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ABSTRACT 

 Aurones are a member of the flavonoid family of natural products that have only 

been lightly investigated even though they possess interesting clinically relevant activity 

including anti-parasitic, anti-inflammatory, anti-fungal, anti-viral and anti-cancer. 

Preparation of aurones, most commonly through a Knovenagel condensation between an 

aryl aldehyde and a benzofuranone, while a simple one-step synthesis rarely yields a 

product of sufficient purity for assaying and thus require time consuming purifications. To 

expedite the synthesis of aurones, a method of purification utilizing Isoniazid as an 

aldehyde scavenger has been developed that allows for the rapid preparation of new 

collections of compounds in a matter of days, rather than the weeks that were required 

using conventional purification. Additionally, it is anticipated that this same scavenging 

approach can be applied to many other reactions of the aldehyde functional group, enabling 

convenient and rapid access to arrays generated by these reactions as well.   
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CHAPTER 1: INTRODUCTION 

Aurones 

First isolated from the petals of yellow flowering plants over 60 years ago, aurones 

are a member of the flavonoid family of natural products, and possess interesting biological 

activity, which could benefit from further study.1–3 Structurally, flavonoids consist of a 

fifteen-carbon skeleton with a C6-C3-C6 pattern or a three-carbon bridge connecting two 

phenyl rings. For most flavonoids this three carbon bridge forms a third six membered ring 

system, however, aurones are structurally distinct from other members of the flavonoids 

family due to the three-carbon bridge forming a furanone with an arylidene moiety at the 

two position.4 The exocyclic alkene of aurones both natural and synthetic has been almost 

exclusively reported as being in the Z confirmation, although a mixture of E and Z isomers 

can be formed via photoisomerization (generally still favoring the thermodynamic Z 

isomer).2,5   Studies of natural and synthetic aurones have demonstrated this framework to 

possess a wide range of biological activity including anti-parasitic, anti-inflammatory6,7, 

anti-fungal8, anti-viral and anti-cancer.2,3,9 Despite this interesting biological activity they 

remain a largely neglected member of the flavonoid family, as evidenced by Table 1. The 

limited and slow exploration of aurones is due to aurones being present in very small 

quantities in natural sources; fortunately a variety of synthetic methods have been 

developed for their preparation.2,3,10 Due to their biosynthesis, aurones isolated from plants 

are typically highly oxygenated, containing multiple hydroxy and methoxy substituents.2,10  

Synthetic efforts have yielded a much more diverse set of aurones including examples 

containing halogen, amino, alkyl, and aryl substituents; additionally, modifications of the 
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core skeleton to include five membered ring systems and heteroatoms have been 

reported.8,9,11,12 

 

Table 1: A sampling of flavonoids and Scifinder Scholar search results13 

Flavone Isoflavonoid Flavonol 

O

O

 
O

O

 
O

O
OH

 
Number of search results 

on Scifinder Scholar 
Number of search results 

on Scifinder Scholar 
Number of search results 

on Scifinder Scholar 
~201,000 

 
~5,550 

 
~22,000 

 
Chalcone Anthocyanin Aurone 

O

 

O

 
O

O

 
Number of search results 

on Scifinder Scholar 
Number of search results 

on Scifinder Scholar 
Number of search results 

on Scifinder Scholar 
~29,900 ~39,600 ~1,150 

 

 

Aurone synthesis: oxidative cyclization of 2’-hydroxy chalcones 

 In terms of aurone synthesis, one of the most commonly reported methods of 

involves the oxidative cyclization of 2’-hydroxy chalcones. Initial interest in this method 

is likely because the biosynthesis of aurones follows a similar route catalyzed by one of 

several enzymes such as aureusidin synthase.2 Multiple reagents for the oxidative 

cyclization have been reported including mercury (II) acetate, thallium (II) nitrate, 

tetrabutylammonium tribromide, and copper (II) bromide.  The major flaw in this synthetic 
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strategy is the need for 2’-hydroxy chalcones as the starting material, few of which are 

commercially available.  Those that are not commercially available must be synthesized 

via some method, the most straightforward of which is through a Claisen-Schmidt 

condensation between a 2’-hydroxy acetophenone and an aryl aldehyde.14 This essentially 

makes the preparation of an aurone derivative a two-step synthesis which, while not 

unreasonable, is more time consuming than other syntheses. In addition, the most 

commonly used reagents (mercuric acetate and thallium nitrate) are highly toxic. 

 

OH

R

O O

R
KOH
EtOH

OH

R

O

R
O

O

R

R  

Figure 1: Synthesis of 2’-hydroxy chalcones via Claisen-Schmidt condensation followed 

by oxidative cyclization to yield aurone.14  

 
Aurone synthesis: Suzuki-Miyaura coupling 

A more recently reported method for the synthesis of aurones is a Suzuki-Miyaura 

coupling between a boronic acid and a 2-(bromomethylene)-benzofuran-3(2H)-one as 

reported by Kraus and Gupta.15 The major advantage of this method lies in the high 

efficiency of the coupling reaction and the numerous commercially available boronic acids. 

This reaction is sufficient for explorations into derivations of the arylidene portion; 

however, derivations of the benzofuroanone portion using this reaction is inefficient as the 

2-(bromomethylene)-benzofuran-3(2H)-one is not commercially available and must be 

prepared in a three-step synthesis. Kraus and Gupta synthesized the 2-(bromomethylene)-
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benzofuran-3(2H)-one reagent starting with a Steglich esterification between 3,4,5-

trimethoxy phenol and 3,3-dibromoacryllic acid.15 This was followed by a Fries 

rearrangement which yielded the desired ortho substitution but would be problematic for 

any phenol which was not para substituted as the Fries rearrangement results in a mixture 

of ortho and para isomers. Finally the product was reached by cyclization using sodium 

hydroxide after which the product can be coupled to a boronic acid through a palladium 

catalyzed Suzuki-Miyaura cross coupling.15 This synthetic strategy holds promise but 

needs to undergo further analysis to elucidate any limitations.  

 

OH

R

O

HO

Br

Br

DCC, DMAP

O
R

Br

Br

O
AlCl3 R

OH

O

Br

Br

O

O

BrR

NaOH

O

O

R

R

(HO)2B
R

Pd(PPh3)4
K2CO3  

Figure 2: Synthesis of the 2-(bromomethylene)-benzofuran-3(2H)-one reagent and aurone 

synthesis via Suzuki-Miyaura cross coupling.15 

 

Aurone synthesis: Au/Ag cyclization 

Harkat et al. developed an interesting method of aurone synthesis.16 The reaction 

sequence begins with a alkynylation of a 2-hydroxy benzaldehyde derivative, followed by 

a gold (I) chloride and potassium carbonate catalyzed cyclization, and finally oxidation of 
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the secondary alcohol to afford the aurone product. An interesting note is that the 

corresponding flavone product can be prepared if oxidation occurs before the Au (I) 

catalyzed cyclization. Li et al. was able to simplify this reaction to a twostep synthesis by 

combining the cyclization and the oxidation into a one pot synthesis using silver (I) nitrate 

in place of gold (I) chloride.17 This reaction while a two to three step synthesis is 

advantageous in that the starting materials are particularly abundant.  

 

OHOH

HH

OO
HH

OHOH

OHOH

OO

OO

nn-BuLi-BuLi AuCl, AuCl, KK22COCO33

MnOMnO22

OO

OHOH

AgNOAgNO33
KK22COCO33

Figure 3: Aurone synthesis via alkynylation followed by Au/Ag catalyzed cyclization.16,17 

 

Aurone synthesis: Knovenagel condensation 

Ultimately the Knovenagel condensation remains the most commonly used method 

for the preparation of aurones due to its one step synthesis from commercially available 

reagents.3,10 There exist a wide variety of commercially available aldehydes allowing easy 

access to numerous aurones containing arylidene derivations, and there are similarly a 

significant, but more limited, number of commercially available benzofuranones. 

Additionally, a wide variety of reaction conditions have been reported for the Knovenagel 
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condensation including acidic, basic, and neutral conditions.12,18–20 The one modestly 

limiting factor in this strategy is the utilization of benzofuranones: derivatives that are 

commercially available can be expensive and those that are not commercially available 

must be synthesized. The synthesis of benzofuranones is still advantageous compared to 

other methods as several efficient routes are available for the synthesis of benzofuranones 

and  each benzofuranone can be employed in multiple Knovenagel condensations.3,21–23  

 

O

Cl
Cl

AlCl3, EtOAc OH

R
NaOAc

MeOH
R

O

OOH

R

O
Cl

O

R

O

O

R

ROH

R

[Au]
N-Oxide

OH

O
[Au]

R

OH

R

O
R OH

O

PPA

OH

O
Cl

NaH, DMF

 

Figure 4: Preparation of benzofuranones and Aurone synthesis via Knovenagel 

condensation.3,21–23  

 

Issues with conventional aurone synthesis 

While each synthetic strategy for the preparation of aurones has its advantages and 

disadvantages, one disadvantage is omnipresent - the need for purification.24 Rarely does 

any organic reaction provide a pure product. This can happen for a variety of reasons: use 

of imperfect stoichiometric ratios, consumption of reagents in side reactions, as is the case 

with the oxidation of aldehydes into carboxylic acids, imperfect selectivity, etc. Column 
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chromatography, perhaps the most ubiquitous method of purification, is expensive in terms 

of both material and time, and in our experience, has shown yields lower than one would 

expect after TLC and NMR analysis of the crude product. Trituration works in some cases 

but results in decreased yields and there is no universal trituration solvent for aurones.12 

Given the promising preliminary biological activities, it is of great interest to develop a 

method that would avoid time-consuming chromatographic separations and thereby enable 

the rapid synthesis of sizable arrays varying the aurone skeleton in both the benzofuranone 

and aldehyde-derived portions. This bottleneck can hopefully be alleviated through 

incorporation of methods used in the synthesis of combinatorial libraries. 

Combinatorial chemistry 

 Combinatorial chemistry focuses on the quick and efficient generation of arrays of 

related compounds (often called libraries).24 Utilization of combinatorial methods became 

particularly prominent during the 1990s, but its origin lies in the 1960’s with Robert 

Merrifield’s Nobel Prize winning work in solid phase peptide synthesis.24–26 In the 

approximately sixty years since, combinatorial chemistry has continued to develop and 

now the facile generation of chemical libraries with compounds numbering in the 

thousands and millions is readily possible.25,27 Initial work in combinatorial chemistry 

focused on the synthesis of peptides, oligonucleotides, and other polymeric compounds but 

has since expanded to include the synthesis of small molecule libraries.27 While there are 

various methods of combinatorial synthesis such as solid phase synthesis28,29, traceless 

synthesis26,30, on-chip synthesis31, fluorous phase purification32, and scavenger assisted 

purification33,34, just to name a few, there exist several key similarities: all of these methods 

aim to avoid time consuming purifications by exploiting differences in chemical or 



8 
 

 

physical properties such as solubility, magnetic susceptibility, or partitioning coefficient; 

reactions are run in tandem, either in one pot or in parallel reaction vessels; and each of 

these reactions employ an excess of one or more reagents in order to drive reactions to 

completion.24,28,35  The most common technique employed in combinatorial chemistry is 

the use of a support most frequently attached to one of the reactants. Supports can be 

composed of solids such as polystyrene36 and silica37 or tags such as ionic liquids34 and 

fluorous supports38.  

Supported synthesis 

Supported synthesis has been shown to be an excellent method for the 

combinatorial synthesis of peptides, peptoids, and oligonucleotides.35,39 Combinatorial 

libraries of peptides have been prepared containing millions of compounds using the one 

bead-one compound methodology.35,40 The success of supported synthesis in these 

polymeric syntheses led to the implementation of these same methods and principles into 

small molecule synthesis.24 The majority of supported syntheses follow the same basic 

protocol and commence with the tethering of a support S to one of the reagents A, a 

compound that will be used in subsequent reactions, through a linker L; this attachment is 

done at an already present functional group X, such as the carboxylic acid on an amino 

acid.26 The linker is any chemical compound that can be covalently attached to both the 

solid support S and the reactant A connecting the two entities together.41 The next step is 

the reaction of supported A with an excess of B to form a mixture of product AB and 

unreacted reagent B; the reaction can then be separated from excess reagent B. Purification 

of a compound immobilized on a solid support for instance, works via retention of the 

compound AB tethered to the solid support allowing the resin to be washed removing any 
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non-immobilized compounds.24 Once the reaction has been purified, product AB can be 

cleaved from the support S, returning X in its original functionality.  

 

SS

LL
AA

SS

LL
AA

BB SS

LL
AA BB

AA BB
(excess)(excess)

BB

XX XX

Figure 5: General Approach for Supported Synthesis. 

