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Abstract 

Synthesis of Ring-Opening Metathesis Polymers Containing Pendant 

Diglycolamide or CyMe4-BTPhen for the Separation of Actinides and 

Lanthanides 

Trang Thuy Nguyen, M.A.

 The University of Texas at Austin, 2016 

Supervisor:  Eric V. Anslyn 

The expansion of nuclear energy as a replacement for fossil fuels for electricity 

production has been impeded by the presence of minor actinides such as americium and 

curium in the liquid waste generated by nuclear reactors. These species are responsible 

for the high radiotoxicity of the spent fuel, which may last for millennia. Thus, actinide 

removal from nuclear waste would reduce the lifetime of the waste as well as the cost 

associated with storing it. Unfortunately, the co-existence of the chemically similar 

lanthanides in nuclear waste renders this task challenging. Multi-dentate ligands such as 

carbamoylmethylphosphineoxides (CMPOs), diglycolamide (DGAs), and N-heterocycles 

have been studied comprehensively, and have shown to be capable of performing this 

arduous separation. Among these, CyMe4-BTPhen developed by Lewis et al. has shown 

great promise as an effective actinide extractant. Numerous research efforts have also 

shown that preorganizing these ligands onto various platforms such as calixarenes, 



 viii 

cavitands, trityls, and tripods greatly enhance extraction efficiency and selectivity while 

simultaneously reducing the required ligand concentrations. The Holliday group has 

studied various polymeric matrices containing CMPO ligands and found that these 

CMPOs-tethered scaffolds outperformed the free ligands. These polymer matrices may 

also be suitable for DGAs as well as the bulky CyMe4-BTPhen ligand. Herein, two new 

monomer-containing pendant N,N-dimethyl diglycolamide (DMDGA) and N,N-dioctyl 

diglycolamide (DODGA) ligands have been synthesized. A new ROM-type polymer with 

varying molecular weights and high thermal stability was also obtained from the 

DMDGA ligands. CyMe4-BrBTPhen was also synthesized and efforts to form a monomer 

and subsequent polymers are being investigated.  

 



 ix 

Table of Contents 

List of Tables ..................................................................................................... xi 

List of Figures ................................................................................................... xii 

List of Schemes ................................................................................................ xiii 

Chapter 1: Novel N-donor Ligands for Actinides/Lanthanides Separation and    

Effects of Pre-organization on the Extraction Efficiency and Selectivity ..... 1 

1.1 Notable Ligands in Actinides/Lanthanides Separation ........................... 1 

Oxygen and Sulfur Donor Ligands ..................................................... 4 

N-donor Ligands ................................................................................ 5 

CyMe4-BTP .............................................................................. 6 

CyMe4-BTBP ............................................................................ 7 

CyMe4-BTPhen ......................................................................... 8 

1.2 Contributions of Preorganizing Platforms to Extraction Efficiency and 

Selectivity of Ligands ........................................................................ 9 

Calixarenes and Cavitands ............................................................... 10 

Trityls and Tripodands ..................................................................... 14 

Ring-Opening Metathesis Polymers ................................................. 17 

Summary .................................................................................................. 20 

Chapter 2:  Synthesis of Ring-Opening Metathesis Polymer Containing Pendant 

DGAs or CyMe4-BTPhen for the Separation of f-block Metals ................. 22 

2.1 Introduction ........................................................................................ 22 

2.2 Results and Discussion........................................................................ 23 

Synthesis of Homopolymer Containing Pendant Diglycolamide      

Ligands ................................................................................... 23 

Synthesis of ROM – active CyMe4-BTPhen monomer ..................... 29 

Unsuccessful alternative monomer synthesis .................................... 32 

Conclusion ............................................................................................... 34 

Experimentation ....................................................................................... 36 

Instrumentation ................................................................................ 36 

Synthesis .......................................................................................... 36 



 x 

General Considerations ........................................................... 36 

Appendix........................................................................................................... 57 

References ......................................................................................................... 59 



 xi 

List of Tables 

Table 1.1: Distribution ratio of Europium and Americium by a few selected    

CMPO-calixarenes and free CMPO ligands. .................................. 12 

Table 2.1: Summary of molecular weights and polydispersity indices (PDI) for   

poly-DMDGA 2.5a – c. ................................................................. 27 



 xii 

List of Figures 

Figure 1.1: Current strategies (simplified) for handling nuclear liquid waste ....... 3 

Figure 1.2: Notable O-donor (CMPO & DGA) and S-donor (Cyanex) ligands .... 4 

Figure 1.3: N-donor ligands for actinides/lanthanides extraction ......................... 6 

Figure 1.4: Various CMPO-bearing scaffolds ................................................... 10 

Figure 1.5: Calixarenes-bearing CMPOs at the wide rim and cavitands............. 12 

Figure 1.6: Examples of CMPO-trityl (l.10) and DGA-trityl (1.11) ................... 15 

Figure 1.7: CMPO-tripodands (1.12) and DGA-tripodands (1.13). .................... 16 

Figure 1.8:  ROM-type homo- and di-block co-polymers .................................. 18 

Figure 1.9:  ROM-type cross-linked tri-block co-polymers ............................... 19 

Figure 2.1: Chemical Structures of CMPO, CyMe4-BTPhen, and DGA ............ 23 

Figure 2.2: Chemical Structures of N,N,N’,N’-tetramethyl diglycolamide 

                   (TMDGA) and N,N,N’,N’-tetraoctyl diglycolamide (DODGA) . ..... 24 

Figure 2.3: Thermogravimetric analysis for poly-DMDGA 2.5b and 2.5c. ........ 28 



 xiii 

List of Schemes 

Scheme 2.2.1: Synthesis of ROM-type polymer containing pendant DMDGA 

                          ligands. ..................................................................................... 25 

Scheme 2.2.2: Synthesis of ROM-active monomer containing pendant DODGA 

ligand. ..................................................................................... 28 

Scheme 2.2.3: Synthesis of CyMe4-BTPhen ligand and strategy for synthesis of 

monomer. ................................................................................ 30 

Scheme 2.2.4: Unsuccessful alternate route to monomer. .................................. 32 

Scheme 2.2.5: Possible products formed from hydrolysis of 2.21. ..................... 33 

 

 



 1 

Chapter 1: Novel N-donor Ligands for Actinides/Lanthanides 

Separation and Effects of Pre-organization on the Extraction Efficiency 

and Selectivity 

1.1 NOTABLE LIGANDS IN ACTINIDES/LANTHANIDES SEPARATION  

Nuclear power is a more environmentally-friendly alternative to fossils fuels in 

electricity production since virtually no greenhouse gases are generated during the entire 

nuclear cycle.
1
 However, the potential of nuclear power to completely replace fossil fuels 

is limited by the hazardous nature and high quantities of the spent fuel released by 

nuclear reactors. This waste contains multiple radioactive species with decaying lifetimes 

as long as hundreds of thousands of years.
1,2

 Current strategies for waste handling involve 

either direct disposal, storage and delayed decision, or reprocessing.
3
 In the former two 

options, the spent fuel is vitrified in an appropriate matrix followed by geological 

deposition or simply left at reactor sites.
3–6

 With over 400 functioning reactors and close 

to 30 tons of spent fuel per reactor being generated annually,
7–10

 the cost of containment 

and the difficulty of finding suitable burial locations may increase tremendously. These 

issues have already occurred in the United States. Spent fuel currently remains onsite at 

nuclear power plants since a satisfactory disposal site could not be approved.
6,7

