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Abstract 

Radical reactions have been proven valuable tools in C-C bond generation because the 

initial radical can evolve to form additional C-C bonds until the new radical species is 

trapped. With the careful design of the substrates and the control of the reaction 

conditions, tandem radical reactions can be developed that allow the construction of 

complex structures starting from simple starting materials. 

Metal-catalyzed hydrogen atom transfer (MHAT) reactions are radical-based reactions 

that allow mild and non-toxic conditions, with high chemo- and site-selectivity and a 

wide functional group tolerance (Scheme 1).  

 

Scheme 1. Metal-catalyzed Hydrogen Atom Transfer (MHAT). 

Our group has developed several MHAT C-C bond-forming reactions of non-activated 

alkenes with a wide variety of acceptor groups such as aldehydes, ketones, Cbz 

hydrazones, and tosylhydrazones. Despite the many advantages presented by MHAT-

based radical reactions and their potential for developing new tandem reactions, few 

examples have yet been reported in the literature. In the present thesis, the aim was 

to expand the scope of radical acceptors that can be used in MHAT reactions as well as 

develop novel tandem reaction processes. 

First, isocyanides have been studied as radical acceptors to carry out a tandem 

reaction to obtain functionalized nitrogen heterocycles, highly valued compounds in 

medicinal chemistry (Scheme 2). The reaction uses MHAT conditions to generate a 

radical from an alkene that carries out a first radical addition step on the isocyanide, 

followed by subsequent intramolecular cyclization to give rise to the functionalized 

heterocycle. A wide range of different nitrogen-containing heterocycles can be 

synthesized using this methodology. In cases where the alkene substitution made it 

more challenging, combining HAT-Minisci conditions made the coupling possible. The 
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reductive cyclization of these isocyanides has also been shown to be effective, in the 

absence of alkene, to give rise to the corresponding unfunctionalized heterocycles. 

Scheme 2. Isocyanides as radical acceptors 

Secondly, a cross-dehydrogenative coupling reaction has been developed from the 

initial serendipitously observed side reaction. Using conditions derived from MHAT and 

Minisci, it has been possible to generate radicals through C-H activation on the -

position of ethers, amides, and alkanes to carry out the radical coupling on activated 

heterorenes (Scheme 3). This reaction has the potential to be applied in medicinal 

chemistry for late-stage functionalization under mild conditions. 

Scheme 3. C-H functionalization of heteroarenes. 

Thirdly, the use of tosylhydrazones as acceptor groups in MHAT reactions has been 

studied to carry out a tandem reaction that begins with intramolecular cyclization 

followed by in situ fragmentation of the tosylhydrazine and subsequent intermolecular 

trapping of the generated tertiary radical with a Michael acceptor in a Giese-type 

addition (Scheme 4). This reaction allows the generation of two adjacent quaternary 

centers in a single reaction via the formation of two geminal C-C bonds. This 

methodology has been used to prepare functionalized adamantane-like derivatives, 
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which are very interesting scaffolds from the point of view of medicinal chemistry and 

other fields. Further transformations also allowed the preparation of adamantane-

substituted heterocycles. 

 

 

Scheme 4. Use of tosylhydrazones as radical acceptors. 
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List of Abbreviations and Acronyms 

In this manuscript, the abbreviations and acronyms most commonly used in organic 

chemistry have been used following the recommendations from “Guidelines for 

Authors” of J. Org. Chem. 2020. 

1,4-CHD 1,4-cyclohexadiene 

4-CzIPN 1,2,3,5-tetrakis(carbazol-9-yl)-4,6-dicyanobenzene 

p-ABSA 4-acetamidobenzenesulfonyl azide 

Ac acetyl 

acac acetylacetonate 

ADME absorption, distribution, metabolism and excretion 

AIBN azobisisobutyronitrile 

aq aqueous 

Ar aromatic substituent 

ATA α-tert-amines 

ax axial 

Bn benzyl 

Boc tert-butoxycarbonyl 

BPO benzoyl peroxide 

bpy 2,2’-bipyridine 

br broad 

t-Bu tert-butyl 

Bz benzoyl 

calcd calculated 

Cbz benzyloxycarbonyl 

CCDC Cambridge crystallographic data centre 

ChCl choline chloride 

Cp cyclopentadienyl 

m-CPBA 3-chloroperbenzoic acid 

d doublet 

 chemical shift 

DABCO 1,4-diazabicyclo[2.2.2]octane 
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DBU 1,5-diazabicyclo[5.4.0]undec-5-ene 

DCP dicumyl peroxide 

DHB 2,5-dihydroxybenzoic acid 

DCE dichloroethane 

DCM dichloromethane 

dd doublet of doublets 

ddd doublet of doublets of doublets 

dddd doublet of doublets of doublets of doublets 

DEAD diethyl azodicarboxylate 

DEG diethylene glycol 

dibm diisobutyrylmethane 

DIPEA N,N-diisopropylethylamine 

DMA dimethylacetamide 

DMAP dimethylaminopyridine 

DME 1,2-dimethoxyethane 

DMF N,N-dimethylformamide 

DMPU 1,3-dimethyl-3,4,5,6-tetrahydro-2(1H)-pyrimidinone 

DMSO dimethylsulfoxide 

DPEphos bis[(2-diphenylphosphino)phenyl] ether 

dpm dipivaloylmethanato 

dq doublet of quatriplets 

dr diastereomeric ratio 

dt doublet of triplets 

DTBP di-tert-butyl peroxide

e.g. exempli gratia (for example) 

EI electron ionization 

eq equatorial 

equiv or eq. equivalent 

ESI electrospray ionization 

et al. et alii (and others) 

EWG electro withdrawing group 
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FDA Food and Drug Administration 

GC-MS gas chromatography-mass spectrometry 

HAT hydrogen atom transfer 

HMPA hexamethylphosphoramide 

HRMS high resolution mass spectrum 

i.e. id est (that is) 

iPr isopropyl 

J coupling constant 

KHMDS potassium bis(trimethylsilyl)amide 

LDA lithium diisopropylamide 

LEDs light-emitting diodes 

m multiplet 

M+ molecular ion 

m/z mass to charge ratio 

Mes mesityl (1,3,5-trimethylbenzene) 

MesAcr+BF4
- 9-mesityl-10-methylacridinium tetrafluoroborate 

MHAT metal catalysed hydrogen atom transfer 

Ms mesyl (methanesulfonyl) 

MS mass spectrometry 

MTBE methyl tert-butyl ether 

NHC N-heterocyclic carbene 

NHPI N-hydroxyphthalimide 

NMDA N-methyl-D-aspartate 

NMO 4-methylmorpholine N-oxide 

NMP N-methyl-2-pyrrolidone 

NMR nuclear magnetic resonance 

Oct octyl 

PCC pyridinium chlorochromate 

PCET proton-coupled electron transfer 

PIFA (bis(trifluoroacetoxy)iodo)benzene 

pin pinacol 
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PMHS polymethylhydrosiloxane 

ppm parts per million 

ppy 2-phenylpyridine

PT 5,7,12,14-pentacenetetrone 

Py pyridine 

qt quadruplet of triplets 

quint quintuplet 

R generalized alkyl group or substituent 

Rf retention factor 

rt room temperature 

s singlet 

SET single electron transfer 

t triplet 

TBAB Tetrabutylammonium bromide 

TBADT Tetra-n-butylammonium decatungstate 

TBDPS tert-butyldiphenylsilyl 

TBHP tert-butyl hydroperoxide 

TBPB tert-butyl peroxybenzoate 

TBS tert-butyldimethylsilyl 

TCB trichlorobenzene 

td triplet of doublets 

TEMPO 2,2,6,6-tetramethyl-1-piperidinyloxy 

TES triethylsilyl 

Tf triflate 

TFA trifluoroacetic acid 

THF tetrahydrofuran 

TIPS triisopropylsilyl 

TLC thin layer chromatography 

TMS tetramethylsilane 

TRIP-SH 2,4,6-triisopropyl benzenethiol 

Ts tosyl (p-toluenesulfonyl) 
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TsOH p-toluenesulfonic acid 

W watts 

WMK Wieland-Miescher ketone 

XanthPhos (9,9-dimethyl-9H-xanthene-4,5-diyl)bis(diphenylphosphane) 
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1.1. INTRODUCTION  

1.1.1. Radical Reactions in Organic Synthesis 

In 1900, Moses Gomberg, a professor at the University of Michigan, tried to synthesize 

hexaphenylethane by reacting triphenylmethyl halides with sodium in benzene when 

he obtained a mysterious and unstable white crystalline powder. This highly reactive 

compound oxidized with the oxygen in the air and rapidly reacted with halogens, 

properties that did not agree with those expected for hexaphenylethane. After trying 

to study the compound more thoroughly, he concluded that the compound he had 

isolated had to be a free radical, the triphenylmethyl radical.1 Gomberg's conclusions 

were taken with skepticism since the majority of the scientific community was still 

convinced that carbon must be tetravalent and that a deeper explanation of the 

existence of free radicals would not come until years later from scientists such as G. N. 

Lewis, W. Kossel, or I. Langmuir.2  

Initially, these compounds garnered limited attention as they were perceived as highly 

reactive intermediates prone to rapid and uncontrolled reactions. However, in the 

1980s radical chemistry began to emerge as a highly efficient strategy in organic 

synthesis3 becoming a powerful tool for constructing C-C bonds through the addition of 

carbon-centered radicals to unsaturated bonds.4  

In contrast to their ionic counterparts, radical reactions operate under mild conditions, 

exhibit high chemoselectivity, possess wide functional group tolerance, and facilitate 

the generation of complex structures via tandem reactions.5 In more recent times, the 

advent of innovative methodologies for radical generation under environmentally 

benign conditions, including photochemical6 and electrochemical techniques,7 coupled 

with the fusion of radical chemistry with other areas such as organometallic coupling 

reactions8 and organocatalysis,9 has unlocked a plethora of previously inaccessible 

transformations. As a result, radical chemistry now occupies a central role at the 

forefront of synthetic methodology development, driving forward new avenues of 

exploration in the field and establishing radicals as indispensable elements in 

contemporary organic synthesis.  
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1.1.2. Metal-Hydrogen Atom Transfer (MHAT) 

A landmark in the field of radical chemistry was the metal-catalyzed generation of 

radicals from alkenes through hydrogen atom transfer to initiate coupling reactions.10 

In this process, a non-toxic, earth-abundant metal such as cobalt, iron, or manganese,11 

is combined with a suitable hydride source, usually PhSiH3, Et3SiH, or NaBH4, to 

generate a putative metal hydride species (Scheme 1.1). This metal hydride species 

undergoes hydrogen atom transfer to the less substituted position of an alkene, 

generating a carbon-centered radical that is subsequently trapped by an extensive 

range of electrophiles (X·) to give the corresponding addition product with 

Markovnikov selectivity.12 

 

Scheme 1.1. Metal-catalyzed Hydrogen Atom Transfer (MHAT). 

 

These types of reactions have focused the attention of many synthetic chemists in 

recent years, and this is due, in large part, to the numerous advantages that these 

procedures present. First, alkenes are very stable pro-radicals, making it possible to 

carry them through many steps of a synthetic sequence until the desired radical 

reaction occurs. As a result, MHAT reactions have been employed as the key step in the 

synthesis of complex natural products.13 In addition, alkenes are inexpensive common 

feedstock chemicals, making them ideal starting materials for organic synthesis. 

Further advantages of MHAT reactions include their high chemoselectivity exhibited for 

alkenes, making these reactions exhibit a wide functional group tolerance. 

Furthermore, these reactions often exhibit high site selectivity,14 making it possible to 

selectively react with one alkene over another if they have different substitution 

patterns. Finally, the mild reaction conditions employed make performing these 

reactions relatively straightforward. The reactions often occur at room temperature, at 

standard pressure, and without the need to exclude moisture. While the reactions are 

usually carried out under an inert atmosphere, a number of MHAT reactions perform 
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better open to the air. The fact that the metal catalysts can often be employed in low 

quantities and are non-toxic provides a further advantage over many classical radical 

reactions.   

1.1.3. Historical background of MHAT reactions 

The first application of an MHAT reaction on a double bond was studied in the 1960s by 

Kwiatek and Seyler, who managed to hydrogenate different alkenes using a cobalt 

catalyst.15 Drago subsequently reported the first selective catalytic oxidation of 

terminal olefins using cobalt complexes in 1982.16 However, it was not until 1989, when 

Mukayama described the catalytic hydration of alkenes using molecular oxygen, 

phenylsilane, and Co(acac)2,17 that organic chemists started to take an interest in this 

type of reaction. Notably, this reaction has been used extensively in many natural 

product syntheses.18  

 Since then, hydrofunctionalizations of alkenes to form C-O (hydroperoxydation19 and 

hydroalkylation20), C-N (hydroamination,21 hydrohydrazination, and hydroazidation,22 

nitrosation23), C-S (hydrothiolation24), C-X (hydrofluorination,25 hydrochlorination,26 

hydrobromination, and hydroiodination27), C-H (hydrogenation28) and C-Se 

(hydroselenation29) bond formation have been developed using MHAT conditions 

(Scheme 1.2).30  

 

Scheme 1.2. Radical-based alkene hydrofunctionalization enabled by hydrogen atom transfer. 
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1.1.4. Carbon-Carbon Bond Formation by MHAT Reactions 

However, it was not until relatively recently that general C–C bond formation reactions 

were developed using MHAT conditions. As a result, MHAT reactions have now become 

a powerful tool in organic synthesis. 

As this thesis focuses on developing new MHAT C-C reactions, we will briefly outline all 

the C-C reactions developed to date, which we have grouped according to the type of 

radical acceptor used. 

Electron-deficient alkenes as acceptors  

In 2014, Baran and co-workers reported the first general method for C-C coupling,31   

where the intra- and intermolecular coupling between non-activated alkenes and 

electron-deficient olefins was described. Fe(acac)3 was used as a metal catalyst, and 

PhSiH3 was employed as a hydride source to generate structures such as bicyclic 

systems, cyclopropanes, and vicinal quaternary centers (Scheme 1.3).  

 

 

Scheme 1.3. Baran’s reductive olefin coupling. 

 

Shortly after, the scope of the reaction was expanded to include alkenes that presented 

a heteroatom adjacent to the carbon on which the radical is formed (Scheme 1.4).32 

This reaction performed better with Fe(dipm)3 as the catalyst instead of Fe(acac)3 and 

with Na2HPO4 as an additive. 
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Scheme 1.4. Baran’s functionalized olefin cross-coupling. 

In 2017, Baran and Holland elucidated the mechanism with experimental evidence.33 

As shown in Scheme 1.5, it is a very complex cycle in which both the catalyst and the 

hydride source evolve into several species to form the metal hydride responsible for 

the radical attack to the alkene that will give rise to the C-C coupling. It was discovered 

that a FeII species formed in a secondary catalytic cycle involving PhSiH3 independent of 

the substrate. These studies also showed that phenylsilane was converted to a much 

more reactive substituted ethoxy version in this secondary cycle. It should be noted 

that by excluding air from the reaction, the conversion of FeII to FeIII does not occur. 

 

Scheme 1.5. Baran and Holland's mechanistic proposal for the alkene cross-coupling. 

Furthermore, Poli and Holland reported an analysis of this MHAT C-C coupling using 

DFT calculations.34 They concluded that Fe species decrease the amount of free radicals 

in solution by forming Fe-C and Fe-O bonds. These results are strongly related to the 

persistent radical effect (PRE),35 which prolongs the life of active radical species 

through the reversible formation of a Fe-C bond; this stabilizes the radicals, decreasing 
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their concentration in the reaction medium and prolonging their life. Therefore, this 

PRE effect would help reduce unwanted bimolecular terminations and increase cross-

coupling selectivity. The mechanisms for most of the subsequently outlined MHAT 

reactions are based on this mechanistic proposal; however, a simpler version that 

omits the secondary catalytic cycle and displays the iron species in its monomeric 

forms is usually presented. We will not outline the mechanism for all the subsequently 

described reactions due to space constraints; instead, we refer the reader to the 

corresponding publication for details. 

In 2015, Cui used -nitroalkenes as the acceptor group.36 The alkene adds to the -

nitroalkene, generating a benzyl radical. Subsequently, the nitro group is eliminated, 

regenerating the double bond. This allows access to secondary- and tertiary-alkylated 

styrene derivatives, although this reaction is limited to aromatic -nitroalkenes 

(Scheme 1.6). 

 

Scheme 1.6. Cui’s reductive coupling of unactivated alkenes with -nitroalkenes. 

In 2016, Cui also reported a 1,6-addition of alkenes with p-quinone methides,37 using 

the formation of the aromatic phenol ring as the driving force (Scheme 1.7).   

 

Scheme 1.7. Cui’s hydroalkylation of olefins with p-quinone methides. 
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A few years later, in 2018, Cui continued to expand the range of MHAT reactions to 

make C-C bonds when he reported an alternative to the Baran reaction, incorporating a 

leaving group in the -position of the Michael acceptor.38 After alkene addition to the 

Morita-Baylis-Hillman adducts used as substrates in this reaction, the acetate group 

was eliminated to regenerate the double bond. Various mono-, di-, and trisubstituted 

alkenes were successfully transformed into cinnamate derivatives (Scheme 1.8). 

 

Scheme 1.8. Cui’s hydroallylation of unactivated alkenes with Morita-Baylis-Hillman adducts. 

The same year, Wang developed an analogous reaction to Cui's -nitroalkene coupling, 

replacing the nitro group for two fluorine atoms.39 In this case, the reaction proceeds 

like Cui's coupling, eliminating a fluorine atom and regenerating the double bond to 

give the corresponding substituted fluoroalkenes with excellent Z-selectivity under air- 

and water-tolerant conditions (Scheme 1.9). The reaction can also be carried out using 

mono-fluoroalkenes to provide the corresponding alkyl-substituted alkene. 

 

Scheme 1.9. Wang’s defluorinative cross-coupling of donor alkenes with gem-difluoroalkenes. 

In 2019, Compain and co-workers applied the conditions of the Baran reaction to 

furans and pyrans to functionalize sugars in their anomeric position via the 

intermediacy of tertiary pseudoanomeric radicals.40 In this way, they achieved 

complete stereocontrol to quaternize the adjacent ether position (Scheme 1.10). 
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Scheme 1.10. Synthesis of C, C-glycosides from exo-glycals. 

 

In parallel, Li developed a reaction analogous to that of Cui with -nitroalkenes, but in 

this case, he used nitrodienes (Scheme 1.11).41 It is worth noting the use of 

Na2HPO4·7H2O as an additive, which they determined helped to accelerate the 

formation of the PhSi(OEt)H2 species responsible for transferring the hydride to the 

metal catalyst. 

 

 

Scheme 1.11. Reductive coupling of nitrodienes with unactivated alkenes. 

 

In the same year, Xu's group reported another variant of the Baran reaction in which 

unsaturated imines were used as radical acceptors to react with alkenes to give 

structurally diversified benzofurans, benzothiophene, and benzofuran-fused 

heterocycles (Scheme 1.12).42 
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Scheme 1.12. Reductive coupling of alkenes with unsaturated imines. 

 

In 2022, Zhao and co-workers described another variant of the Baran reaction,43 in 

which the conjugate addition was carried out between an unactivated alkene with a 

Michael acceptor with two nitriles as electron-withdrawing groups. This allowed 

obtaining a wide range of substituted malononitriles (Scheme 1.13). 

 

 

Scheme 1.13. Synthesis of functionalized malonitriles via MHAT. 

 

At the same time, Luo's group used photocatalysis to carry out the Baran reaction using 

a cobalt catalyst.44 Notably, during the reaction, the double bond is reformed as the -

hydrogen of the substrate is transferred to the cobalt species at the end of the 

reaction. This results in the regeneration of the hydride species; therefore, only a 

catalytic amount of PhSiH3 is needed to start the reaction. It should be noted, however, 

that the substrates are limited to those that contain an oxygen atom adjacent to where 

the radical is generated or to 4-membered rings (Scheme 1.14).  
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Scheme 1.14. Visible-light promoted olefin couple. 
 

Finally, Studer published another alternative to the Baran reaction, expanding the 

scope by reacting allylboronic esters with Michael acceptors.45 Upon addition of the 

metal hydride to the alkene, a 1,2-boron shift occurs to give the more stable radical 

intermediate, which the Michael acceptor traps to provide the corresponding borylated 

compounds (Scheme 1.15). 

 

Scheme 1.15. 1,3-Hydroalkylation of allylboronic esters with Michael acceptors. 

 

Electron-neutral alkenes as acceptors 

In 2014, parallel to Baran's work using electron-deficient alkenes, Shenvi's group 

presented one of the first MHAT C-C couplings demonstrating that non-activated 

alkene radicals would intermolecularly couple with adjacent neutral alkenes.46 It should 

be noted that this work was part of a mechanistic study on the formation of radical 

intermediates to carry out hydrogenations using MHAT and was not developed into a 

general C-C coupling methodology (Scheme 1.16). 
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Scheme 1.16. Reductive cyclization of neutral alkenes. 

In the same year, Shenvi47 discovered that if a Cobalt catalyst was used in low amounts, 

the addition of the radical was found to be reversible, leading to the formation of more 

substituted alkenes; if the same reaction was carried out in the presence of another 

tethered alkene, then intramolecular cyclization will occur (Scheme 1.17). 

 

Scheme 1.17. Diene cycloisomerization. 

Norton and co-workers reported a variation of this reaction to form furans.48 Instead of 

the usual Fe, Co, or Mn catalysts, Norton used HV(CO)4dppe to carry out these 5-exo 

cyclizations and used styrene as the acceptor group (Scheme 1.18). 

 

Scheme 1.18. Enol ether cyclization. 
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Recently, the Baran group used the Shenvi reaction described above in Scheme 1.17 to 

demonstrate the potential of electrochemistry in MHAT reactions.49 The changes 

compared to Shenvi's reaction are notable since, for example, instead of adding a 

PhSiH3 as a hydride donor, they use electrochemical means to generate hydride from 

protons in the medium (Scheme 1.19). 

 

Scheme 1.19. Cobalt-electrocatalytic HAT for functionalization of unsaturated C-C bonds. 

Alkynes as acceptors  

In 2017, the Cui group developed a FeIII-promoted hydroalkynylation of unactivated 

alkenes toward Csp−Csp3 bond formation (Scheme 1.20). They showed that mono-, di-, 

and trisubstituted alkenes could be coupled with various substituted aromatic and 

heterocyclic alkynyl bromides. 50  

 

Scheme 1.20. Hydroalkynylation of unactivated alkenes. 
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Interestingly, in the work above, the triple bond remains inert in the HAT reaction 

medium once the desired product is formed. In contrast, in 2019, Wang and co-workers 

showed that 1,6-enynes could be reacted via an intramolecular cyclization to form 

heterocycles,51 such as 3-acylbenzofurans and thiophenes (Scheme 1.21). The radical 

generated from hydrogen transfer to the alkene with the metal hydride species added 

intramolecularly to the triple bond, forming the 5-membered ring with the formation 

of an alkenyl radical. This, in turn, was oxidized by the oxygen present in the medium to 

give the product.  

 

Scheme 1.21. Reductive cyclization of 1,6-enynes for the synthesis of 3-acylbenzofurans and 
thiophenes. 

Two years later, the same group increased the scope of this reaction when they 

captured the formed vinyl radical after cyclization with NO instead of oxygen. Once the 

radical was trapped, it tautomerized to give access to ketoximes (Scheme 1.22).52 

Notably, this strategy could also be applied to synthesizing pyrrolo[3,2-d]isoxazoles 

with a quaternary stereocenter in a two-step transformation. 

 

Scheme 1.22. Cyclization of 1,6-enynes for the synthesis of ketoximes. 
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Finally, in 2022, Shi's group reported the coupling of alkynes with alkenes analogously 

to that described by Cui. However, they used acetylenic sulfones instead of starting 

from alkynyl halides (Scheme 1.23).53  

 

Scheme 1.23. Alkynylation of alkenes using sulfones. 

 

Carbonyls as acceptors 

In 2018, our group reported the first use of carbonyls as acceptors in MHAT reactions.54 

The use of catalytic amounts of Fe(acac)3 with PhSiH3 as a hydride source and using 

ethanol as a solvent at 60 oC allowed the intramolecular cyclization of different keto-

alkenes for the synthesis of bi- and tricyclic compounds (Scheme 1.24). Notably, this 

reaction is generally unfavorable due to the instability of the alkoxy radical, which 

favors the reverse reaction. However, under the reaction conditions, excellent yields of 

the alcohol were achieved in many cases. Later, our group applied this methodology to 

synthesize natural products containing the skeleton of trans-fused hydrindanols 

structurally related to botrydial compounds.55 

 

Scheme 1.24. HAT-triggered cyclization of alkenes onto ketones. 
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Subsequently, the Shenvi group tried to develop the intermolecular version of our 

reaction using aldehydes as acceptor groups.56 However, they found that the 

unfavorable nature of the reaction only allowed the coupling to occur in low yields. 

They overcame this setback by transmetalation of the cobalt alkyl derivative to the 

chromium compound with CrCl3. This allowed them to conduct a Nozaki–Hiyama–Kishi 

reaction type coupling to form the corresponding alcohol. In this way, they avoided the 

formation of unstable alkoxy radicals (Scheme 1.25).  

 

 

Scheme 1.25. Addition of unactivated olefins into aldehydes. 

 

At the same time Shenvi group was developing the intermolecular version of our 

reported intramolecular alkene-carbonyl coupling, our group was also trying to develop 

the intermolecular version.57 As the Shenvi group had found, we also obtained low 

yields of the coupled product. It was known from analyzing the reaction mechanism 

that the unstable alkoxy radical was reduced to an alkoxide by a FeII species (formed 

after initial atom transfer) to regenerate FeIII and complete the catalytic cycle. We, 

therefore, proposed that adding extra FeII may facilitate the reaction by trapping the 

unstable alkoxy radical. Indeed, by using a combination of FeIII/FeII, good yields of the 

coupled products could be formed (Scheme 1.26).   
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Scheme 1.26. Intermolecular addition of alkenes to aldehydes. 

Furthermore, applying these new conditions to previously developed intramolecular 

alkene coupling to ketones resulted in significantly improved yields (Scheme 1.27).   

 

Scheme 1.27. Improved conditions for the intramolecular coupling. 

Zhu's group also reported using carbonyls as acceptors; in this case, they overcame the 

unfavorable formation of the alkoxy radical by using acylsilanes to obtain a silyl enol 

ether.58 The formed alkoxy radical immediately underwent a [1,2]-radical Brook 

rearrangement (RBR), trapping the radical and regenerating the double bond with the 

help of iodine as an oxidant. (Scheme 1.28).  

  

Scheme 1.28. Cyclization of unsaturated silanes. 



Introduction and Objectives 

35 
       

The reaction was also tested in the presence of a Michael acceptor, and the -siloxy 

radical could be trapped to form the corresponding substituted acylsilanes (Scheme 

1.29). 

 

 

Scheme 1.29. Cyclization of unsaturated silanes followed by trapping. 

 

Li's group has reported using acylphosphonates as acceptors59 in MHAT reactions. Once 

the alkoxy radical was formed, a -cleavage reaction removed the phosphoryl group to 

obtain the corresponding acylation product (Scheme 1.30). 

 

 

Scheme 1.30. Hydroacylation of unactivated alkenes. 
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Although our group developed the intermolecular coupling of unactivated alkenes with 

aldehydes under MHAT conditions, the analogous reaction with ketones remained 

unresolved. Recently, the Teskey group60 showed that dienes could be coupled with 

diarylcarbonyls under photochemical conditions. The ketone forms a persistent ketyl-

radical, which undergoes a radical-radical coupling with the radical generated from the 

diene under the MHAT conditions. This avoids the formation of the alkoxy radical, 

allowing the desired intermolecular coupling to take place in good yields (Scheme 

1.31). 

 

 

Scheme 1.31. Reductive MHAT coupling of dienes and ketones. 

 

This same year, Shi and co-workers61 also developed an intermolecular coupling of 

aldehydes with allenes and conjugated dienes. The use of a titanium catalyst is key to 

stabilizing the unstable alkoxy radical intermediate, allowing the allylation and radical 

crotylation of aldehydes by photoredox and titanium dual catalysis (Scheme 1.32). 

Notably, they do not use a conventional hydride source but instead, form the metal 

hydride Co-H from the protonation of CoI formed during the catalytic cycle. 
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Scheme 1.32. Radical allylation and crotylation of aldehydes by cobalt and titanium dual 
catalysis. 

 

Heterocycles as acceptors 

In 2016, the Herzon group62 showed that MHAT conditions could be applied to the 

Minisci reaction using pyridine salts as radical acceptors to carry out a 

hydropyridylation reaction of unactivated alkenes with high site-selectivity for the 

construction of tertiary and quaternary centers (Scheme 1.33). 
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Scheme 1.33. Intermolecular hydropyridylation of unactivated alkenes. 

 

Later, Starr63 developed an intramolecular version of this reaction and showed that 

starting from pre-formed pyridine salts was unnecessary. Instead, in situ protonation 

was used to activate the heterocycle. This methodology allowed the construction of 

dihydropyrano-pyridine and 1,2,3,4-tetrahydronaphthyridine type scaffolds (Scheme 

1.34). 

 

 Scheme 1.34. Intramolecular hydropyridylation of olefins. 

 

In 2017, Baran and co-workers developed another version of the intermolecular Minisci 

reaction,64 using conditions similar to those developed by Starr but changing the acid 

from TFA to BF3·OEt2. No co-oxidant was used, requiring stoichiometric quantities of 

the iron catalyst to be employed. In this same work, they described the use of N-oxides 

to carry out a selective alkylation on C-2 of the corresponding heterocycle, thus solving 

the site-selectivity problems that these Minisci-type reactions can present (Scheme 

1.35). 
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Scheme 1.35. Olefin-based Minisci reaction functionalizes heterocycles and their N-oxides. 

In 2023, Teskey used the same principles developed for his photocatalyzed 

intermolecular ketone coupling (see Scheme 1.31), showing that phosphopyridines 

could also act as persistent radicals.65 Dienes and pyridyl phosphonium salts were 

coupled in the presence of a cobalt catalyst via a radical-radical coupling. The reaction 

presented selectivity for the C-4 position of the pyridine substrates (Scheme 1.36). 

 

Scheme 1.36. Reductive coupling of pyridines and dienes. 
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Shortly after, Shi's group published61 the same reaction as Teskey to couple 

phosphopyridine salts with conjugated dienes (Scheme 1.37) but using a titanium co-

catalyst based on their work previously discussed in the carbonyls section (Scheme 

1.32).  

 

Scheme 1.37. Photoinduced cobalt catalyzed reductive coupling of pyridines and dienes. 

Finally, Narang's group has recently reported using alkenyl indoles and pyrroles to carry 

out an intramolecular cyclization that allows the generation of the corresponding fused 

derivatives (Scheme 1.38). Notably, these protocols could be applied for the formal 

synthesis of bruceolline J and the total synthesis of bruceolline E and H.66 

 

Scheme 1.38. Radical cyclization of alkenyl indoles and pyrroles to give their fused derivatives. 
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Aromatic rings as acceptors 

Shenvi's group reported the first olefin hydroarylation using MHAT to couple alkenes 

with iodoarenes by joining the MHAT catalytic cycle with the Ni catalytic cycle (Scheme 

1.39).67 The nickel forms an aryl nickel complex that the Co-alkene species intercepts to 

carry out the desired coupling. 

 

Scheme 1.39. Iodoarene-olefin cross-coupling. 

The same year, Shenvi reported a method to generate 8-arylmenthol-type scaffolds 

from arylsulfonated isopulegol derivatives.68 The radical derived from the alkene via 

MHAT couples to the aromatic ring; the substrate then undergoes a Smiles-Truce 

radical rearrangement, and SO2 is released to form the alcohol (Scheme 1.40). 

 

Scheme 1.40. Radical arylation of isopulegol. 
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At the same time, Hiroya published the intramolecular hydroarylation of unactivated 

olefins using a cobalt catalyst, disiloxane reagent as a hydride source, and an N-fluoro 

pyridinium salt that helped to form the active catalyst species.69 With these conditions, 

it was possible to synthesize six-membered benzocyclic compounds from mono-, 1,1-, 

trans-1,2-di-, and trisubstituted olefins (Scheme 1.41). 

 

Scheme 1.41. Hydroarylation of unactivated olefins. 

Later, Gao and co-workers applied a MHAT hydroarylation reaction using a cobalt 

catalyst and phenylsilane to synthesize natural products.70 Specifically, they used this 

reaction to carry out the C-ring formation of the natural products viridin and viridiol 

(Scheme 1.42). 

 

Scheme 1.42. Gao’s total synthesis of Viridin and Viridiol. 

Cyanides as acceptors 

In 2007, the Carreira group introduced cyanides as a new group in the MHAT toolbox.71 

In this work, he documented the hydrocyanation of non-activated alkenes to give 
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access to secondary and tertiary nitriles, using TsCN as a cyanating agent, a cobalt 

catalyst, phenylsilane as a hydride source, and TBHP as an oxidant (Scheme 1.43). 

 

Scheme 1.43. Carreira’s hydrocyanation of olefins with tosyl cyanide. 

A few years later, in 2018, Ma and co-workers used an MHAT reaction to carry out an 

intramolecular reductive cyclization reaction between an alkene and a nitrile as a key 

step to synthesize the natural product navirine C (Scheme 1.44). 72 While this was the 

first reported use of a cyano group in a reductive MHAT coupling reaction, the authors 

did not develop this work into a general methodological procedure. 

 

Scheme 1.44. Key cyclization reaction in the total synthesis of navirine C. 

However, in the same year, Murphy described the intramolecular cyclization between 

alkenes and nitriles73 using Fe(acac)3 and PhSiH3 and carried out a complete 

methodological study of the reaction (Scheme 1.45). Upon completion of the coupling, 

treatment of the imine intermediate with acid allowed access to the corresponding 
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ketone. The scope of the reaction is noteworthy, as they manage to form sterically 

hindered ketones, fused cyclic systems, and spirocycles.  

 

Scheme 1.45. Murphy’s cyclization of nitriles. 

 

Two years later, the same group would again use cyanides, in this case, to carry out an 

intramolecular cyclization of N-cyanamide alkenes (Scheme 1.46). In this domino-type 

cyclization, oxygen in the medium is key to carrying out an oxidation step and 

converting to the desired quinazolinone over the mono-cyclized intermediate.74 

 

 

Scheme 1.46. MHAT cyclization to access (spiro)quinazolinones. 

 

Lin's group later described the enantioselective version of Carreira's work combining a 

cobalt-mediated HAT with copper-promoted radical cyanation using a chiral ligand 

under electrochemical reaction conditions.75 These conditions allowed them to obtain 

the hydrocyanation of alkenes with good yields and excellent enantiomeric excess 

(Scheme 1.47). 
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Scheme 1.47. Enantioselective hydrocyanation of conjugated alkenes. 

Imines as acceptors 

In 2009, Carreira reported the first example of using imines as a radical acceptor group 

in MHAT reactions76, using phenyl sulfonyl oximes to introduce o-benzyloximes or 

oxymonitriles with a cobalt catalyst and PhSiH3. In an additional step, the prepared 

compounds could be transformed into the corresponding aldehydes and amidoximes 

(Scheme 1.48). 

 

Scheme 1.48. Carreira’s functionalization of olefins. 
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In 2015, Baran's group reported a hydromethylation consisting of adding the 

tosylhydrazone formed in situ between a hydrazine and formaldehyde. The subsequent 

cleavage of the tosylhydrazone resulted in the formal reductive methylation of 

alkene.77 This method made it possible to obtain the methylation of mono-, di-, and 

trisubstituted alkenes and exhibits potential as a method for the late-stage 

functionalization of natural products and pharmaceuticals (Scheme 1.49). 

 

Scheme 1.49. Baran’s hydromethylation of unactivated olefins. 

Subsequently, in 2018, our group developed the inter- and intramolecular coupling of 

Cbz-hydrazones with alkenes.78 Unlike Baran's reaction, in this case, the nitrogenated 

adduct did not fragment and could be hydrogenated to give the corresponding tertiary 

amine compounds, a structural motif found in many pharmaceuticals and alkaloids 

(Scheme 1.50). 

 

Scheme 1.50. Intra- and intermolecular coupling of alkenes with hydrazones. 

 

In the same year, the Shenvi group reported the same reaction but using glyoxylimines 

as the acceptor group. This allowed the corresponding sulfinimines to be obtained, 
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with potential applications in synthesizing sterically hindered unnatural amino acids 

with good diastereoselectivities (Scheme 1.51).79  

 

Scheme 1.51. Addition of unactivated olefins into imines. 

Later on, Bode's group demonstrated that imines could be used in intramolecular 

MHAT cyclization reactions, allowing for the formation of bridged, spiro-, and fused 

rings.80 Since imines are unstable, the imine was formed in situ from the corresponding 

amine (Scheme 1.52). 

 

Scheme 1.52. Synthesis of bridged bicyclic and spirocyclic saturated N-heterocycles. 

 

During studies to find the ideal acceptor group for the reaction detailed above by our 

group (see Scheme 1.50), we observed that tosylhydrazones underwent spontaneous 

fragmentation under the reaction conditions. However, due to the volatility of the 

compounds formed, isolation of the product proved difficult. To counter this, an 

intermolecular reaction was developed with substrates of higher molecular weight 

(Scheme 1.53).81 It should be noted that although this reaction is analogous to Baran's 

methylation, that reaction was limited to using formaldehyde. In contrast, we 

demonstrated that a range of aldehyde compounds could form the corresponding 

tosylhydrazones.  After coupling, the tosylhydrazine was eliminated using Et3N, 



  Chapter 1  

48 
 

resulting in a formal alkylation reaction. Notably, unlike the Baran reaction, simple tosyl 

hydrazones could be used instead of the bespoke octyl sulfonyl hydrazines. 

 

Scheme 1.53. Reductive alkylation of unactivated alkenes using tosylhydrazones. 

 

Haloalkanes as acceptors 

In 2019, Shenvi and co-workers reported the first use of alkyl halides as radical 

acceptors82 to form hydroalkylated compounds containing a tertiary or quaternary 

carbon. Using a Mn/Ni dual catalytic system, an Mn MHAT-generated tertiary radical 

could be intercepted by a Ni species derived from an alkyl halide species (Scheme 

1.54). 

 

Scheme 1.54. Hydroalkylation of olefins to form quaternary carbons. 

 

In 2023, the group of Liu applied a similar methodology, with a cobalt catalyst for the 

-selective synthesis of 2-deoxy-C-glycosides from glycals (Scheme 1.55).83 In this case, 

unlike the Mn/Ni dual-catalysis used by Shenvi, the activation of alkyl halide took place 

in the cobalt catalytic cycle to reoxidize the metal. 
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Scheme 1.55. Synthesis of 2-deoxy-C-glycosides from glycals. 

In the same year, the group of Liu also re-applied this methodology with haloalkanes 

for C-alkyl glycosylation to access 2-deoxy--C-glycosides diastereoselectively with the 

help of a chiral ligand (Scheme 1.56).84 In addition, they were able to carry out 

mechanistic studies where they determined that the hydrometallation of glycal with 

the Co-H ligated species would be the turnover-limiting step and the determining step 

of the stereoselectivity in this hydroalkylation. 

 

Scheme 1.56. Stereoselective synthesis of 2-deoxy--C-glycosides. 
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1.2. OBJECTIVES  

The aim of this thesis is to expand the pool of radical acceptors in MHAT reactions for 

C-C bond formation and develop MHAT-based tandem reactions. When our research 

group began working in the field of MHAT reactions, only a few reported C-C bond-

forming reactions were described in the literature. Since then, there has been a 

massive growth in the number of reported reactions, and now most of the common 

functional groups have been employed as acceptors in MHAT reactions. One of the 

groups that had not been used is the isocyanide group. The first objective of this thesis 

was to explore if they could be used as viable acceptor groups in MHAT reactions to 

construct heterocycles. The details of this study will be discussed in Chapter 2 of this 

thesis. During the course of this work, the serendipitous discovery that ethers could be 

coupled to heterocycles under MHAT-type conditions led us to explore this new C-H 

based cross dehydrogenative coupling (Objective 2). The results of this work will be 

discussed in Chapter 3.  Finally, we wanted to explore the development of a novel 

MHAT-based tandem reaction based on the work of our group using tosylhydrazones as 

acceptor groups to obtain functionalized derivatives of the adamantane nucleus 

(Objective 3). The results of this work will be discussed in Chapter 4. 

Scheme 1.57. Main objectives of this thesis. 
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2.1. INTRODUCTION 

In this chapter, we describe the use of isocyanides as acceptors groups in MHAT 

coupling reactions with alkenes leading to the formation of various types of biologically 

relevant heterocycles, such as phenanthridines, isoquinolines, and indoles.85  

2.1.1. Heterocycles as synthetic targets 

Nitrogen-containing heterocycles are one of the most important structural classes of 

compounds, observed in many natural, biologically active, and pharmaceutical 

products.86 The FDA list of approved drugs reveals that 59% of small-molecule drugs 

contain at least one nitrogen heterocycle87 with the most prominent structures, such as 

indole and pyridine. Additionally, these heterocyclic structures feature prominently in 

countless natural products of biological importance, such as alkaloids. Examples of 

these nitrogen heterocycle nuclei include Trisphaeridine,88 a phenanthridine with 

neuroprotective properties, Papaverine,89 an isoquinoline with antispasmodic 

properties or Melatonin,90 an indole hormone that regulates circadian rhythms (Figure 

2.1). 

Figure 2.1. Pharmacologically active alkaloids, including heterocyclic core. 
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Due to the importance of nitrogen-containing heterocyclic structures, in particular 

phenanthridines, indoles, or isoquinolines, which have gained prominence in organic, 

medicinal, and materials chemistry, the last decades have seen many innovative efforts 

devoted to developing new approaches to synthesize them. Among the methods 

developed, the insertion of isocyanides has stood out as a powerful strategy for their 

preparation, with transition metal-mediated insertion reactions being widely 

explored.91 In contrast, radical isocyanide insertion, the focus of this chapter, has 

remained less investigated.92   

2.1.2. Background on the chemistry and structure of isocyanides 

Because isocyanides are not one of the most commonly encountered functional groups 

and because they have a somewhat unique chemistry, we will here provide a brief 

summary of isocyanide structure, synthesis, and reactivity. 

Despite their very penetrating, unpleasant odor, isocyanides are a unique class of 

organic compounds because they are the only stable derivatives (apart from carbon 

monoxide) that contain a divalent carbon.93 Their discovery dates back more than 130 

years to work by Lieke, Gautier, and Hofman. However, studies on its chemical 

reactivity did not appear until the 1960s,94 when efficient syntheses of isocyanides 

were developed (Scheme 2.1).  

                 

        Scheme 2.1. Methods for the synthesis of isocyanides. 
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Since their discovery, there have been two classical routes for the synthesis of 

isocyanides.  

(i) The carbylamine reaction, which consists of the reaction of chloroform and 

a strong base with a primary amine, that leads to the addition of the 

dichlorocarbene to the amino group, followed by the elimination of the 

hydrogen chloride.95  

(ii) The alkylation route, where the treatment of metal cyanides with alkylating 

agents such as halogenated compounds or dialkyl sulfides leads to the 

formation of a mixture of the corresponding cyanides and isocyanides 

derivatives.96  

Both methods have been discarded due to the small amounts of pure isocyanide they 

produce, their limited substrate scope, and the use of toxic metal cyanides and 

chloroform. Nowadays, the primary method to produce isocyanide derivatives is 

known as the “dehydration method”. This synthetic strategy was first reported by 

Hagedorn and co-workers in 1956.97 It consisted of transforming primary amines into 

formamides using formic acid or derivates, followed by dehydration using phosgene or 

phosphorous oxychloride with a base like triethylamine or diisopropylamine. Several 

other methods have been reported, such as Mukayama’s reduction of isocyanates98 or 

isothiocyanates,99 epoxide opening with silyl cyanides,100 deoxygenation of 

carbamates,101 and the use of silyl cyanides on tertiary alcohols.102 

With efficient methods for their preparation, isocyanide chemistry has not stopped 

growing due to their great versatility. Examples of important reactions developed using 

isocyanides consist of the attack of an electrophilic species onto the nucleophilic 

carbon of the isocyanide, such as Ritter-type processes103 or the Ugi and Passerini 

reaction.104 

The isocyanide structure can be seen as a divalent carbon atom, but in valence bond 

terms, the two resonance structures, a and b, are required (Scheme 2.2). This partial 

carbenoid character confers particular and rich reactivity properties to isocyanides.105 

Although the physical properties indicate that the dipolar form a is the one that 

contributes most to generating its nucleophilic character, in terms of radical chemistry, 

the divalent form b is the most interesting because it shows that isocyanide acts like a 
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geminal acceptor/donor synthon, so the acceptor carbon itself will become the donor 

through the imidoyl intermediate. 

 

Scheme 2.2. Resonance in isocyanide structure. 

So, despite being like alkynes in terms of molecular orbitals and electron density, they 

show different reactivity, possibly because isocyanides present some stereoelectronic 

differences. For example, the C-end of the isocyanide shows a -hole, which is 

important in modulating its stability and reactivity. Also, the *-orbital is significantly 

more polarized than in the alkynes due to the electronegativity difference between the 

nitrogen and carbon.  

These differences are represented in the reactivity of isocyanides with radicals since 

the addition of alkynes proceeds in a 1,2-manner, where the new bonds are formed in 

the two different carbons; in the isocyanides a 1,1-manner occurs, forming both bonds 

at the same end-carbon, showing its carbene nature (see Scheme 2.3). This 1,1-bond 

formation pattern has gained the attention of synthetic chemists, enabling 

participation in many interesting radical cascades.93 

 

Scheme 2.3. Addition Pattern differences between Alkynes and Isocyanides. 

The first reported example of a radical addition to isocyanides was described by Shaw 

and co-workers,106 where DTBP was used in catalytic amounts with heat to produce the 

isomerization of an isocyanide to the corresponding cyanide, involving the addition of 

methyl radicals to the isocyanide followed by the -scission of the resulting radical 

adduct (imidoyl radical). This fragmentation led to the rise of an alkyl radical 

responsible for converting the starting isocyanide to the cyanide. Then Saegusa studied 
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the feasibility of a radical attack on the isocyanide carbon using tributyltin hydride and 

alkyl isocyanides, using AIBN as initiator, enabling the addition of tin radicals to the 

isocyanide (Scheme 2.4).107 

 

Scheme 2.4. First examples of radical addition to isocyanides proposed by Shaw and Saegusa. 

Between 1970 and 1980, several papers reported the addition of carbon, oxygen, 

sulfur, silicon, phosphorous, and tin radicals to isocyanides.108 Interestingly, in those 

studies, it was demonstrated that the nature of the attacking radical and the alkyl 

group of the isocyanide define the fragmentation that will take place on the imidoyl 

intermediate (see Scheme 2.5). While oxygen- and sulfur-centered radicals will lead to 

-fragmentation to give isocyanates or isothiocyanates, carbon, tin, and silicon radicals 

will undergo -fragmentation, leading to the corresponding cyanide. However, this 

behavior may differ from this general rule since the stability of the radical can 

determine the fragmentation pathway. 

 

Scheme 2.5. Fragmentation pathways of imidoyl radicals. 

