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ABSTRACT OF THE DISSERTATION 
 
 

Oxidative Atom Transfer Radical Strategies 
 
 

by 
 
 

Samuel William Lardy 
 

Doctor of Philosophy in Chemistry 
 

University of California San Diego, 2021 
 

Professor Valerie Schmidt, Chair 
 
 

The triphenylmethyl radical was first discovered and isolated by Moses Gomberg at the 

University of Michigan in the year 1900. The prospect of an isolable carbon-centered radical as 

described by Gomberg blew open the door to a whole new realm of chemistry and helped pave the 

way for modern organic synthesis. Now nearly 120 years past this initial discovery, radical 

reactions are common place in all areas of organic synthesis, and new methods are continuously 

being developed that utilize open shell species. Radical-mediated methods are complimentary to 

traditional, two-electron pathways in that they are uniquely tolerant of otherwise reactive polar 

functionalities. 



 xvii 

The first chapter of this manuscript describes our development of a new method for the 

intermolecular hydroamination of alkenes using N-hydroxyphthalimide (NHPI). Owing to the 

impressive oxophilicity of trivalent phosphorus, we were able to generate reactive phthalimidyl 

radicals via phosphorus-mediated homolytic cleavage of the N-O bond in NHPI. The installation 

of the phtalimidyl moiety is highly advantageous, as it can be easily removed via simple hydrolysis 

to provide an overall, formal-ammonia hydroamination for the production of primary amines. 

During the course of our investigation, we determined that this process occurred through an atom-

transfer radical addition (ATRA) type mechanism wherein NHPI was used to supply both the 

nitrogen and hydrogen atoms for the overall hydroamination. 

The second chapter of this manuscript describes an extension of the ATRA capabilities of 

our hydroamination method in the form of an aminoallylation of alkenes using allyl-oxy 

phthalimides. By substituting the hydrogen atom of NHPI with an electron deficient allyl group, 

we took advantage of predictable radical polarity effects to invoke an overall alkene 

difunctionalization by way of a group transfer radical addition (GTRA). This provided further 

evidence for an ATRA-type mechanism for our hydroamination method, and similarly reinforced 

the guiding effects of proper radical polarity matching. 

The third chapter of this manuscript discusses our development of a method for the formal 

conversion of phenols to anilines utilizing an intermediary hydroxamic scaffold. Again taking 

advantage of the oxophilicity of trivalent phosphorus, hydroxamic acids were unmasked to reveal 

reactive amidyl radicals capable of performing an intramolecular, ipso-substitution at the phenolic 

carbon of the hydroxamic acid substrate. In comparison to traditional SNAr processes, our method 

was not limited to electron deficient arenes, but tolerated electronically rich substrates as well. 



 xviii 

The fourth and final chapter of this manuscript transitions away from radical amination 

strategies enabled by phosphorus(III)-mediated O-atom transfer, and instead describes our efforts 

to utilize thiyl radicals as cite-selective H-atom abstraction reagents. During the course of our 

investigation, we found that we could perform a thiol-catalyzed, aerobic debenzylation of amines 

and alcohols using pentafluorothiyl radical as the active abstracting species. This process uses only 

a substoichiometric quantity of thiol, air as the only oxidant, and operates in the presence of 

functional groups that would otherwise be intolerant of traditional benzyl-deprotection methods. 



 1 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
Chapter 0: General Introduction 
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0.1 Radical-Mediated, Phosphorus-Enabled Deoxygenation 

Phosphorous-oxygen bonds play vital roles in biochemistry, forming the phosphodiester 

linkages of nucleic acids and nucleotides that convey the genetic codes of life and provide the 

energetic driving force of biochemical processes.1 The synthetic utility of phosphorus containing 

compounds is demonstrated by classic reactions such as the Wittig,2 the Corey-Fuchs olefination,3 

the Mitsunobu,4 the Appel,5 and the Horner-Wadsworth-Emmons,6 all of which take advantage of 

the oxophilicity of phosphorus to allow for chemical transformations to take place (Scheme 0.1). 

The Radosevich laboratory has similarly leveraged the O-atom transfer capabilities of trivalent 

phosphorus reagents toward the development of unique deoxygenative methods that rely on 

P(III)/P(V) redox cycling.7 In all of these cases, the driving force for the conversion of starting 

material to product lies in the thermodynamic favorability of forming an exceptionally strong 

phosphorus-oxygen bond (P=O = 130 kcal/mol for Ph3PO).8 While many of the most well known 

of these transformations involve 2-electron, ionic pathways,9 significant progress has been made 

on the development of single electron synthetic methods.10  

 

Scheme 0.1. Classic two-electron deoxygenation processes enabled by trivalent phosphorus.  

Radical-mediated processes are attractive for use in chemical synthesis because they are 

generally tolerant of sensitive chemical functionalities that would otherwise not withstand polar 

+ PPh3 OPPh3OHR

b. Mitsunobu Reaction
+NuR

+ OPL3

c. Wittig Reaction

+

O

R1H R1H

R2

+ PPh3 OPPh3OHR
a. Appel Reaction

+XR
CX4

X = Cl, Br, I

H Nuc
(RO2CN)2

R2

PR3
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reactants. Because of this, processes involving phosphorus-based radical intermediates are 

particularly of interest for reaction development through oxygen atom transfer (OAT). The strength 

of P-O bonds can serve as a favorable driving force for these reactions and activate oxygen-

carbon/hetero bonds in mechanistically distinct pathways compared to direct bond homolysis or 

through oxidative addition using a transition-metal.  

The family of trivalent P-centered radicals involved in OAT processes can be broken up 

into two primary categories: phosphoranyl radicals (L3ZP�) and phosphoniumyl radical cations 

(L3P�+), which are inevitably converted to phosphoranyl radicals following nucleophilic attack 

(Scheme 0.2). 

 

Scheme 0.2. P-centered radicals in deoxygenation reactions. 

The chemical properties of phosphoranyl radicals (L3ZP�) were extensively investigated 

by Bentrude11 and others12 during the mid- to late-twentieth century, and have since been well 

reviewed.13 Phosphoranyl intermediates are generated when an external radical (Z�) forms a 

covalent bond with trivalent phosphorus (PL3). Pioneering studies by Bentrude and coworkers 

served to lay the foundation and predictive power of reactivity of alkoxy radicals in the presence 

of PL3. The phosphoranyl radical generated by addition of an alkoxy radical as shown in Scheme 

0.3 generally has two reactive pathways. First, a displacement resulting from a-scission of a P-L 

bond is a major pathway when the O-R bond of the incoming alkoxy radical is relatively strong 

and a-scission is capable of producing a stabilized radical (L�). This is most often observed when 

PL3 is a trialkyl phosphine such as tri-t-butylphosphine or phosphite such as triphenylphosphite. 

OPL3+ PL3OG +G
a. Phosphoranyl radical

OPL3+ PL3OHG +G

b. Phosphoniumyl radical cation

PL3GO

-H+
PL3GO
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Similarly, a-scission may occur to regenerate the original alkoxy radical and PL3 substrate if the 

O-P bond formed from initial addition is relatively weak compared to that of P-L, thereby 

producing no net reaction. The second common pathway results from a b-fragmentation that 

oxidizes the phosphorous center and releases a corresponding R�. Oxidation is the favored 

pathway when the P-L bonds are stronger than the R-O bond of the incoming alkoxy radical, 

commonly observed when alkyl phosphites are used as the trivalent phosphorous reagents.  In this 

same vein, if the phosphorus reagent is a phosphite that contains a relatively weak b O-R bond 

associated with one of the ligands (L), a radical, Arbuzov-type substitution/oxidation may occur 

upon alkoxy radical addition. Productive reactivity for recently developed synthetic methods are 

typically encompassed by the second pathway wherein b-scission produces a carbon- or nitrogen-

radical from an incoming alkoxy radical. 

 

Scheme 0.3. Possible reaction pathways for phosphoranyl radicals.  

While the OAT capability of trivalent phosphorus is well documented in cases concerning 

alkoxy and peroxy radicals, instances involving the addition of N-hydroxyl radicals to trivalent 

phosphorus to furnish N-centered radicals have only recently been developed. This is particularly 

interesting since the N-O and O-H bond strengths of these species are typically lower than the C-

O and O-H bond strengths of alcohols, thereby favoring the oxidative, b-scission pathway. Owing 

to the prevalence of nitrogen-containing scaffolds in pharmaceuticals and agrochemicals, the 

+OR

O PR
L

L
L

P
L

L
L

O PR
L

L
L

O P L
L

L
R

+

+

⍺-scission
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development of deoxygenative methodologies for harnessing reactive N-centered radicals from 

unsubstituted N-hydroxy amines is of great interest (Scheme 0.4).14 

 

Scheme 0.4. Generation of C- and N-centered radicals via trivalent phosphorus OAT. 

Interactions between trivalent phosphorus and N-hydroxy containing compounds have 

been documented since the 1970's,15 but it is only recently that major synthetic advances have been 

made in this realm. An early example from Weinreb16 in 2001 revealed that diethyl 

chlorophosphite could be used as an effective deoxygenation reagent for oximes and hydroxamic 

acids to produce N-centered radicals through thermolysis of the N-O bonds in the O-phosphino 

hydroxylamines17 generated in situ (Scheme 0.5). While mechanistically this method does not 

conform to the Bentrude-type deoxygenation profile seen with peroxides and alcohols wherein an 

oxygen-centered radical adds to phosphorus to generate a phosphoranyl radical, it still relies on 

the use of a trivalent phosphorus O-atom acceptor reagent and provides excellent precedence for 

later developed OAT processes involving hydroxylamine functionality. O-phosphino 

hydroxylamines are well known to undergo thermolytic bond cleavage, and Weinreb succesfully 

leveraged this documented reactivity to achieve the intramolecular aminooxygenation, 

aminosulphination, and aminoselenation of oximes and hydroxamic acids in moderate to excellent 

yields.   

OPL3+ PL3OC +C
a. C-centered radical generation

PL3CO

OPL3+ PL3ON +N

b. N-centered radical generation

PL3NO

- established -

- underdeveloped -
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Scheme 0.5. Phosphorus mediated deoxygenation of oximes and hydroxamic acids (Weinreb, 2001).  

The next three chapters of this manuscript describe our efforts at leveraging the impressive 

oxophilicity of trivalent phosphorus, as well as the known interactions of these compounds with 

alkoxy radicals to generate highly reactive, N-centered radicals from benchtop stable, easily 

synthesized hydroxylamine-based substrates. 

0.2 Thiols as Hydrogen-Atom Abstraction Reagents 

 Traditionally, organic synthesis has relied on leveraging inherently reactive functional 

groups to invoke the desired transformations necessary to build complex molecular scaffolds 

(Scheme 0.6.a). Over the past several decades, there has been a great push towards the 

development of new synthetic methods that utilize C-H bond activation to invoke sophisticated 

chemical transformations at classically inert positions of a molecule (Scheme 0.6.b). Many of the 

newly developed methods in this realm are polar processes catalyzed by transition metals,18 though 

a number of methods have emerged that invoke a radical pathway.19  

 

 

N
OH N R

DIEA (2.6 equiv)
(EtO)2PCl (1.3 equiv)
DCM, -50 oC to rt

N
O
P(OEt)2 N

O P(OEt)2

(PhSe)2 (2 equiv) or
(PhS)2 (20 equiv) or
TEMPO (2 equiv)

R = SePh, 86%
    = SPh, 69%
    = TEMPO, 41%
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Scheme 0.6. C-H bond activation as a unique method for the synthesis of organic compounds. 

One strategy for the development of radical-mediated C-H functionalization reactions is to 

perform a site-selective H-atom transfer to furnish a carbon-centered radical intermediate (Scheme 

0.7).20 This approach allows for otherwise inert C-H bonds to be homolytically cleaved and engage 

in productive reactivity toward the functionalization of the substrate. N-functionalized-amides,21 

alcohols,22 and photo-active polyoxometalates23 have all recently been realized as powerful HAT 

reagents for radical C-H functionalization reactions, to name but a few. 

 

Scheme 0.7. Hydrogen atom abstraction as a radical-mediated strategy toward C-H functionalization.  

Thiols have long been known to be excellent H-atom sources for carbon-centered radicals, 

and do so at near diffusion controlled rates for many substrates due to the thermodynamically 

favorable generation of the thiyl radical.24 This H-atom transfer event between thiols and carbon 

radicals, while typically favoring the thiyl radical due to the relatively low bond dissociation 

energy (BDE) of S-H bonds as compared to most C-H bonds, exists in equilibrium. Consequently, 

thiyl radicals can act as C-H abstracting species toward the generation of C-centered radicals. 

Roberts pioneered the development of synthetic methods that utilize thiyl radicals as H-atom 
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transfer reagents in the late twentieth century and found that they could be used for the radical 

hydroacylation of alkenes,25 reductive deoxygenation of MOM-protected alcohols,26 and 

intramolecular cyclization of acetals (Scheme 0.8).27 

 

Scheme 0.8. Synthetic methods invoking the thiyl radical as an H-atom abstracting reagent. 

The fourth chapter of this manuscript details our investigation of thiyl radicals as site-

selective hydrogen atom transfer reagents toward the development of new synthetic 

methodologies.   
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1.1 Introduction 
 

Nitrogen containing functionalities are vastly important and can be found in 

pharmaceuticals, agrochemicals, and natural products. As such, the construction of new carbon-

nitrogen bonds is of great interest to synthetic and process chemists alike, and the development of 

new methodologies that allow for the facile formation of these bonds is an ongoing goal. The 

hydroamination of olefins is an attractive approach for the installation of nitrogen containing 

functionalities because alkene-containing substrates are a diverse class of molecules and are 

widely available. Furthermore, the prospect of adding a N-H bond across an alkene is a 

conceptionally simple method for the preparation of nitrogen-rich molecules. 

Many of the traditional methods for alkene hydroamination proceed with Markovnikov 

regioselectivity, where the nitrogen atom is added at the more substituted carbon of the reacting 

alkene.1 While methods that produce the anti-Markovnikov hydroamination regioisomer are more 

rare, significant advances have been made using transition metal2 and photoredox catalysis 

(Scheme 1.1).3 

 

Scheme 1.1. Possible regioisomers for the hydroamination of an asymmetric alkene. 

 One strategy for obtaining the more elusive anti-Markovnikov hydroamination regioisomer 

is by using a radical mediated pathway, as a nitrogen-centered radical generated in situ would 

predictably add at the less substituted cite of an alkene.4 Furthermore, radical driven processes are 
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conceptually attractive because of their compatibility with otherwise reactive polar 

functionalities.5  

 In addition to regioselectivity, yet another challenge in the realm of hydroamination is the 

ability to synthesize primary amines through hydroamination. Many successful methods use 

substituted amine substrates to preclude the possibility of the product, typically more nucleophilic 

than the initial starting material because of increased alkyl substitution, from engaging in further 

hydroamination (Scheme 1.2.a). Ammonia itself as a substrate is challenging because of its 

relatively poor nucleophilicity and the handling and storage of ammonia, a toxic and corrosive gas, 

can be prohibitive. As a result, recent attention has been directed toward the development of new 

methods that rely on the use of formal ammonia surrogates to achieve the synthesis of primary 

amines via hydroamination (Scheme 1.2.b).6 

 

Scheme 1.2. Synthesis of primary amines through hydroamination. 

  We became interested in phthalimidyl radicals for use in alkene hydroamination because 

of the known propensity of these species to add into alkenes,7 and this route would predictably 

furnish the anti-Markovnikov regioisomer. Furthermore, the phthalimidyl (Phth) group can be 

conveniently removed using a facile deprotection procedure to furnish the desired primary amine 

product.8 Previous efforts include the use of phthalimidyl radicals for the amination of arenes9 

(Scheme 1.3.a) and the aminohalogenation of alkenes (Scheme 1.3.b),10 relying on phthalimidyl 
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substrates bearing photochemically labile N-X bonds to generate the requisite N-centered radicals. 

Despite the interest in selective C-N bond formation via alkene hydroamination, phthalimidyl 

radicals have not previously been employed for this application. This is likely due to a lack of 

phalimidyl-radical precursors that possess a transferable H-atom, and the addition of a 

stoichiometric hydrogen-atom source would likely inhibit the desired reactivity.  

 

Scheme 1.3. Phthalimidy radicals in organic synthesis. 

1.2 Reaction Development and Substrate Scope  

 N-Hydroxyphthalimide (NHPI) is an inexpensive, commercially available, and benchtop 

stable compound with well documented participation in radical mediated processes.11 In spite of 

this, the use of NHPI is limited to that of an O-radical precursor in the form of the PINO radical 

(PhthNO·). We hypothesized that with a suitable oxygen-atom transfer type procedure, NHPI 

could be deoxygenated to provide the N-centered phthalimidyl radical. 

 We began this investigation by exploring the possibility of using a trivalent phosphorus 

reagent as an oxygen-atom abstraction reagent, owing to the known propensity of phosphines and 

phosphites to engaged in deoxygenative radical processes.12 Furthermore, we hypothesized that 

the exchange of a weak N-O bond (~55-65 kcal/mol) for a strong phosphoryl unit (148 kcal/mol 

for OP(OEt)3) would provide a favorable thermodynamic driving force for our desired 

transformation.13 We attempted the hydroamination of electron rich n-butyl vinyl ether using NHPI 

in the presence of triethyl phosphite and thermal radical initiators (Table 1). N-butyl vinyl ether 
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was selected as a model substrate because its electron richness is well paired with the known 

electrophilicity of the phthalimidyl radical, and triethyl phosphite was selected as the trivalent 

phosphorus reagent because of its commercial availability and reasonable price point.  

Table 1.1. Reaction optimization for the hydroamination of n-butyl vinyl ether. Reactions carried out with NHPI (1 
equiv), n-butyl vinyl ether (5 equiv), triethyl phosphite (1.5 equiv), and radical initiator (0.25 equiv) in the specified 
solvent (0.04 M) at 90 °C. aDetermined by gas chromatography using mesitylene as an internal standard. bIsolated 
yield of 1.1a following purification on silica gel. cReaction temperature 35 °C. dNo triethyl phosphite added. 
 

 
 

Entry Initiator Solvent Ratio 1.2a:1.2ba Yieldb 

1 AIBN Benzene 23:77 9% + 30% 1.2b 

2 AIBN MeCN 93:7 67%a 

3 AIBN DCE 75:25 79% 

4 None DCE <2:98 81% 1.2b 

5 BPO DCE 38:62 30%a 

6 DTBP DCE 7:93 8%a 

7 DLP DCE 94:6 79% 

8c DTBHN DCE 98:2 82% 

9d,e DTBHN DCE <2:98 47% 1.2b 

 A first reaction involving NHPI (1 equiv), n-butyl vinyl ether (NBVE, 5 equiv), triethyl 

phosphite (1.5 equiv), and 2,2’-azobis(2-methylpropionitrile) (AIBN, 25 mol%) in 0.04M benzene 

at 90 °C resulted in the formation of the desired hydroamination product 1.2a in 9% isolated yield 

(Table 1, entry 1). The major product isolated from this reaction was acetal 1.2b in 30% yield. The 

formation of 1.2b is a polar, non-radical process that can be easily explained, as its formation is 

analogous to the preparation of tetrahydropyran-acetal protected NHPI, which takes place by the 

PhthNOH +

P(OEt)3
Initiator

OnBu OnBu H3C OnBuPhthN
H ONPhth

+
Solvent

1.2a 1.2b
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acid catalyzed addition of NHPI to 3,4-dihydro-2H-pyran, a vinyl ether.14 In our reaction here, 

NHPI is likely sufficiently acidic to promote the formation of 1.2b on its own.15 

 Switching the solvent from benzene to acetonitrile (MeCN) improved the reaction 

efficiency for the production of 1.2a to 67%, with only a minimal amount of 1.2b being formed 

(entry 2). Switching the solvent again to 1,2-dichloroethane (DCE) further improved the yield of 

the desired hydroamination product to 79%, although the ratio of 1.2a:1.2b decreased from entry 

2 (entry 3). The use of other common radical initiators such as benzoyl peroxide (BPO, entry 5) or 

di-tertbutyl peroxide (DTBP, entry 6) resulted in significantly decreased reaction efficiency. 

Conversely, the use of dilauroyl peroxide (DLP, entry 7) or di-tertbutly hyponitrite at 35 °C 

(DTBHN, entry 8) provided the desired hydroamination product in 79% and 82% yield, 

respectively, with only minimal quantities of the acetal 1.2b. Control experiments that individually 

excluded either radical initiator (entry 4) or phosphite (entry 9) resulted in no production of 1.2a, 

thereby indicating their necessity in the reaction. 

 We set out to explore the scope of alkenes amenable to this hydroamination protocol 

(Scheme 1.4) . In addition to NBVE, a variety of other vinyl ethers and similarly functionalized 

alkenes participated in this transformation in good to excellent yields as well (1.2c-k). As a general 

trend, we found that terminal vinyl ethers typically resulted in higher reaction efficiencies than 

internal vinyl ethers; we attribute this to a slower addition of phthalimidyl radical to an internal 

alkene substrate. Notably, product 1.2h bearing a primary chloride was furnished in 49% yield, 

indicating that hydroamination was able to outcompete potential Arbuzov-type side reactivity 

involving the phosphite. Similarly electron rich alkenes including vinyl silanes (1.2l-m) and 

sulfides (1.2n-q) took place in this hydroamination transformation, albeit with slightly diminished 

yields as compared to the analogous vinyl ethers. 
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Scheme 1.4. Hydroamination reaction substrate scope with functionalized alkenes. All yields are for isolated material 
following chromatography on silica gel; >20:1 regioselectivity for isomer shown; 12 h reaction times. aReactions 
carried out using P(OEt)3 (1.5 equiv), DTBHN (0.25 equiv), alkene (10 equiv) in DCE (0.04M) at 50 °C. bCarried out 
using 5 equiv alkene, dilauroyl peroxide (0.5 equiv) at 90 °C. cCarried out using dilauroyl peroxide (1 equiv) at 110 
°C. d5 equiv alkene used. 
 

Further investigation indicated that along with functionalized alkenes such as vinyl ethers, 

silanes, and sulfides, unfunctionalized alkenes participated in this reaction as well (Scheme 1.5). 

Cyclic internal alkenes including cyclohexene, norbornene, cyclopentene, cycloheptene, and 

cyclooctene all participated in this transformation in good yield (1.2r-1.2v). The trisubstituted 1-

methylcyclohexene similarly participated in this reaction, albeit with diminished yield (1.2w). 

Camphene, a common monoterpene bearing an exo-methylene was also able to take part in this 

hydroamination protocol in fair yield (1.2y). Other unactivated, linear alkenes such as tert-butyl 

ethylene (1.2z), 1-hexene (1.2aa), and 4-octene (1.2ad) similarly took part in this reaction in fair 

to good yield.  

Notably, hydroamination product 1.2ab bearing a primary bromide was isolated in 55% 

yield, again illustrating the ability of this hydroamination procedure to outcompete potential 
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Arbuzov-type side reactivity. Alkenes containing pivalate esters were also able to participate in 

this protocol (1.2ac and 1.2ae). Dienes capable of cyclization similarly took part in this reaction 

such as allyl ether which solely provided the cyclized, tetrahydrofuranyl product 1.2af in modest 

yield indicating that the rate of cyclization of the carbon centered radical produced after addition 

of phthalimidyl radical to the alkene (∼9 × 106 s−1)16 is faster than hydrogen atom transfer to that 

same C-radical. On the other hand, the reaction with 1,5-cycloctadiene produced a separable 

mixture of the cyclized, bicyclic amination product 1.2ag as well as the singly hydroaminated, 

noncyclized product 1.2ah, thereby indicating that this slower 5-exo-trig cyclization rate (∼1 × 

105 s−1) is competitive with the rate of hydrogen atom transfer necessary to produce product 1.2ah. 

Finally, we found that in addition to a host of alkenyl substrates, 1-octyne participated in this 

reaction providing the vinyl phthalimide 1.2ai exclusively as the E isomer, albeit in modest yield 
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Scheme 1.5. Hydroamination reaction substrate scope with unactivated alkenes. All yields are for isolated material 
following chromatography on silica gel; >20:1 regioselectivity for isomer shown; 12 h reaction times. aCarried out 
using dilauroyl peroxide (1 equiv) at 110 °C. bReactions carried out using P(OEt)3 (1.5 equiv), DTBHN (0.25 equiv), 
alkene (10 equiv) in DCE (0.04M) at 50 °C. cCarried out using dilauroyl peroxide (0.20 equiv). 
 

While a host of functionalized, electron-rich alkenes, as well as a variety of wholly 

unactivated alkenes performed well in this hydroamination procedure, a handful of olefins failed 

to partake. Alkenes bearing pendent phenyl groups did not result in any isolable quantities of 

hydroamination product. Even styrene, which would predictably generate a stabilized, benzylic 

radical following phthalimidyl addition, failed to undergo this transformation. In fact, the only 

substrate to produce any appreciable quantity of hydroamination product was phenyl vinyl sulfide, 
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which only resulted in a mere 20% isolated yield (1.2q). This lack of desired reactivity can likely 

be attributed to the tendency of the phthalimidyl radical to add into aromatic systems. We 

hypothesize that in the reactions involving this class of substrates, arene addition outcompetes 

alkene addition, and because these reactions are run under reductive conditions, there is a difficulty 

in oxidizing and subsequently rearomatizing the C-radical intermediate following addition. This 

inability to terminate likely results in accelerated decomposition of the starting material. 

Likewise, vinyl acetate and similarly categorized vinyl esters failed to produce the desired 

hydroamination products in appreciable yields. In these instances, small quantities of the 

anticipated products were detected by proton NMR and gas chromatography-mass spectrometry 

(GC-MS), but could not be isolated. Electron deficient alkenes such as acrylates similarly failed 

to partake in this transformation, as did substrates bearing acetyl groups. Interestingly, acetyl-

protected 5-hexen-1-ol did not result in the formation of the desired product, while the more 

sterically encumbered pivalate derivative was isolated in 54% yield (1.2ac). 

A host of allylic substrates failed to undergo this reaction, likely due to the presence of 

highly abstractable hydrogen atoms present on these substrates that could shunt the desired 

reactivity pathway. Substrates containing amino functionalities similarly failed to undergo this 

transformation, and simply resulted in decomposition of the starting material. Even amino 

substrates analogous to allyl ether, which was used for the synthesis of compound 1.2af, failed to 

produce any hydroamination products. 
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Scheme 1.6. Unsuccessful hydroamination substrates. 

 
1.3 Phthalimidyl Deprotection and Synthetic Utility 

 In order to illustrate the applicability and synthetic utility of this hydroamination method, 

we performed the deprotection of product 1.2a using aqueous hydrazine in methanol (MeOH). 

With gentle heating to 60 °C, the reaction was complete in a mere 30 minutes and the primary 

amine product was isolated in 89% yield (Scheme 1.7.a). Next, we performed the hydroamination 

of norbornene on a scaled-up gram scale and observed no decrease in reaction efficiency; followed 

by a facile deprotection to provide the primary amine in 76% total yield over 2 steps (Scheme 

1.7.b/c). This protocol for the straight forward synthesis of 2-aminonorbornane from norbornene 

in great yield illustrates the synthetic utility of this hydroamination protocol and its practicality 

toward the synthesis of value-added chemicals. 
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Scheme 1.7. Reaction synthetic utility. a5 equiv alkene used. 

1.4 Mechanistic Investigation 

 A mechanistic hypothesis in line with our data is shown in Scheme 1.8. First, radical 

initiation generates the imidoxyl radical, PINO, which then engages with triethyl phosphite to form 

a phosphoranyl-radical intermediate. Subsequent ß-scission produces the phosphate byproduct and 

requisite phthalimidyl radical, now prone to add at the anti-Markovnikov position of the external 

alkene substrate. Finally, hydrogen atom abstraction from a second equivalent of NHPI delivers 

the final hydroaminated product and turns over the radical chain through regeneration of the PINO 

radical. 

 

Scheme 1.8. Hydroamination mechanistic proposal. 
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 As postulated in Scheme 1.8., this mechanism appears markedly similar to that of an atom 

transfer radical addition (ATRA) type strategy first explored by Kharasch in the 1940s wherein a 

single reagent is able to transfer multiple groups to a single substrate. For example, in Kharasch’s 

seminal paper, he found that carbon tetrachloride in the presence of a radical initiator was capable 

of transferring both a chloro and a trichloromethyl group to a single alkene, providing an overall 

alkene difunctionalization.17 In this protocol, NHPI is apparently supplying both the N- and H-

atoms necessary for the overall hydroamination, thereby making the transformation similar to the 

ATRA processes pioneered by Kharasch. 

 In order to determine whether or not NHPI was indeed serving as the H-atom source for 

this reaction, we prepared NHPI-d1   and subjected it to standard reaction conditions with tert-

butyl ethylene (Scheme 1.9). As predicted, we were able to produce the deuterium enriched 

product 1.2z-d1 in 58% yield, with exclusive deuteration at the carbon ß-to the phthalimide. This 

was confirmed by decreased integration in the proton NMR of 1.2z-d1 (Figure 1.1.), the appearance 

of new peak at 1.439 ppm in the deuterium NMR (Figure 1.2.), the appearance of a triplet in the 

aliphatic region of the carbon NMR corresponding to the ß-position carbon of the deuterated 

product, as well as the doubling up of the other signals in the carbon NMR (Figure 1.3.). While 

deuterium incorporation at the ß-position was indeed observed, both the proton and the carbon 

NMRs of the product clearly show that the reaction resulted in relatively modest overall deuterium 

incorporation (33%), with the rest of the product being the natural abundance product that would 

be expected when using non-enriched NHPI.  
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Scheme 1.9. Hydroamination deuterium labeling experiment using d1-NHPI. 

 

Figure 1.1.  1H-NMR of 1.2z-d1. 
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Figure 1.2. Deuterium NMR of 1.2z-d1. 

 

Figure 1.3. 13C-NMR of 1.2z-d1. 
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 We hypothesized that perhaps this modest deuterium incorporation was a result of the 

acidic O-D of NHPI-d1  (pka = 7.0) rapidly exchanging with trace water found in the solvent, 

thereby decreasing the total deuterium available to transfer. To test this hypothesis, an experiment 

with added D2O was carried out. While the reaction efficiency decreased significantly to 5% yield, 

the product was further enriched in deuterium (up from 33% to 64%. Scheme 1.10.a). Furthermore, 

we conducted an analogous experiment with natural abundance NHPI and added D2O to support 

the claim that water diminishes the reaction efficiency, and found that this reaction did result in 

mild deuteration (34%), but was not as effective as using NHPI-d1 and D2O combined (Scheme 

1.10.b). Direct H-atom abstraction from water is not likely the final step in this transformation as 

this would be thermodynamically unfavorable because of the impressive bond dissociation energy 

of O-H in water (119 kcal/mol). As a result, we believe this collection of data is in support of our 

proposed mechanism as outlined in Scheme 1.8. 

 

Scheme 1.10. Deuterium oxide addition experiments. 
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good to excellent yields. In order to demonstrate the synthetic utility of this method, we performed 

this reaction on a gram scale without any diminishment in yield, as well as the facile deprotection 

of the phthalimide to provide the formal ammonia hydroamination product in excellent yield. 

Extensive mechanistic experiments were conducted in order to elucidate the exact process through 

which this transformation proceeds, ultimately revealing an ATRA-type pathway where NHPI is 

capable of supplying both the N- and H atoms for the overall hydroamination. 

 Chapter 1 has been adapted from materials published in Lardy, S. W.; Schmidt, V. A. 

Intermolecular Radical Mediated Anti-Markovnikov Alkene Hydroamination Using N-

Hydroxyphthalimide. J. Am. Chem. Soc. 2018, 12318-12322. The dissertation author was the 

primary investigator of this publication. 

1.6 Appendix  

1.6.1 General Considerations 

All air- and moisture-sensitive manipulations were carried out using standard high vacuum 

line, Schlenk or cannula techniques or in an M. Braun inert atmosphere drybox containing an 

atmosphere of purified nitrogen. Solvents for air- and moisture-sensitive manipulations were dried 

and deoxygenated using literature procedures. N-hydroxyphthalimide was purchased from Sigma-

Aldrich and was used as received without further purification. All reagents were purchased from 

commercial sources and were used as received without further purification.1H and 13C NMR were 

recorded on Varian Mercury 400 MHz or Varian Unity/Inova 500 MHz spectrometers at 400 and 

126 MHz, respectively. All chemical shifts are reported relative to SiMe4 using 1H (residual) 

chemical shifts of the solvent as a secondary standard. GC analyses were performed using an 

Agilent Technologies 7890B gas chromatograph equipped with an Agilent 7693 autosampler and 

Agilent HP-5 capillary column (30 m x 0.320 mm x 250 μm). Standard method parameters: 1.2 
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mL/min flow rate with oven program 80 – 250 °C with a ramp rate of 25 °C/min and hold time of 

8.7 minutes at 250 °C. Low-resolution mass spectra were measured using a Thermo LCQdeca 

APCI-MS. High-resolution mass spectra were measured using an Agilent 6230 ESI-TOFMS. IR 

spectra were recorded on an FT/IR-4100typeA spectrometer with a TGS detector. 

***Caution: while preparing DTBHN we experienced no issues, care should be exercised 

when handling hyponitrites as they can be shock and heat sensitive. DTBHN should be stored 

under an inert atmosphere at -35 °C and be handled to avoid contact with metal surfaces***  

***Caution: while no problems were encountered in this work, alkylhydroperoxides can 

undergo spontaneous and rapid exothermic decomposition and appropriate care should be taken 

in their handling***  

1.6.2 Preparation of Substrates 

 Cyclohexyl vinyl sulfide,18 n-butyl vinyl sulfide,18 hex-5-enyl pivalate,19 1-isopropyl-4-

methylenecyclohexane,20 and di-tertbutyl hyponitrite (DTBHN) were prepared as previously 

reported21 

3-Methylbut-3-enyl pivalate. A solution of pivaloyl chloride (7.4 mL, 60 mmol, 1.3 equiv) in 

dichloromethane (10 mL) was added dropwise to a mixture of 3-methylbut-3- enol (4.7 mL, 46 

mmol, 1 equiv) and triethylamine (8.4 ml, 60 mmol, 1.3 equiv) in dichloromethane (50 mL) at 0 

°C. Following addition, the reaction mixture was allowed to warm to ambient temperature 

overnight. The reaction mixture was then diluted with diethyl ether (100 mL) and quenched with 

1.0 M aqueous HCl (100 mL). The organic layer was separated and the aqueous layer was 

extracted with diethyl ether (3 x 50 mL). The combined organic layers were neutralized with 

O

O



 31 

saturated aqueous NaHCO3 (50 mL), dried over Na2SO4, filtered, and the solvent was evaporated 

to give 3-methylbut-3-enyl pivalate in quantitative yield as a pale orange liquid. Analytical data 

for 3-methylbut-3-enyl pivalate: 1H-NMR (400 MHz; CDCl3): δ 4.79-4.79 (m, 1H), 4.73-4.72 

(m, 1H), 4.17 (t, J = 6.7 Hz, 2H), 2.33 (t, J = 6.8 Hz, 2H), 1.76 (s, 3H), 1.18 (s, 9H). 13C-NMR 

(126 MHz; CDCl3): δ 178.5, 141.7, 112.3, 62.4, 38.7, 36.8, 27.2, 22.4. LRMS (APCI) Calc. for 

[C10H18O2]+ = 170.13, Found = 170.92. HRMS (ESI-TOF) Calc. for [C10H18O2]+ = 170.1307, 

Found = 170.1307.  

1.6.3 General Hydroamination Procedures 

 Procedure A: To a 1-dram vial charged with a magnetic stir bar was added N- 

hydroxyphthalimide (20 mg, 0.12 mmol), tert-butyl hyponitrite (5 mg, 0.03 mmol, 0.25 equiv), 

triethyl phosphite (32 μL, 0.18 mmol, 1.5 equiv), olefin (1.12 mmol, 10 equiv), and 1,2-

dichloroethane (3 mL). The vial was capped and heated to 50 °C. Upon consumption of N-

hydroxyphthalimide as judged by TLC (25% EtOAc in hexanes), the reaction mixture was 

concentrated under reduced pressure and purified by flash chromatography (8% dichloromethane 

and 8% diethyl ether in hexanes).  

Procedure B: To a 1-dram vial charged with a magnetic stir bar was added N- 

hydroxyphthalimide (20 mg, 0.12 mmol), dilauroyl peroxide (49 mg, 0.12 mmol, 1.0 equiv), 

triethyl phosphite (32 μL, 0.18 mmol, 1.5 equiv), olefin (1.12 mmol, 10 equiv), and 1,2-

dichloroethane (3 mL). The vial was capped and heated to 110 °C. Upon consumption of N-

hydroxyphthalimide as judged by TLC (25% EtOAc in hexanes), the reaction mixture was 

concentrated under reduced pressure and purified by flash chromatography (10% EtOAc in 

hexanes).  

1.6.4 Characterization of Products (1.1a – 1.2ai) 



 32 

1.2a was synthesized via Procedure A in 82% yield as a colorless oil. Analytical data for 1.2a: 

1H-NMR (400 MHz; CDCl3): δ 7.84-7.82 (m, 2H), 7.71-7.69 (m, 2H), 3.89 (t, J = 5.9 Hz, 2H), 

3.66 (t, J = 5.9 Hz, 2H), 3.45 (t, J = 6.6 Hz, 2H), 1.53-1.46 (m, 2H), 1.33-1.24 (m, 2H), 0.84 (t, 

J = 7.4 Hz, 3H). 13C-NMR (126 MHz; CDCl3): δ 168.5, 134.0, 132.2, 123.4, 70.8, 67.5, 37.6, 

31.8, 19.3, 14.0. LRMS (APCI) Calc. for [C14H17NO3] + = 247.12, Found = 247.99. HRMS 

(ESI-TOF) Calc. for [C14H17NO3+H+]+ = 248.1281, Found = 248.1283. Rf (25% EtOAc in 

hexanes): 0.36. 

