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Abstract 

This thesis is divided into two main chapters. Chapter 1 focuses on transition metal-

catalyzed higher-order carbocyclization reaction whilst Chapter 2 focuses on the total 

synthesis of tremulane sesquiterpene natural products. 

Chapter one of this thesis describes the optimization and development of the 

diastereoselective rhodium-catalyzed intramolecular [(3+2+2)] carbocyclization reaction 

of dieneyne alkylidenecyclopropanes. The chapter commences with an introduction to 

transition metal-catalyzed higher-order carbocyclization reactions, with a strong focus on 

[3+2+2] carbocyclization reactions. Section 1.2 describes our development of the 

diastereoselective rhodium-catalyzed intramolecular [(3+2+2)] carbocyclization reaction. 

This section highlights the optimal reaction conditions, scope, and generality of our 

methodology. 

 Chapter two of this thesis focuses on the total synthesis of three tremulane 

sesquiterpene natural products. This section begins with an introduction to the tremulane 

family of natural products, followed by a summary of previous syntheses of two natural 

products. Section 2.1.4 highlights the challenges faced in the preparation of the core of 

the outlined target compounds. Following, section 2.1.5 outlines the successful 

generation of epi-(±)-tremulenolide A, epi-(±)-tremuelenediol A, and epi-(±)-ceriponol 

D.  
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Chapter 1 

Metal-Catalyzed [3+2+2] Carbocyclization Reactions 

 

 

1.1 Introduction to Metal-Catalyzed [‘m+n+o’] Carbocyclization Reactions 

  Metal catalyzed [‘m+n+o’] carbocyclization reactions have evolved into a highly 

important class of synthetic transformation that facilitates the construction of complex 

scaffolds in both a selective and atom-economical manner.
1–3

 One important feature of 

these transformations is their variable reactivity, which is accessible through the use of 

different transition metal complexes and can be used to assemble a wide range of 

different chemical scaffolds. Furthermore, the use of different carbon-based π-systems, 

where m, n, and o have been modified, permits the selective construction of products with 

variable ring size, number of rings, etc. The following report will highlight the 

development of a metal-catalyzed [‘3+2+2’] carbocyclization reaction for the 

construction of synthetically useful seven-membered rings.  
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1.2.1 Background and Mechanism 

 Many biologically interesting pharmacophores contain complex polycyclic scaffolds, 

wherein their construction provides a persistent challenge for modern synthetic 

chemistry. As such, the ability to systematically access a wide range of these scaffolds in 

a selective manner would be an asset to medicinal chemistry.
4–7

 The development of 

transition metal-catalyzed carbocyclization reactions has recently become quite popular 

with respect to creating complex polycyclic scaffolds, as they can be performed in a 

selective manner and afford products that are generally not accessible through common 

pericyclic reactions.
8
 Scheme 1.1 outlines the general mechanism for this type of process, 

where such reactions are classified into the following four categories: (a) intermolecular 

[m+n+o] where none of the π-components are tethered; (b) semi-intermolecular 

[(m+n)+o] where two of the π-components are tethered; (c) intramolecular [(m+n+o)] 

where the three π-components are tethered in a linear fashion; and (d) intramolecular 

[(m+n+o)] macrocyclization where the system is fully tethered. 
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Scheme 1.1. General catalytic cycle and types of transition metal-catalyzed 

carbocyclization reactions.
3
  

 

 Metal-catalyzed carbocyclization reactions are generally initiated by the binding of 

two π-components to a metal centre, which generates the metal complex i and promotes 

oxidative coupling to afford the first metallacycle ii. The generation of this metallacycle 

supports coordination of a third π-component to form the metal complex iii, which can 

then undergo carbometallation to produce the second metallacycle iv. Subsequent 

reductive elimination gives the desired carbocyclization product and regenerates the 

active catalyst. 

Since the first metal-catalyzed [m+n+o] carbocyclization reaction described by 

Reppe and Schweckendiek in 1948, the field of study has seen significant growth both 

with the emergence of new metal catalysts and an ever-expanding array of π-systems.
9
 

Outlined in this seminal work was the cyclotrimerization of monosubstituted alkynes in 



 

4 

 

the presence of a nickel catalyst (eqn. 1.1), resulting in the formation of trisubstituted 

benzene rings. Although no regioselectivity was exhibited for either the 1,2,4- or 1,3,5-

trisubstituted benzene derivatives, these results provided the proof-of-principle that 

would drive the next sixty years of research into metal-catalyzed carbocyclization 

reactions. Notably, this investigation highlighted the synthetic challenges associated with 

controlling regioselectivity in intermolecular variants of these reactions.    

 

 As the ability to perform chemo-, regio-, and stereoselective metal-catalyzed 

[‘m+n+o’] carbocyclization reactions continues to diversify, the utility of the products 

obtained from these reactions also increases dramatically. This is amply demonstrated in 

Figure 1.1, where several examples of 6-, 7-, and 8-membered ring-containing natural 

products are shown.
10–18

 Despite recent improvements in the selectivity of intermolecular 

carbocyclization reactions, applications to total synthesis have been largely limited to 

intramolecular reactions as they generally provide the highest degree of selectivity and 

reactivity. Specifically, applications of metal-catalyzed carbocyclizations have typically 

been restricted to the [(2+2+2)] combination of triynes. 
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Figure 1.1. Representative natural products containing 6-, 7-, and 8-membered rings.
10-18 

 

1.2.2 Intermolecular [3+2+2] 

Fully intermolecular carbocyclization reactions still present many challenges in 

synthetic chemistry. Although the starting materials are easily accessible, the reactivity 

and selectivity of these three-component reactions are difficult to control. To a certain 

extent, this can be circumvented through the use of bulky substituents on select π-

components or intricate transition metal complexes, which favour the formation of one 

product. The first reported fully intermolecular variant of the metal-catalyzed [3+2+2] 

carbocyclization was described by Saito et al. in 2004.
19

 This work demonstrated the use 

of cyclopropylidene compounds in metal-catalyzed [m+n+o] carbocyclization reactions 

as one of the three π-components and resulted in the synthesis of seven membered rings. 

Initial studies showed that two equivalents of a terminal alkyne and one equivalent of 
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ethyl cyclopropylideneacetate 1.4 could undergo a 2:1 coupling in a highly regio- and 

stereoselective manner (eqn. 1.2). 

 

Further studies demonstrated that employing two different terminal alkynes in the 

presence of a nickel catalyst and cyclopropylideneacetates  results in an analogous three-

component coupling (eqn. 1.3).
20,21

 This process occurs in a highly regio- and 

stereoselective manner as long as one of the alkynes contains a bulky substituent. In the 

presence of a large excess of the less reactive and bulkier alkyne 1.6, the two different 

alkynes coordinate to the nickel catalyst first to form a nickelcyclopentadiene complex 

selectively. Due to steric congestion on one side of the metallacycle from the bulkier 

alkyne, the cyclopropylideneacetate is forced to coordinate exclusively on the less 

hindered side. This work provides the first regio- and stereoselective metal-catalyzed 

[3+2+2] carbocyclization reaction to furnish a cycloheptatriene in good yield. 
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1.2.3 Intermolecular [3+(2+2)] 

In contrast to the fully intermolecular carbocyclization reaction, the semi-

intermolecular variant increases the reactivity and selectivity of the reaction by tethering 

two of the π-components. The first semi-intermolecular metal-catalyzed [3+(2+2)] 

carbocyclization was described by Maeda and Saito in 2007.
22

 Initial results described the 

nickel-catalyzed reaction of ethyl cyclopropylidene acetate and tethered-diynes to afford 

the 6,7- and 5,7-fused bicyclic products. The scope of this work was limited to 

symmetrical diynes, which led to inseparable mixtures of E/Z isomers unless the bulky 

tert-butyl ester-substituted diyne 1.8 was employed (eqn. 1.4). Interestingly, further 

studies showed the ability to switch the major isomer with the use of different phosphine 

ligands. 

 

 Expanding on this work, Saito and coworkers later reported a three-component 

reaction with one additional heteroatom-substituted alkyne under the same reaction 

conditions.
23

 This metal-catalyzed [3+2+2] carbocyclization reaction proceeded 

selectively as a fully intermolecular reaction through the incorporation of only one π-

component from the symmetrical diyne 1.11 (Scheme 1.2).  
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Scheme 1.2. Selective three-component [3+2+2] carbocyclization reaction with 

heteroatom-substituted alkynes.
23

 

 

 

1.2.4 Intermolecular[(3+2)+2] 

The scope of the semi-intermolecular metal-catalyzed [‘3+2+2’] carbocyclization 

reaction can be greatly expanded by tethering one of the 2-carbon π-components with the 

3-carbon π-component, for example, in the alkylidenecyclopropane (ACP) 1.16. This 

concept was first reported by Evans and Inglesby in 2008 in the context of a rhodium-

catalyzed [(3+2)+2] carbocyclization reaction with activated alkynes.
24

 The formation of 

the cis-fused bicycloheptadiene 1.18 with excellent regio- and diastereoselectivity 

exemplifies the potential utility of this approach (eqn. 1.5).  

 

Notably, this work permits the use of unsymmetrical alkynes wherein the nature of 

the activating group within the exogenous alkyne controls the level of regiocontrol. For 



 

9 

 

example, the level of regiocontrol with activating groups follows the trend, COMe > 

CO2
t
Bu  > CO2Me  > CONR2. Greater the electron-withdrawing capabilities of the 

substituent results in greater the polarization of the alkyne. This leads to an increase the 

in selectivity of the rhodium insertion by increasing the electrophilic nature of the 

terminal position on the alkyne. It is important to note that both 1,2-disubstituted alkynes 

and 1,1-disubstituted alkenes participate in this reaction, wherein the later provide an 

efficient method of constructing quaternary stereogenic centres at the bridgehead of the 

cis-fused ring system (eqn. 1.6). More recent work has also demonstrated the ability to 

perform the metal-catalyzed [(3+2)+2] carbocyclization reaction with trialkoxysilyl-

substituted ACPs and monosubstituted alkynes with excellent regio- and 

diasterocontrol.
25

 The resulting cis-fused bicycloheptadiene compounds contain a vinyl 

silane, which allows for the selective introduction of secondary alcohols, which are 

present in an array of natural products that contain this skeleton. 

 

 The synthetic utility of the metal-catalyzed [(3+2)+2] carbocyclization strategy with 

activated alkynes was subsequently demonstrated with the concise total synthesis of 

pyrovellerolactone.
26

 This work demonstrated the ability to access the lactarane natural 

product in only three steps in a highly atom-economical manner. The sequential rhodium-

catalyzed [(3+2)+2] carbocyclization/lactonization of the ACP 1.23 with the activated 

alkyne 1.24 provides access to the cis-fused scaffold of pyrovellerolactone in good yield 

(Scheme 1.3). Isomerization of the exocyclic methylene to the homodiene furnished the 
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desired natural product in 52% overall yield. This represents the first example of a 

higher-order [3+2+2] carbocyclization reaction in total synthesis and also demonstrates 

the ability to construct important scaffolds of sesquiterpene natural products with this 

efficient and atom-economical methodology. 

 

Scheme 1.3. Total synthesis of pyrovellerolactone via tandem rhodium-catalyzed 

[(3+2)+2] carbocyclization reaction/lactonization. 

 

 Mechanistic studies on the use of rhodium and palladium catalysts in these types of 

[(3+2)+2] carbocyclization reactions indicate that the first step likely involves cleavage 

of the distal bond of the ACP (C2-C3).
24,27

 Cleavage proceeds through the initial 

formation of a 2-alkylidene metallacyclobutane intermediate such as 1.29 from the distal 

insertion of the catalyst into the ACP (Scheme 1.4a). The result of this type of insertion is 

the exocyclic methylene unit in the product of the [(3+2)+2] carbocyclization product 

(1.28). In contrast, Mascareñas and coworkers utilized a nickel catalyst to promote a 

different type of metal-catalyzed [(3+2)+2] carbocyclization reaction of ACPs with 

activated alkenes.
28

 Nickel complexes are known to promote alternative annulations of 

ACPs, involving initial insertion of the metal complex into the proximal bond (1.33) 

followed by cleavage of the C1-C2/3 bond which results in the formation of products 

exemplified by 1.32 (Scheme 1.4b).  
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Scheme 1.4. a) [3+2+2] carbocyclization reaction involving distal-bond cleavage of ACP 

1.26 with rhodium. b) [3+2+2] carbocyclization reaction involving proximal-bond 

cleavage of ACP 1.30 with nickel.
24,27-28 

  

 This work presents the first nickel-catalyzed [3+2+2] carbocyclization reaction 

involving unactivated ACPs and allows access to the fused 6,7-bicyclic products in a 

completely regioselective manner. Further mechanistic studies revealed that the resulting 

regioselectivity is due to the carbonyl group on the alkene. For example, the coordination 

of the alkene is selective by virtue of the carbonyl group, which can coordinate to the 

nickel centre, thereby stabilizing the transition state for the insertion to result in high 

regioselectivity. 

 In 2010, Zhang and Zhao presented the first tandem rhodium-catalyzed [(3+2)+2] 

carbocyclization and heterocyclization of diyne-enones and alkynes (eqn. 1.7).
29

 Unlike 

the previously described [3+2+2] carbocyclization reactions that apply ACPs as three-

carbon synthons, this work involved the conjugated enynone acting as a three-carbon 

building block. The regioselectivity of the resulting tricycloheptadienes, 1.35 and 1.36, is 

largely dependent on the electron-donating capabilities of the substituent in 1.1. For 
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instance, switching from a strong electron-donating group to a strong electron-

withdrawing group results in a complete switch in regioselectivity to provide access to 

both regioisomers through simple modification of the alkyne.  

 

 The most recent advances in transition-metal catalyzed [(3+2)+2] carbocyclization 

reactions involve the stereoselective construction of tri- and tetrasubstituted exocyclic 

olefins in guaiane-type scaffolds from the reaction of ACPs with substituted allenes 

(Scheme 1.5a).
30

 Unsymmetrical allenes are an extremely challenging class of substrate 

for these reactions, which is due to the number of ways they can coordinate to the metal 

centre and thereby be incorporated into the final product. In the case of 1,1-disubstituted 

allenes, such as those presented in this work, distal coordination of the rhodium metal to 

the allene results in the formation of the guaiane-type scaffold 1.39, while proximal 

insertion gives the undesired product 1.40.  

Importantly, the desired distal insertion product 1.39 can be obtained in a high degree 

of selectivity over the proximal insertion product with both mono- and 1,1-disubstituted 

allenes (Scheme 1.5b). This study outlines the factors that control selectivity in this 

rhodium-catalyzed [(3+2)+2] carbocyclization process. The use of activated allenes 

(R=CO2Et), furnishes the desired product as a single constitutional and stereoisomer. 

Interestingly, unactivated allenes provide the product in varying degrees of selectivity; 

when R=Ph, the product is accessed in analogous selectivity, whereas when R=CH2OBn, 

the product was formed as a single stereoisomer, however in a 1.5:1 mixture of 
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constitutional isomers. Moreover, activated 1,1-disubstituted allenes permits access to 

1.39a in analogous selectivity to the mono-substituted allene. However, unactivated 

allenes hold reduced stereoselectivity in the product. 

 

Scheme 1.5. a) Rhodium-catalyzed [(3+2)+2] carbocyclization of ACPs with allenes to 

access guaiane-type scaffolds. b) Highly regio- and stereoselective conditions for the 

[(3+2)+2] carbocyclization reaction of allenes.
30 

 

 

1.2.5 Intramolecular [(3+2+2)] 

Fully intramolecular variants of transition metal-catalyzed carbocyclization reactions 

often provide a solution to the challenges associated with controlling chemo- and 

regioselectivity in the metal-catalyzed intermolecular carbocyclization reaction. Although 

the substrates are often much more complex, tethering the π-components generally 

improves both the reactivity and selectivity in these transformations. One of the earliest 

examples of this type of process was reported by Hubert et al. in 1967, where a 

cycloisomerization of triynes led to functionalized aromatic compounds using Ziegler’s 

catalyst (eqn. 1.8).
31

 Since then, intramolecular carbocyclization reactions have been well 

studied for the selective construction of highly functionalized polycycles.
3
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Mascareñas et al. reported the first fully intramolecular metal-catalyzed 

carbocyclization reaction involving ACPs for the construction of seven-membered rings 

in 2007 (eqn. 1.9).
27

 The formal (4+3) results from an  intramolecular cycloaddition of 

ACPs and dienes to construct the cis-fused 5,7-bicarbocyclic products (1.44) in a highly 

diastereoselective manner. Nevertheless, palladium catalysts also furnished products from 

a [3+2] cycloaddition (1.45), which arises from premature reductive elimination. 

Interestingly, the chiral phosphoramidite ligand L1 suppresses the early reductive 

elimination allowing access to the desired product in good yield.  

 

 This work paved the way for the first metal-catalyzed [(3+2+2)] carbocyclization 

reaction of ACPs for the construction of fused 5,7,5-tricyclic scaffolds. Specifically, the 

palladium-catalyzed [(3+2+2)] of eneynylidenecyclopropanes, such as 1.46 (eqn. 1.10).
32

 

The use of a sterically encumbered phosphite ligand such as L2 provides access to the 

desired product 1.47 in a highly diastereoselective manner. Unlike the previous work, 

phosphoramidite ligands such as L1 promoted the formation of the undesired [3+2] 

product 1.48. 
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Although this reaction represents the first transition metal-catalyzed fully 

intramolecular [(3+2+2)] carbocyclization reaction to afford synthetically useful 5,7,5-

tricyclic scaffolds, there was clearly significant room for improvement. The reaction 

itself requires high catalyst loadings to proceed and only provides the desired product in 

moderate yield. Furthermore, the palladium catalyst promotes the formation of the [3+2] 

adduct 1.48 in most cases. Premature reductive elimination is often an issue with 

palladium, which could likely be eliminated with other metals, such as rhodium.
33

 

Mascareñas et al. expanded the catalyst scope of this type of metal-catalyzed  

intramolecular cycloadditions with a gold-catalyzed reaction of conjugated dienes with 

allylic cations to form anti-fused bicycloheptadiene products in a highly enantioselective 

manner.
34

 This work presents the use of allenes as a three-carbon synthon in a formal 

(4+3) process, where coordination of the metal to the allene forms an allylic cation that 

undergoes a metal-catalyzed intramolecular cycloaddition with the conjugated diene 

(Scheme 1.6a). Moreover, this methodology also provides a synthetically useful route for 

the construction of bicyclo[5.3.0]decadiene and bicycle[5.4.0]undecadiene skeletons in a 

highly efficient and enantioselective manner (Scheme 1.6b). The gold catalyst modified 

with a chiral phosphoramidite ligand provides promising utility for further developments 

in enantioselective metal-catalyzed intramolecular carbocyclization reactions. 
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Scheme 1.6. a) Gold-catalyzed process of (4+3) cycloaddition from allylic cation to 

bicycloheptadienes. b) Enantioselective conditions for (4+3) cycloaddition reaction.
34 

 

  Until recently, the only formal intramolecular metal-catalyzed [(3+2+2)] 

carbocyclization reaction was the palladium-catalyzed variant. In 2014, the first rhodium-

catalyzed intramolecular [(3+2+2)] carbocyclization reaction was described and 

eliminated the problems of the premature reductive elimination previously observed with 

palladium catalysts.
35

 Based on our previous work with respect to the [(3+2)+2] 

carbocyclization reactions of ACPs with activated alkynes (eqn 1.5), Mascareñas et al. 

presented the rhodium-catalyzed carbocyclization reaction of ACPs with an internal 

alkyne and terminal alkene (1.52) to construct syn-fused 5,7,5-tricyclic scaffolds (1.53) in 

a highly selective manner (eqn. 1.11). 
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Interestingly, the chiral spiro-based phosphite ligand instead of L2 switches the 

diastereoselectivity, thereby providing access to the trans-fused 5,7,5-tricycle. Most 

importantly, the [3+2] pathway observed with palladium was completely absent under all 

conditions using the rhodium catalyst. Additional mechanistic studies utilizing DFT 

calculations indicated that the rhodium-intermediate after carbometalation (Int-Rh-1) is 

significantly more stable that its palladium counterpart (Int-Pd-1) (Figure 1.2 vs 1.3). 

Although the palladium intermediate can undergo the coordination of the final π-

component more readily than reductive elimination, the barrier for this early elimination 

is only 4.9 kcal/mol higher than that of the desired pathway (TS-Pd-1syn vs TS-Pd-3). In 

contrast, the barrier for early reductive elimination with rhodium is almost 11 kcal/mol 

higher than that of the desired pathway (TS-Rh-1syn vs TS-Rh-3), suggesting that the 

desired tricyclic scaffold will be formed selectively. 

 

 

Figure 1.2. Computed reaction pathway for palladium-catalyzed [(3+2+2)] 

carbocyclization. Free energies (ΔG298) listed in kcal/mol.
35 
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Figure 1.3. Computed reaction pathway for rhodium-catalyzed [(3+2+2)] 

carbocyclization. Free energies (ΔG298) listed in kcal/mol.
35

 

 

 Shortly after the rhodium-catalyzed work was reported, this reaction was further 

expanded with the use of a nickel catalyst to promote the construction of the 6,7,5-fused 

tricyclic scaffold from the same starting material (eqn. 1.12).
36

 Interestingly, various 

phosphine and carbene ligands did not impact the catalytic reactivity and the desired 

product was obtained in the highest yield with Ni(cod)2. 

 

 

1.2.6 Summary 

The discussion outlines some of the important developments to date with respect to 

the development of [‘3+2+2’] transition metal-catalyzed carbocyclization reactions in 

organic synthesis. Nevertheless, the application of these reactions to total synthesis has 
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been largely limited by the ability to control chemo-, regio-, and stereoselectivity of the 

intermolecular variants and limited substrate scope with the intramolecular variants, 

albeit the versatility of these reactions is continually growing. Herein, we outline our 

studies to expand the selectivity and versatility of 7-membered ring synthesis through our 

efficient and atom-economical methodology with the aim of applying our developments 

to the total synthesis of polycyclic natural products. 

 

 

1.2 Development of the Intramolecular [(3+2+2)] Carbocyclization Reaction 

 

1.2.1 Hypothesis of Rhodium(I)-Catalyzed [(3+2+2)] Carbocyclization 

Reactions 

 

Over the past twenty years, transition-metal catalyzed carbocyclization reactions 

have been a major research focus within the P. A. Evans laboratory. This research has led 

to the development of several efficient, selective, and atom-economical approaches to a 

variety of complex polycycles, including medium sized carbo- and heterocyclic 

compounds. Scheme 1.7 highlights the extensive contributions made to this area of 

research.
25,30,37–42

 Furthermore, in 2004, Evans and Baum described the first 

intramolecular temporary silicon-tethered [(4+2+2)] carbocyclization to trienynes.
43

 This 

approach was devised to circumvent the problems associated with the intermolecular 

process. 
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Scheme 1.7. P. A. Evans laboratory advances in intermolecular rhodium-catalyzed 

[m+n+o] carbocyclization reactions.
25,30,37-42 

 

 We recently reported a number of rhodium-catalyzed [(3+2)+2] carbocyclizations of 

ACPs with alkynes and allenes for the regio- and diastereoselective construction of 

various bicycloheptadiene scaffolds (see 1.65 and 1.70).
25,30

 Furthermore, this 

methodology was applied to the expeditious total synthesis of pyrovellerolactone in a 

selective manner.
26

 Although the degree of selectivity with the semi-intermolecular 

process is associated with both electronic and steric factors, there are limitations to the 

scope of these reactions that prevent application to specific classes of polycyclic 

sesquiterpenes. Hence, we envisaged the development of a fully intramolecular rhodium-

catalyzed [(3+2+2)] carbocyclization reaction would readily access complex tricyclic 
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scaffolds (1.74) and thereby circumvent the aforementioned limitations. In accord with 

our earlier statement, the tethering of all three π-components together in a linear fashion 

(1.73) was expected to improve both the reactivity and selectivity, thereby allowing the 

expansion of the scope of the rhodium-catalyzed [3+2+2] carbocyclization reaction (eqn 

1.13). 

 

 The following discussion will focus on the development, optimization and scope of 

the intramolecular rhodium-catalyzed [(3+2+2)] carbocyclization reaction of carbo- and 

heteroatom tethered dieneyne ACPs to access complex 5,7,5-tricyclic cores in a single 

step. Although Mascareñas and coworkers recently reported the selective rhodium-

catalyzed [(3+2+2)] carcbocyclization reaction with similar substrates, the scaffolds 

developed in that work are not directly applicable to the total synthesis of a particular 

class of natural products.
35

 We envisioned that further developments in the rhodium-

catalyzed [(3+2+2)] carbocyclization reaction will address this problem.  

 

1.2.2 Optimization of the Rhodium-Catalyzed [(3+2+2)] 

Carbocyclization Reaction 

 

Previous work in the Evans laboratory provided the impetus for the selective 

generation of the desired intermediate 1.74/1.75 from the dieneyne ACP 1.73.
44

 Evans 

and co-workers demonstrated that phosphines and other electron-rich ligands provide 

poor reactivity in the semi-intermolecular [(3+2)+2] carbocyclization reaction. The lack 
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of reactivity was attributed to the inability of the electron-rich ligands to promote facile 

reductive elimination from rhodium.
8
 We therefore focused our attention on more 

electron-deficient phosphite ligands. Gratifyingly, preliminary studies with the dieneyne 

ACP 1.73 using the catalyst derived from chloro(1,5-cyclooctadiene)rhodium(I) dimer 

with triphenyl phosphite in toluene at 100 °C, furnished the tricycloheptadiene 1.74/1.75 

as a mixture of diastereomers. Table 1.1 outlines the optimization of the efficiency and 

selectivity of the rhodium-catalyzed [(3+2+2)] carbocyclization reaction.  

