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Step-growth acyclic diene metathesis (ADMET) polymerization chemistry followed by 

exhaustive hydrogenation offers a new alternative in modeling ethylene/α-olefin copolymers. In 

contrast to chain-growth chemistry, this new approach produces well-defined, defect-free 

primary structures. This dissertation describes the synthesis, characterization and thermal 

behavior of ADMET-produced polyethylene materials containing either precisely or irregularly 

spaced alkyl branches, the latter to serve as models for ethylene/α-olefin copolymers made via 

chain-growth chemistry. The thermal behavior of the new materials was studied using 

differential scanning calorimetry, and detailed NMR and IR analyses permitted the 

characterization of the primary structures. Controlling the comonomer content allowed formation 

of polymers with a wide range of thermal properties, from semicrystalline to fully amorphous.  

This research explores a two step universal synthesis for ADMET monomers, which is 

described as a synthetic pathway that produces alkylcyano α,ω-dienes in quantitative yields. The 

chemistry is based on simple α,α-dialkenylation of primary nitriles. Optimization leads to 

essentially quantitative conversions for every substrate/example reported, which will prove 

useful in many synthetic schemes. 
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Decyanation chemistry for the synthesis of pure alkyl α,ω-dienes in quantitative yields is 

here presented. Deuteration labeling and structural mechanistic investigations were completed to 

decipher this chemistry. Deuterium labeling experiments reveal the precise nature of this radical 

decyanation chemistry, where an alcohol plays the role of hydrogen donor. The correct 

molecular design to avoid competing intramolecular cyclization, and the necessary reaction 

conditions to avoid olefin isomerization during the decyanation process are reported herein. 

Polymerization followed by exhaustive hydrogenation renders ADMET linear low density 

polyethylene model materials. Here it is investigated the effect of incorporating butyl branches 

along the polyethylene backbone, focusing on the synthesis, characterization and thermal 

behavior of ADMET-produced polyethylene materials containing either precisely or irregularly 

spaced butyl branches, the latter to serve as models for ethylene/1-hexene copolymers made via 

chain-growth chemistry. 

By keeping the branch-to-branch distance constant while the branch identity is changed, a 

better understanding of the effect of linear and non-linear bulkier short-chain branching along the 

polyethylene chain is studied. Different linear (methyl to hexyl) and non-linear bulkier branches 

(iso-propyl, tert-butyl, and cyclohexyl) were synthesized using the chemistry developed during 

this work. Detailed NMR, IR and DSC analyses reveled that the presence of small linear 

branches (methyl and ethyl) produces organized structures with very different melting 

temperatures and degrees of crystallinity, while linear and non-linear bulkier branches (propyl to 

hexyl, iso-propyl, tert-butyl, and cyclohexyl) are less organized and have similar melting 

temperatures and degrees of crystallinity. 
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CHAPTER 1 
PRECISION POLYOLEFIN STRUCTURE: MODELING POLYETHYLENE CONTAINING 

ALKYL BRANCHES 

1.1 Introduction 

Polyethylene (PE) is the largest volume polymer produced worldwide with an annual 

demand of over 60 million tons.1, 2 An average growth rate of 5.2% in terms of demand-

production during this decade is expected.3 Oligomers of PE were first observed in 1898 by Hans 

von Pechmann, Eugen Bamberger and Friedrich Tschirner by accident during high pressure 

experiments with diazomethane.4 In 1933, Imperial Chemical Industries (ICI) reported the 

existence of high molecular weight polyethylene, and in 1937 ICI obtained the patent for its 

commercial production.5  

A significant contribution to polymer chemistry was made in the 1950s by Karl Ziegler, 

where he synthesized high density polyethylene (HDPE) at low pressure and temperature using a 

heterogeneous titanium catalyst. Inspired by Ziegler’s work, in 1954 Giulio Natta applied this 

technology to synthesize polypropylene. Ziegler and Natta jointly received the Nobel Prize in 

chemistry for polymerization and the development of these catalysts, which today bear their 

names.6, 7 Polymerization of ethylene using Ziegler6-11 and homogenous metallocene-based 

catalysts12, 13 produces highly crystalline (62-80%) materials. The degree of crystallinity can be 

controlled by the copolymerization of ethylene with α-olefins; linear-low density polyethylene 

(LLDPE) is the result. The incorporation of the comonomer, typically 1-propene, 1-butene, 1-

hexene, or 1-octene, produces long run lengths of unbranched linear polyethylene with random 

branched regions. These branched polyethylenes are known for their enhanced mechanical 

properties and industrial importance. Diverse types of materials can be obtained by controlling 

the mode of polymerization, catalyst nature, pressure and temperature.8, 11-25  
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The physical properties of PE obtained via α-olefin copolymerization depend on the branch 

content, which is directly related to the amount of comonomer incorporated into the polyethylene 

backbone. For LLDPE, the physical properties can vary depending on the molecular weight, 

molecular weight distribution, branch identity, branch content and branch distribution. Control 

over LLDPE physical properties can be achieved using diverse methods based on choice of 

catalyst, initiator, comonomer, as well as types of temperature and pressure.18-20, 25-30 

Commercial LLDPE is usually prepared by chain-growth polymerization using Ziegler-

Natta or metallocene chemistry. Because of multi-site initiation on the heterogeneous catalyst, 

Ziegler systems produce primary structures with low-molecular weights and broad molecular-

weight distributions. By comparison, metallocenes, which are single-site homogeneous catalysts, 

provide LLDPEs with narrower molecular weight distributions and higher levels of comonomer 

incorporation. Both types of catalyst have the disadvantage of generating random errors in the 

main backbone, causing defects or heterogeneity in the primary structure; the problem is less 

severe in the case of metallocene-based PE. The frequency of appearance of these defects along 

the main chain is widely used to manipulate the product to obtain materials with desired physical 

properties. Studies of model branched PEs can lead to a better understanding of polymer 

processing and the overall microstructural effects produced by branch perturbations on PE-based 

materials.17, 31, 32  

Chain transfer and/or chain walking can occur if the PE is prepared by free-radical, 

Ziegler-Natta or metallocene chemistry,17, 22, 23, 33 and attempts to produce model materials with 

well-defined primary structures have failed using these methods.20, 25, 28, 34-36 As a result, most of 

the PE research has focused on the study of short chain branching (SCB) and short chain branch 

distribution (SCBD).2, 17, 19, 20, 25, 28-32, 34-40   
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Model systems are often employed to study the behavior of these commercial materials. 

Many of the methods available involve chain propagation chemistry which are still subjected to 

the incorporation of unwanted defects via head-to-head or tail-to-tail monomer coupling.41-45 The 

problems associated with chain-growth polymerization can be overcome using step-growth 

condensation polymerization. The step-growth acyclic diene metathesis (ADMET) process 

produces model polyolefins with well-defined primary structures, since the chemistry is 

controlled by the nature of the monomer rather than the catalyst or comonomer incorporation. 

Catalyzed copolymerization of ethylene with α-olefins produces ill-defined primary structures; 

use of a single symmetric monomer in an ADMET polymerization produces PE with a precisely 

known primary structure.46-50 Consequently ADMET polymerization chemistry followed by 

exhaustive hydrogenation offers a new approach to the synthesis of PE backbones either without 

branches47 or with specific branches precisely placed along the main backbone.48, 49 While these 

are not models for industrial ethylene copolymers in the true sense of the word, they represent an 

excellent starting point for the study of structure property in ethylene-based materials by 

isolating the effects of specific structural features. These polymers can be seen as benchmarks 

for industrial copolymers with similar composition. 

 

R R n

catalyst
+    n C2H4

1 2 3  
 
Figure 1-1. The ADMET reaction 

 

ADMET chemistry is illustrated in Figure 1-1. The driving force of this step-growth 

polycondensation is the removal of the condensate ethylene, accomplished by applying vacuum 
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under normal polymerization conditions between 25 and 55 °C. As is shown in Figure 1-1, an 

unsaturated polymer is formed and subsequent hydrogenation produces saturated PE models with 

well-defined primary structures.48-53  Polyethylene with methyl, gem-dimethyl, ethyl and hexyl 

branches have been synthesized, and their thermal behavior, among other parameters, is being 

used to model the properties of ethylene/1-propene, ethylene/isobutylene, ethylene/1-butene and 

ethylene/1-octene random copolymers obtained via typical chain polymerization methods. Below 

is a review of the synthesis and thermal behavior of a series of model linear and branched PEs, as 

well as random ethylene/1-propene copolymers made via the ADMET approach.47-50, 53, 54 

1.2 Linear ADMET Polyethylene 

Synthesis of high-molecular-weight linear PE without undesired defects is important for 

studies of crystallization behavior.20 Previous studies of such macromolecules have been limited 

to large n-paraffins (monodisperse ethylene oligomers) up to 390 carbons in length.37, 55 These 

models have perfect primary structures, but the presence of a high molar concentration of methyl 

endgroups leads to inexact results when morphological behavior is extrapolated to high-

molecular-weight systems, because these end groups impede crystallization. Such extrapolations 

can be useful in studying primary structure, but the results can be ambiguous.1, 37-39 

On the other hand, ADMET polymerization yields defect-free linear PE of molecular 

weight up to Mn  ~ 15,000 g/mol and a most probable molecular weight distribution ( Mw  ~ 

30,000 g/mol) by bulk polymerization of 1,9-decadiene in the presence of Grubbs or Schrock’s 

catalyst, as shown in Figure 1-2. The resulting polyoctanemer is exhaustively hydrogenated to 

produce completely saturated PE. The ADMET method also allows control of the PE molecular 

weight by regulating the reaction time, temperature, and monomer/catalyst ratio. 
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Figure 1-2. ADMET polymerization of 1,9-decadiene followed by hydrogenation 

 
Table 1-1 shows the melting temperatures and enthalpies for ADMET PEs of varying 

number-average molecular weights determined by differential scanning calorimetry (DSC). All 

of these samples, including those with low-molecular-weights, show sharp Tm’s at temperatures 

above 130 °C, even with molecular weight values as low as Mn  = 2400 g/mol. Based on these 

results, the thermal behavior of lower molecular weight ADMET PE are consistent with that of 

conventional HDPE.47, 51, 52 

 
Table 1-1. Effect of molecular weight on thermal behavior in linear ADMET PE 
 

Mn  (g/mol) Polydispersity Index (PDI) Tm (°C) (peak) Δhm (J/g) 

2400 2.4 130.7 252 

7600 2.4 131.3 213 

11000 1.9 132.0 221 

15000 2.6 133.9 204 

HDPE 3.1 134.0 210 
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1.3 Models of Ethylene/α-Propylene Copolymers  

Methyl branched ADMET polymers model a large family of statistically random 

ethylene/α-olefin copolymers.1, 29, 51 For example polypropylene (PP) is crystalline material when 

the tacticity of the pendant methyl group is highly regular, but it is completely amorphous when 

the methyl groups are randomly oriented, as in atactic PP. Between the extremes of amorphous 

PP and defect-free polyethylene lie EP copolymers where the defect is always a methyl group. 

By varying the number and placement of the incorporated methyl defects, the response of the 

final material can be significantly altered.  

Although numerous methods are available for producing such systems, only those modeled 

by ADMET have controlled comonomer content and distribution, thereby leading to fewer 

ambiguities relative to other model systems when relating structure on the molecular level to 

macroscopic properties.  Precisely sequenced EP copolymers can be obtained via ADMET 

polymerization of a symmetrical α,ω-diene monomer bearing a pendant methyl group, followed 

by exhaustive saturation. It is important to note that all polymers obtained by this methodology 

are atactic with respect to the relative stereochemistry of the alkyl branch. These models are 

named according to the frequency of the pendant defect. For example EP9 refers to polyethylene 

containing a methyl branch on every ninth carbon; EP15 has a methyl branch on every fifteenth 

carbon, etc.  

The α,ω-diene monomers were first prepared by alkylating ethyl acetoacetate.48, 51 Figure 

1-3 shows the synthetic scheme employed for preparation of diverse methyl α,ω-diene 

monomers. First, alkylation of ethyl acetoacetate with alkenyl bromide produces a β-alkenyl-β-

ketoester, which is then deacylated via a retro-Claisen condensation. The resulting ester is 

reduced to a primary alcohol, tosylated, followed by displacement with hydride, producing the 

required methyl branched diene monomer 14a-e.  
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Figure 1-3. Synthesis of diverse methyl monomers 
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Figure 1-4. General synthetic scheme for synthesis of symmetrical methyl-branched 

polyethylene models by ADMET 

 

Polymerization of methyl α,ω-diene monomers 14a-e is carried out with Schrock’s catalyst 

(Figure 1-4). The resultant unsaturated ADMET polymer is then exhaustively hydrogenated 



 

25 

yielding ADMET PE with methyl groups precisely placed along the PE backbone. This strategy 

has been used to synthesize a pool of ADMET PE materials containing methyl groups on every 

9th, 11th, 15th, 19th, or 21st carbon (EP9 trough EP21).48 Because ring closing metathesis is 

observed if the reaction is carried out with 1,6-heptadiene-based structures, synthesis of EP 

copolymers with higher density of precisely placed CH3 side groups requires a different 

approach, where polymerization of monomers containing two methyl groups on each monomeric 

unit is effective. Figure 1-5 shows the schemes for synthesizing ADMET monomers containing 

two methyl groups placed 7 (23) and 5 (26) carbons apart.56 
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Figure 1-5. General synthetic scheme for short ethylene run length monomers for ADMET 

 
Both schemes are based on diethyl malonate chemistry. Dialkylation of either 1,6-

dibromohexane or 1,4-dibromobutane with diethyl alkenyl malonate yields a tetraester diene, 
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which is converted to the respective tetraacid diene after saponification and decarboxylation. 

Reduction to the diol is achieved with lithium aluminum hydride. Subsequent double-mesylation 

of the respective diol followed by reductive cleavage with hydride yields the desired monomer 

23 or 26.56  

Schrock's
[Mo] catalyst

10-3  torr

n

n

Exhaustive
Hydrogenation

23 EP7u, 27

EP7, 28  
 
Figure 1-6. Synthesis of EP7 copolymer 

 
Polymerization of monomers 23 and 26 is carried out in the bulk with Schrock’s catalyst 

under high vacuum, as is shown in Figure 1-6 for EP7. High molecular weight unsaturated 

polymers EP5u Mn  = 26000 g/mol and EP7u Mn  = 12700 g/mol were isolated, and exhaustive 

hydrogenation yielded EP5 and EP7, respectively.  

 
Table 1-2. Precise short chain branch distribution and its effect on thermal behavior 
 

ADMET PE Methyl branches per 
1000 carbon atoms 

Tm (°C) 
(peak) 

Δhm (J/g) Mn (g/mol)  

EP5 200 Amorphous  28400 
EP7 143 - 60 19 12900 
EP9 111 -14 28 17500 
EP11 91  11 66 8500 
EP15 67  39 82 17100 
EP19 53  57 96 17400 
EP19 53  57 84 72000 
EP21 48  62 103 20200 

Linear ADMET 
PE 

0 134 204 15000 
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Table 1-2 presents thermal analysis data for ADMET polymers EP5 to EP21. The effects 

of branch distribution are obvious. The peak melting temperatures and heats of fusion of 

ADMET EPs increase as the branch content decreases, a clear indication of increasing crystalline 

content.48, 51 Due to the highly organized primary microstructure, these precise models are 

semicrystalline even at branch contents high enough to render random EP copolymers 

completely amorphous. Only when methyl groups are placed every 5th carbons do these precise 

ADMET EP copolymers lose the ability to crystallize.  

Semicrystalline polymers EP9 to EP21 show sharp and well-defined endothermic 

transitions, as shown in Figure 1-7.29 In contrast EP copolymers obtained via Ziegler-Natta 

polymerization exhibit a broad and indistinct melting behavior when the percentage of propylene 

incorporated in the final material exceeds 15%.57, 58 

 

 
Figure 1-7. Differential scanning calorimetry curves for EP9, EP15 and EP21 copolymers. Data 

taken from Wagener et al.48 
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It is also interesting to compare the DSC data for ADMET EPs with the results for 

ADMET PE, where Tm = 134 °C and Δhm = 204 J/g are significantly higher than Tm and Δhm for 

any of the EP products. The data in Table 1-2 show that the amorphous contribution can be tuned 

by the frequency of the methyl branches producing totally amorphous or semicrystalline 

materials. 

Two versions of ADMET EP19 copolymers were prepared with significantly different 

number average molecular weights, Mn  =17400 and Mn  = 72000 g/mol to investigate the effect 

of molecular weight. A sharp melting endotherm of 57 °C is observed for both polymers, 

indicating that a number average molecular weight of approximately 17400 is sufficient for the 

thermal comparison of this model with commercial EP copolymers.48, 55, 59 

EP21 and EP15 polymers have been characterized further by x-ray diffraction, wide-angle 

x-ray diffraction (WAXD) and small-angle x-ray scattering (SAXS) as well as transmission 

electron microscopy (TEM), and Raman spectroscopy to further understand their structure and 

morphology.60 According to the TEM results, the lamellar thickness far exceeds the inter-branch 

distance along the backbone, indicating that the methyl group is included within the crystal. This 

finding was verified by crystallography, which shows that the chains pack into a triclinic lattice 

that allows inclusion of methyl branches as lattice defects. Further, the methylene sequences 

between defects participate in a hexagonal sublattice. In order for the chains to pack in this way, 

the defects must all be contained within planes oblique to the chain stems, leading to 

conformationally distorted crystals. This is more prevalent in the case of EP15 than in EP21 due 

to the greater defect content, a result confirmed by Raman spectroscopy, as well as the melting 

temperature data in Table 1-2. Scattering and DSC experiments performed on EP21 led to the 

same conclusion.61 The defects are concentrated in planes between stacks of hexagonally packed 
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methylene sequences; the unit cell which houses the defected planes and hexagonal sublattice is 

described as monoclinic, rather than triclinic.61  

 
 
Figure 1-8. Differential scanning calorimetry curves of EP5 and EP7. Data taken from Wagener 

et al.56 

 
Additional differential scanning calorimetry studies of EP5 and EP7 copolymers illustrate 

the effects of the short run length on thermal behavior, as is shown in Figure 1-8. ADMET EP 

copolymers from EP9 to EP21 exhibit semicrystalline behavior, EP5 exhibits fully amorphous 

behavior. While a β glass transition temperature for semicrystalline ADMET EP9 to EP21 

copolymers is observed at – 43 °C,48 EP5 shows a Tg at -65 °C, 20 °C lower. The dramatic shift 

to a lower temperature of the observed Tg is attributed to the high methyl branch density. Similar 

effects have been observed in random EP copolymers when the propylene content exceeds 50 

wt%.21 However, when propylene content exceeds 84 wt%, the polymer exhibits residual 
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crystallinity resembling homopolypropylene, and the material can be classified as ethylene-poor 

ethylene/propylene copolymer.21, 56 Copolymer EP5 is the first example of fully amorphous 

materials within the family of sequenced EP copolymers. 

1.3.1 Irregularly Placed Methyl Branches  

Copolymers with irregularly placed methyl branches can be synthesized by 

copolymerization of ADMET EP monomers with an unbranched α,ω-diene. For example, 

copolymerization of a methyl-substituted α,ω-diene with 1,9-decadiene, followed by exhaustive 

hydrogenation, yields ADMET EP copolymers with irregular branch placement.50  Figure 1-9 

shows six copolymers, which model their industrial EP copolymer analogs.  
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Figure 1-9. Synthesis of irregular placed methyl branching PE copolymers by varying diene 

comonomer ratios 

 
The melting temperatures for irregularly placed methyl branches EP copolymers follow a 

pattern similar to that of commercial materials obtained via chain propagation chemistry. As the 
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methyl branch content increases, the peak melting, percent crystallinity, and heat of fusion 

decrease. (Table 1-3).50  

 
Table 1-3. Effect of increasing branch content on thermal behavior and crystallinity in random 

EP copolymers 
 

Polymer 

Methyl 
branches per 
1000 carbon 
atoms 

Tm (°C) (peak) Δhm (J/g) % Crystallinity 

Linear ADMET PE   0 134.0 230.0 78.5 

31a   1.5 129.0 207.6 71.3 

31b   7.1 123.2 183.4 62.1 

31c 13.6 119.0 165.8 56.3 

31d 25.0 111.6 137.3 47.6 

31e 43.3   80.7   87.0 29.6 

31f 55.6   52.1   85.0 29.0 

 
 
Polymers with the highest amount of propylene incorporation (43.3 and 55.6 branches per 

1000 carbons) show broad and indistinct DSC profiles as do commercial materials. However, 

lowering the amount of propylene results in sharp and well-defined endotherms similar to those 

obtained for precisely sequenced EP copolymers. Figure 1-10 shows the DSC thermograms for 

two polymers with 45 methyl branches per 1000 carbons.50, 51 The top trace, corresponding to the 

polymer with equally spaced methyl groups, has a sharp well-defined endotherm, this is in 

contrast with the thermogram of the irregularly sequenced analog, which shows a broad and ill-

defined melting transition. The difference in thermal behavior may be attributed to 

microstructural characteristics of the two polymers. 
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Figure 1-10. Differential scanning calorimetry curves of precise sequenced EP (top) and 

irregularly sequenced EP (bottom) polymers having similar branch content. Data 
taken from Wagener et al.48, 50 

 

The polymer with precise branch spacing has a unique lamellar thickness and a sharp well-

defined endotherm. The irregular branch spacing system exhibits broad thermal response and a 

lower heat of fusion due to the variable lamellar thickness imparted by uneven ethylene run 

length. These facts illustrate the effect of irregular and uniform SCBD on EP copolymers.  

ADMET has proven to impart control over the branch content, and more importantly, branch 

regularity, allowing formation of model polymers which cannot be made in any EP 

copolymerization via conventional chain-growth chemistry.50-52  
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1.4 Precise Models of Ethylene/α-Olefin Copolymers 

Polyethylene with precisely placed alkyl branches larger than methyl groups have also 

been prepared via ADMET, where such materials are models for copolymers of ethylene and α-

olefins larger than propylene. ADMET models with precisely placed gem-dimethyl, ethyl, and 

hexyl branches have been examined to further understand the morphology of these precise 

materials and to investigate the size limit for inclusion of defects within the crystal.  

1.4.1 Polyethylene Containing Geminal Dimethyl Branches 

Polyethylene containing gem-dimethyl branches can be regarded as an 

ethylene/isobutylene (EIB) copolymer. While these structures have proven to be elusive via 

chain propagation techniques due to the vastly differing reactivities of the comonomers,62 EIB 

models have been prepared in high yields via ADMET polymerization.53 

Figure 1-11 illustrates the chemistry used to synthesize three symmetrical gem-dimethyl 

substituted α,ω-diene monomers. Sequential addition of two equivalents of an alkenyl bromide to 

ethyl propionoate using lithium diisopropyl amide (LDA) to form the enolate intermediate, leads 

to the carboxylic acid intermediate 33. Reduction with LiAlH4 generates the alcohol 34, which is 

converted to the tosylate 35. Finally, the tosylate is reduced with LiAlH4 to give the symmetrical 

gem-dimethyl substituted α,ω-diene 36. Polymerization of gem-dimethyl α,ω-diene monomers is 

carried out with Schrock’s catalyst. The resulting unsaturated ADMET polymer is then 

exhaustively hydrogenated yielding EIB models of polyethylene with geminal dimethyl groups 

precisely placed on every 9th, 15th and 21st carbon.53 
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Figure 1-11. Synthesis of symmetrical gem-dimethyl substituted α,ω-diene monomers and their 
ADMET polymers 

 

Precision gem-dimethyl ADMET EIB’s serve as models to show the effect of increasing 

steric bulk. The DSC data for EIB9, EIB15, and EIB21 are presented in Figure 1-12 and Table 

1-4. These results can be compared to the data for EP9, EP15, and EP21 in Figure 1-7 and Table 

1-2. In the case of EIB9, the addition of the second methyl group disrupts the polymer’s ability 

to pack into crystals resulting in a totally amorphous material, compared to semicrystalline EP9. 

Extending the inter-defect sequence length to 14 or 20 carbons renders the polymer 

semicrystalline, with depressed melting temperature when compared to the analogous EP 

models.  

 
Table 1-4. Thermal transitions of the ADMET gem-dimethyl branched and methyl branched 

model polyethylenes. 
 
Branches 
per 1000 
carbon 

gem-dimethyl 
polymer Tm (°C)  Tg (°C) Methyl 

polymer Tm (°C) Tg (°C) 

111 EIB9 Amorphous -47 EP9 -14 -44 
67 EIB15 32 -42 EP15 39 - 
48 EIB21 45 -22 EP21 62 -43 
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Figure 1-12. Differential scanning calorimetry curves of precise gem-dimethyl polyethylene. 

EIB9(top), EIB15(center) and EIB21 (bottom). Data taken from Wagener et al.53 

 
Interestingly, the difference between the Tm’s for EIB15 and EP15 is only 7 °C, compared 

to a 17 °C decrease between EP21 and EIB21. Extensive DSC studies on this polymer have 

revealed that much of this behavior is dependent on thermal history. The rather broad hysteresis 

between the melting and crystallization transitions suggests that these polymers crystallize fairly 

slowly. This possibility is supported by the finding that the samples undergo a “cold 

crystallization.”53  Wide angle x-ray diffraction (WAXD) studies show reflections associated 

with hexagonal, monoclinic, and triclinic packing, pointing towards polymorphism as a possible 

cause of this complex behavior. The melting behavior was found to be very similar with the 

melting of a 20 carbon n-paraffin, suggesting that crystallization behavior of EIB21 is strongly 

related to the branch to branch distance.61  
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1.4.2 Polyethylene Containing Ethyl Branches 

Copolymers of ethylene with 1-butene are obtained industrially by copolymerization via 

Ziegler-Natta and metallocene chemistry.17, 31, 32 While many studies deal with modification of 

the catalyst and optimization of the reaction’s conditions, precise models of LLDPE are more 

important for understanding the morphology and thermal behavior of these materials.20, 25, 28, 30, 

34-36, 40 Inspired by the success in modeling EP and EIB copolymers via ADMET polymerization, 

we have synthesized ethylene/1-butene (EB) copolymers featuring precisely placed ethyl 

branches, thus extending behavioral studies moving from two single-carbon defects (EIB 

copolymers) to a single two-carbon defect (EB copolymers). Multiple synthetic procedures were 

attempted in order to obtain perfectly spaced ethyl-branched LLDPE materials. The first strategy 

to produce ethyl-branched α,ω-diene monomers was based on alkenylation of ethyl acetoacetate, 

as shown in Figure 1-13. However, problems during reduction of tosylate 42 impeded the 

application of this methodology to longer chain lengths. The preferred approach for synthesizing 

monomers with longer spacers between ethyl groups is shown in Figure 1-14. Diethyl malonate 

is alkenylated in the presence of sodium hydride to give diester 45. Saponification of compound 

45 followed by decarboxylation, reduction, and bromination yields bromo alkyl α,ω-diene 48. A 

single carbon homologation is then achieved by addition of CO2 to the respective Grignard of 

50.49, 51 Using this scheme, monomers with n = 3, 6, and 9 were produced. 