1.2b was obtained as a byproduct produced during reaction optimization. Analytical data for 

1.2b: 1H-NMR (500 MHz; CDCl3): δ 7.83-7.82 (m, 2H), 7.74-7.73 (m, 2H), 5.28 (q, J = 4.89 

Hz, 1H), 4.10 (q, J = 7.9, 1H), 3.73 (q, J = 7.8 Hz, 1H), 1.57 (quintet, J = 7.2 Hz, 2H), 1.51 (d, 

J = 5.3 Hz, 3H), 1.37 (dq, J = 14.9, 7.4 Hz, 2H), 0.91 (t, J = 7.4 Hz, 3H). 13C-NMR (126 MHz; 

CDCl3): δ 164.5, 134.5, 129.2, 123.6, 106.9, 68.3, 31.7, 19.3, 19.1, 14.0. HRMS (ESI-TOF) 

Calc. for [C14H17NO4+Na+]+ = 286.1050, Found = 286.1052. Rf (25% EtOAc in hexanes): 0.38. 

1.2c was synthesized via Procedure A in 74% yield as a colorless oil. Analytical data for 1.2c: 

1H-NMR (400 MHz; CDCl3): δ 7.84-7.82 (m, 2H), 7.71-7.69 (m, 2H), 3.88 (t, J = 5.8 Hz, 2H), 

3.66 (t, J = 5.8 Hz, 2H), 3.51 (q, J = 7.0 Hz, 2H), 1.13 (t, J = 7.0 Hz, 3H). 13C-NMR (126 MHz; 

CDCl3): δ 168.3, 133.9, 132.1, 123.3, 67.2, 66.1, 37.4, 15.1. LRMS (APCI) Calc. for 

[C12H13NO3] + = 219.09, Found = 219.97. HRMS (ESI-TOF) Calc. for [C12H13NO3+H+]+ = 

220.0968, Found = 220.0970. Rf (25% EtOAc in hexanes): 0.2. 
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1.2d was synthesized via Procedure A in 76% yield as a colorless oil. Analytical data for 1.2d: 

1H-NMR (400 MHz; CDCl3): δ 7.85-7.82 (m, 2H), 7.71-7.69 (m, 2H), 3.88 (t, J = 5.9 Hz, 2H), 

3.65 (t, J = 5.9 Hz, 2H), 3.20 (d, J = 6.7 Hz, 2H), 1.81-1.73 (m, 1H), 0.81 (d, J = 6.7 Hz, 6H). 

13C-NMR (126 MHz; CDCl3): δ 168.4, 134.0, 132.2, 123.3, 77.9, 67.7, 37.6, 28.5, 19.3. LRMS 

(APCI) Calc. for [C14H17NO3] + = 247.12, Found = 247.97. HRMS (ESI-TOF) Calc. for 

[C14H17NO3+H+]+ = 248.1281, Found = 248.1283. Rf (25% EtOAc in hexanes): 0.36.  

1.2e was synthesized via Procedure A in 93% yield as a colorless oil. Analytical data for 

1.2e1.2d: 1H-NMR (400 MHz; CDCl3): δ 7.86-7.83 (m, 2H), 7.72-7.70 (m, 2H), 3.87 (t, J = 6.1 

Hz, 2H), 3.68 (t, J = 6.1 Hz, 2H), 3.31-3.22 (m, 1H), 1.83-1.81 (m, 2H), 1.67-1.64 (m, 2H), 

1.51-1.46 (m, 2H), 1.21-1.16 (m, 4H). 13C-NMR (126 MHz; CDCl3): δ 168.5, 134.0, 132.2, 

123.4, 77.61, 77.41, 38.1, 32.1, 25.8, 24.1. LRMS (APCI) Calc. for [C16H19NO3] + = 273.14, 

Found = 273.94. HRMS (ESI-TOF) Calc. for [C16H19NO3++]+ = 274.1438, Found = 274.1441. 

Rf (25% EtOAc in hexanes): 0.33.  

1.2f was synthesized via Procedure A in 63% yield as a colorless oil. Analytical data for 1.2f: 

1H-NMR (400 MHz; CDCl3): δ 7.86-7.83 (m, 2H), 7.72-7.70 (m, 2H), 3.84 (t, J = 6.2 Hz, 2H), 

3.59 (t, J = 6.6 Hz, 2H), 1.12 (s, 9H). 13C-NMR (126 MHz; CDCl3): δ 168.5, 134.0, 132.2, 

123.4, 73.5, 58.9, 38.9, 27.5. LRMS (APCI) Calc. for [C14H17NO3] + = 247.12, Found = 247.84. 

HRMS (ESI-TOF) Calc. for [C14H17NO3+Na+]+ = 270.1101, Found = 270.1104. Rf (25% 

EtOAc in hexanes): 0.33. 
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1.2g was synthesized via Procedure A in 73% yield as a colorless oil. Analytical data for 1.2g: 

1H-NMR (400 MHz; CDCl3): δ 7.85-7.83 (m, 2H), 7.71-7.69 (m, 2H), 3.90 (t, J = 5.8 Hz, 2H), 

3.74 (t, J = 5.8 Hz, 2H), 3.63 (t, J = 4.7 Hz, 2H), 3.52 (t, J = 4.7 Hz, 2H), 3.39 (t, J = 6.7 Hz, 

2H), 1.52-1.44 (m, 2H), 1.28 (sextet, J = 7.6 Hz, 2H), 0.86 (t, J = 7.4 Hz, 3H). 13C-NMR (126 

MHz; CDCl3): δ 168.4, 134.0, 132.2, 123.3, 71.3, 70.2, 68.0, 37.3, 31.8, 29.8, 19.3, 14.0. HRMS 

(ESI-TOF) Calc. for [C16H21NO4+Na+]+ = 314.1363, Found = 314.1363. Rf (25% EtOAc in 

hexanes): 0.2. 

1.2h was synthesized via Procedure A in 49% yield as a colorless oil. Analytical data for 1.2h: 

1H-NMR (400 MHz; CDCl3): δ 7.86-7.83 (m, 2H), 7.72-7.70 (m, 2H), 3.91 (t, J = 5.7 Hz, 2H), 

3.77 (t, J = 5.7 Hz, 2H), 3.73 (t, J = 5.8 Hz, 2H), 3.56 (t, J = 5.8 Hz, 2H). 13C-NMR (126 MHz; 

CDCl3): δ 168.4, 134.1, 132.2, 123.4, 70.7, 68.1, 42.9, 37.3. HRMS (ESI-TOF) Calc. for 

[C12H12ClNO3+Na+]+ = 276.0398, Found = 276.0397. Rf (25% EtOAc in hexanes): 0.21.  

O
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1.2i was synthesized via Procedure B using 0.25 equiv dilauroyl peroxide and 5 equiv olefin at 

90 °C in 36% yield as a colorless oil. Analytical data for 1.2i: 1H-NMR (400 MHz; CDCl3): δ 

7.84-7.82 (m, 2H), 7.73-7.69 (m, 2H), 4.38 (tdd, J = 9.9, 5.6, 4.4 Hz, 1H), 3.98 (dd, J = 12.4, 7.0 

Hz, 1H), 3.64 (dd, J = 10.1, 5.4 Hz, 1H), 3.57- 3.49 (m, 1H), 3.42 (dq, J = 9.4, 7.0 Hz, 1H), 2.06-

1.96 (m, 1H), 1.83-1.72 (m, 1H), 1.09 (t, J = 7.0 Hz, 3H), 0.91 (t, J = 7.5 Hz, 3H). 13C-NMR 

(126 MHz; CDCl3): δ 168.9, 134.0, 132.0, 123.3, 70.0, 66.4, 53.0, 22.2, 15.2, 11.0. LRMS 

(APCI) Calc. for [C14H17NO3]+ = 247.12, Found = 247.98. HRMS (ESI-TOF) Calc. for 

[C14H17NO3+H+]+ = 248.1281, Found = 248.1282. Rf (25% EtOAc in hexanes): 0.36. 

1.2j was synthesized via Procedure B using 0.25 equiv dilauroyl peroxide and 5 equiv olefin at 

90 °C in 41% yield as a colorless oil. Analytical data for 1.2j: 1H-NMR (400 MHz; CDCl3): δ 

7.84-7.81 (m, 2H), 7.71-7.69 (m, 2H), 4.59 (dddd, J = 9.0, 7.2, 5.6, 1.7 Hz, 1H), 3.97 (t, J = 9.6 

Hz, 1H), 3.62-3.41 (m, 3H), 1.44 (d, J = 7.1 Hz, 3H), 1.10 (t, J = 7.0 Hz, 3H). 13C-NMR (126 

MHz; CDCl3): δ 168.7, 133.9, 132.2, 123.2, 70.0, 66.4, 46.6, 15.26, 15.22. HRMS (ESI-TOF) 

Calc for [C13H15NO3+H+]+ = 234.1225, Found = 234.1226. Rf (25% EtOAc in hexanes): 0.33.  
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1.2k was synthesized via Procedure A in 46% yield as a colorless oil. Analytical data for 1.2k: 

1H-NMR (400 MHz; CDCl3): δ 7.84-7.81 (m, 2H), 7.73-7.70 (m, 2H), 4.40-4.32 (m, 1H), 4.07-

4.02 (m, 1H), 3.97-3.93 (m, 1H), 3.84-3.80 (m, 1H), 3.49-3.43 (m, 1H), 2.51-2.41 (m, 1H), 1.92-

1.88 (m, 1H), 1.81-1.76 (m, 2H). 13C-NMR (126 MHz; CDCl3): δ 168.3, 134.2, 131.9, 123.4, 

68.1, 67.8, 47.9, 26.9, 26.2. LRMS (APCI) Calc. for [C13H13NO3+H+]+ = 232.10, Found = 

232.09. HRMS (ESI-TOF) Calc. for [C13H13NO3+H+]+ = 232.0968, Found = 232.0968. 

Rf (25% EtOAc in hexanes): 0.26.  

1.2l was synthesized via Procedure B in 56% yield as a colorless oil. Analytical data for 1.2l: 

1H-NMR (400 MHz; CDCl3): δ 7.84-7.82 (m, 2H), 7.70-7.68 (m, 2H), 3.73-3.69 (m, 2H), 1.03-

0.99 (m, 2H), 0.07 (s, 9H). 13C-NMR (126 MHz; CDCl3): δ 168.4, 133.9, 132.4, 123.2, 34.6, 

17.2, -1.6. HRMS (ESI-TOF) Calc. for [C13H17NO2Si-C1H3]+ = 232.0794, Found = 232.0792; 

under all MS conditions attempted, the major ion detected was a fragment via the loss of a 

methyl group from the trimethylsilane portion. Rf (25% EtOAc in hexanes): 0.47  
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1.2m was synthesized via Procedure B in 42% yield as a colorless oil. Analytical data for 1.2m: 

1H-NMR (400 MHz; CDCl3): δ 7.84-7.82 (m, 2H), 7.70-7.68 (m, 2H), 3.73-3.69 (m, 2H), 0.98 

(t, J = 7.9 Hz, 11H), 0.59 (q, J = 7.9 Hz, 6H). 13C-NMR (126 MHz; CDCl3): δ 168.4, 133.9, 

132.5, 123.2, 34.6, 12.5, 7.5, 3.3. LRMS (APCI) Calc. for [C16H23NO2Si-C2H15] + = 260.11, 

Found = 260.16; under all MS conditions attempted, the major ion detected was a fragment via 

the loss of an ethyl group from the triethylsilane portion. HRMS (ESI-TOF) Calc. for 

[C16H23NO2Si-C2H5]+ = 260.1107, Found = 260.1104; under all MS conditions attempted, the 

major ion detected was a fragment via the loss of an ethyl group from the triethylsilane portion. 

Rf (25% EtOAc in hexanes): 0.53.  

1.2n was synthesized via Procedure A using 5 equiv olefin at 35 °C in 43% yield as a yellow 

oil. Analytical data for 1.2n: 1H-NMR (400 MHz; CDCl3): δ 7.86-7.84 (m, 2H), 7.73-7.71 (m, 

2H), 3.88 (t, J = 7.1 Hz, 2H), 2.81 (t, J = 7.1 Hz, 2H), 2.59 (t, J = 7.4 Hz, 2H), 1.59-1.53 (quintet, 

J = 7.2 Hz, 2H), 1.45-1.36 (sextet, J = 7.2 Hz, 2H), 0.91 (t, J = 7.3 Hz, 3H). 13C-NMR (126 

MHz; CDCl3): δ 168.3, 134.1, 132.1, 123.5, 37.2, 31.62, 31.48, 30.1, 22.1, 13.8. LRMS (APCI) 

Calc. for [C14H17NO2S] + = 263.10, Found = 263.98. HRMS (ESI-TOF) Calc. for 

[C14H17NO2S+H+]+ = 264.1053, Found = 264.1055. Rf (25% EtOAc in hexanes): 0.39.  
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1.2o was synthesized via Procedure A in 42% yield as a yellow oil. Analytical data for 1.2o: 1H-

NMR (400 MHz; CDCl3): δ 7.86-7.84 (m, 2H), 7.74-7.71 (m, 2H), 3.89 (t, J = 7.1 Hz, 2H), 2.83 

(t, J = 7.1 Hz, 2H), 2.62 (q, J = 7.4 Hz, 2H), 1.27 (t, J = 7.4 Hz, 3H). 13C-NMR (126 MHz; 

CDCl3): δ 168.3, 134.2, 132.1 123.51, 37.2, 29.6, 25.6, 14.7. LRMS (APCI) Calc. for 

[C12H13NO2S+H+]+ = 236.07, Found = 236.00. HRMS (ESI-TOF) Calc. for [C12H13NO2S+H+]+ 

= 236.0740, Found = 236.0740. Rf (25% EtOAc in hexanes): 0.34. 

1.2p was synthesized via Procedure A using 5 equiv olefin at 35 °C in 42% yield as a yellow 

oil. Analytical data for 1.2p: 1H-NMR (400 MHz; CDCl3): δ 7.87-7.84 (m, 2H), 7.74-7.71 (m, 

2H), 3.87 (t, J = 7.3 Hz, 2H), 2.83 (t, J = 7.3 Hz, 2H), 2.80-2.70 (m, 1H), 2.00-1.96 (m, 2H), 

1.78-1.75 (m, 2H), 1.68-1.59 (m, 2H), 1.34-1.26 (m, 4H). 13C-NMR (126 MHz; CDCl3): δ 

168.3, 134.1, 132.1, 123.4, 43.2, 37.9, 33.6, 28.1, 26.2, 25.9. LRMS (APCI) Calc. for 

[C16H19NO2S] + = 289.11, Found = 289.95. HRMS (ESI-TOF) Calc. for [C16H19NO2S+H+]+ = 

290.1209, Found = 290.1208. Rf (25% EtOAc in hexanes): 0.39.  

1.2q was synthesized via Procedure A in 20% yield as a yellow oil. Analytical data for 1.2q: 

1H-NMR (400 MHz; CDCl3): δ 7.81-7.81 (m, 2H), 7.72-7.71 (m, 2H), 7.42 (d, J = 7.6 Hz, 2H), 

7.23 (m, 2H), 7.14-7.10 (m, 1H), 3.94 (t, J = 6.9 Hz, 2H), 3.24 (t, J = 7.0 Hz, 2H). 13C-NMR 

(126 MHz; CDCl3): δ 168.2, 134.9, 134.1, 132.1, 129.8, 129.1, 126.5, 123.4, 37.7, 31.8 . HRMS 

(ESI-TOF) Calc. for [C16H13NO2S+H+]+ = 284.0740, Found = 284.0741. Rf (25% EtOAc in 

hexanes): 0.32.  

SPh
PhthN

SCy
PhthN

SEt
PhthN



 39 

1.2r was synthesized via Procedure B in 68% yield as a white crystalline sold. Analytical data 

for 1.2r: 1H-NMR (400 MHz; CDCl3): δ 7.82-7.80 (m, 2H), 7.70-7.68 (m, 2H), 4.15-4.07 (m, 

1H), 2.21 (q, J = 12.4 Hz, 2H), 1.87 (d, J = 13.0 Hz, 2H), 1.71 (t, J = 12.9 Hz, 2H), 1.42-1.25 

(m, 4H). 13C-NMR (126 MHz; CDCl3): δ 168.6, 133.9, 132.2, 123.1, 51.0, 30.0, 26.2, 25.2 

HRMS (ESI-TOF) Calc. for [C14H15NO2+H+]+ = 230.1176, Found = 230.1174. Rf (25% EtOAc 

in hexanes): 0.45.  

1.2s was synthesized via Procedure B in 81% yield as a white crystalline solid and as a 79:21 

exo:endo mixture of diastereomers as determined by gas chromatography. Diastereomers were 

identified by comparing chemicals shifts and coupling constants to those presented in the 

literature following deprotection of the phthalimide. Analytical data for 1.2s: 1H-NMR (400 

MHz; CDCl3): δ 7.81-7.78 (m, 2H), 7.70-7.67 (m, 2H), 4.47-4.43 (m, 1H)*, 4.14 (dd, J = 8.7, 

5.6 Hz, 1H), 2.56-2.52 (m, 1H), 2.42 (d, J = 13.0 Hz, 1H), 2.27-2.24 (m, 2H), 1.80-1.69 (m, 2H), 

1.62-1.53 (m, 2H), 1.27-1.19 (m, 2H). 13C-NMR (126 MHz; CDCl3): δ 169.9*, 169.1, 133.93*, 

133.91, 132.1, 123.07, 123.03*, 55.5, 42.6*, 42.3, 38.1*, 37.6*, 37.3, 36.5, 36.2, 29.10, 29.08*, 

28.2, 23.6*. (* indicates minor diastereomer). LRMS (APCI) Calc. for [C15H15NO2+H+]+ = 

242.12, Found = 242.09. HRMS (ESI-TOF) Calc. for [C15H15NO2+H+]+ = 242.1176, Found = 

242.1174 Rf (25% EtOAc in hexanes): 0.46.  
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1.2t was synthesized via Procedure B in 76% yield as a white crystalline solid. Analytical data 

for 1.2t: 1H-NMR (400 MHz; CDCl3): δ 7.81-7.79 (m, 2H), 7.69-7.67 (m, 2H), 4.62 (quintet, J 

= 8.4 Hz, 1H), 2.12-2.06 (m, 2H), 1.98-1.89 (m, 4H), 1.67-1.61 (m, 2H). 13C-NMR (126 MHz; 

CDCl3): δ 168.6, 133.9, 132.2, 123.1, 51.1, 29.7, 25.2. HRMS (ESI-TOF) Calc. for 

[C13H13NO2+H+]+ = 216.1019, Found = 216.1020. Rf (25% EtOAc in hexanes): 0.45.  

1.2u was synthesized via Procedure B in 64% yield as a white crystalline solid. Analytical data 

for 1.2u: 1H-NMR (400 MHz; CDCl3): δ 7.81-7.79 (m, 2H), 7.69-7.66 (m, 2H), 4.26 (tt, J = 

10.9, 3.8 Hz, 1H), 2.26 (qd, J = 10.7, 5.9 Hz, 2H), 1.82-1.79 (m, 2H), 1.64-1.50 (m, 8H). 13C-

NMR (126 MHz; CDCl3): δ 168.4, 133.9, 132.2, 123.1, 52.9, 32.8, 27.7, 25.6 HRMS (ESI-

TOF) Calc. for [C15H17NO2+H+]+ = 244.1332, Found = 244.1332. Rf (25% EtOAc in hexanes): 

0.47.  

1.2v: was synthesized via Procedure B in 70% yield as a white crystalline solid. Analytical data 

for 1.2v: 1H-NMR (400 MHz; CDCl3): δ 7.82-7.79 (m, 2H), 7.69-7.67 (m, 2H), 4.40-4.33 (m, 

1H), 2.36-2.27 (m, 2H), 1.83-1.69 (m, 6H), 1.63-1.55 (m, 6H). 13C-NMR (126 MHz; CDCl3): 

δ 168.4, 133.9, 132.2, 123.1, 51.7, 31.8, 26.5, 26.0, 25.3. LRMS (APCI) Calc. for 

[C16H19NO2+H+]+ = 258.15, Found = 258.07. HRMS (ESI-TOF) Calc. for [C16H19NO2+H+]+ = 

258.1489, Found = 258.1488. Rf (25% EtOAc in hexanes): 0.49.  
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1.2w was synthesized via Procedure B in 47% yield as a white crystalline solid and as a 80:20 

trans:cis mixture of diastereomers as determined by gas chromatography. Diastereomers were 

identified by comparing chemicals shifts and coupling constants to those presented in the 

literature. Analytical data for 1.2w: 1H -NMR (500 MHz; CDCl3): δ 7.82-7.81 (m, 2H), 7.70-

7.69 (m, 2H), 4.27 (dt, J = 12.9, 4.1 Hz, 1H)*, 3.75 (td, J = 11.7, 3.6 Hz, 1H), 2.80 (dd, J = 13.0, 

3.8 Hz, 1H)*, 2.34 (dd, J = 6.7, 4.0 Hz, 1H), 2.18 (ddd, J = 14.6, 10.4, 4.0 Hz, 2H), 1.90 (ddq, 

J = 12.5, 5.9, 2.9 Hz, 2H)*, 1.86-1.01 (m, 6H), 1.01 (d, J = 7.2 Hz, 3H)*, 0.79 (d, J = 6.6 Hz, 

3H). 13C-NMR (126 MHz; CDCl3): δ 169.2*, 168.7, 133.80, 133.76*, 131.91, 131.86*, 123.07, 

122.98*, 57.1*, 55.5, 34.9, 33.9*, 33.5*, 32.2, 30.0, 26.7*, 26.1, 25.7*, 23.8, 19.8*, 19.0, 13.6*. 

(*indicates minor diastereomer) HRMS (ESI-TOF) Calc. for [C15H17NO2+H+]+ = 244.1332, 

Found = 244.1334. Rf (25% EtOAc in hexanes): 0.46. 

PhthN
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1.2x was synthesized via Procedure B in quantitative yield as a white crystalline solid and as a 

83:17 trans:cis mixture of diastereomers as determined by gas chromatography. Diastereomers 

were identified by comparison to analogous compounds in the literature, specifically by taking 

into account the relative chemical shifts of the methylenes alpha to the heteroatom for both 

isomers. Analytical data for 1.2x: 1H -NMR (400 MHz; CDCl3): δ 7.84-7.82 (m, 2H), 7.72-7.68 

(m, 2H) 3.64 (d, J = 7.8 Hz, 2H)*, 3.51 (d, J = 6.9 Hz, 2H), 1.73-1.67 (m, 5H), 1.48-1.42 (m, 

2H), 0.99-0.93 (m, 4H), 0.87 (d, J = 6.7 Hz, 6H)*, 0.81 (d, J = 6.8 Hz, 6H). 13C-NMR (126 

MHz; CDCl3): δ 168.8, 168.8*, 134.0, 134.0*, 132.2, 132.2*, 123.3, 123.3*, 44.2, 44.2*, 43.9, 

43.9*, 37.4, 37.4*, 32.9, 32.9*, 31.0, 29.1, 27.2*, 25.5*, 20.5*, 19.9. (* indicates minor 

diastereomer) LRMS (APCI) Calc. for [C18H23NO2+H+]+ = 286.18, Found = 286.21. HRMS 

(ESI-TOF) Calc. for [C18H23NO2+H+]+ = 286.1802, Found = 286.1799 Rf (25% EtOAc in 

hexanes): 0.43.  

1.2y was synthesized via Procedure B in 58% yield as a single diastereomer and as a colorless 

oil. Analytical data for 1.2y: 1H-NMR (400 MHz; CDCl3): δ 7.83-7.80 (m, 2H), 7.70-7.68 (m, 

2H), 3.78 (dd, J = 13.6, 11.7 Hz, 1H), 3.57 (dd, J = 13.6, 4.4 Hz, 1H), 1.94 (s, 1H), 1.89 (dd, J 

= 8.5, 3.0 Hz, 1H), 1.94 (s, 2H), 1.91-1.87 (m, 1H), 1.78-1.74 (m, 1H), 1.66-1.61 (m, 2H), 1.55-

1.53 (m, 1H), 1.32-1.26 (s, 3H), 1.17-1.15 (s, 3H). 13C-NMR (126 MHz; CDCl3): δ 168.6, 133.9, 

132.3, 123.2, 49.19, 49.16, 40.2, 37.04, 36.92, 36.1, 32.2, 24.8, 21.4, 20.3. LRMS (APCI) Calc. 

for [C18H21NO2+H+]+ = 284.16, Found = 284.15. S21 HRMS (ESI-TOF) Calc. for 

[C18H21NO2+Na++MeOH] + = 338.1727, Found = 338.1729. Rf (25% EtOAc in hexanes): 0.43.  
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1.2z was synthesized via Procedure B in 71% yield as a white crystalline solid. Analytical data 

for 1.2z: 1H-NMR (400 MHz; CDCl3): δ 7.84-7.82 (m, 2H), 7.71-7.69 (m, 2H), 3.71-3.67 (m, 

2H), 1.58-1.54 (m, 2H) 0.99 (s, 9H). 13C-NMR (126 MHz; CDCl3): δ 168.5, 133.9, 132.4, 123.2, 

41.9, 34.9, 30.1, 29.3 HRMS (ESI-TOF) Calc. for [C14H17NO2+Na++MeOH] + = 286.1414, 

Found = 286.1409. Rf (25% EtOAc in hexanes): 0.43.  

1.2aa was synthesized via Procedure B in 46% yield as a colorless oil. Analytical data for 1.2aa: 

1H-NMR (400 MHz; CDCl3): δ 7.84-7.82 (m, 2H), 7.70-7.68 (m, 2H), 3.66 (t, J = 7.4 Hz, 2H), 

1.67-1.63 (m, 2H), 1.34-1.26 (m, 6H), 0.86 (t, J = 7.1 Hz, 3H). 13C-NMR (126 MHz; CDCl3): 

δ 168.6, 134.0, 132.3, 123.3, 38.2, 31.5, 28.7, 26.7, 22.7, 14.2. HRMS (ESI-TOF) Calc. for 

[C14H17NO2+Na++MeOH] + = 286.1414, Found = 286.1408. Rf (25% EtOAc in hexanes): 0.43.  

1.2ab was synthesized via Procedure B in 55% yield as a colorless oil. Analytical data for 1.2ab: 

1H-NMR (400 MHz; CDCl3): δ 7.85-7.83 (m, 2H), 7.73-7.70 (m, 2H), 3.69 (t, J = 7.2 Hz, 2H), 

3.39 (t, J = 6.7 Hz, 2H), 1.90 (quintet, J = 7.6 Hz, 2H), 1.71 (quintet, J = 7.5 Hz, 2H), 1.53-1.47 

(m, 2H). 13C-NMR (126 MHz; CDCl3): δ 168.6, 134.1, 132.2, 123.4, 37.8, 33.6, 32.3, 27.9, 

25.5. HRMS (ESI-TOF) Calc. for [C13H14NO2+Na++MeOH] + = 350.0362, Found = 350.0365. 

Rf (25% EtOAc in hexanes): 0.3.  
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1.2ac was synthesized via Procedure B in 54% yield as a colorless oil. Analytical data for 1.2ac: 

1H-NMR (400 MHz; CDCl3): δ 7.84-7.82 (m, 2H), 7.71-7.69 (m, 2H), 4.02 (t, J = 6.5 Hz, 2H), 

3.67 (t, J = 7.3 Hz, 2H), 1.71-1.66 (m, 2H), 1.64-1.58 (m, 2H), 1.39-1.37 (m, 4H), 1.17 (s, 9H). 

13C-NMR (126 MHz; CDCl3): δ 178.7, 168.6, 134.0, 132.2, 123.3, 64.4, 38.8, 38.0, 28.66, 

28.64, 27.3, 26.6, 25.7. LRMS (APCI) Calc. for [C19H25NO4+H+]+ = 332.19, Found = 332.16. 

HRMS (ESI-TOF) Calc. for [C19H25NO4+Na+]+ = 354.1676, Found = 354.1679. Rf (25% 

EtOAc in hexanes): 0.35.  

1.2ad was synthesized via Procedure B in 57% yield as a colorless oil. Analytical data for 1.2ad: 

1H-NMR (400 MHz; CDCl3): δ 7.82-7.80 (m, 2H), 7.71-7.68 (m, 2H), 4.24-4.16 (m, 1H), 2.12-

2.01 (m, 2H), 1.74-1.60 (m, 2H), 1.30-1.22 (m, 6H), 0.91-0.81 (m, J = 2.9 Hz, 6H). 13C-NMR 

(126 MHz; CDCl3): δ 168.6, 133.9, 132.3, 123.2, 49.19, 40.2, 37.04, 36.1, 32.2, 24.8, 21.4, 20.3. 

LRMS (APCI) Calc. for [C16H21NO2+H+]+ = 260.16, Found = 260.07. HRMS (ESI-TOF) Calc. 

for [C16H21NO2+Na++MeOH]+ = 314.1727, Found = 314.1731. Rf (25% EtOAc in hexanes): 

0.49.  
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1.2ae was synthesized via Procedure B in 64% yield as a colorless oil. Analytical data for 1.2ae: 

1H-NMR (400 MHz; CDCl3): δ 7.85-7.83 (m, 2H), 7.74-7.70 (m, 2H), 4.18-4.06 (m, 2H), 3.63-

3.51 (m, 2H), 2.18-2.10 (m, 1H), 1.79-1.71 (m, 2H), 1.17 (s, 9H), 0.96 (d, J = 6.8 Hz, 3H). 13C-

NMR (126 MHz; CDCl3): δ 178.7, 168.7, 134.1, 132.1, 123.4, 62.3, 44.0, 38.8, 33.1, 30.0, 27.3, 

17.4. LRMS (APCI) Calc. for [C18H23NO4+H+]+ = 318.17, Found = 318.07. HRMS (ESI-TOF) 

Calc. for [C18H23NO4+Na+]+ = 340.1519, Found = 340.1523. Rf (25% EtOAc in hexanes): 0.32.  

1.2af was synthesized via Procedure B using 0.25 equiv dilauroyl peroxide at 90 °C in 23% 

yield as a colorless oil and as a 59:41 cis:trans mixture of diastereomers as determined by gas 

chromatography. Diastereomers were identified by 2D-NMR and by comparison to the 

literature. Analytical data for 1.2af: 1H-NMR (400 MHz; CDCl3): δ 7.88-7.84 (m, 2H), 7.77-

7.71 (m, 2H), 4.04 (t, J = 7.9 Hz, 1H)*, 3.94 (q, J = 7.8 Hz, 1H), 3.94 (q, J = 7.8 Hz, 1H)*, 3.86-

3.61 (m, 2H), 3.86-3.61 (m, 3H)*, 3.54 (dd, J = 8.4, 5.0 Hz, 1H), 3.35-3.31 (m, 1H)*, 2.76-2.66 

(m, 1H), 2.46-2.39 (m, 1H), 2.25 (q, J = 6.9 Hz, 1H)*, 2.10-2.03 (m, 1H)*, 1.15-1.10 (d, J = 7.2 

Hz, 3H), 1.07- 1.04 (d, J = 6.8 Hz, 3H)*. 13C-NMR (126 MHz; CDCl3): δ 168.66*, 168.54, 

134.5, 134.2*, 132.06, 132.00*, 123.7, 123.5*, 75.13*, 75.11, 71.6*, 70.7, 46.6*, 41.7, 39.8, 

37.7*, 37.0, 35.5*, 17.2*, 13.1. (* indicates minor diastereomer) LRMS (APCI) Calc. for 

[C14H15NO3]+ = 245.11, Found = 245.12. HRMS (ESI-TOF) Calc. for [C14H15NO3+H+]+ = 

246.1125, Found = 246. 1124 Rf (25% EtOAc in hexanes): 0.16.  
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1.2ag and 1.2ah were synthesized via Procedure B using 1,5-cis-cis-cyclooctadiene in 21% and 

14% yield respectively, each as a white crystalline solid. Analytical data for 1.2ag: 1H-NMR 

(400 MHz; CDCl3): δ 7.82-7.80 (m, 2H), 7.71-7.68 (m, 2H), 4.13 (ddd, J = 11.3, 8.4, 6.4 Hz, 

1H), 2.99-2.92 (m, 1H), 2.78-2.68 (m, 1H), 2.32 (qd, J = 11.9, 6.9 Hz, 1H), 2.07 (dddd, J = 12.9, 

8.3, 6.9, 1.6 Hz, 1H), 1.81-1.75 (m, 1H), 1.63-1.54 (m, 3H), 1.53- 1.46 (m, 2H), 1.41 (td, J = 

6.1, 3.1 Hz, 1H), 1.19 (tdd, J = 12.6, 8.9, 6.3 Hz, 1H). 13C-NMR (126 MHz; CDCl3): δ 168.9, 

133.9, 132.2, 123.1, 58.4, 45.8, 42.5, 33.4, 31.9, 31.6, 30.8, 24. HRMS (ESI-TOF) Calc. for 

[C16H17NO2+H+]+ = 256.1332, Found = 256.1333. Rf (25% EtOAc in hexanes): 0.49. Analytical 

data 1.2ah: 1H-NMR (400 MHz; CDCl3): δ 7.81-7.79 (m, 2H), 7.69-7.67 (m, 2H), 5.81-5.67 

(m, 2H), 4.34-4.28 (m, 1H), 2.49-2.14 (m, 7H), 1.87-1.81 (m, 1H), 1.73-1.63 (m, 1H), 1.54-1.47 

(m, 1H). 13C-NMR (126 MHz; CDCl3): δ 168.3, 133.9, 132.3, 130.8, 129.2, 123.1, 50.9, 33.9, 

32.3, 27.1, 25.9, 23.7. HRMS (ESI-TOF) Calc. for [C16H17NO2+H+]+  = 256.1332, Found = 

256.1331. Rf (25% EtOAc in hexanes): 0.44. 

1.2ai was synthesized via Procedure B using 1-octyne in 27% yield as a yellow oil. Analytical 

data for 1.2ai: 1H-NMR (400 MHz; CDCl3): δ 7.86-7.84 (m, 2H), 7.73-7.71 (m, 2H), 6.63-6.58 

(m, 2H), 2.19-2.14 (m, 2H), 1.50-1.43 (m, 2H), 1.36-1.27 (m, 6H), 0.89 (t, J = 6.7 Hz, 3H). 13C-

NMR (126 MHz; CDCl3): δ 166.9, 134.4, 131.8, 123.6, 123.2, 117.6, 31.8, 31.3, 29.5, 29.0, 

22.8, 14.3. HRMS (ESI-TOF) Calc. for [C16H20NO2]+ = 258.1489, Found = 258.1488. Rf (25% 

EtOAc in hexanes): 0.53. 

1.6.5 Phthalimidyl Deprotection Procedures 
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 Phthalimidyl-2-butoxyehthylamine deprotection procedure: To a 50 mL roundbottom flask 

charged with a magnetic stir bar was added phthalimidyl- 2-butoxyethylamine (200 mg, 0.81 

mmol), 35 wt% hydrazine aqueous solution (0.36 mL, 5.0 equiv), and methanol (20 mL). The 

reaction mixture was equipped with a reflux condenser and heated at 60 °C for 30 minutes. Upon 

complete consumption of phthalimidyl-2-butoxyethylamine as judged by TLC (25% EtOAc in 

hexanes), the reaction mixture was cooled to ambient temperature and made alkaline (pH 14) using 

50 wt% KOH aqueous solution. The reaction mixture was then extracted with DCM (3x 100 mL), 

and the combined organic layers were washed with brine, dried over Na2SO4, and concentrated 

under reduced pressure to yield 2-butoxyethylamine in 89% yield as a pale yellow liquid. Physical 

and spectral data below (1.3a).  

Phthalimidyl-aminonorbornane deprotection procedure: To a 50 mL roundbottom flask 

charged with a magnetic stir bar was added a 80:20 exo:endo mixture of phthalimidyl-

aminonorbornane (500 mg, 2.07 mmol), 35 wt% hydrazine aqueous solution (0.93 mL, 5.0 equiv), 

and methanol (20 mL). The reaction mixture was equipped with a reflux condenser and heated at 

60 °C for 30 minutes. Upon complete consumption of phthalimidyl-aminonorbornane as judged 

by TLC (25% EtOAc in hexanes), the reaction mixture was cooled to ambient temperature and 

acidified to a pH of 0 with concentrated HCl. The reaction was then heated to 60 °C and stirred 

for one additional hour, after which the mixture was allowed to cool to ambient temperature and 

was made alkaline (pH 14) using 50 wt% KOH aqueous solution. The reaction mixture was then 

extracted with DCM (3x 100 mL), and the combined organic layers were washed with brine, dried 

over Na2SO4, and concentrated under reduced pressure to yield a 80:20 exo:endo mixture of 

aminonorbornane in 95% yield as a pale yellow liquid. Diastereomer identification was determined 
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by comparing chemicals shifts and coupling constants to those presented in the literature. Physical 

and spectral data was in accordance with literature data (data below, 1.3b) 

1.6.6 Characterization of Products (1.3a and 1.3b) 

 

1.3a was synthesized via the procedure presented in section 1.6.5 in 89% yield as a pale yellow 

liquid. Analytical data for 1.3a: 1H-NMR (300 MHz; CDCl3): δ 3.46-3.41 (m, 4H), 2.87-2.85 

(m, 2H), 1.70 (s, 3H), 1.56 (quintet, J = 6.9 Hz, 2H), 1.37 (sextet, J = 7.2 Hz, 2H), 0.91 (t, J = 

7.3 Hz, 3H). 13C-NMR (126 MHz; CDCl3): δ 72.9, 71.1, 42.0, 31.9, 19.5, 14.1. 

HRMS (ESI-TOF) Calc. for [C6H15NO+H+]+ = 118.1226, Found = 118.1227. Rf  (25% EtOAc 

in hexanes): 0.02. 

