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Abstract 

 

This thesis describes the development of a new methodology for the synthesis of 

spiroacetals. 5,5-Spiroacetals are common in a wide variety of biologically active 

natural products, from insect pheromones to highly potent anti-cancer agents. The three-

dimensionality of their structures has proven to be an important feature for their 

biological activity, making these structural motifs privileged scaffolds in medicinal 

chemistry, especially in fragment-based drug discovery, as building blocks for research 

purposes, or as chiral ligands for asymmetric catalysis. Although there are numerous 

synthetic methods applicable to 5,5-spiroacetal synthesis, stereochemistry at the 

spirocentre is often difficult to control. 

 

This project seeks to develop an innovative and general new strategy for the 

stereoselective synthesis of spiroacetal compounds from acyclic formaldehyde acetals, 

via rhodium-catalysed bidirectional C–H insertion. The rhodium(II)-catalysed insertion 

of a carbene into a C–H bond has emerged as a powerful tool to create C-C bonds from 

readily available precursors. The intramolecular variant of this reaction shows a strong 

preference for 5-membered ring formation, allowing good selectivities to be achieved. 

The insertion into a C–H bond adjacent to an oxygen atom is also favoured.  

 

 

 

For the first time, 5,5-spiroacetals have been synthesized by bidirectional C–H insertion 

of methylene acetals bearing two diazo ester substituents. The diastereoselectivity of the 

reaction is influenced by the choice of catalyst and chiral catalysts provide the major 

diastereoisomer with an excellent level of enantioselectivity. This new, stereoselective 

synthetic strategy for 5,5-spiroacetal synthesis provides these useful building blocks in 

high yields and selectivities and may find application to drug discovery.  

 

The mechanism of the bidirectional C–H insertion has also been studied experimentally, 

in order to explain the stereoselectivity of the reaction. The results obtained from 
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carefully designed experiments suggest that the second cyclization occurs via a different 

mechanism than the concerted C–H insertion mechanism. 

 

In this thesis are also presented our efforts to extend the bidirectional C–H insertion 

strategy to the synthesis of other spirocyclic scaffolds (spiroethers) and other bicyclic 

topologies (oxa-bicyclo[2.2.1]heptanes), as well to improve the reactivity and selectivity 

of the developed method. 

 

Finally, computational chemistry calculations have been performed on several reactions 

unrelated to the main project. This work is presented in the second part of this thesis. 
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Chapter I - Introduction 

I – Rhodium(II) catalysed C–H insertion 

1- General reaction 

1.1- Introduction 

The continuous demand for better methods to create carbon-carbon bonds encourages 

chemists to develop new reactions to functionalize molecules. Catalytic C–H insertion 

reactions represent a very powerful transformation in organic chemistry, allowing 

activation of an unactivated C–H bond under very mild conditions.1 Carbon-hydrogen 

bonds are ubiquitous in organic molecules; hence, the challenge is to design reagents 

that are reactive enough to insert into carbon-hydrogen bond, but mild enough to be 

selective, convenient and easily used in organic synthesis. In this regard, the C–H 

insertion of rhodium carbenoid is very attractive2 and has been used in a great number 

of syntheses.3-5 Contrary to C–H activation reactions, with C–H insertion (or C–H 

functionalization), the metal does not interact with the inserted bond, making it a very 

spectacular reaction. 

The stabilization of carbene by rhodium was discovered more than 30 years ago,6 and 

made the carbene insertion more selective and constituted the starting point of three 

decades of intense research and discoveries.  

The metal–carbene can be generated from several different precursors, though the 

most common precursor is a diazo compound. The rhodium catalyst and the precursor 

react together to create the metal-carbene, which subsequently inserts into the C–H 

bond, giving the C–H insertion product and the catalytic species (Scheme 1.1).7 

 

Scheme 1.1: C–H insertion catalytic cycle 

 

1.2- Catalysts 

Early studies of C–H insertion reactions used copper(II)-based catalysts, which had 

useful but very limited applications. The most commonly used ligands are C2–
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symmetric bis-imines (Figure 1.1). Copper catalysts make extremely reactive 

carbenoids that usually do not exhibit good selectivity. However, some cases of 

enantioselectivity have been reported.8-10 

 

Figure 1.1: Bis-imines catalysts 

On the other hand, dirhodium(II) catalysts have proven to be more effective and 

versatile for the formation of the carbenoid and for the C–H insertion reactions, 

proving to be extremely stable to heat, moisture and ambient atmosphere.11 

Dirhodium(II) compounds adopt a paddlewheel structure (Figure 1.2),11 and both 

rhodium atoms are essential for the catalytic activity. Indeed, one rhodium atom in the 

apical site (i.e. carbene in this axis) is open for coordination, the other rhodium atom 

acts as an electron sink and does not coordinate with any carbene.12 

 

Figure 1.2: Paddlewheel structure 

Carboxylates are the most common dirhodium(II) ligands, because of their greater 

ability (compared to amidates and phosphates) to degrade diazo compounds, their 

electron-deficient character and the variety of chiral ligands available, based on amino 

acids. Achiral carboxylate complexes include dirhodium tetraacetate, and other 

carboxylates such as octanoate, trifluoroacetate, triphenylacetate and pivalate. N–

protected chiral dirhodium tetraprolinate catalysts were discovered by MacKervey 

(Rh2(S-BSP)4 1.2a) and were optimized by Davies (Rh2(S-TBSP)4 1.2b and Rh2(S-

DOSP)4 1.2c) to improve the solubility (Figure 1.3). Rh2(S-DOSP)4 retains its activity 

even at −78 °C. Davies showed that these catalysts were exceptional for C–H insertion 

with donor/acceptor substituted carbenes. Ikegami, Hashimoto and co-workers 

developed a series of N–phthaloyl amino acid derivatives as ligands for dirhodium(II) 

complexes. The optimum catalyst can vary depending on the specific reaction, but 
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often the tert-leucine derived catalysts Rh2(S-PTPA)4 1.3a and Rh2(S-PTTL)4 1.3b 

give the highest asymmetric induction. Davies synthesized and studied the adamantyl 

derivative Rh2(S-PTAD)4 1.3c, which gives greater levels of asymmetric induction. 

 

Figure 1.3: Common chiral rhodium(II) catalysts 

Rhodium carboxamidates have been well studied, as they have high electron density, 

which stabilises the carbenoid and increases the selectivity of the complexes in 

carbenoid reactions. For that reason they are used with highly reactive carbenoids 

derived from acceptor and acceptor-acceptor substituted diazo compounds. 

Carboxamidates, such as Rh2(cap)4 or chiral examples derived from 2-oxopyrrolidine 

(e.g. Rh2(5S-MEPY)4 1.4) have been developed by Doyle and co-workers, for β-

lactone and β-lactam synthesis via intramolecular C–H insertion. 

In order to selectively functionalize primary C–H bonds, the new family of more 

sterically demanding chiral catalysts triarylcyclopropanecarboxylates Rh2(R-TPCP)4 

1.5a-c (Figure 1.4) have been recently designed.13-16 

 

Figure 1.4: Rhodium triarylcyclopropanecarboxylates catalysts 

All of these ligands vary and offer different electron-withdrawing abilities, differing 

sterical hindrance, conformations and chirality, allowing researchers to choose the 

catalysts that fit their use best. 

 



5 

 

1.3- Carbenoid precursors 

Diazo compounds are generally reactive, however appropriate electron-donating 

substituents can stabilize them so they can be manipulated with ease and stored for 

long periods. Substituents influence the reactivity of diazo compounds toward 

rhodium catalysts in diazo decomposition reactions as shown in Figure 1.5.17 

Figure 1.5: Reactivity of diazo compounds towards the rhodium catalyst 

 

Generating carbene from a diazo involves the synthesis of the diazo functionality first. 

To circumvent this step, Müller 18 and Du Bois 19 have been using iodosylbenzene to 

generate an iodonium ylide carbene precursor (Scheme 1.2a), which has been 

demonstrated to react with the rhodium catalyst in the same way as a diazo 

compound.20 Moreover, electron-withdrawing substituents (carbonyl, ester) stabilize 

the diazo group but also make the carbenoid more reactive; therefore alternative 

carbene precursors that allow adjacent electron-donating groups have been developed. 

Cossy used dimethylcyclopropenylcarbinols 1.8 as carbene precursors (Scheme 

1.2b),21 and Fillion uses N-azyridinyl imines such as 1.10 (Scheme 1.2c).22 N-sulfonyl-

triazoles 1.12 have also been used with great success (Scheme 1.2d).23-24  
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Scheme 1.2: Non diazo carbene precursors 

 

1.4- Carbenoids – Mechanism of the reaction 

According to Nakamura et al.,12 who conducted a theoretical study into the rhodium 

catalysed C–H insertion, the formation of the metal-carbene species occurs in two 

steps (Scheme 1.3).  

 

Scheme 1.3: Mechanism of the diazo decomposition and formation the the rhodium–

carbene species, according to Nakamura et al.12 

 The first step consists of the complexation between the rhodium catalyst and the diazo 

carbon. Then the nitrogen extrusion step occurs, driven by the backdonation from 

rhodium 4dxz orbital to the C–N σ* orbital, leading to the metal carbene species.  

 

The approach of the targeted C–H bond to the carbenoid (Scheme 1.4) results in 

overlap of the empty p orbital of the carbenoid and the σ orbital of the C–H bond. The 
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C–H bond activation/C–C bond formation proceeds in a single step through a three-

centred hydride transfer-like transition state with small activation energy, with the C–

C bond formation lagging behind the hydride transfer. After hydride transfer, donation 

of electron density by the apical rhodium atom to the opposite rhodium atom weakens 

the Rh–C bond and results in C–C bond formation and regeneration of the Rh–Rh 

complex, completing the catalytic cycle. 

Scheme 1.4: Mechanism of the C–H insertion according to Nakamura et al.12 

The first carbenoids were generated from acceptor substituted diazo compounds, 

which were stable enough to study the reaction and gave very reactive carbenes. 

Quickly, acceptor/acceptor substitution was used, giving more stable diazo compounds 

and more reactive carbenes. Later, when the understanding of the reaction increased, 

more selective carbenes (i.e. appropriate balance between stability and reactivity) were 

needed, and donor/acceptor substituted diazo compounds were devised by Davies. He 

brilliantly demonstrated the greater stability of those carbenes by isolating and 

characterizing a donor/acceptor substituted Rh–carbene.25 Thermal degradation of 

donor/acceptor diazo lead to metal-free generation of the carbene and to the possibility 

of metal-free C–H insertion.26  

 

More stable carbenes are the purely donor substituted. However they cannot be 

obtained from the corresponding diazo compounds, since diazo compounds that lack 

electron withdrawing groups are generally unstable. Pertinently, new carbene 

precursors have been discovered, leading to the less reactive and more selective donor 

substituted carbenoids (vide supra).21 

 

Metal nitrenoid complexes have also been shown to be capable reagents for C–H 

functionalization, a reaction that is usually called C–H amination.27 Recently, the Du 

Bois research group has devised a process analogous to carbenoid C–H insertion using 

rhodium catalysts to enable the oxidative cyclization of carbamate, sulfamate, 
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sulfonamide, urea, and guanidine substrates.28 The universal nature of the C–H 

insertion reactions is there exploited in introducing nitrene instead of carbene into the 

C–H bond, both inter- and intramolecularly.29 Du Bois created a catalyst more suitable 

for that reaction, Rh2(esp)2, yet very efficient for carbene C–H insertion.30 

 

2- Intramolecular C–H insertion 

The intramolecular C–H insertion is an elegant way to create carbocyclic and 

heterocyclic structures. Electronic, steric and conformational effects control the 

selectivity of the intramolecular C–H insertion. Greater understanding and control of 

those parameters allows for greater selectivity.  

 

2.1- Chemoselectivity  

The selectivity of C–H insertion versus O–H insertion, N–H insertion, vinylic C–H 

insertion, aromatic C–H insertion, or cyclopropanation can be mainly attributed to the 

influence of the ligands on the metal (Scheme 1.5).31 Usually, aromatic C–H insertion 

is favoured over cyclopropanation, which is favoured over aliphatic C–H insertion for 

catalysts that include dirhodium(II) acetate, which have electron-withdrawing 

carboxylate ligands.32 

 

Scheme 1.5: Catalyst-controled chemoselectivity of C–H insertion vs. 

cyclopropanation 

An excellent review has been published by Padwa33 covering the general aspects of 

competing reactivity of the rhodium carbenoid. 
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2.2- Regioselectivity  

Rhodium carbenoids preferentially insert into tertiary over secondary C–H bonds, 

which in turn are more reactive than primary C–H bonds. Because of steric hindrance, 

often the methine position is congested, such that tertiary C–H bonds react similarly to 

secondary C–H bonds.34-36 

Several research groups have demonstrated that five-membered ring formation is 

greatly favoured over other ring sizes.37-38 Nakamura showed that if the product is an 

[n]-membered ring, the transition state is an [n+1]-membered ring involving the 

transfer of a hydrogen atom.39 The conformation of the transition state ring, the 

substituents and the steric environment are all involved in the regioselectivity. 

Therefore 6-membered rings are extremely difficult to create via C–H insertion, unless 

very favourable conditions exist such as blockage of the C5 position and activation of 

the C6-H bond, or favourable tethering between the carbenoid and the targeted C–H 

bond. 

Many factors are involved in regioselectivity, including catalyst chirality (Scheme 

1.6), making it often difficult to predict. 

 

Scheme 1.6: Change of regioselectivity with the chiraly of the catalyst 

β-Elimination, which is 1,2-migration of a hydrogen to the carbene carbon, is favoured 

by electron withdrawing ligands, bulky ligands, high reaction temperature, polar 

solvents and an electron-rich α-C–H bond. Because of steric hindrance between the 

catalyst and the chain in the transition state, the Z-alkene is produced as the major 

isomer.40-41 

 

2.3- Diastereoselectivity 

The intramolecular C–H insertion at the methylene position creates two stereocentres 

in the reaction. Therefore, diastereoselectivity is a major issue and goal. 
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Taber’s work on the cyclization of the diazo compound 1.20 gave the cyclization 

product 1.21 as the only diastereoisomer,42 along with the β-elimination product 1.22 

(Scheme 1.7). 

 

Scheme 1.7: Diastereoselectivity of the C–H insertion into a secondary C–H bond 

 

Computational studies showed that the transition state is a 6-membered ring with the 

phenyl and methyl groups in equatorial positions (Scheme 1.8), explaining the 

diastereoselectivity of the reaction.42-43 Though the equatorial position of the catalyst 

is not explicitly justified, later DFT study by Nakamura and co-workers showed that 

carbene with equatorial rhodium inserting in C–H bond with equatorial hydrogen is 

the most stable transition state, due to minimization of diaxial and steric repulsions.44 

 

Scheme 1.8: Transition state model for the diastereoselective intramolecular C–H 

insertion 

In this work, Taber also confirmed that increasing the electron withdrawing ability of 

the ligands on the catalyst creates a more reactive metal carbene and decreases 

reaction selectivity, even for reactions performed at low temperatures.  

In some cases, regioselectivity or diastereoselectivity have been reported to be 

dependent on the catalyst’s chirality.45-46 Configurational match/mismatch governs 

these reactions.17 
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2.4- Enantioselectivity 

Enantioselectivity has been achieved with many carbenoids, since the development of 

chiral catalysts, however, the best results have been incontestably obtained with 

donor/acceptor substituted carbenoids, as showed in Hashimoto’s work (Scheme 

1.9).40 Their enhanced stability, combined with the use of chiral catalysts active even 

at very low temperatures, allow a better control of the reaction conditions, and hence 

better enantioselectivity. 

 

Scheme 1.9: Enantioselective C–H insertion 

 

3- Intramolecular C–H insertion reactions α to oxygen 

Early studies showed that heteroatoms, such as oxygen and nitrogen, can activate an 

adjacent C–H bond for insertion.47-48 

3.1- Regioselectivity of insertion adjacent to O vs other positions 

Sometimes, the activation effect, coupled with conformational restrictions or other 

electronic effects, allows for the formation of 4- or 6-membered rings over the 

formation of the 5-membered ring.  

Lee and co-workers investigated the intramolecular C–H insertion of several 

diazomalonates in order to study the competition between 1,4-C–H insertion adjacent 

to an oxygen and 1,5-C–H insertion. They showed that the energetically unfavourable 

formation of the β-lactone can be achieved by electronic activation of the C–H bond 

due to tertiary carbon, adjacent malonate oxygen and deactivated γ-C–H bond, 

allowing for the β-lactone formation.49 Rodríguez-García and coworkers managed to 

achieve 1,6-C–H insertion by blocking the 5 position with an oxygen, which in turn 

activates the C6-H bond.50 

 

3.2- Regio-, diastereo- and enantioselectivity 

Comparison between the activating effect of various oxygen substituents showed that 

the C–H insertion reaction is compatible with the unprotected hydroxyl group, and 
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OSi > OH > Oalkyl > OPh > OAc, the ester having been proven to be deactivating 

(Scheme 1.10). [41][42] 

 

Scheme 1.10: Compared activating effect of various O-containing groups on the 

regioselectivity 

Though the ether oxygen is inductively an electron withdrawing substituent, it does 

stabilize an adjacent positive charge via a resonance contribution, suggesting the 

possibility of an oxonium-like species in the reaction mechanism.51 

The activation effect of adjacent oxygen can, in some cases, overcome the preference 

for 5-membered ring formation and lead to changes of regioselectivity, creating 4-

membered rings 53 or 6-membered rings.54 

The synthesis of substituted tetrahydrofurans via rhodium(II)-catalysed C–H insertion 

has been undertaken by the Taber research group (Scheme 1.11).52 The 

diastereoselectivity has been explained using the model they developed.55 

 

Scheme 1.11: Diastereoselectivity of the C–H insertion α to oxygen 

Taber’s study of activation of the C–H bond by an exocyclic benzyloxy group and 

cyclization with catalytic Rh(II) pivalate gave the diastereomeric esters 1.33 and 1.34 

in a ratio of 1.2 to 1. 

 

Scheme 1.12: Influence of the steric environment on the diastereoselectivity 

This modest diastereoselectivity is believed to arise from the decreased stabilization of 

the targeted C–H bond when the benzyloxy is in axial position, almost exactly 

balancing the conformational effect, leading to a nearly one-to-one ratio. The use of 
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rhodium trifluoroacetate as a more electron withdrawing catalyst allowed a better 

diastereoselectivity (6.4 to 1), compared to rhodium triphenylacetate (1 to 6.8). 

 

Hashimoto and co-workers reported the enantio- and diastereoselective synthesis of 

cis-2-aryl-3-methoxycarbonyl-2,3-dihydrobenzofurans via Rh2(S-PTTL)4 catalysed C–

H insertion on benzyl ether substrates (Scheme 1.13).56 This reaction provided 

exclusively the desired cis compound in up to 94% ee. Hashimoto also highlighted the 

crucial importance of the oxygen adjacent to the C–H insertion site, as replacement of 

the oxygen by a methylene led to a drastic loss of enantioselectivity (Scheme 1.13). 

 

 

Scheme 1.13: Enantioselective synthesis of benzofurans 40 

 

4- Conclusion 

Rhodium catalysed C–H insertion has been known for the last 30 years and has 

demonstrated extreme versatility, especially in the intramolecular version. Preference 

for 5-membered ring formation, insertion adjacent to a heteroatom for tertiary or 

secondary C–H bonds and other electronic, conformational and steric effects have 

been rationalized for the last 10 years, allowing better understanding of the reaction, of 

the balance between those effects and further development of the reaction. At the same 

time, catalyst development has greatly improved yields, diastereo- and 

enantioselectivity, as well as the variety of structures synthesized. However, there are 

only a relatively small number of examples of diastereoselective C–H insertions 

reactions adjacent to an oxygen atom. 
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II – Spiroacetals 

1-Description and structure  

A spiro compound is a bicyclic organic compound with the two rings connected by a 

single carbon atom, called the spiro centre. The synthesis of molecules with a spiro 

motif can be traced back to the late 1890s,57 only a few years after von Baeyer 

proposed the name spirocyclane for bicyclic hydrocarbons having two rings with a 

common carbon atom (spiro carbon atom).58 

Though an acetal resulting of the condensation of a cyclic ketone with a diol is a 

spiroacetal, in this thesis the word spiroacetal will be used only for spiroacetals in 

which each of the two oxygen atoms is included in a separate cycle.  

A spiro compound has two rings which have only one atom in common and the two 

rings are not linked by a bridge. Spiro are numbered consecutively starting in the 

smaller ring at an atom next to the spiro atom, proceeding around the smaller ring back 

to the spiro atom and then round the second ring. Oxygen atoms are indicated by the 

oxa- prefix. Low locants are allocated for oxygen atoms, then for substituents. 

Substituents are cited as prefixes in the order of citation. Stereochemistry associated 

with tetrahedral chirality follows the usual Cahn-Ingold-Prelog rules. For further 

details, see IUPAC rules.59 

Some spiroacetals possess an axis of chirality (shown in red). Axial chirality results of 

the non-planar arrangement of the four groups in pairs around the chiral axis. When 

the two rings are identical, the priority is given to one ring, and the lower priority is 

given to the other ring (Figure 6).59 

 

Figure 1.6: Axial chirality in C2–symmetric spiroacetal 

Many natural products of biological and synthetic interest contain a spiroacetal 

moiety. 6,6-, 6,5- and 5,5-spiroacetals are the most commonly encountered. Their 

stereochemistry is influenced by many factors, such as the anomeric effect. The 

anomeric effect is a stereoelectronic effect that describes the tendency of heteroatomic 
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substituents adjacent to a heteroatom within a cyclohexane ring to prefer the axial 

orientation instead of the less hindered equatorial orientation that would be expected 

from steric considerations. This effect is now considered to be a special case of the 

more general gauche effect, thought to be caused by the hyperconjugation (stabilizing 

interaction) which occurs when the axial nonbonding 2p orbital of the endocyclic 

oxygen and the antibonding σ* of the exocyclic C–O bond are aligned. 

 

Scheme 1.14: Anomeric effect influence on spiroacetal configuration 

The anomeric effect has been used to synthesize the doubly anomeric and mono 

anomeric isomers, and numerous methods have been developed for the mono 

anomeric and doubly non-anomeric isomers.60 

The influence of the anomeric effect in 5,5-spiroacetal conformation, however, has 

been little studied. Therefore, their configuration is more difficult to predict.61 

 

2- Molecules of interest containing 5,5-spiroacetal structure 61 

A large variety of natural products integrate 5,5-spiroacetals, from the simplest (1.41-

1.42) to the most complicated (1.43-1.44) (Figure 1.7).  
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Figure 1.7: Spiroacetal-containing natural products 

Exogonic acid 1.41 and insect pheromone chalcogran 1.42 show that the spiroacetal 

structure as itself can be bioactive. The tetrahedral geometry of the spiro carbon makes 

the ring planes perpendicular to each other, giving the structure its characteristic shape 

(Figure 1.8). 

 

Figure 1.8: “Face” and “profil” view of the spiroacetal structure 

 

3-Existing syntheses and limitations of these methods  

The first attempts to synthesize complex 5,5-spiroacetals proceeded on the assumption 

that the configuration of the spiro carbon of the natural compounds corresponded to 

the thermodynamically most stable form. Therefore acid-catalysed cyclization of a 

dihydroxy ketone was the preferred method to obtain the correct configuration of the 

spiro centre, given that the substituents are quite similar to those of the natural 

product. This was generally found to be a reasonable assumption.61 However the 
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smaller number of compounds featuring the 5,5-spiroacetal made this structure less 

studied than the 5,6- and 6,6-spiroacetals.  

 

3.1- Thermodynamically controlled acid-catalyzed  

The most frequently used strategy for spiroacetal synthesis is acid-catalyzed 

spiroacetalization of a dihydroxyketone precursor or an equivalent. Usually, the 

carbonyl is protected in order to set up the substitution pattern, and then the ketone is 

deprotected under acidic conditions to perform the cyclization.  

For example, Rosini showed that titanium trichloride Nef reaction leads to a diastereo 

enriched mixture of chalcograns 1.46 and 1.42.62 

 

Scheme 1.15: Rosini synthesis of chalcogran using the Nef reaction 

Under equilibrating conditions, the more thermodynamically stable isomer will be 

generated as the major product, as exemplified by the synthesis of 22-epi-hippuristanol 

1.48.63 

 

Scheme 16: Spiroacetal equilibrium leads to thermodynamical product 1.48 

Fernandes synthesis of the reported structure 1.50 of cephalosporolide H features the 

same spiro formation strategy,64 leading to a mixture of diastereoisomers, the major 

being the reported structure of the natural product. However they proved that the 

natural product has the structure of the isomer 1.51. 
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Scheme 1.17: Fernandes synthesis of cephalosporolide H 1.51 

Alternatively, the hydroxyls are protected and the ketone is free, deprotection of the 

hydroxyls leads to spirocyclization. 

Kitching adopted a novel approach, in which the two hydroxyl group are set up with 

an oxymercuration reaction, with undergoes in situ spiro cyclization, followed by a 

reduction of the organomercury compound (Scheme 1.18).65 

Scheme 1.18: Kitching oxymercuration approach to spiroacetals 

The oxymercuration reaction allows the synthesis of the precursor as a diene, which 

offers great variety of substituents. However, this method does not allow much 

stereocontrol and uses stoichiometric amount of mercury acetate. 

 

3.2- Other methods 

Noting the lack of stereoselectivity of the acid-catalysed approach, especially for the 

synthesis of the non-thermodynamic isomers, several strategies have subsequently 

been developed. They aim to avoid the equilibration, involving radicals or 

organometallic intermediates to favour the kinetic product. 

Using an oxidative radical reaction, Suárez carried out the oxidative cyclization of 

labdanediol 1.55 using lead tetraacetate and iodine under light irradiation, 

demonstrating that the reaction was amenable to complex substrates and proceeds in 

high yield under photolytic conditions.66 

 

Scheme 1.19: Suárez oxidative spiroacetal formation 
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The same lead tetraacetate/iodine reaction has been used for the synthesis of the 

spiroacetal moieties of hippuristanol 1.47 and 22-epi-hippuristanol 1.48.67 

 

Hg(II)-catalyzed cyclization of 3-alkyne-1,7-diol motif as a key strategy for spiro 

acetalization provided 1.61 (Scheme 1.20), which has been deprotected to complete 

the syntheses of hippuristanol and 22-epi-hippuristanol.68 

 

Scheme 1.20: Hg(II)-catalyzed spiroketalization of 3-alkyne-1,7-diol 

 

4- Conclusion 

Most of those methods were developed to target a natural product or a specific non-

natural target; therefore they are mostly limited to the synthesis of a specific substrate, 

or a specific diastereoisomer, and lack versatility. The oxymercuration and tetraacetate 

lead oxidative radical cyclization are more versatile, but both suffer of lack of 

substrate diversity and dangerous reactants. In order to synthesize systematically 

stereodiversified spiroacetals, a new general method is needed to be developed, 

allowing control of spiro stereochemistry independent of thermodynamic stabilization 

or stereoelectronically favoured axial attack. 
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III – Bidirectional cyclization approaches in organic synthesis 

1- Introduction 

Shorter and more effective ways to synthesize organic compounds are an important 

part of the design of synthetic routes. Synthesizing compounds is not sufficient; 

efficiency of the synthetic route is required. In that regard, the development of new 

reactions is not the only lever that chemists have, the strategy employed is critical. 

Bidirectional (or two-directional) strategies involve the same chemical functions being 

featured twice in a molecule; therefore the same reaction can be performed on both of 

these functions, realizing simultaneously two chemical reactions. When two reactions 

are used simultaneously, and the two newly created bonds run in opposite directions, 

the resulting reaction is described as bidirectional. Bidirectional cyclization occurs 

when the bidirectional reaction creates one cycle or more. 

 

Figure 1.9: Unidirectional vs. bidirectional  

This strategy is especially useful for symmetrical, or pseudo symmetrical molecules,69 

or for molecules in which the same sequence is repeated a certain number of times,70-72 

reducing the number of steps compared to sequential synthesis. This strategy is 

complementary with convergent synthesis,69 and as an economical strategy it can help 

to deliver on the principles of green chemistry.  

Linear bidirectional synthesis has been well studied for the last 25 years, since the 

pioneering work of Schreiber.70-75 In that seminal work, Schreiber develops 

bidirectional strategies for the synthesis of compounds containing repeating elements 

in their structure, and recognises the importance of terminus differentiation. Early 

work on this strategy has been reviewed by Magnuson, which focuses on bidirectional 

chain extension by simultaneous homologation.69 

Although often used, the bidirectional cyclization strategy has not been reviewed yet. 

Here we survey bidirectional approaches to the synthesis of cyclic compounds. The 

present review will focus on comparison of the different aspects of the bidirectional 

cyclization strategies, showing, through selected examples, the advantages and the 

drawbacks of the strategy.  
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2- Intermolecular bidirectional cyclization 

The intermolecular bidirectional cyclization has been described as the 

cyclodimerization of two bifunctional monomers (Scheme 1.21).76 This strategy is, 

however, only suitable for the synthesis of certain ring sizes. 

 

Scheme 1.21: Advantage of the intermolecular bidirectional strategy 

Additionally, the bidirectional multicomponent synthesis of macrocycles is the case 

when the cyclization reaction is a multicomponent reaction (MCR), involving an 

additional reagent. Unlike more classical dimerization, each monomer incorporates 

two of the same function, which circumvents internal cyclization, head-to-tail 

dimerization, or oligomerization.77 Despite not being widespread, notable uses of the 

intermolecular bidirectional cyclization strategy have been reported for macrocycles 

and macrocyclic peptide formation.  

Another advantage of the intermolecular bidirectional strategy over the intermolecular 

unidirectional strategy is the simplified synthetic access to the bifunctional precursor: 

the two reactive functions are created separately, and react with each other only when 

the two building blocks are mixed together, avoiding incompatibility issues. 

 

2.1- Bis-5-aminooxazoles 

In 2002, Zhu and co-workers reported 76 an intermolecular bidirectional cyclization, 

using an oxazole MCR they developed two years earlier.78 Their report demonstrated 

the feasibility of an intermolecular bidirectional strategy for the synthesis of 

macrocycles. Macrocycle natural products have been isolated from different biological 



22 

 

sources, displaying enormous variation in structure, ring size and activity. Although 

their diversity is very high, some substructures, such as polyketides and cyclic 

peptides, occur relatively frequently. 5-Aminooxazoles were synthesized via a three 

component reaction (Scheme 1.22). Diamines 1.62a-d and aldehyde 1.63 were 

combined in methanol to allow the formation of the imine, and then bis-isonitrile 1.64 

was added and heated to methanol reflux for 4 h, to yield bisoxazoles 1.65a-d in 

moderate yield (42-52%). 

 

 

Scheme 1.22: Zhu bidirectional macrocyclization 

Knowing that MCR usually work better when performed at high concentration, while 

macrocyclizations work better at low concentration to avoid oligomer formation, the 

team chose a diamine 1.62a containing a rigid aromatic ring, with the aim of limiting 

conformational flexibility, thereby favouring cyclization during the second reaction. 

Indeed, the optimal concentration (0.1 M) is relatively high for a macrocycle 

formation.79 This suggests a favourable conformation of the intermediate created after 

the first reaction. Different diamines 1.62a-d gave similar yields of product, 

suggesting that the steric hindrance and rigidity of the bridge have little effect on the 

reaction. These results demonstrated for the first time that a robust and versatile 

reaction is the key factor for the bidirectional intermolecular cyclization to be 

successful. Highlights of the method include rapid generation of molecular complexity 

in a single step, the presence of three elements of diversity for diversity oriented 

synthesis (DOS) and the possibility for the oxazole ring to be later modified to access 

new functionalities. 
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2.2- Biaryl ethers 

Following Zhu’s strategy, Wessjohan reported the synthesis of steroid-based 

macrocycles 81-82 and macrocyclic peptides.83 The authors have developed a 

macrocyclization approach termed Multiple multicomponent macrocyclizations 

Including Bifunctional building blocks (MiB), using Ugi,80-83 and Passerini reactions.84 

Over the years, they synthesized a great diversity of macrocycles and developed 

optimal general reaction conditions.  

To achieve cyclization of macrocycle 1.70, diamine 1.69 and aldehyde 1.68 were 

combined in methanol and stirred at room temperature for 1 h, acid 1.67 and 

diisocyanide 1.66 in methanol (0.05 M) were added simultaneously at slow flow rate, 

and the reaction mixture was stirred for an additional 8 h. Macrocycle 1.70 was 

isolated in 30% yield (Scheme 1.23). 

Scheme 1.23: Bidirectional synthesis of macrocyclic biaryl ethers 

In order to make the bidirectional approach work and overcome the opposite 

concentration preferences for MCR and macrocycle formation, Wessjohan and co-

workers found that the bifunctional reactants can be added extremely slowly to a 

relatively concentrated reaction mixture, achieving pseudo-dilution conditions. A 

diverse range of substrates were examined, from steroids 81-82 to peptides 83 to other 
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structures,80,84 with DOS in mind, in order to make a variety of macrocycles (20 to 60 

membered rings) for a variety of applications, from dynamic combinatorial 

chemistry84 and screening for anti-cancer and anti-microbial activity 83,85 to anion and 

carbohydrate recognition.82 The method has been used for the synthesis of 

macropeptides which possess the biaryl ether bridge motif present in vancomycin (see 

Peptide- and pseudo-peptide-containing macrocycles section). 

 

 

2.3- Steroid-containing macrocycles 

Steroids present one of the few sizeable, readily available chiral units that can be 

additionally functionalized. Their stereochemical diversity, their rigidity and their 

concave shape make them good candidates to be frameworks for macrocyclization. 

However, bifunctional building blocks derived from steroids are unsymmetrical, 

raising the issue of the regioselectivity. The two possible regioisomers, head-to-head 

or head-to-tail, have been produced in a 1:1 ratio in all cases. In the first set of 

experiments, the steroid moiety 1.75 bears the bis-isocyanate while the other steroid 

moiety bears the bis-amine (1.76) (a) or the bis-acid (1.79) (b and c) (Scheme 1.24) to 

synthesize macrocycles containing two steroid moieties. Using the pseudo-dilution 

experimental procedure, macrocycles 1.78a, 1.78b, 1.80a, 1.80b and 1.82 were 

synthesized in 28%, 58%, 14%, 50% and 33% yield respectively. The reaction gives 

better yield with formaldehyde (1.78b, 1.80b and 1.82) than with isobutyraldehyde 

(1.78a and 1.80a).  

 

The synthesis of macrocycles containing one steroid component and a heterocyclic (d) 

or an aromatic (e) component was completed starting from the steroid moiety bearing 

the bis-acid 1.83 or 1.86 while the bis-amine is beared by the non-steroidal moiety 

1.84 or 1.87 (Scheme 1.25). Combination of the bis-amine with formaldehyde 

followed by addition of the other components in pseudo-dilute conditions led to 

formation of macrocycles 1.85 and 1.88 in 41% and 46% yields, respectively. The 

distance between the two same functional groups is important. Comparison of the long 

and flexible diamine 1.84 and the shorter aromatic diamine 1.87 shows that the 

distance between the two similar functional groups is critical, as reaction of bis-amine 

1.84 with bis-acid 1.86 gave no desired product. As observed in previous experiments, 



25 

 

formaldehyde gives better yields than other aldehydes and produces no additional 

diastereoisomers. Since the isocyanide doesn’t take part of the cycle, it can be more 

sterically hindered without changing the outcome of the reaction.  

 

 

Scheme 1.24: Synthesis of bis-steroid macrocycles via bidirectional Ugi reaction 
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Scheme 1.25: Formation of steroid-containing macrocycles via bidirectional Ugi 

reaction 

 

2.4- Bis “Passerini product” type 

Passerini three-component-reaction has been utilized to produce 18 to 23 membered-

ring macrocycles.84 To a diluted solution of isobutyraldehyde 1.68 in dichloromethane, 

bis-isonitrile 1.89 or 1.93 and bis-acid 1.90 or 1.94 were added at a very slow rate at 

room temperature to give macrocycles 1.92 and 1.95 in 32% and 37% yield 

respectively (Scheme 1.26). Similarly to previous experiments, pseudo high dilution 

was necessary to avoid unwanted larger macrocyclic products, and the structural pre-

organization of the intermediate following the first reaction proved to be crucial. 

Yields are modest, though the use of prochiral isobutyraldehyde for the Passerini 

reaction decreases their reactivity and gives a complex mixture of diastereoisomeric 

products.  
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Scheme 1.26: Synthesis of macrocyclic esters via bidirectional Passerini reaction 

 

2.5- Peptide- and pseudo peptide containing macrocycles 

In order to mimic the structure of biaryl ether bridged peptide macrocycles such as 

vancomycin, bidirectional synthesis using biaryl ether building blocks have been 

utilized for the construction of macrocycles similar to this class of natural products.83 

The amino acid chain includes two glutamate residues which provide the carboxylic 

acid functions, while the biaryl ether provides the two isocyanates. Slow addition of 

the bis-isocyanate 1.66 and bis-acid 1.96a-c to a dilute solution of methylamine and 

formaldehyde in methanol at room temperature, followed by 48 h stirring provided the 

peptide-containing macrocycles 1.97a-c in yields ranging from 54% to 68% (Scheme 

1.27). During the formation of the macrocycle, the first reaction creates a linear 

intermediate, which undergoes the second reaction to close the macrocycle. 

Understanding the final cyclization step is crucial to assess the efficiency of the overall 

process. The good yields they obtained seem to indicate that the linear intermediate 

adopts a conformation that favours cyclization of the desired macrocycle. Similar 

results have been obtained starting from aryl bis-isonitrile 1.89 and bis-acid 1.96d, to 

afford product 1.98 in 71% yield. 
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Scheme 1.27: Aryl and biaryl ether peptide macrocycles formation via bidirectional 

Ugi reaction 

 

2.6- Cycloaddition approaches: bis-cyclohexenes and bis-triazoles 

In 2012, Spring extended the scope of the strategy in realizing intermolecular 

cyclization using Diels–Alder (Scheme 1.28) and Huisgen azide-alkyne cycloaddition 

(Scheme 1.29).85 For the Diels–Alder macrocyclization, bis-diene 1.99a-c and bis-

maleimides 1.100a-c were combined in 1,2-dichloroethane and heated to 120 °C for 

18 h, to afford products 1.101a-d in 16% to 32% as the endo-endo diastereoisomer, 

and products 1.101e-f as a mixture of the endo/endo and endo/exo diastereoisomers in 

27% to 44% combined yield. For the triazole-forming cyclizations, bis-alkyne 1.102 

and bis-azide 1.103a-d were combined with copper iodide (2 eq) and Hunig’s base (4 

eq) in THF at 80 °C for 18 h, to give product 1.104a-d in modest 7% to 23% yield. 
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Yields are moderate to low for both methods, but reaction conditions were not 

optimized. 

 

 

Scheme 1.28: Macrocycle formation via bidirectional Diels–Alder cycloaddition 

 

 

Scheme 1.29: Macrocycle formation via bidirectional Huisgen triazole synthesis 

This strategy tackles the usual multi-step, complex synthetic routes to macrocycles, 

allowing the generation of a variety of analogues which cover interesting regions of 

chemical space.85 
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Other examples of intermolecular bidirectional cyclization have been made since, such 

as the use of double Ullmann reaction.86-87  

 

2.7- Summary of the intermolecular bidirectional cyclization 

The concept of bidirectional intermolecular synthesis has been validated and 

exemplified by the construction of libraries of various macrocycles, up to 60-

membered rings, from readily available linear precursors. The use of MCR as 

cyclization reaction brings operational simplicity and diversity to the complexity-

generating bidirectional strategy.  

However, there are limitations that limit the scope of this approach. Only very 

selective and efficient reactions with few by-products can be used (Ugi 4CR,78,83 

Diels-Alder,85 Huisgen azide alkyne cycloaddition,85 Zhu oxazole synthesis76). To 

circumvent heat-to-tail and head-to-head regioisomer issues, one of the components 

has to be symmetrical, otherwise a mixture of difficult to separate isomers is obtained. 

As with any other macrocycle formation methods, the reaction conditions, and dilution 

more specifically, must be optimized to eliminate oligomerisation.82 A remaining 

limitation of this method is its lack of diastereoselectivity. Although the Ugi MCR is 

very efficient, the reaction is not stereoselective at all, leading to complex mixtures of 

diastereoisomers. The number of stereocentres created, combined with the lack of 

stereoselectivity, leads to significant challenges in separation and identification of 

stereoisomers.85  

Despite limited scope, the intermolecular bidirectional cyclization strategy possesses 

great efficiency in creating molecular complexity and is well adapted for diversity 

oriented synthesis, to make a large number of compounds, suitable for high throughput 

screening.  

 

 

3- Intramolecular bidirectional cyclization – two independent reactions 

The intramolecular two-centred bidirectional cyclization involves two reactions 

occurring consecutively, yet independently, in the one molecule (Figure 1.10). The 

choice of the reaction and the reaction conditions are crucial, in order to avoid 

unwanted intramolecular reactions and polymerization. 
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Figure 1.10: Intramolecular bidirectional strategy using two independent reactions 

The cyclization can occur between ac/bd or ad/bc, possibly leading to mixtures of 

products. However, since each reaction is independent, this strategy allows more 

control over the stereochemistry of the product: the outcome of the first cyclization is 

unlikely to influence the stereoselectivity of the second cyclization. A good example 

of this principle is given on Scheme 1.36. 

 

3.1- Bridged/fused polycyclic rings 

Ring-closing metathesis has found significant application in bidirectional cyclization 

strategies, owing to its versatility and tolerance for many functional groups. Exploring 

the scope of the olefin metathesis reactions, Grubbs demonstrated the potential of his 

catalyst in combining ring opening metathesis and bidirectional ring closing 

metathesis to create tricyclic ethers through a double metathesis reaction (Scheme 

1.30).88  

 

Scheme 1.30: Bidirectional ring-closing metathesis formation of tricyclic ether 

Norbornene derivative 1.105 was treated with Grubbs I catalyst (6 mol%) in benzene 

at 45 °C for 2 h to provide the tricycle 1.106 in a 68% yield. As expected, low 

concentration (0.04 M) was necessary to minimize undesired intermolecular reactions. 

 

Clark and Hamelin demonstrated the possibility of building rings of different size 

outwards from a single central ether ring in a bidirectional manner by performing 

double ring closing metathesis reactions (Scheme 1.31).90 Non-symmetric precursors 

1.107a-d and 1.109 were subjected to classical metathesis conditions (olefin in solvent 

at room temperature, catalyst added and stirring at room temperature). In all cases the 

yields of the trans-fused tricyclic ethers 1.108a-d and 1.110 ranged from 50% to 88%. 
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Scheme 1.31: Bidirectional synthesis of non-symmetric tricyclic ethers 

Since the reaction creates no new stereocentres, stereoselectivity was not an issue, and 

fortunately no bridged bicyclic ethers, arising from other possible intramolecular 

double ring closing metathesis pathways, were isolated. It is notable that higher yields 

were obtained when the Grubbs II catalyst was used instead of the generally more 

reactive Schrock catalyst, especially for the enol ether (n = 0). The method has been 

applied to the synthesis of the A-C fragment of ciguatoxin CTX3C, though the yield 

was modest (58%) compared to the other models in the study, despite efforts to 

optimize the reaction.91 

 

Ma was the first to use the double ring-closing metathesis reaction for the efficient 

construction of the fused bicyclic quinolizidine alkaloid skeleton.92 

 

Scheme 1.32: Bidirectional ring-closing metathesis formation of quinolizidine 

Polyolefins 1.111a-d were treated with 5 mol% of Grubbs I catalyst in refluxing 

dichloromethane for 2 h to obtain the desired bicyclic product 1.112a-d in yields 

ranging from 43% to 86%. The originality of this work lies in that the two newly 

created rings are fused and not bridged by a ring. They managed to control the 

regioselectivity (ac/bd-desired product 1.112a-d vs ad/bc-“dumbbell” product 1.113a-

d), but only when the bridgehead substituent is a hydrogen and not a more hindered 

alkyl (Me or n-Pr).  
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The use of a reduced titanium ethylidene reagent in an efficient bidirectional approach 

to polycyclic ether skeletons has been described by Rainier and co-workers (Scheme 

1.33).93 The metathesis reagent was prepared in situ, mixing titanium tetrachloride, 

tetrahydrofuran and tetramethylethylenediamine (TMEDA) in dichloromethane at 0 

°C, followed by the addition at room temperature of metallic zinc powder and lead 

dichloride. The bis-esters 1.114a-d and 1,1-dibromoethane were added, then the 

reaction was heated to reflux for 2 hours, leading to the tricyclic compounds 1.115a-d 

in yields ranging from 60 to 65%. 