 In 

addition, recyclable resources such as uranium (235, 238) and plutonium (238 – 242) 

which account for over 95% of the waste are also lost.
2
 With the reprocessing alternative, 

however, these two species are removed through the well-known PUREX (Plutonium and 

URanium EXtraction) method and recycled as mixed oxide (MOX) fuel elsewhere.
11–13

 

The radiotoxicity of the waste is also reduced from hundreds of thousands of years to less 
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than 10,000 as a consequence.
2
 Removal and transmutation of minor actinide byproducts 

(mainly Americium and Curium) into shorter-lived species are estimated to drop this 

number to only a few hundred years, which is the goal of the Partitioning and 

Transmutation strategy.
2,14

 This endeavor, however, is challenging due to the co-

existence of chemically analogous lanthanide fission products in the spent fuel. Both the 

actinides and lanthanides occur as trivalent cations in the liquid waste, are considered 

hard acids, and possess similar ionic radii.
2,15–19

 The lanthanides, present at 30 - 40 fold 

excess, have higher neutron capture cross sections than the actinides and can poison the 

transmutation process.
18,20–22

 Therefore, the actinides must be separated from them before 

being converted. Despite the resemblances between these series, the actinides possess 

more diffuse f orbitals, and thus, a somewhat softer character for these cations as 

compared to lanthanides, which allows a more covalent interaction with the lone pair of a 

ligand.
20,23–26

 Research efforts to selectively separate the actinides from lanthanides have 

been targeting this small difference.  

Nuclear waste reprocessing strategy starts with dissolving the waste in nitric acid 

(1 – 4M) and removing uranium and plutonium using tributylphosphate (TBP) dissolved 

in dodecane or kerosene.
2,3,27,28

 As for the challenging actinides/lanthanides separation, 

multiple processes have been proposed including DIAMEX (Diamide Extraction), 

TRUEX (Transuranic EXtraction), SANEX (Selective ActiNide EXtraction), GANEX 

(Group ActiNide Extraction), and more.
22,28–31
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DIRECT DEPOSIT 
    

  

 

 

 

 

 

 

  

 

 

 Figure 1.1: Current strategies (simplified) for handling nuclear liquid waste.
20,28

 

A good extracting ligand/medium should exhibit high extraction efficiency, 

measured by distribution value D. It should show selectivity toward the actinide, 

indicated by separation factor SF which should be at least 10.
1
 D and SF are expressed in 

Equation 1 and 2, respectively. Stripping should be possible to allow the recovery of the 

sequestered metals. The ligand should also be soluble in the industrially-preferred 

extracting solvents such as n-dodecane or kerosene.
1,22

 It should be stable against the 

radioactivity of the waste and hydrolysis by the nitric acid medium in which the waste is 

dissolved. In addition, scale-up synthesis should be achievable.
1,2,20,32
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Distribution Value :     D = 
∑[𝑀𝑜𝑟𝑔]

∑[𝑀𝑎𝑞]
  (Eq 1.1)

33
   or  % E = (D/(D + 1)) (100)  (Eq 1.2)

33
 

 ∑[𝑀𝑜𝑟𝑔]  & ∑[𝑎𝑞] = total metal cations concentration in organic and aqueous phase.  

Separation Factor:               SF = 
𝐷𝑀1

𝐷𝑀2
     (Eq 2.1)

21
          

𝐷𝑀1& 𝐷𝑀2 = distribution value of metal species 1 and 2 respectively. 

Oxygen and Sulfur Donor Ligands 

In the last few decades, multiple classes of ligands bearing various donor atoms 

(O, S, N) have been tested for their ability to efficiently and selectively separate minor 

actinides from lanthanides. A few notable examples are included in Figure 1.2.  

 

   

Figure 1.2: Notable O-donor (CMPO & DGA) and S-donor (Cyanex) ligands.
21

 

The O-donor class of ligands include various functional groups such as 

phosphonates, phosphine oxides, amides, and more.
21

 These groups are hard bases so 

they bind well to the hard acids like actinide and lanthanide cations; however, the 

consequence is a lack of preference for one type of ions over the other. Thus, these 
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ligands are mainly employed to co-extract both the actinides and lanthanides from the 

waste for further separation by another system.  The most well-known and extensively 

studied ligands of this class are the carbamoylmethylphosphine oxides (CMPOs) and  

diglycolamides (DGAs).
21

   

Another class of ligand contains sulfur,
23,34–39

 a softer donor compared to oxygen. 

These chelators greatly favor Am (III) over Eu (III) resulting in extremely high SF values 

(SFAm/Eu > 1000).
21,40,41

 Unfortunately, these ligands easily degrade from oxidation, and 

the degraded products have exponentially diminished extraction capabilities limiting their 

industrial application.
21

 

N-donor Ligands 

The class of ligand that is of most interest to our work is the N-donor, more 

specifically N-heterocyclic compounds. Researchers believed that ligands containing 

softer N-donors could have greatly enhanced affinity for the minor actinides by taking 

advantage of the softer nature of these cations. Attention to these N-heterocyclic ligands 

increased when Musikas et al. discovered the binding preference of azide and 1,10-

phenanthroline derivatives to actinides and the ability of TPTZ to separate Am
3+ 

and 

Eu
3+

.
26,42

 Since then, major efforts have been invested in finding suitable N-heterocycles 

that can accomplish the arduous separation of actinides from lanthanides.
43–45

 

Some of the early N-donor ligands
43–45

 based around terpyridine backbone such as 

TPTZ and BODO (Figure 1.3) showed decent extraction efficiencies with selectivity 

generally higher than O-donor ligands (SF ranged from 7 up to 100) at [HNO3] < 
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0.1M.
43–45

 However, at acid concentration relevant to actual nuclear waste, they 

demonstrated extremely low or virtually no metal extraction due to binding site 

protonation. One additional drawback is that most of them also required the use of 

hydrophobic additives. Extensive reviews on these ligands were done by Kolarik and 

Hudson et al..
43–45

 

 

Figure 1.3: N-donor ligands for actinides/lanthanides extraction
46–51

 

CyMe4-BTP  

One of the first successful N-donor ligands that extracted actinides with high 

efficiency and selectivity was CyMe4-BTP (Figure 1.3). This ligand showed resistance 
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against radiolytic degradation by incorporating substituents devoid of benzylic 

hydrogens. More details on degradation mechanisms can be found elsewhere.
45,52,53

 It 

was also stable in high nitric acid concentration. Another advantage of this ligand is that, 

unlike CMPO or Cyanex, this ligand is comprised of only carbon, nitrogen, and hydrogen 

which means any secondary waste generated can be burned to gases.
44

 More importantly, 

CyMe4-BTP efficiently removed actinides (DAm  < 500) with great selectivity (SFAm/Eu < 

5000).
45,49

 Such excellent capabilities can be explained by observing crystallographic 

data of ligand/An
3+

 or ligand/Ln
3+ 

complexes. Crystal structures show three CyMe4- BTP 

chelating the metal cation in a tridentate manner which completely fills the metal 

coordination sphere and formed a highly hydrophobic complex which would be more 

soluble in organic solvents.
2,54–56

 Unfortunately, this favorable complexation behavior did 

not allow the metal species to be stripped off in a subsequent liquid/liquid extraction.
49

 