Interestingly, the nature of the tether in the dieneyne has a significant impact on the 

ability to achieve a highly diastereoselective reaction. For example, the nitrogen-based 

tethers (entry 1) afforded the products as a 1:1 mixture of diastereomers. Importantly, 

carbon-based tethers (entry 2 and 3), provided the desired products with a significant 

improvement in diastereoselectivity, favouring the syn-product 1.74. The dimethyl-

branched tether was selected for further optimizations due to its direct relevance to the 

natural products we envisioned would be prepared using this strategy. 

 Additional optimization studies examined the effect of the ligand, which 

demonstrated that both steric and electronic factors contributed to the degree of 

stereocontrol. For instance, increasing the bulk of the phosphite ligand improves the 

selectivity of this transformation, whereas small ligands such as triethyl phosphite (entry 

4) gave almost no diastereoselectivity. Switching to a slightly larger and electron-

deficient trifluoroethyl phosphite (entry 5) afforded a slight improvement in 

diastereocontrol, which prompted the further examination of steric influence using 

tris(2,4-di-tert-butylphenyl) phosphite (entry 6). Unfortunately, this ligand resulted in 

lower conversion after 18 hours and although increasing the reaction time improved 
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conversion, the desired products decompose at high temperatures leading to no 

improvement in isolated yield (entry 7).  In accordance with this observation, bulkier 

ligands such as P(OTBS)3 (entry 8) gave a similar ratio of products (1.74/1.75 ≥19:1) 

with lower conversion.  

 

Table 1.1. Optimization of diastereoselective rhodium-catalyzed [(3+2+2)] 

carbocyclization reaction of dieneyne ACPs. 

Entry
a
 X Ligand Time (hrs) dr (anti:syn)

b
 

Isolated 

Yield (%) 

1 a:NTs P(OPh)3 18 1:1 27   

2 b:C(CO
2
Me)

2
 ″ ″ 8:1 34 

3 c:CMe
2
 ″ ″ 8:1 45 

4 ″ P(OEt)3 ″ 2:1 34 

5 ″ P(OCH2CF3)3 ″ 9:1 32 

6 ″ P[O(2,4-di
t
BuC6H3)]3 ″ ≥19:1 45 

7 ″ ″ 48 ″ 47
c 

8 ″ P(OTBS)3 18 ″ 14 

9 ″ P(p-CF3C6H4)3 ″ ″ 25 

10 ″ P[O(p-CF3C6H4)]3 ″ ≥19:1 76 

a
All reactions used 5 mol % [Rh(cod)Cl]2 and 30 mol % of the indicated ligand. 

b
Diasterometric ratio of products 

determined by 500 MHz 
1
H NMR of crude reaction mixture. 

c
Low yield achieved after full conversion of starting material 

due to decomposition of product at high temperature. 
 

Since increasing the electron deficiency of the phosphite ligand impacted the 

diastereocontrol of the reaction (entry 4 vs 5), the commercially available tris(p-

trifluoromethylphenyl)phosphine was examined, which afforded the desired product with 

excellent diastereocontrol and conversion albeit with a significant increase in the ratio of 

side products (entry 9). This prompted the synthesis of the tris(p-trifluoromethylphenyl) 
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phosphite which gratifyingly, resulted in the optimal yield and selectivity for this 

transformation (entry 10). Further attempted optimization of the rhodium-catalyzed 

[(3+2+2)] carbocyclization reactions involved modifying the temperature, metal-to-

ligand ratios, solvent, and concentration; however, none of these factors provided 

improved efficiency or selectivity.  

Preliminary attempts to determine the stereochemical outcome for the major 

diastereomer of the rhodium-catalyzed [(3+2+2)] carbocyclization reaction using 2D 

NMR spectroscopy was ineffective due to the remote stereocentres. Hence, we elected to 

convert the lactone 1.74c to the diol 1.76 with lithium aluminium hydride, which allowed 

derivatization of the diol with 4-bromo-benzoisocyanate to provide a 1.77, which was 

suitable for X-ray crystallographic analysis and thereby confirmed the stereochemistry of 

the major isomer. 

 

Scheme 1.8. Determination of the major diastereomer by derivatization.  

 The diastereoselectivity for the related examples were assigned by analogy using 1D 

NMR proton correlation with the exocyclic methylene protons (see section 1.2.3, Table 

1.2). From the unambiguous confirmation of diastereoselectivity obtained via X-ray 

crystallographic analysis of 1.77 (Figure 1.4), and a comparison of the proton NMR 
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spectra of 1.74 with 1.75 (X=NTs), it appears that the singlets of the exocyclic methylene 

protons consistently appear further downfield in the anti-diastereomer 1.75 (see Table 

S1). 

 

Figure 1.4. Crystal structure of 1.77: confirmation of diastereoselectivity. 

 

 

1.2.3 Scope of the Rhodium-Catalyzed [(3+2+2)] Carbocyclization 

Reaction 

 

Although high levels of diastereoselectivity can be achieved with dimethyl tethered 

dieneyne ACPs in the optimized rhodium-catalyzed [(3+2+2)] carbocyclization reaction, 

the ability to achieve a high degree of stereocontrol across a variety of substrates is 

crucial for applications to target directed synthesis in the future. Hence, we elected to 

probe the dieneyne ACP substrate to examine whether the reaction can tolerate increased 
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substitution or various different tethers and determine how each of these factors 

influences efficiency and selectivity (eqn 1.15).  

Table 1.2 outlines the application of the optimized reaction conditions (Table 1.1, 

entry 10) to several carbon- and heteroatom-tethered dieneyne ACPs. As outlined in the 

optimization, the nature of the tether has a large impact on the diastereoselectivity of the 

reaction. The reaction is tolerant of all carbon-tethered dieneyne ACPs, affording the 

desired syn-tricyclic products with good to excellent yield and stereocontrol (entries b-d). 

Interestingly, even under the optimized conditions, nitrogen-tethered dieneyne ACPs 

provide the products with poor stereocontrol. A control experiment revealed that the 

carbocyclization of 1.73a (X=NTs, see Table 1.1) proceeds with similar yield and 

diastereoselectivity with only one equivalent of ligand present. Hence, the nature of the 

sulfonamide tether may impact the amount of ligand on the rhodium center and thereby 

impact diastereocontrol. 

The carbon-tethered substrates behave in an analogous manner to the optimized 

conditions, with the exception of the acetal-tethered substrate (entry d), which afforded 

the product with reduced diastereoselectivity. Once again, the tether of the substrate plays 

a vital role in the stereocontrol of the rhodium-catalyzed [(3+2+2)] carbocyclization 

reaction. In the case of the acetal-tethered substrate, it is hypothesized that the tether may 

modify the conformation of the molecule, resulting in reduced diastereocontrol, in a 

similar way to the sulfonamide-tethered substrate 1.73a. Importantly, the acetal 

functionality provides the product with an interesting handle for further transformations 

via deprotection to the diol, which could then be manipulated as necessary. Gratifyingly, 

the ability of this reaction to proceed with both ester and ether-tethered materials (entry b 
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vs f) demonstrates that the optimized conditions provide an improvement on the previous 

work of Macereñas.
35

 Although their optimized conditions afforded the syn-tricyclic 

product with excellent stereocontrol, the isolated yields were consistently lower due to 

the generation of side products and poor conversion. Hence, we have improved the 

efficiency for the rhodium-catalyzed [(3+2+2)] carbocyclization reaction. 

 

 

Table 1.2. Substrate scope of diastereoselective rhodium-catalyzed [(3+2+2)] 

carbocyclization reaction of dieneyne ACPs. 

 
a
Reaction time of 6 hours. Isolated yields are shown. Diasterometric ratio of products determined by 500 MHz 

1
H NMR of 

crude reaction mixture. 
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 Another striking feature with the reaction is the tolerance to various functionality at 

the terminal alkene (entry g-i), which permit the introduction of additional groups in good 

yield and with similar selectivity. For example, the 1,1-disubstituted alkene (R
3
) provides 

access to products with quaternary stereogenic centres (entry g), while E- and Z-

substituted alkenes (R
5
) facilitates the construction of products with three stereogenic 

centres with excellent diastereocontrol (entry h-i). Furthermore, trisubstituted alkenes can 

be treated with the optimized conditions to afford 1.68j with a quaternary centre on the 

ring, which provides an indication of the versatility of this approach. Overall, this process 

highlights a direct, selective, and atom-economical approach to the desired 5,7,5-tricyclic 

scaffold, which is present in various classes of natural products. Notably, bulkier silyl 

substituents at the terminal position of the alkene inhibit coordination of rhodium to the 

ester-tethered π-component, resulting in formation of the [3+2] product from premature 

reductive elimination. Gratifyingly, the diverse scope of carbon-tethered dieneyne ACPs 

that can be applied to the optimized reaction conditions provides a diverse library of 

interesting target compounds for further functionalization. 

 Furthermore, the reaction of enediyne ACPs under the optimized conditions provided 

access to the tricycloheptatriene product (entry e). Although the reaction is no longer 

diastereoselective, the previously optimized ligand was effective in suppressing 

isomerization products. Notably, the rhodium-catalyzed [(3+2+2)] carbocyclization 

reaction of enediyne ACPs proceeds much faster than the reaction of dieneyne ACPs. 

Previous work in the Evans’ laboratory has demonstrated that terminal alkynes are 

significantly more reactive than terminal alkenes in these types of reactions.
30

 As 

discussed above, the resulting products of the carbocyclization reaction tend to 
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decompose at high temperatures, indicating that a decrease in reaction time should 

maintain a good yield of the products. Interestingly, this work provided the nitrogen-

tethered system as a single product (eqn 1.16); however, the process favours the 

isomerization product 1.78. Furthermore, substitution of the terminal alkyne completely 

inhibited the desired rhodium-catalyzed [(3+2+2)] carbocyclization reaction. 

 

 

 Although attempts were made at applying chiral ligands to the optimized [(3+2+2)] 

carbocyclization reaction of dieneyne ACPs, only modest selectivity was achieved, which 

was ascribed to the pendant alkyne. For instance, the reactive nature and poor facial 

selectivity of the alkyne substituent presumably permits the equilibration of the rhodium-

trimethylmethane (TMM) complex. Hence, the application of several chiral ligands to the 

aforementioned reaction proved challenging as the diastereomeric ratio fluctuated 

depending on the choice of ligand. Although some preliminary results provided modest 

selectivity (14-40% ee), additional studies are necessary to further optimize these 

reactions. 

 

1.2.4 Conclusions 

 

In conclusion, we have developed a highly diastereoselective [(3+2+2)] 

carbocyclization reaction of dieneyne ACPs for the formation of functionalized 

tricycloheptadienes. The reaction tolerated a range of carbon-tethered compounds in 
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additional to a variety of functionality, which includes 1,1- and 1,2-disubstituted terminal 

alkenes. Interestingly, the nature of the tether plays an important role in maintaining the 

diastereoselectivity of the reaction, wherein nitrogen-tethered compounds were not well 

tolerated. Hence, the selective generation of tricycloheptatrienes can be achieved under 

the optimized conditions with carbon-tethered systems. The ability to diastereoselectively 

construct the syn-tricycloheptadiene is intriguing for the synthesis of sesquiterpene 

natural products that contain tricycloheptene cores. The proceeding chapter will highlight 

the application of the optimized conditions towards the total synthesis of the tremulane 

family of sesquiterpene natural products.  

 

1.3 Experimental 

 

General Experimental and Analysis Statement: 

All reactions were carried out under an argon atmosphere in anhydrous solvent using 

commercially available reagents that were purchased and used as received. P[O-(p-

CF3Ph)]3 was prepared according to a literature procedure.
45

 Tetrahydrofuran was freshly 

distilled from sodium benzophenone ketyl.  Toluene was dried by passage through 

activated alumina columns. Triethylamine was freshly distilled from calcium hydride. 

Analytical thin layer chromatography (TLC) was performed on pre-coated 0.2 mm thick 

silica gel 60-F254 plates (Merck); visualized using UV light and by treatment with a 

KMnO4 or vanillin stain, followed by heating.  All compounds were purified by flash 

chromatography using silica gel 60 (40-63 µm, SiliCycle) and gave spectroscopic data 

consistent with being ≥95% the assigned structure.  Melting points (uncorrected) were 
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obtained from a Büchi M560 melting point instrument.  
1
H NMR and 

13
C NMR spectra 

were recorded on a Bruker Avance DRX-500 or Bruker Avance 400 spectrometer in 

CDCl3 at ambient temperature; chemical shifts (δ) are given in ppm and calibrated using 

the signal of residual undeuterated solvent as internal reference (δH = 7.26 ppm and δC = 

77.16 ppm).  
1
H NMR data are reported as follows: chemical shift (multiplicity, 1st order 

spin system if available, coupling constant, integration).  Coupling constants (J) are 

reported in Hz and apparent splitting patterns are designated using the following 

abbreviations: s (singlet), d (doublet), t (triplet), q (quartet), m (multiplet), br (broad), 

app. (apparent) and the appropriate combinations.  
13

C NMR spectra with complete 

proton decoupling were described with the aid of an APT sequence, separating methylene 

and quaternary carbons (e, even), from methyl and methine carbons (o, odd).  IR spectra 

were recorded on a Agilent Technologies Cary 630 FT-IR (ATR) spectrometer; 

wavenumbers (ν) are given in cm
−1

; and the abbreviations w (weak, <33%), m (medium, 

33-66%), s (strong, >66%), vs (very strong, ≥95%) and br (broad) are used to describe 

the relative intensities of the IR absorbance bands.  Mass spectra were obtained through 

the Chemistry Department Mass Spectrometry Service at Queen’s University.  

 

General Procedure for Acylation: n-Butyllithium (1.2 equiv., 1.6 M in hexanes) was 

added dropwise to a solution of the alkyne (1.0 equiv.) in anhydrous tetrahydrofuran 

(0.27 M) under an atmosphere of argon at –78 °C and the reaction was stirred for 1 hour 

at this temperature. A solution of chloroformate (1.5 equiv.) was then added and the 

resulting mixture was stirred for 30 minutes before being warmed to room temperature. 

The reaction was quenched with distilled water and the product was extracted with 

diethyl ether. The organic layers were dried over MgSO4, filtered, and concentrated in 
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vacuo to afford the crude product. Purification by flash column chromatography (silica 

gel, eluting with diethyl ether/hexanes) afforded the various ACP products in moderate to 

good yield. 

 

Allyl 4-(N-(2-cyclopropylideneethyl)-4-

methylphenylsulfonamido)but-2-ynoate 1.73a.
 

Compound 1.73a was synthesized using the representative acylation 

procedure starting with S1.1 (1.38 g, 5.00 mmol) and allyl chloroformate (0.900 g, 7.50 

mmol). Isolated in 98 % yield (1.76 g, 4.90 mmol) as a yellow oil. 

1
H NMR (500 MHz, CDCl3) δ 7.74 (d, J = 7.9 Hz, 2H), 7.31 (d, J = 7.9 Hz, 2H), 5.91 

(dddd, J = 17.2, 10.5, 5.6, 1.2 Hz, 1H), 5.56 (tt, J = 5.1, 1.3 Hz, 1H), 5.35-5.28 (m, 2H), 

4.58 (d, J = 5.7 Hz, 2H), 4.20 (s, 2H), 3.96 (d, J = 6.9 Hz, 2H), 2.42 (s, 3H), 1.14-1.10 

(m, 2H), 1.09-1.05 (m, 2H). 

13
C NMR (125 MHz, CDCl3) δ 152.31 (e), 143.94 (e), 135.54 (e), 131.07 (o), 129.80 (o), 

129.76 (e), 127.74 (o), 119.31 (e), 111.52 (o), 80.99 (e), 76.78 (e), 66.46 (e), 48.45 (e), 

35.82 (e), 21.63 (o), 2.81 (e), 2.01 (e). 

IR (Neat) 2984 (w), 2239 (w), 1712 (s), 1448 (w), 1349 (m), 1235 (s), 1159 (vs), 1058 

(m), 925 (m), 896 (s), 737 (m) cm
-1

. 

HRMS (ESI, [M+H]
+
) calculated for C19H22O4NS 360.1264, found 360.1255. 

 

1-Allyl 4,4-dimethyl 6-cyclopropylidenehex-1-yne-1,4,4-

tricarboxylate 1.73b.
 

Compound 1.73b was synthesized using the representative 

acylation procedure starting with S1.2 (1.18 g, 5.00 mmol) and 
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allyl chloroformate (0.900 g, 7.50 mmol). Isolated in 93 % yield (1.49 g, 4.65 mmol) as a 

colourless oil. 

1
H NMR (500 MHz, CDCl3) δ 5.91 (dddd, J = 17.1, 10.8, 5.8, 1.1 Hz, 1H), 5.56 (tt, J = 

7.4, 2.0 Hz, 1H), 5.35 (dq, J = 17.2, 2.2 Hz, 1H), 5.27 (dq, J = 10.4, 1.3 Hz, 1H), 4.64 (dt, 

J = 5.8, 2.4 Hz, 2H), 3.76 (s, 6H), 2.95 (d, J = 7.6 Hz, 2H), 2.94 (s, 2H), 1.11-1.07 (m, 

2H), 1.06-1.04 (m, 2H). 

13
C NMR (125 MHz, CDCl3) δ 169.94 (e), 152.95 (e), 131.27 (o), 128.28 (e), 119.16 (e), 

110.87 (o), 84.22 (e), 75.22 (e), 66.40 (e), 56.89 (e), 53.03 (o), 35.13 (e), 23.05 (e), 3.12 

(e), 2.03 (e). 

IR (Neat) 2956 (w), 2240 (w), 1736 (s), 1712 (vs), 1437 (m), 1242 (vs), 1063 (s), 933 

(m), 751 (s) cm
-1

. 

HRMS (ESI, [M+H]
+
) calculated for C17H21O6 321.1333, found 321.1336. 

 

Allyl 7-cyclopropylidene-5,5-dimethylhept-2-ynoate 1.73c. 

Compound 1.73c was synthesized using the representative 

acylation procedure starting with alkyne 2.61 (2.24 g, 6.35 mmol) 

and allyl chloroformate (1.15 g, 9.52 mmol). Isolated in 98% yield (1.44 g, 6.22 mmol) as 

a colourless oil. 

1
H NMR (500 MHz, CDCl3) δ 5.93 (ddd, J = 17.3, 10.6, 5.9 Hz, 1H), 5.76 (tt, J = 7.3, 

2.1 Hz, 1H), 5.36 (d, J = 17.2 Hz, 1H), 5.27 (d, J = 10.4 Hz, 1H), 4.66 (d, J = 5.7 Hz, 

2H), 2.22 (s, 2H), 2.19 (d, J = 7.8 Hz, 2H), 1.10-1.05 (m, 2H), 1.02-0.98 (m, 2H), 1.01 (s, 

6H). 



 

34 

 

13
C NMR (125 MHz, CDCl3) δ 153.59 (e), 131.55 (o), 131.51 (o), 125.16 (e), 119.11 (e), 

114.06 (o), 88.58 (e), 74.67 (e), 66.31 (e), 43.78 (e), 35.10 (e), 31.46 (e), 26.88 (o), 2.90 

(e), 1.97 (e). 

IR (Neat) 2962 (w), 2233 (w), 1711 (s), 1467 (w), 1239 (vs), 1066 (m), 933 (m), 735 (m) 

cm
-1

. 

HRMS (EI, [M]
+
) calculated for C15H20O2 232.1463, found 232.1471. 

 

Allyl 4-(5-(2-cyclopropylideneethyl)-2,2-dimethyl-1,3-dioxan-

5-yl)but-2-ynoate 1.73d.
 

Compound 1.73d was synthesized using the representative 

acylation procedure starting with S1.3 (0.442 g, 2.00 mmol) and allyl chloroformate 

(0.362 g, 3.00 mmol). Isolated in 85 % yield (0.517 g, 1.70 mmol) as a colourless oil. 

1
H NMR (500 MHz, CDCl3) δ 5.96-5.86 (m, 1H), 5.68 (tq, J = 7.7, 1.9 Hz, 1H), 5.35 (dt, 

J = 17.1, 1.4 Hz, 1H), 5.27 (dt, J = 10.3, 1.3 Hz, 1H), 4.64 (dq, J = 5.6, 1.2 Hz, 2H), 3.72 

(d, A of AB, JAB = 12.7 Hz, 2H), 3.62 (d, B of AB, JAB = 11.8 Hz, 2H), 2.62 (m, 2H), 

2.23 (dd, J = 7.7, 1.0 Hz, 2H), 1.42 (s, 3H), 1.39 (s, 3H), 1.12-1.08 (m, 2H), 1.06-1.02 

(m, 2H). 

13
C NMR (125 MHz, CDCl3) δ 153.38 (e), 131.45 (o), 126.92 (e), 119.23 (e), 111.26 (o), 

98.38 (e), 87.11 (e), 75.32 (e), 67.30 (e), 66.94 (e), 66.40 (e), 36.97 (e), 35.18 (e), 27.37 

(o), 22.74 (e), 20.40 (o), 3.15 (e), 2.18 (e). 

IR (Neat) 2990 (w), 2233 (m), 1710 (s), 1453 (w), 1372 (m), 1240 (vs), 1196 (s), 1065 

(s), 933 (m), 751 (m) cm
-1

. 

HRMS (ESI, [M+H]
+
) calculated for C18H25O4 305.1747, found 305.1748. 
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 4,4-Dimethyl 1-prop-2-ynyl 6-cyclopropylidenehex-1-yne-

1,4,4-tricarboxylate 1.73e.
 

Compound 1.73e was synthesized using the representative 

acylation procedure starting with S1.2 (0.473 g, 2.00 mmol) and propargyl chloroformate 

(0.356 g, 3.00 mmol). Isolated in 89 % yield (0.566 g, 1.78 mmol) as a colourless oil. 

1
H NMR (500 MHz, CDCl3) δ 5.56 (tt, J = 7.3, 1.6 Hz, 1H), 4.73 (d, J = 2.2 Hz, 2H), 

3.76 (s, 6H), 2.96 (d, J = 5.2 Hz, 2H), 2.95 (s, 2H), 2.51 (t, J = 2.2 Hz, 1H), 1.11-1.08 (m, 

2H), 1.08-1.04 (m, 2H). 

13
C NMR (125 MHz, CDCl3) δ 170.00 (e), 152.44 (e), 128.49 (e), 110.89 (o), 85.61 (e), 

76.80 (e), 75.79 (e), 74.69 (o), 56.96 (e), 53.21 (e), 53.17 (o), 35.26 (e), 23.19 (e), 3.22 

(e), 2.15 (e). 

IR (Neat) 3290 (w), 2956 (w), 2241 (w), 1726 (s), 1438 (w), 1244 (s), 1074 (m), 973 (w), 

749 (w) cm
-1

. 

HRMS (ESI, [M+H]
+
) calculated for C17H19O6 319.1176, found 319.1170. 

 

 Dimethyl 2-(4-(allyloxy)but-2-ynyl)-2-(2-

cyclopropylideneethyl)malonate 1.73f.
 

S1.4 (0.23 g, 1.2 mmol) was added to a suspension of sodium 

hydride (0.029 g, 1.2 mmol) in anhydrous tetrahydrofuran (1.2 mL) at 0 
o
C under an 

atmosphere of argon. The solution was allowed to stir for 30 minutes at this temperature, 

after which S1.5 (0.24 g, 1.2 mmol) in anhydrous tetrahydrofuran (6 mL) was added and 

the reaction was allowed to stir overnight at room temperature. The reaction was 

quenched with distilled water (10 mL) and extracted with diethyl ether (3 × 20 mL). The 

combined organic layers were washed with distilled water (2 × 20 mL) and brine (20 
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mL), dried with NaSO4, filtered and concentrated in vacuo to afford the crude product. 

Purification by flash column chromatography (silica gel, eluting with 9% ethyl 

acetate/petroleum ether) afforded 1.73f (0.28 g, 0.9 mmol, 75%) as a colourless oil. 

1
H NMR (500 MHz, CDCl3) δ 5.86 (ddd, J = 22.5, 10.6, 5.6 Hz 1H), 5.55 (tt, J = 7.1, 1.2 

Hz, 1H), 5.28 (d, J = 16.2 Hz, 1H), 5.18 (d, J = 10.4 Hz, 1H), 4.09 (t, J = 2.1 Hz, 2H), 

4.00 (app. dq, J = 5.8, 1.2 Hz, 2H), 3.70 (s, 6H), 2.91 (d, J = 7.4 Hz, 2H), 2.81 (t, J = 1.8 

Hz, 2H), 1.08-1.03 (m, 2H), 1.02-0.97 (m, 2H). 

13
C NMR (125 MHz, CDCl3) δ 170.62 (e), 134.21 (o), 127.58 (e), 117.91 (e), 111.40 (o), 

81.59 (e), 79.05 (e), 70.36 (e), 57.52 (e), 57.39 (e), 52.85 (o), 34.95 (e), 23.21 (e), 3.14 

(e), 2.03 (e). 

IR (Neat) 2850 (w), 1735 (vs), 1438 (m), 1354 (w), 1296 (m), 1198 (s), 1083 (s), 930 

(m), 734 (w) cm
-1

. 

HRMS (ESI, [M+H]
+
) calculated for C17H23O5 307.1540, found 307.1534. 

 

 4,4-Dimethyl 1-(2-methylallyl) 6-cyclopropylidenehex-1-yne-

1,4,4-tricarboxylate 1.73g.
 

