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Abstract 

 

I. Total Synthesis of Smenochromene B and Halenaquinone 

and 

II. Studies on the Chemical and Biological Properties of Azobenzene Photoswitches 

 

by 

 

Michael A. Kienzler 

 

 

Doctor of Philosophy in Chemistry 

 

University of California, Berkeley 

 

Professor Dirk Trauner, Co-Chair 

Professor Jon Ellman, Co-Chair 

 

 

 Part one of this dissertation describes synthetic efforts toward two separate but 

structurally related groups of marine sesquiterpene quinone natural products, the 

smenochromene/likonide family and halenaquinone, and culminates in the total synthesis of 

smenochromene B and halenaquinone.  The total synthesis of smenochromene B and efforts 

towards likonide A centered around the use of smenochromene D as a synthetic intermediate.  A 

macrocyclic ring contraction and double bond isomerization was the key transformation 

necessary to produce smenochromene B.  During the optimization of the synthesis of 

smenochromene D, two different and remarkable oxidative dimers were isolated, and the 

mechanism by which they are formed is discussed.  Additionally, density functional theory 

calculations were used to investigate the oxa-6π electrocyclization used to synthesize 

smenochromene D and are believed to be biologically relevant to the markedly different levels of 

enantiomeric excess observed within members of the structural family. 

 Halenaquinone, a biologically active pentacyclic quinone isolated from the marine 

sponge Xestospongia exigua, is biosynthetically related to the smenochromene/likonide family.  

The total synthesis of halenaquinone reported here features two key steps: a diastereoselective 

intramolecular Heck reaction, which sets the all-carbon quaternary stereocenter, and an 

intramolecular inverse-electron-demand Diels–Alder cycloaddition using a vinyl-orthoquinone 

methide as a diene.  This is the first application of such a Diels–Alder cycloaddition to total 

synthesis.  In order to better understand the Diels–Alder reaction, density functional theory 

calculations were performed to analyze two relevant transition states. 

 Part two describes several projects focused around the synthesis of photoswitchable 

azobenzene ligands.  In order to build on previous work that demonstrated photoregulation of 

wild-type voltage-gated potassium channels by membrane permeable blockers, a new series of 

compounds was synthesized with red-shifted absorption maxima.  Two new azobenzene 

containing blockers were identified as being able to regulate voltage-gated potassium channels 

by toggling between darkness and irradiation with 472 nm light; one compound blocked voltage-

gated potassium channels in the trans form, the other in the cis form.  Additionally, azobenzene 



compounds based on the drugs lidocaine and retigabine were synthesized, and preliminary 

biological data are reported.  Finally, the syntheses of azobenzene analogs of the anti-cancer and 

life-extending (in lower organisms) compound resveratrol and a related protein-tyrosine kinase 

inhibitor piceatannol are reported. 

 

 



 

i 

 

 

For my parents.  

Your unwavering support and encouragement 

 made this possible. 

 

  



 

ii 

 

Table of contents 

Acknowledgments          iv 

 

Chapter 1.  Total Synthesis of Smenochromene B and Progress Towards Likonide A   

 

Farnesylated Quinone Natural Products       1 

Calculations of Oxa-6π Electrocyclization Transition States     3 

Retrosynthesis of Smenochromene D and Likonide A     5 

Synthesis of Smenochromene D        5 

Efforts Towards Likonide A         7 

Synthesis of Smenochromene B        8 

Oxidative Dimer Formation         9 

Concluding Remarks          12 

Respective Contributions         12 

Experimental Methods         13 

Appendix 1.1 – Characterization Data for Compounds     19 

Appendix 1.2 – X-ray Crystallographic Data for Compounds    34 

Appendix 1.3 – Density Functional Theory Calculations for Compounds   69 

References           89 

 

Chapter 2.  Total Synthesis of (–)-Halenaquinone        

 

Halenaquinone and Related Natural Products      91 

Biological Activity of the Halenaquinone Family      92 

An Overview of Previous Syntheses        93 

Retrosynthesis of Halenaquinone        95 

Vinyl Quinones as Diels-Alder Dienes       96 

Synthesis of (–)-Halenaquinone        97 

DFT Calculations Exploring the Inverse-Electron-Demand Diels-Alder   101 

Concluding Remarks          102 

Respective Contributions         102 

Experimental Methods         102 

Appendix 2.1 – Characterization Data for Compounds     110 

Appendix 2.2 – Density Functional Theory Calculations for Compounds   139 

References           146 

 

Chapter 3.  Synthesis, Characterization, and Evaluation of Red-Shifted and Cis-stable 

Azobenzene Photoswitches for Potassium Channel Regulation      

 

An Introduction to Azobenzenes        149 

Red-Shifting and Cis Isomer Half-Life in Azobenzenes     150 

Thermally Stabile Cis Azobenzenes        151 

Voltage Gated Potassium Channels        153 

Photoswitchable Tethered Ligands (PTLs) and Photochromic Ligands (PCLs)  154 

Synthesis and Evaluation of 1
st
 and 2

nd
 Generation Red-Shifted Photoswitches  156 

Synthesis and Evaluation of 3
rd

 Generation Red-Shifted Photoswitches   160 



 

iii 

 

Synthesis and Evaluation of Thermally Cis-Stabile QAQ Derivatives   163 

Concluding Remarks          164 

Respective Contributions         165 

Experimental Methods         165 

Appendix 3.1 – Characterization Data for Compounds     177 

References           203 

 

Chapter 4.  Synthesis, Characterization, and Evaluation of Lidocaine and QX-314 based 

Azobenzene Photoswitches for Sodium Channel Regulation      

 

Voltage Gated Sodium Channels        205 

Lidocaine and QX-314         206 

Synthesis and Evaluation of Azolidocaine Compounds     206 

Synthesis and Evaluation of AzoQX-314 Compounds     208 

Synthesis and Evaluation of a QAQ/QX-314 Hybrid      208 

Concluding Remarks          210 

Respective Contributions         210 

Experimental Methods         210 

Appendix 4.1 – Characterization Data for Compounds     218 

References           237 

 

Chapter 5.  Synthesis, Characterization, and Evaluation of Azoretigabine    

 

M-Current and Kv7 (KCNQ) Channels       238 

Retigabine           238 

Synthesis and Evaluation of Azoretigabine       239 

Concluding Remarks          241 

Respective Contributions         241 

Experimental Methods         241 

Appendix 5.1 – Characterization Data for Compounds     246 

References           253 

 

Chapter 6.  Synthesis, Characterization, and Evaluation of Azoresveratrol and 

Azopiceatannol            

 

Resveratrol and Piceatannol         254 

Synthesis and Evaluation of Azoresveratrol and Azopiceatannol    255 

Concluding Remarks          257 

Respective Contributions         257 

Experimental Methods         257 

Appendix 6.1 – Characterization Data for Compounds     260 

Appendix 6.2 – X-ray Crystallographic Data for Compounds    264 

References           277 

  



 

iv 

 

Acknowledgements 

 

 First and foremost I would like to thank my advisor, Dirk Trauner.  His enthusiasm for 

learning and staggering creativity were a constant source of inspiration and an ever-present 

reminder that science is fascinating and fun.  I must also thank him for the entirely unexpected, 

but deeply enriching opportunity to live in Munich, Germany for two years.  Living abroad, 

while sometimes challenging, has provided a cultural aspect to my graduate education for which 

I am grateful.  Finally, I want to thank him for his uncanny ability to pick intelligent and fun 

group members.  

 Next I would like to thank all of the members of the Trauner group that I have crossed 

paths with in the last five years, both in Berkeley and in Munich.  I count myself lucky to be a 

part of such a talented and driven group of people.  I especially would like to thank those 

members who went to great lengths to give me academic support: Matt Volgraf, JP Lumb, Matt 

Banghart, Guangxin Liang, and Aubry Miller.  Additionally, Aubry and Guangxin, order and 

chaos, taught me most of the laboratory techniques and tricks necessary to be a successful bench 

chemist. 

 My day-to-day chemistry routine was enlivened by the eclectic group of people that 

constitutes my former lab-mates.  In Berkeley, 613 Latimer Hall, I would like to thank Nick 

Reich, Aubry Miller and Freddie Bowie for being great co-workers, good friends, and 

surprisingly skilled DJs.  In Munich, it has been great sharing a lab with my friend Vlad Sofiyev, 

and more recently Boris Gaspar and Florian Huber.  It was also a great relief to be able to count 

on my fellow Trauner group California ex-pats Ingrid Chen, TJ Kimbrough, Vlad Sofiyev and 

Katie Abole.  Between the five of us, we managed to integrate into our new surroundings pretty 

well, and even take some great trips together. 

 I have also been fortunate enough to work with a series of talented and enthusiastic 

undergraduate students: Sandy Suseno helped immeasurably with the synthesis of 

Halenaquinone, and Marco Stein, Lukas Bischoff, and Ebru Serdar were fantastic and productive 

coworkers on the azobenzene projects.  I owe a great debt to my thesis proofreaders: Vilius 

Franckevicius, Eddie Myers, Ingrid Chen, Aubry Miller, and Nick Reich.  Thank you for 

spending the time to make this thesis better. 

 Outside of the lab, it is important to have friends and family to support you.  I doubt I 

would have made it through the early years of graduate school without my great friends and 

former roommates, Jackson DeBuhr and Theresa Chiodini.  Thank you so much for planning so 

many wonderful activities, cooking me countless meals, loaning me so many great books, and 

always having time to talk.  In Germany, I would like to thank the (somewhat) new group of 

people that extended a hand of friendship: Aubry Miller in Heidelberg, Alex Pöthig and Sven 

Piekowski in Dresden, and in Munich, Martin Münzel, Charlotte Borchsenius-Meyer, Basti 

Strych, and the entire crew of regulars from the Muenchner Volkshochschule Deutschkurs. 

 Finally, but by no means an afterthought, I am so very grateful to my family for their 

unconditional love and support.  I am especially thankful to my parents for raising me to be 

inquisitive about the world:  I will never forget the trips to the library, the educational vacations, 

and the time spent helping me with homework early in the morning and late at night.  Thank you. 



 

1 

 

Chapter 1.  Total Synthesis of Smenochromene B and Progress Towards Likonide A 

 

1.1 Farnesylated Quinone Natural Products 

 

 Natural products of mixed biogenesis involving both a sesquiterpene and a quinone or 

hydroquinone are a large and diverse family of secondary metabolites.  These molecules have 

been found in both terrestrial and marine organisms.
1-3

  Of the marine organisms, including 

brown algae, gorgonians, tunicates, and sponges, the most prolific producer, in terms of sheer 

number of different natural products, are the sponges.  To date, well over 100 different 

sesquiterpenoid quinone and hydroquinone derivatives from marine organisms have been 

isolated and characterized.
3
  A small sampling of this diversity is presented in Figure 1, with the 

simplest member of the family, farnesyl hydroquinone (1.1) being isolated from  Dictyopteris 

undulata,
4
 all the way to the intricately complex dimer longithorone A (1.6), which was isolated 

from Aplydium longithorax.
5
  The most common general motif is that of a quinone or 

hydroquinone, which can range widely in terms of oxidation level, pendant to some form of 

decalin with widely varying double bond isomers and methyl group regio- and stereochemistries, 

such as isozonarol (1.3) and chromazonarol (1.4).
6-7

  To date, only sponges and tunicates have 

been found to produce metabolites featuring macrocyclization with the farnesyl residue.  

Figure 1.  Marine natural products derived from farnesylated hydroquinones and quinones. 

 

 An unusual subfamily of macrocyclic ansa chromenes, the smenochromenes (Figure 2, 

1.7-1.10), were isolated by Faulkner, Clardy, and coworkers in 1991 from a sponge of the genus 

smenospongia, collected off the Seychelle Islands.
8
  While optical rotations were measured, the 

absolute stereochemistry of the smenochromenes was not determined.  It is noteworthy that 

smenochromene A (1.7) was found to be racemic, and that smenochromene B (1.8) possessed a 

small specific rotation in the opposite sense of smenochromene C (1.9) and smenochromene D 

(1.10).  The likonides (1.11,1.12) were isolated in 2004 by Kashman and coworkers from the 

Kenyan sponge Hyatella sp. collected from a reef off of Likoni, a district of Mombasa.
9
   The 

relative and absolute stereochemistry of the likonides was unequivocally established by NMR 

and circular dichroism spectroscopy, respectively.  However, the connection between the 

likonides and smenochromenes, especially the similarity between smenochromene D (1.10) and 

likonide B (1.12), went unnoticed.  Subsequently, total synthesis of smenochromene D (1.10) by 

Trauner and Olson established unequivocally that smenochromene D (1.10) and likonide B 
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(1.12) are identical, save for their absolute configuration.
10

  Further studies by Moody and 

coworkers, in which synthetic racemic smenochromene D (1.10)/likonide B (1.10) was separated 

on a chiral column, clarified their enantiomeric relations.
11-12

  The specific rotations obtained for 

the enantiomers, [α]D +180 (c 0.31, CH2Cl2) and [α]D –176 (c 0.35, CH2Cl2) are significantly 

different from the reported values for smenochromene D (1.10) [α]D –68.5 (c 0.35, CH2Cl2), and 

likonide B (1.12) [α]D +27 (c 0.08, MeOH), suggesting that, while the two natural products were 

not isolated as pure single enantiomers, they are produced in opposite enantiomeric excess.  For 

the sake of clarity, and because the synthetic work reported here is entirely racemic, the 

enantiomers smenochromene D (1.10) and likonide B (1.12) will only be referred to as 

smenochromene D (1.10) from this point on. 

 Structurally, the smenochromenes and likonides are all variations on a theme: an 

electron-rich chromene fused to a macrocyclic ring—a 16-membered cyclic ether in the cases of 

smenochromenes C (1.9) and D (1.10), a 14-membered carbocycle in smenochromenes A (1.7) 

and B (1.8), and a 12-membered carbocycle in likonide A (1.11).  There is further variation 

between the family in double bond geometry in the ansa farnesyl residue as well as the catechol 

alkylation pattern.  

Figure 2.  The smenochromenes and likonides. 

 

 The superfamily of natural products that the smenochromenes and likonides belong to, 

the terpenoid quinones, are an integral part of life.  They perform important biochemical 

functions such as electron transport in the case of the ubiquinones (coenzyme Q), antioxidant 

activity from the tocopherols (vitamin E), and blood clotting activity from the phylloquinones 

(vitamin K1) and menaquinones (vitamin K2).
13

  While the biosynthesis of many of these 

molecules is well understood, that of the smenochromenes and likonides is not.  However, the 

overall structural similarities amongst the family members provide enough information to form 

reasonable hypotheses.  Trauner and coworkers have put forward a plausible biosynthesis of the 

smenochromenes and likonides which has been slightly modified here (Scheme 1).
14-15

  

Beginning with farnesyl hydroquinone (1.1), oxidation would yield quinone 1.13.  

Tautomerization of the benzylic hydrogen would provide key ortho-quinone methide 1.14, which 

would either spontaneously, or with the aid of enzymatic catalysis, undergo an oxa-6π 

electrocyclization to chromene 1.15.  Oxidation of the terminal allylic bond in the farnesyl 

residue to an allylic cation would initiate a variety of macrocyclic closures: bond formation 

between C21 and C14 would result in the formation of smenochromene A (1.7), and following 
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the isomerization of the Δ
6,7

-double bond, smenochromene B (1.8).  Alternatively, macrocycle 

closure between C21 and the phenolic oxygen, would result in smenochromenes C (1.9) and D 

(1.10).  Finally, a bond between C3 and C14 would lead to likonide A (1.11). 

Scheme 1.  Proposed biosynthesis of the smenochromenes and likonides. 

 
 

1.2 Calculations of Oxa-6π Electrocyclization Transition States 

 

 The absolute configuration of sesquiterpene quinones produced by marine organisms has 

been addressed in several contexts.  In the most straightforward instance (considering the 

widespread occurrence of antipodal sesquiterpenes from terrestrial sources),
16-17

 marine 

organisms from different kingdoms have been found to produce both enantiomers of a natural 

product.  For example, while the algae Dictyopteris undulata and  Dictyopteris zonarioides 

produce isozonarol (1.3), chromazonarol (1.4), and yahazunol,
6-7,18

 the sponges of the genus 

dysidea have been established to produce the opposite enantiomeric series: ent-isozonarol, ent-

chromazonarol, and ent-yahazunol.
19-20

  Examples of enantiomers occurring within the same 

family (and even genus) are reported as well; the sesquiterpenes euryfuran and furodysinin have 

been isolated from Dysidea sponges in both enantiomeric forms, although the samples were 

collected from different geographical locations.
21-22

  The relationship between the 

smenochromenes and likonides falls into this category.  For the specific case of the 

smenochromenes, it could be that their absolute stereochemistry is due to differences in binding 

at the active site of one or more cyclases, as there is precedent for isolation of metabolites 

derived from intermediates of the opposite enantiomeric series in the same sponge specimen.
23

  

However, Trauner and Olson proposed that,
10

 alternatively or in addition to this, smenochromene 

A (1.7), and possibly smenochromene B (1.8) due to its low optical rotation, could be 

undergoing racemization via an oxa-6π electrocyclic ring opening of either enantiomer to give 

the corresponding ansa ortho-quinone methide (Scheme 2, 1.17) which then does a ring flip into 

the other enantiomeric series, undergoing an oxa-6π electrocyclic ring closure, this time to form 

the chromene as the opposite enantiomer. 
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Scheme 2.  Hypothesized route for racemization of smenochromene A (1.7). 

 

 In order to better gauge the plausibility of the oxa-6π electrocyclization aspect of this 

intriguing proposal, density functional calculations were performed in order to find the relative 

energies of the ortho-quinone form (Scheme 3, 1.18), the chromene form (1.20), and the 

transition state between the two (1.19) for all four of the smenochromenes.  The results, graphed 

in Scheme 3, show that structurally similar smenochromene A (1.7) and B (1.8), both having low 

to no specific rotation, also have lower energy transition states than smenochromenes C (1.9) and 

D (1.10), which were isolated with much higher specific rotations.  The implication being that 

smenochromenes C (1.9) and D (1.10) were isolated as more enantioenriched mixtures than A 

(1.7) and B (1.8) at least in part because of the ~4 kcal/mol energy difference between their 

respective transition states.  Additionally, it is appears that double bond stereochemistry has a 

lesser effect on the course of the reaction than the macrocycle size and connectivity.  

Smenochromene A (1.7) and C (1.9) have identical double bond configurations in the farnesyl 

residue bridge, and different connection points, but still have dissimilar transition state energies.   

Scheme 3.  DFT calculations on the oxa-6pi electrocyclization of the smenochromenes, done at B3LPY/6-31G* 

level of theory. 

 

 These results are interesting, but do not address a potentially important part of the 

proposed racemization mechanism, the ring flip.  Moody and coworkers report that when 

enantiopure smenochromene D (1.10) was heated to 110 ºC (higher temperatures result in a 
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rearrangement that will be discussed later in this chapter) or when it was exposed to UV light for 

prolonged periods of time, no racemization could be detected.
11

  It is well documented that both 

heating and UV irradiation are capable of generating an ortho-quinone methide from a 

chromene,
24

 so presumably the smenochromene D (1.10) equivalent of intermediate 1.17 was 

generated (in fact it is, see Scheme 7), but was not able to undergo a subsequent ring flip.  As it 

stands, this evidence lends further credence to the hypothesis that smenochromenes C (1.9) and 

D (1.10) are less prone to spontaneous racemization, though the contribution from the oxa-6π 

electrocyclic ring opening appears to be less significant. 

 

1.3 Retrosynthesis of Smenochromene D and Likonide A 

 

 The synthesis of likonide A (1.11), which eventually resulted in the total synthesis of 

smenochromene B (1.8), was planned as follows (Scheme 4):  likonide A (1.11) would result 

from the aromatic Claisen rearrangement of smenochromene D (1.10), which would be formed 

through the oxa-6π electrocyclization of intermediate 1.21.  The ortho-quinone methide 1.21 was 

envisaged to result from a 16-membered macrocycle such as 1.22, where X is a benzylic leaving 

group.  Finally, macrocycle 1.22 would arise from the coupling of farnesol (1.23) and methoxy 

hydroquinone 1.24. 

Scheme 4.  First retrosynthetic strategy for likonide A (1.11) via a smenochromene D (1.10) intermediate. 

 

 

1.4 Synthesis of Smenochromene D 

  

 The total synthesis of significant quantities of smenochromene D (1.10) was achieved 

following the procedures of Olson (Scheme 5).
10

  The synthesis began with the selenium dioxide 

mediated allylic oxidation of farnesyl acetate (1.25) following the method of Sharpless and 

coworkers.
25

  A Mitsunobu reaction then coupled allylic alcohol 1.26 with known phenol 1.27,
26

 

which is the product of Baeyer-Villiger oxidation of vanillin, to give phenolic ester 1.28.  Both 

the formyl and acetyl esters were then saponified, and the resulting primary allylic alcohol 

oxidized to aldehyde 1.29 as a mixture of isomers using Parikh-Doering conditions.
27

   

 The stage was then set for the macrocyclic condensation followed by chromene 

formation, as first described by Nagata and coworkers,
28

 and later optimized by Snieckus et al.
29

  

Heating a solution of aldehyde 1.29 to reflux with an excess of phenylboronic and acetic acids 

yielded smenochromene D (1.10) in modest yield.  It is likely that the mechanism of this 

remarkable reaction first goes through dioxoborinane 1.30, as Nagata isolated and characterized 

these intermediates under milder reaction conditions.  The dioxoborinane then eliminates, 
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possibly through a concerted electrocyclic mechanism or hydration mediated by acetic acid.  It is 

not clear whether both isomers of 1.29 or 1.30 participate in the formation of ortho-quinone 

methide 1.21; starting material 1.29 is recovered, but with significant scrambling of all of the 

farnesyl double bond's geometries.  Considering this facile isomerization, it seems likely that 

both isomers could be converted to the necessary geometry for macrocyclization.  The initially 

formed macrocycle, 1.21 then undergoes oxa-6π electrocyclization to afford smenochromene D 

(1.10) as a white crystalline solid.   

Scheme 5.  Total synthesis of smenochromene D (1.10). 

 

 Crystals of sufficient quality for X-ray analysis were obtained, both by Rosa and Moody, 

confirming the basket-like shape of the molecule (Figure 3), with the farnesyl residue arcing like 

a handle from one side of the slightly cupped chromene ring to the other.
11,14

   

Figure 3.  X-ray crystal structure of Smenochromene D (1.10). 
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1.5 Efforts Towards Likonide A 

  

 With sufficient amounts smenochromene D (1.10) synthesized, experiments towards 

likonide A (1.11) using Claisen rearrangement conditions were carried out (Scheme 6).
30-31

  

Surprisingly, instead of the expected product likonide A (1.11), ring contraction to 14-membered 

macrocycle 1.32 was observed.  After optimization of conditions, it was determined that 

microwave irradiation in ortho-dichlorobenzene afforded excellent yields of 1.32.  The 

mechanism for this reaction likely proceeds through the heterolytic cleavage of the macrocyclic 

ether bond to give zwitterion 1.31.  Attack of the terminal position of the allylic cation by the 

phenolate, gives the requisite carbon-carbon bond formation, and tautomerization restores 

aromaticity.  At some point during this process, the Δ
6,7

-double bond geometry isomerizes from 

E to Z, but no intermediates were ever observed in the preparation of 1.32 to shed light on when 

in the reaction sequence this occurs.  This serendipitous discovery facilitated the synthesis of 

smenochromene B (1.8), described later in this chapter.  

Scheme 6.  Rearrangement of smenochromene D (1.10) under thermal conditions. 

 

 It is possible that directly heating smenochromene D (1.10) does not afford likonide A 

(1.11) because the necessary aromatic Claisen rearrangement disrupts the aromaticity of the 

chromene skeleton and is thus difficult.  If this is indeed the case, then perhaps rearrangement 

would be more facile from the vinyl ortho-quinone methide intermediate 1.21 (scheme 5).  

Accordingly, irradiation of a colorless solution of smenochromene D (1.10) resulted in a bright-

orange solution containing both smenochromene D (1.10) and what was most likely ortho-

quinone methide 1.21.  However, none of the telltale isopropene NMR peaks from the Claisen 

rearrangement were observed.  In order to push the reaction, the mixture of smenochromene D 

(1.10) and 1.21 was heated to 145 ºC (Scheme 7).  Again, none of the desired product was 

isolated, instead; a competing [1,7]-hydride shift was observed, creating sensitive phenolic 

macrocycle 1.33 which was immediately acetylated to give 1.34 for the purposes of isolation and 

characterization. 

Scheme 7.  Rearrangement of smenochromene D (1.10) after UV irradiation and heating. 
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 Taking these results into account as well as those presented by Moody and coworkers,
11

 it 

appears as though the desired Claisen rearrangement pathway is too high in energy to compete 

with the formation of the above described side products.  Therefore a new retrosynthesis for 

likonide A (1.11) was conceived (Scheme 8), such that the aromatic Claisen rearrangement 

would be completed before the chromene and macrocycle are formed, using the synthetic 

intermediate hydroquinone 1.35.   

Scheme 8.  New retrosynthesis for likonide A (1.11). 

 

 The second generation synthesis begins with previously described (Scheme 5) allylic 

alcohol 1.36, which was dissolved in diethylaniline and heated to 215 ºC in a sealed tube with a 

microwave reactor (Scheme 9).  Gratifyingly, the desired [3,3] sigmatropic shift occurred, and 

hydroquinone 1.37 was isolated in moderate yield.  Unfortunately, attempts to oxidize 

hydroquinone 1.37 with SO3·Pyr, MnO2, or Dess-Martin periodinane (DMP)
32

 all failed.  

Various attempts to affect the Claisen rearrangement with pre-oxidized aldehyde 1.29 both with 

microwave heating and with a variety of Lewis acids (i.e. AlCl3, Sc(OTf)3, Cu(OTf)2, Eu(FOD), 

Yb(OTf)3, and triflic acid), also failed to give the desired product 1.35.  Though all options are 

far from exhausted, no further progress towards likonide A (1.11)  has been made to date. 

Scheme 9.  Progress toward likonide A (1.11). 

 

1.6 Synthesis of Smenochromene B 

  

 Meanwhile, efforts towards the synthesis of smenochromene B (1.8) were ultimately 

more successful, though not without many false starts (Scheme 10).  Recall (Scheme 6) the 

serendipitous observation that heating smenochromene D (1.10) led not to likonide A (1.11), but 

to ring contracted methoxy catechol 1.32.  Formally, only oxidation of the methyl ester and ring 

closure by the adjacent phenol to form the dioxolane is necessary to complete the synthesis of 

likonide A (1.11).  In practice, various methods, including cathodic reduction,
33

 for the 

deprotection of methoxy catechol 1.32 all failed.  It quickly became clear that the free catechol 

was a very unstable compound, and appropriately mild and rapid conditions would be necessary 

to generate and then transform it further.  Ultimately, demethylative CAN oxidation to the 
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corresponding ortho-quinone, followed by reduction with sodium dithionite to the catechol was 

immediately acylated yielded the tractable diacetate 1.38.
34

  A Zemplèn saponification in 

methanol allowed a solvent switch under inert atmosphere for the final dioxolane formation with 

bromochloromethane, yielding smenochromene B (1.8).
35-36

 

Scheme 10.  Total synthesis of smenochromene B (1.8). 

 

   

1.7 Oxidative Dimer Formation 

 

 While efforts toward smenochromene B (1.8) and likonide A (1.11) were ongoing, 

unexpected dimers worthy of discussion were produced.  The first was encountered while trying 

to prepare a model system in order to optimize out the dioxolane formation for smenochromene 

B (1.8).  Chromene formation between methoxy hydroquinone 1.24 and aldehyde 1.39 did give 

the expected product, but only as a minor product (Scheme 11).  The major product was found to 

be the previously described pentacyclic precocene dimer 1.41.
37

  This one-step synthesis of 1.41 

is an improvement on Brown and coworkers previously published route (four steps), but it is 

surprising that it was not also encountered by Dufresene and coworkers, who performed almost 

an identical reaction to that shown in Scheme 11.
38

  

Scheme 11.  An unexpected dimerization in a model system. 

 

 In the course of determining the structure of 1.41, X-ray quality crystals were grown by 

the vapor diffusion of pentane into dichloromethane at –20 ºC.  The crystal structure of this 

dimer has not yet been reported in the literature, and so is shown in Figure 4 with hydrogens 

removed for clarity.  Especially striking is the clamshell-like folding along the former chromene 

double bond. 
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Figure 4.  X-ray crystal structure of dimer 1.41.

 
While attempting to optimize the yield in the final step of the synthesis of 

smenochromene D (1.10), another interesting dimerization process was encountered (scheme 

12).  If, instead of condensing upon itself, the terminal aldehyde condenses with another 

molecule of itself, the resulting dimer is poised to undergo a known cascade that results in the 

formation of the dimer 1.42.  This acid-catalyzed dimerization mode which forms the pentacyclic 

core of 1.42 has been described previously in the context of the precocenes,
38-40

 

dibothrioclinins,
41-42

 isolapachenole,
43-44

 and the veprisines.
45-47

    

Scheme 12.  Dimerization while synthesizing smenochromene D (1.10). 

 

 Due to the complex and busy NMR spectra of dimer 1.42, it was decided that X-ray 

crystallography would be necessary for unequivocal structure determination.  Crystals of 

sufficient quality were grown by the vapor diffusion of pentane into a near saturated solution of 

1.42 in methanol and dichloromethane, which was slowly cooled to –20 ºC.  The resulting 

heptacycle, containing two macrocycles, is presented in Figure 5 without hydrogens for clarity. 
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Figure 5.  X-ray crystal structure of dimer 1.42. 

 

 The mechanism for this remarkable cascade is believed to proceed as follows, though the 

order of some of the steps is unknown and quite likely interchangeable, and thus these steps are 

presented in a plausible but unverified order.  The process begins with the condensation of two 

molecules of aldehyde 1.29 to give the 32-membered macrocycle 1.43.  Given the generally 

lower energy of a chromene to a vinyl ortho-quinone methide, it is likely that (at least) one 

chromene then forms, as in structure 1.44.  If the other ortho-quinone methide does a [1,7]-

hydride shift instead of closing to form a chromene, 1.45 would result.  A subsequent double 

bond isomerization to intermediate 1.46 allows a Diels–Alder cyclization to form the first new 

ring in 1.47.  The second and final ring is then formed by etherification to give chroman 1.48, 

and  finally, air oxidation generates chromene 1.42. 
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Scheme 13.  Proposed mechanism for dimer 1.42 formation. 

 
 

1.8 Concluding Remarks 

 

 In this chapter a total synthesis for smenochromene B (1.8), progress towards likonide A 

(1.11), and some novel chromene dimers (1.41, 1.42) have been reported.  Additionally, a 

computational investigation into the key oxa-6π electrocyclization for all of the smenochromenes 

shed some light on the reasons that smenochromenes A (1.7) and B (1.8) are racemic or nearly so 

while smenochromenes C (1.9) and D (1.10) are significantly more enantioenriched (as judged 

by optical rotation).   

 

1.9 Respective Contributions 

 

 This project was started by Brooke Olson, who completed the total synthesis of 

smenochromene D (1.10) and first discovered the rearrangement to macrocycle 1.32.  Carla Rosa 

carried on the project, obtaining a crystal suitable for an X-ray structure of smenochromene D 

(1.10) and completing the synthesis of smenochromene B (1.8), though not enough for full 

characterization.  Next in line was Michael Kienzler, who modified the smenochromene B (1.8) 

synthesis and fully characterized all of the intermediates.  Additionally, all calculations, further 

efforts towards likonide A (1.11), and synthesis and characterization of the chromene dimers 

were his work. 
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1.10 Experimental Methods 

 

1.10.1 Synthetic Procedures 

 
General Methods. Unless otherwise noted, all reactions were monitored with Merck silica gel 
60 F254 plates and visualized with 254 nm light, iodine on silica, or a charring solution of ceric 
ammonium molybdate.  Flash chromatography was carried out using 32-63 D 60 Å silica gel. 
Toluene (PhMe) and methylene chloride (CH2Cl2) were purified according to the procedure 
described by Bergman.

11
 Triethylamine (Et3N) was distilled from CaH2 and used immediately. 

Hexamethyl-phosphoramide (HMPA) was distilled from CaH2 and stored over 4 Å molecular 
sieves.  Unless otherwise noted, all other chemicals were used as obtained from commercial 
sources.  Reactions were carried out under either argon or nitrogen atmosphere and magnetically 
stirred in oven-dried glassware.  All organic extracts were washed with brine, dried over 
magnesium sulfate and filtered over Celite; solvents were then removed with a rotary evaporator 
at aspirator pressure.  Unless otherwise noted, all NMR spectra were measured in deuterated 
chloroform (CDCl3) with Bruker AM, DRX, or AVQ spectrometers at 400 MHz and 500 MHz 
for 

1
H spectra and 100 MHz and 125 MHz for 

13
C spectra.  X-ray crystal structures were 

obtained from the CHEX-ray facility operated by the College of Chemistry, University of 
California at Berkeley.  All infrared spectra were obtained by thin film on NaCl plates with a 
Nicolet Magna-IR 850 spectrometer.  Low and high resolution mass spectra (LRMS, HRMS) 
were obtained using the Micro-Mass Facility operated by the College of Chemistry, University 
of California at Berkeley using electron impact (EI+) at 70 eV or fast atom bombardment (FAB). 
Melting points were obtained with an electrothermal apparatus and are uncorrected.  For 
compounds without elemental analysis data, 

1
H NMR spectra are provided at the end of this 

document to substantiate purity. 

 

 
Farnesyl ether 1.28. To a solution of farnesyl acetate alcohol 1.26 (140 mg, 0.500 mmol) in 
THF (5 mL) was added first formate 1.27 (114 mg, 0.750 mmol), then triphenylphosphine (1.58 
g, 6.0 mmol), and finally DEAD (0.10 mL, 0.750 mmol) was added dropwise at 0 C.  The 
mixture was allowed to warm to room temperature and stir overnight (14 h) at which time it was 
diluted with 5 mL of ether.  This mixture was then washed with aqueous NaHSO4 (20% wt:vol), 
aqueous NaOH (10% wt:vol), and brine then dried over MgSO4, filtered and concentrated in 
vacuo.  The product was purified by column chromatography (30 % EtOAc in hexanes) to afford 
154 mg (75%) of farnesyl ether 1.28 as a yellow oil: Rf  0.25 (30% EtOAc in hexanes, CAM); IR 
2930, 2849, 1738, 1507 cm

-1
; 

1
H NMR  8.27 (s, 1 H), 6.55 (d, J = 8.8 Hz, 1 H), 6.22 (dt, J = 

8.8, 2.8 Hz, 2 H), 5.49 (t, J = 7.2 Hz, 1 H), 5.33 (t, J = 7.2 Hz, 1 H) 5.08 (t, J = 6.4 Hz, 1 H), 4.57 
(d, J = 6.8 Hz, 2 H), 4.43 (s, 2 H), 3.38 (s, 3 H), 2.11 (m, 11 H), 1.7 (d, J = 10 Hz, 6 H), 1.58 (s, 
3 H); 

13
C NMR  171.1, 159.7, 150.2, 146.6, 143.6, 142.2, 135.0, 130.7, 128.8, 123.9, 118.2, 

113.8, 112.2, 105.4, 75.4, 61.3, 56.0, 39.4, 39.0, 26.3, 26.1, 21.0, 16.4, 16.0, 13.8; HRMS calcd 
for C25H34O6 (M

+
): 430.2355. Found: 430.2366. 

 

 
Allylic alcohol 1.36.  To a solution of farnesyl ether 1.28 (4.64 g, 11.5 mmol) in MeOH (200 
mL) was added potassium carbonate (2.23 g, 16.1 mmol). After two hours the solution was 
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concentrated in vacuo, the residue was taken up in ether and washed with water. The aqueous 
layer was acidified by addition of 2M HCl until the pH of the solution was approximately 3, and 
then extracted with ether.  The organic layers were combined, washed with brine, dried, filtered 
and concentrated in vacuo.  The residue was purified by column chromatography (30% EtOAc in 
hexanes) to afford 3.88 g (94%) of allylic alcohol 1.36 as a yellow oil.  Rf  0.18 (30% EtOAc in 
hexanes, CAM); IR 3357, 2921, 1510, 1453 cm

-1
; 

1
H NMR  6.71 (d, J = 8.4 Hz, 1 H), 6.44 (d, J 

= 2.8 Hz, 1 H), 6.29 (dd, J = 8.4, 2.8 Hz, 1 H), 6.1-5.73 (s, 1 H), 5.42 (q, J = 7.2 Hz, 2 H), 5.07 
(t, J = 5.6 Hz, 1 H), 4.38 (s, 2 H), 4.17 (d, J = 6.8 Hz, 2 H), 3.77 (s, 3 H), 2.06 (m, 9 H), 1.68 (d, 
J = 18.8 Hz, 6 H), 1.59 (s, 3 H); 

13
C NMR  150.8, 150.7, 141.9, 140.0, 134.8, 131.3, 128.3, 

124.1, 122.9, 116.0, 105.9, 100.7, 76.2, 59.3, 55.7, 39.4, 39.0, 26.2, 26.0, 16.3, 15.8, 13.8; 
HRMS calcd for C22H3204 (M

+
): 360.2300. Found: 360.2308; Anal. Calcd for C22H3204: C, 73.30; 

H, 8.95. Found C, 73.06; H, 8.85. 
 

 
Aldehyde 1.29. To a solution of allylic alcohol 1.36 (3.88 g, 10.7 mmol) in THF (30 mL) was 
added Et3N (12 mL, 86.1 mmol) followed by DMSO (90 mL).  Over the next 10 min, sulfur 
trioxide pyridine (5.14 g, 32.3 mmol) was added in 3 portions.  The reaction mixture was cooled 
to 0 °C after 3 hours (white needle crystals formed), at which point 2M HCl was added until the 
pH of the solution was approximately 3.  The addition of aqueous HCl caused the solution to 
become cloudy.  The reaction mixture was then extracted with three 50 mL portions of a 1:1 
EtOAc:Hex solution.  The combined extracts were washed with three 100 mL portions of water 
and with 100 mL of brine.  The organic layers were combined, washed with brine, dried, filtered 
and concentrated in vacuo.  The residue was purified by column chromatography (50% EtOAc in 
hexanes) to afford 3.34 g (87%) of aldehyde 1.29 as a  5:1 (E:Z) mixture with respect to the Δ2 
double bond (by NMR). All characterization data reported refer to this mixture.  Rf 0.43 (50% 
EtOAc in hexanes); IR: 3384, 2918, 2886, 1671, 1509, 1198 cm

-1
; 

1
H NMR (400 MHz): δ 9.94 

(d, 1H, J = 8.3 Hz), 9.84 (d, 0.2H, J = 8.3 Hz), 6.74-6.62 (m, 2.6H), 6.49- 6.41 (m, 1.3H), 6.33-
6.26 (m 1.1H), 5.88 (d, 1.3H, J = 8.2 Hz), 5.41 (t, 1.3H, J = 6.8 Hz), 5.03 (t, 1.1H, J = 6.4 Hz), 
4.37 (s, 0.2H), 4.33 (s, 2.2H), 3.75 (s, 3.7H), 3.66 (s 0.3H), 2.55 (t, 0.4H, J = 7.4Hz), 2.31 (s, 
0.4H), 2.26-2.05 (m, 10.7H), 2.00-1.92 (m, 3.5H), 1.69 (s, 3.3H), 1.65 (s, 0.5H); 

13
C NMR (125 

MHz): δ 191.8, 191.7, 165.2, 165.1, 151, 150.6, 141.8, 136.8, 136.0, 131.4, 131.3, 128.4, 128.3, 
128.1, 128.0, 127.2, 127.1, 122.6, 122.2, 116.2, 116.0, 105.9, 100.7, 76.3, 76.2, 55.8, 55.6, 40.5, 
40.2, 38.9, 33.8, 32.5, 26.9. 26.0, 25.6, 25.5, 17.6, 17.4 15.8, 14.2, 13.8, 13.7; HRMS (EI+) m/z 
calcd for C25H30O4 358.21441; found 358.2138. 

 

 
Smenochromene D (1.10).  To a solution of aldehyde 1.29 (20.0 mg, 0.0558 mmol) in toluene 
(4 mL) was added phenylboronic acid (14.0 mg, 0.0837 mmol) and acetic acid (0.400 mL).  The 
reaction mixture was then fitted with a Dean-Stark apparatus and heated at reflux for 3 h. The 
mixture was cooled to room temperature, diluted with CH2Cl2, washed with water, saturated 
NaHCO3 and brine, dried over MgSO4, and concentrated in vacuo. The product was purified by 
column chromatography (10% EtOAc in hexanes, CAM) to afford 4.9 mg (26%) of 
smenochromene D (1.11) as a clear oil.  Rf  0.26 (10% EtOAc in hexanes); IR: 3394, 2921, 2852, 
1616, 1505 cm

-1
; 

1
H NMR  6.52 (s, 1 H), 6.31 (d, J = 12.8 Hz, 1 H), 6.29 (s, 1 H), 5.31 (d, J = 
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12.8 Hz, 1 H), 4.93 (t, J = 7.2 Hz, 1 H), 4.82 (t, J = 8 Hz, 1 H), 4.52 (d, J = 15.2 Hz, 1 H), 4.14 
(d, J = 15.2 Hz, 1 H), 3.76 (s, 3 H), 2.09 (m, 4 H), 1.77 (m, 2 H), 1.69 (s, 3 H), 1.58 (m, 2 H), 
1.47, (s, 3 H), 1.36 (s, 3 H); 

13
C NMR  153.4, 150.3, 139.3, 132.0, 131.8, 129.8, 126.6, 125.8, 

123.5, 119.1, 113.3, 99.9, 80.3, 79.0, 55.6, 41.4, 38.9, 30.2, 24.6, 23.1, 14.4, 14.1; HRMS calcd 
for C22H2803 (M

+
): 340.2038. Found: 340.2033. 

