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ABSTRACT 

 

SYNTHESIS OF 1,3-BUTADIENE LIGANDS, THEIR COORDINATION IN A METAL ORGANIC 

FRAMEWORK, AND INVESTIGATION OF THEIR CRYSTALLINE PROPERTIES 

Andrew James Stutesman M.S. 

Western Carolina University, April 2017 

Director: Dr. Brian Dinkelmeyer 

 

This project focuses on the synthesis of novel dienes containing dicarboxylic acid and dipyridyl 

groups and their use in constructing metal organic frameworks (MOFs) and coordination 

polymers. Dicarboxylate and dipyridyl ligands are commonly used when forming these 

supramolecular structures. Many examples of MOFs exist the literature where the bridging 

ligands are terephthalic acid, muconic acid, and 4,4’-bis-pyridyl-1,2-ethyelene. The ligands used 

in this study are analogous to the previously mentioned ligands and should form similar MOF 

architectures and coordination polymers. These diene ligands could theoretically give us the 

ability to modify the pores contained within the metal organic frameworks. If successful, this 

could enable the size of the pore to be altered and is also a means to add different functional 

groups inside the pores. These MOFs could potentially be tailored for use in specific applications 

ranging from gas storage to semiconductors.    
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CHAPTER 1 INTRODUCTION 

1.1 PROJECT STATEMENT 

The goal of this project was to form metal organic frameworks (MOFs) containing 

ligands with a 1,3-butadiene functionality. There were two distinct phases in the project. Phase 

one was the synthesis of di-topic ligands containing the 1,3-butadiene functional group. These 

ligands are separated into two categories, those containing dicarboxylate functionalities and 

those containing dipyridyl functionalities. The hope is the ligands synthesized in this study will 

behave similarly to terepthalic acid, muconic acid, and 4,4’-bis-pyridyl-1,2-ethyelene and 

coordinate with metals to form three dimensional structures.1,2,3 The second phase was to 

synthesize metal organic frameworks and/or coordination polymers using the previously 

produced ligands. Finally, the proposed metal organic framework had its structure determined 

with the use of single crystal x-ray diffraction.  

1.2 BACKGROUND 

A coordination polymer is a polymer in which organic ligands are linked together by 

metal centers or metal clusters. These networks can be in the form of one, two, or three 

dimensional structures. Metal organic frameworks or MOFs are defined by IUPAC as “a 

coordination network with organic ligands containing potential voids”.4 These voids, also called 

pores, have a variety of possible applications. One of the potential uses is gas storage.5 The pores 

formed in MOFs can have gasses dissolved inside the crystal structure. These gasses can be held 

inside the crystal structure until they are needed. One real world use would be hydrogen fuel 

cells. A major problem of hydrogen is the danger of having pressurized tanks in moving 

vehicles.6 If the hydrogen is sequestered inside a solid material such as the voids of a MOF, the 

danger would be greatly minimized.  
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The high porosity of metal organic frameworks may also make them useful for gas 

purification. Currently many nitrogen selective synthetic zeolites are on the market for use as 

solid sorbents. Additionally, there are oxygen selective carbon molecular sieves. These products 

are used in air separation processes to produce oxygen or nitrogen respectively. In the late 1970s, 

studies began to investigate the possible use of metal-complex materials. These studies included 

sorption studies for oxygen, carbon monoxide, and carbon dioxide. The main advantage of the 

metal-complex materials are their high selectivity toward specific gasses. Other possible uses for 

these materials include gas sensors, catalysts, and semiconductors.7,8 

Commonly used metal ligand interactions employed when forming MOFs include metal-

carboxylate coordination and metal-pyridine coordination demonstrated in figure 1.1. There are 

many examples of MOFs formed using terephthalic acid, muconic acid, and 4,4’-bis-pyridyl-1,2-

ethyelene.1,2,3 These commonly used ligands have a few characteristics in common. They are 

rigid and have two coordination sites per molecule. We made ligands that are analogous to these 

carboxylate and pyridine ligands but also contain a butadiene functional group imbedded in the 

structure (figure 1.2). These compounds have additional applications in polymer chemistry and 

as substrates for Diels Alder reactions.9  

 

 

Figure 1.1 Carboxyl and Pyridyl Functionalities coordinating with metal clusters 
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Figure 1.2 The syntheses of ligands a-e were attempted. These ligands should be analogous to 

terephthalic acid, muconic acid, and 4,4’-bis(pyridyl)-1,2-ethylene. a. BMHA, b. Fulgenic Acid, 

c. 4-PBD, d. 2-PBD, e. 3-PBD 

 

The butadiene functionality was chosen due to its reactivity. The dienes imbedded in the 

structure of these MOFs can act as a synthetic handle and allow for chemical manipulation of the 

pores contained within the structure. (Figure 1.3) This could enable the size of the pore to be 

altered and is also a means to add different functional groups inside the pores.10 If this is possible 

these MOFs could be tailored for use in specific applications.  
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Figure 1.3 Schematics of MOFs containing a. muconic acid, b. 3,4-bis(methylene)hexanedioic 

acid, c. 4,4’-bis(pyridyl)-1,2-ethylene, and d. 2,3-di(4-pyridyl)-2,3-butadiene showing the 

chemical modification sites. 
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CHAPTER 2 LIGAND SYNTHESIS 

 

2.1 BIS(METHYLENE)HEXANEDIOIC ACID 

The synthesis of diethyl-3,4-bis(methylene)hexanedioate (1) was the first ligand 

attempted. (scheme 1) The synthesis uses 2-butyne-1,4-diol in the presence of excess triethyl 

orthoacetate. An acid catalyst is used and the reaction mixture is exposed to microwave 

radiation. A modified kitchen microwave was used to irradiate the reaction mixture at reflux for 

one hour. First, esterification happens and the orthoesters are formed. These undergo elimination 

to afford the allyl orthoester. This molecule then undergoes a double oxy-Cope rearrangement to 

form dimethyl-3,4-bis(methylene)hexanedioate  (2) constituting a 60% yield.11,12  

 

 

 

Scheme 1 Synthesis of diethyl 3,4-bis(methylene)hexanedioate.  a)  triethylorthoceate, catalytic 

propionic acid, DMF, microwave irradiation.  b)  95% ethanol, NaOH, aqueous acid work-up. 

 

The final step involves a simple base catalyzed hydrolysis of diethyl 3,4-

bis(methylene)hexanedioate (1) that produced 3,4-bis(methylene)hexanedioic acid (2) with a 

59% yield.12,13  

2.2 FULGENIC ACID 

Our first attempt at synthesizing fulgenic acid (3) involved a base induced E2’ 

elimination of the allylic bromo atom of 3-(bromomethyl)-4-methylmaleic anhydride.14 It was a 

two-step synthesis using dimethylmaleic anhydride as a starting point. The first step was 

bromination of dimethyl maleic anhydride by N-bromosuccinamide. This step produced three 
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separate products as seen in scheme 2. Using GC/MS and 1H-NMR, it was determined that the 

ratio of products was 86% product 4a, 6.7% product 4b, and 6.6% product 4c. The products were 

then separated using a kugelrohr apparatus. This process was time consuming and destroyed 

much of the material, but the monobrominated product was able to be isolated. The final step 

was the 1,4-elimination (E2’) of the mono-brominated anhydride (4a). (scheme 2) This step was 

performed multiple times varying the type of base. The bases tried were KOH, t-BuOK, LDA 

and NaH. In all cases, a small amount of fulgenic acid (3) was detected in the NMR along with a 

large amount of polymerized material.  

 

 

 

Scheme 2 Initial attempt at synthesizing fulgenic acid a) NBS, CCl4, BPO.  (4a) was purified by 

KugleRohr.  b)  Base induced E2’, NaH, LDA, KOH or t-BuOK. 

 

Many attempts at purification of the crude product were tried including recrystallization 

and column chromatography. In the paper “A Facile Synthesis of Fulgenic Acid via Base 

Induced 1,4-Dehydrobromination of (Bromomethyl)methylmaleic Anhydride” a solvent system 

composed of a 6:4 ratio of petroleum ether to ethyl acetate was used for chromatography. This 

system was selected and it was found that neither the product nor polymerized impurities moved 

on the column. Various other solvent systems were tried but no separation was achieved. This 

method was abandoned as a practical synthetic route. 

During the purification of the crude 3-(bromomethyl)-4-methylmaleic anhydride (4a) a 

small amount of the dibrominated anhydride (4c) was also purified in the distillation process. It 
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was thought that this compound could be directly treated with zinc metal and acid to undergo a 

reductive elimination and produce fulgenic acid (3) directly. When the reaction was carried out 

the product was a white sparkly powder. It seemed like a success but the 1H-NMR told a 

different story. With the help of GC/MS it was determined that fulgenic anhydride (5) had indeed 

been produced. The problem was all the product had dimerized. The white powder was the Diels 

Alder adduct (6) of fulgenic anhydride (5) shown in scheme 3. Fulgenic dimer was obtained with 

a yield of 4.8%. Spectral data for fulgenic dimer (6) can be found at the end of the experimental 

section. (figure 4.36) 

 

Scheme 3 Formation of fulgenic anhydride (5) and fulgenic dimer (6) 

 

Due to the failure of the initial method it was thought that derivatization of the starting 

material to the according dimethyl ester, may decrease the amount of polymerization upon 

elimination. Dimethyl maleic anhydride was refluxed in methanol with an acid catalyst. (scheme 

4) Water was removed via 3Å molecular sieves in a Dean Stark trap to push the equilibrium to 

the products side. Yield was 80%, but much of the unreacted starting material can be recovered. 

The resulting di-ester (7) was then subjected to the same N-bromosuccinamide bromination 

conditions with the expectation of getting a mixture of various brominated products. It was 

discovered by GC/MS and 1H-NMR that rather than a mixture of products there was a 47:53 

ratio of two isomers of dibrominated product, (8a) and (8b) constituting an 84% yield. (Scheme 

4) 
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Scheme 4 Synthesis of Fulgenic Acid Steps 1 and 2 a) CH3OH, acid catalyst, Dean-Stark trap, 3 

Å sieves. b)  NBS, CCl4, BPO. 

 

The mixture of resulting isomers were reacted with Zn and catalytic acetic acid. A Zn 

atom displaces a bromine; then both isomers undergo a 1,4-elimination reaction to create the 

butadiene functionality. This reaction results in a 92% yield of dimethyl fulginate (9).15 (scheme 

5) The final step is a simple base catalyzed hydrolysis of dimethyl fulginate (9). To minimize the 

polymerization upon hydrolysis a small amount of 4-tertbutylcatechol is added as a radical 

scavenger.16 The entire final hydrolysis step is performed using 3M NaOH solution at 0° C with 

vigorous stirring. The resulting sodium fulginate solution was added dropwise to chilled aqueous 

acid to reform the free fulgenic acid. A detailed procedure can be found in the experimental 

section. Yield of fulgenic acid (3) was 42% based on dimethyl fulginate (9). The total yield over 

4 steps is 26% based on the commercially available dimethylmaleic anhydride starting material. 

 

Scheme 5 Synthesis of Fulgenic Acid Steps 3 and 4 a) Zn powder, catalytic acetic acid.  b) 

NaOH, TBC. 
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2.3 2,3-DI(3-PYRIDYL)-1,3-BUTADIENE 

 The pyridyl series is another group of ligands that are of interest in this study. There are 

three isomers. The only difference is the connection point of the pyridine ring. Attempts were 

made to synthesize all three isomers. The pyridyl ligands of interest can be seen in figure 2.1. 

Just like the carboxylate ligands, these too contain the internal 1,3-butadiene functionality. 

 

Figure 2.1 Pyridyl series of ligands showed left to right: 2,3-di(2-pyridyl)-1,3-butadiene, 2,3-

di(3-pyridyl)-1,3-butadiene, and 2,3-di(4-pyridyl)-1,3-butadiene. 

 

The first attempt at the synthesis of the 4-pyridyl isomer (12) involved an acyloin 

condensation of 4-pyridine carboxaldehyde catalyzed by thiamine HCl. It was hoped that this 

reaction would produce the corresponding acyloin moiety. This product could then be gently 

oxidized to a 1,2-diketone. The diketone could then simply be treated with a methylenation 

reagent such as a Wittig or Tebbe reagent. (scheme 6) 

 

Scheme 6 Proposed Synthetic Route for 2,3-di(4-pyridyl)-1,3-butadiene (12) 

 

Unfortunately during the acyloin condensation step an elimination reaction occurred and 

the major product of the reaction was 4,4'-ethene-1,2-diyldipyridine (13) pictured in scheme 7. 

This method was abandoned as a valid synthetic route. 
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Scheme 7 Major Product was 4,4’-ethene-1,2-diyldipyridine (13) 

 

After the failure of the first method, a different route was attempted. This synthesis 

involved the use of titanium tetrachloride and Zn metal to couple 4-acetylpyridine. It was hoped 

that the reaction would go by the McMurray coupling mechanism and afford 4,4’-but-2-ene-2,3-

diyldipyridine. This proposed synthetic route is visible in scheme 8. This procedure did not 

produce any detectable product and was abandoned. 

 

Scheme 8 Proposed Synthetic Route for 2,3-di(4-pyridyl)-1,3-butadiene 

 

A symmetrical titanium catalyzed coupling reaction was attempted to synthesize the 2-

pyridyl isomer (10). This method instead uses TiCl3 under basic conditions and 2-acetylpyridine 

as the substrate.17 Rather than creating the desired olefin the major project of the attempted 

reaction was a mixture of d (14a), l (14b), and meso (14c) isomers of 2,3-pyradin-2-ylbutane-

2,3-diol. (scheme 9) The spectral data is available at the end of the experimental section. 

 

Scheme 9 Coupling of acetylpyridine with TiCl3, Meso (14a), l (14b), and d (14c) isomers of 

2,3-pyradin-2-ylbutane-2,3-diol 
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The diol compounds produced in preceding reaction were investigated as starting points 

for the synthesis of the pyridyl ligand series (10), (11), and (12). Previously work completed by 

Catherine Garrison gave us a simpler synthetic routes to the 2, 3, and 4 pyridyl diols. The method 

she developed involved simply dissolving the corresponding acetylpyridine isomer in 

isopropanol, adding catalytic acetic acid, and placing the flask in a UV light box. After a few 

days the crystals can simply be filtered out and washed.18 (scheme 10) This is the preferred 

method of preparing these diol compounds. 

