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reaction: A new chain reaction for C-H bond functionalization 

Shradha V. Patil 

ABSTRACT 

 Functionalization of hydrocarbons via a free-radical based allyl transfer reaction using 

various allyl bromide substrates has been previously studied. The work described in this 

dissertation focuses on the replacement of Br• by phthalimido-N-oxyl (PINO•) which helps make 

this chemistry environmentally friendly. To replace Br• with PINO•, replacement of previously 

used allyl-bromide substrates with new allyl-PINO substrates were necessary. Various allyl-

PINO compounds were synthesized and the use of these allyl-phthalimido-N-oxyl (allyl-PINO) 

compounds for the functionalization of various alkyl aromatic hydrocarbons is demonstrated. 

Kinetic studies were performed to observe the efficiency of the new chain reaction compared to 

the previously reported studies with allyl-bromides. 

 We recently discovered that these allyl substrates are useful for the functionalization of 

ethers and acetals. The functionalization of various cyclic and acyclic ethers was performed 

using these allyl transfer reactions. This reaction was also performed in-solution, which allowed 

us to perform these reactions at low reagent concentrations. Kinetic chain lengths were measured 

for these reactions. High chain lengths were observed for all used ethers. 

 Kinetic studies to investigate the rate of radical addition-elimination processes were 

performed using laser flash photolysis and competition kinetics. These experiments helped us to 

measure the reactivity and selectivity of PINO• as a chain carrier in comparison with Br•. 

Additionally, a new competition experiment was designed to study the relative rate constant for 

the -fragmentation process. For this experiment a novel substrate that contains two leaving  



iii

groups, Br• and PINO•, was synthesized, and the relative rates of elimination of Br• vs PINO• 

were compared.  
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Chapter 1 Review: Fundamental classes of free radical reactions involved in C-H bond 

functionalization and allyl transfer

1.1 Introduction  

 Hydrocarbons are abundant in nature in the form of petroleum based products, natural gas 

and oil.1 These compounds are simple in structure and relatively non-reactive towards 

electrophiles and nucleophiles. Due to this non-reactive nature, very few methods are available 

for their activation and functionalization.2 Therefore effective, cost efficient, and atom 

economical methods are always needed in order to directly convert these compounds into 

complex and more useful functional groups.  Although the functionalization of hydrocarbons 

into carbon based reactive intermediates such as electrophiles, nucleophiles and carbon radicals, 

are known in the literature, achieving such functionalizations under mild reaction conditions is 

still a topic of significant research.3  (Figure 1-1) 

Figure 1-1: Pathways of C-H activation 

A new free radical-based condensation reaction that achieved hydrocarbon 

functionalization and C-C bond formation in a single step was reported in our group in 1999.4 In 

devising this process, several known radical reactions (hydrogen atom abstraction, radical 

additions, and -cleavage) were tailored to develop a new propagation sequence that achieves the 

overall conversion R-H + CH2=C(Z)CH2X  RCH2C(Z)=CH2 + H-X (for X = Br). This review 
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chapter discusses each of these fundamental classes of free radical reactions, and their allied 

topics in order to introduce our efforts to modify this method into a greener process. 

 

1.2 Hydrocarbon Functionalization 

1.2.1 Metal-mediated C-H bond functionalization of hydrocarbons 

 The activation of C-H bonds in order to functionalize hydrocarbons into complex 

molecules has been known in the literature.5  Such activation helps in the replacement of a strong 

C-H bond with a weaker bond, which is capable of undergoing further functionalization easily.6 

In this brief section, we will summarize a few examples of metal-mediated activation of 

hydrocarbons. There are several known pathways that have been employed in such activations 

(Figure 1-2).7  

Figure 1-2: Mechanisms for the metal-mediated activation of C-H bonds7: (1) Oxidative 

addition-reductive elimination; (2) Deprotonative metalation; (3) 1,2-addition-elimination; (4) 

Two metal homolytic cleavage and (5) Electrophilic activation 
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 A typical example of metal-mediated activation is based on the oxidative-addition/ 

reductive- elimination pathway (1), in which the C-H bond adds to the metal center to generate 

new metal-carbon and metal-hydride bonds.7 The deprotonative metalation pathway (2) activates 

the C-H bond leading to the corresponding organometallic compound. Pathway (3) involves the 

formal insertion of the C-H bond into an unsaturated metal-ligand bond. Such activation (4) can 

also be achieved with the intermediacy of two metal centers leading to separate metal-alkyl and 

metal-hydride complexes. Finally, the electrophilic activation (5) occurs via the displacement of 

a hydrogen atom by another group (X=halide) followed by the R group usually being displaced 

from the metal as a functionalized product. These activation pathways have been shown to be 

involved in a variety of processes reported for the activation of hydrocarbons. Apart from these 

pathways other metal-mediated activations involve acidic, basic or oxidative intermediates. The 

next section discusses hydrocarbon functionalization through direct oxidation of C-H bonds via 

various intermediates.  

1.2.2 Functionalization of hydrocarbons through oxidation reactions 

 Functionalization of C-H bonds of hydrocarbons to a C-X, C-O, C-N or C-C bond 

(oxidation), under mild reaction conditions, has been the main objective of this research in the 

recent past. However, achieving high selectivity and high yield is still a challenge.8 In many such 

direct oxidation reactions, dioxygen serves as an oxidizing agent. Even though dioxygen is a 

triplet diradical in its ground state, this molecule is relatively inert towards strong C-H bonds. 

This low reactivity demands either homogeneous or heterogeneous catalysis that can operate 

under mild conditions.9 Use of a catalyst may not only increase the reactivity but may reduce the 

formation of unwanted side products. Use of metal catalysts for such activation is well known in 

organic chemistry.  
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Scheme 1-1: Oxidation of cyclohexene using Mn and dioxygen.10 

 For example, Tabushi et al. reported the selective oxidation of cyclohexene 1-1 to 

cyclohexenol 1-2. In this reaction TPP-MnIIICl catalyst was used to activate dioxygen (Scheme 

1-1).10 Similarly, the conversion of cyclohexene 1-3 to cyclohexane epoxide 1-4 was reported 

where dioxygen was activated using colloidal Pt-catalyst.11 (Scheme 1-2) 

 

Scheme 1-2: Oxidation of cyclohexene to cyclohexane epoxide using dioxygen and Pt.11 

 

Scheme 1-3: Oxidation of cyclohexane to cyclohexanone using dioxygen and NHPI12 

 Similarly, the selective oxidation of cyclohexane 1-5 to cyclohexanone 1-6 was reported 

by Ishii and coworkers (Scheme 1-3). In this reaction a cobalt (Co) catalyst was used to activate 

dioxygen and NHPI (N-hydroxyphthalimide) was used as a hydrogen atom abstractor. In all the 

above mentioned experiments, transition metal catalyst was used to activate triplet dioxygen. 

1.2.3 Free radical based approaches to C-H bond functionalization 

 As mentioned earlier, most of the reported processes for hydrocarbon functionalization 

involve the use of metals and/or harsh reaction conditions. But, green chemistry seeks to avoid 



5

the use of metals because of their toxicity.13 The free radical activation of hydrocarbons for such 

functionalizations affords a viable alternative for this purpose owing to its neutral conditions. 

Such functionalizations of hydrocarbons where the activating group weakens the desired C-H 

bond are well known in the literature.14 However, hydrocarbons lacking activators rarely 

participate in such reactions.  Activation in these cases strongly depends on the ability of 

hydrocarbons to form carbon radicals, which depends on the bond dissociation energy (BDE) of 

the C-H bond of these hydrocarbons. Figure 1-3 represents the BDE values for an array of C-H 

bonds.15 The highest BDEs reported for methane and benzene are 105 and 113 kcal/mol, 

respectively. The BDE for ethane is slightly lower than methane at 100 kcal/mol. Other primary 

C-H bonds, such as toluene (benzylic C-H bond) or propene (allylic C-H bond) are at 90 and 88 

kcal/mol, respectively. Secondary aliphatic alkanes are ca. 3 kcal/mol lower than primary alkane 

(98 kcal/mol for propane and butane) whereas the reported BDE for the tertiary C-H bond of 2-

methylpropane is 96 kcal/mol. 

Figure 1-3: Bond dissociation energies (BDEs) of several types of C-H bonds.7 

This number is slightly lower than the BDE for a C-H bond of cyclohexane (97 kcal/mol), and 

very similar to that of cyclopentane (96.5 kcal/mol). The BDEs for the R-C-H bond in ethers and 
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amines are also worth mentioning. As representative examples, BDE for the -C-H bond in 

tetrahydrofuran (THF) is reported as 92 kcal/mol, whereas in the case of ethylamine it is 90 

kcal/mol. Through these values, it has been confirmed that the presence of a vicinal oxygen or 

nitrogen atom to a C-H bond weakens its BDE by ca. 4 kcal/mol compared to their homologues 

in a saturated hydrocarbon.16 In this chapter we will discuss various methods for generation of 

carbon radicals through H atom abstraction and their radical addition reactions with alkenes. 

1.3 Functionalization of hydrocarbons via allyl transfer reaction 

 As mentioned briefly in the introduction, functionalization of benzylic hydrocarbons via 

allyl transfer reaction was reported in our group. This reaction involved abstraction of H atom 

from alkyl aromatic hydrocarbons like toluene, cumene using a thermal initiator. The resulting 

carbon radical was functionalized via addition to a C=C bond of an allyl substrate 1-9 (Scheme 

1-4, X=Br). The leaving group Br atom (Br•) also acts as a chain carrier which propagates the 

chain to yield final product 1-11.  

Scheme 1-4: Propagation steps of the allyl transfer reaction.4 

In this section we will briefly discuss the fundamentals of C-H abstraction, halogen chain 

carriers and introduce nitroxyl radicals as a viable alternative to these halogen atoms. 
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1.3.1 H-atom abstraction by chain carrier in allyl transfer reaction 

 Weak C-H bonds at benzylic or allylic positions are reactive towards halogen radicals. A 

halogen atom, specifically Br•, is formed in the propagating sequence of allyl transfer reaction 

from allyl halide substrates. Therefore, reactivity and selectivity of these halide radicals towards 

hydrogen abstraction is of interest. 

 

X• H(kcal/mol) kH(M-1s-1) Ea(kcal/mol)
F -20 1.3 x 1010 1.2 
Cl 2 4.1x 107 3.8 
Br +17 6.6x 103 18 
I +34 10-14 (est.) 34 

 

Table 1-1: Reactivities of halogens toward hydrogen atom abstraction,17 

X• 3o 2o 1o 

Cl• 4.0 3.5 1.0 
Br• 1,700 80 1.0 

 

Table 1-2: Relative C-H bond reactivity17 The Cl atom is more reactive and less selective 

compared to the Br atom. 

 Table 1-2 illustrates that F• and Cl• are extremely reactive and poorly selective in 

hydrogen atom abstraction whereas I• is extremely slow reacting. As a result, Br• is the best 

choice for H-atom abstraction because it shows the best balance of reactivity and selectivity 

towards hydrogen abstraction.  

 One of the goals of this research was to replace chain-carrying Br• used in the allyl 

transfer reaction with PINO• (phthalimido-N-oxyl, a nitroxyl radical). Nitroxyl radicals will be 
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discussed at length in section 1.4. The goal of this replacement was to attempt achieving better 

selectivity and provide a greener allyl transfer reaction. Studies have reported that PINO• is 

slightly less reactive and more selective than Br• in hydrogen abstraction.8  

 Rate constants for hydrogen atom abstraction and BDE of the C-H bond play an 

important role in homolytic cleavage of the C-H bond. This information was used to compare 

relative reactivity towards H-abstractions. To study reactivity differences between PINO• and 

Br•, hydrocarbons with significantly different C-H bond dissociation energies were selected and 

their BDEs were recorded by Espenson et al. (Table 1-3).17 

Nature of resulting 

radical 
R-H BDE (kcal/mol) 

k rel at 77 0 C 

(per 

hydrogen) 

1o CH3CH3 98.2 1 

2o (CH3)2CH2 95.1 220 

3o (CH3)3CH 93.2 19,400 

1o benzylic C6H5CH3 88.0 64,000 

2o benzylic C6H5CH2CH3 85.4 1,600,000 

3o benzylic C6H5CH(CH3)2 84.4 3,800,000 

 

Table 1-3: BDEs18 and relative reactivities19 of C-H bonds with Br•.  

 The data in Table 1-3 demonstrate that the C-H BDE decreases with the increase in 

stabilization of resulting radical,18 and the rate constant for H atom abstraction increases with 

radical stability (decreasing C-H BDE). In these examples, the radicals are stabilized by 

conjugation and/or hyperconjugation. 
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R-H kt-BuOO•
a k

PINO•
b

Ph3CH - 58.5  
Isopropanol - 1.89  

Benzyl alcohol 0.065 5.65  

Ph2CH2 0.25 6.63  

Cumene 0.22 3.25  

Ethylbenzene 0.10 1.12  
Toluene 0.012 0.127  

Cyclohexane 0.00026 0.0039  
Cyclohexene 0.75 5.05  

THF 0.085 0.72 
 

Table 1-4: Reported rate constants (M-1 s-1) for H-abstraction by various radicals (per 

hydrogen).17, 20 

 The data in Table 1-4 show a fair comparison between reactivity of two oxygen radicals. 

From the rate constant data, it appears that PINO• is 8- to 11-fold more reactive than t-BuOO•. 

This difference between reactivity is not resulting from O-H bond dissociation energies (PINO-H 

89 kcal/mol, t-BuOO-H 84 kcal/mol)21 but is due to the polar effects. Thus, the polar effect is 

more dominant on the rate of hydrogen abstraction with PINO•, because of the more stabilized 

transition state 1-12, than 1-13 (Scheme 1-5).8 In both structures a partial negative charge is 

developed on the oxygen. This partial negative charge is better stabilized in 1-12 due to the 

electron withdrawing carbonyl group attached to the nitrogen whereas in case of 1-13, the partial 

negative charge is destabilized due to the electron donating oxygen. This negative charge is 

enhanced due to electron rich t-butyl group. 
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Scheme 1-5 : Polar effect on hydrogen atom abstraction from hydrocarbon8, A) Transition state 

for PINO• B) Transition state for t-BuOO•, R1, R2, R3 = alkyl, aryl and/or H 

 In order to measure the relative reactivity of Br• and PINO• towards hydrogen atom 

abstraction, Koshino et al. performed reactions of several aryl derivatives with PINO• and HBr2• 

to study their relative reactivity. The rate constant data for H-abstraction was used to study the  

relative reactivity.17 The slope confirms that the HBr2• is more reactive and less selective 

compared to PINO• in H-abstraction. Redox potential studies concluded that the reactions with 

HBr2• are more exothermic than that with PINO•, which are nearly thermoneutral.17 In this 

experiment (Scheme 1-6), HBr2• was used because of the convenient experimental procedures. 

Scheme 1-6: Reactivity of PINO• compared to HBr2•.17 (HBr2 is used as a source of Br2• ) 

 PINO• abstracts hydrogen from benzylic C-H bonds22 and phenolic C-H bonds via two 

different mechanisms.23 In the former case, reaction follows a HAT (hydrogen atom transfer) 

pathway shown in 1-14, whereas in the latter case it follows a PCET (proton coupled electron 

transfer) pathway shown in 1-15. Based on the reported kinetic deuterium isotope effect studies 

in the PCET mechanism, the reactants form a “hydrogen-bonded complex,” 1-15 followed by 
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transfer of H to a sigma bonding orbital of PINO• and transfer of an electron from 2p-  orbital 

on the phenol to 2p orbital of the phenol (Scheme 1-7).22  

Scheme 1-7: Transition state for the reaction of PINO• with phenols.22 1-14: Orbital picture, 

 1-15: Bonding interaction 

 Reactivity of PINO• with phenolic O-H bonds is much greater than that of benzylic C-H 

bonds because of the fact that, in this case, the hydrogen transfers between one O centered 

radical to another O-centered radical, making the transition state more symmetrical24 (Scheme 1-

7). To summarize, the transition state in the reaction of PINO• and phenol involves a 

symmetrical -O-H-O- bond whereas, in case of benzylic C-H bond it is -O-H-C- bond. 

 Similar to phenols and benzylic hydrocarbons, PINO• shows high reactivity in 

abstraction of H atom towards -N-C-H bonds of alkyl aromatic amines. H-abstraction from the -

C-H bond of 1-16 by PINO • follows oxidative demethylation of N-CH3 groups leading to 1-17.25 

To investigate the mechanism of this process, N,N-dimethylanilines (DMA) were used, and their 

reaction with PINO• was analyzed. Kinetic data of reaction and oxidation potential studies of 

substrates concluded that the reaction follows a reversible electron transfer pathway25 (Scheme 

1-8). 
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Scheme 1-8: Baciocchi’s representation of reversible electron transfer from PINO•.25 

1.4 Other nitroxyl radicals as H atom abstractors and chain carriers 

 Generation of carbon-centered radicals using nitroxyl radical initiators has gained interest 

because of their wide applications in free radical reactions and “living” polymerization 

processes. One of the objectives of this research was to replace Br• with a suitable nitroxyl 

radical. Therefore, this section focuses on structure, mechanism and physical properties of 

nitroxyl radical initiators 

 Nitroxyl radicals can be divided into two main catagories: Dialkylnitroxyl and 

diacylnitroxyl.26 Alkylnitroxyl radicals are more stable than acylnitroxyl radicals because of the 

resonance stabilization over N-O bond (Scheme 1-9)27. These are used in the formation of carbon 

centered radicals, mainly through H-abstraction. 
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Scheme 1-9: Resonance stabilization in TEMPO radical,28 

 The reactivity of a nitroxyl radical depends on its structure and physical properties. For 

example, TEMPO• 1-23 (2,2,6,6-tetramethylpiperidinyloxyl, a nitroxyl radical), is generally used 

as an autoxidation inhibitor whereas, PINO• (phthalimido-N-oxyl, a nitroxyl radical) favors 

autoxidation reactions. To rationalize this contradictory behavior, BDEs of TEMPO-H and 

PINO-H (NHPI) were determined.17, 20c, 21 

Structure 

   
BDE (O-H) 

kcal/mol 69.74[a] 79.53[b] 77.14[c] 88.13[b] 89.56[c] 

[a] 21 [b]20c [c]29 

Table 1-5: Sheldon’s representation of BDE studies on various hydroxyamines,30 

 Various nitroxyl radicals in Table 1-5 show that the replacement of methyl group by acyl 

group in TEMPO• significantly increases the BDE. This increase in BDE is reported to be 

resulting from the intramolecular H-bonding with the carbonyl group and the resonance 

stabilization of the nitrogen lone pair over carbonyl groups.20c 

 Dialkyl nitroxyl radicals such as TEMPO• rarely participate in H abstraction. In fact, a 

completely different mechanism was reported for reactions of TEMPO• with unsaturated 

hydrocarbons. For example, TEMPO• react with cycloalkenes to form 3-substituted products 
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(Scheme 1-10). Jenkin et al. proposed that it follows an abstraction pathway31 whereas Barbiarz 

et al. proposed that TEMPO• first adds to the cycloalkene followed by H-abstraction using 

another mole of TEMPO• leading to 3-substituted products.32 Finally, Coseri et al. performed 

deuterium studies, which proved that rate of D-abstraction is 4X fold faster than the rate of 

radical addition.  Product analysis33 confirmed that the product 1-30 formed via D-abstraction 

followed by radical addition dominates the product 1-29 formed via initial addition followed by 

D-abstraction. Addition of R2NO• 1-26 to the product 1-28 of abstraction pathway forming 1-29 

(Scheme 1-10) is not observed. 

 

Scheme 1-10: Isotopic labeling studies on cyclohexene,33 

 Hydrogen abstraction by nitroxyl derivatives is an important process both in chemistry 

and biology.8 Nitroxyl radicals play an important role in inhibiting oxidation processes via free 

radicals in biological systems.8 Therefore, the study of oxygen radicals or other antioxidants are 

important. TEMPO• has the ability to react with not only carbon radicals34 and sulfur radicals,35 

but also oxygen radicals36 and displays much lower rates of hydrogen abstraction compared to 

other aromatic nitroxyl radicals. E. Damiani et al. reported that indolinonic (a derivative of 

indolinone) nitroxyl radicals (Scheme 1-11) show structure dependent H-abstraction ability and 

are more reactive than TEMPO• derivatives.37 The antioxidant property also depends on 
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stereoelectronic effects, scavenging capacity, kinetics and thermodynamics of reaction. Since 

indolinonic radicals are better antioxidants than TEMPO• derivatives, their H- abstraction ability 

is worth mentioning. 
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Scheme 1-11: Reactions of indolinolic nitroxide with reactive radicals.37 

1.5 Applications of PINO• in free radical mediated processes 

 Recent developments in radical chemistry introduced phthalimido-N-oxyl (PINO•)8 

which  has the potential to replace metals in  functionalization of hydrocarbons.38 In 1977, 

Grochowski et al. reported the catalytic use of NHPI for addition of diethyl ether to diethyl 

azodicarboxylate (DEAD) (Scheme 1-8).39  
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Scheme 1-12: NHPI catalyzed addition of diethyl ether to DEAD 

 A detailed description of this reaction was not proven experimentally but since reaction 

did not progress in presence of a radical scavenger, this reaction was believed to proceed via 

mechanism depicted in Scheme 1-12. The hydrogen atom of N-hydroxyphthalimde (1-37) is 

added to diethyl azodicarboxylate (1-36), achieving an equilibrium between phthalimide N-oxyl 

(PINO•) (1-39) and 1-38. PINO• (1-39) abstracts the hydrogen atom from the -C-H bond of 

ether (1-40) and generates a radical species (1-41), which adds to 1-36 resulting in the generation 

of a radical species 1-42. This radical 1-42 abstracts the hydrogen atom from ether (1-40) to 

yield the product 1-43 and regenerates radical species 1-41.  