1.3b was synthesized via the procedure presented in section 1.6.5 in 95% yield as a pale yellow 

oil. Analytical data for 1.3b: 1H-NMR (400 MHz; CDCl3): δ 3.26-3.23 (m, 1H)*, 2.79 (dd, J = 

7.4, 3.0 Hz, 1H), 2.19 (s, 1H), 2.13 (s, 1H), 2.08-2.02 (m, 1H)*, 1.91 (s, 1H)*, 1.65-0.55 (m, 

10H). 13C-NMR (126 MHz; CDCl3): δ 55.08, 55.00*, 53.1, 45.5, 42.3*, 40.4, 38.8*, 36.09, 

36.04*, 34.3, 30.3*, 28.3, 26.8*, 20.4*(* indicates minor diastereomer). HRMS (ESI-TOF) Calc. 

for [C7H13N+H+]+= 112.1121, Found = 112.1121 Rf (25% EtOAc in hexanes): 0.02. 

1.6.7 1H, 13C, and 2-D NMR Spectra 

H2N

OnBu
H2N
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2.1 Introduction 

Methods that are capable of achieving the difunctionalization of an alkene are 

exceptionally powerful, as they can rapidly introduce complex molecular functionality in a single 

step.1 Furthermore, the use of alkenes as starting materials is attractive because olefinic substrates 

are widely available and constitute a diverse class of molecules. As previously mentioned in 

Chapter 1, pioneering work from Kharasch demonstrated the difunctionalization of alkenes via 

ATRA using simple halogenated reagents such as carbon tetrachloride in the presence of light or 

a thermal radical initiator (Scheme 2.1). This work from Kharasch set the stage for the 

development of a wide array of ATRA mediated processes that allow for alkene 

difunctionalization.2 

 

Scheme 2.1. ATRA difunctionalization of alkenes. 

In the same vein as this, group transfer radical addition (GTRA) strategies are similar to 

ATRA, but allow for the transfer of more complex functionalities to an alkene, aside from just a 

single atom.3 Particularly powerful in polymer synthesis, GTRA has found a wide range of 

applications in synthetic chemistry toward the synthesis of complex products from simple alkenes. 

 In light of the mechanistic evidence supporting an ATRA type mechanism for our 

hydroamination procedure as described in Chapter 1, we hypothesized that O-functionalized 

derivatives of NHPI could serve as alkene difunctionalization reagents by transferring a general 

group “G” to an alkene (Scheme 2.2). In pursuit of this theory, we sought to both provide further 

RCHCl3 + RCl2HC
Cl

BPO or light

CHCl2 RCl2HCR CHCl3
CHCl2-
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evidence toward our mechanistic hypothesis for the hydroamination method, as well as develop a 

new method for the amino-difunctionalization of alkenes. 

 

Scheme 2.2. General O-atom transfer, GTRA strategy. 

In surveying the literature, we were inspired by the work of James Tanko4 who had 

demonstrated the allyl-transfer capability of allyl-oxyphthalimides in the presence of benzylic 

substrates (Scheme 2.3). We hypothesized that in the presence of an effective O-atom transfer 

reagent such as a phosphite, these allyl-oxyphthalimides could be repurposed for the 

aminoallylation of alkenes. 

 

Scheme 2.3. Allyl-oxyphthalimides as ally-transfer reagents. 

2.2 Reaction Optimization and Substrate Scope 

 We began this investigation by subjecting allyl-oxyphthalimide derivative 2.2a to reaction 

conditions similar to those employed for our prior hydroamination procedure. We elected 2.2a as 

the model substrate because we anticipated that the electron deficient character of this substrate 

would help facilitate productive reactivity with an electron rich, external alkene such as NBVE, 

which we also selected as a model substrate because of favorable polarity matching (10 equiv). In 

line with our previous experience, we also employed DLP (0.1 equiv) as radical initiator and 

triethyl phosphite (1.5 equiv) as O-atom transfer reagent in DCE at 90 °C (Table 2.1, entry 1).  
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Table 2.1. Aminoallylation reaction optimization. All reactions carried out with 2.2a (1 equiv) and n-butyl vinyl ether 
(10 equiv) in the specified solvent (0.04 M) ubnless otherwise specified. aDetermined by gas chromatography using 
mesitylene as an internal standard. bisolated yield of 26% following purification on silica gel. 

 

Entry PR3 Initiator Solvent Yielda 

1 P(OEt)3 DLP DCE 34% 

2 P(OtBu)3 DLP DCE <5% 

3 P(OiPr)3 DLP DCE 20% 

4 P(OMe)3 DLP DCE 45%b 

5 P(OMe)3 AIBN DCE 21% 

6 P(OMe)3 BPO DCE <5% 

7 P(OMe)3 DLP MeCN 36% 

8c P(OMe)3 DLP Benzene <5% 

9d,e None DLP DCE <5% 

10 P(OMe)3 None DCE <5% 

As hypothesized, deoxygenative aminoallylation product 2.2a1 was produced and isolated, 

albeit in 34% yield. Interestingly, the main product from this reaction, isolated in 42% yield, was 

N-(O-ethyl) hydroxyphthalimide resulting from an Arbuzov-type, SN2’ substitution reaction 

(Scheme 2.4).  

 

Scheme 2.4. Arbuzov-type side reactivity for aminoallylation. 

PhthNO

CN

OnBu+
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 In an effort to improve reaction efficiency and decrease the proclivity for the observed 

Arbuzov side reactivity, we explored the use of bulkier phosphites, as this would predictably 

diminish the ability of substitution to occur due to enhanced steric hinderance. Switching from 

triethyl phosphite to the bulkier tert-butyl variant indeed decreased the undesired Arbuzov 

reactivity, but also shunted the aminoallylation process, with only trace quantitites of 2.2a1 being 

formed (entry 2). Switching to triisopropyl phosphite similarly reduced the Arbuzov side 

reactivity, but unfortunately resulted in a mere 20% yield for the aminoallylation product (entry 

3). Contrary to our initial hypothesis, the least bulky trimethyl phosphite resulted in the greatest 

yield of 2.2a1 (entry 4). Interestingly, O-atom transfer involving peroxy radicals and trimethyl 

phosphite has been demonstrated to be slower than with the isopropyl and ethyl variants,5 but in 

this system, trimethyl phosphite allows for the desired radical reactivity to occur while keeping 

the undesired Arbuzov side reactivity to a minimum. We attribute this to the relatively low 

nucleophilicity of trimethyl phosphite as compared to the other phosphites screened.6 

 Further screening revealed that much like the our hydroamination procedure, this reaction 

was very sensitive to the nature of the radical initiator and solvent used. Common initiators such 

as AIBN and BPO resulted in decreased reaction efficiencies (entries 5 and 6), as did switching 

the solvent from DCE to benzene or acetonitrile, although acetonitrile was comparable to DCE 

(entries 7 and 8). Control experiments excluding the addition of phosphite and radical initiator 

indicated that both reagents were indeed necessary for productive reactivity (entries 9 and 10). It’s 

important to note that even after exhaustive optimization studies, the optimized yield was unable 

to break past 45%. We attribute this to rapid decomposition of the allyl-oxyphthalimide substrates 

at the requisite reaction temperatures. 
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 In line with our initial hypothesis, we found that electron deficient allyl-oxyphthalimides 

performed best in this transformation while electron neutral and electron rich substrates failed to 

deliver the desired aminoallylation product. In addition to compound 2.2a bearing a vinyl cyano 

group, electron deficient allyl-oxyphthalimides 2.2b, 2.2c, and 2.2d containing a vinyl ethyl ester, 

p-trifluoromethyl phenyl, and 3,5-bis-trifluoromethyl phenyl groups, respectively, resulted in 

production of the desired aminoallylation products with NBVE as the external alkene, albeit in 

modest yield. Less electron deficient substrates such as those bearing a vinyl amide or sulfoxide 

failed to deliver the desired products, as did electronically unbiased substrates including the parent 

allyl-oxyphthalimide, and those bearing a vinyl phenyl group or vinyl sulfide (Scheme 2.5). 

 

Scheme 2.5. Aminoallylation reaction scope on the part of the allyl-oxyphthalimide. 

 In addition to the necessity of an electron deficient allyl-oxyphthalimide for productive 

reactivity, we similarly observed stark electronic effects on the part of the external alkene. Electron 

rich vinyl ethers were found to take part in this aminoallylation transformation, while less electron 

rich olefins including vinyl silanes and sulfides resulted in only trace product formation. Other 
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alkenes such as styrene, vinyl acetate, and the strained norbornene failed to take part entirely 

(Scheme 2.6). 

 

Scheme 2.6. Aminoallylation reaction scope on the part of the external alkene. 

2.3 Mechanistic Discussion 

 Much like the previously disclosed hydroamination, we propose that this transformation 

occurs through a GTRA type radical chain mechanism based on our data (Scheme 2.7). Thermal 

radical initiation produces an imidoxyl radical through radical fragementation of the allyl-

oxyphthalimide, and subsequent phosphite-mediated deoxygenation produces the requisite 

phthalimidyl radical which selectively adds to the external, electron rich vinyl ether, generating a 

carbon-centered radical intermediate. This nucleophilic species is now prone to add into the 

electron poor allyl-oxyphthalimide, producing the desired aminoallylation product and turning 

over the radical chain.  
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Scheme 2.7. Mechanistic hypothesis for aminoallylation. 

 In line with our initial hypothesis at the beginning of the development of this reaction, we 

found that this aminoallylation protocol was largely limited to electron deficient allyl-

oxyphthalimides and electron rich external alkenes. This is ultimately a result of proper radical 

polarity matching. The intricacies of radical polarity matching are well documented with respect 

to hydrogen atom transfer processes7 and for the addition of various radicalophiles into pi-

systems.8 For instance, it is well known that properly matched substrates react faster with one 

another than do mismatched reactants in radical processes (Scheme 2.8.a) as a result of minimizing 

the energy of the interaction with respect to molecular orbital theory (Scheme 2.8.b), and this work 

seen here compliments these trends.  
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Scheme 2.8. Polarity matching effects in radical reactions. 

As shown in Scheme 2.7, the electrophilic imidoxyl radical generated through thermal 

radical inititation interacts with the electron rich phosphite, generating yet another electrophilic 

species, the phthalimidyl radical. This electron deficient radical intermediate then preferentially 

engages with an electron rich alkene to generate a nucleophilic carbon centered radical, which 

finally preferentially adds into the allyl system of the electron-poor allyl-oxyphthalimde. While 

modest in yield, this systems serves as an excellent case study in radical polarity effects, of which 

the observed product is a direct result.  

2.4 Conclusions 

 In an attempt to provide further evidence of an ATRA mechanistic pathway for our 

hydroamination procedure and to expand the method to the difunctionalization of alkenes, we 

sought to develop a method for the aminoallylation of alkenes using allyl-oxyphthalimide 
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derivatives of NHPI. While we were indeed able to observe productive, desired reactivity, the 

reactions was found to be fairly limited in scope and suffered from modest yields. 

Notwithstanding, our efforts did provide further evidence for an ATRA type pathway for our 

hydroamination reaction, and similarly stands alone as an excellent example in radical polarity 

effects. 

Chapter 2 has been adapted from materials published in Lardy, S. W.; Schmidt, V. A. 

Regioselective Alkene Amination Strategies by Using Phosphite Mediated Deoxygenation, 

Synlett, 2019, 30, 2022, as well as Lardy, S. W.: Schmidt, V. A. Intermolecular Aminoallylation 

Using Allyl-oxyphthalimide Derivatives: A Case Study in Radical Polarity Effects, Eur. J. Org. 

Chem. 2019, 6796. The dissertation author was the primary investigator of these publications. 

2.5 Appendix 

2.5.1 General Considerations 

1H, 13C, and 19F NMR were recorded on Varian Mercury 400 MHz, Varian Unity/Inova 

500 MHz, and Bruker 300 MHz spectrometers at 400, 126, and 282 MHz, respectively. All 

chemical shifts are reported relative to SiMe4 using 1H (residual) chemical shifts of the solvent as 

a secondary standard. 19F chemical shifts are reported relative to a 2,2,2-trifluoroethanol 

(CF3CH2OH) internal standard at -77.16 ppm. GC analyses were performed using an Agilent 

Technologies 7890B gas chromatograph equipped with an Agilent 7693 autosampler and Agilent 

HP-5 capillary column (30 m x 0.320 mm x 250 μm). Standard method parameters: 1.2 mL/min 

flow rate with oven program 80 – 250 °C with a ramp rate of 25 °C/min and hold time of 8.7 

minutes at 250 °C. High-resolution mass spectra were measured using an Agilent 6230 ESI-

TOFMS. IR spectra were recorded on an FT/IR-4100typeA spectrometer with a TGS detector. 

2.5.2 Preparation of Substrates 



 
 

103 
 

General method 2A for the preparation of 2.2a and 2.2b 

 

Scheme 2.9. Preparation of substrates 2.2a and 2.2b. 

Allylic alcohol: Allylic alcohols derived from acrylates were prepared according to a 

procedure previously reported in the literature.9 

Allylic bromide: Allylic bromides derived from acrylates were prepared according to a  

procedure previously reported in the literature.9 

Allyl-Oxyphthalimide: Allyl-oxyphthalime derivatives derived from acrylates were 

prepared according to a procedure previously reported in the literature9 

2.2a was synthesized as previously reported.9 Analytical data for 2.2a: 1H-NMR (400 MHz; 

CDCl3): δ 7.86-7.82 (m, 2H), 7.80-7.76 (m, 2H), 6.24 (d, J = 10.6 Hz, 2H), 4.78 (s, 2H).13C-NMR (126 

MHz; CDCl3): δ 163.3, 136.6, 135.0, 128.7, 123.9, 117.5, 116.6, 76.5. HRMS (ESI-TOF) Calc. for 

[C12H8N2O3+H+]+ = 229.0608, Found = 229.0609 Rf (25% EtOAc in hexanes): 0.13. 

2.2b was synthesized as previously reported.9 Analytical data for 2.2b: 1H-NMR (400 MHz; 

CDCl3): δ 7.86-7.82 (m, 2H), 7.80-7.76 (m, 2H), 6.24 (d, J = 10.6 Hz, 2H), 4.78 (s, 2H). 13C-NMR (126 

MHz; CDCl3): δ 163.3, 136.6, 135.0, 128.7, 123.9, 117.5, 116.6, 76.5. HRMS (ESI-TOF) Calc. for 

[C12H8N2O3+H+]+ = 229.0608, Found = 229.0609 Rf (25% EtOAc in hexanes): 0.13 

General method 2B for the preparation of 2.2c, 2.2d, and 2.2e 
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Scheme 2.10. Preparation of substrates 2.2c, 2.2d, and 2.2e. 

Allylic alcohol: Aryl allylic alcohols were prepared according to a modified procedure 

reported in the literature.10 To a round bottom flask equipped with a reflux condenser and charged 

with a stir bar, magnesium turnings (2.0 equiv), and tetrahydrofuran (0.5 M) was added the 

corresponding aryl bromide (1.0 equiv). The reaction was allowed to stir for 2 h before CuI (0.06 

equiv) was added. After an additional 0.5 h of stirring, propargyl alcohol (0.40 equiv) was added 

dropwise. The mixture was allowed to stir overnight, after which saturated ammonium chloride 

aqueous solution was added and the mixture was extracted with diethyl ether (3x). The organic 

extracts were then combined and dried over sodium sulfate. The solvent was removed in vacuo 

and the crude product was then purified by silica gel column chromatography to yield the 

corresponding allylic alcohol.  

Allylic bromide: Aryl allylic bromides were prepared according to a procedure previously 

reported in the literature and used in the next step without further purification.11  

Allyl-Oxyphthalimide: Allyl-oxyphthalimide derivatives were prepared from the 

corresponding bromides according to the general procedure in Method 2A. 
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2.2c was synthesized according to method 2B in 13% yield over 3 steps as a fluffy white solid. 

Analytical data for 2.2c: Melting Point: 115-117 °C. IR (neat) ν cm-1: 1732, 1615, 1467, 1321, 1321, 

1113, 699. 1H-NMR (400 MHz; CDCl3): δ 7.84-7.75 (m, 6H), 7.65 (d, J = 8.7 Hz, 2H), 5.81 (s, 1H), 

5.61 (s, 1H), 5.09 (s, 2H) 13C-NMR (126 MHz; CDCl3): δ 163.3, 141.3, 140.26, 134.6, 130.1 (q, J = 

32.5), 128.8, 126.6, 125.4 (q, J = 3.8 ), 124.1 (q, J = 271.9), 123.6, 121.9, 79.4. 19F-NMR (282 MHz; 

CDCl3): δ -62.6. HRMS (ESI-TOF) Calc. for [C18H12F3NO3+H+]+ = 348.0842, Found = 348.0842. Rf 

(25% EtOAc in hexanes): 0.25.  

2.2d was synthesized according to method 2B in 10% yield over 3 steps as a crystalline white 

solid. Analytical data for 2.2d: Melting Point: 132-134 °C. IR (neat) ν cm-1: 1716, 1391, 1282, 113, 

696. 1H-NMR (400 MHz; CDCl3): δ 8.20 (s, 2H), 7.88-7.82 (m, 3H), 7.78-7.74 (m, 2H), 5.88 (s, 1H), 

5.70 (s, 1H), 5.09 (s, 2H). 13C-NMR (126 MHz; CDCl3): δ 163.5, 140.0, 139.3, 134.8, 132.0 (q, J = 33.3), 

128.9, 126.83, 126.80, 123.5 (q, J = 272.8), 123.3, 122.0 (septet, J = 3.8), 79.4. 19F-NMR (282 MHz; 

CDCl3): δ -62.8. HRMS (ESI-TOF) Calc. for [C19H11F6NO3+Na+]+ = 438.0535, Found = 438.0536. Rf 

(25% EtOAc in hexanes): 0.28. 
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CF3
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2.2e was synthesized according to method 2B. Analytical data for 2.2e: 1H-NMR (400 MHz; 

CDCl3): δ 7.83-7.81 (m, 2H), 7.76-7.73(m, 2H), 7.68-7.66 (m, 2H), 7.41-7.37 (m, 2H), 7.33-7.31 (m, 

1H), 5.73 (s, 1H), 5.51 (s, 1H), 5.09 (s, 2H). 13C-NMR (126 MHz; CDCl3): δ 163.6, 141.3, 137.9, 134.6, 

129.0, 128.6, 128.3, 126.4, 123.6, 119.8, 79.8. HRMS (ESI-TOF) Calc. for [C17H13NO3+H+]+ = 

280.0968, Found = 280.0967. Rf (25% EtOAc in hexanes): 0.28.  

Method 2C for the preparation of 2.2f 

 

Scheme 2.11. Preparation of substrate 2.2f. 

Allyl sulfide: To a round bottom flask charged with a stir bar, tbu-thiol (1 equiv), and water 

(0.5 M) was added sodium hydroxide (2 equiv). The reaction was allowed to stir at room 

temperature for 10 minutes before allyl bromide (1.1 equiv) was added dropwise. The reaction was 

left to stir overnight, after which it was extracted with ethyl acetate (3x). The combined organic 

layers were dried over sodium sulfate and the solvent was removed in vacuo to furnish the 

corresponding allyl sulfide quantitatively which was used in the next step without further 

purification.  
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Dibromo sulfide: The dibromo sulfide was prepared according to a procedure previously 

reported in the literature.12 

Dibromo sulfoxide: The dibromo sulfoxide was prepared according to a procedure 

previously reported in the literature.13 

Bromo vinyl sulfoxide: The bromo vinyl sulfoxide was prepared according to a  

procedure previously reported in the literature.12 

Allyl-Oxyphthalimide: Allyl-oxyphthalimide derivatives were prepared from the 

corresponding bromides according to the general procedure in Method 2A. 

2.2f was synthesized according to method 2c in 26% yield over 5 steps as a fine brown powder. 

Analytical data for 2.2f: Melting Point: 192-194 °C. IR (neat) ν cm-1: 1709, 1394, 1288, 1113, 1098, 

717. 1H-NMR (400 MHz; CDCl3): δ 7.91-7.89 (m, J = 1.1 Hz, 2H), 7.79-7.77 (m, J = 1.1 Hz, 2H), 6.23 

(s, 1H), 5.85 (s, 1H), 4.67 (s, 2H), 1.50 (s, 9H). 13C-NMR (126 MHz; CDCl3): δ 167.5, 141.9, 134.6, 

131.9, 129.1, 123.9, 61.2, 39.2, 23.7 HRMS (ESI-TOF) Calc. for [C15H17NO4S+H+]+ = 308.0951, Found 

= 308.0949. Rf (50% EtOAc in hexanes): 0.08. 

Method 2D for the preparation of 2.2g 

PhthNO

S
O
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Scheme 2.12.  Preparation of substrate 2.2g. 

Allyl sulfide: The allyl sulfide was prepared according to the procedure mentioned in 

Method C.  

Dibromo sulfoxide: The dibromo sulfide was prepared according to a procedure 

previously reported in the literature.13 

Bromo vinyl sulfide: The bromo vinyl sulfide was prepared according to a procedure 

previously reported in the literature.12 

Allyl-Oxyphthalimide: Allyl-oxyphthalimide derivatives were prepared from the 

corresponding bromides according to the general procedure in Method 2A. 
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2.2g was synthesized according to method 2D in 69% yield over 4 steps as a fine off-white solid. 

Analytical data for 2.2g: Melting Point: 57-59 °C. IR (neat) ν cm-1: 1718, 979, 691. 1H-NMR (400 

MHz; CDCl3): δ 7.85-7.81 (m, 2H), 7.77-7.72 (m, 2H), 7.49-7.46 (m, 2H), 7.35-7.29 (m, 3H), 5.69 (s, 

1H), 5.30 (s, 1H), 4.72 (s, 2H). 13C-NMR (126 MHz; CDCl3): δ 163.4, 138.8, 134.6, 133.2, 132.0, 129.5, 

129.0, 128.3, 123.7, 120.2, 78.7. HRMS (ESI-TOF) Calc. for [C17H13NO3+H+]+ = 312.0689, Found = 

312.0688. Rf (25% EtOAc in hexanes): 0.28.  

2.2h was synthesized as previously reported.14 Analytical data for 2.2h: 1H-NMR (400 MHz; 

CDCl3): δ 7.85-7.80 (m, 2H), 7.77-7.72 (m, 2H), 6.17-6.07 (m, 1H), 5.40-5.33 (m, 2H), 4.74-4.68 (m, 

2H). 13C NMR (126 MHz; CDCl3): δ 163.9, 134.6, 131.4, 128.9, 123.7, 122.8, 79.0. HRMS (ESI-TOF) 

Calc. for [C11H9NO3+H+]+ = 204.0655, Found = 204.0654. Rf (25% EtOAc in hexanes): 0.30.  

Method E for the preparation of 2.2i 

 

Scheme 2.13. Preparation of substrate 2.2i. 

Allylic alcohol: The allylic alcohol was prepared according to a procedure previously.15 

Allylic bromide: The allylic bromide was prepared according to a procedure previously 

reported in the literature. reported in the literature.15 
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Allyl-Oxyphthalimide: Allyl-oxyphthalimide derivatives were prepared from the 

corresponding bromides according to the general procedure in Method 2A. 

2.2i was synthesized according to method 2E in 7% yield over 3 steps as a fine white powder. 

Analytical data for 2.2i: Melting Point: 133-134 °C. IR (neat) ν cm-1: 1724, 1607, 1136, 876, 697. 

1H-NMR (400 MHz; CDCl3): δ 7.83-7.78 (m, 2H), 7.77-7.69 (m, 2H), 5.75 (s, 1H), 5.46 (s, 1H), 4.95 

(s, 2H), 3.16 (s, 3H), 3.03 (s, 3H). 
13
C-NMR (126 MHz; CDCl3): δ 169.4, 163.4, 138.3, 134.7, 134.3, 

129.0, 123.7, 123.5, 122.1, 79.2. HRMS (ESI-TOF) Calc. for [C14H17N2O4+H+]+ = 275.1026, Found = 

275.1028. Rf (50% EtOAc in hexanes): 0.08.  

2.5.3 General Aminoallylation Procedure  

***Caution: while no problems were encountered in this work, alkylhydroperoxides can undergo 

spontaneous and rapid exothermic decomposition and appropriate care should be taken in their 

handling***  

To a 1-dram vial charged with a magnetic stir bar was added the respective allyl-PINO 

derivative (20 mg), dilauroyl peroxide (0.10 equiv), triethyl phosphite (1.5 equiv), olefin (10 

equiv), and 1,2-dichloroethane (3 mL). The vial was capped and heated to 90 °C. Upon 

consumption of the N-(O-allyl)hydroxyphthalimide derivative as judged by TLC (25% EtOAc in 

hexanes), the reaction mixture was concentrated under reduced pressure and purified by flash 

column chromatography (10% EtOAc in hexanes).  

2.5.4 Characterization of Products 

PhthNO

ON
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2.2a1 was synthesized according to the general aminoallylation procedure in 26% yield (7 mg) as a clear 

oil. Analytica data for 2.2a1: IR (neat) ν cm-1: 2928, 2872, 1773, 1705, 1394, 1085, 713 

1H-NMR (400 MHz; CDCl3): δ 7.87-7.85 (m, 2H), 7.77- 7.73 (m, 2H), 5.94 (s, 1H), 5.84 (s, 1H), 3.81 (s, 

3H), 3.70- 3.65 (m, 1H), 3.50 (dt, J = 8.5, 6.9 Hz, 1H), 2.52-2.39 (m, 2H), 1.49 (dt, J = 14.4, 7.0 Hz, 2H), 

1.34-1.25 (m, 2), 0.83 (t, J = 7.4 Hz, 3H). 13C-NMR (126 MHz; CDCl3): δ 168.5, 134.3, 133.4, 132.1, 

123.6, 119.7, 118.6, 75.4, 70.6, 40.3, 38.7, 32.0, 19.3, 13.9. HRMS (ESI-TOF) Calc. for 

[C18H20N2O3+H+]+ = 313.1547, Found = 313.1546. Rf (25% EtOAc in hexanes): 0.26. 

2.2b1 was synthesized according to the general aminoallylation procedure in 26% yield (7 mg) as a clear 

oil. Analytical data for 2.2b1: IR (neat) ν cm-1: 2957, 2925, 2854, 1710, 1393, 1174, 1093, 1019, 714. 1H-

NMR (400 MHz; CDCl3): δ 7.87-7.83 (m, 2H), 7.74- 7.70 (m, 2H), 6.23 (s, 1H), 5.70 (s, 1H), 4.18 (q, J = 

7.1 Hz, 2H), 3.84-3.70 (m, 3H), 3.46 (t, J = 6.4 Hz, 2H), 2.54-2.53 (m, 2H), 1.41-1.35 (m, 2H), 1.28-1.19 

(m, 5H), 0.75 (t, J = 7.3 Hz, 3H). 13C-NMR (126 MHz; CDCl3): δ 168.5, 167.0, 136.9, 134.1, 132.2, 127.8, 

123.4, 75.7, 70.1, 60.9, 41.3, 36.2, 32.1, 19.2, 14.3, 13.9. HRMS (ESI-TOF) Calc. for [C20H25NO3+H+]+ = 

360.1805, Found = 360.1802 Rf (25% EtOAc in hexanes): 0.34  
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2.2c1 was synthesized according to the general aminoallylation procedure in 35% yield (9 mg) as a clear 

oil. Analytical data for 2.2c1: IR (neat) ν cm-1: 2957, 2926, 2853, 1711, 1395, 1324, 1167, 1125, 1016, 

723. 1H-NMR (400 MHz; CDCl3): δ 7.85-7.82 (m, 2H), 7.74- 7.70 (m, 2H), 7.55 (d, J = 8.1 Hz, 2H), 7.48 

(d, J = 8.2 Hz, 2H), 5.39 (s, 1H), 5.30 (s, 1H), 3.82-3.64 (m, 3H), 3.40- 3.30 (m, 2H), 2.82-2.70 (m, 2H), 

1.35-1.12 (m, 2H), 0.90-0.82 (m, 2H), 0.72 (t, J = 7.3 Hz, 3H). 13C-NMR (126 MHz; CDCl3): δ 168.5, 

144.9, 144.2, 134.1, 132.1, 129.6 (q, J = 31.7), 126.7, 125.4 (q, J = 3.7), 124.1 (q, J = 117.7), 123.4, 117.3, 

76.0, 70.0, 41.5, 39.4, 32.1, 19.2, 13.8. 19F-NMR (282 MHz; CDCl3): δ -62.5. HRMS (ESI-TOF) Calc. for 

[C24H24F3NO3+Na
+
]
+ = 454.1600, Found = 454.1594. Rf (25% EtOAc in hexanes): 0.45. 

2.2d1 was synthesized according to the general aminoallylation procedure in 37% yield (9 mg) as a clear 

oil. Analytical data for 2.2d1: IR (neat) ν cm-1: 2957, 2928, 2874, 2356, 2341, 1711, 1394, 1276, 1171, 

1131, 723, 699. 1H-NMR (400 MHz; CDCl3): δ 7.87-7.72 (m, 7H), 5.45 (s, 1H), 5.38 (s, 1H), 3.85-3.75 

(m, 2H), 3.69-3.63 (m, 1H), 3.50-3.44 (m, 1H), 3.29 (dt, J = 9.0, 6.4 Hz, 1H), 2.76 (d, J = 6.3 Hz, 2H), 1.35-

1.12 (m, 3H), 0.92-0.72 (m, 2H), 0.75 (t, J = 7.1 Hz, 3H). 13C-NMR (126 MHz; CDCl3): δ 168.5, 143.6, 

143.2, 134.2, 132.0, 131.7 (q, J = 33.2), 126.5, 123.5, 123.4 (q, J = 272.6), 121.2, 118.5, 76.3, 70.2, 41.1, 

39.1, 32.0, 19.2, 13.8 19F-NMR (282 MHz; CDCl3): δ -62.9. HRMS (ESI-TOF) Calc. for 

[C25H23F6NO3+H+]+ = 500.1655, Found = 500.1649. Rf (25% EtOAc in hexanes): 0.47.  
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2.2c2 was synthesized according to the general aminoallylation procedure in 24% yield (6 mg) as a clear 

oil. Analytical data for 2.2c2: IR (neat) ν cm-1: 2931, 1715, 1395, 1325, 1128, 718 1H-NMR (400 MHz; 

CDCl3): δ 7.85-7.82 (m, 2H), 7.74-7.71 (m, 2H), 7.55 (d, J = 8.0 Hz, 2H), 7.48 (d, J = 8.2 Hz, 2H), 5.40 (s, 

1H), 5.30 (s, 1H), 3.84-3.65 (m, 3H), 3.13 (d, J = 6.5 Hz, 2H), 2.84-2.70 (m, 2H), 1.63-1.52 (m, 2H), 0.92-

0.80 (m, 2H), 0.71 (d, J = 4.7 Hz, 6H). 13C-NMR (126 MHz; CDCl3): δ 168.3, 144.7, 144.0, 134.0, 132.0, 

129.6 (q, J = 32.0), 126.7, 125.4 (q, J = 3.8), 124.1 (q, J = 271.9), 123.2, 117.2, 75.9, 41.3, 39.2, 28.7, 19.19, 

19.18. 19F-NMR (282 MHz; CDCl3): δ -62.5. HRMS (ESI-TOF) Calc. for [C24H24F3NO3+Na+]+ = 

454.1600, Found = 454.1597. Rf (25% EtOAc in hexanes): 0.47. 

2.2c3 was synthesized according to the general aminoallylation procedure in 64% yield (16 mg) as a clear 

oil. Analytical data for 2.2c3: IR (neat) ν cm-1: 2922, 2852, 1717, 1325, 1128, 720, 617. 1H-NMR (400 

MHz; CDCl3): δ 7.84 (m, 2H), 7.73 (m, 2H), 7.52 (d, J = 8.0 Hz, 2H), 7.44 (d, J = 8.0 Hz, 2H), 5.38 (s, 1H), 

5.32 (s, 1H), 3.90 (quintet, J = 6.2 Hz, 1H), 3.71 (qd, J = 12.8, 6.2 Hz, 2H), 2.80-2.69 (m, 2H), 1.08-0.97 

(m, 9H). 13C-NMR (126 MHz; CDCl3): δ 168.5, 145.0, 144.2, 134.2, 132.2, 129.6 (q, J = 32.0) 126.7, 125.4 

(q, J = 3.76), 124.1 (q, J = 271.9), 123.4, 117.5, 74.5, 68.0, 43.2, 41.6, 28.4. 19F-NMR (282 MHz; CDCl3): 

δ -62.5. HRMS (ESI-TOF) Calc. for [C24H24F3NO3+Na+]+ = 454.1600, Found = 454.1594 Rf (25% EtOAc 

in hexanes): 0.42. 
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2.2c4 was synthesized according to the general aminoallylation procedure in 26% yield (6 mg) as a clear 

oil. Analytical data for 2.2c4: IR (neat) ν cm-1: 2925, 2855, 1716, 1326, 1169, 1126, 1069, 725. 1H-NMR 

(400 MHz; CDCl3): δ 7.86-7.81 (m, 2H), 7.75-7.70 (m, 2H), 7.54 (d, J = 8.2 Hz, 2H), 7.47 (d, J = 8.2 Hz, 

2H), 5.40 (s, 1H), 5.31 (s, 1H), 3.80-3.71 (m, 3H), 3.15-3.13 (m, 1H), 2.75 (d, J = 5.8 Hz, 2H), 1.60-1.38 

(m, 6H), 1.09-1.01 (m, 5H). 13C-NMR (126 MHz; CDCl3): δ 168.5, 144.9, 144.2, 134.2, 132.1, 129.6 (q, J 

= 32.3), 126.7, 125.5 (q, J = 3.7), 124.1 (q, J = 271.9), 123.4, 117.2, 75.9, 65.6, 41.4, 39.5, 15.5. 19F-NMR 

(282 MHz; CDCl3): δ -62.5. HRMS (ESI-TOF) Calc. for [C22H20F3NO3+H+]+ = 426.1287, Found = 

426.1284. Rf (25% EtOAc in hexanes): 0.39. 

2.2c5 was synthesized according to the general aminoallylation procedure in 46% yield (12 mg) as a clear 

oil. Analytical data for 2.2c5: IR (neat) ν cm-1: 2932, 2856, 1714, 1396, 1325, 1127, 1067, 723. 1H-NMR 

(400 MHz; CDCl3): δ 7.86-7.82 (m, 2H), 7.75-7.70 (m, 2H), 7.55 (d, J = 8.2 Hz, 2H), 7.47 (d, J = 8.1 Hz, 

2H), 5.39 (s, 1H), 5.30 (s, 1H), 3.79 (dd, J = 5.7, 3.3 Hz, 2H), 3.71-3.65 (m, 1H), 3.51-3.34 (m, 2H), 2.75 

(ddd, J = 6.4, 3.7, 0.9 Hz, 2H), 0.98 (t, J = 7.0 Hz, 3H). 13C-NMR (126 MHz; CDCl3): δ 168.5, 144.9, 

144.2, 134.2, 132.1, 129.6 (q, J = 32.5), 126.7, 125.5 (q, J = 3.7), 124.1 (q, J = 271.9), 123.4, 117.2, 73.1, 

42.3, 40.2, 32.7, 25.7, 24.2, 24.1. 19F-NMR (282 MHz; CDCl3): δ -62.5. HRMS (ESI-TOF) Calc. for 

[C26H26F3NO3+H+]+ = 458.1938, Found = 458.1932 Rf (25% EtOAc in hexanes): 0.42  
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2.2c6 was synthesized according to the general aminoallylation procedure in 36% yield (9 mg) as a clear 

oil. Analytical data for 2.2c6: IR (neat) ν cm-1: 2925, 2855, 1710, 1395, 1324, 1166, 1124, 1067, 724. 1H-

NMR (400 MHz; CDCl3): δ 7.85-7.82 (m, 2H), 7.76-7.71 (m, 2H), 7.57 (d, J = 8.2 Hz, 2H), 7.49 (d, J = 

8.1 Hz, 2H), 5.43 (s, 1H), 5.33 (s, 1H), 3.87-3.74 (m, 3H), 3.64 (t, J = 5.4 Hz, 2H), 3.39 (t, J = 5.9 Hz, 2H), 

2.81-2.79 (m, 2H). 13C-NMR (126 MHz; CDCl3): δ 168.5, 144.6, 143.7, 134.7, 134.2, 132.1, 129.8 (q, J = 

32.6), 126.7, 125.6 (q, J = 3.8), 124.5 (q, J = 204.5) 123.5, 117.8, 70.3, 43.1, 41.2, 39.4. 19F-NMR (282 

MHz; CDCl3): δ -62.5. HRMS (ESI-TOF) Calc. for [C22H19ClF3NO3+H+]+ = 438.1078, Found = 438.1076. 

Rf (25% EtOAc in hexanes): 0.34. 

2.5.5  1H, 13C, and 2-D NMR Spectra 
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3.1 Introduction 

 In addition to aliphatic amines, aryl amines (also known as anilines) are similarly an 

important class of molecules  that are found in a wide array of pharmaceuticals, natural products, 

agrochemicals, and much more.1 Classically, anilines have been prepared via a two step nitration, 

hydrogenation sequence, and while this procedure can suffer from harsh conditions, high 

temperatures, and mixed regioselectivities, this method has proven to be a tried and true method 

for the synthesis of primary anilines (Scheme 3.1.a).2 To compliment this reactivity, a myriad of 

transition metal catalyzed coupling strategies have been developed by Ullman,3 Buchwald,4 

Hartwig,5 Chan,6 and Lam7 that take advantage of aryl halides/boronic acids and amine 

nucleophiles to forge new C-N bonds (Scheme 3.1.b). While many of the recently developed 

variants of these cross coupling strategies operate with relatively mild conditions and tolerate a 

host of functionalities,8 the transition metals and designer ligands required to perform these 

reactions can render them prohibitively expensive for some.9  

 

Scheme 3.1. Traditional methods for the preparation of aromatic amines. 

