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ABSTRACT 

The stereochemistry of pericyclic [1,7]-sigmatropic migrations of hydrogen atoms 

in hydrocarbons is known to be antarafaical. However, qualitative theories suggest that a 

[1,7]-hydrogen migration would also be allowed via a planar pathway. 

 A computational survey of several 5-hydroxy-2,4-diene systems, calculated at the 

B3LYP/6-31G (d,p) level of theory, suggested that bicyclo[3.3.0]octa-1-ene-2,8-

dicarbaldehyde (1) had a suitable geometry to permit an in-plane arrangement of the eight 

central atoms at the transition state . The activation energies for the hydrogen migration 

were found to be 2.56 kcal/mol, 0.02 kcal/mol and -2.82 kcal/mol when calculated at the 

MP2, B3LYP and CCSD (T) levels of theory respectively. These low barriers and also a 

planar transition state, suggested a pseudopericyclic mechanism for the [1,7]-sigmatropic 

hydrogen rearrangement in 1. 

It was then proposed to design a synthesis for 1 and test experimentally, the above 

prediction that [1,7]-sigmatropic rearrangements of hydrogen are pseudopericyclic in 

nature. Two retrosynthetic schemes were suggested, with the aim of constructing a 

bicyclic framework with the right number of carbons at the desired oxidation states.  The 

first scheme involved the formation of the bicyclic ring through the Weiss condensation. 

However, the reduction reactions to get the seven central atoms to the proper oxidation 

states proved to be unsuccessful. The second scheme involved the synthesis of 1 by an 

epoxide ring opening reaction followed by a cyclopentannulation as the key steps. The 

experimental investigation of this scheme resulted in the development of a synthetic 

method for 1, with ethyl 2-oxo-cyclopentanoate as the starting material. Preliminary 

NMR studies suggest that the [1,7]-pseudopericyclic rearrangement is possible in 1. 
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CHAPTER 1 

INTRODUCTION 

1.1.Pericyclic reactions 

The concept of pericyclic reactions was developed by Woodward and Hoffmann 

who defined them as “reactions in which all first-order changes in bonding relationships 

takes place in concert over a closed curve.”1 The transition state in pericyclic reactions 

involves a cyclic array of atoms and it is generally associated with a cyclic array of 

interacting orbitals.2 A concerted rearrangement of the electrons takes place during the 

transition state, causing σ and π-bonds to simultaneously break and form. Pericyclic 

reactions are commonly categorized as cycloadditions, electrocyclizations, sigmatropic 

rearrangements, cheletropic and group transfer reactions. The reactivity and outcome of 

pericyclic reactions can be predicted by considering the principle of conservation of 

orbital symmetry, summarized in the rules devised by Woodward and Hoffmann.3 

According to them, reactions can be either forbidden or allowed, depending on whether 

or not there exists an energy barrier due to unfavorable orbital interactions during the 

transition state. Thus, in an orbital symmetry correlation diagram, the symmetry of the 

reactants should be maintained through the transition state to the products without having 

any symmetry imposed energy barrier, in order for a reaction to be symmetry allowed. 

Pericyclic reactions can also be analyzed in terms of the frontier molecular orbital 

(FMO) theory4 as formulated by Fukui.  This theory states that a reaction is allowed when 

there is a favorable overlap of Highest Occupied Molecular Orbital (HOMO) of one 

reactant with the Lowest Unoccupied Molecular Orbital (LUMO) of another reactant. 

This means that the HOMO and LUMO should be in-phase for the reaction to be allowed, 

while forbidden reactions necessarily have an out-of-phase interaction. A third approach 
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to analyzing concerted pericyclic reactions was developed by Dewar and Zimmerman; 

aromatic transition state theory.5 Reactions with a cyclic array of (4n + 2) electrons at the 

transition state, in either the Hückel or Möbius topology will be stabilized by aromaticity, 

thus making the reactions allowed, whereas reactions with an antiaromatic transition state 

are destabilized, therefore forbidden. 

The energy barriers for allowed pericyclic reactions are lower than the stepwise 

alternatives; however the energy barriers are still substantial due to electron-electron 

repulsions that necessarily exist at the transition state. Also, the transition state 

geometries for pericyclic reactions are usually not planar in order to accommodate 

maximum overlap of the interacting orbitals. 

1.2. Pseudopericyclic reactions 

The term pseudopericyclic was first coined by Lemal6 and coworkers to describe 

a facile [1,3] sigmatropic rearrangement of sulfoxide (1) (eq 1.1) which had an 

exceptionally low energy barrier of 6.8 kcal/mol. Such a reaction would be orbital 

symmetry forbidden according to Woodward-Hoffmann rules to occur suprafacially with 

respect to the migrating center and the transition state geometry would be very 

unfavorable for the allowed antarafacial attack. A biradical pathway was also ruled out 

given the low barrier of the reaction.7 Lemal et al. proposed an alternative mechanism in 

which the lone pair and bonding pair of electrons on sulfur interchange roles and 

explained the concept of pseudopericyclic reactions as follows: “A pseudopericyclic 

reaction is a concerted transformation whose primary changes in bonding compass a 

cyclic array of atoms, at one (or more) of which nonbonding and bonding atomic orbitals 

interchange roles. In a crucial sense, the role interchange means a “disconnection” in the 

cyclic array of overlapping orbitals because the atomic orbitals switiching functions are 
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mutually orthogonal. Hence pseudopericyclic reactions cannot be orbital symmetry 

forbidden.” 

 

S
O

CF3
CF3

F3C
F3C

S
O

CF3
CF3

F3C
F3C

1 1  

After the pioneering observations by Lemal et al. about this atypical 

rearrangement, very few further studies were pursued to explain the orbital topology of 

pseudopericyclic reactions8 until 20 years later, when Birney and coworkers began a 

systemic study.9 Using both theoretical and experimental methods, they have studied a 

variety of pseudopericyclic reactions including cycloadditons,10 sigmatropic 

rearrangements,10d, 11 electrocyclizations10a, 12 cheletropic fragmentations9, 13 and group 

transfers/ eliminations.14 Based on these studies, the following generalizations have been 

made.  

1. “A pseudopericyclic reaction may be orbital symmetry allowed via a pathway that 

maintains orbital disconnections, regardless of the number of electrons 

involved.”9, 11a 

   In pericyclic systems, a cyclic overlap of interacting orbitals is 

implicitly considered while predicting allowed and forbidden reactions according 

to Woodward-Hoffmann rules7a and FMO theory.4 These theories are not directly 

applicable to pseudopericyclic reactions as there exists two sets of orbital 

interactions; in-plane and out-of-plane orbital overlaps. Because of the 

disconnection between these two sets of orbitals, the counting of electrons to 

determine whether a reaction is allowed or forbidden becomes irrelevant. Some 

(1.1) 
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examples illustrating orbital disconnections in pseudopericyclic reactions are as 

follows: 

a) Pseudopericyclic orbital topology for the [4+2] cycloaddition of water to 

formylketene (Figure 1.1).10a 

O

O

O
H

H

H

O

O
H

OH
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O
H

out-of-plane (6 electrons)
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O
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O
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O H
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H O

O

O

H
H O

O

O
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H
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Figure 1.1. Interaction of orbitals in the pseudopericyclic addition of water to 
formylketene.10a 

 

b) Pseudopericyclic orbital topology for the decarbonylation of furandione.9 
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Figure 1.2. Interaction of orbitals in the pseudopericyclic decarbonylation of furandione.9 
 
 

2.  “Barriers to pseudopericyclic reactions can be very low or even nonexistent (a) if 

there is a good match between nucleophilic and elctrophilic sites in the reactants 

and (b) if the geometrical constraints of the system allow for appropriate angles in 

the transition state, in close analogy of Baldwin’s rules and (c) if the reaction is 

exothermic.” 

 Most pericyclic reactions have substantial barriers due to the unavoidable 

electron-electron repulsions between the interacting orbitals in the aromatic 

transition states.15 In pseudopericyclic reactions, the Dewar-Zimmerman aromatic 

transition state theory becomes irrelevant due to lack of cyclic array of 

overlapping orbitals and the electron-electron repulsions can be avoided by 

appropriate electronic interactions, leading to very low or even nonexistent 

barriers.  

3. “Pseudopericyclic reactions will have planar transition states if possible. However 

crowding at the transition state can lead to small distortions from planarity. This is 
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in contrast to typical all-hydrocarbon pericyclic reactions for which the need to 

maintain orbital overlap leads to nonplanar transition states.” 

 Pericyclic reactions essentially have non planar transition states in order to 

maintain a cyclic loop of orbitals. As illustrated in Figure 1.2, there exists little or 

no overlap between the out-of-plane (π) and in-plane (σ and π) orbitals. Due to 

this disconnection, a distorted transition state is not required in pseudopericyclic 

reactions. There exists a planar or near planar geometry to maximize the 

interactions between overlapping orbitals. 

1.3. Sigmatropic rearrangements 

A sigmatropic shift of order [i,j] is defined as the migration of a σ-bond, flanked 

by one or more π-electron systems to a new position whose termini are i-1 and j- atoms 

removed from the original bonded loci, in an uncatalyzed intramolecular process.16 

Pericyclic sigmatropic rearrangements have been extensively studied and a general set of 

selection rules based on the Woodward-Hoffmann principles16 gives an idea of the 

topology required for a reaction to be thermally allowed. If the migrating group remains 

associated with the same face of the conjugated π system throughout the process, the 

migration is termed to be suprafacial.17 When the migrating group moves to the opposite 

face of the π system during the course of the migration, the process is termed antarafacial.  

The following table summarizes the rules for thermal [m, n] sigmatropic rearrangements.2 

Table 1.1. Rules for Thermal [m,n] Sigmatropic Rearrangements.2 
 

m+n Allowed Forbidden 

4q s + a 
a + s 

s + s 
a + a 

4q + 2 s + s 
a + a 

s + a 
a + s 
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For photochemical processes, though one cannot simply say that the selection 

rules are opposite to those for thermal pericyclic reactions, the products for the 

photochemical reactions for simple π systems are consistent with the predictions based on 

orbital symmetry. 

1.3.1. [1,3]-Sigmatropic shift 

The 1,3 sigmatropic shift involves the shift of a substituent atom across 3 atoms 

of a π system. According to Woodward-Hoffmann rules, a 1,3 pericyclic sigmatropic 

shift of hydrogen is forbidden suprafacially. Antarafacial 1,3 hydrogen shifts are 

symmetry allowed, however the Mobius topology required in the transition state makes 

them geometrically impossible to take place. The fact that suprafacial [1,3] hydrogen 

shifts are forbidden accounts for the fact that enols do not isomerize to their more stable 

carbonyl tautomers unless the reactions are catalyzed by acids or bases (eq 1.2).18 

C
OH

H3C CH2 C
O

H3C CH3
H or OH

2 3  

Considering a pseudopericyclic orbital topology however, these shifts are allowed 

and a planar transition state has been calculated for the degenerate 1,3-sigmatropic 

hydrogen shift in formylketene (4, eq 1.3).19 The energy barrier was calculated to be 39.7 

kcal/mol at the MP4(SDQ)/6-31G**//RHF/G-31G** level19a, or 33.8 kcal/mol at the 

G2(MP2) level.19b It is a thermoneutral reaction and the geometry is reasonably 

appropriate for hydrogen transfer to the ketene carbon with the O-C-H angle being 

121.8˚ at MP2/6-31G* level19b which is in accordance with the Burgi-Dunitz trajectory 

for nucleophilic addition to carbonyls, where the preferred angle of attack is given to be 

120˚.20 

(1.2) 
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C1

C2

C3

O1

O2

H H

O

H O

H

4 4

H

O

O

H

 

1.3.2. [1,5]-Sigmatropic shift 

The 1,5 sigmatropic shift involves the shift of a substituent atom across 5 atoms 

of a π system. Thermal pericyclic sigmatropic shifts of order [1,5] are well established 

reactions and proceed via a suprafacial pathway according to Woodward-Hoffmann 

rules .7a Thermal [1,5] shifts of hydrogen are common and occur both in open chain and 

cyclic systems at temperatures at or above 200 ˚C (for example, 5 rearranges to 6 upon 

heating, eq 1.4).18  

H CH3

heat

5 6  

When indene derivatives (e.g. 7) are heated to 100 ˚C, they undergo 

rearrangements, giving products (e.g. 9) that at first, appear to be [1,3] hydrogen 

migrations. Experimental studies however, have shown that the reactions proceed entirely 

by [1,5] hydrogen shifts (via 8, eq 1.5).21 

H3C H CH3

H

H

[1,5] [1,5]

