
University of Texas at El Paso
DigitalCommons@UTEP

Open Access Theses & Dissertations

2009-01-01

Microwave Assisted Solid-Supported Organic
Synthesis: A Novel Methodology To Obtain
2,3-Disubstituted-1,4-Naphthoquinones
Israel Garcia-Martinez
University of Texas at El Paso, igm213@gmail.com

Follow this and additional works at: https://digitalcommons.utep.edu/open_etd
Part of the Organic Chemistry Commons

This is brought to you for free and open access by DigitalCommons@UTEP. It has been accepted for inclusion in Open Access Theses & Dissertations
by an authorized administrator of DigitalCommons@UTEP. For more information, please contact lweber@utep.edu.

Recommended Citation
Garcia-Martinez, Israel, "Microwave Assisted Solid-Supported Organic Synthesis: A Novel Methodology To Obtain
2,3-Disubstituted-1,4-Naphthoquinones" (2009). Open Access Theses & Dissertations. 2679.
https://digitalcommons.utep.edu/open_etd/2679

https://digitalcommons.utep.edu/?utm_source=digitalcommons.utep.edu%2Fopen_etd%2F2679&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.utep.edu/open_etd?utm_source=digitalcommons.utep.edu%2Fopen_etd%2F2679&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.utep.edu/open_etd?utm_source=digitalcommons.utep.edu%2Fopen_etd%2F2679&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/138?utm_source=digitalcommons.utep.edu%2Fopen_etd%2F2679&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.utep.edu/open_etd/2679?utm_source=digitalcommons.utep.edu%2Fopen_etd%2F2679&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:lweber@utep.edu


MICROWAVE ASSISTED SOLID-SUPPORTED ORGANIC SYNTHESIS: A 

NOVEL METHODOLOGY TO OBTAIN 2,3-DISUBSTITUTED-1,4-

NAPHTHOQUINONES 

 

 

ISRAEL GARCIA-MARTINEZ 

Department of Chemistry 

 

 

 

 

 

APPROVED: 
 

Carl Dirk, Ph.D., Chair 

Luis E. Martinez, Ph.D. 

Kristine Garza, Ph.D. 

Juan C. Noveron, Ph.D. 

 

 

Patricia D. Witherspoon, Ph.D. 

Dean of the Graduate School 



 

 

 

 

 

 

 

 

 

Copyright © 

 

by 

Israel Garcia-Martinez 

2009 

 

 



Dedication 

 
I dedicate this work to my unconditionally supportive family 

 
 

Humberto Gérges García Serrano and Virginia Martínez Zavala 

Humberto Esteban García Martínez 

Daniel Adrian García Martínez 

 
 

My Grandparents 

Adrian Martínez Rodriguez (RIP) and Maria Zavala Cano  

Humberto García Wagner (RIP) and Patricia Estela Serrano Fernández de Lara 

 

 

  

 

 

 

 

 



MICROWAVE ASSISTED SOLID-SUPPORTED ORGANIC SYNTHESIS: A 

NOVEL DEVELOPMENT OF A METHODOLOGY TO OBTAIN 2,3-

DISUBSTITUTED-1,4-NAPHTHOQUINONES 

 

by 

 

ISRAEL GARCIA-MARTINEZ, BChE 

 

 

 

 DISSERTATION 

 

Presented to the Faculty of the Graduate School of  

The University of Texas at El Paso 

in Partial Fulfillment  

of the Requirements 

for the Degree of  

 

DOCTOR OF PHILOSOPHY  

 

 

 

 

Department of Chemistry 

THE UNIVERSITY OF TEXAS AT EL PASO 

December 2009 



 v 

Acknowledgements 

I want to extend my sincere gratitude to The University of Texas at El Paso. 

Especially to Dr. Luis E. Martinez for his invaluable support and unconditional 
mentorship. Thank you Luis. 

To my committee members for their support: Dr. Carl Dirk, Dr. Kristine ―Tina‖ Garza 

and Dr. Juan Noveron. 

 

This whole experience wouldn’t have been the same without all my colleagues from the 

infamous ―Martinez Lab‖: Qingyi Li, Abril Estrada, Beili Quan, Marissa Carpio, Myrna 

Motta, Melissa Leyva, Danny Zepeda, Ana Aguirre, Nancy Martinez, Miguel Vazquez III, 

Sandeep Kongara, Alejandro Bugarin, Srinivas Agniparti, Luis Bonilla, Jacky Harding, 

Griselda Lopez, Andrew Pardo, Amalia Vazquez April Rodriguez, Sarah Kopecky, 

Shanmugasundaram Muthian, Brenda Mota, Christie Gonzalez, Austin Davies and 

Nelson Sanabria 

Special thanks to all my friends who gave me all possible kinds of support: Quetzal, 

Sergio ―Chikis‖, Andrew, Edgar ―Aish‖, Gris F., Damian, Lupita, Romina, Barbara, 

Eduardo G., Mario A., Myrna, Nohemi, Uriel, Nazario ―Macho‖, Milka, April, Griselda, 

Ana, David, Karina, Valentina, Luis B., Molly, Alejandro B., Roberto A.,  Belinda, Magaly, 

Idaira, Marlowe, Luciana, Nathalie, Angélique, Thibaut, Clément, Cynthia, Ashley, 

Angelica. 

I also want to acknowledge a special group, ―El Comité‖, who were there for me when I 

need them the most: Sergio ―Guru‖, Eduardo ―Lizaso‖, Karina ―Paloma‖. Ivan 

―Diputado‖, Jerry ―Latigo‖, Gera ―Baigonsito‖, Omar ―Mijo‖ Edgar ―Margaro‖, Gina 

―Muñeca‖, Alexis ―Boricua‖, Claudia ―Vaca‖, Jacky ―Perversa‖, Ale ―Abuela‖. 

 

I also want to thank all the families who adopted me during these years: the Echavarri 

Family, the Romer family, the Pardo family, the Chavez family, the Vazquez family, the 

Martinez family. 

 

Gracias a mi gran familia: Humberto, Virginia, Beto, Daniel ―Mino‖, Perla, Victoria, 

Sebastian, Nicole, Diego, María, Adrian†, Adrian, Lourdes, Antonieta, Gerardo, Xaman, 

Gerardo E., Gloria, Ernesto, Lucia, David, Diana, Estela, Humberto†, Hector, Marina, 

Samuel, Hugo, Erika, Ricardo, Citlali, Ricky, Arturo, Susana, Leilani, Brenda, Emiliano, 

Dany, Ulises, Angeles, Zuri, Cuautli, Nayeri, Carmela, Victor, Diego, Alejandra, 

Fernanda. 



 vi 

Abstract 

This research focuses on the combinatorial solid phase organic synthesis 

(SPOS) of different bioactive compounds utilizing transition metal mediated 

reactions via microwave assisted organic synthesis (MAOS).   

A microwave-assisted solid-supported Dötz benzannulation of chromium 

Fischer carbene complexes with various alkynes has been reported. The 

oxidative cleavage of the resulting resin-bound 1,4-naphthols affords 2,3-

disubstituted-1,4-naphthoquinone derivatives in good to moderate yields with 

high purities.1 We demonstrated that solid phase organic synthesis of 

naphthoquinones via conventional heating is limited due to their long reaction 

times and high temperatures. The products decompose leading to low yields and 

purities.2 Microwave assisted synthesis of these naphthoquinones will increase 

the yields, reduce reaction times, temperatures and avoid decomposition of the 

products leading to new probes for chemical biology.  

The previously reported synthesis procedure demands considerable effort 

and care to avoid decomposition of the intermediates.1 Furthermore, 

contemporary synthesis of Fischer carbene complexes is limited by purification 

using column chromatography. A novel ―Catch-Release‖ technique of Fischer 

carbene chromium complex has been accomplished to purify the organometallic 

complex. This technique produces both solid supported and solution phase 



 vii 

Fischer carbene complexes with good to moderate yields and high purities. The 

application of solid supported reagents will eliminate the need for column 

chromatography or liquid-liquid purifications thus provides a new synthetic 

approach to these types of organometallic moieties. The first ―Catch-Release‖ 

synthesis of both solid- and non-supported chromium Fischer carbene complexes 

is presented.  

Finally, ―Click Chemistry‖ offers a versatile strategy for the construction of 

heterocyclic compounds that find wide spread applications in drug discovery 

programme.2 In particular, Huisgen 1,3-dipoar cycloaddition of alkynes with 

azides to give triazole derivatives is a powerful example of this chemistry.3 An 

efficient method for the solid-phase organic synthesis of 1, 2, 3-triazole 

containing 1,4-naphthoquinone derivatives through solid-supported Dötz 

benzannulation and Huisgen 1,3-dipolar cycloaddition reaction, followed by the 

oxidative cleavage of the resulting resin-bound click product is described. 
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Chapter 1 

SYNTHESIS OF 2,3-DISUBSTITUTED-1,4-NAPHTHOQUINONES VIA 

SPOS & MAOS 

1.1. Introduction. 

Synthesis of diverse analogs is a major practice during the development of 

new lead molecules in medicinal chemistry. The proficient application of small 

organic molecule parallel synthesis is one of the main methods to speed drug 

discovery.5 These concepts can be misunderstood in terms of only chemistry or 

biology; hence, it is crucial to talk about a chemical biology field. Chemical 

biology is difficult to encapsulate, nevertheless, Nature states that: ―chemical 

biology is both the use of chemistry to advance a molecular understanding of 

biology and the harnessing of biology to advance chemistry‖. Despite chemist’s 

desires to have their compounds widely used by biologists, and biologist’s to 

utilize chemical tools to enhance their understanding of biological systems, 

obstacles to chemist-biologist collaborations remain to be addressed.6 

  One of the most important chemical branches that help to address these 

barriers is organic chemistry. Organic reactions and reaction sequences for 

parallel synthesis to prepare target molecules should, if possible, be 

straightforward, rapid, efficient and resulting products should also be easily 

purified.6 
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Throughout the most common synthesis techniques there are two 

categories: liquid phase organic synthesis and solid phase organic synthesis. 

Liquid phase organic synthesis (LPOS) is considered classical organic synthesis 

performed in a homogenous environment, Scheme 1.1. 

+substrate
reagent

Desired 
product

Purification

Isolation

Desired 
product

Side
productssolvent

 

Scheme 1.1 - General representation of Liquid Phase Organic Synthesis. 

 

1.1.1 Solid Phase Organic Synthesis (SPOS). 

Solid Phase Organic Synthesis (SPOS) has been utilized as a major effort 

to create new lead compounds in medicinal chemistry. SPOS involves the 

application of solid supported reagents to conventional liquid phase chemistry, or 

synthesized on a solid support. In the latter application a bound intermediate is 

transformed to the synthetic target and then subsequently cleaved off the solid 

support, Scheme 1.2. 7  

substrate

1.- Filtration

2.- Cleavage

Linker FG + Linker substrate

Linker substrate

reagent

Linker Desired
product

Side
products

+ Desired 
product

Scheme 1.2 - General representation of solid phase organic synthesis; FG = Functional Group. 
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Expected reaction rate reductions due to the heterogeneous nature of SPOS are 

usually addressed by the application of microwave irradiation to speed up the 

rate of the reaction.8  

 

1.1.2 Microwave Assisted Organic Synthesis (MAOS). 

In the past few years, using microwave energy to heat and drive chemical 

reactions has become increasingly popular in the medicinal chemistry 

community.9a First described 20 years ago, this non-classical heating method has 

matured from a laboratory curiosity to an established technique that is heavily 

used in academia and industry. One of the many advantages of using rapid 

―microwave flash heating‖ for chemical synthesis is the dramatic reduction in 

reaction times, from days and hours to minutes and seconds.9a Microwaves lie in 

the electromagnetic spectrum between infrared waves and radio waves. They 

operate in a frequency range between 0.3 and 30 GHz. However, for their use in 

laboratory reactions, a frequency of 2.45 GHz is preferred.9b The fundamental 

mechanism of microwave heating involves agitation of polar molecules or ions 

that oscillate under the effect of an oscillating electric or magnetic field. In the 

presence of an oscillating field, particles try to orient themselves or be in phase 

with the field. However, the motion of these particles is restricted by resisting 
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forces (inter-particle interaction and electric resistance). These forces restrict the 

motion of particles therefore generating random motion, which produces heat.  

 

Figure 1.1: Thermal comparison between microwave irradiation vs. oil bath heating.  

Figure 1.1 demonstrates the inverted temperature gradients in microwave 

versus oil bath heating: difference in the temperature profiles after 1 min of 

microwave irradiation (left) and treatment in an oil bath (right). Microwave 

irradiation simultaneously increases the temperature of the whole volume (bulk 

heating) whereas in the oil-heated tube, the reaction mixture in contact with the 

vessel wall is heated first.9c 

One of the most important aspects of microwave energy is the heating 

rate. Microwaves will transfer energy in 10-9 seconds with each cycle of 

electromagnetic energy. The kinetic molecular relaxation from this energy is 

approximately 10-5 seconds. As a result, energy transfers at a faster rate than 

relaxation of the molecules, which results in non-equilibrium conditions and high 
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instantaneous temperatures that affect the kinetics of the system. This leads to 

enhancement in reaction rates and product yields.  

In the Arrhenius reaction rate equation (k=Ae-Ea/RT), the reaction rate 

constant is dependent on two factors: the frequency of collisions between 

molecules that have the correct geometry for a reaction to occur (A) and the 

fraction of those molecules with the minimum energy required to overcome the 

activation energy barrier (e-Ea/RT).9d It is worthwhile to note that microwaves 

neither influence the orientation of collisions nor the activation energy. Activation 

energy remains constant for each particular reaction; however, microwave 

energy affects the temperature parameter in this equation. An increase in 

temperature causes greater movement of molecules which leads to a greater 

number of energetic collisions. This occurs much faster with microwave energy 

due to high instantaneous heating of the substances above the normal bulk 

temperature and is the primary factor for observed rate enhancements. 

