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ABSTRACT 

 Polymers possess bulk elastic properties due to entanglement of the polymer chains, 

not due to an inherit elasticity found within the monomers.  An appropriately disubstituted 

bicyclo[8.8.8]hexacosane monomer should impart inherit elasticity when utilized in a polymer.  

A stochastic search of disubstituted bicyclo[m.m.m]alkanes demonstrated that these systems 

will adopt an out,out configuration and bicycles with medium and large values of m possess 

variable bridgehead-bridgehead distances.  A stochastic search of disubstituted 

bicyclo[8.8.n]alkanes demonstrated an even-odd effect within the bite-angle of the bicycle.  

Two model compounds with methyl and hydroxyl groups at the bridgehead carbons were 

synthesized that demonstrated solid-state structures that correlated extremely well with the 

computational search.  The solid-state structures were observed with both an out,out 

configuration and variable bridgehead-bridgehead distances.  To investigate this hypothesis, 

polyurethanes will be made from the following diol monomers: 1,10-decanediol, a monocyclic 

diol, and a bicyclo[8.8.8]hexacosane diol.   
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CHAPTER 1:  INTRODUCTION TO BICYCLES AND IN,OUT ISOMERISM 

Organic bicycles have a central and storied place in the annals of organic chemistry.  

Natural products that are constructed around a bicyclic core have been challenging synthetic 

targets.  Classic monoterpenes, (-)-α-pinene and camphor, contain the bridged 

bicyclo[3.1.1]heptene core and the bridged bicyclo[2.2.1]heptane core, respectively (Figure 

1.1).  

 

Figure 1.1:  Examples of Monoterpenes Containing a Bicycle Unit 

 

Bicycles are categorized as bridged, fused, and spiro.  Bridging atoms are most commonly 

carbon, oxygen, nitrogen, or sulfur.  Additional heterocyclic structures are also known, such as 

N- and O- cryptands and diazabicycles.  While many structures are known that have 

combinations of bicycles and heteroatoms, this document will focus only on bridged aliphatic 

bicycles. 

The bridgehead substituents on bicycles can adopt the following configurations:  in,in 

and out,out, or in,out and out,in (Figure 1.2).  The in,in and out,out structures are conformers of 

each other, as are the in,out and out,in.  However, the in,in/out,out structures are 

diastereomers of the in,out/out,in structures. 
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Figure 1.2:  Possible Configurations and Relationships between Aliphatic Bicyclic Systems 

 

During the synthesis of bicyclo[8.8.8]hexacosane1, Park and Simmons observed two 

distinct isomers.  To distinguish between the observed isomers, these authors introduced the 

in,out nomenclature based on the configuration of the bridgehead substituents.  When an in,in 

structure is compared to the corresponding out,out structure, it is clear that they are the same 

structure with a different conformation of bridgehead substituents, i.e. conformational 

isomers.  When the in,in/out,out structure is compared to the corresponding in,out/out,in 

structure, it is clear that they are actually different stereoisomers.   For this document, the 

in,out nomenclature will be used exclusively. 
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Bridged bicycles possess a unique topographical property known as homeomorphic 

isomerism2.  Some systems contain enough conformational freedom to allow the 

interconversion of in,in to out,out and in,out to out,in (Figure 1.3).  This inter-conversion 

between conformers gives rise to homeomorphic isomers.  The conversion of diastereomers 

in,in/out,out to in,out/out,in is possible only if one of the bridges passes through the ring 

formed by the other two bridges.  Obviously this intertwined relationship is not an example of 

homeomorphic isomerism  (Figure 1.4). 

 

 

Figure 1.3:  Homeomorphic Isomerism Observed in Bicyclo[8.8.8]hexacosane by Park and 

Simmons 
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Figure 1.4:  Inter-conversion of an in,out Structure to an Intertwined out,out Structure 

 

For small bicycles, the only configurations found are those of the out,out isomer, since 

the interior of the alkane cage is too small to accommodate any additional atoms.  However, as 

the bicycle becomes larger, in,out and in,in conformations are possible because the vacant 

interior space of the alkane cage is able to accommodate atom(s) attached to the bridgehead.   

A large number of symmetrical and unsymmetrical bicycle cores have been observed in 

nature and synthesized in the lab.  A representative set of natural products incorporating a 

bicycle moiety include the following:  the bicyclo[3.2.1]octane found in scopadulcic acid B3; the 

bicyclo[3.3.1]nonane found in garsubellin A4; and the bicyclo[5.3.1]undecane found in taxinine5 

(Figure 1.5).   Natural products, such as secotrinercitane6 and ingenol,7 posses in,out bicyclic 

structures, thus creating synthetic challenges (Figure 1.6). 
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Figure 1.5:  Natural Products Containing a Bicycle Core 

 

 

Figure 1.6:  Natural Products Possessing in/out Configurations 
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In addition to natural products, certain symmetrical and unsymmetrical aliphatic bicycle 

systems have been synthesized (Table 1.1). 

 

Symmetrical Bicycle Cores Unsymmetrical Bicycle Cores 

bicyclo[1.1.1]pentane8 bicyclo[2.1.1]hexene9 

bicyclo[2.2.2]octane10 bicyclo[3.2.1]octane11 

bicyclo[3.3.3]undecane12 bicyclo[3.3.1]nonane13,14 

bicyclo[4.4.4]tetradecane15,16,17 bicyclo[3.3.2]decane18 

bicyclo[8.8.8]hexacosane1 bicyclo[5.3.1]undecane19 

bicyclo[10.10.10]dotriacontane20 bicyclo[6.2.2]dodecadiene21 

 

Table 1.1:  Examples of Symmetrical and Unsymmetrical Bicycles 

 

Additional work has been published in the area of diazabicycles22,23, 1,4-

dithioniabicyclo[2.2.2]octane24, metal paddlewheel complexes25, and 1,16-

diphosphabicyclo[14.14.14]dotetracontane26.   

For the known symmetrical aliphatic bicycles, bicyclo[1.1.1]pentane8, 

bicyclo[2.2.2]octane10, and bicyclo[3.3.3]undecane12 are found as the out,out isomers; 

bicyclo[4.4.4]tetradecane15,16,17 is found as the in,out isomer; and bicyclo[8.8.8]hexacosane1 is 

found as the in,in and in,out isomers (Figure 1.7).  While the bicyclo[10.10.10]dotriacontane20 

molecule with hydrogens at the bridgehead has not been synthesized, the 

bicyclo[10.10.10]dotriacontane ring structure with benzyl substituents at each bridgehead was 

found as the out,out isomer. 
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 Figure 1.7:  Structures and Configurations of Known Bicyclo[m.m.m]alkanes 

  

Computational studies done by Saunders have predicted the conformations and 

energies of 32 aliphatic bicycles27.  Several research groups have synthesized bicycles that 

validate Saunders’ computational work and will be discussed below.  Saunders predicted that 

the out,out isomer of  bicyclo[6.5.1]tetradecane28 would have an energy of 176.4 kJ/mol, the 

in,out isomer would have an energy of 168.1 kJ/mol, and the in,in isomer would have an energy 
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of 177.6 kJ/mol.  With all three isomers exhibiting similar energies, this structure was made a 

synthetic target because all three isomers should be stable enough to isolate and to 

characterize28.  Copper-mediated 1,4 conjugate addition to 2-cyclooctenone 1-1 installed the 

THP protected hexanol side chain of 1-2 (Scheme 1.1).  Following deprotection and Swern 

oxidation, the resulting keto aldehyde 1-3 underwent McMurry olefination to give a mixture of 

stereoisomeric bicyclo[6.5.1]tetradec-1(2)-enes 1-4 out and 1-4 in.   

 

 

Scheme 1.1:  Synthesis of Bicyclo[6.5.1]tetradec-1(2)-enes 1-4 out and 1-4 in 

 

The proton NMR of the crude mixture of 1-4 showed two olefin peaks at δ = 5.41 and 

5.02 ppm (ratio 1.4:1), and the carbon-13 NMR showed four olefin peaks.  These peaks 
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correspond to structures with the bridgehead hydrogens adopting an in configuration and an 

out configuration.  Separation of the two isomers was achieved via argentation-

chromatography to give 1-4 in and 1-4 out.  While these homeomorphic isomers might 

interconvert, Saunders found that the two compounds remained unchanged over an extended 

period of time at room temperature.  However, when the samples were heated, the ratio of 

isomers changed to favor the out-isomer. 

 After hydrogenation of olefins 1-4 to bicyclo[6.5.1]tetradecanes 1-5 (Scheme 1.2), 

characterization of the products was relatively straightforward.   

 

 

Scheme 1.2:  Hydrogenation to Yield Bicyclo[6.5.1]tetradecanes 1-5 

 

Due to symmetry, the in,in/out,out isomer should each have eight carbon signals unless a 

mixture of in,in and out,out isomers is not in equilibrium under the condition used in the NMR 
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experiment, while the in,out isomer should have fourteen signals.  The reduced product 

showed 28 carbon signals, clearly indicating that all three isomers were formed.  When each 

olefin isomer was individually reduced, 1-4 in exclusively gave 1-5 in,out after about a day.  

Reduction of 1-4 out gave a mixture containing 50% 1-5 in,out, 40% 1-5 out,out, and 10% 1-5 

in,in after reacting for six days.  Assuming that hydrogenation of  1-4 out occurs from outside, 

finding that 1-5 in,out and 1-5 in,in both had bridgehead hydrogen(s) inside the molecule was 

unexpected.  Saunders reasoned that during the extended reaction time, the rhodium catalyst 

promoted the isomerization 1-4 out to 1-4 in. While the experimentally found difference in 

energy between 1-5 out,out and 1-5 in,in was somewhat greater than the computational model 

suggested, the computational model was validated by the synthesis of all four isomers.  In fact, 

bicyclo[6.5.1]tetradecane was the first molecule to be found with all isomers present  (Figure 

1.8).   

 

 

Figure 1.8:  Experimental Observation of All Three Isomers of Bicyclo[6.5.1]tetradecane 1-5 
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Prior to Saunders’ work, McMurry synthesized bicyclo[4.4.4]tetradecane starting from 

keto alcohol 1-615 (Scheme 1.3).  A Horner-Wadsworth-Emmons reaction installed two 

additional carbons, followed by LAH reduction and Swern oxidation to give keto-aldehyde 1-7.  

The less hindered carbonyl underwent an additional HWE reaction to give α,β-unsaturated 

ester 1-8.  After hydrogenation, the saturated ester was reduced with LAH and again underwent 

a Swern oxidation to give keto aldehyde 1-9.  Cyclizing 1-9 using titanium chemistry gave olefin 

1-10 in.  The stereochemistry of the olefin was confirmed after hydrogenation because only the 

in,out isomer 1-11 was formed.  Proton NMR showed two distinct one-proton signals at δ = 2.5 

and 0.81 ppm.  The proton at 2.5 ppm was assigned as out while the proton at 0.81 was 

assigned as in.   

 

Scheme 1.3:  Synthesis of Bicyclo[4.4.4]tetradecane 1-11 
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 Interestingly, NMR experiments showed that when the 1-10 in was dissolved in a 

mixture of TFA and deuterochloroform, a hydrogen signal was observed at δ = -3.5 ppm.  

McMurry attributed this signal to the interior hydrogen stabilizing the carbocation to give 

bridging hydride 1-12 (Figure 1.9).   

 

 

Figure 1.9:  Bridging Interior Hydride Observed in the Bicyclo[4.4.4]tetradecane Cation 1-12 

 

McMurry has done extensive studies on three center-two electron C-H-C bonds in 

cations derived from bicyclo[4.4.4]tetradecane,16 bicyclo[5.4.4]pentadecane, 

bicyclo[6.3.3]tetradecane, and bicyclo[6.4.2]tetradecane17.  Using methodology analogous to 

Scheme 1.3, the synthesis of these additional bicycles was accomplished.  After ionization in 

triflic acid, the bridged hydrogen was seen as a downfield signal in all cases.  Additionally, the 

carbocations could be captured as the out-chloride by addition of HCl. 

Bicyclo[1.1.1]pentane is obviously rigid, and the hydrogens must be found in the out,out 

configuration.  As shown by Park and Simmons, the much larger bicyclo[8.8.8]hexacosane exists 

in both the in,in and in,out diastereomeric forms.  Could the conformational freedom of 
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systems like bicyclo[8.8.8]hexacosane be put to use?  Conventional polymers possess elastic 

properties due to chain entanglement, not due to the inherent elasticity of the monomer unit.  

One could imagine stitching together a series of accordions (Figure 1.10).  The resting state of 

the accordion chain would be when all the accordions are closed.  When force is applied to the 

ends of accordion chain, each accordion would open and elongate.  If, instead of accordions, 

conformationally flexible bicycles were stitched together, a novel mode of elasticity might be 

introduced.  Therefore, it is proposed that a polymer containing the bicyclo[8.8.8]hexacosane 

moiety will exhibit bulk elasticity due to the conformational flexibility (i.e. inherit elasticity) of 

the bicycle monomer core. 

 

 

Figure 1.10:  Cartoon of Poly-accordions 
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To investigate this hypothesis, computational studies were undertaken on 

dimethylbicyclo[m.m.m]alkanes and dimethylbicyclo[8.8.n]alkanes to explore the 

conformational ensemble of each bicycle system (Chapter 2). For a bicyclic monomer to be 

polymerizable, the out,out conformers must be the predominant structures.  Starting from 

Simmons’ and Park’s work, two model compounds were synthesized to prove that a 

bicyclo[8.8.8]hexacosane system could be synthesized and would adopt the necessary out,out 

conformation (Chapter 3).  After a short introduction to polymers (Chapter 4), synthesis of 

polymerizable monomers will be presented (Chapter 5).  Preliminary synthesis and 

characterization of the resulting polymers (Chapter 6) will be followed by a summary of the 

work and a discussion of future directions for the family of bicyclic polymers (Chapter 7). 
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CHAPTER 2: CONFORMATIONAL STUDIES OF BRIDGEHEAD DISUBSTITUTED 

BICYCLO[m.m.m]ALKANE AND BRIDGEHEAD DISUBSTITUTED BICYCLO[8.8.n]ALKANE SYSTEMS 

 

Around 1990, Saunders published two papers describing the computation of the relative 

energies and conformations of 32 aliphatic bicycles29,30.  Using a stochastic search (Monte Carlo 

Method) with the MM2 force field, he generated possible conformers to evaluate their relative 

energies.  In his search, he explored symmetrical and unsymmetrical bicycles with hydrogen 

atoms at the bridgeheads.  His results for several symmetrical bicyclo[m.m.m]alkanes appear in 

Table 2.1.  For small bicycles, the out,out isomer is energetically favored.  However, as the 

bicycle becomes larger, the in,out and, eventually, the in,in isomers become more energetically 

favored.   

 

Bicycle Out,Out In,Out In,In 

[3.3.3] 154 not found 493 

[4.4.4] 283 233 297 

[5.5.5] 251 224 191 

[6.6.6] 196 180 150 

 

Table 2.1:  Saunders’ MM2 Results for Symmetrical Bicyclo[m.m.m]alkanes (kJ/mol) 
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In addition to symmetrical bicycles, Saunders investigated several unsymmetrical 

bicyclo[m.m.n]alkane systems (Table 2.2).  

 

Bicycle Out,Out In,Out In,In 

[3.3.1] 76 270 not found 

[4.4.1] 114 157 260 

[5.5.1] 153 157 174 

[6.6.1] 202 184 194 

 

Table 2.2:  Saunders’ MM2 Results for Unsymmetrical Bicyclo[m.m.n]alkanes (kJ/mol) 

 

This chapter will discuss the conformational ensemble of two families of bicycles, the 

1,(m+2)-dimethylbicyclo[m.m.m]alkanes (m = 1-10) and the 1,10-dimethylbicyclo[8.8.n]alkanes 

(n = 1-8).  The symmetrical family of bicycles was investigated using the MMFF force field to 

determine the orientation of the bridgehead methyl groups and the energy dependent 

bridgehead-to-bridgehead variation.  The unsymmetrical family of bicycles was investigated 

using the MMFF force field to determine and quantify the amount of kink within each bicycle. 

 All computations were run on a Dell Precision 420 PC with two Intel Pentium III 730 MHz 

processors running Red Hat Enterprise Linux AS (v. 3 for x86).  The molecular modeling interface 

was version 5.1.020 of Maestro from Schrodinger LLC.  Each bicycle was created using the 
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Maestro build functions and was subjected to a single MMFF energy minimization to obtain a 

starting structure.  The following parameters were chosen for the energy minimization routine: 

the potential used was MMFF with no solvent, the dielectric constant was set to 1, no 

molecular constraints were assigned, the method of convergence used PRCG (500 iterations 

that converged on a gradient with a threshold of 0.05).  The following parameters were chosen 

for the Monte Carlo conformational search:  the potential used was MMFF with no solvent, the 

dielectric constant was set at 1, the chiral markers on the bridgehead carbons were removed, 

the method of convergence used was MCMM, all structures within an energy window of 25 or 

50 kJ/mol of the global minimum (GM) were saved, and the number of iterations was varied 

from 50,000 for small bicycles up to 10,000,000 for the largest bicycles. 

Once the run for each bicycle was completed, each conformer was loaded into Maestro 

and the following parameters were determined (see Figure 2.1):  the energy of each structure 

(kJ/mol); the number of times each structure was found; the distance between methyl group A 

and methyl group D (AD); the distance between the bridgehead carbon B and bridgehead 

carbon C (BC); the distance between methyl group A and bridgehead carbon C (AC); the 

distance between methyl group D and bridgehead carbon B (BD); the angle between methyl 

group A, bridgehead carbon B, and bridgehead carbon C (ABC); the angle between methyl 

group D, bridgehead carbon C, and bridgehead carbon B (BCD); and the dihedral angle between 

methyl group A, bridgehead carbon B, bridgehead carbon C, and methyl group D (ABCD)31.   