 Lee et al. reported that the selective functionalization of allylic or benzylic C-H bonds 

can be achieved using N-hydroxyphthalimide and a copper catalyst (Scheme 1-13).40 In this 

reaction PINO• abstracts H-atom from the hydrocarbon 1-44. Interestingly, in this process, the 

H-abstraction is reported to be the rate limiting step.40  
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Scheme 1-13: Cu catalyzed C-O bond formation using NHPI40 

  PINO• has also been used as an oxidation catalyst in oxidation of alkanes,41 

alkylbenzenes (Scheme 1-14),23 -picoline to nicotinic acid,42 unsaturated hydrocarbons,43 cyclic 

ketones and alcohols (“K/A oil”),44 carbonylation of alkanes,45 one electron oxidation 

reactions,46 reaction of aldehydes with alkenes to convert to corresponding ketones,47 radical 

coupling between alkane and alkene,48 etc. To summarize these applications, NHPI is used as a 

catalyst where homolytic cleavage of C-H bond is needed to generate carbon radicals. 

 

Scheme 1-14: NHPI catalyzed oxidation of methyl aromatic hydrocarbons.49 
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Scheme 1-15: Oxidation of alcohol catalyzed by NHPI and phosphomolybdic acid.12, 50 

 In the process of studying the NHPI catalyzed oxidation reaction of alcohols 1-51, Ishii et 

al. proposed that the use of heteropoly acid (phosphomolybdic acid) would initiate the reaction. 

Surprisingly, it was observed that the reaction is successful in absence of heteropoly acid. Later 

on they proposed the mechanism that this oxidation occurred through the reaction of molecular 

oxygen with NHPI to generate PINO•, followed by PINO• abstracting the hydrogen atom from 

the alcohol to produce a ketone 1-52. (Scheme 1-15).12, 50 NHPI catalyzed oxidation of 

hydrocarbons were reported. For example, the oxidation of isobutane using NHPI and Co(OAc)2 

produced t-butyl alcohol in high yield. 

 

Scheme 1-16: Oxidation of isobutene using NHPI/Co catalyst.51 
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 Use of NHPI in the autoxidation of hydrocarbons is explained using a radical chain 

autoxidation mechanism. In this process, thermal initiators like peroxides initiate chain process 

and abstract H-atoms from hydrocarbons. In the initiation step, a reactive radical is generated 

which reacts with dioxygen and generates a peroxy radical. Finally, the peroxy radical abstracts a 

H-atom from the hydrocarbon in the propagation step to continue a chain reaction. This process 

has been used in the synthesis of ketones and alcohols from simple hydrocarbons (Scheme 1-

17).52  

 

Scheme 1-17: Radical chain mechanism for autoxidation of hydrocarbons,19 
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1.6 Formation of Carbon-Carbon bonds through radical intermediates 

1.6.1 Addition of carbon radicals to C=C bonds 

 Radical additions to C=C bonds are important in polymer synthesis and free radical 

mediated reactions in organic synthesis. Scheme 1-18 illustrates the mechanism of allyl transfer 

(addition of carbon radicals to C=C). In step (I) formation of R• is achieved using thermal 

initiators like t-butyl peroxide, benzoyl peroxide, or azoisobutyronitrile (AIBN). The X group 

must generate a reactive radical towards hydrogen abstraction such as bromine atom. In step (II) 

Y can be groups like Ph, CO2Et or CN that can stabilize the radical formed in the propagation 

step. R-H is a hydrocarbon which upon H-abstraction generates a carbon radical, R•. In the 

second step of the mechanism, the carbon radical adds to the allyl substrate 1-55. There are 

various factors that could affect this addition. Sterics, polar, and enthalpic effects are important,17 

but sterics and polar effects seem to have a dominant effect on the transition state energy and rate 

of addition. As a result of this polar effect, the rate of addition of a carbon  radical R• to an 

alkene 1-55 increases as Y substituent becomes more electron withdrawing.53 (Scheme 1-18) 

Scheme 1-18: Addition of carbon  radical to alkene,53 R=alkyl, benzyl radical, X=H,CH3 
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1.6.2 Other allyl transfer reactions (Living/controlled polymerization processes) 

 Part of the inspiration for the allyl transfer reaction, specifically the addition/elimination step, 

comes from the earlier work in the area of living/controlled radical polymerization (especially 

radical addition-fragmentation chain transfer (RAFT) which involves the transfer of an allyl 

group). Accordingly, this section focuses on some of that earlier chemistry.  

 One of the processes that involve “allyl transfer” in which the allyl group is transferred 

by addition of a carbon radical to C=C (Scheme 1-10), is a living/controlled free radical 

polymerization process. This process is an effective way to accurately control molecular 

structure and molecular weight of a polymer and is categorized into three general mechanisms:54 

1) atom transfer radical polymerization (ATRP) (Scheme 1-19) and ATRP mediated by a 

transition metal55 (Scheme 1-20), 2) nitroxide-mediated polymerization (NMP,56 Scheme 1-21) 

radical addition-fragmentation chain transfer (RAFT,57 Scheme 1-22).  

 

Scheme 1-19: General atom transfer mechanism, CTR=Chain transfer reagent,55 

 Atom transfer is a key step in metal-mediated atom transfer radical polymerization 

(ATRP).  In this method, an alkyl halide is reduced by a metal to form a reactive radical.58 

Matyjaszewski et al. reported this to be a useful reaction for C-C bond formation in organic 

chemistry.55, 59 In this reaction (Scheme 1-20), a metal/ ligand complex 1-60 abstracts the 
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halogen (X) from an alkyl halide 1-58 and carries it until oxidized to a higher oxidation number 

1-61 (X-Mn+1).  

Scheme 1-20: Mechanism for metal catalyzed ATRP (atom transfer radical polymerization)55 

The resulting alkyl radical (R’) adds to the alkene to form an adduct 1-62. Finally, the adduct 

reacts with the oxidized halide-metal complex and undergoes termination or disproportionation 

to form final product. In this process, the  metal  reduces the alkyl halide (R-X) and sets the stage 

for another redox cycle (Scheme 1-20).58  

 As the name implies, nitroxide-mediated radical polymerization (NMP) uses 

a nitroxide radical as an initiator. This method is highly efficient in achieving controlled 

stereochemistry, high chain length and a very low polydispersity index in polymerization.54 In 

this method a nitroxyl radical is generated from an alkoxyamine 1-63 (R2N-OH) via thermally 

induced homolysis of the C-O bond (Pn-T, Scheme 1-21) generating a stable nitroxyl radical 1-

65 and a carbon radical 1-64.60 For the best results, the R1 group attached to the nitrogen 

(Scheme 1-21, B) is preferred to be a sterically hindered group whereas the R2 group (Scheme 1-

21, B) attached to oxygen is preferred to be a phenyl which helps in generating a stable benzyl 

radical. The lack of termination allows NMP polymerization to continue till long polymeric 

chains are generated.60 
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Scheme 1-21: A) General mechanism for nitroxide mediated polymerization56 (Pn• represents the 

growing polymer chain, T• represents mediating nitroxyl radical), B) Mechanism using nitroxide 

and carbon radical, monomer used is either styrene or derivatives of styrene. 

 Nitroxyl mediated polymerizations (Scheme 1-21) work effectively with styrene type 

substrates.60 However, the literature reports that the slower rate of the polymerization could be a 

problem in this method.61 Since the rates of polymerization mainly depend on the BDE of the C-

O bond of nitroxide/alkoxyamine, it is reported that the BDE significantly decreases with the 

increase in the ring size of alkoxyamines.54 Moreover, Tordo et al. reported that the open chain 

-phosphonylated nitroxyl radicals are better alternatives and this modification in structure 

significantly increases the rates of propagation and overcomes all control related problems.62 
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Scheme 1-22: General mechanism for radical addition-fragmentation transfer method, 

CTR=Chain transfer reagent,63 (Z = I, Br, SR, SnR3, etc.) 

 Radical addition-fragmentation chain transfer (RAFT) polymerization (Scheme 1-22) is 

an efficient method for radical addition especially for the substrates like xanthates,64 

thiocarbonylthio,65 dithioesters66 and thiocarbamates.57 These substrates are used as a chain 

transfer agent (RAFT agent). The RAFT method provides excellent control over molecular 

weight and polydispersity indices.67 Many synthetically useful radical addition processes depend 

on tin reagents. But, if substrates have weak bonds, then use of tin or any other heavy metal 

could be easily avoided. Based on this hypothesis, RAFT offers a suitable alternative to metal-

mediated free radical addition reactions. Zard et al. studied xanthates (Scheme 1-23) and 

reported that the weak C-S bonds in xanthates undergoes cleavage easily to generate reactive free 

radicals.64a The xanthate group transfers reversibly in the propagation step.64a  The reactive C=S 

bonds and weak C-S bonds are key factors involved in RAFT polymerization. Generally, thermal 

initiators like azoisobutyronitrile (AIBN) or benzoyl peroxide are used in RAFT 

polymerization.67 RAFT polymerizations are used to design complex polymers such as linear 

block copolymers, comb-like, star, brush polymers etc.67 
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Scheme 1-23: RAFT polymerization with reactive C=S bond,68 

1.7 Radical initiators 

In this section we will briefly discuss about various thermal initiators that are known to be used 

in allyl transfer reactions 

1.7.1 Thermal initiator (t-butyl peroxide) 

 Thermal initiators are important in organic chemistry due to their wide applications. 

These are the compounds with weak bonds and electron stabilizing functional groups which can 

stabilize the generating radical. Commonly used thermal initiators are benzoyl peroxide (BzO)2 , 

t-butyl peroxide (t-BuO)2 and azobisisobutyronitrile (AIBN).  

 

Scheme 1-24: Generation of new radical using thermal initiators,18 

 These radicals are formed in situ. The main problem with using these thermal initiators is 

that the reactions require high temperatures, often > 120o C, which results in loss of stereo-

control.  
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 Some of the earlier work in this research involves the use of a thermal initiator, t-butyl 

peroxide. This section is dedicated to a discussion of the mechanism and physical properties of 

this initiator. t-Butyl peroxide follows first-order decomposition in gas and solution phase.69 The 

activation parameters at 116-350 oC were reported to be 38 kcal (Ea) and 7 X 1015 s-1 (pre-

exponential factor).70 The rate constants for decomposition in solution and in gas phase are 

essentially the same suggesting a simple unimolecular process.69  

 

However, the mechanism for decomposition is complicated as it converts t-butoxyl radical 1-73 

to acetone 1-74 and methyl radical 1-75 (Equation 1-2) followed by dimerization of methyl 

radical 1-75, when in the gas phase. 

 

 In solution, t-butoxyl radical 1-73 may abstract hydrogen atom from solvent forming t-

butanol and compete with reaction in (Equation 1-2), which is a radical decomposition process 

and expected to occur at a constant rate at a given temperature and be independent of the 

medium. The t-butyl alcohol/acetone ratio depends on the hydrogen atom-donating ability of the 

solvent.71 Increasing hydrogen atom-donating ability will result in more t-butanol formation.  

Since, t-butyl alcohol/acetone ratio decreases with temperature in a given system, it is concluded 

that the activation energy for the t-butoxy radical 1-73 decomposition (Equation 1-2) is higher 

than that for hydrogen abstraction. An estimate for the activation energy of the -scission step is 

ca. 11-16 kcal/ mol.72 Thus, t-butoxy radical 1-73 decomposition is easy to circumvent and 
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almost any hydrogen donor will divert this intermediate away from acetone 1-74 to t-butyl 

alcohol product. 

 
Reaction condition 

 
Ea (kcal/mol) 

 
log A (s-1) 

 

Gas phase 37.4 
 

15.6 
 

In t-butylbenzene 38.0 16 

In Cumene 37.5 15.8 

 
Table 1-6: Activation parameters for t-butyl peroxide decomposition.71 

 Although the activation enthalpy varies from 31 kcal/mol in acetonitrile to 40.8 kcal/mol 

in cyclohexane, there is not very much difference in the rates because of compensation in the 

apparent activation entropies.73 

 

1.7.2 Organoboranes as radical generators (trialkylborane) 

 Trialkylborane and 9-BBN [9-borabicyclo(3.3.1)nonane] are used as radical initiators in 

many organic transformations.74 These initiators are especially useful in stereoselective radical 

addition reactions,75 where reaction conditions demand very low temperature (-78 oC). The 

proposed mechanism for autoxidation of trialkylborane to generate reactive radical suggests that 

in the initiation step this compound reacts with triplet oxygen and generates a peroxy and an 

alkyl radical. The alkyl radical reacts with another mole of triplet oxygen to generate another 

peroxy radical in the propagation step. Alkyl and/or peroxy radicals act as an initiator for H-atom 

abstraction (Scheme 1-25).76 This chain reaction goes on until all the alkyl groups on boron atom 

have been utilized for peroxy radical generation. 
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Scheme 1-25: Mechanism of autoxidation of trialkylboranes,74 

 Oshima et al. reported that triethylborane serves as a good radical initiator and chain 

transfer reagent upon autoxidation.77 This reagent can be successfully used at lower temperatures 

(-78 oC) and suitable for reactions involving thermally unstable products and poor 

stereochemical control at high temperature.74 Triethylborane has been used as a replacement for 

several “tin hydride-mediated” processes such as,  halogen atom abstraction,78 addition to 

unsaturated hydrocarbons (with control of diastereoselectivity and enantioselectivity),79 atom 

transfer reactions etc.74, 78, 80 Whereas, 9-BBN has been used in the reduction of halogens, 

regioselective addition on alkenes and reported to be a better reagent than triethylborane.74  

 Brown et al. proposed the unusual behavior of trialkyl borane compound in presence of a 

, -unsaturated ketone. Trialkylborane reacts with triplet oxygen to generate a reactive ethyl 

radical (R•) which then adds to the conjugated ketone 1-77 rather than reacting with another 

mole of triplet oxygen. The intermediate enolate radical 1-78 then reacts with trialkylborane to 

form 1-79. Finally, 1-79 hydrolyzes to yield the final product 1-80. (Scheme 1-26).81  
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Scheme 1-26: Brown’s mechanism for the addition of trialkylborane to methyl vinyl ketone,81 

Some other applications of triethylborane include radical inhibition for chain reactions,  

organocatalyst in polymerization processes,82 and hydroboration reactions.83 

1.8 Conclusions and directions for research 

 In this review chapter we discussed various methods of hydrocarbon functionalization, 

addition of carbon radicals to alkenes, allied polymerization processes that involve radical 

addition- fragmentation transfer, hydrogen atom abstraction and thermal initiation. We also 

discussed in detail the utility of PINO as an H-atom abstractor, and provided examples of its use 

in various reactions. 

In the course of introducing this chemistry, we briefly reviewed an allyl transfer reaction 

introduced by Tanko et al.84 This allyl transfer reaction has been reported using bromine as a 

chain carrier. In the current research we seek to replace the bromine atom by a nitroxyl radical 

(phthalimido-N-oxyl) which will help make this chemistry environmentally friendly. This new 

allyl transfer reaction will provide a convenient and metal-free way to hydrocarbon 

functionalization. In chapter 2 synthesis of these new allyl-PINO substrates will be discussed. 
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The hydrocarbon functionalization of alkyl aromatic hydrocarbons via allyl transfer using allyl-

PINO substrates will be discussed. The kinetic studies will be performed to test the efficiency of 

these chain reactions via kinetic chain length measurement. Relative rate constant for radical 

addition elimination process will be discussed. 

 Through these investigations role of phthalimido-N oxyl radical as hydrogen abstractor 

and leaving group will be evaluated. This process will be compared to the earlier process 

involving bromine chemistry. 
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Chapter 2: Hydrocarbon functionalization via allyl transfer using PINO• as a chain carrier 

2.1 Introduction  

 A new free radical-based condensation method that achieves hydrocarbon functionalization 

and C-C bond formation in a single step was reported in our group.1 Utilizing an appropriately 

substituted allyl bromide as the key reactant, the net result of this transformation is the transfer of 

an allyl group to the hydrocarbon: RH + CH2=C(Z)CH2Br  RCH2C(Z)=CH2 + HBr. This allyl 

transfer reaction was especially fascinating because, unlike other methods that effect this 

transformation, this functionalization was accomplished without the use of heavy metals such as 

tri-n-butyl tin hydride, distannanes, or alkyl mercuric halides,2 which are often needed in such 

radical-based synthetic methods. Similarly, strong acidic or basic reaction conditions which are 

needed in electrophilic or nucleophilic methods are not needed. This method demonstrates that 

high chemical yields do not necessarily have to be compromised with the adoption of green 

chemical technologies.3 

 

Scheme 2-1: Propagation steps and overall reaction in allyl transfer 

 The mechanism of this reaction is depicted in Scheme 2-1 (X = Br). The bromine atom (Br•) 

abstracts a hydrogen atom from a hydrocarbon R-H such as toluene (which has a relatively weak, 

benzylic, C-H bond) generating an intermediate benzyl radical, R•. Addition of R• to the alkene 

of allyl bromide 2-1 generates a -bromo radical 2-2, which undergoes subsequent -cleavage to 

form the final product 2-3 and regenerates X•. The bromine atom proved particularly effective in 
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this reaction because it abstracts a hydrogen atom from the benzylic position with high 

selectivity,4 (for example, the Ziegler bromination5) and the intermediate -bromo radicals 

readily undergo -cleavage. Reaction yields and kinetic chain lengths (i.e, the rate of product 

formation relative to the rate of initiator disappearance) are both improved when the substituent 

Z was electron withdrawing, and the relative rates for radical addition were found to be 180 (Z = 

CN) > 110 (Z=CO2R) > 65 (Z=Ph) >> 1 (Z=H).1b This reactivity order parallels the relative rates 

of addition of PhCH2• to substituted alkenes.6 It is likely that the reactivity of the allyl bromides 

towards radical addition is enhanced compared to the other alkenes because of either -bromo 

bridging interactions (Scheme 2-2) that stabilize the intermediate radical 2-4,7 or simply the 

addition of an electronegative Br atom which makes the double bond even more electrophilic 

facilitating addition of the nucleophilic benzyl radical.6, 8 (This enhanced reactivity of the 

substrate is required to achieve high yields of 2-3 because 2-3 also possesses a reactive double 

bond.) 

 

Scheme 2-2: -bromo bridging interactions with intermediate carbon radical 
Although this chemistry was a step forward in the development of new, environmentally benign 

synthetic methods, there were some drawbacks:  

1) The chemistry is based upon bromine. Allyl bromides are hygroscopic and difficult to 

handle, and inevitably, a strong acid (HBr) is formed as a side product which must be scavenged. 

This reaction could be drastically improved if a suitable replacement for the bromine atom could 

be identified. 
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2) High reaction temperatures are needed (120 oC). Di-t-butyl peroxide9 (DTBPO) proved to 

be an excellent initiator for this reaction, because the resulting t-butoxyl radical does not readily 

add to double bonds. This is not true for radicals generated from lower-temperature initiators 

such as AIBN or benzoyl peroxide.10 Any attempts to develop this reaction into a stereoselective 

C-C bond forming reaction,11 either through use of a prochiral radical or an -substituted allyl 

compound, will require lower reaction temperatures.  

 

3) A large excess (i.e., solvent quantities) of R-H is used. This reaction would be “greener” if it 

used stoichiometric quantities of starting materials. Points 1) and 2) are addressed herein; 

Chapter 3 will address point 3), and expand the diversity of “R-H” to include alcohols, ethers, 

amines and other substrates with relatively weak C-H bonds.  