CH3

7 8 9  

Photochemical [1,5] shifts of hydrogen atoms are allowed when they proceed by 

antarafacial pathways. Several examples have been shown where suprafacial thermal 

(1.3) 

(1.4) 

(1.5) 
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[1,5] shifts of hydrogen atoms are difficult due to the geometry but readily undergo the 

antarafacial [1,5] shift upon being photoirradiated (e.g. 10 to 11, eq 1.6).22 

C

C

CH3

CH2

CH2

CH3

H

C(CH3)2

C

H

CH2

CH3

H2C

H2C

C

CH(CH3)2

CH2

CH3

10 11 (1.6) 

  

 Since pseudopericyclic reactions are orbital symmetry allowed regardless of the 

number of electrons involved, it was predicted11a that the 1,5-hydrogen shift in the ketene 

5-oxo-2,4-pentadienal (12), a vinylog of formylketene, could proceed via a planar 

pseudopericyclic transition state and be orbital symmetry allowed just as the 1,3-

hygrogen migration calculated for formylketene.19a Subsequently, computational studies 

were conducted at the RHF/6-31zG* and MP2/6-31G* levels on the different rotamers of 

12. Of them, eZz12 and zZe12 have suitable geometries to allow a pseudopericyclic 1,5 

sigmatropic migration of hydrogen. The transition structure 14 (Figure 1.3) for the 

hydrogen transfer from the unknown cumulene 13 to form eZz12 (eq 1.7) is planar and 

the calculated barrier for this reaction is remarkably low at 0.8 kcal/mol.11a The planarity 

and low barrier are as anticipated for pseudopericyclic reactions. The hydrogen migration 

in zZe12 (eq 1.8) has a calculated barrier of 23.7 kcal/mol and the transition state is near 

planar, the small out of plane distortion is caused due to insufficient space for the linear 

C-H-C bond between the two carbons. The high barrier of the pseudopericyclic hydrogen 

transfer is because the hydrogen is being transferred to an electron deficient center.  
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O
OH

O
O

O
OH

13 14 eZz12                  

H
O O H

OOH OO

zZe12 15 zZe12  

 

Figure 1.3 MP2/6-31G* optimized geometries for hydrogen transfer transition structures 
14 and 15.11a 

 

1.3.3. [1,7]-Sigmatropic shift 

The 1,7 sigmatropic shift involves the shift of a substituent atom across 7 atoms 

of a π system. Similar to the 1,3 thermal hydrogen migration, the 1,7 hydrogen shift is 

allowed with antarafacial topology but forbidden with suprafacial. The geometric 

restrictions are not as severe as in the 1,3 migration as the π system involving seven 

carbons is much more flexible. An especially important example of a thermal [1,7] 

hydrogen shift is the biological conversion of pre-ergocalciferol (previtamin D2) to 

ergocalciferol (vitamin D2).23 

(1.7) 

(1.8) 
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Photochemical [1,7] shifts are allowed in a suprafacial topology and are feasible 

in cyclic systems. These shifts have been observed in cycloheptatriene derivatives.24 

 

The aim of this thesis was to design and synthesize molecular systems to explore 

the viability of proposed pseudopericyclic [1,7]-sigmatropic rearrangements.  
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CHAPTER 2 

RESULTS AND DISCUSSION 

2.1. Pseudopericyclic nature of [1,7]-sigmatropic rearrangements 

The pseudopericyclic nature of [1,5]-sigmatropic rearrangements has been 

suggested by ab initio and density functional theory (DFT) calculations in our 

laboratory1. Regardless of ring size, pseudopericyclic reactions are not forbidden by 

orbital symmetry. Recently, an eight-centered ester elimination has been observed 

experimentally and the pseudopericyclic nature of the transition state was supported by 

DFT calculations.2 It was then anticipated that a similar pseudopericyclic eight-centered 

1,7-sigmatropic rearrangement (Figure 2.1) could also be observed if the transition state 

could be essentially planar. Following this premise, several derivatives of 5-hydroxy-2,4-

pentadienal (20) were designed and computational studies were carried out on the 

proposed 1,7 hydrogen shift. 

 

Figure 2.1. Proposed 1,7 hydrogen shift in 20. 
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2.2. Computational studies on pseudopericyclic [1,7]-sigmatropic rearrangements 

 Computational optimizations were performed using the Gaussian 033 software 

package with the 6-31G(d, p)4 basis set. The calculations were performed at three 

different levels of theory: 

1. DFT5; the hybrid three parameter function developed by Becke using Lee-Yang-

Parr correlation functional (B3LYP).6-8 

2. Ab initio calculations using Møller-Plesset second perturbation theory (MP2). 

3. Coupled cluster method with single and double excitations including triple 

corrections (CCSD-T). 

The absolute energy obtained from the calculations was available in Hartrees which was 

then converted to kcal/mol using a multiplication factor of 627.509469. All relative 

energies were zero point vibrational energy (ZPVE) corrected. The nature of each 

stationary point was identified using vibrational frequency calculations. A positive value 

for frequency indicates that the stationary point is a ground state while an imaginary 

frequency confirms the structure as a transition state. 

2.2.1 Computational studies of (Z)-2-pentenedial (21) 

The simplest structure allowing for a [1,7]-sigmatropic rearrangement is 5-hydroxy-

2,4-diene series is (Z)-2-pentenedial (21), which may exist in equilibrium with its enol 

form (20) (eq 2.1).   

 

The optimized geometries for the ground and transition states at B3LYP/6-31G(d,p) 

level of theory are shown in Figure 2.2 and the energies are summarized in Table 2.1. 

(2.1) 
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The expected stability of the trans isomer over the cis isomer and the angle strain away 

from the preferred 120° bond angles at the transition state would make a [1,7]-

sigmatropic rearrangement in 20 extremely unlikely, even though the calculated barrier is 

very low. The zero point vibration energy (ZPVE) correction leads to a negative value for 

activation energy (Table 2.1). This is a consequence of the way that ZPVE’s are 

calculated but there is not necessarily a physical interpretation beyond it being a very low 

barrier reaction. 

 

Figure 2.2. (a). Optimized geometry of 20 in the ground state (b). 
Optimized geometry of transition state TS-20. [B3LYP/6-31G(d,p)] 

 

Table 2.1. The calculated energies and frequencies of 20 at the ground and transition 
states. [B3LYP/6-31G(d,p)] 
Stationary 

point 

E(Hartree) E(Kcal/Mol) ZPVE(Kcal
/Mol) 

E+ZPVE(Kcal/Mol) Freq. 
(cm-1) 

Delta 
E+ZP

VE 

20 -344.5570729 -216212.836518 63.58647 -216149.2500 32.2 0.00 

TS-20 -344.5551258 -216211.614701 61.26606 -216150.3486 959.5i -1.10 
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Thus we sought to design systems in which the bond angles are more open, such 

as 5-membered ring systems, to better accommodate an 8-centered transition state. 

Several tetracyclic compounds were studied to predict whether a pseudopericyclic [1,7]-

sigmatropic rearrangement is viable to take place. 

2.2.2 Computational studies of 4-hydroxy-1,5,6,6a,7,7a,8,8a-2H 

octahydrodicyclopenta[a,f]pentalen-3-one (22) 

The optimized geometries of the ground and transition states for the trans,trans 

stereoisomer of 22, which contains four linearly fused five membered rings are shown in 

Figure 2.3 and the energies are summarized in Table 2.2 

 

Figure 2.3. (a). Optimized geometry of 22 in the ground state (b). Optimized geometry of 
transition state TS-22. [B3LYP/6-31G(d,p)] 
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Table 2.2. The calculated energies and frequencies of 22 at the ground and transition 
states. [B3LYP/6-31G(d,p)] 
Stationary 

point 

E(Hartree) E(Kcal/Mol) ZPVE(Kcal
/Mol) 

E+ZPVE(Kcal/Mol) Freq. 
(cm-1) 

Delta 
E + 

ZPVE 

22 -693.55568686 -435212.782252 171.23657 -435041.5457 68.4213 0.00 

TS 22 -693.546414 -435206.963470 168.30815 -435038.6553 1296.9i 2.89 

 
 
2.2.3 Computational studies of (23) 

The optimized geometries of the ground and transition states for the trans,trans  

stereoisomer of 23, containing four linearly fused rings having 5, 5, 6 and 5 carbons in 

each ring respectively, are shown in Figure 2.3 and the energies are summarized in Table 

2.2. 

 

Figure 2.4. (a) Optimized geometry of 23 in the ground state. (b) Optimized geometry of 
transition state TS-23. [B3LYP/6-31G(d,p)] 
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Table 2.3. The calculated energies and frequencies of 23 at the ground and transition 
states. [B3LYP/6-31G(d,p)] 
Stationary 

point 

E(Hartree) E(Kcal/Mol) ZPVE(Kcal
/Mol) 

E+ZPVE(Kcal/Mol) Freq.  
(cm-1) 

Delta 
E + 

ZPVE 

23 -732.8937604 -459897.797142 189.3704 -459708.4267 62.535 0.00 

TS 23 -732.8894608 -459895.099114 186.75099 -459708.3481 1085.2i 0.08 

 

2.2.4 Computational optimization of 24 

The optimized geometries of the ground and transition states for the cis,cis  

stereoisomer of 24, containing four linearly fused rings having 5, 6, 5 and 6 carbons in 

each ring respectively, are shown in Figure 2.5 and the energies are summarized in Table 

2.4. 

 

Figure 2.5. (a) Optimized geometry of 24 in the ground state. (b) Optimized geometry 
transition state TS-24. [B3LYP/6-31G(d,p)] 
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Table 2.4. The calculated energies and frequencies of 24 at the ground and transition 
states. [B3LYP/6-31G (d,p)] 
Stationary 

point 

E(Hartree) E(Kcal/Mol) ZPVE(Kcal
/Mol) 

E+ZPVE(Kcal/Mol) Freq. 
(cm-1) 

Delta 
E + 

ZPVE 

24 -772.2250448 -484578.551762 207.57535 -484370.9764 44.6036 0.00 

TS 24 -772.223087 -484577.323199 205.11617 -484373.2070 909.59i -1.23 

 
2.2.5 Computational optimization of bicyclo[3.3.0]octa-1-ene-2,8-dicarbaldehyde (25) 

From a synthetic point of view, a bicyclic system was anticipated to be a simpler 

framework to study experimentally.  We thus initiated the computational study of 

bicyclo[3.3.0]octa-1-ene-2,8-dicarbaldehyde (25). There is a single stereoisomer of this 

molecule, The geometry was firstly determined as above by optimizing the ground state 

of the molecule (Figure 2.6). 

 

Figure 2.6. Optimized geometry of 25 in the ground state. [B3LYP/6-31G(d,p)] 
 

The small interior bond angles of the bicyclic framework in 25 opens the external 

bond angles allowing the 8 central atoms remain in a nearly planar geometry. The 

geometry at the transition state was calculated (Figure 2.7).  
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Figure 2.7. Optimized geometry of transition state TS-25. [B3LYP/6-31G(d,p)] 
 
The near planar transition state allows for a proton to be transferred through a 

pseudopericyclic [1,7]-sigmatropic rearrangement and the breaking bond of –OH 

becomes the lone pair on oxygen and vice versa. The in-plane σ-system and the out-of-

plane π-system are orthogonal to each other and therefore there is no cyclic array of 

orbitals. The two orbital disconnections are shown in Figure 2.8. 

 

Figure 2.8. Orbital disconnections in 25. 
 
