl group into a good living group through mesylation or tosylation together with 

activation of the amino group with Cbz or Boc.  All the trials fail giving many side products. The 

literature describes chlorination of hydroxyls, and epoxidation as possible 11.  

 An efficient cyclization was accomplished by an one-pot methodology: 1) bromination of 

primary alcohol under HBr in acetic acid for 1 hour; 2) addition of a large amount of methanol to 
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provide esterification of acetic acid into ethyl acetate which facilitate evaporation in the final step; 

3) addition of solid Na2CO3 and a few drops of water to alkalinize the reaction medium promote 

aminocyclization to give HHPQ 15a-d. Simple work-up as evaporation to dryness and liquid-solid 

extraction of the residue with DCM gave relatively pure products, cases 15b-d (Scheme 6). 

Cyclization also occurred in the presence of TEA instead Na2CO3, giving products contaminated 

with triethyl ammonium salts, which result to be difficult to isolate by flash chromatography even 

under gradient elution.   

 

Scheme 28. Synthesis of texahydropyrrolinoquinones 15a-d from tetrahydroquinolines 13a-d 

 Along with the synthetic process were detected interesting properties of some compounds. 

Final compounds 15c-d shows good fluorescence properties in the free form (Img. 1). Detailed 

studies of a solution of compound 15d in ACN show high fluorescence at λ=442 nm, log(ε)=3.2 

with a quantum yield of 13.0 %, and excitation at λ=320 nm (Stokes shift=122 nm). This property 

can be useful as a biomolecules’ marker, and have potential to be applied in optic coatings, and 

in food industry. 

  

 

 

 

 

Img. 1. Solution compound 15d in DCM, under UV flashlight 325 nm (left), normal light (right) 
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3.2.4 Addition of 2-(trimethylsililoxy)furan to p-methoxy D-erythrosylimine  

 The crude reaction mixture of the synthesis of imine 16 (lit. 4) was refrigerated at - 80 ºC 

and BF3.ether (0.3 eq.) was added, followed by 2-(trimethylsililoxy)furan. The temperature was left 

to raise till -20 ºC for 1 h (Scheme 7). The obtained crude showed that the reaction did not 

followed a Diels-Alder cycloaddition mechanism, but rather a simple nucleophilic addition. 

Assuming that the facial selectivity of the nucleophilic attack to imine 16 is the same as the 

observed before for 1-(tert-butyldimethylsilyloxy)-1-methoxyethene 12, and for the Diels-Alder 

cycloadducts 4, the adduct obtained would be S configuration at the new stereogenic center in the 

sugar moiety 13. The immediate intermediate of the reaction would be structure 17 in equilibrium 

with 18. After raising the temperature for 2 h followed by aqueous work-up (a few drops or liquid-

liquid extraction) furanone 19 was obtained in c.a. 80% yield in 1:1 ratio, according to 1H NMR.  

When the reaction mixture was transferred after the 2 h time to the freezer for three days, a simple 

filtration / evaporation, the ratio of isomers was raised to 3 :1. The ratio is maintained when the 

crude was re-dissolved and submitted to aqueous work-up. The identity of isomers can only be 

confirmed by crystallography. NMR techniques such as NOESY and COSY are not able to 

distinguish between isomers due to large number of conformations of these molecules. According 

to literature 13 the second stereocenter in the molecule (in the furan moiety) can be controlled by 

the first stereocenter. Other examples in the literature however show a different trend of results. 

Quenching of a reaction of a D-glyceraldehyde aliphatic imine at -85 ºC with water/NaHCO3 led to 

a 1:1 mixture of diastereomers. The author refer that an isomerization is not excluded during the 

quenching treatment 14. A couple of new experiments can shed so light in the reaction in Scheme 

7: 1) reaction at -80 ºC during some time (e.g. 5 h) followed by water/NaHCO3 treatment will show 

the kinetic product, if an isomerization does not occur. [Exclusion of the isomerization during water 

treatment is based on the 3: 1 ratio of isomers of the reaction kept in the freezer at -20 ºC before 

and after water treatment, against the 1:1 ratio of products obtained with the same protocol after 

leading the reaction mixture to recover at room temperature, followed by water treatment.] 2) 

reaction at -80ºC during the same time as in 1), followed by reaction mixture temperature rising 

(say -40 ºC for some time). This will give an idea if a thermodynamic equilibrium between 17 and 

18 is at work. 
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Scheme 7. Nucleophilic addition of the 2-(trimethylsilyloxy)furan to imine 16 

 

3.3 Conclusions 

 Method described provide cyclize thiol chain of THQ to HHPQ with good overall yield, that 

allow synthesize new pool HHPQ compounds from different 4-subsituted THQs. New HHPQ will be 

biologically evaluated in cancer cell lines. Was conclude that bets way to orientate m-substituted 

group for “top” are using methyl ester which in future could be functionalized via transesterification. 

To guide the ester group to “bottom” position meta and ortho substituted aniline should be used.  

 

3.4 Experimental section 

 All reagents were purchased from Sigma-Aldrich, Acros, TCI or Alfa Aesar and used without 

further purification. THF was dried by reflux under Na(s), ACN by reflux under CaH2(s). In reactions 

was used fresh distilled BF3.OEt2. Aniline purified by stream distillation, liquid-liquid extraction with 

DCM, and drained with CaCl2. Flash chromatography was performed using silica 60 Å 0.060–

0.200 mm, and dry-flash chromatography using silica 60 Å 0.035–0.070 mm as stationary 

phases.  

 

Synthesis of imines 8a-d  

General procedure  

 To a solution of aldehyde 5 (150-200 mg; 0.72-0.96 mmol, 1.0-1.3 eq.) in dry solvent, 

containing activated 4 Å molecular sieves was added the anilines (63-110 mg; 0.50-0.67 mmol) 

under magnetic stirring and N2 atmosphere. The reaction mixture was kept stirring for 1-3 hours at 

35 ºC. Reactions were controlled by TLC. 
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Synthesis of (2R,4S,5R)-2-phenyl-4-((E)-(phenylimino)methyl)-1,3-dioxan-5-ol (8a) 

Aldehyde 5 (247 mg, 1.19 mmol, 1.1 eq.) Aniline (100 uL; 1.08 mmol) ACN (8 mL), 3 hours. 