Imidoyl radicals have been very useful intermediates for synthesizing N-heterocycles, 

but historically, they have always been generated from imines or imidoyl derivatives as 
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precursors.109 This changed in 1991 when Curran and co-workers developed a 

pioneering work using isocyanides as radical acceptors to develop a radical cascade for 

constructing N-heterocycles.110 Different radical species can be inserted to form the 

corresponding imidoyl intermediate, which will carry out the subsequent cyclization to 

obtain the corresponding nitrogenous heterocycle. This work opened the doors to 

further studies, where, for example, they used the [4+1] radical annulation strategy to 

synthesize pharmacologically interesting molecular structures such as Camptothecin, 

an antitumor agent (Scheme 2.6). 

These reactions allowed the obtention of cyclopentane-fused quinolines through the 

addition of the alkyne to the isocyanide, through a 5-exo-dig-cyclization of the imidoyl 

intermediate onto the triple bond of the alkyne with a subsequent ring closure of the 

vinyl radical.111 This cascade radical reaction supposed an incredible breakthrough for 

synthesizing Camptothecin and derivatives such as Topotecan and Irinotecan, where 

authors demonstrated a regioselective, asymmetric, and widely applicable protocol 

with a broad scope and functional-group tolerance.112  

Scheme 2.6. Curran annulation for cyclopentane-fused quinolines and Camptothecin 

derivatives. 

Analogous reactions were carried out in the same years by Tundo and co-workers113 

using aromatic isocyanides and alkyl and sulfanyl radicals with a cyano-substituted 
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sidechain. In 1998, Nanni also showed the applications of alkyl and sulfanyl radicals for 

synthesizing cyclopentaquinoxalines.114 In 2000, Lenoir demonstrated the use of -

iodoalkynes or iodonitriles for a [4+1] radical annulation to afford cyclopentane-fused 

pyridines and pyrazines (Scheme 2.7).115 

 

 

Scheme 2.7. Tundo, Nanni and Lenoir synthesis of pyridines and pyrazines. 

 

Fukuyama successfully employed ortho-alkenyl-substituted aryl isocyanides in the 

synthesis of indole derivatives.116 Tin radicals were used for the cyclization, and ortho-

alkenyl-substituted thioanilides were also demonstrated to carry thus cyclization.117 

This synthesis represented an interesting innovation for synthesizing 2,3-substituted 

indoles and has been utilized as an approach to the key intermediates of indole-

containing alkaloids, such as Discorhabdin A or Vincadifformine (Scheme 2.8).118   
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Scheme 2.8. Fukuyama’s indole synthesis and application in alkaloid synthesis. 

 

In this approach, the tri-n-butyltin radical attacks the isocyanide to form the -

stannoimidoyl radical, which leads, through a radical cyclization and further 

tautomerization, to the formation of the 2-stannylindole (Scheme 2.9). 

 

 

Scheme 2.9. Fukuyama’s indole synthesis mechanism. 

 

In a similar approach, Rainier and co-workers demonstrated that ortho-alkynyl-

substituted aryl isocyanides with a TMS group linked can also be employed in this kind 

of tin-radical-mediated cyclization (Scheme 2.10).119 
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Scheme 2.10. Rainier synthesis of indole derivatives. 

In 1970, Saegusa described the radical addition of thiols to isocyanides.107 However, it 

was not until the 1990s that Bachi and co-workers developed synthetic methods based 

on Segusa’s work to synthesize 5-membered nitrogen heterocycles. 

 

Scheme 2.11. Bachi’s synthesis of pyrrolines and pyroglutamates with alkenyl and alkynyl 
isocyanides and its application in the synthesis of Kainic acid. 

They demonstrated the synthesis of pyrrolines and pyroglutamates from alkenyl-

substituted isocyanides, silylated alkynyl isocyanides, and allyl sulfides.120 The 

methodology developed by Bachi was also used as a key step in the synthesis of (±)- 

and (-)--kainic acid in a stereo- and enantioselective way (Scheme 2.11).121 
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2.1.3. Literature precedents for the radical-based synthesis of heterocycles 

Phenanthridines 

During the 20th century, phenanthridine derivatives were neglected in pharmaceutical 

chemistry due to some studies highlighting their carcinogenic properties.122 Later 

studies served to discover analogs of phenanthridine alkaloids, as well as 

phenanthridine derivatives with anti-parasitic properties, which served to increase the 

interest in this type of core again. Consequently, during the beginning of the 21st 

century, many scientific publications have focused on the functionalization of 

phenanthridines. Most notably, several synthetic routes have been developed, starting 

from the corresponding isocyanide to provide 6-substituted phenanthridine nuclei (see 

Schemes 2.12 and 2.13). 

One of the most common pathways is using C-H activation to introduce different kinds 

of groups, such as alkanes,123 ethers,124 amides,125 or acyls,126 mainly via the use of 

oxidants. This led to C-H activation generating the carbon-tethered radical of the 

aforementioned functional groups, which attack the carbon of the isocyanide, leading 

to cyclization and formation of the heterocycle. On the other hand, another common 

method has also been using photochemistry to generate the radical species. 

Another commonly explored route to introduce these substituents and produce the 

subsequent cyclization has been the use of carboxylic acids. In this case, using different 

metals promotes decarboxylation, generating a carbon-centered radical that attacks 

the isocyanide carbon, generating the imidoyl intermediate and posterior cyclization.127 

Notably, metal-free protocols also exist in which using a base like potassium carbonate 

in combination with heat leads to decarboxylation.128 Similarly, N-

(acyloxy)phthalimides have been used via photoredox-induced decarboxylation to 

generate an alkyl radical addition to isocyanides.129 

It's also noteworthy that alkyl and acyl halides are used as proradicals to initiate this 

class of isocyanide insertion. In this field, alkyl bromides,130 -bromo esters,131 

perfluoroalkyl iodides,132 alkyl iodides,133 and iodonium ylides134 have been employed, 

using metal catalysts or photochemistry to generate the radical cascade cyclization to 

access phenanthridine derivatives. 
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Scheme 2.12. Methods for phenanthridine synthesis using radicals. 

Nitrogenated compounds such as amines,135 hydrazines,136 or diazo compounds137 have 

also been used to generate radical species by photochemical methods, metal catalysts, 

or oxidants. 
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Scheme 2.13. Further methods for phenanthridine synthesis using radicals.  

 

Although to a lesser extent, many other functional groups have been studied to 

achieve the introduction of different carbon skeletons through radical cascade 

cyclization.  Among them, we can find the use of peroxides,138 phosphines,139 

oximes,140 sulfates,141 and silyls, used both to introduce alkyls142  and to introduce the 

silyl group itself,143 borates,144 or carbene borane,145 used to introduce the borane itself 

into the phenanthridine nucleus. 

Despite the extensive list of groups described in the literature, to our knowledge, 

alkenes have never previously been used to carry out this type of cyclization to 

functionalize phenanthridines. 
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Isoquinolines 

Isoquinolines are another type of nitrogen heterocycle that has been attracting 

increasing interest over the years due to the discovery of derivatives with interesting 

pharmacological activities, such as inhibition of HIV-1, antibacterial, antituberculosis, 

antifungal, or antimalarial properties.146   

This has led synthetic chemists to try to develop more efficient ways to obtain 

functionalized derivatives of this type of structure. As seen above, using C-H activation 

using metal catalysts or oxidants to generate carbon-centered radicals in alkanes,147 

ethers,148 or alcohols149 has been widely used. Radicals have also been generated from 

decarboxylation,150 halides, 151hydrazines,152 isoxazolines,153 borates,154 or sulfur 

compounds (Umemoto’s reagent)155 (Scheme 2.14). 

 

Scheme 2.14. Methods for isoquinoline synthesis using radicals. 
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Indoles 

Many compounds that show biological activity contain the indole core, which, like the 

previously described ring systems, has led synthetic chemists to look for new ways to 

construct them. For example, a large class of natural indole diterpenoids has potent 

cytotoxic, antiviral, and antibacterial properties.156  

Since Fukuyama's work using tributyltin hydride,17 many groups have devoted their 

research to functionalizing this type of nucleus (Scheme 2.15) by inserting isocyanides 

through radical cyclization. Among them, the use of borates stands out, both to 

incorporate the borate group157 and to introduce aryl groups.158 Halogens,159 carboxylic 

acids,160 silyls,161 diazo compounds,162 thiols,163 and other sulfonated groups have also 

been used,164 as we have seen in the previous cases. 

 

Scheme 2.15. Methods for indole synthesis using radicals. 
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Using AIBN and Bu3SnH to obtain 2-stannyl-3-substituted indoles through a 5-exo-trig 

cyclization of the imidoyl radical intermediate, Fukuyama's approach opened the door 

to subsequent functionalization (Scheme 2.16). For example, in 1994, Fukuyama used 

this 2-stannyl indole in a Stille coupling, using aryl and vinyl halides, palladium catalyst, 

and triethylamine to obtain the 2-arylated indole.17 Later, in 2011, he used the same 

method but this time using allylic systems to synthesize Tryprostatin A.165 Similarly, in 

further studies of the same group, they also transformed the 2-stannyl indole through 

iodine to the corresponding 2-iodoindole, which would then serve as a substrate for 

palladium-mediated cross-coupling reactions to generate a large variety of 2,3-

disubstituted indoles.166 The work of Rainier,119 where an alkyl thiol was used with AIBN 

to substitute the stannyl group, is also noteworthy.  

 

Scheme 2.16. Functionalization of 2-stannyl-3-susbtituted indoles. 
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2.2. OBJECTIVES 

The main object of this chapter was to investigate using isocyanides as radical 

acceptors in MHAT reactions. The reaction would generate a carbon-centered radical 

from an unactivated alkene followed by an intermolecular coupling with an aryl 

isocyanide and subsequent intramolecular addition to a π-system. This would allow us 

to access different heterocyclic structures, such as phenanthridines, isoquinolines, and 

indoles, and to emulate Curran's Camptothecin synthesis (Scheme 2.17). 

Scheme 2.17.  Main objectives of this chapter. 
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2.3. RESULTS AND DISCUSSION 

2.3.1. Synthesis of phenanthridines via MHAT coupling with isocyanides 

Synthesis of the substrates 

Functionalized biphenylamines 3a-3e were prepared by a Suzuki coupling,167 starting 

from the corresponding bromoanilines (1a-1e) and phenylboronic acids (2a-2e). 

Pd(OAc)2 was employed in catalytic concentration, with K2CO3 as a base, in an 

EtOH/H2O solution at 100 oC for 2 h. The corresponding biphenylamines were obtained 

with good to excellent yields without notable differences between electron-donating 

or electron-withdrawing groups (see Scheme 2.18). 

 

Scheme 2.18. Suzuki coupling to achieve functionalized biphenylamines. 

 

Subsequently, the corresponding isocyanides (4a-4e) were prepared from the 

functionalized biphenylamines by a two-step procedure (see Scheme 2.19).168 First, the 

amines were N-formylated by refluxing them in toluene with formic acid for 5 h. The 

formylation was carried out in preliminary tests using acetic formic anhydride,169 

prepared by stirring formic acid and acetic anhydride at 55 oC for 2.5 h. However, the 

acetylated product was obtained in large quantities and was not reactive in the 

subsequent dehydration.  

In initial attempts, we purified the formamides before the subsequent dehydration 

step, but we discovered that these compounds had limited stability, resulting in low 

recovered yields. We therefore proceeded directly to the dehydration of the 

formamide without further purification. 
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Scheme 2.19. Dehydration method for the preparation of biphenyl isocyanides. 

 

Once the formamide was formed, the solvent was evaporated under reduced pressure, 

and the crude was cooled to 0 oC and stirred with Et3N in dichloromethane. Then POCl3 

was added, and after 1 h, the corresponding isocyanides were obtained after 

purification by column chromatography with good to excellent yields. 

Purifying these compounds was straightforward due to their low polarity and the fact 

that the crude reaction product is usually relatively clean after the work-up. Also, the 

pungent smell of these isocyanides makes it easy to detect when you have the product. 

 

Reaction optimization  

At the start of this work, it was thought that a key challenge in developing the alkene 

coupling would be the competition between the alkene and the isocyanide group as 

the metal hydride acceptor. On the first attempts of the alkene coupling, using MHAT 

conditions, it was seen that a lot of cyclized phenanthridine 5 and the corresponding 

biphenylamine 3a was recovered. This led us to conclude that the hydride species 

formed under the MHAT conditions would directly compete with the alkene radical 

formed.  

With this knowledge, it was decided to optimize the conditions of this reductive 

cyclization to understand the reaction better and help achieve a chemoselective 

control when the coupling with the alkene was attempted (Table 2.1). 
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Table 2.1. Optimization table of reductive cyclization to form phenanthridines. 

 

Entry Fe(acac)3 PhSiH3 TBHP To time 5 

1 0.2 1 1.5 a 50 oC 2 h 43% 

2 0.2 2.5 1.5 b 50 oC 2 h 40% 

3 0.2 c 1 1.5 b 50 oC 2 h 55% 

4d 0.2 1 1.5 b rt 2 h 23% 

5 0.2 1 1.5a rt 24 h 51% 

6 0.2 3 1.5a rt 24 h 74% 

7 0.2 3 1.5a 50 oC 24 h 62% 

8 1 3 - rt 2 h - 

9 0.2 3 1a rt 2 h 50% 

10 1 3 1a rt 2 h 44% 

11 0.2 3 3a rt 2 h 40% 
aTBHP 70% in water. bTBHP 5.5 M in decane. cFe(acac)2 instead of Fe(acac)3. diPrOH 0.04 M. 

 

To develop the reductive cyclization, we began our studies by utilizing isocyanide 4a in 

the presence of 0.2 equivalent of Fe(acac)3, one equivalent of PhSiH3 and 1.5 

equivalent of TBHP in EtOH at 50 oC (entry 1), and we observed that phenanthridine 5 

was obtained in a moderate yield of 43%. From this point, several factors were 

modified, such as PhSiH3 equivalents (entry 2), catalyst (entry 3), oxidant (entries 2, 3, 

and 4), temperature (entries 4 and 5), or solvent concentration (entry 4).  Despite not 

significantly increasing the yield of the process, these initial experiments indicated that 

the use of TBHP solution in water and carrying the reaction at room temperature 

presented some benefits. Also, it was thought that an excess of PhSiH3 could favor the 

reductive cyclization, so these three conditions were applied together (entry 6), and a 

74% yield was obtained. 

From this point, other changes in conditions were evaluated (entries 7 to 11), such as 

the catalyst loading, reaction time, or combinations of different factors, but no further 

improvement was obtained.  
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 MHAT coupling 

Once we optimized the reductive cyclization conditions, we turned to the MHAT 

coupling reaction of alkenes, beginning with but-3-en-1-ol as the donor alkene (Table 

2.2). Using the conditions of the previous work of our group54 (entry 1), trace amounts 

of the desired compound 5a were obtained. From this point, different solvents like 

tetrahydrofuran, tert-butanol, acetonitrile, or isopropanol and their concentrations 

were studied, showing isopropanol in a 0.4 molar concentration as the most 

appropriate. Various quantities of iron catalyst, phenylsilane, and temperature were 

studied (entries 2 to 7) but did not significantly improve the reaction yield. Only large 

amounts of reduced phenanthridine 5 were observed. However, we did not quantify 

how much was formed in these initial exploratory experiments, where we were 

focused only on obtaining reasonable amounts of the desired coupled product 5a. It 

was seen that it could be beneficial to add an oxidant to reoxidize the iron catalyst so 

we could reduce it to catalytic quantities without compromising the reaction yield 

(entry 9). From this point, significant improvements were achieved in the reaction yield 

(entries 9 to 18), and small changes led us to the best conditions obtained (entry 18) 

with a good 75% yield. From here, other modifications were tried, such as modifying 

the quantity of isocyanide or alkene (entries 21 and 22), using different forms of iron-

bearing larger ligands (entries 17 and 19), and using another hydride source (entry 32). 

However, no improvements to the reaction were observed. The addition of base 

(entries 26 to 29) was also evaluated to see if it had any benefit in the reoxidation and 

rearomatizing of the new-formed phenanthridine ring system or preventing undesired 

H transfer to the isocyanide,124 but no improvement was found. 

Finally, a mechanistic experiment (entry 37) demonstrated that the coupling and 

subsequent cyclization proceeded through radical addition to the isocyanide, not the 

phenanthridine. When we treated phenanthridine 5 to the optimized conditions from 

Table 1, no coupled product 5a was observed, demonstrating that the reaction occurs 

via a MHAT coupling of the alkene to the isocyanide instead of forming the heterocycle 

first and then reacting with the alkene via a Minisci-type process.  
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Table 2.2. Optimization table of MHAT alkene coupling with isocyanides. 

 

aMeOH (10 equiv) was added. bAddition of isocyanide by syringe pump. cAddition of PhSiH3 by 
syringe pump. dWithout argon purge. eFe(dibm)3 instead of Fe(acac)3 was used. fFe(acac)2 
instead of Fe(acac)3 was used. gDTBP was used as oxidant instead of TBHP. hNa2HPO4 (1 equiv) 
used as a base. iDBU (0.5 equiv) used as a base. jNa2CO3 (1.5 equiv) used as a base. kNaHCO3 (1 
equiv) used as a base. lPMHS (5.5 equiv) used instead of PhSiH3. m4 h instead of 24 h. n5 was 
used instead of 4a as starting material.  

 

Entry 4a:alk Fe PhSiH3 TBHP solvent To 5a 5 

1 1:1 1.0 2.5 - EtOH 0.04 M rt 9% - 

2 1:1 0.2 2.5 - EtOH 0.04 M rt 20% - 

3 1:1 0.2 2.5 - THF 0.04 Ma rt 19%  

4 1:1 2.0 2.5 - THF 0.04 Ma rt 20% - 

5 1:1 2.0 2.5 - t-BuOH 0.04M rt 6% - 

6 1:1 2.0 2.5 - MeCN 0.04 M rt 5% - 

7 1:1 0.4 2.5 - MeCN 0.04 M 90 oC 29% - 

8 1:1 0.2 1 1.5 MeCN 0.4 M 60 oC 18% - 

9 1:1 0.4 2.5 1.5 iPrOH 0.4 M rt 30% 30% 

10 1:1 0.4 1 1.5 iPrOH 0.4 M rt 40% 30% 

11 1:1 0.2 1 1.5 iPrOH 0.4 M rt 63% 25% 

12 1:1b 0.2 1 1.5 iPrOH 0.4 M rt 53% 3% 

13 1:1 0.05 1 1.5 iPrOH 0.4 M rt 41% 41% 

14 1:1 0.2 0.5 1.5 iPrOH 0.4 M rt 42% 22% 

15 1:1 0.2 1c 1.5 iPrOH 0.4 M rt 50% 17% 

16d 1:1 0.2 1 1.5 iPrOH 0.4 M rt 33% 11% 

17 1:1 0.2e 1 1.5 iPrOH 0.4 M rt 40% 50% 

18 1:1 0.2 1 1.5 iPrOH 0.4 M 60 oC 75% 13% 

19 1:1 0.2f 1 1.5 iPrOH 0.4 M 60 oC 23% 72% 

20 1:1 0.2 1 1.5 iPrOH 0.4 M 100 oC 53% 40% 

21 2:1 0.2 1 1.5 iPrOH 0.4 M 60 oC 40% 35% 

22 1:2 0.2 1 1.5 iPrOH 0.4 M 60 oC 40% 46% 

23 1:1 0.2 1 3 iPrOH 0.4 M 60 oC 17% 22% 

24 1:1 0.2 1 0.5 iPrOH 0.4 M 60 oC 39% 50% 

25 1:1 0.2 1 1.5g iPrOH 0.4 M 60 oC 42% 10% 

26h 1:1 0.2 1 1.5 iPrOH 0.4 M 60 oC 31% 29% 

27i 1:1 0.2 1 1.5 iPrOH 0.4 M 60 oC - - 

28j 1:1 0.2 1 1.5 iPrOH 0.4 M 60 oC 18% 32% 

29k 1:1 0.2 1 1.5 iPrOH 0.4 M 60 oC 33% 45% 

30 1:1 0.2 1 1.5 t-BuOH 0.4 M 60 oC 43% 29% 

31 1:1 0.05 1 1.5 t-BuOH 0.4 M 60 oC 54% 36% 

32 1:1 0.2 5.5l 1.5 t-BuOH 0.4 M 60 oC 26% 26% 

33 1:1 0.4 1 - iPrOH 0.4 M rt 38% 20% 

34 1:1 0.2 1 1.5 THFa 60 oC 23% 52% 

35m 1:1 0.2 1 1.5 iPrOH 0.4 M rt 32% 30% 

36 1:1 0.4 1 1.5 iPrOH 0.2 M rt 30% 40% 

37 1n:1 0.2 1 1.5 iPrOH 0.4 M 60 oC - 100% 
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 Minisci coupling 

When different alkenes were tried using the optimized conditions of the previous 

section, it was found that more substituted alkenes were less effective donors, and low 

yields of the corresponding products were obtained. It was thought that the increasing 

stability of the radical donor and increasing steric hindrance shifted the balance of 

reactivity, making the reductive cyclization more competitive compared to the desired 

coupling reaction. To overcome this problem, we proposed combining the MHAT 

reductive cyclization with a Minisci-type reaction (Table 2.3).170 For a detailed 

explanation of the Minisci reaction see Section 3.1.2. For previously developed MHAT-

Minisci reactions see Section 1.1.4 (pages 37–40). 

We started our optimization based on the work of Baran,171 who used boron trifluoride 

diethyl etherate as a Lewis acid to activate the -carbon of the nitrogen heterocycle 

and increase its electrophilicity. Under these conditions, we obtained a moderate 40% 

yield (entry 1) of the coupled compound 5l. Interestingly, unlike typical Minisci 

reactions, no reoxidation of the ring was observed, and the only product obtained was 

the reduced compound. We then changed the acid to trifluoroacetic acid, and the 

reaction yield increased dramatically to 86%.  

With this promising result, we decided to see if reducing the quantity of iron catalyst by 

adding an oxidant to the reaction was possible. (entries 3 and 4), but the yield 

dramatically decreased to 10-12%. Evaluation of different solvents (entries 5-17) in 

combination with an oxidant did not improve initial results and led us to return to using 

THF/MeOH mixtures. Interestingly, reexamination of the use of this solvent 

combination with an oxidant led to none of the product 5h being formed.  Further 

analysis determined that this was due to a furan-coupled subproduct that had formed 

in the reaction, presumably from the THF used as the solvent, leading us to abandon 

the use of an oxidant in the reaction (the structure of this compound will be discussed 

in the next section). Further optimization established that increasing the reaction time 

to 24 h, not purging the reaction, and leaving the flask open to air was beneficial for 

the reaction yield, allowing us to obtain the desired coupled heterocycle in an excellent 

94% yield (entry 29). 
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Table 2.3. Optimization table for Minisci alkene coupling with phenanthridine. 

 

aBF3·Et2O added instead b2.5 equiv of PhSiH3 was added. c Fe(acac)2 was used instead. dNo 
PhSiH3 was added. eAfter 2 h chloranil (2 equiv) was added. fTBHP was added after 2 h of 
reaction. gWithout argon purge. hMnO2 added after the reaction is completed.  

 

  

 

 

 

 

Entry 5:alk Fe(acac)3 TBHP Acid solvent To time 5h 

1 1:3 1 - 2a THF/MeOH 0.2 M 60 oC 2 h 40% 

2 1:3 1 - 2 THF/MeOH 0.2 M 60 oC 2 h 86% 

3 1:3 0.2 1.5 2a THF/MeOH 0.2 M 60 oC 2 h 12% 

4 1:3 0.2 1.5 2 THF/MeOH 0.2 M rt 2 h 10% 

5 1:3 0.4 1 2 iPrOH 0.2 M rt 2 h 31% 

6 1:3 0.4 1 2 CH2Cl2 0.2 M 40 oC 7 h 25% 

7 1:3 0.4 1.5 2 Toluene/MeOH 0.2M 60 oC 24 h 42% 

8 1:3 0.4 1.5 2 MeCN/MeOH 0.2 M 60 oC 24 h 26% 

9 1:3 0.4 1.5 2 t-BuOH/MeOH 0.2M 60 oC 24 h 35% 

10 1:3 0.4 1.5 2 DMF/MeOH 0.2 M 60 oC 24 h 17% 

11 1:3 0.4 1.5 2 DCE/MeOH 0.2 M 60 oC 24 h 37% 

12 1:3 1 1.5 2 DCE/MeOH 0.2 M 60 oC 24 h 29% 

13b 1:3 0.4 1.5 2 DCE/MeOH 0.2 M 60 oC 24 h 38% 

14 1:3 0.2 1.5 2 EtOH 0.2 M 60 oC 24 h 63% 

15 1:3 0.2 1.5 2 DCE 0.2 M 60 oC 24 h 34% 

16 1:3 0.2 1.5 2 DCE/MeOH 0.2 M 60 oC 24 h 35% 

17 1:3 1 - 2 iPrOH 0.2 M 60 oC 3 h 30% 

18 1:3 0.2c 1.5 2 THF/MeOH 0.2 M rt 2 h 11% 

19d 1:3 0.2c 1.5 2 THF/MeOH 0.2 M rt 2 h - 

20d 1:3 0.2:0.2c 1.5 2 THF/MeOH 0.2 M rt 4 h - 

21d 1:3 0.2c 1.5 2 THF/MeOH 0.2 M rt 4 h - 

22e 1:3 1 - 2 THF/MeOH 0.2 M 60 oC 2 h - 

23 1:3 1 1.5f 2 THF/MeOH 0.2 M 60 oC 4 h 45% 

24g 1:3 0.2 - 2 THF/MeOH 0.2 M 60 oC 24 h 31% 

25h 1:3 1 - 2 THF/MeOH 0.2 M 60 oC 2 h - 

26 1:3 0.2 - 2 THF/MeOH 0.2 M 60 oC 2 h 25% 

27 1:3 1 - 2 THF/MeOH 0.2 M 60 oC 24 h 44% 

28 1:3 1 - - THF/MeOH 0.2 M 60 oC 24 h 5% 

29g 1:3 1 - 2 THF/MeOH 0.2 M 60 oC 2 h 94% 
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 MHAT-Minisci combined conditions 

Once we proved the Minisci-type reaction as a viable alternative for the coupling of 

more substituted alkenes with the heterocycle, we envisioned the possibility of forming 

it from the corresponding isocyanide by one-pot synthesis by combining the reductive 

cyclization and by the Minisci coupling reaction together (Table 2.4).  

Table 2.4. Optimization table for MHAT cyclization-Minisci alkene coupling from isocyanide 4a. 

 

aBF3·Et2O added instead. bAcid was added 1 hour later. cAcid and alkene were added 10 min 
after the addition of PhSiH3. dSee Supporting Information: Method 3 - Sequential MHAT-Minisci 
Coupling from the corresponding isocyanide. 

 

Studies began using the conditions we had tested as best for Minisci coupling, but the 

coupled product (entry 1) was not obtained. It was then decided to add the Lewis acid 

an hour later to let the reductive cyclization come to completion, and then, once the 

heterocycle was formed, activate the nitrogen to allow the Minisci reaction to proceed 

with the alkene coupling (entry 2). In this case, a small amount of product was 

observed. Using isopropanol as a solvent and increasing the equivalents of 

phenylsilane was tried next but was detrimental to the reaction yield (entry 3). Next, 

we tried to make the reaction catalytic by decreasing the iron equivalents and adding 

an oxidant. Unfortunately, this gave low yields as we obtained a significant amount of 

the product 5j resulting from the coupling of tetrahydrofuran with the heterocycle 

(Scheme 2.20). This secondary reaction led us to study what was happening to 

understand the reaction better, and the results will be extensively discussed in Chapter 

3 of this thesis. 

Entry 4a:alk Fe(acac)3 PhSiH3 TBHP TFA solvent To time 5h 5 

1 1:3 1 1 - 2a THF/MeOH 0.2 M 60 oC 2 h - - 

2b 1:3 1 1 - 2a THF/MeOH 0.2 M 60 oC 2 h 30% - 

3c 1:3 2 2.5 - 2 iPrOH 0.2 M 60 oC 2 h 20% - 

4 1:3 0.2 1 1.5 2 THF/MeOH 0.2 M rt 2 h 20%  

5d 1:3 1 3 1 2 MTBE/MeOH 0.2 M rt to 60 oC 2.5 h 56% - 
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Scheme 2.20. Formation of unexpected ether coupling. 

At this point, seeing that adding an oxidant could lead to the coupling of ethers with 

the heterocycle, it was decided to choose a solvent that would be unlikely to carry out 

this coupling, such as methyl tert-butyl ether (MTBE). We proposed that since the 

energy barrier to forming a primary radical would be higher and would likely not form. 

A two-step protocol was then established to carry out a one-pot synthesis. This consists 

in first adding an equivalent of the isocyanide, accompanied by 0.2 equivalents of 

Fe(acac)3, and dissolving it in a 0.4 molar solution in a 4:1 ratio of methyl tert-butyl 

ether and methanol. To this solution degassed with argon, one equivalent of tert-butyl 

hydroperoxide and three equivalents of phenylsilane are added and allowed to react 

for 15 minutes at room temperature. The reaction flask is then opened to air, MTBE is 

added to a concentration of 0.2 molar, 0.8 equivalents of Fe(acac)3, two equivalents of 

trifluoroacetic acid, and three equivalents of alkene are added, and the reaction is left 

for three hours at 60 oC. 

As can be seen, these conditions come from putting together the best conditions used 

to perform the reductive cyclization first, followed by the best conditions found to 

perform the Minisci reaction. This protocol allowed us to obtain the desired product 5h 

in 56% yield in a one-pot reaction. Therefore, it allows us to increase the range of 

compounds we can obtain from isocyanides, achieving our goal of using the HAT 

methodology to couple alkenes to generate functionalized nitrogen heterocycles. 
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Substrate scope 

With the optimized conditions, we investigated the reaction scope using different 

isocyanides and alkenes. All the alkenes used in the study were commercially available, 

except for but-3-en-1-yl benzoate and 2-(but-3-en-1-yl)isoindoline-1,3-dione, which 

were prepared according to standard procedures as indicated below (Scheme 2.21). 

  

Scheme 2.21. Synthesis of non-commercially available alkenes. 

 

Different alkenes were investigated, with other functional groups and chain lengths 

(Scheme 2.22). First, the MHAT coupling protocol (Method A) was applied for the less-

hindered alkenes, obtaining moderate to good yields for all the alkenes studied. As 

expected, the yields dropped dramatically when this protocol was used with more 

substituted alkenes. For this reason, we used the Minisci method (Method B) from the 

corresponding heterocycle 5 to obtain the desired compounds. As discussed previously, 

compound 5h, the product of coupling with a tertiary radical, produced only the 

reduced form. The same was observed for the formation of 5i. Subsequent attempts to 

oxidize these compounds with MnO2 were unsuccessful. Attempts to use 2,3-

dihydrofuran as an alkene to evaluate the introduction of heteroatoms into the coupled 

products only gave traces of the corresponding product 5j which stands in contrast to 

the easy manner it could be formed using the conditions of Scheme 2.20. With the 

scope of the coupling evaluated, we then showed it was feasible to prepare 

compounds 5f-5i directly from the isocyanide 4a via the one-pot combined HAT-Minisci 

conditions we had developed (Method C). 
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Scheme 2.22. Substrate scope of HAT coupling between isocyanide 4a and alkenes. aMethod A: 
Isocyanide/alkene (1:1), Fe(acac)3 (0.2 equiv), PhSiH3 (1 equiv), iPrOH [0.4 M], TBHP (1.5 equiv), 
60 oC, 24 h. bMethod B: Phenanthridine/alkene(1:3), Fe(acac)3 (1 equiv), TFA (2 equiv), PhSiH3 
(1 equiv), THF/MeOH (0.2 M, 4:1), 3 h, 60 oC, open to air.  cMethod C: Isocyanide (1 equiv), 

Fe(acac)3 (1 equiv), PhSiH3 (3 equiv), TBHP (1 equiv), MTBE/MeOH (0.2 M), rt, 15 min, then TFA 
(2 equiv), alkene (3 equiv), 60 oC, 2.5 h, open to air.           
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Next, we evaluated the coupling of the differently substituted 2-isocyanobiphenyls 4b-

4e (Scheme 2.23). The corresponding phenanthridines 5k-5n were prepared in good 

yields, and no significant effect of the substituent (either electron-donor or electron-

withdrawing) was observed to influence the reaction outcome. 

 

 

Scheme 2.23. Substrate scope of substituted isocyanides with but-3-en-1-ol. aMethod A: 
Isocyanide/alkene (1:1), Fe(acac)3 (0.2 equiv), PhSiH3 (1 equiv), iPrOH [0.4 M], TBHP (1.5 equiv), 
60 oC, 24 h.  

 

Mechanistic discussion 

The proposed mechanism for the reaction is outlined in Scheme 2.24. Phenylsilane acts 

as a hydride donor to form an iron hydride species, which adds to the alkene to 

generate a carbon-centered radical A, which adds to the isocyanide to form the 

corresponding imidoyl radical B. This imidoyl intermediate will go through the 

subsequent 6-endo-trig cyclization to generate the cyclohexadienyl radical C, which will 

be deprotonated by hydroxyl anion which is formed by the reaction of TBHP and FeII to 

give the anion D. This anion reduces TBHP by a single electron transfer to provide the 

desired coupled product 5a. Alternatively, intermediate radical C can undergo a one-

electron oxidation via FeIII species or TBHP, resulting in rearomatization. Finally, the 

catalytic cycle is completed by the oxidation of FeII species by TBHP. 



Isocyanides as Acceptor Groups in MHAT Reactions with Unactivated Alkenes 

81 

On the other hand, if HAT from the iron hydride species occurs to 4a (i.e., in the 

absence of alkene), the non-coupled product 5 will be formed instead through the 

analogous process to that previously mentioned. The addition of TFA at this point 

activates the heterocycle to give the intermediate E, allowing the Minisci coupling 

reaction with more impeded alkenes. Initially, the formation of intermediate F and a 

subsequent reoxidation produced by a SET process from the FeIII species would provide 

intermediate G that provides product 5g (R2 = H), which is then deprotonated upon 

work-up. In the case of trisubstituted alkenes (R2 = Me), the additional steric 

impediment inhibits the process, resulting in a SET process directly to the nitrogen and 

obtaining the reduced heterocycle 5h.  

Scheme 2.24. Proposed mechanism for the MHAT couplings with isocyanides (a) direct coupling 
of the alkene (b) switching to MHAT-Minisci coupling mode via the addition of TFA.   
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Notably, without the addition of TFA, the Minisci reaction does not take place to any 

significant degree (Table 2.3, entry 28), discarding the possibility that the heterocycle is 

the coupling partner instead of isocyanide, for example, under the optimized 

conditions of Table 2.2. This possibility is also discarded, as commented above, in Table 

2.2 (entry 37), where it was proven that starting from phenanthridine 5 and applying 

optimized conditions for HAT coupling, no coupled product could be observed, and 

only non-reacted heterocycle could be recovered from the reaction.  

2.3.2. Studies towards the Camptothecin nuclei 

Seeing the potential of MHAT reactions to couple alkenes with isocyanide acceptors to 

generate nitrogen heterocycles, we next decided to attempt to emulate Curran's 

synthesis of Camptothecin (see Section 2.1.2, Scheme 2.5). 

In our design, unlike Curran's work, where he started from an alkyl halide to generate 

the radical, it was thought that 3,4-dihydropyridinone B could act as a radical donor for 

a subsequent addition to phenyl isocyanide A. The resulting imidoyl radical would add 

to the alkyne to form a vinyl radical, which would then add to the aromatic ring.  

Rearomatization would then give the final product (see Scheme 2.25).  

Scheme 2.25. MHAT conditions to generate Camptothecin analogs. 

Synthesis of the substrates 

The preparation of the used alkene (Scheme 2.26)172 started with the N-alkylation of 

glutarimide 6 using 3-bromoprop-1-yne to introduce the propargyl group, using K2CO3 

and TBAI suspended in acetone at room temperature for 20 h. 

                        
Scheme 2.26. Preparation of 1-(prop-2-yn-1-yl)-3,4-dihydropyridin-2(1H)-one. 
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The corresponding 1-(prop-2-yn-1-yl)piperidine-2,6-dione 7 was afforded in an 

excellent 94% yield. Subsequent reduction of the carbonyl with LiEt3BH (SuperHydride), 

with DIPEA, DMAP, and TFAA in toluene at -78 oC for 4 h, gave the reduced product 8 in 

a 70% yield. 

 

Scheme 2.27. Preparation of phenyl isocyanides. 

The isocyanides 10a and 10b were prepared according to the above-mentioned 

dehydration method of the formamides prepared from the corresponding amines 9a 

and 9b (Scheme 2.27).  

The volatility of compound 10a proved problematic, making isolation challenging. 

Solvent removal had to be carried out by controlled distillation at atmospheric pressure 

instead of on a rotary evaporator. This resulted in a lower yield than for compound 10b, 

which could be handled more straightforwardly. In both cases, the foul smell of the 

resulting isocyanides made the manipulation extremely unpleasant. 

Reaction optimization 

Once the starting materials were synthesized, the MHAT-triggered tandem radical 

cyclization was evaluated. Unfortunately, employing the conditions previously studied 

for phenanthridine cyclization was unsuccessful, and only complex mixtures were 

isolated. Attempts were made to purify the mixture to see if any of the desired 

products or related intermediates could be detected; however, no conclusive evidence 

could be found that the reaction was taking place (Table 2.5).  We tried switching to the 

alternative Fe catalyst Fe(dpm)3, which is known to work better for alkenes with an 

adjacent heteroatom (entries 2 and 3);31 however, no product was detected. The use of 

isocyanide 10b (entry 4) was also unsuccessful. Given our experience with the 

competitive reduction of the isocyanide moiety during our phenanthridine studies, it 

seemed likely that this unwanted reaction might play a significant part as the 
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isocyanides are less impeded than those studied previously (e.g., isocyanide 4a). 

Therefore, with these unfruitful initial results and consideration of the potential 

difficulty of the reaction, it was decided to put these studies on one side and study the 

synthesis of other heterocycles, which showed more promising initial results.  

Table 2.5. Reaction optimization table of MHAT cyclization. 

 

 

 

aFe(acac)3 used as Fe catalyst. bFe(dibm)3 used as Fe catalyst. c10b was used as isocyanide.  

 

2.3.3. Synthesis of isoquinolines via MHAT coupling with isocyanides 

Synthesis of the substrates 

The preparation of 2-isocyano-3,3-diphenylacrylate 14 (Scheme 2.28) started with the 

condensation of benzophenone 12 and methyl 2-isocyanoacetate using NaH as a base 

in THF at room temperature for 2 hours. After recrystallization from methanol, 

formamide 13 was obtained with a good 77% yield.173 Subsequent dehydration of the 

formamide was carried out using the protocol mentioned above to provide the 

corresponding isocyanide 14 in an excellent 90% yield. 

 

 

Scheme 2.28. Preparation of 2-isocyano-3,3-diphenylacrylate. 

 

 

Entry 10a:8 Fe PhSiH3 TBHP iPrOH To Time 11 

1 1:1 0.2a 1 1.5 0.4 M 50 oC 24 h - 

2 1:1 1b 1 - 0.04 M rt 24 h - 

3 1:1 0.2b 1 1.5 0.04 M 100 oC 24 h - 

4 1c:1 0.2a 1 1.5 0.4 M 50 oC 24 h - 
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Reaction optimization 

 Reductive cyclization  

While studies of phenanthridine were in progress, we had started investigating the 

synthesis of isoquinolines. This reaction was thought to share many similarities with 

the MHAT synthesis of phenanthridines, so similar reaction conditions were used as the 

initial starting point. 

 We started with the optimization of the core heterocycle by omitting the alkene using 

the same conditions as phenanthridine studies (Table 2.6). However, only a poor 9% 

yield of the desired product 15 was obtained. From this point, modifications such as 

solvent (entry 2), temperature (entry 3), iron source (entry 4), or TBHP (entry 5) were 

applied. These initial tests showed us that the reaction worked best at room 

temperature, and tert-butyl peroxide was better in a 70% water solution than in a 5.5 

M anhydrous decane solution. Finally, by increasing the phenylsilane to three 

equivalents, we could achieve an excellent 86% yield (entry 6). 

 

Table 2.6. Optimization table for reductive cyclization of isoquinoline. 

 

Entry Fe(acac)3 PhSiH3 TBHP solvent To 15 

1 0.2 1 1.5a iPrOH 0.4 M 50 oC 9% 

2 0.2 1 1.5a THF 0.4 Mb 50 oC 9% 

3 0.2 1 1.5a iPrOH 0.4 M rt 34% 

4 0.2c 1 1.5d iPrOH 0.4 M rt 51% 

5 0.2 1 1.5d iPrOH 0.4 M rt 83% 

6 0.2 3 1.5d iPrOH 0.4 M rt 86% 
aTBHP 5.5 M in decane. bMeOH (10 equiv) were added. cFe(acac)2 was used instead of 
Fe(acac)3. dTBHP 70% in water. 
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 MHAT coupling 

Next, we optimized the MHAT coupling of alkenes with isoquinolines (Table 2.7). We 

started by applying the best conditions for phenanthridines (see Table 2.2, entry 18), 

but unfortunately, a poor yield of coupled product was obtained. Next, we tried varying 

the concentration of solvent (entry 2) and increasing the equivalents of phenylsilane 

(entry 3), but this did not result in a significant increase in reaction yield. When the 

reaction was carried out at room temperature instead of at 60 oC, a slight improvement 

in the yield was observed (entry 4). We then screened different concentrations of Fe, 

solvent concentration, and equivalents of phenylsilane (entries 4 to 8), until a good 

yield of 61% could be reached, using 0.2 equivalents of Fe(acac)3, 3 equivalents of 

phenylsilane, room temperature and a 0.4 M concentration of isopropanol (entry 9). 

In summary, the key differences with respect to the HAT coupling of phenanthridines 

with alkenes lie in the fact that three equivalents of phenylsilane are needed instead of 

one, and room temperature instead of heating to 60 oC. These conditions were 

denoted as Method A. 

Table 2.7. Optimization table for the HAT coupling with alkene. 

 

Entry 14:alk Fe(acac)3 PhSiH3 To 15a 15 

1a 1:1 0.2 1 60 oC 23% 29% 

2a,b 1:1 0.2 1 60 oC 17% - 
3a 1:1 0.2 3 60 oC 21% 40% 

4a,b 1:1 0.2 3 rt 46% 38% 

5a 1:1 0.2 1 rt 38% 40% 

6a 1:1 0.4 3 rt 33% 57% 

7a 1:1 0.1 3 rt 25% 54% 

8c 1:1 0.2 3 rt 53% 22% 
9a 1:1 0.2 3 rt 61% 27% 

aTBHP 70% in water. biPrOH (0.04 M). cTBHP 5.5 M in decane. 
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 Minisci coupling 

To carry out the Minisci reaction, the best conditions of the phenanthridines (Table 2.3, 

entry 29) were taken as the initial starting point and modified according to the previous 

observations for isoquinolines. Three equivalents of phenylsilane and room 

temperature were used to obtain good yields (see the scope in Scheme 2.29). As a 

result, no further optimization was carried out. Therefore, the conditions used 

consisted of one equivalent of heterocycle 15, three equivalents of alkene, one 

equivalent of Fe(acac)3, two equivalents of TFA, and three equivalents of phenylsilane 

in a 0.2 M mixture of tetrahydrofuran in methanol in a ratio of 4: 1, at room 

temperature for 3 hours. These conditions were denoted as Method B. 

 

 MHAT-Minisci combined conditions 

Finally, the sequential MHAT-Minisci synthesis was attempted to couple more hindered 

alkenes to the isocyanide 14. To do this, the optimized conditions of the 

phenanthridines were used (see Table 2.4, entry 5), and we obtained the desired 

products 15d and 15e with good yields (see Scheme 2.29). These conditions were 

denoted as Method C. 

 

Substrate scope  

The scope of the reaction is illustrated in Scheme 2.29, where we applied the three 

different methods we had developed to synthesize isoquinolines. Coupling the 

isocyanide 14 with the different alkenes gave the substituted isoquinolines 15a-15e in 

moderate to good yields. Notably, the addition of trisubstituted alkenes only gave fully 

oxidized products unlike in the phenanthridine series. 
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Scheme 2.29. Scope table of coupled isoquinolines. aMethod A: Isocyanide/alkene (1:1), 
Fe(acac)3 (0.2 equiv), PhSiH3 (3 equiv), iPrOH [0.4 M], TBHP (1.5 equiv), rt, 24 h.  bMethod B: 
Isoquinoline/alkene(1:3), Fe(acac)3 (1 equiv), TFA (2 equiv), PhSiH3 (3 equiv), THF/MeOH (0.2 
M, 4:1), 3 h, rt, open to air. cMethod C: Fe(acac)3 (1 equiv), PhSiH3 (3 equiv), TBHP (1 equiv), 
MTBE/MeOH (0.2 M), rt, 15 min, then TFA (2 equiv), alkene (3 equiv), 60 oC, 2.5 h, open to air. 
cIsocyanide/alkene (1:1), Fe(acac)3 (0.2 equiv), PhSiH3 (1 equiv), iPrOH (0.04 M], rt, 24 h.  

 

 

Mechanistic discussion 

The proposed mechanism for this reaction occurs very similarly to that previously 

outlined for phenanthridines (Scheme 2.30). The reaction begins by forming the metal 

hydride species, which adds to the double bond, generating the radical A on the most 

substituted carbon. This will add on the isocyanide, generating the imidoyl 

intermediate B, which will carry out the subsequent 6-endo-trig cyclization, forming the 

cyclohexadienyl radical C. A hydroxyl anion then deprotonates C to generate the D 

anion, which is then oxidized by the TBHP, giving the coupled isoquinoline 15a. 
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Scheme 2.30. Proposed mechanism for the MHAT couplings with isocyanides (a) direct coupling 

of the alkene (b) switching to MHAT-Minisci coupling mode via the addition of TFA. 

 

Alternatively, if the hydrogen atom transfer from the metal hydride occurs to 

compound 14, product 15 will be analogous to that described for 15a. In this case, 

adding TFA will activate our heterocycle to give intermediate E, allowing the Minisci 

reaction to occur with more hindered alkenes. This activated heterocycle will be 

attacked by the radical formed on the alkene through a HAT process to form 

intermediate F, where the subsequent reoxidation produced by a SET process by FeIII 

species will give intermediate G, which through deprotonation will allow us to obtain 

the desired products 15g and 15h. 
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2.3.4. Synthesis of indoles via MHAT coupling with isocyanides 

Synthesis of the substrates 

The preparation of isocyanide 19 (Scheme 2.31) started with condensing 2-

nitrobenzaldehyde 16 and acetophenone, using NaOH as a base in methanol at room 

temperature to obtain the nitrophenyl compound 17. Subsequently, the nitro group 

was reduced with iron powder and hydrochloric acid in ethanol to give the 

corresponding aniline 18.174  

 
Scheme 2.31. Preparation of 3-(2-isocyanophenyl)-1-phenylprop-2-en-1-one. 

 

The final conversion to the corresponding isocyanide 19 was carried out analogously to 

the previous synthesis of isocyanides, with the formylation and subsequent 

dehydration. 

For the preparation of compound 24, the synthesis started with the Horner–

Wadsworth–Emmons reaction of compound 21 with 2-nitrobenzaldehyde 16. For this 

reaction, compound 21 was previously prepared by an Arbuzov reaction of the ethyl 2-

bromoacetate 20 with triethyl phosphite (Scheme 2.32).175  

 
Scheme 2.32. Preparation of ethyl 2-(diethoxyphosphoryl)acetate. 