Microwave heating is extremely useful in slower reactions where high activation 

energy is required.9e 

Among many highly exploited reactions, synthesis of various microwave-

assisted reactions involving metal catalysts or metal-based reagents often 

facilitates the discovery of novel reaction pathways. The extreme reaction 

conditions attainable by microwave heating sometimes lead to unusual reactivity 

by conventional heating. These conditions are not always reproducible during the 
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synthesis of new chemical entities and for discovering and probing new chemical 

reactivities.9e One type of natural product whose synthesis could be improved by 

the application of these techniques are 1,4-naphthoquinones. 

  

1.1.3 Naphthoquinones. 

The naphthoquinone moiety is present in a vast array of natural products 

(Figure 1.2). Some of these molecules participate in an important number of 

biological processes such as cellular respiration and electron transfer in 

mitochondria and have been shown to possess anti-infective activities such as 

antitumor, antifungal and biocide activity.10 Furthermore, natural product 

naphthoquinones have also shown cytotoxicity attributed to DNA modification.10 

 

 

 

 

 

 

 

       

 

Figure 1.2.- Examples of natural products containing the quinone functionality. 
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Thus naphthoquinones are considered privileged structures. 12 They are 

compounds with a specific structural type, usually rigid heterocyclic systems, 

capable of inducing a wide array of biological activities (Figure 1.3). 

O

O

R1

R2

 

Figure 1.3 - 2,3-disubstituted 1,4-Naphthoquinone Moiety (R1 = R2 = H, aryl, alkyl.)  

 

Potential pathways to synthesize biologically active lead compounds are 

transition metal-mediated reactions. They are extremely appealing for solid-

phase organic synthesis (SPOS) due to their versatility and wide-ranging 

functional group compatibility. Although a wide range of Pd mediated coupling 

reactions and transition metal-catalyzed olefin metathesis reactions have been 

utilized in SPOS, 13 the development of transition metal Fischer carbene 

chemistry remains relatively unexplored. 

 

1.1.4 Metal Fischer Carbene Complex. 

Fischer carbene complexes were named after Ernst Otto Fischer, 14a they 

are typically found to be electron-rich, low oxidation state metal complexes (mid 

to late transition metals) containing pi-acceptor ligands, i.e.: Fe(0), Mo(0), Cr(0), 

W(0)14b&c (Figure 1.4). 
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LnM C

ER

H

R = alkyl, aryl, etc.
E = O, S, N.
M = Fe, Cr, Mo, W.  

Figure 1.4 - General representation of a Fischer carbene complex.15 

 

The most common synthesis for these Fischer carbene complexes is the 

one reported by Wulff, et.al, 16 (Scheme 1.3) consisting of reacting an organo-

lithium molecule to chromium hexacarbonyl followed by alkylation at the oxygen 

with a hard alkylating agent. 

(OC)5M

OLi

R1

Me4N+Br-

(OC)5M

O- +NME4

R1

X

O

R2

(OC)5M

O

R1

O

R2

R3OH

(OC)5M

OR3

R1

M = Cr, W
R1 = alkyl, aryl, vinyl
R2 = Me, tBu
X = Br, Cl
R3 = Me

M(CO)6 + R1Li

 

Scheme 1.3 - Commonly used reaction path to synthesize Fischer carbene complexes. 

Notable among transition metal carbene chemistry is the Dötz 

benzannulation of Fischer carbene complexes with alkynes to form substituted 

phenols.17  
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1.1.5 [3+2+1] Dötz Benzannulation. 

Developed by Karl Heinz Dötz in 1975, 17 the Dötz benzannulation is a 

reaction that utilizes a chromium Fischer carbene complex and an alkyne to 

obtain phenol derivatives. Its use is well documented in the literature 18 and 

reviews consist of the reaction of an α, β-unsaturated or an α-aryl-substituted 

metal (Cr(0), W (0), Mo (0)) carbene with an alkyne in a [3+2+1] cycloaddition 

fashion. 

While the Dötz benzannulation has been extensively applied to synthesize 

a diverse array of natural products, 18 no examples of its application to 

combinatorial library synthesis have yet been reported. The mechanism of this 

[3+2+1] benzannulation is represented in Scheme 1.4 19a 
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Scheme 1.4 – General mechanism for [3+2+1] Dötz Benzannulation. 

 

The Dötz benzannulation reaction gives multiple products depending on 

the polarity and nature of the solvent, if it is heated thermally or by other means 

such as photochemically or microwaves.19b Other factors to take into 

consideration are the reaction temperatures and the concentration of reactants, 

resulting in phenol 12, indene 9, furan 6, and cyclobutanone products.20  

According to the benzannulation mechanism (Scheme 1.4), the rate determining 

step is the initial loss of a carbonyl ligand from the pentacarbonyl carbene 
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complex 1. The generation of an unoccupied coordination site followed by the 

coordination of the alkyne generating complex 3 is the following step.  The 

cycloaddition step and pericyclic ring opening forms a vinylcarbene complex 7. 

Insertion of a CO moiety produces vinylketene 10 which undergoes ring closure 

and subsequent rearrangement produces phenol derivative 12. The path to 

produce indenes occurs when vinylcarbene 7 does not undergo CO insertion and 

instead produces an intramolecular cyclization complex 9. During the alkyne 

coordination, complex 4 can be favored when a carbonyl insertion followed by 

solvent assisted formation of metallocyclopentanone 5 leads to a furan complex 

6.20 

One of the major advantages of solid phase synthesis is that provides pure 

products with a reduction in purification steps, along with the advantage that 

microwave enhanced synthesis decrease reaction times. The first description 

combining the advantages of both MAOS and SPOS was hydrolysis of amino 

acids from Merrifield resins by Wang. 21 The combination of these techniques has 

become extremely popular in the medicinal chemistry field where large libraries 

of clean products are synthesized very rapidly in the pharmaceutical industries. 

Aside from the advantages that each individual technique provides, the 

combination of both creates an additional benefit. Solid support reduces the use 

of reagents for a reaction mimicking high dilution techniques, as there is no need 

for column chromatography to purify final products. 22  
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 The fusion of these synthetic techniques provides an opportunity to 

produce large libraries of diversified compounds that promptly have natural 

product scaffolds. Synthetic chemists can increase the synthesis of natural small 

molecules such as naphthoquinones and benzofuran scaffolds under new 

synthetic methodologies that were not accessible before.  

The use of Fischer carbene compounds to synthesize naphthoquinone 

moieties along with different alkynes via the Dötz benzannulation has been 

extensively applied to synthesize a diverse array of natural products. 18 This 

reaction typically results in the assembly of a mixture of products such as 

naphthols, indenes, furans and cyclobutanone. We reported a successful 

synthesis of naphthol moieties on solid support via the [3+2+1] cycloaddition.1 

The synthesis involves the SPOS of phenyl Fischer carbene complex to further 

react with alkynes to produce the naphthoquinone scaffolds after oxidative 

cleavage. Performing this reaction on solid support, only the six-membered 

naphthol adduct was obtained, supressing all the other byproducts produced 

according to the Dötz benzannulation mechanism. Benzoic acid is the only 

negligible byproduct obtained by the oxidation reaction of unreacted solid 

supported Fischer carbene complex. 

 It is worth to mention that the previously reported synthesis of Fischer 

carbene complexes on solid support produced molecules with low yields. These 

reaction procedures exposed the solid supported Fischer carbene to high 
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temperatures (120-140˚C) and destructive mechanical stirring which leads to 

degradation of the polymer support. Leachable products were found after the 

oxidative cleavage along with the desired molecules. 2  

The major innovation to improve this technique is the solid supported 

synthesis of 2,3-disubstituted-1,4-naphthoquinones via microwave enhanced 

Dötz benzannulation of Fischer carbene complexes.1 We studied five main 

substrates that can be transformed into Fischer carbene complexes: phenyl, 

furan and three anisole molecules. 
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1.2 Results and Discussions. 

 The results from five Fischer carbene complexes (phenyl Fischer carbene, 

o-, m- and p-methoxy phenyl Fischer carbene and furan Fischer carbene) are 

presented in this section. 

During this study, our chemistry was analyzed under two different 

microwave equipments. The equipments showed different results for three 

diverse reactions analyzed. Equipment A gives the best results. According to our 

study, discrepancies between equipments arise from the way the equipments 

were engineered. Equipment A has a tuner device right before the sample 

irradiation site. The microwaves that bounce back from the reaction vessel are 

tuned to make them additive to the waves coming into the sample instead of 

being destructive. Equipment B irradiates the sample in a circular fashion.  

The microwaves do not irradiate the sample directly; instead they are 

bounced around a circular chamber with several windows. Once a wave finds a 

window it comes inside the heating chamber and irradiates the sample.  

The drawback of this arrangement relies on the fact that microwaves can 

find each other inside the heating chamber and become destructive to each 

other. Refer to Appendix A for results. 
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1.2.1 - Results of Reactions Performed Between Resin-bound Phenyl 

Fischer Carbene Complexes with Several Alkynes under Microwave 

Assisted Dötz Benzannulation. 

 

Table 1.1 shows a library of 2,3-disubstituted-1,4-naphthoquinones 16 b-

s,  obtained by reacting phenyl Fischer carbene complex 13 a with alkynes 14 

b-s utilizing MAOS-SPOS techniques.  

Entry Alkyne, 14 
2,3-disubstituted- 

1-4-naphthoquinone, 16 
Yield 

b 

O

O

 

O

O

O

O

 

89 

c 

O

O
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O

O

O
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d O

O

 

O

O

O

O
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e  

O

O  
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f 
O

O

 

O

O

O

O

 
74 

g 
O

O

 

O

O

O

O
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O

O
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hhh 
 

O
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O
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O
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O
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O
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O

O  

62 

m  

O
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O
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57 

o  

O
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55 
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O

O  
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O
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50 
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O
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50 

s HO

 

O

O

OH

 

50 

 

Table 1.1 - MAOS-SPOS reactions with phenyl Fischer carbene complex. 
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The 2,3-disubstituted-1-4-naphthoquinones were synthesized in high to 

moderate yields under SPOS-MAOS techniques (entries 16 b-s, Table 1.1). 

According to these results, alkyl and aryl disubstituted propionates turned out to 

be the best alkynes to react with the solid supported phenyl Fischer carbene 

complex, followed by dialkyl substituted propionates, offering yields ranging from 

67% to 89% (entries 16 b-d, f, g & i, Table 1.1). Synthesis of this substrates 

lead to highly reactive dienophiles to utilize for further diversification. Similar 

high reactivity showed diphenylacetylene, 1,4-diphenylbuta-1,3-diyne, 2-(hex-5-

ynyl)-1,4-naphthoquinone and 2-(pent-4-ynyl)-1,4-naphthoquinone 76%, 68%, 

68% and 67% respectively (entries 16 e, h, hh & hhh Table 1.1). Terminal 

aromatic alkynes followed by monosubstituted alkyl alkynes showed yields 

ranging from 58% to 67% (entries 16 j-m, Table 1.1). Dialkyl alkynes followed 

by alkyl aryl alkyne give yields from 50% to 57%, (16 n-s, Table 1.1). 

 

1.2.2 - Results of Reactions Performed Between Resin-bound o-

Methoxy Phenyl Fischer Carbene Complexes with Several Alkynes 

under Microwave Assisted Dötz Benzannulation. 

 

Table 1.2 shows a library of 2,3-disubstituted-5-methoxy-1,4-

naphthoquinones 19 e, j-m, o-q, t-v,  obtained by reacting o-methoxy-phenyl 
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Fischer carbene complex 17 a with alkynes 14 e, j-m, o-q, t-v, utilizing MAOS-

SPOS methodology. 

Entry Alkyne, 14 
5-methoxy-2,3-disubstituted- 

1-4-naphthoquinone, 19 
Yield % 

j 
 

O

OOCH3  

80 

l  

O

OOCH3  

73 

q 
 

O

OOCH3  

73 

m 
 

O

OOCH3  

72 

p  

O

OOCH3  

70 
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O
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69 
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O

OOCH3  

60 

o  
 

O

OOCH3  

55 

u 

 

O

OOCH3  

48 



 19 

v  

O

OOCH3  

48 

e 
 

O

OOCH3  

43 

 
Table 1.2 - MAOS-SPOS reactions with o-methoxy-phenyl Fischer carbene complex. 

 

The reactivity tendency observed in Table 1.2 for o-methoxy-phenyl 

Fischer carbene complex shows that terminal alkynes were the most reactive 

scaffolds, i.e. phenylacetylene, 80% (entries 19 j-m, p & q, Table 1.2) followed 

by the internal unsymmetrical alkynes such as 2-pentyne, 48% (entries 19 t & u, 

Table 1.2) leaving the symmetrical alkynes as the least reactive, i.e. 

diphenylacetylene, 43% (entries 19 o, v & e, Table 1.2). The reactivity of the o-

methoxy-phenyl Fischer carbene complex hold opposing views compared to the 

reactivity fashion of the phenyl Fischer carbene complex. In the first complex, 

one of the most reactive alkynes was diphenylacetylene, whereas in the o-

methoxy-phenyl complex is the least reactive. 
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1.2.3 - Results of Reactions Performed Between Resin-bound m-

Methoxy Phenyl Fischer Carbene Complexes with Several Alkynes 

under Microwave Assisted Dötz Benzannulation. 

The reactivity of m-methoxy-phenyl complexes is being reported to be 

underprivileged due to electronic effects. 23 The presence of the electron 

donating methoxy group in the meta position related to the carbene, deactivates 

the aromatic ring. Hence, making it non susceptible of performing an efficient 

[3+2+1] cyclization and is not able to successfully compete with the formation of 

the aromatic system. Few reactions are reported for this substrate not only 

because of the low yields obtained but also because most did not proceed to 

completion, leaving behind oxidized unreacted complex as 3-methoxybenzoic 

acid. Results for products obtained with m-methoxy-phenyl Fischer carbene 

complex 17 a are presented in Table 1.3. 