 

Scheme 1.33: Bidirectional olefinic-ester ring-closing metathesis using Ti–alkylidenes 

 

The method was extended to create penta- and heptacyclic ethers (Scheme 1.34).93 

They applied the titanium mediated metathesis reaction to compound 1.116, forming 

1.117 in 50% yield. Bis-hydroxylation of 1.117 was achieved with dimethyldioxirane 

followed by reduction of the intermediate bis-epoxide with diisobutylaluminium 

hydride (65% over two steps). Intermediate 1.118 was then oxidized, desilylated with 

pyridinium fluoride, a bis-O,S-acetal was formed under mild conditions, and 1.119 

was obtained by radical reduction. A strength of this work is the creation of four rings 

in six steps, in a 17% overall yield, which demonstrates the strength of the 

bidirectional strategy.  
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Scheme 1.34: Synthesis of heptacyclic ether 1.119 using two bidirectional reactions 

 

A non-symmetrical bidirectional synthesis of the lactones of the BCD ring fragment of 

the brevetoxin A framework has been developed by Nicolaou and co-workers (Scheme 

1.35).94 The synthesis follows a highly economical bidirectional strategy by 

recognizing the subtle symmetry present in the targeted intermediate. Starting from a 

mixture of the four diastereoisomers, carboxylic acid 1.120 was treated with 



35 

 

dipyridyldisulfide (2.5 eq) and triphenylphosphine (2.5 eq) in dichloromethane at 

room temperature for 1 h, followed by silver perchlorate (2.2 eq) in refluxing toluene 

for 4 h to provide the tricyclic bis-lactone 1.121 in 76% yield.  

 

Scheme 1.35: Bidirectional bis-lactone cyclization 

This work demonstrates the feasibility of bidirectional cyclization for closing two 

rings of different sizes, expanding the scope of the strategy. However, this strategy 

was not used for the final total synthesis. 

 

In 1992, Martín and co-workers used a bidirectional strategy to synthesize a oxocene-

oxane-oxepane tricyclic unit, as a study towards the total synthesis of ciguatoxin.95 

The cyclization sequence started with periodate-mediated cleavage of the diol of 

compound 1.122, followed by the double Lewis acid-mediated reaction of the allyl 

tributyltin substructures with the newly formed aldehyde. 

 

Scheme 1.36: Oxidative cleavage of a diol, followed by a bidirectional allyl tributyltin 

addition on aldehyde cyclization 

Diol 1.122 was cleaved by tetrabutylammonium periodate (1.2 eq) in dichloromethane 

at room temperature for 4 h, then boron trifluoride diethyl etherate (2.0 eq) was added 

at −78 °C. The cyclization was complete in 5 min in a 63% yield, to give 1.123 as the 

only reported isomer with the newly formed hydroxyls 1,2-trans to the vinyl 

substituents. 

 

North and co-workers treated readily available norbornene derivative 1.124 with 

Grubbs I catalyst (5 mol%) in dichloromethane under ethylene atmosphere to create 
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tricyclic, unsaturated symmetric ether 1.125 in 53% yield. Bis-1,3-diene 1.125 then 

reacted with maleic anhydride in a double Diels–Alder reaction to give heptacyclic 

compound 1.126 in 47% yield. One-pot metathesis/Diels–Alder reaction gave 1.126 in 

34% overall yield (compared to 25% for the sequential reaction). This study 

demonstrated the usefulness of alkene metathesis to produce highly-functionalized 

polycyclic systems in a rapid and completely atom-economical process.96-97 

 

Scheme 1.37: Bidirectional ene–yne ring-closing metathesis, followed by a double 

Diels–Alder reaction 

The bidirectional enyne metathesis proceeds to completion with ethylene, but with 

more hindered alkenes such as styrene or other terminal alkenes, the second enyne 

metathesis doesn’t occurs. However, the enyne metathesis is not as efficient when an 

additional methylene between the norbornene system and the alkynes is present to 

create seven membered rings.96 This reaction allows polycyclic compound synthesis 

and is atom and step economical. It has been extended to starting material bearing allyl 

ethers 1.127, creating pentacyclic systems in a single step (Scheme 1.38).98 

 

Scheme 1.38: Bidirectional enyne ring-closing metathesis, followed by bidirectional 

ring-closing metathesis 

The increase of complexity is detrimental to reaction time (up to 69 h at room 

temperature) and yield (12-33%).  
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The synthesis of fused-type bicyclic lactams bearing a 1,3-diene moiety using 

ruthenium-catalyzed double RCM reaction has been described by Ma and co-workers 

(Scheme 1.39).99 

 

Scheme 1.39: Bidirectional synthesis of bicyclic lactams 

The N-alkynyl-N-(1,ω)-alkadienyl acrylamides 1.129-1.131 were treated with first- or 

second-generation Grubbs’ catalyst (5 mol%) in refluxing dichloromethane for 7 to 11 

h to provide the bicyclic lactams 1.132-1.134 in 47 to 75% yields in very high 

regioselectivity. 

The resulting dienes have been shown to be suitable substrates for the preparation of 

polycyclic quinolizidine and other alkaloid derivatives via further Diels–Alder 

reactions with dimethylacetylenedicarboxylate and phenyl- or 4-iodophenyl-

maleimides in 56 to 71% yields. 

 

Ma’s team also developed an efficient synthesis of fused tricycles with a benzene core 

via intramolecular double enyne ring-closing metathesis.100 

 

Scheme 1.40: Bidirectional enyne ring-closing metathesis formation of tricyclic 

aromatic ethers 
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Starting material 1.135a-g and 1.137a-c are readily available, and the bidirectional 

reaction proceeds with the Grubbs II catalyzed (5 to 10 mol%) double metathesis, in 

dichloromethane at room temperature or in toluene at 80 °C, leading to the tricyclic 

ethers 1.136a-g and 1.138a-c in good yields (49-88%, low yields are only for 8-

membered ring formation).  

3.2- Spirocyclic compounds 

This strategy for spiro compounds starts with the quaternary centre already 

established. For asymmetric synthesis, the catalyst guides the preference for ac/bd or 

ad/bc combination (see Figure 1.10). To our knowledge, this subtype of the strategy 

has only been applied to the synthesis of C2–symmetric spiro compounds, but nothing 

prevents its use to make C1-symmetric spiro compounds, except for the added 

difficulty in the creation of a chiral quaternary carbon precursor. 

 

Sasai designed the synthesis of chiral bis(isoxazoline) ligand (SPRIX) containing a 

rigid spiro skeleton, via a double intramolecular nitrile oxide cycloaddition (Scheme 

1.41).101 

 

Scheme 1.41: Bidirectional nitrile oxide cycloaddition  

Oxime 1.139 undergoes a double intramolecular ring-closing 1,3-dipolar cycloaddition 

with the olefin, catalysed by sodium hypochlorite. The reaction was set up at 0 °C in 

dichloromethane and provides a mixture of the three possible diastereoisomers of spiro 

compound 1.140 in a 74% overall yield. The six stereoisomers were separated using 

chiral preparative HPLC. The major diastereomer (3aS,3aʹS,6S)-1.140 was then 

successfully used as a chiral ligand for Cu-catalysed Michael reaction,[90] Wacker-type 

cyclization 102 or oxidative cyclization of enynes.103  

 

The Sasai team used an analogous strategy to synthesize spirobilactams via 

bidirectional N-arylation.104 The double Buchwald–Hartwig reaction with achiral 

ligand was originally carried out in toluene, but after optimization of the conditions, 

the reactions were performed in N,N’-dimethylpropylene urea (DMPU). Starting 
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material 1.141a-j was treated in DMPU (0.2 M) at 100 °C with catalytic palladium 

diacetate (6.6 mol%), ligand (S)-BINAP (13 mol%) and potassium phosphate (2.8 eq) 

for 6 to 24 h to give spiro lactams 1.142a-j. Yields were good to quantitative (42 to 

99%), and enantiomeric excesses range from 0 to 70%. 

 

Scheme 1.42: Bidirectional Buchwald–Hartwig N-arylation spirolactam synthesis 

Although the first cyclization determines the enantioselectivity, kinetic resolution 

during the second cyclization was possible. Investigation of this possibility showed 

that there was no kinetic resolution in the second cyclization. Racemic monocyclic 

intermediate 1.143 was subjected to the same conditions as the bidirectional reaction. 

After stopping the reaction at 45% conversion, both spiro compound 1.142 and the 

starting material 1.143 were isolated as racemates, indicating that the first cyclization 

determines the enantioselectivity of the final product, and that there is no kinetic 

resolution (i.e. match/mismatch effect) during the second cyclization.  

Scheme 1.43: Investigation of the mechanism of the chiral induction on the 

bidirectional Buchwald–Hartwig N-arylation spirolactam synthesis 

These spiro compounds have been designed as potential chiral ligand for asymmetric 

catalysis but their use for this purpose has not been reported yet. 

 

Takana and co-workers have developed a cationic intramolecular double [2+2+2] 

cycloaddition, catalysed by chiral rhodium(I)/modified-BINAP-complex, in order to 

synthesize enantioenriched C2–symmetric spiro bipyridines 1.145a-h (Scheme 
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1.44).105 The linear bisdiynenitrile precursor 1.144a-h, readily available from 

malononitrile, undergoes the cycloaddition when treated with a catalytic amount of 

bis(1,5-cyclooctadiene)rhodium(I) tetrafluoroborate (5-10 mol%), (R)-Segphos or (R)-

H8-BINAP as chiral ligand (5-10 mol%) in dichloromethane at room temperature for 6 

to 24 h, to afford 1.145a-h in 70 to 99% yield with low to good enantioselectivity (18 

to 71% ee).  

 

Scheme 1.44: Bidirectional Rh(I)-catalysed [2+2+2] cycloaddition synthesis of 

spirocycles 1.145a-h 

The group assumed that enantioselectivity is determined at the transition state by 

avoidance of the steric interaction between a cyano group of the substrate and the PPh2 

groups of the ligand, and that the stereochemistry of the spiro carbon is set during the 

first cyclization, while the second cyclization provides the expected spiro.  

 

3.3- Separate rings 

In addition to the bridged polycyclic compounds (shown on Scheme 1.30), 

symmetrical (a) and non-symmetrical (b) bicyclic ethers have been successfully 

synthesized (Scheme 1.45) using similar conditions, proving the versatility of the 

reaction. By treatment of cyclic olefins 1.146a-f and 1.148 with Grubbs I catalyst (3-6 

mol%) in benzene at 45-60 °C for 1.5 to 6 h, Grubbs synthesized linked oxygen-

containing heterocycles 1.147a-f and 1.149 in 42% to 92% yields.108 
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Scheme 1.45: Bidirectional RCM synthesis of bicyclic ethers 

 

Noting that classical preparations of bicyclic heterocycle compounds proceed with two 

sequential ring formations, and following Grubbs’ seminal work on bidirectional ring 

closing metathesis, Mioskowski extended Grubbs’ work 108 on the construction of bis 

polycyclic ethers or enol ethers (Scheme 1.46).89  

 

Scheme 1.46: General bidirectional RCM synthesis of bicyclic ethers 

Tetraene 1.150a-i was dissolved in dry benzene, Grubbs I catalyst (5-10 mol %) was 

added and the mixture was stirred for typically 1 h, and the product 1.151a-i was 

obtained in 50-94% yield. When a mixture of the desired product and other 

monocyclic products was obtained, the reaction time was increased up to 6 hours to 

allow the equilibration and yield only the more stable desired product. In this example, 

selectivity of ac/bd product over ad/bc product was achieved by thermodynamic 

conditions. 

 

Marshall and Hinkle developed a bidirectional route to non-racemic bis-

tetrahydrofurans from tartrate derivatives (Scheme 1.47).106 The precursors 1.152 and 

1.155 were synthesized using a bidirectional linear synthesis.   
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Scheme 1.47: Bidirectional asymmetric synthesis of bis-tetrahydrofurans 

The linear bis-silyl ethers 1.153 and 1.156 were deprotected with tetrabutylammonium 

fluoride (2 eq) in tetrahydrofuran at 40 °C for 6 h, allowing the spontaneous 

cyclization, to provide 1.154 and 1.157 in 74 to 78% yield respectively. These results 

have been applied to the syntheses of several natural products and analogues (see 

Scheme 1.59).106-108 

 

Quinn and co-workers completed the synthesis of the C2–symmetric, non-adjacent bis-

tetrahydrofuran core of cis-sylvaticin in seven steps and 24% overall yield.109 

Scheme 1.48: Bidirectional synthesis of non-adjacent bis-tetrahydrofuran 

For the double cyclization, bis-diol 1.158 was treated with pyridine (10 eq) in 

refluxing toluene for 5 h, to provide compound 1.159 in a 55% yield. The key step of 

the complete synthesis is the SN2 mesylate displacement for the stereoselective 

construction of the tetrahydrofuran rings. 
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4- Intramolecular bidirectional cyclization – one centre undergoing two 

reactions 

 

The intramolecular one-centred bidirectional cyclization involves the two reactions 

occurring sequentially on the same reactive atom (Figure 1.11). Therefore the second 

cyclization is influenced by the first.  

 

Figure 1.11: Intramolecular bidirectional strategy on a single reactive centre 

The situation when the second reaction occurs with the functionality created after the 

first reaction is called cascade reaction, or domino reaction. Though closely related to 

this type of bidirectional cyclization, it has been extensively reviewed 110-112 and 

therefore will not be discussed here. 

This strategy is often more complex to control, especially in the cases were 

diastereomers and enantiomers are produced during the reaction after the first 

cyclization, influencing the stereoselectivity of the second cyclization. 

 

4.1- Spirocycles 

A spiro compound is a bicyclic organic compound with the two rings connected by a 

single atom, called the spiro centre. The spiro centre must be able to host at least four 

bonds, which makes spiro cycles suitable targets for intramolecular one-centred 

bidirectional cyclization. The strategy consists of starting with a linear precursor 

bearing the same function twice, on each end of the precursor. 

 

Spiranes 

Starting from readily available derivatives of 1,7-heptanoyl dichloride 1.160a-c, the 

bis-diazoketone 1.161a-c underwent double C–H insertion when treated with catalytic 

dirhodium tetraacetate (5 mol%) in dichloromethane at room temperature for 14 h, to 

provide spiro 1.162a-c in only modest yields (0 to 35%).113-114 
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Scheme 1.49: Bidirectional C–H insertion synthesis of spiro compounds 

Undheim and Aburel’s work proved the feasibility of the concept, but obtained low 

yields and studied limited variations: only one catalyst was tested, selectivity was not 

studied, and no optimization was performed to improve the yield. 

 

Using the same strategy but a more reactive catalyst and acceptor/acceptor carbene 

precursor, Hashimoto and co-workers achieved a highly efficient one-pot construction 

of optically active 1,1’-spirobi[indan-3,3’-dione] 1.164 in 76-78% yields by exploiting 

the double intramolecular C–H insertion reaction of dimethyl 2,2’-methylenebis(α-

diazo-β-oxobenzenepropanoate) 1.163 when treated with Rh2(S-PTTL)4 or Rh2(R-

PTTL)4 (2 mol%) in toluene at −10 °C.115 

 

Scheme 1.50: Bidirectional C–H insertion synthesis of spirobiindanone 

The bidirectional intramolecular C–H insertion reaction creates three asymmetric 

carbons. Hashimoto tackled the diastereoisomeric issue in removing all chiral centres 

but the spiro centre by thermal decarboxylation, providing 1.165 in 66-83% yield and 

80% ee. 

 

Spirosilanes 

A similar method has been used with Si as the spiro centre, and Rh(I) catalyst bearing 

chiral ligand, for Rh(I)-catalyzed asymmetric intramolecular hydrosilation. In their 

quest to C2–symmetric spiranes to make new chiral ligands for catalysis, Tamao and 

coworkers synthesized chiral spirosilanes 1.167a-c using this reaction (Scheme 

1.51).116 
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Scheme 1.51: Bidirectional Rh(I)-catalyzed asymmetric intramolecular hydrosilation 

formation of spirosilanes 

Trying several chiral ligands from different ligand families (BINAP, DIOP, BPPFA, 

SILOP), they obtained excellent stereoselectivity for 1.167a, up to 98% dr and 99% ee 

with (R,R)- SILOP. 

 

Takai and coworkers employed the same strategy for the construction of the 

quaternary silicon spiro atom of bis(biphenyl)silanes.117 Treatment of bis(biaryl)silanes 

1.168a-e with a mixture of RhCl(cod)2 (0.5 mol%) and (R)-BINAP (1.2 mol%) in 

refluxing dioxane for 3 h afforded the desired spiro silabifluorenes 1.169a-e in good 

yields (73-95%) and interesting enantioselectivity (ee 70-81%). 

 

 

Scheme 1.52: Bidirectional asymmetric Rh(I)-catalysed aromatic Si–H insertion for 

spirosilane synthesis 

This work offers limited scope, but chiral catalysts have been used, with useful yields 

and enantioselectivity. 
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4.2- Fused bicycles 

Ma and co-workers pioneered the use of this subtype of bidirectional cyclization for 

the synthesis of fused bicyclic compounds, as well as using the other subtype of 

intramolecular bidirectional cyclization. A large part of their work was to try to 

prepare “bicyclic compounds with different ring sizes as well as functional groups 

from the corresponding precursors in just “one shot””118, as a way to improve 

synthetic efficiency. They developed a bicyclic carbopalladation reaction, which was 

proven to be highly efficient for the construction of bicyclic compounds.  Treatment of 

the dibromides 1.170a-e with tetrabutylammonium chloride (2 eq), potassium 

carbonate (10 eq) and tetrakis(triphenylphosphine)palladium (10 mol%) in xylene at 

80 °C afforded the fused bicyclic compounds 1.171a-e in yields ranging from 38% to 

83%. 

 

Scheme 1.53: Bidirectional carbopalladation synthesis of bicyclic compounds 

The team then addressed the selectivity issues specific to the bidirectional strategy, 

and expanded the scope of the reaction (5 and 7 membered rings, substituents on the 

terminal alkene, chiral precursors, and combinations of these parameters) and studied 

the mechanism.119 

 

Quinolizidines are interesting targets for intramolecular one centred bidirectional 

cyclization, with trivalent nitrogen atom undergoing the two reactions. Stockman and 

co-workers developed a reductive formation of amine from the phtalimide 1.172 

followed by a bidirectional intramolecular Michael addition sequence to the synthesis 

of quinolizidine derivative 1.173 (Scheme 1.54).120 
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Scheme 1.54: Bidirectional hetero-Michael addition for quinolizidine synthesis 

The reaction gave compound 1.173 in 66% yield as a single diastereoisomer. This 

quinolizidine can then be used as a scaffold for further functionalization or 

modification. A modification of this synthesis has been applied to natural product 

synthesis (see Scheme 1.64).  

 

5- Bidirectional cyclization in natural product and analogues synthesis 

To the best of our knowledge, no natural product has been synthesized using the 

intermolecular bidirectional cyclization; however several polycyclic structures 

commonly found in natural products (e.g. fused rings, adjacent rings) are suitable for 

bidirectional strategy, because of the symmetry they present: either a proper element 

of symmetry like a C2 axis, or less “rigorous” symmetries, such as the same function 

in two rings on one side and the other of a central structure. Intramolecular 

bidirectional cyclization has therefore been applied to the synthesis of natural products 

bearing fused polycyclic ethers, bis-tetrahydrofurans, fused polyaromatic rings or 

quinolizidines. 

 

5.1- Fused polycyclic ethers 

A number of natural products of particular interest belong to the family of marine 

polycyclic ethers, whose first member, brevetoxin B, was discovered in 1981. Since 

then, many others have been discovered and synthesized.121 Due to their stereoregular 

ladder-like structure with repeating elements and the relative stereochemistry of the 

trans-fused ring system, the bidirectional approach is especially interesting and has 

been employed for several syntheses of compounds of this family.  
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Nicolaou synthesis of brevetoxin A 

After significant pioneering work, Nicolaou achieved the total synthesis of the natural 

product brevetoxin A. Taking advantage of the versatility of the 2-centre bidirectional 

strategy, this synthesis features a double Yamaguchi lactonization to create rings B 

and D of the decacyclic molecule.122 

 

Scheme 1.55: Bidirectional Yamaguchi lactonization 

Carboxylic acid 1.174 reacted with 2,4,6-trichlorobenzoyl chloride (2.2 eq) and 

triethylamine (4 eq) in THF at 0 °C for 30 min, and the mixed anhydride was treated 

with DMAP (6 eq) in benzene at 75 °C for 4 h, affording tricyclic compound 1.175 in 

82% yield. The total synthesis of brevetoxin A was completed in 64 steps. 

 

Nakata synthesis of brevetoxin B 

Nakata completed the total synthesis of brevetoxin B, featuring a bidirectional 

cyclization of the CDE ring system (Scheme 1.56).123 Reaction of 1.176 with 

samarium iodide (5 eq) and methanol (5 eq) in THF for 14 h induced a double 

cyclization with complete stereoselectivity, followed by treatment with p-TsOH, to 

give trans-fused ester-lactone 1.177 in 79% yield, corresponding to the CDE-ring of 

brevetoxin B. The subtle difference of reactivity of the hydroxyl adjacent to 6- and 7-

membered rings allowed selective lactonization and desymmetrization, which proved 

crucial for the following part of the synthesis. The total synthesis was completed in 59 

steps in total. 

 

Scheme 1.56: Bidirectional SmI2-mediated reductive cyclization 
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Clark synthesis of the F-J fragment of gambieric acids and core of hemibrevetoxin B 

Clark and co-workers assembled the F–J fragment of the gambieric acids A-D by a 

rapid and efficient two-directional approach (Scheme 1.57) in which they applied the 

simultaneous double ring closing metathesis reaction they developed earlier 90 in an 

iterative manner. Symmetric double ring closing metathesis of bis(enol ether) 1.178 

catalysed by Grubbs II (10 mol%)  in toluene at 70 °C, followed by twelve additional 

steps, lead to 1.180. Additional bidirectional ring closing metathesis was performed on 

intermediate 1.180 in toluene at 80 °C to deliver the pentacyclic fragment 1.181, to 

which the requisite side chains could be attached.124-125 

 

 

Scheme 1.57: Bidirectional RCM to the synthesis of the F–J fragment of the gambieric 

acids A-D 

The same method has been used for the synthesis of the tetracyclic core of 

hemibrevetoxin B (Scheme 1.58).126 

 

Scheme 1.58: Bidirectional RCM to the synthesis of the A-D tetracyclic core of 

hemibrevetoxin B 

The tetracyclic fused polyether core of the marine natural product hemibrevetoxin B 

has been prepared in an efficient manner by using a strategy in which ring-closing 

metathesis (RCM) reactions were employed for ring synthesis. Bidirectional ring-
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closing metathesis of tetraene 1.182 was accomplished by treatment with Grubbs II 

catalyst (10 mol%) in refluxing dichloromethane, to afford the A-D tetracyclic core of 

brevetoxin B 1.183 in 73% yield.  

5.2- Bis-tetrahydrofuranoids of the acetogenin family 

Acetogenins are a class of polyketide natural products, with several of them being 

characterized by several consecutive tetrahydrofuran rings. The presence of two of 

these rings, combined with additional symmetric elements, has been exploited in 

bidirectional formation of tetrahydrofuran cyclizations. 

 

Marshall synthesis of acetogenin derivatives 

Marshall synthesis of acetogenin derivatives using bidirectional synthesis of the 

adjacent bis-tetrahydrofuran core of (+)-asimicin 107 and asiminocin.108  

Starting material 1.184 was treated with TBAF (10 eq) in THF at 40 °C for 6 h to 

afford bis-tetrahydrofuran 1.185 in 78% yield. Deprotection of silyl ethers by fluoride 

under heating allowed displacement of the tosylates by the free hydroxyls and 

cyclization. Compound 1.187 underwent the same treatment at 50 °C for 12 h, to give 

bis-tetrahydrofuran 1.188 in 76% yield. (+)-Asimicin 1.186 was obtained from 

intermediate 1.185 in 14 steps, and asiminocin 1.189 was obtained from 1.188 in 16 

steps. 

 

Scheme 1.59: Bidirectional synthesis of (+)-asimicin and asiminocin 
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Morimoto asymmetric synthesis of analogues of (+)-intricatetraol 

Morimoto and co-workers completed the asymmetric synthesis of natural product 

1.192, a metabolite of (+)-intricatetraol (Scheme 1.60).127  

 

 

Scheme 1.60: Bidirectional asymmetric synthesis of the non-adjacent bis-

tetrahydrofuran core of (+)-intricatetraol 

Shi asymmetric epoxidation of the bis-homoallylic alcohol 1.190 followed by 

treatment of the resulting labile bis-homoepoxy alcohol with CSA produced diol 1.191 

in 50% yield. The C2–symmetric structure and the cis stereochemistry of the THF ring 

in 1.191 by 13C NMR and NOE experiments, as well as completion of the synthesis of 

1.192 helped to definitively assign the configuration of natural product (+)-

intricatetrol. 

5.3- Dipyrrolobenzoquinone 

Sperry and co-worker completed the total synthesis of the symmetric (+)-terreusinone 

1.196 in a bidirectional manner.128 Though their experiments of the Larock 

indolisation on a non-bidirectional model worked, the bidirectional double Larock 

indolisation failed. They obtained 1.193 with a bidirectional Sonogashira coupling. 

Hydroamination cyclization of 1.193 catalysed by Echavarren complex 1.197 followed 

by deprotection of the hydroxyls gave 1.195 in 43% yield, while the reverse sequence 

(not presented here) gave only a 22% yield. Synthesis of (+)-terreusinone 1.196 was 

completed by potassium nitrosodisulfonate (Fremy’s salt) oxidation to the final 

quinone (59%). 
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Scheme 1.61: bidirectional Larock indolisation to the synthesis of (+)-terreusinone 

5.4- Quinolizidine alkaloids 

Quinolizidine alkaloids are a group of alkaloids which possess a broad range of 

biological properties.99 Their synthesis is therefore of interest for medicinal chemists, 

and has attracted attention. The quinolizidine skeleton has intrinsic symmetry, which 

makes bidirectional synthetic strategies particularly useful. 

 

Ma synthesis of (+)-epi-lupinine 

Ma applied the quinolizidine synthesis method he developed 99 to the synthesis of (+)-

epi-lupinine 1.203, as well as synthesis of the three other diastereoisomers and 

derivatives.129 Knowledge of the bidirectional strategy accumulated during the 

preliminary studies led to a general method: the stereocentres are installed using 

Sharpless asymmetric epoxidation followed by Grignard addition of vinyl magnesium 

bromide. Starting from the (E)- or (Z)- alkene and using L- or D-diethyl tartrate in the 

epoxidation (Scheme 1.62) allowed them to access the four possible stereoisomers of 

lupinine.  
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Scheme 1.62: Synthesis of the tetralkene intermediate 1.201 

The double cyclization was performed upon treatment of tetralkene 1.201 by Grubbs II 

catalyst (5 mol%) in refluxing dichloromethane for 2 h, leading to a mixture of 

bicyclic products 1.202a and 1.202b. The mixture was then submitted to 

hydrogenation (catalytic palladium on charcoal under 1 atm H2), followed by 

reduction by LiAlH4 (2 eq) in THF at 66 °C for 4 h. 

 

Scheme 1.63: Bidirectional RCM and completion of the synthesis of (+)-epi-lupinine 

1.203 

The bidirectional cyclization closes both rings without touching the chiral carbons and 

in high yields (93-95% for the bidirectional cyclization, 26-32% overall) and 

enantioselectivities (86-93% ee). 

 

Stockmann synthesis of (±)-epi –hippodamine and (±)-hippodamine 

Stockman developed an improved version of the synthetic route 130 to quinolizidine 

derivatives. This new synthetic pathway was used as a key step for the synthesis of the 

ladybird pheromones (±)-epi–hippodamine 1.205 and (±)-hippodamine 1.206 (Scheme 

1.64).131 
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Scheme 1.64: Bidirectional synthesis of (±)-epi –hippodamine 1.205 and (±)-

hippodamine 1.206 

Racemic quinolizidine 1.173 was synthesized from diester 1.204 by reductive 

amination followed by bidirectional intramolecular Michael addition. The diester was 

treated with ammonia (5 eq) in ethanol in the presence of titanium ethoxide (2.5 eq) at 

room temperature for 14 h, followed by the addition of sodium borohydride (1.5 eq) 

and stirring for 8 h. Acetic acid (30 eq) was then added to promote the Michael 

addition of the amine. Reaction at 75 °C for 48 h afforded quinolizidine 1.173 (74%) 

as a single diastereoisomer. Quinolizidine 1.173 is a common intermediate in the 

syntheses of natural products 1.205 and 1.206. 

 

Mann synthesis of (+)-lupinine and (+)-epiquinamide 

Bidirectional double hydroformylation of a bis-homoallylic azide followed by a 

tandem catalytic hydrogenation/reductive bis-amination (Scheme 1.65) allowed the 

formation of quinolizidines, with average 85% yield over 2 steps.132 The total 

syntheses of two quinolizidine alkaloids, (+)-lupinine 1.210 and (+)-epiquinamide 

1.212, using the bidirectional regioselective hydroformylation of chiral bis-

homoallylic azides as a key step, followed by a highly efficient tandem catalytic azide 

reduction/reductive bis-amination process, has been performed by Mann and co-

workers in a quick and elegant manner. Bis aldehyde 1.208 was synthesized in 76% 

yield by treating 1.207 with catalyst Rh(CO)2acac (2 mol%) and ligand biphephos (4 

mol%) under hydrogen and carbon monoxide pressure (5 bar) in tetrahydrofuran at 65 
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°C for 12 h. Bidirectional hydrogenation of 1.208 over palladium hydroxide on 

charcoal (20 mol%) in tetrahydrofuran at 70 °C for 12 h led to the formation of 

quinolizidine 1.209 (78%). The synthesis of (+)-lupinine 1.210 was completed by 

TBAF deprotection of the hydroxyl in 84% yield. 

 

Scheme 1.65: Bidirectional synthesis of (+)-lupinine 1.210 and (+)-epiquinamide 

1.212 

6- Summary 

In summary, the bidirectional cyclization strategies, as a way to greatly simplify the 

synthesis of symmetric or pseudo symmetric cycles, have been illustrated. A great 

variety of reactions can be employed, such as ring closing metathesis, multi 

component reactions, rhodium catalysed C–H insertion, cycloadditions and Pd(0) 

coupling. The relative ease to synthesize the symmetrical precursors makes the 

bidirectional strategy very attractive. In the context of increasing synthetic efficiency, 

bidirectional cyclization strategies are of significant importance to modern organic 

synthesis and natural product synthesis, and surely the strategy will be more often 

employed in the future. 
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IV – PhD project 

1- Limitations of existing methods 

Although numerous methods for the synthesis of bicyclic compounds have been 

developed, it is essential to find new ways to make these structures. Especially, 

efficient and straightforward methods with better control of diastereo- and 

enantioselectivity are needed. In particular, there is still no general method to 

systematically synthesize stereodiversified spiroacetals.133 As an example of the 

limitations of existing methods, the lack of both efficiency and enantioselectivity in 

spiro compound syntheses is the main reason for spiro compounds not being used as 

chiral catalyst ligands,134 despite their intrinsic qualities such as chemical stability, 

high conformational rigidity, C2 symmetry and high possibility for modification. 

 

To date, only two examples of bidirectional C–H insertion have been reported, both of 

which generate spiro compounds. In pioneering work, Aburel and Undheim 113-114 

demonstrated the possibility of a new synthetic approach to make racemic spiro[4,4]-

nonane-2,7-dione derivatives, using a bidirectional Rh2(OAc)4 catalysed C–H 

insertion. Though the yields are modest (27-35%), they opened the way to 

Hashimoto’s bidirectional synthesis of spirobiindanones.115 In that work, Hashimoto 

realized the first enantioselective synthesis of a spiro compound using the bidirectional 

rhodium catalysed C–H insertion reaction. However, he eliminated the problem of 

diastereoselectivity by decarboxylation of the adjacent stereocentres, leaving the spiro 

carbon as the only asymmetric centre. Therefore diastereoselectivity of the reaction 

has not been studied. To our knowledge, these are the only examples of bidirectional 

Rh-catalysed C–H insertion of bicyclic compounds. Nevertheless, this approach is a 

valuable research area that deserves attention. 

 

2- Aims 

2.1- 5,5-Spiroacetals 

This project seeks to develop an innovative and general new strategy for the 

stereoselective synthesis of spiroacetal compounds from acyclic formaldehyde acetals, 

via rhodium catalysed bidirectional C–H insertion. The main aim of the project was to 

study the scope and limitations of spiroacetal formation using the bidirectional C–H 
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insertion approach, in terms of regioselectivity, diastereoselectivity and 

enantioselectivity, evaluating the influence of the catalyst, the substituents, the 

temperature and the solvent (Scheme 1.66).  

 

Scheme 1.66: Bidirectional C–H insertion approach to spiroacetals 

Several diastereoisomers are produced by the reaction, so selectivity of the reaction is 

the main goal to achieve. We planned to find appropriate reaction conditions, 

substituents and catalyst to reach high diastereoisomeric and enantiomeric excesses. 

Exploration of the mechanism through well designed experiments will be performed, 

in order to provide a better understanding of the parameters which control the 

diastereo- and enantioselectivity. These experiments will be more specifically 

dedicated to the study of diastereoselectivity of the first and of the second cyclizations. 

 

Though these scaffolds are unlikely to be used for the synthesis of the spiroacetal core 

of a natural product, due to the unfavourable position of the ester substituents, they can 

find immediate application in the construction of a small library focused on the 

spiroacetal core, or as chiral ligands for organometallic catalysis.  

 

2.2- Other bicyclic systems 

The bidirectional approach will be applied to the synthesis of other bicyclic 

compounds (7-oxabicyclo[2.2.1]heptane 1.216a, 1-oxaspiro[4.4]nonanes 1.216b and 

dicyclopentyl ether 1.216c) from acyclic ethers, via rhodium catalysed bidirectional 

C–H insertion (Scheme 1.67).  
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Scheme 1.67: Bidirectional C–H insertion approach to bicyclic ethers 

 

This part of the project aimed to show the strength of the combination of the 

bidirectional strategy and the rhodium catalysed C–H insertion reaction, as well as 

developing a new method to produce bicyclic compounds with different level of 

rigidity and interesting shapes. 
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Chapter II – Rhodium(II)-catalysed C–H insertion cyclisation of 

spiroacetals 

I- Design and synthetic approach to linear acetal diazo precursors 

 

In order to investigate the scope and limitations of the rhodium catalysed bidirectional 

C–H insertion, appropriate precursors were designed. The bis-diazo ester precursors 

are constituted of a formaldehyde acetal with alkyl chains on both sides, each of them 

terminated by a diazo ester. The diazo serves as a carbene precursor, while the ester is 

present to stabilise the diazo group.  

 

Scheme 1.68: Precursor design 

 

With the objective of accessing various precursors for our study, a modular, flexible 

and quick synthesis was desirable. The retrosynthesis aimed for allowing variation of 

chain length and ester. The design of a synthesis of the precursors which meets the 

objectives is illustrated on Scheme 1.69. 

 

Scheme 1.69: Retrosynthesis of the diazo precursor 

 

The precursors are symmetrical, hence they would be synthesised using a linear 

bidirectional synthesis. Our target features a formaldehyde acetal with alkyl chains on 

both sides, each of them terminated by a diazo ester. The diazo is the most fragile 

function and has to be introduced as the ultimate step. The carbon adjacent to the ester 

is not sufficiently activated to undergo the diazo transfer and must therefore be 

activated by a second carbonyl group. The β-keto ester will be installed in one step via 

C-alkylation by alkyl acetoacetate enolate, allowing a variety of esters to be produced. 
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An appropriate leaving group for the alkylation is an iodide or a bromide. The first 

step of the synthesis is the formation of the linear formaldehyde acetal. 

 

II- Synthesis of linear acetal diazo precursors 

1- Formation of the formaldehyde acetal 

The formaldehyde acetal was created by treatment of paraformaldehyde with 2-

bromoethanol 1.217 or 3-chloropropanol 1.219, in the presence of sulfuric acid as a 

catalyst. This reaction is reversible (Scheme 1.70), and the position of the equilibrium 

favours the reactants (K = 0.8);1 therefore the synthesis of the formaldehyde acetal has 

been carried out using azeotropic distillation, in order for the water that is formed in 

the process to be removed from the system (Le Chatelier principle).1-2 The solvent of 

choice for these conditions is toluene, since it forms an azeotrope with water, is less 

dense than water and not miscible with water, allowing the use of a Dean-Stark 

apparatus.  

 

Scheme 1.70: Acetalization equilibrium 

The reaction was carried out with two equivalents of alcohol 1.217 or 1.219 for one 

equivalent of paraformaldehyde in refluxing toluene for 1.5 h (Scheme 1.71).3 

 

Scheme 1.71: Synthesis of the formaldehyde acetals 

Despite degradation and polymerisation of the product and remaining reactants 

occurring from 1.5 h, the reaction gave good yields (77-83%).  Longer or shorter 

reaction times gave lower yields (30-50%) and necessary (although rapid) column 

chromatography purification. The advancement of the reaction was followed by 



67 

 

monitoring the production of water isolated in the Dean-Stark apparatus (18 mL of 

water per mole of formaldehyde).  

 

Conveniently for the first step of the precursor synthesis, the reaction has been scaled 

up and was performed on a 20-gram scale. No purification was needed and the crude 

material was directly used in the next reaction. 

 

2- Finkelstein reaction 

The Finkelstein reaction entails the conversion of an alkyl chloride or an alkyl 

bromide to an alkyl iodide by treatment with a solution of sodium iodide in acetone.4 

The driving force of this reaction can be explained by Le Chatelier principle again: the 

products are in equilibrium and the reaction is driven toward alkyl iodide by the 

precipitation of the insoluble chloride or bromide salt (Scheme 1.72). There are 

evidence that sodium iodide is highly soluble in acetone while sodium bromide and 

sodium chloride are not, based on complexation of sodium ions by acetone and iodide 

ions filling the gaps.5  

 

 

Scheme 1.72: Finkelstein reaction 

Dibromo compound 1.218 and sodium iodide were dissolved in a minimum of acetone 

and heated to reflux. A white precipitate of sodium bromide (or chloride) appeared as 

the reaction progressed. The brominated acetal and the iodinated acetal are almost 

impossible to separate on TLC, and their 1H NMR spectra are quite similar. However 

the iodinated compound can be easily identified by the chemical shift of the methylene 

bearing the iodine atom at 3 ppm on the 13C NMR spectrum, compared to 30 ppm for 

the brominated compound. The use of potassium iodide instead of sodium iodide gave 

no reaction and recovery of starting material. 
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Scheme 1.73: Synthesis of the iodinated compounds 

 

3- Alkyl acetoacetate C-alkylation 

The nucleophilic substitution of the halogen by alkyl acetoacetate enolate was then 

investigated. The first attempt to make the β-keto ester started from compound 1.218. 

The dibrominated compound was treated with ethyl acetoacetate sodium salt and a 

catalytic amount of potassium iodide or tetrabutylammonium iodide, in acetonitrile or 

dimethoxyethane, to iodinate the substrate in situ. After total consumption of the salt, 

most of starting material and the mono brominated compound were retrieved. In order 

to improve the reaction outcome, the bromide was converted to an iodide prior to the 

alkylation step. 

 

Following Spielmann’s procedure,6 3.5 equivalents of the alkyl acetoacetate sodium 

salt was dissolved in a minimum quantity of dimethoxyethane. The diiodinated 

compound 1.221 or 1.222 was added and the mixture was heated to reflux for at least 

18 hours. Extraction and column chromatography purification gave the product in 52-

79% yield. The modest yields are mainly due to the difficulty of removal of ethyl 

acetoacetate, resulting from reaction of excess of its sodium salt and water during the 

reaction work up. 

 

Scheme 1.74: Synthesis of the bis acetoacetate esters 
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The alkyl acetoacetate sodium salts were synthesised by treating methyl, ethyl and 

tert-butyl acetoacetate with sodium hydride in refluxing THF for 30 min, followed by 

dilution in petroleum spirit and filtration. 

 

The mechanism of this common reaction is the nucleophilic substitution of the enolate 

of the β-keto-ester on the iodinated compound. Since the alkyl iodide is a soft 

electrophile, C-alkylation is favoured over O-alkylation. We found that the alkyl 

acetoacetate enolate sodium salt has higher solubility in dimethoxyethane (DME) than 

in other solvents. DME also allows higher reaction temperature than other solvents, 

and favours C-alkylation over O-alkylation, presumably by coordinating the sodium 

counterion.  

 

The synthesis of the desired bis-β-keto esters have been realised in three steps. This 

straightforward sequence allows the incorporation of different chain length and esters, 

which allows the use of the same synthetic approach for all precursors. 

 

4- Diazo transfer – Mono diazo by-product 

The transfer of a diazo group from p-ABSA 12 proceeds efficiently when the position 

is activated by two strong acceptor substituents, but also for aryl-, heteroaryl-, and 

vinylester and ketone substituents.7 p-ABSA was readily accessed from the reaction of 

sodium azide on p-acetamidobenzenesulfonyl chloride as described in the literature.8 

 

Diazotransfer was performed following the procedure optimised by Xu et al.9 Bis-β-

keto ester 1.223a-c or 1.224a-c and p-ABSA 12 were combined in acetonitrile at 0 °C, 

and DBU was added dropwise. Stirring overnight at room temperature, extraction and 

column chromatography purification gave the bis-diazoester 1.225a-c and 1.226a-c in 

moderate to good yields (45-76%). The reaction proceeds well, with yields ranging 

between acceptable and good, though decarboxylation products 1.227a-b were 

isolated as a side-product of the reaction (Scheme 1.75).  
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Scheme 1.75: Synthesis of the bis diazo precursors 
A mechanism for the diazo transfer reaction has been proposed by Regitz.10 A 

stoichiometric amount of DBU deprotonates the ester, and then the resulting anion 

reacts with the azide group of p-ABSA to lead to the desired diazo ester compound 

(Scheme 1.76).  

 

Scheme 1.76: Proposed mechanism of the diazo transfer  

While the conditions of formation of the decarboxylation product 1.227a-b have not 

been formally investigated, it was found in higher yield with the methyl ester (15-

20%) than with the ethyl ester (4-5%), while none was isolated with the tert-butyl 

ester. These observations are consistent with a higher hydrolysis rate of the methyl 

ester, and known spontaneous decarboxylation of β-keto acids. Further use has been 

found for these products, described in Chapter III. 

 

In summary, six symmetrical bis-diazo carbene precursors have been synthesised in 

four steps from commercially available starting material, in a 20% overall yield on 

average. Two mono-diazo compounds have been isolated as by-products and were 

kept for the study of the first cyclisation. 
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III- Rhodium-catalysed C–H insertion cyclisation to prepare spiroacetals 

1- Catalysts 

Six catalysts were used during the course of the study (Figure 1.12). Rhodium 

octanoate (Rh2(Oct)4) 1.228 is the least hindered and usually the least active too, 

though it has better solubility in apolar solvents than the more common rhodium 

acetate Rh2(OAc)4; rhodium trifluoroacetate (Rh2(TFA)4) 1.229 has very electron-

withdrawing ligands, resulting in a much more reactive carbene; rhodium 

triphenylacetate (Rh2(TPA)4) 1.230 is the bulkiest and the least electron-withdrawing; 

Rh2(esp)2 1.231 is intermediate in terms of steric hindrance and electron withdrawing 

ability, and is more robust due to its bidentate ligands;11 finally Rh2(S-DOSP)4 1.232 

and Rh2(S-PTAD)4 1.233, both derived from amino acids,12-13 have intermediate 

electron-withdrawing ability, are chiral and sterically hindered on two substituents to 

induce chirality.  

 

Figure 1.12: Rhodium catalysts used in this work 

2- Cyclisation of 5,5-spiroacetals (1,6-dioxaspiro[4.4]nonanes) 

Though the bidirectional synthesis of spiro[4.4]nonanes have been demonstrated on at 

least two occasions,14-15 the bidirectional synthesis of 1,6-dioxaspiro[4.4]nonanes has 

never been reported in the literature. We predicted that the double insertion into the 

formaldehyde acetal methylene C–H bonds will be favoured by three factors: (i) the 

preferential formation of five-membered rings, (ii) the activation of a C–H bond 
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adjacent to an oxygen atom, a fortiori between two oxygen atoms and (iii) the 

favoured insertion into a tertiary C–H bond, during the second cyclisation.  

 

In separate experiments, bis diazo compound 1.225a-c were treated with the rhodium 

catalyst (0.1-1 mol%) in dry, degassed toluene (0.5 M) at −78 °C for 1 h to provide 

5,5-spiroacetals 1.234-1.236 in 28-77% yield as an inseparable mixture of isomers 

(Scheme 1.77).  

