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Introduction 

The importance of small organic molecules in everyday life is undisputed; they 
provide us with an almost infinite collection of properties with applications 
ranging from supramolecular chemistry and material science to biology and 
medicine. Synthetic organic chemistry provides us access to this diverse set of 
compounds (chemical space). The total number of possible small organic 
molecules (MW < 500) has been estimated to exceed 1060.1 Thus, it is not 
surprising that through exploration by linear multistep synthesis we have 
discovered only a fraction of these compounds. Multicomponent and domino 
reactions are known concepts in organic synthesis and provide the higher 
efficacy needed, but their application has been challenging. Therefore, the 
invention of new reactions, reaction sequences, reagents or strategies that allow 
for this increase in efficacy in a one-pot reaction are critical to the realization of 
step-economical syntheses to achieve high complexity. 

1. Literature Overview 

Bicyclo[3.2.0]heptane derivatives are an interesting group of compounds with 
several applications. They can be used as starting material for the construction of 
more complex molecules as there are several ways to open, expand or contract 
the small cyclobutane rings.2 Bicyclo[3.2.0]heptane cores themselves are found 
in many natural products3,4,5 (Scheme 1) and several therapeutic applications are 
in development containing the core (Scheme 2).6  

 

Scheme 1. Some examples of natural products with bicyclo[3.2.0]heptane ring 
systems. 

LU111995 and its analogues are antipsychotic agents known to have dopamine 
D4 receptor affinity and dopamine D4 versus D2 receptor selectivity.7,8,9,10 
Azabicyclo[3.2.0]heptane skeletons 1 on their own are also known to have 
biological activity, but as dopamine D3 receptor modulators.11 

Alibes et al12,13 synthesized 3-oxabicyclo[3.2.0]heptane for the substitution of 
the sugar part of the nucleoside 2. The authors hoped to make more efficient 
antivirals, especially as anti-HIV agents.  
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Kim et al14 attached azabicyclo[3.2.0]heptane skeletons to known antibacterial 
agents: fluoroquinolones. They showed that the novel compound CFC-222 was 
more active on gram positive bacteria (ig Streptococcus pneumonia and 
Staphylococcus aureus) than other fluoroquinolones.  

 

Scheme 2. Some examples of the bicyclo[3.2.0]heptane ring system in drug 
development. 

1.1. Synthesis of bicyclo[3.2.0]heptanes 

Bicyclo[3.2.0]heptane skeleton synthesis in most cases involves methods which 
are used for the synthesis of cyclobutane rings2 (Scheme 3). 

 Intermolecular [2+2]-cycloaddition (route A, C) 
 Intramolecular [2+2]-cycloaddition (route B) 
 1,4-cyclization of acyclic substrates (route D) 

 
Scheme 3. Strategies for the synthesis of bicyclo[3.2.0]heptane skeletons. 

The five-membered ring of the target molecule is formed either in the course of 
cyclization (routes A and B), or it may already exist in the cyclic starting 
material (route C or D). Route B is the most often used synthetic strategy for the 
synthesis of a bicyclo[3.2.0]heptane skeleton. In the heterobicyclic compounds, 
various heteroatoms (N, O and S) are present in the desired location in the 
starting material(s). [2+2]-cycloadditions can be photochemical, thermal or 
metal- catalyzed.  

In the following, the author has selected and covered the most 
interesting/general examples from the literature. 
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1.1.1. 3-azabicyclo[3.2.0]heptanes 

Nitrogen-containing bicyclic cyclobutenes15,16 3 with aliphatic R-substituents 
were synthesized from allenynes 4 in toluene with a catalytic amount of PtCl2. 
When methanol was used as a reaction medium, monocyclic product 5 was 
formed (Scheme 4). The authors propose that the Pt metal coordinates to the 
triple bond in allenyne 4, forming a complex, which then undergoes endo-
cyclization with an allenic carbon-carbon double bond to form a seven-
membered ring A. The carbocation A is in equilibrium with its bicyclic 
resonance forms B and C, the latter being in dominance. Pt abstracts the proton 
from the methyl group in intermediate D and then undergoes a reductive 
elimination to furnish 3. 

 

Scheme 4. Pt-catalyzed cycloisomerization of allenyne to  
3-azabicyclo[3.2.0]heptane (M = PtCl2). 

On the other hand, when methanol was used as a reaction medium, carbocation 
B was captured by the nucleophilic solvent, forming an intermediate E. The 
four-membered ring of E was opened through -carbon elimination to afford the 
(alkenyl)platinum(II) species F. After reductive elimination of Pt and hydrolysis 
of the enol in F by water, the monocyclic product 5 was obtained. 

 
Scheme 5. Synthesis of potential GABA-uptake inhibitors. 
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Recently, Wanner et al17 published a route for the synthesis of potential GABA-
uptake inhibitors 9 (Scheme 5). The intermolecular [2+2]-photocycloaddition of 
maleic anhydride 6b or furan-2(5H)-one 6a with N-protected 3-pyrroline 7 was 
used for the formation of the 3-azabicyclo[3.2.0]heptane skeleton 8; only exo 
diastereomer was isolated in up to 43% yield. 

1.1.2. 3-oxabicyclo[3.2.0]heptanes 

Salomon et al18 used copper(I) catalysis for the synthesis of multicyclic 
tetrahydrofurans 13 via photocycloaddition of homoallyl vinyl or diallyl ethers 
12 (Scheme 6). Several different substituents, including hydroxy, acetoxy, allyl 
and vinyl, were tolerated; however, the yields of the cycloaddition were highly 
dependent on the starting material giving low to high yields of 21-94%. In 
copper catalyzed [2+2]-photocycloaddition both reacting C=C bonds must be 
coordinated to the CuI atom, so the diastereoselectivity must have arisen from 
the formation of the less sterically hindered copper-diene complex (14a was 
preferred over 14b). In all cases, only a single diastereomer was isolated and 
observed in 1H NMR. 

 
Scheme 6. Cu(I)-catalyzed synthesis of 3-oxabicyclo[3.2.0]heptanes 13. 

In 201019 and 201220 Yoon et al utilized a Ru- and Ir-catalyzed oxidative visible 
light [2+2]-cycloaddition of bis(alkenes) (wide library of analogues of 12) for 
the synthesis of 3-oxabicyclo[3.2.0]heptanes.  

 
Scheme 7. Cobalt-catalyzed synthesis of bicyclo[3.2.0] ring systems. 
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A carbonyl functional group containing bicycle [3.2.0] ring systems were 
synthesized by Krische et al21 from bis-enones 15. Depending on the type and 
amount of silane used, bicyclo[3.2.0]heptane 16 ([2+2]-cycloaddition) or 
substituted cyclohexane 17 (Michael cycloreduction occurred when PhSiH3 was 
used, 73% yield for 17) was obtained as the major product. When PhMeSiH2 
was used the yields for bicyclic product 16 ranged from 50-73%, and a cis 
isomer of the product was isolated as a single diastereomer. The intermediates 
18A and 18B in Scheme 7 were proposed by the authors as a general model for 
the observed diastereoselectivity. 

1.1.3. Bicyclo[3.2.0]heptanes 

Jung et al22 synthesized bicyclo[3.2.0]heptanol 20 with the aim of using it as the 
starting material in their synthesis of cardioactive steroid ouabain (Scheme 8). 
Bromovinyl ketone 19 as their starting material proved to be surprisingly 
nonreactive towards metal insertion reactions. A successful metal-halogen 
exchange and subsequent cyclization was achieved by a Bu3Sn-SiMe3 complex, 
in combination with CsF-CsOH-fused salt.  

 
Scheme 8. Synthesis of bicyclo[3.2.0]heptanol 20 from bromovinyl ketone 19, as 

an intermediate in the total synthesis of natural product ouabain. 

Rosini et al23,24 reported the synthesis of bicyclo[3.2.0]hept-3-en-6-ones 22 from  
3-hydroxy-6-heptenoic acid 21 (Scheme 9). α,β-unsaturated ketene 22A, formed 
by acetate elimination from compound 21A, underwent an intramolecular [2+2]-
cyclization to give the thermodynamically more stable final product in 82% 
yield and 96:4 selectivity. Three analogues of bicyclo[3.2.0]hept-3-en-6-one 22 
were synthesized in 48-82% yield. Bicyclo[3.2.0]hept-3-en-6-ones 22 are 
important intermediates in the synthesis of several pheromones (grandisol, 
lineatin and filifolone) and sesquiterpenes. 
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Scheme 9. Synthesis of bicyclo[3.2.0]hept-3-en-6-ones 22. 

1.1.4. Asymmetric synthesis of bicyclo[3.2.0]heptanes 

In 2007 Toste et al25 reported the first transitional metal- (gold-) catalyzed  
[2+2]-cyclization of various allenenes 24 in high yields, 57-92%. Methyl 
substituent in the second (-R1) or fourth (-R2) position gave rise to diastereomers 
of 25, with good and excellent selectivity of > 95:5 (25a) and 6:1 (25b), 
respectively. In some examples, it was demonstrated that, when chiral catalyst 
26 was used, high enantioselectivities could also be achieved: 92-97% ee for  
X = C(CO2Me) containing substrates. With X = N-Ts, the lower 54% ee was 
obtained. 

 

Scheme 10. Gold-catalyzed enantioselective [2+2]-cyclization of allenenes 24. 

In 201126 it was shown that a ruthenium catalysis (RuH2Cl2(PiPr3)2) can also be 
used for [2+2]-cyclization of very similar allenenes 24 in 45-86% yield and with 
full diastereoselectivity.  

As described above, the general strategy for the synthesis of 
bicyclo[3.2.0]heptanes is the cycloisomerization of polyenes or enynes, either 
synthesized separately or in situ. You et al27 proposed to insert the chirality in 
the crucial intermediate 29A stage by using an iridium-catalyzed asymmetric 
allylic amination reaction; excellent enantioselectivity (92-99% ee) and 
chemoselectivity (29A/29B ratio from 88:12 to 99:1) were achieved with 
phosphoramidate ligand 31 (Scheme 11). A PtCl2 catalyst was used for the 
cyclization of the enynes 29A to corresponding azabicyclo[3.2.0]heptanes 30A 
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in moderate yields of 21-60%, but only when R2 = TMS; no change in 
enantiopurity was observed. When the R2 substituent was Me, Ph, nBu or H, 
cyclopropane containing bicyclic product 30B was obtained. 

R1 OCO2Me

R2

NHTs

+

2 mol% [{Ir(cod)Cl}2]
4 mol% Ligand

0.5 eq DABCO
THF, rt
70-95%

R1

TsN

R2

1) 10 mol% PtCl2
THF, reflux

2) 2 eq TBAF
THF, reflux
R2 = TMS

when
R2 = Me, Ph,
nBu, H

TsN

R1

R2

TsN

R1

O

O

P N
R

RLigand:

R = 2-MeO-C6H4

27

28
29A

30A

30B31

R1 N
Ts

R2

+
29B

 

Scheme 11. Azabicyclo[3.2.0]heptanes 30A via PtCl2 catalyzed cyclization of 
enantiopure enynes 29. 

Bach et al28,10 have reported the synthesis of enantiomerically pure 
azabicyclo[3.2.0]heptanes from optically active starting material via  
[2+2]-photocyclization (Scheme 12). Vinylglycine derivative 32 failed to give 
high diastereoselectivity; in order to improve diastereoselectivity, they opted to 
fix the conformational freedom of 32. 3-Cinnamyl-4-vinyloxazolidinone 34 was 
synthesized and cyclized with very high diastereoselectivity, and the 
enantiomerically pure azabicyclo[3.2.0]heptane 35 was obtained. In order to 
broaden the scope of substrates, they demonstrated that CuI catalysis could also 
be used for the [2+2]-cyclization.  

 

Scheme 12. Synthesis of azabicyclo[3.2.0]heptane 35 via [2+2]-photocyclization. 
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1.2. Cascade and Multicomponent Reactions: Introduction and 
background 

Domino or cascade reactions are an interesting class of reactions prevalent in 
biosynthesis and mimicked by synthetic chemists. Professor L. Tietze has 
defined a cascade reaction as follows: “a process involving two or more bond-
forming transformations (usually C-C bonds) which take place under the same 
reaction conditions without adding additional reagents and catalysts, and in 
which the subsequent reactions result as a consequence of the functionality 
formed in the previous step.”29 

 
Scheme 13. Biosynthesis of steroids from squalene epoxide. 

In the 1960s Corey et al30 published a beautiful example of a cascade reaction in 
Nature magazine. They found evidence that steroids were biosynthesized from 
squalene epoxide 37 by enzyme initiation (Scheme 13). Corey’s work inspired 
Johnson31 to use acid catalysis to efficiently synthesize progesterone via 
polycyclization of 39 (Scheme 14). Since then, the use of cascade reactions has 
increased steadily.  

 
Scheme 14. Synthesis of progestrone. 

Currently there is a debate over the classification methods for cascade reactions; 
several possibilities have been proposed by Tieze et al,32 Jorgensen et al33 and 
Orru et al,34 to name a few (Prof. Orru’s proposal is depicted in Scheme 17). The 
usefulness of a cascade reaction can be judged by its bond-forming efficiency, 
i.e. the number of bonds formed, the obtained structural complexity, i.e. the 
number of stereocenters formed, and the suitability for general applications.  
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A multicomponent reaction (MCR) is considered to be a subclass of cascade 
reactions and can be defined as a reaction in which three or more compounds 
react in a single operation to form a single product that contains essentially all of 
the atoms of the starting materials. MCRs typically involve a number of 
subreactions, ideally all in equilibrium, and the last, product-forming reaction 
step is irreversible, thus providing the driving force to shift all intermediates and 
starting materials towards a single final product.35 

The history of MCRs dates back to the second half of the 19th century with 
Strecker amino acid,36 Hantzsch pyridine37 (Scheme 15) and Biginelli 
dihydropyrimidone38 synthesis, to name a few. Most of these reactions were 
found by early organic chemists via trial and error. 

 
Scheme 15. Hantzsch pyridine synthesis. 

Multicomponent reactions were rediscovered with the work of Ivar Ugi39 and his 
co-workers in 1960; the four-component reaction ended up being the most well-
known and widely used and modified MCR in organic synthesis. 

 

Scheme 16. Ugi four-component synthesis of bis-amides. 