Compound 1.73g was synthesized using the representative 

acylation procedure starting with S1.2 (0.473 g, 2.00 mmol) and 

-methallyl chloroformate (0.404 g, 3.00 mmol). Isolated in 87 % yield (0.581 g, 1.74 

mmol) as a colourless oil. 

1
H NMR (500 MHz, CDCl3) δ 5.55 (tt, J = 7.2, 2.0 Hz, 1H), 4.99 (s, 1H), 4.95 (s, 1H), 

4.55 (s, 2H), 3.75 (s, 6H), 2.96-2.92 (m, 4H), 1.75 (s, 3H), 1.11-1.07 (m, 2H), 1.06-1.03 

(m, 2H). 
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13
C NMR (125 MHz, CDCl3) δ 170.01 (e), 153.09 (e), 139.09 (e), 128.35 (e), 113.96 (e), 

110.96 (o), 84.28 (e), 75.30 (e), 69.06 (e), 56.97 (e), 53.07 (o), 35.19 (e), 23.11 (e), 19.54 

(o), 3.18 (e), 2.09 (e). 

IR (Neat) 2956 (w), 2241 (w), 1736 (s), 1713 (s), 1437 (m), 1239 (s), 1201 (vs), 1068 (s), 

932 (m), 750 (s) cm
-1

. 

HRMS (ESI, [M+H]
+
) calculated for C18H23O6 335.1489, found 335.1487. 

 

 (E)-1-But-2-enyl 4,4-dimethyl 6-cyclopropylidenehex-1-

yne-1,4,4-tricarboxylate 1.73h.
 

Compound 1.73h was synthesized using the representative 

acylation procedure starting with S1.2 (0.473 g, 2.00 mmol) and (E)-but-2-en-1-

chloroformate (0.404 g, 3.00 mmol). Isolated in 81 % yield (0.541 g, 1.62 mmol) as a 

colourless oil. 

1
H NMR (500 MHz, CDCl3) δ 5.85-5.73 (m, 1H), 5.64-5.54 (m, 2H), 4.56 (d, J = 6.5 Hz, 

1H), 4.50 (tt, J = 6.3, 1.0 Hz, 1H), 3.75 (s, 6H), 2.96-2.91 (m, 4H), 1.72 (t, J = 5.5 Hz, 

3H), 1.11-1.07 (m, 2H), 1.06-1.03 (m, 2H). 

13
C NMR (125 MHz, CDCl3) δ 170.00 (e), 169.95 (e), 153.16 (e), 132.61 (o), 128.28 (e), 

124.26 (o), 110.90 (o), 83.87 (e), 75.44 (e), 66.61 (e), 56.92 (e), 53.04 (o), 35.15 (e), 

23.08 (e), 17.86 (o), 3.15 (e), 2.07 (e). 

IR (Neat) 2956 (w), 2240 (w), 1736 (s), 1711 (s), 1438 (m), 1244 (vs), 1209 (s), 1063 

(m), 968 (m), 752 (m) cm
-1

. 

HRMS (ESI, [M+Na]
+
) calculated for C18H22O6Na 357.1309, found 357.1298. 
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 (Z)-1-But-2-enyl 4,4-dimethyl 6-cyclopropylidenehex-1-yne-

1,4,4-tricarboxylate 1.73i.
 

Compound 1.73i was synthesized using the representative 

acylation procedure starting with S1.2 (0.473 g, 2.00 mmol) and 

(Z)-but-2-en-1-chloroformate (0.337 g, 2.50 mmol). Isolated in 78 % yield (0.521 g, 1.56 

mmol) as a yellow oil. 

1
H NMR (500 MHz, CDCl3) δ 5.75 (dddt, J = 19.0, 13.3, 6.9, 1.3 Hz, 1H), 5.58-5.51 (m, 

2H), 4.70 (d, J = 6.9 Hz, 2H), 3.75 (s, 6H), 2.95 (d, J = 8.1 Hz, 2H), 2.93 (s, 2H), 1.70 

(dd, J = 7.0, 0.9 Hz, 3H), 1.10-1.07 (m, 2H), 1.06-1.02 (m, 2H). 

13
C NMR (125 MHz, CDCl3) δ 170.05 (e), 153.36 (e), 130.65 (o), 128.35 (e), 123.42 (o), 

110.94 (o), 84.01 (e), 75.43 (e), 61.49 (e), 56.96 (e), 53.10 (o), 35.19 (e), 23.12 (e), 13.29 

(o), 3.19 (e), 2.11 (e). 

IR (Neat) 2956 (w), 2239 (w), 1736 (vs), 1712 (s), 1438 (m), 1245 (s), 1208 (vs), 1069 

(m), 938 (w), 752 (m) cm
-1

. 

HRMS (ESI, [M+H]
+
) calculated for C18H23O6 335.1489, found 335.1490. 

 

 4,4-Dimethyl 1-(3-methylbut-2-enyl)-6-

cyclopropylidenehex-1-yne-1,4,4-tricarboxylate 1.73j.
 

Compound 1.73i was synthesized using the representative 

acylation procedure starting with S1.2 (0.354 g, 1.50 mmol) 

and (E)-but-2-en-1-chloroformate (0.334 g, 2.25 mmol). Isolated in 90 % yield (0.470 g, 

1.35 mmol) as a colourless oil. 
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1
H NMR (500 MHz, CDCl3) δ 5.54 (tt, J = 6.5, 2.0 Hz, 1H), 5.33 (tq, J = 7.5, 1.7 Hz, 

1H), 4.62 (d, J = 7.5 Hz, 2H), 3.74 (s, 3H), 3.73 (s, 3H), 2.94 (d, J = 7.7 Hz, 2H), 2.92 (s, 

2H), 1.75 (s, 3H), 1.70 (s, 3H), 1.11-1.05 (m, 2H), 1.05-0.99 (m, 2H). 

13
C NMR (125 MHz, CDCl3) δ 169.90 (e), 153.32 (e), 140.14 (e), 128.16 (e), 117.68 (o), 

110.81 (o), 83.72 (e), 75.53 (e), 62.80 (e), 56.94 (e), 53.07 (o), 35.16 (e), 25.87 (o), 23.09 

(e), 3.16 (e), 2.08 (e).  

IR (Neat) 2957 (w), 2238 (w), 1736 (s), 1709 (s), 1438 (m), 1243 (vs), 1200 (s), 1068 (s), 

934 (m), 751 (m) cm
-1

. 

HRMS (ESI, [M+Na]
+
) calculated for C19H24O6Na 371.1465, found 371.1450. 

 

 Prop-2-ynyl 4-(N-(2-cyclopropylideneethyl)-4-

methylphenylsulfonamido)but-2-ynoate 1.73k.
 

Compound 1.73k was synthesized using the representative acylation 

procedure starting with S1.1 (0.551 g, 2.00 mmol) and propargyl 

chloroformate (0.356 g, 3.00 mmol). Isolated in 76 % yield (0.543 g, 1.52 mmol) as a 

colourless oil. 

1
H NMR (500 MHz, CDCl3) δ 7.74 (d, J = 8.3 Hz, 2H), 7.33 (d, J = 8.3 Hz, 2H), 5.69 (tt, 

J = 6.8, 1.8 Hz, 1H), 4.68 (d, J = 2.4 Hz, 2H), 4.20 (s, 2H), 3.96 (d, J = 6.9 Hz, 2H), 2.54 

(t, J = 2.3 Hz, 1H), 2.43 (s, 3H), 1.14-1.10 (m, 2H), 1.09-1.05 (m, 2H). 

13
C NMR (125 MHz, CDCl3) δ 151.75 (e), 150.63 (e), 144.10 (e), 135.47 (e), 129.90 (o), 

127.80 (o), 111.55 (o), 82.23 (e), 76.18 (e), 76.18 (e), 75.95 (o), 53.26 (e), 48.56 (e), 

35.84 (e), 21.72 (o), 2.87 (e), 2.07 (e). 

IR (Neat) 3285 (w), 2928 (w), 2243 (w), 1720 (s), 1438 (w), 1234 (s), 1162 (vs), 1063 

(m), 898 (m), 719 (w) cm
-1

. 
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HRMS (EI, [M]
+
) calculated for C19H19O4NS 357.1035, found 357.1031. 

 

 

General Procedure for Rhodium-Catalyzed Carbocyclization Reaction: Chloro(1,5-

cyclooctadiene)rhodium(I) dimer (12.5 μmol), tris(4-(trifluoromethyl)phenyl) phosphite 

(75.0 μmol) and the ACP (0.250 mmol) were dissolved in anhydrous toluene (2.5 mL) 

under an atmosphere of argon. The resulting solution was stirred at 100 °C for ca. 18 

hours. The reaction was cooled to ambient temperature and purified by flash column 

chromatography (silica gel, eluting with 10% ethyl acetate/hexanes) to afford the desired 

carbocyclization product 1.74. 

 

6-Methylene-8-tosyl-3a,4,5,6,6a,7,8,9-

octahydrofuro[3’,4’:3,4]cyclohepta[1,2-c]pyrrol-1(3H)-one 1.74a. 

Compound 1.74a was synthesized using the representative rhodium-

catalyzed carbocyclization procedure from 1.73a (90 mg, 0.25 mmol). Isolated in 66% 

yield (61 mg, 0.17 mmol, dr =1.5:1) as a pale yellow solid; mp = 168-169 °C (decomp.). 

1
H NMR (500 MHz, CDCl3) δ 7.75 (d, J = 8.1 Hz, 2H), 7.35 (d, J = 7.9 Hz, 2H), 4.91 (s, 

1H), 4.83 (s, 1H), 4.50-4.45 (m, 2H),  4.16 (dt, J = 17.4, 3.0 Hz, 1H), 3.82 (dd, J = 9.2, 

6.8 Hz, 1H), 3.56-3.53 (m, 2H), 3.27 (dd, J = 13.5, 11.4 Hz, 1H), 3.24-3.20 (m, 1H), 2.63 

(ddd, J = 13.5, 5.6, 3.1 Hz, 1H), 2.44 (s, 3H), 2.23 (td, J = 12.5, 3.1 Hz, 1H), 1.94 (dddd, 

J = 13.0, 5.2, 4.2, 3.6 Hz, 1H), 1.38 (app. qd, J = 12.2, 2.9 Hz, 1H). 



 

41 

 

13
C NMR (125 MHz, CDCl3) δ 169.82 (e), 152.98 (e), 144.21 (e), 143.32 (e), 131.73 (e), 

129.95 (o), 128.33 (o), 122.46 (e), 111.55 (e), 71.31 (e), 52.27 (e), 50.71 (e), 50.09 (o), 

39.83 (o), 38.44 (e), 32.77 (e), 21.71 (o). 

IR (Neat) 2920 (w), 1742 (m), 1438 (m), 1339 (m), 1247 (m), 1159 (s), 1035 (s), 910 

(m), 819 (m), 731 (m) cm
-1

. 

HRMS (EI, [M]
+
) calculated for C19H21O4NS 359.1191, found 359.1198. 

 

Dimethyl 6-methylene-1-oxo-3,3a,4,5,6,6a,7,9-

octahydroazuleno[4,5-c]furan-8,8(1H)-dicarboxylate 1.74b. 

Compound 1.74b was synthesized using the representative rhodium-

catalyzed carbocyclization procedure from 1.73b (80 mg, 0.25 mmol). Isolated in 83% 

yield (67 mg, 0.21 mmol, dr 19:1) as a colourless oil. 

1
H NMR (500 MHz, CDCl3) δ 4.91 (s, 1H), 4.85 (s, 1H), 4.47 (app. t, J = 9.1 Hz, 1H), 

4.03 (dt, J = 19.1, 2.3 Hz, 1H), 3.81 (dd, J = 9.2, 7.2 Hz, 1H), 3.76 (s, 3H), 3.72 (s, 3H), 

3.50-3.44 (m, 1H), 3.29-3.21 (m, 1H), 3.81 (ddd, J = 19.0, 4.8, 3.0 Hz, 1H), 2.68 (ddd, J 

= 10.6, 6.0, 3.3 Hz, 1H), 2.56 (ddd, J = 13.7, 7.2, 2.6 Hz, 1H), 2.39 (t, J = 12.8 Hz, 1H), 

2.20 (td, J = 14.4, 4.1 Hz, 1H), 1.94 (ddd, J = 13.2, 9.7, 3.6 Hz, 1H), 1.39 (qd, J = 12.0, 

3.7 Hz, 1H). 

13
C NMR (125 MHz, CDCl3) δ 171.89 (e), 171.42 (e), 170.69 (e), 158.00 (e), 145.38 (e), 

122.12 (e), 110.84 (e), 70.81 (e), 58.56 (e), 53.07 (o), 50.52 (o), 40.17 (o), 39.70 (e), 

38.45 (e), 37.13 (e), 32.69 (e). 

IR (Neat) 2956 (w), 1734 (m), 1676 (w), 1436 (w), 1265 (m), 1168 (w), 1034 (w), 966 

(w), 898 (w), 732 (vs) cm
-1

. 
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HRMS (EI, [M]
+
) calculated for C17H20O6 320.1260, found 320.1256. 

 

8,8-Dimethyl-6-methylene-3a,4,5,6,6a,7,8,9-octahydroazuleno[4,5- 

c]furan-1(3H)-one 1.74c. 

Compound 1.74c was synthesized using the representative rhodium-

catalyzed carbocyclization procedure from 1.73c (58 mg, 0.25 mmol). Isolated in 76% 

yield (44 mg, 0.19 mmol, dr 19:1) as a colourless oil. 

1
H NMR (500 MHz, CDCl3) δ 4.85 (s, 1H), 4.82 (s, 1H), 4.47 (app. t, J = 9.0 Hz, 1H), 

3.80 (dd, J = 8.8, 7.2 Hz, 1H), 3.40 (t, J = 9.6 Hz, 1H), 3.28-3.21 (m, 2H), 2.71 (ddd, J = 

15.9, 5.5, 3.1 Hz, 1H), 2.36 (app. dt, J = 17.5, 4.1 Hz, 1H), 2.23 (td, J = 12.8, 3.3 Hz, 

1H), 1.91 (dddd, J = 15.9, 6.1, 5.4, 3.2 Hz, 1H), 1.81 (app. t, J  = 11.9 Hz, 1H), 1.64 (ddd, 

J = 12.5, 7.5, 2.4 Hz, 1H), 1.38 (dd, J = 12.9, 2.7 Hz, 1H), 1.18 (s, 3H), 0.92 (s, 3H). 

13
C NMR (125 MHz, CDCl3) δ 171.15 (e), 164.19 (e), 146.71 (e), 121.27 (e), 109.96 (e), 

70.67 (e), 51.14 (o), 46.51 (e), 43.59 (e), 40.30 (o), 39.58 (e), 37.58 (e), 33.32 (e), 28.93 

(o), 26.96 (o). 

IR (Neat) 2952 (m), 2362 (w), 1741 (vs), 1670 (m), 1465 (w), 1244 (m), 1188 (s), 1036 

(s), 955 (m), 893 (m), 767 (m) cm
-1

. 

HRMS (EI, [M]
+
) calculated for C15H20O2 232.1463, found 232.1469. 

 

2’,2’-Dimethyl-6-methylene-3,3a,4,5,6,6a,7,9-octahydro-1H-

spiro[azuleno[4,5-c]furan-8,5’-[1,3]dioxan]-1-one 1.74d. 

Compound 1.74d was synthesized using the representative rhodium-
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catalyzed carbocyclization procedure from 1.73d (76 mg, 0.25 mmol). Isolated in 74% 

yield (56 mg, 0.19 mmol, dr =11:1) as a colourless oil. 

1
H NMR (500 MHz, CDCl3) δ 4.88 (s, 2H), 4.47 (app. t, J = 9.2 Hz, 1H), 3.88 (d, A of 

AB, JAB = 11.4 Hz, 1H), 3.80 (dd, J = 9.0, 6.9 Hz, 1H), 3.65 (d, A of AB, J = 4.1 Hz, 

1H), 3.63 (d, A of AB, J = 3.7 Hz, 1H), 3.53 (d, B of AB, JAB = 11.3 Hz, 1H), 3.41 (t, J = 

10.3 Hz, 1H), 3.28-3.22 (br m, 1H), 3.18 (dt, J = 19.1, 2.0 Hz, 1H), 2.68 (ddd, J = 13.4, 

6.0, 3.3 Hz, 1H), 2.53 (dd, J = 15.8, 3.9 Hz, 1H), 2.43 (dt, J = 19.3, 2.9 Hz, 1H), 2.32 (dd, 

J = 13.4, 7.6 Hz, 1H), 2.23 (td, J = 13.2, 3.3 Hz, 1H), 1.94 (ddd, J = 15.1, 9.7, 4.0 Hz 

1H), 1.82 (t, J = 12.3 Hz, 1H), 1.44 (s, 3H), 1.42 (s, 3H). 

13
C NMR (125 MHz, CDCl3) δ 160.52 (e), 146.18 (e), 122.19 (e), 110.73 (e), 98.31 (e), 

70.79 (e), 69.42 (e), 68.30 (e), 67.22 (e), 50.31 (o), 40.75 (e), 40.18 (o), 38.79 (e), 38.60 

(e), 36.54 (e), 33.04 (e), 26.75 (o), 21.70 (o). 

IR (Neat) 2926 (w), 1741 (s), 1670 (m), 1453 (m), 1372 (m), 1241 (s), 1153 (s), 1031 

(vs), 831 (s), 733 (s) cm
-1

. 

HRMS (ESI, [M+H]
+
) calculated for C18H25O4 305.1747, found 305.1746. 

 

Dimethyl-6-methylene-1-oxo-3,5,6,6a,7,9-hexahydroazuleno[4,5- 

c]furan-8,8(1H)-dicarboxylate 1.74e. 

Compound 1.74e was synthesized using the representative rhodium-

catalyzed carbocyclization procedure from 1.73e (80 mg, 0.25 mmol). Isolated in 86% 

yield (69 mg, 0.22 mmol) as a colourless oil. 

1
H NMR (500 MHz, CDCl3) δ 5.13 (s, 1H), 5.03 (s, 1H), 4.97-4.90 (br. m, 1H), 4.71 (s, 

2H), 3.75 (s, 6H), 3.36 (t, J = 3.8 Hz, 1H), 3.34 (s, 2H), 2.59 (s, 4H). 
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13
C NMR (125 MHz, CDCl3) δ 172.51 (e), 163.47 (e), 142.64 (e), 139.32 (e), 126.10 (e), 

122.49 (e), 117.97 (e), 117.14 (o), 71.49 (e), 53.14 (o), 53.07 (o), 43.08 (e), 42.65 (e), 

32.23 (e), 27.73 (e). 

IR (Neat) 2956 (w), 1756 (s), 1734 (vs), 1648 (w), 1436 (w), 1276 (m), 1168 (m), 1073 

(w), 773 (w) cm
-1

. 

HRMS (EI, [M]
+
) calculated for C17H18O6 318.1103, found 318.1110. 

 

Dimethyl-6-methylene-3,3a,4,5,6,6a,7,9-octahydroazuleno[4,5- 

c]furan-8,8(1H)-dicarboxylate 1.74f. 

Compound 1.74f was synthesized using the representative rhodium-

catalyzed carbocyclization procedure from 1.73f (77 mg, 0.25 mmol). Isolated in 71% 

yield (54 mg, 0.18 mmol, dr 19:1) as a colourless oil. 

1
H NMR (500 MHz, CDCl3) δ 4.78 (s, 1H), 4.75 (s, 1H), 4.34 (dt, J = 13.3, 2.8 Hz, 1H), 

4.18-4.10 (m, 3H), 3.75 (s, 3H), 3.74 (s, 3H), 3.37 (app. t, J = 8.5 Hz, 1H), 3.30-3.23 (m, 

1H), 2.85-2.73 (m, 3H), 2.63 (ddd, J = 13.3, 6.0, 2.5 Hz, 1H), 2.51 (ddd, J = 12.7, 7.0, 1.1 

Hz, 1H), 2.32 (app. t, J = 12.4 Hz, 1H), 2.13 (td, J = 12.2, 3.0 Hz, 1H), 1.87 (ddd, J = 9.8, 

8.2, 3.2 Hz, 1H).  

13
C NMR (125 MHz, CDCl3) δ 172.01 (e), 171.97 (e), 148.11 (e), 135.39 (e), 129.87 (e), 

108.40 (e), 75.55 (e), 71.82 (e), 58.78 (e), 53.03 (o), 48.17 (o), 44.24 (o), 39.33 (e), 38.76 

(e), 38.22 (e), 31.59 (o), 30.97 (e). 

IR (Neat) 2954 (w), 1734 (vs), 1639 (w), 1436 (w), 1269 (m), 1136 (w), 1076 (w), 914 

(m), 733 (m) cm
-1

. 

HRMS (ESI, [M+H]
+
) calculated for C17H23O5 307.1540, found 307.1533. 
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Dimethyl 3a-methyl-6-methylene-1-oxo-3,3a,4,5,6,6a,7,9-

octahydroazuleno[4,5-c]furan-8,8(1H)-dicarboxylate 1.74g. 

Compound 1.74g was synthesized using the representative 

rhodium-catalyzed carbocyclization procedure from 1.73g (83 mg, 0.25 mmol). Isolated 

in 73% yield (61 mg, 0.18 mmol, dr 19:1) as a colourless oil. 

1
H NMR (500 MHz, CDCl3) δ 4.92 (d, J = 9.6 Hz, 1H), 4.89 (s, 1H), 4.45 (d, J = 10.2 

Hz, 1H), 4.37 (app. q, J = 12.9 Hz, 2H), 3.79-3.70 (br m, 1H), 3.75 (s, 3H), 3.73 (s, 3H), 

3.30-3.24 (br m, 1H), 3.14 (d, J = 13.7 Hz, 1H), 3.03 (d, J = 19.5 Hz, 1H), 2.80 (d, J = 

19.5 Hz, 1H), 2.66 (d, J = 15.6 Hz, 1H), 2.46 (dd, J = 12.6, 7.1 Hz, 1H), 2.12 (t, J = 12.9 

Hz, 1H), 1.69 (s, 3H). 

13
C NMR (125 MHz, CDCl3) δ 172.17 (e), 171.73 (e), 170.56 (e), 153.82 (e), 153.71 (e), 

139.89 (e), 124.91 (e), 122.75 (e), 114.05 (e), 68.97 (e), 61.10 (e), 54.58 (o), 53.25 (o), 

53.09 (o), 39.92 (e), 37.07 (e), 29.85 (e), 19.98 (o). 

IR (Neat) 2926 (w), 2362 (w), 1736 (w), 1683 (w), 1416 (w), 1325 (vs), 1240 (m), 1168 

(s), 1069 (m), 909 (m), 847 (m), 720 (w) cm
-1

. 

HRMS (ESI, [M+H]
+
) calculated for C18H23O6 335.1489, found 335.1489. 

 

Dimethyl-4-methyl-6-methylene-1-oxo-3,3a,4,5,6,6a,7,9- 

octahydroazuleno[4,5-c]furan-8,8(1H)-dicarboxylate 1.74h. 

Compound 1.74h was synthesized using the representative 

rhodium-catalyzed carbocyclization procedure from 1.73h (84 mg, 0.25 mmol). Isolated 

in 76% yield (64 mg, 0.19 mmol, dr 19:1) as a colourless oil. 
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1
H NMR (500 MHz, CDCl3) δ 4.89 (s, 2H), 4.34 (app. t, J = 8.9 Hz, 1H), 3.99-3.92 (m, 

2H), 3.75 (s, 3H), 3.74 (s, 3H), 3.48 (td, J = 7.9, 3.5 Hz, 1H), 3.24 (dt, J = 19.8, 3.6 Hz, 

1H), 2.89-2.81 (m, 1H), 2.54 (dd, J = 13.1, 4.5 Hz, 2H), 2.31 (app. t, J = 12.7 Hz, 1H), 

1.99 (dd, J = 13.1, 8.0 Hz, 1H), 1.69-1.62 (m, 1H), 0.96 (d, J = 6.6 Hz, 3H). 

13
C NMR (125 MHz, CDCl3) δ 171.97 (e), 171.47 (e), 170.73 (e), 157.86 (e), 144.22 (e), 

120.88 (e), 112.15 (e), 70.36 (e), 58.41 (e), 53.07 (o), 50.68 (o), 45.11 (o), 39.99 (e), 

38.25 (e), 37.83 (o), 19.87 (o). 

IR (Neat) 2958 (w), 1735 (vs), 1672 (w), 1436 (w), 1271 (m), 1168 (m), 1054 (w), 967 

(w) cm
-1

. 

HRMS (EI, [M]
+
) calculated for C18H22O6 334.1416, found 334.1413. 

 

Dimethyl-4-methyl-6-methylene-1-oxo-3,3a,4,5,6,6a,7,9- 

octahydroazuleno[4,5-c]furan-8,8(1H)-dicarboxylate 1.74i. 

Compound 1.74i was synthesized using the representative 

rhodium-catalyzed carbocyclization procedure from 1.73i (84 mg, 0.25 mmol). Isolated 

in 75% yield (63 mg, 0.19 mmol, dr 19:1) as a yellow oil. 

1
H NMR (500 MHz, CDCl3) δ 4.94 (s, 1H), 4.86 (s, 1H), 4.43 (app. t, J = 9.4 Hz, 1H), 

4.05 (dd, J = 9.4, 5.2 Hz, 1H), 3.96 (dt, J = 18.9, 2.0 Hz, 1H), 3.77 (s, 3H), 3.73 (s, 3H), 

3.47-3.38 (m, 2H), 3.16 (dt, J = 18.8, 3.5 Hz, 1H), 2.58 (ddd, J = 13.2, 7.6, 2.1 Hz, 1H), 

2.50-2.38 (m, 4H), 1.99-1.92 (m, 1H), 0.77 (d, J = 6.8 Hz, 3H). 