 

 Kwak et al. reported the parallel solid phase synthesis of a quinoline library.42 

Carboxylic acid 1 was first synthesized using traditional solution phase synthesis then 

reacted with PL-FDMP resin and NaBH(OAc)3, which resulted in the linking of the solid 

support to the primary amine at the 5-position. A primary amine was then coupled with the 

carboxylic acid to produce an amide, followed by nucleophilic acyl substitution of an acid 

chloride by the secondary amine at the 5-position. The compound can be purified via 

filtration after each step avoiding the need for chromatographic purifications. Finally, the 

compounds were cleaved from the resin by 10% TFA in dichloromethane. Of the 29 

compounds synthesized 23 possessed purities greater than 70%, the low purities of some 

derivatives are likely due to steric hindrance caused by the solid support in the nucleophilic 

acyl substitution reaction of the acid chloride and the secondary amine. The work of Kwak 

et al. is not only demonstrative of how supported synthesis can enable the quick 

derivatization of compounds by avoiding time consuming purifications but also highlights 
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the importance of avoiding the attachment of a support in positions in which it can hinder 

the efficiency of any reactions that might follow. 

 

NN

NHNH22

OHOH

OO

OO
PMBPMB

PL-FDMP PL-FDMP resinresin

NaBH(OAc)NaBH(OAc)33
DCM, DCM, DCEDCE

NN

NHNH

OHOH

OO

OO
PMBPMB

NHNH22

PyBop, PyBop, DIPEA,DIPEA,
DCMDCM

NN

NHNH

NN
HH

OO

OO
PMBPMB

NN

NN

NN
HH

OO

OO
PMBPMB

OO

DIPEA,DIPEA, DCM
DCM

OO

ClCl

NN

HNHN

NNHH

OO

OO
PMBPMB

OO

TFA, TFA, DCMDCM

Carboxylic Carboxylic Acid Acid 11

OO

HH

OMeOMe

OMeOMeOO

= = PL-FDMPPL-FDMP
resinresin

Figure 6:  Kwak et al. Supported Synthesis of Quinolines.42 

 

 Supported synthesis is a powerful method for the facile synthesis of chemical 

libraries but neither of the reagents in the Knovenagel condensation contain a ubiquitous 

chemical handle (such as the amine in the synthesis reported by Kwak et al.) to which a 

support could be tethered.18,42 While reagents containing such a chemical handle could be 

used, to do so would require specialized reagents be purchased or prepared through what 

would likely be a multistep synthesis. Even more problematic though is the use of reagents 

containing such a chemical handle could leave nonessential functional groups, which can 

dramatically alter a molecules biological activity.26 To combat this problem in other 
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situations, a method referred to as traceless synthesis has been developed. Traceless 

synthesis utilizes the same principles of supported synthesis but with a couple of 

modifications. Where traditional supported synthesis uses an already present functional 

group X to tether a solid support, then runs the desired series of reactions, and returns the 

functional group to its original state X, traceless synthesis utilizes the same basic process 

but instead of reforming functional group X after cleavage of the solid support a new 

functional group Z is formed, leaving no “trace” of where the solid support was attached.  

 

SS

LL
AA

SS

LL
AA

BB SS

LL
AA BB

AA BB
(excess)(excess)

BB

XX ZZ

Figure 7: General Approach for Traceless Synthesis. 

 

He et al.30 reported the synthesis of xanthine derivatives through two routes, one 

through traditional solution phase synthesis, the other through traceless solid phase 

synthesis. The reaction sequence for the solid phase synthesis begins with a Steglich 

esterification between Wang resin and bromoacetic acid; the product of this reaction was 

then used in the alkylation of a primary amine, followed by reaction with one of two 

ethoxymethylene cyanamides. The product of that reaction was then cyclized using tBuOK 

in a 1:1 mixture of tBuOH and DMF, which He et al. noted was necessary due to the poor 

swelling of the resin in neat butanol, which blocks access of the reagent to the supported 

compound. The imidazole intermediate was then reacted with various isocyanates and 
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finally underwent cyclization and cleavage to yield a di or tri xanthine. The solid support 

was tethered to a carboxylic acid throughout the reaction, but the cleavage transformed the 

carboxylic acid into an amide leaving no extraneous functionality. The solution phase 

synthesis followed a similar route with only minor deviations. The solution phase synthesis 

provided an overall yield of 31% for 1-Hexyl-7-butylxanthine and required five 

chromatographic purifications. The solid phase synthesis of similar xanthines had overall 

yields of 14-35% and required only one chromatographic purification.  

 

 

Figure 8: He et al. solid phase synthesis of xanthine derivatives.30  

 
Unfortunately, traceless synthesis is not truly “traceless” as the majority of such 

methods leaves some non-carbon functionality.26 Beyond the lack of such a chemical 

handle, supported synthesis possesses other limitations. Limitations such as the attachment 

of the support at the wrong position can limit reactivity at other sites, as is likely the case 

in the nucleophilic acyl substitution reported by Kwak et al.27,42 Additional challenges lie 

in the intermediate reactions, if these reactions are not efficient and selective, supported 
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synthesis can yield a mixture of starting materials, side products, and product.35 Which 

resin is used also dictates what solvents, and reagents can be used; use of incompatible 

solvents will result in the resin not swelling and blocking reagents from reaching the 

tethered compounds as noted by He et al., while use of the wrong reagent can prematurely 

cleave compounds from the resin.30 While most of these challenges can be overcome by 

thoughtful strategy in planning the chemical synthesis, to do so would require the 

development of a novel methodology which would consume significant resources. 

Supported reagents 

The use of supported or immobilized reagents in combinatorial synthesis has also 

been reported. A supported reagent can be added to a reaction mixture in excess, allowed 

to react, and then the support and excess reagent bound to it can quickly and efficiently be 

removed. The key difference between supported synthesis and supported reagents is that 

with supported reagents the support serves as a delivery mechanism, as the product of the 

reaction will not be bound to the support. Additionally, using supported reagents allows 

for easy handling which is useful when using toxic reagents such as pyridium 

chlorochromate as reported by Naik et al.43 The first step of the reaction sequence is still 

the attachment of a support S to one of the reagents needed in the subsequent reactions B 

through some chemical linker L.  The key difference in the design and use of supported 

reagents is that the attack of reagent A on reagent B cleaves reagent B from the linker L. 

Supported reagent B is used in excess in order to drive the reaction to completion and as 

only the reaction between A and B causes cleavage from the support. Unreacted B will 

remain attached to the support and the reaction can then be purified via some separation 
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method such as filtration with the product being washed through while the unreacted 

reagent remains immobilized on the support. 

 

A
S

L
B

S

L
B A B

S

L
B

A

S

L
B

A B
(excess)

Separation

 

Figure 9: General Approach for a Supported Reagent. 

 
Jung et al. reported the synthesis and application of a supported reagent for the 

preparation of dithianes and dithiolanes.44 These reagents were prepared via coupling of 

amino-methyl resin and adipoyl chloride, followed by reaction of the acyl chloride with a 

dithiol in the presence of tetrafluoroboric acid complexed with diethyl ether to form 

immobilized dithioanylium and dithanylium tetrafluoroborate salts. The dithioanylium and 

dithanylium tetrafluoroborate salts can then be reacted with aldehydes and ketones to form 

the desired dithiane and dithiolane product, the formation of which cleaves it from the 

support. Exploration into the chain length of the diacylchloride linker revealed that a one 

carbon bridge between the amide and the dithioanylium and dithanylium tetrafluoroborate 

salts is of insufficient length and leaves the product contaminated with impurities; a carbon 

bridge of two or more is sufficient to yield the dithioacetalization product for aryl 

aldehydes in high purity and high yield. Jung et al. does note that the yields for the reaction 
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of the immobilized reagents with aliphatic and vinylic aldehydes is dependent on the nature 

of the aldehyde; α,β-unsaturated aldehydes were reported as having particularly low yields 

but did maintain high purity; Jung et al. theorized that the α,β-unsaturated aldehydes were 

able to react with the linker providing immobilized side products. 
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Figure 10: Jung et al. synthesis of supported thioacetal reagent.44 

 
 The use of supported reagents is problematic however in that it requires the 

development of a methodology for the attachment and delivery of said reagent. Perhaps the 

most problematic issue with supported reagents is that the reagent must be linked to the 

support in a way that allows for its cleavage during the reaction. The synthesis of such 

reagents often requires considerable optimization for example by determining the optimal 

length of the carbon chain of the linker in the reagent reported by Jung et al.44  

Scavengers 

In addition to supported synthesis and supported reagents which both rely on pre-

synthetic modification of starting material, scavengers are added after the completion of 

the reaction sequence to scavenge out remaining reagents or side products. Scavengers rely 

on what Flynn et al. termed complementary molecular reactivity and recognition (CMR/R); 
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the use of scavengers that will react with functional groups present in reactants, reagents, 

catalysts, and byproducts but are absent in the product.41 Scavengers also rely on the use 

of a support, typically polymer bound, to allow for the easy purification of products.  

 

A B A B B

S

L
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Figure 11: General Approach for Purification via Scavenger. 

 
The use of scavengers does not vary much from traditional reactions as the 

purification is performed post synthesis. The reaction is carried out as normal, reagent A 

reacts with B to form compound AB where reagent B is used in excess to drive the reaction 

to completion. This yields a mixture of product AB and reagent B, to which a scavenger 

composed of a support S and a linker L is added. The linker possesses functionality that 

will react with reagent B but not with product AB, thus the scavenger selectively reacts 

with B which can then be separated from product AB through some method such as 

filtration in the case of a solid supported scavenger. 

The use of scavengers is advantageous in that reactions are run in solution phase 

allowing for homogeneous reaction conditions and monitoring of the reaction, fewer steps 

typically as there is no need to attach/detach the resin.33 Scavenging reactions require less 

solvent, solid support, and is more time efficient than traditional methods such as column 

chromatography. Additionally, polymer bound scavengers can be employed in tandem 

even if they contain functionality that can react with one another as the rate of reaction 
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between the two bound functionalities is much slower than reaction with the solution phase 

reagents. Unfortunately, since reactions must be run in solution phase they must be run in 

parallel. 

 One example of scavenger assisted purification reported by Flynn et al. employed 

an excess of an acylating reagent in a reaction with either a primary or secondary amine to 

yield the corresponding urea, amide, carbamate, or sulfonamide in addition to left over 

acylating reagent.41 Purification proceeded using polymer supported amino-methyl resin 

which selectively reacted with the acylating reagents through nucleophilic acyl substitution, 

after which filtration and drying of the filtrate yielded the product. Ten of the twelve 

compounds synthesized via this methodology had yields greater than 88% and all twelve 

derivatives had purities greater than 94.8%. 

\ 
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Figure 12: Flynn et al. synthesis of urea, amide, carbamate, and sulfonamide compounds 

and purification via an aminomethyl polymer supported scavenger.41 

 
Zhen et al. recently published the development of a carbonyl scavenger synthesized 

from thiosemicarbizides and formaldehyde containing primary amines which can attack 

electrophilic carbonyls. In four steps the thiosemicarbazide was polymerized after which 

iron (II,III) oxide nanoparticles were incorporated into the polymer thus creating a 

magnetically retrievable scavenger. The scavenger was regeneratable and underwent attack 

of ketones, aldehydes, and while effective on more electrophilic carbonyls the scavenger 

was unable to be regenerated in such cases. One issue with the use of polymer reagents 

however is the solvent dependency of the reaction and the low loading level. When using 

polymer supported reagents it is necessary for the polymer to swell to allow access of the 

substrate to the reactive sites within the polymer. One major advantage of scavengers that 
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do not rely on filtration as a separation technique is that diameter of the particles can be 

smaller allowing greater dispersal and the formation of a semi-homogenous mixture. 
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Figure 13: Zhen et al. magnetic supported carbonyl scavenger.33 

 
Oliveria et al. reported the use of Isonicotonic acid hydrazide (Isoniazid) supported 

on Amberlyst-15 as an inexpensive scavenger for ketones and aldehydes.45 The acidic 

Amberlyst-15 resin protonates the pyridine moiety of Isoniazid forming what they termed 

Amb15-Iso. Their exploration of Amb15-Iso was rather limited as it’s efficacy was only 

tested in scavenging acetone and isobutyraldehyde. Analysis of solvent effects on the 

efficiency of the scavenger showed that increased solvent polarity was directly correlated 

with the rate of reaction while water solubility was inversely correlated. One limitation of 

their scavenger was the low loading levels of 0.11 to 0.28 mmols per gram of resin.  