 
Table 1-5. Thermal transitions of the ADMET ethyl branched model polyethylenes. 
 

Ethyl 
Branches 
per 1000 
carbon 

Ethyl polymer Tm (°C)  Tg (°C) 

111 EB9 Amorphus -76 
67 EB15 -33 & -6 NA 
48 EB21 35 NA 
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Figure 1-13. Ethyl branched monomer synthesis via alkylation of acetoacetate 
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Figure 1-14. Synthetic pathway to ethyl branched monomers via malonate modification 

 
The thermal data for EB copolymers are presented in Table 1-5. Similar to EP copolymers, 

precisely sequenced EB copolymers show an increase peak melting temperature, enthalpy, and 
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crystallinity with increasing run length. Like EP copolymers, SCB influences the thermal 

behavior of ADMET EB copolymers, but the final physical properties seem to depend mostly on 

the identity of the branch.49 Figure 1-15 shows the DSC thermograms for the polymers with a 

variety of branch types, in all cases with the branch occurring on every 9th carbon. Polyethylene 

with a methyl branch on every 9th carbon (EP9) shows a peak melt at – 14 °C, while the ethyl 

branch version (EB9) is fully amorphous with only a glass transition temperature of – 76 °C and 

no apparent melting behavior. The only viable explanation for this change in thermal behavior is 

the difference in branch size. In the case of EP9, the pendant methyl branches are too small to 

inhibit crystallization.48-51, 60 On the other hand, the ethyl branches on EB9 are large enough to 

completely prevent crystallization. An increment of one carbon unit in the branch length results 

in a significant change in the thermal behavior. 

 

Figure 1-15. Comparison of EP9, EIB9, EB9, and EO9 DSC traces. Data taken from Wagener et 
al.48, 49, 53, 54 
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Similar to EP copolymers, crystal formation and crystallization kinetics of EB copolymers 

is directly affected by the branch spacing, as is shown in Figure 1-16. Increasing the spacing 

from every 9th carbon to every 21st carbon results in a change from fully amorphous EB9 to 

semicrystalline EB21. However, EB15 produces a bimodal profile with a melting temperature of 

-33 °C and -6 °C, unlike the corresponding polymer with methyl branches on every 15th carbon 

(EP15, shown in Figure 1-7), which shows only a single melting endotherm. 

 

 
 
Figure 1-16. Differential scanning calorimetry curves of EB9, EB15 and EB21. Data taken from 

Wagener et al.49 
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WAXD investigations as well as extensive DSC analysis explain this behavior. Like 

EIB21, the melting behavior of EB21 can be correlated to that of eicosane, indicating a high 

dependence on the branch to branch distance. The WAXD results show some lattice expansion 

implying the partial inclusion of ethyl groups into the crystal, but to a much lesser extent than in 

EP21. This suggests that polymorphism resulting from inclusion and exclusion of the ethyl 

defect may be responsible for these observations. Comparing the WAXD results for EIB21 and 

EB21 suggests that much of the melting behavior is attributed to crystallization of methylene 

sequences between defects. The inclusion of these crystallized segments into higher melting 

crystals results in bimodal thermal behavior in both cases. Regardless of whether the branch is 

included or excluded from the crystal, there is a very obvious effect of the increased volume 

requirements resulting from addition of a single methylene group.60, 61 

1.4.3 Polyethylene Containing Hexyl Branches 

ADMET can also be used to prepare polymers with precisely placed branches longer than 

two carbons. Figure 1-17 shows the scheme for such polymers containing hexyl branches, which 

serve as models for ethylene/1-octene (EO) copolymers; in fact the method can be applied to 

alkyl branches of any length. Initial steps to prepare carboxylic acid 47 are explained above in 

relation to Figure 1-14. The acid is reduced to the primary alcohol and directly converted to the 

sulfonic acid ester 52 using mesyl chloride. A modified Grignard/Gilman reaction was developed 

for insertion of a branch functionality of any length to form symmetrical α,ω-diene monomers, as 

shown in Figure 1-17 for a hexyl substituent. 
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Thermograms for EO model polymers are shown in Figure 1-18. The trends are similar to 

those observed for the families discussed above. The melting temperatures and heat of fusion 

decrease with increasing branch content. EO9 is totally amorphous, which is no surprise 

considering that the ethyl branch is able to completely disrupt crystallinity at the same branch 

concentration. A semicrystalline morphology is observed for EO15, which is quite surprising 

since all other known EO copolymers with similar branch content are amorphous.63 

Semicrystalline behavior is also noted for EO21, where the low melting temperature is 

indicative of small crystallites. Interestingly, the heat of fusion of EO21 (53 J/g) is similar to that 
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of EB21 (57 J/g). This observation is unexpected considering the notable decrease in heat of 

fusion from EP21 (103 J/g) to EIB21 (61 J/g) and EB21 (57 J/g). The melting profile of the 

EO21 closely mimics that of EP21, rather than either EIB21 or EB21. This implies a uniform 

crystal structure for EO21, rather than the apparent polymorphism displayed by EIB21 and 

EB21. One possible explanation is that the hexyl branch is large enough to be completely 

excluded from the crystal, with the result that the observed behavior is due solely to 

crystallization of interdefect methylene units.  Another possible explanation is that the branch is 

included to give a single crystalline form as seen in EP21.  

 

Figure 1-18. Differential scanning calorimetry curves of EO9, EO15 and EO21 copolymers 
obtained via ADMET. Data taken from Wagener et al.54 
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1.5 Conclusions 

Acyclic diene metathesis polymerization is useful in modeling precisely and irregularly 

sequenced ethylene/α-olefin copolymers.  

Considering the results for the entire precise alkyl branch ADMET family, it is clear that 

both defect placement and identity have a definitive effect on the overall properties of the 

resulting polymers. Small alkyl branches are included within the crystal lattice. The limits have 

been delineated regarding the amount of alkyl defects that can be incorporated into these precise 

systems before crystallinity is completely disrupted. In addition, relative to irregularly sequenced 

systems, precise models can endure a much higher defect concentration without destroying the 

ability of the chains to pack into lamellae. Our work in this area continues, focusing on much 

longer defect to defect spacing and a variety of branch identities. By creating a complete 

catalogue of polymers with precise alkyl branch placement, we aim to fully understand the 

intriguing behavior of these precision model materials.    
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CHAPTER 2 
QUANTITATIVE α-ALKYLATION OF PRIMARY NITRILES 

2.1 Introduction 

Organonitriles long have been used for the preparation of numerous organic structures due 

to the ease and variety of synthetic transformations that can be performed with them.64-72  

α-Alkylation of aliphatic nitriles often is employed in synthetic strategies, since α-anions are 

easily generated with common bases such as sodium amide,65, 71, 73, 74 n-butyl lithium,75 lithium 

diethylamide,65, 76 potassium hexamethyl disilazane,77 lithium 2,2,6,6-tetramethylpiperidide 

(LTMP),78 and lithium diisopropylamide (LDA).65, 71, 79 Once α-alkylation is completed, further 

chemical modification can be performed on the remaining nitrile functionality, for example 

reductive elimination of the nitrile functionality will lead to the formation of α,ω-dienes.  The 

literature is mature, detailing such transformations in multi-step syntheses; however, to our 

knowledge none of the α,ω-cyanodiolefins presented in here have been prepared before, but 

similar products have been reported in low yield.73, 76, 80-84 

We report quantitative conversions of organonitriles to α,ω-cyanodiolefins, using rather 

conventional chemistry, manipulating simple concepts such as basicity while focusing on the 

elimination of competing reactions, structural isomerization in particular. 

2.2 Results and Discussion 

Current synthetic approaches towards alkyl α,ω-diolefins are based on diethyl malonate 

chemistry involving multiple steps, resulting in 10-60% product yields.48-50, 85, 86 Herein, we 

report essentially quantitative (96-99%) alkylation of a family of primary alkyl nitriles using a 

variety of bromide and tosylate alkenyl substrates in the presence of various amide bases.  In 

many cases, structural isomerization of the olefin occurs in these transformations as a detrimental 

side reaction not only reducing yield but rendering product α-olefin purification difficult.  We 
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describe the reaction conditions necessary to avoid this side reaction, a result which is 

particularly useful when preparing α,ω-diolefins used in metathesis chemistry.87, 88  

CN X
9

+ 2eq of Base
NC

9 9
1c 2b 3c

X = OTs, Br

 

Figure 2-1. Dialkenylation of hexanenitrile in presence of base 

 

Figure 2-1 shows the α,α-dialkenylation of hexanenitrile, our “test reaction” for the 

development of this chemistry. Once deprotonated the α-anion nucleophile monoalkylates either 

a brominated or tosylated α-olefin 2b; a second alkylation follows to yield the desired tertiary 

nitrile.  While the chemistry appears straightforward, achieving quantitative conversions yielding 

α,ω-cyanodiolefins has not been reported until now.  

 
Table 2-1. Different reaction conditions for alkenylation of hexanenitrile 

Base Solvent Reaction 
Time (h) 

Temp 
(ºC) 

Yield 
(%)a 

Isomerization 
(%)b 

LTMP THF   3 -78 99 0 
LDA THF   3 -78 99 0 

NaNH2 THF   6 -78   0 N/A 
NaNH2 THF   6    0   0 N/A 
NaNH2 THF   6  25   0 N/A 
NaNH2 Toluene 12 110 57 7 

a Isolated yield after purification by column chromatography 
b Percentage of olefin isomerization detected by NMR. 
 

Table 2-1 illustrates the effect of different reaction temperatures and three bases on 

reaction yield. Using freshly prepared LTMP (pKa = 37) or LDA (pKa = 36) in THF, 3c is 

quantitatively produced at low temperature (-78 °C) after 3 hours, whereas a weaker base, 

sodium amide (pKa = 33), leads to no reaction whatsoever even at room temperature. At 110 °C 

reaction temperature, sodium amide results in considerably lower yields than for the lithium 
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bases, plus performs undesired olefin isomerization as described in Figure 2-2. Ultimately, this 

side reaction causes double bond “walking” along the aliphatic chain generating more stable 1,2-

disubstituted olefins, a transformation facilitated by higher reaction temperature or use of the less 

selective base. 

 
Table 2-2. Dialkylation of primary nitriles in presence of LDA 

 

Entry Primary Nitrile Alkylating Substrate Dialkylation 
Product Overall Yield (%)a  

1 
CN

1a  

OTs
9

2a  

NC

9 9
3a  

99 

2 
CN

1a  

Br
9

2b  

NC

9 9
3a  

99 

3 
CN

1b  

OTs
9

2a  

NC

9 9
3b  

96 

4 
CN

1c  

Br
9

2b  

NC

9 9

3c  
99 

5 
CN

1d  

Br
9

2b  

NC

9 9

3d  

99 

6 
CN

1a  2c
Br

 3e

Ph Ph
NC

 
98 

7 
CN

1a  2d

Br

 3f

NC

 
98 

8 
CN

1a  2e

Br

 3g

NC

 
97 

9 
CN

1a  2f
Br

 3h

NC

 
99 

10 
NC COOEt

1e  

OTs
9

2a  

NC COOEt

9 9
3i  

97 

 

a Isolated yield after purification by column chromatography 
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NC R

9 9

Olef in Isomerization NC R

8 9
+

Other
isomers

4 5  
Figure 2-2. Formation an internal olefin initiated by olefin isomerization 

 
The scope of this reaction was studied by the dialkylation of different nitriles (1a-d) with 

tosylate 2a or bromide 2b. All cases showed quantitative dialkenylation of the respective nitriles, 

creating a family of alkylcyano α,ω-dienes potentially useful for ADMET chemistry. Various 

alkylating agents (2c-f) were also introduced to verify the adaptability of the reaction while 

probing functional group tolerance (Table 2-2, entries 6-9). Dialkylation of 1a with 

benzylbromide produced 3e in 98% yield, demonstrating that the substitution initiated by the α-

anion is not limited to alkenyl bromides; additionally, no length dependence was observed during 

the alkylation of 1a which can be afforded with long chain alkenyl substituents 2a or short chain 

alkenyl substituents 2d, as is shown in Table 2-2 entry 1 and 7. The effect of the α-anion 

formation in the presence of a different functionality α to the nitrile group was examined (Table 

2-2 entry 10); dialkylation yields were 97%, demonstrating that an adjacent carbonyl group does 

not interfere with this reaction.  

2.3 Conclusions 

We believe this optimized methodology for preparing alkylcyano α,ω-diolefins in 

quantitative yields will prove useful in many synthetic schemes, that is the case of metathesis 

chemistry where pure α,ω-dienes are needed, ADMET and ring closing (RC). This approach will 

reduce the number of synthetic steps to only two transformations, alkenylation followed by 

decyanation. In contrast to previously reported methodologies where low yields were obtained, 

this methodology in combination to reductive elimination of nitriles promises to afford α,ω-

dienes in high yields, merging this strategy into a universal synthetic pathway for the production 
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of α,ω-dienes useful for ADMET. The versatility of this transformation is shown by the use of 

common reagents such as LTMP and LDA and the prevention of olefin isomerization.  

2.4 Experimental 

General Procedure for Dialkylation of Nitriles Using LDA or LTMP, Synthesis of 2-

butyl-2-(undec-10-enyl)tridec-12-enenitrile (3c). A 1M solution of hexanenitrile (1.733 g, 18 

mmol) in dry THF (17.8 mL) was prepared in a three-necked round bottomed flask equipped 

with a stir bar and argon inlet adaptor. The solution was cooled to -78 °C and a freshly prepared 

solution of lithium diisopropylamide (LDA) (2.18 g, 22 mmol) or lithium 2,2,6,6-

tetramethylpiperidide (LTMP) (3.11g, 22 mmol) in THF (21.5 mL) was added via cannula 

transferring. The mixture was warmed to 0 °C and stirred for 30 min, then cooled to -78 °C. The 

alkylating 11-bromoundec-1-ene (5 g, 22 mmol) was added at -78 ºC, then stirred at 0 °C for 30 

min. After the first alkylation, the solution was cooled to -78 °C followed by the addition of 

LDA (2.18 g, 22 mmol) or LTMP (3.11g, 22 mmol) in THF (21.5 mL) via cannula transferring. 

The mixture was warmed to 0 °C and stirred for 30 min, then cooled to -78 °C. The second 

alkylation was performed by addition of 11-bromoundec-1-ene (5 g, 22 mmoles) and stirring the 

solution at 0 °C for 30 min, followed by 3 hours at room temperature. The reaction was 

quenched with water (100 mL), extracted three times with ether (200 mL) and washed with brine 

(50 mL). After drying over MgSO4, the solution was filtered, concentrated by rotary evaporation, 

and purified by flash column chromatography (5% v/v ethyl acetate/hexane). After purification, 

7.16 g (99% yield) of a pale yellow liquid was collected. The following spectral properties were 

observed: 1H NMR (CDCl3): δ(ppm) 0.94 (t, 3H, CH3), 1.23-1.56 (m, 39H), 2.04 (q, 4H), 4.97 

(m, 4H, vinyl CH2), 5.82 (m, 2H, vinyl CH); 13C NMR (CDCl3): δ(ppm) 14.18 (CH3), 23.12, 

24.50, 26.66, 29.15, 29.34, 29.67, 29.73, 30.00, 34.04, 36.05, 36.33, 40.82, 114.32 (vinyl CH2), 

124.71 (-CN), 139.39 (vinyl CH); EI/HRMS: [M]+ calculated for C28H51N: 401.4022, found: 
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401.4031. Elemental analysis calculated for C28H51N: 83.72 C, 12.80 H, 3.49 N; found 83.71 C, 

12.81 H, 3.48 N. 

2-Methyl-2-(undec-10-enyl)tridec-12-enenitrile (3a). After purification, 6.41 g (99% 

yield) of a pale yellow liquid was collected. The following spectral properties were observed: 1H 

NMR (CDCl3): δ(ppm), 1.20-1.64 (m, 33H), 2.04 (q, 4H), 4.96 (m, 4H, vinyl CH2), 5.81 (m, 2H, 

vinyl CH); 13C NMR (CDCl3): δ(ppm) 24.77 (CH3), 23.95, 28.88, 29.06, 29.40, 29.45, 29.66, 

33.77, 36.66, 39.41, 114.08 (vinyl CH2), 124.68 (-CN), 139.13 (vinyil CH); EI/HRMS: [M]+ 

calculated for C25H45N: 359.3552, found: 359.3697. Elemental analysis calculated for C25H45N: 

83.49 C, 12.61 H, 3.89 N; found 83.23 C, 12.59 H, 4.18 N. 

2-Ethyl-2-(undec-10-enyl)tridec-12-enenitrile (3b).  After purification, 6.46 g (96% 

yield) of a pale yellow liquid was collected. The following spectral properties were observed: 1H 

NMR (CDCl3): δ(ppm) 0.99 (t, 3H, -CH3), 1.29-1.56 (m, 35H), 2.04 (q, 4H), 4.97 (m, 4H, vinyl 

CH2), 5.82 (m, 2H, vinyl CH); 13C NMR (CDCl3): δ(ppm) 8.89 (CH3), 14.33, 22.87, 24.46, 

29.13, 29.32, 29.63, 29.65, 29.71, 29.98, 31.81, 34.01, 35.83, 41.31, 114.33 (vinyl CH2), 124.52 

(-CN), 139.39 (vinyil CH); EI/HRMS: [M]+ calculated for C26H47N: 373.3709, found: 373.3710. 

Elemental analysis calculated for C26H47N: 83.57 C, 12.68 H, 3.75 N; found 83.59 C, 12.67 H, 

3.74 N. 

2-Hexyl-2-(undec-10-enyl)tridec-12-enenitrile from LTMP (3d).  After purification, 

7.66 g (99% yield) of a pale yellow liquid was collected. The following spectral properties were 

observed: 1H NMR (CDCl3): δ(ppm) 0.90 (t, 3H, -CH3), 1.29-1.56 (m, 42H), 2.04 (q, 4H), 4.97 

(m, 4H, vinyl CH2), 5.82 (m, 2H, vinyl CH); 13C NMR (CDCl3): δ(ppm) 14.24 (CH3), 22.80, 

24.48, 24.51, 29.15, 29.33, 29.62, 29.66, 29.71, 29.99, 31.83, 34.01, 36.38, 40.88, 114.34 (vinyl 

CH2), 124.69 (-CN), 139.41 (vinyil CH); EI/HRMS: [M]+ calculated for C30H55N: 429.4335, 
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found: 429.4346. Elemental analysis calculated for C30H55N: 83.84 C, 12.90 H, 3.26 N; found 

83.41 C, 13.37 H, 3.49 N. 

2-Benzyl-2-methyl-3-phenylpropanenitrile (3e). After purification, 4.19 g (98% yield) of 

a pale yellow liquid was collected. The following spectral properties were observed: 1H NMR 

(CDCl3): δ(ppm) 1.50 (s, 3H, -CH3), 2.83 (s, 4H), 7.40 (m, 10H); 13C NMR (CDCl3): δ(ppm) 

22.12 (CH3), 30.81 (quaternary carbon), 41.56 (CH2), 120.91 (-CN), 125.51, 128.11, 128.91, 

140.32 (aromatic carbon); EI/HRMS: [M]+ calculated for C17H17N: 235.1361, found: 235.1309. 

Elemental analysis calculated for C17H17N: 86.77 C, 7.28 H, 5.95 N; found 86.59 C, 5.41 H, 5.99 

N. 

2-Allyl-2-methylpent-4-enenitrile (3f). After purification, 2.41 g (98% yield) of a pale 

yellow liquid was collected. The following spectral properties were observed: 1H NMR (CDCl3): 

δ(ppm) 1.53 (s, 3H, -CH3), 2.27 (d, 4H, CH2), 5.01 (m, 4H, vinyl CH2), 5.82 (m, 2H, vinyl CH); 

13C NMR (CDCl3): δ(ppm) 23.41 (CH3), 25.65 (quaternary carbon), 41.35 (CH2), 115.33 (vinyl 

CH2), 124.51 (-CN), 136.39 (vinyl CH); EI/HRMS: [M]+ calculated for C9H13N: 135.1048, 

found: 135.1059. Elemental analysis calculated for C9H13N: 79.95 C, 9.69 H, 10.36 N; found 

79.99 C, 9.61 H, 11.39 N. 

2-Methyl-2-propylpentanenitrile (3g). After purification, 2.45 g (97% yield) of a pale 

yellow liquid was collected. The following spectral properties were observed: 1H NMR (CDCl3): 

δ(ppm) 0.98 (t, 6H, -CH3), 1.29-1.56 (m, 4H, CH2), 1.53 (s, 3H, -CH3) 1.61 (t, 4H, CH2); 13C 

NMR (CDCl3): δ(ppm) 10.89 (CH3), 15.33, 24.87, 25.46, 46.48 (C-CH2), 122.9 (CN); EI/HRMS: 

[M]+ calculated for C9H17N: 139.1361, found: 139.1321. Elemental analysis calculated for 

C9H17N: 77.63 C, 12.31 H, 10.06 N; found 77.48 C, 12.41 H, 10.11 N. 
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2-Methyl-2-pentylheptanenitrile (3h). After purification, 3.51 g (99% yield) of a pale 

yellow liquid was collected. The following spectral properties were observed: 1H NMR (CDCl3): 

δ(ppm) 0.99 (t, 6H, -CH3), 1.29-1.56 (m, 12H), 1.61 (s, 3H, -CH3), 1.72 (t, 4H, C-CH2-CH2); 13C 

NMR (CDCl3): δ(ppm) 13.12 (CH3), 22.71, 23.57, 24.56, 28.23, 31.65, 43.25, 124.50 (-CN);  

EI/HRMS: [M]+ calculated for C13H25N: 195.1987, found: 195.1877. Elemental analysis 

calculated for C13H25N: 79.83 C, 12.90 H, 7.17 N; found 79.54 C, 12.99 H, 7.46 N. 

Ethyl 2-cyano-2-(undec-10-enyl)tridec-12-enoate (3i). After purification, 3.58 g (97% 

yield) of a pale yellow liquid was collected. The following spectral properties were observed: 1H 

NMR (CDCl3): δ(ppm) 1.29-1.56 (m, 31H), 2.04 (t, 4H), 2.21 (m, 4H, vinyl CH2), 4.15 (q, 2H, 

O-CH2-CH3), 5.01 (m, 4H, vinyl CH2), 5.82 (m, 2H, vinyl CH); 13C NMR (CDCl3): δ(ppm) 

14.13 (CH3), 22.87, 24.46, 29.13, 29.32, 29.63, 29.65, 29.71, 29.98, 33.81, 38.01, 61.15 (O-CH2-

CH3), 114.33 (vinyl CH2), 124.51 (-CN), 139.39 (vinyl CH), 173.85 (C=O); EI/HRMS: [M]+ 

calculated for C27H47NO2: 417.3607, found: 417.3594. Elemental analysis calculated for 

C27H47NO2: 77.64 C, 11.34 H, 3.35 N, 7.66 O; found 77.61 C, 11.41 H, 3.28 N, 7.70 O.  

General Procedure for Dialkylation of Nitriles Using Sodium Amide, Synthesis of 2-

butyl-2-(undec-10-enyl)tridec-12-enenitrile (3b).  A 1M solution of nitrile (hexanenitrile, 1.50 

g, 15 mmol) in dry THF (15.4 mL) was prepared in a three-necked round bottomed flask 

equipped with a stir bar, condenser, and argon inlet adaptor. The reaction flask was loaded with 

NaNH2 (1.44 g, 37 mmol) and the alkylating 11-bromoundec-1-ene (8.630 g, 37 mmol). The 

mixture was refluxed for 12 hours and then quenched with 1M HCl (100 mL), extracted three 

times with ether (500 mL) and washed with brine (100 mL).  After drying over MgSO4, the 

solution was filtered, concentrated by rotary evaporation, and purified by flash column 

chromatography (5% v/v ethyl acetate/hexane).  After purification, 3.19 g (57% yield) of a pale 
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yellow liquid was collected. The following spectral properties were observed: 1H NMR (CDCl3): 

δ(ppm) 0.94 (t, 3H, -CH3), 1.23-1.56 (m, 41H), 2.04 (q, 4H), 4.97 (m, 4H, vinyl CH2), 5.42 (m, 

0.30H, internal olefin CH), 5.82 (m, 2H, vinyl CH); 13C NMR (CDCl3): δ(ppm) 14.39 (CH3), 

23.34, 24.74, 26.90, 29.39, 29.57, 29.68, 29.90, 29.96, 30.23, 34.26, 36.31, 36.58, 41.05, 114.55 

(vinyl CH2), 124.88 (-CN), 139.58 (vinyl CH); EI/HRMS: [M]+ calculated for C28H51N: 

401.4022, found: 404.4029. Elemental analysis calculated for C28H51N: 83.72 C, 12.80 H, 3.49 

N; found 83.71 C, 12.81 H, 3.49 N. The olefin isomerization was quantified by relating the 

integrals of the isomerized olefin at 5.42 ppm and the terminal olefin at 4.90-5.04 ppm and the 

percentage of isomerization is then given by the formula: 100x[Integral at 5.42 ppm / (integral at 

5.42 + integral at 4.90-5.04 ppm)]. 
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CHAPTER 3 
AVOIDING OLEFIN ISOMERIZATION DURING DECYANATION OF ALKYLCYANO 

α,ω-DIENES: A DEUTERIUM LABELING AND STRUCTURAL STUDY OF MECHANISM  

3.1 Introduction 

Olefin metathesis has proven to be an excellent synthetic tool for carbon-carbon bond 

formation via a variety of methodologies, two of which require dienes.  α,ω-Dienes are usually 

employed in ring closing metathesis (RCM) and acyclic diene metathesis (ADMET) chemistry, 

where the preparation of pure terminal olefins can be synthetically challenging.89 In many cases, 

alkene isomerization occurs as a detrimental side reaction, not only reducing yield but also 

generating a difficult-to-purify mixture of products with internal olefins.  