 

Scheme 10 preferred synthetic route for synthesis of pyridyl diols 

 

It was theorized that perhaps these diols can be converted to their corresponding olefin by 

a simple acid catalyzed pinacol deoxygenation.19 The product could then be used to synthesize 

the dipyridyl butadiene using the synthetic route outlined in scheme 8.  The appropriate diol, 2,3-

pyradin-2-ylbutane-2,3-diol (14), was mixed with ethyl orthoformate and a small amount of 

benzoic acid. This mixture was heated for one hour at 100°C at which point additional benzoic 

acid was added. The resulting mixture was heated for an additional two hours at 175°C. Not only 

did this method not produce any product it also destroyed all of the starting material (scheme 

11).  
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Scheme 11 Elimination attempt on 2,3-pyradin-2-ylbutane-2,3-diol (14) a. ethylorthoformate, 

benzoic acid, 175°C, 2 hours  

After the elimination attempt failed another method to facilitate elimination was devised. 

The diol compounds can first be converted to their corresponding thiocarbonate compounds. 

This was historically done by treating the diol with phosgene.20 Due to the toxicity of phosgene 

other reagents are preferred. This method involved the use of thiocarbonyldiimidizole. The 

resulting thiocarbonate can then be converted to the olefin by refluxing in trimethylphosphite. 

(Scheme 12) This reaction favors the cis conformer.21 Thiocarbonyldiimidizole was obtained and 

it was refluxed in toluene with the diol. This was done for each isomer and in all cases 

thiocarbonate product was undetectable in the reaction mixture. 

 

Scheme 12 Proposed olefin synthesis via thiocarbonate elimination 

 

After the abandonment of the thiocarbonate route a new synthetic pathway was designed. 

Rather than the aldehyde or acetyl starting point, this new method uses 4-vinylpyridine (16) as 

the initial substrate. The 4-vinylpyridine was first brominated with liquid bromine in chloroform 

to produce dibromo-4-vinylpyridine (17).22 Next a base catalyzed elimination reaction will be 

utilized to produce monobromo-4-vinylpyridine (18). The final step is a coupling reaction using 
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Mg powder and palladium triphenylphosphine that should directly produce the desired olefin 

(12).23 (Scheme 13)  

 

Scheme 13 Proposed synthetic route for 2,3-di(4-pyradyl)-1,3-butadiene (12). 

 

Dibromo-4-vinylpyridine (17) has very poor solubility in its freebase form. The product 

immediately precipitates out of solution. This reaction proceeds with nearly quantitative yield. 

Characterization of the resulting yellow powder was hindered by its insolubility in chloroform, 

acetone, methanol, water, and DMSO. Deuterated pyridine was even tried to get a 1H-NMR with 

no results.  

After the discovery of the insolubility of dibromo-4-vinylpyridine, an attempt was made 

to convert the 4-vinylpyridine (16) starting material to its corresponding HCl salt (16-HCl) 

before bromination. The 4-vinylpyridine (16) was dissolved in hexanes and anhydrous HCl gas 

was bubbled through the hexanes. The HCl salt (16-HCl) was then brominated in the same 

manner in which its freebase had been brominated previously. The resulting product was 

collected and it was discovered by GC/MS to be a mixture of various brominated and chlorinated 

products. It seems the chloride ion takes place in the reaction. In order to eliminate the possibility 

of substrate chlorination, 4-vinylpyridine HBr (16-HBr) was investigated. In this case, the 4- 

vinylpyridine freebase (16) was treated with anhydrous HBr gas. The resulting HBr salt was then 

again brominated to produce dibromo-4-vinylpyridine HBr (17-HBr). Satisfied with the purity, 
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yield, and solubility of the product, efforts were began to design an elimination reaction to 

produce the mono-brominated 4-vinylpyridine (18).  

 

Scheme 14 The H-Br salt of 17 was accomplished to improve its solubility.  The reaction of the 

HCl salt 16-HCl created a mixture of dihalogenated products. 

 

   

The next step is the base catalyzed elimination of the dibromo-4-vinylpyridine HBr (17-

HBr). This step was attempted with various bases including K2CO3, triethylamine, and 

NaOH.24,25 Monobrominated product (18) was detected in 1H-NMR and GC/MS. However the 

monobrominated product is highly reactive and yields in all cases was >1%. Due to the 

instability of the intermediate product, this was abandoned as a valid synthetic route.  

 

Scheme 15 Elimination under basic conditions produced the desired compound 18.  The 

instability of 18 prevented further progress along this synthetic pathway.   

 

The final synthetic route tried for the pyridyl series of ligands, (10), (11), and (12), is 

featured in scheme 14. It began with a coupling reaction where 3-pyridinecarboxaldehyde (19b) 
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was reacted with aniline (19a) in the presence of sodium cyanide in dimethyl sulfoxide. First the 

imine is formed, then it dimerizes to produce the desired diimine (19h). This was adapted from a 

paper entitled “The Dimerization of Anils of Pyridine Aldehydes Catalyzed by Cyanide” This 

paper claims that the procedure directly produces the desired diimine product (19h). It was found 

that the reaction produces a mixture of dimers in varying states of oxidation seen in figure 2.2. 

 

Scheme 16 Proposed synthetic route for 2,3-di(3-pyridyl)-1,3-butadiene (12) 

 

 

Figure 2.2 dimer products in various stages of oxidation 

 

The next step in this synthetic route is the hydrolysis of the diimine (19h) to produce the 

diketone (19d) as a product. The procedure that was followed was very time consuming. The 

hydrolysis step is a slow evaporation of aqueous HCl acid that takes weeks to complete. If one 

works up the reaction without the slow evaporation step no product can be recovered.  

 A ten day study was begun to determine why the slow evaporation was necessary for the 

formation of diketone product (19d). The “diimine” product a mixture of (19g), (19h), and (19i) 

was mixed with 1M HCl and immediately produced a dark red solution. An aliquot was taken 
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each day for ten days and tested with GC/MS. A total of nine different compounds were found in 

the reaction mixture. These can be found in Table 1. It was theorized that compound (19h) is the 

reactive species that is converted to compound (19d), the desired diketone product. However the 

reaction produces a mixture of (19c), (19d), (19e), (19f), (19g), (19h), and (19i). While (19c) and 

(19f) are useless side products, compounds (19h) and (19i) may be oxidized to (19h) which can 

then be hydrolyzed to the desired diketone (19d). (scheme 15) This is the reason the evaporation 

step is necessary, it takes time for (19i) and (19g) to be oxidized to (19h). It is theorized that this 

oxidation is the result of air coming in contact with the compounds. Only after the diimine (19h) 

is produced can hydrolysis occur and (19d), the diketone, be formed. With this knowledge, 

efforts were made to speed up the production of the diimine (19h) from 19g and 19i.  

 

 Table 1 Species identified through GC/MS in ten day Aniline/3-PCA study 

 

I 

 

Compound Name 

 

Structure 

Formula 

weight 

(g/mol) 

Retention 

Time 

(min) 

 

 

19a 

 

 

Aniline 

 

 

 

 

93.13 

 

 

 

5.304 

 

 

19b 

 

 

3-pyridinecarboxaldehyde 

 

 

 

 

107.11 

 

 

5.542 

 

 

19c 

 

 

N-[(Z)-pyridin-3-

lmethylidene] aniline 

 

 

 

 

 

182.22 

 

 

12.492 
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19d 

 

 

1,2-di(pyridin-3-yl)ethane-

1,2-dione 

 

 

 

 

212.20 

 

 

13.490 

 

 

19e 

 

 

2-hydroxy-1,2-di(pyridin-3-

yl) ethanone 

 

 

 

 

214.22 

 

 

13.915 

 

 

19f 

 

 

N-phenyl-3-

pyridinecarboxamide 

 

 

 

 

197.23 

 

 

 14.277 

 

 

19h 

N,N'[-1,2-di(pyridin-3-

yl)ethane-1,2-

diylidene]dianiline 

 

 

 

 

362.43 

 

 

16.954 

 

 

19g 

of N,N'[-1,2-di(pyridin-3-

yl)ethene-1,2-

diylidene]dianiline 

 

 
 

 

 

364.44 

 

 

17.068 

 

 

19i 

of N,N'[-1,2-di(pyridin-3-

yl)ethane-1,2-

diylidene]dianiline 

 

 

 

 

365.47 

 

 

17.640 

 

 

 

Scheme 17 Theorized synthetic route for 1,2-di(pyridin-3-yl)ethane-1,2-dione (19d) 
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 In order to speed up the oxidation of (19g) and (19i) to (19h) the crude product was 

dissolved in acetone and air was bubbled through the solution for 30 minutes. The oxidized 

solution was then acidified with 1M aqueous HCl. The result was precipitation of 1,2-

diphenylethane-1,2-dione HCl (19d). This white powder was then converted to its freebase using 

aqueous K2CO3. Yield was 38% of a yellow crystalline solid. Satisfied with the improvements 

made to the diketone (19d) synthesis, work was begun on methylenation of (19d) to produce 2,3-

di(3-pyridyl)-1,3-butadiene (11), one of the five ligands of interest in this study. 

 A simple methyl Wittig reagent was tested first to accomplish methylenation of (19d). 

The ylide was produced in situ using triphenylphosphonium iodide and lithium 

diisopropylamide, which was produced in situ from n-butyl lithium and diisopropylamine.26 

(scheme 16) It was thought that this step would be easy to perform and produce (11) in high 

yield. Unfortunately, upon addition of aqueous acid during the workup the reaction mixture 

immediately turned black. The desired butadiene (11) was detected by GC/MS but the product 

was contaminated with various polymerized side products. Due to the impurity of the product a 

reliable yield could not be calculated. 

 

Scheme 18 Synthesis of 2,3-di(3-pyridyl)-1,3-butadiene (11) a. methyltriphenylphosphonium 

iodide, n-butyl lithium, diisopropylamine, tetrahydrofuran 

The base used to create the methylphosphonium ylide was varied to try and minimize the 

production of unwanted side products. Both potassium t-butoxide and potassium 

bis(trimethylsilyl)amide were tested and in both cases the results were very similar to those of 



 
 

19 
 

lithium diisopropylamide. At this point it was determined that changing the methylenation 

reagent from the phosphonium ylide to a Tebbe complex may result in higher yields. Tebbe’s 

reagent is often used on sterically hindered substrates where Wittig reagents do not perform as 

well.27 The Tebbe reagent worked very similarly to all methylenations previously attempted 

resulting in a mixture of polymerized side products with (11) being detectable only through 

GC/MS analysis.  

After the similar results of all previous methylenenation tests and the darkening in color 

upon addition of aqueous acid, an attempt was made to prevent 2,3-di(3-pyridyl)-1,3-butadiene 

(11) from being protonated during the workup. A means of quenching the reaction mixture that 

avoids water and acid in particular was desired. Acetone was chosen to quench the reaction 

mixture as it will react with the remaining ylide producing isobutylene, a gas a room 

temperature. Once the reaction was quenched, the crude product was analyzed by GC/MS and 

was found to contain, in addition to the desired product (11), triphenyphosphine, 

triphenylphosphine oxide, and free diisopropylamine. The crude product was run through a plug 

of silica gel in effort to remove the impurities. Acetone:chloroform, (1:9), was used to elute the 

triphenylphosphine and some of the triphenylphosphine oxide. The solvent system was changed 

to acetone:dichloromethane (1:1) to increase the polarity of the solvent system and elute the 

desired product (11). The product eluted from the silica plug was found to still contain 

triphenylphosphine oxide and diisopropylamine. The elution solvents were removed affording a 

brown oil. This oil containing crude (11) was dissolved in dichloromethane and washed with 

concentrated sodium bicarbonate solution to remove the diisopropyl amine. The crude product 

was then subjected to column chromatography using Acetone:chloroform, (3:7) as the mobile 

phase. The butadiene (11) was eluted in fractions 8-11 while the triphenylphosphonium oxide 
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eluted in the earlier fractions being completely absent in fraction 8. The fractions containing the 

product were pooled and solvents removed. The product was a light amber oil being composed 

of 92% 2,3-di(3-pyridyl)-1,3-butadiene (11). Two minor contaminates were noted however at 

this time they have yet to be fully characterized. The yield was quite poor at 8%, however, this 

particular procedure was only performed once. It is believed that the acetone quenching step and 

the avoidance of any protic hydrogens species during the workup is a breakthrough in the 

synthesis of this particular compound (11), and that subsequent work will be able to achieve 

higher yields. 
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CHAPTER 3 MOF SYNTHESIS 

 

3.1 BACKGROUND/ INTRODUCTION 

The formation of MOFs is generally accomplished by crystallization of a metal salt 

mixed with an organic ligand linker. These two constituents are mixed in a specific molar ratio 

that will be present in the desired framework. Typically slow crystallization is desired to produce 

large crystals suitable for crystal structure determination using x-ray diffraction. 

There are many techniques in the literature for forming these MOFs. The most common 

technique utilized in these publications is solvothermal synthesis. All of these methods entail 

heating solutions containing metal salts and multi-topic ligands in sealed vessels often at high 

pressures and temperatures.  MOF architecture, pore dimensions and crystal size are dependent 

on solvent type, metal salt type, reaction temperature, reaction pressure, reaction time and the 

presence of trace additives. By adjusting these parameters it is possible to control structure 

variables such as size, shape, and crystallinity of metal oxide nanostructures.28,29 The most 

commonly used solvents used in the solvothermal synthesis of carboxylate-metal MOFs are 

dimethylformamide (DMF) and diethylformamide (DEF).  These solvents slowly decompose 

under the reaction conditions to form dimethylamine and diethylamine respectively.  The slow 

build-up of these weak bases in the reaction mixture control the rate of crystallization as they 

deprotonate carboxylic acid ligands allowing them to ligate to the metal centers.     