 

 
 Methoxy catechol 1.32.  A solution of smenochromene D (1.10, 90.5 mg, 0.266 mmol) in o-
dichlorobenzene (10 ml) was degassed by bubbling N2 for 10 minutes.  The vial was sealed and 
heated via microwave irradiation while stirring for 3.5 h.  Heating to a maximum temperature of 
163 °C required 1 h, although the temperature rose to 150 °C after less than 30 min.  The 
solution color changed from colorless to light brown over the course of the heating.  The solution 
was concentrated in vacuo and purified via column chromatography (10% EtOAc in hexanes) to 
afford 85.5 mg (95%) of methoxy catechol 1.32 as a white solid, mp 115 °C.  Rf 0.24 (10% 
EtOAc in hexanes); IR: 3522, 2923, 2852, 2484, 1613 cm

-1
; 

1
H NMR (400 MHz): δ 6.36 (s, 1H), 

6.26 (d, 1H, J = 9.6 Hz), 5.49 (d, 1H, J = 9.6Hz), 5.29 (s, 1H), 5.29 (t, 1H, J = 7.2 Hz), 4.70 (t, 
1H, J = 8 Hz), 3.88 (s, 3H), 3.69 (d, 1H, J = 16 Hz), 3.06 (d, 1H, J = 16 Hz), 2.03 (m, 8H), 1.74 
(s, 3H), 1.54 (s, 3H), 1.42 (s, 3H); 

13
C NMR (125 MHz): δ146.5, 146.2, 137.4, 132.7, 132.5, 

127.5, 126.4, 123.8, 121.7, 121.0, 115.1, 98.3, 77.6, 55.9, 39.8, 37.9, 33.3, 27.0, 24.7, 22.5, 17.0, 
14.4; HRMS (EI+) m/z calcd for C22H28O3 340.2041; found 340.2038. 

 

 
Diacetate 1.38.  To a solution of methoxy catechol 1.32 (38.8 mg, 0.114 mmol) in 
acetonitrile:H2O 3:1 (9 ml) was added a solution of ammonium cerium(IV) nitrate (188.9 mg, 
0.345 mmol) in H2O (2.5 mL) over 1 min at 0° C.  The solution color changed from colorless to 
dark orange.  After 15 min the reaction was warmed to rt and 0.25 M aqueous Na2S2O4 (2.5 mL) 
was added.  The solution immediately turned light yellow.  The reaction mixture was then 
extracted with three 10 mL portions of EtOAc, to which DMAP (16.7 mg, 0.137 mmol) and 
Ac2O (0.1 mL, 1.06 mmol) were added.  After 1.5 h, the mixture was dried, filtered, and 
concentrated in vacuo.  The product was purified via column chromatography (10% EtOAc in 
hexanes) to afford 18.5 mg (40%) of diacetate 1.38 as a colorless oil; Rf 0.58 (30% EtOAc in 
hexanes); IR: 2977, 2931, 2853, 1774, 1209 cm

-1
; 

1
H NMR (400 MHz): δ 6.57 (s, 1H), 6.20 (d, 

1H, J = 10 Hz), 5.54 (d, 1H, J = 10 Hz),  5.18 (t, 1H, J = 6.9 Hz), 4.67 (t, 1H, J = 6.7 Hz), 3.20 
(d, 1H, J = 16 Hz), 3.07 (d, 1H, J = 16 Hz), 2.26 (s, 3H) , 2.23 (s, 3H), 2.21-2.09 (m, 3H), 2.09-
1.82 (m, 4H) 1.80-1.69 (m, 1H), 1.63 (s, 3H), 1.48 (s, 3H), 1.37 (s, 3H); 

13
C NMR (125 MHz): δ 

168.68, 168.05, 151.42,  141.87, 134.29, 132.726, 131.50, 129.11, 128.87, 127.35, 125.42, 
120.96, 119.85, 109.60, 78.34, 39.56, 39.22, 34.59, 27.54, 24.69, 22.57, 20.70, 20.30, 16.95, 
14.44; HRMS (EI+) m/z calcd for C25H30O5 410.2093; found 410.2090. 
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Smenochromene B (1.8). To a solution of diacetate 1.38  (4.5 mg, 0.011 mmol) dissolved in 
MeOH (1 mL) was added 0.01M NaOMe in MeOH (0.5 mL).  The solution color changed from 
colorless to dark orange/red.  After 1 hr the solution was concentrated in vacuo, without 
exposing the reddish substrate to air. The residue was then dissolved in 1 mL of DMF, and 45 
mg of CsF was added.  The solution then darkened to black, at which point 0.1M CH2BrCl in 
DMF (0.1 mL) was added.  The stirred solution was heated to 115 °C for 16 hrs under N2.  The 
mixture was quenched with 30 mL of H2O, extracted with three 10 mL portions of Et2O, dried, 
filtered, and concentrated in vacuo.  The product was purified via column chromatography (5% 
EtOAc in hexanes) to afford 0.8 mg (18%) of smenochromene B (1.8) as a colorless oil; Rf 0.34 
(5% EtOAc in hexanes).  IR: 2921, 1620, 1462, 942 cm

-1
; See the table for comparison of carbon 

and hydrogen NMR spectra in the supplementary data.  HRMS (EI+) m/z calcd for C22H26O3 
338.1882; found 338.1878. 
Table of comparison for smenochromene B NMR spectra from natural and synthetic samples. 

C Reported H Observed H Reported C Observed C 

1 3.1 (d, 16 Hz) 3.1 (d, 16 Hz) 24.9 24.8 

  3.32 (d, 16 Hz) 3.32 (d, 16 Hz)     

2     131.8 131.8 

3 4.73 (t, 7 Hz) 4.73 (t, 7 Hz) 124.5 124.5 

4 1.5 (m) 1.48-1.50 (m) 22.4 22.5 

  2.12 (m) 2.11-2.22 (m)     

5 1.52 (m) 1.52 (m) 37.7 37.8 

  2.10 (m) 1.99-2.06 (m)     

6     132.4 132.5 

7 5.23 (t, 7 Hz) 5.23 (t, 7 Hz) 127.6 127.7 

8 1.89 (m) 1.88 (m) 34.2 34.2 

  2.12 (m) 2.11-2.22 (m)     

9 1.28 (m) 1.27-1.33 (m) 39.6 39.7 

10     77.8 77.9 

11 5.34 (d, 10 Hz) 5.44 (d, 10 Hz) 125.9 126 

12 6.17 (d, 10 Hz) 6.18 (d, 10 Hz) 121.4 121.4 

13     115.2 115.2* 

14     116.4 116.5 

15     140 140 

16     146.4 146.5 

17 6.29 (s) 6.29 (s) 97.3 97.3 

18     148.6 148.6 

19 1.48 (s, 3 H) 1.49 (s, 3 H) 26.9 26.9 

20 1.39 (s, 3 H) 1.39 (s, 3 H) 17 17 

21 1.67 (s, 3 H) 1.67 (s, 3 H) 14.3 14.4 

22 5.81 (d, 1.5 Hz) 5.82 (d, 1.3 Hz) 100.4 100.4 

  5.88 (d, 1.5 Hz) 5.89 (d, 1.3 Hz)     
*This signal is not clearly distinguished from noise. 
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UV/Heat product 1.34. To a quartz reaction vessel containing 2.5 mL of DMSO was added 21 

mg (0.062 mmol) of smenochromene D (1.10).  The solution was then degassed by bubbling 

with argon for 20 minutes and sealed with Teflon tape around the stopper.  The vessel was then 

placed within a Rayonet with four 300 nm bulbs equally spaced around the chamber.  The tube 

was irradiated for 6.5 h over the course of which the solution color changed from colorless to a 

bright orange and then a dark yellow.  The flask was heated to 145 °C for 1.5 h.  The reaction 

mixture was then diluted in 40 mL of H2O and extracted with four 20 mL portions of EtOAc and 

dried but not concentrated.  An excess of Ac2O (0.2 ml) and DMAP (61 mg) was added and the 

mixture was stirred for 45 min; it was then dried and concentrated in vacuo.  Column 

chromatography (10% EtOAc in hexanes) afforded 7.5 mg (32%) of 1.34 as a light yellow oil; Rf 

0.56 (30% EtOAc in hexanes); IR: 2918, 2849, 1764, 1609, 1510, 1205, 1176 cm
-1

; 
1
H NMR 

(500 MHz): δ 7.18 (s, 1H) 6.93 (d, 1H, J = 16.7 Hz), 6.53 (s, 1H), 6.40 (d, 1H, J =  16 Hz), 5.74 

(t, 1H, J = 3.8 Hz), 5.54 (t, 1H, J = 6.4 Hz), 5.22 (t, 1H, J  = 4), 4.65 (s, 2H), 3.85 (s, 3H), 2.90 

(t, 2H, J = 5.3 Hz), 2.33 (s, 3H), 2.31-2.25 (m, 2H), 2.22-2.16 (m, 2H), 1.89 (s, 3H), 1.73 (s, 3H), 

1.63 (s, 3H); 
13

C NMR (125 MHz): δ 169.77, 149.01, 147.46, 141.36, 134.51, 133.68, 133.40, 

129.19, 127.29, 126.85, 126.19, 122.44, 120.39, 109.27, 105.8, 76.05, 56.10, 38.08, 26.25, 24.48, 

20.80, 19.80, 15.41, 13.11; HRMS (EI+) m/z calcd for C24H30O4 382.2144; found 382.2140. 

 

 
Claisen product 1.37.  Three vials containing equal fractions of 152 mg (0.42 mmol) of allylic 

alcohol 1.36 in 1.5 mL of diethylaniline were sparged with N2 gas for 5 minutes and then sealed.  

Each vial was then heated for 3 h at 190 °C in a microwave oven.  The contents of the vials were 

then combined, and added directly to a column (100% hexanes until diethylaniline was removed, 

then 40% EtOAc in hexanes) yielding 93 mg (61%) of a dark yellow/brown viscous oil;  Rf 0.18 

(50% EtOAc in hexanes); IR: 3370, 2936, 1710, 1606, 1476, 1437, 1372, 1303, 1221, 1188, 

1145, 991 cm
-1

; 
1
H NMR (600 MHz, CDCl3): δ 6.32 (d, J = 2.7, 1H), 6.23 (d, J = 2.7, 1H), 5.41 

(t, J = 6.8, 1H), 5.05 (t, J = 6.7, 1H), 4.86 (d, J = 18.3, 2H), 4.19 (d, J = 6.8, 2H), 3.84 (s, 3H), 

3.65 – 3.60 (m, 1H), 2.14 – 2.02 (m, 5H), 1.99 – 1.92 (m, 1H), 1.92 – 1.83 (m, 2H), 1.78 – 1.70 

(m, 1H), 1.66 (s, 3H), 1.64 (s, 3H), 1.58 (s, 3H); 
13

C NMR (125 MHz): δ 148.84, 147.79, 146.94, 

139.46, 137.60, 135.60, 129.58, 123.53, 123.49, 110.18, 105.58, 97.45, 59.58, 55.92, 44.04, 

39.37, 37.41, 31.31, 25.70, 21.66, 16.15, 16.11; HRMS (EI+) m/z calcd for C22H32O4 360.2301 ; 

found 360.2303. 
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Dimer 1.41.  To a flask with 0.379 g (2.71 mmol) of hydroquinone 1.24 and 0.248 g( 2.94 

mmol) of aldehyde 1.39 dissolved in a solution of 100 mL of toluene and 13.5 mL of acetic acid 

was added 0.33 g (2.71 mmol) of phenylboronic acid.  The reaction mixture was then refluxed 

for 15 hours, then allowed to cool to room temperature, at which point it was concentrated in 

vacuo.  The resulting residue was then dissolved in 50 mL of Et2O and rinsed with H2O, 

saturated bicarbonate solution, and brine. The organic layer was then dried over MgSO4 and 

concentrated in vacuo.  Column chromatography (30% EtOAc in hexanes) afforded 105 mg 

(19%) of the precocene monomer 1.40 as well as 253 mg (45%) of dimer 1.41 as a white 

crystalline solid; Rf 0.56 (30% EtOAc in hexanes); see Brown and coworkers
37

 for IR and NMR 

peaks; HRMS (EI+) m/z calcd for C24H30O4 412.1885; found 412.1889. 

 

 
Dimer 1.42.  To a flask with 1.081 g (3.02 mmol) of aldehyde 1.29 dissolved in a solution of 100 

mL of toluene and 14 mL of acetic acid was added 0.612 g (3.66 mmol) of phenylboronic acid.  

The solution was then refluxed for 14 hours with a Dean-Stark trap.  The reaction mixture was 

then diluted in 40 mL of H2O and extracted with four 20 mL portions of EtOAc. The organic 

layer was dried over MgSO4 and concentrated in vacuo.  Column chromatography (20% EtOAc 

in hexanes) afforded 35.5 mg (3%) of smenochromene D (1.10), and 30.5 mg (3%) of dimer 1.42 

as a white crystalline solid; Rf 0.56 (30% EtOAc in hexanes); IR: 2923, 1502, 1444, 1197 cm
-1

; 
1
H NMR (500 MHz): δ 6.71 (s, 1H), 6.59 (s, 1H), 6.38 (s, 1H), 6.35 (s, 1H), 5.54 (m, 1H), 5.35 

(m, 1H), 5.25 (m, 1H), 4.91 (s, 1H), 4.60 (d, 1H, J = 13 Hz), 4.52 (s, 1H, J = 13 Hz), 4.45 (m, 

2H), 3.82, (s, 3H), 3.80 (s, 3H), 3.43 (s with shoulders, 1H), 2.67-2.55 (m, 3H), 2.28-1.98 (m, 

12H), 1.91-1.86 (m, 2H), 1.69-1.67 (m, 11H), 1.53 (s, 3H), 1.47 (s, 3H), 1.47-1.39 (m, 1H); 
13

C 

NMR (125 MHz): δ 150.1, 149.0, 148.9, 145.9, 142.4, 141.2, 134.0, 133.9, 133.2, 132.8, 131.9, 

127.9, 126.3, 125.8, 125.5, 122.4, 117.3, 116.2, 114.8, 107.5, 101.0, 100.3, 96.1, 80.0, 76.0, 75.2, 

56.0, 55.7, 41.5, 39.4, 38.0, 37.9, 37.6, 36.0, 32.1, 24.7, 23.9, 23.7, 22.4, 21.4, 16.4, 15.8, 13.7, 

13.4; HRMS (EI+) m/z calcd for C44H54O6 678.3920; found 678.3933. 
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Appendix 1.1 

 

Characterization Data for Compounds 

1.8, 1.10, 1.28, 1.29, 1.32, 1.34, 1.36, 1.37, 1.38, 1.41, 1.42  
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Appendix 1.2 

 

X-ray Crystallographic Fractional Coordinates and Thermal Parameters for Compounds 

1.41 and 1.42 
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Appendix 1.3 

 

Density Functional Theory Calculations for compounds 

1.7-oQM, 1.7-TS, 1.7, 1.8-oQM, 1.8-TS, 1.8, 1.8-oQM, 1.8-TS, 1.8, 1.8-oQM, 1.8-TS, 1.8  
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Coordinates and calculated energies  

All structures were built and visualized using Maestro6.5
48

 with MacroModel 9.1.
49

 All 

calculations were performed using Jaguar.
50

  Geometry optimizations were performed at the 

B3LYP/6-31G** level of theory.
51-53

  The energies reported are electronic energies (E) plus zero 

point energy corrections.  All stationary points were confirmed by frequency calculations. 
 

 
Table of Electronic Energies and Zero-Point Vibrational Corrections: 

      

 
Structure SCF ZPE ZPE + SCF Relative Energies 

  

(Hartree) (kcal/mol) (Hartree) (kcal/mol) 

 
1.7-oQM -1079.622498 260.891 -1079.20674 0 

 
1.7-TS -1079.591387 260.072 -1079.17694 19 

 
1.7 -1079.639074 262.014 -1079.22153 -9.2 

 
1.8-oQM -1079.630498 261.117 -1079.21438 0 

 
1.8-TS -1079.596387 259.846 -1079.18230 20 

 
1.8 -1079.642214 261.610 -1079.22531 -6.9 

 
1.9-oQM -1080.827952 274.107 -1080.39113 0 

 
1.9-TS -1080.787182 272.397 -1080.35309 24 

 
1.9 -1080.841532 274.283 -1080.40443 -8.3 

 
1.10-oQM -1080.827753 274.179 -1080.39082 0 

 
1.10-TS -1080.789985 272.588 -1080.35559 23 

 
1.10 -1080.843174 274.479 -1080.40576 -9.4 
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Molecular representation of the calculated structures: 
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XYZ coordinates of the calculated structures: 

 

structure 1.7-oQM: 

 

  C          -2.1427090000      2.1537180000     -0.2609960000  

  C          -3.5660960000      1.8137290000     -0.2860410000  

  C          -3.9109510000      0.5110580000     -0.2434720000  

  O          -5.1629250000     -0.0248240000     -0.2732180000  

  C          -5.0189960000     -1.4482820000     -0.2834720000  

  O          -3.6316950000     -1.7523650000     -0.1922910000  

  C          -2.9511330000     -0.5535390000     -0.1864060000  

  C          -1.6110480000     -0.3706390000     -0.1554880000  

  C          -1.1406670000      1.0217550000     -0.1401910000  

  O          -1.8021870000      3.3411100000     -0.3243480000  

  C           0.2031320000      1.2700600000      0.0376910000  

  C           0.8907920000      2.5353920000      0.0204380000  

  C           2.1841660000      2.7210260000      0.4016930000  

  C           2.8257790000      4.0742070000      0.2525560000  

  C           3.0572550000      1.6400660000      0.9920000000  

  C           4.0041760000      0.9475110000     -0.0540700000  

  C           3.9238140000     -0.5475350000      0.0877320000  

  C           3.5133630000     -1.4592120000     -0.8081910000  

  C           1.8630680000     -3.3226840000     -0.1856280000  

  C           1.2004380000     -2.6894380000      1.0101600000  

  C           0.0869850000     -1.9391850000      1.0499190000  

  C          -0.5040570000     -1.4967740000      2.3662800000  

  C          -0.6929720000     -1.5769460000     -0.2154430000  

  H          -4.2843750000      2.6205950000     -0.3536990000  

  H          -5.5472720000     -1.8707890000      0.5785440000  

  H          -5.4265220000     -1.8453220000     -1.2212980000  

  H           0.8274420000      0.3947090000      0.1984400000  

  H           0.3223020000      3.3882670000     -0.3270870000  

  H           3.7427280000      4.0088420000     -0.3491000000  

  H           2.1552600000      4.7947390000     -0.2216770000  

  H           3.1288170000      4.4739750000      1.2298260000  

  H           3.6639610000      2.0772270000      1.7943520000  

  H           2.4379280000      0.8747440000      1.4643810000  

  H           3.7282490000      1.2631620000     -1.0636080000  

  H           5.0343920000      1.2898890000      0.1068950000  

  H           4.1660940000     -0.9115040000      1.0877820000  

  H           1.2965150000     -3.1328600000     -1.1023220000  

  H           1.8440720000     -4.4136340000     -0.0471520000  

  H           1.6771650000     -2.9226070000      1.9639760000  

  H          -1.5222260000     -1.8890040000      2.4875960000  

  H           0.0971330000     -1.8489440000      3.2088640000  
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  H          -0.5830550000     -0.4056490000      2.4306830000  

  H           0.0058600000     -1.4346390000     -1.0465220000  

  H          -1.3177690000     -2.4358130000     -0.4895830000  

  C           3.1683370000     -1.1558510000     -2.2462670000  

  C           3.3462520000     -2.9060090000     -0.3899010000  

  H           3.8581070000     -1.6801640000     -2.9209180000  

  H           2.1614340000     -1.5068600000     -2.5027170000  

  H           3.2165950000     -0.0922300000     -2.4836240000  

  H           3.7845430000     -3.5690640000     -1.1485600000  

  H           3.8935450000     -3.0891400000      0.5424560000  

 

 

structure 1.7-TS: 

 

  C          -0.1091000000     -2.0531000000      0.2509000000  

  C          -1.3674000000     -2.6352000000      0.6516000000  

  C          -2.4929000000     -1.8937000000      0.4648000000  

  O          -3.7658000000     -2.1924000000      0.8668000000  

  C          -4.6112000000     -1.1948000000      0.2822000000  

  O          -3.7815000000     -0.1290000000     -0.1676000000  

  C          -2.4901000000     -0.6331000000     -0.1792000000  

  C          -1.3697000000     -0.0542000000     -0.6996000000  

  C          -0.1359000000     -0.8119000000     -0.5509000000  

  O           0.9643000000     -2.6603000000      0.5536000000  

  C           2.7470000000     -2.0663000000     -0.5216000000  

  C           2.0904000000     -1.3836000000     -1.5542000000  

  C           0.9163000000     -0.6368000000     -1.4708000000  

  C           3.4903000000     -3.3283000000     -0.8917000000  

  C           3.2525000000     -1.4682000000      0.7751000000  

  C           2.6154000000     -0.2230000000      1.4001000000  

  C           2.7099000000      1.0423000000      0.5763000000  

  C           2.1621000000      3.3615000000     -0.1132000000  

  C           0.9798000000      3.3091000000     -1.1238000000  

  C          -0.3717000000      3.3833000000     -0.4693000000  

  C          -1.4073000000      2.5302000000     -0.5309000000  

  C           2.1469000000      2.2192000000      0.8854000000  

  C           1.4154000000      2.4667000000      2.1823000000  

  C          -2.6632000000      2.8093000000      0.2616000000  

  C          -1.4516000000      1.2866000000     -1.4183000000  

  H          -1.3648000000     -3.5860000000      1.1688000000  

  H          -5.1524000000     -1.6350000000     -0.5680000000  

  H          -5.3087000000     -0.8234000000      1.0379000000  

  H           2.4431000000     -1.5866000000     -2.5665000000  

  H           0.6922000000     -0.0303000000     -2.3461000000  

  H           4.5676000000     -3.2420000000     -0.7046000000  

  H           3.1168000000     -4.1403000000     -0.2588000000  
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  H           3.3280000000     -3.6111000000     -1.9343000000  

  H           3.2583000000     -2.2727000000      1.5186000000  

  H           4.3142000000     -1.2443000000      0.5716000000  

  H           1.5714000000     -0.4426000000      1.6417000000  

  H           3.1199000000     -0.0748000000      2.3660000000  

  H           3.2427000000      0.9657000000     -0.3706000000  

  H           3.0942000000      3.3434000000     -0.6903000000  

  H           2.1370000000      4.3256000000      0.4123000000  

  H           1.0935000000      4.1596000000     -1.8131000000  

  H           1.0830000000      2.4006000000     -1.7235000000  

  H          -0.5062000000      4.2624000000      0.1643000000  

  H           1.8237000000      3.3523000000      2.6871000000  

  H           0.3523000000      2.6665000000      2.0067000000  

  H           1.4890000000      1.6251000000      2.8742000000  

  H          -3.5410000000      2.8743000000     -0.3936000000  

  H          -2.8757000000      2.0048000000      0.9739000000  

  H          -2.5806000000      3.7466000000      0.8190000000  

  H          -2.4038000000      1.3098000000     -1.9641000000  

  H          -0.6655000000      1.3511000000     -2.1715000000  

 

 

Structure 1.7: 

 

  C           0.7202800000     -1.6717980000     -0.0526520000  

  C          -0.0843190000     -2.5451900000      0.6935710000  

  C          -1.4448460000     -2.3508970000      0.5869010000  

  O          -2.4427510000     -3.0571130000      1.2132090000  

  C          -3.6577460000     -2.5987450000      0.6100150000  

  O          -3.3777440000     -1.3677380000     -0.0556490000  

  C          -1.9941570000     -1.3307930000     -0.1817430000  

  C          -1.2296270000     -0.4335470000     -0.9076150000  

  C           0.1793690000     -0.6562410000     -0.8702620000  

  O           2.0612030000     -1.9196260000      0.0246620000  

  C           3.0626100000     -1.0223050000     -0.5380670000  

  C           2.4567720000     -0.0997660000     -1.5624390000  

  C           1.1363820000      0.0572740000     -1.7074990000  

  C           4.0767180000     -1.9535510000     -1.2226920000  

  C           3.7615260000     -0.2750290000      0.6266790000  

  C           2.8754850000      0.5185710000      1.6077270000  

  C           2.2585000000      1.7733800000      1.0435620000  

  C           0.6087690000      3.5493170000      0.5609540000  

  C          -0.2745370000      3.2980210000     -0.6975920000  

  C          -1.6998160000      2.9190720000     -0.4049150000  

  C          -2.4180520000      1.8534160000     -0.7961910000  

  C           1.0448550000      2.2909930000      1.2911990000  

  C           0.0480750000      1.7019690000      2.2583810000  



 

77 

 

  C          -3.8742510000      1.7478340000     -0.4029410000  

  C          -1.8843170000      0.7124240000     -1.6720000000  

  H           0.3570250000     -3.3275640000      1.2974760000  

  H          -4.0055990000     -3.3454690000     -0.1206530000  

  H          -4.4087810000     -2.4333550000      1.3868550000  

  H           3.1550340000      0.4235480000     -2.2099900000  

  H           0.7665260000      0.7129780000     -2.4871680000  

  H           4.9234870000     -1.3803870000     -1.6139670000  

  H           4.4551820000     -2.6907920000     -0.5087950000  

  H           3.6017480000     -2.4828320000     -2.0526880000  

  H           4.3173390000     -1.0265590000      1.2009100000  

  H           4.5133380000      0.3939760000      0.1851830000  

  H           2.1138400000     -0.1503100000      2.0179470000  

  H           3.5230010000      0.7882700000      2.4564910000  

  H           2.9004920000      2.3218940000      0.3515940000  

  H           1.4983280000      4.0995610000      0.2337440000  

  H           0.0640440000      4.2171900000      1.2436620000  

  H          -0.2906460000      4.2401390000     -1.2668830000  

  H           0.2231190000      2.5606620000     -1.3311430000  

  H          -2.2257830000      3.6554030000      0.2067150000  

  H          -0.1113870000      2.3882540000      3.1014810000  

  H          -0.9263930000      1.5596030000      1.7805270000  

  H           0.3691800000      0.7429670000      2.6689420000  

  H          -4.5149070000      1.7054900000     -1.2942380000  

  H          -4.0733960000      0.8340940000      0.1640760000  

  H          -4.1879150000      2.6071640000      0.1963530000  

  H          -2.7271060000      0.3039110000     -2.2425980000  

  H          -1.1845430000      1.1121820000     -2.4074430000  

 

structure 1.8-oQM: 

 

  C          -2.4958620000      1.9620460000      0.3990160000  

  C          -3.8629780000      1.4628210000      0.5526200000  

  C          -4.1191020000      0.1875820000      0.1979070000  

  O          -5.3068210000     -0.4774400000      0.2614270000  

  C          -5.1016550000     -1.7667590000     -0.3241420000  

  O          -3.7070950000     -1.9238120000     -0.5611260000  

  C          -3.1182660000     -0.6996500000     -0.3208400000  

  C          -1.8234570000     -0.3589780000     -0.5133380000  

  C          -1.4483690000      1.0156260000     -0.1528300000  

  O          -2.2370450000      3.1287820000      0.7186760000  

  C          -0.1433630000      1.4149800000     -0.3372540000  

  C           0.4565300000      2.6986650000     -0.0996220000  

  C           1.7742330000      2.9741560000     -0.3069470000  

  C           2.3084410000      4.3511530000     -0.0196380000  

  C           2.7867180000      1.9597880000     -0.7870780000  
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  C           3.4704860000      1.1933470000      0.3793430000  

  C           4.4117390000      0.1375950000     -0.1316390000  

  C           4.4268460000     -1.1770840000      0.1444840000  

  C           5.4561280000     -2.0745130000     -0.5060310000  

  C           3.4947420000     -1.8637810000      1.1232780000  

  C           2.4487780000     -2.8230000000      0.4884820000  

  C           1.3900690000     -2.1289620000     -0.3264140000  

  C           0.0690980000     -2.0661940000     -0.0897310000  

  C          -0.6300120000     -2.6934790000      1.0907210000  

  C          -0.8563050000     -1.3790850000     -1.0913200000  

  H          -4.6140560000      2.1370530000      0.9435830000  

  H          -5.4447990000     -2.5382830000      0.3722080000  

  H          -5.6521600000     -1.8242140000     -1.2723400000  

  H           0.5297100000      0.6476310000     -0.7038520000  

  H          -0.1944770000      3.4806390000      0.2690180000  

  H           2.7010290000      4.8141580000     -0.9354220000  

  H           1.5410810000      5.0081900000      0.3964630000  

  H           3.1483230000      4.3108530000      0.6869910000  

  H           2.3246770000      1.2295650000     -1.4579410000  

  H           3.5609780000      2.4690540000     -1.3752660000  

  H           4.0196610000      1.9173400000      0.9986960000  

  H           2.6940440000      0.7637970000      1.0166970000  

  H           5.1640950000      0.5078750000     -0.8309680000  

  H           4.9862760000     -2.8837390000     -1.0790470000  

  H           6.1035310000     -1.5174050000     -1.1888610000  

  H           6.0921020000     -2.5573130000      0.2477790000  

  H           4.1100480000     -2.4591160000      1.8128610000  

  H           2.9641510000     -1.1323070000      1.7387210000  

  H           2.9732270000     -3.5463140000     -0.1514610000  

  H           1.9983090000     -3.4085450000      1.2948610000  

  H           1.7627120000     -1.6288270000     -1.2215740000  

  H          -1.0941890000     -1.9238580000      1.7187760000  

  H          -1.4427430000     -3.3487300000      0.7536620000  

  H           0.0399370000     -3.2800180000      1.7210740000  

  H          -1.4645190000     -2.1553420000     -1.5732400000  

  H          -0.2599730000     -0.9202070000     -1.8871730000  

 

 

structure 1.8-TS: 

 

  C          -2.6113000000      1.7854000000     -0.6317000000  

  C          -3.2999000000      0.6158000000     -0.5276000000  

  O          -4.5510000000      0.3351000000     -1.0034000000  

  C          -4.8800000000     -0.9732000000     -0.5185000000  

  O          -3.6900000000     -1.5656000000     -0.0100000000  

  C          -2.7684000000     -0.5386000000      0.0953000000  



 

79 

 

  C          -1.5381000000     -0.5720000000      0.6815000000  

  C          -0.7418000000      0.6386000000      0.5827000000  

  C          -1.2366000000      1.7937000000     -0.1875000000  

  O          -0.5214000000      2.8102000000     -0.4496000000  

  C           1.3926000000      2.9245000000      0.5520000000  

  C           1.1136000000      1.9987000000      1.5688000000  

  C           0.3275000000      0.8524000000      1.4751000000  

  C           1.5847000000      4.3670000000      0.9549000000  

  C           2.0222000000      2.5995000000     -0.7871000000  

  C           2.1011000000      1.1459000000     -1.2710000000  

  C           3.0894000000      0.2927000000     -0.5019000000  

  C           3.3605000000     -1.0064000000     -0.6978000000  

  C           4.3986000000     -1.7157000000      0.1389000000  

  C           2.6753000000     -1.8498000000     -1.7533000000  

  C           1.7111000000     -2.9293000000     -1.1889000000  

  C           0.5490000000     -2.3227000000     -0.4532000000  

  C           0.1341000000     -2.5504000000      0.7999000000  

  C           0.7453000000     -3.5546000000      1.7457000000  

  C          -1.0587000000     -1.8110000000      1.4005000000  

  H          -3.0052000000      2.6600000000     -1.1331000000  

  H          -5.6278000000     -0.8811000000      0.2824000000  

  H          -5.2673000000     -1.5775000000     -1.3440000000  

  H           1.4107000000      2.2856000000      2.5788000000  

  H           0.4044000000      0.1571000000      2.3092000000  

  H           2.6344000000      4.6756000000      0.8729000000  

  H           1.0085000000      4.9999000000      0.2723000000  

  H           1.2355000000      4.5573000000      1.9720000000  

  H           1.5194000000      3.2138000000     -1.5408000000  

  H           3.0524000000      2.9874000000     -0.7210000000  

  H           1.1038000000      0.6984000000     -1.2627000000  

  H           2.4010000000      1.1846000000     -2.3279000000  

  H           3.6444000000      0.8075000000      0.2827000000  

  H           3.9644000000     -2.5490000000      0.7059000000  

  H           5.1885000000     -2.1475000000     -0.4907000000  

  H           4.8704000000     -1.0379000000      0.8557000000  

  H           2.1162000000     -1.2124000000     -2.4461000000  

  H           3.4408000000     -2.3624000000     -2.3535000000  

  H           1.3382000000     -3.5161000000     -2.0411000000  

  H           2.2677000000     -3.6293000000     -0.5587000000  

  H           0.0005000000     -1.5779000000     -1.0282000000  

  H           1.1469000000     -3.0578000000      2.6390000000  

  H          -0.0144000000     -4.2635000000      2.1012000000  

  H           1.5510000000     -4.1345000000      1.2929000000  

  H          -1.9004000000     -2.5102000000      1.4854000000  

  H          -0.8055000000     -1.5504000000      2.4395000000  
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structure 1.8: 

 

  C          -2.2229700000      1.8262730000     -0.6999050000  

  C          -3.0511750000      0.7250970000     -0.6366200000  

  O          -4.2347470000      0.5221360000     -1.3041980000  

  C          -4.7572820000     -0.7041540000     -0.7742160000  

  O          -3.6961340000     -1.3801840000     -0.1027900000  

  C          -2.7268220000     -0.4099490000      0.1023920000  

  C          -1.5705560000     -0.5119560000      0.8496000000  

  C          -0.7208720000      0.6309070000      0.8432260000  

  C          -1.0370940000      1.7498650000      0.0504810000  

  O          -0.2323230000      2.8517860000      0.0024560000  

  C           1.1542750000      2.8131020000      0.4658160000  

  C           1.3449150000      1.7431200000      1.5086350000  

  C           0.4867470000      0.7258760000      1.6525410000  

  C           1.3800960000      4.2063750000      1.0712090000  

  C           2.0765960000      2.6283590000     -0.7698750000  

  C           2.1537230000      1.2262100000     -1.4114730000  

  C           3.0936170000      0.2727650000     -0.7007300000  

  C           3.2101680000     -1.0562670000     -0.8482330000  

  C           4.2407020000     -1.8228280000     -0.0505560000  

  C           2.3795980000     -1.8826360000     -1.8089410000  

  C           1.4608280000     -2.9437250000     -1.1443720000  

  C           0.3620710000     -2.3089550000     -0.3372980000  

  C          -0.0632420000     -2.5907220000      0.9020770000  

  C           0.4780350000     -3.6989820000      1.7700300000  

  C          -1.1977090000     -1.7956800000      1.5539160000  

  H          -2.4488730000      2.7032270000     -1.2930980000  

  H          -5.5654780000     -0.4745740000     -0.0623530000  

  H          -5.1257820000     -1.3246920000     -1.5954300000  

  H           2.2332170000      1.8187080000      2.1293500000  

  H           0.6785180000     -0.0416760000      2.3948520000  

  H           2.3992950000      4.2968370000      1.4594970000  

  H           1.2253420000      4.9822950000      0.3154570000  

  H           0.6778950000      4.3752750000      1.8917730000  

  H           1.7258130000      3.3517720000     -1.5152130000  

  H           3.0898570000      2.9440820000     -0.4866140000  

  H           1.1481120000      0.8016460000     -1.4951550000  

  H           2.5005150000      1.3665380000     -2.4458270000  

  H           3.7812050000      0.7498580000     -0.0008490000  

  H           3.7725380000     -2.5535650000      0.6213360000  

  H           4.9137760000     -2.3904610000     -0.7074730000  

  H           4.8521610000     -1.1558390000      0.5638950000  

  H           1.7617440000     -1.2306840000     -2.4355210000  

  H           3.0609530000     -2.4092610000     -2.4933210000  
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  H           1.0176740000     -3.5447610000     -1.9523690000  

  H           2.0590050000     -3.6385600000     -0.5467500000  

  H          -0.1392560000     -1.4938280000     -0.8559390000  

  H           0.8706990000     -3.3037600000      2.7165580000  

  H          -0.3178790000     -4.4070850000      2.0373480000  

  H           1.2743900000     -4.2668310000      1.2851670000  

  H          -2.0874610000     -2.4347420000      1.6243810000  

  H          -0.9148350000     -1.5814350000      2.5945360000  

 

 

structure 1.9-oQM: 

 

  O          -5.9104086883      6.7974101921      2.5020233973  

  O          -7.0856457209      2.1949137711      2.1860408528  

  O          -5.2573074048      1.7483273427      0.4279302582  

  C          -5.7151961635      5.6778883853      2.0079317826  

  C          -6.5531547038      4.5430136457      2.3783805959  

  C          -6.3686607501      3.2934250152      1.8632412551  

  C          -5.3176562927      3.0356622339      0.8780251534  

  C          -4.5226528753      4.0581610408      0.4805746758  

  C          -4.6276320355      5.3953159000      1.0192142309  

  C          -3.6802547785      6.3116525561      0.6246698615  

  C          -3.4853696498      7.6601946819      1.0705747559  

  C          -2.3962198933      8.4157303667      0.7574751931  

  C          -1.2482935799      7.9573268396     -0.1178671317  

  C          -0.0750557423      7.2714130080      0.6547405677  

  C          -0.4342127008      5.9221019368      1.2145422434  

  C           0.0463756262      4.7118598895      0.8769344897  

  C          -0.5093403151      3.4744812362      1.5584344094  

  C          -1.1042540373      2.4120062775      0.5945332831  

  C          -1.8647136540      1.3627614106      1.3616161128  

  C          -3.0951078280      0.8660879340      1.1557667685  

  C          -8.1356253014      2.3386581197      3.1361584658  

  C          -2.2617893328      9.8053592939      1.3208202824  

  C           1.1355738585      4.4704100539     -0.1396758327  

  C          -3.9845505122      1.2316289559     -0.0111680657  

  H          -3.7459228372      3.8842262012     -0.2541119575  

  H          -2.9486545132      5.9332849156     -0.0859174790  

  H          -4.2452348319      8.0655076369      1.7293347263  

  H          -1.5929948845      7.2738035401     -0.8998306525  

  H          -0.8369950946      8.8345120604     -0.6325641737  

  H           0.7777990524      7.2054076270     -0.0273616318  

  H           0.2352605658      7.9359725283      1.4731599330  

  H          -1.2063871761      5.9470205133      1.9817671903  

  H           0.2826235334      2.9891434662      2.1493995006  

  H          -1.2878001145      3.7740405340      2.2678004794  



 

82 

 

  H          -1.7412419580      2.9080785935     -0.1439790846  

  H          -0.2880248936      1.9388928975      0.0305553391  

  H          -1.3239985175      0.9742209345      2.2273265635  

  H          -7.7511219619      2.6837364357      4.1030685062  

  H          -8.8981031311      3.0410700724      2.7802194903  

  H          -8.5733509562      1.3461291570      3.2469445371  

  H          -2.2450228974     10.5514874254      0.5142739058  

  H          -3.0810522124     10.0518968025      2.0001227689  

  H          -1.3152939969      9.9236599696      1.8657226304  

  H           1.5761720106      5.3935092761     -0.5205915031  

  H           0.7617068481      3.9024787907     -1.0007830471  

  H           1.9437771430      3.8710067645      0.2996316609  

  H          -4.2573680937      0.3262647931     -0.5638971039  

  H          -3.5021076466      1.9101114177     -0.7185498538  

  H          -7.3291074237      4.7546621855      3.1028793569  

  C          -3.7046217971     -0.1429627103      2.1003336641  

  H          -3.9155324550     -1.0903935382      1.5863632390  

  H          -3.0454579154     -0.3533079417      2.9465655238  

  H          -4.6626427012      0.2234707144      2.4848688206  

 

 

structure 1.9-TS: 

 

  O           2.0476529751     -6.8240357285     10.5299254389  

  O           3.8501272476     -2.9884198816      8.5162911698  

  O           3.6963394408     -4.1768156459      5.9992346130  

  C           2.2818764752     -6.2025157080      9.4514907754  

  C           2.7566364677     -4.8428663343      9.4906301988  

  C           3.2486348920     -4.2128187881      8.3761930335  

  C           3.1830831627     -4.8501040060      7.0881199900  

  C           2.5532822807     -6.0614333606      6.9783625184  

  C           2.0705877893     -6.7794090737      8.1157429675  

  C           1.1272278410     -7.8087955526      7.9453975392  

  C           0.4980670001     -8.5178104139      8.9714904403  

  C           0.9994113889     -8.7903728903     10.2476102376  

  C           2.3223950366     -9.4685879629     10.5601189463  

  C           3.3215916105     -9.8140996792      9.4354450679  

  C           4.3866419472     -8.7737346891      9.1674362887  

  C           5.4540741979     -8.8986102197      8.3639575734  

  C           6.3617446909     -7.7075687470      8.1363499486  

  C           6.3237191054     -7.1914691745      6.6667986097  

  C           6.7606710875     -5.7549112610      6.5819270427  

  C           6.1089383677     -4.7048714280      6.0547735723  

  C           3.1707894657     -1.8930588956      7.8885009935  

  C           0.0067449933     -8.8848519298     11.3796064044  

  C           5.7939425508    -10.1587497697      7.6061274155  
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  C           4.7977431781     -4.8224920464      5.3136874525  