Nitrile chemistry is often employed because of the high alkylation yield and ease of 

subsequent decyanation,90 where decyanation is usually carried out by electron transfer 

chemistry initiated by alkali metals, such as Li,69, 91, 92 Na,68, 93, 94 or K.72, 95 The reaction proceeds 

in excellent yield via a radical anion intermediate, which eliminates a cyanide moiety with 

concomitant formation of a radical.96, 97 Even so, reaction conditions can be harsh when other 

functionalities not compatible with alkali metals or radical species are present. For example, 

compounds containing olefin functionalities can undergo structural isomerization via radical 

intermediates. This is the case for α,ω-dienes, which can isomerize to internal olefins.  To 

circumvent this isomerization problem, we have applied a previously reported method for the 

decyanation of alkylcyano α,ω-dienes while completely avoiding isomerization.98 This chapter 

describes the necessary conditions to do so. 

3.2 Results and Discussion 

3.2.1 Synthetic Approach to Alkyl α,ω-Dienes Via Decyanation Chemistry 

Most methods for the preparation of alkyl α,ω-dienes require as many as 9 synthetic steps 

resulting in low yields.46, 51, 52 We have reduced the number of steps to 2, previously reported 
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alkylation90 followed by decyanation, while producing analytically pure dienes. Further yet, a 

variety of synthetic routes can be required just for the preparation α,ω-dienes simply possessing 

different alkyl substituents.  For example, three independent methodologies have been used for 

synthesizing α,ω-dienes  possessing methyl,48, 50, 85 ethyl,49, 52 and hexyl54 substituents.  

The need for a high yield, universal synthesis having fewer steps motivated us to explore more 

sophisticated nitrile chemistry, since primary nitriles 19 have been dialkenylated using lithium 

diisopropylamide (LDA) in quantitative yields.90  Subsequent decyanation of the resulting 

alkylcyano α,ω-dienes 1 produces alkyl α,ω-dienes 2, as shown in Figure 3-1. This chapter 

focuses on alkyl α,ω-dienes with 9 methylene spacers between the double bond and the tertiary 

carbon.  Syntheses of analogous compounds with various spacer lengths can also be achieved 

and will be presented in chapter 4. 

 

R CN

9 9

R

9 9

a. Methyl
b. Ethyl
c. Propyl
d. Butyl
e. Pentyl
f.  Hexyl

1a-f 2a-f

R =
Ko, HMPA

t-BuOH, Et2OBr
9

R CN
LDA, THF

2 eq
19  

Figure 3-1. Synthesis of alkyl α,ω-dienes 

 

Previous work has shown that reductive elimination of nitriles by electron transfer works 

for primary, secondary and tertiary nitriles using various alkali metals in ammonia,68, 69, 91-94 

potassium in hexamethylphosphoramide (HMPA),70, 99-101 or potassium with dicyclohexyl-18-C-

6 in toluene.102 Although decyanation of alkylnitriles by alkali metals in liquid ammonia is quite 

versatile, it does not offer utility when other functionalities are present in the molecule, such as 

olefins. For example, Marshall and Bierenbaum reported the decyanation of β,γ-unsaturated 
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nitriles using alkali metals in liquid ammonia with yields greater than 90%, yet they obtained a 

mixture of products due to olefin isomerization.103 Cuvigny reported the use of alkali metals in 

HMPA and ether in the presence of various alcohols with yields from 16 to 89%.98 Other groups 

have modified Cuvigny’s methodology for the synthesis of vitamin D derivatives with yields 

from 70 to 90%.70, 99, 100 While this methodology has proven to be useful with various substrates, 

studies containing alkene molecules susceptible to promote olefin isomerization as described 

here have not been reported. 

Our investigation began by exploring several methods for the reductive elimination of the 

nitrile functional group from model compound 1d. The different reaction conditions and 

observed results are shown in Figure 3-2 and table 3-1.   

 

DecyanationNC

9 9

1d

9 9

2d
 

Figure 3-2. Synthesis of 12-butyltricosa-1,22-diene (2d) 

 
The first experiment (Entry 1) involved the use of potassium metal on alumina in dry 

hexane, yielding 20% decyanation and giving 7% olefin isomerization after 5 minutes of 

reaction. After 10 minutes, the same reaction conditions produced 30% decyanation with 20% 

olefin isomerization, where the extent of isomerization was calculated from 1H NMR spectra by 

comparison of the relative areas of the terminal and internal olefin signals (see Figure 3-4). The 

observed results suggested that a tertiary radical is formed after the reductive elimination of 

nitrile, where the translocation of this radical to a more stable allyl radical, leads to the olefin 

isomerization product (Figure 3-3). 
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Table 3-1. Different decyanation systems for the reduction of 1d to 12-butyltricosa-1,22-diene (2d) 

 

Entry System Solvent Reaction 
Time 

Yield 
(%)* 

Olefin 
Isomerization 

(%)** 

Hexane 5 min 20 7 1 K0, Al2O3 

Hexane 10 min 30 20 

Hexane/Toluene (1:1) 10 min 19 63 2 K0, Al2O3, 
Toluene 

Toluene 10 min 22 75 

3 K0, Ph3CH Hexane/Ether (1:1) 3 h 41 B.D 

4 K0, HMPA,  
t-BuOH Ether 3 h 99 B.D 

 
* Yield after purification by column chromatography,  
** Percentage of olefin isomerization detected by NMR and confirmed by GC, 
B.D: Below 1H and 13C NMR detection limit. 

 

Different systems involving a radical trap were developed in order to prove the concept of 

radical translocation. Formation of a more stable species must occur to avoid translocation of the 

tertiary radical to an allylic radical. Furthermore, the stable species must be produced at a higher 

rate than the allylic radical formation in order to tune the reaction toward decyanation without 

olefin isomerization. Toluene was added to the reaction mixture with the intent of forming a 

stable benzyl radical, as indicated in table 3-1, entry 2. Decyanation occurred in 19-22% yield 

with 63-75% olefin isomerization. Although formation of benzyl radical cannot be ruled out, 

formation of the allylic radical seems to occur at a faster rate, thus promoting olefin 

isomerization. 

 



 

57 

9 9

R

8 9

R

8 9

RHH

9 9

R

8 9

RH

Nonisomerized olefin
Useful for RCM & ADMET
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Figure 3-3. Proposed mechanism for the olefin isomerization via formation of an allylic radical 

 

The third entry in table 3-1 shows the result of incorporation of triphenylmethane as a 

radical trap. The reductive elimination of the nitrile functional group in the presence of Ph3CH in 

hexane/ether (1:1) produced the desired decyanation product in 41% yield; hydrogen radical 

transfer from the triphenylmethane molecule to the tertiary radical formed by decyanation occurs 

to produce the desired product without structural olefin isomerization. The absence of isomerized 

internal double bonds suggests that the more stable triphenylmethyl radical forms more quickly 

than does the allylic radical, which would lead to olefin isomerization. Although the 

triphenylmethyl radical was observed during the reaction by the appearance of a yellowish 

solution, competition between the radical trapping process and deprotonation of Ph3CH initiated 

by potassium metal is also plausible.92, 104-107  The initial yellow solution gradually converted to 

an intense red color due to formation of the triphenylmethyl anion, which deactivates the 

decyanation process and decreases the reaction yield. 
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Figure 3-4. Expanded 1H NMR spectrum of 12-butyltricosa-1,22-diene (2d) at three different 

degrees of olefin isomerization  

 
Entry 4 in table 3-1 shows the decyanation of 1d using potassium metal, HMPA and t-

BuOH with quantative yields without apparent olefin isomerization. The absence of isomerized 

product suggests that the tertiary radical formed after the reductive elimination of nitrile, before 

producing an allylic radical, quickly abstracts hydrogen from the alcohol or it is reduced yielding 

a carbanion, which inactivates the tertiary radical and consequently its structural isomerization. 

Although formation of t-butoxyl-radicals from t-butanol is not common,108-110 alkoxyl-radicals 

rapidly abstract hydrogen from the α-carbon in the alcohol, solvent, or disproportionate yielding 

a t-butoxide anion.111-114 

To further expand the scope of this method, a series of alkylcyano α,ω-dienes was 

decyanated resulting in quantitative yields with no apparent olefin isomerization, as shown in 

table 3-2.  Obviously the method has broad utility. Prior methodologies for the preparation of 

alkyl α,ω-dienes require six to nine synthetic steps; this approach requires  two steps, alkylation90 
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and decyanation, and circumvents side reactions, providing a universal, high yielding route to 

pure alkyl α,ω-dienes.  

 
Table 3-2. Decyanation of alkylcyano α,ω-dienes using potassium metal, HMPA and t-BuOH in ether. 
 

Substrate Product Overall Yield 
(%)* 

Olefin 
Isomerization 

(%)** 
NC

9 9
1a  

9 9
2a  

99 B.D 

NC

9 9

1b  
9 9
2b  

98 B.D 

NC

9 9
1c  

9 9
2c

 

99 B.D 

NC

9 9

1d  

9 9

2d
 

99 B.D 

NC

9 9

1e  

9 9

2e  

98 B.D 

NC

9 9

1f  

9 9

2f  

99 B.D 

  
 
 * Yield after purification by column chromatography, ** Percentage of olefin isomerization 
detected by NMR and confirmed by GC, B.D: Below 1H and 13C NMR detection limit. 
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3.2.2 Deuterium Labeling and Mechanistic Considerations 

Cuvigny speculated that HMPA is the hydrogen donor in the reductive elimination of 

nitriles, but no chemical or spectroscopic proof has been reported to date.98 Two possible sources 

of hydrogen radicals are present in the reactions we describe, HMPA and t-BuOH.115 The 

reaction is carried out as a mixture of potassium metal and HMPA in ether, followed by 

dropwise addition of the nitrile dissolved in t-BuOH and ether. Experiments in deuterated 

alcohol were performed to determine the origin of the hydrogen captured after the reductive 

elimination of nitrile (table 3). The first test involved the dropwise addition of a mixture of 1a 

and t-BuOD in ether to a solution of potassium metal and HMPA in ether, yielding the 

decyanation product 3 (Figure 3-5) in quantitative yield without apparent olefin isomerization. 

Figure 3-6 shows the deuterium NMR spectrum of 3, where one singlet at δ1.38, corresponding 

to the monodeuteration of the tertiary carbon, is observed. Figure 3-7 shows the 13C NMR 

spectra of the products formed in the presence t-BuOH (Figure 3-7a) and t-BuOD (Figure 3-7b). 

The intensity of the tertiary carbon signal at 33.02 ppm is much smaller in the monodeuterated 

product 3 due to the larger 13C relaxation time in the absence of directly bonded protons. The 

extent of deuteration of the final product was calculated by integration of the 1H NMR signals 

from the methyl at the branch point, singlet in the deuterated product vs doublet in the product 

with 1H on the tertiary carbon, as shown in Figure 3-8.  The results indicated that 3 was 92% 

deuterated. The high extent of deuteration confirms that the hydrogen from the alcohol is 

captured by the tertiary radical from the reductive elimination of nitrile.  

Ko, HMPA

t-BuOD, Ether

NC CH3

9 9

1a

D CH3

9 9

3
 

Figure 3-5. Decyanation of (1a) in presence of deuterated tert-butanol 
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Table 3-3. Decyanation of 1a in presence of deuterated compounds 

Entry Decyanation System Yield (%)* Extent of 
Deuteration (%)** 

Olefin Isomerization 
(%)*** 

1 K0, HMPA, t-BuOD 99 92 B.D 
2 K0, HMPA-d18, t-BuOH 99 Not detected B.D 
3 K0, t-BuOD 12 91 B.D 
4 t-BuO-K+   0 -- -- 

* Yield after purification by column chromatography 
** Extend of deuteration detected by 1H NMR and deuterium NMR 
*** Percentage of isomerized product detected by 1H NMR and confirmed by GC 
B.D: Below 1H and 13C NMR detection limit 
 
 
 

 
 
Figure 3-6. Deuterium NMR of 12-d-12-Methyl-tricosa-1,22-diene 

 
The second entry in table 3-3 describes the decyanation experiment using HMPA with all 

methyl groups isotopically labeled with deuterium. As with the previous experiments, the 

reaction produced decyanation in quantitative yield without apparent olefin isomerization. 

Deuterium NMR experiments showed no apparent deuteration in the final product when the 
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isotopic label is carried by the HMPA, clearly showing that the hydrogen from the alcohol, and 

not from HMPA, is captured by the tertiary radical during the reductive elimination of nitrile. 

 

 
Figure 3-7. Comparison of 13C NMR for (a) 12-methyltricosa-1,22-diene and (b) 12-d-12-

Methyl-tricosa-1,22-diene 

 
The third entry in table 3-3 shows the reaction conditions when decyanation occurs in the 

absence of HMPA, resulting in 12% decyanation with no apparent olefin isomerization. 

Deuterium NMR showed a singlet at δ1.38, which corresponds to the formation of  3. The low 

yield in this reaction is explained by the absence of HMPA, which apparently stabilizes the 

formation of the intermediate species. 
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Figure 3-8. Comparison of 1H NMR for methyl resonances of (a) 12-d-12-Methyl-tricosa-1,22-

diene (singlet with a small contribution of residual doublet) and (b) 12-methyltricosa-
1,22-diene (doublet) 

 
The fourth experiment in table 3-3 was designed to determine if reductive elimination is 

carried out by potassium metal or by the potassium t-butoxide possibly formed in situ. The 

reaction was performed via dropwise addition of 1a in ether to a solution of potassium metal and 

t-BuOD in ether. The starting material 1a was recovered and no decyanation product 3 was 

detected. These results demonstrate that reductive elimination of nitrile occurs by electron 

transfer from potassium metal and not via t-BuOK formed in situ.  
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Although decyanation methodology using potassium metal and HMPA appears to occur 

through a radical-intermediate mechanism, no definitive proof of this has been clearly presented 

to date.65 Formation of a carbanion via reduction of the radical-intermediate species cannot be 

ruled out.115 One way to provide evidence for a free radical-intermediate would be to capture it 

via intramolecular cyclization before reduction to the carbanion occurs.  Alkenes capture radical 

moieties which can subsequently undergo rapid intraradical cyclization to form cyclic 

radicals.116-119  

To prove the point, decyanation was performed using alkylcyano α,ω-dienes 4a and 4b 

possessing only three methylene units between the terminal double bonds and the nitrile, in order 

to enhance the likelihood for cyclization to occur (Figure 3-9).120-122 In fact, bicyclic products 10 

and 11 form as a result of intramolecular radical capture. Decyanation of 4 produces a tertiary 

radical 5, which undergoes 5-exo and 6-endo ring closures 6 and 7, leading to the bicyclic 

structures 10 and 11. 

To further determine the influence of spacer length on the cyclization pathway, a series of 

experiments were performed using alkylcyano ω-alkenes 13 possessing spacers of 3, 4, 5 and 6 

methylene groups (Figure 3-10). Compounds with three and four methylene units between the 

terminal double bond and the nitrile formed cyclic products 15 and 16. Structures with five and 

six methylene spacers yielded only linear structures.  These results verified that at least five CH2 

spacers are needed between the double bond and the carbon bearing the nitrile group to prevent 

radical induced cyclization.123-125 
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5-exo
Ring closure

6-endo
Ring closure

CNR

K0, HMPA
t-BuOH, Ether

R = a = Methyl
       b = Butyl

R

R
R

R
R

R

R

4a,b

5a,b

6a,b 7a,b

8a,b 9a,b

10a,b 11a,b

7-exo
Ring closure

7-exo
Ring closure

Hydrogen 
abstraction

Hydrogen
abstraction

 
Figure 3-9. Decyanation of 2-alkyl-2-pent-4-enyl-hept-6-enenitrile 
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R

CNR

K0, HMPA
t-BuOH, Ether

x

x

a, c, e, g = Methyl
b, d,  f, h = Butyl

R

y

R

z

13a-h

14a-h

15a-d 16a-d

When  x = 3, y = 1 and z = 1
            x = 4, y = 2 and z = 2
            x = 5 Linear structures were formed (17a,b)
            x = 6 Linear structures were formed (18a,b)

R =
H

H

exo
closure

endo
closure

15a, y = 1, R = Methyl
15b, y = 1, R = Butyl
15c, y = 2, R = Methyl
15d, y = 2, R = Butyl

16a, z = 1, R = Methyl
16b, z = 1, R = Butyl
16c, z = 2, R = Methyl
16d, z = 2, R = Butyl

 
 

Figure 3-10. Decyanation of alkenylnitriles 

 
All these results suggest a plausible mechanism involving a radical-intermediate for the 

reductive elimination of CN in the presence of potassium, HMPA and t-BuOH (Figure 3-11).  

Transfer of one electron from potassium metal to the nitrile group results in formation of a 

radical anion. Subsequent elimination of cyanide yields a tertiary radical that is rearranged to 

form cyclic molecules 10, 11, 15 and 16, quenched by abstraction of hydrogen from t-BuOH to 

yield 2a-f, or reduced to a carbanion followed by protonation from t-BuOH to yield 2a-f. 
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Abstraction of hydrogen from t-BuOH avoids formation of allylic radicals and consequent olefin 

isomerization.  

 

9 9

CH3

N
Ko

+ K

9 9

CH3

9 9

CH3D

9 9

C CH3

N

Ko

CH3
CH3

CH3

OD

CH3
CH3

CH3

O

+

+
CH3

CH3
CH3

O+K

C N

 
Figure 3-11. Proposed mechanism for the reductive elimination of nitrile 

 
3.3 Conclusions 

The understanding of the mechanism for reductive elimination of nitriles opens the 

possibility for the synthesis of alkyl α,ω-dienes. Previously reported methodologies for the 

preparation of 2a, 2b and 2f require six to nine synthetic steps. This new methodology allows 

quantitative synthesis of such dienes in two steps and circumvents side reactions such as 

structural olefin isomerization and intramolecular cyclization. We believe this to be a universal 

synthesis route for the preparation of alkyl α,ω-dienes. 

3.4 Experimental Section 

Materials.  All starting materials were used as received, except for 11-bromoundec-1-ene, 

and the alkylcyano α,ω-dienes, which were synthesized according to the literature procedures.89, 

90 Tetrahydrofuran, toluene and ether were freshly distilled from Na/K alloy using benzophenone 

as an indicator. The 11-bromoundec-1-ene, hexamethylphosphoramide, diisopropylamine, 

propiononitrile, butyronitrile, pentanenitrile, hexanenitrile, heptanenitrile, and octanenitrile were 
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freshly distilled from CaH2 prior to use. The tert-butanol was dried over calcium oxide and 

freshly distilled before use.  

Decyanation of 2-Butyl-2-(undec-10-enyl)tridec-12-enenitrile (1d) with Potassium 

Metal and Neutral Alumina. The decyanation of 1d (0.10 g, 0.3 mmol) was carried out in 

slurry of potassium and neutral alumina as reported by Umani-Ronchi.72 The reaction was 

monitored by TLC plate using 5% ethyl acetate in hexane. When no trace of starting material 

was observed by TLC, the remaining excess of unreacted potassium was removed from the 

reaction flask. The reaction was quenched with water (20 mL), extracted three times with ether 

(600 mL), and washed with brine (150 mL). After drying over MgSO4, the solution was filtered, 

concentrated by rotary evaporation, and purified by flash column chromatography (hexane). 

Decyanation was carried out in hexane, hexane:toluene (1:1), and toluene as described below: 

Decyanation of 2-Butyl-2-(undec-10-enyl)tridec-12-enenitrile (1d) in Hexane. 

Synthesis of 12-Butyltricosa-1,22-diene (2d).  After purification, 19 mg (20% yield) of a 

colorless liquid was collected. The following spectral properties were observed: 1H NMR 

(CDCl3): δ(ppm) 0.90 (t, 3H), 1.23-1.41 (m, 39H), 2.04 (q, 4H), 4.97 (m, 4H), 5.42 (m, 0.15H), 

5.82 (m, 2H); 13C NMR (CDCl3): δ(ppm) 14.4, 23.4, 24.5, 26.9, 29.2, 29.4, 29.8, 29.9, 29.9, 

30.4, 33.6, 33.9, 34.1, 37.6, 114.3, 139.5; EI/HRMS: [M]+ calculated for C27H52: 376.4069, 

found: 376.4050. Elemental analysis calculated for C27H52: 86.09 C, 13.91 H; found 86.02 C, 

13.98 H. 

Decyanation of 2-Butyl-2-(undec-10-enyl)tridec-12-enenitrile (1d) in Hexane:Toluene 

1:1. Synthesis of 12-Butyltricosa-1,22-diene (2d). After purification, 18 mg (19% yield) of a 

colorless liquid was collected. The following spectral properties were observed: 1H NMR 

(CDCl3): δ(ppm) 0.90 (t, 3H), 1.23-1.41 (m, 39H), 2.04 (q, 4H), 4.97 (m, 4H), 5.42 (m, 3.4H), 
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5.82 (m, 2H); 13C NMR (CDCl3): δ(ppm) 14.4, 23.4, 24.5, 26.9, 29.2, 29.4, 29.8, 29.9, 29.9, 

30.4, 33.6, 33.9, 34.1, 37.6, 114.3, 139.5; EI/HRMS: [M]+ calculated for C27H52: 376.4069, 

found: 376.4035. Elemental analysis calculated for C27H52: 86.09 C, 13.91 H; found 86.09 C, 

13.90 H. 

Decyanation of 2-Butyl-2-(undec-10-enyl)tridec-12-enenitrile (1d) in Toluene.  

Synthesis of 12-Butyltricosa-1,22-diene (2d). After purification, 21 mg (22% yield) of a 

colorless liquid was collected. The following spectral properties were observed: 1H NMR 

(CDCl3): δ(ppm) 0.90 (t, 3H), 1.23-1.41 (m, 39H), 2.04 (q, 4H), 4.97 (m, 4H), 5.42 (m, 6H), 5.82 

(m, 2H); 13C NMR (CDCl3): δ(ppm) 14.4, 23.4, 24.5, 26.9, 29.2, 29.4, 29.8, 29.9, 29.9, 30.4, 

33.6, 33.9, 34.1, 37.6, 114.3, 139.5; EI/HRMS: [M]+ calculated for C27H52: 376.4069, found: 

376.4074. Elemental analysis calculated for C27H52: 86.09 C, 13.91 H; found 86.11 C, 13.91 H. 

Decyanation of 2-Butyl-2-(undec-10-enyl)tridec-12-enenitrile (1d) with Potassium 

Metal and Triphenylmethane. Synthesis of 12-butyltricosa-1,22-diene (2d). Potassium metal 

(49 mg, 1.25 mmol) and hexane (10 mL) were transferred to a three-neck round bottom flask 

equipped with a stir bar, addition funnel, and argon inlet adaptor. A solution of 1d (0.10 g, 0.3 

mmol) and triphenylmethane (183 mg, 0.75 mmol) in hexane (10 mL) and ether (1.5 mL) was 

added dropwise to the reactor and stirred for 3 hours. The reaction was quenched with water (5 

mL), extracted three times with ether (300 mL), and washed with brine (100 mL). After drying 

over MgSO4, the solution was filtered, concentrated by rotary evaporation, and purified by flash 

column chromatography (hexane). After purification, 38 mg (41% yield) of a colorless liquid 

was collected. The following spectral properties were observed: 1H NMR (CDCl3): δ(ppm) 0.90 

(t, 3H), 1.23-1.41 (m, 39H), 2.04 (q, 4H), 4.97 (m, 4H), 5.82 (m, 2H); 13C NMR (CDCl3): 

δ(ppm) 14.4, 23.4, 24.5, 26.9, 29.2, 29.4, 29.8, 29.9, 30.4, 33.6, 33.9, 34.1, 37.6, 114.3, 139.5; 
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EI/HRMS: [M]+ calculated for C27H52: 376.4069, found: 376.4061. Elemental analysis calculated 

for C27H52: 86.09 C, 13.91 H; found 86.10 C, 13.90 H. 

General Methodology of Decyanation Using Potassium Metal and 

Hexamethylphosphoramide.  Potassium metal (8.285 g, 212 mmol), HMPA (27.238 g, 152 

mmol), and ether (185 mL) were transferred to a three-neck round bottom flask equipped with a 

stir bar, addition funnel, and argon inlet adaptor.  A solution of the alkylcyano α,ω-diolefin (30 

mmol) and t-BuOH (5.841 g, 79 mmol) in ether (130 mL) was added dropwise to the reactor and 

stirred for 3 hours at 0 ºC. The reaction was monitored by TLC plate using 5% ethyl acetate in 

hexane. When no trace of starting material was observed by TLC, the remaining excess of 

unreacted potassium was removed from the reaction flask. The reaction was quenched with water 

(20 mL), extracted three times with ether (600 mL), and washed with brine (150 mL). After 

drying over MgSO4, the solution was filtered, concentrated by rotary evaporation, and purified 

by flash column chromatography (hexane). 

12-Methyltricosa-1,22-diene (2a). After purification, 9.93 g (99% yield) of a colorless 

liquid was collected. The following spectral properties were observed: 1H NMR (CDCl3): δ(ppm) 

0.84 (d, 3H), 1.23-1.39 (m, 33H), 2.04 (q, 4H), 4.97 (m, 4H), 5.82 (m, 2H); 13C NMR (CDCl3): 

δ(ppm) 20.0, 27.4, 29.2, 29.4, 29.8, 29.9, 30.0, 30.3, 33.0, 34.1, 37.4, 114.3, 139.4; EI/HRMS: 

[M]+ calculated for C24H46: 334.3600, found: 334.3607. Elemental analysis calculated for 

C24H46: 86.14 C, 13.86 H; found 86.15 C, 13.79 H 

12-Ethyltricosa-1,22-diene (2b). After purification, 10.24 g (98% yield) of a colorless 

liquid was collected. The following spectral properties were observed: 1H NMR (CDCl3): δ(ppm) 

0.84 (t, 3H), 1.28-1.37 (m, 35H), 2.04 (q, 4H), 4.96 (m, 4H), 5.82 (m, 2H); 13C NMR (CDCl3): 

δ(ppm) 11.1, 26.1, 27.0, 29.2, 29.4, 29.8, 29.9, 30.0, 30.4, 33.4, 34.1, 39.1, 114.3, 139.5; 
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EI/HRMS: [M]+ calculated for C25H48: 348.3756, found: 348.3758. Elemental analysis calculated 

for C25H48: 86.12 C, 13.88 H; found: 86.25 C, 13.97 H. 