The calculations for the energy barrier for transfer were then performed at all three levels 

using 6-31G(d,p) as the basis set and are summarized in Tables 2.5, 2.6, and 2.7. The 

relative energy barriers for the transition state at all levels were calculated with respect to 

the ground state. 
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Table 2.5. The calculated energies and frequencies of 25 at the ground and transition 
states at the MP2 level of theory. 
Stationary 

point 

E(Hartree) E(Kcal/Mol) ZPVE(Kcal
/Mol) 

E+ZPVE(Kcal/
Mol) 

Freq. Delta 
E 

25 -537.049891 -337003.9089 129.0773 -336874.8316 22.575 0.00 

TS 25 -537.041311 -336998.5243 126.2538 -336872.2705 1514.412i 2.56 

 
Table 2.6. The calculated energies and frequencies of 25 at the ground and transition 
states at the B3LYP level of theory. 
Stationary 

point 

E(Hartree) E(Kcal/Mol) ZPVE(Kcal
/Mol) 

E+ZPVE(Kcal/
Mol) 

Freq. Delta 
E 

25 -538.701930 -338040.5785 123.9989 -337916.5795 20.675 0.00 

TS 25 -538.701928 -338040.5775 124.0171 -337916.5603 1203.351i 0.02 

 
Table 2.7. The calculated energies and frequencies of 25 at the ground and transition 
states at the CCSD(T) level of theory. 
Stationary 

point 

E(Hartree) E(Kcal/Mol) ZPVE(Kcal
/Mol) 

E+ZPVE(Kcal/Mol) Freq. Delta 
E 

25 -537.330659 -337180.8833 126.6959 -337053.3975  0.00 

TS 25 -537.322357 -337174.8833 124.0171 -337050.8662  -2.68 

 

After the calculations predicted that the pseudopericyclic [1,7]-sigmatropic hydrogen 

transfer would be very facile in 25, the next task was to study such a rearrangement 

experimentally. The aim of this thesis was to synthesize the title molecule and then 

experimentally test the prediction that [1,7]-sigmatropic rearrangements of hydrogen are 

allowed and pseudopericyclic in nature. 
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2.3 Proposed synthesis of tetramethyl bicyclo[3.3.0]octa-1, 5-diene-2, 4, 6,8-tetracarboxylate 

(26) 

While designing a suitable pathway for the synthesis of 25, the construction of the 

bicyclic framework was seen as an important step. Also, the installation of a double bond 

at C1-C2 to make the unsymmetrical 25 was anticipated to be a challenge. The Weiss 

condensation9 reaction to generate polyquinanes suggested a simple strategy to bypass 

this challenge by construction of a symmetrical bicyclo [3.3.0] octane tetracarbonyl 

framework, as shown in the anticipated final molecule, 26 (Figure 2.9). Thus we saw the 

26 as capable of undergoing two parallel [1, 7]-sigmatropic rearrangements at a single 

time.  

 

Figure 2.9. [1,7]-sigmatropic rearrangement in 26. 
 

 The proposed retrosynthetic analysis (Scheme 2.1) involved the formation of 

tetra-aldehyde 26 through reduction of tetraester-diene 27, which would be synthesized 

by the introduction of tetra-substituted double bonds to tetramethyl bicyclo[3.3.0]octane 
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tetracarboxylate 28. We anticipated the elimination of the dione group in 30, through the 

formation of a tosyl hydrazone 29. The synthesis would commence with the Weiss 

condensation reaction to form 30. 

 

Scheme 2.1.  Retrosynthetic analysis for the proposed synthesis of 26. 
 
 The cis-bicyclo[3.3.0]-octane framework is the basic skeleton of all polyquinane 

systems. It is present in numerous natural products, including gymnomitrol, pentalenene, 

loganin, etc.10 The Weiss reaction is an extremely convenient general method for the 

synthesis of the cis-bicyclo[3.3.0]-ocatane framework. This facile method allows the 

construction of four carbon-carbon bonds and two rings in a one pot synthesis. It can be 

termed as a 3-component coupling reaction involving a repeating series of aldol and 

Michael additions.10,11 Synthetic analysis of the Weiss reaction based on graph theory, 12 

indicates that it is comparable to the Diels-Alder for the rapid generation of molecular 

complexity in a single step.10  

The Weiss condensation was carried out and 30 was generated in a good yield of 

87%, by the condensation of two equivalents of dimethyl 1,3-acetonedicarboxylate with 

one equivalent of glyoxal in an aqueous alkaline media (eq 2.2), carried out under reflux 
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conditions.  It is a reaction that is very sensitive to experimental details, such as 

temperature and stirring rate.  

 

 Compound 30 was then smoothly converted to the hydrazone form (29) with p-

toluenesulfonyl hydrazide. A reduction of 29 was attempted13 under various conditions, 

but we recovered the starting material in each case (eq 2.3). The deoxygenated compound 

28 was not observed.  

 

We then designed a modified scheme in which the retrosynthetic analysis involved the 

synthesis of 27 through elimination of tosylate 32 and subsequent alkene isomerization. 

Weiss condensation reaction followed by a reduction and tosylation was anticipated to 

achieve 32 (Scheme 2.2). 

 

Scheme 2.2. Modified retrosynthetic analysis for the proposed synthesis of 26. 
 

(2.2) 

(2.3) 
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The reduction of 30 was first attempted utilizing sodium borohydride under various 

conditions of reaction time, solvent, and work-up method, with no success.  However 

changing the reducing agent to sodium cyanoborohydride gave 33 in 87.23 % yield and 

its tosylation gave 32. All attempts to achieve the elimination of 32 were unsuccessful 

(Scheme 2.3). This might be attributed to the higher ring strain that would be introduced 

by the formation of new sp2 centers.  

 

Scheme 2.3. Attempted synthesis of 31. 
 

2.4 Proposed synthesis of bicyclo[3.3.0] octa-1-ene-2,8-dicarbaldehyde (25)  

Our efforts were next directed towards finding a suitable synthetic pathway, to 

construct the bicyclic framework of 25 through an annulation methodology as the key 

step. While conceptualizing a strategy for the synthesis, a pathway having the least steps 

and relatively high yielding reactions was sought. The retrosynthetic analysis (Scheme 

2.4) envisioned the final steps as bringing the side chain carbons to the desired oxidation 

state. This would be preceded by the construction of the bicyclic hexahydropentalene 

system through intramolecular ring opening of the epoxide. This was seen as a Grignard-

like reaction with an organometallic attack on the epoxide 35, which would be accessed 
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via oxidation of the terminal alkene 36.A more detailed discussion of the cyclization 

reaction is given below. 

It was anticipated that installation of a double bond in one cyclopentyl ring of an 

otherwise symmetrical bicyclic system in the final steps would present a difficulty. Hence 

we sought to introduce it early on in the synthesis. The presence of the keto group in 37 

was anticipated to provide convenient access to this task through the synthesis of a vinyl 

iodide. While considering the order of the introduction of alkene and epoxide functional 

groups, we decided to carry out the epoxidation immediately preceeding the annulation as 

epoxides are more susceptible to ring opening and reactive in the conditions required for 

vinyliodination.  

An ideal starting material for such a synthesis would thus be a cyclopentyl moiety 

that would serve to be one ring of the bicylic framework. We chose ethyl 2-

oxocyclopentanoate (38) in which the ester group served two purposes: (1) It enhanced 

the reactivity of the ring and (2) the carbonyl group would be in later steps reduced to the 

desired oxidation state and contribute to the dial functional group in the final molecule. 

 

Scheme 2.4. Retrosynthetic analysis for the proposed synthesis of 25. 
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2.4.1 Synthesis of ethyl 3-(3-butenyl)2-oxocyclopentanoate (37) 

Compound 38 proved to be an excellent starting material for the synthesis of 37 as 

many useful reactions can be affected at the α and γ carbons of this β-keto ester, and 

selectivity can be achieved by varying the specific conditions. The synthesis of 37 was 

carried out by the alkylation of the dianion generated according to the method of Weiler 

et al.14 wherein the monoanion 39 was first generated using NaH, followed by dianion 40 

formation utilizing n-butyl lithium. The dianion was then mono-alkylated at the more 

reactive center with 4-bromo-1-butene to yield 37 (eq 2.4). 14,15  

 

Several variations of the original procedure were tried out to finally achieve the optimal 

yield of 37 as 34.6% overall. It was found that acidic work up using concentrated HCl to 

quench the excess base gave a better yield than using aqueous phosphate buffer (25.43% 

maximum yield). Though hexamethylphosphoramide (HMPA) was used by Winkler et 

al.15 to achieve optimal yields, it was dismissed in the synthesis of 37 as it did not seem 

to provide a significant increase in yield, the work-up was difficult and HMPA is 

carcinogenic.16 

2.4.2 Attempted Synthesis of 3-(3-butenyl)-2-iodocyclopent-1-enecarboxylate (36) 

The conditions for the conversion of the keto group to the vinyl halide moiety on 

the keto ester were firstly pursued on 38 as a model system. Formation of the vinyl 

bromide ester 41 (eq 2.5) was attempted because of good reactivity of carbon bromine 

bonds towards metalation reactions. Following a literature precedent,17 38 was treated 

(2.4) 
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with 1.2 eq. of oxalyl bromide at 0 ºC and stirred for 2 h, however monitoring by TLC 

and NMR showed only the presence of starting material.  

Based on NMR studies, we observed that addition of a total of 24 equivalents of 

oxalyl bromide, added in small portions gave maximum yield of 41. The progress of the 

reaction was monitored by NMR over 3 days; the disappearance of the characteristic 

peaks of 38 at 3.02 ppm and growth of the peaks of 41 at 2.67 ppm was observed over a 

period of 50 h. (Figure 2.10 and Table 2.8). 

 

Table 2.8. NMR monitoring of the formation of 41. 
Time Addition of 

# Eq. of 

oxallyl 

bromide 

Integration of 38 

(peak at 3.02 ppm) 

Integration of 41 

(peak at 2.67 

ppm) 

1 h; 0 ºC 1.2 0.93 Trace 

2.5 h; 0 ºC 1.2 0.89 0.23 

12 h; 4 ºC - 0.85 0.28 

13 h ; rt - 0.83 0.37 

16 h; rt 2.4 0.80 0.52 

20 h; rt - 0.78 0.55 

30 h; rt 2.4 0.69 1.10 

42 h; rt 2.4 0.62 1.22 

44 h; rt 6 0.55 1.10 

50 h; rt 24 0.05 3.10 

 

(2.5) 
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 Figure 2.10. (a) Pure compound 38 before addition of oxalyl bromide. (b) Reaction 

mixture after 2.5 h. (c) Reaction mixture after 30 h.  
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Figure 2.10 continued.(d)  Reaction mixture at 50 h. 
 

The product showed some decomposition during work up, while removing 

solvent under vacuum at both rt and at 0 ºC. Optimization of the conditions to generate 

maximum yield of 41 proved to be extremely difficult due to its sensitive nature. 

Bromination was attempted with PBr3 but despite using reflux conditions, there was no 

formation of product (eq 2.6). 

 

 Practical considerations, such as the feasibility of a large scale reaction using 

oxalyl bromide led us to envision a vinyl iodide as a better starting material for further 

reactions. Since there are no literature precedents for the direct formation of vinyl iodide 

ester 42 from 38, we synthesized the vinyl chloride ester 43 first and then sought to carry 

out a halogen exchange reaction analogous to the Finkelstein reaction to form 42. 

However, we were unsuccessful as there was no formation of 42 by this method (eq 2.7). 

(2.6) 



Texas Tech University, Krishnaja Duvvuri, August 2012 

32 
 

 

Then following  the method of Tyler et al.18,  keto ester 38 was first converted to 

the triflate 44 19 which was then treated with NaI in DMF under reflux conditions to yield 

42 in 32.7% yield (eq 2.8). 

 

After successfully optimizing the reaction conditions on the model system 42, we 

set out to do the same on 37. The synthesis of 3-(3-butenyl)-2-

(trifluoromethylsulfonyloxy)-cyclopent-1-enecarboxylate (45) was accomplished in 

81.5% yield. When an attempt was made to synthesize 36 using similar conditions as the 

model compound 42, the reaction did not proceed and starting material was recovered. 

After trying various conditions, we attributed this unreactivity to the high steric hindrance 

contributed by the 3-butenyl moity on the γ-carbon in 45 making it difficult for the weak 

nucleophile I- to replace OTf- in a Michael, retro- Michael fashion (eq 2.9). 

 

 The sulfonic acid derivative, trifluoromethylsulfonate is considered to be a very good 

leaving group due to the stability of triflate anion and 45 was used for further synthesis.  

2.4.3 Synthesis of 3-(2-(2-oxiranyl)ethyl)-2-(trifluoromethylsulfonyloxy)-cyclopent-1-

enecarboxylate (46) 

(2.7) 

(2.8) 

(2.9) 
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Epoxides are useful intermediates in organic synthesis as their ring can be easily 

opened by a variety of nucleophiles, yielding a broad range of valuable products.20,21 

Therefore, we envisioned epoxide 46 as a replacement for the key intermedicate 34 

(Scheme 2.4) in the synthesis of the bicyclic framework of 25. 

 

The reaction was first attempted on the model system, styrene (47) to give styrene 

oxide (48) (eq 2.11).22  

 

This method involved addition of mCPBA in 3 portions at 0 ºC followed by 

warming to rt over 2 h. Dilution with hexane, filteration of the precipitate and washing of 

the organic layer with 5 % NaHCO3 and 1M NaOH constituted the workup. When these 

conditions were used for the synthesis of 46, only 11.3% of the pure product was 

obtained after chromatography.  However, quenching the excess mCPBA by addition of 

saturated sodium sulfite solution and stirring the biphasic solution for 1 h before 

extraction, following the method of Bäckvall et al.23 gave a yield of 79.4% after 

chromatography (eq 2.10). 