 

2.2 Development of a “bromine-free” allyl transfer process based upon PINO• 
 To replace the Br• as the chain carrier in this reaction, a suitable radical must be found which 

both abstracts a hydrogen atom with good selectivity, and acts as a good leaving group for -

cleavage. Nitroxyl radicals were chosen owing to their established use in living radical 

polymerizations and reversible addition-fragmentation chain transfer processes.12 Phthalimido-N-

oxyl radical (PINO•) was chosen for its higher reactivity as compared to dialkyl nitroxyl radicals 

as the carbonyl groups effectively tie up the lone electron pair in resonance,13 thus diminishing 

the contribution of resonance form 2-9 which removes spin density from oxygen (Scheme 2-3). 

In the past few years, new methods for hydrocarbon functionalization have been reported based 

on the chemistry of the phthalimido-N-oxyl radical (PINO•). For example, N-

hydroxyphthalimide (as discussed in Chapter 1) has been shown to catalyze the autoxidation of 



39

hydrocarbons (R-H  ROOH),14 and in this process, PINO• serves as the a hydrogen atom 

abstractor.15  

 

Scheme 2-3: Resonance contributors in phthalimido-N-oxyl radical (PINO•) 

 More importantly, as a hydrogen atom abstractor, PINO• has been shown to be even less 

reactive and more selective than the bromine atom.16 This suggests that PINO• might be a 

suitable replacement for Br• in the allyl transfer reaction—if the corresponding allyl-PINO 

compounds are as reactive towards radical addition as allyl bromides, and if PINO• is a suitable 

leaving group for -cleavage. The results in this chapter demonstrate that both conditions are 

met. Allyl-PINO compounds 2-10 and 2-11 (Scheme 2-4) are superb substrates for this 

chemistry, offering several advantages over the corresponding allyl bromides. This chapter also 

discusses our efforts to lower the temperature of this reaction and the results provide insight into 

the issues related to the propagation step/s (e.g., a hydrogen abstraction by PINO•, leaving group 

ability of PINO• etc.) in the allyl transfer process.  
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2.3 Results and discussion 

2.3.1 Synthesis of allyl-PINO substrates 

 New “Allyl-PINO” compounds 2-10, 2-11 and 2-12 were prepared following modified 

literature procedures,17 via a pathway that involves an allyl bromide substrate as an intermediate. 

Since this research also demands the comparative study of Br• vs. PINO• chemistry, these 

pathways were chosen because they yield both set of compounds (allyl bromide and allyl-PINO) 

easily in one synthetic route. In addition to this, a “proof of concept” was required before more 

work could be done on the greener synthesis of allyl-PINO compounds that do not involve 

bromine. 

 

Scheme 2-4: New substrates (allyl-PINO) for allyl transfer reaction 

(i)NBS, CCl4, rt, 68% (ii) DMSO, NaOAc, NHPI, 65% 

Scheme 2-5: Synthetic pathway for 2-10 (2-((2-phenylallyl)oxy)isoindoline-1,3-dione)  

 Allyl-PINO substrate 2-10 (a white crystalline solid) was synthesized from -methyl 

styrene 2-13 via allylic bromination17b followed by the substitution strategy17c shown in Scheme 

2-5. Similarly, 2-11 was synthesized in three steps from triethyl phosphonoacetate, 2-15 as 
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shown in Scheme 2-6. 2-15 was converted to alcohol 2-16 via a Wittig-Horner reaction,17a which 

was then converted to the corresponding allyl bromide 2-17 through a PBr3 bromination reaction. 

2-17 was then converted to 2-11 (a white crystalline solid) by a substitution reaction.18 

(iii) HCHO (4 eq.) K2CO3, 65% (iv) PBr3, ether, -10 oC, 70% (v) DMSO, NaOAc, NHPI, 65% 

Scheme 2-6: Synthetic pathway for 2-11 (ethyl 2-(((1,3-dioxoisoindolin-2-

yl)oxy)methyl)acrylate) 

 

(vi) HCHO (4 eq.) K2CO3, 65% (vii) PBr3, ether, -10 oC, 70% (viii) DMSO, NaOAc, NHPI, 65% 

Scheme 2-7: Synthetic pathway for 2-12, 2-(((1,3-dioxoisoindolin-2-yl)oxy)methyl)acrylonitrile 

 Allyl-PINO compound 2-12 was synthesized in three steps from diethyl 

cyanomethylphosphonoacetate, 2-18 (Scheme 2-7). 2-18 was converted to alcohol 2-19 via a 

Wittig-Horner reaction,17a which was then converted to the corresponding allyl bromide 2-20 

through a PBr3 bromination reaction. 2-20 was then converted to 2-12 (a white crystalline solid) 

by a substitution reaction.18 These novel compounds (2-10, 2-11 and 2-12) were characterized 

by 1H NMR and 13C NMR spectroscopy and HRMS analysis. 
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2.3.2 Reactions of allyl-PINO substrates with hydrocarbons 

Z
O N

O

O

+
ZR2R1

Ph
+ PINOH ( )

2-10 Z=Ph
2-11 Z=CO2Et

2-21

R1 R2

(neat, 40 eq.
based on 2-10, 2-11)

DTBPO
20 mol%

Sealed tube
120 oC

 

Entry R1 R2 Z Time 
(h) 

% GC yield 
2-21 

 % 
Unreacted 
2-10, 2-11 

% Mass 
balance 

1 H H Ph 24 77 (±2) 23 100 

2 H H CO2Et 42 48 (±3), 43a (±2) 21, 30a 69 

3 H CH3 Ph 29 89 (±3) 9 98 

4 H CH3 CO2Et 17 85 (±1) 7 92 

5 CH3 CH3 Ph 29 76 (±2) 22 98 

6 CH3 CH3 CO2Et 24 91 (±1) 9 100 

Reactions were performed in sealed pressure tubes at 120 oC, using di-t-butyl peroxide, in neat 

hydrocarbons. Reported yields were determined using GC (internal standard= diphenylmethane). 

Mass balance=2-21+2-10 or 2-11. aReaction time= 24 h, (Hydrocarbon 6.0 M, 2-10, 2-11- 0.15 

M, DTBPO 0.03 M) 

Table 2-1: Allyl transfer reactions of toluene, cumene and ethyl benzene with allyl-PINO 

substrates (2-10, 2-11). 

 Allyl-PINO substrates 2-10 and 2-11 were allowed to react with neat toluene, ethyl benzene, 

and cumene under specific reaction conditions (Table 2-1). Optimized product yields ranged 

from 50 – 90%. Moreover, the obligatory side product, N-hydroxyphthalimide (PINO-H) 

precipitated from solution and was easily separated by filtration at the end of the reaction. 
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 In Table 2-1, Entry 1 and entries 3-6 demonstrate that the reactions of 2-10 and 2-11 with 

alkyl aromatic hydrocarbons work efficiently with high yields (up to 91%) and high mass 

balances (up to 100%). These high mass balances suggest that the reactions are clean and 

negligible side products are formed. However, entry 2 (where Z=CO2Et) showed relatively lower 

yield. This lower yield could be attributed to further addition of benzyl radical to product 2-21. 

This multiple addition was observed previously in the case of reaction of benzyl radical with 

allyl bromides.1a 

 To further study this behavior of toluene with 2-11, a separate set of experiments was 

performed (Table 2-2, entry 2). In these experiments, the concentration of initiator and reaction 

time was varied and product yield was monitored by GC. In the first experiment, a moderate 

yield of 2-22 was observed at long reaction time (42 h) and when 20 mol% of initiator was used 

(Entry 1). The experiment in entry 2 confirmed that the product yields could not be improved by 

reducing the concentration of initiator (DTBPO) below 20 mol%. Although the reaction mixture 

was fed with extra 10 mol% of initiator after 24 h, (note that the half-life for this initiator (di-t-

butyl peroxide) at 120 oC is 103 min), further drop in the product yields were observed (Entry 3). 

Even at high initiator concentrations (Entry 4 and 5), no significant increase in product yields 

was observed. It was concluded that neither adjusting the quantity of initiator nor the reaction 

time could solve this issue. 
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Entry 
Initiator 
(t-BuO)2 
mol % 

Time 
(h) 

  2-22 
 GC yield 

(%) 

 
Unreacted 

2-11 (%) 

Mass 
balance (%)

1 20% 42 48 (±3) 21 69 

2 10% 24 43 (±2) 30 73 

3 10%a+10%b 24a+24b 32 (±1) 0 32 

4 30% 16 45 (±3) 15 60 

5 5% 16 42 (±3) 49 91 

Reactions were performed in sealed pressure tubes at 120 oC, using di-t-butyl peroxide, in neat 

hydrocarbons. Mass balance=% 2-22+% 2-11, a10 mol% of initiator was added at t=0, b10 mol% 

of initiator was added at t=24 h (Toluene: 6.0 M, 2-11: 0.15 M) 

Table 2-2: Reactions of toluene with 2-11 at varying reaction time and concentration of initiator 

2.3.3 Comparison of allyl bromides and allyl-PINO substrates with hydrocarbons 
 To confirm whether the replacement of PINO• with Br• leads to cleaner and efficient reactions, 

reactions of allyl bromide (2-17) and allyl-PINO substrate (2-11) with hydrocarbons were 

studied. The results are summarized in Table 2-3. For each of these experiments, the reaction 

conditions were identical with regard to time, temperature, etc. High mass balances were 

observed for the reactions of 2-11 with hydrocarbons. Overall, the reactions utilizing the allyl-

PINO substrates were considerably cleaner than the analogous reactions with allyl bromides. 

Although the allyl bromides tended to react faster under comparable conditions leading to higher 

product yields, the mass balances were lower and undesirable side-products were formed. 
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 R1 R2 X = Br X = PINO 

Entry   
% 

 2-17 

% 

2-23 

Mass 

balance 

(%) 

% 

2-11 

% 

2-23 

Mass 

balance 

(%) 

1a H H 0 35 35 21 48 69 

2b H CH3 0 70 70 44 56 100 

3b CH3 CH3 41 36 77 75 20 95 

Reactions performed at 120 oC using 20 mol% di-t-butyl peroxide in neat hydrocarbons. %Mass 

balance= %2-11 or 2-17+%2-23 aReaction time 42 h bReaction time 3h (Hydrocarbon: 6.0 M, 2-

17 or 2-11: 0.15 M, DTBPO- 0.03 M) 

Table 2-3: Comparison: Reactions of allyl- PINO and allyl bromide substrates with 
hydrocarbons 

 To probe this further, kinetic chain lengths (i.e., the rate of product formation relative to 

the rate of initiator disappearance, ( [product]/ t)/(- [DTBPO]/ t))19 were determined by 

following product yields as a function of time for Z = CO2Et (Table 2-4). The initial chain 

lengths for the allyl-PINO compounds were consistently lower than for the allyl bromides, 

although the reduced chain lengths for the allyl-PINO substrates do not have a deleterious effect 

on the product yield or mass balance for the reaction. These results, and others (vide infra) lead 

to the suspicion that for X = PINO, the hydrogen abstraction or -fragmentation step may not be 

as efficient as is the case for X = Br.  
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Kinetic chain length 

X R1=H,R2=H R1=H,R2=CH3 R1=CH3,R2=CH3 

Br[b] 800 - 60 

PINO 270(±70) 130(±30) 12(±4) 

[b]Reported chain lengths (120 oC)1a (Hydrocarbon: 6.0 M, 2-11 or 2-17 0.15 M, DTBPO 0.03 M) 

Table 2-4: Kinetic chain length comparison between allyl bromide and allyl PINO substrates 

 As noted, one of advantages of using DTBPO as an initiator was that t-butoxyl radical 

does not readily add to double bonds, but is an excellent hydrogen atom abstractor. On the other 

hand, the disadvantage is the high temperature (120 oC) required for initiation which does not 

allow exploring regio- and stereoselectivity. To address this issue, initiators which are known to 

work effectively at low temperatures such as triethylborane, di-t-butylhyponitrite were 

considered for allyl transfer reactions at low temperatures. 

2.3.4 Low temperature reactions using triethylborane/O2 

 The primary goal behind performing the allyl transfer reaction at low temperature was to 

investigate regio- and stereoselectivity of the radical addition step. As observed in various cases, 

stereoselectivity depends directly on the temperature of the reaction and is generally found to be 

enhanced at lower temperatures.20 In case of allyl transfer processes, low temperature might 

provide an opportunity to achieve enantioselective radical addition if a prochiral radical or chiral 

auxiliary on the electrophile is used.21 But the biggest challenge for the radical processes at low 
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temperatures is finding an initiator which works efficiently at those temperatures. There are few 

reported initiators like triethylborane/O2
22 and dimethylzinc/O2

23 in the literature which has been 

successfully used at very low temperatures.  Triethylborane (a precursor of Et• and/or EtOO•) 

was selected for allyl transfer reactions at low temperature owing to its established use in free 

radical reactions at low temperatures.22, 24 

  In this subsection, we discuss the reactions of allyl-PINO substrates with hydrocarbons 

using triethylborane/O2 as an initiator. Allyl-PINO substrates 2-10, 2-11 and allyl-bromide 

substrate 2-14 were allowed to react with neat toluene, ethyl benzene and cumene in presence of 

triethylborane.  

 The low temperature reactions were first performed with allyl-bromide substrate 2-14 and 

hydrocarbons at varying concentration of initiator and reaction temperature (Table 2-5). The 

reaction of toluene with 2-14 (Entry 1) using 20 mol % of initiator at 0 oC led to no formation of 

product 2-25. Increasing the temperature of this reaction to room temperature led to a negligible 

1% product formation (Entry 2). Similarly, gradually increasing the concentration of initiator and 

reaction temperature (Entries 2, 3, 4) led to a slight improvement in product yield (up to 10%). 

Finally, increasing the reaction temperature to 80 oC led to respectable product formation (Entry 

5). Use of ethyl benzne and cumene (Entries 6 and 7) showed similar results, which led to the 

conclusion that a respectable product yields could only be achieved at high temperatures (80 oC). 
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Ph
Br

TEB 20-50 mol%
R-H +

0- 80 oC
R

Ph
+ HBr

2-14 2-25  

Entry R-H 

Hydrocarbon 

Initiator (TEB) 

(eq.) 

Temperature
o C 

Time (h) 
GC yield 

% (2-25) 

1 Toluene 0.2-0.5 0 24 N/O 

2 Toluene 0.2 rt 24 1 (±0) 

3 Toluene 0.5 rt 24 2 (±0) 

4 Toluene 0.5 50 12 10 (±1) 

5 Toluene 0.5 80 12 30 (±1) 

6 Cumene 0.5 80 12 40 (±1) 

7 Ethyl benzene 0.5 80 12 35 (±3) 

 

Table 2-5: Reactions of 2-14 with hydrocarbons at low temperature using Et3B/O2. 

(Hydrocarbon 11.0 M, 2-14 0.36 M, TEB (0.5 eq.): 0.18 M) 

 The data in Table 2-6 show reactions of the allyl-PINO substrates 2-10 and 2-11 with 

hydrocarbons. However, even in this case, no product formation was observed at low 

temperatures (0 oC).  Similar to the allyl bromides, significant product yields were observed only 

at high temperatures.   
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Entry 
Substrate 

R-H 

Hydrocarbon 

Initiator (TEB) 

(eq.) 

Temp. 
oC 

Time 

h 

GC yield 

% (2-26) 

1 2-10 Toluene 0.5 0 12 N/O 

2 2-10 Toluene 0.5 rt 24 5 (±1) 

3 2-10 Toluene 0.5 50 12 /24 35 (±1) 

4 2-10 Toluene 0.5 80 12 40 (±2) 

5 2-10 Cumene 0.5 80 12 45 (±1) 

6 2-10 Ethyl benzene 0.5 80 12 42 (±1) 

7 2-11 Toluene 0.5 80 12 36 (±2) 

8 2-11 Cumene 0.5 80 12 40 (±1) 

9 2-11 Ethyl benzene 0.5 80 12 36 (±1) 

Table 2-6: Reactions of 2-10, 2-11 with hydrocarbons at low temperature using Et3B/O2. 

(Hydrocarbon 10.0 M, 2-10, 2-11 0.3 M, TEB 0.15 M) 

 Since Et3B/O2 generates an Et• and EtOO•,24e, 25 it was conceivable that the mediocre 

results obtained with this initiator were because of these possibilities; 1) either Et• and/or EtOO• 

does not abstract a hydrogen at the rate sufficient enough to efficiently initiate the reaction, 2) 

hydrogen atom abstraction by PINO• is very slow at low temperature, or 3) radical addition step 

is slow at low temperature. Based on the hypothesis that a Lewis acid could be used to activate 

the substrate (especially 2-11) and accelerate the radical addition step, we decided to explore the 

possible Lewis acid catalyzed allyl transfer reaction and address the issue related to possibility 3) 

mentioned above. 
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2.3.5 Low temperature reactions using triethylborane and a Lewis acid 

 Lewis acids have been reported to activate various functionalities and accelerate the rate 

of radical reactions. In 1999, Sibi et al. developed a highly stereoselective method for the 

conjugate addition of carbon radicals to chiral , -unsaturated N-enoyloxazolidinones 2-27 using 

tributyltin hydride (Bu3SnH) as a chain carrier and triethylborane/O2 (Et3B/O2) as radical initiator 

(Scheme 2-8).26 In the presence of a Lewis acid (Yb(OTf)3) optimized results for both chemical 

yield and diastereoselectivity were observed. It was confirmed that the Lewis acid (Yb(OTf)3) 

plays an important role in controlling the conformation by chelation to both carbonyl groups and 

greatly activate the substrate reactivity at low temperature (-78 °C).26 In this case, the Lewis acid 

also makes the alkene more electrophilic and accelerates the addition of the nucleophilic alkyl 

radical to an alkene. 

Scheme 2-8: Lewis acid catalyzed conjugate radical addition to chiral , -unsaturated N-

enoyloxazolidinones.26 

 Based on the literature precedent, a commercially available Lewis acid, aluminum 

chloride (AlCl3) was selected for this acceleration of the radical addition step. A series of 

experiments were performed using AlCl3 at low temperatures (-78 oC, 0 oC, and room 

temperature). Unfortunately, no improvement in yields was observed (Scheme 2-9). Once again 

the allyl transfer reaction was observed to work effectively only at high temperatures (120 oC). 

High mass balances and high yields were observed in all reactions at 120 oC, but it was 
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noteworthy that reactions in the presence of a Lewis acid at high temperature were much cleaner 

than reactions without the Lewis acid under similar conditions.  

Scheme 2-9: Lewis acid catalyzed hydrocarbon functionalization using TEB/O2 

 To investigate the exact role of the Lewis acid in the allyl transfer process at high 

temperature, reactions were performed with and without AlCl3 at 120 oC.  If the Lewis acid is 

participating in the process and facilitating the radical addition by activating 2-11, then a 

dramatic difference may be observed in product yields. Finally, significant improvement in 

product yields were observed for the reactions with added Lewis acid. This data suggested that 

the Lewis acid accelerates the rate of the reaction by activating 2-11 at high temperature only. 

The reactions were cleaner, with negligible side products, and higher chain lengths when Lewis 

acid was used. The product yield was determined using GC, and plot of % product yield as a 

function of time for the reaction of 2-11 with cumene (Figure 2-1) and 2-11 with toluene (Figure 

2-2) was used to observe the role of AlCl3.  
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Figure 2.1: Triethylborane initiated reaction of cumene and 2-11 with Lewis acid (AlCl3) 

compared to the reaction without Lewis acid (2-11 0.15 M, TEB 0.07 M, cumene 6.0 M, AlCl3 

0.007 M) 

 

Figure 2-2: Triethylborane initiated reaction of toluene and 2-11 with Lewis acid (AlCl3) 

compared to the reaction without Lewis acid. (2-11 0.15 M, TEB 0.07 M, toluene 6.0 M, AlCl3 

0.007 M) 
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 Although these reactions showed rapid product formation in presence of a Lewis acid, 

they still might be good chain reactions even in absence of a Lewis acid. Especially from Figure 

2-2, the effect of Lewis acid can be quantitated approximately. From slopes, it can be postulated 

that the formation of the product as a function of time is accelerated twice as much with the 

Lewis acid than the product formation without the Lewis acid. This data also led to a speculation 

that the Lewis acid probably forms a complex 2-29 with PINO• which forces the lone pair on 

nitrogen to tie up even better in the resonance. This effect stabilizes the spin density on oxygen 

making PINO• more reactive towards a hydrogen atom abstraction. (Scheme 2-10) 

 

Scheme 2-10: Effect of Lewis acid on PINO• and hydrogen abstraction 

 

Scheme 2-11: Synthesis of di-t-butylhyponitrite (2-31) 

 As mentioned earlier, one of the reasons for poor yields at low temperature, was 

inefficient initiation by TEB/O2 initiator (EtOO• or Et•). To investigate this further, we employed 

a new initiator di-t-butylhyponitrite27 (2-31) which was synthesized using a literature procedure 

(Scheme 2-11). Fortunately, through the use of di-t-butylhyponitrite (2-31), it was possible to 
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generate t-butoxyl radical at room temperature28 and allyl transfer reactions were performed 

using 2-31 at low temperature (Table 2-7). 