Scheme 1.77: Synthesis of spiroacetals 

A number of experiments were then carried out using the precursors previously 

synthesised, in order to explore the influence of the ester adjacent to the carbene, of 

the temperature and of the catalyst (Table 1.1). 
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Table 1.1: Results of the bidirectional C–H insertion experiments 

Entry SM Conditionsa 
Ratio 

1.234 : 1.235 : 1.236b 

Yield 

(%) 

1 Et 1 mol% Rh2(oct)4, −78 → 20 °C 61 : 17 : 17 58 

2 Et 1 mol% Rh2(TFA)4, −78 → 20 °C n.d. 0 

3 Me 0.1 mol% Rh2(esp)2, −78 → 20 °C >98 : <1 : <1 36 

4 Me 0.5 mol% Rh2(esp)2, −78 → 20 °C >98 : <1 : <1 56 

5c Me 0.5 mol% Rh2(esp)2, −78 → 20 °C 95 : 5 : <1 77 

6 Et 0.5 mol% Rh2(esp)2, −60 → 20 °C 87 : 13 : <1 47 

7 Et 0.5 mol% Rh2(esp)2, −78 → 20 °C 81 : 19 : <1 67 

8 tBu 0.5 mol% Rh2(esp)2, −78 → 20 °C 76 : 24 : <1 50 

9 tBu 0.5 mol% Rh2(esp)2, −78 → 20 °C 89 : 11 : <1 41 

10 Me 0.5 mol% Rh2(TPA)4, −60 → 20 °C 17 : 83 : <1 44 

11 Et 0.5 mol% Rh2(TPA)4, −60 → 20 °C 12 : 88 : <1 55 

12 tBu 0.5 mol% Rh2(TPA)4, −60 → 20 °C 41 : 59 : <1 56 

13 Et 0.5 mol% Rh2(S-PTAD)4, −60 → 20 °C 52 : 32 : 16 48d 

14 Et 0.1 mol% Rh2(S-PTAD)4, −60 → 20 °C 61 : 24 : 15 28 

15 tBu 0.5 mol% Rh2(S-PTAD)4, −60 → 20 °C 37 : 63 : <1 64 

16 Et 0.5 mol% Rh2(S-PTAD)4, −10 → 20 °C 50 : 40 : 10 68 

17 Et 0.5 mol% Rh2(rac-PTAD)4, −40 → 20 °C 49 : 37 : 14 56 

18 Et 0.5 mol% Rh2(rac-PTAD)4, −20 → 20 °C 41 : 51 : 8 48 

19 Et 0.5 mol% Rh2(rac-PTAD)4, 20 °C 41 : 46 : 13 71 

20 Et 0.5 mol% Rh2(S-DOSP)4, −60 → 20 °C 74 : 17 : 9 52e 

21 Et 0.5 mol% Rh2(S-DOSP)4, −40 → 20 °C 66 : 24 : 10 42 

22 Et 0.5 mol% Rh2(S-DOSP)4, −20 → 20 °C 73 : 18 : 9 66 

23 Et 0.5 mol% Rh2(R-DOSP)4, −60 → 20 °C 79 : 16 : 5 38 

24 Et 0.5 mol% Rh2(R-DOSP)4, −20 → 20 °C 78 : 14 : 8 46 

25 Et 0.5 mol% Rh2(rac-DOSP)4, −20 → 20 °C 60 : 27 : 13 64 

a
 Reaction was carried out in dry, degassed toluene under argon atmosphere for 2 h 

b Since the diastereoisomers 1.234, 1.235 and 1.236 are inseparable, ratios were based 

on integration of 1H NMR signals, after purification by silica gel chromatography. 

Ratio <1 means either undetectable or unmeasurable.  

c Scale up from 80 mg starting material (entry 4) to 1.2 g starting material (entry 5) 

d Major diastereoisomer was formed in 89% ee (chiral HPLC of derivative). 
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e Major diastereoisomer was formed in 74% ee (chiral HPLC of derivative). 

 

Spiroacetals characterisation 

Though the three stereoisomers are inseparable using flash column chromatography, 

the good stereoselectivity for several sets of conditions allowed the characterisation of 

spiroacetals 1.234a-c and 1.235a-c.  

Table 1.2: 1H NMR data and NOE correlation obtained for spiroacetals 1.234a-c 

 

 

 

δH J (Hz) H 

4.05 8.5, 3.8 a 

3.77 8.4, 7.3 b 

3.59 10.3, 9.1 c 

2.53 12.4, 10.4, 8.7 d 

2.11 12.6, 9.0, 7.3, 3.9 e 

 

C2–symmetric spiroacetal 1.234a 1H NMR spectrum presents only 6 signals (methyl 

ester and Ha to He). The assignment of the protons was determined using coupling 

constants, and confirmed by 2D NOE experiment. 1H spectra of 1.234b and 1.234c are 

very similar, except for the ester signals. Finally, both diastereoisomers 1.234 and 

1.236 are both C2–symmetric. The X-ray crystal structure of derivatized 1.234b (see 

Paragraph III-4-Derivatization) definitively confirmed that the major symmetric 

isomer was 1.234. This is consistent with the fact that stereoisomer 1.234 is 

thermodynamically more stable than 1.235 and 1.236 by minimizing intramolecular 

repulsion between the ester groups and the spiro rings (Figure 1.13).  
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Figure 1.13: Ball and stick representation of 4,9-dicarboxylate-1,6-dioxaspiroacetals 

 

2.1- Influence of the catalyst 

Six catalysts were tested, offering moderate to high steric hindrance, and a range of 

electron-withdrawing ability. Rh2(TFA)4 gave no desired product, favouring β-hydride 

elimination instead. Rh2(TPA)4 was tested once for each ester (Entries 10-12), and, 

unlike the other catalysts, showed a reversal in the ratio of the two major products, 

with the non-symmetric product 1.235a-c as the major product. This interesting 

diastereoselectivity is probably due to extra stabilisation of the transition state leading 

to spiroacetal 1.235a-c. Rh2(esp)2 however gives the best diastereoselectivities, in 

favour of products 1.234a-c (Entries 4-8). Rh2(S-PTAD)4 is known to be very active 

even at low temperature,13 and consequently the experiment showed that a small load 

of catalyst (0.1 mol%) is sufficient for the reaction to proceed, though 0.5 mol% was 

necessary to compensate for catalyst degradation (Entries 13-19). Rh2(S-DOSP)4 gave 

similar yields and slightly better selectivity than Rh2(S-PTAD)4.  

 

Enantiopure versus “racemic” catalyst: 

A 1:1 mixture of Rh2(R-PTAD)4/Rh2(S-PTAD)4 or Rh2(R-DOSP)4/Rh2(S-DOSP)4 as 

catalyst is less stereoselective than when each catalyst is used alone. Considering the 

complexity of the spirocyclisation and the lack of certainty of the mechanism of the 

reaction (though a competition between C–H insertion and stepwise hydride 

abstraction-carbene addition on oxocarbenium interactions during the second 

cyclisation step can be considered), we can only formulate hypotheses to rationalise 

this result. It sounds reasonable that the second cyclisation is catalysed by either the 

same catalyst or the second version, randomly. There is also the possibility of match-

mismatch effect, where the product of the first cyclisation is a better match for the 

other version of the catalyst. At this stage, discrimination between these hypotheses is 
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impossible, and a better understanding of the mechanism, as well as computational 

modelling, is required to decide. 

 

2.2- Influence of the ester 

The ester primarily function is to stabilise the diazo. On the other hand, its electron-

withdrawing ability increases the rhodium-carbene reactivity and deactivates the 

methine position for the second C–H insertion (in destabilising the positive charge that 

builds up during the transition state).16 We expected the nature of the ester (methyl, 

ethyl, tert-butyl) would have little effect on the outcome of the reaction, because of 

limited influence on the  electron-withdrawing ability of the ester, and because of 

limited steric hindrance as it is located opposite to the reaction centre. However, the 

experiments showed significant variations in the stereoselectivity of the 

spirocyclisation reaction with different esters. 

Rh2(esp)2: entries 3 to 5 (Me) showed 95-99% selectivity for 1.234a, while entries 6 

and 7 (Et) and 8 and 9 (t-Bu) gave 75-89% selectivity for 1.234b and 1.234c 

respectively. The steric hindrance of the ester seems to play a moderate role here. 

Rh2(TPA)4: entries 10 (Me) and 11 (Et) show great selectivity (83-88%) for 1.235a 

and 1.235b respectively, while entry 12 (t-Bu) showed moderate selectivity (59 %) for 

1.235c. This result seems counterintuitive, since stereoisomer 1.235 is more hindered 

that stereoisomer 1.234 (Figure 1.13), and Rh2(TPA)4 is sterically hindered too. We 

could hypothesise that during the second cyclisation, there are weak stabilising 

interactions between the catalyst and the exocyclic ester which favours the product 

1.235. In the case of t-Bu ester, this interaction is disrupted because of the hindrance 

of the tert-butyl.  

Rh2(S-PTAD)4: entries 13 and 14 (Et) show moderate selectivity (52-61%) for product 

1.234b, while entry 15 (t-Bu) show a reverse of selectivity in favour of stereoisomer 

1.235c (63%). The size of the t-Bu probably plays a role here again. 

 

A possible explanation to these results would be that the stereoselectivity is directed 

by stabilising interactions (such as CH-π interaction) more than by destabilising steric 

interactions. The steric size of the tert-butyl ester would disrupt or compensate/offset 

them, lowering the selectivity of the reaction. This explains the apparent contradiction 
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of t-Bu ester favouring 1.235c when Rh2(S-PTAD)4 catalyses the reaction while 

disfavouring 1.234c when the reaction is catalysed by Rh2(TPA)4. 

  

2.3- Influence of the temperature 

It has been observed that the reaction starts only when temperature is above −60 °C to 

−55 °C (first burst of N2 bubbles, due to diazo decomposition). A second burst of N2 

bubbles occurs when the temperature of the reaction increases, roughly between −40 

°C and −10 °C, depending on the catalyst. More accurate measure of the activation 

temperature for diazo decomposition would have been complicated, because of the 

experimental difficulty to control temperature in the flask. Results show little variation 

of the diastereoselectivity with increasing temperature. Temperature increase should 

modify the stereoselectivity of the reaction, in the case of a single-step mechanism. 

The independence of stereoselectivity to the temperature of the reaction hints towards 

a multistep mechanism for at least the second cyclisation, where the stereo-controlling 

step is not the rate limiting step.  

 

3- 1,7-dioxaspiro[5.5]undecane precursors 

Hypothesising that the two oxygen could activate the acetal methylene sufficiently to 

promote 1,6-C–H cyclisation, we sought generalisation of the methodology to 6,6-

spiroacetals.  

 

Scheme 1.78: Attempt to synthesize 1,7-dioxaspiro[5.5]undecane (6,6-spiroacetals)  

Bis-diazoesters 1.226a-c were treated with Rh2(esp)2 under the optimised conditions. 

However, all attempts failed to provide any cyclisation product and gave a complex 
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mixture of various products. Compounds 1.237 to 1.240 were isolated, displaying 

alkenes resulting from β-hydride elimination, hydroxyl resulting from O–H insertion 

into water, and α-keto ester, resulting of oxidation, probably from oxygen. Each 

product presented (Scheme 1.78) has been roughly characterised. There is also 

evidence of the product of O–H insertion into 1.239.19 The combined quantities of the 

isolated products are high enough to give up the hope of acceptable yield of a C–H 

insertion product; moreover, in spite of all our efforts, no C–H insertion product was 

detected. It seemed reasonable to us to abandon the 6,6-spiroacetal synthesis 

experiments. 

It is well known that β-elimination competes with C–H insertion in ester substituted 

carbenes. It is noticeable that this pathway produces almost exclusively the (Z)-

isomer. This has been rationalised by Taber,17-18 who proposed a transition state in 

which the R group/chain/substituent is in a gauche orientation with the ester, due to 

steric hindrance of the rhodium catalyst (Scheme 1.79). It is assumed that the 

elimination proceeds via hydride migration to the electrophilic carbene.19 It also has 

been shown that β-elimination is favoured over C–H insertion for highly electrophilic 

carbenes (typically those with electron-withdrawing ligands, e.g. Rh2(TFA)4) which 

are more reactive, or sterically hindered carbene (e.g. Rh2(TPA)4) which are less 

reactive towards C–H bonds. 

 

Scheme 1.79: β-elimination, which competes with C–H insertion  

 

4- Derivatization 

In an attempt to make the separation of the three isomers easier, and hence enable their 

complete characterisation (NMR, X-ray crystal structure and chiral HPLC), 

derivatization of the mixture of spiroacetals was performed. The derivatization 
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reaction also has to be reliable and proceed to completion, and less unreacted starting 

material or excess reagent will make the purification easier. The reaction must be 

general, allowing a wide range of substrates, yet specific to a single functional group, 

reducing complicating side reactions. The products are relatively stable, and form no 

degradation products within a reasonable period, facilitating analysis. Some examples 

of good derivatization reactions are the formation of esters and amides via acyl 

chlorides, or the formation of 2,4-dinitrophenylhydrazones from carbonyls and 2,4-

dinitrophenylhydrazine (DNPH).20 

The spiroacetal mixture was derivatized to introduce p-bromobenzoic esters (Scheme 

1.80), in order to promote crystallisation and facilitate detection by the chiral HPLC 

UV detector. Bromide in para position helps solving the crystal structure.  

Scheme 1.80: Derivatization of spiroacetals 1.234-1.236 

Although the C1 spiroacetal diastereomers 1.235a-c could be readily identified in the 

mixture, and distinguished from the other isomers 1.234a-c and 1.236a-c by 1H and 

13C NMR, the C2 diastereomers could not be distinguished from each other 

spectroscopically. As such, the mixture of diastereomers was reduced using LiAlH4 (8 

eq) in THF at 0 °C and the resultant alcohols converted to a separable mixture of p-

bromobenzoates, from which 1.241 was provided in 17-39% yield (Table 1.3). Two 

sets of conditions were compared for the esterification of the intermediate hydroxyls.  

 

Table 1.3: Conditions for the derivatization of spiroacetals 

Entry Conditionsa Yield (%) 

1 ArCO2H (4 eq), EDC (2.1 eq), DMAP (cat.) in DCM, 0 °C, 2 d 17-25 

2 ArCOCl (4 eq), Et3N (2 eq), DMAP (cat.) in DCM, 0 °C, 10 h 35-39 

a Attempts to epimerise spiroacetals 1.241-243 with PPTS or DBU in CDCl3 showed 

no equilibration, and hence it appears unlikely that these compounds epimerise under 

the derivatization conditions. 
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The yields obtained for the derivatization never exceed 39%. The more reactive p-

bromobenzoyl chloride gave better yield, shorter reaction time and simpler purification 

than the milder EDC coupling. Efforts to optimise the reaction conditions were not 

successful. The Rh2(S-DOSP)4 and Rh2(S-PTAD)4-catalysed reactions provided p-

bromobenzoates derived from the major spiroacetal 1.234a and 1.234b, in 74 and 89% 

ee, respectively.  

 

 

Figure 1.14: Crystal structure of (4S,5S,9S)-1.241, courtesy Prof J. White (University 

of Melbourne), obtained from crystals by Mark Coster 

In conclusion, several 5,5-spiroacetals were synthesised from simple methylene acetal 

precursors via bidirectional Rh(II)-catalysed C–H insertion. The procedure creates two 

rings and three new stereogenic centres in one pot from readily available achiral 

precursors. The diastereoselectivity of the reaction was influenced by appropriate 

choice of catalyst, and chiral catalysts can be used to provide the major diastereomer 

1.234a-c in excellent enantioselectivity.  The study of the influence of the different 

parameters of the reaction raises more questions than expected about the mechanism 

of the reaction, and more experiments and modelling are necessary to gain better 

understanding of this complex process. Complementary experiments were carried out 

to understand the mechanism and are discussed in the next chapter. 
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Chapter III – Rhodium(II)-catalysed C–H insertion cyclisation of 

monocyclic acetals and mechanistic investigation 

 

Due to the sequential nature of the bidirectional C–H insertion, the study of each 

cyclization independently is necessary to understand the outcomes of the reaction. 

Furthermore, the intriguing results described in the previous chapter raise a number of 

questions about the nature of the second cyclisation. 

 

I- Synthesis of cyclic acetal via Rh(II)-catalysed C–H insertion 

1- Formation of monocyclic acetal 

The hydrolysis decarboxylation that occurs during the diazo transfer provides useful 

precursors for the study of the first cyclization. This reaction has been performed with 

the methyl and ethyl esters, obtained as by-products as described in Chapter II. 

Diazo esters 1.227a and 1.227b were treated under the same conditions that gave the 

best yield and selectivity for spirocyclisation. Treatment of the diazo ester 1.227a with 

Rh2(esp)2 (0.5 mol%) in dry toluene at −78 °C for 2 h gave monocyclic acetals 1.244-

trans and 1.244-cis respectively in 55% overall yield, with a 31:69 diastereomeric 

ratio. The same reaction starting from 1.227b gave 1.245-trans and 1.245-cis in 45% 

overall yield, with a 43:57 diastereoisomeric ratio (Table 1.4). 

 

Scheme 1.81: Cyclization of the monodiazo compounds 

The cis and trans products were separable, which allowed their 1H NMR 

characterisation and measurement of the ratios. Indeed, the acetal proton of each 

diastereoisomer is a doublet, with different chemical shifts and coupling constants for 

each product, allowing an easy measure of the diastereoisomeric ratios by 1H NMR 

analysis of the crude mixture. 
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Table 1.4: Results of the cyclisation of diazo compounds 1.227a and 1.227b 

     

 

Entry R Yield (%) Ratio trans : cis δ (ppm), J (Hz) 

1 Me 55 31 : 69 
5.25, 1.5 (trans) 

5.18, 5.2 (cis) 

2 Et 45 43 : 57 
5.23, 1.5 (trans) 

5.17, 5.2 (cis) 

 

Even though coupling constants often give indicative information on the relative 

configuration of cyclic molecule, 5-membered rings are too flexible and finding their 

most stable conformation in solution was not trivial. Two approaches are commonly 

used in this situation. The first and most reliable is to crystallize the compound or a 

derivative in order to perform X-ray crystallography. The second method consists of 

performing a conformational analysis using dedicated software, to predict the coupling 

constant for each diastereoisomer. If prediction matches experiment, the assignment of 

a structure should be reliable.  

 

2- Hydrazone derivatization 

Obtaining an X-ray crystal structure is the best way to prove a compound’s 

stereochemistry, therefore both diastereoisomers were derivatized. The derivatization 

of a ketone is traditionally done via formation of a dinitrophenyl hydrazine (DNPH) 

hydrazone.1 Ketone 1.245-cis was treated with an excess of DNPH (1.1 eq) in 
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acetonitrile at room temperature for 8 h and hydrazone 1.246-cis was formed in 

quantitative yield (Scheme 1.82). The same reaction was performed on ketone 1.245-

trans to give a quantitative yield of 1.246-trans. 

 

Scheme 1.82: Derivatization of monocyclic acetals 1.245-cis and 1.245-trans 

After column chromatography to remove the excess DNPH and NMR characterisation, 

crystallization trials were performed in petroleum spirit, hexane, methanol, ethanol, 

acetonitrile, deuteriated chloroform and various mixtures of these, without success. 

Additional attempts using the vapour diffusion technique were inconclusive.2 

 

3- Conformational study 

Tetrahydrofuran 5-membered rings have two stable conformations, OE and EO (relative 

energy = 0 kcal/mol) and two local minima, 3T2 and 2T3 (relative E = 0.3 kcal/mol), 

with interconversion energy barriers less than 0.6 kcal/mol.3-5  

 

Figure 1.15: Envelop and Twist conformations of the tetrahydrofuran ring 

In addition, substitution modulates the conformational of the THF ring. Firstly, C1 

substitution with an alkoxy group (OR) is guided by the endo-anomeric effect. The 

endo-anomeric effect is the preference for the endocyclic C4-O1-C1-OR subunit to 

adopt a gauche conformation over the anti. The endo-anomeric effect has been 

quantitatively studied by Wang and Woods.3 Second, C2 substitution with an ester 

modifies the stability of conformers and complicates their distribution. 
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A low conformational barrier combined with the effect of substitution makes the 

prediction of which conformer contributes most to the NMR coupling constant 

difficult. For this reason, Monte Carlo conformational analysis (repeated random 

sampling) was undertaken,6-8 using MMFFs force field. The MMFFs force field has 

been developed for the modelling of compounds with a wide range of molecular 

weights, from small molecules to large macromolecules. It has been parametrised as a 

trade-off between accuracy, speed, and simplicity. The MM2* force field is one of the 

earliest molecular mechanics method developed to make accurate predictions of the 

structure and properties of small molecules. While now superseded by more recent 

force fields, we used it out of curiosity, to compare with the MMFF method.  

 

Results of the conformational search employing MM2* 6 and MMFF 7-8 with a 

chloroform solvent model are presented in Table 1.5. For all conformer within 5.0 

kcal/mol of the global minimum, the H–C4–C5–H dihedral angle was measured and 

the associated coupling constant was calculated. Each conformer was Boltzmann 

weighted, and the weighted average of dihedral angle and coupling constant were 

calculated. 

Table 1.5: Boltzmann averaged dihedral and coupling constant for compounds 1.245-

cis and 1.245-trans, calculated with MM2* and MMFF force fields 

MM2* Force Field 

cis 
  

trans 
  

# conf dihedral J (Hz) # conf dihedral J (Hz) 

52 43.1o 4.0 96 94.8o 0.8 

MMFF Force Field 

cis 
  

trans 
  

# conf dihedral J (Hz) # conf dihedral J (Hz) 

36 42.1o 4.0 58 98.7o 1.1 

 

A conformational search with MMFF (MM2*) predicts that 1.245-cis has 52 (36) 

conformers within 5.0 kcal/mol, which lead to an average dihedral of 42.1o (43.1o), 

and a predicted 4.0 Hz (4.0 Hz) coupling constant, while 1.245-trans has 96 (58) 

conformers, which lead to an average dihedral of 98.7o (94.8o) and a predicted 

coupling constant of 1.1 Hz (0.8 Hz). This is consistent with the experimental results, 
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where the 1.245-cis and 1.246-cis coupling constant is 5.2 Hz, while the 1.245-trans 

and 1.246-trans coupling constant is 1.5 Hz. The results differ mainly because of two 

reasons. First, the coupling constant prediction lacks accuracy, due to approximation 

of the Karplus equation used by the Schrodinger software. Second, though we are 

confident that the Monte Carlo conformational search gave the global minimum (the 

same minimal conformation is obtained from several Monte Carlo searches from 

several initial conformations), the molecular mechanics only give an approximation of 

the geometry and energy of the conformers, which slightly modified the dihedral angle 

and the contribution for each of them. However, as we had in hand both 

diastereoisomers and only needed a way to discriminate them, this level of accuracy is 

sufficient. In the case where only one isomer is available, a more accurate (and more 

computationally demanding) method, such as quantum chemistry calculation, is 

necessary. 

 

II- Mechanistic study of the first cyclisation 

1- Models developed by Nakamura and Taber 

Inspired by Nakamura’s theoretical studies9-10 and Taber’s molecular mechanics 

work,11-13 we proposed transition states to explain the diastereoselectivity of the first 

C–H insertion cyclisation (Scheme 1.83). 

According to Nakamura and co-workers, formation of a 5-membered ring by C–H 

insertion proceeds via a 6-membered cyclic transition state involving the transferred 

hydrogen. The stereochemistry of the product depends on the conformations of the 

possible transition states, which are influenced by the steric environment and 

electronic effects. Diastereoisomers TS-1 and TS-2 result from chair-like transition 

state conformations while TS-3 and TS-4 have boat-like conformations. Chair-like 

transition states are generally more stable than boat-like transition states. Taber 

showed that the rhodium-carbene is preferentially in an equatorial position, forcing the 

adjacent ester to be in an axial position. Finally, the alkoxy substituent (OR group) 

position is determined by the balance between avoiding 1,3-diaxial interactions and 

the stabilising endo-anomeric effect. The endo-anomeric effect favours the axial 

position for the alkoxy group, stabilizing the C1-O bond. Though qualitative 

modelling does not allow the prediction of which of these opposing factors is 

predominant, the anomeric effect is usually dominant. The usual preponderance of the 
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anomeric effect points towards TS- II being more stable than TS-I, which is consistent 

with 1.244-cis and 1.245-cis as the major products. However a definitive conclusion 

cannot be drawn until quantitative calculations are carried out. More accurate models, 

developed at the DFT level, have been used by Nakamura10 and Gandon and 

Lecourt,14 but they both feature more rigid systems and hence their results are not 

directly applicable to our study.  

 

Scheme 1.83: Proposed transition states for the C–H insertion cyclization of diazo 

1.227b to monocyclic acetal 1.245  

 

2- Comparison between monocyclisation and bidirectional C–H insertion  

In our working hypothesis, the bidirectional reaction proceeds with an initial 

cyclisation (via a C–H insertion), involving a methylene C–H bond and the creation of 
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two adjacent asymmetric carbons, followed by a second cyclisation, involving a more 

hindered tertiary C–H bond, as well as the creation of a third asymmetric carbon 

(Scheme 1.84).  

The overall stereoselectivity of the Rh2(esp)2–catalysed reaction is therefore the 

product of the two consecutive stereoselective cyclisations.  

 

 

Scheme 1.84: Two consecutive C–H insertion reactions giving rise to three possible 

products 

Cyclisation starting from diazo compounds 1.227a-b is assumed to be a good model of 

the first cyclisation that occurs in the bidirectional reaction, without interference from 

the second insertion (as it is highly improbable that both diazo functionalities of 

precursor 1.225 react at the same time). Comparison of the results (Table 1.6) shows 

that the stereoselectivity of the first cyclization is not consistent with a double C–H 

insertion mechanism for the bidirectional reaction, since the trans intermediate can 

only lead to products 1.235 and 1.236 (as shown in Scheme 1.84). Products 1.235 and 

1.236 are certainly formed, but they are minor products. The major product formed 

(relative yield 95%) is 1.234, which according to Scheme 1.84, can only be formed 

from the cis intermediate. It seems highly unlikely that the ratio of cis and trans 

intermediates (Scheme 1.84) would be as high as 95:5 when the ratio of 1.244-cis and 

1.244-trans from the analogous cyclisation of 1.227a was 69:31 (Table 1.6). 
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Table 1.6: Results of the formation of spiroacetal and monocyclic acetal in the same 

conditions 

 Catalyst Yield (%) Ratio 

 

Rh2(esp)2 

0.5 mol% in toluene 
77 

1.234 : 1.235 : 1.236 

95 : 5 : <1 

 

Rh2(esp)2 

0.5 mol% in toluene 
55 

1.244-cis : 1.244-trans 

69: 31 

 

We hypothesize that the second insertion occurs via a hydride abstraction/nucleophilic 

addition of organorhodium intermediate 1.247 or possibly a combination of this and 

the C–H insertion mechanism (Scheme 1.85).  

 

Scheme 1.85: Intermediates in the second cyclisation 

The H abstraction/nucleophilic addition hypothesis is supported by several studies. 

First, there is computational evidence by Lecourt et al. 14 and by Lombard, Coster and 

Krenske15 that anomalous C–H insertions16-19 can occur via this mechanism. Second, 

an oxonium ion (as a cyclic acetal) is widely accepted as an intermediate in 

glycosylation reactions with ester neighbouring groups participating and has been 

observed by low-temperature NMR (Figure 1.16).20  
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Figure 1.16: Dioxolenium ion, observed with VT-NMR21 

The two possible mechanisms for C–H insertion are outlined in Scheme 1.86. It should 

be noted that alternative mechanisms involving Rh–H intermediates have been 

excluded by DFT calculations.15  

 

Scheme 1.86: Competing mechanisms of C–H insertion vs hydride abstraction/C–C 

bond formation vs anomalous insertion 

 

In summary, rhodium carbene complexes usually react with C–H bonds via a C–H 

insertion mechanism, as described in more detail in Chapter I.10 However, when the 

reactive C–H bond is adjacent to an oxygen atom, the mechanism shifts towards a 

two-step process.14 The hydride migrates to the carbene and an oxocarbenium ion is 

formed during the first step. The second step is the formation of the C-C bond. 

However, when a carbonyl group is adjacent to the carbene, there is the possibility for 

the carbanion to form an enolate, which is sufficiently stable to allow bond rotation 
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and, in the case where the carbonyl is endocyclic, O-alkylation by trapping of the 

oxonium ion by the enolate.15 

3- Attempt to trap the oxocarbenium ion intermediate 

During the course of our study, we noticed that the reaction happens in two stages, 

showing a burst of N2 bubbles associated with diazo decomposition by the rhodium 

catalyst at −60 oC, and a second burst around −40 oC to −20 oC. We interpreted the 

first burst of bubbles as the first cyclisation, with the second burst associated with the 

second cyclisation. Taking advantage of this fact, we hoped to capture the monocyclic 

intermediate with a suitable reagent which would be added after the first cyclisation 

but before the second one. 

Trapping the oxocarbenium intermediate requires very specific conditions. The 

trapping agent should not interfere with the hydrogen abstraction, but react rapidly 

with the oxocarbenium ion. We envisaged that if the rate of cyclisation of the Rh–

carbanion 1.247 (to give 1.234-1.236) was sufficiently slow, it might be possible to 

trap it with a reactive aldehyde in a Claisen-like reaction to give the alkoxide 1.248 

which would then react with the oxonium carbon in an intramolecular manner to form 

the spirocyclic orthoester 1.249 (Scheme 1.87).  

 

However, when the cyclisation experiment was repeated in the presence of p-

bromobenzaldehyde, only the normal mixture of products was obtained. The p-

bromobenzaldehyde was recovered unchanged. This suggests that the rate of 

cyclisation (Scheme 1.85) is much faster than the rate of reaction of 1.247 with p-

bromobenzaldehyde (Scheme 1.87).  
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Scheme 1.87: Hypothetical mechanism of oxonium trapping by p-bromobenzaldehyde 

The failure of this experiment was not unexpected, as trapping the reaction 

intermediate from an intramolecular two-step reaction is in practice very difficult. The 

interruption of the carbocation-carbanion bond formation by trapping is entropically 

disfavoured as this is a bimolecular process. Moreover, the energy of the intermediate 

is not necessarily favourable to a trapping reaction. Both carbanion and carbocation 

are very reactive and tend to react very quickly. For the trapping to work, the 

intermediate carbanion has to be sufficiently stable to allow the trapping reaction to 

compete with the C–C bond formation.  

 

In conclusion, the relative stereochemistry of the monocyclisation products has been 

determined. These results suggest that the second cyclization of the spiroacetal 

formation does not proceed with retention of configuration, which dismiss a concerted 

C–H insertion mechanism. Hypotheses concerning this mechanism have been 

formulated and postulate an oxocarbenium intermediate. Attempts to trap the 

intermediate have been unsuccessful.  
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Chapter IV – Synthesis of bicyclic ethers and C–H insertion from 

non-diazo precursors 

 

During the course of our study on the bidirectional synthesis of spiroacetals, it 

appeared to us that the synthesis of bicyclic structures using the bidirectional C–H 

insertion adjacent to oxygen should not be restricted to spiroacetals. Especially, we 

wanted to explore the bidirectional C–H insertion cyclisation adjacent to ether oxygen. 

We also looked to extend the scope of the spiroacetal synthesis in starting from non-

diazo precursors, in order to modulate and gain more control over the electronic 

properties of the carbene and stereoselectivity in subsequent reactions. 

 

I- Synthesis of bicyclic ethers from linear ether diazo precursors 

Similarly to the spiroacetal precursor, the bis-diazo ether precursors are constituted of 

an ether function with alkyl chains of equal or different length on each side, each of 

them terminated by a diazo ester, with the ester stabilizing the diazo. Since conditions 

for the iodination, C-alkylation and diazo transfer steps were already optimized and 

the reagent available in our laboratory, an analogous approach to the synthesis of 

spiroacetal precursors was selected. 

1- Synthesis of the precursors 

The robust and flexible synthetic sequence developed for the spiroacetal precursors 

has been adapted to the synthesis of the bis-diazo ethers, using the already optimised 

reaction conditions. Precursors 1.253-1.255 were synthesized starting from dihalo 

ethers 1.250-1.252, following the sequence described in Chapter II, i.e. Finkelstein 

reaction, ethyl acetoacetate nucleophilic substitution and diazo transfer in 14-21% 

overall yield over the three steps (Scheme 1.88). It is interesting to note that the 

product of the ester hydrolysis/decarboxylation was not observed in the ether series, 

despite having the same or higher number of methylene between the ester and the 

closest oxygen atom.  
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Scheme 1.88: Synthesis of diazo precursors 1.253-1.255 

 

Symmetric dichloroethers 1.250 and 1.251 were commercially available, while 

unsymmetrical compound 1.252 was synthesised by action of thionyl chloride at 0 °C 

on 2-bromoethanol 1.217, followed by addition of tetrahydrofuran and heating to 

reflux to yield dihalo ether 1.256 in 36% yield (Scheme 1.89).1  

 

Scheme 1.89: Synthesis of 2-bromoethyl-4-chlorobutylether 1.252 

The mechanism of this tetrahydrofuran ring opening is quite interesting and has been 

investigated by Ferrari and Vogel.2 It seems that the chlorosulfinic ester intermediate 

1.257 competes with HCl for the activation of the THF ring. From the other 

perspective, it looks like THF acts as a poison of the chlorination of 2-bromoethanol. 

 

Scheme 1.90: Mechanism of the formation of ether 1.252 
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2- Bidirectional cyclisation of oxabicyclo[2.2.1]heptane 

The bidirectional cyclization of 1.253 catalysed by rhodium(II) catalyst gave 

compounds 1.258 and 1.259 in 0-69% yields (Scheme 1.91).  

 

Scheme 1.91: Bidirectional cyclisation of oxabicyclo[2.2.1]heptane 

The bidirectional C–H insertion of bis-diazo 1.253 was carried out with various non-

polar solvents, temperatures and catalysts (Table 1.7). In the first experiment, 

compound 1.253 was treated with Rh2(OAc)4 (5 mol%) in degassed dichloromethane 

under argon atmosphere at room temperature for 1 h to give oxabicycloheptane 1.258 

in 15% yield (Entry 1). Due to the exothermic nature of the reaction and heat 

production when the reaction was performed at room temperature (Entry 1), 

subsequent experiments were carried out at lower temperature. Treatment of 1.253 

with Rh2(OAc)4 in toluene at −10 oC gave an inseparable mixture of compounds 1.258 

and 1.259 with a ratio of 81:19 in a 69% yield (Entry 2). Catalysis with Rh2(TFA)4 at 

−40 oC produced only monocyclic (Z)-alkene 1.261 (Scheme 1.91), via β-hydride 

elimination. As the second C–H insertion was more difficult (i.e. kinetically less 

favoured) and the Rh2(TFA)4-carbene more prone to β-hydride elimination than less 

electrophilic carbenes, this result was not surprising to us. Reaction catalysed by 

Rh2(S-PTAD)4 in dichloromethane (Entry 4) gave a complex mixture of monocyclic 

products, in which only trace amount of bicyclo 1.258 was identified, while 

experiment with the same catalyst in pentane (Entry 5) gave no reaction, due to low 

solubility of the catalyst in pentane and unexplained degradation of the catalyst. 

Subsequent additions of the catalyst resulted in partial degradation of the diazo 

reactant but reaction never went to completion. 
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Table 1.7: Conditions for the formation of 7-oxabicyclo[2.2.1]heptanes 

Entry Conditionsa Yield (%) 
Ratio  

1.258 : 1.259 

1 5 mol% Rh2(OAc)4 in DCM, 20 °C 15 100 : 0 

2 5 mol% Rh2(OAc)4 in toluene, −10 → 20 °C 69 81 : 19 

3 5 mol% Rh2(TFA)4 in DCM, −40 → 20 °C 0b − 

4 5 mol% Rh2(S-PTAD)4 in DCM, −40 → 20 °C trace − 

5 5 mol% Rh2(S-PTAD)4 in pentane, −40 → 20 °C 0 − 

a Reactions were carried out for 1 h 

b Only produced the Z-alkene 1.261 in low yield 

 

With a 69% yield, this first experiment proved that the bidirectional C–H insertion 

cyclization was feasible in useful yield. The 1H NMR spectrum of 1.258 fits exactly 

with the structure of the desired oxabicycloheptane, and shows that the molecule is 

symmetrical. To determine whether the esters are cis (1.258) or trans (1.260) with 

respect to the oxygen bridge, these two possibilities were investigated using 

computational techniques. Molecular mechanics calculations (MMFF Monte Carlo 

conformational search starting from minimized conformation) gave only three 

conformers for each stereoisomer, which is expected given the very rigid structure of 

7-oxabicyclo[2.2.1]heptane. Measurement of dihedral angles between the bridgehead 

and the vicinal hydrogens and estimations of the coupling constants associated with 

each dihedral showed that the bridgehead H of 1.258 should display one medium and 

two small coupling constants, while 1.260 shows two medium and one small coupling 

constant. Prediction made for compound 1.258 matched the experimental NMR data, 

which is a doublet with a coupling constant of 5.8 Hz. The distortion of the doublet 

(Table 1.8) is consistent with the contribution of very small coupling constants. 

Recording of the NMR spectrum with a more powerful spectrometer (e.g. 800 MHz) 

could make these small coupling constants measurable. 
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Table 1.8: Comparison of predicted coupling constants for symmetric 7-

oxabicyclo[2.2.1]heptanes 1.258 and 1.260 

 

 

 H2-H7 H2-H3α H2-H7α H2-H7 H2-H3 H2-H7α 

Predicted coupling constant (Hz) 7.1 0.5 0.8 7.1 5.8 0.8 

 

Compound 1.259 presents a doublet and a triplet (Figure 1.17). The apparent triplet at 

4.79 ppm (J = 5.3 Hz) is characteristic of two medium coupling constants within the 

same range as in compound 1.260 (Table 1.8). The 1H NMR spectrum of the mixture 

of 1.258 and 1.259 allowed characterization of 1.259. 

 

Figure 1.17: 1H NMR signals of bridgehead H of 1.258 and 1.259 

 

3- Dicyclopentyl ether 

In an attempt to synthesize dicyclopentyl ether 1.262, diazo compound 1.251 was 

treated with 5 mol% of Rh2(OAc)4 in dichloromethane at room temperature.  
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Scheme 1.92: Attempted synthesis of dicyclopentyl ether 1.262 

The reaction gave a complex mixture, in which the 8 diastereoisomers of the desired 

product could not be formally identified among β-hydride elimination and other by-

products. Failed attempts to isolate and separate the products and limited interest in the 

structure lead us to abandon this investigation. 

 

4- Diethyl-1-oxaspiro[4.4]nonane-4,9-dicarboxylates 

The bidirectional synthesis of 1-oxaspiro[4.4]nonanes has never been reported in the 

literature. Bis-diazo compound 1.252 was treated with rhodium catalyst (0.5 mol%) in 

toluene at −78 °C, and the reaction mixture was warmed to room temperature over 1 h, 

to give a mixture of spiroethers 1.263a and 1.263b in 29-52% yield.  

 

 

Scheme 1.93: Synthesis of spiroethers 

  

Bis-diazo ether 1.252 was dissolved in dry toluene under argon atmosphere and cooled 

down to −60 °C. Rhodium catalyst (0.5-1 mol%) was added and the reaction mixture 

was warmed to room temperature over 1 h. Treatment of 1.252 with Rh2(OAc)4 led to 

very little of spiroethers 1.263a or 1.263b, mixed with elimination product 1.264. 

Catalysts Rh2(S-PTAD)4 and Rh2(S-DOSP)4 on the other hand gave mixtures of 

1.263a and 1.263b, in 29% and 52% yields respectively.  
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Table 1.9: Spiroether formation experiments 

Entry Conditions Products Ratioa,b Yield (%) 

1 1.0 mol% Rh2(OAc)4, −20 → 20oC, 1h 1.263a/b + 1.264 n.d. n.d. 

2 0.5 mol% Rh2(S-PTAD)4, −60 → 20oC, 1h 1.263a, 1.263b 54 : 46 29 

3 0.5 mol% Rh2(S-DOSP)4, −60 → 20oC, 1h 1.263a, 1.263b 48 : 52 52 

a Calculated from isolated yield 

b Analysis could not determine which spiroether (1.263a or b) is the major product 

4.1- Determination of the structure of the two isolated spiroethers 

The structure of the two isolated spiroethers 1.263a and 1.263b was confirmed using 

NMR (1H, 13C and 2D NMR). However, the NMR characterization of spiroethers 

1.263a and 1.263b alone is not sufficient to elucidate their relative stereochemistry. 

We started with the relative configuration of the ester and alkyl substituents of 

tetrahydrofuran 1.264. Using HSQC and HMBC NMR spectra, we managed to isolate 

the peak associated with the methine hydrogen adjacent to the tetrahydrofuran oxygen, 

which is a triplet of doublet (Jt = 7.4 Hz, Jd = 5.0 Hz) (Figure 1.18). The triplet comes 

from coupling with the alkyl chain methylene and the doublet with the methine 

hydrogen adjacent to the ester. This 5.0 Hz coupling constant is similar to that of 

1.244-cis and 1.245-cis, which hints toward a cis relationship for 1.264.   

 

Figure 1.18: 1H NMR signal of hydrogen H1 

In the Rh2(OAc)4-catalysed reaction, only a small amount of spiroether is formed, 

along with a small quantity of tetrahydrofuran 1.263a. Two hypotheses can be 

formulated here: (i) in the first cyclization, both cis and trans tetrahydrofuran ring are 

formed, then only the trans undergoes the second C–H insertion cyclization while the 

cis undergoes β-elimination, or (ii) the first cyclization mainly produces the cis isomer, 

which then undergoes the second C-H insertion to produce spiroether 1.263a/b. The 
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second hypothesis seems more plausible, since the model shown in Chapter III 

predicts that the formation of the cis isomer is favoured. Moreover, in the trans 

intermediate, the C–H bond that undergoes the carbene insertion is stabilized by 

anomeric effect, which is not consistent with the trans intermediate reacting faster than 

the cis. 

However, discrimination between 1.263a and 1.263b could not be achieved without 

X-ray crystal structure. The NOESY NMR spectra of 1.263a and 1.263b gave no 

additional information on the stereochemistry of these spiroethers. 

 

II– Synthesis of non-diazo carbene precursors 

To improve the diastereoselectivity of the bidirectional C–H insertion and extend the 

scope of the reaction, we turned our eyes to the less reactive donor substituted 

carbenes, which would lead to better control of the stereoselectivity. Weak electron 

donating groups such as alkene, alkyne, alkane or aromatic subunits are expected to 

stabilize the rhodium carbene, however they also destabilise the diazo function, which 

cannot easily be used as donor-substituted carbene precursor. An alternative to the 

diazo carbene precursor was investigated. Several precursors have been developed 

over the years (see Chapter I: Introduction), and the precursors based on hydrazone 

derivatives are easier to handle practically and have a larger scope.3,4 The hydrazone is 

activated by a base (ranging from LDA to sodium carbonate), and the resulting anion 

is degraded by the rhodium catalyst to give the reactive rhodium carbene.  

Since the targeted hydrazones 1.265 are both synthesized from the corresponding 

ketone 1.266, we focused on the synthesis of the symmetrical ketone. Based on the 

retrosynthetic disconnection, two synthetic pathways were selected. In pathway 1, 

ketone 1.266 results of the oxidation of the corresponding alcohol 1.267, which comes 

from the action of a nucleophile on bis-aldehyde 1.268. The bis-aldehyde can be 

synthesized either from oxidation of the corresponding alcohol, from the oxidative 

cleavage of the bis-alkene by ozonolysis, or by Lemieux–Johnson oxidation 

(dihydroxylation followed by oxidative cleavage of the 1,2-dihydroxyl). In pathway 2, 

ketone 1.266 comes from the dithiane 1.269, which has been synthesized from the 

action of thiane anion on a bis-electrophile (e.g. iodide), exploiting the Umpolung 

reactivity of thianes.5 This pathway is shorter and was expected to demand less 
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development time since synthon 1.270 has already been synthesized as a diiodo 

compound (see Chapter II). 

 

Scheme 1.94: Proposed retrosynthetic pathways to acetal 1.265 

 

In separate experiments, aldehydes 1.270a-e was combined with 1,3-propanedithiol 

(1.1 eq) and a catalytic amount of iodine in chloroform at room temperature for 2 h, to 

give dithianes 1.271a-e in excellent yield (95-99%). Compounds 1.271a-e were then 

treated with n-butyllithium (1.05 eq) in dry THF under argon atmosphere at 0 °C, then 

diiodo compound 1.221 was added. The experiment was attempted with a variety of 

dithianes and lower temperatures (−40 °C to 0 °C), however none of these conditions 

gave a clean reaction. Though the desired product of bidirectional addition was 

obtained, addition of the anion on the formaldehyde acetal was observed, as well as 

the product of monosubstitution and other uncharacterized by-products. Separation of 

the desired product from the mixture was not possible, and more experiments to 

optimise the reaction conditions are necessary. Namely, more polar solvent (but 

aprotic and not susceptible of nucleophilic addition) can be used to stabilise the 

lithiated anion, as well as lower temperature to favour the kinetic reaction (which we 

hope is the desired one). To avoid the issue of addition of the lithium anion on the 

formaldehyde acetal, a new retrosynthetic pathway can be envisioned, in which the 

acetal is formed after the ketone.  
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Scheme 1.95: Synthesis of bis-dithianes 1.269a-e 

In parallel, the synthesis of bis-aldehyde 1.268 was attempted. The reaction of 3-

butene-1-ol 1.272 with paraformaldehyde in refluxing toluene under sulfuric acid 

catalysis only gave degradation/polymerization of the starting material. Homoallylic 

alcohol 1.272 was combined with paraformaldehyde without solvent and stirred 

overnight at room temperature with large excess of anhydrous magnesium chloride to 

give acetal 1.273 in a moderate 20% yield.[6] 

 

Scheme 1.96: Synthesis of bis-aldehyde 1.268 

Bis-alkene 1.273 was then submitted to ozonolysis. Ozone was bubbled through a 

solution of acetal 1.273 in dichloromethane at −78 °C for 1 h, then the reaction 

mixture was worked up with a large excess of dimethyl sulfide and stirred at room 

temperature for 6 h, resulting in a mixture of a minimal amount of the desired bis-

aldehyde 1.268, with aldehyde 1.274 and bis-trioxolane 1.275. Attempts to further 

reduce compounds 1.274 and 1.275 in the mixture with additional Me2S to get only 
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bis-aldehyde 1.268 were unsuccessful. Due to safety concerns, we choose not to try to 

heat to force the reduction. Further reduction of the mixture with triphenyl phosphine 

lead to a complex mixture of inseparable products. 