2.4.4 Epoxide ring opening via organozincate formations 

Epoxides are versatile synthetic intermediates for organic synthesis and are 

considered as “spring loaded” rings for nucleophilic ring opening.24 Their reactions are 

dominated by the electrophilic nature of these heterocycles, involving cleavage of the 

strained three membered ring and include a wide range of nuclephilic ring openings to 

(2.11) 

(2.10) 
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give β-substituted alcohols.25,26 The ring opening of epoxides by carbon based 

nucleophiles is a useful method for the generation of new carbon-carbon σ bonds.25 Many 

of the carbon nucleophiles are organometallic reagents, because of the highly reactive 

nature of the carbon-metal bond, thus making them a powerful tool in synthesis. 27 

Epoxides have been successfully alkylated with organolithium28,29 and 

organomagnesium, 30,31  organocopper,32 organoaluminium33 and organozinc34 reagents.  

A key step in the current strategy was the cyclopentannulation on 46 in order to 

construct the bicyclic framework. This was envisaged as an intramolecular epoxide ring 

opening reaction by an organometallic reagent to make the bicyclic ring system. The 

selective formation of 34 would rely on regioselective attack and the more substituted 

carbon, which is less reactive in acyclic reactions. However, Baldwin’s rules gave us 

confidence that the 5-exo-tet ring opening would be favoured over the 6-endo-tet 

opening. 

While searching the literature for a suitable metal to generate the carbon 

nucleophile, the presence of an ester group in the molecule was taken into consideration. 

Among the different metals available for the task, zinc was chosen because of its 

excellent functional group tolerance. 

The ability of organozinc reagents to promote C-C bond formation with 

electrophiles has been known for more than 150 yrs.35 However, their application was 

limited to specific reactions such as the cyclopropanation and aldol condensation because 

of the moderate reactivity of these reagents. With the discovery of Grignard reactions, 

most of the organozinc reagents, except the Reformatsky reagents were replaced by the 

more reactive organomagnesium and organolithium reagents which found broader 

applications in organic synthesis.36 Due to their more reactive nature, these Grignard 
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reagents have a lower selectivity and also preclude the presence of numerous functional 

groups. In recent years, the high functional group tolerance of the organozinc reagents, as 

well as the control of stereochemistry of their reactions has rendered them to be very 

useful as organometallic reagents.36 

Organozinc reagents are generally classified as RZnX (monoorganozincs) or 

R2Zn (diorganozincs), where R may contain one or more functional groups. Due to the 

presence of a relatively electronegative atom or group (X) bound directly to the zinc atom 

in monoorganozincs, there is presence of an acceptor site (zinc) and donor site ( X) in the 

same molecule, leading to inter- and intramolecular coordination of the compound.36 

The form and quality of zinc appears to play an important role in the formation of 

organo-zinc reagents.37 Commercial zinc can be purchased in the form of granules, 

turnings, plates, foil, dust, powder and wool.36 The reactivity of Zn greatly depends on 

the manner of activation. The activation process aims to either: (a) effectively remove the 

deactivating oxide layer from the zinc surface or (b) to increase the surface area of the 

zinc metal. 

We first sought to attempt the zinc chemistry on the model system 42 (eq 2.12) in 

order to test and establish suitable reaction conditions for the zinc addition and epoxide 

ring opening. Activation of zinc was achieved by Knochel’s process,38-40 by heating the 

zinc dust in THF with 1,2-dibromoethane (5 mol%) to 65 ºC for a minute, cooling it to 25 

ºC and adding trimethylchlorosilane (1 mol%), followed by stirring at 25 ºC for 15 min 

before the addition of organic halide. Following the literature precedent by Wei et al.,41 

ZnI2 was added in excess to improve the efficiency of Zn addition. Their studies have 

shown that such an addition of Lewis acids promotes the addition of epoxide by forming 

an active complex with the monoorganozinc reagent (eq 2.13). The activation of 
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organometallic reagents by Lewis acids is well known.42-44 The ZnI2 was freshly 

sublimed before each use. 45 However, the reaction was unfruitful and we recovered the 

starting material after the workup. The reaction was attempted again, with the addition of 

LiCl instead of ZnI2, to aid in the zinc reactivity, with no success (eq 2.12). 

 

 

The reactivity of activated zinc dust was tested by attempting the same reaction 

using ethyl iodide and styrene oxide as the starting materials (eq 2.14). The progress of 

the reaction was monitored by TLC and the NMR of the crude showed the presence of 2-

phenyl-1-butanol (51).  

 

Zinc chemistry on 42 was then re-attempted utilizing the commercially available 

propylene oxide as the epoxide (eq 2.15).  

 

Though the TLC analysis showed the presence of a new compound that was more 

polar than 42, upon checking the NMR, we did not observe the characteristic hydroxyl 

 (2.12) 
 

(2.14) 

(2.15) 

(2.13) 
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and ester peaks that should have been indicative of the formation of 29. A closer 

examination of the NMR of the product indicated the in-situ lactonization of 52 to give 

53 (eq 2.16). The formation of 53 however, testified to the success of the zinc addition 

and epoxide ring opening reactions. The lactonization of 52 to 53 suggests that the 

unsubstituted dialdehyde 20 would also cyclize, frustrating any attempt to observe the 

[1,7]-sigmatropic rearrangement in this system. However, the more open bond angles in 

25 would add substantial additional ring strain to a cyclized (tricyclic) product, thereby 

favoring the desired eight-centered proton shift.  

 

With the suitable reaction conditions established, we then proceeded to perform 

the zinc insertion and annulation reaction on the epoxide 46. However, we recovered our 

starting material following the established conditions (eq 2.17).  

 

 We then sought to utilize Rieke zinc, a highly reactive form of zinc, prepared by 

reducing anhydrous zinc bromide with potassium or sodium in THF under reflux 

conditions.46 Rieke Zn, prepared in the above manner is commercially available and 

appears as a finely divided black powder suspended in a solvent such as hexanes or THF. 

It was handled in a glove box, due to its high sensitivity to air. 

(2.16) 

(2.17) 
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Three equivalents of Rieke Zn suspension in THF were transferred into a dry two-

necked round-bottomed flask, then the solution of one equivalent of epoxide 46 in THF 

was added dropwise. Stirring the reaction mixture at room temperature over 2 days gave 

25.59% of a compound (54), which was initially thought to be the desired compound 

(34). An attempt to improve the yield by refluxing the reaction mixture was unsuccessful 

as we could achieve only trace amounts of compound 54. We once again conducted the 

reaction (eq 2.18) at rt monitoring it by NMR and found that the reaction rate increased 

towards the 3rd day. Work up of the reaction using saturated NH4Cl and extracting with 

ether followed by chromatography yielded pure 54 whose NMR is shown in Figure 2.11. 

 

 

(2.18) 
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Figure 2.11.  NMR of compound 54. 
 

Based on our initial 1H-NMR analysis (Figure 2.11) we erroneously concluded 

that it was our desired product 34. Upon reduction with LAH, 54 gave a compound 

whose 1H-NMR peaks did not match that of the expected reduction compound. 

Rexamination of the 1H-NMR and 13C-NMR spectra of 54 as well as COSY and HMQC 

spectra allowed the identification of the diol 54 as shown in eq 2.19, Apparently the 

above reaction (eq 2.18) had given a 54 as a byproduct due to the long reaction time, and 

acidic work up (eq 2.19).  

 

 

(2.19) 
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 From the above reaction, we understood that the alkylzinc triflate intermediate 

(47) was formed but it was not reactive enough to further undergo intramolecular epoxide 

ring opening and cyclopentannulation to give desired product 34. We then sought to 

increase the reactivity the zinc intermediate by transmetalation process to the 

corresponding organocuprate38 using copper cyanide (eq 2.20). The low cost of 

synthesizing organocopper reagents by utilizing CuCN38, the short reaction times as well 

as their high functional group tolerance renders copper reagents useful organometallics. 

 

Thus we carried out the reaction, ensuring extremely dry conditions, using 3 

equivalents of Rieke Zn and 1 equivalent of CuCN for each equivalent of 46 (eq 2.21). 

The optimized reaction time was found to be 72 hours. Compound 54 was formed in 

traces as an impurity. The reaction gave the product as a mixture of diasteromers (34a, 

34b), which could not be separated by columm chromatography. NMR signals could be 

assigned to one or the other stereoisomer, but the relative stereochemistry of each 

compound was not determined.  

  

 Numerous solvent systems were attempted on TLC; various percentages of ethyl 

acetate: hexanes; DCM: hexanes; ether: hexanes; DCM:ethyl acetate all gave the same Rf 

for both 46 and 34. Finally 5% ether in DCM was found to be good for separation of 34a 

and 34b from other compounds. 

(2.20) 

(2.21) 
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The structure of the diastereomeric mixture was confirmed by 1H (Figure 2.12), 

13C, COSY (Figure 2.13), HMQC and HMBC NMR analyses. NMR assignments are 

shown in Figure 2.13. From looking at the coupling of 9a, 9b with 8a and 8b 

respectively, we could conclude that the reaction was indeed 5-exo-tet ring opening and 

not 6-endo-tet, which was also considered a possibility. 

 

Figure 2.12. 1H-NMR assignments of 34a and 34b. 
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Figure 2.13. COSY NMR spectrum of a mixture of 34a and 34b. 
 
2.4.5 Reduction to the diol 55 

Reduction of the ester group of 34 was then performed using lithium aluminum 

hydride (LAH, eq 2.22). Various conditions were tried in order to optimize the yield of 
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55. It was found that the temperature, reaction times and equivalents of LAH were all 

extremely crucial in getting a maximum yield of the desired product 55. With the use of 8 

equivalents of LAH at 0 ºC, the reaction was completed in 10 min. With the use of lesser 

equivalents, the desired product formation was slower, causing the formation of various 

side products which made purification tedious and decreased the yield. The reaction was 

smoothly worked up using Fieser’s method to avoid formation of gelatinous aluminum 

emulsions.  

 

After the crude was obtained, we attempted column chromatography using ethyl 

acetate: hexanes as the eluent but found that the product decomposed on the column. 

After trying various solvent systems we were able to get the pure product with 5% 

ether:DCM. We also found that the two diastereomers of the reduced product 55 could be 

separated using this solvent system. The 1H NMR of one the diastereomers of 55 is 

shown in Figure 2.14. The hydrogens 2 and 2’ are coupled to each other as they are 

diastereotopic and also couple to the hydroxyl hydrogen and can thus be seen as a broad 

doublet of doublets. The assignments were once again confirmed through 13C, COSY 

(Figure 2.15), HMQC and HMBC. We did not attempt to assign the relative 

stereochemistry because the molecules would lose the one stereogenic center in the final 

step. 

(2.22) 
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Figure 2.14. NMR assignments of 55. 
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Figure 2.15. COSY of 55. 
 

2.4.6 Synthesis of 25 

The final step, oxidation of the diol 55 to 25 was attempted on the isolated pure 

diastereomer of 55 (eq 2.23).  Swern oxidation was first attempted as it can be carried out 

under very mild conditions and there is no over oxidation to the carboxylic acid. The 
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reaction conditions were first established on the model system, benzyl alcohol. Excess 

reagents were used to ensure completion of reaction. The temperature of the reaction was 

maintained at -78 °C throughout the reaction to avoid the formation of thioacetal 

byproducts. 

 

The crude product obtained was subjected to column chromatography with 10% 

ether: hexanes solvent system. The NMR of the obtained product is shown in Figure 2.16. 

 

Figure 2.16. 1H NMR of 25 
 

(2.23) 
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Preliminary NMR studies on 25 indicate the presence of a peak at 7.32 ppm. 

Aldehyde peaks are usually observed at 9.5-10.5 ppm and enol peaks are observed at 5-6 

ppm. Thus the peak at 7.32 ppm suggests the average of an aldehyde peak and an enol 

peak. At room temperature 25 may thus exist as the average of two structures which can 

be interconverted by a [1,7]-sigmatropic rearrangement (Figure 2.17). Thus it may be 

suggested that a [1,7]-sigmatropic rearrangement takes place, through a pseudopericyclic 

mechanism.  