 

Once the nitro compound 22 was prepared, the preparation proceeded with the 

reduction of the nitro group to the corresponding amine using the conditions above-

mentioned for the synthesis of compound 19 to obtain compound 23 (Scheme 2.33). 
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Once the amine was synthesized, the preparation of the corresponding isocyanide 

followed the same steps as the previous synthetic routes.176  

 
Scheme 2.33. Preparation of Ethyl 2-(2-isocyanophenyl)acrylate. 

 

Preparation of compound 27 (Scheme 2.34) started with the reduction of compound 23 

using diisobutylaluminium hydride and sodium hydride in tetrahydrofuran at 0 oC to 

achieve the corresponding alcohol 25 in an excellent 92% yield. Subsequent 

methylation of the alcohol was carried out using methyl iodide and sodium hydride in 

tetrahydrofuran at 0 oC, and the product was obtained in a good 65% yield.177 

From this point, the obtention of the corresponding isocyanide followed the same 

synthetic path as the previously prepared compounds. 

 

Scheme 2.34. Preparation of 1-isocyano-2-(3-methoxyprop-1-en-1-yl)benzene. 

 

To obtain compound 31 (Scheme 2.35), the synthesis started with the obtention of 

isocyanide 30 from 2-bromoaniline 28, using the same procedure mentioned above. 

Once the isocyanide was obtained, it was treated with methyl formate and n-butyl 

lithium in tetrahydrofuran at -78 oC to give the 2-aminobenzaldehyde 31.178 
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Scheme 2.35. Preparation of 2-isocyanobenzaldehyde. 

 

Finally, to obtain compound 34 (Scheme 2.36), 1-(2-aminophenyl)ethan-1-one 32 was 

treated with the previously used conditions to convert the amine into the isocyanide in 

a good overall yield. 

 

Scheme 2.36. Preparation of 1-(2-isocyanophenyl)ethan-1-one. 

  

Reaction optimization  

 Reductive cyclization  

In the same way, as with the previous heterocycles, we also started by optimizing the 

reductive cyclization (Table 2.8). To do this, we began by using the optimized conditions 

for phenanthridine at room temperature (Table 2.8, entry 1), applying them to 

isocyanide 19 containing an electron-poor alkene. Unfortunately, the cyclized product 

35 was not obtained. We decided to lower the solvent concentration to 0.04 M (entry 

2), and for the first time, it was possible to obtain the product with a yield of 47%. 

Several modifications were tried here, such as replacing the solvent with ethanol. 

However, this proved detrimental to the reaction. Attempts to decrease the amount of 

Fe(acac)3 or use a mixture of Fe(acac)3 with Fe(acac)2 proved similarly unsuccessful 

(entries 3 and 4). Finally, when the solvent was replaced by a mixture of 0.04 M 

tetrahydrofuran with methanol (10 equiv) and three equivalents of phenylsilane were 

added at 60 oC, the product could be obtained in good yield of 75% (entry 5). 
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In the case of indoles, no oxidant is used since the FeIII species are regenerated during 

the reduction of the α-radical formed, similar to Baran's MHAT reaction of electron-

deficient alkenes.33  

 

Table 2.8. Indoles reductive cyclization. 

 

Entry 19 Fe(acac)3 PhSiH3 solvent To 35 

1 1 0.2a 1 iPrOH 0.4 M rt - 

2 1 0.2 1 iPrOH 0.04 M rt 47% 
3 1 0.05 1 EtOH 0.04 M 60 oC 11% 

4 1 0.05/0.15b 1 iPrOH 0.04 M rt 37% 

5 1 0.2 3 THF 0.04 Mc 60 oC 75% 
aFe(acac)2 was used instead of Fe(acac)3. bA combination of Fe(acac)3 and Fe(acac)2 was 
used.  cMeOH (10 equiv) were added. 

 

With the optimum conditions in hand, the range of previously synthesized isocyanides 

were shown to undergo the desired reductive cyclization (Scheme 2.37). Isocyanide 24, 

bearing an electron-poor chain, was obtained in an excellent 91% yield. However, when 

the other isocyanides 27, 31, and 34 were subjected to the same conditions, only a 

complex mixture was obtained, and no detection of the corresponding cyclized 

products was possible. In the case of isocyanide 27, we presumed this was due to the 

substrate having an electron-rich alkene chain. In the case of isocyanides 31 and 34 

with carbonyls as radical acceptors, the cyclization reaction would imply the formation 

of an unstable alkoxy radical intermediate, which could revert and undergo 

decomposition. While we have previously demonstrated that aldehydes and ketones 

are viable acceptors in MHAT reactions,54 none of the desired products 38 and 39 were 

detected in this case. 
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Scheme 2.37. Reductive cyclization scope on different substituted isocyanides. 
aFe(acac)3 (0.2 equiv), PhSiH3 (3 equiv), THF (0.04 M), MeOH (10 equiv), 60 oC, 24 h. 

 

 MHAT coupling  

Once the optimal conditions for the reductive cyclization were obtained, the coupling 

with alkenes was studied. This became significantly more challenging because 

isocyanides were more susceptible to reductive cyclization than the rest of the 

previous compounds studied so far. 

The optimization started using the optimal conditions for the phenanthridines (Table 

2.9, entry 1) but without an oxidant because, as previously discussed in the reductive 

cyclization section, it is not required. The conditions were then modified by diluting the 

concentration to 0.04 M (entry 2); the desired product 35a could be obtained, albeit in 

a low yield of 14%. From here, different modifications were carried out, such as 

changing the solvent to dichloroethane (entry 6), dichloroethane/isopropanol mixture 
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(entry 11), acetonitrile/water mixture (entry 25), or tetrahydrofuran (entries 3, 5, 7, 8 

and 14-21). During the course of our studies, Ramón and co-workers published a study 

of Baran's coupling of unactivated alkenes with electron-deficient alkenes, where they 

used deep eutectic solvents as a reaction medium.179 These tend to be combinations of 

two or more components that form a eutectic liquid mixture via electrostatic and 

hydrogen bond interactions.  

Table 2.9. Optimization table for the formation of indole 35a. 

 

 

 

 

Entry 19:alk Fe(acac)3 PhSiH3 solvent To 35a 35 

1 1:1 0.2 1 iPrOH 0.4 M rt - 22% 

2 1:1 0.4 1 iPrOH 0.04 M rt 15% 29% 

3 1:1 1 1 THF 0.04 Ma rt 23% 33% 

4 1:1 0.05 5 iPrOH 0.04 M rt 5% 40% 
5 1:1 1 3 THF 0.04 Ma rt 9% 47% 

6 1:1 1 3 DCE 0.04 Ma rt 19% 58% 

7 1:1 0.2 3 THF 0.04 Ma 60 oC - 80% 

8 1:1b 0.4c 1 THF 0.04 Ma rt 8% 37% 

9 1:1 0.4 1 EtOH/EG (5:1) 0.2 M rt 16% 28% 
10 1:3 0.1 5.5d ChCl/EG (1:2) 0.2 M 60 oC 8% 11% 

11 1:3 0.4e 1 iPrOH/DCE (1:1) 0.2 M 60 oC 11% 73% 

12 1:1 0.2 3 EtOH 0.04 M rt 10% 55% 

13 1:3 0.4 3 iPrOH 0.04 M rt 15% 41% 

14 1:1 0.1 1 THF 0.04 Ma rt 11% 43% 
15 1:1 0.05c 1 THF 0.04 Ma rt 19% 59% 

16 2:1f 1 1 THF 0.04 Ma rt 18% 57% 

17 1:1 2 1 THF 0.04 Ma rt 14% 38% 

18 1:1 1 1 THF 0.04 Mg rt 9% 58% 

19 1:1 1 1 THF 0.004 Ma rt 31% 40% 

20 1:1 1 1 THF 0.04 Ma 0 oC 21% 38% 
21 1:3 1 1 THF 0.02 Mh 0 oC 9% 33% 

22 1:1 1 1 iPrOH 0.02 M rt 14% 35% 

23 1:1 0.2i 1 iPrOH 0.04 M rt - 44% 

24 1:1 0.2j 1 iPrOH 0.04 M rt - - 

25 1:1 0.2 1 MeCN/H2O (1:1) (0.0125 M) rt - 21% 
26 1:1 0.2 1 iPrOH 0.04 M rt 47% 16% 

aMeOH (10 equiv) were added. b4-phenylbutene used as alkene. cFe(acac)2 (0.4 equiv) were 
added. dPMHS was used instead of PhSiH3. eFe(dpm)3 was used instead of Fe(acac)3. fSecond 
equivalent of isocyanide was added 2 h later. giPrOH (10 equiv) were added. hiPrOH (50 equiv) 
were added. iCo(salen) was used instead of Fe(acac)3. jMn(dpm)3 was used instead of Fe(acac)3. 
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It was therefore decided to test its conditions, using mixtures of ethanol/ethylene 

glycol (entry 9) and choline chloride/ethylene glycol (entry 10), as well as 

poly(methylhydrosiloxane) (PMHS) as a hydride source, but very poor yields were 

obtained. 

Changing the catalyst to one with more bulky ligands, such as Fe(dpm)3 (entry 11), 

Co(salen) (entry 23), or Mn(dpm)3 (entry 24), was unsuccessful. Carrying out the 

reaction at room temperature, at 60 oC (entries 7, 10, and 11) or at 0 oC (entries 20 and 

21) to try to make the reductive cyclization less active and slower were also 

investigated, including different quantities of catalyst, as well as different amounts of 

phenylsilane. Various amounts of alkene were also tried (entries 10, 11, 13, and 21). In 

all previously mentioned cases, no substantial improvement in yield was achieved, and 

in most cases, large amounts of the reduced heterocycle 35 were formed, 

demonstrating, as we commented above, that the reductive cyclization outcompeted 

the desired coupling of the isocyanide with the alkene. 

Finally, similar conditions to those tested initially, isopropanol, one equivalent of 

alkene, 0.2 equivalents of Fe(acac)3, one equivalent of phenylsilane, and room 

temperature but with a dilution of 0.04 M (entry 26), gave us access to the desired 

coupled indole 35a in a moderate yield of 47% which is a good result considering the 

difficulty of the reaction. 

 

 

 

 

 

 

 

 

 



Isocyanides as Acceptor Groups in MHAT Reactions with Unactivated Alkenes 

97 

Substrate scope 

Finally, after extensive screening, compounds 35a, 35b, 36a, and 36b could be 

obtained with moderate yields (Scheme 2.38). Compound 35c, using isocyanide 19 and 

a tertiary alkene, could only be obtained in trace amounts. In this case, the one-pot 

conditions of Minisci-HAT could not be applied due to the electron-rich nature of the 

indoles. 

Attempts to couple isocyanides 27, 31, and 34 to give the corresponding coupled 

indoles 37a, 38a, and 39a were unsuccessful, as we had found in the reductive 

cyclization studies discussed previously. 

Scheme 2.38. Scope table for indole coupling using MHAT conditions. aIsocyanide/alkene (1:1), 
Fe(acac)3 (0.2 equiv), PhSiH3 (1 equiv), iPrOH [0.04 M], rt, 24 h. 
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During the course of our studies, Huang and co-workers reported a MHAT reductive 

cyclization to form indoles (Scheme 2.39).180 This method was limited to investigating 

the reductive cyclization reaction and to just one substrate type.  

 

Scheme 2.39. Reductive indole synthesis using MHAT. 

 

After the publication of our work, an alternative hydrogen atom transfer cyclization to 

phenanthridine was described by the same group (Scheme 2.40).181 They showed that 

the hydride donor could be formed from triphenylphosphine and water using 

photocatalytic conditions. Despite the potential of this process, it was not applied to 

the coupling of alkenes with isocyanides to make substituted phenanthridines or any 

other heterocyclic ring system. 

 

Scheme 2.40. Photoredox/PPh3 dual catalysis for phenanthridine synthesis. 

 

Mechanistic discussion 

The mechanism is similar to that previously outlined for phenanthridines and 

isoquinolines but presents some key differences (Scheme 2.41). 
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The reaction begins with replacing a metal ligand with a hydride from the phenylsilane. 

This metal hydride is transferred to the alkene, generating a radical in the most 

substituted position, which then attacks the carbon of the isocyanide, forming the 

imidoyl intermediate A. This intermediate will subsequently carry out a 5-exo-trig 

cyclization on the nearest carbon of the vinyl chain, forming a 5-membered ring to give 

intermediate B. At this point, the mechanism diverges from the phenanthridine and 

isoquinoline series. The new carbon-centered radical is located next to a carbonyl, 

which, in accordance with mechanistic studies carried out by Baran for the coupling 

reaction of alkenes with Michael acceptors,32 will be reduced by an electron from the 

FeII species to form an enolate anion C. Subsequent protonation and tautomerization of 

the ring will give the desired product 35a. This final step makes the reaction catalytic; 

therefore, no oxidant is required to regenerate the FeIII species. 

Scheme 2.41. Proposed mechanism for the alkene coupling and reductive cyclization of indoles. 

On the other hand, if the metal hydride species directly attacks the isocyanide, it forms 

the imidoyl intermediate D, which undergoes a 5-exo-trig cyclization and form the 

intermediate E, which subsequently, following the same mechanism explained above, 

will reoxidize the Fe to generate the enolate. After subsequent protonation and 

tautomerization, product 35 is formed. 
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3.1. INTRODUCTION  

In this chapter, we discuss the development of a serendipitously discovered cross-

dehydrogenative coupling reaction chapter that allows the coupling of electron-

deficient heteroarenes with non-prefunctionalized ethers under mild conditions using 

catalytic amounts of iron, peroxide, and a trisubstituted alkene as an additive. 

3.1.1. Discovery of Minisci-type coupling of furan to phenanthridine 

In the previous chapter, during the development of the MHAT-Minisci conditions to 

couple more substituted alkenes with isocyanides, it was observed that when catalytic 

amounts of Fe were used together with TBHP as the reoxidant in the presence of TFA, a 

molecule of THF (used as the solvent) coupled instead of the alkene. Notably, when we 

tried to obtain the same coupled compound under MHAT conditions (from the 

isocyanide) or MHAT-Minisci conditions (from the phenanthridine) using 2,3-

dihydrofuran we observed only traces of the coupled product (Scheme 3.1). 

 

Scheme 3.1. Serendipitous discovery of Minisci-type coupling of tetrahydrofuran and failed 

coupling of 2,3 dihydrofuran under MHAT and MHAT-Minisci conditions. 

This serendipitously discovered reaction was envisaged as the basis of a new general 

strategy to carry out Minisci-type cross-dehydrogenative coupling reactions between 

heterocycles and ethers. Notably, the mild reaction conditions and the fact the same 

type of compound could not be prepared from the corresponding alkene under 

standard MHAT conditions made the reaction warrant further study. 
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3.1.2. Overview of the Minisci reaction 

The Minisci reaction consists of the substitution of protonated heterocycles by 

nucleophilic carbon-centered radicals. This reaction represented a significant 

breakthrough in the functionalization of C-H bonds of unsaturated systems and has 

attracted the attention of many synthetic chemists during the last decades.182  

In 1964, Lynch and co-workers showed that mixtures of isomers obtained in the 

phenylation of pyridine could be directed to C-2 when the reaction was carried out in 

acetic acid. This is attributed to the formation of the more reactive pyridinium 

intermediate.183 In 1968, Minisici’s work demonstrated that strong acid conditions 

could direct the addition of alkyl radicals to the C-2 and C-4 positions of pyridine, with 

no C-3 product observed (Scheme 3.2).184 

Scheme 3.2. Lynch and Minisci additions of radicals to electron-deficient heteroarenes. 

In 1970, Minisci also published another study where he generated radicals from various 

peroxides.185 In 1971, he published what would give rise to the name "Minisci reaction" 

in a study where he demonstrated that an aliphatic carboxylic acid undergoes oxidative 

decarboxylation using a silver and peroxydisulfate catalyst, coupling the generated 

radical with pyridines and quinolines.186 This method was seen to be of great use in the 

pharmaceutical industry, where many molecules incorporate this type of functionalized 

heteroarene core.187 As a key advantage, the specificity of the reaction for basic 

heteroarenes stands out in contrast to other methods, such as the Friedel-Crafts 
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aromatic substitution, which presents opposite reactivity and selectivity. However, 

classical protocols also had some limitations, such as obtaining mixtures of 

regioisomers, which are difficult to separate, and moderate yields. Still, the easy access 

to pharmaceutically desirable scaffolds often outweighs these limitations.188 Modern 

studies have revealed that this lack of regioselectivity can be overcome, being 

determinant of the nature of the radical, solvent polarity, or the acid used for the 

activation.189   

The mechanism of the Minisci reaction starts with an initial step where a carbon-

centered nucleophilic radical is added to a basic heteroarene. Acid is used in 

stoichiometric quantities to protonate this heteroarene, lowering its LUMO energy to 

facilitate this radical addition. The LUMO energy of C-2 and C-4 are usually very similar, 

explaining the mixture of regioisomers typically obtained.190 As Minisci's work 

showed,191  the nature of this radical will determine whether the addition of the 

radical is reversible or not. Once the radical cation A is formed (see Scheme 3.3), two 

different pathways can eliminate the acidic -proton. Pathway 1 involves the hydrogen 

atom transfer (HAT) from the radical intermediate to rearomatize the pyridine in one 

step. Pathway 2 consists of a deprotonation step to produce the neutral radical B. Final 

oxidation through a single-electron transfer (SET) would lead to the rearomatized 

pyridine. The specific pathway in each reaction would depend on several factors, such 

as the substrate in question or the reaction conditions. 

 
Scheme 3.3. Overview of mechanistic pathways in Minisci-type reactions. 
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A wide range of heterocycles have been used as radical acceptors in the Minisci 

reaction, such as 5-membered, 6-membered, 6,5-bicyclic, 6,6-bicyclic or polycyclic 

systems (see Scheme 3.4), highlighting the versatility of this transformation. It should 

also be noted that the reaction has been successfully used in non-basic systems such 

as furan and thiophene192, using Mn(OAc)3 as oxidant and arylboronic acids as radical 

donors, or pyrrole193, using alkyl iodides, H2O2 and catalytic Fe in DMSO to generate 

electrophilic carbon-centered radicals. The preferred positions of the radical attack on 

the heterocycle are indicated, with most showing a preference for the -position to 

the nitrogen. Notable exceptions are quinazoline, where the C-4 position is more 

active than the C -2, or the case of 1,2,3-triazine, in which the most active position is C-

5. 

 

 
 
 

Scheme 3.4. Commonly used heterocyclic partners in Minisci reaction and its preferred positions 
of radical attack of the protonated form. 
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In Scheme 3.5, the different radical donors are summarized. Many different types of 

functional groups can be employed in the reaction, providing a broad spectrum of 

possibilities for heterocycle functionalization.  

 
Scheme 3.5. Representative groups added to different heterocycles using Minisci reaction. 

 

Despite the numerous advantages of the Minisci reaction, it has three main limitations. 

The first is the lack of regioselectivity; in most cases where two positions can act as 

acceptors, a mixture of the corresponding regioisomers is usually obtained. Secondly, 

yields have traditionally been moderate, mainly due to the recovery of unreacted 

starting material. Thirdly, and as a consequence of the previous two points, the 

purification of the products is often complex. 

Even so, the benefits usually outweigh the limitations since the reaction allows us to 

perform C-H functionalization in a very selective way. Since radicals are the reactive 

intermediates, protection strategies are generally unnecessary, making synthetic 

sequences more direct.  

 



  Chapter 3  

108 
 

3.1.3. Use of Minisci reaction in medicinal chemistry 

It has been said that the best way to discover new drugs is to modify known ones. As 

many pharmaceuticals contain aromatic heterocycles, one key use of the Minisci 

reaction has been to create large libraries of new compounds for screening via 

modifications to existing pharmaceutical compounds (Scheme 3.6). 

The pharmaceutical industry usually depends on a relatively small range of highly 

proven and dependable reactions, many of them directed toward the functionalization 

of heterocycles.194  

In this context, the Minisci reaction has been used extensively in medicinal chemistry 

as a highly useful tool for preparing chemical libraries188 and highlights the need to 

develop new variations of this reaction. 

 

 

Scheme 3.6. Potential use of Minisci reaction to produce chemical libraries of functionalized 

heterocycles.188 
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3.1.4. Examples of biologically relevant Cα-heteroarylated compounds  

Structures containing a Cα-heteroarylated ether functionality are interesting since 

many natural products and pharmaceuticals with important biological properties have 

functionalized acyclic and cyclic ethers as part of their structure (Figure 3.1). The most 

common examples are those containing 5- and 6-cyclic ethers.195 Ethers can act as 

hydrogen bond acceptors and decrease lipophilicity, reducing metabolic labilities and 

increasing aqueous solubility.196 Therefore, synthetic methods directly incorporating 

these motifs into complex heterocycles without prefunctionalization are powerful 

approaches to producing small-molecule drugs.  

 

Figure 3.1. Selected bioactive compounds containing Cα-heteroarylated ether functionalities. 
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3.1.5. Literature precedents for the C(sp3)-H bond activation of ethers 

During the last decades, many methodologies have been developed to carry out C-H 

activation of ethers with nitrogen-containing heterocycles through radical chemistry. In 

this field, we can divide the methods developed into two large groups: the reactions 

that use oxidants and heat to generate the radical on the C of the ether and the 

reactions that use photochemistry to generate this same type of radical (Scheme 3.7). 

Within this first group of reactions, we can see how they all use Minisci's methodology 

to activate the heteroarene, either with the use of a Brönsted acid, as is the case of 

Togo197 or Barriault198 who use trifluoroacetic acid, Huang, who uses the Lewis acid 

Sc(OTf)3
199 or using species generated in the medium itself, as is the case of Singh,200 

who use K2S2O8 to generate the radical on the ether, but at the same time, one of the 

derivatives of this compound in the medium is HSO4
- which serves to activate the 

heteroarene; or in the case of Antonchick,201 which generates trifluoroacetic acid from 

secondary reactions of the PIFA used to generate the ether radical.   

Those who do not use acids instead start from the N-oxide of the heterocycle, as in the 

case of Wu,202 or an N-iminopyridinium ylide, as in the case of Wang.203 Finally, the 

synthetic route used by Cheng204 is also noteworthy, which, analogously to what was 

discussed in the previous chapter of this thesis, forms the radical with an oxidant such 

as BPO and heat and attacks an isocyanide instead of the heterocycle to carry out the 

corresponding cyclization. All of the outlined procedures, except for the case of 

Antonchick, require oxidizing species combined with vigorous heating to generate the 

radical species.  

In the second group, we can see the methodologies that use photochemistry to 

generate the radical. Among them, we see the use of different photochemical 

methods, such as MacMillan's use of an iridium catalyst,205 which uses it to carry out a 

SET on S2O8
2- which subsequently performs a HAT on the ether to generate the radical. 

Li used a tungsten catalyst to generate the radical via SET,206 and Gonzalez-Gomez used 

an acridine catalyst to generate the radical with light and transfer it via SET to ether.207 

Tong208 uses this methodology with FeCl3 to generate a radical on chlorine with light 

and transfer it to the ether using HAT. In the same way, through different compounds, 

Shah,209 Li,210 Zhang,211 Jin,212 or Li213 end up carrying out the same HAT process. Li also 
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did this through a SET from species derived from K2S2O8. Finally, Guin,214 using O2, and 

Terent'ev,215 using NHPI, generate a radical intermediate that carries out a hydrogen 

abstraction on the ether to generate the corresponding radical. 

Finally, it is also interesting to highlight the work of Wang216 and Li,217 who have 

successfully applied photochemistry to carry out the coupling with amines and amides. 

Scheme 3.7. Main coupling methods of ethers with heteroarenes using C-H activation. 
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3.2. OBJECTIVES 

Based on these precedents from the literature combined with our serendipitous 

discovery of the coupling of THF to heterocycles under MHAT-type conditions, we 

believed it would be possible to develop a general cross-dehydrogenative coupling 

reaction under mild conditions. The first objective would be to determine the reagents 

needed to carry out the reaction and optimize the reaction to obtain more 

synthetically useful yields. The second objective would be to determine the scope of 

the reaction by using different ethers and other donor groups. The third objective 

would be determining the scope of the heterocycles that could be used in the reaction.  

Scheme 3.8. Main objectives of Chapter 3. 
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3.3. RESULTS AND DISCUSSION 

3.3.1. Reaction optimization 

Determination of necessary reagents for the reaction 

To begin our studies, we proceeded to analyze which components were necessary for 

the reaction to take place and which components had either no effect or had a 

negative impact on the reaction. Compared to the serendipitously discovered 

conditions (Table 3.1, entry 1), using FeII led to a slight improvement in yield (entry 2). 

Notably, removing the alkene resulted in a significant drop in yield (entry 3). This was 

particularly surprising given that the alkene would appear to be unnecessary for the 

reaction. The omission of the hydride donor PhSiH3 (entry 4) gave a slightly better yield, 

likely because it is superfluous for the reaction mechanism, and its omission resulted in 

cleaner reactions. The omission of methanol led to the formation of impurities, 

resulting in a drop in yield and making the product harder to isolate in pure form (entry 

5). To determine any synergistic effects that might be taking place, FeII was used 

without the addition of  PhSiH3 (entry 6) to give the highest yield so far (65%). 

However, the same conditions without the alkene did not perform well, providing only 

a 23% yield (entry 7), indicating the alkene must perform an essential role in the 

reaction. 

Table 3.1. Determination of necessary reagents for coupling of phenanthridine with THF. 

 

Entry Variation from initial conditions Yield 

1 No variation 50% 
2 Fe(acac)2 instead of Fe(acac)3 58% 
3 No alkene 13% 
4 No PhSiH3 52% 
5 No MeOH 60% 
6 Fe(acac)2 instead of Fe(acac)3, no PhSiH3 65% 
7 Fe(acac)2 instead of Fe(acac)3, no alkene, no PhSiH3 23% 
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Optimization of reaction conditions  

Having identified which components are essential for the reaction, we optimized the 

reaction using the result from entry 6 of Table 3.1 as the new baseline conditions.  

First, we wanted to test whether different alkenes could improve the performance of 

the reaction (Table 3.2). 2-methylbut-2-ene was evaluated instead of 1-methylcyclohex-

1-ene, obtaining an improvement of up to 73% (entry 2). Styrene (entry 3) was also 

assessed, but yields similar to baseline conditions were obtained. -pinene was tested 

(entry 4) due to its exocyclic double bond, which could provide greater reactivity, but 

only a moderate yield of 42% was obtained. Finally, increasing the amount of 2-

methylbut-2-ene to 5 equivalents slightly decreased the yield (entry 5). 

Table 3.2. Determination of the most appropriate alkene. 

 

Entry Variation from initial conditions Yield 

1 1-methylcyclohex-1-ene (3 equiv) 50% 
2 2-methylbut-2-ene (3 equiv) 73% 
3 Styrene (3 equiv) 65% 
4 -pinene (3 equiv) 42% 

5 2-methylbut-2-ene (5 equiv) 66% 
   

 

Once the most suitable alkene for the reaction had been determined, we investigated 

the effect of temperature on the reaction (Table 3.3). It was seen that increasing the 

temperature to 60 oC (entry 2) led to a dramatic drop in yield to 7%. On the other hand, 

lowering the temperature to 0 oC was also detrimental to the reaction, which dropped 

to 28% yield (entry 3).  
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Table 3.3. Determination of the most appropriate temperature. 

 

Entry Variation from initial conditions Yield 

1 Room temperature 73% 
2 60 oC 7% 
3 0 oC 28% 

 

The next step was determining the optimal reaction time (Table 3.4). It was seen that 3 

hours was not enough (entry 2), and a yield below 50% was obtained. The reaction was 

also left for 48 (entry 3) and 72 hours (entry 4). Yields similar to the baseline conditions 

were obtained, indicating that the reaction did not progress further but that the 

product formed was not significantly degraded in the medium.  

Table 3.4. Determination of the most appropriate reaction time. 

 

Entry Variation from initial conditions Yield 

1 24 h 73% 
2 3 h 47% 
3 48 h 70% 
4 72 h 68% 

Next, we wanted to evaluate different oxidants and their optimum amount (Table 3.5). 

Different oxidants were tested, such as DTBP (entry 2), where no product formation 

was observed, DBPO (entry 3), and H2O2 (entry 4), both giving poor yields. Then, 

different quantities of TBHP were evaluated. Increasing to 3 equivalents of oxidant 

resulted in a drop in yield to 30% (entry 5), and adding the oxidant in two portions, 

starting with 1.5 equivalents and adding 1.5 more after 8 hours, also resulted in no 

improvement (entry 6). 
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Table 3.5. Determination of the most appropriate oxidant. 

 

Entry Variation from initial conditions Yield 

1 TBHP (1.5 equiv) 73% 
2 DTBP (1.5 equiv) nr 
3 DBPO (1.5 equiv) 13% 
4 H2O2 (1.5 equiv) 44% 
5 TBHP (3 equiv) 30% 
6 2nd addition of TBHP (1.5 equiv) after 8 h 48% 

Next, the role of the acid in the reaction was also studied (Table 3.6). Different 

Brönsted acids, such as p-toluenesulfonic acid (entry 2) or sulfuric acid (entry 3), 

resulted in inferior reaction performance. The Lewis acid boron trifluoride diethyl 

etherate was also tested but also led to a reduced yield (entry 4). Finally, increasing the 

amount of TFA to 5 equivalents (entry 5) was found to be detrimental to the reaction. 

Table 3.6. Determination of the most appropriate acid. 

 

Entry Variation from initial conditions Yield 

1 TFA (2 equiv) 73% 
2 p-TsOH (1.5 equiv) 39% 
3 H2SO4 (1.5 equiv) 6% 
4 BF3·OEt2 (1.5 equiv) 27% 
5 TFA (5 equiv) 65% 

The optimization process continued by evaluating the catalyst (Table 3.7). Fe(acac)3 was 

reevaluated with the new optimum conditions (entry 2); however, only a 44% yield was 

obtained, certifying that the reduced form of iron was much better for the reaction. To 

explore other metal catalysts, cobalt(II) acetylacetonate was evaluated (entry 3), but 

only traces of the desired product were observed. The reaction was also carried out 
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without any catalyst (entry 4) to rule out that the reaction did not proceed under 

metal-free conditions (for example, via light-generated radicals). However, no reaction 

was observed, confirming the need for the metal catalyst to generate the radical 

species. Finally, different amounts of the optimum catalyst were evaluated, and it was 

observed that increasing the catalyst loading to 1 equivalent was detrimental to the 

reaction (entry 5), as was reducing it to 0.1 equivalents but to a lesser extent (entry 6). 

Table 3.7. Determination of the most appropriate catalyst. 

 

Entry Variation from initial conditions Yield 

1 Fe(acac)2 (0.2 equiv) 73% 
2 Fe(acac)3 (0.2 equiv) 44% 
3 Co(acac)2 (0.2 equiv) traces 
4 No catalyst nr 
5 Fe(acac)2 (1 equiv) 45% 
6 Fe(acac)2 (0.1 equiv)  63% 

Finally, we wanted to study the effect of using a cosolvent to reduce the amount of 

ether employed (Table 3.8). This would enable the use of solid ethers and expensive or 

non-commercially available ethers. First, it was evaluated whether using methanol as a 

cosolvent was necessary (entry 2). However, the omission of MeOH led to a reduced 

yield of 32%. We then evaluated different concentrations of THF/methanol, and it was 

seen that when the reaction was concentrated to 0.1 M (entry 3) and when it was 

diluted to 0.4 M (entry 4), the yield dropped. Ethanol (entry 5), water (entry 6), and 

tert-butanol (entry 7) were also studied as cosolvents instead of methanol but did not 

provide any benefit to the reaction, reducing the yields to 20-40%. Then, the reaction 

was tried in a mixture of tetrahydrofuran and dichloroethane without methanol (entry 

8), but no reaction was observed. Keeping the final concentration at 0.2 M was tested 

to add a third component to the THF/MeOH mixture with dichloroethane (entry 9), 
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tert-butylmethyl ether (entry 10), acetonitrile (entry 11), and 1,1,1,3,3,3-

hexafluoroisopropanol (entry 14). Although these tests did not improve upon the 

previously obtained 73% yield, the acetonitrile mixture allowed us to obtain the 

product in a respectable 58% yield. Finally, the THF/MeCN/MeOH mixture was studied 

to see if the equivalents of THF could be further reduced without this detrimentally 

affecting the reaction. Therefore,  ratios of 1:3:1 (entry 12) and 0.5:3:1 (entry 13) were 

tested, and in both cases, the yield decreased slightly, but no significant difference 

between the two concentrations was found.  

Table 3.8. Determination of the most appropriate cosolvent and concentration. 

 

Entry Variation from initial conditions Yield 

1 THF/MeOH (0.2 M, 4:1) 73% 
2 THF (0.2 M) 32% 
3 THF/MeOH (0.1 M, 4:1) 56% 
4 THF/MeOH (0.4 M, 4:1) 45% 
5 THF/EtOH (0.2 M, 4:1) 22% 
6 THF/H2O (0.2 M, 4:1) 43% 
7 THF/t-BuOH (0.2 M, 4:1) 20% 
8 THF/DCE (0.2 M, 4:1) nr 
9 THF/DCE/MeOH (0.2 M, 2:2:1) 48% 

10 THF/t-BuOMe/MeOH (0.2 M, 2:2:1) 53% 
11 THF/MeCN/MeOH (0.2 M, 2:2:1) 58% 
12 THF/MeCN/MeOH (0.2 M, 1:3:1) 49% 
13 THF/MeCN/MeOH (0.2 M, 0.5:3.5:1) 47% 
14 THF/HFIP/MeOH (0.2 M, 2:2:1) 12% 

 

While it can be observed that using the ether as the solvent is preferable, the 

conditions of entries 11-13 provide an alternative to allow us to test the reaction with 

ethers that are solids at room temperature or are too expensive to be employed as the 

solvent.  
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3.3.2. Substrate scope 

Once we had optimized the reaction, we proceeded to analyze the scope, examining 

different mono- and polysubstituted heterocycles as the radical acceptor with different 

types of donors, including cyclic and acyclic ethers, amides, and nitriles. 

   

Scope of donors 

 Cyclic ethers 

 

The first group of ethers we examined were cyclic ethers (2a-2i). As observed in 

Scheme 3.9, increasing the ring size from 5 to 6 gave 2b in an excellent 84% yield. Using 

1,4-dioxane also allowed the desired compound 2c to be obtained in a good yield of 

86%. When benzo[d][1,3]dioxole was subjected to the reaction conditions, the product 

2d could also be isolated in an excellent yield of 95%, but in contrast, when its analog 

with an extra carbon was tried, the desired product 2e was not obtained, recovering 

almost all the mass of the starting materials in the crude reaction mixture. 

When 1,3-dioxolane was used, the reaction was achieved with 97% yield, obtaining 

constitutional isomers in a 19:1 ratio (2f-2f’) with preference for the position between 

the two oxygen atoms. When using 2-methyltetrahydrofuran as a donor, only the 

coupled product with the methyl at the 5’ position 2g was obtained in a diastereomeric 

mixture of 1.5:1, and none of the product with the methyl at the 2’ position was 

observed. 

 Finally, it was thought that it might be interesting to study the coupling with crown 

ethers for their biological applications218 and their importance in coordination 

chemistry.219 Unfortunately, 1,3,5-trioxane and 18-crown-6 were tested, only complex 

mixtures were obtained that did not allow the isolation of the desired products. 
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Scheme 3.9. Scope of cyclic ethers. aMeCN/MeOH (0.2 M, 4:1) was used as solvent and 18-
crown-6 (5 equiv) as donor. 

 Acyclic ethers 

Next, we proceeded to evaluate acyclic ethers as radical donors. We obtained excellent 

yields with diethyl ether, n-propyl ether and dimethoxyether to give compounds  2j-l 

respectivley. Surprisingly, when the dibenzyl ether was used, 6-benzoylphenanthridine 

2m was obtained in a moderate yield of 32% instead of the expected product. A 

reasonable explanation would be that, in a similar way to the work described by 
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Gonzalez-Gomez220 and Peng,221 after hydrogen abstraction from Bn2O, a -

fragmentation would give rise to a benzyl radical and an alkoxy radical, the latter could 

be oxidized by TBHP, and give an acyl radical which would attack the heterocycle to 

achieve the observed product. When tert-butyl methyl ether was used, none of the 

coupled product 2n was observed. Additionally, when diisopropyl ether was used, no 

reaction to 2o was observed either. These results show the preference of the reaction 

to only couple with secondary radical positions. Consequently, as they are unreactive, 

ethers such as methyl tert-butyl ether and diisopropyl ether can potentially be used as 

solvents in the reaction. 

 

Scheme 3.10. Scope of acyclic ethers. 

Notably, when diisopropyl ether was used, we observed the formation of an aldehyde 

next to the nitrogen atom, giving compound 3a a 27% yield. The formation of this 

product appears because the methanol acts as a formylating agent, a reaction 

documented in the literature.222 The mechanism starts with the homolytic cleavage of 

the radical initiator TBHP to give the hydroxyl radical, which abstracts a hydrogen atom 

from methanol to afford the hydroxymethyl radical A and a tert-butoxyl radical 
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(Scheme 3.11.). This radical intermediate A then undergoes a Minisci reaction with 

phenanthridine B to yield intermediate C, which oxidizes through tert-butoxyl radicals 

to achieve intermediate D. Finally, the aldehyde is obtained by the oxidation of the 

alcohol D enabled by the Fe catalyst. 

While the formation of this byproduct was of concern, removing methanol from the 

reaction seems unnecessary as the side-reaction only predominates when the donor is 

unreactive, and there is no alternative pathway. When this is not the case (as stated in 

Table 3.8), methanol exerts an overall beneficial effect on the reaction. 

Scheme 3.11. Mechanism for the formation of the aldehyde product. 

 

We thought it could be interesting to develop this reaction further, allowing the 

formation of formylated heterocycles under mild conditions.223 Using our optimized 

reaction conditions but omitting THF and using only MeOH as a solvent, we were 

pleased to observe that the desired formylated phenanthridine 3a was formed in a 

good 77% (Table 3.9, entry 1). Notably, the desired product was only formed in trace 

amounts when the same reaction was carried out without the alkene additive (entry 2). 

Table 3.9. Study of the best conditions to produce aldehyde 3a. 

 

Entry alkene Fe(acac)2 TBHP TFA To MeOH time Prod. 

1 3 0.2 1.5a  2 rt 0.2 M 24 h 77% 
2 - 0.2  1.5a 2 rt 0.2 M 24 h 3% 

aTBHP 5.5 M in decane. 
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We briefly considered evaluating if these conditions could be extrapolated to other 

heterocycles, such as quinoline. Unfortunately, when we exposed lepidine 1b to the 

reaction conditions, the reaction was more sluggish, giving only 4% of the aldehyde 3b 

and 25% of the alcohol precursor 3b’ after 24 h (Table 3.10, entry 1). Attempts to use 

quinoxaline (entry 2) proved even less successful. Given the results for lepidine, we 

evaluated forcing the reaction by lengthening the reaction time to 96 h and adding 

double the quantity of oxidant. We were pleased that this gave a moderate 44% yield 

of the aldehyde and 50% of the alcohol product. However, we did not continue with 

this optimization due to time constraints.  

Table 3.10. Study of the best conditions to produce aldehyde 3b. 

 

Entry alkene Fe(acac)2 TBHP TFA To MeOH time 3b 3b’ 1b 

1 3 0.2 1.5a  2 rt 0.2 M 24 h 4% 28% 68% 
2b 3 0.2 1.5a  2 rt 0.2 M 24 h 2% 7% 42% 
3 5 0.2  3a 2 rt 0.2 M 96 h 44% 40% 10% 
4 3 0.5c 1.5a 2 rt 0.2 M 72 h 28% 60% 12% 

aTBHP 5.5 M in decane. bQuinoxaline as heterocycle. c0.5 equiv of Fe(acac)3 also added. 
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 Amides and carbamates 

Once we finished examining different ethers, we wanted to analyze the potential of 

amides and carbamates that have been demonstrated to behave similarly to ethers 

under radical coupling conditions. The reaction was successfully carried out with N-

methyl-2-pyrrolidone, yielding a mixture of constitutional isomers 2p and 2p´ in a 2:1 

ratio, as seen in Scheme 3.12. Contrarily, no product 2q was observed when we used 

pyrrolidine protected with Boc, possibly due to the bulkiness of the Boc group or 

electronic effects. Similarly, the use of oxopyrrolidine did not give the desired product 

2r. We then proceeded to examine non-cyclic amides and nitriles. When N,N-

dimethylacetamide was used, the desired compound 2s was achieved with a good 75% 

yield. Surprisingly, when N, N-Dimethylformamide was studied, the carbonyl side 2t 

coupled product was obtained in good yield instead of reacting with the methyl group 

as in the previous compound.  

 

Scheme 3.12. Scope of amides and nitriles. aMeCN/MeOH (0.2 M, 4:1) was used as solvent and 
methyl 2-oxopyrrolidine-1-carboxylate (5 equiv) as donor. 



MHAT-Minisci Coupling of Heterocycles with Ethers 

125 
 

Subsequent literature revision showed the preference for formyl hydrogen abstraction 

rather than N-methyl one in the case of DMF and the preference for N-methyl 

hydrogen abstraction instead of the acetyl group in the case of DMA due to stereo-

electronic effects.224 

 Miscellaneous donors 

Finally, we examined the potential of this methodology applied to aldehydes, ketones, 

and alkanes (Scheme 3.13). When 4-methoxybenzaldehyde was subjected to the 

reaction conditions, the formation of the desired product was not detected. In the 

same way, cyclohexanone gave no detected product. Notably, the use of cyclohexane 

did result in the formation of the desired product 2w, albeit in a poor 11% yield. We 

postulate that the fundamental problem here is the effect of the polarity of the donor 

compound on the reaction when used as a solvent. In the initial examples, the polarity 

of the donors likely makes them too polar as solvents. In the case of cyclohexane, the 

effect is the opposite, and it is too apolar as a solvent. A deeper study of these groups 

had to be left due to lack of time. Still, the promising results of compound 2w open the 

door to optimizing the reaction in the future. 

 

Scheme 3.13. Scope of miscellaneous donors.  
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Scope of acceptors 

 Mononitrogenated polycyclic heterocycles  

After completing the scope of donors, we examined the scope of acceptors using 

different heterocycles. We began using mononitrogenated polycyclic heterocycles, 

keeping THF constant as the radical donor (Scheme 3.14).  

Lepidine 1b and isoquinoline 1c gave the desired product in good yields, giving a single 

product since the C-4 position is blocked in both cases. However, when quinoline 1d 

was used, both the C-2 and C-4 coupled products 4d and 4d' were obtained in 67% 

yield and a ratio of constitutional isomers of 1.6:1. Next, 2-methylquinoline 1e was 

examined, and the product could be obtained with a good yield of 74%. Finally, 

benzo[d]thiazole 1f was also tried to see how the presence of a sulfur atom affected 

the reaction. Unfortunately, none of the desired product 4f was obtained. 

 

Scheme 3.14. Scope of mononitrogenated polycyclic heterocycles. 
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 Substituted pyridines 

Next, we explored substituted pyridines (Scheme 3.15). When 4-cyanopyridine 1g and 

4-cyanopyridine 1h were treated, only traces of the desired products were obtained, 

which could be seen by NMR but could not be isolated on the corresponding 

chromatographic columns. When methyl isonicotinate 1i was tested, no product was 

isolated either. In contrast, when methyl nicotinate 1j was tested, the expected product 

4j could be obtained in a moderate yield of 44%, probably due to the increased 

electron deficiency of the heterocyclic ring resulting from the ester group, notably 

becoming more apparent at the C-3 position than at the C-4 position. Moreover, when 

4-phenylpyridine 1k was used, only  5% of impure product 4k was obtained. Finally, 

2,6-lutidine 1l was used, but no reaction was observed, indicating the 4-position was 

not reactive, or the heterocycle itself was too electron-rich due to the two methyl 

groups. 

 

Scheme 3.15. Scope of substituted pyridines. 
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 Polynitrogenated heterocycles 

Finally, it was decided to study the behavior of different mono- or bicyclic 

polynitrogenated heterocycles (Scheme 3.16). The initial tests yielded very low 

amounts of the desired compounds with two equivalents of acid, probably due to 

double protonation, meaning there was no acid left over for the formation of the 

radical, so it was decided to put twice as many equivalents of TFA (4 equiv).  

 

Scheme 3.16. Scope of polynitrogenated heterocycles. 

Under these conditions, quinoxaline 1m gave the expected product 4m in 71%. In 

contrast, when its isomer, quinazoline 1n, was tested, only traces of product 4n could 

be identified. On the other hand, phthalazine 1o coupled readily to give a 1:1.5 mixture 
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of the mono- and dicoupled compounds 4o and 4o’ in a 76% yield. Next, 1H-

benzo[d]imidazole 1p and its methylated version, 1-methyl-1H-benzo[d]imidazole 1q, 

were tested. Still, in the first case, no product formation was seen, and in the second, 

traces of the product 4q could be identified by NMR, but it could not be isolated.  

Two diazines, compounds 1r and 1s, were also evaluated; since both pyrazine and 

pyrimidine are volatile, we coupled these acceptors with 1,3-benzodioxole instead of 

THF to increase the coupled products' boiling points. In both cases, moderate yields of 

the coupled heterocycles 4r and 4s were obtained. However, 4r could not be fully 

purified. Finally, two xanthine bases were studied, xanthine 1t and caffeine 1u, but in 

neither case could the formation of the expected products be observed.  
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Overview of the Reaction Scope  

In summary, in schemes 3.17 and 3.18, we can see the summarized scope separated by 

the analysis of donors and acceptors, previously discussed more specifically. Twenty-

three radical donors were tested, and fourteen successfully gave the desired product. 

Twenty-one heterocycles were also tested, of which eleven reacted successfully.  

Scheme 3.17. Overview of the scope of different donor substrates. aMeCN/MeoH (0.2 M, 4:1) 

was used as solvent and donor (5 equiv).
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Scheme 3.18. Scope overview of acceptor substrates.  aTFA (4 equiv) was used. 

 

 

 

 

 

 

 

 

 

 



  Chapter 3  

132 
 

3.3.3. Mechanistic discussion 

Finally, a plausible mechanism is outlined in Scheme 3.19. An initial PCET reaction 

enabled by FeII generates the t-BuO· radical which undergoes a HAT reaction to 

generate -oxyalkyl radical. This -radical will attack the heterocycle activated with TFA 

A to form the coupled radical cation product B. Next, a SET reaction between the 

coupled radical cation and the FeIII formed will regenerate the FeII, thus completing the 

catalytic cycle. Alternatively, the generation of the oxidized intermediate C could also 

occur by a HAT reaction between the radical t-BuO· and the coupled radical cation B. 

Final deprotonation during the work-up of the reaction would give rise to the coupled 

heterocycle 2a. In this process, the role of methanol is notable since it was observed 

that in its absence, the yield drops (see Table 3.8) and may serve to stabilize the radical 

species.  

 

 

Scheme 3.19. Proposed mechanism for the Minisci C-H cross-coupling of heterocycles with 
ethers. 