  H           2.8370306428     -4.3605676228     10.4580359051  

  H           2.4241960525     -6.5014620667      5.9930290099  

  H           0.6924863324     -7.8959170268      6.9486065598  

  H          -0.5564783156     -8.7469632066      8.8076629550  

  H           2.8188498515     -8.8966323762     11.3527802077  

  H           2.0208191630    -10.4171295146     11.0295931113  

  H           3.8032739570    -10.7602132292      9.7156722750  

  H           2.7610300083    -10.0339152833      8.5175853706  

  H           4.2522560753     -7.8269858886      9.6813382997  

  H           6.0508701643     -6.8931762488      8.7986677244  

  H           7.4023256316     -7.9499699989      8.3986402472  

  H           6.9736001302     -7.8220645501      6.0436930148  

  H           5.3066733095     -7.3121886842      6.2854074400  

  H           7.7186752037     -5.5474221918      7.0632899256  

  H           3.1069986469     -2.0301874095      6.8059033528  

  H           2.1640465698     -1.7738408788      8.3081184987  

  H           3.7615883051     -1.0028584069      8.1138494254  

  H           0.3814078099     -8.2957013208     12.2228324793  

  H          -0.9717899735     -8.4899449460     11.0980908693  

  H          -0.1114085096     -9.9166038373     11.7332761812  

  H           6.8339329325    -10.4565915152      7.7954945688  

  H           5.7062988849    -10.0143805825      6.5212950260  

  H           5.1497604304    -10.9981474837      7.8779773065  

  H           4.8604418921     -4.2881059201      4.3593371642  

  H           4.5391361800     -5.8619642469      5.0972939049  

  C           6.6488323075     -3.3004784113      6.1772828787  

  H           5.9646908395     -2.6872309735      6.7737604545  

  H           7.6278487749     -3.2871357380      6.6642229956  

  H           6.7467099918     -2.8182394671      5.1956845627  

 

 

structure 1.9: 

 

  O           1.9176399091     -6.8269850764     10.3864378182  

  O           4.2197112626     -3.1417250359      8.5324883878  

  O           3.6812164229     -4.0713814559      5.9164332480  

  C           2.2689065222     -6.1467550021      9.2593959704  

  C           2.9926671750     -4.9680920912      9.4279935159  

  C           3.4498224381     -4.2576109612      8.3147197658  

  C           3.1699789639     -4.7295935598      7.0195459374  

  C           2.3762351111     -5.8648052855      6.8677525092  

  C           1.9228719983     -6.5929743506      7.9719146101  

  C           1.1393838174     -7.8148896590      7.8674207563  

  C           0.8264880838     -8.5250206459      8.9576620192  

  C           1.2362812421     -8.1211437996     10.3521633999  
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  C           2.1837037593     -9.1588209765     11.0137021777  

  C           3.3322135614     -9.7382345542     10.1644472428  

  C           4.3355265147     -8.7245094687      9.6621204360  

  C           5.1795999372     -8.8602944655      8.6267840187  

  C           6.0910123048     -7.7127364483      8.2373737454  

  C           5.9343625692     -7.2523361353      6.7609071120  

  C           6.5530010329     -5.8947188326      6.5531440632  

  C           6.0449614377     -4.8143250869      5.9372686984  

  C           3.6552918842     -1.9119061586      8.0633903466  

  C          -0.0100803739     -7.9297432539     11.2330335037  

  C           5.2958739207    -10.1171877125      7.7985518753  

  C           4.7168248055     -4.8092918996      5.2157641153  

  H           3.2324837634     -4.6122122281     10.4235274885  

  H           2.1324564054     -6.2049214010      5.8646256729  

  H           0.8214401101     -8.1429982744      6.8807974809  

  H           0.2469220367     -9.4415565247      8.8832008239  

  H           2.5867713073     -8.6797281970     11.9145960981  

  H           1.5646120517     -9.9967032942     11.3586663093  

  H           3.8382932911    -10.4877619386     10.7921664325  

  H           2.9059526689    -10.2966583236      9.3233747346  

  H           4.3633757978     -7.7853387463     10.2109787538  

  H           5.8873644293     -6.8596546038      8.8926342239  

  H           7.1437754579     -7.9912189947      8.4005148205  

  H           6.4160754957     -7.9895597279      6.1023133359  

  H           4.8717585416     -7.2427098846      6.5043333008  

  H           7.5382901315     -5.7793871760      7.0100529268  

  H           3.5185873372     -1.9246497311      6.9785998711  

  H           2.6933499897     -1.7144406456      8.5536179342  

  H           4.3649267152     -1.1283634045      8.3378672169  

  H           0.2829675763     -7.6471017528     12.2488052209  

  H          -0.6409641097     -7.1387780940     10.8197162293  

  H          -0.5968580827     -8.8524176404     11.2827323157  

  H           6.3339061876    -10.4761202822      7.7912928616  

  H           5.0224438665     -9.9397119596      6.7508505059  

  H           4.6688844539    -10.9284337025      8.1738560276  

  H           4.8139091890     -4.2859580493      4.2586076820  

  H           4.3639333838     -5.8238104209      5.0087884170  

  C           6.7786818242     -3.4952405825      5.9336931746  

  H           6.1773135509     -2.7292041589      6.4353241784  

  H           7.7377609825     -3.5651762939      6.4542659808  

  H           6.9674517464     -3.1407687365      4.9116427203  

 

 

structure 1.10-oQM: 

 

  O          -4.6178735882     -0.8424594857     -0.8863826287  
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  O          -1.0876690078     -1.6706186357      2.2067312790  

  O           0.6663899115     -0.6575695979      0.6144180026  

  C          -3.4118920802     -0.8003318419     -0.6052663103  

  C          -2.9226036356     -1.2942137836      0.6780218831  

  C          -1.6054145300     -1.2450715259      1.0339865786  

  C          -0.6039395274     -0.6965847900      0.1178639947  

  C          -0.9939672892     -0.2740313338     -1.1090269292  

  C          -2.3734281540     -0.2579720643     -1.5338234936  

  C          -2.6397601962      0.3288723588     -2.7478461792  

  C          -3.9001814902      0.6317778224     -3.3570933317  

  C          -4.0234898473      1.3400773783     -4.5136788934  

  C          -2.8569633920      1.8306387245     -5.3463591234  

  C          -2.3812055838      3.2829224466     -5.0359825022  

  C          -1.7038052482      3.4746495246     -3.7031772922  

  C          -0.4506302899      3.8982136422     -3.4544846524  

  C          -0.0264349791      4.2095439273     -2.0264147094  

  C           1.3563701880      3.6947901855     -1.5365629006  

  C           1.4542469027      2.2067493370     -1.3265333846  

  C           1.4975623512      1.5405907542     -0.1606997973  

  C           1.6686044428      0.0329758046     -0.1523885954  

  C          -1.9764873531     -2.2439563262      3.1587949169  

  C          -5.3888134309      1.6873431557     -5.0440298737  

  C           0.5686410776      4.2241777451     -4.5208463292  

  C           1.4223552913      2.1626745183      1.2106612011  

  H          -0.2708698517      0.1471535210     -1.7921762276  

  H          -1.7599122245      0.6733624326     -3.2864104390  

  H          -4.7885141602      0.3043995971     -2.8288673510  

  H          -1.9996497832      1.1564774640     -5.2623598077  

  H          -3.1611731051      1.8076837617     -6.4008245696  

  H          -1.7267949093      3.5937986830     -5.8548089281  

  H          -3.2570107410      3.9465378929     -5.0809718431  

  H          -2.3424037575      3.2847173699     -2.8409904349  

  H           0.0058195719      5.3062068337     -1.9324065132  

  H          -0.7990269862      3.8632255723     -1.3317968488  

  H           2.1286154137      4.0041632491     -2.2532874592  

  H           1.5891439144      4.2224442208     -0.6068429419  

  H           1.4969938713      1.6139319127     -2.2420788157  

  H           2.6001289120     -0.2373630297      0.3573699025  

  H           1.7154561059     -0.3695508618     -1.1718709965  

  H          -2.4710319344     -3.1342326868      2.7531601374  

  H          -1.3579208053     -2.5247227627      4.0121889507  

  H          -2.7381641059     -1.5224514579      3.4767362008  

  H          -5.5573368493      1.2200853286     -6.0241612729  

  H          -6.1832427942      1.3626354985     -4.3677788026  

  H          -5.4913018148      2.7699397402     -5.1994206108  

  H           1.4446310483      3.5673015015     -4.4515045170  



 

86 

 

  H           0.9408515057      5.2503171369     -4.4010261639  

  H           0.1723581660      4.1311221986     -5.5332496265  

  H           1.2417854448      3.2381837789      1.1807605288  

  H           2.3519188659      1.9880881772      1.7686486879  

  H           0.6195694755      1.6977371804      1.7926440840  

  H          -3.6784605876     -1.6967281177      1.3398389195  

 

 

structure 1.10-TS: 

 

  O          -2.1940630086     -1.3415233840     -1.2254299229  

  O           2.3763259827     -2.3063978853     -1.4598376471  

  O           2.7442049435     -1.4247829839      1.1611827312  

  C          -1.1194647665     -1.5168303757     -0.5796391037  

  C           0.0423998269     -2.0444641602     -1.2493439310  

  C           1.2905231837     -1.9893018395     -0.6844627460  

  C           1.4599988613     -1.5330808571      0.6699556121  

  C           0.3478948067     -1.2547639129      1.4170727928  

  C          -0.9651965892     -1.2404038525      0.8566036778  

  C          -2.0944369638     -1.2683857258      1.6942804293  

  C          -3.4204208103     -1.2445329554      1.2578466320  

  C          -3.8901124126     -0.6704196207      0.0737284387  

  C          -3.6109513080      0.7436932831     -0.4080616008  

  C          -2.6005178894      1.6539907026      0.3349725985  

  C          -1.3007307756      1.8841021016     -0.4006164247  

  C          -0.5094994079      2.9686719972     -0.3535327039  

  C           0.7798001495      3.0045077710     -1.1532747119  

  C           2.0839303739      3.1105038166     -0.3112981530  

  C           2.2720909552      1.9661342808      0.6469962869  

  C           3.1367127498      0.9413665402      0.5646758593  

  C           3.1281776027     -0.1126703249      1.6471942466  

  C           3.1747165526     -3.4081767758     -1.0061809793  

  C          -5.1261065238     -1.2672438404     -0.5523681364  

  C          -0.8056304993      4.2032652082      0.4648015461  

  C           4.1225712064      0.7067931300     -0.5516470650  

  H          -0.0638578262     -2.3566988807     -2.2817882992  

  H           0.4648158728     -0.9891124793      2.4639974058  

  H          -1.9153135463     -1.5242530619      2.7396096727  

  H          -4.1304557935     -1.8482440865      1.8249578616  

  H          -3.3615520693      0.6858038434     -1.4738566116  

  H          -4.5965046598      1.2318375376     -0.3684936565  

  H          -3.0902665535      2.6155274192      0.5243553727  

  H          -2.3985508483      1.2330595122      1.3268678163  

  H          -0.9758888588      1.0597717533     -1.0303050852  

  H           0.8450068516      2.1083380017     -1.7793561504  

  H           0.7598422553      3.8697267199     -1.8332429233  
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  H           2.9286917444      3.1883324095     -1.0026397015  

  H           2.0674229695      4.0511494371      0.2560278569  

  H           1.5912546512      1.9707715834      1.4981451184  

  H           2.4765264715      0.1867336111      2.4760363911  

  H           4.1342139616     -0.2770544547      2.0488951465  

  H           2.5729737447     -4.3244203814     -0.9633791502  

  H           3.9644852515     -3.5315071560     -1.7497795157  

  H           3.6149593448     -3.2075196279     -0.0267496152  

  H          -4.9780901726     -1.3364730927     -1.6345215535  

  H          -5.3326844563     -2.2691694578     -0.1712030285  

  H          -6.0068769752     -0.6339279312     -0.3857268465  

  H          -0.6596797349      5.1118104428     -0.1337361591  

  H          -0.1304344051      4.2880111446      1.3265187585  

  H          -1.8259284040      4.2175249772      0.8542172099  

  H           4.1246000168      1.5107495425     -1.2898779362  

  H           3.8867247893     -0.2295684511     -1.0690925645  

  H           5.1420501822      0.6076781271     -0.1560477850  

 

 

structure 1.10: 

 

  O          -2.3882582002     -1.3042662780     -0.8954128738  

  O           2.2449464992     -1.9588419316     -1.5583534339  

  O           2.7380695767     -1.5190483535      1.1846660854  

  C          -1.1532402011     -1.4261899304     -0.3304139360  

  C          -0.0824203365     -1.6969727185     -1.1791227414  

  C           1.2152537412     -1.7639372362     -0.6687151013  

  C           1.4421537987     -1.5613745005      0.7055644550  

  C           0.3506550629     -1.3990607446      1.5551724188  

  C          -0.9553733379     -1.3290631524      1.0585284991  

  C          -2.1360887748     -1.1602968591      1.8937513664  

  C          -3.3310038480     -0.9128433979      1.3416095609  

  C          -3.5136165276     -0.7473288561     -0.1483095631  

  C          -3.7172551784      0.7435425739     -0.5478299965  

  C          -2.7650323030      1.8076445517      0.0353202469  

  C          -1.4012535190      1.9040857974     -0.6168401769  

  C          -0.5141621596      2.9017135177     -0.4701274301  

  C           0.8117836026      2.8723707830     -1.2066262756  

  C           2.0861660002      2.9796756643     -0.3214006839  

  C           2.2618694816      1.8377876607      0.6421376670  

  C           3.1754869063      0.8525743123      0.6084026509  

  C           3.1441168548     -0.2141357845      1.6795372828  

  C           3.0147102725     -3.1496480072     -1.3495141002  

  C          -4.7175100213     -1.5682821627     -0.6352377351  

  C          -0.7664219617      4.1163193836      0.3921668313  

  C           4.2312583282      0.6696417669     -0.4523724776  
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  H          -0.2456625144     -1.8200316937     -2.2437738607  

  H           0.5233752193     -1.2950298059      2.6229024920  

  H          -2.0275011958     -1.2516017738      2.9717494607  

  H          -4.2212313533     -0.7941311209      1.9535759317  

  H          -3.7085029483      0.7876227196     -1.6441895577  

  H          -4.7370170474      1.0039108733     -0.2367630246  

  H          -3.2764876677      2.7757544409     -0.0462509986  

  H          -2.6574818581      1.6265328226      1.1137533484  

  H          -1.1201490561      1.0743084924     -1.2607342509  

  H           0.8771403653      1.9571728207     -1.8044553873  

  H           0.8415746722      3.7170652910     -1.9121637122  

  H           2.9502760653      3.0641883102     -0.9872418373  

  H           2.0462357784      3.9206893120      0.2445613523  

  H           1.5320659985      1.8085359014      1.4516358377  

  H           2.4848480376      0.0861939498      2.5026476156  

  H           4.1434514243     -0.3945622559      2.0899831181  

  H           2.3751720985     -4.0389120212     -1.4152741879  

  H           3.7529169968     -3.1776525954     -2.1537714203  

  H           3.5214868504     -3.1309102233     -0.3811673186  

  H          -4.8439490261     -1.4517471488     -1.7155516963  

  H          -4.5604165894     -2.6274524047     -0.4164241298  

  H          -5.6368600292     -1.2413436449     -0.1396957606  

  H          -0.5004716015      5.0379932343     -0.1414267297  

  H          -0.1560366930      4.0980426992      1.3045933435  

  H          -1.8099426952      4.1980187267      0.7044336963  

  H           4.2892945854      1.5133126387     -1.1425703002  

  H           4.0153035093     -0.2304429737     -1.0374394826  

  H           5.2213414556      0.5352655517      0.0018196632  
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Chapter 2.  Total Synthesis of (–)-Halenaquinone 

 

2.1 Halenaquinone and Related Natural Products 

 

 Halenaquinone (2.1), xestoquinone (2.3), and related secondary metabolites are penta- or 

hexacyclic aromatic quinones or hydroquinones possessing a single quaternary all-carbon 

stereocenter in addition to a fused tricyclic furan moiety.  The entire family of natural products 

has been isolated from various species of tropical marine sponge.  Halenaquinone (2.1), the 

subject of this chapter, was isolated in 1983 by Scheuer, Clardy, and coworkers from the sponge 

Xestospongia exigua collected from Palau, in the Western Caroline Islands.
1
  Further isolation 

reports have brought the number of known members of the halenaquinone structural family to 

well over a dozen (Figure 1).
2
 

Figure 1.  A sampling from the halenaquinone family of natural products. 

 

 Though initially classed as a polyketide,
1
 halenaquinone (2.1) is now thought to arise 

from a sesquiterpene and quinone mixed biosynthesis (Scheme 1).
2-3

  This proposal becomes 

clearer upon considering prototypical farnasylhydroquinone 1.1, which was also the starting 

point in the proposed biosynthesis of the smenochromenes and likonides (Chapter 1).  

Rearranging hydroquinone 1.1 into a more suggestive conformation, such as is invoked in the 

steroid cyclization cascade, allows for straightforward arrow pushing to form the trans-decalin 

system found in zonarol (2.11), another marine metabolite.
4
  The proposed biosynthesis then 

becomes speculative, as none of the proposed intermediates have been isolated to date, from a 

marine source or otherwise. With that in mind, the next step may be the formation of the fourth 

and final six-membered ring through carbon-carbon bond formation between the exomethylene 

and the hydroquinone of zonarol (2.11) to afford hydroquinone 2.12.   For this reaction one could 

envisage two plausible scenarios, the first being addition of the hydroquinone as an enol into the 

exomethylene, which after tautomerization back into aromaticity would result in hydroquinone 

2.12.  Also plausible would be the umpolung reactivity: the oxidation of the hydroquinone to a 
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quinone, and then attack by the exomethylene double bond in a Michael addition fashion on the 

hydroquinone double bond.  If one of the geminal-dimethyls is then removed (by oxidation and 

then decarboxylation, for example), the carbon skeleton of the halenaquinone (2.1) series is in 

place (2.13).  All that remains to complete halenaquinone (2.1) is a series of oxidations, to form 

the naphthoquinone moiety, a furan ring, and two benzylic ketones.  

Scheme 1.  Proposed biosynthesis of halenaquione. 

 

 

2.2 Biological Activity of the Halenaquinone Family 

 

 In order to understand some of the excitement generated by halenaquinone (2.1) and its 

family in the scientific community, one need only consider the impressive array of bioactivities 

that many of the members possess.  Halenaquinone (2.1) has been shown to be qualitatively 

antibiotic and antifungal,
1,5

 as well as irreversibly inhibiting protein tyrosine kinase pp60
v-src

 

(IC50 = 1.5 uM)
3,6

 and phosphatidylinositol 3-kinase (IC50 = 3 uM).
7
  It has also been shown to 

induce apoptosis (EC50 = 10 uM) in rat brain tumor PC12 cells.
7
  Halenaquinol (2.2), which is 

quite likely oxidized to halenaquinone under many biologically relevant conditions,
3
 has its own 

biological profile; it has been shown to inhibit rat brain cortex Na 
+
, K

+
 -ATPase (IC50 = 1.3 

uM).
8-9

  Halenaquinol's sulphate salt has been shown to inhibit DNA polymerases α, β, δ, and ε 

with Ki's of 1.3, 80, 17.5, and 2 uM respectively.
10

  Xestoquinone (2.3) has been shown to effect 

muscle excitation and relaxation and to possess some anti-malarial properties,
11-14

 inhibiting 

Pfnek-1 (IC50 = 1 uM) a P. falciparum protein kinase with some selectivity versus other 

kinases.
15

  Finally, Adociaquinone B (2.5) inhibits the human phosphatase CDC25B (IC50 = 70 

nM) with more than 10-fold selectivity versus similar phosphatases.
16

 

 This impressive list of biological activities does not come from just one structural feature, 

but instead must be evaluated on a case by case basis.  To understand some of halenaquinone's 

reactivity, one ought to consider the extensively studied furanosteroids wortmannin (2.14) and 

viridin (2.15), which are structurally very similar (Figure 2).
17

  Extensive structure activity 

relationship experiments performed by Sandoz Laboratories and Eli Lilly & Co. show that the 

nucleophilicity of the 5 position on the furan ring was an essential feature in wortmannin's 

general reactivity and in its in vitro efficacy against phosphatidylinositol 3-kinase.
18-23

  Their 

experiments have also shown that covalent opening of the furan heterocycle by amines and thiols 

is especially facile, due in part to the strained furan (the strain energy for the tricyclic system was 
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calculated to be 12.1 kcal/mol
24

).  This mode of reactivity appears to be significant in 

halenaquinone (2.1), halenaquinol (2.2), and other family members possessing the necessary 

ketone.
3,7,9

  However, molecules like xestoquinone (2.3) and the adociaquinones (2.4, 2.5), which 

lack this ketone and thus cannot function as Michael acceptors at that position, instead appear to 

react mainly through Michael addition of nucleophiles at the quinone.
5,16,25

    

Figure 2.  Structure activity relationships based on structurally similar furanosteroids. 

 

 

2.3 An Overview of Previous Syntheses 

 

 Because of its multifaceted bioactivity and deceptively simple molecular architecture, 

halenaquinone (2.1) and xestoquinone (2.3) have been the target of numerous formal and total 

syntheses, a selection of which will be highlighted in this section in order to discuss common 

synthetic themes.   

 An excellent asymmetric synthesis by Shibasaki and coworkers (Scheme 2)
26-28

 relies on 

a domino reaction of ditriflate 2.16.  The key step began with a palladium catalyzed Suzuki cross 

coupling with borane 2.17 that gave intermediate monotriflate 2.18, which underwent a Heck 

reaction, using the same chiral palladium catalyst adding over the tri substituted double bond to 

form a hexane ring as well as the quaternary stereocenter in tricycle 2.19 with good enantiomeric 

excess, but modest yield.  After further functionalizing to vinyl iodide 2.20, a Larock furan 

synthesis formed the final two rings to complete the carbon skeleton of halenaquinone (2.1).  

Desilylation with tert-butyl ammonium fluoride (TBAF) and oxidative demthylation with cerric 

ammonium nitrate (CAN) yielded halenaquinone (2.1). 

Scheme 2.  Shibasaki's synthesis of halenaquinone (1). 

 

 Another groundbreaking asymmetric synthesis of halenaquinone (2.1) was performed by 

Harada and coworkers (Scheme 3).
29-32

  Their strategy relies on a Diels-Alder reaction between 

enone 2.22 and a diexomethylene diene, generated in situ from benzocyclobutane 2.21 through a 
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retro 2+2 electrocyclization, forming four of the five rings in the halenaquinone skeleton (2.23).  

Further functionalization and removal of the acetonide yielded triol 2.24, which was oxidized to 

form the furan ring.  Again, CAN oxidation reveals the quinone affording halenaquinone (2.1).   

Scheme 3. Harada's synthesis of halenaquinone (2.1). 

 

 An innovative approach to xestoquinone (2.3) was undertaken by Keay and coworkers 

(Scheme 4).
33-34

  Acid chloride 2.26 was coupled with functionalized furan 2.27, which after 

further desilylation and triflate formation gave key intermediate 2.28.  This intermediate was 

now ready to undergo a domino Heck reaction, first forming the quaternary stereocenter in 

intermediate 2.29, and then proceeding to form the final ring in pentacycle 2.30.  Reduction and 

CAN oxidation yielded xestoquinone (2.3). 

Scheme 4.  Keay's synthesis of xestoquinone (2.3). 

 

 Wipf and coworkers recently completed the synthesis of a thiophene analog of 

halenaquinone (Scheme 5, 2.36) in order to better understand the effect of ring strain on 

halenaquinone's reactivity by replacing the oxygen of the furan ring with the larger sulfur.
35

  

Heavily functionalized thiophene 2.32, which was derived from commercially available 3,4-

dibromothiophene (2.31), underwent a Diels-Alder reaction with thermally opened 

benzocyclobutane 2.33 to form anthracene 2.34.  Further microwave heating with palladium 

catalyst initiated a Heck cyclization that formed another ring and gave the key quaternary 

stereocenter in 2.35.  Further elaboration yielded thiohalenaquinone (2.36). 
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Scheme 5.  Wipf's synthesis of thiohalenaquinone (2.36). 

 

 Finally, Rodrigo and coworkers have developed an elegant and expedient racemic 

synthesis of halenaquinone (Scheme 6, 2.1).
36-38

  Oxidation of phenol 2.37 to generate the mixed 

monoketal of diene alcohol 2.38 and ortho-quinone 2.39 set the stage for an intramolecular 

Diels-Alder reaction.  This transformation yielded two products, with tricycle 2.40 

predominating over 2.41 due to the locked s-cis geometry of the ortho-quinone diene versus the 

rotationally unrestricted diene of the ketal.  Fortunately, heating the mixture of 2.40 and 2.41 

allowed a Cope rearrangement of 2.40 to 2.41.  Another Diels-Alder reaction, this time between 

2.41 and isobenzofuran 2.42, gave the carbon skeleton of halenaquinone (2.43).  Again, an 

oxidative endgame yielded halenaquinone (2.1). 

Scheme 6.  Rodrigo's synthesis of halenaquinone (2.1). 

 

 

2.4 Retrosynthesis of Halenaquinone 

 

 Reflecting on the previous syntheses shows a clear trend towards using the very powerful 

and reliable Diels-Alder and Heck reactions to set the troublesome quaternary carbon 

stereocenter in addition to quickly increasing molecule complexity.  The synthesis reported in 

this chapter also leverages these reactions, but with notable differences.  Retrosynthetically 

(Scheme 7), halenaquinone (2.1) was planned to arise from the oxidative aromatization of key 
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pentacycle 2.44, which itself would be the product of an intramolecular inverse-electron-demand 

Diels-Alder reaction of vinyl-para-quinone 2.45.  Separating 2.45 into two halves via an anion 

addition of vinyl halide 2.40 into furfural 2.46 allows for a convergent synthesis.  The quaternary 

stereocenter of 2.46 would arise from a Heck reaction on iodofurfural 2.47, which in turn would 

be derived from 3,4-diiodofuran (2.49), dimethylformamide, and known aldehyde 2.48.  Vinyl 

halide 2.50 could be generated from the dihalogenation and decarboxylation of commercially 

available cinnamic acid 2.51.  

Scheme 7.  Retrosynthesis of halenaquinone (2.1). 

 

 

2.5 Vinyl Quinones as Diels-Alder Dienes 

 

 The featured reaction of this synthesis—utilizing a vinyl-para-quinone for an inverse-

electron-demand Diels-Alder reaction—is an as yet unprecedented method in total synthesis.  

The literature does have several examples of intermolecular vinyl-para-quinone methods that 

were used as guidance when developing the key inverse-electron-demand Diels-Alder step of the 

synthesis.  The earliest reported examples (Scheme 8) were dimerizations of vinyl quinones 2.52 

into hydrophenanthrenes 2.53 via heating and irradiation with UV light,
39-40

 which occur with 

very good regio- and chemoselectivity.  Later, Noland and Kedrowski showed that the extremely 

electron poor nitro vinyl quinone 2.54 could undergo rapid cycloaddition with an electron rich 

diene such as an indole or a furan to give highly substituted tricycles such as 2.55.
41-42

  These 

two papers appear to be the only examples of this sort of inverse-electron-demand Diels-Alder 

reaction, and thus the synthesis proposed in Scheme 7 would constitute the first use of this 

potentially very useful chemistry in the complex setting of a total synthesis. 
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Scheme 8.  Diels-Alder reactions of vinyl-para-quinones. 

 

 

2.6 Synthesis of (–)-Halenaquinone 

 

 In order to ground the discussion of the synthesis of (–)-halenaquinone (2.1) in the 

forward sense, a brief accounting of the (mostly) known starting materials will be related 

(Scheme 9).  Using the procedure of Kraus and Wang (Scheme 9A),
43

 the synthesis of 3,4-

diiodofuran (2.49) begins with propargyl diol 2.56, which is first diiodinated to trans alkene 2.57 

and then oxidatively cyclized to 2.49 with chromic acid.  The four step synthesis of (E)-4-

methylhex-4-enal (Scheme 9B, 2.48), related by Ho and le Nobel,
44

 begins with the addition of 

methyl lithium into methylacrylaldehyde (2.58) affording an alcohol which reacts with triethyl 

orthoformate in a Johnson-Claisen rearrangement to give ester 2.59.  Reduction to the alcohol 

followed by Parikh-Doering oxidation, gives pungent aldehyde 2.48.  Known vinyl bromide 2.60 

(Scheme 9C)
45

 was synthesized from cinnamic acid 2.51 through a double bromination followed 

by a decarboxylative elimination.  Attempts to lithiate bromide 2.60 resulted in significant 

amounts of elimination to form an undesired alkyne, therefore a Stille coupling with 

hexamethylditin was performed to make vinyl stannane 2.61, which could then be cleanly 

lithiated. 

Scheme 9. Synthesis of starting materials used in the synthesis of (–)-halenaquinone (2.1). 

 

 The synthesis continues (Scheme 10), based on previous work by Trauner and 

coworkers,
46-47

 with the monolithiation of iodofuran 2.49, which then adds into aldehyde 2.48, 
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yielding pseudobenzylic alcohol 2.62 as a racemic mixture.  In order to obtain a single 

enantiomer for the asymmetric synthesis, alcohol 2.62 was first oxidized to an aldehyde with 

Dess-Martin periodinane
48

 and then reduced with (–)-diisopinocampheyl boron chloride ((–)-

DIPCl)
49

 to give alcohol 2.63 in 94% enantiomeric excess.  Silyl protection of the alcohol 

followed by formylation gave key furfural 2.64.  A palladium catalyzed Heck reaction cleanly 

cyclized substrate 2.64 to form the quaternary carbon stereocenter in a 7:1 mixture of 

diastereomers 2.65 and 2.66, which were easily separated by column chromatography.  It is 

noteworthy that an achiral catalyst was used, and therefore the chirality of the carbon 

stereocenter is transferred from the chiral alcohol. 

Scheme 10.  Synthesis of the key Heck intermediate (2.65). 

 

 The exact mechanism of this chirality transfer is not known, but it is possible to 

speculate, considering that in the Heck reaction, the catalyst oxidation state cycles between Pd 

(0) and Pd (II).
50

  Oxidative insertion of palladium into iodofuran 2.60 would thus yield a square 

planar Pd (II) intermediate.  The pendant trisubstituted double bond could then coordinate to the 

palladium before the syn addition in four different orientations, with the double bond behind the 

plane of the furan (2.67, 2.68) or in front (2.69, 2.70) and with the double bond pointed up (2.68, 

2.70) or down (2.67, 2.69).  These four possibilities then lead to only two products after the syn 

addition, bicycles 2.71 and 2.72.  It is plausible that a steric clash between the palladium 

complex and bulky silyl protected alcohol in intermediate 2.72 is significantly more unfavorable 

than that between the silyl group and the methyl group in 2.71, and that this difference accounts 

for the seven-fold diastereomeric excess of 2.65 over 2.66. 
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Scheme 11.  Diastereoselectivity of the Heck reaction. 

 

 Having achieved excellent diastereoselectivity for the Heck reaction, it was decided to 

proceed with the major diasteriomer toward ent-Halenaquinone (2.1), beginning with the 

addition of a vinyl anion (Scheme 12), generated by a tin-lithium exchange on vinyl stannane 

2.61, into the aldehyde of furfural 2.65, giving a mixture of diasteriomeric alcohols.  The mixture 

is carried on through a desilylation and then double oxidation with catalytic 

tetrapropylammonium perruthenate (TPAP) and stoichiometric oxidant N-methylmorpholine N-

oxide (NMO) to give a single enantiomer of α,β-unsaturated ketone 2.72.
51

  Oxidative cleavage 

of the hydroquinone methyl ethers with argentic oxide and nitric acid gave key vinyl-para-

quinone intermediate 2.45.
52

 

Scheme 12.  Synthesis of the intramolecular inverse-electron-demand Diels-Alder intermediate. 
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 Investigation into the reactivity of key intermediate 2.45 showed that the inverse-

electron-demand Diels-Alder can occur under a variety of conditions (Scheme 13).  Both Lewis 

acid catalysis, which can potentially pre-organize 2.45 into the necessary conformation by 

coordinating to the furan oxygen and adjacent ketone, and heating gave not the expected Diels-

Alder adduct 2.73, but the aromatized hydroquinone 2.74.  Irradiation, as in the reports that 

produced dimer 2.53,
39-40

 resulted in decomposition of the quinone and no detectable product.  

Attempts to increase the yield with the use of very high pressure, one gigaPascal (~9,900 atm), 

succeeded in affording hydroquinone 2.74 in significantly higher yield.  Interestingly, under all 

three successful reaction conditions, high pressure, Lewis acid catalysis, and heating, only one 

diastereomer, 2.74, was isolated, and under no circumstance could any diastereomer of 2.73 be 

isolated.  A more in-depth consideration of the reaction as observed, using quantum mechanical 

calculations, is presented in the next section of this chapter. 

Scheme 13.  Scope of the inverse-electron-demand Diels-Alder intermediate. 

 

Conditions Yield 

UV/Vis, DMSO, 4 h decomp. 

1 GPa, CH2Cl2, 2 days 78% 

reflux, PhMe, 1 h 53% 

Sc(OTf)3, MeCN, 3 days 50% 

 All that remains to achieve the synthesis of ent-halenaquinone (2.1) is to oxidize 

hydroquinone moiety of 2.74 to a benzoquinone.  Use of manganese dioxide as the oxidant was 

sufficient to provide ent-halenaquinone (2.1) in good yield (Scheme 14B).  Alternatively, if 

hydroquinone ether 2.72 is oxidized to the vinyl quinone and then directly heated with the 

oxidant 2,3-Dichloro-5,6-dicyano-1,4-benzoquinone (DDQ), both the inverse-electron-demand 

Diels-Alder cycloaddition and final oxidation to ent-halenaquinone (2.1) is accomplished in a 

single step, albeit in significantly lower overall yield (Scheme 14B). 

Scheme 14.  Two paths to the synthesis of (–)-halenaquinone (2.1). 
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 Finally, of synthetic interest is an ethanol adduct of hydroquinone 74, which was isolated 

after a high pressure reaction run with both dichloromethane and ethanol (Scheme 15).  The 

adduct, hydroquinone 2.75, was surprisingly isolated as a single diastereomer.  It is not clear why 

that is, as it is not possible to tell with the available high pressure apparatus at what stage the 

ethanol added, and both 2.73 and 2.74 have potentially reactive Michael systems.  Presumably, 

this extra reactivity could be used in the future to generate even more complexity in a single 

reaction, with a Diels-Alder cycloaddition generating an α,β-unsaturated ketone that is 

intercepted by a nucleophile. 

Scheme 15.  An unexpected high pressure product (2.75). 

 

 

 

2.7 DFT Calculations Exploring the Inverse-Electron-Demand Diels-Alder 

 

 As mentioned above, the key intramolecular inverse-electron-demand Diels-Alder step of 

the synthesis is novel in total synthesis and thus worthy of deeper investigation.  In a Diels-Alder 

reaction, there are two types of diastereoselectivity: simple and induced.  The induced 

diastereoselectivity due to the quaternary stereocenter adjacent to the dienophile was established 

to be the anti relationship between the methyl group and hydrogen shown in Scheme 13 by 

extensive 2D NMR experiments.  The simple diastereoselectivity (endo/exo selectivity) could not 

be determined experimentally because tautomerization of 2.73 to form the hydroquinone in 2.74 

occurred under all reaction conditions (in contrast to the reactions reported in Scheme 8) 

effectively erases both of the relevant stereocenters.   

 Because no intermediates could be isolated, and to get a better theoretical handle on the 

vinyl-para-quinone inverse-electron-demand Diels-Alder reaction, both the exo and endo 

transition states and products with the observed induced diastereoselectivity were modeled 

(Scheme 16).  The calculations show that in the forward direction, the reaction is energetically 

favorable enough to be essentially irreversible.  The calculated transition states (2.76, exo 

approach, and 2.77, endo approach) have similar relative energies, with 2.76 a few kcal/mol 

lower in energy than 2.77, but it is not possible to say with certainty which is favored at standard 

pressure.  At very high pressure, the smaller volume 2.77 may favor the endo Diels-Alder 

product.  Whichever transition state, or combination thereof, the reaction coordinate goes 

through, both transition states were found to have relatively homogenous bond lengths in the 

newly forming cyclohexene ring.  This supports a synchronous Diels-Alder reaction over a 

stepwise mechanism, and was further validated by calculating the intrinsic reaction coordinates 

for both pathways.  
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Scheme 16.  Possible transition states for the observed Diels-Alder product (2.73), calculated with density 

functional theory at the B3LPY/6-31G* level of theory. 

 

 

2.8 Concluding Remarks 

 

 In this chapter, an asymmetric total synthesis for ent-halenaquinone (1) was reported.  

Observations and ruminations involving the two key steps of the synthesis, a Heck cyclization to 

form the quaternary carbon stereocenter and an intramolecular inverse-electron-demand Diels-

Alder reaction featuring a vinyl-para-quinone were also presented.  A computational 

investigation into the Diels-Alder cycloaddition suggests that the energies and structures of 

relevant compounds (45, 2.76, 2.77, 73a, 73b) fall well within the norms of the reaction, 

specifically that bond formation was exothermic enough to be essentially irreversible.  

Additionally, calculated transition states and intrinsic reaction coordinates suggest that bond 

formation is quite synchronous. 

 

2.9 Respective Contributions 

 

 The work presented in this chapter was carried out by Michael Kienzler, with synthetic 

assistance from Sandy Suseno. 

 

2.10 Experimental Methods 

 

2.10.1 Synthetic Procedures 

 

 General Methods.  Unless otherwise noted, all reactions were monitored with Merck 

silica gel 60 F254 plates and visualized with 254 nm light, iodine on silica, or a charring solution 

of ceric ammonium molybdate (CAM).  Flash chromatography was carried out using 32-63 D 60 

Å silica gel as per Still’s procedure
1
.  Toluene (PhMe), diethyl ether (Et2O), tetrahydrofuran 

(THF), and methylene chloride (CH2Cl2) were passed through a column of activated alumina 

using N2 pressure immediately prior to use according to the procedure described by Bergman
2
.  

Triethylamine (Et3N) was distilled from CaH2 and used immediately.  Solutions of n-butyl 
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lithium were titrated using diphenylacetic acid.  Unless otherwise noted, all other chemicals were 

used as obtained from commercial sources.  Non-aqueous reactions were carried out under either 

argon or nitrogen atmosphere and magnetically stirred in oven-dried glassware.  All organic 

extracts were washed with brine, dried over magnesium sulfate and filtered over celite; solvents 

were then removed with a rotary evaporator at aspirator pressure.  Unless otherwise noted, all 

NMR spectra were measured in deuterated chloroform (CDCl3) with Bruker AV, AM, or DRX 

spectrometers at 400 MHz and 500 MHz for 
1
H spectra and 125 MHz for 

13
C spectra.  Infrared 

spectra were obtained with either a Nicolet Magna-IR 850 spectrometer or an Avatar 370 FT-IR.  

Optical rotations were measured using a Perkin-Elmer 241 Polarimeter at 25 °C and 589 nm.  

Low and high resolution mass spectra (LRMS, HRMS) were obtained using the Micro-Mass 

Facility operated by the College of Chemistry, University of California at Berkeley using 

electron impact (EI+) at 70 eV or fast atom bombardment (FAB). Melting points were obtained 

with an electrothermal apparatus and are uncorrected.  High pressure experiments were carried 

out in a Leco Corp. PG-200-HPC apparatus, and the reaction solutions were contained in BD 1 

and 5 mL Luer-lok tip syringes with Luer-tip syringe pressure caps wrapped tightly with Teflon 

tape. 

 

 

Experimental Procedures. 

 
Iodofuran 2.S1.  To 1.008 g (3.27 mmol) of chiral alcohol 2.63

46
 dissolved in 4 mL of THF, was 

added 890 mg (13.1 mmol) of imidazole and 40.8 mg (0.33 mmol) of DMAP.  The mixture was 

stirred and cooled to 0 °C and then 0.935 mL (3.59 mmol) of TBDPSCl was added.  After 10 

minutes at 0 °C, the reaction was allowed to warm to room temperature and stirred overnight (15 

h), at which time it was diluted with 10 mL of ether.  This mixture was then washed with water 

and brine, dried, filtered, and concentrated in vacuo.  The product was purified by column 

chromatography (5% EtOAc in hexanes) to afford 1.655 g (93%)  of 2.S1 as a clear oil: Rf  0.65 

(20% EtOAc in hexanes, CAM); IR(thin film):  2930, 2892, 1427, 1110 cm
-1

; 
1
H NMR:  = 7.73 

(m, 2 H), 7.58 (m, 2 H), 7.46 (m, 1 H), 7.41 (m, 3 H), 7.19 (d, J = 1.4 Hz, 1 H), 5.07 (m, 1 H), 

4.67 (m, 1 H), 1.85 (m, 4 H), 1.52 (d, J = 6.5 Hz, 3 H), 1.47 (s, 1 H), 1.09 (s, 9 H) ; 
13

C NMR:  

= 145.8, 140.9, 135.9, 135.8, 133.9, 133.5, 129.6, 129.5, 129.5, 127.5, 127.4, 118.3, 69.1, 65.4, 

35.8, 34.4, 27.0, 19.3, 15.6, 13.3; HRMS (FAB
+
): calcd for C23H24O2SiI (M−C4H9)

+
: 487.0590; 

found: 487.0586; [α]D +4.3 °(c = 1.10, CHCl3) . 