 

 

Figure 14: Oliveras et al. supported carbonyl scavenger.45 
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This project 

 The aim of this project is the incorporation of combinatorial methods into the 

preparation of aurones to accelerate their synthesis. The preferred mechanism through 

which to accomplish this through the Knovenagel condensation between an aryl aldehyde 

and a benzofuranone, as it is a one-step synthesis from commercially available starting 

materials. 
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CHAPTER 2: EXPERIMENTAL 

Protocol 1: Aldol condensation of benzofuranones with aldehydes and purification 

via polystyrene supported aldehyde scavengers. 

Benzofuranone (0.2 mmol) and aldehyde (0.4 mmol) were combined in a dry vial.  0.7 g 

of neutral alumina was then added followed by 3 mL of dichloromethane. The reaction 

mixture was stirred for 12 hours at 25 °C. After 12 hours a polymer supported scavenger 

(2 equivalents of scavenger with respect to the benzofuranone) was added to the reaction 

mixture and stirred an additional 12 hours. The reaction mixture was then filtered and 

washed with a 1:1:1 mixture of methanol, ethyl acetate, and acetone. The filtrate was then 

concentrated to dryness in vacuo to afford the desired aurone.  

Protocol 2: Aldol condensation of benzofuranones with aldehydes and purification 

via Isoniazid. 

Benzofuranone (0.2 mmol) and aldehyde (0.4 mmol) were combined in a dry vial.  0.7 g 

of neutral alumina was then added followed by 3 mL of dichloromethane. The reaction 

mixture was stirred for 12 hours at 25 °C. After 12 hours Isoniazid (0.4 mmol) was added 

to the reaction mixture and stirred an additional 12 hours. The reaction mixture was then 

filtered and washed with a 1:1:1 mixture of methanol, ethyl acetate, and acetone. The 

filtrate was then concentrated to dryness in vacuo and resuspended in ethylacetate followed 

by a 3x liquid-liquid extraction with 1N HCl performed. The organic layer was then 

concentrated to dryness in vacuo to afford the desired aurone.  

(Z)-4-((3-oxobenzofuran-2(3H)-ylidene)methyl)benzonitrile (Entry 1A-1D) 

1A was prepared per Protocol 1 utilizing p-toluenesulfonyl hydrazide - polymer bound 

and yielded 10 mg (20%). 
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1B was prepared per Protocol 1 utilizing Sulfonyl amide – polymer bound and yielded 36 

mg (72%). 

1C was prepared per Protocol 1 utilizing Ethylenediamine – polymer bound and yielded 

36 mg (72%). 

1D was prepared per Protocol 2 and yielded 35 mg (70%). 

Yellow solid. MP = 181-184  °C. IR (neat; thin film): 1703, 1650, 1602, 1475, 1461, 1302, 

1190, 1130, 1108, 885, 833, 755, 734, 699, 664, 645, 626 cm-1; 1H NMR (500 MHz, 

CDCl3): 6.79 (s, 1H), 7.24 (t, J = 6.85 Hz, 1H), 7.32 (d, J = 8.6 Hz, 1H), 7.65-7.70 (m, 

3H), 7.79 (d, J = 7.45, 1H), 7.97 (d, J = 8.55 Hz, 2H); 13C NMR (125 MHz, CDCl3): 110.09, 

112.65, 113.10, 118.65, 121.20, 124.17, 125.04, 131.61, 132.56, 136.83, 137.64, 148.21, 

166.34, 184.65. 

(Z)-4-((3-iminobenzofuran-2(3H)-ylidene)methyl)benzonitrile (Entry 2) 

2 was prepared per Protocol 1 utilizing p-toluenesulfonyl hydrazide - polymer bound and 

yielded 14 mg (29%) as a yellow solid. 1H NMR (500 MHz, CHLOROFORM-D) δ 7.98 

(d, J = 8.2 Hz, 2H), 7.81 (d, J = 7.7 Hz, 1H), 7.75 – 7.66 (m, 3H), 7.34 (d, J = 8.2 Hz, 1H), 

7.26 (t, J = 7.5 Hz, 1H), 6.81 (s, 1H). 

(Z)-2-(4-(trifluoromethyl)benzylidene)benzofuran-3(2H)-one (Entry 3) 

3 was prepared per Protocol 2 and yielded 26 mg (44%) as an orange-yellow solid (MP = 

98-102 °C). IR (neat, thin film): 3020, 1700, 1600, 1320, 1110, 1080, 750 cm-1; 1H NMR 

(CDCl3, 500 MHz): 8.01 (d, J = 8.0 Hz, 2H), 7.82 (d, J = 8.0 Hz, 1H), 7.69 (m, 3H), 7.35 

(d, J = 8.5 Hz, 1H), 7.26 (m, 1H), 6.87 (s, 1H); 13C NMR (CDCl3, 125 MHz) 184.76, 

166.32, 147.80, 137.48, 135.74, 131.50, 131.00 (q, J = 32 Hz), 129.03, 125.78 (q, J = 4 

Hz), 123.52 (q, J = 270 Hz), 122.17, 121.27, 113.06, 110.82 
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(Z)-2-(4-(dimethylamino)benzylidene)benzofuran-3(2H)-one (Entry 4) 

4 was prepared per Protocol 2 and yielded 13 mg (25%) as a red solid (MP = 168-170 °C). 

IR (neat, thin film):  3020, 1700, 1650, 1600, 1110, 750, 690 cm-1; 1H NMR (CDCl3, 300 

MHz): 7.85 (d, J = 5.4 Hz, 2H), 7.80 (d, J = 3.9 Hz, 1H), 7.60 (t, J = 4.2 Hz, 1H), 7.31 (d, 

J = 5.1 Hz, 1H), 7.18 (t, J = 4.5 Hz, 1H), 6.92 (s, 1H), 6.75 (d, J = 5.4 Hz, 2H), 3.07 (s, 

6H); 13C NMR (CDCl3, 75 MHz): 184.09, 165.36, 151.43, 145.10, 135.92, 133.74, 124.40, 

122.97, 122.54, 120.07, 115.46, 112.86, 112.02, 40.16. 

(Z)-2-(4-methylbenzylidene)benzofuran-3(2H)-one (Entry 5) 

5 was prepared per Protocol 2 and yielded 27 mg (57%) as a tan solid (MP = 75-76 °C). 

IR (neat, thin film): 3020, 2920, 1700, 1650, 1600, 1490, 1300, 1200, 1110, 900, 750 cm-

1; 1H NMR (CDCl3, 300 MHz): 7.8 (m, 3H), 7.64 (ddd, J = 8.6, 7.3, 1.4 Hz, 1H), 7.32 (d, 

J = 8.3 Hz, 1H), 7.23 (m, 3H), 6.89 (s, 1H), 2.40 (s, 3H); 13C NMR (CDCl3, 75 MHz): 

184.88, 166.12, 146.61, 140.63, 136.86, 131.70, 129.81, 129.60, 124.71, 123.46, 121.85, 

113.53, 113.03, 21.75. 

(Z)-2-(4-methoxybenzylidene)benzofuran-3(2H)-one (Entry 6) 

6 was prepared per Protocol 2 and yielded 31 mg (61%) as a red-orange solid (MP = 135-

138 °C). IR (neat, thin film):  3020, 3000, 1700, 1670, 1600, 1510, 1240, 900, 820, 750 

cm-1; 1HNMR (CDCl3, 300 MHz) 7.90 (d, J = 8.91Hz, 2H), 7.80 (d, J = 6.87Hz, 1H), 7.65 

(t, J = 7.2Hz. 1H), 7.31 (d, J = 8.25Hz, 1H), 7.21 (t, J = 7.2Hz, 1H), 7.00 (d, J = 8.94Hz, 

2H), 6.89 (s, 1H), 3.87 (s, 3H); 13C NMR (CDCl3, 75 MHz): 184.67, 165.92, 161.16, 

145.97, 136.64, 133.55, 125.14, 124.65, 123.37, 122.03, 114.59, 113.52, 112.97, 55.49. 

Methyl (Z)-4-((3-oxobenzofuran-2(3H)-ylidene)methyl)benzoate (Entry 7) 

7 was prepared per Protocol 2 and yielded 28 mg (49%)  as a yellow solid (MP = 144-
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147 °C). IR (neat, thin film):  2980, 1700, 1650, 1280, 1050, 1020 cm-1; 1H NMR (CDCl3, 

300 MHz): 8.10 (d, J = 8.5 Hz, 2H), 7.96 (d, J  = 8.3 Hz, 2H), 7.81 (ddd, J  = 7.7 Hz, J  = 

1.4 Hz, J = 0.6 Hz, 1H), 7.68 (ddd, J = 8.6 Hz, J  = 7.3 Hz, J = 1.4 Hz, 1H), 7.35 (d, J  = 

8.3 Hz, 1H), 7.24 (td, J  = 7.7 Hz, J = 0.8 Hz, 1H), 6.87 (s, 1H), 3.94 (s, 3H). 13C NMR 

(CDCl3, 75 MHz): 184.85, 166.63, 166.36, 147.82, 137.38, 136.71, 131.29, 130.69, 130.06, 

124.93, 123.91, 121.42, 113.12, 111.36, 52.34. 

(Z)-2-(2-bromobenzylidene)benzofuran-3(2H)-one (Entry 8) 

8 was prepared per Protocol 2 and yielded 39 mg (64%) as a yellow solid (MP = 134-

140 °C). IR (neat, thin film):  2980, 1700, 1600, 1450, 780 cm-1; 1H NMR (CDCl3, 300 

MHz): 8.34 (dd, J = 7.9, 1.6 Hz, 1H), 7.82 (ddd, J = 7.6, 1.4, 0.6 Hz, 1H), 7.67 (m, 2H), 

7.43 (m, 1H), 7.31 (d, J = 7.0 Hz, 2H), 7.23 (m, 2H). 13C NMR (CDCl3, 125 MHz): 184.643, 

166.261, 147.623, 137.216, 133.481, 132.454, 132.110, 130.856, 127.766, 126.643, 

124.931, 123.810, 121.538, 113.027, 110.833. 

(Z)-2-(3-bromobenzylidene)benzofuran-3(2H)-one (Entry 9) 

9 was prepared per Protocol 2 and yielded 24 mg (39%) as a solid (MP = 117-118 °C). IR 

(neat, thin film): 1H NMR (CDCl3, 500 MHz): 8.09 (s, 1H), 7.80 (t, J = 7.1 Hz, 2H), 7.67 

(m, 1H), 7.51 (m, 1H), 7.36 (d, J = 8.6 Hz, 1H), 7.32 (t, J = 7.9 Hz, 1H), 7.24 (t, J = 7.5 

Hz, 2H), 6.78 (s, 1H). 13C NMR (CDCl3, 125 MHz): 184.75, 166.29, 147.40, 137.29, 

134.43, 133.91, 132.73, 130.42, 130.10, 124.88, 123.84, 123.05, 121.48, 113.14, 111.14.   

(Z)-2-(4-bromobenzylidene)benzofuran-3(2H)-one (Entry 10) 

10 was prepared per Protocol 2 and yielded 32 mg (53%) (MP = 152-158 °C). IR: 1714, 

1655, 1601, 1487, 1474, 1460, 1298, 1205, 1186, 1128, 1112, 1099, 1071, 1008, 884, 821, 

756, 697, 653, 626 cm-1; 1H NMR (500 MHz, CDCl3): 6.81 (s, 1H), 7.24 (t, J = 7.45 Hz, 
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1H), 7.34 (d, J = 8 Hz, 1H), 7.58 (d, J = 8.6 Hz, 2H), 7.67 (t, J = 8.6 Hz, 1H), 7.78 (d, J = 

8.6 Hz, 2H), 7.81 (d, J = 8.6 Hz, 1H); 13C NMR (125 MHz, CDCl3): 111.47, 112.87, 121.39, 

123.57, 124.21, 124.66, 131.03, 132.07, 132.61, 136.99, 146.99, 165.99, 184.58.  

 (Z)-2-(thiophen-2-ylmethylene)benzofuran-3(2H)-one (Entry 11) 

11 was prepared per Protocol 2 and yielded 16 mg (36%) (MP = 92-96 °C). IR n¼1698, 

1684, 1645, 1593, 1504, 1475, 1458, 1417, 1391, 1328, 1295, 1232, 1185, 1124, 1095, 992, 

881, 846, 756, 710, 695, 625 cm-1; 1H NMR (500 MHz, CDCl3): d¼7.17 (t, J = 4 Hz, 1H), 

7.20 (s, 1H), 7.24 (t, J = 7.45 Hz, 1H), 7.27 (s, 1H), 7.36 (d, J = 8.55 Hz, 1H), 7.57 (d, J = 

3.45 Hz, 1H), 7.63 (d, J = 5.15 Hz, 1H), 7.66 (t, J = 8.55 Hz, 1H), 7.81 (d, J = 7.45 Hz, 

1H); 13C NMR (500 MHz, CDCl3): d¼107.12, 112.92, 122.25, 123.52, 124.58, 128.09, 

131.54, 133.17, 135.55, 136.71, 145.33, 165.65, 183.85.  