 

As we observed during the reaction optimization (see Section 3.3.1), the alkene was 

essential to obtain a good reaction yield, so we proposed to study its function in the 

reaction. Among the options contemplated, two seemed most likely: (i) It acts as a 

hydrogen acceptor from the reduced coupled heterocycle, allowing the reoxidation of 

the aromatic ring of the phenanthridine (see Scheme 3.19), or (ii) It acts as a scavenger 

in an analogous manner to the Pinnick reaction, which uses the same alkene. To be 
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able to analyze the alkene after the reaction, two different higher molecular weight 

alkenes, 6 and 8, were synthesized (Scheme 3.20) that could be recovered at the end of 

the reaction, unlike the highly volatile 2-methylbut-2-ene. 

 

Scheme 3.20. Preparation of alkenes 6 and 8.  

Reaction under the optimized reaction conditions was carried out by substituting 2-

methylbut-2-ene for either alkene 6 or 8, giving the desired compound 2a in good yield 

indicating the change of alkene was not too detrimental to the reaction performance 

(Scheme 3.21). We focused on the isolation of the alkene or by-products, and 

surprisingly, in both cases, almost all the unreacted alkene was recovered, thus giving 

us little information about its role in the reaction. To explain this, we considered the 

recovery of the intact alkenes to be due to hydride addition, followed by subsequent 

hydride transfer donors to regenerate the double bond.47  However, this possibility was 

ruled out as alkene 8 was recovered with the methylene group intact and a hydrogen 

transfer mechanism was in operation; then, the more stable substituted double bond 

would be formed.  

 

Scheme 3.21. Mechanism studies to understand alkene function. 
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We therefore propose that the role of the alkene is to act as a radical scavenger by 

inhibiting non-desirable pathways. It is known that 2-methylbut-2-ene is added to 

solvents such as chloroform and dichloromethane for this purpose. In our reaction, 

reactive oxygen species (ROS) may be formed as a result of using peroxides or via 

residual atmospheric oxygen, leading to the formation of various unwanted species 

such as hydroxy radical (HO•), hydroxide (HO−), triplet oxygen (3O2), hydroperoxide 

(HOO−), peroxide (O2
−), and superoxide radical (O2

−•).225 By neutralizing these species, 

the alkene may prevent undesirable reaction pathways leading to lower yields. Finally, 

it is notable that reactions involving peroxides usually require high temperatures (see 

Scheme 3.7) and it cannot be ruled out that the alkene acts as a radical transfer agent 

to facilitate the abstraction of the hydrogen atom of the ether.  

3.3.4. Future work 

As future work to investigate (Scheme 3.22), it would be interesting to try the use of 

Michael acceptors such as cyclohex-2-en-1-one226 or naphthalene-1,4-dione227 to see if 

this reaction can serve not only to couple nitrogenated heterocycles, but also other 

types of radical acceptors in a Giese type coupling. On the other hand, to continue 

expanding the scope of radical donors, it would be interesting to improve the coupling 

of heterocycles with alkanes, alcohols,203 and aldehydes228 which require further 

optimization to make the reactions synthetically useful. 

 

Scheme 3.22. Future studies to expand the scope. 
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4.1. INTRODUCTION 

In this chapter, we will discuss the development of a MHAT tandem reaction for the 

synthesis of adamantane-like building blocks via an intramolecular MHAT of coupling 

tosylhydrazones, followed by fragmentation and a final Giese type coupling. 

 

4.1.1. Adamantane and Amantadine: discovery and importance 

Adamantane is a stable tricycloalkane first isolated from crude oil in 1933.229 In 1941, 

Prelog and Seiwerth achieved the first synthesis of this simple diamondoid from 

Meerwein’s ester in a five-step synthesis with a poor 1.5 % global yield.230 Stetter 

reported improvements in this route a few years later, but the overall yield only 

increased to 6.5%.231 However, it was not until 1957 that Schleyer demonstrated a 

more efficient synthesis through a Lewis-acid-induced rearrangement from 

dicyclopentadiene.232  

Scheme 4.1. The first reported syntheses of Adamantane by Prelog, Seiwerth, and Schleyer. 

Later studies done by the groups of Olah233 and McKervey234 used superacid catalysis, 

which improved the procedures for obtaining adamantane, diamantane, and superior 

diamondoids. 

In 1959, Stetter, Schwarz, and Hirschhorn reported the first halogenation of this 

nucleus to obtain 1-bromoadamantane (Scheme 4.2).235 In the same year, Webber and 
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Harthoorn demonstrated insecticidal properties in chloroadamantanes, thus beginning 

the study of the biological properties of this type of nuclei.236 

 

Scheme 4.2. First reported synthesis of 1-bromoadamantane. 

Ever since adamantane attracted the interest of synthetic chemists, its 

functionalization became a subject of study. In 1959, Wulff used the previously 

mentioned bromination to conduct the first synthesis of 1-aminoadamantane, better 

known as amantadine (Scheme 4.3). Using a Ritter reaction, he prepared N-1-

adamantylacetamide from 1-bromoadamantane and acetonitrile.237 Subsequent 

hydrolysis using sodium hydroxide and diethylene glycol led to 1-aminoadamantane 

with a good overall yield. 

 

Scheme 4.3. First reported synthesis of Amantadine.  

 

The interesting pharmacological properties of amantadine and other adamantane 

derivatives (see Section 4.1.2) attracted the interest of synthetic chemists in further 

functionalizing this type of scaffold. 

4.1.2. Pharmaceuticals incorporating the Adamantane scaffold 

A few years later, in 1964, amantadine was identified as an antiviral compound against 

Influenza A, inhibiting virus replication by interfering with the enzyme that transcribes 

DNA to RNA.238 Further studies revealed the utility of amantadine in relieving 

symptoms in the early stages of Parkinson’s disease and dyskinesia.239 Similarly, 

rimantidine,240 a chiral aminoadamantane, and tromantadine241 were discovered and 

also presented antiviral properties for Influenza A and Herpes Simplex respectively. 

Shortly after, memantine, a bi-methylated amantadine, was synthesized by Eli Lilly and 
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Company as antidiabetic. It was later found to be a treatment for Alzheimer’s disease 

due to its noncompetitive NMDA-receptor antagonist properties (Figure 4.1).242 

 

 

Figure 4.1. First adamantane derivatives with pharmacological properties. 

 

Since these early discoveries, the adamantane scaffold has been incorporated into 

multiple pharmacological products with diverse biological activities. These include 

antiviral compounds, which have been used to treat Influenza A, Herpes Simplex, 

Hepatitis C, or HIV; antimalarials; antibiotics; anticancer agents; and acne treatments. It 

has also been incorporated into compounds for the treatment of neurological disorders 

such as Parkinson's, Alzheimer's, or central nervous system disorders; enzymatic 

inhibition, inhibiting DPP-IV for diabetes control or inhibiting epoxide hydrolases, 

protein phosphatases or hydroxysteroid dehydrogenases (Figure 4.2).243   

 

Figure 4.2. Selected examples of pharmacologically active compounds containing the 
adamantane scaffold. 

 

The adamantane or heteroadamantane scaffold plays an important role in the three-

dimensional adjustment of the pharmacophores into the respective binding site of the 

receptor, historically known as the "lock and key" principle, or more currently called 
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"induced-fit", referring to greater dynamism in the ligand-receptor interaction. Not 

only have adamantane derivatives proven to be pharmacologically active, but the 

adamantane scaffold has also been used to modify known pharmaceuticals, thus 

increasing its lipophilicity and stability and improving the pharmacokinetics, with a 

success rate second only to the methyl group. The role played by the three-

dimensional structure with the ADME characteristics is noteworthy since it plays a 

crucial role in the organism's absorption, distribution, and metabolism. Therefore, in 

prodrug concepts, these drug carriers are used to guide the drug and direct it to the 

desired therapeutic target. For example, this methodology has been employed in the 

modification of hypoglycemic sulfonylureas,244 nucleosides,245 or anabolic steroids.246   

4.1.3. Catalysts incorporating the adamantyl moiety 

In the same way that the adamantane scaffold can be used to provide beneficial 

modifications to drugs, it can also be used as a building block to modify catalysts due to 

its rigid and symmetrical structure, inert hydrocarbon reactivity, and steric bulk. The 

rigidity of the adamantane structure provides a stable molecular platform that can be 

beneficial in maintaining the shape of the metal-ligand complex during catalytic 

reactions, thus increasing its efficiency and selectivity. The inherent prochirality of 

adamantanes can be exploited to design chiral ligands, which are useful in asymmetric 

reactions, as they can induce selectivity in the formation of stereoisomers.247 In 

addition, adamantanes can offer several coordination points to the central metal in a 

coordination complex, increasing its stability and facilitating interaction with reagents. 

The reactivity and stability of catalysts is dependent on their steric saturation and 

electronic richness.248 One of the most effective ways that have been developed to 

study this is by the calculation of the Tolman cone angles, which can be defined as a 

measure of the angular spacing that a ligand would occupy around a metal in a 

coordination complex.249 Adamantane ligands often have large Tolman angles, which 

can provide sufficient space for larger molecules or bulky reactants, favoring certain 

catalytic reactions. The low cost, relative ease of functionalization, ready availability, 

and stereoelectronic properties make adamantane a very attractive structure to 

incorporate into catalysts. Over the last decade, the number of catalysts containing the 

adamantyl moiety has increased steadily. Representative examples of adamantane 
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acting as a ligand can be found in many reactions (Figure 4.3), among them in aryl 

palladium couplings, such as Suzuki, Heck, or Palladium-mediated cross-coupling 

reactions,250 where di(adamantly)phosphines have played a significant role. In C-H 

activation reactions,251 Arduengo’s adamantyl-substituted carbene has been widely 

used. The Grubbs catalyst was modified by incorporating the adamantane skeleton, 

thus improving the selective synthesis of Z-olefins in metathesis reactions.252 The 

incorporation of adamantyl moiety in Jacobsen’s chiral chromium catalyst allowed and 

efficient, highly diastereo- and enantioselective hetero-Diels-Alder reaction.253 In 

hydrogenations, chiral phosphine adamantane derivatives chelated to the rhodium 

center furnished the corresponding hydrogenated products in excellent ee of up to 

>99.9%.254 Mukherjee has reported the use of thioureas that incorporate the 

adamantane skeleton as ligands for the asymmetric vinylogous Michael addition of 

butenolides to N-phenylmaleimides.255  

 

 

Figure 4.3. Selected examples of catalysts containing adamantane scaffold.  
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4.1.4. Adamantane in Natural Products 

The Adamantane motif is also present in natural products (Figure 4.4). Examples 

include the Sampsoniones A-H,256 found in Hypericum sampsonii, Plukenetione A,257 

isolated from Clusia plukenetii, and Hyperibone K,258 isolated from Hypericum scrabum. 

These compounds have been found to have antiviral and anticancer properties. 

Interestingly, analogs incorporating oxygen into their structure have also been isolated, 

as is the case of Tetrodotoxin, secreted by the puffer fish (Tora fugu), a selective 

blocker of voltage-gated Na+ channels, where the rigid structure of dioxadamantane 

orients the groups to block the channel.259 Also noteworthy is the case of 

Muamvatin,260 which was the first natural product with a trioxadamantane core 

isolated from Siphonaria normalis, or Caloundrin B,261 extracted from Siphonaria 

zelandica and with the same core. Some natural products containing this 

trioxadamantane nucleus have been revealed as sedatives and can play a role in SARS 

coronavirus replication inhibition.262 

 

 

Figure 4.4. Natural products containing adamantane and heteroadamantane core.  
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4.1.5. Adamantane and diamondoids in nanoscience 

Adamantane, and many members of the diamondoid family, have unique 

characteristics such as electron-donating ability, low dielectric constants, negative 

electron affinity, large steric bulk, rigid, hard, and saturated structure, and high thermal 

and chemical stability. These characteristics have made them highly desired in the field 

of nanoscience.263 

Among its applications, we can find the use of these compounds in polymers to 

increase the hardness and thermal stability of the matrix, improve transparency and 

increase the refractive index, decrease its dielectric constant, and increase its porosity. 

They are also helpful in connecting unsaturated linkers and chromophores to optical 

materials and nanoscale frameworks.264 These properties have made them suitable for 

developing electron emitters, such as electron-beam lithography and high-resolution 

electron microscopy.265 We can also find them in ultrasensitive catalyst-based 

electrochemiluminescence or gas sensors.266 They have also been used for host 

materials in blue organic light-emitting diodes (OLEDs) as efficient π-conjugation 

disruption.267 Interestingly, they have also been applied to the construction of 

nanomachines, as is the case of their use as the wheels of a nanocar (Figure 4.5).268 

 

Figure 4.5. Adamantane-wheeled nanocar. 

 

Considering the large number of applications this type of compound has in the field of 

nanoscience, it becomes clear that functionalizing these structures is necessary to 

increase their potential applications. 
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4.1.6. Chemistry of Adamantanes: Functionalization 

The functionalization of adamantanes usually involves the substitution of halogenated 

intermediates, which can be converted to the desired functionalized product through 

the formation of the corresponding radical by traditional methods or carbocation 

intermediate via SN1-type substitution with different carbon or heteroatom 

nucleophiles (Scheme 4.4). It should be noted that the radical intermediate A is 

destabilized due to the conformation. In contrast, the tertiary carbocation B is 

unusually stable because of the hyperconjugation with filled bonding orbitals within 

the rigid cage.269  

 

Scheme 4.4. Adamantane functionalization through radical or carbocation intermediates. 

Different radical functionalization methods have been developed in recent decades to 

add several functional groups directly to the adamantane skeleton without passing 

through a halogenated intermediate. Since adamantane has two types of carbons, 

where the hydrogen abstraction takes place will be vital in determining the 

regioselectivity of the reaction. Among these multiple transformations achieved 

(Scheme 4.5), acylations, such as chlorocarbonylation,270 acetylation,271 formylation,272 

esterification,273 and amidation,274 stand out. It’s also necessary to highlight the carbon 

monoxide carbonylations, which could be carried out using a wide range of reaction 

conditions.275  Alkylation of adamantane has been achieved by adding alkenes using 

peroxides as catalysts276 or through photochemistry.277 Alkenes and alkynes have also 

been used in addition-fragmentation processes that have allowed decarboxylative 

alkenylation,278 photochemical allylation,279 and alkenylation,280 and alkenylation 

catalyzed by metals281 and alkynylation282 to be carried out. Arylation processes have 
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also been carried out using photooxidation,283 Minisci-type conditions,284 metal 

catalysts,285 or cascade reactions involving aromatic systems.286 Finally, it has also been 

possible to introduce nitrogen-containing groups with cyanation287 or 

aminoalkylation.288 

Scheme 4.5. Selected examples for adamantane functionalization using radicals.  
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4.1.7.  Previous work in our research group 

In 2018, our group reported the synthesis of -tertiary amines via MHAT. Different 

types of hydrazones, as well as other C=N derivatives like oximes and imines, were 

evaluated and subjected to radical cyclization conditions using Fe(acac)3 (0.2 equiv) and 

PhSiH3 (2.5 equiv) in EtOH at 60 oC for 3 h. These studies revealed Cbz-hydrazones as 

the most suitable derivative for this reaction, allowing the one-pot formation of the 

hydrazone and subsequent cyclization with an excellent 93% yield. Subsequent 

cleavage of the hydrazine bond was successfully achieved by hydrogenation in an 85% 

yield (Scheme 4.6). 

 

 

Scheme 4.6.  MHAT route to access -tertiary amines. 

 

During these studies, when the best hydrazone group to carry out the radical 

cyclization was being sought, it was seen that tosylhydrazone A, in the presence of 

catalytic amounts of iron and heating, would undergo intramolecular coupling to give 

the intermediate tosylhydrazine B. Additionally, in situ fragmentation of the 

tosylhydrazone radical was believed to generate the corresponding tricyclic 

adamantane-like compound C (Scheme 4.7). Products D and E were thought to arise 

from the formation of a carbocation intermediate under the reaction conditions 

followed by an attack of the solvent or the metal ligand, respectively. When the 

reaction was repeated with two equivalents of Fe(acac)3, the quantity of product C 

isolated was much higher, and similar yields were found for the byproducts D and E. 
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Scheme 4.7. Radical cyclization and fragmentation of tosylhydrazone A. 

Attempts to repeat the reaction to characterize compound C fully were complicated by 

its high volatility and lack of chromophore. Our group therefore focused on the 

intermolecular version of the reaction (Scheme 4.8). Due to the nature of the 

substrates used, most of which contained a substituted aromatic ring, these 

compounds were no longer challenging to manipulate, and this led to the development 

of radical reductive alkylation of unactivated alkenes using tosylhydrazones.81   

 

Scheme 4.8. Intramolecular alkylation of unactivated alkenes. 

With additional experience, we decided to reevaluate the intramolecular version of the 

reaction. Kim and co-workers have described precedents for an analogous type of 

reaction by coupling an alkyl halide proradical with N-aziridinyl amines289 with 

subsequent trapping with various Michael acceptors (Scheme 4.9). Kim’s synthesis uses 

1-amino-2-phenylaziridine, which must be synthesized carefully because it is 

potentially explosive, requiring strict control measures for its preparation and 

storage.290 Additionally, all subsequent hydrazone derivatives of this compound are 

potentially explosive and must also be handled with care. 

 

Scheme 4.9. Intramolecular cyclization of N-Aziridinyl Imines.  
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We, therefore, proposed carrying out an analogous process, trapping the tertiary 

radical intermediate with a Michael acceptor via a Giese-type reaction (Scheme 4.10). 

Initial attempts by our group led to the formation of the desired product in low yields 

but provided proof of concept of the reaction. 

 

Scheme 4.10. Tandem coupling of tosylhydrazones and Michael acceptors. 
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4.2. OBJECTIVES 

This work aimed to optimize the tandem reaction leading to adamantane-type 

structures (Scheme 4.11). The principal objective was to optimize the reaction process 

to obtain synthetically useful yields. Next, we would examine the scope of the Michael 

acceptors that could be used in the reaction. Finally, we would explore the scope of 

different tosylhydrazone precursors that could be used in the reaction. Notably, in 

contrast to the reported methods, this methodology would employ stable pro-radicals 

(alkenes) and stable nonexplosive hydrazines. It would also permit the formation of 

densely congested structures via the formation of two adjacent quaternary centers.  

 

Scheme 4.11. Optimization of the tandem MHAT reaction to access adamantane-like structures. 

  

The realization of this methodology would allow us to synthesize different 

adamantane-like compounds for a wide range of applications, as outlined in the 

introduction of this chapter, such as pharmaceuticals, catalysts, and materials, as well 

as application to natural product synthesis. 
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4.3. RESULTS AND DISCUSSION 

4.3.1. Synthesis of the substrates 

The synthesis of the ketone starting material for the tandem reaction began with 

preparing the corresponding Wieland-Miescher ketone (WMK) and its analogs 3a-c.291 

The diketones 1a-c were mixed with but-3-en-2-one and a catalytic amount of Et3N to 

obtain the corresponding triketones 2a-c in excellent yields via a solvent-free Michael 

conjugate addition. Then, the subsequent Robinson annulation with pyrrolidine in 

toluene at reflux provided the desired WMK analogs 3a-c with good yields (Scheme 

4.12). 

 

Scheme 4.12. Preparation of Wieland-Miescher ketone analogs 3a-c. 

Conjugate addition of the methyl cuprate formed by MeLi and CuI in diethyl ether to 3a 

gave the methylated decalone, which was then converted to the acetal 4a using 2-

ethyl-2-methyl-1,3-dioxolane and p-toluenesulfonic acid. Wittig reaction using 

methyltriphenylphosphonium bromide and potassium tert-butoxide, followed by the 

deprotection of the acetal using a 10% aqueous HCl solution, allowed the obtention of 

the desired ketone 5a (Scheme 4.13) in excellent overall yield. 

 

Scheme 4.13. Preparation of C-8a methylated decalone 5a.  

Although the formation of compound 5a proceeds with good yield, it is difficult to scale 

up the process due to the excess MeLi that must be used to achieve good 

diastereoselectivity in the conjugate addition. As can be seen in Figure 4.6, the 
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formation of cis-decalin in a diastereoselective manner is due to the formation of  -

complex intermediates that have been identified and fully characterized, showing that 

the -face--intermediate is the most stable and populated species, leading to the 

exclusive formation of -methyloctalone.292 Effectively, at least two equivalents of the 

cuprate are needed to form this complex, which equates to 4 equivalents of MeLi. 

Typically, five equivalents are required to ensure a small excess of the reagent is 

available, meaning that the reaction becomes prohibitively expensive on a large scale. 

Combined with the fact that large volumes of anhydrous ether are required for the 

reaction means that quenching the reaction on a large scale was of concern.  

 

 

Figure 4.6. Conformation of -complex intermediate of WMK-(Me2CuLi)2. 

 

Therefore, we considered alternative strategies that avoided the conjugate addition 

step when making the analogs needed for this study. One alternative was 

hydrogenation to give the C-8a hydrogenated analogs 7a-c.293 Hydrogenation of 3a-c, 

using palladium on carbon and a balloon filled with hydrogen, gave the reduced 

compounds, which were directly converted to their corresponding acetals using 2-

ethyl-2-methyl-1,3-dioxolane and p-toluenesulfonic acid to provide the desired 

decalones 6a-c with good to excellent yields. Subsequent Wittig reaction using 

methyltriphenylphosphonium bromide and potassium tert-butoxide, followed by the 

deprotection of the acetals using a 10% aqueous HCl solution, allowed the obtention of 

the desired ketones 7a-c (Scheme 4.14). 



  Chapter 4  

152 
 

 

Scheme 4.14. Preparation of decalones 7a-c. 

Intermediate 6a also allowed the obtention of ketone 7d by the corresponding Wittig 

reaction using butyltriphenylphosphonium bromide, and subsequent deprotection of 

the acetal achieved the desired compound with a moderate 52% yield (Scheme 4.15).  

 

Scheme 4.15. Preparation of ketone 7d. 

Compound 5b, with the alkene and ketone groups reversed in relation to compound 

5a, was prepared following the method previously developed by our group.54 WMK 3a 

was submitted to conjugate addition conditions to form the C-8a methylated diketone. 

Subsequently, a Wittig reaction was performed, at the less impeded ketone to obtain 

the methylene in the reversed position (Scheme 4.16). 

 

Scheme 4.16. Synthesis of decalone 5b. 

Once these decalones were successfully prepared, other substrates were synthesized 

to test that the reaction could work in different scaffolds containing the ketone and the 

alkene necessary for the reaction. Compound 8 was synthesized from 1,3-

Adamantanediol through a Grob-type fragmentation using p-toluenesulfonyl chloride, 

benzene, and pyridine in an excellent yield. However, the compound's volatility made 

its manipulation very difficult (Scheme 4.17).294 



Adamantane Building-Block Synthesis using MHAT 

153 
 

 

Scheme 4.17. Synthesis of 7-methylenebicyclo[3.3.1]nonan-3-one 8. 

Ketone 9 was prepared from the alkylation of ethyl 2-oxocyclohexane-1-carboxylate 

using 4-bromobut-1-ene and potassium tert-butoxide as a base with good yield 

(Scheme 4.18).295 

 

Scheme 4.18. Synthesis of substrate 9. 

Finally, Ito and co-workers' synthetic route of presilphiperfolan-8-ol core296 was used to 

synthesize ketone 10 from (+)-pulegone through a 1,4-addition of allyltrimethylsilane 

and subsequent isomerization using potassium hydroxide and methanol with good 

yield (Scheme 4.19). 

 

Scheme 4.19. Preparation of ketone 10. 

To prepare the starting material for the reaction optimization, ketone 5a was mixed 

with p-toluenesulfonyl hydrazine in ethanol for 3 hours at room temperature to form 

the tosylhydrazone 11a in an excellent 98% yield (Scheme 4.20).  

 

Scheme 4.20. Preparation of tosylhydrazone 11a. 
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4.3.2. Reaction optimization 

The conditions for the reaction optimization are outlined in Table 4.1. In each case, 

methyl acrylate was used as the acceptor group. In the initial tests, it was seen that 

heating the reaction to 60 oC was positive for the reaction (entry 2), but the use of a 

bulkier catalyst such as Fe(dpm)3 was detrimental to the performance (entry 3). Using 

ten equivalents of Michael acceptor was beneficial (entry 4), as was using two 

equivalents of Fe (entry 5). Since ethanol, a polar protic solvent may favor the 

formation of the carbocation byproduct (see Scheme 4.7). Substitution with THF (entry 

6) didn’t result in an improvement, potentially due to the radical destabilizing effect of 

THF since it is an aprotic solvent. However, adding ten equivalents of t-BuOH increased 

the yield to 62% (entry 7). 

Table 4.1. Reaction screening and optimization. 

 

a0.08 M concentration. b10 equivalents were added. cFe(dpm)3 used instead of Fe(acac)3. dFe(dibm)3 used 

instead of Fe(acac)3. eTBHP (1.5 equiv) were added. f1 mmol scale.  

Entry a R1 Fe PhSiH3 solventa Cosolventb t To 10a 

1 1.5 Ts 1.0 2.5 EtOH  - 5 h rt 15% 

2 1.5 Ts 1.0 2.5 EtOH  - 5 h 60 oC 44% 

3 1.5 Ts 1.0c 2.5 EtOH  - 5 h 60 oC 24% 

4 10 Ts 1.0 2.5 EtOH  - 5 h 60 oC 49% 

5 10 Ts 2.0 2.5 EtOH  - 5 h 60 oC 55% 

6  10 Ts 2.0 2.5 THF  - 5 h 60 oC 36% 

7 10 Ts 2.0 2.5 THF  tBuOH  5 h 60 oC 62% 

8 1.5  Ts 2.0 2.5 THF  tBuOH  5 h 60 oC 33% 

9  10 Ts 1.0 2.5 THF  tBuOH  5 h 60 oC 39% 

10 10 Ts 2.0d 2.5 THF  tBuOH  5 h 60 oC 19% 

11e 10 Ts 0.4 2.5 THF  tBuOH  5 h 60 oC nd 

12 10 Ts 2.0 5.0 THF  tBuOH  5 h 60 oC 44% 

13 10 Ts 2.0  2.5 DCE  tBuOH  5 h 60 oC 13% 

14 10 Mes 2.0 2.5 THF  tBuOH  5 h 60 oC 21% 

15 10 Ts 2.0 2.5  THF  tBuOH  24 h 60 oC 94% 

16 10 Ts 2.0 2.5 THF  MeOH  24 h 60 oC 84% 

17 10 Ts 2.0 1.0 THF  tBuOH  24 h 60 oC 53% 

18 10 Ts 2.0 2.5  THF  tBuOH  24 h 100 oC nd 

19f 10 Ts 2.0 2.5 THF  tBuOH  24 h 60 oC 72% 

20f 10 Ts 2.0 2.5 THF  MeOH  24 h 60 oC 82% 
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From that point, different conditions were selectively modified, such as the methyl 

acrylate equivalents (entry 8), the catalyst loadings (entry 9), Fe(dibm)3 instead of 

Fe(acac)3 (entry 10), all without improvement. Catalytic amounts of Fe(acac)3 in 

combination with TBHP as the reoxidant were tried (entry 11), but no product formed, 

showing that the presence of oxidant is detrimental to the reaction. Additionally, other 

modifications included increasing the equivalents of PhSiH3 (entry 12), DCE instead of 

THF (entry 13), or the use of a different hydrazine such as mesityl hydrazine (entry 14), 

but all trials led to no improvement in yield.  

A significant breakthrough was observed when the mixture was allowed to react for 24 

hours (entry 15), increasing the yield to an excellent 94%, showing that the reaction 

was not completed in 5 hours. Modifying the cosolvent to methanol (entry 16) led to a 

slight decrease in the yield. Phenylsilane loading was also decreased to 1 equivalent 

(entry 17) but also led to lower yield, and increasing heating to 100 oC (entry 18) did 

not improve the reaction performance.  Finally, the two best conditions of the 

optimization table were conducted in a 1 mmol scale (entries 19 and 20), and it was 

confirmed that t-BuOH was a better cosolvent than MeOH and proved that the reaction 

worked well when scaled up. 

It should be noted that although it was initially thought that trapping the radical with a 

Michael acceptor would make the resulting compound less volatile and easier to 

visualize by TLC, we found that the compound remained significantly volatile and was 

hard to visualize. For this reason, during the optimization, and in the following scope 

tables, we developed a specific isolation protocol for the coupled products. After 

chromatographic separation, the fractions were allowed to evaporate at room 

temperature overnight. The next day, the TLC analysis was easier due to the more 

concentrated nature of the fractions. The desired fractions were combined and left 

again to evaporate overnight at room temperature. Trace amounts of solvent could 

then be removed on a rotatory evaporator with as little vacuum as possible and for the 

shortest time. 
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4.3.3. Substrate Scope 

 Scope of acceptors 

At the start of the scope evaluation, it was seen that tosylhydrazones were not very 

stable and that they decomposed in the chromatographic column or under prolonged 

storage. Therefore, it was decided to synthesize the tosylhydrazone in situ. 

With the optimum conditions in hand, we investigated the scope of the suitable 

Michael acceptors (Scheme 4.21). Ketone 5a was chosen as the alkene donor, and 

different Michael acceptors were submitted to MHAT conditions to evaluate the 

viability. Different kinds of primary alkenes bearing an electron-withdrawing group 

were used, showing a wide tolerance of functional groups. Esters like methyl acrylate 

gave us the desired product 12a in an excellent 94%, and hexyl acrylate gave us the 

expected compound 12b in a good 63% yield. Acrylonitrile allowed the obtention of 

12c in an excellent yield, and N, N-dimethylacrylamide also provided 12d in good yield. 

More substituted acrylates, such as methyl methacrylate, were used, and the 

corresponding product 12e was obtained in a good 68% yield as a mixture of epimers. 

Then, methyl (E)-but-2-enoate was tested and the product 12f was obtained with a 

good 77% yield, also as a mixture of epimers. 

Next, we wanted to test cyclic acceptors. Naphthalene-1,4-dione gave the desired 

product 12g in good yield. Since it is a high molecular weight compound, it was not 

necessary to take strict measures when evaporating the solvent from the compound. 

However, the observation that the acceptor and the product had very similar Rf values 

caused us to lower the acceptor equivalents to 2.5 to enable the purification of the 

product. Cyclohex-2-en-1-one was also tested, and compound 12h was obtained in an 

excellent 82% yield. It wasn’t easy to see by 1H NMR that we had the compound, as the 

spectrum does not present very characteristic signals. However, we were able to 

confirm the structure from the 13C spectra, which confirmed the presence of the 

carbonyl group and by mass spectrometry, which gave the correct molecular ion. 

Subsequently, more hindered alkenes were evaluated. First, (E)-1,4-diphenylbut-2-ene-

1,4-dione was tested, and product 12i could be isolated in an excellent 92% yield as a 

mixture of diastereomers. This compound also did not present volatility issues, so the 
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acceptor was reduced to 2.5 equivalents to avoid purification problems. In contrast, the 

desired diester product 12j could not be obtained when diethyl fumarate was tested. 

Nor was the expected product obtained when diethyl 2-benzylidenemalonate was 

used. 

Scheme 4.21. Scope of acceptors. 
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Scope of alkene donors 

Next to be evaluated was the scope of tosylhydrazone acceptors (Scheme 4.22). For this 

study, methyl acrylate was selected as the Michael acceptor. While this continued to 

give us problems with the volatility of the obtained compounds, it showed good yields 

and did not present the product as a mixture of diastereomers. 

Different decalones were evaluated, giving good to excellent results, except for 

compounds 7d and 5b, from which the desired product could not be isolated. Other 

ketones containing an alkene tether were also evaluated, but the formation of the 

desired products could not be observed. 

 

Scheme 4.22. Scope of alkene donors.  
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Scheme 4.23. Formation of unexpected by-products with ketones 5b and 10. 

Notably, in further studies on the unsuccessful substrates, the crude of the reactions of 

5b and 10 allowed the isolation of two apparent compounds similar to the desired 

products by NMR but presenting noticeable differences. After studying it more 

thoroughly and with the help of mass spectrometry, it was possible to determine that 

the products obtained in these two cases came from the coupling of the two alkenes 

(Scheme 4.23). A plausible explanation for both cases is depicted in Scheme 4.24, using 

compound 10 as an example. 

 

Scheme 4.24. Mechanism of formation of byproducts 13e’ and 13h’. 

 

Because the ketone is very close to a quaternary center, it is possible that the expected 

tosylhydrazone may not have been formed. This would mean that the ketone had 

reacted instead. This would mean that the radical would attack the carbon of the 

carbonyl, similar to what was reported by our group in previous studies.54 This would 

form an unstable alkoxy radical that would perform a -fragmentation, recovering the 

initial radical that would later couple with the Michael acceptor. Future studies should 
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focus on first ensuring the formation of the tosylhydrazone before proceeding to the 

MHAT cyclization. 

4.3.4. Heterocycles incorporating adamantane building block 

From compound 12i, Paal-Knorr synthesis of pyrroles could be carried out using 

ammonium acetate to obtain pyrrole 14 in very good yield. Similarly, when compound 

10i was reacted with p-toluenesulfonic acid under reflux, the furane derivative 15 could 

also be obtained with excellent yield (Scheme 4.25).  

 

Scheme 4.25. Synthesis of heterocycles 14 and 15. 

Given the importance of heterocycles in the pharmaceutical industry and seeing in this 

present chapter the great utility of adamantane derivatives in the pharmacological 

modulation of drugs, it was thought that the synthesis of compound 12i or analogs 

could be used to obtain functionalized heterocycles of interest. For example, further 

modifications could be achieved by changing the nitrogen substitution and 

functionalizing the heterocyclic ring to give compounds similar to Atorvastatin, one of 

the most successful developed drugs (Scheme 4.26). 

 
Scheme 4.26. Proposed construction of pharmaceutical compounds based on the synthesis of 

compound 14. 
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4.3.5. Mechanistic discussion 

Based on previous knowledge of the reaction, we suggest a plausible mechanism for 

forming the desired product G and the observed byproducts H, I, K, and L. The 

formation of the metal hydride species would proceed with a catalytic cycle 

analogously to that described by Baran.33 Once the tosylhydrazone A is formed, the 

attack of the metal hydride species on the alkene would generate the tertiary radical B, 

which would attack the tosylhydrazone, forming the cyclized species C. At this point, a 

SET process favored by heating (discussed in more detail in Scheme 4.34) would lead to 

fragmentation of the tosylhydrazone radical, giving the tertiary radical D, which can be 

trapped by a Michael acceptor to generate the desired product G through Fe radical 

reduction to the corresponding anion followed by proton transfer (Scheme 4.27). 

 

Scheme 4.27. Proposed reaction mechanism. 

The formation of intermediate D from C can involve two different radical pathways 

(Scheme 4.28). Path A may involve a SET between the Fe and the nitrogen, leading to 

hydrogen abstraction that gives a diradical or leads directly to the double bond 

formation. This process is analogous to that observed in the final oxidation step of the 

heterocycle in the Minisci reaction. Fragmentation then gives nitrogen gas and a tosyl 

radical. This would explain why our reaction is not catalytic. Path B involves direct 

fragmentation, expulsing a tosyl radical, which abstracts the hydrogen. Loss of nitrogen 

then gives intermediate D. 
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 Scheme 4.28. Tosylhydrazone fragmentation possible pathways. 

For the formation of the by-products (Scheme 4.29), hydrogen transfer to the nitrogen 

radical of the Ts hydrazine C can lead to the formation of H. If this hydrogen transfer 

process occurs on the tertiary radical of species D, it will give rise to the reduced 

adamantane analog I. If a SET with the metal species takes place on this same species 

D, it will give rise to the carbocation J. This reaction is especially favored when a polar 

protic solvent is used, and as seen in Section 4.3.2, This carbocation then reacts with 

the EtOH to give the compound K, or it may react with the catalyst ligand to provide L.  

 

Scheme 4.29. Formation of isolated byproducts. 
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Throughout the presented work, five new radical carbon-carbon bond-forming 

reactions have been developed based on metal-catalyzed hydrogen atom transfer 

(MHAT) conditions. From the obtained results, we can conclude the following: 

1. - The synthetic methods developed present new disconnection possibilities to form  

C-C bonds. Additionally, these reactions employ ubiquitous and stable functional 

groups such as alkenes, ethers, amides, and aromatic heterocycles. Moreover, the 

methodologies presented use cheap and non-toxic reagents such as the iron catalysts 

used in all the reactions developed. The methods presented have the potential to be 

used in a wide variety of applications, particularly for the synthesis of natural products 

and pharmaceuticals. 

2. - Isocyanides could be reductively coupled using an iron-mediated HAT reaction to 

form different heterocyclic structures, including phenanthridines, isoquinolines, and 

indoles (Scheme 5.1).  

 

 
Scheme 5.1. Reductive cyclization of isocyanides. 

 

3. - Unactivated alkenes can be coupled with isocyanides using an iron-mediated HAT 

reaction (Scheme 5.2). The tandem reaction process consists of an intermolecular 

coupling between the alkene and the isocyanide followed by an intramolecular radical 

cyclization via an imidoyl radical species. This reaction allowed the formation of several 

different functionalized heterocycles, such as phenanthridines, isoquinolines, and 

indoles. Notably, despite the extensive use of various types of isocyanides in radical 
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coupling-cyclization reactions to form heterocycles, this is the first example of a radical 

coupling using alkenes as the radical precursor.    

            

Scheme 5.2. Coupling of unbiased alkenes with isocyanides. 

4. The coupling of more substituted alkenes with aryl isocyanides proved challenging, 

leading to the development of new conditions (Scheme 5.3). To form these more 

impeded compounds, a two-step process was devised. First, a reductive MHAT 

cyclization of the isocyanide formed the non-substituted heterocycle. Second, an MHAT 

Minisci-type coupling with the alkene gave the substituted heterocycle. These reactions 

could be carried out separately or combined in a one-pot process. 

 

Scheme 5.3. Coupling of hindered unbiased alkenes with isocyanides and heterocycles. 
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5. - A cross-dehydrogenative coupling reaction of ethers with heterocycles has been 

developed from an initial serendipitously observed side reaction when employing 

MHAT conditions for the Minsici reaction when THF was used as the solvent in the 

presence of an oxidant. The coupling proceeds under very mild conditions (room 

temperature) compared to similar processes requiring heating. Optimization of the 

reaction revealed that the alkene, instead of functioning as a radical precursor, is likely 

acting as an essential additive in the reaction to prevent autooxidation or act as a 

radical scavenger. A wide range of different nitrogen-containing heterocycles and 

ethers can be coupled.  

 

 

Scheme 5.4. C-H functionalization of heteroarenes. 

 

6. - A tandem reaction using MHAT conditions was developed to form adamantane-like 

compounds (Scheme 5.5). An intramolecular cyclization between an alkene and a 

tosylhydrazone generated a tosylhydrazine radical, which underwent fragmentation 

under the conditions of the reaction to form a tertiary carbon-centered radical, which 

was trapped with a range of Michael acceptors. The reaction generates two adjacent 

quaternary centers in a single reaction via the formation of two geminal C-C bonds. 

Further transformations also allowed the preparation of adamantane-substituted 

heterocycles. 
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Scheme 5.5. Adamantane building block synthesis. 

 

7. – In the work reported in this thesis, Iron-mediated HAT reactions have been shown 

to initiate tandem radical processes to form multiple C-C bonds in a single reaction. 

This represents the first reported examples of MHAT processes being used in cascade 

processes.  

8. – It should also be mentioned at the start of this thesis that the development of an 

MHAT intermolecular coupling of unactivated alkenes with aldehydes was worked on in 

conjunction with another research group member (Dr. Mar Saladrigas). The results of 

that work were published in their doctoral thesis297 and a published article57 and, 

therefore, have not been commented on here.  
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Summary and outlook 

In conclusion, the objectives outlined at the beginning of this thesis have been 

achieved, and new MHAT methodologies have been developed for the formation of C-C 

bonds, two of which involve tandem reaction processes. It has also been possible to 

develop a C-H activation cross-dehydrogenative coupling reaction. This method holds 

promise for the late-stage derivatization of pharmaceuticals containing aromatic rings 

to modify their properties. We believe these methodologies should find potential 

applications for forming and functionalizing heterocycles and developing new 

biologically active products. The method developed to form adamantane-like 

structures holds promise as a way to construct pharmaceuticals or provide building 

blocks for the modification of pharmaceuticals and catalysts. 

Scheme 5.6. Summary. 
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General Information  

All reactions were carried out under an argon atmosphere with dry, freshly distilled 

solvents under anhydrous conditions. All product mixtures were analyzed by thin-layer 

chromatography using TLC silica gel plates (Merck silica gel 60 F254), and the spots were 

located by short-wave UV light as the visualizing agent and with 1% aqueous KMnO4 or 

2% ethanolic anisaldehyde and heat as developing agents. Chromatography refers to 

flash chromatography was carried out on SiO2 (silica gel 60 Å, 35-75 μm, 230-240 

mesh) or aluminum oxide (neutral) pH 6.5-7.5 (63-200 μm). Drying of organic extracts 

during workup of reactions was performed over anhydrous Na2SO4. Solvent 

evaporation was accomplished with a rotatory evaporator. NMR spectra were 

recorded in CDCl3, except were stated otherwise, on a Bruker 400 MHz or Bruker 500 

MHz. Chemical shifts of 1H, 13C and 19F NMR spectra are reported in ppm downfield () 

from Me4Si or from CDCl3. All NMR data assignments are supported by gCOSY and 

gHSQC experiments.  
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2. ISOCYANIDES AS ACCEPTOR GROUPS IN MHAT REACTIONS WITH 

UNACTIVATED ALKENES 

 

Alkenes used are commercially available, except for but-3-en-1-yl benzoate,298 and 2-

(but-3-en-1-yl)isoindoline-1,3-dione,299 which were prepared according to the 

literature. Compounds 8,300 10a, 10b,301 31302 and 34303 were prepared according to 

reported procedures. 