 While typical cross coupling strategies for the synthesis of anilines rely on the use of aryl 

halides or boronic acids, recent attention has shifted to the activation of aryl C-O bonds as a new 

route toward the synthesis of aromatic amines.10 C-O activation is an attractive approach because 

it obviates the generation of stoichiometric halide waste, utilizes extremely abundant, lignin-

biomass derived starting materials, and shifts focus from non-renewable, petroleum derived 
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chemicals to those that are renewable and found widely in nature (Scheme 3.2.a).11 In particular, 

the Smiles rearrangement is a base mediated process that achieves intramolecular N-nucleophilic 

substitution at an aryl ether (Scheme 3.2.b).12 Because the Smiles reaction is an SNAr process, 

electron deficient arenes are typically required to achieve good reaction efficiencies, though new 

evidence suggests that in some instances less activated arenes may be used.13 

 

Scheme 3.2. Aniline synthesis via substitution at C-O bonds. 

 Recent efforts have lead to the development of radical mediated Smiles-type 

transformations that are largely unaffected by arene electronics,14 though only a select few of these 

transformation employ a nitrogen-centered radicalophile for the synthesis of anilines.15 Of note, 

Guo recently reported an electrochemical, radical-mediated Smiles reaction that utilized O-(2,4-

dinitro)-phenyl hydroxamate esters as nitrogen-radical precursors for the formal synthesis of 

anilines from phenols.16 Inspired by this work, we hypothesized that a similar transformation may 

be achieved using unfunctionalized hydroxamic acids without the need for an O-pendent 

electrophore. 

3.2 Reaction Development and Substrate Scope 

 In light of the known propensity for amidyl radical to add into aromatic systems, we 

hypothesized that hydroxamic acids with the general structure presented below is Scheme 3.3 
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could be used for the formal synthesis of anilines from phenols. This structural scaffold was 

attractive to us because it can be easily synthesized from a wide range of different phenols in good 

to excellent yields (See appendix of this chapter for more information) and would allow for an 

intramolecular substitution at the aryl C-O bond of the phenol for the production of anilines.  

 

Scheme 3.3. General hydroxamic acid scaffold for the conversion of phenols to anilines. 

 We began our investigation by subjecting hydroxamic 3.2a1 to conditions similar to those 

used in our hydroamination and aminoallylation methods. In the presence of triethyl phosphite (1.5 

equiv) and DLP (10 mol %) in DCE at 90 °C, we found that the desired amide 3.2b1 was produced 

in 83% isolated yield (Table 3.1, entry 1). Similar to our other methods, we found that this 

procedure was very sensitive to the nature of the thermal radical initiator used in the reaction. 

Common initiatros such as BPO and AIBN failed to produce any appreciable amounts of 3.2b1 

(entries 2 and 3), though we found that di-tertbutyl peroxide (DTBP) improved reaction efficiency 

to 95% isolated yield (entry 4). Notably, we found that optimal yields were obtained when using 

a higher load of DTBP (50 mol% for entry 4), and ultimately we discovered that a super 

stoichiometric quantity of DTBP (5 equivalents) resulted in the highest reaction efficiency for a 

wide range of substrates. The 10-hour half life of DTBP has been document to be 125 °C in 

benzene,17 making it one of the more stable thermal radical initiators that are commercially 

available. As a result of this, a higher load of the initiator is needed to produce the desired product 

in a 24 hour timeframe at the relatively low temperature of 90 °C. Control experiments where 
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radical initiator and phosphite were individually excluded did not result in the production of any 

of the desired product, thereby revealing their necessity in this process (entries 5 and 6).  

Table 3.1. Radical Smiles rearrangement reaction optimization. aReactions carried out with 3.2a1a (1 equiv), P(OEt)3 
(1.5 equiv), and initiator (0.1 equiv) in 0.16M 1,2-dichloroethane at 90 °C for 24 h; AIBN = 2,2’-azobis(2-
methylpropionitrile). bYields determined by gas chromatography using mesitylene as an internal standard. cCarried 
out with 0.5 equiv initiator; isolated yield following silica gel chromatography. 
 

 

Entrya Initiator Yield of 3.2b1b 

1 (undecylCO2)2 83% 

2 (BzO)2 < 5% 

3 AIBN < 5% 

4 (tBuO)2 95%c 

5 none < 5% 

6 (tBuO)2 and no P(OEt)3 < 5% 
 

 With optimized conditions, we set out to explore the substrate scope of this reaction. We 

found that a wide range of phenol derivatives were amenable to this procedure including those 

bearing ortho-, meta-, and para-functionalities (Scheme 3.4, 3.2b2 – 3.2b16). Within this class of 

substrates, electron rich methoxy groups were well tolerated, as was an electron deficient methyl 

ester and trifluofomethyl group. Halides and alkyl substituents were similarly tolerated. Of note, 

mono-substituted substrates resulted in generally high yields across the board, regardless of 

substitution pattern, electronics, or steric or steric bulk of the hydroxamic acid substrate. 

P(OEt)3 (1.5 equiv)
Initiator (0.1 equiv)
DCE, 90 °C, 24 h

3.2a1 - OP(OEt)3
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O
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Scheme 3.4. Rearrangement substrate scope. All reactions carried out with the corresponding hydroxamic acid (1 
equiv), P(OEt)3 (1.5 equiv), and  (tBuO)2 (5 equiv) in 0.16M 1,2-dichloroethane at 90 °C. 
 

Poly-substituted substrates were similarly tolerated including that which was derived from 

eugenol, bearing a p-allyl group. The extended conjugation of 2-naphthol derived substrate 

participated in this reaction in modest yield, as did the dihalogenated substrate 3.2a20, capable of 

undergoing further functionalization using traditional transition metal cross coupling. In addition 

to substitution at the phenol, we explored the tolerability of substitution at nitrogen beyond just a 
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simple methyl group, which previous reports were limited to. To our delight, we found that a 

variety of N-substituted hydroxamic acids were amenable to this protocol. For instance, alkyl 

groups such as a tert-butyl group, isopropyl group, and cyclohexyl group were all tolerated. Of 

note, we observed diminished yield when employing substrates 3.2a26 and 3.2a28, and we 

hypothesize that this is a result of the presence of an abstractable, secondary hydrogen atom 

adjacent to the nitrogen atom. Abstraction at this cite by an amidyl radical or some other radical 

species could result in substrate decomposition and explain the decrease in yield. Furthermore, a 

phenyl group was tolerated, as were heterocyclic substrates 3.2a29 and 3.230 bearing a 

tetrhydrofunrayl and furanyl heterocycles. N-allyl and N-cinnamyl substrates similarly underwent 

this reaction, though in diminished yield. Again, we attribute this to the presence of the abstractable 

hydrogens alpha to the nitrogen atom. We found that N-unsubstituted substrate 3.2a24 produced 

the desired product in 80% yield, indicating that this procedure may be amenable to the synthesis 

of primary amines following hydrolysis. 

In order to demonstrate the synthetic utility of this rearrangement protocol, we sought to 

perform this procedure on substrates derived from phenols with biological significance. 

Acetaminophen, a common over the counter analgesic successfully took part in this reaction, as 

did N-acetyl-L-tyrosine methyl ester. Sesamol, a suspected anti-microbial agent took part in this 

reaction to the desired amide product, along with umbilliferone, a member of the coumarin family. 

2-benzyloxy phenol, a model of the alpha-O-4- linkage of lignin, took part in this reaction, as did 

the free phenol derivative. Raspbery ketone, the compound responsible for the pleasant smell of 

raspberries took part in this reaction, and produced the desired N-methyl amide in 68% yield. 

Polyphenolic substrates such as those derived from para-hydroquinone and bisphenol A (BPA) 
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similary took part in this reaction, as did the heterocyclic substrate derived from 3-

hydroxypyridine. 

 Finally, we sought to explore the electronic effects of the aryl group not derived from the 

phenol of the hydroxamic acid. Interestingly, while no electronic effects were observed on the part 

of the phenol derived arene, the hydroxamyl arene bearing an electron decificent trifluormethyl 

group took part in this reaction in much higher yield than that with an electron donating methoxy 

group (Scheme x). We attribute this differentiation in reaction efficiency to the electronic effect 

these substituents have on the polarity of the amidyl radical produced following deoxygenation. 

This data suggests that more electron deficicent, electrophilic amidyl radicals take part in the 

desired rearrangement procedure more readily than do electronically rich amidyl radicals. This is 

most likely a result of proper polarity matching, where an electron poor amidly radical will react 

more favorably at the electron rich, ipso-phenol carbon. 

 

Scheme 3.5. Exploration of aromatic-tether electronics. All reactions carried out with the corresponding hydroxamic 
acid (1 equiv), P(OEt)3 (1.5 equiv), and  (tBuO)2 (5 equiv) in 0.16M 1,2-dichloroethane at 90 °C. 
 
3.3 Synthetic Utility 

 We explored the utility of this reaction by performing the stepwise conversion of phenol 

to anilinium hydrochloride in 3 simple synthetic steps with a total yield of 70% and no 

chromatography needed (Scheme 3.6.a.). In addition to this, we were cable of converting the 

essential hormone estrone to the N-methyl analogue, again in just 3 steps with a total yield of 80% 

and without the need for purification by column chromatography (Scheme 3.6.b.).  
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Scheme 3.6. Synthetic utility of direct phenol to aniline conversion. Detailed experimental procedures can be found 
in the Appendix. 
 
 Finally, we subjected amide 3.2a27 to base-mediated Smiles conditions employed by 

Turner18 and Yamano19 and found that in each case, no product was obtained and starting material 

was cleanly recovered (Scheme 3.7). This further emphasizes the utility of a radical-mediated 

approach. 

 

Scheme 3.7. Ineffective use of base-mediated conditions for substrate 3.2a27. 

3.4 Mechanistic Proposal 

 A mechanistic proposal in line with our data is presented in Scheme 3.8, radical initiation 

of the starting hydroaxamic acid generates an amidoxyl radical, which following deoxygenation, 

produces triethyl phosphate and the requisite amidyl radical. Addition, of the amidyl radical at the 

ipso-carbon of the phenol-derived arene produces a 6-membered intermediate and arene stabilized 
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radical. Homolytic elimination at oxygen results in rearomatization of the arene as well as the 

production of a stabilized, phenoxyl radical which upon hydrogen atom transfer, delivers the 

desired amide product and turns over the radical chain. This mechanism can be further understood 

by taking into account the bond dissociation energy of the bonds being formed and broken 

throughout the reaction. Deoxygenation of the hydroxamic acid breaks a very weak N-O bond and 

produces an appreciably strong P=O unit. Furthermore, the formation of a relatively strong aryl C-

N linkage in exchange for the breaking of a relatively weak aryl C-O bond provides significant 

thermodynamic favorability for the reaction.  

 

Scheme 3.8. Mechanistic proposal for radical-mediated Smiles rearrangement.  

3.5 Conclusions 

 The synthesis of anilines has classically been achieved through a two-step 

nitration/hydrogenation sequence or a transition metal catalyzed cross coupling with an amine 

nucleophile. Because of growing concerns over our dependence on petroleum derived chemicals 
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and precious transition metal catalysts, attention has slowly but surely shifted toward the 

development of metal-free methods that take advantage of renewable, lignin derived, phenolic 

starting materials for the synthesis of anilines. Our work employs hydroxamic acid substrates that 

are easily prepared from a wide range of phenols for the formal conversion of phenols to anilines. 

Our strategy of a radical-mediated Smiles type rearrangement obviates the need for a precious 

transition metal catalyst or halogenated, aromatic electrophile. Furthermore, the radical approach 

allows us to perform this reaction successfully with both electron rich and electron poor substrates, 

whereas the classic, base-mediated Smiles reaction typically requires electron poor arenes to 

achieve acceptable yields. 

Chapter 3 has been adapted from materials published in Lardy, S. W.; Luong, K. C.; 

Schmidt, V. A. Formal Aniline Synthesis from Phenols via Deoxygenative N-Centered Radical 

Substitution, Chem. Eur. J. 2019, 25, 15271. The dissertation author was the primary investigator 

of this publication. 

3.6 Appendix 

3.6.1 General Considerations 

1H, 13C, and 19F NMR were recorded on Varian Mercury 400 MHz, Varian Unity/Inova 

500 MHz, and Bruker 300 MHz spectrometers at 400, 126, and 282 MHz, respectively. All 

chemical shifts are reported relative to SiMe4 using 1H (residual) chemical shifts of the solvent as 

a secondary standard. 19F chemical shifts are reported relative to a 2,2,2-trifluoroethanol 

(CF3CH2OH) internal standard at -77.16 ppm. GC analyses were performed using an Agilent 

Technologies 7890B gas chromatograph equipped with an Agilent 7693 autosampler and Agilent 

HP-5 capillary column (30 m x 0.320 mm x 250 μm). Standard method parameters: 1.2 mL/min 

flow rate with oven program 80 – 250 °C with a ramp rate of 25 °C/min and hold time of 8.7 
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minutes at 250 °C. Low-resolution mass spectra were measured using a DECA ESI-MS. High-

resolution mass spectra were measured using an Agilent 6230 ESI-TOFMS. 

3.6.2 Preparation of Substrates 

N-Cyclohexyl-hydroxylamine was prepared from the corresponding ketone as previously 

reported.20 Physical and spectral data was in accordance with the literature.  

N-phenylhydroxylamine was prepared from nitrobenzene as previously reported.21 Physical 

and spectral data was in accordance with the literature. 

General Method A for the preparation of (E)-cinnamyl-hydroxylamine and N-(2-furanyl)- 
hydroxylamine  

 

Scheme 3.9. Preparation of (E)-cinnamyl-hydroxylamine and N-(2-furanyl)-hydroxylamine. 

General Method A Procedure: To a round bottom flask charged with a magnetic stir bar, 

hydroxylamine hydrochloride (3 equiv), triethylamine (5 equiv), sodium sulfate (10 equiv), and 

methylene chloride (0.2 M) was added the corresponding aldehyde (1 equiv). The reaction was 

allowed to stir at room temperature until complete consumption of the starting aldehyde was 

observed as judged by TLC (25% EtOAc in hexanes). Upon completion of the reaction, the organic 

solvent was decanted and washed with an aqueous, saturated solution of ammonium chloride and 
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then again with brine. The organic layer was then dried over sodium sulfate and the solvent was 

removed in vacuo to yield the crude oxime which was directly added to a roundbottom flask 

charged with a magnetic stir bar, a small amount of methyl orange indicator, and methanol (0.2 

M). The flask was then cooled in an ice water bath and sodium cyanoborohydride (1.5 equiv) was 

added carefully. Concentrated hydrochloric acid was added dropwise with stirring to maintain a 

bright pink color. Once the reaction reached the point at which no more hydrochloric acid was 

necessary to maintain the bright pink color of the solution, the ice bath was removed and the 

reaction was allowed to stir for an additional two hours at room temperature. Upon completion of 

the reaction, a solution of saturated sodium bicarbonate was added to quench any excess 

hydrochloric acid and the aqueous layer was extracted three times with dichloromethane. The 

solvent was then removed in vacou to yield the crude hydroxylamine which was used without 

further purification for the synthesis of the corresponding hydroxamic acid.  

N-(E)-cinnamyl-hydroxylamine was prepared from the corresponding aldehyde according to 

Method A and used directly for the synthesis of 3.2a32.  

N-(2-furanyl)-hydroxylamine was prepared from the corresponding aldehyde according to 

Method A and used directly for the synthesis of 3.2b30.  

General Method B for the Preparation of Hydoxamic Acids  

H
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HO

NHHO

O
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Scheme 3.10. General method B for the preparation of hydroxamic acids.  

Steps 1 and 2: The carboxylic acid intermediate was prepared from the corresponding 

phenol and 2-fluorobenzonitrile according to a literature procedure.22  

Steps 3 and 4: Hydroxamic acids were prepared according to an adapted procedure from 

the literature.23 To a round bottom flask charged with the corresponding carboxylic acid (1 equiv), 

methylene chloride (0.5 M), and N,N-dimethylformamide (1.0 equiv) was added oxalyl chloride 

(4 equiv) dropwise. The reaction was allowed to stir for 1 h, after which the corresponding 

hydroxylamine or hydroxylamine hydrochloride (2 equiv) and triethylamine (4 equiv) dissolved 

in a 4:1 solution of tetrahydrofuran:distilled water (0.5 M) was added dropwise. The reaction was 

allowed to stir for an additional 10 minutes and was then quenched by the addition of 1 M HCl 

aqueous solution. The organic layer was separated and the aqueous layer was extracted twice with 

methylene chloride. The organic layers were then combined, dried over sodium sulfate and the 

solvent was removed in vacuo. Purification by flash column chromatography (25% EtOAc in 
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hexanes) afforded the corresponding hydroxamic acid. It's notable that many of the hydroxamic 

acids prepared were able to be purified by recrystallization and did not necessitate column 

chromatography. Additionally, we found that by increasing the equivalency of the hydroxylamine, 

we were able to greatly improve the overall yield. For the sake of cost-effectiveness, 2 equivalents 

were generally used in this work.  

General Method C for the Preparation of Hydroxamic Acids 

 

Scheme 3.11. General method C for the preparation of hydroxamic acids. 

Steps 1 and 2: The carboxylic acid intermediate was prepared from the corresponding 

phenol and 2-fluorobenzonitrile according to a literature procedure.22 

Step 3: A round bottom flask equipped with a reflux condenser and charged with a 

magnetic stir bar and thionyl chloride (10 equiv) was added the corresponding carboxylic acid. 

The reaction was heated to reflux for 1 h, allowed to cool to room temperature, and the excess 

thionyl chloride was removed in vacuo to furnish the corresponding acid chloride which was 
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immediately dissolved in methylene chloride (0.5 M) and added dropwise to a 4:1 

tetrahydrofuran:distilled water solution containing the corresponding hydroxylamine or 

hydroxylamine hydrochloride (2 equiv) and triethylamine (4 equiv). The reaction was allowed to 

stir for an additional 10 minuntes and was then quenched by the addition of 1 M HCl aqueous 

solution. The organic layer was separated, and the aqueous layer was extracted twice with 

methylene chloride. The organic layers were then combined, dried over sodium sulfate and the 

solvent was removed in vacuo. Purification by recrystallization or flash column chromatography 

(25% EtOAc in hexanes) afforded the corresponding hydroxamic acid. 

General	Method	D	for	the	Preparation	of	Substrates 

 

Scheme 3.12. General method D for the preparation of hydroxamic acids. 
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Scheme 3.13. General method E for the preparation of hydroxamic acids.  

One Pot Synthesis: Hydroxamic acids were prepared from the corresponding primary 

amines according to a literature procedure.24 Acid chlorides were prepared according to the 

procedure outlined in Method C. 

Step 1: The carboxylic acid intermediate was prepared from the corresponding phenol and 

2-iodobenzoic acid according to a literature procedure.3 

Steps 2 and 3: The hydroxamic acids were prepared from the corresponding carboxylic 

acids in the same manner as in Method B. 
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Scheme 3.14. Preparation of substrate 3.2a21. 
 

Step 1: The aldehyde intermediate was prepared according to a literature procedure.25 

Step 2: To a round bottom flask equipped with a reflux condenser and charged with a 

magnetic stir bar, distilled water (0.2 M), and the corresponding aldehyde was added solid KMnO4 

(2 equiv). The reaction was heated to reflux and allowed to stir for 12 h. Upon completion of the 

reaction as judged by TLC (25% EtOAc in hexanes), an aqueous solution of 1 M HCl was added 

until pH 1 was obtained. The aqueous reaction mixture was then extracted three times with 

methylene chloride. The organic layers were combined, dried over sodium sulfate, and the solvent 

was removed in vacuo to provide the crude carboxylic acid which was used in the next step without 

further purification. 

Steps 3 and 4: The hydroxamic acid was prepared from the corresponding carboxylic acid 

in the same manner as in Method B. 
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General Method G for the preparation of Substrates 
 

 
Scheme 3.15. General method G for the preparation of hydroxamic acids. 
 

Step 1: The aldehyde intermediate was prepared according to a literature procedure.6  

Step 2: The carboxylic acid intermediate was prepared from the corresponding aldehyde 

via Pinnick oxidation according to a procedure outlined in the literature.26 

Steps 3 and 4: The hydroxamic acids were prepared from the corresponding carboxylic 

acids in the same manner as in Method B.  
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3.2a1 was synthesized according to Method B in 35% yield as a fine white powder. 1H-NMR (400 

MHz; CDCl3): δ 7.47 (d, J = 7.8 Hz, 1H), 7.38-7.33 (m, 3H), 7.18-7.13 (m, 2H), 7.02-7.00 (m, 

2H), 6.90 (d, J = 8.2 Hz, 1H), 3.34 (s, 3H). OH proton not observed. 13C-NMR (126 MHz; CDCl3): 

δ 162.0, 156.2, 154.1, 131.9, 130.1, 129.8, 124.27, 124.19, 123.6, 119.4, 118.3, 36.7. LRMS (ESI-

TOF) Calc. for [C14H13NO3+H+]+ = 244.10, Found = 244.14. Rf (50% EtOAc in hexanes): 0.18. 

3.2a2 was synthesized according to Method D in 64% yield as a fine white powder and as a mixture 

of rotational isomers. 1H-NMR (400 MHz; CDCl3): δ 8.44 (s, 1H), 7.60 (d, J = 6.9 Hz, 1H), 7.46 

(d, J = 6.9 Hz, 1H)*, 7.31-7.16 (m, 3H), 7.14-6.95 (m, 3H), 6.64 (t, J = 8.6 Hz, 1H), 3.86 (s, 3H), 

3.77 (s, 3H)*, 3.43 (s, 3H), 3.41 (s, 3H)*. 13C-NMR (126 MHz; CDCl3): δ 168.4, 162.3, 154.8, 

154.0, 151.6, 150.9, 143.3, 142.1, 131.7, 131.3, 130.1, 129.6, 126.4, 126.0, 125.2, 122.96, 122.78, 

122.48, 122.42, 122.36, 121.8, 121.4, 115.1, 113.01, 112.83, 112.5, 56.0, 55.8, 36.7, 36.3. LRMS 

(ESI-TOF) Calc. for [C15H15NO4+H+]+ = 274.11, Found = 274.13. Rf (50% EtOAc in hexanes): 

0.18. *indicates minor rotational isomer 
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3.2a3 was synthesized according to Method D in 13% yield as an off-white solid and as a mixture 

of rotational isomers. 1H-NMR (400 MHz; CDCl3): δ 7.46 (d, J = 7.2 Hz, 1H), 7.32 (ddd, J = 8.5, 

7.3, 1.5 Hz, 2H), 7.20-7.08 (m, 3H), 6.91 (d, J = 8.0 Hz, 1H), 6.68 (d, J = 8.3 Hz, 1H), 3.37 (s, 

3H), 2.22 (s, 3H), 2.21 (s, 3H)*. OH proton not observed. 13C-NMR (126 MHz; CDCl3): δ 162.3, 

154.5, 153.6, 131.97, 131.86, 131.77, 130.2, 129.7, 127.5, 124.9, 122.8, 120.1, 116.3, 36.8, 16.4 . 

LRMS (ESI-TOF) Calc. for [C15H15NO3+H+]+ = 258.11, Found = 258.16. Rf (50% EtOAc in 

hexanes): 0.22. *indicates minor rotational isomer 

3.2a4 was synthesized according to Method D in 81% yield as a white solid. 1H-NMR (400 MHz; 

CDCl3): δ 7.43 (d, J = 7.4 Hz, 1H), 7.36-7.29 (m, 2H), 7.16 (dd, J = 5.4, 3.3 Hz, 2H), 7.09 (t, J = 

7.4 Hz, 1H), 6.89 (d, J = 3.3 Hz, 1H), 6.72 (d, J = 8.3 Hz, 1H), 3.36 (s, 3H), 3.25-3.19 (m, 1H), 

1.21 (d, J = 6.9 Hz, 6H). OH proton not observed. 13C-NMR (126 MHz; CDCl3): δ 162.6, 154.8, 

152.7, 140.4, 131.7, 129.5, 127.22, 127.18, 125.1, 123.6, 122.8, 120.0, 116.5, 37.0, 27.1, 23.1. 

LRMS (ESI-TOF) Calc. for [C17H19NO3+H+]+ = 286.14, Found = 286.17. Rf (50% EtOAc in 

hexanes): 0.30.  
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3.2a5 was synthesized according to Method B in 57% yield as an off-white solid and as a mixture 

of rotational isomers. 1H-NMR (400 MHz; CDCl3): δ 8.64 (s, 1H), 7.85 (d, J = 7.5 Hz, 1H), 7.67-

7.49 (m, 1H), 7.40-7.36 (m, 1H), 7.32-7.27 (m, 1H), 7.20 (t, J = 7.3 Hz, 1H), 6.90 (t, J = 7.2 Hz, 

2H), 6.81-6.76 (m, 1H), 3.44 (s, 3H). 13C-NMR (126 MHz; CDCl3): δ 168.1, 161.8, 155.8, 155.6, 

154.0, 153.2, 140.5, 140.0, 139.6, 132.0, 131.7, 130.6, 130.30, 130.11, 129.9, 127.6, 126.2, 125.9, 

125.2, 124.2, 124.0, 120.0, 118.5, 117.9, 89.0, 87.8, 37.4, 36.7. LRMS (ESI-TOF) Calc. for 

[C14H12INO3+H+]+ = 369.99, Found = 370.06. HRMS (ESI-TOF) Calc. for [C14H12INO3+H+]+  = 

369.9935, Found = 369.9932. Rf (50% EtOAc in hexanes): 0.20. 
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3.2a6 was synthesized according to Method B in 56% yield as a fine white powder and as a mixture 

of rotational isomers. 1H-NMR (400 MHz; CDCl3): δ 8.53 (s, 1H), 7.64 (d, J = 8.1 Hz, 1H), 7.53-

7.49 (m, 1H), 7.38 (t, J = 8.5 Hz, 1H), 7.18 (t, J = 7.7 Hz, 1H), 7.06 (t, J = 7.5 Hz, 1H), 6.98 (d, J 

= 9.1 Hz, 1H), 6.90-6.87 (m, 1H), 6.74 (d, J = 8.8 Hz, 1H), 3.43 (s, 3H). 13C-NMR (126 MHz; 

CDCl3): δ 168.0, 161.8, 153.3, 152.73, 152.68, 151.7, 134.0, 133.6, 132.0, 131.7, 130.7, 129.9, 

129.33, 129.14, 127.3, 126.0, 125.6, 125.0, 123.89, 123.77, 121.3, 119.1, 117.9, 117.2, 115.2, 

113.8, 37.1, 36.6. LRMS (ESI-TOF) Calc. for [C14H12BrNO3+H+]+ = 322.01, Found = 322.12. 

HRMS (ESI-TOF) Calc. for [C14H12BrNO3+H+]+  = 322.0073, Found = 322.0074. Rf (50% EtOAc 

in hexanes): 0.22. 
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3.2a7 was synthesized according to Method C in 91% yield as a white solid and as a mixture of 

rotational isomers. 1H-NMR (400 MHz; CDCl3): δ 7.48-6.85 (m, 13H), 3.17 (s, 3H)*, 2.93 (s, 3H). 

OH proton not observed. 13C-NMR (126 MHz; CDCl3): δ 168.2, 162.0, 154.1, 152.7, 137.72, 

137.63, 137.0, 134.6, 134.1, 133.4, 133.1, 132.6, 131.8, 131.5, 131.3, 130.5, 129.7, 129.3, 129.07, 

128.97, 128.93, 128.91, 128.5, 128.26, 128.17, 127.9, 127.5, 125.8, 124.8, 124.6, 124.2, 123.9, 

123.1, 120.1, 118.5, 117.8, 117.4, 116.8, 36.42, 36.24. LRMS (ESI-TOF) Calc. for 

[C20H17NO3+H+]+ = 320.13, Found = 320.20. HRMS (ESI-TOF) Calc. for [C20H17NO3+H+]+  = 

320.1281, Found = 320.1279. Rf (50% EtOAc in hexanes): 0.25. *indicates minor rotamer 

3.2a8 was synthesized according to Method G in 59% yield as a thick clear oil. 1H-NMR (400 

MHz; CDCl3): 9.50 (s, 1H), 7.98 (d, J = 7.8 Hz, 1H), 7.67 (d, J = 7.6 Hz, 1H), 7.43 (q, J = 7.3 Hz, 

2H), 7.29-7.26 (m, 1H), 7.12 (t, J = 7.6 Hz, 1H), 6.96 (d, J = 8.1 Hz, 1H), 6.83 (d, J = 8.4 Hz, 1H), 

3.95 (s, 3H), 3.33 (s, 3H). 13C-NMR (126 MHz; CDCl3): δ 167.8, 166.9, 157.2, 150.8, 134.9, 

132.2, 131.5, 130.8, 128.4, 125.2, 122.9, 119.3, 119.1, 117.2, 52.9, 36.6. HRMS (ESI-TOF) Calc. 

for [C16H15NO5+H+]+  = 302.1023, Found = 302.1020. Rf (50% EtOAc in hexanes): 0.22.  
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3.2a9 was synthesized according to Method D in 63% yield as a fine brown powder. 1H-NMR 

(400 MHz; CDCl3): δ 7.47 (d, J = 7.9 Hz, 1H), 7.41-7.36 (m, 1H), 7.23-7.21 (m, 1H), 7.17 (t, J = 

7.5 Hz, 1H), 6.94 (d, J = 8.4 Hz, 1H), 6.69 (d, J = 6.4 Hz, 1H), 6.58 (dd, J = 4.4, 2.2 Hz, 2H), 3.78 

(s, 3H), 3.33 (s, 3H). OH proton not observed. 13C-NMR (126 MHz; CDCl3): δ 162.2, 161.1, 

157.3, 153.9, 131.9, 130.4, 129.8, 124.4, 123.6, 118.5, 111.4, 109.9, 105.5, 55.6, 36.8. LRMS 

(ESI-TOF) Calc. for [C15H15NO4+H+]+ = 274.11, Found = 274.11. Rf (50% EtOAc in hexanes): 

0.18. 

3.2a10 was synthesized according to Method B in 55% yield as a fine white powder. 1H-NMR 

(400 MHz; CDCl3): δ 8.6 (s, 1H), 7.50-7.41 (m, 2H), 7.25-7.16 (m, 4H), 6.94 (t, J = 7.9 Hz, 2H), 

3.32 (s, 3H). 13C-NMR (126 MHz; CDCl3): δ 161.8, 157.2, 153.2, 132.1, 131.1, 129.9, 127.2, 

124.7, 124.4, 123.1, 122.2, 119.0, 117.6, 36.7. LRMS (ESI-TOF) Calc. for [C14H12BrNO3+H+]+ = 

322.01, Found = 322.09. HRMS (ESI-TOF) Calc. for [C14H12BrNO3+H+]+  = 322.0073, Found = 

322.0073. Rf (50% EtOAc in hexanes): 0.20. 
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3.2a11 was synthesized according to Method C in 95% yield as a fine white powder. 1H-NMR 

(400 MHz; CDCl3): δ 7.51-7.38 (m, 4H), 7.27 (d, J = 0.5 Hz, 1H), 7.25-7.24 (m, 1H), 7.15 (d, J = 

7.8 Hz, 1H), 6.96 (d, J = 8.4 Hz, 1H), 3.33 (s, 3H). OH proton not observed. 13C-NMR (126 MHz; 

CDCl3): δ 161.6, 156.7, 152.9, 132.4 (q, J = 32.8 Hz), 132.1, 130.6, 129.8, 124.79, 124.61, 123.6 

(q, J = 272.4 Hz), 121.9, 120.6 (q, J = 3.8 Hz), 119.0, 115.7 (q, J = 3.8 Hz), 36.6. 19F NMR (282 

MHz; CDCl3): δ -62.7. LRMS (ESI-TOF) Calc. for [C15H12F3NO3+H+]+ = 312.08, Found = 

312.16. HRMS (ESI-TOF) Calc. for [C15H12F3NO3+H+]+  = 312.0842, Found = 312.0841. Rf (25% 

EtOAc in hexanes): 0.20. 

3.2a12 was synthesized according to Method D in 64% yield as a tan woolen solid. 1H-NMR (400 

MHz; CDCl3): δ 7.44 (d, J = 6.7 Hz, 1H), 7.35-7.31 (m, 1H), 7.10 (t, J = 7.2 Hz, 1H), 6.97 (d, J = 

9.0 Hz, 2H), 6.88 (d, J = 9.0 Hz, 2H), 6.79 (d, J = 8.4 Hz, 1H), 3.80 (s, 3H), 3.35 (s, 3H). OH 

proton not observed. 13C-NMR (126 MHz; CDCl3): δ 162.4, 156.5, 155.2, 149.2, 131.8, 129.7, 

123.5, 122.8, 121.1, 116.8, 115.1, 55.8, 36.8. LRMS (ESI-TOF) Calc. for [C15H15NO4+H+]+ = 

274.11, Found = 274.14. Rf (50% EtOAc in hexanes): 0.18. 
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3.2a13 was synthesized according to Method B in 36% yield as a tan solid. 1H-NMR (400 MHz; 

CDCl3): δ 8.94 (s, 1H), 7.44-7.37 (m, 4H), 7.18 (t, J = 7.5 Hz, 1H), 6.91-6.87 (m, 3H), 3.30 (s, 

3H). 13C-NMR (126 MHz; CDCl3): δ 162.3, 155.6, 153.4, 133.0, 132.0, 129.7, 124.9, 124.1, 120.8, 

118.7, 116.7, 37.2. LRMS (ESI-TOF) Calc. for [C14H12BrNO3+H+]+ = 322.01, Found = 322.15. 

HRMS (ESI-TOF) Calc. for [C14H12BrNO3+H+]+  = 322.0173, Found = 322.0072. Rf (50% EtOAc 

in hexanes): 0.20. 

3.2a14 was synthesized according to Method B in 45% yield as a fine white powder. 1H-NMR 

(400 MHz; CDCl3): δ 7.48-7.45 (m, 1H), 7.36 (d, J = 8.4 Hz, 3H), 7.18-7.12 (m, 1H), 6.94 (d, J = 

8.7 Hz, 2H), 6.90 (d, J = 8.4 Hz, 1H), 3.39 (s, 3H), 1.32 (s, 9H). OH proton not observed. 13C-

NMR (126 MHz; CDCl3): δ 162.1, 154.5, 153.6, 147.2, 131.9, 129.8, 126.9, 124.0, 123.2, 119.0, 

117.8, 36.7, 34.5, 31.6. LRMS (ESI-TOF) Calc. for [C18H21NO3+H+]+ = 300.16, Found = 300.16. 

Rf (50% EtOAc in hexanes): 0.25. 
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3.2a15 was synthesized according to Method B in 46% yield as an off white powder. 1H-NMR 

(400 MHz; CDCl3): δ 7.63 (d, J = 8.1 Hz, 2H), 7.47 (d, J = 6.8 Hz, 1H), 7.41 (t, J = 8.2 Hz, 1H), 

7.21 (t, J = 7.5 Hz, 1H), 6.92 (d, J = 8.3 Hz, 1H), 6.77 (d, J = 8.1 Hz, 2H), 3.32 (s, 3H). OH proton 

not observed. 13C-NMR (126 MHz; CDCl3): δ 162.0, 156.5, 153.3, 139.0, 132.1, 129.8, 124.8, 

124.2, 121.1, 118.8, 87.2, 36.9. LRMS (ESI-TOF) Calc. for [C14H12INO3+H+]+ = 369.99, Found 

= 370.08. HRMS (ESI-TOF) Calc. for [C14H12INO3+H+]+  = 368.9935, Found = 369.9938. Rf 

(50% EtOAc in hexanes): 0.20. 

3.2a16 was synthesized according to Method B in 63% yield as an off white powder. 1H-NMR 

(400 MHz; CDCl3): δ 7.46 (d, J = 7.7 Hz, 1H), 7.42-7.38 (m, 1H), 7.32-7.28 (m, 2H), 7.19 (t, J = 

7.4 Hz, 1H), 6.96-6.89 (m, 3H), 3.32 (s, 3H). OH proton not observed. 13C-NMR (126 MHz; 

CDCl3): δ 162.1, 155.0, 153.6, 132.0, 130.0, 129.8, 129.3, 124.7, 124.1, 120.4, 118.6, 36.9. LRMS 

(ESI-TOF) Calc. for [C14H12ClNO3+H+]+ = 278.06, Found = 278.17. HRMS (ESI-TOF) Calc. for 

[C14H12ClNO3+H+]+  = 278.0578, Found = 278.0578. Rf (50% EtOAc in hexanes): 0.18. 
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3.2a17 was synthesized according to Method B in 36% yield as a yellow solid and as a mixture of 

rotational isomers. 1H-NMR (400 MHz; CDCl3): δ 8.44 (s, 1H), 7.59 (d, J = 6.2 Hz, 1H), 7.45 (d, 

J = 6.5 Hz, 1H)*, 7.10-6.91 (m, 5H), 6.66 (q, J = 9.5 Hz, 1H), 6.40 (m, 2H), 6.26-6.21 (m, 1H), 

5.86-5.78 (m, 1H)*, 3.85 (s, 3H), 3.76 (s, 3H)*, 3.42 (s, 3H), 3.40 (s, 3H)*, 1.93-1.90 (m, 2H). 