Hydrothermal synthesis is identical with solvothermal synthesis except it uses aqueous 

solvent. Due to the danger of heating sealed vessels of water, theses reactions must be carried out 

in special autoclaves. These autoclaves are made of thick steel that can withstand the pressure of 
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the water. These methods were primarily designed to grow large single crystals suitable for 

structural determination. 

Other methods that are much easier a cheaper to perform are also available. These 

methods often produce MOFs with smaller pores or coordination polymers which do not have 

any open spaces. These methods do not require the use of any specialized equipment such as 

autoclaves and rely on either solvent diffusion or slow evaporation to accomplish slow 

crystallization.  

Arguably the simplest method is to dissolve both the metal salt and the organic ligand 

together in a solution and then allow that solution to evaporate. Often when the ligand and metal 

salt are mixed an immediate precipitation of co-crystalline material will occur. This precipitate is 

often crystalline however the crystals are normally of poorer quality. In order to slow down this 

rapid precipitation slow diffusion methods are employed. There are two types, liquid/liquid 

diffusion and liquid/vapor diffusion. In liquid/liquid synthesis the organic ligand is dissolved in 

one solvent and the metal salt is dissolved in another. The denser of the solutions should be 

placed in the bottom of a thin tube. The less dense solution is then carefully floated on top of the 

other solution and the tube is sealed. This set up allows for slow co-crystallization at the solvent 

interface as ligand and metal components slowly diffuse together. The solvents chosen for this 

method are typically miscible but some methods use immiscible solvents to slow down the 

crystallization rate further. 

The final synthetic technique explored in this study is liquid/vapor diffusion. This method 

is particularly useful for forming MOFs that have carboxylate metal interactions within the 

structure. In order for carboxylate metal coordination to occur the carboxy group must be 

deprotonated. By using a base, the equilibrium can be shifted in favor of the deprotonated 
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species and increase the rate of crystallization. In this method the dicarboxylate ligand is 

dissolved with a metal salt. This solution is placed inside a vial then sealed in an airtight chamber 

of some sort. Inside this chamber is placed a solution of triethylamine. This will guarantee that 

the vapor inside the chamber is saturated with triethylamine gas. Over time this gas will diffuse 

into the ligand/salt solution and slowly deprotonate the carboxy groups. As this happens the hope 

is slow coordination and crystallization of organic ligands and metal atoms will occur. 

 The major downside of the slow evaporation and diffusion techniques is time. These 

techniques can take months to produce any results. The solvothermal and hydrothermal are much 

faster but as stated before require the use of specialized and expensive equipment that is not 

available at all research institutions. 

3.2 MOF SYNTHESIS 

The first method attempted for the formation of MOFs relied on the principle of vapor 

diffusion. Both BMHA (2) and fulgenic acid (3) were each dissolved in ethanol. Additionally, 

various nitrate salts were also dissolved in ethanol. These salts included Cr(NO3)3, Cu(NO3)2, 

Co(NO3)2, Zn(NO3)2, Ni(NO3)2, AgNO3, and Cd(NO3)2. The ligands and salts were mixed in a 

1:2 ligand to metal ratio. A total of 14 different samples were prepared in 20mL scintillation 

vials each containing only one metal and one ligand. These vials were then placed inside a 

modified dessicator. The dessicator contained no dessicant but rather a small amount of ethanol 

and triethylamine solution. Once the vessel was sealed the triethylamine vapor slowly diffused 

into the solutions contained within the vials and deprotonated the carboxylic acid to facilitate 

coordination with a metal atom. After two weeks each of the vials contained a precipitate. After 

microscopic examination of the variously colored powders, it was determined that the powders 

were amorphous and this technique was abandoned. 
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Due to the amorphous nature of the previously produced powders, solvothermal synthesis 

seemed like a logical next step to produce crystallographic quality crystals. A literature 

procedure that produced x-ray crystallographic quality crystals of terephtahalic acid-Zn MOFs 

was modified for our use. Both BMHA and fulgenic acid were mixed with diethylformamide and 

Zn(NO3)2 in vials. These vials were sealed and heated in an oven at 100°C for 24hours. The vials 

were removed from the oven and left in a vibration free environment. This method relies on the 

slow decomposition of DEF to form diethylamine.  The slow production of diethylamine ensured 

a slow crystallization process necessary for obtaining x-ray quality crystals.  For many months 

no crystals developed in the vials. The experiment was thought to have failed. After 

approximately six months it was noted that large clear crystals had formed inside some of the 

vials. These crystals were sent off for crystal structure analysis. The results from the crystal 

structure showed that the crystal did not contain any of the desired butadiene ligands (2) or (3). 

The crystals were of a previously described Zn, formic acid, and water complex seen in figure 

3.1. 
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Figure 3.1 Zinc formate hydrate complex 

 

The final method used to synthesize MOFs involved the use of slow liquid/liquid 

diffusion of an aqueous metal acetate salt solution and an ethanolic organic ligand solution. Both 

BMHA and Fulgenic acid were dissolved in ethanol to make 0.100M solutions. The metal 

solutions were made using acetate salts and deionized water and prepared in 0.200M solutions. 

Thin glass tubes about 20cm long with an outer diameter of 0.5cm were cut to be used as the 

crystallization chambers. One end was fitted with a plastic NMR cap and keeping the tubes 

vertical (cap down) the various metal solutions were loaded in the bottom the tubes. The ethanol 

solution containing the organic ligand was then gently pipetted down the side of the tube so as to 

form a layer on top of the aqueous metal solution. Each tube only contained one metal species 

and one ligand. These tubes were capped and left in a vibration free environment. After only one 

night solid material was visible at the solvent interface of some of the tubes. These were left 

undisturbed for 2 weeks at which point the crystals were removed from the tubes and analyzed 
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under magnification. It was determined that only the combination of BMHA and Cu(OAc)2 had 

produced crystals of sufficient quality for single crystal XRD analysis. (figure 3.2) 

 

Figure 3.2 Crystals of Cu-BMHA MOF 

 

3.3 CRYSTAL CHARACTERIZATION 

 Fulgenic acid was recrystallized from ethyl acetate. Fulgenic acid formed monoclinic 

crystals of space group C-2/c with four fulgenic molecules in the unit cell. Its unit cell angle 

parameters are α = 90.0000°, β = 102.2985°, γ = 90.0000° with the sides of the cell measuring a 

= 10.26935 Å, b = 5.49754 Å, c = 11.18398 Å. (figure 3.4) A sample of fulgenic acid was placed 

in a Rayonet photochemical reactor and exposed to UV light measuring 254nm for 18hrs.  

Unlike crystalline BMHA12, fulgenic acid crystals did not undergo any solid-state reactions when 
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exposed to UV radiation or when heated.  The crystal packing and distance between reactive 

centers was not suitable for a solid state reaction. 

Interestingly, the conformation of the methylene units in fulgenic acid differ significantly 

from that found in BMHA.  In BMHA both C=C bonds are coplanar and conjugated. Fulgenic 

acid, on the other hand, is a cross-conjugated system. Cross conjugation refers to pi systems in 

which some of the pi bonds branch off and are not arranged consecutively. In these systems, it is 

energetically unfavorable for all of the pi bonds to remain conjugated in a single plane. In 

fulgenic acid C=C bonds can either be conjugated with one another or to the C=O of the 

carboxylic acid. The fulgenic acid crystal structure shows that C=C is coplanar with the 

carboxylic acid instead of the neighboring methylene. This conformation is similar to that of the 

lowest energy conformation of 1-dendralene.30  The C=C-C=O units are nearly coplanar and the 

dihedral angle between the two C=C units is 57.46o (Figures 3.3 and 3.4).   

 

 

 

 

 

 

 

 

 

 

Figure 3.3. The conformation of a) BMHA  b) 

fulgenic acid and c) 1-dendralene.  Cross-

conjugation in fulgenic acid and 1-dendralene 

prevent the central C=C bonds from being 

coplanar 

c) 
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The next structure obtained was of a crystal that was formed when a 1:2 ratio of fulgenic 

acid and 1-napthylmethylamine was dissolved in ethanol allowed to evaporate at room 

temperature. The crystal contained a 1:1 ratio of the two components rather than the 1:2 ratio 

expected. The unit cell contained four molecules of fulgenic acid and four molecules of 1-

napthylmethylamine. The crystals were monoclinic with unit cell dimensions a = 10.7662(4) Å, b 

= 13.0275(4) Å, c = 8.3714(3) and angles measuring α = 90°, β = 100.195(2)°, γ = 90°. Most 

importantly, the methylene groups on fulgenic acid are conjugated rather than cross conjugated 

Figure 3.4 The conformation of a) BMHA (2), and b) fulgenic acid (3) in their respective crystal 

structures. 
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as seen in the fulgenic acid crystal structure. This is evidenced by the planar geometry of 

methylene groups in figure 3.5. It seems when fulgenic acid is deprotonated that it adopts this 

conformation. This is very desirable for this project as the fulgenic acid will be deprotonated 

before coordination can occur and the conjugated nature of the alkenes should allow for greater 

reactivity inside the pores. 

 

Figure 3.5 Crystal structure of napthylmethylamine and fulgenic acid. The planar nature of 

deprotonated fulgenic acid is visible (bottom right) 

 

An additional crystal of BMHA and benzylamine was grown. This one was formed in the 

same way as the fulgenic acid and napthylmethylamine crystal. Both BMHA and benzylamine 

were dissolved in ethanol and allowed to evaporate at room temperature. Again the unit cell 

contained a 1:1 ration of BMHA to benzylamine and contained four molecules of each 

compound. The crystals were again monoclinic and the unit cell measured a = 10.524(6)Å, b = 

8.435(4)Å, c = 11.826(6)Å with angles measuring α = 90°, β = 102.145(14)°, γ = 90°. This 

crystal structure again confirmed conjugation of the butadiene functionality of BMHA. (figure 

3.6) 
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Figure 3.6 Crystal structure of benzylamine and BMHA (2) confirming conjugation of the 

butadiene 

  

During the project, only one metal organic framework of sufficient crystalline quality 

was produced. This crystal was formed by simple, slow, liquid/liquid diffusion of aqueous 

copper acetate and ethanolic BMHA. The blue crystals (figure 3.2), were triclinic of space group 

P-1 and the unit cell parameters are as follows: a = 9.9660(3)Å, b = 11.9416(3)Å, c = 

12.8417(4)Å; α = 95.522(2)°, β = 112.718(2)°, γ = 112.190(2)°.  The overall structure consists of 

copper oxide ladders that are linked together by the terminal carboxylates on BMHA. (figures 

3.7 and 3.8) Rather that each carboxylate being bidentate, the carboxylate groups bridge the 

copper atoms within a single ladder structure. Additionally, the geometry around the copper 

centers varies from octahedral to square pyramidal. For each octahedral copper atom there are 

two square pyramidal copper atoms in the ladder. The presence of voids was confirmed when 

water molecules were found amidst the Cu-BMHA coordination polymer. Each unit cell 

contained four water molecules trapped within the voids. The volume of a water molecule is 

approximately 29.9Å3, therefore the voids contained within the unit cell must be at least 119.6Å3 
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in volume. This accounts for 7.8% of the entire unit cell. (figure 3.8) As with all other crystal 

structures of BMHA obtained in this study, the butadiene group was planar indicating the desired 

conjugation of the methylene groups. (figure 3.9) 

 

Figure 3.7 Crystal structure of Cu-BMHA looking down the copper oxide ladders and showing 

voids between the BMHA molecules 
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Figure 3.8 Crystal structure of Cu-BMHA showing copper oxide ladders (side view) and water 

molecules (large red ellipsoids) trapped within the voids.  

 

Figure 3.9 Crystal structure of Cu-BMHA MOF showing the planar butadiene group between 

the copper oxide ladders 
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CHAPTER 4 EXPERIMENTALS 

 

General Experimental All reagents were purchased from Sigma Aldrich or Acros Organics and 

used without further purification unless otherwise stated. NMR spectra were obtained using a 

JEOL 300 MHz Eclipse NMR. Gas chromatograms and mass spectra were obtained using an 

Agilent Technologies 7890 A GC System with a 7693 Autosampler and an Agilent J&W GC 

Column-HP-5MS (30 m × 0.25 mm × 0.25 µm), coupled with a 5975 C Inert XL EI/CI MSD 

(with Triple Axis Detector). FT-IR spectra were obtained using a Perkin Elmer Spectrum One.  

Crystal data for fulgenic acid, zinc formate hydate and Cu-BMHA were collected using 

graphite-monochromated Mo Kα X-radiation (λ= 0.71073 Å) on a Siemens R3 four-circle 

diffractometer using the θ– 2 θ technique over a 2 θ range of 3 – 55°. The data were corrected for 

Lorentz and polarization effects and absorption using SADABS.  The structures were solved by 

direct methods. Least squares refinement on F2was used for all reflections. Structure solution, 

refinement and the calculation of derived results were performed using the SHELXTL package 

of software.  The non-hydrogen atoms were refined anisotropically. In all cases, hydrogen atoms 

were located then placed in theoretical positions. 

 Crystal data for fulgenic acid/napthylamine, and BMHA/benzylamine were collected at 

140 K with a Bruker platform diffractometer equipped with a Smart6000 CCD detector.  Data 

were integrated using SAINT 6.45. Correction for absorption, decay, and inhomogeneity of the 

X-ray beam were applied using SADABS and or TWINABS.  Structures were solved using 

direct methods.  Hydrogen atoms were located and refined isotropically.  In all cases the non-

hydrogen atoms were refined with anisotropic atomic displacement parameters, and calculations 

were performed using SHELXTL 6.12 
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 Diethyl-3,4-bis(methylene)hexanedioate (1). To an oven dried 1000mL round bottom flask 

was added 2-butyne-1,4-diol (9.6398g, 111.97mmol, 1eq), and recently distilled 

triethylorthoacetate (104 mL, 92.04g, 567.34mmol, 5eq), 100mL of dry dimethylformamide, and 

a stir bar. A reflux condenser was fitted to the reaction vessel and the top the condenser was 

fitted with a drying tube. The entire apparatus was purged with argon. The reaction vessel was 

placed inside an improvised microwave reactor. The water to the condenser was turned on and 

1mL of propionic acid was added through the top of the condenser. With the drying tube in 

place, the reaction mixture was refluxed in the microwave with stirring for 1.5 hours. Careful 

control of the microwave power is necessary to prevent the condenser from boiling over. The 

apparatus is allowed to come to room temperature at which point the reaction mixture was 

transferred to a 2L separatory funnel. The solution was diluted with ethyl acetate and then 

washed with 3 x 300mL of 0.5M HCl followed by 3 x 300mL of concentrated NaCl solution. 