 

 

Preparation of starting materials 

Preparation of biphenylamines 3a-3e 

 

General Procedure for the preparation of biphenylamines: The corresponding 

bromoaniline 1a-1e (1 equiv), boronic acid 2a-2e (1.5 equiv), Pd(OAc)2 (0.02 equiv), 

and K2CO3 (4 equiv) were mixed in a flask. Then, H2O (0.3 M) and EtOH (0.3 M) were 

added, and the reaction was refluxed at 100 oC for 2 h. When the reaction was 

completed, the mixture was taken to room temperature and extracted with EtOAc. The 

combined organic extracts were dried and concentrated. Purification by column 

chromatography gave the corresponding biphenylamines 3a-3e. Spectral data were 

identical to those previously reported.304 
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2-Isocyano-1,1'-biphenyl (4a) 

  

General procedure for the preparation of isocyanides: A solution of 3a (3 g, 17.7 mmol) 

and formic acid (98%, 3.1 mL, 79.8 mmol) in toluene (1 M, 18 mL) was refluxed using a 

Dean-Stark apparatus for 5 h. The reaction was quenched with a saturated aq. Na2CO3 

solution (10 mL) and extracted with CH2Cl2 (3 × 10 mL). The combined organic extracts 

were washed with brine, dried and concentrated. The formamide was shown to be an 

unstable compound, so the two steps were conducted consecutively. Using material 

from a separate experiment a small sample was purified by chromatography (hexane → 

hexane/EtOAc 50:50) to give a mixture of rotamers; 1H NMR (400 MHz, CDCl3)  8.46–

8.43 (m, 0.5H), 8.27 (dd, J = 8.2 Hz, 1H), 8.12–8.10 (m, 0.5H), 7.53 (br s, 1H), 7.41 (t, J = 

7.2 Hz, 2H), 7.36–7.27 (m, 4H), 7.24–7.19 (m, 1H), 7.15 (t, J = 7.2 Hz, 1H). To a solution 

of the crude formamide (3.5 g, 17.7 mmol) and Et3N (20 mL, 0.14 mol) in anhydrous 

dichloromethane (36 mL) at 0 oC, was added POCl3 (3.3 mL, 35.5 mmol) dropwise and 

the mixture was stirred for 1 h at 0 oC. The reaction was quenched by slowly adding a 

saturated aq. Na2CO3 solution (10 mL) and the mixture was allowed to stir for a further 

1 h. The mixture was extracted with CH2Cl2 (3 × 15 mL) and combined organic extracts 

were washed with water and brine, dried and concentrated. Purification by 

chromatography (hexane → hexane/EtOAc 95:5) gave 4a (2.90 g, 91% over two steps) 

as a green oil; 1H NMR (400 MHz, CDCl3)  7.54–7.43 (m, 8H, Ph), 7.40–7.36 (m, 1H, 

Ph); 13C NMR (101 MHz, CDCl3)  166.5 (NC), 138.8 (Cipso), 136.9 (Cipso), 130.5 (Ph), 

129.5 (Ph), 128.9 (Ph), 128.5 (Ph), 128.3 (Ph), 128.1 (Ph), 127.8 (Ph). Spectral data were 

identical to those previously reported.305 
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2-isocyano-4'-methyl-1,1'-biphenyl (4b)  

  

According to the general procedure for the preparation of isocyanides, 3b (500 mg, 

2.73 mmol) and formic acid (98%, 0.46 mL, 12.3 mmol) in toluene (1 M, 3 mL) gave 

formamide as a white solid; 1H NMR (400 MHz, CDCl3)  8.69 (d, J = 11.2 Hz, 0.5 H), 

8.38 (d, J = 6.8 Hz, 0.5 H), 8.29 (d, J = 2 Hz, 0.5 H), 7.39–7.14 (m, 8H), 2.49 (s, 1.5 H), 

2.41 (s, 1.5 H). The crude formamide (576 mg, 2.73 mmol), Et3N (3 mL, 21.8 mmol), 

anhydrous dichloromethane (5.5 mL) and POCl3 (0.51 mL, 5.46 mmol) gave after 

purification by chromatography (hexane → hexane/EtOAc 97.5:2.5) 4b (465 mg, 88% 

over two steps) as a green oil; 1H NMR (400 MHz, CDCl3)  7.50–7.44 (m, 5H, Ph), 7.38–

7.32 (m, 3H, Ph), 2.46 (s, 3H, Me); 13C NMR (101 MHz, CDCl3)  166.5 (NC), 138.8 (Cipso), 

138.2 (Cipso), 134.1 (Cipso), 130.5 (Ph), 129.5 (Ph), 129.3 (Ph), 128.8 (Ph), 127.9 (Ph), 

127.8 (Ph), 21.2 (Me). Spectral data were identical to those previously reported.306  

4'-fluoro-2-isocyano-1,1'-biphenyl (4c) 

  

According to the general procedure for the preparation of isocyanides, 3c (800 mg, 

4.27 mmol) and formic acid (98%, 0.72 mL, 19.2 mmol) in toluene (1 M, 4.30 mL) gave 

formamide as a brownish solid; 1H NMR (400 MHz, CDCl3)  8.67 (d, J = 11.2 Hz, 0.5 H), 

8.34 (d, J = 9.2 Hz, 0.5 H), 8.30 (d, J = 1.6 Hz, 0.5 H), 7.41–7.28 (m, 4H), 7.24–7.14 (m, 

4H). The crude formamide (920 mg, 4.27 mmol), Et3N (4.76 mL, 34.2 mmol), anhydrous 

dichloromethane (8.5 mL) and  POCl3 (0.80 mL, 8.55 mmol) gave after purification by 

chromatography (hexane → hexane/EtOAc 97.5:2.5) 4c (710  mg, 84% over two steps) 

as a green oil; 1H NMR (400 MHz, CDCl3)  7.51–7.44 (m, 4H, Ph), 7.41–7.36 (m, 2H, 
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Ph), 7.17 (t, J = 8.8 Hz, 2H); 13C NMR (101 MHz, CDCl3)  166.9 (NC), 162.9 (d, J = 249.1 

Hz, C-F), 137.9 (Cipso), 133.1 (d, J = 3.6 Hz, Cipso), 130.9 (d, J = 8.3 Hz, Ph), 130.6 (Ph), 

129.7 (Ph), 128.4 (Ph), 127.9 (Ph), 115.7 (d, J = 21.5 Hz, Ph); 19F NMR (376 MHz, CDCl3) 

 −113.38 (dd, J = 13.9, 8.6, 5.6 Hz).  Spectral data were identical to those previously 

reported.306 

2-isocyano-4-methoxy-1,1'-biphenyl (4d) 

 

According to the general procedure for the preparation of isocyanides, 3d (600 mg, 

3.01 mmol) and formic acid (98%, 0.51 mL, 13.5 mmol) in toluene (1 M, 3 mL) gave 

formamide as a yellowish oil; 1H NMR (400 MHz, CDCl3)  8.67 (d, J = 11.6 Hz, 0.5 H), 

8.28 (d, J = 2 Hz, 0.5 H), 8.08 (d, J = 2.8 Hz, 0.5 H), 7.49–7.22 (m, 5H), 7.14 (d, J = 8.4 Hz, 

1 H), 6.83–6.74 (m, 2H), 3.86 (s, 3H). To a solution of the crude formamide (684 mg, 

3.01 mmol), Et3N (3.35 mL, 24.1 mmol), anhydrous dichloromethane (6 mL) and POCl3 

(0.56 mL, 6.02 mmol) gave after purification by chromatography (hexane → 

hexane/EtOAc 95:5) 4d (630  mg, 71% over two steps) as a pale green solid; 1H NMR 

(400 MHz, CDCl3)  7.52–7.46 (m, 4H, Ph), 7.43–7.39 (m, 1H, Ph), 7.36–7.33 (m, 1H, 

Ph), 7.04–7.01 (m, 2H, Ph), 3.86 (s, 3H, Me); 13C NMR (101 MHz, CDCl3)  166.4 (NC), 

159.1 (Cipso), 136.9 (Cipso), 131.5 (Ph), 131.4 (Cipso), 129.0 (Ph), 128.6 (Ph), 127.9 (Ph), 

116.2 (Ph), 112.8 (Ph), 55.8 (Me). Spectral data were identical to those previously 

reported.306 

2-isocyano-5-(trifluoromethyl)-1,1'-biphenyl (4e)  

 

According to the general procedure for the preparation of isocyanides 3e (850 mg, 3.58 

mmol) and formic acid (98%, 0.61 mL, 16.1 mmol) in toluene (1 M, 3.60 mL) gave 
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formamide as a white solid; 1H NMR (400 MHz, CDCl3)  8.81 (d, J = 11.2 Hz, 0.5 H), 

8.60 (d, J = 8.8 Hz, 0.5 H), 8.34 (d, J = 2 Hz, 0.5 H), 7.63 (d, J = 8.4 Hz, 1H), 7.57–7.47 (m, 

3H), 7.43–7.33 (m, 2H), 7.28–7.24 (m, 1H), 7.19–7.14 (m, 1H). To a solution of the 

crude formamide (950 mg, 3.58 mmol), Et3N (4 mL, 28.7 mmol), anhydrous toluene 

(7.2 mL) and POCl3 (0.67 mL, 7.17 mmol) gave after purification by chromatography 

(hexane → hexane/EtOAc 97.5:2.5) 4e (684  mg, 77% over two steps) as a brownish oil; 

1H NMR (400 MHz, CDCl3)  7.72 (s, 1H, Ph), 7.67–7.61 (m, 2H, Ph), 7.54–7.48 (m, 5H, 

Ph); 13C NMR (101 MHz, CDCl3)  169.6 (NC), 139.8 (Cipso), 135.7 (Cipso), 131.6 (q, J = 

33.2 Hz, C-F3), 129.2 (Ph), 129.0 (Ph), 128.9 (Ph), 128.5 (Ph), 127.9 (q, J = 4 Hz, Ph), 

125.2 (q, J = 3.6 Hz, Ph), 124.7 (Ph), 122.0 (Ph); 19F NMR (376 MHz, CDCl3)  −62.91 (s) 

ppm. Spectral data were identical to those previously reported.306 

Methyl 2-isocyano-3,3-diphenylacrylate (14)  

 

To a solution of NaH (90%, 88 mg, 3.29 mmol) in THF (2.7 mL) a mixture of 

benzophenone 12 (500 mg, 2.74 mmol) and methyl isocyanoacetate (272 mg, 2.74 

mmol) in THF (2.7 mL) at room temperature was added and stirred for 2 h. The reaction 

was quenched by adding a 10% AcOH aq. solution at 0 oC until there is no hydrogen 

release. The solvent was removed under reduced pressure and extracted with CH2Cl2 (3 

× 10 mL). The organic layer was washed with water and brine, dried, concentrated and 

recrystallized with MeOH to give 13 (594 mg, 77%) as a white solid. 1H NMR (400 MHz, 

CDCl3)  7.45–7.35 (m, 8H, Ph), 7.17–7.15 (m, 2H, Ph), 3.68 (s, 3H, Me); 13C NMR (101 

MHz, CDCl3)  169.9 (C-1), 162.3 (NC), 154.5 (C-3), 137.8 (Cipso), 137.4 (Cipso), 130.3 (Ph), 

129.9 (Ph), 129.6 (C-2), 129.1 (Ph), 128.5 (Ph), 128.3 (Ph), 52.9 (Me). The formamide 13 

(300 mg, 1.07 mmol) was dissolved in anhydrous dichloromethane (2.2 mL) with Et3N 

(1.2 mL, 8.53 mmol) and cooled to 0 oC. Then, POCl3 (200 L, 2.13 mmol) was added 

dropwise and the mixture was stirred for 1 h at 0 oC. The mixture was quenched by 

slowly adding a saturated aq. Na2CO3 solution (3 mL) and the mixture was stirred for 1 

h. The mixture was extracted with CH2Cl2 and washed with water and brine, dried and 
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concentrated. Purification by chromatography (hexane → hexane/EtOAc 90:10) gave 14 

(254 g, 90%) as a brownish solid; 1H NMR (400 MHz, CDCl3)  7.45–7.35 (m, 8H, Ph), 

7.17–7.15 (m, 2H, Ph), 3.68 (s, 3H, Me); 13C NMR (101 MHz, CDCl3)  169.9 (C-1), 162.3 

(NC), 154.5 (C-3), 137.8 (Cipso), 137.4 (Cipso), 130.3 (Ph), 129.9 (Ph), 129.6 (C-2), 129.1 

(Ph), 128.5 (Ph), 128.3 (Ph), 52.9 (Me). Spectral data were identical to those previously 

reported.307 

3-(2-Isocyanophenyl)-1-phenylprop-2-en-1-one (19) 

 

To a solution of 2-nitrobenzaldehyde 16 (4.00 g, 26.5 mmol) and acetophenone (4.77 g, 

39.7 mmol), was added a solution of NaOH (10% in MeOH, 5.3 mL) and the mixture 

stirred for 5 h at room temperature. The reaction mixture was purified by trituration 

with MeOH to give 17 (4.30 g, 65%) as a brownish solid; 1H NMR (400 MHz, CDCl3)  

8.13 (d, J = 15.6 Hz, 1H), 8.08 (d, J = 8 Hz, 1H), 8.02 (d, J = 7.2 Hz, 2H), 7.76–7.67 (m, 

2H), 7.63–7.58 (m, 2H), 7.56–7.51 (m, 2H), 7.31 (d, J = 15.6 Hz, 1H). To a solution of 17 

(1.5 g, 5.92 mmol) in EtOH (19 mL) was added Fe powder (992 mg, 17.8 mmol) 

followed by HCl (0.1 N, 5.95 mL) and the mixture was stirred at 80 oC for 1.5 h. The 

reaction was cooled to room temperature, diluted with EtOAc and filtered through 

Celite. The filtrate was washed with saturated aq. Na2CO3 solution, dried and 

concentrated. Purification by chromatography (hexane → hexane/EtOAc 75:25) gave 18 

(1.32 g, 87%) as orange solid; 1H NMR(400 MHz, CDCl3)  8.04–7.98 (m, 3H), 7.61–7.47 

(m, 5H), 7.21 (ddd, J = 8, 7.2, 1.6 Hz, 1H), 6.80 (t, J = 7.6 Hz, 1H), 6.73 (d, J = 8 Hz, 1H), 

4.07 (s, 1H). To a solution of amine 18 (1.15 g, 5.15 mmol) in toluene (0.5 M, 10.3 mL) 

was added acetic formic acid (1.4 mL, 10.3 mmol) and the mixture was stirred at reflux 

for 5 h. The resulting mixture was concentrated and purified by chromatography 

(hexane → hexane/EtOAc 50:50) to give the formamide (1.29 g, 90%) as yellow solid as 
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a mixture of rotamers; 1H NMR (400 MHz, CDCl3)  8.54–8.48 (m, 1H), 8.09–7.98 (m, 

3H), 7.72 (dd, J = 18.4, 7.6 Hz, 1H), 7.57–7.42 (m, 5H), 7.34–7.21 (m, 1H), 5.29 (s, 1H). 

The formamide was shown to be an unstable compound, so the two steps were 

conducted consecutively. To a solution of formamide (1.16 g, 4.64 mmol) and Et3N (2.6 

mL, 18.6 mmol) in anhydrous THF (9.3 mL) at 0 oC, POCl3 (651 L, 6.96 mmol) was 

added dropwise and the mixture was stirred for 5 h at 0 oC. The reaction was quenched 

by slowly adding a saturated aq. Na2CO3 solution (3 mL) and the reaction was allowed 

to stir for a further 1 h. The mixture was extracted with Et2O (10 mL) and washed with 

water and brine, dried and concentrated. Purification by chromatography (hexane → 

hexane/EtOAc 75:25) gave 19 (873 mg, 81%) as a brownish solid; 1H NMR (400 MHz, 

CDCl3)  8.05–8.02 (m, 2H, Ph), 8.03 (d, J = 16 Hz, 1H, H-3), 7.79–7.76 (m, 1H, Ph), 

7.63–7.59 (m, 1H, Ph), 7.62 (d, J = 16 Hz, 1H, H-2), 7.54 (s, 1H, Ph), 7.52 (s, 1H, Ph), 7.47 

(t, J = 2.4 Hz, 1H, Ph), 7.45 (m, 2H, Ph); 13C NMR (101 MHz, CDCl3)  189.9 (C-1), 169.1 

(NC), 137.9 (C-3), 137.6 (Cipso), 133.1 (Ph), 131.3 (Cipso), 130.7 (Ph), 129.6 (Ph), 128.7 

(Ph), 128.6 (Ph), 127.9 (Ph), 127.5 (Ph), 126.1 (C-2). Spectral data were identical to 

those previously reported.308 

Ethyl 3-(2-isocyanophenyl)acrylate (24) 

 

Ethyl 2-(diethoxyphosphoryl)acetate 21 (1.48 g, 6.62 mmol) was added at 0 oC to a 

suspension of NaH (90%, 132 mg, 4.69 mmol) in dry THF (5 mL) and stirred for 30 min 

under argon atmosphere. A solution of 2-nitrobenzaldehyde 16 (500 mg, 3.31 mmol) in 

dry THF (2 mL) was then added and the reaction mixture was stirred for 2 h at 0 oC. The 

reaction was quenched with a saturated aq. NH4Cl solution (5 mL) and extracted with 

EtOAc (3 × 15 mL). The organic layer was then washed with brine, dried and 

concentrated. Purification by chromatography (hexane →  hexane/EtOAc 75:25) gave 
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22 (663 mg, 92%) as green solid; 1H NMR (400 MHz, CDCl3)  8.11 (d, J = 15.6 Hz, 1H), 

8.04 (d, J = 8 Hz, 1H), 7.67–7.63 (m, 2H), 7.57–7.52 (m, 1H), 6.37 (d, J = 16.4 Hz, 1H), 

4.29 (q, J = 7.2 Hz, 2H), 1.35 (t, J = 6.8 Hz, 3H). To a solution of 22 (663 mg, 2.99 mmol) 

in CH2Cl2:EtOH (1:1, 9 mL) was added Fe powder (1.17 g, 20.9 mmol) followed by AcOH 

(3 mL) and H2O (3 mL) and the mixture was stirred at room temperature for 16 h. The 

reaction was quenched with saturated aq. NaHCO3 solution (10 mL) and filtered. The 

mixture was extracted with CH2Cl2 (3 × 10 mL), washed with water and brine, dried and 

concentrated without further purification to give 23 (402 mg, 70%) as orange solid; 1H 

NMR (400 MHz, CDCl3)  7.87 (d, J = 16 Hz, 1H), 7.41 (d, J = 8 Hz, 1H), 7.21 (t, J = 7.6 Hz, 

1H), 6.82 (q, J = 7.2 Hz, 2H), 6.37 (d, J = 16 Hz, 1H), 4.25 (q, J = 14, 6.8 Hz, 2H), 1.33 (t, J 

= 7.2 Hz, 3H). A solution of amine 23 (3.1 g, 16.2 mmol) and formic acid (98%, 2.8 mL, 

72.9 mmol) in toluene (1 M, 16 mL) was refluxed using a Dean-Stark apparatus for 3 h. 

The reaction was quenched with a saturated aq. Na2CO3 solution (10 mL), extracted 

with CH2Cl2 (3 × 10 mL) and washed with brine, dried and concentrated. The 

formamide was shown to be an unstable compound, so the two steps were conducted 

consecutively. Further purification (hexane → hexane/EtOAc 75:25) revealed a mixture 

of rotamers; 1H NMR (400 MHz, CDCl3)  8.94 (d, J = 10.4 Hz, 0.5H), 8.48–8.43 (m, 1H), 

7.93–7.87 (m, 1H), 7.55 (dd, J = 25.2, 8 Hz, 1H), 7.39–7.31 (m, 1H), 7.24 (t, J = 7.6 Hz, 

0.5 Hz), 7.19–7.12 (m, 1H), 6.37 (dd, J = 16, 10.8 Hz, 1H), 4.19 (q, J = 7.2 Hz, 2H), 1.26 

(q, J = 14.8, 7.2 Hz, 3H). To a solution of the crude formamide (3.55 g, 16.2 mmol) and 

Et3N (18 mL, 0.13 mol) in anhydrous CH2Cl2 (33 mL) at 0 oC, was added POCl3 (3.03 mL, 

32.4 mmol) dropwise and the mixture was stirred for 1 h at 0 oC. The reaction was 

quenched by slowly adding a saturated aq. Na2CO3 solution (10 mL), and the mixture 

was stirred for 1 h. The mixture was extracted with CH2Cl2 and washed with water and 

brine, dried and concentrated. Purification by chromatography (hexane → 

hexane/EtOAc 95:5) gave 24 (2.79 g, 86% over two steps) as a brownish solid; 1H NMR 

(400 MHz, CDCl3)  7.96 (d, J = 16.4 Hz, 1H, H-3), 7.67–7.65 (m, 1H, Ph), 7.45–7.40 (m, 

3H, Ph), 6.53 (d, J = 16 Hz, 1H, H-2), 4.29 (q, J = 7.2 Hz, 2H, OCH2CH3), 1.35 (t, J = 7.2 Hz, 

3H, OCH2CH3); 13C NMR (101 MHz, CDCl3)  168.8 (C-1), 165.9 (NC), 137.6 (C-3), 130.8 

(Cipso), 130.6 (Ph), 129.6 (Ph), 127.7 (Ph), 126.9 (Ph), 122.5 (C-2), 60.9 (OCH2CH3), 14.2 

(OCH2CH3). Spectral data were identical to those previously reported.309 
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1-Isocyano-2-(3-methoxyprop-1-en-1-yl)benzene (27) 

 

To a solution of amine 23 (3.36 g, 15.1 mmol) in dry THF (19 mL) at 0 oC was added 

DIBAL-H (1M in hexane, 45 mL, 45.2 mmol). The reaction was allowed to stir for 2.5 h 

at room temperature. The reaction was quenched by adding MeOH (10 mL) and 

Rochelle salt solution (10 mL) and the mixture was stirred for another 1 h. The resulting 

mixture was filtered, and the resulting phases separated. The aqueous phase was 

extracted with EtOAc (3 × 10 mL). The organic layers were mixed and washed with 

water and brine, dried and concentrated. Purification by chromatography (hexane → 

hexane/EtOAc 50:50) gave 25 (2.07 g, 92%) as a brownish solid; 1H NMR (400 MHz, 

CDCl3)  7.19 (d, J = 8 Hz, 1H), 7.03 (t, J = 7.6 Hz, 1H), 6.72 (t, J = 7.6 Hz, 1H), 6.61 (t, J = 

8 Hz, 2H), 6.15 (dt, J = 15.6, 5.6 Hz, 1H), 4.22 (d, J = 5.6 Hz, 1H), 3.56 (br s, 3H). To a 

solution of NaH (90%, 268 mg, 10.1 mmol) in dry THF (90 mL) at 0 oC was added 25 

(1.00 g, 6.70 mmol) in THF (5 mL) and the solution was stirred for 30 min. Then, MeI 

(670 L, 10.1 mmol) was added and the mixture was stirred for 1.5 h at 0 oC. The 

reaction was quenched with H2O (20 mL). The aqueous phase was extracted with 

EtOAc (3 × 15 mL). The organic phases were collected and washed with water and 

brine, dried and concentrated. Purification by chromatography (hexane → 

hexane/EtOAc 90:10) gave 26 (708 mg, 65%) as a brownish oil; 1H NMR (400 MHz, 

CDCl3)  7.26 (d, J = 8.8 Hz, 1H), 7.06 (t, J = 7.6 Hz, 1H), 6.75 (t, J = 7.6 Hz, 1H), 6.66 (d, J 

= 8 Hz, 1H), 6.64 (d, J = 5.6 Hz, 1H), 6.17 (dt, J = 16, 6 Hz, 1H), 4.09 (dd, J = 6, 1.6 Hz, 

2H), 3.63 (br s, 2H), 3.39 (s, 3H).  A solution of amine 26 (107 mg, 0.66 mmol) and 

formic acid (98%, 136 mg, 2.95 mmol) in toluene (1 M, 0.7 mL) was refluxed using a 

Dean-Stark apparatus for 5 h. The reaction was quenched with saturated aq. Na2CO3 

solution (2 mL) and extracted with CH2Cl2 (3 × 3 mL), washed with brine, dried and 

concentrated. The crude was used for the next step without further purification. To a 
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solution of the crude formamide (125 mg, 0.65 mmol) and Et3N (730 L, 5.23 mmol) in 

anhydrous CH2Cl2 (1.3 mL) at 0 oC, was added POCl3 (122 L, 1.31 mmol) dropwise and 

the mixture was stirred for 1 h at 0 oC. The reaction was quenched by slowly adding a 

saturated aq. Na2CO3 solution (1 mL), and the mixture was stirred for 1 h. The mixture 

was extracted with CH2Cl2 (3 × 3 mL) and washed with water and brine, dried and 

concentrated. Purification by chromatography (hexane → hexane/EtOAc 90:10) gave 27 

(60 mg, 53% over two steps from 26) as a brownish oil; 1H NMR (400 MHz, CDCl3)  

7.60–7.58 (m, 1H, Ph), 7.36 (t, J = 6.8 Hz, 2H, Ph), 7.28–7.24 (m, 1H, Ph), 6.93 (d, J = 16 

Hz, 1H, H-1), 6.40 (dt, J = 16, 6 Hz, 1H, H-2), 4.15 (dd, J = 6, 1.6 Hz, 2H, H-3), 3.42 (s, 3H, 

Me); 13C NMR (101 MHz, CDCl3)  166.8 (NC), 160.6 (Cipso), 133.1 (Cipso), 130.7 (C-2), 

129.4 (Ph), 128.2 (Ph), 127.1 (Ph), 126.0 (Ph), 125.9 (C-1), 72.7 (C-3), 58.3 (Me). 

Spectral data were identical to those previously reported.310   

Synthesis of core heterocycles via MHAT  

Phenanthridine (5) 

To a solution of isocyanide 4a (315 mg, 1.76 mmol, 1 equiv) and 

Fe(acac)3 (124 mg, 0.35 mmol, 0.2 equiv) in iPrOH (0.4 M, 4.4 mL) was 

added TBHP (70%, 377 L, 2.64 mmol, 1.5 equiv) and the mixture was 

degassed and bubbled with argon for 5 min. PhSiH3 (570 mg, 5.27 

mmol, 3 equiv) was added (Caution: continuous argon purge with outlet was 

maintained to avoid over pressurization of the reaction flask.). The reaction mixture 

was stirred at room temperature for 24 h. The mixture was concentrated and purified 

by chromatography (hexane → hexane/EtOAc 90:10) to give 5 (233 mg, 74%) as 

brownish solid; 1H NMR (400 MHz, CDCl3)  9.30 (s, 1H, H-6), 8.63 (d, J = 7.6 Hz, 1H, H-

1), 8.59 (dd, J = 8.4, 1.6 Hz, 1H, H-10), 8.20 (dd, J = 8, 2 Hz, 1H, H-4), 8.06 (d, J = 8 Hz, 

1H, H-7), 7.88 (ddd, J = 8.4, 7.2, 1.6 Hz, 1H, H-9), 7.78–7.68 (m, 3H, H-2, H-3 and H-8); 

13C NMR (101 MHz, CDCl3)  153.5 (C-6), 144.3 (C-4a), 132.5 (C-10a), 131.0 (C-9), 130.0 

(C-4), 128.8 (C-7), 128.7 (C-3), 127.5 (C-8), 127.1 (C-2), 126.3 (C-6a), 124.1 (C-10b), 

122.2 (C-1), 121.8 (C-10). HRMS (ESI) m/z: [M+H]+ calcd for [C13H10N]+ 180.0813, found 

180.0819. Spectral data were identical to those previously reported.311 
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3-Methoxycarbonyl-4-phenylisoquinoline (15) 

To a solution of isocyanide 14 (100 mg, 0.38 mmol, 1 equiv) and 

Fe(acac)3 (27 mg, 0.076 mmol, 0.2 equiv) in iPrOH (0.4 M, 1 mL), 

was added TBHP (70%, 81 L, 0.57 mmol, 1.5 equiv) and the 

mixture was degassed and bubbled with argon for 5 min. PhSiH3 

(153 mg, 1.14 mmol, 3 equiv) was added and the reaction mixture was stirred at room 

temperature for 24 h. The reaction mixture was concentrated and purified by 

chromatography (hexane → hexane/EtOAc 75:25) to give 15 (86 mg, 86%) as a 

brownish oil; 1H NMR (400 MHz, CDCl3)  9.32 (s, 1H, H-1), 8.07 (d, J = 8 Hz, 1H, H-8), 

7.72–7.61 (m, 3H, H-5, H-6, H-7), 7.53–7.47 (m, 3H, Ph), 7.35–7.32 (m, 2H, Ph), 3.75 

(Me); 13C NMR (101 MHz, CDCl3)  167.0 (C=O), 151.7 (C-1), 140.9 (C-3), 135.9 (Cipso), 

135.7 (C-4), 134.9 (C-4a), 131.1 (C-6), 129.5 (Ph), 129.0 (C-8a), 128.8 (C-7), 128.2 (Ph), 

127.9 (Ph), 127.6 (C-8), 126.5 (C-5), 52.4 (Me). HRMS (ESI) m/z: [M+H]+ calcd for 

[C17H14NO2]+ 264.1024, found 264.1025. Spectral data were identical to those 

previously reported.312 

3-(2-Oxo-2-phenylethyl)indole (35) 

 Isocyanide 19 (100 mg, 0.43 mmol, 1 equiv) and Fe(acac)3 (30 mg, 

0.086 mmol, 0.2 equiv) were dissolved in THF (0.04 M, 11 mL) and 

MeOH (174 L, 4.29 mmol, 10 equiv) degassed and bubbled with 

argon for 5 min. PhSiH3 (139 mg, 1.29 mmol, 3 equiv) was added and 

the reaction mixture was stirred at 60 oC for 24 h. The reaction 

mixture was concentrated and purified by chromatography (hexane → hexane/EtOAc 

75:25) to give 35 (76 mg, 75%) as brownish oil ; 1H NMR (400 MHz, CDCl3)  8.11 (br s, 

1H, NH), 8.05 (d, J = 7.2 Hz, 2H, Ph), 7.61 (d, J = 8 Hz, 1H, H-4), 7.54 (t, J = 7.2 Hz, 1H, 

Ph), 7.44 (t, J = 8 Hz, 2H, Ph), 7.33 (d, J = 8 Hz, 1H, H-7), 7.19 (t, J = 7.2 Hz, 1H, H-6), 

7.13 (t, J = 8 Hz, 1H, H-5), 7.10 (s, 1H, H-2), 4.41 (s, 2H, CH2); 13C NMR (101 MHz, CDCl3) 

 197.9 (C=O), 136.7 (C-7a), 136.1 (Cipso), 132.9 (Ph), 128.6 (Ph), 128.5 (Ph), 127.3 (C-

3a), 123.2 (C-2), 122.1 (C-6), 119.6 (C-5), 118.7 (C-4), 111.2 (C-7), 108.8 (C-3), 35.5 

(CH2). HRMS (ESI) m/z: [M+H]+ calcd for [C16H14NO]+ 236.1075, found 236.1076. 

Spectral data were identical to those previously reported.313 
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Ethyl 3-indoleacetate (36) 

Isocyanide 24 (100 mg, 0.50 mmol, 1 equiv), Fe(acac)3 (35 mg, 0.10 

mmol, 0.2 equiv) were dissolved in THF (0.04 M, 12.4 mL) and MeOH 

(201 L, 4.97 mmol, 10 equiv), degassed and bubbled with argon for 

5 min. PhSiH3 (161 mg, 1.49 mmol, 3 equiv) was added and the 

reaction mixture was stirred at 60 oC for 24 h. The reaction mixture 

was concentrated and purified by chromatography (hexane → hexane/EtOAc 75:25) to 

give 36 (92 mg, 91%) as a brownish oil; 1H NMR (400 MHz, CDCl3)  8.17 (br s, 1H, NH), 

7.64 (d, J = 8.4 Hz, 1H, H-4), 7.32 (dt, J = 8, 1.2 Hz, 1H, H-7), 7.21 (ddd, J = 8.4, 7.2, 1.2 

Hz, 1H, H-6), 7.15 (ddd, J = 8, 7.2, 1.6 Hz, 1H, H-5), 7.10 (d, J = 2.4 Hz, 1H, H-2), 4.19 (q, 

J = 7.2 Hz, 2H, CH2CH3), 3.79 (s, 2H, CH2), 1.28 (t, J = 6.8 Hz, 3H, CH2CH3); 13C NMR (101 

MHz, CDCl3)  172.3 (C=O), 136.2 (C-7a), 127.3 (C-3a), 123.2 (C-2), 122.2 (C-6), 119.7 

(C-5), 118.9 (C-4), 111.3 (C-7), 108.5 (C-3), 60.9 (CH2CH3), 31.5 (CH2), 14.3 (CH2CH3). 

HRMS (ESI) m/z: [M+H]+ calcd for [C12H14NO2]+ 204.1024, found 204.1022. Spectral data 

were identical to those previously reported.314 

Synthesis of coupled products via MHAT 

General Methods 

Method 1a – MHAT Coupling from the corresponding isocyanide. 

To a solution of isocyanide (1 equiv), alkene (1 equiv) and Fe(acac)3 (0.2 equiv) in iPrOH 

(0.4 M) was added TBHP (70% in water, 1.5 equiv) and the mixture was degassed and 

bubbled with argon for 5 minutes. The mixture was adjusted to the indicated 

temperature and PhSiH3 (1 equiv) was then added via syringe. After 24 h at this 

temperature, the reaction mixture was concentrated and purified by column 

chromatography. 

Method 1b – MHAT Coupling from the corresponding isocyanide. 

A solution of isocyanide (1 equiv), alkene (1 equiv) and Fe(acac)3 (0.2 equiv) in iPrOH 

(0.04 M) was degassed and bubbled with argon for 5 minutes. The mixture was 

adjusted to the indicated temperature and PhSiH3 (1 equiv) was then added via syringe. 

After 24 h at this temperature, the reaction mixture was concentrated and purified by 

column chromatography. 
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Method 2 – MHAT-Minisci Coupling from the corresponding heterocycle. 

To a solution of the heterocycle (1 equiv), alkene (3 equiv), and Fe(acac)3 (1 equiv) in 

4:1 THF/MeOH (0.2 M) was added TFA (2 equiv). The mixture was adjusted to the 

indicated temperature and PhSiH3 (1 equiv) was added via syringe and stirred for 2 h 

open to the air. The reaction was quenched by the addition of saturated aq. NaHCO3 

solution, extracted with EtOAc, washed with brine, dried, concentrated and purified by 

column chromatography. 

Method 3 – Sequential MHAT-Minisci Coupling from the corresponding isocyanide.  

To a solution of isocyanide (1 equiv) and Fe(acac)3 (0.2 equiv) in 4:1 MTBE/MeOH (0.4 

M) was added TBHP (70% in water, 1 equiv) and the mixture was degassed and 

bubbled with argon for 5 minutes. PhSiH3 (3 equiv) was added via syringe and the 

reaction mixture was stirred at room temperature for 15 min. Then, the reaction was 

opened to air, and MTBE (to a 0.2 M solution) was added, followed by Fe(acac)3 (0.8 

equiv), TFA (2 equiv) and alkene (3 equiv) and the reaction was heated to 60 oC and 

stirred for 3 h. The reaction was quenched by the addition of saturated aq. NaHCO3 

solution, extracted with EtOAc, washed with brine, dried, concentrated, and purified by 

column chromatography. 

6-(4-hydroxybutan-2-yl)phenanthridine (5a) 

Method 1a: Isocyanide 4a (100 mg, 0.56 mmol), but-3-en-1-ol 

(40 mg, 0.56 mmol), Fe(acac)3 (40 mg, 0.11 mmol), TBHP (70%, 

120 L, 0.84 mmol) and PhSiH3 (60 mg, 0.56 mmol) in iPrOH (0.4 

M, 1.4 mL) at 60 oC. Purification by chromatography (hexane → 

hexane/EtOAc 50:50) gave 6a (105 mg, 75%) as a yellow oil. 

Method 2: Phenanthridine 5 (50 mg, 0.28 mmol), but-3-en-1-ol (60 mg, 0.84 mmol), 

Fe(acac)3 (98 mg, 0.28 mmol), TFA (43 L, 0.56 mmol) and PhSiH3 (30 mg, 0.28 mmol) 

in 4:1 THF/MeOH (0.2 M, 1.4 mL) at 60 oC. Purification by chromatography (hexane → 

hexane/EtOAc 50:50) gave 5a (15 mg, 21%) as a yellow oil. 

1H NMR (400 MHz, CDCl3)  8.66 (d, J = 8.4 Hz, 1H, H-1), 8.54 (d, J = 8 Hz, 1H, H-10), 

8.36 (d, J = 8.4 Hz, 1H, H-7), 8.10 (d, J = 8.4 Hz, 1H, H-4), 7.85 (t, J = 8.4 Hz, 1H, H-2), 
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7.71 (t, J = 7.6 Hz, 2H, H-3 and H-8), 7.63 (t, J = 7.2 Hz, 1H, H-9), 4.97 (br s, 1H, OH), 

4.28–4.20 (m, 1H, H-2’), 3.94–3.88 (m, 1H, H-4’), 3.84–3.79 (m, 1H, H-4’), 2.40–2.32 (m, 

1H, H-3’), 2.28–2.20 (m, 1H, H-3’), 1.51 (d, J = 6.8 Hz, 3H, Me); 13C NMR (101 MHz, 

CDCl3)  165.2 (C-6), 142.7 (C-4a), 133.2 (C-10a), 130.5 (C-2), 129.0 (C-4), 128.7 (C-3), 

127.4 (C-8), 126.6 (C-9), 125.9 (C-7), 124.8 (C-6a), 123.5 (C-10b), 122.7 (C-1), 121.9 (C-

10), 59.7 (C-4’), 36.5 (C-3’), 35.2 (C-2’), 19.9 (Me); HRMS (ESI) m/z: [M+H]+ calcd for 

[C17H18NO]+ 252.1388, found 252.1387. 

6-(dodecan-2-yl)phenanthridine (5b)  

Method 1a: Isocyanide 4a (50 mg, 0.28 mmol), 1-dodecene (47 

mg, 0.28 mmol), Fe(acac)3 (20 mg, 0.056 mmol), TBHP (70%, 60 

L, 0.42 mmol) and PhSiH3 (30 mg, 0.28 mmol) in iPrOH (0.4 M, 

0.7 mL) at 60 oC. Purification by chromatography (hexane → 

hexane/EtOAc 99:1) gave 5b (53 mg, 54%) as a yellow oil.  

Method 2: Phenanthridine 5 (50 mg, 0.28 mmol), 1-dodecene (140 mg, 0.84 mmol), 

Fe(acac)3 (98 mg, 0.28 mmol), TFA (43 L, 0.56 mmol) and PhSiH3 (30 mg, 0.28 mmol) 

in 4:1 THF/MeOH (0.2 M, 1.4 mL) at 60 oC. Purification by chromatography (hexane → 

hexane/EtOAc 99:1) gave 5b (61 mg, 63%) as a yellow oil.  

1H NMR (400 MHz, CDCl3)  8.66 (d, J = 8 Hz, 1H, H-1), 8.55 (dd, J = 8, 1.2 Hz, 1H, H-10), 

8.32 (d, J = 8.4 Hz, 1H, H-7), 8.14 (d, J = 8 Hz, 1H, H-4), 7.82 (ddd, J = 8, 6.8, 1.2 Hz, 1H, 

H-2), 7.70 (dddd, J = 9.6, 7.2, 6, 1.6 Hz, 2H, H-3 and H-8), 7.61 (ddd, J = 8.4, 7.2, 1.6 Hz, 

1H, H-9), 3.83 (sext, J = 6.8 Hz, 1H, H-2’), 2.18–2.09 (m, 1H, H-3’), 1.81–1.72 (m, 1H, H-

3’), 1.48 (d, J = 6.8 Hz, 3H, Me), 1.23 (br s, 16H, H-4’–H-11’), 0.87 (t, J = 6.8 Hz, 3H, Me); 

13C NMR (101 MHz, CDCl3)  165.8 (C-6), 144.0 (C-4a), 133.2 (C-10a), 130.1 (C-4), 130.0 

(C-2), 128.5 (C-3), 127.2 (C-8), 126.2 (C-9), 125.7 (C-7), 125.3 (C-6a), 123.4 (C-10b), 

122.7 (C-1), 121.9 (C-10), 36.8 (C-2’), 36.4 (C-3’), 32.1 (CH2), 30.0 (CH2), 29.8 (CH2), 29.8 

(CH2), 29.7 (CH2), 29.5 (CH2), 28.1 (CH2), 22.8 (CH2), 20.3 (Me), 14.3 (Me); HRMS (ESI) 

m/z: [M+H]+ calcd for [C25H32N]+ 346.2535, found 346.2540. 
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6-(11-hydroxyundecan-2-yl)phenanthridine (5c) 

Method 1a: Isocyanide 4a (100 mg, 0.56 mmol), 10-undecen-1-ol 

(95 mg, 0.56 mmol), Fe(acac)3 (40 mg, 0.11 mmol), TBHP (70%, 

120 L, 0.84 mmol) and PhSiH3 (60 mg, 0.56 mmol) in iPrOH (0.4 

M, 1.4 mL) at 60 oC. Purification by chromatography (hexane → 

hexane/EtOAc 90:10) gave 5c (111 mg, 59%) as a yellow oil.  

Method 2: Phenanthridine 5 (100 mg, 0.56 mmol), 10-undecen-1-ol (285 mg, 1.67 

mmol), Fe(acac)3 (197 mg, 0.56 mmol), TFA (85 L, 1.12 mmol) and PhSiH3 (60 mg, 0.56 

mmol) in 4:1 THF/MeOH (0.2 M, 2.9 mL) at 60 oC. Purification by chromatography 

(hexane → hexane/EtOAc 90:10) gave 5c (133 mg, 71%) as a yellow oil.  

1H NMR (400 MHz, CDCl3)  8.65 (d, J = 8.4 Hz, 1H, H-1), 8.54 (d, J = 8.4 Hz, 1H, H-10), 

8.32 (d, J = 8.4 Hz, 1H, H-7), 8.15 (d, J = 8 Hz, 1H, H-4), 7.82 (ddd, J = 8.4, 7.2, 1.6 Hz, 

1H, H-2), 7.73–7.67 (m, 2H, H-3 and H8), 7.61 (ddd, J = 8.4, 6.8, 1.6 Hz, 1H, H-9), 3.83 

(sext, J = 6.8 Hz, 1H, H-2’), 3.61 (t, J = 6.8 Hz, 2H, H-11’), 2.19–2.10 (m, 1H, CH2), 1.81–

1.72 (m, 1H, CH2), 1.56–1.51 (m, 2H, CH2), 1.49 (d, J = 6.8 Hz, 3H, Me), 1.36–1.26 (m, 

12H, CH2); 13C NMR (101 MHz, CDCl3)  165.8 (C-6), 143.9 (C-4a), 133.1 (C-10a), 130.1 

(C-2), 129.9 (C-4), 128.5 (C-3), 127.2 (C-8), 126.3 (C-9), 125.7 (C-7), 125.3 (C-6a), 123.4 

(C-10b), 122.7 (C-1), 121.9 (C-10), 63.1 (C-11’), 36.7 (C-2’), 36.4 (CH2), 32.9 (CH2), 29.9 

(CH2), 29.6 (CH2), 29.5 (CH2), 29.4 (CH2), 28.0 (CH2), 25.8 (CH2), 20.3 (Me); HRMS (ESI) 

m/z: [M+H]+ calcd for [C24H30NO]+ 348.2327, found 348.2330. 

6-(4-(benzoyloxy)butan-2-yl)phenanthridine (5d) 

Method 1a: Isocyanide 4a (100 mg, 0.56 mmol), but-3-en-1-yl 

benzoate (98 mg, 0.56 mmol), Fe(acac)3 (40 mg, 0.11 mmol), 

TBHP (70%, 120 L, 0.84 mmol) and PhSiH3 (60 mg, 0.56 mmol) 

in iPrOH (0.4 M, 1.4 mL) at 60 oC. Purification by 

chromatography (hexane → hexane/EtOAc 97.5:2.5) gave 5d (105 mg, 53%) as a pale-

yellow oil.  

Method 2: Phenanthridine 5 (100 mg, 0.56 mmol), but-3-en-1-yl benzoate (295 mg, 

1.67 mmol), Fe(acac)3 (197 mg, 0.56 mmol), TFA (85 L, 1.12 mmol) and PhSiH3 (60 mg, 
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0.56 mmol) in 4:1 THF/MeOH (0.2 M, 2.8 mL) at 60 oC. Purification by chromatography 

(hexane → hexane/EtOAc 97.5:2.5) gave 5d (150 mg, 76%) as a pale-yellow oil.  

1H NMR (400 MHz, CDCl3)  8.65 (d, J = 8.4 Hz, 1H, H-10), 8.54 (d, J = 8 Hz, 1H, H-1), 

8.33 (d, J = 8.4 Hz, 1H, H-7), 8.15 (dd, J = 8, 1.2 Hz, 1H, H-3), 7.95–7.93 (m, 2H, Ph), 7.81 

(ddd, J = 8.8, 6.8, 1.2 Hz, 1H, H-9), 7.72 (ddd, J = 8.4, 7.2, 1.6 Hz, 1H, H-2), 7.65 (ddd, J = 

8.4, 6.8, 1.2 Hz, 1H, H-8), 7.62 (ddd, J = 8.4, 7.2, 1.6 Hz, 1H, H-4), 7.53 (tt, J = 6.8, 1.2 Hz, 

1H, Ph), 7.38 (t, J = 8.4 Hz, 2H, Ph), 4.55–4.49 (m, 1H, H-4’), 4.41–4.35 (m, 1H, H-4’), 

4.12 (sext, J = 14.4, 6.8 Hz, 1H, H-2’), 2.78 (dq, J = 14, 6.8 Hz, 1H, H-3’), 2.28 (dq, J = 12, 

6.8 Hz, 1H, H-3’), 1.55 (d, J = 6.8 Hz, 3H, Me); 13C NMR (101 MHz, CDCl3)  166.7 (C=O), 

164.1 (C-6), 143.9 (C-4a), 133.2 (C-10a), 132.9 (Ph), 130.5 (Cipso), 130.2 (C-3), 130.1 (C-

9), 129.6 (Ph), 128.6 (C-2), 128.4 (Ph), 127.3 (C-8), 126.5 (C-4), 125.4 (C-7), 125.1 (C-

6a), 123.5 (C-10b), 122.8 (C-10), 121.9 (C-1), 63.9 (C-4’), 34.7 (C-3’), 33.6 (C-2’), 20.9 

(Me); HRMS (ESI) m/z: [M+H]+ calcd for [C24H22NO2]+ 356.1650, found 356.1647. 

6-(4-(1,3-dioxoisoindolin-2-yl)butan-2-yl)phenanthridine (5e) 

Method 1a: Isocyanide 4a (100 mg, 0.56 mmol), 2-(but-

3-en-1-yl)isoindoline-1,3-dione (112 mg, 0.56 mmol), 

Fe(acac)3 (40 mg, 0.11 mmol), TBHP (70%, 120 L, 0.84 

mmol) and PhSiH3 (60 mg, 0.56 mmol) in iPrOH (0.4 M, 

1.4 mL) at 60 oC. Purification by chromatography (hexane → hexane/EtOAc 75:25) gave 

5e (132 mg, 62%) as a pale-yellow solid.  

Method 2: Phenanthridine 5 (100 mg, 0.56 mmol), 2-(but-3-en-1-yl)isoindoline-1,3-

dione (336 mg, 1.67 mmol), Fe(acac)3 (197 mg, 0.56 mmol), TFA (85 L, 1.12 mmol) 

and PhSiH3 (60 mg, 0.56 mmol) in 4:1 THF/MeOH (0.2 M, 2.8 mL) at 60 oC. Purification 

by chromatography (hexane → hexane/EtOAc 75:25) gave 5e (161 mg, 76%) as a pale-

yellow solid. 

1H NMR (400 MHz, CDCl3)  8.57 (d, J = 9.6 Hz, 1H, H-10), 8.43 (d, J = 8.4 Hz, 1H, H-1), 

8.24 (d, J = 8 Hz, 1H, H-7), 8.08 (d, J = 8.4 Hz, 1H, H-4), 7.79 (ddd, J = 8.4, 7.2, 1.2 Hz, 

1H, H-9), 7.69–7.63 (m, 2H, H-3 and H-8), 7.61–7.53 (m, 5H, H-2 and Ar), 3.98–3.86 (m, 

2H, H-2’ and H-4’), 3.83–3.76 (m, 1H, H-4’), 2.88 (dq, J = 15.6, 7.6 Hz, 1H, H-3’), 2.12 

(dq, J = 13.2, 5.6 Hz, 1H, H-3’), 1.48 (d, J = 7.2 Hz, 3H, Me); 13C NMR (101 MHz, CDCl3)  
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168.4 (C=O), 163.9 (C-6), 143.7 (C-4a), 133.7 (Ar), 133.2 (C-10a), 132.1 (Cipso), 130.1 (C-

4 and C-9), 128.5 (C-3), 127.3 (C-8), 126.3 (C-2), 125.6 (C-7), 124.9 (C-6a), 123.4 (C-

10b), 122.9 (Ar), 122.6 (C-10), 121.8 (C-1), 37.1 (C-4’), 35.1 (C-2’), 33.6 (C-3’), 21.5 

(Me). HRMS (ESI) m/z: [M+H]+ calcd for [C25H21N2O2]+ 381.1603, found 381.1605. 

6-cyclopentylphenanthridine (5f) 

Method 1a: Isocyanide 4a (100 mg, 0.56 mmol), cyclopentene (38 

mg, 0.56 mmol), Fe(acac)3 (40 mg, 0.11 mmol), TBHP (70%, 120 

L, 0.84 mmol) and PhSiH3 (60 mg, 0.56 mmol) in iPrOH (0.4 M, 

1.4 mL) at 60 oC. Purification by chromatography (hexane → 

hexane/EtOAc 97.5:2.5) gave 5f (36 mg, 26%) as a yellowish oil.  

Method 2: Phenanthridine 5 (100 mg, 0.56 mmol), cyclopentene (114 mg, 1.67 mmol), 

Fe(acac)3 (197 mg, 0.56 mmol), TFA (85 L, 1.12 mmol) and PhSiH3 (60 mg, 0.56 mmol) 

in 4:1 THF/MeOH (0.2 M, 2.9 mL) at 60 oC. Purification by chromatography (hexane → 

hexane/EtOAc 97.5:2.5) gave 5f (97 mg, 70%) as a yellowish oil.  

Method 3: Isocyanide 4a (100 mg, 0.56 mmol), Fe(acac)3 (40 mg, 0.11 mmol), TBHP 

(70%, 80 L, 0.56 mmol) and PhSiH3 (181 mg, 1.67 mmol) in 4:1 MTBE/MeOH (0.4 M, 

1.4 mL) at room temperature. After 15 min, was added MTBE (to a 0.2 M solution, 1.4 

mL), Fe(acac)3 (157 mg, 0.45 mmol), TFA (85 L, 1.12 mmol) and cyclopentene (153 L, 

1.67 mmol) at 60 oC, open to air. Purification by chromatography (hexane → 

hexane/EtOAc 97.5:2.5) gave 5f (82 mg, 62%) as a yellowish oil.  

1H NMR (400 MHz, CDCl3)  8.62 (d, J = 9.6 Hz, 1H, H-1), 8.53 (d, J = 8 Hz, 1H, H-10), 

8.34 (d, J = 8,4 Hz, 1H, H-7), 8.18 (d, J = 8 Hz, 1H, H-4), 7.80 (ddd, J = 8.4, 7.2, 1.2 Hz, 

1H, H-2), 7.73 (ddd, J = 8.4, 7.2, 1.6 Hz, 1H, H-3), 7.68 (ddd, J = 8.4, 7.2, 1.2 Hz, 1H, H-8), 

7.61 (ddd, J = 8.4, 7.2, 1.6 Hz, H-9), 4.09 (q, J = 8 Hz, 1H, H-1’), 2.36–2.18 (m, 4H, CH2), 

2.04–1.94 (m, 2H, CH2), 1.89–1.80 (m, 2H, CH2); 13C NMR (101 MHz, CDCl3)  164.2 (C-

6), 143.8 (C-4a), 132.9 (C-10a), 130.0 (C-2), 129.9 (C-4), 128.4 (C-3), 127.1 (C-8), 126.2 

(C-9), 126.1 (C-7), 125.7 (C-6a), 123.5 (C-10b), 122.4 (C-1), 121.9 (C-10), 43.6 (C-1’), 

32.2 (CH2), 26.1 (CH2); HRMS (ESI) m/z: [M+H]+ calcd for [C18H18N]+ 248.1439, found 

248.1442. Spectral data were identical to those previously reported.315 
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6-cyclohexylphenanthridine (5g) 

Method 1a: Isocyanide 4a (50 mg, 0.28 mmol), cyclohexene (23 

mg, 028 mmol), Fe(acac)3 (20 mg, 0.056 mmol), TBHP (70%, 60 L, 

0.42 mmol) and PhSiH3 (30 mg, 0.28 mmol) in iPrOH (0.4 M, 700 

L) at 60 oC. Purification by chromatography (hexane → 

hexane/EtOAc 95:5) gave 5g (10 mg, 14%) as a yellow oil. 