CyMe4-BTBP  

To overcome the back extraction issue with BTPs, the pyridine ring was replaced 

with a bipyridine moiety to reduce the ligand field strength allowing removal of the metal 

from the ligands.
2,50

 Unlike BTP, BTBP (Figure 1.3) assumes a 2:1 complex with metal 

cations and leaves one nitrate ion in the coordination domain.
57,58

 Although both the 

metal and ligand could now be recovered, the extraction efficiency and selectivity 

suffered owing to adopting a tridentate to tetradentate ligand motif. The D value of 

CyMe4-BTBP was a few orders of magnitude lower than its predecessor (DAm < 10) 

while selectivity was also diminished but remained fairly high (SFAm/Eu > 100).
45,50

 Other 
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major drawbacks of this ligand are low solubility in the preferred industrial solvents (e.g. 

maximum 0.02 M in n-octanol) and sluggish extraction kinetics due to the required 

rotation of the bipyridine rings; the energetically preferred trans- conformation of the free 

ligand is not optimal for metal complexation upon chelation.
2,50

  In addition, since the 

metal extraction mainly occurs at the interface between the organic and nitric acid layers, 

a high ligand concentration at the interface is desired.
59

 However, the low dipole moment 

of CyMe4-BTBP does not permit that.
9,51

  This limitation also negatively affected the 

extraction kinetics. Therefore, a phase transferring agent such as N,N'-dimethyl-N,N'-

dioctylhexylethoxymalonamide (DMDOHEMA) was mandatory. Nevertheless, although 

the kinetics were improved, DAm as well as SFAm/Eu were found to decrease upon 

increased DMDOHEMA concentration.
50

 These shortcomings prevented the 

implementation of CyMe4-BTBP in real waste treatment. Regardless, CyMe4-BTBP is 

considered remains the most important standard for the SANEX process.
2
 

CyMe4-BTPhen  

Lewis et al. reported CyMe4 – BTPhen (Figure 1.3) in 2011.
51

 In this new ligand, 

the bipyridine component is replaced by a phenanthroline in order to eliminate the 

rotation between the two rings of bipyridine and lock the ligand into the ideal 

conformation for metal complexation, remedying the slow extraction kinetics issue that 

plagued  CyMe4-BTBP.
51

 Indeed, equilibrium was reached in 15 minutes for CyMe4 – 

BTPhen, versus 30 minutes in BTBP, without any need for a phase transferring agent.
51

 

Additionally, CyMe4-BTPhen possesses greater dipole moment than its predecessor 
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allowing higher concentration at the liquid interface.
9,51,58

 These combining factors also 

resulted in a greatly increased extraction efficiency with Am
3+ 

distribution factor up to 

1000 while the preference for Am
3+ 

over Eu
+ 

was comparable to CyMe4-BTBP or even 

higher (SF < 400).
51

 Thus, not only did CyMe4 – BTPhen preserve the benefits of CyMe4 

– BTBP, it also surpassed the latter in terms of extraction kinetic and efficiency. CyMe4 – 

BTPhen also attained a 2:1 ligand: metal complex with the trivalent metal cations similar 

to the BTBP version.
9,51,58

 

Some explanations as to why CyMe4-BTP, -BTBP, -BTPhen could achieve such 

excellent extraction properties while being stable at low pH, which the early N-donors 

were not capable of, lie partly in the presence of the 1,2,4-triazine rings.
2,45

 It was 

postulated that the two adjacent nitrogens participate in an α-effect in which favorable 

orbital overlaps between them result in an increase in nucleophilic strength of the 

coordinating nitrogen. The consequence of this interaction is a higher preference for soft 

ions than protons in the acidic environment.
2,45

 Furthermore, pKa studies by Lewis et al. 

showed that the electron withdrawing property of the triazine moieties lower the basicity 

of the ligand which might contribute to the ligand stability at low pH.
51

 

1.2 CONTRIBUTIONS OF PREORGANIZING PLATFORMS TO EXTRACTION 

EFFICIENCY AND SELECTIVITY OF LIGANDS 

CMPOs are the most comprehensively studied ligands in actinides/lanthanides 

separation.
60

 Studies have shown that CMPOs form 3:1 (L:M) complexes with actinides 

in solution and assume the tricapped trigonal prismatic geometry.
33,61

 Selectivity and 
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efficiency were postulated to improve by pre-organizing a number of CMPOs in a 

suitable arrangement to achieve the desired geometry of ligand/metal complexation and 

take advantage of the chelate effects.
33,62

 As a result, a vast array of CMPOs-bearing 

systems ranging from simple oligomers (2-5 repeating units) to more sophisticated 

platforms such as calixarenes were reported.
33

 A few examples are shown in Figure 1.4. 

 

 

 

 

 

 

 

     

 

 

 

 

Figure 1.4: Various CMPO-bearing scaffolds
21,33,40,63–71

 

Calixarenes and Cavitands 

Some of most successful CMPOs-containing systems that exhibited good 

extraction efficiency and selectivity employ calixarenes as platforms. These platforms 

CMPO 

Calixarene 

Silica/Magnetic particles 

Trityl Tripodand 

Cavitand 

Polymer 
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typically contain between 4 – 8 phenyl rings connected by methylene bridges.
21

 One 

advantage of using calixarenes include size variation, by changing the number of 

repeating units, which can increase the number of possible conformations. Additionally, 

CMPOs can be attached either at the wide or narrow rims to give different binding cavity 

sizes. Furthermore, solubility and rigidity of the platform can be modified by 

functionalizing the rims with alkyl groups of different lengths and properties.
21

 Size and 

rigidity of the macrocycle, the number of attached chelating groups, and their spatial 

arrangement are some factors that affect the extracting properties of calixarene systems.
21

 

The first series of calix[4]arenes and calix[5]arenes (4 and 5 phenyl units 

respectively) were reported by Arnaud-Neu et al. (Figure 1.5).
33

 All of these scaffolds 

contained CMPOs at the wide rims. The narrow rims were functionalized with alkyl 

substituents of varying lengths. Extraction studies done on radioactive metals that would 

be found in actual nuclear waste such as 
237

Np, 
239

Pu, and 
241

Am revealed that the 

macrocyclic systems outperformed the free ligands. Generally, the macrocycle bearing 

CMPOs could extract these cations 1-2 order of magnitudes higher than free CMPOs 

while requiring one-tenth of the ligand concentration (see Table 1.1).
33

 The increased 

extraction efficiency obtained from calixarene platforms demonstrated the advantage of 

ligand preorganization. It is also worth noting that a decrease in DAm was observed going 

from calix[4]arene to the larger calix[5]arene,
33

 showing the effect of changing cavity 

size as well as the number of chelating moieties on extraction efficiency.
21
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Figure 1.5: Calixarenes-bearing CMPOs at the wide rim (left) and cavitands (right).
33,66

 

Table 1.1: Distribution ratio of Europium and Americium by a few selected CMPO-

calixarenes and free CMPO ligands. Aqueous phase: 1M HNO3, 4M 

NaNO3, metal cations; Organic phase: o-nitrophenyl  hexyl ether, 

(a)[calixarenes]org = 10
-3

 M, (b)[CMPO]org = 10
-2

 M.
33

 

Extractant DEu DAm 

1.1
a 

>100 >100 

1.2
a
 >100 >100 

1.3
a
 >100 >100 

1.4
a
 >100 61 

Free CMPO
b 

-- 1.2 
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The extraction efficiency and selectivity could be further enhanced by increasing 

the flexibility of the macrocycles. Various arrangements of short alkyl chains that can 

pass through the annulus of the cavity were installed on the narrow rims (compounds 1.6 

– 1.8). Compound 1.6 achieved DAm > 500 and SFAm/Eu ~ 5 while 1.7 has slightly lower 