Many MCRs and cascade reactions have been described over the years and have 
even found their way into industrial applications (Crixivan® and Adalat®). 
However, the discovery of novel reactions is mainly the product of the past 
decade, reflected in the steady growth in the number of publications. The 
rational design of MCRs and cascade reactions is still difficult and requires a 
deep knowledge of known reactions; serendipity still plays a large role. 

For the conscious design of novel multicomponent reactions, the following 
strategy has been proposed (Scheme 17):34  

(a) single reactant replacement (SRR) 
(b) using modular reaction sequences (MRSs) 
(c) conditions-based divergence (CBD) 
(d) using a combination of MCRs (MCR2) 
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Scheme 17. Development of novel multicomponent reactions. 

To the best of our knowledge, prior to our work, there are no examples of the 
multicomponent synthesis of bicyclo[3.2.0]heptanes described in the literature. 
The following example of the four-component synthesis of 
tricyclo[6.2.2.01,6]dodecane derivatives 46 is described below (Scheme 18), as 
an example of how highly diastereoselective multicomponent reactions. Highly 
polycyclic products can be obtained. 

 

Scheme 18. Four-component domino reaction. 

The microwave assisted diastereoselective four-component synthesis of 
multifunctionalized quinazoline derivatives 46 has been described.40 The authors 
proposed the formation of two different Knoevenagel intermediates (Scheme 19, 
A and B), followed by C=C bond rearrangement, the addition of intermediate A 
to B and an intramolecular Michael addition and carbonyl addition to form the 
tricyclic skeleton. Successive amide hydrolysis and decarboxylation results in 
the final product. A wide range of commercially available substrates were used 
and the tricyclic lactams 46 were synthesized in complete stereo- and 
regioselectivity, with good yields (49-74%). 
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Scheme 19. Proposed mechanism of the formation of tricyclo[5.2.2.01,5]undecanes. 

1.2.1. Catalytic methods for asymmetric cascade reactions and MCRs 

Organometallic, enzymatic and organocatalytic are the three known major 
catalytic methods for stereocontrol in organic reactions. Organocatalysis – 
catalysis by small organic molecules – is the newest and least developed of the 
three.41,42,43,44 The field has been intensely investigated over the past 10 years. 

Several activation modes have been identified: 
- Iminium activation of -unsaturated aldehydes (Scheme 20 A) 
- Enamine activation of aldehydes and ketones (Scheme 20 B) 
- Hydrogen bonding catalysis (Scheme 21 D, F, G) 
- Counter ion catalysis45 (Scheme 21 E) 
- Umpolung, NHC-catalysis 
- SOMO catalysis 

 

Scheme 20. Activation of carbonyl compounds by chiral amines. 

The most widely used is the first, enamine catalysis, but for the purpose of this 
thesis the literature review will cover reactions which use hydrogen-bonding (F, 
G) and counter-ion (E) catalysis (Scheme 21). 
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Scheme 21. Activation of carbonyl compounds by Brønsted-acid and hydrogen-

bonding catalysts. 

Hydrogen-bonding and Brønsted-acid (counter-ion) catalysts activate substrates 
by lowering the LUMO energy via hydrogen bonding or by the protonation 
(Scheme 21) of the C=Y bond (Y = O, N-R, C-R2), thus forming a hydrogen-
bond complex D or F or a chiral counter-ion E.46,47 Several C-C and  
C-heteroatom bond-forming reactions are known to be promoted via this kind of 
catalysis. Prominent classes of known catalysts in this area are cinchona 
alkaloids 49, bifunctional ureas/thioureas 47A-C, squaramides 50 and 
phosphoric acids 48 (Scheme 22 for general catalyst structure and Scheme 23 for 
examples of specific catalysts). 

 

Scheme 22.  Widely used hydrogen-bonding and counter-ion catalysts. 

BINOL-derived chiral phosphoric acids 48 were first used independently by the 
Akiyama48 and Tereda49 groups in Mannich reactions. Since then, many groups 
have expanded the scope and application of these catalysts. 

It is assumed that phosphoric acids are unique in the sense that, in addition to 
strong Brønsted acidic sites they have adjacent Brønsted basic sites, thus 
allowing for simultaneous activation or orientation of nucleophile and 
electrophile via hydrogen bonding. 
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Scheme 23. Various hydrogen-bond donor catalysts currently used for catalysis. 

1.2.2. Asymmetric cascade reactions initiated by Michael addition 

An asymmetric Michael addition is often used as a first step in various cascade 
reactions. Recently Xiao et al50,51 published a hetero-Michael-Michael cascade 
for the synthesis of a chiral chromane skeleton 53 (Scheme 24), which forms the 
core of various natural products displaying a broad range of biological 
activities.52  

The described cascade reaction, catalyzed by bifunctional chiral thiourea 54, 
generates three stereocenters, including one quaternary, with enantioselectivities 
up to 99% ee and excellent diastereoselectivities of > 95:5 dr. Nitroolefin-
enoates 52 were prepared over three steps and used in the cascade reaction 
initiated by various aromatic thiols and anilines 51. Reversibility of the reaction 
was not observed, which is a phenomenon often observed with heteroatom 
nucleophiles.53 

The authors propose that the catalyst activates nitroolefin-enoates 52 via 
hydrogen-bonding, and the basic tertiary amino moiety on the catalyst activates 
the nucleophile. The formed complex undergoes an intermolecular hetero-
Michael addition, which leads to an intra-molecular Michael addition, forming 
the desired chromane 53.  
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Scheme 24. Hetero-Michael-Michael cascade reaction of nitroolefin-enoates with 

various aromatic thiols and anilines. 

In 2011 Wang et al54 described the synthesis of tetrahydrothiophenes via an 
asymmetric domino thia-Michael-Michael reaction catalyzed by chiral 
bifunctional thiourea 47B, initiated by sulfur nucleophile 55 (Scheme 25). trans-
ethyl-4-mercapto-2-butenoate 55 reacted with (E)-β-nitrostyrenes 56, forming 
biologically significant trisubstituted tetrahydrothiophenes 57, bearing three 
stereocenters with high enantio- and diastereoselectivities of up to 97% ee and 
> 7:1 dr, respectively. Substituents in the aromatic ring of (E)-β-nitrostyrene did 
not influence the yield nor the stereocontrol of the reaction.  

 

Scheme 25. Synthesis of tetrahydrothiophenes via thia-Michael-Michael cascade 
reaction. 

Relying on their earlier work,55 they demonstrated that, in addition to the direct 
stereocontrol of the substrates by the bifunctional catalyst through hydrogen 
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bonds, dynamic kinetic resolution (DKR) also occurred via basic tertiary amino 
moiety, cooperatively giving rise to the observed high enantioselectivity. 

Takemoto et al56,57 reported total synthesis of biologically active frog alkaloid  
(-)-epibatidine (Scheme 26). A thiourea-catalyzed Michael-Michael domino 
process gave them the crucial intermediate 60 in high enantioselectivity, which 
enabled them to complete the total synthesis in seven steps, with 30% overall 
yield. Three stereocenters of 4-nitrocyclohexenones were synthesized via a 
cascade reaction initiated by the addition of unsaturated -ketoesters 58 to 
nitrostyrenes 59 in high yields (63-87%). By employing bifunctional thiourea as 
a catalyst they obtained high enantio- and diastereoselectivities (84–92% ee,  
dr = 82:18 to > 99:1). To complete the second Michael addition, it was necessary 
to use a strong base, such as KOH or 1,1,3,3-tetramethylguanidine (TMG), in a 
catalytic amount. 

 
Scheme 26. Thiourea-catalyzed asymmetric tandem Michael-Michael reaction. 

Squaramides are an interesting class of catalysts, giving enantioselectivity in 
cases where thiourea catalysts fail. The authors58 described the use of the 
bifunctional squaramide catalyst 50 in a sulfa-Michael-aldol cascade. 
Trisubstituted tetrahydrothiophenes 63 were synthesized from 1,4-dithiane-2,5-
diol 61 and chalcones 62, with high yields (71-91%). The effects of various 
bifunctional H-bond donor catalysts were investigated and it was found that 
squaramides performed better than thiourea catalysts, giving high diastereo- and 
enantioselectivities (dr = 9:1 to > 20:1, ee 84-96%). 

The authors propose that the catalyst activates the chalcone via hydrogen-
bonding, and the basic tertiary amino moiety on the catalyst activates the 
nucleophilic dithiane. 

 
Scheme 27.  Synthesis of trisubstituted tetrahydrothiophenes 63. 
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1.2.3. Enantioselective MCR using noncovalent catalysis 

The literature review in this section covers reactions catalyzed by catalysts that 
form ion pairs (phosphoric acids and cinchona alkaloids) and thioureas. Enamine 
catalysis (covalent catalysis), often used in enantioselective MCR-s, is not 
covered. Phosphoric acids as catalysts are known but not limited to reactions 
where the electrophilic activation of imines is needed: Diels-Alder, Mannich and 
Friedel-Crafts reactions, to name a few.  

An elegant example of an enantioselective catalytic three-component Mannich 
reaction was published by Gong and co-workers.59 H8-BINOL- or BINOL-based 
phosphoric acids (67, 0.5–5 mol%) were used to catalyze a reaction between 
aldehydes 64, aliphatic ketones 65 and aromatic amines 66. Anti--amino 
carbonyl compounds 68 were obtained in moderate to excellent yields (42-99%), 
and high diastereo- and enantioselectivities (up to 98/2, 70-98% ee). They 
proposed that the chiral phosphoric acid is able to co-ordinate the in situ formed 
imine and enolized ketone 69, as shown in Scheme 28, promoting the reaction 
and giving rise to the observed high enantioselectivity. 

 

Scheme 28. Chiral Brønsted acid-catalyzed asymmetric Mannich MCR. 

An enantioselective Hantzsch four-component reaction was reported by Evans 
and Gestwicki60 in 2009. BINOL-phosphoric acids 74 were used as catalysts and 
dihydropyridines 75 were obtained in good yields (80-94%) and high to 
excellent enantioselectivities (87-99%) when aromatic aldehydes 70 were used; 
alkyl aldehydes gave good yields (66-94%) but no enantio-enrichment. 

 

Scheme 29. BINOL-phosphoric acid-catalyzed synthesis of dihydropyridines 75. 
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The first Brønsted acid-catalyzed aza-hetero Diels-Alder reaction was reported 
by Gong and co-workers.61 H8-BINOL-phosphoric acid catalyzed MCR between 
various aldehydes 76 in combination with p-anisidine 78 and 2-cyclohexenone 
77, resulting in substituted bicyclic piperidines 80, which can be converted into 
various chiral building blocks (Scheme 30). Products were obtained in moderate 
to good yields (68–71%) and enantioselectivities (83–85% ee); intermediate 81A 
was preferred for the formation of endo-diastereomer (76:24–87:13 dr). When 
imine from aldehyde 76 and amine 78 was premade the reaction yields (70-82%) 
and diastereoselectivities (80:20–84:16 dr) were a little bit better, 
enantioselectivities, however were the same (76-87% ee). 

 

Scheme 30. H8-BINOL-phosphoric acid-catalyzed MCR aza-hetero Diels-Alder 
reaction.  

In their publication Gogoi and Zhao62 used another popular bifunctional catalyst, 
cinchona alkaloid 85, which acts as a chiral base and has functional groups 
which form hydrogen bonds for additional co-ordination. Cupreine 85 catalyzed 
a three-component Michael/Thorpe-Ziegler cascade to give 
dihydropyrano[2,3c]pyrazole derivatives 86, which are known to have a wide 
range of biological activities. Several cinchona alkaloid derivatives and urea 
catalysts were screened, and the 

 
Scheme 31. Enantioselective organocatalytic Michael/Thorpe–Ziegler MCR 

sequence. 
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results showed that cupreine 85 gave the best enantioselectivity, 96% ee, while 
the alkaloid in combination with thiourea gave only 10-14% ee. Under 
optimized conditions, the reaction between heterocycle 83, aromatic aldehydes 
82 and malononitrile 84 furnished pyranopyrazoles 86 in 50-89% yields and  
25-99% ee. The authors were able to extend the methodology, by making the 
reaction four-component via forming the heterocycle 83 in situ from hydrazine 
and -ketoester. The best enantioselectivity and yield combination was obtained 
in CH2Cl2 at 0 oC (99% ee and 43% yield). Yields and enantioselectivities were 
highly dependent on the drying agent used (sodium sulfate, 4 Å MS, no drying 
agent). 

1.3. Summary of Literature Overview 

Based on the literature cited above, the “go to” method for the synthesis of 
bicyclo[3.2.0]heptanes is the intramolecular or intermolecular [2+2]-
cycloaddition (photochemical, thermal or metal-catalyzed) of polyenes or enynes 
(Chapter 1.1, Scheme 3). To get highly functionalized bicyclo[3.2.0]heptane 
derivatives, complicated starting material synthesis might be needed. It is 
evident from the limited number of synthetic strategies that variability in 
methods is needed for the synthesis of bicyclo[3.2.0]heptane skeletons. 

In recent years, a lot of attention has been paid to the efficiency and step 
economy of organic synthesis. One of the proposed tools for this involves one-
pot cascade and multicomponent reactions; ideally, these reactions should 
generate highly complex molecules in a very stereocontrolled manner. The 
discovery and use of these reactions have increased steadily in recent years, 
although the rational design of MCRs and cascade reactions is still difficult and 
requires a deep knowledge of known reactions; serendipity still plays a large 
role. 

To the best of our knowledge, prior to our work, there are no multicomponent or 
cascade reactions available for the organocatalytic stereochemically controlled 
synthesis of bicyclo[3.2.0]heptane derivatives. Thus, the literature review in this 
part was divided into two different strategies. The first part covered hydrogen-
bonding catalysts used for the Michael reaction, including ways of introducing 
chirality in the first Michael addition step. The second part looked at the 
available activation modes for the introduction of chirality in MCR that have 
imines as part of their system (Scheme 32). 
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Scheme 32. Possible sites for the introduction of stereochemical control. 

1.4. Aims of the present work 

The current study directs its efforts toward widening synthetic strategies for the 
synthesis of bicyclo[3.2.0]heptane skeletons, from simple readily available 
starting materials, in a step economical-fashion.  