 

Entry Alkyne, 14 
6-methoxy-2,3-disubstituted- 

1-4-naphthoquinone, 19 
Yield % 
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e  
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Table 1.3 - MAOS-SPOS reactions with m-methoxy-phenyl Fischer carbene complex. 
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In general, we obtained low yields and the m-methoxy phenyl Fischer 

complex reacted with 3 out of 11 alkynes. The most reactive alkyne was phenyl 

acetylene yielding 28% (entry 19 j, Table 1.3) followed by 1-phenyl-1-hexyne, 

13% (entry 19 t, Table 1.3). Finally diphenylacetylene gave 8% yield (entry 19 

e, Table 1.3). It is difficult to determine a tendency for this substrate due to the 

underprivileged reactivity presented by the m-methoxy-phenyl Fischer carbene 

complex. 

 

1.2.4 - Results of Reactions Performed Between Resin-bound p-

Methoxy Phenyl Fischer Carbene Complexes with Several Alkynes 

under Microwave Assisted Dötz Benzannulation. 

Results for products obtained with p-methoxy-phenyl Fischer carbene 

complex 17 a are presented in Table 1.4. 

 

Entry Alkyne, 14 
7-methoxy-2,3-disubstituted- 

1-4-naphthoquinone, 19 
Yield % 
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Table 1.4 - MAOS-SPOS reactions with p-methoxy-phenyl Fischer carbene complex. 

 

The p-methoxy-phenyl Fischer carbene complex shows the tendency to 

react in moderate yields with internal symmetrical alkynes, i.e. 4-octyne 52% 

(entry 19 o, Table 1.4), followed by diphenylacetylene 49% (entry 19 e, Table 

1.4). Terminal alkynes are next in the tendency, (entries 19 j & s, 39 and 38%, 

Table 4) Finally, internal alkynes with shorter alkyl chain such as 2-(ethyl-

carboxylate)-3-ethyl-6-methoxy-1,4-naphthoquinone (entry 19 f, 30%, Table 

1.4). The least reactive alkyne was the 1-phenyl-propyne (entry 19 q, 13%).  All 
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unsymmetrical alkynes (entries 19 g, j, s, f, q, Table 1.4) resulted in two 

isomers with 50/50 distribution. 

 

1.2.5 - Results of Reactions Performed Between Resin-bound Furan 

Fischer Carbene Complexes with Several Alkynes under Microwave 

Assisted Dötz Benzannulation. 

Another substrate that was subjected to SPOS-MAOS methodology was the 

furan Fischer carbene complex, Table 1.5. 

 

Entry Alkyne, 14 
5,6-disubstituted- 

4,7-naphthoquinone, 22 
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Table 1.5 - MAOS-SPOS reactions with furan Fischer carbene complex. 

 

The furyl Fischer carbene complex has the tendency to react in high to 

moderate yields. The highest yielding product was the reaction with 

diphenylacetylene 77% (entry 22 e, Table 1.5), followed by aryl and alkyl methyl 
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or ethyl propionates 65-75% (entries 22 b-d, f, g & i, Table 1.5). Internal 

dialkyl unsymmetrical alkynes are next in the trend, (entries 22 n, w-y, 63 and 

60%, Table 1.5). Finally, internal alkyl aryl alkynes such as 1-phenyl-1-butyne 

give 54% yield (entry 22 z, Table 1.5). According to McCaullum, et al., 42 the 

electrocyclic ring opening of the chromacyclobutene intermediate produces the E 

and Z isomers of the vinylcarbene complex intermediate, and from a 

consideration of sterics the ring opening should be favored to the E isomer with 

disubstituted acetylenes where Rs is non-hydrogen to a greater degree than in 

the case of terminal acetylenes where Rs = H due to the anticipated greater 

interactions between and the aryl substituent than with the methoxy group. 

(OC)4Cr

RL RS

OCH3

O

Rs = EtRs = Et
(OC)4Cr

EtRL

OCH3

O

E
Z

(OC)4Cr

EtRL

H3CO O

 

Scheme 1.5 – Sterics leading to the predominant regioisomer for furan carbene Dötz 

benzannulation 

The solid supported of furan Fischer carbene complex shows similar 

benefits than the phenyl or the substituted phenyl carbenes. The main 

distribution of products obtained after oxidative ceric (iv) cleavage is the desired 

5,6-disubstituted-4,7-furanquinone along with furanic acid. The last one 
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produced by oxidation of unreacted furan Fischer carbene complex attached to 

the polymer support. 

 
1.3 Conclusions. 

 According to these results the best solid supported Fischer carbene 

substrates employed to carry out microwave assisted Dötz benzannulation 

reactions are the phenyl Fischer carbenes (yields: 50-89%) followed by the furan 

Fischer carbene (yields: 54-77%). 

 The 2,3-disubstituted-1-4-naphthoquinones were synthesized in high to 

moderate yields. Alkyl and aryl disubstituted propionates turned out to be the 

best alkynes to react with this substrate, followed by dialkyl substituted 

propionates, offering yields ranging from 67-89% and producing highly reactive 

dienophiles. Similar high reactivity showed diphenylacetylene and 1,4-diphenyl-

buta-1,3-diyne, 76% and 68% respectively. Terminal aromatic alkynes followed 

by monosubstituted alkyl alkynes showed yields ranging from 58-67%. Dialkyl 

alkynes followed by aryl alkyl alkynes give yields from 50-57%. 

The reactivity tendency observed for o-methoxy-phenyl Fischer carbene 

complex showed that terminal alkynes were the most reactive scaffolds, i.e.  

phenylacetylene, 80%, followed by the internal unsymmetrical alkynes such as 2-

pentyne, 48%, leaving as a least reactive the symmetrical alkynes, i.e. 

diphenylacetylene, 43%. The reactivity of the o-methoxy-phenyl Fischer carbene 
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complex hold opposing behavior compared to the reactivity fashion of the phenyl 

Fischer carbene complex. In the first complex, one of the most reactive alkynes 

was diphenylacetylene, whereas in the o-methoxy-phenyl complex it is the least 

reactive. 

In general, the yields for the m-methoxy phenyl Fischer complex were low 

and only reacted with 3 out of 11 alkynes. The most reactive alkyne was phenyl 

acetylene yielding 28%, followed by 1-phenyl-1-hexyne, 13%. Finally 

diphenylacetylene gave 8% yield. It is difficult to determine a tendency for this 

substrate due to the underprivileged reactivity presented by this complex. 23  

The p-methoxy-phenyl complex showed the tendency to react in moderate 

yields with internal symmetrical alkynes, i.e. 4-octyne 52%, followed by 

diphenylacetylene 49%. Terminal alkynes are next with yields of 39 and 38%. 

Finally, Internal alkynes with shorter alkyl chain such as 1-ethyl propionate, 

30%. The least reactive alkyne was the 1-phenyl-propyne, 13% yield. All 

unsymmetrical alkynes resulted in two isomers with 50/50 distribution. 

The furan Fischer carbene shows similar behavior as the liquid phase Dötz 

benzannulation. It is more selective with disubstituted alkynes than with terminal 

or unsymmetrical alkynes. The highest yielding product for the furan complex 

was the reaction with diphenylacetylene, 77%, followed by aryl and alkyl methyl 

or ethyl propionates 65-75% leading to similar furan species highly reactive 

dienophile. Internal dialkyl unsymmetrical alkynes are next in the trend, 63 and 
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60% yield. Finally, internal alkyl aryl alkynes such as 1-phenyl-1-butyne give 

54% yield. 

In summary, we have developed a new resin-bound Fischer carbene of 

chromium complexes. The solid-supported Dötz benzannulation reaction followed 

by CAN cleavage allows an efficient synthesis of various 1,4-naphthoquinone 

derivatives in good to moderate yields for five different substrates. 
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1.4 Experimental. 

Due to the pyrophoric condition of the compounds and sensitivity of the 

products all reactions were carefully performed under inert gas atmosphere.  

During inert gas manipulations standard Schlenk line technique was used or a 

vacuum atmosphere dry box model MO-40M.  Solids such as polymer support 

and chromium hexacarbonyl were purged with nitrogen to avoid decomposition. 

Solvents were purchased from EMD Chemicals and dried in a solvent-purification 

system mBRAUN or via distillation methods under nitrogen atmosphere. 

Dichloromethane (DCM) was distilled from calcium hydride, while tetrahydrofuran 

(THF) and diethyl ether were distilled from the sodium ketyl of benzophenone. 

Chromium hexacarbonyl was purchased from Strem Chemicals. The polymers for 

solid supported reactions and scavengers such as the PL-Wang and PL-HCO3 

were purchased from Varian Inc. (former Polymer Laboratories). All other 

chemical reagents were utilized without further purification and were purchased 

from Sigma-Aldrich, Alfa Aesar, VWR and Lancaster Chemical Companies. The 

microwave reactions were performed in a microwave synthesizer Emrys 

Optimizer from Biotage (former Personal Chemistry) and a Discover unit from 

CEM.  The thermal reactions were performed in a solid supported synthesizer 

QUEST 210 by Argonaut Technologies. Infrared (IR) spectroscopy analysis was 

performed in a Bruker Tensor 27 FTIR spectrometer; for solids analysis, Pike ATR 

or KBr pellet and for liquids NaCl plates were utilized. The nuclear magnetic 
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resonance (NMR) analysis was recorded on a Bruker AM-300 (300MHz). The 

chemical shifts in 1H NMR spectra are reported in δ in units of parts per million 

(ppm) with respect to chloroform-d, multiplicities are stated as follows: s 

(singlet), d (doublet), t (triplet), m (multiplet) and the integration value n (# of 

protons) are given by the value nH. 
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1.4.1 - Synthesis of Resin-bound Fischer Carbene Complexes and 

Microwave Assisted Dötz Benzannulation. 

Scheme 1.6 - Synthesis of solid supported Fischer carbene complex and microwave assisted [3+2+1] 

Dötz benzannulation. 

 

1.4.1.1 - Synthesis of Tetramethylammonium salt of (phenyl-

methylene-carbene) pentacarbonyl chromium(0), 13. 

Modifying the method originally developed by Connor and co-workers, 24 

the synthesis of polymer-supported Fischer carbene complex 13 a was obtained 

in four steps (Scheme 1.6). Starting from commercially available chromium 

hexacarbonyl and phenyllithium followed by O-acylation of 

[tetramethylammonium][(2-phenyl)oxidocarbene]pentacarbonyl chromium(0) 13 
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+
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O
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with acetyl chloride. Finally support the carbene on PL-Wang resin (Polymer 

Laboratories, 1% crosslinked, loading capacity of 1.7 mmol/g) to produce resin-

bound Fischer carbene complex 13 a in 95% loading as determined by elemental 

analysis.  

Chromium hexacarbonyl (3.00 g, 13.6 mmol) and dry THF (20.0 mL) were 

placed in a 100 mL two-necked round bottom flask under N2 atmosphere. The 

flask was cooled to 0 ˚C and a solution of phenyllithium (20.5 mmol, 1.9 M in 

cyclohexane-ether, 10.8 mL) was slowly added over a period of 20 min and 

allowed to stir for 2 h. The solvent was removed under vacuum and the resulting 

orange red residue was added to a solution of tetramethyl ammonium bromide 

(4.19 g, 27.2 mmol) in 20.0 mL of oxygen-free water. The reaction mixture was 

allowed to stir at 0 ˚C for 2 h. The product was extracted with dry CH2Cl2 (2 x 50 

mL) and the combined organic extracts were dried over anhydrous magnesium 

sulfate. The solvent was concentrated under vacuum to afford 4.64 g (92%) of 

crude 13 as a red solid. 

 

1.4.1.2 - O-linked pentacarbonyl (phenyl-methylene-carbene) 

chromium(0) on PL-Wang beads, 13 a. 

To a stirred solution of crude red solid 13 (4.64 g, 12.5 mmol) in 10.0 mL of 

CH2Cl2 at 0 ˚C, acetyl chloride (1.27 g, 16.3 mmol) was added. After stirring at 0 

˚C for 1 h, the reaction mixture was allowed to warm to room temperature. The 
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solvent and the unreacted acetyl chloride were removed under reduced pressure. 

The bright red solid was diluted with 20.0 mL of CH2Cl2 and this solution was 

transferred via cannula to a 50.0 mL fritted funnel (solid-phase peptide 

synthesizer) containing PL-Wang resin (1.47 g, 2.5 mmol–1.7 mmol/g specified 

by manufacturer). The reaction mixture was shaken on a wrist shaker at room 

temperature for 3 h, after which the mixture was filtered and the resin was 

washed sequentially with CH2Cl2 (2 x 50 mL), THF (1 x 25 mL), CH2Cl2 (1 x 25 

mL) and dried under vacuum to constant weight to give 2.17 g resin-bound 

complex 13 a. Bright red complex supported in polymer beads FT-IR (KBr) 2061 

and 1944 cm-1 (Elemental analysis: Cr, 5.67% 95% loading @ 1.7 mmol/g.) 

 

1.4.1.3 - Microwave assisted Dötz benzannulation reaction on solid 

support, 15. 

 To a microwave process vial (10.0 mL), resin 13a (100 mg, 0.115 mmol) 

was added and the vial was sealed with an aluminum/Teflon crimp top. Then, a 

solution of alkyne 14 (0.575 mmol) in dry CH2Cl2 (2.0 mL) was added under 

nitrogen atmosphere. The reaction mixture was subjected to microwave 

irradiation (Biotage EmrysTM Optimizer—300 W maximum power) at 85˚C for 20 

min. The reaction mixture was filtered and the resin was washed sequentially 

with CH2Cl2 (2 x 50 mL), THF (1 x 25 mL), CH2Cl2 (1 x 25 mL) and dried under 

vacuum for 1 h to afford resin-bound naphthols 15 b–s. 
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1.4.1.4 - General procedure for cleavage of 15 employing ceric (IV) 

ammonium nitrate (CAN). 