 

Figure 2.17. Interchange of hydrogens via [1,7]-sigmatropic rearrangement in 25 
 

Further experiments such as COSY, HMQC and HMBC are necessary to 

characterize the structure of 25. Low temperature NMR studies on 25 would allow the 

measurement of the rate of hydrogen transfer (if it is slow enough) which would then 

provide a measurement of the energy required for the [1,7]-sigmatropic rearrangement.  
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CHAPTER 3 

EXPERIMENTAL SECTION  

3.1 General methods 

 The 1H, 13C, COSY, HSQC and HMQC NMR spectra were recorded on a Varian 

Unity INOVA 500 FT-NMR (1H NMR at 400, 500 MHz and 13C NMR at 126 MHz) 

spectrometer. All spectra were obtained in CDCl3
 containing residual CHCl3 as the 

internal standard, unless stated otherwise. The chemical shifts (δ) are given in ppm 

downfield from TMS and coupling constant values (J) are in Hz. 

 Reagents were purchased from commercial suppliers and used directly unless 

stated otherwise. Tetrahydrofuran (THF) was dried over sodium with benzophenone as an 

indicator and distilled immediately before use. Dimethyl formamide (DMF), diethyl ether 

(Et2O), dichloromethane (CH2Cl2) were purified using a MB- Solvent Purification 

System. Analytical TLC was performed on silica gel plates and silica gel from Sorbent 

Technologies (40-63μm, 60˚A) was used for column chromatography. 

 N-Butyllithium (n-BuLi) was titrated prior to each use to check the molarity of 

the bottle. For the titration, approximately 0.2 g of L menthol was weighed into a 

vacuum-flame-dried flask and dissolved in 5 mL of THF. A pinch of the indicator, 1,10-

phenathroline was added and under N2, n-BuLi was added dropwise until the color 

changed from colorless to a persistent red. The titration was repeated 3 times and the 

average was considered for calculations. 
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3.2 Scheme 1 

3.2.1 Synthesis of tetramethyl 3,7-dihydroxybicyclo[3.3.0]octa-2,6-diene-2,4,6,8-

tetracarboxylate (30)1 

COOMeMeOOC

MeOOC COOMe

OO

30  

 A dry 250 mL 3-necked flask was equipped with a thermometer, pressure 

equalizing dropping funnel and a reflux condenser. A solution of NaOH (1.28 g, 0.032 

mol) in 23 mL of methanol was made under N2, cooled in an ice bath and stirred as 

dimethyl 1,3 acetonedicarboxylate (5.4 g, 3.1 mmol) was added dropwise. The resulting 

slurry was heated at reflux until the solution became clear. The heating was then slightly 

lowered and glyoxal (40% soln., 2.02 mL, 1.8 mmol) was added over a period of 40-60 

min while maintaining the temperature at 65 ˚C. The mixture was allowed to cool and 

was stirred for 2 h at rt, then for another 2 h at 0 ˚C. The resulting precipitate was 

collected by suction filtration and washed with 10 mL of methanol. A solution of the 

disodium salt was made in 15 mL of H2O and added to an Erlenmyer flask containing 20 

mL of CHCl3. The two phase mixture was stirred rapidly while adding cold 1M HCl 

solution (22 mL, 2.2 mmol). The layers were separated and the aqueous layer was 

extracted with CHCl3 (3 X 10 mL). The combined organic layers were washed with brine 

solution, dried over anhydrous MgSO4 and concentrated under vacuum to give pure 30 

(3.95 g, 68%). The identity and purity of the sample was confirmed by 1H NMR. 

1H NMR (CDCl3, 300 mHZ) δ: 10.35 (2H, br s), 3.87 (2H, t, J=2.4 Hz), 3.81 (6H, s), 

3.78 (6H, s), 3.64 (2H, t, J=2.4 Hz)  
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13C NMR (CDCl3, 126 mHZ) δ: 170.5, 170.2, 168.7, 103.6, 55.2, 52.3, 51.4, 43.7.    

3.2.2 Synthesis of tetramethyl 2,5-di(2-tosylhydrazono)-octahydropentalene-1,3,4,6-

tetracarboxylate (29)2 

COOMeMeOOC

MeOOC COOMe

NNHTsTsHNN

29  

 In a dry 100 mL 2 necked round bottom flask under N2, a solution of p-

toluenesulfonhydrazide (0.72 g, 3.84 mmol) was prepared in 2 mL of MeOH. 30 (1.2 g, 

3.2 mmol) was added to it and the reaction mixture was refluxed for 40 min. It was then 

cooled to rt to precipitate the hydrazone product 29 (0.83 g, 37%) which was collected by 

filtration and washed thoroughly with cold Et2O.  

3.2.3 Attempted synthesis of tetramethyl octahydropentalene-1,3,4,6-tetracarboxylate 

(28)2 

COOMeMeOOC

MeOOC COOMe
28  

 The general procedure for the attempted reduction using NaBH3CN is as follows. The 

different reaction conditions are tabulated (Table 3.1).  

In a dry 100 mL 2 necked round bottom flask under N2, a solution of 29 was 

made. NaBH3CN and p-toluene sulfonic acid were added and the solution was heated to 

reflux. The progress of the reaction was monitored by TLC analysis and NMR. For the 
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work-up, the solution was cooled to rt, diluted with H2O and the aqueous layer was 

extracted 3 times. It was dried over MgSO4 and concentrated under vacuum. 

Table 3.1. Different reaction conditions for the attempted synthesis of 28. 
Batch Mmol of 

D 
Mmol of 

NaBH3CN 
Solvent reaction 

time 
Work-up 

conditions 
Yield 

1 0.84 3.4 1:1 DMF-
sulfolane 

Reflux 6 h Diluted with 40 
mL H2O, 

extracted with 
C6H6 

No 
product 

2 1.2 19.2 1:1 DMF-
sulfolane 

Reflux 
overnight 

Diluted with 40 
mL H2O, 

extracted with 
Et2O 

No 
product 

3 1.4 11.3 CHCl3 Reflux 
overight 

Dilute with 40 
mL H2O, 

extracted with 
Et2O 

No 
product 

4 0.23 1.9 Dioxane + 
0.5 mL 

CH3COOH  

Reflux 
overnight 

Added 
NaHCO3 –

extracted  with 
CH2Cl2 

No 
product 

 

3.2.4 Synthesis of tetramethyl 3,7-dihydroxybicyclo[3.3.0]octan-2,4,6,8-tetracarboxylate 

(33) 

                                                        

COOMeMeOOC

MeOOC COOMe

OHHO

33  

Various methods were followed to achieve the synthesis of 33. 

A. The general procedure for the attempted reduction using NaBH4 is as follows. 

The different reaction conditions are tabulated.  

In a dry 100 mL 2-necked round bottom flask under N2, a solution of 30 

was made and cooled to 0 ˚C. NaBH4 was added in 3 portions and the reaction 

was monitored by TLC. The reaction mixture was then diluted with solvent and 
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quenched as tabulated (Table 3.2). The aqueous layer was extracted 3 times and 

the combined organic layers were washed with NaHCO3, H2O and brine; then 

dried over anhydrous MgSO4 and concentrated under vacuum to obtain the crude 

product. Column chromatography was performed on the crude product. 

Table 3.2. Attempted synthesis of 33 using NaBH4 
Batch Mmol of 

tetraester 
Solvent; 

reaction time 
Work-up conditions yield 

1 0.13 EtOH; 45 
min at 0 ˚C 

Quench with H2O, 
NH4Cl; extract with 

Et2O 

No 
product 

2 0.13 MeOH; stir 
overnight at 

0 ˚C  

Quench with H2O, 
NH4Cl, few drops 

of HCl; extract with 
CH3Cl 

No 
product 

3 0.13 DMF, stir 
overnight at 

0 ˚C 

Quench with H2O, 
NH4Cl, few drops 

of HCl; extract with 
Ethyl acetate 

Trace 
amounts  

4 1.9 MeOH, stir 
at rt for 4 h 

Quench by adding 
HCl dropwise; 

extract with ethyl 
acetate 

No 
product 

 

B. In a dry 100 mL 2 necked round bottom flask under N2, a solution of 30 (0.20 g, 

0.54 mmol) in was prepared in 22 mL of a 9:1 mixture of MeOH and CH3COOH. 

NaBH3CN (0.14 g, 2.16 mmol) was added in 3 portions and the reaction mixture 

was heated at reflux overnight. The progress of the reaction was monitored by 

TLC analysis. After completion of the reaction, the reaction mixture was cooled 

to rt, MeOH was removed by evaporation and the excess CH3COOH was 

neutralized by NaHCO3. The aqueous layer was extracted 3 times with ethyl 

acetate and the combined organic layers were washed with brine, dried over 

MgSO4 and concentrated under vacuum to give 33, which upon column 

chromatography gave pure compound (0.17 g, 86.8% yield). 
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1H NMR (CDCl3, 300 mHZ) δ: 4.65 (1H, m), 4.38 (1H, t, J= 13 Hz), 3.72 (3H, s), 

3.71 (3H, s), 3.66 (3H, s), 3.65 (3H, s), 3.25-2.92 (8H, m). 

13C NMR (CDCl3, 126 mHZ) δ: 173.9–172.5, 77.6, 77.1, 56.0, 55.2, 54.0, 51.9–

50.0, 44.9, 42.7. 

3.2.5 Synthesis of 1,3,4,6-tetra(methoxycarbonyl)-octahydro-2-tosylpentalen-5-yl 4-

methylbenzenesulfonate (32) 

COOMeMeOOC

MeOOC COOMe
32

OTsTsO

 

Triethylamine (0.53 g, 5.3 mmol) was added to a stirred solution of 33 (0.49 g, 

1.3 mmol) and tosylchloride (0.75 g, 4.0 mmol) in 20 mL of CH2Cl2 at 0 ˚C. The 

solution was stirred for 30 min at 0 ˚C and left to stir at rt overnight. The reaction was 

then diluted with 20 mL of CH2Cl2 and NH4Cl (15 mL) was added. The layers were 

separated and the aqueous layer was washed with CH2Cl2 (3 X 10 mL). The combined 

organic layers were washed twice with NaHCO3 and brine; then dried over MgSO4, 

concentrated under vacuum to afford 32 which was used without further purification.  

1H NMR (CDCl3, 300 mHZ) δ: 7.85 (4H, d, J= 6.0 Hz), 7.17 (4H, d, J= 6.0 Hz), 3.57 (12 

H, s), 2.31 (6H, s). 

3.2.6 Attempted synthesis of tetramethyl 1,3a,4,6a-tetrahydropentalene-1,3,4,6-

tetracarboxylate (31) 

COOMeMeOOC

MeOOC COOMe
31  
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Various methods were followed for the attempted synthesis of 31. 

A. To a stirred solution of 32 (0.06 g, 0.08 mmol) in 5 mL of Et2O, triethylamine (0.03 

g, 0.25 mmol) was added at 0 ˚C. The reaction mixture was warmed to rt and stirred 

for 2 h. The progress of the reaction was monitored by TLC analysis.  

B. To a stirred solution of 32 (1.5 g, 2.2 mmol) in 10 mL of THF, pyridine (0.68 g, 8.6 

mmol) was added at 0 ˚C. The solution was then heated to reflux and stirred for 4 h. 

The progress of the reaction was checked by TLC analysis and the reaction mixture 

was left to stir at rt overnight. The reaction mixture was then diluted with CH2Cl2 (10 

mL) and quenched by addition of NH4Cl (10 mL) followed by H2O. The layers were 

separated and the aqueous layer was washed with CH2Cl2 (3 X 10 mL). The 

combined organic layers were washed with NaHCO3 and brine; then dried over 

MgSO4 and concentrated under vacuum to recover the starting material 32. 

C. To a solution of 32 (0.32 g, 0.47 mmol) in dry CH3OH at 0 ˚C, sodium methoxide 

(0.10 g, 1.9 mmol) was added and the reaction was stirred at 0 ˚C for 2 h and then at 

rt overnight. The reaction was quenched with saturated NH4Cl until the pH was 

neutral and extracted with ether (4 X 10 mL). The combined organic layers were 

washed with brine solution; then dried over MgSO4 and concentrated under vacuum 

to recover the starting material 32. 

3.3 Scheme 2 

3.3.1. Synthesis of ethyl 3-(3-butenyl)-2-oxocyclopentanecarboxylate (37)3 

O

O

O

37  
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 Various procedures were followed to optimize the yield of 37. Method D gave the 

highest yield. The general procedure for synthesis is given as follows and the various 

conditions are given in Table 3.3. 

 A solution of 38 (1.0 eq.) in dry THF was added dropwise to a slurry of NaH in 

THF at 0 ˚C under N2 atmosphere. The resulting mixture was stirred at 0 ˚C for 10 min 

after the effervescence subsided and then treated with n-BuLi, added dropwise at 0 ˚C. 