(Z)-2-(furan-2-ylmethylene)benzofuran-3(2H)-one (Entry 12) 

12 was prepared per Protocol 2 and yielded 16 mg (37%) as a brown solid (MP = 66-68 °C). 

IR (Neat, thin film): 1730, 1650, 1610, 1480, 1300, 1190, 1105, 850, 760cm-1; 1H NMR 

(500 MHz, CDCl3): 6.56 (br s,1H), 6.85 (s, 1H), 7.10 (d, J = 3.45 Hz, 1H), 7.17 (t, J = 8.0 

Hz, 1H), 7.27 (d, J = 8.6 Hz, 1H), 7.61-7.57 (m, 2H), 7.75 (d, J¼8.6 Hz, 1H); 13C NMR 

(500 MHz, CDCl3): d¼101.57, 112.81, 113.11, 117.24, 121.87, 123.39, 124.41, 136.62, 

144.87, 145.34, 148.65, 165.59, 183.90. 

(Z)-4-((4-chloro-3-oxobenzofuran-2(3H)-ylidene)methyl)benzonitrile (Entry 13) 

13 was prepared per Protocol 2 and yielded 42 mg (75%) as a yellow solid (MP = 230-

232). IR (Neat, thin film):  cm-1; 1H NMR (300 MHz, DMSO-D6) δ 8.12 (d, J = 8.5 Hz, 

2H), 7.94 (d, J = 8.5 Hz, 2H), 7.90 (s, 1H), 7.77 (t, J = 8.1 Hz, 1H), 7.53 (d, J = 8.8 Hz, 

1H), 7.33 (d, J = 8.4 Hz, 1H), 7.00 (s, 1H). 13C NMR (75 MHz, DMSO-D6) δ 181.68, 
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166.77, 147.81, 139.10, 137.02, 133.37, 132.13, 131.20, 125.68, 119.20, 118.36, 112.64, 

112.17, 110.56. 

(Z)-4-((5-chloro-3-oxobenzofuran-2(3H)-ylidene)methyl)benzonitrile (Entry 14) 

14 was prepared per Protocol 2 and yielded 29 mg (51%) as a yellow solid (213-215 °C). 

IR (Neat, thin film): cm-1; 1H NMR (300 MHz, DMSO-D6) δ 8.12 (d, J = 8.6 Hz, 2H), 7.93 

(d, J = 8.5 Hz, 2H), 7.84 (s, 1H), 7.81 (d, J = 2.4 Hz, 1H), 7.60 (dd, J = 8.2, 1.1 Hz, 1H), 

7.02 (s, 1H). 13C NMR (75 MHz, DMSO-D6): 183.29, 164.62, 148.31, 138.01, 136.90, 

133.21, 129.06, 124.32, 122.57, 119.17, 116.01, 112.21, 110.8. 

(Z)-4-((5-fluoro-3-oxobenzofuran-2(3H)-ylidene)methyl)benzonitrile (Entry 15) 

15 was prepared per Protocol 2 and yielded 39 mg (73%) as a yellow solid (MP = 200-

202 °C). IR (Neat, thin film): cm-1; 1H NMR (300 MHz, ACETONE-D6) δ 8.19 (d, J = 8.3 

Hz, 2H), 7.89 (d, J = 8.5 Hz, 2H), 7.63 (d, J = 2.7 Hz, 1H), 7.61 – 7.58 (m, 1H), 7.52 (ddd, 

J = 6.9, 2.6, 0.7 Hz, 1H), 6.92 (s, 1H). 13C NMR (75 MHz, DMSO-D6) δ 184.29, 162.91, 

161.18, 157.97, 149.22, 149.06, 145.56, 139.32, 137.44, 133.80, 133.70, 132.71, 128.87, 

126.39, 126.12, 126.05, 125.96, 125.65, 122.46, 122.35, 119.52, 116.08, 115.98, 113.41, 

112.81, 111.42, 111.32, 110.99. 

(Z)-4-((6-fluoro-3-oxobenzofuran-2(3H)-ylidene)methyl)benzonitrile (Entry 16) 

16 was prepared per Protocol 2 and yielded 28 mg (53%) as a yellow solid (MP = 190-

193 °C).  IR (Neat, thin film): cm-1;  1H NMR (300 MHz, DMSO-D6): 8.09 (d, J = 8.3 Hz, 

2H), 7.93 (d, J = 8.5 Hz, 2H), 7.87 (dd, J = 8.5, 5.8 Hz, 1H), 7.55 (dd, J = 9.3, 2.1 Hz, 1H), 

7.17 (ddd, J = 9.4, 8.5, 2.2 Hz, 1H), 6.99 (s, 1H). 13C NMR (75 MHz, DMSO-D6): 

(Z)-4-((5-bromo-3-oxobenzofuran-2(3H)-ylidene)methyl)benzonitrile (Entry 17) 

17 was prepared per Protocol 2 and yielded 28 mg (40%) as a yellow solid. (Decomp = 
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170 °C). IR (neat, thin film): 3000, 2200, 1600-1700 cm-1; 1H NMR (CDCl3, 300 MHz): 

7.94 (m, 3H), 7.76 (dd, J = 8.90, 2.43 Hz, 1H), 7.73 (d, J = 8.58 Hz, 2H), 7.25 (m, 1H), 

6.83 (d, J = 6.54Hz, 1H); 13C NMR (125 MHz, CDCl3) 183.07, 164.86, 147.97, 139.83, 

132.62, 132.57, 131.75, 131.61, 127.72, 125.07, 124.18, 114.85, 113.06, 111.13. 

Generic Protocol for analysis of reaction kinetics of Isoniazid and carbonyls via gas 

chromatography 

 To a 2 mL autosampler vial was added 1 mL of a 0.05 M carbonyl solution 

containing a known concentration of standard as indicated by Table 2. A small stir bar was 

then added, and the vial sealed. The sample was then analyzed across 10 injections (11 for 

aldehydes) with X seconds between injections as indicated by Table 2. All runs were 

isothermal. Ten molar equivalents of Isoniazid and 10 molar equivalents of neutral alumina 

were added to the reaction mixture approximately 120 seconds after the first injection. The 

reaction mixture was stirred at 600 RPM in-between injections. 

 

 

 

 

 

 

 

 

 

 



28 
 

 

Table 2: Sample conditions for analysis of reaction kinetics of Isoniazid and carbonyls via 

gas chromatography 

 Temp. °C Run Time 
(min) Standard 

Time 
between 

injections 
(s) 

Benzaldehyde 90 2.98 Decane 240 
4-Nitrobenzaldehyde 120 2.98 Decane 240 
4-Cyanobenzaldehyde 120 2.98 Decane 240 
4-Bromobenzaldehyde 120 2.98 Decane 240 
4-Methylbenzaldehyde 100 2.98 Decane 240 

4-Methoxybenzaldehyde 130 2.98 Decane 240 
3-Methoxybenzaldehyde 120 2.98 Decane 240 
2-Methoxybenzaldehyde 120 2.98 Decane 240 
Trans-cinnamaldehdye 125 2.98 Decane 240 

Dihydrocinnamaldehyde 130 2.98 Decane 240 
Thiophene-2-carboxaldehyde 80 2.98 Decane 240 

Furan-3-carboxaldehyde 80 2.98 Decane 240 
2-Octanone 120 2.98 Dodecane 2010 

Cyclohexanone 80 2.98 Decane 240 
Acetophenone 100 2.98 Decane 2010 
Benzophenone 150 6.98 Dodecane 2010 

Ethyl Acetoacetate 80 2.98 Decane 720 
Butyl acetate 75 2.98 Decane 2010 

Methyl benzoate 100 2.98 Decane 2010 
 

Protocol for determination of rate constant via linear regression 

The concentration of aldehyde was determined according to the equations below. The 

natural log of the concentration was then plotted against time and linear regression 

calculated using the method of least squares to yield the rate constant.  

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑃𝑃𝑐𝑐𝑃𝑃𝑐𝑐𝑐𝑐𝑃𝑃𝑐𝑐𝑐𝑐 𝑃𝑃𝑃𝑃𝑟𝑟𝑐𝑐𝑟𝑟𝑃𝑃𝑟𝑟𝑃𝑃𝑟𝑟 𝑐𝑐𝑃𝑃 𝑃𝑃𝑥𝑥

=  �
𝐴𝐴𝑃𝑃𝑃𝑃𝑐𝑐 𝐶𝐶𝑐𝑐𝑃𝑃𝑐𝑐𝑐𝑐𝑃𝑃𝑐𝑐𝑐𝑐 𝑐𝑐𝑃𝑃 𝑃𝑃𝑥𝑥
𝐴𝐴𝑃𝑃𝑃𝑃𝑐𝑐 𝑆𝑆𝑃𝑃𝑐𝑐𝑃𝑃𝑆𝑆𝑐𝑐𝑃𝑃𝑆𝑆 𝑐𝑐𝑃𝑃 𝑃𝑃𝑥𝑥

�  ÷  �
𝐴𝐴𝑃𝑃𝑃𝑃𝑐𝑐 𝐶𝐶𝑐𝑐𝑃𝑃𝑐𝑐𝑐𝑐𝑃𝑃𝑐𝑐𝑐𝑐 𝑐𝑐𝑃𝑃 𝑃𝑃0
𝐴𝐴𝑃𝑃𝑃𝑃𝑐𝑐 𝑆𝑆𝑃𝑃𝑐𝑐𝑃𝑃𝑆𝑆𝑐𝑐𝑃𝑃𝑆𝑆 𝑐𝑐𝑃𝑃 𝑃𝑃0

�  ×  100% 

𝐶𝐶𝑐𝑐𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑐𝑐𝑃𝑃𝑟𝑟𝑐𝑐𝑃𝑃 𝑐𝑐𝑜𝑜 𝑃𝑃𝑐𝑐𝑃𝑃𝑐𝑐𝑐𝑐𝑃𝑃𝑐𝑐𝑐𝑐 𝑐𝑐𝑃𝑃 𝑃𝑃𝑥𝑥 =   𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑃𝑃𝑐𝑐𝑃𝑃𝑐𝑐𝑐𝑐𝑃𝑃𝑐𝑐𝑐𝑐 𝑃𝑃𝑃𝑃𝑟𝑟𝑐𝑐𝑟𝑟𝑃𝑃𝑟𝑟𝑃𝑃𝑟𝑟 𝑐𝑐𝑃𝑃 𝑃𝑃𝑥𝑥  ×  0.05 𝑀𝑀 
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CHAPTER 3: RESULTS AND DISCUSSION 

Due to the lack of a ubiquitous chemical handle and the resource intensive 

process of developing a traceless synthesis or a supported reagent, a scavenger-based 

approach appeared optimal for aurone synthesis. Aldehyde scavenging is known, 

and it would certainly be expected that aldehydes would react more rapidly with a 

scavenger than the enone-type functionality present in the product aurones.  In 

addition, we had previously noted that the use of an excess of aldehyde under typical 

condensation reaction conditions generates a mixture at the end of only the desired 

aurone, unreacted aldehyde, and water.  Thus, if excess aldehyde could be used and 

then readily removed, the desired aurone should be left in sufficient purity for direct 

use without further purification. Armed with this information, representative known, 

commercially available supported scavengers were explored.  Reported scavengers 

have typically been nucleophilic amine- or hydrazine-based functional groups 

attached to a polystyrene support.41 Three of these were surveyed for their use in a 

representative aurone-forming reaction. (Table 3)  
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Table 3: Comparison of the efficiency and cost of several aldehyde scavengers. 

O

O

CN

O

O

O

CN
O

CN O

O

CN

(excess)

Scavenger-
Polymer Bound

 
 

Entry Scavenger grams 
useda 

Yield 
(%) 

Purity 
(%)b USD/gramc 

1A p-toluenesulfonyl hydrazide 
polymer bound 0.200 20d >95 18 

1B Sulfonyl amide – polymer 
bound 0.266 72 >95 43 

1C Ethylenediamine – polymer 
bound 0.100 72 >95 12 

1D Isoniazid 0.055 70 >95 0.22 

a) Grams used was determined by loading level. b) Purity was assessed by NMR  

c) USD/gram was obtained from Sigma-Aldrich website. d) Initial scavenging 

reactions utilizing p-toluenesulfonyl hydrazide polymer bound resulted in imine 2. 