 



36 
 

 

Figure 2.1:  Labels Used to Designate Distance and Angle Parameters  

 

To determine the orientation of the methyl groups and thereby assign each conformer 

to an isomer group, the following comparisons were made.  If the methyl distance AD was 

greater than bridgehead distance BC, the structure was assigned to the out,out isomer group.  If 

AD was less than BC, the structure was assigned to the in,in isomer group.  If either the 

distances AC or BD was less than BC, the structure was assigned to the in,out isomer group via 

visual inspection (Figure 2.2). 

 

AD
BC

Out,Out

AD
BC

In,In

BC
AC or BD

In,Out

 

Figure 2.2:  Determining Orientation of Methyl Groups 
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The following calculations were then performed using Microsoft Excel.  For the analysis 

of each bicycle set, it is necessary to know not only the number of conformations, but also the 

percent each conformer contributes to the ensemble at a given temperature.  To find this 

value, the partition coefficient (PC) was calculated, as shown in Equation 2.1.  For this 

calculation, the gas constant R was 8.314 kJ mol-1 K-1; and the temperature was taken as 300 K.  

For the global minimum structure, the PC is always equal to 1.  For the other structures, the 

value is some fraction of 1.  The partition coefficient is then used to find the percent that each 

conformer contributes to the ensemble (PoE) (Equation 2.2).  This ensemble percentage value 

can be thought of as a probability.  For example, if out of 5000 possible structures, the first five 

structures have a combined value of 0.95 (i.e. 95% of the ensemble is one of the five 

structures), then the probability of populating any of the other 4995 isomers is vanishingly 

small.  The sum of all the weighted structures is always 1.  Knowing the percentage of every 

structure found in the ensemble, one can multiply the distances and angles by that value to find 

the weighted values (Equation 2.3).  The weighted values keep high energy, low probability 

structures from biasing the averages.  For example, the weighted average of the distances 

between the methyl groups (AD) and the bridgehead carbon groups (BC), the percentage of 

each conformer is multiplied by the value to give the weighted value.   With the weighted 

bridgehead distances, the theoretical elasticity is calculated by dividing ∆κ by the average κ 

value (Equation 2.4).   

 

PC = exp[-(En-Emin)/RT], where RT = 2.4942   (2.1) 
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Percentage of Each (PoE) = (PCn/ΣPC)*100   (2.2) 

Weighted Value = Percentage of Each * Value  (2.3) 

%Theoretical Elasticity = ∆κ/average κ ∗ 100  (2.4) 

 

A representative sample of data are shown from the first ten lines and last ten lines of the 

analysis from 1,10-dimethylbicyclo[8.8.8]hexacosane (Table 2.3).  The entire set of data is 

included with this document on a DVD. 
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Conformer 
Number 

Times 
Found 

Energy 
(kJ/mol) 

Partition 
Coefficient 

Percent of 
Each (PoE) 

κ (Α) Weighted 
κ (Α) 

       
1 20 201.61 1.00 42.28 6.33 2.68 
2 2 201.69 0.97 40.99 5.36 2.20 
3 33 205.89 0.18 7.60 6.24 0.47 
4 46 206.61 0.13 5.69 5.82 0.33 
5 53 210.32 0.03 1.29 6.80 0.09 
6 18 211.75 0.02 0.73 6.06 0.04 
7 40 214.53 0.01 0.24 6.58 0.02 
8 26 214.80 0.01 0.21 6.19 0.01 
       

3804 3 251.60 0.00 0.00 7.10 0.00 
3805 3 251.61 0.00 0.00 6.65 0.00 
3806 70 251.61 0.00 0.00 5.98 0.00 
3807 2 251.61 0.00 0.00 6.42 0.00 
3808 217 251.61 0.00 0.00 6.26 0.00 

       
   total= 100.00   
       
    average κ 

value 
6.43 5.90 

    %change 40.11 43.71 

 

Table 2.3:  Tabulated Results of 1,10-Dimethylbicyclo[8.8.8]hexacosane 

 

 Saunders used the MM2 force field for his computations.  When the first investigation of 

1,10-dimethylbicyclo[8.8.8]hexacosane was done with the MM2 force field, a large number of 

essentially identical structures were obtained.  The distances between the methyl groups and 

the bridgehead carbons were identical and the energies were essentially the same.  The only 

differences in many of these conformers were the gauche eclipsing angle between the methyl 

group and the bicycle core (Figure 2.3).   
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Figure 2.3:  Different Gauche Angles For 1,10-Dimethylbicyclo[m.m.m]alkane 

 

When the same bicycle was used with the MMFF force field, far fewer conformers were found.  

However, the structures found by MMFF were identical to the MM2 structures, once the 

equivalent MM2 structures were removed.  Within the analysis, the difference between gauche 

angles is inconsequential to the bridgehead-bridgehead distance.  Since the important results 

were identical, further searches used the MMFF force field.   

The MMFF (Merck Molecular Force Field) force field was revised from an older 

MMFF94s force field (a type of MM2).  Since these bicycles only have hydrogens and carbons, 

the force field used did not have to include parameters for heteroatoms or relativistic effects 

for metals.  Not needing to use a more advanced basis, the relatively simple MMFF force field 

would allow the computer to search more structures using the same amount of computer 

time32. 

At the end of the computational search, three structural features of interest were 

investigated (Figure 2.4).  First, the location of the methyl group should be dependent on the 

size and energy of each bicycle.  For small bicycles, the interior of the cage should always be too 
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small to allow the inclusion of the bridgehead substituents.  However, as the bicycle becomes 

larger, certain high-energy structures might contain enough interior volume to allow 

bridgehead substituents to be located inside the alkane cage.  Second, the variation of the 

distance between the two bridgehead carbons, κ, should be dependent on the energy of the 

bicycles.  The difference between the maximum κ value and the minimum κ value will give ∆κ.  

The ∆κ value should correlate with the conformational freedom of the ensemble and the 

implied elasticity of the monomer.  The third and last parameter of interest is the “bite-angle” 

of the unsymmetrical bicycles, γ.  The γ value is the angle that maps the angle between the one 

of methyl groups and the two bridgehead carbons.  Both angles were taken and compared.  For 

example, if both γ values were close to 180 degrees, the data implies the molecule is linear; 

while a γ value of 90 degrees would imply that the molecule is bent at a right angle.  To 

construct a bent or kinked polymer, γ needs to be closer to 90 degrees than 180 degrees.  The 

first two measurements were taken for the symmetrical bicycles, while all three measurements 

were taken for the unsymmetrical bicycles. 
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Figure 2.4:  Three Structural Features of Interest 

 

The results of the computational screening of disubstituted bicyclo[m.m.m]alkanes (m = 

1, 2, 3, 4, 5, 6, 7, 8, 9, and 10) bearing methyl substituents at the bridgehead positions utilizing a 

Monte-Carlo conformational search with the MMFF force field are discussed below.  From this 

data set, three conclusions could be formed:  first, the directionality of the bridgehead 

substituents and the largest change in bridgehead-bridgehead distance, ∆κ. 

To ensure that high energy in,out or in,in isomers in addition to the expected out,out 

isomers were found, the energy window for these searches was set at 50 kJ.  The structures and 
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energies for all the global minima are shown in Figure 2.5.  Hydrogens have been removed for 

ease of viewing. 

 

bicyclo[3.3.3]undecane
275.91 kJ/mol

bicyclo[4.4.4]tetradecane
465.72 kJ/mol

bicyclo[5.5.5]heptadecane
406.16 kJ/mol

bicyclo[6.6.6]eicosane
308.70 kJ/mol

bicyclo[7.7.7]tricosane
252.77 kJ/mol

bicyclo[8.8.8]hexacosane
201.61 kJ/mol

bicyclo[9.9.9]nonacosane
200.05 kJ/mol

bicyclo[10.10.10]dotriacontane
187.47 kJ/mol

bicyclo[1.1.1]pentane
172.74 kJ/mol

bicyclo[2.2.2]octane
133.90 kJ/mol

 

Figure 2.5:  Global Minimum Structures and MMFF Energies for  

Dimethylbicyclo[m.m.m]alkanes 
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For ring systems smaller than 1,10-dimethylbicyclo[8.8.8]hexacosane, only out,out isomers 

were observed.  For 1,11-dimethylbicyclo[9.9.9]nonacosane, 14 in,out isomers were found in 

addition to many more out,out conformers (Figure 2.6).  An out,out conformer was still the 

favored global minimum structure.  No in,in isomers were observed in any of the bicycles. 

 

Structure 1
200.05 kJ/mol

Structure 680
224.25 kJ/mol

 

Figure 2.6:  Global Minimum and Lowest Energy In,Out Isomers of 1,11-

Dimethylbicyclo[9.9.9]nonacosane 

 

 Having found that the most favorable conformer of each bicycle system will be out,out, 

Table 2.4 shows the global minimum (GM) energy, the number of times the structure was 

found, and the bridgehead distance.  In all cases, the global minimum was found repeatedly.  As 

the rings became larger, the calculated MMFF energy of the system decreases and the distance 

between the bridgehead carbons increases.  These energies are positive because of how the 

energies were calculated.  All of the molecular parameters of the computational structure are 

compared against accepted experimental values to give an overall positive energy.  For the 

smallest bicycles, the lower positive energies imply that the structural features are not too 

different from generic parameters.  As the bicycles become intermediate in size, the energies 
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are actually the largest within the series.  This large positive energy implies that these 

structures are further from the optimal generic parameters than the small, rigid bicycles.  As 

the bicycles become larger, the energy decreases because the larger number of bridging 

carbons allows the computational structure to possess more optimal parameters.  For example, 

the energy of bicyclo[100.100.100]alkane should approach zero. 

 

System Energy (kJ/mol) Times Found κ (A) 

[1.1.1] 172.74 9744 1.974 

[2.2.2] 133.90 20000 2.627 

[3.3.3] 275.91 415 3.427 

[4.4.4] 465.72 5 4.489 

[5.5.5] 406.16 154 4.736 

[6.6.6] 308.70 42 5.354 

[7.7.7] 252.77 8 5.540 

[8.8.8] 201.61 102 6.335 

[9.9.9] 200.05 2 7.117 

[10.10.10] 187.47 3 6.353 

 

Table 2.4:  MMFF Global Minima for Bicyclo[m.m.m]alkanes 
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The symmetrical systems were run with a large energy window because all possible 

configurations were of interest.  While in,in and in,out isomers were not observed in most 

systems, the data was analyzed in three sections:  structures within 10 kJ/mol of the GM (Table 

2.5); structures within 25 kJ/mol of the GM (Table 2.6); and structures within 50 kJ/mol of the 

GM (Table 2.7).  As the energy window was increased, the number of conformers found 

increased; however, the number of conformers increased more dramatically as the systems 

became larger.  At the same time, the average number of times each conformer was found 

decreased.  As the number of conformers increased, the computer was finding more unique 

structures and less duplicate structures.  The value for ∆κ also increased as the systems became 

larger.  However, ∆κ also became larger for each system as the energy window was increased.  

This value is the number used as the theoretical monomer elasticity (Graph 2.1, some of the 

data points overlap).  As the energy window is increased, the theoretical elasticity increases. 
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Bicycle 
Number of Conformers 

Found 
Average Times Found ∆κ (Α) %change 

[1.1.1] 1 9744 - - 

[2.2.2] 1 20000 - - 

[3.3.3] 1 415 - - 

[4.4.4] 3 51 0.23 17 

[5.5.5] 3 115 0.56 12 

[6.6.6] 12 32 0.84 16 

[7.7.7] 10 18 0.65 13 

[8.8.8] 5 104 1.44 25 

[9.9.9] 12 3 1.07 16 

[10.10.10] 67 3 2.53 46 

 

Table 2.5:  Structures within 10 kJ/mol of the GM 
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Bicycle 
Number of Conformers 

Found 
Average Times Found ∆κ (Α) %change 

[1.1.1] 2 4872 - 0 

[2.2.2] 1 20000 - - 

[3.3.3] 1 415 - - 

[4.4.4] 10 75 0.60 17 

[5.5.5] 30 88 0.77 20 

[6.6.6] 78 24 1.06 20 

[7.7.7] 301 10 1.34 23 

[8.8.8] 9 96 1.44 25 

[9.9.9] 838 3 2.86 43 

[10.10.10] 2078 2 3.45 46 

 

Table 2.6:  Structures within 25 kJ/mol of the GM 
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Bicycle 
Number of 

Conformers Found 
Average Times Found ∆κ (Α) %change 

[1.1.1] 2 4872 - 0 

[2.2.2] 1 20000 - - 

[3.3.3] 2 884 0.05 0 

[4.4.4] 34 53 0.76 17 

[5.5.5] 171 75 0.98 20 

[6.6.6] 677 10 1.44 27 

[7.7.7] 6040 3 2.37 41 

[8.8.8] 4242 21 2.68 45 

[9.9.9] 26052 2 3.58 53 

[10.10.10] 33541 2 4.2 57 

 

Table 2.7:  Structures within 50 kJ/mol of the GM 
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Graph 2.1:  Theoretical Elasticity of Monomer Unit within Various Energy Windows 

 

As the energy window of the system is increased, the number of conformers increases 

as does the value of ∆κ.  When energy is compared against κ, an interesting distribution is 

observed (Graphs 2.2-2.8).  Within the entire ensemble, the κmax and κmin values reside on the 

periphery of the triangle.  For the smaller bicycles, the GM is often either the κmax or κmin value 

and is obscured in the graph by the overlapping κ value. 
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Graph 2.2:  Distribution of Conformers with Respect to κ and Energy for 

 1,6-Dimethylbicyclo[4.4.4]tetradecane 
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Graph 2.3:  Distribution of Conformers with Respect to κ and Energy for  

1,7-Dimethylbicyclo[5.5.5]heptadecane 
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Graph 2.4:  Distribution of Conformers with Respect to κ and Energy for  

1,8-Dimethylbicyclo[6.6.6]eicosane 
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Graph 2.5:  Distribution of Conformers with Respect to κ and Energy for  

1,9-Dimethylbicyclo[7.7.7]tricosane 
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Graph 2.6:  Distribution of Conformers with Respect to κ and Energy for  

1,10-Dimethylbicyclo[8.8.8]hexacosane 
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Graph 2.7:  Distribution of Conformers with Respect to κ and Energy for  

1,11-Dimethylbicyclo[9.9.9]nonacosane 
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Graph 2.8:  Distribution of Conformers with Respect to κ and Energy for  

1,12-Dimethylbicyclo[10.10.10]dotriacontane 

 

For bicycles smaller than 1,6-dimethylbicyclo[4.4.4]tetradecane, the lack of conformers in 

addition to the global minimum makes analogous comparision impossible.  When the trendline 

is extended by 350 kJ/mol (the average carbon-carbon bond dissociation energy), the ∆κ 

increases tremendously (Table 2.8). 
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Bicycle ∆κ at Emin+50 (A) ∆κ at Emin +350 (A) 

[4.4.4] 0.76 2.90 

[5.5.5] 0.98 2.66 

[6.6.6] 1.44 5.19 

[7.7.7] 2.37 14.86 

[8.8.8] 2.68 10.78 

[9.9.9] 3.58 18.86 

[10.10.10] 4.20 14.28 

 

Table 2.8:  Comparison of Computational ∆κ and Inferred ∆κ  

 

When the minimum κ value becomes unrealistically small or negative, the minimum κ value is 

set to 3.4 A (the Van der Waals carbon-carbon bond distance).  From the data, it seems that ∆κ 

will continue to increase without an upper limit until sufficient energy causes bond dissociation. 

 Additional computational studies were done on the concurrently synthesized 1,10-

dihydroxybicyclo[8.8.8]hexacosane, and the global minimum structure is shown in Figure 2.7.  

Having found that the global minimum structures is out,out, Table 2.9 shows the data from 

conformational ensemble.  There was no evidence of hydrogen bonding causing any in,in 

structures. 
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Figure 2.7:  Global Minimum Structure for 1,10-Dihydroxybicyclo[8.8.8]hexacosane 

 

Energy Window 
(kJ/mol) 

# of Conformers 
Found 

Average Times 
Found 

∆κ (A) 
Theoretical 

Elasticity 

10 35 8 1.45 26 

25 583 6 1.79 30 

50 31871 3 2.82 47 

 

Table 2.9:  MMFF Data for 1,10-Dihydroxybicyclo[8.8.8]hexacosane 

 

Within the conformational ensemble, no in,in or in,out structures were observed. From this 

data, the theoretical elasticity of this system approaches 50%.  When the energy is compared 

against κ, the same type of distribution is once again observed, (Graph 2.9). 
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Graph 2.9:  Distribution of Conformations with Respect to κ and Energy for  

1,10-Dihydroxybicyclo[8.8.8]hexacosane 

 

As previously reported33, the unit cell from the crystallized diol contained four unique 

conformers, each possessing a different bridgehead distance.  These conformers were found in 

the ensemble of conformers from the modeling work (Figure 2.8).  The experimentally 

determined percent change in bridgehead distance was found to be 14%.  While this number is 

smaller than the value calculated from the MMFF data, it was extremely gratifying to see that 

computational data fits with experimental data. 
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Figure 2.8:  Correlation of Unit Cell and MMFF Structures 

 

In addition to studies done on the symmetrical bicycle systems, the unsymmetrical 1,10-

dimethylbicyclo[8.8.n]alkane systems were also studied (n = 1, 2, 3, 4, 5, 6, 7, and 8) using the 

MMFF force field.  In these calculations, the bite-angle, γ, of the molecule was of particular 

interest.  For the bicyclo[m.m.m]alkane series, the bite angle was typically approached 1800.  