After 10 min of additional stirring, a deep orange color was observed, indicating the 

formation of the dianion. Then a solution of 4-bromo-1-butene in THF was added and the 

reaction mixture was warmed to 25 ˚C with stirring. It was then quenched using pH 7 

phosphate buffer or HCl solution and extracted with Et2O. The combined organic layers 

were washed with H2O, dried over MgSO4 and concentrated under vacuum. The crude 

product was chromatographed on a silica gel column using ethyl acetate in hexanes in 

gradient elution (0%-10%) to give 37 as a pale pink oil. The structure and purity of the 

product was confirmed by TLC and 1H NMR. 

 1H NMR (CDCl3, 300 mHZ) δ: 5.75 (1H, m), 4.98 (2H, m), 4.17 (2H, m), 3.3-3.07 (1H, 

m), 2.6- 1.78 (7H, m), 1.44-1.2 (5 H, m).  

13C NMR (CDCl3, 126 mHZ) δ: 213.2, 169.6, 137.7, 115.4, 61.4, 55.1, 48.6, 31.5, 29.7, 

27.6, 25.1, 14.2. 
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Table 3.3.  Attempted  conditions to achieve the optimal yield of 37. 
Met
hod 

Compd 
38 

NaH  nBuLi  4-bromo- 
1-butene 
(4-BB)  

Reaction conditions  Work up method  yield  

A 3.20 
mmol  

1.1  1.05  1.1  THF, 0 ° C until addn. 
of 4-BB, then rt 3 h  

Poured into 200 mL aq. 
Phosphate  buffer  and 
add until pH= 7  

12%  

B 3.20 
mmol  

1.1  1.05  1.1  THF,1.1 eq DMSO;0 ° 
C until addn. of 4-BB , 
then rt overnight  

Poured into 01. M aq. 
Phosphate buffer (pH 7) 
until neutral pH obt 
(400ml)  

16%  

C 3.20 
mmol  

1.1  1.05  0.8  THF, 0 ° C until addn. 
of 4-BB , then rt 10 
min  

Quenched with 7 mL of 
12% aq. HCl, added 
dropwise, wash with 
H

2
O until neutral  

30.4%  

D 0.016 
mol  

1.1  1.5  1.0  THF, 0 ° C until addn. 
of 4-BB , then slowly 
to rt over 50 min  

Quenched with 25 mL of 
12% aq. HCl, added 
dropwise, wash with 
H

2
O until neutral  

34.6%  

E 0.016 
mol  

1.1  1.5  1.0  THF, 0 ° C until addn. 
of 4-BB , then slowly 
to rt over 50 min  

Quenched with 50 mL of 
5% HCl, add 400 mL of 
0.1 M  phostphate buffer  

25.43%  

F 0.016 
mol  

1.1  1.5  1.0  THF, -78 ° C until 
addn. of 4-BB , then 
slowly to rt over 3 h  

Quenched with 100 mL 
of 2N HCl; extract wih 
CHCl

3
  

Trace 
amts  

 

3.3.2.Synthesis of ethyl 2-bromocyclopent-1-enecarboxylate (41)4 

Br
COOEt

41  

Several methods were attempted to achieve the synthesis of 41. 

A. An ice cold solution of 38 (0.19 mL, 1.3 mmol) was prepared in 15 mL of C6H6 

and 8 mL of DCM. Oxalyl bromide (0.77 mL, 1.5 mmol) was added and the 

reaction was stirred at 0 ˚C for 2 h. TLC analysis of the reaction mixture showed 

only the presence of starting material. This attempt was discontinued and a new 

reaction was attempted with the conditions stated in method B. 

B. A solution of 38 (9.5 µL, 0.064 mmol) was made in 1 mL of CDCl3, initially 

oxalyl bromide was added (76 µL, 0.77 mmol) at 0 ˚C and the reaction was 
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monitored through NMR analysis. The temperature, reaction time and addition 

intervals of oxalyl bromide are tabulated ( Table 2.8) 

The reaction was then worked up by passing the reaction mixture through a bed of 

basic alumina and the resultant solution was concentrated under vacuum at rt. 

However, the product seemed to decompose under these work up conditions and 

no product peaks were seen in the NMR after work up. 

C. The same reaction conditions were followed as in method B. The work up was 

then performed by passing the reaction mixture through a bed of neutral alumina 

and the resultant solution was concentrated under vacuum at 0 ˚C. Compound 41 

decomposed under these conditions also and method D was attempted 

D. A solution of 38 (9.5 µL, 0.064 mmol) was prepared in 1 mL of CDCl3, initially 

PBr3 was added (0.06 mL, 0.64 mmol) dropwise at rt and the reaction was 

monitored through NMR analysis and more equivalents of PBr3 were added as 

tabulated (Table 3.4). NMR analysis showed the presence of starting material at 

all the attempted conditions. Hence no reaction occurred. 

Table 3.4. NMR analysis of the attempted synthesis of 41 with PBr3 
Amount of PBr3 

added 

conditions  Observstions through NMR 

analysis 

0.064 mmmol rt, 1 h No product peaks 

0.064 mmol Reflux, 1 h No product peaks 

0.13 mmol Reflux, 24 h No product peaks 
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3.3.3. Synthesis of ethyl 2-chlorocyclopent-1-enecarboxylate (43)5 

Cl
COOEt

43  

 In a dry 100 mL 2-necked round bottom flask under N2, a suspension of PCl5 

(0.64 g, 3.07 mmol) was prepared in anhydrous hexane (10 mL) and cooled to 0 ˚C. To 

it, a solution of 38, 0.20 g, 1.3 mmol) was added dropwise and the reaction mixture was 

heated at reflux for 2 h. It was then cooled in a dry ice bath and 2 mL of anhydrous 

methanol was added. The methanol layer was extracted with hexane (3 X 10 mL) and 

washed (H2O, bicarbonate, brine).  It was then dried over MgSO4 and concentrated under 

vacuum to afford 43 in 26% yield. The identity and purity of the compound was 

confirmed through TLC and 1H NMR. 

1H NMR (CDCl3, 300 mHZ) δ: 4.21(2H, q, J= 7.2 Hz), 2.67 (4H, m), 1.94 (2H, quin, J= 

7.5 Hz), 1.29 (3H, t, J= 7.2 Hz). 

3.3.4. Synthesis of ethyl 2-(trifluoromethylsulfonyloxy)-1-cyclopentenecarboxylate (44)6 

OTf
COOEt

44  

 A solution of ethyl 2-oxocyclopentanecarboxylate (13, 1.0 g, 6.4 mmol) in 7 mL 

of dry Et2O was added dropwise to a slurry of NaH (95% dry powder, 0.18 g, 7.7 mmol) 

in 20 mL of dry Et2O at 0 ˚C under N2 atmosphere. The resulting mixture was stirred at 

0 ˚C for 10 min. Trifluoromethanesulfonic anhydride (1.3 mL, 7.7 mmol) was added to 

the above reaction mixture and the stirring was continued at 0 ˚C for 1 h. The reaction 
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mixture was warmed to rt, diluted with Et2O (20 mL) and filtered through a short column 

of Florisil, with Et2O as the eluent. The combined eluate was concentrated under vacuum 

to afford pure 44 (1.6 g, 88.2% yield). The structure and purity of the product was 

confirmed by TLC and 1H NMR. 

1H NMR (CDCl3, 300 mHZ) δ: 4.13 (2H, q, J= 7.2 Hz), 2.59 (4H, m), 1.9 (2H, quin, J= 

7.5 Hz), 1.18 (3H, t, J= 7.2 Hz). 

13C NMR (CDCl3, 126 mHZ) δ: 162.3, 153.4, 123.4, 118.4, 61.1, 32.7, 29.3, 18.8, 14.0. 

3.3.5. Synthesis of ethyl 2-iodo-1-cyclopentenecarboxylate (42)7  

I
COOEt

42  

The following methods were followed for the synthesis of 2-iodo-1-

cyclopentenecarboxylate. 

A. A solution of 43 (0.14 g, 0.85 mmol) was made in 4 mL of dry acetone. To this, NaI 

(0.32 g, 2.1 mmol) was added and the solution was refluxed for 7 h. The reaction was 

monitored by TLC and no new spots were observed. It was then cooled to rt, diluted with 

3 mL of H2O, and extracted with ether (3X 7mL). The combined organic layers were 

then washed with brine solution, dried over anhydrous MgSO4 and concentrated under 

vacuum to recover the starting material 43. 

B. A solution of 44 (0.80 g, 8.3 mmol) in 7 mL of DMF was made in a dry 100 mL 2-

necked round bottom flask, equipped with a reflux condenser. To this, NaI (1.3 g, 8.3 

mmol) was added and the reaction mixture was heated under reflux in an oil bath at 180 

˚C for 3 h. The progress of the reaction was monitored with TLC. NaI (1.3 g, 8.3 mmol) 
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was added again and the reaction mixture was refluxed for another 3 h. The solution was 

cooled to rt and diluted with Et2O (15 mL). It was then washed with H2O (5 x 10 mL), 

dried over MgSO4 and concentrated over vacuum to give pure 42 (0.24 g, 32.7% yield) 

as a yellow oil. The structure and purity of the compound was confirmed by NMR 

analysis. 

1H NMR (CDCl3, 300 mHZ) δ: 4.24 (2H, q, J= 7.1 Hz), 2.88-2.82 (2H, m), 2.65-2.58 

(2H, m), 1.97 (2H, quint, J= 7.7 Hz), 1.32 (3H, t, J=7.1Hz). 

13C NMR (CDCl3, 126 mHZ) δ: 164.2, 138.4, 106.0, 60.5, 47.9, 33.2, 23.6, 14.2. 

3.3.6. Synthesis of ethyl 3-(3-butenyl)-2-(trifluoromethylsulfonyloxy)cyclopent-1-

enecarboxylate (45)6  

TfO

O

O

45  

 A solution of 37 (0.85 g, 4.1 mmol) in 5 mL of dry Et2O was added dropwise to a 

slurry of NaH (95% dry powder, 0.12 g, 4.9 mmol) in 15 mL of dry Et2O at 0 ˚C under 

N2 atmosphere. The resulting mixture was stirred at 0 ˚C for 10 min. 

Trifluoromethanesulfonic anhydride (0.82 mL, 4.9mmol) was added to the above reaction 

mixture and the stirring was continued at 0 ˚C for 1 h. The reaction mixture was warmed 

to rt, diluted with Et2O (10 mL) and filtered through a short column of Florisil, with Et2O 

as the eluent. The combined eluate was concentrated under vacuum to afford pure 32 (1.3 

g, 81.5% yield). The structure and purity of the product was confirmed by TLC, 1H 

NMR. 
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1H NMR (CDCl3, 300 mHZ) δ: 5.75 (1H, m), 5.0 (2H, bt, J=15.3 Hz), 4.25 (2H, q, J=7.2 

Hz), 2.93 (1H, m), 2.64 (2H, t, J=6.9 Hz), 2.23-1.91 (3H, m), 1.87-1.71 (1H, m), 1.62 

(1H, m), 1.43 (1H, m), 1.30 (3H, t, J=7.2). 

3.3.7. Attempted synthesis of ethyl 3-(3-butenyl)-2-iodocyclopent-1-enecarboxylate (36)7  

I

O

O

36  

 In a 250 mL 2-neck dry round-bottom flask under N2, a solution of 45 (0.5 g, 1.5 

mmol) was prepared in 5 mL of dry DMF. Vacuum dried NaI (0.65 g, 4.4 mmol) was 

added and the reaction mixture was heated under reflux at 180 ˚C for 3 h. It was then 

stirred overnight at rt, then 20 mL of Et2O was added and the mixture was washed with 

H2O (7 x 20 mL), dried over MgSO4 and concentrated under vacuum. TLC analysis 

showed the presence of starting material, no new spots were observed. 

3.3.8. Synthesis of styrene oxide (48)8 

O

48  

In a dry 250 mL round-bottom flask under N2, a solution of styrene (0.50 g, 4.8 mmol) 

was made in dry CH2Cl2 (30 mL) and cooled to 0 ˚C. mCPBA (1.1 g, 4.1 mmol )was 

added in three portions over a 15 m period. The reaction mixture was gradually warmed 

to rt and stirred for 2 h. Then it was diluted with hexane (60 mL) and precipitate was 

removed by filtration. The filtrate was washed with 5% NaHCO3 (50 mL), 1M NaOH (50 

mL) and brine. It was dried over MgSO4 and concentrated under vacuum. The crude 
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product was purified by silica gel chromatography using 4% ethyl acetate in hexane to 

give pure 25 (0.35 g, 60% yield). 

1H NMR (CDCl3, 300 mHZ) δ: 7.34 (5H, m), 3.86 (1H, dd, J= 2,6 Hz and 4.0 Hz), 3.13 

(1H, dd, J= 5.5 Hz and 4.0 Hz), 2.79 (1H, dd, J= 5.5 Hz and 2.6 Hz). 