Organic layer was dried over anhydrous MgSO4, filtered, and the volatiles were removed under 

reduced pressure. Product was obtained as 12.3691g of diethyl-3,4-bis(methylene)hexanedioate, 

a 48% yield. 1H-NMR 300MHz (CDCl3): δ 1.21 (t, 6H); 3.26 (s, 4H); 4.10 (q, 4H); 5.13 (s, 2H); 

5.25 (s, 2H). 13C-NMR 300MHz (CDCl3): δ 14.1, 40.4, 60.7, 117.1, 139.5, 171.2. FT/IR (ATR) 

2984 (CH3), 1731 (C=O), 1602 (C=C), 1027 (C-O) cm-1. 

3,4-bis(methylene)hexanedioic acid (2).  To a 250mL round bottom flask was added (58mL) of 

1M NaOH solution, (78mL) of ethanol, (6.0500g, 30.5mmmol, 1eq) of diethyl-3,4-

bis(methylene)hexanedioate (1), and a stir bar. Reaction mixture was stirred at room temperature 

for 2 hours. The reaction flask was then placed in an ice water bath and allowed to come to 0°C. 

At this point the reaction mixture was transferred to a 400mL beaker and diluted with (40mL) 
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deionized water. The reaction mixture was then brought down to a pH of 3 with concentrated 

HCl solution. The now acidic reaction mixture was transferred to a separatory funnel and 

extracted with 3 x 75mL of ethyl acetate. The organic layers were reserved, combined, and then 

washed with 3 x 75mL of concentrated NaCl solution. The organic layer was then dried over 

MgSO4, gravity filtered, and the solvent was removed via rotary evaporator. Product was 

recovered 1.5235g of a white crystalline solid a 29% yield. 1H-NMR 300MHz (DMSO-d6): δ 

3.20 (s, 6H); 5.12 (s, 2H); 5.72 (s, 2H); 12.22 (s, 2H). 13C-NMR 300MHz (CDCl3): δ 40.0, 

116.6, 140.1, 172.5. FT/IR (ATR): 2920 (OH), 1683 (C=O), 1603 (C=C) cm-1. 

2,3-dimethylmaleic acid, dimethyl ester (9). To a 500mL round bottom flask was added 

dimethylmaleic anhydride (10.9729g, 63.7298mmol, 1eq), 150mL of methanol, 2mL of 

concentrated sulfuric acid, and a stir bar. A Dean Stark trap is filled with 3A molecular sieves 

and primed with methanol. The reaction mixture was refluxed with stirring for 48 hours. The 

reaction mixture was then allowed to cool and transferred to a 400mL beaker. Using 10% sodium 

bicarbonate solution the mixture was brought to a pH of 8. Reaction mixture was then transferred 

to a 1000mL separatory funnel and 100mL of diethyl ether was added. No phase separation was 

observed so 100mL of deionized water was added. After swirling the biphasic mixture the ether 

layer was reserved. The aqueous layer was then extracted with an additional 2 x 100mL of 

diethyl ether. Organic layers were pooled and washed with 2 x 100mL of concentrated NaCl 

solution. Aqueous layer was reserved for recovery of unreacted starting material. Organic layer 

was then dried over MgSO4, gravity filtered, and the solvent was removed via rotary evaporator. 

Product was obtained as 12.0168g of a slightly yellow mobile fluid, 80% yield. . 1H-NMR 

300MHz (CDCl3): δ 1.93 (s, 6H); 3.74 (s, 6H). ). 13C-NMR 300MHz (CDCl3): δ 15.6, 52.2, 

133.4, 169.4. FT/IR (ATR): 2954 (CH3), 1717 (C=O), 1648 (C=C), 1264 (C-O) cm-1.  
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Dimethyl-2,3-bis(bromomethyl)maleate (8a), (8b). To a 250mL round bottom flask containing 

a stir bar was added 2,3-dimethylmaleic acid, dimethyl ester (1eq, 3.7913g, 10.40mmol), 60mL 

of carbon tetrachloride, and N-bromosuccinamide (2.05eq, 3.7913g, 21.30mmol).  Benzoyl 

peroxide, 60mg, was added and the reaction flask was fitted with a reflux condenser. The 

reaction mixture was refluxed for 5 hours at which time an additional 60mg on benzoyl peroxide 

was added. Mixture was refluxed for 5 more hours then allowed to come to room temperature. 

The resulting slurry was vacuum filtered. The filter cake was washed with 2 x 10mL of carbon 

tetrachloride. The organic layers are combined and washed with 2 x 30mL of deionized water 

followed by 2 x 20mL of concentrated NaCl solution. The organic layer was then dried over 

anhydrous magnesium sulfate, gravity filtered, and solvent was then removed via a rotary 

evaporator. Product was obtained as a pale yellow oil, dimethyl-2,3-bis(bromomethyl)maleate 

that turned to a darker amber color within a few days. Product weighed 1.3575g constituting an 

84% yield. 1H-NMR 300MHz (CDCl3): δ E-isomer: 3.83 (s, 3H); 4.33 (s, 2H); Z-isomer: 3.90 (s, 

3H); 4.49 (s, 2H). 13C-NMR 300MHz (CDCl3): δ E-isomer: 26.9, 53.2, 137.2, 166.1; Z-isomer: 

24.1, 53.2, 137.1, 165.7. FT/IR (ATR): 2952 (CH3), 1721 (C=O), 1634 (C=C), 1265 (C-O) cm-1. 

Dimethyl Fulginate (9). Dimethyl-2,3-bis(bromomethyl)maleate (2.2678g, 8.86mmol, 1eq) was 

dissolved in 22mL of dichloromethane and transferred to a 100 mL round bottom flask 

containing a stir bar. The flask was placed on a stir plate and powered zinc metal (1.1660g, 

17.8342mmol, 2.01eq) was added. With stirring 1mL of glacial acetic acid was added dropwise. 

The exothermic reaction is enough to boil the solvent so care should be taken at this step to 

prevent thermal runaway. The reaction mixture was stirred for 4 hours after which the dark slurry 

was vacuum filtered. It is advisable not to use a frit for this filtration as it will likely clog. A fast 

flow filter paper is recommended. The filter cake was extracted with 2 x 5mL of 
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dichloromethane. The filtered reaction mixture and cake rinses were transferred to separatory 

funnel and washed with 3 x 30mL of deionized water followed by 2 x 30 mL of concentrated 

NaCl solution. The organic layer was reserved, dried over anhydrous MgSO4, gravity filtered, 

and concentrated under reduced pressure affording 1.3575g of light yellow oil, 92% yield. 

Product was used without further purification. 1H-NMR 300MHz (CDCl3): δ 3.76 (s, 6H); 5.81 

(d, J=1.38Hz, 2H); 6.28 (d, J=1.38, 2H). 13C-NMR 300MHz (CDCl3): δ 52.1, 127.9, 166.1. 

FT/IR (ATR): 2955 (CH3), 1718 (C=O), 1619 (C=C) cm-1. 

Fulgenic acid (3). To a 200 mL round bottom flask was added dimethyl fulginate (10.9841g, 

64.5708mmol, 1eq) and of 4-tertbutylcatechol (0.1210g, 0.7280mmol, 0.01eq). The flask was 

gently heated with a heat gun and swirled until all of the 4-tertbutylcatechol is dissolved. A stir 

bar was added and the reaction vessel was fitted with a 100mL pressure equalizing addition 

funnel containing 40mL of a 3M NaOH solution. The NaOH solution was added dropwise with 

vigorous stirring. The reaction mixture was left to stir overnight. The following day 22mL of 

aqueous 6M H2SO4 was placed in a 200mL beaker and chilled on an ice bath. A stir bar was 

added to the beaker. With vigorous stirring the reaction mixture was added dropwise over a 

period of 40 minutes to the H2SO4. A powdery tan precipitate was collected via vacuum 

filtration. An oily residue containing product remained stuck to the stir bar and pipet. Diethyl 

ether, 10mL, was added to the oil dissolving it and leaving behind some tan powder. This 

powder was vacuum filtered and added to the product netting a total of 3.4975g of fulgenic acid. 

The aqueous filtrate was transferred to a separatory funnel and extracted with 2 x 20mL of 

diethyl ether. The ether layers were pooled then washed with 2 x 20mL of concentrated NaCl 

solution, dried over anhydrous MgSO4, and gravity filtered. The ether was removed under 

reduced pressure in a rotary evaporator and the crude product was placed in a -30° C freezer 
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overnight. To the crude product was added 7mL of hexanes. The mixture was gently heated with 

a heat gun. At this point two layers have formed; the bottom being the crude product and the top 

being the hexanes. Acetone (approximately 8mL) was added dropwise while swirling until a 

white precipitate separates from the oil. The flask is placed in the freezer overnight and the 

precipitate is filtered off the next day netting an additional 0.3615g of product bringing the total 

yield to 3.8590g of fulgenic acid, a 42% yield based on dimethyl fulginate. 1H-NMR 300MHz 

(acetone-d6): δ 5.88 (d, J=1.65 Hz, 2H); 6.22 (d, J=1.65, 2H). 13C-NMR 300MHz (acetone-d6): δ 

126.7, 139.8, 166.2, 205.5. FT/IR (ATR): 2885, 2573, 1669 (C=O), 1610 (C=C), 1279 (C-O) cm-

1. 

Dibromo-4-vinylpyridine (7) To a 250mL round bottom flask containing a stir bar, was added 

(1.3365g) of 4-vinylpyridine and 150mL of chloroform. The flask was sealed with a septum and 

purged with argon. The reaction flask was then placed on an ice water bath and allowed to chill 

to 0°C. The argon was turned off but the needle was left in the septum to equalize pressure inside 

the reaction vessel. At this point (1mL) of liquid bromine was added dropwise to the 4-

vinylpyridine solution with vigorous stirring. After addition of the bromine the reaction mixture 

was stirred for 15min on the ice bath, then removed from the ice bath and stirred for an 

additional 15min. The chloroform was removed under reduced pressure. To the dry reaction 

mixture was added (20mL) of chloroform and (50mL) of deionized water. The slurry was 

swirled then vacuum filtered. The resulting filter cake was washed with 3 x 20mL of acetone. 

Product was obtained as a light yellow amorphous powder weighing 2.2914g. Yield is near 

quantitative. FT/IR (ATR): 845, 1180, 1468, 1638, 3042cm-1. 

Monobromo-4-vinylpyridine (8) To a 50mL round bottomed flask was added Dibromo-4-

vinylpyridine (0.3095g, 1.1681mmol, 1eq). To the flask was added a stir bar and 10mL of dry 
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tetrahydrofuran. With vigorous stirring anhydrous K2CO3, (0.32289g, 2.3363mmol, 2eq) was 

added. The reaction mixture was stirred overnight. The following day, 10mL of deionized water 

was added to the reaction flask and the volatiles were removed via rotary evaporator. The 

aqueous layer was extracted with 3 x 30mL of diethyl ether. Organic layers were pooled and 

washed with 30mL of concentrated NaCl solution, dried over MgSO4, filtered and ether was 

removed under reduced pressure. Product was acquired as a dark brown oil containing 

impurities. Yield is less than 1%. 1H-NMR 300MHz (CDCl3) δ 6.01 (d, 1H); 6.40 (d, 1H); 7.54 

(d, 2H); 8.63 (d, 2H). 

N,N’-diphenyl-1,2-di(3-pyridyl)ethene-1,2-diamine (19g) To a 100mL round bottom flask was 

added a stir bar and 5.3839g of 3-pyridinecarboxaldehyde. To an addition funnel was added 

4.9581g of aniline. The aniline was added dropwise to the aldehyde with vigorous stirring. After 

completion of addition the reaction mixture was heated to 110 ᵒC for 1 hour on a sand bath with 

stirring. The mixture was then allowed to come to room temperature. Dimethyl sulfoxide, 20mL, 

was added followed by 1.0404g of NaCN. The reaction mixture was then stirred overnight at 

room temperature. The following day 200mL of ice water was added to a 1000mL tall-form 

beaker. The crude product was poured into the ice water causing an immediate precipitation of a 

gummy yellow powder. The yellow slurry was stirred and then vacuum filtered after all the ice 

had melted. The bright yellow filter cake was rinsed with 3 x 20mL of deionized water. The 

crude product was then transferred to a 300mL round bottom flask and 100mL of acetone was 

added. The solution was refluxed for 0.5 hours after which the acetone was removed via rotary 

evaporator. After removal of the acetone, 25mL of diethyl ether was added and swirled. The 

yellow product was collect via vacuum filtration. Yield was 8.2778g of N,N’-diphenyl-1,2-di(3-

pyridyl)ethane-1,2-diamine (19g) a 90% of theoretical. 1H-NMR 300MHz (CDCl3): δ 5.67 (s, 



 
 

40 
 

2H); 6.56 (d, 4H); 6.77 (t, 2H); 7.09 (t, 4H); 7.19 (m, 2H); 7.83 (m, 2H); 8.42 (d, 2H); 8.80 (s, 

2H). 13C-NMR 300MHz (CDCl3): δ. FT/IR (ATR): 

1,2-diphenylethane-1,2-dione (19d) To a two neck 500mL round bottom flask was added 

8.2778g of N,N’-diphenyl-1,2-di(3-pyridyl)ethane-1,2-diamine (19g) and 250mL of acetone. The 

solution was heated gently with a heat gun to help dissolve the solids. A fritted bubbler was 

employed to pump air through the solution for 1 hour. During this time the volume of the 

reaction mixture had been reduced to 100mL. After removal of the airline 100mL of a 2M HCl 

solution was added to the reaction flask resulting in a dark red solution. Concentrated HCl was 

added dropwise until a pH of 1 was achieved. During acidification a fine off white precipitate 

began to form. The mixture was placed in a refrigerator for 0.5 hours. The precipitate was then 

collected by vacuum filtration and transferred to a beaker containing 20mL of dichloromethane. 