13
C NMR (125 MHz, CDCl3) δ 171.93 (e), 165.98 (e), 157.59 (e), 140.70 (e), 129.64 (o), 

119.55 (e), 113.09 (e), 69.18 (e), 58.86 (e), 46.40 (e), 43.67 (o), 39.34 (e), 36.75 (e), 

32.31 (o), 12.13 (o). 
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IR (Neat) 2956 (m), 2361 (w), 1736 (vs), 1684 (w), 1436 (w), 1270 (m), 1167 (m), 1034 

(w), 958 (w) cm
-1

. 

HRMS (EI, [M]
+
) calculated for C18H22O6 334.1416, found 334.1411. 

 

Dimethyl-4,4-dimethyl-6-methylene-1-oxo-3,3a,4,5,6,6a,7,9- 

octahydroazuleno[4,5-c]furan-8,8(1H)-dicarboxylate 1.74j. 

Compound 1.74i was synthesized using the representative 

rhodium-catalyzed carbocyclization procedure from 1.73i (74 mg, 0.25 mmol). Isolated 

in 78% yield (68 mg, 0.20 mmol, dr 19:1) as a pale yellow oil. 

1
H NMR (500 MHz, CDCl3) δ 4.94 (s, 1H), 4.85 (s, 1H), 4.31 (app. t, J = 9.3 Hz, 1H), 

4.16 (dd, J = 9.2, 5.3 Hz, 1H), 3.90 (dt, J = 19.6, 2.2 Hz, 1H), 3.76 (s, 3H), 3.74 (s, 3H), 

3.51-3.46 (m, 1H), 3.26 (dt, J = 19.6, 3.5 Hz, 1H), 3.08-3.04 (m, 1H), 2.55 (ddd, A of 

ABX, J = 13.2, 8.5, 2.1 Hz, 1H), 2.33 (app. t, B of AB, J = 12.5 Hz, 1H), 2.24 (d, A of 

AB, JAB = 13.5 Hz, 1H), 2.12 (d, B of AB, J = 13.1 Hz, 1H), 0.95 (s, 3H), 0.79 (s, 3H). 

13
C NMR (125 MHz, CDCl3) δ 171.98 (e), 171.46 (e), 170.66 (e), 157.52 (e), 142.25 (e), 

120.19 (e), 115.12 (o), 113.39 (e), 108.58 (o), 69.31 (e), 67.20 (e), 58.62 (e), 53.08 (o), 

50.64 (o), 44.21 (e), 40.85 (e), 39.61 (e), 32.91 (o) 27.94 (o).  

IR (Neat) 2924 (m), 1734 (vs), 1643 (w), 1436 (m), 1252 (m), 1165 (m), 1073 (w), 958 

(w), 768 (w) cm
-1

. 

HRMS (EI, [M]
+
) calculated for C19H24O6 348.1573, found 348.1588. 
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6-Methylene-8-tosyl-3a,4,5,6,6a,7,8,9-

octahydrofuro[3’,4’:3,4]cyclohepta[1,2-c]pyrrol-1(3H)-one 1.75c. 

Compound 1.75c was synthesized using the representative rhodium-

catalyzed carbocyclization procedure from 1.73c (58 mg, 0.25 mmol). Isolated in 66% 

yield (61 mg, 0.17 mmol, dr =1:1.5) light brown solid; mp = 174-175 °C (decomp.). 

1
H NMR (500 MHz, CDCl3) δ 7.74 (d, J = 7.5 Hz, 2H), 7.34 (d, J = 7.8 Hz, 2H), 5.01 (s, 

1H), 4.93 (s, 1H), 4.58 (d, J = 3.3 Hz, 1H), 3.76 (app. t, J = 7.6 Hz, 1H), 3.56 (d, J = 10.5 

Hz, 1H), 3.34 (dd, J = 10.2, 6.8 Hz, 1H), 3.05-2.93 (m, 3H), 2.60 (dt, J = 13.0, 5.7 Hz, 

1H), 2.49-2.40 (m, 4H), 2.44 (s, 3H). 

13
C NMR (125 MHz, CDCl3) δ 174.59 (e), 160.87 (e), 146.68 (e), 143.85 (e), 133.86 (e), 

129.98 (o), 127.70 (o), 124.69 (e), 114.08 (e), 72.30 (e), 52.65 (e), 51.01 (e), 47.25 (o), 

38.43 (o), 33.37 (e), 30.00 (e), 21.70 (o). 

IR (Neat) 2925 (w), 2360 (w), 1745 (s), 1449 (w), 1343 (m), 1258 (w), 1160 (vs), 1044 

(m), 912 (m), 816 (m), 731 (m) cm
-1

. 

HRMS (EI, [M]
+
) calculated for C19H21O4NS 359.1191, found 359.1188. 

 

(2,2-Dimethyl-8-methylene-1,2,3,5,6,7,8,8a-octahydroazulene- 

4,5-diyl)dimethyl (4-bromophenyl)carbamate 1.77. 

A solution of 1.74c (59 mg, 0.25 mmol) in anhydrous diethyl 

ether (1.15 mL) was added dropwise to a slurry of lithium 

aluminum hydride (48 mg, 1.3 mmol) in anhydrous diethyl ether 

(1.15 mL) at room temperature, under an atmosphere of argon 

and the mixture was stirred for 1 hour. The reaction was quenched with 0.05 mL of 
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distilled water, followed by 0.05 mL of 15 wt% aqueous sodium hydroxide and an 

additional 0.15 mL of distilled water, after which the mixture was dried over MgSO4, 

filtered and concentrated in vacuo to afford the crude product. Flash column 

chromatography (silica gel, eluting with 50% ethyl acetate/hexanes) yielded 1.76 (dr 

≥19:1, 50 mg, 0.21 mmol, 85%) as a colourless oil. Triethylamine (70 μL, 0.50 mmol) 

and dimethylaminopyridine (2.60 mg, 20 μmol) were added to a solution of 1.76 (50 mg, 

0.21 mmol) in anhydrous dichloromethane (2.1 mL) at room temperature under an 

atmosphere of argon. The mixture was allowed to stir for 15 minutes. 4-Bromo-

benzoisocyanate (0.21 g, 1.04 mmol) was added and allowed to stir at room temperature 

overnight. The reaction was quenched with a saturated solution of sodium bicarbonate (2 

mL) and extracted with ethyl acetate (3 × 5 mL). The organic layers were washed with 

water (2 × 5 mL) and brine (5 mL), dried over MgSO4, filtered and concentrated in vacuo 

to afford the crude product. Flash column chromatography (silica gel, eluting with 10% 

ethyl acetate/hexanes) yielded 1.77 (dr ≥19:1, 97 mg, 0.15 mmol, 73%) as a white solid; 

mp = 68-70 °C. 

1
H NMR (500 MHz, CDCl3) δ 7.39 (d, J = 3.6 Hz, 2H), 7.37 (d, J = 3.6 Hz, 2H), 7.27-

7.21 (m, 4H), 7.01 (br s, 1H), 6.74 (br s, 1H), 4.83 (s, 2H), 4.73 (d, A of AB, JAB = 12.2 

Hz, 1H), 4.62 (d, B of AB, JAB = 12.0 Hz, 1H), 4.42 (dd, J = 10.7, 6.4 Hz, 1H), 4.19 (dd, 

J = 10.8, 7.7 Hz, 1H), 3.53 (t, J = 9.5 Hz, 1H), 2.83 (app. q, J = 7.8 Hz, 1H), 2.42-2.39 

(m, 2H), 2.28 (s, 2H), 2.01-1.93 (m, 1H), 1.83-1.77 (m, 1H), 1.68-1.59 (m, 2H), 1.13 (s, 

3H), 1.00 (s, 3H). 

13
C NMR (125 MHz, CDCl3) δ 153.62 (e), 153.54 (e), 150.32 (e), 137.30 (e), 137.09 (e), 

132.12 (o), 132.10 (o), 125.35 (e), 120.30 (o), 120.24 (o), 116.14 (e), 115.96 (e), 108.77 
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(e), 66.27 (e), 65.82 (e), 46.48 (o), 46.31 (e), 39.50 (o), 36.67 (e), 32.90 (e), 29.86 (e), 

29.80 (e), 29.29 (o), 27.47 (o), 26.96 (e).  

IR (Neat) 3405 (w), 3327 (w), 2927 (m), 1706 (s), 1535 (vs), 1464 (w), 1400 (m), 1308 

(m), 1076 (m), 825 (m), 769 (w) cm
-1

. 

HRMS (ESI, [M+Na]
+
) calculated for C29H32O4N2Br2Na 653.0621, found 653.0606. 

 

6-Methylene-8-tosyl-5,6,6a,7,8,9-

hexahydrofuro[3’,4’:3,4]cyclohepta[1,2-c]pyrrol-1(3H)-one 1.78. 

Compound 1.78 was synthesized using the representative rhodium-

catalyzed carbocyclization procedure from 1.73k (89 mg, 0.25 mmol). Isolated in 78% 

yield (70 mg, 0.20 mmol) as an off white solid; mp = 183-184 °C (decomp.). 

1
H NMR (500 MHz, CDCl3) δ 7.77 (d, J = 7.8 Hz, 2H), 7.32 (d, J = 7.9 Hz, 2H), 5.06 (s, 

1H), 4.99 (s, 1H), 4.73 (s, 2H), 4.68 (app. t, J = 3.9 Hz, 2H), 4.37 (app. t, J = 3.7 Hz, 2H), 

2.62-2.58 (m, 2H), 2.57-2.53 (m, 2H), 2.41 (s, 3H). 

13
C NMR (125 MHz, CDCl3) δ 173.17 (e), 164.40 (e), 143.68 (e), 140.50 (e), 136.35 (e), 

134.06 (e), 129.97 (o), 127.83 (o), 124.11 (e), 121.26 (e), 118.61 (e), 71.92 (e), 56.18 (e), 

55.97 (e), 31.78 (e), 27.56 (e), 21.68 (o).  

IR (Neat) 2926 (w), 2361 (w), 1751 (m), 1650 (w), 1456 (w), 1349 (m), 1165 (vs), 1102 

(m),  917 (w), 735 (m) cm
-1

. 

HRMS (EI, [M]+) calculated for C19H19O4NS 357.1035, found 357.1042. 

 

 



 

51 

 

Dimethyl 2-(2-cyclopropylideneethyl)-2-(prop-2-yn-1-yl)malonate 

S1.1.
 

S1.1 was prepared according to previously reported procedure.
41

 S1.4 

(0.428 g, 2.52 mmol) was added to a suspension of sodium hydride (0.101 g, 2.52 mmol, 

60% in mineral oil) in anhydrous tetrahydrofuran (5 mL) at room temperature under an 

atmosphere of argon and stirred for ca. 1 hour. Tris(dibenzylideneacetone)dipalladium 

(77 mg, 0.084 mmol), dppe (67 mg, 0.168 mmol) and 1-vinylcyclopropyl 4-

methylbenzenesulfonate (500 mg, 2.10 mmol) were dissolved in anhydrous 

tetrahydrofuran (7 mL) and stirred at room temperature under an atmosphere of argon for 

30 minutes before addition to the anion via cannula. The mixture was stirred for ca. 16 

hours (TLC control). The reaction was poured into distilled water (15 mL) and extracted 

with ethyl acetate (3 × 15 mL). The combined organic layers were washed with distilled 

water (2 × 15 mL), dried over MgSO4, filtered and concentrated in vacuo to afford the 

crude product. Purification by flash column chromatography (silica gel, eluting with 5-

10% diethyl ether/hexanes) afforded S1.1 (0.352 g, 1.49 mmol, 71%) as a colourless oil.  

1
H NMR (500 MHz, CDCl3) δ 5.76 (tt, J = 7.3, 1.8 Hz, 1H), 3.73 (s, 6H), 2.95 (d, J = 7.6 

Hz, 2H), 2.79 (d, J = 2.6 Hz, 2H), 2.00 (t, J = 2.8 Hz, 1H), 1.10-1.06 (m, 2H), 1.04-1.00 

(m, 2H). 

IR (Neat) 3292 (w), 2955 (w), 1734 (vs), 1438 (m), 1200 (s), 938 (w), 758 (w) cm
-1

. 

 

N-(2-Cyclopropylideneethyl)-4-methyl-N-(prop-2-ynyl) 

benzenesulfonamide S1.2.
 

S1.2 was prepared according to previously reported procedure.
41

 4-Methyl-

N-(prop-2-ynyl)benzenesulfonamide (2.47 g, 11.8 mmol) in anhydrous tetrahydrofuran 
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(11 mL) was added to a suspension of sodium hydride (0.433 g, 10.8 mmol) in anhydrous 

dimethylformamide (38 mL) at room temperature under an atmosphere of argon and 

stirred at this temperature for ca. 1 hour. Tris(dibenzylideneacetone)dipalladium (90 mg, 

0.098 mmol), dppe (78 mg, 0.197 mmol) and 1-vinylcyclopropyl 4-

methylbenzenesulfonate (2.80 g, 9.85 mmol) were dissolved in anhydrous 

tetrahydrofuran (27 mL) under an atmosphere of argon and stirred at room temperature 

for ca. 30 minutes prior to addition to the anion via cannula. The mixture was heated to 

70 
o
C for ca. 16 hours (TLC control). The reaction was cooled to room temperature, 

poured into distilled water (50 mL) and extracted with ethyl acetate (3 × 50 mL). The 

combined organic layers were washed with distilled water (2 × 50 mL), dried over 

MgSO4, filtered and concentrated in vacuo to afford the crude product. Purification by 

flash column chromatography (silica gel, eluting with 5-20% ethyl acetate/hexanes) 

afforded S1.2 (0.352 g, 1.49 mmol, 73%) as a white solid; mp = 37-38 °C. 
 

1
H NMR (500 MHz, CDCl3) δ 7.74 (d, J = 8.2 Hz, 2H), 7.29 (d, J = 8.1 Hz, 2H), 5.70 (tt, 

J = 6.9, 2.0 Hz, 1H), 4.08 (d, J = 2.3 Hz, 2H), 3.98 (d, J = 6.9 Hz, 2H), 2.43 (s, 3H), 1.97 

(t, J = 2.5 Hz, 1H), 1.13-1.04 (m, 4H). 

IR (Neat) 3258 (m), 2922 (w), 2115 (w), 1417 (w), 1328 (s), 1157 (vs), 922 (m), 891 (s), 

714 (s) cm
-1

. 

 

 5-(2-Cyclopropylideneethyl)-2,2-dimethyl-5-(prop-2-ynyl)-1,3-

dioxane S1.3.
 

2,2-Dimethoxypropane (0.624 g, 5.99 mmol) was added to a solution of 

S1.6 (0.541 g, 3.00 mmol) and p-toluenesulfonic acid monohydrate (0.102 g, 0.526 

mmol) in anhydrous dimethylformamide (15 mL) at room temperature under an 
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atmosphere of argon. The mixture was stirred overnight at this temperature, after which 

the reaction was neutralized with solid sodium carbonate (64 mg, 0.603 mmol), filtered, 

and concentrated in vacuo. The crude residue was dissolved in dichloromethane (15 mL), 

washed with distilled water (2 × 15 mL), dried over MgSO4, filtered and concentrated in 

vacuo to afford the crude product. Purification by flash column chromatography (silica 

gel, eluting with 9% ethyl acetate/hexanes) yielded S1.3 (0.652 g, 2.95 mmol, 98%) as a 

colourless oil. 

1
H NMR (500 MHz, CDCl3) δ 5.76 (tt, J = 7.6, 2.0 Hz, 1H), 3.68 (d, J = 4.6 Hz, 4H), 

2.41 (d, J = 2.7 Hz, 2H), 2.27 (d, J = 7.8 Hz, 2H), 2.00 (t, J = 2.5 Hz, 1H), 1.42 (s, 3H), 

1.40 (s, 3H), 1.12-1.07 (m, 2H), 1.05-1.01 (m, 2H). 

13
C NMR (125 MHz, CDCl3) δ 126.19 (e), 111.96 (o), 98.21 (e), 81.22 (e), 70.80 (e), 

67.32 (o), 66.90 (e), 36.67 (e), 35.02 (e), 26.48 (o), 22.50 (e), 21.42 (o), 3.08 (e), 2.16 (e). 

IR (Neat) 3306 (w), 2940 (w), 2116 (w), 1437 (w), 1371 (m), 1196 (s), 1070 (s), 932 (m), 

828 (s), 732 (m) cm
-1

. 

HRMS (ESI, [M+H]
+
) calculated for C14H21O2 221.1536, found 221.1535. 

 

 Dimethyl 2-(2-cyclopropylideneethyl)malonate S1.4.
 

S1.4 was prepared according to previously reported procedure.
24

 

Dimethyl malonate (0.936 g, 7.09 mmol) was added to a suspension of sodium hydride 

(0.248 g, 7.09 mmol, 60% in mineral oil) in anhydrous tetrahydrofuran (12 mL) at room 

temperature under an atmosphere of argon and the mixture was stirred for ca. 1 hour. 

Tris(dibenzylideneacetone)dipalladium (63.4 mg, 0.071 mmol), dppe (57.4 mg, 0.142 

mmol) and 1-vinylcyclopropyl 4-methylbenzenesulfonate (0.844 g, 3.55 mmol) were 

dissolved in anhydrous tetrahydrofuran (10 mL) under an atmosphere of argon and 
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allowed to stir for ca. 30 minutes before addition to the anion via cannula. The mixture 

was stirred for ca. 1 hour at room temperature (TLC control), poured into water (20 mL), 

and extracted with diethyl ether (3 × 20 mL). The combined organic layers were washed 

with distilled water (2 × 20 mL), dried over MgSO4, filtered and concentrated in vacuo to 

afford the crude product. Purification by flash column chromatography (silica gel, eluting 

with 5-10% diethyl ether/hexanes) afforded S1.4 (0.543 g, 2.74 mmol, 77%) as a 

colourless oil. 

1
H NMR (500 MHz, CDCl3) δ 5.76 (tt, J = 8.6, 2.0 Hz, 1H), 3.72 (s, 6H), 3.56 (t, J = 8.2 

Hz, 1H), 2.78 (app. t, J = 6.5 Hz, 2H), 1.03 (s, 4H). 

IR (Neat) 2956 (w), 1732 (vs), 1437 (m), 1151 (s), 934 (w), 737 (m) cm
-1

. 

 

 4-(Allyloxy)but-2-ynyl methanesulfonate S1.5.
 

S1.5 was prepared according to previously reported procedure.
35

 

Triethylamine (0.21 mL, 1.5 mmol) and methanesulfonyl chloride 

(0.10 mL, 1.3 mmol) were added to a solution of S1.7 (0.148 g, 1.2 mmol) in anhydrous 

dichloromethane (1.2 mL) at 0 
o
C under an atmosphere of argon and the mixture was 

stirred at this temperature for ca. 1 hour (TLC control). The reaction was quenched with 

distilled water (3 mL) and the aqueous layer extracted with dichloromethane (3 × 5 mL). 

The combined organic layers were dried with NaSO4, filtered, and concentrated in vacuo 

to afford 4-(allyloxy)but-2-ynyl methanesulfonate as a yellow oil, which was used 

immediately in the following step without further purification. 
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1
H NMR (500 MHz, CDCl3) δ 5.89 (ddd, J = 31.0, 17.0, 1.2 Hz, 1H), 5.34-5.32 (m, 1H), 

5.26-5.22 (m, 1H), 4.90 (q, J = 1.7 Hz, 2H), 4.21 (app. q, J = 1.5 Hz, 2H), 4.05 (app. dq, 

J = 5.8, 1.1 Hz, 2H), 3.11 (app. d, J = 1.4 Hz, 3H). 

IR (Neat) 2857 (w), 1736 (w), 1421 (w), 1354 (m), 1267 (m), 1174 (s), 1076 (m), 937 

(s), 733 (vs) cm
-1

. 

 

 2-(2-Cyclopropylideneethyl)-2-(prop-2-ynyl)propane-1,3-diol S1.6.
 

A solution of S1.1 (0.93 g, 3.94 mmoL) in anhydrous diethyl ether (20 

mL) was added dropwise to a slurry of lithium aluminum hydride (0.45 

g, 11.8 mmol) in diethyl ether (25 mL) via cannula over ca. 30 minutes, at room 

temperature, under an atmosphere of argon. The reaction was stirred overnight at this 

temperature. The reaction was cooled and quenched with 0.45 mL of distilled water, 

followed by 0.45 mL of 15 wt% aqueous sodium hydroxide and 1.35 mL of distilled 

water. The mixture was dried over MgSO4, filtered, and concentrated in vacuo to afford 

the crude product. Purification by flash column chromatography (silica gel, eluting with 

33% ethyl acetate/hexanes) yielded S1.6 (0.58 g, 3.22 mmol, 82%) as a colourless oil. 

1
H NMR (500 MHz, CDCl3) δ 5.76 (tt, J = 7.6, 2.0 Hz, 1H), 3.68-3.58 (m, 4H), 2.75 (t, J 

= 0.9 Hz, 2H), 2.27 (d, J = 2.5 Hz, 2H), 2.24 (d, J = 7.2 Hz, 2H), 2.01 (t, J = 2.7 Hz, 1H), 

1.10-1.06 (m, 2H), 1.04-1.00 (m, 2H). 

13
C NMR (125 MHz, CDCl3) δ 125.89 (e), 112.79 (o), 81.33 (e), 70.79 (e), 67.89 (o), 

67.67 (e), 42.86 (e), 34.20 (e), 21.57 (e), 3.06 (e), 2.07 (e). 

IR (Neat) 3339 (m; br.), 3290 (s; br.), 2926 (m), 2115 (w), 1435 (m), 1278 (m), 1029 (s), 

935 (m), 750 (m) cm
-1

. 

HRMS (ESI, [M+H]
+
) calculated for C11H17O2 181.1223, found 181.1223. 
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 4-(Allyloxy)but-2-yn-1-ol S1.7.
 

S1.7 was prepared according to previously reported procedure.
35

 

Sodium hydride (86.1 mg, 3.6 mmol) in anhydrous dimethylformamide (11 mL) was 

added to a solution of but-2-yne-1,4-diol (0.278 g, 3.3 mmol) in anhydrous 

dimethylformamide (11 mL) at room temperature, under an atmosphere of argon The 

mixture was heated to 65 
o
C for ca. 2 hours. Upon cooling to room temperature, 3-

bromoprop-1-ene (0.34 mL, 3.9 mmol) was added and the mixture was heated to 65 
o
C 

for ca. 1 hour (TLC control). The reaction was cooled, quenched with distilled water (10 

mL), and extracted with diethyl ether (3 × 20 mL). The combined organic layers were 

washed with distilled water (2 × 20 mL) and brine (20 mL), dried over MgSO4, filtered, 

and concentrated in vacuo to afford the crude product. Purification by flash column 

chromatography (silica gel, eluting with 20% ethyl acetate/hexanes) yielded S1.7 (0.147 

g, 1.2 mmol, 36%) as a colourless oil. 

1
H NMR (500 MHz, CDCl3) δ 5.90 (ddd, J = 21.9, 11.5, 5.7 Hz, 1H), 5.31 (app. dq, J = 

17.2, 1.6 Hz, 1H), 5.22 (app. dq, J = 10.4, 1.2 Hz, 1H), 4.31 (dt, J = 4.1, 1.8 Hz, 2H), 

4.19 (t, J = 1.7 Hz, 2H), 4.05 (dt, J = 5.7, 1.2 Hz, 2H), 1,79 (br s, 1H). 

IR (Neat) 3396 (w; br.), 2860 (w), 1736 (w), 1425 (w), 1249 (m), 1121 (s), 1011 (vs), 

925 (s), 737 (w) cm
-1

. 

 

General Procedure for Chloroformate Synthesis: Allyl chloroformate and propargyl 

chloroformate were purchased and used as received. All other chloroformates were 

synthesized according to the following general procedure. Anhydrous 

dimethylformamide (40.0 μL, 0.50 mmol) was added to a solution of trisphosgene (0.771 
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g, 2.60 mmol) and sodium carbonate (0.530 g, 5.00 mmol) in anhydrous dichloromethane 

(20 mL) at room temperature, under an atmosphere of argon. The mixture was cooled to 

0 °C and allowed to stir for 30 minutes at this temperature. The corresponding allylic 

alcohol (5.00 mmol) was added dropwise and stirring was continued overnight at 0 °C. 

The reaction mixture was warmed to room temperature and filtered to remove sodium 

carbonate. Concentration in vacuo afforded the desired chloroformate. All chloroformates 

were unstable and used immediately in the subsequent reaction without further 

purification. 

 

Table S1. Distinguishing syn- vs. anti- peaks for tricycloheptadiene products. 