13C-NMR (126 MHz; CDCl3): δ 168.3, 162.1, 154.7, 154.0, 150.7, 150.3, 142.00, 142.00, 141.99, 

140.7, 136.5, 136.0, 131.6, 131.2, 130.3, 129.5, 129.0, 127.5, 126.6, 126.0, 122.78, 122.62, 122.2, 

119.1, 118.8, 114.9, 112.91, 112.82, 109.8, 109.5, 55.83, 55.64, 36.5, 36.2, 18.5, 14.7. LRMS 

(ESI-TOF) Calc. for [C18H19NO4+H+]+ = 314.14, Found = 314.14. Rf (50% EtOAc in hexanes): 

0.22. *indicates minor rotamer 
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3.2a18 was synthesized according to Method B in 56% yield as a white solid and as a mixture of 

rotational isomers. 1H-NMR (400 MHz; CDCl3): δ 8.75 (s, 1H), 7.85 (s, 1H)*, 7.61 (d, J = 6.9 Hz, 

1H)*, 7.46 (d, J = 7.4 Hz, 1H), 7.32 (dd, J = 14.9, 7.8 Hz, 2H), 7.20 (t, J = 6.5 Hz, 1H)*, 7.13 (t, 

J = 7.4 Hz, 1H), 6.93 (s, 1H), 6.82 (s, 1H), 6.75 (s, 1H)*, 6.67 (d, J = 8.1 Hz, 1H), 3.38 (s, 3H), 

2.26 (s, 3H). 13C-NMR (126 MHz; CDCl3): δ 167.9, 162.0, 153.9, 153.4, 152.2, 151.1, 150.8, 

139.02, 138.86, 131.8, 131.5, 130.4, 130.1, 129.7, 127.0, 126.6, 126.1, 124.4, 123.7, 123.4, 123.0, 

122.3, 121.7, 120.5, 117.4, 116.4, 37.2, 36.4, 21.15, 21.06. LRMS (ESI-TOF) Calc. for 

[C15H14ClNO3+H+]+ = 292.07, Found = 292.15. HRMS (ESI-TOF) Calc. for [C15H14ClNO3+H+]+  

= 292.0735, Found = 292.0736. Rf (50% EtOAc in hexanes): 0.22. *indicates minor rotamer 

3.2a19 was synthesized according to Method B in 54% yield as pale pink solid. 1H-NMR (400 

MHz; CDCl3): δ 8.56 (s, 1H), 8.12 (d, J = 7.8 Hz, 1H), 7.88 (d, J = 7.9 Hz, 1H), 7.67 (d, J = 8.2 

Hz, 1H), 7.51 (dt, J = 15.6, 7.5 Hz, 3H), 7.40 (t, J = 8.0 Hz, 1H), 7.33 (t, J = 7.7 Hz, 1H), 7.17 (t, 

J = 7.6 Hz, 1H), 6.99 (d, J = 7.5 Hz, 1H), 6.81 (d, J = 8.1 Hz, 1H), 3.44 (s, 3H). 13C-NMR (126 

MHz; CDCl3): δ 162.1, 154.6, 152.0, 135.1, 132.0, 129.8, 128.0, 126.91, 126.77, 126.5, 125.8, 

124.5, 124.0, 123.5, 121.8, 118.0, 114.4, 36.8. LRMS (ESI-TOF) Calc. for [C18H15NO3+H+]+ = 

294.11, Found = 294.14. Rf (50% EtOAc in hexanes): 0.10. 
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3.2a20 was synthesized according to Method B in 82% yield as yellow plates and as a mixture of 

rotational isomers. 1H-NMR (400 MHz; CDCl3): δ 8.68 (s, 1H), 7.64 (d, J = 6.4 Hz, 1H)*, 7.47 

(d, J = 7.5 Hz, 1H), 7.39-7.35 (m, 2H), 7.17 (t, J = 7.4 Hz, 1H), 7.04-6.97 (m, 2H), 6.90 (dt, J = 

1.1, 0.6 Hz, 1H)*, 6.79 (d, J = 7.7 Hz, 1H)*, 6.68 (d, J = 8.3 Hz, 1H), 3.41 (s, 3H). 13C-NMR (126 

MHz; CDCl3): δ 161.8, 159.0 (d, J = 248.2 Hz), 153.4, 148.8 (d, J = 3.4 Hz), 131.8, 131.1 (d, J = 

136.5 Hz), 129.7, 124.7, 123.6, 122.4 (d, J = 8.8 Hz), 120.8 (d, J = 25.9 Hz), 116.3, 115.9 (d, J = 

23.0 Hz), 37.2. 19F NMR (282 MHz; CDCl3): δ -115.7 (q, J = 6.6 Hz). LRMS (ESI-TOF) Calc. 

for [C14H11BrFN2O3+H+]+ = 340.00, Found = 340.14. HRMS (ESI-TOF) Calc. for 

[C14H11BrFN2O3+H+]+  = 339.9979, Found = 339.9975. Rf (50% EtOAc in hexanes): 0.20. 

*indicates minor rotamer 
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3.2a21 was synthesized according to Method F in 66% yield as a white solid and as a mixture of 

rotational isomers. 1H-NMR (400 MHz; CDCl3): δ 7.63 (d, J = 6.7 Hz, 1H)*, 7.48 (d, J = 7.2 Hz, 

1H)*, 7.39 (t, J = 7.5 Hz, 2H), 7.26-7.21 (m, 3H), 7.00-6.95 (m, 2H), 6.81 (d, J = 8.0 Hz, 3H)*, 

3.94 (s, 3H)*, 3.85 (s, 3H), 3.35 (s, 3H). OH proton not observed. 13C-NMR (126 MHz; CDCl3): 

δ 167.8, 161.6, 152.7, 151.9, 151.1, 150.6, 148.9, 147.9, 132.1, 131.7, 130.8, 129.9, 126.65, 

126.55, 126.1, 124.8, 124.4, 124.1, 120.55, 120.37, 118.7, 118.4, 117.8, 116.2, 115.7, 115.5, 108.6, 

108.3, 56.6, 56.3, 36.9, 36.4. LRMS (ESI-TOF) Calc. for [C16H14N2O4+H+]+ = 299.10, Found = 

299.15. Rf (50% EtOAc in hexanes): 0.10. *indicates minor rotamer 
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3.2a22 was synthesized according to Method B in 24% yield as a greenish-brown solid. 1H-NMR 

(400 MHz; CDCl3): δ 7.45 (d, J = 7.2 Hz, 1H), 7.37-7.32 (m, 1H), 7.11 (t, J = 7.4 Hz, 1H), 7.03 

(d, J = 8.0 Hz, 1H), 6.87 (d, J = 8.2 Hz, 1H), 6.74 (d, J = 10.9 Hz, 2H), 3.35 (s, 3H), 2.73 (d, J = 

6.1 Hz, 4H), 1.78 (dt, J = 4.5, 2.0 Hz, 4H). OH proton not observed. 13C-NMR (126 MHz; CDCl3): 

δ 162.3, 154.6, 153.4, 139.1, 133.2, 131.8, 130.5, 129.7, 123.7, 123.0, 119.9, 117.5, 116.9, 36.8, 

29.6, 28.9, 23.3, 23.0. LRMS (ESI-TOF) Calc. for [C18H19NO3+H+]+ = 298.14, Found = 298.21. 

HRMS (ESI-TOF) Calc. for [C18H19NO3+H+]+  = 298.1438, Found = 298.1437. Rf (50% EtOAc 

in hexanes): 0.30. 

3.2a23 was synthesized according to Method D in 15% yield as a yellow solid. 1H-NMR (400 

MHz; CDCl3): δ 7.41 (d, J = 7.4 Hz, 1H), 7.24 (dt, J = 7.3, 1.5 Hz, 2H), 7.04 (t, J = 7.1 Hz, 1H), 

6.99 (s, 1H), 6.38 (d, J = 8.4 Hz, 1H), 3.40 (s, 3H), 2.36 (s, 3H), 2.17 (s, 3H), 2.05 (s, 3H). OH 

proton not observed. 13C-NMR (126 MHz; CDCl3): δ 162.5, 154.0, 148.9, 133.6, 133.0, 131.8, 

130.5, 129.8, 129.5, 129.2, 122.1, 121.9, 113.2, 36.9, 20.6, 16.3, 14.2. HRMS (ESI-TOF) Calc. 

for [C17H19NO3+H]+  = 285.1365, Found = 285.1365. Rf (50% EtOAc in hexanes): 0.10. 
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3.2a24 was synthesized according to Method B in 67% yield as a fine white powder and as a 

mixture of rotational isomers. 1H-NMR (400 MHz; CDCl3): δ 10.27 (s, 1H), 8.32-8.21 (m, 1H), 

7.45-7.36 (m, 3H), 7.30-7.27 (m, 1H), 7.25-7.17 (m, 1H), 7.09 (dd, J = 8.7, 1.1 Hz, 2H), 7.02-7.00 

(m, 1H), 6.88-6.76 (m, 1H). 13C-NMR (126 MHz; CDCl3): δ 162.8, 156.1, 154.5, 134.9, 133.7, 

133.4, 131.9, 130.51, 130.48, 130.1, 125.6, 124.3, 123.90, 123.87, 123.79, 123.5, 120.65, 120.55, 

120.3, 118.6, 118.3, 117.1. LRMS (ESI-TOF) Calc. for [C13H11NO3+H+]+ = 230.08, Found = 

230.18. HRMS (ESI-TOF) Calc. for [C13H11NO3+H+]+  = 230.0812, Found = 230.0813. Rf (25% 

EtOAc in hexanes): 0.22. 

3.2a25 was synthesized according to Method B in 84% yield as a fine tan powder. 1H-NMR (400 

MHz; CDCl3): δ 7.62-7.48 (m, 1H), 7.25 (d, J = 13.4 Hz, 9H), 7.12-7.08 (m, 2H), 6.67-6.47 (m, 

2H). OH proton not observed. 13C-NMR (126 MHz; CDCl3): δ 162.1, 155.3, 154.2, 138.3, 131.9, 

130.1, 129.8, 128.8, 127.8, 124.9, 124.4, 124.1, 122.8, 119.9, 116.7. LRMS (ESI-TOF) Calc. for 

[C19H15NO3+H+]+ = 306.11, Found = 306.12. Rf (50% EtOAc in hexanes): 0.25 
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3.2a26 was synthesized according to Method B in 92% yield as a fine white powder. 1H-NMR 

(400 MHz; CDCl3): δ 7.42 (d, J = 7.5 Hz, 1H), 7.35 (q, J = 7.7 Hz, 3H), 7.14 (q, J = 7.4 Hz, 2H), 

7.00 (d, J = 7.7 Hz, 2H), 6.89 (d, J = 8.3 Hz, 1H), 3.59 (t, J = 11.0 Hz, 1H), 1.86-1.76 (m, 6H), 

1.58 (s, 1H), 1.13 (s, 3H). OH proton not observed. 13C-NMR (126 MHz; CDCl3): δ 161.2, 156.1, 

153.8, 131.4, 129.9, 129.4, 124.7, 124.1, 123.4, 119.2, 118.0, 59.1, 29.9, 25.3, 24.9. LRMS (ESI-

TOF) Calc. for [C19H21NO3+H+]+ = 312.16, Found = 312.24. HRMS (ESI-TOF) Calc. for 

[C19H21NO3+H+]+  = 312.1594, Found = 312.1594. Rf (50% EtOAc in hexanes): 0.25.  

3.2a27 was synthesized according to Method B in 88% yield as a white solid. 1H-NMR (400 MHz; 

CDCl3): δ 7.47 (s, 1H), 7.36-7.32 (m, 3H), 7.19-7.11 (m, 2H), 7.01 (d, J = 7.6 Hz, 2H), 6.89 (d, J 

= 8.4 Hz, 1H), 1.37 (s, 9H). OH proton not observed. 13C-NMR (126 MHz; CDCl3): δ 156.6, 

154.1, 131.29, 131.28, 131.21, 130.1, 124.09, 124.05, 124.04, 124.02, 123.98, 61.5, 27.9. LRMS 

(ESI-TOF) Calc. for [C17H19NO3+H+]+ = 286.14, Found = 286.01. HRMS (ESI-TOF) Calc. for 

[C17H19NO3+H+]+  = 286.1438, Found = 286.1438. Rf (50% EtOAc in hexanes): 0.25. 
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3.2a28 was synthesized according to Method B in 87% yield as a pale orange solid. 1H-NMR (400 

MHz; CDCl3): δ 8.43 (s, 1H), 7.41 (d, J = 7.3 Hz, 1H), 7.36-7.32 (m, 3H), 7.14 (t, J = 7.4 Hz, 2H), 

7.01 (d, J = 8.1 Hz, 2H), 6.88 (d, J = 8.3 Hz, 1H), 4.06 (dt, J = 12.9, 6.5 Hz, 1H), 1.30 (d, J = 6.5 

Hz, 6H). 13C-NMR (126 MHz; CDCl3): δ 161.3, 156.2, 154.0, 131.5, 130.1, 129.3, 124.9, 124.2, 

123.5, 119.5, 118.1, 51.8, 20.0. LRMS (ESI-TOF) Calc. for [C16H17NO3+H+]+ = 272.13, Found = 

272.19. HRMS (ESI-TOF) Calc. for [C16H17NO3+H+]+  = 272.1281, Found = 272.1281. Rf (25% 

EtOAc in hexanes): 0.22. 
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3.2a29 was synthesized according to Method E in 25% yield as a yellow oil and as a mixture of 

rotational isomers. 1H-NMR (400 MHz; CDCl3): δ 7.79-7.77 (m, 1H), 7.48 (d, J = 7.2 Hz, 2H), 

7.43 (d, J = 7.7 Hz, 1H), 7.33-7.32 (m, 1H), 7.12 (t, J = 8.2 Hz, 1H), 7.02-7.00 (m, 1H), 6.88 (d, J 

= 8.3 Hz, 1H), 6.55-6.53 (m, 1H), 4.25 (d, J = 0.6 Hz, 1H)*, 4.10-4.06 (m, 1H), 3.90-3.65 (m, 3H), 

3.59-3.51 (m, 1H)*, 3.35 (ddd, J = 13.7, 7.5, 4.9 Hz, 1H), 2.01 (td, J = 14.5, 11.2 Hz, 1H), 1.92 (s, 

1H), 1.86-1.72 (m, 1H), 1.64-1.59 (m, 1H). OH proton not observed. 13C-NMR (126 MHz; 

CDCl3): δ 167.7, 167.2, 162.9, 156.9, 156.3, 154.0, 153.3, 134.6, 131.73, 131.58, 131.1, 130.17, 

129.99, 129.4, 128.7, 127.1, 124.2, 123.8, 123.4, 119.4, 118.8, 118.47, 118.31, 77.9, 68.3, 68.1, 

53.4, 50.3, 43.7, 28.8, 26.1, 25.5. LRMS (ESI-TOF) Calc. for [C18H19NO4+H+]+ = 314.14, Found 

= 314.10. Rf (50% EtOAc in hexanes): 0.15. *indicates minor rotamer 

N

O

O

OH

O



 
 

172 
 

3.2a30 was synthesized according to Method B in 66% yield as a tan solid and as a mixture of 

rotational isomers. 1H-NMR (400 MHz; CDCl3): δ 7.65-7.51 (m, 1H), 7.65-7.51 (m, 1H)*, 7.45-

7.29 (m, 3H), 7.19-7.12 (m, 2H), 7.03-6.91 (m, 4H), 6.31-6.28 (m, 2H), 4.94 (s, 2H)*, 4.76 (s, 2H). 

OH proton not observed. 13C-NMR (126 MHz; CDCl3): δ 163.2, 157.3, 156.3, 154.3, 149.2, 148.2, 

142.8, 135.0, 133.7, 132.07, 131.93, 130.5, 130.0, 127.3, 125.9, 124.5, 124.3, 123.95, 123.84, 

123.5, 120.5, 119.5, 118.8, 118.56, 118.38, 117.5, 110.68, 110.55, 109.4, 109.0, 46.7, 45.1. LRMS 

(ESI-TOF) Calc. for [C18H15NO4+H+]+ = 310.11, Found = 310.14. Rf (50% EtOAc in hexanes): 

0.10. *indicates minor rotamer 

N

O

O

OH

O



 
 

173 
 

3.2a31 was synthesized according to Method E in 21% yield as a tan solid and as a mixture of 

rotational isomers. 1H-NMR (400 MHz; CDCl3): δ 7.44-7.42 (m, 1H), 7.37-7.33 (m, 3H), 7.15 (t, 

J = 7.4 Hz, 2H), 7.01 (d, J = 7.9 Hz, 2H), 6.88 (d, J = 8.3 Hz, 1H), 5.91-5.81 (m, 1H), 5.30-5.22 

(m, 2H), 4.38 (s, 2H)*, 4.20 (s, 2H). OH proton not observed. 13C-NMR (126 MHz; CDCl3): δ 

162.7, 156.2, 154.2, 131.9, 131.5, 130.1, 129.6, 127.0, 124.3, 123.4, 119.6, 118.9, 118.2, 52.4. 

LRMS (ESI-TOF) Calc. for [C16H15NO3+H+]+ = 270.11, Found = 270.18. HRMS (ESI-TOF) 

Calc. for [C16H15NO3+H+]+  = 270.1125, Found = 270.1123. Rf (50% EtOAc in hexanes): 0.22. 

*indicates minor rotamer* 

3.2a32 was synthesized according to Method B in 43% yield as an orange solid and as a mixture 

of rotational isomers. 1H-NMR (400 MHz; CDCl3): δ 7.47 (d, J = 6.8 Hz, 1H)*, 7.41-7.24 (m, 

10H), 7.15 (q, J = 7.6 Hz, 2H), 6.96 (dd, J = 39.2, 7.8 Hz, 3H), 6.51 (d, J = 15.8 Hz, 1H), 6.23-

6.19 (m, 1H), 4.54 (s, 2H)*, 4.36 (s, 2H). OH proton not observed. 13C-NMR (126 MHz; CDCl3): 

δ 162.6, 156.1, 154.2, 136.2, 133.9, 132.0, 130.1, 129.7, 128.7, 128.1, 126.6, 124.3, 123.5, 122.6, 

119.5, 118.5, 118.3, 52.1. LRMS (ESI-TOF) Calc. for [C22H19NO3+H+]+ = 346.14, Found = 

346.19. Rf (50% EtOAc in hexanes): 0.30. *indicates minor rotamer* 
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3.2a33 was synthesized according to Method D in 99% yield as an off-white solid. 1H-NMR (400 

MHz; CDCl3): δ 7.47 (d, J = 6.9 Hz, 1H), 7.36 (t, J = 7.8 Hz, 1H), 7.23 (s, 1H), 7.15 (t, J = 7.1 Hz, 

1H), 6.90 (d, J = 8.3 Hz, 1H), 6.79 (d, J = 7.8 Hz, 1H), 6.74 (s, 1H), 3.34 (s, 3H), 2.88-2.85 (m, 

2H), 2.51 (dd, J = 19.0, 8.9 Hz, 1H), 2.41-2.39 (m, 1H), 2.27 (dt, J = 10.2, 5.2 Hz, 1H), 2.17-1.95 

(m, 4H), 1.59-1.41 (m, 6H), 0.92 (s, 3H). OH proton not observed. 13C-NMR (126 MHz; CDCl3): 

δ 162.1, 154.3, 154.0, 138.6, 135.8, 131.9, 129.8, 126.9, 124.0, 123.3, 119.5, 118.0, 116.7, 50.5, 

48.1, 45.9, 44.2, 38.2, 36.7, 36.0, 31.6, 29.6 26.5, 25.9, 21.7, 14.0. LRMS (ESI-TOF) Calc. for 

[C26H29NO4+H+]+ = 420.22, Found = 420.24. Rf (50% EtOAc in hexanes): 0.12.  
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3.2a34 was synthesized according to Method D in 95% yield as an off-white solid. 1H-NMR (400 

MHz; DMSO-d6): δ 9.92 (s, 1H), 9.84 (s, 1H), 7.55 (d, J = 5.7 Hz, 2H), 7.29 (d, J = 6.9 Hz, 2H), 

7.10 (d, J = 5.7 Hz, 1H), 6.94 (d, J = 7.9 Hz, 2H), 6.76 (d, J = 7.8 Hz, 1H), 3.33 (s, 3H), 2.01 (s, 

3H). 13C-NMR (126 MHz; DMSO-d6): δ 173.2, 172.0, 158.8, 156.8, 140.3, 135.2, 133.5, 127.6, 

125.5, 124.7, 122.5, 105.0, 41.0, 29.0. LRMS (ESI-TOF) Calc. for [C16H16N2O4+H+]+ = 301.12, 

Found = 301.10. Rf (50% EtOAc in hexanes): 0.02. 
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3.2a35 was synthesized according to Method G in 14% yield as a yellow solid. 1H-NMR (400 

MHz; CDCl3): δ 7.47 (d, J = 7.5 Hz, 1H), 7.40 (t, J = 7.7 Hz, 1H), 7.19 (t, J = 7.4 Hz, 1H), 7.05 

(d, J = 8.4 Hz, 2H), 6.95 (d, J = 8.2 Hz, 1H), 6.91 (d, J = 8.4 Hz, 2H), 6.01 (d, J = 7.7 Hz, 1H), 

4.87 (q, J = 6.8 Hz, 1H), 3.75 (s, 3H), 3.30 (s, 3H), 3.14 (dd, J = 13.8, 5.5 Hz, 1H), 2.99 (dd, J = 

13.7, 5.9 Hz, 1H), 2.01 (s, 3H). OH proton not observed. 13C-NMR (126 MHz; CDCl3): δ 172.2, 

170.1, 162.2, 155.7, 153.4, 132.0, 131.5, 130.8, 130.0, 124.8, 124.1, 119.2, 118.7, 53.3, 52.7, 37.7, 

37.0, 23.3. LRMS (ESI-TOF) Calc. for [C20H22N2O6+H+]+ = 387.16, Found = 387.17. Rf (50% 

EtOAc in hexanes): 0.02. 
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3.2a36 was synthesized according to Method G in 45% yield as a pale brown solid. 1H-NMR (400 

MHz; CDCl3): δ 7.64 (d, J = 9.5 Hz, 1H), 7.50 (t, J = 8.6 Hz, 2H), 7.42 (dd, J = 8.9, 5.3 Hz, 1H), 

7.31 (t, J = 7.5 Hz, 1H), 7.08 (d, J = 8.1 Hz, 1H), 6.88 (dd, J = 3.9, 2.0 Hz, 2H), 6.31 (d, J = 9.5 

Hz, 1H), 3.31 (s, 3H). OH proton not observed. 13C-NMR (126 MHz; CDCl3): δ 161.7, 160.9, 

160.3, 155.6, 152.0, 143.2, 129.6, 129.3, 125.9, 125.5, 121.0, 120.6, 115.02, 114.86, 114.76, 106.0, 

37.0. LRMS (ESI-TOF) Calc. for [C17H13NO5+H+]+ = 312.09, Found = 312.14. Rf (50% EtOAc 

in hexanes): 0.02. 

3.2a37 was synthesized according to Method B in 98% yield as a white solid. 1H-NMR (400 MHz; 

CDCl3): δ 7.43 (d, J = 7.0 Hz, 1H), 7.35 (t, J = 7.8 Hz, 1H), 7.12 (s, 1H), 6.84 (d, J = 8.3 Hz, 1H), 

6.75 (d, J = 8.4 Hz, 1H), 6.56 (s, 1H), 6.48 (d, J = 8.3 Hz, 1H), 5.97 (s, 2H), 3.33 (s, 3H). OH 

proton not observed. 13C-NMR (126 MHz; CDCl3): δ 162.3, 154.9, 150.4, 148.6, 144.5, 131.9, 

129.7, 123.5, 123.1, 117.2, 112.4, 108.5, 102.4, 101.8, 36.9. LRMS (ESI-TOF) Calc. for 

[C15H13NO5+H+]+ = 288.09, Found = 288.07. Rf (50% EtOAc in hexanes): 0.20 
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3.2a38 was synthesized according to Method B in 67% yield as a pale yellow oil and as a mixture 

of rotational isomers. 1H-NMR (400 MHz; CDCl3): δ 8.12 (s, 1H), 7.57 (d, J = 0.7 Hz, 1H)*, 7.41 

(dd, J = 7.2, 0.7 Hz, 1H), 7.32-7.26 (m, 5H), 7.20-7.16 (m, 1H), 7.10 (s, 4H), 7.00-6.99 (m, 1H), 

6.68 (dd, J = 16.7, 8.2 Hz, 1H), 5.12 (s, 2H)*, 4.99 (s, 2H), 3.29 (s, 3H)*, 3.06 (s, 3H). 13C-NMR 

(126 MHz; CDCl3): δ 168.4, 162.3, 157.8, 154.9, 153.8, 150.7, 149.9, 143.2, 142.5, 136.2, 135.4, 

134.6, 133.5, 131.5, 131.2, 130.1, 129.5, 128.8, 128.6, 128.0, 127.8, 127.4, 127.1, 126.1, 125.5, 

123.3, 122.9, 122.5, 122.1, 121.93, 121.80, 114.6, 114.1, 113.3, 71.0, 70.6, 36.5, 36.3. LRMS 

(ESI-TOF) Calc. for [C21H19NO4+H+]+ = 350.14, Found = 350.19. Rf (50% EtOAc in hexanes): 

0.32. 
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3.2a39 was synthesized from the hydrogenolysis of compound 1al following a general 

hydrogenolysis procedure outlined in the literature27 in 99% yield as a clear oil and as a mixture 

of rotational isomers. 1H-NMR (400 MHz; CDCl3): 7.76 (d, J = 7.7 Hz, 1H)*, 7.36-7.27 (m, 2H), 

7.19-6.99 (m, 5H), 6.87 (t, J = 7.7 Hz, 1H), 3.45 (s, 3H), 2.99 (d, J = 4.8 Hz, 3H)*. OH protons 

not observed. 13C-NMR (126 MHz; CDCl3): δ 168.1, 163.6, 156.17, 156.13, 149.9, 149.5, 143.0, 

142.6, 132.6, 132.4, 129.9, 128.6, 126.90, 126.81, 124.5, 123.35, 123.18, 123.11, 122.6, 122.1, 

120.2, 119.7, 118.4, 118.1, 117.7, 117.3, 37.7, 27.0. HRMS (ESI-TOF) Calc. for 

[C14H13NO4+H+]+  = 260.0917, Found = 260.0915. Rf (50% EtOAc in hexanes): 0.32. *indicates 

minor rotamer 
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3.2a40 was synthesized according to Method D in 72% yield as a dark oil. 1H-NMR (400 MHz; 

CDCl3): δ 7.45 (d, J = 5.7 Hz, 1H), 7.36 (t, J = 7.7 Hz, 1H), 7.15 (d, J = 7.9 Hz, 3H), 6.92 (d, J = 

8.2 Hz, 2H), 6.86 (d, J = 8.0 Hz, 1H), 3.33 (s, 3H), 2.87 (t, J = 7.3 Hz, 2H), 2.75 (t, J = 7.2 Hz, 

2H), 2.15 (s, 2H). OH proton not observed. 13C-NMR (126 MHz; CDCl3): δ 208.1, 162.2, 154.4, 

137.0, 131.9, 131.0, 129.87, 129.75, 123.4, 119.49, 119.31, 118.0, 45.3, 36.8, 30.3, 29.0. HRMS 

(ESI-TOF) Calc. for [C18H19NO4+H+]+  =314.1387, Found =314.1387. Rf (50% EtOAc in 

hexanes): 0.11. 

3.2a41 was synthesized according to Method C in 84% yield as a white solid. 1H-NMR (400 MHz; 

CDCl3): δ  7.46 (d, J = 7.3 Hz, 2H), 7.39-7.35 (m, 2H), 7.20-7.13 (m, 6H), 6.91 (d, J = 8.7 Hz, 

6H), 3.32 (s, 6H), 1.66 (s, 6H). OH protons not observed. 13C-NMR (126 MHz; CDCl3): δ 162.1, 

154.19, 154.01, 146.5, 131.9, 129.8, 128.3, 124.1, 123.4, 118.8, 118.2, 42.4, 36.8, 31.1. HRMS 

(ESI-TOF) Calc. for [C31H30N2O6+H+]+  = 527.2177, Found = 527.2170. Rf (50% EtOAc in 

hexanes): 0.04. 
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3.2a42 was synthesized according to Method C in 73% yield as a white solid and as a mixture of 

rotational isomers. 1H-NMR (400 MHz; DMSO-d6): δ 9.88 (s, 2H), 7.35 (s, 4H), 7.14 (s, 2H), 7.03 

(s, 4H), 6.86 (s, 2H), 3.22 (s, 3H), 3.13 (s, 3H)*. 13C-NMR (126 MHz; DMSO-d6): δ 167.0, 153.6, 

131.1, 130.3, 128.6, 128.3, 123.5, 122.8, 120.7, 117.8, 36.0. HRMS (ESI-TOF) Calc. for 

[C22H20N2O6+H+]+  = 409.1394 Found = 409.1390. Rf (50% EtOAc in hexanes): 0.02. *indicates 

minor rotational isomer 

3.2a43 was synthesized according to Method G in 54% yield as a pale brown solid. 1H-NMR (400 

MHz; CDCl3): δ 10.09 (s, 1H), 8.43 (s, 2H), 8.13 (d, J = 6.3 Hz, 1H), 7.41-7.31 (m, 3H), 7.22 (d, 

J = 7.6 Hz, 1H), 6.77 (d, J = 8.3 Hz, 1H). NH proton not observed. 13C-NMR (126 MHz; CDCl3): 

δ 162.8, 154.5, 152.2, 145.7, 141.9, 133.1, 131.9, 127.3, 124.7, 124.4, 122.0, 117.8. LRMS (ESI-

TOF) Calc. for [C12H10N2O3+H+]+ = 231.08, Found = 231.21 HRMS (ESI-TOF) Calc. for 

[C12H10N2O3+H+]+  = 231.0764, Found = 231.0765. Rf (50% EtOAc in hexanes): 0.02. 
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3.2a44 was synthesized according to Method B in 45% yield as a yellow oil. 1H-NMR (400 MHz; 

CDCl3): δ 7.42 (d, J = 6.9 Hz, 1H), 7.35 (t, J = 8.0 Hz, 2H), 7.14 (t, J = 7.4 Hz, 1H), 7.01 (d, J = 

7.7 Hz, 2H), 6.70 (d, J = 8.5 Hz, 1H), 6.39 (d, J = 2.2 Hz, 1H), 3.74 (s, 3H), 3.35 (s, 3H). OH 

proton not observed. 13C-NMR (126 MHz; CDCl3): δ 162.5, 162.3, 155.9, 155.4, 131.0, 130.1, 

124.4, 119.4, 116.4, 109.0, 104.2, 55.7, 37.0. LRMS (ESI-TOF) Calc. for [C15H15NO4+H+]+ = 

274.11, Found = 274.17. HRMS (ESI-TOF) Calc. for [C15H15NO4+H+]+  = 274.1074, Found = 

274.1074. Rf (50% EtOAc in hexanes): 0.28. 

3.2a45 was synthesized according to Method C in 45% yield as a tan solid. 1H-NMR (400 MHz; 

CDCl3): δ 7.59 (d, J = 7.8 Hz, 1H), 7.43-7.39 (m, 3H), 7.23 (t, J = 7.4 Hz, 1H), 7.10 (s, 1H), 7.04 

(d, J = 8.5 Hz, 2H), 3.35 (s, 3H). OH proton not observed. 13C-NMR (126 MHz; CDCl3): δ 160.8, 

155.1, 154.7, 134.0 (q, J = 33.1 Hz), 130.59, 130.47, 127.4, 125.3, 123.2 (q, J = 273.0 Hz), 120.0 

(q, J = 3.6 Hz), 119.76, 114.5 (q, J = 3.7 Hz), 36.8. 19F NMR (282 MHz; CDCl3): δ -63.1. LRMS 

(ESI-TOF) Calc. for [C15H12F3N2O3+H+]+ = 312.08, Found = 312.18. HRMS (ESI-TOF) Calc. for 

[C15H12F3N2O3+H+]+  = 312.0842, Found = 312.0843. Rf (50% EtOAc in hexanes): 0.22. 

3.6.3 General Rearrangement Procedure 
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***Caution: while no problems were encountered in this work, alkylhydroperoxides can undergo 

spontaneous and rapid exothermic decomposition and appropriate care should be taken in their 

handling*** 

To a 1-dram vial charged with a magnetic stir bar was added the respective hydroxamic 

acid (20 mg), di-tert-butyl peroxide (5 equiv), triethyl phosphite (1.5 equiv), and 1,2-

dichloroethane (0.5 mL). The vial was capped and heated to 90 °C. Upon consumption of the 

hydroxamic acid as judged by TLC (25% EtOAc in hexanes), the reaction mixture was 

concentrated under reduced pressure and purified by flash column chromatography (5-10% EtOAc 

in hexanes). It should be noted that in general, the starting hydroxamic acids stained orange with 

an FeCl3 stain and the phenolic products stained purple. 

3.6.4 Characterization of Products 

3.2b1 was synthesized according to the general procedure in 99% (19 mg) yield as an oily residue. 

Physical and spectral data was in accordance with the literature.22 1H NMR and Rf value provided 

for reference. 1H-NMR (400 MHz; CDCl3): δ 10.90 (s, 1H), 7.34-7.30 (m, 2H), 7.26-7.23 (m, 1H), 

7.18-7.10 (m, 3H), 6.93 (d, J = 8.3 Hz, 1H), 6.66 (d, J = 8.0 Hz, 1H), 6.38 (t, J = 7.6 Hz, 1H), 3.49 

(s, 3H). Rf (25% EtOAc in hexanes): 0.32. 
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3.2b2 was synthesized according to the general procedure in 74% yield (14 mg) as an oily residue. 

Physical and spectral data was in accordance with the literature.22 1H NMR and Rf value provided 

for reference. 1H-NMR (400 MHz; CDCl3): δ 10.58 (s, 1H), 7.26-7.21 (m, 1H), 7.13 (t, J = 7.26 

Hz, 2H), 6.93-6.89 (m, 2H), 6.84 (d, J = 8.24 Hz, 1H), 6.75 (d, J = 7.72 Hz, 1H), 6.37 (t, J = 7.56 

Hz, 1H), 3.66 (s, 3H), 3.36 (s, 3H). Rf (25% EtOAc in hexanes): 0.25. 

 

3.2b3 was synthesized according to the general procedure in 58% yield (11 mg) as an oily residue. 

Physical and spectral data was in accordance with the literature.22 1H NMR and Rf value provided 

for reference. 1H-NMR (400 MHz; CDCl3): δ 11.28 (s, 1H), 7.21-7.11 (m, 5H), 6.91 (d, J = 8.3 

Hz, 1H), 6.57 (d, J = 7.5 Hz, 1H), 6.34 (t, J = 7.4 Hz, 1H), 3.38 (s, 3H), 2.16 (s, 3H). Rf (25% 

EtOAc in hexanes): 0.35.  
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3.2b4 was synthesized according to the general procedure in 64% yield (12 mg) as an oily residue. 

1H-NMR (400 MHz; CDCl3): δ 11.38 (s, 1H), 7.33-7.28 (m, 2H), 7.22-7.13 (m, 3H), 6.91 (d, J = 

8.3 Hz, 1H), 6.59 (d, J = 7.9 Hz, 1H), 6.33 (t, J = 7.5 Hz, 1H), 3.41 (s, 3H), 2.88 (dt, J = 13.6, 6.8 

Hz, 1H), 1.18 (d, J = 6.8 Hz, 3H), 0.83 (d, J = 6.8 Hz, 3H). 13C-NMR (126 MHz; CDCl3): δ 171.5, 

161.0, 145.2, 142.3, 132.9, 129.8, 128.8, 127.9, 127.4, 117.9, 117.5, 116.0, 39.9, 29.9, 27.9, 25.2, 

22.5. LRMS	(ESI-TOF)	Calc.	for	[C17H19NO2+H+]+	=	270.15,	Found	=	270.24.	HRMS	(ESI-TOF)	Calc.	for	

[C17H19NO2+H+]+		=	270.1489,	Found	=	270.1487.	Rf (25% EtOAc in hexanes): 0.40. 

3.2b5 was synthesized according to the general procedure in 99% yield (19 mg) as an oily residue. 

Physical and spectral data was in accordance with the literature.28 1H NMR and Rf value provided 

for reference. 1H-NMR (400 MHz; CDCl3): δ 10.89 (s, 1H), 7.87 (d, J = 7.92 Hz, 1H), 7.34 (t, J 

= 7.48 Hz, 1H), 7.22-7.16 (m, 2H), 7.01 (t, J = 7.40 Hz, 1H), 6.93 (d, J = 7.88 Hz, 1H), 6.62 (s, 

1H), 6.40 (s, 1H), 3.38 (s, 3H). Rf (25% EtOAc in hexanes): 0.28. 
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3.2b6 was synthesized according to the general procedure in 95% yield (18 mg) as an oily residue. 

Physical and spectral data was in accordance with the literature.22 1H NMR and Rf value provided 

for reference. 1H-NMR (400 MHz; CDCl3): δ 10.72 (s, 1H), 7.62 (d, J = 8.0 Hz, 1H), 7.29 (t, J = 

7.5 Hz, 1H), 7.18 (q, J = 7.2 Hz, 3H), 6.92 (d, J = 8.3 Hz, 1H), 6.66 (s, 1H), 6.41 (s, 1H), 3.39 (s, 

3H). Rf (25% EtOAc in hexanes): 0.28.  

3.2b7 was synthesized according to the general procedure in 63% yield (12 mg) as an oily residue. 

1H-NMR (400 MHz; CDCl3): δ 10.62 (s, 1H), 7.40-7.26 (m, 7H), 7.12 (t, J = 7.6 Hz, 1H), 6.98 (d, 

J = 6.2 Hz, 2H), 6.75 (d, J = 8.2 Hz, 1H), 6.66 (d, J = 7.7 Hz, 1H), 6.35 (t, J = 7.4 Hz, 1H), 3.35 

(s, 3H). 13C-NMR (126 MHz; CDCl3): δ 171.2, 161.0, 142.6, 139.1, 138.3, 132.7, 131.8, 129.4, 

129.0, 128.7, 128.23, 128.13, 127.94, 127.91, 117.7, 117.3, 116.1, 39.7. LRMS	(ESI-TOF)	Calc.	for	

[C20H17NO2+H+]+	=	304.13,	Found	=	304.27.	HRMS	(ESI-TOF)	Calc.	for	[C20H17NO2+H]+		=	304.1332,	

Found	=	304.1328.	Rf (25% EtOAc in hexanes): 0.32. 
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3.2b8 was synthesized according to the general procedure in 47% (9 mg) yield as an oily residue. 