 

Synthesis of methyl 3-(((E)-((2R,4S,5R)-5-hydroxy-2-phenyl-1,3-dioxan-4-

yl)methylene)amino)benzoate (8b) 

Aldehyde 5 (100 mg, 0.48 mmol, 1.0 eq.) methyl 3-aminobenzoate (75 mg; 0.48 mmol) THF (4 

mL), 1 hour. 

 

Synthesis of ethyl 3-(((E)-((2R,4S,5R)-5-hydroxy-2-phenyl-1,3-dioxan-4-

yl)methylene)amino)benzoate (8c) 

Aldehyde 5 (100 mg, 0.48 mmol, 0.7 eq.) ethyl 3-aminobenzoate (116 mg; 0.70 mmol) THF (4 

mL), 2 hours. 

 

Synthesis of isopropyl 3-(((E)-((2R,4S,5R)-5-hydroxy-2-phenyl-1,3-dioxan-4-

yl)methylene)amino)benzoate (8d) 

Aldehyde 5 (281 mg, 1.35 mmol, 0.83 eq.) isopropyl 3-aminobenzoate (290 mg; 1.61 mmol) THF 

(6 mL), 2 hours. 

 

Synthesis of methyl 3-(((E)-((2R,4S,5R)-5-hydroxy-2-phenyl-1,3-dioxan-4-

yl)methylene)amino)-2-methylbenzoate (11) 

Aldehyde 5 (220 mg, 1.05 mmol, 1.2 eq.) methyl 3-amino-2-methylbenzoate (143 mg; 0.83 mmol) 

THF (8 mL), 2 hours. 
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Synthesis of THQs  

General procedure  

 To a recently made imine reaction mixture, maintained under N2 atmosphere, and cooled to 

-40 or to -80 ºC was added BF3.etherate (0.3 eq.) followed by N-vinyl-pyrrolidone (1.1-5.0 eq.). The 

mixture was stirred for 10 min at the same temperature after reagents’ addition and then allowed 

to reach room temperature. Reaction time: 2-16 hours. The reaction mixture was filtered through 

a pad of Celite® washed with DCM or THF, and the solvent evaporated to dryness. 

Synthesis of 1-((2R,4R)-2-((2R,4S,5R)-5-hydroxy-2-phenyl-1,3-dioxan-4-yl)-1,2,3,4-

tetrahydroquinolin-4-yl)pyrrolidin-2-one (10a) 

 

 Previous imine 8a reaction mixture; N-vinylpyrrolodione (0.15 mL; 1.5 eq.); time: 16 h. 

Celite® washed with DCM. The crude residue was dissolved hot ethanol and precipitated with 

water. The pure product was obtained as a light beige solid (207 mg; η=52%). [𝛼]𝐷20: -63.0 (c=0.01 

g/mL in MeOH); FTIR (nujol) 𝜈𝑚𝑎𝑥 3335; 1653 cm-1 m.p.= 126.3-127.8 ºC; 1H-NMR (400 MHz, 

CDCl3): δH 1.99-2.07 (m, 3H, H-4’’+H-3), 2.41 (ddd, J=12.3 and 5.9; 2.2 Hz, 1H, H-3), 2.49-2.54 

(m, 2H, H-3’’), 3.18 (ddd, J=9.8 and 7.5; 5.6 Hz, 1H, H-5’’), 3.28 (dt, J=9.8 and 7.5, 1H, H-5’’), 

3.61-3.66 (m, 2H, H-6’+H-4’), 3.78 (ddd, J=12.3 and 5.9; 2.2 Hz, 1H, H-5’), 3.92 (td, J=9.7 and 

5.1 Hz, 1H, H-2), 4.28 (dd, J=10.9 and 5.3 Hz, 1H, H-6’), 5.52 (s, 1H, H-2’), 5.56 (dd, J=12.2 

and 5.9 Hz, 1H, H-4), 6.57 (d, J=8.2 Hz, 1H, H-8), 6.71 (t, J=7.4, 1H, H-6), 6.82 (d, J=7.2 Hz, 

1H, H-5), 7.01 (d, J=7.2 Hz, 1H, H-7),  7.38-7.40 (m, 3H, Ph), 7.48-7.51 (m, 2H, Ph) ppm. 13C-

NMR (100 MHz, CDCl3): δc 18.1 (CH2, C-4’’), 28.3 (CH2, C-3), 31.4 (CH2, C-3’’), 42.5 (CH2, C-5’’), 

48.0 (CH, C-4), 54.0 (CH, C-5’), 63.3 (CH, C-2), 71.1 (CH2, C-6’), 82.9 (CH, C-4’), 101.1 (CH, C-

2’), 116.0 (CH, C-8), 118.6 (CH, C-6), 119.7 (Cq, C-4a), 126.4 (CH, C-5), 128.2 (CH, C-7), 126.2, 

128.3, 129.1 (CH, C-Ph), 137.0(Cq, C-Ph) 144.8 (Cq, C-8a), 176.0 (CO) ppm.  
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Synthesis of methyl (2R,4R)-2-((2R,4S,5R)-5-hydroxy-2-phenyl-1,3-dioxan-4-yl)-4-(2-

oxopyrrolidin-1-yl)-1,2,3,4-tetrahydroquinoline-5-carboxylate (10b) 

 

 Previous imine 8b reaction mixture; N-vinylpyrrolodione (0.05 mL; 1.1 eq.) time: 4 h. 

Celite® washed with THF. The crude residue was dissolved in DCM (150 mL) and extracted with 

aqueous solution of HNaCO3 10% (50 mL), water (50 mL) and aq. saturated solution NaCl (50 mL). 