 

  In this reaction, 3-coumaranone was reacted with 2 equivalents of 4-

cyanobenzaldehyde in neutral alumina and dichloromethane, reaction conditions 

first reported by Varma.18 After 12 hours 2 equivalents of scavenger (with regards 

to the benzofuranone) was added and the mixture was allowed to react for a further 

12 hours. The reaction was then filtered and dried to yield the product. Two of these 

three afforded the desired aurone in high purity and reasonable yield after addition 

of the resin, stirring overnight and then removal of the resin via filtration.  

Interestingly, the other resin (p-toluene sulfonyl hydrazide, polymer bound) failed 
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to afford any of the desired aurone in the first trial, but instead afforded a material 

that we believe to be the corresponding imine 2. Curiously, when this reaction was 

repeated at a later date it did yield the aurone product. The mechanism and source 

of this side reaction are not clear and are under further study, but it was cleanly 

reproducible. 

While successful, these polymers supported resins are not inexpensive and 

require very significant excesses in order to obtain consistent purity of the final 

products.11 What we desired was an equally effective scavenger that would be more 

cost-effective and perhaps require less scavenger.  Recognizing that much of the 

weight in a polymer supported scavenger is in the polymer portion and that imperfect 

swelling often times is responsible for the use of large molar excesses of the 

scavenger, it also appeared that an easily separable, soluble scavenger would offer 

certain advantages.  Oliviera’s recently reported use of isonicotonic acid hydrazide 

(Isoniazid) loaded on an Amberlyst resin as a scavenger for aldehydes and ketones 

caught our interest.45 While very little was explored in this paper beyond the ability 

of this resin loaded scavenger to remove a few simple aldehydes and ketones from 

solution, it appeared to be a highly promising option.  At the same time, loading this 

scavenger on a resin (support) appeared to be unnecessary as the loading relied on 

acid/base chemistry rather than covalent bonding.  As a result, it was presumed that 

the Knovenagel condensation could be performed, Isoniazid added as a soluble 

scavenger and then removed, along with the scavenged aldehyde, by simpler 

acid/base chemistry using a dilute aqueous hydrochloric acid wash as depicted in 

Figure 14. Unfortunately, tests of Isoniazid’s solubility showed it to be insoluble in 
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everything except the most polar solvents (DMSO, DMF, and H2O). The reaction 

was run in DCM regardless of Isoniazid’s solubility under the assumption that the 

reaction would still occur under heterogenous conditions at a rate greater than that 

of polymer bound scavengers. As noted by Zhen et al., heterogenous scavengers on 

the submicrometer scale can form quasi-homogeneous mixtures when dispersed in 

solution.33 
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Figure 15: Proposed approach for aurone synthesis utilizing Isoniazid as an aldehdye 

scavenger 

 

 Thus, following the condensation reaction, Isoniazid was added, and the 

mixture stirred overnight.  Extraction with dilute hydrochloric acid was sufficient to 

remove the Isoniazid and scavenged aldehyde and leave the precipitated aurone in 

high purity and a yield similar to that obtained with the polymer-supported 

scavengers. (Table 3, entry 4) It is important to note that this high yield, as well as 
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control reactions between Isoniazid and the aurone product have demonstrated 

excellent selectivity for reaction with aldehydes and not the aurone product, even 

with the prolonged reaction times employed for the scavenging stage of this 

sequence. 

Armed with this initial success, a range of aldehydes were subjected to the 

same reaction and scavenging conditions in order to determine the influence of 

electronic and steric factors of the aldehyde on the scavenging step.  As can be seen 

from Table 4, in all but one case, the aurones were obtained in >95% purity as 

accessed by 1H NMR.  Isolated yields were more variable but were all acceptable 

for the small scale upon which these reactions were performed and provided ample 

material for multiple biological screening campaigns. Although the benzofuranone 

was not expected to have any particular influence on the scavenging, a smaller series 

of modifications of that portion were also explored (Table 5).   
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Table 3: Synthesis and purification using Isonazid of aurones utilizing various aldehydes. 

O

O

O

Ar

(excess)

O

O

Ar

O

Ar

N
N
H

O
NH2

(excess)

O

O

Ar  

Entry Ar Yield (%) Purity (%) 

3 4-trifluoromethyl 
phenyl 44 >95 

4 4-dimethylamino 
phenyl 25 >95 

5 4-methyl phenyl 57 >95 

6 4-methoxy phenyl 61 >95 

7 4-methyl 
carboxylate phenyl 49 77 

8 2-bromo phenyl 64 >95 

9 3-bromo phenyl 39 >95 

10 4-bromo phenyl 53 >95 

11 2-thiophenyl 36 >95 

12 2-furyl 37 >95 
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Table 4: Synthesis and purification using Isonazid of aurones utilizing various 

benzofuranones. 

O

O

O

(excess)
O

OO
N

N
H

O
NH2

(excess)

O

OCN

CN CN

R CN R R

 
Entry R Yield (%) Purity (%) 

13 4-Cl 46 >95 

14 5-Cl 31 >95 

15 5-F 55 >95 

16 6-F 39 >95 

17 5-Br 40 >95 

 

 

 Results of these syntheses shows aurones synthesized via Knovenagel 

condensations can rapidly and efficiently be purified via scavenging of unreacted aldehyde 

by Isoniazid. While some yields are lower, they still provide enough material for multiple 

biological screenings and could doubtless be improved by increasing the scale of the 

reactions. While confident that Isoniazid is an excellent method for the purification of 

aurones, the kinetics of the hydrazone formation from the reaction of Isoniazid with various 

aldehydes, ketones, and esters was analyzed in order to determine the selectivity of 

Isoniazid. Results of these analyses can help determine if Isoniazid could be incorporated 

into the purification of other reactions without scavenging out the product. 
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 Kinetics of hydrazone formation between various carbonyls and Isoniazid using 

pseudo first order reaction conditions was measured by the consumption of carbonyl as 

monitored via a gas chromatograph equipped with a flame ionization detector (GC-FID). 

Initial reaction conditions were composed of a 0.5 M solution of carbonyl to which 10 

molar equivalents of Isoniazid was added 120 seconds after the first injection. The results 

of these conditions employing benzaldehyde as the carbonyl showed a negligible 

consumption of aldehyde. This conflicted with the data from the aurone syntheses which 

showed Isoniazid to be an efficient scavenger of aldehydes. The reaction conditions were 

then modified to include 10 molar equivalents of neutral alumina (with respect to the 

carbonyl) to be added to the reaction mixture at the same time as the Isoniazid. The analysis 

of benzaldehyde using these modified reaction conditions showed a substantial increase in 

reaction rate, going from a negligible change in aldehyde concentration at 30 minutes to 

50% of the aldehyde being consumed within 30 minutes.  
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Figure 16: Percent decrease in concentration of benzaldehyde as it is consumed by 

Isoniazid. 

 

Figure 17: Linear regression of the decrease in concentration of benzaldehyde as it is 

consumed by Isoniazid. 

 
To determine the effect of electron withdrawing groups on the reaction rate, 4-
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conditions. As expected theses analyses showed a substantial increase in reaction rate 

which conforms with the accepted trends of nucleophilic acyl substitution, that electron 

withdrawing groups increase the electrophilicity of the carbonyl making it more susceptible 

to attack by nucleophiles. Additionally, the 4-nitrobenzaldehdye which has a stronger 

electron withdrawing group has a rate two times greater than 4-cyanobenzaldehyde. 

Unfortunately, the limitations of using GC-FID in analyzing these reactions can be seen in 

the graphs for 4-nitrobenzaldehyde; the initial rate of reaction is so great that almost 50% 

of the aldehyde is consumed within the first 120 seconds of the reaction. By the time 

enough data has been collected to calculate the rate constant the reaction rate has already 

slowed from the initial rate. To more accurately measure the rate constant for 4-

nitrobenzaldehyde the method would need to be modified to take measurements faster than 

every 240 seconds; this would most likely necessitate a change in instrumentation such as 

switching to in-situ IR.  
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Figure 18: Percent decrease in concentration of 4-nitrobenzaldehyde as it is consumed by 

Isoniazid.  

 

Figure 19: Linear regression of the decrease in concentration of 4-nitrobenzaldehyde as it 

is consumed by Isoniazid. 
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Figure 20: Percent decrease in concentration of 4-cyanobenzaldehyde as it is consumed by 

Isoniazid. 

 

Figure 21: Linear regression of the decrease in concentration of 4-cyanobenzaldehyde as it 

is consumed by Isoniazid. 
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the rate constant calculated for benzaldehyde. The slower rate of reaction for 4-

bromobenzaldehdye was expected as the bromo group is a weaker electron withdrawing 

group than the nitro and cyano functional groups; also due to the use of the para orientation 

bromobenzaldehyde the aldehyde experiences greater resonance support than the nitro and 

cyano substituted aldehydes.  

 

Figure 22: Percent decrease in concentration of 4-bromobenzaldehyde as it is consumed by 

Isoniazid. 
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Figure 23: Linear regression of the decrease in concentration of 4-bromobenzaldehyde as 

it is consumed by Isoniazid.  

  

4-tolualdehyde and 4-methoxybenzaldehyde were also tested to determine the 

effect of electron donating groups on the rate of hydrazone formation. The rate of reaction 
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values, the triplicate runs showed a relatively consistent value for the rate constant,                   

-0.000468 s-1 ± 0.000054.  Additionally, while the graphs of the percent decrease in 

aldehyde for these two compounds do possess some irregularities they qualitatively show 

that Isoniazid is an effective scavenger. 
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Figure 24: Percent decrease in concentration of 4-methylbenzaldehyde as it is consumed 

by Isoniazid. 

 

Figure 25: Linear regression of the decrease in concentration of 4-methylbenzaldehyde as 

it is consumed by Isoniazid. 
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Figure 26: Percent decrease in concentration of 4-methoxybenzaldehyde as it is consumed 

by Isoniazid. 

 

Figure 27: Linear regression of the decrease in concentration of 4-methoxybenzaldehyde 

as it is consumed by Isoniazid. 

 
 In addition to 4-methoxybenzaldehdye, the ortho and meta isomers were also 

analyzed to determine the effect of the ortho, meta, para relationship between substituent 

0.00%

20.00%

40.00%

60.00%

80.00%

100.00%

120.00%

0 5 10 15 20 25 30 35 40

Al
de

hy
de

 re
m

ai
ni

ng
 (%

)

Time (minutes)

Run #1

Run #2

Run #3

y = -0.000484x - 3.240529
R² = 0.883658

y = -0.000512x - 2.907575
R² = 0.974170

y = -0.000407x - 2.960816
R² = 0.951651

-8

-7

-6

-5

-4

-3

-2 0 500 1000 1500 2000 2500

ln
[C

ar
bo

ny
l]

Time (seconds)

Linear (Run #1)

Linear (Run #2)

Linear (Run #3)



45 
 

 

and aldehyde on the rate of reaction. Interestingly, the ortho isomer had the fastest rate of 

reaction by a large margin, which conflicted with the expected results, although there was 

a wide margin of error between runs. Further analysis of the ortho isomer is needed to 

confirm these results; if these results are accurate the most likely explanation is that some 

type of coordination is occurring which serves to accelerate the rate of reaction. The meta 

isomer was slightly faster than the para isomer which would be expected as the donating 

methoxy group is not in direct resonance with the carbonyl. 

 

Figure 28: Percent decrease in concentration of 3-methoxybenzaldehyde as it is consumed 

by Isoniazid. 
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Figure 29: Linear regression of the decrease in concentration of 3-methoxybenzaldehyde 

as it is consumed by Isoniazid. 

 

Figure 30: Percent decrease in concentration of 2-methoxybenzaldehyde as it is consumed 

by Isoniazid. 
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Figure 31: Linear regression of the decrease in concentration of 2-methoxybenzaldehyde 

as it is consumed by Isoniazid. 
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Figure 32: Percent decrease in concentration of trans-cinnamaldehdye as it is consumed by 

Isoniazid. 

 

Figure 33: Linear regression of the decrease in concentration of trans-cinnamaldehyde as 

it is consumed by Isoniazid. 
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Figure 34: Percent decrease in concentration of dihydrocinnamaldehdye as it is consumed 

by Isoniazid.

 

Figure 35: Linear regression of the decrease in concentration of dihydrocinnamaldehyde 

as it is consumed by Isoniazid. 
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The furan possessed a much greater reaction rate than the thiophene which had a rate 

comparable to that of benzene. This is likely due to the highly electronegative oxygen 

having an inductive effect and forming less stable resonance structures.  

 

Figure 36: Percent decrease in concentration of thiophene-2-carboxaldehyde as it is 

consumed by Isoniazid. 
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Figure 37: Linear regression of the decrease in concentration of thiophene-2-

carboxaldehyde as it is consumed by Isoniazid. 