Bicyclo[3.2.0]heptanes are an interesting class of compounds with a wide range 
of applications. It has been shown that few strategies for the synthesis of 
bicyclo[3.2.0]heptanes exist and new additions are needed. Based on this, the 
main aims of the thesis are:  

 To provide a simple step-economical synthetic approach for the 
synthesis of functionalized bicyclo[3.2.0]heptanes from readily available 
starting materials 

 To investigate the structural features that influence the yield, chemo- 
and diastereoselectivity of bicyclo[3.2.0]heptanes 

 To compare the reactivity and selectivity of hetero and carbon 
nucleophiles in a three-component cascade reaction initiated by a 
Michael reaction 

 To devise a method to obtain enantiomerically pure 
bicyclo[3.2.0]heptanes 

 To determine the relative and absolute stereochemistry of 
bicyclo[3.2.0]heptanes by available analytical methods 

 To provide a series of bicyclo[3.2.0]heptane derivatives (including 
heterocyclic) for the screening of their biological properties. 

2. Results and discussion 

Ongoing investigations in our group and in the field of organocatalysis have 
steadily pushed the research into an area of efficiency and step economy. One 
way to achieve this and get closer to an “ideal synthesis” is through 
multicomponent reactions.  
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Our strategy for the synthesis of bicyclo[3.2.0]heptanes is based on conditions-
based divergence (see Chapter 1.2). By tweaking the reaction conditions 
between secondary amine, -unsaturated aldehyde and -unsaturated ester 
with a tethered nucleophile (Scheme 33), the outcome of a reaction can be 
influenced.  

 
Scheme 33. Starting materials of the three-component cascade reaction. 

In multicomponent and cascade reactions reactive intermediates are formed in 
situ. A combination of iminium and enamine activation sequence (see chapter 
1.2.1, Scheme 20) provides an ideal pathway for the cascade reaction. This 
strategy was used by Wang et al (Scheme 34).63 Chiral secondary amine 89 
activated  
,-unsaturated aldehyde 87a via the formation of an iminium ion A which is 
susceptible to a Michael addition by the ethyl (E)-4-N-Ts-but-2-enoate 88. The 
formation of an enamine intermediate B permits the next step of the cascade, 
affording a five-membered ring C. After hydrolysis, the catalyst is released and 
the next catalytic cycle takes place. The organocatalytic reaction afforded, in the 
presence of trimethylsilyl prolinol derivative 89, only one diastereoisomer of 90 
in very high enantiomeric purity and yield. The formation of bicyclic product 
under these conditions was not detected. 

 

Scheme 34. Synthesis of pyrrolidines via iminium-enamine activation cascade. 

By using the above-mentioned dually active (containing a good nucleophile and 
an electrophile) reagent 88 and its analogues, in combination with a sterically 
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less demanding amine, we were able to continue the cascade, which resulted in a 
compound with a bicyclo[3.2.0]heptane skeleton, where secondary amine 
(i.e. a catalyst for the first Michael addition) was also incorporated into the 
target, turning a cascade into MCR. To carry out the full cascade, the following 
problems had to be solved: 

 the chemoselectivity of the cascade (formation of monocyclic versus 
bicyclic product) 

 diastereoselectivity (there are up to five stereocentres in the target, 
giving rise to eight possible diastereomers) 

 enantioselectivity (use of the above mentioned chiral amine 89, as the 
source of enantioselectivity in the cascade was not possible, as the 
secondary amine becomes a part of the target and the catalytic cycle is 
not possible) 

Under optimized reaction conditions, we were able to obtain 
bicyclo[3.2.0]heptanes instead of a five-membered ring. By varying the 
secondary amine, the substituent in unsaturated aldehyde and the dually active 
reagent, we synthesized a library of new compounds (91-98), with promising 
biological properties. 

 
Scheme 35. Library of synthesized bicyclo[3.2.0]heptanes.  

2.1. Synthesis of ,-unsaturated esters 

Four different -unsaturated esters with a tethered nucleophile 100-102 and 88 
(including C-, O-, and N-nucleophiles), were synthesized according to literature 
procedures from commercially available ethyl-(E)-4-bromobut-2-enoate 99 
(Scheme 36). An amino and carbon nucleophile containing -unsaturated 
esters were obtained via simple alkylation of ethyl-(E)-4-bromobut-2-enoate 99 
with benzylamine,64 diethyl malonate or Boc-protected tosylamide (followed by 
deprotection),65 in 70-80%, 53% and 91% yields, respectively.  
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Ethyl-(E)-5-nitropent-2-enoate66 107 was prepared by adding sodium nitrite to 
acrylaldehyde 104 (57%), followed by a Wittig reaction (74%). 1,4-Dithiane-
2,5-diol 108 was a very convenient substrate for the synthesis of ethyl-(E)-4-
mercaptobut-2-enoate67 109 in one step via a Wittig reaction in 45% yield. 

Two alternative methods were used for the synthesis of ethyl-(E)-4-hydroxybut-
2-enoate 100. The substitution reaction mediated by silver(I)oxide68 was an easy 
and very reliable synthetic route for ethyl-(E)-4-hydroxybut-2-enoate 100, but 
with expensive starting material and reagent. The selective reduction69 of acid-
functional group in monoethyl fumarate 103 was the more attractive method 
because of the lower cost of thestarting material and reagent, although the 
reaction was not very reliable and was dependent on the freshness of the 
BH3•THF complex. 

 

Scheme 36. Synthesis of ,-unsaturated esters with tethered nucleophiles. 

2.2. Synthesis of 3-azabicyclo[3.2.0]heptanes (Publication I and II) 

For the synthesis of azabicyclo[3.2.0]heptanes 91 cinnamaldehyde 87a, diethyl 
amine 110 and ethyl (E)-4-(benzylamino)but-2-enoate 102 was chosen as the 
model reaction. Various solvents and reaction conditions were screened to 
suppress the monocycle 112 formation (finally < 5%). MCR chemoselectivity 
was highly dependent on the solvent used, with CH2Cl2 giving the best results 
(Table 1, entries 1-3). Anhydrous conditions (oven dried MS and dry CH2Cl2), 
an excess of Et2NH 110 and cinnamaldehyde 87a favored the multicomponent 
reaction (Table 1, entry 3).  



30 

1H NMR analysis of the crude mixture showed the formation of a 2-endo:2-exo 
diastereomer of the azabicyclo[3.2.0]heptane-6-carboxylate 111a in a 25:1 ratio 
(for numbering see Scheme 35 and Chapter 2.4 for the assignment of the relative 
configuration). An analysis of the purified ester showed a degradation of 
diastereo- and chemoselecitvity. The reversibility of the cascade reaction proved 
to be the main culprit. Esters were stable enough to be isolated and analyzed, but 
decomposed upon storage. When the ester functionality was reduced by LAH, 
the azabicyclo[3.2.0]heptanes 91 were very stable. LAH reduction of the ester 
after the completion of MCR improved the isolation yield and diastereo- and 
chemoselecitivity of azabicyclo[3.2.0]heptanes 91. 

Table 1. Optimization of the three component reaction conditions.a 

 

Entry Solvent 
Ratio of 

111a:112 
Yield of 111a 

(%) 
Yield of 112 

(%) 

1 CH2Cl2 3:1 60 19 

2b CH2Cl2 3.8:1 53 14 

3c CH2Cl2 6.3:1 70 11 

4 Toluene 1:2 22 40 

5 CH3CN 1:1.4 27 38 

6 CCl4 1:1.6 30 48 

7d CHCl3 2:1 59 30 
aCinnamaldehyde 87a (1 eq), Et2NH (1.1 eq), and (E)-4-N-Bn-but-2-enoate (1 eq) were stirred 
in an appropriate solvent at rt for 24 h, and only the major diastereomer was isolated. bMS (4 Å) 
were added. cCinnamaldehyde 87a (2 eq), Et2NH (2 eq), and (E)-4-N-Bn-but-2-enoate (1 eq) 
were stirred in the presence of MS. dMW irradiation: 10 W, 30 min 50 oC (internal cooling). 

In order to gain additional insight into the reaction, it was continuously 
monitored by 1H NMR. Cinnamaldehyde 87a (2 eq), diethyl amine 110 (2 eq) 
and ethyl-(E)-4-(benzylamino)but-2-enoate 102 (1 eq) were mixed together in 
the NMR tube, CDCl3 was used as reaction medium and no MS were added. 

All the reaction products and starting materials showed distinct chemical shifts 
which did not overlap in one-dimensional 1H NMR (Scheme 37). Only the 
starting materials 102, 110 and 87 and the final products 2-exo-111a, 2-endo-
111a and 112 were visible in the 1H NMR; none of the intermediates formed in 
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detectable amounts. From the study, it was evident that the MCR diastereomeric 
ratio between 2-exo and 2-endo diastereomers (111a) changed over time (best 
ratios were determined after 4 h: 2-exo-111a 97.4 mol%, 2-endo-111a 1.6 mol%, 
112 2.9 mol%), forming more 2-endo diastereomer (4.6% after 20 h). The five-
membered monocycle 112 was also present from the start and concentration 
increase slowly during the experiment (3.7% after 20 h).  

 
Scheme 37. Reaction progress profile for the MCR between cinnamaldehyde 87a, 

diethyl amine 110, and ethyl (E)-4-(benzylamino)but-2-enoate 102, 
obtained using 1H NMR spectroscopy. CDCl3 was used as a reaction 
medium. 

Table 2 shows the scope of the MCR with N-benzyl aminocrotonate 102 as a 
nucleophile. The acyclic amines gave better yields (64-73%), compared to the 
cyclic secondary amines pyrrolidine and piperidine (entries 5, 9 and 11). The 
aliphatic -unsaturated aldehydes had lower diastereoselectivity but good 
conversion to 3-azabicyclo[3.2.0]heptanes 91c, 91b and 91f (entries 2, 3 and 6). 
The aromatic substituents in the -unsaturated aldehydes had little influence 
on the diastereoselectivity and yield (entry 1 vs entries 4 and 8). When  
3-(pyridin-2-yl)acrylaldehyde 87j was used, monocyclic product was not 
detected, but almost 40% of N,N-diethylindolizin-3-amine S91j (see 
experimental section) was isolated as a condensation product between the 
aldehyde 87j and Et2NH. 
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Table 2. Scope of the MC synthesis of 3-azabicyclo[3.2.0]heptanes. 

 

Entry R2 Amine 110 Product Time (h) Yield (%)a drb 

1 Ph Et2NH 91a 17 68 45:1 

2 Me Et2NH 91b 24 64 8:1 

3 Et Et2NH 91c 24 65 8:1 

4 p-MeOPh Et2NH 91d 42 66 24:1 

5 Ph pyrrolidine 91e 24 52 7:1 

6 Me Me2NHf 91f 24 73 6.5:1c,d 

7 Ph Me2NHf 91g 24 69 5:1c,d 

8 p-BrPh Et2NH 91h 20 68 40:1 

9 Ph piperidine 91i 27 30 (32h) ND 

10g 2-pyridyl Et2NH 91j 24 53 ND 

11 Me pyrrolidine 91k 24 51 ND 

12 o-NO2Ph Et2NH 111h 29 ND 65:1e 
aIsolated yield of the major diastereomer. bRatio of 2-exo:2-endo determined from 1H NMR of the 
crude mixture. c2-exo-6-exo-7-exo as the major diastereomer dRatio of 6-exo:6-endo. eDetermined 
from the 1H NMR of the crude ester. f2 M in THF. gA major side product was N,N-diethylindolizin-
3-amine S91j, isolated yield 40%. hYield for the 2-exo-6-exo-7-endo diastereomer. 

As potential pharmacophores (See publication II) N-Ts-azabicyclo 
[3.2.0]heptanes 92 were of great interest to us. The attempt to remove the N-
benzyl protective group from N-Bn-3-azabicyclo[3.2.0]heptane 91a gave a poor 
yield of 113 and as a major side product cyclobutane 114 was isolated. The 
formation of the cyclobutane 114 can be explained by the two competing  
N-C-Ph bonds (marked in red in Scheme 38). 

 

Scheme 38. Attempted removal of benzyl protective group from 91a. 
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We decided that it might be possible to use ethyl-(E)-4-N-Ts-but-2-enoate 88 as 
a starting material directly in the MCR. It reacted the fastest of all the  
-unsaturated esters used, but gave the worst chemoselectivity under the best 
conditions, giving an approximate 1:1 mixture of monocycle 90 and  
N-Ts-azabicyclo[3.2.0]heptane esters 115 (Table 3). An 1H NMR study showed 
that shorter reaction times (2-5 h at rt, Table 3, entries 1-3) or low reaction 
temperature (Table 2, entries 5, 6) indicated a preference for the 6-exo 
diastereomer of 115. A long reaction time (16 h) at rt gave almost an equal 
amount of all detected diastereomers of 115 (Table 3, entry 4).  

Table 3. Optimization of MCR with ethyl (E)-4-((4-methylphenyl)sulfonamido) 
but-2-enoate 88.a 

 

Entry 
t 

(oC) 
Time 
(h) 

Ratio of 
(Σ115):90 

6-exo-115 6-endo-115 115ac 

1 20 2 0.74 0.16 0.10 1:0.6 

2b 20 2.5 0.75 0.15 0.10 1:1.4 

3 20 5 0.61 0.17 0.22 1:1.4 

4 20 16 0.39 0.28 0.33 1:2.8 

5 0 20 0.68 0.30 0.3 1:0.8 

6 0 48 0.67 0.33 - 1:0.6 
aDiastereomers and monocycle detected in the 1H NMR of crude reaction mixture. b5 eq of 
Et2NH. cDiastereomer seen in 1H NMR of crude reaction mixture, but not isolated. 

1H NMR study showed that the diastereoselectivity of the reaction was 
dependent on time and temperature. In order to isolate N-Ts-3-
azabicyclo[3.2.0]heptanes 92, two reactions were conducted (Scheme 39). 
Kinetic product 92a (6-exo) was obtained in 2 h, with 42% isolated yield. 
Thermodynamic bicyclic product 92b (6-endo) formed during a prolonged 
reaction time, reaching a 1:1 equilibrium with 92a in 20 h. The absolute 
configuration of the product 92b was determined by using X-ray diffraction 
(see Publication II). 
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Scheme 39. Synthesis of N-Ts-3-azabicyclo[3.2.0]heptanes 92. 

After working out the optimal reaction conditions on N-Et2-N-Ts-
bicyclo[3.2.0]heptane 92a and 92b, pyrrolidine 116 containing a 
N-Ts-azabicyclo[3.2.0]heptane 92c and 92d synthesis was attempted as it was of 
great interest as a potential dopamine receptor ligand (see Publication II). 
Kinetic diastereomer 92c was successfully obtained after 2.5 h of reaction time 
in 31% yield (Scheme 40). Several attempts to synthesize a 2-exo-6-endo-7-exo 
diastereomer of pyrrolidine containing N-Ts-azabicyclo[3.2.0]heptane 92d failed 
and less than 5% of the desired compound was obtained after 18 h (also isolated 
were 32% diastereomer 92c and 57% monocycle 90). 