 

 
 Furfural 2.64.  A solution of LDA was prepared by dissolving 0.9 mL (6.23 mmol) of (i-

Pr)2NH in 50 mL of THF at −78 °C and adding 1.95 mL of 3.07 M n-BuLi in hexanes.  The 

mixture was stirred for 30 min and then a solution of 1.655 g (3.04 mmol) of 2.S1 dissolved in 
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40 mL of THF cooled to −78 °C was added via cannula.  The solution was stirred for another 30 

min and then 0.7 mL (9.12 mmol) of DMF was added.  After 20 minutes, the reaction was 

quenched with water (20 mL), warmed to room temperature and diluted with 50 mL of ether.  

This mixture was then washed with water and brine, dried, filtered, and concentrated in vacuo.  

The product was purified by column chromatography (5% EtOAc in hexanes) to afford 1.630 g 

(94%) of 2.64 as a clear oil.  Rf  0.33 (10% EtOAc in hexanes, CAM); IR(thin film): 2930, 2857, 

1682, 1110 cm
-1

; 
1
H NMR:  = 9.57 (s, 1 H), 7.68 (m, 2 H), 7.53 (m, 2 H), 7.48 (s, 1 H), 7.45 (m, 

1 H), 7.39 (m, 3 H), 7.3 (m, 2 H), 5.06 (m, 1 H), 4.69 (m, 1 H), 1.94-1.82 (m, 4 H), 1.51 (d, J = 

6.5 Hz, 3 H), 1.47 (s, 3 H), 1.07 (s, 9 H); 
13

C NMR:  = 177.7, 149.8, 145.9, 135.8, 135.7, 134.6, 

133.9, 133.3, 133.1, 129.8, 129.8, 127.7, 127.6, 118.7, 68.9, 35.8, 34.3, 26.9, 19.3, 15.6, 13.3; 

HRMS (FAB
+
): calcd for C28H3303NaISi (M+Na)

+
: 595.1141; found: 595.1143; [α]D−27.4 ° (c = 

1.20, CHCl3) . 

 

 
Furfural 2.65.  1.63 g (2.85 mmol) of furfural 2.64 was dried by concentrating from benzene.  

To this residue was added 150 mL of MeCN, 10 mL of H2O, 1.2 mL of Et3N (8.54 mmol), and 

2.76 g (8.54 mmol) of TBAB.  The mixture was stirred and flushed with N2 for 10 minutes, at 

which point 33 mg (0.142 mmol) of Pd(OAc)2 was added and the flask was sealed and heated to 

70 °C for 24 hours.  The reaction was then allowed to cool to room temperature, concentrated, 

diluted with 50 mL of Et2O and triturated.  The resulting mixture was filtered through celite with 

Et2O washings which were combined, dried, and concentrated in vacuo; resulting in 1.202 g 

(95%) of bicycle 2.65 as a viscous golden yellow oil which was a 7:1 diastereomeric mixture that 

was separable via column chromatography (two sequential columns in 5% EtOAc in hexanes 

with the second column only on the mixed fractions of the first).  Rf 0.64 (20% EtOAc in 

hexanes); IR(thin film): 3072, 2932, 2858, 1680, 1111 cm
-1

; 
1
H NMR: δ = 9.66 (s, 1 H), 7.67 (m, 

4 H), 7.42 (m, 6 H), 6.83 (s, 1 H), 5.93 (dd, J = 10.4 Hz, J = 17.2 Hz, 1 H), 5.00 (d, J = 10.4 Hz, 

1 H), 4.8 (m, 1 H), 4.78 (d, J = 17.2 Hz, 1 H), 1.98 (m, 1 H), 1.85 (m, 1 H), 1.70 (m, 1 H), 1.60 

(m, 1 H), 1.55 (s, 3 H), 1.06 (s, 9 H); 
13

C NMR: δ = 177.9, 147.6, 145.4, 144.9, 139.7, 135.8, 

135.8, 133.9, 133.7, 129.9, 129.9, 128.1, 127.8, 127.8, 112.7, 63.1, 37.9, 33.7, 29.3, 28.6, 26.9, 

19.2; HRMS (FAB
+
): calcd for C28H33O4Si (M)

+ 
: 445.2199; found 445.2206; [α]D−15.7 ° (c = 

1.05, CHCl3) . 

 

 

 

 
(2,5-dimethoxystyryl)trimethylstannane 2.61.  1.01 g (5.22 mmol) of 2-((E)-2-bromovinyl)-

1,4-dimethoxybenzene
45

 was dried by concentrating from benzene.  To this was added 20 mL of 

benzene, 1.5 mL (8.58 mmol) of (iPr)2NEt, and 1.0 mL (4.82 mmol) of Sn2Me6.  The resulting 

mixture was stirred and flushed with N2 for 15 min, at which point 253 mg (0.31 mmol) of 

Pd(PPh3)4 was added and the flask was sealed and heated to 70 °C for 50 minutes.  The reaction 
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mixture was filtered through basic alumina with benzene washings which were concentrated in 

vacuo and then purified by column chromatography (10% EtOAc in hexanes plus 1% Et3N) to 

give 1.064 g (68%) of vinyl stannane 2.61.  Rf  0.60 (20% EtOAc in hexanes); IR(thin film): 

2952, 2832, 1490, 1219 cm
-1

; 
1
H NMR:  = 7.26 (d, J = 19.5 Hz, 1 H), 7.90 (d, J = 2.8 Hz, 1 H), 

6.88 (d, J = 19.5 Hz, 1 H), 6.79 (m, 2 H), 3.82 (s, 3 H), 3.80 (s, 3 H), 0.23 (s, 9 H);  
13

C NMR:  

= 153.7, 150.8, 139.7, 130.9, 128.4, 114.0, 112.3, 111.1, 56.2, 55.7, −9.5; HRMS(FAB
+
) calcd 

for C13H2002Sn (M)
+
: 328.0485. Found: 328.0489. 

 

 
Allylic alcohol 2.71.  1.233 g (3.77 mmol) of vinylstannane 2.61 and 1.202 g (2.71 mmol) of 

furfural 2.65 were dried in separate flasks by concentration from benzene.  The stannane (2.61) 

was dissolved in 20 mL of THF while the furfural (2.65) was dissolved in 10 mL of THF, and 

then both flasks were cooled to −78 °C.  Subsequently, 1.25 mL (3.92 mmol) of 3.1 M n-BuLi 

was added to stannane 2.61, which changed the solution from colorless to yellow.  After 5 

minutes, the furfural (2.65) was added via cannula (with 2x5 mL washes of THF) to the newly 

formed vinyl lithium over ~3 minutes.  After 10 minutes, the reaction was quenched with H2O 

(10 mL) and diluted with 25 mL of Et2O, then allowed to warm to room temperature.  The 

organic layer was washed with brine, dried, and concentrated in vacuo. The resulting crude 

product was purified by column chromatography (20% EtOAc in hexanes) to afford 1.518g 

(92%) of 2.71 as a yellow oil.  All characterization data reported refer to this mixture. Rf 0.36 

and 0.28 (20% EtOAc in hexanes); IR(thin film): 3419, 2932, 2856, 1495, 1221, 1111 cm
-1

; 
1
H 

NMR and 
13

C NMR spectra for this compound are provided in appendix 2.1; HRMS (FAB
+
): 

calcd for C40H43O5Si (M+Na)
+
: 631.2880; found 631.2870. 

 

 
Allylic alcohol 2.S2.  1.060 g (1.74 mmol) of silyl-protected alcohol 2.71 was dried by 

concentration from benzene, then dissolved in 20 mL of THF.  The resulting solution was cooled 

to 0 °C and 3.6 mL of 1 M TBAF in THF was added.  The solution immediately turned bright 

red.  The solution was allowed to warm to rt, and after 25 hours was diluted with 25 mL of Et2O, 

rinsed twice with H2O, once with brine, dried and then concentrated in vacuo.  The resulting 

crude product was purified by column chromatography (50% EtOAc in hexanes) to give 552 mg 

(85%) of diol 2.S2 as a yellow foam.  All characterization data reported refer to this mixture. Rf 

0.29 and 0.16 (50% EtOAc in hexanes); IR(thin film): 3377, 2936, 1495, 1221 cm
-1

; 
1
H NMR 

and 
13

C NMR spectra for this compound are provided in appendix 2.1; HRMS (FAB
+
): calcd for 

C22H26O5 (M)
+
: 370.1780; found 370.1772. 
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Diketone 2.72.  50.8 mg (0.137 mmol) of diol 2.S2 was dried by concentration from benzene, 

then dissolved in 5 mL of DCM.  To this solution was added 69 mg of powdered 4 Å molecular 

sieves as well as 123.2 mg (1.04 mmol) of NMO, and the mixture was stirred for 10 min.  At this 

point, 14.7 mg (0.042 mmol) of TPAP was added and the mixture was stirred for 20 minutes then 

diluted with 5 mL of Et2O and rinsed twice with H2O, once with brine, dried, and concentrated in 

vacuo. The resulting crude solid was purified by column chromatography (20% EtOAc in 

hexanes) to afford 31.5 mg (64%) of diketone 2.72 as a yellow solid.  Rf 0.64 (50% EtOAc in 

hexanes); IR(thin film):  2956, 1696, 1660, 1574, 1495, 1222 cm
-1

; 
1
H NMR: δ = 8.15 (d, J = 

15.9 Hz, 1 H), 8.12 (s, 1 H), 7.64 (d, J = 15.9 Hz, 1 H), 7.17 (d, J = 3 Hz, 1 H), 6.94 (dd, J = 3 

Hz, J = 8.9 Hz, 1 H), 6.87 (d, J = 8.9 Hz, 1 H), 6.05 (dd, J = 10.7 Hz, J = 17.4 Hz, 1 H), 5.12 (d, 

J = 10.7, 1 H), 4.86 (d, J = 17.4, 1 H), 3.85 (s, 3 H), 3.81 (s, 3 H), 2.59 (m, 1 H), 2. 50 (m, 1 H), 

2.08 (m, 2 H), 1.67 (s, 3 H); 
13

C NMR: δ = 194.8, 179.1, 153.5, 153.4, 149.7, 145.3, 141.9, 

139.5, 137.6, 125.9, 124.3, 122.4, 117.6 113.6, 113.3, 112.5, 56.1, 55.8, 38.4, 37.6, 35.8, 25.4; 

HRMS (FAB
+
): calcd for C22H23O5 (M+H)

+
: 367.1545; found 367.1538; [α]D+19.5 ° (c = 0.2, 

CHCl3). 

 

 
Vinylquinone 2.45.  To a solution of 15.0 mg (0.041 mmol) of dimethoxybenzene 2.72 in 1.5 

mL of dioxane was added 20.7 mg (0.167 mmol) of AgO, the heterogeneous mixture was 

sonicated for 30 seconds and then 0.25 mL of 1 M HNO3 was added.  The silver rapidly 

dissolved and after 10 minutes the reaction was diluted with 2 mL of DCM, rinsed with H2O, 

brine, dried, and concentrated in vacuo. The resulting crude solid was purified by column 

chromatography (5% EtOAc in DCM) to afford 9.0 mg (65%) of quinone 2.45 as a golden 

yellow solid.  Rf 0.64 (50% EtOAc in hexanes).  IR(thin film): 2924, 1687, 1659, 1572 cm
-1

; 
1
H 

NMR: δ = 8.15 (s, 1 H), 8.01 (d, J = 15.9 Hz, 1 H), 7.57 (d, J = 15.9 Hz, 1 H), 6.97 (d, J = 2 Hz, 

1 H), 6.84 (m, 2 H), 6.00 (dd, J = 10.5 Hz, J = 17.4 Hz, 1 H), 5.13 (d, J = 10.5 Hz, 1 H), 4.84 (d, 

J = 17.4 Hz, 1 H), 2.60 (m, 1 H), 2.52 (m, 1 H), 2.10 (m, 2 H), 1.66 (s, 3 H); 
13

C NMR: δ = 

194.3, 187.2, 185.9, 177.8, 149.1, 146.2, 141.5, 139.7, 139.4, 137.2, 136.6, 134.6, 134.1, 130.8, 

126.2, 113.9, 67.1, 38.5, 37.5, 35.8, 25.2; LRMS (FAB
+
) calcd for C22H29O3(M+3H)

+
: 339; 

found 339; [α]D+25.7 ° (c = 0.25, CHCl3). 

 

 
Hydroquinone 2.74.  To a flask with 50.1 mg (0.137 mmol) of dimethoxybenzene 2.72 was 

added 67.4 mg (0.545 mmol) of AgO.  The resulting mixture was sonicated for 30 seconds and 
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then 0.82 mL of 1 M HNO3 was added.  After 5 minutes, the reaction was diluted with EtOAc 

and rinsed with H2O, brine, dried, and concentrated in vacuo. The resulting crude solid was 

dissolved in 3.5 mL of DCM and sealed in a plastic gas tight syringe, paying careful attention 

that no air bubbles remained after sealing.  The resulting reaction vessel was pressurized for 3.5 

hr with a starting pressure of 9,000 bar and a final pressure of 10,000 bar.  The solution was 

diluted with 10 mL of MeOH, concentrated, and then rinsed with hexanes to remove castor oil 

residue (from the high pressure reactor), leaving 36.0 mg (78%) of hydroquinone 2.74 as a 

yellow flaky solid.  Rf 0.11 (50% EtOAc in hexanes); IR(KBr pellet): 3332, 1686, 1650, 1569, 

1493, 1279 cm
-1

; 
1
H NMR (in d6-DMSO): δ = 9.40 (s, 1 H), 8.91 (s, 1 H), 8.71 (s, 1 H), 8.03 (d, 

J = 10.5 Hz, 1 H), 6.73 (d, J = 8.7 Hz, 1 H), 6.57 (d, J = 8.7 Hz, 1 H),  3.15 (dd, J = 7.3 Hz, J = 

15 Hz, 1 H), 2.92 (m, 1 H), 2.84 (m, 1 H), 2.56 (m, 1 H), 2.24 (m, 1 H), 2.05 (m, 1 H), 1.29 (s, 3 

H); 
13

C NMR (in d6-DMSO): δ = 192.4, 172.9, 149.6, 148.6, 147.4, 146.3, 145.3, 133.0, 131.0, 

122.0, 121.0, 119.1, 119.0, 113.7, 43.9, 36.4, 34.3, 33.1, 21.6, 21.2; HRMS (FAB
+
): calcd for 

C20H17O5 (M+H)
+
: 337.1076; found 337.1066; [α]D−133.2 ° (c = 0.23, CHCl3). 

 

 
Ethanol adduct 2.75.  To a flask with 30.2 mg (0.082 mmol) of dimethoxybenzene 2.72 was 

added 40.9 mg (0.33 mmol) of AgO.  The resulting mixture was sonicated for 30 seconds, and 

then 0.49 mL of 1 M HNO3 was added.  After 5 minutes, the reaction was diluted with EtOAc 

and rinsed with H2O, brine, dried, and concentrated in vacuo. The resulting crude solid was 

dissolved in 3.5 mL of DCM as well as a drop of ethanol and sealed in a plastic gas tight syringe 

paying careful attention that no air bubbles remained after sealing.  The resulting reaction vessel 

was pressurized for 2 days with a starting pressure of 9,000 bar and a final pressure of 10,000 

bar.  The solution was diluted with 10 mL of MeOH, concentrated, and then rinsed with hexanes 

to remove castor oil residue (from the high pressure reactor), the resulting crude product was 

purified by  column chromatography (40% EtOAc in hexanes, then 70% EtOAc in hexanes) to 

afford 9.4 mg (30%) of hydroquinone 2.75 as a golden yellow solid.  Rf 0.14 (50% EtOAc in 

hexanes); IR(KBr pellet): 3421, 2927, 1670, 1611, 1524, 1489, 1458, 1284, 1070 cm
-1

; 
1
H NMR 

(in d-MeOD): δ = ; 
13

C NMR (in d4-MeOD): δ = 194.9, 186.6, 151.6, 150.6, 149.9, 149.0, 147.1, 

125.1, 123.6, 115.7, 113.7, 70.5, 67.8, 52.1, 42.5, 37.5, 36.9, 34.2, 24.7, 19.4, 16.1; HRMS 

(ESI
+
): calcd for C20H17O5 (M−OEt)

+
: 337.1076; found 337.1068; [α]D+43 ° (c = 0.30, CHCl3). 

 

 

 
Halenaquinone (2.1).  To a solution of 13.0 mg (0.0355 mmol) of dimethoxybenzene 2.72 in 2 

mL of dioxane was added 18.0 mg (0.1453 mmol) of AgO.  The solution was sonicated for ~30 

seconds until the silver particles where suspended throughout the solution.  Then, 0.21 mL of 1 
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M HNO3 was added and the reaction was allowed to stir for 5 minutes before it was diluted with 

3 mL of EtOAc and rinsed with water, brine, dried and concentrated in vacuo. The resulting 

crude solid was dissolved in 3 mL of dioxane, flushed with N2 for 5 min, and then 34.2 mg 

(0.1507 mmol) of DDQ was added.  The flask was sealed and heated to 90 °C for 30 min.  The 

reaction mixture was concentrated and then purified by column chromatography (20% EtOAc in 

hexanes) to afford 1.4 mg (12%) of halenaquinone (2.1) as a light yellow solid. 

A Dean-Stark trap loaded with 4 Å molecular sieves was attached to a flask containing 3.5 mg 

(0.0104 mmol) of hydroquinone 2.74, 4 mL of benzene, and 14.9 mg (0.1713 mmol) of MnO2.  

The apparatus was left at a vigorous reflux (oil bath 95 °C) for 16 hours.  The reaction mixture 

was concentrated and then diluted with EtOAc and rinsed with water and brine.  The organic 

layer was then dried and concentrated in vacuo. The crude material was purified by column 

chromatography (40% EtOAc in hexanes) to afford 2.1 mg (60%) of halenaquinone (2.1) as a 

light yellow solid. 

Rf 0.32 (50% EtOAc in hexanes).  IR(KBr pellet): 1733, 1701, 1671, 1463, 1376 cm
-1

; See the 

following table for comparison of carbon and hydrogen NMR spectra (as reported by 

isolationists).
1
  HRMS (EI

+
): calcd for C20H12O5 (M)

+
: 332.068474; found 332.068326; 

[α]D−22.7° (c = 0.25, CH2Cl2). 
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Table of comparison for Halenaquinone NMR spectra from natural and synthetic samples. 

C Reported H Observed H Reported C Observed C 

1 8.76 (s) 8.91 (s) 150.4 151.1 

2    122.1 122.5  

3     190.9 191.6 

4 
2.22 (ddd, Ha) 
2.94 (dd, Hb) 

1.91 (ddd) 
2.64 (dd) 32.3 32.3 

5 
2.74 (dd, Ha) 
3.11 (ddd, Hb) 

2.37 (dd) 
2.80 (ddd) 36.1 36.3 

 6    36.4 36.7  

7   143.9 144.0 

 8    147.9 148.6  

9     165.9 170.0 

10   154.1 154.6 

11 8.66 (s) 8.72(s) 125.2 125.1 

 12    129.9 130.4  

13   183.3 183.9 

14 7.13 (s, 2 H) 6.90 (s, 2 H) 138.7 139.1 

15 7.13 (s, 2 H) 6.90 (s, 2 H) 138.8 139.2 

16   183.8 184.3 

17     133.3 133.7 

18  8.28 8.34 (s) 123.5 123.8 

19     136.3 136.4 

20 1.68 (s, 3H)  1.66 (s, 3H)  29.7 29.8 
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Appendix 2.1 

 

Characterization Data for Compounds 

2.S1, 2.64, 2.65, 2.61, 2.71, 2.S2, 2.72, 2.45, 2.74, 2.75. 2.1  
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Appendix 2.2 

 

Density Functional Theory Calculations for compounds 

2.45, 2.73a, 2.73b. 2.76, 2.77  
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Coordinates and calculated energies  

All structures were built and visualized using Maestro6.5
53

 with MacroModel 9.1.
54

 All 

calculations were performed using Jaguar.
55

  Geometry optimizations were performed at the 

B3LYP/6-31G** level of theory.
56-58

  The energies reported are electronic energies (E) plus zero 

point energy corrections.  All stationary points were confirmed by frequency calculations. 
 

Molecular representation of the calculated structures: 

 

 
 

Table of Electronic Energies and Zero-Point Vibrational Corrections: 

     

Structure SCF ZPE ZPE + SCF Relative Energies 

 (Hartree) (kcal/mol) (Hartree) (kcal/mol) 

2.45 -1147.81864719250 197.766 -1147.50349 0 

2.73b -1147.85850888694 201.038 -1147.53813 -16.9 

2.73a -1147.85121096886 201.259 -1147.53048 -21.7 

2.77 -1147.77294996033 198.018 -1147.45739 28.9 

2.76 -1147.77780485903 198.148 -1147.46204 26.0 

 

XYZ coordinates of the calculated structures: 

 

Structure 2.45: 

 C1              0.8089390000             4.2811480000            -2.0667910000 

 C2              1.8523980000             3.6266480000            -3.0151730000 

 C3              1.6790200000             3.9345700000            -4.5123590000 
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 C4              1.7358920000             5.4256310000            -4.7927140000 

 C5              1.1424770000             6.2465330000            -3.7196480000 

 C6              0.6524030000             5.7468830000            -2.4675920000 

 C7             -0.5675050000             3.6253580000            -2.1261930000 

 O8              2.1892550000             5.9103820000            -5.8176220000 

 C9              1.3454650000             4.1518420000            -0.6183070000 

 C10             0.8828020000             7.5928600000            -3.7437560000 

 O11             0.2621030000             7.9689550000            -2.6199730000 

 C12             0.0973830000             6.8404750000            -1.8244200000 

 H13             2.8464690000             3.9703590000            -2.7044170000 

 H14             1.8442280000             2.5446820000            -2.8516060000 

 H15             2.4403050000             3.4373340000            -5.1199070000 

 H16             0.7002650000             3.5808840000            -4.8636920000 

 C17            -0.9103630000             2.5113050000            -2.7734540000 

 H18             0.6269660000             4.5383270000             0.1044030000 

 H19             1.0715060000             8.3574540000            -4.4816720000 

 C20            -0.6469630000             7.0484880000            -0.5775180000 

 C21            -0.9498310000             8.4573380000            -0.2001480000 

 C22            -1.6380360000             8.6957150000             0.9341080000 

 C23            -2.0333030000             9.9791090000             1.5034890000 

 C24            -2.7364670000             9.9999620000             2.6661040000 

 C25            -3.1867620000            11.2394500000             3.3307230000 

 O26            -3.8204770000            11.2043900000             4.3804600000 

 C27            -2.8414470000            12.5249140000             2.6772040000 

 C28            -2.1481110000            12.5404860000             1.5297380000 

 C29            -1.6920190000            11.2963590000             0.8554640000 

 O30            -1.0610200000            11.3770280000            -0.1906890000 

 O31            -1.0085100000             6.0944020000             0.1164700000 

 H32            -0.6090550000             9.2617830000            -0.8350530000 

 H33            -1.9430860000             7.8229180000             1.5101290000 

 H34            -3.0073770000             9.0784290000             3.1745580000 

 H35            -3.1783610000            13.4283650000             3.1763300000 

 H36            -1.8756580000            13.4598120000             1.0201900000 

 H37            -1.3137720000             4.1436150000            -1.5270020000 

 H38             1.5338040000             3.0967870000            -0.3959400000 

 H39             2.2867440000             4.7013140000            -0.5086750000 

 H40            -1.9227660000             2.1241850000            -2.7089030000 

 H41            -0.2169280000             1.9341120000            -3.3774470000 

 

Structure 2.73b: 

 

 C1             -3.0464520000             8.1010980000            13.7260630000 

 C2             -1.9389410000             8.1481750000            12.6333280000 

 C3             -1.0792220000             9.4343980000            12.6824550000 

 C4             -1.8577230000            10.7579990000            12.6695780000 

 C5             -3.2380520000            10.6430700000            13.1715710000 
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 C6             -3.7775180000             9.4050820000            13.6218960000 

 C7             -4.2884370000            11.5334170000            13.1992690000 

 O8             -5.4205210000            10.9339300000            13.6183500000 

 C9             -5.1036430000             9.6141230000            13.8668490000 

 C10            -6.0748890000             8.5849750000            14.1923190000 

 C11            -5.4117520000             7.1813600000            14.3008740000 

 C12            -4.1167840000             6.9971370000            13.4515060000 

 C13            -2.4103200000             7.9607590000            15.1309370000 

 O14            -1.3665810000            11.8028850000            12.2766820000 

 O15            -7.2665960000             8.7675950000            14.3733870000 

 H16            -1.2808960000             7.2774940000            12.7209210000 

 H17            -2.4183840000             8.0783750000            11.6491610000 

 H18            -0.4596810000             9.4458430000            13.5896510000 

 H19            -0.3785500000             9.4636130000            11.8431020000 

 H20            -4.3675550000            12.5774060000            12.9366670000 

 H21            -5.1506730000             7.0877790000            15.3692610000 

 C22            -6.4162470000             6.1147330000            13.9669510000 

 C23            -3.6102010000             5.5574370000            13.6163610000 

 H24            -4.4176480000             7.1234070000            12.4019550000 

 H25            -3.1700620000             7.9213270000            15.9167390000 

 H26            -1.8040650000             7.0522060000            15.1947220000 

 H27            -1.7625020000             8.8112400000            15.3579580000 

 C28            -6.0851900000             4.9393360000            13.4121410000 

 C29            -4.6492980000             4.5210980000            13.1581460000 

 C30            -7.1602000000             4.0338880000            12.9140970000 

 C31            -6.7899700000             3.1786850000            11.7495170000 

 C32            -5.5792150000             3.2267530000            11.1654410000 

 C33            -4.4750680000             4.0635460000            11.7036150000 

 H34            -4.4795960000             3.5919660000            13.7282540000 

 O35            -3.4789940000             4.3042740000            11.0425770000 

 O36            -8.3050360000             4.0254260000            13.3469880000 

 H37            -7.4645050000             6.3526720000            14.1246400000 

 H38            -2.6983460000             5.4010560000            13.0334830000 

 H39            -3.3672050000             5.3715020000            14.6681930000 

 H40            -7.5945760000             2.5663730000            11.3513140000 

 H41            -5.3571700000             2.6759190000            10.2554680000 

 

Structure 2.73a: 

 

 C1              -5.7916895331            10.0699226635            11.7494497425 

 C2              -5.0657799539             9.5659300319            13.0322036846 

 C3              -4.2069965042            10.6528323990            13.7236138652 

 C4              -3.2005424002            11.3827134592            12.8230505523 

 C5              -3.5669210717            11.3828429362            11.3955160804 

 C6              -4.7383978532            10.7320332253            10.9167228510 

 C7              -2.9156342098            11.8392075613            10.2708469006 
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 O8              -3.5932658590            11.5137716668             9.1518190549 

 C9              -4.7132465932            10.8148149449             9.5556578190 

 C10             -5.6749089955            10.2020979221             8.6627694076 

 C11             -6.6750102800             9.2657051813             9.4013096060 

 C12             -6.3283825803             8.8805913336            10.8772553723 

 C13             -6.8628339168            11.1203956000            12.1322687873 

 O14             -2.1940332771            11.9147172682            13.2606559544 

 O15             -5.7370361640            10.3616360572             7.4554632832 

 H16             -5.7963485338             9.1811605165            13.7511645113 

 H17             -4.4151202603             8.7252639041            12.7589136957 

 H18             -4.8524200769            11.4266201176            14.1608689132 

 H19             -3.6444979840            10.2276314651            14.5597607174 

 H20             -1.9882109307            12.3737658292            10.1311895463 

 C21             -8.0790240719             9.7805880836             9.2340645840 

 C22             -7.4749486960             8.0376546007            11.4800189565 

 H23             -5.4687401613             8.2022712695            10.8085410854 

 H24             -7.4014396048            11.4812194848            11.2543666869 

 H25             -7.5790516906            10.6998849577            12.8414236793 

 H26             -6.4002569670            11.9909408126            12.6058019804 

 C27             -9.0818376768             9.4902380831            10.0768800258 

 C28             -8.9167913608             8.5459148697            11.2496444253 

 C29            -10.4083296994            10.1412909138             9.8798208708 

 C30            -11.2936046419            10.2023244027            11.0756327107 

 C31            -10.9219637642             9.7452785938            12.2845125597 

 C32             -9.6211063291             9.0662583631            12.5085823528 

 O33             -9.1966975112             8.8781271270            13.6377202545 

 O34            -10.7568596730            10.6704734268             8.8316182023 

 H35             -8.2854637354            10.4264594617             8.3838908496 

 H36             -7.3995669820             7.0395610715            11.0362482059 

 H37             -7.3305374179             7.9044129534            12.5555864931 

 H38            -12.2424242375            10.7092090269            10.9220257374 

 H39            -11.5423768220             9.8810691213            13.1662789634 

 H40             -9.5343523879             7.6617606174            11.0099776180 

 H41             -6.6100429790             8.3411242031             8.8057760569 

 

Structure 2.77: 

 

 C1              -5.6578588272            10.2463644977            11.9982433848 

 C2              -4.7726861356             9.9084234431            13.2479356187 

 C3              -3.8737025797            11.0700706755            13.7163328799 

 C4              -2.9884795893            11.6615655925            12.6195241226 

 C5              -3.4866417330            11.4355794992            11.2516662289 

 C6              -4.7030723406            10.7485094303            10.9383011769 

 C7              -2.8846546830            11.7150855152            10.0482345153 

 O8              -3.6173226943            11.2464080711             9.0281316207 

 C9              -4.7403008390            10.6500865034             9.5676129756 



 

144 

 

 C10             -5.6357236844             9.9143530323             8.6831359036 

 C11             -6.8850209431             9.3992927875             9.3480224889 

 C12             -6.3432843248             8.9490893522            11.5559394150 

 C13             -6.6600013413            11.3671473746            12.3659271306 

 O14             -1.9557597320            12.2652927213            12.8603948983 

 O15             -5.3963405407             9.6844366253             7.5069394963 

 H16             -5.4276461424             9.5940541093            14.0666528414 

 H17             -4.1416331376             9.0453374483            13.0026120261 

 H18             -4.4815810027            11.8916584663            14.1179768884 

 H19             -3.2195555164            10.7526946099            14.5338718047 

 H20             -1.9614452209            12.2134014218             9.7951796347 

 C21             -8.0006306322            10.2082077229             9.4957804872 

 C22             -7.5057689583             8.4620180733            12.1519229760 

 H23             -5.6492925953             8.2066418391            11.1672251037 

 H24             -7.3403483121            11.5831232149            11.5416563446 

 H25             -7.2543715839            11.0908759153            13.2425820146 

 H26             -6.1338264703            12.2942660438            12.6051115289 

 C27             -9.1510636273             9.7627729354            10.1654058095 

 C28             -9.1957281722             8.4828739566            10.7323709607 

 C29            -10.1951448605            10.7656321634            10.5145809057 

 C30            -11.3171343936            10.3140754099            11.3785432545 

 C31            -11.3784979530             9.0707529925            11.8820849581 

 C32            -10.3420012055             8.0536797170            11.5719663182 

 O33            -10.4261502751             6.9101525568            12.0079954057 

 O34            -10.1488823643            11.9272130243            10.1206365386 

 H35             -7.9515850061            11.2650357128             9.2462013181 

 H36             -7.6469103352             7.3928219013            12.2576739391 

 H37             -8.0267341464             9.0642531959            12.8878068975 

 H38            -12.0722616057            11.0657912439            11.5895872615 

 H39            -12.1893565149             8.7407586770            12.5250947815 

 H40             -8.6910185938             7.6576565469            10.2443036074 

 H41             -7.0181257083             8.3271627661             9.2435788248 

 

Structure 2.76: 

 

 C1             -3.0402615937             8.1658927689            13.1467879379 

 C2             -1.9006103152             8.6268330199            12.1727283470 

 C3             -0.9861210495             9.7293966095            12.7439260674 

 C4             -1.7306179021            10.9636064299            13.2545256239 

 C5             -3.1293294311            10.7101345493            13.6364307840 

 C6             -3.7647324166             9.4276873538            13.5714548569 

 C7             -4.1050065055            11.6007218626            14.0139722369 

 O8             -5.2820338153            10.9759569118            14.1713373695 

 C9             -5.0801051078             9.6387782385            13.9050698397 

 C10            -6.2415214771             8.7405301765            13.8794672177 

 C11            -5.8662157971             7.3017442325            13.8185011657 



 

145 

 

 C12            -3.9807547591             7.2493599448            12.3587102982 

 C13            -2.4115715345             7.4724758300            14.3802173794 

 O14            -1.2041725077            12.0615470647            13.3361674093 

 O15            -7.3972165548             9.1432023508            13.8650033995 

 H16            -1.3001063179             7.7547717199            11.8949385573 

 H17            -2.3662757344             8.9935700508            11.2504645611 

 H18            -0.3887528392             9.3440156005            13.5809462244 

 H19            -0.2663561112            10.0655083396            11.9916802539 

 H20            -4.0928163410            12.6656108162            14.1873883271 

 H21            -5.0545171578             7.0034530922            14.4684148092 

 C22            -6.7144028609             6.3450290511            13.2943470134 

 C23            -3.7308724107             5.8963111435            12.1205975265 

 H24            -4.6025965214             7.7730327367            11.6385086213 

 H25            -3.1678231811             7.1408978096            15.0965437947 

 H26            -1.8157252806             6.6032237551            14.0866459091 

 H27            -1.7535700786             8.1596417640            14.9169130488 

 C28            -6.2797118235             5.0312291688            13.0676710898 

 C29            -4.9521928898             4.6538658824            13.3531389811 

 C30            -7.1606525841             4.1150187134            12.2924820999 

 C31            -6.6046181319             2.7886049139            11.9122910741 

 C32            -5.3575757486             2.4089809133            12.2353285592 

 C33            -4.4575087560             3.2891381088            13.0178544241 

 H34            -4.4490759544             5.0759841205            14.2157216263 

 O35            -3.3400293198             2.9150409619            13.3579654665 

 O36            -8.3085819016             4.4112876393            11.9773452714 

 H37            -7.6805360691             6.6447890197            12.8980331248 

 H38            -4.1003722987             5.4674306899            11.1958485257 

 H39            -2.8299230865             5.4318527413            12.5082423565 

 H40            -7.2791680771             2.1484564728            11.3511357774 

 H41            -4.9513008070             1.4406287291            11.9577641819 
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Chapter 3.  Synthesis, Characterization, and Evaluation of Red-Shifted and Cis-stable 

Azobenzene Photoswitches for Potassium Channel Regulation 

 

3.1 An Introduction to Azobenzenes 

 

 Azobenzenes (diphenyldiazines) are a family of visible and UV light absorbing 

molecules originally prized as dyestuffs.  More recently however, azobenzenes have become the 

focus of a wide variety of research programs due to the discovery of their reversible 

isomerization between cis and trans isomers by both heat and light (Scheme 1).   The conversion 

of trans-azobenzene (trans-3.1) to cis-azobenzene (cis-3.1) by irradiation with 366 nm light is 

easily reversed by either irradiation with 436 nm light or thermal relaxation.
1
  The physical 

properties of the two isomers differ significantly in several ways: the dihedral angle along the 

diazine bond changes from 17.5 º in the trans form to 56 º in the cis, the dipole moment changes 

from 0.5 D to 3.1 D,
2
 and a significant change in length between the two isomers (0.99 nm trans 

to 0.55 nm cis) is observed.
3-4

 Thus, in combination with the ease of interconversion between the 

trans and cis isomers, the contrasting physical properties of the two isomers have inspired a vast 

amount of synthetic chemistry in order to fashion photosensitive materials, for example in optical 

storage devices,
5
 polymers,

6-7
 supramolecular assemblies,

8
 and molecular machines.

9
 

Scheme 1.  Photoisomerization of azobenzene (3.1). 

 

 The amount of literature concerning the photochemistry of azobenzenes is considerable, 

and well reviewed,
1,10-11

 and therefore, in light of the importance of understanding this topic in 

the development of biological phoswitches in the research presented in this chapter, only the 

most relevant information will be discussed.  The exact mechanism of isomerization between the 

cis and trans isomers of azobenzenes is still an area of active research.
10,12

  Currently, there are 

two pathways that are generally considered as relevant for this interconversion (Scheme 2): 

isomerization through a planar inversion, with a formally sp-hybridized nitrogen atom as shown 

in transition state 3.2, and isomerization with rotation around the azo bond with a reduced N-N 

bond order as shown in transition state 3.3.
1,10

  There is some disagreement on which of these 

mechanisms is prevalent for photoisomerization between the isomers and, in fact, both may be 

relevant depending on the specific azobenzene and solvent effects.        

Scheme 2. Potential mechanisms of azobenzene isomerization. 
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 Many of the photochemical properties of azobenzenes are observed and discussed in 

relation to the UV/visible light spectra of the compound of interest in solution.  In general, two 

absorption bands are relevant, namely the n→π* and the π→π* bands, which correspond to the 

energies required to promote electrons from either the diazine non-bonding orbital n or the 

bonding orbital π to the anti-bonding π* orbital.  Absorption of light at wavelengths in either of 

these bands initiates the photoisomerization between the isomers.  Based on this and other 

criteria (see below), Rau has divided the azobenzene family into three distinct subtypes (Figure 

1): the azobenzene type (e.g. 3.1), the aminoazobenzene type (e.g. 3.4), and pseudostilbene type 

(e.g. 3.6).
1
  The first of these is the azobenzene type, which besides prototypical 3.1 includes 

azobenzenes substituted with a variety of functional groups, with the exception of the π-electron 

donating amino group, around the aromatic ring.  The cis isomer is thermally stable at room 

temperature for on the order of hours to days, and therefore the two isomers can be studied 

independently, with the thermodynamically favored isomer being trans.  In terms of absorption 

energy, both isomers have well separated  n→π* and π→π* bands.  More specifically, for the 

trans isomer, the n→π* absorbance peaks at 444 nm and the π→π* band at 316 nm, whereas in 

the case of the cis isomer, the n→π* absorbance peaks at 437 nm and the π→π* band at 270 nm.  

In the aminoazobenzene type, where the azobenzene is substituted in either the ortho or the para 

positions (e.g. 3.4), only the trans isomer can be closely studied, as, in contrast to the azobenzene 

subtype, the thermal stability of the cis isomer is now only on the order of minutes.  The n→π* 

and π→π* bands in the trans isomer are not well separated, and may be entirely overlapping, 

depending on the solvent.  The absorption peak is generally around 400 nm for both bands.  The 

trend towards red-shifted absorption and reduced stability of the cis isomer is even more 

pronounced in the case of pseudostilbenes, the third azobenzene subclass (e.g. 3.6).  Structurally, 

the azobenzene is now substituted with not only a π-electron donating amino substitutent, but 

also an electron withdrawing substituent, resulting in a fully conjugated, or so called push-pull 

system.  The consequence of this is that the cis isomer is even less stable at room temperature, 

with lifetimes in the microsecond to second range, depending on solvent.  Additionally, the 

n→π* and π→π* bands completely overlap.  The absorption peak is generally in the range of 

450-500 nm. 

Figure 1.  Three general subtypes of azobenzene and pertinent resonance structures. 

 

   

3.2 Red-Shifting and Cis Isomer Half-Life in Azobenzenes 

 

 The general trend that emerges from this classification shows that, in going from 

azobenzene to aminoazobenzene to pseudostilbene types, a significant bathochromic shift (red-
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shift) in band absorbance is observed and that this red-shift is linked to a significant decrease in 

cis isomer stability.  This relationship is thought to arise because of the similarity between the 

trans isomer electronic excited state, and the thermal transition state for cis to trans 

isomerization.
13-15

  In 2009, a study conducted by Hecht, Saalfrank, and coworkers on the effects 

of azobenzene substitution on cis to trans isomerization and thermal stability was done with 

quantum chemical calculations.
16

  Results (in agreement with previous studies)
13

 suggested that 

substitution at the ortho or para position with π-electron donating substituents lower the barrier 

for cis to trans isomerization by stabilizing the transition state.  Conceptually, the significance of 

the dipolar character of the aminoazobenzene type and, to a greater degree, the pseudostilbene 

type azobenzenes becomes clearer when considering the resonance structures cis-3.1 and trans-

3.1 (Figure 1).  These structures indicate that some single bond character exists in the azo bond, 

thus reducing the energy needed to facilitate rotation around the N-N bond.  As a result, the 

larger the extent of conjugation in the azobenzene, the longer the wavelengths of light it absorbs.  

This also explains the dependency of cis isomer half-life on solvents: more polar solvents are 

better able to stabilize a polar transition state, resulting in the acceleration of the rate of cis to 

trans isomerization.  

 Another important characteristic of pseudostilbene type azobenzenes is that, because the 

cis isomer has such a short half-life, these molecules show excellent thermal conversion to the 

trans isomer (>99.9%) very rapidly (seconds versus days for 3.1), an important characteristic for 

a biologically relevant molecule.
17

  This is even more significant because for the large majority 

of azobenzenes, irradiation and therefore photoisomerization does not produce either pure cis or 

trans isomers, but instead provides a mixture of the two, known as a photostationary state 

(typically maximally ~80% cis or maximally ~95% trans).  The photostationary state arises from 

the fact that there is no wavelength at which only one isomer absorbs.
1,18-19

  Red-shifted 

azobenzenes with very fast thermal isomerization, then, are ideal for applications that call for 

only the transient generation of cis isomer which then quickly and completely reverts to the trans 

isomer.   

 

3.3 Thermally Stabile Cis Azobenzenes 

 

 The synthesis of cis stable azobenzene is an area of research that has had a constant but 

low level of activity for quite some time.  Compounds of this type fall into two general 

categories—those that are thermodynamically stable as trans azobenzenes but take a very long 

time to thermally relax back from the cis form, and actual cis stable azobenzenes (all of which 

are cyclic) meaning the lower energy (thermodynamically stable) isomer is cis.  Quite a bit more 

work has been done with the former group, and a brief discussion of some of the more pertinent 

recent results for both categories follows.   