Resin-bound naphthols 15 b–s (0.115 mmol) were suspended in a mixture 

of 3.0 mL of CH2Cl2 and ceric ammonium nitrate (0.315 g, 0.575 mmol) in 1.0 mL 

of water. The resulting suspension was stirred for 12 h and then filtered through 

a fritted glass funnel. The resin was washed with water (5.0 mL) and CH2Cl2 (5.0 

mL). The resulting clear solution was washed with 10% NaOH (2 x 5 mL) and 

water (10.0 mL). The organic layer was dried over MgSO4 and filtered. The 

solvent was removed under vacuum to afford pure 2,3-Disubstituted-1,4-

naphthoquinones 16 b–s. 

Figure 1.5 - 2-(methyl-carboxylate)-3-phenyl-1,4-naphthoquinone, 16 b. 

 
O

O

O

O

 

Yellow solid; 1H NMR (300 MHz, CDCl3): 7.80-7.70 (m, 2H); 7.70-7.60 (m, 2H); 

7.40-7.28 (m, 5H); 3.78 (s, 3H). 
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Figure 1.6 - 2-(ethyl-carboxylate)-3-phenyl-1,4-naphthoquinone, 16 c. 

O

O

O

O

 

Yellow solid; 1H NMR (300 MHz, CDCl3): 7.80-7.70 (m, 2H); 7.70-7.60 (m, 2H); 

7.40-7.28 (m, 5H); 4.22(q, 2H); 1.32-1.30 (t, 3H). 

 

Figure 1.7 - 2-(methyl-carboxylate)-3-hexyl-1,4-naphthoquinone, 16 d. 

O

O

O

O

 

Yellow solid; 1H NMR (300 MHz, CDCl3): 7.80-7.70 (m, 2H); 7.70-7.60 (m, 2H); 

3.78(s, 3H); 2.10-1.98 (t, 2H); 1.50-1.30 (m, 8H); 1.0-0.96 (t, 3H). 

 

Figure 1.8 - 2,3-diphenyl-1,4-naphthoquinone, 16 e. 

O

O
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Yellow solid; 1H NMR (300 MHz, CDCl3): 8.22-8.18 (q, 2H); 7.82-7.68 (q, 2H); 

7.40-7.36 (m, 8H); 7.28-7.32 (t, 2H). 

 

Figure 1.9 - 2-(ethyl-carboxylate)-3-ethyl-1,4-naphthoquinone, 16 f. 

O

O

O

O

 

Yellow oil; 1H NMR (300 MHz, CDCl3): 8.22-8.18 (q, 2H); 7.82-7.68 (q, 2H); 

4.22(q, 2H); 2.10-1.98 (q, 2H); 1.32-1.30 (t, 3H); 1.0-0.96 (t, 3H). 

 

Figure 1.10 - 2-(methyl-carboxylate)-3-butyl-1,4-naphthoquinone, 16 g. 

O

O

O

O

 

Yellow solid; 1H NMR (300 MHz, CDCl3): 8.22-8.18 (q, 2H); 7.82-7.68 (q, 2H); 

3.78(s, 3H); 2.10-1.9 (t, 2H); 1.35-1.25 (m, 4H); 1.0-0.96 (t, 3H). 
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Figure 1.11 - 2-phenyl-3-(phenylethynyl)-1,4-naphthoquinone, 16 h. 

O

O

 

Yellow solid; 1H NMR (300 MHz, CDCl3): 8.22-8.18 (q, 2H); 7.82-7.68 (q, 2H); 

7.46-7.40 (m, 5H); 7.38-7.30 (m, 5H). 

 

Figure 1.12 - 2-(hex-5-ynyl)-1,4-naphthoquinone, 16 hh. 

O

O  

Yellow solid; 1H NMR (300 MHz, CDCl3): 8.22-8.18 (q, 2H); 7.82-7.68 (q, 2H); 

7.56 (s, 1H); 2.04-1.98 (t, 2H); 1.95-1.93 (t, 2H); 1.82 (s, 1H); 1.46-1.43 (t, 2H) 

1.36-1.32 (m, 2H). 
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Figure 1.13 - 2-(pent-4-ynyl)-1,4-naphthoquinone, 16 hhh. 

O

O  

Yellow solid; 1H NMR (300 MHz, CDCl3): 8.22-8.18 (q, 2H); 7.82-7.68 (q, 2H); 

7.56 (s, 1H); 2.04-1.98 (t, 2H); 1.95-1.93 (t, 2H); 1.82 (s, 1H); 1.54-1.48 (m, 

2H). 

Figure 1.14 - 2-(methyl-carboxylate)-3-pentyl-1,4-naphthoquinone, 16 i. 

O

O

O

O

 

Yellow solid; 1H NMR (300 MHz, CDCl3): 8.22-8.18 (q, 2H); 7.82-7.68 (q, 2H); 

3.78(s, 3H); 2.10-1.9 (t, 2H); 1.45-1.35 (m, 6H); 1.0-0.96 (t, 3H). 

 

Figure 1.15 - 2-phenyl-1,4-naphthoquinone, 16 j. 

O

O

H
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Yellow solid; 1H NMR (300 MHz, CDCl3): 8.22-8.18 (q, 2H); 7.82-7.68 (q, 2H); 

7.56 (s, 1H); 7.38-7.30 (m, 5H). 

 

Figure 1.16 - 2-heptyl-1,4-naphthoquinone, 16 k. 

O

O

H

 

Yellow solid; 1H NMR (300 MHz, CDCl3): 8.22-8.18 (q, 2H); 7.82-7.68 (q, 2H); 

7.56 (s, 1H); 2.00-1.93 (t, 2H); 1.36-1.24 (m, 10H); 1.0-0.96 (t, 3H). 

 

Figure 1.17 - 2-Hexyl-1,4-naphthoquinone, 16 l. 

O

O

H

 

Yellow solid; 1H NMR (300 MHz, CDCl3): 8.22-8.18 (q, 2H); 7.82-7.68 (q, 2H); 

7.56 (s, 1H); 2.10-1.98 (t, 2H); 1.50-1.30 (m, 8H); 1.0-0.96 (t, 3H). 

 



 41 

Figure 1.18 - 2-pentyl-1,4-naphthoquinone, 16 m. 

O

O

H

 

Yellow oil; 1H NMR (300 MHz, CDCl3): 8.22-8.18 (q, 2H); 7.82-7.68 (q, 2H); 7.56 

(s, 1H); 2.10-1.9 (t, 2H); 1.45-1.35 (m, 6H); 1.0-0.96 (t, 3H). 

 

Figure 1.19 - 2-ethyl-3-propyl-1,4-naphthoquinone, 16 n. 

O

O  

Yellow oil; 1H NMR (300 MHz, CDCl3): 8.22-8.18 (q, 2H); 7.82-7.68 (q, 2H); 2.10-

2.04 (t, 2H); 1.98-1.94 (t, 2H); 1.42-1.36(m, 2H); 1.06-1.00 (t, 3H); 0.98-0.95 

(t, 3H). 

 

Figure 1.20 - 2,3-dipropyl-1,4-naphthoquinone, 16 o. 

O

O  
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Yellow oil; 1H NMR (300 MHz, CDCl3): 8.22-8.18 (q, 2H); 7.82-7.68 (q, 2H); 1.98-

1.94 (t, 4H); 1.42-1.36(m, 4H); 0.98-0.95 (t, 6H). 

 

Figure 1.21 - 2-propyl-1,4-naphthoquinone, 16 p. 

O

O

H

 

Yellow oil; 1H NMR (300 MHz, CDCl3): 8.22-8.18 (q, 2H); 7.82-7.68 (q, 2H); 7.45 

(s, 1H); 2.10-1.9 (t, 2H); 1.50-1.35(m, 2H); 1.0-0.96 (t, 3H). 

 

Figure 1.22 - 2-methyl-3-phenyl-1,4-naphthoquinone, 16 q. 

O

O

 

Yellow solid; 1H NMR (300 MHz, CDCl3): 8.22-8.18 (q, 2H); 7.82-7.68 (q, 2H); 

7.38-7.30 (m, 5H); 1.95 (s, 3H). 
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Figure 1.23 - 2-methyl-3-pentyl-1,4-naphthoquinone, 16 r. 

O

O  

Yellow solid; 1H NMR (300 MHz, CDCl3): 8.22-8.18 (q, 2H); 7.82-7.68 (q, 2H); 

2.04-1.98 (t, 2H); 1.95 (s, 3H); 1.34-1.30 (m, 6H); 0.98-0.95 (t, 3H). 

 

Figure 1.24 - 2-(3-hydroxypropyl)-1,4-naphthoquinone, 16 s. 

O

O

OH

 

Yellow oil; 1H NMR (300 MHz, CDCl3): 8.22-8.18 (q, 2H); 7.82-7.68 (q, 2H); 7.45 

(s, 1H); 3.54-3.48 (t, 2H); 2.04-1.98 (t, 2H); 1.54-1.50 (m, 2H). 
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1.4.2 Synthesis of Resin-bound o-, m-, p-methoxy-phenyl Fischer 

Carbene Complexes and Microwave Assisted Dötz Benzannulation. 

2. Cr(CO)6  THF, 0 ºC, 2 h

3. Me4NBr,water, 0 ºC, 2 h
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OMe4N

_
+
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Scheme 1.7 - Synthesis of solid supported o-, m- or p-bromo methoxy-aryl Fischer carbene complex and 

microwave assisted [3+2+1] Dötz benzannulation. 

 

1.4.2.1 - Synthesis of tetramethylammonium salt of (o-, m- or p-

methoxy-aryl, methylene carbene] pentacarbonyl chromium(0), 17. 

In a 50 mL round bottom flask equipped with stir bar, and septum wired 

down with 10mL of dry THF and 3mL of o-, m- or p-bromo anisole (2.41x10-2 

mol; 1eq). The temperature of the solution is lowered to -40°C (slush bath) 

immediately followed by the addition of 28mL of tert-butyl lithium (4.82x10-2 

mol; 2 eq.). Color changes from colorless to pale yellow. Stir for 45 minutes 

allowing the solution to warm up from -40°C (slush bath) to 0°C. 
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2.65gr (1.2x10-2 mol, 1eq) of chromium hexacarbonyl is weighed on a round 

bottom flask equipped with stir bar, air free adaptor, and septum inside of the 

dry box. Under N2, the prepared lithiated o-, m- or p- methoxy aryl Fischer 

carbene (2.41x10-2 mol, 2eq) was transferred via cannula at 0°C (ice bath). The 

solution turned immediately from yellow to brown. After 2 hours, the resulting 

solution was a dark brown, and the chromium hexacarbonyl crystals had 

disappeared. The solvent was removed under reduced pressure on a vacuum 

line. The resulting brown slurry was dissolved in 15mL of nitrogen-saturated 

water (O2 free), with 3.7 g (2.41x10-2 mol, 2 eq) of tetramethylammonium 

bromide at 0°C. After 60 minutes, the organic layer was later extracted with 

3x20mL of dry DCM. The combined organic extracts were promptly dried over 

MgSO4, filtered, and the solvent was carefully removed under reduced pressure 

to yield a dark orange solid 17 (4.8g, 99%). 

 

1.4.2.2 - O-linked pentacarbonyl (o-, m- & p-methoxy-aryl, methylene 

carbene) chromium(0) on PL-Wang beads, 17 a. 

Add to a stirred solution of crude red solid 17 (4.8 g, 12 mmol) in 10.0 mL 

of CH2Cl2 at 0˚C, 1.7mL of acetyl chloride (2.4x10-2 mol, 2eq). After stirring at 

0˚C for 1 h, the reaction mixture was allowed to warm to room temperature. 

After 1 h, the solution’s color turned from orange to dark red. The appearance of 

the dark red color is characteristic of the formation of the acetylated carbene 
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complex. The solvent and the unreacted acetyl chloride were removed under 

reduced pressure, washed with dry DCM to remove the traces of acetyl chloride. 

1.42g of PL-Wang resin (2.4 mmol; 1.7 mmol/g bead, loading) was pre-swollen 

with 10mL of dry DCM for 20min. It is noted that o-, m- or p-methoxy-aryl 

acetoxy Fischer carbene complex are more sensitive than the phenyl Fisher 

carbene complex. Handling should be noted to maintain under N2 and at low 

temperatures to avoid decomposition. The bright red solid was diluted with 20.0 

mL of CH2Cl2 and this solution was transferred via cannula to a 50.0 mL fritted 

funnel (solid-phase peptide synthesizer) containing polystyrene PL-Wang resin 

(1.47 g, 2.5 mmol–1.7 mmol/g specified by manufacturer). The reaction mixture 

was shaken on a wrist shaker at room temperature for 3 h, after which the 

mixture was filtered and the resin was washed sequentially with CH2Cl2 (2 x 50 

mL), THF (1 x 25 mL), CH2Cl2 (1 x 25 mL) and dried under vacuum to constant 

weight to give 2.2 g resin-bound complex 17 a as a red solid. 

The microwave assisted Dötz benzannulation and the oxidative cleavage 

procedures are the same as reported previously for the phenyl Fischer carbene 

complex. Refer to sections 1.4.1.3 and 1.4.1.4 for details to perform microwave 

assisted Dötz benzannulation and oxidative cleavage respectively to obtain 2,3-

disubstituted-(5-, 6- or 7-methoxy)-1,4-naphthoquinones 19 e-g, j-m, o-q, s-v. 

 

Figure 1.25 - 3-phenyl-5-methoxy-1,4-naphthoquinone, 19 j. 
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O

OOCH3

H

 

Yellow solid; 1H NMR (300 MHz, CDCl3): 8.1 (s, 1H); 7.70-7.65 (t, 1H); 7.41-7.28 

(m, 5H); 7.28-7.20 (d, 1H); 7.18-7.10 (d, 1H); 3.9(s, 3H). 