 

In conclusion, the synthesis of oxabicyclo[2.2.1]heptane from readily available linear 

ether precursor via bidirectional rhodium(II) catalysed C–H insertion has been 

demonstrated, showing the strength and versatility of this strategy. The synthesis of 

dicyclopentyl ether using the same method has been attempted, without success. The 

strategy has also been applied to the synthesis of spiroethers with moderate yields and 

stereoselectivities. In an attempt to extend the scope of the bidirectional C–H insertion 

strategy to a broader variety of substrates, the early stages of syntheses of hydrazone 

carbene precursors were explored. Due to time restriction, this work had to be stopped 

at that stage.  
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Chapter V - Conclusions, ongoing and future work 

I- Conclusions 

A flexible synthesis from readily available starting materials allowing access to a 

range of diazo precursors has been successfully realized, despite moderate yields and 

laborious purification of the condensation step. The bidirectional synthesis of 5,5-

spiroacetals from these simple methylene acetal precursors via Rh(II)-catalysed double 

C–H insertion has been demonstrated, and afforded the products in useful yields. The 

procedure creates two rings and three new stereogenic centres in one pot from simple, 

achiral precursors. The diastereoselectivity of the reaction can be influenced by 

appropriate choice of catalyst, and chiral catalysts have been used to provide the major 

diastereomer in excellent enantioselectivity. The parameters influencing the outcome 

of the formation of spiroacetals have been studied. Variations on the catalyst and 

esters demonstrated that the diastereoselectivity of the reaction is influenced by the 

steric hindrance of the ester group and by the nature of the catalyst, with Rh2(esp)2 

giving the highest diastereoselectivity. 

 

The outcome of the spiroacetal formation provided an interesting starting point to 

discuss the mechanism of the C–H insertion into a C–H bond adjacent to two oxygen 

atoms. Selected experiments with mono diazo precursors provided information on the 

diastereoselectivity of the first ring formation. The relative stereochemistry of the 

monocyclic acetal diastereoisomers was obtained by NMR spectroscopy and 

complementary molecular modelling experiments. The diastereoselectivity of the first 

cyclisation is consistent with the models developed by Taber and Nakamura, and is an 

indication that the second insertion does not proceed through a classical concerted C–

H insertion mechanism.  

 

In an attempt to demonstrate the versatility of the strategy, the bidirectional synthesis 

of 1-oxaspiro[4,4]nonanes (spiroethers) and 7-oxabicyclo[2.2.1]heptanes via Rh(II)-

catalysed double C–H insertion has been accomplished. However, the lack of 

stereoselectivity in the spiroether formation led to a mixture of inseparable 

stereoisomers. Due to the complexity of the bidirectional C–H insertion reaction, more 

knowledge in the mechanism seems necessary to find experimental conditions for a 

stereoselective version of the reaction. Concerning the 7-oxa[2.2.1]bicycloheptane 
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synthesis, the structure was not directly related to the core of this project, therefore no 

effort to improve the yield was made; nevertheless, this is an original synthesis for this 

interesting scaffold.  

 

II- Future work 

Future work will explore the mechanism of the reaction in more detail, including 

factors influencing the stereoselectivity of the reaction, via experimental and 

computational approaches. We aim to study the stereoselectivity of the formation of 

the first ring in greater detail than what has been presented in this thesis. The 

diastereoisomeric ratio between the products of the cyclization of mono diazo acetals 

provides the experimental information on the diastereoselectivity of the first 

cyclization of the bidirectional reaction, against which models of the reaction system 

can be compared. More specifically, refinement of the model developed by Taber 

(Chapter 3) would prove very useful for the prediction of the stereoselectivity of 5-

membered ring formation via intramolecular C–H insertion. 

 

The good diastereoselectivity of the Rh2(TPA)4 catalysed reaction towards the non-

symmetrical spiroacetal is interesting. Indeed, the two ester functionalities have 

different environments, allowing desymmetrization and opening the way to a very 

exciting class of spiroacetal that could be extremely useful for drug discovery. 

Especially, the conversion of one of the ester to an amine (using a Curtius 

rearrangement for example) would lead to a very interesting γ-amino acid with a 

spiroacetal backbone (Scheme 1.97). This could be done on C2-symmetric isomers too, 

however the yield of desymmetrization cannot be higher than 50%. 

 

 

Scheme 1.97: Conversion of an ester to an amine using Curtius rearrangement 

 

Understanding the mechanism of the second cyclization will also provide great insight 

into the outcome of the reaction. The synthesis of monocyclic acetals is planned, 

probably using the C–H insertion and our results, to create precursors better suited for 
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a second C–H insertion cyclization (Scheme 1.98). Better understanding of the C–H 

abstraction step might allow us to exploit this interesting mechanism too. Theoretical 

studies to determine the transition states and the mechanisms of both cyclizations will 

be performed at the DFT level of theory. The present method also suffers intrinsic 

limitations: the diazo group requires an electron-withdrawing substituent to be 

stabilized, which limits the scope of the reaction. Using other kinds of carbenoid 

precursors would allow a carbenoid substituted by only donor groups and accordingly 

less reactive, as well as increasing the possibilities for substitution. Efforts towards a 

general synthesis for this class of precursors are ongoing (Chapter 4). The resolution 

of these limitations offers interesting scope for future research. 

 

 

Scheme 1.98: New precursors would increase the scope of the reaction 

 

After 3 years working on the 5,5-spirocyclic topic and many discussions with organic 

and medicinal chemists from academia and industry, we realized that this structure is 

of extreme interest for the field, as a 3-dimensional scaffold with possibilities for 

chirality and substitution in sixteen different directions (Figure 1.19). A general 

synthetic strategy (or a set of semi-general strategies) for the synthesis of easily 

modifiable 5,5-spiro compounds would be an invaluable tool for drug discovery, as 

well as agrochemical research, and even for structural chemists if amino-acids derived 

from spiro compounds were to be synthesized.  

 

 

Figure 1.19: Relevance of 5,5-spirocyclic structure for chemistry 
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Chapter VI - Experimental  

 

All reactions were performed under an atmosphere of nitrogen unless otherwise 

indicated.  Temperatures quoted as −78 °C, −60 °C, −40 °C and −20 °C were obtained 

by cooling the reaction vessel in bath of dry ice/acetone/water. Anhydrous solvents 

were dried on molecular sieves prior to use. All other reagents and solvents were used 

as purchased from commercial suppliers unless otherwise noted. Reaction progress 

was monitored by thin layer chromatography (TLC) on aluminum backed silica gel 

plates, visualising with UV light, and plates were developed using vanillin or 

potassium permanganate. Flash chromatography was performed using silica gel (230 – 

400 mesh). NMR spectra were acquired on Varian INOVA or Bruker Avance III HD 

NMR spectrometers at 500 MHz and 125 MHz for 1H and 13C respectively. 1H NMR 

spectra were referenced to the residual forms of the solvent with one less deuterium 

than the perdeuterated solvent (CHCl3 = 7.26 ppm) 13C NMR spectra were referenced 

to the internal perdeuterated solvent resonance (CDCl3 = 77.16 ppm & C6D6 = 128.06 

ppm). Coupling constants (J) are in Hz. The multiplicities of the signals are described 

using the following abbreviations: s = singlet, d = doublet, t = triplet q=quadruplet, br 

= broad. Low resolution electrospray mass spectra (LRESIMS) were recorded on an 

Agilent 6120 quadrupole LCMS system. High resolution mass spectra (HRMS) were 

acquired on a Bruker Bruker QTOF MaXis II ETD. Optical rotation of compound 

1.241 was recorded on JASCO P-1020 polarimetre at the sodium D line (589 nm) and 

reported as follow: [𝛂]𝑫
𝟐𝟒 (standard deviation) (c in g/100 ml, solvent). The optical 

rotation was measured at a temperature of 24 °C. 

 

Experimental Procedures and Characterisation Data 

1-bromo-2-[(2-bromoethoxy)methoxy]ethane (1.218) 

 

2-Bromoethanol (17.0 mL, 240 mmol, 2.00 eq) and paraformaldehyde (3.60 g, 120 

mmol, 1.00 eq) were dissolved in toluene (20 mL) in a round-bottom flask equipped 

with a Dean-Stark apparatus. Concentrated sulfuric acid (1 drop, cat.) was added and 

the mixture was refluxed for 1.5 h, until approximately the expected amount of water 
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had been collected. After cooling, sodium bicarbonate (approx. 2 g) was added and the 

mixture was filtered. The filtrate was concentrated in vacuo and purified by flash 

chromatography (95:5, PS/EtOAc) to provide 1.218 (24.1 g, 92 mmol, 77%) as a 

colourless oil: Rf 0.60 (95:5 PS/Et2O); 1H NMR (500 MHz, CDCl3) δ 4.78 (2H, s, 

OCH2O), 3.92 (4H, t, J = 6.0 Hz, BrCH2CH2O), 3.51 (4H, t, J = 6.0 Hz, BrCH2CH2O); 

13C NMR (126 MHz, CDCl3) δ 95.6 (OCH2O), 68.3 (BrCH2CH2O), 30.8 

(BrCH2CH2O). 

1-Chloro-3-[(3-chloropropoxy)methoxy]propane (1.220) 

 

3-Chloroethanol (20.0 mL, 240 mmol, 2.00 eq) and paraformaldehyde (3.60 g, 120 

mmol, 1.00 eq) were dissolved in toluene (20 mL) in a round-bottom flask equipped 

with a Dean-Stark apparatus. Concentrated sulfuric acid (1 drop, cat.) was added and 

the mixture was refluxed for 1.5 h, until approximately the expected amount of water 

had been collected. After cooling, sodium bicarbonate (approx. 2 g) was added and the 

mixture was filtered. The filtrate was concentrated in vacuo and purified by flash 

chromatography (95:5, PS/EtOAc) to provide 1.220 (20.0 g, 99.5 mmol, 83%) as a 

colourless oil: Rf 0.72 (90:10 PS/EtOAc); 1H NMR (500 MHz, CDCl3) δ 4.68 (2H, s, 

OCH2O), 3.68 (4H, t, J = 5.9 Hz, Cl CH2CH2CH2O), 3.65 (4H, t, J = 6.4 Hz, 

ClCH2CH2 CH2O), 2.04 (4H, app p, J = 6.2 Hz); 13C NMR (126 MHz, CDCl3) δ 95.6 

(OCH2O), 64.4 (ClCH2CH2CH2O), 41.9 (ClCH2CH2CH2O), 32.8 (ClCH2CH2CH2O). 

 

1-iodo-2-[(2-iodoethoxy)methoxy]ethane (1.221) 

 

1-Bromo-2-[(2-bromoethoxy)methoxy]ethane 1.218 (16.0 g, 61.0 mmol, 1.00 eq) and 

sodium iodide (18.8 g, 122 mmol, 2.05 eq) were dissolved in acetone (40 mL) and 

heated to reflux for 3 h. Acetone was evaporated in vacuo, water/Et2O (40 mL, 1:1 

v/v) was added and layers were separated. Organic layer was washed with brine (20 

mL) and dried over magnesium sulfate. Organic layer was filtered and solvent was 

evaporated, to yield 1.221 (20.0 g, 56.3 mmol, 92%) as an orange-brown oil: Rf 0.60 

(95:5 PS/Et2O); 1H NMR (500 MHz, CDCl3) δ 4.77 (2H, s, OCH2O), 3.86 (4H, t, J = 
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6.5 Hz, ICH2CH2O), 3.29 (4H, t, J = 6.5 Hz, ICH2CH2O); 13C NMR (126 MHz, 

CDCl3) δ 95.3 (OCH2O), 69.1 (ICH2CH2O), 3.1 (ICH2CH2O). 

 

1-iodo-3-[(3-iodopropoxy)methoxy]propane (1.222) 

 

1,9-Dibromo-4,6-dioxanonane 1.220 (2.0 g, 7.62 mmol, 1.00 eq) and sodium iodide 

(2.35 g, 15.2 mmol, 2.05 eq) were dissolved in acetone (5.0 mL) and heated to reflux 

for 3 h. Acetone was evaporated in vacuo, water/Et2O (10 mL, 1:1 v/v) was added and 

layers were separated. Organic layer was washed with brine (10 mL) and dried over 

magnesium sulfate. Organic layer was filtered and solvent was evaporated, to yield 

1.222 (2.65 g, 7.44 mmol, 98%) as an orange-brown oil: Rf 0.84 (95:5 PS/EtOAc); 1H 

NMR (500 MHz, CDCl3) δ 4.68 (2H, s, OCH2O), 3.61 (4H, t, J = 5.85 Hz, 

ICH2CH2CH2O), 3.29 (4H, t, J = 6.7 Hz, ICH2CH2CH2O) , 2.08 (4H, app p, J = 6.3 

Hz, ICH2CH2CH2O); 13C NMR (126 MHz, CDCl3) δ 95.6 (OCH2O), 67.4 

(ICH2CH2CH2O), 33.5 (ICH2CH2CH2O), 3.3 (ICH2CH2CH2O). 

 

General Procedure for nucleophilic substitution 

Diiodo compound (1.0 eq) and alkyl acetoacetate sodium salt (3.5 eq) were dissolved 

in DME (0.75 M) and then heated to reflux for 16 h (overnight). The reaction was 

quenched with sat. NH4Cl(aq)/water (1:1 v/v) and extracted with ethyl acetate (3 

times). The organic layer was washed with brine and dried over magnesium sulfate, 

then filtered and solvent was removed in vacuo. The crude residue was purified by 

flash chromatography (90:10, PS/EtOAc) to yield the desired compound. 

 

Methyl 2-{2-[(3-acetyl-4-methoxy-4-oxobutoxy)methoxy]ethyl}-3-oxo 

butanoate (1.223a) 
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Reaction of 1,7-diiodo-3,5-dioxaheptane 1.221 (6.00 g, 16.9 mmol, 1.00 eq) and 

methyl acetoacetate sodium salt (8.28 g, 60.0 mmol, 3.50 eq) in DME (15 mL) 

according to the General Procedure for nucleophilic substitution, provided the title 

compound (5.80 g, 11.4 mmol, 68%) as a yellow oil: Rf 0.15 (90:10 PS/EtOAc); 1H 

NMR (500 MHz, CDCl3) δ 4.54 (2H, s, OCH2O), 3.72 (6H, s, CH3OC(O)), 3.64 (2H, 

t, J = 6.9 Hz, OCH2CH2CH), 3.50 (4H, m, OCH2CH2CH), 2.23 (6H, s, (CO)CH3), 

2.11 (4H, m, CH2CH2CH); 13C NMR (126 MHz, CDCl3) δ 202.8 (C(O)CH3), 170.2 

(C(O)OMe), 95.4 (OCH2O), 65.4 (OCH2CH2CH), 56.6 (CH3OC(O)), 52.6 

(OCH2CH2CH), 29.3 (OCH2CH2CH), 28.3 (C(O)CH3); LRMS (ESI +) m/z 355 ([M + 

Na]+, 100); HRMS (ESI +) m/z calculated for C15H24NaO8 355.1363, found 355.1363. 

 

Ethyl 2-{2-[(3-acetyl-4-ethoxy-4-oxobutoxy)methoxy]ethyl}-3-oxo 

butanoate (1.223b) 

 

Reaction of 1,7-diiodo-3,5-dioxaheptane 1.221 (6.00 g, 16.9 mmol, 1.00 eq) and ethyl 

acetoacetate sodium salt (8.97 g, 60 mmol, 3.50 eq) in DME (20 mL) according to the 

General Procedure for nucleophilic substitution, provided the title compound (4.60 g, 

12.8 mmol, 76%) as a yellow oil: Rf 0.29 (90:10 PS/EtOAc); 1H NMR (500 MHz, 

CDCl3) δ 4.53 (2H, s, OCH2O), 4.19 (4H, app dtt, J1 = 10.8 Hz, J2 = 6.6 Hz, J3 = 3.7 

Hz, CH3CH2CO2), 3.62 (2H, t, J = 7.1 Hz, CH2CH2CH), 3.51 (4H, app hept, J1 = 5.2 

Hz, J2 = 4.5 Hz, OCH2CH2CH), 2.25 (6H, s, (CO)CH3), 2.12 (4H, dt, J1 = 11.3 Hz, J2 

= 6.2 Hz, OCH2CH2CH), 1.27 (6H, t, J = 7.4 Hz, CH3CH2CO2)); 13C NMR (126 

MHz, CDCl3) δ 202.7 (C(O)CH3), 169.51 (C(O)OEt), 95.1 (OCH2O), 65.2 

(OCH2CH2CH), 61.4 (CH3CH2OC(O)), 56.6 (OCH2CH2CH), 29.0 (OCH2CH2CH), 

28.1 (C(O)CH3), 14.0 (CH3CH2OC(O)); LRMS (ESI +) m/z 383 ([M + Na]+, 100); 

HRMS (ESI +) m/z calculated for C17H28NaO8 383.1676, found 383.1680. 
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tert-Butyl 2-(2-{[3-acetyl-4-(tert-butoxy)-4-oxobutoxy]methoxy} 

ethyl)-3-oxobutanoate (1.223c) 

 

Reaction of 1,7-diiodo-3,5-dioxaheptane 1.221 (6.00 g, 16.9 mmol, 1.00 eq) and tert-

butyl acetoacetate sodium salt (10.8 g, 60.0 mmol, 3.50 eq) in DME (15.0 mL) 

according to the General Procedure for nucleophilic substitution, provided the title 

compound (3.64 g, 8.74 mmol, 52%) as a yellow oil: Rf 0.44 (90:10 PS/EtOAc); 1H 

NMR (500 MHz, CDCl3) δ 4.56 (2H, s, OCH2O), 3.54-3.50 (3H, m, CH2CH2CH, 

CH2CH2CH), 2.24 (6H, s, (CO)CH3), 2.08 (4H, app p, J = 6.7 H , CH2CH2CH), 1.46 

(9H, s, (CH3)3COC(O)); 13C NMR (126 MHz, CDCl3) δ 203.2 (C(O)CH3), 168.8 

(C(O)Ot-Bu), 95.3 (OCH2O), 82.1 (C(O)OC(CH3)3), 65.5 (OCH2CH2CH), 57.9 

(OCH2CH2CH), 29.2 (OCH2CH2CH), 28.2 (C(O)CH3), 28.1 (C(O)OC(CH3)3); LRMS 

(ESI +) m/z 408 ([M + Na - 30]+, 100); HRMS (ESI +) m/z calculated for C21H36NaO8 

439.2302, found 439.2307. 

 

Methyl 2-acetyl-5-{[(4-acetyl-5-methoxy-5-oxopentyl)oxy]methoxy} 

pentanoate (1.224a) 

 

Reaction of 1,9-diiodo-4,6-dioxanonane 1.222 (2.30 g, 6.00 mmol, 1.00 eq) and 

methyl acetoacetate sodium salt (2.90 g, 21.0 mmol, 3.50 eq) in DME (8.0 mL) 

according to the General Procedure for nucleophilic substitution, provided the title 

compound (1.35 g, 3.71 mmol, 62%) as a yellow oil: Rf 0.20 (90:10 PS/EtOAc); 1H 

NMR (500 MHz, CDCl3) δ 4.61 (2H, s, OCH2O), 3.73 (6H, s, CH3OC(O)), 3.51 (4H, 

t, J = 6.2 Hz, OCH2CH2CH2CH), 3.47 (2H, t, J = 7.4 Hz, OCH2CH2CH2CH), 2.22 

(6H, s, (CO)CH3), 1.92 (4H, app q, J = 7.7 Hz, CH2CH2CH2CH), 1.56 (4H, app dq, J1 

= 13.6 Hz, J2 = 6.7 Hz, CH2CH2CH2CH); 13C NMR (126 MHz, CDCl3) δ 202.8 

(C(O)CH3), 170.3 (C(O)OCH3), 95.5 (OCH2O), 67.4 (CHCH2CH2CH2O), 59.4 
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(C(O)OCH3), 52.5 (CHCH2CH2CH2O), 29.1 (C(O)CH3), 27.6 (CHCH2CH2CH2O), 

25.3 (CHCH2CH2CH2O). 

 

Ethyl 2-acetyl-5-{[(4-acetyl-5-ethoxy-5-oxopentyl)oxy]methoxy} 

pentanoate (1.223b) 

 

Reaction of 1,9-diiodo-4,6-dioxanonane 1.222 (2.30 g, 6.00 mmol, 1.0 eq) and ethyl 

acetoacetate sodium salt (3.19 g, 21.0 mmol, 3.5 eq) in DME (10.0 mL) according to 

the General Procedure for nucleophilic substitution, provided the title compound (1.50 

g, 3.86 mmol, 64%) as a yellow oil: Rf 0.23 (90:10 PS/EtOAc); 1H NMR (500 MHz, 

CDCl3) δ 4.62 (2H, s, OCH2O), 4.19 (4H, q, J = 7.1 Hz, CH3CH2OC(O)), 3.51 (4H, t, 

J = 6.3 Hz, OCH2CH2CH2CH), 3.44 (2H, t, J = 7.4 Hz, CH2CH2CH2CH), 2.22 (6H, s, 

(CO)CH3), 1.92 (4H, app q, J = 7.7 Hz, OCH2CH2CH2CH), 1.57 (4H, app dq, J1 = 

13.9 Hz, J2 = 6.5 Hz, OCH2CH2CH2CH), 1.27 (6H, t, J = 7.1 Hz, CH3CH2OC(O)); 13C 

NMR (126 MHz, CDCl3) δ 202.9 (C(O)CH3), 169.9 (C(O)OCH2CH3), 95.4 (OCH2O), 

67.36 (CHCH2CH2CH2O), 61.5 (C(O)OCH2CH3), 59.7 (CHCH2CH2CH2O), 29.0 

(C(O)CH3), 27.6 (CHCH2CH2CH2O), 25.2 (CHCH2CH2CH2O), 14.3 

(C(O)OCH2CH3). 

 

Tert-butyl 2-acetyl-5-({[4-acetyl-5-(tert-butoxy)-5-oxopentyl]oxy} 

methoxy)pentanoate (1.224c) 

 

Reaction of 1,9-diiodo-4,6-dioxanonane 1.222 (2.30 g, 6.00 mmol, 1.0 eq) and tert-

butyl acetoacetate sodium salt (3.78 g, 21.0 mmol, 1.0 eq) in DME (8.0 mL) according 

to the General Procedure for nucleophilic substitution, provided the title compound 

(2.11 g, 4.76 mmol, 79%) as a yellow oil: Rf 0.37 (90:10 PS/EtOAc); 1H NMR (500 

MHz, CDCl3) δ 4.63 (2H, s, OCH2O), 3.52 (4H, t, J = 6.3 Hz, OCH2CH2CH2CH), 3.34 
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(2H, t, J = 7.4 Hz, CH2CH2CH2CH), 2.21 (6H, s, (CO)CH3), 1.87 (4H, app q, J = 7.7 

Hz, OCH2CH2CH2CH), 1.60-1.53 (4H, m, OCH2CH2CH2CH), 1.46 (18H, s, 

(CH3)3COC(O)); 13C NMR (126 MHz, CDCl3) δ 203.4 (C(O)CH3), 169.0 

(C(O)OC(CH3)3), 95.4 (OCH2O), 82.1 (C(O)OC(CH3)3), 67.4 (CHCH2CH2CH2O), 

60.7 (CHCH2CH2CH2O), 28.9 (C(O)CH3), 28.1 (C(O)OC(CH3)3), 27.6 

(CHCH2CH2CH2O), 25.1 (CHCH2CH2CH2O). 

General Procedure for Diazo Transfer 

Bis β-ketoester (1.0 eq) and pABSA (2.4 eq) were dissolved in acetonitrile (0.15 M). 

The mixture was cooled to 0 °C (ice bath) and DBU (2.4 eq) was added dropwise. The 

reaction was allowed to warm to room temperature and stirred for 24 h. The reaction 

was quenched with Et2O/water (1:1 v/v) and extracted with ethyl acetate (3 times). 

The organic layer was washed with brine and dried over magnesium sulfate, then 

filtered and solvent was evaporated under vacuum. The crude residue was purified by 

flash chromatography (90:10, PS/EtOAc) to yield the desired compound. 

 

Methyl 2-diazo-4-[(3-diazo-4-methoxy-4-oxobutoxy)methoxy] 

butanoate (1.225a) 

 

  Rf 0.68 (70:30 PS/EtOAc); 1H NMR (500 MHz, CDCl3) δ 4.66 (2H, s, OCH2O), 

3.77 (6H, s, (CO)OCH3), 3.68 (4H, t, J = 5.9 Hz, OCH2CH2C(N2)), 2.56 (4H, t, J = 5.9 

Hz, OCH2CH2C(N2)); 13C NMR (126 MHz, CDCl3) δ 95.6 (CH2), 66.3 (CH2), 52.1 

(CH3), 24.3 (CH2), OC(O)C(N2) and OC(O)C(N2) not detected. 

 

Ethyl 2-diazo-4-[(3-diazo-4-ethoxy-4-oxobutoxy)methoxy] butanoate 

(1.225b) 
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Bis β-ketoester 1.223b (3.50 g, 8.40 mmol, 1.0 eq) with p-ABSA (4.84 g, 20.16 mmol, 

2.4 eq) in acetonitrile (85 mL) according to the General Procedure for Diazo Transfer 

provided the title compound (1.56 g, 4.06 mmol, 48%) as a bright yellow oil: Rf 0.53 

(85:15 PS/EtOAc); 1H NMR (500 MHz, CDCl3) δ 4.66 (2H, s, OCH2O), 4.22 (4H, t, J 

= 7.1 Hz, (CO)OCH2CH3), 3.68 (4H, t, J = 5.9 Hz, OCH2CH2C(N2)), 2.56 (4H, t, J = 

5.9 Hz, OCH2CH2C(N2)), 1.27 (6H, t, J =7.1 Hz, (CO)OCH2CH3); 13C NMR (126 

MHz, CDCl3) δ 95.6 (CH2), 66.3 (CH2), 60.97 (CH2), 24.4 (CH2), 14.7 (CH3), 

OC(O)C(N2) and OC(O)C(N2) not detected. 

 

Tert-butyl 4-{[4-(tert-butoxy)-3-diazo-4-oxobutoxy]methoxy}-2-

diazobutanoate (1.225c) 

 

Bis β-ketoester 1.223c (2.70 g, 8.10 mmol, 1.0 eq) with p-ABSA (4.66 g, 19.4 mmol, 

1.0 eq) in acetonitrile (80 mL) according to the General Procedure for Diazo Transfer 

provided the title compound (1.39 g, 4.63 mmol, 57%) as a bright yellow oil: Rf 0.45 

(95:5 PS/EtOAc); 1H NMR (500 MHz, CDCl3) δ 4.66 (2H, s, OCH2O), 3.67 (4H, t, J 

= 6.0 Hz, OCH2CH2C(N2)), 2.51 (4H, t, J = 6.0 Hz, OCH2CH2C(N2)), 1.48 (18H, s, 

(CO)OC(CH3)3); 13C NMR (126 MHz, CDCl3) δ 95.4 (CH2), 81.2 (Cquat), 66.2 (CH2), 

28.4 (CH3), 24.2 (CH2), OC(O)C(N2) and OC(O)C(N2) not detected. 

 

Methyl 2-diazo-5-{[(4-diazo-5-methoxy-5-oxopentyl)oxy]methoxy} 

pentanoate (1.226a) 

 

Bis β-ketoester 1.224a (1.08 g, 3.00 mmol, 1.00 eq) with p-ABSA (1.73 g, 7.20 mmol, 

2.40 eq) in acetonitrile (30 mL) according to the General Procedure for Diazo Transfer 

provided the title compound (0.45 g, 1.36 mmol, 45%) as a bright yellow oil: Rf 0.73 

(75:25 PS/EtOAc); 1H NMR (500 MHz, CDCl3) δ 4.65 (2H, s, OCH2O), 3.76 (6H, s, 

(CO)OCH3), 3.57 (4H, t, J = 6.1 Hz, OCH2CH2CH2C(N2)), 2.42 (4H, t, J = 7.3 Hz, 
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OCH2CH2CH2C(N2)), 1.80 (4H, app p, J = 6.6 Hz, OCH2CH2CH2C(N2)); 13C NMR 

(126 MHz, CDCl3) δ 110.2 (OC(O)C(N2)), 95.7 (OCH2O), 66.6 

(OCH2CH2CH2C(N2)), 52.0 (C(O)OCH3), 28.0 (OCH2CH2CH2C(N2)), 20.6 

(OCH2CH2CH2C(N2)), OC(O)C(N2) not detected. 

 

Ethyl 2-diazo-5-{[(4-diazo-5-ethoxy-5-oxopentyl)oxy]methoxy} 

pentanoate (1.226b) 

 

Bis β-ketoester 1.224b (1.16 g, 3.00 mmol, 1.00 eq) with p-ABSA (1.73 g, 7.20 mmol, 

2.40 eq) in acetonitrile (85 mL) according to the General Procedure for Diazo Transfer 

provided the title compound (0.42 g, 1.17 mmol, 39%) as a bright yellow oil: Rf 0.84 

(75:25 PS/EtOAc); 1H NMR (500 MHz, CDCl3) δ 4.65 (2H, s, OCH2O), 4.22 (4H, q, 

J = 7.1 Hz, CH3CH2OC(O)), 3.57 (4H, t, J = 6.1 Hz, OCH2CH2CH2C(N2)), 2.41 (4H, 

t, J = 7.3 Hz, OCH2CH2CH2C(N2)), 1.80 (4H, app p, J = 6.4 Hz, OCH2CH2CH2C(N2)), 

1.27 (6H, t, J = 7.1 Hz, CH3CH2OC(O)); 13C NMR (126 MHz, CDCl3) δ 95.6 

(OCH2O), 66.7 (OCH2CH2CH2C(N2)), 60.9 (C(O)OCH2CH3), 28.0 

(OCH2CH2CH2C(N2)), 20.6 (OCH2CH2CH2C(N2)), 14.7 (C(O)OCH2CH3), 

OC(O)C(N2) and OC(O)C(N2) not detected. 

 

Tert-butyl 5-({[5-(tert-butoxy)-4-diazo-5-oxopentyl]oxy}methoxy)-2-

diazopentanoate (1.226c) 

 

Bis β-ketoester 1.224c (1.33 g, 3.00 mmol, 1.00 eq) with p-ABSA (1.73 g, 7.20 mmol, 

2.40 eq) in acetonitrile (80 mL) according to the General Procedure for Diazo Transfer 

provided the title compound (0.32 g, 0.75 mmol, 35%) as a bright yellow oil: Rf 0.93 

(75:25 PS/EtOAc); 1H NMR (500 MHz, CDCl3) δ 4.65 (2H, s, OCH2O), 3.56 (4H, t, J 

= 6.2 Hz, OCH2CH2CH2C(N2)), 2.36 (4H, t, J = 7.4 Hz, OCH2CH2CH2C(N2)), 1.79 

(4H, app p, J = 6.6 Hz, OCH2CH2CH2C(N2)), 1.47 (18H, s, (CO)OC(CH3)3); 13C 

NMR (126 MHz, CDCl3) δ 160.7 (OC(O)C(N2)), 110.1 (OC(O)C(N2)), 95.3 
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(OCH2O), 84.0 (C(O)OC(CH3)3), 66.7 (OCH2CH2CH2C(N2)), 28.4 

(OCH2CH2CH2C(N2)), 28.0 (C(O)OC(CH3)3), 23.8 (OCH2CH2CH2C(N2)). 

Procedure for the rhodium-catalysed C–H insertion reactions  

Diazo compound (1.0 eq) was dissolved in dry toluene (0.1 M) under argon 

atmosphere, then the solution was degassed by bubbling argon under vigorous stirring 

at −78 °C (dry ice in acetone). The bath temperature was then slowly raised to −60 °C, 

and the rhodium catalyst (0.5 mol%) was added quickly. The mixture was 

progressively warmed until 0 °C was reached. The solvent was removed in vacuo and 

the crude mixture was purified by flash chromatography (85:15, PS/EtOAc) to yield 

the desired compound as a mixture of diastereoisomers. 

4,9‐dimethyl 1,6‐dioxaspiro[4.4]nonane‐4,9‐dicarboxylate 

 

1H NMR (500 MHz, Chloroform-d) δ 4.05 (2H, td, J = 8.5, 3.8 Hz), 3.77 (2H, td, J = 

8.4, 7.3 Hz), 3.73 (6H, s), 3.59 (2H, dd, J = 10.3, 9.1 Hz), 2.53 (2H, ddt, J = 12.4, 

10.4, 8.7 Hz), 2.12 (2H, dddd, J = 12.6, 9.0, 7.3, 3.9 Hz); 13C NMR (126 MHz, 

CDCl3) δ 170.2 (Ccarbox), 112.5 (Cspiro), 67.0 (CH2), 52.1 (CH3), 49.6 (CH), 26.5 (CH2); 

LRMS (ESI +) m/z 267 ([M + Na]+, 100); HRMS (ESI +) m/z calculated for 

C11H16NaO6 267.0839, found 267.0836. 

 

 

1H NMR (500 MHz, Chloroform-d) δ 4.04 – 3.96 (2H, m), 3.93 – 3.86 (2H, m), 3.76 

(3H, s), 3.66 (3H, s), 3.54 (1H, dd, J = 9.7, 8.1 Hz), 3.23 (1H, dd, J = 8.0, 6.5 Hz), 

2.54 (1H, dtd, J = 12.5, 8.2, 6.2 Hz), 2.35 (1H, dtd, J = 12.4, 7.8, 6.5 Hz), 2.23 – 2.12 

(2H, m); 13C NMR (126 MHz, CDCl3) δ 171.6 (Ccarbox), 170.4 (Ccarbox), 114.0 (Cspiro), 

66.9 (CH2), 65.9 (CH2), 52.3 (CH3), 52.0 (CH3), 51.9 (CH), 47.8 (CH), 28.0 (CH2), 

27.5 (CH2); LRMS (ESI +) m/z 267 ([M + Na]+, 100); HRMS (ESI +) m/z calculated 

for C11H16NaO6 267.0839, found 267.0836. 
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4,9‐diethyl 1,6‐dioxaspiro[4.4]nonane‐4,9‐dicarboxylate 

 

1H NMR (Chloroform-d, 500 MHz) δ 4.24 (2H, q, J = 7.1 Hz), 4.16 (2H, q, J = 7.1 

Hz), 4.05 (2H, td, J = 8.6, 4.0 Hz), 3.77 (2H, td, J = 8.3, 7.3 Hz), 3.59 (2H, dd, J = 

10.3, 9.0 Hz), 2.53 (2H, ddt, J = 12.5, 10.4, 8.7 Hz), 2.11 (2H, dddd, J = 12.6, 9.0, 7.3, 

3.9 Hz), 1.27 (6H, t, J = 7.1 Hz); 13C NMR (126 MHz, CDCl3) δ 169.8 (Ccarbox), 112.6 

(Cspiro), 67.0 (CH2) , 60.9 (CH2), 49.7 (CH), 26.5 (CH2), 14.5 (CH3); LRMS (ESI +) 

m/z 295 ([M + Na]+, 100); HRMS (ESI +) m/z calculated for C13H20NaO6 295.1152, 

found 295.1152. 

 

 

1H NMR (500 MHz, Chloroform-d) δ 4.22 (2H, q, J = 7.2 Hz), 4.18 – 4.07 (2H, m), 

3.99 (2H, td, J = 8.4, 5.5 Hz), 3.89 (2H, dtd, J = 8.7, 7.7, 7.1, 5.6 Hz), 3.56 (1H, dd, J 

= 9.7, 7.9 Hz), 3.22 (1H, t, J = 7.6 Hz), 2.54 (1H, dtd, J = 12.0, 8.0, 6.2 Hz), 2.36 (1H, 

dq, J = 12.3, 7.8 Hz), 2.22 – 2.08 (2H, m), 1.31 (3H, t, J = 7.1 Hz), 1.23 (3H, t, J = 7.1 

Hz); 13C NMR (126 MHz, CDCl3) δ 171.0 (Ccarbox), 170.0 (Ccarbox), 114.1 (Cspiro), 66.8 

(CH2), 65.9 (CH2), 61.1 (CH2), 60.9 (CH2), 52.0 (CH), 49.9 (CH), 28.1 (CH2), 27.6 

(CH2), 14.3 (CH3), 14.2 (CH3); LRMS (ESI +) m/z 295 ([M + Na]+, 100); HRMS (ESI 

+) m/z calculated for C13H20NaO6 295.1152, found 295.1152. 

 

4,9‐di-tert-butyl 1,6‐dioxaspiro[4.4]nonane‐4,9‐dicarboxylate 

 

1H NMR (Chloroform-d, 500 MHz) δ 4.04 (2H, td, J = 8.5, 4.1 Hz), 3.77 (2H, q, J = 

8.2 Hz), 3.49 (2H, dd, J = 10.1, 9.1 Hz), 2.49 (2H, ddt, J = 12.6, 10.3, 8.6 Hz), 2.05 
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(2H, dddd, J = 11.7, 9.1, 7.3, 4.1 Hz), 1.47 (18H, s); 13C NMR (126 MHz, CDCl3) δ 

168.9 (Ccarbox), 113.0 (Cspiro), 80.9 (Cq) , 66.8 (CH2) , 50.4 (CH), 28.1 (CH2), 26.4 

(CH3); LRMS (ESI +) m/z 351 ([M + Na]+, 100); HRMS (ESI +) m/z calculated for 

C17H28NaO6 351.1778, found 351.1769. 

 

 

1H NMR (500 MHz, Chloroform-d) δ 3.98 (1H, td, J = 8.2, 6.3 Hz), 3.95 (1H, td, J = 

8.1, 1.9 Hz), 3.88 (1H, td, J = 8.0, 6.1 Hz), 3.84 (1H, ddd, J = 10.9, 8.3, 5.6 Hz), 2.53-

2.45 (1H, m), 2.32 (1H, dtd, J = 12.2, 10.7, 7.9 Hz), 2.13-2.02 (2H, m), 1.50 (9H, s), 

1.45 (9H, s); 13C NMR (126 MHz, CDCl3) δ 169.8 (Ccarbox), 169.4 (Ccarbox), 114.2 

(Cspiro), 81.2 (Cq), 81.1 (Cq), 66.3 (CH2), 66.0 (CH2), 53.0 (CH), 49.0 (CH), 29.7 

(CH2), 28.7 (CH2), 28.2 (CH3), 27.5 (CH3); LRMS (ESI +) m/z 351 ([M - 200]+, 100); 

HRMS (ESI +) m/z calculated for C17H28NaO6 351.1778, found 351.1769. 

 

{(4R,9R)-9-[(4-bromobenzoyloxy)methyl]-1,6-dioxaspiro[4.4]nonan-

4-yl}methyl 4-bromobenzoate (1.241) 

 

Procedure 1: 

A mixture of spiroacetals 1.234b, 1.235b and 1.236b was dissolved in dry THF (0.15 

M) under argon atmosphere. Lithium aluminium hydride powder (8.0 eq) was 

dissolved in the same volume of dry THF under argon atmosphere. Both solutions 

were cooled to 0 °C and the spiroacetal solution was added dropwise to the LiAlH4 

solution with vigorous stirring. The resultant mixture was allowed to warm to room 

temperature and stirred overnight. The reaction was quenched with 4 g of 

Na2SO4•10H2O, filtered and solvent was removed in vacuo. The residue was dissolved 

in DCM (0.05 M), cooled to 0 °C, and p-bromobenzoic acid (4.0 eq), DMAP (cat.) and 
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EDC (2.2 eq) were added. The mixture was allowed to warm to room temperature and 

stirred for 2 days. The reaction was quenched with saturated NaHCO3/water (1:1 v/v) 

and extracted three times with ethyl acetate. The organic layers were combined, dried 

over anhydrous Magnesium sulfate, the solvent removed in vacuo and the crude 

residue was purified by flash chromatography (95:5 to 85:15, PS/EtOAc), to yield the 

title compound. 

 

Procedure 2: 

A mixture of spiroacetals 1.234b, 1.235b and 1.236b was dissolved in dry THF (0.15 

M) under argon atmosphere. Lithium aluminium hydride powder (8.0 eq) was 

dissolved in the same volume of dry THF under argon atmosphere. Both solutions 

were cooled to 0 °C and the spiroacetal solution was added dropwise to the LiAlH4 

solution with vigorous stirring. The resultant mixture was allowed to warm to room 

temperature and stirred overnight. The reaction was quenched with 4 g of 

Na2SO4•10H2O, filtered and solvent was removed in vacuo. The residue was dissolved 

in DCM (0.1 M) with triethylamine (2 eq) and DMAP (cat.), cooled to 0 °C, and a 

solution of p-bromobenzoyl chloride (4 eq) in toluene (0.2 M) was added dropwise. 

The mixture was allowed to warm to room temperature and stirred overnight. The 

reaction was quenched with water and extracted three times with ethyl acetate. The 

organic layers were combined, washed with aq. HCl (5%), aq. sat. NaHCO3 then 

brine, dried over anhydrous Magnesium sulfate, the solvent was removed in vacuo and 

the crude residue was purified by flash chromatography (98:2 to 95:5, PS/EtOAc), to 

yield the title compound. 

 

Rf 0.43 (85:15 PS/EtOAc); [𝛂]𝑫
𝟐𝟒 −17.7° (SD 0.3°) (c 0.634, CHCl3); 1H NMR (500 

MHz, CDCl3) δ 7.83 (4H, dt, J = 8.6, 1.9 Hz), 7.55 (4H, dt, J = 8.6, 1.9 Hz), 4.49 (2H, 

dd, J = 11.1, 7.1 Hz), 4.42 (2H, dd, J = 11.1, 6.6 Hz), 4.05 (2H, td, J = 8.8, 3.3 Hz), 

3.83 (2H, dt, J = 8.5, 7.4 Hz), 2.74 (2H, ddt, J = 11.1, 8.4, 6.8 Hz), 2.17 (2H, dddd, J = 

11.9, 8.4, 7.3, 3.3 Hz), 1.95 (2H, ddt, J = 12.0, 11.1, 8.9 Hz); 13C NMR (126 MHz, 

CDCl3) δ 165.8 (ArC(O)O), 131.9 (CAr), 131.2 (CAr), 129.1 (CAr), 128.3 (CAr), 112.7 

(Cspiro), 66.2 (CH2), 64.7 (CH2), 43.5 (CH), 28.7 (CH2); LRMS (ESI +) m/z 351 

(unknown fragmentation, 100); HRMS (ESI +) m/z calculated for C23H22Br2NaO6 

574.9675, found 574.9664. 
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Methyl 2-diazo-4-{[(4-oxopentyl)oxy]methoxy}butanoate (1.227a) 

 

Diazo 1.227a was isolated as a side-product of the synthesis of 1.225a. Rf 0.47 (75:25 

PS/EtOAc); 1H NMR (500 MHz, CDCl3) δ 4.64 (2H, s, OCH2O), 3.77 (3H, s, 

OC(O)CH3), 3.67 (2H, t, J = 5.9 Hz, OCH2CH2C(N2)), 3.52 (2H, t, J = 6.2 Hz, 

OCH2CH2CH2C(O)), 2.56 (2H, t, J = 5.9 Hz, OCH2CH2C(N2)), 2.52 (2H, t, J = 7.2 

Hz, OCH2CH2CH2C(O)), 2.15 (3H, s, CH2C(O)CH3), 1.85 (2H, app p, J = 6.7 Hz, 

OCH2CH2CH2C(O)); 13C NMR (126 MHz, CDCl3) δ 207.4 (CH3C(O)), 94.5 

(OCH2O), 66.2 (OCH2CH2CH2C(O)), 66.1 (OCH2CH2C(N2)), 52.6 (C(O)OCH3), 39.4 

(OCH2CH2CH2C(O)), 29.1 (CH2C(O)CH3), 23.4 (OCH2CH2C(N2)), 23.0 

(OCH2CH2CH2C(O)). 

Ethyl 2-diazo-4-{[(4-oxopentyl)oxy]methoxy}butanoate (1.227b) 

 

Diazo 1.227a was isolated as a side-product of the synthesis of 1.225a. Rf 0.53 (75:25 

PS/EtOAc); 1H NMR (500 MHz, CDCl3) δ 4.64 (2H, s, OCH2O), 4.22 (2H, q, J = 7.1 

Hz, OC(O)CH2CH3), 3.68 (2H, t, J = 5.9 Hz, OCH2CH2C(N2)), 3.52 (2H, t, J = 6.2 

Hz, OCH2CH2CH2C(O)), 2.56 (2H, t, J = 5.9 Hz, OCH2CH2C(N2)), 2.52 (2H, t, J = 

7.3 Hz, OCH2CH2CH2C(O)), 2.15 (3H, s, CH2C(O)CH3), 1.86 (2H, app p, J = 6.7 Hz, 

OCH2CH2CH2C(O)), 1.27 (3H, t, J = 7.2 Hz, OC(O)CH2CH3). 