2-Propyltricosa-1,22-diene (2c). After purification, 10.76 g (99% yield) of a colorless 

liquid was collected. The following spectral properties were observed: 1H NMR (CDCl3): δ(ppm) 

0.90 (t, 3H), 1.23-1.41 (m, 37H), 2.04 (q, 4H), 4.97 (m, 4H), 5.82 (m, 2H); 13C NMR (CDCl3): 

δ(ppm) 14.8, 20.1, 27.0, 29.2, 29.4, 29.8, 29.9, 30.0, 30.4, 34.0, 34.1, 36.4, 37.5, 114.3, 139.4; 

EI/HRMS: [M]+ calculated for C26H50: 362.3913, found: 362.3918. Elemental analysis calculated 

for C26H50: 86.10 C, 13.90 H; found 86.09 C, 13.91 H. 

12-Butyltricosa-1,22-diene (2d). After purification, 11.18 g (99% yield) of a colorless 

liquid was collected. The following spectral properties were observed: 1H NMR (CDCl3): δ(ppm) 

0.90 (t, 3H,), 1.23-1.41 (m, 39H), 2.04 (q, 4H), 4.97 (m, 4H), 5.82 (m, 2H); 13C NMR (CDCl3): 

δ(ppm) 14.4, 23.4, 27.0, 29.2, 29.4, 29.8, 29.9, 30.0, 30.4, 33.7, 34.0, 34.1, 37.6, 114.3, 139.4; 

EI/HRMS: [M]+ calculated for C27H52: 376.4069, found: 376.4061. Elemental analysis calculated 

for C27H52: 86.09 C, 13.91 H; found 86.10 C, 13.90 H. 

12-Pentyltricosa-1,22-diene (2e). After purification, 11.48 g (98% yield) of a colorless 

liquid was collected. The following spectral properties were observed: 1H NMR (CDCl3): δ(ppm) 

0.90 (t, 3H), 1.23-1.41 (m, 41H), 2.04 (q, 4H), 4.97 (m, 4H), 5.82 (m, 2H); 13C NMR (CDCl3): 

δ(ppm) 14.4, 23.0, 26.7, 27.0, 29.2, 29.4, 29.7, 29.8, 29.9, 30.0, 30.4,  32.7, 33.9, 34.0, 34.1, 

37.7, 114.3, 139.4; EI/HRMS: [M]+ calculated for C28H54: 390.4226, found: 390.4228. Elemental 

analysis calculated for C28H54: 86.07 C, 13.93 H; found 86.05 C, 13.96 H. 

12-Hexyltricosa-1,22-diene (2f). After purification, 12.01 g (99% yield) of a colorless 

liquid was collected. The following spectral properties were observed: 1H NMR (CDCl3): δ(ppm) 

0.89 (t, 3H), 1.15-1.48 (m, 43H), 2.04 (q, 4H), 4.97 (m, 4H), 5.82 (m, 2H); 13C NMR (CDCl3): 
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δ(ppm) 14.4, 23.0, 26.9, 29.2, 29.4, 29.8, 29.9, 29.9, 30.1, 30.4, 32.2, 33.9, 34.1, 37.6, 114.3, 

139.5; EI/HRMS: [M]+ calculated for C29H56: 404.4382, found: 404.4386. Elemental analysis 

calculated for C29H56: 86.05 C, 13.95 H; found 86.38 C, 13.97 H. 

Decyanation Using Isotopic Labeling with Deuterium. The decyanation of 1a was 

carried out in presence of deuterated t-butanol or HMPA-d18 using the general decyanation 

procedure described before. 

Decyanation using potassium metal, hexamethylphosphoramide and 2-methyl-2-

propan-[2H]-ol. Synthesis of [12-2H]-12-Methyltricosa-1,22-diene (3). After purification, 9.9 

g (99% yield) of a colorless liquid was collected. The following spectral properties were 

observed: 1H NMR (CDCl3): δ(ppm) 0.84 (s, 3H), 1.23-1.39 (m, 32H), 2.04 (q, 4H), 4.97 (m, 

4H), 5.82 (m, 2H); 13C NMR (CDCl3): δ(ppm) 19.9, 27.3, 27.4, 29.2, 29.4, 29.8, 29.9, 30.0, 30.3, 

34.1, 37.3, 37.4, 114.3, 139.4; deuterium NMR (CDCl3): δ(ppm) 1.38 (s, CH2CD(CH3)CH2). 

EI/HRMS: [M]+ calculated for C24H45D: 335.3662, found: 335.3657. Elemental analysis 

calculated for C24H45D: 85.89 C, 14.11 H; found 85.92 C, 14.09 H. 

Decyanation using potassium metal, hexamethylphosphoramide-d18 and tert-butanol. 

Synthesis of 12-Methyltricosa-1,22-diene (2a). After purification, 9.91 g (99% yield) of a 

colorless liquid was collected. The following spectral properties were observed: 1H NMR 

(CDCl3): δ(ppm) 0.84 (d, 3H), 1.23-1.39 (m, 33H), 2.04 (q, 4H), 4.97 (m, 4H), 5.82 (m, 2H); 13C 

NMR (CDCl3): δ(ppm) 20.0, 27.4, 29.2, 29.4, 29.8, 29.9, 30.0, 30.3, 33.0, 34.1, 37.4, 114.3, 

139.4; deuterium NMR (CDCl3): No signal detected for CH2CD(CH3)CH2; EI/HRMS: [M]+ 

calculated for C24H46: 334.3600, found: 334.3605. Elemental analysis calculated for C24H46: 

86.14 C, 13.86 H; found 86.12 C, 13.88 H. 
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Decyanation of Alkylcyano-1,10-undecadienes and Alkenenitriles. The decyanation of 

4 and 13 was carried out as described in the general decyanation methodology. Characterization 

and purification of the respective products was carried out by NMR and HPLC/MS. Two 

columns were utilized: (1) analytical or scout scale column with dimensions of 10.0 mm (inner 

diameter) by 250.0 mm; (2) preparative scale with dimensions of 41.4 mm (inner diameter) by 

250.0 mm. Both columns were silica packed with a particle size of 8 µm and a pore size of 60 Å. 

Crude samples were diluted in a 25% solution (w/v) of HPLC grade hexanes and filtered prior to 

injection. 

3a,7-Dimethyl-decahydroazulene (10a). After purification, 0.84 g (85% yield) of a 

colorless liquid was collected. The following spectral properties were observed: 1H NMR 

(CDCl3): δ(ppm) 1.06 (d, 3H), 1.16 (s, 3H), 1.25-1.45 (m, 10H) , 1.61-1.75 (m, 6H); 13C NMR 

(CDCl3): δ(ppm) 21.3, 22.6, 22.1, 23.5, 32.0, 33.3, 38.2, 39.0, 39.9, 41.4, 47.0, 48.0. EI/HRMS: 

[M]+ calculated for C12H22: 166.1722, found: 166.1725. Elemental analysis calculated for 

C12H22: 86.67 C, 13.33 H; found 86.63 C, 13.36 H.  

3a-Butyl-7-methyl-decahydroazulene (10b). After purification, 0.82 g (83% yield) of a 

colorless liquid was collected. The following spectral properties were observed: 1H NMR 

(CDCl3): δ(ppm) 0.96 (t, 3H), 1.06 (d, 3H), 1.16-1.48 (m, 14H), 1.60-1.75 (m, 8H); 13C NMR 

(CDCl3): δ(ppm): 14.1, 21.3, 22.4, 23.4, 23.8, 27.8, 32.3, 33.3, 36.4, 37.7, 38.2, 39.2, 39.3, 44.8, 

54.7; EI/HRMS: [M]+ calculated for C15H28: 208.2191, found: 208.2193. Elemental analysis 

calculated for C15H28: 86.46 C, 13.54 H; found 86.48 C, 13.52 H. 

1,5-Dimethylbicyclo[4.3.1]decane (11a). After purification, 27 mg (3% yield) of a 

colorless liquid was collected. The following spectral properties were observed: 1H NMR 

(CDCl3): δ(ppm) 1.06 (d, 3H), 1.16 (s, 3H), 1.10-1.26 (m, 9H), 1.31-1.51 (m, 6H), 1.61-1.70 (m, 
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1H); 13C NMR (CDCl3): δ(ppm) 18.8, 21.4, 22.1, 25.4, 31.7, 35.7, 37.2, 40.1, 40.9, 41.6, 42.7, 

43.4; EI/HRMS: [M]+ calculated for C12H22: 166.1722, found: 166.1720. Elemental analysis 

calculated for C12H22: 86.67 C, 13.33 H; found 86.61 C, 13.39 H. 

1-Butyl-5-methylbicyclo[4.3.1]decane (11b). After purification, 18 mg (2% yield) of a 

colorless liquid was collected. The following spectral properties were observed: 1H NMR 

(CDCl3): δ(ppm) 0.96 (t, 3H), 1.06 (d, 3H), 1.10-1.51 (m, 21H), 1.61-1.70 (m, 1H); 13C NMR 

(CDCl3): δ(ppm): 14.1, 18.8, 21.7, 22.4, 23.4, 27.5, 31.7, 35.7, 37.5, 39.2, 39.4, 40.1, 40.5, 41.2; 

EI/HRMS: [M]+ calculated for C15H28: 208.2191, found: 208.2188. Elemental analysis calculated 

for C15H28: 86.46 C, 13.54 H; found 86.43 C, 13.56 H. 

1,2-Dimethylcyclopentane (15a). After purification, 0.94 g (95% yield) of a colorless 

liquid was collected. The following spectral properties were observed: 1H NMR (CDCl3): δ(ppm) 

1.06 (d, 6H), 1.25-1.75 (m, 8H); 13C NMR (CDCl3): δ(ppm): 17.9, 25.4, 36.1, 45.3; EI/HRMS: 

[M]+ calculated for C7H14: 98.1096, found: 98.1094. Elemental analysis calculated for C7H14: 

85.63 C, 14.37 H; found 85.61 C, 14.39 H. 

1-Butyl-2-methylcyclopentane (15b). After purification, 0.89 g (90% yield) of a colorless 

liquid was collected. The following spectral properties were observed: 1H NMR (CDCl3): δ(ppm) 

0.96 (t, 3H), 1.06 (d, 3H), 1.29-1.60 (m, 14H); 13C NMR (CDCl3): δ(ppm): 14.1, 18.2, 23.1, 25.7, 

30.0, 31.8, 33.9, 36.4, 43.1, 46.4; EI/HRMS: [M]+ calculated for C10H20: 140.1565, found: 

140.1568. Elemental analysis calculated for C10H20: 85.63 C, 14.37 H; found 85.61 C, 14.40 H. 

1,2-Dimethylcyclohexane (15c). After purification, 0.71 g (71% yield) of a colorless 

liquid was collected. The following spectral properties were observed: 1H NMR (CDCl3): δ(ppm) 

1.06 (m, 6H), 1.20-1.65 (m, 10H); 13C NMR (CDCl3): δ(ppm): 18.2, 25.8, 33.3, 40.3; EI/HRMS: 
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[M]+ calculated for C8H16: 112.1252, found: 112.1250. Elemental analysis calculated for C8H16: 

85.63 C, 14.37 H; found 85.67 C, 14.31 H.  

1-Butyl-2-methylcyclohexane (15d). After purification, 0.68 g (68% yield) of a colorless 

liquid was collected. The following spectral properties were observed: 1H NMR (CDCl3): δ(ppm) 

0.96 (t, 3H), 1.06 (d, 3H), 1.20-1.50 (m, 16H); 13C NMR (CDCl3): δ(ppm): 14.1, 18.5, 23.1, 25.8, 

26.1, 30.0, 31.1, 32.1, 33.6, 38.1, 42.5; EI/HRMS: [M]+ calculated for C11H22: 154.1722, found: 

154.1721. Elemental analysis calculated for C11H22: 85.63 C, 14.37 H; found 85.61 C, 14.36 H. 

Methylcyclohexane (16a). After purification, 42 mg (4% yield) of a colorless liquid was 

collected. The following spectral properties were observed: 1H NMR (CDCl3): δ(ppm) 0.96 (d, 

3H), 1.01-1.75 (m, 11H); 13C NMR (CDCl3): δ(ppm): 22.9, 26.5, 26.6, 32.9, 35.6; EI/HRMS: 

[M]+ calculated for C7H14: 98.1096, found: 98.1097. Elemental analysis calculated for C7H14: 

85.63 C, 14.37 H; found 85.64 C, 14.32 H. 

Butylcyclohexane (16b). After purification, 91 mg (9% yield) of a colorless liquid was 

collected. The following spectral properties were observed: 1H NMR (CDCl3): δ(ppm) 0.96 (t, 

3H), 1.01-1.8 (m, 17H); 13C NMR (CDCl3): δ(ppm): 14.2, 23.1, 26.6, 26.9, 29.3, 33.6, 37.4, 

37.8; EI/HRMS: [M]+ calculated for C10H20: 140.1565, found: 140.1561. Elemental analysis 

calculated for C10H20: 85.63 C, 14.37 H; found 85.60 C, 14.40 H. 

Methylcycloheptane (16c). After purification, 0.27 g (28% yield) of a colorless liquid was 

collected. The following spectral properties were observed: 1H NMR (CDCl3): δ(ppm) 0.96 (d, 

3H), 1.01-1.4 (m, 12H), 1.65 (m, 1H); 13C NMR (CDCl3): δ(ppm): 21.0, 26.5, 29.3, 34.9, 37.3; 

EI/HRMS: [M]+ calculated for C8H16: 112.1252, found: 112.1256. Elemental analysis calculated 

for C8H16: 85.63 C, 14.37 H; found 85.59 C, 14.41 H. 
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Butylcycloheptane (16d). After purification, 0.31 g (31% yield) of a colorless liquid was 

collected. The following spectral properties were observed: 1H NMR (CDCl3): δ(ppm) 0.96 (t, 

3H), 1.25-1.45 (m, 18H), 1.50 (m, 1H); 13C NMR (CDCl3): δ(ppm): 14.1, 23.1, 26.8, 29.3, 29.7, 

34.9, 35.1, 40.4; EI/HRMS: [M]+ calculated for C11H22: 154.1722, found: 154.1719. Elemental 

analysis calculated for C11H22: 85.63 C, 14.37 H; found 85.67 C, 14.31 H. 

Non-1-ene (17a). After purification, 0.98 g (98% yield) of a colorless liquid was collected. 

The following spectral properties were observed: 1H NMR (CDCl3): δ(ppm) 0.86 (t, 3H), 1.23-

1.39 (m, 10H), 2.04 (q, 2H), 4.97 (m, 2H), 5.82 (m, 1H); 13C NMR (CDCl3): δ(ppm) 11.1, 22.8, 

29.5, 29.8, 31.9, 33.9, 114.3, 139.5. EI/HRMS: [M]+ calculated for C9H18: 126.1409, found: 

126.1410. Elemental analysis calculated for C9H18: 85.63 C, 14.37 H; found 85.67 C, 14.31 H. 

Dodec-1-ene (17b). After purification, 0.99 g (99% yield) of a colorless liquid was 

collected. The following spectral properties were observed: 1H NMR (CDCl3): δ(ppm) 0.89 (t, 

3H), 1.23-1.39 (m, 16H), 2.04 (q, 2H), 4.97 (m, 2H), 5.82 (m, 1H); 13C NMR (CDCl3): δ(ppm) 

11.1, 22.8, 29.4, 29.7, 29.8, 31.9, 33.9, 114.3, 139.5. EI/HRMS: [M]+ calculated for C12H24: 

168.1878, found: 168.1875. Elemental analysis calculated for C12H24: 85.63 C, 14.37 H; found 

85.61 C, 14.40 H. 

Dec-1-ene (18a). After purification, 0.97 g (97% yield) of a colorless liquid was collected. 

The following spectral properties were observed: 1H NMR (CDCl3): δ(ppm) 0.89 (t, 3H), 1.23-

1.39 (m, 12H), 2.04 (q, 2H), 4.97 (m, 2H), 5.82 (m, 1H); 13C NMR (CDCl3): δ(ppm) 11.1, 22.8, 

29.4, 29.7, 29.8, 31.9, 33.9, 114.3, 139.5. EI/HRMS: [M]+ calculated for C10H20: 140.1565, 

found: 140.1563. Elemental analysis calculated for C10H20: 85.63 C, 14.37 H; found 85.65 C, 

14.39 H. 
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Tridec-1-ene (18b). After purification, 0.98 g (98% yield) of a colorless liquid was 

collected. The following spectral properties were observed: 1H NMR (CDCl3): δ(ppm) 0.89 (t, 

3H), 1.23-1.39 (m, 18H), 2.04 (q, 2H), 4.97 (m, 2H), 5.82 (m, 1H); 13C NMR (CDCl3): δ(ppm) 

11.1, 22.8, 29.4, 29.7, 29.8, 31.9, 33.9, 114.3, 139.5. EI/HRMS: [M]+ calculated for C13H26: 

182.2035, found: 182.2033. Elemental analysis calculated for C13H26: 85.63 C, 14.37 H; found 

85.60 C, 14.42 H. 
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CHAPTER 4 
PRECISELY AND IRREGULARLY SEQUENCED ETHYLENE/1-HEXENE 

COPOLYMERS: A SYNTHESIS AND THERMAL STUDY  

4.1 Introduction 

During the past decade, ethylene-based copolymers have been the most widely used 

thermoplastic materials.3 Within the polyethylene (PE) family, linear low-density polyethylene 

(LLDPE) plays an important role,126 because of the diversity of materials that can be produced.  

The physical properties of LLDPE can be tuned by manipulating the amount of short-chain 

branching (SCB) and the short-chain branch distribution (SCBD),127, 128 by controlling the mode 

of polymerization, catalyst type, pressure, and temperature.  Of course, the identity of the 

comonomer is also important.  Commonly, 1-butene is chosen because of its low cost, but the 

use of 1-hexene or 1-octene has shown to improve the mechanical properties of the final 

material.128-138 It has also been observed that the properties of LLDPE are affected by 

interactions between the polymer chains.18-20, 25-30 

Commercial LLDPE is usually prepared by chain-growth polymerization using Ziegler-

Natta or metallocene chemistry.4, 139 Multisite-initiated Ziegler catalysis favors the insertion of 

ethylene and produces ill-defined and heterogeneous primary structures and polymers possessing 

low-molecular-weights and high molecular-weight distributions.140-142 In contrast, single-site 

catalysis by metallocene systems produces copolymers with narrower molecular weight 

distribution and higher comonomer content,129, 139, 143-147 but the problem of ill-defined primary 

structures still remains.  

Complete characterization of commercial PE requires detailed study of intra- and 

intermolecular properties, including molecular weight distribution, chemical composition, 

sequence length distribution and long chain branching level. Model systems are often employed, 

because the results can lead to a better understanding of polymer processing and the overall 
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microstructural effects produced by branch perturbations on PE-based materials.17, 31, 32 In the 

past, these materials were made by chain-propagation chemistry, which results in the 

incorporation of unwanted defects via head-to-head or tail-to-tail monomer coupling.41-45 The 

resulting random distribution of alkyl branches along the PE backbone alters the polymer 

morphology and thermal behavior, thereby precluding effect use as model systems.  

The problems associated with chain-growth polymerization can be overcome using step-

growth condensation polymerization, in particular acyclic diene metathesis (ADMET) 

polymerization. In this process, the final polymer structure is controlled by using monomers 

which undergo solely olefin metathesis to produce PE with perfectly known primary structures.  

In ADMET, elimination of ethylene gas drives the reaction to yield an unsaturated high 

molecular weight polymer in the bulk. While chain-growth methods require indirect 

manipulation of the primary structure,4 ADMET dictates the final primary structure of the 

polymer based on the monomer design.47 The advantage of this approach is the ability to control 

the polymer architecture by choosing the appropriate building block, thereby circumventing the 

use of comonomers and monomer feed ratios or the design of specialized catalysts.     

Model PE copolymers can be prepared by ADMET using symmetrically designed α,ω-

diolefin monomers to produce polymers with well-defined branch identity and distribution along 

the polymer backbone.46-49, 54, 56, 148 The polymerization is carried out using Schrock’s or first 

generation Grubbs catalyst,149-154 followed by exhaustive saturation with hydrogen.  Figure 4-1 

shows the retrosynthesis of ADMET copolymers, with butyl branches precisely placed along the 

polymer backbone.  

Initial modeling studies have been performed on PE containing methyl branches on every 

9th, 11th, 15th, 19th, and 21st carbon along the backbone.48 Continuation of this research led to the 
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development of ethyl-branched polyethylene,49 and subsequently to the development of hexyl-

branched polyethylene.54 These polymers have proven to be ideal models of PE copolymers of 

sequenced ethylene/1-propylene, ethylene/1-butene and ethylene/1-octene, respectively. This 

chapter reports the synthesis, characterization and thermal behavior of model ethylene/1-hexene 

copolymers.  The ADMET process was used to produce PE containing butyl branches precisely 

spaced along the main backbone, as well as the randomly spaced analogs. 
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Figure 4-1. Retrosynthesis of precisely sequenced ethylene/1-hexene copolymer 

 
4.2 Results and Discussion 

4.2.1 Polyethylene Models with Precisely Placed Butyl Branches 

4.2.1.1 Monomer synthesis and ADMET polymerization of precisely sequenced EH 
copolymers 

In the past, attempts to synthesize α,ω-diene monomers functionalized only with alkyl 

branches met with limited success.48, 49, 54 Methodologies were based on the synthesis of the α,ω-

diene, followed by incorporation of the alkyl branch into the monomeric unit.49, 54 Typically, 
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extension of the alkyl branch was carried out by coupling of carbon moieties mediated via metal 

complexes, but that strategy resulted in low yields and required many synthetic steps.  

Instead of coupling the alkyl branch after formation of the α,ω-diene, incorporation of the 

alkyl branch during formation of the α,ω-diene can produce monomers with a variety of branch 

lengths in high yields with fewer synthetic steps. Nitriles are important precursors in these 

syntheses, because of the reactions that can be performed on the carbon alpha to the nitrile 

functionality. Double alkenylation of the α-carbon, followed by the reductive elimination of the 

nitrile moiety, allows the synthesis of virtually any alkyl α,ω-diene. This 

alkenylation/decyanation strategy has proven to be useful for the synthesis of a variety of alkyl 

α,ω-dienes with only two synthetic steps in quantitative yields.90, 96 
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Figure 4-2. Synthesis of α,ω-olefins via dialkylation/decyanation of hexanenitrile  

 
Figure 4-2 illustrates the synthetic methodology to produce α,ω-diene monomers 4a and 

4b, from the alkenylation of hexanenitrile 1 with alkenyl bromides 2a and 2b. Alkenylation of 1 

in the presence of lithium diisopropyl amide (LDA) and 8-bromooct-1-ene (2a) or 11-

bromoundec-1-ene (2b) produces the cyano α,ω-dienes 3a and 3b in quantitative yields.90 

Decyanation of nitriles 3a and 3b is achieved by transferring one electron from potassium metal 

to the nitrile group to form a radical anion, which promotes elimination of the cyanide anion.  

The resulting tertiary radical is further quenched by abstraction of hydrogen from t-BuOH to 
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give α,ω-diene monomers 4a and 4b in quantitative yields.96 Synthesis of α,ω-dienes containing 

longer runs of methylene units between the terminal olefins is under current investigation.  
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Figure 4-3. Synthesis of EH15 and EH21 via ADMET polymerization-hydrogenation  

 
As shown in Figure 4-3, polymerization of α,ω-diolefin monomers 4a and 4b is carried out 

with first generation Grubbs catalyst (5) in the absence of solvent. Similar to any step-growth 

polycondensation, ADMET requires pure monomers to obtain high conversion. The 

polymerization proceeds efficiently yielding unsaturated polymers EH15u and EH21u with less 

than 1-2% cyclization side reactions. Subsequent exhaustive saturation of the internal olefins 

with hydrogen gas and Wilkinson catalyst in toluene yields saturated polymers EH15 and EH21. 

The efficiency of hydrogenation can be followed by the disappearance of the olefin signals in 1H 

NMR (Figure 4-5) and 13C NMR (Figure 4-6), and by the disappearance of the out-of-plane 

alkene C-H bend using infrared (IR) spectroscopy (Figure 4-7). 

The nomenclature of ADMET products is based on the comonomers for the corresponding 

copolymer formed by chain addition.. All copolymers include the prefix “E” for ethylene, 
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followed by the comonomer type “H” for 1-hexene. Saturation or unsaturation of the main 

backbone is given by the absence or presence of the suffix “u”, and the branch frequency is 

indicated by number.  For example, EH21 designates the saturated precisely sequenced 

ethylene/1-hexene copolymer with a butyl branch on every 21st carbon, while EH21u refers to 

the unsaturated analog. 

Although the synthetic approach described above can be used to prepare EH models 

containing butyl branches on every 15th and 21st carbon (route (a) in Figure 4-1), the synthesis of 

the monomers for EH copolymer with shorter methylene run lengths between branches has been 

difficult to accomplish. During the decyanation process (Figure 4-2), the intermediate tertiary 

radical can undergo intraradical cyclization. Unwanted cyclization products were isolated when 

decyanation chemistry was used to synthesize the α,ω-diene monomers containing 3 and 4 

methylene groups, 6-butylundeca-1,10-diene and 7-butyltrideca-1,2,12-triene.96, 116-122 In 

addition, ADMET polymerization based on 1,6-heptadiene monomers  will also result in 

cyclization by ring closing metathesis. Therefore, a different approach was used for the synthesis 

of EH copolymer models possessing butyl branches spaced by fewer than 15 methylene units. 

Previous success in the synthesis of EP copolymers containing methyl groups on every 5th 

and 7th carbon56 led us to try ADMET polymerization of monomers containing two butyl groups 

on each monomeric unit. Figure 4-4 shows the synthetic approach for obtaining EH5, 

polyethylene containing a butyl branch on very 5th carbon. Monoalkenylation of hexanenitrile 1 

with allyl bromide 6 in presence of LDA yields nitrile 7. Disubstitution of 1,4-dibromobutane 

quantitatively yields 2,7-diallyl-2,7-dibutyloctanedinitrile 9, which undergoes decyanation to 

produce  5,10-diallyltetradecane (monomer 10). Polymerization of 10 in presence of first 

generation Grubbs catalyst proceeds smoothly to produce unsaturated polymer EH5u. 
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Exhaustive hydrogenation of the unsaturated polymer in the presence of p-toluenesulfonyl 

hydrazide, tripropyl amine and xylene yields EH5. This methodology allows the synthesis of 

highly branched sequenced ethylene/1-hexene copolymers.  The correct design of the monomeric 

unit circumvents ring closing metathesis normally observed in structures based on 1,6-

heptadiene.  
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Figure 4-4. Synthesis of EH5 via ADMET polymerization-hydrogenation. 