 
Scheme 40. Synthesis of pyrrolidine-N-Ts-bicyclo[3.2.0]heptane 92c and 92d. 

In conclusion, a new three-component cascade reaction leading to  
3-azabicyclo[3.2.0]heptane derivatives 91 and 92 was developed. In this reaction 
sequence four new chemical bonds and five new stereocenters were formed 
simultaneously. Next, we broadened the scope of the reaction with other 
nucleophiles based on ,-unsaturated esters. 

2.3. Synthesis of 3-oxabicyclo[3.2.0]heptanes (Publication III) 

Cascade reactions involving initiation by an oxa-Michael addition of 
phenols70,71,72,73 to α,β-unsaturated aldehydes are relatively well documented, but 
few examples are available for the addition of aliphatic alcohols.74,75 This is 
probably due to the low nucleophilicity of alcohols, the reversibility of the 
reaction and the competing acetal formation, making the oxa-Michael reaction, 
especially intermolecular, challenging.76,77 At the same time,  
3-oxabicyclo[3.2.0]heptane 93 derivatives are valuable synthetic intermediates. 

When (E)-4-(benzylamino)but-2-enoate 102 was replaced with ethyl-(E)-4-
hydroxybut-2-enoate 100 in the optimized MCR with Et2NH 110 and 
cinnamaldehyde 87a 3-oxabicyclo[3.2.0]heptane ester 117 was obtained in a 
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96:4 ratio to monocycle 118 in 48 h (Scheme 41). The reaction was moderately 
diastereoselective as, 2-exo 117 and 2-endo 117 diastereomers were obtained in 
a 5:1 ratio. 

 
Scheme 41. MCR between ethyl-(E)-4-hydroxybut-2-enoate 100, Et2NH 110 and 

cinnamaldehyde 87a. 

Several solvents were tested to increase the reaction rate, chemo- and 
diastereoselectivity (Table 4). Of the chlorinated solvents CHCl3 and CH2Cl2 
were the only solvents where the reaction went to completion (entries 4 and 5).  

Table 4. Solvent screening to improve diastereoselectivity.a 

 

Entry Solvent 
Ratio of  

100:2-exo-117:118b 
Ratio of  

2-exo-117:2-endo-117c 

1 CH3CN 49:46:5 3:1 

2 Toluene 22:58:20 1.8:1 

3 THF 42:47:11 3.5:1 

4 CH2Cl2 0:96:4 5:1 

5d CHCl3 0:85:15 3.5:1 

6 CCl4 40:40:20 1.6:1 

7 DCE 19:75:6 4:1 

8 Dioxane 45:35:20 2.3:1 

9 t-AmylOH 57:32:11 2.1:1 
aCinnamaldehyde (2 eq), Et2NH (2 eq), and (E)-4-hydroxybut-2-enoate (1 eq) were stirred 
in an appropriate solvent at rt for 48 h with MS. bRatios were determined by 1H NMR in 
relation to the major diastereomer. cRatio of 2-exo:2-endo diastereomers determined by 1H 
NMR. dReaction time 24 h. 
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The reaction in CHCl3 was the fastest (24 h) but with poor chemo- and 
diastereoselectivity. DCE was the only other reaction medium where the chemo- 
and diastereoselectivity were comparable to CH2Cl2 (entry 4 vs entry 7). All 
other aprotic solvents (entries 1-3 and 8) hindered the reaction rate and gave 
poorer chemo- and diastereoselectivity. There was no evident correlation 
between solvent polarity and reaction rate, and chemo- and diastereoselectivity. 

Next, different base and acid additives were tested (Table 5). The reasoning 
behind the acid additives was that they are known to increase the rate of iminium 
ion formation, and thus might increase our reaction rate as well. Acids with 
different pKa values were tested. p-NO2-benzoic acid and TFA both hindered the 
bicycle 117 formation and monocycle 118 was detected as the major product 
(Table 5, entries 4 and 5). When the weaker benzoic acid was used, the 
formation of bicycle 117 was again favored (entries 3 and 6). An acid additive 
was not suitable for our MCR; it did not improve the rate, chemo- or 
diastereoselectivity of the reaction. 

Table 5. Screening of additives to improve diastereoselectivity.a  

 

Entry Additive 
Ratio of 

100:2-exo-117:118b 

Ratio of  
2-exo-117:2-endo-117c 

1 - 0:96:4 5:1 

2 NaOAc 15:79:6 5:1 

3 Benzoic acid 25:47:28 3:1 

4 p-NO2-benzoic acid 44:13:43 ND 

5 TFA 47:13:40 1.6:1 

6d Benzoic acid 17:64:19 3.5:1 

7e Et2NH 20:73:7 3.6:1 
aCinnamaldehyde (2 eq), Et2NH (2 eq), additive (1 eq) and hydroxycrotonate (1 eq) were stirred 
in an appropriate solvent at rt for 48 h, with MS. bRatios were determined by 1H NMR in 
relation to the major diastereomer. cThe ratio was determined by 1H NMR of the crude reaction 
mixture. d20 mol% of the additive. e3 eq of Et2NH was used. 

A base additive was added in the hopes that it would help to shift the balance of 
the deprotonation of the -OH proton of the ethyl-(E)-4-hydroxybut-2-enoate 100 
and thus improve the reaction. The addition of 1 eq NaOAc kept the reaction 
chemo- and diastereoselectivity the same, but decreased the reaction rate 
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(entry 2 vs entry 1). Also, the addition of an extra equivalent of Et2NH 110 to the 
reaction did not improve the reaction outcome (entry 7).  

4.64.74.84.95.05.15.25.35.45.55.65.75.85.96.06.16.26.36.49.49.59.69.79.89.910.010.110.210.310.4
H1 (ppm)

 

Scheme 42. 1H NMR spectrum of the reaction mixture after 25 h. 

 
Scheme 43. Reaction progress profile for the reaction in Scheme 40, obtained using 

1H NMR spectroscopy. Molecular sieves were added and CDCl3 was 
used as a reaction medium. 
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In order to gain mechanistic insight, a 1H NMR study of the reaction mixture 
was conducted to monitor the reaction kinetics. The reaction components 
depicted in Scheme 41 were combined in an NMR tube in optimal ratios, CDCl3 
was used as the reaction medium and MS were added. All the reaction products 
and starting materials showed distinct chemical shifts which did not overlap in 
one-dimensional 1H NMR (Scheme 42). Only the starting materials 100, 110 and 
87 and the final products 2-exo-117, 2-endo-117 and 118 were visible in the 1H 
NMR, none of the intermediates formed in detectable amounts. From the study it 
was evident that the MCR was indeed reversible, as the diastereomeric ratio of 
2-exo and 2-endo diastereomers (117) changed over time (from 5:1 at 48 h to 
2.5:1 at 215 h to 1.3:1 in 22 days). However, it was not clear if the monocyclic 
structure was in equilibrium with the bicyclic product or if it was a competing 
reaction (Scheme 43). 

Table 6. Scope of the MCR with ethyl-(E)-4-hydroxybut-2-enoate 100.a 

 

Entry 
Pro-
duct 

R1 
Amine 

110 
Time 
(h) 

Ratio of 
100:117:118b drc Isolated 

yield 93d 

1 93a Ph Et2NH 48 0:96:4 5:1 76 

2 93b Ph Pyrrolidine 72 0:64:36 4:1 43 

3 93c Ph Piperidine 48 8:44:48 1:1:4e 20 (43)f 

4 93d Ph Me2NH 72 21:79:0 6:1g 51 

5 93e p-MeO-Ph Et2NH 48 16:74:10 5:1 37 

6 93f p-Br-Ph Et2NH 48 8:84:8 5:1 55 

7 93g p-NO2-Ph Et2NH 48 12:82:6 8:1 ND 

8 93h Me Et2NH 96 NDh -i 51 

9 93i diMe Et2NH 96 NDh -i 52 
aα,β-unsaturated aldehyde (2 eq), amine (2 eq), and hydroxycrotonate (1 eq) were stirred in CH2Cl2 at 
rt for the appropriate time in the presence of MS. bRatios were determined by 1H NMR from the crude 
reaction mixture before reduction with LAH in ratio to major diastereomer. cRatio of (2-exo:2-endo) 
diastereoisomers was determined by 1H NMR. dIsolated yield of the major diastereoisomer. eRatio of 
2-exo-6-endo-7-exo:2-endo-6-endo-7-exo:2-exo-6-exo-7-endo diastereoisomers. fYield stated 
respectively for 2-exo-6-endo-7-exo and 2-exo-6-exo-7-endo diastereoisomers. gMajor diastereoisomer 
in 2-exo-6-exo-7-exo-configuration. 1 M Me2NH in THF was used for the reaction. hRatio was not 
determined due to overlapping of signals 1H NMR. iOnly one diastereoisomer was detected. 

After exhaustive optimization of the reaction conditions, the scope of the 
reaction was investigated, and this is shown in Table 6. Various secondary 
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amines 110 can be used, although acyclic amines (entries 1, 4) gave better 
diastereo- and chemoselectivity over cyclic amines (entries 2 and 3). Various 
substituents at the aromatic ring of cinnamaldehyde 87a had little influence on 
the diastereoselectivity of the reaction, but did influence the reaction time 
(entries 5, 6 and 7). The reactions with aliphatic aldehydes 87h and 87i did not 
proceed to completion, giving quite a lot of monocyclic product 118. Only one 
diastereomer of bicyclic products 93h and 93i was detected and isolated (entries 
8 and 9). 

Similar to N-Ts-azabicyclo[3.2.0]heptane 92 (see Table 3), the 
diastereoselectivity of 3-oxabicyclo[3.2.0]heptane ester 117 formation was also 
dependent on time. Table 7 shows that temperature had a great influence on the 
diastereo-preference of the reaction. Reactions run at 5 ºC and -20 ºC showed a 
preference for the kinetic diastereomer 117b-d2 over the thermodynamic  
117b-d1, which was the major product if run at rt. 

Table 7. Influence of reaction temperature on reaction rate and diastereoselectivity.a 

 

Entry 
Time 
(h) 

Temp 
(ºC) 

Ratio of 

100  117b-d1 117b-d2 117b-d3 

1 16 5 42 10 39 9 

2 40 5 22 25 36 17 

3 120 -20 29 4.5 55 11.5 

4 40 rt 22 52 9 17 
aAll ratios were determined by 1H NMR from the crude reaction mixture. 

2.4. Determination of relative and absolute configuration of  
3-aza- and 3-oxabicyclo[3.2.0]heptanes 

The structures and relative configurations of 2,3,6,7-tetrasubstituted-N-Bn-3-
azabicyclo[3.2.0]heptane and 2,6,7-trisubstituted-3-oxabicyclo[3.2.0]heptane 
derivatives were determined by a detailed 1H-13C NMR analysis, using the 2D 
FT COSY, HSQC, and HMBC methods, including chemical shift and coupling 
constant analysis (discussed in more detail in Publication I). 

The configuration of substituents on 3-aza- and 3-oxabicyclo[3.2.0]heptane 
skeleton, can be determined by 1H-1H spin-spin coupling constants from a four-
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membered ring (see the Experimental part for additional information Table 14 
and 15).  

 

Scheme 44. Determination of the relative configuration at C2. 

The determination of the relative configuration at the C2 position was the easiest  
(Scheme 44). In compound 93a, when the H-1 and H-2 were in trans 
configuration the 1H-1H spin-spin coupling between the protons was < 1 Hz, 
visible as a singlet in the 1H NMR spectrum, corresponding to the exo 
configuration of the phenyl substituent at C2. The cis configuration between H-1 
and H-2 gave rise to JH2-H1 = 5 Hz, visible as a doublet, corresponding to the 
endo configuration of the phenyl substituent at C2.  

Additional information about the three-dimensional structure of the molecule 
was obtained from the NOE experiment (Scheme 44). It showed that in 
diastereomer 2-exo-93a the protons H-1 and H-7 were spatially in close 
proximity i.e. on the same side of the molecule. In a 2-endo diastereomer, this 
effect was not present, showing that the H-7 was on the same side of the 
molecule as the phenyl substituent. 

 
Scheme 45. Determination of relative configuration at C7 and C6. 

The trans relative configuration of the substituents at C7 and C6 was determined 
from the 1H-1H spin-spin coupling between H-5, H-6, H-7 and H-1 (Scheme 45). 
When the 1H-1H spin-spin coupling between H-6 and H-5 was large  
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(JH6-H5 = 8.5 Hz) the protons were in cis configuration; when they were in trans, 
the coupling constant was considerably smaller: JH6-H5 = 2.4 Hz. The difference 
in cis-trans 1H-1H spin-spin coupling constants between H-7 and H-1 was not as 
notable (cis JH7-H1 = 6.5 Hz, trans JH7-H1 = 5.1 Hz). 

 

Scheme 46. Determination of relative configuration at C6. 

The cis relative configuration of the substituents at C7 and C6 can be explained 
based on N-Ts-3-azabicyclo[3.2.0]heptane 92, and can also be deduced from the 
1H-1H spin-spin coupling between H-5, H-6, H-7 and H-1 (Scheme 46). It is 
interesting to note that there was no big difference in cis-trans configuration 1H-
1H spin-spin coupling between H-6 and H-7 (Jcis = 7.8 Hz and Jtrans = 7.5 Hz). 
The difference in configuration at C6 became evident again from the 1H-1H spin-
spin coupling constants between H-6 and H-5 (Jcis = 10 Hz and Jtrans = 2.5 Hz). 

Additional conformation by single-crystal X-ray diffraction was later obtained to 
support the assignment of relative configuration by 1H NMR. The absolute 
configuration of the 2-exo-6-endo-7-exo diastereomers of  
3-oxabicyclo[3.2.0]heptane 93a and N-Ts-3-azabicyclo[3.2.0]heptane 92a were 
determined by single-crystal X-ray diffraction after separation of the 
enantiomers by enzymatic kinetic resolution (see Chapter 2.9). The crystal 
structures were published in Publications II and III. 