The organic phase dried under MgSO4 anhydrous, the solvent was removed to give a brown foam. 

The pure product was isolated by flash chromatography (h=15.0 cm Ø=2.0 cm), silica, DMC:EtOH 

(9.5:0.5). Compound 10b isolated as transparent oil (94 mg; η=44%). [𝛼]𝐷20: -115.0 (c=0.01 

g/mL in MeOH); FTIR (nujol) 𝜈𝑚𝑎𝑥 3358; 1665 cm-1. 1H-NMR (400 MHz, CDCl3): δH 1.82 (q, J=12.5 

Hz, 1H, H-3), 1.83-1.95 (m, 2H, H-4’’), 2.35 (td, J=8.1 and 2.1 Hz, 2H, H-3’’), 2.57 (ddd, J=12.7 

and 7.5; 2.1 Hz, 1H, H-3), 2.92 (ddd, J=9.7 and 7.2; 5.4 Hz, 1H, H-5’’), 3.09 (dt, J=9.5 and 7.6 

Hz, 1H, H-5’’), 3.61-3.69 (m, 2H, H-5’+H-4’), 3.71 (t, J=7.4 Hz, 1H, H-6’), 3.75 (s, 3H, OCH3), 

3.94 (dt, J=9.6 and 5.7 Hz, 1H, H-2), 4.27 (dd, J=11.0 and 5.3 Hz, 1H, H-6’), 5.52 (s, 1H, H-2’), 

5.81 (dd, J=11.5 and 7.4 Hz, 1H, H-4), 6.68 (dd, J=8.2 and 1.3 Hz, 1H, H-8), 6.91 (dd, J=7.4 

and 1.3 Hz, 1H, H-6), 7.06 (t, J=8.0 Hz, 1H, H-7), 7.43-7.36 (m, 3H, Ph), 7.53-7.45 (m, 2H, Ph) 

ppm.  13C-NMR (100 MHz, CDCl3): δc 17.7 (CH2, C-4’’), 28.5 (CH2, C-3), 31.4 (CH2, C-3’’), 42.5 

(CH2, C-5’’), 47.0 (CH, C-4), 52.6 (CH3, CO2Me), 53.4 (CH, C-5’) 63.4 (CH, C-2), 71.2 (CH2, C-6’), 

82.8 (CH, C-4’), 101.1 (CH, C-2’), 117.8 (Cq, C-THQ), 118.9, 119.4 (CH, C-THQ), 126.1(CH, C-

Ph), 128.0 (CH, C-THQ), 128.3, 129.1 (CH, C-Ph), 133.1, 137.4, 146.1 (Cq), 170.0 (CO), 175.4 

(CO2Me) ppm.  

HRMS(ESI) calcld for C25H29N2O6 [M+H]: 453.1981; found: 453.2020 m/z.  
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Synthesis of methyl (2R,4R)-2-((2R,4S,5R)-5-hydroxy-2-phenyl-1,3-dioxan-4-yl)-8-

methyl-4-(2-oxopyrrolidin-1-yl)-1,2,3,4-tetrahydroquinoline-7-carboxylate (12) 

 

 Previous imine 11 reaction mixture; N-vinylpyrrolodione (0.6 mL; 5 eq.); time: 16 h. Celite® 

washed with THF. The crude residue was dissolved in DCM (150 mL) and extracted with aqueous 

solution of HNaCO3 10% (50 mL), water (50 mL) and aq. saturated solution NaCl (50 mL). The 

organic phase dried under MgSO4 anhydrous, the solvent was removed. Product was precipitated 

using a mixture of ethyl acetate/ petroleum ether to give a white solid (120 mg; η=30%). Θ 

(degradation)= 195 ᵒC; [𝛼]𝐷23: -36.4 (c=0.01 g/mL in MeOH); FTIR (nujol) 𝜈𝑚𝑎𝑥 3302; 1650 cm-

1; 1H-NMR (400 MHz, CDCl3): δH 1.96-2.05 (m, 3H, H-3+H-4’’), 2.24 (s, 3H, Me), 2.35 (ddd, J=12.4 

and 6.0 Hz; 2.3, 1H, H-3), 2.48-2.54 (m, 2H, H-3’’), 3.10 (ddd, J=9.8 and 7.9; 5.1 Hz, 1H, H-

5’’), 3.25 (dt, J=9.8 and 7.5 Hz, 1H, H-5’’), 3.63-3.72 (m, 2H, H-6’+H-4’), 3.76 (td, J=5.8 and 

2.3 Hz, 1H, H-5’), 3.83 (s, 3H, CO2Me), 3.89-3.95 (m, 1H, H-2), 4.29 (dd, J=10.8 and 5.3 Hz, 

1H, H-6’), 5.53 (dd, J=11.9 and 5.5 Hz, 1H, H-4), 5.55 (s, 1H, H-2’), 6.72 (d, J=8.2 Hz, 1H, H-

6), 7.12 (d, J=8.2, 1H, H-5), 7.36-7.40 (m, 3H, Ph), 7.47-7.49 (m, 2H, Ph) ppm. 13C-NMR (100 

MHz, CDCl3): δc  13.5 (CH3, Me), 18.1 (CH2, C-4’’), 27.9 (CH2, C-3), 31.3 (CH2, C-3’’), 42.5 (CH2, 

C-5’’), 48.4 (CH,C-4), 51.9 (CH, C-5’), 53.5 (CH3, CO2Me), 63.3 (CH, C-2), 71.1 (CH2, C-6’), 82.9 

(CH, C-4’), 100.8 (CH, C-2’), 119.3 (CH, C-5), 122.5 (Cq, C-4a), 123.4 (CH, C-6), 123.9(Cq, Ph), 

125.9, 128.3, 129.0 (CH, Ph), 130.4 (Cq, C-8), 137.4 (Cq, C-7), 143.6 (Cq, C-8a), 168.8 (CO), 

176.3 (CO2Me) ppm.  
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Synthesis of ethyl (2R,4R)-2-((2R,4S,5R)-5-hydroxy-2-phenyl-1,3-dioxan-4-yl)-4-(2-

oxopyrrolidin-1-yl)-1,2,3,4-tetrahydroquinoline-7-carboxylate (9c) and ethyl (2R,4R)-

2-((2R,4S,5R)-5-hydroxy-2-phenyl-1,3-dioxan-4-yl)-4-(2-oxopyrrolidin-1-yl)-1,2,3,4-

tetrahydroquinoline-5-carboxylate (10c) 

 

 Previous imine 8c reaction mixture; N-vinylpyrrolodione (0.05 mL; 1.1 eq.); time: 2 h. 