DAm but a higher selectivity of approximately 9.
21

  

CMPOs were also preorganized onto the narrow rim of calixarenes.
62

 These 

systems also exhibited better extraction properties than the free ligands, reinforcing the 

benefit of chelate effects. However, they did not perform as well as the wide rim 

scaffolds. The position of CMPOs alone might not be enough to account for the 

difference in the extracting ability of the two systems.
62

  

Besides CMPOs, a few ligands that contain both N and O donors (e.g. 

picolinamides) were tethered to calixarenes. In general, these ligand-calixarene structures 

performed better than the free ligands (DAm of some compounds between 200 – 300, 

SFAm/Eu ranges ~ 3 – 14). However, these values could only be obtained at low acid 

concentration (10
-3 

M) with the help of a synergist (BrCOSAN).
64

  

Cavitands (Figure 1.5) have similar structures to calixarenes except they are 

much more rigid due to the phenyl rings being held together at 2 adjacent carbons by 

methylene and ethylene glycol groups.
66

 The CMPO-cavitands possess poorer extraction 

properties compared to calixarenes. In addition, distribution coefficients of the metals 

decrease drastically as the nitric acid concentration increases. Macrocycles 1.8 and 1.9 

showed DAm values of 31.3 and ~ 53, respectively, at 10
-3 

M HNO3 but the value dropped 
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to less than 1 for both at 3M HNO3. The selectivity for Am(III) was retained (SFAm ~ 2) 

up to 2 M HNO3.
66

 

Trityls and Tripodands 

Trityl (triphenoxymethane) platforms (Figure 1.6) consist of three di-t-

butylphenol units connected by a central methine group. The O-functionalities can allow 

the attachment of three ligands in the all up conformation to achieve the 3 : 1 ligand : 

metal stoichiometry and cooperative binding, while the t-butyl moieties help make the 

overall structure more lipophilic.
21,67

 One of the first CMPO-functionalized trityls were 

reported by Scott et. al.
67

 Extraction properties of these compounds were carried out with 

a series of actinide and lanthanide cations (La
3+

, Eu
3+

, Nd
3+

, UO2
2+ 

,etc.). No Am
3+ 

experiment was performed. Instead, thorium(IV) was used as an actinide surrogate. 

Th(IV) poses less safety hazard, and thus,
 
is sometimes used in extraction studies instead 

of the other highly radioactive actinides.
27

 At 10 : 1 ligand : metal ratio, these CMPO-

trityls showed great affinity for Th(IV) ( >98% extracted) compared to Eu(III) (only ~2 – 

4 % extracted). The high selectivity for Th(IV) was attributed to the cooperative binding 

of all three CMPO units in solution and the higher Lewis acidity of Th(IV) than the 

trivalent lanthanides present.
7,67

 Verboom and colleagues later studied a similar CMPO-

trityl system with americium and europium at different HNO3 concentrations. Selectivity 

for Am(III) was generally retained (SFAm/Eu < 2) throughout whereas the distribution 

values DAm and DEu varied.
72
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Figure 1.6: Examples of CMPO-trityl (l.10) and DGA-trityl (1.11)
67,73

 

Diglycolamides (DGAs), another ligand type that also drew great interest, were 

functionalized onto trityl scaffolds as well. Similar to CMPOs, more than one of these 

tridentate chelators are typically involved in metal binding; however, they tend to favor 

Eu (III) over Am (III).
73

 In 2005, Scott and coworkers reported DGA-trityl 1.11 (Figure 

1.6) which showed higher extraction efficiency and selectivity than free DGA.  With 

1.11, almost 100% metal sequestration from the nitric acid phase into the organic phase 

was attained at 10 : 1 ligand : lanthanide cations (1M HNO3, CH2Cl2 as solvent).
73

 With 

free DGA, the same result could only be achieved if the ligand equivalents are increased 

to 10
5
.
73 

 Trityl-DGA 1.11 also showed enhanced affinity for lanthanides (SFEu/Am ~ 6 in 
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CH2Cl2) compared to the free ligands (SFEu/Am ~ 3 in 1,2-dichloroethane and ~ 0.8 in 

CHCl3).
69,74

 

                                             

Figure 1.7: CMPO-tripodands (1.12)
69

 and DGA-tripodands (1.13).  

Tripodands are another C3-symmetric platform employed in CMPOs and DGAs 

preorganization (Figure 1.7). Although less rigid than trityls and other C3 scaffolds, 

cooperative binding between the preorganized multi-dentate chelators was still 

observed.
21

 CMPO-tripodands showed a preference for Am
3+ 

over Eu
3+ 

(SFAm/Eu ~ 2). 

Nevertheless, the distribution values for the CMPO-tripodands were much lower than the 

other platforms (e.g. calixarenes).
21,69

 

Like other DGA-platforms, DGA-tripodands consistently showed preference for 

Eu(III).
75

 These structures exhibited much better extraction profiles than structurally- 
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similar CMPO-tripodands. Compound 1.13 showed the highest efficiencies when the R1 

substituent is an alkyl or phenyl group instead of a simple hydrogen.
75

 The selectivity 

values SFEu/Am ranged from ~ 1 – 4. 

Ring-Opening Metathesis Polymers 

Although the previously mentioned preorganizing platforms show great promises, 

they are not without a few major drawbacks. Namely, synthetic modifications of these 

systems are limited.
68

 Mitchell and Holliday have previously studied ring-opening 

metathesis (ROM) block co-polymers as a preorganizing platform for CMPOs.
68

 The 

advantages of using block co-polymer lie in the potential for a wide range of facile 

modifications that may affect bulk binding properties. Co-polymer properties can be 

changed drastically by altering the number and type of polymer blocks in the chain. 

Additionally, solubility of a polymer can be tuned by varying lipophilic or hydrophilic 

moieties. As a scaffold for preorganizing chelators such as CMPOs and/or DGAs, the 

ligand concentration may be increased or decreased by modifying polymer molecular 

weights. Block-copolymers may also have potential for use in solid/liquid extractions 

eliminating the need for a suitable organic solvent.
68

 In their studies, thorium (IV) was 

used as a surrogate for actinides since it can be safely handled on the bench. ROM-type 

polymers were chosen for their ability to readily form block-copolymers.
68,76

   

A series of homo-, di-, and tri-block polymers with various molecular weights and 

block ratios were synthesized (Figure 1.8 and 1.9). Their actinide/lanthanide extracting 

capabilities were investigated. Generally, all the polymer variations outperformed the 
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monomer at both high and low ligand concentrations up to a factor of 25.
68

 The authors 

suggested that although ligand loadings are lower in the polymers compared to free 

ligands, the polymers still extract more Th
4+ 

due to the “local concentration” of the 

ligands that come in contact with the metal cations remaining high.
68

 Among the 

homopolymers, the molecular weights appeared to play an important role in the 

extraction efficiency and selectivity. The largest polymer (1.14a) displayed the lowest 

percent Th
4+

 extracted (%ETh = 16 at 10 : 1 CMPO : Th
4+

 ratio in 1 M HNO3) but the 

strongest preference for Th
4+

 over Eu
3+ 

(SFTh/Eu > 300, 10 : 1 CMPO : metal ratio in 1 M 

HNO3) whereas the smallest polymer (1.14c) sequestered Th
+
 most efficiently but was 

less selective (SFTh/Eu ~ 16).
68

  

 

                        

                          

Figure 1.8:  ROM-type homo- and di-block co-polymers
68
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Figure 1.9:  ROM-type cross-linked tri-block co-polymers
68

 

Because the metal-ligand binding in a liquid/liquid extraction occurs mainly at the 

interface between the organic and aqueous phases, efficiency may be increased if higher 

ligand concentration is present at the interface. Therefore, a hydrophilic glycol block was 

incorporated with polymer 1.14 to form di-block co-polymers 1.15a and b. The di-block 

performed better than the homopolymers, extracting nearly quantitative amounts of 

thorium, at both high and low ligand loading (500 : 1 vs. 10 : 1 CMPO : metal ratio).
68

 

However, in a solid/liquid extraction (polymers stirred in the aqueous layer, no organic 
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solvent), high %ETh was retained in 1.15a but dropped in 1.15b.
68

 The authors suggested 

that high loading of the water-soluble glycol chains, although facilitating the interaction 

between the organic and aqueous layers, prevents CMPO-metal interaction when in a 

solely aqueous environment. Tri-block co-polymers 1.16a and b simulated the ratio of 

CMPO-block to glycol-block while also including a cross-linking active coumarin unit. 