1.74/1.75
a 

δ 1.75 (ppm) δ 1.74 (ppm)
 

a 5.01, 4.93 4.91, 4.83 

b 4.99, 4.95 4.91, 4.85 

c 4.92, 4.89 4.85, 4.82 

d 4.98, 4.96 4.88 

f 4.86, 4.83 4.78, 4.75 

g 4.97 4.89 

h 4.95 4.89 

i 4.98, 4.90 4.94, 4.86 

j 5.00, 4.96 4.94, 4.85 
a
chemical shift (ppm) of distinguishing methylene peaks determined by 500 MHz 

1
H NMR of crude reaction mixture. 
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Chapter 2 

 

Towards the Preparation of Tremulane Sesquiterpene Natural Products 

 

2.1 Introduction to Sesquiterpene Natural Products 

Terpenes are a large and diverse class of hydrocarbons, often found within the resins 

and essential oils of plants, and as biosynthetic products of microbes. In nature, these 

compounds are prepared through the biosynthetic coupling of two or more isoprene units 

(C5H8) in the form of linear chains or rings.
1
 Due to the vast number of terpene 

derivatives that can be produced in this fashion; they are classified by the number of five-

carbon isoprene units contained within their skeleton: namely, hemiterpenes (C5), 

monoterpenes (C10), sesquiterpenes (C15), diterpenes (C20), etc. 

Sesquiterpenes consist of three isoprene (C5) units and hold the generic empirical 

formula C15H24. Given that many families of sesquiterpene natural products contain fused 

5,7-bicyclic rings (Figure 2.1), we planned to employ our previously discussed atom-

economical rhodium-catalyzed [(3+2+2)] carbocyclization reaction as an efficient, and 

highly selective route to tremulane sesquiterpene natural products containing fused 5,7,5-

tricyclic scaffolds.
2
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Figure 2.1 Natural sesquiterpenes that contain 5,7-bicyclic scaffolds. 

 

2.1.1 Introduction to Tremulane Sesquiterpene Natural Products 

The tremulane sesquiterpene family of natural products were originally isolated from 

liquid cultures of the aspen rotting fungus Phellinus tremulae in 1993. Aspen trees used 

to be the most widely distributed species of tree in North America, accounting for 54% of 

the net merchantable hardwood timber and 11% of the entire Canadian timber resource.
3,4

 

They are relatively short-lived, but able to grow rapidly under a wide range of conditions, 

limited only by their intolerance to permafrost in northern areas of Canada. Phenillus 

tremulae is a wood rotting pathogen, which attacks the heartwood of the aspen and is 

known in Canada as the most serious fungal pathogen of the aspen tree.
5 

The aspen trees 

economic value is significantly reduced due to the inability to control fungal decay and 

staining. The tremulane sesquiterpene family of natural products were originally isolated 

in an attempt to find a method of controlling the destruction of the aspen population by 

this fungus.
6
   

Biosynthetic studies of the tremulane skeleton originally indicated that it may not be 

produced via the HMG-CoA reductase pathway like other sesquiterpenes, and that 

farnesyl pyrophosphate (FPP) may not be the precursor for this group of natural products, 

making them a highly intriguing skeleton to study.
2
 In 1997 however, studies revealed 

that although tremulane sesquiterpenes are irregular terpenoids, they are derived from the 

cyclization and rearrangement of FPP involving the migration of a methyl group from 
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one of the isoprene units. The biosynthetic pathway proposed by Cruz is outlined in 

Scheme 2.1.
7
 

 

Scheme 2.1. Biosynthetic pathway from FPP to the tremulane sesquiterpene skeleton.
7 

Six compounds were originally isolated (Figure 2.2), containing either 5,7-bicyclic or 

5,7,5-tricyclic scaffolds. The combined natural products have a total isolated yield of 

approximately 16% from the crude metabolites of collected liquid cultures. 

Tremulenolide A (2.1) and B (2.2) are the tricyclic members of this family, each 

containing a five-membered lactone ring. Tremulenolide A contains an α,β-unsaturated γ-

lactone, while tremulenolide B is the isomerized variant. Tremulenediol A (2.4) and B 

(2.5) are simply the diol variants of the previous two compounds respectively. This is 

noteworthy, as these compounds are accessible from one another in synthetic planning. 

Tremulenediol C (2.6) is believed to be an allylic rearrangement analog of tremulenediol 
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B, with a tetrasubstituted secondary allylic alcohol. Finally, Tremuladienol (2.3) is 

believed to be the dehydration product of tremulenediol C. The process can be readily 

monitored by NMR spectroscopy, characterized by the disappearance of the methyl 

signal of 2.6 and the appearance of the alkenic signals representative of 2.3 over the 

course of several days. Although no biological testing was undertaken initially, in 2012 

tremulenolide A tested positive for antibacterial and antifungal properties against strains 

of Staphylococcus aureus and Crytococcus neoformans. The compound exhibited mild 

activity, with an MIC value of 128 μM against both strains.
8
  

 

Figure 2.2 Six members of the tremulane sesquiterpene family isolated from the aspen 

rotting fungus Phellinus tremulae.
6
 

 

Following the first isolation in 1993, a further 21 compounds have be reported, some 

of which show promising biological activity (Figure 2.3). In 2007, six tremulane 

sesquiterpenes were isolated from cultures of Conocybe siliginea and termed either 

conocenol A-D (2.7-2.8, 2.10-2.11) and conocenolide A and B (2.13, 2.15).
9
 Based on the 

hallucinogenic or toxic effects shown by other natural products isolated from this fungus, 

it is conceivable that these compounds may also possess similar properties.
10,11

 A year 
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later, during the scale up of the isolation from the same species of fungus, five more 

tremulane sesquiterpenes were also isolated (2.9, 2.12, 2.14, 2.16-2.17).
12

  

 

Figure 2.3. Additional members of the tremulane sesquiterpene natural product  

family.
9-12 

 Between 2010 and 2011, the tremulane sesquiterpene family of natural products grew 

again with the discovery of ten more members. The first nine were isolated from cultures 

of the Phellinus igniaruis fungus.
13

 This fungus often hosts on the stems of aspen, robur, 

and birch trees, which is similar to the Phenillus tremulae, and its fruit body is used to 

treat multiple different ailments in traditional Chinese medicine. In vitro assay studies of 

the nine isolated compounds (2.18-2.26) performed for vascular-relaxing activity against 

phenylephrine-induced vasoconstriction resulted in three of the tested compounds, 2.21, 
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2.22, and 2.26, showing significant activity, with relaxation rates of 35.7%, 45.4%, and 

46.6% respectively. In addition, all compounds were tested for activity against several 

human cancer cell lines and inhibitory activity against HIV-1 replication, but were 

inactive at micromolar concentrations. In 2011, a further tremulane sesquiterpene was 

isolated from Marasmius cladophyllus, a species of wild mushroom from the Wuyi 

Mountain Conservation Area in China.
14

 Unfortunately, cladophyllol (2.27), showed no 

antibacterial activity against Escherichia coli, Bacillus subtilis, and Mycobacterial 

smegmatis. 

 The most widely studied in the context of biological activity are the ceriponol 

tremulane sesquiterpene compounds.
15

 Ceriponols A-K (Figure 2.4), were recently 

isolated from Ceriporia lacerate, a fungal endophyte that resides in the stems of the 

medicinal plant Huperzia serrata. Most members of this group contain the 5,7,5-tricyclic 

scaffold, several of which also contain a similar α,β-unsaturated γ-lactone to that in 

tremulenolide A (2.1). Although the ceriponols were screened for cytotoxic activity 

against three human tumor cell lines (HeLa, HepG2, and SGC 7901), only ceriponols F 

(2.33) and K (2.38) displayed modest cytotoxic activity against all three tested cell lines: 

IC50 = 32.3 to 173.2 μM respectively. In addition, ceriponol G (2.34) displayed low 

cytotoxic activity against HeLa cancer cell lines (IC50 = 185.1 μM) and was inactive 

against the other two. All other compounds screened were inactive against cancer cell 

lines, with IC50 values greater than 500 μM.  
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Figure 2.4. Structures of ceriponol A-K isolated from Ceriporia lacerate.
15 

 The following studies will focus on the preparation of three tremulane sesquiterpene 

natural products: tremulenolide A (2.1), tremulenediol A (2.3) and ceriponol D (2.31). 

Despite tremulenolide A having the most significant biological activity, there is clearly a 

diverse array of bioactivity among all the various members of the tremulane 

sesquiterpenes, thereby providing a compelling mandate to develop an efficient method 

to access the basic scaffold to probe the medicinal chemistry. Hence, we envisaged our 

rhodium-catalyzed [(3+2+2)] carbocyclization reaction would permit the expedient 

construction of the fused 5,7,5-tricyclic scaffold. Herein, we outline our approach to these 

intriguing natural products. 
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2.1.2 Previous Syntheses of Tremulenolide A and Tremulenediol A 

The first syntheses of tremulenolide A and tremulenediol A were described by 

Davies and Doan in 1998.
16

 The authors were able to access the racemates of the 

respective products in 6 steps, with 11.0 and 12.7% overall yields. Despite the low yields, 

the route provided a concise approach to the tricyclic scaffold of the tremulane 

sesquiterpene family. 

The key strategy for the synthesis was a tandem cyclopropanation and Cope 

rearrangement of vinyldiazoacetates and activated dienes. Previous work by Davies 

demonstrated that rhodium-catalysis of vinyldiazoacetates such as 2.39 with activated 

dienes (2.40) proceeds selectively to form the cis-cyclopropane 2.41 (eqn. 2.1).
17

 The 

selectivity is a result of the cyclopropanation proceeding only in the presence of Z-

alkenes, and the electron-withdrawing group on the alkene which has the ability to 

stabilize the cis-transition state.
18

 The Cope rearrangement proceeds through a boat 

transition state under forcing conditions to selectively form the anti-bicycle 2.42, albeit in 

low yield with recovered cis-cyclopropane 2.41. 

 

 

The vinyldiazoacetate 2.39 can be prepared in three steps from the cyclopentanone 

2.43. A Horner-Wadsworth-Emmons reaction of 2.43 proceeds to give the corresponding 

unsaturated ester 2.44 in 70% yield. Subsequent deconjugation of the ester using lithium 
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tetramethylpiperidide and an acid quench with trifluoroacetic acid furnished 2.45 in 86% 

yield, with little (<5%) of the undesired regioisomer. Finally, the conversion of 2.45 to 

the vinyldiazoacetate 2.39 with p-acetamidobenzenesulfonyl azide (p-ABSA) and DBU 

gave the desired precursor in 33% overall yield from 2.43 (Scheme 2.2). 

 

Scheme 2.2. Davies synthesis of vinyldiazoacetate 2.39 towards the synthesis of 

tremulenolide A and tremulenediol A.
16 

 

 As outlined above, the key step is the synthesis of 2.42 via a stereoselective 

rhodium(II)-catalyzed cyclopropanation/Cope rearrangement of 2.39 with 2.40, to furnish 

the desired anti-bicycle. Furthermore, the enantioselective process was also unsuccessful 

due to poor facial selectivity of the diene. Nevertheless, the cyclization product 2.42 

provides access to both tremulenolide A and tremulenediol A. For instance, selectively 

hydrogenation of the disubstituted olefin 2.42 with Wilkinson’s catalyst provides the 

common intermediate 2.46 in excellent yield. The natural products can be accessed by 

simple hydrolysis of the acetyl group with aqueous potassium carbonate followed by 

lactonization to afford (±)-tremulenolide A, and reduction of both ester groups with 

DIBAL-H to furnish (±)-tremulenediol A, both in good yield (Scheme 2.3). 
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Scheme 2.3. Final steps in the synthesis of (±)-tremulenolide A and 

(±)-tremulenediol A.
16

 

 In 2006, Ashfeld and Martin reported the second syntheses of these two 

compounds.
19

 Although the synthesis was significantly longer (tremulenolide A: 17 steps, 

5.2% yield; tremulenediol A: 16 steps, 6.0% yield), this was the first asymmetric 

synthesis of tremulenolide A and tremulenediol A. The key steps in the syntheses 

involves an enantioselective rhodium(II)-catalzed intramolecular cyclopropanation, 

followed by a regioselective allylic alkylation and diastereoselective rhodium(I)-

catalyzed [5+2] cycloaddition to form the 5,7-bicyclic scaffold. 

 This approach requires the construction of an enantioenriched cyclopropyl lactone 

and a propargylic malonate derivative to undergo the aforementioned allylic alkylation. 

The desired malonate 2.50 was prepared in three steps from the commercially available 

2-butyn-1,4-diol (Scheme 2.4) in good yield. This route involves monoprotection of the 

propargylic diol with benzyl bromide and conversion of the residual alcohol to the 

mesylate 2.49 with methanesulfonyl chloride. The displacement of the propargylic 

mesylate 2.49 with the anion of dimethyl malonate affords 2.50 in 48% yield over three 

steps. 

 



 

71 

 

 

Scheme 2.4. Martin’s route to the malonate 2.50.
19 

 The enantioselective formation of the cyclopropyl lactone 2.55 was less trival and 

utilizes the first key step of the synthesis (Scheme 2.5). From the commercially available 

2-methyl-2-vinyl oxirane 2.51, the vinyl carbinol 2.52 can be accessed via treatment with 

a sulfur based ylid. Acetylation of the tertiary alcohol 2.52 with diketene affords the 

acetoacetate 2.53 in excellent overall yield. Conversion of the β-keto ester 2.53 to the 

diazo derivative with p-toluene sulfonyl azide provides the precursor for the 

enantioselective rhodium(II)-catalyzed intramolecular cyclopropanation (2.54). 

Treatment of the diazoester 2.54 with Rh2[5(R)-MEPY]4 promotes the intramolecular 

cyclopropanation, which provides the desired cyclopropyl lactone 2.55 in excellent yield 

and enantioselectivity, as 1:1 mixture of inconsequential diastereomers. 

 

Scheme 2.5. Martin’s route to cyclopropyl lactone involving enantioselective 

rhodium(II)-catalyzed intramolecular cyclopropanation.
19

 

 

 The next key step of the synthesis is the palladium-catalyzed allylic alkylation of the 

cyclopropyl lactone 2.55 with the malonate 2.50 (Scheme 2.6), which provides the enyne 
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2.56 as a single geometrical isomer. Conversion of the carboxylic acid in 2.56 to the 

aldehyde 2.57 provides the precursor for the rhodium(I)-catalyzed [5+2] cycloaddition 

which provides the anti-cycloadduct 2.58 in good yield and with excellent 

regioselectivity. This product provides the general scaffold of the desired natural 

products, and is readily converted to tremulenediol A using a 7 step sequence in 28% 

overall yield. In addition, oxidative ring closure of the diol in tremulenediol A with MnO2 

furnished tremulenolide A in 86% yield. 

 

 

Scheme 2.6. Martin’s final steps in the synthesis of tremulenediol A and tremulenolide A 

via palladium-catalyzed allylic alkylation and rhodium-catalyzed intramolecular 

stereoselective [5+2] cycloaddition.
19

 

 

To the best of our knowledge, we are unaware of the synthesis of any other members 

of the tremulane sesquiterpene family. Herein, we report our attempts to access (±)-

tremulenolide A, (±)-tremulenediol A, and (±)-ceriponol D. 
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2.1.3 Retrosynthetic Analysis of Tremulenolide A, Tremulenediol A, and 

Ceriponol D 

 

The analysis of the tremulane sesquiterpene family provided the impetus to access 

tremulenolide A, tremulenediol A, and ceriponol D from a common intermediate, to 

showcase the development of an efficient pathway to the general tremulane sesquiterpene 

scaffold. Scheme 2.7 outlines the proposed retrosythetic analysis that we envisioned 

would access tremulenediol A from tremulenolide A, which would be prepared via a 

facially selective hydrogenation of intermediate 2.59. Conformational analysis on 2.59 

suggested hydrogenation would occur from the desired face. Furthermore, the selective 

hydration of 2.59 should also allow access to ceriponol D. It should be noted that 

tremulene-6,11,12-triol (2.18) could likely be derived from ceriponol D through the same 

lactone reduction used for tremeulenediol A. The 5,7,5-tricyclic scaffold of intermediate 

2.59 would be readily available via our previously described intramolecular rhodium- 

catalyzed [(3+2+2)] carbocyclization reaction of the ACP 2.60, which could be prepared 

from a simple acylation of the alkyne 2.61. This alkyne has been previously prepared in 

three steps from a commercially available intermediate. 
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Scheme 2.7. Retrosynthetic analysis of target tremulane sesquiterpene natural products. 

 Following the development and optimization of the intramolecular rhodium-

catalyzed [(3+2+2)] carbocyclization reaction, we recognized that since this approach 

provided the syn-tricyclic scaffold we would need to re-evaluate our proposed 

retrosynthesis. Herein, methods for the isomerization and epimerization to garner the 

thermodynamically more stable isomer present in the natural products are described. 

 

2.1.4 Studies Towards Modification of Stereochemistry to Access the 

Desired Natural Product Scaffold 

In a study directed towards the synthesis of tremulane sesquiterpene natural products, 

we developed and optimized a setereoselective intramolecular rhodium-catalyzed 

[(3+2+2)] carbocyclization reaction that produced the 5,7,5-tricyclic framework of these 

compounds in a highly efficient and atom-economical manner. Although, the optimized 

reaction provides access to the undesirable syn-scaffold, the natural products in this 

family contain the anti-stereochemistry across the ring. Previous work in the Evans’ 

group on the total synthesis of pyrovellerolactone illustrated the ability to isomerize the 
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exocyclic olefin that results from the rhodium-catalyzed [(3+2)+2] carbocyclization 

reaction into conjugation with the lactone ring (eqn. 2.2).
20

 Treatment of the exocyclic 

olefin 2.62 with Grubbs 1
st
 generatation catalyst at 120 °C furnished a mixture of the 

desired product (±)-pyrovellerolactone and unreacted starting material. Gratifyingly, the 

unreacted starting material was separated and recycled to afford the natural product in 

75% overall yield after three cycles. Other groups have shown similar isomerizations of 

exocyclic olefins into ring systems with various catalysts and bases.
21,22

  

 

We hypothesized that such an isomerization could provide access to the desired 

natural product, which required only one extra step. Isomerization of the exocyclic olefin 

into conjugation with the α,β-unsaturated γ-lactone system would eliminate one 

stereocentre from the molecule to access the new framework 2.63 (eqn. 2.3). This 

approach would necessitate the facially selective hydrogenation of 2.63 to provide both 

(±)-tremulenolide A and (±)-tremulenediol A. In contrast, ceriponol D would become 

more of a synthetic challenge, due to the regioselective hydration of the endocyclic 

dienone. 

 

 To ensure that the isomerization of 2.59 to 2.63 proceeded in an efficient manner, 

energy minimization calculations were performed on all observed products in the 
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carbocyclization reaction, including the desired isomerization product (Table 2.1). For 

the purpose of our optimization study, three different tethered systems were studied in 

order to determine which was best suited for the isomerization. In all three cases, it was 

noted that the desired isomerization product 2.63 was the most stable (lowest energy). 

This data was promising and suggested we could readily obtain the fully conjugated 

product. Given that the energy values for the sulfonamide tether (X=TNs) are very 

similar to those of the tether in the natural product (X=C(CH3)2), we elected to proceed 

with the optimization of the isomerization in this system. Furthermore, previous studies 

demonstrated that these carbocyclization products are more likely to provide solids, 

which will provide access to crystal structures to analyze the facial selectivity in the 

hydrogenation step. 

 

 

Table 2.1. B3LYP/6-31+g(d) energy minimization data for carbocyclization products. 

X 
Relative Gibb’s Free Energy (kcal/mol)

a 

2.59 2.64 2.63 

a: C(CH3)2 11.6 10.4 0 

b: C(CO2CH3)2 10.6 9.5 0 

c: NTs 11.9 10.2 0 

a
Relative Gibb’s free energies determined on Gaussian 09 software with an opt/freq calculation using DFT method  

B3LYP with the 6-31+g(d) basis set. 

 

 Initial attempts to affect the isomerization of 2.63c using metal catalysts such as 

Grubbs 1
st
 and 2

nd
 generation catalysts, in addition to RhCl3 hydrate were unsuccessful 

(Table 2.2 entries 1-3), despite the precedent for this type of transformation. In contrast, 
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treatment of 2.59c with stoichiometric DBU at 100 °C for 24 hours provided the dienone 

2.63c albeit in poor yield. We hypothesized that the relatively modest yield may be the 

result of decomposition over time, which was also observed in our previous studies. 

Although reducing the exposure to a shorter period of time provided a modest 

improvement in yield (entry 5), switching from stoichiometric to catalytic quantities of 

base gave a significant improvement in yield (entry 6). Nevertheless, decreasing the 

reaction temperature provided no improvement in the isomerizations (entry 7-8), whereas 

other bases, such as t-BuOK and K2CO3, resulted in decomposition of the starting 

material (entry 9-10).  

In an attempt to further improve the yield of the isomerization, bases with similar pKa 

values to DBU (pKa = 12) were screened ─ DBN (pKa = 12), “Proton Sponge” (pKa = 12) 

and triazole (pKa = 14). DBN (entries 11-14) performed similar to DBU, albeit the overall 

yield was slightly lower. Interestingly, the reaction with DBN occurred much faster and 

at lower temperatures, with the highest yield obtained after ca. 25 minutes at room 

temperature. Interestingly, “Proton Sponge” and triazole (entries 15-18) provided none of 

the desired product. 
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Table 2.2. Optimization of the isomerization of the exocyclic olefin into conjugation. 

Entry Catalyst (mol %) Solvent Temp (°C) 
Time 

(hrs) 
Isolated Yield (%) 

1
 

Grubbs I (10) + TESH Toluene 120 24 0 

2
 

Grubbs II (10) MeOH 85 24 0 

3 RhCl3·3H2O (10) MeOH 85 24 0 

4 DBU (100) Toluene 100 24 25 

5 DBU (100) Toluene 100 5 30 

6 DBU (10) Toluene 100 3 70 

7 DBU (10) Toluene r.t. 24 65 

8 DBU (10) Toluene r.t. 48 66 

9
 

t-BuOK (100) THF r.t. 24 0 

10 K2CO3 (100) MeOH r.t. 24 0 

11 DBN (10) Toluene r.t. 5 45 

12 DBN (10) Toluene r.t. 24 60 

13 DBN (10) Toluene 100 24 56 

14 DBN (10) Toluene r.t. 0.25 65 

15 “Proton Sponge” (10) Toluene r.t. 5 0 

16 “Proton Sponge” (10) Toluene r.t. 24 0 

17 “Proton Sponge” (10) Toluene 100 24 0 

18 1-H-1,2,3-Triazole (10) Toluene r.t. 24 0 

19 TBD (10) Toluene r.t 5 0 

20 TBD (10) Toluene r.t 24 0 

21 TBD (10) Toluene 100 24 0 

22 DABCO (10) Toluene r.t. 24 53 

23 DABCO (10) Toluene 100 3 62 

24 DABCO (10) Toluene 100 24 61 

 

 With no improvement amongst similar bases, screening was expanded to bases with 

differing pKa values compared to DBU. TBD (pKa = 15, 24) provided none of the desired 
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product, whereas DABCO (pKa = 3, 9) provided the desired product in moderate yield 

both at room and elevated temperature (entries 22-24); however, the yield achieved with 

DBU remained optimal. Hence, we elected to apply the conditions outlined in entry 6 to 

the natural product system (Scheme 2.8). Although the aforementioned optimization was 

performed on the isolated product 2.59, it was determined that the reaction could be 

performed in one-pot following the carbocyclization reaction, which adds no additional 

steps to the current synthetic route. Gratifyingly, the isomerization with the dimethyl 

tethered system provided a higher yield, thereby allowing the one-pot carbocyclization 

and isomerization to proceed in 78% overall yield.  

 

Scheme 2.8. One-pot rhodium(I)-catalyzed [(3+2+2)] carbocyclization reaction and base-

mediated isomerization to product 2.63a. 

 

 In anticipation of the proposed hydrogenation, the X-ray structure of 2.63c (X=NTs) 

was analyzed which suggested it would be very challenging since the new scaffold was 

relatively flat (Figure 2.5). Hence, the facial selectivity required to provide the natural 

product was likely to be poor, resulting in mixtures of the desired product and its epimer. 
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Figure 2.5. X-Ray crystallographic representation of 2.63c revealing flat nature of ring 

system. 

 

 Unsurprisingly, hydrogenation of the desired olefin provided a 1:1 mixture of 

diastereomers with the use of palladium on carbon as a catalyst under an atmosphere of 

hydrogen (Table 2.3, entries 1-2). Despite the poor selectivity, the reaction proceeded to 

full conversion after 48 hours with an isolated yield of 91% for the inseparable mixture of 

products. Other catalyst systems, such as Adam’s catalyst and Crabtree’s catalyst were 

less than satisfactory (entries 3-5). Wilkinson’s catalyst (entries 6-7) furnished the same 

product distribution in addition to poor conversion under standard hydrogenation 

conditions. The introduction of air to the reaction flask increased the conversion, albeit 

with similar selectivity. Since the starting material and product were inseparable by 

standard column chromatographic methods it was relatively challenging to garner an 

accurate yield (entry 2). Similarly, attempts to separate the diastereomers to provide the 

pure natural products were unsuccessful. Based on the outcome, we elected to examine 

alternate routes to the natural products. 
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Table 2.3. Hydrogenation results for reduction of 2.63a to (±)-tremulenolide A. 

Entry Catalyst (mol %) Solvent 
Time 

(hrs) 

Conversion 

(%)
a
 dr (2.65:2.1)

a

 
Isolated 

Yield (%) 

1 Pd/C (10) EtOAc 24 40 1 : 1 N/A 

2 ″ ″ 48 ≥99 1 : 1 91 

3 PtO2 (10) EtOAc 24 <5 - 0 

4 ″ ″ 48 <5 - 0 

5 Ir(cod)(PCy3)(Pyr)PF6 CH2Cl2 ″ <5 - 0 

6 RhCl(PPh3)3 EtOAc ″ <5 - 0 

7
b

 ″ ″ ″ 60 1 : 1 N/A 

a
 % conversion and diastereometric ratio of products 2.65:2.1 was determined by 500 MHz 

1
H NMR of crude reaction 

mixture. 
b
Approximately 0.5 mL of atmospheric air was syringed into the reaction mixture after set up was complete. 