Celite® washed with THF. The crude residue was dissolved in DCM (150 mL) and washed with an 

10% aqueous solution of HNaCO3 (50 mL), water (50 mL) and aq. saturated solution NaCl (50 mL). 

The organic phase was dried under MgSO4 anhydrous, the solvent was removed to give a brown 

foam. The product was isolated as mixture of diastereomers, as a transparent oil (123 mg; 0.25 

mmol; isomeric ratio 0.7:1.0; η=55%) after flash chromatography (h=18.0 cm Ø=0.5 cm), silica, 

DMC:EtOH (9.5:0.5). 

Distinguishable signals: 10c 1H-NMR (400 MHz, CDCl3): δH 1.33 (t, J=7.0 Hz, 3H, CH3-Et), 2.34 

(t, J=8.0 Hz, 2H, H-3’’), 2.90-2.96 (m, 1H, H-5’’), 3.06-3.12 (m, 1H, H-5’’), 5.50 (s, 1H, H-2’), 

5.81 (dd, J=11.1 and 7.3 Hz, 1H, H-4), 6.69 (d, J=8.0 Hz, 1H, H-8), 6.90 (d, J=7.7 Hz, 1H, H-6), 

7.06 (t, J=7.9 Hz, 1H, H-7) ppm.  13C-NMR (100 MHz, CDCl3): δc 13.9 (CH3, C-Et), 31.4 (CH2, C-

3’’), 42.6 (CH2, C-5’’), 46.9 (CH, H-4), 101.2 (CH, C-2’) ppm.  

Distinguishable signals: 9c 1H-NMR (400 MHz, CDCl3): δH 1.33 (t, J=7.0 Hz, 3H, CH3-Et), 2.51 (t, 

J=8.0 Hz, 2H, H-3’’), 3.12-3.17 (m, 1H, H-5’’), 3.29 (dt, J=9.5 and 7.5 Hz, 1H, H-5’’), 5.53 (s, 

1H, H-2’), 5.57 (dd, J=12.4 and 5.7 Hz, 1H, H-4), 6.86 (d, J=7.9 Hz, 1H, H-5), 7.23 (d, J=2.0 Hz, 

1H, H-8), 7.06 (dd, J=8.0 and 2.0 Hz, 1H, H-6) ppm.  13C-NMR (100 MHz, CDCl3): δc 13.9 (CH3, 

C-Et), 31.4 (CH2, C-3’’), 42.6 (CH2, C-5’’), 48.2 (CH, H-4), 101.2 (CH, C-2’) ppm. 
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Synthesis of isopropyl (2R,4R)-2-((2R,4S,5R)-5-hydroxy-2-phenyl-1,3-dioxan-4-yl)-4-

(2-oxopyrrolidin-1-yl)-1,2,3,4-tetrahydroquinoline-5-carboxylate (9d) and of isopropyl 

(2R,4R)-2-((2R,4S,5R)-5-hydroxy-2-phenyl-1,3-dioxan-4-yl)-4-(2-oxopyrrolidin-1-yl)-

1,2,3,4-tetrahydroquinoline-7-carboxylate (10d) 

 

 Previous imine 8d reaction mixture; N-vinylpyrrolodione (0.05 mL; 1.1 eq.); time: 3 h. 

Celite® washed with THF. The crude residue was dissolved in DCM (150 mL) and washed with 

10% aqueous HNaCO3 solution (50 mL), water (50 mL) and NaCl aq. saturated solution (50 mL). 

The organic phase dried under MgSO4 anhydrous, the solvent was removed. Product, consisting of 

a mixture of isomers was precipitated with ethanol/water giving an amorphous white solid (263 

mg; 0.74 mmol; isomeric ratio 0.4:1.0; η=51%). 

Distinguishable signals: 10d 1H-NMR (400 MHz, CDCl3): δH 1.30 (d, J=6.4 Hz, 6H, CH3-iPr), 2.31 

(t, J=8.2 Hz, 2H, H-3’’), 2.90-2.94 (m, 1H, H-5’’), 3.03-3.09 (m, 1H, H-5’’), 3.57-3.67 (m, 1H, H-

6’), 4.21 (dd, J=10.8 and 5.4 Hz, 1H, H-6’), 4.99 (hept, J=6.4 Hz, 1H, CH-iPr), 5.49 (s, 1H, H-

2’), 5.51-5.56 (m, 1H, H-4), 6.65 (d, J=7.9 Hz, 1H, H-8), 6.82 (d, J=7.7 Hz, 1H, H-6), 7.01 (t, 

J=7.8 Hz, 1H, H-7) ppm.  13C-NMR (100 MHz, CDCl3): δc 21.7 (CH3, C-iPr), 31.2 (CH2, C-3’’), 42.4 

(CH2, C-5’’), 69.2 (CH, C-iPr), 71.1 (CH2, C-6’), 100.9 (CH, C-2’) ppm.  