1H-NMR (400 MHz; CDCl3): δ 7.79 (d, J = 7.0 Hz, 1H), 7.58 (t, J = 7.5 Hz, 1H), 7.37 (d, J = 8.1 

Hz, 2H), 7.13 (s, 1H), 6.89 (d, J = 7.5 Hz, 1H), 6.55 (s, 1H), 6.35 (s, 1H), 3.79 (s, 3H), 3.47 (s, 

3H). OH proton not observed. 13C-NMR (126 MHz; CDCl3): δ 171.5, 165.9, 160.1, 144.9, 133.6, 

132.8, 131.9, 129.6, 129.0, 128.3, 127.8, 117.85, 117.70, 116.2, 52.8, 39.3. HRMS	(ESI-TOF)	Calc.	

for	[C16H15NO4+H+]+		=	286.1074,	Found	=	286.1070.	Rf (25% EtOAc in hexanes): 0.05. 

3.2b9 was synthesized according to the general procedure in 74% yield (14 mg) as an oily residue. 

Physical and spectral data was in accordance with the literature.29 1H NMR and Rf value provided 

for reference. 1H-NMR (400 MHz; CDCl3): δ 10.94 (s, 1H), 7.23-7.15 (m, 2H), 6.92 (d, J = 8.3 

Hz, 1H), 6.80-6.78 (m, 1H), 6.76-6.73 (m, 1H), 6.70-6.68 (m, 1H), 6.66-6.64 (m, 1H), 6.42 (t, J = 

7.6 Hz, 1H), 3.73 (s, 3H), 3.48 (s, 3H). Rf (25% EtOAc in hexanes): 0.20. 
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3.2b10 was synthesized according to the general procedure in 79% yield (15 mg) as an oily residue. 

Physical and spectral data was in accordance with the literature.22 1H NMR and Rf value provided 

for reference. 1H-NMR (400 MHz; CDCl3): δ 10.69 (s, 1H), 7.38 (ddd, J = 8.0, 1.9, 1.0 Hz, 1H), 

7.34 (t, J = 1.9 Hz, 1H), 7.22-7.14 (m, 2H), 7.00 (d, J = 8.0 Hz, 1H), 6.95 (d, J = 8.4 Hz, 1H), 6.69 

(d, J = 6.4 Hz, 1H), 6.46 (t, J = 7.6 Hz, 1H), 3.47 (s, 3H). Rf (25% EtOAc in hexanes): 0.28. 

3.2b11 was synthesized according to the general procedure in 95% yield (18 mg) as a white solid. 

Physical and spectral data was in accordance with the literature.22 1H NMR and Rf value provided 

for reference. 1H-NMR (400 MHz; CDCl3): δ 10.56 (s, 1H), 7.50 (d, J = 7.9 Hz, 1H), 7.44-7.41 

(m, 2H), 7.24 (s, 1H), 7.20 (t, J = 7.8 Hz, 1H), 6.96 (d, J = 8.3 Hz, 1H), 6.61 (d, J = 6.5 Hz, 1H), 

6.43 (t, J = 7.6 Hz, 1H), 3.52 (s, 3H). Rf (25% EtOAc in hexanes): 0.24. 
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3.2b12 was synthesized according to the general procedure in 74% yield (14 mg) as an oily residue. 

Physical and spectral data was in accordance with the literature.22 1H NMR and Rf value provided 

for reference. 1H-NMR (400 MHz; CDCl3): δ 11.02 (s, 1H), 7.16 (t, J = 7.8 Hz, 1H), 7.03 (d, J = 

7.9 Hz, 2H), 6.92 (d, J = 8.3 Hz, 1H), 6.83 (d, J = 7.9 Hz, 2H), 6.69 (d, J = 8.1 Hz, 1H), 6.41 (t, J 

= 7.6 Hz, 1H), 3.79 (s, 3H), 3.45 (s, 3H). Rf (25% EtOAc in hexanes): 0.18. 

3.2b13 was synthesized according to the general procedure in 79% yield (11 mg) as an oily residue. 

Physical and spectral data was in accordance with the literature.22 1H NMR and Rf value provided 

for reference. 1H-NMR (400 MHz; CDCl3): δ 10.69 (s, 1H), 7.44 (d, J = 8.6 Hz, 2H), 7.19 (t, J = 

7.1 Hz, 1H), 6.98 (t, J = 10.3 Hz, 2H), 6.94 (d, J = 7.3 Hz, 1H), 6.68 (d, J = 6.5 Hz, 1H), 6.46 (t, J 

= 7.6 Hz, 1H), 3.46 (s, 3H). Rf (25% EtOAc in hexanes): 0.26. 
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3.2b14 was synthesized according to the general procedure in 99% yield (19 mg) as an oily residue. 

Physical and spectral data was in accordance with the literature.22 1H NMR and Rf value provided 

for reference. 1H-NMR (400 MHz; CDCl3): δ 11.03 (s, 1H), 7.32 (d, J = 8.5 Hz, 2H), 7.15 (t, J = 

7.0 Hz, 1H), 7.03 (d, J = 8.5 Hz, 2H), 6.92 (d, J = 8.3 Hz, 1H), 6.66 (d, J = 6.6 Hz, 1H), 6.37 (t, J 

= 7.6 Hz, 1H), 3.47 (s, 3H), 1.30 (s, 9H). Rf (25% EtOAc in hexanes): 0.40. 

3.2b15 was synthesized according to the general procedure in 89% yield (17 mg) as an oily residue. 

1H-NMR (400 MHz; CDCl3): δ 10.69 (s, 1H), 7.63 (d, J = 8.6 Hz, 2H), 7.20 (ddd, J = 8.4, 7.2, 1.4 

Hz, 1H), 6.94 (dd, J = 8.3, 1.0 Hz, 1H), 6.86 (d, J = 8.6 Hz, 2H), 6.69 (dd, J = 8.0, 1.5 Hz, 1H), 

6.48-6.44 (m, 1H), 3.46 (s, 3H). 13C-NMR (126 MHz; CDCl3): δ 171.6, 160.7, 145.1, 138.93, 

138.91, 133.2, 130.4, 128.6, 118.1, 115.7, 92.0, 39.3. LRMS	(ESI-TOF)	Calc.	for	[C14H12INO2+H+]+	=	

354.00,	Found	=	354.16.	HRMS	(ESI-TOF)	Calc.	for	[C14H12INO2+H+]+		=	353.9985,	Found	=	353.9982.	

Rf (25% EtOAc in hexanes): 0.28.  
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3.2b16 was synthesized according to the general procedure in 95% yield (18 mg) as an oily residue. 

Physical and spectral data was in accordance with the literature.16 1H NMR and Rf value provided 

for reference. 1H-NMR (400 MHz; CDCl3): δ 10.70 (s, 1H), 7.29 (d, J = 8.5 Hz, 2H), 7.19 (t, J = 

8.4 Hz, 1H), 7.05 (d, J = 8.5 Hz, 2H), 6.94 (d, J = 8.3 Hz, 1H), 6.68 (d, J = 8.0 Hz, 1H), 6.45 (t, J 

= 7.6 Hz, 1H), 3.46 (s, 3H). Rf (25% EtOAc in hexanes): 0.26. 

 3.2b17 was synthesized according to the general procedure in 53% yield (10 mg) as an oily residue 

and as a mixture of rotational isomers. 1H-NMR (400 MHz; CDCl3): δ 10.61 (s, 1H), 7.13-7.02 

(m, 3H), 6.92-6.73 (m, 4H), 6.39-6.23 (m, 3H), 5.82 (dd, J = 11.6, 7.2 Hz, 1H)*, 3.66 (s, 3H), 3.65 

(s, 3H)*, 3.36 (s, 3H)*, 3.34 (s, 3H), 1.88 (ddd, J = 6.8, 3.3, 1.6 Hz, 2H). 13C-NMR (126 MHz; 

CDCl3): δ 172.6, 159.9, 154.0, 138.8, 138.5, 132.5, 129.1, 128.20, 128.03, 121.9, 118.9, 117.39, 

117.19, 112.8, 109.5, 55.6, 38.1, 18.7. LRMS	(ESI-TOF)	Calc.	for	[C18H19NO3+H+]+	=	298.15,	Found	=	

298.20.	Rf (25% EtOAc in hexanes): 0.46. *indicates minor rotamer 
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3.2b18 was synthesized according to the general procedure in 79% yield (15 mg) as an oily residue. 

1H-NMR (400 MHz; CDCl3): δ 10.77 (s, 1H), 7.29 (d, J = 8.2 Hz, 1H), 7.18 (t, J = 7.4 Hz, 1H), 

7.05 (d, J = 8.2 Hz, 1H), 6.99 (s, 1H), 6.92 (d, J = 8.3 Hz, 1H), 6.69 (s, 1H), 6.42 (s, 1H), 3.37 (s, 

3H), 2.27 (s, 3H). 13C-NMR (126 MHz; CDCl3): δ 172.0, 160.4, 138.7, 133.1, 130.6, 130.11, 

130.04, 129.98, 129.1, 128.8, 117.88, 117.83, 116.4, 38.2, 20.9. LRMS	 (ESI-TOF)	 Calc.	 for	

[C15H14ClNO2+H+]+	 =	 276.08,	 Found	 =	 276.20.	 HRMS	 (ESI-TOF)	 Calc.	 for	 [C15H14ClNO2+H+]+	 	 =	

276.0786,	Found	=	276.0786.	Rf (25% EtOAc in hexanes): 0.36.  

3.2b19 was synthesized according to the general procedure in 58% yield (11 mg) as an oily residue. 

Physical and spectral data was in accordance with the literature.29 1H NMR and Rf value provided 

for reference. 1H-NMR (400 MHz; CDCl3): δ 11.22 (s, 1H), 7.98 (d, J = 8.2 Hz, 1H), 7.93 (d, J = 

8.1 Hz, 1H), 7.82 (d, J = 8.1 Hz, 1H), 7.65-7.55 (m, 2H), 7.35 (t, J = 7.7 Hz, 1H), 7.15 (d, J = 7.1 

Hz, 1H), 7.07 (t, J = 7.4 Hz, 1H), 6.89 (d, J = 8.3 Hz, 1H), 6.47 (d, J = 7.1 Hz, 1H), 6.15-6.14 (m, 

1H), 3.52 (s, 3H). Rf (25% EtOAc in hexanes): 0.32. 
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3.2b20 was synthesized according to the general procedure in 73% yield (14 mg) as an oily residue. 

1H-NMR (400 MHz; CDCl3): δ 10.58 (s, 1H), 7.36 (dd, J = 7.8, 2.8 Hz, 1H), 7.20-7.17 (m, 2H), 

7.04-6.92 (m, 2H), 6.67 (s, 1H), 6.46 (s, 1H), 3.37 (s, 3H). 13C-NMR (126 MHz; CDCl3): δ 171.9, 

162.2, 160.2 (d, J = 10.6), 133.1 (d, J = 13.7), 130.7, 128.9, 123.0 (d, J = 10.2), 121.25 (d, J = 

41.0), 121.24 (d, J = 9.6), 118.10, 117.95, 117.89, 116.1, 38.3. 19F NMR (282 MHz; CDCl3): δ -

115.7 (q, J = 5.9 Hz). LRMS	(ESI-TOF)	Calc.	for	[C14H11BrFNO2+H+]+	=	324.00,	Found	=	324.25.	HRMS	

(ESI-TOF)	Calc.	for	[C14H11BrFNO2+H+]+		=	324.0030,	Found	=	324.0025.	Rf (25% EtOAc in hexanes): 

0.26. 

3.2b21 was synthesized according to the general procedure in 58% yield (11 mg) as an oily residue. 

1H-NMR (400 MHz; CDCl3): δ 7.26 (s, 2H), 7.18 (t, J = 7.7 Hz, 1H), 7.05 (s, 1H), 6.93 (d, J = 8.1 

Hz, 1H), 6.68 (d, J = 7.9 Hz, 1H), 6.42 (t, J = 7.6 Hz, 1H), 3.68 (s, 3H), 3.36 (s, 3H). OH proton 

not observed. 13C-NMR (126 MHz; CDCl3): δ 172.7, 159.6, 154.3, 152.6, 138.7, 133.1, 129.0, 

128.6, 125.7, 118.2, 116.8, 115.77, 115.68, 112.2, 56.2, 37.9. LRMS	(ESI-TOFnegative	ion)	Calc.	for	

[C16H14N2O3-H+]-	=	281.09,	Found	=	281.22.	HRMS	(ESI-TOF)	Calc.	for	[C16H14N2O3+H+]+		=	283.1077,	

Found	=	283.1076.	Rf (25% EtOAc in hexanes): 0.12. 
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3.2b22 was synthesized according to the general procedure in 74% yield (14 mg) as an oily residue. 

1H-NMR (400 MHz; CDCl3): δ 11.08 (s, 1H), 7.16 (t, J = 7.7 Hz, 1H), 6.98 (d, J = 7.9 Hz, 1H), 

6.92 (d, J = 8.0 Hz, 1H), 6.77 (dd, J = 22.3, 9.1 Hz, 3H), 6.42 (t, J = 7.4 Hz, 1H), 3.45 (s, 3H), 2.73 

(s, 2H), 2.67 (s, 2H), 1.77 (t, J = 3.1 Hz, 4H). 13C-NMR (126 MHz; CDCl3): δ 171.5, 160.8, 142.5, 

138.8, 136.4, 132.8, 130.6, 130.4, 126.8, 123.8, 117.87, 117.75, 116.2, 39.7, 29.4, 29.1, 23.08, 

22.93. LRMS	(ESI-TOF)	Calc.	for	[C18H19NO2+H+]+	=	282.15,	Found	=	282.26.	HRMS	(ESI-TOF)	Calc.	

for	[C18H19NO2+H+]+		=	282.1489,	Found	=	282.1486.	Rf (25% EtOAc in hexanes): 0.38. 

3.2b23 was synthesized according to the general procedure in 84% yield (16 mg) as an oily residue. 

Physical and spectral data was in accordance with the literature.22 1H NMR and Rf value provided 

for reference. 1H-NMR (400 MHz; CDCl3): δ 11.42 (s, 1H), 7.18 (t, J = 7.0 Hz, 1H), 6.95 (s, 1H), 

6.92 (d, J = 8.3 Hz, 2H), 6.52 (d, J = 8.0 Hz, 1H), 6.39 (t, J = 7.6 Hz, 1H), 3.27 (s, 3H), 2.35 (s, 

3H), 2.27 (s, 3H), 2.06 (s, 3H). Rf (25% EtOAc in hexanes): 0.42. 
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3.2b24 was synthesized according to the general procedure in 80% yield (15 mg) as an oily residue. 

Physical and spectral data was in accordance with the literature.30 1H NMR and Rf value provided 

for reference. 1H-NMR (400 MHz; CDCl3): δ 11.98 (s, 1H), 7.92 (s, 1H), 7.58 (d, J = 8.6 Hz, 2H), 

7.53 (d, J = 8.0 Hz, 1H), 7.48-7.39 (m, 3H), 7.21 (t, J = 6.9 Hz, 1H), 7.04 (d, J = 8.4 Hz, 1H), 6.93 

(t, J = 7.6 Hz, 1H). Rf (25% EtOAc in hexanes): 0.29. 

3.2b25 was synthesized according to the general procedure in 99% yield (19 mg) as an oily residue. 

1H-NMR (400 MHz; CDCl3): δ 9.6 (s, 1H), 8.35 (dd, J = 7.9, 1.8 Hz, 1H), 7.63-7.61 (m, 2H), 

7.45-7.41 (m, 3H), 7.33 (dd, J = 8.4, 7.5 Hz, 2H), 7.27-7.23 (m, 2H), 7.14-7.11 (m, 3H), 6.90 (dd, 

J = 8.2, 1.0 Hz, 1H). 13C-NMR (126 MHz; CDCl3): δ 162.8, 155.4, 138.2, 133.3, 132.6, 130.52, 

130.41, 129.2, 125.1, 124.4, 124.12, 124.05, 120.6, 119.7, 118.5. LRMS	 (ESI-TOF)	 Calc.	 for	

[C19H15NO2+H+]+	=	290.12,	Found	=	290.20.	HRMS	(ESI-TOF)	Calc.	for	[C19H15NO2+H+]+		=	290.1176,	

Found	=	290.1171.	Rf (25% EtOAc in hexanes): 0.36. 
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3.2b26 was synthesized according to the general procedure in 37% yield (7 mg) as a white solid. 

Physical and spectral data was in accordance with the literature.22 1H NMR and Rf value provided 

for reference. 1H-NMR (400 MHz; CDCl3): δ 10.76 (s, 1H), 7.30 (dd, J = 5.2, 1.8 Hz, 3H), 7.07 

(ddd, J = 5.6, 4.2, 1.8 Hz, 3H), 6.88 (d, J = 8.3 Hz, 1H), 6.63 (d, J = 8.0 Hz, 1H), 6.34 (t, J = 7.6 

Hz, 1H), 4.70 (tt, J = 12.0, 3.5 Hz, 1H), 1.94 (d, J = 10.9 Hz, 2H), 1.80 (d, J = 13.5 Hz, 2H), 1.62 

(d, J = 11.6 Hz, 2H), 1.50-1.39 (m, 2H), 1.32-1.22 (m, 2H). Rf (25% EtOAc in hexanes): 0.36. 

3.2b27 was synthesized according to the general procedure in 85% yield (16 mg) as an oily residue. 

1H-NMR (400 MHz; CDCl3): δ 8.18 (dd, J = 7.8, 1.8 Hz, 1H), 7.48 (s, 1H), 7.36 (td, J = 7.5, 1.0 

Hz, 3H), 7.26-7.23 (m, 1H), 7.17-7.13 (m, 1H), 6.98 (d, J = 8.7 Hz, 2H), 6.89 (d, J = 8.2 Hz, 1H), 

1.35 (s, 9H). 13C-NMR (126 MHz; CDCl3): δ 163.7, 156.1, 154.1, 132.4, 131.9, 130.1, 126.1, 

124.27, 124.08, 119.5, 118.3, 51.2, 28.8. LRMS	(ESI-TOF)	Calc.	for	[C17H19NO2+H+]+	=	270.15,	Found	

=	270.19.	Rf (25% EtOAc in hexanes): 0.36.  
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3.2b28 was synthesized according to the general procedure in 53% yield (10 mg) as an oily residue. 

Physical and spectral data was in accordance with the literature.22 1H NMR and Rf value provided 

for reference. 1H-NMR (400 MHz; CDCl3): δ 10.80 (s, 1H), 7.32-7.29 (m, 3H), 7.08 (ddt, J = 7.2, 

3.2, 1.7 Hz, 3H), 6.88 (d, J = 8.3 Hz, 1H), 6.65 (d, J = 8.0 Hz, 1H), 6.34 (t, J = 7.6 Hz, 1H), 5.08 

(dquintet, J = 13.6, 6.8 Hz, 1H), 1.22 (d, J = 6.8 Hz, 6H). Rf (25% EtOAc in hexanes): 0.34. 

3.2b29 was synthesized according to the general procedure in 68% yield (13 mg) as an oily residue. 

1H-NMR (400 MHz; CDCl3): δ 10.74 (s, 1H), 7.31-7.20 (m, 5H), 7.14 (t, J = 7.7 Hz, 1H), 6.91 (d, 

J = 8.3 Hz, 1H), 6.68 (d, J = 8.0 Hz, 1H), 6.38 (t, J = 7.6 Hz, 1H), 4.25 (dd, J = 7.0, 4.4 Hz, 1H), 

4.15 (dd, J = 13.7, 4.1 Hz, 1H), 3.88 (q, J = 7.4 Hz, 1H), 3.78 (dt, J = 14.2, 7.3 Hz, 2H), 2.04-1.88 

(m, 3H), 1.60 (dd, J = 11.9, 7.9 Hz, 1H). 13C-NMR (126 MHz; CDCl3): δ 171.5, 160.5, 144.5, 

132.8, 130.5, 129.6, 127.55, 127.42, 117.95, 117.80, 116.6, 76.4, 68.0, 55.4, 29.5, 25.7. LRMS	(ESI-

TOF)	Calc.	for	[C18H19NO3+H+]+	=	298.14,	Found	=	298.19.	Rf (25% EtOAc in hexanes): 0.19. 
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3.2b30 was synthesized according to the general procedure in 74% yield (14 mg) as an oily residue. 

1H-NMR (400 MHz; CDCl3): δ 10.89 (s, 1H), 7.36 (s, 1H), 7.31-7.24 (m, 3H), 7.15 (t, J = 7.8 Hz, 

1H), 7.08 (d, J = 7.3 Hz, 2H), 6.92 (d, J = 8.4 Hz, 1H), 6.69 (d, J = 8.1 Hz, 1H), 6.37 (t, J = 7.6 

Hz, 1H), 6.28 (d, J = 13.8 Hz, 2H), 5.06 (s, 2H). 13C-NMR (126 MHz; CDCl3): δ 171.4, 161.0, 

154.1, 150.4, 143.9, 142.4, 133.1, 130.6, 129.7, 127.42, 127.42, 118.0, 116.0, 110.7, 109.5, 47.8 . 

LRMS	(ESI-TOF)	Calc.	for	[C18H15NO3+H+]+	=	294.11,	Found	=	294.15.	Rf (25% EtOAc in hexanes): 

0.39. 

3.2b31 was synthesized according to the general procedure in 47% yield (9 mg) as an oily residue. 

1H-NMR (400 MHz; CDCl3): δ 10.91 (s, 1H), 7.31 (t, J = 7.4 Hz, 3H), 7.16 (t, J = 7.7 Hz, 1H), 

7.10 (d, J = 7.5 Hz, 2H), 6.93 (d, J = 8.3 Hz, 1H), 6.68 (d, J = 8.0 Hz, 1H), 6.38 (t, J = 7.6 Hz, 

1H), 5.99 (ddt, J = 16.5, 11.0, 5.7 Hz, 1H), 5.22-5.18 (m, 2H), 4.51 (d, J = 5.8 Hz, 2H). 13C-NMR 

(126 MHz; CDCl3): δ 171.2, 160.9, 144.0, 132.9, 132.6, 130.4, 129.72, 129.66, 127.29, 127.23, 

118.15, 117.97, 116.1, 54.3. LRMS	(ESI-TOF)	Calc.	for	[C16H15NO2+H+]+	=	254.13,	Found	=	254.23.	

HRMS	 (ESI-TOF)	 Calc.	 for	 [C16H15NO2+H+]+	 	 =	 254.1176,	 Found	 =	 254.1174.	Rf (25% EtOAc in 

hexanes): 0.41. 
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3.2b32 was synthesized according to the general procedure in 26% yield (5 mg) as an oily residue. 

1H-NMR (400 MHz; CDCl3): δ 10.98 (s, 1H), 7.36-7.29 (m, 6H), 7.17-7.12 (m, 5H), 6.94 (d, J = 

7.8 Hz, 1H), 6.70 (d, J = 6.6 Hz, 1H), 6.49 (d, J = 15.7 Hz, 1H), 6.41-6.34 (m, 2H), 4.66 (d, J = 

6.3 Hz, 2H). 13C-NMR (126 MHz; CDCl3): δ 171.1, 160.8, 151.1, 143.7, 136.4, 133.6, 130.3, 

129.70, 129.60, 128.6, 127.39, 127.29, 126.55, 126.44, 123.6, 117.9, 115.9, 53.9. LRMS (ESI-

TOF) Calc. for [C22H19NO2+H+]+ = 330.15, Found = 330.18. Rf (25% EtOAc in hexanes): 0.39. 

3.2b33 was synthesized according to the general procedure in 83% yield (16 mg) as a white solid. 

Physical and spectral data was in accordance with the literature.22 1H NMR and Rf value provided 

for reference. 1H-NMR (400 MHz; CDCl3): δ 11.00 (s, 1H), 7.20 (m, 2H), 7.18-7.13 (m, 1H), 6.91 

(dd, J = 8.3, 1.2 Hz, 1H), 6.88-6.83 (m, 1H), 6.74 (dd, J = 8.1, 1.6 Hz, 1H), 6.45-6.38 (m, 1H), 

3.44 (s, 3H), 2.82 (dd, J = 8.8, 4.1 Hz, 2H), 2.50 (dd, J = 18.8, 8.5 Hz, 1H), 2.42-2.33 (m, 1H), 

2.32-2.23 (m, 1H), 2.19-1.93 (m, 4H), 1.66-1.39 (m, 6H), 0.91 (s, 3H). Rf (25% EtOAc in hexanes): 

0.15. 
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3.2b34 was synthesized according to the general procedure in 74% yield (14 mg) as an oily residue. 

1H-NMR (400 MHz; CDCl3): δ 10.86 (s, 1H), 7.48 (d, J = 8.7 Hz, 3H), 7.15 (t, J = 7.8 Hz, 1H), 

7.05 (d, J = 8.7 Hz, 2H), 6.91 (d, J = 8.3 Hz, 1H), 6.70 (d, J = 8.0 Hz, 1H), 6.40 (t, J = 7.6 Hz, 

1H), 3.45 (s, 3H), 2.17 (s, 3H). 13C-NMR (126 MHz; CDCl3): δ 171.4, 168.5, 160.5, 140.8, 136.9, 

132.7, 130.4, 127.2, 120.6, 117.88, 117.82, 116.0, 39.4, 16.1 . LRMS	 (ESI-TOF)	 Calc.	 for	

[C16H16N2O3+H+]+	=	285.12,	Found	=	285.24.	HRMS	(ESI-TOF)	Calc.	for	[C16H16N2O3+H+]+		=	285.1234,	

Found	=	285.1233.	Rf (25% EtOAc in hexanes): 0.02. 

3.2b35 was synthesized according to the general procedure in 57% yield (11 mg) as an oily residue. 

1H-NMR (400 MHz; CDCl3): δ 10.83 (s, 1H), 7.03 (s, 3H), 7.16 (td, J = 7.8, 1.4 Hz, 1H), 6.92 (d, 

J = 7.5 Hz, 1H), 6.59 (d, J = 8.0 Hz, 1H), 6.41 (t, J = 7.1 Hz, 1H), 5.91 (d, J = 7.8 Hz, 1H), 4.87 

(dt, J = 7.6, 5.8 Hz, 1H), 3.70 (s, 3H), 3.47 (s, 3H), 3.17-3.02 (m, 2H), 1.98 (s, 3H). NH proton not 

observed. 13C-NMR (126 MHz; CDCl3): δ 171.9, 171.5, 169.6, 160.7, 144.2, 135.2, 132.88, 

132.77, 130.5, 126.8, 117.97, 117.78, 116.1, 53.1, 52.7, 39.3, 37.6, 23.4. LRMS	(ESI-TOF)	Calc.	for	

[C20H22N2O5+H+]+	=	371.16,	Found	=	371.18.	Rf (25% EtOAc in hexanes): 0.02. 

N

O
Me

OH

HN O

N

O
Me

OH

NH

O

O

O



 
 

201 
 

3.2b36 was synthesized according to the general procedure in 53% yield (10 mg) as an oily residue. 

1H-NMR (400 MHz; CDCl3): δ 10.47 (s, 1H), 7.65 (d, J = 9.5 Hz, 1H), 7.38 (d, J = 8.3 Hz, 1H), 

7.26-7.14 (m, 1H), 7.19-7.13 (m, 1H), 6.96 (ddd, J = 8.2, 5.5, 1.5 Hz, 2H), 6.73 (dd, J = 8.0, 1.5 

Hz, 1H), 6.47-6.40 (m, 2H), 3.53 (s, 3H). 13C-NMR (126 MHz; CDCl3): δ 172.0, 160.6, 160.2, 

154.7, 148.4, 142.68, 133.6, 130.3, 128.8, 123.0, 118.33, 118.24, 117.3, 116.8, 115.7, 114.4, 39.2. 

LRMS	 (ESI-TOF)	 Calc.	 for	 [C17H13NO4+H+]+	 =	 296.09,	 Found	 =	 296.27.	HRMS	 (ESI-TOF)	 Calc.	 for	

[C17H13NO4+H+]+		=	296.0917,	Found	=	296.0913.	Rf (25% EtOAc in hexanes): 0.02. 

3.2b37 was synthesized according to the general procedure in 53% yield (10 mg) as an oily residue. 

1H-NMR (400 MHz; CDCl3): δ 7.19 (t, J = 7.0 Hz, 1H), 6.93 (d, J = 8.3 Hz, 1H), 6.81 (d, J = 8.0 

Hz, 1H), 6.71 (d, J = 8.2 Hz, 1H), 6.65 (d, J = 2.1 Hz, 1H), 6.55 (dd, J = 8.2, 2.2 Hz, 1H), 6.48 (t, 

J = 7.6 Hz, 1H), 6.00 (s, 2H), 3.43 (s, 3H). OH proton not observed. 13C-NMR (126 MHz; CDCl3): 

δ 171.5, 160.8, 148.6, 146.8, 139.1, 132.9, 130.3, 120.4, 118.01, 117.97, 116.1, 108.8, 107.8, 

102.0, 39.8. HRMS	 (ESI-TOF)	Calc.	 for	[C15H13NO4+H+]+	 	=	272.0917,	Found	=	272.0915.	Rf (25% 

EtOAc in hexanes): 0.27. 
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3.2b38 was synthesized according to the general procedure in 53% yield (10 mg) as an oily residue. 

1H-NMR (400 MHz; CDCl3): δ 7.32 (q, J = 7.4 Hz, 3H), 7.19 (dt, J = 24.4, 7.4 Hz, 5H), 6.91 (dd, 

J = 11.6, 8.1 Hz, 3H), 6.79 (d, J = 7.6 Hz, 1H), 6.38 (q, J = 7.3 Hz, 1H), 5.00 (s, 2H), 3.40-3.36 

(m, 3H). OH proton not observed. 13C-NMR (126 MHz; CDCl3): δ 172.4, 160.4, 153.3, 136.4, 

134.2, 132.4, 128.9, 128.6, 127.2, 126.8, 121.8, 121.5, 117.8, 117.6, 116.8, 113.8, 113.6, 70.3, 

38.4. HRMS	(ESI-TOF)	Calc.	for	[C21H19NO3+H+]+		=	334.1438,	Found	=	334.1434.	Rf (25% EtOAc in 

hexanes): 0.40. 

3.2b39 was synthesized according to the general Smiles reaction procedure in 37% yield (7 mg) 

as an oily residue. 1H-NMR (400 MHz; CDCl3): δ 7.21-7.15 (m, 2H), 7.01 (d, J = 7.2 Hz, 1H), 

6.94-6.84 (m, 4H), 6.46 (t, J = 5.3 Hz, 1H), 3.37 (s, 3H). OH protons not observed. 13C-NMR (126 

MHz; CDCl3): δ 172.9, 160.0, 150.9, 133.1, 132.3, 129.6, 129.2, 128.4, 121.7, 118.3, 117.8, 117.3, 

116.5, 38.4. HRMS (ESI-TOF) Calc. for [C14H13NO3+H+]+  = 244.0968, Found = 244.0967.	Rf 

(50% EtOAc in hexanes): 0.55. 
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3.2b40 was synthesized according to the general procedure in 68% yield (13 mg) as an oily residue. 

1H-NMR (400 MHz; CDCl3): δ 7.15 (dd, J = 15.1, 7.7 Hz, 3H), 7.02 (d, J = 8.0 Hz, 2H), 6.92 (d, 

J = 8.2 Hz, 1H), 6.66 (d, J = 7.8 Hz, 1H), 6.38 (t, J = 7.5 Hz, 1H), 3.46 (s, 3H), 2.88 (t, J = 7.3 Hz, 

2H), 2.74 (t, J = 7.3 Hz, 2H), 2.13 (s, 3H). OH proton not observed. 13C-NMR (126 MHz; CDCl3): 

δ 207.7, 171.6, 160.8, 143.3, 140.3, 132.8, 130.5, 129.7, 126.8, 117.94, 117.78, 116.1, 44.9, 39.5, 

30.3, 29.2. HRMS (ESI-TOF) Calc. for [C18H19NO3+H+]+  = 298.1438, Found = 298.1435.	Rf 

(50% EtOAc in hexanes): 0.41. 

3.2b41 was synthesized according to the general procedure using 3 equivalents of triethyl 

phosphite in 53% yield (10 mg) as a white solid. Purification by recrystallization. 1H-NMR (400 

MHz; CDCl3): δ 10.93 (s, 2H), 7.17-7.11 (m, 6H), 7.01 (d, J = 8.4 Hz, 4H), 6.92 (d, J = 8.3 Hz, 

2H), 6.61 (dd, J = 8.0, 1.2 Hz, 2H), 6.34-6.30 (m, 2H), 3.48 (s, 6H), 1.64 (s, 7H). 13C-NMR (126 

MHz; CDCl3): δ 171.5, 160.8, 149.5, 142.9, 132.9, 130.5, 128.0, 126.4, 118.0, 117.5, 116.1, 42.8, 

39.3, 30.7. HRMS (ESI-TOF) Calc. for [C31H30N2O4+H+]+  = 465.2278, Found = 485.2277.	Rf 

(50% EtOAc in hexanes): 0.50. 
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3.2b42 was synthesized according to the general procedure using 3 equivalents of triethyl 

phosphite and acetonitrile as solvent in 67% yield (13 mg) as a white solid. 1H-NMR (400 MHz; 

DMSO-d6): δ 9.71 (s, 2H), 7.09 (s, 6H), 6.91 (s, 2H), 6.65 (d, J = 25.5 Hz, 4H), 3.21 (s, 6H). 13C-

NMR (126 MHz; DMSO-d6): δ 168.5, 153.6, 141.6, 130.2, 128.1, 126.4, 124.2, 118.5, 115.7, 37.1. 

HRMS (ESI-TOF) Calc. for [C22H20N2O4+H+]+  = 377.1496, Found = 377.1496. Rf (50% EtOAc 

in hexanes): 0.09.  

3.2b43 was synthesized according to the general procedure in 42% yield (8 mg) as an oily residue. 

1H-NMR (400 MHz; DMSO-d6): δ 10.59 (s, 1H), 8.86 (d, J = 2.3 Hz, 1H), 8.34 (d, J = 4.7 Hz, 

1H), 8.16 (d, J = 6.8 Hz, 1H), 7.94 (d, J = 7.8 Hz, 1H), 7.47-7.39 (m, 2H), 6.98 (t, J = 7.0 Hz, 2H). 

NH proton not observed. 13C-NMR (126 MHz; DMSO-d6): δ 167.3, 158.7, 145.5, 142.85, 142.84, 

135.4, 129.7, 128.3, 119.9, 119.2, 118.0, 117.3. LRMS (ESI-TOF) Calc. for [C12H10N2O2-H-]+ 

=213.07, Found = 213.29.	HRMS (ESI-TOF) Calc. for [C12H10N2O2+H+]+  = 215.0815, Found = 

215.0819.	Rf (25% EtOAc in hexanes): 0.01. 
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3.2b44 was synthesized according to the general procedure in 37% yield (7 mg) as an oily residue. 

Physical and spectral data was in accordance with the literature.16 1H NMR and Rf value provided 

for reference. 1H-NMR (400 MHz; CDCl3): δ 11.75 (s, 1H), 7.36-7.32 (m, 3H), 7.13 (dd, J = 8.3, 

1.2 Hz, 2H), 6.55 (d, J = 9.0 Hz, 1H), 6.42 (d, J = 2.6 Hz, 1H), 5.94 (dd, J = 9.0, 2.6 Hz, 1H), 3.72 

(s, 3H), 3.46 (s, 3H). OH proton not observed. Rf (25% EtOAc in hexanes): 0.30. 

3.2b45 was synthesized according to the general procedure in 95% yield (18 mg) as an oily residue. 

1H-NMR (400 MHz; CDCl3): δ 11.05 (s, 1H), 7.37-7.27 (m, 3H), 7.18 (s, 1H), 7.12-7.10 (m, 2H), 

6.73 (d, J = 8.3 Hz, 1H), 6.62 (d, J = 8.4 Hz, 1H), 3.51 (s, 3H). OH proton not observed. 13C-NMR 

(126 MHz; CDCl3): δ 170.3, 160.8, 144.6, 134.1 (q, J = 32.7 Hz) , 131.0, 130.1, 127.8, 126.7, 

123.3 (q, J = 272.8 Hz), 119.0, 115.3 (dt, J = 7.5, 3.8 Hz), 114.2 (q, J = 3.7 Hz), 39.5. LRMS (ESI-

TOF) Calc. for [C15H12F3NO2+H+]+ = 296.09, Found = 296.33. HRMS (ESI-TOF) Calc. for 

[C15H12F3NO2+H+]+  = 296.0893, Found = 296.0890. 19F NMR (282 MHz; CDCl3): δ -63.6. Rf 

(25% EtOAc in hexanes): 0.25 

3.6.5 General Amide Hydrolysis Procedure 
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Scheme 3.16. General amide hydrolysis procedure. 

To a 1-dram vial charged with a magnetic stir bar and amide (20 mg, 1 equiv) was added 

0.5 mL 6 M aqueous HCl and 0.5 mL dioxane. The reaction was heated to 100 °C, and stirred for 

24-72 h. The reaction was then allowed to cool to room temperature and extracted three times with 

ethyl acetate to remove the salicylic acid byproduct. Solvent was removed from the remaining 

aqueous fraction in vacuo to provide the aniline hydrochloride salt. Alternatively, the free amine 

can be isolated by suspending the hydrochloride salt in aqueous potassium carbonate solution, 

extracting with methylene chloride, combining the organic fractions and removing the solvent in 

vacuo. 