 

Methyl 2-[(4-oxopentyl)oxy]oxolane-3-carboxylate (1.244) 

Monocyclic acetal 1.244 was synthesized using the general procedure for the rhodium-

catalysed C–H insertion reactions. Treatment of diazo 1.227a (539 mg, 2.09 mmol, 1.0 

eq) with Rh2(esp)2 (1.6 mg, 2.1 μmol, 0.1 mol%) in toluene (20 mL, 0.1 M) gave 

1.244 as a 69 : 31 mixture of 1.244-cis and 1.244-trans (266 mg, 1.16 mmol, 55%). 
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Rf 0.36 (80:20 PS/EtOAc); 1H NMR (500 MHz, CDCl3) δ 5.25 (1H, d, J = 1.5 Hz, H), 

4.01 (1H, td, J1 = 8.1 Hz, J2 = 5.3 Hz, Hc or Hd), 3.90 (1H, app q, J = 7.8 Hz), 3.72 

(3H, s, C(O)OCH3), 3.65 (1H, dt, J1 = 10.3 Hz, J2 = 6.2 Hz, OCH2CH2CH2C(O)CH3), 

3.43 (1H, dt, J1 = 9.6 Hz, J2 = 6.2 Hz, OCH2CH2CH2C(O)CH3), 3.03 (1H, t, J = 7.1 

Hz, Hb), 2.50 (2H, t, J = 7.3 Hz, OCH2CH2CH2C(O)CH3), 2.20 (2H, ddd, J1 = 12.7 Hz, 

J2 = 7.0 Hz, J3 = 5.0 Hz, CH2), 2.14 (3H, s, C(O)CH3), 1.85 (2H, app p, J = 6.7 Hz, 

OCH2CH2CH2C(O)CH3)). 

 

 

Rf 0.36 (80:20 PS/EtOAc); 1H NMR (500 MHz, CDCl3) δ 5.18 (1H, d, J = 5.2 Hz, H), 

4.05 (1H, td, J1 = 8.8 Hz, J2 = 4.8 Hz), 3.91 (1H, app q, J = 8.0 Hz), 3.71 (3H, s, 

C(O)OCH3), 3.65 (1H, dt, J1 = 9.8 Hz, J2 = 6.1 Hz, OCH2CH2CH2C(O)CH3), 3.39 

(1H, dt, J1 = 9.7 Hz, J2 = 6.2 Hz, OCH2CH2CH2C(O)CH3), 3.09 (1H, td, J1 = 9.5 Hz, 

J2 = 5.1 Hz, H), 2.44 (2H, t, J = 7.3 Hz, OCH2CH2CH2C(O)CH3), 2.14 (3H, s, 

C(O)CH3), 2.04 (2H, m, CH2), 1.80 (2H, app p, J = 6.9 Hz, OCH2CH2CH2C(O)CH3)). 

 

 

Ethyl 2-[(4-oxopentyl)oxy]oxolane-3-carboxylate 

Monocyclic acetal 1.245 was synthesized using the general procedure for the 

rhodium-catalysed C–H insertion reaction. Treatment of diazo 1.227b (115 mg, 0.42 

mmol, 1.0 eq) with Rh2(esp)2 (1.6 mg, 2.1 μmol, 0.5 mol%) in toluene (4 mL, 0.1 M) 

gave 1.245 as a 57 : 43 mixture of 1.245-cis and 1.245-trans (46.6 mg, 0.19 mmol, 

45%). 
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Rf 0.25 (90:10 PS/EtOAc); 1H NMR (500 MHz, CDCl3) δ 5.25 (1H, d, J = 1.5 Hz, H), 

4.17 (2H, q, J = 7.1 Hz, C(O)OCH2CH3), 4.00 (1H, td, J1 = 7.8 Hz, J2 = 5.3 Hz), 3.90 

(1H, app q, J = 7.5 Hz), 3.65 (1H, dt, J1 = 9.8 Hz, J2 = 6.1 Hz, 

OCH2CH2CH2C(O)CH3), 3.43 (1H, dt, J1 = 9.7 Hz, J2 = 6.1 Hz, 

OCH2CH2CH2C(O)CH3), 3.00 (1H, t, J = 7.1 Hz, Hb), 2.50 (2H, t, J = 7.3 Hz, 

OCH2CH2CH2C(O)CH3), 2.19 (2H, ddd, J1 = 12.8 Hz, J2 = 6.9 Hz, J3 = 5.7 Hz, CH2), 

2.14 (3H, s, C(O)CH3), 1.85 (2H, app p, J = 6.7 Hz, OCH2CH2CH2C(O)CH3)), 1.27 

(3H, t, J = 7.1 Hz, C(O)OCH2CH3); 13C NMR (126 MHz, CDCl3) δ 189.1 

(C(O)OCH2CH3), 105.6 (OCHO), 67.1 (OCH2CH2CH2C(O)CH3), 66.8 (CH2), 61.2 

(C(O)OCH2CH3), 51.2 (OCH2CH2CHb), 40.5 (OCH2CH2CH2C(O)), 30.1 

(CH2C(O)CH3), 27.7 (CH2C(O)CH3), 27.6 (OCH2CH2CHb), 24.1 

(OCH2CH2CH2C(O)), 14.3 (C(O)OCH2CH3). 

 

 

Rf 0.25 (75:25 PS/EtOAc); 1H NMR (500 MHz, CDCl3) δ 5.18 (1H, d, J = 5.1 Hz, H), 

4.17 (2H, q, J = 7.1 Hz, C(O)OCH2CH3), 4.04 (1H, td, J1 = 8.7 Hz, J2 = 4.9 Hz), 3.91 

(1H, app q, J = 7.8 Hz), 3.64 (1H, dt, J1 = 9.8 Hz, J2 = 6.1 Hz, 

OCH2CH2CH2C(O)CH3), 3.39 (1H, dt, J1 = 9.7 Hz, J2 = 6.1 Hz, 

OCH2CH2CH2C(O)CH3), 3.07 (1H, td, J1 = 9.5 Hz, J2 = 5.2 Hz, H), 2.45 (2H, t, J = 

7.3 Hz, OCH2CH2CH2C(O)CH3), 2.12 (3H, s, C(O)CH3), 2.03 (2H, dt, J1 = 6.7 Hz, J2 

= 3.7 Hz, CH2), 1.79 (2H, app p, J = 6.6 Hz, OCH2CH2CH2C(O)CH3)), 1.27 (3H, t, J 

= 7.1 Hz, C(O)OCH2CH3); 13C NMR (126 MHz, CDCl3) δ 189.0 (C(O)OCH2CH3), 

102.7 (OCHO), 67.1 (OCH2CH2CH2C(O)CH3), 66.7 (OCH2), 60.8 (C(O)OCH2CH3), 

49.8 (OCH2CH2CH), 40.3 (OCH2CH2CH2C(O)), 30.0 (CH2C(O)CH3), 25.0 

(OCH2CH2CH), 23.9 (OCH2CH2CH2C(O)), 14.4 (C(O)OCH2CH3). 



124 

 

Ethyl 2-{[(4E)-4-[2-(2,4-dinitrophenyl)hydrazin-1-ylidene]pentyl] 

oxy}oxolane-3-carboxylate  

Ketone 1.245-trans (7.1 mg, 29 μmol, 1.0 eq) and DNPH (6.3 mg, 32 μmol, 1.1 eq) 

were combined in acetonitrile (0.2 mL, 0.15 M) and stirred at rt for 2 h. The reaction 

mixture was then filtered over silica gel and the solvent was evaporated in vacuo. 

Hydrazone 1.246-trans (13 mg, 29 μmol) was isolated in quantitative yield. 

 

Rf 0.38 (80:20 PS/EtOAc); 1H NMR (500 MHz, CDCl3) δ 11.04 (1H, s, NH), 9.13 

(1H, dd, J1 = 2.4 Hz, J2 = 0.9 Hz), 8.30 (1H, dd, J1 = 9.6 Hz, J2 = 2.3 Hz), 7.96 (1H, d, 

J = 9.5 Hz), 5.29 (1H, br s), 4.17 (2H, q, J = 7.1 Hz, C(O)OCH2CH3), 4.02 (1H, td, J1 

= 7.9 Hz, J2 = 5.1 Hz,), 3.92 (1H, app q, J = 8.1 Hz), 3.76 (1H, dt, J1 = 8.8 Hz, J2 = 6.5 

Hz, OCH2CH2CH2C(O)CH3), 3.52 (1H, dt, J1 = 10.1 Hz, J2 = 6.4 Hz, 

OCH2CH2CH2C(O)CH3), 3.04 (1H, m), 2.51 (2H, t, J = 7.5 Hz, 

OCH2CH2CH2C(O)CH3), 2.21 (2H, app dt, J1 = 13.7 Hz, J2 = 7.7 Hz, CH2), 2.07 (3H, 

s, C(O)CH3), 1.95 (2H, app p, J = 6.9 Hz, OCH2CH2CH2C(O)CH3)), 1.27 (3H, t, J = 

7.1 Hz, C(O)OCH2CH3). 

 

 

The procedure was applied to ketone 1.245-cis (10.9 mg, 45 μmol, 1.0 eq) and DNPH 

(9.7 mg, 49 μmol, 1.1 eq) to yield 1.246-cis (20.5 mg, 45 μmol) in quantitative yield. 

Rf 0.31 (80:20 PS/EtOAc); 1H NMR (500 MHz, CDCl3) δ 11.03 (1H, s, NH), 9.13 

(1H, d, J = 2.6 Hz, H), 8.29 (1H, dd, J1 = 9.6 Hz, J2 = 2.6 Hz, H), 7.95 (1H, d, J = 9.6 

Hz, H), 5.22 (1H, d, J = 5.1 Hz, H), 4.17 (2H, m, C(O)OCH2CH3), 4.05 (1H, td, J1 = 

8.8 Hz, J2 = 4.9 Hz), 3.92 (1H, app q, J = 8.0 Hz), 3.75 (1H, m, 
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OCH2CH2CH2C(O)CH3), 3.47 (1H, dt, J1 = 9.8 Hz, J2 = 6.1 Hz, 

OCH2CH2CH2C(O)CH3), 3.09 (1H, td, J1 = 9.6 Hz, J2 = 5.2 Hz), 2.46 (2H, t, J = 7.3 

Hz, OCH2CH2CH2C(O)CH3), 2.05 (3H, s, C(O)CH3), 1.89 (2H, app p, J = 6.4 Hz, 

OCH2CH2CH2C(O)CH3)), 1.27 (3H, t, J = 7.1 Hz, C(O)OCH2CH3).  

 

1‐(2‐bromoethoxy)‐4‐chlorobutane (1.252) 

 

Thionyl chloride (8.7 mL, 0.12 mol, 1.2 eq) was placed in a round-bottom flask 

equipped with a condenser and cooled to 0 °C. 2-Bromoethanol (7.1 mL, 0.1 mol, 1 

eq) was added dropwise over 30 min. The mixture was stirred for an additional 10 min 

until the reaction stopped evolving (HCl bubbling stopped), then THF (8.1 mL, 0.1 

mol, 1 eq) was added rapidly. Temperature was raised to 120 °C, and the mixture was 

stirred for 6 h. As the reaction evolved, the colorless liquid became yellow, then 

orange, but still clear though. The reaction was then quenched with sodium thiosulfate 

(1 g) and water (10 mL), extracted with EtOAc (3 times 20 mL), the combined organic 

layers were washed with brine, dried over anhydrous Magnesium sulfate, concentrated 

in vacuo, and the residue was purified by reduced-pressure distillation (10 mmHg, 

product still in the distillation pot) to afford 1.252 as a colorless oil (7.82 g, 36.3 

mmol, 36%):  1H NMR (500 MHz, CDCl3) δ 3.75 (2H, t, J = 6.1 Hz), 3.58 (2H, t, J = 

6.7 Hz), 3.53 (2H, t, J = 6.2 Hz), 3.46 (2H, t, J = 6.0 Hz), 1.87 (2H, dp, J1 = 13.9 Hz, 

J2 = 6.7 Hz), 1.73 (2H, m); 13C NMR (126 MHz, CDCl3) δ 70.8 (CH2), 70.4 (CH2), 

45.1 (CH2), 30.7 (CH2), 29.5 (CH2), 27.1 (CH2). 

 

General Procedure for iodination of dihalo ethers 

Dihalo compound (1.00 eq) and sodium iodide (2.05 eq) were dissolved in acetone 

(1.0 M) and heated to reflux for 3 h. Acetone was evaporated in vacuo, water/Et2O 

(1:1 v/v) was added and layers were separated. Organic layer was washed with brine 

and dried over magnesium sulfate. Organic layer was filtered and solvent was 

evaporated, to yield the diodo product. 

1-iodo-2-(2-iodoethoxy)ethane 
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Reaction of dichloro ether 1.250 (7.2 g, 50 mmol, 1.0 eq) and sodium iodide (15.4 g, 

103 mmol, 2.05 eq) in acetone (50 mL) afforded desired production in 57% yield (9.34 

g, 28.5 mmol): 1H NMR (500 MHz, CDCl3) δ 3.77 (4H, t, J = 6.8 Hz, OCH2CH2I), 

3.27 (4H, t, J = 6.8 Hz, OCH2CH2I); 13C NMR (126 MHz, CDCl3) δ 71.6 

(OCH2CH2I), 2.5 (OCH2CH2I). NMR spectral values are in accordance with 

reference.1 

1-iodo-4-(4-iodobutoxy)butane 

 

Reaction of dichloro ether 1.251 (9.9 g, 50 mmol, 1.0 eq) and sodium iodide (15.4 g, 

103 mmol, 2.05 eq) in acetone (50 mL) for 2 days afforded desired production in 

quantitative yield (19.1 g, 50 mmol): 1H NMR (500 MHz, CDCl3) δ 3.43 (4H, t, J = 

6.2 Hz, OCH2CH2CH2CH2I), 3.22 (4H, t, J = 7.0 Hz, OCH2CH2CH2CH2I), 1.91 (4H, 

app p, J = 7.1 Hz, OCH2CH2CH2CH2I), 1.67 (4H, app dt, J1 = 13.3 Hz, J2 = 6.3 Hz, 

OCH2CH2CH2CH2I); 13C NMR (126 MHz, CDCl3) δ 69.82 (OCH2CH2CH2CH2I), 

30.76 (OCH2CH2CH2CH2I), 30.61 (OCH2CH2CH2CH2I), 6.91 (OCH2CH2CH2CH2I). 

NMR spectral values are in accordance with reference.1 

1‐iodo‐4‐(2‐iodoethoxy)butane 

 

Reaction of dihalo ether 1.252 (7.8 g, 36 mmol, 1.0 eq) and sodium iodide (11.3 g, 75 

mmol, 2.05 eq) in acetone (40 mL) for 24 h afforded desired production in 97% yield 

(12.2 g, 35 mmol): 1H NMR (500 MHz, CDCl3) δ 3.68 (2H, td, J1 = 6.7 Hz, J2 = 2.7 

Hz), 3.58 (2H, m), 3.51 (2H, app. q, J = 6.1 Hz), 3.24 (2H, app. q, J = 6.9 Hz), 1.90 

(2H, m) , 1.69 (2H, m); 13C NMR (126 MHz, CDCl3) δ 69.1 (CH2), 68.7 (CH2), 29.6 

(CH2), 26.6 (CH2), 6.0 (CH2), 2.3 (CH2). 

 

The following acetoacetate ethyl esters were synthesized according to the General 

Procedure for nucleophilic substitution 

Ethyl 2-[2-(3-acetyl-4-ethoxy-4-oxobutoxy)ethyl]-3-oxobutanoate 
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Reaction of 1-iodo-2-(2-iodoethoxy)ethane (3.38 g, 10.0 mmol, 1.00 eq) and ethyl 

acetoacetate sodium salt (5.32 g, 35.0 mmol, 3.50 eq) in DME (15 mL) according to 

the General Procedure for nucleophilic substitution, provided the title compound (1.22 

g, 3.68 mmol, 37%) as a yellow oil: Rf 0.11 (90:10 PS/EtOAc); 1H NMR (500 MHz, 

CDCl3) δ 4.23-4.16 (4H, m, CH3CH2OC(O)), 3.62-3.59 (2H, m, OCH2CH2CH), 3.40-

3.37 (4H, m, OCH2CH2CH), 2.26 (6H, s, CH3C(O)), 2.13-2.05 (4H, m, OCH2CH2CH), 

1.27 (6H, t, J = 7.1 Hz, CH3CH2OC(O)); 13C NMR (126 MHz, CDCl3) δ. 

 

Ethyl 2‐acetyl‐6‐[(5‐acetyl‐6‐ethoxy‐6‐oxohexyl)oxy]hexanoate 

 

 

Reaction of 1-iodo-4-(4-iodobutoxy)butane (1.91 g, 5.0 mmol, 1.00 eq) and ethyl 

acetoacetate sodium salt (2.66 g, 17.5 mmol, 3.50 eq) in DME (15 mL) according to 

the General Procedure for nucleophilic substitution, provided the title compound (1.32 

g, 3.41 mmol, 68%) as a yellow oil: Rf 0.18 (90:10 PS/EtOAc); 1H NMR (500 MHz, 

CDCl3) δ 4.19 (4H, t, J = 7.1 Hz, CH3CH2OC(O)), 3.40 (2H, t, J = 7.4 Hz, 

OCH2CH2CH2CH2CH), 3.37 (4H, t, J = 6.5 Hz, OCH2CH2CH2CH2CH), 2.22 (6H, s, 

CH3C(O)), 1.86 (4H, app dt, J1 = 14.3 Hz, J2 = 6.8 Hz, OCH2CH2CH2CH2CH), 1.57 

(4H, app p, J = 7.2 Hz, OCH2CH2CH2CH2CH), 1.36-1.31 (4H, m, 

OCH2CH2CH2CH2CH), 1.27 (6H, t, J = 7.1 Hz, CH3CH2OC(O)). 

 

Ethyl 2‐acetyl‐6‐(3‐acetyl‐4‐ethoxy‐4‐oxobutoxy)hexanoate 

 

Reaction of 1‐iodo‐4‐(2‐iodoethoxy)butane (3.54 g, 10.0 mmol, 1.00 eq) and ethyl 

acetoacetate sodium salt (5.32 g, 35.0 mmol, 3.50 eq) in DME (15 mL) according to 

the General Procedure for nucleophilic substitution, provided the title compound (2.87 

g, 8.03 mmol, 80%) as a yellow oil: Rf 0.41 (70:30 PS/EtOAc); 1H NMR (500 MHz, 

CDCl3) δ 4.21-4.18 (4H, m, CH3CH2O), 3.62 (1H, t, J = 7.1 Hz, CHCH2CH2O), 3.42-

3.38 (3H, m), 3.34 (2H, t, J = 6.4 Hz, CHCH2CH2O), 2.25 (3H, s, CH3ketone), 2.22 (3H, 
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s, CH3ketone), 2.14-2.07 (2H, m, CHCH2CH2O), 1.88-1.80 (2H, m), 1.58-1.53 (2H, m), 

1.35-1.31 (2H, m), 1.27 (6H, td, J1 = 71 Hz, J2 = 1.4 Hz, CH3CH2O); 13C NMR (126 

MHz, CDCl3) δ 202.2, 169.0, 70.0, 67.2, 60.5, 59.0, 55.8, 28.6, 28.5, 28.4, 28.0, 27.4, 

27.1, 27.1, 23.2, 13.3. 

The following diazo esters 1.253-1.255 were synthesized according to the General 

Procedure for diazo transfer 

Ethyl 2-diazo-4-(3-diazo-4-ethoxy-4-oxobutoxy)butanoate (1.253) 

 

Ethyl 2-[2-(3-acetyl-4-ethoxy-4-oxobutoxy)ethyl]-3-oxobutanoate (430 mg, 1.30 

mmol, 1.00 eq) with p-ABSA (749 g, 3.12 mmol, 2.40 eq) in acetonitrile (15 mL) 

according to the General Procedure for Diazo Transfer provided the title compound 

(211 mg, 0.71 mmol, 54%) as a bright yellow oil: Rf 0.59 (90:10 PS/EtOAc); 1H 

NMR (500 MHz, CDCl3) δ 4.22 (4H, t, J = 7.1 Hz, CH3CH2OC(O)), 3.59 (2H, t, J = 

5.8 Hz, OCH2CH2C(N2)), 2.53 (2H, t, J = 5.8 Hz, OCH2CH2C(N2)), 1.28 (6H, t, J = 

7.1 Hz, CH3CH2OC(O)). 

 

Ethyl 2-diazo-6-[(5-diazo-6-ethoxy-6-oxohexyl)oxy]hexanoate 

(1.254) 

 

 

Ethyl 2‐acetyl‐6‐[(5‐acetyl‐6‐ethoxy‐6‐oxohexyl)oxy]hexanoate (655 mg, 1.70 mmol, 

1.00 eq) with p-ABSA (1.00 g, 4.07 mmol, 2.40 eq) in acetonitrile (18 mL) according 

to the General Procedure for Diazo Transfer provided the title compound (378 mg, 

0.79 mmol, 46%) as a bright yellow oil: Rf 0.65 (90:10 PS/EtOAc); compound 1.254 

was directly engaged in the next reaction without further characterization. 
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Ethyl 2‐diazo‐6‐(3‐diazo‐4‐ethoxy‐4‐oxobutoxy)hexanoate (1.255) 

 

Ethyl 2‐acetyl‐6‐(3‐acetyl‐4‐ethoxy‐4‐oxobutoxy)hexanoate (1.04 g, 2.88 mmol, 1.00 

eq) with p-ABSA (1.66 g, 6.93 mmol, 2.40 eq) in acetonitrile (28 mL) according to the 

General Procedure for Diazo Transfer provided the title compound (322 mg, 0.99 

mmol, 34%) as a bright yellow oil: Rf 0.56 (85:15 PS/EtOAc); 1H NMR (500 MHz, 

CDCl3) δ 4.22 (4H, qd, J1 = 7.1 Hz, J2 = 1.4 Hz, CH3CH2O), 3.56 (2H, t, J = 5.8 Hz, 

C(N2)CH2CH2O), 3.44 (2H, t, J = 6.0 Hz, C(N2)CH2), 2.53 (2H, t, J = 5.8 Hz, 

C(N2)CH2CH2O), 2.33 (2H, t, J = 7.2 Hz, CH2O), 1.62-1.56 (4H, m); 13C NMR (126 

MHz, CDCl3) δ 70.50 (OCH2), 70.40 (OCH2), 69.08 (OCH2), 60.72 (OCH2), 28.79 

(CH2), 24.06 (CH2), 22.94 (CH2), 22.88 (CH2), 14.53 (CH3). 

 

2,5-diethyl 7-oxabicyclo[2.2.1]heptane-2,5-dicarboxylate  

2,5-Diethyl 7-oxabicyclo[2.2.1]heptane-2,5-dicarboxylate was synthesized using the 

general procedure for the rhodium-catalysed C–H insertion reaction. Treatment of 

diazo 1.253 (270 mg, 0.91 mmol, 1.0 eq) with Rh2(OAc)2 (2.0 mg, 4.5 μmol, 0.5 

mol%) in toluene (9 mL, 0.1 M) gave the title product as a 81 : 19 mixture of 1.258 

and 1.259 (150 mg, 0.62 mmol, 69%). 

 

 

Rf 0.28 (85:15 PS/EtOAc); 1H NMR (500 MHz, CDCl3) δ 4.90 (2H, d, J = 5.8 Hz, 

H2), 4.16 (4H,qd, J1 = 7.2 Hz, J2 = 2.8 Hz, C(O)OCH2CH3), 2.61 (2H, dd, J1 = 9.1 Hz, 

J2 = 5.1 Hz, H3α), 2.22 (2H, dt, J1 = 12.3 Hz, J2 = 5.1 Hz, H7α), 1.78 (2H, dd, J1 = 12.6 

Hz, J2 = 9.1 Hz, H7), 1.26 (6H, t, J = 7.0 Hz, C(O)OCH2CH3); 13C NMR (126 MHz, 

CDCl3) δ 173.2 (C(O)OCH2CH3), 79.2 (Cbridgehead), 61.1 (C(O)OCH2CH3), 47.6 

(CHCO2Et), 33.8 (CH2), 14.4 (C(O)OCH2CH3). 
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Rf 0.28 (85:15 PS/EtOAc); 1H NMR (500 MHz, CDCl3) δ 4.87 (1H, d, J = 4.9 Hz, 

H2), 4.79 (1H, app. t, J = 5.3 Hz, H2’), 4.24 (2H, q, J = 7.1 Hz, OCH2CH3), 4.16 (2H, 

m, OCH2CH3), 2.91 (1H, dt, J1 = 9.0 Hz, J2 = 7.2 Hz, H), 2.71 (1H, dd, J1 = 9.1 Hz, J2 

= 5.2 Hz, H), 2.10 (1H, td, J1 = 5.3, J2 = 2.0 Hz, H), 2.00-1.97 (2H, m), 1.86 (1H, dd, 

J1 = 13.0, J2 = 9.1 Hz, H), 1.26 (6H, m, C(O)OCH2CH3). 

Diethyl-1-oxaspiro[4.4]nonane-4,9-dicarboxylates 

Spiroethers 1.263a-b were synthesized using the general procedure for the rhodium-

catalysed C–H insertion reactions. Treatment of diazo 1.255 (320 mg, 0.98 mmol, 1.0 

eq) with Rh2(S-DOSP)4 (9.3 mg, 4.9 μmol, 0.5 mol%) in toluene (10 mL, 0.1 M) gave 

1.263a and 1.263b as a 54 : 46 mixture (140 mg, 0.52 mmol, 52%). 

 

Rf 0.59 (85:15 PS/EtOAc); 1H NMR (500 MHz, CDCl3) δ 4.19 (2H, dd, J1 = 7.1 Hz, 

J2 = 5.3 Hz, CH3CH2O), 4.11 (2H, q, J = 7.1 Hz, CH3CH2O), 3.94 (1H, td, J1 = 8.3 Hz, 

J2 = 3.0 Hz), 3.74 (1H, ddd, J1 = 9.3 Hz, J2 = 8.3 Hz, J3 = 6.7 Hz), 3.02 (1H, dd, J1 = 

8.5 Hz, J2 = 6.1 Hz), 3.01-2.95 (1H, dd, J1 = 8.5 Hz, J2 = 6.1 Hz), 2.44 (1H, dddd, J1 = 

12.4 Hz, J2 = 10.2 Hz, J3 = 9.4 Hz, J4 = 8.4 Hz), 2.19 (1H, ddt, J1 = 12.7 Hz, J2 = 8.3 

Hz, J3 = 6.0 Hz), 2.11 (1H, dddd, J1 = 12.4 Hz, J2 = 7.6 Hz, J3 = 6.7 Hz, J4 = 3.1 Hz), 

2.05-1.92 (2H, m), 1.89-1.83 (1H, m), 1.77-1.67 (1H, m), 1.63-1.58 (1H, m), 1.29 (3H, 

t, J = 7.1 Hz), 1.25 (3H, t, J = 7.1 Hz); 13C NMR (126 MHz, CDCl3) δ 172.94, 171.74, 

92.98, 66.64, 60.78, 60.26, 52.31, 49.15, 40.17, 29.01, 28.03, 22.49, 14.20, 14.17. 

 

Rf 0.56 (85:15 PS/EtOAc); 1H NMR (500 MHz, CDCl3) δ 4.26-4.09 (4H, m), 3.90 

(1H, td, J1 = 8.3 Hz, J2 = 4.2 Hz, 0H), 3.76 (1H, td, J1 = 8.2 Hz, J2 = 7.1 Hz), 3.56 
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(1H, dd, J1 = 9.5 Hz, J2 = 8.2 Hz), 3.12 (1H, t, J = 8.7 Hz), 2.30 (1H, ddt, J1 = 12.5 Hz, 

J2 = 9.5 Hz, J3 = 8.3 Hz), 2.24-2.18 (1H, m), 2.12 (1H, dddd, J1 = 12.5 Hz, J2 = 8.3 

Hz, J3 = 7.1 Hz, J4 = 4.3 Hz), 1.86-1.80 (2H, m), 1.74 (1H, m), 1.58-1.51 (2H, m), 

1.30-1.26 (3H, t, J = 7.1 Hz), 1.25 (3H, t, J = 7.1 Hz); 13C NMR (126 MHz, CDCl3) δ 

172.10, 172.02, 92.38, 66.57, 60.68, 60.28, 52.19, 50.16, 35.57, 28.58, 26.68, 22.97, 

14.38, 14.29. 

Ethyl (2R,3R)‐2‐[(3Z)‐pent‐3‐en‐1‐yl]oxolane‐3‐carboxylate (1.264) 

 

Disubstituted tetrahydrofuran 1.264 was isolated as a product of the reaction of 1.255 

by Rh2(OAc)4. Rf 0.44 (90:10 PS/EtOAc); the full NMR characterization of compound 

1.264 could not be achieved, due to limited quantity and complex purification. 

 

General procedure for the formation of dithianes 1.270a-e 

The aldehyde (1.0 eq) was combined with 1,3-propanedithiol (1.1 eq) and a catalytic 

amount of iodine (0.40 mmol, 0.10 eq) in chloroform (1.0 M) at room temperature for 

2 h. The reaction mixture was filtered through a silica plug and solvent was evaporated 

in vacuo, to give the corresponding dithiane as a white solid.  

2‐phenyl‐1,3‐dithiane (1.270a) 

 

The combination of benzaldehyde (425 mg, 4.0 mmol, 1 eq) and 1,3-propanedithiol 

(0.45 mL, 4.5 mmol, 1.1 eq) in chloroform (10 mL) yielded dithiane 1.270a (786 mg, 

4.0 mmol, quantitative): Rf 0.86 (90:10 PS/EtOAc); 1H NMR (500 MHz, CDCl3) δ 

7.48-7.46 (2H, m, HAr), 7.36-7.28 (3H, m, HAr), 5.17 (1H, s, SCHS), 3.07 (2H, ddd, J1 

= 14.6 Hz, J2 = 12.4 Hz, J3 = 2.4 Hz, SCH2), 2.92 (ddd, J1 = 14.5 Hz, J2 = 4.3 Hz, J3 = 

3.0 Hz, SCH2), 2.18 (2H, dtt, J1 = 14.0 Hz, J2 = 4.6 Hz, J3 = 2.5 Hz, CH2CH2CH2), 

1.94 (1H, dtt, J1 = 14.2 Hz, J2 = 12.5 Hz, J3 =  3.1 Hz, CH2CH2CH2). 
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2‐(4‐methoxyphenyl)‐1,3‐dithiane (1.270b) 

 

The combination of p-anisaldehyde (545 mg, 4.0 mmol, 1 eq) and 1,3-propanedithiol 

(0.45 mL, 4.5 mmol, 1.1 eq) in chloroform (10 mL) yielded dithiane 1.270a (900 mg, 

4.0 mmol, quantitative): Rf 0.74 (90:10 PS/EtOAc); 1H NMR (500 MHz, CDCl3) δ 

7.43-7.36 (1H, m), 6.90-6.83 (1H, m), 5.13 (1H, s, SCHS), 3.80 (3H, s, OCH3), 3.05 

(2H, tdd, J1 = 12.5 Hz, J2 =  2.5 Hz, J3 =  1.1 Hz, SCH2), 2.90 (2H, ddd, J1 = 14.6 Hz, 

J2 =  4.3 Hz, J3 =  2.9 Hz, SCH2), 2.16 (1H, dtt, J1 = 13.96 Hz, J2 =  4.63 Hz, J3 =  2.5 

Hz, CH2CH2CH2), 1.92 (1H, dtt, J1 = 14.296 Hz, J2 =  12.563 Hz, J3 =  3.1 Hz, 

CH2CH2CH2).  

2‐[(E)‐2‐phenylethenyl]‐1,3‐dithiane (1.270c) 

 

The combination of cinnamaldehyde (530 mg, 4.0 mmol, 1 eq) and 1,3-propanedithiol 

(0.45 mL, 4.5 mmol, 1.1 eq) in chloroform (10 mL) yielded dithiane 1.270a (990 mg, 

4.0 mmol, quantitative): Rf 0.85 (90:10 PS/EtOAc); 1H NMR (500 MHz, CDCl3) δ 

7.39 (2H, d, J = 7.2 Hz, HAr), 7.31 (2H, t, J = 7.4 Hz, HAr), 7.27-7.25 (1H, m, HAr), 

6.76 (1H, d, J = 15.7 Hz, PhCH=CH), 6.26 (1H, dd, J1 = 15.7 Hz, J2 = 7.7 Hz, 

PhCH=CH), 4.82 (1H, d, J = 8.5 Hz, SCHS), 2.98-2.87 (4H, m, SCH2), 2.17-2.09 (1H, 

m, SCH2S), 1.91 (dtt, J1 = 14.4 Hz, J2 = 10.8 Hz, J3 = 3.6 Hz, SCH2S). 

2‐[(E)‐prop‐1‐en‐1‐yl]‐1,3‐dithiane (1.270d) 

 

The combination of crotonaldehyde (280 mg, 4.0 mmol, 1 eq) and 1,3-propanedithiol 

(0.45 mL, 4.5 mmol, 1.1 eq) in chloroform (10 mL) yielded dithiane 1.270a (632 mg, 

3.9 mmol, 99%): Rf 0.60 (98:2 PS/EtOAc); 1H NMR (500 MHz, CDCl3) δ 5.87 (1H, 

dqd, J1 = 15.1 Hz, J2 = 6.6 Hz, J3 = 1.0 Hz, CH3CH=CH), 5.55 (1H, ddq, J1 = 15.2 Hz, 

J2 = 7.8 Hz, J3 = 1.7 Hz, CH3CH=CH), 4.62 (1H, d, J1 = 7.7 Hz, SCHS), 2.95-2.79 
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(4H, m, SCH2), 2.13-2.06 (1H, m, CH2CH2CH2), 1.84 (1H, dtt, J1 = 14.0 Hz, J2 = 11.5 

Hz, J3 = 3.2 Hz, CH2CH2CH2), 1.73 (3H, ddd, J1 = 6.5 Hz, J2 = 1.7 Hz, J3 = 0.8 Hz, 

CH3). 

2‐(2‐methylpropyl)‐1,3‐dithiane (1.270e) 

 

The combination of isobutyraldehyde (288 mg, 4.0 mmol, 1 eq) and 1,3-

propanedithiol (0.45 mL, 4.5 mmol, 1.1 eq) in chloroform (10 mL) yielded dithiane 

1.270a (665 mg, 4.0 mmol, 95%): Rf 0.95 (90:10 PS/EtOAc); 1H NMR (500 MHz, 

CDCl3) δ 4.04 (1H, d, J = 5.1 Hz, SCHS), 2.94-2.82 (4H, m, SCH2), 2.11 (1H, dtt, J1 = 

14.0 Hz, J2 = 4.2 Hz, J3 = 2.9 Hz, CH2CH2CH2), 2.04 (1H, pd, J1 = 6.8 Hz, J2 = 5.1 

Hz, (CH3)2CH), 1.89-1.79 (1H, m, CH2CH2CH2), 1.10 (6H, d, J = 6.8 Hz, CH3). 

 

4‐[(but‐3‐en‐1‐yloxy)methoxy]but‐1‐ene (1.273) 

 

3-Butene-1-ol 1.272 (1.44 g, 20.0 mmol, 2.00 eq) was combined with 

paraformaldehyde (300 mg, 10.0 mmol, 1.0 eq) without solvent and stirred overnight 

at room temperature with large excess of anhydrous magnesium sulfate (approx. 5 g). 

Flash chromatography purification (PS) gave acetal 1.273 (625 mg, 4.0 mmol, 20%) as 

a clear colorless oil: Rf 0.69 (100% PS); 1H NMR (500 MHz, CDCl3) δ 5.83 (2H, ddt, 

J1 = 17.0 Hz, J2 = 10.3 Hz, J3 = 6.7 Hz, CH2=CH), 5.11 (2H, dq, J1 = 17.2 Hz, J2 = 1.6 

Hz, CH2=CH), 5.06 (2H, dd, J1 = 10.3 Hz, J2 = 1.4 Hz, CH2=CH), 4.69 (2H, s, 

OCH2O), 3.60 (4H, t, J = 6.7 Hz, OCH2CH2), 2.35 (4H, qt, J1 = 6.7 Hz, J2 = 1.4 Hz, 

OCH2CH2). 13C NMR (126 MHz, CDCl3) δ 135.3 (CH2=CH), 116.5 (CH2=CH), 95.3 

(OCH2O), 67.1 (OCH2CH2), 34.2 (OCH2CH2). 

 

Procedure for the attempt to prepare dialdehyde 1.269 

Dialkene 1.273 (180 mg, 1.15 mmol, 1.00 eq) was dissolved in DCM (20 mL, 0.06 M) 

and cooled to −78 °C. Ozone was bubbled through the solution until the colour turned 

bright blue, then O2 was bubbled to displace unreacted ozone. Dimethyl sulfide (2.0 
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mL, 27 mmol, 24 eq)in DCM (5 mL) and the reaction mixture was allowed to warm to 

rt and stirred for 6 h. The solvent and excess dimethyl sulfide were evaporated in 

vacuo, and the residue was purified by chromatography (95:5 to 80:20 PS/EtOAc) to 

give aldehyde 1.274 (146 mg, 0.707 mmol, 61%) and bis-trioxolane 1.275 (21.5 mg, 

0.085 mmol, 7%). 

3‐{[2‐(1,2,4‐trioxolan‐3‐yl)ethoxy]methoxy}propanal (1.274) 

 

1H NMR (500 MHz, CDCl3) δ 9.80 (1H, t, J = 1.5 Hz, CHO), 5.34 (1H, t, J = 5.1 Hz, 

OCHO), 5.16 (1H, s, OCH2O), 5.09 (1H, s, OCH2O), 4.67 (2H, s, OCH2Oacetal), 3.89 

(2H, t, J = 6.0 Hz, OCH2CH2), 3.68 (2H, td, J = 6.3, 2.2 Hz, OCH2CH2), 2.70 (2H, td, 

J1 = 6.0 Hz, J2 = 1.8 Hz, OCH2CH2), 2.02 (2H, ddd, J1 = 11.3 Hz, J2 = 6.1 Hz, J3 = 2.1 

Hz, OCH2CH2); 13C NMR (126 MHz, CDCl3) δ 200.8 (CHO), 101.7 (OCHO), 95.4 

(OCH2O), 94.0 (OCH2O), 63.0 (OCH2CH2), 61.5 (OCH2CH2), 43.8 (OCH2CH2CHO), 

32.1 (OCH2CH2). 

3‐(2‐{[2‐(1,2,4‐trioxolan‐3‐yl)ethoxy]methoxy}ethyl)‐1,2,4‐trioxolane 

(1.275) 

 

1H NMR (500 MHz, CDCl3) δ 5.33 (1H, td, J1 = 5.1 Hz, J2 = 0.7 Hz, OCHO), 5.16 

(1H, s, OCH2O), 5.09 (1H, s, OCH2O), 4.66 (1H, s, OCH2Oacetal), 3.69 (1H, tdd, J1 = 

6.1 Hz, J2 = 2.0 Hz, J3 = 0.8 Hz, OCH2CH2), 2.01 (1H, dddd, J1 = 7.0 Hz, J2 = 5.0 Hz, 

J3 = 2.9 Hz, J4 = 0.8 Hz, OCH2CH2); 13C NMR (126 MHz, CDCl3) δ 101.7 (OCHO), 

95.4 (OCH2O), 94.0 (OCH2O), 63.0 (OCH2CH2), 32.1 (OCH2CH2). 

 

References: 
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Foreword 

 

The experimental work presented in the first part of this Thesis represents an original 

contribution to the field of organic synthesis. Deeper understanding of chemical 

reactions can be obtained through computational chemistry, and A/Prof Mark Coster’s 

group at Griffith University has been collaborating for several years with Dr Elizabeth 

Krenske’s computational chemistry research group at The University of Queensland to 

study rhodium carbene chemistry.1 Because the ability to conduct computations is a 

beneficial skill for an organic chemist, complementary to skills in the organic 

synthesis laboratory, I was interested in learning to perform computations and I 

therefore undertook a 4-month research internship within Dr Krenske’s group during 

my PhD candidature (November 2016–March 2017). Calculations on Rh carbene 

reactions are very time-consuming, and not well suited to a short-term internship, and 

it was decided not to spend the short-term internship working on Rh carbene chemistry 

but instead to work on a range of other organic mechanistic problems that were more 

suitable to be completed within the short internship timeframe. Under Dr Krenske’s 

guidance, I learned to plan and carry out a computational study from start to finish. 

Two of the projects I worked on have been published in 2017 and are described in 

Chapter 2 and in the second part of Chapter 3.2,3 The work presented in the first part of 

Chapter 3 on the formation of quaternary centres in the Nazarov cyclization, as well as 

a study of the glycosylation reaction (not presented in this Thesis), are now 

manuscripts in preparation, due to be submitted in late 2017. 

 

References 

 

[1] Synthesis of Spirocyclic Orthoesters by 'Anomalous' Rhodium(II)-Catalyzed 

Intramolecular C–H Insertions, Lombard, F. J.; Lepage, R. J.; Schwartz, B. D.; 

Johnston, R. C.; Healy, P. C.; Krenske, E. H.; Coster, M. J. Manuscript submitted to 

Organic & Biomolecular Chemistry, 2017. 

[2] Fisher, B.; Lepage, R. J.; White, J. M.; Ye, Y.; Krenske, E. H.; Rizzacasa, M. A. 

Org. Biomol. Chem., 2017, 15, 5529 

[3] Manchala, N.; Law, H. Y. L.; Kerr, D. J.; Volpe, R.; Lepage, R. J.; White, J. M.; 

Krenske, E. H.; Flynn, B. L. J. Org. Chem. 2017, 82, 6511−6527  



137 

 

Chapter I - Introduction 

I – Definitions and generalities about modelling and approximations in 

computational chemistry 

A model allows understanding and predictions to be achieved, ideally very quickly 

and easily.1,2 The Lewis structure is an example of a simple yet powerful model, which 

allows qualitative predictions about molecular bonding geometries to be made with 

simple hand drawings. However, since this model does not contain a complete account 

of nucleus/electron, nucleus/nucleus, and electron/electron electrostatic interactions or 

these particles’ kinetic energies, it does not contain any quantitative information on the 

energies of the bonds (except hints of their strength in detailing single, double and 

triple bonds) or on the kinetics of reaction and it provides only qualitative 

(approximate) information on the structure of a molecule.1  

Theoretical chemistry refers to the mathematical description of chemistry.1 In other 

words, the properties of chemical systems are described by mathematical equations. 

To produce these equations, theoretical chemists use the laws of quantum and classical 

mechanics for the description of chemical bonding, molecular dynamics, and 

spectroscopic properties, while the laws of statistical thermodynamics are used for 

kinetics and equilibria. Computational chemistry refers to the use of computers to 

solve these equations. The equations of quantum mechanics and statistical mechanics 

are often (i.e. in all but the simplest systems) too complex to solve exactly.3 Progress 

in the field of theoretical chemistry has generated a range of increasingly accurate 

approximations, together with numerical methods for solving equations. Implemented 

with finite but increasingly powerful computing time and resources, computational 

calculations produce solutions which, although not exact, are often sufficiently 

accurate to give useful chemical insights, when properly interpreted.1  

Modelling of chemical systems using computers can be applied to a variety of 

chemical problems, from structural biology (e.g. models of proteins using classical 

molecular mechanics) to solid state chemistry (e.g. prediction of thermic and electric 

conductivity of metals). Methods range from molecular mechanics (computationally 

inexpensive on a per-atom basis, suitable for modelling very large systems including 

protein clusters), through semi-empirical methods (intermediate in cost, suitable for 

macromolecules and proteins), and to ab initio and density functional theory methods 

(the most computationally demanding, practical only for relatively small systems).4  
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In organic chemistry, computational chemistry is a valuable complement to 

experiment. Some properties of a molecule can be experimentally complicated to 

measure, while calculating them is easier and cheaper. The first ionization energy for 

example can be easily calculated with the closed-shell Hartree-Fock theory, thanks to 

Koopmans’ theorem which states that the first ionization energy is equal to the 

negative of the HOMO energy.5 Other properties, such as the bond energy, cannot 

always be directly derived from experiments and can therefore only be estimated by 

modelling. One useful application of computational chemistry is to test the ability of 

different hypotheses to explain an experimental result. This strategy consists of 

elaborating several possible, sound hypotheses to explain an experimental result, then 

testing each hypothesis computationally and comparing the theoretical results with the 

experimental one. This method has been applied in structure elucidation (e.g. 

simulation of NMR and ECD spectra of different diastereoisomers or enantiomers, 

respectively, of an unknown compound can help to rule out certain isomers, all but one 

ideally) and in reaction mechanism investigation (the intermediates and transition 

states energies of each hypothesized mechanism are calculated, the lowest energy 

transition states are the most probable). In this thesis, computational modelling has 

been used for the latter purpose, in a series of mechanistic problems. Details about 

each of these individual projects will be given in the next chapters. 

 

II – Fundamental principles 

1- Quantum mechanics theory1-3 

Chemistry at the molecular level involves the study of motions and interactions of 

electrons and nuclei, which are, in principle, described completely by quantum 

mechanics.  

The Schrödinger equation, the fundamental equation of quantum mechanics, is 

�̂�Ψ = 𝐸Ψ 

where �̂� is the Hamiltonian operator, Ψ is the wave function, and E is the energy.  

The wave function is a function of the coordinates of the nuclei and electrons. Its 

squared modulus |Ψ2| gives the density of probability to find a particle in a certain 

location, i.e. the probability of finding an electron in a given volume of space.  
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Solving the Schrödinger equation yields both the energy and the wave function, hence 

describing entirely the molecule. 