Distinguishable signals: 9d 1H-NMR (400 MHz, CDCl3): δH 1.34 (d, J=6.4 Hz, 6H, CH3-iPr), 2.38 

(m, 2H, H-3’’), 3.09-3.13 (m, 1H, H-5’’), 3.25-3.27 (m, 1H, H-5’’), 3.57-3.67 (m, 1H, H-6’), 4.28 

(dd, J=11.0 and 5.6 Hz, 1H, H-6’), 5.12-5.20 (m, 1H, CH-iPr), 5.51 (s, 1H, H-2’), 5.82 (dd, J=10.7 

and 7.6 Hz, 1H, H-4), 6.82 (d, J=8.2 Hz, 1H, H-5), 7.20 (d, J=2.0 Hz, 1H, H-6), 7.29 (dd, J=8.0 

and 2.0 Hz, 1H, H-8) ppm.  13C-NMR (100 MHz, CDCl3): δc 21.4 (CH3, C-iPr), 31.6 (CH2, C-3’’), 

42.4 (CH2, C-5’’), 68.1 (CH, C-iPr), 71.1 (CH2, C-6’), 100.9 (CH, C-2’) ppm. 
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General procedure for acetal cleavage in compounds 10a,b and 12 

 To a solution of compound 12, 10a,b in 1,4-dioxane or THF was added HCl (2 M, 1 mL). 

and the mixture stirring at r.t. or 35 ºC for 19 h and then evaporated to dryness at 65 ᵒC.  

 

Synthesis of 1-((2R,4R)-2-((1S,2R)-1,2,3-trihydroxypropyl)-1,2,3,4-tetrahydro-

quinolin-4-yl)pyrrolidin-2-one hydrochloride (14a) 

 

 Compound 10a (100 mg; 0.25 mmol); THF (4 mL), r.t. Product: dark green oil η=quantitative. [𝛼]𝐷17: +11.5 (c=0.01 g/mL in MeOH); FTIR (nujol) 𝜈𝑚𝑎𝑥 3343; 1666; cm-1. 1H-

NMR (400 MHz, D2O): δH 1.95-2.02 (m, 2H, H-4’’), 2.16-2.26 (m, 2H, H-3), 2.48 (t, J=8.0 Hz,  

2H, H-3’’), 3.04 (td, J=9.4 and 9.0; 4.9 Hz, 1H, H-5’’), 3.31-3.37 (m, 1H, H-5’’), 3.61 (dd, J=11.7 

and 4.6 Hz, 1H, H-3’), 3.73-3.77 (m, 1H, H-3’), 3.81 (br s, 2H, H-1’+H-2’), 4.00 (d, J=11.5 Hz, 

1H, H-2), 5.54 (dd, J=11.4 and 6.7 Hz, 1H, H-4), 7.14-7.17; 7.28-7.30; 7.36-7.38 (m, 4H, Ar-

THQ) ppm.  13C-NMR (100 MHz, D2O): δc 17.0 (CH2, C-4’’), 25.9 (CH2, C-3), 30.6 (CH2, C-3’’), 43.1 

(CH2, C-5’’), 47.6 (CH, C-4), 55.0 (CH, C-2), 61.8 (CH2, C-3’), 70.0 ; 70.9 (CH, C-1’ or C-2’), 127.3, 

127.6, 128.6, 128.8 (CH, Ar-THQ), 122.6 (Cq, C-4a), 131.1 (Cq, C-8a), 179.0 (Cq, CO) ppm.  

Synthesis of methyl (2R,4R)-4-(2-oxopyrrolidin-1-yl)-2-((1S,2R)-1,2,3-

trihydroxypropyl)-1,2,3,4-tetrahydroquinoline-5-carboxylate hydrochloride (14c) 

 

 Compound 10b (100 mg; 0.22 mmol); THF (4 mL); r.t. Product: brown oil; η=quantitative. [𝛼]𝐷18: -25.4 (C=0.01 g/mL in MeOH); FTIR (nujol) 𝜈𝑚𝑎𝑥 3333; 1665; 1293 cm-1. 1H-NMR (400 

MHz, D2O): δH 1.84-2.17 (m, 4H, H-3+H-4’’), 2.42-2.49 (m, 2H, H-3’’), 2.83 (td, J=9.3 and 3.7 
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Hz, 1H, H-5’’), 3.25 (dt, J=9.8 and 7.9 Hz, 1H, H-5’’), 3.69-3.76 (m, 2H, H-2’+H-3’), 3.79 (s, 3H, 

CO2Me), 3.83-3.90 (m, 3H, H-3’+H-1’+H-2), 5.66 (dd, J=11.2 and 7.8 Hz, 1H, H-4), 6.97 (dd, 

J=7.3 and 1.2 Hz, 1H, H-6 or H-8), 6.99 (dd, J=8.0 and 1.2 Hz, 1H, H-6 or H-8), 7.23 (t, J=8.0 

Hz, 1H, H-7) ppm.  13C-NMR (100 MHz, D2O): δc 17.2 (CH2, C-4’’), 27.8 (CH2, C-3), 31.4 (CH2, C-

3’’), 42.7 (CH2, C-5’’), 47.2 (CH, C-4), 51.3 (CH, C-2), 53.3 (CH3, CO2Me), 62.6 (CH2, C-3’), 71.6 

(CH2, C-1’), 82.8 (CH, C-2’), 117.3 (Cq, C-5), 119.7, 120.1 (CH, C-6+C-8), 128.7 (CH, C-7), 132.0 

(Cq, C-4a), 146.7 (Cq, C-8a), 172.0 (Cq, CO2Me), 178.1 (CO) ppm. 