 Slowing the rate of cis to trans isomerization has been shown to be possible in several 

experimental studies with double ortho substitutions such as halogens or alkyl substituents.
20-22

  

However no general trend in the rate from changing the steric bulk of the substituents was 

observed.  More recently, several noteworthy kinetically stable cis azobenzenes have been 

reported (Figure 2): doubly ortho alkyl substituted azobenzenes incorporated into DNA like 

3.8,
23-24

 another di-ortho alkyl substituted azobenzene capable of forming nanocrystals (3.9),
25

 

and a singly para substituted azobenzene with a long amino acid chain 3.10.
26
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Figure 2.  Examples of cis azobenzenes with long half-lives. 

 

 The stability of the cis form of these three compounds is the product of surprisingly 

disparate mechanisms to suppress cis to trans isomerization.  In azobenzene 3.8, the double 

ortho substitution sterically crowds the lone pair of the azo β-nitrogen atom enough to render 

either  mode of isomerization (rotation around the N-N bond or inversion) significantly more 

unfavorable.
20,24

  Meanwhile, in the case of azobenzene 3.9, in addition to the aforementioned 

steric effects, the stability of the cis isomer derives from its spontaneous self-assembly into 

nanocrystals, resulting in an extremely long half-life (~ 1 month).  Finally, azobenzene 3.10 

owes its stability (~33% cis isomer) entirely to interactions with the folded secondary structure 

of the peptide, as removal of the peptide chain results in very little cis isomer.
26

   

 Similarly, in order for azobenzenes to be thermodynamically more stable as the cis 

isomer, some structural modification which destabilizes the trans form is necessary.  In practice, 

this requirement has been satisfied with the construction of cyclic compounds, such as those in 

Figure 3.  Azobenzene 3.11 was one of the first predominantly cis azobenzenes reported in a 

series of compounds with a hydrocarbon spacer of variable length connecting two sulfur atoms.
27

  

Interestingly, 3.11 was unique in that at rest, the cis isomer was favored (cis:trans 77:23) and 

irradiation at various wavelengths could convert it either to 100% cis or  a 50:50 mixture of cis 

and trans.  Shorter hydrocarbon linkers constricted the azobenzene exclusively to the cis isomer, 

which decomposed upon irradiation; due to increased ring size, longer linkers lead to 

predominantly the trans isomer.  In contrast, the photochemistry was significantly improved in 

diazobenzene 3.12:
28

 the cis-cis isomer was found to be 26.2 kcal/mol lower in energy than the 

trans-trans isomer (cis-trans was only transient with a lifetime of 1 second) and repeated 

interconversion between the cis-cis and trans-trans forms with 436 and 365 nm light was made 

possible.  Most recently, compound 3.13 was reported to possess nearly ideal photoswitching 

properties.
29

  This dihydrodibenzodiazocene was shown to be 100% cis in the dark and could be 

readily interconverted between the cis (100%, 520 nm) and trans (~92%, 385nm) forms with no 

detectable photodegradation. 

Figure 3.  Cyclic cis stable azobenzenes. 
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3.4 Voltage Gated Potassium Channels 

  

 Having taken into account the basic photochemical properties of azobenzenes, it became 

clear that utilizing these exceptional molecules in the design and synthesis of novel azobenzene 

containing pharmacological probes would create useful tools for interrogating systems which 

require high spatial and temporal resolution.  In order to do this, a biological system where one 

isomer of the azobenzene probe elicits the desired response and the other isomer does not must 

be developed.  In this context we became interested in targeting ion channels, and specifically in 

this chapter, voltage gated potassium channels.  Accordingly, a more general overview of the 

structure and function of these channels is warranted. 

 In humans, there are 78 different types of potassium channel (K
+
 channel), and 40 of 

them are voltage-gated K
+
 channels (Kv channels).  These channels are tremendously important 

for a wide variety of physiological processes and therefore play a part in autoimmune diseases, 

cancer, and neurological disorders such as epilepsy and schizophrenia.
30-31

  The central property 

of Kv channels is their ability to selectively (>10,000:1 K
+
:Na

+
) pass millions of K

+
 ions per 

second through the cell membrane while being able to open and close in just milliseconds in 

response to changing voltage.
32

 

 In order to regulate Kv channels with light, it is necessary to understand the relationship 

between the structure of the channel and its function.  Decades of electrophysiology and 

biophysics, as well as more recent channel cloning, mutagenesis, and X-ray crystal structures 

have given scientists a relatively clear picture of the structure of Kv channels, and full elucidation 

of the interplay of the structural elements that lead to function is well on its way.
33-36

  

Structurally, the core of all mammalian Kv channels consists of a cell membrane spanning 

tetramer that forms a pore (Figure 4).  Each of the monomers, known as α-subunits, consists of 

six α-helical transmembrane segments, S1-S6, and are not necessarily identical (channels can be 

either homotetrameric or heterotetrameric).  Segments S5 and S6 form the selectivity filter, being 

aligned exactly so as to mimic the hydration sphere of K
+
 ions but not of the smaller Na

+
 ions.  

Segments S1-S4 function as the voltage sensor, relying on the α-helix in S4 which contains 

multiple arginine residues.  Once a certain voltage threshold has been reached, a conformational 

change in segments S1-S4 results in channel gating.  

 This picture is further complicated by the ability of related α-subunits to mix with relative 

ease in the cell membrane to generate multiple types of heterotetramers.  Yet more variation is 

introduced by the intracellular β-subunits, which form hetero- and homomers themselves to 

further modulate the channel gating (Figure 4).  In addition, channels can be modified via 

phosphorylation, dephosphorylation, ubiquitylation, sumoylation, and palmitoylation, thus 

further affecting their structure and function.
31,37
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Figure 4.  A model of a Kv channel.30 

 

 Fortunately, a significant amount of work has been done, both by nature and by scientists, 

to identify ways to modulate (both block and activate) this diverse array of Kv channels.  A 

recent review by Mouhat and coworkers describes animal venoms from spiders, cone snails, 

scorpions, sea anemones, and snakes that all consist of small organic molecules and peptides.
38

  

Scientists have also been able to prepare a variety of potent small molecules K
+
 channel blockers 

(Figure 5).
39-40

   The earliest compounds in use, 4-aminopyridine (4-AP, 3.14) and tetraethyl 

ammonium (TEA, 3.15) block many K
+
 channels from the inside while leaving most Na

+
 and 

Ca
2+

 channels unblocked.  In addition to blocking the internal pore, TEA (3.15) has also been 

shown to block most K
+
 channels externally at millimolar concentrations.

41
  An array of 

significantly more selective K
+
 channel blockers have been described, and small molecules that 

can selectively modulate one or few K
+
 channels remain a hot area in current research.

31,39
 

Figure 5.  Unselective K+ channel blockers. 

 
 

3.5 Photoswitchable Tethered Ligands (PTLs) and Photochromic Ligands (PCLs) 

 

 There are many methods to modulate proteins and, more specifically, K
+
 channels, with 

light in addition to proteins that are already naturally light sensitive such as rhodopsin.
42-44
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Trauner, Kramer, and coworkers, ingeniously combining previous work on both azobenzenes 

and K
+
 channels, have developed two general systems for the light controlled modulation of K

+
 

channels that take advantage of both the photochemical properties of azobenzene and the well 

precedented nonspecific K
+
 channel blocking properties of TEA (Figure 6).

45-49
   

 The first approach, photoswitchable tethered ligands (PTLs), relies on site directed 

mutagenesis to install a cysteine residue which can react with a maleimide in order to tether the 

photoswitchable TEA blocker (e.g. MAQ, 3.16) to the surface of the channel.  The location of 

the cysteine residue must be chosen with care, such that the external binding site of TEA (3.15) 

is within reach to only one of the isomers of MAQ (3.16).  This approach was used to great 

effect in the creation of SPARK (synthetic photoisomerizable azobenzene-regulated K
+
) 

channels (Figure 6B).
49

  By mutating glutamic acid 422 of the Shaker K
+
 channel to cysteine, 

covalent attachment of MAQ (3.16) led to the blocking of the channel only when in the trans 

form, because the cis form was physically too short to effectively reach the pore.  This allowed 

the blocking and unblocking of the channel by switching between 380 nm and 500 nm light. 

 The second approach, photochromic ligands (PCLs), does not require mutation of the 

channel, and so may be used on wild type channels (Figure 6C).
48

  When applied extracellularly, 

compounds such as AAQ (3.18) and BzAQ (3.17) are able to cross the cell membrane into the 

cell (though the specific mechanism is not known) and block the channel pore from the 

intracellular TEA (3.15) binding site.  When the azobenzene is in the trans form, the molecule 

fits well enough into the channel pore to block it, whereas when the cis form is adopted, the bent 

shape of the azobenzene prevents it from blocking the channel.  Again, cycling between 380 and 

500 nm light allowed for repeated blocking and unblocking of channels when cells were treated 

with a solution of either AAQ (3.18) or BzAQ (3.17).  

 A significant drawback inherent to both of these systems is that MAQ (3.16), AAQ 

(3.18), and BzAQ (3.17) all thermally relax to the trans form after a few minutes of darkness,
50

 

thereby blocking the K
+
 channel and allowing action potential firing in a neuron.  In order to 

prevent this firing, the cells must be periodically irradiated with 380 nm light to maintain the 

azobenzene in the cis form.  This makes experiments designed to target a single cell much more 

challenging, as the cell of interest must be irradiated with one wavelength, and the surrounding 

cells with another.  Finally, the use of UV light to achieve photoswitching can cause problems.  

UV light possesses a number of negative characteristics in a biological setting: not only does it 

cause DNA and protein damage (either directly as with UVB, or through photosensitization that 

then goes on to generate damaging species such as free radicals and singlet oxygen, as with 

UVA)
51

 but also, very importantly, it does not penetrate tissue as well as longer wavelengths.
52

  

The research presented in this chapter sets out to improve upon the problems mentioned above 

by generating red-shifted or cis stable azobenzene compounds. 
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Figure 6.  Photocontrol of K+ channels.  A) Photoisomerization and some structures of azobenzene based K+ 

channel blockers.  B) The photoswitchable tethered ligand (PTL) approach.  C) The photochromic ligand (PCL) 

approach. 

 

 

3.6 Synthesis and Evaluation of 1
st
 and 2

nd
 Generation Red-Shifted Photoswitches 

 

 The first generation of red-shifted blocker 3.20 (Figure 7) was conceptually based on the 

PCL AAQ (3.18) with the important replacement of the amide linkage to the quaternary 

ammonium ion with a tertiary amine (Scheme 3).  It was reasoned that replacement of the π-

electron withdrawing amide functionality with a π-electron donating aniline would significantly 

increase the "push-pull" character of the azobenzene moiety within the new target structure 3.20, 

thus instilling the desired red-shift in photoswitching wavelengths.  

Figure 7.  A red-shifted K+ channel blocker based on AAQ (3.18). 
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 The synthesis begins with the formation of the diazonium salt of para-nitroaniline (3.21) 

which was immediately coupled with aniline 3.22 to form azobenzene 3.23 in excellent yield.  

Chemoselective reduction of the nitro group in the presence of an azo bond and substitution of 

the primary alcohol with a bromide via an Appel reaction yielded aniline 3.24.  Finally, amide 

bond formation with acetyl chloride and bromide displacement with triethylamine afforded the 

desired azobenzene 3.20. 

Scheme 3.  Synthesis of the 1st generation red-shifted K+ channel blocker. 

 

 Gratifyingly, azobenzene 3.20 was found to be red-shifted by ~100 nm compared to the 

maximum absorption of AAQ (3.18), with a new maximum absorbance at 470 nm.  Further 

NMR studies, which used a fiber optic cable to irradiate a sample of 3.20 within the 

spectrometer, showed that at 490 nm, its photostationary state was ~1:1 cis:trans.  Because the 

photochemical properties of azobenzene 3.20 were found to be satisfactory, it was tested for 

efficacy as a Kv
 

channel blocker on HEK293 cells expressing the Shaker Kv
 

channel.  

Unfortunately, when 3.20 was applied intra- or extracellularly, no blocking of the channel by 

either the cis or trans isomer was detected.  The cause for the complete loss of activity may 

reside in the loss of amide hydrogen bonding or the change in steric bulk in going from an amide 

in AAQ (3.18) to a tertiary amine linkage in 3.20.  Surprisingly, this change is enough to prevent 

3.20 from effectively blocking the potassium channel pore in any conformation. 

 Because 1
st
 generation blocker 3.20 had the desired photochemical properties but was 

biologically inactive, the next generation of red-shifted compounds was designed such that the 

amide linkage between the azobenzene and ammonium moieties was unaltered.  This required 

moving the electron donating tertiary amine to the opposite side of the azobenzene, which was 

implemented in the second generation of red-shifted K
+
 channel blockers 3.35-3.57 (Scheme 4).  

In a strategy analogous to that used for the preparation of 3.20, the synthesis of these compounds 

began with the formation of the diazonium salt of para-nitroaniline (3.21) which reacted with a 

dialkylanilines (3.25-3.27) to form the respective azobenzenes 3.28-3.30; the nitro moiety in 

each was reduced to anilines 3.31-3.33, and then acylated with betaine acid chloride 3.34.  These 

compounds were given the colloquial names DENAQ (diethylamine azobenzene quaternary 

ammonium, 3.35), HOENAQ (ethylethanolamine, 3.36), and BENAQ (benzylethylamine, 3.37) 

and will be referred to as such later in the chapter. 
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Scheme 4.  Synthesis of the 2nd generation of red-shifted K+ channel blockers. 

 

 The UV/Vis spectra of these three compounds showed that while DENAQ (3.35) and 

HOENAQ (3.36) were red-shifted, surprisingly, BENAQ (3.37) was not.  None the less, all of 

the compounds were tested for efficacy as K
+
 channel blockers on HEK293 cells expressing the 

Shaker, Kv3.1, and Kv2.1 channels.  HOENAQ (3.36) was found to be impermeable to the cell 

membrane, and thus was discarded as a candidate.  BENAQ (3.37), though not red-shifted, 

continued to surprise, as experiments showed that it blocked Kv
 
channels not in the trans form, as 

related blocker BzAQ (3.17), but in the cis form (Figure 8).  While the reason for this switch in 

activity has not yet been established, it is possible that the benzyl group, either due to increased 

hydrophobicity or some form of π-stacking, allows BENAQ (3.37) to insert itself into the 

channel or the membrane such that the cis form is at the right distance to block at the internal 

blocking site while the trans form is not.   

Figure 8. BENAQ (3.37) is a cis Kv channel blocker. Whole-cell current responses at 200 ms voltage steps from –70 

to +40 mV under irradiation at 500 nm (green line) and 380 nm (purple line), and 25 µM external application of 

BENAQ (3.37) to HEK293 cells expressing A) Kv 3.1 and B) Kv 2.1. 

 

 Meanwhile, results from electrophysiology experiments with DENAQ (3.35) show that it 

both functions as a trans Kv channel blocker and is red-shifted (Figure 9).  Interestingly, 
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DENAQ (3.35) is somewhat selective as a blocker: it has no effect on Shaker channels (Figure 

9A), but is quite effective at blocking Kv2.1 (Figure 9B), and Kv3.1 (Figure 9C) channels when 

applied extracellularly at 100 µM concentrations.  This level of potency places DENAQ (3.35) 

between BzAQ (3.17, 25 µM) and AAQ (3.18, 300 µM).  Additionally, illuminating cells with 

variable wavelengths of light gives a variable amount of channel block (Figure XD).  

Figure 9.  DENAQ (3.35) is a red-shifted trans blocker for some Kv channels.  Whole-cell current responses at 200 

ms voltage steps from –70 to +40 mV under irradiation at 472 nm (blue line) or dark (black line), 100 µM external 

application of DENAQ (3.35) to HEK293 cells expressing, A)  Shaker-IR B) Kv2.1 and C) Kv3.1.  D) Steady state 

current (Iss) recorded at 1 Hz from a cell expressing Kv3.1 at wavelengths 420-500 nm. 

 

 Having demonstrated the viability of DENAQ (3.35) as a red-shifted blocker in HEK293 

cells expressing various channels, it was desired to test the compound in a more complicated 

biological setting.  Because Kv3.1 channels are very common in retinal ganglion cells, which 

receive input from photoreceptive cells in the retina, DENAQ (3.35) was next tested on the retina 

of blind mice.  Most gratifyingly, after the retinas have been exposed to a solution of DENAQ 

(3.35), previously nonphotosensitive cells (Rd1 retinal ganglion cells) become sensitive to light 

(Figure 10).  The light sensitivity of these cells extends from 380 to 540 nm (violet to green, 

Figure 10B-10D), but does not reach wavelengths of 600 nm (orange, Figure 10E).  It should be 

noted that these cells possess many different ion channels, not just Kv channels, and that the 

effects are likely due to the action of DENAQ (3.35) on the cells as a whole.  
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Figure 10.  Effect of DENAQ (3.35) on the retina of blind Rd1 mice. The activity of retinal ganglion cells was 

recorded extracellulary using a multi-electrode array with 64 electrodes. The light protocol is shown on the top. The 

activity of each cell is depicted in the central Scatchard plot.  The average number of spike is shown at the bottom.  

A) No DENAQ (3.35), cycling between darkness and 500 nm irradiation.  B) 200 µM DENAQ (3.35), cycling 

between darkness and 380 nm irradiation. C) 200 µM DENAQ (3.35), cycling between darkness and 500 nm 

irradiation. D) 200 µM DENAQ (3.35), cycling between darkness and 540 nm irradiation. E) 200 µM DENAQ 

(3.35), cycling between darkness and 600 nm irradiation. 

 

  

3.7 Synthesis and Evaluation of 3
rd

 Generation Red-Shifted Photoswitches 

 

 Even though the preliminary results from the 2
nd

 generation of red-shifted Kv
 
channel 

blockers were extremely exciting, there was still room for improvement on two fronts: first, it 

was hoped that a more potent version of DENAQ (3.35) could be developed, and second, the 

data obtained from BENAQ (3.37) experiments raised the tantalizing possibility of creating a 

red-shifted cis blocker.  In order to continue probing the effect of the substitution pattern on the 

aniline nitrogen atom on blocker activity, a series of compounds based on DENAQ (3.35) and 

BENAQ (3.37) were synthesized by the same method as that used for the synthesis of previous 
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generation compounds (Scheme 5A): para-nitroaniline (3.21) was diazotized and subsequently 

reacted with a range of anilines (3.38-3.42) to give azobenzenes, the nitro groups of which were 

reduced and then coupled with betaine acid chloride 3.34 to afford a range of DENAQ (3.35) 

derivatives (3.43-3.46) and BENAQ (3.37) derivative 3.47 in variable overall yields.  One 

additional compound, NENAQ (3.48), was prepared from 1
st
 generation synthesis intermediate 

3.24 (Scheme 5B), the bromide of which was displaced by dimethylamine before amide bond 

formation at the opposite end of the azobenzene moiety gave the quaternary ammonium moiety 

of 3.48.   

Scheme 5.  Synthesis of the 3rd generation of red-shifted K+ channel blockers. 

 

 The 3
rd

 generation of blockers all showed red-shifted UV/Vis absorbance peaks (with the 

exception of MorNAQ (3.43), λmax = 386 nm) and were once again tested on HEK293 cells 

expressing either Kv3.1 or Shaker channels (Figure 11).  The compound dPNAQ (3.45) was 

immediately discarded owing to its high cell toxicity.  This was not surprising due to the 

surfactant-like structure of 3.45, which was foreshadowed by difficulties in the laboratory when 

trying to concentrate water solutions—excessive foaming was always encountered.  MorNAQ 

(3.43) was found to be membrane impermeable, much like previously discussed HOENAQ 

(3.36), however in this instance, it was tested by application to the interior of the cell via pipette 

(Figure 11A) and was found to be a trans blocker.  Initially, NENAQ (3.48) also initially 

appeared to be membrane impermeable, however by using significantly higher concentrations (1 

mM), it was also observed to be a trans blocker (Figure 11B).  In contrast, MeOENAQ (3.46) is 

membrane permeable and, similarly to the other DENAQ (3.35) derivatives, did block Kv3.1 in 

the trans form (Figure XC). The compound dMNAQ (3.44) is awaiting testing; however, for 

those compounds tested, no improvement over DENAQ (3.35) was observed in either the 

potency or the extent of blocking.   
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Figure 11.  MeOENAQ (3.46), MorNAQ (3.43), and NENAQ (3.48) are red-shifted trans blockers for Kv3.1 

channels.  Whole-cell current responses at 200 ms voltage steps from –70 to +40 mV under irradiation at 472 nm 

(blue line) or dark (black line),A) MeOENAQ (3.46). B) MorNAQ (3.43) applied to the interior of the cell via 

pipette. C) NENAQ (3.48). 

 

 Finally, PhENAQ (3.47), which is red-shifted, was most gratifyingly found to be a cis 

blocker (Figure 12).  In HEK293 cells expressing Shaker channels external application of a 25 

µM solution of PhENAQ (3.47), which is the same concentration used for experiments with 

BENAQ (3.37, Figure 8), was enough to see channel blocking (Figure 12A).  The potential of 

PhENAQ (3.47) was further evaluated by testing its effect on dissociated hippocapmal neurons, 

where, even though PhENAQ (3.47) does not completely block channels, it does so well enough 

to generate action potentials with the application of 472 nm (blue) light (Figure 12B).    

Figure 12.  PhENAQ (3.47) is a red-shifted cis blocker for some Kv channels.  A) Whole-cell current response at 

200 ms voltage steps from –70 to +40 mV under irradiation at 472 nm (blue line) or dark (black line), from a 

HEK293 cell expressing Shaker-IR. B) Photoregulation of action potential firing in dissociated hippocampal 

neurons.  

  
 After synthesizing three generations of compounds, two red-shifted Kv channel blockers 

have been identified as possessing superior biological activity: firstly, PhENAQ (3.47), which is 

unique in the group in that it is both red-shifted and a cis blocker, and secondly, DENAQ (3.35), 

which has equal or better efficiency of blocking Kv3.1 channels compared with the other trans 

blockers, and can be synthesized with a significantly higher overall yield (50% over 3 steps). 
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3.8 Synthesis and Evaluation of Thermally Cis Stabile QAQ Derivatives 

 

 Although the discovery that BENAQ (3.37) and PhENAQ (3.47) are cis blockers of Kv 

channels was quite exciting, the large majority of compounds that have already been made 

(including AAQ (3.18), BzAQ (3.17), and DENAQ (3.35)) were shown to effectively block in 

the trans form.  As a result of this mode of action, it is necessary to regularly irradiate cells 

treated with these compounds in order to maintain the azobenzene in the cis form and thus 

prevent undesired excitotoxic effects.  In light of the experimental difficulties that arise from 

AAQ (3.18) and BzAQ (3.17) being "on" in the trans form, the synthesis of related compound, 

QAQ (quaternary ammonium azobenzene quaternary ammonium, 3.19) and two potentially more 

cis-stable derivatives was undertaken (Scheme 6).  Interest in QAQ (3.19) arises from two of its 

properties, potency (5 µM concentrations are sufficient to elicit blocking when applied 

internally) and membrane permeability—due to its doubly charged nature, QAQ (3.19) cannot 

pass through cell membranes unaided, however it can be actively transported into a cell under 

controllable circumstances (Alexandre Mourot, personal communication).  Therefore, membrane 

impermeable and previously described QAQ (3.19) was made by simple double amidation of 

commercially available 4,4-diaminoazobenzene (3.49) with the betaine acid chloride X (Scheme 

XA).
48

   

Scheme 6.  Synthesis of QAQ (3.19). 

 

 The di- and tetra-ortho-methyl derivatives were prepared from azobenzenes 3.50 and 

3.53 (Scheme 7), which were previously synthesized in the Trauner group and kindly provided 

by Matt Banghart.
50

  More specifically, dimethyl azobenzene 3.50 was synthesized by the 

standard diazocoupling, reduction, amide bond formation route (Scheme 7A), while the 

tetramethyl substituted azobenzene derivative was generated by dimerization of 2,6-dimethyl-4-

nitroaniline (3.52) followed by reduction and amide bond formation (Scheme 7B).      

Scheme 7.  Synthesis of the QAQ (3.19) analogs A) dimethylQAQ (3.51) and B) tetramethylQAQ (3.54). 

 

 Having successfully synthesized QAQ (3.19) and the two derivatives, a direct 

comparison of their properties could now be made in the hopes of identifying a new Kv channel 
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blocker with improved cis-stability.  Preliminary UV/Vis spectra for dimethylQAQ (3.51) and 

tetramethylQAQ (3.54) show that both compounds can be maximally photoisomerized between 

the cis and trans forms with 370 nm and 450 nm light, respectively.  With this encouraging 

information, the two compounds were tested on Shaker channels by perfusing a solution of the 

compound through the pipette into the cell, a method commonly employed for delivery of 

compounds when they are cell membrane impermeable (Figure 13).  Whole-cell recordings 

showed that both compounds could photoregulate Shaker channels when irradiated with 380 nm 

and 500 nm light, albeit in contrasting concentrations (tetramethylQAQ (3.54) 5 µM and 

dimethylQAQ (3.51) 100 µM).  With these results in hand, the stage is set for future experiments 

to establish whether tetramethylQAQ (3.54) or dimethylQAQ (3.51) will have cis forms with 

longer half-lives within Kv
 
channels. 

Figure 13.  QAQ (3.19) derivatives photoregulate Shaker-IR channels in HEK293 cells. A) tetramethylQAQ (3.54) 

5 µM applied through the patch pipette and equilibrated for 5 min.  Pink line, whole-cell current with 380 nm 

irradiation; green line is with 500 nm irradiation. . B) dimethylQAQ (3.51) 100 µM applied from the pipette and 

equilibrated for 5 min.  Pink line, whole-cell current with 380 nm irradiation; green line is with 500 nm irradiation. 

 

 

 

 

 

3.9 Concluding Remarks 

 

 In this chapter, three generations of development have yielded two red-shifted Kv channel 

blockers, trans-blocking DENAQ (3.35) and cis-blocking PhENAQ (3.47).  Additionally, 

DENAQ (3.35) has been shown to photosensitize retinal ganglion cells in blind mouse retina, 

opening up an exciting avenue of research which could one day offer a cure for certain types of 

blindness, such as age related macular degeneration, where the retina is still alive and in place, 

but loses its photosensitivity.  PhENAQ (3.47) should also prove to be useful in neurons, as its 

resting trans form is "off" and only with irradiation with blue light does it switch "on".  This 

allows for a simpler experimental setup with just a single light-source that need only be used 

when and where K
+
 channel blocking, and its result in neurons—action potentials—are desired.  

Additionally, the development of red-shifted compounds sets the stage for the future synthesis of 

molecules which are red-shifted to an even greater extent.  This could be used in experimental 

systems employing multiple photoisomerizable compounds which absorb at non-overlapping 

wavelengths, and thus can be toggled independently.  Finally, some initial results with cis-
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stabilized dimethylQAQ (3.51) and tetramethylQAQ (3.54) suggest that, should they prove to 

have a significantly longer cis half-life, they will offer a number of practical advantages over 

QAQ (3.19).  In practice, this could mean they will not require as frequent "touch-up" pulses of 

light to reset the non-active cis form.   

 

3.10 Experimental Contributions 

 

 This work was a collaboration between the laboratories of Dirk Trauner and Richard 

Kramer.  Michael Kienzler designed and synthesized the red-shifted and cis-stable blockers with 

valuable input and suggestions from Matt Banghart and synthetic assistance from Marco Stein, 

Petra Bohrer, and Ebru Serdar.  Whole cell patch clamp experiments in HEK293 cells were 

performed by Alexandre Mourot (Figures 8, 9, 11, and 12) and Timm Fehrentz (Figure 9. 11, and 

13).   Retina experiments were performed by Ivan Tochitsky (Figure 10). 

 

3.11 Experimental Methods 

 

3.11.1 Synthetic Procedures 

 

 General Experimental Details. Unless otherwise noted, all reagents were purchased 

from commercial suppliers and used without further purification.  Unless otherwise noted, all 

reaction mixtures were magnetically stirred in oven-dried glassware under a nitrogen 

atmosphere.  External bath temperatures were used to record all reaction mixture temperatures. 

Analytical thin layer chromatography (TLC) was carried out on Merck silica gel 60 F254 TLC 

plates.  TLC visualization was accomplished using 254 nm UV light, 0.1% HCl in MeOH or a 

charring solution of cerric ammonium molybdenate. All aqueous solutions were saturated unless 

otherwise noted. Normal phase flash chromatography was performed on Dynamic Adsorbents 

Silica Gel (40-63 µm particle size) using a forced flow of eluant at 1.3–1.5 bar pressure. Reverse-

phase chromatography was carried out with Waters Preparative C18 Silica Gel WAT010001 125 

Å.  Yields refer to chromatographically and spectroscopically (
1
H NMR and 

13
C NMR) 

homogenous material. 
1
H and 

13
C NMR spectra were recorded on Varian ARX 200, AC 300, 

WH 400, or AMX 600 instruments. Chemical shifts are reported in ppm with the solvent 

resonance employed as the internal standard (CDCl3 at 7.26 and 77.0 ppm; DMSO at 2.50 and 

39.5 ppm). The following abbreviations are used to explain the multiplicities: s = singlet, d = 

doublet, t = triplet, q = quartet, m = multiplet, br = broad. IR spectra were recorded 4000–400 

cm
–1

 on a Perkin Elmer Spectrometer BY FT-IR-System with a Smith Dura sample IR II ATR-

unit. Samples were measured as neat materials (neat). The absorption bands are reported in wave 

numbers (cm
-1

). Mass spectra were recorded on a Varian MAT CH 7A for electron impact 

ionization (EI) and high resolution mass spectra (HRMS) on a Varian MAT 711 spectrometer. 

 

Experimental Procedures. 
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Standard Procedure 1: Azo coupling of a p-nitroaniline with an aniline to form the 

corresponding azobenzene derivatives. 

 

1.0 eq. of para-nitroaniline 3.55 was dissolved in methanol and cooled in an ice bath to 0 °C, at 

which point 12M HCl was added.  The resulting solution was stirred for five minutes, and then 

1.0 eq. of isoamyl nitrite was added over a period of five minutes. The reaction was stirred for 

one hour at 0 °C. Meanwhile, 1.0 eq. of aniline 3.56 was dissolved in water or methanol, 

depending on solubility, and 12M HCl and cooled to 0 °C. To this solution, the diazonium salt 

was added over a period of ten minutes, the flask then was rinsed with methanol. The solution 

turned deep red and was stirred for another 1.5 hours at 0 °C.  Once all starting material was 

consumed as gauged by TLC, the reaction mixture was poured on ice-cooled a saturated solution 

of NaHCO3.  After the resulting gas evolution had ceased, the crude product was extracted three 

times with ethyl acetate and, if red/orange color remained in the aqueous layer, twice with 

dichloromethane. The combined organic layers were washed with brine, dried over MgSO4, and 

concentrated in vacuo. 

 

 
Standard Procedure 2: Reduction of an aromatic nitro group to the corresponding amine in the 

presence of an azobenzene group using sodium sulfide. 

 

1.0 eq. (6 mmol) of para-nitroazobenzene 3.57 was dissolved in a 10:1 mixture of 1,4-dioxane 

and water.  To this solution 1.0 eq. of sodium sulfide was added, and the reaction mixture was 

heated to 90 °C for one hour.  The reaction was monitored by TLC, and after every hour that 

starting material 3.57 was observed, another eq. of sodium sulfide  was added.  When all starting 

material was consumed, the solution was poured on a saturated solution of NaHCO3. After the 

resulting gas evolution had ceased, the crude product was extracted three times with 

dichloromethane and the combined organic layers were washed with brine, dried over MgSO4 

and concentrated in vacuo. 

 

 
Standard Procedure 3: Amide bond formation between an azoaniline (3.58) and betaine 3.59 to 

form the corresponding azobenzene ammonium derivatives.  

 

5.0 eq. of betaine 3.59 were dissolved in acetonitrile. To this solution, 3 drops of DMF and 

5.05 eq. of oxalyl chloride were added and the solution stirred for 45 minutes at room 

temperature.  The solvent then was removed in vacuo and the colorless residue dried under high 

vacuum to remove all residual HCl. The acid chloride thus generated, 3.34, was partially 

dissolved in a 1:1 mixture of acetonitrile and DMF. This suspension was then was added to a 

flask containing 1.0 eq. of azoaniline 3.58 and 5.0 eq. of diisopropylethylamine in DMF at 0 °C 
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over a period of ten minutes. The reaction was warmed to room temperature, stirred overnight 

and then concentrated in vacuo. 

 

 

 

 
Nitroazobenzene 3.23.  Following standard procedure 1, 1.38 g (10 mmol) of p-nitroaniline 

(3.21) in 20 mL of MeOH and 5 mL of 12M HCl first reacted with 1.4 mL (10 mmol) of 

isoamylnitrite to form a diazonium salt, which then further reacted with 1.66 g (10 mmol) of 2-

(ethyl(phenyl)amino)ethanol dissolved in 20 mL of MeOH and 5 mL of 12M HCl.  Column 

chromatography on silica gel (30%, then 50%, then 70% EtOAc in hexanes) gave 2.73 g (87%) 

of nitroazobenzene 3.23 as a dark purple glassy solid. Rf 0.26 (50% EtOAc in hexanes); IR: 

3275, 2966, 1730, 1600, 1515, 1386, 1340, 1142, 859 cm
-1

; 
1
H NMR (400 MHz, CD3CN) δ 8.35 

(d, J = 9.1 Hz, 2H), 7.94 (d, J = 9.1 Hz, 2H), 7.88 (d, J = 9.3 Hz, 2H), 6.90 (d, J = 9.3 Hz, 2H), 

3.75 (q, J = 6.0 Hz, 2H), 3.59 (q, J = 6.4 Hz, 4H), 2.94 (t, J = 5.7, 1H), 1.23 (t, J = 7.1, 3H); 
13

C 

NMR (100 MHz, DMSO-d6) δ 156.3, 151.9, 146.7, 142.5, 126.2, 125.0, 122.4, 111.5, 58.4, 52.2, 

45.3, 12.0; HRMS (EI+) m/z calcd for C16H18N4O3 [M+H]
+
: 314.1379; found 314.1377. 

 

 
Aminoazobenzene 3.S1.  Following standard procedure 2, 2.54 g (8.08 mmol) of nitrobenzene 

3.23 in 100 mL of 1,4-dioxane and 10 mL of water was reduced by first 2.60 g (10.8 mmol), and 

then 2.13 g (8.9 mmol) of Na2S·9H2O.  Work-up yielded 2.25 g (98%) of aniline 3.S1 as a dark 

purple solid. Rf 0.32 (50% EtOAc in hexanes); IR: 3346, 3222, 2969, 1591, 1510, 1344, 1152 

cm
-1

; 
1
H NMR (500 MHz, CD3CN) δ 7.72 (d, J = 9.1 Hz, 2H), 7.65 (d, J = 8.6 Hz, 2H), 6.84 (d, 

J = 9.1 Hz, 2H), 6.75 (d, J = 8.7 Hz, 2H), 4.62 (s, 2H), 3.72 (q, J = 6.1 Hz, 2H), 3.57 – 3.47 (m, 

4H), 2.89 (t, J = 5.8 Hz, 1H), 1.20 (t, J = 7.0 Hz, 3H); 
13

C NMR (101 MHz, CD3OD) δ 150.23, 

149.54, 144.83, 143.18, 131.39, 124.00, 123.77, 123.54, 121.97, 114.15, 111.05, 66.69, 58.92, 

51.99, 45.21, 11.04; HRMS (EI+) m/z calcd for C16H20N4O [M+H]
+
: 284.1637; found 284.1641. 

 
Bromide 3.24.  285 mg (1.0 mmol) of aniline 3.S1 and 385 mg (1.16 mmol) of CBr4 were 

dissolved in 40 mL of CH2Cl2. The mixture was cooled to 0 C and 296 mg (1.13 mmol) of PPh3 

was added in one portion. The reaction mixture was stirred at  0 C  for 2.5 h and at rt for a 

further 16 h. The crude mixture was concentrated to remove the solvent. The crude product was 

purified by column chromatography on silica gel (20% EtOAc in hexanes) to give 184 mg (46%) 

of bromide 3.24 as a black solid.  Rf = 0.6 (40% EtOAc in hexanes); IR: 3320, 3210, 2971, 2926, 

1596, 1511, 1462, 1394, 1350, 1271, 1152, 1075, 999 cm
-1

; 
1
H NMR (500 MHz, CD3CN) δ 7.74 

(d, J = 9.1, 2H), 7.66 (d, J = 8.7, 2H), 6.83 (d, J = 9.1, 2H), 6.75 (d, J = 8.7, 2H), 4.75 (s, 2H), 
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3.79 (t, J = 7.6, 2H), 3.68 – 3.40 (m, 4H), 1.20 (t, J = 7.0, 3H); 
13

C NMR (126 MHz, CD3CN) δ 

151.8, 150.0, 146.0, 145.0, 125.4, 125.3, 115.7, 113.0, 53.2, 46.4, 30.4, 13.1; HRMS (ESI+) m/z 

calcd for C16H20N4Br [M+H]
+
: 347.0866; found 347.0870. 

 

 
Amide 3.S2.  To a solution of 49.8 mg (0.143 mmol) of bromide 3.24 in 3 mL of CH2Cl2 was 

added 40 µL (0.289 mmol) of Et3N and 10 µL (0.141 mmol) of acetyl chloride.  After 30 

minutes, the reaction was quenched with water (5 mL) and extracted with CH2Cl2 (2 x 5 mL).  

The combined organic layers were washed with brine (2x 10 mL), dried over MgSO4, and 

concentrated in vacuo.  Column chromatography on silica gel (50% EtOAc in hexanes) gave 

28.6 mg (51%) of amide 3.S2 as a red solid.  Rf = 0.34 (50% EtOAc in hexanes);  
1
H NMR (400 

MHz, CD3CN) δ 8.53 (s, 1H), 7.88 – 7.76 (m, 4H), 7.73 (d, J = 8.9 Hz, 2H), 6.86 (d, J = 9.2 Hz, 

2H), 3.86 – 3.74 (m, 2H), 3.66 – 3.48 (m, 4H), 2.12 (s, 3H), 1.21 (t, J = 7.0 Hz, 3H); 
13

C NMR 

(101 MHz, CD3CN) δ 169.71, 150.55, 149.76, 144.49, 141.66, 125.69, 123.74, 120.34, 112.59, 

52.78, 46.08, 29.88, 24.47, 12.74; HRMS (ESI+) m/z calcd for C16H20N4Br [M+H]
+
: 347.0866; 

found 347.0870. 

 

 
Ammonium 3.20.  A glass pressure tube was charged with 28 mg (0.072 mmol) of amide 3.S2, 

30 µL (0.216 mmol) of Et3N and 6 mL of absolute ethanol.  The solution was sparged with N2 

gas for 2 minutes, sealed, and then heated to 90 C for 3 days, at which point it was concentrated 

in vacuo, and then purified by column chromatography on reverse phase silica gel (20% MeOH 

in 0.1% formic acid) to give 15 mg (46%) of ammonium 3.20 formate salt as a red solid.  
1
H 

NMR (500 MHz, CD3OD) δ 8.54 (s, 1H), 7.88 (d, J = 9.0 Hz, 2H), 7.82 (d, J = 8.8 Hz, 2H), 7.73 

(d, J = 8.8 Hz, 2H), 6.94 (d, J = 9.1 Hz, 2H), 3.99 – 3.83 (m, 2H), 3.59 (q, J = 7.0 Hz, 2H), 3.53 

– 3.39 (m, 8H), 2.18 (s, 3H), 1.38 (t, J = 7.1, 9H), 1.28 (dd, J = 15.4, 8.4, 3H); 
13

C NMR (126 

MHz, CD3OD) δ 170.73, 149.62, 149.43, 144.68, 140.73, 125.06, 122.96, 120.11, 112.58, 53.42, 

53.33, 45.80, 43.01, 22.96, 11.46, 6.91; HRMS (ESI+) m/z calcd for C24H36N5O [M+H]
+
:  

410.2920; found 410.2914; UV/Vis (100% H2O): max = 470 nm. 

 

 
Nitroazobenzene 3.28.  Following standard procedure 1, 1.38 g (10 mmol) of p-nitroaniline 

(3.21) dissolved in 20 mL of MeOH and 5 mL of 12M HCl first reacted with 1.4 mL (10 mmol) 

of isoamylnitrite to form a diazonium salt, which then further reacted with 1.66 g (10 mmol) of 

diethylaniline (3.25) in 20 mL of MeOH and 5 mL of 12M HCl.  Column chromatography on 

silica gel (30%, then 50% EtOAc in hexanes) gave 1.85 g (62%) of nitroazobenzene 3.28 as a 
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red-brown solid.  Rf 0.7 (30% EtOAc in hexanes); IR: 3427, 2965, 2926, 1937, 1600, 1587, 

1518, 1504, 1444, 1425, 1408, 1391, 1341, 1324, 1274, 1258, 1194, 1139, 1103, 1076 cm
-1

; 
1
H 

NMR (600 MHz, CDCl3):   8.32–8.29 (m, 2H), 7.92–7.86 (m, 4H), 6.75–6.71 (m, 2H), 3.48 (q, 

J = 7.1 Hz, 4H), 1.25 (t, J = 7.1 Hz, 6H); 
13

C NMR (150 MHz, CDCl3):  157.0, 151.3, 147.2, 

143.3, 126.4, 124.7, 122.5, 111.0, 44.9, 12.7; HRMS (ESI+): m/z calcd. for C16H19N4O2 M+H
+
: 

299.1503, found: 299.1492. 