The aim of cross-linking the polymer was to prevent the glycol chains from wrapping 

around the CMPO moieties. Both cross-linked polymers exhibited decent efficiency at 

high ligand loading (10
-2 

M) but the performance dropped by a factor of ~ 10 at lower 

ligand concentration (10
-3 

M) compare to the homo- and di-block polymers. Nevertheless, 

polymer 1.16b which mimicked 1.15b did better than 1.16a which mimicked 1.15a, a 

reversal of the data between 1.15a and b. From these results, block co-polymer extraction 

profiles could be attributed to the effects of the glycol chains, to an extent.
68

 Furthermore, 

although the cross-linked polymers exhibited low efficiencies, they showed selectivity 

comparable to some of the previously described platforms (SFTh/Eu  ~  9 and 5). 
68

 

SUMMARY 

Various classes of ligands bearing O, S, or N-donors have been investigated for 

the separation of minor actinides and lanthanides from spent nuclear fuel. O-donors are 

capable of capturing these metal cations efficiently but lack selectivity. S-donors have the 

highest preference for actinides but their extraction ability declines exponentially due to 

severe degradation. N-donors possessing 1,2,4-triazine moieties exhibit high extraction 

efficiency, selectivity, and stability against acid protonation and radiolysis - as seen in 
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cyclic alkyl substituents devoid of benzylic protons. In particular, CyMe4-BTPhen 

appears to be the best compromise that can fulfill many of the requirements for a good 

extracting ligand.  

Pre-organizing chelating ligands onto various platforms generally increase 

extraction efficiency and selectivity. CMPOs- and DGAs- tethered calixarenes, cavitands, 

trityls, tripodands, and ROM-type polymers have shown improved extraction properties 

although the overall distribution ratios and separation factors are still quite low. The 

polymer matrices are promising due to vast possibilities for synthetic modifications 

demonstrated. The polymer molecular weights and hydrophilic/hydrophobic block ratios 

appear to play somewhat defined roles in the extraction efficiency and selectivity. It may 

be a suitable platform for preorganizing DGAs as well as the bulkier CyMe4-BTPhen 

ligand to combine the favorable properties of both the ligands and the polymers. 
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Chapter 2:  Synthesis of Ring-Opening Metathesis Polymer Containing 

Pendant DGAs or CyMe4-BTPhen for the Separation of f-block Metals 

2.1 INTRODUCTION 

Nuclear power can reliably generate electricity while leaving virtually no carbon 

footprint – making it an attractive alternative to fossil fuels. However, the expansion of 

nuclear energy is limited by the radiotoxicity and lifetime of the spent fuel, for which the 

presence of minor actinides such as americium and curium are responsible.
77

 Removing 

these metals and transforming them into less harmful and/or shorter-lived species may 

significantly reduce the hazards of the spent fuel, cost of storage, and issues of finding 

satisfactory geological locations for waste deposition.
78

 The transmutation strategy, 

however, would only be applicable if the actinides are completely separated from the 

chemically similar lanthanides that also occur in the waste for they inhibit the conversion 

process.
79,80

 To achieve this goal, numerous ligands bearing oxygen, sulfur, and nitrogen 

donors have been investigated for their ability to efficiently and selectively capture minor 

actinides.
21

 Some of the most extensively studied ligands include 

carbamoylmethylphosphineoxides (CMPOs), diglycolamide (DGAs), and N-

heterocycles.
44,45,60,81

 Among these, CyMe4-BTPhen appeared most promising due to 

being able to fulfill many of the requirements for a good extractant (high distribution 

value, good selectivity, stability against degradation in a simulated waste environment, 

consisting of only atoms that can have complete combustibility, etc.).
2,51

 Furthermore, 

various studies have shown that extracting properties of chelating ligands such as CMPOs 

and DGAs increase when preorganized onto different platforms, while simultaneously 
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requiring lower ligand concentrations.
21,33

 These include, but not limited to, calixarenes, 

cavitands, trityls, tripodands, and polymers.
33,40,62,68,69,73,82,83

 ROM-type polymer 

scaffolds developed by Mitchell and Holliday are attractive due to the broad potential for 

synthetic modifications.
68

 Polymer molecular weights, spacer length between polymer 

backbones and pendant ligands, hydrophobicity, types of blocks, and block ratios could 

be tuned to give rise to different properties. These polymers may be suitable platforms for 

a variety of actinide/lanthanide ligands including DGAs and the bulkier CyMe4-BTPhen. 

Furthermore, no ROM-type polymers have been applied as preorganizing scaffolds for 

these ligands, to the best of our knowledge. This work presents the effort to synthesize 

ROM-type polymer matrices containing either pendant DGAs or CyMe4-BTPhen ligands. 

 

Figure 2.1: Chemical Structures of CMPO, CyMe4-BTPhen, and DGA.
21,51

 

2.2 RESULTS AND DISCUSSION 

Synthesis of Homopolymer Containing Pendant Diglycolamide Ligands 

N,N-dimethyl diglycolamide (DMDGA) and N,N-dioctyl diglycolamide 

(DODGA) ligands were chosen for monomer and polymer synthesis (Scheme 2.2.1). The 
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symmetric, tetra-substituted versions of these ligands, N,N,N
’
,N

’
-tetramethyl 

diglycolamide (TMDGA) and N,N,N
’
,N

’
-tetraoctyl diglycolamide (TODGA) 

respectively, have been extensively studied for their application in actinide/lanthanide 

extraction (Figure 2.2). Some advantages of these ligands include fairly facile synthesis 

and complete combustibility owing to containing only carbon, nitrogen, and oxygen in 

their structures.
84,85

  

TMDGA, together with a series of water-soluble DGA ligands, was investigated 

by Sasaki et al. for use as a masking reagent to back extract tri- and tetravalent actinides 

from the organic phase (TODGA + metals in dodecane) due to its high solubility in 

water.
84,85

 Incorporating this ligand into a more hydrophobic polymer backbone may 

result in a matrix that can have good extraction efficiency by taking advantage of the 

water solubility of the ligand, which would allow for more interaction between the ligand 

portion with the metals in the aqueous layer.  On the other hand, the dissolution of the 

polymer backbone in an organic solvent allows easier recovery of the matrix through a 

liquid/liquid extraction.  