2.5. Synthesis of 3-thiabicyclo[3.2.0]heptane 

Wang et al used ethyl-(E)-4-mercaptobut-2-enoate 109 in combination with 
cinnamaldehyde78 87a and nitrostyrene54 (Scheme 25, Chapter 1.2.2) with 
success, forming five-membered rings 120 and 57 catalyzed by enamine 
catalysis (TMS prolinol catalyst 89) or bifunctional thiourea 47B, respectively. 
Based on this, we decided to continue the cascade reaction to obtain our 
bicyclo[3.2.0]heptane core structure. 

When ethyl-(E)-4-mercaptobut-2-enoate 109 was used in our MCR, at least five 
different diastereomers of 119 were detected by 1H NMR after 24 h, with 
average chemoselectivity (119:120 7:1). The isolated yield of one  
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3-thiabicyclo[3.2.0]heptane diastereomer 94 was <10%. In addition, when the 
reaction was monitored in 1H NMR it became evident that ethyl-(E)-4-
mercaptobut-2-enoate 109 was not stable under the reaction conditions (Scheme 
47). 

 
Scheme 47. MCR with ethyl-(E)-4-mercaptobut-2-enoate 109. 

In summary, we can say that our new three-component cascade was general and 
four different unsaturated esters with tethered hetero-nucleophiles (102, 88, 100, 
109) all proceeded to form the hetero-bicyclo[3.2.0]heptane skeleton (91-93, 94) 
with the corresponding heteroatom at third position. A comparison of N-, O- and  
S- nucleophiles showed that nitrogen gave the best diastereoselectivity, but 
chemoselectivity was dependent on the protective group on the nitrogen (N-Bn 
vs N-Ts) and was the most reactive of the three. 

2.6. Synthesis of bicyclo[3.2.0]heptanes 

Widely used carbon nucleophiles in organocatalysis are carbon atoms in 
malonate analogues or are next to nitro functional group. When triethyl-(E)-but-
3-ene-1,1,4-tricarboxylate 101 and ethyl-(E)-5-nitropent-2-enoate 107 were 
chosen as -unsaturated esters in the MCR, analogues of 
bicyclo[3.2.0]heptane with fully carbon skeletons were obtained. 

In the case of triethyl-(E)-but-3-ene-1,1,4-tricarboxylate 101, the MCR was 
highly sensitive to moisture, resulting in low chemoselectivity (Table 8, entries 1 
and 2). When care was taken to keep the reaction dry, the ratio of 
bicyclo[3.2.0]heptane 121 to monocycle 122 on average was 16:1 (entries 3-5). 
Two diastereomers 121a and 121b were detected in an approximate 1:1 ratio; 
however, only one diastereomer was isolated after reduction of the ester 
functionalities. 

Full conversion of triethyl-(E)-but-3-ene-1,1,4-tricarboxylate 101 to the products 
was observed in the crude reaction mixture, although the isolated yields were 
very poor, <26%. It was assumed that the main problem was the high 
hydrophilicity of the final triole 98. Several attempts (an addition of Grignard 
reagent to the ester functionality, esterification and acetalization of the hydroxyl 
group) to reduce the hydrophilicity of the final product in the crude mixture 
failed. These are depicted in Scheme 48. 
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Table 8. MCR with α,β-unsaturated ester with tethered malonate.a 

 

Entry Reducing agent Ratio of 121:122b Isolated yield 98 

1 LiAlH4 1.5:1 5.5 

2d LiAlH4 2.5:1 13.5 

3 LiAlH4 18:1 6 

4 LiEt3BH 13:1 26 

5c LiEt3BH 15.5:1 14.5 
aCinnamaldehyde (2 eq), Et2NH (2 eq) and malonate 101 (1 eq) were stirred in 
CH2Cl2 at rt for 24 h, with MS. bRatios were determined by the 1H NMR of the crude 
ester reaction mixture. dReaction time 5 h; a different diastereomer was isolated. 
aCinnamaldehyde (2 eq), Et2NH (4 eq) and malonate 101 (1 eq) were stirred in 
CH2Cl2 at rt for 24 h, with MS. 

On the other hand, MCR with ethyl-(E)-5-nitropent-2-enoate 107 under 
previously optimized conditions also resulted in a full conversion of the limiting 
starting material to 3-nitro-bicyclo[3.2.0]heptane ester 126, monocycle 127 and 
byproduct 128 in a 50:1:25 ratio (Table 9, entry 1). A by-product 128 structure 
was proposed based on 1H NMR, COSY and HPLC-HRMS, but the compound 
was never isolated. The formation of compound 128 could be rationalized with a 
carbon nucleophile C3 in the final 3-nitro-bicyclo[3.2.0]heptane ester 126, 
which gave another Michael addition in the presence of excess amine110 and 

 
Scheme 48. In situ derivatization of bicyclo[3.2.0]heptane 98 and 121. 
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cinnamaldehyde 87. In order to suppress the byproduct (128), the reaction was 
conducted at a higher temperature (entry 2), but unfortunately with poor results. 
Much better chemoselectivity was achieved when a small excess of 
cinnamaldehyde 87a and Et2NH was used (Table 9, entries 3 and 4). 

Table 9. MCR utilizing α,β-unsaturated ester 107.a 

 

Entry Ratio of 87a:110:107 Ratio of 126:127:128b 

1 2:2:1 50:1:25 

2c 2:2:1 5.5:0:1 

3 1.2:1.2:1 100:1:0.6 

4 1.5:1.5:1 100:1:3 
aAppropriate rati of α,β-unsaturated ester 107, Et2NH 110, cinnamaldehyde 87a 
were stirred in CH2Cl2 for 45 h. bRatio determined by 1H NMR of the crude 
reaction mixture cReaction in DCE at 50 oC for 6 h. 

An analysis of the crude reaction mixtures in Table 9 by 1H NMR showed the 
presence of two diastereomers of the C3 carbon atom in a 1:1 ratio. This can be 
explained by the basic reaction medium and the acidity of the proton next to the 
nitro functional group. 

 

Scheme 49. Reduction of 3-nitro-bicyclo[3.2.0]heptane-carboxylate. 

A LiAlH4 reduction of the crude MCR mixture resulted in the formation of very 
hydrophilic aminoalcohol 96a in 30% isolated yield, as a mixture of inseparable 
diastereomers. In situ Boc2O protection of the amino functionality (96b) did not 
improve the yield, but the diastereomers were separable by column 
chromatography.  



45 

LiEt3BH was able to selectively reduce the ester functionality over -NO2, but 
after basic/acidic workup, a mixture of three different products (95, 97 and 133) 
was observed in the crude 1H NMR spectrum of the reaction mixture (Table 10). 
After isolation and identification of product 97 (entry 1), it was evident that an 
acid- catalyzed hydrolysis of –NO2 had occurred via an intermediate nitronate 
129 (Scheme 50). This kind of reaction – a Nef reaction – is frequently observed 
in organic synthesis and widely used for the synthesis of carbonyl compounds 
from nitroalkanes.79 

 

Scheme 50. The Nef reaction – acid-catalyzed hydrolysis of -NO2.  

An analysis of the 1H NMR spectra of the crude three-component reaction 
showed full conversion of the starting materials to product 126 with a 1:1 
mixture of C3 diastereomers. In the course of the reduction of the ester 126, 
cleavage of the cyclobutane ring occurred and product 133 was isolated. The 
amount of the cyclopentanone 133 depended on the ratio of cinnamaldehyde 87a 
and diethyl amine (Table 10, entry 1 vs entry 2). 

Full conversion of 3-nitro-bicyclo[3.2.0]heptane 95 to the corresponding 
carbonyl compound was difficult (Table 10, entries 1 and 2). The use of 
additional base after the LiEt3BH reduction considerably improved the ratio of 
95 to 97, but the isolated yield of 97 was still low (Table 10, entry 3). Only one 
diastereomer of 97 was isolated, because of the disappearance of the stereocenter 
from position C3. The overall isolated yield of bicyclo[3.2.0]heptane alcohols 95 
and 97 was around 50% over three steps. Additional optimization of the Nef 
reaction conditions was still needed to improve the isolated yield. 
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Table 10. Optimization of Nef reaction conditions after reduction of ester functionality 
with LiEt3BH.a 

 

Entry 
Ratio of  

87a:110:107
Nef conditions 

Isolated yield (%) 

95 97 133 

1 2:2:1 3 M HCl, 24 h, rt 21 25 8 

2 1.2:1.2:1 3 M HCl, 60 oC, 3 h 14 30 16 

3 1.5:1.5:1 NaOH, 24 h RT, HCl 24 h, rt 7 25 14 

4 1.2:1.5:1 Only H2O work up 24 - nd 
a10 eq 1 M LiEt3BH in THF added at 0 ⁰C-rt. 

In conclusion, we can say that MCR with carbon nucleophile containing 
unsaturated ester 107 and 101 resulted in full conversion of the starting materials 
to bicyclo[3.2.0]heptane esters 126 and 121. High diastereoselectivity was 
observed with ethyl-(E)-5-nitropent-2-enoate 107 after hydrolysis of the –NO2 
functional group, while triethyl-(E)-but-3-ene-1,1,4-tricarboxylate 101 resulted 
in a 1:1 mixture of diastereomers. Isolation of the corresponding alcohols was 
difficult and additional work is needed. 

2.7. Summary of the synthesis of racemic bicyclo[3.2.0]heptanes 

Table 11 summarizes the synthesized bicyclo[3.2.0]heptanes. N-Bn-3-
azabicyclo[3.2.0]heptane 91a was obtained in 68% isolated yield with very high 
chemo- and diastereoselectivity (entry 1). The preferred diastereomer was in  
2-exo-6-endo-7-exo configuration (as show in the scheme of Table 11). When 
the N-Bn protective group was changed to N-Ts, the reaction time went up but 
chemoselectivity went down and another diastereomer 2-exo-6-exo-7-exo is 
preferred (entry 3). Only 22% yield was obtained for the 2-exo-6-endo-7-exo  
N-Ts-3-azabicyclo[3.2.0]heptane 92b (entry 2) after a prolonged reaction time. 

3-oxabicyclo[3.2.0]heptane 93a was also obtained in high chemoselectivity, 
although the diastereoselectivity of 5:1 was considerably lower than the 45:1 for  
N-Bn-3-azabicyclo[3.2.0]heptane 91a (entry 4 vs entry 1). The same 2-exo-6-
endo-7-exo diastereomer was preferred. The reaction was slower: 48 h for 93a 
versus 17 h for 91a.  
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Regrettably, ethyl-(E)-4-mercaptobut-2-enoate 109 gave poor chemo- and 
diastereoselectivity. Five different diastereomers of 3-thiabicyclo[3.2.0]heptane 
94 were detected and only one diastereomer with very poor yield was isolated 
(entry 5). 

A fully carbon skeleton containing bicyclo[3.2.0]heptanes gave relatively good 
chemoselectivities, but poor diastereoselectivities 1:1 (entries 6 and 7). 
However, replacing a stereocenter at the -position to the nitro group in 3-nitro-
bicyclo[3.2.0]heptane 95 with carbonyl carbon via hydrolysis, merged the two 
diastereomers into a single diastereomer (entry 8). Malonate containing 
unsaturated ester 101 gave a faster reaction than nitro containing 107, 24 h vs 
45 h. However, isolation was the main problem with a full carbon skeleton 
containing bicyclo[3.2.0]heptanes, where a lot of optimization was still needed 
(entries 6-8). 

Table 11. Comparison of MCR with different unsaturated esters. 

 

Entry X Product 
Time 
(h) 

dra A:Bb 
Isolated 

yield 

1 -N-Bn 91a 17 45:1 95:5 68 

2 -N-Ts 92b 20 1.4:1 30:73 22 

3d -N-Ts 92a 2 5:1 62:38 44 

4 -O- 93a 48 5:1 96:4 76 

5c -S- 94 24 5 diast. 7:1 <10 

6c C(CH2OH)2 98 24 1:1 16:1 <26 

7c,e -CH-NO2 95 45 1:1 97:3 24 

8c C=O 97 45 1 diast. 97:3 30 
aRatio of diastereomers in 1H NMR of the crude reaction mixture. bRatio of bicyclo 
product to its corresponding five membered monocycle. cThe relative configuration of 
diastereomer was not determined. dMajor diastereomer in all exo configuration. 
ediastereomeric ratio from position C3. 

Based on all the previous experimental results, we propose the following 
reaction mechanism, illustrated in Scheme 51. The reaction proceeds via a 
multicomponent cascade that consists of a Michael addition to an iminium ion A 
derived from α,β-unsaturated aldehyde 87 and secondary amine 110, followed 
by a second, intramolecular Michael addition (intermediate B). The last step of 
the cascade is the formation of a four-membered ring via an ester enolate attack 
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on the newly formed iminium ion C, giving rise to the bicyclo[3.2.0]heptane 
product D. If there is any additional water in the reaction medium, the iminium 
ion C is hydrolyzed and monocycle E is formed.  

 

Scheme 51. Proposed reaction mechanism. 

2.8. Enantioselective MCR 

Based on literature examples (see Chapter 1.2.1), widely used groups of 
organocatalysts were chosen as chiral catalysts in the MCR (Scheme 52): 

 Hydrogen bonding catalysts 134, 135, 137, 138 and 50 
 Counter ion catalysts 48A, 136, 139 and 49  
 Single H-bond donors catalysts 136, 139 and 49 

It is known from the literature that activation of -unsaturated aldehydes via 
iminium ion formation with TMS-prolinol 89 affords monocyclic product.63 
Therefore, we concentrated our attention on hydrogen bonding and counter ion 
catalysts. The stereoselectivity of MCR is determined by the formation of the 
first stereocenter in the first Michael addition. Almost all of the used hydrogen 
bonding catalysts are bifunctional. In addition to their hydrogen-bonding donor 
properties they possess a tertiary amino group which is capable of enhancing the 
nucleophilicity of the -unsaturated ester derivative. The formation of a 
hydrogen-bonded catalyst-nucleophile complex and thus a stereoselective MCR 
was expected. Alternatively, a chiral ion pair from an iminium ion and a counter 
ion catalyst was able to efficiently block one face of the iminium ion, affording a 
stereoselective first Michael addition. Both of these approaches also influenced 
the diastereoselectivity and kinetics of the reaction. 
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The various catalysts depicted in Scheme 52 were added to our MCR in 
combination with three -unsaturated ester derivatives. The results are 
summarized in Table 12. 

In the case of 3-oxabicyclo[3.2.0]heptane 93a, the Cinchona alkaloid and 
thiourea catalysts all caused degradation of chemo- and diastereoselectivity 
(entries 1-8), having an effect similar to the acidic and basic additives in Table 5 
(Chapter 2.3). The only exception was chiral phosphoric acid 48A, which sped 
up the reaction and improved diastereoselectivity (entry 8 vs entries 1 and 2). 