The solution was neutralized with concentrated KCO3 solution and 20mL of deionized water was 

added. The reaction mixture was extracted with 3 x 20mL of dichloromethane. Organic layer was 

dried over MgSO4, filtered, and the volatiles were removed under reduced pressure. Product was 

obtained as 1.8486g of a yellow crystalline solid, a 38% yield. 1H-NMR 300MHz (CDCl3): δ 

7.49 (m, 2H); 8.30 (m, 2H); 8.85 (m, 2H); 9.17 (m, 2H). 13C-NMR 300MHz (CDCl3): δ 124.0, 

128.4, 137.1, 151.6, 155.2, 191.1. FT/IR (ATR): 3072 (Ar-H), 1669 (C=O), 1583 (C=N) cm-1. 

2,3-di(3-pyridyl)-1,3-butadiene (11) To a flame dried, argon purged, 50mL round bottom flask 

fitted with a septum and stir bar, dry diisopropylamine, (0.4007g, 3.960mmol, 3.29eq) was 

injected through the septum followed by 15mL of dry tetrahydrofuran. The reaction flask was 

placed on a CO2/acetone bath. The reaction flask was allowed to equilibrate at which point 

1.4mL of a 2.25M n-butyl lithium (0.2019g, 3.150mmol, 2.58eq) solution in hexanes was 

injected through the septum. The mixture was then stirred 10 minutes at -78°C. After the 
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formation of the lithium diisopropylamide, the septum was removed to add (1.3627g, 

3.3544mmol, 2.94eq) of methyl triphenylphosphonium iodide. The yellow color of the methyl 

ylide was observed. The septum was quickly replaced and the flask was again purged with argon. 

After purging, the flask was placed on an ice/water bath and stirred for one hour to ensure 

complete formation of the ylide. After an hour had elapsed the flask was transferred back to the 

CO2/acetone bath and allowed to equilibrate. To a three dram vial was added (0.2558g, 

1.205mmol, 1eq) of 1,2-di(pyridin-3-yl)ethane-1,2-dione (19d). The substrate was dissolved in 

5mL of dry tetrahydrofuran. After the reaction flask had equilibrated to -78°C, the substrate 

solution was added dropwise over a period of 30 minutes with vigorous stirring. After addition of 

the substrate an additional 1mL of tetrahydrofuran was used to rinse the sides of the reaction 

vessel. The reaction mixture was stirred for one hour at -78°C at which point the reaction was 

then allowed to come to room temperature with stirring. The solution turned a brownish color at 

this point likely due to some polymerization of product. The septum was removed and 3mL of 

acetone was added slowly to quench the remaining ylide. Off gassing of isobutlylene was 

observed at this step. The precipitate, likely consisting of LiI and triphenylphosphine oxide, was 

removed via vacuum filtration. A sample of the crude reaction mixture was taken for GC/MS 

analysis. The crude product was found to contain the desired product, 2,3-di(3-pyridyl)-1,3-

butadiene, triphenyl phosphine, triphenylphosphine oxide, and a small amount of free 

diisoproplylamine. The solution was placed on a rotary evaporator and the acetone was removed 

to lower the polarity of the solution to encourage the precipitation of triphenylphosphine oxide. 

The ethereal solution was placed in the freezer overnight. The following day the precipitate was 

gravity filtered and discarded. The filter cake was rinsed with approximately 5mL of dry 

tetrahydrofuran. The following day a small amount of the sample was taken and all remaining 
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solvents were removed under reduced pressure at 40°C. When the NMR sample tube was made 

with CDCl3 it was noted that a precipitate formed in the tube. The sample was filtered to remove 

precipitate and 2,3-di(3-pyridyl)-1,3-butadiene (11) was confirmed to be present in the sample. 

The majority of residual solvent was removed by rotary evaporator at which point chloroform 

was added to the brown oil until a precipitate was observed. This dark brown precipitate was 

believed to be polymerized product and was removed from the product via vacuum filtration. 

The now yellow solution containing the product was left open in an evaporating dish for 48hours 

to allow complete evaporation of the chloroform. Silica gel, 32-63µm, 40g was weighed out for a 

plug. Acetone:chloroform (1:9) was chosen as the mobile phase. The crude product was 

dissolved in 2mL of elution solvent and loaded onto the top of the plug. 192mLs of solvent were 

run through the plug in effort to elute triphenylphosphine and its oxide. The solvent system was 

then changed to acetone:dichloromethane (1:1). Five 75mL fractions were taken and tested by 

GC/MS. Fractions 3-5 were pooled and the majority of the solvent was removed under reduced 

pressure. The golden solution was dried over anhydrous MgSO4, gravity filtered, then the solvent 

was removed under reduced pressure at 40°C. The resulting brown liquid was then placed on a 

vacuum line to remove any remaining solvents. After tests revealed the presence of 

triphenylphosphine oxide and diisopropylamine in the product. The crude product was dissolved 

in 20mL of dichloromethane and washed with 3 x 5mL of concentrated sodium bicarbonate 

solution to remove diisopropylamine. The organic solution was again dried over MgSO4, gravity 

filtered and the solvent was removed. The remaining triphenylphosphine oxide was removed via 

column chromatography. The solvent system selected was 3:7 acetone:chloroform. 

Triphenylphosphine oxide was eluted in the 5th and 6th fraction while the product (11) eluted in 

fractions 8 through 11. The fractions containing the product were pooled and the solvent was 
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removed under reduced pressure at 40°C. Then 20mL of dichloromethane was added to dissolve 

the product. It was then dried over MgSO4, gravity filtered, then solvent was removed under 

reduced pressure at 40°C. The product was then placed in a high vacuum environment to ensure 

the removal of all residual solvent. Product was obtained as a clear light amber oil weighing 

0.0222g. The final product was found by GC/MS analysis to be 92% pure, being contaminated 

by two yet to be identified contaminates. Yield was 8.0% of theoretical. 1H-NMR 300MHz 

(CDCl3): δ 5.41 (d, J= 0.54Hz, 2H); 5.59 (d, J= 0.54 Hz, 2H); 7.18 (dd, 2H); 7.60 (m, 2H); 8.45 

(dd, J= 4.95 Hz, J= 1.65 Hz, 2H); 8.59 (d, J= 2.48Hz, 2H). 13C-NMR 300MHz (CDCl3): δ 118.9, 

123.2, 135.0, 135.3, 146.2, 148.9, 149.1. FT/IR (ATR): 745 (C-H out of plane bend), 1412 

(C=N-C), 1615 (C=C), 3030 (Ar-H) cm-1.  

Cu-BMHA MOF Thin glass tubes about 20cm long with an outer diameter of 0.5cm were cut to 

be used as the crystallization chambers. One end was fitted with a plastic NMR cap and keeping 

the tubes vertical (cap down) the tube was half filled with 0.100M aqueous Cu(OAc)2. Then an 

ethanolic solution of BMHA (0.200M) was pipetted down the side of the tube so as to float on 

top of the aqueous copper (II) solution. The top of the tube was sealed with another NMR cap 

and left in a vibration free environment for two weeks. After two weeks crystals of sufficient size 

and quality had formed at the solvent interface. These crystals were carefully removed from the 

tube and washed with a few milliliters of ethanol. The crystals were dried and then sent for XRD 

crystal analysis. 
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Figure 4.1 1H-NMR diethyl-3,4-bis(methylene)hexanedioate 

 

Figure 4.2 1H-NMR diethyl-3,4-bis(methylene)hexanedioate zoomed in 
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Figure 4.3 13C-NMR of diethyl-3,4-bis(methylene)hexanedioate 

 

Figure 4.4 1H-NMR of bis(methylene)hexanedioic acid 
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Figure 4.5 13C-NMR of bis(methylene)hexanedioic acid 

 

Figure 4.6 1H-NMR of  2,3-dimethylmaleic acid, dimethyl ester 

 

Figure 4.7 1H-NMR of  2,3-dimethylmaleic acid, dimethyl ester zoomed in 
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Figure 4.8 13C-NMR of Z 2,3-dimethylmaleic acid, dimethyl ester 

 

Figure 4.9 1H-NMR of E and Z dimethyl-2,3-bis(bromomethyl)maleate 
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Figure 4.10 1H-NMR of E and Z dimethyl-2,3-bis(bromomethyl)maleate zoomed in 

 

Figure 4.11 13C-NMR of E and Z dimethyl-2,3-bis(bromomethyl)maleate 
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Figure 4.12 1H-NMR of dimethyl fulginate 

 

Figure 4.13 1H-NMR of dimethyl fulginate zoomed in 
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Figure 4.14 13C-NMR of dimethyl fulginate 

 

 

Figure 4.15 1H-NMR of fulgenic acid 
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Figure 4.16 1H-NMR of fulgenic acid zoomed in 

 

 

Figure 4.17 13C-NMR of fulgenic acid 
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Figure 4.18 1H-NMR of 4-4’ethene-1,2-diyldipyridine 

 

 

Figure 4.19 13C-NMR of 4-4’ethene-1,2-diyldipyridine 
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Figure 4.20 1H-NMR of 2,3-pyradin-2-ylbutane-2,3-diol 

 

 

Figure 4.21 1H-NMR of 2,3-pyradin-2-ylbutane-2,3-diol zoomed in at the aromatic region 

 

 

Figure 4.22 1H-NMR of 2,3-pyradin-2-ylbutane-2,3-diol showing the isomeric ratio of 24:76 
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Figure 4.23 Gas chromatogram of 2,3-pyradin-2-ylbutane-2,3-diol showing an isomeric ratio of 

43:58 

 

 

Figure 4.24 Mass spectrum of meso isomer of 2,3-pyradin-2-ylbutane-2,3-diol eluting at 

12.945min 
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Figure 4.25 Mass spectrum of d and l isomers of 2,3-pyradin-2-ylbutane-2,3-diol eluting at 

13.260min 

 

 

Figure 4.26 1H-NMR of crude monobromo-4-vinylpyridine 

 

Figure 4.27 1H-NMR of crude monobromo-4-vinylpyridine zoomed in 
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Figure 4.28 Mass spectrum of aniline eluting at 5.350min 

 

 

Figure 4.29 Mass spectrum of 2-hydroxy-1,2-di(pyridin-3-yl)ethanone eluting at 13.895min 

 

 

Figure 4.30 Mass spectrum of N-phenyl-3-pyridinecarboxamide eluting at 14.259min 
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Figure 4.31 Mass spectrum of N,N'[-1,2-di(pyridin-3-yl)ethane-1,2-diylidene]dianiline eluting at 

16.930min 
 

 

Figure 4.32 Mass spectrum of N,N'-diphenyl-1,2-di(pyridin-3-yl)ethene-1,2-diamine eluting at 

17.068min 

 

 

Figure 4.33 Mass spectrum of N,N'-diphenyl-1,2-di(pyridin-3-yl)ethane-1,2-diamine eluting at 

17.628min 
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Figure 4.34 1H-NMR of 2,3-di(3-pyridyl)-1,3-butadiene 

 

 

Figure 4.35 13C-NMR of 2,3-di(3-pyridyl)-1,3-butadiene 
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Figure 4.36 1H-NMR of fulgenic dimer 
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APPENDIX A 
 

GAS CHROMATOGRAPH/MASS SPECTROMETER PARAMETERS 

 

INLET PARAMETERS: 

Sample Inlet: GC 

Injection Source: GCALS 

Inlet Location: Front 

MS Connected to: Front Inlet 

 

Heater: 250°C 

Pressure: 11.681psi 

Total Flow: 28.2 mL/min 

Septum Purge Flow: 3mL/min 

Mode: Split 

Split Ratio: 20:1 

 

OVEN PARAMETERS: 

Oven Temp On: True 

Equilibration Time: 1min 

Maximum Oven Temperature: 325 °C 

Overide Column Max: 325 °C: False 

 

OVEN RAMP: 

 Rate (°C/min) Value (°C) Hold Time (min) Run Time (min) 

Initial  80 3 3 

Ramp 1 15 300 1 18.667 

 

 

MS INSTRUMENT PARAMETERS 
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Solvent Delay 3.00min 

EMV Mode Gain Factor 

Gain Factor 1.00 = 1235 V 

Acq. Mode Scan 

Scan Speed Normal 
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APPENDIX B 

 

Crystallographic data for BMHA-Cu MOF  

 

Table B1 Crystal data and structure refinement.  

Empirical formula  C16H25Cu3O14   

Temperature/K  150(2)   

Crystal system  triclinic   

Space group  P-1   

a/  a  =  9.9660(3) Å α   =  95.522(2) ° 

b/Å  b  =  11.9416(3) Å β   =  112.718(2) ° 

c/Å  c   =  12.8417(4) Å γ   =  112.190(2) ° 

Volume/Å3  1251.78(7)   

Z  2   

ρcalcg/cm3  1.677   

μ/mm‑1  3.534   

Crystal size/mm3  0.296 × 0.122 × 0.092   

Radiation  CuKα (λ = 1.54178)   

2Θ range for data collection/°  7.782 to 121.154   

Index ranges  
-10 ≤ h ≤ 8, -13 ≤ k ≤ 13, -

14 ≤ l ≤ 14  

 

Reflections collected  14852   

Independent reflections  
3573 [Rint = 0.0618, Rsigma 

= 0.0535]  

 

Data/restraints/parameters  3573/226/341   

Goodness-of-fit on F2  1.125   

Final R indexes [I>=2σ (I)]  R1 = 0.0574, wR2 = 0.1577   

Final R indexes [all data]  R1 = 0.0669, wR2 = 0.1714   

Largest diff. peak/hole / e Å-3  1.64/-0.80   
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Table B2 Fractional Atomic Coordinates (×104) and Equivalent Isotropic Displacement 

Parameters (Å2×103). Ueq is defined as 1/3 of the trace of the orthogonalized UIJ tensor. 