 

Synthesis of methyl (2R,4R)-8-methyl-4-(2-oxopyrrolidin-1-yl)-2-((1S,2R)-1,2,3-

trihydroxypropyl)-1,2,3,4-tetrahydroquinoline-7-carboxylate hydrochloride salt (14d) 

 

 Compound 13d (100 mg; 0.38 mmol); THF (4 mL); 35 ᵒC. Product: brown oil (142 mg 

0.38mmol), η=quantitative. [𝛼]𝐷23: +18.3 (c=0.01 g/mL in MeOH); FTIR (nujol) 𝜈𝑚𝑎𝑥 3365; 

1717; 1652 cm-1. 1H-NMR (400 MHz, D2O): δH 2.01-2.09 (m, 2H, H-4’’) 2.21-2.35 (m, 2H, H-3), 

2.40 (s, 3H, Me), 2.55 (t, J=7.7 Hz, 2H, H-3’’), 3.05 (br s, 1H, H-5’’), 3.37-3.43 (m, 1H, H-5’’), 

3.71 (dd, J=11.8 and 5.6 Hz, 1H, H-3’), 3.81 (dd, J=11.8 and 4.8 Hz, 1H, H-3’), 3.90 (s, 3H, 

CO2Me), 3.97-4.02 (m, 3H, H-2+H-2’+H-1’), 5.51 (dd, J=11.2 and 6.7 Hz, 1H, H-4), 7.09 (d, 

J=8.3, 1H, H-6), 7.67 (d, J=8.2 Hz, 1H, H-5) ppm. 13C-NMR (100 MHz, D2O): δc 13.1 (CH3, Me), 

17.0 (CH2, C-4’’), 25.5 (CH2, C-3), 30.6 (CH2, C-3’’), 43.1 (CH2, C-5’’), 47.6 (CH, C-4), 52.5 (CH, 

CO2Me), 55.3 (CH, C-2), 61.2 (CH2, C-3’), 70.2 (CH, C-1’), 72.8 (CH, C-2’), 124.8 (CH, C-6), 128.0 

(CH, C-5), 130.5, 130.9 (Cq, C-7, C-8), 131.1 (Cq, C-4a), 132.9 (Cq, C-8a), 169.0 (Cq, CO2Me), 

178.8 (Cq, CO) ppm.  
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Synthesis of methyl (2R,3S,3aR,5R)-2,3-dihydroxy-5-(2-oxopyrrolidin-1-yl)-

1,2,3,3a,4,5-hexahydropyrrolo[1,2-a]quinoline-6-carboxylate (15c) 

 

 Compound 14c (104 mg; 0.26 mmol) was solubilized in glacial acetic acid (0.5 mL) and 

HBr in acetic acid 33% (0.5 mL) was added, and leaved stirring for 1 hour at 25 ᵒC. MeOH (15 

mL) was added and mixture stirred for 19 h at 25 ᵒC. Another portion of MeOH (15 mL) was added 

followed by solid Na2CO3 (0.5 g) and water (0.5 mL) slowly addition. The mixture was stirred for 3 

hours at 25 ᵒC then evaporated to dryness, to give a crude solid, which was washed with THF, 

filtered and the solution evaporated. Final compound was deposited as brown oil in mixture 

DCM/hexane with (35 mg 0.10 mmol) η=39%. [𝛼]𝐷25: -84.3 (c=0.01 g/mL in MeOH); 1H-NMR 

(400 MHz, CDCl3): δH 1.86-2.13 (m, 4H, H-4’+H-4), 2.29-2.38 (m, 2H, H-3’) 2.92 (ddd, J=9.7 and 

8.0; 4.5 Hz, 1H, H-5’), 3.09 (dt, J=9.8 and 7.7 Hz, 1H, H-5’), 3.24 (dd, J=9.6 and 6.3 Hz, 1H, H-

1), 3.46-3.50 (m, 1H, H-1), 3.54 (br d, 1H, H-3a), 3.74 (s, 3H, CO2Me), 4.17 (br s, 1H, H-2), 4.49 

(br s, 1H, H-3), 5.77 (dd, J=11.6 and 7.3 Hz, 1H, H-5), 6.51 (dd, J=8.3 and 1.3 Hz, 1H, H-7), 

6.80 (dd, J=7.5 and 1.1 Hz, 1H, H-9), 7.13 (t, J=7.9 Hz, 1H, H-8) ppm. 13C-NMR (100 MHz, CDCl3): δc 17.2 (CH2, C-4’), 25.2 (CH2, C-4), 31.5 (CH2, C-3’), 42.6 (CH2, C-5’), 47.3 (CH, C-5), 52.0 (CH2, 

C-1), 52.6 (CH3, CO2Me), 58.4 (CH, C-3a), 70.8 (CH, C-3), 72.5 (CH, C-2), 114.1 (CH, C-7), 116.8 

(CH, C-9), 116.9(Cq, C-6) 128.5 (CH, C-8), 132.9 (Cq, C-5a), 145.7 (Cq, C-9a), 170.4 (Cq, CO2Me), 

175.5 (Cq, CO) ppm.   
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Synthesis of methyl (2R,3S,3aR,5R)-2,3-dihydroxy-9-methyl-5-(2-oxopyrrolidin-1-yl)-

1,2,3,3a,4,5-hexahydropyrrolo[1,2-a]quinoline-8-carboxylate (15d) 

 

 Compound 14d (28 mg; 0.067 mmol) was solubilized in HBr in acetic acid 33% (1 mL), 

and leaved stirring for 2 hours at 25 ᵒC. MeOH (5 mL) was added and mixture stirred for 19 h at 

25 ᵒC. Another portion of MeOH (15 mL) was added followed by solid Na2CO3 (0.5 g) and water 

(0.5 mL) slowly addition. The mixture was stirred for 3 hours at 25 ᵒC then evaporated to dryness, 

to give a crude solid, which was washed with THF, filtered and the solution evaporated. Final 

compound was deposited as brown oil in mixture DCM/hexane with (17.5 mg; 0.49 mmol) η=72%. [𝛼]𝐷27: -26.0 (c=0.01 g/mL in MeOH); 1H-NMR (400 MHz, CDCl3): δH 1.85 (ddd, J=12.5; 6.7 and 

2.3 Hz, 1H, H-4), 1.98-2.07 (m, 3H, H-4’+H-4), 2.35 (s, 3H, Me), 2.48-2.54 (m, 2H, H-3’), 2.86 

(dd, J=10.9 and 2.9 Hz, 1H, H-1), 3.07 (ddd, J=9.8; 7.9 and 5.1 Hz, 1H, H-5’), 3.25 (dt, J=9.9 

and 7.5 Hz, 1H, H-5’), 3.68-3.74 (m, 1H, H-3a), 3.87 (s, 3H, CO2Me), 3.93 (dd, J=11.1 and 5.7 