 

Entry R-H Substrate Temperature 
(o C) 

Time 
(h) 

% yield 
2-32 

% 
unreacted 
2-11, 2-12 

1 PhCH3 2-11 25 96 31 (±1) 41 

2 PhCH2CH3 2-11 25 96 36 (±2) 39 

3 PhCH(CH3)2 2-11 25 168 23 (±3) 45 

4 PhCH2CH3 2-11 65 12 65 (±1) 35 

5 PhCH3 2-17 25 96 48 (±3) - 

6 PhCH3 2-17 65 12 69 (±3) - 

 

Table 2-7: Reactions of 2-11, 2-17 (CH2=C(COOEt)CH2Br) with hydrocarbons (neat) initiated 

by DTBHN, (2-11, 2-17 0.15M, DTBHN 0.03 M, R-H 6.0 M) 

 The product yields for the reaction of 2-11 with the alkyl aromatic hydrocarbons at room 

temperature were poor. At longer reaction time (168 h), further drop in the product yields was 

observed. (Entry 3) A respectable yield was only obtained when the reaction temperature was 

elevated to 65 oC (Entry 4 and 6). To address this further, the kinetic chain lengths for the 

reaction of 2-11 with toluene and ethyl benzene, initiated by 2-31 at 45 oC, were measured. This 

temperature was chosen for the chain lengths calculation because of the known decomposition 

rate constant for triethylborane at that temperature. 
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Entry Substrate R-H Kinetic chain length 

1 2-11 R1=R2=H 1.4 (±1) 

2 2-11 R1=H, R2=CH3 1.9 (±1) 

aKinetic chain length measurement at 45 oC 

(2-11 0.37 M, 2-31 0.03 M, hydrocarbon 9.0 M) 

Table 2-8 Kinetic chain length data with 10 mol% of 2-31 at 45 oC 

 In both cases, the chain lengths were slightly greater than unity: PhCH3, 1.4 (Entry 1); 

PhCH2CH3, 1.9 (Entry 2, Table 2-8). For all practical purposes, these results show that at lower 

temperatures, this is not an efficient free radical chain process. Di-t-butylhyponitrite (2-31) 

generates t-butoxyl radical which is known to abstract hydrogen readily at room temperature (k 

=1.9 x 105 M-1 s-1) for hydrogen abstraction from toluene at 25 oC; Ea = 3.5 kcal/mol).29 This 

rules out the problem with the initiation step. Consequently, at low temperatures, there must be a 

problem with one of the propagation steps, presumably hydrogen abstraction by PINO• or -

elimination. To investigate this, reported rate constants for a hydrogen atom abstraction by Br• 

and PINO• were compared.30  

 

Equation 2-1 Reported rate constants for hydrogen abstraction by PINO• and Br• from toluene 
at room temperature.16 

 From Equation 1-1, it is clear that hydrogen atom abstraction by Br• is faster than PINO• 

which may explains the lower chain lengths with allyl-PINO substrates. From the results shown 
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in Table 2-7 and the respectable product formation at low temperature, it is clear that radical 

addition and -fragmentation steps work efficiently at low temperature. In contrast, the hydrogen 

abstraction step, which is critical in order to achieve good chain lengths, may be slow at low 

temperature. Finally, using these results, it was concluded that the hydrogen abstraction is the 

rate limiting step. 

2.4 Methods for determination of rate constant for addition-elimination process 

 The most successful method for absolute rate constant measurement is laser flash 

photolysis which involves the instantaneous generation of a high concentration of the radical in 

the presence of a large excess of reactive substrate.31 If radical reacts principally with this 

reactive substrate, it will decay following pseudo first-order kinetics. Its decay can be monitored 

by available methods used for radical reactions.32 The resulting pseudo-first order rate constant is 

converted to a true bimolecular rate constant by dividing the molar concentration of the reactive 

substrate. This method has been successfully applied in flash photolysis technique since the 

1960s.19 

2.4.1 Laser flash photolysis 

 Flash photolysis is a technique that is typically used for photochemical reactions. The 

most important feature of this technique is the the flash lamp.33 For reactions proceeding at a 

moderate rate, xenon lamp is an excellent choice but, for very fast reactions it probably is a poor 

choice because of its microsecond pulse.34 In principal, time of the light emission from the lamp 

must be much faster than the reaction being monitored. Generally, the pulse width of the light 

source must be much shorter than the half-time of the chemical reaction.35 Lasers with the 

nanosecond pulse width are generally used for very fast reactions.35 These lasers can work 
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effectively up to femtosecond time scale. In our laboratory, the laser flash-photolysis system 

operates with Nd-YAG laser.36 Nd-YAG (neodymium-yttrium aluminum garnet) is a synthetic 

material that is excited by flash lamp to generate light in the IR region. To convert the IR light 

into the UV region special arrangement of optics is used37 which triples the photon frequency to 

yield output at 355 nm, which works effectively for many organic conjugated systems.  

For the rate constant measurement for the radical addition-elimination step, two methods were 

chosen: a) Radical generation via photolabile radical precursor, and b) Direct radical generation 

using a thermal initiator. 

2.4.2 Radical generation via photolabile radical precursor 

2.4.2.1 Synthesis, mechanism and applications of photolabile thiohydroxamic esters  

 Homolytic cleavage of nitrogen-oxygen bonds induced by heat or light has been reported 

in the literature.38 Compounds like N-hydroxy-2-pyridone, thiohydroxamic esters containing 

weak N-O bond, are commonly used for such homolytic cleavage. These compounds are widely 

used in radical chemistry because of their efficiency in generation of desired reactive radicals. 

These radicals are trapped by various trapping techniques and used for elucidation of mechanism 

in radical reactions.  

N
O

S

O

R
N X
OH

X= O, S R=C6H5CH2

2-33 2-34
Scheme 2-12: N-hydroxy-2-pyridone (2-33), 2-thioxopyridin-1(2H)-yl 2-aryl/alkyl carboxylate 

ester (2-34) 
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 This section discusses one of the derivative of 2-thioxopyridin-1(2H)-yl 2-

arylcarboxylate esters developed by Barton, et al. Derivatives of 2-thioxopyridin-1(2H)-yl 2-

arylcarboxylate esters are reported to be a convenient and controlled source of carbon radicals. 2-

thioxopyridin-1(2H)-yl 2-aryl/alkyl carboxylate esters are known to undergo a chain reaction. 

Under continuous irradiation, the major product was reported to be 2-pyridyl thioether via 

decarboxylative rearrangement. The reaction mechanism was reported to involve 

photochemically induced homolytic cleavage of the N-O bond, followed by the formation of a 2-

pyridylthiyl radical and an acyloxy radical (RCOO•). When R is an aliphatic group, 

decarboxylation is expected to occur rapidly to give a carbon radical (R•). 

 Despite the wide synthetic applications of photolabile precursors for kinetic investigation, 

the primary photochemistry and subsequent reactions of the 2-thioxopyridin-1(2H)-yl 2-

aryl/alkyl carboxylate esters have not been explored thoroughly. Reported studies on these 

precursors used EPR and laser flash photolysis studies to detect the free radicals generated from 

thiohydroxamic esters. 

 

Scheme 2-13: Synthetic pathway for 2-thioxopyridin-1(2H)-yl 2-phenylacetate 2-38.39 

 In this section, we will discuss the synthesis, mechanism and laser flash photolysis 

studies of 2-thioxopyridin-1(2H)-yl 2-aryl/alkyl carboxylate esters. The desired compound (2-
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thioxopyridin-1(2H)-yl 2-phenyl acetate ester) 2-38, a precursor of a benzyl radical, was 

synthesized using a literature procedure of a coupling reaction between an acid 2-37 and an 

alcohol 2-36 (Scheme 2-13). Upon photolysis, this substrate is reported to generate a carboxyl 

radical PhCH2CO2• (2-41) and the 2-pyridylthiyl radical (2-42) (Scheme 2-14). The 

decarboxylation of 2-41 to the benzyl radical 2-43 is rapid and may allow 2-43 to participate in 

subsequent reactions. Our goal was to (a) confirm the generation of benzyl radical (b) study the 

addition-elimination reaction of benzyl radical to alkene (2-11), and (c) measure the absolute rate 

constant for this process. 

 

Scheme 2-14: Mechanism for generation of benzyl radical from 2-thioxopyridin-1(2H)-yl 2-

phenyl acetate.  
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Figure 2-3: Transient absorption spectra for 2-thioxopyridin-1(2H)-yl 2-phenyl acetate, 0.5mM 

in acetonitrile, exc=355nm, absorption maxima at 450-460 nm showing benzenethiyl radical 

formation.39 

 2-thioxopyridin-1(2H)-yl 2-phenyl acetate was photoionized in the presence of 

compound 2-11 utilizing nanosecond laser flash photolysis. Transient absorption spectrum 

showed maxima in the region 450-460 nm indicating the benzene thyil radical formation (Figure 

2-3). No absorption maximum was detected at 315 nm where benzyl radical is expected to 

appear or at 380-385 nm region where PINO• was expected to appear. These results lead to some 

speculations; 1) Either benzyl radical generation is unsuccessful using this technique so there is 

no addition-elimination reaction, or 2) the radical addition-elimination process is too slow (k < 

104  s-1) to measure via the LFP method. 

 

Scheme 2-15: Reaction of benzyl radical with 2-11 via LFP 
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2.4.2 Direct radical generation using thermal initiator 

 In this method, standard reaction conditions were used to generate the benzyl radical 

from a thermal initiator, di-t-butyl peroxide, using toluene as a solvent. The thermal initiator was 

expected to undergo homolytic cleavage at O-O bond to generate t-BuO•. This reactive radical 

could easily abstract the H-atom from toluene to generate benzyl radical. Similar to Scheme 2-

15, if benzyl radical undergoes addition-elimination reaction with the substrate, the absorption 

for PINO• at 382-385 nm is expected. But in this experiment too, no such absorption for PINO• 

was observed. 

 Although according to the literature procedence,40 this method is known to generate 

PhCH2• efficiently at the concentrations and timescale (tens of microseconds) used in the 

experiment, the observed failure in this case is likely due to the slow radical addition-elimination 

process. 

 

Scheme 2-16: Direct radical generation for LFP studies on benzyl radical addition-elimination 

process, 60% solution of di-t-butyl peroxide in toluene (3 mM), 2-11 0.5 mM, R-H=Toluene) 

 

 After the laser flash photolysis experiments, we decided to measure the relative rate 

constants for the same process via competition experiments. The initial plan for the competition 

experiment was to generate benzyl radical using di-t-butyl peroxide and allow it to react with 

allyl bromide and allyl-PINO substrate with same Z substituent (Scheme 1-17). This experiment 

was designed to compare radical addition-elimination reaction of benzyl radical that would 

measure the relative reactivity of allyl bromide vs. allyl-PINO substrates. The only problem with 
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this experiment is that the reaction would form exactly same products and make it impossible to 

identify products and measure the relative rates.  

 

Scheme 2-17: Initial set up for competition experiment for relative rate constant measurement 

 This experimental design was modified in order to avoid the product related 

discrepancies and we decided to use different Z substituents for both substrates (Scheme 2-18). 

Although, this would vary two parameters (substituent and leaving group) at the same time, we 

decided to measure the relative rate constants for the available combinations of Z groups (Z=Ph, 

COOEt, CN) and with leaving groups (Br•, PINO•). This set of experiments with six competition 

experiments provided six relative rate constants. All reactions in this set were run at exactly same 

molar concentration of all reagents and same reaction time. Reaction time was optimized in such 

a way that product yield and starting material conversion would not exceed beyond 10%. 

(pseudo-first order conditions) Literature precedence and kinetic experiments performed in our 

laboratory suggest that parallel reactions are at most comparable kinetically when the conversion 

is less than 10%.19 
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After all the relative rate constants were measured, three rate constants were used to get to the 

relative rate constant in which Z substituent are same and leaving groups are different, using 

arithmetic calculations (Figure 2-4). The final results are reported in Table 2-10.  

 

Scheme 2-18: Modified competition experiment for the measurement of relative rate constant of 

addition-elimination processes, Z1=Ph, COOEt, CN and Z2=Ph, COOEt, CN (In any experiment 

Z1 Z2), 1 eq. of 1,2-epoxybutane was used to neutralize HBr (Allyl-bromide 0.05 M, allyl-PINO 

0.05 M, DTBPO: 0.01 M, 1,2-epoxybutane 0.02 M, toluene 2 M), at 120 oC. 

Several competition experiments were performed using various Z1, Z2 substituents and the 

relative rate constant for the radical addition-elimination process was measured (Table 2-9). This 

data was used to express the required relative rate constant. Finally, the relative rate constants 

were calculated in which the substituents are same but leaving groups are different. Calculations 

are shown in Figure 2-4. 
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Ratio 

 

Relative rate 
constant 

 
3.40 (±0.03) 

 

1.20 (±0.01) 

 
2.60 (±0.02) 

 

1.10 (±0.01) 

 

2.70 (±0.02) 

 
2.30 (±0.05) 

 

Table 2-9: Result of the competition experiment: Relative rate constant measurements with 

varying substituents and leaving groups. (120 oC) 



65

Figure 2-4: Arithmetic derivation of the required relative rate constant using three measured 

relative rate constants. 

Bromide 
substrate PINO substrate Relative rate constant 

Br/PINO 

1.1(±0.3) 

3.6(±1.5) 

2.5(±1.0) 

 
Table 2-10: Relative rate constants for the addition/elimination of benzyl radical to allyl-

bromide vs. allyl-PINO substrates (120 oC) 

CO2Et
OPIN
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From the results of competition experiment and relative rate constant values, it can be concluded 

that the allyl bromide substrates are slightly more reactive than allyl-PINO substrates in radical 

addition-elimination step of the allyl transfer reaction.  

2.4.3 Competition experiment: Measurement of relative rate constant for -elimination step 

  In this last section, we discuss the in-depth analysis for the -fragmentation step. An 

exclusive competition experiment was designed to compare the leaving group abilities of Br• and 

PINO•. For this experiment a substrate having these two leaving group at the allylic position was 

a requirement. The synthesis of this substrate was a challenging task because the product alkene 

shows high susceptibility for the further radical addition. The substrate 2-45 was synthesized 

from 2-44 by a substitution reaction with N-hydroxyphthalimide (Scheme 2-19). This reaction 

was carried out under careful observation and reaction mixture was quenched well before its 

completion in order to achieve good yield of the required product. 2-45 was separated using 

column chromatography and isolated as a white solid in a moderate yield (56%) The structure 

was confirmed using 1H and 13C NMR analysis. We expected this experiment to provide the 

opportunity to determine the relative rate constant for elimination of two leaving groups.  

Scheme 2-19: Synthesis of 2-((2-(bromomethyl)allyl)oxy)isoindoline-1,3-dione (2-45)  

 In the competition experiment (Scheme 2-20), the benzyl radical was generated using di-

t-butyl peroxide as initiator and it was allowed to react with 2-45. Both products formed in the 
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reaction were isolated using column chromatography and then each product was analyzed using 

1H NMR analysis. The reaction time for this competition experiment was a critical factor in order 

to maintain the product and the reactant conversion below 10%. The low conversions allow 

comparing initial rate for the radical addition-elimination process and avoiding the reaction from 

participating into a chain process. Finally, the experiment was repeated in order to measure the 

relative rates for the formation of products shown in Scheme 2-20. From the ratio of the yields of 

2-46 and 2-47, the ratio for the relative rates for -elimination process (k1/k2 = 3 (±1)) was 

calculated. From this data it was observed that the rate for the -elimination of PINO• is 

probably slightly faster than the rates for the -elimination of Br•.  

 

Scheme 2-20: Competition experiment for comparing leaving group abilities between Br• and 

PINO• at 120 oC. (% yield of product 2-46= 7.5, 2-47= 2.3) (Toluene 10 M, 2-45 0.34 M, 

DTBPO 0.07 M) 

 

In the detail analysis of the experiment shown in Scheme 2-21 we proposed that the Br• probably 

participates in the -bridging interactions with the intermediate carbon radical 2-48. These 

interactions probably engage the Br• resulting in more 2-49 product formation that 2-50.  
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Scheme 2-21 Proposed -bridging interactions of Br• with the intermediate carbon radical (2-48) 

 The relative rate constant observed for this elimination process (k1/k2 = 3 (±1)) is a small 

number and negligible on a logarithmic scale. In conclusion, this result shows that PINO• and 

Br• are comparable leaving groups.  

 

2.5 Conclusions 

 The results show that allyl-PINO compounds are excellent substrates for the free radical based 

allylation of hydrocarbons. High reaction yields and the mass balances are observed. Moreover, 

the side product of the reaction, N-hydroxyphthalimide (NHPI) precipitates from solution 

making these reactions operatively simple. NHPI was recycled which can be used again in the 

synthesis of allyl-PINO substrates making this a cost efficient process. Although kinetic chain 

lengths are shorter, the replacement of allyl bromides with allyl-PINO compounds is a major 

advance in making this chemistry more environmentally friendly. 

 Attempts to reduce the temperature of the reaction were less successful. Use of BEt3/O2 as 

initiator only gave acceptable results at elevated temperatures, and it is unlikely that it is the 

nature of the initiating radical that is causing the problem. This was confirmed with the use of 

tBuON=NOtBu (2-31) as initiator, which just like DTBPO, generates t-butoxyl but at much 

lower temperatures. Because t-butoxyl radical readily abstracts hydrogen from alkylaromatics at 
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lower temperature, benzyl radicals are being produced that can enter the propagation steps of this 

reaction. Reactions conducted in the presence of a Lewis acid confirmed that allyl transfer 

process is chain reaction with or without Lewis acid, as long as reactions are performed at high 

temperature (120 oC). Even at low temperatures, it seemed unlikely that addition of these radicals 

to the allyl-PINOs is sluggish, leading to the hypothesis that the hydrogen abstraction step might 

be controlling the rate and kinetic chain length of the reaction. Experiments with the pertinent 

relative rate constants to study the addition-elimination process, confirmed that the allyl bromide 

substrates are slightly more reactive that allyl-PINO (2-10, 2-11, 2-12) substrates. 

 In this chapter, we discussed the hydrocarbon functionalization via allyl transfer reaction 

using phthalimido-N-oxyl radical. Although this reaction was successful, the substrate scope was 

limited to the alkyl aromatic hydrocarbons (toluene, ethyl benzene, cumene) because of their 

weak C-H bonds at benzylic positions. The hydrocarbons with strong C-H bonds might be 

difficult to functionalize via this method because of their high BDEs. Therefore, to expand the 

substrate scope of the reaction, other substrates with weak -C-H bonds such as ethers, 

thioethers, acetals and amines were considered. Unlike many hydrocarbons, these substrates 

possess a weak C-H bond because of the vicinal heteroatom (O, S, N etc.). The vicinal 

heteroatom atom helps in lowering BDE, stabilizes the resulting radical via resonance and 

provides a site for complexion with chiral auxiliaries. In Chapter 3 we will discuss the 

functionalization of these substrates and our efforts to perform the allyl transfer reaction using 

low reagent concentrations of these substrates.  
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Chapter 3 

Radical additions of acyclic and cyclic ethers via allyl transfer using phthalimido-N-oxyl 
radical 

3.1 Review: Direct -C–H activation and functionalization of ether 

 Direct C–H bond activation and functionalization reactions have been interesting to 

organic chemists, as they provide easily accessible, economical and novel routes for interesting 

synthetic applications. Various high efficiency and versatile methods have been reported for such 

activations and functionalizations.1 These reactions could be categorized mainly into: 1) sp2 -C–

H reactions of arene, alkene, aldehyde, imine; 2) sp3 -C–H reactions of allyl, benzyl, carbonyl 

compounds; 3) sp3 -C–H reactions of heteroatomic compounds containing oxygen, nitrogen and 

sulfur. The third type, sp3 -C–H activation followed by new C–C bond formation reactions of 

alcohol, ether and amine are synthetically useful because of the direct conversion of these 

relatively unreactive compounds into novel substrates of varying complexity. This chapter 

specifically discusses reported methods for sp3 -C–H activation and functionalization of ethers, 

and our contribution to this area through ether and acetal functionalization via allyl transfer 

reaction. 
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3.1.1 Radical addition-elimination reactions of ethers with alkenes and alkynes 

 In this section we discuss the representative examples of reactions of sp3 radicals of 

ethers with alkenes and alkynes. In 1990, Fuchs, et al. reported the radical addition-elimination 

reaction of ethers with various alkenyl or alkynyl tri ones.2 In this method, various cyclic and 

acyclic aliphatic ethers were reacted with alkenyl or alkynyl tri ones to yield -acetylenic ethers 

in good yields. 