 
Scheme 52. Catalyst screened in the MCR. 

In the case of bicyclo[3.2.0]heptane-3-one 97, no catalyst influence was 
observed (Table 12, entries 9-12), full conversion of the limiting starting 
material occurred and only one diastereomer was seen in 1H NMR after 
hydrolysis of the nitro group.  

In the case of N-Bn-azabicyclo[3.2.0]heptane 91a, only a small degradation of 
diastereoselectivity was observed (entries 13-17). The cinchona alkaloid 49 used 
in the reaction only retarded the reaction and it was not completed in 17 h. As in 
the case of 3-oxabicyclo[3.2.0]heptane 93a, chiral phosphoric acid 48A 
improved the reaction diastereoselectivity (entry 13 vs entry 14).  
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Table 12. Influence of chiral catalysts on the multicomponent reaction.a 

 

Entry Y Cat Time Ratio ofb ee ofc drd 

    100:117:118 93a  

1 O - 24 h 16:79:5 - 5:1 

2 O - 48 h 0:94:6 - 5:1 

3 O 137 48 h 24:61:15 rac 3.6:1 

4 O 134 48 h 36:43:21 rac 2.9:1 

5 O 135 48 h 31:32:37 rac 2.6:1 

6 O 136 48 h 34:41:25 rac 3.5:1 

7 O 49 48 h 16:70:14 rac 3.8:1 

8 O 48A 24 h 8:81:11 rac 15:1 

     97  

9 -C=O 138 72 h ND rac 1 diast. 

10 -C=O 134 72 h ND rac 1 diast. 

11 -C=O 50 72 h ND rac 1 diast. 

12 -C=O 49 72 h ND rac 1 diast. 

       

  102:111:112 91a  

13 -NBn - 17 h 0:95:5 - 45:1 

14 -NBn 48A 17 h 0:95:5 rac 100:1 

15 -NBn 134 17 h 0:91:9 rac 32:1 

16 -NBn 49 17 h 13:85:2 rac 37:1 

17 -NBn 139 17 h ND rac 33:1 
aCinnamaldehyde 87a (2 eq) and Et2NH (2 eq) were combined and 10 mol% of catalyst was 
added. Appropriate -unsaturated ester was added (1 eq). bDetermined by 1H NMR from the 
crude ester reaction mixture. cDetermined from alcohol by chiral HPLC (see Publications II 
and III). dDetermined by 1H NMR from the crude ester or alcohol reaction mixture. 
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To conclude, the chiral compounds in Scheme 52 had no influence on the 
enantioselectivity of the MCR and only racemic products were obtained.  

2.9. Kinetic resolution of the heterobicyclic compounds 
(Publications II and III) 

As our several attempts to use asymmetric organocatalysis for the introduction 
of enantioselectivity into the MCR failed, we turned to kinetic resolution.  

Kinetic resolution is a widely used technique in separating racemic mixtures into 
enantiomers. Kinetic resolution essentially means that enantiomers have 
different reaction rates when reacting with a reagent, mediated by a chiral 
catalyst. In the case of enzymes, one of the enantiomers fits better into the active 
site of the enzyme and will react a lot faster.  

 

Scheme 53. Kinetic resolution of a racemic mixture with a chiral catalyst. 

Most important in kinetic resolution is the catalyst selectivity S (or E in the case 
of enzymes), which is calculated according to the formula in Scheme 54.80 
Application of the equation is straightforward, provided that reaction conversion 
c and enantiomeric excess ee are known. Web based applications are available 
for easy calculation.81 

ܵ ൌ
ln ሾሺ1 െ ܿሻ ሺ1 െ ݁݁ሻሿ
ln ሾሺ1 െ ܿሻሺ1 ൅ ݁݁ሻሿ

 

Scheme 54. Formula for calculating catalyst selectivity in kinetic resolution.  

The most common catalysts for kinetic resolution are enzymes,82 but recently 
purely synthetic catalysts have also been developed.83  

Several different immobilized enzymes84 are available for the kinetic resolution 
of alcohols, which also tolerate organic solvents very well.  

The reaction conditions for the kinetic resolution (Table 13 scheme) were chosen 
based on literature and previous experience. Ethyl acetate was chosen as the 
reaction medium, which was also an acyl donor in combination with Lipase B of 
Candida antarctica. The reaction was monitored by TLC and 1H NMR and 
stopped when approximately 50% of the conversion was observed. The acylated 
ester 142 and unreacted alcohol 91-93 were separated by column 
chromatography. The ee of the unreacted alcohol was determined by chiral 
HPLC. The acylated ester was hydrolyzed with NaOH and then analyzed.  
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Table 13. Kinetic resolution of 3-aza- and 3-oxabicyclo[3.2.0]heptanes 

 

Entry Compound 
time 
(h) 

Alcohol 
ee (%) 

Hydrolyzed 
ester ee (%) 

Conversion 
(%) 

E 

1 

rac-93a 

2.5 86.4 89.8 49.0 52.7 

2 

rac-91a 

5 99.0 90.8 52.2 106 

3 
O

N OH

Br

rac-93f 

2.5 89.7 90.6 49.8 60.5 

4 

rac-91h 

5 95.5 92.5 50.8 97.9 

5 

rac-93h 

2.5 81.6 94.7 46.3 92.1 

6 

rac-91b 

5 83.6 93.8 47.1 83.7 
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Entry Compound 
time 
(h) 

Alcohol 
ee (%) 

Hydrolyzed 
ester ee (%) 

Conversion 
(%) 

E 

7 

 
rac-91g 

23 68.9 66.8 50.8 10.1 

8 

rac-93b 

2.5 95.3 80.4 54.2 34.4 

9 

rac-91e 

5  92.2 85.6 51.9 41.8 

10 

rac-91i 

5 95.4 85.6 52.7 48.5 

11a 

rac-92a 

72 43.5 62.6 41.0 6.6 

12a 

rac-92b 

72 68.5 97.5 41.3 153 

aK2CO3 was used as an additive to remove acid from the reaction medium. 

The enzyme enantioselectivity E value greatly depended on the structure of the 
diastereoisomer of the bicyclic substrate (Table 13). Candida antarctica lipase B 
formed the best fit with 3-azabicyclo[3.2.0]heptanes 91 giving selectivity in the 
range E 41-106 in most cases (entries 2, 4, 9 and 10), with the exception of 
compound 91g, which gave E 10.1. 3-oxabicyclo[3.2.0]heptanes (entries 1, 3 
and 8) gave similar results, although with slightly lower selectivity, E 34-92.  
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N-Ts-azabicyclo[3.2.0]heptanes 92a and 92b did not provide a good fit with the 
enzyme and the resolution slowed down drastically from 5 h to 3 days (entries 
11 and 12). However, compound 92b gave the highest selectivity (E = 153) of 
all the bicyclo[3.2.0]heptanes tested.  

The spatial arrangement around the chiral center C6, adjacent to the hydroxy 
group, was the most important factor influencing enzyme selectivity. The kinetic 
resolutions of compounds in 6-exo configuration were slower and gave 
noticeably poorer selectivities (entries 7 and 11). 

In conclusion, enzymatic kinetic resolution proved to be a good method for the 
separation of bicyclo[3.2.0]heptane enantiomers. Both enantiomers were 
obtained and their selectivities towards dopamine receptors were tested (see 
Publication III). 
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Conclusions 

 In the present study simple step economical synthetic approach was devised 
for the diastereoselective synthesis of heteroatom (N, O, S) containing and 
fully carbon bicyclo[3.2.0]heptane skeleton. In this reaction four new C-C 
or C-heteroatom bonds and five new stereogenic centers are formed in one 
step. 

 Chemoselectivity between formation of bicyclo[3.2.0]heptanes via MCR 
over organocatalyzed five-membered ring was highly dependent on the 
water content in the reaction medium. Under optimized conditions MRC is 
predominant reaction enabling chemoselective synthesis of bicyclic targets. 

 Chemoselectivity was also dependent on the structure of the secondary 
amine. When cyclic amines were used lower chemo- and 
diastereoselectivity was observed, compared to acyclic amines.  

 Chemo- and diastereoselectivity of the synthesis of  
3-azabicyclo[3.2.0]heptanes was greatly dependent on the protective group 
on the ethyl-(E)-4-N-PG-but-2-enoate. Reaction with N-Bn derivative was 
more chemo- and diastereoselective but slower than with N-Ts protective 
group.  

 Synthesis of 3-oxabicyclo[3.2.0]heptane derivatives was less 
diastereoselective and slower than formation of corresponding  
3-azabicyclo[3.2.0]heptane derivatives.  

 Substituents in the aromatic ring of cinnamaldehyde had little influence 
over the MC synthesis of 3-oxa- and 3-azabicyclo[3.2.0]heptanes. Aliphatic 
aldehydes could also be used with good conversion, however lower 
diastereoselectivity was obtained in case of 3-azabicyclo[3.2.0]heptanes.  

 Thiols could also be exploited in MCR but they gave rise to nonselective 
and low-yielded reaction. 3-mercaptobicyclo[3.2.0]heptane was isolated as 
a mixture of at least five different diastereomers, with the isolated yield of 
less than 10%.  

 Carbon nucleophiles could be used for the synthesis of fully carbon 
skeleton containing bicyclo[3.2.0]heptane derivatives. High 
chemoselectivity was obtained but diastereoselectivity was very low. 
Except for bicyclo[3.2.0]heptane-3-one were only single diastereomer was 
isolated, although in low yield. 

 Relative and absolute configurations of the isolated diastereomers were 
determined by NMR and single-crystal X-ray diffraction analysis, 
respectively. The major diastereomer in most cases was in 2-exo-6-endo-7-
exo configuration and isolated minor diastereomer was in 2-endo-6-endo-7-
exo configuration. 

 Hydrogen bonding and counterion catalysts were inefficient in asymmetric 
synthesis of bicyclo[3.2.0]heptanes. However, it was shown that 
enantiomers of 3-aza- and 3-oxa-bicyclo[3.2.0]heptanes were separable by 
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enzymatic kinetic resolution by immobilized lipase B of Candida antarctica 
with high selectivity. 

 Library of enantiomerically pure derivatives of 3-azabicyclo[3.2.0]heptanes 
were tested as dopamineric ligands.  
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3. Experimental 

General 

Full assignment of 1H and 13C chemical shifts was based on the 1D and 2D FT 
NMR spectra 400 MHz instrument. Chemical shifts are reported in ppm with 
internal reference to tetramethylsilane, and J values are given in Hertz. Mass 
spectra were obtained in GC−MS mode (EI, 70 eV). High resolution mass 
spectra were recorded on an Accurate-Mass Q-TOF LC−MS spectrometer 
recorded by using AJ-ESI ionization. All HPLC analysis were done using 
Chiralcel AS-H or Lux Amylose-2 columns. Precoated silica gel 60 F254 plates 
were used for TLC. Reactions sensitive to oxygen or moisture were conducted 
under an Ar atmosphere in flame-dried glassware. Dichloromethane was freshly 
distilled from P2O5 and stored on K2CO3 and anhydrous tetrahydrofuran from 
LiAlH4. Commercial reagents were used as received. The petroleum ether used 
had bp 40−60 °C. 

General procedure for the synthesis of racemic compounds 91-94. To a 
solution of the corresponding aldehyde 87 (3.0 mmol) in anhydrous CH2Cl2 
(10 mL) in the presence of molecular sieves (4 Å) secondary amine 110 (3.0 
mmol) and -unsaturated ester 88, 100, 102 or 109 (1.5 mmol) were added. 
The mixture was stirred at room temperature for 17 - 96 h. The mixture was 
concentrated under reduced pressure and the crude bicyclic ester 111, 115, 117 
or 119 was reduced with LAH (10.8 mmol) in anhydrous THF (20 mL). After  
3-16 h, the reaction mixture was cooled to 0 °C and the reaction was quenched 
by the addition of water and an aqueous solution of 4 M NaOH. The mixture 
was dried over K2CO3. The crude product was purified by column 
chromatography on silica gel (a CH2Cl2:MeOH/NH3 eluent system), affording 
bicyclic alcohols 91-94. 

General procedure for the synthesis of racemic compounds 95-98. To a 
solution of the corresponding aldehyde 87 in anhydrous CH2Cl2 in the presence 
of molecular sieves (4Å), secondary amine 110 and -unsaturated ester 101 or 
107 were added. The mixture was stirred at room temperature for 5 - 45 h. The 
mixture was concentrated in vacuum and the crude bicyclic ester 121 or 126 was 
reduced under appropriate conditions. 

A) Crude bicyclic ester 121 or 126 was dissolved in anhydrous THF and cooled 
to 0 °C. LAH was added in patches and allowed to warm to rt. After 3-16 h, 
the reaction mixture was cooled to 0 °C and the reaction was quenched by the 
addition of water and an aqueous solution of 4 M NaOH. The mixture was 
dried over K2CO3. The crude product was purified by column 
chromatography on silica gel (a CH2Cl2:MeOH/NH3 eluent system), 
affording bicyclic alcohols 98 or 96. 
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B) Crude bicyclic ester 121 or 126 was dissolved in anhydrous THF and cooled 
to 0 °C. LiEt3BH was added drop wise and allowed to warm to rt. After  
3-16 h the reaction mixture was cooled to 0 °C and the reaction was 
quenched by the addition of water (to obtain compound 96) or 3 M or 6 M 
HCl solution and allowed to stir overnight. THF was removed and the acidic 
water was extracted 2x with Et2O. The water phase was cooled to 0 °C and 
basified with sat. Na2CO2 or sat. NaHCO2. After stirring for 1-3 h, the water 
phase was extracted several times with CH2Cl2. The mixture was dried over 
Na2SO4. The crude product was purified by column chromatography on silica 
gel (a CH2Cl2:MeOH/NH3 eluent system) affording bicyclic alcohols 97 or 
98. 

General procedure for enzymatic kinetic resolution of 91, 92 and 93. Lipase 
B of Candida antarctica (Novozym 435) (50 mg) was added to a solution of the 
racemic compound 91, 92 or 93 (50 mg) in EtOAc (1.0 mL). The resulting 
mixture was stirred occasionally at room temperature and monitored by TLC and 
1H NMR. The reaction was stopped when about 50% conversion was achieved, 
typically after 2.5 to 5 h. Immobilized lipase was filtered off and the filtrate was 
concentrated under reduced pressure. This mixture was purified by column 
chromatography on silica gel, affording alcohol 91, 92 or 93 (A-enantiomer) and 
ester 142. As the enantiomeric excess of ester 142 could not be determined by 
chiral HPLC, it was hydrolyzed to 91, 92 or 93 (B-enantiomer), with 4 M NaOH 
in MeOH by stirring for 3 h at room temperature. 