 

Figure 38: Percent decrease in concentration of furan-3-carboxaldehyde as it is consumed 

by Isoniazid. 
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Figure 39: Linear regression of the decrease in concentration of furan-3-carboxaldehyde as 

it is consumed by Isoniazid. 
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scale as aldehydes, the rate constant was calculated as -0.00084648 s-1 ± 0.00001779, 

which is more than twice as high as that of benzaldehyde and Isoniazid. Cyclohexanone’s 

faster rate of reaction is likely due to the lack of resonance support for the carbonyl and 

that in the chair conformer the carbonyl has less steric hindrance than that of 2-octanone 

and some of the other carbonyls analyzed in this project. The methodology for the analysis 

of ethyl acetoacetate was modified so that an aliquot was injected every 12 minutes. Data 

from theses analyses shows that the reaction between ethyl acetoacetate and Isoniazid 

while faster than most of the ketones analyzed has a slightly slower rate of reaction than 

most of the aldehydes tested. The increased reaction rate is due to a lack of conjugation 

and the inductive effect of the ester. Analysis of butyl acetate and methyl benzoate showed 

no decrease in carbonyl concentration. 

 

Figure 40: Percent decrease in concentration of 2-octanone as it is consumed by Isoniazid. 
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Figure 41: Linear regression of the decrease in concentration of 2-octanone as it is 

consumed by Isoniazid. 

 

Figure 42: Percent decrease in concentration of cyclohexanone as it is consumed by 

Isoniazid. 
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Figure 43: Linear regression of the decrease in concentration of cyclohexanone as it is 

consumed by Isoniazid. 

 

Figure 44: Percent decrease in concentration of acetopheone as it is consumed by Isoniazid. 
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Figure 45: Linear regression of the decrease in concentration of acetophenone as it is 

consumed by Isoniazid. 

 

Figure 46: Percent decrease in concentration of benzophenone as it is consumed by 

Isoniazid. 
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Figure 47: Linear regression of the decrease in concentration of benzophenone as it is 

consumed by Isoniazid 

 

Figure 48: Percent decrease in concentration of ethyl acetoacetate as it is consumed by 

Isoniazid. 
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Figure 49: Linear regression of the decrease in concentration of ethyl acetoacetate as it is 

consumed by Isoniazid. 

 

 

Figure 50: Percent decrease in concentration of butyl acetate as it is consumed by Isoniazid. 
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Figure 51: Linear regression of the decrease in concentration of butyl acetate as it is 

consumed by Isoniazid 

 

Figure 52: Percent decrease in concentration of methyl benzoate as it is consumed by 

Isoniazid. 
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Figure 53: Linear regression of the decrease in concentration of methyl benzoate as it is 

consumed by Isoniazid. 
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Table 5: Rate constants and R2 values for reaction of carbonyls with Isonazid. 

Carbonyl Mean Rate Constant 
k (s-1) 

k Carbonyl/ 
k Benzaldehyde Mean R2 

Benzaldehyde 4.1× 10-4 ± 5 × 10-5 1.00 0.9896 ± 7 × 10-3 

4-Nitrobenzaldehyde 2.4 × 10-3 ± 5 × 10-4 5.73 0.9917 ± 6 × 10-3 

4-Cyanobenzaldehyde 1.4 × 10-3 ± 3 × 10-4 3.41 0.9827 ± 1 × 10-2 

4-Bromobenzaldehyde 5.8 × 10-4 ± 9 × 10-5 1.42 0.9709 ± 1 × 10-2 

4-Methylbenzaldehyde 1.4 × 10-4 ± 2 × 10-5 0.34 0.9492 ± 3 × 10-2 

4-Methoxy 
benzaldehyde 4.7 × 10-4 ± 5 × 10-5 1.14 0.9365 ± 5 × 10-2 

3-Methoxy 
benzaldehyde 7.3 × 10-4 ± 5 × 10-5 1.78 0.9807 ± 2 × 10-2 

2-Methoxy 
benzaldehyde 2.6 × 10-3 ± 6 × 10-4 6.30 0.9904 ± 3 × 10-3 

trans-Cinnamaldehyde 8.4 × 10-4 ± 8 × 10-5 2.06 0.9038 ± 2 × 10-2 

Dihydrocinnamaldehyde 1.5 × 10-3 ± 6 × 10-4 3.68 0.8943 ± 8 × 10-2 

Thiophene-2-
carboxaldehyde 3.2 × 10-4 ± 7 × 10-5 0.78 0.9463 ± 5 × 10-3 

Furan-3-carboxaldehyde 1.4 × 10-3 ± 4 × 10-4 3.50 0.9959 ± 2 × 10-2 

2-Octanone 4.4 × 10-5  ± 6 × 10-6 0.11 0.9231 ± 2 × 10-2 

Cyclohexanone 8.5 × 10-4 ± 2 × 10-5 2.06 0.9149 ± 2 × 10-2 

Acetophenone 4.5 × 10-7 ± 3 × 10-6 0.00 0.5484 ± 0.5 

Benzophenone 4.7 × 10-6 ± 2 × 10-6 0.01 0.4641 ± 0.1 

Ethyl Acetoacetate 1.5 × 10-4 ± 1 × 10-5 0.37 0.9272 ± 4 × 10-2 

Butyl acetate 1.3 × 10-6  ± 3 × 10-6 0.00 0.3779 ± 0.3 

Methyl benzoate 2.4 × 10-7 ± 1 × 10-6 0.00 0.3484 ± 0.4 
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These analyses indicate that Isoniazid has a high rate of hydrazone formation when 

reacted with aldehydes and that while not always significantly selective for aldehydes over 

aliphatic ketones it is selective for aldehydes over aryl ketones due to the carbonyl of such 

ketones being deactivated via resonance. Additionally, reaction of Isoniazid is more highly 

selective for reaction with aldehydes than with esters and is likely the same for carboxylic 

acids. These results show that Isoniazid is a fast and efficient scavenger of aldehydes and 

that due to its selectivity for aldehydes over aryl ketones, esters, and likely carboxylic acids, 

it could be employed in a multitude of reactions. 
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CHAPTER 4: CONCLUSION 

In conclusion, this scavenging synthesis has greatly increased our ability to 

synthesize new aurone analogs in a timely manner.  Now, the preparation of new 

collections of 40+ compounds can be realistically accomplished in a matter of days, 

rather than the weeks that were required using conventional purification. It is fully 

anticipated that this same scavenging approach can be applied to many other 

reactions of the highly versatile aldehyde functional group, thereby enabling 

convenient and rapid access to arrays generated by these reactions as well.  Further 

studies are necessary to identify the role of neutral alumina in the reaction. 

Additionally, optimization of the reaction conditions for the Knovenagel 

condensation would increase the ease and speed at which aurones could be prepared.  
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eutectic solvent. Tetrahedron, 69(44), 9200–9204.  

 

(Z)-4-((3-iminobenzofuran-2(3H)-ylidene)methyl)benzonitrile (Entry 2)
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(Z)-2-(4-(trifluoromethyl)benzylidene)benzofuran-3(2H)-one (Entry 3) 
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(Z)-2-(4-(dimethylamino)benzylidene)benzofuran-3(2H)-one (Entry 4) 
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(Z)-2-(4-methylbenzylidene)benzofuran-3(2H)-one (Entry 5) 
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(Z)-2-(4-methoxybenzylidene)benzofuran-3(2H)-one (Entry 6) 
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Methyl (Z)-4-((3-oxobenzofuran-2(3H)-ylidene)methyl)benzoate (Entry 7) 
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(Z)-2-(2-bromobenzylidene)benzofuran-3(2H)-one (Entry 8) 
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(Z)-2-(3-bromobenzylidene)benzofuran-3(2H)-one (Entry 9) 
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 (Z)-4-((4-chloro-3-oxobenzofuran-2(3H)-ylidene)methyl)benzonitrile (Entry 13) 

 

 



79 
 

(Z)-4-((5-chloro-3-oxobenzofuran-2(3H)-ylidene)methyl)benzonitrile (Entry 14) 
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(Z)-4-((5-fluoro-3-oxobenzofuran-2(3H)-ylidene)methyl)benzonitrile (Entry 15) 
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 (Z)-4-((6-fluoro-3-oxobenzofuran-2(3H)-ylidene)methyl)benzonitrile (Entry 16) 
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 (Z)-4-((5-bromo-3-oxobenzofuran-2(3H)-ylidene)methyl)benzonitrile (Entry 17) 
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Benzaldehyde: Sequence #1 – Run #1
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Benzaldehyde: Sequence #1 – Run #2
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Benzaldehyde: Sequence #1 – Run #3
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Benzaldehyde: Sequence #1 – Run #4
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Benzaldehyde: Sequence #1 – Run #5  
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Benzaldehyde: Sequence #1 – Run #6  

 



89 
 

  

Benzaldehyde: Sequence #1 – Run #7  
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Benzaldehyde: Sequence #1 – Run #8 
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Benzaldehyde: Sequence #1 – Run #9
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Benzaldehyde: Sequence #1 – Run #10 
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Benzaldehyde: Sequence #1 – Run #11 
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Benzaldehyde: Sequence #2 – Run #1 
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Benzaldehyde: Sequence #2 – Run #2 
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Benzaldehyde: Sequence #2 – Run #3



97 
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Benzaldehyde: Sequence #2 – Run #4
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Benzaldehyde: Sequence #2 – Run #5
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Benzaldehyde: Sequence #2 – Run #6
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Benzaldehyde: Sequence #2 – Run #7 
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Benzaldehyde: Sequence #2 – Run #8 
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Benzaldehyde: Sequence #2 – Run #9 
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Benzaldehyde: Sequence #2 – Run #10 
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Benzaldehyde: Sequence #2 – Run #11 
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Benzaldehyde: Sequence #3 – Run #1 
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Benzaldehyde: Sequence #3 – Run #2 
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Benzaldehyde: Sequence #3 – Run #3 
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Benzaldehyde: Sequence #3 – Run #4 
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Benzaldehyde: Sequence #3 – Run #5 
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Benzaldehyde: Sequence #3 – Run #6 
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Benzaldehyde: Sequence #3 – Run #7 
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Benzaldehyde: Sequence #3 – Run #8 
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Benzaldehyde: Sequence #3 – Run #9 
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Benzaldehyde: Sequence #3 – Run #10 
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Benzaldehyde: Sequence #3 – Run #11 
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4-Nitrobenzaldehyde: Sequence #1 – Run #1  
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4-Nitrobenzaldehyde: Sequence #1 – Run #2 
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4-Nitrobenzaldehyde: Sequence #1 – Run #3  
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4-Nitrobenzaldehyde: Sequence #1 – Run #4  
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4-Nitrobenzaldehyde: Sequence #1 – Run #5  
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4-Nitrobenzaldehyde: Sequence #1 – Run #6  
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4-Nitrobenzaldehyde: Sequence #1 – Run #7  
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4-Nitrobenzaldehyde: Sequence #1 – Run #8  
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4-Nitrobenzaldehyde: Sequence #1 – Run #9  
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4-Nitrobenzaldehyde: Sequence #1 – Run #10
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4-Nitrobenzaldehyde: Sequence #1 – Run #11
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4-Nitrobenzaldehyde: Sequence #2 – Run #1
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4-Nitrobenzaldehyde: Sequence #2 – Run #2 
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4-Nitrobenzaldehyde: Sequence #2 – Run #3  
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4-Nitrobenzaldehyde: Sequence #2 – Run #4  
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4-Nitrobenzaldehyde: Sequence #2 – Run #5  
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4-Nitrobenzaldehyde: Sequence #2 – Run #6  
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4-Nitrobenzaldehyde: Sequence #2 – Run #7  
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4-Nitrobenzaldehyde: Sequence #2 – Run #8  
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4-Nitrobenzaldehyde: Sequence #2 – Run #9  
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4-Nitrobenzaldehyde: Sequence #2 – Run #10 
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4-Nitrobenzaldehyde: Sequence #2 – Run #11 
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4-Nitrobenzaldehyde: Sequence #3 – Run #1  
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4-Nitrobenzaldehyde: Sequence #3 – Run #2  

 

 



142 
 

  