Scheme 3-1: Peroxide or light initiated reaction of THF with alkynyl triflones.  

 These reactions were initiated thermally or photochemically using high concentrations of 

the substrate ethers. The proposed radical addition-elimination mechanism for this reaction is 

shown in (Scheme 3-1). The thermal initiator or light triggered the initiation to generate a carbon 

radical 3-2 which added to the tri one 3-3. The elimination of SO2CF3• 3-6 from 3-4, led to the 

-acetylenic ether product 3-5. In addition to this, further fragmentation of SO2CF3• 3-6 with the 

release of SO2 propagated the chain reaction by generating CF3• as a chain carrier.  

 The alkenylation of ethers with substituted vinyl tri ones 3-7 and 3-8 have also been 

reported.2c However, in this case, the free rotation of single bond of the radical intermediates 3-9 

and 3-10 led to a mixture of E- isomer 3-12 and Z-isomer 3-11 of products (Scheme 3-2). To 
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improve stereochemical control, 1,2-disubstituted vinyl tri ones were used which led to the 

sterically preferred E- -vinyl products.  

Scheme 3-2: The alkenylation of ethers using substituted vinyl tri ones  

3.1.2 Radical addition of alcohol and ether to alkene, alkyne, aldehyde and imine 

 The addition-elimination reactions of radicals generated from ethers via -C–H 

activation-functionalization have been extensively studied.3 Initial efforts were focused on the 

reactions of ether with poly uoro-alkenes, initiated thermally or by -ray irradiation to 

synthesize -poly uoroalkyl ethers. Similarly, the coupling reactions of THF with per uorinated 

cyclobutene 3-13 were also reported. Ishii, et al. reported the NHPI (N-

hydroxyphthalimide)/Co(OAc)2 catalyzed radical addition of ethers to electrophilic alkenes 3-15 

(Scheme 3-3).4 Various cyclic ethers (like THF) were proved to be effective and high yields of 

the resulting products were obtained.  
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Scheme 3-3: Ether functionalization via reactions with alkene 

 In 2009, Liu, et al. succeeded in the radical addition of alcohols 3-17 to the alkynes using 

TBHP at 120 oC, which a orded the corresponding allylic alcohols 3-18 in excellent yields 

(Scheme 3-4).5 A wide range of substrates including aliphatic alcohols, cyclic ethers and electron 

rich alkynes were reported to be e ective in this reaction. 

Scheme 3-4: Alcohol functionalization via reaction with alkyne 

 In 2003, Yoshimitsu, et al. developed a new method initiated by BEt3/air or t-BuO2H for 

the radical addition of ethers to aldehydes to obtain -hydroxylalkyl ethers (Scheme 3-5). Cyclic 

ethers and aromatic aldehydes were reported to be more e ective than the other substrates in this 

reaction.  
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Scheme 3-5: Radical addition of ethers to aldehydes and imines. (PMP=p-methoxyphenyl) 

 However, an interesting observation was reported by Tomioka, et al. that the 

chemoselectivity of this radical addition was dependent on the initiator and replacement of 

BEt3/air with Me2Zn/air led to the formation of -hydroxyalkyl- -hydroxyl ether (3-20) rather 

than the -hydroxy alkyl ether (3-19).6 Also, 3-20 could be further oxidized to -acyl lactones by 

Jones’ oxidation (Scheme 3-5). Similarly, they carried out the Me2Zn/air initiated radical 

addition of ether to aldimine (generated in-situ from aldehyde and amine). This reaction was 

used to synthesize the -aminoalkyl ethers (3-24) in good to high product yields6b, 7 (Scheme 3-

5). A wide range of substrates like formic acetals, and aldimines (generated from aryl aldehydes 

and aryl or toluenesul nyl amines) were also reported to be effective in this reaction. Porta, et al. 

developed another catalytic system (Ti(III)/TBHP) for the direct three-components (ether, 

aldehyde and amine) coupling reaction to yield the similar product.8 This procedure was used to 

synthesize , -di (aminoalkyl)-substituted ether derivatives. 

  This method not only provided a new pathway to synthesize chiral amino alcohols and 

ethers using chiral C=N bond donors but also provided an alternative approach to chiral -amino 
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acids. For example, Alonso and coworkers reported the photoinitiated asymmetric synthesis of 

amino alcohol and acid derivatives through the radical addition of MeOH and formic acetal to 

chiral ketoximes and aldohydrazones, respectively.9 Later on, based on this methodology, 

Alonso et al. reported a short synthesis of (+)-myriocin (3-27) using D-glucurono-g-lactone  that 

involved key step of photoinduced addition of MeOH to a chiral ketoxime ether.9a, 10 (Scheme 3-

6)  
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O
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H O

O
O
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42%

H2, Pd(OH)2
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Scheme 3-6 : Synthesis of (+)-myriocin via addition of MeOH to ketoxime.11 
 

3.1.3 Metal mediated carbenoid insertion to -C–H of ether 

 Metal carbenoid insertion into a C–H bond was reported to be an alternative approach to 

the metal-mediated C–H activation and C-H functionalization pathways. Although few review 

articles have already summarized various methods of carbenoid insertion,12 this section discusses 

the recent progress in the carbenoid insertion to the C–H bond vicinal to oxygen atom (Scheme 

3-7).  
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Scheme 3-7: Metal carbenoid insertion into the -C–H bond of ether, R1-R3= alkyl, aryl. 

 The metal-carbenoid 3-29 insertion into the C–H bond vicinal to the oxygen atom in 3-28 

was reported to be an e ective methodology.13 Over the past decade, several new catalysts have 

been reported for stereoselective syntheses of oxygen heterocycles. For example, Davies, et al. 

developed a novel catalyst (Rh2(S-DOSP)4) (3-33) for intramolecular insertion of carbenoid 

(derived from aryl diazoacetates) to the C–H bond adjacent to phenylether oxygen 3-31, leading 

to substituted dihydrobenzofuran (3-32) in high yields (up to 94%) and good enantioselectivity 

(Scheme 3-8).14 

O

N2

CO2Me

Rh2(S-DOSP)4

hexane
-50 oC, 72 h

O

CO2Me

98% yield, 94% ee

N
SO2Ar

O

O

Rh

Rh

4

Ar= p-(C12H25)C6H4
Rh2(S-DOSP)4

3-31 3-32

3-33  

Scheme 3-8: Rh2(S-DOSP)4-catalyzed carbenoid insertion to methane -C–H bond of phenyl 

methinyl ether 

 Recently, a novel, convenient and metal-free procedure for benzylic sp3 C–H bond 

functionalization was reported by Dong, et al.15  
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Scheme 3-9: Microwave irradiated benzylic sp3 C–H bond functionalization using the 

siloxycarbenes 

 In this method, siloxycarbenes were used, which were generated from acylsilane using 

microwave irradiation. It was based on the hypothesis that a thermally induced Brook 

rearrangement would generate a siloxycarbene 3-36 that could undergo rapid insertion to a C–H 

bond. This method allowed a rapid and easy access to important oxygen heterocycle 

dihydrobenzofurans. After screening of several solvents and optimization of reaction conditions, 

this method showed high yield and good selectivity when o-dichlorobenzene was used at 250 oC 

for 5–10 min. Remarkably, by replacing o-dichlorobenzene with DMSO, a new variant of the 

process was developed to synthesize the benzofuran derivatives efficiently via the distinct Brook 

rearrangement. Various substituents on the aromatic ring were tolerated and the corresponding 

benzofurans were synthesized in up to good (up to 67%) yields (Scheme 3-9).  

 In addition to this, recently, two new catalysts, Rh2(S-DOSP)4 3-33 and Rh2(S-PTTL)4 3-

39, were reported for the asymmetric intermolecular -C–H carbenoid insertion to synthesize 

derivatives of cyclic ether (THF) and benzylic ether  (Scheme 3-10).16 
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Scheme 3-10: Rh2(S-PTTL)4-catalyzed carbenoid insertion to -C–H of phenyl ether. 

 In 2002, Perez, et al. developed a bulky copper catalyst for intermolecular -C–H 

insertion carbenoid of ethyl diazoacetate 3-41 to cyclic ether 3-40.17 Thus, as an example, the -

THF-substituted product 3-42 was a orded in 98% yield (Scheme 3-11). 

 

Scheme 3-11: Cu-catalyzed carbenoid insertion into -C–H of aliphatic ether. 

3.1.4 Oxidative CDC reaction of ether with carbonyl compounds 

 The cross-dehydrogenative coupling (CDC) reaction has provided an excellent approach 

to activate  inert C–H bonds to react with nucleophiles. By definition, the CDC reaction is a C–C 

bond coupling that involves an oxidative dehydrogenation of -C–H bonds of ether 3-43 and 

carbonyl compounds 3-44 (Scheme 3-12).  

 

Scheme 3-12: CDC reaction of -C–H bond of ether and carbonyl compounds. 
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 Li, and other research groups have reported a series of CDC reactions for -C–H 

functionalization of amines, allylic and benzylic compounds.18 Although C-H bonds vicinal to 

oxygen are difficult to activate, the C–C bond coupling between ether 3-46 and carbonyl 

substrate 3-47 were successfully achieved via this method (Scheme 3-13).19 Several 

combinations of In and Cu catalysts were screened and InCl3/Cu(OTf)2 in 5 : 5 (mol%) with 1.2 

eq. of DDQ (2,3-dichloro-5,6-dicyanobenzoquinone) in CH2Cl2 was optimized as the best 

catalysis system. However, the above In/Cu/DDQ-promoted CDC reaction was limited to benzyl 

ethers and malonate derivatives.  

 

Scheme 3-13: CDC reactions of benzyl ethers with malonate derivatives. R1= alkyl, R2, 

R3=OMe, R4=H, Me, Cl 

 Li, et al. also extended the substrate scope to  ketones 3-50 and succeeded in the metal-

free CDC reaction using convenient reaction condition using just DDQ at 100 oC.20 A series of 

coupling products were obtained in moderate yields in most cases (Scheme 3-14) 

Scheme 3-14: CDC reaction of benzyl ethers with ketones without metal-catalyst. 

 Later on, a tentative single-electron transfer mechanism of this CDC as illustrated in 

Scheme 3-15 was proposed.19-20 In the first step, a single-electron transfer from the benzyl ether 
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to DDQ generated a radical cation 3-52 and a DDQ radical anion 3-53. DDQ radical anion 

abstracted a H-atom from 3-52 and generated a benzoyl cation 3-54 and a DDQ radical anion 3-

55. The latter abstracted H-atom from the ketone to give an enolate 3-56, which added to benzoyl 

cation C to give the nal product 3-57 with the release of DDQ. For the former work19 (Scheme 

3-15),  the role of InCl3/Cu(OTf)2 was probably to accelerate the enolization of malonates as 

shown in 3-58. In addition, an In/Cu/NHPI/O2 promoted CDC reaction between cyclic benzyl 

ethers with malonates was reported recently.21 

Scheme 3-15: Proposed single-electron transfer mechanism for CDC reaction 

 

3.1.5 Intramolecular annulation in ether via 1,5-hydride migration 

 This section discusses syntheses of cyclic ethers via intramolecular ring annulations of 

acyclic ethers. Sames, et al. have reported annulations in ethers and have made an important 

contribution to this area.22 In 2005, they reported a new method for Lewis acid catalyzed -C–H 

1,5-hydride migration and annulation of unsaturated ethers.23 The general mechanism for this 
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reaction is described in Scheme 3-16. This mechanism was reported to go through the following 

steps; 1) Lewis acids activation of unsaturated compound 3-59, 2) cleavage of -C–H bond of 

ether to trigger a 1,5-hydride migration to form the zwitterionic pair 3-60, and 3) intramolecular 

ion pair coupling to form the final product 3-61.  

Scheme 3-16: Intramolecular annulation of ether with alkene via 1,5-hydride migration 

 The substrate scope of this reaction was investigated using several unsaturated 

compounds. These compounds were treated with 30 mol% BF3•OEt2 and a series of products 

polysubstituted spiroether with an oxo-quaternary center, were synthesized. Through this 

reaction a new method was accomplished to access biologically signi cant spiroether24 products. 

Further investigation of the substrate studies revealed that the , -unsaturated aldehydes and 

ketones were e ective to BF3•OEt2 promoted reactions, whereas the , -unsaturated esters were 

not. A new catalyst was used (Sc(OTf)3) and reported to be an efficient catalyst for the reactions 

of , -unsaturated esters. However, the limitation of this reaction was that only the aliphatic 

cyclic ethers were e ective and acyclic ethers usually reacted very slowly under the same 

reaction conditions (BF3•OEt2 at RT). This problem was solved recently via the conversion of 

the , -unsaturated aldehydes 3-62, 3-64 to corresponding acetals 3-63, 3-65.25 As indicated in 

Scheme 3-17, this conversion made a huge difference and a dramatic increase of reactivity and 

chemical yields were observed.  
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Scheme 3-17: Comparison of aldehyde with acetal toward the intramolecular annulations  

 This method was extended to intramolecular annulation of ethers with acetals and ketals 

using various substituents as indicated in Scheme 3-18 below. The observed high product yields 

suggest that this method could be used efficiently for the synthesis of complex cyclic ethers 

derivative with aryl substituents. 

Scheme 3-18: Intramolecular annulations of ethers with acetals R1=H, R2=Ph. 

 The reaction mechanism for the acetal and ketal was proposed by Sames et al.25 depicted 

in Scheme 3-19. In the first step, a Lewis acid opened the cyclic acetal to generate the 

oxocarbenium intermediate 3-68. This intermediate activated the conjugated double bond for 

hydride abstraction. The shift in hydride resulted in oxocarbenium-enolether intermediate 3-69, 

followed by C–C coupling in 3-69 to form the products 3-71 and 3-72 and Lewis acid catalyst 
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was regenerated. The observed stereoselectivity leading to 3-71 as a major product could be 

explained by most favorable transition state 3-70, in which all substituents are in equatorial 

positions. 

O

H

R2R1

O

H
BF3

R1 R2

OO

O

H

R2R1

H

O O
BF3

O R2R1

O O
BF3

H
OR1 R2

O

OF3B

-BF3 O

OH

OR1 R2

O

OH

+

Major 3-71 Minor 3-72

3-68 3-69 3-70

Scheme 3-19: Reported mechanism for intramolecular annulation of ether with acetal. 

3.2 Introduction to ether functionalization via allyl transfer 

 As discussed in chapters 1 and 2, a wide variety of methods have been reported for the 

generation of carbon radicals.26 However, only a few methods are known for the generation of -

alkoxyl carbon radicals under neutral, metal-free, and mild reaction conditions.27 The generation 

of such carbon radicals from ethers is limited to either photoinitiation28 or metal-mediated 

processes.27 From the review of the reported methods, it can be concluded that the photoinduced 

methods were less selective and metal mediated processes generally showed limited substrate 

scope.  

 Ethers have weak C-H bonds29 (THF (BDE) 93.8 kcal/mol, 1,3-dioxane (BDE) 93.3 

kcal/mol) owing to the resonance stabilization of resulting radical 3-73 by the vicinal oxygen 

atom (Scheme 3-20). Ethers are thus a suitable choice for H-abstraction followed by radical 
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addition reactions. In this chapter, we will discuss in detail, this method of -alkoxyl C-H bond 

functionalization via allyl transfer using phthalimido-N-oxyl radical (PINO•). The reaction 

proceeds via the abstraction of -hydrogen from ether and the subsequent addition of the carbon 

radical to allyl-PINO substrates. Finally, elimination of the PINO• followed by hydrogen 

abstraction from ether lead to propagation of the chain.   

Scheme 3.20: Resonance stabilization of -alkoxyl radical in tetrahydrocarbon (THF) 

 

3.2.1 Direct functionalization of acyclic ethers via allyl transfer 

 Direct functionalization of acyclic ethers such as ethyl ether, and t-butyl ethyl ether has 

been discussed in section 3.1.3 and 3.1.4. We report here a metal-free and convenient procedure 

for functionalization of diethyl ether and t-butyl ethyl ether via the allyl transfer reaction. 

(Scheme 3-21) Since diethyl ether and t-butyl ethyl ether, both possess equivalent reactive 

hydrogens, each of these reactions led to a single product formation (Scheme 3-21, 3-75 - 3-78).  

. 

Scheme 3-21: Synthesized products from functionalization of acyclic ethers 
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 Both acyclic ethers were allowed to react with allyl-PINO substrates 2-10 and 2-11 in 

neat ethers at 120 oC in sealed pressure tubes (Scheme 3-21). Table 3-1 discusses the results of 

these reactions. The side product, NHPI precipitated out at the end of the reaction, which was 

recycled making this a cost effective synthetic method. 

Entry Ether Z Time (h) Product 
Isolated 

Yield 
(%) 

GC 
Yield 
(%) 

1 
 

CO2Et 4 3-75 83 90 
2 Ph 24 3-77 85 90 
3 

 
CO2Et 4 3-76 85 90 

4 Ph 24 3-78 85 90 
 

Table 3-1: Functionalization of acyclic ethers via allyl transfer reaction (Allyl-PINO substrate 

0.45 M, DTBPO 0.07 M, ether 13.0 M) 

Reactions of diethyl ether and t-butyl ethyl ether both led to products 3-75, 3-77 and 3-76, 3-78 

respectively in high yields. 

3.2.2 Direct functionalization of cyclic ethers  

 Cyclic ethers such as tetrahydrofuran (THF), 2-MeTHF are key structural motifs in a 

large number of biologically active compounds and natural products.30 Thus, direct 

functionalization of THF has long been fascinating to organic chemists.31 In connection with our 

work on acyclic ethers, we speculated that the same functionalization could be possible with 

cyclic ethers and thioethers. We screened a set of ethers containing THF, THP (tetrahydropyran), 

1,4-dioxane, THT (tetrahydrothiophene) and 1,3-benzodioxole in the allyl transfer reaction with 
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substrates 2-10 and 2-11. The conditions for these reactions are similar to those in Scheme 3-21. 

Similar to acyclic ethers, these compounds have only one functionalizable C-H bond owing to its 

symmetry. The expected products for these reactions are shown in Figure 3-1. 
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Figure 3-1: Synthesized products from functionalization of cyclic ethers and thioether 

 Table 3-2 demonstrates the results of cyclic ether and thioether functionalization. In the 

case of THF (Entry 1), the observed yield was relatively lower than the other ethers. This may be 

because of the high nucleophilicity of the THF radical which may undergo subsequent addition 

reactions with the product. This might result in the consumption of formed product and reduction 

in overall product yield. High isolated yields were observed for reactions of THP and 1,4-

dioxane (Entry 2 and 3). THT (Entry 4) could also be easily functionalized using this method. 

Similarly, the 1,3-benzodioxane (Entry 5) which is an important building block for biologically 

active heterocycles, was also functionalized using this method.  
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Entry Ether Z Time (h) Product Isolated 
Yield (%) 

GC 
Yield 
(%) 

1 
O

 

CO2Et 1 3-79 60 65(±3) 

2 Ph 16 3-80 75 70(±2) 

3 O

 

CO2Et 2 3-81 85 85(±3) 

4 Ph 16 3-82 84 90(±2) 

5 

O

O

 

CO2Et 1 3-83 88 88(±2) 

6 Ph 18 3-84 85 90(±1) 

7 
S

 

CO2Et 2 3-85 85 88(±1) 

8 Ph 18 3-86 85 90(±2) 

9 

 

CO2Et 8 3-87 80 86(±3) 

10 Ph 14 3-88 75 81(±2) 

 

Table 3-2: Functionalization of cyclic ethers and benzo-1,3-dioxole via allyl transfer reaction. 

(Sealed tube, 120 oC) (2-10, 2-11 0.45 M, DTBPO 0.007 M, ether 13.0 M) 
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3.2.3 Competition for H-abstraction in Me-THF and 1,3-dioxane 

 Cyclic ethers such as the unsymmetrical 2-MeTHF and, 1,3-dioxane which have more 

than one reactive hydrogen were also studied. In these cases, we speculated that the allyl transfer 

reaction might lead to multiple products, owing to the competition in hydrogen abstraction. To 

investigate this further, BDEs of competitive C-H bonds and nature of resulting radical were 

analyzed. 