13C NMR (CDCl3, 126 mHZ) δ: 137.7, 128.5, 128.1, 125.5, 52.3, 51.0. 

3.3.9. Synthesis of ethyl 3-(2-(2-oxiranyl)ethyl)-2 (trifluoromethylsulfonyloxy)cyclopent-

1-enecarboxylate (46)8 

46

TfO

O

O
O

 

Two methods were tried for the synthesis of 46. Method B gave a higher yield. 

A. In a 100 mL 2 necked dry round bottom flask under N2, a solution of 45 (0.30 g, 

0.88 mmol) was prepared in 7 mL of dry CH2Cl2. mCPBA (77%, 0.21 g, 0.92 

mmol) was added in three portions over a 15 min period and the resulting reaction 

mixture was stirred at 0˚C for 2 h. The progress of the reaction was checked by 

TLC analysis and the reaction mixture was left to warm to rt and stirred 

overnight. It was then diluted with hexane (10 mL) and the organic layer was 

washed with 5% NaHCO3 (2 x 10 mL), 1M NaOH (2 x 10 mL), brine (2 x 10 

mL), dried over MgSO4 and concentrated under vacuum to yield crude product 

which was purified by silica gel chromatography with ethyl acetate-hexane in 

gradient elution to give pure 46 (0.03 g, 11.3 %) as a pale yellow oil. 
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B. In a 100 mL 2 necked dry round bottom flask under N2, a solution of 45 (0.28 g, 

0.81 mmol) was prepared in 15 mL of dry CH2Cl2. mCPBA (77%, 1.5 eq., 0.27 g, 

1.2 mmol) was added in three portions over a 15 min period and the resulting 

reaction mixture was stirred at 0 ˚C for 30 min and then at rt overnight. The 

reaction mixture was then cooled to 0 ˚C and saturated Na2SO3 (aq., 10 mL) was 

added and the mixture was stirred at 0˚C for 10 min and then at rt for 1.5 h. The 

two phases were separated and the organic layer washed with saturated NaHCO3 

(2 x 10 mL), saturated Na2CO3 (2 x 10 mL), brine (2 x 10 mL) and then dried 

over MgSO4 and concentrated under vacuum to yield crude product which was 

purified by silica gel chromatography with ethyl acetate- hexane in gradient 

elution (0%-10%) to give pure 46 (0.19 g, 79.4% yield).  

1H NMR (CDCl3, 300 mHZ) δ: 4.25 (2H, q, J= 7.2 Hz), 2.95 (2H, br s), 2.82 (1H, 

dd, J= 4.2 Hz and 1.2 Hz), 2.63 (1H, dd, J=14.1 Hz and 4.2 Hz), 2.18 (1H, m), 

1.84 (1H, m), 1.66-1.61 (5H, m), 1.60 (1H, m),1.59 (3H, t, J= 7.2 Hz). 

3.3.10. Zinc reactions on model systems 

3.3.10.1.General Procedure for Zn activation9 

A dry 100 mL 3-necked round bottom flask was equipped with a thermometer and 

a 10 mL pressure-equalizing addition funnel and Zn dust (1 eq.) was added under 

N2 atmosphere. The flask was flushed three times with N2 and a solution of 1,2-

dibromoethane (0.04 eq.) in of THF was added. The Zn suspension was gently 

heated with a heat gun until ebullition of the solvent was observed. The 

suspension was stirred for a few minutes and heated again. This procedure was 

repeated three times. Then, a solution of chlorotrimethylsilane (0.03 eq.) was 
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added dropwise through the addition funnel and the reaction mixture was stirred 

for 10 min. 

3.3.10.2. Attempted Synthesis of ethyl 2-(2-hydroxy-1-phenylpropyl)-1-

cyclopentenecarboxylate (49)10 

COOEt

49

Ph OH

 

A. Activated zinc was prepared in the manner described above. Then a solution of 42 

(1eq., 0.13 g, 0.50 mmol) in THF was added dropwise at 25 ˚C over a period of 

15 min. The reaction mixture was stirred overnight at 45 ˚C. The solution was 

then cooled to -78 ˚C and a solution of ZnI2 (3.5 eq., 0.55 g, 1.7 mmol) at -78 ˚C 

was introduced. A solution of 48 (1.2 eq., 0.06 g, 0.6 mmol) was cannulated 

dropwise and the reaction mixture was stirred at -78 ˚C for 15 min and slowly 

warmed to rt overnight. The reaction was monitored by TLC and no new product 

formation was observed. The reaction was quenched according to the general 

experimental procedure to recover the starting materials.  

B.  A heterogenous mixture of anhydrous LiCl (1 eq., 0.04 g, 0.90 mmol) and Zn 

(0.09 g, 1.3 mmol) was heated under N2 atmosphere for 20 min at 170 ˚C. It was 

then cooled to rt and the activation procedure for Zn was carried out as given in 

the general experimental procedure. A solution of 48 (1 eq., 0.24 g, 0.90 mmol) in 

THF was cannulated dropwise and the reaction was monitored by TLC and no 

new product formation was observed. The reaction was worked up as per the 

general experimental procedure. 
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3.3.10.3. Synthesis of 2-phenyl-1-butanol (51)10a 

OH

51

Ph

 

Zinc (2.0 g, 0.03 mol) was activated according to the general experimental 

procedure. A solution of ethyl iodide (0.79 mL, 0.01 mmol) was introduced 

dropwise over 20 min, keeping the temperature at 40 ˚C. The excess Zn was 

allowed to settle. The clear ethyl zinciodide solution was then cannulated into 

another RB flask and was cooled to -78˚C. A solution of 48 (1.4 g, 0.012 mol) 

was added dropwise. The reaction mixture was stirred at - 78˚C for 15 min and 

then warmed to rt over 2 h. It was quenched with NH4Cl and extracted with 

CH2Cl2 (3 X 15 mL). The combined organic layers were washed with brine 

solution, dried over MgSO4 and concentrated over vacuum to give crude product 

51. 

3.3.10.4. Synthesis of ethyl 2-(2-hydroxypropyl)-1-cyclopentenecarboxylate (52) 

and 3,4,6,7-tetrahydro-4-methyl cyclopenta[c]pyran-1(5H)-one (53)10a 

 

The same reaction procedure as mentioned for 51 was followed. Zinc (0.19 g, 

0.03 mmol) was activated and a solution of 42 (0.27 g, 0.01 mmol) in THF was 

added. The clear alkylzinc iodide solution was cannulated into another RB flask, 

cooled to -78˚C and a solution of propylene oxide (80 µL, 1.2 mmol) was added 
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dropwise. TLC and NMR monitoring indicated the formation of a new product. 

Column chromatography was performed using 18% ethyl acetate-hexane mixture 

and NMR analysis of the pure product indicated lactonization of 52 to give 

product 53. 

3.3.11. Synthesis of ethyl 6-(hydroxymethyl)-2,3,3a,4,5,6-hexahydropentalene-1-

carboxylate (34) 9a 

COOEtHOH2C

34  

Various methods were followed to achieve the synthesis of 34.The formation of the 

product was successful when Rieke Zn was used in combination with CuCN (Method D).  

A. A dry 100 mL 3-necked round-bottom flask was equipped with a thermometer 

and a 10 mL pressure-equalizing addition funnel and Zn dust (0.02 g, 0.28 mmol) 

was added under N2 atmosphere. The flask was flushed three times with N2 and a 

solution of 1,2-dibromoethane (0.8 μL, 9.5 μmol) in 2 mL of THF was added. The 

Zn suspension was gently heated with a heat gun until ebullition of the solvent 

was observed. The suspension was stirred for a few minutes and heated again. 

This procedure was repeated three times. Then, a solution of chlorotrimethylsilane 

(1.5 μL, 0.01 mmol) was added dropwise through the addition funnel and the 

reaction mixture was stirred for 10 m. Then a solution of 46 (0.03 g, 0.09 mmol), 

made in 3 mL of THF was added dropwise at 40 ˚C over a period of 20 m. The 

reaction mixture was stirred overnight at 35 ˚C. The reaction mixture was 

quenched with NH4Cl (2 x 5 mL) and extracted with CH2Cl2. The combined 
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organic layers were washed with brine, dried over MgSO4 and concentrated under 

vacuum to recover the starting material. 

B. In a glove box with N2 atmosphere, Rieke Zn (suspension in THF, 2.2 mL, 1.7 

mmol) was added to a dry 100 mL 2-necked round-bottom flask. The reaction 

flask was removed from the glove box and under N2 atmosphere, a solution of 46 

(0.20 g, 0.56 mmol) in 5 mL of THF was added dropwise. The reaction mixture 

was left to stir at rt for 4 days. The progress of the reaction was followed by TLC 

and NMR analysis. The excess Zn was allowed to settle and the clear solution was 

cannulated into a dry ER flask. It was then diluted with Et2O (30 mL) and 

quenched with NH4Cl (2 x 15 mL). The organic layer was washed with brine 

solution (2 x 10 mL), dried over MgSO4 and concentrated under vacuum. 

Preparative TLC was carried out on the crude product using 20% ethyl acetate- 

hexane solvent to give pure 34 (92 mg, 3.12 % yield). 

C. The same procedure as in Method B was followed for the addition of reagents and 

work up. However, the reaction mixture was refluxed overnight. This procedure 

did not yield any product. 

D. In a glove box with N2 atmosphere, Rieke Zn (suspension in THF, 5.49 mL, 4.2 

mmol) was added to a dry 100 mL 2-necked round bottom flask. The reaction 

flask was removed from the glove box placed under N2 atmosphere and cooled to 

0˚C. A suspension of CuCN (0.13 g, 1.4 mmol) was made in 5 mL of THF and 

added to a solution of 46 (0.50 g, 1.4 mmol) in 35 mL of THF. This suspension 

was cannulated into the reaction flask containing the Zn suspension, at 0˚C. The 
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reaction mixture was heated to reflux and the progress of the reaction was 

followed by TLC and NMR analysis. The excess Zn was allowed to settle and the 

clear solution was cannulated into a dry Erlenmeyer flask. It was then diluted with 

Et2O (30 mL) and quenched with NH4Cl (2 x 15 mL). The organic layer was 

washed with brine solution (2 x 10 mL), dried over MgSO4 and concentrated 

under vacuum. Preparative TLC was carried out on the crude product using 20% 

ethyl acetate- hexane solvent to give 34 as a mixture of diastereomers (92 mg). 

34a: 1H NMR (CDCl3, 300 mHZ) δ: 4.42 (1H, m, J= 6.0 Hz), 4.18(2H, q, J= 7.0 

Hz), 3.74 (1H, dd, J= 5.0 Hz and 2.5 Hz), 3.56 (1H, dd, J= 11.5 Hz and 5.0Hz), 

2.83-2.76 (1H, m), 2.5 (1H, m), 2.4 (1H, m), 2.15 (1H, m), 2.09 (1H, m), 1.9 (1H, 

m), 1.4 (3H, m), 1.28 (3H, t, J= 7.0 Hz). 

13C NMR (CDCl3, 126 mHZ) δ: 166.4, 165.0, 106.0, 76.1, 61.6, 44.4, 40.2, 28.2, 

28.1, 27.4, 24.3, 14.1 

34b: 1H NMR (CDCl3, 300 mHZ) δ:  4.18(2H, q, J= 7.0 Hz), 4.06 (1H, quint d, 

J= 5.5 Hz and 3 Hz), 3.74 (1H, dd, J= 5.0 Hz and 3 Hz), 3.66 (1H, dd, J= 11.5 Hz 

and 5.5 Hz), 2.64-2.55 (1H, m), 2.5 (1H, m), 2.4 (1H, m), 2.15 (1H, m), 2.10 (1H, 

m), 1.9 (1H, m), 1.62 (1H, m), 1.38 (1H, m) 1.35 (1H, m), 1.28 (3H, t, J= 7.0 Hz). 

13C NMR (CDCl3, 126 mHZ) δ: 166.35, 165.0, 104.0, 79.0, 62.0, 46.5, 41.6, 28.2, 

28.1, 27.35, 26.97, 14.2. 
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3.3.12. Synthesis of (6-Hydroxymethyl-2,3,3a,4,5,6-hexahydro-pentalen-1-yl)-methanol 

(55) 

H

HO OH
H

55  

Several conditions were attempted to achieve the synthesis of 55. Method E gave pure 

product in the best yield. 