 

 

Figure 2.2: Chemical Structures of N,N,N’,N’-tetramethyl diglycolamide (TMDGA) and 

N,N,N’,N’-tetraoctyl diglycolamide (DODGA) . 
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Among the numerous DGA ligands investigated for lanthanides/actinides 

separation, TODGA is considered to be the best extractant.
81,84,85

 It is a green extractant, 

highly soluble and stable in paraffinic solvents which is ideal for industrial applications, 

and exhibits high distribution values for trivalent lanthanides and actinides, with a 

preference for lanthanides.
81,84–87

 Incorporating this ligand into a polymer platform and 

studying the effects of preorganization on the extraction properties would be interesting. 

 

 

Scheme 2.2.1: Synthesis of ROM-type polymer containing pendant DMDGA ligands. 
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A new ROM – active monomer of the dimethyldiglycolamide ligand 2.4 was 

synthesized in moderate yield by coupling amine 2.2 and carboxylic 2.3 using either 

N,N'-Dicyclohexylcarbodiimide (DCC) or 1-Ethyl-3-(3-dimethylaminopropyl)-

carbodiimide (EDC), with EDC giving the cleanest product (Scheme 2.2.1). 

Homopolymer 2.5a – c were obtained using either 2
nd

 or 3
rd

 generation Grubbs catalyst 

and characterized using 
1
H NMR and Gel Permeation Chromatography (GPC).  The 

molecular weights (Mn) and polydispersity indices (PDI) are summarized in Table 2.1. 

Using the Grubbs II catalyst gave extremely large PDI values, which might have been 

caused by either slow chain initiation and/or undesirable chain transfer.
88

 Switching to 

the fast-initiating Grubbs III
89

 gave more narrow PDIs. High molecular weight polymers 

were achieved with both 2
nd

 and 3
rd

 generation catalysts. 2.5a and 2.5b contains 

approximately 200 repeat units each while 2.5c is comprised of roughly 300 repeat units. 

The obtained molecular weights were far different from the theoretical calculations which 

assume complete conversion of monomer to polymer and exact monomer to catalyst 

ratios. To explain this difference, the monomer to catalyst ([M]/[I]) ratio is highly 

dependent on the measurement accuracy of the moles of each reactant; however, it is 

rather difficult to obtain such accuracy while handling chemicals at such small scales in a 

dry glove box. Furthermore, the GPC instruments were calibrated using a polystyrene 

standard which may differ in hydrodynamic radius compared to the polymers of interest. 

Regardless, different molecular weights were obtained and may allow for future 

comparison of the effect of chain lengths on the actinide/lanthanide extraction properties 

of the polymeric matrices.  
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Table 2.1: Summary of molecular weights (Mn, measured in Dalton) and polydispersity 

indices (PDI) for poly-DMDGA 2.5a – c.  

Polymer Grubbs 

Catalyst 

[M]/[I] 

(theory) 

[M]/[I] 

(obtained) 

Mn   

(theory) 

Mn 

(obtained) 

PDI 

2.5a
 II 300 ~200 1.21 x 10

5 
8.3 x 10

4
 4.69 

2.5b III 300 ~ 200 1.21 x 10
5 

8.6 x 10
4
 2.04 

2.5c III 100 ~ 300 4.05 x 10
4 

1.23 x 10
5
 1.78 

 

Thermogravimetric data for 2.5b and 2.5c were similar (Figure 2.3) and showed 

high thermal stability. There was an initial 2 – 3 % weight loss at around 45 - 50 
o
C 

which could be attributed to residual solvent, most likely dichloromethane due to the 

polymers’ high affinity for this solvent. 
1
H NMR was taken after the TGA study and a 

signal for CH2Cl2 was observed. Major weight loss did not occur until ~ 450 
o
C. This 

indicates that the polymers should be resistant toward thermal degradation by hot nuclear 

waste. The homopolymers containing DMDGA ligands can be used directly in separation 

studies of actinides/lanthanides. 
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Figure 2.3: Thermogravimetric analysis for poly-DMDGA 2.5b (left) and 2.5c (right). 

A ROM-active monomer containing DODGA was also synthesized through a 

similar amide coupling reaction using DCC (Scheme 2.2.2). However, the product yield 

was extremely low. Converting the carboxylic into an acid chloride using thionyl chloride 

may increase the yield considerably.  

 

Scheme 2.2.2: Synthesis of ROM-active monomer containing pendant DODGA ligand.  
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The DODGA monomer 2.7 has limited solubility in dichloromethane, chloroform, 

tetrahydrofuran, and dimethyl formamide, which are a few popular solvents for ring-

opening metathesis polymerization. Once a suitable solvent is determined, the 

corresponding polymer synthesis may be performed.  

Synthesis of ROM – active CyMe4-BTPhen monomer 

Ligand CyMe4-BrBTPhen 2.14 was synthesized according to literature procedure 

by Afsar et al.
90,91

 (Scheme 2.2.3) with some modifications, especially during the 

conversion of 2.10 to 2.11. Product yields of 2.11 were consistently low (~ 10%) when 

prepared according to the procedural steps described. To improve yield, a few 

modifications were carried out. The commercially-available hydroxylamine 

hydrochloride and p-tosyl chloride were purified and then dried under high vacuum prior 

to use. Triethylamine was distilled with calcium hydride and stored over potassium 

hydroxide. The reaction was run under inert atmosphere to minimize the presence of 

water, and performed for longer periods of time. The mole equivalents of hydroxylamine 

hydrochloride, triethylamine, and p-tosyl chloride were also increased. With these 

modifications, a greatly-improved 46% yield was achieved. In addition, yield of 

intermediate 2.12 was found to increase upon longer reaction time (72% in 7 days and 

88% in 10.5 days). Cyclic diketone 2.13 used in the condensation step to form 2.14 was 

prepared following the literature procedure described by Lewis et al.
51
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Scheme 2.2.3: Synthesis of CyMe4-BTPhen ligand and strategy for synthesis of 

monomer. 
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The first attempt to synthesize monomer 2.15 was by using a coupling reaction 

developed by Hartwig et al. employing Pd(dppf)Cl2 as the catalyst.
92

 Unfortunately, no 

product was obtained. The reaction is air- and water- sensitive and it is possible that 

amine 2.2 may not have been dried enough. Alternatively, CyMe4-BrBTPhen may have 

coordinated to palladium impeding the activity of the catalyst. Further adjustments and 

considerations of reaction conditions, catalyst loading, base equivalents, and purification 

of starting materials are under way.   
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Unsuccessful alternative monomer synthesis 

 

Scheme 2.2.4: Unsuccessful alternate route to monomer. 
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Scheme 2.2.5: Possible products formed from hydrolysis of 2.21. 

Scheme 2.2.4 was an alternate route to the synthesis of the monomer. The 

reaction sequence contained reaction steps that are similar to the synthetic strategy for 

CyMe4-BTPhen by Lewis et al.
51

 and  CyMe4-BrBTPhen by Afsar et al.
90,91

 It was found 

that the intermediates in the original route, however, were hampered by limited solubility 

in multiple organic solvents. Therefore, in the proposed route, the ligand backbone was 

coupled with the ROM –active monomer backbone in the first step to take advantage of 

the solubility of the alkyl moieties which could increase the solubility of the compounds; 

thus, purifications by means such as column chromatography could be used to 

decontaminate the intermediates. Indeed, compounds 2.18 and 2.19 exhibit increased 

solubility in solvents such as dichloromethane, and column chromatography could be 

used to further purify these compounds. Unfortunately, compound 2.21 was not obtained. 