 

Scheme 3-22: Competition for H abstraction in A) 2-MeTHF, B) 1,3-dioxane 

 In case of 2-MeTHF 3-89, the most reactive C-H bond (Ha) leads to the tertiary radical 

3-90 whereas the second-most reactive C-H bond leads to the secondary radical 3-91. Thus, we 

expected a signicicant difference in their reactivities towards hydrogen abstraction since 3-90 is 

expected to be more stable than 3-91. However, in case of 1,3-dioxane 3-92, both hydrogens (Hc 

and Hd) are secondary leading to radicals 3-93 and 3-94. BDE of the C-H bond vicinal to two 

oxygen atoms (Hc) in 1,3-dioxane was reported to be 93.3 kcal/mol and the C-H bond vicinal to 

only one oxygen (Hd) was reported to be 93.8 kcal/mol. These similar BDE values suggest that 

competition in hydrogen abstractions might be significant enough to scramble the ratios of 

observed products.  
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3.2.3.1 Functionalization of 2-MeTHF via allyl transfer reaction 

Scheme 3-23: Functionalization of 2-MeTHF via allyl transfer reaction 

 Functionalization of 2-MeTHF was performed using di-t-butyl peroxide (15 mol%) in 

neat 2-MeTHF. This reaction led to the formation of mixture of products as shown in Scheme 3-

23. 

Entry Substrate Time 
(h) 

Overall 
reaction 

yield 
(%) 

Products GC 
Yield % 

Integrated 
NMR Yield 

(%) 

1 2-10 36 80 
3-96 80 79 
3-98 

(cis+trans) 20 21 

2 2-11 12 82 
3-95 - 70 
3-97 

(cis+trans) - 30 

 

Reactions were performed in sealed pressure tubes using neat 2-MeTHF. (Sealed tube, 120 oC) 

(2-10, 2-11 0.4 M, DTBPO 0.06 M, 2-MeTHF 10.0 M) 

Table 3-3: Functionalization of 2-MeTHF via allyl transfer reaction. 

 Table 3-3 shows the results of 2-MeTHF functionalization. Entry 1 shows, the reaction of 

2-10 with 2-MeTHF leading to products 3-96 and 3-98 and entry 2 shows the reaction of 2-11 

with 2-MeTHF leading to products 3-95 and 3-97.  For entry 1, Gas chromatographic analysis 

was used to calculate the relative ratios of 3-98 to 3-96. Figure 3-2 shows the GC trace showing 
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all products formed in this reaction. The product ratios were calculated using gas 

chromatography using diphenylmethane as an internal standard. From calculation of peak area it 

was observed that this ratio is 80:20 (Figure 3-2). The major product is speculated to be 

compound 3-96 whereas the minor product which exist in the form of a miture of cis and trans 

isomers forms the rest of 20%. This was further confirmed using 1H NMR analysis in which 

methyl protons signal from the major product appear as a singlet at 1.12 whereas methyl proton 

signals from cis and trans isomers of 3-98 appear as doublets at 1.20 and 1.25. 

 

Figure 3-2: GC analysis of 2-MeTHF functionalization showing all regioisomeric products 

3.2.3.2 Functionalization of 1,3-dioxane via allyl transfer reaction 

 As mentioned above, similar to 2-MeTHF, 1,3-dioxane has more than one 

functionalizable C-H bonds. Functionalization of 1,3-dioxane was performed using di-t-butyl 

peroxide (15 mol%) in neat 1,3-dioxane. This reaction led to the formation of a mixture of 

products as shown in Scheme 3-23. The ratio of products in this case was measure using 1H 
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NMR spectroscopy. A close competition in hydrogen abstraction was observed in this case that 

led to major:minor (3-99:3-100)  product ratio of 60:40 (Scheme 3-24) 

Scheme 3-24: Functionalization of 1,3-dioxane via allyl transfer reaction 

Entry Substrate Time 
(h) 

Overall 
reaction 

yield 
(%) 

Products 
Integrated 
NMR Yield 

(%) 

1 2-10 4 88 3-99 60 
3-101 40 

2 2-11 24 85 3-100 62 
3-102 38 

 

Table 3-4: Allyl transfer reaction of 1,3-dioxane leading to mixture of products. (Sealed tube, 

120 oC) (2-11 0.4 M , DTBPO 0.06 M, 1,3-dioxane 10.0 M) 

 This competition is expected, knowing the relatively close BDEs of the two C-H bonds. 

(Scheme 3-22). We postulated that, this poor selectivity in hydrogen abstraction by PINO•, could 

be improved A) by reducing the concentration of initiator, or B) by using low concentration of 

1,3-dioxane (i.e by performing reaction in solution). The next subsection discusses our efforts to 

test these hypotheses. 
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3.2.4 Allyl transfer in solution using low concentration of reagents 

 To test the hypothesis that the regioselectivity could be improved at low concentration of 

ethers, we first studied these reactions at varying concentrations of THF in reaction with 2-11. 

Table 3-5 shows the results of this study. Acetonitrile was used as a solvent in the experiments. 

In these experiments concentration of THF in acetonitrile is gradually increased from 0.07 M to 

0.71 M and the resulting product yield was measured. Significant product yields were observed 

in entries 3 and 4 where the concentration of THF is reduced to around 0.2-0.3 M without 

compromising a lot on product yields. From this data it was concluded that 3 to 4 equivalents of 

THF might be enough for a successful reaction in solution. 

Entry THF (equiv.) Conc. of THF (M) Yield (%) 3-103 

1 1 0.07 30 

2 2 0.14 45 

3 3 0.21 60 

4 4 0.28 62 

5 10 0.71 65 

 

Table 3-5: THF functionalization in solution (acetonitrile) (2-11 0.07 M, DTBPO 0.010 M) 

 To test the regioselectivity in solution, a set of experiments was performed at varying 

concentration of 1,3-dioxane. The resulting product mixture was analyzed using NMR 
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spectroscopy to determine ratios of the major:minor product (Table 3-6). As seen in Entry 1 and 

2, reducing the concentration of 1,3-dioxane from 18 M to 0.8 M did nt improve selectivity of 

this reaction. 

Entry Substrate DTBPO 
(mol %) 

1,3-dioxane 
(eq.) 

 
1,3-dioxane 

(M) 

GC Yield 
(%)a 

(3-104+3-105) 
 

Ratio 
(3-104:3-

105)b 

1 2-10 15 30 2.1 85 60:40 
2a 2-10 15 3 in CH3CN 0.21 66 60:40 
3a 2-10 10 3 in CH3CN 0.21 62 67:33 

4 2-11 15 30 2.1 82 59:41 

5a 2-11 10 3 in CH3CN 0.21 60 66:34 
 

Table 3-6: Allyl transfer reaction in solution. aGC yield was calculated using internal standard 

diphenylmethane. bProduct ratios were determined using 1H-NMR spectroscopy. a(2-10, 2-11 

0.07 M, DTBPO 0.010 M, THF 0.21 M) 

 Similarly, to test if reducing the amount of initiator (DTBPO) increases selectivity, the 

concentration of initiator was reduced to 10 mol % (Entry 3). However, this change did not lead 

to significant improvement of selectivity. A similar trend was observed when 2-11 was used as 

the substrate. (Entry 4 and 5) 
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3.3 Kinetic chain length measurements 

 Data in Table 3-7 illustrates that allyl transfer reactions are highly efficient chain 

reactions with kinetic chain length as high as 15,000. Kinetic chain lengths for THF and 1,4-

dioxane both were observed to be very high whereas, they were significantly shorter for 2-

MeTHF. This decrease in chain length can be attributed to the competition in hydrogen 

abstraction and the steric crowding in the radical addition step. Although chain lengths in 

solution were significantly lower than the reactions with neat ethers, data shows that it is still an 

efficient chain reaction in solution. 

Z THF 
THFa 

(3eq. In 
ACN) 

2-MeTHF 
(Major 

product) 

2-MeTHF 
(All 

products: 
mixture) 

1,4-dioxane 

CO2Et 15000(±5000) 40 (±20) 300(±70) 1200(±400) 8000(±2500) 

Ph 1200(±600) N/D N/D 80(±20) 1300(±300) 

 

Table 3-7: Summarized kinetic chain length data for allyl transfer reactions on ethers. a(2-11 and 

2-12 3.5 mM, DTBPO 0.53 mM,) 

3.4 C-H functionalization of acetals 

 In this chapter, we have discussed the reaction of 1,3-dioxane with allyl-PINO substrates 

via allyl transfer. Since, 1,3 dioxane is a cyclic acetal of formaldehyde (3-106), this inspired us to 
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work on the extension of this method to various acetals. Previous results suggested that the cyclic 

acetals (like 1,3-dioxane) might lead to multiple products owing to the competition in hydrogen 

abstraction (Section 3.2.3). On the other hand, in case of acyclic dimethyl acetals (3-108), this 

difference in BDEs is large and could potentially assist in selective hydrogen abstraction leading 

to a single product. Through the use of such acyclic dimethyl acetal, we proposed to generate an 

acyl radical equivalent in-situ, which can then be used in an allyl transfer reaction. 

 

Scheme 3-25: Comparison of BDEs between cyclic ether and acyclic dimethyl ether. 

3.4.1 Chemistry of acyl intermediates 

 Acyl cations 3-109 or acyl radicals 3-110 are important reactive intermediates because of 

their strong electrophillic nature (Scheme 3-26) and their use in synthetic organic chemistry, 

biochemistry, and catalysis.32  

 

Scheme 3-26: Reactive intermediates: Acyl cation and acyl radical 



100

  Generally, acyl cation 3-109 is generated in-situ via the reaction of an acyl chloride with 

Lewis acid (AlCl3).33 This intermediate has linear geometry at the electrophilic carbon because of 

the triple bond between carbon and oxygen.  The acyl cation is more stable than other 

carbocation intermediates because the octet rule is satisfied for all of the atoms involved. Such 

intermediates are known to be involved in Friedel-Craft acylation reactions33 (Scheme 3-27). 

Scheme 3-27: General mechanism for Friedel-Craft acylation 

 Newman et al. reported a very interesting work on the reaction of o-benzoyl benzoic acid 

3-111 in sulfuric acid.34 In this reaction, intramolecular acylation occurs through the cyclic 

carbonium ion intermediate which on heating yields the acyl carbonium ion. Using this 

precedence, later on, Hayashi et al. proposed another mechanism that involved the 

intramolecular rearrangement of an acyl carbonium ion 3-112.35 This rearrangement was 

reported to take place in such a way that there is an increase in conjugation. Finally, a rearranged 

substituted product, o-benzoyl benzoic acid 3-113, was achieved via the attack of electrophilic 

acylium ion with a spiro intermediate (Scheme 3-28). 

Scheme 3-28: Hayashi rearrangement for the synthesis of substituted o-benzyl benzoic acid.35 
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 Although formation of acyl anion and acyl radical is very rare in organic synthesis, there 

are a few reported methods, which have been reported to generate acyl radical intermediates. For 

example, acyl selenides have been reported to be excellent precursors for the in-situ generation 

of acyl radicals under strong basic conditions.36 In this process hydrogen abstraction from the tin 

hydride was reported to be an essential reductive step in propagation sequence. To avoid tin and 

this reductive step, phosphite deoxygenation of acyloxy radical were replaced by selenides and 

acyl radical was generated using the acyl thiohydroxamate method.36-37 In 1992, Crich et al. 

reported the reactions of acyl and aryl tellurides as an efficient method for the generation of acyl 

radicals.38 In all the reported methods harsh reaction conditions were used to generate the acyl 

radical.

 We proposed the in-situ generation of acyl radical equivalent shown in Scheme 3-29. In 

this method we chose aromatic aldehydes which can easily undergo acetal fomation reaction 

with methanol to yield the corresponding dimethyl acetal.  

Scheme 3-29: Proposed pathway for functionalization of acyclic dimethyl acetal.  

 The dimethyl acetal of benzaldehyde was synthesized using a literature procedure 

(Scheme 3-30).39 A convenient and efficient method was used for acetalization of benzaldehyde 

with methanol using the inexpensive and water tolerant CoCl2 as a catalyst. This method did not 

involve strong acidic or basic conditions and the metal catalyst was recycled without the loss of 

activity. 
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Scheme 3-30: Synthesis of dimethyl acetal of benzaldehyde.
39 

 Reactions of dimethyl acetal of benzaldehyde with 2-10 and 2-11 were optimized in such 

a way that minimum concentration of the ether reagents and initiator could be used.  

Scheme 3-31: Functionalization of dimethyl actetal of benzaldehyde 

Entry Z Product Time (h) Yield % 
(Isolated) 

1 CO2Et 24 84 

2 Ph 
 

24 89 

 

Table 3-8 Results for the functionalization of dimethyl acetal of benzaldehyde in acetonitrile. 

(Sealed tube, 120 oC) (2-10 and 2-11 0.35 M, 3-118 1.07 M, DTBPO 0.05 M) 

 In both cases of reactions of 3-118 with 2-10 and 2-11, high yields were observed for the 

in-situ hydrolyzed ketone product 3-119 (Table 3-8). This type of functionalization is not known 

under mild and metal-free reaction conditions. These products are stable and do not isomerize to 
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the conjugated ketone. Especially in Entry 2, where the alkene double bond is not in conjugation 

with the ketone carbonyl and neither does it to isomerizes to the , -unsaturated ketone isomer. 

3.5 Amine C-H bond functionalization via allyl transfer 

 Similar to alkyl aromatic hydrocarbons and ethers, we envisioned that the  the allyl 

transfer reaction would work for the selective functionalization of -C-H bond containing 

tertiary amines. Since BDEs of -C-H bonds of amines like triethylamine (93.9 kcal/mol) or 

N,N-dimethylaniline (93.1 kcal/mol) are similar to the BDEs of hydrocarbons and ethers, we 

speculated them to undergo the same chain reaction via allyl transfer. Especially, the hydrogen 

abstraction from the methyl C-H bond of alkyl aromatic amines (for example, N,N-

dimethylaniline) could potentially lead to the corresponding carbon radical, which is in 

resonance with the lone pair of the electrons on the nitrogen (Scheme 3-32). This stable radical 

might lead to the efficient allyl transfer with the appropriate substrate. Functionalization of N,N-

dimethylaniline via allyl transfer was attempted as a pilot reaction. 

Scheme 3-32: Resonance stabilization of methyl radical in N,N-dimethylaniline. 

 In this experiment, an interesting result was observed along with <10% of desired product 

formation was recorded. Major product of the reaction was separated and identified as a dimer of 

N,N-dimethyl aniline (Scheme 3-33). 
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Scheme 3-33: Attempted allyl transfer reaction of N,N-dimethylaniline with 2-10 

 The possible mechanistic pathway for this product formation was proposed (Scheme 3-

33). We postulated that PINO• could participate in single electron oxidation of aniline leading to 

aniline radical cation 3-122. 3-122 can potentially undergo a dimerization to form the 

intermediate 3-123 which on deprotonation by PINO• undergoes re-aromatization leading to the 

dimer product 3-121. 

Scheme 3-34: Predicted pathway for dimerization of N,N-dimethylaniline. 

 In 2005, Baciocchi, et al. reported the similar single electron transfer from N,N-

dimethylaniline to PINO•40 leading to demethylation of N,N-dimethylaniline. This confirms that 
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such single electron transfer pathway is possible with the alkyl aromatic amines and partially 

supports the proposed pathway for dimerization of N,N-dimethylaniline. 

3.6 Conclusions 

 In conclusion, we have successfully demonstrated an efficient method for 

functionalization of various ethers and dimethyl acetal of benzaldehyde via an allyl transfer 

reaction using phthlimido-N-oxyl radical as a chain carrier. The utility of this method is 

established by the observed high yields and high mass balances under metal-free, mild and 

neutral reaction conditions. A wide substrate scope, as established by several acyclic and cyclic 

ethers and acetals is demonstrated for this transformation. The reported allyl transfer reaction 

was successfully carried out in-solution using acetonitrile as solvent, which allowed successful 

implementation at low concentration of reagents, thus making this a cost-effective and 

environmentally friendly method of ether functionalization. 

 The PINO• shows good selectivity in hydrogen abstraction especially in case of 2-

MeTHF, leading to 80% tertiary C-H functionalization (major product), and 20% secondary C-H 

functionalization (minor products). However, in case of 1,3-dioxane moderate selectivities were 

observed due to the competition between two active secondary C-Hs present. These two 

experiments provided a valuable insight in selectivity/ reactivity of PINO• in hydrogen 

abstraction, thus helping us in designing a similar protocol with acetals, which in turn can be 

used as a method to functionalize aldehydes. A dimethyl acetal of benzaldehyde was tried as a 

template for this reaction, which showed high yield of the desired functionalized product. 

Selective functionalization of the tertiary C-H bond was observed, supporting our hypotheses of 

reactivity in these reactions. Application of this protocol in the functionalization of substituted 
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aryl and alkyl aldehydes is currently under development as a part of our efforts to establish the 

substrate scope of this reaction. Since, the allyl transfer reaction of N,N-dimethylaniline yielded 

the unexpected dimerized product 3-121, we envisioned that the non-aromatic amines would be a 

better choice for functionalization of amines via allyl transfer reaction. 
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Chapter 4: Experimental 

(For Chapter 2) 

4.1 General information 

 NMR spectra were recorded in CDCl3 (unless stated otherwise) on Bruker 

Advance II 500 or Varian Inova 400 NMR Spectrometers. The corresponding 13C NMR 

resonance frequencies for these spectrometers were 126 MHz and 101 MHz respectively. 

Coupling constants were reported in Hertz and chemical shifts were reported in ppm 

using the known chemical shift of the solvent used as an internal reference. Deuterated 

solvents were purchased from Cambridge Isotope Laboratories Inc. and used as is. The 

abbreviations used to indicate coupling are as follows: s (singlet), d (doublet), t (triplet), q 

(quartet), dd (doublet of doublet), m (multiplet) etc. GC was performed and recorded on a 

Hewlett Packard HP 5890A instrument equipped with FID detector, and an HP 3393A 

reporting integrator, DB-5 column (30x0.32 m). HRMS (TOF) was performed using a 

JEOL HX110 dual focusing mass spectrometer and (ESI) Agilent 6220 Accurate Mass 

TOF MS LC/MS. Thin layer chromatography was performed on 250 m silica gel 60-F 

silica plates (observed at UV254) purchased from EMD chemicals Inc. Flash 

chromatography was performed on silica gel (grade 60, 230- 400 mesh, 40-63 m silica 

gel) from VWR.  

4.2 Materials and Purification (Hydrocarbon functionalization) 

 Toluene (Sigma-Aldrich) and ethyl benzene (Sigma-Aldrich) were washed with 

H2SO4 followed by purification using simple distillation. Purification of cumene was 

similar except it was done under an inert atmosphere (Argon) followed by vacuum 

distillation. After purification, all of the above reagents were stored over molecular sieves 
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under Argon. The following reagents were used without purification as is: hexanes, 

methylene chloride, acetonitrile (HPLC grade), water (distilled), ethyl acetate, carbon 

tetrachloride, -methylstyrene, NBS, formaldehyde (37% aqueous solution), ammonium 

chloride, potassium carbonate, triethyl phosphonoacetate, diethyl 

cyanomethylphosphonate, ethyl ether, phosphorus tribromide, sodium chloride, 

magnesium sulfate and sodium sulfate.

4.3 Experimental procedure for the synthesis of allyl bromides (2-14 and 2-17)

Synthesis of (3-bromoprop-1-en-2-yl )benzene (2-14) 

(3-bromoprop-1-en-2-yl)benzene: Based on a literature procedure.1 To a mixture of -

methylstyrene (125 mL, 0.96 mol), N-bromosuccinimide (50 g, 0.28 mol), carbon 

tetrachloride (20 mL) was added.  This solution was heated just to boil and the flask was 

quickly immersed in an ice bath. Pentane was added to the cold reaction mixture to 

remove the side product succinimide.  Precipitate of succinimide was then separated by 

filtration. Additional 50 mL of pentane was added to ensure the removal of the side 

product. The filtrate was collected and remaining solvent was evaporated on rotary 

evaporator. The crude product (40 g) was purified by flash chromatography using 10% 

ethyl acetate in hexane. This purification yielded the pure product (2-12) as colorless 

liquid (25 g) in 68% yield. Purity was confirmed using 1H NMR analysis. 1H NMR: (400 

MHz, CDCl3), 7.47 (5 H, m), 5.55 (1 H, s), 5.49 (1 H, s), 4.38 (2 H, s) 
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Synthesis of ethyl 2-(hydroxymethyl)acrylate (2-16) 

COOEt
OH

2-16

Ethyl 2-(hydroxymethyl)acrylate: Based on a literature procedure.2 Mixture of triethyl 

phosphonoacetate (22.4 g, 0.1 mol) and 37% aqueous solution of formaldehyde (32.4 g, 

0.4 mol) was stirred at room temperature. Saturated solution of potassium carbonate 

(24.15 g, 0.175 mol) was added to the above mixture over 30 min. At the end of addition 

reaction mixture reached 30 oC- 35 oC. Stirring was continued for 2 h. Reaction was 

quenched with saturated solution of ammonium chloride (35 mL). Reaction mixture was 

extracted with ethyl ether (3X12.5 mL). Organic layers were combined and dried over 

sodium sulfate. Solvent was evaporated using rotary evaporator and remaining colorless 

oil was purified using flash chromatography using 20% ethyl acetate in hexane. This 

purification yielded the pure product as colorless oil (8 g) in 70% yield. 