The bicyclo[m.m.n]alkane series was investigated to see if these bent bicycles would yield a 

range of γ values.  Since the results from the symmetrical series clearly demonstrated that 

these molecules will adopt the out,out conformation, the energy window was decreased to 25 

kJ/mol.  The global minimum structure for each system is shown in Figure 2.9, and the full set of 

global minima data is given in Table 2.10. 
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bicyclo[8.8.1]nonadecane
318.79 kJ/mol

bicyclo[8.8.2]eicosane
273.39 kJ/mol

bicyclo[8.8.3]heneicosane
264.92 kJ/mol

bicyclo[8.8.4]docosane
257.39 kJ/mol

bicyclo[8.8.5]tricosane
233.95 kJ/mol

bicyclo[8.8.6]tetracosane
226.20 kJ/mol

bicyclo[8.8.7]pentacosane
211.63 kJ/mol

bicyclo[8.8.8]hexacosane
201.61 kJ/mol  

Figure 2.9:  Global Minimum Structures for 1,10-Dimethylbicyclo[8.8.n]alkanes  

 

The energy of the system generally decreases as the size of the variable bridge 

increases, while the bridgehead distance increases (Table 2.10).  The bite-angles found were 

unexpected.  Instead of the expected smooth increase in the bite angle as the system becomes 

larger, an even/odd effect with respect to the bite-angle is observed.  The even-odd effect is 

well known in a number of chemical and bulk material systems.  Classically, the melting points 

of odd n-alkanes melt at lower temperatures than even n-alkanes.  This phenomenon of 
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alternating melting points is also observed in mono- and dicarboxylic acids, methyl esters, 

nitriles, glycols, diamines, and halides34.  Self-assembled-monolayers (SAMs) have different 

orientations of terminal methyl groups depending on the number of carbons.  For odd 

membered chains, the terminal methyl groups point in the similar direction, while for even-

chains, the terminal methyl groups point in different directions35.  To the best of our 

knowledge, an even-odd effect has not been reported for unsymmetrical bicycles. 

 

Bicycle Energy (kJ/mol) Times Found κ (A) Average Bite Angle, γ 

[8.8.1] 318.79 7994 2.833 84.59 

[8.8.2] 273.39 9165 4.039 49.02 

[8.8.3] 264.92 3445 5.253 89.64 

[8.8.4] 257.39 13086 5.193 166.79 

[8.8.5] 233.95 12 5.938 106.57 

[8.8.6] 226.20 492 5.912 143.11 

[8.8.7] 211.63 43469 6.046 145.39 

[8.8.8] 201.61 3 6.334 160.78 

 

Table 2.10:  MMFF Global Minima of Unsymmetrical Bicycles 

 

The data from all the conformers within 25 kJ/mol of the GM is shown in Table 2.11.  The 

general trends for the complete ensemble follow the trends shown by the GM.   
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Bicycle 
Energy 

(kJ/mol) 

Number of 
Conformers 

Found 

Average Times 
Found 

Weighted 

 ∆κ (A) 

Average 
Bite 

Angle, γ 

[8.8.1] 25 16 3683 2.84 83.6 

[8.8.2] 25 45 2651 4.04 49.1 

[8.8.3] 25 58 3211 5.13 97.0 

[8.8.4] 25 70 6246 5.42 151.8 

[8.8.5] 25 19 1044 5.86 115.1 

[8.8.6] 25 151 265 5.98 146.1 

[8.8.7] 25 8 28170 6.23 147.6 

[8.8.8] 25 32 24112 6.20 154.1 

 

Table 2.11:  Dimethylbicyclo[8.8.n]alkane Conformations within 25 kJ/mol of the GM 

 

When the data is segregated into evens vs. odds, an interesting trend is seen (Graph 

2.10).  From the odd values of n, it seems that there exists a clear correlation between bite 

angle and length of the unsymmetrical carbon bridge.  Except for the bicyclo[8.8.2] system, 

structures with even values of n do not exhibit much of a bite angle.  These structures show 

mostly linear character. 
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Graph 2.10:  Graph of Average Bite Angle vs. Segregated Bicycle Size 

 

This relationship is logical when looks at the “pentane” chain in the bicyclo[8.8.1] 

system (Figure 2.10).  Odd length chains force the terminal methyl groups to be pointed in the 

same direction, up-up.  However, as the length of the odd chains increase, the chains gain 

enough conformational freedom to relax the forced up-up relationship.  Once the chain 

resembles nonane, (i.e. bicyclo[8.8.7]pentacosane), the molecule becomes practically linear.   
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Me Me

Me Me

Me Me

Me Me

Me Me

Me
Me

Odds: Up-Up Evens: Up-Down  

Figure 2.10:  Directionality of Terminal Methyl Groups 

 

However, the evens are surprisingly linear except for the [8.8.2] system.  When one 

looks at the GM structure of the [8.8.2], the chain is forced to be kinked because the two 

bridging carbons are unable to adopt any conformation other than a linear conformation.  For 

the remaining evens, the even length of the bridge forces the terminal methyl groups to 

pointed in opposite directions, up-down. This angular constraint forces the molecule to have a 

large bite angle.  This up-down relationship allows the bridging carbons to have the 

conformational freedom to adopt a more linear molecule.  These even-odd effects are clearly 

seen in the conformers that include the largest and small bite angles (Figures 2.11 and 2.12).  

For the odd series, as the bridging number of carbons becomes longer, the molecule becomes 

less kinked.  For the even series larger than dimethylbicyclo[8.8.2]eicosane, the molecules are 

fairly linear without respect to the number of the bridging carbons. 
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Dimethylbicyclo[8.8.1]nonacosane
Structure 12
21.90 kJ/mol

Dimethylbicyclo[8.8.1]nonacosane
Structure 16
24.12 kJ/mol

Conformers with Maximum γ Values Conformers with Minimum γ Values

Dimethylbicyclo[8.8.3]heneicosane
Structure 42
20.37 kJ/mol

Dimethylbicyclo[8.8.3]heneicosane
Structure 57
24.48 kJ/mol

Dimethylbicyclo[8.8.5]tricosane
Structure 19
23.88 kJ/mol

Dimethylbicyclo[8.8.5]tricosane
Structure 10
19.71 kJ/mol

Dimethylbicyclo[8.8.7]pentacosane
Structure 7

23.15 kJ/mol

Dimethylbicyclo[8.8.7]pentacosane
Structure 6

22.43 kJ/mol  

Figure 2.11:   Conformers Containing the Largest and Smallest Average Bite Angle within the 

Odd Numbered Dimethylbicyclo[8.8.n]alkane Family 
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Dimethylbicyclo[8.8.2]eicosane
Structure 6

11.70 kJ/mol

Dimethylbicyclo[8.8.2]eicosane
Structure 14
17.40 kJ/mol

Conformers with Maximum γ Values Conformers with Minimum γ Values

Dimethylbicyclo[8.8.4]docosane
Structure 48
21.24 kJ/mol

Dimethylbicyclo[8.8.4]docosane
Structure 52
21.76 kJ/mol

Dimethylbicyclo[8.8.6]tetracosane
Structure 62
20.76 kJ/mol

Dimethylbicyclo[8.8.6]tetracosane
Structure 61
20.72 kJ/mol

Dimethylbicyclo[8.8.8]hexacosane
Structure 7

17.97 kJ/mol

Dimethylbicyclo[8.8.8]hexacosane
Structure 15
22.86 kJ/mol  

Figure 2.12:  Conformers Containing the Largest and Smallest Average Bite Angle within the 

Even Numbered Dimethylbicyclo[8.8.n]alkane Family 
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When the distribution of bite angle, γ, is compared to energy, a number of interesting trends 

are found (Graphs 2.11-2.18).  In each of the graphs, all γ values (ABC and BCD) are shown as is 

the difference between the two γ values.  The bite angle clearly varies with the size of the 

bicycle.  For the bicyclo[8.8.1]nonacosane ensemble, the bite angle from the right and the bite 

angle from the left are nearly identical, as seen by the minimal difference value (Graph 2.11).  

The small difference implies that the molecule is symmetrically bent.  The opposite trend is 

observed within the bicyclo[8.8.2]eicosane ensemble (Graph 2.12).  The large difference implies 

that that one side is more bent than the other side.   As the variable bridge becomes larger, 

each end of the bicycle begins to have a more variable amount of bending.  The 

bicyclo[8.8.8]hexacosane ensemble shows very little bite-angle variability and a nearly linear γ 

value  of 170o.   

However, when the system is small, the ∆γ and ∆κ values imply that the bicycle is both 

rigid and bent (Table 2.12). As the molecules become larger, the ∆γ values remain small; 

however, the ∆κ values increase.  These trends imply that the larger systems are still kinked, 

but the molecule is free to adopt a larger number of conformations to become more elastic. 
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Bicycle ∆γ (degrees) ∆κ (A) 

[8.8.1] 5.67 0.04 

[8.8.2] 36.00 0.09 

[8.8.3] 49.84 0.68 

[8.8.4] 46.48 0.73 

[8.8.5] 38.80 0.73 

[8.8.6] 35.40 1.83 

[8.8.7] 12.68 0.55 

[8.8.8] 22.13 1.17 

 

Table 2.12:  Values of ∆γ and ∆κ for Each Bicycle 
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Graph 2.11:  Distribution of Bite Angles, γ, With Respect to Energy in 

Dimethylbicyclo[8.8.1]nonadecane 
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Graph 2.12:  Distribution of Bite Angles, γ, With Respect to Energy in 

Dimethylbicyclo[8.8.2]eicosane 
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Graph 2.13:  Distribution of Bite Angles, γ, With Respect to Energy in 

Dimethylbicyclo[8.8.3]heneicosane 
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Graph 2.14:  Distribution of Bite Angles, γ, With Respect to Energy in 

Dimethylbicyclo[8.8.4]docosane 

  



75 
 

 

Graph 2.15:  Distribution of Bite Angles, γ, With Respect to Energy in 

Dimethylbicyclo[8.8.5]tricosane 

  



76 
 

 

Graph 2.16:  Distribution of Bite Angles, γ, With Respect to Energy in 

Dimethylbicyclo[8.8.6]tetracosane 
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Graph 2.17:  Distribution of Bite Angles, γ, With Respect to Energy in 

Dimethylbicyclo[8.8.7]pentacosane 
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Graph 2.18:  Distribution of Bite Angles, γ, With Respect to Energy in 

Dimethylbicyclo[8.8.8]hexacosane  

 

 The synthetic work done by Park and Simmons on the isomers of 

bicyclo[8.8.8]hexacosane showed that the molecules adopt the in,in and the in,out 

configurations.  The computational work done by Saunders showed that as the bicycle becomes 

larger, the in,in configuration predominates.  Both of these researchers had hydrogens at the 

bridgehead carbons.  If the goal is to synthesize a linear polymer, the polymerizable groups 
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must be outside the bicycle cage.  Therefore, the conformational freedom of symmetrical 

bicyclo[m.m.m]alkanes and unsymmetrical bicyclo[m.m.n]alkanes were investigated.   

It is clear from the computational search, the placement of methyl groups at the 

bridgeheads forces all the global minimum structures to adopt the out,out configuration.  While 

methyl groups cannot be polymerized, it is obvious that larger moieties will not cause the 

molecule to adopt any configuration other than out,out.  From the complete ensemble of 

structures within each bicyclo[m.m.m]alkane system, a theoretical elasticity was calculated 

based on the energy dependent variation of bridgehead-bridgehead distances.  When 1,10-

dihydroxybicyclo[8.8.8]hexacosane was synthesized and crystallized, the unit cell showed four 

different bridgehead-bridgehead distances.  While the experimentally determined number was 

smaller than the theoretical value, this molecule clearly validates the computational method 

and the underlying idea that polymers based on a conformationally flexible monomers should 

be elastic.  The rest of this document will discuss the synthesis of monomers based on 

bicyclo[8.8.8]hexacosane and progress towards polymerization. 
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CHAPTER 3:  SYNTHESIS AND CHARACTERIZATION OF MODEL BICYCLES 

 

 After the computational search demonstrated that methyl groups placed at the 

bridgeheads of bicyclo[8.8.8]hexacosane would adopt an out,out configuration within an 

energy window of 50 kcal/mol and would have a theoretical elasticity of 35% within the same 

energy window, two model compounds were chosen to be synthesized:  1,10-

dihydroxybicyclo[8.8.8]hexacosane 3-1 and 1,10-dimethylbicyclo[8.8.8]hexacosane36 3-2 (Figure 

3.1).   

 

 

Figure 3.1:  Model Compounds 3-1 and 3-2 

 

In 1972, Park and Simmons communicated the synthesis of bicyclo[8.8.8]hexacosane37 

(Schemes 3.1 and 3.2).  To 1,10-cyclooctadecanedione 3-3, they installed two 3-methoxypropyl 

chains via a Grignard reaction.  At this point, a cis/trans mixture of diols 3-4 was formed.  

Following dehydration, hydrogenation over platinum installed hydrogens at the bridgehead 

carbons to give a cis/trans mixture of 3-5.  After deprotection of the methyl ethers with 
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hydrobromic and acetic acids, terminal bromides were introduced via phosphorus tribromide to 

give a cis/trans mixture of dibromides 3-6.   

At this point, the two isomers of 3-6 were separated by recrystallization in hexanes.  

Each of the isomers underwent the same series of synthetic steps.  After the dibromides were 

transformed into the corresponding bis-Grignard reagent, carbon dioxide was bubbled through 

the system.  The resulting carboxylic acids were transesterified to give methyl esters 3-7 cis and 

3-7 trans.  After cyclization by acyloin condensation and Clemmensen reduction of the resulting 

carbonyl, 3-7 trans gave the in,out isomer (3-8 in,out) while 3-7 cis gave the in,in isomer (3-8 

in,in).  Each isomer was distinguishable by carbon NMR.  One compound had five signals while 

the other had ten signals.  Due to symmetry, the compound with five signals was assigned as 3-

8 in,in, and the compound with ten signals was assigned as 3-8 in,out.  When 3-8 in,out was 

reacted with bromine under ionic conditions, a hexabromide is formed.  After hydrogenation 

over Rainy nickel, 3-8 in,out was again regenerated.  However, 3-8 in,in  was inert under the 

same reaction conditions.  It was concluded that the predominate isomer was in fact the in,in 

and not the out,out isomer because this unreactivity implied that the bridgehead hydrogens 

were located inside the alkane cage. 
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Scheme 3.1:  Synthesis and Separation of Abicyclic Isomers 
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Scheme 3.2:  Synthesis of Bicyclo[8.8.8]hexacosane Isomers 

 

For the synthesis of the two model compounds, it was recognized that the two difficult 

steps would be ring closure with modern ring closing metathesis (RCM) and methylation to 

form the quaternary center.  To investigate the olefin metathesis, the first model compound 

synthesized was 1,10-dihydroxybicyclo[8.8.8]hexacosane, 3-1 (Scheme 3.3).  Starting with 1,10-

cyclooctadecanedione 3-3, pentenylmagnesium bromide was added to give a mixture of diols 3-

9 cis and 3-9 trans with an overall yield of 80%.  Using flash chromatography, the diols were 

separated and each underwent RCM with Grubbs’ First Generation Catalyst.  The diol that did 

not undergo ring closing was assigned as 3-9 trans, while the diol that gave the ring closed 

product 3-10 with a 42% yield was assigned as 3-9 cis.  Unlike the example of Park and 
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Simmons, the addition of hydroxy groups at the bridgehead carbons eliminated cyclization of 3-

9 trans to give the in,out isomer.  Olefin 3-10 was reduced sluggishly.  The optimized conditions 

used 36% (w/w) of 10% palladium on carbon and 80 psi H2 for seven days.  Fortunately, product 

3-1 was crystalline and was submitted for single-crystal X-Ray analysis.  The unit cell 

unambiguously demonstrated that 1,10-dihydroxybicyclo[8.8.8]hexacosane is only found as the 

out,out isomer.  More in-depth discussion of the diol unit cell will be concurrent with the 

dimethyl unit cell.  The first key reaction, RCM, worked quite well; therefore, work began on the 

synthesis of the second model compound, 1,10-dimethylbicyclo[8.8.8]hexacosane 3-2. 

 

 

Scheme 3.3:  Synthesis of 1,10-dihydroxybicyclo[8.8.8]hexacosane 

 



85 
 

The first attempt to synthesize the dimethyl compound was templated on the work 

done by Park and Simmons (Scheme 3.4).  Starting with diketone 3-3, addition of 3-

methoxypropylmagnesium bromide would yield the diol 3-4.  After the key methylation to give 

3-11, the methoxy group would be transformed into an appropriate leaving group.  Addition of 

vinyl Grignard would install the two olefins that would allow olefin metathesis 3-12.  After 

cyclization, hydrogenation would yield 1,10-dimethylbicyclo[8.8.8]hexacosane 3-2. 

 

 

Scheme 3.4:  Retrosynthetic Analysis of 1,10-Dimethylbicyclo[8.8.8]hexacosane 

 

The diketone 3-3 was synthesized using the method of Blumquist to give 30 g batches in 

a yield of 20-35%38.  The reaction sequence began with the reduction of methyl 3-

methoxypropionate 3-13 with lithium aluminum hydride (LAH) to give 3-methoxypropanol 

(Scheme 3.5).   

 



86 
 

 

Scheme 3.5:  Attempted Synthesis via Displacement 

 

After bromination with PBr3, the bromide was transformed into the Grignard reagent 3-14 by 

standard methods.  Addition of 3-14 to diketone 3-3 yielded an inseparable mixture of 3-4 cis 

and 3-4 trans diol isomers.  Reacting with hydrobromic acid and lithium bromide gave an 

inseparable mixture of 3-15 cis and 3-15 trans bromide isomers39.  At this juncture, it was 

envisioned that by using a mixture of TiCl4 and methyl lithium (Reetz alkylation), the two 

bridgehead methyl groups would replace the halogen moieties40.  When the traditional Reetz 

alkylation conditions failed to install the methyl groups, a variety of additional Reetz conditions 

were also unsuccessful41 (Table 3.1).  Instead of methylation, the reagents gave 
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dehydrohalogenated productions with yields of up to 90%.  GC-MS analysis of the material 

actually showed the presence of all the four possible olefin isomers.  