Anilinium hydrochloride was prepared using the general hydrolysis procedure using a 

50:50 mixture dioxane:EtOH in lieu of pure dioxane in 70% yield (8 mg) over 3 steps 

starting from phenol as an oily residue. The rearrangement and hydrolysis reactions were 

carried out in one pot following a solvent switch. Spectral data was in accordance with the 

literature.31 

6 M HCl
dioxane, 100 °C, 24 h

OH
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R R
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N-methyl aniline-estrone analog was prepared according to the general hydrolysis 

procedure and isolated as the free amine in 80% yield (11 mg) over three steps starting 

from estrone as an oily residue. The rearrangement and hydrolysis reactions were carried 

out in one pot following a solvent switch. 1H-NMR (400 MHz; CDCl3): δ 7.12 (d, J = 8.4 

Hz, 1H), 6.47 (d, J = 8.4 Hz, 1H), 6.38 (s, 1H), 2.88-2.85 (m, 3H), 2.82 (s, 3H), 2.50 (dd, 

J = 18.8, 8.5 Hz, 2H), 2.38-2.36 (m, 1H), 2.23-2.06 (m, 3H), 2.00-1.92 (m, 2H), 1.62-1.47 

(m, 5H), 0.90 (s, 3H). NH proton not observed. 13C-NMR (126 MHz; CDCl3): δ 147.4, 

137.4, 132.4, 129.0, 126.3, 112.7, 111.0, 50.5, 48.2, 44.1, 38.7, 36.1, 31.7, 31.2, 29.9, 26.8, 

26.1, 21.7, 14.0. LRMS (ESI-TOF) Calc. for [C19H25NO+H+]+ = 284.20, Found = 284.24. 

Rf (25% EtOAc in hexanes): 0.12 

3.6.6 Preparative Scale Procedure 

N-methyl anilinium hydrochloride was synthesized in 77% yield (447 mg) over three synthetic 

steps starting from phenol as an off-white solid. Spectral data was in accordance with the 

literature.32 
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Step 1: To a 100 mL roundbottom flask charged with a magnetic stir bar and DMF (50 

mL) was added 2-iodobenzoic acid (1.0 g, 4.0 mmol, 1 equiv), 1,8-diazabicyclo[5.4.0]undec-7-

ene (DBU, 1.8 mL, 3 equiv), phenol (0.76 g, 8.1 mmol, 2 equiv), pyridine (0.063 mL, 20 mol %), 

copper powder (11 mg, 4 mol %), and copper iodide (32 mg, 4 mol %). The reaction vessel was 

sealed with a rubber septum and sparged with N2 for 10 mins. The mixture was then heated to 140 

°C and allowed to stir for 12 h. Next, the reaction was allowed to cool to room temperature and 

was then poured into a 500 mL Erlenmeyer flask containing 200 mL of ice-cold 1M HCl aqueous 

solution. The mixture was then filtered to furnish the carboxylic acid intermediate (0.85 g, 3.97 

mmol, 99% yield).  

Step 2: The carboxylic acid (0.85 g, 3.97 mmol, 1 equiv) was added to a 100 mL round 

bottom flask charged with a magnetic stir bar and dissolved in dichloromethane (20 mL). N,N-

dimethylformamide (0.31 mL, 1 equiv) was then added, followed by oxalyl chloride (1.8 mL, 5 

equiv). The reaction was allowed to stir for 1 h at room temperature, after which a solution of N-

methylhydroxylamine hydrochloride (2.0 g, 6 equiv) and triethylamine (4.5 mL, 8 equiv) dissolved 

in 20 mL of 9:1 tetrahydrofuran:water was added. The reaction was allowed to stir for an additional 

1 h and was then transferred to a separatory funnel, washed once with 1M HCl aqueous solution, 

dried over sodium sulfate, and concentrated by rotary evaporation. The crude product was then 

recrystallized from hexanes to furnish 1a (1.0 g, 4.1 mmol, ~quantitative yield).  

Step 3: To a 100 mL round bottom flask equipped with a reflux condenser and charged 

with a magnetic stir bar was added 1a (1.0 g, 4.1 mmol, 1 equiv), di-tert-butyl peroxide (3.7 mL, 

5 equiv), triethyl phosphite (1.0 mL, 1.5 equiv), and 1,2-dichloroethane (25 mL). The flask was 

heated to 90 °C and allowed to stir for 24 hours. Upon consumption of the hydroxamic acid as 

judged by TLC (25% EtOAc in hexanes), the reaction mixture was concentrated under reduced 
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pressure and 7 mL 6 M aqueous HCl and 7 mL dioxane were added. The reaction was heated to 

100 °C, and stirred for 48 h. The reaction was then allowed to cool to room temperature and 

extracted three times with ethyl acetate to remove the salicylic acid byproduct. Solvent was 

removed from the remaining aqueous fraction in vacuo to provide the N-methylaniline 

hydrochloride salt in 77% yield (447 mg, 3.1 mmol). Physical and spectral data was in accordance 

with the literature. 

3.6.7 1H and 13C NMR Spectra of Novel Compounds 
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Chapter 4: Thiol Catalyzed Aerobic 
Debenzylation of Amines and Alcohols 
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4.1 Introduction 
 

Thiols are ubiquitous in radical, open-shell chemistry owing to their ability to serve as 

excellent H-atom donors.1 Carbon-centered radicals abstract H-atoms from thiols at near diffusion-

controlled rates for certain substrates, making them ideal terminal reductants. In spite of this well 

known reactivity, the H-atom transfer event between thiols and C-radicals in reality exists as an 

equilibrium, meaning that thiyl radicals can similarly act as H-atom abstractors. The inherent 

electrophilicity of thiyl radicals makes them poised to abstract from electron rich hydrogens such 

as those from silanes,2 boranes,3 aldehyedes,4 and C-H bonds adjacent to heteroatoms.5 Dilman 

recently showed that the tetrafluoropyridinyl-thiyl radical generated from purple light-mediated 

homolysis of the disulfide could be used to perform a C-H abstraction of unactivated alkanes 

toward C-H thiolation (Scheme 4.1).6 

 

Scheme 4.1. Capability of thiols as H-atom abstraction reagents. 

  Benzyl (Bn) and p-methoxybenzyl (PMP) protecting groups have become common place 

in organic synthesis, and the efficient installation and removal of these groups is of the utmost 

importance.7 Currently the most frequently employed strategies for the removal of Bn and PMB 

groups are hydrogenolysis with Pd/C and hydrogen gas,8 and oxidative cleavage with dichloro-

5,6-p-benzoquinone (DDQ),9 respectively. 
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Scheme 4.2. Traditional benzyl deprotection strategies. 

  In spite of the tried and true methods for Bn and PMB deprotection, there is an ongoing 

drive to develop increasingly mild methods to perform the same overall transformation. A recently 

developed strategy for deprotection relies on the H-atom abstraction at the benzylic position of a 

Bn or PMB protected amine or alcohol. Parsons reported a debenzylation procedure for Bn-

protected amides using stoichiometric N-bromosuccinimide (NBS)10. The in-situ generated imidyl 

radical performed a site-selective C-H abstraction at the benzylic position of the substrate to 

generate a carbon-centered radical. This intermediate then abstracted a bromine atom from a 

second equivalent of NBS to provide an alpha-bromo benzylic species which was hydrolyzed 

under the reaction conditions to provide the desired amide. Recently, Togo developed a method 

wherein a KBr and Oxone couple us used for the stoichiometric generation of bromine radical in 

situ that acts as the active H-atom abstraction species.11 Subsequent oxidation of the benzylic 

radical intermediated provided the deprotected amine or ketone in the case of alcohol deprotection. 
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Scheme 4.3. HAT-mediated debenzylation strategies. 

In our own efforts, we developed a HAT-mediated debenzylation protocol that uses 

catalytic thiol and atmospheric O2 as the terminal oxidant, applicable to a variety of functionalized 

alcohols and amine substrates (Scheme 2e). This method operates with predictable 

chemoselectivity and is amenable to substrates that would be challenging for hydrogenolysis, 

DDQ, or acid based deprotection strategies such as those containing alkenes, carbamate protecting 

groups, acyl-amines, nitriles, ketones, and acetals. Our approach uses only a catalytic amount of 

thiol with ambient oxygen as the sole oxidant.12 The key to this strategy lies in the ability of the 

abstracting thiyl radical to be easily regenerated in-situ via a radical chain process, thereby 

precluding the need for stoichiometric reagents other than air. 

 

Scheme 4.4. Radical debenzylation using the thiyl radical. 

4.2 Reaction Development and Substrate Scope 

We discovered that a substantial amount of p-anisaldehyde and N-methyl aniline were 

produced when PMB-N-methyl aniline was reacted with a catalytic amount of radical initiator and 
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methyl thioglycolate in aqueous media. We explored this debenzylation reactivity using amine 1 

and found that the major product formed was imine 2 rather than simply aniline (3) (Table 4.1).  

An initial reaction including PMB-aniline 1, 5 mol% methyl thioglycolate, and 5 mol% 2-2’-

azobis(2-methylpropionitrile) (AIBN) heated to 80 oC in chlorobenzene for 1.5 hours resulted in 

only 29% conversion of 1 and an 11% combined yield of imine 2 and aniline 3 (Table 1, Entry 1). 

We hypothesized that imine formation was the result of either a) direct formation of imine under 

the reaction conditions, or b) the in-situ condensation of amine and p-anisaldehyde following 

debenzylation. While using thiophenol in place of methyl thioglycolate  increased conversion and 

yield (Entry 2), the use of pentafluorothiophenol substantially improved reaction efficiency to 68% 

conversion and a 41% total yield of desired products (Entry 3). The reaction was further improved 

to 78% total yield by including a second addition of thiol and initiator after 1.5 hours, and 

extending the total reaction time to 3 hours (entry 4).  Increasing the amount of thiol and initiator 

to 10 mol% resulted in 94% conversion and a total yield of 91% (entry 5). An acidic workup 

effectively funneled all material to the debenzylated amine as the sole product in 71% yield.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 

291 

Table 4.1. Radical debenzylation reaction optimization. (a) All reactions performed on a 0.2 mmol scale of 4.3a1. (b) 
Conversion and yields were determined by 1H NMR using dibromomethane as an internal standard from crude reaction 
mixtures. (c) 3 h total reaction time, with a second addition of thiol and initiator added after 1.5 h for a total of 10 
mol% PFTP and 10 mol% AIBN added. (d) 10 mol% of PFTP and AIBN used, 3 h total reaction time, and a second 
addition of thiol and initiator added after 1.5 hours for a total of 20 mol% PFTP and 20 mol% AIBN used. (f) 1H NMR 
yield following acid workup (See Appendix for details). 

 

Entry Reaction Conditionsa Conversionb Yield (4.2b1 : 4.2c1)b  

1 methyl thioglycolate 29% 9% : 2% 

2 thiophenol 33% 17% : 6% 

3 C6F5SH  68% 32% : 9% 

4 C6F5SHc 97% 62% : 16% 

5 C6F5SHd 94% 74% : 17% (0% : 71%)f 

6 C6F5SH, no initiator 7% 2% : 0% 

7 no thiol 6% 3% : 0% 

8 C6F5SH, degassede 20% 4% : 0% 

 

We observed that the individual exclusion of AIBN (or initiator) (entry 6), thiol (entry 7), 

or O2 (entry 8), resulted in only trace amount of debenzylation. Combined, these results indicate 

that debenzylation occurs via a radical rather than acid-mediated pathway xiv and that thiol and 

oxygen are required.  

With proper reaction conditions and a mechanistic understanding of this debenzylation 

process, we sought to explore the breadth of its applicability to the removal of PMB and Bn groups 

from amines (Scheme 4.5). Primary, PMB-protected anilines were easily deprotected and were 

generally found to be the most successful substrates. Several deprotected anilines were isolated in 

near quantitative yield including 4.2c1, 4.2c7, and 4.2c3 bearing a sensitive acetamide group that 

may be intolerant to classic PMB removal methods involving acid catalysis.13 Other substrates 

possessing sensitive functionality such as ketone 4.2c2, bis-aryl ether 4.2c5, nitrile 4.2c6, primary 
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TBS-protected alcohol 4.2c8, and acetal 4.2c12 were all deprotected in good to great yield. 

Carbazole x underwent these conditions smoothly, as did the free hydroxyl bearing substrate 4.2c9. 

Carbamates 4.2c10 and 4.2c11 similarly were successful substrates, indicating that this method is 

amenable for the chemoselective removal of PMB groups over Cbz groups, and tolerates the acid-

sensitive Boc protecting group.    

Increasing the substitution at nitrogen generally decreased reaction efficiency, as seen in 

substrates 4.2c13, 4.2c14, and 4.2c15. Several biologically relevant, PMB-protected molecules 

were successfully debenzylated under our conditions providing sulfadiazine (4.2c16), 

sulfamethoxazole (4.2c17), and cholic acid derivative 4.2c19 in moderate to good yield. PMB-

protected n-butyl amine was similarly deprotected providing 4.2c18. We found that relatively 

electron-deficient substates such as PMB-protected amides, carbamates and sulfonamides were 

ineffectively deprotected using our protocol, resulting in the recovery of starting material in each 

case. This unique reactivity makes our method complimentary to those previously reported by 

Togo and Parsons, wherein the most successful substrates were amides and sulfonamides. 

Bn- and PMP-ethers could similarly be deprotected using nearly identical conditions to 

reveal the corresponding alcohol. 2-Indanol and 1-octanol were both isolated from their Bn-

protected congeners in modest yield. Olefinic substrates such as PMB-protected Citronellol and 

(1R)-(-) nopol that may not be amenable to typical hydrogenolysis conditions proved to be 

effectively deprotected in spite of the known propensity for thiyl radicals to engage with alkenes 

in thiol-ene chemistry.14 (-)-Menthol was obtained from its PMB-derivative with no erosion of 

stereochemistry. Acid sensitive 2-trimethylsilyl 1-ethanol and 3-hydroxypropanenitrile were 

similarly obtained under our conditions. More complex substrates including 2-(5-methyl-2-

phenyloxazol-4-yl)ethanol, serine derivate (4.2c27), diosgenin, and stigmasterol were all isolated 
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following from their PMP-protected derivatives in modest to great yields. Compound 4.2c29 was 

isolated from its O-PMB protected congener leaving the PMB-protected amide untouched, thus 

highlighting the unique chemoselectivity of this method. PMB-protected phenols and esters were 

ineffective substrates under our conditions, resulting in the recovery of starting material in both 

cases. 
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Scheme 4.5. Thiol catalyzed debenzylation substrate scope. (a) All yields are of isolated products, except where 
otherwise noted. (b) Isolated as the hydrochloride salt via aqueous workup of the crude reaction mixture. (c) 
Isolated by silica gel column chromatography. (d) Isolated via silica gel column chromatography following 
hydrolytic workup using either aqueous 5 M HCl, hydrazine monohydrate in methanol, or hydroxylamine 
hydrochloride in 1:1 water:THF (see SI for full experimental details). (e) Obtained from the reaction with the 
benzyl, not PMB-protected starting material. (f) Reaction was performed with 2 additions of thiol and initiator 
for a total reaction time of 2 hours. (g) Reaction was performed with 3 additions of thiol and initiator for a total 
reaction time of 3 hours. (h) Reaction was performed with 4 additions of thiol and initiator for a total reaction 
time of 4 hours. (i) Reaction was performed with 4 additions of thiol and initiator for a total reaction time of 4 
hours. (j) MeCN used as solvent. (k) Isolated by silica gel column chromatography following removal of 
aldehyde byproduct via NaHSO3 column. (l) 1H NMR yield of crude reaction mixture using dibromomethane as 
internal standard. (m) TBHN used in place of AIBN, and reaction performed at 50 oC. 4 total additions of thiol 
and initiator added every 30 min. for a total reaction time of 2 hours. 
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Further investigation revealed that our debenzylation procedure was amenable to the 

selective oxidation of several substrates (Scheme 4.6). Compound 4.2a32 was smoothly 

converted to 4.2c32 under our conditions, a procedure that typically requires temperatures up to 

140 oC,15 or strong oxidants such as potassium permanganate.16 Similarly, p-methoxy benzyl 

alcohol was quantitatively oxidized to p-anisaldehyde under our reaction conditions. 

 

Scheme 4.6. Oxidative transformations using debenzylation conditions. (a) 1H NMR yields of crude reaction mixture 
using dibromomethane as internal standard. 

 

4.3 Mechanistic Investigation 

This data led to the proposed mechanism for debenzylation shown in Scheme 4.7. Radical 

initiation generates an electrophilic, thiyl radical from pentafluorothiophenol which then 

preferentially abstracts a relatively weak, electron-rich, benzylic H-atom from the substrate.17 

Molecular oxygen then may either perform a  single electron oxidation18 or radical trapping 19 of 

the benzylic radical intermediate to generate  a benzylic carbocation or peroxy radical 

intermediate, respectively. Either pathway is possible and lead to a common benzylic peroxy 

radical intermediate.20 H-Atom transfer between this intermediate and pentafluorothiophenol 

would generate a benzylic peroxide species as propagate the chain process by regenerating thiyl 

radical. Finally, elimination of hydrogen peroxide anion followed by hydrolysis furnishes the 

desired amine or alcohol product. 
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Scheme 4.7. Mechanistic proposal for thiol catalyzed debenzylation. 

We turned to DFT  to understand the importance of the thiol selection in this reaction as 

we observed that the use of pentafluorothiophenol achieved significantly higher reaction 

efficiencies than any other thiol surveyed.  We considered the S-H bond dissociation energies21 

and the electron affinities22  of their corresponding thiyl radicals of the three thiols that were 

investigated in Table 4.1 (Scheme 4.8).  These calculations indicated that pentafluorothiophenol 

had both the lowest S-H BDE (79.4 kcal/mol) and the greatest, most exothermic electron affinity 

(EA) (68.5 kcal/mol). While the inclusion of electron withdrawing groups typically increases the 

BDEs in a molecule, the presence of fluorine at the ortho and para positions of an aromatic thiol 

has been shown to decrease the S-H BDE, which likely explains the ~4 kcal/mol difference 

between pentafluorothiophenol and thiophenol.23 Similarly, the electron withdrawing-nature of the 

fluorine group is likely responsible for the electron affinity of the pentafluorothiyl radical being 

substantially higher than that of either methyl thioglycolate or thiophenol. 24 The weak S-H BDE 
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and high electron affinity of pentafluorothiophenol thiyl radical facilitates the chemoselective C-

H abstraction of the weak benzylic alpha amino H-atoms of the substrate.  

 

Scheme 4.8. Significance of thiol selection for chemoslective benzyl removal. 

To further illustrate the importance of substrate electronics on our observed reactivity, we 

prepared the benzyl- and 4-trifluoromethylbenzyl- protected congeners of substrate 4.2a1 and 

observed significantly slower reactivity for these two substrates. The decreased reactivity of the 

more electronically-deficient analogues further illustrates substrate electronics on this thiol 

catalyzed aerobic debenzylation. 

 

Scheme 4.9. Significance of substrate electronics on thiol catalyzed debenzylation. 

4.4 Conclusions 

The great utility of protecting groups in organic synthesis inherently creates a drive toward 

the develop of methods that improve the overall efficiency of the either the installation or removal 
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of these groups. In our efforts, we have made a small step in this direction by exploring a thiol 

catalyzed, aerobic debenzylation of amines and alcohols. In contrast to typical methods for the 

removal of Bn or PMB protecting groups that utilize precious transition metals (Pd), strong acids 

(TFA), or harsh oxidants (DDQ), our HAT approach uses but a substoichiometric amount of thiol 

and O2 present in an ambient atmosphere as the only oxidant.  

Chapter 4 has been adapted from materials prepared to be published in Lardy, S. W.; 

Schmidt, V. A. Thiol Catalyzed Aerobic Debenzylation of Alcohols and Amines. The dissertation 

author was the primary investigator of this publication. 

4.5 Appendix  

4.5.1 General Considerations 

1H, 13C, and 19F NMR were recorded on a Brucker AVA 300 MHz or JEOL 400 MHz 

spectrometer. All chemical shifts are reported relative to SiMe4 using 1H (residual) chemical shifts 

of the solvent as a secondary standard. 19F chemical shifts are reported relative to a 2,2,2-

trifluoroethanol (CF3CH2OH) internal standard at -77.16 ppm. GC analyses were performed using 

an Agilent Technologies 7890B gas chromatograph equipped with an Agilent 7693 autosampler 

and Agilent HP-5 capillary column (30 m x 0.320 mm x 250 μm). Standard method parameters: 

1.2 mL/min flow rate with oven program 80 – 250 °C with a ramp rate of 25 °C/min and hold time 

of 8.7 minutes at 250 °C. Low-resolution mass spectra were measured using a DECA ESI-MS. 

High-resolution mass spectra were measured using an Agilent 6230 ESI-TOFMS. 

4.5.2 Preparation of Substrates 
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4.2a1 was prepared in a manner similar to that which has been previously reported:25 a mixture of 

aniline (1 equiv), p-anisaldehyde(1 equiv), and ethanol (0.2 M) was heated to reflux for 12 h. The 

reaction mixture was then cooled to room temperature and NaBH4 (1.2 equiv) was added carefully 

in small portions. The reaction mixture was then allowed to stir at room temperature for 2 hours, 

at which point water was added and mixture was extracted with dichloromethane. The organic 

fractions were collected, dried over sodium sulfate, and the solvent was removed under reduced 

pressure. The crude product was then purified by column chromatography on silica gel using 2-

10% ethyl acetate in hexanes as eluent to yield 4.2a1 in 85% yield (performed on up to 20 g scale). 

This same procedure (and in some case, with slight modification when noted) was used to prepare 

many of the other PMB- and Bn-protected amines below.  Physical and spectral data was in 

accordance with the literature.25  

H
N

OMe
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4.2a2 was prepared analogously to 4.2a1 but by using NaBH(OAc)3 (prepared immediately prior 

to use by slowly adding NaBH4 to acetic acid (5 equiv relative to NaBH4)) in lieu of NaBH4 in 

32% yield (1.4 g). 4.2a2 was purified by recrystallization from hexanes/ethyl acetate to give a 

bright yellow solid. 1H-NMR (300 MHz; CDCl3): δ 7.61-7.57 (m, 2H), 7.61-7.57 (m, 2H), 7.50-

7.44 (m, 3H), 7.50-7.44 (m, 3H), 7.40-7.32 (m, 3H), 7.40-7.32 (m, 3H), 6.93-6.90 (m, 2H), 6.93-

6.90 (m, 2H), 6.80-6.77 (m, 1H), 6.80-6.77 (m, 1H), 6.61-6.55 (m, J = 1.0 Hz, 1H), 6.61-6.55 (m, 

J = 1.0 Hz, 1H), 4.46 (s, 2H), 4.46 (s, 2H), 3.83 (s, 3H), 3.83 (s, 3H). 13C-NMR (75 MHz; CDCl3): 

δ 197.9, 158.9, 151.6, 138.8, 137.1, 135.20, 135.13, 130.53, 130.38, 128.43, 128.35, 117.2, 114.19, 

114.17, 112.2, 55.3, 46.5. HRMS (ESI-TOF) Calc. for [C21H19ClNO2]+ = 352.1099, Found = 

352.1097 

HN O

Cl

OMe
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4.2a3 was prepared analogously to compound 4.2a1 in 69% yield (2.3 g). 4.2a3 was purified by 

recrystallization from hexanes/ethyl acetate. 1H-NMR (300 MHz; CDCl3): δ 7.56 (s, 1H), 7.30-

7.26 (m, 4H), 6.89 (d, J = 8.4 Hz, 2H), 6.58 (d, J = 8.6 Hz, 2H), 4.23 (s, 2H), 3.82 (s, 3H), 2.11 (s, 

3H). 13C-NMR (75 MHz; CDCl3): δ 168.4, 158.8, 145.3, 131.3, 128.8, 128.4, 122.4, 114.0, 113.1, 

55.3, 48.0, 24.2. HRMS (ESI-TOF) Calc. for [C16H18N2O2Na]+= 293.1260, Found = 293.1263. 

 

 

4.2a4 was prepared analogously to compound 4.2a1 starting from in 49% yield (2.0 g). Physical 

and spectral data was in accordance with the literature.26 
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4.2a5 was prepared analogously to 4.2a1 in 59% yield as a dark purple solid (2.0 g). 1H-NMR 

(300 MHz; CDCl3): δ  7.33 (d, J = 8.6 Hz, 2H), 7.24 (d, J = 9.0 Hz, 2H), 6.93-6.86 (m, 6H), 6.66 

(d, J = 8.8 Hz, 2H), 4.27 (s, 2H), 3.84 (s, 3H). 13C-NMR (75 MHz; CDCl3): δ 159.0, 157.8, 147.4, 

145.2, 131.2, 129.4, 128.9, 126.8, 121.2, 118.3, 114.1, 113.9, 55.3, 48.3. HRMS (ESI-TOF) Calc. 

for [C20H18ClNO2]+= 339.1021, Found = 339.1017. 

 

4.2a6 was prepared by the reaction of 2-fluorobenzonitrile (1 equivalent), 4-methoxy-N-

benzylamine (1 equiv), and potassium carbonate (2 equivalents) in DMF (0.5 M) at 130 oC for 36 

hours. The reaction was then allowed to cool to room temperature, water was added, and the 

mixture was extracted with DCM, The organic fractions were then colleted, dried over sodium 

sulfate, and evaporated under reduced pressure. The crude material was then subjected to flash 

column chromatography (25% EtOAc in hexanes) to provide compound 4.2a6 in 18% yield (500 

mg). Physical and spectral data was in accordance with the literature.27 
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4.2a7 was prepared by heating a mixture of compound 4.2a3 and KOH (5 equivlants) in a 1:9 

ethanol:water (0.5 M) to reflux for 16 hours. The reaction was then allowed to cool to room 

temperature, water was added, and the precipitated solid was filtered and dried to yield compound 

x as an off white solid in 95% yield (1.0 g). 1H-NMR (300 MHz; CDCl3): δ 7.32 (d, J = 8.7 Hz, 

2H), 6.91 (d, J = 8.7 Hz, 2H), 6.64 (d, J = 8.8 Hz, 2H), 6.57 (d, J = 8.8 Hz, 2H), 4.22 (s, 2H), 3.83 

(s, 3H), 3.36 (s, 3H). 13C-NMR (75 MHz; CDCl3): δ 158.8, 141.4, 137.9, 131.9, 128.9, 116.9, 

114.6, 114.0, 55.3, 48.9 HRMS (ESI-TOF) Calc. for [C14H16N2O]+= 228.1257, Found = 228.1262. 

 

4.2a8 was prepared by the reaction of TBSCl (1.1 equiv), imidazole (1.5 equiv), and compound x 

in DCM (0.5 M) at room temperature for 16 hours. The reaction was then washed once with water, 

the organic layer was dried over sodium sulfate, and evaporated under reduced pressure. The title 

compound was isolated by flash column chromatography (5% EtOAc in hexanes) in 78% yield as 

an orange oil (2.6 g). 1H-NMR (300 MHz; CDCl3): 7.33 (d, J = 8.7 Hz, 2H), 7.06 (d, J = 8.5 Hz, 

2H), 6.92 (d, J = 8.7 Hz, 2H), 6.62 (d, J = 8.5 Hz, 2H), 4.27 (s, 2H), 3.83 (d, J = 9.7 Hz, 4H), 3.78 

(t, J = 7.4 Hz, 3H), 2.77 (s, 2H), 0.95-0.93 (m, 9H), 0.06 (s, 6H). 13C-NMR (75 MHz; CDCl3): δ 

158.8, 146.6, 131.5, 129.9, 128.8, 128.0, 114.0, 112.9, 65.1, 55.3, 48.1, 38.8, 26.0, 18.4, -5.3. 

HRMS (ESI-TOF) Calc. for [C22H34NO2Si]+= 372.2353, Found = 372.2355.  
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4.2a9 was prepared analogously to compound 4.2a1 in 82% yield (2.6 g). Physical and spectral 

data was in accordance with the literature.28 

 

4.2a10 was prepared by first installing a Cbz group at one end of 1,4-phenylenediamine following 

a reported procedure.29 From this intermediate, 4.2a10 was prepared following a procedure 

analogous to that of 4.2a1 in 95% yield (3.7 g) as a tan solid. 1H-NMR (300 MHz; CDCl3): δ  7.41-

7.32 (m, 5H), 7.28 (d, J = 8.6 Hz, 2H), 7.20 (d, J = 6.7 Hz, 2H), 7.02 (s, 1H), 6.88 (d, J = 8.6 Hz, 

2H), 6.58 (d, J = 8.8 Hz, 2H), 5.17 (s, 2H), 4.22 (s, 2H), 3.99 (s, 1H), 3.80 (s, 3H). 13C-NMR (75 

MHz; CDCl3): δ 158.8, 154.0, 144.88, 144.86, 136.5, 131.4, 128.8, 128.5, 128.26, 128.17, 121.2, 

114.0, 113.3, 66.7, 55.3, 48.1 HRMS (ESI-TOF) Calc. for [C22H22N2O3Na]+= 385.1523, Found = 

385.1526. 
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4.2a11 was prepared by first installing a Boc group at one end of 1,4-phenylenediamine following 

a reported procedure.30 From this intermediate, 4.2a11 was prepared following a procedure 

analogous to that of 4.2a1 in 42% yield (600 mg) as a white solid. 1H-NMR (300 MHz; CDCl3): 

δ  7.30 (d, J = 7.6 Hz, 2H), 7.16 (d, J = 8.3 Hz, 2H), 6.89 (d, J = 8.7 Hz, 2H), 6.61 (d, J = 8.8 Hz, 

2H), 6.30 (s, 1H), 4.24 (s, 2H), 3.82 (s, 3H), 1.52 (s, 9H). 13C-NMR (75 MHz; CDCl3): δ 158.8, 

153.5, 144.5, 131.3, 128.8, 121.3, 115.6, 114.0, 113.4, 80.0, 55.3, 48.2, 28.4 HRMS (ESI-TOF) 

Calc. for [C19H25N2O3]+ = 339.1021, Found = 339.1017. 

 

4.2a12 was prepared analogously to compound 4.2a1 in 72% yield (2.3 g). Physical and spectral 

data was in accordance with the literature.31 
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4.2a13 was prepared by dissolving compound 4.2a3 in a 3:1 mixture of MeCN:AcOH at room 

temperature. To this mixture was added 1 equivalent of formaldehyde (37 wt% solution in water) 

followed by NaCNBH3 (1.5 equiv). The reaction was allowed to stir at room temperature for an 

additional 2 hours, at which time water was added and the mixture was extracted with EtOAc. The 

organic fractions were then collected, dried over sodium sulfate, and evaporated under reduced 

pressure. To this crude methylated product was added a 3:1 mixture of water and ethanol (0.2 M). 

KOH was then added (5 equiv) and the reaction was heated to reflux for 16 hours. The reaction 

was then allowed to cool to room temperature, water was added, and the solid that precipitated was 

filtered to give x as a dark solid in 92% yield (3.3 g). 1H-NMR (300 MHz; CDCl3): δ  7.19 (d, J = 

8.8 Hz, 2H), 6.86 (d, J = 8.7 Hz, 2H), 6.76 (d, J = 8.9 Hz, 2H), 6.67 (d, J = 9.0 Hz, 2H), 4.33 (s, 

2H), 3.81 (s, 3H), 2.86 (s, 3H). 13C-NMR (75 MHz; CDCl3): δ 158.6, 144.0, 137.3, 131.3, 128.7, 

116.8, 115.2, 113.9, 58.0, 55.36, 39.0  HRMS (ESI-TOF) Calc. for [C15H18N2O]+ = 242.144, 

Found = 242.1413.  

N
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4.2a14 was prepared by dissolving 3-(N-p-methoxybenzyl)benzoic acid in a 3:1 mixture of 

MeCN:AcOH at room temperature. To this mixture was added 1 equivalent of formaldehyde (37 

wt% solution in water) followed by NaCNBH3 (1.5 equiv). The reaction was allowed to stir at 

room temperature for an additional 2 hours, at which time water was added and the solid that 

precipitated was foltered and washed witth water to give compound 4.2a14 in 95% yield (1.0 g) as 

a white solid. 1H-NMR (400 MHz; DMSO-d6): δ  7.21 (s, 2H), 7.17 (t, J = 6.7 Hz, 1H), 7.07 (d, J 

= 8.3 Hz, 2H), 6.91 (d, J = 7.6 Hz, 1H), 6.82 (d, J = 8.4 Hz, 2H), 4.48 (s, 2H), 3.66 (s, 3H), 2.97 

(s, 3H). 13C-NMR (100 MHz; DMSO-d6): δ 168.4, 158.7, 149.5, 131.9, 130.8, 129.6, 128.4, 117.3, 

116.9, 114.4, 112.9, 55.5, 55.2, 39.0. HRMS (ESI-TOF) Calc. for [C16H16NO3]- = 270.1136, Found 

= 270.1137.  

 

4.2a15 was prepared as previously reported using p-methoxybenzyl bromide in lieu of the chloride. 

Physical and spectral data was in accordance with the literature.32 
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4.2a16 was prepared analogously to compound 4.2a1 in 27% yield (1.0 g) as a white solid. 1H-

NMR (300 MHz; DMSO-d6): δ  11.30 (s, 1H), 8.48 (d, J = 4.8 Hz, 2H), 7.66 (d, J = 8.8 Hz, 2H), 

7.25 (d, J = 8.6 Hz, 2H), 7.05 (dt, J = 25.7, 5.3 Hz, 2H), 6.89 (d, J = 8.6 Hz, 2H), 6.63 (d, J = 8.9 

Hz, 2H), 4.24-4.22 (m, 2H), 3.72 (s, 3H). 13C-NMR (75 MHz; DMSO-d6): δ 158.7, 157.7, 152.6, 

131.3, 130.0, 129.0, 125.6, 116.0, 114.3, 111.2, 55.5, 45.8 HRMS (ESI-TOF) Calc. for 

[C18H18N4O3SNa]+= 393.0992, Found = 393.0988.  

 

4.2a17 was prepared analogously to 4.2a1 in 52% yield (2.4 g). 4.2a17 was purified by 

recrystallization from hexanes/ethyl acetate to give an off-white solid.  1H-NMR (300 MHz; 

DMSO-d6): δ  10.97 (s, 1H), 7.50 (d, J = 8.9 Hz, 2H), 7.26 (d, J = 8.7 Hz, 2H), 7.17 (t, J = 5.8 Hz, 

1H), 6.90 (d, J = 8.7 Hz, 2H), 6.64 (d, J = 8.9 Hz, 2H), 6.10 (d, J = 0.9 Hz, 1H), 4.24 (d, J = 5.8 

Hz, 2H), 3.72 (s, 3H), 2.28 (s, 3H). 13C-NMR (75 MHz; DMSO-d6): δ 170.3, 158.8, 158.4, 152.8, 

131.2, 129.06, 128.97, 124.9, 114.3, 111.7, 95.8, 55.5, 45.7, 12.5. HRMS (ESI-TOF) Calc. for 

[C18H19N3O4SNa]+ = 396.0988, Found = 396.0985.  
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4.2a18 was prepared as previously reported. Physical and spectral data was in accordance with the 

literature.33  

 

4.2a19 was prepared by first coupling cholic acid and 1,4-phenylenediamine using a reported 

procedure.34 This compound was then used to prepare 4.2a19 using an analogous procedure to that 

of 4.2a1 in 10% yield over two steps (100 mg as a pale red solid. 1H-NMR (300 MHz; CDCl3): δ 

8.06 (s, 1H), 7.35 (d, J = 8.9 Hz, 2H), 7.28 (d, J = 8.7 Hz, 3H), 6.88 (d, J = 8.7 Hz, 2H), 6.58 (d, J 

= 8.9 Hz, 2H), 4.22 (s, 2H), 3.98 (s, 1H), 3.85 (s, 1H), 3.81 (s, 3H), 3.49-3.45 (m, 1H), 2.34-0.99 

(m, 28H), 0.89 (s, 3H), 0.69 (s, 3H). 13C-NMR (75 MHz; DMSO-d6): δ 171.2, 158.5, 145.0, 132.5, 

129.3, 128.9, 121.2, 114.1, 112.8, 71.5, 70.9, 66.7, 55.5, 46.81, 46.63, 46.2, 42.00, 41.84, 35.77, 

35.68, 35.4, 34.9, 33.8, 32.2, 30.9, 29.0, 27.8, 26.7, 23.29, 23.09, 17.6, 12.8. HRMS (ESI-TOF) 

Calc. for [C38H55N2O5]+= 619.4105, Found = 619.4108. 
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4.2a20 was prepared analogously to 4.2a22 using benzyl bromide in lieu of 4-methoxy benzyl 

bromide in 42% yield (700 mg). Physical and spectral data was in accordance with the literature.35 

 

4.2a21 was prepared analogously to 4.2a22 in 81% yield (2.0 g). Physical and spectral data was in 

accordance with the literature.36 

 

4.2a22 was prepared as previously reported using 4-methoxy benzyl bromide in lieu of the chloride 

in 23% yield (700 mg).37 This same procedure (and in some case, with slight modification when 

noted) was used to prepare many of the other PMB- and Bn-protected alcohols below. Physical 

and spectral data was in accordance with the literature.37 

 

4.2a23 was prepared analogously to 4.2a22 in 14% yield (400 mg). Physical and spectral data was 

in accordance with the literature.38 
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4.2a24 was prepared analogously to 4.2a22 using benzyl bromide in lieu of 4-methoxy benzyl 

bromide in 38% yield (800 mg). Physical and spectral data was in accordance with the literature.39 

 

4.2a25 was prepared as previously reported. Physical and spectral data was in accordance with the 

literature.40  

 

4.2a26 was prepared analogously to 4.2a22 in 76% yield (1.7 g) as an orange oil.  1H-NMR (300 

MHz; CDCl3): δ 8.00 (d, J = 8.1 Hz, 2H), 7.47-7.41 (m, 3H), 7.26 (d, J = 8.7 Hz, 2H), 6.87 (d, J = 

8.7 Hz, 2H), 4.49 (s, 2H), 3.80 (s, 3H), 3.76 (t, J = 7.0 Hz, 2H), 2.83 (t, J = 6.9 Hz, 2H), 2.35 (s, 

3H). 13C-NMR (75 MHz; CDCl3): 159.30, 159.11, 144.6, 133.3, 130.6, 129.7, 129.2, 128.6, 127.9, 

125.9, 113.7, 72.7, 68.9, 55.2, 26.9, 10.2 HRMS (ESI-TOF) Calc. for [C20H22NO3]+= 324.1594, 

Found = 324.1594.  
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4.2a27 was prepared as previously reported. Physical and spectral data was in accordance with the 

literature.41 

 

4.2a28 was prepared as previously reported. Physical and spectral data was in accordance with the 

literature.42 
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4.2a29 was prepared starting from substrate 4.2a9. To a solution of compound 4.2a9 in DCM (0.2 

M) was added benzoyl chloride (1.1 equiv) and TEA (1.5 equiv). the reaction mixture was allowed 

to stir at room temperature for 12 hours, after which the water was added and the organic layer was 

separated, dried over sodium sulfate, and evaporated under reducted pressure. To this crude 

product, THF was added (0.5 M) followed by TBAF (3 equiv, 1.0 M solution in THF) at room 

temperature. The reaction was allowed to stir for 30 minutes, after which water was added and the 

mixture was extracted three times with EtOAc. The organic fractions were collected, dried over 

sodium sulfate, and evaporated under reduced presure. Finally, the crude product mixture was 

subjected to p-methoxy benzylation conditions analogous to those used for compound 4.2a22 to 

yield compound 4.2a29 in 64% yield over 3 steps (1.1g) as a thick, colorless oil. 1H-NMR (300 

MHz; CDCl3): δ  7.34-6.82 (m, 18H), 5.07 (s, 2H), 4.41 (s, 2H), 3.82 (s, 3H), 3.80 (s, 4H), 3.60 (t, 

J = 6.9 Hz, 2H), 2.82 (t, J = 6.9 Hz, 2H). 13C-NMR (75 MHz; CDCl3): δ 170.4, 159.2, 158.9, 

141.5, 137.7, 136.2, 130.3, 129.86, 129.83, 129.50, 129.44, 129.2, 128.8, 127.68, 127.65, 113.8, 

72.7, 70.4, 55.28, 55.21, 53.3, 35.8 HRMS (ESI-TOF) Calc. for [C31H32NO4]+= 482.2326, Found 

= 482.2322.  
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4.2a30 was prepared analogously to 4.2a22 in 38% yield as an off white solid (1.4 g). 1H-NMR 

(300 MHz; CDCl3): δ 7.28 (d, J = 8.1 Hz, 2H), 6.88 (d, J = 8.1 Hz, 2H), 5.36 (s, 1H), 4.50 (s, 2H), 

4.43-4.41 (m, 1H), 3.81 (s, 3H), 3.36-3.26 (m, 3H), 2.45-2.42 (m, 1H), 2.32-2.24 (m, 1H), 1.99-

1.50 (m, 17H), 1.04-0.81 (m, 17H). 13C-NMR (75 MHz; CDCl3): δ 159.0, 141.0, 131.1, 129.1, 

121.2, 113.8, 109.2, 80.8, 78.2, 69.6, 66.8, 62.1, 56.5, 55.3, 50.1, 41.6, 40.3, 39.8, 39.2, 37.24, 

37.05, 32.1, 31.9, 31.46, 31.42, 30.3, 28.8, 28.5, 20.9, 19.4, 17.2, 16.3, 14.6 HRMS (ESI-TOF) 

Calc. for [C35H51O4]+ = 535.3782, Found = 535.3778. 
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4.2a31 prepared analogously to compound 4.2a22 in 39% yield (500 mg) as an off white solid. 