 

1H NMR (400 MHz, CDCl3) 6.25 (1 H, s), 5.82 (1 H, s), 4.74 (1 H, s), 4.32 (2 H, s), 4.30 

– 4.18 (2 H, m), 1.31 (3 H, t). 13C NMR (101 MHz, CDCl3) 166.29, 139.34, 125.87, 

62.65, 60.77, 13.92. 

Synthesis of 2-(hydroxymethyl)acrylonitrile (2-19) 

 

2-(hydroxymethyl)acrylonitrile (2-19): Based on a literature procedure.2 Mixture of 

diethyl cyanomethylphosphonoacetate (22.4 g, 0.1 mol) and 37% aqueous solution of 
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formaldehyde (32.4 g, 0.4 mol) were stirred at room temperature. Saturated solution of 

potassium carbonate (24.15 g, 0.175 mol) was added to the above mixture over 30 min. 

At the end of addition reaction mixture reached 30 oC- 35 oC. Stirring was continued for 

2 h. Reaction was quenched with saturated solution of ammonium chloride (35 mL). 

Reaction mixture was extracted with ethyl ether (3X12.5 mL). Organic layers were 

combined and dried over sodium sulfate. Solvent was evaporated using rotary evaporator 

and remaining colorless oil was purified using flash chromatography using 20% ethyl 

acetate in hexane. This purification yielded the pure product as colorless oil (8 g) in 70% 

yield. 

1H NMR (400 MHz, CDCl3) 6.21 (1 H, s), 5.98 (1 H, s), 4.20 (2 H, s), 3.65 (1 H, s). 

13C NMR (101 MHz, CDCl3) 131.3, 120.4, 117.3, 66.1. 

Synthesis of 2-(bromomethyl)acrylonitrile (2-20) 

 

2-(bromomethyl)acrylonitrile (2-20): To the mixture of ethyl 2-

(hydroxymethyl)acrylonitrile (4 g, 0.030 mol) and dry ethyl ether (20 mL), phosphorus 

tribromide (1.4 mL, 0.015 mol) was added drop wise at –10 oC while stirring. After 

addition was completed the solution was stirred at room temperature for 3 h. Water (20 

mL) was added at –10 oC and the mixture was extracted with hexane (3X 10 ml) and 

washed with a saturated solution of sodium chloride (2X 10 mL). After drying the 

organic layer over magnesium sulfate, the solvent was evaporated under reduced pressure 

and the crude product (4.7 g) was purified using flash column chromatography; Product 
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yield: 4.1 g (70 %) 1H NMR: (400 MHz, CDCl3), 6.26 (1 H, s), 5.87 (1 H, s), 3.97 (2 H, 

s). 

Synthesis of ethyl 2-(bromomethyl) acrylate (2-17) 

Ethyl 2-(bromomethyl)acrylate: To the mixture of ethyl 2-(hydroxymethyl) acrylate (4 

g, 0.030 mol) and dry ethyl ether (20 mL), phosphorus tribromide (1.4 mL, 0.015 mol) 

was added drop wise at –10 oC while stirring. After addition was completed the solution 

was stirred at room temperature for 3 h. Water (20 mL) was added at –10 oC and the 

mixture was extracted with hexane (3X 10 ml) and washed with a saturated solution of 

sodium chloride (2X 10 mL). After drying the organic layer over magnesium sulfate, the 

solvent was evaporated under reduced pressure and the crude product (4.7 g) was purified 

using vacuum distillation; Product yield: 4.1 g (70 %); b.p. 54-58 oC/ 2 torr. Purity was 

confirmed using 1H NMR analysis. 1H NMR: (400 MHz, CDCl3), 6.22 (1 H, s), 5.87 (1 

H, s), 4.22 (2 H, s), 4.24 (2 H, q), 1.31 (3 H, t) 
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 4.4 Experimental procedure for the synthesis of Allyl-PINO compounds  

Synthesis of Ethyl 2-(((1,3-dioxoisoindolin-2-yl)oxy)methyl)acrylate (2-11) 

Ethyl 2-(((1,3-dioxoisoindolin-2-yl)oxy)methyl)acrylate: Based on a literature 

procedure.3 N-hydroxyphthalimide (3.2 g, 0.020 mol) was added to DMSO (110 mL). 

Sodium acetate (1.71 g, 0.020 mol) was added to the above mixture solution. (Solution 

turns dark red) then, ethyl 2-(bromomethyl) acrylate (4 g, 0.020 mol) in 35 mL DMSO 

was added drop wise to the mixture. The mixture was refluxed for an hour. The mixture 

was extracted with chloroform (50 mL 4X). The organic solution was washed 2X with 

saturated solution of NaCl and dried over sodium sulfate (Na2SO4). The solvents were 

evaporated under pressure. The solid residue was purified using flash column 

chromatography. The crude solid product was recrystallized in EtOAc/ hexane to yield 2-

11 as white crystalline solid. (m.p: 76-78 oC). 

1H NMR, (400 MHz, CDCl3) 7.95 – 7.49 (4 H, m), 6.43 (1 H, d), 5.98 (1 H, d, J 0.9), 

4.90 (2 H, s), 4.25 (2 H, tt, J 7.1, 3.6), 1.30 (3 H, td, J 7.1, 0.7). 13C NMR, (126 MHz, 

CDCl3) 165.09, 163.44, 134.50, 130.89, 128.84, 123.62, 75.91, 61.32, 14.06. HRMS:

Calculated for C14 H13 NO5- 275.0788; observed 275.0782 (-2.23 ppm) 
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Synthesis of 2-((2-phenylallyl)oxy)isoindoline-1,3-dione (2-10) 

2-((2-phenylallyl)oxy)isoindoline-1,3-dione: Based on a literature procedure.3 Repeated 

from the procedure for the synthesis of 2-11. (m.p for 2-10: 82-84 oC) 

1H NMR, (500 MHz, CDCl3) 7.86 – 7.45 (5 H, m), 7.35 – 7.05 (4 H, m), 5.63 (1 H, d, J 

0.9), 5.42 (1 H, d, J 0.8), 4.99 (2 H, d, J 0.8). 13C NMR, (126 MHz, CDCl3) 162.40, 

140.19, 136.74, 133.43, 127.88, 127.45, 127.14, 125.22, 122.47, 118.63, 78.67. HRMS:

Calculated for C17 H13NO3- 280.0968; observed 280.0988 (+ 7.09 ppm) 
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Synthesis of 2-(((1,3-dioxoisoindolin-2-yl)oxy)methyl)acrylonitrile (2-12) 

CN
O N

O

O
2-12

Based on a literature procedure.3 Repeated from the procedure for the synthesis of 2-11. 

1H NMR (400 MHz, CDCl3) 7.98 – 7.67 (4 H, m), 6.27 (1 H, t, J 1.1), 6.24 – 6.23 (1 H, 

m), 4.80 – 4.78 (2 H, m). 13C NMR (101 MHz, CDCl3) 163.08, 136.44, 134.56, 128.77, 

123.68, 117.26, 76.34. HRMS: Calculated for C12 H8 N2 O3 229.0608, observed [M+H] 

229.0598 (-4.37 ppm); m.p 151-153 oC. 
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4.4.1 General procedure for allyl transfer reactions of hydrocarbons 

 Allyl transfer reactions of hydrocarbon functionalization were run in 20 mL Pyrex 

pressure tubes in high vacuum line system. In a 20 mL Pyrex tube, the allyl-PINO or allyl 

bromide substrate (0.000716 mol) was mixed with the desired hydrocarbon substrate 

(0.00179 mol). Initiator, di-t-butyl peroxide (0.000143 mol) was added to the above 

mixture. This reaction mixture was degassed using high vacuum by freeze-pump-thaw 

(3X) and it was heated at the appropriate temperature while stirring. The temperature 

fluctuation was ±5 oC and the time of the reaction run has the accuracy of ±1 min. At the 

end of each reaction, the pressure tube was cooled down under tap water followed by 

solvent evaporation (if necessary) or liquid-liquid extraction to yield crude product. 

Reaction yields were determined by GC-MS using diphenylmethane as an internal 

standard and GC correction factor. 

4.4.2 General procedure for chain length calculations 

In a 25 mL volumetric flask, allyl-PINO substrate 2-10 or 2-11 (1.818x10-4 mol), di-t-

butyl peroxide (20 mol %, 3.636x10-5 mol) were added. These compounds were diluted 

with the hydrocarbon (25 mL). 4 mL of solution was taken from the volumetric flask and 

transferred to a sealed tube. This sealed tube was heated at 120 oC for time (t). Product 

yield at time t was measured using GC. The experiment was repeated several times at 

varying (increasing but maintaining the reaction time below 1 h) time (t) and product 

yield was measured for each reaction at corresponding reaction times. 10 L of di-phenyl 

methane was added as an internal reference to each reaction tube and 1 L of the reaction 

mixture was used for injection/GC analysis. The amount of initiator (t-butoxyl radical) 
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was calculated based upon the first order rate constant (i.e., k=1.72x10-6 s-1 at 120 oC) and 

the initial concentration of the initiator (DTBPO). To measure the initial chain length of 

the reaction, the product yield at time t (in mol) was divided by the total amount of 

radical produced from the initiator (mol) at time t (P/R) as a function of time. Then the 

log (P/R) was plotted against time. And using the first three or five data points (less than 

an hour reaction time), the equation for linear regression approximation was derived. By 

extrapolating the regression line to t=0, the intercept was assumed to be the log of the 

initial chain length. Error in chain length was calculated using the formula= std. error in 

inverse log function (2.303)* initial chain length* std. error in intercept. 
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4.4.3 Correction factors for allyl-bromides, allyl-PINO and hydrocarbon 

functionalized products 

Correction factors and product yield measurements were performed using the following 

GC conditions.  

Compound Correction factor Retention time 

 
1.3698 15.1 

CO2Et
OPIN  

1.0135 12.7 

Ph
Br  

0.5892 5.7 

 
0.2358 4.0 

 
0.7838 9.9 

 
0.8253 10.0 

 
1.1383 - 

 
0.8197 7.6 

 
0.7448 8.1 

 
0.9214 7.6 

 
0.7879 - 

Ph2CH2  7.1 
Table 4-1: Correction factors and GC retention times for allyl-bromide substrates, allyl-

PINO substrates and products. (GC Conditions: Injector temp. 280 oC, detector temp. 325 

oC, initial temp. 120 oC, initial time 2 min, rate 15 deg/min, final temp. 380 oC) 
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4.5 Kinetic chain lengths measurements for allyl transfer reactions of hydrocarbons 

with allyl-PINO substrate (2-11) using di-t-butylperoxide. 

 

Time (min) Log P/R 

15 2.5 

30 2.2 

60 2.05 

20 1.83 

80 1.59 

 

 

Figure 4-1: Reaction of toluene with 2-11, initiator DTBPO (20mol%), 120 oC, 

Initial chain length= 270 (±70) (2-11 0.032 M, DTBPO 0.006 M, toluene 10 M) 
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Time (min) Log P/R 

15 2.11 

30 2.09 

60 2.08 

20 2.0 

80 1.98 

 

Figure 4-2: Reaction of ethyl benzene with 2-11, initiator DTBPO (20 mol%) 120 oC 
 
 

Initial chain length= 130(±30) (2-11 0.032 M, DTBPO 0.006 M, ethyl benzene 11 M) 
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Time (min) Log P/R 

15 1.12 

30 1.11 

60 1.10 

20 0.9 

80 0.9 

Figure 4-3: Reaction of cumene with 2-11, initiator DTBPO 20 mol%, 120 oC. 
 
 

Initial chain length= 12(±4) (2-11 0.032 M, DTBPO 0.006 M, cumene 11M) 
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4.6 Typical experimental procedure for low temperature allyl transfer reactions   

using triethylborane/O2

Reactions were run in 20 mL pyrex pressure tubes with air in it. At the end of each 

reaction, the pressure tube was cooled down under tap water followed by solvent 

evaporation (if necessary) or liquid-liquid extraction to yield crude product. Reaction 

yields were determined by GC-MS using diphenylmethane as an internal standard. 

4.6.1 Typical experimental procedure for allyl transfer reactions using 

triethylborane/O2 and Lewis acid (AlCl3) 

 
Reactions were run in 20 mL pyrex pressure tubes with air in it. At the end of each 

reaction, the pressure tube was cooled down under tap water followed by solvent 

evaporation (if necessary) or liquid-liquid extraction to yield crude product. Reaction 

yields were determined by GC-MS using diphenylmethane as an internal standard. 

4.6.2 Experimental procedure for the synthesis of di-t-butyl hyponitrite (2-31) 

Sodium hyponitrite (0.4 g, 0.0038 mol) was slowly added to a solution of anhydrous 

ferric chloride (0.6 g, 0.0037 mol), 4 ml ether and 4 ml t-butyl bromide while stirring and 

maintaining the temperature below 45° C using water bath. The reaction mixture was 

stirred for 2 h at room temperature and then stirred overnight at 5 °C using ice bath. 

Reaction mixture was filtered to remove side product NaBr. Remaining filtrate was 

extracted using ethyl ether. The combined organic layers were dried over anhydrous 

sodium sulfate and concentrated using rotary evaporator to obtain 0.5 g (82%) of di-t-
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butyl hyponitrite as white solid. Crude product was recrystallized using methanol. (m.p 

80 oC-81 oC) Purity was confirmed using 1H NMR analysis. 1H NMR: (400 MHz, 

CDCl3), 1.38 (18 H, s). 

 

4.7 Kinetic chain lengths measurements for allyl transfer reactions of hydrocarbons 

and allyl-PINO substrates using di-t-butylhyponitrite

Time (min) Log P/R 

360 0.27 

720 0.26 

1440 0.25 

2160 0.24 

 

 

Figure 4-4: Reaction of ethyl benzene with 2-11 using 10 mol% DTBHN at 45 oC 
 

Initial chain length= 1.86(±1) (2-11 0.032 M, DTBPO 0.003 M, ethyl benzene 10 M) 
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Time (min) Log P/R 

360 0.12 

720 0.11 

1440 0.1 

2160 0.08 

 

 
 

Figure 4-5: Reaction of toluene with 2-11 using 10 mol% DTBHN at 45 oC 
 

Initial chain length= 1.34(±1) (2-11 0.032 M, DTBPO 0.003 M, toluene 10 M) 
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4.8 Experimental procedure for the synthesis of 2-thioxopyridin-1(2H)-yl 2-

phenylacetate (2-38) 

2-thioxopyridin-1(2H)-yl 2-phenylacetate: Based on a literature procedure.4 Phenyl 

acetic acid (0.21 g, 0.0015 mol) was added to the mixture of N-hydroxy pyridinethione 

(0.8 g, 0.0062 mol), dicyclohexylcarbodiiamide (DCC) (0.27 mL, 0.0017 mol), 4-N,N 

dimethyl aminopyridine (DMAP) (0.02 g, 0.00015 mol) and 3 mL methylene chloride at 

0 oC. Reaction mixture was then stirred at room temperature for 3 h. Reaction mixture 

was washed with brine and organic layer of methylene chloride was evaporated on rotary 

evaporator to obtain crude product. Crude product was recrystallized using hexane to 

obtain white solid. 

4.8.1 General procedure for competition experiments (Relative rate constant for 

addition-elimination process) 

In a 20 mL Pyrex tube, allyl bromide (0.0148 g, 10 L, 0.0000779 mol), allyl-PINO 

(0.0000779 mol), di-t-butyl peroxide (0.00227g, 2.8 L, 0.0000155 mol) and toluene (2 

mL) were added. 1,2 epoxy butane (0.0056 g, 0.0000779 mol) was added to neutralize 

the side product HBr. Reaction mixture was heated at 120 oC for 25 min. After 25 min 

reaction tube was quickly immersed in water bath to bring the temperature down to room 

temperature and stop the reaction. Diphenylmethane (10 L) was added to reaction 

mixture and used for GC analysis for product identification and quantitative analysis. 
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Errors in relative rate constants were calculated using the standard formula for 

propagation.5 

Allyl-
bromide

Allyl-
PINO

Product from allyl 
bromide substrate 

(%) 

Product from 
allyl-PINO

substrate (%) 

Relative rate 
constant from 
product yield 

(allyl 
bromide/allyl 

PINO)
Z=CO2Et Z=Ph 1.13 0.33 3.42 (±0.03) 

Z=Ph Z=CO2Et 0.58 0.49 1.18 (± 0.01) 

Z=CO2Et Z=CN 8.0 3.1 2.58 (± 0.02) 

Z=CN Z=CO2Et 1.26 1.20 1.05 (± 0.01) 

Z=Ph Z=CN 15.05 1.20 2.70 (± 0.02) 

Z=CN Z=Ph 11.11 4.89 2.27 (± 0.05) 

 
Table 4-2: Results of competition experiments (Reactions of benzyl radical with allyl-

bromides and allyl-PINO substrates) 

 

4.9 Experimental procedure for the synthesis 2-((2-

(bromomethyl)allyl)oxy)isoindoline-1,3-dione (2-45) 

2-((2-(bromomethyl)allyl)oxy)isoindoline-1,3-dione: A solution of 3-bromo-2-

(bromomethyl)prop-1-ene (0.5 g, 0.00237 mol) and DMSO (10 mL) was added drop wise 
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to the mixture of sodium acetate (0.16 g, 0.00118 mol), N-hydroxyphthalimide (0.19 g, 

0.00118 mol) and DMSO (20 mL). Reaction mixture was stirred at room temperature for 

30 min. Reaction mixture was extracted with chloroform and brine solution. Combined 

organic layers were dried over sodium sulfate. Solvent was evaporated using rotary 

evaporator and crude product was obtained in 55% yield, 0.38 g. The crude product was 

purified using flash chromatography using 20% ethyl acetate in hexane solvent system. 

Purified product was obtained as a white solid. 1H NMR (400 MHz, CDCl3) 7.90 – 7.67 

(3 H, m), 5.46 (1 H, d, J 0.6), 5.34 – 5.22 (1 H, m), 4.82 (2 H, d, J 0.6), 4.33 (2 H, d, J 

0.6). 13C NMR (101 MHz, CDCl3) 163.54, 140.19, 134.72, 128.92, 123.51, 122.49, 78.01, 

32.64, 0.00. HRMS: Calculated for C12 H10 NO3 Br: 295.9917 and 297.9897, observed 

295.9912 and 297.9895 (-1.62 ppm). m.p 73-75 oC. 
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4.9.1 General experimental procedure for the competition experiments for relative 

rate constant for leaving group abilities 

In a 20 mL pyrex tube, toluene (0.4 mL) was added to the mixture of 3-bromo-2-

(bromomethyl)prop-1-ene (0.1 g, 0.00034 mol) and di-t-butyl peroxide (0.0074g, 

0.000051 mol). 1,2 epoxy butane (0.021g, 0.000017 mol) was added to neutralize the side 

product HBr. The reaction mixture was heated at 120 oC for 25 min. After 25 min 

reaction tube was quickly immersed in water bath to bring the temperature down to room 

temperature and stop the reaction. Diphenylmethane (10 L) was added to reaction 

mixture and used for GC analysis for product identification and quantitative analysis.  

Error in relative rate constant was calculated using standard error in propagation.5Result: 

(k1 for elimination of PINO•, k2 for elimination of Br• k1/k2= 7.5/3.3= 3(±1).  
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Chapter 5: Experimental 

(For Chapter 3) 

5.1 General procedure for allyl transfer reactions of ethers 

 Allyl transfer reactions of ethers were run in 20 mL Pyrex pressure tubes. In 20 mL Pyrex 

tube, allyl-PINO substrate (2-10 or 2-11, 0.00090 mol) was mixed with the desired ether 

substrate (approx. 2-3 mL). Initiator, di-t-butyl peroxide (0.000136 mol) was added to the above 

mixture. This reaction mixture was degassed using high vacuum by freeze-pump-thaw (3X) 

method and it was heated at 120 oC while stirring. The temperature fluctuation was ±5 oC and the 

time of the reaction run has the accuracy of ±1 min. At the end of each reaction, the pressure 

tube was cooled down under tap water followed by solvent evaporation (if necessary) or liquid-

liquid extraction to yield crude product. Crude product was then purified using flash 

chromatography (20% ethyl acetate: 80% hexanes). Reaction yields were determined by GC 

using diphenylmethane as internal standard. 