It was suspected that the hydrazine hydrate hydrolyzed the imide bond forming 2.22 and 

2.23, in addition to reducing the nitriles (Scheme 2.2.5). A low resolution CI mass 
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spectrometry spectrum was obtained; m/z peaks of 389 and 391 are evident, which may 

correspond to 2.22. Additionally, literature precedence has shown that having an alkyne 

in the monomer would prevent polymerization due to potential ene-yne cross metathesis 

reactions between the double and triple bond,
93

 in which case reduction of the alkyne 

would not be fruitful owing to the presence of the alkene (required for polymerization) in 

the backbone. Alternatively, 6-chloro-1-hexyne could be coupled to 2.9 prior to the 

substitution reaction between the imide and the chloroalkyne. However, the limitation 

discussed above together with other speculated difficulties that could arise during the 

intermediate steps likely render this route impractical.  

CONCLUSION 

Two new ROM-active monomers containing pendant N,N-dimethyl 

diglycolamide (DMDGA) and N,N-dioctyl diglycolamide (DODGA) ligands have been 

synthesized. The DMDGA monomer was obtained in moderate quantity while the yield 

of DODGA monomer still needs to be improved. Using thionyl chloride to convert the 

carboxylic acid into an acid chloride prior to the coupling reaction with the alkyl amine 

may result in higher yields. 

From the DMDGA monomer, new ROM-type polymers containing the pendant 

ligands with varying molecular weights and high thermal stability have been obtained in 

high yield. The polymers exhibited high thermal stability as revealed by 

thermogravimetric analysis. They can be readily used in separation studies of 
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actinides/lanthanides. Polymers bearing DODGA ligands may be synthesized as soon as a 

suitable solvent is determined.   

CyMe4-BrBTPhen was also synthesized. Initial efforts to form a ROM-active 

monomer from this ligand have not proven successful. Re-examination of the current 

reaction as well as exploration of other suitable routes are underway. Once the monomer 

is achieved, polymerization can be performed. 
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EXPERIMENTATION 

Instrumentation 

NMR spectra were recorded using the Agilent MR 400. Shifts (δ)  are expressed in ppm 

downfield from Si(CH3)4 using residual proteo-solvent peak as an internal standard 

(CDCl3 
1
H, 7.26 ppm and 

13
C, 77.0 ppm; DMSO-d6: 

1
H, 2.50 ppm and 

13
C, 39.52 ppm). 

Mass spectroscopy was obtained using either a Micromass Autospec Ultima HRMS or an 

Agilent 6530 Q-TOF system. Polymer molecular weights (Mn) and polydispersity indices 

(PDI) were recorded at 30 
o
C using either a Viscotek 270 Dual Detector (light scattering 

detector and differential viscometer) with a VE 3580 RI detector or a Viscotek system 

equipped with a VE 1122 pump, a VE 7510 degasser, two fluorinated polystyrene 

columns in DMF using polystyrene as a standard. Thermogravimetric analysis was 

carried out on a TA Instruments TGA Q50 under N2 atmosphere at a ramp rate of 20 

o
C/min from 0 

o
C to 1000 

o
C. 

Synthesis 

General Considerations 

All chemicals were bought either from Sigma Aldrich, Strem, TCI, Fisher, Alfa Aesar, 

BDH,  Mallinckrodt, and used as received unless otherwise specified. Dry solvents were 

either taken from an Innovative Technology PureSolv 400 solvent purification system or 

distilled and then stored over activated molecular sieves or KOH. Air- and moisture- 
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sensitive reactions were carried out using either standard Schlenk techniques or in a dry 

glove box. Intermediate compounds were either purified or used as is in the next step.  

 

 

Synthesis of 3a,4,7,7a-tetrahydro-4,7-methanoisobenzofuran-1,3-dione
94

 (2.1) 

Maleic anhydride (15.0g, 153 mmol, 1 eq) was dissolved (mostly) in chloroform (120 

mL) then cooled to 0 
o
C. Freshly distilled cyclopentadiene (14.2 mL, 168.26 mmol, 1.1 

eq) was added to the stirring maleic anhydride solution slowly through an addition 

funnel. The reaction flask was then wrapped in aluminum foil and stirred at room temp 

overnight. The solvent was evaporated and the obtained solid was recrystallized in 

methanol, filtered, and washed with methanol. The final product were white large 

needle/leaf shaped solid. Yield: 20.12g (80%). 
1
H NMR (CDCl3, 400 MHz) δ: 1.57 (m, 

1H), 1.77 (m, 1H), 3.50 (m, 2H), 3.58 (m, 2H), 6.30 (t, 2H, J = 1.9). 
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2-(2-aminoethyl)-3a,4,7,7a-tetrahydro-1H-4,7-methanoisoindole-1,3(2H)-dione
95

 

(2.2)  

1, 6-diaminohexane (17 mL, 122.9 mmol, 3.7 eq) was melted and transferred to a round-

bottomed flask heated at 90 
o
C. Glacial acetic acid (150 mL) was carefully added to the 

amine. The flask was equipped with a reflux condenser and then heated to 120 
o
C. 2.1 

(5.50g, 33.5 mmol, 1 eq) was added to the stirring solution and stirred for 3 hours, 

cooled, and diluted with water (150 mL). The aqueous layer was extracted with 

dichloromethane. The dichloromethane layer was back-extracted with water (150 mL). 

The combined aqueous layers were brought to a pH 8-9 using solid NaOH and then 

extracted with dichloromethane (3x200 mL). The combined organic layers were dried 

over MgSO4 and evaporated to yield a thick yellow liquid. Yield: 5.79g (66%). 
1
H NMR 

(CDCl3, 400 MHz) δ: 1.24 (m, 4H), 1.39 (m, 4H), 1.50 (d, 1H, J = 8.8), 1,69 (dt, 1H, J = 

1.6, 8.8), 1.95 (d, 2H, J = 8.5), 2.64 (t, 2H, J = 6.0), 3.20 (m, 2H), 3.28 (m, 2H), 3.34 (m, 

2H), 6.05 (t, 2H, J = 1.8); 
13

C NMR (CDCl3, 100 MHz) δ: 26.3, 26.6, 27.7, 33.2, 38.3, 

41.8, 44.9, 45.7, 52.2, 134.4, 177.7. 

 

 

Synthesis of 2-(2-(dimethylamino)-2-oxoethoxy)acetic acid
96

 (2.3) 
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A flame-dried 200-mL Schlenk flask was equipped with a flame-dried addition funnel 

sealed with a rubber septum. The apparatus was heated under vacuum for 5 – 10 minutes, 

cooled, and placed under N2 atmosphere. Diglycolic anhydride (5.107g, 44.0 mmol, 1 eq) 

was added to the flask and subjected to 1 vacuum/N2 cycle. Dry THF (50 mL) was 

cannula-transferred into the addition funnel and then went into the flask to dissolve the 

solid. The flask was then cooled to 0 
o
C in an ice-water bath. Dimethylamine (2M in 

THF, 22 mL, 44.0 mmol, 1 eq) diluted in dry THF (20 mL) was added to the anhydride 

solution drop-wise through the addition funnel (took about 2 hours). The reaction mixture 

was stirred in the ice-bath for another 1.5 hour, quenched with water (~22 mL) till acidic 

pH. The solvent and water were evaporated under reduced vacuum to yield a light yellow 

solid which was recrystallized in a minimal amount of water. The final product is white 

needle-shaped solid. Yield: 5.1g (72%). 
1
H NMR (CDCl3, 400 MHz) δ: 2.94 (s, 3H), 3.03 

(s, 3H), 4.20 (s, 2H), 4.39 (s, 2H); 
13

C NMR (CDCl3, 100 MHz) δ: 35.6, 36.1, 71.2, 72.8, 

171.1, 171.6. 