 

 
Aminoazobenzene 3.31 Following standard procedure 2, 1.8 g (6.0 mmol) of nitrobenzene 

3.28 in 90 mL of 1,4-dioxane and 9 mL of water was reduced by three separate additions of 0.47 

g ( 6.0 mmol) of Na2S.  Purification of the crude product by column chromatography on silica 

gel (hexanes/EtOAc, 7:3) gave 1.41 g (88%) of aminoazobenzene 3.31 as a deep red, glassy 

solid.  Rf 0.3 (30% EtOAc in hexanes); 
1
H NMR (400 MHz, DMSO-d6):   = 7.62–7.57 (m, 2H), 

7.53–7.47 (m, 2H), 6.73–6.68 (m, 2H), 6.62–6.57 (m, 2H), 5.68 (m, 2H), 3.38 (q, J = 7.0 Hz, 

4H), 1.10 (t, J = 7.0 Hz, 6H); 
13

C NMR (100 MHz, DMSO-d6):  = 162.7, 151.4, 149.1, 143.7, 

142.8, 124.2, 113.9, 111.4, 44.4, 13.0; IR:  3440, 3323, 2972, 2252, 1896, 1669, 1623, 1590, 

1557, 1512, 1450, 1403, 1386, 1374, 1350, 1307, 1271, 1250, 1196, 1166, 1148, 1095 cm
-1

; 

HRMS (ESI+): m/z calcd. for C16H21N4 M+H
+
: 269.1761, found: 269.1751. 

 

 
DENAQ (3.35).  Following standard procedure 3, 478 mg (3.0 mmol) of betaine 3.59  

dissolved in 10 mL of acetonitrile reacted with 1.5 mL (2M solution in DCM, 3.0 mmol) of 

oxalyl chloride to form the acid chloride 3.34 which went on to form an amide bond when 

reacted with 161 mg (0.6 mmol) of analine 3.31 dissolved in 20 mL of DMF and 0.51 mL (3.0 

mmol) of DIPEA.  The crude product was purified by column chromatography on reversed-

phase silica gel (0.1% formic acid in water/acetonitrile, gradually increased from 100:085:15) 

to yield 250 mg (92%) DENAQ (3.35) formate salt as a deep red, glassy solid.  
1
H NMR 

(CD3OD, 400 MHz):   8.48 (s, 1H), 7.79–7.67 (m, 6H), 6.74–6.62 (m, 2H), 4.23–4.12 (m, 2H), 

3.64–3.48 (m, 6H), 3.43–3.31 (m, 4H), 1.37–1.24 (m, 9H), 1.18–1.05 (m, 6H); 
13

C NMR 

(CD3OD, 100 MHz):  167.2, 161.7, 150.3, 149.9, 142.7, 138.6, 125.0, 122.4, 120.2, 110.8, 56.3, 

54.4, 44.2, 11.7, 6.7; IR: 2972, 1688, 1630, 1597, 1547, 1514, 1448, 1394, 1351, 1249, 1194, 

1154, 1138, 1076 cm
-1

; HRMS (ESI+): m/z calcd. for C24H36N5O [M+H]
+
: 410.2914, found: 

410.2899; UV/Vis (100% H2O): max = 470 nm. 
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Nitroazobenzene 3.30.  Following standard procedure 1, 1.38 g (10 mmol) of p-nitroaniline 

(3.21) dissolved in 20 mL of MeOH and 5 mL of 12M HCl first reacted with 1.4 mL (10 mmol) 

of isoamylnitrite to form a diazonium salt, which then further reacted with 2.07 mL (10 mmol) of 

N-benzyl-N-ethylaniline (3.27) dissolved in 20 mL of MeOH and 5 mL of 12M HCl.  Column 

chromatography on silica gel (5%, then 10%  EtOAc in hexanes) gave 382 mg (11%) of 

nitroazobenzene 3.30 as a deep red, glassy solid.  Rf = 0.7 (30% EtOAc in hexanes); 
1
H NMR 

(CDCl3, 600 MHz):   8.31 (d, J = 9.0 Hz, 2H), 7.92–7.85 (m 4H), 7.35 (t, J = 7.5 Hz, 2H), 7.30-

–7.25 (m, 2H), 7.23 (d, J = 7.6 Hz, 2H), 6.78 (d, J = 9.1 Hz, 2H), 4.67 (s, 2H), 3.61 (q, J 

= 7.1 Hz, 2H), 1.31 (t, J = 7.1 Hz, 3H); 
13

C NMR (CDCl3, 150 MHz):  156.8, 152.0, 147.4, 

143.8, 137.5, 131.5, 128.8, 124.9, 124.0, 123.3, 122.6, 111.7, 53.8, 45.8, 12.3; IR: 3427, 3049, 

2971, 2924, 2254, 1734, 1598, 1512, 1451, 1423, 1392, 1357, 1339, 1281, 1246, 1197, 1177, 

1156, 1140, 1104 cm
-1

; HRMS (ESI+): m/z calcd. for C21H21N4O2 M+H
+
: 361.1659, found: 

361.1649. 

 

 
Aminoazobenzene 3.33.  Following standard procedure 2, 350 mg (0.97 mmol) of 

nitrobenzene 3.30 in 20 mL of 1,4-dioxane and 1 mL of water was reduced by three separate 

additions of 76 mg ( 0.97 mmol) of Na2S.  Purification of the crude product by column 

chromatography on silica gel (Hexanes/EtOAc, 9:11:1) gave 280 mg (88%) of 

aminoazobenzene 3.33 as a deep red, glassy solid.  Rf = 0.3 (30% EtOAc in hexanes); 
1
H NMR 

(CDCl3, 400 MHz):   7.80–7.69 (m, 4H), 7.36–7.20 (m, 5H), 6.80–6.65 (m, 4H), 4.60 (s, 2H), 

3.90 (s, 2H, NH2), 3.54 (q, 
J =

 7.1 Hz, 2H), 1.32–1.21 (m, 3H); 
13

C NMR (CDCl3, 100 MHz, 

25 °C):  146.1, 144.2, 142.1, 139.9, 134.4, 122.4, 120.4, 120.3, 120.0, 100.9, 110.7, 107.7, 49.9, 

41.6, 8.4; IR: 3452, 3378, 2965, 2923, 2853, 1618, 1595, 1511, 1450, 1394, 1355, 1293, 1275, 

1242, 1198, 1178, 1151, 1125, 1073 cm
-1

; HRMS (ESI+): m/z calcd. for C21H23N4 M+H
+
: 

331.1917, found: 331.1907. 

 

 
BENAQ (3.37).  Following standard procedure 3, 478 mg (3.0 mmol) of betaine 3.59 

dissolved in 10 mL of acetonitrile reacted with 1.5 mL (2M solution in CH2Cl2, 3.0 mmol) of 

oxalyl chloride to form acid chloride 3.34 which went on to form an amide bond when reacted 

with 208 mg (0.63 mmol) of aminoazobenzene 3.33 dissolved in 15 mL of DMF and 0.51 mL 

(3.0 mmol) of DIPEA.  The crude product was purified by column chromatography on reversed-

phase silica gel (0.1% formic acid in water/acetonitrile, gradually increased from 100:060:40) 

to yield 30 mg (9%) BENAQ (3.37) formate salt as a red-orange, glassy solid. 
1
H NMR 

(CD3OD, 400 MHz):   7.91–7.68 (m, 7H), 7.35–7.15 (m, 6H), 4.36 (s, 2H), 4.21 (s, 2H), 

3.66 (q, J = 7.2 Hz, 6H), 3.21 (q, J = 7.1 Hz, 2H), 1.37 (t, J = 7.2 Hz, 9H), 1.09 (t, J = 7.1 Hz, 

3H); 
13

C NMR (CD3OD, 100 MHz):   161.8, 150.2, 149.2, 147.9, 140.0, 138.1, 129.6, 128.2, 

127.8, 126.1, 123.4, 123.1, 122.6, 120.0, 111.4, 56.2, 55.7, 54.4, 11.1, 6.6; IR: 3189, 3028, 2958, 
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2928, 2854, 2684, 1691, 1585, 1557, 1502, 1479, 1464, 1447, 1374, 1343, 1320, 1304, 1255, 

1223, 1158, 1095, 1074, 1042 cm
-1

; HRMS (ESI+): m/z calcd. for C29H37N5O3Cl M+Cl-H
+
: 

506.2681, found: 506.2665; UV/Vis (100% H2O): max = 379 nm. 

 

 

 
HOENAQ (3.36).  Following standard procedure 3, 63 mg (0.40 mmol) of betaine 3.59 

dissolved in 5 mL of acetonitrile reacted with 0.19 mL (2M solution in CH2Cl2, 0.39 mmol) of 

oxalyl chloride to form acid chloride 3.34 which went on to form an amide bond when reacted 

with 101 mg (0.352 mmol) of aminoazobenzene 3.S1 dissolved in 10 mL of DMF and 0.1 mL 

(0.53 mmol) of DIPEA.  The crude product was purified by column chromatography on 

reversed-phase silica gel (0.1% formic acid in water/MeOH, gradually increased from 

100:065:35) and then further purified by reverse-phase HPLC to yield 52 mg (26%) of 

HOENAQ (3.36) trifluoroacetate salt as a deep red solid. 
1
H NMR (400 MHz, CD3OD) δ 7.80 

(ddd, J = 9.1, 4.6, 2.2 Hz, 4H), 7.76 – 7.67 (m, 2H), 6.91 (d, J = 9.2 Hz, 2H), 4.17 (s, 2H), 3.73 

(t, J = 6.1 Hz, 2H), 3.66 (q, J = 7.2 Hz, 6H), 3.63 – 3.54 (m, 4H), 1.38 (t, J = 7.2 Hz, 9H), 1.21 

(t, J = 7.1 Hz, 3H); 
13

C NMR (101 MHz, CD3OD) δ 161.61, 150.63, 149.87, 142.97, 138.46, 

124.78, 122.40, 120.12, 110.99, 58.87, 56.19, 54.34, 51.97, 45.28, 11.04, 6.58; IR: 3194, 2987, 

1670, 1596, 1389, 1347, 1200, 1134 cm
-1

; HRMS (ESI+): m/z calcd. for C24H36N5O2 M+H
+
: 

426.2864, found: 426.2851; UV/Vis (100% H2O): max = 466 nm. 

 

 
Nitroazobenzene 3.S3.  Following standard procedure 1, 817 mg (5.86 mmol) of p-

nitroaniline (3.21) in 35 mL of MeOH and 10 mL 12M HCl first reacted with 0.79 mL (5.86 

mmol) of isoamylnitrite to form a diazonium salt, which then further reacted with 1.05 g 

(5.86 mmol) of known compound N-ethyl-N-(2-methoxyethyl)aniline (3.40) in 35 mL of MeOH 

and 10 mL 12M HCl.  Column chromatography on silica gel (15%  EtOAc in hexanes) gave 

1.169 g (60%) of nitroazobenzene 3.S3 as a red solid.  Rf = 0.21 (30% EtOAc in hexanes); 
1
H 

NMR (400 MHz, acetone-d6) δ 8.46 – 8.25 (m, 2H), 8.05 – 7.93 (m, 2H), 7.92 – 7.80 (m, 2H), 

6.98 – 6.81 (m, 2H), 3.74 – 3.53 (m, 7H), 3.33 (s, 3H), 1.22 (t, J = 7.1, 3H); 
13

C NMR (101 

MHz, acetone-d6) δ 158.1, 153.2, 148.6, 144.6, 127.4, 125.9, 123.7, 112.7, 71.4, 59.4, 51.2, 46.8, 

12.7; IR: 2975, 2901, 1602, 1511, 1387, 1329, 1110 cm
-1

; HRMS (ESI+): m/z calcd. for 

C17H21N4O3 M+H
+
: 329.1608 found: 329.1608. 
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Aminoazobenzene 3.S4.  Following standard procedure 2, 1.03 g (3.1 mmol) of nitrobenzene 

3.S3 in 20 mL of 1,4-dioxane and 1 mL of water was reduced by two separate additions of 710 

mg ( 9.1 mmol) of Na2S.  Purification of the crude product by column chromatography on silica 

gel (30% to 80% EtOAc in hexanes) gave 444 mg (50%) of aminoazobenzene 3.S4 as a dark red 

solid.  Rf = 0.3 (40% EtOAc in hexanes); 
1
H NMR (CD3OD, 400 MHz): δ = 7.68 (dd, J = 9.2 

Hz,  J = 2.4 Hz, 2H), 7.61 (dd, J = 9.2 Hz,  J = 2.4 Hz, 2H), 6.74 (m, 4H), 3.54 (s, 3H),  3.45 (q, 

J = 8.4 Hz, 2H), 1.16 (t, J = 8.4 Hz, 3H); 
13

C NMR (CD3OD, 100 MHz):  δ = 150.3, 149.4, 

144.8, 143.2, 123.8, 123.6, 114.2, 111.1, 70.2, 57.9, 49.6, 45.2, 11.1; IR (cm
-1

): = 3460, 3358, 

3219, 3041, 2974, 2928, 2892, 2643, 1619, 1593, 1562, 1512, 1395, 1356, 1274, 1247, 1202, 

1185, 1152, 1111, 1076, 1006 cm
-1

; HRMS (ESI+): m/z calcd. for C17H23N4O [M+H]
+
: 

299.1866, found: 299.1865. 

 

 

 
MeOENAQ (3.46).  Following standard procedure 3, 222 mg (2.0 mmol) of betaine 3.59 

dissolved in 10 mL of acetonitrile reacted with 1.4 mL (2M solution in CH2Cl2, 2.8 mmol) of 

oxalyl chloride to form acid chloride 3.34 which went on to form an amide bond when reacted 

with 211 mg (0.71 mmol) of aminoazobenzene 3.S4 dissolved in 10 mL of DMF and 1 mL (5.7 

mmol) of DIPEA.  The crude product was purified by column chromatography on reversed-

phase silica gel (0.1% formic acid in water/MeOH, gradually increased from 100:065:35) to 

yield 165 mg (48%) MeOENAQ (3.46) formate salt as a red solid.  
1
H NMR (CD3OD, 400 

MHz): δ 8.40 (s, 1H), 7.77 (m, 6H), 6.77 (d, J = 9.3 Hz, 2H), 4.21 (s, 2H) 3.61 (q, J = 7.3 Hz, 

6H), 3.55 (m, 4H), 3.49 (q, J = 7.3 Hz, 2H), 3.33 (s, 3H), 1.34(t, J = 7.3 Hz, 9H), 1.16 (t, J = 7.3 

Hz, 3H); 
13

C NMR (CD3OD, 100 MHz):  δ  166.6, 161.7, 150.5, 149.9, 143.0, 138.6, 124.8, 

122.5, 120.2, 111.1, 70.1, 57.9, 56.2, 54.4, 49.6, 45.3, 42.5, 11.1, 6.6, 6.4; IR: 3500-3190, 3257, 

3191, 2979, 2929,2891, 1689, 1593, 1555, 1514, 1458, 1393, 1349, 1319, 1251, 1155, 1139, 

1111, 1008 cm
-1

; HRMS (ESI+): m/z calcd. for C25H38O2N5 [M]
+
 440.3020; found 440.3017; 

UV/Vis (100% H2O): max = 465 nm. 

 

 

 
Aminoazobenzene 3.S5.  82 mg (0.236 mmol) of bromide 3.24 was dissolved in 3 mL of DMF 

and 1 mL (7.9 mmol) of dimethylamine was then added. The reaction mixture was stirred at 50 

C for 0.5 h and then room temperature for 17 h before being diluted with EtOAc (50 mL).  The 

organic layer was washed with NaHCO3 (80 mL) and brine (2 x 50 mL), then dried over MgSO4 

and concentrated in vacuo. The crude product was purified by column chromatography on 

reverse-phase silica gel (0.1% formic acid in water/MeOH, 70:30) to give 30 mg (41%) of 

aminoazobenzene 3.S5 as an orange-red solid.  Rf = 0.6 (0.1% formic acid in water/MeOH, 

70:30); 
1
H NMR (CD3OD, 400 MHz): δ 8.50 (s, 2H), 7.73 (d, J = 9.2 Hz, 2H), 7.61 (d, J = 9.2 
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Hz, 2H), 6.87 (d, J = 9.2 Hz, 2H), 6.72 (d, J = 9.2 Hz, 2H), 3.74 (t, J = 8.0 Hz 2H), 3.51 (q, J = 

8.0 Hz, 2H), 3.20 (t, J = 8.0 Hz, 2H), 2.83 (s, 6H), 1.18 (t, J = 7.3 Hz, 3H); 
13

C NMR (CD3OD, 

100 MHz):  δ 150.8, 148.6, 144.6, 144.3, 123.8, 123.7, 114.0, 112.3, 54.2, 45.2, 45.1, 42.8, 10.8; 

IR: 3450, 3338, 3216, 1594, 1511, 1249, 1153 cm
-1

; HRMS (ESI+): m/z calcd. for C18H26N5 

[M+H]
+
: 312.2183, found: 312.2182. 

 

 

 
NENAQ (3.48).  Following standard procedure 3, 101 mg (0.32 mmol) of betaine 3.59 

dissolved in 5 mL MeCN reacted with 0.18 mL (2M solution in DCM, 2.06 mmol) of oxalyl 

chloride to form acid chloride 3.34 which went on to form an amide bond when reacted with 53 

mg (0.33 mmol) of aminoazobenzene 3.S5 dissolved in 5 mL of DMF in the presence of 0.11 mL 

(0.64 mmol) of DIPEA.  The crude product was purified by column chromatography on 

reversed-phase silica gel (0.1% formic acid in water/MeOH, gradually increased from 

95:570:30) and by reverse-phase HPLC to yield 128 mg (68%) of NENAQ (3.48) 

trifluoroacetate salt as a dark red solid.  Rf = 0.2 (0.1% formic acid in water/MeOH, 80:20); 
1
H 

NMR (CD3OD, 400 MHz): δ 7.82 (m, 4H), 7.75 (d, J = 8.9 Hz, 2H), 6.90 (d, J = 9.1 Hz, 2H), 

4.20 (s, 2H) 3.80 (t, J = 7.6 Hz, 2H), 3.63 (q, J = 7.2 Hz, 6H), 3.52 (q, J = 7.0 Hz 2H), 3.33 (t, J 

= 7.7 Hz, 2H), 2.95 (s, 6H), 1.36 (t, J = 7.2 Hz, 9H), 1.10 (t, J = 7.0 Hz, 3H); 
13

C NMR 

(CD3OD, 100 MHz):  δ 161.7, 149.7, 149.6, 143.9, 138.7, 124.7, 122.6, 120.2, 112.1, 56.2, 54.4, 

53.7, 45.1, 44.6, 42.5, 10.8, 6.6; IR: 3500-3300, 3276, 3198, 2983, 2361, 2337, 1671, 1596, 

1558, 1512, 1459, 1422, 1391, 1354, 1320, 1262, 1198, 1156, 1139, 1089 cm
-1

; HRMS (ESI+): 

m/z calcd. for C26H41N6O [M]
+
: 453.3336, found: 453.3334; UV/Vis (100% H2O): 

max = 452 nm. 

 

 

 
dMNAQ (3.44).  Following standard procedures 1,2,3 1.38 g (10 mmol) of p-nitroaniline 

(3.21) in 100 mL of MeOH and 10 mL 12M HCl first reacted with 1.4 mL (10 mmol) of 

isoamylnitrite to form a diazonium salt, which then further reacted with 1.16 mL (10 mmol) of 

dimethylaniline.  The crude product was purified by column chromatography and then carried on 

for reduction by Na2S, purified again by column chromatography, and carried on again to form 

an amide bond with betaine acid chloride 3.34 in the presence of DIPEA. The crude product was 

purified by column chromatography on reversed-phase silica gel (0.1% formic acid in 

water/MeOH, gradually increased from 100:065:35) to yield 49 mg (1% over 3 steps) 

dMNAQ (3.44) formate salt as a red solid.  Rf = 0.19 (0.1% formic acid in water/MeOH, 80:20); 
1
H NMR (599 MHz, CDCl3) δ 8.86 – 8.39 (m, 1H), 7.83 (d, J = 7.9 Hz, 6H), 6.74 (d, J = 8.9 Hz, 

2H), 4.79 (s, 2H), 3.65 (d, J = 7.0 Hz, 6H), 3.07 (s, 6H), 1.42 (t, J = 6.7 Hz, 9H);  
13

C NMR (151 

MHz, CDCl3) δ 161.85, 152.25, 149.89, 143.67, 139.06, 124.78, 122.93, 120.62, 111.50, 57.02, 
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54.40, 40.29, 7.90; IR: 3394, 2990, 1690, 1598, 1366, 1156, 1141 cm
-1

; HRMS (ESI+): m/z 

calcd. for C22H32N5O [M]
+
: 382.2601, found: 382.2599; UV/Vis (100% H2O): max = 460 nm. 

 

 
dPNAQ (3.45).  Following standard procedures 1,2,3 1.38 g (10 mmol) of p-nitroaniline (3.21) 

in 100 mL of MeOH and 10 mL 12M HCl first reacted with 1.4 mL (10 mmol) of isoamylnitrite 

to form a diazonium salt, which then further reacted with 1.6 mL (10 mmol) of dipropylaniline.  

The crude product was purified by column chromatography and then carried on for reduction by 

Na2S, purified again by column chromatography, and carried on again to form an amide bond 

with betaine acid chloride 3.34 in the presence of DIPEA. The crude product was purified by 

column chromatography on reversed-phase silica gel (0.1% formic acid in water/MeOH, 

gradually increased from 100:065:35) to yield 22 mg (0.5% over 3 steps) dPNAQ (3.45) 

formate salt as a red solid.  Rf = 0.18 (0.1% formic acid in water/MeOH, 45:55); 
1
H NMR (400 

MHz, CDCl3) δ 7.85 (d, J = 8.3, 2H), 7.78 (dd, J = 8.4, 5.2, 4H), 6.65 (d, J = 9.2, 2H), 4.83 (s, 

2H), 3.61 (s, 6H), 3.42 – 3.18 (m, 4H), 1.63 (dd, J = 15.1, 7.5, 4H), 1.37 (s, 9H), 0.93 (t, J = 7.4, 

6H); 
13

C NMR (101 MHz, CDCl3) δ 162.0, 150.4, 149.9, 143.1, 139.1, 125.0, 122.8, 120.7, 

111.1, 57.2, 54.4, 52.9, 20.5, 11.4, 7.9; IR: 3371, 2962, 1690, 1596, 1514, 1395, 1242, 1140 cm
-

1
; HRMS (ESI): m/z calcd. for C26H40N5O [M]

+
: 438.3227, found: 438.3224; UV/Vis (100% 

H2O): max = 475 nm. 

 

 
Nitroazobenzene 3.S6.  Following standard procedure 1, 385 mg (2.8 mmol) of p-nitroaniline 

(3.21) in 50 mL of MeOH and 5 mL of 12M HCl first reacted with 0.375 mL (2.8 mmol) of 

isoamylnitrite to form a diazonium salt, which then further reacted with 0.27 mL (2.8 mmol) of 

N-ethyl-N-phenylaniline (3.41) in 50 mL of MeOH and 5 mL of 12M HCl. Column 

chromatography on silica gel (50% DCM in hexanes) gave 763 mg (79%) of nitroazobenzene 

3.S6 as a red solid.  Rf = 0.9 (40% EtOAc in hexanes); 
1
H NMR (acetone-d6, 400 MHz): δ = 

8.37 (d, J = 9.2 Hz, 2H), 7.98 (d,  J = 9.2 Hz, 2H), 7.85 (d, J = 9.2 Hz, 2H), 7.50 (t,  J = 7.2 Hz 

3H),  7.33 (t, J = 8.0 Hz 3H), 6.85 (d, J = 9.2 Hz, 2H), 3.92 (q, J = 7.2 Hz, 2H),1.27 (t, J = 7.2 

Hz, 3H); 
13

C NMR (acetone-d6, 100 MHz):  δ = 156.6, 152.2, 147.7, 145.6, 144.5, 130.1, 127.4, 

126.4, 125.6, 124.7, 122.6, 114.0, 46.8, 11.9; IR: 3454, 3016, 2969, 2361, 2338, 1738n(s), 1602, 

1584, 1513, 1490, 1477, 1448, 1425, 1372, 1230, 1217, 1155, 1143, 1132, 1091 cm
-1

; HRMS 

(ESI): m/z calcd. for [C20H18N4O2]: 346.38, found: 347.1504 ([M+H]
+
). 
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Aminoazobenzene 3.S7.  Following standard procedure 2, 763 mg (2.2 mmol) of nitrobenzene 

3.S6 in 30 mL of 1,4-dioxane was reduced by two separate additions of 1.05 g ( 13.2 mmol) and 

516 mg (6.6 mmol) of Na2S.  Purification of the crude product by column chromatography on 

silica gel (10% to 20% EtOAc in hexanes) gave 291 mg (42%) of aminoazobenzene 3.S7 as a red 

solid.  Rf = 0.3 (20% EtOAc in hexanes); 
1
H NMR (CD3OD, 400 MHz): δ 7.65 (dd, J = 8.6 Hz, 

2H), 7.61 (dd, J = 8.6 Hz, 2H), 7.38 (t, J = 9.2 Hz, 2H), 7.17 (m, 3H), 6.85 (dd, J = 8.6 Hz, 2H), 

6.73 (dd, J = 8.6 Hz, 2H), 3.84 (q, J = 7.2 Hz, 2H), 1.21 (m, 3H); 
13

C NMR (CD3OD, 100 

MHz):  δ 150.8, 149.6, 146.6, 145.2, 144.6, 129.4, 125.4, 124.3, 123.9, 123.2, 115.5, 114.0, 46.3, 

11.6; IR: 3464, 3379, 3213, 3037, 2974, 2536, 2361, 2339, 1618, 1599, 1586, 1504, 1493, 1372, 

1375, 1347, 1269, 1245, 1151, 1132, 1090 cm
-1

; HRMS (ESI): m/z calcd. for C20H21N4 [M+H]
+
: 

317.1761, found: 317.1760. 

 

 
PhENAQ (3.47).  Following standard procedure 3, 73 mg (0.46 mmol) of betaine 3.59 in 5 mL 

of MeCN reacted with 0.24 mL (2M solution in DCM, 0.48 mmol) of oxalyl chloride to form 

acid chloride 3.34 which went on to form an amide bond when reacted with 143 mg (0.45 mmol) 

of aminoazobenzene 3.S7 in 10 mL of DMF and 0.1 mL (10.0 mmol) of DIPEA over the course 

of two days.  The crude product was purified by column chromatography on reversed-phase 

silica gel (0.1% formic acid in water/MeOH, gradually increased from 100:050:50) to yield 

149 mg (66%) PhENAQ (3.47) formate salt as a red solid.  Rf = 0.1 (0.1% formic acid in 

water/MeOH, 50:50); 
1
H NMR (CD3OD, 200 MHz): δ 8.53 (s, 1H), 7.79 (d, J = 8.8 Hz 2H), 

7.72 (m, 4H), 7.40 (t, J = 7.6 Hz, 2H) 7.21 (m, 3H), 6.79 (d, J = 9.2 Hz, 2H), 4.19 (s, 2H), 3.83 

(q, J = 7.2 Hz, 2H), 3.63 (q, J = 7.2 Hz 6H),1.35(t, J = 7.2 Hz, 9H), 1.22 (t, J = 7.2 Hz, 3H); 
13

C 

NMR (CD3OD, 100 MHz):  δ 168.3, 161.7, 150.9, 149.8, 146.1, 144.5, 138.8, 129.6, 129.4, 

126.5, 125.4, 125.3, 124.2, 123.9, 122.6, 120.1, 114.4, 56.2, 54.4, 46.4, 11.5, 6.6; IR: 3500-3200, 

3030, 2980, 2660, 1678, 1585, 1556, 1506, 1461, 1385, 1345, 1320, 1276, 1135, 1089, cm
-1

; 

HRMS (ESI): m/z calcd. for C28H36N5O [M]
+
: 458.2914, found: 358.2912; UV/Vis (100% H2O): 

max = 463 nm. 

  

 
MorNAQ (3.43).  Following standard procedures 1,2,3 1.38 g (10 mmol) of p-nitroaniline 

(3.21) in 100 mL of MeOH and 10 mL of 12M HCl first reacted with 1.4 mL (10 mmol) of 

isoamylnitrite to form a diazonium salt, which then further reacted with 1.63 g (10 mmol) of N-

phenylmorpholine (3.42).  The crude product was purified by column chromatography and then 

carried on for reduction by Na2S, purified again by column chromatography, and carried on 

again to form an amide bond with betaine acid chloride 3.34 in the presence of DIPEA. The 

crude product was purified by column chromatography on reversed-phase silica gel (0.1% formic 

acid in water/MeOH, gradually increased from 100:065:35) to yield 66.5 mg (1.5% over 3 

steps) MorNAQ (3.43) formate salt as a red solid.  Rf = 0.18 (0.1% formic acid in water/MeOH, 
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20:80); 
1
H NMR (599 MHz, CDCl3) δ 7.90-7.15 (m, 6H), 6.95 (d, J = 9.1, 2H), 4.83 (s, 2H), 

3.92 – 3.79 (m, 4H), 3.65 (q, J = 7.1, 6H), 3.38 – 3.19 (m, 4H), 1.42 (t, J = 7.2, 9H); 
13

C NMR 

(151 MHz, CDCl3) δ 161.9, 152.9, 149.6, 145.8, 139.7, 124.5, 123.2, 120.6, 114.4, 66.7, 57.1, 

54.5, 48.2, 7.9; IR: 3387, 2984, 2858, 1689, 1596, 1500, 1449, 1380, 1345, 1235, 1158, 1120  

cm
-1

; HRMS (ESI+): m/z calcd. for C24H34N5O2 [M]
+
: 424.2707, found: 424.2704; UV/Vis 

(100% H2O): max = 386 nm. 

 

 

 
TetramethylQAQ (3.54).  Following standard procedure 3, 193 mg (1.2 mmol) of betaine 

3.59 in 10 mL of MeCN reacted with 0.6 mL (2M solution in DCM, 1.2 mmol) of oxalyl chloride 

to form acid chloride 3.34 which went on to form an amide bond when reacted with 151 mg 

(0.71 mmol) of aminoazobenzene 3.53
50

 in 10 mL of DMF and 0.25 mL (1.44 mmol) of DIPEA.  

The crude product was purified by column chromatography on reversed-phase silica gel (0.1% 

formic acid in water/MeOH, gradually increased from 100:085:15) to yield 168 mg (46%) of 

tetramethylQAQ (3.54) formate salt as a red solid in ~5:1 ratio of trans/cis isomers.  
1
H NMR 

(400 MHz, CD3OD) δ 7.45 (s, 5H), 7.27 (s, 1H), 4.19 (d, J = 4.7, 5H), 4.14 (s, 1H), 3.76 – 3.55 

(m, 19H), 2.43 (s, 15H), 1.90 (s, 3H), 1.37 (dt, J = 14.5, 7.2, 28H); 
13

C NMR (101 MHz, 

CD3OD) δ 161.7, 161.6, 149.9, 147.7, 137.4, 137.1, 132.9, 128.85, 120.3, 119.9, 56.2, 56.1, 54.4, 

19.3, 17.8, 6.5, 6.5; IR: 3372, 2989, 1688, 1593, 1472, 1346, 1320, 1234 cm
-1

; HRMS (ESI+): 

m/z calcd. for C32H51N6O2 [M-H]
+
: 551.4068, found: 551.4071.  

 
DimethylQAQ (3.51).  Following standard procedure 3, 313 mg (1.97 mmol) of betaine 3.59 

in 10 mL of MeCN reacted with 1.0 mL (2M solution in DCM, 2.0 mmol) of oxalyl chloride to 

form acid chloride 3.34 which went on to form an amide bond when reacted with 74 mg (0.38 

mmol) of aminoazobenzene 3.50
50

 in 10 mL of DMF and 0.8 mL (4.6 mmol) of DIPEA.  The 

crude product was purified by column chromatography on reversed-phase silica gel (0.1% formic 

acid in water/MeOH, gradually increased from 98:285:15) to yield 72 mg (31%) of dmQAQ 

(3.51) formate salt as a red solid.  
1
H NMR (400 MHz, CD3OD) δ 7.83 (q, J = 8.9, 4H), 7.43 (s, 

2H), 4.24 (d, J = 16.2, 4H), 3.65 (dd, J = 6.9, 5.0, 12H), 2.38 (s, 6H), 1.52 – 1.25 (m, J = 17.9, 

8.9, 18H); 
13

C NMR (101 MHz, CD3OD) δ 162.0, 161.8, 149.6, 147.3, 140.2, 137.5, 132.8, 

126.0, 122.9, 122.2, 120.2, 120.1, 56.3, 56.2, 54.4, 18.5, 6.6;  IR: 3364, 2989, 1688, 1581, 1556, 

1476, 1343, 1320, 1153 cm
-1

; HRMS (ESI+): m/z calcd. for C30H47N6O2 [M-H]
+
: 523.3755, 

found: 523.3752.   
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Appendix 3.1 

 

Characterization Data for Compounds 

3.S1, 3.S2, 3.S3, 3.S4, 3.S5, 3.S6, 3.S7, 3.20, 3.28, 3.29, 3.30, 3.31, 3.32, 3.33, 3.35, 3.36, 3.37, 

3.43, 3.44, 3.45, 3.46, 3.47, 3.48, 3.51, 3.54 
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Chapter 4.  Synthesis, Characterization, and Evaluation of Lidocaine and QX-314 based 

Azobenzene Photoswitches for Sodium Channel Regulation 

 

4.1 Voltage Gated Sodium Channels 

 

 Rivaling, or more correctly complementing, the importance of Kv channels in all of the 

body's excitatory cells are the voltage-gated sodium (Nav) channels, of which there are currently 

nine known varieties in mammals.
1
  Nav channels are responsible for selectively passing Na

+
 

ions through the cell membrane, leading to the initiation and propagation of an action potential.
2-

3
  Malfunction of Nav channels is known to result in several disorders, such as epilepsy, chronic 

pain, and spasticity.
4
 

 As with the Kv channels, in order to understand the relationship between structure and 

function in Nav channels, scientists have been using every tool at their disposal; namely, 

electrophysiology, cloning, mutagenesis, and X-ray crystallography.  In contrast to the Kv 

channels, to date, no high resolution crystal structures have been reported to unequivocally 

confirm the structure of Nav channels.  The results of these studies have shown that, in analogy 

to the tetrameric α-subunit in Kv channels (Chapter 3), the α-subunit in Nav channels is one long 

protein which forms the approximately 4-fold symmetric channel pore out of four homologous 

domains (I-IV, Figure 1).
5
  Each domain is separated into α-helical segments (S1-S6), two of 

which, S5 and S6, constitute the selectivity filter at the channel's pore.  Additionally, and again 

similarly to Kv channels, the remaining four segments are involved in channel gating, with 

segment S4 functioning as the voltage sensor.  Nav channels also have β-subunits that interact 

with the channel to modulate kinetics and voltage-gating, but unlike Kv channels, Nav β-subunits 

associate with the channel on the extracellular side of the membrane.  Another essential piece of 

the Nav channel character is the extent of glycosylation; approximately 30% by weight of a Nav 

channel is made up of carbohydrates, which even further modulate their activity.
6
 

Figure 1.  The structure of a Nav channel.5 
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4.2 Lidocaine and QX-314 

 

 Due to their integral role in so many vital functions, Nav channels are the frequent targets 

for many neurotoxins produced in nature (Figure 2).  Currently, all known natural neurotoxins 

that bind to Nav channels do so by interaction with the α-subunit.
1
  Some of these toxins, 

especially tetrodotoxin (4.1) and saxitoxin (4.2), which cause rapid paralysis and eventual death 

when ingested, have gained renewed interest in the research laboratory for their potential as rapid 

Nav channel deactivators, especially in the silencing of neurons.
7
   

Figure 2.  Some naturally occurring Nav channel blockers. 

 
 The blocking of Nav channels with less potent inhibitors can also have beneficial medical 

applications.  For example, the use of lidocaine (4.3, Figure 3) and its permanently charged 

derivative QX-314 (4.4) for the purpose of local analgesia and antiarrhythmia is widespread.  

Lidocaine (4.3), which was first synthesized and used as an anesthetic in the 1940s, is a 

relatively nonspecific channel blocker, being only ~10x more selective for Nav than Kv 

channels.
8-9

   

Figure 3.  Lidocaine (4.3) and QX-314 (4.4), pharmacologically useful Nav channel blockers. 

 
 

4.3 Synthesis and Evaluation of Azolidocaine Compounds 

 

 By capitalizing on the general similarities between Kv and Nav channels, it was 

hypothesized that an azobenzene photoswitch and a Nav channel blocker, in this case lidocaine 

(4.3) or QX-314 (4.4), could be combined and in this way, render Nav channels light sensitive.  

To that end, a fusion between lidocaine (4.3) and the photochromic ligand (PCL) technology 

previously described in chapter 3 was envisaged (Figure 4).  Structurally, the Kv channel blocker 

AAQ (3.18) and its lidocaine analog (4.5) are quite similar.  The largest difference being that 

AAQ (3.18) possesses a permanently charged ammonium cation but lacks the two ortho methyl 

groups found in lidocaine (4.3). 

Figure 4.  Structural comparison between AAQ (3.18) and an azobenzene/lidocaine hybrid. 

 



 

207 

 

 Based on the chemistry employed in chapter 3 for the synthesis of azobenzene Kv channel 

blockers, the synthesis of a series of azolidocaine derivatives began with diazotization of 

commercially available para-nitroaniline (4.6) and subsequent reaction with 2,6-dimethylaniline 

(4.7 )to give azobenzene (4.8).  Amide bond formation with chloroacetyl chloride (4.9) followed 

by chloride displacement with diethylamine completed the lidocaine portion of the molecule 

(4.11).  Standard reduction of the aromatic nitro group with sodium sulfide gave azoaniline 4.12, 

which was then derivatized with a range of acid chlorides to afford a selection of potentially 

photoswitchable licocaine derivatives (4.13-4.15). 

Scheme 1.  Synthesis of azolidocaine compounds 

 
 With compounds 4.13-4.15 in hand, the stage was set to establish their biological 

properties, and thus they were tested in HEK293 cells expressing Nav1.5 channels.  

Unfortunately, all of the compounds were found to be very poorly soluble in buffered aqueous 

solutions, quickly forming crystal bunches as large or larger than the HEK293 cells themselves, 

even when prepared as the HCl, formate, or trifluoroacetate salts (Figure 5).  As might then be 

expected, no channel block and no photoswitching activity was ever observed.     
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Figure 5.  Microscope image of a culture of HEK293 cells after application of a 200 µM solution of 4.13. 

 

 

4.4 Synthesis and Evaluation of AzoQX-314 Compounds 

 

 It was reasoned that, as is the case between QX-314 (4.4) and lidocaine (4.3), a 

permanent charge on the lidocaine moiety tertiary amine should greatly increase the resulting 

compound's solubility.  Attempts to form the quaternary ammonium directly from compounds 

4.13-4.15 failed, so a new synthetic route was devised (Scheme 2).  Beginning with 

chloroacetamide 4.10 made previously, reaction with triethylamine in a sealed tube for several 

days at elevated temperatures gave satisfactory conversion to quaternary ammonium 4.16.  At 

this stage, reduction and amide bond formation gave the two azoQX-314 derivatives 4.18 and 

4.19.  As anticipated, these compounds were now significantly more water soluble, and so were 

once again tested on Nav1.5 channels.  Initial experiments are so far inconclusive as to the 

efficacy of 4.18 and 4.19; internal and external application leads to irregular results up to 

concentrations that are toxic to the cells.  Future experiments to remove the ambiguity of 

function are planned. 

Scheme 2.  Synthesis of azoQX-314 compounds. 

 
 

4.5 Synthesis and Evaluation of a QAQ/QX-314 Hybrid 

 

 Not content to let the concept of a Nav channel specific blocker go abandoned, a new 

compound which was effectively a photoswitchable dimer of QX-314 (4.4) was conceived 

HEK293 cell 

4.13 crystals 
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(Scheme 3).  The synthesis began with the nitration of commercially available 3,5-

dimethylaniline (4.20) which gave both the undesired ortho and the desired para nitration 

products.  The azobenzene skeleton was generated under the usual diazotization conditions from 

desired nitration product 4.21 and 2,6-dimethylaniline (4.7), at which point the nitro group in 

4.22 was reduced with sodium sulfide to afford dianiline 4.23 in excellent yield.  Surprisingly, 

attempts to form an amide bond with betaine acid chloride 4.24 failed to give the desired product 

4.25, and thus a change in strategy was warranted. 

Scheme 3.  Towards the synthesis of a QX-314 analog 4.25. 

 
 

 As previous experiments have shown that forming a single amide bond with chloroacetyl 

chloride was possible (see Schemes 1 and 2), a less convergent synthesis was undertaken 

(Scheme 4).  Starting from previously synthesized azobenzene 4.22, amide bond formation and 

chloride displacement with triethylamine first afforded quaternary ammonium 4.26.  Then, a 

sequence of reduction of the nitro group in 4.26, amide bond formation, and chloride 

displacement finally yielded the desired QX-314 analog (4.25).  Having successfully prepared 

the bisammonium azobenzene 4.25, biological screening to establish its utility as a 

photoswitchable Nav channel blocker is planned. 

Scheme 4.  Synthesis of the QX-314 analog 4.25. 
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4.6 Concluding Remarks 

 

 This chapter describes the synthesis of a variety of lidocaine/QX-314 azobenzene 

photoswitches (4.13, 4.14, 4.15, 4.18, 4.19, and 4.25) that were intended for use as selective 

photoregulators of Nav channels.  To date, only preliminary biological testing has been 

performed, and no firm conclusions about the derivatives functionality can yet be drawn. 