The Hamiltonian is a mathematical operator. Its formula (in atomic units) for a 

molecule with N electrons and M nuclei is: 
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where ∇2 is the Laplacian operator on electron i or nucleus K, Z the charge of the 

nucleus K, and r, r and R are the distance between electron i and nucleus K, electrons i 

and j, and nuclei K and L, respectively. The two Laplacian terms describe the kinetic 

energies of the electrons and nuclei, the third term represents the Coulombic 

attractions between nuclei and electrons, the fourth term represents the repulsions 

between the electrons and the last term the repulsions between nuclei. 

This equation is time independent, meaning that it only describes stationary molecules. 

Second, relativistic effects are not accounted for. This approximation is however not 

valid for the outer electrons of very large atoms such as gold. To simplify further the 

equation, several further approximations are made. First, since the masses of nuclei are 

several orders of magnitude higher than those of electrons, it is safely assumed that 

nuclei move much more slowly than electrons. This is the Born–Oppenheimer 

approximation. It makes the second Laplacian term disappear (no movement by nuclei, 

thus their kinetic energies equal zero), and the last term to become a constant. The 

simplified Hamiltonian then becomes: 
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Here, the first term represents the kinetic energies of the electrons only, the second 

term is the attractions of electrons to nuclei, and the third term is the repulsions 

between electrons. The repulsions between the stationary nuclei are constant, and this 

term is added at the end of the calculation. The red and green terms are relatively easy 

to solve, but the last term is more complicated because each electron depends on the 

position of every other electron. This phenomenon is called electronic correlation and 

it is responsible for the impossibility of solving the electronic Schrödinger equation 

exactly for many-electron systems. Modern quantum chemical methods, described in 

the following section, represent alternative approximate solutions to the Schrödinger 

equation. 
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2- Ab Initio molecular orbital methods1-3 

Ab initio molecular orbital theory comprises a group of related approaches to solving 

the Schrödinger equation. In the simplest ab initio method (Hartree–Fock theory), the 

influence on electron j of each other electron is represented as the influence of the 

average electron cloud on electron j. In Hartree–Fock theory, the wave function is 

formulated as a Slater determinant. This ensures that the wave function is 

antisymmetric; this prevents electrons with opposite spin to be simultaneously at the 

same location, thus obeying the Pauli principle (which states that two electrons cannot 

have the same set of quantum numbers simultaneously). The Hartree–Fock 

approximation underestimates the degree to which electrons tend to avoid each other 

(Figure 1).3,6 The remaining part of the total electron-electron interactions is called the 

correlation energy. The electronic correlation may only account for a small fraction of 

the total energy; however, its magnitude is on the same order as the energy involved in 

chemical reactions.7 A range of post-Hartree–Fock methods exist (Møller-Plesset, 

Configuration Interaction, etc.), which represent electron correlation energy in 

different ways, generally involving the inclusion of determinants representing 

alternative electron configurations into the wave function. In principle, a complete 

treatment of all possible configurations in conjunction with an infinite basis set would 

yield an exact solution of the Schrödinger equation, but this is a task beyond the 

current abilities of high-performance computers. As the size of the studied system gets 

larger, the application of post-Hartree–Fock methods becomes increasingly more 

expensive. Moreover, post-Hartree-Fock energy does not necessarily converge 

monotonously towards the exact solution.  
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Figure 2.1: Electron correlation energy in terms of various levels of theory of 

solutions for the Schrödinger equation 

 

3- Density functional theory1-3 

An alternative solution to the problem of electronic structure calculations is density 

functional theory (DFT). DFT is based on the Hohenberg–Kohn theorems, which 

demonstrate that there exists a unique functional which determines the total energy 

and the density, and that the density that minimizes the total energy is the ground state 

density. Since the wave function for an N-electron system depends on 3N parameters, 

while the electronic density only depends on three variables in total, the latter is much 

easier to compute. The Hohenberg–Kohn theorems are existence theorems only, 

however, and the exact form of the functional is not known. This means that 

approximate functionals must be employed.8  

Following the work of Kohn and Sham to derive equations similar to HF equations 

(Slater determinant), the functional E can be decomposed into several terms: 

𝐸 = 𝐸𝑇 + 𝐸𝑉 + 𝐸𝐽 + 𝐸𝑋𝐶 

where ET is the kinetic energy term, EV is the potential energy term arising from the 

nuclear-electron repulsion and EJ is the classical Coulombic electron-electron 

repulsion term, which (in the special case of a hypothetical non-interacting system) 

describes the interaction of each electron with the rest of the electron density. EXC is 

the exchange-correlation term and includes the remaining part of the electron-electron 

interaction. 
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There are many forms for the exchange-correlation term, which have varying degrees 

of success in treating quantum mechanical exchange and correlation.9 Although DFT 

is now widely used by computational chemists for offering good balance between 

accuracy of the prediction and computational costs, the most widely used functional, 

B3LYP, has several drawbacks.10 A recurring issue with DFT is the treatment of 

dispersion interactions. Dispersion interactions are weak intramolecular and 

intermolecular attractive non-covalent interactions arising from instantaneous charge 

fluctuations (i.e. correlated movement of electrons). DFT methods often fail to achieve 

accurate predictions for systems where dispersion is important. To include these long-

range interactions into the calculation, two methods have been developed in the last 15 

years. Dispersion-corrected DFT consists of the addition of a new energy term that 

accounts for long range interactions between each pair (DFT-D and DFT-D2) and 

triplet (DFT-D3) of atoms.11 The addition of the dispersion correction term leaves the 

wave function unaltered; however, geometry optimization performed with the 

correction term will modify the geometry of the molecule. Benchmarking of this 

method against the exact (but computationally very expensive) CCSD(T) wave 

function theory on hydrocarbons gave good results compared to non-corrected 

functionals.12 Another approach consists of developing functionals that better model 

dispersion. The so-called Minnesota functionals have been developed in the last 10 

years and present the advantage of including the dispersion in the final wave function, 

leading to accurate results for geometry, energy, transition state frequencies and other 

molecular properties.13 Comparison of these functionals to other DFT functionals and 

post-HF wave functions showed that the M06-2X functional gives excellent results for 

minimal computation cost for main group elements. The good performance of the 

M06-2X functional explains why it has gained more importance recently.14  

  

4- Molecular vibrations2,15 

From the structure and ground state energy of the molecule, the forces which apply on 

each atom can be calculated directly from the Hessian matrix, which contains the 

energy second-derivative with respect to atomic positions. The vibrational spectrum of 

the molecule can be derived from the Hessian, and the harmonic oscillator 

approximation is often used to simplify such calculations. The elements of the Hessian 

matrix are first mass weighted: 
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𝐻𝑖,𝑗
𝑚 =

𝐻𝑖,𝑗

√𝑀𝑖 ×𝑀𝑗
 

where Mi and Mj are the masses of nuclei i and j; and then the resulting matrix is 

diagonalized. The eigenvalues λ of the diagonal matrix represent the quantities 
𝑘

𝜇
 

(where k is the force constant and μ is the reduced mass), from which the frequencies 

can be calculated: 

𝜈𝑖 =
1

2𝜋
√𝜆𝑖 

The vibrations of nuclei provide information about the curvature of the potential 

energy surface in the immediate vicinity of the computed structure. Especially, a 

negative second-derivative leads to an imaginary frequency. This is particularly useful 

when determining whether an optimized geometry is a ground state (i.e. zero 

imaginary frequency) or a transition state (one imaginary frequency).  

 

5- Thermodynamic properties2,16 

From the computed vibrational modes, thermodynamic properties can be calculated 

too. Partition functions describe how the molecular energy distributes into the different 

vibrational, rotational, and translational modes. For a molecule with N vibration states, 

its expression is: 

𝒁 =∑𝑒𝑥𝑝(
−𝐸𝑖
𝑘𝐵𝑇

)

𝑁

𝑖=1

 

where Ei is the energy of the ith state, kB is the Boltzmann constant, T is the 

temperature. The population of a state i is: 

𝒑𝒊 =
1

𝑍
𝑒𝑥𝑝(

−𝐸𝑖
𝑘𝐵𝑇

) 

This equation shows that the lower the energy of a state, the more populated it will be.  

Thermodynamic functions are then calculated with statistical mechanics. Statistical 

mechanics aims to derive macroscopic properties from the molecular description of a 

system. From the partition function, the thermodynamical values of the system 

(potential energy, enthalpy and entropy) are calculated. 

 

The effect of solvent can also be modelled without explicitly taking account of the 

solvent molecules. The SMD implicit solvent model is a method that simulates the 
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effect of solvent on average, (continuum model) without including explicit solvent 

molecules. Effectively, the model simply adds a solvation potential to the Hamiltonian 

of the system. It accounts for the electrostatic effect of the solvent on the solute and 

cavitation energy. Though this model fails to model the individual interactions with 

the solvent molecules, such as hydrogen bonds, this approximation still improves the 

results over gas phase calculation.18 

 

6- Calculations 

A useful type of calculation for the study of organic reactions and transition states is 

the Intrinsic Reaction Coordinate (IRC).21-22 IRC calculation allows the identification 

of the minima connected to the transition state. Starting from the optimized transition 

state structure, the minimal energy reaction pathways are followed along the reactant 

and product sides, leading to structures that can be optimized to give the 

corresponding minima.23 This method gives a snapshot of the energy surface around 

the transition state. An IRC calculation helps confirming that the transition state is 

correct, and, in the case of a multi-step mechanism, connects the different transition 

states to their respective reactants and products (intermediates).24 

 

In this Thesis, these tools are used to study and explain the experimental results of a 

diastereoselective base-induced trimerization of -bromovinylsulfones (Chapter 2) 

and of Nazarov cyclizations (Chapter 3). All calculations made in this thesis (Part 2 - 

Chapters 2–3) were performed using the Gaussian 09 software package.17 

Computations consisted of geometry optimization carried out with M06-2X/6-31G(d) 

in gas phase or with SMD implicit solvent, followed by single-point energy 

calculation with M06-2X/6-311+G(d,p) in SMD implicit solvent.13,18 Using this two-

step method allows for quick geometry optimization using a smaller basis set, and a 

more accurate calculation of the energy using a larger basis set with diffuse and 

polarization functions on atoms heavier than hydrogen and implicit solvent. 

Thermodynamic values are calculated from the optimized structure. This method is 

very common in mechanistic investigation of organic reactions. It has been proven 

quick and efficient, and it has emerged from many studies that such an approach offers 

a good balance between accuracy and costs.19 Its widespread use allow comparison 

with studies on similar systems or reactions.20a-d  
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Chapter II – The mechanism of a diastereoselective base-induced 

trimerization of an α-bromovinylsulfone 

 

Vinyl sulfones are generally accepted as useful synthetic intermediates, commonly 

used as Michael acceptors, as 2π partners in cycloaddition reactions or in radical 

addition reactions.1 During a synthetic study targeted towards vinylogous Darzens 

reactions of vinylsulfones, Prof. Mark Rizzacasa and co-workers (The University of 

Melbourne) synthesized α-bromovinylsulfones 2.1a-b (Scheme 2.1).2 However, 

treatment of the anions derived from 2.1a-b with aldehyde did not give the epoxide 

2.2a-b. Instead, they isolated trimeric product 2.3a. 

 

 

Scheme 2.1: (a,b) Attempted vinylogous Darzens reaction of vinylsulfones 2.1a-b and 

formation of cyclohexene 2.3a. (c) Conversion of vinylsulfones 2.1a-b to allylsulfones 

2.4a-b 

The formation of 2.3a-b was an unexpected result, lacking a mechanistic precedent. 

Through personal communications,3 Prof. Mark Rizzacasa proposed several plausible 

mechanisms for the formation of the trimer accounting for the stereoselectivity of the 

reaction.  Two pathways were envisioned for the first steps of the reaction (Scheme 

2.2).  
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Scheme 2.2: Two possible mechanisms for the formation of proposed intermediate 2.7 

Both pathways start with base-mediated isomerization of vinyl sulfone 2.1a to give 

allyl sulfone 2.4a via 2.5, and lead eventually to a common intermediate, dimer 2.7. 

When treating vinyl sulfone 2.1 with an excess of base (Scheme 2.1 (c)), allyl sulfone 

2.4 was produced along with recovered 2.1 in a 1:1 ratio, hence suggesting allyl 

sulfone 2.4 as a likely intermediate of the reaction. In pathway A, 2.1a is deprotonated 

and the resulting anion engages in an SN2ʹ reaction with 2.4a to give dimer 2.6, which 

undergoes a Cope rearrangement to give 2.7. In pathway B, the anion resulting from 

the deprotonation of 2.1a reacts with 2.4a in a SN2 manner, leading directly to product 

2.7. The next steps of the reaction after formation of dimer 2.7 are proposed to follow 

the pathway shown in Scheme 2.3. Thus, deprotonation of 2.7, followed by SN2ʹ 

reaction of carbanion 2.8 with a second equivalent of 2.4a leads to 1,5-diene 2.9. The 

Cope rearrangement of 2.9 leads to acyclic trimer 2.10. Deprotonation gives 2.11 

which cyclizes via an intramolecular 1,4-addition and the resulting anion 2.12 is 

protonated to give the final product 2.3a. 
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Scheme 2.3: Proposed mechanism for the formation of cyclohexene 2.3a from 

intermediate 2.7. 

An interesting feature of the reaction is that the phenylsulfone 2.1b (Ar = Ph) does not 

undergo the trimerization. 

  

In this study, density functional theory calculations have been performed to 

discriminate between the two proposed pathways for trimerization (Pathways A and B, 

Scheme 2.2) and to explore the stereochemical features of key steps in Scheme 2.3. 

 

Not all steps of the proposed mechanism for the trimerization can be studied 

theoretically. For example, the steps involving proton transfer could not easily be 

modelled, as the identity of the base is unknown. Therefore, focus was instead given to 

the reactions that could be used to gain quantitative insight, particularly the steps 

which determine the stereochemistry. This strategy allows in principle for the two 

proposed pathways to be differentiated. To discriminate the first C–C bond-forming 

step in the trimerization (formation of intermediate 2.7), the different proposed 

transition states corresponding to SN1, SN2 and SN2ʹ mechanisms were compared, 

while for the Cope rearrangement of 1,5-diene 2.6 and cyclization of anion 2.11, 

transition states corresponding to different conformers (chair/boat, cis/trans, etc.) were 

compared. For each step, the reactants, transition states, and products were calculated 

and the relative proportions of competing mechanisms or stereoisomeric pathways 

were estimated base on a Boltzmann population analysis. Geometries were optimized 

with M06-2X/6-31G(d) in the gas phase and vibrational frequency calculations gave 

values of enthalpy and free energy at 298.15 K. The potential energy was then 

calculated with a larger basis set in implicit solvent (i.e., M06-2X/6-311+G(d,p) in 
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SMD implicit tetrahydrofuran). Gibbs free energies were calculated by adding the 

thermochemical corrections derived from the M06-2X/6-31G(d) frequency 

calculations to the M06-2X/6-311+G(d,p)-SMD(THF) solution-phase potential 

energies. 

Scheme 2.4: SN2ʹ and SN2 mechanisms 

The dimerization reaction of 2.1a with 2.4a was studied first (Scheme 2.4). 

Conformational searches were performed on all reactants and transition states. Each 

rotatable bond allows for three positions (two gauche and one anti, see Figure 2.2 for 

an example), but some of the conformers featured significant steric clashes which 

reduced the number of viable conformers.  

 

Figure 2.2: Rotatable bonds for TS-SN2ʹ 

Eight conformers of TS-SN2ʹ were found, resulting from rotations around S-Csp3 

bonds and around the forming C–C bond. For TS-SN2, three conformers were found. 

The lowest-energy conformer for each TS is shown in Figure 2.3. The activation 

energy for the SN2ʹ reaction (G‡ = 13.8 kcal/mol) is lower than that of the SN2 

reaction (28.9 kcal/mol), which means that transition state TS-SN2ʹ lies 15.1 kcal/mol 

lower in energy than TS-SN2. At the reaction temperature (–78 °C), the reaction would 

therefore take place exclusively via the SN2ʹ pathway. The lowest-energy SN2ʹ 

transition state (TS-SN2ʹ) leads to the E-isomer of 1,5-diene 2.6.  
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Figure 2.3: Calculated transition states for the SN2 and SN2ʹ reaction of anion 2.5 with 

allyl sulfone 2.3a. (Forming and breaking bond lengths in Å, ΔG‡ relative to 2.5 + 

2.4a) 

It is interesting to note that among the eight SN2ʹ TS conformers found, when looking 

at the Br/SO2 conformation, the most favourable TS had a gauche conformation (A) in 

the attacking anion and an anti conformation (B) in the electrophile 2.4a (Figure 2.4). 

This is consistent with a conformational study of the α-bromoallylsulfone 2.4a, which 

predicted that the gauche conformation is favoured over the anti by ΔG‡=3.9 kcal/mol. 

The destabilization of the bond anti to the aromatic ring may facilitate C–Br cleavage 

in the SN2ʹ TS.  

 

 

Figure 2.4: Newman representation of different conformations of allyl bromosulfones. 

As an alternative to the proposed SN2 or SN2ʹ pathways, an SN1 mechanism was also 

considered (Scheme 2.5), in which the C–Br bond initially dissociates and the 

resulting allyl cation undergoes addition of 2.5 to give dimer 2.7. The initial 

dissociation of the C–Br bond of 2.1a is computed to be very high in energy (ΔG‡ > 64 

kcal/mol) and is therefore not a reasonable mechanistic possibility. Even though this 

energy might be overestimated because of unaccounted interactions with counterions 
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and solvent, it seems unlikely that these additional intermolecular stabilizing 

interactions would decrease the activation energy to the level of the SN2ʹ reaction in 

the relatively non-polar reaction medium. Therefore, an SN1 mechanism is considered 

unlikely. 

 

Scheme 2.5: SN1 possible mechanism for the formation of intermediate 2.7 

Diene 2.6 is proposed to undergo a Cope rearrangement to give 2.7. The Cope 

rearrangement is a [3,3]-sigmatropic rearrangement (a pericyclic reaction) in which the 

transition state has a cyclic geometry.4 

 

 

Scheme 2.6: The Cope rearrangement of 1,5-diene 2.6 to intermediate 2.7. 

As depicted in Scheme 2.6, the Cope rearrangement of 2.6 leads to the formation of 

one trisubstituted double bond and one new chiral centre. The double bond 

stereochemistry remains intact until the cyclization of intermediate 2.11; therefore, the 

outcome of the Cope rearrangement influences the stereochemistry of final product 

2.4a. Since the sulfone-substituted alkene configuration has been established as (E), 

based on the structure of the favoured SN2ʹ transition state, then in the Cope transition 

state, the bromosulfone 2.6 can adopt two possible conformations, with the bromide in 

axial or equatorial position, and the other sulfone as pseudo-equatorial. Axial and 

equatorial bromide conformations lead to the Z- or the E-vinylbromosulfones 2.7 

respectively. After a conformer search, structure optimization and energy calculations 

on the transition states (Figure 2.5) show that the two lowest-energy stereoisomeric 
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transition states are TS-Cope-Z and TS-Cope-E, which lie at ΔG‡ = 32.1 kcal/mol and 

36.0 kcal/mol, respectively (separated by ΔΔG‡ = 3.9 kcal/mol). At the reaction 

temperature (–78 oC), the Cope rearrangement therefore strongly favours the formation 

of the (Z)-vinylbromosulfone 2.7 (predicted d.r. = 92:08). This outcome was expected, 

as it results from preference for sulfone over bromide to be located in the equatorial 

position on the chair-like TS, as reflected by the reported A-values of SO2Ph (2.94) 

and Br (0.485) substituents on cyclohexane.5,6 An activation barrier of 32.1 kcal/mol 

would correspond to a slow rearrangement at the reaction temperature, but interactions 

with the metal cation that have been unaccounted for in our calculations could 

participate in lowering the energy barrier.  

 

 

Figure 2.5: Calculated transition states for the Cope rearrangement (ΔG‡ are relative 

to intermediate 2.6) 

Similarly to the first steps of the trimerization, sulfone 2.7 is proposed to undergo 

deprotonation, and the resulting anion 2.8 reacts with bromosulfone 2.4a in an SN2ʹ 

reaction (Scheme 2.3). The resulting 1,5-diene 2.9 undergoes a Cope rearrangement, 

which installs the E-configuration of the mid-chain double bond in 2.10. The 

stereoselectivity of this rearrangement is crucial, since the two carbon chains now have 

a cis relationship, which is a necessary condition for the formation of the cyclohexene 

ring. Deprotonation of 2.10 to give 2.11 and subsequent 6-exo-trig cyclization gives 

2.12, forming two new stereocentres. Experimentally, complete stereoselectivity is 

observed. 
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Scheme 2.7: Formation of 2.12 by 6-exo-trig cyclization of 2.11 

For the cyclization of 2.11 (Scheme 2.7), two half-boat transition states were 

calculated: TS-Cyc-trans and TS-Cyc-cis (Figure 2.6). Calculations show that 

transition state TS-cyc-trans is 4.5 kcal/mol lower in energy than TS-cyc-cis, which 

correctly predicts the experimentally observed stereochemistry of 2.3a and accounts 

for complete stereoselectivity. The preference for a trans relationship can be explained 

by unfavourable electrostatic interactions between the sulfone oxygen atoms in the cis 

transition state (dO-O = 3.09 Å). 

 

 

Figure 2.6: Calculated transition states for the 6-exo-trig cyclization of 2.11 

After the cyclization of 2.11, the protonation of the carbanion 2.12 creates the last 

stereocentre of 2.3a and is completely stereoselective. Experimentally, quenching of 

the reaction with D2O showed 63% incorporation of deuterium at the C1ʹ position in a 

stereoselective manner (Scheme 2.8).  
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Scheme 2.8: Quenching experiment with D2O 2 

Since anion 2.11 is formally planar, protonation could occur on either face. Since the 

nature of the proton donor is unknown, it is not possible to model the protonation with 

quantitative accuracy. However, calculation of the relative energies of the 

experimentally observed product and its epimer show that the observed product is 

more stable by 4.9 kcal/mol (Figure 2.7). This result eliminates a scenario were the 

reaction is under kinetic control with different kinetic and thermodynamic products, 

but it does not give enough information to rule out a scenario where the 

thermodynamic product is also kinetically favoured. However, other hypotheses can 

be formulated. Indeed, since the activation barrier for the cyclization is very low, it is 

possible that the conjugate acid from deprotonation of 2.11 remains within the solvent 

cage, associating loosely with the left-hand aryl sulfone, and then delivers the proton 

to the top face of C1ʹ after the cyclization has occurred. 

 

Figure 2.7: Calculated structures and energies for isolated product 2.3a and its C1ʹ-

epimer 
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In an attempt to explain why the trimerization failed for phenyl sulfone 2.1b, 

calculations on the key steps were repeated replacing the tolyl group of 2.1a with the 

phenyl group of 2.1b. The results showed that the activation energy for the SN2ʹ 

reaction was 1.7 kcal/mol lower for the phenyl sulfone (11.2 kcal/mol) than for the 

tolyl sulfone (12.9 kcal/mol). Similarly, the Cope rearrangement activation energy was 

0.8 kcal/mol lower for the phenyl sulfone (35.1 kcal/mol) than for the tolyl sulfone 

(35.8 kcal/mol). These small differences in energies, which slightly favour the reaction 

of the phenyl sulfone 2.1b, indicate that the difference in outcomes observed between 

2.1a and 2.1b is not necessarily due to a difference in inherent reactivity. The lower 

solubility of the starting material in the reaction solvent has been proposed to be 

responsible for the failure of 2.1b to undergo trimerization.2 

 

In conclusion, DFT calculations have been used to explore two possible mechanisms 

for the novel base-induced trimerization of α-bromovinyl sulfone 2.1a. The 

calculations support a mechanism composed of consecutive SN2ʹ and [3,3]-

rearrangement sequences finalized by conjugate addition and stereoselective 

protonation to give cyclohexene 2.3a. The stereochemistry of 2.3a is determined by 

the stereoselectivity of four steps (SN2ʹ, Cope, cyclization, and protonation). This 

theoretical study has provided insights into this remarkable reaction, which would 

have been very difficult to have obtained using experiment alone.2  
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Chapter III – Computational studies on the Nazarov cyclizations of 

substituted divinylketones and on the trapping of the cationic 

Nazarov intermediate by furan 

 

The Nazarov cyclization is a cationic 4π-conrotatory electrocyclic reaction, catalysed 

by Brønsted or Lewis acid (Scheme 2.9).1 The cyclopentenyl cation intermediate of 

the cyclization can either undergo deprotonation to give an unsaturated 

cyclopentenone, or be trapped by a nucleophile to give a substituted cyclopentanone. 

Asymmetric induction can be achieved through organocatalysis, chiral ligand for the 

Lewis acid or asymmetry transfer from other part of the substrate or from chiral 

auxiliary.2  

 

 

Scheme 2.9: The Nazarov cyclization and its possible outcomes 

Professor Bernard Flynn’s group at Monash University took advantage of the Nazarov 

reaction to overcome several synthetic challenges. Professor Flynn has focused 

especially on using Evan’s oxazolidinone chiral auxiliaries to promote torquoselective 

Nazarov cyclization with great success.6 Computational studies were performed in 

order to explore several aspects of asymmetric Nazarov cyclizations. 
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I – Influence of the divinylketone substitution pattern on the kinetics of 

Nazarov cyclization 

The diastereoselective asymmetric synthesis of vicinal all-carbon quaternary 

stereocentres is a challenging problem in organic synthesis.3 A catalytic asymmetric 

Nazarov cyclization of fully substituted dienones that provides cyclopentanone 

derivatives with vicinal quaternary stereocentres is a possible strategy to synthesize 

these complex systems;4 however the presence of substituents on a divinyl ketone can 

potentially modify the reactivity and the stereoselectivity of the Nazarov cyclization. 

Taking advantage of the chiral oxazolidinone activating influence, Professor Flynn’s 

group managed to install three contiguous quaternary stereocentres in one reaction 

with completed control over the stereoselectivity (Scheme 2.10).5 

 

Scheme 2.10: Nazarov cyclization of prochiral divinyl ketones 

To investigate the factors governing the stereoselectivity of the quaternary carbons, the 

Nazarov cyclizations of a series of oxazolidinone-substituted divinyl ketones 17a-e 

(Scheme 2.11) containing methyl groups in a variety of substitution patterns were 

computed and the results were compared with experimental data.6 The energies and 

structures of the reactant conformers and the transition states were calculated using 

DFT with M06-2X/6-311+G(d,p)-SMD(CH2Cl2)//M06-2X/6-31G(d).  
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Scheme 2.11: Oxazolidinone-controlled Nazarov cyclization, forming the bond 

between C3 and C4 

In order to calculate the activation barriers for the cyclizations, the different 

conformers of the reactant were initially explored. The possible conformations of 

oxazolidinyl-substituted divinyl ketone 17a are shown in Scheme 2.12 and the 

energies of each conformer for the methyl-substituted derivatives 17a-e are shown in 

Table 2.1.  

 

Scheme 2.12: Conformers of the reactant 17a (relative free energies in kcal/mol, 

calculated with M06-2X/6-31G(d) in gas phase) 

Conformers U-syn-H and S1-syn-H have an additional hydrogen bond between the H+ 

catalyst and the carboxyl oxygen atom of the oxazolidinone. The calculations show 

that the most stable conformers are the S-shaped conformers with the oxazolidinone 

syn to the ketone carbonyl that has the additional H-bond (S1-syn-H), which is in 

rapid equilibrium (see below) with the reactive U-shape active conformer U-syn-H 

(5.3-8.4 kcal/mol energy difference). The anti conformers (U-anti and S1-anti) are 
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less stable (8.7-15.5 kcal/mol higher energy than the most stable syn conformer). 

Other possible syn and anti conformers are higher in energy by 8.2-15.1 kcal/mol and 

8.8-16.1 kcal/mol, respectively, and would not contribute significantly to the overall 

conformer distribution. 

 

Table 2.1: Relative free energies (in kcal/mol) of conformers for 17a-e, calculated 

with M06-2X/6-31G(d) in gas phase 

 
syn anti 

 
U U-H S1 S1-H S2 W U S1 S2 W 

5a 5.7 5.3 4.2 0 12.0 10.8 14.7 15.5 15.4 15.8 

5b 13.2 6.8 14.9 0 15.1 12.6 11.5 10.3 16.1 15.2 

5c 11 7.0 11.7 0 14.9 10.3 10.9 11.4 10.6 10.6 

5d 11.5 8.4 13.6 0 13.1 10.5 10.1 8.7 13.6 13.0 

5e 9.3 6.0 10.7 0 10.2 8.2 10.4 10.7 8.9 8.8 

 

A common working hypothesis is to consider that the different conformers of the 

reactant are in rapid equilibrium with each other (a Curtin–Hammett scenario). To 

determine whether this hypothesis is true for reactants such as 17a-e, the 

conformational barriers between key conformers were estimated by calculating the 

energy barrier of the rotation around the C1-C2 bond. The free energy of 17a was 

calculated for conformers with different values for the C5-C1-C2-C3 dihedral angle, 

starting from conformer S1-syn-H (dihedral = 169°) and incrementing the angle to 

conformer U-syn-H (dihedral = 45°). The energy of each conformer was plotted 

against the dihedral angle (Figure 2.8), giving an approximate conformational barrier 

of 6.8 kcal/mol.  
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Figure 2.8: Conformational barrier between the most stable (S1-syn-H, dihedral = 

169°) and the active (U-syn-H, dihedral = 45°) conformer of 17a 

 

The lowest-energy transition state TS-17a-e for the Nazarov cyclization of each 

diPhOx-substituted divinyl ketone is shown in Figure 2.9. Transition states with 

diPhOx syn to OH are more stable than anti (0.8 to 3.3 kcal/mol), but most TSs do not 

contain an OH···O hydrogen bond. The torquoselectivities of Nazarov cyclizations of 

oxazolidinone-substituted divinyl ketones have been examined in previous work.6 

When substituted by the chiral oxazolidinone auxiliary, the reaction processes in an 

anti-clockwise conrotatory manner, which is favoured over clockwise conrotation by 

2.9-10.5 kcal/mol. For the methylated derivatives 17a-e, the activation energies 

calculated with respect to the most stable divinyl ketone conformers lie within a 

relatively small range (13-17 kcal/mol). This is consistent with experiment in that the 

cyclizations are typically complete within 5 min at relatively low temperatures.7  



162 

 

 

Figure 2.9: Transition state structures for Nazarov cyclizations TS-17a-e, calculated 

with M06-2X/6-311+G(d,p) 

 

The oxazolidinone auxiliary has proven experimentally to be an excellent activating 

group for the Nazarov cyclization, allowing cyclization of otherwise resistant 

substrates.7 In order to enable the fundamental effects of the divinyl ketone methyl 

substituents to be analysed, calculations were performed first on two other model 

systems: TS-18a-e, in which the oxazolidinone has been replaced with H, and TS-19a-

e, in which the Ph groups of the oxazolidinone have been replaced with H (Figure 

2.10).  

 

Figure 2.10: Model systems studied to understand the role of the oxazolidinone and of 

the phenyl rings in the outcome of the reaction 

 

 



163 

 

 

Table 2.2: Lengths of the forming bonds in TS-18a-e, TS-19a-e and TS-17a-e in Å 

TS-18a TS-18c TS-18e TS-19a TS-19c TS-19e TS-17a TS-17c TS-17e 

2.12 2.09 2.05 2.27 2.34 2.35 2.31 2.38 2.40 

 

The activation energy for each reactant is shown in Figure 2.11. Our calculations show 

that the activation barriers for the X=H systems TS-18c and TS-18e are higher than 

those of the X=Ox and X=diPhOx systems (TS-19c, TS-19e and TS-17c, TS-17e). 

The lone pair of the oxazolidinone nitrogen participates to the resonance in the 

oxyallyl cation and stabilizes it, facilitating the cyclization. These trends are not 

followed by the parent series (18a, 19a and 17a), which seems contradictory to the 

experimental data.8 Moreover, the transition states of the X=Ox systems are earlier 

than those of X=H systems, with a longer forming bond (Table 2.2), which decreases 

the steric repulsion between (i) the inner methyl groups and the sigma orbital of the 

forming bond and (ii) the substituents on C3 and those on C4. 

 

 

Figure 2.11: Activation barriers for H+-catalyzed Nazarov cyclization of model 

divinylketones 17a-e, 18a-e and 19a-e. Activation energy ΔG‡ in kcal/mol, calculated 

with M06-2X/6-31G(d). Values in bracket are the free energies calculated with M06-

2X/6-31+G(d,p)//M06-2X/6-31G(d) 
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The calculations also show an increase of the activation energy of the X=H systems as 

divinyl ketones TS-18a-e become more highly substituted (from 20.3 for TS-18a to 

32.3 kcal/mol for TS-18e), which is due to the stabilization of the pentadienyl cation 

by the methyl groups and to steric repulsion between the inner methyl groups and the 

sigma orbital of the forming bond, as well as the substituents on C3 and those on C4. 

This increase is cancelled out when the calculations are effected with non-substituted 

oxazolidinone TS-19a-e, where the activation energy goes from 22.8 kcal/mol for the 

non-substituted divinylketone TS-19a to 23.0 kcal/mol for the tetramethyl 

divinylketone TS-19e. In the diPhOx system TS-17a-e, the activation energy slightly 

decreases with methyl substitution (Figure 2.10). This unexpected decrease in barriers 

for the oxazolidinone-substituted divinyl ketones can be traced, in part, to stabilizing 

CH-π interactions between the phenyl ring and the R3 methyl group in the transition 

state; the distances between the methyl CH and the Ph π system is 3.4 Å and 3.7 Å in 

transition states TS-17c and TS-17e respectively. Though not unseen,13 this is 

somewhat longer than typical CH-π interactions (2.6-2.86 Å according to Nishio).17 

In conclusion, after studying the different conformations adopted by the reactant 

hydroxypentadienyl cations and establishing that they are in rapid equilibrium, DFT 

calculations showed that the oxazolidinone auxiliary significantly lowers the barrier 

for cyclization, explaining the experimental evidence that oxazolidinone-promoted 

Nazarov cyclizations are facile. The calculations also showed that the formation of 

quaternary stereocentres increases the activation barrier of the Nazarov cyclization in 

the X=H systems, by stabilization of the pentadienyl cation and destabilization of the 

transition state. In the diphenyloxazolidinone-substituted divinyl ketones, the addition 

of methyl substituents decreases the activation energy of the reaction in stabilizing the 

transition state, by additional CH-π interactions between one of the methyl and the 

closest phenyl ring of the auxiliary. 

 

II – Stereoselectivity of an interrupted Nazarov cyclisation: addition of 

furan to an oxyallyl cation intermediate 

During the course of their studies towards the synthesis of multi stereocentre-

containing cyclopentanones via oxazolidinone-controlled Nazarov cyclizations 

(Scheme 2.13),9 Flynn and co-workers investigated the trapping of the intermediate 
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oxyallyl cations with various nucleophiles (1-methylindole, trimethylaluminium, 

furan) and a diene (2,3-dimethyl-1,3-butadiene). Previous studies showed that 

nucleophiles10 add α to the carbonyl group while 1,3-dienes11,12 undergo (4+3)-

cycloadditions with the Nazarov intermediate oxyallyl. Furan is known to react with 

oxyallyls in (4+3)-cycloaddition or in Friedel-Crafts reaction, depending on the 

oxyallyl substituents and electrophilicity.13-16 Specifically, West showed that furan 

reacts with non-stabilized oxyallyl cations emerging from BF3
.Et2O-catalysed Nazarov 

cyclizations in a stepwise (4+3)-cycloaddition.12  

 

Scheme 2.13: Furan addition on oxazolidinone-controlled Nazarov reaction - 

Alternative stereochemical pathways for the trapping of the oxyallyl intermediate by 

furan 

 

In their study towards the synthesis of multistereocentre-containing cyclopentanoids,9 

Flynn and co-workers observed the exclusive formation of the product of the 
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Friedel−Crafts trapping of furan 23-β (Scheme 2.14). This preference for 

Friedel−Crafts addition over (4+3)-cycloaddition was unexpected, since stabilized 

oxyallyl cations arising from Nazarov cyclizations are biased toward asynchronous 

(4+3)-cycloadditions with furans.13  

 

Scheme 2.14: Experimental results of the Nazarov cyclization of 8 in the presence of 

furan 

 

To gain a better understanding as to why the trapping of furan by the oxazolidinone-

stabilized Nazarov intermediate 21 gave the Friedel–Crafts product rather than a 

(4+3)-cycloadduct, DFT calculations were performed.  

The transition states for the reactions of furan with the oxyallyl intermediate 21 were 

computed with M06-2X/6-311+G(d,p)-SMD(CH2Cl2)//M06-2X/6-31G(d). After 

structure optimization of oxyallyl cation 21, twelve different transition states were 

calculated for the addition of furan to 21: six for addition to the top face of 21 (β in 

relation to the vicinal phenyl) and six for addition to the bottom face (α) (Scheme 

2.13).  

The lowest-energy transition states for additions of furan to the β or α face of 9 are 

shown in Figure 1. Both TS-α and TS-β have conformations similar to those of 

authentic (4+3)-cycloaddition transition states,c compared to TS-1 and TS-2 in which 

the approach of the furan ring is not superimposed with the cyclopentanone cation 

(Figure 2.12).  

 

Figure 2.12: Studied transition states for the addition of furan on the oxyallyl cation 

Calculations (Figure 2.13) predict that TS-β is favoured over TS-α by 1.0 kcal/mol 

(G‡), which is consistent with the observed stereoselectivity of the reaction. Though 
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both transition states TS-β and TS-α look similar to (4+3)-cycloaddition transition 

states, these transition states lead only to the formation of the bond between the furan 

C2 and the cyclopentanone C2. This becomes evident when looking at the imaginary 

frequency vibration mode, in which only one bond is formed. IRC calculation 

conformed that only the C2-C2 bond was formed by leading to reactant 21. While the 

bond between furan C5 and cyclopentanone C5 is not forming in TS-β, there is a 

stabilizing interaction between these two carbons (d = 2.83 Å). The transition state that 

forms the second bond to give a (4+3) cycloadduct (TS-RC-β, Figure 2.12) is 5.7 

kcal/mol higher in energy than TS-β. This relatively high energy barrier allows the 

deprotonation of furan (which leads to rearomatization) to compete with the (4+3)-ring 

closure. A similar stepwise (4+3)-cycloaddition was reported by West and co-

workers.13 

 

Figure 2.13: Transition states for addition of furan to the α (TS-α) or β (TS-β) face on 

the oxyallyl intermediate 21, and for ring closure to give a (4+3)-cycloadduct (TS-

RC-β), computed with M06-2X/6-311+G(d,p)-SMD(CH2Cl2)//M06-2X/6-31G(d). 

Distances in Å. Energy barriers are reported with respect to 21 + furan. 
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The increased stability of TS-β compared to TS-α can be explained by the CH-π 

interactions between the furan and the phenyl rings of the Nazarov intermediate. CH-π 

interactions are weak hydrogen bonds arising from the interaction of a hydrogen atom 

linked to a carbon atom (soft Lewis acid) and a π system (soft Lewis base).17-19 This 

interaction is largely of dispersive nature (London interaction) and orientation 

dependant. In TS-α there is a CH-π interaction between furan H2 and the adjacent 

phenyl ring on the oxyallyl intermediate (distance between furan H2 and centroid of 

the Ph ring 3.04 Å, angle with the ring plane = 43o, see arrow in Figure 6), while in 

TS-β there is a CH-π interaction between furan H3 and the oxazolidinone phenyl ring 

(distance 2.79 Å, angle with the ring plane = 81o). The CH-π interaction is weaker in 

TS-α than in TS-β due to a longer distance between the hydrogen atom and the centre 

of the phenyl ring. Moreover, the angle between ring plane and the line H-ring centre 

deviates more from 90° in TS-α (43°) than in TS-β (81°). Similar CH-π interactions 

have been observed by West et al.,12 in whose work the M06-2X functional was found 

to perform better than several other DFT functionals (e.g. B3LYP) for the modelling 

of these weak non-covalent interactions. 

 

In summary, DFT calculations show that the (4+3)-cycloaddition of furan onto 

oxyallyl intermediate 21 occurs in a stepwise way. The barrier for the second C-C 

bond formation is higher than that for the first, and the intermediate is experimentally 

found instead to undergo deprotonation, giving a Friedel–Crafts type product. The use 

of M06-2X, a DFT functional which takes account of dispersion interactions, allowed 

prediction of the stereoselectivity in agreement with experiment and the origin of the 

stereoselectivity to be traced to a CH-π interaction. This work allows better 

understanding of the mechanism of this synthetically significant reaction. 
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Chapter 4 – Experimental 

Computational Methods 

 

Density functional theory calculations were performed in Gaussian 09.1 Geometries 

were optimized with M06-2X/6-31G(d)2 in gas phase. Vibrational frequency 

calculations at this level were performed to confirm the nature of each species (local 

minimum or first-order saddle point) and to obtain thermochemical quantities. The 

M06-2X calculations employed the ultrafine integration grid of Gaussian 09. Only for 

some structures (due to time constraints), subsequent single-point calculations were 

performed with M06-2X/6-311+G(d,p) in SMD implicit dichloromethane.3 in order to 

obtain better accuracy and confirm observations made at lower level of theory. The 

thermochemical corrections obtained from the M06-2X/6-31G(d) frequencies were 

added to the M06-2X/6-311+G(d,p) potential energies to give Gibbs free energies in 

solution, corrected to a standard state of 298.15 K and 1 mol/L.  