Method 2: Phenanthridine 5 (100 mg, 0.56 mmol), cyclohexene (137 mg, 1.67 mmol), 

Fe(acac)3 (197 mg, 0.56 mmol), TFA (85 L, 1.12 mmol) and PhSiH3 (60 mg, 0.56 mmol) 

in 4:1 THF/MeOH (0.2 M, 2.9 mL) at 60 oC. Purification by chromatography (hexane → 

hexane/EtOAc 95:5) gave 5g (92 mg, 63%) as a yellow oil. 

Method 3: Isocyanide 4a (100 mg, 0.56 mmol), Fe(acac)3 (40 mg, 0.11 mmol), TBHP 

(70%, 80 L, 0.56 mmol) and PhSiH3 (181 mg, 1.67 mmol) in 4:1 MTBE/MeOH (0.4 M, 

1.4 mL) at room temperature. After 15 min, was added MTBE (to a 0.2 M solution, 1.4 

mL), Fe(acac)3 (157 mg, 0.45 mmol), TFA (85 L, 1.12 mmol) and 1-methyl-1-

cyclohexene (170 L, 1.67 mmol) at 60 oC, open to air. Purification by chromatography 

(hexane → hexane/EtOAc 95:5) gave 5g (84 mg, 58%) as a yellow oil.  

1H NMR (400 MHz, CDCl3)  8.65 (d, J = 9.6 Hz, 1H, H-1), 8.54 (dd, J = 8, 1.2 Hz, 1H, H-

10), 8.32 (d, J = 8.4 Hz, 1H, H-7), 8.13 (dd, J = 8, 1.6 Hz, 1H, H-4), 7.81 (ddd, J = 8.4, 6.8, 

1.2 Hz, 1H, H-2), 7.72–7.67 (m, 2H, H-3 and H-8), 7.60 (ddd, J = 8.4, 7.2, 1.6 Hz, 1H, H-

9), 3.62 (tt, J = 11.2, 3.2 Hz, 1H, H-1’), 2.09–2.07 (m, 2H, CH2), 1.99–1.93 (m, 4H, CH2), 

1.88–1.82 (m, 1H, CH2), 1.63–1.55 (m, 2H, CH2), 1.45 (tt, J = 12.8, 3.6 Hz, 1H, CH2); 13C 

NMR (101 MHz, CDCl3)  165.4 (C-6), 144.0 (C-4a), 133.2 (C-10a), 130.1 (C-4), 130.0 (C-

2), 128.5 (C-3), 127.2 (C-8), 126.3 (C-9), 125.7 (C-7), 124.9 (C-6a), 123.5 (C-10b), 122.7 

(C-1), 121.9 (C-10), 42.1 (C-1’), 32.4 (CH2), 27.0 (CH2), 26.5 (CH2); HRMS (ESI) m/z: 

[M+H]+ calcd for [C19H20N]+ 262.1595, found 262.1596. Spectral data were identical to 

those previously reported.313 
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6-(1-methylcyclohexyl)-5,6-dihydrophenanthridine (5h) 

Method 1a: Isocyanide 4a (100 mg, 0.56 mmol), 1-methyl-1-

cyclohexene (54 mg, 0.56 mmol), Fe(acac)3 (40 mg, 0.11 mmol), 

TBHP (70%, 120 L, 0.84 mmol) and PhSiH3 (60 mg, 0.56 mmol) in 

iPrOH (0.4 M, 1.4 mL) at 60 oC. Purification by chromatography 

(hexane → hexane/EtOAc 97:2.5) gave 5h (8 mg, 5%) as a colorless oil. 

Method 2: Phenanthridine 5 (100 mg, 0.56 mmol), 1-methyl-1-cyclohexene (161 mg, 

1.67 mmol), Fe(acac)3 (197 mg, 0.56 mmol), TFA (85 L, 1.12 mmol) and PhSiH3 (60 mg, 

0.56 mmol) in 4:1 THF/MeOH (0.2 M, 2.9 mL) at 60 oC. Purification by chromatography 

(hexane → hexane/EtOAc 97.5:2.5) gave 5h (145 mg, 94%) as a colorless oil.  

Method 3: Isocyanide 4a (100 mg, 0.56 mmol), Fe(acac)3 (40 mg, 0.11 mmol), TBHP 

(70% in water, 80 L, 0.56 mmol) and PhSiH3 (181 mg, 1.67 mmol) in 4:1 MTBE/MeOH 

(0.4 M, 1.4 mL) at room temperature. After 15 min, was added MTBE (to a 0.2 M 

solution, 1.4 mL), Fe(acac)3 (157 mg, 0.45 mmol), TFA (85 L, 1.12 mmol) and 1-methyl-

1-cyclohexene (199 L, 1.67 mmol) at 60 oC, open to air. Purification by 

chromatography (hexane → hexane/EtOAc 97.5:2.5) gave 5h (86 mg, 56%) as a 

colorless oil.   

1H NMR (400 MHz, CD3OD)  7.72 (d, J = 8 Hz, 1H, H-10), 7.60 (d, J = 7.6 Hz, 1H, H-1), 

7.29 (tt, J = 7.2, 1.6 Hz, 1H, H-9), 7.17 (tt, J = 7.6, 2 Hz, 1H, H-8), 7.08 (d, J = 7.6 Hz, 1H, 

H-7), 7.00 (ddd, J = 8.4, 6.8, 1.2 Hz, 1H, H-3), 6.67 (d, J = 7.6 Hz, 1H, H-4), 6.62 (ddd, J = 

7.2, 1.2 Hz, 1H, H-2), 4.03 (d, J = 2.4 Hz, 1H, H-6), 1.53–1.10 (m, 10H, CH2) 0.67 (s, 3H, 

Me); 13C NMR (101 MHz, CD3OD)  146.9 (C-4a), 134.5 (C-10a), 132.9 (C-6a), 130.4 (C-

7), 129.9 (C-3), 128.3 (C-9), 126.7 (C-8), 123.6 (C-1), 122.9 (C-10), 122.7 (C-10b), 118.0 

(C-4), 114.8 (C-2), 65.2 (C-6), 43.0 (CH2), 35.0 (CH2), 34.9 (CH2), 27.4 (CH2), 22.9 (CH2), 

22.7 (Me), 19.4 (C-2’); HRMS (ESI) m/z: [M+H]+ calcd for [C20H24N]+ 278.1908, found 

278.1903. 

6-(4-hydroxy-2-methylbutan-2-yl)-5,6-dihydrophenanthridine (5i) 

Method 2: Phenanthridine 5 (200 mg, 1.12 mmol), 3-

methylbut-3-en-1-ol (288 mg, 3.35 mmol), Fe(acac)3 (394 mg, 
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1.12 mmol), TFA (171 L, 2.232 mmol) and PhSiH3 (121 mg, 1.12 mmol) in 4:1 

THF/MeOH (0.2 M, 5.6 mL) at 60 oC. Purification by chromatography (hexane → 

hexane/EtOAc 90:10) gave 5i (257 mg, 86%) as a white solid. 

Method 3: Isocyanide 4a (200 mg, 1.116 mmol), Fe(acac)3 (79 mg, 0.223 mmol), TBHP 

(70% in water, 160 L, 1.116 mmol) and PhSiH3 (362 mg, 3.35 mmol) in 4:1 

MTBE/MeOH (0.4 M, 2.8 mL) at room temperature. After 15 min, was added MTBE (to 

a 0.2 M solution, 2.8 mL), Fe(acac)3 (315 mg, 0.89 mmol), TFA (171 L, 2.23 mmol) and 

3-methylbut-3-en-1-ol (338 L, 3.35 mmol) at 60 oC, open to air. Purification by 

chromatography (hexane → hexane/EtOAc 90:10) gave 6i (155 mg, 52%) as a white 

solid.  

1H NMR (400 MHz, CD3CN)  7.70 (dd, J = 8, 1.6 Hz, 1H, H-10), 7.65 (dd, J = 7.6, 1.6 Hz, 

1H, H-1), 7.35 (d, J = 7.6 Hz, 1H, H-7), 7.29 (t, J = 7.2 Hz, 1H, H-9), 7.21 (ddd, J = 8.8 7.6, 

1.2 Hz, 1H, H-8), 7.12 (ddd, J = 8.8, 7.2, 1.6 Hz, 1H, H-3), 6.65 (ddd, J = 8.8, 7.6, 1.2 Hz, 

1H, H-2), 6.51 (d, J = 8.4 Hz, 1H, H-4), 4.44 (s, 1H, H-6), 3.64 (t, J = 6.8 Hz, 2H, H-4’), 1.80 

(t, J = 3.6 Hz, 2H, H-3’), 1.40 (s, 3H, Me), 0.93 (s, 3H, Me); 13C NMR (101 MHz, CD3CN)  

146.9 (C-4a), 134.2 (C-10a), 133.3 (C-6a), 130.4 (C-3), 128.4 (C-9), 127.8 (C-8), 126.5 (C-

7), 123.7 (C-1), 123.1 (C-10), 120.9 (C-10b), 117.4 (C-2), 112.5 (C-4), 68.4 (C-6), 68.3 (C-

4’), 42.6 (C-2’), 39.9 (C-3’), 26.9 (Me), 21.7 (Me); HRMS (ESI) m/z: [M+H]+ calcd for 

[C18H22NO]+ 268.1701, found 268.1698. 

6-(4-hydroxybutan-2-yl)-8-methylphenanthridine (5k) 

Method 1a: Isocyanide 4b (100 mg, 0.52 mmol), but-3-en-1-ol 

(37 mg, 0.52 mmol), Fe(acac)3 (36 mg, 0.10 mmol), TBHP (70%, 

111 L, 0.78 mmol) and PhSiH3 (56 mg, 0.52 mmol) in iPrOH (0.4 

M, 1.3 mL) at 60 oC. Purification by chromatography (hexane → 

hexane/EtOAc 50:50) gave 5k (91 mg, 66%) as a yellow oil. 1H NMR (400 MHz, CDCl3)  

8.56 (d, J = 8.4 Hz, 1H, H-1), 8.51 (dd, J = 8, 1.6 Hz, 1H, H-2), 8.13 (br s, 1H, H-7), 8.08 

(dd, J = 8, 1.6 Hz, 1H, H-9), 7.68 (ddd, J = 8.4, 7.2, 1.6 Hz, 2H, H-3 and H-4), 7.61 (ddd, J 

= 8.4, 7.2, 1.6 Hz, 1H, H-10), 4.28–4.20 (m, 1H, H-2’), 3.96–3.90 (m, 1H, H-4’), 3.84–3.79 

(m, 1H, H-4’), 2.63 (s, 3H, Me), 2.39–2.31 (m, 1H, H-3’), 2.29–2.21 (m, 1H, H-3’), 1.51 

(d, J = 7.2 Hz, 3H, Me); 13C NMR (101 MHz, CDCl3)  165.1 (C-6), 142.4 (C-4a), 137.5 (C-8 
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and C-10a), 132.5 (C-3), 129.1 (C-9), 128.4 (C-4), 126.8 (C-10), 125.6 (C-7), 125.1 (C-6a), 

123.8 (C-10b), 122.8 (C-1), 121.9 (C-2), 59.9 (C-4’), 36.5 (C-3’), 35.4 (C-2’), 21.1 (Me), 

20.1 (Me).   HRMS (ESI) m/z: [M+H]+ calcd for [C18H20NO]+ 266.1545, found 266.1547. 

6-(4-hydroxybutan-2-yl)-8-fluorophenanthridine (5l) 

Method 1a: Isocyanide 4c (100 mg, 0.51 mmol), but-3-en-1-ol 

(36 mg, 0.51 mmol), Fe(acac)3 (36 mg, 0.10 mmol), TBHP (70%, 

110 L, 0.76 mmol) and PhSiH3 (55 mg, 0.51 mmol) in iPrOH (0.4 

M, 1.3 mL) at 60 oC. Purification by chromatography (hexane → 

hexane/EtOAc 50:50) gave 5l (105 mg, 77%) as a white solid. 1H NMR (400 MHz, CDCl3) 

 8.66 (dd, J = 9.2, 5.6 Hz, 1H, H-10), 8.49 (dd, J = 8, 1.2 Hz, 1H, H-1), 8.10 (dd, J = 8.8, 

1.6 Hz, 1H, H-4), 7.98 (dd, J = 10.4, 2.8 Hz, 1H, H-7), 7.71 (ddd, J = 8.4, 6.8, 1.2 Hz, 1H, 

H-3), 7.64 (ddd, J = 8.4, 7,2, 1.6 Hz, 1H, H-2), 7.60 (ddd, J = 10.8, 8, 2.8 Hz, 1H, H-9), 

4.13–4.04 (m, 1H, H-2’), 3.92–3.86 (m, 1H, H-4’), 3.84–3.78 (m, 1H, H-4’), 2.41–2.34 (m, 

1H, H-3’), 2.25–2.17 (m, 1H, H-3’), 1.50 (d, J = 6.8 Hz, 3H, Me); 13C NMR (101 MHz, 

CDCl3)  164.5 (C-6), 161.7 (d, J = 248.7 Hz, C-8), 142.6 (C-4a), 130.0 (C-10a), 129.5 (C-

4), 128.7 (C-3), 127.2 (C-2), 126.3 (d, J = 7.2 Hz, C-6a), 125.4 (d, J = 8.4 Hz, C-10), 123.2 

(C-10b), 121.8 (C-1), 119.8 (d, J = 23.6 Hz, C-9), 110.8 (d, J = 21.9 Hz, C-7), 60.1 (C-4’), 

36.8 (C-3’), 35.3 (C-2’), 20.0 (Me); 19F NMR (376 MHz, CDCl3)  −111.87 (s). HRMS (ESI) 

m/z: [M+H]+ calcd for [C17H17FNO]+ 270.1294, found 270.1291. 

6-(4-hydroxybutan-2-yl)-3-methoxyphenanthridine (5m) 

Method 1a: Isocyanide 4d (100 mg, 0.48 mmol), but-3-en-1-

ol (34 mg, 0.48 mmol), Fe(acac)3 (34 mg, 0.10 mmol), TBHP 

(70%, 103 L, 0.72 mmol) and PhSiH3 (52 mg, 0.48 mmol) in 

iPrOH (0.4 M, 1.2 mL) at 60 oC. Purification by 

chromatography (hexane → hexane/EtOAc 50:50) gave 5m (98 mg, 73%) as a orange 

solid. 1H NMR (400 MHz, CDCl3)  8.55 (d, J = 8.4 Hz, 1H, H-10), 8.42 (d, J = 9.2 Hz, 1H, 

H-1), 8.32 (d, J = 8.4 Hz, 1H, H-7), 7.81 (ddd, J = 8.4, 6.8, 1.2 Hz, 1H, H-9), 7.63 (ddd, J = 

8, 6.8, 1.2 Hz, 1H, H-8), 7.47 (d, J = 2.8 Hz, 1H, H-4), 7.26 (dd, J = 9.2, 2.8 Hz, 1H, H-2), 

4.29–4.21 (m, 1H, H-2’), 3.98 (s, 3H, OMe), 3.95–3.89 (m, 1H, H-4’), 3.84–3.79 (m, 1H, 

H-4’), 2.38–2.31 (m, 1H, H-3’), 2.28–2.20 (m, 1H, H-3’), 1.51 (d, J = 6.8 Hz, 3H, Me); 13C 
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NMR (101 MHz, CDCl3)  165.9 (C-6), 160.4 (C-3), 144.5 (C-4a), 133.6 (C-10a), 130.8 (C-

9), 126.5 (C-8), 126.1 (C-7), 124.0 (C-6a), 123.3 (C-1), 122.4 (C-10), 118.0 (C-2), 117.7 

(C-10b), 108.8 (C-4), 59.9 (C-4’), 55.8 (OMe), 36.6 (C-3’), 35.4 (C-2’), 20.1 (Me); HRMS 

(ESI) m/z: [M+H]+ calcd for [C18H20NO2]+ 282.1494, found 282.1496. 

6-(4-hydroxybutan-2-yl)-2-(trifluoromethyl)phenanthridine (5n) 

Method 1a: Isocyanide 4f (100 mg, 0.40 mmol), but-3-en-1-

ol (29 mg, 0.40 mmol), Fe(acac)3 (29 mg, 0.08 mmol), TBHP 

(70%, 87 L, 0.61 mmol) and PhSiH3 (44 mg, 0.40 mmol) in 

iPrOH (0.4 M, 1.0 mL) at 60 oC. Purification by 

chromatography (hexane → hexane/EtOAc 75:25) gave 5n (77 mg, 68%) as a pale 

yellow solid. 1H NMR (400 MHz, CDCl3)  8.83 (s, 1H, H-1), 8.69 (d, J = 8 Hz, 1H, H-10), 

8.42 (d, J = 8 Hz, 1H, H-7), 8.20 (d, J = 8.8 Hz, 1H, H-4), 7.94–7.89 (m, 2H, H-3 and H-9), 

7.79 (ddd, J = 8.4 Hz, 7.2, 1.2 Hz, H-8), 4.18 (m, 1H, H-2’), 3.89–3.78 (m, 2H, H-4’), 2.45–

2.37 (m, 1H, H-3’), 2.23–2.15 (m, 1H, H-3’), 1.52 (d, J = 6.8 Hz, 3H, Me); 13C NMR (101 

MHz, CDCl3)  167.9 (C-6), 144.6 (C-4a), 132.9 (C-10a), 131.3 (C-9), 130.3 (C-4), 128.5 

(C-8), 127.2 (q, J = 272.3 Hz, CF3), 126.3 (C-7), 125.3 (C-6a), 124.8 (q, J = 3.3 Hz, C-3), 

123.2 (C-10b), 122.9 (C-10), 119.9 (q, J = 4.2 Hz, C-1), 60.3 (C-4’), 37.1 (C-3’), 34.9 (C-2’), 

20.3 (Me); 19F NMR (376 MHz, CDCl3)  −61.75 (s). HRMS (ESI) m/z: [M+H]+ calcd for 

[C18H17F3NO]+ 320.1262, found 320.1262. 

1-(4-Hydroxybutan-2-yl)-3-methoxycarbonyl-4-phenylisoquinoline (15a) 

Method 1a: Isocyanide 14 (100 mg, 0.38 mmol), but-3-en-1-ol (27 

mg, 0.38 mmol), Fe(acac)3 (27 mg, 0.076 mmol), TBHP (70%, 103 

L, 0.57 mmol) and PhSiH3 (123 mg, 1.14 mmol) in iPrOH (0.4 M, 1 

mL) at room temperature. Purification by chromatography (hexane 

→ hexane/EtOAc 75:25) gave 15a (78 mg, 61%) as a yellow oil. 

Method 2: Isoquinoline 15 (100 mg, 0.38 mmol), but-3-en-1-ol (82 mg, 1.14 mmol), 

Fe(acac)3 (134 mg, 0.38 mmol), TFA (58 L, 0.76 mmol) and PhSiH3 (123 mg, 1.14 

mmol) in 4:1 THF/MeOH (0.2 M, 1.9 mL) at room temperature. Purification by 

chromatography (hexane → hexane/EtOAc 75:25) gave 15a (41 mg, 32%) as a yellow 

oil. 
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1H NMR (400 MHz, CDCl3)  8.35 (d, J = 8.4 Hz, 1H, H-8), 7.71–7.67 (m, 1H, H-7), 7.64 

(br s, 1H, H-6), 7.63 (br s, 1H, H-5), 7.52–7.46 (m, 3H, Ph), 7.35–7.29 (m, 2H, Ph), 4.25–

4.19 (m, 1H, H-2’), 3.92–3.86 (m, 1H, H-4’), 3.80–3.74 (m, 1H, H-4’), 3.71 (s, 3H, Me), 

2.38–2.30 (m, 1H, H-3’), 2.25–2.17 (m, 1H, H-3’), 1.50 (d, J = 6.8 Hz, 3H, Me); 13C NMR 

(101 MHz, CDCl3)  164.8 (C=O), 158.8 (C-1), 136.3 (C-3), 163.2 (Ph), 130.5 (C-6), 129.7 

(Ph), 129.6 (Ph), 129.0 (C-4), 128.9 (C-8a), 128.6 (C-7), 128.3 (Ph), 128.2 (Ph), 128.1 

(Ph), 127.9 (C-4a), 127.6 (C-5), 124.9 (C-8), 59.9 (C-4’), 52.3 (Me), 36.7 (C-3’), 34.9 (C-

2’), 20.4 (Me); HRMS (ESI) m/z: [M+H]+ calcd for [C21H22NO3]+ 336.1599, found 

336.1597. 

Methyl 1-(4-(Benzoyloxy)butan-2-yl)-4-phenylisoquinoline-3-carboxylate (15b) 

Method 1a: Isocyanide 14 (50 mg, 0.19 mmol), but-3-en-1-yl 

benzoate (34 mg, 0.19 mmol), Fe(acac)3 (14 mg, 0.038 mmol), 

TBHP (70%, 41 L, 0.29 mmol) and PhSiH3 (123 mg, 0.57 mmol) in 

iPrOH (0.4 M, 0.5 mL) at room temperature. Purification by 

chromatography (hexane → hexane/EtOAc 95:5) gave 15b (40 mg, 48%) as a white 

solid. 

Method 2: Isoquinoline 15 (100 mg, 0.38 mmol), but-3-en-1-yl benzoate (200 mg, 1.14 

mmol), Fe(acac)3 (134 mg, 0.38 mmol), TFA (58 L, 0.76 mmol) and PhSiH3 (41 mg, 0.38 

mmol) in 4:1 THF/MeOH (0.2 M, 1.9 mL) at room temperature. Purification by 

chromatography (hexane → hexane/EtOAc 75:25) gave 15b (112 mg, 67%) as a white 

solid. 

1H NMR (400 MHz, CDCl3)  8.33–8.29 (m, 1H, H-8), 8.13–8.11 (m, 2H, Ph), 7.99–7.96 

(m, 2H, Ph), 7.66–7.59 (m, 4H, H-5, H-6, H-7 and Ph), 7.55 (ddd, J = 8.8, 6.8, 1.6 Hz, 1H, 

Ph), 7.50–7.45 (m, 2H, Ph), 7.42 (t, J = 8 Hz, 1H, Ph), 7.35–7.28 (m, 1H, Ph), 4.52–4.46 

(m, 1H, H-4’), 4.36–4.30 (m, 1H, H-4’), 4.11 (sext., J = 13.2, 6.8, 1H, H-2’), 3.65 (s, 3H, 

Me), 2.70 (dq, J = 14.4, 7.6 Hz, 1H, H-3’), 2.28 (dq, J = 13.2, 6 Hz, 1H, H-3’), 1.54 (d, J = 

6.8 Hz, 3H, Me); 13C NMR (101 MHz, CDCl3)  170.9 (C=O), 168.4 (C=O), 164.0 (C-1), 

141.6 (C-3), 136.4 (C-4), 136.1 (Cipso), 133.9 (Ph), 132.9 (Ph), 131.6 (C-4a), 130.5 (Cipso), 

130.3 (Ph), 130.1 (C-6), 130.0 (Ph), 129.6 (Ph), 129.3 (C-8a), 128.6 (Ph), 128.5 (Ph), 

128.3 (Ph), 128.2 (Ph), 127.9 (C-7), 127.4 (C-5), 127.1 (Ph), 124,5 (C-8), 63.9 (C-4’), 52.3 
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(Me), 34.9 (C-3’), 33.5 (C-2’), 21.1 (Me); HRMS (ESI) m/z: [M+H]+ calcd for [C28H26NO4]+ 

440.1862, found 440.1866. 

Methyl 4-Phenyl-1-(4-phenylbutan-2-yl)isoquinoline-3-carboxylate (15c) 

Method 1a: Isocyanide 14 (70 mg, 0.27 mmol), 4-phenyl-1-butene 

(35 mg, 0.27 mmol), Fe(acac)3 (19 mg, 0.053 mmol), TBHP (70%, 

57 L, 0.40 mmol) and PhSiH3 (87 mg, 0.81 mmol) in iPrOH (0.4 M, 

0.7 mL) at room temperature. Purification by chromatography 

(hexane → hexane/EtOAc 95:5) gave 15c (42 mg, 40%) as a pale-yellow solid. 

Method 2: Isoquinoline 15 (70 mg, 0.27 mmol), 4-phenyl-1-butene (105 mg, 0.798 

mmol), Fe(acac)3 (94 mg, 0.27 mmol), TFA (41 L, 0.53 mmol) and PhSiH3 (29 mg, 0.27 

mmol) in 4:1 THF/MeOH (0.2 M, 1.4 mL) at room temperature. Purification by 

chromatography (hexane → hexane/EtOAc 95:5) gave 15c (66 mg, 63%) as a pale-

yellow solid. 

1H NMR (400 MHz, CDCl3)  8.16–8.11 (m, 1H, H-8), 7.67–7.63 (m, 1H, H-5), 7.63–7.59 

(m, 2H, H-6 and H-7), 7.52–7.45 (m, 3H, Ph), 7.38–7.35 (m, 2H, Ph), 7.29–7.25 (m, 2H, 

Ph), 7.20–7.16 (m, 3H, Ph), 3.84 (sext., J = 13.6, 6.8 Hz, 1H, H-2’), 3.68 (s, 3H, Me), 2.70 

(t, J = 8 Hz, 2H, H-4’), 2.55–2.46 (m, 1H, H-3’), 2.16–2.05 (m, 1H, H-3’), 1.51 (d, J = 6.8 

Hz, 3H, Me); 13C NMR (101 MHz, CDCl3)  168.5 (C=O), 164.9 (C-1), 142.7 (C-3), 141.6 

(Cipso), 136.5 (C-4), 135.9 (Cipso), 131.3 (C-4a), 130.1 (C-6), 130.0 (Ph), 128.4 (Ph), 128.3 

(Ph), 128.0 (Ph), 127.9 (C-7), 127.1 (C-5), 127.1 (C-8a), 125.8 (Ph), 124.7 (C-8), 52.3 

(Me), 37.9 (C-3’), 35.9 (C-2’), 34.2 (C-4’), 20.7 (Me); HRMS (ESI) m/z: [M+H]+ calcd for 

[C27H26NO2]+ 396.1963, found 396.1963. 

1-Cyclohexyl-3-methoxycarbonyl-4-phenylisoquinoline (15d) 

Method 1a: Isocyanide 14 (30 mg, 0.11 mmol), cyclohexene (9 mg, 

0.11 mmol), Fe(acac)3 (8 mg, 0.023 mmol), TBHP (70%, 24 L, 0.17 

mmol) and PhSiH3 (37 mg, 0.34 mmol) in iPrOH (0.4 M, 285 L) at 

room temperature. Purification by chromatography (hexane → 

hexane/EtOAc 97.5:2.5) gave 15d (17 mg, 43%) as a yellow oil. 
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Method 2: Isoquinoline 15 (100 mg, 0.38 mmol), cyclohexene (94 mg, 1.14 mmol), 

Fe(acac)3 (134 mg, 0.38 mmol), TFA (58 L, 0.76 mmol) and PhSiH3 (123 mg, 1.14 

mmol) in 4:1 THF/MeOH (0.2 M, 1.9 mL) at room temperature. Purification by 

chromatography (hexane → hexane/EtOAc 97.5:2.5) gave 15d (75 mg, 57%) as a yellow 

oil. 

Method 3: Isocyanide 14 (86 mg, 0.33 mmol), Fe(acac)3 (23 mg, 0.065 mmol), TBHP 

(70% in water, 47 L, 0.33 mmol) and PhSiH3 (106 mg, 0.98 mmol) in 4:1 MTBE/MeOH 

(0.4 M, 820 L) at room temperature. After 15 min, was added MTBE (to a 0.2 M 

solution, 820 L), Fe(acac)3 (92 mg, 0.26 mmol), TFA (47 L, 0.65 mmol) and 

cyclohexene (99 L, 0.98 mmol) at 60 oC, open to air. Purification by chromatography 

(hexane → hexane/EtOAc 97.5:2.5) gave 15d (63 mg, 56%) as a yellow oil. 

 1H NMR (500 MHz, CD3OD)  8.40 (d, J = 8.5 Hz, 1H, H-8), 7.73–7.70 (m, 1H, H-7), 7.68–

7.65 (m, 1H, H-6), 7.62–7.60 (m, 1H, H-5), 7.51–7.45 (m, 3H, Ph), 7.31–7.29 (m, 2H, Ph), 

3.74–3.67 (m, 1H, H-1’), 3.59 (s, 3H, CH3), 1.99–1.83 (m, 6H, CH2), 1.65–1.58 (m, 2H, 

CH2), 1.45–1.38 (m, 1H, CH2), 1.32–1.25 (m, 1H, CH2); 13C NMR (126 MHz, CD3OD)  

170.2 (C=O), 166.6 (C-1), 143.0 (C-3), 137.4 (Cipso), 136.9 (C-4), 131.9 (C-4a), 131.6 (C-6), 

131.1 (Ph), 129.4 (Ph), 129.3 (Ph), 129.1 (C-5), 127.8 (C-7), 127.7 (C-8a), 125.9 (C-8), 

52.6 (CH3), 42.7 (C-1’), 33.4 (CH2), 27.7 (CH2), 27.3 (CH2); HRMS (ESI) m/z: [M+H]+ calcd 

for [C23H24NO2]+ 346.1807, found 346.1810. Spectral data were identical to those 

previously reported.316 

1-(1-Methylcyclohexyl)-3-methoxycarbonyl-4-phenylisoquinoline (15e) 

Method 1a: Isocyanide 14 (100 mg, 0.38 mmol), 1-methyl-1-

cyclohexene (36 mg, 0.38 mmol), Fe(acac)3 (27 mg, 0.076 mmol), 

TBHP (70%, 82 L, 0.57 mmol) and PhSiH3 (123 mg, 1.14 mmol) in 

iPrOH (0.4 M, 0.95 mL) at room temperature. Purification by 

chromatography (hexane → hexane/EtOAc 99:1) gave 15e (30 mg, 

22%) as a yellow oil. 

Method 2: Isoquinoline 15 (100 mg, 0.38 mmol), 1-methyl-1-cyclohexene (109 mg, 

1.14 mmol), Fe(acac)3 (134 mg, 0.38 mmol), TFA (58 L, 0.76 mmol) and PhSiH3 (123 
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mg, 1.14 mmol) in 4:1 THF/MeOH (0.2 M, 1.9 mL) at room temperature. Purification by 

chromatography (hexane → hexane/EtOAc 99:1) gave 15e (93 mg, 68%) as a yellow oil. 

Method 3: Isocyanide 14 (86 mg, 0.33 mmol), Fe(acac)3 (23 mg, 0.065 mmol), TBHP 

(70% in water, 47 L, 0.33 mmol) and PhSiH3 (106 mg, 0.98 mmol) in 4:1 MTBE/MeOH 

(0.4 M, 820 L) at room temperature. After 15 min, was added MTBE (to a 0.2 M 

solution, 820 L), Fe(acac)3 (92 mg, 0.26 mmol), TFA (47 L, 0.65 mmol) and 1-methyl-

1-cyclohexene (116 L, 0.98 mmol) at 60 oC, open to air. Purification by 

chromatography (hexane → hexane/EtOAc 99:1) gave 15e (60 mg, 51%) as a yellow oil.  

1H NMR (400 MHz, CD2Cl2)  8.68–8.65 (m, 1H, H-8), 7.68–7.65 (m, 1H, H-7), 7.63–7.55 

(m, 2H, H-5 and H-6), 7.52–7.46 (m, 3H, Ph), 7.35–7.33 (m, 2H, Ph), 3.63 (s, 3H, Me), 

2.54–2.47 (m, 2H, CH2), 1.96–1.89 (m, 2H, CH2), 1.69 (s, 3H, Me), 1.67–1.62 (m, 4H, 

CH2), 1.58–1.43 (m, 2H, CH2); 13C NMR (101 MHz, CD2Cl2)  168.6 (C=O), 166.8 (C-1), 

140.6 (C-3), 137.4 (C-4), 136.9 (Cipso), 131.6 (C-4a), 130.4 (Ph), 129.6 (C-6), 128.5 (Ph), 

128.1 (C-7), 127.4 (C-8), 127.1 (C-8a), 126.9 (C-5), 52.2 (Me), 43.8 (CH2), 39.3 (CH2), 

27.3 (C-1’), 26.9 (Me), 23.3 (CH2). HRMS (ESI) m/z: [M+H]+ calcd for [C24H26NO2]+ 

360.1963, found 360.1959. 

2-(4-Hydroxybutan-2-yl)-3-(2-oxo-2-phenylethyl)indole (35a) 

Method 1b: Isocyanide 19 (100 mg, 0.43 mmol), but-3-en-1-ol (31 

mg, 0.43 mmol) and Fe(acac)3 (30 mg, 0.086 mmol) and PhSiH3 (46 

mg, 0.43 mmol) in iPrOH (0.04 M, 10.7 mL) at room temperature. 

Purification by chromatography (hexane → hexane/EtOAc 75:25) 

gave 35a (62 mg, 47%) as a brownish oil. 1H NMR (400 MHz, CDCl3) 

 8.10 (d, J = 8.4 Hz, 2H, Ph), 8.03 (s, 1H, NH), 7.59 (t, J = 7.6 Hz, 1H, Ph), 7.49 (d, J = 8 

Hz, 2H, Ph), 7.38 (d, J = 7.6 Hz, 1H, H-4), 7.30 (d, J = 8 Hz, 1H, H-7), 7.12 (t, J = 7.2 Hz, 

1H, H-6), 7.05 (t, J = 7.6 Hz, 1H, H-5), 4.59 and 4.22 (2d, J = 16.8 Hz, 1H each, CH2), 

3.64–3.58 (m, 1H) and 3.56–3.49 (m, 1H, H-4’), 3.38–3.29 (m, 1H, H-2’), 2.56 (br s, 1H, 

OH), 2.01–1.93 (m, 1H) and 1.87–1.79 (m, 1H, H-3’), 1.32 (d, J = 6.8 Hz, 3H, Me); 13C 

NMR (101 MHz, CDCl3)  199.1 (C=O), 140.7 (C-2), 136.9 (C-7a), 135.4 (Cipso), 133.2 (Ph), 

128.6 (Ph), 128.5 (Ph), 128.3 (C-3a), 121.4 (C-6), 119.5 (C-5), 117.9 (C-4), 110.6 (C-7), 
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104.3 (C-3), 60.4 (C-4’), 39.5 (C-3’), 34.1 (CH2), 27.9 (C-2’), 21.4 (Me). HRMS (ESI) m/z: 

[M+H]+ calcd for [C20H22NO2]+ 308.1650, found 308.1652. 

2-(4-(Benzoyloxy)butan-2-yl)-3-(2-oxo-2-phenylethyl)-1H-indole (35b) 

Method 1b: Isocyanide 19 (100 mg, 0.43 mmol), but-3-en-1-yl 

benzoate (76 mg, 0.43 mmol) and Fe(acac)3 (30 mg, 0.086 mmol) 

and PhSiH3 (46 mg, 0.43 mmol) in iPrOH (0.04 M, 10.7 mL) at room 

temperature. Purification by chromatography (hexane → 

hexane/EtOAc 95:5) gave 35b (72 mg, 41%) as a yellow solid. 1H 

NMR (400 MHz, CDCl3)  7.99–7.97 (m, 2H, Ph), 7.91–7.88 (m, 2H, Ph), 7.53–7.48 (m, 

2H, Ph), 7.44 (d, J = 7.6 Hz, 1H, H-4), 7.38 (t, J = 7.6 Hz, 2H, Ph), 7.33–7.29 (m, 3H, H-7 

and Ph), 7.13 (ddd, J = 8, 6.8, 1.2 Hz, 1H, H-6), 7.08 (ddd, J = 8, 7.2, 1.2 Hz, 1H, H-5), 

4.36 (s, 2H, CH2), 4.34–4.28 (m, 1H, H-4’), 4.21–4.15 (m, 1H, H-4’), 3.39–3.30 (m, 1H, H-

2’), 2.17–2.02 (m, 2H, H-3’), 1.37 (d, J = 7.2 Hz, 3H, Me); 13C NMR (101 MHz, CDCl3)  

197.7 (C=O), 166.7 (C=O), 139.7 (C-2), 136.9 (C-7a), 135.7 (Cipso), 133.0 (Ph), 130.2 

(Cipso), 129.6 (Ph), 128.7 (Ph), 128.6 (C-3a), 128.5 (Ph), 121.7 (C-6), 119.8 (C-5), 118.4 

(C-4), 110.8 (C-7), 104.8 (C-3), 63.3 (C-4’), 35.9 (C-3’), 34.8 (CH2), 28.4 (C-2’), 21.0 (Me); 

HRMS (ESI) m/z: [M+H]+ calcd for [C27H26NO3]+ 412.1912, found 412.1909. 

Ethyl 2-(4-Hydroxybutan-2-yl)-3-indoleacetate (36a) 

Method 1b: Isocyanide 24 (100 mg, 0.50 mmol), but-3-en-1-ol (36 

mg, 0.50 mmol), Fe(acac)3 (35 mg, 0.099 mmol) and PhSiH3 (54 mg, 

0.50 mmol) in iPrOH (0.04 M, 12.4 mL) at room temperature. 

Purification by chromatography (hexane → hexane/EtOAc 50:50) 

gave 36a (59 mg, 43%) as a yellow oil. 1H NMR (400 MHz, CDCl3)  

8.15 (s, 1H, NH), 7.56 (d, J = 7.2 Hz, 1H, H-4), 7.28 (d, J = 8 Hz, 1H, H-7), 7.12 (m, 2H, H-

5, H-6), 4.14 (q, J = 7.2 Hz, 2H, OCH2CH3), 3.77 (d, J = 14.8 Hz, 1H, H-1’), 3.68 (d, J = 15.2 

Hz, 1H, H-1’), 3.60–3.55 (m, 1H, H-4’’), 3.45–3.37 (m, 2H, H-2’’, H-4’’), 2.03–1.96 (m, 

1H, H-3’’), 1.82–1.74 (m, 1H, H-3’’), 1.33 (d, J = 7.2 Hz, 3H, H-1’’), 1.26 (t, J = 7.2 Hz, 3H, 

OCH2CH3); 13C NMR (101 MHz, CDCl3)  173.3 (C=O), 140.2 (C-2), 135.4 (C-7a), 128.1 (C-

3a), 121.5 (C-6), 119.5 (C-5), 118.3 (C-4), 110.5 (C-7), 104.3 (C-3), 61.2 (OCH2CH3), 59.8 
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(C-4’’), 39.6 (C-3’’), 30.4 (C-1’’), 27.2 (C-2’’), 21.5 (C-1’’), 14.2 (OCH2CH3). HRMS (ESI) 

m/z: [M+H]+ calcd for [C16H22NO3]+ 276.1599, found 276.1599. 

3-(Ethoxycarbonylmethyl)-2-(4-phenylbutan-2-yl)-1H-indole (36b) 

Method 1b: Isocyanide 24 (100 mg, 0.50 mmol), 4-phenyl-1-butene 

(66 mg, 0.50 mmol) and Fe(acac)3 (35 mg, 0.099 mmol) and PhSiH3 

(54 mg, 0.50 mmol) in iPrOH (0.04 M, 12.4 mL) at room 

temperature. Purification by chromatography (hexane → 

hexane/EtOAc 90:10) gave 36b (62 mg, 37%) as a yellow oil. 1H NMR 

(400 MHz, CDCl3)  7.85 (br s, 1H, NH), 7.59 (d, J = 8.4 Hz, 1H, H-4), 7.31 (d, J= 6.8 Hz, 

1H, H-7), 7.28–7.24 (m, 3H, Ph), 7.19–7.15 (m, 1H, Ph), 7.14–7.09 (m, 3H, H-5, H-6 and 

Ph), 4.09 (q, J = 7.2 Hz, 2H, CH2CH3), 3.69 and 3.61 (2d, J = 15.2 Hz, 1H each, CH2), 3.15 

(sext., J = 14, 6.8 Hz, 1H, H-2’), 2.62–2.50 (m, 2H, H-4’), 2.06–1.95 (m, 2H, H-3’), 1.35 (s, 

J = 7.2 Hz, 3H, Me), 1.20 (t, J = 7.2 Hz, 3H, CH2CH3); 13C NMR (101 MHz, CDCl3)  172.1 

(C=O), 142.0 (Cipso), 140.6 (C-2), 135.4 (C-7a), 128.6 (C-3a), 128.5 (Ph), 128.4 (Ph), 126.0 

(Ph), 121.6 (C-6), 119.7 (C-5), 118.7 (C-4), 110.6 (C-7), 104.5 (C-3), 60.8 (CH2CH3), 38.8 

(C-3’), 33.9 (C-4’), 30.8 (C-2’), 30.7 (CH2), 21.3 (Me), 14.4 (CH2CH3); HRMS (ESI) m/z: 

[M+H]+ calcd for [C22H26NO2]+ 336.1963, found 336.1962. 
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Copies of 1H and 13C NMR Spectra 
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Copies of 19F NMR spectra 
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3. MHAT-MINISCI COUPLING OF HETEROCYCLES WITH ETHERS 

Preparation of starting materials 

All the substrates used are commercially available except for compounds tert-Butyl 

pyrrolidine-1-carboxylate,317 Methyl 2-oxopyrrolidine-1-carboxylate,318 6,298 8298 which 

were prepared according to the reported procedure.  

 

Scope of the Minisci C-H cross-coupling reaction 

General method    

To a solution of heterocycle (1 equiv), alkene (3 equiv) and Fe(acac)2 (0.2 equiv) in a 4:1 

mixture of the donor compound/MeOH (0.2 M) was added TFA (2 equiv) and the 

mixture was degassed and bubbled with argon for 5 minutes. Then, TBHP (5.5 M in 

decanes, 1.5 equiv) was added to the mixture and the solution was stirred overnight at 

room temperature under argon. After 24 h, the reaction was quenched by the addition 

of saturated aqueous NaHCO3 solution, extracted three times with EtOAc, the 

combined organic extracts were washed with brine, dried with anhydrous Na2SO4, 

concentrated, and purified by column chromatography. 

6-(Tetrahydrofuran-2-yl)phenanthridine (2a) 

According to the general method for Minisci C-H cross-coupling, 

phenanthridine (100 mg, 0.558 mmol), 2-methylbut-2-ene (178 μL, 

1.67 mmol), Fe(acac)2 (29 mg, 0.112 mmol), TBHP (5.5 M in 

decanes, 152 μL, 0.837 mmol), TFA (85 μL, 1.12 mmol), in 4:1 

THF/MeOH (0.2 M, 2.86 mL) at room temperature gave after purification by 

chromatography (hexane → hexane/AcOEt 75:25) 2a (102 mg, 73%) as a pale yellow 

powder. 1H NMR (400 MHz, CDCl3) δ 8.65 (d, J = 8.4 Hz, 1H, H-1), 8.55 (d, J = 8 Hz, 1H, 

H-10), 8.45 (d, J = 8 Hz, 1H, H-4), 8.19 (d, J = 8.4 Hz, H-7), 7.83 (ddd, J = 8.4, 7.2, 1.2 Hz, 

1H,  H-9), 7.71 (dq, J = 8.4, 1.6 Hz, 2H, H-3 and H-8), 7.65 (ddd, J = 8, 6.8, 1.2 Hz, 1H, H-

2), 5.78 (t, J = 6.8 Hz, 1H, H-2’), 4.21 (q, J = 14, 8 Hz, 1H, H-5’), 4.07 (q, J = 14.4, 8 Hz, 
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1H, H-5’), 2.75 (ddt, J = 15.2, 8.4, 6.8 Hz, 1H, H-3’), 2.47–2.39 (m, 1H, H-3’), 2.27–2.08 

(m, 2H, H-4’); 13C NMR (101 MHz, CDCl3) δ 159.4 (C-6), 143.4 (C-4a), 133.4 (C-10a), 

130.6 (C-9), 130.4 (C-7), 128.6 (C-3), 127.3 (C-8), 127.0 (C-1), 126.6 (C-2), 124.9 (C-6a), 

124.2 (C-10b), 122.5 (C-10), 121.9 (C-4), 79.8 (C-2’), 69.2 (C-5’), 30.1 (C-3’), 26.1 (C-4’).  

6-(Tetrahydro-2H-pyran-2-yl)phenanthridine (2b) 

According to the general method for Minisci C-H cross-coupling, 

phenanthridine (100 mg, 0.558 mmol), 2-methylbut-2-ene (178 

μL, 1.67 mmol), Fe(acac)2 (29 mg, 0.112 mmol), TBHP (5.5 M in 

decanes, 152 μL, 0.837 mmol), TFA (85 μL, 1.12 mmol), in 4:1 

tetrahydro-2H-pyran/MeOH (0.2 M, 2.86 mL) at room temperature gave after 

purification by chromatography (hexane → hexane/AcOEt 75:25) 2b (123 mg, 84%) as a 

pale yellow powder. 1H NMR (400 MHz, CDCl3) δ 8.61 (d, J = 8.3 Hz, 1H, H-1), 8.54 (d, J = 

5.0 Hz, 1H, H-10), 8.52 (dd, J = 7.2, 1.2 Hz, 1H, H-4), 8.24 (dd, J = 8.2, 1.0 Hz, 1H, H-7), 

7.79 (ddd, J = 8.4, 7.0, 1.3 Hz, 1H, H-9), 7.73–7.60 (m, 3H, H-2, H-3 and H-8), 5.21 (dd, J 

= 11.2, 2.2 Hz, 1H, H-2’), 4.30 (dt, J = 11.5, 2.0 Hz, 1H, H-6’), 3.81 (td, J = 11.6, 2.3 Hz, 

1H, H-6’), 2.34–2.24 (m, 1H, H-3’), 2.12–2.05 (m, 2H, H-3’ and H-5’), 1.97–1.77 (m, 2H, 

H-5’ and H-4’), 1.69 (d, J = 12.4 Hz, 1H, H-4’). 13C NMR (101 MHz, CDCl3) δ 159.6 (C-6), 

143.4 (C-4a), 133.4 (C-10a), 130.4 (C-7), 130.3 (C-9), 128.5 (C-3), 127.1 (C-8), 127.0 (C-

2), 126.7 (C-10), 124.4 (C-6a), 124.1 (C-10b), 122.4 (C-1), 121.9 (C-4), 80.6 (C-2’), 69.5 

(C-6’), 30.6 (C-3’), 26.1 (C-4’), 23.9 (C-5’).  

6-(1,4-Dioxan-2-yl)phenanthridine (2c) 

According to the general method for Minisci C-H cross-coupling, 

phenanthridine (100 mg, 0.558 mmol), 2-methylbut-2-ene (178 

μL, 1.67 mmol), Fe(acac)2 (29 mg, 0.112 mmol), TBHP (5.5 M in 

decanes, 152 μL, 0.837 mmol), TFA (85 μL, 1.12 mmol), in 4:1 1,4-

dioxane/MeOH (0.2 M, 2.86 mL) at room temperature gave after purification by 

chromatography (hexane → hexane/AcOEt 75:25) 2c (128 mg, 86%) as a brown 

powder. 1H NMR (400 MHz, CDCl3) δ 8.66 (d, J = 8.8 Hz, 1H, H-1), 8.56 (dd, J = 8, 1.6 Hz, 

1H, H-10), 8.44 (d, J = 8 Hz, 1H, H-4), 8.21 (dd, J = 8.8, 0.8 Hz, 1H, H-7), 7.85 (ddd, J = 

8.4, 7.2, 1.2 Hz, 1H, H-9), 7.75–7.70 (m, 2H, H-3 and H-2), 7.67 (ddd, J = 8, 6.8, 1.6 Hz, 
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1H, H-8), 5.49 (dd, J = 7.6, 5.2 Hz, 1H, H-2’), 4.35–4.29 (m, 2H, H-3’), 4.18–4.07 (m, 2H, 

H-6’), 4.97–3.89 (m, 2H, H-5’). 13C NMR (101 MHz, CDCl3) δ 156.1 (C-6), 143.2 (C-4a), 

133.3 (C-10a), 130.5 (C-7 and C-9), 128.7 (C-3), 127.4 (C-2), 127.3 (C-8), 126.1 (C-4), 

124.5 (C-6a), 124.1 (C-10b), 122.5 (C-1), 121.9 (C-10), 76.2 (C-2’), 70.1 (C-3’), 67.8 (C-

6’), 66.6 (C-5’).  