 Atom x y z U(eq) 

Cu1 10613.7(10) 6278.8(7) 5779.7(8) 18.9(2) 

Cu2 6825.9(9) 4621.9(7) 3925.9(7) 17.1(2) 

Cu3 5102.8(10) 4055.7(8) 5640.9(8) 20.8(2) 

O1 9026(5) 5221(3) 4148(4) 17.5(8) 

O2 4891(5) 4283(3) 4096(4) 19.1(9) 

O3 11900(7) 7020(5) 7470(5) 44.4(13) 

O4 14232(7) 7218(5) 7582(5) 49.3(14) 

O5 10212(5) 7731(4) 5664(4) 25.4(10) 

O6 7604(5) 6566(4) 5166(4) 21.5(9) 

O7 7448(5) 3509(4) 4937(4) 26(1) 

O8 5521(5) 2618(4) 5471(4) 29.8(10) 

O9 5538(6) 3999(5) 7240(4) 36.3(11) 

O10 3745(5) 4603(4) 7403(4) 28.7(10) 

C1 13413(10) 7420(7) 8016(7) 42.3(17) 
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C2 14228(11) 8202(7) 9280(7) 50(2) 

C3 14514(10) 9570(7) 9389(7) 41.4(19) 

Table B2 (Cont’d) 

 Atom x y z U(eq) 

C4 13916(14) 9945(8) 8457(8) 67(3) 

C5 8807(7) 7602(5) 5421(6) 21.3(13) 

C6 8564(8) 8779(6) 5482(7) 32.3(16) 

C7 9900(8) 9966(6) 5535(7) 30.1(14) 

C8 10805(10) 10904(7) 6518(7) 42.6(18) 

C9 6584(7) 2603(5) 5189(6) 20.3(12) 

C10 6946(8) 1490(6) 5219(7) 32.1(15) 

C11 5831(8) 411(6) 5468(7) 30.7(14) 

C12 6387(10) 216(7) 6524(7) 43.4(18) 

C13 4749(8) 4195(6) 7762(6) 28.7(14) 

C14 5074(10) 3803(8) 8896(7) 39.4(16) 

C15 4533(8) 4324(7) 9690(6) 32.2(15) 

C16 3253(9) 3563(8) 9809(7) 42.8(18) 

O11 9476(7) 6237(6) 2470(5) 50.2(14) 

O12 2415(11) 2379(10) 2230(8) 124(4) 

O13 11202(18) 5690(20) 1423(11) 292(8) 

O14A 9966(19) 3070(20) 1350(13) 169(12) 

O14B 9320(60) 3370(50) 1690(50) 810(180) 
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Table B3 Anisotropic Displacement Parameters (Å2×103). The Anisotropic displacement factor 

exponent takes the form: -2π2[h2a*2U11+2hka*b*U12+…]. 

 Atom U11 U22 U33 U23 U13 U12 

Cu1 17.3(4) 10.9(4) 30.0(5) 3.7(3) 9.6(4) 9.6(3) 

Cu2 16.7(4) 15.1(4) 27.1(5) 9.5(3) 12.6(3) 11.1(3) 

Cu3 27.0(5) 17.9(4) 35.2(5) 14.9(4) 21.4(4) 18.3(3) 

O1 21.1(19) 13.2(19) 27(2) 10.1(16) 15.0(16) 11.7(15) 

O2 17.9(19) 13.5(19) 33(2) 7.2(17) 14.7(16) 11.0(15) 

O3 49(3) 39(3) 38(3) -5(2) 8(2) 29(2) 

O4 45(3) 42(3) 45(3) 4(2) 11(2) 18(2) 

O5 17.9(19) 12.9(19) 49(3) 6.6(18) 17.7(18) 8.8(15) 

O6 19.5(19) 13.1(18) 41(2) 11.6(17) 18.9(17) 10.4(15) 

O7 23(2) 21(2) 49(3) 18.6(19) 23.5(19) 14.8(16) 

O8 35(2) 21(2) 60(3) 23.8(19) 36(2) 20.2(17) 

O9 52(3) 49(3) 45(3) 32(2) 31(2) 46(2) 

O10 32(2) 41(3) 31(2) 19(2) 20.0(18) 25.4(19) 

C1 50(4) 27(3) 41(4) 4(3) 10(3) 23(3) 

C2 67(5) 29(4) 38(4) 5(3) 7(3) 25(3) 

C3 57(5) 21(3) 35(4) 5(3) 7(3) 21(3) 

C4 110(8) 30(4) 36(4) 4(3) 3(4) 40(4) 

C5 21(3) 13(3) 36(3) 7(2) 17(2) 9(2) 

C6 28(3) 17(3) 67(5) 17(3) 29(3) 17(2) 

C7 28(3) 14(3) 61(4) 15(3) 24(3) 17(2) 

C8 49(4) 22(3) 57(4) 16(3) 24(3) 15(3) 

C9 16(3) 16(3) 33(3) 10(2) 13(2) 8(2) 

C10 30(3) 20(3) 65(4) 20(3) 32(3) 18(2) 

C11 33(3) 20(3) 62(4) 21(3) 32(3) 21(2) 

C12 44(4) 30(4) 60(4) 22(3) 25(3) 17(3) 

C13 32(3) 30(3) 34(3) 13(3) 17(2) 21(3) 

C14 50(4) 50(4) 36(3) 21(3) 23(3) 34(3) 

C15 36(3) 45(3) 36(3) 26(3) 18(3) 32(3) 
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C16 43(4) 53(5) 37(4) 21(3) 20(3) 23(3) 

O11 39(3) 74(4) 50(3) 33(3) 24(2) 31(3) 

Table 3 (Cont’d) 

 Atom U11 U22 U33 U23 U13 U12 

O12 90(6) 95(7) 77(6) -17(5) 13(5) -29(5) 

O13 244(8) 770(20) 161(9) 260(11) 162(7) 412(11) 

O14A 80(10) 310(30) 81(11) -45(13) 20(7) 91(13) 

O14B 130(40) 190(50) 1700(400) -230(120) 110(110) 100(40) 

 

 

Table B4 Bond Lengths. 

 Atom Atom Length/Å  Atom Atom Length/Å 

Cu1 O5 1.928(4)  O5 C5 1.254(8) 

Cu1 O3 1.940(5)  O6 C5 1.255(7) 

Cu1 O11 1.959(4)  O6 Cu32 2.254(4) 

Cu1 O1 1.977(4)  O7 C9 1.263(7) 

Cu1 O71 2.385(4)  O7 Cu11 2.385(4) 

Cu1 Cu11 2.9905(16)  O8 C9 1.250(8) 

Cu1 Cu21 3.0359(11)  O9 C13 1.280(8) 

Cu2 O2 1.919(4)  O10 C13 1.227(8) 

Cu2 O1 1.922(4)  O10 Cu22 2.011(4) 

Cu2 O102 2.011(4)  C1 C2 1.512(11) 

Cu2 O7 2.042(4)  C2 C3 1.530(10) 

Cu2 O6 2.346(4)  C3 C4 1.320(11) 

Cu2 O41 2.354(6)  C3 C33 1.490(15) 

Cu2 Cu11 3.0359(11)  C5 C6 1.514(8) 

Cu3 O8 1.925(4)  C6 C7 1.507(9) 

Cu3 O9 1.941(5)  C7 C8 1.322(11) 

Cu3 O2 1.969(4)  C7 C74 1.469(15) 

Cu3 O22 1.978(4)  C9 C10 1.503(8) 

Cu3 O62 2.254(4)  C10 C11 1.507(9) 

Cu3 Cu32 2.9396(16)  C11 C12 1.333(11) 
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O1 Cu11 1.959(4)  C11 C115 1.469(14) 

O2 Cu32 1.978(4)  C13 C14 1.526(10) 

 

Table B4 (cont’d). 

 Atom Atom Length/Å  Atom Atom Length/Å 

O3 C1 1.253(10)  C14 C15 1.507(10) 

O4 C1 1.228(10)  C15 C16 1.334(11) 

O4 Cu21 2.354(6)  C15 C156 1.466(15) 

12-X,1-Y,1-Z; 21-X,1-Y,1-Z; 33-X,2-Y,2-Z; 42-X,2-Y,1-Z; 51-X,-Y,1-Z; 61-X,1-Y,2-Z 

 

Table B5 Bond Angles. 

 Atom Atom Atom Angle/˚  Atom Atom Atom Angle/˚ 

O5 Cu1 O3 89.2(2)  O8 Cu3 Cu32 135.87(15) 

O5 Cu1 O11 178.39(18)  O9 Cu3 Cu32 134.69(15) 

O3 Cu1 O11 92.39(19)  O2 Cu3 Cu32 41.98(11) 

O5 Cu1 O1 97.28(18)  O22 Cu3 Cu32 41.76(12) 

O3 Cu1 O1 167.7(2)  O62 Cu3 Cu32 80.14(10) 

O11 Cu1 O1 81.11(18)  Cu2 O1 Cu11 102.93(18) 

O5 Cu1 O71 106.39(16)  Cu2 O1 Cu1 111.15(19) 

O3 Cu1 O71 105.1(2)  Cu11 O1 Cu1 98.89(17) 

O11 Cu1 O71 73.55(15)  Cu2 O2 Cu3 113.6(2) 

O1 Cu1 O71 83.14(16)  Cu2 O2 Cu32 104.15(18) 

O5 Cu1 Cu11 137.62(14)  Cu3 O2 Cu32 96.27(17) 

O3 Cu1 Cu11 132.32(16)  C1 O3 Cu1 124.3(6) 

O11 Cu1 Cu11 40.78(12)  C1 O4 Cu21 122.4(5) 

O1 Cu1 Cu11 40.34(11)  C5 O5 Cu1 118.6(4) 

O71 Cu1 Cu11 74.66(11)  C5 O6 Cu32 133.0(4) 

O5 Cu1 Cu21 142.60(13)  C5 O6 Cu2 128.0(4) 

O3 Cu1 Cu21 83.45(16)  Cu32 O6 Cu2 83.83(14) 

O11 Cu1 Cu21 38.09(11)  C9 O7 Cu2 130.5(4) 

O1 Cu1 Cu21 97.40(12)  C9 O7 Cu11 132.0(4) 

O71 Cu1 Cu21 42.16(10)  Cu2 O7 Cu11 86.23(16) 
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Cu11 Cu1 Cu21 64.50(3)  C9 O8 Cu3 123.5(4) 

O2 Cu2 O1 165.80(17)  C13 O9 Cu3 125.2(4) 

O2 Cu2 O102 95.53(18)  C13 O10 Cu22 131.1(4) 

 

Table B5 (cont’d). 

 Atom Atom Atom Angle/˚  Atom Atom Atom Angle/˚ 

O1 Cu2 O102 91.27(17)  O4 C1 O3 124.0(7) 

O2 Cu2 O7 93.73(17)  O4 C1 C2 120.1(8) 

O1 Cu2 O7 82.79(16)  O3 C1 C2 115.9(8) 

O102 Cu2 O7 163.64(19)  C1 C2 C3 112.7(7) 

O2 Cu2 O6 79.04(15)  C4 C3 C33 122.9(8) 

O1 Cu2 O6 89.02(15)  C4 C3 C2 121.6(7) 

O102 Cu2 O6 86.15(17)  C33 C3 C2 115.5(8) 

O7 Cu2 O6 108.87(17)  O5 C5 O6 124.2(5) 

O2 Cu2 O41 98.20(19)  O5 C5 C6 117.8(5) 

O1 Cu2 O41 94.85(19)  O6 C5 C6 118.0(5) 

O102 Cu2 O41 84.4(2)  C7 C6 C5 117.2(5) 

O7 Cu2 O41 80.93(19)  C8 C7 C74 122.9(8) 

O6 Cu2 O41 169.89(17)  C8 C7 C6 119.4(7) 

O2 Cu2 Cu11 143.64(12)  C74 C7 C6 117.7(8) 

O1 Cu2 Cu11 38.97(11)  O8 C9 O7 123.6(5) 

O102 Cu2 Cu11 115.84(13)  O8 C9 C10 119.2(5) 

O7 Cu2 Cu11 51.61(12)  O7 C9 C10 117.2(5) 

O6 Cu2 Cu11 118.89(10)  C9 C10 C11 115.1(5) 

O41 Cu2 Cu11 68.91(14)  C12 C11 C115 121.9(8) 

O8 Cu3 O9 87.19(19)  C12 C11 C10 119.2(7) 

O8 Cu3 O2 94.83(18)  C115 C11 C10 118.9(8) 

O9 Cu3 O2 173.7(2)  O10 C13 O9 126.0(6) 

O8 Cu3 O22 169.35(18)  O10 C13 C14 119.7(6) 

O9 Cu3 O22 93.18(18)  O9 C13 C14 114.3(6) 

O2 Cu3 O22 83.73(17)  C15 C14 C13 115.3(6) 

O8 Cu3 O62 110.26(17)  C16 C15 C156 122.5(9) 
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O9 Cu3 O62 99.76(19)  C16 C15 C14 120.0(7) 

O2 Cu3 O62 85.16(16)  C156 C15 C14 117.4(8) 

O22 Cu3 O62 80.18(15)      

12-X,1-Y,1-Z; 21-X,1-Y,1-Z; 33-X,2-Y,2-Z; 42-X,2-Y,1-Z; 51-X,-Y,1-Z; 61-X,1-Y,2-Z 

 

Table B6 Hydrogen Atom Coordinates (Å×104) and Isotropic Displacement Parameters 

(Å2×103). 