 

Figure 1.26 - 3-hexyl-5-methoxy-1,4-naphthoquinone, 19 l. 

O

O

H

OCH3  

Yellow oil; 1H NMR (300 MHz, CDCl3): 7.70-7.65 (t, 1H); 7.5 (s, 1H); 7.28-7.20 

(d, 1H); 7.18-7.10 (d, 1H); 3.9 (s, 3H); 2.10-1.98 (t, 2H); 1.50-1.30(m, 8H); 1.0-

0.96 (t, 3H). 
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Figure 1.27 - 2-methyl-3-phenyl-5-methoxy-1,4-naphthoquinone, 19 q. 

O

OOCH3

 

Yellow oil; 1H NMR (300 MHz, CDCl3): 7.68-7.60(t, 1H); 7.42-7.26 (m, 5H); 7.27-

7.23(d, 1H); 7.22-7.18 (d, 1H); 3.9 (s, 3H); 1.95 (s, 3H). Lit. reference 18: 
1H 

NMR (CDCl3) δ 2.06 (s, 3H); 4.03 (s, 3H); 7.20 (d, 2H); 7.29 (d, 1H); 7.4-7.45 

(M, 3H); 7.66 (t, 1H); 7.73 (d, 1H). 

 

Figure 1.28 - 3-propyl-5-methoxy-1,4-naphthoquinone, 19 p. 

O

O

H

OCH3  

Yellow oil; 1H NMR (300 MHz, CDCl3): 7.60-7.55 (t, 1H); 7.45 (s, 1H); 7.28-7.20 

(d, 1H); 7.18-7.10 (d, 1H); 3.9 (s, 3H); 2.10-1.9 (t, 2H); 1.50-1.35(m, 2H); 1.0-

0.96 (t, 3H). 
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Figure 1.29 - 3-pentyl-5-methoxy-1,4-naphthoquinone, 19 m.  

O

O

H

OCH3  

Yellow oil; 1H NMR (300 MHz, CDCl3): 7.70-7.65 (t, 1H); 7.5 (s, 1H); 7.28-7.20 

(d, 1H); 7.18-7.10 (d, 1H); 3.9 (s, 3H); 2.10-1.9 (t, 2H); 1.45-1.35(m, 6H); 1.0-

0.96 (t, 3H). 

 

Figure 1.30 - 3-heptyl-5-methoxy-1,4-naphthoquinone, 19 k. 

O

O

H

OCH3  

Yellow solid; 1H NMR (300 MHz, CDCl3): 7.70-7.65 (t, 1H); 7.5 (s, 1H); 7.28-7.20 

(d, 1H); 7.18-7.10 (d, 1H); 3.9 (s, 3H); 2.00-1.93 (t, 2H); 1.36-1.24(m, 10H); 

1.0-0.96 (t, 3H). 
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Figure 1.31 - 2-butyl-3-phenyl-5-methoxy-1,4-naphthoquinone, 19 t.  

O

OOCH3

 

Yellow solid; 1H NMR (300 MHz, CDCl3): 7.68-7.60(t, 1H); 7.42-7.26 (m, 5H); 

7.27-7.23(d, 1H); 7.22-7.18 (d, 1H); 3.9 (s, 3H); 2.00-1.93 (t, 2H); 1.50-1.40(m, 

4H); 1.0-0.96 (t, 3H). 

 

Figure 1.32 - 2,3-dipropyl-5-methoxy-1,4-naphthoquinone, 19 o. 

O

OOCH3  

Yellow solid; 1H NMR (300 MHz, CDCl3): 7.60-7.55 (t, 1H); 7.28-7.20 (d, 1H); 

7.18-7.10 (d, 1H); 3.9 (s, 3H); 2.10-1.9 (t, 4H); 1.50-1.35(m, 4H); 1.0-0.96 (t, 

6H). 
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Figure 1.33 - 2-methyl-3-ethyl-5-methoxy-1,4-naphthoquinone, 19 u. 

O

OOCH3  

Yellow solid; 1H NMR (300 MHz, CDCl3): 7.60-7.55 (t, 1H); 7.18-7.10 (d, 1H); 

7.28-7.20 (d, 1H); 3.9 (s, 3H); 2.10-1.9 (q, 2H); 1.97(s, 3H); 1.0-0.96 (t, 3H). 

 

Figure 1.34 - 2,3-diethyl-5-methoxy-1,4-naphthoquinone, 19 v. 

O

OOCH3  

Yellow solid; 1H NMR(300 MHz, CDCl3): 7.60-7.55 (t, 1H); 7.18-7.10 (d, 1H); 

7.28-7.20 (d, 1H); 3.9 (s, 3H); 2.10-1.9 (q, 2H); 1.0-0.96 (t, 3H). 

 

Figure 1.35 - 2,3-diphenyl-5-methoxy-1,4-naphthoquinone, 19 e.  

O

OOCH3
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Yellow solid; 1H NMR (300 MHz, CDCl3): 7.60-7.55 (t, 1H); 7.46-7.33 (m, 10H); 

7.28-7.20 (d, 1H); 7.18-7.10 (d, 1H); 3.9 (s, 3H). 

 

Figure 1.36 - 3-phenyl-6-methoxy-1,4-naphthoquinone, 19 j. 

O

O

H

H3CO

 

Yellow solid; 1H NMR (300 MHz, CDCl3): 8.10 (s, 1H); 7.92-7.88 (d, 1H); 7.54 (s, 

1H); 7.41-7.28 (m, 5H); 7.25-7.20 (d, 1H); 3.84 (s, 3H). 

 

Figure 1.37 - 2-butyl-3-phenyl-6-methoxy-1,4-naphthoquinone, 19 t.  

O

O

H3CO

 

Yellow solid; 1H NMR (300 MHz, CDCl3): 7.92-7.88 (d, 1H); 7.54 (s, 1H); 7.41-

7.28 (m, 5H); 7.25-7.20 (d, 1H); 3.84 (s, 3H); 2.00-1.93 (t, 2H); 1.38-1.30(m, 

4H); 1.0-0.96 (t, 3H). 
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Figure 1.38 - 2,3-diphenyl-6-Methoxy-1,4-Naphthoquinone, 19 e.  

O

O

H3CO

 

Yellow solid; 1H NMR (300 MHz, CDCl3): 7.92-7.88 (d, 1H); 7.54 (s, 1H); 7.46-

7.42 (d, 8H); 7.32-7.28 (t, 2H); 7.25-7.20 (d, 1H); 3.84 (s, 3H). 

 

Figure 1.39 - 2,3-dipropyl-6-methoxy-1,4-naphthoquinone, 19 o. 

O

O

H3CO

 

Yellow solid; 1H NMR (300 MHz, CDCl3): 7.92-7.88 (d, 1H); 7.54 (s, 1H); 7.25-

7.20 (d, 1H); 3.9 (s, 3H); 2.10-1.9 (t, 4H); 1.50-1.35(m, 4H); 1.0-0.96 (t, 6H). 

 

Figure 1.40 - 2-(methyl-carboxylate)-3-butyl 6 & 7-methoxy-1,4-

naphthoquinone, 19 g. 

O

O

O

O

H3CO

O

O

O

O

H3CO
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Yellow solid; 1H NMR (300 MHz, CDCl3): 7.92-7.88 (d, 2H); 7.54 (s, 2H); 7.25-

7.20 (d, 2H); 3.78(s, 6H); 2.10-1.9 (t, 4H); 1.35-1.25 (m, 8H); 1.0-0.96 (t, 6H). 

 

Figure 1.41 - 2-phenyl-6 & 7-methoxy-1,4-naphthoquinone, 19 j. 

O

O

H3CO

O

O

H3CO

 

Yellow solid; 1H NMR (300 MHz, CDCl3): 8.10 (s, 2H); 7.92-7.88 (d, 2H); 7.54 (s, 

2H); 7.41-7.28 (m, 10H); 7.25-7.20 (d, 2H); 3.84 (s, 6H). 

 

Figure 1.42 - 2-(3-hydroxypropyl)-6 & 7-methoxy-1,4-naphthoquinone, 19 s. 

O

O

OH

H3CO

O

O

OH

H3CO

 

Yellow oil; 1H NMR (300 MHz, CDCl3): 7.92-7.88 (d, 2H); 7.54 (s, 2H); 7.25-7.20 

(d, 2H); 7.45 (s, 2H); 3.84 (s, 6H); 3.54-3.48 (t, 4H); 2.04-1.98 (t, 4H); 1.54-

1.50 (m, 4H). 
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Figure 1.43 - 2-(ethyl-carboxylate)-3-ethyl-6 & 7-methoxy-1,4-naphthoquinone, 

19 f. 

O

O

O

O

H3CO

O

O

O

O

H3CO

 

Yellow oil; 1H NMR (300 MHz, CDCl3): 7.92-7.88 (d, 2H); 7.54 (s, 2H); 7.25-7.20 

(d, 2H); 4.22(q, 4H); 3.84 (s, 6H); 2.10-1.98 (q, 4H); 1.32-1.30 (t, 6H); 1.0-0.96 

(t, 6H). 

 

Figure 1.44 - 2-methyl-3-phenyl-6 & 7-methoxy-1,4-naphthoquinone, 19 q. 

O

O

H3CO

O

O

H3CO

 

Yellow oil; 1H NMR (300 MHz, CDCl3): 7.92-7.88 (d, 2H); 7.54 (s, 2H); 7.42-7.26 

(m, 10H); 7.25-7.20 (d, 2H); 3.84 (s, 6H); 1.95 (s, 6H). 
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1.4.3 - Synthesis of Resin-bound furan Fischer Carbene Complexes and 

Microwave Assisted Dötz Benzannulation. 

2. Cr(CO)6  THF, 0 ºC, 2 h

3. Me4NBr,water, 0 ºC, 2 h

Cr(CO)5

OMe4N

_
+

1. CH3COCl, DCM, 0 ºC, 1 h

2. PL-Wang resin, DCM, rt,3 h

Cr(CO)5

O

= O

+

R1

R2

CH2Cl2, MW

85  oC, 20 min

O

OH

R1

R2

Cr(CO)3

O

O

R1

R2

CAN, CH2Cl2/H2O

rt, 12h

77 - 54%

R1, R2 = Aryl, Alkyl, Ester

20 a20

14 b-g, i,
n, q, w-z

21 b-g, i,
n, q, w-z

22 b-g, i,
n, q, w-z

1. t-BuLi, dry THF, -40ºC, 60min
O

O O

Cr(CO)5

O

20 a

O

O

O

CAN: Ceric (iv) 
Ammonium Nitrate

Scheme 1.8 - Synthesis of solid supported furan Fischer carbene complex and microwave assisted 

[3+2+1] Dötz benzannulation. 

 

1.4.3.1 - Synthesis of tetramethylammonium salt of (furyl-methylene 

carbene] pentacarbonyl chromium(0), 20. 

In a 50 mL round bottom flask equipped with stir bar, and septum wired 

down with 10mL of dry THF. Subsequent addition of furan (2.5 ml, d = 0.936 

g/mL; 3.47x10-2 mol 1eq) after that add tert-Buthyl lithium (30.7 mL, 5.21x10-2 

mol, 1.7M, 1.5 eq). Stir for 45 min from -40°C (slush bath) to room temperature. 

3.83gr (1.74x10-2 mol, 1eq) of chromium hexacarbonyl is weighed on a round 

bottom flask equipped with stir bar, air free adaptor, and septum inside of the 

dry box. Under N2, the prepared lithiated furan (2.41x10-2 mol, 2eq) was 
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transferred via cannula to the flask with chromium at 0°C (ice bath). The solution 

turned immediately from yellow to brown. After 2 hours, the resulting solution 

was a dark brown, and the chromium hexacarbonyl crystals had disappeared. 

The solvent was removed under reduced pressure on a vacuum line. The 

resulting brown slurry was dissolved in 15mL of nitrogen-saturated water (O2 

free), with 5.34 g (3.47x10-2 mol, 2 eq) of tetramethylammonium bromide, all 

done at 0°C. After 60 minutes, the organic layer was later extracted with 3x20mL 

of dry DCM. The combined organic extracts were promptly dried over MgSO4, 

filtered, and the solvent was carefully removed under reduced pressure to yield 

6.26 g of a dark orange solid (20), 99 %. No further purification was carried out. 

 

1.4.3.2 - O-linked pentacarbonyl (furyl methylene carbene) 

chromium(0) on PL-Wang beads, 20 a. 

Add to a stirred solution of crude orange solid 20 (6.28 g, 1.74x10-2 mol) 

in 10.0 mL of CH2Cl2 at 0˚C, 2.1 mL of acetyl chloride (2.95x10-2 mol, 1.7 eq). 

The solution was left stirring for 1 hour until its color turned from orange to dark 

red. The appearance of the dark red color is characteristic of the formation of the 

acetylated furyl carbene complex. Afterwards, the solvent was quickly removed 

with vacuum, washed again with dry dichloromethane to get rid of acetyl 

chloride traces and removed with vacuum again. In the meantime, 2.05g of PL-

Wang resin (3.48x10-3; 0.2 eq; loading: 1.7 mmol/g bead) were preswell with 10 
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mL of dry dichloromethane. The next step is transfer acetylated furyl carbene to 

the beads container. Since this complex is oxigen and moisture sensitive, the 

acetoxy furyl Fischer carbene complex is transferred via cannula, all under a N2 

atmosphere. The flask was then placed on a wrist-action shaker for 120 minutes 

and the beads were gently shaken until they retained the red color of the 

solution. The beads were then washed with 3x5 mL of dry and N2 saturated 

dichloromethane and 3x5 mL of dry and N2 saturated tetrahydrofurane, after 

which, they retained a bright red color, 20 a. This product has to be stored 

under N2 atmosphere and low temperature to avoid decomposition. The obtained 

loading by weight was 93%.  