1H-NMR (300 MHz; CDCl3): δ  7.31 (d, J = 8.6 Hz, 2H), 6.90 (d, J = 8.6 Hz, 2H), 5.39-5.37 (m, 

1H), 5.23-5.01 (m, 2H), 4.52 (s, 2H), 3.82 (s, 3H), 3.30 (tt, J = 11.1, 4.5 Hz, 1H), 2.45 (dd, J = 

13.2, 2.8 Hz, 1H), 2.35-2.26 (m, 1H), 2.09-1.17 (m, 21H), 1.06 (d, J = 7.2 Hz, 8H), 0.85 (t, J = 7.6 

Hz, 9H), 0.74 (s, 3H). 13C-NMR (75 MHz; CDCl3): δ 159.1, 141.0, 138.4, 131.2, 129.28, 129.13, 

121.5, 113.8, 78.3, 71.5, 69.6, 56.9, 56.0, 55.3, 51.3, 50.3, 42.2, 40.5, 39.7, 39.2, 37.3, 36.9, 31.97, 

31.92, 29.0, 28.5, 25.5, 24.4, 21.27, 21.14, 21.10, 19.4, 19.0, 12.3, 12.1 HRMS (ESI-TOF) Calc. 

for [C37H57O2]+ = 533.4353, Found = 533.4355. 

 

4.2a32 was prepared as previously reported.43 Physical and spectral data was in accordance with 

the literature.44 

4.5.3 General Debenzylation Procedures 

***Caution: while no problems were encountered in this work, alkylhydroperoxides can 

undergo spontaneous and rapid exothermic decomposition and appropriate care should be taken 

in their handling*** 
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General Debenzylation Procedure: To a 1-dram vial charged with a magnetic stir bar 

was added the respective PMB- or Bn-protected substrate (0.2 mmol), AIBN (0.05 equivalents), 

pentafluorothiophenol (0.1 equivalents) and chlorobenzene (0.2 mL). The vial was capped and 

heated to 80 °C. The reaction progress was then monitored every 60 minutes by crude H-NMR to 

determine whether or not all of the starting material had been consumed. If starting material had 

been consumed, the reaction was allowed to cool to room temperature, the respective workup 

procedure was performed, and the desired product was isolated. If starting material had not been 

consumed as judged by H-NMR, an additional 0.05 equivalents of AIBN and 0.1 equivalents of 

pentafluorthiophenol was added. This process was repeated every 60 minutes until complete 

consumption of the starting material was observed. 

General Workup Procedure A (N-protected substrates): Upon completion of the 

reaction as determined by crude H-NMR, the reaction mixture was allowed to cool to room 

temperature and several drops of 5 M aqueous HCl was added to the reaction. The mixture was 

then gently shaken by hand for approximately 30 seconds. The mixture was then diluted with a 

small amount of water (about 1 mL) and then extracted 4 times with EtOAc (2 mL). The aqueous 

fraction was then evaporated under reduced pressure to yield the desired deprotected amine 

product as its hydrochloride salt.  

General Workup Procedure B (N-protected substrates): Upon completion of the 

reaction as determined by crude H-NMR, the reaction mixture was allowed to cool to room 

temperature and several drops of 5 M aqueous HCl was added to the reaction. The mixture was 

then gently shaken by hand for approximately 30 seconds. The mixture was then basified with 5 

M aqueous NaOH and extracted 4 times with EtOAc (2 mL). The organic fractions were then 

collected and evaporated under reduced pressure. 2 mL of methanol followed by 5 mL of saturated 
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NaHSO345 was then added to the crude material, the reaction was shaken by hand for several 

seconds, and then diluted with water. The mixture was then extracted with EtOAc, the organic 

fractions were collected, and evaporated under reduced pressure. The desired product was then 

isolated by flash column chromatography (5-100% EtOAc in hexanes). 

General Workup Procedure C (N-protected substrates): Upon completion of the 

reaction as determined by crude H-NMR, the reaction mixture was allowed to cool to room 

temperature and 1 mL of methanol followed by 10 equivalents of hydrazine monohydrate was 

added. The reaction was then allowed to stir at 80 °C for 5 minutes, after which the mixture was 

allowed to cool to room temperature and the solvent was removed under reduced pressure. The 

desired product was then isolated by flash column chromatography (5-100% EtOAc in hexanes). 

General Workup Procedure D (N-protected substrates): Upon completion of the 

reaction as determined by crude HNMR, the reaction mixture was allowed to cool to room 

temperature and 1 mL of a 1:1 mixture of THF:water followed by 10 equivalents of hydroxylamine 

hydrochloride46 was added. The reaction was then allowed to stir at 80 °C for 10 minutes, after 

which the mixture was allowed to cool to room temperature, the organic layer was separated, and 

the solvent was removed under reduced pressure. The desired product was then isolated by 

recrystallization from EtOAc. 

General Workup Procedure E (O-protected substrates): Upon completion of the 

reaction as determined by crude HNMR, the mixture was allowed to cool to room temperature and 

the solvent was removed under reduced pressure. The desired product was then isolated by flash 

column chromatography (0-25% EtOAc in hexanes). 

4.5.4 Characterization of Products 
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Compound 4.2c1 was prepared according to the general debenzylation procedure A (3 total 

additions of 10% PFTP and 5% AIBN) from its PMB-protected congener in 100% yield (27 mg) 

as a pale yellow oil. Physical and spectral data was in accordance with that of an authentic sample 

purchased and used for the synthesis of the protected starting material (CAS: 62-53-3). 

 

Compound 4.2c2 was prepared according to the general debenzylation procedure B from its PMB-

protected congener in 86% yield (40 mg) as a bright yellow solid. Physical and spectral data was 

in accordance with that of an authentic sample purchased and used for the synthesis of the protected 

starting material (CAS: 2894-51-1). 

 

Compound 4.2c3 was prepared according to the general debenzylation procedure C (3 total 

additions of 10% PFTP and 5% AIBN) from its PMB-protected congener in 100% yield (31 mg) 

as an off white solid. Physical and spectral data was in accordance with that of an authentic sample 

purchased and used for the synthesis of the protected starting material (CAS: 122-80-5). 
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Compound 4.2c4 was prepared according to the general debenzylation procedure C (3 total 

additions of 10% PFTP and 5% AIBN) from its PMB-protected congener in 83% yield (35 mg) as 

an off white solid. Physical and spectral data was in accordance with that of an authentic sample 

purchased and used for the synthesis of the protected starting material (CAS: 132-32-1). 

 

Compound 4.2c5 was prepared according to the general debenzylation procedure C (3 total 

additions of 10% PFTP and 5% AIBN) from its PMB-protected congener in 86% yield (37 mg) as 

a pale yellow oil. Physical and spectral data was in accordance with that of an authentic sample 

purchased and used for the synthesis of the protected starting material (CAS: 1072-98-6). 

 

Compound 4.2c7 was prepared according to the general debenzylation procedure C (3 total 

additions of 10% PFTP and 5% AIBN) from its PMB-protected congener in 100% yield (23 mg) 

as a red solid. Physical and spectral data was in accordance with the literature.47 
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Compound 4.2c8 was prepared according to the general debenzylation procedure C (3 total 

additions of 10% PFTP and 5% AIBN) from its PMB-protected congener in 60% yield (30 mg) as 

a pale yellow oil. Physical and spectral data was in accordance with the literature.48 

 

Compound 4.2c6 was prepared according to the general debenzylation procedure C (3 total 

additions of 10% PFTP and 5% AIBN) from its PMB-protected congener in 68% yield (16 mg) as 

a pale yellow oil. Physical and spectral data was in accordance with the literature.49 

 

Compound 4.2c9 was prepared according to the general debenzylation procedure C (3 total 

additions of 10% PFTP and 5% AIBN) from its PMB-protected congener in 66% yield (18 mg) as 

a pale yellow oil Physical and spectral data was in accordance with that of an authentic sample 

purchased and used for the synthesis of the protected starting material (CAS: 104-10-9). 
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Compound 4.2c10 was prepared according to the general debenzylation procedure D (3 Total 

additions of 10% PFTP and 5% AIBN) from its PMB-protected congener in 72% yield (35 mg) as 

a pale yellow solid. Physical and spectral data was in accordance with the literature.50 

 

Compound 4.2c11 was prepared according to the general debenzylation procedure D (3 total 

additions of 10% PFTP and 5% AIBN) from its PMB-protected congener in 20% yield (7 mg) as 

a pale red solid. Physical and spectral data was in accordance with the literature.51 

 

Compound 4.2c12 was prepared according to the general debenzylation procedure C (3 total 

additions of 10% PFTP and 5% AIBN) from its PMB-protected congener in 43% yield (15 mg) as 

a pale yellow oil. Physical and spectral data was in accordance with that of an authentic sample 

purchased and used for the synthesis of the protected starting material (CAS: 14268-66-7). 
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Compound 4.2c13 was prepared according to the general debenzylation procedure C (6 total 

additions of 10% PFTP and 5% AIBN) from its PMB-protected congener in 30% yield (7 mg) as 

an off white solid. Physical and spectral data was in accordance with the literature.52 

 

Compound 4.2c14 was prepared according to the general debenzylation procedure C (6 total 

additions of 10% PFTP and 5% AIBN) from its PMB-protected congener in 33% yield (10 mg) as 

an off white solid. Physical and spectral data was in accordance with the literature.53 

 

Compound 4.2c15 was prepared according to the general debenzylation procedure A (3 total 

additions of 10% PFTP and 5% AIBN) from its Bn-protected congener in 70% yield (20 mg) as a 

pale yellow oil. Physical and spectral data was in accordance with that of an authentic sample 

purchased and used for the synthesis of x the protected starting material (CAS: 100-61-8). 
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Compound 4.2c16 was prepared according to the general debenzylation procedure C (6 total 

additions of 10% PFTP and 5% AIBN) from its PMB-protected congener in 36% yield (42 mg) as 

an off white solid. Physical and spectral data was in accordance with that of an authentic sample 

purchased and used for the synthesis of the protected starting material (CAS: 68-35-9). 

 

Compound 4.2c17 was prepared according to the general debenzylation procedure D (3 total 

additions of 10% PFTP and 5% AIBN) from its PMB-protected congener in 49% yield (25 mg) as 

an off white solid. Physical and spectral data was in accordance with that of an authentic sample 

purchased and used for the synthesis of the protected starting material (CAS: 723-46-6). 

 

Compound 4.2c18 was prepared according to the general debenzylation procedure C (3 total 

additions of 10% PFTP and 5% AIBN) from its Bn-protected congener in 46% yield (10 mg) as a 

pale yellow oil. Physical and spectral data was in accordance with that of an authentic sample 

purchased and used for the synthesis of the protected starting material (CAS: 109-73-9). 
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Compound 4.2c19 was prepared according to the general debenzylation procedure C (2 total 

additions of 10% PFTP and 5% AIBN) from its PMB-protected congener in 36% yield (15 mg) as 

an off white solid. Physical and spectral data was in accordance with the literature.34 

 

Compound 4.2c20 was prepared according to the general debenzylation procedure E (3 total 

additions of 10% PFTP and 5% AIBN) from its Bn-protected congener in 20% yield (6 mg) as a 

white solid (64% NMR yield using dibromomethane as an internal standard). Physical and spectral 

data was in accordance with that of an authentic sample purchased and used for the synthesis of 

the protected starting material (CAS: 4254-29-9). 
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Compound 4.2c21 was prepared according to the general debenzylation procedure (3 total 

additions of 10% PFTP and 5% AIBN) from its PMB-protected congener in 81% yield. Spectral 

data was in accordance with that of an authentic sample purchased and used for the synthesis of 

the protected starting material (CAS: 28351-78-2). The yield of this compound is represented by a 

H-NMR because of difficulties encountered separating the desired product from the aldehyde 

byproduct of the reaction. 

 

Compound 4.2c22 was prepared according to the general debenzylation procedure (3 total 

additions of 10% PFTP and 5% AIBN) from its PMB-protected congener in 44% H-NMR yield. 

Spectral data was in accordance with that of an authentic sample purchased and used for the 

synthesis of the protected starting material (CAS: 35836-73-8). The yield of this compound is 

represented by a H-NMR because of difficulties encountered separating the desired product from 

the aldehyde byproduct of the reaction. 
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Compound 4.2c23 was prepared according to the general debenzylation procedure (3 total 

additions of 10% PFTP and 5% AIBN) from its PMB-protected congener in 85% H-NMR yield. 

Spectral data was in accordance with that of an authentic sample purchased and used for the 

synthesis of the protected starting material (CAS: 89-78-1). The yield of this compound is 

represented by a H-NMR because of difficulties encountered separating the desired product from 

the aldehyde byproduct of the reaction. 

 

Compound 4.2c24 was prepared according to the general debenzylation procedure (3 total 

additions of 10% PFTP and 5% AIBN) from its Bn-protected congener in 45% yield. Spectral data 

was in accordance with that of an authentic sample purchased and used for the synthesis of the 

protected starting material (CAS: 111-87-5). The yield of this compound is represented by a H-

NMR because of difficulties encountered separating the desired product from the aldehyde 

byproduct of the reaction. 
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Compound 4.2c25 was prepared according to the general debenzylation procedure (6 total 

additions of 10% PFTP and 5% AIBN) from its PMB-protected congener in 81% H-NMR yield. 

Spectral data was in accordance with the literature.54 The yield of this compound is represented by 

a H-NMR because of difficulties encountered separating the desired product from the aldehyde 

byproduct of the reaction. 

 

Compound 4.2c26 was prepared according to the general debenzylation procedure E (6 total 

additions of 10% PFTP and 5% AIBN) from its PMB-protected congener in 47% yield (19 mg) as 

a white solid. Physical and spectral data was in accordance with that of an authentic sample 

purchased and used for the synthesis of the protected starting material (CAS: 103788-65-4). 

 

Compound 4.2c27 was prepared according to the general debenzylation procedure E (6 total 

additions of 10% PFTP and 5% AIBN) but using MeCN in lieu of chlorobenzene from its PMB-

protected congener in 67% yield (30 mg) as a clear oil. Physical and spectral data was in 

accordance with the literature.55  
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Compound x was prepared according to the general debenzylation procedure (3 total additions of 

10% PFTP and 5% AIBN) from its PMB-protected congener in 36% yield. Spectral data was in 

accordance with that of an authentic sample purchased and used for the synthesis of the protected 

starting material (CAS: 7540-51-4). The yield of this compound is represented by a H-NMR 

because of difficulties encountered separating the desired product from the aldehyde byproduct of 

the reaction. 

 

Compound 4.2c29 was prepared according to the general debenzylation procedure E (6 total 

additions of 10% PFTP and 5% AIBN)  from its PMB-protected congener in 46% yield (33 mg) 

as a clear oil. 1H-NMR (300 MHz; CDCl3): δ  7.32 (d, J = 6.7 Hz, 2H), 7.25-7.12 (m, 5H), 6.99 

(d, J = 8.3 Hz, 2H), 6.85-6.80 (m, 4H), 5.05 (s, 2H), 3.78 (s, 3H), 3.74 (t, J = 6.7 Hz, 2H), 2.74 (t, 

J = 6.7 Hz, 2H). 13C-NMR (75 MHz; CDCl3): δ 170.6, 158.9, 141.7, 137.2, 136.1, 129.77, 129.73, 

129.55, 129.51, 128.7, 127.86, 127.69, 113.8, 63.2, 55.2, 53.3, 38.5. HRMS (ESI-TOF) Calc. for 

[C23H24NO3]+= 362.1751, Found = 362.1752. 
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Compound4.2c30 was prepared according to the general debenzylation procedure E (6 total 

additions of 10% PFTP and 5% AIBN) from its PMB-protected congener in 25% yield (21 mg) as 

a white solid. Physical and spectral data was in accordance with that of an authentic sample 

purchased and used for the synthesis of the protected starting material (CAS: 512-04-9). 

 

Compound 4.2c31 was prepared according to the general debenzylation procedure E (3 total 

additions of 10% PFTP and 5% AIBN) from its PMB-protected congener in 68% yield (56 mg) as 

a light brown solid. Physical and spectral data was in accordance with that of an authentic sample 

purchased and used for the synthesis of the protected starting material (CAS: 83-48-7). 
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Compound 4.2b32 was prepared according to the general debenzylation procedure C (2 total 

additions of 10% PFTP and 5% AIBN) from compound 4.2a32 in 53% yield (29 mg) as an off 

white solid (quantitative H-NMR yield). Physical and spectral data was in accordance with the 

literature.56 

4.5.5 Computational Details 

All calculations were performed using Gaussian 16, Revision B.01.57 Molecular structures 

were visualized using Avogadro version 1.2.0.58 

The S-H bond dissociation enthalpies of pentafluorothiophenol and methyl thioglycolate 

were calculated according to the method presented by Dilman in: Ranferova, L. I.; Zubov, M. O.; 

Kokorekin, V. A.; Levin, V. V.; Dilman, A. D. Using The Thiyl Radical for Aliphatic Hydrogen 

Atom Transfer: Thiolation of Unactivated C-H Bonds. Angew Chem. 2021, 2885-2890. 

The S-H bond dissociation enthalpy of thiophenol was taken from: Borges dos Santosm R. 

M.; Muralha, V. S. F.; Correia, C. F.; Guedes, R. C.; Costa Cabral, B. J.; Martinho Simões, J. A. 

S-H Bond Dissociation Enthalpies in thiophenols: A Time Resolved Photoacoustic Calorimetry 

and Quantum Chemistry Study. J. Phys. Chem. A 2002, 9883-9889.  

The electron affinity of the methyl thioglycolate, thiophenol, and pentafluorothiophenol 

derived thiyl radicals were calculated according to the method presented in: Chandra, A. K.; Nam, 

P.-C.; Nguyen. The S-H Bond Dissociation Enthalpies and Acidities of Para and Meta Substituted 

Thiophenols: A Quantum Chemical Study. J. Phys. Chem. A 2003, 9182-9188. 
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Structures for BDE calculations: 

 

Methyl thioglycolate, B3LYP/6-311G(d,p) 

C       -0.4582280000      0.5857750000      0.0050570000                  

O       -0.0036890000      1.6961230000      0.0014460000                  

O       -1.8027380000      0.4297720000     -0.0058150000                  

C       -2.4240530000     -0.8620260000     -0.0118740000                  

H       -3.4935810000     -0.6637940000      0.0004670000                  

H       -2.1757040000     -1.4244990000     -0.9154280000                  

H       -2.1583450000     -1.4435710000      0.8743770000                  

C        0.3811050000     -0.6893150000      0.0337910000                  

H        0.1378130000     -1.2482390000      0.9405160000                  

H        0.1112200000     -1.3172340000     -0.8175070000                  

S        2.1866200000     -0.3799740000     -0.0148070000                  

H        2.0511490000      0.9631470000      0.0275930000                  

Zero-point correction=                           0.088911 (Hartree/Particle) 

Thermal correction to Energy=                    0.096461 

Thermal correction to Enthalpy=                  0.097405 

Thermal correction to Gibbs Free Energy=         0.055502 

Sum of electronic and zero-point Energies=           -666.573520 

Sum of electronic and thermal Energies=              -666.565969 

Sum of electronic and thermal Enthalpies=            -666.565025 
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Sum of electronic and thermal Free Energies=         -666.606928  

 

Methyl thioglycolate thiyl radical, B3LYP/6-311G(d,p) 

C        0.4405100000      0.6191550000      0.0000270000                  

O        0.0395680000      1.7435750000      0.0000780000                  

O        1.7836570000      0.3937430000     -0.0000040000                  

C        2.3465160000     -0.9232470000     -0.0000440000                  

H        3.4243830000     -0.7741060000     -0.0000580000                  

H        2.0678780000     -1.4864140000      0.8947860000                  

H        2.0678520000     -1.4863690000     -0.8948950000                  

C       -0.4533080000     -0.6273740000      0.0001360000                  

H       -0.2256870000     -1.2556930000     -0.8682070000                  

H       -0.2257200000     -1.2555190000      0.8686070000                  

S       -2.2310510000     -0.3282280000     -0.0000960000      

Zero-point correction=                           0.077573 (Hartree/Particle) 

Thermal correction to Energy=                    0.084427 

Thermal correction to Enthalpy=                  0.085372 

Thermal correction to Gibbs Free Energy=         0.045029 

Sum of electronic and zero-point Energies=           -665.937143 

Sum of electronic and thermal Energies=              -665.930288 

Sum of electronic and thermal Enthalpies=            -665.929344 

Sum of electronic and thermal Free Energies=         -665.969687             
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Pentafluorothiophenol, B3LYP/6-311G(d,p) 

C        1.1141290000     -0.0044240000      0.0000160000                  

C        0.3861850000     -1.1934540000     -0.0000670000                  

F        1.0395760000     -2.3639090000     -0.0000660000                  

C       -1.0018000000     -1.2007290000      0.0000700000                  

F       -1.6692490000     -2.3568790000      0.0001030000                  

C       -1.6971760000      0.0030360000      0.0000000000                  

F       -3.0317100000      0.0075940000     -0.0000620000                  

C       -0.9949790000      1.2025740000      0.0000180000                  

F       -1.6567950000      2.3625670000     -0.0000770000                  

C        0.3933010000      1.1892910000      0.0001060000                  

F        1.0441480000      2.3654920000      0.0000370000                  

S        2.8878300000     -0.0850910000     -0.0000520000                  

H        3.0630460000      1.2499140000      0.0005580000         

Zero-point correction=                           0.058597 (Hartree/Particle) 

Thermal correction to Energy=                    0.069222 

Thermal correction to Enthalpy=                  0.070166 

Thermal correction to Gibbs Free Energy=         0.022173 

Sum of electronic and zero-point Energies=          -1126.745428 

Sum of electronic and thermal Energies=             -1126.734803 
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Sum of electronic and thermal Enthalpies=           -1126.733859 

Sum of electronic and thermal Free Energies=        -1126.781852   

 

Pentafluorothiophenol thiyl radical, B3LYP/6-311G(d,p) 

S       -2.8897210000      0.0000000000      0.0000380000                  

C       -1.1774240000      0.0000000000     -0.0000190000                  

C       -0.4301230000      1.2076060000     -0.0000140000                  

F       -1.0569100000      2.3771570000     -0.0000440000                  

C        0.9522520000      1.2116020000      0.0000060000                  

F        1.6367100000      2.3568010000      0.0000140000                  

C        1.6442770000      0.0000000000      0.0000070000                  

F        2.9702780000      0.0000000000      0.0000140000                  

C        0.9522510000     -1.2116020000      0.0000020000                  

F        1.6367090000     -2.3568010000      0.0000070000                  

C       -0.4301240000     -1.2076050000     -0.0000200000                  

F       -1.0569110000     -2.3771570000     -0.0000340000          

Zero-point correction=                           0.049689 (Hartree/Particle) 

Thermal correction to Energy=                    0.059641 

Thermal correction to Enthalpy=                  0.060586 

Thermal correction to Gibbs Free Energy=         0.013062 

Sum of electronic and zero-point Energies=          -1126.121683 
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Sum of electronic and thermal Energies=             -1126.111731 

Sum of electronic and thermal Enthalpies=           -1126.110786 

Sum of electronic and thermal Free Energies=        -1126.158310         

Structures for electron affinity calculations: 

 

Methyl thioglycolate thiolate anion, wb97xd/6-311++g(d,p) scrf=(iefpcm,solvent=benzene) 

C        0.4431300000      0.6141610000     -0.0000670000                  

O        0.1254180000      1.7701310000     -0.0000850000                  

O        1.7941410000      0.3616890000     -0.0000460000                  

C        2.3134900000     -0.9585050000     -0.0000210000                  

H        3.3977500000     -0.8482600000     -0.0001540000                  

H        2.0115340000     -1.5148660000      0.8914620000                  

H        2.0113250000     -1.5149760000     -0.8913660000                  

C       -0.4669160000     -0.5981230000     -0.0000060000                  

H       -0.1688580000     -1.1952390000     -0.8712210000                  

H       -0.1687410000     -1.1953350000      0.8710960000                  

S       -2.2611070000     -0.3206930000      0.0001120000         

Zero-point correction=                           0.080139 (Hartree/Particle) 

Thermal correction to Energy=                    0.087069 

Thermal correction to Enthalpy=                  0.088013 

Thermal correction to Gibbs Free Energy=         0.047227 

Sum of electronic and zero-point Energies=           -665.972974 



 
 

336 

Sum of electronic and thermal Energies=              -665.966044 

Sum of electronic and thermal Enthalpies=            -665.965100 

Sum of electronic and thermal Free Energies=         -666.005886      

 

Methyl thioglycolate thiyl radical, wb97xd/6-311++g(d,p) scrf=(iefpcm,solvent=benzene) 

C        0.4418020000      0.6118220000     -0.0000860000                  

O        0.0380560000      1.7378350000     -0.0000160000                  

O        1.7687060000      0.3942430000     -0.0000690000                  

C        2.3267040000     -0.9197570000     -0.0000520000                  

H        3.4043760000     -0.7748300000     -0.0000270000                  

H        2.0417640000     -1.4756580000      0.8959340000                  

H        2.0418090000     -1.4756620000     -0.8960510000                  

C       -0.4503110000     -0.6277250000      0.0000170000                  

H       -0.2190970000     -1.2537920000     -0.8689020000                  

H       -0.2189970000     -1.2537180000      0.8689620000                  

S       -2.2133200000     -0.3255630000      0.0000940000 

Zero-point correction=                           0.079863 (Hartree/Particle) 

Thermal correction to Energy=                    0.086930 

Thermal correction to Enthalpy=                  0.087874 

Thermal correction to Gibbs Free Energy=         0.046390 

Sum of electronic and zero-point Energies=           -665.837741 

Sum of electronic and thermal Energies=              -665.830674 
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Sum of electronic and thermal Enthalpies=            -665.829730 

Sum of electronic and thermal Free Energies=         -665.871214 

 

 

Pentafluorothiophenol thiolate anion, wb97xd/6-311++g(d,p) 
scrf=(iefpcm,solvent=benzene) 

S       -2.9283790000      0.0000010000      0.0000140000                  

C       -1.1958770000      0.0000010000     -0.0000120000                  

C       -0.4275910000      1.1792060000     -0.0000050000                  

F       -1.0349760000      2.3756060000     -0.0000170000                  

C        0.9559600000      1.1897300000      0.0000020000                  

F        1.6269210000      2.3508660000      0.0000080000                  

C        1.6638850000      0.0000000000      0.0000010000                  

F        3.0056240000     -0.0000010000      0.0000050000                  

C        0.9559590000     -1.1897300000     -0.0000010000                  

F        1.6269200000     -2.3508660000      0.0000010000                  

C       -0.4275920000     -1.1792060000     -0.0000060000                  

F       -1.0349770000     -2.3756070000     -0.0000080000      

Zero-point correction=                           0.049964 (Hartree/Particle) 

Thermal correction to Energy=                    0.059858 

Thermal correction to Enthalpy=                  0.060802 

Thermal correction to Gibbs Free Energy=         0.014163 
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Sum of electronic and zero-point Energies=          -1126.057190 

Sum of electronic and thermal Energies=             -1126.047295 

Sum of electronic and thermal Enthalpies=           -1126.046351 

Sum of electronic and thermal Free Energies=        -1126.092990         

 

 

Pentafluorothiophenol thiyl radical, wb97xd/6-311++g(d,p) scrf=(iefpcm,solvent=benzene) 

S       -2.8790890000      0.0000000000      0.0000130000                  

C       -1.1741990000      0.0000000000      0.0000010000                  

C       -0.4286620000      1.2021560000     -0.0000080000                  

F       -1.0521810000      2.3660820000     -0.0000200000                  

C        0.9506880000      1.2074200000      0.0000030000                  

F        1.6281090000      2.3474010000      0.0000110000                  

C        1.6413370000      0.0000000000      0.0000030000                  

F        2.9590620000      0.0000000000      0.0000030000                  

C        0.9506880000     -1.2074200000     -0.0000030000                  

F        1.6281090000     -2.3474010000      0.0000010000                  

C       -0.4286620000     -1.2021550000     -0.0000140000                  

F       -1.0521810000     -2.3660830000     -0.0000060000 

Zero-point correction=                           0.050495 (Hartree/Particle) 

Thermal correction to Energy=                    0.060325 
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Thermal correction to Enthalpy=                  0.061269 

Thermal correction to Gibbs Free Energy=         0.014008 

Sum of electronic and zero-point Energies=          -1125.902089 

Sum of electronic and thermal Energies=             -1125.892259 

Sum of electronic and thermal Enthalpies=           -1125.891314 

Sum of electronic and thermal Free Energies=        -1125.938575 

 

 

Thiophenol thiolate anion, wb97xd/6-311++g(d,p) scrf=(iefpcm,solvent=benzene) 

S        2.3390560000      0.0000000000      0.0000130000                  

C        0.5845400000      0.0000000000     -0.0000420000                  

C       -0.1626260000      1.1965160000     -0.0000060000                  

H        0.3766350000      2.1382380000     -0.0000290000                  

C       -1.5516050000      1.1962420000      0.0000050000                  

H       -2.0831050000      2.1443360000      0.0000030000                  

C       -2.2662070000      0.0000010000      0.0000130000                  

H       -3.3511800000      0.0000010000      0.0000210000                  

C       -1.5516050000     -1.1962410000      0.0000050000                  

H       -2.0831060000     -2.1443350000      0.0000020000                  

C       -0.1626260000     -1.1965170000     -0.0000060000                  

H        0.3766320000     -2.1382410000     -0.0000280000                  

Zero-point correction=                           0.090631 (Hartree/Particle) 
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Thermal correction to Energy=                    0.096139 

Thermal correction to Enthalpy=                  0.097083 

Thermal correction to Gibbs Free Energy=         0.060847 

Sum of electronic and zero-point Energies=           -629.826359 

Sum of electronic and thermal Energies=              -629.820852 

Sum of electronic and thermal Enthalpies=            -629.819907 

Sum of electronic and thermal Free Energies=         -629.856143 

 

 

Thiophenol thiyl radical, wb97xd/6-311++g(d,p) scrf=(iefpcm,solvent=benzene) 

S        2.3138410000      0.0000000000     -0.0000160000                  

C        0.5528370000     -0.0000020000      0.0000580000                  

C       -0.1477580000      1.2084240000      0.0000010000                  

H        0.3872880000      2.1518550000      0.0000370000                  

C       -1.5372910000      1.2007090000     -0.0000070000                  

H       -2.0715170000      2.1443560000      0.0000010000                  

C       -2.2379300000      0.0000010000     -0.0000150000                  

H       -3.3218030000      0.0000020000     -0.0000140000                  

C       -1.5372940000     -1.2007070000     -0.0000070000                  

H       -2.0715230000     -2.1443520000      0.0000020000                  

C       -0.1477600000     -1.2084260000      0.0000010000                  

H        0.3872780000     -2.1518600000      0.0000380000                
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Zero-point correction=                           0.091173 (Hartree/Particle) 

Thermal correction to Energy=                    0.096711 

Thermal correction to Enthalpy=                  0.097655 

Thermal correction to Gibbs Free Energy=         0.060730 

Sum of electronic and zero-point Energies=           -629.680361 

Sum of electronic and thermal Energies=              -629.674823 

Sum of electronic and thermal Enthalpies=            -629.673878 

Sum of electronic and thermal Free Energies=         -629.710804   

4.5.6 1H, 13C, and 2-D NMR Spectra 
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 Over the past several decades, the development of radical mediated synthetic 

transformations has seen an impressive resurgence. The ability for open-shell process to tolerate 

otherwise reactive polar functionalities makes them particularly attractive. Within our own efforts, 

we found that hydroxylamine-containing compounds could serve as highly reactive N-centered 

radical precursors in the presence of trivalent phosphorus. In the seminal work presented herein, 

we discovered that N-hydroxyphthalimide could serve as a source of phthalimidyl radical toward 

the highly regioselective hydroamination of alkenes. 

 

Scheme 5.1. Intermolecular hydroamination of alkenes using NHPI. 

 Further mechanistic inquiry revealed that our hydroamination protocol was occurring 

through an ATRA type pathway in which N-hydroxyphthalimide was providing both the N-atom 

and H-atom for the overall transformation. With this realization, we were able to extend the scope 

of this reactivity to the difunctionalization of alkenes using ally-oxyphthalimides derivatives of 

NHPI through a GTRA pathway. This unique reactivity provided further mechanistic evidnce in 

agreement with an ATRA mechanism for our hydroamination protocol, and served as an excellent 

example of the guiding effects of radical polarities. 

 

Scheme 5.2. Intermolecular aminoallylation of alkenes using allyl-oxyphthalimides. 

Staying on the same theme of trivalent phosphorus-mediated deoxygention of 

hydroxylamines, we extended the reactivity observed for NHPI and allyl-oxyphthalimide 

derivatives to include hydroxamic acids toward the synthesis of aromatic amines. Through the 
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facile construction of an intermediary hydroxamic acid scaffold starting from phenols, we were 

able to perform the formal conversion of phenols to anilines via a radical-type Smiles 

rearrangement. Intramolecular substitution at the ipso-carbon of the phenol-derived hydroxamic 

acid by an amidyl radical lead to the formation of a new aromatic C-N bond in exchange for the 

cleavage of the phenolic C-O bond. 

 

Scheme 5.3. Formal aniline synthesis from phenols. 

In a separate vein, we explored the capability of thiols to serve as site-selective H-atom 

abstraction reagents toward the debenzylation of alcohols and amines. By carefully evaluating the 

electronic properties of a host of thiyl radicals, we discovered that pentafluorothiophenol would 

be the ideal catalyst to invoke this transformation due to exceptionally high electron affinity and 

low S-H bond dissociation enthalpy. Our theoretical investigation was corroborated by our 

experimental success in deprotecting a host of Bn- and PMB- protected alcohols and amines. 

 

Scheme 5.4. Thiol catalyzed debenzylation of alcohols and amines. 

 
5.1 Future Directions 
 

Ever since the first carbon-centered radical was identified, isolated, and characterized in 

the year 1900, radical mediated synthetic methods have become widely popular and the rate of 

development for these processes continues to increase. In the past, radical chemistry has been 

given somewhat of a bad reputation due to the use of hazardous reagents and unpredictable 
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reactivity in certain cases. But as the field of radical chemistry has aged and progressed, newer 

methods have been able to demonstrate the employment of easily handled reagents toward the 

development of highly chemo- and regio-selective chemical processes that achieve amazing 

transformations where two-electron, polar pathways otherwise may have not. Presented here, 

benchtop stable hydroxylamines have been found to be highly effective N-centered radical 

precursors, and simple thiols have shown their efficiency in radical-mediated deprotection 

strategies. These examples serve as but a sliver of evidence toward the idea that radical chemistry 

is capable of achieving fantastic transformations, and that the development of future methods is of 

great importance to organic synthesis as a whole. 