 Atom x y z U(eq) 

H1 9130(80) 5560(50) 3650(40) 21 

H2A 15289 8193 9708 60 

H2B 13539 7815 9658 60 

H4A 14099 10797 8549 80 

H4B 13303 9362 7694 80 

H6A 7540 8597 4783 39 

H6B 8406 8950 6185 39 

H8A 11629 11665 6553 51 

H8B 10632 10817 7190 51 

H10A 8081 1779 5828 39 

H10B 6880 1174 4450 39 

H12A 5703 -470 6689 52 

H12B 7468 763 7113 52 

H14A 4514 2871 8688 47 

H14B 6259 4076 9343 47 

H16A 2915 3892 10311 51 

H16B 2680 2692 9392 51 

H11W 8540(40) 5920(50) 1920(40) 60 

H11X 9550(70) 6850(40) 2880(40) 60 

H12W 2360(90) 1880(60) 1710(50) 149 

H12X 3390(40) 2830(60) 2650(50) 149 

H13W 12130(40) 5780(70) 1600(120) 350 

H13X 10660(60) 4930(40) 1300(130) 350 

H14W 10910(40) 3200(110) 1740(60) 203 

H14X 9570(40) 2950(180) 1810(30) 203 
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H14Y 9810(60) 3210(100) 1360(30) 969 

H14Z 9300(80) 2930(80) 2140(40) 969 
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APPENDIX C 

 

Crystallographic Data for Zinc Formic Acid crystal. 

 

 

 

 

 

  

 

Table C1 Crystal data and structure refinement.  

Empirical formula  C2H6O6Zn   

Temperature/K  100(2)   

Crystal system  monoclinic   

Space group  P21/c   

 a   =  8.66650(10) Å α   =  90 °  

 b   = 7.08900(10) Å β   =  97.7140(10) ° 

 c   =  9.32180(10) Å γ   =  90 ° 

Volume/Å3  567.519(12)   

Z  4   

ρcalcg/cm3  2.241   

μ/mm-1  5.848   

Crystal size/mm3  0.514 × 0.187 × 0.175   

Radiation  CuKα (λ = 1.54178)   

2Θ range for data collection/°  10.3 to 133.65   

Index ranges  
-9 ≤ h ≤ 10, -8 ≤ k ≤ 8, -9 

≤ l ≤ 11  

 

Reflections collected  6059   

Independent reflections  
974 [Rint = 0.0338, Rsigma = 

0.0201]  

 

Data/restraints/parameters  974/6/98   

Goodness-of-fit on F2  1.127   

Final R indexes [I>=2σ (I)]  R1 = 0.0229, wR2 = 0.0901   
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Final R indexes [all data]  R1 = 0.0234, wR2 = 0.0911   

Largest diff. peak/hole / e Å-3  0.28/-0.72   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table C2 Fractional Atomic Coordinates (×104) and Equivalent Isotropic Displacement 

Parameters (Å2×103). Ueq is defined as 1/3 of the trace of the orthogonalized UIJ tensor. 

 Atom x y z U(eq) 

Zn1 0 5000 5000 3.8(2) 

Zn2 5000 0 5000 5.8(2) 

O1 2106.6(13) 3440.7(17) 4993.2(13) 8.1(3) 

O2 4367.1(14) 2796.2(18) 4193.1(14) 10.8(4) 

O3 881.1(14) 7309.1(17) 4034.4(13) 7.8(3) 

O4 963.1(14) 8970.7(18) 2032.1(14) 7.7(4) 

O5 5888.3(16) 1151(2) 6950.9(15) 13.8(4) 

O6 7180.7(15) 218.1(18) 4275.1(15) 9.3(4) 

C1 3241(2) 3873(3) 4353(2) 8.8(4) 

C2 331(2) 7803(2) 2777(2) 8.3(4) 
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Table C3 Anisotropic Displacement Parameters (Å2×103). The Anisotropic displacement factor 

exponent takes the form: -2π2[h2a*2U11+2hka*b*U12+…]. 

 Atom U11 U22 U33 U23 U13 U12 

Zn1 3.3(4) 3.3(4) 4.7(4) -0.03(10) -0.1(3) -0.19(10) 

Zn2 3.4(4) 6.4(4) 7.4(4) -0.35(10) 0.3(3) 0.27(10) 

O1 6.6(6) 7.6(6) 10.0(7) -0.7(4) 0.7(5) 1.1(4) 

O2 6.9(7) 10.6(7) 15.5(7) 3.0(5) 4.1(5) 2.2(5) 

O3 7.6(6) 7.2(6) 8.0(7) 1.7(4) -0.8(5) -1.3(4) 

O4 7.9(7) 7.2(7) 7.9(7) 1.7(5) 0.4(5) -0.5(5) 

O5 4.0(7) 26.1(8) 11.3(8) -8.0(6) 1.1(6) 1.2(5) 

O6 7.4(7) 6.6(7) 13.3(8) -0.1(5) 0.0(6) 0.3(5) 

C1 7.2(8) 8.9(8) 9.5(9) 0.0(6) -1.3(7) -0.4(6) 

C2 7.0(8) 6.5(8) 10.9(9) -0.7(7) -0.8(7) -0.5(6) 

 

 

 

Table C4 Bond Lengths. 

 Atom Atom Length/Å  Atom Atom Length/Å 

Zn1 O3 2.0633(12)  Zn2 O6 2.0965(13) 

Zn1 O31 2.0633(12)  Zn2 O24 2.1645(12) 

Zn1 O42 2.0959(13)  Zn2 O2 2.1645(12) 

Zn1 O43 2.0959(13)  O1 C1 1.255(2) 

Zn1 O11 2.1350(12)  O2 C1 1.263(2) 

Zn1 O1 2.1350(12)  O3 C2 1.254(2) 

Zn2 O54 2.0468(13)  O4 C2 1.253(2) 

Zn2 O5 2.0468(13)  O4 Zn15 2.0959(12) 

Zn2 O64 2.0965(13)     

1-X,1-Y,1-Z; 2+X,3/2-Y,1/2+Z; 3-X,-1/2+Y,1/2-Z; 41-X,-Y,1-Z; 5-X,1/2+Y,1/2-Z 
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Table C5 Bond Angles. 

 Atom Atom Atom Angle/˚  Atom Atom Atom Angle/˚ 

O3 Zn1 O31 180.00(6)  O54 Zn2 O6 89.47(6) 

O3 Zn1 O42 89.56(5)  O5 Zn2 O6 90.53(6) 

O31 Zn1 O42 90.44(5)  O64 Zn2 O6 180.0 

O3 Zn1 O43 90.44(5)  O54 Zn2 O24 89.50(6) 

O31 Zn1 O43 89.56(5)  O5 Zn2 O24 90.50(6) 

O42 Zn1 O43 180.0  O64 Zn2 O24 91.02(5) 

O3 Zn1 O11 87.55(5)  O6 Zn2 O24 88.98(5) 

O31 Zn1 O11 92.45(5)  O54 Zn2 O2 90.50(6) 

O42 Zn1 O11 93.10(5)  O5 Zn2 O2 89.50(6) 

O43 Zn1 O11 86.90(5)  O64 Zn2 O2 88.98(5) 

O3 Zn1 O1 92.45(5)  O6 Zn2 O2 91.02(5) 

O31 Zn1 O1 87.55(5)  O24 Zn2 O2 180.00(6) 

O42 Zn1 O1 86.90(5)  C1 O1 Zn1 126.86(11) 

O43 Zn1 O1 93.10(5)  C1 O2 Zn2 132.55(12) 

O11 Zn1 O1 180.0  C2 O3 Zn1 120.83(11) 

O54 Zn2 O5 180.0  C2 O4 Zn15 125.48(12) 

O54 Zn2 O64 90.53(6)  O1 C1 O2 125.11(17) 

O5 Zn2 O64 89.47(6)  O4 C2 O3 124.26(17) 

1-X,1-Y,1-Z; 2+X,3/2-Y,1/2+Z; 3-X,-1/2+Y,1/2-Z; 41-X,-Y,1-Z; 5-X,1/2+Y,1/2-Z 

Table C6 Hydrogen Atom Coordinates (Å×104) and Isotropic Displacement Parameters 

(Å2×103). 

 Atom x y z U(eq) 

H5B 6778(18) 1050(30) 7260(20) 17 

H5A 5410(20) 1470(30) 7600(20) 17 

H6B 7620(20) -830(20) 4470(20) 11 

H6A 7780(20) 960(20) 4770(20) 11 

H1 3255 5108 3958 11 

H2 -626 7255 2363 10 
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APPENDIX D 

 

Crystallographic Data for BMHA: Benzylamine Cocrystal  

 

 

 

 

 

 

 

Table D1 Crystal data and structure refinement.  

Empirical formula  C22H28N2O4   

Temperature/K  296.15   

Crystal system  monoclinic   

Space group  P21/n   

 a   =   10.525(6)  Å α  =  90 °  

 b   =   8.435(4)  Å β   =  102.145(14) °  

 c   =  11.826(6)  Å γ   =  90  °  

Volume/Å3  1026.3(10)   

Z  2   

ρcalcg/cm3  1.2440   

μ/mm‑1  0.086   

Crystal size/mm3  N/A × N/A × N/A  

Radiation  Mo Kα (λ = 0.71073)  

2Θ range for data collection/°  4.72 to 78.9  

Index ranges  
-18 ≤ h ≤ 18, -15 ≤ k ≤ 15, 

-21 ≤ l ≤ 21 

 

Reflections collected  48453  

Independent reflections  
6111 [Rint = 0.0484, Rsigma 

= 0.0290] 

 

Data/restraints/parameters  6111/0/136  

Goodness-of-fit on F2  1.206  

Final R indexes [I>=2σ (I)]  R1 = 0.0573, wR2 = 0.1583  
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Final R indexes [all data]  R1 = 0.0814, wR2 = 0.1746  

Largest diff. peak/hole / e Å-3  0.74/-0.54  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table D2 Fractional Atomic Coordinates (×104) and Equivalent Isotropic Displacement 

Parameters (Å2×103). Ueq is defined as 1/3 of of the trace of the orthogonalised UIJ tensor. 

 Atom x y z U(eq) 

O001 3082.0(6) 7695.9(7) 7628.9(5) 20.21(14) 

O002 4814.8(5) 8433.8(7) 8937.9(5) 18.31(13) 

N003 1767.3(6) 5939.8(8) 5807.9(5) 12.76(11) 

C004 4138.3(6) 7396.6(8) 8311.8(6) 11.52(12) 

C005 5391.9(6) 5199.5(8) 9568.1(6) 11.57(12) 

C006 4684.7(7) 5699.1(9) 8371.7(6) 13.41(13) 

C007 3387.8(8) 6225.2(10) 4561.8(7) 18.08(15) 

C008 6697.9(7) 5147.2(10) 9832.4(7) 17.27(14) 

C009 2710.8(8) 5106.9(9) 5235.2(7) 17.84(14) 

C00A 4464.3(9) 7097.2(13) 5129.1(10) 26.65(19) 

C00B 2953.6(13) 6408.2(11) 3375.3(8) 29.9(2) 

C00C 5091.5(11) 8132.1(15) 4515.5(14) 39.5(3) 
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C00D 3599.3(17) 7448.5(13) 2764.2(11) 43.4(3) 

C00E 4663.1(14) 8309.1(14) 3332.4(14) 44.7(4) 

Table D3 Anisotropic Displacement Parameters (Å2×103). The Anisotropic displacement factor 

exponent takes the form: -2π2[h2a*2U11+2hka*b*U12+…]. 

 Atom U11 U22 U33 U12 U13 U23 

O001 17.8(2) 16.2(3) 20.6(3) 5.28(19) -9.6(2) -6.0(2) 

O002 16.9(2) 11.3(2) 21.3(3) 2.09(18) -8.11(19) -3.99(19) 

N003 13.2(2) 11.2(2) 12.2(2) -1.34(18) -1.12(18) 0.41(19) 

C004 12.5(2) 10.8(3) 10.0(2) 1.71(19) -0.59(19) -1.5(2) 

C005 12.4(2) 9.4(2) 12.1(3) 2.56(19) 0.96(19) -0.5(2) 

C006 17.4(3) 11.2(3) 10.6(3) 3.5(2) 0.7(2) -1.2(2) 

C007 23.8(3) 14.2(3) 18.6(3) 5.2(3) 9.7(3) 2.0(2) 

C008 12.7(3) 18.3(3) 20.4(3) 3.1(2) 2.7(2) 3.5(3) 

C009 24.6(3) 12.3(3) 17.4(3) 1.8(2) 6.4(3) -0.2(2) 

C00A 18.2(3) 27.2(4) 35.5(5) 3.2(3) 7.8(3) 7.0(4) 

C00B 58.2(7) 16.0(4) 17.4(4) 5.5(4) 12.3(4) 0.1(3) 

C00C 23.9(4) 32.6(5) 68.3(9) 3.2(4) 24.4(5) 13.2(6) 

C00D 91.3(11) 21.1(4) 27.6(5) 16.8(6) 35.0(6) 8.1(4) 

C00E 62.1(8) 25.4(5) 63.2(9) 13.5(5) 51.0(7) 15.1(5) 

 

Table D4 Bond Lengths. 

 Atom Atom Length/Å  Atom Atom Length/Å 

O001 C004 1.2546(10)  C007 C009 1.5068(13) 

O002 C004 1.2644(9)  C007 C00A 1.3981(14) 

N003 C009 1.4905(12)  C007 C00B 1.3899(15) 

C004 C006 1.5390(12)  C00A C00C 1.3878(16) 

C005 C0051 1.4805(15)  C00B C00D 1.4001(17) 

C005 C006 1.5134(12)  C00C C00E 1.385(2) 

C005 C008 1.3447(12)  C00D C00E 1.384(2) 

11-X,1-Y,2-Z 
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Table D5 Bond Angles. 

 Atom Atom Atom Angle/˚  Atom Atom Atom Angle/˚ 

O002 C004 O001 123.45(7)  C00B C007 C00A 119.16(9) 

C006 C004 O001 119.26(6)  C007 C009 N003 112.30(6) 

C006 C004 O002 117.25(6)  C00C C00A C007 120.43(11) 

C008 C005 C006 120.27(7)  C00D C00B C007 119.89(12) 

C005 C006 C004 114.06(6)  C00E C00C C00A 120.43(12) 

C00A C007 C009 120.08(8)  C00E C00D C00B 120.60(11) 

C00B C007 C009 120.76(9)  C00D C00E C00C 119.48(10) 

 

 

Table D6 Hydrogen Atom Coordinates (Å×104) and Isotropic Displacement Parameters 

(Å2×103). 