 

Reaction Conditions 

TiCl4, MeLi, THF, -78 0C 

TiCl4,  MeLi, CH2Cl2, -78 0C 

Me2Zn, CH2Cl2, 0 0C 

Me2Zn, TiCl4, CH2Cl2, 0 0C 

 

Table 3.1:  Reetz Alkylation Conditions 

 

 Realizing that the creation of the quaternary center by displacement was not going to 

be successful, the next scheme based on a 1,4 conjugate addition to an α,β unsaturated ester 

was pursued (Scheme 3.6).   

 

 

Scheme 3.6:  Addition of Key Bridgehead Methyl Groups 
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A Horner-Wadsworth-Emmons reaction between diketone 3-3 and trimethyl phosphonoacetate 

gave α,β unsaturated methyl ester 3-16.  A series of methylation conditions all failed to give the 

needed 1,4-conjugate addition (Table 3.2). 

 

Reaction Conditions Reaction Temperature 

Methylmagnesium Chloride, THF -78 0C, 0 0C, rt 

Methylmagnesium Chloride, CuI, TMFCl, THF -78 0C, 0 0C, rt 

Methyllithium, THF -78 0C, 0 0C, rt 

Methyllithium, CuCN, BF3, THF -78 0C, 0 0C, rt 

 

Table 3.2:  Unsuccessful 1,4-Conjugate Methylation Attempts 

 

 Even after ester 3-16 was reduced with DIBAL-H to give an α,β unsaturated aldehyde, the same 

reaction conditions given in Table 3.2 failed to give the correct product.  Fortunately, a paper 

describing methylation of sterically hindered centers using similar chemistry had recently been 

published.  The only difference was the use of dichloromethane as the reaction solvent42.  This 

method was able to cleanly add the key bridgehead carbon methyl groups to give 3-17. 

 The 1,4-conjugate addition of the methyl group was the first important success in the 

synthesis of the dimethyl model compound. The synthesis continued by the reduction of ester 

3-17 in refluxing LAH to give corresponding alcohol (Scheme 3.7).  The first attempt to add the 

pendant olefins gave a surprising result. After the diol underwent Appelt iodination conditions, 

addition of allyl cuprate gave an unexpected aliphatic hydrocarbon 3-20 and the expected diene 

3-21. 
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Scheme 3.7:  Synthesis of the Terminal Diene 

 

Worried that using allylmagnesium bromide would lead to elimination, cuprate chemistry was 

utilized because cuprates are a softer nucleophile.  Through electron transfer, some of the 

iodide was reduced to alkane 3-20.  Argentation chromatography43 was the only method that 

was able to separate diene 3-21 from the reduced alkane 3-20.  However, the cis/trans isomers 

co-eluted and were not able to be individually isolated or purified. 

To avoid this reduction, the tosylate 3-22 was made from diol 3-18 (Scheme 3.8).   The 

addition of allylmagnesium bromide installed the two terminal olefins 3-21 with no side 

product.  Ring-closing metathesis was accomplished using Grubbs 1st Generation catalyst and 

high-dilution conditions44.  Along the way, separation of the cis/trans isomers was not possible.  

During the ring-closing metathesis reaction, the 3-21 cis isomer was cyclized to give product 3-
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19.  When the reaction was worked up after 24 hours, 3-21 trans eluted with the ring-closed 

product 3-19; and both compounds were observed by NMR.  Argentation chromatography was 

unable to separate these two compounds.  When the reaction was allowed to run for 36-48 

hours, 3-21 trans was no longer observed.  It was assumed that 3-21 trans polymerized during 

the longer reaction times, but the polymer product was not isolated or investigated further.  As 

with 1,10-dihydroxybicyclo[8.8.8]hexacosane 3-1, the dimethyl model compound was also 

crystalline. 

 

 

Scheme 3.8:  Synthesis of 1,10-Dimethylbicyclo[8.8.8]hexacosane 
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Crystals of 1,10-dimethylbicyclo[8.8.8]hexacosane 3-2 were grown from hexanes and 

subjected to single-crystal X-ray analysis (Figure 3.2).  A single chiral conformer of 3-2 and its 

enantiomer were observed within the unit cell.  The crystal structure clearly demonstrates that 

the molecule is found only as the out,out isomer.  In addition, the structure observed in the 

crystal is also the global minimum structure obtained from the MMFF computational search.   

 

 

Figure 3.2:  Structure of 3-2 Observed in the Crystal 

 

 Crystals of 1,10-dihydroxybicyclo[8.8.8]hexacosane 3-1 were grown from methanol and 

subjected to single-crystal X-ray analysis (Figure 3.3).  Four out,out chiral conformers, each 

possessing C2 symmetry, were observed within the unit cell; and all four conformers possess 

different κ values that yield an experimentally observed elasticity of 14%.  An MMFF 
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computational search of 3-1 included all four conformers in the ensemble which gave a 

theoretical elasticity of 30%.   

 

 

Figure 3.3:  Conformers of 3-1 Observed in the Crystal 

 

 The synthesis of the two model compounds 3-1 and 3-2 demonstrated that the 

bridgehead substituents will adopt the out,out configuration.  The conformers observed in the 

crystal structures validate the computational model because all five conformers were seen 

within the conformational ensembles.  Observing the five out,out isomers in 3-1 and 3-2 and a 

14% elasticity in 3-1 gives high expectations that monomers possessing appropriate bridgehead 

substituents will yield the expected novel polymer behavior.  
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General experimental.  Tetrahydrofuran (THF) and dichloromethane (CH2Cl2) were distilled 

from Na-benzophenone and CaH2, respectively.  For moisture sensitive reactions, glassware 

was flame-dried under argon.  Analytical thin-layer chromatography (TLC) was carried out on 

pre-coated silica gel 60 F-254 plates from Scientific Adsorbents and visualized with 10% 

phosphomolybdic acid solution in EtOH as stain.  Flash column chromatography was 

accomplished using silica gel 60 (32–63 µm).  Melting points (uncorrected) were measured on 

an Electrothermal melting point apparatus.  1H NMR and 13C NMR spectra were recorded on a 

Varian Unity-300 NMR spectrometer (300 MHz for 1H NMR and 75 MHz for 13C NMR).  Chemical 

shifts (δ) are expressed in ppm and are internally referenced (7.24 ppm for CDCl3 for 1H NMR 

and 77.0 ppm for CDCl3 for 13C NMR).  Fast-atom bombardment (FAB) mass spectra were 

measured with m-nitrobenzyl alcohol (NBA) or 1% trifluoroacetic acid in a matrix of 50% of 

glycerol, 25% of thioglycerol, and 25% of NBA (MIX).  Mass spectra and high-resolution mass 

spectra were obtained at the Mass Spectrometry Laboratory in the Department of Chemistry at 

the University of Arizona.  Crystallographic analyses were carried out in the Molecular Structure 

Laboratory in the Department of Chemistry at the University of Arizona. 

 

1,10-Cyclooctadecanedione (3-3). Compound 3-3 was synthesized by the method of Blomquist, 

et al.45 

 

Dimethyl 2,2'-(1,10-Cyclooctadecanediylidene)bis-acetates (cis/trans) (3-16).  To a solution of 

trimethyl phosphonoacetate (1.46 mL, 1.64 g, 9.00 mmol) in THF (20 mL) at –78 °C was added 

lithium diisopropylamide (1.80 M solution in THF/heptane/ethylbenzene, 5.00 mL, 9.00 mmol) 

dropwise over 10 min.  After 45 min a solution of dione 3-3 (842 mg, 3.00 mmol) in THF (20 mL) 

was added through a cannula over 20 min.  After 1 h the cooling bath was removed and after 1 

h the mixture was heated at reflux.  After 21 h the mixture was cooled to rt and H2O (120 mL) 

was added.  The mixture was extracted with Et2O (130 mL x 3), the organic phases combined, 

dried (MgSO4), filtered, and concentrated in vacuo.  The residue was subjected to flash column 
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chromatography on silica gel 60 eluted with hexanes/EtOAc, 25:1  20:1, to give a 1:1 mixture 

of cis and trans isomers 3-16 (884 mg, 2.25 mmol, 75%) as an off-white amorphous solid.  

Analytical TLC on silica gel 60 eluted with 5:1 hexanes/EtOAc, Rf = 0.47; 1H NMR for both 

isomers δ 1.31 (16H, m), 1.47 (8H, m), 2.13 (4H, m), 2.60 (4H, m), 3.65 (6H, s), 5.63 (2H, s); 13C 

NMR for both isomers δ 26.8, 27.0, 27.3, 27.7, 27.8, 28.2, 28.3, 28.7, 31.1, 31.3, 38.2, 38.3, 50.7, 

115.1, 115.2, 165.0, 166.9; HRMS (FAB+, NBA) calcd. for C24H41O4 (M++H) 393.3005, found 

393.3020. 

 

cis- and trans-(10-Methoxycarbonylmethyl-1,10-dimethylcyclooctadecyl)acetic Acid Methyl 

Ester (esters 3-17).  Into a 50 mL 3-neck round bottom flask were added CuI (819 mg, 4.30 

mmol) and Et2O (2 mL) and the mixture was chilled in an ice bath.  Methyllithium (1.40 M in 

Et2O, 5.79 mL, 8.10 mmol) was added dropwise to give a bright yellow solution.  Volatiles were 

evaporated under vacuum (ca. 2 mm Hg).  The yellow residue was twice suspended in CH2Cl2 (2 

mL) and the solvent was removed under vacuum.  CH2Cl2 (15 mL) chilled to 0 ˚C was added and 

the mixture was chilled at -78 ˚C.  TMSCl (0.60 mL, 4.7 mmol) was added dropwise with stirring.  

A solution of 3-16 (399 mg, 1.02 mmol) in CH2Cl2 (4 mL) was then added dropwise.  The reaction 

mixture was allowed to attain to rt and stirred overnight.  The black reaction mixture was then 

quenched with saturated aqueous NH4Cl (5 mL) and 28% aqueous NH4OH (0.5 mL).  The 

solution was extracted with Et2O (3  50 mL), dried over MgSO4, filtered, and volatiles were 

removed in vacuo to give a yellow oil.  Flash column chromatography on silica gel 60 eluted 

with hexanes/EtOAc, 20:1, gave 3-17 (354 mg, 0.834 mmol, 82%) as a clear oil that crystallized 

at 4 ˚C to a white waxy solid.  Analytical TLC on silica gel 60 eluted with 5:1 hexanes/EtOAc, Rf = 

0.50; 1H NMR  0.96 (6H, s), 1.22-1.30 (32H, m), 2.18 (4H, s), 3.69 (6H, s); 13C NMR  22.5, 25.6, 

28.1, 29.0, 35.7, 37.5, 45.3, 51.1, 172.9; HRMS (FAB+, NBA) calcd. for C26H49O4 (M++H)  

425.3631,  found  425.3631. 
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cis- and trans-2-[10-(2-Hydroxyethyl)-1,10-dimethylcyclooctadecyl]ethanol (diols 3-18).  Into a 

50 mL 3-neck round bottom flask were added lithium aluminum hydride (370 mg, 9.75 mmol) 

and Et2O (10 mL).  This solution was chilled to 0 °C and a solution of 3-17 (688 mg, 1.62 mmol) 

in Et2O (15 mL) was added dropwise.  The mixture was allowed to attain rt and heated at reflux 

overnight.  The reaction was then quenched by addition of saturated aqueous sodium 

potassium tartrate (10 mL).  When the solid material had changed color from grey to white, the 

mixture was filtered through a Celite pad, extracted with Et2O (3  100 mL), the extracts 

combined, dried over MgSO4, filtered, and volatiles were removed in vacuo to give 3-18 (374 

mg, 1.01 mmol, 62%) as a white powder.  Analytical TLC on silica gel 60 eluted with 1:1 

hexanes/EtOAc, Rf = 0.48; mp 118-120 ˚C; 1H NMR δ 0.85 (6H, s), 1.18-1.30 (32H, br m), 1.50 

(4H, t, J = 8 Hz), 2.32 (2H, s), 3.68 (4H, t, J = 8 Hz); 13C NMR  22.4, 25.7, 28.1, 29.1, 30.9, 34.4, 

37.8, 43.8, 59.6; HRMS (EI+) calcd. for C24H46O (M+-H2O) 350.3549, found 350.3541. 

 

cis- and trans-1,10-Dimethyl-1,10-di-[2-(p-toluenesulfonyl)ethyl]cyclooctadecane (ditosylates 

3-22).  To a suspension of diol 3-18 (73.7 mg, 200 µmol) in CH2Cl2 (6 mL) at 0 °C were 

successively added Et3N (112 µL, 81.0 mg, 800 µmol), p-toluenesulfonyl chloride (114 mg, 600 

µmol), and 4-N,N-dimethylaminopyridine (7.3 mg, 60.0 µmol).  After 15 min the reaction 

mixture was allowed to warm to rt and became clear.  After 3 h the mixture was cooled to 0 °C, 

diluted with CH2Cl2 (50 mL), and the reaction was quenched with saturated aqueous NH4Cl (10 

mL).  The layers were separated and the aqueous layer was extracted with CH2Cl2 (60 mL  2).  

The combined organic layers were washed with brine (15 mL), dried (MgSO4), filtered, and 

concentrated in vacuo.  The residue was purified by flash column chromatography on silica gel 

60 eluted with hexanes/EtOAc, 8:1 to 6:1, to give 3-22 (91.0 mg, 134 µmol, 67%) as a white 

solid.  Analytical TLC on silica gel 60 eluted with 5:1 hexanes/EtOAc, Rf = 0.14; mp 106-108 °C; 
1H NMR δ =  0.77 (6H, s), 1.09-1.26 (32H, br m), 1.54 (4H, t, J = 8 Hz), 2.45 (6H, s), 4.07 (4H, t, J = 

8 Hz), 7.34 (4H, d, J = 8 Hz), 7.79 (4H, d, J = 8 Hz); 13C NMR δ = 21.6, 22.1, 25.3, 27.9, 28.9, 34.4, 

37.3, 39.1, 67.9, 127.8, 129.7, 133.2, 144.6; HRMS (FAB+, MIX) calcd. for C38H61O6S2 (M++H) 

677.3910, found 677.3892. 
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cis- and trans-1,10-Dimethyl-1,10-di-(4-pentenyl)cyclooctadecane (3-21).  Into a 100 mL round 

bottom flask were added ditosylate 3-22 (658 mg, 0.972 mmol) and Et2O (50 mL) and the 

solution was chilled at –78 °C.  Allylmagnesium bromide (8.35 mmol) in Et2O was added 

dropwise.  After 16 h, the mono-substituted intermediate was still visible by TLC.  The solution 

was chilled in an ice bath and another 4 mmol of allylmagnesium bromide was added.  The 

reaction was quenched with saturated aqueous NH4Cl (5 mL), the mixture was washed with 

brine (10 mL), dried over MgSO4, and filtered.  Removal of volatiles in vacuo afforded a yellow 

oil.  Flash column chromatography on silica gel 60 eluted with hexanes yielded 3-21 (242 mg, 

0.581 mmol, 60%) as a clear, glassy solid.  Analytical TLC on silica gel 60 eluted with hexanes, Rf 

= 0.82; mp 92-94 ˚C; 1H NMR δ  = 0.78 (6H, s), 1.15-1.34 (40H, br m), 1.99 (4H, dt, J = 7, 7 Hz), 

4.92 (2H, d, J = 10 Hz), 4.98 (2H, d, J = 17 Hz), 5.80 (2H, ddt, J = 17, 10, 7 Hz); 13C NMR δ = 22.6, 

23.0, 25.4, 25.4, 28.2, 29.4, 34.8, 34.9, 37.6, 40.8, 114.1, 139.2.  HRMS (EI+) calcd. for C30H56 

(M+) 416.4382, found 416.4373.  

 

1,10-Dimethylbicyclo[8.8.8]hexacos-5-ene (3-19).  CH2Cl2 (1.1 L) was added to a 2-L round 

bottom flask.  Diene 3-21 (466 mg, 1.12 mmol) and (Cy3P)2Cl2Ru=CHPh (138 mg, 0.168 mmol)46 

were added to give a purple solution.  The mixture was heated at reflux for 56 h, then cooled to 

rt and filtered through a plug of silica gel 60 to give a black solution.  Volatiles were removed in 

vacuo to give a black tar.  Flash column chromatography on silica gel 60 eluted with hexanes 

yielded 3-19 (131 mg, 0.337 mmol, 30%) as a white, waxy solid.  Analytical TLC on silica gel 60 

eluted with hexanes, Rf = 0.82; mp 90 ˚C; 1H NMR δ  = 0.80 (6H, s), 1.11-1.32 (40H, br m), 1.98 

(4H, m), 5.29 (2H, m); 13C NMR δ = 21.2, 22.9, 25.0, 25.2, 28.6, 33.0, 34.5, 37.4, 39.4, 131.3; 

HRMS (EI+) calcd. for C28H52 (M+) 388.4069, found 388.4076. 