A. In a 3-necked round bottom flask, a slurry of lithium aluminium hydride (LAH, 

0.073 g, 1.92 mmol) was made in 5 mL of THF and cooled to 0 ºC. A solution of 

34 (8 mg, 3.80 mmol) in 3 mL of THF was added dropwise and warmed to rt, 

then refluxed overnight. The reaction mixture was then cooled to 0 ºC in an ice 

bath and diluted with 10 mL of ether. The reaction was quenched over a period of 

30 min by the addition of H2O (0.07 mL), 15 % aqueous NaOH (0.07 mL), over 

20 min and H2O (0.21 mL). The solution was stirred for 20 min and the white 

precipitate was filtered under vacuum. The filter cake was washed with ether (10 

mL X 3), then dried over MgSO4 and concentrated under vacuum. 

B. In a 3-necked round bottom flask, a slurry of LAH was made in dry ether and 

cooled to 0 ºC. A solution of 34 in dry ether was made and cooled to 0 ºC. It was 

cannulated into the flask containing LAH slurry and the reaction mixture was 

stirred at 0 ºC. The reaction was monitored by TLC and upon completion, it was 

diluted with ether. The reaction was quenched in the same manner as method A. 

Column chromatography was performed on the crude product. 
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Table 3.5.  Different conditions attempted to achieve optimal yield of 55 
S. no Compd 34 

(mmol) 

LAH 

(mmol) 

Time Eluent for 

chromatography 

yield 

B 0.206 1.65 25 min 30% ethyl acetate: 

hexanes 

13.35% 

C 0.952 2.29 Overnight  30% ethyl acetate: 

hexanes 

Product 

decomposition 

D 0.357 2.85 25 min 30% E.A: hexanes Product 

decomposition 

5% ether: DCM - 

 

E. In a 2-necked round bottom flask, a slurry of LAH ( 1.3 g, 3.26 mmol) was made 

in 10 mL of dry ether and cooled to 0 °C. A solution of 34 (0.086 g, 0.41 mmol) 

in 5 mL of ether was added dropwise and the reaction mixture was allowed to stir 

at 0 °C for 10 min. Then H2O (0.13 mL) was added and the reaction mixture was 

stirred for 30 min at 0 °C followed by the addition of 15 % NAOH (0.13 mL) and 

stirring at 0 °C for 20 min. Then 0.39 mL of H2O was added and stirred for about 

30 min until a white precipitate was observed.  The precipitate was filtered and 

the solution concentrated under vacuum to yield the crude product. Column 

chromatography with 5% ether: DCM was performed to give the pure product 55. 

(0.12 g, 10.2% yield) 

 1H NMR (CDCl3, 300 mHZ) δ:  4.23 (2H, dd, J= 13 Hz and 35.5 Hz), 3.76 (1H, dt, 

J= 2.5 Hz and 5.5 Hz), 3.60 (2H, dd, J= 1.5 and 5.5 Hz), 2.45 (1H, br s), 2.23 (2H, 
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m), 2.07 (2H, m), 1.97 (1H, s), 1.80 (1H, q, J= 2.5 Hz), 1.57 (1H, m), 1.38 (1H, m), 

1.36 (1H, m), 1.25 (1H,m).    

13C NMR (CDCl3, 126 mHZ) δ: 152.45, 115.23, 78.56, 58.63, 45.96, 39.68, 30.21, 

29.68, 28.22, 27.80. 

3.3.13. Synthesis of 25 

25

OOH

 

 To a solution of oxalyl choride (0.03 mL, 0.034 mmol) in CH2Cl2 (1.5 mL), a 

solution of DMSO (0.04 mL, 0.055 mmol) in CH2Cl2 (1.5 mL) was added dropwise at -

78 °C over 15 min. Then a solution of 55 (0.0058 g, 0.0035 mmol) in 1.5 mL of CH2Cl2 

was introduced and the mixture was stirred at -78 °C for 15 min and then treated with a 

solution of triethylamine (0.114 mL, 1.04 mmol). The reaction mixture was stirred at -78 

°C for 3 h with TLC monitoring and then quenched with saturated NH4Cl solution and 

extracted with CH2Cl2. The combined organic phases were washed with H2O and brine, 

dried over anhydrous MgSO4 and concentrated under vacuum to give the crude 25.  
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APPENDIX A 

THE CARTESIAN COORDINATES, ENERGIES AND LOW OR IMAGINARY FREQUENCIES 

OF THE OPTIMIZED STATIONARY POINTS. 

 

 

 

 

 

 

 

 

 



Texas Tech University, Krishnaja Duvvuri, August 2012 
 

77 

The Cartesian coordinates of the stationary points are in Angstroms, the 

energies in Hartrees and the frequencies in cm-1. Thermodynamic calculations are 

performed with unscaled frequencies at 298K. 

Chapter 2 

25  optimized structure: minimum  

B3LYP\6-31G(d,p) 

X  Y   Z  

C  1.22339762 -2.29370234 0.24538939 
C -0.10456411 -1.76664875 -0.31343138 
C  0.01031163 -0.25223216 -0.16016458 
C  1.3448916 0.0982632 -0.07565602 
C  2.21310268 -1.16287005 -0.11904072 
H  1.51497976 -3.2693388 -0.15643002 
H  3.06855249 -1.11058112 0.56525652 
H  1.15142035 -2.38547244 1.33702347 
C  1.96568257 1.38458546 0.04902769 
O  1.42969699 2.5044522 0.09352877 
C -1.46429071 -2.09874438 0.31355523 
H -1.36603801 -2.14637116 1.40601611 
H -1.88835619 -3.04781524 -0.02976872 
H -0.15417104 -1.98236971 -1.39588606 
C -2.31649882 -0.87482114 -0.08856004 
C -1.78404614 1.57954235 0.0098548 
C -1.31703373 0.2939806 -0.07961059 
H -3.16558548 -0.70956764 0.58386369 
O -1.14827777 2.7292433 0.03357083 
H -0.13927725 2.61341213 0.02281051 
H   3.06982771 1.35544842 0.11546645 
H   2.62787306 -1.32624957 -1.12625005 
H -2.86355312 1.72337975 0.06859174 
H -2.73274165 -1.02815536 -1.09567307 
 
E(B+HF-LYP) =  -538.706165      Freq. = 20.67 
 

E(CCSD(T)/CC-pVDZ // B3LYP/ 6-31G(d,p) )= -537.330659 
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25  optimized structure: minimum  

MP2/6-31G(d,p) 

         X          Y          Z 

C 1.17490274 -2.29922463 0.24428902 
C -0.13610203 -1.7561906 -0.31167688 
C 0.0095357 -0.25064852 -0.1607186 
C 1.34433211 0.06510648 -0.0760411 
C 2.17749073 -1.20627917 -0.15467694 
H 1.4402259 -3.29096087 -0.13528156 
H 3.05828344 -1.17319035 0.49688202 
H 1.10862602 -2.35667254 1.33739717 
C 2.01194674 1.33697364 0.06012821 
O 1.50063955 2.46768763 0.12285078 
C -1.47935043 -2.04928755 0.3455251 
H -1.35955319 -2.05000627 1.43570519 
H -1.91753611 -3.0074863 0.04857117 
H -0.20579965 -1.987712 -1.38913771 
C -2.31572886 -0.83967175 -0.09146815 
C -1.77907719 1.59600994 -0.00264996 
C -1.31421758 0.31528001 -0.07699605 
H -3.17668479 -0.6570011 0.56001811 
O -1.13362178 2.7564421 0.01283821 
H -0.141929 2.61593771 0.0151564 
H 3.11407636 1.27556273 0.12152374 
H 2.54284458 -1.37602427 -1.17800021 
H -2.85625277 1.75114829 0.0522318 
H -2.70483448 -1.00904001 -1.10486585 
 

E(MP2) = -537.049891  Freq. = 22.57 
 
 

25-TS  optimized structure: transition state  

B3LYP\6-31G(d,p) 

         X           Y           Z 

C -1.3260735 2.22227657 0.2310477 
C 0.03864666 1.77312077 -0.30949498 
C 0.00769225 0.25861093 -0.1634309 
C -1.32952529 -0.17226816 -0.10502971 
C -2.24964607 1.05117006 -0.18260674 
H -1.65743252 3.18968211 -0.15727403  
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H -3.1316146 0.95942213 0.460301 
H -1.28324815 2.29284839 1.3249607 
C -1.85105935 -1.4576524 0.07616518 
O -1.23867536 -2.56853002 0.2024016 
C 1.37580651 2.16907073 0.33230582 
H 1.25551221 2.23155168 1.42094194 
H 1.7669906 3.128143 -0.01912012 
H 0.08380323 1.99194383 -1.39093096 
C 2.28914902 0.9722974 -0.02717244 
C 1.80279659 -1.5352968 -0.02661373 
C 1.32555622 -0.22078912 -0.06052242 
H 3.10658994 0.83725177 0.68930108 
O 1.15364152 -2.63193462 -0.06602193 
H -0.04396956 -2.54820327 0.04707787 
H -2.9449145 -1.53217245 0.13696334 
H -2.61949129 1.20844659 -1.20676551 
H 2.89339053 -1.65331983 0.02629398 
H 2.75459673 1.13488338 -1.01067333 
 
E(B+HF-LYP) =  -538.701928     Freq. = -1203.35 
 

E(CCSD(T)/CC-pVDZ // B3LYP/ 6-31G(d,p) )= -537.322357 
 

 
 
25-TS  optimized structure: transition state  

MP2/6-31G(d,p) 

X           Y          Z 

C 1.17490274 -2.29922463 0.24428902 
C -0.13610203 -1.7561906 -0.31167688 
C 0.0095357 -0.25064852 -0.1607186 
C 1.34433211 0.06510648 -0.0760411 
C 2.17749073 -1.20627917 -0.15467694 
H 1.4402259 -3.29096087 -0.13528156 
H 3.05828344 -1.17319035 0.49688202 
H 1.10862602 -2.35667254 1.33739717 
C 2.01194674 1.33697364 0.06012821 
O 1.50063955 2.46768763 0.12285078 
C -1.47935043 -2.04928755 0.3455251 
H -1.35955319 -2.05000627 1.43570519 
H -1.91753611 -3.0074863 0.04857117 
H -0.20579965 -1.987712 -1.38913771 
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C -2.31572886 -0.83967175 -0.09146815 
C -1.77907719 1.59600994 -0.00264996 
C -1.31421758 0.31528001 -0.07699605 
H -3.17668479 -0.6570011 0.56001811 
O -1.13362178 2.7564421 0.01283821 
H -0.141929 2.61593771 0.0151564 
H 3.11407636 1.27556273 0.12152374 
H 2.54284458 -1.37602427 -1.17800021 
H -2.85625277 1.75114829 0.0522318 
H -2.70483448 -1.00904001 -1.10486585 
  
E(MP2) =  -537.041311 Freq. = -1514.41 
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Table A1. Energies and low or imaginary frequencies of the stationary points optimized at MP2/6-31G(d,p) level of theory. 

Structure 
Absolute energy 

(Hartrees) 

Absolute energy 

(kcal/mol) 

ZPVE 

(kcal/mol) 

Absolute energy+ZPVE 

(kcal/mol) 

Frequency 

(cm-1) 

Relative energy 

(kcal/mol) 

25   -537.049891 -337003.9089 129.0773 -336874.8316 22.5 0 

25-TS   -537.041311 -336998.5243 126.2538 -336872.2705 1514.4i 2.56 

 
  Table A2. Energies and low or imaginary frequencies of the stationary points optimized at B3LYP\6-31G(d,p) level of theory. 

Structure 
Absolute energy 

(Hartrees) 

Absolute energy 

(kcal/mol) 

ZPVE 

(kcal/mol) 

Absolute energy+ZPVE 

(kcal/mol) 

Frequency 

(cm-1) 

Relative energy 

(kcal/mol) 

25   -538.706165 -338043.2364 126.6959 -337916.5406 20.6 0 

25-TS   -538.701928 -338040.5775 124.0171 -337916.5603 1203.3i 0.02 

 
 
Table A3. Energies and low or imaginary frequencies of the stationary points optimized at CCSD(T)/CC-pVDZ // B3LYP/ 6-

31G(d,p) level of theory. 

Structure 
Absolute energy 

(Hartrees) 

Absolute energy 

(kcal/mol) 

ZPVE 

(kcal/mol) 

Absolute energy+ZPVE 

(kcal/mol) 

Relative energy 

(kcal/mol) 

25   -537.330659 -337180.0933 126.6959 -337053.3975 0 

25-TS   -537.322357 -337174.8833 124.0171 -337050.8662 -2.68 

 Single point energies calculated for B3LYP/ 6-31G(d,p) optimized geometries and corrected with the corresponding ZPVE values. 
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