 
Regardless of the strategy employed for the α,ω-diene monomer preparation, high molecular 

weight polymers were afforded via ADMET for both monoalkyl (4a and 4b) and dialkyl α,ω-

diolefins (10). Table 1 shows the molecular weights for the precisely sequenced ethylene/1-

hexene copolymer models obtained via ADMET polymerization. The weight-average molecular 

weights were obtained by gel permeation chromatography (GPC) versus polystyrene standards. 

The small difference in molecular weight before and after hydrogenation suggests that the main 

PE chains are not affected by the saturation process.  This is expected, because of the difference 

in dilute solution behavior of polyethylene compared to the polystyrene GPC standards, and is 

not due to cleavage of the polymer chains. The range of molecular weights (20,000 to 40,000 

g/mol by GPC) is sufficient to model the thermal behavior of commercially available LLDPEs.48 
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Table 4-1. Molecular weights for ADMET models, EH precisely sequenced copolymers. 

wM  x 103 (PDI)c
  

Model EH 
copolymer 

Butyl on 
every nth  
backbone 
carbon na 

Butyl 
branch 

content per 
1000 

carbons 
Unsaturated b Saturated b 

Tm (°C) 
(peak) 

Δhm  
(J/g) 

EH5 5 200 21.2 (1.7) 20.8 (1.8) Amorphous  

EH15 15 67 47.6 (1.9) 48.1 (1.9) - 33 & -53 13 

EH21 21 48 41.5 (1.8) 40.3 (1.7) 14 47 

 
 

a Branch content based on the hydrogenated repeat unit. b Weight-average molecular weight 
data obtained using GPC in THF (40 °C) relative to polystyrene standards (g/mol). c PDI, 
polydispersity index ( nw MM / ) 

 
4.2.1.2 Structural data for precisely sequenced EH copolymers 

Control over the polymer primary structure by ADMET makes it possible to obtain 

information about the macromolecular structure of linear low-density polyethylene having 

“defects” intentionally and evenly placed along the main chain. Examination of 1H and 13C NMR 

spectra of monomers and polymers indicates complete transformation and control over the 

primary structure. Figure 4-5 shows the 1H NMR spectra for the ADMET polymer EH5 and its 

precursors. The transformation begins with the decyanation of 2,7-diallyl-2,7-

dibutyloctanedinitrile (9) yielding 5,10-diallyltetradecane monomer (10), shown in Figures 4-5a 

and 4-5b, respectively. Polymerization of 10 yields the unsaturated polymer EH5u. Analysis of 

the olefin region (5-6 ppm) supports the fact that the polymer is formed from a single repeat unit, 

which is evidenced by the disappearance of the terminal olefin signals (5.1 and 5.9 ppm in Figure 

4-5b) and the formation of the internal olefin (5.3 ppm in Figure 4-5c). Further hydrogenation of 

the internal olefins yields EH5, a perfectly sequenced ethylene/1-hexene copolymer, which 

shows no observable traces of olefin by 1H NMR (Figure 4-5d). 



 

86 

Figure 4-6 shows the 13C NMR spectra for the same compounds. In the spectrum for the 

2,7-diallyl-2,7-dibutyloctanedinitrile (9, Figure 4-6a), the singlets at 120.1 and 132.0 ppm show 

the presence of terminal olefins, and the signal at 123.7 ppm corresponds to the nitrile carbon. 

Absence of the signal at 123.7 ppm after decyanation (Figure 4-6b) demonstrates complete 

elimination of the CN group. Based on the values of the chemical shifts for the singlets 

corresponding to the terminal olefin (120.1 and 132.0 ppm in pre-monomer 9 versus 115.8 and 

137.8 ppm in monomer 10) and the data obtained from 1H NMR, it can be concluded that the 

change in chemical shifts is due solely to the absence of the nitrile functionality and not to 

isomerization of the terminal olefin to an internal olefin. ADMET polymerization of 10 yields 

the unsaturated polymer EH5u. Comparison of Figures 4-6b and 4-6c shows the disappearance 

of the signals belonging to the terminal olefin at 115.8 and 137.8 ppm and formation of the new 

internal olefin (cis at 129.4 ppm and trans at 130.1 ppm) produced from the effective metathesis 

polymerization. Subsequent hydrogenation of the internal olefin yields the saturated polymer 

EH5, whose 13C NMR spectrum (Figure 4-6d) shows no detectable trace of olefins. Upon close 

inspection of the 13C NMR data during the transformation, it can be concluded that the ADMET 

polymer EH5 is formed only by symmetrical repeating units, in which the methyl from the 

pendant side chain butyl branch resonates at 14.5 ppm (-CH3), the methylene alpha to the 

terminal methyl group at 23.6 ppm (-CH2CH3) and the carbon at the branch point at 37.8 ppm. 



 

87 

 
Figure 4-5. Comparison of 1H NMR spectra for a typical ADMET polymerization 

transformation: (a) Premonomer 9, 2,7-diallyl-2,7-dibutyloctanedinitrile, (b) 
Monomer 10, 5,10-diallyltetradecane, (c) ADMET unsaturated polymer EH5u, (d) 
ADMET saturated polymer EH5. 
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Figure 4-6. Comparison of 13C NMR spectra for a typical ADMET polymerization 

transformation: (a) Premonomer 9, 2,7-diallyl-2,7-dibutyloctanedinitrile, (b) 
Monomer 10, 5,10-diallyltetradecane, (c) ADMET unsaturated polymer EH5u, (d) 
ADMET saturated polymer EH5  
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Further studies of these precisely sequenced ethylene/1-hexene copolymer models were 

performed using infrared (IR) spectroscopy. Although 1H and 13C NMR showed no detectable 

remaining traces of olefins after exhaustive hydrogenation, IR spectroscopy offers the most 

sensitive method to observe whether complete saturation has occurred.46, 47, 148 Figure 4-7 shows 

the IR spectra before and after exhaustive hydrogenation of the model material. The unsaturated 

material EH5u (Figure 4-7, bottom curve) shows an absorption band at 969 cm-1 due to the out-

of-plane C-H bend in the alkene, which disappears after complete hydrogenation to EH5 (Figure 

4-7, top curve). 

 

Figure 4-7. Infrared spectra for the ADMET unsaturated and saturated polymers EH5u (bottom) 
and EH5 (top) 
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In the past, Tashiro et al. carried out a study of branching behavior on ultra high molecular 

weight polyethylene using complementary data from wide angle x-ray diffraction (WAXD), IR 

and Raman spectroscopy.155 They concluded that the scissoring at 1466 cm-1 and methylene rock 

at 721 cm-1 indicate a hexagonal crystal structure, while the double methylene rock at 719 and 

730 cm-1 and single band at 1471 cm-1 correspond to an orthorhombic crystal structure. Similar 

IR studies and WAXD measurements showed the same connections of inter-chain defects to 

crystal behavior and crystal packing for ADMET PE containing methyl branches randomly 

placed along the backbone.50 As described below, the low melting transitions of our 

semicrystalline EH model copolymers made it difficult to obtain solid-state data. However, 

detailed IR analysis for the synthesized EH copolymers gives an idea of their crystal structures.  

The IR spectra for EH5, EH15, and EH21 in Figure 4-8 are dominated by two sets of 

absorption bands (2900 and 1464 cm-1), which are usually observed when the packing is 

disorganized. While orthorhombic crystals show the characteristic Davidov splitting at 720 cm-1  

due to the methylene rocking,133, 156 our EH models display a single rocking absorbance at 728 

cm-1, indicating the absence of orthorhombic crystal behavior. Moreover, the two experimental 

absorption bands at 728 and 1464 cm-1 are characteristic of a highly disordered phase, similar to 

the pattern observed in previous studies containing precisely spaced methyl,48 ethyl,49 and hexyl 

branches.54 Similar to PE models possessing hexyl branches,55 EH models display characteristic 

bands at 2955, 1464 and 728 cm-1, which suggest that the larger defect volume imparted by 

evenly spaced butyl branches does not alter the methylene scissoring and wagging regions. 

The IR data presented above indicates that the precisely sequenced model copolymers 

EH5, EH15 and EH21 contain high defect concentrations. Although we cannot rule out the 

presence of hexagonal crystals, the absence of the characteristic orthorhombic signature is clear 
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in the IR spectra. In order to understand how the crystal packing occurs in our EH models, a 

series of solid-state NMR experiments and subambient x-ray diffraction experiments (SAXS and 

WAXD) are currently underway. 

 
Figure 4-8. Infrared spectra for the ADMET saturated polymers EH5 (bottom), EH15 (center), 

and EH21 (top) 

4.2.1.3 Thermal behavior for precisely sequenced EH Copolymers 

Numerous reports are available concerning the structure and thermal properties of 

branched PE, particularly for LLDPE and HDPE made by chain-addition chemistry.20, 25, 27-30, 157 

Although the ultimate goal has been to understand the relationship between structure and 

physical properties, many previous investigations attempted to correlate initial monomer feed 

ratios to the final properties of the produced materials. A major drawback to this approach is the 

problem of imperfect primary structures, which are always present in materials produced by 
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chain-addition chemistry. In contrast, our well-defined primary structures permit studies of the 

thermal properties of precisely sequenced ethylene/1-hexene copolymers. 

 
 

Figure 4-9. Differential scanning calorimetry curves for ADMET polymers: EH5 (bottom), 
EH15 (center) and EH21 (top). 

 
Figure 4-9 shows the DSC analysis for EH5, EH15, and EH21, and the physical data are 

summarized in table 4-1. Similar to previous studies involving polyethylene containing regularly 

spaced methyl (EP),48 ethyl (EB),49 and hexyl branches (EO),54 the precisely sequenced 

ethylene/1-hexene (EH) copolymers display sharp and well-defined endothermic transitions, with 

none of the broadening observed for copolymers obtained via chain polymerization.20, 25, 27-30, 157 

The data in table 4-1 show that the EH models follow the trend previously observed for EP, EB, 

and EO model copolymers, for which melting temperature, heat of fusion, and degree of 
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crystallinity all decrease as the percentage of 1-olefin increases. The EH21 and EH15 

copolymers are both semicrystalline materials, with percent crystallinity decreasing as the branch 

content increases.  When the branch content increases to 200 branches per 1000 backbone 

carbons (EH5), a fully amorphous material is produced. 

 
Figure 4-10. Differential scanning calorimetry curves for ADMET polymers possessing alkyl 

branches on every 21st carbon. Data for EP21, EB21, and EO21 taken from Wagener 
et al.48, 49, 54 

 
The DSC profiles for a series of precisely sequenced copolymers containing alkyl branches 

on every 21st carbon (Figure 4-10) show an obvious correlation between branch size and thermal 

behavior. While EP21 depicts a sharp and well-defined melting point at 62 °C, one-carbon 

homologation on the side branch (EB21) produces a 40 °C lower bimodal melting transition at 

24 °C (major peak) and 15ºC (minor peak). This bimodal behavior could be produced by many 

factors; for example, the presence of a pre-melting endotherm due to the existence of two distinct 



 

94 

arrays packing differently in the crystal structure. Increasing the branch size from two to four 

carbons (EH21) produces a sharp, well-defined single endotherm at 14 °C, the same temperature 

as the small endotherm for EB21. This indicates that EH21 contains only one packing array, 

which is different from that observed for EP21. Interestingly, addition of two more carbons to 

the side branch (EO21), seems to have no effect on the thermal behavior, suggesting that EH21 

and EO21 are quite similar in nature. 

The same trends are observed when the branch spacing is14 methylene units, as shown in 

Figure 4-11. Incorporation of a methyl “defect” on every 15th carbon (EP15) renders a material 

with a well-defined endotherm with a peak melting of 39 °C. When the side chain is extended to 

two carbons (EB15) a bimodal transition is observed. In contrast to the behavior of EB21, the 

smaller fraction corresponds to the higher melting component (-6ºC, minor fraction, vs -33ºC, 

major fraction). As in the case of EB21 and EH21, the larger overall heat flow observed for 

EH15 corresponds to the lower temperature endotherm for EB15, but there is an additional small 

contribution at -53 °C.  The peak at -53 °C for EH15 overlaps the endotherm previously reported 

for EO15 at -48 °C, but the latter also shows a small peak at -17 ºC. When the branch distance is 

maintained constant, whether 20 carbons (Figure 4-10) or 14 carbons apart from each other 

(Figure 4-11), a clear depression of the melting point of the model materials is observed when 

the branch size is gradually increased from one carbon unit (EP models) to six carbon units (EO 

models). Although EO and EH copolymers made via chain-growth chemistry are amorphous due 

to their high comonomer content (13-14%), precisely sequenced ethylene/1-olefin models 

containing an alkyl branch on every 21st and 15th carbon contain more organized primary 

structures and are semicrystalline materials. 
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Figure 4-11. Differential scanning calorimetry curves for ADMET polymers possessing alkyl 

branches on every 15th carbon. Data for EP15, EB15, and EO15 taken from Wagener 
et al.48, 49, 54 

 
When the “defects” are evenly and precisely distributed along the polyethylene main chain, 

the well-organized primary structures permit the formation of semicrystalline materials. 

However, regardless of the branch identity or the order imparted by the perfectly sequenced 

comonomer incorporation, the ability to form semicrystalline materials is lost if the “defect” 

becomes more frequent along the polyethylene backbone, as shown in Figure 4-12. The DSC’s 

of both EP5 and EH5 model copolymers indicate that these compounds are fully amorphous 

materials. It is noteworthy that the presence of the bulkier butyl branch on EH5 causes the glass 

transition previously observed for EP5 at -65ºC to decrease to -73ºC.  Thus, even the amorphous 

state is affected by the size of the branch on the polyethylene backbone. 
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Figure 4-12. Differential scanning calorimetry curves for ADMET polymers possessing alkyl 

branches on every 5th carbon. Data for EP5 taken from Baughman, Sworen and 
Wagener.56 

 
4.2.2 Polyethylene Models with Irregularly Placed Butyl Branches 

The first part of this chapter has described the ADMET synthesis of polyethylene with 

precisely spaced butyl branches. While these are not models for the industrial ethylene 

copolymers in the true sense of the word, they represent an excellent starting point for the study 

of structure/property relationships in ethylene-based materials, because they allow the effects of 

specific structural features to be isolated and investigated. As described above, DSC results show 

that these well-organized primary structures display unique thermal behavior. 

In contrast, because of inevitable chain transfer or chain walking, industrially prepared 

LLDPE made by copolymerization of ethylene with α-olefins produces structures with alkyl 

branches of varying lengths randomly spaced along the main chain.. Thus, realistic models of 
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commercial ethylene/1-alkene copolymers should have branches of known chain length, but with 

random spacing. These materials can also be synthesized by the ADMET process, as 

demonstrated previously for EP copolymers and halogen-substituted polyethylene.50, 158  

4.2.2.1 Monomer Synthesis and ADMET polymerization of Irregularly Sequenced EH 
Copolymers 

Using metathesis chemistry for modeling PE structures, the branch frequency can be 

controlled by copolymerization of monomeric units with the correct architecture. Because the 

comonomers have similar reactivities, total conversion of the monomers into copolymer permits 

manipulation of the branch content of the final material. For example, ADMET copolymerization 

of a monomer containing the required branch identity (butyl branch) along with 1,9-decadiene 

produces an irregularly sequenced ethylene/1-hexene copolymer. In chain-growth chemistry the 

branch content is directly related to both the molar and reactivity ratios, but step-growth 

chemistry permits manipulation of the branch content of the final material by controlling only the 

initial molar ratio of the two monomers without dealing with reactivity ratios. 
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Figure 4-13. Synthesis of EH random materials by ADMET copolymerization of 9-

butylheptadeca-1,16-diene (4a) and 1,9-decadiene (11). 

 
As shown in Figure 4-13, ADMET copolymerization of 9-butylheptadeca-1,16-diene (4a) 

with 1,9-decadiene (11) in the presence of first generation Grubbs catalyst yields unsaturated 

polymers EH-2.5u to EH-43.5u. Exhaustive hydrogenation of the unsaturated polymers using p-
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toluenesulfonyl hydrazide, tripropyl amine and xylene yields irregularly sequenced ethylene/1-

hexene copolymers EH-2.5 to EH-43.5. The nomenclature for the unsaturated/saturated 

polymers is based on the comonomer content. The prefix “E” denotes for polyethylene, followed 

by the comonomer type “H” for 1-hexene. Saturation or unsaturation of the main backbone is 

given by the absence or presence of the suffix “u”. The branch content is given by number; e.g., 

EH-2.5 designates the saturated irregularly sequenced ethylene/1-hexene copolymer, which 

contains 2.5 butyl branches per 1000 backbone carbons, while EH-2.5u refers to its unsaturated 

analog.  

Copolymerization of different molar ratios of 4a and 11 yields a series of materials with 

varying butyl branch content, as shown in table 4-2. The lower limit of comonomer content 

incorporation is set by perfectly linear PE made by homopolymerization of 11, which yields 

perfectly linear polyethylene with no alkyl branches EH0.47 Incorporation of 2 mol % of 4a 

renders EH-2.5u, which has wM  = 40,000 g/mol and a polydispersity index (PDI) of 1.7 via 

GPC versus polystyrene standards. Subsequent saturation yields EH-2.5 with a wM  = 39,800 

g/mol and PDI = 1.8. The small change in molecular weight after saturation suggests that the 

main chain is not affected by the hydrogenation process. Weight-average molecular weights of 

materials with higher comonomer content, from EH-6.0 to EH-43.5, are also listed on table 4-2. 

Incorporation of 5, 10, 20, 40, and 50 mol % of comonomer 4a yields materials containing 6.0, 

11.5, 21.3, 37.0, and 43.5 butyl branches per 1000 backbone carbons, respectively. The models 

in table 4-2 have weight-average molecular weights ranging from 37,000 to 45,000 g/mol by 

GPC. Regardless of the molecular weight determination method, the molecular weights 

displayed in table 4-2 for our irregularly sequenced ethylene/1-hexene copolymers are 

sufficiently high to serve as models for LLDPE or EH copolymers. 
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Table 4-2. Molecular weights for unsaturated and saturated EH irregularly sequenced 
copolymers prepared by ADMET 

wM  x 103 (PDI)c Copolymer with 
irregularly 

placed butyl 
branches 

Butyl branch 
content per 

1000 
backbone 
carbons a 

9-butyl-
heptadeca-
1,16-diene 
(4a) mol % 

1,9-
decadiene 

(11) mol % Unsaturated b Saturated b 

EH0 0.0 0 100 42.5 (1.8) 44.9 (1.8) 

EH-2.5 2.5 2 98 40.1 (1.7) 39.8 (1.8) 

EH-6.0 6.0 5 95 39.5 (1.7) 40.7 (1.6) 

EH-11.5 11.5 10 90 38.7 (1.6) 37.8 (1.8) 

EH-21.3 21.3 20 80 48.4 (1.6) 45.1 (1.6) 

EH-37.0 37.0 40 60 37.5 (1.8) 38.1 (1.7) 

EH-43.5 43.5 50 50 38.4 (1.8) 37.3 (1.8) 

EH15 66.7 100 0 47.6 (1.9) 48.1 (1.9) 

 
 

a Determined by an average of both the 1H NMR (300 MHz) and 13C NMR (125 MHz) data. b 
Weight-average molecular weight data obtained by GPC in THF (40 °C) relative to polystyrene 
standards (g/mol). c Weight-average molecular weight data obtained by low-angle laser light 
scattering (LALLS) in THF at 40 °C (g/mol). d PDI, polydispersity index ( nw MM / ) 

 
4.2.2.2 Structural Data for Irregularly Sequenced EH Copolymers 

The butyl branch content initially determined by the molar content of monomer 4a was 

verified for the final materials, EH-2.5 to EH-43.5, by a combination of 1H and 13C NMR 

spectroscopy, as previously reported by Wagener et al for ethylene/propene copolymers.50 For 

each 1H NMR spectrum, 160 transients were co-averaged using a 90º acquisition pulse and a 

total relaxation delay of 10.8 s. All spectra were Fourier transformed to 64 K complex points 

with line broadening of 0.2 Hz. The chemical shift scale was referenced to the residual 

tetrachloroethane (TCE-d2) protons at δ 5.98 ppm. Likewise, for each 13C NMR spectrum, 4000 

transients were co-averaged, using a 90º acquisition pulse with full decoupling to obtain optimal 

nuclear Overhauser enhancement. Broadband decoupling was performed with WALTZ-16 
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modulation. A total relaxation delay time of 20.9 s was employed. The spectra were Fourier 

transformed to 64 K points, with 1 Hz line broadening. The butyl branch contents calculated 

using both the 1H and 13C data are given in table 4-2. 

 

 

 
Figure 4-14. Comparison of 13C NMR spectra for: (a) Non-branched ADMET PE EH0, (b) 

irregularly sequenced EH-43.5 ADMET polymer, and (c) precisely sequenced EH15 
ADMET polymer. 

 
Figure 4-14a shows the 13C NMR spectrum for the homopolymerization of 1,9-decadiene 

after exhaustive hydrogenation (EH0). The linear polyethylene presents a dominant signal at δ 

29.99 ppm (signal E), which corresponds to the methylene units forming the polyethylene main 

chain. Detailed 13C NMR analysis allows visualization of signals A (δ 14.31 ppm), B (δ 22.94 

ppm), C (δ 32.22 ppm), and D (δ 29.60 ppm), which correspond to the endgroups of the terminal 
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polyethylene chain, as shown in Figure 4-14a. In-depth 13C NMR analysis for the perfectly 

sequenced EH15 copolymer permits the visualization of the carbon at the branch point at δ 37.62 

ppm (signal V), as shown in Figure 4-14c. Similar to the spectrum shown in Figure 4-14a, the 

13C NMR for EH15 (Figure 4-14c) is dominated by the signal at δ 29.99 ppm corresponding to 

the PE backbone. Close inspection of spectra 4-14c and 4-14a shows that the terminal –

CH2CH2CH3 linkage (A, B, and C) is present in both, indicating that the presence of butyl 

branches precisely placed on every 15th carbon affects carbons no greater than three positions 

from an individual branch located on the polymer backbone. The same effect was observed by 

Wagener et al during 13C NMR experiments of polyethylene containing methyl branches.50 

Moreover, the spectrum in Figure 4-14c shows the resonances belonging to the butyl branch, I (δ 

14.39 ppm), II (δ 23.40 ppm), III (δ 30.40 ppm), and IV (δ 33.63 ppm) and the three carbons on 

the main chain around the branch point, VI (δ 33.95 ppm), VII (δ 26.95 ppm), and VIII (δ 29.20 

ppm). Figure 4-14b shows the 13C NMR spectrum for the irregularly sequenced ethylene/1-

hexene model copolymer containing 43.5 butyl branches per 1000 backbone carbons (EH-43.5). 

Like the spectra in Figure 4-14a and 4-14c, the spectrum in Figure 4-14b is dominated by the 

signal at δ 29.99 ppm corresponding to the PE backbone. Detailed analysis of the resonances 

observed for EH-43.5 indicates that both EH0 and EH15 characteristics are present; the terminal 

endgroups (A, B, and C) are present, as well as the resonances corresponding to the butyl branch 

(I, II, III and IV). The main differences between the spectra in Figure 4-14b and 4-14c are the 

relative areas for the signals corresponding to the butyl branch (signals I, II, III, and IV), which 

are all smaller for EH-43.5 (43.5 butyl branches per 1000 backbone carbons, 4-14b), compared 

to EH5 (200 butyl branches per 1000 backbone carbons 4-14c). 
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Figure 4-15. Infrared spectra for the irregularly placed ADMET copolymers EH0-EH43.5, (a) 

recorded in the region of 1400-1335 cm-1, (b) recorded in the region of 1490-1440 
cm-1, and (c) recorded in the region of 750-690 cm-1. 
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In addition to the NMR characterization of the irregularly sequenced ethylene/1-hexene 

ADMET copolymers, infrared (IR) spectroscopy was used to study EH copolymers EH-2.5 to 

EH-43.5. Although x-ray diffraction techniques provide the absolute crystal structure, IR 

spectroscopy can give an idea of the order or crystal structure for these model polymers. Pracella 

et al, reported the structural characterization of EH copolymers made via chain-growth 

chemistry.133 In their report, detailed IR study for EH copolymers facilitated the determination of 

the comonomer contents in the 1-5 mol% range. Similarly to Pracella’s work, we have focused 

the IR analysis on three main regions: 1490-1440, 1400-1330, and 750-690 cm-1. The region 

from 1400 to 1330 cm-1 is useful for compositional analysis of ethylene/α-olefin copolymers. In 

this region (Figure 4-15a), linear polyethylene EH0 shows an absorption band at 1369 cm-1 

corresponding to the methylene wagging.133, 159 Incorporation of butyl branches along the PE 

backbone results in formation of a new absorption band at 1378 cm-1, corresponding to the 

symmetric deformation of the terminal methyl on the butyl branch. While the band at 1378 cm-1 

is very weak for EH-2.5 due to the low comonomer content, IR analysis of materials with higher 

comonomer contents present  more intense bands with areas proportional to the branch content.  

Figure 4-15b shows spectra of the 1490-1440 cm-1 region, which contains bands at 1473 

cm-1 and 1463 cm-1 due to the bending of methylene units in the crystalline and amorphous 

phases. Linear ADMET polyethylene EH0 exhibits two well-defined bands at 1473 and 1463 

cm-1, suggesting the presence of a well-organized highly crystalline structure. However, gradual 

incorporation of butyl branches decreases the areas of both bands, indicating a reduction in the 

degree of crystallinity, because of the formation of less organized structures in the polymers with 

high butyl branch content. 
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While the precisely sequenced EH model copolymers, EH5, EH15, and EH21 showed no 

signs of orthorhombic crystal behavior (Figure 4-8), usually observed as a Davidov splitting at 

719 and 730 cm-1 due to the methylene rocking, the irregularly sequenced EH model copolymers 

show the characteristic pattern of an orthorhombic lattice.133, 160 It is important to note that the 

characteristic bands suggesting the orthorhombic crystal behavior are most pronounced in the 

linear ADMET polyethylene possessing no branches (EH0). Increasing the comonomer content 

causes the intensities of the absorption bands at 719 and 730 cm-1 to decrease. In order to clarify 

how the crystallization process occurs in our irregularly sequenced EH model copolymers, a 

series of solid-state NMR, SAXS and WAXD experiments are currently under study. 