 

1,10-Dimethylbicyclo[8.8.8]hexacosane (3-2).  Into a glass hydrogenation vessel were added 

alkene 3-19 (123 mg, 0.316 mmol), absolute EtOH (30 mL), and hexanes (30 mL).  Carefully, 10% 

Pd/C (45.5 mg) was added, the vessel was charged with hydrogen (90 psi), and the mixture was 
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shaken on a Parr hydrogenation apparatus.  After 6 d, the solution was filtered through a Celite 

pad and volatiles were removed in vacuo to give a clear oil.  Flash column chromatography on 

silica gel 60 eluted with CH2Cl2 followed by chromatography on silver nitrate-impregnated silica 

gel47 eluted with pentane gave 3-2 (120 mg, 0.307 mmol, 97%) as a white solid.  Analytical TLC 

on silica gel 60 eluted with hexanes, Rf = 1.00; mp 89-91 °C determined by differential scanning 

calorimetry; 1H NMR (benzene-d6, ref 7.18 ppm) δ = 0.82 (6H, s), 1.18-1.33 (48H, br m); 13C 

(benzene-d6, ref 128.0 ppm) δ = 21.4, 25.3, 25.4, 29.1, 34.7, 39.0; HRMS (EI+) calcd. for C28H54 

(M+) 390.4226, found 390.4216.  Crystallization from pentane produced crystals of 3-2 as 

blocks.48 

 

5-Bromo-1-pentene. The method of Meyer et al. was used.49   1,5-Dibromopentane (13.6 mL, 

23.0 g, 0.100 mmol) and a stir bar were set in a 100 mL three-necked flask.  One of the necks of 

the flask was connected with a distillation apparatus and the rest were closed with septa.  The 

flask was heated at 195 °C (oil bath) under argon with stirring and hexamethylphosphoramide 

(34.8 mL, 35.8 g, 0.200 mmol) was added dropwise using a syringe over 1 h.  Then, temperature 

of the oil bath was raised to 230 °C.  The product was collected in a receiving flask and pentane 

(50 mL) and 1 M HCl (10 mL) were added.  The layers were separated and the organic layer was 

washed with brine (10 mL), dried (MgSO4), filtered, and concentrated in vacuo.  The residue 

was purified by distillation to give 5-bromo-1-pentene (8.33 g, 55.9 mmol, 56%) as a colorless 

oil, bp 123–124 °C (lit2 124–126 °C); 1H NMR (300 MHz, CDCl3) δ = 1.94 (2H, m), 2.19 (2H, m), 

3.40 (2H, t, J = 7 Hz), 5.01 (1H, m), 5.06 (1H, m), 5.76 (1H, ddt, J = 17, 10, 7 Hz).  The 1H NMR 

data were identical with that reported in the literature.2 

 

4-Penten-1-ylmagnesium Bromide.50  Magnesium turnings (1.53 g, 63.0 mmol) and a stir bar 

were set in a 250 mL three-necked flask.  The system was sealed with a reflux condenser and 

two septa and purged with nitrogen.  Vigorous mechanical stirring was carried out at rt 

overnight.  The nitrogen line was replaced with an argon line and THF (15 mL) was added.  To 
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the mixture was added a solution of 5-bromo-1-pentene (6.71 g, 45.0 mmol) in THF (30 mL) 

through a cannula over 1.3 h.  The mixture was heated to reflux for 2 h and then cooled to rt.  

The supernatant solution was transferred to a 100 mL round bottom flask using a cannula and 

titrated as 0.896 M using menthol and 1,10-phenanthroline. 

 

trans-1,10-Dihydroxy-1,10-di-(4-penten-1-yl)cyclooctadecane (3-9 trans) and cis-1,10-

Dihydroxy-1,10-di-(4-penten-1-yl)cyclooctadecane (3-9 cis).  Cerium (III) chloride (1.92 g, 7.80 

mmol)51 in a 250 mL round bottom flask was heated at 140 °C with stirring under vacuum (ca. 2 

mm Hg).  After 2 h the flask was cooled to rt, filled with argon, and THF (15 mL) was added.  The 

suspension was stirred for 18 h and cooled to 0 °C.  4-Penten-1-ylmagnesium bromide (0.896 M 

in THF, 8.70 mL, 7.80 mmol) was added dropwise and the mixture was stirred for 2 h.  To the 

mixture was added a solution of 3-3 (842 mg, 3.00 mmol) in THF (20 mL) through a cannula over 

15 min.  After 2 h 10% aqueous AcOH (75 mL) was added dropwise.  EtOAc (250 mL) was added, 

the layers were separated, and the aqueous layer was extracted with EtOAc (300 mL).  The 

combined organic layers were washed successively with saturated aqueous NaHCO3 (50 mL  3) 

and brine (50 mL), dried (MgSO4), filtered, and concentrated in vacuo.  The residue was purified 

by flash column chromatography on silica gel 60 eluted with hexanes/EtOAc, 10:1 to 2:1, to give 

less polar product 3-9 trans (485 mg, 1.15 mmol, 38%) and more polar product 3-9 cis (528 mg, 

1.25 mmol, 42%) as colorless solids.  Each isomer was recrystallized from MeOH.  For 3-9 trans:  

Analytical TLC on silica gel 60 eluted with 3:1 hexanes/EtOAc, Rf = 0.47; mp 137 °C (MeOH);  1H 

NMR (300 MHz, CDCl3) δ 1.22–1.46 (40H, m), 2.03 (4H, m), 4.91–5.02 (4H, m), 5.79 (2H, ddt, J = 

17, 10, 7 Hz);  13C NMR (75 MHz, CDCl3) δ 22.2, 22.9, 27.9, 28.7, 34.2, 37.5, 40.3, 74.6, 114.5, 

138.8;  HRMS (FAB+, NBA) calcd. for C28H53O2 (M++H) 421.4046, found 421.4039.  For 3-9 cis:  

Analytical TLC on silica gel 60 eluted with 3:1 hexanes/EtOAc, Rf = 0.24; mp 160 °C (MeOH); 1H 

NMR (300 MHz, CDCl3) δ 1.21–1.47 (40H, m), 2.02 (4H, m), 4.90–5.01 (4H, m), 5.79 (2H, ddt, J = 

17, 10, 7 Hz); 13C NMR (75 MHz, CDCl3) δ 22.1, 22.9, 27.9, 28.7, 34.2, 37.6, 40.2, 74.6, 114.5, 

138.9; HRMS (FAB+, NBA) calcd. for C28H53O2 (M++H) 421.4046, found 421.4039. 
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1,10-Dihydroxybicyclo[8.8.8]hexacos-5-ene (3-10).  To a solution of 3-9 cis (99.6 mg, 0.237 

mmol) in CH2Cl2 (250 mL) was added (Cy3P)2Cl2Ru=CHPh (29.3 mg, 35.6 µmol)2 in one portion 

and the mixture was heated to reflux under argon.  After 20 h the mixture was cooled to rt and 

concentrated in vacuo.  The residue was purified by flash column chromatography on silica gel 

60 eluted with hexanes/EtOAc, 7:1 to 2:1, to give 3-10 (39.1 mg, 99.6 µmol, 42%) as a white 

solid.  Analytical TLC on silica gel 60 eluted with 3:1 hexanes/EtOAc, Rf = 0.34.  mp 210 °C; 1H 

NMR (300 MHz, CDCl3) δ 1.23–1.45 (40H, m), 2.00 (4H, m), 5.27 (2H, m); 13C NMR (75 MHz, 

CDCl3) δ 21.6, 22.0, 24.8, 28.0, 32.5, 36.8, 39.4, 74.6, 131.4; HRMS (FAB+, MIX) calcd. for C26H45 

(M+–2H2O+H) 357.3521, found 357.3517. 

 

1,10-Dihydroxybicyclo[8.8.8]hexacosane (3-1).  To a solution of 3-10 (31.9 mg, 81.2 µmol) in 

absolute EtOH (13 mL) was added 10% Pd/C (11.4 mg).  The mixture was set on a Parr 

hydrogenation apparatus and shaken under hydrogen (80 psi) at rt.  After 6 d the mixture was 

removed from the hydrogenator, passed through a Celite pad, and the filtrate concentrated in 

vacuo.  The residue was purified by flash column chromatography on silica gel 60 eluted with 

hexanes/EtOAc, 5:1 to 4:1, to give 3-1 (32.0 mg, 81.2 µmol, 100%) as a white solid which was 

then recrystallized from MeOH.  Analytical TLC on silica gel 60 eluted with 3:1 hexanes/EtOAc, 

Rf = 0.38; mp 213–214 °C (MeOH); 1H NMR (300 MHz, CDCl3) δ 1.23–144 (48H, m); 13C NMR (75 

MHz, CDCl3) δ 21.0, 24.6, 28.0, 38.5, 74.6; HRMS (FAB+, MIX) calcd. for C26H47 (M+–2H2O+H) 

359.3678, found 359.3700.52 
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CHAPTER 4:  INTRODUCTION TO BICYCLE POLYMERS 

A small number of oligomers and polymers that contain bicyclic units have been synthesized, 

including bicyclo[1.1.1]pentane oligomers53, bicyclo[1.1.1]pentane polyamides54, and 

bicyclo[2.2.2]octane polyesters55.  Michl has utilized tricyclo[1.1.1.01,3]pentane (4-1) to 

synthesize [n]staffanes (4-2) with the largest isolated material containing six units (Figure 4.1).   

 

 

Figure 4.1: Reaction of Monomer 4-1 into [6]staffane 4-2 

 

Single-crystal X-ray analysis showed that the oligomers adopted a herringbone configuration.  A 

small amount of material was also isolated that was insoluble in organic solvents.  As the 

oligomers grew, they became insoluble due to their rigidity and linear conformation.  In 

addition, a large number of 1,3-disubstituted bicyclo[1.1.1]pentanes have been synthesized, 

and materials with liquid crystalline behaviors have been observed56.   

Work done by Schluter showed that substituted [1.1.1]propellane (4-3) could be 

photopolymerized to give bicyclo[1.1.1]pentane polymers (4-4).  This material could be made 

more soluble by the addition of alkyl and ester moieties to one of the bridging carbon (Figure 

4.2).   
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Figure 4.2:  Synthesis of Bicyclo[1.1.1]pentane Polymer 4-4 

 

Using radical polymerization methods, homo-polymers were synthesized contained 

approximately 860 monomer units (MW = 120,000).  Co-polymers were also made containing a 

variety of electron-deficient olefins (Figure 4.3 and Table 4.1).  Mixing equal molar amounts of 

starting monomers, polymerization occurred spontaneously without need for photosensitizer.  

Monomers with strongly electron withdrawing groups gave the best yields and highest 

molecular weights (4-6 to 4-9).  Monomers with donor groups did not undergo polymerization 

(4-13). 

 

 

Figure 4.3:  An Example of an Alternating Co-polymer Containing the Bicyclo[1.1.1]pentane Core 
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Polymer Olefin [1.1.1]Propellane Yield in % Mw, 10-3 
Alternating 
Structure 

4-6 Maleic Anhydride H 100 220 Yes 

  
Pentyl 50 - Yes 

4-7 Dimethyl maleate H 100 - Yes 

  
Pentyl 60 2000 Yes 

4-8 Acrylonitrile H - - - 

  
Pentyl 70 530 Yes 

4-9 Ethyl acrylate H 100 250 Yes 

  
Pentyl - - - 

4-10 
Phenyl 

vinylsulfonate 
H 14 20 Yes 

  
Pentyl 20 25 Yes 

4-11 
Vinylidene 

chloride 
H 30 - No 

  
Pentyl 50 448 No 

4-12 Styrene H 15 40 No 

  
Pentyl - - - 

4-13 Vinyl ether H no rxn 
  

  
Pentyl no rxn 

  
 

Table 4.1:  Co-monomers and Resulting Polymer Properties 

 

Besides radical polymerization, the synthesis of bicyclo[1.1.1]pentane polyamide 4-16 was 

disclosed (Figure 4.4).  No additional characterization information on the polyamide was 

included in the publication. 
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Figure 4.4:  Polyamide Bicyclo[1.1.1]pentane 

 

Schluter mentioned the possible importance of the bicyclo[1.1.1]pentane monomer in 

comparison with commercial products containing rigid aromatic rings such as Kevlar and Duron.  

However, he also assumed that the expense of this monomer will preclude any type of 

commercial application.   

In the late 1980’s, Polk was able to synthesize a family of bicyclo[2.2.2]octane polyesters 

including the co-polymer 4-19 and a family of related co-polymers (Figure 4.5 and Table 4.2).  

He was interested in synthesizing liquid crystals.   

 

 

Figure 4.5:  Example of a Bicyclo[2.2.2]octane Polyester 4-19 
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Polymer Diol Yield in % Inherent Viscosity 

4-19 
Bicyclo[2.2.2]octane- 

1-4-diol 
87 0.56 (o-chlorophenol) 

4-20 Chlorohydroquinone 58 insoluble 

4-21 Bromohydroquinone 53 low 

4-22 Methylhydroquinone 62 insoluble 

4-23 Phenylhydroquinone 84 0.79 (m-cresol) 

4-24 trans-1,4-Cyclohexanediol 55 0.35 (o-chlorophenol) 

 

Table 4.2:  Bicyclo[2.2.2]octane Polyesters (4-19 to 4-24) and Inherent Viscosities 

 

Unfortunately, these polymers did not exhibit the expected liquid crystalline behavior.  

Therefore, a further series of random copolymers were synthesized.  By mixing each polymer 4-

19 to 4-24 with a polymer made of the diols shown in Table 4.2 with sebacoyl chloride, Polk was 

able to obtain random co-polymers that demonstrated birefringent fluid states during melting.  

However, no polymers containing bicyclic cores larger than bicyclo[2.2.2]octane have been 

reported.  Therefore, appropriate monomer targets for condensation polymerization have been 

postulated, diamine 4-25, bis-acid chloride 4-26, and diol 4-27 (Figure 4.6).  From these 

monomers, novel families of polyamides, polyesters, polyurethanes, and/or polyureas could be 

synthesized. 
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Figure 4.6:  Monomers Based on Bicyclo[8.8.8]hexacosane Core 

 

Realizing that one could not synthesis enough bicyclic monomer for a homopolymer, an 

appropriately sized linker was needed.  Computational models demonstrate that a ten carbon 

linker is nearly the same length as the GM structure of the diol monomer.  Assuming that the 

bicyclic polymer demonstrates elasticity, its elasticity would need to be compared against other 

polymers to determine the quality and usefulness of the material.  Therefore, two additional 

polymer systems need to be synthesized to be compared to the bicyclic nylon 10 (4-30), 

namely, nylon 10.10 (4-28), and monocyclic nylon 10 (4-29) (Figure 4.7).  Sebacic acid and 1,10-

diaminodecane were chosen as appropriate monomers for polymerization to form nylon 10-10 

4-28, an appropriate monocyclic diamine and sebacic acid were chosen for polymerization to 

form monocyclic nylon 10 4-29; and bicyclic diamine 4-25 and sebacic acid were chosen for the 

polymerization to form bicyclic nylon 10 4-30.   
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Figure 4.7:  Initial Nylon 10 Copolymers to be Investigated 

 

 Once these polymers are synthesized, a series of characterizations will need to be 

performed57.  While a large number of polymerization methods are known in the literature58, 

the two most common classical methods are condensation and addition polymerization.  In 

condensation polymerization, two monomers, or oligomers, combine and release a small 

molecule such as water.  These types of reactions usually have reactive end groups such as 

amines, alcohols, acids, or acid chlorides.  In addition polymerization, two monomers, or 

oligomers, combine and no small molecule is released.  These types of reactions usually have a 

reactive end such as olefins or isocyanates.  For the polymers of interest, a condensation 

polymerization to form polyamides or polyesters is envisioned. 
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 Condensation reactions are typically done via one of two methods:  interfacial 

polymerization or salt-melt polymerization.  The synthesis of nylon 6-6 is a classic example of 

interfacial polymerization.  An alkali solution of 1,6-diaminohexane is suspended above a 

solution of adipic acid chloride in chloroform to immediately form a white film at the interfacial 

layer.  By inserting a hook, the film can be carefully pulled into a continuous fiber until all 

reagents are exhausted.  But instead of using a hook to pull fibers, the mixture can be placed 

into a high-speed mixer (i.e. a blender) and vigorously mixed.  During mixing, the interfacial 

surface area exponentially increases; and the polymerization occurs quite quickly.   

For the salt-melt method, an alcohol solution of diamine and diacid is heated to form an 

insoluble pre-polymer.  This pre-polymer is then placed into a sealed glass tube and heated at 

high temperature to facilitate polymerization.  After the tube is opened, a thin glass capillary is 

inserted into the viscous polymer melt.  Inert gas is bubbled through the polymer melt to force 

the small molecules out of the melt during which high vacuum is applied to further help the 

removal of the small molecules. 

 Determination of the molecular weight of the polymer usually entails gel-permeation 

chromatography (GPC), size-exclusion chromatography (SEC), high resolution mass 

spectroscopy (HRSM), and solution methods such as viscosity.  GPC and SEC yield plots that 

compare the elution times (i.e. molecular weight) versus the relative concentrations.  HRMS can 

also yield the molecular weight and relative amounts of each polymer.  The average degree of 

polymerization, DP is dependent on the extent of polymerization, p (Equation 4.1).  If the 
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reaction proceeds to 90% completion, the DP is 10; and the polymer is predominantly a 

decamer. 

 

  DP = 1 / (1 – p)      (4.1) 

 

During the reaction, a broad distribution of oligomers gives rise to a broad distribution of 

polymers.  Therefore at any given time during the reaction, the number average fraction (Nx) 

containing x repeat units is given as Equation 4.2; and the weight fraction (Wx) containing x 

repeat units is given as Equation 4.3.   

 

  Nx = p(x-1) (1-p)       (4.2) 

  Wx = xp(x-1)(1-p)2      (4.3) 

 

The values of Nx and Wx are used to find the number average molecular weight Mn (Equation 

4.4) and weight average molecular weight Mw (Equation 4.5) where Mi is the molecular weight 

of any mole fraction (N)i.    These two values can be found from the GPC, SEC, or HRMS data. 

 

  Mn = Σ[MiNi] / Σ [Ni]     (4.4) 
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  Mw = Σ [Mi
2Ni] / Σ [MiNi]    (4.5) 

 

The properties of the bulk polymer material depend on uniformity of the polymer chains.  For 

polymers to have excellent properties, the range of polymer weights must be small; and the 

molecular weight must be high.  The polydispersity index (PDI, Equation 4.6) is found by 

dividing Mw by Mn.  For a monodisperse polymer, the PDI value is 1; condensation 

polymerizations often give rise to a PDI of 2. 