 

 Since the facial selectivity is lost upon isomerization of the exocyclic olefin, we 

decided to use a different method to reduce the dienone. We envisioned that by first 

reducing the lactone ring to the diol 2.66 (Scheme 2.9), the homoallylic free hydroxyl 

group would then direct the hydrogenation catalysts through coordination. Several 

examples of hydroxyl groups directing hydrogenation towards a specific face are known, 

and thereby the adaptation of this type of process should provide a viable route to (±)-

tremulenediol A.
23

 From previous syntheses of the tremulane sesquiterpenes, it is known 

that tremulenolide A can be accessed from tremulenediol A via a lactonization with 

K2CO3, suggesting that both natural products could still be prepared via this route. 
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Scheme 2.9. Proposal for hydroxyl-directed hydrogenation route to (±)-tremulenediol A. 

 The conjugated diol 2.66 was subject to a variety of hydrogenation catalysts under an 

atmosphere of hydrogen in an attempt to access the natural product tremulenediol A 

(Table 2.4). Preliminary attempts included standard hydrogenation catalysts such as 

palladium on carbon and Adam’s catalyst (entries 1-2). These catalysts are not known 

hydroxyl-directing catalysts and a high degree of selectivity was not expected. 

Surprisingly, despite observing full conversion of the starting material by NMR analysis, 

further characterization of the resulting compound indicated that the diol was also 

undergoing a ring closing reaction to afford 2.68. We continued our studies with 

coordinating metal catalysts that we envisioned would afford the desired product and 

provide a high degree of stereocontrol through the proposed hydroxyl-directed pathway. 

Unfortunately, both Wilkinson’s and Crabtree’s catalysts (entries 3-4), which are well 

known catalysts for directed hydrogenations, resulted in the formation of the undesired 

product 2.68. Crabtree’s catalyst in particular is a highly active catalyst and readily 

undergoes other side reactions and alternative pathways in the presence of olefins. A 

similar rhodium catalyst (entry 5) has been proposed to be less reactive and, as a result, 

more selective for the hydrogenation reaction.
24

 Nevertheless, this catalyst provided the 

same result as with previous catalysts.  
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Table 2.4. Studies towards hydroxyl-directed hydrogenation of 2.66 for access to 

tremulenediol A. 

Entry Catalyst (mol %) Solvent Conversion (%)
a
 dr (syn:anti)

a

 
Isolated 

Yield (%) 

1 Pd/C (10) EtOAc ≥95 - 0 

2 PtO2 (10) EtOAc ≥95 - 0 

3
b

 ClRh(PPh3)3 (10) EtOAc ≥95 - 0 

4 Ir(cod)(PCy3)(Pyr)PF6
 
(10) CH2Cl2 ≥95 - 0 

5 Rh(dppb)(nbd)BF4
 
(10) CH2Cl2 ≥95 - 0 

a
 % conversion and diastereometric ratio of products 2.3:2.67 was determined by 500 MHz 

1
H NMR of crude reaction 

mixture. 
b
Approximately 0.5 mL of atmospheric air was syringed into the reaction mixture after set up was complete. 

 

In an effort to prevent the ring closure and promote the desired hydrogenation, we 

attempted to selectively protect the allylic alcohol while leaving the homoallylic alcohol 

free in order to act as a director for the hydrogenation catalyst (eqn. 2.10). Although the 

ability to protect allylic alcohols in the presence of homoallylic alcohols is known for 

secondary functionality, the analogous process with primary alcohols is unknown and all 

attempts were unsuccessful.
25

 This prompted the reevaluation of the route to the 

tremulane sesquiterpene natural products. 
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Hence, we envisioned the revised approach would involve converting the exocyclic 

olefin of 2.59a to a ketone (2.70) via an oxidative cleavage reaction.
26 

Since the 

computational studies predicted the anti-configuration to be the more stable diastereomer 

(Table 2.1), we envisioned that epimerization of the proton alpha to the carbonyl at the 

ring junction would result in the desired diastereomer. This method has been used in the 

synthesis of several natural products where access to the more stable diastereomer is 

desired and typically occurs in the presence of a base such as K2CO3 at slightly elevated 

temperatures.
27

 Gratifyingly, oxidation to the ketone in the presence of NaHCO3, 

indicated signs of the epimerization, providing the product in 75% yield as a 1:1 mixture 

of diastereomers. The mixture of diastereomers was subject to several different 

epimerization conditions in an attempt to form the desired anti-product 2.71 selectively. 

Preliminary attempts included the use of both catalytic and stoichiometric K2CO3 in 

methanol at 35-45 °C (Table 2.5, entries 1-3), with no observed improvement in the 

diastereometric ratio. The use of excess base (entries 4-5) also provided no improvement. 

Since the initial observation of epimerization during the oxidation step was believed to be 

due to NaHCO3, this base was also studied (entries 6-8). Interestingly, at higher 

temperatures the diastereometric ratio improved to 3:1 in favour of the anti-product. 

However, the analysis of the crude NMR revealed several unidentified products which 

are consistent with other isomerization products. The examination of DBU, which had 

been the optimal base for the previous isomerization of the exocyclic olefin, at both 100 
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°C and room temperature provided no improvement to the ratio of diastereomers for this 

reaction. 

 

Table 2.5. Epimerization studies of 2.70 to correct stereochemistry. 

Entry Base (equiv.) Solvent 
Temperature 

(°C) 
Time (hrs) dr (anti:syn)

a
 

1 K2CO3 (0.1) MeOH 35 2 1:1 

2 K2CO3 (1.0) MeOH 35 2 1:1 

3 K2CO3 (1.0) MeOH 45 2 1:1 

4 K2CO3 (3.0) MeOH 45 2 1:1 

5 K2CO3 (3.0) MeOH 45 12 1:1 

6 NaHCO3 (3.0) DCM 40 3 3:1
b 

7 NaHCO3 (3.0) MeOH 40 12 3:1
b 

8 NaHCO3 (3.0) MeOH 55 12 N/A
c 

9 DBU (0.1) Toluene 100 8 N/A
c
 

10 DBU (0.1) Toluene r.t. 8 1:1 

11 DBU (1.0) Toluene r.t. 8 1:1 

12 DBU (3.0) Toluene r.t. 8 1:1 

a
diasterometric ratio of products determined by 500 MHz 

1
H NMR of crude reaction mixture. 

b
crude 

1
H NMR is a mixture of 

several products. 
c
crude NMR contains too many products to accurately intergrate. 

 

 Since improved diastereocontrol results in additional unwanted isomerization side 

reactions, computational studies were pursued to confirm the most stable configuration of 

the ketone 2.70 (Figure 2.6). Interestingly, computational results are in complete 

agreement with the experimental observation, namely, that the ketones 2.70 and 2.71 are 

similar in energy and that the isomerization products 2.72 and 2.73 are more stable. 
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Hence, we rationalized that further studies to epimerize the ketone in the direction of the 

desired product would also likely give rise to more of this undesired side product. 

 

Figure 2.6. B3LYP/6-31+g(d) energy minimization data for epimerization products. 

 In 2014, Mascareñas and coworkers performed the rhodium-catalyzed [(3+2+2)] 

carbocyclization reactions of ACPs to form 5,7,5-fused tricyclic systems (Scheme 

2.10).
28

 The use of bulky phosphite ligands such as 2,4-di-tert-butylphenyl phosphite 

provided the syn-diastereomer (2.75) with excellent diastereocontrol (Scheme 2.10a).  

Interestingly, the application of chiral phosphite ligands rather than the bulky, achiral 

ligands, provided an overall switch in the selectivity (Scheme 2.10b), which provides the 

anti-diastereomer 2.76. Hence, we envisaged that this approach may access the desired 

diastereomer as the major product. 
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Scheme 2.10. a) Rhodium-catalyzed [(3+2+2)] carbocyclization reaction of ACPs with 

bulky achiral phosphite ligands. b) Rhodium-catalyzed [(3+2+2)] carbocyclization 

reaction of ACPs with chiral phosphite ligands.
28 

 

 Preliminary studies focused on the application of several chiral phosphite ligands to 

our system, which were undertaken with the expectation that it would furnish the desired 

anti-product 2.64a (Table 2.6). The same spiro-based chiral phosphite ligand (L1) used 

by Mascareñas and coworkers decreased the diastereoselectivity with respect to the syn-

product, but did not provide the same switch in stereocontrol (entry 1). Screening several 

other chiral phosphite and phosphoramidite ligands (entries 2-6) gave similar results. 

Although Mascareñas and coworkers demonstrated that these ligands afford 2.76 as the 

major product, this result is not consistent in our system. We hypothesized that the ester-

tethered substrate 2.61 is more rigid then the ether-tethered substrate 2.74, which could 

inhibit free rotation, making access to the anti-product 2.64a a synthetic challenge. 

 

 



 

88 

 

 

Table 2.6. Application of chiral ligands to rhodium(I)-catalyzed [(3+2+2)] reaction. 

Entry
a 

Ligand Conversion (%)
b 

dr (syn:anti)
b
 

1 L1 95 5:1 

2 L2 22 7:1 

3 L3 ≥99 4:1 

4 L4 ≥99 9:1 

5 L5 50 9:1 

6 L6 90 12:1 

a
All reactions use 5 mol % [Rh(cod)Cl]2 and 30 mol % of the indicated ligand. 

b
 % conversion and diastereometric ratio of 

products 2.59a/2.64a were determined by 500 MHz 
1
H NMR of crude reaction mixture. 

 

 Although we originally envisioned that it would be a straightforward task to modify 

the stereochemistry in the carbocyclization product, it proved very challenging. All 

studies have suggested that the desired anti-conformation is not accessible directly from 

the syn-product, without the formation of multiple side products, which significantly 

impacts our ability to produce the desired natural product in an efficient manner. As such, 

we set out towards the total synthesis of epimeric tremulane sesquiterpenes, in order to 
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highlight the efficiency and selectivity of our developed rhodium-catalyzed 

intramolecular [(3+2+2)] carbocyclization reaction. 

 

2.1.5 Development of a Synthetic Route to Several Epimeric Tremulane 

Sesquiterpene Natural Products 

 

The synthetic route to the ACP 2.81 has been previously optimized in our group.
29

 

Although the alcohol 2.78 is commercially available, it is relatively expensive, which 

prompted its preparation from the less expensive ethyl isobutyrate in two steps via an 

alkylation with LDA and propargyl bromide, followed by subsequent reduction of the 

ester to the corresponding alcohol with LiAlH4 in near quantitative yield over two steps 

(Scheme 2.11a). The conversion of the commercially available alcohol 2.78 to the 

aldehyde 2.80 was accomplished via swern oxidation followed by a one-pot 

homologation with (methoxymethyl)triphenylphosphonium chloride to afford the 

aldehyde 2.80 in 73% yield over the two steps (Scheme 2.11b).
30

 The synthesis of the 

substrate ACP was accomplished via a Wittig reaction on the aldehyde with (3-

bromopropyl)triphenylphosphonium bromide to provide 2.81 in good yield (Scheme 

2.11c).  
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Scheme 2.11. Synthetic route to the [(3+2+2)] carbocyclization precursor 2.82. 

Although the commercially available ylide reagent afforded the desired product in 

40% yield, the ylide salt was prepared from triphenylphosphine and 1,3-dibromopropane 

and afforded an improved 65% yield for this process. Finally, the carbocyclization 

precursor 2.82 was formed in one-step from 2.81 via acylation with allyl chloroformate in 

98% yield.  

 Treatment of ACP 2.82 under the optimized reaction conditions resulted in the 

selective generation of the 5,7,5-tricyclic scaffold present in the tremulane sesquiterpene 

natural products in good yield (eqn. 2.13). Furthermore, this reaction is very scalable, as 

demonstrated by the gram-scale preparation of 2.59a with similar yield and 

diastereocontrol. Importantly, the catalyst loading of the rhodium dimer species can be 

reduced to 2 mol% for the large scale preparation, demonstrating the general synthetic 

utility of this reaction. Hence, the common interemediate for the synthesis of three 
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members of the tremulane sesquiterpene family was obtained in 3 steps and 48% yield 

from the known aldehyde 2.80. 

 

 The completion of the synthesis of (±)-epi-tremulenolide A (2.65) involved a simple, 

one-step hydrogenation of the exo-cyclic methylene on 2.59a (eqn. 2.14). Standard 

hydrogenation conditions using palladium on carbon under an atmosphere of hydrogen 

gave the desired product with excellent yield and diastereocontrol. The relative 

configuration was assigned through NOE analysis, which concluded that all three protons 

were on the same face of the compound. With the successful preparation of (±)-epi-

tremulenolide A (2.65) in 4 steps and 47% overall yield from 2.80, we turned our 

attention to (±)-epi-tremulenediol A (2.67). 

 

 As outlined in our initial retrosynthetic analysis, access to tremulenediol A should be 

achievable through the reduction of the lactone in tremulenolide A. Thus, treatment of  

(±)-epi-tremulenolide A (2.65) with lithium aluminum hydride provided (±)-epi-

tremulenediol A in good yield without any loss in stereochemistry (eqn. 2.15). The 
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preparation of (±)-epi-tremulenediol A (2.67) was completed in 5 steps and 40% overall 

yield from 2.80. 

 

 The common intermediate 2.59a also permits access to (±)-epi-ceriponol D (2.83) in 

a single step (Scheme 2.16). Interestingly, the application of Mn(acac)2 as the catalyst 

affords the product in 28% yield as a 2:1 mixture of diastereomers; however, Co(acac)2 

provides a superior catalyst to facilitate the hydration reaction to afford the natural 

product in 73% yield as a 10:1 mixture of diastereomers. Hence, this route provided (±)-

epi-ceriponol D (2.83) in 4 steps with a 35% overall yield, from compound 2.80.  

 

2.2 Conclusions 

Despite our best efforts, all attempts to modify the stereochemistry of the 

carbocyclization products proved unsuccessful. However, our completed syntheses of the 

three epimeric tremulane sesquiterpene natural products does highlight the synthetic 

utility of our methodology. In addition, our total syntheses represent the shortest and 

most efficient approach to the 5,7,5-tricyclic scaffold of the tremulane sesquiterpene 

natural products. Work is currently in progress towards an enantioselective rhodium-
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catalyzed carbocyclization reaction that would allow the asymmetric synthesis of such 

scaffolds. 

 

2.3 Experimental 

General Experimental and Analysis Statement: 

All reactions were carried out under an argon atmosphere in anhydrous solvent using 

commercially available reagents that were purchased and used as received. 

Tetrahydrofuran was freshly distilled from sodium benzophenone ketyl. Toluene was 

dried by passage through activated alumina columns.  Analytical thin layer 

chromatography (TLC) was performed on pre-coated 0.2 mm thick silica gel 60-F254 

plates (Merck); visualized using UV light and by treatment with a KMnO4 or vanillin 

stain, followed by heating.  All compounds were purified by flash chromatography using 

silica gel 60 (40-63 µm, SiliCycle) and gave spectroscopic data consistent with being 

≥95% the assigned structure.  Melting points (uncorrected) were obtained from a Büchi 

M560 melting point instrument.  
1
H NMR and 

13
C NMR spectra were recorded on a 

Bruker Avance DRX-500 or 600 spectrometer in CDCl3 or CD3OD as indicated, at 

ambient temperature; chemical shifts (δ) are given in ppm and calibrated using the signal 

of residual undeuterated solvent as internal reference (CDCl3: δH = 7.26 ppm and δC = 

77.16 ppm or CH3OD: δH = 3.31 ppm and δC = 49.00 ppm).  
1
H NMR data are reported 

as follows: chemical shift (multiplicity, 1
st
 order spin system if available, coupling 

constant, integration).  Coupling constants (J) are reported in Hz and apparent splitting 

patterns are designated using the following abbreviations: s (singlet), d (doublet), t 

(triplet), q (quartet), m (multiplet), br (broad), app. (apparent) and the appropriate 
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combinations.  
13

C NMR spectra with complete proton decoupling were described with 

the aid of an APT sequence, separating methylene and quaternary carbons (e, even), from 

methyl and methine carbons (o, odd).  IR spectra were recorded on a Agilent 

Technologies Cary 630 FT-IR (ATR) spectrometer; wavenumbers (ν) are given in cm
−1

; 

and the abbreviations w (weak, <33%), m (medium, 33-66%), s (strong, >66%), vs (very 

strong, ≥95%) and br (broad) are used to describe the relative intensities of the IR 

absorbance bands.  Mass spectra were obtained through the Chemistry Department Mass 

Spectrometry Service at Queen’s University. 

 

8,8-Dimethyl-6-methylene-3a,4,5,6,6a,7,8,9-octahydroazuleno[4,5- 

c]furan-1(3H)-one 2.59a. 

See compound 1.74c in chapter one of this thesis. 

 

(3,3-Dimethylhex-5-ynylidene)cyclopropane 2.61. 

Potassium tert-butoxide (23.86 g, 213 mmol) was added portion-wise to a 

solution of (3-bromopropyl)triphenylphosphonium bromide (49.3 g, 106 mmol) in 

anhydrous tetrahydrofuran (250 mL) under an atmosphere of argon and the mixture was 

heated to 70 ºC for 2 hours. Upon cooling to room temperature, a solution of 2.60 (8.80 g, 

70.9 mmol) in anhydrous tetrahydrofuran (15 mL) was added dropwise and the mixture 

was heated to 70 ºC and stirred for 1 additional hour. The reaction was quenched with 

distilled water (800 mL) and extracted with pentane (3 × 300 mL). The organic layers 

were combined, washed with distilled water (2 × 500 mL) and brine (500 mL), dried over 



 

95 

 

MgSO4,, fitered and concentrated in vacuo to afford the crude product. Distillation (75 ºC 

internal, 2 torr) afforded 2.61 (6.82 g, 46.1 mmol, 65 %) as a colourless oil. 

1
H NMR (500 MHz, CDCl3) δ 5.77 (tt, J = 7.4, 1.9 Hz, 1H), 2.17 (d, J = 7.5 Hz, 2H), 

2.07 (d, J = 2.7 Hz, 2H), 1.97 (t, J = 2.7 Hz, 1H), 1.10-1.05 (m, 2H), 1.02-0.98 (m, 2H), 

0.98 (s, 6H). 

13
C NMR (125 MHz, CDCl3) δ 124.51 (e), 114.63 (o), 82.94 (e), 69.84 (e), 43.65 (o), 

34.59 (e), 31.46 (e), 26.69 (o), 2.87 (e), 1.99 (e). 

IR (Neat) 3307 (m), 2959 (m), 2116 (w), 1729 (w), 1467 (m), 1257 (w), 933 (m), 738 

(m) cm
-1

. 

HRMS (ESI, [M+H]
+
) calculated for C11H17 149.1325, found 149.1326. 

 

Allyl 7-cyclopropylidene-5,5-dimethylhept-2-ynoate 2.60. 

See compound 1.73c in chapter one of this thesis. 

 

6,8,8-Trimethyl-3,3a,4,5,8,9-hexahydroazuleno[4,5-c]furan-1(7H)- 

one 2.63a. 

Chloro(1,5-cyclooctadiene)rhodium(I) dimer (6.1 mg, 0.012 mmol), 

tris(4-(trifluoromethyl)phenyl) phosphite (42.0 mg, 0.074 mmol) and 2.61 (56.8 mg, 0.25 

mmol) were dissolved in anhydrous toluene (2.5 mL) under an atmosphere of argon and 

the mixture was heated to 100 
o
C for 18 hours. Upon cooling to room temperature, 1,8-

diazabicycloundec-7-ene (3.7 L, 0.025 mmol) was added and the mixture was heated to 

100
 o

C for two additional hours. Upon cooling to room temperature, the mixture was 

diluted with dichloromethane (1 mL) and passed through a short silica plug eluting with 
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ethyl acetate (7.5 mL) before being concentrated in vacuo to afford the crude product. 

Purification by flash column chromatography (silica gel, eluting with 10% ethyl 

acetate/hexanes) yielded 2.63a (45 mg, 0.20 mmol, 78%) as a yellow oil. 

1
H NMR (500 MHz, CDCl3) δ 4.46 (app. t, J = 8.9 Hz, 1H), 3.77 (t, J = 8.8 Hz, 1H), 3.15 

(app. br q, J = 9.3 Hz, 1H), 2.93 (dd, A of ABX, JAB = 17.7, JBX = 3.6 Hz, 1H), 2.73 (dd, 

B of ABX, JAB = 17.6, JBX = 3.2 Hz, 1H), 2.53 (m, 1H), 2.39 (d, A of AB, JAB = 18.8 Hz, 

1H), 2.25 (s, 2H), 1.95 (dddd, A of ABXYZ, JAB = 13.2, JAX = 4.2, JAY = 3.6, JAZ = 2.5 

Hz, 1H), 1.81 (s, 3H), 1.72 (ddd, B of ABXY, JAB = 13.5, JBX = 4.4, JBY = 3.4 Hz, 1H), 

1.03 (s, 3H), 0.99 (s, 3H). 

13
C NMR (125 MHz, CDCl3) δ 172.14 (e), 153.42 (e), 142.27 (e), 135.55 (e), 119.96 (e), 

70.17 (e), 48.07 (e), 47.57 (e), 41.45 (o), 37.51 (e), 36.19 (e), 28.69 (e), 28.35 (o), 28.18 

(o), 24.82 (o). 

IR (Neat) 2998 (w), 2949 (m), 1727 (s), 1650 (m), 1463 (m), 1222 (s), 1180 (s), 1027 (s), 

734 (w) cm
-1

. 

HRMS (ESI, [M+H]
+
) calculated for C15H21O2 233.1533, found 233.1536. 

 

6-Methyl-8-tosyl-3,3a,4,5,8,9-hexahydrofuro[3',4':3,4]cyclohepta[1,2- 

c]pyrrol-1(7H)-one 2.63c. 

 2.59c (56.8 mg, 0.25 mmol) was dissolved in anhydrous toluene (2.45 

mL) under an atmosphere of argon and 1,8-diazabicycloundec-7-ene (3.7 L, 0.025 

mmol) was added. The mixture was heated to 100 
o
C for two hours. Upon cooling to 

room temperature, the mixture was diluted with dichloromethane (1 mL) and passed 

through a short silica plug eluting with ethyl acetate (7.5 mL) before being concentrated 
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in vacuo to afford the crude product. Purification by flash column chromatography (silica 

gel, eluting with 10% ethyl acetate/hexanes) yielded 2.63c (45 mg, 0.20 mmol, 78%) as a 

white solid;  mp = 200-201 °C (decomp.). 

1
H NMR (500 MHz, CDCl3) δ 7.73 (d, J = 7.7 Hz, 2H), 7.32 (d, J = 7.8 Hz, 2H), 4.48 

(m, 3H), 4.09 (d, B of AB, JAB = 14.3 Hz, 1H), 3.91 (d, B of AB, JAB = 12.7 Hz, 1H), 3.68 

(app. t, J = 8.7 Hz, 1H), 3.10 (app. br. q, J = 10.1 Hz, 1H), 2.55-2.46 (m, 2H), 2.42 (s, 

3H), 1.96 (ddd, J = 13.2, 6.4, 3.7 Hz, 1H), 1.80 (s, 3H), 1.59 (ddd, J = 24.0 Hz, 12.2, 3.2 

Hz, 1H). 

13
C NMR (125 MHz, CDCl3) δ 170.71 (e), 144.08 (e), 143.31 (e), 132.69 (e), 129.83 (o), 

128.59 (e), 128.06 (o), 120.60 (e), 113.94 (e), 70.46 (e)¸53.16 (e), 52.48 (e), 41.05 (o), 

36.94 (e), 26.80 (e), 24.26 (o), 21.63 (o). 

IR (Neat) 2963 (w), 2924 (m), 1934 (w), 1727 (s), 1667 (m), 1469 (m), 1336 (s), 1241 

(m), 1157 (s), 1029 (s), 820 (s), 730 (m) cm
-1

. 

HRMS (EI, [M]
+
) calculated for C19H21NO4S 359.1191, found 359.1198. 

 

epi-(±)-Tremulenolide A 2.65. 

Palladium on activated charcoal (9.2 mg, 0.0086 mmol) was added to a 

solution of 2.59a (25 mg, 0.11 mmol) in ethyl acetate (1.1 mL) under 

an atmosphere of argon and the flask was evacuated. After backfilling the flask with 

hydrogen gas (x 3 cycles), the mixture was stirred at room temperature for ca. 48 hours. 

The crude product was filtered through a short Celite plug eluting with ethyl acetate (4 

mL) and concentrated in vacuo to afford 2.65 (25 mg, 0.11 mmol, 97%, dr 19:1) as a 

white solid; mp = 72-75 °C. 
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1
H NMR (600 MHz, CDCl3) δ 4.48 (app. t, J = 9.3 Hz, 1H), 3.80 (dd, J = 9.1, 7.0 Hz, 

1H), 3.32 (d, J = 18.3 Hz, 1H), 3.16-3.08 (m, 1H), 3.01 (app. tt, J = 8.4, 2.3 Hz, 1H), 2.07 

(dt, J = 17.9, 2.7 Hz, 1H), 1.96-1.87 (m, 2H), 1.81 (td, J = 13.4, 3.0 Hz, 1H), 1.61 (dd, J 

= 12.1, 1.8 Hz, 1H), 1.57 (d, J = 18.0 Hz, 1H), 1.52-1.44 (m, 2H), 1.15 (s, 3H), 0.86 (d, J 

= 6.6 Hz, 3H), 0.85 (s, 3H). 