4.2.2.3 Thermal Behavior for Irregularly Sequenced EH Copolymers 

While numerous investigations are available concerning the structure and thermal 

properties of ethylene/1-hexene copolymers made via chain chemistry,128, 129, 131-135 the new 

ADMET copolymers have the well-defined, defect-free primary structures needed to gain an 

understanding of the relationship between comonomer content and thermal behavior. The first 

attempt in modeling LLDPE with randomly placed alkyl branches prepared by ADMET 

chemistry was carried out using ethylene/propene (EP) copolymers.50 Although sharp and well-

defined endotherms were observed for EP random models containing up to 25 methyl branches 

per 1000 backbone carbons, broad and ill-defined endotherms were observed for EP random 

models with 43 methyl branches per 1000 backbone carbons (~10 mol% of propylene). The 

same effect has been observed for EP random copolymers made via Ziegler-Natta chemistry with 

comonomer content greater than 15 mol %.  
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Figure 4-16. Differential scanning calorimetry curves for ADMET polymers: EH0, EH-2.5, EH-

6.0, and EH-11.5 

 
Similar to ADMET EP random model copolymers, the ADMET EH model copolymers 

give sharp and well-defined endotherms at lower comonomer content, as shown in Figure 4-16. 

Linear polyethylene without branches (EH0) has the highest melting temperature (Tm = 134 °C) 

and heat of fusion (Δhm = 205 J/g). Incorporation of small amounts of butyl branches irregularly 

placed along the PE backbone has only a small effect on the melting temperature of the material. 

For example, incorporation of 2.5 (EH-2.5) and 6 butyl branches (EH-6.0) per 1000 backbone 

carbons reduces the melting temperature to 126 and 122 °C, respectively. In contrast, the 

enthalpies of fusion of such materials decrease significantly, by 12 J/g for EH-2.5 and 76 J/g for 

EH-6.0.  This effect can be attributed to the decrease in crystallinity when larger numbers of 

butyl branches are incorporated. 
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Similarly to previously reported ADMET EP random models, our ADMET EH models 

showed a broad and ill-defined endotherms at lower comonomer content that their counterpart 

chain-growth-based materials. For example, random copolymers made using chain-growth 

chemistry with greater than 5% 1-hexene incorporation generate the same type of broad and ill-

defined curves shown here.128, 134 However, EH-11.5 copolymer produced by ADMET exhibit 

this broad and ill-defined melting at lower branch density than that their counterpart chain-

growth-based materials, being EH-11.5 approximately 3% 1-hexene incorporation. 

 
Figure 4-17. Differential scanning calorimetry curves for ADMET polymers: EH-21.3, EH-37.0, 

and EH-43.5 

 
Figure 4-17 shows the DSC profiles for irregularly sequenced EH model copolymers 

possessing higher branch content, EH-21.3, EH-37.0, and EH-43.5. As expected, increasing the 

branch content along the PE backbone results in broadening of the endotherms. In addition, these 

copolymers have very indistinct Tm’s, an indication that, along with branch identity, branch 
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distribution plays a significant role in determining the final thermal properties of the material. 

This observation is very evident when a copolymer with precisely spaced branches is compared 

to an irregular copolymer with the same total branch content. Figure 4-18 shows the DSC’s for 

EH-43.5 and EH21, which are EH models containing 43.5 and 48 butyl branches per 1000 

backbone carbons, respectively. While EH-43.5 shows a broad and ill-defined melting 

endotherm due to the irregularity in placing butyl branches along the PE backbone, EH21 shows 

a sharp and well-defined melting point because of the higher degree of crystallinity imparted to 

the tertiary structure by the evenly spaced primary structure. Because ADMET chemistry results 

in known primary structures, we are able to manipulate the tertiary structure of the EH 

copolymers simply by choosing the correct monomer or comonomer. Materials with a wide 

range of thermal properties, from semicrystalline to fully amorphous, can be prepared simply by 

control of monomer architecture, without manipulation of external conditions, such as high 

temperature, pressure or irradiation.  

 
Figure 4-18. Differential scanning calorimetry curves for precisely sequenced ADMET 

copolymer EH21 (48 branches/1000 backbone carbons) and irregularly sequenced 
EH-43.5 ADMET copolymer (43.5 branches/1000 backbone carbons). 
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4.3 Conclusions 

Acyclic diene metathesis polymerization has proven to produce polyethylene materials 

with perfectly well-defined, defect-free primary structures.  ADMET allows the intentional 

incorporation of “defects” regularly or irregularly placed along the polyethylene main chain. 

Structural and thermal study of ADMET model copolymers containing butyl branches 

(ethylene/1-hexene (EH) copolymers) reveals unique properties never observed for EH 

copolymers made via chain-propagation chemistry.  Thus, the ADMET EH copolymers may be 

considered as a new class of LLDPE.  Analogous to observations on previously reported model 

copolymers (EP, EB, and EO), increasing the amount of comonomer content, 1-hexene, has a 

pronounced lowering effect on the density, enthalpy of melting, degree of crystallinity, and peak 

melting transition of such materials. Moreover, manipulation of the primary structure by simple 

choice of monomer or comonomer architecture makes it possible to form LLDPE’s with a wide 

range of properties, from semicrystalline to amorphous materials. Although in the past, synthesis 

of alkyl α,ω-diene monomers has required many synthetic steps affording only low yields, 

production of monomers in two synthetic steps in quantitative yields is now possible using 

alkylation/decyanation chemistry. Our work in this area continues, focusing on much longer 

defect-to-defect spacing and a variety of bulkier and longer branch identities. By creating a 

complete catalogue of polymers with precise and irregular alkyl branch placement, we aim to 

understand the intriguing physical and chemical behavior of polyethylene-based materials. 

4.4 Experimental Section 

Instrumentation and Analysis.  All 1H NMR (300 MHz) and 13C NMR (75 MHz) spectra 

were recorded in CDCl3 unless otherwise stated. Chemical shifts were referenced to residual 

signals from CDCl3 (7.27 ppm for 1H, 77.23 ppm for 13C) with 0.03% v/v TMS as an internal 
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reference. The NMR splitting patterns are designated as follows: s, singlet; d, doublet; t, triplet; 

m, multiplet; and br, broad signal. Analysis of samples by gas chromatography (GC) was 

performed on a gas chromatograph, equipped with a flame ionization detector, using a capillary 

column coated with 5% diphenyl - 95% dimethylpolysiloxane. High-resolution mass 

spectrometry (HRMS) was performed using a mass spectrometer in the electron ionization (EI) 

mode. The mass resolution was ~6000 for EI measured at Full-Width-Half-Maximum (FWHM) 

in the high resolution detection mode. Thin layer chromatography (TLC) was used to monitor all 

reactions and was performed on aluminum plates coated with silica gel (250 μm thickness).  TLC 

plates were developed to produce a visible signature by any of the following: ultraviolet light, 

iodine, vanillin, KMnO4, or phosphomolybdic acid. Flash column chromatography was 

performed using ultra pure silica gel (40-63 μm, 60 Å pore size). All reactions were performed in 

flame-dried glassware under argon unless otherwise stated. 

Gel permeation chromatography (GPC) was performed using an internal differential 

refractive index detector (DRI), internal differential viscosity detector (DP), and a Precision 2 

angle light scattering detector (LS).  The light scattering signal was collected at a 15 degree 

angle, and the three in-line detectors were operated in series in the order of LS-DRI-DP.  The 

chromatography was performed at 45 °C using two columns (10 microns PD, 7.8 mm ID, 300 

mm length) with HPLC grade tetrahydrofuran as the mobile phase at a flow rate of 1.0 

mL/minute.  Injections were made at 0.05-0.07 % w/v sample concentration using a 322.5 μl 

injection volume.  In the case of universal calibration, retention times were calibrated against 

narrow molecular weight polystyrene standards. MA). All standards were selected to produce 

pM  or wM  values well beyond the expected polymer's range.  The Precision LS was calibrated 

using narrow polystyrene standard having an wM  = 65,500 g/mol.   
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Fourier transform infrared (FT-IR) spectroscopy was carried out for monomers, 

unsaturated and saturated polymers. Monomers were prepared by droplet deposition and 

sandwiched between two KCl salt plates.  Unsaturated and hydrogenated polymer samples were 

prepared by solution casting a thin film from tetrachloroethylene onto a KCl salt plate. 

Differential scanning calorimetry (DSC) analysis was performed using a DSC equipped 

with a controlled cooling accessory at a heating rate of 10 ºC/min.  Calibrations were made using 

indium and freshly distilled n-octane as the standards for peak temperature transitions and 

indium for the enthalpy standard.  All samples were prepared in hermetically sealed pans (5-10 

mg/sample) and were run using an empty pan as a reference and empty cells as a subtracted 

baseline. The samples were scanned for multiple cycles to remove recrystallization differences 

between the samples and the results reported are of the third scan in the cycle. 

Materials.  Chemicals were purchased from the Aldrich Chemical Co. and used as 

received unless noted. Grubbs first generation catalyst, 

bis(tricyclohexylphosphine)benzylidineruthenium (IV) dichloride, was obtained from Materia, 

Inc and stored in an argon-filled drybox prior to use. Wilkinson’s rhodium hydrogenation 

catalyst RhCl(PPh3)3 was purchased from Strem Chemical and used as received. Tetrahydrofuran 

(THF) and xylenes was freshly distilled from Na/K alloy using benzophenone as the indicator.  

The starting hexanenirtile and alkenyl bromides along with hexamethylphosphoramide, 

triethylamine, and 1,9-decadiene were distilled over CaH2.  

General Monomer Synthesis.  Monomers 4a and 4b were synthesized according to 

previously published procedures.90, 96 A modification of the previously reported methodology 

was used for the synthesis of monomer 10, 5,10-diallyltetradecane. 



 

111 

Synthesis and characterization of 5,10-diallyltetradecane (10). A 1M solution of 

hexanenitrile (2.136 g, 22 mmol) in dry THF (17.8 mL) was prepared in a three-necked round 

bottomed flask equipped with a stir bar and argon inlet adaptor. The solution was cooled to -78 

ºC and a freshly prepared solution of lithium diisopropylamide (LDA) (2.18 g, 22 mmol) in THF 

(21.5 mL) was added via cannula transferring. The mixture was warmed to 0 ºC and stirred for 

30 min, then cooled to -78 ºC. The alkenylating 3-bromoprop-1-ene (6) (2.639 g, 22 mmol) was 

added at -78 ºC, then stirred at 0 ºC for 30 min. The mixture was gradually warmed to room 

temperature and stirred for 2 h, and then was quenched with water (100 mL), extracted three 

times with ether (200 mL) and washed with brine (50 mL). After drying over MgSO4, the 

solution was filtered, concentrated by rotary evaporation, and purified by flash column 

chromatography (5% v/v ethyl acetate/hexane). After purification, 3.011 g (99% yield) of a pale 

yellow liquid was collected, 2-allylhexanenitrile (7). A 1M solution of 7 (3.011 g, 22 mmol) in 

dry THF (17.8 mL) was prepared in a three-necked round bottomed flask equipped with a stir bar 

and argon inlet adaptor. The solution was cooled to -78 ºC and a freshly prepared solution of 

lithium diisopropylamide (LDA) (2.18 g, 22 mmol) in THF (21.5 mL) was added via cannula 

transferring. The mixture was warmed to 0 ºC and stirred for 30 min, then cooled to -78 ºC. 1,4-

dibromobutane (4.706 g, 22 mmol) was added at -78 ºC, then stirred at 0 ºC for 30 min. The 

mixture was gradually warmed to room temperature and stirred for additional 2 h, and then was 

quenched with water (100 mL), extracted three times with ether (200 mL) and washed with brine 

(50 mL). After drying over MgSO4, the solution was filtered, concentrated by rotary 

evaporation, and purified by flash column chromatography (5% v/v ethyl acetate/hexane). After 

purification, 7.20 g (99% yield) of a pale yellow liquid was collected, 2,7-diallyl-2,7-

dibutyloctanedinitrile (9).The following spectral properties were observed: 1H NMR (CDCl3): 
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δ(ppm) 0.93 (t, 6H, CH3), 1.30-1.60 (m, 20H), 2.32 (d, 4H), 5.20 (m, 4H, vinyl CH2), 5.82 (m, 

2H, vinyl CH); 13C NMR (CDCl3): δ(ppm) 14.06, 22.97, 24.80, 26.65, 35.94, 36.08, 40.56, 

40.64, 120.05, 123.69, 131.97; EI/HRMS: [M]+ calculated for C22H36N2: 328.2878, found: 

328.2876. Elemental analysis calculated for C22H36N2: 80.43 C, 11.04 H, 8.53 N; found 80.40 C, 

11.06 H, 8.51 N. 

Decyanation of compound 9 was carried out using potassium metal (6.01 g, 154 mmol). 

HMPA (19.891 g, 111 mmol), and ether (185 mL) were transferred to a three-neck round bottom 

flask equipped with a stir bar, addition funnel, and argon inlet adaptor.  A solution of 2,7-diallyl-

2,7-dibutyloctane-dinitrile (9) (7.20 g , 22 mmol) and t-BuOH (4.15 g, 56 mmol) in ether (130 

mL) was added dropwise to the reactor and stirred for 3 hours at 0 ºC. The reaction was 

monitored by TLC plate using 5% ethyl acetate in hexane. When no trace of starting material 

was observed by TLC, the remaining excess of unreacted potassium was removed from the 

reaction flask. The reaction was quenched with water (20 mL), extracted three times with ether 

(600 mL), and washed with brine (150 mL). After drying over MgSO4, the solution was filtered, 

concentrated by rotary evaporation, and purified by flash column chromatography (hexane). 

After purification, 6.10 g (99% yield) of 5,10-diallyltetradecane (10) was obtained as a colorless 

liquid. The following spectral properties were observed: 1H NMR (CDCl3): δ(ppm) 0.90 (t, 6H), 

1.16-1.40 (m, 22H), 2.02 (t, 4H), 4.95 (m, 4H), 5.74 (m, 2H); 13C NMR (CDCl3): δ(ppm) 14.41, 

23.41, 26.88, 29.20, 29.44, 30.22, 33.60, 33.90, 34.07, 37.59, 114.30, 139.49; EI/HRMS: [M]+ 

calculated for C20H38: 278.2974, found: 278.2978. Elemental analysis calculated for C20H38: 

86.25 C, 13.75 H; found 86.23 C, 13.76 H 

General Polymerization Conditions. All glassware was flame dried under vacuum prior 

to use.  Monomers 4a, 4b, 10, and 11 were dried over K mirror and degassed prior to 
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polymerization.  All metathesis reactions were initiated in the bulk, inside an argon atmosphere 

drybox.  For the case of homopolymerization, monomers 4a, 4b, and 10 were placed in a 50 mL 

round-bottomed flask equipped with a magnetic stirbar, respectively.  Grubbs first generation 

catalyst (400:1 monomer:catalyst) was added to the flask, and the flask was then fitted with a 

Schlenk adapter equipped with a vacuum valve.  The reaction was monitored by formation of 

ethylene gas as a moderate observed bubbling.  The sealed reaction vessel was removed from the 

drybox and immediately placed on the vacuum line.  The reaction vessel was then exposed to 

intermittent vacuum.  After 4 h, the polymerization was exposed to full vacuum (10-4 torr) for 96 

h at 45-50 ºC.  The reaction vessel was then cooled to room temperature, exposed to air, and 50 

mL of a mixture of ethyl vinyl ether in toluene 1% v/v was added.  The polymer/toluene solution 

was precipitated in methanol by dropwise addition of the solution to a beaker containing 1500 

mL of acidic methanol (1 M), yielding pure EH5u, EH15u and EH21u polymers, respectively. 

For the case of copolymerization of monomers 4a and 11, monomers were weighted based on the 

needed molar ratios, as shown in table 2. The adequate mixture of monomers was placed in a 50 

mL round-bottomed flask equipped with a magnetic stirbar, and Grubbs first generation catalyst 

(400:1 monomer:catalyst) was added to the flask. Application of the same polymerization and 

purification procedure previously mentioned afforded the model copolymers EH-2.5u – EH-

43.5u.  

Polymerization of 5,10-diallyltetradecane (10) to give EH5u.  After purification, 820 

mg (90% yield) of material was collected. The following spectral properties were observed: 1H 

NMR (CDCl3): δ(ppm) 0.91 (t, 7H,), 1.25 (br, 23H), 1.97 (m, 4H), 5.35 (m, 2H); 13C NMR 

(CDCl3): δ(ppm) 14.44, 23.38, 27.43, 29.23, 29.34, 33.29, 33.75, 36.95, 38.01, 129.40, 130.11; 

GPC data (THF vs. polystyrene standards):  wM  = 21,200 g/mol; P.D.I. ( nw MM / ) = 1.7 



 

114 

Polymerization of 9-butylheptadeca-1,16-diene (4a) to give EH15u.  After precipitation, 

860 mg (93% yield) of material was collected. The following spectral properties were observed: 

1H NMR (CDCl3): δ(ppm) 0.90 (t, 3H,), 1.23 (br, 29H), 1.98 (m, 4H), 5.40 (m, 2H); 13C NMR 

(CDCl3): δ(ppm) 14.43, 23.41, 26.92, 29.19, 29.49, 29.62, 29.95, 30.26, 32.88, 33.59, 33.93, 

37.61, 130.12, 130.58; GPC data (THF vs. polystyrene standards):  wM  = 47,600 g/mol; P.D.I. 

( nw MM / ) = 1.9 

Polymerization of 12-butyltricosa-1,22-diene (4b) to give EH21u.  After precipitation, 

980 mg (91% yield) of material was collected. The following spectral properties were observed: 

1H NMR (CDCl3): δ(ppm) 0.90 (t, 3H,), 1.27 (br, 34H), 1.98 (m, 4H), 5.39 (m, 2H); 13C NMR 

(CDCl3): δ(ppm) 14.42, 23.41, 26.96, 29.20, 29.44, 29.79, 29.92, 29.97, 30.41, 32.86, 33.60, 

33.95, 37.62, 130.11, 130.57; GPC data (THF vs. polystyrene standards):  wM  = 41,500 g/mol; 

P.D.I. ( nw MM / ) = 1.8 

Copolymerization of 9-butylheptadeca-1,16-diene (4a) and 1,9-decadiene (11) to give 

EH-2.5u.  After precipitation, 2.501 g (93% yield) of material was collected. The following 

spectral properties were observed: 1H NMR (CDCl3): δ(ppm) 0.90 (t, 0.07H,), 1.30 (br, 8H), 1.98 

(m, 4H), 5.39 (m, 2H); 13C NMR (CDCl3): δ(ppm) 14.25, 23.23, 26.73, 29.01, 29.29, 29.68, 

29.75, 30.23, 32.69, 33.41, 33.73, 37.41, 129.90, 130.40; GPC data (THF vs. polystyrene 

standards):  wM  = 40,100 g/mol; P.D.I. ( nw MM / ) = 1.8 

Copolymerization of 9-butylheptadeca-1,16-diene (4a) and 1,9-decadiene (11) to give 

EH-6.0u.  After precipitation, 2.027 g (89% yield) of material was collected. The following 

spectral properties were observed: 1H NMR (CDCl3): δ(ppm) 0.90 (t, 0.2H,), 1.30 (br, 9H), 1.98 

(m, 4H), 5.39 (m, 2H); 13C NMR (CDCl3): δ(ppm) 14.25, 23.23, 26.73, 29.01, 29.29, 29.68, 
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29.75, 30.23, 32.69, 33.41, 33.73, 37.41, 129.90, 130.40; GPC data (THF vs. polystyrene 

standards):  wM  = 39,500 g/mol; P.D.I. ( nw MM / ) = 1.7 

Copolymerization of 9-butylheptadeca-1,16-diene (4a) and 1,9-decadiene (11) to give 

EH-11.5u.  After precipitation, 1.875 g (91% yield) of material was collected. The following 

spectral properties were observed: 1H NMR (CDCl3): δ(ppm) 0.90 (t, 0.5H,), 1.30 (br, 10H), 1.98 

(m, 4H), 5.39 (m, 2H); 13C NMR (CDCl3): δ(ppm) 14.25, 23.23, 26.73, 29.01, 29.29, 29.68, 

29.75, 30.23, 32.69, 33.41, 33.73, 37.41, 129.90, 130.40; GPC data (THF vs. polystyrene 

standards):  wM  = 38,700 g/mol; P.D.I. ( nw MM / ) = 1.6 

Copolymerization of 9-butylheptadeca-1,16-diene (4a) and 1,9-decadiene (11) to give 

EH-21.3u.  After precipitation, 1.572 g (95% yield) of material was collected. The following 

spectral properties were observed: 1H NMR (CDCl3): δ(ppm) 0.90 (t, 1.3H,), 1.30 (br, 14H), 1.98 

(m, 4H), 5.39 (m, 2H); 13C NMR (CDCl3): δ(ppm) 14.25, 23.23, 26.73, 29.01, 29.29, 29.68, 

29.75, 30.23, 32.69, 33.41, 33.73, 37.41, 129.90, 130.40; GPC data (THF vs. polystyrene 

standards):  wM  = 48,400 g/mol; P.D.I. ( nw MM / ) = 1.6 

Copolymerization of 9-butylheptadeca-1,16-diene (4a) and 1,9-decadiene (11) to give 

EH-37.0u.  After precipitation, 1.350 g (91% yield) of material was collected. The following 

spectral properties were observed: 1H NMR (CDCl3): δ(ppm) 0.90 (t, 2.2H,), 1.30 (br, 20H), 1.98 

(m, 4H), 5.39 (m, 2H); 13C NMR (CDCl3): δ(ppm) 14.25, 23.23, 26.73, 29.01, 29.29, 29.68, 

29.75, 30.23, 32.69, 33.41, 33.73, 37.41, 129.90, 130.40; GPC data (THF vs. polystyrene 

standards):  wM  = 37,500 g/mol; P.D.I. ( nw MM / ) = 1.8 

Copolymerization of 9-butylheptadeca-1,16-diene (4a) and 1,9-decadiene (11) to give 

EH-43.5u.  After precipitation, 1.170 g (88% yield) of material was collected. The following 

spectral properties were observed: 1H NMR (CDCl3): δ(ppm) 0.90 (t, 3H,), 1.30 (br, 25H), 1.98 
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(m, 4H), 5.39 (m, 2H); 13C NMR (CDCl3): δ(ppm) 14.25, 23.23, 26.73, 29.01, 29.29, 29.68, 

29.75, 30.23, 32.69, 33.41, 33.73, 37.41, 129.90, 130.40; GPC data (THF vs. polystyrene 

standards):  wM  = 38,400 g/mol; P.D.I. ( nw MM / ) = 1.8 

General hydrogenation methodology using Wilkinson’s catalyst. Hydrogenation was 

performed using a 150 mL high-pressure stainless steel reaction vessel equipped with a glass 

liner, temperature probe, pressure gauge, and a paddle wheel stirrer. A solution of unsaturated 

polymer (EH15u and EH21u) (~1.0 g) was dissolved in a toluene (100mL), followed by 

degasification by bubbling nitrogen gas into the stirred solution for 30 minutes. Wilkinson’s 

catalyst (3.7 mg, 4 μmol) [RhCl(PPh3)3] was added to the solution, and the glass liner was placed 

into the bomb and then sealed. The bomb was charged with hydrogen gas to 400 p.s.i. and the 

mixture was stirred for 24 h at 80 °C followed by 48 h at 100 °C..  Upon cooling to room 

temperature, the resultant polymer solution was precipitated into acidic methanol (1N stock 

solution prepared with HCl), filtered, and dried affording saturated polymers EH15 and EH21, 

respectively. 

Hydrogenation of EH15u to give EH15. After precipitation, 855 mg (99% yield) of 

material was collected. The following spectral properties were observed: 1H NMR (CDCl3): 

δ(ppm) 0.90 (t, 3H,), 1.27 (br, 31H); 13C NMR (CDCl3): δ(ppm) 14.39, 23.40, 26.95, 29.20, 

29.96, 30.40, 33.63, 33.95, 37.62; GPC data (THF vs. polystyrene standards):  wM  = 48,100 

g/mol; P.D.I. ( nw MM / ) = 1.9; DSC Results:  Melting Temperature Data: Tm = -33 °C, Δhm = 

13 J/g  and Tm = -53 °C 

Hydrogenation of EH21u to give EH21. After precipitation, 973 mg (99% yield) of 

material was collected. The following spectral properties were observed: 1H NMR (CDCl3): 

δ(ppm) 0.90 (t, 3H,), 1.27 (br, 47H); 13C NMR (CDCl3): δ(ppm) 14.43, 23.42, 24.49, 26.95, 



 

117 

29.21, 29.97, 30.41, 33.62, 33.94, 37.61; GPC data (THF vs. polystyrene standards):  wM  = 

40,300 g/mol; P.D.I. ( nw MM / ) = 1.7; DSC Results:  Melting Temperature Data: Tm = 14 °C, 

Δhm = 47 J/g 

General hydrogenation methodology using diimide. This method was applied for the 

saturation of polymer EH5u and copolymers EH-2.5 through EH-43.5 due to solubility issues 

that were eventually overcome.  A solution of unsaturated polymer (~1.0 g) was dissolved in 

xylenes (30 mL) in a 350 mL three-neck round bottomed flask.  Tripropyl amine (3.79 g, 26.3 

mmol) was added via syringe followed by addition of p-toluenesulfonhydrazide (4.33 g, 23.3 

mmol) using a powder funnel.  The reaction mixture was heated to 135°C for 2 hours. The 

reaction was monitored by the produced nitrogen observed through a mineral oil bubbler.  When 

production of nitrogen gas was ceased, the solution was cooled to room temperature, and a 

second batch of tripropyl amine (3.79 g, 26.3 mmol) and p-toluenesulfonhydrazide (4.33 g, 23.3 

mmol) was added. The reaction mixture was heated to 135°C for 2 h, and its performance was 

monitored by the evolution of nitrogen gas. Precipitation of the crude mixtures into acidic 

methanol (1N stock solution prepared with HCl), followed by filtration afforded the saturated 

EH5 polymer and copolymers EH-2.5 through EH-43.5. 