 

4.7 Experimental Contributions 

 

 The compounds in this chapter were designed and synthesized by Michael Kienzler with 

synthetic assistance from Lukas Bischoff.  Whole cell patch clamp experiments in HEK293 cells 

expressing Nav1.5 channels were performed by Stefanie Fenske in the laboratories of Martin 

Biel.     

 

4.8 Experimental Methods 

 

4.8.1 Synthetic Procedures 

 

 General Experimental Details. Unless otherwise noted, all reagents were purchased 

from commercial suppliers and used without further purification.  Unless otherwise noted, all 

reaction mixtures were magnetically stirred in oven-dried glassware under a nitrogen 

atmosphere.  External bath temperatures were used to record all reaction mixture temperatures. 

Analytical thin layer chromatography (TLC) was carried out on Merck silica gel 60 F254 TLC 

plates.  TLC visualization was accomplished using 254 nm UV light, 0.1% HCl in MeOH or a 

charring solution of cerric ammonium molybdenate. All aqueous solutions were saturated unless 

otherwise noted. Normal phase flash chromatography was performed on Dynamic Adsorbents 

Silica Gel (40-63 µm particle size) using a forced flow of eluant at 1.3–1.5 bar pressure. Reverse-

phase chromatography was carried out with Waters Preparative C18 Silica Gel WAT010001 125 

Å.  Yields refer to chromatographically and spectroscopically (
1
H NMR and 

13
C NMR) 

homogenous material. 
1
H and 

13
C NMR spectra were recorded on Varian ARX 200, AC 300, 

WH 400, or AMX 600 instruments. Chemical shifts are reported in ppm with the solvent 

resonance employed as the internal standard (CDCl3 at 7.26 and 77.0 ppm; DMSO at 2.50 and 

39.5 ppm). The following abbreviations are used to explain the multiplicities: s = singlet, d = 

doublet, t = triplet, q = quartet, m = multiplet, br = broad. IR spectra were recorded 4000–400 

cm
–1

 on a Perkin Elmer Spectrometer BY FT-IR-System with a Smith Dura sample IR II ATR-

unit. Samples were measured as neat materials (neat). The absorption bands are reported in wave 

numbers (cm
-1

). Mass spectra were recorded on a Varian MAT CH 7A for electron impact 

ionization (EI) and high resolution mass spectra (HRMS) on a Varian MAT 711 spectrometer. 

 

Experimental Procedures. 
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Nitroazobenzene 4.8.  A suspension of 3.47 g (25 mmol) of para-nitroaniline (4.6) partially 

dissolved in 50 mL of MeOH was cooled to 0 ºC, and then 12 mL of conc. HCl was added, fully 

dissolving the remaining solid.  After stirring for 5 minutes, 3.4 mL (25 mmol) of isoamylnitrite 

was added over 5 min.  In a separate flask, 3.1 mL (25 mmol) of 2,6-dimethylaniline was 

dissolved in 50 mL of MeOH, cooled to 0 ºC, and then 12 mL of conc. HCl was added.  After 2 

h, the solution containing the diazonium salt was added to the 2,6-dimethylaniline solution over 

~15 min via cannula, followed by a rinse with 10 mL of MeOH.  The solution turned deep red 

and was stirred for another 1.5 hours at 0 °C.  Once all starting material was consumed as gauged 

by TLC, the reaction mixture was poured on an ice-cooled saturated solution of NaHCO3.  After 

the resulting gas evolution had ceased, the crude product was extracted with EtOAc (3x 50 mL). 

The combined organic layers were washed with a saturated solution of NaCl, dried over 

magnesium sulfate and concentrated in vacuo.  Column chromatography on silica gel (20%, then 

30% EtOAc in hexanes) gave 2.97 g (44%) of nitroazobenzene 4.8 as a red solid. Rf 0.62 (50% 

EtOAc in hexanes); 1H NMR (400 MHz, CD3CN) δ 8.33 (d, J = 9.2, 2H), 7.91 (d, J = 9.2, 2H), 

7.62 (s, 2H), 4.82 (s, 2H), 2.23 (s, 6H); 
13

C NMR (101 MHz, CD3CN) δ 156.69, 149.53, 144.15, 

124.77, 124.59, 122.90, 122.37, 121.33, 16.89. See previous synthesis for further 

characterization.
10

 

 

 
Chloroacetamide 4.10.  To a solution of 2.69 g (9.95 mmol) of  nitroazobenzene 4.8 and of 

2.02 mL (11.9 mmol) DIPEA in 500 mL of THF, 1.2 mL (14.9 mmol) of 2-chloroacetyl chloride  

was added in one portion at 0 °C and stirred for one hour. After removing the solvent in vacuo, 

the crude product was purified by column chromatography on silica gel (Isohexane/EtOAc, 

7:32:8) to yield 2.9 g (84%) chloroacetamide 4.10 as an orange solid.  Rf = 0.2 

(Isohexane/EtOAc, 7:3); 
1
H NMR (acetone-d6, 400 MHz):   = 9.08 (s, 1H), 8.49–8.40 (m, 2H), 

8.12–8.06 (m, 2H), 7.73 (s, 2H), 4.35 (s, 2H), 2.36 (s, 6H,); 
13

C NMR (acetone-d6, 100 MHz): 

 164.5, 155.7, 150.8, 148.9, 138.4, 137.1, 125.5, 123.3, 122.6, 119.2, 41.2, 17.7; IR: 3444, 

3250, 3029, 2923, 2854, 1809, 1662, 1608, 1590, 1530, 1473, 1407, 1343, 1279, 1235, 1174, 

1107 cm
-1

; HRMS (ESI): m/z calcd. for C16H15ClN4O3: 346.7725, found: 345.0768 (M-H
+
). 

 

 
Tertiary amine 4.11.  To a solution of 1.73 g (5 mmol) of chloroacetamide 4.10 dissolved in 

300 mL of 1,4-dioxane was added 5.2 mL (10 mmol) of diethylamine.  The reaction was heated 

to 80 °C and stirred overnight. The solvent was then removed in vacuo, and purification of the 

crude product by column chromatography on silica gel (Isohexane/EtOAc, 3:7) gave 1.39 g 

(72%) of amine 4.11 as a red-orange, glassy solid.  Rf = 0.3 (Isohexane/EtOAc, 3:7); 
1
H NMR 

(DMSO-d6, 400 MHz):   9.39 (s, 1H), 8.43–8.37 (m, 2H), 8.06–8.00 (m, 2H), 7.68 (s, 2H), 3.15 

(s, 2H), 2.61 (q, J = 7.1 Hz 4H), 2.24 (s, 6H), 1.06 (t, J = 7.1 Hz, 6H); 
13

C NMR (DMSO-d6, 

100 MHz):  170.2, 155.6, 150.3, 148.8, 140.3, 137.1, 125.5, 123.8, 122.8, 57.3, 48.5, 18.8, 12.5; 

IR: 3439, 3286, 2965, 2929, 2808, 1698, 1609, 1588, 1528, 1492, 1452, 1376, 1341, 1295, 1233, 
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1200, 1164, 1119, 1105, 1067, 1045 cm
-1

; HRMS (ESI): m/z calcd. for C20H25N5O3: 383.4492, 

found: 384.2021 (M+H
+
). 

 

 
Aminoazobenzene 4.12.  To a solution of 1 g (2.61 mmol) of azobenzene 4.11 dissolved in 150 

mL of 1,4-dioxane and 15 mL of water was added 0.41 g (5.22 mmol) of Na2S in one portion.  

The reaction was heated to 90 ºC and stirred for 1.5 h, at which point all starting material was 

consumed, and the solution was poured on a saturated solution of NaHCO3. After the resulting 

gas evolution had ceased, the crude product was extracted with DCM (3x 50 mL) and the 

combined organic layers were washed with a saturated solution of NaCl, dried over magnesium 

sulfate and concentrated in vacuo.  The crude product was purified by column chromatography 

on silica gel (EtOAc/hexanes 9:1) to give 620 mg (67%) of aminoazobenzene 4.12 as a red-

orange, glassy solid.  Rf 0.2 (90% EtOAc in hexanes); 
1
H NMR (400 MHz, DMSO-d6) δ 9.28 (s, 

1H), 7.61 (d, J = 8.8, 2H), 7.45 (s, 2H), 6.63 (d, J = 8.8, 2H), 6.05 (s, 2H), 3.16 (s, 2H), 2.61 (s, 

4H), 2.19 (s, 6H), 1.06 (t, J = 7.1, 6H); 
13

C NMR (101 MHz, DMSO-d6) δ 170.2 153.1, 150.8, 

143.3, 136.9, 136.4, 125.4, 121.3, 113.8, 57.3, 48.5, 18.8, 12.6;  IR: 3352, 3262, 2956, 2922, 

2852, 2807, 2590, 2512, 2425, 2342, 1734, 1654, 1500, 1492, 1452, 1426, 1403, 1378, 1340, 

1308, 1290, 1232, 1207, 1142, 1118, 1072, 1025, 1006 cm
-1

; HRMS (ESI): m/z calcd. for 

C20H27N5O: 353.4662, found: 354.2278 (M+H
+
). 

 
Azolidocaine 4.13.  A solution of 56 mg (0.158 mmol) of aminoazobenzene 4.12 and 0.03 mL 

(0.22 mmol) of triethylamine was dissolved in 4 mL of DCM and cooled to 0 ºC, at which point 

0.02 mL (0.28 mmol) of acetyl chloride was added.  The reaction was allowed to warm to rt and 

stirred overnight.  The reaction was quenched with water, and the crude product was extracted 

with EtOAC (3x 10 mL) and the combined organic layers were washed first with a saturated 

solution of NaHCO3, then with a saturated solution of NaCl, dried over magnesium sulfate and 

concentrated in vacuo.  The crude product was purified by column chromatography on silica gel 

(EtOAc/hexanes hexanes 8:2→1:0) to give 39 mg (53%) of azolidocaine 4.13 as an orange solid.  

Rf 0.18 (90% EtOAc in hexanes); 
1
H NMR (400 MHz, DMSO-d6) δ 10.30 (s, 0H), 9.35 (s, 0H), 

7.86 (dd, J = 9.0, 2.0, 2H), 7.80 (d, J = 8.5, 2H), 7.58 (d, J = 5.0, 2H), 3.17 (s, 2H), 2.63 (q, J = 

7.1, 4H), 2.24 (s, 6H), 2.10 (s, 3H), 1.08 (t, J = 7.1, 6H); 
13

C NMR (101 MHz, DMSO-d6) δ 

170.11, 169.13, 150.41, 147.85, 142.59, 138.28, 136.76, 123.98, 121.95, 119.43, 57.27, 48.49, 

24.57, 18.83, 12.56; HRMS (ESI) m/z calcd for C22H29O2N5 395.2321; found 396.2382 (M+H)
+
. 
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Azolidocaine 4.14.  A solution of 56 mg (0.158 mmol) of aminoazobenzene 4.12 and 0.03 mL 

(0.22 mmol) of triethylamine was dissolved in 4 mL of DCM and cooled to 0 ºC, at which point 

0.02 mL (0.18 mmol) of benzyl chloride was added.  The reaction was allowed to warm to rt and 

stirred overnight.  The reaction was quenched with water, and the crude product was extracted 

with EtOAC (3x 10 mL) and the combined organic layers were washed first with a saturated 

solution of NaHCO3, then with a saturated solution of NaCl, dried over magnesium sulfate and 

concentrated in vacuo.  The crude product was purified by column chromatography on silica gel 

(EtOAc/hexanes 8:2) to give 39 mg (53%) of azolidocaine 4.14 as an orange solid.  Rf 0.44 (90% 

EtOAc in hexanes); 
1
H NMR (599 MHz, CDCl3) δ 9.03 (s, 1H), 8.67 (s, 1H), 7.94 (d, J = 7.4, 

2H), 7.78 (d, J = 8.7, 2H), 7.73 (d, J = 8.8, 2H), 7.58 – 7.53 (m, 3H), 7.49 (t, J = 7.6, 2H), 3.10 

(s, 2H), 2.65 (q, J = 7.1, 4H), 1.11 (t, J = 7.1, 6H); 
13

C NMR (151 MHz, CDCl3) δ 170.87, 

165.96, 151.11, 148.79, 140.85, 136.00, 135.81, 134.95, 131.79, 128.59, 127.48, 123.75, 122.47, 

119.94, 57.31, 48.96, 18.69, 12.59; HRMS (ESI) m/z calcd for C27H31O2N5 457.2478; found 

458.2536 (M+H)
+
. 

 

 
Azolidocaine 4.15.  A solution of 59 mg (0.168 mmol) of aminoazobenzene 4.12 and 0.04 mL 

(0.29 mmol) of triethylamine was dissolved in 4 mL of DCM and cooled to 0 ºC, at which point 

0.02 mL (0.25 mmol) of acryloyl chloride was added.  The reaction was allowed to warm to rt 

and stirred overnight.  The reaction was quenched with water, and the crude product was 

extracted with EtOAC (3x 10 mL) and the combined organic layers were washed first with a 

saturated solution of NaHCO3, then with a saturated solution of NaCl, dried over magnesium 

sulfate and concentrated in vacuo.  The crude product was purified by column chromatography 

on silica gel (EtOAc/ hexanes 8:2→1:0) to give 23 mg (33%) of azolidocaine 4.15 as an orange 

solid.  Rf 0.19 (80% EtOAc in hexanes); 
1
H NMR (599 MHz, CDCl3) δ 9.43 (s, 1H), 8.46 (s, 

1H), 7.70 (d, J = 8.7, 2H), 7.58 – 7.53 (m, 2H), 7.49 (s, 2H), 6.46 (dd, J = 16.9, 1.3, 1H), 6.37 

(dd, J = 16.9, 10.1, 1H), 5.76 (dd, J = 10.1, 1.3, 1H), 3.56 (s, 2H), 2.93 (q, J = 7.2, 4H), 2.26 (s, 

6H), 1.24 (t, J = 7.2, 6H); 
13

C NMR (151 MHz, CDCl3) δ 168.63, 165.22, 151.16, 140.54, 

139.97, 135.80, 135.52, 132.54, 129.05, 126.98, 123.75, 122.48, 48.73, 30.91, 18.66, 11.55; 

HRMS (ESI) m/z calcd for C23H29O2N5 407.2321; found 408.2381 (M+H)
+
. 

 
Ammonium 4.16.  A solution of 173 mg (0.51 mmol) of chloroacetamide 4.10 and 0.69 mL (5 

mmol) of triethylamine was partially dissolved in a mixture of 5 mL of EtOH and 6 mL of 1,4-

dioxane in a pressure tube.  The tube was sealed and heated to 90 ºC, at which point the 

remaining material dissolved, and allowed to react for 4 days.  After concentration, the crude 

material was purified by column chromatography on reverse-phase silica gel (10% to 50% 

MeOH in 0.1% formic acid) to give 86 mg (40%) of the ammonium 4.16 formate salt as a red 

solid.  
1
H NMR (400 MHz, CD3OD) δ 8.35 – 8.20 (m, 2H), 7.99 – 7.84 (m, 2H), 7.62 (s, 2H), 

4.41 (s, 2H), 3.68 (q, J = 7.2, 6H), 2.32 (s, 6H), 1.41 (t, J = 7.2, 9H).; 
13

C NMR (101 MHz, 

CD3OD) δ 162.26, 155.39, 150.93, 148.70, 136.82, 136.67, 124.36, 123.07, 122.60, 55.47, 54.28, 
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17.41, 6.66; IR: 3373, 2918, 2759, 2669, 1687, 1587, 1525, 1466, 1337, 1248, 1119, 1103, 979 

cm
-1

; HRMS (ESI) m/z calcd for C22H30O3N5 412.1243; found 412.2329 (M)
+
. 

 

 
Aminoazobenzene 4.17.  To a solution of 50 mg (0.11 mmol) of ammonium 4.16 in 2 mL of 

1,4-dioxane and 2 mL of water was added 27 mg (0.33 mmol) of Na2S.  The reaction was heated 

to 80 ºC for 6 h and then concentrated.  The crude material was purified by column 

chromatography on reverse-phase silica gel (0% to 50% MeOH in 0.1% formic acid) to give 39 

mg (83%) of the aminoazobenzene 4.17 formate salt as a red solid.  
1
H NMR (599 MHz, 

CD3OD) δ 8.42 (s, 1H), 7.68 (d, J = 8.6, 2H), 7.52 (s, 2H), 6.70 (d, J = 8.5, 2H), 4.32 (s, 2H), 

3.62 (q, J = 7.1, 6H), 2.28 (s, 6H), 1.37 (t, J = 7.2, 9H).; 
13

C NMR (151 MHz, CD3OD) δ 162.31, 

151.85, 144.18, 136.09, 133.74, 124.82, 121.31, 113.70, 55.48, 54.25, 17.34, 6.59; IR: 3192, 

2921, 1681, 1589, 1505, 1474, 1353, 1214, 1144, 1030 cm
-1

; HRMS (ESI) m/z calcd for 

C22H32ON5 382.2601; found 382.2595 (M)
+
. 

 

  

 
AzoQX-314 analog 4.18.  A solution of 18 mg (0.042 mmol) of aminoazobenzene 4.17 and 0.03 

mL (0.17 mmol) of DIPEA was dissolved in 1.5 mL of DMF and cooled to 0 ºC, at which point 

0.02 mL (0.28 mmol) of acetyl chloride was added.  The reaction was allowed to warm to rt and 

after 3 h was concentrated.  The crude product was purified by column chromatography on 

reverse-phase silica gel (0% to 50% MeOH in 0.1% formic acid) and then further by reverse-

phase HPLC to give 5.6 mg (25%) of azoQX-314 analog 4.18 trifluoroacetate salt as an red 

solid.  
1
H NMR (400 MHz, CD3OD) δ 7.95 – 7.82 (m, 2H), 7.81 – 7.70 (m, 2H), 7.66 (s, 2H), 

4.32 (s, 2H), 3.69 (q, J = 7.3, 6H), 2.34 (s, 6H), 2.16 (s, 3H), 1.42 (t, J = 7.3, 9H).; 
13

C NMR 

(101 MHz, CD3OD) δ 170.43, 162.15, 151.49, 148.57, 141.66, 136.34, 134.94, 123.33, 121.92, 

119.56, 55.40, 54.29, 22.56, 17.28, 6.56; IR: 3261, 2995, 1673, 1597, 1543, 1504, 1478, 1304, 

1263, 1201, 1152 cm
-1

; HRMS (ESI) m/z calcd for C24H34O2N5 424.2707; found 424.2699 (M)
+
. 

 

 

 
AzoQX-314 analog 4.19.  A solution of 19.5 mg (0.047 mmol) of aminoazobenzene 4.17 and 

0.05 mL (0.29 mmol) of DIPEA was dissolved in 2 mL of DMF and cooled to 0 ºC, at which 

point 0.02 mL (0.25 mmol) of acryloyl chloride was added.  The reaction was allowed to warm 

to rt and stirred overnight, at which point it was concentrated. The crude product was purified by 

column chromatography on reverse-phase silica gel (0% to 50% MeOH in 0.1% formic acid) and 
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then further by reverse-phase HPLC to give 4 mg (15%) of azoQX-314 analog 4.19 

trifluoroacetate salt as an red solid.  
1
H NMR (400 MHz, CD3OD) δ 7.94 – 7.87 (m, 2H), 7.86 – 

7.80 (m, 2H), 7.66 (s, 2H), 6.50 – 6.35 (m, 2H), 5.80 (dd, J = 9.4, 2.4, 1H), 4.31 (s, 2H), 3.68 (q, 

J = 7.3, 6H), 2.33 (s, 6H), 1.41 (t, J = 7.3, 9H); 
13

C NMR (101 MHz, CD3OD) δ 164.79, 162.14, 

151.51, 148.78, 141.48, 136.35, 134.97, 130.84, 126.99, 123.36, 121.93, 119.88, 55.41, 54.32, 

17.27, 6.55; IR: 3439, 3257, 2994, 1673, 1599, 1543, 1504, 1411, 1251, 1202, 1132 cm
-1

; HRMS 

(ESI) m/z calcd for C25H34O2N5 436.2707; found 436.2692 (M)
+
. 

 

 
Nitroazobenzene 4.22.  A solution of 1.43 g (8.6 mmol) of 3,5-dimethyl-4-nitroaniline (4.21) 

was dissolved in 15 mL of  methanol at 0 °C. To this solution, 4 mL of conc. HCl were added 

dropwise. The solution was stirred for 5 min before 1.01 g (8.6mmol) of isoamylnitrite was 

added slowly. After stirring for 2 h at 0 °C, 1.05 g (8.6 mmol) of 2,5-dimethylaniline (4.7) 

dissolved in a mixture of 15 mL methanol and 4 mL conc. HCl was added to the solution of 4.21. 

The dark-red reaction mixture was further stirred for 20 h at rt before it was basified with a 

saturated solution of NaHCO3. The product was extracted with EtOAc (3x100 mL) and the 

combined organic layers were washed with water and dried over MgSO4. The crude product was 

concentrated in vacuo and purified by column chromatography over silica gel (i-Hex/EtOAc 5:1) 

to yield 925 mg (42 %) of nitroazobenzene 4.22 as an orange solid.  Rf: 0.41 (i-Hex/EtOAc 3:1); 
1
H NMR (400 MHz, DMSO-d6): δ 7.57 (s, 2H), 7.48 (s, 2H), 5.73, (s, 2H, NH2), 2.31 (s, 6H, 

2xCH3), 2.13 (s, 6H, 2xCH3); 
13

C NMR (101 MHz, DMSO-d6): δ 152.9, 151.2, 150.1, 143.2, 

130.5, 124.7, 122.6, 120.7, 17.9, 17.2; IR: 3501, 3406, 2931, 1616, 1584, 1517, 1482, 1443, 

1398, 1360, 1316, 1299, 1258, 1124, 1029 cm
-1

; HRMS (ESI): m/z calc 

for C16H18N4O2= 298.1430, measured: 298.1433 ([M
+
]). 

 

 
Azodianiline 4.23.  To a solution of 500 mg (1.68 mmol) of nitroazobenzene 4.22 in 35 mL of 

1,4-dioxane and 10 mL of water was added 403 mg (5.1 mmol) of Na2S.  The reaction was 

heated to 90 ºC overnight and then concentrated.  The reaction was poured into a saturated 

solution of NaHCO3. After the resulting gas evolution had ceased, the crude product was 

extracted with DCM (4x 30 mL) and the combined organic layers were washed with a saturated 

solution of NaCl, dried over magnesium sulfate and concentrated in vacuo.  The resulting crude 

product was not purified; giving a yield of 447 mg (99%) of azodianline 4.23 as a red-orange, 

glassy solid.  Rf 0.29 (30% EtOAc in hexanes); 
1
H NMR (400 MHz, DMSO-d6) δ 7.31 (s, 4H), 

5.11 (s, 4H), 2.12 (s, 12H); 
13

C NMR (101 MHz, DMSO-d6) δ 147.15, 143.39, 122.81, 120.87, 

18.39; IR: 3438, 3332, 2924, 1629, 1592, 1482, 1306, 1262, 1030 cm
-1

; HRMS (ESI) m/z calcd 

for C16H20N4 268.1688; found 269.1764 (M+H)
+
. 
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Chloroacetamide 4.S1.  To a solution of 238 mg (0.8 mmol) of nitroazobenzene 4.22 in 20 mL 

of THF was added 0.19 mL (2.4 mmol) of pyridine.  The solution was stirred for 5 min before 

0.27 g (2.4 mmol) of chloroacetylchloride was added. The reaction solution was further stirred 

for 18 h at rt. The crude product was extracted with ethyacetate (3x 100 mL) and purified by 

column chromatography over silica gel (i-hex/EtOAc 5:1) giving 248.7 mg (83.3 %) of 

chloroacetamide 4.S1 as an orange solid.  Rf: 0.41 (i-Hex/EtOAc 3:1); 
1
H NMR (400 MHz, 

DMSO-d6): δ 9.87 (s, 1H), 7.75 (s, 2H), 7.65 (s, 2H), 4.31 (s, 2H), 2.34 (s, 6H), 2.15 (s, 6H, 

2xCH3); 
13

C NMR (101 MHz, DMSO-d6): δ 165.1, 152.5, 152.0, 150.3, 138.6, 137.0, 131.1, 

123.2, 122.6, 41.9, 18.6, 17.2; IR: 1651, 1515, 1361, 887 cm
-1

; HRMS (ESI): m/z calc. for 

C18H19ClN4O3 = 374.1146, measured: 375.1220 [M+H
+
] 

  

 

 
Ammonium 4.26.  750 mg (2.00 mmol) of chloroacetamide 4.S1 was dissolved in 5 mL of 

ethanol and 1.5 mL of triethylamine. The solution was heated to 90 °C in a sealed tube for 5 

days. The reaction solution was then cooled to rt and concentrated in vacuo, yielding 678.1 mg 

(77.0 %) of ammonium 4.26 after purification by reversed phase column chromatography (0.1 % 

formic acid in water/methanol gradually increased from 4:1 to 1:1).  Rf (reversed phase TLC): 

0.21 (MeOH/H2O 2:5);  
1
H NMR (400 MHz, CD3OD): δ = 8.42 (s, 1H), 7.67 (s, 4H), 4.38 (s, 

2H), 3.67 (q, J = 7.1 Hz, 6H), 2.34 (s, 12H), 1.41 (t, J = 7.1 Hz, 9H); 
13

C NMR (101 MHz, 

CD3OD): δ = 162.2, 152.6, 152.0, 151.2, 136.6, 136.2, 130.6, 122.7, 122.3, 55.5, 54.3, 17.3, 

16.0, 6.6; IR: 3457, 3016, 3005, 2855, 2574, 2443, 2246, 2129, 1739, 1523, 1454, 1440, 1366, 

1217, 1092, 1011 cm
-1

; HRMS (ESI): m/z calc. for C24H35N4O3
+
 = 440.2656, measured: 

440.2654 [M
+
]. 

 

 
Aminoazobenzene 4.S2.  600 mg (1.3 mmol) of ammonium 4.26 was dissolved in a mixture of 

30 mL 1,4-dioxane and 5 mL water. To this solution 304 mg (3.0 mmol) of Na2S were added. 

The reaction mixture was heated to 90 °C for 3 h before another 300 mg (3.0 mmol) of Na2S 

were added. After further stirring at 90°C for 1h the solution was cooled to rt and concentrated. 

The crude product was purified twice by reversed phase column chromatography (0.1 % formic 

acid in water/methanol gradually increased from 5:1 to 5:2) giving 267.4 mg (50.1 %) of 

aminoazobenzene 4.S2 as a yellow-brown solid.  Rf (reversed phase TLC): 0.28 (MeOH/H2O 

2:5); 
1
H NMR (599 MHz, CD3OD): δ 8.48 (s, 2H), 7.72 (s, 1H), 7.56 (s, 2H) 7.54 (s, 2H), , 4.33 

(s, 2H), 3.67 (q, J = 7.2 Hz, 6H), 2.24 (s, 12H), 1.42 (t, J = 7.2 Hz, 9H); 
13

C NMR (151 MHz, 
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CD3OD): δ 162.1, 152.0, 148.0, 143.9, 136.3, 133.4, 123.4, 121.3, 120.8, 55.5, 53.6, 17.2, 6.2; 

IR (): 3368, 3249, 2999, 2793, 2718, 2361, 2337, 2136, 1982, 1736, 1683, 1585, 1482, 1443, 

1366, 1349, 1316, 1229, 1217, 1156, 1134, 1114, 1029 cm
-1

; HRMS (ESI): m/z calc. for 

C24H36N5O
+
 = 410.2914, measured: 410.2914 [M

+
]. 

 

 
Chloroacetamide 4.S3.  To a solution of 260 mg (0.53 mmol) of aminoazobenzene 4.S2 

dissolved in 20 mL THF was added 0.19 mL (2.4 mmol) of pyridine.  The solution was stirred 

for 5 min before 0.27 g (2.4 mmol) of chloroacetylchloride was added. The reaction solution was 

further stirred for 18 h at rt, before being concentrated.  Purification of the crude product by 

reversed phase column chromatography (0.1 % formic acid in water/methanol gradually 

increased from 10:1 to 5:2) yielded 220.7 mg (86 %) of chloroacetamide 4.S3 as an yellow-

orange solid.  Rf (reversed phase TLC): 0.20 (MeOH/H2O 2:5); 
1
H NMR (400 MHz, CD3OD): δ 

8.41 (s, 1H), 7.64 (s, 2H), 7.62 (s, 2H), 4.33 (s, 2H), 4.29 (s, 2H), 3.67 (q, J = 7.2 Hz, 6H), 2.32 

(s, 12H) (t, J = 7.2 Hz, 9H); 
13

C NMR (101 MHz, CD3OD): δ = 166.8, 165.5, 162.0, 151.1, 

136.5, 134.9, 121.5, 55.5, 53.9, 41.8, 17.3, 6.4; IR: 3802.3, 3457.1, 3016.3, 2970.5, 2865.7, 

2574.5, 2244.7, 2127.6, 1738.7, 1526.3, 1435.8, 1366.1, 228.9, 1217, 1092 cm
-1

; HRMS (ESI): 

m/z calc. for C26H37ClN5O2
+
 = 486.2630. measured: 486.2630 [M

+
]. 

 

 
BisQX-314 (4.25).  2.0 g (0.41 mmol) of chloroacetamide 4.S3 was dissolved in 5 mL of ethanol 

and 1.5 mL of triethylamine. The solution was heated to 90 °C in a sealed tube for 5 days. The 

reaction solution was then cooled to rt and concentrated in vacuo, yielding 38 mg (17%) of 

bisQX-314 4.25 after purification by reversed phase column chromatography (0.1 % formic acid 

in water/methanol gradually increased from 10:1 to 3:1) as a brown-orange solid.  Rf (reversed 

phase TLC): 0.07 (MeOH/H2O 2:5); 
1
H NMR (400 MHz, CD3OD): δ = 8.42 (s, 2H), 7.67 (s, 

4H), 4.36 (s, 4H), 3.68 (q, J = 7.4 Hz, 12H), 2.34 (s, 12H) 1.41 (t, J = 7.3 Hz, 18H); 
13

C NMR 

(101 MHz, CD3OD): δ = 162.2, 151.2, 136.5, 135.6, 122.8, , 55.4, 54.3, 17.0, 6.5; UV-Vis (in 

H2O): λmax = 332 nm; HRMS (ESI): m/z calc for C32H52ClN6O2
+
 = 552.4141. measured: 

276.2071 [M
2+

]. 
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Appendix 4.1 

 

Characterization Data for Compounds 

4.S1, 4.S2, 4.S3, 4.8, 4.10, 4.11, 4.12, 4.13, 4.14, 4.15, 4.16, 4.17, 4.18, 4.19, 4.22, 4.23, 4.25, 

4.26 
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Chapter 5.  Synthesis, Characterization, and Evaluation of Azoretigabine 

 

5.1 M-Current and Kv7 (KCNQ) Channels 

 

 The Kv7 (KCNQ) family of potassium channels consists of five distinct members, Kv7.1-

Kv7.5, with Kv7.1 being expressed in cardiac muscle and Kv7.2-Kv7.5 being expressed in 

neurons.
1
  The Kv7 protein subunits form homo- and heterotetramer ion channels, which are 

responsible for generating the voltage-sensitive K
+
 current known as an M current.  Because a 

range of monomer combinations are possible, so too are multiple M currents, but all of these 

currents share general properties: they function as a voltage dependent non-inactivating K
+
 

current that is slow to activate/deactivate and play a critical role in regulating neuronal 

excitability.
2
  Therefore, modulating the activity of these channels and thus the M currents they 

produce with small molecules is a promising method for the treatment of diseases normally 

associated with hyperexcitability (increased neuronal firing frequency), such as epilepsy, 

neuropathic pain, and anxiety.
3
   

 

5.2 Retigabine 

 

 One such small molecule, flupirtine (5.1, Scheme 1), a centrally acting analgesic, was 

serendipitously discovered to also possess significant anticonvulsive activity.
4
  Further structure-

activity studies have shown that removal of the pyridine nitrogen effectively removes analgesic 

activity, while increasing its potency as an anticonvulsant.
5
   This new compound, retigabine 

(5.2), which was first reported in 1996 as potential anti-epileptic drug D-23129,
6
 was shown to 

increase neuron K
+
 permeability in a dose dependant manner by functioning as a K

+
 channel 

opener.
7
  Interestingly, retigabine (5.2) affects only Kv7.2-Kv7.5, of exceptional import due to 

Kv7.1 channel expression in cardiac cells, where their disturbance could lead to arrhythmia.
8
  

Currently, retigabine (5.2) is in advanced clinical trials for the treatment of refractory epilepsy, 

and along with flupirtine (5.1), shows promise in preclinical research in the treatment of 

neuropathic pain.
1-3

  

Scheme 1.  Flupirtine (5.1), retigabine (5.2), and azoretigabine (5.3). 

 

 Accordingly, there has been a significant amount of research into the mode of action of 

retigabine (5.2); extensive mutation and chimera studies have singled out the amino acids in 

Kv7.3 which are responsible for its binding (Figure 1).
8-11

  These studies show that modification 

of amino acids in the S5-P-S6 pore forming region of the Kv7.3 α-subunit had significant effects 

on the efficacy of retigabine.  Using an energy-optimized homology model of  the Kv7.3 pore 

domain derived from the crystal structure of Kv1.2,
12-13

 docking of retigabine was possible 

(Figure 1A).
9
  Importantly, Kv1.2 was crystallized with the pore open, whereas attempts to dock 

retigabine (5.2) with a closed state model based on the bacterial K
+
 channel KcsA failed, lending 

credence to the idea that retigabine (5.2) stabilized the open channel. 
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Figure 1.  Proposed binding site of retigabine modeled in a Kv 7.3 (KCNQ3) channel.9 A) The S5-P-S6 pore 

forming region of 4 α-subuinits is shown. B) A close-up shows the binding of retigabine (5.2). 

 

 The significant demand for retigabine (5.2) has led to the development of a 

straightforward industrial synthesis, which begins with condensation of benzaldehyde 5.5 with 

dianiline 5.4 to form imine 5.6.  Reduction of the imine to an amine with sodium borohydride 

gives aniline 5.7.  A three step sequence of nitro reduction, amide bond formation and HCl salt 

formation gives retigabine (5.2)·2HCl.   

Scheme 2.  Industrial synthesis of retigabine (5.2).3 

 

 

5.3 Synthesis and Evaluation of Azoretigabine 

 

 The structure of retigabine is very amenable to modification to bring it withint the 

manifold of the photochromic ligand (PCL) strategy introduced in chapter three.  Replacement of 

the amine moiety in retigabine (5.2) with a diazine moiety characterizes a suitable target.   To 

that end, the synthesis of azoretigabine (5.3) follows the general synthetic plan of the industrial 

synthesis and commences with reduction and then oxidation of 4-fluoronitrobenzene (5.8) to an 

unisolated nitroso intermediate, which was condensed with dianiline 5.4 to give azobenzene 5.9.  

Reduction with sodium sulfide gave dianiline 5.10; however, unlike in the industrial synthesis, 
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treatment with pyridine and ethylchloroformate did not result in the desired azoretigabine (5.2), 

but its isomer (5.12) as well as dicarbamate 5.11. 

Scheme 3.  Towards a synthesis of azoretigabine (). 

 

 In order to circumvent this reactivity, monoaniline 5.9 was reacted with 

ethylchloroformate to yield carbamate 5.13, which was reduced to give the desired azoretigabine 

(5.3). 

Scheme 4.  Synthesis of azoretigabine (). 

 

 With the synthesis of the desired compound complete, experiments with Chinese hamster 

ovary (CHO) cells transiently transfected with Kv3.2/3.3 channels were conducted (Figure 2).  

Most gratifyingly, at 100 µM concentrations, azoretigabine (5.3) was observed to have not only 

the standard negative shift in the current activation curve, but the magnitude of the shift could be 

changed by irradiation with 366 and 500 nm light (Figure 2B).  As a larger negative shift implies 

higher membrane conductance of K
+
 ions, the cis form of azoretigabine appears to be the more 

active form.  This is supported by the previously mentioned docking studies (Figure 1B), which 

show retigabine bound to the channel with its two aromatic rings nearly perpendicular to each 

other, which is more similar to the canted angle of phenyl groups in the cis form (53 º) of 

azobenzene than that of the trans form (17 º).
14-15
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Figure 2.  Normalized current values plotted against membrane potential in CHO cells transiently transfected with 

Kv 7.2/7.3.  Black line, before addition of azoretigabine (5.3) at either A) 10 µM or  B) 100 µM, green line 366 nm, 

and red line 500 nm irradiation. 

 

 These preliminary results are very promising, but reproducibility of these results is a 

continuing concern.  Specifically, the solubility of azoretigabine (5.3) at the concentrations 

required for activity in  biological buffered solutions has proved to be an issue.  Experiments to 

date have dealt with the uncharged and therefore less soluble free-base form of azoretigabine 

(5.3).  The HCl salt was originally not generated due to concerns with compound stability even 

when stored at -18 ºC encountered with the original retigabine ().
3
  Indeed this concern proved 

valid, as when the HCl salt of azoretigabine (5.3) was prepared, it was found to decompose as 

well.  Solutions to this problem may include different acid counter ions (such as formate) or 

perhaps acidification of the free-base of azoretigabine (5.3) directly before use.  

 

5.4 Concluding Remarks 

 

 In this chapter, the synthesis of the photochromic K
+
 channel opener azoretigabine () is 

presented.  Preliminary results suggest that the cis and trans form of azoretigabine () are both 

able to open Kv7.2/7.3 channels, but that the cis form is the more potent of the two.  Future work 

will need to address solubility and storage problems, but for the time being, storage of the free-

base of azoretigabine () with acidification directly before use should prove to be a satisfactory 

solution. 

 

5.5 Experimental Contributions 

 

 The work in this chapter is a collaboration between the laboratories of Dirk Trauner and 

Olaf Pongs.  Compounds were designed and synthesized by Michael Kienzler with synthetic 

assistance from Lukas Bischoff.  Whole cell patch clamp experiments in CHO cells transiently 

transfected with Kv3.2/3.3channels were performed by Ulrike Hahn.   

 

5.6 Experimental Methods 

 

5.6.1 Synthetic Procedures 
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 General Experimental Details. Unless otherwise noted, all reagents were purchased 

from commercial suppliers and used without further purification.  Unless otherwise noted, all 

reaction mixtures were magnetically stirred in oven-dried glassware under a nitrogen 

atmosphere.  External bath temperatures were used to record all reaction mixture temperatures. 

Analytical thin layer chromatography (TLC) was carried out on Merck silica gel 60 F254 TLC 

plates.  TLC visualization was accomplished using 254 nm UV light, 0.1% HCl in MeOH or a 

charring solution of cerric ammonium molybdenate. All aqueous solutions were saturated unless 

otherwise noted. Normal phase flash chromatography was performed on Dynamic Adsorbents 

Silica Gel (40-63 µm particle size) using a forced flow of eluant at 1.3–1.5 bar pressure. Reverse-

phase chromatography was carried out with Waters Preparative C18 Silica Gel WAT010001 125 

Å.  Yields refer to chromatographically and spectroscopically (
1
H NMR and 

13
C NMR) 

homogenous material. 
1
H and 

13
C NMR spectra were recorded on Varian ARX 200, AC 300, 

WH 400, or AMX 600 instruments. Chemical shifts are reported in ppm with the solvent 

resonance employed as the internal standard (CDCl3 at 7.26 and 77.0 ppm; DMSO at 2.50 and 

39.5 ppm). The following abbreviations are used to explain the multiplicities: s = singlet, d = 

doublet, t = triplet, q = quartet, m = multiplet, br = broad. IR spectra were recorded 4000–400 

cm
–1

 on a Perkin Elmer Spectrometer BY FT-IR-System with a Smith Dura sample IR II ATR-

unit. Samples were measured as neat materials (neat). The absorption bands are reported in wave 

numbers (cm
-1

). Mass spectra were recorded on a Varian MAT CH 7A for electron impact 

ionization (EI) and high resolution mass spectra (HRMS) on a Varian MAT 711 spectrometer. 

 

Experimental Procedures. 

 

 
Para-fluoronitrosobenzene (5.S1).  1.38 mL (13 mmol) of 1-fluoro-4-nitrobenzene was added 

to a stirred solution of 1.93 g of zinc powder (29.9 mmol) and 1.123 g (20.8 mmol) of 

ammonium chloride in 100 mL of 2-methoxyethanol. The green-gray solution was stirred for 

30 min at 0 °C. Meanwhile, 10.5 g (39.0 mmol) of iron(III)chloride-hexahydrate were dissolved 

in a mixture of 90 mL water and 25 mL ethanol. The iron(III)chloride solution was then added 

slowly to the reaction mixture. After 3 h stirring at 0 °C the brown solution was filtered over 

silica gel and the crude product was extracted with iso-hexane (3x 100 mL). The combined 

organic layers were dried over magnesium sulfate and concentrated under vacuum.  The crude 

product, which was green crystals that sublimed during concentration, was immediately carried 

on to the next reaction. 

 

 
Azobenzene (5.9).  1.6 g (13. mmol) of the crude 1-fluoro-4-nitroso-benzene (5.S1) and 3.98 g 

(26 mmol) of 2-nitrobenzen-1,4-diamine (5.4) were dissolved in 120 mL of glacial acetic acid. 