The microwave assisted Dötz benzannulation and the oxidative cleavage 

procedures are the same as reported previously for the phenyl Fischer carbene 

complex. Refer to sections 1.4.1.3 and 1.4.1.4 for details to perform microwave 

assisted Dötz benzannulation and oxidative cleavage respectively to obtain 5,6-

disubstituted-4,7-furanquinone 22 b–g, i, n, q, w-z. 

 

Figure 1.45 - 5,6-diphenyl-4,7-furanquinone, 22 e.  

O

O

O
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Yellow solid; 1H NMR (300 MHz, CDCl3): 7.64-7.60 (d, 1H); 7.46-7.33 (m, 10H); 

6.98-6.92 (d, 1H). 

 

Figure 1.46 - 5-phenyl-6-(methyl-carboxylate)-4,7-furanquinone, 22 b. 

O

O

O

O
O

 

Yellow solid; 1H NMR (300 MHz, CDCl3): 7.64-7.60 (d, 1H); 7.38-7.34 (m, 5H); 

6.98-6.94 (d, 1H); 3.74 (s, 3H). 

 

Figure 1.47 - 5-phenyl-6-(ethyl-carboxylate)-4,7-furanquinone, 22 c. 

O

O

O

O
O

 

Yellow solid; 1H NMR (300 MHz, CDCl3): 7.64-7.60 (d, 1H); 7.38-7.34 (m, 5H); 

6.98-6.94 (d, 1H); 4.22(q, 2H); 1.32-1.30 (t, 3H). 
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Figure 1.48 - 5-butyl-6-(methyl-carboxylate)-4,7-furanquinone, 22 g. 

O

O

O

O
O

 

Yellow solid; 1H NMR (300 MHz, CDCl3): 7.64-7.60 (d, 1H); 6.98-6.94 (d, 1H); 

3.74 (s, 3H); 2.10-1.98 (t, 2H); 1.35-1.25 (m, 4H); 1.32-1.30 (m, 4H); 1.0-0.96 

(t, 3H). 

Figure 1.49 - 5-ethyl-6-(ethyl-carboxylate)-4,7-furanquinone, 22 f. 

O

O

O

O
O

 

Yellow solid; 1H NMR (300 MHz, CDCl3): 7.64-7.60 (d, 1H); 6.98-6.94 (d, 1H); 

4.22(q, 2H); 2.10-1.98 (q, 2H); 1.32-1.30 (t, 3H); 1.0-0.96 (t, 3H). 

 

Figure 1.50 - 5-pentyl-6-(methyl-carboxylate)-4,7-furanquinone, 22 i. 

O

O

O

O
O
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Yellow solid; 1H NMR (300 MHz, CDCl3): 7.64-7.60 (d, 1H); 6.98-6.94 (d, 1H); 

3.78(s, 3H); 2.10-1.9 (t, 2H); 1.45-1.35 (m, 6H); 1.0-0.96 (t, 3H). 

 

Figure 1.51 - 5-hexyl-6-(methyl-carboxylate)-4,7-furanquinone, 22 d. 

O

O

O

O
O

 

Yellow solid; 1H NMR (300 MHz, CDCl3): 7.64-7.60 (d, 1H); 6.98-6.94 (d, 1H); 

3.78(s, 3H); 2.10-1.98 (t, 2H); 1.50-1.30 (m, 8H); 1.0-0.96 (t, 3H). 

 

Figure 1.52 - 5,6-diethyl-4,7-furanquinone, 22 w. 

O

O

O

 

Yellow solid; 1H NMR (300 MHz, CDCl3): 7.64-7.60 (d, 1H); 6.98-6.94 (d, 1H); 

2.10-1.98 (q, 4H); 1.0-0.96 (t, 6H). 
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Figure 1.53 - 5-propyl-6-ethyl-4,7-furanquinone, 22 n. 

O

O

O

 

Yellow solid; 1H NMR (300 MHz, CDCl3): 7.64-7.60 (d, 1H); 6.98-6.94 (d, 1H); 

2.10-2.04 (t, 2H); 1.98-1.94 (t, 2H); 1.42-1.36(m, 2H); 1.06-1.00 (t, 3H); 0.98-

0.95 (t, 3H). 

 

Figure 1.54 - 5-butyl-6-ethyl-4,7-furanquinone, 22 x. 

O

O

O

 

Yellow solid; 1H NMR (300 MHz, CDCl3): 7.64-7.60 (d, 1H); 6.98-6.94 (d, 1H); 

2.10-2.04 (m, 2H); 1.98-1.94 (t, 2H); 1.42-1.36(m, 4H); 1.06-1.00 (t, 3H); 0.98-

0.95 (t, 3H). 
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Figure 1.55 - 5-pentyl-6-ethyl-4,7-furanquinone, 22 y. 

O

O

O

 

Yellow solid; 1H NMR (300 MHz, CDCl3): 7.64-7.60 (d, 1H); 6.98-6.94 (d, 1H); 

2.10-2.04 (m, 2H); 1.98-1.94 (t, 2H); 1.42-1.36(m, 6H); 1.06-1.00 (t, 3H); 0.98-

0.95 (t, 3H). 

 

Figure 1.56 - 5-phenyl-6-methyl-4,7-furanquinone, 22 q. 

O

O

O

 

Yellow solid; 1H NMR (300 MHz, CDCl3): 7.64-7.60 (d, 1H); 7.38-7.30 (m, 5H); 

6.98-6.94 (d, 1H); 1.95 (s, 3H). 
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Figure 1.57 - 5-phenyl-6-ethyl-4,7-furanquinone, 22 z. 

O

O

O

 

Yellow solid; 1H NMR (300 MHz, CDCl3): 7.64-7.60 (d, 1H); 7.38-7.30 (m, 5H); 

6.98-6.94 (d, 1H); 1.98-1.94 (t, 2H); 1.06-1.00 (t, 3H). 
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Chapter 2 

SYNTHESIS OF RESIN-BOUND FISCHER CARBENE COMPLEXES VIA 

“CATCH-RELESE” METHODOLOGY  

2.1 Introduction. 

During the last 10 years the application of solid phase synthesis and 

solution-phase protocols with the aid of scavenger resins and polymer-bound 

reagents of small molecules have become a widely used methodology.23 Also 

known as ―Catch-Release‖, this methodology has been relatively unexplored in 

organometallic chemistry. 25 ―Catch-Release‖ procedures can be particularly 

useful since the reaction product can be separated from solution by 

immobilization onto an activated resin. Simple filtration can then be performed to 

eliminate purification steps such as chromatography, distillation or 

recrystalization and reduce reaction work up times. The desired product can then 

be released off the solid support for additional chemistry (Scheme 2.1). In order 

to purify the organometallic Fischer carbene complex utilized in the previously 

described reactions, a ―Catch-Release‖ method has been developed which 

produces both solid supported and solution phase Fischer carbene complexes 

with high purities. 
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A     +     B C     +     D     +     A     +      B

Linker

Linker D

Linker D

C     +     A     +      B

C     +     A     +      B

Filtration
Linker D

CATCH

RELEASE

D

 

Scheme 2.1 - General procedure of ―Catch-Release‖ methodology. 

 

Previously we reported the synthesis of Fischer carbene chromium 

complexes on solid support.1 A novel ―Catch-Release‖ technique to catch phenyl 

Fischer carbene complex and further release it for future chemistry has been 

accomplished.  Throughout this procedure, it is possible to afford both solid 

supported and solution phase phenyl Fischer carbene complexes with good to 

moderate yields and high purities. 
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2.2 Results and Discussions. 

The results from the synthesis of phenyl Fischer carbene complex via 

―Catch-Release‖ technique is presented in this section. The ―Catch-Release‖ 

methodology help us to avoid purification steps such as liquid-liquid extraction, 

which in most cases exposes the reaction to oxygen and leads to decomposition 

and degradation of the substrate.  

PhLi

1. Cr(CO)6  THF, 0 ºC, 2 h

2. Me4NBr,water, 0 ºC, 2 h
Cr(CO)5

OMe4N

_
+

13

2. Cr(CO)6  THF, 0 ºC, 2 h

3. Me4NBr,water, 0 ºC, 2 h

Cr(CO)5

OMe4N

_
+

17

OMe

Br

MeO

1. t-BuLi, dry THF, -40ºC, 45min

2. Cr(CO)6  THF, 0 ºC, 2 h

3. Me4NBr,water, 0 ºC, 2 h

Cr(CO)5

OMe4N

_
+

20

1. t-BuLi, dry THF, -40ºC, 60min
O

O

  

Scheme 2.2 – Key step to avoid decomposition of the carbene complexes. 

 

The key step is the reaction with the tetramethyl ammonium bromide to 

transform the lithiated carbene into a tetramethyl ammonium carbene salt. A 

reaction between the solid carbene complex and the salt dissolved in oxygen free 

water during 2 hour agitation, requires a liquid-liquid extracton to isolate the 

carbene salt. This is the risky step on the synthesis pathway. Chromium can 

easily get oxidize with oxygen from air. 
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2.2.1 - Results for synthesis and support of trimethylammonium salt of 

[(oxy)(aryl)carbene] pentacarbonyl chromium(0) on polymer support 

PL-HCO3, 13 b. 

The loading obtained in the ―Catch‖ step was 97%. Although the complex 

is fairly stable in this solid support, the FTIR analysis has to be performed as 

soon as possible to avoid decomposition of the carbene. The synthesis procedure 

demands considerable effort and care to avoid decomposition of the 

intermediates which are oxygen and temperature sensitive.  

 

2.2.2 - Results for O-linked pentacarbonyl (phenylmethylene) 

chromium(0) on PL-Wang beads, 13 a. 

 The comparison of carbene 13 a obtained by this methodology and the 

one obtained by the previous methodology 1 reveals that the ―Catch-Release‖ 

technique works proficiently to avoid difficult purification processes that can also 

lead to decomposition of the carbene intermediate. The yields and the purities of 

the products for both methodologies are comparable with the previously reported 

synthesis. 26  
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2.2.3 - Results from synthesis of phenyl methylene methoxy carbene 

chromium(0) pentacarbonyl, 13 d. 

 The evidence of cleaving off the polymer bead or ―Release‖ the phenyl 

Fischer carbene from the solid support is confirmed by the FTIR analysis and its 

comparison with the previous literature reported data 26a leads us to prove the 

―Catch –Release‖ technique is effective. 

 

2.3 Conclusions. 

 It has been demonstrated that solid phase organic synthesis of 

naphthoquinones via solid supported Fischer carbene complexes and its 

microwave assisted synthesis increased the yields, reduce reaction times, 

temperatures and avoid decomposition of the products. The application of solid 

supported reagents to the synthesis of Fischer carbene complexes eliminated the 

need for long time period purifications providing a new synthesis approach to 

these types of organometallic moieties. It is worth to draw attention that the 

yields of both solid supported and non-supported Fischer carbene complexes are 

comparable with the synthesis of Fischer carbenes previously reported in the 

literature. 18 
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2.4 Experimental. 

Due to the pyrophoric condition of the compounds and sensitivity of the 

products all reactions were carefully performed under inert gas atmosphere.  

During inert gas manipulations standard Schlenk line technique was used or a 

vacuum atmosphere dry box model MO-40M.  Solids such as polymer support 

and chromium hexacarbonyl were purged with nitrogen to avoid decomposition. 

Solvents were purchased from EMD Chemicals and dryed in a solvent-purification 

system mBRAUN or via distillation methods under nitrogen atmosphere: 

dichloromethane (DCM) was distilled from calcium hydride, tetrahydrofuran 

(THF) and diethyl ether were distilled from the sodium ketyl of benzophenone. 

chromium hexacarbonyl was purchased from Strem Chemicals. The polymers for 

solid supported reactions and scavengers such as the PL-Wang and PL-HCO3 

were purchased at Varian Inc. (former Polymer Laboratories). All other chemical 

reagents were utilized without further purification and were purchased from 

Sigma-Aldrich, Alfa Aesar, VWR, Lancaster Chemical Companies. The microwave 

reactions were performed in a microwave synthesizer Emrys Optimizer from 

Biotage (former Personal Chemistry) and a Discover unit from CEM.  The thermal 

reactions were performed in a solid supported synthesizer QUEST 210 by 

Argonaut Technologies. Infrared (IR) spectroscopy analysis was performed in a 

Bruker Tensor 27 FTIR spectrometer; for solids analysis, Pike ATR or KBr pellet 

and for liquids NaCl plates were utilized. The nuclear magnetic resonance (NMR) 



 71 

analysis was recorded on a Bruker AM-300 (300MHz). The chemical shifts in 1H 

NMR spectra are reported in δ in units of parts per million (ppm) with respect to 

chloroform-d, multiplicities are stated as followed: s (singlet), d (doublet), t 

(triplet), m (multiplet), the integration value n (# of protons) are given by the 

value nH. 

CH3COCl / DCM

+N
CH3

H3C

CH3

rt

92%

1h

FTIR:(Cr-CO)

1944, 2061 cm-1

1. (MeO)3
  BF4

+
_ 1. PL-Wang resin, DCM, rt,3 h

= O

Cr(CO)5

O

80%

FTIR:(Cr-CO)

1944, 2061 cm-1

13 b

13 d

13 c

13 a

PhLi
1. Cr(CO)6  THF, 0 ºC, 2 h

2. PL-HCO3 MP,  2 h

(OC)5Cr O- (OC)5Cr O

O

(OC)5Cr OCH3

 

Scheme 2.3 - Synthesis of solid supported and liquid phase phenyl Fischer carbene complex. 
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2.4.1 - Synthesis and support of trimethylammonium salt of 

[(oxy)(aryl)carbene] pentacarbonyl chromium(0), 13 b. 