Hz, 1H, H-1), 4.34-4.42 (m, 2H, H-2 + H-3), 5.52 (dd, J=12.1 and 6.6 Hz, 1H, H-5), 6.82 (d, 

J=8.2 Hz, 1H, H-7), 7.35(d, J=8.2 Hz, 1H, H-6) ppm. 13C-NMR (100 MHz, CDCl3): δc 17.4 (CH3, 

Me), 18.0 (CH2, C-4’), 21.8 (CH2, C-4), 31.4 (CH2, C-3’), 42.6 (CH2, C-5’), 49.6 (CH, C-5), 52.0 

(CH3, CO2Me), 58.3 (CH2, C-1), 60.1 (CH, C-3a), 70.6 (CH, C-3), 71.1 (CH, C-2), 122.8 (CH, C-6), 

123.7 (CH, C-7), 129.0 (Cq, C-5a), 131.4 and 131.6 (Cq, C-8 and C-9), 147.5 (Cq, C-9a), 168.8 

(Cq, CO2Me), 176.2 (CO) ppm.  
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Synthesis of 1-((2R,3S,3aR,5R)-2,3-dihydroxy-1,2,3,3a,4,5-hexahydropyrrolo[1,2-

a]quinolin-5-yl)pyrrolidin-2-one (15a) 

 

 Crude mixture of 14a (0.15mmol) was solubilized in glacial acetic acid (3 mL) and HBr in 

acetic acid 33% (0.5 mL) was added, the mixture leaved at stirring for 1 hours at 25 ᵒC. MeOH (20 

mL) was added and mixture stirred for 19 h at 25 ᵒC. Followed by solid Na2CO3 (0.5 g) was added 

and water (0.5 mL). The mixture was stirred for 2 hours at 40 ᵒC then evaporated to dryness, to 

give a crude solid, which submitted flash chromatography followed by gradient elution (DCM to 

DCM/EtOH/NH3 (aq 25%) 10:1:0.1) (24 mg 0.08 mmol) η=55%. [𝛼]𝐷22: -16.3 (c=0.01 g/mL in 

MeOH); 1H-NMR (400 MHz, CDCl3): δH 1.93-2.17 (m, 4H, H-4’+H-4), 2.49-2.55 (m, 2H, H-3’), 3.15 

(dd, J=9.3 and 7.0 Hz, 1H, H-1), 3.21 (t, J=6.5 Hz, 1H, H-5’), 3.25-3.31 (m, 1H, H-5’), 3.52 (t, 

J=8.8 Hz, 1H, H-1), 3.68 (dt, J=11.3 and 3.3 Hz, 1H, H-3a), 4.11 (t, J=3.9 Hz, 1H, H-2), 4.51 (td, 

J=7.6 and 4.3 Hz, 1H, H-3), 5.53 (dd, J=12.2 and 5.5 Hz, 1H, H-5), 6.38 (d, J=8.0 Hz, 1H, H-9), 

6.61 (t, J=7.4 Hz, 1H, H-7), 6.77 (d, J=7.6, 1H, H-6), 7.10 (t, J=8.0 Hz, 1H, H-8) ppm. 13C-NMR 

(100 MHz, CDCl3): δc 18.2 (CH2, C-4’), 25.0 (CH2, C-4), 31.5 (CH2, C-3’), 42.5 (CH2, C-5’), 48.2 

(CH, C-5), 51.6 (CH2, C-1), 59.4 (CH, C-3a), 71.0 (CH, C-3), 72.7 (CH, C-2), 111.1 (CH, C-9), 

116.0 (CH, C-7), 118.4 (Cq, C-5a), 125.7 (CH, C-6), 128.5 (CH, C-8), 144.7 (Cq, C-9a), 176.1 (CO) 

ppm.  
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Synthesis 1-((2R,3S,3aR,5R)-2,3-dihydroxy-7-methoxy-1,2,3,3a,4,5-hexahydrobenzo-

[e]indolizin-5-yl)pyrrolidin-2-one (15b)  

 

 Crude mixture of 14b (105 mg; 0.28 mmol) was solubilized in HBr in acetic acid 33% (1.5 

mL), the mixture leaved at stirring for 1 hours at 25 ᵒC. MeOH (10 mL) was added and mixture 

stirred for 19 h at 25 ᵒC. Followed was added HNaCO3 (0.5 g) and water (1 mL). The mixture was 

stirred for 19 hours at 25 ᵒC then evaporated to dryness, to give a crude solid, which dissolved in 

DCM and precipitated with n-hexane as gray precipitate. Precipitate was filtered and removed from 

filter paper by washing with DCM, solvent removed to give brown oil (48 mg; 0.138 mmol) η=49%. [𝛼]𝐷21: -19.3 (c=0.01 g/mL in MeOH); FTIR (nujol) 𝜈𝑚𝑎𝑥 3495; 3190; 1665 cm-1. 1H-NMR* (400 

MHz, CDCl3): δH 1.98-2.07 (m, 3H, H-4’+H-4), 2.13 (q, J=12.0 Hz, 1H, H-4), 2.49-2.54 (m, 2H, 

H-3’), 3.16-3.23 (m, 2H, H-1+H-5’), 3.26-3.30 (m, 1H, H-5’), 3.42 (t, J=8.4 Hz, 1H, H-1), 3.56 

(dt, J=12.0 and 2.4 Hz, 1H, H-3a), 3.70 (s, 3H, OMe), 4.11 (t, J=4.0 Hz, 1H, H-2), 4.50 (dd, 

J=12.3 and 6.5 Hz, 1H, H-3), 5.53 (dd, J=12.3 and 6.0 Hz, 1H, H-5), 6.35 (d, J=8.8 Hz, 1H, H-

9), 6.43 (dd, J=2.4 and 0.8 Hz, 1H, H-6), 6.71 (dd, J=8.7 and 2.8 Hz, 1H, H-8) ppm.  13C-NMR** 

(100 MHz, CDCl3): δc 18.2 (CH2, C-4’), 25.3 (CH2, C-4), 31.4 (CH2, C-3’), 42.4 (CH2, C-5’), 48.3 

(CH, C-5), 52.5 (CH2, C-1), 55.9 (OMe), 59.8 (CH, C-3a), 70.8 (CH, C-3), 72.5 (CH, C-2), 111.9 

(CH, C-9), 112.6 (CH, C-6), 118.4, (Cq, C-5a), 113.4 (CH, C-8), 120.2 (Cq, C-5a), 151.1 (Cq, C-7), 

175.8 (CO) ppm.  