Hydrogenation of EH5u to give EH5. After precipitation, 817 mg (99% yield) of material 

was collected. The following spectral properties were observed: 1H NMR (CDCl3): δ(ppm) 0.90 

(t, 3H,), 1.27 (br, 14H); 13C NMR (CDCl3): δ(ppm) 14.55, 23.55, 27.58, 29.37, 33.77, 34.15, 

37.81; GPC data (THF vs. polystyrene standards):  wM  = 20,800 g/mol; P.D.I. ( nw MM / ) = 

1.8; DSC Results:  Glass Transition Temperature Data: Tg = -73 °C, ΔCp = 0.63 J/g °C 

Hydrogenation of EH-2.5u to give EH-2.5. After precipitation, 2.489 g (99% yield) of 

material was collected. The following spectral properties were observed: 1H NMR (TCE-d2): 
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δ(ppm) 0.92 (t, CH3, 3H,), 1.19 and 1.34 (br, CH2, 129H); 13C NMR (TCE-d2): δ(ppm) 14.29, 

14.39, 22.94, 23.40, 26.95, 29.20, 29.60, 29.99, 30.40, 32.22, 33.63, 33.95, 37.62; GPC data 

(THF vs. polystyrene standards):  wM  = 39,800 g/mol; P.D.I. ( nw MM / ) = 1.8; DSC Results:  

Melting Temperature Data: Tm = 126 °C, Δhm = 193 J/g 

Hydrogenation of EH-6.0u to give EH-6.0. After precipitation, 1.993 g (98% yield) of 

material was collected. The following spectral properties were observed: 1H NMR (TCE-d2): 

δ(ppm) 0.92 (t, CH3, 3H,), 1.19 and 1.34 (br, CH2, 93H); 13C NMR (TCE-d2): δ(ppm) 14.29, 

14.39, 22.94, 23.40, 26.95, 29.20, 29.60, 29.99, 30.40, 32.22, 33.63, 33.95, 37.62; GPC data 

(THF vs. polystyrene standards):  wM  = 40,700 g/mol; P.D.I. ( nw MM / ) = 1.6; DSC Results:  

Melting Temperature Data: Tm = 122 °C, Δhm = 129 J/g 

Hydrogenation of EH-11.5u to give EH-11.5. After precipitation, 1.868 g (99% yield) of 

material was collected. The following spectral properties were observed: 1H NMR (TCE-d2): 

δ(ppm) 0.92 (t, CH3, 3H,), 1.19 and 1.34 (br, CH2, 76H); 13C NMR (TCE-d2): δ(ppm) 14.29, 

14.39, 22.94, 23.40, 26.95, 29.20, 29.60, 29.99, 30.40, 32.22, 33.63, 33.95, 37.62; GPC data 

(THF vs. polystyrene standards):  wM  = 37,800 g/mol; P.D.I. ( nw MM / ) = 1.8; DSC Results:  

Melting Temperature Data: Tm = 113 °C, Δhm = 105 J/g 

Hydrogenation of EH-21.3u to give EH-21.3. After precipitation, 1.469 g (93% yield) of 

material was collected. The following spectral properties were observed: 1H NMR (TCE-d2): 

δ(ppm) 0.92 (t, CH3, 3H,), 1.19 and 1.34 (br, CH2, 50H); 13C NMR (TCE-d2): δ(ppm) 14.29, 

14.39, 22.94, 23.40, 26.95, 29.20, 29.60, 29.99, 30.40, 32.22, 33.63, 33.95, 37.62; GPC data 

(THF vs. polystyrene standards):  wM  = 45,100 g/mol; P.D.I. ( nw MM / ) = 1.6; DSC Results:  

Melting Temperature Data: Tm = 94 °C, Δhm = 95 J/g 
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Hydrogenation of EH-37.0u to give EH-37.0. After precipitation, 1.280 g (95% yield) of 

material was collected. The following spectral properties were observed: 1H NMR (TCE-d2): 

δ(ppm) 0.92 (t, CH3, 3H,), 1.19 and 1.34 (br, CH2, 42H); 13C NMR (TCE-d2): δ(ppm) 14.29, 

14.39, 22.94, 23.40, 26.95, 29.20, 29.60, 29.99, 30.40, 32.22, 33.63, 33.95, 37.62; GPC data 

(THF vs. polystyrene standards):  wM  = 38,100 g/mol; P.D.I. ( nw MM / ) = 1.7; DSC Results:  

Melting Temperature Data: Tm = 45 °C, Δhm = 93 J/g 

Hydrogenation of EH-43.5u to give EH-43.5. After precipitation, 1.152 g (98% yield) of 

material was collected. The following spectral properties were observed: 1H NMR (TCE-d2): 

δ(ppm) 0.92 (t, CH3, 3H,), 1.19 and 1.34 (br, CH2, 33H); 13C NMR (TCE-d2): δ(ppm) 14.29, 

14.39, 22.94, 23.40, 26.95, 29.20, 29.60, 29.99, 30.40, 32.22, 33.63, 33.95, 37.62; GPC data 

(THF vs. polystyrene standards):  wM  = 37,300 g/mol; P.D.I. ( nw MM / ) = 1.8; DSC Results:  

Melting T emperature Data: Tm = 10 °C, Δhm = 85 J/g 
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CHAPTER 5 
LINEAR-LOW DENSITY POLYETHYLENE CONTAINING PRECISELY PLACED 

LINEAR AND NON-LINEAR BULKIER BRANCHES 

5.1 Introduction 

Polyethylene (PE) is the most widely utilized thermoplastic polymer today.3 Since its 

discovery in the 1930s, PE has been of increasing interest in both industrial and academic 

settings, due primarily to the ability to produce materials with a wide range of physical properties 

and unique polymer architectures.126 Physical properties of linear low-density polyethylene 

(LLDPE), an important member of the polyethylene family, can be tuned by manipulating the 

amount of short-chain branching (SCB) and the short-chain branch distribution (SCBD),127, 128 as 

well as by controlling the mode of polymerization, catalyst type, pressure, and temperature.  

Clearly, the identity of the comonomer is also important, with propene, 1-butene, 1-hexene and 

1-octene being the most common choices, because of their low cost and their effects on the 

mechanical properties of the final material.18-20, 25-30, 128-138 

Commercial LLDPE is usually prepared by chain-growth polymerization using Ziegler-

Natta or metallocene chemistry.4, 139 Single-site catalysis by metallocene systems produces 

copolymers with narrower molecular weight distributions and higher comonomer content than 

Ziegler-Natta products.129, 139, 143-147 Due to the similar ethylene/α-olefin comonomer reactivity, 

metallocene systems produce materials with linear and bulky α-olefins not suitable with Ziegler-

Natta chemistry. Copolymerization via metallocene chemistry of ethylene with odd carbon-

number α-olefins (e.g. 1-pentene or 1-heptene) is also feasible because such compounds are 

available using the Fisher-Tropsch olefin synthesis process.  These possibilities have led to the 

creation of a significant number of ethylene/α-olefin copolymers with a wide range of 

applications.161-169 Furthermore, metallocene copolymerization of ethylene with non-linear, 

bulkier α-olefins such as 3-methyl-1-butene (3MB),170-173 4-methyl-1-pentene (4MP),174-177 
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vinylcyclohexene (VCH),178-181 and norbornene 173 has created a new class of materials with 

better impact strength than that of traditional ethylene linear α-olefin copolymers. 

In the past, it has been demonstrated that copolymerization of ethylene with α-olefins via 

chain-propagation chemistry results in the incorporation of unwanted defects via head-to-head or 

tail-to-tail monomer coupling. Additionally, inevitable chain transfer or chain walking produces 

structures with alkyl branches of varying lengths randomly spaced along the main chain.41-45 

However, the problems associated with chain-growth polymerization can be overcome using 

step-growth condensation polymerization, in particular acyclic diene metathesis (ADMET) 

polymerization. In ADMET, elimination of ethylene gas drives the reaction to yield an 

unsaturated high molecular weight polymer, and subsequent exhaustive hydrogenation of the 

resultant polymer yields perfectly sequenced ethylene/α-olefin copolymers.47 This new synthetic 

route presents the advantage of controlling the polymer architecture by choosing the appropriate 

building block, thereby circumventing the use of comonomers and monomer feed ratios or the 

design of specialized catalysts typically needed for chain-growth chemistry. 

The first synthesized ADMET-LLDPE contained methyl branches precisely placed along 

the backbone.48 Continuation of this research led to the development of ethyl-branched 

polyethylene,49 and subsequently to the development of hexyl-branched polyethylene.54 This 

chapter reports the synthesis, characterization and thermal behavior of model ethylene/1-pentene 

(EPent21), ethylene/1-heptene (EHept21), ethylene/3-methyl-1-butene (E3MB21), 

ethylene/neohexene (ENH21), and ethylene/vinylcyclohexane (EVCH21) copolymers.  
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5.2 Results and Discussion 

5.2.1 Monomer Synthesis and ADMET Polymerization of Precisely Sequenced 
Ethylene/α-olefin Copolymers 

In the past, different methodologies for the synthesis of α,ω-dienes have rendered 

functionalized monomers in only moderate yields.48, 49, 54 Lately, we have produced α,ω-diene 

monomers functionalized with alkyl branches of various lengths by alkylation/decyanation of 

primary nitriles in nearly quantitatively yields.90, 96 This approach is based on the double 

alkenylation of the carbon alpha to the nitrile, followed by the reductive elimination of the nitrile 

moiety. Figure 5-1 shows the synthetic approach for the preparation of alkyl α,ω-diene 

monomers (4a to 4i) from primary nitriles 2a-i. While most of nitriles were commercially 

available, nitriles 2h and 2i were synthesized by cyanation of bromides 1h and 1i.  

Alkenylation of nitriles 2a-i in the presence of lithium diisopropyl amide (LDA) and 11-

bromoundec-1-ene produces the alkylcyano α,ω-dienes 3a-i in quantitative yields.90 Decyanation 

of nitriles 3a-i is achieved with potassium metal via radical chemistry.96  The resulting tertiary 

radical after decyanation is further quenched by abstraction of hydrogen from t-BuOH to give 

α,ω-diene monomers 4a-i in quantitative yields.  
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Figure 5-1. Synthesis of 12-alkyltricosa-1,22-dienes (4a-i) 
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As shown in Figure 5-2, polymerization of alkyl α,ω-diolefin monomers 4a-i is carried out 

with first generation Grubbs catalyst (5) in the absence of solvent. The polymerization proceeds 

efficiently, yielding unsaturated polymers EP21u to EVCH21u. Exhaustive hydrogenation of 

the unsaturated polymers using p-toluenesulfonyl hydrazide, tripropyl amine and xylene yields 

sequenced ethylene/α-olefin copolymers EP21u to EVCH21u. As described further below, the 

efficiency of hydrogenation can be followed by the disappearance of the olefin signals in 1H 

NMR (Figure 5-3) and 13C NMR (Figure 5-4), and by the absence of the out-of-plane alkene C-H 

bend (969 cm-1) using infrared (IR) spectroscopy (Figure 5-6). 
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Figure 5-2. Synthesis of precisely sequenced ethylene/α-olefin copolymers 

 
The nomenclature for the unsaturated/saturated polymers is based on the comonomer 

content. The prefix “E” for polyethylene is followed by the different comonomer types, for 

example “3MB” for 3-methyl-1-butene. Saturation or unsaturation of the main backbone is given 

by the absence or presence of the suffix “u”. The branch frequency is indicated by number; e.g., 

E3MB21 designates the saturated sequenced ethylene/3-methyl-1-butene copolymer, which 
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contains iso-propyl branches on every 21st backbone carbon, while E3MB21 u refers to its 

unsaturated analog. 

 
Table 5-1. Molecular weights and thermal data for precisely sequenced ethylene/α-olefin copolymers 

wM  x 103 (PDI) b Copolymer 
with 
precisely 
placed alkyl 
branches 

Branch on 
every 21st 
carbon 

Comonomer 
α-olefin Unsaturate a Saturate a 

Tm (°C) 
(peak) 

Δhm  
(J/g) 

EP21 Methyl Propene 20.2 (1.7) 20.2 (1.7) 63 104 
EB21 Ethyl Butane 50.2 (1.9) 50.7 (1.9) 24   65 
EPent21 Propyl Pentene 41.2 (1.7) 41.4 (1.7) 12   60 
EH21 Butyl Hexane 41.5 (1.8) 40.3 (1.7) 12   57 
EHept21 Pentyl Heptene 45.1 (1.8) 45.8 (1.8) 14   58 
EO21 Hexyl Octene 44.6 (1.8) 46.1 (1.7) 12   49 

E3MB21 iso-propyl 3-Methyl-
butene 45.5 (1.7) 46.0 (1.7) 11   37 

ENH21 tert-butyl Neohexene 30.6 (1.7) 32.1 (1.7) 13   50 

EVCH21 Cyclohexyl Vinylcyclo-
hexane 32.5 (1.6) 33.6 (1.6)   9   37 

a Weight average molecular weight data obtained by GPC in THF (40 °C) relative to 
polystyrene standards (g/mol). b PDI, polydispersity index ( nw MM / ) 

 
Table 5-1 shows the molecular weights for the precisely sequenced ethylene/α-olefin 

copolymers obtained via ADMET polymerization. The weight-average molecular weights were 

obtained by gel permeation chromatography (GPC) versus polystyrene standards. The molecular 

weights measured indicate absence of cleavage of the polymer chains during the hydrogenation 

process.48 

5.2.2 Structural Data for Precisely Sequenced Ethylene/α-Olefin Copolymers 

Using ADMET, it is possible to produce polymers with perfectly know primary 

structures,48, 49, 54 solely by the design of the α,ω-diene. The resulting LLDPE has “defects” 

intentionally and evenly placed along the polyethylene chain. Examination of 1H and 13C NMR 
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spectra of monomers and polymers indicates complete transformation and control over the 

primary structure. 

Figure 5-3 shows the 1H NMR spectra for the ADMET polymer ENH21 and its precursors. 

The transformation begins with the cyanation of 1-bromo-2,2-dimethylpropane (1h) yielding 3,3-

dimethylbutanenitrile (2h), shown in Figure 5-3a. Double alkenylation of nitrile 2h with 11-

bromoundec-1-ene yields premonomer 3h, 2-tert-butyl-2-(undec-10-enyl)tridec-12-enenitrile, is 

shown in Figure 5-3b. Decyanation of nitrile 3h forms monomer 4h, 12-tert-butyltricosa-1,22-

diene in quantitative yield, as shown in Figure 5-3c. ADMET polymerization of 4h yields the 

unsaturated polymer ENH21u. Analysis of the olefin region (5-6 ppm) supports formation of 

polymer, which is evidenced by the disappearance of the terminal olefin signals (5.1 and 5.9 ppm 

in Figure 5-3c) and the formation of the internal olefin (5.3 ppm in Figure 5-3d). Further 

hydrogenation of the internal olefins yields ENH21, a perfectly sequenced ethylene/neohexene 

copolymer, corresponding to polyethylene with t-butyl branches on every 21st backbone carbon, 

with no observable traces of olefin by 1H NMR (Figure 5-3e). 

Figure 5-4 shows the 13C NMR spectra for the same transformations. In the spectrum for 

the 3,3-dimethylbutanenitrile (2h, Figure 5-4a), the resonance at 118.67 shows the presence of 

the nitrile functionality. After the double alkenylation of nitrile 2h, the spectrum for 2-tert-butyl-

2-(undec-10-enyl)tridec-12-enenitrile (3h, Figure 5-4b) shows the presence of the nitrile 

functionality at 122.95 ppm along with the characteristic terminal olefin signals at 114.27 and 

139.26 ppm, respectively. Absence of the signal at 122.95 ppm after decyanation (Figure 5-4c) 

demonstrates complete elimination of the CN group yielding monomer 4h, 12-tert-butyltricosa-

1,22-diene. ADMET polymerization of 4h yields the unsaturated polymer ENH21u. Comparison 

of Figures 5-4c and 5-4d shows the disappearance of the signals belonging to the terminal olefin 
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at 114.31 and 139.44 ppm and formation of the new internal olefin (cis at 130.12 ppm, minor 

component, and trans at 130.58 ppm, major component) produced from the effective metathesis 

polymerization. Subsequent exhaustive hydrogenation of the internal olefin yields the saturated 

polymer ENH21, whose 13C NMR spectrum (Figure 5-4e) shows no detectable trace of olefins. 

This observation is further supported by the absence of the out-of-plane C-H bend in the alkene 

region at 969 cm-1 in the infrared (IR) spectrum, as described below. 

Upon close inspection of the 13C NMR data for the ADMET polymers, it can be concluded 

that the branches are precisely placed along the polyethylene main backbone with no unwanted 

“defects” due to chain walking typically observed during chain-growth chemistry. Figure 5-5 

shows a portion (10-55 ppm) of the 13C NMR spectra for the precisely sequenced ethylene/α-

olefins, Epent21, EHept21, E3MB21, ENH21, and EVCH21. All spectra are dominated by a 

singlet at 29.99 ppm corresponding to methylenes on the main polyethylene chain. However, the 

presence of alkyl branches precisely placed along the main chain affects the chemical shifts of 

carbons located within three CH2 units from an individual branch.50 In the spectrum for EPent21 

which is polyethylene containing propyl branches on every 21st backbone carbon (Figure 5-5a), 

the resonances belonging to the propyl branch, 1 (δ 14.80 ppm), 2 (δ 20.07 ppm), 3 (δ 36.37 

ppm), and the carbon at the branch point 4 (δ 37.42 ppm) indicates that only propyl branches are 

present, in agreement with previously reported data on chain-growth materials obtained by 

copolymerization of ethylene with 1-pentene.138, 162, 182-184 While EPent21 spectrum shows 

resonances for three carbons at the propyl branch, the EHept21 spectrum, Figure 5-5b, shows 

five resonances corresponding to the pentyl branch precisely placed on every 21st backbone 

carbon: a (δ 14.80 ppm), b (δ 22.97 ppm), c (δ 26.62 ppm), d (δ 26.94 ppm), and e (δ 33.89 
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ppm). In agreement with the EPent21 spectrum, which shows a resonance for the branch point 

carbon at 37.42 ppm, EHept21 shows the corresponding branch-point peak at 37.64 ppm.166-169 

In addition to spectra 5-5a and 5-5b for polyethylene with precisely placed linear branches, 

Figures 5-5c, 5-5d and 5-5e present the 13C NMR spectra for polyethylene containing non-linear 

bulkier branches on every 21st carbon: iso-propyl (E3MB21), tert-butyl (ENH21), and 

cyclohexyl (EVCH21). In the spectrum for E3MB21, the resonances belonging to the iso-propyl 

branch (A at 19.46 ppm and B at 30.45 ppm), as well as the resonance from the carbon at the 

branch point C (δ 43.96 ppm), indicate that only iso-propyl branches are present. Peak 

assignments are based on previous detailed NMR studies.170-177, 185-188  

It is not surprising that the presence of a bulkier branch, iso-propyl, causes a shift in the 

resonance corresponding to the carbon at the branch point, 37.42 and 37.64 ppm for the carbons 

at propyl and pentyl branches, respectively, versus 43.96 ppm for the carbon directly attached to 

an iso-propyl branch. Following the same trend, the resonance for the backbone carbon at a tert-

butyl branch is shifted from 43.96 ppm (E3MB21) to 49.02 ppm (ENH21), due to the highly 

branched functionalization, as shown in Figure 5-5d. The spectrum for ENH21 (Figure 5-5d) 

also shows the characteristic resonances belonging to pendant tert-butyl branches, I (δ 28.06 

ppm), and II (δ 34.11 ppm). In the spectrum for EVCH21 (fig 5-5e), the cyclohexyl carbons 

resonate at 27.21 ppm, m; 27.26 ppm, n; 30.03 ppm, o; and 43.53 ppm,p., The backbone branch 

carbon for EVCH21 with pendant cyclohexyl groups (peak q in Figure 5.5e) appears at 40.41 

ppm, which is downfield compared to the resonances at propyl and pentyl branches, although not 

shifted as greatly as the branch carbons in the polymers with iso-propyl and tert-butyl pendant 

groups.  Peak assignments are based on previous detailed NMR studies.173, 178-181, 189  
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Figure 5-3. Comparison of 1H NMR spectra for a typical ADMET polymerization transformation 

ENH21: (a) 3,3-dimethylbutanenitrile (2h) (b) Premonomer 3h, 2-tert-butyl-2-
(undec-10-enyl)tridec-12-enenitrile, (c) Monomer 4h, 12-tert-butyltricosa-1,22-diene, 
(d) ADMET unsaturated polymer ENH21u, (e) ADMET saturated polymer ENH21.  
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Figure 5-4. Comparison of 13C NMR spectra for a typical ADMET polymerization 

transformation ENH21: (a) 3,3-dimethylbutanenitrile (2h) (b) Premonomer 3h, 2-
tert-butyl-2-(undec-10-enyl)tridec-12-enenitrile, (c) Monomer 4h, 12-tert-
butyltricosa-1,22-diene, (d) ADMET unsaturated polymer ENH21u, (e) ADMET 
saturated polymer ENH21. 
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Figure 5-5. Comparison of 13C NMR spectra for a typical ADMET polymerization 

transformation posesing bulky branches (a) EPent21, (b) EHept21, (c) E3MB21, (d) 
ENH21, (e) EVCH21 
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In addition to the NMR characterization of the precisely sequenced ethylene/α-olefin 

ADMET materials, infrared (IR) spectroscopy was used to study the Epent21, EHept21, 

E3MB21, ENH21, and EVCH21 copolymers. Although x-ray diffraction techniques provide the 

absolute crystal structure, IR spectroscopy is a complementary technique that provides an 

estimation of the crystal structure. In the past, Tashiro et al. carried out a study of branching 

behavior on ultra-high molecular weight polyethylene using wide angle x-ray diffraction 

(WAXD), IR and Raman spectroscopy. They concluded that the scissoring at 1466 cm-1 and the 

methylene rock at 721 cm-1 indicate a hexagonal crystal structure, while the double methylene 

rock at 719 and 730 cm-1 and single band at 1471 cm-1 correspond to an orthorhombic crystal 

structure.133, 155, 156  

Figure 5-6 shows the IR spectra for the Epent21, EHept21, E3MB21, ENH21, and 

EVCH21 copolymers, with the spectra of previously reported precisely sequenced ethylene/α-

olefin copolymers, EP21,48 EB21,49 EH21, and EO21,54 included for comparison.  As 

mentioned above, there is no out-of-plane C-H bend absorption at 969 cm-1, indicating complete 

absence of C=C in the saturated polymers. All spectra are dominated by two sets of absorption 

bands (~2900 and 1472 cm-1) belonging to C-H stretching and methylene scissoring, 

respectively. In addition to the stretching and scissoring, the methylene rocking band is observed 

for all copolymers at 718 cm-1. Although orthorhombic crystals show the characteristic Davidov 

splitting around 720 cm-1,155, 156 all of our precisely sequenced ethylene/α-olefin copolymers 

display a single absorption band at 718 cm-1, indicating the absence of orthorhombic crystal 

behavior. Moreover, the two experimental absorption bands at 718 and 1472 cm-1 are 

characteristic of a highly disordered phase, similar to the pattern previously observed.48, 49, 54 

Comparison of all spectra in Figure 5-6 suggests that incorporation of linear defects (methyl to 
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hexyl) and non-linear bulkier branches (iso-propyl, t-butyl and cyclohexane) evenly spaced along 

the polyethylene chain does not alter the C-H stretching, or methylene scissoring and methylene 

rocking regions in the IR. However, there is significant variation in the intensity of the 

absorption band at 1378 cm-1
, corresponding to the symmetrical bend for the terminal methyls on 

the the pendant branches. As Figure 5-6 shows, the intensity of the absorption band at 1378 cm-1 

is smaller when linear alkyl branches are incorporated, while higher intensity is observed when 

bulkier branches (iso-propyl and tert-butyl) are placed along the PE chain. On the other hand, 

when cyclohexane groups are precisely placed on every 21st backbone carbons, the absorption at 

1378 cm-1 almost disappears, because of the absence of methyl groups at the branch. The very 

weak absorption at 1378 cm-1 corresponds to the terminal methyl groups of the PE backbone of 

EVCH21. 

 

Figure 5-6. Infrared spectra for the ADMET saturated polymers EP21, EB21, EPent21, EH21, 
EHept21, EO21, EIH21, ENH21, and EVCH21 
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5.2.3 Thermal Behavior for Precisely Sequenced Ethylene/α-Olefin Copolymers 

Numerous thermal studies have been performed on commercially produced chain-growth 

LLDPE,28, 36, 40, 181, 190-192 as well as for ADMET-produced random and precisely sequenced 

ethylene/α-olefin copolymers.46, 48-52, 54, 56, 148 Those studies showed that the melting behavior of 

ethylene-based copolymers is influenced by the amount of short-chain branching (SCB).  

However, the determining factor on the final physical properties of the resulting LLDPE is the 

short-chain-branch distribution (SCBD). Interpretation of results for chain-growth PE has been 

limited, due to the heterogeneity of the material and the presence of unwanted defects. However, 

due to their perfectly known primary structures, ADMET PE materials contain regularly spaced 

branches of known identity.  By keeping the branch-to-branch distance constant while the branch 

identity is changed, a better understanding of the effect of linear and non-linear bulkier short-

chain branching can be observed . 

 
Figure 5-7. Differential scanning calorimetry curves for ADMET polymers possessing linear 

branches 
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Figure 5-7 shows the DSC thermograms for the previously reported EP21, EB21, EH21, 

and EO21 copolymers,48, 49, 54 along with the Epent21, and EHept21 copolymer models. (Refer 

to Table 5-1 for physical data.) Similar to previous studies involving ADMET LLDPE,48, 49, 54 

Epent21 and EHept21 (i.e., polyethylene containing propyl and pentyl branches on every 21st 

backbone carbon) display sharp and well-defined endothermic transitions, with none of the 

broadening observed for copolymers obtained via chain polymerization.20, 25, 27-30 

The data in Figure 5-7 show that incorporation of defects precisely spaced by 20 backbone 

carbons causes the melting temperature of the material to decrease. While high density 

polyethylene with practically no defects along the main chain shows a melting transition at Tm = 

134 °C with a heat of fusion Δhm = 210 J/g,47 incorporation of methyl branches on every 21st 

backbone carbon (EP21) decreases the melting point to 63 °C and the enthalpy of fusion to 104 

J/g. This effect is explained by the disruption of the crystal structure due to the presence of the 

precisely placed methyl “defects”. The same trend is observed when the alkyl branch is extended 

to two carbons (EB21), as shown in Figure 5-7. Incorporation of an ethyl branch “defect” on 

every 21st backbone carbon renders a material with a melting point below that of EP21 (Tm = 24 

°C with a heat of fusion Δhm = 65 J/g). This indicates that incorporation of the larger ethyl 

groups disrupts the crystal structure even more, resulting in depression of both the melting 

temperature and the heat of fusion. Crystal structures of both EP21 and EB21 obtained using 

wide-angle x-ray diffraction (WAXD) and small-angle x-ray scattering (SAXS) revealed that the 

chains pack into a triclinic lattice that allows inclusion of methyl and at some extent ethyl 

branches as lattice defects.49, 50  

Similar to EP21 and EB21 model copolymers, the ADMET copolymers EPent21, EH21, 

EHept21, and EO21 give sharp and well-defined endotherms, as shown in Figure 5-7. Extension 
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of the branch size from two carbons in EB21 to three carbons in EPent21 follows the same 

pattern of decreasing the melting temperature and heat of fusion (Tm = 24 °C and Δhm = 65 J/g 

for EB21; Tm = 12 °C and Δhm = 60 J/g for EPent21).  However, incorporation of more than 

three carbons into the side branch produces no additional effect on the melting endotherm and 

degree of crystallinity. As shown in Figure 5-7, polymers containing linear branches with three 

or more carbons on every 21st backbone carbon (propyl EPent21, butyl EH21, pentyl EHept21, 

and hexyl EO21) show similar melting points (Tm ~ 13 °C with Δhm ~ 58 J/g). The similar 

behavior of polymers with three- to six-carbon side chains may be due to exclusion of the branch 

from the crystal lattice, producing materials with comparable degrees of crystallinity. On the 

other hand, the short methyl and ethyl branches can be accommodated into the lattice, resulting 

in more organized structures.  In this regard, it is noteworthy that the endotherm for EB21 shows 

a shoulder on the lower melting side.  This may indicate that there is partial exclusion of ethyl 

branches, and that the material contains two types of crystalline regions. 