 

  PDI = Mw / Mn      (4.6) 

 

One of the simplest methods to determine molecular weight is to compare the viscosity of a 

polymer solution to that of the solvent.  Placing a dilute solution of polymer into a viscometer 

and measuring the amount of time it takes to move a certain distance gives the value of t; while 

the time it takes the solvent to move the same distance gives the value of t0.  Dividing these 

two numbers yields the relative viscosity (Equation 4.7).   

 

  ηrel = t / t0      (4.7) 
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The specific viscosity is found by Equation 4.8; while the reduced specific viscosity is found by 

dividing the specific viscosity by the concentration of the polymer in solution (Equation 4.9).  

The inherent viscosity is found by Equation 4.10.   

 

  ηsp = ηrel – 1      (4.8) 

  ηsp /C = (ηrel – 1)/C     (4.9) 

  ηinh = ln(ηrel / C)     (4.10) 

 

By finding the intrinsic viscosity (Equation 4.11), a correlation between viscosity and molecular 

weights can determined were K and α are constants found by the intercept and slope from a 

plot of the log of intrinsic viscosity against the log of the molecular weight of each polymer 

fraction (Equation 4.12).   

 

  [η] = ηsp / C      (4.11) 

  [η] = KMα      (4.12) 

 

Tables exist of K and α values, and appropriate values from related polymer and solvent 

combinations can be used to estimate the molecular weight of the polymer. 
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 As a consequence of polydispersity, polymers do not undergo a sharp melting point 

transition like small molecules.  Instead, the semi-crystalline polymer slowly softens during 

heating until all the crystalline areas disappear.  This temperature is the first-order transition 

and gives the polymer melt temperature, Tm.  When the amorphous polymer is cooled, the 

polymer undergoes a transition from a rubbery material to a glass-like material to yield the 

glass-transition temperature, Tg.  These values are experimentally found using either 

differential scanning calorimetry (DSC) or differential thermal analysis (DTA).  The synthesis of 

monomers 4-25, 4-26, and 4-27 will be discussed in Chapter 5; and the resulting polymerization 

and physical properties of polymers 4-28, 4-29, and 4-30 will be discussed in Chapter 6. 
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CHAPTER 5:  SYNTHESIS OF BICYCLIC AND MONOCYCLIC MONOMERS 

 

After the successful synthesis of bicyclo[8.8.8]hexacosane molecules with methyl and 

alcohol moieties at the bridgehead carbons, it was initially thought that the same synthetic 

methodology would lead to the target diamine 5-1, bis-acid chloride 5-2, and diol 5-3 

monomers (Figure 5.1).  These monomers would undergo classic condensation polymerizations 

to give bicyclo[8.8.8]hexacosane polyamides and polyesters. 

 

 

Figure 5.1:  The Three Monomer Targets 

 

Starting from the same α,β-unsaturated methyl ester 5-5, it was initially thought that 

the 1,4 addition of varying carbon chains would lead to the family of bicyclo[8.8.n]alkanes 

(Scheme 5.1). 
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Scheme 5.1:  Proposed Synthesis of Bicyclo[8.8.n]alkanes 

 

After much experimentation, all attempts at 1,4 conjugate addition with Grignard, lithium, and 

cuprate reagents to 5-5 only gave the diol corresponding to 1,2 addition to each of the esters or 

starting material, instead of 5-6 (Table 5.1).   
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Grignard Reagents and 
Conditions 

Lithiate Reagents and 
Conditions 

 
Cuprate Reagents and Conditions 

5-Pentenylmagnesium 
bromide, diethyl ether 

5-Pentenyllithium, 
diethyl ether 

5-Pentenylmagnesium bromide, 
CuI, TMSCl, dichloromethane 

5-Pentenylmagnesium 
bromide, dichloromethane 

5-Pentenyllithium, 
dichloromethane 

5-Pentenyllithium, CuI, TMSCl, 
dichloromethane 

  
5-Pentenyllithium, CuCN, TMSCl, 

dichloromethane 

 

Table 5.1:  Attempts at 1,4 Addition to Methyl Esters 5-5 

 

Acknowledging that groups larger than methyl were instead adding to the ester, it was thought 

that a bulkier ester might retard that process.  The t-butyl ester corresponding to 5-5 was 

synthesized using the Horner-Wadsworth-Emmons reaction.  Unfortunately, only the diol 

formed from 1,2-addition was isolated by using the same set of conditions as described in Table 

5.1 (Scheme 5.2). 

 

 

Scheme 5-2:  Product Formed by Alkylation Conditions Given in Table 5.1 
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Just as the pKa of dimethylmalonate is lower than the pKa of methyl propionate, it was 

thought that the 1,4 conjugate addition to a dimethylmalonate should occur due to the more 

polarized olefin.  Therefore, bis-malonate 5-9 was synthesized by a standard Knoevenagel 

reaction with a yield of 80% (Scheme 5.3)59.  To validate the utility of this molecule, 5-9 was 

successfully methylated using the same reaction conditions that were successfully used on 5-5.   

However, using the same set of conditions as described in Table 5.1, only the tetraol from 1,2 

addition or starting material were isolated. 

 

 

Scheme 5.3:  Synthesis and Use of Malonate 5-9 
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 It was thought that the bulkier cuprate reagents were decomposing before they could 

react with the tetrasubstituted olefins, so a set of Henry reactions using nitromethane were 

attempted.  Deprotonating nitromethane with LDA followed by addition of the methyl or t-

butyl 5-5 gave some 1,4 addition but mostly starting material.  Similar conditions using 

malonate 5-9 gave an inseparable mixture of the 1,4 adduct and starting material 5-9.   

 Somewhat surprised that 1,4 conjugate addition with any group larger than a methyl 

group instead reacted with the ester, it was thought that a skeletal rearrangement should form 

the quaternary center.  An allylic acetate would undergo an Ireland-Claisen rearrangement to 

give an olefin and a carboxylic acid.  To investigate Ireland-Claisen reaction conditions, allylic 

acetate 5-11 was synthesized from cyclohexanone 5-10 with a yield of 40% (Scheme 5.4).   

 

 

Scheme 5.4:  Ireland-Claisen Rearrangement 

 

Three different rearrangement conditions gave a trace of product 5-12 and the return of 

starting material60 (Table 5.2). 
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Reaction Conditions Yield of Rearranged Material 

LDA, TMSCl, THF, -78 0C < 5% 

NaHMDS, TMSCl, THF, -78 0C < 5% 

LiHMDS, TMSCl, THF, -78 0C < 5% 

 

Table 5.2:  Ireland-Claisen Rearrangement Conditions 

 

Encouraged by these results, the Johnson-Claisen rearrangement61 using allylic alcohol 5-13 was 

investigated (Scheme 5.5).  This procedure gave the correct product 5-14 in 80% yield with 

facile work-up and purification. 

 

 

Scheme 5.5:  Johnson-Claisen Rearrangement of Model Compound 5-13 

 

Since model allylic alcohol 5-13 successfully underwent Johnson-Claisen rearrangement, 

the bis-allylic alcohol would need to be synthesized.   Reduction of diester 5-5 with LAH gave 

the needed allylic alcohol 5-15 with a yield of 95% (Scheme 5.6).  Treating 5-15 with triethyl 

orthoacetate, catalytic propionic acid, at 185 0C in a pressure bottle gave the diester-diene 5-16 

in moderate yield. 
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Scheme 5.6:  Johnson-Claisen Rearrangement 

 

 The Johnson-Claisen rearrangement was used for quite some time; however, this 

reaction was not well behaved.  After several small accidents, the last reaction exploded, 

caught fire, and destroyed the interior of a hood62.  However, several synthetic pathways were 

investigated using the Johnson-Claisen rearrangement before the final explosion.  These 

synthetic pathways will be discussed in the order they were performed.   Knowing that a 

rearrangement was the only way to install the quaternary carbon, the original Claisen 

Rearrangement of an allyl vinyl ether was investigated (Scheme 5.7). 

 



119 
 

 

Scheme 5.7:  Classic Claisen Rearrangement 

 

Starting from allylic alcohol 5-15, transetherfication went quite well.  Ether exchange 

occurred with ethyl vinyl ether and mercury(II) acetate to give allyl vinyl ether 5-17 in 

quantitative yield.  The investigation of the Claisen rearrangement began by refluxing allyl vinyl 

ether 5-17 in toluene over night63 (Table 5.3).   

 

Reaction Conditions Reaction Results 

Toluene, 110 0C No rearrangement, only starting material 

Dichlorobenzene, 185 0C No starting material, no product 

Decalin, 210 0C No starting material, no product 

PdCl2(PhCN)2, TFA, PhMe, 110 0C No rearrangement, only starting material 

 

Table 5.3:  Attempts at the Claisen Rearrangement  

 

At 110 0C, only starting material was observed.  When higher boiling solvents like 

dichlorobenzene and decalin were used, no starting material was observed.  However, the 

proton NMR never showed both olefin and aldehyde peaks; only an aldehyde was seen.   This 

implies that the rearrangement was occurring, but ene-al 5-18 was not thermally stable and 

decomposed during the course of the reaction.  Even using a palladium catalyst only yielded 

starting material64.   
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 Since ene-al 5-18 is not thermally stable, reactions conditions needed to found that 

employed low to moderate temperatures.  Two different reactions conditions were found using 

either DIBAL-H65 (diisobutylaluminum hydride) or TriBAL66 (triisobutylaluminum) at -40 0C to 

give the corresponding olefin-alcohol.  With allyl vinyl ether 5-17, DIBAL-H only gave starting 

material; whereas TriBAL gave only the product 5-19 with a quantitative yield.  In fact, the 

reaction reduced the bis-aldehyde to the diol by the in situ formed aluminum hydride 

generated by TriBAL.  The original TriBAL conditions worked well for small amounts of material; 

however, during the scaling up of this reaction, optimized conditions required heating at 70 0C 

with no effect on the yield (Scheme 5.8).  The Johnson-Claisen rearrangement took three steps 

and gave a yield of 80%, while the Lewis acid assisted Claisen rearrangement takes three steps 

and gives a yield of 99%.   

 

 

Scheme 5.8:  Lewis Acid Assisted Claisen Rearrangement 
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The successful installation the critical quaternary center allowed the synthesis to move 

on to the next important intermediate, the synthesis of the pendant olefin chains.  The first 

approach is depicted in Scheme 5.9.  Beginning with 1,10-cyclooctadecanedione 5-4, addition of 

vinyl Grignard followed by immediate PCC oxidative rearrangement67 gave α,β-unsaturated 

aldehyde 5-20.  Addition of propylmagnesium chloride gave allylic alcohol 5-21 which 

underwent Johnson-Claisen rearrangement to give an internal olefin 5-22.  At this juncture, it 

was envisioned that using contrathermodynamic olefin isomerization would transform the 

internal olefin into the needed terminal olefin 5-23. 

 

 

Scheme 5.9:  Synthesis Using Contrathermodynamic Olefin Isomerization 
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In a technique known as contrathermodynamic olefin isomerization, internal olefins are 

transformed into terminal olefins. This method is of particular interest to the petroleum 

industry.  As such, industry has patented a great number of techniques to synthesize terminal 

olefins from internal olefins.  These techniques require extremely high temperatures (> 500 0C), 

catalysts, expensive equipment, and have only been applied to hydrocarbons68,69,70.  In the 

academic world, boranes have been used to do this type of isomerization.  Most of this work 

has been done in the lab of H.C. Brown.  However, all of this work has only used hydrocarbon 

systems71,72,73,74,75. 

The mechanism of this isomerization is fairly straightforward.  The borane bonds to the 

olefin to give the corresponding alkylborane.  At this point, the high temperature allows the 

alkylborane to “walk” to the end of the chain to achieve the sterically favored primary 

alkylborane via reversible elimination and addition steps.  When excess internal alkyne is added 

and heat applied, the boron atom permanently exchanges with the alkyne leaving a terminal 

olefin.  Oxidation gives the ketone formed from the alkyne and the terminal olefin.  The 

standard literature procedure for olefin isomerization is as follows:  Addition of diborane to 

olefin followed by heating at 180 0C.  To this mixture, excess internal alkyne is added followed 

by additional heating at 180 0C.  This mixture is then subjected to oxidation with alkaline 

peroxide to yield a terminal olefin and the ketone formed from the alkyne.  To test this 

synthetic methodology, the first attempt at olefin isomerization used commercially available 

trans 4-octene (Scheme 5.10).   
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Scheme 5.10:  Isomerization Using trans 4-Octene 

 

This first experiment actually “walked” the olefin to the end of the chain followed by oxidation 

to the primary alcohol.  After the preliminary success, the same procedure was repeated and 

excess 3-hexyne was added.  After further heating, the mixture was oxidized to give expected 1-

octene and 3-hexanone.   

Initial success gave hope that the synthesis of the monomer would be quickly 

completed.  As such, work began to isomerize bis-olefin 5-22 (Scheme 5.11).  The first attempt, 

where R = CO2Me, gave an unexpected result.  After the addition of the diborane and 5 hours of 

heating, an aliquot was removed and oxidized.  The NMR of the crude reaction mixture showed 

total loss of the olefin and total loss of the ester.  The ester was seen as a primary alcohol in the 

carbon-13 spectra and the olefin was seen as a set of secondary alcohol peaks.   

 

 

Scheme 5-11:  Attempts at Olefin Isomerization 
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This observation seemed incorrect because esters are unreactive to diborane.  However, the 

increased temperature and pressure were enough to reduce the ester.  The same reaction was 

heated for an additional 10 hours, and another aliquot was taken.  The NMR of the crude 

reaction mixture showed no change from the first aliquot.  Alkyne was added, and the reaction 

was heated for three hours.  The reaction was oxidized, and the NMR showed no olefin peaks, 

the same primary alcohol, and the same set of secondary alcohols.  The alkyne was unable to 

add to the borane and regenerate the olefin. 

Since the ester reacted with diborane, the ester was reduced with LAH, and the reaction 

was tried again (R = CH2OH).  Using the same set of conditions, the resulting product showed no 

olefin.  The alcohol was then protected as the methyl ether, and the reaction was tried again (R 

= CH2OMe).  When this attempt failed using diborane and the same reaction conditions, 

Hubert’s technique76 of tri-iso-butylborane was attempted.  Using similar conditions, the 

internal olefin was still present; however, additional secondary alcohol peaks appeared, and no 

terminal olefin was seen.  Unfortunately, the NMR of the product showed no olefin transfer and 

the same set of alcohol peaks. 

From the carbon-13 NMR spectra, it is clear that the olefin reacts with the borane.  

Regardless of the starting material or reaction conditions, the product in each case gave the 

same set of secondary alcohols.  This means that the no isomerization has occurred; the borane 

is stuck in one position.  After addition of alkyne followed by further heating, the secondary 

alcohols remain the same; and the olefin is not reformed.  This means that the borane is 

blocked from reacting with the alkyne.   
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Since addition went smoothly, three possible reasons exist for the lack of isomerization 

(Scheme 5.12).  The first reason could be that the oxygen coordinates with the borane in either 

a 6- or 7- member ring 5-24.  The oxygen then holds the borane in the same conformation 

during the heating and blocks the addition of the alkyne.  The second reason could be that the 

borane reacts with the bis-olefin in an intramolecular fashion 5-25.  This 6- or 7- membered 

borocycle is held in that conformation during heating and blocks the addition of the alkyne.  

The third reason could be a combination of the first two.  At the time, no boron NMRs were 

taken to investigate this hypothesis. 

 

 

Scheme 5.12:  Possible Explanations as to Why Isomerization Failed 

 

Realizing the contrathermodynamic olefin isomerization was not going to be useful, 

several thermodynamic isomerizations were attempted.  Literature showed that it is 

straightforward to isomerize an internal alkyne to a terminal alkyne by a technique known as 

the “acetylene zipper.” The acetylene zipper was first discovered by the Brown group (not H. C. 

Brown) in the mid 70’s77.  It was shown that the appropriate reactions conditions would zip an 
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internal triple bond to the end of an alkane chain almost instantaneously and with a 90% yield.  

Since then, the zipper technique has gained widespread synthetic use even in the presence of a 

variety of functional groups.  A large number of groups have used the zipper with an alkyne one 

carbon78,79, two carbons80, three carbons81, eight carbons82, and thirteen83 carbons away from a 

primary alcohol.  In addition, the zipper has been used to move conjugated internal dialkynes to 

1,3 alkynes84, an alkyne one carbon away from an amine85, an alkyne two carbons from a 

ketone86, an alkyne seven carbons from a carboxylic acid87,  and alkyne one carbon away from a 

(1,2 aminoethyl alcohol)88. 

The new plan was to transform an internal alkyne to the terminal acetylene which could 

be then be reduced to the terminal olefin.  A series of acetylene zipper reactions were run on 

two commercially available compounds, 3-hexyne and trans 4-octene (Scheme 5.13). 

 

 

Scheme 5.13:  Initial Acetylene Zipper Reactions 
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 The key zipper reagent, lithium aminopropylamide (LiAPA) was made according to literature89.  

To LiAPA, 3-hexyne was added and allowed to stir at room temperature for 30 minutes.  After 

the conventional work-up, proton and carbon NMR showed only 1-hexyne.  The next model 

system was the bromination of 4-octene with molecular bromine in methylene chloride.  This 

reaction proceeded cleanly with an 88% yield.  Dibromide 5-29 was immediately added to a 

solution of LiAPA and stirred at room temperature for 30 minutes.  Proton and carbon NMR 

showed only 1-octyne.  This last reaction showed that LiAPA would debrominate and isomerize 

in the same pot. 