1.5gr (6.81 mmol, 1eq) of chromium hexacarbonyl was weighed on a 

round bottom flask equipped with stir bar, air free adaptor, and septum inside of 

the dry box. Then, under nitrogen atmosphere, 10 mL of dry THF and 5.68 mL of 

phenyllithium (1.8M solution in t-Bu2O, 10.22 mmol, 1.5 eq) was carefully added 

drop wise over a period of 5-10 minutes at 0°C (ice bath). The solution turned 

gradually from yellow to brown. The reaction was left stirring for 2 hours, time 

after which it adopted a dark brown, and the chromium hexacarbonyl crystals 

were dissolved. The solvent was removed in vacuum. The resulting brown 

solution (2.07g, 6.81 mmol) of phenyl Fischer complex was then transferred to 

1.18g (2.27mmol, with 1.92 mmol/g bead of loading) of  polymer support PL-

HCO3 MP resin at a ratio of complex 3:1 resin (6.81 mmol), 3:1 resin (2.27 

mmol), all done at rt. The solution was left stirring for 2hr. The polymer beads 

were washed with 3x20mL dry THF 1.80g of bright red polymer beads (97 % 

loading, 2.20 mmol) were collected. 
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2.4.2 - O-linked pentacarbonyl(phenylmethylene) chromium(0) on PL-

Wang beads, 13 a. 

The beads loaded with the carbene 13 b (1.80g, 2.20 mmol) are treated 

with 468 µL of acetyl chloride (6.6 mmol, 3 eq, FW=78.5g/mol, d=1.1051g/ml) 

dissolved in 10 ml of DCM for 2 hr in order to release the carbene complex from 

the polymer beads. The appearance of the dark red color is characteristic of the 

formation of the acetylated carbene complex 13 c. The solvent and excess of 

acetyl chloride are quickly removed with vacuum. In the mean time, 940 mg of 

PL-Wang resin (1.7mmol /g bead, Acetoxy (2.20 mmol) : PL-Wang (1.10 mmol), 

2:1) were preswell with 10 mL of dry dichloromethane. The compound 13 c is 

dissolved in DCM and cannulated to the previously prepared PL-Wang resin. The 

flask is then placed on a wrist-action shaker for 2 hr and until the beads 

absorbed the red color of the solution. The beads were then washed with 3x5 mL 

of dry and N2 saturated dichloromethane, after which they retained a bright red 

color 13 a. This product has to be stored under N2 atmosphere and low 

temperature to avoid decomposition. 

 

2.4.3 - Phenyl methylene methoxy carbene chromium(0) 

pentacarbonyl, 13 d. 

 The beads loaded with the Fischer carbene 13 b (1.80g, 2.20 mmol) were 

treated with 0.976 g trimethyloxonium tetrafluoroborate (FW = 147.91g/mol; 
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6.60 mmol, 3 eq) dissolved in 10 mL of dry DCM and shook for 2 hr to release 

the carbene complex from the beads. The product is isolated by regular filtration 

and the solvent is removed under vacuum to obtain a bright red pure phenyl 

chromium Fischer carbene complex. 

 

Figure 2.1 - Trimethylammonium salt of [(oxy)(aryl)carbene] pentacarbonyl 

chromium(0) on polymer support PL-HCO3, (13 b). 

+N
CH3

H3C

CH3

(OC)5Cr O-

 

Bright red complex supported in polymer beads: FT-IR (ATR): 2032, 1947, 1904, 

1875, 1859 (Cr-CO); 1144 (Ccarbene-O). 
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Figure 2.2 - O-linked pentacarbonyl (phenylmethylene) chromium(0) on PL-

Wang beads, 13 a. 

Cr(CO)5

O

 

Bright red complex supported in polymer beads FT-IR (KBr) 2061 and 1944 cm-1 

(Elemental analysis: Cr, 5.67% 95% loading @ 1.7 mmol/g.) 

 

Figure 2.3 - Phenyl methylene methoxy carbene chromium(0) pentacarbonyl, 

13 d. 

(OC)5Cr OCH3

 

Bright red solid: FT-IR (KBr): 2060, 1935, 1901, 1875, 1851 (Cr-CO); 1142 

(Ccarbene-O). Literature data: 32 2054s, 1957ss, 1912ss, 1887ss, 1862ss (Cr-CO); 

1146 (Ccarbene-O). 
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Chapter 3 

MICROWAVE-ASSISTED SOLID-SUPPORTED CLICK CHEMISTRY: AN 

EFFICIENT ROUTE TO SYNTHESIZE TRIAZOLE CONTAINING 1,4-

NAPHTHOQUINONE DERIVATIVES 

3.1 Introduction. 

Click chemistry is a chemical philosophy introduced by K. Barry Sharpless in 

2001 in which reactive molecular building blocks are designed to "click" together 

selectively and covalently. 27 This is inspired by the fact that nature also 

generates substances by joining small modular units. The products might be 

biological inhibitors, molecular-electronics components, sensor probes, nonlinear 

optical materials, light-harvesting compounds, or compounds with any number of 

other useful properties. 28 

The mechanism behind the reaction is better known as the CuI catalyzed variant 

of Huisgen 1,3-dipolar cycloaddition. The catalytic cycle begins with formation of 

CuI acetylide species via the  complex 3 (Scheme 3.1). Alkyne  complexation 

requires ligand dissociation and is endothermic in acetonitrile by 0.6 kcal/mol. In 

aqueous solution, however, the formation of copper species 4 is exothermic by 

11.7 kcal/mol, therefore, it can be accelerated in water. Calculations also indicate 

that copper coordinations lowers the pKa of the alkyne C-H by up to 9.8 pH units, 

thus making deprotonation in aquous systems possible without the addition of a 
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base. Following the formation of the active copper acetylide species, azide 

displacement of one ligand generates a copper acetylide-azide complex, such as 

the dicopper species 9. Complexation of the azide activates it toward nucleophilic 

attack of acetylide carbon C(4) at N(3) of the azide (numbers based on 

traditional triazole nomenclature), generating metallocycle 8. Consistent with this 

mechanism, experimental results indicate that electron-withdrawing substituents 

on the alkyne accelerate CuI-catalyzed alkyne–azide coupling. This metallocycle 

positions the bound azide properly for subsequent ring contraction by a 

transannular association of the N(1) lone pair of electrons with the C(5)–Cu * 

orbital. Protonation of triazole-copper derivative 7 followed by dissociation of the 

product ends the reaction and regenerates the catalyst (Scheme 3.1).  
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Scheme 3.1 - General Mechanism for CuI Catalyzed Variant of Huisgen 1,3-dipolar Cycloaddition. 

 

As we previously reported, 1,4-naphthoquinone skeleton is found in many 

natural products. 10, 11 On the other hand, 1, 2, 3-triazole finds use in research as 

a building block for more complex chemical compounds, such as pharmaceutical 

drugs like tazobactam. 29 Tazobactam (Figure 3.1) in combination with 

piperacillin (PIP/TAZ) is a β-lactam/β-lactamase inhibitor combination with in 

vitro activity against a broad spectrum of aerobic and anaerobic, Gram-positive 

and Gram-negative bacteria, including Pseudomonas aeruginosa. 30, 31 
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Figure 3.1 - Tazobactam drug including 1,2,3 triazole scaffold. 

 

Given the biological importance of 1,4-naphthoquinone and triazole 

derivatives, it was of our interest to synthesize molecules that have both 1,4-

naphthoquinone and triazole units in order to study their chemical biology. As 

previously described, the microwave assisted solid supported Dötz 

benzannulation reaction was extended to diynes to afford resin-bound naphthol 

derivatives with additional alkyne functionality. This observation prompted us to 

explore the possibility of click chemistry through this resin-bound Dötz 

intermediate. 

Click chemistry offers a versatile strategy for the construction of 

heterocyclic compounds that find wide spread applications in drug discovery 

programme. 33 In particular, Huisgen 1,3-dipoar cycloaddition of alkynes with 

azides to give triazole derivatives is one of the powerful examples of this 

chemistry. 4 Although this cycloaddition has been known for several decades, the 

NN

N

S

O

O

N

O

HO
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reaction suffers from the drawback of poor regioselectivity. The recent copper-

catalyzed reaction offers a great solution to this regioselectivity issue and forms 

exclusively the corresponding 1,4-regioisomers. 34, 35 However, the use of Cu(I) 

catalyst is not suitable for this chemistry because of the side product obtained 

from the dimerization of alkynes, but the in-situ generation of Cu(I) catalyst by 

the reduction of Cu(II) catalyst circumvent this problem. 34 The development of 

solution-phase Cu(I) catalyzed reaction has led to interesting applications in the 

field of target-oriented synthesis and activity based protein-profiling. 33, 36 

Recently, Appukkuttan et al. reported that the Cu(I) catalyzed reaction of 

terminal alkynes with azides showed shortening of reaction time under 

microwave conditions. 37 While the use of solution-phase click chemistry is well 

documented in the literature, the exploration of the solid-supported click 

chemistry is underdeveloped. 35 

1,4-naphthoquinone skeleton is found in many natural products such as 

menadione, plumbagin, lapachol, vitamin K3, frenolycin B, eleutherin, nanamycin, 

pentalongin, and juglone which is associated with various pharmaceutical 

applications. 38, 39 Structures incorporating this moiety have shown marked 

antibacterial, antifungal, antiplatelet, anticancer, and antiviral activities. 38 There 

is an interest to synthesize molecules that have both 1,4-naphthoquinone and 

triazole units in order to study their chemical biology. We recently reported an 

efficient combinatorial synthesis of 2,3-disubstituted 1,4-naphthoquinone 
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derivatives through solid-supported Dötz benzannulation of resin-bound Fischer 

carbene complex with alkynes, followed by its resulting oxidative cleavage. 1 In 

addition to alkynes, the reaction was extended to diynes to afford the resin-

bound alkyne substituted naphthol derivatives. This observation prompted us to 

explore the possibility of click chemistry through this resin-bound Dötz 

intermediate. 

 

3.2 Results and Discussions. 

Herein, we report an efficient synthesis of 1, 2, 3-triazole containing 1,4-

naphthoquinone derivatives through microwave-assisted solid-supported click 

chemistry. 

 

3.2.1 - Results for the synthesis of phenyl Fischer carbene with 1,7-

octadiyne and its subsequent click chemistry reaction. 

 

Entry Halide, 14 Product 25 Yield 

i 

Br

OMe  

O

O N N

N

H3CO  

53 
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ii 
Br

 

O

O N N

N

 

50 

iii 
Br

 

O

O N N

N

 

48 

iv 
Br

FF  

O

O N N

N

F

F  

46 

v 
Br

S  

O

O N N

N

S
 

45 

vi 
Br

 

O

O N N

N

 

42 

vii 
Br

NC  

O

O N N

N

CN  

41 
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viii 
Br

F3C  

O

O N N

N

CF3 

40 

ix 
Br

O2N  

O

O N N

N

NO2 

40 

 

Table 3.1 - Results of the MAOS-SPOS Click chemistry of 15 a with Various Benzyl Bromides and Sodium 

Azide, Followed by the Oxidative Cleavage of 24 i-ix. 

 

The oxidative cleavage using ceric ammonium nitrate (CAN) of 24 i-ix 

afforded the corresponding 1, 2, 3-triazole containing 1,4-naphthoquinone 

derivative 25 i-ix. In addition to 14 a, the CuI catalyzed reactions of 15 a with 

sodium azide and various benzyl bromide with electon-donating groups 14 ii-vii, 

followed by the oxidative cleavage afforded the corresponding triazole containing 

1,4-naphthoquinones 25 ii-vii in moderate yields (entries i-vii, Table 3.1). 

Furthermore, reactions with electron-withdrawing groups on the benzyl bromide 

14 viii-ix undergo smooth reaction to produce the corresponding compounds 

25 viii-ix in 42 and 41% yields, respectively (entries viii and ix, Table 3.1). It is 

noteworthy that the present solid-supported CuI catalyzed reaction tolerates a 
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wide variety of functional groups such as methoxy, fluoro, thio, cyano, and nitro 

on the benzyl bromide (Table 3.1). 

 

3.2.2 - Results for the synthesis of phenyl Fischer carbene with 1,6-

heptadiyne and its subsequent click chemistry reaction. 

 

Entry Halide, 14 Product 27 Yield 

i 

Br

OMe  

O

O
N N

N

OMe  

52 

ii 

Br

 

O

O
N N

N

 

51 

vi 
Br

NC  

O

O
N N

N

CN
 

47 

viii 
Br

F3C  

O

O
N N

N

CF3  

45 

x 
Br

MeO2C  

O

O
N N

N

CO2Me
 

45 

 
Table 3.2 - Results of the MAOS-SPOS Click chemistry of 15 a with Various Benzyl Bromides and Sodium 

Azide, Followed by the Oxidative Cleavage of 25 i, ii, vi, viii, & x. 
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The oxidative cleavage using ceric ammonium nitrate (CAN) of 26 moieties 

afforded the corresponding 1, 2, 3-triazole containing 1,4-naphthoquinone 

derivative 27 products. In addition to 14 aa, the CuI catalyzed reactions of 15 

aa with sodium azide and various benzyl bromide with electon-donating groups 

14 i & ii, followed by the oxidative cleavage afforded the corresponding triazole 

containing 1,4-naphthoquinones in moderate yields, 52 & 51% (entries 27 i & ii, 

Table 7). Furthermore, reactions with electron-withdrawing groups on the benzyl 

bromide 14 vi, viii & x undergo smooth reaction giving 45 and 47% yields, 

respectively (entries 27 vi, viii and x, Table 7). It is also worthy that the present 

solid-supported CuI catalyzed reaction also tolerates functional groups such as 

methoxy, methyl, cyano, methyl ester and trifluoro methyl benzyl bromide (Table 

3.2). 