4-Nitrobenzaldehyde: Sequence #3 – Run #3  
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4-Nitrobenzaldehyde: Sequence #3 – Run #4  
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4-Nitrobenzaldehyde: Sequence #3 – Run #5  
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4-Nitrobenzaldehyde: Sequence #3 – Run #6  
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4-Nitrobenzaldehyde: Sequence #3 – Run #7  
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4-Nitrobenzaldehyde: Sequence #3 – Run #8  
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4-Nitrobenzaldehyde: Sequence #3 – Run #9  
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4-Nitrobenzaldehyde: Sequence #3 – Run #10 
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4-Nitrobenzaldehyde: Sequence #3 – Run #11 
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4-Cyanobenzaldehyde: Sequence #1 – Run #1 
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4-Cyanobenzaldehyde: Sequence #1 – Run #2  
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4-Cyanobenzaldehyde: Sequence #1 – Run #3 
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4-Cyanobenzaldehyde: Sequence #1 – Run #4 
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4-Cyanobenzaldehyde: Sequence #1 – Run #5 
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4-Cyanobenzaldehyde: Sequence #1 – Run #6 
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4-Cyanobenzaldehyde: Sequence #1 – Run #7 
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4-Cyanobenzaldehyde: Sequence #1 – Run #8 
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4-Cyanobenzaldehyde: Sequence #1 – Run #9 
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4-Cyanobenzaldehyde: Sequence #1 – Run #10 
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4-Cyanobenzaldehyde: Sequence #1 – Run #11 
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4-Cyanobenzaldehyde: Sequence #2 – Run #1 
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4-Cyanobenzaldehyde: Sequence #2 – Run #2 
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4-Cyanobenzaldehyde: Sequence #2 – Run #3  

 

 



165 
 

  

4-Cyanobenzaldehyde: Sequence #2 – Run #4 
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4-Cyanobenzaldehyde: Sequence #2 – Run #5  
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4-Cyanobenzaldehyde: Sequence #2 – Run #6 
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4-Cyanobenzaldehyde: Sequence #2 – Run #7 
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4-Cyanobenzaldehyde: Sequence #2 – Run #8 
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4-Cyanobenzaldehyde: Sequence #2 – Run #9 
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4-Cyanobenzaldehyde: Sequence #2 – Run #10  
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4-Cyanobenzaldehyde: Sequence #2 – Run #11 
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4-Cyanobenzaldehyde: Sequence #3 – Run #1 
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4-Cyanobenzaldehyde: Sequence #3 – Run #2 

  



175 
 

  

4-Cyanobenzaldehyde: Sequence #3 – Run #3 
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4-Cyanobenzaldehyde: Sequence #3 – Run #4 
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4-Cyanobenzaldehyde: Sequence #3 – Run #5 

  



178 
 

  

4-Cyanobenzaldehyde: Sequence #3 – Run #6 

  



179 
 

  

4-Cyanobenzaldehyde: Sequence #3 – Run #7 
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4-Cyanobenzaldehyde: Sequence #3 – Run #8 
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4-Cyanobenzaldehyde: Sequence #3 – Run #9 
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4-Cyanobenzaldehyde: Sequence #3 – Run #10 
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4-Cyanobenzaldehyde: Sequence #3 – Run #11  
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4-Bromobenzaldehyde: Sequence #1 – Run #1 
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4-Bromobenzaldehyde: Sequence #1 – Run #2  
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4-Bromobenzaldehyde: Sequence #1 – Run #3 
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4-Bromobenzaldehyde: Sequence #1 – Run #4  

 
 



188 
 

  

4-Bromobenzaldehyde: Sequence #1 – Run #5  
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4-Bromobenzaldehyde: Sequence #1 – Run #6 
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4-Bromobenzaldehyde: Sequence #1 – Run #7 
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4-Bromobenzaldehyde: Sequence #1 – Run #8  
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4-Bromobenzaldehyde: Sequence #1 – Run #9 

  



193 
 

  

4-Bromobenzaldehyde: Sequence #1 – Run #10 
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4-Bromobenzaldehyde: Sequence #1 – Run #11 
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4-Bromobenzaldehyde: Sequence #2 – Run #1  
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4-Bromobenzaldehyde: Sequence #2 – Run #2 
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4-Bromobenzaldehyde: Sequence #2 – Run #3 
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4-Bromobenzaldehyde: Sequence #2 – Run #4 
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4-Bromobenzaldehyde: Sequence #2 – Run #5 
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4-Bromobenzaldehyde: Sequence #2 – Run #6 
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4-Bromobenzaldehyde: Sequence #2 – Run #7 
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4-Bromobenzaldehyde: Sequence #2 – Run #8 
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4-Bromobenzaldehyde: Sequence #2 – Run #9  
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4-Bromobenzaldehyde: Sequence #2 – Run #10  
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4-Bromobenzaldehyde: Sequence #2 – Run #11 
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4-Bromobenzaldehyde: Sequence #3 – Run #1 
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4-Bromobenzaldehyde: Sequence #3 – Run #2 
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4-Bromobenzaldehyde: Sequence #3 – Run #3  
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4-Bromobenzaldehyde: Sequence #3 – Run #4 
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4-Bromobenzaldehyde: Sequence #3 – Run #5 
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4-Bromobenzaldehyde: Sequence #3 – Run #6 
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4-Bromobenzaldehyde: Sequence #3 – Run #7 
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4-Bromobenzaldehyde: Sequence #3 – Run #8 
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4-Bromobenzaldehyde: Sequence #3 – Run #9 
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4-Bromobenzaldehyde: Sequence #3 – Run #10 
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4-Bromobenzaldehyde: Sequence #3 – Run #11  
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4-Methylbenzaldehyde: Sequence #1 – Run #1 
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4-Methylbenzaldehyde: Sequence #1 – Run #2 
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4-Methylbenzaldehyde: Sequence #1 – Run #3 
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4-Methylbenzaldehyde: Sequence #1 – Run #4 
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4-Methylbenzaldehyde: Sequence #1 – Run #5  
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4-Methylbenzaldehyde: Sequence #1 – Run #6 
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4-Methylbenzaldehyde: Sequence #1 – Run #7 
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4-Methylbenzaldehyde: Sequence #1 – Run #8 
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4-Methylbenzaldehyde: Sequence #1 – Run #9  
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4-Methylbenzaldehyde: Sequence #1 – Run #10 
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4-Methylbenzaldehyde: Sequence #1 – Run #11 
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4-Methylbenzaldehyde: Sequence #2 – Run #1 
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4-Methylbenzaldehyde: Sequence #2 – Run #2 
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4-Methylbenzaldehyde: Sequence #2 – Run #3 

  



231 
 

  

4-Methylbenzaldehyde: Sequence #2 – Run #4  
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4-Methylbenzaldehyde: Sequence #2 – Run #5 
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4-Methylbenzaldehyde: Sequence #2 – Run #6  
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4-Methylbenzaldehyde: Sequence #2 – Run #7 
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4-Methylbenzaldehyde: Sequence #2 – Run #8 
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4-Methylbenzaldehyde: Sequence #2 – Run #9 
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4-Methylbenzaldehyde: Sequence #2 – Run #10 
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4-Methylbenzaldehyde: Sequence #2 – Run #11 
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4-Methylbenzaldehyde: Sequence #3 – Run #1  
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4-Methylbenzaldehyde: Sequence #3 – Run #2 
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4-Methylbenzaldehyde: Sequence #3 – Run #3 
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4-Methylbenzaldehyde: Sequence #3 – Run #4 
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4-Methylbenzaldehyde: Sequence #3 – Run #5 
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4-Methylbenzaldehyde: Sequence #3 – Run #6 
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4-Methylbenzaldehyde: Sequence #3 – Run #7 
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4-Methylbenzaldehyde: Sequence #3 – Run #8 
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4-Methylbenzaldehyde: Sequence #3 – Run #9 
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4-Methylbenzaldehyde: Sequence #3 – Run #10  
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4-Methylbenzaldehyde: Sequence #3 – Run #11  
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4-Methoxy benzaldehyde: Sequence #1 – Run #1  
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4-Methoxy benzaldehyde: Sequence #1 – Run #2  
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4-Methoxy benzaldehyde: Sequence #1 – Run #3  
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4-Methoxy benzaldehyde: Sequence #1 – Run #4 
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4-Methoxy benzaldehyde: Sequence #1 – Run #5 
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4-Methoxy benzaldehyde: Sequence #1 – Run #6  
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4-Methoxy benzaldehyde: Sequence #1 – Run #7 
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4-Methoxy benzaldehyde: Sequence #1 – Run #8 
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4-Methoxy benzaldehyde: Sequence #1 – Run #9  
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4-Methoxy benzaldehyde: Sequence #1 – Run #10  

 

 



260 
 

  

4-Methoxy benzaldehyde: Sequence #1 – Run #11 
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4-Methoxy benzaldehyde: Sequence #2 – Run #1 
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4-Methoxy benzaldehyde: Sequence #2 – Run #2 
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4-Methoxy benzaldehyde: Sequence #2 – Run #3 
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4-Methoxy benzaldehyde: Sequence #2 – Run #4 
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4-Methoxy benzaldehyde: Sequence #2 – Run #5 
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4-Methoxy benzaldehyde: Sequence #2 – Run #6  
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4-Methoxy benzaldehyde: Sequence #2 – Run #7 
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4-Methoxy benzaldehyde: Sequence #2 – Run #8  
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4-Methoxy benzaldehyde: Sequence #2 – Run #9  
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4-Methoxy benzaldehyde: Sequence #2 – Run #10 
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4-Methoxy benzaldehyde: Sequence #2 – Run #11 
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4-Methoxy benzaldehyde: Sequence #3 – Run #1 
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4-Methoxy benzaldehyde: Sequence #3 – Run #2  
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4-Methoxy benzaldehyde: Sequence #3 – Run #3  
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4-Methoxy benzaldehyde: Sequence #3 – Run #4 
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4-Methoxy benzaldehyde: Sequence #3 – Run #5 
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4-Methoxy benzaldehyde: Sequence #3 – Run #6  
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4-Methoxy benzaldehyde: Sequence #3 – Run #7 
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4-Methoxy benzaldehyde: Sequence #3 – Run #8 
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4-Methoxy benzaldehyde: Sequence #3 – Run #9  
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4-Methoxy benzaldehyde: Sequence #3 – Run #10  
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4-Methoxy benzaldehyde: Sequence #3 – Run #11  
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3-Methoxy benzaldehyde: Sequence #1 – Run #1  
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3-Methoxy benzaldehyde: Sequence #1 – Run #2  

 

 



285 
 

  

3-Methoxy benzaldehyde: Sequence #1 – Run #3  
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3-Methoxy benzaldehyde: Sequence #1 – Run #4  
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3-Methoxy benzaldehyde: Sequence #1 – Run #5  
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3-Methoxy benzaldehyde: Sequence #1 – Run #6 
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3-Methoxy benzaldehyde: Sequence #1 – Run #7 
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3-Methoxy benzaldehyde: Sequence #1 – Run #8 
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3-Methoxy benzaldehyde: Sequence #1 – Run #9  
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3-Methoxy benzaldehyde: Sequence #1 – Run #10 
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3-Methoxy benzaldehyde: Sequence #1 – Run #11 
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3-Methoxy benzaldehyde: Sequence #2 – Run #1 
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3-Methoxy benzaldehyde: Sequence #2 – Run #2 
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3-Methoxy benzaldehyde: Sequence #2 – Run #3 
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3-Methoxy benzaldehyde: Sequence #2 – Run #4 
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3-Methoxy benzaldehyde: Sequence #2 – Run #5 
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3-Methoxy benzaldehyde: Sequence #2 – Run #6 
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3-Methoxy benzaldehyde: Sequence #2 – Run #7 
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3-Methoxy benzaldehyde: Sequence #2 – Run #8  
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3-Methoxy benzaldehyde: Sequence #2 – Run #9 
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3-Methoxy benzaldehyde: Sequence #2 – Run #10  
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3-Methoxy benzaldehyde: Sequence #2 – Run #11 
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3-Methoxy benzaldehyde: Sequence #3 – Run #1 
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3-Methoxy benzaldehyde: Sequence #3 – Run #2  
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3-Methoxy benzaldehyde: Sequence #3 – Run #3 
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3-Methoxy benzaldehyde: Sequence #3 – Run #4 
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3-Methoxy benzaldehyde: Sequence #3 – Run #5 

  



310 
 

  

3-Methoxy benzaldehyde: Sequence #3 – Run #6 
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3-Methoxy benzaldehyde: Sequence #3 – Run #7 
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3-Methoxy benzaldehyde: Sequence #3 – Run #8 
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3-Methoxy benzaldehyde: Sequence #3 – Run #9 
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3-Methoxy benzaldehyde: Sequence #3 – Run #10  
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3-Methoxy benzaldehyde: Sequence #3 – Run #11  
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2-Methoxy benzaldehyde: Sequence #1 – Run #1 
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2-Methoxy benzaldehyde: Sequence #1 – Run #2  
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2-Methoxy benzaldehyde: Sequence #1 – Run #3 
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2-Methoxy benzaldehyde: Sequence #1 – Run #4 
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2-Methoxy benzaldehyde: Sequence #1 – Run #5 
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2-Methoxy benzaldehyde: Sequence #1 – Run #6 
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2-Methoxy benzaldehyde: Sequence #1 – Run #7  
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2-Methoxy benzaldehyde: Sequence #1 – Run #8 
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2-Methoxy benzaldehyde: Sequence #1 – Run #9  
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2-Methoxy benzaldehyde: Sequence #1 – Run #10 
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2-Methoxy benzaldehyde: Sequence #1 – Run #11 