Cartesian coordinates of reactants and transition states are given below, along with the 

following energies (for homogeneity and comparison purpose, all from M06-2X/6-

31G(d) in gas phase at 298.15 K and 1atm, and given in hartree): 

E: M06-2X/6-31G(d) electronic potential 

G: M06-2X/6-31G(d) Gibbs free energy 

 

2.1a 

C    3.539401   -0.337986    0.431387 

C    2.894311    0.624658    1.220192 

C    1.649083    1.122431    0.863981 

C    1.047002    0.649037   -0.301181 

C    1.659404   -0.306824   -1.104441 

C    2.908694   -0.792692   -0.729728 

S   -0.558218    1.256496   -0.743415 

C   -1.667240    0.243491    0.229029 

Br  -1.626854   -1.583875   -0.223550 

O   -0.791539    0.961274   -2.154851 

O   -0.697778    2.625823   -0.247165 

C   -2.440943    0.787785    1.164193 

C   -3.427882    0.081038    2.028059 

C    4.894225   -0.855307    0.832165 

H   -2.333750    1.863411    1.297733 

H   -3.190570    0.261303    3.081931 

H   -4.428866    0.489752    1.851695 

H   -3.445190   -0.994140    1.843708 

H    1.170513   -0.653570   -2.009232 
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H    3.401338   -1.536388   -1.349731 

H    3.379446    0.987577    2.122413 

H    1.152808    1.872764    1.472165 

H    5.212420   -1.677574    0.187020 

H    5.645589   -0.060604    0.768231 

H    4.885854   -1.211402    1.867132 

0 imaginary frequencies 

E = -3510.3420676 

G = -3510.194679 

 

2.4a 

C   -1.791412    1.168402   -0.851323 

C   -1.031084    0.684918    0.208810 

C   -1.542533   -0.242976    1.115179 

C   -2.845466   -0.689384    0.945212 

C   -3.636089   -0.226229   -0.115250 

C   -3.094604    0.705679   -1.005228 

S    0.640126    1.244191    0.386486 

O    0.755027    2.582909   -0.196070 

C   -5.047122   -0.723278   -0.275289 

C    1.612632    0.166502   -0.741331 

C    3.023693    0.668543   -0.751467 

C    4.029640    0.149438   -0.056680 

Br   1.408903   -1.674291   -0.176776 

O    1.078229    0.996613    1.757009 

H    3.162944    1.563670   -1.352823 

H   -0.928024   -0.597322    1.936560 

H   -3.260959   -1.409653    1.644899 

H   -3.701354    1.076888   -1.826147 

H   -1.376257    1.901627   -1.536183 

H   -5.497079   -0.353312   -1.199558 

H   -5.074922   -1.817477   -0.290351 

H   -5.669887   -0.394280    0.563607 

H    3.910586   -0.742273    0.551128 

H    5.014589    0.603676   -0.092039 

H    1.134775    0.255710   -1.719021 

0 imaginary frequencies 

E = -3510.3383984 

G = -3510.190578 

 

2.5a 

C    2.938944    0.622383    0.990094 

C    1.693941    1.171173    0.696501 

C    0.954606    0.668857   -0.371598 

C    1.448855   -0.389808   -1.132934 

C    2.692698   -0.932070   -0.826490 

C    3.453936   -0.438717    0.239052 

S   -0.704074    1.288759   -0.672046 

O   -0.928583    1.075924   -2.110086 

C    4.786449   -1.054624    0.578956 
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O   -0.706909    2.673738   -0.159996 

C   -1.822039    0.391561    0.259729 

Br  -1.880053   -1.462116   -0.275180 

C   -1.866145    0.646985    1.672094 

C   -2.220094   -0.176169    2.680068 

H   -1.630297    1.684357    1.915870 

H    0.863390   -0.767300   -1.965214 

H    3.083589   -1.751691   -1.425290 

H    3.522397    1.024680    1.814807 

H    1.299805    1.998879    1.278620 

H    5.389938   -0.381804    1.194612 

H    4.653099   -1.987213    1.139629 

H    5.354795   -1.296492   -0.324450 

H   -2.470382   -1.217908    2.504842 

H   -2.282265    0.193696    3.698431 

0 imaginary frequencies 

E = -3509.838937 

G = -3509.704321 

 

TS-SN2 

C   -4.863605    0.860209    0.465206 

C   -3.488530    0.914754    0.661517 

C   -2.729407    1.996773    0.223563 

C   -3.372631    3.042206   -0.429079 

C   -4.754329    3.016465   -0.641684 

C   -5.488623    1.919056   -0.185000 

S   -2.670579   -0.422761    1.509883 

O   -1.489586    0.138489    2.161919 

C   -5.433385    4.142705   -1.379438 

C   -2.082299   -1.507186    0.152659 

Br  -3.833660   -2.355220   -0.582969 

C   -1.311202   -0.859981   -0.884400 

C   -0.189335   -1.427106   -1.415635 

O   -3.670996   -1.127239    2.310761 

C    1.660503   -0.771479   -0.226367 

Br   1.156630    0.984578    0.333974 

S    2.930823   -0.744954   -1.401973 

O    2.581147    0.174433   -2.490489 

C    4.405472   -0.053910   -0.650484 

C    4.583095    1.327416   -0.627730 

C    5.689084    1.858531    0.025968 

C    6.618802    1.030487    0.661332 

C    6.420808   -0.351905    0.621467 

C    5.316835   -0.898314   -0.024528 

C    7.795950    1.620010    1.397225 

O    3.251365   -2.147396   -1.713607 

C    1.739370   -1.779796    0.807564 

C    1.147260   -1.755560    2.012918 

H    1.196770   -2.624658    2.661432 

H    0.608460   -0.884791    2.368771 
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H    2.254043   -2.683848    0.479953 

H    5.158942   -1.971427   -0.069288 

H    7.143332   -1.007783    1.102114 

H    5.837893    2.935964    0.042704 

H    3.860161    1.961695   -1.130208 

H    7.530977    1.860135    2.433491 

H    8.636886    0.920896    1.426469 

H    8.137592    2.545282    0.923659 

H    0.250122   -1.009997   -2.315894 

H    0.073443   -2.455678   -1.186984 

H   -1.681929    0.080558   -1.279149 

H   -1.578629   -2.341835    0.643006 

H   -1.653846    1.994798    0.381587 

H   -2.793508    3.892558   -0.780176 

H   -6.564079    1.894599   -0.342162 

H   -5.417639   -0.001094    0.823577 

H   -4.968394    5.105423   -1.148354 

H   -6.494531    4.203325   -1.122360 

H   -5.362344    3.995248   -2.463037 

1 imaginary frequency 

E = -7014.9504966 

G = -7014.644586 

 

TS-SN2ʹ 

C   -1.918127    2.196306   -1.076830 

C   -2.727143    1.879626    0.012318 

C   -2.715405    2.645887    1.173039 

C   -1.865931    3.746263    1.244009 

C   -1.036585    4.084298    0.170630 

C   -1.075714    3.296259   -0.986952 

S   -3.849294    0.503035   -0.098154 

O   -4.830441    0.670127    0.975038 

C   -0.104235    5.263704    0.247791 

C   -2.827869   -0.963066    0.253416 

Br  -4.283621   -2.454819    0.457610 

C   -1.854054   -1.270977   -0.773692 

C   -0.783780   -2.080965   -0.521281 

O   -4.298452    0.408535   -1.489238 

C    1.078076   -0.880655    0.041104 

Br   1.099058    0.403433   -1.379474 

S    2.396828   -2.001574   -0.071379 

O    2.446269   -2.569614   -1.425764 

C    3.934827   -1.115784    0.148967 

C    4.567807   -0.548751   -0.956860 

C    5.714858    0.212072   -0.764702 

C    6.237310    0.422746    0.517401 

C    5.584657   -0.156843    1.609103 

C    4.432753   -0.918827    1.433686 

C    7.470112    1.267582    0.706463 

O    2.268787   -2.917993    1.075986 
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C    0.762917   -0.375401    1.354421 

C    0.155331    0.786434    1.652259 

H   -0.131302    1.014953    2.674451 

H   -0.039252    1.536740    0.892794 

H    0.954067   -1.095268    2.151259 

H    3.930481   -1.372356    2.282938 

H    5.983331   -0.009577    2.609602 

H    6.217477    0.651189   -1.623250 

H    4.165941   -0.717305   -1.950873 

H    7.257824    2.320583    0.490143 

H    7.841551    1.203720    1.732530 

H    8.272042    0.953113    0.030871 

H   -0.211054   -2.493717   -1.345959 

H   -0.712827   -2.621889    0.419061 

H   -2.075974   -0.948735   -1.786271 

H   -2.455286   -0.892720    1.274443 

H   -3.367429    2.386621    2.000777 

H   -1.849052    4.353215    2.145064 

H   -0.431840    3.548385   -1.825756 

H   -1.946294    1.588646   -1.975240 

H    0.938732    4.934160    0.186676 

H   -0.232741    5.812537    1.184052 

H   -0.277364    5.954944   -0.583467 

1 imaginary frequency 

E = -7020.1777505 

G = -7019.870219 

 

2.6 

C   -0.766948   -0.375325    2.089115 

C   -0.740459   -1.293824    1.128637 

C   -0.759112   -1.047775   -0.351350 

C    0.253557   -1.930230   -1.108756 

C    1.645296   -1.521535   -0.731217 

C    2.371088   -2.153913    0.184251 

S    3.919770   -1.518361    0.771052 

C    3.846493    0.215901    0.385426 

C    4.775868    0.760254   -0.494886 

C    4.708191    2.119201   -0.782732 

C    3.720014    2.929341   -0.212527 

C    2.792970    2.349893    0.661715 

C    2.852417    0.996898    0.971945 

C    3.669515    4.399243   -0.531394 

O    5.030215   -2.112075    0.022219 

O    3.883747   -1.679677    2.227653 

Br  -0.459355    0.826492   -0.803041 

S   -2.434590   -1.506167   -1.014728 

C   -3.577061   -0.394649   -0.245086 

C   -3.922903    0.786728   -0.901525 

C   -4.817397    1.651406   -0.287170 

C   -5.366162    1.352400    0.967307 
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C   -5.001525    0.159320    1.597703 

C   -4.106783   -0.722426    0.999573 

C   -6.344635    2.299339    1.607271 

O   -2.425325   -1.252929   -2.454662 

O   -2.671418   -2.861754   -0.511811 

H   -0.731177   -2.352998    1.381866 

H   -0.772575   -0.675427    3.132155 

H   -0.781782    0.688985    1.874885 

H    2.072770   -3.071511    0.687245 

H    2.015546   -0.604489   -1.183611 

H    0.058551   -2.970406   -0.827614 

H    0.093047   -1.818033   -2.185234 

H    2.126029    0.550936    1.647484 

H    2.014421    2.966331    1.102576 

H    5.533951    0.125958   -0.943062 

H    5.430012    2.558633   -1.466106 

H    4.533402    4.916816   -0.100227 

H    2.764030    4.861991   -0.131403 

H    3.695807    4.567499   -1.612501 

H   -3.504212    1.011710   -1.876956 

H   -5.100952    2.573095   -0.788159 

H   -3.834545   -1.654621    1.484083 

H   -5.425778   -0.085533    2.567042 

H   -7.274823    2.340839    1.030123 

H   -6.590336    1.990067    2.625931 

H   -5.939131    3.315395    1.641716 

0 imaginary frequencies 

E = -4445.918696 

G = -4445.606781 

 

TS-Cope-Z 

C   -4.134913   -0.568376    1.109265 

C   -3.685676   -0.273424   -0.176800 

C   -4.087296    0.876943   -0.848034 

C   -4.963128    1.749220   -0.209404 

C   -5.429586    1.485173    1.081596 

C   -5.007710    0.315533    1.728272 

S   -2.557592   -1.388555   -0.968290 

O   -2.788920   -2.743066   -0.462748 

C   -6.358060    2.441260    1.779916 

C   -0.921601   -0.913387   -0.340610 

Br  -0.528844    0.920667   -0.785235 

C   -0.586932   -1.370403    0.941704 

C    0.660518   -1.048101    1.486267 

O   -2.581248   -1.127900   -2.405584 

C    1.877371   -1.963641    0.285302 

S    3.524268   -1.573288    0.895135 

O    3.481896   -1.661499    2.357402 

C    1.525910   -1.544375   -1.007691 

C    0.274323   -1.919901   -1.512722 
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C    3.805639    0.121950    0.447051 

C    4.375055    0.413989   -0.792551 

C    4.577198    1.742763   -1.139914 

C    4.222448    2.779687   -0.266545 

C    3.670976    2.455512    0.976044 

C    3.461371    1.129640    1.343814 

C    4.444033    4.212789   -0.667461 

O    4.471663   -2.409875    0.155082 

H   -1.100246   -2.270516    1.273845 

H    0.931675   -1.488579    2.442106 

H    1.027355   -0.033773    1.341852 

H    1.646376   -2.985735    0.588615 

H    2.011904   -0.668291   -1.430130 

H   -0.104474   -2.912429   -1.276446 

H   -0.018655   -1.554717   -2.495063 

H    3.054379    0.879017    2.318895 

H    3.409267    3.250632    1.668348 

H    4.661349   -0.389912   -1.463900 

H    5.022015    1.983550   -2.101799 

H    4.170697    4.897417    0.138802 

H    3.845445    4.464883   -1.549280 

H    5.493518    4.386757   -0.926250 

H   -3.729109    1.076103   -1.852853 

H   -5.291093    2.648410   -0.723074 

H   -3.817004   -1.479206    1.607587 

H   -5.373536    0.095948    2.727621 

H   -5.825224    2.989739    2.564862 

H   -7.183589    1.906990    2.259540 

H   -6.775101    3.171452    1.082205 

1 imaginary frequency 

E = -4445.8652542 

G = -4445.551825 

 

TS-Cope-E 

C   -4.416727    0.359127    0.120988 

C   -3.297270    0.521058   -0.693756 

C   -2.915649    1.773095   -1.162767 

C   -3.656157    2.888522   -0.783372 

C   -4.770554    2.760304    0.048006 

C   -5.141612    1.483710    0.488176 

S   -2.375764   -0.912902   -1.204566 

O   -1.619259   -0.542107   -2.402299 

C   -5.575137    3.964822    0.461522 

C   -1.131229   -1.248103    0.110328 

Br  -2.028594   -1.390058    1.810839 

C   -0.223783   -2.295643   -0.161105 

C    0.587207   -2.271853   -1.318423 

O   -3.288781   -2.047045   -1.214102 

C   -0.103363    0.302407    0.245747 

C    0.726176    0.317167   -0.896341 
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C    1.626088   -0.739421   -1.151642 

S    2.807141   -1.262143    0.112197 

O    2.128761   -1.296911    1.408947 

C    3.985820    0.071360    0.138838 

C    3.699640    1.218664    0.874600 

C    4.621777    2.255987    0.879361 

C    5.821695    2.158266    0.164173 

C    6.080173    0.993652   -0.561801 

C    5.168110   -0.057488   -0.579755 

C    6.826434    3.280055    0.208000 

O    3.492693   -2.450186   -0.395460 

H    0.068977   -2.916851    0.678558 

H    1.307881   -3.083892   -1.402635 

H    0.128992   -1.989730   -2.261056 

H    2.175448   -0.696012   -2.093420 

H    0.422601    0.903675   -1.757559 

H    0.337847    0.021900    1.197945 

H   -0.830237    1.108956    0.339068 

H    2.775335    1.283593    1.440140 

H    4.414364    3.156285    1.451550 

H    7.010337    0.905532   -1.116294 

H    5.367223   -0.973563   -1.126661 

H    7.420998    3.228334    1.126636 

H    7.516192    3.229461   -0.637889 

H    6.331907    4.255130    0.191308 

H   -2.065171    1.861485   -1.832158 

H   -3.369850    3.871484   -1.146354 

H   -6.017559    1.372949    1.121790 

H   -4.707854   -0.634372    0.445196 

H   -6.618758    3.862480    0.147953 

H   -5.570894    4.080469    1.550054 

H   -5.176173    4.881296    0.021016 

1 imaginary frequency 

E = -4443.089427 

G = -4442.774799 

 

 

TS-Cyc-trans 

C    2.970064    2.816835    0.809922 

C    2.537389    2.727910   -0.509698 

C    2.331892    3.878656   -1.266848 

C    2.567612    5.122985   -0.695180 

C    2.997106    5.237241    0.631049 

C    3.197758    4.070579    1.371232 

S    2.148841    1.113561   -1.204303 

O    2.308233    1.255668   -2.658454 

C    3.217861    6.595177    1.249149 

C    0.465706    0.844693   -0.837007 

C   -0.380893    1.814752   -1.527802 

C   -1.504869    2.388765   -1.063289 
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C    0.231500    0.647171    0.640037 

C   -1.033507   -0.099969    0.945700 

C   -1.746868   -0.798918    0.064945 

S   -3.323468   -1.394494    0.651158 

O   -3.277770   -1.559096    2.107660 

C   -1.474357   -1.031184   -1.395760 

C   -0.002567   -1.082717   -1.767462 

C    0.799767   -2.170588   -1.459986 

Br   2.465512   -2.346669   -2.354748 

S    0.531135   -3.330533   -0.192836 

O   -0.914431   -3.466675    0.030887 

C    1.194860   -2.608150    1.306302 

C    2.516700   -2.163913    1.313277 

C    3.010393   -1.541505    2.452075 

C    2.206239   -1.364557    3.584268 

C    0.888264   -1.823741    3.551057 

C    0.372502   -2.445216    2.414884 

C    2.763619   -0.692625    4.814415 

O    1.328298   -4.525609   -0.466626 

O    2.987112    0.176200   -0.445359 

O   -3.821313   -2.457593   -0.217336 

C   -4.347700    0.043147    0.329023 

C   -4.529217    0.996936    1.324984 

C   -5.255635    2.146069    1.036211 

C   -5.793047    2.356773   -0.237712 

C   -5.606268    1.377408   -1.215461 

C   -4.886001    0.218908   -0.940426 

C   -6.536503    3.629730   -0.554016 

H   -0.663999   -2.766702    2.364087 

H    0.249302   -1.680911    4.419515 

H    4.030509   -1.164676    2.452503 

H    3.123905   -2.249064    0.417415 

H    3.314303    0.216700    4.552593 

H    1.967373   -0.419518    5.512440 

H    3.459621   -1.353545    5.343718 

H   -4.747271   -0.553551   -1.690937 

H   -6.030745    1.524362   -2.205444 

H   -5.408304    2.895454    1.809185 

H   -4.110151    0.821574    2.311212 

H   -7.091719    3.992331    0.315886 

H   -5.840135    4.420993   -0.853823 

H   -7.243534    3.483161   -1.375144 

H    3.142823    1.903072    1.371882 

H    3.544154    4.145453    2.399556 

H    2.420573    6.024436   -1.286145 

H    2.012576    3.781259   -2.299949 

H    0.229838   -0.638353   -2.731753 

H   -1.948345   -0.225711   -1.968813 

H   -1.939803   -1.979719   -1.678251 

H   -1.384458   -0.058473    1.975583 
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H    0.171664    1.618447    1.165642 

H   -2.089839    3.052094   -1.692746 

H   -1.893535    2.195535   -0.066880 

H   -0.069037    2.045622   -2.547735 

H    3.685029    7.283793    0.538370 

H    2.268177    7.043764    1.562810 

H    3.860012    6.529711    2.131934 

H    1.072134    0.102278    1.091684 

1 imaginary frequency 

E = -5377.9751788 

G = -5377.508033 

 

TS-Cyc-cis 

C    4.750550   -2.492345   -0.114547 

C    4.363640   -1.261753    0.404545 

C    5.180710   -0.141719    0.250076 

C    6.382963   -0.261549   -0.432791 

C    6.786664   -1.488502   -0.974019 

C    5.959326   -2.597419   -0.801497 

S    2.763041   -1.085934    1.211694 

O    2.387484   -2.463112    1.576830 

C    8.087564   -1.595553   -1.729574 

C    1.629787   -0.493526    0.052372 

C    1.791016    0.902237   -0.292079 

C    1.173738    1.534596   -1.305429 

C    1.347746   -1.476418   -1.065698 

C    0.105241   -2.315893   -1.003742 

C   -0.743818   -2.402149    0.016018 

S   -2.064880   -3.593309   -0.154472 

O   -1.882138   -4.348735   -1.397775 

C   -0.664474   -1.714100    1.355251 

C   -0.294455   -0.246447    1.372948 

C   -1.063020    0.758806    0.861191 

S   -1.164982    2.315103    1.646443 

O   -2.579379    2.685357    1.750121 

O    2.968613   -0.076791    2.261130 

Br  -2.224170    0.549442   -0.620490 

C   -0.438230    3.557268    0.587906 

C   -1.143091    4.012862   -0.522041 

C   -0.550642    4.955878   -1.354089 

C    0.723440    5.462046   -1.079333 

C    1.393061    5.010675    0.061530 

C    0.821387    4.056757    0.896754 

C    1.372212    6.457107   -2.008491 

O   -0.328811    2.262006    2.848703 

C   -3.518335   -2.585993   -0.368515 

C   -3.895379   -2.213441   -1.653716 

C   -4.933860   -1.303741   -1.812653 

C   -5.578964   -0.749856   -0.702723 

C   -5.207011   -1.173262    0.575001 
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C   -4.180018   -2.092401    0.750643 

C   -6.616352    0.328186   -0.874297 

O   -2.206179   -4.294941    1.123775 

H   -2.134202    3.621701   -0.726516 

H   -1.087115    5.313095   -2.230085 

H    2.377827    5.409154    0.294245 

H    1.332414    3.687059    1.780114 

H    2.057808    7.116373   -1.468262 

H    1.951438    5.944986   -2.785413 

H    0.624829    7.078194   -2.510802 

H   -3.365576   -2.628222   -2.505500 

H   -5.233151   -0.995770   -2.811545 

H   -5.710620   -0.756792    1.443124 

H   -3.885526   -2.427593    1.740102 

H   -7.399932    0.254791   -0.114903 

H   -6.145132    1.311983   -0.769201 

H   -7.084345    0.282166   -1.861621 

H    4.873133    0.803607    0.686647 

H    7.027398    0.607612   -0.546684 

H    6.267719   -3.560017   -1.202965 

H    4.114274   -3.356315    0.051032 

H    0.297073    0.059638    2.234387 

H    0.066412   -2.263097    1.956076 

H   -1.631347   -1.803985    1.866179 

H   -0.088578   -2.941583   -1.873651 

H    2.179274   -2.193116   -1.185024 

H    1.303322    2.601085   -1.459988 

H    0.494599    1.021879   -1.981457 

H    2.374145    1.502055    0.408359 

H    8.339754   -2.638824   -1.938208 

H    8.031576   -1.067167   -2.687987 

H    8.913341   -1.153669   -1.162381 

H    1.329201   -0.925829   -2.015822 

1 imaginary frequency 

E = -5377.981535 

G = -5377.512852 

 

Cyclohexene C1’ epimer 

C   -2.730239   -2.761535   -0.381193 

C   -2.797710   -2.308643    0.937709 

C   -3.823662   -1.476311    1.369094 

C   -4.803451   -1.092704    0.455161 

C   -4.748904   -1.508307   -0.878165 

C   -3.702235   -2.350202   -1.282387 

S   -1.451748   -2.694203    2.038327 

O   -1.115785   -4.113349    1.903978 

C   -5.770551   -1.042162   -1.879623 

C   -0.158884   -1.721901    1.305964 

C    0.811202   -2.350121    0.644237 

C    1.867626   -1.639997   -0.145392 
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C    1.687287   -0.112261   -0.242299 

C    0.240134    0.374490    0.069873 

C   -0.302698   -0.227513    1.376826 

S    2.730619    0.653859    1.123762 

O    2.519912   -0.119261    2.354498 

C    2.197517    0.498589   -1.525544 

C    3.158571   -0.024806   -2.281633 

C   -0.828498    0.116255   -1.028886 

S   -1.425493    1.666757   -1.808283 

O   -0.276792    2.461056   -2.244928 

C    4.434072    0.428041    0.665906 

C    5.075095    1.401008   -0.098301 

C    6.415138    1.225815   -0.419313 

C    7.117882    0.092621    0.008591 

C    6.452185   -0.859443    0.787357 

C    5.112824   -0.698394    1.125598 

C    8.560037   -0.104548   -0.372340 

O    2.437976    2.092945    1.109121 

O   -1.769358   -2.141058    3.357318 

Br  -0.425670   -1.128039   -2.456884 

O   -2.466578    1.294624   -2.762160 

C   -2.181168    2.473879   -0.421120 

C   -3.469857    2.093697   -0.050048 

C   -4.042048    2.679558    1.072427 

C   -3.347193    3.640537    1.817065 

C   -2.058971    4.008312    1.412566 

C   -1.465856    3.430924    0.295666 

C   -3.986835    4.291181    3.012795 

H   -0.466951    3.719334   -0.018617 

H   -1.512950    4.755769    1.981256 

H   -5.045984    2.393072    1.374405 

H   -4.015588    1.359694   -0.636266 

H   -3.238366    4.564909    3.760965 

H   -4.507614    5.208212    2.714049 

H   -4.721849    3.629011    3.477633 

H   -1.912240   -3.400928   -0.702157 

H   -3.648187   -2.676113   -2.317712 

H   -5.614267   -0.445917    0.780314 

H   -3.847801   -1.132260    2.398556 

H   -6.551269   -0.444331   -1.402933 

H   -5.295079   -0.431273   -2.654807 

H   -6.244935   -1.891606   -2.381405 

H    4.533040    2.282918   -0.424130 

H    6.927444    1.981769   -1.007883 

H    6.992825   -1.731532    1.144551 

H    4.607742   -1.422220    1.757471 

H    0.317623    1.460061    0.194383 

H    0.234080    0.155934    2.247722 

H   -1.351117    0.069017    1.496940 

H    0.835771   -3.437389    0.628478 
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H    2.853225   -1.894632    0.263922 

H    3.495667    0.488305   -3.177337 

H    3.644617   -0.969842   -2.048611 

H    1.751982    1.454408   -1.793170 

H    9.060991    0.853214   -0.535404 

H    9.101909   -0.654909    0.401548 

H    8.635117   -0.680518   -1.301947 

H    1.862062   -2.059407   -1.155717 

H   -1.735342   -0.299990   -0.580201 

0 imaginary frequencies 

E = -5378.6214117 

G = -5378.133401 

 

2.3a 

C    2.597146    3.263080   -0.660211 

C    2.593399    2.493641    0.502890 

C    3.598602    1.572638    0.768423 

C    4.626845    1.415769   -0.158894 

C    4.646547    2.154595   -1.343616 

C    3.626041    3.089688   -1.574594 

S    1.170217    2.571764    1.563899 

O    0.639791    3.936843    1.516567 

C    5.724409    1.944131   -2.372214 

C    0.033461    1.484490    0.731346 

C   -0.905422    2.027242   -0.036839 

C   -1.841969    1.199852   -0.865406 

C   -1.902507   -0.272676   -0.456977 

C   -0.497140   -0.840969   -0.099489 

C    0.252478    0.013057    0.942158 

S   -2.939074   -0.451079    1.087456 

O   -2.523268    0.545151    2.078142 

C   -2.571033   -1.169617   -1.470215 

C   -3.246870   -0.755448   -2.539050 

C    0.305647   -1.104615   -1.393910 

S    1.188993   -2.709881   -1.326088 

O    0.128074   -3.697884   -1.110933 

C   -4.601471   -0.047606    0.599773 

C   -5.445087   -1.056166    0.134848 

C   -6.745478   -0.728293   -0.221552 

C   -7.212105    0.589988   -0.123050 

C   -6.346668    1.577123    0.355384 

C   -5.040550    1.267042    0.725069 

C   -8.624331    0.921501   -0.523287 

O   -2.890965   -1.877226    1.433071 

O    1.517909    1.961291    2.850145 

Br   1.546495    0.296131   -1.903143 

O    2.048001   -2.800979   -2.502962 

C    2.191755   -2.619239    0.126201 

C    3.430094   -1.980342    0.054741 

C    4.168747   -1.839178    1.222829 
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C    3.687854   -2.317799    2.448894 

C    2.448147   -2.964325    2.482631 

C    1.691324   -3.119380    1.326512 

C    4.486424   -2.113451    3.707072 

H    0.731299   -3.626003    1.350795 

H    2.071157   -3.351103    3.424941 

H    5.139822   -1.351919    1.187182 

H    3.801549   -1.604525   -0.893585 

H    4.147102   -2.777807    4.505360 

H    5.551294   -2.291826    3.532113 

H    4.379510   -1.081548    4.061251 

H    1.799323    3.976338   -0.845725 

H    3.640605    3.680681   -2.486627 

H    5.422683    0.701848    0.037089 

H    3.574187    0.988703    1.684006 

H    6.558101    1.367680   -1.963896 

H    5.326366    1.397140   -3.234581 

H    6.109826    2.899401   -2.740999 

H   -5.087331   -2.078670    0.066010 

H   -7.414547   -1.505977   -0.580244 

H   -6.700387    2.599851    0.449704 

H   -4.377092    2.030140    1.120555 

H   -0.682659   -1.829838    0.338700 

H   -0.084930   -0.251914    1.949329 

H    1.324556   -0.215079    0.903850 

H   -0.985675    3.108266   -0.117318 

H   -2.843350    1.644807   -0.870320 

H   -3.699881   -1.474866   -3.214608 

H   -3.382969    0.295190   -2.780940 

H   -2.471703   -2.236378   -1.268696 

H   -9.340955    0.319982    0.045272 

H   -8.849386    1.976690   -0.351073 

H   -8.787730    0.704579   -1.584258 

H   -1.494984    1.247372   -1.908836 

H   -0.349366   -1.244657   -2.257773 

0 imaginary frequencies 

E = -5378.6307984 

G = -5378.142480 

 

18a 

O   -0.561001   -1.826982   -0.026503 

C   -0.191902   -0.588599    0.004496 

C    1.213930   -0.383861   -0.234839 

C    1.871103    0.680813    0.258775 

C   -1.165474    0.449289    0.261418 

C   -1.052129    1.676182   -0.274820 

H   -1.521721   -1.959286    0.096106 

H    1.733315   -1.193810   -0.738949 

H    2.941244    0.781937    0.107899 

H    1.381346    1.441519    0.858885 
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H   -0.223614    1.951391   -0.920240 

H   -1.825432    2.420449   -0.112653 

H   -2.050298    0.170719    0.830809 

0 imaginary frequencies 

E = -269.5172074 

G = -269.436922 

 

TS-18a 

O   -2.070695   -0.119655    0.010740 

C   -0.760106   -0.011375    0.001006 

C    0.051642   -1.161257   -0.115974 

C    1.385114   -1.012555    0.249551 

C    0.013388    1.160677    0.116446 

C    1.352973    1.045459   -0.253146 

H   -2.526751    0.734065   -0.080827 

H   -0.331302   -2.074330   -0.565079 

H    1.665224   -0.548684    1.193383 

H    2.139392   -1.678728   -0.165355 

H    1.642318    0.607468   -1.205677 

H    2.090213    1.724251    0.172287 

H   -0.371598    2.067506    0.578042 

1 imaginary frequency 

E = -269.4876329 

G = -269.407233 

 

18c 

O   -1.926237   -1.570509    0.281776 

C   -1.119045   -0.575530    0.056184 

C   -1.790535    0.706579    0.091021 

C   -1.380740    1.725833   -0.677528 

C    0.247283   -0.840418   -0.261986 

C    1.344526   -0.077354    0.025541 

C    1.377078    1.197109    0.810281 

C    2.688642   -0.588715   -0.386076 

H   -1.477956   -2.437854    0.283903 

H   -2.717059    0.745940    0.656152 

H   -1.941723    2.654096   -0.713777 

H   -0.503841    1.647933   -1.313997 

H    0.444656    1.442190    1.314282 

H    1.651575    2.027591    0.148432 

H    2.178645    1.125413    1.552786 

H    3.261910    0.214994   -0.861306 

H    2.631559   -1.441490   -1.063382 

H    3.253658   -0.881936    0.507608 

H    0.425210   -1.817828   -0.709535 

0 imaginary frequencies 

E = -348.1249965 

G = -347.992427 

 

TS-18c 
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O   -2.550682   -0.804288    0.210865 

C   -1.376619   -0.232771   -0.003133 

C   -1.111515    1.141597   -0.225350 

C    0.124317    1.405993   -0.806284 

C   -0.198895   -0.976570   -0.029499 

C    1.028102   -0.259190    0.078890 

C    2.212672   -0.816844   -0.665092 

C    1.405881    0.485549    1.356341 

H   -3.296744   -0.220056   -0.000590 

H   -1.766211    1.930949    0.139017 

H    0.433399    0.884159   -1.707522 

H    0.586240    2.382184   -0.671103 

H    0.539288    0.872858    1.891210 

H    1.910446   -0.251588    1.992985 

H    2.119039    1.288348    1.161420 

H    2.958525   -0.037365   -0.843193 

H    2.693148   -1.577476   -0.036795 

H    1.935312   -1.278604   -1.614508 

H   -0.210631   -2.045691   -0.233077 

1 imaginary frequency 

E = -348.0885828 

G = -347.955101 

 

18e 

O    0.036876    2.667520    0.028500 

C    0.003997    1.357748   -0.011608 

C    1.268793    0.782425    0.319799 

C    1.808592   -0.387708   -0.129108 

C    1.172023   -1.375890   -1.051018 

C    3.214175   -0.717428    0.266193 

C   -1.246318    0.746657   -0.373162 

C   -1.794707   -0.395223    0.124086 

C   -1.185453   -1.296521    1.148828 

C   -3.171987   -0.784252   -0.317577 

H   -0.837702    3.070801   -0.122164 

H    1.911827    1.460189    0.875297 

H    3.861244   -0.667309   -0.618190 

H    3.607704   -0.043602    1.027789 

H    3.268370   -1.749275    0.630855 

H    1.883100   -1.627473   -1.844852 

H    0.240193   -1.036459   -1.500108 

H    0.988278   -2.308999   -0.503756 

H   -0.248654   -0.931150    1.566536 

H   -1.022167   -2.286795    0.706784 

H   -1.905787   -1.443840    1.960832 

H   -3.169950   -1.825295   -0.659948 

H   -3.859917   -0.740249    0.534918 

H   -3.556489   -0.147710   -1.115461 

H   -1.869752    1.358162   -1.025129 

0 imaginary frequencies 
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E = -426.7319032 

G = -426.546548 

 

TS-18e 

O   -2.989111   -0.133182   -0.008979 

C   -1.665610   -0.020549   -0.001320 

C   -0.883424    1.085251    0.340015 

C    0.476815    1.025678   -0.087749 

C    0.809744    1.089409   -1.578627 

C    1.490539    1.749836    0.760836 

C   -0.841538   -1.100450   -0.352709 

C    0.507249   -1.016763    0.085824 

C    0.827595   -1.064494    1.581282 

C    1.545079   -1.721568   -0.750199 

H   -3.432680    0.726281    0.069737 

H   -1.246429    1.897439    0.969444 

H    0.817586    2.149082   -1.856967 

H    0.075548    0.571205   -2.196236 

H    1.807981    0.694400   -1.778114 

H    1.528719    2.801005    0.449932 

H    1.258767    1.712759    1.826698 

H    2.492575    1.340194    0.597070 

H    0.080093   -0.554394    2.189221 

H    1.818974   -0.655246    1.785507 

H    0.845684   -2.122518    1.864414 

H    2.534554   -1.283222   -0.583973 

H    1.318440   -1.698548   -1.817659 

H    1.609456   -2.768965   -0.431886 

H   -1.195075   -1.902101   -0.999471 

1 imaginary frequency 

E = -426.6887101 

G = -426.500559 

 

19a 

O    1.277422   -1.782225   -0.124312 

C    1.621742   -0.597419   -0.092520 

C    3.023167   -0.294457    0.224357 

C    3.433462    0.822168    0.834336 

C    0.643322    0.499539   -0.397936 

C    1.054264    1.611530   -1.017072 

N   -0.731297    0.342201   -0.031822 

C   -1.493486   -0.772322   -0.031918 

O   -2.750165   -0.530296    0.205744 

C   -2.912238    0.867174    0.551768 

C   -1.628317    1.512629    0.026564 

O   -1.134561   -1.961720   -0.230243 

H   -0.070936   -2.023985   -0.282141 

H    3.697580   -1.127704    0.049543 

H    4.470514    0.935405    1.132579 

H    2.758701    1.634997    1.084867 
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H    2.098095    1.733335   -1.274255 

H    0.377421    2.405577   -1.310889 

H   -1.219430    2.269933    0.697334 

H   -3.006632    0.922799    1.637302 

H   -3.819490    1.222743    0.068871 

H   -1.759805    1.932371   -0.975435 

0 imaginary frequencies 

E = -590.7646525 

G = -590.623400 

 

TS-19a 

O    1.013203    1.938332    0.335335 

H   -0.421981    2.159915   -0.412799 

O   -1.387890    1.928025   -0.495099 

C   -1.598903    0.678034   -0.213229 

C   -2.904187    0.241835    0.078312 

H   -2.427790   -1.294049    1.531276 

C   -3.075592   -0.970208    0.724819 

H   -4.033408   -1.484550    0.667107 

H   -3.748579    0.831678   -0.268685 

C   -0.651118   -0.429782   -0.227283 

C   -1.238273   -1.688454   -0.392981 

H   -2.053992   -1.839767   -1.085254 

H   -0.677874   -2.585991   -0.145830 

N    0.716528   -0.336248   -0.072529 

C    1.456953    0.822465    0.207268 

O    2.737360    0.517727    0.297067 

C    2.987761   -0.843834   -0.083347 

H    3.651101   -1.282894    0.659422 

C    1.599975   -1.504623   -0.123129 

H    1.427286   -2.150738    0.742587 

H    3.475156   -0.831293   -1.059190 

H    1.433301   -2.073846   -1.041936 

1 imaginary frequency 

E = -590.730921 

G = -590.589389 

 

19c 

O   -0.268349   -1.543254    1.520527 

C   -1.007563   -0.925609    0.651670 

C   -2.230378   -1.536779    0.186493 

C   -2.617046   -1.376994   -1.088690 

H   -3.486064   -1.899017   -1.476069 

H   -2.042804   -0.766054   -1.778762 

H   -0.556800   -2.461655    1.684827 

C   -0.475383    0.339713    0.180836 

C   -1.238365    1.449308   -0.048470 

C   -2.677367    1.612857    0.339151 

C   -0.596420    2.677050   -0.614175 

H    0.296611    2.441042   -1.194957 
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H   -0.317665    3.361019    0.198657 

H   -1.313906    3.215955   -1.239745 

H   -2.768751    2.527334    0.936419 

H   -3.286587    1.770314   -0.557980 

H   -3.093630    0.785838    0.910594 

H   -2.743953   -2.222955    0.856841 

N    0.917756    0.345278   -0.016571 

C    1.484838   -0.794049   -0.590584 

O    0.855521   -1.696718   -1.079928 

O    2.811922   -0.727564   -0.475360 

C    3.190682    0.534586    0.098794 

C    1.916398    1.044739    0.788861 

H    1.818884    2.129858    0.719131 

H    3.507550    1.196006   -0.710991 

H    4.018102    0.358696    0.783667 

H    1.855587    0.738018    1.839146 

0 imaginary frequencies 

E = -669.3500945 

G = -669.154973 

 

TS-19c 

O    0.169927   -2.075156   -1.185394 

C    0.919482   -1.259195   -0.471956 

C    2.183916   -1.514426    0.078835 

C    2.589588   -0.653998    1.084181 

H    1.903808   -0.320161    1.853624 

H    3.647393   -0.546491    1.316210 

H    2.846424   -2.268138   -0.340030 

H    0.356921   -3.010113   -0.995705 

C    0.465747    0.075699   -0.224812 

C    1.443208    1.079982    0.004850 

C    2.585572    1.338241   -0.950444 

C    1.074181    2.247653    0.870058 

H    2.848437    0.466831   -1.549339 

H    3.468685    1.712918   -0.428426 

H    2.256980    2.133636   -1.632439 

H    1.972992    2.639836    1.355264 

H    0.337138    1.984627    1.632195 

H    0.673438    3.068083    0.259260 

N   -0.874927    0.299500   -0.089186 

C   -1.713906   -0.666629    0.528910 

O   -1.327920   -1.646396    1.093206 

O   -2.977577   -0.264989    0.393175 

C   -3.062743    0.853082   -0.502444 

C   -1.654427    1.469655   -0.486737 

H   -1.574537    2.274332    0.250658 

H   -3.833036    1.524477   -0.128313 

H   -1.344094    1.835784   -1.467065 

H   -3.335199    0.479836   -1.492139 

1 imaginary frequencies 
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E = -669.3283611 

G = -669.131986 

 

 

19e 

O    0.114748   -1.073952    1.900723 

C   -0.598686   -0.415916    1.026070 

C   -1.980988   -0.718479    0.887018 

C   -2.708714   -0.647206   -0.267800 

C   -4.136951   -1.084760   -0.239080 

C   -2.192634   -0.234965   -1.610522 

C    0.169821    0.592891    0.303587 

C   -0.265518    1.856998    0.059092 

C   -1.536097    2.455996    0.581524 

C    0.602053    2.801757   -0.715752 

H   -0.362306   -1.841680    2.267578 

H   -2.453758   -1.164846    1.760969 

H   -1.123395   -0.416397   -1.724168 

H   -2.399904    0.830347   -1.774014 

H   -2.734959   -0.781215   -2.386806 

H   -4.242847   -2.004306   -0.828126 

H   -4.761906   -0.331466   -0.732757 

H   -4.511398   -1.263731    0.769564 

H   -2.085750    1.822353    1.274650 

H   -2.189812    2.720867   -0.258259 

H   -0.022230    3.467605   -1.319084 

H   -1.296465    3.398731    1.086305 

H    1.169285    3.443616   -0.029075 

H    1.304418    2.273695   -1.362690 

N    1.461969    0.169954   -0.076667 

C    1.585969   -1.133276   -0.549332 

O    0.658971   -1.843534   -0.853027 

O    2.875709   -1.472789   -0.581232 

C    3.684138   -0.343787   -0.209009 

H    4.070781    0.114185   -1.122517 

C    2.720458    0.590809    0.536469 

H    2.939885    1.643474    0.347906 

H    2.707340    0.406452    1.616713 

H    4.506722   -0.705535    0.405183 

0 imaginary frequencies 

E = -747.9595689 

G = -747.711150 

 

TS-19e 

O   -0.342901   -1.867121   -1.633438 

C    0.466600   -1.109287   -0.908754 

C    1.781885   -1.336647   -0.555160 

C    2.309831   -0.535747    0.488953 

C    3.768765   -0.198214    0.453573 

C    1.684474   -0.496149    1.862079 



190 

 

C   -0.003351    0.178556   -0.460911 

C    0.950054    1.206693   -0.318356 

C    0.678127    2.305061    0.666748 

C    1.931653    1.574139   -1.406697 

H    2.424859   -2.006664   -1.123210 

H   -0.095219   -2.805191   -1.588427 

H    0.628875   -0.772944    1.856496 

H    2.222252   -1.237185    2.468729 

H    1.829614    0.471755    2.349855 

H    4.320995   -0.934366    1.052649 

H    4.179198   -0.193872   -0.557810 

H    3.947332    0.774732    0.924537 

H    2.124523    0.757945   -2.102990 

H    1.501064    2.410143   -1.972122 

H    2.875644    1.933365   -0.987597 

H    1.629633    2.693364    1.047004 

H    0.172802    3.153376    0.186242 

H    0.069978    1.966185    1.508863 

N   -1.309547    0.308398   -0.081833 

C   -2.009158   -0.766081    0.523008 

O   -3.297843   -0.435128    0.600574 

O   -1.506443   -1.775965    0.922402 

C   -3.558731    0.764846   -0.143017 

C   -2.192547    1.462128   -0.241601 

H   -2.050083    2.189888    0.562819 

H   -4.301596    1.342531    0.403457 

H   -2.034216    1.945864   -1.207093 

H   -3.946962    0.482204   -1.124047 

1 imaginary frequency 

E = -747.9351579 

G = -747.684594 

 

17a-S1-syn-H 

C    1.532796   -2.124232    0.739294 

C    1.935059   -1.343173   -0.343579 

C    3.179937   -0.711677   -0.323174 

C    4.009149   -0.842466    0.784184 

C    3.602255   -1.612849    1.872006 

C    2.369228   -2.257541    1.845338 

C    1.033154   -1.090373   -1.521880 

C    0.156499    0.195908   -1.440589 

N   -1.085197   -0.377657   -0.852938 

C   -1.088643   -1.700132   -1.098634 

O    0.024632   -2.137691   -1.608761 

C    0.739435    1.344849   -0.665579 

C    1.315794    2.399975   -1.371611 

C    1.932153    3.445618   -0.687369 

C    1.959223    3.442026    0.703605 

C    1.371716    2.393251    1.411642 

C    0.764681    1.345235    0.731196 
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O   -2.023242   -2.524730   -0.892280 

C   -2.202666    0.457941   -0.531143 

C   -2.319444    1.672541   -1.076527 

C   -3.223151   -0.024868    0.452291 

C   -3.951536    0.962599    1.259982 

C   -5.014053    0.574209    1.973219 

O   -3.462013   -1.231111    0.577867 

H   -3.142115    2.320097   -0.800768 

H   -5.356664   -0.456015    1.947660 

H   -2.769676   -2.070375   -0.290332 

H   -1.620055    2.056009   -1.809605 

H   -5.560424    1.276277    2.593649 

H   -3.592227    1.984278    1.283333 

H   -0.079402    0.518760   -2.463015 

H    1.587039   -1.114345   -2.460721 

H    1.291916    2.404077   -2.459536 

H    2.383889    4.261405   -1.241647 

H    2.435759    4.256814    1.238628 

H    1.393785    2.389717    2.496363 

H    0.328991    0.516709    1.284297 

H    3.495732   -0.104961   -1.168605 

H    4.975642   -0.349977    0.794729 

H    4.252534   -1.721452    2.733664 

H    2.059195   -2.875729    2.681303 

H    0.587942   -2.660495    0.720536 

0 imaginary frequencies 

E = -1052.6939082 

G = -1052.403169 

 

17a-U-syn-H 

C    1.937396   -1.948193    0.625797 

C    2.031120   -1.208339   -0.552196 

C    3.204457   -0.513342   -0.848544 

C    4.270622   -0.536549    0.042503 

C    4.173330   -1.265827    1.226198 

C    3.011591   -1.976709    1.511979 

C    0.863583   -1.061043   -1.490911 

C   -0.057786    0.179817   -1.239341 

N   -1.205063   -0.454894   -0.531423 

C   -1.097817   -1.788506   -0.658349 

O   -0.047273   -2.178373   -1.312639 

C    0.606659    1.299377   -0.481024 

C    1.146648    2.361072   -1.206213 

C    1.854124    3.366031   -0.550274 

C    2.010808    3.314352    0.831554 

C    1.458436    2.260097    1.558438 

C    0.758259    1.252531    0.905556 

O   -1.877339   -2.685482   -0.215987 

C   -2.347117    0.328581   -0.155156 

C   -2.397245    1.630507   -0.474453 
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C   -3.402601   -0.254840    0.729965 

C   -4.682113    0.443752    0.963477 

C   -5.410975    1.017936    0.003515 

O   -3.231919   -1.332268    1.305132 

H   -3.216519    2.235912   -0.114198 

H   -5.064719    1.103907   -1.022182 

H   -2.494269   -2.269030    0.508713 

H   -1.624435    2.134023   -1.039618 

H   -6.409358    1.385015    0.216878 

H   -5.084421    0.284553    1.960031 

H   -0.434154    0.550264   -2.200957 

H    1.187780   -1.085905   -2.531877 

H    1.023790    2.400988   -2.286912 

H    2.276744    4.187755   -1.118652 

H    2.559469    4.097088    1.344768 

H    1.577542    2.221021    2.636061 

H    0.343705    0.423205    1.472921 

H    3.281543    0.056737   -1.771259 

H    5.180424    0.005897   -0.191531 

H    5.008509   -1.290707    1.918269 

H    2.941103   -2.562929    2.422173 

H    1.046660   -2.528782    0.850158 

0 imaginary frequencies 

E = -1052.6856926 

G = -1052.394725 

 

TS-17a 

C   -0.987696    2.501580    1.261916 

C   -0.557035    1.375516    0.559107 

C   -0.750081    1.305311   -0.824037 

C   -1.375610    2.351985   -1.491428 

C   -1.815160    3.470619   -0.784262 

C   -1.622761    3.544870    0.592584 

C    0.055475    0.235114    1.328784 

C   -0.883667   -0.983305    1.601773 

O    0.037004   -2.092835    1.634077 

C    1.115776   -1.824916    0.917711 

N    1.161854   -0.454364    0.634543 

C   -1.946783   -1.215568    0.558631 

C   -3.127678   -0.474451    0.635394 

C   -4.093788   -0.595405   -0.355998 

C   -3.888873   -1.465130   -1.425963 

C   -2.721722   -2.219594   -1.494095 

C   -1.749446   -2.097892   -0.503023 

C    2.207224    0.192853    0.009014 

C    3.184833   -0.442458   -0.847328 

O    3.074652   -1.576392   -1.486260 

O    1.927839   -2.646004    0.559912 

C    2.356793    1.576424    0.162172 

C    4.333441    0.350984   -1.031902 
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C    4.636397    1.316454   -0.093367 