6-(Benzo[d][1,3]dioxol-2-yl)phenanthridine (2d) 

According to the general method for Minisci C-H cross-

coupling, phenanthridine (100 mg, 0.558 mmol), 2-methylbut-

2-ene (178 μL, 1.67 mmol), Fe(acac)2 (29 mg, 0.112 mmol), 

TBHP (5.5 M in decanes, 152 μL, 0.837 mmol), TFA (85 μL, 1.12 

mmol), in 4:1 1,3-benzodioxole/MeOH (0.2 M, 2.86 mL) at room temperature gave 

after purification by chromatography (hexane → hexane/AcOEt 75:25) 2d (159 mg, 

95%) as a pale brown powder. 1H NMR (400 MHz, CDCl3) δ 8.68 (d, J = 8.5 Hz, 1H, H-1), 

8.60 (dd, J = 8.2, 1.6 Hz, 1H, H-10), 8.30–8.25 (m, 2H, H-7, H-4), 7.86 (ddd, J = 8.4, 7.1, 

1.3 Hz, 1H, H-9), 7.76 (dddd, J = 9.7, 8.0, 6.1, 1.6 Hz, 2H, H-3 and H-8), 7.63 (dd, J = 8.4, 

1.2 Hz, 1H, H-2), 7.45 (s, 1H, H-2’), 7.03–6.96 (m, 4H, H-4’, H-5’, H-6’ and H-7’). 13C NMR 

(101 MHz, CDCl3) δ 152.5 (C-6), 147.5 (C-3a’ and C-7a’), 142.9 (C-4a), 133.9 (C-10a), 

131.0 (C-7), 130.9 (C-9), 129.0 (C-3), 128.4 (C-8), 127.8 (C-2), 126.0 (C-4), 125.0 (C-6a), 

123.8 (C-10b), 122.7 (C-1), 122.4 (C-5’ and C-6’), 122.2 (C-10), 112.2 (C-2’), 109.4 (C-4’ 

and C-7’).  

6-(1,3-Dioxolan-2-yl)phenanthridine (2f) and 6-(1,3-Dioxolan-4-yl)phenanthridine(2f’) 

According to the general method for Minisci C-H 

cross-coupling, phenanthridine (100 mg, 0.558 

mmol), 2-methylbut-2-ene (178 μL, 1.67 mmol), 

Fe(acac)2 (29 mg, 0.112 mmol), TBHP (5.5 M in 

decanes, 152 μL, 0.837 mmol), TFA (85 μL, 1.12 mmol), in 4:1 1,3-dioxolane/MeOH (0.2 

M, 2.86 mL) at room temperature gave after purification by chromatography (hexane 

→ hexane/AcOEt 50:50) 2f (136 mg, 97%) as a dark yellow oil. 2f’ could be seen in the 

crude NMR but was not isolated. 1H NMR (400 MHz, CDCl3) δ 8.61 (d, J = 8.4 Hz, 1H, H-

1), 8.53 (dd, J = 8.1, 1.6 Hz, 1H, H-10), 8.49 (d, J = 8.4, 1H, H-4), 8.26 (dd, J = 8.3, 1.3 Hz, 

1H, H-7), 7.81 (ddd, J = 8.4, 7.1, 1.4 Hz, 1H, H-9), 7.73 (ddd, J = 8.2, 7.1, 1.5 Hz, 1H, H-3), 
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7.66 (ddd, J = 7.1, 6.8, 2.0 Hz, 2H, H-2 and H-8), 6.50 (s, 1H, H-2’), 4.41–4.32 (m, 2H, H-

4’ and H-5’), 4.25–4.16 (m, 2H, H-4’ and H-5’). 13C NMR (101 MHz, CDCl3) δ 154.8 (C-6), 

143.0 (C-4a), 133.6 (C-10a), 130.8 (C-7), 130.6 (C-9), 128.7 (C-3), 127.7 (C-8), 127.3 (C-

2), 126.6 (C-4), 124.6 (C-6a), 124.1 (C-10b), 122.3 (C-1), 122.0 (C-10), 104.2 (C-2’), 65.5 

(C-4’ and C-5’).  

6-(5-Methyltetrahydrofuran-2-yl)phenanthridine (2g) 

According to the general method for Minisci C-H cross-

coupling, phenanthridine (100 mg, 0.558 mmol), 2-methylbut-

2-ene (178 μL, 1.67 mmol), Fe(acac)2 (29 mg, 0.112 mmol), 

TBHP (5.5 M in decanes, 152 μL, 0.837 mmol), TFA (85 μL, 1.12 

mmol), in 4:1 2-methyltetrahydrofuran/MeOH (0.2 M, 2.86 mL) at room temperature 

gave after purification by chromatography (hexane → hexane/AcOEt 75:25) 2g as a 

mixture of diastereomers (1.5:1) (75 mg, 51%) as a pale yellow powder. 1H NMR (400 

MHz, CDCl3) δ 8.64 (d, J = 8.4 Hz, 1H, H-1), 8.55 (d, J = 8.2 Hz, 1H, H-10), 8.47 (d, J = 8.2 

Hz, 1H, H-4), 8.18 (ddd, J = 8.3, 3.9, 1.2 Hz, 1H, H-7), 7.83 (tt, J = 7.0, 1.5 Hz, 1H, H-9), 

7.73–7.62 (m, 3H, H-3, H-8 and H-2), 5.92 (t, J = 6.9 Hz, 1H, H-2’, M), 5.70 (t, J = 7.1 Hz, 

1H, H-2’, m), 4.52–4.44 (m, 1H, H-5’, M), 4.37–4.29 (m, 1H, H-5’, m), 2.91–2.76 (m, 1H, 

H-3’), 2.51–2.37 (m, 1H, H-3’), 2.36–2.19 (m, 1H, H-4’), 1.85–1.72 (m, 1H, H-4’), 1.40 (d, 

J = 6.1 Hz, 3H, Me, m), 1.39 (d, J = 6.1 Hz, 3H, Me, M). 13C NMR (101 MHz, CDCl3) δ 

159.9 (C-6, M) 159.2 (C-6, m) 143.5 (C-4a, m), 143.4 (C-4a, M), 133.5 (C-10a, m), 133.4 

(C-10a, M), 130.6 (C-7, M), 130.5 (C-7, m), 130.4 (C-9, M), 130.3 (C-9, m), 128.6 (C-3, 

M), 128.5, (C-3, m), 127.3 (C-8, M), 127.2 (C-8, m), 127.0 (C-2, m) 126.9 (C-2, M) 126.7 

(C-4), 125.12 (C-6a, m), 124.9 (C-6a, M), 124.3 (C-10b, m), 124.2 (C-10b, M), 122.5 (C-1, 

M), 122.4 (C-1, m), 122.0 (C-10), 80.7 (C-2’, m), 79.2 (C-2’ M), 77.4 (C-5’, m) 76.1 (C-5’, 

M), 33.9 (C-4’, M), 33.2 (C-4’, m), 30.6 (C-3’, M), 30.0 (C-3’, m), 21.6 (Me, M), 21.4 (Me, 

m).  

6-(1-Ethoxyethyl)phenanthridine (2j) 

According to the general method for Minisci C-H cross-coupling, 

phenanthridine (100 mg, 0.558 mmol), 2-methylbut-2-ene (178 

μL, 1.67 mmol), Fe(acac)2 (29 mg, 0.112 mmol), TBHP (5.5 M in 
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decanes, 152 μL, 0.837 mmol), TFA (85 μL, 1.12 mmol), in 4:1 diethyl ether/MeOH (0.2 

M, 2.86 mL) at room temperature gave after purification by chromatography (hexane 

→ hexane/AcOEt 75:25) 2j (133 mg, 95%) as a yellow oil. 1H NMR (400 MHz, CDCl3) δ 

8.88 (d, J = 8.4 Hz, 1H, H-1), 8.61 (d, J = 8.3 Hz, 1H, H-10), 8.51 (d, J = 7.3 Hz, 1H, H-4), 

8.19 (dd, J = 8.4, 1.0 Hz, 1H, H-7), 7.79 (td, J = 7.1, 1.4 Hz, 1H, H-9), 7.71 (td, J = 6.9, 1.3 

Hz, 1H, H-3), 7.67–7.59 (m, 2H, H-2 and H-8), 5.23 (q, J = 6.8 Hz, 1H, H-2’), 3.62–3.55 

(m, 1H, H-4’), 3.50–3.43 (m, 1H, H-4’), 1.79 (d, J = 6.9 Hz, 3H, H-1’), 1.21 (t, J = 7.0 Hz, 

3H, H-5’). 13C NMR (101 MHz, CDCl3) δ 161.9 (C-6), 143.3 (C-4a), 133.5 (C-10a), 130.4 

(C-9), 130.0 (C-7), 128.6 (C-3), 127.0 (C-8), 126.9 (C-1), 126.8 (C-2), 124.1 (C-6a), 124.0 

(C-10b), 122.4 (C-10), 121.9 (C-4), 81.4 (C-2’), 64.7 (C-4’), 21.5 (C-1’), 15.6 (C-5’).  

6-(1-Butoxybutyl)phenanthridine (2k) 

According to the general method for Minisci C-H cross-coupling, 

phenanthridine (100 mg, 0.558 mmol), 2-methylbut-2-ene (178 

μL, 1.67 mmol), Fe(acac)2 (29 mg, 0.112 mmol), TBHP (5.5 M in 

decanes, 152 μL, 0.837 mmol), TFA (85 μL, 1.12 mmol), in 4:1 

dibutyl ether/MeOH (0.2 M, 2.86 mL) at room temperature gave after purification by 

chromatography (hexane → hexane/AcOEt 90:10) 2k (139 mg, 81%) as a pale yellow 

powder. 1H NMR (400 MHz, CDCl3) δ 8.92 (d, J = 8.2 Hz, 1H, H-1), 8.66 (d, J = 8.4 Hz, 1H, 

H-10), 8.57 (dd, J = 8.1, 1.6 Hz, 1H, H-4), 8.18 (d, J = 8.0 Hz, 1H, H-7), 7.84 (ddd, J = 8.4, 

7.0, 1.3 Hz, 1H, H-9), 7.73 (ddd, J = 8.3, 7.0, 1.5 Hz, 1H, H-3), 7.70–7.63 (m, 2H, H-2 and 

H-8), 4.98 (dd, J = 8.8, 5.4 Hz, 1H, H-1’), 3.48–3.43 (m, 1H, H-6’), 3.42–3.36 (m, 1H, H-

6’), 2.25–2.15 (m, 1H, H-2’), 1.99–1.90 (m, 1H, H-2’), 1.72–1.63 (m, 1H, H-3’), 1.59–1.52 

(m, 2H, H-7’), 1.36–1.30 (m, 2H, H-8’), 0.95 (t, J = 7.4 Hz, 3H, H-4’), 0.83 (t, J = 7.4 Hz, 

3H, H-9’). 13C NMR (101 MHz, CDCl3) δ 162.0 (C-6), 143.4 (C-4a), 133.6 (C-10a), 130.6 

(C-9), 130.1 (C-7), 128.7 (C-3), 127.3 (C-1), 127.1 (C-8), 127.0 (C-2), 124.5 (C-6a), 124.2 

(C-10b), 122.4 (C-10), 122.1 (C-4), 86.4 (C-1’), 69.5 (C-6’), 38.4 (C-2’), 32.2 (C-7’), 20.0 

(C-3’), 19.5 (C-8’), 14.1 (C-4’), 14.0 (C-9’).  

6-(1,2-Dimethoxyethyl)phenanthridine (2l) 

According to the general method for Minisci C-H cross-

coupling, phenanthridine (100 mg, 0.558 mmol), 2-methylbut-
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2-ene (178 μL, 1.67 mmol), Fe(acac)2 (29 mg, 0.112 mmol), TBHP (5.5 M in decanes, 

152 μL, 0.837 mmol), TFA (85 μL, 1.12 mmol), in 4:1 dimethoxy ethane/MeOH (0.2 M, 

2.86 mL) at room temperature gave after purification by chromatography (hexane → 

hexane/AcOEt 75:25) to give 2l (123 mg, 83%) as a yellow oil. 1H NMR (400 MHz, CDCl3) 

δ 8.73 (d, J = 8.3 Hz, 1H, H-1), 8.67 (d, J = 8.3 Hz, 1H, H-10), 8.57 (dd, J = 8.2, 1.5 Hz, 1H, 

H-4), 8.22 (dd, J = 8.2, 1.1 Hz, 1H, H-7), 7.85 (dd, J = 7.1, 1.2 Hz, 1H, H-9), 7.78–7.61 (m, 

3H, H-2, H-3 and H-8), 5.32 (dd, J = 8.1, 3.6 Hz, 1H, CH), 4.14 (dd, J = 11.0, 8.4 Hz, 1H, 

CH2), 3.83 (dd, J = 10.8, 3.7 Hz, 1H, CH2), 3.45 (s, 3H, OMe), 3.44 (s, 3H, OMe). 13C NMR 

(101 MHz, CDCl3) δ 158.0 (C-6), 143.5 (C-4a), 133.4 (C-10a), 130.7 (C-9), 130.4 (C-7), 

128.8 (C-3), 127.5 (C-8), 127.3 (C-2), 126.5 (C-1), 124.9 (C-6a), 124.1 (C-10b), 122.5 (C-

10), 122.0 (C-4), 84.9 (CH), 75.3 (CH2), 59.4 (OMe), 57.5 (OMe).  

6-Benzoylphenanthridine (2m) 

According to the general method for Minisci C-H cross-coupling, 

phenanthridine (100 mg, 0.558 mmol), 2-methylbut-2-ene (178 μL, 

1.67 mmol), Fe(acac)2 (29 mg, 0.112 mmol), TBHP (5.5 M in 

decanes, 152 μL, 0.837 mmol), TFA (85 μL, 1.12 mmol), in 4:1 

dibenzyl ether/MeOH (0.2 M, 2.86 mL) at room temperature gave after purification by 

chromatography (hexane → hexane/AcOEt 95:5) to give 2m (51 mg, 32%) as a colorless 

solid. 1H NMR (400 MHz, CDCl3)  8.73 (d, J = 8.4 Hz, 1H, H-1), 8.68–8.66 (m, 1H, H-10), 

8.24–8.21 (m, 1H, H-8), 8.14 (d, J = 8 Hz, 1H, H-4), 8.04 (dd, J = 8.8, 1.6, 2H, Ph), 7.91 

(ddd, J = 8.4, 7.2, 1.6 Hz, 1H, H-2), 7.80–7.77 (m, 2H, H-7 and H-9), 7.68 (ddd, J = 8, 6.8, 

1.2 Hz, 1H, H-3), 7.63 (ddd, J = 8.8, 6.8, 1.2 Hz, 1H, Ph), 7.51–7.46 (m, 2H, Ph); 13C NMR 

(101 MHz, CDCl3)  194.9 (C=O), 157.6 (C-6), 142.7 (C-4a), 136.2 (Cipso), 134.2 (Ph), 

133.4 (C-10a), 131.5 (C-2), 130.9 (Ph), 130.7 (C-8), 128.7 (C-7 and C-9), 128.4 (Ph),  

127.9 (C-3), 127.5 (C-4), 124.6 (C-6a), 123.9 (C-10b), 122.5 (C-1), 122.3 (C-10).  

6-(1-Methyl-5-oxopyrrolidin-2-yl)phenanthridine (2p) and 6-((2-Oxopyrrolidin-1-

yl)methyl)phenanthridine (2p’)  

According to the general method for Minisci C-

H cross-coupling, phenanthridine (100 mg, 

0.558 mmol), 2-methylbut-2-ene (178 μL, 1.67 

mmol), Fe(acac)2 (29 mg, 0.112 mmol), TBHP 
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(5.5 M in decanes, 152 μL, 0.837 mmol), TFA (85 μL, 1.12 mmol), in 4:1 NMP/MeOH 

(0.2 M, 2.86 mL) at room temperature gave after purification by chromatography 

(CH2Cl2 → DCM/MeOH 95:5) 2p and 2p’ as a mixture of constitutional isomers (2:1) (97 

mg, 63%) as a pale yellow powder. 1H NMR (400 MHz, CDCl3) 2p δ 8.71 (d, J = 8.7 Hz, 

1H, H-1), 8.57 (d, J = 8.1 Hz, 1H, H-10), 8.18 (d, J = 8.7 Hz, 1H, H-4), 8.16–8.13 (dd, J = 

8.0, 1.6 Hz,1H, H-7), 7.92–7.84 (m, 1H, H-9), 7.79–7.62 (m, 3H, H-2, H-3 and H-8), 5.56 

(dd, J = 8.5, 3.7 Hz, 1H, H-2’), 2.92 (s, 3H, H-1’), 2.76–2.59 (m, 2H, H-4’ and H-3’), 2.57–

2.50 (m, 1H, H-4’), 2.22–2.13 (m, 1H, H-3’). 1H NMR (400 MHz, CDCl3) 2p’ δ 8.66 (d, J = 

8.3 Hz, 1H, H-1), 8.57 (d, J = 8.1 Hz, 1H, H-10), 8.45 (d, J = 8.3 Hz, 1H, H-4), 7.92–7.84 

(m, 1H, H-7), 7.79–7.62 (m, 4H, H-9, H-2, H-3 and H-8), 5.16 (s, 2H, H-1’), 3.36 (t, J = 7.1 

Hz, 2H, H-5’), 2.47 (t, J = 8.1 Hz, 2H, H-3’), 1.95 (p, J = 7.4 Hz, 2H, H-4’). 13C NMR (101 

MHz, CDCl3) 2p δ 176.2 (C-5’), 157.8 (C-6), 143.4 (C-4a), 133.7 (C-10a), 130.8 (C-9), 

130.7 (C-7), 129.0 (C-3), 127.7 (C-8), 127.4 (C-2), 124.5 (C-4), 124.0 (C-6a), 123.9 (C-

10b), 123.2 (C-1), 122.0 (C-10), 63.0 (C-2’), 30.0 (C-4’), 29.4 (C-1’), 25.9 (C-3’). 13C NMR 

(101 MHz, CDCl3) 2p’ δ 174.9 (C-2’), 156.2 (C-6), 141.5 (C-4a), 133.2 (C-10a), 131.1 (C-

7), 130.1 (C-3), 128.9 (C-9), 128.6 (C-8), 128.1 (C-2), 126.5 (C-4), 124.7 (C-6a), 124.4 (C-

10b), 122.5 (C-1), 122.2 (C-10), 47.9 (C-1’), 47.2 (C-5’), 31.1 (C-3’), 18.0 (C-4’).  

6-((N-Methylacetamido)methyl)phenanthridine (2s) 

According to the general method for Minisci C-H cross-

coupling, phenanthridine (100 mg, 0.558 mmol), 2-methylbut-

2-ene (178 μL, 1.67 mmol), Fe(acac)2 (29 mg, 0.112 mmol), 

TBHP (5.5 M in decanes, 152 μL, 0.837 mmol), TFA (85 μL, 1.12 

mmol), in 4:1 N,N-Dimethylacetamide/MeOH (0.2 M, 2.86 mL) at room temperature 

gave after purification by chromatography (AcOEt) 2s as a mixture (1:0.2) of anti and 

syn isomers319 (110 mg, 75%) as a pale yellow oil. 1H NMR (400 MHz, CDCl3)  8.63 (d, J 

= 8.4 Hz, 1H, H-1), 8.56 (dd, J = 8, 1.6 Hz, 1H, H-10), 8.43 (d, J = 8.4 Hz, 1H, H-8), 8.16 

(dd, J = 8.4, 1.6 Hz, 1H, H-4), 7.85 (ddd, J = 8.4, 7.2, 1.2 Hz, 1H, H-2), 7.75–7.65 (m, 3H, 

H-3, H-7, and H-9), 5.32 (s, 2H, CH2), 3.01 (s, 3H, N-Me), 2.19 (s, 3H, COMe); 13C NMR 

(101 MHz, CDCl3)  170.8 (C=O), 156.9 (C-6), 143.7 (C-4a), 133.2 (C-10a), 130.9 (C-2), 

130.1 (C-4), 128.8 (C-9), 127.9 (C-7), 127.7 (C-6a), 127.3 (C-3), 126.6 (C-8), 124.2 (C-

10b), 122.4 (C-1), 122.1 (c-10), 51.2 (CH2), 35.6 (N-Me), 22.1 (COMe).  
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6-(Dimethylcarbamoyl)phenanthridine (2t) 

 According to the general method for Minisci C-H cross-coupling, 

phenanthridine (100 mg, 0.558 mmol), 2-methylbut-2-ene (178 

μL, 1.67 mmol), Fe(acac)2 (29 mg, 0.112 mmol), TBHP (5.5 M in 

decanes, 152 μL, 0.837 mmol), TFA (85 μL, 1.12 mmol), in 4:1 

N,N-dimethylformamide/MeOH (0.2 M, 2.86 mL) at room temperature gave after 

purification by chromatography (hexane → hexane/AcOEt 50:50) to give 2t (117 mg, 

61%) as a colorless oil. 1H NMR (400 MHz, CDCl3)  8.66 (dd, J = 8, 1.2 Hz, 1H, H-1), 8.59 

(dd, J = 8, 2 Hz, 1H, H-10), 8.19 (dd, J = 8, 1.2 Hz, 1H, H-4), 8.07 (dd, J = 8.4, 2 Hz, 1H, H-

7), 7.89 (ddd, J = 8.4, 7.2, 1.6 Hz, 1H, H-2), 7.79–7.68 (m, 3H, H-3, H-8, and H-9), 3.31 (s, 

3H, Me), 2.93 (s, 3H, Me);  13C NMR (101 MHz, CDCl3)  168.3 (C=O), 156.4 (C-6), 143.2 

(C-4a), 133.3 (C-10a), 131.5 (C-2), 130.4 (C-4), 129.2 (C-3), 128.0 (C-9), 127.9 (C-8), 

127.2 (C-7), 124.2 (C-6a), 123.3 (C-10b), 122.4 (C-1), 122.2 (C-10), 38.5 (Me), 34.9 (Me).  

6-Cyclohexylphenanthridine (2w) 

According to the general method for Minisci C-H cross-coupling, 

phenanthridine (100 mg, 0.558 mmol), 2-methylbut-2-ene (178 

μL, 1.674 mmol), Fe(acac)2 (29 mg, 0.112 mmol), TBHP (5.5 M in 

decanes, 152 μL, 0.837 mmol), TFA (85 μL, 1.116 mmol), in 4:1 

cyclohexane/MeOH (0.2 M, 2.86 mL) at room temperature gave after purification by 

chromatography (hexane → hexane/AcOEt 90:10) 2w (16 mg, 11%) as a transparent oil. 

1H NMR (400 MHz, CDCl3)  8.65 (d, J = 9.6 Hz, 1H, H-1), 8.54 (dd, J = 8, 1.2 Hz, 1H, H-

10), 8.32 (d, J = 8.4 Hz, 1H, H-7), 8.13 (dd, J = 8, 1.6 Hz, 1H, H-4), 7.81 (ddd, J = 8.4, 6.8, 

1.2 Hz, 1H, H-2), 7.72–7.67 (m, 2H, H-3 and H-8), 7.60 (ddd, J = 8.4, 7.2, 1.6 Hz, 1H, H-

9), 3.62 (tt, J = 11.2, 3.2 Hz, 1H, H-1’), 2.09–2.07 (m, 2H, CH2), 1.99–1.93 (m, 4H, CH2), 

1.88–1.82 (m, 1H, CH2), 1.63–1.55 (m, 2H, CH2), 1.45 (tt, J = 12.8, 3.6 Hz, 1H, CH2); 13C 

NMR (101 MHz, CDCl3)  165.4 (C-6), 144.0 (C-4a), 133.2 (C-10a), 130.1 (C-4), 130.0 (C-

2), 128.5 (C-3), 127.2 (C-8), 126.3 (C-9), 125.7 (C-7), 124.9 (C-6a), 123.5 (C-10b), 122.7 

(C-1), 121.9 (C-10), 42.1 (C-1’), 32.4 (CH2), 27.0 (CH2), 26.5 (CH2); HRMS (ESI) m/z: 

[M+H]+ calcd for [C19H20N]+ 262.1595, found 262.1596.  
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Phenanthridine-6-carbaldehyde (3a) 

According to the general method for Minisci C-H cross-coupling, 

phenanthridine (100 mg, 0.558 mmol), 2-methylbut-2-ene (178 μL, 

1.67 mmol), Fe(acac)2 (29 mg, 0.112 mmol), TBHP (5.5 M in 

decanes, 152 μL, 0.837 mmol), TFA (85 μL, 1.12 mmol), in MeOH 

(0.2 M, 2.86 mL) at room temperature gave after purification by chromatography 

(hexane → hexane/AcOEt 75:25) 3a (120 mg, 77%) as a white powder. 1H NMR (400 

MHz, CDCl3): δ 10.41 (s, 1H, H-1’), 9.40 (d, J = 8.3, 1H, H-7), 8.65 (d, J = 8.4 Hz, 1H, H-1), 

8.62–8.58 (m, 1H, H-10), 8.34–8.30 (m, 1H, H-4), 7.89 (ddd, J = 8.4, 7.0, 1.4 Hz, 1H, H-

9), 7.84–7.79 (m, 2H, H-8 and H-3), 7.78 (ddd, J = 8.3, 7.0, 1.2 Hz, 1H, H-2). 13C NMR 

(101 MHz, CDCl3): δ 195.8 (C-1’), 150.4 (C-6), 143.5 (C-4a), 133.6 (C-10a), 131.4 (C-9), 

131.3 (C-4), 130.0 (C-3), 129.3 (C-8), 128.9 (C-2), 127.1 (C-7), 125.7 (C-6a), 123.7 (C-

10b), 122.4 (C-10), 122.1 (C-1). LRMS (ESI) m/z calcd. for [C14H10NO]+ 208.07, found 

208.08. 

4-Methylquinoline-2-carbaldehyde (3b) 

According to the general method for Minisci C-H cross-coupling, 

phenanthridine (100 mg, 0.698 mmol), 2-methylbut-2-ene (370 μL, 

3.49 mmol), Fe(acac)2 (35 mg, 0.139 mmol), TBHP (5.5 M in 

decanes, 381 μL, 2.094 mmol), TFA (107 μL, 1.39 mmol), in MeOH 

(0.2 M, 3.50 mL) at room temperature for 96 h gave after purification by 

chromatography (hexane → hexane/AcOEt 97.5:2.5) 3b (53 mg, 44%) as a white 

powder. 1H NMR (400 MHz, CDCl3)  10.16 (s, 1H, CHO), 8.21 (ddd, J = 8.4, 1.6, 0.8  Hz, 

1H, H-8), 8.01 (ddd, J = 8.4, 1.6, 0.8 Hz, 1H, H-5), 7.82 (s, 1H, H-3), 7.78 (ddd, J = 8, 6.8, 

1.2 Hz, 1H, H-7), 7.67 (ddd, J = 8.4, 6.8, 1.2 Hz, 1H, H-6), 2.74 (s, 3H, Me); 13C NMR (101 

MHz, CDCl3)  194.2 (CHO), 152.2 (C-2), 147.8 (C-8a), 146.1 (C-4), 131.1 (C-8), 130.2 (C-

7), 130.1 (C-4a), 129.0 (C-6), 124.1 (C-5), 117.9 (C-3), 19.0 (Me). LRMS (ESI) m/z calcd. 

For [C11H10NO]+ 172.07, found 172.07. 

4-Methyl-2-(tetrahydrofuran-2-yl)quinoline (4b) 

According to the general method for Minisci C-H cross-coupling, 

lepidine (92 μL, 0.698 mmol), 2-methylbut-2-ene (222 μL, 2.10 
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mmol), Fe(acac)2 (36 mg, 0.140 mmol), TBHP (5.5 M in decanes, 191 μL, 1.05 mmol), 

TFA (107 μL, 1.40 mmol), in 4:1 THF/MeOH (0.2 M, 3.49 mL) at room temperature gave 

after purification by chromatography (hexane → hexane/AcOEt 75:25) 4b (117 mg, 

79%) as pale yellow powder. 1H NMR (400 MHz, CDCl3) δ 8.05 (d, J = 8.3 Hz, 1H, H-8), 

7.96 (d, J = 8.5 Hz, 1H, H-5), 7.67 (ddd, J = 8.4, 6.9, 1.4 Hz, 1H, H-7), 7.52 (ddd, J = 8.2, 

6.8, 1.3 Hz, 1H, H-6), 7.44 (s, 1H, H-3), 5.13 (t, J = 7.0 Hz, 1H, H-2’), 4.20–4.15 (m, 1H, H-

5’), 4.06–4.01 (m, 1H, H-5’), 2.70 (d, J = 1.0 Hz, 3H, H-9), 2.54–2.48 (m, 1H, H-3’), 2.11–

1.99 (m, 3H, H-3’ and H-4’). 13C NMR (101 MHz, CDCl3) δ 163.2 (C-2), 147.4 (C-8a), 

145.1 (C-4), 129.7 (C-8), 129.3 (C-7), 127.6 (C-4a), 125.9 (C-6), 123.8 (C-5), 118.7 (C-3), 

82.2 (C-2’), 69.4 (C-5’), 33.5 (C-3’), 26.1 (C-4’), 19.0 (C-9).  

1-(Tetrahydrofuran-2-yl)isoquinoline (4c) 

According to the general method for Minisci C-H cross-coupling, 

isoquinoline (100 mg, 0.774 mmol), 2-methylbut-2-ene (246 μL, 2.32 

mmol), Fe(acac)2 (39 mg, 0.155 mmol), TBHP (5.5 M in decanes, 211 

μL, 1.16 mmol), TFA (119 μL, 1.55 mmol), in 4:1 THF/MeOH (0.2 M, 

3.88 mL) at room temperature gave after purification by chromatography (hexane → 

hexane/AcOEt 50:50) 4c (102 mg, 66%) as a brown oil. 1H NMR (400 MHz, CDCl3) d 8.48 

(d, J = 5.7 Hz, 1H, H-3), 8.32 (d, J = 8.32 Hz, 1H, H-8), 7.80 (d, J = 8.2 Hz, 1H, H-5), 7.65 

(td, J = 6.7, 1.2 Hz, 1H, H-6), 7.61–7.58 (m, 1H, H-7), 7.55 (d, J = 5.9 Hz, 1H, H-4), 5.71 (t, 

J = 7.1, 1H, H-2’), 4.17 (q, J = 6.7 Hz, 1H, H-5’), 4.03 (q, J = 6.5 Hz, 1H, H-5’), 2.56–2.47 

(m, 1H, H-3’), 2.43–2.35 (m, 1H, H-3’), 2.22–2.04 (m, 2H, H-4’). 13C NMR (101 MHz, 

CDCl3) d 159.7 (C-1), 141.7 (C-3), 136.6 (C-4a), 129.9 (C-6), 127.4 (C-5), 127.2 (C-7), 

126.6 (C-8a), 125.4 (C-8), 120.6 (C-4), 79.2 (C-2’), 69.1 (C-5’), 30.9 (C-3’), 26.2 (C-4’).  

2-(Tetrahydrofuran-2-yl)quinoline (4d) and 4-(Tetrahydrofuran-2-yl)quinoline (4d’) 

According to the general method for Minisci C-H cross-

coupling, quinoline (92 μL, 0.774 mmol), 2-methylbut-2-

ene (246 μL, 2.32 mmol), Fe(acac)2 (39 mg, 0.155 mmol), 

TBHP (5.5 M in decanes, 211 μL, 1.16 mmol), TFA (119 

μL, 1.55 mmol), in 4:1 THF/MeOH (0.2 M, 3.88 mL) at 

room temperature gave after purification by chromatography (hexane → hexane/AcOEt 
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75:25) 4d (62 mg, 41%) and 4d’ (40 mg, 26%) as a yellow oil respectively. 1H NMR (400 

MHz, CDCl3) of 3u δ 8.13 (d, J = 7.8 Hz, 1H, H-4), 8.05 (d, J = 8.6 Hz, 1H, H-8), 7.77 (dd, J 

= 8.1, 1.5 Hz, 1H, H-5), 7.67 (ddd, J = 8.5, 6.8, 1.5 Hz, 1H, H-7), 7.59 (d, J = 8.5 Hz, 1H, H-

3), 7.48 (ddd, J = 8.0, 6.9, 1.1 Hz, 1H, H-6), 5.18 (t, J = 7.0 Hz, 1H, H-2’), 4.19–4.12 (m, 

1H, H-5’), 4.06–3.99 (m, 1H, H-5’), 2.57–2.42 (m, 1H, H-3’), 2.12–1.96 (m, 3H, H-3’ and 

H-4’). 1H NMR (400 MHz, CDCl3) of 3u’ δ 8.85 (d, J = 4.5 Hz, 1H, H-2), 8.11 (d, J = 8.5 Hz, 

1H, H-8), 7.87 (d, J = 8.5 Hz, 1H, H-5), 7.69–7.60 (m, 2H, H-6 and H-7), 7.51 (m, 1H, H-

3), 5.57 (t, J = 7.1 Hz, 1H, H-2’), 4.21–4.15 (m, 1H, H-5’), 4.03–3.97 (m, 1H, H-5’), 2.60–

2.53 (m, 1H, H-3’), 2.04–1.96 (m, 3H, H-3’ and H-4’). Spectral data were identical to 

those previously reported.320
 

2-Methyl-4-(tetrahydrofuran-2-yl)quinoline (4e) 

According to the general method for Minisci C-H cross-coupling, 2-

methyl quinoline (100 mg, 0.698 mmol), 2-methylbut-2-ene (222 

μL, 2.09 mmol), Fe(acac)2 (35 mg, 0.139 mmol), TBHP (5.5 M in 

decanes, 190 μL, 1.05 mmol), TFA (107 μL, 1.39 mmol), in 4:1 

THF/MeOH (0.2 M, 3.50 mL) at room temperature gave after 

purification by chromatography (hexane → hexane/AcOEt 75:25) to give 4e (110 mg, 

74%) as a yellow oil. 1H NMR (400 MHz, CDCl3)  8.05 (dd, J = 8.8, 0.8 Hz, 1H, H-5), 7.84 

(dd, J = 8.4, 2 Hz, 1H, H-8), 7.66 (ddd, J = 8.4, 6.8, 1.2 Hz, 1H, H-6), 7.48 (ddd, J = 8.4, 

6.8, 1.2 Hz, 1H, H-7), 7.44 (s, 1H, H-3), 5.57 (t, J = 8 Hz, 1H, H-2’), 4.25–4.20 (m, 1H, H-

5’) and 4.07–4.01 (m, 1H, H-5’), 2.74 (s, 3H, Me), 2.65–2.57 (m, 1H, H-3’), 2.13–1.95 (m, 

2H, H-4’), 1.88–1.79 (m, 1H, H-3’); 13C NMR (101 MHz, CDCl3)  159.2 (C-2), 149.5 (C-4), 

147.9 (C-8a), 129.5 (C-5), 129.1 (C-6), 125.6 (C-7), 123.9 (C-4a), 123.1 (C-8), 117.3 (C-3), 

76.9 (C-2’), 69.1 (C-5’), 25.6 (Me), 34.0 (C-3’), 26.1 (C-4’).  

Methyl 6-(tetrahydrofuran-2-yl)nicotinate (4j) 

According to the general method for Minisci C-H cross-coupling, 

methyl nicotinate (100 mg, 0.729 mmol), 2-methylbut-2-ene 

(232 μL, 2.19 mmol), Fe(acac)2 (37 mg, 0.146 mmol), TBHP (5.5 

M in decanes, 199 μL, 1.09 mmol), TFA (112 μL, 1.46 mmol), in 4:1 THF/MeOH (0.2 M, 

3.65 mL) at room temperature gave after purification by chromatography (hexane → 

hexane/AcOEt 75:25) to give 4j (69 mg, 44%) as a yellow oil. 1H NMR (400 MHz, CDCl3) 
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δ 9.13 (d, J = 2.2 Hz, 1H, H-2), 8.27 (dd, J = 8.2, 2.2 Hz, 1H, H-4), 7.54 (d, J = 8.1 Hz, 1H, 

H-5), 5.07 (t, J = 5.9 Hz, 1H, H-2’), 4.13–4.08 (m, 1H, H-5’), 4.02–3.97 (m, 1H, H-5’), 3.94 

(s, 3H, OMe), 2.49–2.43 (m, 1H, H-3’), 2.01–1.93 (m, 3H, H-3’ and H-4’). 13C NMR (101 

MHz, CDCl3) δ 167.9 (C-7), 166.0 (C-6), 150.5 (C-2), 137.9 (C-4), 124.6 (C-3), 119.4 (C-5), 

81.3 (C-2’), 69.4 (5’), 52.4 (OMe), 33.3 (C-3’), 25.9 (C-4’).  

4-Phenyl-2-(tetrahydrofuran-2-yl)pyridine (4k) 

According to the general method for Minisci C-H cross-coupling, 4-

phenylpyridine (100 mg, 0.644 mmol), 2-methylbut-2-ene (205 μL, 

1.93 mmol), Fe(acac)2 (33 mg, 0.129 mmol), TBHP (5.5 M in decanes, 

176 μL, 0.966 mmol), TFA (99 μL, 1.29 mmol), in 4:1 THF/MeOH (0.2 

M, 3.22 mL) at room temperature gave after purification by chromatography (hexane 

→ hexane/AcOEt 75:25) 4k (7 mg, 5%) as a white powder. 1H NMR (400 MHz, CDCl3): δ 

8.60 (d, J = 5.1 Hz, 1H, H-6), 7.68 (d, J = 1.6 Hz, 1H, H-5), 7.66 (s, 1H, H-3), 7.52–7.44 (m, 

4H, Ph), 7.39 (dd, J = 5.2, 1.8 Hz, 1H, Ph), 5.10 (t, J = 6.7 Hz, 1H, H-2’), 4.17–4.12 (m, 1H, 

H-5’), 4.04–3.99 (m, 1H, H-5’), 2.50–2.44 (m, 1H, H-3’), 2.08–1.98 (m, 3H, H-3’ and H-

4’). Spectral data were identical to those previously reported.321  

2-(Tetrahydrofuran-2-yl)quinoxaline (4m) 

 According to the general method for Minisci C-H cross-coupling, 

quinoxaline (100 mg, 0.768 mmol), 2-methylbut-2-ene (244 μL, 

2.31 mmol), Fe(acac)2 (39 mg, 0.154 mmol), TBHP (5.5 M in 

decanes, 209 μL, 1.15 mmol), TFA (235 μL, 3.07 mmol), in 4:1 THF/MeOH (0.2 M, 3.77 

mL) at room temperature gave after purification by chromatography (hexane → 

hexane/AcOEt 75:25) to give 4m (109 mg, 71%) as a yellow oil. 1H NMR (400 MHz, 

CDCl3)  9.03 (s, 1H, H-3), 8.12–8.09 (m, 1H, H-5), 8.07–8.04 (m, 1H, H-8), 7.78–7.71 

(m, 2H, H-6 and H-7), 5.23 (t, J = 6.4 Hz, 1H, H-2’), 4.22–4.16 (m, 1H, H-5’) and 4.09–

4.03 (m, 1H, H-5’), 2.57–2.49 (m, 1H, H-3’) and 2.21–2.14 (m, 1H, H-3’), 2.11–2.04 (m, 

2H, H-4’); 13C NMR (101 MHz, CDCl3)  157.8 (C-2), 143,7 (C-3), 142.0 (C-4a), 141.7 (C-

8a), 130.2 (C-7), 129.6 (C-6), 129.4 (C-5), 129.2 (C-8), 80.7 (C-2’), 69.6 (C-5’), 33.1 (C-3’), 

26.1 (C-4’).  
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1-(Tetrahydrofuran-2-yl)phthalazine (4o) and 1-(Tetrahydrofuran-2-yl)-4-

(tetrahydrofuran-2-yl)phthalazine (4o’) 

 According to the general method for Minisci C-H cross-

coupling, phtalazine (100 mg, 0.768 mmol), 2-methylbut-2-

ene (244 μL, 2.31 mmol), Fe(acac)2 (39 mg, 0.154 mmol), 

TBHP (5.5 M in decanes, 209 μL, 1.15 mmol), TFA (235 μL, 

3.07 mmol), in 4:1 THF/MeOH (0.2 M, 3.77 mL) at room 

temperature gave after purification by chromatography (hexane → hexane/AcOEt 

75:25) to give 4o (94 mg, 46%) and 4o’ (45 mg, 30%) as a yellow oil.1H NMR 4o (400 

MHz, CDCl3)  9.43 (s, 1H, H-4), 8.43–8.40 (m, 1H, H-8), 7.95–7.85 (m, 3H, H-5, H-6 and 

H-7), 5.68 (t, J = 7.2 Hz, 1H, H-2’), 4.11–3.99 (m, 2H, H-5’), 2.89–2.81 (m, 1H) and 2.43–

2.35 (m, 1H, H-3’), 2.26–2.19 (m, 1H) and 2.16–2.09 (m, 1H, H-4’); 1H NMR 4o’ (400 

MHz, CDCl3)  8.42–8.39 (m, 2H, H-5 and H-8), 7.86–7.83 (m, 2H, H-6 and H-7), 5.70–

5.66 (m, 2H, H-2’), 4.04–3.95 (m, 4H, H-5’), 2.99–2.88 (m, 2H) and 2.37–2.28 (m, 2H, H-

3’), 2.26–2.15 (m, 2H) and 2.14–2.03 (m, 2H, H-4’); 13C NMR 4o(101 MHz, CDCl3)  

158.1 (C-1), 151.6 (C-4), 132.5 (C-6), 132.1 (C-7), 127.1 (C-4a), 126.9 (C-5), 125.6 (C-8a), 

125.0 (C-8), 79.2 (C-2’), 69.1 (C-5’), 29.6 (C-3’), 26.2 (C-4’); 13C NMR 4o’ (101 MHz, 

CDCl3)  158.0 and 157.9 (C-1 and C-4), 131.8 and 131.7 (C-6 and C-7), 126.1 (C-4a and 

C-8a), 125.4 and 125.3 (C-5 and C-8), 78.6 and 78.4 (C-2’), 69.1 and 69.0 (C-5’), 29.0 

and 28.9 (C-3’), 26.1 and 26.0 (C-4’). 

5-(Benzo[d][1,3]dioxol-2-yl)pyrimidine (4r) 

According to the general method for Minisci C-H cross-coupling, 

pyrimidine (99 μL, 1.25 mmol), 2-methylbut-2-ene (397 μL, 3.75 

mmol), Fe(acac)2 (64 mg, 0.250 mmol), TBHP (5.5 M in decanes, 

227 μL, 1.87 mmol), TFA (382 μL, 5 mmol), in 4:1 1,3-

benzodioxole/MeOH (0.2 M, 6.25 mL) at room temperature gave after purification by 

chromatography (hexane → hexane/AcOEt 75:25) to give 4r (77 mg, 31%) as a 

brownish powder. 1H NMR (400 MHz, CDCl3) δ 9.33 (d, J = 1.4 Hz, 1H, H-2), 8.87 (d, J = 

5.2 Hz, 1H, H-6), 7.67 (dd, J = 5.2, 1.4 Hz, 1H, H-5), 6.95 (s, 1H, H-2’), 6.88–6.78 (m, 4H, 

H-4’, H-5’, H-6’ and H-7’).  
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2-(Benzo[d][1,3]dioxol-2-yl)pyrazine (4s) 

According to the general method for Minisci C-H cross-coupling, 

pyrazine (100 mg, 1.25 mmol), 2-methylbut-2-ene (397 μL, 3.75 

mmol), Fe(acac)2 (64 mg, 0.250 mmol), TBHP (5.5 M in decanes, 

227 μL, 1.87 mmol), TFA (382 μL, 5 mmol), in 4:1 1,3-

benzodioxole/MeOH (0.2 M, 6.25 mL) at room temperature gave after purification by 

chromatography (hexane → hexane/AcOEt 90:10) to give 4s (103 mg, 41%) as a 

brownish powder. 1H NMR (400 MHz, CDCl3) δ 8.91 (s, 1H, H-3), 8.68–8.65 (m, 2H, H-5 

and H-6), 7.05 (s, 1H, H-2’), 6.93-6.90 (m, 4H, H-4’, H-5’, H-6’ and H-7’). 13C NMR (101 

MHz, CDCl3) δ 150.7 (C-2), 147.1 (C-3a’ and C-7a’), 146.1 (C-6), 144.4 (C-5), 142.9 (C-3), 

122.4 (C-5’ and C-6’), 109.1 (C-4’ and C-7’), 108.0 (C-2’).  
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Copies of 1H and 13C NMR spectra 
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4. ADAMANTANE BUILDING-BLOCK SYNTHESIS USING MHAT 

 

Preparation of starting materials 

Compounds 5a,322 5b,54 8,323 9,324 1055 were prepared according to the reported 

procedure.  

 

 

General method 1 for the formation of Wieland-Miescher ketones 3a-c 

 

To 1,3-cyclohexadione 1a-c (1 equiv) in a standard glass vial (10 cm x 3 cm) with stirrer 

bar was added methyl vinyl ketone (1.1 equiv) and Et3N (0.1 equiv). The resulting 

mixture was stirred at room temperature for 18 hours. The product was diluted with 

CH2Cl2, washed with 5% aqueous HCl (15 mL), water (15 mL), and the aqueous phases 

further extracted with DCM (3 x 15 mL). The combined organic layers were dried, 

concentrated to afford the product which was used in the next step without further 

purification. 

To a solution of the crude triketone (1 equiv) in toluene (20 mL) was added pyrrolidine 

(0.1 equiv) before fitting the flask with a Dean-Stark trap. The reaction was heated at 

reflux for 5 hours, cooled to room temperature, and the solvent removed under 

reduced pressure. The crude oil was dissolved in CH2Cl2, washed with 5% aqueous HCl 

(15 mL), water (15 mL), and the combined aqueous phases extracted with CH2Cl2. The 
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combined organic layers were washed with brine (10 mL), dried and concentrated. 

Purification by column chromatography gave the corresponding Wieland-Miescher 

ketone 3a-c as a brown/amber oil which solidified to a solid upon storage at – 20 °C. 

The NMR data obtained for the triketone intermediates 2a-c and the Wieland-Miescher 

ketone analogues 3a-c were identical to those previously reported.291   

General method 2 for the preparation of acetals 6a-c 

 

To a solution of the diketone 3a-c (1 equiv) in EtOAc (0.5 M) was added Pd/C (10 wt%) 

and the resulting suspension was stirred under H2 (1 atm) at room temperature for 24 

h. The resulting mixture was filtered through Celite® and the filtrate was concentrated 

to give the corresponding reduced diketone which was used in the next step without 

further purification. To a solution of the diketone (1 equiv) in 2-ethyl-2-methyl-1,3-

dioxolane (5 equiv) was added p-toluenesulfonic acid monohydrate (0.05 equiv) and 

the resulting mixture was stirred for 1 h at room temperature. The reaction was 

quenched by the addition of saturated aqueous NaHCO3 and extracted with Et2O three 

times, the combined organic layers were washed with brine, dried and concentrated. 