 
 



327 
 

  

2-Methoxy benzaldehyde: Sequence #2 – Run #1 
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2-Methoxy benzaldehyde: Sequence #2 – Run #2 
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2-Methoxy benzaldehyde: Sequence #2 – Run #3 
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2-Methoxy benzaldehyde: Sequence #2 – Run #4 
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2-Methoxy benzaldehyde: Sequence #2 – Run #5 
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2-Methoxy benzaldehyde: Sequence #2 – Run #6 
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2-Methoxy benzaldehyde: Sequence #2 – Run #7 
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2-Methoxy benzaldehyde: Sequence #2 – Run #8 
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2-Methoxy benzaldehyde: Sequence #2 – Run #9 
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2-Methoxy benzaldehyde: Sequence #2 – Run #10 
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2-Methoxy benzaldehyde: Sequence #2 – Run #11 
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trans-Cinnamaldehyde: Sequence #1 – Run #1 
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trans-Cinnamaldehyde: Sequence #1 – Run #2 
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trans-Cinnamaldehyde: Sequence #1 – Run #3 
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trans-Cinnamaldehyde: Sequence #1 – Run #4 
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trans-Cinnamaldehyde: Sequence #1 – Run #5 
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trans-Cinnamaldehyde: Sequence #1 – Run #6 
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trans-Cinnamaldehyde: Sequence #1 – Run #7 
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trans-Cinnamaldehyde: Sequence #1 – Run #8 
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trans-Cinnamaldehyde: Sequence #1 – Run #9 
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trans-Cinnamaldehyde: Sequence #1 – Run #10 
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trans-Cinnamaldehyde: Sequence #1 – Run #11 
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trans-Cinnamaldehyde: Sequence #2 – Run #1 
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trans-Cinnamaldehyde: Sequence #2 – Run #2 
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trans-Cinnamaldehyde: Sequence #2 – Run #3 
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trans-Cinnamaldehyde: Sequence #2 – Run #4 
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trans-Cinnamaldehyde: Sequence #2 – Run #5 
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trans-Cinnamaldehyde: Sequence #2 – Run #6 
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trans-Cinnamaldehyde: Sequence #2 – Run #7 
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trans-Cinnamaldehyde: Sequence #2 – Run #8 
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trans-Cinnamaldehyde: Sequence #2 – Run #9 
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trans-Cinnamaldehyde: Sequence #2 – Run #10 
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trans-Cinnamaldehyde: Sequence #2 – Run #11 
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trans-Cinnamaldehyde: Sequence #3 – Run #1 
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trans-Cinnamaldehyde: Sequence #3 – Run #2 
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trans-Cinnamaldehyde: Sequence #3 – Run #3 
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trans-Cinnamaldehyde: Sequence #3 – Run #4 
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trans-Cinnamaldehyde: Sequence #3 – Run #5  
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trans-Cinnamaldehyde: Sequence #3 – Run #6 
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trans-Cinnamaldehyde: Sequence #3 – Run #7 

  



367 
 

  

trans-Cinnamaldehyde: Sequence #3 – Run #8 
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trans-Cinnamaldehyde: Sequence #3 – Run #9 
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trans-Cinnamaldehyde: Sequence #3 – Run #10 
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trans-Cinnamaldehyde: Sequence #3 – Run #11  
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Dihydrocinnamaldehyde: Sequence #1 – Run #1 
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Dihydrocinnamaldehyde: Sequence #1 – Run #2 
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Dihydrocinnamaldehyde: Sequence #1 – Run #3 
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Dihydrocinnamaldehyde: Sequence #1 – Run #4 
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Dihydrocinnamaldehyde: Sequence #1 – Run #5  
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Dihydrocinnamaldehyde: Sequence #1 – Run #6  
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Dihydrocinnamaldehyde: Sequence #1 – Run #7 
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Dihydrocinnamaldehyde: Sequence #1 – Run #8 
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Dihydrocinnamaldehyde: Sequence #1 – Run #9 
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Dihydrocinnamaldehyde: Sequence #1 – Run #10  
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Dihydrocinnamaldehyde: Sequence #1 – Run #11 
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Dihydrocinnamaldehyde: Sequence #2 – Run #1  
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Dihydrocinnamaldehyde: Sequence #2 – Run #2  
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Dihydrocinnamaldehyde: Sequence #2 – Run #3 
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Dihydrocinnamaldehyde: Sequence #2 – Run #4 
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Dihydrocinnamaldehyde: Sequence #2 – Run #5  
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Dihydrocinnamaldehyde: Sequence #2 – Run #6 
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Dihydrocinnamaldehyde: Sequence #2 – Run #7 
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Dihydrocinnamaldehyde: Sequence #2 – Run #8 
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Dihydrocinnamaldehyde: Sequence #2 – Run #9 
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Dihydrocinnamaldehyde: Sequence #2 – Run #10  
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Dihydrocinnamaldehyde: Sequence #2 – Run #11 
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Dihydrocinnamaldehyde: Sequence #3 – Run #1  
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Dihydrocinnamaldehyde: Sequence #3 – Run #2  
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Dihydrocinnamaldehyde: Sequence #3 – Run #3  
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Dihydrocinnamaldehyde: Sequence #3 – Run #4  
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Dihydrocinnamaldehyde: Sequence #3 – Run #5 
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Dihydrocinnamaldehyde: Sequence #3 – Run #6 
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Dihydrocinnamaldehyde: Sequence #3 – Run #7 
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Dihydrocinnamaldehyde: Sequence #3 – Run #8  
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Dihydrocinnamaldehyde: Sequence #3 – Run #11  
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Thiophene-2-carboxaldehyde Sequence #1 – Run #4 

 
 



411 
 

  

  

 



412 
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Thiophene-2-carboxaldehyde Sequence #1 – Run #6 
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Thiophene-2-carboxaldehyde Sequence #1 – Run #7 
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Thiophene-2-carboxaldehyde Sequence #1 – Run #8  
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Thiophene-2-carboxaldehyde Sequence #1 – Run #9 
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Thiophene-2-carboxaldehyde Sequence #1 – Run #10 
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Thiophene-2-carboxaldehyde Sequence #1 – Run #11 
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Thiophene-2-carboxaldehyde Sequence #2 – Run #1 
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Thiophene-2-carboxaldehyde Sequence #2 – Run #2 
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Thiophene-2-carboxaldehyde Sequence #2 – Run #3 
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Thiophene-2-carboxaldehyde Sequence #2 – Run #4 
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Thiophene-2-carboxaldehyde Sequence #2 – Run #5  
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Thiophene-2-carboxaldehyde Sequence #2 – Run #7 
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Thiophene-2-carboxaldehyde Sequence #2 – Run #8 
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Thiophene-2-carboxaldehyde Sequence #2 – Run #10  
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Thiophene-2-carboxaldehyde Sequence #2 – Run #11 
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Thiophene-2-carboxaldehyde Sequence #3 – Run #1 
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Thiophene-2-carboxaldehyde Sequence #3 – Run #2 
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Thiophene-2-carboxaldehyde Sequence #3 – Run #7 

  



440 
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Thiophene-2-carboxaldehyde Sequence #3 – Run #9 

  



442 
 

  

Thiophene-2-carboxaldehyde Sequence #3 – Run #10 

  



443 
 

  

Thiophene-2-carboxaldehyde Sequence #3 – Run #11 
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Furan-3-carboxaldehyde Sequence #2 – Run #9 
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Furan-3-carboxaldehyde Sequence #3 – Run #1 

  



467 
 

  

Furan-3-carboxaldehyde Sequence #3 – Run #2 

  



468 
 

  

Furan-3-carboxaldehyde Sequence #3 – Run #3 

  



469 
 

  

Furan-3-carboxaldehyde Sequence #3 – Run #4 

  



470 
 

  

Furan-3-carboxaldehyde Sequence #3 – Run #5 

  



471 
 

  

Furan-3-carboxaldehyde Sequence #3 – Run #6 

  



472 
 

  

Furan-3-carboxaldehyde Sequence #3 – Run #7  

 

 



473 
 

  

Furan-3-carboxaldehyde Sequence #3 – Run #8 

  



474 
 

  

Furan-3-carboxaldehyde Sequence #3 – Run #9 

  



475 
 

  

Furan-3-carboxaldehyde Sequence #3 – Run #10 

  



476 
 

  

Furan-3-carboxaldehyde Sequence #3 – Run #11 

  



477 
 

  

2-Octanone: Sequence #1 – Run #1 

  



478 
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Acetophenone: Sequence #3 – Run #2  
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Benzophenone: Sequence #1 – Run #10  

 
 



582 
 

  

 

 

 



583 
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Benzophenone: Sequence #2 – Run #3  
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Benzophenone: Sequence #2 – Run #4 
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Benzophenone: Sequence #2 – Run #5 
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Benzophenone: Sequence #2 – Run #6 
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Benzophenone: Sequence #2 – Run #7  

 
Benzophenone: Sequence #2 – Run #8 
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Ethyl Acetoacetate: Sequence #1 – Run #6  

 
 



602 
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Ethyl Acetoacetate: Sequence #1 – Run #8 
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Ethyl Acetoacetate: Sequence #2 – Run #1 
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Ethyl Acetoacetate: Sequence #2 – Run #2  
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Ethyl Acetoacetate: Sequence #2 – Run #3  
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Ethyl Acetoacetate: Sequence #2 – Run #4  
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Ethyl Acetoacetate: Sequence #2 – Run #5 
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Ethyl Acetoacetate: Sequence #2 – Run #6  

 
Ethyl Acetoacetate: Sequence #2 – Run #7 
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Ethyl Acetoacetate: Sequence #2 – Run #8  
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Ethyl Acetoacetate: Sequence #2 – Run #9 
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Ethyl Acetoacetate: Sequence #2 – Run #10  
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Ethyl Acetoacetate: Sequence #3 – Run #2  
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Ethyl Acetoacetate: Sequence #3 – Run #3 

  



619 
 

  

Ethyl Acetoacetate: Sequence #3 – Run #4 
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Ethyl Acetoacetate: Sequence #3 – Run #7 
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Ethyl Acetoacetate: Sequence #3 – Run #9 
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Butyl acetate: Sequence #1 – Run #2  

 
 



628 
 

  

Butyl acetate: Sequence #1 – Run #3  
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Butyl acetate: Sequence #1 – Run #4  
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Butyl acetate: Sequence #1 – Run #5  
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Butyl acetate: Sequence #1 – Run #6  
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Butyl acetate: Sequence #1 – Run #7  
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Butyl acetate: Sequence #1 – Run #8  
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Butyl acetate: Sequence #1 – Run #9  

 
 



635 
 

  

Butyl acetate: Sequence #1 – Run #10 
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Butyl acetate: Sequence #2 – Run #1  
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Butyl acetate: Sequence #2 – Run #2  
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Butyl acetate: Sequence #2 – Run #3  
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Butyl acetate: Sequence #2 – Run #4 
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Butyl acetate: Sequence #2 – Run #5  
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Butyl acetate: Sequence #2 – Run #6  
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Butyl acetate: Sequence #2 – Run #7  

 
 



643 
 

  

Butyl acetate: Sequence #2 – Run #8 
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Butyl acetate: Sequence #2 – Run #9  
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Butyl acetate: Sequence #2 – Run #10 
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Butyl acetate: Sequence #3 – Run #1  
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Butyl acetate: Sequence #3 – Run #2  
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Butyl acetate: Sequence #3 – Run #3  

 
 



649 
 

  

Butyl acetate: Sequence #3 – Run #4  
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Butyl acetate: Sequence #3 – Run #5  
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Butyl acetate: Sequence #3 – Run #6  
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Butyl acetate: Sequence #3 – Run #7  
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Butyl acetate: Sequence #3 – Run #8  
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Butyl acetate: Sequence #3 – Run #9  
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Methyl benzoate: Sequence #2 – Run #5  
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Methyl benzoate: Sequence #2 – Run #7  
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Methyl benzoate: Sequence #2 – Run #8 
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Methyl benzoate: Sequence #2 – Run #9  
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Methyl benzoate: Sequence #3 – Run #2  
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Methyl benzoate: Sequence #3 – Run #3 
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Methyl benzoate: Sequence #3 – Run #4 

  



680 
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