5.2 Experimental data for ether products 

Ethyl 2-((tetrahydrofuran-2-yl)methyl)acrylate (3-79): 1H NMR (400 MHz, CDCl3) 6.23 (1 

H, d, J 1.3), 5.66 (1 H, d, J 1.2), 4.21 (2 H, q, J 7.1), 4.08 – 3.99 (1 H, m), 3.91 – 3.83 (1 H, m), 

3.77 – 3.68 (1 H, m), 2.52 (2 H, d, J 6.4), 2.06 – 1.79 (3 H, m), 1.59 – 1.44 (2 H, m), 1.30 (3 H, t, 

J 7.1). 13 C NMR (101 MHz, CDCl3) 167.31, 137.78, 126.19, 100.56, 67.20, 60.45, 37.66, 32.18, 
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24.18, 14.21. HRMS: Calculated for C10 H16O3 185.1172, observed [M+H] 185.1180 (+4.41 

ppm). 
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Ethyl 2-((2-methyltetrahydrofuran-2-yl)methyl)acrylate (3-95) + mixture of 3-97: 1H NMR 

(400 MHz, CDCl3) 6.19 (1 H, d, J 1.8), 5.60 – 5.59 (1 H, m), 4.25 – 4.15 (3 H, m), 3.80 (2 H, dd, 

J 14.7, 6.8), 2.55 (3 H, q, J 13.5), 1.98 – 1.86 (2 H, m), 1.84 – 1.74 (1 H, m), 1.68 – 1.57 (2 H, 

m), 1.29 (4 H, td, J 7.1, 1.6), 1.18 (3 H, s). (Expansion in the 1.31-1.39 region shows evidence of 

regioisomers (cis and trans 3-97) in the form of 3H, d). 13C NMR (101 MHz, CDCl3) 168.25, 

137.47, 127.52, 81.92, 67.51, 60.77, 41.49, 36.72, 25.75, 21.28, 14.23. HRMS: Calculated for 

C11H18O3 (3-95) 199.1329, observed [M+H] 199.1325 (-2.06 ppm) 
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Ethyl 4-ethoxy-2-methylenepentanoate (3-75): 1H NMR (400 MHz, CDCl3) 6.11 (1 H, dd, J

4.1, 1.9), 5.52 (1 H, dq, J 1.7, 1.2), 4.12 (2 H, q), 3.45 – 3.33 (2 H, m), 2.51 (1 H, ddd, J 13.8, 

6.6, 1.0), 2.27 (1 H, ddd, J 13.8, 6.1, 1.0), 1.22 (3 H, td, J 7.1, 2.4), 1.11 – 1.03 (5 H, m). 13C

NMR (101 MHz, CDCl3) 167.16, 137.72, 126.80, 73.63, 63.51, 60.34, 39.27, 19.44, 15.57, 

13.97. HRMS: Calculated for C10H18O3 187.1329, observed [M+H] 187.1325 (-1.82 ppm). 
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Ethyl 2-((tetrahydrothiophen-2-yl)methyl)acrylate (3-85): 1H NMR (400 MHz, CDCl3) 6.25 

– 6.12 (1 H, m), 5.61 (1 H, q, J 1.2), 4.20 (2 H, q, J 7.2), 3.66 – 3.49 (1 H, m), 3.29 – 3.19 (1 H, 

m), 2.00 (8 H, dddd, J 178.1, 129.7, 63.6, 6.9), 1.29 (3 H, t, J 7.1). 13C NMR (101 MHz, CDCl3)

166.92, 139.20, 125.84, 60.40, 46.98, 39.58, 36.95, 32.17, 30.00, 14.48. HRMS: Calculated for 

C10H16O2S 201.0944, observed [M+H] 201.0946 (+1.27)
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O O

O

O

3-83

 Ethyl 2-((1,4-dioxan-2-yl)methyl)acrylate (3-83): 1HNMR (400 MHz, CDCl3) 6.24 (1 H, d, J

1.4), 5.65 (1 H, q, J 1.2), 4.21 (2 H, q, J 7.1), 3.82 – 3.50 (6 H, m), 2.42 – 2.38 (2 H, m), 1.30 (3 

H, t, J 7.1). 13C NMR (101 MHz, CDCl3) 166.64, 136.00, 127.44, 73.57, 71.04, 66.88, 66.20, 

60.92, 34.21, 14.37. HRMS: Calculated for C10H16O4 201.1121, observed [M+H] 201.1127 

(+2.78)
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Ethyl 2-((tetrahydro-2H-pyran-2-yl)methyl)acrylate: 1H NMR (400 MHz, CDCl3) 6.20 (1 H, 

d, J 1.7), 5.62 (1 H, dd, J 2.7, 1.3), 4.20 (2 H, q, J 7.2), 4.00 – 3.90 (1 H, m), 3.53 – 3.32 (2 H, 

m), 2.52 – 2.36 (2 H, m), 1.90 – 1.35 (7 H, m), 1.29 (3 H, t, J 7.1). 13C NMR (101 MHz, CDCl3)

167.32, 137.51, 126.90, 76.10, 68.72, 60.58, 39.13, 31.79, 25.93, 23.34, 14.26. HRMS:

Calculated for C11H18O3 199.1329, observed [M+H] 199.1322 (-3.17 ppm). 
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 Ethyl 4-(tert-butoxy)-2-methylenepentanoate: 1H NMR (400 MHz, CDCl3) 6.17 (1 H, q), 

5.57 (1 H, s), 4.22 (2 H, q), 3.87 – 3.78 (1 H, m), 2.48 (1 H, dd), 2.34 (1 H, dd), 1.30 (5 H, t), 

1.16 (11 H, s), 1.09 (4 H, d). 13C NMR (101 MHz, CDCl3) 167.38, 138.54, 127.04, 73.35, 65.86, 

60.48, 42.02, 28.61, 22.55, 14.09. HRMS: Calculated for C12H22O3 215.1642, observed [M+H] 

215.1626 (-7.36). 
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Ethyl 2-((1,3-dioxan-2-yl)methyl)acrylate (3-100 + 3-102): 1H NMR (400 MHz, CDCl3) 6.24 

(2 H, dd, J 3.8, 1.5), 5.68 (2 H, dd, J 3.1, 1.2), 4.74 (1 H, t), 4.21 (3 H, q, J 7.1), 4.08 (3 H, dd, J

6.0, 4.7), 4.05 – 3.98 (1 H, m), 3.88 – 3.58 (4 H, m), 2.62 (3 H, dd, J 5.4, 0.9), 2.24 – 1.96 (2 H, 

m), 1.30 (10 H, s). 13C NMR (101 MHz, CDCl3) 177.89, 135.50, 128.46, 123.37, 67.19, 60.15, 

37.66, 25.44, 13.61. HRMS: Calculated for C10H16O4 201.1112, observed 201.110 (+2.17 ppm). 
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Ethyl 2-(benzo[1,3]dioxol-2-ylmethyl)acrylate (3-87): 1H NMR (400 MHz, CDCl3) 6.89 – 

6.69 (2 H, m), 6.37 (1 H, d, J 1.2), 6.31 (1 H, t, J 5.1), 5.80 (1 H, q, J 1.2), 4.25 (1 H, q, J 7.1), 

3.03 – 2.88 (1 H, m), 1.32 (1 H, t, J 7.1). 13C NMR (101 MHz, CDCl3) 166.29, 147.09, 133.94, 

129.08, 121.71, 109.50, 108.87, 60.77, 37.35, 13.92. HRMS: Calculated for C13H14O4 235.0965,

observed [M+H] 235.0975 (+4.5 ppm) 



148

2-(2-phenylallyl)tetrahydrofuran (3-80): 1H NMR (400 MHz, CDCl3) 7.49 – 7.23 (4 H, m), 

5.36 (1 H, d, J 1.3), 5.18 (1 H, d, J 1.2), 3.99 – 3.86 (1 H, m), 3.75 – 3.67 (1 H, m), 2.91 (1 H, 

ddd, J 14.3, 6.4, 1.1), 2.62 (1 H, ddd, J 14.3, 6.9, 0.9), 1.98 – 1.75 (3 H, m), 1.53 (1 H, td, J 7.5, 

3.0). 13C NMR (101 MHz, CDCl3) 145.49, 141.22, 128.39, 127.61, 126.19, 114.41, 77.54, 67.80, 

41.58, 31.14, 25.54. HRMS: Calculated for C13H16O 189.1274, observed [M+H] 189.1259 (-

7.71 ppm). 
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2-methyl-2-(2-phenylallyl)tetrahydrofuran (3-96 + 3-98): 1H NMR (400 MHz, CDCl3) 7.36 

(2 H, d, J 50.6), 5.34 (1 H, s), 5.17 (1 H, s), 3.75 (1 H, ddt, J 21.9, 8.2, 6.8), 2.78 (1 H, s), 1.85 (2 

H, s), 1.12 (1 H, s). 13C NMR (101 MHz, CDCl3) 146.08, 142.87, 128.13, 127.10, 126.50, 

116.93, 82.81, 66.83, 46.07, 36.03, 26.36, 25.94. HRMS: Calculated for C14H18O 203.143, 

observed [M+H] 203.1414 (- 7.86 ppm).
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2-(2-phenylallyl)-1,4-dioxane (3-84): 1H NMR (400 MHz, CDCl3) 7.50 – 7.15 (4 H, m), 5.36 

(1 H, d, J 1.4), 5.15 (1 H, q, J 1.2), 3.86 – 3.46 (5 H, m), 3.29 (1 H, dd, J 11.4, 9.8), 2.76 (1 H, 

ddd, J 14.4, 6.5, 1.2), 2.52 (1 H, ddd, J 14.5, 7.0, 1.0). 13C NMR (101 MHz, CDCl3) 143.89, 

140.37, 128.40, 127.65, 126.15, 115.01, 73.53, 71.05, 66.86, 66.39, 38.16. HRMS: Calculated 

for C13H16O2 205.1225 , observed [M+H] 205.1229 (+0.87 ppm). 
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(4-ethoxypent-1-en-2-yl)benzene (3-77): 1H NMR (400 MHz, CDCl3) 7.49 – 7.17 (1 H, m), 

5.32 (1 H, d, J 1.6), 5.14 (1 H, d, J 1.3), 3.64 – 3.26 (1 H, m), 2.93 (1 H, ddd, J 14.0, 6.0, 1.1), 

2.50 (1 H, ddd, J 14.0, 7.3, 1.0), 1.14 (1 H, t, J 6.9). 13C NMR (101 MHz, CDCl3) 145.92, 

141.39, 128.27, 127.19, 126.35, 114.68, 73.73, 63.67, 42.75, 19.51, 15.57. HRMS: Calculated

for C13H18O 191.143, observed [M+H] 191.1427 (-1.72 ppm) 
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2-(2-phenylallyl)-1,3-dioxane (major:60%) and 4-(2-phenylallyl)-1,3-dioxane(minor:40%)

1H NMR (400 MHz, CDCl3) 7.61 – 7.04 (5 H, m), 5.39 (1 H, dd, J 9.5, 1.4), 5.19 (1 H, dq, J

12.3, 1.3), 4.68 – 4.52 (1 H, m), 4.15 – 3.99 (1 H, m), 3.80 – 3.50 (2 H, m), 2.84 (1 H, dd, J 5.3, 

1.1), 2.08 (1 H, ddd, J 13.4, 13.0, 10.0). 13C NMR (101 MHz, CDCl3) 144.30, 143.01, 140.81, 

140.64, 128.41, 128.29, 127.60, 127.46, 126.17, 126.15, 115.21, 100.69, 93.47, 74.82, 67.20, 

66.51, 42.01, 41.08, 31.62, 25.86. HRMS: Calculated for C13 H16 O2 205.1223, observed [M+H] 

205.1225 (+0.89 ppm). 
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(4-(tert-butoxy)pent-1-en-2-yl)benzene (3-78): 1H NMR (400 MHz, CDCl3) 7.54 – 7.20 (1 H, 

m), 5.32 (1 H, d, J 1.7), 5.13 (1 H, dd, J 2.2, 1.4), 3.78 – 3.50 (1 H, m), 2.85 (1 H, ddd, J 13.8, 

5.5, 1.0), 2.52 (1 H, ddd, J 13.8, 8.1, 0.7), 1.22 – 1.03 (2 H, m). 13C NMR (101 MHz, CDCl3)

146.12, 141.09, 128.41, 127.40, 126.31, 114.74, 73.41, 66.21, 45.41, 28.52, 22.64. HMRS: 

Difficult to ionize using ESI or APCI ionization methods. (GC-MS analysis in section 5.5) 
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2-(2-phenylallyl)tetrahydro-2H-pyran (3-82): 1H NMR (400 MHz, CDCl3) 7.47 – 7.38 (2 H, 

m), 7.31 (3 H, dddd, J 13.1, 11.6, 5.8, 3.6), 5.34 (1 H, d, J 1.6), 5.14 (1 H, dd, J 2.6, 1.3), 4.03 – 

3.89 (1 H, m), 3.47 – 3.24 (2 H, m), 2.83 (1 H, ddd, J 14.3, 6.5, 1.1), 2.55 (1 H, ddd, J 14.3, 6.7, 

1.0), 1.88 – 1.16 (7 H, m). 13C NMR (101 MHz, CDCl3) 145.14, 140.98, 128.45, 127.20, 126.18, 

75.94, 68.53, 42.76, 31.85, 26.14, 23.24. HMRS: Calculated for C14H18O 203.143, observed 

[M+H] 203.1436 (+2.54 ppm). 
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2-(2-phenylallyl)tetrahydrothiophene (3-86): 1H NMR (400 MHz, CDCl3) 7.47 – 7.07 (5 H, 

m), 5.32 – 5.24 (1 H, m), 5.17 – 5.04 (1 H, m), 2.90 – 2.68 (10 H, m), 1.96 – 1.83 (8 H, m), 1.26 

(7 H, s), 0.87 (6 H, s). 13C NMR (101 MHz, CDCl3) 147.09, 140.87, 128.28, 127.45, 126.20, 

113.83, 36.73, 31.74, 30.93, 22.64, 14.17.HRMS: Calculated for C13 H16 S: 205.1045, observed 

[M+H] 205.1052 (+3.27 ppm)
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2-(2-phenylallyl)benzo[1,3]dioxole (3-88): 1H NMR (400 MHz, CDCl3) 7.56 – 7.21 (2 H, m), 

6.93 – 6.71 (6 H, m), 6.23 (1 H, t, J 5.1), 6.00 – 5.87 (3 H, m), 5.52 (1 H, d, J 1.1), 5.32 (1 H, d, 

J 1.1), 3.16 (1 H, dd, J 5.1, 1.0). 13C NMR (101 MHz, CDCl3) 147.50, 141.36, 140.35, 128.30, 

127.88, 126.32, 121.72, 116.23, 108.88, 100.36, 40.58. HMRS: Calculated for C16H12O2

237.0910, observed [M+H] 237.0927 (+7.1) 
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(dimethoxymethyl)benzene (3-118): Based on a literature procedure1. A mixture of 

benzaldehyde (2 g, 0.01886 mol), CoCl2 (dry, 0.121 g, 0.000943 mol) and dry methanol (80 mL) 

were refluxed at 110 oC for 3 h, using CaCl2 guard tube over reflux condenser. Methanol was 

evaporated under reduced pressure. Ethyl acetate (5 mL) was added to the residue. Co(II) salt 

was filtered and filtrate was passed through a short column of alumina (basic) using 5% ethyl 

acetate in hexane. Procedure yielded pure dimethyl acetal product which was characterized by 

NMR. 1H NMR (400 MHz, CDCl3) 7.50 – 7.30 (4 H, m), 5.41 (1 H, s), 3.34 (6 H, s). 13C NMR

(101 MHz, CDCl3) 138.20, 128.53, 128.07, 126.63, 103.25, 52.76.
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1,3-diphenylbut-3-en-1-one (3-119, Z=Ph): 1H NMR (400 MHz, CDCl3) 8.00 – 6.76 (1 H, m), 

5.49 (1 H, dd, J 1.3, 0.5), 5.02 (1 H, q, J 1.3), 3.84 (1 H, s). 13C NMR (101 MHz, CDCl3)

193.54, 147.25, 139.50, 129.04, 128.45, 128.35, 127.57, 126.26, 114.82, 41.96. HRMS:

Calculated for C16H14O, 223.2811, observed 223. 1112 (+5.69 ppm) 
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Ethyl 2-methylene-4-oxo-4-phenylbutanoate (3-119, Z=CO2Et): 1H NMR (400 MHz, CDCl3)

7.99 (2 H, ddd, J 7.1, 2.3, 1.2), 7.65 – 7.41 (4 H, m), 6.44 – 6.36 (1 H, m), 5.69 (1 H, q, J 1.0), 

4.21 (2 H, q, J 7.2), 4.00 (2 H, d, J 1.0), 1.26 (4 H, t, J 7.1). 13C NMR (101 MHz, CDCl3)

196.76, 166.29, 134.82, 133.25, 128.62, 128.30, 128.23, 61.08, 41.81, 13.93. HRMS: Calculated 

for C13H15O3 219.1016, observed 219.101 (-2.63). 



167



168

5.3 Kinetic chain length calculations- Allyl transfer reactions of ethers 

Time (min) Log P/R 

15 2.99 

30 2.78 

60 2.09 

120 2.24 

180 1.96 

360 0.14 

Figure 5-1: Reaction of 2-10 with THF 

Initial chain length 1200 (±60) (120 oC, (2-10 0.022 M, 0.00053 M, THF 4 mL) 
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Time (min) Log P/R 

15 1.94 

60 1.65 

300 1.15 

Figure 5-2: Reaction of 2-10 with 2-MeTHF (for major product) 

Initial chain length= 80 (±18) (120 oC, (2-10 0.022 M, 0.00053 M, 2-MeTHF 4 mL) 
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Time (min) Log P/R 

15 2.97 

30 2.75 

60 2.64 

120 2.24 

180 1.94 

360 0.51 

Figure 5-3: Reaction of 2-10 with 1,4-dioxane 

Initial chain length= 1300 (±360) (120 oC, (2-10 0.022 M, 0.00053 M, 1,4-dioxane 4 mL) 
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Time (min) Log P/R 

5 4.02 

10 3.48 

15 3.44 

25 2.86 

Figure 5-4: Reaction of 2-11 with THF 

Initail chain length= 15000 (±5000) (120 oC, (2-11 0.022 M, 0.00053 M, THF 4 mL) 
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Time (min) Log P/R 

30 2.03 

45 1.99 

60 1.75 

90 1.34 

Figure 5-5: Reaction of 2-11 with 2-MeTHF (for major product) 

Initial chain length= 300 (±70) (For major product 3-95) (120 oC, (2-11 0.022 M, 0.00053 M, 2-

MeTHF 4 mL) 
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Time (min) Log P/R 

30 2.61 

45 2.14 

60 1.82 

90 1.43 

Figure 5-6: Reaction of 2-11 with 2-MeTHF  

Initial chain length= 1200 (±490) (for mixture of all regioisomeric product: 3-95+3-97) (120 oC,

(2-11 0.022 M, 0.00053 M, 2-MeTHF 4 mL) 
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Time (min) Log P/R 

15 3.81 

30 3.32 

45 3.39 

60 2.94 

90 2.73 

Figure 5-7: Reaction of 2-11 with 1,4-dioxane 

Initial chain length= 8000 (±2700) (120 oC, (2-11 0.022 M, 0.00053 M, 1,4-dioxane 4 mL) 
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Time (min) Log P/R 

10 1.66 

15 0.99 

20 1.01 

30 0.91 

45 0.62 

Figure 5-8: Reaction of 2-11 with THF (3 eq.) in acetonitrile (0.8 M) 

Initial chain length= 40 (±20) (120 oC, (2-11 0.022 M, 0.00053 M, THF 0.06 M) 
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5.4 GC-MS evidences for regioisomers (3-96 and 3-98) in allyl transfer reaction of 2-

MeTHF with 2-10 

Figure 5-9: GC-MS chromatogram showing products of the allyl transfer reaction of 2-10 with 

2-MeTHF.

1) Compound at retention time 11.25 (Fragments: 202.2, 187.2, 115.1, 85.1)
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2) Compound at retention time 11.34 (Fragments: 202.3, 187.6, 115.1, 85.1)
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3) Compound at retention time 11.43 (Fragments 202.2, 187.4, 115.1, 85.1)
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5.4.1 GC-MS evidences for regioisomers (3-97 and 3-99) in allyl transfer reaction of 2-

MeTHF with 2-11 

Figure 5-10: GC-MS chromatogram showing products from the allyl transfer reaction of 2-11

with 2-MeTHF 

1) Compound at retention time 8.59 (Fragment 153.2, 85.1, 79.1, 69.1, 55.1) 
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2) Compound at retention time 8.85 (Fragments 153.2, 85.2, 79.1, 67.1, 55.1) 
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3) Compound at retention time 8.92 (Fragment 153.2, 85.2, 79.1, 67.1, 55.1) 
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5.5 GC-MS analysis of 3-78 (Note: This product was difficult to ionize via ESI or APCI 

ionization methods)  

Figure 5-11: GC-MS analysis of 3-78 (Base peak = fragment for t-butyl group= 57, Fragment 

202=from loss of methyl group) 
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