3.3 Conclusions. 

New microwave-assisted solid-supported click chemistry was reported. The 

CuI catalyzed solid-supported reaction is highly regioselective and tolerates a 

wide variety of functional groups on the benzyl bromide. This methodology leads 

to an efficient synthesis of triazole containing 1,4-naphthoquinone derivatives in 

moderate yields. There are three interesting features that are noteworthy from 

the present microwave-assisted solid-supported click chemistry. First, the solid-

supported Dötz reaction with diynes afforded exclusively the mono Dötz 

benzannulation product with no double product formation probably due to the 
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presence of solid-support. This result is in contrast to the solution-phase Dötz 

reaction with diynes in which double Dötz benzannulation was observed. 40 

Second, unlike solution-phase Cu(I) catalyzed cycloaddition, no dimerization of 

alkynes was observed. Third, the purification procedure of final product is quite 

simple and requires no column chromatography. 

 

3.4  Experimental. 

 The experimental procedure for both different alkynes (1,7-octadiyne and 

1,6-Heptadiyne) is the same the only differences is that not all the benzyl halides 

used for the first substrate were used for the second.  



 87 

3.4.1 - MAOS-SPOS-Click chemistry procedure to synthesize 3-(butyl & 

propyl[1-p-substituted benzyl]-1,2,3-triazole), 1,4-naphthoquinone 

from 13 a, 1,7 octadiyne or 1,6 heptadiyne, and benzyl halides i-x.  

 

Cr(CO)5

O

+

O

OH

O

OH

O

O N N

N
R

DCM, MW,

Cr(CO)3

Cr(CO)3

N N

N R

CAN, rt, 12 h

85 0C, 20 min

1) RCH2Br, NaN3, THF, 

MW, 100 0C, 5 min.

2) CuI, DIEA, MW,

100  0C, 25 min

13 a 14 a 15 a

24 i - ix 25 i - ix  

Scheme 3.2 - Synthesize of 3-(butyl[1-p-substituted benzyl]-1,2,3-triazole), 1,4-Naphthoquinone 

derivatives. 

Cr(CO)5

O

+

O

OH

O

OH

O

O

DCM, MW,

1) RCH2Br, NaN3, THF, 

MW, 100 0C, 5 min.

Cr(CO)3

Cr(CO)3

CAN, rt, 12 h

2) CuI, DIEA, MW,

100  0C, 25 min

85 0C, 20 min

13 a 14 aa 15aa

27 i, ii, vi
viii, x

N
N

N
R

N N

N R

26 i, ii, vi
viii, x  

Scheme 3.3 - Synthesize of 3-(propyl[1-p-substituted benzyl]-1,2,3-triazole), 1,4-Naphthoquinone 

derivatives. 
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Polymer-Wang resin (Polymer Laboratories, 1% cross linked 1.7 mmol/g) 

was used as a solid support in the preparation of resin-bound phenyl Fischer 

carbene complex 13 a. 1 The solid-supported Dötz benzannulation of 13 a with 

1,7-octadiyne 14 a, or 1,6-heptadiyne 14 aa in the presence of DCM as the 

solvent at 85 0C under microwave conditions afforded the resin-bound alkyne 

substituted naphthol derivative 15 a/15 aa. Treatment of 3-methoxy benzyl 

bromide (i) with sodium azide under microwave conditions, followed by the 

reaction with 15 a/15 aa in the presence of CuI as the catalyst and DIEA as the 

base under microwave conditions afforded the resin-bound 1,2,3-triazole 

derivative 24 i/26 i. The oxidative cleavage using ceric ammonium nitrate (CAN) 

of 24 i/26 i afforded the corresponding 1, 2 ,3-triazole containing 1,4-

naphthoquinone derivatives, 25 i/27 i. 

 

Figure 3.2 – 2-butyl(1-{3-methoxybenzyl}-1,2,3-triazole)-1,4-naphthoquinone, 

25 i. 

O

O N N

N

H3CO
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Yellow solid; 1H NMR (300 MHz, CDCl3): 8.22-8.18 (q, 2H); 7.82-7.68 (q, 2H); 

7.45 (s, 1H); 7.31 (s, 1H); 7.04-7.02 (t, 1H); 6.62-6.60 (d, 1H); 6.59-6.57 (d, 

1H); 6.56 (s, 1H); 5.01-4.98 (s, 2H); 3.84 (s, 3H); 2.56-2.52 (t, 2H); 1.99-1.95 

(t, 2H); 1.68-1.64 (m, 2H); 1.35-1.31 (m, 2H). 

 

Figure 3.3 – 2-butyl(1-{3-methylbenzyl}-1,2,3-triazole)-1,4-naphthoquinone, 

25 ii. 

O

O N N

N

 

Yellow solid; 1H NMR (300 MHz, CDCl3): 8.22-8.18 (q, 2H); 7.82-7.68 (q, 2H); 

7.45 (s, 1H); 7.31 (s, 1H); 7.05-7.03 (t, 1H); 6.92-6.90 (d, 1H); 6.88-6.86 (d, 

1H); 6.85 (s, 1H); 5.01-4.98 (s, 2H); 2.56-2.52 (t, 2H); 2.34 (s, 3H); 1.99-1.95 

(t, 2H); 1.68-1.64 (m, 2H); 1.35-1.31 (m, 2H). 
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Figure 3.4 – 2-butyl(1-{4-tert-butylbenzyl}-1,2,3-triazole)-1,4-naphthoquinone, 

25 ii. 

O

O N N

N

 

Yellow solid; 1H NMR (300 MHz, CDCl3): 8.22-8.18 (q, 2H); 7.82-7.68 (q, 2H); 

7.45 (s, 1H); 7.42-7.40 (d, 2H); 7.31 (s, 1H); 6.99-6.97 (d, 2H); 5.01-4.98 (s, 

2H); 2.56-2.52 (t, 2H); 1.99-1.95 (t, 2H); 1.68-1.64 (m, 2H); 1.35-1.31 (m, 2H); 

1.33 (s, 9H). 

 
Figure 3.5 – 2-butyl(1-{2,4-difluorobenzy}-1,2,3-triazole)-1,4-naphthoquinone, 

25 iv. 

O

O N N

N

F

F  

Yellow solid; 1H NMR (300 MHz, CDCl3): 8.22-8.18 (q, 2H); 7.82-7.68 (q, 2H); 

7.45 (s, 1H); 7.31 (s, 1H); 7.03-7.01 (d, 1H); 6.64 (d, 1H); 6.55 (s, 1H); 5.01-
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4.98 (s, 2H); 2.56-2.52 (t, 2H); 1.99-1.95 (t, 2H); 1.68-1.64 (m, 2H); 1.35-1.31 

(m, 2H). 

 

Figure 3.6 – 2-butyl(1-{4-[methylthio]benzyl}-1,2,3-triazole)-1,4-

naphthoquinone, 25 v. 

O

O N N

N

S  

Yellow solid; 1H NMR (300 MHz, CDCl3): 8.22-8.18 (q, 2H); 7.82-7.68 (q, 2H); 

7.45 (s, 1H); 7.31 (s, 1H); 7.08-7.06 (d, 2H); 6.96-6.94 (d, 2H); 5.01-4.98 (s, 

2H); 2.56-2.52 (t, 2H); 2.45 (s, 3H); 1.99-1.95 (t, 2H); 1.68-1.64 (m, 2H); 1.35-

1.31 (m, 2H). 

 

Figure 3.7 – 2-butyl(1-{4-isopropylbenzyl}-1,2,3-triazole)-1,4-naphthoquinone, 

25 vi. 

O

O N N

N
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Yellow solid; 1H NMR (300 MHz, CDCl3): 8.22-8.18 (q, 2H); 7.82-7.68 (q, 2H); 

7.45 (s, 1H); 7.31 (s, 1H); 7.20-7.18 (d, 2H); 6.98-6.96 (d, 2H); 5.01-4.98 (s, 

2H); 2.56-2.52 (t, 2H); 2.87-2.85 (m, 1H); 1.99-1.95 (t, 2H); 1.68-1.64 (m, 2H); 

1.35-1.31 (m, 2H); 1.19 (d, 6H);  

 

Figure 3.8 – 2-butyl(1-{4-cyanobenzyl}-1,2,3-triazole)-1,4-naphthoquinone, 25 

vii. 

O

O N N

N

CN  

Yellow solid; 1H NMR (300 MHz, CDCl3): 8.22-8.18 (q, 2H); 7.82-7.68 (q, 2H); 

7.45 (s, 1H); 7.31 (s, 1H); 7.38-7.36 (d, 2H); 7.25-7.21 (d, 2H); 5.01-4.98 (s, 

2H); 2.56-2.52 (t, 2H); 1.99-1.95 (t, 2H); 1.68-1.64 (m, 2H); 1.35-1.31 (m, 2H). 

 

Figure 3.9 – 2-butyl(1-{4-trifluoromethylbenzyl}-1,2,3-triazole)-1,4-

naphthoquinone, 25 viii. 

O

O N N

N

CF3  
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Yellow solid; 1H NMR (300 MHz, CDCl3): 8.22-8.18 (q, 2H); 7.82-7.68 (q, 2H); 

7.56-7.52 (d, 2H); 7.45 (s, 1H); 7.31 (s, 1H); 7.02-6.98 (d, 2H); 5.01-4.98 (s, 

2H); 2.56-2.52 (t, 2H); 1.99-1.95 (t, 2H); 1.68-1.64 (m, 2H); 1.35-1.31 (m, 2H). 

 

Figure 3.10 – 2-butyl(1-{4-nitrobenzyl}-1,2,3-triazole)-1,4-naphthoquinone, 25 

ix. 

O

O N N

N

NO2  

Yellow solid; 1H NMR (300 MHz, CDCl3): 8.22-8.18 (q, 2H); 8.17-8.15 (d, 2H); 

7.82-7.68 (q, 2H); 7.45 (s, 1H); 7.34-7.32 (d, 2H); 7.31 (s, 1H); 5.01-4.98 (s, 

2H); 2.56-2.52 (t, 2H); 1.99-1.95 (t, 2H); 1.68-1.64 (m, 2H); 1.35-1.31 (m, 2H). 

 

Figure 3.11 – 2-propyl(1-{3-methoxybenzyl}-1,2,3-triazole)-1,4-

naphthoquinone, 27 i. 

O

O
N N

N

OMe  
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Yellow solid; 1H NMR (300 MHz, CDCl3): 8.22-8.18 (q, 2H); 7.82-7.68 (q, 2H); 

7.45 (s, 1H); 7.31 (s, 1H); 7.04-7.02 (t, 1H); 6.62-6.60 (d, 1H); 6.59-6.57 (d, 

1H); 6.56 (s, 1H); 5.01-4.98 (s, 2H); 3.84 (s, 3H); 2.56-2.52 (t, 2H); 1.99-1.95 

(t, 2H); 1.68-1.64 (m, 2H). 

 

Figure 3.12 – 2-propyl(1-{3-methylbenzyl}-1,2,3-triazole)-1,4-naphthoquinone, 

27 ii. 

O

O
N N

N

 

Yellow solid; 1H NMR (300 MHz, CDCl3): 8.22-8.18 (q, 2H); 7.82-7.68 (q, 2H); 

7.45 (s, 1H); 7.31 (s, 1H); 7.05-7.03 (t, 1H); 6.92-6.90 (d, 1H); 6.88-6.86 (d, 

1H); 6.85 (s, 1H); 5.01-4.98 (s, 2H); 2.56-2.52 (t, 2H); 2.34 (s, 3H); 1.99-1.95 

(t, 2H); 1.68-1.64 (m, 2H). 

 

Figure 3.13 – 2-propyl(1-{4-isopropylbenzyl}-1,2,3-triazole)-1,4-

naphthoquinone, 27 vi. 

O

O
N N

N

CN
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Yellow solid; 1H NMR (300 MHz, CDCl3): 8.22-8.18 (q, 2H); 7.82-7.68 (q, 2H); 

7.45 (s, 1H); 7.31 (s, 1H); 7.20-7.18 (d, 2H); 6.98-6.96 (d, 2H); 5.01-4.98 (s, 

2H); 2.56-2.52 (t, 2H); 2.87-2.85 (m, 1H); 1.99-1.95 (t, 2H); 1.68-1.64 (m, 2H); 

1.19 (d, 6H).  

 

Figure 3.14 – 2-propyl(1-{4-trifluoromethylbenzyl}-1,2,3-triazole)-1,4-

naphthoquinone, 27 viii. 

O

O
N N

N

CF3  

Yellow solid; 1H NMR (300 MHz, CDCl3): 8.22-8.18 (q, 2H); 7.82-7.68 (q, 2H); 

7.56-7.52 (d, 2H); 7.45 (s, 1H); 7.31 (s, 1H); 7.02-6.98 (d, 2H); 5.01-4.98 (s, 

2H); 2.56-2.52 (t, 2H); 1.99-1.95 (t, 2H); 1.68-1.64 (m, 2H). 

 

Figure 3.15 – 2-propyl(1-{methylbenzoate}-1,2,3-triazole)-1,4-naphthoquinone, 

27 x. 

O

O
N N

N

CO2Me
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Yellow solid; 1H NMR (300 MHz, CDCl3): 8.22-8.18 (q, 2H); 7.91-7.89 (d, 2H); 

7.82-7.68 (q, 2H); 7.45 (s, 1H); 7.31 (s, 1H); 7.19-7.17 (d, 2H); 5.01-4.98 (s, 

2H); 3.84 (s, 3H); 2.56-2.52 (t, 2H); 1.99-1.95 (t, 2H); 1.68-1.64 (m, 2H). 
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Appendix A. 

 

Equipment Time Temperature Solvent Conversion 

A 

5 min ramp 

15 min hold 

180ºC THF 64% 

B 15 min 180ºC THF 25% 

A 

5 min ramp 

10 min hold 

180ºC Bu2O 74% 

B 15 min 180C Bu2O 18% 

A 

5 min ramp 

10 min hold 

200ºC Bu2O 46% 

B 15 min 200ºC Bu2O 9% 
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