*spectra record with D1=3.0 s if D1=1.0 s spectra will contain two rotamers. 

**contaminated with triethylammonium salt. 

HRMS(ESI) calcld for C17H21N2O4 [M-H]: 317.1507; found: 317.1501 m/z.  
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Synthesis of 5-((1R)-((2R,5R)-5-hydroxy-2-phenyl-1,3-dioxan-4-yl)((4-methoxyphenyl)-

amino)methyl)furan-2(5H)-one (19) 

 

 The imine (0.50 mmol) reaction solution in dry THF (4 mL) was prepared according with 

literature 4, refrigerated till -80 ºC, and kept stirring under nitrogen atmosphere. BF3.ether (0.3 eq.) 

was added first followed by 2-(trimethylsililoxy)furan (100 µL, 1.2 eq.) The mixture was stirred for 

1.5 h with allowing rise temperature. The temperature rose till -20 ºC and the reaction flask was 

transferred to the freezer (-20 ºC) for 3 days. Mixture was filtered, the solvent evaporated, giving a 

dark brown oil. This oil was re-dissolved in DCM (100 mL) and washed with water (3 x 50 mL). 

Organic phase was dried over MgSO4. The solvent was evaporated to give a brown oil showed to 

be a 3:1 mixture of isomers (162 mg, 0.41 mmol) η=82%. 

Major diastereomer (distinguishable signals) 

1H-NMR (400 MHz, CDCl3): δH 3.61 (t, J=10.5 Hz,  1H, H-6), 3.74 (s, 3H, OMe), 4.13-4.14 (m, 

1H, H-5), 4.25 (dd, J=10.8 and 5.8 Hz, 1H, H-6), 5.19 (dt, J=10.8 and 5.8 Hz, 1H, H-5’). 5.60 

(s, 1H, H-2), 6.12 (dd, J=5.7 and 2.0 Hz, 1H, H-3’), 6-54-6.58 and 6-71-6.82 (m, 4H, Ar-OMe), 

7.39-7.45 (m, 3H, Ph), 7.49-7.51 (m, 2H, Ph) ppm. 13C-NMR (100 MHz, CDCl3): δc 55.6 (CH3, 

OMe), 71.0 (CH2, C-6), 80.8 (CH, C-5), 82.2 (CH, C-5’), 100.9 (CH, C-2), 156.5 (CH, C-4’), 172.9 

(Cq, CO) ppm.  

* The signal of H-4’ is shown separately in the 1H-NMR spectrum taken in CD3OD: 7.59 (dd, J=5.8 

and 2.0 Hz, 1H, H-4’) ppm. 

Minor diastereomer (distinguishable signals) 

1H-NMR (400 MHz, CDCl3): δH 3.61 (dd, J=10.0 and 10.8 Hz,  1H, H-6), 3.74 (s, 3H, OMe), 3.77-

3.79 (m, 1H, H-1’’), 4.33 (dd, J=11.0 and 5.6 Hz, 1H, H-6), 5.36 (dt, J=5.2 and1.9 Hz, 1H, H-

5’), 5.44 (s, 1H, H-2), 6.07 (dd, J=5.7 and 2.0 Hz, 1H, H-3’), 6-54-6.58 and 6-71-6.82 (m, 4H, 

Ar-OMe), 7.39-7.45 (m, 3H, Ph), 7.49-7.51 (m, 2H, Ph) ppm.  13C-NMR (100 MHz, CDCl3): δc 55.6 
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(CH3, OMe), 71.0 (CH2, C-6), 80.8 (CH, C-5), 82.2 (CH, C-5’), 101.3 (CH, C-2), 156.5 (CH, C-4’), 

172.9 (Cq, CO) ppm. 

* The signal of H-4’ is shown separately in the 1H-NMR spectrum taken in CD3OD: 7.71 (dd, J=5.8 

and 2.0 Hz, 1H, H-4’) ppm. 

 

Supporting Information (NMR Data) available at attached file.  
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Chapter IV: Final conclusions 

 

 

 

 

 

 

 

“I’m conclude that when I’m done with  

my thesis, life will be better.” 

Internet meme. 
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4.1 Conclusions and future perspectives  

 

 New methodology of synthesis for novel HHPQs was successfully implemented, with 

moderate yields, through aminocyclization of functionalized THQ. This synthetic pathway could be 

useful for synthesis of new pool of compounds with improved biological characteristics. The 

compounds obtained will be biologically evaluated and followed by theoretical studies to understand 

better the systems and the process involved in inhibition of mannosidases.  

 Theoretical work helped to find out two new perspective HHPQs compounds having affinity 

towards human model of Golgi -mannosidase II. These molecules possess a viable synthetic 

route.  

 The computational procedure implemented in this works serves also to optimize the 

theoretical calculation protocol, as the perception about the most suitable and efficient method to 

treat this type of system.  

As future perspectives, the synthesis of the novel HHPQs suggested by molecular 

modelling will be addressed, followed by their biological evaluation. Also, the four synthesized 

molecules will be evaluated with the same computational protocol here implemented, as well as 

will be biologically tested.  

The complementarity of these methods allows a more rational design of active compounds, 

saving time and resources. In this process, important aspects behind an optimum binding and 

activity are disclosed, from different techniques and point of views.  
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The End 