With these promising results, work began on the actual system (Scheme 5.14).  Starting 

with the dimethoxy compound 5-22 (R = OMe), the reaction was undertaken using the same 

conditions as previously described.  From the beginning, the synthesis of the tetrabromide was 

problematic.  The bromination was run at room temperature, in an ice-bath, and in a dry-

ice/acetone bath.  Each time, after about 75% of the molecular bromine was added, the 

reaction mixture retained the brown bromine color.  When moist pH paper was placed over the 

opening of the reaction, it turned red.  This indicated that HBr was being formed.  Addition of 

solid potassium carbonate helped to slow the acid catalyzed degradation of the tetrabromide.  

When the solvent was removed under vacuum, a sticky white solid appeared (starting material 

was a light yellow oil).  This white solid was used, as is, for the attempts at the acetylene 

zipper90.  After purification, proton and carbon NMR showed some evidence of terminal alkyne 

and some allene peaks.  However the mass balance of product was less than 10% and the 

mixture of alkyne and allene was inseparable.  Each time the reaction was run (5-22, R = OMe, 

OH, CO2Me), the mass balance was dismal; and the NMR did not show clean product or even 
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starting material.  When the mixture of allenes and alkyne was subjected to another round of 

LiAPA, no terminal alkyne was formed and more material was lost.  Clearly, the acetylene zipper 

was not going to be a viable solution to install a terminal olefin for RCM. 

 

 

Scheme 5.14:  Attempts at the Acetylene Zipper 

 

 After the failure of the acetylene zipper reaction, it was thought that if a styrene moiety 

was found at the end of the alkane chain; the stilbene product would act as a thermodynamic 

sink during the olefin metathesis (Scheme 5.15).  At the time these reactions were run, no 

literature precedent for this transformation could be found. 

 

 

Scheme 5.15:  RCM to Yield Stilbene 
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The synthesis of the styrene at the end of the alkane chain would utilize another type of 

thermodynamic olefin isomerization.  Starting with conjugated aldehyde 5-20, addition of 

phenylpropyl Grignard followed by a Johnson-Claisen rearrangement gave the necessary 

internal olefin 5-35 (Scheme 5.16). 

 

 

Scheme 5.16:  Synthesis of Internal Olefin 

 

The investigation into olefin isomerization began with two transition metal catalysts.  

Ruthenium(III) chloride catalyzed the transform 1-hexene into 3-hexene91 (Scheme 5.17).  In the 

proton and carbon NMR, only one type of internal olefin was seen, and no yield was taken due 

to the volatility of 3-hexene. 
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Scheme 5.17:  Isomerization of Hexene 

 

Using the same procedure on the actual system did not give the expected rearrangement, only 

starting material was recovered.  Using the same catalyst with different reaction conditions also 

gave only starting material92,93.  Using ruthenium(II) chloride tris triphenylphosphine94, only 

starting material was recovered.  The next attempt of this isomerization used a variety of bases 

(Table 5.4).  Unfortunately, none of these conditions gave the desired product. 

 

Reaction Conditions Reaction Results 

DBU, PhMe, heat95 Starting Material 

I2, PhMe, heat96 Starting Material 

KOtBu, DMSO, heat97 Starting Material 

 

Table 5.4:  Conditions Attempted for Catalyzed Olefin Isomerization 

 

 After the failure of this final olefin isomerization technique, olefin 5-35 was reduced.  It 

was thought that the conjugated olefin could be formed by bromination with NBS/hv followed 

by dehydrohalogenation (Scheme 5.18). 
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Scheme 5.18:  Synthesis of Styrene Using NBS/hv 

 

Taking diene 5-35 that was used during the previous isomerization attempt, the olefin was 

removed by hydrogenation.  The synthesis of the conjugated olefin worked better than 

expected and in one pot.  Refluxing a solution of reduced 5-35 in carbon tetrachloride with NBS 

and light for an extended period of time gave bromination followed by elimination to give the 

styrene moiety 5-32.  When this styrene-type compound underwent RCM using Grubbs I or 

Grubbs II in either refluxing DCM or toluene, RCM did not occur in satisfactory yield.  After 

purification, less than 5% ring closed product 5-33 was seen by NMR and a small amount of 

stilbene was obtained.  The failure of this final attempt prompted another change to the 

synthetic plan. 

 Some time after these attempts, papers were published using this methodology.  Using 

Grubbs’ 2nd Gen catalyst, methoxystyrenes were cross coupled to give stilbenes98.  Using an in 

situ generated ruthenium catalyst, styrene and electron rich and electron poor substituted 

styrenes were cross coupled to give stilbenes99.  A number of groups have cross coupled 

terminal olefins with styrene100,101,102.  One group actually cross coupled a terminal olefin with 

stilbene to introduce the styrene moiety103.  It would appear that the addition of the catalyst to 

one of the styrene moieties in 5-32 would yield an intermediate with an incredible amount of 
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steric bulk.  The addition of the second styrene to the catalyst-intermediate does not seem to 

occur, possibly due to the steric congestion. 

 All previous attempts at elegant chemistry based on multiple types of isomerization 

were a failure, so a route that was more circuitous but based on more traditional 

methodologies was chosen (Scheme 5.19). 

 

 

Scheme 5.19:  Revised Synthesis Using Traditional Methods 

 

Starting with dimethylester 5-5 which was used in the original Johnson-Claisen experiments, the 

dimethylester was reduced with LAH and immediately used for the Johnson-Claisen 

rearrangement.  The diethylester 5-16 was reduced with LAH, and the resulting alcohols were 
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protected as benzyl ether 5-38.  The benzyl ethers would be deprotected at the same time the 

olefin formed from RCM was hydrogenated.  Following benzyl protection, the olefin would 

undergo hydroboration/oxidation to yield a diol.  This diol would be transformed into an 

appropriate leaving group followed by displacement with allyl Grignard to give diene 5-39.  At 

this point, RCM and hydrogenation would produce a bicycle monomer. 

Reduction of the Johnson-Claisen product 5-16 with LAH followed by protection with 

benzylbromide gave protected diene 5-38.  Hydroboration and oxidation gave the protected 

diol 5-40.  However, when the diol was transformed into the bromide, iodide, mesylate, or 

tosylate, the molecule decomposed to give spiro-pyran 5-41 (Scheme 5.20).  

 

 

Scheme 5.20:  Formation of bis-Spiro-Pyran 5-41 

 

Attempts at retarding this process by immediate reaction of the bromide, iodide, mesylate, or 

tosylate with cuprate or Grignard reagents predominately yielded the pyran.  While a small 

amount of the correct product was purified, the majority of the material was found as the 

pyran.  Even when the benzyl ether protecting group was changed to a methyl ether, 

decomposition to the pyran still occurred. 
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 Perplexed by the consistent pyran formation, it was thought that this observation could 

be used advantageously (Scheme 5.21).  If lactone 5-42 could be synthesized, then DIBAL-H 

reduction followed by addition of the appropriate cuprate or Grignard reagent should give the 

diol-diene in one pot. 

 

 

Scheme 5.21:  Proposed Synthesis and Use of Lactone 5-42 

 

Unfortunately, hydroboration with either diborane or diasamylborane followed by oxidation 

did not yield the lactone.  In fact, very little material was recovered from these reactions.  

Assuming that the bis-acid had been synthesized but not isolated, reaction mixture was 

acidified after oxidation.  Even after this acidification, no lactone was isolated.  The 6-

membered spiro-pryan ring 5-41 formed, but the 6-membered lactone 5-42 was not formed.  

Previously, tetraolefin 5-43 had been synthesized from the corresponding iodide and tosylate.  

RCM on this tetraolefin did yield ring closed material to give spiro-cyclohexene 5-44 (Scheme 

5.22). 
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Scheme 5.22:  Ring Closing Metathesis of a Tetraolefin 

 

 Stunned by the formation of spiro-pyrans, once again the synthetic methodology was 

redesigned.   Before any further progress could be made, the hydroboration/oxidation reaction 

needed to be optimized.  At this point, hydroboration/oxidation using traditional methods 

consistently yielded a product with a 50-70% yield (Scheme 5.23 and Table 5.5). 

 

 

Scheme 5.23:  Hydroboration/Oxidation of the Dimethoxy-Diene 

 

Commercially available diborane solutions quickly lost reactivity, so all hydroboration reactions 

used in situ diborane from boron trifluoride diethyl etherate and sodium borohydride.  Using 
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diborane, disamylborane, or 9-BBN followed by oxidation using peroxide and aqueous alkali 

gave the product 5-46 in poor yield.  However, when the oxidant was changed to 

trimethylamine N-oxide104 (TMANO), the diol was isolated with a yield of 95%. 

 

Reaction Conditions 
Yield of 
Product 

BH3, Alkaline/Peroxide 50-70% 

Isa2BH, 
Alkaline/Peroxide 

50-70% 

9-BBN, 
Alkaline/Peroxide 

50% 

BH3, TMANO 95% 

 

Table 5.5:  Hydroboration/Oxidation Conditions 

 

 Using TMANO as the oxidant, the final synthetic scheme could be realized (Scheme 

5.24).  Starting from 1,10-cyclooctadecanedione 5-4, a Horner-Wadsworth-Emmons reaction 

gave α,β- unsaturated methyl ester 5-5.  Reduction with lithium aluminum hydride and 

transetherfication with ethyl vinyl ether and mercury(II) acetate gave the allyl vinyl ether 

needed for the rearrangement.  After the Lewis acid mediated Claisen rearrangement, the 

resulting diene-diol 5-47 was protected as methyl ether 4-45. Hydroboration with diborane and 

oxidation with TMANO gave 5-46 as a white powder.  

At this point, it is envisioned that diol 5-46 will undergo a Swern Oxidation followed by 

the a Horner-Wadsworth-Emmons reaction to give α,β- unsaturated methyl ester 5-48.  The 

olefin will be reduced with magnesium metal in methanol, and the ester will be reduced using 
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LAH to give diol 5-49.  Diol 5-49 will undergo an additional Swern Oxidation followed by a Wittig 

reaction with methyltriphenylphosphonium bromide to install the necessary terminal olefins to 

give 5-50.   

 

 

Scheme 5.24:  Final Synthetic Methodology 
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Diene 5-50 will be subjected to Grubbs’ 2st generation catalyst to give ring closed material 5-51 

After catalytic hydrogenation over palladium, and deprotection of the methyl ethers using 

iodotrimethylsilane, the title bicyclic diol 5-4 will be obtained.   

 As discussed in Chapter 4, there was a need to synthesize a monocyclic monomer; and 

the synthesis of this monocyclic monomer went significantly faster than the synthesis of bicyclic 

diamine (Scheme 5.25).  Hydrogenation of 5-5 introduced hydrogens at the bridgehead carbons 

and cis/trans isomers of ester 5-53.  The cis/trans isomers of 5-53 are only apparent on the 

carbon NMR as a series of tight “doublets.” 

 

 

Scheme 5.25:  Synthesis of Monocyclic Diol 5-54 

 

The cis/trans ratio is 1:1 because the heights of the doubled peaks are nearly identical, and this 

ratio remains unchanged during the remainder of the synthesis.  At no time during the 

synthesis of 5-56 was it possible to separate the cis/trans isomers.  Reduction of 5-53 with 

lithium aluminum hydride gave diol 5-54.   
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General experimental.  Tetrahydrofuran (THF), diethyl ether (Et2O), and dichloromethane 

(CH2Cl2) were obtained from an Innovative Technology Pure Solv system.  For moisture sensitive 

reactions, glassware was flame-dried under argon.  Analytical thin-layer chromatography (TLC) 

was carried out on pre-coated silica gel 60 F-254 plates from Scientific Adsorbents and 

visualized with 10% phosphomolybdic acid solution in EtOH as stain.  Flash column 

chromatography was accomplished using silica gel 60 (32–63 µm).  Melting points (uncorrected) 

were measured on an Electrothermal melting point apparatus.  1H NMR and 13C NMR spectra 

were recorded on a Bruker-DRX 500 NMR spectrometer (500 MHz for 1H NMR and 125 MHz for 
13C NMR).  Chemical shifts (δ) are expressed in ppm and are internally referenced (7.24 ppm for 

CDCl3 for 1H NMR and 77.0 ppm for CDCl3 for 13C NMR).  Fast-atom bombardment (FAB) mass 

spectra were measured with m-nitrobenzyl alcohol (NBA) or 1% trifluoroacetic acid in a matrix 

of 50% of glycerol, 25% of thioglycerol, and 25% of NBA (MIX).  Mass spectra and high-

resolution mass spectra were obtained at the Mass Spectrometry Laboratory in the Department 

of Chemistry at the University of Arizona.   

 

Synthesis of Bicyclic Monomer: 

cis- and trans-2,2'-(1,10-divinylcyclooctadecane-1,10-diyl)diethanol (5-47):  Into a 500 mL round 

bottom flask were added lithium aluminum hydride (2.30 g, 60.0 mmol) and Et2O (300 mL).  This solution 

was chilled to 0 °C and a solution of 5-5 (4.71 g, 12.0 mmol) in Et2O (50 mL) was added dropwise.  After 2 

hrs, the grey solution was chilled to 0 °C and was then quenched by addition of saturated aqueous 

sodium potassium tartrate (150 mL).  After the solution changed color from grey to white, the mixture 

was extracted with Et2O (4 x 250 mL), the extracts combined, dried over MgSO4, filtered, and volatiles 

were removed in vacuo to give diol 5-15 (4.08 g, 12.0 mmol, 100 %) as a white powder and used without 

further purification. 

Into a 250 mL round bottom flask were placed diol 5-15 (4.08 g, 12.0 mmol), mercury(II) acetate (1.50 g, 

4.80 mmol), and ethyl vinyl ether (60 mL).  This solution was stirred at rt overnight.  The reaction was 

quenched with saturated aqueous bicarbonate (100 mL) and allowed to stir at rt for 30 minutes.  The 

mixture was extracted with Et2O (3 x 100 mL), the extracts combined, dried over MgSO4, filtered, and 
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volatiles were removed in vacuo to give 5-18 (4.70 g, 12.0 mmol, 100%) as a colorless oil.  The material 

decomposed on silica gel and so was used without further purification.  

Into a 250 mL 3-neck round bottom flask were added 5-18 and CH2Cl2 (25 mL).  This solution was chilled 

to 0 °C, and a solution of triisobutlyaluminum (1.0 M solution in hexanes, 55.0 mL, 55.0 mmol) was 

added dropwise.  The initial solution was grey in appearance but quickly became colorless.  This solution 

was heated at reflux for 48 hours.  The reaction was cooled to 0 °C and quenched by careful dropwise 

addition of 1 M HCl until gas evolution ceased.  Additional water (150 mL) was added, and the solution 

was extracted with Et2O (3 x 200 mL), the extracts combined, dried over MgSO4, filtered, and volatiles 

were removed in vacuo to give crude 5-19 a white powder.  Flash column chromatography on silica gel 

60 eluted with 30% hexanes/EtOAc yielded 5-47 (4.45 g, 11.9 mmol, 99%) as a white powder (mp = 114 

– 117 °C).  Analytical TLC on silica gel 60 eluted with 30% hexanes/EtOAc, Rf = 0.23 and 0.13.  1H NMR for 

both isomers δ 1.1 – 1.3 (32H, br m), 1.585 (4H, t, J = 7 Hz), 3.585 (4H, t, J = 7.5 Hz), 4.929 (1H, d, J = 17.5 

Hz), 5.040 (4H, d, J = 11 Hz), 5.709 (2H, dd, J = 9.5, 6.5 Hz) ; 13C NMR for both isomers δ 22.139, 28.116, 

28.997, 34.253, 40.889, 41.810, 59.587, 112.309, 147.567; HRMS (EI+) calcd. for C26H4O (M-H2O
+) 

374.3549, found 374.3556.  

 

cis- and trans-1,10-bis(2-methoxyethyl)-1,10-divinylcyclooctadecane (5-45):  Into a 1 L 3-neck round 

bottom flask were placed sodium hydride (60% oil suspension, 4.90 g, 122.4 mmol) , Et2O (300 mL) and 

DMF (100 mL).  To this mixture was added a solution of diol 5-19 (16.0 g, 40.8 mmol) in Et2O (100 mL) 

dropwise.  After allowing the mixture to stir at rt for 1 hour, methyl iodide (17.0 mL, 273.1 mmol) was 

added dropwise.  The mixture was heated at 40 °C overnight.  The reaction was cooled to 0 °C and 

quenched with saturated aqueous ammonium chloride (400 mL), and the solution was extracted with 

Et2O (3 x 500 mL), the extracts combined, dried over MgSO4, filtered, and volatiles were removed in 

vacuo to give crude 5-45 as a yellow oil.  Flash column chromatography on silica gel 60 eluted with 10% 

hexanes/EtOAc yielded 5-19 (15.4 g, 40.8 mmol, 90%) as a white waxy solid (mp = 39 – 40 °C).  Analytical 

TLC on silica gel 60 eluted with 10% hexanes/EtOAc, Rf = 0.40 and 0.29.  1H NMR for both isomers δ 1.1 – 

1.4 (32H, br m), 1.568 (4H, t, J = 8 Hz), 3.281 (10H, m), 4.879 (2H, d, J = 10 Hz), 5.015 (2H, d, J = 5.5 Hz), 

5.635 (2H, dd, J = 14.5, 3 Hz); 13C for both isomers δ  22.130, 28.085, 28.990, 34.299, 38.217, 40.942, 

58.452, 69.331, 112.097, 146.894; HRMS (EI+) calcd. for C27H48O (M -MeOH+) 388.3705, found 388.3696. 
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cis- and trans-2,2'-(1,10-bis(2-methoxyethyl)cyclooctadecane-1,10-diyl)diethanol (5-46):  Into a 1 L 3-

neck round bottom flask were placed 4-45 (4.30 g, 10.2 mmol), THF (20 mL), and sodium borohydride 

(847 mg, 22.4 mmol).  To this mixture was added a solution of BF3-OEt2 (2.8 mL, 22.4 mmol) dropwise 

and allowed to stir at rt.  After 24 hrs, trimethylamine-N-oxide (6.8 g, 61.4 mmol) was added to give a 

white, foamy solution.  Addition THF (410 mL) was added, and the mixture was heated under reflux for 

24 hrs.  The mixture was transferred into a 500 mL round bottom flask and volatiles were removed in 

vacuo to give crude 5-46 as a white powder.  Flash column chromatography on silica gel 60 eluted with 

30% - 80% hexanes/EtOAc yielded 5-19 (4.42 g, 9.69 mmol, 95 %) as a white powder (mp = 147 – 148 

°C).  Analytical TLC on silica gel 60 eluted with 30% hexanes/EtOAc, Rf = 0.23 and 0.07.  1H NMR for both 

isomers δ  1.1 – 1.3 (32H, br m), 1.523 (4H, t, J = 6.5 Hz), 1.556 (4H, t, J = 6.5 Hz), 3.322 (6H, s), 3.416 (4H, 

t, J = 6.5 Hz), 3.668 (4H, t, 7 Hz); 13C for both isomers δ 21.923, 28.186, 29.152, 35.912, (36.339, 36.447), 

39.515, 58.644, 59.090, 69.243; HRMS (EI+) calcd. for C25H46O (M -CH3OH -OH -C2H5O
+) 362.3549, found 

362.2558. 