The dark red solution was heated to 50 °C for 16 h. The reaction mixture was diluted with 

100 mL water and neutralized with 1M sodium hydroxide solution. The crude product was then 

extracted with ethyl acetate (3x 150 mL). The combined organic layers were washed with 

100 mL 1M sodium hydroxide solution and 100 mL water and the solvent was removed under 
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reduced pressure. The crude product was purified by column chromatography on silica gel (iso-

hexane / ethyl acetate, gradually increased from 20:1 to 1:1) to yield 403 mg (12 % over two 

steps) of azobenzene 5.9 as an orange solid.  Rf: 0.44 (i-hex/EtOAc 10:3); 
1
H NMR (400 MHz, 

d
6
-acetone): δ 8.62 (d, J = 2.3 Hz, 1H), 8.02 (dd, J = 9.1, 2.3 Hz, 1H), 7.96-7.93 (m, 2H), 7.61 (s, 

2H), 7.34-7.28 (m, 2H), 7.22 (d, J = 9.1 Hz, 1H); 
13

C NMR (101 MHz, d6-acetone): δ 165.3, 

149.1, 148.0, 142.3, 127.1, 124.5, 124.2, 119.9, 116.1, 115.8; IR (cm
-1

): 3464, 3335, 1641, 1588, 

1567, 1514, 1495, 1443, 1415, 1351, 1276, 1229, 1138 cm
-1

; HRMS (ESI): m/z calc. for 

C12H9FN4O2 = 260.0710; measured: 261.0784 [M+H
+
]. 

 
 

 
Azodianiline 5.10.  450 mg (1.7 mmol) of azobenzene 5.9 was dissolved in a mixture of 25 mL 

1,4-dioxane and 1 mL water. To this solution, first 404 mg (5.2 mmol) of sodium sulfide were 

added and the mixture was heated to 90 °C for 3 h, then another 404 mg (5.2 mmol) of sodium 

sulfide were added and the reaction solution was further heated to 90 °C for 1 h.  The mixture 

was then poured into 100 mL water and extracted with ethylacetate (3x 100 mL). The organic 

layers were washed with a saturated solution of NaHCO3 and dried over MgSO4. The solution 

was concentrated in vacuo, and the crude product was purified by column chromatography over 

silica gel (iso-hexane/ethyl acetate 7:3) giving 255.7 mg (65.4 %) of azodianiline Y5.10 as an 

orange solid.  Rf: 0.39 (i-hex/EtOAc 10:3); 
1
H NMR (400 MHz, d

6
-DMSO): δ 7.75 (m, 2H), 

7.31(m, 2H), 7.1 (m, 2H), 6.60 (s, 1H), 5.49 (s, 2H), 4.79 (s, 2H); 
13

C NMR (101 MHz, d6-

DMSO): δ 164.1, 161.6, 149.7, 144.5, 141.1, 135.6, 123.9, 120.5, 113.0, 104.1; IR: 3454, 3025, 

2969, 2142, 1738, 1615, 1588, 1494, 1454, 1426, 1365, 1228, 1217 cm
-1

; HRMS (ESI): m/z calc. 

for C12H11FN4 = 230.0968; measured: 229.0893 [M-H
+
]. 

 

 

 
Dicarbamate 5.11 and isoazoretigabine (5.12).  0.09 mL (1.1 mmol) of pyridine was added to a 

stirred solution of 245 mg (1.06 mmol) azodianiline 5.10 in 20 mL THF. The mixture was stirred 

at RT for 10 min before 0.1 mL (1.1 mmol) of chloroethylformiate was added over 5 min. After 

10 min stirring at rt, the reaction solution was poured into 100 mL of 1 M HCl and the crude 

product was extracted with EtOAc (3x 100 mL). The combined organic layers were purified by 

column chromatography over silica gel (iso-hexane/ethyl acetate 1:5) gave 115.4 g (36 %) of 

isoazoretigabine (5.12) and 178.4 mg (45 %) of dicarbamate (5.11) as an orange and a brown 

solid, respectively. 

Analytic data for isoazoretigabine (5.12): Rf: 0.43 (i-Hex/EtOAc 1:1); 
1
H NMR (400 MHz, d

6
-

DMSO): δ 8.68 (s, 1H), 7.89 (s, 1H), 7.79 (dd, J = 9.1, 5.4 Hz, 2H), 7.50 (dd, J = 8.6, 2.3 Hz, 

1H), 7.36 – 7.27 (m, 2H), 6.78 (d, J = 8.6 Hz, 1H), 5.88 (s, 2H), 4.11 (q, J = 7.1 Hz, 2H,), 1.23 (t, 

J = 7.1 Hz, 3H); 
13

C NMR (101 MHz, d
6
-DMSO): δ 164.4, 161.9, 154.9, 149.6, 143.0, 124.2, 

123.5, 122.9, 116.6, 116.4, 114.9, 60.7, 15.1; IR: 6462, 3370, 3276, 2983, 1682, 1642, 1593, 

1527, 1465, 1312, 1266, 1219, 1130, 1054 cm
-1

; HRMS (ESI): m/z calc. for 
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C15H13F4O4 = 302.1179; measured: 325.1072 [M+
23

Na
+
]; UV-Vis (HCl Salt in DMSO/H2O, 

1:100): λmax = 407 nm 

Analytic data for dicarbamate (5.11): Rf: 0.71 (i-Hex/EtOAc 1:1); 
1
H NMR (400 MHz, d

6
-

DMSO): δ 9.03 (s, 2H), 8.08 (s, 1H), 7.91 (dd, J = 9.1, 5.3 Hz, 2H), 7.82 (d, J = 8.7 Hz, 1H), 

7.66 (dd, J = 8.7, 2.3 Hz, 1H), 7.43 – 7.31 (m, 2H), 4.16 - 4.10 (m, 4H), 1.26 - 1.22 (m, 6H,); 
13

C 

NMR (101 MHz, d
6
-DMSO): δ 162.9, 154.6, 154.2, 148.3, 125.1, 125.0, 123.6, 119.9, 117.9, 

116.9, 116.7, 61.0, 15.0; IR: 3277, 1742, 1677, 1604, 1516, 1463, 1325, 1266, 1219, 1094, 1054 

cm
-1

; HRMS (ESI): m/z calc. for C18H19F4O4 = 374.1390; measured: 397.1283 [M+
23

Na
+
]. 

 

 
Carbamate 5.13.  200 mg (0.77 mmol) of azobenzene 5.9 were dissolved in 15 mL 1,4-dioxane. 

To this orange solution 0.2 mL (2.3 mmol) of pyridine were added and the solution was stirred 

for 5 min at rt. Subsequently, 0.22 mL (2.3 mmol) of chloroethylformiate were added. After 

three hours of stirring at rt, another 0.22 mL (2.3 mmol) of chloroethylformiate were added and 

the reaction was further stirred at rt for 16 h. The reaction mixture was then poured into 100 mL 

1M HCl and the crude product was extracted with EtOAc (3x 100 mL). The combined organic 

layers were washed with a saturated NaHCO3 solution (2x 50 mL) and dried over MgSO4. The 

solvent was reduced in vacuo and the crude product was purified by column chromatography 

over silica gel (iso-hexane/ethyl acetate gradually increased from 10:1 to 10:3) to give 123.1 mg 

(53 %) of carbamate 5.13 as a yellow solid.  Rf: 0.90 (i-hex/EtOAc 1:1); 
1
H NMR (400 MHz,  

d
6
-DMSO): δ 10.13 (s, 1H), 8.38 (d, J = 2.3 Hz, 1H), 8.20 (dd, J = 8.8, 2.3 Hz, 1H), 8.00-7.97 

(m, 2H) 7.93-7.91 (m, 2H), 7.46-7.42 (m, 1H), 4.15 (q, J = 7.1 Hz, 2H), 1.23 (t, J = 7.1 Hz, 3H); 
13

C NMR (101 MHz, d
6
-DMSO): δ 165.8, 163.4, 153.6, 148.9, 147.2, 141.2, 135.0, 128.5, 125.7, 

125.5, 124.6, 62.0, 14.8; IR: 3457, 3006, 2947, 2574, 2130, 1758, 1715, 1559, 1427, 1363, 1235, 

1112, 1092 cm
-1

; HRMS (ESI): m/z calc. for C15H13F4O4 = 332.0921; measured: 333.0995 

[M+H
+
]. 

 
Azoretigabine (5.3).  To a solution of 50 mL of 1,4-Dioxane, 1 mL of water, and 270 mg (0.89 

mmol) and carbamate 5.13, 139 mg (1.8 mmol) of Na2S was added and the mixture was heated 

to 90 °C. After 2 h, 77 mg (1 mmol) of Na2S was added to the reaction mixture and the reaction 

was further stirred at 90 °C for 1 h.  The mixture was then poured into 100 mL of water and 

extracted with EtOAc (3x 100 mL). The organic layers were washed with a saturated solution of 

NaHCO3 and dried over magnesiumsulfate. The solution was concentrated under vacuum and the 

crude product was purified by column chromatography over silica gel (iso-hexane/ethyl acetate 

10:1) giving 107.7 mg (0.36 mM, 40 %) azoretigabine (5.3) as an orange solid.  Rf: 0.45 (i-

Hex/EtOAc 1:1); 
1
H NMR (400 MHz, d6-DMSO): δ 8.77 (s, 1H) 7 δ 7.86 (dd, J = 9.1, 5.3 Hz, 

1H), 77.58 (d, J = 8.4 Hz, 1H), 7.39- 7.35 (m, 2H), 7.22 (d, J = 2.3 Hz, 1H), 7.17(dd, J = 8.4, 2.3 

Hz, 1H), 5.27 (s, 2H), 4.12 (q, J = 7.1 Hz, 2H), 1.23 (t, J = 7.1 Hz, 1H); 
13

C NMR (101 MHz, 

d6-DMSO): δ 165.0, 162.5, 154.7, 149.0, 141.5, 127.5, 124.7, 116.6, 116.2, 114.0, 107.3, 61.0, 

14.8; IR: 3390, 3274, 2959, 2971, 1906, 1739, 1681, 1590, 1525, 1496, 1464, 1426, 1292, 1260, 
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1217, 1134, 1063, 1006 cm
-
1; HRMS (ESI): m/z calc. for C15H13F4O4 = 302.1179; measured: 

325.1073 [M+
23

Na
+
]; UV-Vis (HCl Salt in DMSO/H2O, 1:100): λmax = 333 nm. 
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Appendix 5.1 

 

Characterization Data for Compounds 

5.3, 5.9, 5.10, 5.11, 5.11, 5.12, 5.13 
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Chapter 6.  Synthesis, Characterization, and Evaluation of Azoresveratrol and Azopiceatannol 

 

6.1 Resveratrol and Piceatannol 

 

 Resveratrol (6.1) and piceatannol (6.2) are stilbenoid natural products which are members 

of a group of plant antibiotics known as the phytoalexins, produced by a variety of seed-bearing 

plants in response to infection (Figure 1).
1-2

  Various modifications to the basic resveratrol (6.1) 

core have been reported including: oxidation, e.g. piceatannol (6.2); glycosylation, e.g. polydatin 

(6.3); stilbene isomerization, e.g. cis-resveratrol (6.1), and oligomerization, e.g. ε-viniferin (6.4).   

Figure 1.  A selection of phytoalexins. 

 

 The biosynthesis of resveratrol (6.1) is relatively well understood (Scheme 1).  Beginning 

with tyrosine (6.5), elimination of ammonia and thioester formation with coenzyme A forms the 

polyketide starter unit 4-hydroxycinnamoyl-CoA (6.6).  After loading onto a polyketide 

synthase, three chain extensions with decarboxylated malonyl-CoA (6.7) complete the poly-β-

keto backbone affording 6.8.  Enzymatic preorganization results in an aldol condensation 

followed by aromatization and hydrolysis of the thioester to give stilbene 6.9.  A final 

decarboxylation gives resveratrol (6.1), which can be further modified.  Recently, Potter and 

coworkers have shown that the cytochrome P450 enzyme CYPIBI, which is over expressed in 

human tumors, can convert resveratrol (6.1) into piceatannol (6.2).
3
 

Scheme 1.  Biosynthesis of resveratrol (6.1). 
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 Resveratrol (6.1) and its relatives were practically unknown outside of the phytochemical 

community until a report by Siemann and Creasy identified resveratrol (6.1) as a component of 

both wine and certain oriental folk medicines.
4
  Reports soon followed describing its anti-

cancer,
5
 and life extension activities.

6-10
  Since the earliest reports, an exponentially growing 

curve of research has been published, demonstrating that resveratrol (6.1) has a wide range of 

favorable effects, but that this seemingly boundless utility is hampered in higher animals and 

humans by low bioavailability.
9
  Similarly, research into piceatannol (6.2) has revealed that it is 

also a bioactive molecule with significant anti-cancer properties due to protein tyrosine kinase 

inhibition.
11-12

  

 

6.2 Synthesis and Evaluation of Azoresveratrol and Azopiceatannol 

 

 The poor understanding of the mechanism of action of resveratrol in the vast majority of 

systems where it shows effects provided the impetus for the creation of photochromic ligands 

(PCL) based on resveratrol (6.1) and piceatannol (6.2, Figure 2).  The conceptually 

straightforward replacement of the stilbene core of resveratrol and piceatannol (6.2) with the 

isosteric azobenzene linkage would give compounds 6.10 and 6.11, which will be referred to as 

azoresveratrol (6.10) and azopiceatannol (6.11). 

Figure 2.  Azoresveratrol (6.10) and azopiceatannol (6.11). 

 

 A known 3,5-hydroxybenzenediazonium (6.14, Scheme 2) was selected as the basis for 

the synthesis of desired PCL's azoresveratrol (6.10) and azopiceatannol (6.11).
13

  Beginning with 

phlouroglucinol (6.12), displacement of a single phenolic hydroxyl group with ammonia gave an 

aniline, the diazonium salt of which was then displaced with azide, allowing the remaining 

phenolic moieties to be acetylated, giving protected azidoresorcinol 6.13.  Reduction of the azide 

with palladium on carbon gave an aniline which was diazotized with isoamylnitrite in the 

presence of boron trifluoride etherate complex to give the diazonium salt 6.14.  The azobenzene 

bond was formed under mild conditions with sodium acetate and phenol or catechol, which after 

deacetylation gave azoresveratrol (6.10) or azopiceatannol (6.11) respectively. 
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Scheme 2.  Synthesis of Azoresveratrol (6.10) and azopiceatannol (6.11). 

 

 Sufficient amounts of azoresveratrol (6.10) allowed the growth of crystals of sufficient 

quality for obtaining X-ray crystallography data (Figure 3), thus confirming its structure.   

Figure 3.  X-ray crystal structure of azoresveratrol (6.10). 

 

 With the desired compounds synthesized, experiments were conducted to observe their 

photoswitching properties.  Unfortunately, UV/vis spectroscopy showed no photoswitching at 

any wavelength between 350 and 500 nm.  Though neither compound is significantly red-shifted 

(azoresveratrol (6.10) λmax = 353 nm and azopiceatannol (6.11) λmax = 364 nm), it is conceivable 

that these two compounds have very fast cis isomer thermal relaxation times, as several of the 

red-shifted compounds described in chapter 3 also showed no photoswitching by UV/vis 

spectroscopy but did photoregulate Kv channels. 

 With that in mind, azoresveratrol (6.10) and azopiceatannol (6.11) were tested against S-

Jurkat cells, a T-cell leukemia cell line.  Preliminary results show that incubating S-Jurkat cells 

with either compound for one to two days induces apoptosis (Figure 4).  Qualitatively, it is clear 

that azopiceatannol (6.11) is significantly more potent than azoresveratrol (6.10), but this has yet 

to be quantified.  Experiments to determine the cytotoxicity at doses lower than 30 µM are 

planned for the near future. 
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Figure 4.  Cytotoxicity assay following S-Jurkat cell apoptosis after 1 day (black bar) or 2 days (gray bar) when 

exposed to concentrations ranging from 0 to 180 µM of A) azoresveratrol (6.10) and B) azopiceatannol (6.11). 

 

 

6.3 Concluding Remarks 

 

 This chapter discloses the synthesis of two azobenzene containing phytoalexin analogs, 

azoresveratrol (6.10) and azopiceatannol (6.11), which do not appear to photoswitch (or at the 

least, have cis isomers with half-lives too short to be detected with standard UV/Vis 

spectroscopy).  Both Azoresveratrol (6.10) and azopiceatannol (6.11) are cytotoxic to S-Jurkat 

cells.  Future experiments will attempt to create a dose dependent curve for azopiceatannol (6.11) 

induced apoptosis.  Still to be conducted are experiments to determine if irradiation at 366 nm 

has any effect on the apoptosis of S-Jurkat cells (separate from the presumed damage from the 

light itself). 

 

6.4 Experimental Contributions 

 

 The work in this chapter is a collaboration between the laboratories of Dirk Trauner and 

Angelika Vollmar.  Compounds were designed and synthesized by Michael Kienzler.  

Cytotoxicity experiments on S-Jurkat cells were performed by Karin von Schwarzenberg. 

 

6.5 Experimental Methods 

 

6.5.1 Synthetic Procedures 

 

 General Experimental Details. Unless otherwise noted, all reagents were purchased 

from commercial suppliers and used without further purification.  Unless otherwise noted, all 

reaction mixtures were magnetically stirred in oven-dried glassware under a nitrogen 

atmosphere.  External bath temperatures were used to record all reaction mixture temperatures. 

Analytical thin layer chromatography (TLC) was carried out on Merck silica gel 60 F254 TLC 

plates.  TLC visualization was accomplished using 254 nm UV light, 0.1% HCl in MeOH or a 

charring solution of cerric ammonium molybdenate. All aqueous solutions were saturated unless 

otherwise noted. Normal phase flash chromatography was performed on Dynamic Adsorbents 
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Silica Gel (40-63 µm particle size) using a forced flow of eluant at 1.3–1.5 bar pressure. Reverse-

phase chromatography was carried out with Waters Preparative C18 Silica Gel WAT010001 125 

Å.  Yields refer to chromatographically and spectroscopically (
1
H NMR and 

13
C NMR) 

homogenous material. 
1
H and 

13
C NMR spectra were recorded on Varian ARX 200, AC 300, 

WH 400, or AMX 600 instruments. Chemical shifts are reported in ppm with the solvent 

resonance employed as the internal standard (CDCl3 at 7.26 and 77.0 ppm; DMSO at 2.50 and 

39.5 ppm). The following abbreviations are used to explain the multiplicities: s = singlet, d = 

doublet, t = triplet, q = quartet, m = multiplet, br = broad. IR spectra were recorded 4000–400 

cm
–1

 on a Perkin Elmer Spectrometer BY FT-IR-System with a Smith Dura sample IR II ATR-

unit. Samples were measured as neat materials (neat). The absorption bands are reported in wave 

numbers (cm
-1

). Mass spectra were recorded on a Varian MAT CH 7A for electron impact 

ionization (EI) and high resolution mass spectra (HRMS) on a Varian MAT 711 spectrometer. 

 

Experimental Procedures. 

 

 
Azoresveratrol diacetate (6.S1).  To a solution of 154 mg (0.40 mmol) of diazonium salt 6.14

13
 

and 50 mg (0.53 mmol) of phenol in 5 mL of THF was added 42 mg (0.51 mmol) of sodium 

acetate dissolved in 5 mL of water.  After 30 min, the reaction was diluted with water and 

extracted with EtOAc (2x 25 mL), dried over magnesium sulfate, and concentrated in vacuo.  

The crud product was purified by column chromatography on silica gel (30% EtOAc in hexanes) 

to give 86.5 mg (68%) of azoresveratrol diacetate (6.S1) as an orange solid.  Rf  0.7 (50% EtOAc 

in hexanes); 
1
H NMR (200 MHz, CD3OD) δ 7.93 – 7.66 (m, 2H), 7.62 – 7.39 (m, 2H), 7.14 – 

6.79 (m, 3H), 2.26 (s, 6H); 
13

C NMR (101 MHz, CD3OD) δ 169.19, 161.44, 153.86, 151.59, 

145.71, 125.03, 124.72, 116.65, 115.42, 115.33, 112.85, 19.48; HRMS (ESI) m/z calcd for 

C16H14O5N2 314.0903; found 315.0974 (M+H)
+
. 

 

 
Azoresveratrol (6.10).  To a solution of azoresveratrol diacetate (6.S1) in 3 mL of MeOH and 1 

mL of water was added 1.4 mL of a saturated NaHCO3 solution.  The reaction was stirred for 17 

h, concentrated, and purified by column chromatography on silica gel (short plug, 70% EtOAc in 

hexanes) to give 27 mg (83%) of azoresveratrol (6.10) as an orange solid.  Rf 0.4 (50% EtOAc in 

hexanes); 
1
H NMR (400 MHz, acetone) δ 7.95 – 7.86 (m, 2H), 7.12 – 7.02 (m, 2H), 6.95 (d, J = 

2.3, 2H), 6.52 (t, J = 2.3, 1H); 
13

C NMR (101 MHz, acetone) δ 160.22, 158.57, 154.79, 146.28, 

124.86, 115.89, 104.55, 101.33; IR: 3249, 1598, 1588, 1503, 1485, 1459, 1329, 1298, 1147, 990 

cm
-1

; HRMS (ESI) m/z calcd for C12H10O4N2 230.069; found 231.0763 (M+H)
+
; UV/Vis (100% 

H2O): max = 353 nm. 
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Azopiceatannol (6.11).  To a solution of 254 mg (0.82 mmol) of diazonium salt 6.14 and 114 

mg (1.01 mmol) of catechol in 5 mL of THF was added 92 mg (1.1 mmol) of sodium acetate 

dissolved in 5 mL of water.  The dark brown/orange solution was allowed to stir for 1.5 h and 

then was extracted with EtOAc (2x 20 mL).  The combined organic layers were washed with a 

saturated NaHCO3 solution and then concentrated.  The crude product was redissolved in 4 mL 

of MeOH to which 2 mL of a saturated NaHCO3 solution was added.  After 3 h, the reaction 

mixture was filtered and concentrated, and the resulting crude product purified by column 

chromatography on reverse-phase silica gel (0% to 50% MeOH in 0.1% formic acid) and then 

further by reverse-phase HPLC to give 9.5 mg (5%) of azopiceatannol (6.11) as a red solid.  Rf 

0.52 (40% MeOH in water); 
1
H NMR (400 MHz, acetone) δ 7.43 (d, J = 2.2, 1H), 7.40 (dd, J = 

8.3, 2.3, 1H), 7.00 (d, J = 8.4, 1H), 6.89 (d, J = 2.2, 2H), 6.48 (t, J = 2.1, 1H); 
13

C NMR (101 

MHz, acetone) δ 158.8, 154.7, 148.8, 146.4, 145.5, 119.2, 114.9, 106.6, 104.3, 101.1; IR: 3258, 

1675, 1601, 1379, 1284, 1156, 1001 cm
-1

; HRMS (ESI) m/z calcd for C12H10O4N2 246.0641; 

found 247.0713 (M+H)
+
; UV/Vis (100% H2O): max = 364 nm. 
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Appendix 6.1 

 

Characterization Data for Compounds 

6.S1, 6.10, 6.11 
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Appendix 6.2 

 

 X-ray Crystallographic Fractional Coordinates and Thermal Parameters for compound 

6.10 
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Table S1 - Crystal Data and Details of the Structure Determination for azoresveratrol (6.10). 

net formula C12H14N2O5 

Mr/g mol
−1

 266.250 

crystal size/mm 0.30 × 0.27 × 0.07 

T/K 200(2) 

radiation MoKα 

diffractometer 'Oxford XCalibur' 

crystal system monoclinic 

space group P21/n 

a/Å 7.9469(3) 

b/Å 11.9744(5) 

c/Å 12.9370(6) 

α/° 90 

β/° 91.567(4) 

γ/° 90 

V/Å
3
 1230.62(9) 

Z 4 

calc. density/g cm
−3

 1.43708(11) 

μ/mm
−1

 0.113 

absorption correction 'multi-scan' 

transmission factor range 0.96362–1.00000 

refls. measured 5104 

Rint 0.0251 

mean ζ(I)/I 0.0500 

θ range 4.26–26.31 

observed refls. 1542 

x, y (weighting scheme) 0.0421, 0 

hydrogen refinement mixed 

refls in refinement 2479 

parameters 200 

restraints 0 

R(Fobs) 0.0363 

Rw(F
2
) 0.0822 

S 0.842 

shift/errormax 0.001 

max electron density/e Å
−3

 0.160 

min electron density/e Å
−3

 −0.237 
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        Table S2 - Final Coordinates and Equivalent Isotropic Displacement Parameters of the non- 

              Hydrogen atoms 

 

        Atom           x             y            z       U(eq) [Ang^2] 

        ----         ---           ---           ---       ----------- 

  

        O1       1.11866(13) -0.45678(9)   0.09015(9)    0.0274(4) 

        O2       0.62795(13)  0.34380(10)   0.10530(9)    0.0294(4)  

        O3       0.11482(12)  0.14808(10)   0.17394(9)    0.0316(4) 

        N1       0.76265(14) -0.05891(11)   0.09759(9)    0.0244(4) 

        N2       0.61766(14) -0.05772(10)   0.13456(9)    0.0233(4)  

        C1       1.02508(17) -0.36110(13)  0.09537(11)    0.0216(5)  

        C2       1.10619(17) -0.26069(13)  0.08003(11)    0.0248(5)  

        C3       1.01473(17) -0.16281(13)  0.08028(12)    0.0247(5) 

        C4       0.84403(17) -0.16443(13)  0.10008(11)    0.0217(5)  

        C5       0.76312(17) -0.26597(13)  0.11555(11)    0.0233(5) 

        C6       0.85332(17) -0.36354(13)  0.11246(11)    0.0242(5) 

        C7       0.53839(16)  0.04930(13)  0.13126(11)    0.0216(5) 

        C8       0.62555(17)  0.14751(13)  0.11455(11)    0.0224(5) 

        C9       0.53922(17)  0.24738(13)  0.11911(11)    0.0225(5) 

        C10      0.36802(17)  0.24964(12)  0.13843(11)    0.0222(5) 

        C11      0.28377(16)  0.15063(13)  0.15420(11)    0.0223(5) 

        C12      0.36840(17)  0.04965(13)  0.15186(11)    0.0230(5) 

        O4      -0.03634(14)   0.35433(9)  0.16932(10)    0.0264(4)  

        O5       0.46310(16)  0.52987(10)  0.14316(12)    0.0374(5) 

  

  

          U(eq) = 1/3 of the trace of the orthogonalized U Tensor 
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        Table S3 - Hydrogen Atom Positions and Isotropic Displacement Parameters 

 

        Atom          x             y             z       U(iso) [Ang^2] 

        ----          ---        ---             ---       ----------- 

        H1          1.061(2)  -0.5140(17)   0.1119(15)     0.063(7) 

        H2          0.567(2)   0.4035(19)   0.1172(15)     0.070(7) 

        H2A          1.22400     -0.25910      0.06940       0.0300 

        H3          0.069(2)   0.2199(17)   0.1700(14)     0.059(6) 

        H3A          1.06900     -0.09380      0.06680       0.0300 

        H5           0.64600     -0.26770      0.12820       0.0280 

        H6           0.79810     -0.43300      0.12200       0.0290 

        H8           0.74220      0.14620      0.10030       0.0270 

        H10          0.30960      0.31880      0.14070       0.0270 

        H12          0.31070     -0.01830      0.16420       0.0280 

        H41        -0.136(3)   0.3509(15)   0.1426(14)     0.054(6)  

        H42        -0.054(2)   0.3670(16)   0.2334(16)     0.056(7) 

        H51         0.459(2)   0.5540(18)   0.2056(17)     0.070(8) 

        H52         0.363(3)   0.5362(18)   0.1159(16)     0.073(8) 

  

  

           ======================================================= 

  

         The Temperature Factor has the Form of Exp(-T) Where 

        T = 8*(Pi**2)*U*(Sin(Theta)/Lambda)**2  for Isotropic Atoms 
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    Table S4 - (An)isotropic  Displacement Parameters 

 

    Atom    U(1,1) or U  U(2,2)     U(3,3)      U(2,3)        U(1,3)     U(1,2) 

    ----          ------             ------        ------        ------          ------        ------ 

    O1       0.0244(5)  0.0195(7)  0.0386(7) -0.0001(6)  0.0044(5)  0.0052(5) 

    O2       0.0227(6)  0.0165(6)  0.0492(8)  0.0023(6)  0.0064(5)  0.0002(5) 

    O3       0.0194(5)  0.0251(7)  0.0504(8)  0.0050(6)  0.0044(5)  0.0022(5) 

    N1       0.0248(7)  0.0205(7)  0.0279(7) -0.0004(6)  0.0012(6)  0.0029(6) 

    N2       0.0236(7)  0.0189(7)  0.0274(7) -0.0003(6)  0.0018(6)  0.0030(6) 

    C1       0.0253(8)  0.0196(9)  0.0198(8)  0.0000(7)  0.0006(6)  0.0057(7) 

    C2       0.0203(7)  0.0257(9)  0.0285(9)  0.0019(7)  0.0031(7)  0.0023(7) 

    C3       0.0260(8)  0.0196(9)  0.0288(9)  0.0025(7)  0.0044(7) -0.0020(7) 

    C4       0.0240(7)  0.0190(9)  0.0221(8)  0.0012(7)  0.0023(6)  0.0033(6) 

    C5       0.0207(7)  0.0224(9)  0.0270(9) -0.0004(7)  0.0050(7)  0.0009(7) 

    C6       0.0247(8)  0.0190(9)  0.0290(9)  0.0000(7)  0.0034(7) -0.0010(6) 

    C7       0.0247(8)  0.0192(9)  0.0208(8)  0.0002(7)  0.0002(7)  0.0034(6) 

    C8       0.0189(7)  0.0227(9)  0.0256(9)  0.0010(7)  0.0031(6)  0.0031(7) 

    C9       0.0246(8)  0.0199(9)  0.0231(8)  0.0013(7)  0.0012(7) -0.0019(6) 

    C10      0.0219(7)  0.0179(9)  0.0267(9)  0.0016(7)  0.0017(7)  0.0048(6) 

    C11      0.0190(7)  0.0248(9)  0.0232(8)  0.0016(7)  0.0015(6)  0.0009(6) 

    C12      0.0241(8)  0.0192(9)  0.0257(9)  0.0011(7)  0.0010(7) -0.0008(7) 

    O4       0.0241(6)  0.0234(6)  0.0319(7) -0.0024(6)  0.0028(5)  0.0020(5) 

    O5       0.0266(7)  0.0293(7) 0.0562(10) -0.0092(7)  0.0011(7)  0.0037(5) 

  

  

           ======================================================= 

  

         The Temperature Factor has the Form of Exp(-T) Where 

        T = 8*(Pi**2)*U*(Sin(Theta)/Lambda)**2  for Isotropic Atoms 

        T = 2*(Pi**2)*Sumij(h(i)*h(j)*U(i,j)*Astar(i)*Astar(j)), for 

      Anisotropic Atoms. Astar(i) are Reciprocal Axial Lengths and 

          h(i) are the Reflection Indices. 
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        Table S5 - Bond Distances (Angstrom) 

 

  

        O1     -C1  1.3686(18) C3 -C4 1.3875(19) 

        O2     -C9  1.3671(19) C4 -C5 1.392(2) 

        O3     -C11 1.3739(16) C5 -C6 1.372(2) 

        O1     -H1 0.875(19) C7 -C8  1.385(2) 

        O2     -H2 0.88(2)  C7 -C12  1.3841(19) 

        O3     -H3  0.94(2)  C8 -C9 1.381(2) 

        O4     -H41 0.86(2)  C9 -C10 1.3903(19) 

        O4     -H42  0.86(2)  C10 -C11 1.380(2) 

        O5     -H51 0.86(2)  C11 -C12 1.384(2) 

        O5     -H52 0.87(2)  C2 -H2A 0.9500 

        N1     -N2 1.2597(16)  C3 -H3A 0.9500 

        N1     -C4  1.419(2) C5 -H5 0.9500 

        N2     -C7  1.4281(19) C6 -H6  0.9500 

        C1     -C6  1.3890(19) C8 -H8  0.9500 

        C1     -C2  1.381(2) C10 -H10 0.9500 

        C2     -C3  1.379(2) C12 -H12 0.9500 
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    Table S6 - Bond Angles    (Degrees) 

 

  

    C1     -O1     -H1        110.5(12)   C8     -C9     -C10      120.96(14) 

    C9     -O2     -H2        112.0(12)   O2     -C9     -C10      121.19(13) 

    C11    -O3     -H3        110.5(10)   C9     -C10    -C11      119.42(13) 

    H41    -O4     -H42       103.0(17)   C10    -C11    -C12      120.62(12) 

    H51    -O5     -H52       107.2(18)   O3     -C11    -C12      117.55(13) 

    N2     -N1     -C4       114.99(12)   O3     -C11    -C10      121.82(13) 

    N1     -N2     -C7       113.96(12)   C7     -C12    -C11      118.96(14) 

    O1     -C1     -C2       117.73(12)   C1     -C2     -H2A          120.00 

    O1     -C1     -C6       121.87(13)   C3     -C2     -H2A          120.00 

    C2     -C1     -C6       120.38(14)   C4     -C3     -H3A          120.00 

    C1     -C2     -C3       119.44(13)   C2     -C3     -H3A          120.00 

    C2     -C3     -C4       120.43(14)   C4     -C5     -H5           120.00 

    N1     -C4     -C3       115.50(13)   C6     -C5     -H5           120.00 

    N1     -C4     -C5       124.66(12)   C1     -C6     -H6           120.00 

    C3     -C4     -C5       119.76(14)   C5     -C6     -H6           120.00 

    C4     -C5     -C6       119.72(13)   C9     -C8     -H8           121.00 

    C1     -C6     -C5       120.22(14)   C7     -C8     -H8           121.00 

    C8     -C7     -C12      121.50(14)   C9     -C10    -H10          120.00 

    N2     -C7     -C8       123.00(12)   C11    -C10    -H10          120.00 

    N2     -C7     -C12      115.41(13)   C11    -C12    -H12          121.00 

    C7     -C8     -C9       118.53(13)   C7     -C12    -H12          121.00 

    O2     -C9     -C8       117.85(12) 
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         Table S7 - Torsion Angles (Degrees) 

 

  

         C4     -N1     -N2     -C7       179.97(12) 

         N2     -N1     -C4     -C3      -167.00(13) 

         N2     -N1     -C4     -C5          16.3(2) 

         N1     -N2     -C7     -C8       -15.80(19) 

         N1     -N2     -C7     -C12      167.75(12) 

         O1     -C1     -C2     -C3       177.23(13) 

         C6     -C1     -C2     -C3          -1.0(2) 

         O1     -C1     -C6     -C5      -178.95(13) 

         C2     -C1     -C6     -C5          -0.8(2) 

         C1     -C2     -C3     -C4           2.7(2) 

         C2     -C3     -C4     -N1      -179.56(13) 

         C2     -C3     -C4     -C5          -2.7(2) 

         N1     -C4     -C5     -C6       177.45(13) 

         C3     -C4     -C5     -C6           0.9(2) 

         C4     -C5     -C6     -C1           0.9(2) 

         N2     -C7     -C8     -C9      -176.05(13) 

         C12    -C7     -C8     -C9           0.2(2) 

         N2     -C7     -C12    -C11      177.48(13) 

         C8     -C7     -C12    -C11          1.0(2) 

         C7     -C8     -C9     -O2       178.22(13) 

         C7     -C8     -C9     -C10         -1.0(2) 

         O2     -C9     -C10    -C11     -178.57(13) 

         C8     -C9     -C10    -C11          0.6(2) 

         C9     -C10    -C11    -O3       179.77(13) 

         C9     -C10    -C11    -C12          0.6(2) 

         O3     -C11    -C12    -C7       179.43(13) 

         C10    -C11    -C12    -C7          -1.4(2) 
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        Table S8 - Contact Distances(Angstrom) 

 

  

        O1     .O4_a     2.7841(16)     O5     .H2          1.76(2) 

        O1     .O5_b     2.8081(17)     O5     .H5_q         2.8400 

        O1     .C1_d     3.4163(19)     N1     .C12_i    3.3656(18) 

        O1     .C12_c    3.3373(18)     N1     .C11_i    3.4478(19) 

        O1     .O1_d     3.1350(16)     N2     .O4_h     2.8379(17) 

        O1     .C6_d     3.4031(19)     N1     .H42_h     2.918(19) 

        O2     .O5       2.6373(17)     N1     .H8           2.4600 

        O2     .O4_e     2.7746(15)     N2     .H42_h       2.01(2) 

        O2     .C2_f     3.3882(18)     N2     .H5           2.5300 

        O3     .O4       2.7463(16)     C1     .O1_d     3.4163(19) 

        O3     .O5_g     2.8401(19)     C1     .C12_c      3.522(2) 

        O4     .O2_n     2.7746(15)     C1     .C11_c      3.543(2) 

        O4     .O3       2.7463(16)     C2     .O2_f     3.3882(18) 

        O4     .O1_o     2.7841(16)     C4     .C11_i      3.420(2) 

        O4     .N2_p     2.8379(17)     C5     .C10_i      3.425(2) 

        O5     .C6_q     3.3868(19)     C6     .C8_c       3.534(2) 

        O5     .O1_o     2.8081(17)     C6     .O1_d     3.4031(19) 

        O5     .O3_p     2.8401(19)     C6     .C7_c       3.559(2) 

        O5     .O2       2.6373(17)     C6     .O5_l     3.3868(19) 

        O1     .H52_b       1.96(2)     C7     .C6_m       3.559(2) 

        O2     .H2A_f        2.7700     C8     .C6_m       3.534(2) 

        O2     .H41_e       1.93(2)     C10    .C5_i       3.425(2) 

        O3     .H51_g       2.02(2)     C11    .C1_m       3.543(2) 

        O4     .H1_o        1.92(2)     C11    .C4_i       3.420(2) 

        O4     .H10          2.8200     C11    .N1_i     3.4478(19) 

        O4     .H3          1.81(2)     C12    .N1_i     3.3656(18) 

        O5     .H6_q         2.7200     C12    .C1_m       3.522(2) 

        O5     .H10          2.8100     C12    .O1_m     3.3373(18) 
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        Table S8 - Contact Distances(Angstrom) (continued) 

  

        C1     .H52_b       2.96(2)     H3     .H41         2.28(3) 

        C2     .H8_f         2.9900     H3A    .H12_k        2.4400 

        C2     .H41_j     3.091(18)     H5     .O5_l         2.8400 

        C3     .H8_f         3.0800     H5     .N2           2.5300 

        C3     .H12_k        3.0900     H5     .H42_h        2.5300 

        C5     .H42_h     3.049(19)     H6     .O5_l         2.7200 

        C7     .H42_h       2.80(2)     H6     .H1           2.3100 

        C8     .H2A_f        3.0100     H8     .C3_f         3.0800 

        C9     .H41_e       2.87(2)     H8     .H2A_f        2.6000 

        C11    .H51_g     2.923(19)     H8     .C2_f         2.9900 

        C12    .H42_h     3.007(19)     H8     .N1           2.4600 

        H1     .H41_a       2.29(3)     H10    .H2           2.3100 

        H1     .H6           2.3100     H10    .O4           2.8200 

        H1     .O4_a        1.92(2)     H10    .H3           2.2900 

        H1     .H42_a       2.33(3)     H10    .O5           2.8100 

        H1     .H52_b       2.47(3)     H12    .H3A_n        2.4400 

        H2     .H52         2.27(3)     H12    .C3_n         3.0900 

        H2     .O5          1.76(2)     H41    .O2_n        1.93(2) 

        H2     .H10          2.3100     H41    .C9_n        2.87(2) 

        H2     .H41_e       2.46(3)     H41    .H1_o        2.29(3) 

        H2     .H51         2.31(3)     H41    .H2_n        2.46(3) 

        H2A    .H8_f         2.6000     H41    .H3          2.28(3) 

        H2A    .C8_f         3.0100     H41    .C2_i      3.091(18) 

        H2A    .O2_f         2.7700     H42    .H3          2.19(3) 

        H3     .O4          1.81(2)     H42    .N1_p      2.918(19) 

        H3     .H10          2.2900     H42    .N2_p        2.01(2) 

        H3     .H51_g       2.57(3)     H42    .C5_p      3.049(19) 

        H3     .H42         2.19(3)     H42    .C7_p        2.80(2) 
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        Table S8 - Contact Distances(Angstrom) (continued) 

 

  

        H42    .C12_p 3.007(19) H51    .H3_p        2.57(3) 

        H42    .H5_p 2.5300  H52    .O1_o        1.96(2) 

        H42    .H1_o 2.33(3)  H52    .C1_o        2.96(2) 

        H51    .H2 2.31(3)  H52    .H1_o        2.47(3) 

        H51    .O3_p  2.02(2)  H52    .H2      2.27(3) 

        H51    .C11_p     2.923(19) 
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        Table S9 - Hydrogen Bonds (Angstrom, Deg) 

 

  

O1   -- H1   .. O4       0.875(19)    1.92(2) 2.7841(16)  171.9(16)   1_645 

O2   -- H2   .. O5         0.88(2)    1.76(2) 2.6373(17)  174.6(17)     . 

O3   -- H3   .. O4         0.94(2)    1.81(2) 2.7463(16)  174.6(15)     . 

O4   -- H41  .. O2         0.86(2)    1.93(2) 2.7746(15)  170.7(18)   1_455 

O4   -- H42  .. N2         0.86(2)    2.01(2) 2.8379(17)  162.3(18)   2_555 

O5   -- H51  .. O3         0.86(2)    2.02(2) 2.8401(19)  158.5(18)   2_555 

O5   -- H52  .. O1         0.87(2)    1.96(2) 2.8081(17)     165(2)   1_465 
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