 Atom x y z U(eq) 

H00d 3355.5(8) 4574.8(9) 5818.7(7) 21.41(17) 

H00e 2254.6(8) 4305.1(9) 4715.9(7) 21.41(17) 

H00g 2235.3(13) 5840.6(11) 2987.8(8) 35.9(3) 

H00i 3310.7(17) 7562.1(13) 1969.4(11) 52.0(4) 

H00j 5086.9(14) 9000.9(14) 2922.9(14) 53.6(4) 

H00h 5804.3(11) 8710.5(15) 4901.3(14) 47.4(4) 

H00f 4761.9(9) 6982.9(13) 5922.8(10) 32.0(2) 

H00k 3973.5(7) 4967.9(9) 8104.8(6) 16.10(15) 

H00l 5277.8(7) 5617.2(9) 7847.9(6) 16.10(15) 

H00a 1250(5) 6551(7) 5294.3(16) 15.31(14) 

H00b 1291(5) 5228.3(8) 6089(6) 15.31(14) 

H00c 2197.8(6) 6537(7) 6383(4) 15.31(14) 

H00m 7171(13) 4913(17) 10604(12) 26(3) 

H00n 7234(14) 5388(17) 9252(13) 27(3) 
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APPENDIX E 

 

Crystallographic Data for Fulgenic Acid:2-Aminomethylnaphthylene Cocrystal  

 

 

 

 

 

 

Table E1 Crystal data and structure refinement.  

Empirical formula  C30H32N2O4   

Temperature/K  296(2)   

Crystal system  monoclinic   

Space group  P21/c   

 a    =  10.7662(4) Å α    =  90  °  

 b    =  13.0275(4) Å β    =  100.195(2)  °  

 c     =  8.3714(3) Å γ    =   90 °  

Volume/Å3  =    1155.61(7)   

Z  =   2   

ρcalcg/cm3  =  1.393   

μ/mm‑1  0.092  

F(000)  516.0  

Radiation  MoKα (λ = 0.71073)  

2Θ range for data collection/°  3.844 to 76.018  

Index ranges  
-18 ≤ h ≤ 17, -22 ≤ k ≤ 22, 

-14 ≤ l ≤ 14 

 

Reflections collected  46048  

Independent reflections  
6291 [Rint = 0.0515, Rsigma 

= 0.0361] 

 

Data/restraints/parameters  6291/0/210  

Goodness-of-fit on F2  1.284  

Final R indexes [I>=2σ (I)]  R1 = 0.0743, wR2 = 0.1790  

Final R indexes [all data]  R1 = 0.1094, wR2 = 0.1989  

O
O

O

O

N

H

H

H
N

H

H

H
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Largest diff. peak/hole / e Å-3  0.71/-0.37  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table E2 Fractional Atomic Coordinates (×104) and Equivalent Isotropic Displacement 

Parameters (Å2×103). Ueq is defined as 1/3 of of the trace of the orthogonalised UIJ tensor. 

 Atom x y z U(eq) 

C1 7541.6(10) 3571.4(8) 4779.3(12) 18.51(18) 

N1 8912.2(8) 3409.7(6) 5329.9(10) 14.49(15) 

O1 9752.9(8) 4952.7(6) 3030.1(8) 24.53(19) 

C2 6794.1(9) 3709.2(7) 6119.0(13) 17.93(18) 

O2 9517.1(8) 3323.9(5) 2261.5(8) 21.36(17) 

C4 6631.4(15) 4023.2(9) 8934.9(17) 34.8(3) 

C3 7360.6(11) 3870.3(8) 7697.9(13) 21.3(2) 

C5 5348.5(15) 4000.3(10) 8567(2) 42.9(4) 

C9 3503.1(15) 3577.6(11) 3713(3) 60.8(6) 

C8 2787.4(14) 3710.5(12) 4938(4) 74.3(8) 

C7 3380.3(15) 3835.0(11) 6508(4) 62.5(7) 

C6 4721.4(12) 3845.3(9) 6939(2) 39.7(4) 

C10 4804.0(13) 3569.8(9) 4070(2) 39.5(4) 

C11 5444.5(10) 3702.5(8) 5692.6(17) 27.3(2) 

C12 9779.5(9) 4253.3(7) 2009.3(10) 16.10(17) 
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C13 10184.8(9) 4504.7(7) 404(1) 16.28(17) 

C14 10917.5(11) 3806.2(8) -150.6(13) 23.2(2) 

Table E3 Anisotropic Displacement Parameters (Å2×103). The Anisotropic displacement factor 

exponent takes the form: -2π2[h2a*2U11+2hka*b*U12+…]. 

 Atom U11 U22 U33 U23 U13 U12 

C1 19.2(4) 17.9(4) 17.5(4) -1.1(3) 0.7(3) 1.6(3) 

N1 18.0(4) 12.8(3) 13.6(3) 0.8(2) 5.6(3) -0.3(3) 

O1 43.0(5) 18.7(3) 14.5(3) -5.9(2) 12.1(3) -11.7(3) 

C2 15.4(4) 11.8(3) 27.4(4) -1.3(3) 6.0(3) -0.2(3) 

O2 37.0(4) 14.1(3) 15.0(3) -1.8(2) 10.1(3) -7.2(3) 

C4 49.8(8) 23.2(5) 39.7(7) -8.1(5) 30.9(6) -6.1(5) 

C3 24.8(5) 17.6(4) 24.2(4) -3.6(3) 11.8(4) -3.0(3) 

C5 47.4(8) 21.6(5) 72.8(10) -4.7(6) 46.6(8) -2.7(5) 

C9 23.7(7) 21.2(6) 123.6(18) 8.5(8) -25.2(9) -1.0(5) 

C8 13.6(6) 25.0(7) 178(3) 23.5(10) 0.3(10) -0.5(5) 

C7 24.6(7) 23.0(6) 149(2) 18.0(9) 39.2(10) 4.7(5) 

C6 24.0(6) 13.9(4) 88.2(12) 2.7(5) 28.9(7) 0.4(4) 

C10 21.5(6) 17.7(5) 71.5(10) 2.0(5) -13.1(6) 1.2(4) 

C11 15.1(4) 11.3(4) 55.3(7) 0.1(4) 6.1(4) -0.4(3) 

C12 21.8(4) 15.7(4) 11.2(3) -1.1(3) 4.3(3) -5.7(3) 

C13 22.8(4) 14.9(4) 12.1(3) -1.7(3) 5.8(3) -4.6(3) 

C14 30.0(5) 20.7(5) 21.5(4) 0.5(3) 11.6(4) 0.8(4) 

 

Table E4 Bond Lengths. 

 Atom Atom Length/Å  Atom Atom Length/Å 

C1 N1 1.4810(14)  C9 C10 1.379(2) 

C1 C2 1.5024(14)  C9 C8 1.398(4) 

O1 C12 1.2529(11)  C8 C7 1.366(4) 

C2 C3 1.3703(15)  C7 C6 1.425(2) 

C2 C11 1.4336(15)  C6 C11 1.4200(19) 

O2 C12 1.2695(11)  C10 C11 1.421(2) 

C4 C5 1.361(2)  C12 C13 1.5203(12) 

C4 C3 1.4199(15)  C13 C14 1.3400(14) 
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C5 C6 1.425(3)  C13 C131 1.4785(19) 

12-X,1-Y,-Z 

Table E5 Bond Angles. 

 Atom Atom Atom Angle/˚  Atom Atom Atom Angle/˚ 

N1 C1 C2 114.87(8)  C5 C6 C7 122.05(16) 

C3 C2 C11 119.97(10)  C9 C10 C11 120.61(19) 

C3 C2 C1 122.18(9)  C6 C11 C10 118.79(12) 

C11 C2 C1 117.81(10)  C6 C11 C2 118.66(12) 

C5 C4 C3 120.13(14)  C10 C11 C2 122.54(12) 

C2 C3 C4 121.05(11)  O1 C12 O2 123.20(8) 

C4 C5 C6 120.63(11)  O1 C12 C13 119.41(8) 

C10 C9 C8 120.8(2)  O2 C12 C13 117.36(8) 

C7 C8 C9 119.77(14)  C14 C13 C131 124.16(10) 

C8 C7 C6 121.6(2)  C14 C13 C12 116.02(9) 

C11 C6 C5 119.54(12)  C131 C13 C12 119.75(10) 

C11 C6 C7 118.42(18)      

12-X,1-Y,-Z 

Table E6 Hydrogen Atom Coordinates (Å×104) and Isotropic Displacement Parameters 

(Å2×103) . 

Atom x y z U(eq) 

H4 9107(14) 2859(12) 5921(19) 29(4) 

H3 9253(14) 3933(11) 5873(17) 19(3) 

H5 9222(17) 3337(13) 4320(20) 37(4) 

H9 7075(17) 4142(13) 10060(20) 37(4) 

H8 8307(17) 3897(13) 8010(20) 38(4) 

H7 7250(14) 2984(11) 4159(18) 23(3) 

H6 7455(14) 4173(12) 4077(18) 26(4) 

H10 4820(20) 4119(18) 9380(30) 73(7) 

H11 2980(30) 3957(19) 7410(30) 80(8) 

H12 3090(20) 3460(19) 2390(30) 76(7) 

H13 5359(18) 3449(13) 3210(20) 39(4) 



 
 

83 
 

H15 11253(16) 3903(12) -1210(20) 34(4) 

H16 1850(30) 3730(20) 4540(40) 105(10) 

H14 11158(14) 3184(12) 387(18) 23(3) 
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APPENDIX F 

 

Crystallographic Data for Fulgenic Acid  

 

 

 

 

 

 

Table F1 Crystal data and structure refinement. 

Empirical formula  C6H6O4   

Temperature/K  100.15   

Crystal system  monoclinic   

Space group  C2/c   

a/  a  =  10.26935(16) Å α  =    90° 

b/Å  b  =  5.49754(9) Å β  = 102.2985(7)° 

c/Å  c   =  11.18398(18) Å  γ  =    90° 

Volume/Å3  616.915(17)   

Z  4   

ρcalcg/cm3  1.5300   

μ/mm‑1  1.141   

F(000)  297.3   

Crystal size/mm3  0.301 × 0.254 × 0.104   

Radiation  Cu Kα (λ = 1.54178)   

2Θ range for data collection/°  16.22 to 133.62   

Index ranges  
-12 ≤ h ≤ 12, -6 ≤ k ≤ 6, -

13 ≤ l ≤ 12  

 

Reflections collected  3374   

Independent reflections  
535 [Rint = 0.0348, Rsigma = 

0.0203]  

 

Data/restraints/parameters  535/0/59   

Goodness-of-fit on F2  1.177   

Final R indexes [I>=2σ (I)]  R1 = 0.0271, wR2 = 0.0652   
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Final R indexes [all data]  R1 = 0.0275, wR2 = 0.0654   

Largest diff. peak/hole / e Å-3  0.23/-0.15   

 

Table F2 Fractional Atomic Coordinates (×104) and Equivalent Isotropic Displacement 

Parameters (Å2×103). Ueq is defined as 1/3 of of the trace of the orthogonalised UIJ tensor. 

 Atom x y z U(eq) 

O1 3781.9(8) 2564.9(16) 4458.6(8) 16.1(3) 

O2 5670.7(8) 3784.5(15) 3937.0(7) 14.8(3) 

C1 4716.8(11) 2398(2) 3818.6(10) 11.4(3) 

C2 4548.0(11) 327(2) 2938.8(10) 10.8(3) 

C3 3689.0(11) -1454(2) 2985.9(11) 14.3(3) 

 

Table F3 Anisotropic Displacement Parameters (Å2×103). The Anisotropic displacement factor 

exponent takes the form: -2π2[h2a*2U11+2hka*b*U12+…]. 

 Atom U11 U22 U33 U12 U13 U23 

O1 16.9(5) 21.5(5) 11.7(5) -3.3(4) 7.0(3) -5.6(4) 

O2 17.3(5) 16.6(5) 11.2(5) -3.6(4) 4.9(3) -2.6(3) 

C1 12.7(6) 15.0(6) 5.6(6) 2.0(5) 0.3(4) 3.2(4) 

C2 12.2(6) 13.6(6) 5.6(6) 2.6(5) -0.7(4) 1.6(4) 

C3 14.2(6) 16.8(6) 11.5(6) 1.3(5) 2.3(5) 0.9(5) 

 

Table F4 Bond Length. 

 Atom Atom Length/Å  Atom Atom Length/Å 

O1 C1 1.3173(14)  C2 C21 1.488(2) 

O2 C1 1.2261(14)  C2 C3 1.3264(17) 

C1 C2 1.4903(16)     

11-X,+Y,1/2-Z 

 

Table F5 Bond Angles. 

 Atom Atom Atom Angle/˚  Atom Atom Atom Angle/˚ 

O2 C1 O1 123.78(11)  C21 C2 C1 115.75(8) 

C2 C1 O1 114.60(10)  C3 C2 C1 121.49(11) 

C2 C1 O2 121.61(10)      
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11-X,+Y,1/2-Z 

 

Table F6 Hydrogen Bonds for C2onc. 

 D H A d(D-H)/Å d(H-A)/Å d(D-A)/Å D-H-A/° 

O1 H1 O21 0.89(2) 1.78(2) 2.6709(12) 178.2(19) 

11-X,1-Y,1-Z 

 

Table F7 Hydrogen Atom Coordinates (Å×104) and Isotropic Displacement Parameters 

(Å2×103) for C2onc. 

 Atom x y z U(eq) 

H1 3981(19) 3790(40) 4990(20) 49(6) 

H3a 3118(14) -1440(30) 3572(13) 17(3) 

H3b 3602(13) -2840(30) 2421(13) 15(3) 
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