 

Synthesis of Monocyclic Diamine: 

cis- and trans-Dimethyl 2,2'-(cyclooctadecane-1,10-diyl)diacetate (5-53).  Into a glass hydrogenation 

vessel were added 5-5 (6.48 g, 16.5 mmol) and absolute EtOH (65 mL).  Carefully, 10% Pd/C (800 mg) 

was added, the vessel was charged with hydrogen (35 psi), and the mixture was shaken on a Parr 

hydrogenation apparatus.  After 24 hrs, the solution was filtered through a Celite pad and volatiles were 

removed in vacuo to give 5-53 (6.53 g, 16.5 mmol, 100%) as a white waxy solid (mp = 57 – 58 °C).  

Analytical TLC on silica gel 60 eluted with 10% hexanes/EtOAc, Rf = 0.34.  1H NMR for both isomers δ 

1.289 (32H, br s), 1.922 (2H, br m), 2.225 (4H, d, J = 3.5 Hz), 3.658 (6H, s); 13C for both isomers d  ; HRMS 

(ESI+) calcd. for C24H44O4Na (MNa+) 419.3132, found 419.3128. where is the c13 nmr? 

 

cis- and trans-2,2'-(cyclooctadecane-1,10-diyl)diethanol (5-54).  Into a 1 L round bottom flask were 

added lithium aluminum hydride (3.14 g, 82.7 mmol) and Et2O (400 ml).  This solution was chilled to 0 °C 

and a solution of 5-53 (6.53 g, 16.5 mmol) in Et2O (50 ml) was added dropwise.  The ice bath was 

removed, and the mixture was allowed to stir at rt.  After 2 hrs, the grey solution was chilled to 0 °C and 

was then quenched by addition of saturated aqueous sodium potassium tartrate (200 mL).  After the 
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solution changed color from grey to white, the mixture was extracted with Et2O (4 x 400 mL), the 

extracts combined, dried over MgSO4, filtered, and volatiles were removed in vacuo to give 5-54 (5.01 g, 

16.0 mmol, 97%) as a white powder (mp = 110 – 112 °C).  This material was used without further 

purification.  Analytical TLC on silica gel 60 eluted with 30% hexanes/EtOAc, Rf = 0.17.  1H NMR for both 

isomers δ 1.2 - 1.3 (32H, br m), 1.508 (6H, br m), 3.658 (4H, br m); 13C for both isomers δ (24.572, 

24.733), (27.927, 28.005), (28.587, 28.604), (31.709, 31.797), (32.967, 33.035), (37.681, 37.749), 61.364; 

HRMS (EI+) calcd. for C22H24O (M -H2O
+) 322.3236, found 322.3241.  
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CHAPTER 6:  SYNTHESIS AND CHARACTERIZATION OF POLYMERS 

 As discussed in Chapter 5, three diamine monomers, 6-1, 6-2, and 6-3 were originally 

envisioned to be copolymerized with sebacic acid (decanedioic acid) to give the series of 

polyamides, 6-4, 6-5, and 6-6 (Scheme 6.1).    

 

 

Scheme 6.1:  Three Polyamide Targets 

 

Polymerizing commercially available 1,10-diaminodecane 6-1 with commercially available 

sebacic acid via interfacial methods to give linear polyamide 6-4 was undertaken.  However, the 

fluffy white powder was of low molecular weight as seen by the mass spectral data and the low 

[η] values of 0.2 – 0.3.  When the polymerization occurred using the salt-melt method at 210 
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0C, the opaque white plastic plug was of high molecular weight as seen by the higher [η] values 

of 0.6 – 0.8.  Salt-melt polymerization of the monocyclic diamine 6-2 with sebacic acid at 210 0C 

yielded a black plastic plug.  A series of temperature experiments demonstrated that the salt-

melt method did not yield polymer at temperatures less than 140 0C; but at temperatures 

above 150 0C, the material charred to a black powder.   

With such a small temperature window for polymerization, additional methods were 

investigated.  Since the salt-melt method with sebacic acid was only giving charred material, the 

sebacic acid needed to be activated to have a leaving group better than water.  Four possible 

sebacic acid derivatives with the following leaving groups were chosen to be investigated: N-

acylimidazoles 6-7, dinitrophenylesters 6-8, thiophenylesters 6-9, and pentafluorophenylesters 

6-10 (Figure 6.1).  The synthesis of 6-7 was problematic due to the use of two equivalents of 

imidazole, one as the leaving group and the second as a proton acceptor.  The synthesis of 6-9 

with sebacoyl chloride and thiophenol without solvent yielded the thioester as a white waxy 

solid.  The melt polymerization of 1,10-diaminodecane with 6-9 proceeded at 180 0C to give a 

transparent plastic plug of linear polyamide 6-4.  When monocyclic diamine 6-2 was melted 

with 6-9 at 120 0C, a viscous, colorless material was observed.  However, this material was 

difficult to work with and to purify with the lab blender.  As such, no further work was done to 

synthesize polyamides. 
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Figure 6.1:  Four Activated Sebacic Acid Derivatives 

 

Recognizing the problems with using moderate to high temperatures to afford 

polyamide products, thermally driven condensation polymerizations were to be avoided.  

Addition polymerizations of diols 6-11, 6-12, and 6-13 with 4,4′-methylenebis(phenyl 

isocyanate) (MDI, 6-14) to give polyurethanes 6-15, 6-16, and 6-17 were investigated next 

(Scheme 6.2).  Instead of using diamines to form polyureas, the use of diols reduced the 

number of synthetic steps to the target monomers by three steps.  Also, using MDI as the co-

monomer should give material with alternating rigid and flexible subunits.  The rigid sections 

should help the bulk material be more crystalline and give a truer representation of the elastic 

nature of bicyclic diol 6-13.   
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Scheme 6.2:  Three Polyurethane Targets 

 

The polymerization to linear polyurethane 6-15 with MDI and 1,10-decanediol was 

achieved under a variety of reaction conditions (Table 6.1).  The standard procedure for these 

reactions is to dissolve MDI in 2 mL solvent and to add a solution of diol in 2 mL of solvent in 

one portion and the mixture is allowed to stir under argon.  The reaction mixture was then 

blended with methanol and dried to give polymeric materials.  The original procedure used 

DMSO as the solvent for both monomers and a reaction temperature of 115 0C (Entry 1).  The 

first polyurethane isolated was a hard, white, rubbery material that was insoluble in the 

following solvents:  acetone, THF, ethyl acetate, methylene chloride, toluene, DMF, formic acid, 

TFA, m-cresol, water, methanol, and conc. sulfuric acid.  Such insolubility suggested cross-
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linking between the polymer chains due to slight impurities or DMSO mediated trimerization of 

the MDI. 

 

Entry Diol Solvent MDI Solvent, (catalyst) Reaction Conditions Result 

1 DMSO DMSO 115 0C, 2 hrs Hard rubber 

2 -- DMSO, (Tin) 115 0C, 30 min White powder 

3 -- DMSO, (Zn) 115 0C, 30 min White powder 

4 THF:DMSO THF 60 0C, 5 hrs White fibers 

5 THF:DMSO THF, Tin 60 0C, 5 hrs Fluffy white powder 

6 THF:DMSO THF Rt, 24 hrs White powder 

7 Sulfolane Sulfolane 60 0C, overnight White powder 

8 THF THF 60 0C, 24 hrs White powder 

9 THF:DMF THF Rt, overnight White powder 

10 THF:DMF THF 60 0C, 24 hrs White fibers 

 

Table 6.1:  Reaction Conditions and Results for Linear Polyurethane 6-15 

 

Two catalysts were investigated, tin(II) octoate and zinc(II) acetylacetonate.  When these two 

catalysts were heated with MDI in DMSO without any diol, the reaction turned into a solid gel 

within 30 minutes (Entries 2 and 3).  It would appear that the catalysts were facilitating the 

addition of DMSO to MDI at 115 0C.  When the solvents were changed to THF and just enough 

DMSO to dissolve the diol, white fibers were produced (Entry 4).  However, when the same 

reaction conditions as Entry 4 were used with the addition of tin(II) octoate, fluffy, white 

powder was the result (Entry 5).  It would seem that the catalysts were hindering 

polymerization instead of catalyzing polymerization.  When the polymerization was run at room 
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temperature overnight, white powder was produced (Entry 6).  When the solvent was changed 

to the non-nucleophilic polar aprotic solvent sulfolane (tetramethylene sulfone), the resulting 

material was a white powder (Entry 7).   When a solution of diol in THF was heated at 60 0C, no 

additional co-solvent was needed to afford a homogeneous solution.  To this solution, MDI in 

THF was added in one portion and allowed to react for 24 hours.  The resulting material was a 

white powder (Entry 8).   

 It appears that a co-solvent is necessary to keep the material swollen during 

polymerization.  Since DMSO and sulfolane are not good co-solvents, DMF was used for the 

next series of polymerizations.  When just enough DMF was used to dissolve the diol at room 

temperature, the resulting material was once again white powder (Entry 9).  However, when 

the reaction was heated at 60 0C for 24 hours, the material was white fibers (Entry 10).  Linear 

polyurethane 6-15 was soluble in TFA and was swollen in THF, DMSO, DMF, m-cresol, and conc. 

sulfuric acid.  White, opaque plastic films were cast from TFA, and these films were the 

materials used for characterization.  Proton NMR showed the correct ratio of aryl peaks to 

aliphatic protons in d-TFA. 

 Using analogous reaction conditions, the monocyclic polyurethane was synthesized to 

give a white, rubbery material that was only soluble in chlorosulfonic acid and was swollen in 

THF, DMSO, DMF, m-cresol, and TFA. 
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CHAPTER 7:  CONCLUSIONS AND FUTURE DIRECTIONS 

 

 Up to this research, polymer materials possessing bulk elasticity have gained this 

property due to chain entanglement, not due to the inherit elasticity of the monomer unit(s).   

Entropy favors the individual polymer chains to entangle in the bulk material.  When force is 

applied, the chains align and material stretches.  When the force is removed, entropy once 

again favors the return of the chains to the starting entangled state.  The research presented in 

this document has been focused on a novel paradigm for polymer elasticity: 

Bicyclic monomers possessing conformational flexibility should impart elasticity to bulk 

polymeric material due to the inherit elasticity of the monomer unit. 

At the beginning of the project, the largest aliphatic bicycle known was Park and Simmons’ in,in 

and in,out bicyclo[8.8.8]hexacosane with hydrogens at the bridgeheads.  In order to form a 

polymer, the polymerizable groups must be located outside the bicycle.  Therefore, a stochastic 

conformational search using the MMFFforce field was undertaken for the family of 

dimethylbicyclo[m.m.m]alkanes.  From the computational data, the location of the bridgehead 

methyl groups and the bridgehead-bridgehead variability were investigated (Table 7.1). 
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Bicycle System 
Location of Methyl 

Groups 
Range of ∆κ Values 

(A) 
% Change 

Small: m = 1, 2, 3 out,out 0.00 - 0.05 0 

Medium: m = 4, 5, 6 out,out 0.76 – 1.44 17 - 27 

Large: m = 7, 8, 9, 10 out,out 2.37 – 4.20 41 - 57 

 

Table 7.1:  Summary of Dimethylbicyclo[m.m.m]alkanes within 50 kJ/mol of the GM 

 

Of the 70762 unique conformations found in all 10 bicyclic systems, only 14 in,out 

isomers were found only within the 1,11-dimethylbicyclo[9.9.9]nonacosane with the remainder 

being found as the out,out isomer.  The small bicycles have one or two conformations and are 

extremely rigid with no change observed between the bridgeheads.  The medium bicycles have 

a limited number of conformations and demonstrate a small amount of theoretical elasticity.  

The large bicycles have an enormous number of conformations and demonstrate a respectable 

theoretical elasticity of about 50%.   

 The dimethylbicyclo[m.m.m]alkanes were observed to be linear across the methyl-

bridghead-bridgehead-methyl carbons (m = 10 being the only exception).  Therefore, the 

dimethylbicyclo[8.8.n]alkanes were investigated to see if an unsymmetrical bridge would give 

bent bicycles.  The bite angle, γ, was found by averaging both methyl-bridgehead-bridgehead 

angles.   Interestingly, the bite angle of the unsymmetrical family of bicycles demonstrated a 

clear even-odd effect (Table 7.2). 
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Bicycle Average Bite Angle, γ 

[8.8.1] 83.6 

[8.8.3] 97.0 

[8.8.5] 115.1 

[8.8.7] 147.6 

[8.8.2] 49.1 

[8.8.4], [8.8.6], [8.8.8] 151.8, 146.1, 154.1 

 

Table 7.2:  Summary of Average Dimethylbicyclo[8.8.n]alkane Bite Angles within 25 kJ/mol of 

the GM 

 

The odd bridges clearly show decrease in bite angle as the bridging carbon increase in number 

until the [8.8.7] system shows the similar linearity as the even systems.  In fact, the only even 

system that shows a kink is found in the [8.8.2] bicycle.  For the optimally bent bicycle, 1,10-

dimethylbicyclo[8.8.2]eicosane would be the appropriate synthetic target. 

 The computational study indicated that 1,10-dimethylbicyclo[8.8.8]hexacosane would 

be found as the out,out isomer and might have an inherit elasticity of 45%.  Therefore, two 

model compounds were chosen for synthesis:  1,10-dimethylbicyclo[8.8.8]hexacosane 7-1 and 

1,10-dihydroxybicyclo[8.8.8]hexacosane 7-2 (Figure 7.1). 
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Figure 7.1:  The Two Model Compounds 7-1 and 7-2 

 

The synthesis of both compounds began from 1,10-cyclooctadecanedione with 7-1 being 

synthesized over seven steps with a yield of 4% and with 7-2 being synthesized over three steps 

with a yield of 18%.  Both compounds were crystalline and were subjected to single crystal X-

ray analysis.  Dimethylbicyclo[8.8.8]hexacosane 7-1 was found as a single out,out conformer 

with a bridgehead-bridgehead distance of 6.35 A.  Additionally, the solid-state structure 

observed within the unit cell is the same as the global minimum structure found in the 

conformational search.  Dihydroxybicyclo[8.8.8]hexacosane 7-2 was found as four out,out 

conformers with four different bridgehead-bridgehead distances demonstrating an inherit 

elasticity of 15%.  Observing the global minimum structure in 7-1 and four different 

conformations of 7-2 validated the computational methodology. 

 At the beginning of the project, the synthesis of polyesters and/or polyamides was 

envisioned.  However, the preliminary utilization of a monocyclic diamine would not undergo 

melt polymerization, as such, three diol monomers were chosen as appropriate monomers to 

form polyurethanes (Figure 7.2). 
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Figure 7.2:  Three Diol Monomers for Polyurethanes 

 

Of the three diols, only 1,10-decanediol 7-3 was a known and commercially available 

compound.  Monocyclic diol 7-4 was synthesized over three steps from 1,10-

cyclooctadecanedione with a yield of 70%.  Current progress towards synthesis of bicyclic diol 

7-5 includes 6 steps with a yield of 80% with 9 chemical transformations left to be completed. 

 Polyurethanes will be synthesized from the three diol monomers.  The material will be 

characterized by NMR, GPC, and inherit viscosity.  The physical properties will be measured by a 

polymer chemist with the appropriate equipment.  At this time, Prof. Paul Calvert at UMass 

Dartmouth has indicated his willingness to assist in the assessing the physical properties. 

 A shortened synthesis of the bicyclo[8.8.8]hexacosane moiety is currently being pursued 

by the Mash lab.  Hopefully, this improved synthesis should provide a family of symmetrical and 

unsymmetrical monomers appropriate for polymerization.  Additional materials with one, two, 

or three amides within the bridging carbons might imply improved mechanical properties due 

to an increase of hydrogen bonding.  While this project was focused on polymers, the inherit 
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elasticity of the bicycle moiety suggests uses as a linker in a wide range of biological, medical, 

and pharmacological applications. 
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APPENDIX A:  NMR FOR 1,10-DIMETHYLBICYCLO[8.8.8]HEXACOSANE AND 1,10-

DIHYDROXYBICYCLO[8.8.8]HEXACOSANE 
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APPENDIX B:  SELECTED NMR SPECTRA FROM THE SYNTHESIS OF MONOCYCLIC DIOL MONOMER 
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APPENDIX C:  SELECTED NMR SPECTRA FROM THE SYNTHESIS OF BICYCLIC DIOL MONOMER
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