Table 14. Supporting information pertaining to compounds discussed in the thesis. 

Entry 
Compound 
number in 

thesis 

Compound number in 

Thesis Publication 
I 

Publication 
II 

Publication 
III 

1 111a      

2 112 5a    

3 91a 6a 9a   

4 91b 6b 9c   

5 91c 6c    

6 91d 6d    

7 91e 6e 9b   

8 91f 6f    

9 91g 6g    

10 91h  9e   
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Entry 
Compound 
number in 

thesis 

Compound number in 

Thesis Publication 
I 

Publication 
II 

Publication 
III 

11 91i  9g   

12 7-endo-91i      

13 91j  9f   

14 91k  9d   

15 111h 4h    

16 113      

17 114      

18 S91j      

19 6-endo-115      

20 6-exo-115      

21 92b  11 10b  

22 92a   10a  

23 92c      

24 92d      

25 2-exo-117   7  

26 93a   9a  

27 93b   9b  

28 93c   9c  

29 93d   9d  

30 93e   9e  

31 93f   9f  

32 93g   9g  

33 93h   9h  

34 93i   9i  

35 94      

36 121      
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Entry 
Compound 
number in 

thesis 

Compound number in 

Thesis Publication 
I 

Publication 
II 

Publication 
III 

37 98      

38 96b      

39 95      

40 97      

41 133      

Table 15. 1H-1H spin-spin coupling constants (Hz) in 6-exo- and 6-endo-92b 

 

 1-2 4A-5 4B-5 1-5 5-6 6-7 1-7 6-8A 6-8B 4-4 8-8 

6-exo-92b <1 3.5 7.3 8.2 2.5 7.8 6.4 3.1 2.0 11.0 12.0 

6-endo-92b <1 2.0 8.4 8.0 10.0 7.5 5.9 5.6 9.8 11.3 10.8 
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Table 16. 1H-1H spin-spin coupling constants (Hz) in 93a 

 

 1-2 4A-5 4B-5 1-5 5-6 6-7 1-7 6-8A 6-8B 4-4 8-8 

2-exo-6-exo-7-
endo-93a 

<1 7.2 2.4 8.3 2.4 8.5 6.5 3.0 1.8 9.4 11.9 

2-exo-6-endo-7-
exo-93a 

<1 1.4 6.6 8.1 8.5 7 5.1 5.6 8.9 10.3 10.9 

2-endo-6-endo-
7-exo-93a 

5 <1 6.4 8.7 8.9 5.9 4.7 5.3 9.2 10.2 10.2 

 

Ethyl-3-benzyl-7-exo-(diethylamino)-2-exo-phenyl-3-
azabicyclo[3.2.0]heptane-6-endo-carboxylate 111 

 1H NMR (400 MHz, CDCl3) δ 0.99 (t, J = 7.1 Hz, 6H), 1.22 
– 1.16 (m, 3H), 2.56 – 2.48 (m, 5H), 2.58 (ddd, J = 8.2, 5.6, 
2.4 Hz, 1H), 2.89 (dd, J = 10.1, 7.3 Hz, 1H), 3.07 (dd, J = 9.8, 
7.5 Hz, 1H), 3.16 (tt, J = 11.2, 4.4 Hz, 1H), 3.50 – 3.32 (m, 
2H), 3.61 (dd, J = 7.4, 5.8 Hz, 1H), 3.64 (t, J = 2.4 Hz, 1H), 
4.15 – 4.05 (m, 2H), 7.25 – 7.16 (m, 3H), 7.29 – 7.25 (m, 

5H), 7.36 – 7.29 (m, 2H). 
13C NMR (101 MHz, CDCl3) δ 10.26 (2C), 14.26, 35.13, 41.43, 43.15, 48.65, 
53.27, 55.75, 60.30 (2C), 63.68, 73.42, 126.66, 127.18, 127.90 (2C), 128.09 
(2C), 128.27 (2C), 128.36 (2C), 139.74, 141.45, 172.93. 

Ethyl-3-benzyl-7-exo-(diethylamino)-2-endo-phenyl-3-
azabicyclo[3.2.0]heptane-6-endo-carboxylate 111 

1H NMR (400 MHz, CDCl3) δ 0.63 (t, J = 7.1 Hz, 6H), 1.10 
(t, J = 7.2 Hz, 3H), 1.93 (dq, J = 13.8, 7.0 Hz, 2H), 2.21 – 
2.03 (m, 3H), 2.76 – 2.67 (m, 1H), 2.89 (d, J = 13.7 Hz, 1H), 
3.00 (dd, J = 10.5, 6.3 Hz, 1H), 3.14 – 3.03 (m, 2H), 3.60 – 
3.53 (m, 2H), 4.12 – 4.00 (m, 3H), 7.23 (ddd, J = 12.7, 6.8, 
4.7 Hz, 2H), 7.39 – 7.27 (m, 6H), 7.49 (t, J = 8.7 Hz, 2H). 
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3-benzyl-2-exo-phenyl-7-endo-(piperidin-1-yl)-3-azabicyclo[3.2.0]heptan-6-
exo-yl)methanol 91i 

1H NMR (400 MHz, CDCl3) δ 1.64 – 1.33 (m, 6H), 2.52-1.93 
(m, 4H, very broad), 2.20 (d, J = 6.4 Hz, 1H), 2.57 (dd, J = 
9.5, 4.6 Hz, 1H), 2.81 – 2.74 (m, 1H), 2.92 – 2.84 (m, 1H), 
3.11 – 3.01 (m, 2H), 3.40 (d, J = 13.6 Hz, 1H), 3.51 (d, J = 
13.6 Hz, 1H), 3.59 (d, J = 1.9 Hz, 1H), 3.67 (dd, J = 11.8, 1.4 
Hz, 1H), 4.13 (dd, J = 11.8, 3.0 Hz, 1H), 7.19 – 7.14 (m, 2H), 

7.27 – 7.19 (m, 3H), 7.34 – 7.28 (m, 5H). 
13C NMR (101 MHz, CDCl3) δ 24.39, 25.75 (2C), 37.07, 41.17, 50.40, 52.24 
(2C, bs) 55.73, 57.55, 64.54, 67.60, 73.73, 76.71, 77.03, 77.35, 126.62, 127.05, 
127.93 (2C), 128.11 (2C), 128.17 (2C), 128.39 (2C), 139.88, 141.49. 

N,N-diethylindolizin-3-amine S91j 
 1H NMR (400 MHz, CDCl3) δ 0.96 (t, J = 7.1 Hz, 6H), 3.01 (q,  
J = 7.1 Hz, 4H), 6.36 (d, J = 3.9 Hz, 1H), 6.42 (ddd, J = 7.5, 6.3, 
1.3 Hz, 1H), 6.46 (d, J = 3.9 Hz, 1H), 6.55 (ddd, J = 9.0, 6.4, 1.1 
Hz, 1H), 7.27 (dt, J = 8.9, 1.0 Hz, 1H), 8.01 (dd, J = 7.2, 

0.9 Hz, 1H). 
13C NMR (101 MHz, CDCl3) δ 12.79 (2C), 49.05 (2C), 96.72, 104.93, 109.22, 
115.44, 118.97, 121.42, 128.58, 132.13. 

m/z (EI+) 188 (M+, 55 %), 159 (83), 131 (100), 78 (25) 

IR (KBr), υ (cm-1) 3101, 2970, 1503, 1355, 1071, 752, 420. 

7-exo-(diethylamino)-2-exo-phenyl-3-azabicyclo[3.2.0]heptan-6-endo-
yl)methanol 113 

1H NMR (400 MHz, CDCl3) δ 1.03 (t, J = 7.2 Hz, 6H), 2.60 
– 2.50 (m, 2H), 2.64 (q, J = 7.2 Hz, 4H), 2.88 – 2.84 (m, 1H), 
2.91 (dd, J = 10.5, 6.3 Hz, 1H), 3.12 – 3.06 (m, 1H), 3.15 (d, 
J = 10.7 Hz, 1H), 3.29 – 3.25 (m, 1H), 3.66 (dd, J = 11.8, 5.1 
Hz, 1H), 3.85 (dd, J = 11.7, 1.6 Hz, 1H), 4.25 (s, 1H), 7.12 
(d, J = 7.0 Hz, 2H), 7.33 (t, J = 7.3 Hz, 3H). 

13C NMR (101 MHz, CDCl3) δ 10.47 (2C), 35.39, 39.77, 41.82 (2C), 43.99, 
45.37, 60.63, 61.97, 66.86, 126.33 (2C), 127.18, 128.64 (2C), 143.45. 

(2-(aminomethyl)-3-benzyl-4 -(diethylamino)cyclobutyl)methanol 114 
 1H NMR (400 MHz, CDCl3) δ 0.96 (t, J = 7.1 Hz, 6H), 1.27 
(bs, 1H), 2.46 (dd, J = 17.0, 8.5 Hz, 1H), 2.58 – 2.49 (m, 4H), 
2.79 – 2.60 (m, 4H), 2.87 (dd, J = 14.4, 3.8 Hz, 1H), 2.97 – 
2.92 (m, 2H), 3.68 (dd, J = 11.8, 4.6 Hz, 1H), 3.81 – 3.74 (m, 
1H), 7.18 (t, J = 6.8 Hz, 3H), 7.35 – 7.27 (m, 2H). 

N
H

N OH

N

NEt2
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13C NMR (101 MHz, CDCl3) δ 10.89 (2C), 34.77, 36.11, 38.29, 39.20, 42.19, 
42.73 (2C), 62.48, 62.74, 125.92, 128.09 (2C), 128.45 (2C), 140.76. 

Ethyl-7-exo-(diethylamino)-2-exo-phenyl-3-tosyl-3-
azabicyclo[3.2.0]heptane-6-endo-carboxylate 115 

1H NMR (400 MHz, CDCl3) δ 0.91 (t, J = 7.1 Hz, 6H), 1.28 
(t, J = 7.1 Hz, 3H), 2.37 (s, 3H), 2.52 – 2.40 (m, 4H), 2.66 – 
2.60 (m, 1H), 3.07 – 2.96 (m, 2H), 3.22 (ddd, J = 16.5, 8.4, 
3.5 Hz, 1H), 3.63 (dd, J = 11.5, 8.6 Hz, 1H), 3.77 (dd, J = 
11.5, 3.5 Hz, 1H), 4.23 – 4.08 (m, 3H), 4.75 (s, 1H), 7.12 – 
7.07 (m, 2H), 7.18 (d, J = 8.1 Hz, 2H), 7.25 – 7.20 (m, 3H), 

7.54 – 7.50 (m, 2H). 
13C NMR (101 MHz, CDCl3) δ 10.32 (2C), 14.26, 21.45, 35.40, 41.43 (2C), 
43.45, 49.37, 50.32, 60.73, 60.82, 68.25, 126.26 (2C), 127.32 (2C), 127.47, 
128.56 (2C), 129.32 (2C), 135.94, 141.04, 143.00, 171.60. 

(7-(diethylamino)-2-phenyl-3-thiabicyclo[3.2.0]heptan-6-yl)methanol 94 
1H NMR (400 MHz, CDCl3) δ 1.04 (t, J = 7.2 Hz, 6H), 2.10 
(d, J = 6.5 Hz, 1H), 2.58 (ddt, J = 20.5, 13.6, 6.7 Hz, 4H), 
2.71 (d, J = 12.0 Hz, 1H), 3.15 (dd, J = 12.1, 7.1 Hz, 1H), 
3.42 – 3.23 (m, 3H), 3.69 (t, J = 17.2 Hz, 1H), 4.17 – 4.08 
(m, 2H), 7.25 – 7.12 (m, 3H), 7.29 (t, J = 7.4 Hz, 2H). 

13C NMR (101 MHz, CDCl3) δ 11.17 (2C), 37.45, 42.07, 42.72, 43.45 (2C, br), 
53.19, 58.45, 61.96, 64.14, 126.36 (2C), 126.82, 128.60 (2C), 143.94. 

Triethyl-7-(diethylamino)-2-phenylbicyclo[3.2.0]heptane-3,3,6-
tricarboxylate 121 

1H NMR (400 MHz, CDCl3) δ 0.79 (t, J = 7.2 Hz, 3H), 0.91 
(t, J = 7.1 Hz, 6H), 1.25 (dt, J = 19.2, 7.1 Hz, 6H), 2.16 (dd,  
J = 14.5, 7.5 Hz, 1H), 2,46 – 2,4 (q, 4H), 2.81 – 2.73 (m, 2H), 
3.02 – 2.94 (t, 1H), 3.46 (m, 3H), 3.78 (m, 1H), 4.31 – 4.08 
(m, 5H),7.25 – 7.15 (m, 5H).  
13C NMR (101 MHz, CDCl3) δ 10.10 (2C), 13.40 (3C), 13.97, 

14.36, 36.95, 37.07, 41.38 (2C), 42.41, 49.70, 57.20, 60.35 (3C), 60.99, 61.45, 
64.49, 126.80, 128.00 (2C), 128.43 (2C), 140.77, 170.27, 171.33, 173.19. 

(7-(diethylamino)-2-phenylbicyclo[3.2.0]heptane-3,3,6-triyl)trimethanol 98 
1H NMR (400 MHz, MeOD) δ 0.90 (t, J = 7.2 Hz, 6H), 2.11 – 
1.93 (m, 2H), 2.54 – 2.45 (m, 1H), 2.59 (qd, J = 6.8, 3.5 Hz, 
4H), 2.74 (d, J = 11.1 Hz, 2H), 2.91 (m, 2H), 2.98 (t, J = 6.6 
Hz, 1H), 3.22 (d, J = 6.1 Hz, 1H), 3.65 (d, J = 11.2 Hz, 2H), 
3.82 – 3.69 (m, 2H), 4.88 (s, 3H), 7.31 – 7.17 (m, 5H),. 
13C NMR (101 MHz, MeOD) δ 9.05 (2C), 30.61, 33.63, 
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40.71, 43.08 (2C), 47.88, 56.73, 57.93, 63.00 (3C), 64.19, 64.59, 70.05, 127.63, 
129.30 (2C), 129.94 (2C), 140.37. 