H    2.624877    2.209490   -0.672095 

H    4.474452    1.161175    0.967100 

H    2.467726   -2.192190   -1.006198 

H    1.874313    2.086896    0.990186 

H    5.309982    2.132534   -0.347617 

H    4.919487    0.228939   -1.939123 

H    0.431344    0.602503    2.292695 

H   -1.320016   -0.901215    2.598172 

H   -0.836772    2.559953    2.337895 

H   -1.962523    4.413898    1.146023 

H   -2.307945    4.283456   -1.307416 

H   -1.530123    2.290369   -2.563554 

H   -0.438632    0.419496   -1.372426 

H   -3.286564    0.209149    1.466250 

H   -5.009579   -0.017538   -0.289839 

H   -4.645807   -1.565335   -2.196860 

H   -2.570184   -2.915771   -2.312454 

H   -0.860803   -2.721350   -0.548471 

1 imaginary frequency 

E = -1052.6580445 

G = -1052.365559 

 

187-S1-syn-H 

C    0.160254    1.611668   -0.476599 

C   -0.360323    0.865600    0.581681 

C   -1.196685    1.481283    1.514761 

C   -1.518677    2.827164    1.385946 

C   -0.998559    3.569951    0.327559 

C   -0.157578    2.962559   -0.599942 

C   -0.124263   -0.620014    0.712111 

C   -1.142216   -1.542827   -0.022031 

O   -0.489650   -1.751569   -1.318569 

C    0.782364   -1.528637   -1.178330 

N    1.115287   -1.051273    0.023185 

C   -2.531343   -1.017969   -0.191022 

C   -2.839481   -0.080490   -1.178658 

C   -4.126146    0.438598   -1.255586 

C   -5.100531    0.036354   -0.342763 

C   -4.792663   -0.897556    0.641994 

C   -3.508841   -1.431263    0.713194 

C    2.422107   -0.720447    0.516019 

C    3.317928    0.102909   -0.345178 

O    3.238450   -0.003097   -1.573784 

O    1.565139   -1.763552   -2.154084 

C    2.834704   -1.198425    1.699749 

C    2.117053   -2.178555    2.565010 

C    4.298688    1.001820    0.280613 

C    5.250521    1.564665   -0.470114 

H    3.806110   -0.859395    2.051595 



194 

 

H    5.316817    1.350236   -1.532757 

H    2.391329   -1.150830   -2.052105 

H    5.977204    2.246662   -0.042150 

H    4.208135    1.208952    1.340981 

H   -0.081308   -0.905143    1.765647 

H   -1.151096   -2.524766    0.462897 

H   -1.612505    0.900408    2.334718 

H   -2.172888    3.297043    2.112638 

H   -1.246584    4.621479    0.228453 

H    0.252265    3.537561   -1.423701 

H    0.816471    1.156894   -1.215412 

H   -3.271682   -2.174924    1.470566 

H   -5.552402   -1.222166    1.344969 

H   -6.103460    0.445503   -0.406306 

H   -4.370149    1.158157   -2.029894 

H   -2.080337    0.234422   -1.888203 

H    2.822322   -2.928745    2.932716 

H    1.705258   -1.675628    3.448692 

H    1.310106   -2.689396    2.035378 

0 imaginary frequencies 

E = -1091.995774 

G = -1091.678263 

 

17b-U-syn-H 
C   -0.042775    1.673416   -0.623948 

C   -0.426232    0.939715    0.499063 

C   -1.255943    1.524442    1.457965 

C   -1.708709    2.827782    1.291083 

C   -1.326039    3.558921    0.168094 

C   -0.491162    2.982688   -0.784599 

C   -0.061884   -0.513313    0.681110 

C   -1.030104   -1.547218    0.037617 

O   -0.415540   -1.760280   -1.277072 

C    0.836469   -1.432848   -1.200551 

N    1.188302   -0.882746   -0.039274 

C   -2.463793   -1.145855   -0.091557 

C   -2.887934   -0.280856   -1.102187 

C   -4.215251    0.127851   -1.144184 

C   -5.115456   -0.312058   -0.174433 

C   -4.692010   -1.173869    0.832922 

C   -3.366468   -1.597758    0.870046 

C    2.483684   -0.436369    0.394669 

C    3.307785    0.339570   -0.572601 

O    2.917108    0.466885   -1.732181 

O    1.582250   -1.671814   -2.215396 

C    2.882135   -0.687840    1.654970 

C    2.222997   -1.579713    2.651127 

C    4.603672    0.952499   -0.192814 

C    5.621054    0.293574    0.362213 

H    3.791491   -0.191272    1.976355 
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H    5.552789   -0.749982    0.656169 

H    2.287203   -0.961360   -2.258465 

H    6.583772    0.775791    0.494145 

H    4.727784    1.965882   -0.565974 

H    0.038348   -0.742154    1.742308 

H   -0.936388   -2.504460    0.561648 

H   -1.564801    0.951300    2.329193 

H   -2.356597    3.273627    2.038273 

H   -1.675368    4.577904    0.038717 

H   -0.186179    3.550324   -1.657504 

H    0.613147    1.245053   -1.377465 

H   -3.038403   -2.285731    1.645889 

H   -5.393469   -1.528065    1.580730 

H   -6.150595    0.011132   -0.210718 

H   -4.548748    0.790919   -1.935321 

H   -2.186594    0.064474   -1.855595 

H    2.988136   -2.155884    3.178961 

H    1.703174   -0.986349    3.413941 

H    1.518415   -2.276808    2.192773 

0 imaginary frequencies 

E = -1091.9855645 

G = -1091.667409 

 

TS-17b 

C   -0.785353    1.224149   -0.917403 

C   -0.614161    1.450499    0.451614 

C   -1.064170    2.646251    1.013682 

C   -1.687667    3.606201    0.220109 

C   -1.854128    3.377364   -1.142895 

C   -1.401602    2.186768   -1.709498 

C   -0.010545    0.409132    1.355459 

C   -0.940419   -0.787233    1.756203 

O   -0.006223   -1.861567    1.972556 

C    1.093002   -1.685683    1.238037 

N    1.084920   -0.357546    0.748197 

C   -1.958421   -1.165250    0.711201 

C   -1.687439   -2.135695   -0.252899 

C   -2.617682   -2.393576   -1.257782 

C   -3.816002   -1.687279   -1.302261 

C   -4.092734   -0.726524   -0.331377 

C   -3.168091   -0.469665    0.673994 

C    2.031396    0.068836   -0.135316 

C    2.496513   -0.827264   -1.155158 

O    1.673385   -1.748636   -1.613142 

O    1.960307   -2.485840    1.042346 

C    2.626871    1.338531   -0.085451 

C    2.601821    2.196675    1.131812 

C    3.786679   -0.532864   -1.609996 

C    4.569737    0.254264   -0.781285 

H    2.857539    1.827476   -1.026676 
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H    4.587859    0.108839    0.292211 

H    2.141998   -2.474012   -2.059477 

H    5.404801    0.815997   -1.194650 

H    4.104290   -0.798054   -2.615405 

H    0.345055    0.886291    2.277406 

H   -1.417830   -0.581545    2.715389 

H   -0.933764    2.825080    2.079181 

H   -2.039786    4.530175    0.666640 

H   -2.338334    4.124225   -1.763409 

H   -1.540379    2.002087   -2.769697 

H   -0.470542    0.279910   -1.356802 

H   -3.382253    0.284874    1.427518 

H   -5.031527   -0.183100   -0.353008 

H   -4.540094   -1.894178   -2.083488 

H   -2.409710   -3.157814   -1.999675 

H   -0.767899   -2.712796   -0.213984 

H    3.465968    2.866124    1.135235 

H    1.705933    2.832177    1.117305 

H    2.598845    1.603591    2.049184 

1 imaginary frequency 

E = -1091.96179 

G = -1091.641810 

 

17c-S1-syn-H 
C    3.388764    0.109912   -0.714451 

C    2.396769   -0.868373   -0.625518 

C    2.372783   -1.739476    0.463233 

C    3.332691   -1.619116    1.466319 

C    4.311319   -0.633279    1.384579 

C    4.340788    0.229956    0.290484 

C    1.331125   -0.887901   -1.687933 

C    0.149515    0.118259   -1.480759 

N   -0.856946   -0.791280   -0.871797 

C   -0.474564   -2.049471   -1.041194 

O    0.653212   -2.183530   -1.677028 

C    0.407384    1.340367   -0.643439 

C    0.552522    1.252234    0.744920 

C    0.805027    2.396741    1.490642 

C    0.920316    3.634544    0.856373 

C    0.777293    3.725749   -0.524130 

C    0.513137    2.579500   -1.272133 

O   -1.085631   -3.098504   -0.642569 

C   -2.072156   -0.347992   -0.233768 

C   -2.983409    0.376907   -0.906167 

C   -4.246620    0.891231   -0.277036 

C   -2.199442   -0.800404    1.189311 

C   -2.488309    0.174213    2.254686 

C   -2.732097   -0.249402    3.498683 

O   -2.004846   -1.991992    1.438987 

C   -2.815719    0.718888   -2.361810 
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H   -2.741978   -1.310980    3.728625 

H   -1.667212   -2.844651    0.159608 

H   -2.927756    0.447728    4.306283 

H   -2.469306    1.226434    1.988238 

H   -0.218955    0.425732   -2.463797 

H    1.758393   -0.772060   -2.684093 

H    0.396393    2.651700   -2.351492 

H    0.865069    4.686187   -1.020864 

H    1.122710    4.526031    1.440846 

H    0.922446    2.322765    2.566888 

H    0.495792    0.285191    1.240876 

H    3.409307    0.787791   -1.564625 

H    5.109807    0.991496    0.216374 

H    5.059010   -0.544902    2.165808 

H    3.319169   -2.305552    2.306449 

H    1.632014   -2.531880    0.526768 

H   -3.788782    0.887752   -2.827262 

H   -2.240945    1.649162   -2.459783 

H   -2.302637   -0.068918   -2.918484 

H   -4.390859    0.589630    0.759443 

H   -4.266832    1.985612   -0.335584 

H   -5.100818    0.528361   -0.858117 

0 imaginary frequencies 

E = -1131.2909598 

G = -1130.946272 

 

17c-U-syn 
C   -3.141763   -0.623090    0.298069 

C   -1.973690   -1.272574    0.702342 

C   -1.538499   -2.402815    0.000947 

C   -2.243268   -2.845217   -1.121408 

C   -3.391907   -2.177028   -1.533325 

C   -3.847053   -1.073959   -0.812255 

C   -1.166246   -0.695167    1.841978 

C   -0.281057    0.519666    1.420248 

N    0.854674   -0.248827    0.895532 

C    0.940767   -1.478074    1.555061 

O   -0.176730   -1.643432    2.284298 

C   -0.880738    1.529451    0.480407 

C   -0.954294    1.332215   -0.900412 

C   -1.563526    2.279227   -1.716911 

C   -2.112984    3.432129   -1.160329 

C   -2.046358    3.637228    0.215301 

C   -1.425780    2.693457    1.028979 

O    1.841675   -2.262168    1.442837 

C    1.870638    0.124287   -0.000952 

C    2.520372    1.324894    0.070420 

C    3.320204    1.950133   -1.032522 

C    2.081333   -0.861116   -1.046523 

C    3.353711   -1.157123   -1.664936 
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C    4.488433   -1.061686   -0.956796 

O    1.112798   -1.616556   -1.444113 

C    2.331357    2.193833    1.275517 

H    4.489510   -0.715893    0.072475 

H    0.262196   -1.456050   -0.964585 

H    5.434648   -1.381281   -1.381064 

H    3.321046   -1.611860   -2.650491 

H    0.020874    1.034331    2.341533 

H   -1.790746   -0.445648    2.700860 

H   -1.368005    2.859499    2.102599 

H   -2.471372    4.533020    0.655667 

H   -2.591291    4.168268   -1.797842 

H   -1.617435    2.111906   -2.787592 

H   -0.558219    0.425988   -1.351438 

H   -3.492557    0.249773    0.843409 

H   -4.754398   -0.562309   -1.116024 

H   -3.943682   -2.526461   -2.399579 

H   -1.904365   -3.728800   -1.652919 

H   -0.693292   -2.985747    0.362928 

H    3.192903    2.855331    1.396794 

H    1.447476    2.832849    1.143295 

H    2.199109    1.602471    2.183819 

H    4.356199    2.100295   -0.709688 

H    3.314220    1.398376   -1.969634 

H    2.904601    2.948972   -1.212810 

0 imaginary frequencies 

E = -1131.2827571 

G = -1130.935108 

 

TS-17c 

C    2.243039   -1.856978    0.371714 

C    2.336496   -0.891548   -0.630444 

C    3.361833    0.054868   -0.588127 

C    4.276283    0.050256    0.458705 

C    4.174161   -0.905999    1.467566 

C    3.162161   -1.860123    1.419210 

C    1.309920   -0.796522   -1.730264 

C    0.145159    0.212503   -1.454386 

N   -0.803391   -0.710535   -0.818918 

C   -0.527164   -2.044407   -1.191681 

O    0.614301   -2.047750   -1.887538 

C    0.439574    1.424667   -0.608471 

C    0.481736    2.682448   -1.210875 

C    0.729338    3.823403   -0.449092 

C    0.929458    3.709804    0.923630 

C    0.894500    2.453786    1.531106 

C    0.652741    1.315104    0.771188 

O   -1.215891   -2.989936   -0.943281 

C   -1.804681   -0.391909    0.052864 

C   -2.627608    0.752213   -0.145273 
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C   -2.085822   -1.252804    1.147949 

C   -3.418786   -1.177995    1.591523 

C   -4.338573   -0.677426    0.694486 

O   -1.112512   -1.986102    1.659596 

C   -2.844900    1.782764    0.931849 

H   -4.290233   -0.916007   -0.360976 

H   -1.449006   -2.773159    2.119704 

C   -2.836331    1.241343   -1.544964 

H   -5.287025   -0.279237    1.048348 

H   -3.679883   -1.393121    2.625182 

H   -0.257478    0.536308   -2.423218 

H    1.779759   -0.570879   -2.688719 

H    0.321448    2.772877   -2.283494 

H    0.763256    4.796098   -0.928509 

H    1.119321    4.596312    1.519914 

H    1.065815    2.361361    2.598666 

H    0.648252    0.335925    1.245739 

H    3.438199    0.805766   -1.371434 

H    5.072004    0.787384    0.483650 

H    4.891421   -0.914969    2.281764 

H    3.093842   -2.619208    2.191777 

H    1.474383   -2.623116    0.330791 

H   -3.826795    1.700479   -1.624737 

H   -2.108170    2.030269   -1.775600 

H   -2.742668    0.442639   -2.284091 

H   -3.815148    2.274796    0.834615 

H   -2.721688    1.381837    1.937821 

H   -2.068272    2.547012    0.775753 

1 imaginary frequency 

E = -1131.2599863 

G = -1130.912106 

 

17d-S1-syn-H 
C    0.010854    1.450403   -0.485236 

C   -0.563000    0.773938    0.592422 

C   -1.301429    1.488611    1.536807 

C   -1.471930    2.861880    1.402444 

C   -0.897491    3.533567    0.325161 

C   -0.154857    2.827220   -0.616384 

C   -0.486735   -0.729218    0.724027 

C   -1.586756   -1.531481   -0.036443 

O   -0.957417   -1.800951   -1.318894 

C    0.348331   -1.724900   -1.188245 

N    0.697723   -1.295885    0.055713 

C   -2.902499   -0.838835   -0.206371 

C   -3.111566    0.076322   -1.238640 

C   -4.317104    0.764346   -1.315103 

C   -5.308388    0.551019   -0.358702 

C   -5.099730   -0.362563    0.670585 

C   -3.898658   -1.062709    0.742897 
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C    2.025761   -1.068277    0.520278 

C    2.997844   -0.355948   -0.334833 

O    2.942976   -0.479110   -1.595880 

O    1.130344   -1.984811   -2.110046 

C    2.416867   -1.531830    1.722692 

C    1.614783   -2.411554    2.617625 

C    4.032023    0.469269    0.242278 

C    5.028716    0.953998   -0.528024 

C    6.118256    1.834514   -0.039332 

H    3.414655   -1.267085    2.062468 

H    5.039374    0.682593   -1.582970 

H    2.192610   -1.221145   -1.925473 

H    3.967699    0.712616    1.296758 

H   -0.507053   -1.015104    1.778784 

H   -1.717262   -2.503217    0.452486 

H   -1.760837    0.964386    2.371481 

H   -2.051684    3.408039    2.139085 

H   -1.029091    4.605402    0.220278 

H    0.291901    3.345254   -1.458723 

H    0.582101    0.914891   -1.240870 

H   -3.740995   -1.789587    1.536720 

H   -5.874787   -0.541485    1.408349 

H   -6.247817    1.090313   -0.422288 

H   -4.484454    1.467602   -2.124123 

H   -2.338662    0.240544   -1.983017 

H    2.255916   -3.185527    3.047513 

H    1.214799   -1.831141    3.459041 

H    0.787109   -2.888394    2.088665 

H    7.089396    1.363556   -0.231085 

H    6.116984    2.771580   -0.608417 

H    6.029050    2.059452    1.024495 

0 imaginary frequencies 

E = -1131.2989309 

G = -1130.956299 

 

17d-U-syn-H 

C   -0.321711    1.646036   -0.670785 

C   -0.711994    0.942533    0.468883 

C   -1.524809    1.561678    1.420797 

C   -1.955447    2.869124    1.230021 

C   -1.566826    3.570093    0.089912 

C   -0.747788    2.959725   -0.855156 

C   -0.375091   -0.513264    0.679599 

C   -1.374991   -1.540912    0.076118 

O   -0.786119   -1.799035   -1.240961 

C    0.474127   -1.497345   -1.191495 

N    0.856740   -0.928217   -0.048573 

C   -2.801807   -1.111925   -0.041534 

C   -3.221738   -0.258552   -1.063757 

C   -4.540480    0.177750   -1.096042 
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C   -5.436293   -0.223279   -0.105534 

C   -5.017220   -1.073731    0.913188 

C   -3.700476   -1.524990    0.941022 

C    2.169141   -0.495906    0.347720 

C    3.007234    0.201281   -0.670571 

O    2.563520    0.344919   -1.812377 

O    1.197310   -1.776446   -2.212084 

C    2.567303   -0.672166    1.620705 

C    1.898618   -1.479582    2.681551 

C    4.358652    0.707237   -0.368915 

C    5.328903    0.009030    0.235929 

C    6.742005    0.476910    0.358677 

H    3.488239   -0.173473    1.902195 

H    5.113443   -0.984595    0.628438 

H    1.907754   -1.072009   -2.288729 

H    4.584234    1.649829   -0.862876 

H   -0.267571   -0.718615    1.744263 

H   -1.293892   -2.486646    0.622690 

H   -1.838856    1.011799    2.305143 

H   -2.590761    3.341605    1.971636 

H   -1.898879    4.592285   -0.058403 

H   -0.437224    3.504207   -1.740764 

H    0.324352    1.191237   -1.417090 

H   -3.376090   -2.203980    1.726266 

H   -5.715553   -1.397792    1.677432 

H   -6.464696    0.121485   -0.134293 

H   -4.870725    0.832216   -1.895673 

H   -2.523529    0.057026   -1.832977 

H    2.658795   -2.016462    3.255741 

H    1.377002   -0.827780    3.393729 

H    1.194070   -2.208456    2.275438 

H    7.053390    0.480273    1.408591 

H    7.413894   -0.208835   -0.168101 

H    6.871852    1.480238   -0.051262 

0 imaginary frequencies 

E = -1131.2874248 

G = -1130.942874 

 

TS-17d 

C   -0.894659    1.260620   -0.893770 

C   -0.786270    1.440219    0.488359 

C   -1.187812    2.648647    1.059571 

C   -1.702269    3.667765    0.261483 

C   -1.807624    3.484848   -1.114431 

C   -1.402305    2.281542   -1.689861 

C   -0.308150    0.336412    1.393546 

C   -1.346974   -0.793171    1.713996 

O   -0.513372   -1.945579    1.936643 

C    0.636850   -1.833777    1.270200 

N    0.756870   -0.496811    0.822363 
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C   -2.343096   -1.055261    0.614254 

C   -2.101172   -2.003236   -0.379441 

C   -3.003138   -2.150228   -1.431298 

C   -4.143990   -1.355466   -1.493408 

C   -4.392124   -0.416516   -0.493936 

C   -3.495856   -0.270308    0.558149 

C    1.780698   -0.119689    0.005517 

C    2.256312   -1.030118   -1.001418 

O    1.397499   -1.869683   -1.552977 

O    1.451060   -2.693557    1.100347 

C    2.466433    1.096009    0.115588 

C    2.431175    1.947530    1.339341 

C    3.592283   -0.833187   -1.330173 

C    4.360762   -0.098220   -0.419244 

C    5.594220    0.640235   -0.812974 

H    2.788719    1.574105   -0.804169 

H    4.254274   -0.312977    0.639953 

H    1.842382   -2.627975   -1.966587 

H    3.992910   -1.126212   -2.298237 

H    0.032490    0.764535    2.344683 

H   -1.851076   -0.576937    2.657127 

H   -1.105358    2.791448    2.135224 

H   -2.017544    4.601721    0.714790 

H   -2.207151    4.277607   -1.738364 

H   -1.492817    2.133304   -2.760968 

H   -0.615464    0.309944   -1.342885 

H   -3.686633    0.467399    1.334255 

H   -5.286963    0.195942   -0.530132 

H   -4.846374   -1.476261   -2.311662 

H   -2.818542   -2.896446   -2.197330 

H   -1.226624   -2.645906   -0.329680 

H    3.347430    2.541307    1.406478 

H    1.594966    2.656589    1.280548 

H    2.324446    1.350620    2.248141 

H    5.672112    1.577815   -0.252959 

H    6.473140    0.044731   -0.535264 

H    5.632325    0.855978   -1.881887 

1 imaginary frequency 

E = -1131.267481 

G = -1130.921341 

 

17e-S1-syn-H 
C   -3.667334   -0.278437   -0.216303 

C   -2.697881   -0.652074    0.716409 

C   -2.232384   -1.966710    0.742618 

C   -2.723820   -2.895171   -0.173441 

C   -3.678122   -2.516003   -1.112559 

C   -4.153506   -1.205793   -1.129928 

C   -2.131265    0.406939    1.627645 

C   -1.001766    1.288489    0.999499 
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N    0.170975    0.522588    1.456570 

C   -0.166004   -0.300244    2.484857 

O   -1.461113   -0.214788    2.751223 

C   -1.022474    1.510012   -0.489246 

C   -0.695582    0.484939   -1.383244 

C   -0.731370    0.716204   -2.752771 

C   -1.097883    1.970311   -3.242792 

C   -1.426079    2.992368   -2.358474 

C   -1.381164    2.762760   -0.984151 

O    0.601348   -1.061658    3.071869 

C    1.506802    0.680182    0.970205 

C    2.145142    1.869411    1.012333 

C    3.526854    2.116586    0.479729 

C    2.106188   -0.560989    0.425773 

C    2.712749   -0.595822   -0.862744 

C    3.358956   -1.675293   -1.399799 

C    3.577732   -2.979495   -0.700089 

O    2.013301   -1.636634    1.116581 

C    1.486610    3.065692    1.641645 

C    3.896819   -1.579517   -2.789206 

H    1.544176   -1.468200    2.045049 

H    2.604926    0.306439   -1.455076 

H   -1.017599    2.261739    1.502553 

H   -2.920142    1.039162    2.036913 

H   -1.634820    3.563857   -0.292880 

H   -1.713653    3.968894   -2.733664 

H   -1.131117    2.146640   -4.312981 

H   -0.488077   -0.086728   -3.441451 

H   -0.447119   -0.504836   -1.005377 

H   -4.033197    0.745614   -0.236742 

H   -4.907978   -0.908386   -1.850665 

H   -4.063149   -3.242777   -1.820365 

H   -2.369653   -3.920495   -0.140932 

H   -1.514060   -2.283756    1.493624 

H    2.234592    3.796376    1.954340 

H    0.831390    3.555477    0.909137 

H    0.885074    2.788158    2.510605 

H    4.984373   -1.721888   -2.766310 

H    3.495232   -2.402140   -3.393092 

H    3.668366   -0.629176   -3.272936 

H    3.972366   -2.836557    0.309388 

H    2.620633   -3.500250   -0.578000 

H    4.253015   -3.616564   -1.272980 

H    4.048491    1.225442    0.135655 

H    3.478769    2.840580   -0.342550 

H    4.126746    2.579848    1.269566 

0 imaginary frequencies 

E = -1209.8957554 

G = -1209.498058 
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17e-U-syn 

C   -3.475906   -1.040961    0.162079 

C   -2.252145   -1.487493    0.665968 

C   -1.607040   -2.564177    0.048483 

C   -2.163180   -3.155445   -1.088359 

C   -3.370599   -2.689761   -1.598452 

C   -4.031866   -1.639600   -0.962763 

C   -1.619411   -0.749944    1.823407 

C   -0.899003    0.568500    1.400827 

N    0.375736   -0.034738    0.991655 

C    0.598979   -1.200515    1.722407 

O   -0.532486   -1.518077    2.374517 

C   -1.583028    1.435327    0.379613 

C   -1.518063    1.191794   -0.993832 

C   -2.218508    1.996440   -1.886667 

C   -2.998239    3.049978   -1.415213 

C   -3.069874    3.300630   -0.047297 

C   -2.358508    2.501704    0.843146 

O    1.622462   -1.830661    1.730117 

C    1.395543    0.451543    0.149829 

C    1.838655    1.738469    0.194684 

C    2.659762    2.414303   -0.860601 

C    1.830323   -0.538534   -0.829402 

C    3.139452   -0.678760   -1.378987 

C    4.315215   -0.485232   -0.717849 

C    4.477761   -0.080764    0.716435 

O    0.973564   -1.407417   -1.276985 

C    1.413759    2.632338    1.321159 

C    5.593823   -0.780180   -1.437443 

H    0.083949   -1.325990   -0.859182 

H    3.163283   -1.146454   -2.360085 

H   -0.746145    1.159193    2.313229 

H   -2.332522   -0.565153    2.628058 

H   -2.409458    2.704400    1.910799 

H   -3.673433    4.120601    0.327459 

H   -3.547159    3.674196   -2.112454 

H   -2.161501    1.794265   -2.951146 

H   -0.936267    0.360683   -1.382802 

H   -3.988164   -0.210061    0.641240 

H   -4.983674   -1.285269   -1.344652 

H   -3.806156   -3.155103   -2.476420 

H   -1.659681   -3.995645   -1.555777 

H   -0.703307   -2.988342    0.481717 

H    2.156732    3.420124    1.470453 

H    0.461801    3.124509    1.081058 

H    1.291180    2.076206    2.253022 

H    6.295595    0.050422   -1.298452 

H    6.067259   -1.662787   -0.990560 

H    5.449670   -0.958119   -2.503793 

H    4.721375    0.987495    0.777667 
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H    3.598040   -0.289020    1.325419 

H    5.333482   -0.615480    1.138790 

H    3.626632    2.719838   -0.443547 

H    2.827576    1.819880   -1.755724 

H    2.145017    3.340051   -1.144116 

0 imaginary frequencies 

E = -1209.8891347 

G = -1209.488417 

 

TS-17e 

C    2.476060   -1.973222    0.479442 

C    2.664189   -1.070930   -0.566887 

C    3.772600   -0.222239   -0.560021 

C    4.677145   -0.260144    0.494430 

C    4.482083   -1.153413    1.546362 

C    3.386102   -2.010997    1.534170 

C    1.657369   -0.931842   -1.679755 

C    0.582313    0.184730   -1.453445 

N   -0.456999   -0.629903   -0.812221 

C   -0.289938   -1.991273   -1.132151 

O    0.859239   -2.125410   -1.798854 

C    0.990324    1.384972   -0.638778 

C    1.236660    2.593952   -1.289868 

C    1.627477    3.719140   -0.566190 

C    1.764501    3.640430    0.816437 

C    1.520824    2.433520    1.472731 

C    1.137973    1.308632    0.750842 

O   -1.067615   -2.865371   -0.871496 

C   -1.441142   -0.204551    0.035653 

C   -2.163483    0.985958   -0.181508 

C   -1.814776   -1.029356    1.147345 

C   -3.147742   -0.884365    1.497784 

C   -4.020159   -0.362322    0.519738 

O   -0.879546   -1.755171    1.746313 

C   -2.397032    2.007157    0.902042 

C   -4.157135   -0.972200   -0.854240 

H   -1.263997   -2.497292    2.240936 

C   -2.255276    1.522823   -1.576753 

C   -5.202109    0.438167    0.973759 

H   -3.487825   -1.038260    2.520582 

H    0.227282    0.518778   -2.436911 

H    2.152480   -0.783459   -2.640610 

H    1.124915    2.657308   -2.370490 

H    1.820705    4.653385   -1.082899 

H    2.065806    4.515470    1.383008 

H    1.640662    2.366159    2.549167 

H    0.976486    0.362903    1.264278 

H    3.921877    0.479763   -1.377363 

H    5.537249    0.401227    0.492092 

H    5.191229   -1.189259    2.366916 
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H    3.243397   -2.721709    2.341786 

H    1.638035   -2.664048    0.468934 

H   -3.210133    2.046766   -1.700658 

H   -1.466645    2.266090   -1.753237 

H   -2.175981    0.735956   -2.330672 

H   -5.423865    1.227279    0.246305 

H   -6.089934   -0.206594    1.005687 

H   -5.057069    0.886478    1.958373 

H   -4.371109   -0.218578   -1.617315 

H   -3.292344   -1.573386   -1.140426 

H   -5.032221   -1.634728   -0.814044 

H   -3.347712    2.530837    0.766215 

H   -2.343481    1.585936    1.906194 

H   -1.596399    2.754128    0.805150 

1 imaginary frequency 

E = -1209.8653666 

G = -1209.464072 

 

TS-β 

C    5.011791    1.185681   -0.436382 

C    4.380714    0.228769   -1.234159 

C    5.109138   -0.852725   -1.724041 

C    6.460872   -0.979403   -1.409416 

C    7.088393   -0.027425   -0.612794 

C    6.360384    1.057452   -0.127015 

C    2.928449    0.414642   -1.581744 

C    1.950505    0.705778   -0.414173 

N    0.749665    0.036702   -0.958966 

C    1.068868   -0.834238   -1.991709 

O    2.394980   -0.754015   -2.227833 

C    2.291182    0.156318    0.952298 

C    2.833118   -1.123098    1.101240 

C    3.093446   -1.626229    2.369995 

C    2.791127   -0.864904    3.498910 

C    2.238117    0.404168    3.353163 

C    1.992107    0.921487    2.081100 

C   -0.516997    0.133390   -0.437385 

C   -1.485665   -1.027560   -0.379558 

C   -2.587565   -0.480143    0.567167 

C   -2.325243    1.010182    0.632185 

C   -0.972153    1.254085    0.255502 

O    0.305077   -1.521183   -2.616950 

C   -0.866899   -2.316984    0.126172 

C   -0.190055   -2.348386    1.347395 

C    0.322027   -3.546410    1.837113 

C    0.166324   -4.722918    1.108754 

C   -0.493445   -4.694720   -0.117427 

C   -1.003912   -3.496224   -0.606455 

C   -4.030336   -0.880725    0.323959 

C   -4.972846   -0.529872    1.298754 
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C   -6.318972   -0.836878    1.139313 

C   -6.746920   -1.516487    0.000205 

C   -5.818105   -1.882050   -0.967505 

C   -4.469569   -1.564276   -0.809354 

C   -3.415183    1.778921   -0.987421 

O   -2.984653    0.896566   -1.944510 

C   -1.906290    1.451628   -2.517479 

C   -1.754953    2.766259   -2.122261 

C   -2.749893    2.998819   -1.170464 

O   -0.287044    2.362542    0.323126 

B   -0.650002    3.652186    1.045177 

F   -0.668317    4.639171    0.073899 

F   -1.910396    3.516352    1.631627 

F    0.336465    3.856567    1.986095 

H   -1.885676   -1.208487   -1.379067 

H   -2.336733   -0.845461    1.574559 

H   -2.825639    1.640189    1.356505 

H   -4.642329   -0.012028    2.197178 

H   -7.032018   -0.552940    1.907021 

H   -7.796185   -1.762680   -0.127622 

H   -6.139451   -2.416601   -1.856005 

H   -3.766888   -1.853822   -1.582955 

H   -1.500005   -3.467312   -1.572720 

H   -0.607862   -5.605629   -0.696684 

H    0.563874   -5.657657    1.491998 

H    0.849413   -3.552319    2.786038 

H   -0.046157   -1.429065    1.916207 

H    1.763499    1.776138   -0.338125 

H    2.832596    1.234759   -2.305741 

H    1.554245    1.911692    1.969157 

H    1.999552    1.000944    4.227928 

H    2.990466   -1.261107    4.490213 

H    3.522704   -2.617730    2.477838 

H    3.050039   -1.727919    0.224071 

H    4.444398    2.026164   -0.042828 

H    6.841704    1.801688    0.499324 

H    8.141089   -0.128904   -0.368411 

H    7.022767   -1.826375   -1.790733 

H    4.615889   -1.593306   -2.344548 

H   -1.378465    0.828793   -3.227423 

H   -0.969696    3.448360   -2.410170 

H   -2.880837    3.890393   -0.574667 

H   -4.397950    1.566744   -0.587612 

1 imaginary frequency 

E = -2068.6819648 

G = -2068.167317 

 

TS-α 

C   -4.733599   -1.078395   -1.791115 

C   -4.022305    0.117245   -1.907412 
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C   -4.695342    1.333738   -1.836847 

C   -6.076033    1.352066   -1.649275 

C   -6.784072    0.160924   -1.526770 

C   -6.109559   -1.056801   -1.597515 

C   -2.531076    0.043922   -2.082485 

C   -1.729913   -0.460564   -0.848922 

N   -0.504685    0.349707   -1.007524 

C   -0.715229    1.415265   -1.902961 

O   -1.976690    1.334305   -2.366790 

C   -2.391554   -0.250419    0.493272 

C   -2.665101    1.034200    0.966373 

C   -3.308808    1.209567    2.188391 

C   -3.707098    0.098068    2.929822 

C   -3.447645   -1.184930    2.451568 

C   -2.777369   -1.361152    1.242918 

C    0.673717    0.102175   -0.367222 

C    1.911560    0.954719   -0.503967 

C    3.027537    0.048703    0.127426 

C    2.271797   -1.103159    0.739847 

C    0.919865   -1.074648    0.340260 

O    0.066955    2.263902   -2.217189 

C    1.858519    2.356541    0.086789 

C    0.723061    2.895497    0.686792 

C    0.740898    4.182715    1.218279 

C    1.897181    4.953402    1.148345 

C    3.031556    4.430636    0.532507 

C    3.008324    3.144380    0.003888 

C    4.032638   -0.442867   -0.901304 

C    5.275911    0.182749   -1.010665 

C    6.190859   -0.220473   -1.979349 

C    5.871757   -1.262543   -2.845191 

C    4.639704   -1.902101   -2.730558 

C    3.721450   -1.498696   -1.764953 

C    2.226595   -0.693458    2.828684 

O    1.838152    0.618524    2.780115 

C    0.506966    0.629731    2.952622 

C    0.031506   -0.622036    3.254753 

C    1.143040   -1.479549    3.218208 

O    0.034199   -2.010768    0.589024 

B    0.452573   -3.454800    0.404367 

F    1.170313   -3.525463   -0.787669 

F    1.269256   -3.822670    1.475876 

F   -0.728614   -4.160124    0.365860 

H    2.125500    1.068606   -1.573688 

H    3.563607    0.623719    0.889303 

H    2.753299   -2.061715    0.911667 

H    5.532983    0.987624   -0.325470 

H    7.153735    0.275733   -2.052397 

H    6.584193   -1.582079   -3.599268 

H    4.391354   -2.727618   -3.390194 



209 

 

H    2.777522   -2.031184   -1.664957 

H    3.891267    2.746231   -0.491675 

H    3.935694    5.026988    0.458580 

H    1.911609    5.957248    1.560629 

H   -0.155818    4.586272    1.679688 

H   -0.189588    2.308235    0.738395 

H   -1.491060   -1.516029   -0.968760 

H   -2.288501   -0.601795   -2.935429 

H   -2.509149   -2.357008    0.898027 

H   -3.750930   -2.053193    3.028676 

H   -4.220589    0.233099    3.876863 

H   -3.517836    2.211232    2.551511 

H   -2.392990    1.902824    0.368696 

H   -4.208021   -2.029525   -1.848431 

H   -6.655727   -1.990114   -1.504992 

H   -7.859366    0.178780   -1.379864 

H   -6.597874    2.302685   -1.600074 

H   -4.140055    2.260164   -1.938636 

H    0.029552    1.594836    2.885024 

H   -1.002970   -0.883393    3.421418 

H    1.153852   -2.554270    3.324527 

H    3.288273   -0.850414    2.958372 

1 imaginary frequency 

E = -2068.6802719 

G = -2068.165726 

 

TS-RC-β 

C   -4.654507   -0.027022   -2.349020 

C   -3.986830    1.051034   -1.765579 

C   -4.716146    2.072115   -1.161981 

C   -6.107831    2.013035   -1.143920 

C   -6.772912    0.934895   -1.719752 

C   -6.043077   -0.087771   -2.322561 

C   -2.484203    1.051384   -1.778920 

C   -1.806539    0.044480   -0.816712 

N   -0.546472    0.771822   -0.586396 

C   -0.742675    2.137015   -0.787002 

O   -1.953194    2.314601   -1.371393 

C   -2.571882   -0.224132    0.461956 

C   -2.802595    0.794617    1.390852 

C   -3.543045    0.541599    2.542999 

C   -4.070202   -0.729583    2.767830 

C   -3.842581   -1.747030    1.842815 

C   -3.089343   -1.498462    0.697396 

C    0.587125    0.212545   -0.001422 

C    1.992090    0.802358   -0.167103 

C    2.954137   -0.353359    0.325928 

C    2.028541   -1.500329    0.762320 

C    0.704682   -1.164041    0.199308 

O   -0.011313    3.039714   -0.496430 
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C    2.468022    2.157503    0.326996 

C    2.235615    2.684933    1.599092 

C    2.800007    3.896833    1.982181 

C    3.622703    4.602626    1.108506 

C    3.871910    4.083858   -0.156973 

C    3.297119    2.875444   -0.539638 

C    3.936019   -0.730484   -0.761272 

C    5.178992   -0.093231   -0.806079 

C    6.079193   -0.365300   -1.832415 

C    5.745690   -1.281600   -2.826310 

C    4.508954   -1.920482   -2.787404 

C    3.604520   -1.647354   -1.764149 

C    1.856943   -1.486987    2.390944 

O    1.604382   -0.114173    2.658623 

C    0.288751    0.014367    2.512292 

C   -0.371015   -1.215455    2.792681 

C    0.601915   -2.164313    2.784264 

O   -0.248503   -2.029528    0.066736 

B    0.037570   -3.498478   -0.272868 

F    0.895047   -3.493049   -1.362342 

F    0.652141   -4.096374    0.824507 

F   -1.197325   -4.027353   -0.548283 

H    2.097887    0.842824   -1.260303 

H    3.518007    0.027043    1.182182 

H    2.364528   -2.504590    0.501240 

H    5.437394    0.625302   -0.031610 

H    7.042570    0.135164   -1.851723 

H    6.447991   -1.499967   -3.624827 

H    4.243532   -2.641055   -3.554810 

H    2.648531   -2.166097   -1.745890 

H    3.493878    2.480196   -1.533276 

H    4.507544    4.621056   -0.854167 

H    4.061073    5.548208    1.411625 

H    2.593434    4.291880    2.972368 

H    1.607555    2.162682    2.307532 

H   -1.617184   -0.895021   -1.332563 

H   -2.117926    0.852025   -2.794367 

H   -2.856292   -2.307186    0.009483 

H   -4.238359   -2.742440    2.018457 

H   -4.653422   -0.925723    3.662311 

H   -3.718538    1.339164    3.258485 

H   -2.414458    1.796206    1.214106 

H   -4.085020   -0.822815   -2.824969 

H   -6.555137   -0.930247   -2.776532 

H   -7.857390    0.891726   -1.703069 

H   -6.672853    2.814271   -0.677842 

H   -4.192105    2.912465   -0.719016 

H   -0.115894    1.019310    2.520656 

H   -1.440364   -1.344550    2.891049 

H    0.486597   -3.234122    2.871025 
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H    2.796875   -1.792237    2.847420 

1 imaginary frequency 

E = -2068.6770601 

G = -2068.158986 
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Appendix A: X-ray Crystallography 

Intensity data were collected with an Oxford Diffraction SuperNova CCD 

diffractometer using Cu- Kα radiation, the temperature during data collection was 

maintained at 130.0(1) using an Oxford Cryosystems cooling device. The structure 

was solved by direct methods and difference Fourier synthesis.1 Thermal ellipsoid 

plots were generated using the program ORTEP-3 integrated within the WINGX suite 

of programs.2,3 

 

Figure S1.  Thermal ellipsoid plot for 26. Ellipsoids are at the 30% probability level. 
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Crystal data for 16. C23H22Br2O6, M = 554.22, T = 130.0 K, λ = 1.54184, 

Orthorhombic, space group P 212121,  a = 6.0088(1) b = 14.4880(1), c =25.2409(2) Å, 

V = 2197.36(2) Å3, Z = 4 , Dc = 1.675 mg M-3 μ(Cu-Kα) 5.007 mm-1, F(000) =1112, 

crystal size 0.55 x 0.27 x 0.22 mm3, 15254 reflections measured, 4594 independent 

reflections [R(int) = 0.0272], the final R was 0.0259[I > 2σ(I)] and wR(F2) was 0.0703 

(all data), Flack parameter -0.012(7). CCDC deposit code 1519781. 
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Appendix B: Selected NMR spectra 

1H NMR spectrum (500 MHz) of 1.218 in CDCl3 

 
13C NMR spectrum (125 MHz) of 1.218 in CDCl3 
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1H NMR spectrum (500 MHz) of 1.221 in CDCl3 

 
13C NMR spectrum (125 MHz) of 1.221 in CDCl3 
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1H NMR spectrum (500 MHz) of 1.223a in CDCl3 

 
13C NMR spectrum (125 MHz) of 1.223a in CDCl3 
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1H NMR spectrum (500 MHz) of 1.223b in CDCl3 

 
13C NMR spectrum (125 MHz) of 1.223b in CDCl3 
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1H NMR spectrum (500 MHz) of 1.223c in CDCl3 

 
13C NMR spectrum (125 MHz) of 1.223c in CDCl3 

 
 

 

 



219 

 

1H NMR spectrum (500 MHz) of 1.225a in CDCl3 

 
13C NMR spectrum (125 MHz) of 1.225a in CDCl3 
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1H NMR spectrum (500 MHz) of 1.225b in CDCl3 

 
13C NMR spectrum (125 MHz) of 1.225b in CDCl3 
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1H NMR spectrum (500 MHz) of 1.225c in CDCl3 

 
13C NMR spectrum (125 MHz) of 1.225c in CDCl3 
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1H NMR spectrum (500 MHz) of 1.234a in CDCl3 

 
13C NMR spectrum (125 MHz) of 1.234a in CDCl3 
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1H NMR spectrum (500 MHz) of 1.235a in CDCl3 

 
13C NMR spectrum (125 MHz) of 1.235a in CDCl3 
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1H NMR spectrum (500 MHz) of 1.234b in CDCl3 

 
13C NMR spectrum (125 MHz) of 1.234b in CDCl3 
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1H NMR spectrum (500 MHz) of 1.235b in CDCl3 

 
13C NMR spectrum (125 MHz) of 1.235b in CDCl3 
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1H NMR spectrum (500 MHz) of 1.234c in CDCl3 

 
13C NMR spectrum (125 MHz) of 1.234c in CDCl3 
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1H NMR spectrum (500 MHz) of a mixture of 1.235c and 1.234c in CDCl3 

 

13C NMR spectrum (125 MHz) of a mixture of 1.235c and 1.234c in CDCl3 
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1H NMR spectrum (500 MHz) of 1.241 in CDCl3 

 
13C NMR spectrum (125 MHz) of 1.241 in CDCl3. 
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1H NMR spectrum (500 MHz) of 1.227a in CDCl3 

13C NMR spectrum (125 MHz) of 1.227a in CDCl3. 
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1H NMR spectrum (500 MHz) of 1.244-trans in CDCl3 

 
1H NMR spectrum (500 MHz) of 1.244-cis in CDCl3 
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1H NMR spectrum (500 MHz) of 1.245-trans in CDCl3 

 
13C NMR spectrum (125 MHz) of 1.245-trans in CDCl3. 
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1H NMR spectrum (500 MHz) of 1.245-cis in CDCl3 

 
13C NMR spectrum (125 MHz) of 1.245-cis in CDCl3. 
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1H NMR spectrum (500 MHz) of 1.252 in CDCl3 

 
13C NMR spectrum (125 MHz) of 1.252 in CDCl3. 
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1H NMR spectrum (500 MHz) of 1.258 in CDCl3 

 
13C NMR spectrum (125 MHz) of 1.258 in CDCl3. 

 

 

 

 