13
C NMR (125 MHz, CDCl3) δ 165.46 (e), 121.78 (e), 70.97 (e), 52.58 (o), 50.82 (o), 

47.81 (e), 47.00 (e), 44.44 (e), 40.70 (o), 37.69 (o), 36.75 (e), 32.90 (e), 31.81 (o), 25.94 

(e), 12.37 (o). 

IR (Neat) 2926 (m), 2364 (w), 1747 (s), 1675 (w), 1465 (w), 1244 (w), 1133 (m), 1028 

(m), 790 (w) cm
-1

. 

HRMS (EI, [M]
+
) calculated for C15H22O2 234.1620, found 234.1626. 

 

(2,2,8-Trimethyl-1,2,3,5,6,7-hexahydroazuleno-4,5-diyl)dimethanol  

2.66. 

A solution of 2.63 (59 mg, 0.25 mmol) in anhydrous diethyl ether (1.15 

mL) was added dropwise to a slurry of lithium aluminum hydride (48 mg, 1.3 mmol) in 

anhydrous diethyl ether (1.15 mL) at room temperature, under an atmosphere of argon 

and the mixture was stirred for 1 hour. The reaction was quenched with 0.05 mL of 

distilled water, followed by 0.05 mL of 15 wt% aqueous sodium hydroxide and an 

additional 0.15 mL of distilled water, after which the mixture was dried over MgSO4, 

filtered, and concentrated in vacuo to afford the crude product. Flash column 

chromatography (silica gel, eluting with 50% ethyl acetate/hexanes) yielded 2.66 (50 mg, 

0.21 mmol, 85%) as a colourless oil. 



 

99 

 

1
H NMR (500 MHz, CDCl3) δ 4.30 (d, A of AB, JAB = 11.5 Hz, 1H), 3.96 (d, B of AB, 

JAB = 11.4 Hz, 1H), 3.64 (app. t, A of AB, JAB = 9.3 Hz, 1H), 3.59 (dd, B of ABX, JAB = 

9.7 Hz, JBX = 5.0 Hz, 1H), 3.13 (s, 2H), 2.70 (br m, 1H), 2.37 (d, A of AB, JAB = 15.0 Hz, 

1H), 2.32-2.21 (m, 2H) 2.24 (d, B of AB, JAB = 14.7 Hz, 1H), 2.20 (s, 2H), 1.95 (ddd, J = 

19.4, 5.3, 3.9 Hz 1H), 1.76-1.72 (m, 1H), 1.71 (s, 3H), 1.00 (s, 3H), 0.96 (s, 3H). 

13
C NMR (125 MHz, CDCl3) δ 139.08 (e), 134.71 (e), 134.36 (e), 133.60 (e), 66.30 (e), 

64.45 (e), 48.83 (e), 47.79 (e), 44.37 (o), 34.95 (e), 34.19 (e), 28.31 (o), 28.21 (o), 27.79 

(e), 23.53 (o). 

IR (Neat) 3347 (w), 2923 (s), 1741 (w), 1596 (w), 1454 (m), 1249 (m), 1061 (vs), 732 

(m) cm
-1

. 

HRMS (ESI, [M+H]
+
) calculated for C15H25O2 237.1836, found 237.1849. 

 

 epi-(±)-Tremulenediol A 2.67. 

2.65 (9.1 mg, 0.039 mmoL) in anhydrous diethyl ether (0.40 mL) was 

added dropwise to a slurry of lithium aluminum hydride (7.4 mg, 0.19 

mmol) in diethyl ether (0.40 mL) at room temperature under an atmosphere of argon. The 

reaction was stirred for 1 hour and subsequently quenched with 0.07 mL of distilled 

water, followed by 0.07 mL of 15 wt% aqueous sodium hydroxide and 0.21 mL of 

distilled water. The mixture was dried over MgSO4, filtered, and concentrated in vacuo to 

afford the crude product.  Flash column chromatography (silica gel, eluting with 50% 

ethyl acetate/hexanes) yielded 2.67 (7.9 mg, 0.033 mmol, 85%) as a pale yellow oil. 

1
H NMR (500 MHz, CDCl3) δ 4.26 (d, A of AB, JAB = 11.7 Hz, 1H), 4.19 (d, B of AB, 

JAB = 12.1 Hz, 1H), 3.87 (app. t, J = 10.6 Hz, 1H), 3.67 (dd, J = 11.3, 3.6 Hz, 1H), 3.03 
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(app. t, J = 9.2 Hz, 1H), 2.69 (tt, J = 9.9, 3.2 Hz, 1H), 2.24 (d, A of AB, JAB = 14.5 Hz, 

1H), 1.96 (d, B of AB, JAB = 15.1 Hz, 1H), 1.87-1.78 (m, 2H), 1.73-1.67 (m, 1H), 1.64-

1.56 (m, 2H), 1.38 (dd, J = 12.3, 9.0 Hz, 2H), 1.28-1.22 (m, 2H), 1.09 (s, 3H), 0.84 (s, 

3H), 0.78 (d, J = 6.9 Hz, 3H). 

13
C NMR (125 MHz, CDCl3) δ 150.42 (e), 137.38 (e), 132.23 (o), 132.20 (o), 125.45 (e), 

120.36 (o), 108.87 (e), 66.36 (e), 65.92 (e), 46.47 (o), 46.30 (e), 39.49 (o), 36.66 (e), 

32.90 (e), 27.48 (o). 

IR (Neat) 3320 (w), 2927 (m), 2363 (w), 1705 (s), 1526 (s), 1400 (m), 1218 (vs), 1076 

(s), 1009 (m), 824 (m) cm
-1

. 

HRMS (EI, [M]
+
) calculated for C15H26O2 238.1933, found 238.1938. 

 

2,2-Dimethyl-pent-4-ynoic acid ethyl ether 2.77. 

2.77 was prepared according to previously reported procedure.
30

 A solution 

of freshly prepared 0.3 M lithium diisopropylamide in anhydrous 

tetrahydrofuran [prepared from the dropwise addition of n-butyllithium (1.6 M in 

hexanes, 75 mL, 120 mmol) to a solution of diispropylamine (17.82 mL, 125 mmol) in  

anhydrous tetrahydrofuran (267 mL) at 0 
o
C] was cooled to –78 

o
C under an atmosphere 

of argon. Ethyl isobutyrate (13.51 mL, 100 mmol) in anhydrous tetrahydrofuran (54 mL) 

was added over 30 minutes via a dropping funnel. The reaction mixture was slowly 

warmed to 0 
o
C and stirred for 1 hour. Upon cooling the mixture back to –78 

o
C, a 

solution of 3-bromoprop-1-yne (13.37 mL, 120 mmol) in anhydrous tetrahydrofuran (53 

mL) was added dropwise and the reaction was allowed slowly warmed to room 

temperature overnight. The mixture was quenched with saturated aqueous ammonium 

chloride (400 mL), and extracted with diethyl ether (3 × 400 mL). The combined organic 
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layers were washed with distilled water (2 × 300 mL) and brine (300 mL), dried over 

MgSO4, filtered, and concentrated in vacuo to afford the crude product. Purification by 

flash column chromatography (silica gel, eluting with 10% ethyl acetate/hexanes) yielded 

2.77 (15.4 g, 0.1 mmol, quant.) as a colourless oil. 

1
H NMR (500 MHz, CDCl3) δ 4.15 (q, J = 7.1 Hz, 2H), 2.44 (d, J = 2.4 Hz, 2H), 1.99 (t, 

J = 2.6 Hz, 1H), 1.27  (s, 6H), 1.26 (t, J = 6.3 Hz, 3H). 

IR (Neat) 3293 (w), 2977 (w), 2119 (w), 1726 (s), 1470 (w), 1253 (m), 1132 (vs), 769 

(w) cm
-1

. 

 

2,2-Dimethyl-pent-4-yn-1-ol 2.78.
 

2.78 was prepared according to previously reported procedure.
30

 A solution 

of 2.77 (15.4 g, 100 mmoL) in anhydrous diethyl ether (100 mL) was added dropwise via 

cannula over ca. 30 minutes to slurry of lithium aluminum hydride (6.07 g, 160 mmol) in 

anhydrous diethyl ether (150 mL) at 0 
o
C under an atmosphere of argon. The reaction was 

stirred at this temperature for two hours and subsequently quenched with 6.07 mL of 

distilled water, followed by 6.07 mL of 15 wt% aqueous sodium hydroxide and 18.2 mL 

of distilled water. The mixture was dried over MgSO4, filtered, and concentrated in vacuo 

to afford the crude product. Purification by flash column chromatography (silica gel, 

eluting with 30-50% ethyl acetate/hexanes) yielded 2.78 (11.0 g, 0.98 mmol, 98%) as a 

yellow oil. 

1
H NMR (500 MHz, CDCl3) δ 3.44 (d, J = 5.9 Hz, 2H), 2.17 (d, J = 2.5 Hz, 2H), 2.00 (t, 

J = 2.5 Hz, 1H), 1.51 (app. q, J = 6.0 Hz, 1H), 0.99 (s, 6H). 

IR (Neat) 3373 (w), 3300 (m), 2959 (m), 2115 (w), 1471 (m), 1255 (w), 1041 (vs) cm
-1

. 
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2,2-Dimethyl-pent-4-yn-1-al 2.79.
 

2.79 was prepared according to previously reported procedure.
30

 Anhydrous 

dimethyl sulfoxide (12.7 mL, 178 mmol) was added dropwise to a solution of oxalyl 

chloride (12.5 mL, 143 mmol) in anhydrous dichloromethane (280 mL) at –78 
o
C under 

an atmosphere of argon and the mixture was stirred for 15 minutes at that temperature. A 

solution of 2.78 (10.0 g, 89.0 mmol) in anhydrous dichloromethane (46 mL) was added 

dropwise to the mixture and allowed to stir an additional 30 minutes. Triethylamine (62.1 

mL, 446 mmol) was added and the mixture was slowly warmed to room temperature. The 

crude mixture was then poured into distilled water (300 mL) and extracted with 

dichloromethane (3 × 300 mL). The combined organic layers were washed with distilled 

water (2 × 250 mL) and brine (250 mL), dried over NaSO4, filtered, and the solvent 

distilled (ca. 40 
o
C) away from the product affording 2.79 (9.55 g, 87.0 mmol, 97%) as a 

colourless oil. 

1
H NMR (500 MHz, CDCl3) δ 9.54 (s, 1H), 2.35 (d, J = 2.6 Hz, 2H), 2.03 (t, J = 2.7 Hz, 

1H), 1.17 (s, 6H). 

IR (Neat) 3293 (w), 2970 (w), 2712 (w), 1722 (vs), 1467 (m), 1366 (w), 767 (w) cm
-1

. 

 

3,3-Dimethylhex-5-ynal 2.80.
 

2.80 was prepared according to previously reported procedure.
30

 Potassium 

tert-butoxide (18.0 g, 160 mmol) in anhydrous tetrahydrofuran (183 mL) was added to a 

solution of (methoxymethyl)triphenylphosphonium chloride (56.5 g, 165 mmol) in 

anhydrous tetrahydrofuran (183 mL) at 0 
o
C, under an atmosphere of argon. The mixture 

was stirred at this temperature for 1 hour, at which point a solution of 2.79 (9.82 g, 89 

mmol) in anhydrous tetrahydrofuran (45 mL) was added dropwise and the reaction 
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allowed to warm to room temperature over 2 hours. The reaction mixture was 

concentrated via distillation (new total volume of  ca. 250 mL), and 30 wt% sulfuric acid 

(45 mL, 253 mmol) was added before stirring the resulting solution overnight at room 

temperature. The excess acid was neutralized with 15 wt% aqueous sodium bicarbonate 

and extracted with pentane (3 × 500 mL). The organic layers were washed with distilled 

water (2 × 500 mL) and brine (500 mL), dried over MgSO4, and filtered. The solvent was 

removed via distillation at ca. 40 
o
C to afford 2.80 (8.80 g, 70.9 mmol, 79%) as a 

colourless oil. 

1
H NMR (500 MHz, CDCl3) δ 9.85 (t, J = 2.6 Hz, 1H), 2.43 (d, J = 2.6 Hz, 2H), 2.24 (d, 

J = 2.6 Hz, 2H), 2.05 (t, J = 2.7 Hz, 1H), 1.14 (s, 6H). 

IR (Neat) 3296 (w), 2959 (m), 2731 (w), 1719 (s), 1437 (m), 1368 (w), 1119 (vs), 721 (s) 

cm
-1

. 

 

 epi-(±)-Ceriponol D 2.81. 

Phenylsilane (27 L, 0.215 mmol) was added to a solution of 2.59a 

(25 mg, 0.11 mmol) and Co(acac)2 (2.3 mg, 0.011 mmol) in anhydrous 

tetrahydrofuran (0.50 mL) at room temperature, under an atmosphere of argon. Oxygen 

was bubbled through the reaction vessel for 15 minutes. The mixture was allowed to stir 

under oxygen for 18 hours, with an additional 2 equivalents of phenylsilane (27 L, 0.215 

mmol) being added after 4 hours. The reaction was quenched with distilled water (0.50 

mL) and concentrated in vacuo to afford the crude product. Purification by flash column 

chromatography (silica gel, eluting with 33% ethyl acetate/petroleum ether) yielded 2.81 

(20 mg, 0.080 mmol, 73%) as a yellow oil. 
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1
H NMR (500 MHz, CD3OD) δ 4.53 (app. t, J = 9.4 Hz, 1H), 3.84 (dd, J = 9.1, 6.6 Hz, 

1H), 3.33 (d, J = 9.1 Hz, 1H), 3.18-3.12 (m, 1H), 3.09 (tt, J = 9.5, 2.4 Hz, 1H), 2.09-2.00 

(m, 2H), 1.87 (td, J = 13.3, 3.0 Hz, 1H), 1.78-1.67 (m, 4H), 1.55 (td, J = 12.8, 2.3 Hz, 

1H), 1.18 (s, 3H), 1.07 (s, 3H), 0.86 (s, 3H). 

13
C NMR (125 MHz, CD3OD) δ 173.16 (e), 164.24 (e), 124.05 (e), 72.40 (e), 72.33 (e), 

57.50 (o), 47.89 (e), 47.20 (e), 42.80 (e), 40.50 (o), 37.96 (e), 30.35 (e), 28.84 (o), 27.31 

(o), 20.32 (o). 

IR (Neat) 3460 (w), 2926 (m), 2189 (w), 1737 (s), 1674 (m), 1464 (m), 1247 (m), 1134 

(s), 1035 (s), 851 (m), 764 (w) cm
-1

. 

HRMS (ESI, [M+H]
+
) calculated for C15H23O3 251.1642, found 251.1636. 
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Supporting Information 

2. X-Ray Crystallographic Reports 

Chapter 1: Structure Report for 1.71 

Crystal and Refinement Data 

 

C29H32Br2N2O4 

M = 632.38 

colourless plate-like 

0.25 x 0.23 x 0.08 mm3 

triclinic, space group P-1 

a = 14.5597(3) Å 

b = 17.6220(4) Å 

c = 18.5654(4) Å 

 = 64.2480(11)°  

β = 77.8370(13)°  

 = 85.4250(13)° 

V = 4195.58(16) Å3 

Z = 2, 

Dc = 1.436 g/cm3 

T = 180(2)K 

64735 reflections collected, 17112 unique 

Rint = 0.0532 

Final GooF = 1.024 

R1 = 0.0697 

wR2 = 0.1214 

1000 parameters, 0 restraints 

μ = 2.938 mm
–1

 

 

The sample was submitted by Molly J. Dushnicky from the research group of Dr. P.A. 

Evans. A colorless plate-like crystal of proposed 1.71 (C29H32Br2N2O4) was coated with 

oil (Paratone 8277, Exxon), collected onto the aperture of a mounted MicroGripper
TM

 

(diameter of the aperture: 100 microns; MiTeGen - Microtechnologies for Structural 

Genomics; USA) and quickly transferred to the cold stream of the Oxford Cryostream 

700. All measurements were made on a Bruker-AXS Smart Apex II 3-Circle 

diffractometer using graphite-monochromated Mo K radiation (power: 50 kV  30 mA, 

Bruker-AXS K780, diameter of the Monocap
TM

 collimator: 0.50 mm; frame size: 512 × 

512). A total of 2667 frames were collected. The frames were integrated with the Bruker 

SAINT (Bruker 2014) software package using a narrow-frame algorithm. The integration 

of the data using a triclinic unit cell yielded a total of 64735 reflections to a maximum θ 
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angle of 26.38° (0.80 Å resolution). Data reduction was performed with the Bruker 

SAINT software, which corrects for beam inhomogeneity, possible crystal decay, Lorentz 

and polarisation effects. The linear absorption coefficient, , is 2.938 mm
-1

. A multi-scan 

absorption correction was applied (Bruker SADABS; Bruker 2014). This procedure does 

not give the transmission coefficients. 

Chapter 2: Structure Report for 2.63c 

Crystal and Refinement Data 

 

C19H21NO4S 

M = 359.44 

colourless plate-like 

0.25 x 0.24 x 0.08 mm3 

monoclinic, space group P21/c 

a = 11.2869(2) Å 

b = 16.7243(3) Å 

c = 9.1182(2) Å 

β = 92.4490(10)° 

V = 1719.63(6) Å3 

Z = 4, 

Dc = 1.396 g/cm3 

T = 180(2)K 

13512 reflections collected, 3668 unique 

Rint = 0.0425 

Final GooF = 1.0005 

R1 = 0.0634 

wR2 = 0.1160 

228 parameters, 0 restraints 

μ = 0.212 mm
–1

 

 

The sample was submitted by Molly J. Dushnicky from the research group of Dr. P.A. 

Evans. A colorless plate-like crystal of proposed 2.63c (C19H21NO4S) was coated with oil 

(Paratone 8277, Exxon), mounted onto the aperture of a Micromount
TM

 (diameter of the 

aperture: 100 microns; MiTeGen - Microtechnologies for Structural Genomics; USA) and 

quickly transferred to the cold stream of the Oxford Cryostream 700. All measurements 

were made on a Bruker-AXS Smart Apex II 3-Circle diffractometer using graphite-

monochromated Mo K radiation (power: 50 kV  30 mA, Bruker-AXS K780, diameter 

of the Monocap
TM

 collimator: 0.50 mm; frame size: 512 × 512). The frames were 

integrated with the Bruker SAINT software package using a narrow-frame algorithm. The 

integration of the data using a monoclinic unit cell yielded a total of 13512 reflections to 
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a maximum θ angle of 26.34° (0.80 Å resolution). Data reduction was performed with the 

Bruker SAINT software, which corrects for beam inhomogeneity, possible crystal decay, 

Lorentz and polarisation effects. The linear absorption coefficient, , is 0.212 mm
-1

. A 

multi-scan absorption correction was applied (Bruker SADABS). This procedure does 

not give the transmission coefficients. They were calculated using SADABS. The 

structure was solved and refined with SHELX97 (Sheldrick, 1997). In the final cycles of 

refinement all non-hydrogen atoms were refined anisotropically. 

 

3. Computational Details 

All calculations were performed using the Gaussian 09 suite of programs.
1
 Compound 

geometries were obtained through gas phase geometry optimizations using the 

DFT/B3LYP/6-31+G(d).
2-6 

 

4.1 Computational Coordinates 

4.1.1 Table 2.1 Coordinates 

 

2.59a: E = –733.817746 Hartree 

 

 C                  2.26041100    0.50224400   -0.42680300 

 C                  2.08114100    1.86671100    0.25392600 

 C                  0.92116500    2.72017600   -0.29274400 

 C                  1.17133100   -0.52451600   -0.19471600 

 C                 -0.15897800   -0.37510000   -0.34259300 

 C                 -0.84834200    0.91678600   -0.81409000 

 H                  2.36966900    0.67185100   -1.51066200 

 H                  1.94567000    1.71631900    1.33343800 

 H                  1.05825600    2.84327500   -1.37904400 

 H                  3.01280200    2.43747500    0.12673900 

 H                  0.99574300    3.72256600    0.14482300 

 H                 -0.48800200    1.10437200   -1.83936500 

 C                 -2.35227100    0.53205900   -0.88039100 

 H                 -2.59545100    0.27227100   -1.91884800 

 H                 -3.01816700    1.35449000   -0.60344400 

 C                 -1.19924900   -1.46015000   -0.16398100 

 H                 -0.96085000   -2.14310800    0.65537200 
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 H                 -1.21441000   -2.08109500   -1.07409800 

 C                 -2.55195400   -0.72746400    0.00446200 

 C                 -2.76255900   -0.36003500    1.48697300 

 H                 -3.66710200    0.24812100    1.61853500 

 H                 -2.87994500   -1.26770900    2.09217200 

 H                 -1.91551800    0.20170000    1.89533000 

 C                 -3.73487300   -1.57938400   -0.47846600 

 H                 -3.82639000   -2.49849500    0.11389400 

 H                 -4.68092700   -1.03005100   -0.38712900 

 H                 -3.61490700   -1.86918800   -1.53008300 

 C                  3.51618600   -0.23749300    0.09291700 

 H                  3.80836900    0.11836300    1.08857400 

 H                  4.37649600   -0.16029400   -0.57649300 

 O                  3.17719300   -1.63242400    0.20633900 

 C                  1.82173100   -1.81818700    0.14191100 

 O                  1.32950400   -2.91129300    0.31865900 

 C                 -0.46565500    2.16846300   -0.02342900 

 C                 -1.28312500    2.80026500    0.82929300 

 H                 -2.28857100    2.46040800    1.05208200 

 H                 -0.96009700    3.70221700    1.34460300 

 

2.59b: E = –1110.928743 Hartree 

 

 C                 -3.30317600    0.02857600   -0.44508100 

 C                 -3.65042900    1.00213800    0.70605400 

 C                 -2.45899400    1.89139500    1.15465200 

 C                 -2.00148900   -0.70355300   -0.21583500 

 C                 -0.77319600   -0.15823700   -0.19553400 

 H                 -3.26903800    0.60011200   -1.37950800 

 H                 -4.47878200    1.64166300    0.37337800 

 H                 -1.86596200    1.33930600    1.89526400 

 H                 -4.01438000    0.43581200    1.57411400 

 H                 -2.85224200    2.77688100    1.66671200 

 C                  0.87027000    1.52394900    0.28216800 

 H                  0.70815600    1.65686000    1.35889200 

 H                  1.41401300    2.38949100   -0.09984600 

 C                  0.51662000   -0.88835900    0.12461400 

 H                  0.69942400   -1.73681900   -0.54009800 

 H                  0.46828500   -1.30893000    1.13302200 

 C                 -4.30498600   -1.14200900   -0.58467500 

 H                 -4.57493500   -1.33795500   -1.62787100 

 H                 -5.21921800   -1.00122500   -0.00159400 

 O                 -3.64869200   -2.32597500   -0.07452100 

 C                 -2.30128000   -2.12705500    0.06155300 

 O                 -1.55090500   -3.02424400    0.38087800 

 C                 -1.68024900    3.49790400   -0.59721400 
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 H                 -1.05193400    3.77843400   -1.44024600 

 H                 -2.40581900    4.23657900   -0.26307200 

 C                 -1.56184800    2.30796100    0.00699500 

 C                 -0.48946300    1.31876000   -0.43324300 

 H                 -0.30355500    1.45896400   -1.50833500 

 C                  1.63677800    0.19412900    0.04342900 

 C                  2.76538700    0.06687900    1.06972500 

 C                  2.29014900    0.19625000   -1.34999200 

 O                  2.23609800    1.10743300   -2.14933000 

 O                  3.88610300    0.49930700    0.89225600 

 O                  2.36285600   -0.50526200    2.22000800 

 O                  2.91060200   -0.97218500   -1.58870000 

 C                  3.60667800   -1.07991300   -2.84611500 

 H                  4.04145800   -2.07942300   -2.84845500 

 H                  2.90843200   -0.95835600   -3.67833100 

 H                  4.38688400   -0.31700300   -2.90727400 

 C                  3.35413500   -0.58890700    3.26484800 

 H                  4.21544100   -1.16634600    2.92047400 

 H                  3.68079400    0.41243700    3.55719400 

 H                  2.85504500   -1.09252300    4.09274900 

 

2.59c: E = –1565.308560 Hartree 

 

 C                  4.83251400    0.20290300    0.11038800 

 C                  4.91974800   -0.50930000    1.48170100 

 C                  3.71080500   -1.43478400    1.78847000 

 C                  3.46923100    0.79802000   -0.14855300 

 C                  2.32786700    0.11887300   -0.33473800 

 H                  5.09729500   -0.51902000   -0.67043100 

 H                  5.84618500   -1.09810000    1.50161100 

 H                  2.90573400   -0.82973100    2.22470300 

 H                  5.00048000    0.23787100    2.28269700 

 H                  4.00720900   -2.15877200    2.55563600 

 C                  0.72838200   -1.59220000    0.04722300 

 H                  0.58124500   -1.47373300    1.13351500 

 H                  0.31914600   -2.55292900   -0.27058300 

 C                  0.94306800    0.70475100   -0.48916500 

 H                  0.84140000    1.40017500   -1.32588300 

 H                  0.64331600    1.23960000    0.42510400 

 C                  5.74329100    1.44967600    0.00235400 

 H                  6.26568900    1.50174800   -0.95863100 

 H                  6.47612200    1.52233800    0.81040900 

 O                  4.88581300    2.61193200    0.09605700 

 C                  3.57231800    2.27412500   -0.07959700 

 O                  2.69250300    3.10530000   -0.13452100 

 C                  3.53280000   -3.42101700    0.27678400 
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 H                  3.17478400   -3.92486500   -0.61886800 