IR (KBr), υ (cm-1) 3348, 2940, 2876, 2068, 1600, 1495, 1453, 1379, 1198, 1120, 
1031, 979, 781, 738, 706. 

HRMS (ESI+) calculated (C20H31NO3)
+ 334.2377 [M + H+], found 334.2370 

Other isolated diastereomer of 98 (Table 8, entry 2) 
1H NMR (400 MHz, MeOD) δ 1.34 – 1.26 (m, 6H), 2.11 – 1.95 (m, 2H), 2.84 – 
2.79 (m, 3H), 3.12 – 2.94 (m, 5H), 3.28 - 3.24 (m, 1H), 3.37 - 3.32 (m, 1H), 3.64 
– 3.58 (m, 3H), 3.87- 3.74 (m, 2H), 4.88 (s, 3H), 7.50 – 7.06 (m, 5H),  
13C NMR (101 MHz, MeOD) δ 8.30 (2C), 30.52, 33.68, 40.09, 44.55 (2C), 
47.22, 56.11, 58.26, 62.18 (3C), 63.85, 64.20, 69.96, 128.04, 129.55 (2C), 
129.95 (2C), 139.30.  

tert-butyl-(7-(diethylamino)-6-(hydroxymethyl)-2-
phenylbicyclo[3.2.0]heptan-3-yl)carbamate 96b 

1H NMR (400 MHz, CDCl3) δ 0.96 (t, J = 7.1 Hz, 6H), 1.27 
(d, J = 13.7 Hz, 1H), 1.42 (s, 8H), 1.59 – 1.46 (m, 1H), 2.05 
(dd, J = 13.8, 7.0 Hz, 1H), 2.57 (q, J = 7.2 Hz, 4H), 2.69 – 
2.60 (m, 2H), 2.83 (dd, J = 8.1, 5.1 Hz, 1H), 3.01 (q, J = 8.7 
Hz, 1H), 3.16 (d, J = 6.8 Hz, 1H), 3.76 (d, J = 7.0 Hz, 2H), 
3.95 (d, J = 8.9 Hz, 1H), 4.44 (ddd, J = 15.9, 13.1, 7.2 Hz, 

1H), 7.03 – 6.96 (m, 2H), 7.26 – 7.19 (m, 1H), 7.36 – 7.27 (m, 2H). 
13C NMR (101 MHz, CDCl3) δ 10.01 (2C), 28.39 (3C), 29.73, 31.77, 40.75, 
41.48 (2C), 46.44, 51.21, 55.73, 61.97, 62.33, 76.70, 77.02, 77.22, 77.34, 79.26, 
126.65, 128.35 (4C), 140.55, 155.53. 

(7-(diethylamino)-3-nitro-2-phenylbicyclo[3.2.0]heptan-6-yl)methanol 95 
1:1 mixture of diastereomers (d1:d2) 

1H NMR (400 MHz, CDCl3) δ 0.90 (t, J=7.1 Hz, 6H, d2), 0.97 
(t, J=7.1 Hz, 6H, d1), 2.81 – 2.25 (m, 16H, d1+d2), 3.18 – 
2.87 (m, 4H, d1+d2), 3.97 – 3.50 (m, 6H, d1+d2), 4.85 (ddd, 
J = 10.2, 8.6, 7.0 Hz, 1H, d2), 5.43 (dt, J = 10.8, 7.0 Hz, 1H, 
d1), 7.46 – 7.08 (m, 10H, d1+d2). 
13C NMR (101 MHz, CDCl3) δ 10.11 (2C, d1), 10.19 (2C, 

d2), 27.44 (d2), 33.06 (d1), 33.34 (d2), 33.45 (d1), 40.05 (d2), 40.28 (d1), 41.73 
(2C, d2), 42.07 (2C, d1), 46.63 (d2), 48.43 (d1), 54.40 (d2), 57.54 (d1), 62.01 
(d2), 62.82 (d2), 63.04 (d1), 67.63 (d1), 90.36 (d2), 95.53 (d1), 129.03 - 127.01 
(d1+d2). 

  

N OH

NHBoc
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IR (KBr), υ (cm-1) 3339, 2971, 1647, 1600, 1547, 1453, 1375, 1077, 911, 701, 
646. 

HRMS (ESI+) calculated (C18H26NO3)
+ 319.2016 [M + H+], found 319.2022 

7-(diethylamino)-6-(hydroxymethyl)-2-phenylbicyclo[3.2.0]heptan-3-one 97 
1H NMR (400 MHz, CDCl3) δ 0.96 (t, J = 7.1 Hz, 6H), 2.60 – 
2.52 (m, 6H), 2.78 – 2.69 (m, 2H), 3.04 – 2.98 (m, 1H), 3.22 – 
3.14 (m, 1H), 3.32 (s, 1H), 3.67– 3.62 (m, 1H), 3.8 – 3.77 
(m, 1H), 7.35 – 7.14 (m, 5H). 
13C NMR (101 MHz, CDCl3) δ 10.33, 29.57, 36.51, 41.63, 
41.92 (2C), 44.27, 60.15, 61.98, 63.51, 126.84, 128.96 (2C), 

135.57 (2C), 138.52, 219.00. 

IR (KBr), υ (cm-1) 3369, 2971, 1737, 1600, 1495, 1452, 1377, 1125, 1078, 911, 
700, 646.  

HRMS (ESI+) calculated (C18H25NO2)
+ 288.1958 [M + H+], found 288.1956 

3-((diethylamino)methyl)-4-(2-hydroxyethyl)-2-phenylcyclopentan-1-one 
133 

1H NMR (400 MHz, CDCl3) δ 0.98 (t, J=7.2 Hz, 6H), 1.54 – 
1.51 (m, 1H), 1.94 (m, 1H), 2.79 – 2.30 (m, 10H), 3.11 (d, 
J = 10.0 Hz, 1H), 3.66 – 3.60 (m, 1H), 3.84 – 3.75 (m, 1H), 
7.42 – 7.13 (m, 5H). 

13C NMR (101 MHz, CDCl3) δ 10.14 (2C), 32.22, 32.37, 44.85, 45.72 (2C), 
46.91, 52.48, 58.14, 61.42, 127.16, 128.21, 128.81, 137.84, 217.00.  

IR (KBr), υ (cm-1) 3339, 3029, 2969, 1739, 1601, 1496, 1453, 1377, 1061, 701, 
646. 

HRMS (ESI+) calculated (C18H27NO2)
+ 290.2115 [M + H+], found 290.2113  

  

N OH

O
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Abstract 
Bicyclo[3.2.0]heptane derivatives are an interesting group of compounds with 
various applications. Their skeletons occur in many natural products, which for 
example act as pheromones or antioxidants in plants. Several therapeutics, 
containing the bicyclo[3.2.0]heptane core, are also in development as 
antibacterials and antivirals. Azabicyclo[3.2.0]heptanes on their own are known 
to have dopamine receptor affinity and are developed as new antipsychotic 
agents.  
Currently, the functionalized bicyclo[3.2.0]heptane skeleton construction 
requires several steps and lengthy synthesis. In recent years, a lot of attention has 
been paid to the efficiency and step economy of organic synthesis. One of the 
proposed tools for improvement involves one-pot cascade and multicomponent 
reactions; the rational design of MCRs and cascade reactions is still difficult and 
requires a deep knowledge of known reactions. 
Our group has discovered a new MCR for the synthesis of heteroatom (N, O, S) 
containing or fully carbon skeleton bicyclo[3.2.0]heptanes. Optimization of the 
MCR conditions resulted in chemoselective synthesis of bicyclo[3.2.0]heptanes  
91-98 over the organocatalyzed five-membered rings. The MCR tolerated 
various secondary amines and substituted -unsaturated aldehydes. Which 
abled us to synthesize a library of 3-aza- (91a-k, yield 30-73%) and  
3-oxabicyclo[3.2.0]heptanes (93a-i, yield 20-76%). It was also shown that the 
construction of 3-thia- and carbabicyclo[3.2.0]heptanes was possible, although, 
optimization of reaction conditions is still necessary, due to low isolated yield 
(up to 30%).  
The MCR was highly diastereoselective and in most cases only two 
diastereomers of the possible eight realized (dr for 3-aza- and 3-
oxabicyclo[3.2.0]heptanes were 5:1-65:1 and 4:1-8:1, respectively). In case of 
bicyclo[3.2.0]heptane-3-one 97 only single diastereomer was detected and 
isolated. 
Relative configuration of 3-aza- and 3-oxabicyclo[3.2.0]heptane was determined 
by the analysis of 1H-1H coupling constants in 1H NMR. The major diastereomer 
in most cases was in 2-exo-6-endo-7-exo configuration and the minor 
diastereomer in 2-endo-6-endo-7-exo configuration. Absolute configuration was 
assigned by single-crystal X-ray diffraction analysis. 
Catalytic enantioselective synthesis of bicyclo[3.2.0]heptanes was unsuccessful, 
however enantiomerically pure products were obtained via enzymatic kinetic 
resolution by lipase B of Candida antarctica. Selectivities (E) ranged from 41-
106 for 3-azabicyclo[3.2.0]heptanes and 34-92 for 3-oxabicyclo[3.2.0]heptanes. 
The enzyme preferred the 3-aza- and 3-oxabicyclo[3.2.0]heptanes with 6-endo 
configuration  
The enantiomerically pure 3-azabicyclo[3.2.0]heptane derivatives were 
successfully tested as dopaminergic ligands.  
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Kokkuvõte 

Bitsüklo[3.2.0]heptaani derivaadid on huvitav ja laialdast rakendust leidnud 
ühendite grupp. Taolist bitsüklilist skeletti esineb mitmetes looduslikes 
ühendites (näiteks feromoonid ja antioksüdandid) ning arenduses olevate 
ravimikandidaatide struktuurides (antibakteriaalsed ja antiviraalsed). On teada, 
et lämmastikku sisaldavad bitsüklo[3.2.0]heptaani derivaadid omavad afiinsust 
dopamiini retseptori suhtes ning nendest loodetakse arendada uusi antipsühhoo-
tilisi ravimeid. 

Bitsüklo[3.2.0]heptaanide süntees on teadlastele huvi pakkunud pikema aja 
vältel, kuid väljatöötatud sünteesiteed on siiani mitmeetapilised. Viimasel 
kümnendil on toimunud orgaanilises sünteesis mõtteviisi muutus ning üha 
olulisem on protsesside efektiivsus ja aatomefektiivsus eesmärgiga säästa raha, 
aega ja loodust. Üheks protsesside efektiivsuse tõstmise võimaluseks on 
multikomponentsete kaskaadreaktsioonide kasutamine, milles kolm või enam 
lähteainet reageerivad üksteise järel ning saadakse üks produkt. Taoliste 
reaktsioonide disain on endiselt väga keeruline ning vajab põhjalikku reakt-
sioonimehhanismide tundmist. 

Käesolevas töös on välja töötatud uus multikomponentne kaskaadreaktsioon 
bitsüklo[3.2.0]heptaanide, mis sisaldavad heteroaatomit (N, O, S) või omavad 
täielikult süsinikskeletti, sünteesiks. Kolmekomponentses reaktsioonis reagee-
rivad omavahel sekundaarne amiin 110, ,-küllastumata aldehüüd 87 ning 
erineva nukleofiilse funktsionaalse rühmaga asendatud ,-küllastumata ester 
(88, 100-102, 107, 109). Peale reaktsioonitingimuste põhjalikku optimeerimist 
õnnestus kemoselektiivselt sünteesida bitsüklo[3.2.0]heptaanid 91-98 ning 
vältida organokatalüütilise reaktsiooni tulemusena tekkivat monotsüklilist 
produkti. Näidati, et multikomponentne kaskaadreaktsioon on üldine, lähte-
aineteks sobisid mitmed sekundaarsed amiinid ja asendatud -küllastumata 
aldehüüdid. Antud töös sünteesiti mitmed erinevad 3-asa- ja 3-oksabi-
tsüklo[3.2.0]heptaanid (vastavalt 91a-k, saagisega kuni 73% ja 93a-i, saagisega 
kuni 76%). Lisaks näidati, et on võimalik sünteesida ka väävliaatomit sisaldavat 
ja ainult süsinikskeletiga bitsüklo[3.2.0]heptaane (saagisega kuni 30%).  

Bitsüklo[3.2.0]heptaanide sünteesiks kasutatud kolmekomponente kaskaadreakt-
sioon oli enamasti kõrge diastereoselektiivsusega, tekkis ainult kaks diastereo-
meeri kaheksast võimalikust. 3-asa- ja 3-oksabitsüklo[3.2.0]heptaanide 
diastereomeerne suhe oli vastavalt kuni 65:1 ja kuni 8:1. Väävliaatomit sisalda-
vate bitsükloheptaanide moodustumisel diastereoselektiivsus puudus. Täielikult 
süsinikskeletiga bitsüklo[3.2.0]heptaan-3-ooni 97 sünteesis detekteeriti aga 
ainult üks diastereomeer. 

3-asa- ja 3-oksabitsüklo[3.2.0]heptaanide suhteline konfiguratsioon määrati  
1H-1H sidestuskonstantide kaudu, analüüsides 1H NMR spektreid. Leiti, et 
eraldatud põhidiastereomeer oli 2-exo-6-endo-7-exo konfiguratsioonis ning teine 



99 

minoorne diastereomeer 2-endo-6-endo-7-exo konfiguratsioonis. Ühendite 92a 
ja 93a absoluutne konfiguratsioon määrati, kasutades monokristall-röntgendi-
fraktsiooni meetodit. 

Bitsüklo[3.2.0]heptaanide enantioselektiivne süntees kiraalsete katalüsaatorite 
mõjul ebaõnnestus, kuid enantiomeerselt puhtad ühendid saadi, kasutades 
ensümaatilist kineetilist lahutamist Candida antarctica lipaas B-ga. Ensüümi 
selektiivsus (E) oli 41-106 3-asabitsüklo[3.2.0]heptaanide ja 34-92  
3-oksabitsüklo[3.2.0]heptaanide korral. 3-asa- ja 3-oksabitsüklo- 
[3.2.0]heptaanide puhul eelistas ensüüm 6-endo konfiguratsioonis 
diastereomeeri. 

Lisaks uuriti enantiomeerselt puhaste 3-asabitsüklo[3.2.0]heptaanide afiinsust 
dopamiini retseptorite suhtes. 
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