 
Figure 5-8. Differential scanning calorimetry curves for ADMET polymers possessing bulkier 

branches 
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Further DSC studies were performed on materials containing non-linear bulkier branches, 

iso-propyl (E3MB21), tert-butyl (ENH21), and cyclohexyl (EVCH21), as shown in Figure 5-8 

and table 5-1. Similar to previous ADMET LLDPE models,48, 49, 54 the copolymers with non-

linear bulkier branches display sharp and well-defined endothermic transitions, with none of the 

broadening observed for copolymers obtained via chain polymerization.170-181 Materials with 

non-linear bulkier branches (iso-propyl, tert-butyl, and cyclohexyl) follow the same pattern as 

those with linear “defects” of three to six side-branch carbons, with Tm’s in the range of 9 to 

13ºC and similar enthalpies of fusion. It is interesting that polymers with non-linear branches 

display the same thermal properties as polymers with linear side chains of three or more carbons.  

As mentioned above, this behavior may be due to exclusion of large defects from the crystal 

lattice. A series of solid-state NMR and subambient x-ray diffraction experiments (SAXS and 

WAXD) will help to prove whether or not the “defects” are included or excluded from the crystal 

lattice.   

5.3 Conclusions 

Acyclic diene metathesis polymerization has been used to produce perfectly sequenced 

polyethylenes having linear and non-linear bulkier alkyl branches on every 21st backbone carbon.  

Detailed NMR studies have shown that the new linear low-density polyethylenes are formed 

from one single repeat unit featuring precise branch identity. The structural and thermal 

investigations have shown that the chain branches affect the crystalline regions. Thermal analysis 

has shown that well-defined primary structures have sharp endothermic transitions with none of 

the broadening observed for the copolymers obtained via chain-growth chemistry. Based on DSC 

analysis, it has been observed that the presence of small linear branches (methyl and ethyl) 

produces organized structures with very different melting temperatures and degrees of 

crystallinity, while linear and non-linear bulkier branches (propyl to hexyl, iso-propyl, tert-butyl, 
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and cyclohexyl) are less organized and have similar melting temperatures and degrees of 

crystallinity. Our work in this area continues, focusing on solid-state NMR and x-ray diffraction 

experiments with the intent of understanding the morphology and physical properties of ADMET 

based materials. By creating a complete catalogue of polymers with linear and non-linear bulkier 

alkyl branch placement, we aim to further the understanding of the physical and chemical 

behavior of polyethylene-based materials. 

5.4 Experimental Section 

Instrumentation and Analysis.  All 1H NMR (300 MHz) and 13C NMR (75 MHz) spectra 

were recorded in CDCl3 unless otherwise stated. Chemical shifts were referenced to residual 

signals from CDCl3 (7.27 ppm for 1H, 77.23 ppm for 13C) with 0.03% v/v TMS as an internal 

reference. The NMR splitting patterns are designated as follows: s, singlet; d, doublet; t, triplet; 

m, multiplet; and br, broad signal. Analysis of samples by gas chromatography (GC) was 

performed on a gas chromatograph, equipped with a flame ionization detector, using a capillary 

column coated with 5% diphenyl-95% dimethylpolysiloxane. High-resolution mass spectrometry 

(HRMS) was performed using a mass spectrometer in the electron ionization (EI) mode. The 

mass resolution was ~6000 for EI measured at Full-Width-Half-Maximum (FWHM) in the high 

resolution detection mode. Thin layer chromatography (TLC) was used to monitor all reactions 

and was performed on aluminum plates coated with silica gel (250 μm thickness).  TLC plates 

were developed to produce a visible signature by any of the following: ultraviolet light, iodine, 

vanillin, KMnO4, or phosphomolybdic acid. Flash column chromatography was performed using 

ultra pure silica gel (40-63 μm, 60 Å pore size). All reactions were performed in flame-dried 

glassware under argon unless otherwise stated. 

Gel permeation chromatography (GPC) was performed using an internal differential 

refractive index detector (DRI), internal differential viscosity detector (DP), and a Precision 2 
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angle light scattering detector (LS).  The light scattering signal was collected at a 15 degree 

angle, and the three in-line detectors were operated in series in the order of LS-DRI-DP.  The 

chromatography was performed at 45 °C using two columns (10 microns PD, 7.8 mm ID, 300 

mm length) with HPLC grade tetrahydrofuran as the mobile phase at a flow rate of 1.0 

mL/minute.  Injections were made at 0.05-0.07 % w/v sample concentration using a 322.5 μl 

injection volume.  In the case of universal calibration, retention times were calibrated against 

narrow molecular weight polystyrene standards. All standards were selected to produce Mp or 

Mw values well beyond the expected polymer's range.  The Precision LS was calibrated using 

narrow polystyrene standard having an Mw = 65,500 g/mol. 

Fourier transform infrared (FT-IR) spectroscopy was carried out for monomers, 

unsaturated and saturated polymers. Monomers were prepared by droplet deposition and 

sandwiched between two KCl salt plates.  Unsaturated and hydrogenated polymer samples were 

prepared by solution casting a thin film from tetrachloroethylene onto a KCl salt plate. 

Differential scanning calorimetry (DSC) analysis was performed using a DSC equipped 

with a controlled cooling accessory at a heating rate of 10 ºC/min.  Calibrations were made using 

indium and freshly distilled n-octane as the standards for peak temperature transitions and 

indium for the enthalpy standard.  All samples were prepared in hermetically sealed pans (5-10 

mg/sample) and were run using an empty pan as a reference and empty cells as a subtracted 

baseline. The samples were scanned for multiple cycles to remove recrystallization differences 

between the samples and the results reported are of the third scan in the cycle. 

Materials.  Chemicals were purchased from the Aldrich Chemical Co. and used as 

received unless noted. Grubbs first generation catalyst, bis(tricyclohexylphosphine)-

benzylidineruthenium (IV) dichloride, was obtained from Materia, Inc and stored in an argon-
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filled drybox prior to use. Wilkinson’s rhodium hydrogenation catalyst RhCl(PPh3)3 was 

purchased from Strem Chemical and used as received. Tetrahydrofuran (THF) and xylenes was 

freshly distilled from Na/K alloy using benzophenone as the indicator.  The starting hexanenirtile 

and alkenyl bromides along with hexamethylphosphoramide, triethylamine, and 1,9-decadiene 

were distilled over CaH2.  

Synthesis and Characterization of 3,3-dimethylbutanenitrile (2h). 1-bromo-2,2-

dimethylpropane (1h) (5.0 g, 33.10 mmol), NaCN (4.87 g, 99.31 mmol), and acetone (30 mL) 

were transferred to a three-neck round bottom flask equipped with a stir bar, condenser, and 

argon inlet adaptor.  The solution was stirred and refluxed for 3 hours at 63 °C. After cooling the 

solution at room temperature 30 mL of water was added, extracted three times with ether (100 

mL), and washed with brine (150 mL). After drying over MgSO4, the solution was filtered, 

concentrated by rotary evaporation, and purified by flash column chromatography (hexane). 

After purification 2.0 g (62 % yield) of material was collected. The following spectral properties 

were observed: 1H NMR (CDCl3): δ(ppm) 1.08 (s, 9H), 2.21 (s, 2H); 13C NMR (CDCl3): δ(ppm) 

29.07, 30.78, 32.27, 118.67; EI/HRMS: [M]+ calculated for C6H11N: 97.0891, found: 97.0888. 

Elemental analysis calculated for C6H11N: 74.17 C, 11.41 H, 14.42 N; found 74.19 C, 11.39 H, 

14.40 N 

Synthesis and Characterization of 2-cyclohexylacetonitrile (2i). After purification 2.03 

g (66 % yield) of material was collected. The following spectral properties were observed: 1H 

NMR (CDCl3): δ(ppm) 1.14 (m, 5H), 1.70 (m, 6H), 2.20 (d, 2H) ; 13C NMR (CDCl3): δ(ppm) 

24.76, 25.74, 32.42, 34.80, 118.99; EI/HRMS: [M]+ calculated for C8H13N: 123.1048, found: 

123.1043. Elemental analysis calculated for C8H13N: 77.99 C, 10.64 H, 11.37 N; found 77.95 C, 

10.66 H, 11.38 N 



 

140 

General Monomer Synthesis.  Nitriles 3a-1 and monomers 4a-f were synthesized 

according to previously published procedures.90, 96  

2-isopropyl-2-(undec-10-enyl)tridec-12-enenitrile (3g). After purification, 4.60 g (99% 

yield) of a pale yellow liquid was collected. The following spectral properties were observed: 1H 

NMR (CDCl3): δ(ppm), 1.32 (d, 6H), 1.59 (br, 32H), 2.32 (m, 4H), 5.26 (m, 4H, vinyl CH2), 

6.09 (m, 2H, vinyl CH); 13C NMR (CDCl3): δ(ppm) 17.88, 24.53, 29.13, 29.31, 29.64, 29.72, 

30.09, 32.07, 33.12, 34.01, 45.22, 114.30, 123.83, 139.25; EI/HRMS: [M]+ calculated for 

C27H49N: 387.3865, found: 387.3861. Elemental analysis calculated for C27H49N: 83.65 C, 12.74 

H, 3.61 N; found 83.62 C, 12.75 H, 3.62 N 

2-tert-butyl-2-(undec-10-enyl)tridec-12-enenitrile (3h). After purification, 4.0 g (97% 

yield) of a pale yellow liquid was collected. The following spectral properties were observed: 1H 

NMR (CDCl3): δ(ppm), 1.05 (s, 9H), 1.29 (br, 32H), 2.03 (q, 4H), 4.96 (m, 4H, vinyl CH2), 5.80 

(m, 2H, vinyl CH); 13C NMR (CDCl3): δ(ppm) 26.38, 27.46, 29.12, 29.31, 29.59, 29.64, 29.73, 

30.39, 33.71, 34.00, 37.29, 48.84, 114.27, 122.95, 139.26; EI/HRMS: [M]+ calculated for 

C28H51N: 401.4022, found: 401.4019. Elemental analysis calculated for C28H51N: 83.72 C, 12.80 

H, 3.49 N; found 83.73 C, 12.79 H, 3.48 N 

2-cyclohexyl-2-(undec-10-enyl)tridec-12-enenitrile (3i). After purification, 3.40 g (98% 

yield) of a pale yellow liquid was collected. The following spectral properties were observed: 1H 

NMR (CDCl3): δ(ppm), 1.16-1.82 (br, 43H), 2.06 (q, 4H), 4.96 (m, 4H, vinyl CH2), 5.83 (m, 

2H, vinyl CH); 13C NMR (CDCl3): δ(ppm) 24.62, 26.42, 26.76, 27.83, 29.14, 29.32, 29.65, 

29.73, 30.11, 33.25, 34.01, 41.94, 44.91, 114.3, 124.12, 139.34; EI/HRMS: [M]+ calculated for 

C30H53N: 427.4178, found: 427.4175. Elemental analysis calculated for C30H53N: 84.24 C, 12.49 

H, 3.27 N; found 84.21 C, 12.50 H, 3.29 N 
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12-isopropyltricosa-1,22-diene (4g). After purification, 4.25 g (99% yield) of a colorless 

liquid was collected. The following spectral properties were observed: 1H NMR (CDCl3): δ(ppm) 

0.85 (d, 6H), 1.30 (br, 33H), 1.71 (br, 1H), 2.08 (q, 4H), 4.97 (m, 4H), 5.85 (m, 2H); 13C NMR 

(CDCl3): δ(ppm) 19.45, 28.04, 29.23, 29.43, 29.5, 29.79, 29.91, 29.97, 30.44, 30.82, 34.08, 

43.97, 114.3, 139.42; EI/HRMS: [M]+ calculated for C26H50: 362.3913, found: 362.3910. 

Elemental analysis calculated for C26H50: 86.10 C, 13.90 H; found 86.08 C, 13.91 H 

12-tert-butyltricosa-1,22-diene (4h). After purification, 3.70 g (99% yield) of a colorless 

liquid was collected. The following spectral properties were observed: 1H NMR (CDCl3): δ(ppm) 

0.86 (s, 9H), 1.30 (br, 33H), 2.05 (q, 4H), 4.97 (m, 4H), 5.85 (m, 2H); 13C NMR (CDCl3): 

δ(ppm) 28.04, 29.2, 29.42, 29.77, 29.91, 30.34, 30.6, 31.81, 34.08, 49.01, 114.3, 139.44; 

EI/HRMS: [M]+ calculated for C27H52: 376.4069, found: 376.4070. Elemental analysis calculated 

for C27H52: 86.09 C, 13.91 H; found 86.11 C, 13.89 H 

tricosa-1,22-dien-12-ylcyclohexane (4i). After purification, 4.25 g (99% yield) of a 

colorless liquid was collected. The following spectral properties were observed: 1H NMR 

(CDCl3): δ(ppm) 1.03-1.75 (br, 44H), 2.04 (q, 4H), 4.97 (m, 4H), 5.84 (m, 2H); 13C NMR 

(CDCl3): δ(ppm) 27.21, 27.26, 28.06, 29.19, 29.4, 29.76, 29.89, 29.94, 30.03, 30.42, 31.03, 

34.07, 40.4, 43.54, 114.29, 139.47; EI/HRMS: [M]+ calculated for C29H54: 402.4226, found: 

402.4230. Elemental analysis calculated for C29H54: 86.49 C, 13.51 H; found 86.50 C, 13.49 H 

General Polymerization Conditions. All glassware was flame dried under vacuum prior 

to use.  Monomers were dried over K mirror and degassed prior to polymerization.  All 

metathesis reactions were initiated in the bulk, inside an argon atmosphere drybox.  Monomer 

was placed in a 50 mL round-bottomed flask equipped with a magnetic stirbar. Grubbs first 

generation catalyst (400:1 monomer:catalyst) was added to the flask, and the flask was then 
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fitted with a Schlenk adapter equipped with a vacuum valve.  The reaction was monitored by 

formation of ethylene gas as a moderate observed bubbling.  The sealed reaction vessel was 

removed from the drybox and immediately placed on the vacuum line.  The reaction vessel was 

then exposed to intermittent vacuum.  After 4 h, the polymerization was exposed to full vacuum 

(10-4 torr) for 96 h at 45-50 ºC.  The reaction vessel was then cooled to room temperature, 

exposed to air, and 50 mL of a mixture of ethyl vinyl ether in toluene 1% v/v was added.  The 

polymer/toluene solution was precipitated in methanol by dropwise addition of the solution to a 

beaker containing 1500 mL of acidic methanol (1 M), yielding pure EPent21u, EHept21u, 

E3MB21u, ENH21, and EVCH21 polymers, respectively. 

Polymerization of 2-propyltricosa-1,22-diene (4c) to give EPent21u. After purification, 

980 mg (98% yield) of material was collected. The following spectral properties were observed: 

1H NMR (CDCl3): δ(ppm) 0.88 (t, 3H,), 1.27 (br, 30H), 1.55 (s, 1H), 1.98 (br, 3H), 5.39 (br, 2H); 

13C NMR (CDCl3): δ(ppm) 14.79, 20.07, 26.95, 27.46, 29.43, 29.57, 29.79, 29.92, 29.96, 30.41, 

32.85, 33.96, 36.37, 37.44, 130.12, 130.58; GPC data (THF vs. polystyrene standards):  wM  = 

41,200 g/mol; P.D.I. ( nw MM / ) = 1.7 

Polymerization of 12-pentyltricosa-1,22-diene (4e) to give EHept21u. After 

purification, 970 mg (97% yield) of material was collected. The following spectral properties 

were observed: 1H NMR (CDCl3): δ(ppm) 0.89 (t, 3H,), 1.27 (br, 32H), 1.55 (s, 1H), 1.98 (br, 

3H), 5.39 (br, 2H); 13C NMR (CDCl3): δ(ppm) 14.36, 22.95, 26.61, 26.96, 27.46, 29.36, 29.44, 

29.57, 29.62, 29.68, 29.79, 29.82, 29.92, 29.96, 30.03, 30.4, 32.63, 32.85, 33.89, 33.96, 37.66, 

130.11, 130.58; GPC data (THF vs. polystyrene standards):  wM  = 45,100 g/mol; P.D.I. 

( nw MM / ) = 1.8 
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Polymerization of 12-isopropyltricosa-1,22-diene (4g) to give E3MB21u. After 

purification, 960 mg (96% yield) of material was collected. The following spectral properties 

were observed: 1H NMR (CDCl3): δ(ppm) 0.84 (d, 6H,), 1.28 (br, 32H), 1.69 (br, 1H), 1.98 (br, 

4H), 5.40 (br, 2H); 13C NMR (CDCl3): δ(ppm) 19.43, 28.01, 29.38, 29.44, 29.58, 29.8, 29.94, 

29.97, 30.44, 30.74, 32.86, 43.91, 130.09, 130.56; GPC data (THF vs. polystyrene standards):  

wM  = 45,500 g/mol; P.D.I. ( nw MM / ) = 1.7 

Polymerization of 12-tert-butyltricosa-1,22-diene (4h) to give ENH21u. After 

purification, 915 mg (92% yield) of material was collected. The following spectral properties 

were observed: 1H NMR (CDCl3): δ(ppm) 0.85 (s, 8H,), 1.02 (br, 2H), 1.28 (br, 26H), 1.98 (br, 

4H), 5.40 (br, 2H); 13C NMR (CDCl3): δ(ppm) 28.07, 29.47, 29.60, 29.81, 29.85, 29.94, 30.05, 

30.35, 30.63, 31.82, 32.87, 34.12, 49.05, 130.12, 130.58; GPC data (THF vs. polystyrene 

standards):  wM  = 30,600 g/mol; P.D.I. ( nw MM / ) = 1.7 

Polymerization of tricosa-1,22-dien-12-ylcyclohexane (4i) to give EVCH21u. After 

purification, 938 mg (94% yield) of material was collected. The following spectral properties 

were observed: 1H NMR (CDCl3): δ(ppm) 1.27 (br, 40H), 1.53-1.71 (m, 5), 1.98 (br, 4H), 5.39 

(br, 2H); 13C NMR (CDCl3): δ(ppm) 27.22, 27.27, 28.09, 29.45, 29.58, 29.80, 29.95, 29.97, 

30.04, 30.45, 31.05, 32.87, 40.41, 43.56, 130.11, 130.57; GPC data (THF vs. polystyrene 

standards):  wM  = 32,500 g/mol; P.D.I. ( nw MM / ) = 1.6 

General hydrogenation methodology using diimide. A solution of unsaturated polymer 

(~1.0 g) was dissolved in xylenes (30 mL) in a 350 mL three-neck round bottomed flask.  

Tripropyl amine (3.79 g, 26.3 mmol) was added via syringe followed by addition of p-

toluenesulfonhydrazide (4.33 g, 23.3 mmol) using a powder funnel.  The reaction mixture was 

heated to 135°C for 2 hours. The reaction was monitored by the produced nitrogen observed 
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through a mineral oil bubbler.  When production of nitrogen gas was ceased, the solution was 

cooled to room temperature, and a second batch of tripropyl amine (3.79 g, 26.3 mmol) and p-

toluenesulfonhydrazide (4.33 g, 23.3 mmol) was added. The reaction mixture was heated to 

135°C for 2 h, and its performance was monitored by the evolution of nitrogen gas. Precipitation 

of the crude mixtures into acidic methanol (1M HCl), followed by filtration afforded the 

saturated polymers EPent21, EHept21, E3MB21, ENH21 and EVCH21. 

Hydrogenation of EPent21u to give EPent21. After precipitation, 912 mg (91% yield) of 

material was collected. The following spectral properties were observed: 1H NMR (CDCl3): 

δ(ppm) 0.89 (t, 3H,), 1.27 (br, 36H); 13C NMR (CDCl3): δ(ppm)14.80, 20.07, 26.94, 29.99, 

30.42, 33.93, 36.37, 37.42; GPC data (THF vs. polystyrene standards):  wM  = 41,400 g/mol; 

P.D.I. ( nw MM / ) = 1.7; DSC Results:  Melting Temperature Data: Tm = 12 °C, Δhm = 60 J/g   

Hydrogenation of EHept21u to give EHept21. After precipitation, 860 mg (86% yield) 

of material was collected. The following spectral properties were observed: 1H NMR (CDCl3): 

δ(ppm) 0.88 (t, 3H,), 1.26 (br, 41H);13C NMR (CDCl3): δ(ppm) 14.80, 22.97, 26.62, 26.94, 

29.99, 30.41, 33.89, 33.93, 37.64; GPC data (THF vs. polystyrene standards):  wM  = 45,800 

g/mol; P.D.I. ( nw MM / ) = 1.8; DSC Results:  Melting Temperature Data: Tm = 14 °C, Δhm = 58 

J/g 

Hydrogenation of E3MB21u to give E3MB21. After precipitation, 985 mg (99% yield) 

of material was collected. The following spectral properties were observed: 1H NMR (CDCl3): 

δ(ppm) 0.84 (br, 6H,), 1.28 (br, 43H), 1.69 (br, 1H);13C NMR (CDCl3): δ(ppm) 19.46, 28.03, 

29.48, 29.99, 30.45, 30.80, 43.96; GPC data (THF vs. polystyrene standards):  wM  = 46,000 
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g/mol; P.D.I. ( nw MM / ) = 1.7; DSC Results:  Melting Temperature Data: Tm = 11 °C, Δhm = 37 

J/g 

Hydrogenation of ENH21u to give ENH21. After precipitation, 895 mg (90% yield) of 

material was collected. The following spectral properties were observed: 1H NMR (CDCl3): 

δ(ppm) 0.85 (s, 9H,), 1.01 (br, 3H), 1.27 (br, 36H);13C NMR (CDCl3): δ(ppm) 28.06, 29.99, 

30.33, 30.61, 31.80, 34.11, 49.02; GPC data (THF vs. polystyrene standards):  wM  = 32,100 

g/mol; P.D.I. ( nw MM / ) = 1.7; DSC Results:  Melting Temperature Data: Tm = 13 °C, Δhm = 50 

J/g 

Hydrogenation of EVCH21u to give EVCH21. After precipitation, 950 mg (95% yield) 

of material was collected. The following spectral properties were observed: 1H NMR (CDCl3): 

δ(ppm) 1.27 (br, 14H), 1.53-1.74 (m, 2H);13C NMR (CDCl3): δ(ppm) 27.21, 27.26, 28.06, 29.99, 

30.03, 30.44, 31.03, 40.41, 43.53; GPC data (THF vs. polystyrene standards):  wM  = 33,600 

g/mol; P.D.I. ( nw MM / ) = 1.6; DSC Results:  Melting Temperature Data: Tm = 9 °C, Δhm = 37 

J/g 
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APPENDIX 
1H AND 13C NUCLEAR MAGNETIC RESONANCE SPECTRA FOR SELECTED 

INTERMEDIATES AND TARGET MATERIALS 

6.1 Compounds Described in Chapter 2 

2-Methyl-2-(undec-10-enyl)tridec-12-enenitrile (3a) 
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2-Ethyl-2-(undec-10-enyl)tridec-12-enenitrile (3b) 
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2-butyl-2-(undec-10-enyl)tridec-12-enenitrile (3c) 
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2-Hexyl-2-(undec-10-enyl)tridec-12-enenitrile (3d) 
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6.2 Compounds Described in Chapter 3 

12-Methyltricosa-1,22-diene (2a) 
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12-Ethyltricosa-1,22-diene (2b) 
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12-Propyltricosa-1,22-diene (2c) 
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12-Butyltricosa-1,22-diene (2d) 
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12-Pentyltricosa-1,22-diene (2e) 
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12-Hexyltricosa-1,22-diene (2f) 
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6.3 Compounds Described in Chapter 4 

9-butylheptadeca-1,16-diene (4a) 

 

 

12-Butyltricosa-1,22-diene (2d) 

See the appendix for compounds described in chapter 3. 



 

157 

2,7-diallyl-2,7-dibutyloctanedinitrile (9) 
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5,10-diallyltetradecane (10) 
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EH5u 
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EH5 
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EH15u 
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EH15 

 
 

 
 



 

163 

EH21u 
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EH21 
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EH0u 
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EH0 
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EH-43.5 
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6.4 Compounds Described in Chapter 5 

3,3-dimethylbutanenitrile (2h) 
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2-cyclohexylacetonitrile (2i) 

 

 



 

170 

2-isopropyl-2-(undec-10-enyl)tridec-12-enenitrile (3g).  
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2-tert-butyl-2-(undec-10-enyl)tridec-12-enenitrile (3h) 
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2-cyclohexyl-2-(undec-10-enyl)tridec-12-enenitrile (3i) 
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12-isopropyltricosa-1,22-diene (4g) 
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12-tert-butyltricosa-1,22-diene (4h) 
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tricosa-1,22-dien-12-ylcyclohexane (4i) 
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EPent21u 
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EPent21 
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EHept21u 

 

 



 

179 

EHept21 
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E3MB21u 
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E3MB21 
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ENH21u 
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ENH21 
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EVCH21u 
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EVCH21 
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