 H                  4.18540800   -3.99611400    0.93000800 

 N                  0.10324100   -0.49466100   -0.70145500 

 O                 -1.20593200   -0.23674900   -0.14979900 

 S                 -2.36267800   -0.47775500   -1.35466100 

 O                 -2.39316800   -1.90259900   -1.68396000 

 O                 -2.16749300    0.52634900   -2.39792500 

 C                 -3.77367800   -0.05084400   -0.34897500 

 C                 -4.44376800   -1.05477600    0.35277800 

 C                 -4.18722200    1.28182900   -0.28508800 

 C                 -5.54529100   -0.70843400    1.13489900 

 H                 -4.11548800   -2.08608100    0.27369000 

 C                 -5.29000500    1.60648400    0.50333700 

 H                 -3.66157400    2.04322800   -0.85224800 

 C                 -5.98214600    0.62231100    1.22743500 

 H                 -6.07725900   -1.48662200    1.67714500 

 H                 -5.62166000    2.64100000    0.55200300 

 C                 -7.15969100    0.99143300    2.09844000 

 H                 -7.71484400    1.83922200    1.68306200 

 H                 -7.85299900    0.15164900    2.21273500 

 H                 -6.82504100    1.28073800    3.10384500 

 C                  3.18336400   -2.16081200    0.56728000 

 C                  2.21509200   -1.40225000   -0.33108400 

 H                  2.33115400   -1.75470200   -1.36690500 

 

2.63a: E = –733.836320 Hartree 

 

 C                  2.24376600    0.64496300   -0.20141600 

 C                  1.88112000    1.84745500    0.67232100 

 C                  0.80554700    2.74847400    0.06388400 

 C                  1.22304300   -0.46241600   -0.20824900 

 C                 -0.12788500   -0.35607300   -0.20672900 

 C                 -0.94619400    0.87735100   -0.26472100 

 H                  2.41177300    0.99499600   -1.23279800 

 H                  1.55805000    1.48906000    1.65863100 

 H                  1.18442800    3.19040900   -0.87220100 

 H                  2.77867900    2.46043400    0.83763500 

 H                  0.66810700    3.60876800    0.73717500 

 C                 -2.40108600    0.43611200   -0.42804700 

 H                 -2.67386700    0.42035300   -1.49550800 

 H                 -3.11119200    1.10115000    0.07425300 

 C                 -1.06515700   -1.55279100   -0.23142300 

 H                 -0.72721500   -2.36723500    0.41481700 

 H                 -1.07999900   -1.97008800   -1.24953700 

 C                 -2.45910300   -1.00053500    0.14492000 

 C                 -2.61198300   -0.95054600    1.67850500 



 

113 

 

 H                 -3.57124100   -0.49871900    1.96244800 

 H                 -2.57539200   -1.95999100    2.10657700 

 H                 -1.81309500   -0.36142400    2.14558700 

 C                 -3.59922600   -1.82801100   -0.46185000 

 H                 -3.59120500   -2.85424800   -0.07314900 

 H                 -4.57709400   -1.38988500   -0.22288200 

 H                 -3.51308100   -1.88374800   -1.55439400 

 C                  3.50564700   -0.10419700    0.27411800 

 H                  3.64221100   -0.01087300    1.35962600 

 H                  4.42243700    0.21250200   -0.22880500 

 O                  3.29574900   -1.49529900   -0.03450200 

 C                  1.95605700   -1.75000700   -0.20870000 

 O                  1.54946400   -2.88303800   -0.35519700 

 C                 -0.57431100    2.18231200   -0.20782200 

 C                 -1.59952400    3.28208600   -0.40121200 

 H                 -1.97375500    3.64834600    0.56729800 

 H                 -1.14311000    4.14419400   -0.90443000 

 H                 -2.46141200    2.96765300   -0.99423400 

 

2.63b: E = –1110.945716 Hartree 

 

 C                 -3.37458600   -0.20797100   -0.27802800 

 C                 -3.47155600    0.99771600    0.66004500 

 C                 -2.90910300    2.29052700    0.06657800 

 C                 -1.99314900   -0.79033400   -0.41414000 

 C                 -0.81238300   -0.13017900   -0.47207900 

 H                 -3.74741300    0.08580900   -1.27239200 

 H                 -4.52621000    1.17658800    0.91330700 

 H                 -3.08275900    3.09736600    0.79519200 

 H                 -2.95724100    0.76103900    1.60078400 

 H                 -3.50644200    2.58224800   -0.81266000 

 C                  0.90750100    1.54769100   -0.76374900 

 H                  1.32673100    2.41668300   -0.25441700 

 H                  1.10122700    1.65914000   -1.83824400 

 C                  0.52504800   -0.83764100   -0.62381500 

 H                  0.64898100   -1.14850900   -1.67010900 

 H                  0.61078800   -1.73829200   -0.01890500 

 C                 -4.17648000   -1.43425300    0.20644400 

 H                 -5.17450800   -1.50942500   -0.23141100 

 H                 -4.26300800   -1.44983300    1.30073100 

 O                 -3.43166600   -2.59865400   -0.20156300 

 C                 -2.12544100   -2.26487000   -0.46256500 

 O                 -1.29622500   -3.11538400   -0.70676500 

 C                  1.58258700    0.24556800   -0.28211700 

 C                  1.89856700    0.36588100    1.22086500 

 C                  2.88660400   -0.03747600   -1.03801600 
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 O                  3.14079900    0.37043300   -2.15133900 

 O                  2.44997500    1.33505300    1.70395600 

 O                  1.50863200   -0.69918100    1.93977700 

 O                  3.69650000   -0.85245200   -0.33694900 

 C                  4.93331300   -1.22833800   -0.97701500 

 H                  5.44011400   -1.87620700   -0.26188900 

 H                  4.72861600   -1.76292500   -1.90798400 

 H                  5.53257100   -0.33939600   -1.18921900 

 C                  1.82612200   -0.66297600    3.34473700 

 H                  2.90811400   -0.59370800    3.48319400 

 H                  1.34373200    0.19476000    3.82068300 

 H                  1.44186100   -1.59929700    3.74966600 

 C                 -0.57894500    1.32866700   -0.48719200 

 C                 -1.44506500    2.36073000   -0.31772400 

 C                 -0.97167900    3.79064400   -0.48619800 

 H                 -0.64370100    4.21280000    0.47585600 

 H                 -0.14183400    3.88750500   -1.19040600 

 H                 -1.79185200    4.42480900   -0.84490700 

 

2.63c: E = –1565.327599 Hartree 

 

 C                  4.15661300    1.19176500    0.08183900 

 C                  4.55306800   -0.06205800    0.86576000 

 C                  4.54197200   -1.34784900    0.03227100 

 C                  2.69000200    1.29847700   -0.23600300 

 C                  1.82836300    0.30666200   -0.54977900 

 H                  4.73615900    1.22316700   -0.85472900 

 H                  5.56873900    0.06848200    1.26480500 

 H                  4.93966800   -2.15756600    0.66200900 

 H                  3.88523900   -0.17194700    1.72984200 

 H                  5.26672900   -1.25862400   -0.79324900 

 C                  0.78149400   -1.73533400   -1.23090600 

 H                  0.55185000   -2.72776800   -0.84606000 

 H                  0.74239900   -1.77754800   -2.32922600 

 C                  0.35074200    0.52848400   -0.85022600 

 H                  0.21794300    0.92330500   -1.86615300 

 H                 -0.15270700    1.21410700   -0.17076800 

 C                  4.39219900    2.51207000    0.84641000 

 H                  5.35044900    2.98674300    0.62443000 

 H                  4.30300000    2.37001100    1.93095300 

 O                  3.34994500    3.41863100    0.42602000 

 C                  2.29787100    2.71987700   -0.10666900 

 O                  1.25902800    3.26684900   -0.41265300 

 C                  2.09753600   -1.12844300   -0.73650500 

 C                  3.23067300   -1.84625900   -0.54324500 

 C                  3.28313400   -3.31803500   -0.89176200 
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 H                  3.21896500   -3.93416500    0.01748500 

 H                  2.48740400   -3.63590600   -1.56891000 

 H                  4.24272700   -3.56212700   -1.36670100 

 N                 -0.28528000   -0.80205300   -0.81772300 

 O                 -0.50956900   -1.06590300    0.61451700 

 S                 -2.00327300   -1.77507400    0.85957300 

 O                 -2.02970400   -1.93276900    2.31021900 

 O                 -2.13009800   -2.92100400   -0.03938100 

 C                 -3.15953600   -0.50713400    0.36728900 

 C                 -3.49787500    0.49133500    1.28521500 

 C                 -3.70717400   -0.52868100   -0.91618600 

 C                 -4.39514900    1.48512000    0.89918400 

 H                 -3.07499900    0.47883300    2.28472100 

 C                 -4.60553400    0.47460800   -1.28123800 

 H                 -3.43927000   -1.32073300   -1.60663600 

 C                 -4.95873200    1.49690500   -0.38745100 

 H                 -4.66609400    2.26129400    1.61109500 

 H                 -5.04046700    0.46004900   -2.27792100 

 C                 -5.90606000    2.59745800   -0.80243800 

 H                 -6.55862000    2.27818000   -1.62168400 

 H                 -6.53830500    2.91829200    0.03267900 

 H                 -5.34991800    3.47923000   -1.14821200 

 

2.64a: E = –733.819685 Hartree 

 

 C                  2.24781100    0.38797700    0.01469300 

 C                  2.05578000    1.53681200   -0.98218300 

 C                  1.17640000    2.68349500   -0.43164700 

 C                  1.07490600   -0.56235500    0.14662700 

 C                 -0.23982800   -0.29688100    0.03902400 

 C                 -0.83457000    1.09041100   -0.23933700 

 H                  2.48011500    0.81087900    1.00536900 

 H                  3.03300200    1.95642000   -1.25915000 

 H                  0.84014700    3.29475900   -1.28345600 

 H                  1.62479500    1.12917900   -1.90625800 

 H                  1.78769800    3.34180300    0.19770200 

 H                 -0.81236100    1.23062200   -1.33278600 

 C                 -2.31345000    0.92398200    0.16889600 

 H                 -2.96348700    1.65932300   -0.31937700 

 H                 -2.42373900    1.05600100    1.25232100 

 C                 -1.37123500   -1.29359700    0.20488500 

 H                 -1.41413400   -1.60860000    1.25716400 

 H                 -1.20787600   -2.21350500   -0.36657600 

 C                 -2.67009100   -0.54031200   -0.19081300 

 C                 -3.88945500   -1.04285400    0.59534900 

 H                 -4.79124700   -0.47499400    0.33197200 
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 H                 -4.08884700   -2.10060000    0.38141300 

 H                 -3.73344700   -0.94416000    1.67700400 

 C                 -2.94381200   -0.69147700   -1.70160400 

 H                 -3.16662800   -1.73657500   -1.94981300 

 H                 -3.80522000   -0.08362300   -2.00695900 

 H                 -2.08627000   -0.38777900   -2.31405600 

 C                  3.37379100   -0.59315800   -0.36490700 

 H                  4.34540600   -0.33893500    0.06473800 

 H                  3.47555100   -0.68845700   -1.45413800 

 O                  2.98684300   -1.87944000    0.16452100 

 C                  1.63077900   -1.92029000    0.37311200 

 O                  1.06940800   -2.94481000    0.69408000 

 C                 -0.03761300    2.23710700    0.36543500 

 C                 -0.35515600    2.83159400    1.52269600 

 H                 -1.22996600    2.55913500    2.10497900 

 H                  0.26094700    3.63037400    1.92973500 

 

2.64b: E = –1110.930417 Hartree 

 

 C                 -3.43410600   -0.07496000    0.00841900 

 C                 -3.39629300   -0.93487800   -1.26111200 

 C                 -2.77855600   -2.33520200   -1.03475300 

 C                 -2.11716000    0.56081700    0.40338100 

 C                 -0.87231200    0.07610600    0.24948500 

 H                 -3.79906900   -0.69062300    0.84601000 

 H                 -4.41561700   -1.06841300   -1.64922700 

 H                 -2.50093600   -2.74843900   -2.01642400 

 H                 -2.84226100   -0.38991800   -2.03669800 

 H                 -3.53959600   -3.00707500   -0.61970100 

 C                  0.92106000   -1.53165700    0.06124600 

 H                  1.45719000   -2.19621500   -0.61909000 

 H                  0.94322800   -1.96686900    1.06604400 

 C                  0.40486000    0.76129400    0.69300600 

 H                  0.46949000    0.77471300    1.78741500 

 H                  0.46552700    1.80690300    0.38188000 

 C                 -4.33583700    1.17040300   -0.10309800 

 H                 -5.35872600    1.00704500    0.24347200 

 H                 -4.36116500    1.55974500   -1.12938800 

 O                 -3.74496500    2.17948900    0.74435800 

 C                 -2.42090000    1.90039200    0.96699300 

 O                 -1.69329600    2.68054800    1.54074000 

 C                 -1.44002500   -3.28482700    0.83470700 

 H                 -0.57528000   -3.35110000    1.48810300 

 H                 -2.21877700   -4.02608800    0.99974300 

 C                 -1.56169300   -2.36025900   -0.12639100 

 C                 -0.53038300   -1.27325800   -0.38872900 
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 H                 -0.48967200   -1.10959300   -1.47645500 

 C                  1.55893500   -0.11842500    0.13697600 

 C                  1.98674200    0.36941600   -1.25384100 

 C                  2.77002400   -0.14145100    1.07500700 

 O                  2.76206900    0.19534700    2.23893800 

 O                  1.78667500   -0.21424100   -2.29937100 

 O                  2.58934700    1.57113300   -1.17435500 

 O                  3.84778700   -0.66337400    0.45433500 

 C                  5.04558700   -0.77829300    1.24880900 

 H                  5.79133000   -1.21203500    0.58248500 

 H                  5.36214200    0.20811100    1.59737100 

 H                  4.86845600   -1.42866700    2.10922700 

 C                  3.02595500    2.15152200   -2.41915800 

 H                  3.75300800    1.49641400   -2.90604500 

 H                  2.17242600    2.30693900   -3.08411700 

 H                  3.48198400    3.10350400   -2.14743700 

 

2.64c: E = –1565.311319 Hartree 

 

 C                  4.23301500    0.91944100    0.21763900 

 C                  4.54543800   -0.34993300    1.01972500 

 C                  4.51636400   -1.64072100    0.16715700 

 C                  2.76914900    1.13470400   -0.09693800 

 C                  1.81545700    0.21714600   -0.31439400 

 H                  4.80159400    0.89710300   -0.72588900 

 H                  5.54101200   -0.26568900    1.47667300 

 H                  4.46175800   -2.49818200    0.85508000 

 H                  3.83167800   -0.42269600    1.85069000 

 H                  5.46406500   -1.74118800   -0.37571900 

 C                  0.74676700   -1.77646300   -1.06051400 

 H                  0.43843900   -2.79445300   -0.82292900 

 H                  0.85379800   -1.68674000   -2.14739800 

 C                  0.35714400    0.49159300   -0.64773200 

 H                  0.26537000    0.93442600   -1.64703200 

 H                 -0.14784600    1.16341000    0.04692000 

 C                  4.56352700    2.23726100    0.94715800 

 H                  5.56436600    2.62072800    0.73808500 

 H                  4.43137100    2.14300700    2.03259200 

 O                  3.61458100    3.21753600    0.46477000 

 C                  2.51195900    2.59586800   -0.05522900 

 O                  1.52783000    3.21175600   -0.40307700 

 C                  3.58269500   -2.19008400   -2.07547300 

 H                  2.78619500   -2.30442200   -2.80457000 

 H                  4.57806300   -2.47432100   -2.40926600 

 N                 -0.31958700   -0.82401600   -0.68721400 

 O                 -0.64541300   -1.11968100    0.71811100 
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 S                 -2.17316600   -1.79132800    0.85215800 

 O                 -2.28840200   -1.98608800    2.29381200 

 O                 -2.27560700   -2.90690700   -0.08593300 

 C                 -3.25939000   -0.47541400    0.32883900 

 C                 -3.62673600    0.50542200    1.25434200 

 C                 -3.72815500   -0.44529700   -0.98571000 

 C                 -4.47196000    1.53502000    0.84457500 

 H                 -3.26755700    0.45182200    2.27715200 

 C                 -4.57536700    0.59279600   -1.37384900 

 H                 -3.44062400   -1.22510200   -1.68224100 

 C                 -4.95542100    1.59910400   -0.47252100 

 H                 -4.76623900    2.29732100    1.56211500 

 H                 -4.94917300    0.61833100   -2.39480800 

 C                 -5.84693100    2.73611800   -0.91198200 

 H                 -6.50146000    2.43720500   -1.73746200 

 H                 -6.47560700    3.09365900   -0.08949200 

 H                 -5.24729300    3.58812400   -1.25979800 

 C                  3.37464100   -1.73904300   -0.83155800 

 C                  2.01541700   -1.29709300   -0.31883500 

 H                  1.91626300   -1.63846200    0.72359500 

 

 

4.1.2 Figure 2.6 Coordinates 

 

2.70: E = –769.774755 Hartree 

 

 C                  2.24581000    0.51774900   -0.43296100 

 C                  2.06646200    1.84945600    0.31389500 

 C                  0.90874100    2.73280000   -0.19428600 

 C                  1.16369800   -0.52110400   -0.21665400 

 C                 -0.16612400   -0.37673000   -0.37251100 

 C                 -0.85099300    0.91409700   -0.84328500 

 H                  2.33557300    0.73501100   -1.50967100 

 H                  1.93211900    1.64871900    1.38496300 

 H                  1.05037300    2.92599700   -1.26782300 

 H                  2.99331700    2.43203000    0.21711600 

 H                  0.92644700    3.69448600    0.32760800 

 H                 -0.48184800    1.13751900   -1.85643500 

 C                 -2.36078500    0.58093700   -0.86555700 

 H                 -2.65868800    0.35764500   -1.89779300 

 H                 -2.96470800    1.42429400   -0.51839700 

 C                 -1.22233800   -1.44215700   -0.18197500 

 H                 -0.98062900   -2.13356900    0.62906200 

 H                 -1.26345900   -2.05395100   -1.09768100 

 C                 -2.55896900   -0.68368200    0.01462200 
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 C                 -2.73708100   -0.30927400    1.49945100 

 H                 -3.63843600    0.29859300    1.64297700 

 H                 -2.83488200   -1.21441100    2.11219100 

 H                 -1.89163700    0.26991900    1.88439300 

 C                 -3.76357400   -1.51522800   -0.44943500 

 H                 -3.86199800   -2.43185400    0.14549100 

 H                 -4.69721700   -0.94843300   -0.34238400 

 H                 -3.66606100   -1.80761900   -1.50285900 

 C                  3.51662500   -0.23297900    0.03888000 

 H                  3.86074300    0.12939800    1.01504800 

 H                  4.34459900   -0.17114200   -0.67166000 

 O                  3.17161700   -1.62260600    0.18416600 

 C                  1.81699100   -1.81164000    0.12635800 

 O                  1.32475700   -2.90206600    0.31288100 

 C                 -0.47332200    2.13118800    0.01854600 

 O                 -1.24817900    2.61301800    0.82486800 

 

2.71: E = –769.774425 Hartree 

 

 C                 -2.26617900    0.40386900   -0.01927400 

 C                 -2.05968800    1.62371800    0.88441500 

 C                 -1.19898600    2.71348300    0.21802100 

 C                 -1.09002200   -0.54164200   -0.15746200 

 C                  0.22714700   -0.28671900   -0.05315600 

 C                  0.83755800    1.08163800    0.28094400 

 H                 -2.54603300    0.76069300   -1.02467800 

 H                 -3.03451000    2.06640600    1.12882100 

 H                 -0.93237800    3.47760400    0.96416800 

 H                 -1.62052000    1.30098400    1.83738400 

 H                 -1.76054000    3.22942900   -0.56877500 

 H                  0.72726400    1.23704200    1.36518600 

 C                  2.32493500    0.92486000   -0.07784600 

 H                  2.96338300    1.61217500    0.48910100 

 H                  2.45674000    1.15792300   -1.14087800 

 C                  1.35557000   -1.27588900   -0.27291200 

 H                  1.40944400   -1.50853500   -1.34626700 

 H                  1.17465900   -2.23372700    0.22577500 

 C                  2.65350000   -0.56472900    0.19271300 

 C                  3.88253200   -1.03274100   -0.59947500 

 H                  4.78432400   -0.49336900   -0.28256900 

 H                  4.06609700   -2.10411500   -0.44867300 

 H                  3.74974300   -0.86227900   -1.67498200 

 C                  2.88991900   -0.81224400    1.69684300 

 H                  3.08725800   -1.87421600    1.88844500 

 H                  3.75465400   -0.24020200    2.05647900 

 H                  2.02364200   -0.52721600    2.30690600 
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 C                 -3.36169600   -0.57185800    0.44630800 

 H                 -4.36000000   -0.32542800    0.07816800 

 H                 -3.38976400   -0.65743300    1.54074200 

 O                 -3.00089800   -1.85851100   -0.10072800 

 C                 -1.65651900   -1.89926600   -0.37675900 

 O                 -1.11133700   -2.91970100   -0.73170400 

 C                  0.11077600    2.23909600   -0.40909600 

 O                  0.55641600    2.77506200   -1.40680800 

 

2.72: E = –769.777183 Hartree 

 

 C                  2.30104300    0.52938400    0.16037000 

 C                  1.80806900    1.84790400    0.76034500 

 C                  1.03829800    2.72006700   -0.24920600 

 C                 -0.16414400   -0.17003700   -0.38921400 

 C                 -0.89553500    0.96524000   -0.26970700 

 H                  3.17845800    0.74445300   -0.46526100 

 H                  1.17018500    1.65597400    1.63286400 

 H                  1.50446800    2.64930200   -1.24414600 

 H                  2.67603300    2.40677800    1.13200300 

 H                  1.07452500    3.77703000    0.03193800 

 C                 -2.36950600    0.65744200   -0.10316000 

 H                 -2.89899100    0.87113500   -1.04282800 

 H                 -2.84254000    1.28691000    0.65996800 

 C                 -1.05628000   -1.39045500   -0.29703900 

 H                 -0.62931100   -2.17998300    0.33583200 

 H                 -1.16399200   -1.84284400   -1.29467900 

 C                 -2.41286700   -0.85731500    0.25117900 

 C                 -2.45392800   -1.03093600    1.78217200 

 H                 -3.37789400   -0.61032500    2.19816600 

 H                 -2.41172300   -2.09191200    2.05977400 

 H                 -1.60928500   -0.52273200    2.26471700 

 C                 -3.61429100   -1.57269200   -0.38262700 

 H                 -3.60451300   -2.64553700   -0.15131000 

 H                 -4.55967500   -1.15986000   -0.00823400 

 H                 -3.61113300   -1.46465000   -1.47430200 

 C                  2.71256300   -0.53088800    1.19313400 

 H                  2.02185300   -0.56937000    2.04450400 

 H                  3.73332400   -0.41618900    1.56486400 

 O                  2.64706300   -1.79659300    0.49778400 

 C                  1.85310900   -1.70004400   -0.60372900 

 O                  1.65067800   -2.63426200   -1.33759400 

 C                 -0.44300500    2.36957300   -0.37466700 

 C                  1.31261800   -0.26684200   -0.73414100 

 H                  1.42787400    0.01269400   -1.78855700 

 O                 -1.26955800    3.26544400   -0.52488500 
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2.73: E = –769.777601 Hartree 

 

 C                 -2.23684300    0.44011100    0.13607300 

 C                 -2.17704600    1.81228400   -0.52638400 

 C                 -1.13098300    2.72733400    0.11873300 

 C                  0.26247900   -0.28042000   -0.01472400 

 C                  0.86421300    0.92190800    0.18554200 

 H                 -2.11368800    0.56352300    1.22266100 

 H                 -1.98728500    1.70028900   -1.60329000 

 H                 -1.42449200    2.91430400    1.16348000 

 H                 -3.15221900    2.31095700   -0.43538000 

 H                 -1.13384000    3.70881800   -0.36662200 

 C                  2.35532100    0.73966300    0.42077200 

 H                  2.58048600    0.86680900    1.49029500 

 H                  2.94598100    1.49688500   -0.10461800 

 C                  1.27658700   -1.40496000    0.03987800 

 H                  1.11580700   -2.15312000   -0.74637000 

 H                  1.16088000   -1.95361300    0.98588800 

 C                  2.66035600   -0.70526500   -0.06012100 

 C                  3.11594600   -0.67406400   -1.53214200 

 H                  4.06395900   -0.13171400   -1.63617600 

 H                  3.26294600   -1.69025200   -1.92005100 

 H                  2.37495400   -0.17410800   -2.16906100 

 C                  3.72724300   -1.39963700    0.79728800 

 H                  3.89765800   -2.43034400    0.46043400 

 H                  4.68561500   -0.86792900    0.73957300 

 H                  3.42784100   -1.43705800    1.85214500 

 C                 -3.51299100   -0.37268400   -0.09413500 

 H                 -3.85784600   -0.32158800   -1.13547600 

 H                 -4.33797500   -0.11078400    0.57201500 

 O                 -3.13573100   -1.73931300    0.19869300 

 C                 -1.78394600   -1.89688500    0.10150200 

 O                 -1.24750700   -2.95329600    0.31568700 

 C                  0.34489700    2.31575300    0.18890800 

 C                 -1.17667500   -0.55506900   -0.34909300 

 H                 -1.24111800   -0.60231500   -1.45412700 

 O                  1.15836100    3.23046100    0.31213300 
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