Purification by column chromatography gave the corresponding acetal 6a-c. 

General method 3 for the preparation of ketoalkenes 7a-c 

 

A solution of methyltriphenylphosphonium bromide (5 equiv) and potassium tert-

butoxide (5 equiv) in toluene (0.5 M) was stirred at reflux for 1 h. A solution of the 

corresponding acetal 6a-c (1 equiv) in toluene (0.3 M) was then added dropwise to the 
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above solution and the resulting mixture was stirred at reflux for 4 h. The reaction was 

quenched by the careful addition of acetone, stirring at 100 oC for 30 min and then by 

the addition of water. The reaction mixture was extracted with Et2O three times, the 

combined organic layers were washed with brine, dried and concentrated. The crude 

was used for the next step without further purification. To the crude acetal in THF (0.3 

M) was added 10% aq. HCl solution (0.2 M) and the resulting mixture stirred for 2 h at 

room temperature. The crude was extracted with Et2O three times, dried and 

concentrated. Purification of the residue by chromatography gave the corresponding 

ketone 7a-c. 

Preparation of ketoalkenes 7a-c 

(4aS,8aR)-4a-methyl-5-methyleneoctahydronaphthalen-2(1H)-one (7a) 

According to the general method 2, a solution of 3a (2.00 g, 11.22 

mmol, 1 equiv) and Pd/C (10 wt%, 0.20 g) in EtOAc (0.5 M, 22 mL) 

afforded the diketone as a yellow oil, which was then mixed with p-

toluenesulfonic acid monohydrate (107 mg, 0.561 mmol, 0.05 equiv) 

in 2-ethyl-2-methyl-1,3- dioxolane (7 mL, 56.1 mmol, 5 equiv). 

Purification by column chromatography (hexane → hexane/EtOAc 75:25) gave 6a 

(1.862 g, 74%) as a clear oil. 1H NMR  3.97 (m, 4H, CH2O), 2.59–2.50 (m, 1H, CH2), 

2.26–2.10 (m, 4H, CH2 and H-8a), 1.92–1.85 (m, 2H, CH2), 1.70–1.58 (m, 2H, CH2), 1.55–

1.46 (m, 3H, CH2), 1.26–1.18 (m, 1H CH2), 1.23 (s, 3H, Me); 13C NMR  215.1 (C=O), 

109.5 (C-2), 64.3 and 64.2 (CH2O), 46.4 (C-4a), 42.6 (C-8a), 37.8 (CH2), 37.3 (CH2), 31.8 

(CH2), 31.7 (CH2), 26.0 (Me), 25.9 (CH2), 22.4 (CH2).  

According to the general method 3, to a solution of 

methyltriphenylphosphonium bromide (14 g, 40.1 mmol, 5 equiv) 

and potassium tert-butoxide (4.5 g, 40.1 mmol, 5 equiv) in toluene 

(0.5 M, 80 mL), was added ketone 6a (1.80 g, 8.02 mmol, 1 equiv) in 

toluene (0.3 M, 27 mL). Then, was added THF (0.3 M, 27 mL) and 10% aq. HCl solution 

(0.2 M, 40 mL) and purification by chromatography (hexane → hexane/EtOAc 95:5) 

gave 7a (1.186 g, 83%) as a colorless oil. 1H NMR  4.86 (d, J = 18 Hz, 2H, =CH2), 2.54–

1.45 (m, 1H, CH2), 2.38–2.21 (m, 6H, CH2), 1.90–1.85 (m, 1H, H-8a), 1.84–1.78 (m, 1H, 

CH2), 1.70–1.60 (m, 1H, CH2), 1.55–1.46 (m, 2H, CH2), 1.38–1.31 (m, 1H, CH2), 1.28 (s, 
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3H, Me); 13C NMR  212.8 (C=O), 151.6 (C-5), 108.5 (=CH2), 45.2 (C-8a), 44.2 (CH2), 39.3 

(C-4a), 38.3 (CH2), 35.5 (CH2), 32.5 (CH2), 28.5 (CH2), 26.2 (Me), 24.0 (CH2). 

(4aR,8aR)-4a-benzyl-5-methyleneoctahydronaphthalen-2(1H)-one (7b) 

According to the general method 2, a solution of 3b (2.11 g, 8.29 

mmol, 1 equiv) and Pd/C (10 wt%, 0.21 g) in EtOAc (0.5 M, 17 mL) 

afforded the diketone as a yellow oil, which was then mixed with p-

toluenesulfonic acid monohydrate (79 mg, 0.415 mmol, 0.05 equiv) 

in 2-ethyl-2-methyl-1,3- dioxolane (5.2 mL, 41 mmol, 5 equiv). Purification by column 

chromatography (hexane → hexane/EtOAc 90:10) gave 6b (2.29 g, 92%) as a white 

solid. 1H NMR  7.25–7.17 (m, 3H, Ph), 7.01–6.99 (m, 2H, Ph), 3.92–3.88 (m, 4H, OCH2), 

3.40 (d, J = 13.6 Hz, 1H, CH2Ph), 2.89–2.80 (m, 1H, CH2), 2.73 (d, J= 13.6 Hz, CH2Ph), 

2.47–2.29 (m, 3H, CH2 and H-8a), 2.04–1.96 (m, 2H, CH2), 1.92 (dt, J = 13.6, 3.6 Hz, 1H, 

CH2), 1.62 (t, J = 13.2 Hz, 2H, CH2), 1.54–1.48 (m, 3H, CH2), 1.20 (ddd, J = 13.6, 5.2 Hz, 

1H, CH2); 13C NMR  213.7 (C=O), 136.9 (Cipso), 129.9 (Ph), 128.3 (Ph), 126.8 (Ph), 109.3 

(OCH2), 64.5 (OCH2), 64.3 (OCH2), 53.1 (C-4a), 44.8 (CH2Ph), 42.2 (C-8a), 38.8 (CH2), 

37.7 (CH2), 31.4 (CH2), 29.2 (CH2), 25.9 (CH2), 22.7 (CH2).  

 

According to the general method 3, to a solution of 

methyltriphenylphosphonium bromide (13.6 g, 38.2 mmol, 5 equiv) 

and potassium tert-butoxide (4.3 g, 38.2 mmol, 5 equiv) in toluene 

(0.5 M, 76 mL), was added ketone 6b (2.29 g, 7.63 mmol, 1 equiv) in 

toluene (0.3 M, 25 mL). Then, was added THF (0.3 M, 25 mL) and 10% aq. HCl solution 

(0.2 M, 38 mL) purification by chromatography (hexane → hexane/EtOAc 90:10) gave 

7b (1.36 g, 70%) as a colorless solid. 1H NMR  7.25–7.19 (m, 3H, Ph), 7.06–7.04 (m, 

2H, Ph), 5.08 (s, 1H) and 4.58 (s, 1H, =CH2), 3.28 (d, J = 13.2 Hz, 1H, CH2), 2.69–2.59 (m, 

2H, CH2), 2.56–2.47 (m, 2H, CH2), 2.41–2.35 (m, 1H, CH2), 2.29–2.19 (m, 1H, CH2), 2.15–

2.09 (m, 2H, CH2), 2.02–1.96 (m, 2H, CH2), 1.79–1.67 (m, 2H, CH2), 1.62–1.54 (m, 2H, 

CH2), 1.43–1.38 (m, 1H, CH2); 13C NMR  213.3 (C=O), 146.3 (C-5), 137.8 (Cipso), 130.5 

(Ph), 127.8 (Ph), 126.4 (Ph), 112.4 (=CH2), 45.1 (CH2), 44.4 (CH2), 43.9 (CH2), 37.8 (CH2), 

34.3 (CH2), 32.7 (CH2), 27.2 (CH2), 21.7 (CH2), 43.8 (C-4a). 



Experimental Part: Chapter 4 

285 
 

(4aS,8aR)-5-methylene-4a-propyloctahydronaphthalen-2(1H)-one (7c) 

According to the general method 2, a solution of 3c (1.01 g, 4.94 

mmol, 1 equiv) and Pd/C (10 wt%, 0.10 g) in EtOAc (0.5 M, 10 mL) 

afforded the diketone as a yellow oil, which was then mixed with p-

toluenesulfonic acid monohydrate (47 mg, 0.247 mmol, 0.05 equiv) 

in 2-ethyl-2-methyl-1,3- dioxolane (3.1 mL, 24.7 mmol, 5 equiv). Purification by column 

chromatography (hexane → hexane/EtOAc 90:10) gave 6c(1.06 g, 85%) as a clear oil. 1H 

NMR  3.95–3.89 (m, 4H, OCH2), 2.52–2.43 (m, 1H, CH2), 2.34–2.19 (m, 4H, CH2), 1.99–

1.86 (m, 2H, CH2), 1.69–1.54 (m, 4H, CH2), 1.48–1.29 (m, 4H, CH2), 1.18–1.09 (m, 1H, 

CH2), 0.98–0.85 (m, 4H, CH2 and Me); 13C NMR  214.9 (C=O), 109.4 (C-2), 64.4 and 

64.3 (OCH2), 52.3 (C-4a), 41.8 (CH2), 41.5 (CH2), 38.4 (CH2), 37.6 (CH2), 31.7 (CH2), 28.8 

(CH2), 25.7 (CH2), 22.5 (CH2), 16.9 (CH2), 14.9 (Me).  

 

According to the general method 3, to a solution of 

methyltriphenylphosphonium bromide (7.50 g, 20.9 mmol, 5 equiv) 

and potassium tert-butoxide (2.36 g, 20.9 mmol, 5 equiv) in toluene 

(0.5 M, 42 mL), was added ketone 6c (1.06 g, 4.19 mmol, 1 equiv) in 

toluene (0.3 M, 14 mL). Then, was added THF (0.3 M, 14 mL) and 10% aq. HCl solution 

(0.2 M, 21 mL) and purification by chromatography (hexane → hexane/EtOAc 75:25) 

gave 7c (788 mg, 91%) as a pale yellow solid. 1H NMR  5.03 (s, 1H) and 4.78 (s, 1H, 

=CH2), 2.61–2.49 (m, 2H, CH2), 2.45–2.39 (m, 1H, CH2), 2.27–2.17 (m, 3H, CH2), 2.05–

1.91 (m, 3H, CH2), 1.64–1.56 (m, 2H, CH2), 1.52–1.44 (m, 1H, CH2), 1.30–1.20 (m, 2H, 

CH2), 1.18–1.07 (m, 2H, CH2), 0.95–0.87 (m, 4H, CH2 and Me); 13C NMR  213.6 (C=O), 

147.9 (C-5), 110.6 (=CH2), 44.3 (CH2), 43.9 (CH2), 42.8 (C-4a), 41.2 (CH2), 38.1 (CH2), 

34.2 (CH2), 32.6 (CH2), 27.2 (CH2), 22.1 (CH2), 16.7 (CH2), 14.9 (Me).  
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(4aS,8aR)-4a-butyl-5-methyleneoctahydronaphthalen-2(1H)-one (7d) 

 

According to the general method 3, to a solution of butyltriphenylphosphonium 

bromide (4.45 g, 11.15 mmol, 5 equiv) and potassium tert-butoxide (1.25 g, 11.15 

mmol, 5 equiv) in toluene (0.5 M, 22 mL), was added ketone 6a (500 mg, 2.23 mmol, 1 

equiv) in toluene (0.3 M, 7.5 mL). Then, was added THF (0.3 M, 7.5 mL) and 10% aq. 

HCl solution (0.2 M, 11 mL) and purification by chromatography (hexane → 

hexane/EtOAc 90:10) gave 7d (260 mg, 52%) as a clear yellow solid, as a mixture of E/Z 

(1.5:1) diastereomers. 1H NMR  5.35 (t, J = 6.8 Hz, 1H, CH), 2.54–2.46 (m, 1H, CH2), 

2.39–2.29 (m, 4H, CH2), 2.24–2.17 (m, 2H, CH2), 2.10–1.99 (m, 2H, CH2), 1.91–1.83 (m, 

2H, CH2), 1.58–1.46 (m, 3H, CH2), 1.42–1.32 (m, 3H, CH2), 1.24 (s, 3H, Me), 0.90 (t, J = 

7.2 Hz, 3H, Me); 13C NMR  213.3 (C=O), 140.3 (C-5), 122.6 (CH), 45.3 (CH2), 44.4 (CH2), 

39.5 (C-4a), 38.5 (CH2), 36.1 (CH2), 29.8 (CH2), 28.3 (CH2), 26.9 (Me), 24.3 (CH2), 23.4 

(CH2), 23.1 (CH2), 13.9 (Me). 

 

General method for the preparation of hydrazones 

A solution of the corresponding ketone (1 equiv) and p-toluenesulfonyl hydrazide (1 

equiv) in EtOH (0.2 M) was stirred at room temperature for 3 h. The mixture was 

concentrated and purified by chromatography (hexane → hexane/EtOAc 90:10) to 

afford the corresponding hydrazone. 

N'-[(4aRS,8aRS)-4a,8a-Dimethyl-5-methyleneoctahydronaphthalen-2(1H)-ylidene]-4-

methylbenzenesulfonohydrazide (9a) 

A solution of ketone 5a (180 mg, 0.94 mmol) and p-

toluenesulfonyl hydrazide (174 mg, 0.94 mmol) in EtOH (4.7 mL) 

was stirred at room temperature for 3 h. The mixture was 

concentrated and purified by chromatography (hexane → 
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hexane/EtOAc 90:10) to afford the corresponding hydrazone 11a (333 mg, 98%) as a 

white solid; 1H NMR (400 MHz, CDCl3)  7.87–7.79 (m, 2H, Ts), 7.34–7.26 (m, 2H, Ts), 

4.81 (dd, J = 2.4, 1.3 Hz, 1H), 4.76–4.70 (m, 1H), 2.42 (two s, 3H, Me), 2.41–2.33 (m, 

1H), 2.32–2.13 (m, 4H), 2.08–2.00 (m, 1H), 1.57–1.45 (m, 2H), 1.42–1.33 (m, 1H), 1.35–

1.24 (m, 3H), 1.09 (s, 3H, Me), 0.79 and 0.75 (s, 3H, Me); 13C NMR (101 MHz, CDCl3)  

152.4, 144.0, 135.6, 129.6, 128.2, 108.8, 44.3, 42.8, 42.5, 41.3, 35.1, 32.6, 32.5, 32.4, 

31.8, 23.0, 22.9, 22.8, 21.8. HRMS (ESI) m/z: [M+H]+ calcd for [C20H29N2O2S]+ 361.1944, 

found 361.1948.  

 

Synthesis of coupled products via MHAT 

General Method 

To a solution of the corresponding hydrazone (1 equiv) and Fe(acac)3 (2 equiv) in THF 

(0.08 M) with t-BuOH (10 equiv) was added alkene (2.5-10 equiv) and the mixture was 

degassed and bubbled with argon for 5 minutes. The mixture was heated to 60 oC and 

PhSiH3 (2.5 equiv) was then added via syringe. After 24 h at this temperature, the 

reaction mixture was concentrated and purified by column chromatography. 

Methyl 3-[(3aRS,4RS,7aRS)-3a,4,7a-Trimethyloctahydro-1H-1,4-methanoinden-1-

yl)propanoate (12a) 

To a solution of hydrazone 11a (75 mg, 0.208 mmol) and 

Fe(acac)3 (147 mg, 0.416 mmol) in THF (2.6 mL) with t-BuOH 

(197 L, 2.08 mmol), methyl acrylate (179 mg, 2.08 mmol) and 

PhSiH3 (56 mg, 0.52 mmol) were added and stirred at 60 ᴼC in 

an oil bath for 24 h. Purification by chromatography (hexane → hexane/EtOAc 97.5:2.5) 

gave the desired compound 12a (52 mg, 94%) as a yellowish oil; 1H NMR (400 MHz, 

CDCl3)  3.67 (s, 3H, OCH3), 2.29 (t, J = 8.4 Hz, 2H, CH2CO), 1.76–1.57 (m, 4H, CH2), 

1.51–1.42 (m, 2H, CH2), 1.41–1.31 (m, 4H, CH2), 1.28–1.16 (m, 1H, CH2), 1.18–1.07 (m, 

1H, CH2), 0.96–0.85 (m, 2H, CH2), 0.86 (s, 3H, CH3), 0.78 (s, 3H, CH3), 0.61 (s, 3H, CH3); 

13C NMR (101 MHz, CDCl3)  51.7 (OCH3), 45.2 (CH2), 35.8 (CH2), 33.7 (CH2), 30.9 (CH2), 
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29.8 (CH2), 29.6 (CH2), 27.0 (CH2), 22.3 (CH3), 20.1 (CH2), 18.2 (CH3), 11.7 (CH3). HRMS 

(ESI) m/z: [M+H]+ calcd for [C17H29O2]+ 265.2162, found 265.2159.  

- Subproducts obtained in the coupling-fragmentation reaction (A, B, C and D): 

4-Methyl-N'-[(3aRS,4SR,7aSR)-3a,4,7a-trimethyloctahydro-1H-1,4-methanoinden-1-

yl)benzenesulfonohydrazide (A) 

1H NMR (400 MHz, CDCl3)  7.82 (d, J = 8.3 Hz, 2H, Ts), 7.30 (d, J = 

8.0 Hz, 2H, Ts), 5.68 (br s, 1H, NH), 2.44 (s, 3H, Ts), 1.70–1.63 (m, 

2H, CH2), 1.44–1.31 (m, 4H, CH2), 1.23–1.09 (m, 3H, CH2), 0.98–

0.90 (m, 3H, CH2), 0.82 (s, 3H, CH3), 0.72 (s, 3H, CH3), 0.62 (s, 3H, 

CH3). 

(3aRS,4RS,7aRS)-3a,4,7a-Trimethyloctahydro-1H-1,4-methanoindene (B) 

1H NMR (400 MHz, CDCl3)  1.91 (ddd, J = 12.8, 5.2, 3.6 Hz, 1H, CH2), 

1.75–1.65 (m, 3H, CH, CH2), 1.63–1.57 (m, 1H, CH2), 1.51–1.36 (m, 4H, 

CH2), 1.28–1.20 (m, 2H, CH2), 1.07–1.01 (m, 1H, CH2), 0.95 (dd, J = 14, 

7.6 Hz, 1H, CH2), 0.87 (s, 3H, Me), 0.77 (s, 3H, Me), 0.74 (s, 3H, Me); 13C 

NMR (101 MHz, CDCl3)  48.6 (C), 47.8 (C), 45.0 (CH), 41.6 (C), 40.9 (CH2), 34.2 (CH2), 

32.3 (CH2), 31.6 (CH2), 30.5 (CH2), 22.3 (Me), 20.5 (CH2), 20.4 (Me), 11.2 (Me). HRMS 

(ESI) m/z: [M+H]+ calcd for [C13H23]+ 179.1795, found 179.1799. 

(3aRS,4RS,7aRS)-1-Ethoxy-3a,4,7a-trimethyloctahydro-1H-1,4-methanoindene (C) 

Selected peaks in 1H NMR (400 MHz, CDCl3)  3.48 (q, J = 7.0 Hz, 2H, 

OCH2), 1.17 (t, J = 7.0 Hz, 3H, OCH2CH3), 0.88 (s, 3H, CH3), 0.76 (s, 3H, 

CH3), 0.73 (s, 1H, CH3). 

 

3-[(3aRS,4RS,7aRS)-3a,4,7a-Trimethyloctahydro-1H-1,4-methanoinden-1-yl]pentane-

2,4-dione (D) 

1H NMR (400 MHz, CDCl3)  2.36 (dd, J = 12.3, 

4.0 Hz, 1H), 2.32 (s, 3H, COCH3), 2.27–2.20 (m, 

1H, CH2), 2.18 (s, 3H, COCH3), 2.17–2.08 (m, 1H, 
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CH2), 1.92–1.72 (m, 3H, CH2), 1.61–1.52 (m, 2H, CH2), 1.49–1.36 (m, 3H, CH2), 1.07 (dd, 

J = 13.0, 7.1 Hz, 1H, CH2), 1.01 (s, 3H, CH3), 0.95 (s, 3H, CH3), 0.85 (s, 3H, CH3). 

Hexyl 3-((3aS,4R,7aS)-3a,4,7a-trimethyloctahydro-1H-1,4-methanoinden-1-

yl)propanoate (12b)   

To a solution of hydrazone 11a (187 mg, 0.520 mmol) and 

Fe(acac)3 (367 mg, 1.04 mmol) in THF (6.5 mL) with t-

BuOH (494 L, 2.77 mmol), hexyl acrylate (812 mg, 5.20 

mmol) and PhSiH3 (140 mg, 1.30 mmol) were added and 

stirred at 60 ᴼC in an oil bath for 24 h. Purification by chromatography (hexane → 

hexane/EtOAc 95:5) gave the desired compound 12b (120 mg, 69%) as a yellowish oil; 

1H NMR (400 MHz, CDCl3)  4.08 (t, J = 6.8 Hz, 1H, CH2), 3.92–3.72 (m, 1H, CH2), 2.39–

2.28 (m, 1H, CH2), 2.23–2.16 (m, 1H, CH2), 1.86 (dd, J = 12.4, 4 Hz, 2H, CH2), 1.82–1.74 

(m, 2H, CH2), 1.69–1.61 (m, 4H, CH2), 1.57 (br s, 6H, CH2), 1.53–1.46 (m, 3H, CH2), 1.38–

1.25 (m, 6H, CH2), 1.03 (dd, J = 12.4, 7.2 Hz, 2H, CH2), 0.89 (s, 3H, Me), 0.78 (s, 3H, Me), 

0.71 (s, 3H, Me); 13C NMR (101 MHz, CDCl3)  173.6 (C=O), 73.2 (CH2), 68.0 (CH2), 64.8 

(CH2), 48.8 (C), 47.1 (CH2), 46.6 (C), 40.5 (C), 38.9 (C), 37.5 (CH2), 33.5 (CH2), 32.3 (CH2), 

31.6 (CH2), 29.1 (CH2), 28.6 (CH2), 25.7 (CH2), 22.7 (CH2), 22.4 (Me), 19.8 (CH2), 17.4 

(Me), 14.1 (CH2), 12.1 (Me). HRMS (ESI) m/z: [M+H]+ calcd for [C22H39O2]+ 335.2945, 

found 335.2951. 

3-((3aS,4R,7aS)-3a,4,7a-trimethyloctahydro-1H-1,4-methanoinden-1-

yl)propanenitrile (12c) 

To a solution of hydrazone 11a (75 mg, 0.208 mmol) and 

Fe(acac)3 (147 mg, 0.416 mmol) in THF (2.6 mL) with t-BuOH (197 

mg, 2.08 mmol), acrylonitrile (110 mg, 2.08 mmol) and PhSiH3 

(56 mg, 0.52 mmol) were added and stirred at 60 ᴼC in an oil 

bath for 24 h. Purification by chromatography (hexane → hexane/EtOAc 99:1) gave the 

desired compound 12c (44 mg, 92%) as a colorless oil; 1H NMR (400 MHz, CDCl3)  2.30 

(t, J = 8 Hz, 2H, CH2CN), 1.77–1.60 (m, 4H, CH2), 1.50–1.37 (m, 5H, CH2), 1.33–1.26 (m, 

2H, CH2), 1.24–1.16 (m, 1H, CH2), 0.96–0.93 (m, 2H, CH2), 0.88 (s, 3H, Me), 0.79 (s, 3H, 

Me), 0.62 (s, 3H, Me); 13C NMR (101 MHz, CDCl3)  120.9 (CN), 50.4 (C), 50.1 (C), 49.5 
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(C), 44.9 (CH2), 40.9 (C), 35.5 (CH2), 33.5 (CH2), 29.7 (CH2), 29.5 (CH2), 28.1 (CH2), 22.2 

(Me), 20.0 (CH2), 18.1 (Me), 13.9 (CH2CN), 11.6 (Me). HRMS (ESI) m/z: [M+H]+ calcd for 

[C16H26N]+ 232.2024, found 232.2055. 

N,N-dimethyl-3-((3aS,4R,7aS)-3a,4,7a-trimethyloctahydro-1H-1,4-methanoinden-1-

yl)propanamide (12d) 

To a solution of hydrazone 11a (187 mg, 0.520 mmol) and 

Fe(acac)3 (367 mg, 1.04 mmol) in THF (6.5 mL) with t-BuOH 

(385 mg, 5.20 mmol), N,N-dimethylacrylamide (134 L, 1.30 

mmol) and PhSiH3 (140 mg, 1.30 mmol) were added and 

stirred at 60 ᴼC in an oil bath for 24 h. Purification by chromatography (hexane → 

hexane/EtOAc 72:25) gave the desired compound 12d (96 mg, 66%) as a colorless oil; 

1H NMR (400 MHz, CDCl3)  3.00(s, 3H, Me), 2.93 (s, 3H, Me), 2.27 (d, J = 7.2 Hz, 2H, 

CH2), 1.72–1.63 (m, 2H, CH2), 1.62–1.57 (m, 2H, CH2), 1.50–1.45 (m, 2H, CH2), 1.42–

1.33 (m, 4H, CH2), 1.25–1.12 (m, 2H, CH2), 0.91–0.89 (m, 2H, CH2), 0.86 (s, 3H, Me), 

0.77 (s, 3H, Me), 0.61 (s, 3H, Me); 13C NMR (101 MHz, CDCl3)  173.9 (C=O), 50.2 (C), 

50.1 (C), 49.4 (C), 45.4 (CH2), 40.7 (C), 37.5 (Me), 35.9 (CH2), 35.5 (Me), 33.7 (CH2), 29.9 

(CH2), 29.8 (CH2), 29.6 (CH2), 27.1 (CH2), 22.3 (Me), 20.1 (CH2), 18.2 (Me), 11.5 (Me). 

HRMS (ESI) m/z: [M+H]+ calcd for [C18H32NO]+ 278.2479, found 278.2487. 

Methyl 2-methyl-3-((3aS,4R,7aS)-3a,4,7a-trimethyloctahydro-1H-1,4-methanoinden-

1-yl)propanoate (12e) 

To a solution of hydrazone 11a (187 mg, 0.520 mmol) and 

Fe(acac)3 (367 mg, 1.04 mmol) in THF (6.5 mL) with t-BuOH 

(494 L, 5.20 mmol), methyl methacrylate (520 mg, 5.20 

mmol) and PhSiH3 (140 mg, 1.30 mmol) were added and 

stirred at 60 ᴼC in an oil bath for 24 h. Purification by chromatography (hexane → 

hexane/EtOAc 97.2:2.5) gave the desired compound 12e (109 mg, 75%) as a colorless 

oil, as a mixture of epimers (1:1) at C-2’, selected peaks for one epimer: 1H NMR (400 

MHz, CDCl3)  3.66 (s, 3H, OMe), 2.54–2.45 (m, 1H, CH), 1.86–1.76 (m, 1H, CH2), 1.73–

1.64 (m, 1H, CH2), 1.61–1.53 (m, 1H, CH2), 1.48–1.41 (m, 2H, CH2), 1.38–1.29 (m, 6H, 

CH2), 1.22–1.15 (m, 4H, CH2 and CH-Me), 1.05–0.98 (m, 1H, CH2), 0.94–0.89 (m, 1H, 
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CH2), 0.86 (s, 3H, Me), 0.77 (s, 3H, Me), 0.59 (s, 3H, Me); 13C NMR (101 MHz, CDCl3)  

178.6 (C=O), 51.7 (OMe), 50.6 (C), 50.2 (C), 48.9 (C), 45.9 (CH2), 44.8 (CH2), 40.9 (C), 

37.4 (CH), 36.0 (CH2), 33.6 (CH2), 30.0 (CH2), 29.6 (CH2), 22.3 (Me), 20.1 (CH2), 19.9 (CH-

Me), 18.2 (Me), 11.7 (Me). HRMS (ESI) m/z: [M+H]+ calcd for [C18H31O2]+ 279.2319, 

found 279.2321. 

Methyl 3-((3aS,4R,7aS)-3a,4,7a-trimethyloctahydro-1H-1,4-methanoinden-1-

yl)butanoate (12f)  

To a solution of hydrazone 11a (187 mg, 0.520 mmol) and 

Fe(acac)3 (367 mg, 1.04 mmol) in THF (6.5 mL) with t-BuOH 

(494 L, 5.20 mmol), methyl but-2-enoate (520 mg, 5.20 

mmol) and PhSiH3 (140 mg, 1.30 mmol) were added and 

stirred at 60 ᴼC in an oil bath for 24 h. Purification by chromatography (hexane → 

hexane/EtOAc 97.5:2.5) gave the desired compound 12f (124 mg, 85%) as a colorless 

oil, as a mixture of epimers (1:1) at C-2’, selected peaks for one epimer:  1H NMR (400 

MHz, CDCl3)  3.67 (s, 3H, OMe), 2.53 (ddd, J = 23.6, 13.6, 2.8 Hz, 1H, CH2CO), 2.24–

2.17 (m, 1H, CH), 2.05 (ddd, J = 25.2, 14.4, 11.6 Hz, 1H, CH2CO), 1.72–1.56 (m, 5H, CH2), 

1.52–1.39 (m, 5H, CH2), 1.25–1.13 (m, 2H, CH2), 0.97 (d, J = 6.8 Hz, 3H, Me-CH), 0.86 (s, 

3H, Me), 0.75 (s, 3H, Me), 0.74 (s, 3H, Me); 13C NMR (101 MHz, CDCl3)  174.6 (C=O), 

53.6 (C), 51.6 (OMe), 50.5 (C), 50.3 (C), 45.0 (CH2), 39.9 (C), 39.0 (CH2), 38.7 (CH2CO), 

34.9 (CH2), 33.8 (CH2), 31.1 (CH2), 29.3 (CH2), 22.5 (Me), 19.3 (Me), 16.2 (Me-CH), 11.8 

(Me). HRMS (ESI) m/z: [M+H]+ calcd for [C18H31O2]+ 279.2319, found 279.2325. 

2-((3aS,4R,7aS)-3a,4,7a-trimethyloctahydro-1H-1,4-methanoinden-1-yl)-2,3-

dihydronaphthalene-1,4-dione (12g)  

To a solution of hydrazone 11a (187 mg, 0.520 mmol) and 

Fe(acac)3 (367 mg, 1.04 mmol) in THF (6.5 mL) with t-BuOH (385 

mg, 5.20 mmol), naphthalene-1,4-dione (411 mg, 2.60 mmol) 

and PhSiH3 (140 mg, 1.30 mmol) were added and stirred at 60 oC 

in an oil bath for 24 h. Purification by chromatography (hexane 

→ hexane/EtOAc 95:5) gave the desired compound 12g (132 mg, 76%) as a brownish 

oil; 1H NMR (400 MHz, CDCl3)  7.58 (d, J = 8 Hz, 2H, Ph), 7.31 (d, J = 8 Hz, 2H, Ph), 2.42 
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(s, 1H, CH), 2.40–2.32 (m, 2H, CH2CO), 2.06–1.98 (m, 1H, CH2), 1.95–1.80 (m, 2H, CH2), 

1.76–1.66 (m, 1H, CH2), 1.63–1.39 (m, 7H, CH2), 1.14–1.07 (m, 1H, CH2), 0.93 (s, 3H, 

Me), 0.81 (s, 3H, Me), 0.79 (s, 3H, Me); 13C NMR (101 MHz, CDCl3)  144.0 (C=O), 142.2 

(C=O), 130.2 (Cipso), 129.7 (Cipso), 129.6 (Ph), 125.1 (Ph),  50.4 (C), 45.9 (C), 45.6 

(CH2CO), 45.5 (C), 41.9 (C), 35.9 (CH2), 33.5 (CH2), 29.8 (CH2), 29.5 (CH2), 28.7 (CH2), 

22.4 (Me), 21.6 (CH), 19.6 (CH2), 17.7 (Me), 11.7 (Me). HRMS (ESI) m/z: [M+H]+ calcd 

for [C23H29O2]+ 337.2162, found 337.2155. 

3-((3aS,4R,7aS)-3a,4,7a-trimethyloctahydro-1H-1,4-methanoinden-1-yl)cyclohexan-1-

one (12h)  

To a solution of hydrazone 11a (187 mg, 0.520 mmol) and 

Fe(acac)3 (367 mg, 1.04 mmol) in THF (6.5 mL) with t-BuOH (385 

mg, 5.20 mmol), cyclohex-2-en-1-one (500 mg, 5.20 mmol) and 

PhSiH3 (140 mg, 1.30 mmol) were added and stirred at 60 oC in 

an oil bath for 24 h. Purification by chromatography (hexane → 

hexane/EtOAc 95:5) gave the desired compound 12h (128 mg, 90%) as a mixture of 

diastereomers, as a yellowish oil; 1H NMR (400 MHz, CDCl3)  2.54–2.41 (m, 2H, CH2), 

2.36–2.34 (m, 1H, CH2), 2.28–2.22 (m, 1H, CH2), 2.17 (br s, 1H, CH), 2.13–2.06 (m, 1H, 

CH2), 1.98–1.90 (m, 1H, CH2), 1.79–1.67 (m, 2H, CH2), 1.58–1.39 (m, 8H, CH2), 1.28–

1.10 (m, 2H, CH2), 1.00–0.94 (m, 2H, CH2), 0.87 (s, 3H, Me), 0.75 (s, 3H, Me), 0.69 (s, 

3H, Me); 13C NMR (101 MHz, CDCl3)  213.3 (C=O), 53.6 (C), 50.4 (C), 50.3 (C), 45.6 

(CH2), 44.3 (CH2), 42.8 (CH2), 41.7 (CH2), 40.1 (C), 34.3 (CH2), 34.0 (CH2), 31.0 (CH), 29.3 

(CH2), 27.7 (CH2), 26.0 (CH2), 22.5 (Me), 20.2 (CH2), 19.5 (Me), 11.7 (Me). HRMS (ESI) 

m/z: [M+NH4]+ calcd for [C19H34NO]+ 292.2635, found 292.2631. 

1,4-diphenyl-2-((3aS,4R,7aS)-3a,4,7a-trimethyloctahydro-1H-1,4-methanoinden-1-

yl)butane-1,4-dione (12i)   

To a solution of hydrazone 11a (187 mg, 0.520 mmol) and 

Fe(acac)3 (367 mg, 1.04 mmol) in THF (6.5 mL) with t-BuOH (385 

mg, 5.20 mmol), 1,4-diphenylbut-2-ene-1,4-dione (307 mg, 1.30 

mmol) and PhSiH3 (140 mg, 1.30 mmol) were added and stirred 

at 60 oC in an oil bath for 5 h. Purification by chromatography (hexane → 
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hexane/EtOAc 95:5) gave the desired compound 12i (167 mg, 92%) as a mixture of 

diastereomers, as a yellow oil; 1H NMR (400 MHz, CDCl3)  8.22–8.17 (m, 4H, Ph), 7.96–

7.93 (m, 4H, Ph), 7.56–7.47 (m, 8H, Ph), 7.45–7.40 (m, 4H, Ph), 4.38 (ddd, J = 10.8, 6.4, 

2.4 Hz, 2H, H-2’), 4.06 (dd, J = 18, 11.2 Hz, 1H, H-3’), 3.93 (dd, J = 18, 10.8 Hz, 1H, H-3’), 

3.41 (dd, J = 18, 2.8 Hz, 1H, H-3’), 3.31 (dd, J = 18, 2.8 Hz, 1H, H-3’), 2.04 (ddd, J = 12.4, 

9.2, 4 Hz, 2H, CH2), 1.83–1.62 (m, 5H, CH2), 1.58–1.22 (m, 12H, CH2), 1.18–0.95 (m, 5H, 

CH2), 0.89 (s, 3H, Me), 0.84 (s, 3H, Me), 0.78 (s, 3H, Me), 0.75 (s, 3H, Me), 0.74 (s, 3H, 

Me), 0.63 (s, 3H, Me); 13C NMR (101 MHz, CDCl3)  204.1, (C=O), 203.8 (C=O), 199.3 

(C=O), 139.5 (Cipso), 139.4 (Cipso), 136.7(Cipso), 136.6 (Cipso), 133.2 (Ph), 133.1 (Ph), 132.6 

(Ph), 132.5 (Ph), 128.9 (Ph), 128.8 (Ph), 128.7 (Ph), 128.6 (Ph), 128.5 (Ph), 128.4 (Ph), 

128.2 (Ph), 128.1 (Ph), 52.7(C), 52.3 (C), 51.0 (C), 50.8 (C), 49.8 (C), 44.2 (CH2), 43.7 

(CH2), 42.2 (C-2’), 41.8 (C-2’), 40.5 (C-3’), 40.2 (C), 40.1 (C), 39.7 (C-3’), 36.8 (CH2), 36.0 

(CH2), 33.9 (CH2), 33.7 (CH2), 30.8 (CH2), 29.9 (CH2), 29.1 (CH2), 22.4 (Me), 22.3 (Me), 

19.7 (Me), 19.4 (Me), 11.7 (Me), 11.6 (Me). HRMS (ESI) m/z: [M+H]+ calcd for 

[C29H35O2]+ 415.2632, found 415.2638.  

Methyl 3-((3aS,4R,7aS)-3a,7a-dimethyloctahydro-1H-1,4-methanoinden-1-yl) 

propanoate (13a) 

To a solution of hydrazone 7a (194 mg, 0.561 mmol) and 

Fe(acac)3 (396 mg, 1.12 mmol) in THF (7 mL) with t-BuOH (532 

L, 5.61 mmol), methyl acrylate (483 mg, 5.61 mmol) and 

PhSiH3 (152 mg, 1.40 mmol) were added and stirred at 60 oC in 

an oil bath for 24 h. Purification by chromatography (hexane → hexane/EtOAc 97.2:2.5) 

gave the desired compound 13a (129 mg, 95%) as a yellowish oil; 1H NMR (400 MHz, 

CDCl3)  3.68 (s, 3H, OMe), 2.31 (t, J = 8 Hz, 2H, CH2CO), 1.80–1.77 (m, 1H, CH), 1.70–

1.61 (m, 2H, CH2), 1.53–1.46 (m, 1H, CH2), 1.41–1.30 (m, 6H, CH2), 1.27–1.22 (m, 2H, 

CH2), 1.15–1.11 (m, 2H, CH2), 1.06–0.98 (m, 1H, CH2), 0.92 (s, 3H, Me), 0.57 (s, 3H, Me); 

13C NMR (101 MHz, CDCl3)  175.2 (C=O), 51.7 (OMe), 50.3 (C), 49.6 (C), 48.7 (C), 38.9 

(CH), 36.5 (CH2), 34.9 (CH2), 32.7 (CH2), 30.9 (CH2CO), 29.2 (CH2), 26.7 (CH2), 24.9 (CH2), 

18.4 (CH2), 17.7 (Me), 15.5 (Me). HRMS (ESI) m/z: [M+H]+ calcd for [C16H27O2]+ 

251.2006, found 251.2012. 
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Methyl 3-((3aR,4R,7aS)-3a-benzyl-7a-methyloctahydro-1H-1,4-methanoinden-1-

yl)propanoate (13b) 

To a solution of hydrazone 7b (166 mg, 0.393 mmol) and 

Fe(acac)3 (278 mg, 0.786 mmol) in THF (4.9 mL) with t-BuOH 

(373 L, 3.93 mmol), methyl acrylate (80 mg, 3.93 mmol) and 

PhSiH3 (106 mg, 0.983 mmol) were added and stirred at 60 oC 

in an oil bath for 24 h. Purification by chromatography (hexane → hexane/EtOAc 

97.5:2.5) gave the desired compound 13b (112 mg, 88%) as a colorless oil; 1H NMR 

(400 MHz, CDCl3)  7.25–7.14 (m, 5H, Ph), 3.66 (s, 3H, OMe), 3.06 (d, J = 13.6 Hz, 1H) 

and 2.37 (d, J = 13.2 Hz, 1H, CH2Ph), 2.29 (t, J = 8.4 Hz, 2H, CH2CO), 2.01–1.93 m, 1H, 

CH2), 1.74–1.62 (m, 3H, CH2 and 1H, CH), 1.58–1.54 (m, 1H, CH2), 1.49–1.44 (m, 2H, 

CH2), 1.40–1.34 (m, 2H, CH2), 1.26–1.15 (m, 3H, CH2), 1.11–1.06 (m, 1H, CH2), 1.03–

0.96 (m, 1H, CH2), 0.70 (s, 3H, Me); 13C NMR (101 MHz, CDCl3)  174.9 (C=O), 140.4 

(Cipso), 129.9 (Ph), 127.9 (Ph), 125.6 (Ph), 51.6 (OMe), 50.5 (C), 50.4 (C), 49.1 (C), 38.7 

(CH), 36.5 (CH2), 34.8 (CH2), 34.6 (CH2Ph), 32.6 (CH2), 30.8 (CH2CO), 29.5 (CH2), 26.5 

(CH2), 25.6 (CH2), 18.5 (CH2), 17.8 (Me). HRMS (ESI) m/z: [M+H]+ calcd for [C22H31O2]+ 

327.2319, found 327.2321. 

Methyl 3-((3aS,4R,7aS)-7a-methyl-3a-propyloctahydro-1H-1,4-methanoinden-1-

yl)propanoate (13c) 

To a solution of hydrazone 7c (181 mg, 0.485 mmol) and 

Fe(acac)3 (343 mg, 0.970 mmol) in THF (6 mL) with t-BuOH 

(460 L, 4.85 mmol), methyl acrylate (417 mg, 4.85 mmol) 

and PhSiH3 (131 mg, 1.213 mmol) were added and stirred at 

60 oC in an oil bath for 24 h. Purification by chromatography (hexane → hexane/EtOAc 

99:1) gave the desired compound 13c (108 mg, 80%) as a colorless oil; 1H NMR (400 

MHz, CDCl3)  3.67 (s, 3H, OMe), 2.31 (t, J = 8 Hz, 2H, CH2CO), 1.80–1.76 (m, 1H, CH), 

1.69–1.57 (m, 3H, CH2), 1.52–1.44 (m, 2H, CH2), 1.40–1.28 (m, 8H, CH2), 1.26–1.20 (m, 

2H, CH2), 1.15–1.10 (m, 2H, CH2), 1.05–0.98 (m, 1H, CH2), 0.92 (t, J = 7.2 Hz, 3H, Me), 

0.56 (s, 3H, Me); 13C NMR (101 MHz, CDCl3)  175.1 (C=O), 51.6 (OMe), 50.2 (C), 49.5 

(C), 48.7 (C), 38.8 (CH), 36.5 (CH2), 35.0 (CH2), 32.7 (CH2), 31.4 (CH2), 31.0 (CH2CO), 29.2 
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(CH2), 26.6 (CH2), 24.9 (CH2), 18.4 (CH2), 17.9 (CH2), 17.6 (Me), 15.5 (Me). HRMS (ESI) 

m/z: [M+H]+ calcd for [C18H31O2]+ 279.2319, found 279.2321. 

Synthesis of adamantyl-substituted heterocycles 14 and 15  

2,5-diphenyl-3-((3aS,4R,7aR)-3a,4,7a-trimethyloctahydro-1H-1,4-methanoinden-1-yl)-

1H-pyrrole (14)325 

A solution of 12i (140 mg, 0.34 mmol, 1 equiv) and ammonium 

acetate (520 mg, 6.75 mmol, 20 equiv) in a mixture of EtOH (8.1 

mL) and CHCl3 (5.4 mL) was stirred at 50 oC for 24 h. 

Concentration and purification by column (hexane → 

hexane/EtOAc 97.5:2.5) gave the desired compound 14 (112 mg, 84%) as a brownish 

oil; 1H NMR (500 MHz, CDCl3)  8.05 (br s, 1H, NH), 7.46 (br s, 4H, Ph), 7.38–7.33 (m, 

5H, Ph), 7.17 (t, J = 7 Hz, 1H, Ph), 6.69 (s, 1H, CH), 2.11 (dd, J = 12.5, 3.5 Hz, 1H, CH2), 

1.77–1.59 (m, 4H, CH2), 1.55–1.38 (m, 3H, CH2), 1.27–1.12 (m, 3H, CH2), 1.02–0.96 (m, 

1H, CH2), 0.86 (s, 3H, Me), 0.80 (s, 3H, Me), 0.69 (s, 3H, Me); 13C NMR (126 MHz, CDCl3) 

 136.4 (Cipso), 134.7 (Cipso), 132.8 (Cipso), 131.6 (Ph), 131.4 (Ph), 130.2 (Cipso), 128.9 (Ph), 

127.8 (Ph), 125.9 (Ph), 124.9 (C-CH), 123.6 (Ph), 106.4 (CH), 58.9 (C), 52.6 (C), 51.4 (C), 

49.8 (CH2), 49.5 (CH2), 40.8 (C), 38.7 (CH2), 34.1 (CH2), 30.3 (CH2), 29.9 (CH2), 22.5 (Me), 

20.4 (CH2), 19.1 (Me), 12.3 (Me). HRMS (ESI) m/z: [M+H]+ calcd for [C29H34N]+ 

396.2686, found 396.2688. 

2,5-Diphenyl-3-((3aS,4R,7aR)-3a,4,7a-trimethyloctahydro-1H-1,4-methanoinden-1-

yl)furan (15)326 

To a stirred solution of 12i (60 mg, 0.144 mmol) in toluene (3 mL, 

0.1 M) was added TsOH (13 mg, 0.072 mmol) at room 

temperature. The mixture was heated to 110 oC and stirred for 8 

h. Purification by column chromatography (hexane → 

hexane/EtOAc 97.5:2.5) gave the desired compound 15 (50 mg, 88%) as a pale yellow 

oil; 1H NMR (400 MHz, CDCl3)  7.71–7.68 (m, 2H, Ph), 7.52–7.50 (m, 2H, Ph), 7.42–7.35 

(m, 5H, Ph), 7.24 (tt, J = 6.8, 1.2 Hz, 1H, Ph), 6.87 (s, 1H, C-3’), 2.09 (dd, J = 12.8, 3.6 Hz, 

1H, CH2), 1.79–1.71 (m, 2H, CH2), 1.64–1.54 (m, 2H, CH2), 1.52–1.45 (m, 2H, CH2), 1.30–

1.20 (m, 3H, CH2), 1.04–0.97 (m, 2H, CH2), 0.90 (s, 3H, Me), 0.82 (s, 3H, Me), 0.72 (s, 
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3H, Me); 13C NMR (101 MHz, CDCl3)  151.8 (C-Ph), 150.9 (C-Ph), 134.1 (Cipso),131.2 

(Ph), 131.1 (Cipso), 128.7 (Ph), 128.5 (Ph), 127.7 (Ph), 127.1 (Ph), 125.5 (C-2’), 123.8 

(Ph), 106.8 (C-3’), 52.8 (C), 49.9 (C), 48.6 (CH2), 40.9 (C), 38.2 (CH2), 33.9 (CH2), 30.3 

(CH2), 29.9 (CH2), 22.4 (Me), 20.3 (CH2), 19.0 (Me), 12.2 (Me). HRMS (ESI) m/z: [M+H]+ 

calcd for [C29H33O]+ 397.2526, found 397.2533. 
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Copies of 1H and 13C NMR spectra 
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