 

 

Synthesis of 2-(2-((2-(1,3-dioxo-1,3,3a,4,7,7a-hexahydro-2H-4,7-methanoisoindol-2-

yl)ethyl)amino)-2-oxoethoxy)-N,N-dimethylacetamide
75

 (2.4)  
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Carboxylic acid 2.3 (1.50g, 9.31 mmol, 1 eq) was placed in a dried 200-mL Schlenk flask 

and subjected to 3 vacuum/N2 cycles. Dry THF was cannula-transferred into the flask to 

dissolve the solid. DCC (2.13g, 10.3 mmol, 1.1 eq) dissolved in dry THF was also 

cannula-transferred to the flask and the mixture was stirred for 1 hour at room 

temperature. Amine 2.2 (3.5g, 13.34 mmol, 1.4 eq) dissolved in dry THF was added to 

the flask. The reaction mixture was stirred at room temperature for 1 week. The 

precipitate was filtered off. The solvent was evaporated to yield an orange oil which was 

purified using column chromatography (8% MeOH in CH2Cl2). A thick yellow/orangish 

oil was obtained. Yield: 1.50g (39%). 
1
H NMR (CDCl3, 400 MHz) δ: 1.27 (m, 4H), 1.41 

(m, 2H), 1.50 (m, 2H), 1.71 (dt, 1H, J = 1.7, 8.8), 1.85 (s, 1H), 2.93 (s, 3H), 2.97 (s, 3H), 

3.22 (m, 2H), 3.28 (m, 4H), 3.36 (m, 2H), 4.05 (s, 2H), 4.24 (s, 2H), 6.08 (t, 2H, J =  1.8), 

7.59 (s, 1H); 
13

C NMR (CDCl3, 100 MHz) δ: 26.4, 26.5, 27.6, 29.3, 35.6, 35.7, 38.2, 

38.8, 44.9, 45.7, 52.2, 69.7, 72.0, 134.3, 168.7, 169.2, 177.7; HRMS (+ESI) calculated 

for C21H31N3O5: [M+Na]+ 428.21560. Observed: 428.21620. 
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Synthesis of polymer 2.5a – c  

2.5a - In a dry glove box, 12.6 mL of a 0.2M solution of monomer 2.4 (2.52 mmol) in dry 

dichloromethane was added to Grubbs II catalyst (0.006g, 7.07 x 10
-3

 mmol) in a 

scintillation vial equipped with a PTFE magnetic stir-bar and capped with Teflon lining 

cap. The reaction was stirred at room temperature in the glove box for 24 hours, removed 

from glove box, and exposed to air. Polymerization was terminated by adding ~ 2 mL of 

ethyl vinyl ether to vial and stirred at room temperature for another 30 minutes. The 

liquid was then evaporated. The obtained polymer gel was dissolved in a minimal amount 

of dichloromethane/chloroform and precipitate in large volume of hexane or THF. Mn: 

8.3 x 10
4 

Da; PDI: 4.69. 
1
H NMR (CD2Cl2, 400 MHz) δ: 1.25 (s, 4H), 1.49 (s, 3H), 1.74 

(s, 3H), 2.89 (d, 4H), 3.12 (s, 4H), 3.44 (s, 2H), 3.98 (s, 2H), 4.23 (s, 2H), 5.5 – 5.7 

(broad d, 2H), 7.66 (s, 1H). 

The procedure for the synthesis of 2.5b and 2.5c are similar.  

2.5b : 0.588g (1.45 mmol)  of 2.4 was made into a 0.25M solution in dichloromethane 

and added to 0.005g (5.65 x 10
-3

 mmol) Grubbs III. The crude polymer was dissolved in 

a small amount of dichloromethane and precipitated multiple times in hexane. Mn: 8.6 x 

10
4
; PDI: 2.04. 

1
H NMR (CDCl3, 400 MHz) δ: 1.28 (s, 4H), 1.52 (s, 3H), 1.89 (s, 3H), 

2.95 (d, 4H), 3.23 (s, 4H), 3.46 (s, 2H), 4.04 (s, 2H), 4.27 (s, 2H), 5.5 – 5.7 (broad d, 2H), 

7.68 (s, 1H). 



 42 

2.5c: 1.23 mL (0.247 mmol) of a 0.2M solution of 2.4 in dichloromethane was added to 

0.123 mL (2.47 x10
-3 

mmol) of a 0.02M solution of Grubbs III catalyst in 

dichloromethane. The crude polymer was dissolved in a small amount of chloroform and 

precipitated in THF. Mn: 1.23 x 10
5
; PDI: 1.78 

1
H NMR (CDCl3, 400 MHz) δ: 1.25 (s, 

4H), 1.52 (s, 3H), 1.75 (s, 3H), 2.96 (d, 4H), 3.24 (s, 4H), 3.45 (s, 2H), 4.06 (s, 2H), 4.28 

(s, 2H), 5.5 – 5.7 (broad d, 2H), 7.68 (s, 1H). 

 

 

Synthesis of 2-(2-(dioctylamino)-2-oxoethoxy)acetic acid
96

 (2.6)  

A flame-dried 3-necked round bottom flask equipped with a magnetic stir-bar and a 

reflux condenser and sealed with rubber septa was subjected to 2 vacuum/N2 cycles. 

Diglycolic anhydride (4.24g, 36.5 mmol, 1.1 eq) was added to the flask and placed under 

1 vacuum/N2 cycle. Dry THF was cannula-transferred into the flask and then dioctyamine 

(7.99g, 33.1 mmol, 1.0 eq) was added via syringe. The reaction mixture was heated at 

reflux (80 
o
C) for 3 days, cooled, and the solvent was removed. The obtained crude was 

dissolved in ether and washed with 10% HCl and dried over MgSO4. The solvent was 

then evaporated to reveal a brown crude which was recrystallized in boiling ether, 

vacuum filtered, and washed with cold ether. The final product is a white solid and not 
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pure. Yield: 2.1g (17.7%). 
1
H NMR (CDCl3, 400 MHz) δ: 0.87 (m, 6H), 1.26 (m, 20H), 

1.53 (m, 4H), 3.07 (m, 2H), 3.34 (m, 2H), 4.20 (s, 2H), 4.38 (s, 2H), 9.41 (s, 1H).
 

 

 

Synthesis of 2-(2-((2-(1,3-dioxo-1,3,3a,4,7,7a-hexahydro-2H-4,7-methanoisoindol-2-

yl)ethyl)amino)-2-oxoethoxy)-N,N-dioctylacetamide
75

 (2.7) 

The compound was synthesized base on a procedure by Janczewski et al. with 

modifications. Carboxylic acid 2.6 (1.00g, 2.8 mmol, 1.0 eq) and DCC (0.64g, 3.08 

mmol, 1.1 eq) were placed in a dry Schlenk flask and subjected to 3 vacuum/N2 cycles. 

Dry THF was cannula-transferred into the flask to dissolve the solids.  The mixture was 

stirred at room temperature for at least 1 hour. Amine 2.2 (1.198g, 4.57 mmol, 1.6 eq) 

was dissolved in a small amount of dry THF, sparged with N2 for a few minutes, and then 

added to the Schlenk flask. The reaction mixture was then stirred at room temp for 5 

days. The precipitate was filtered off. The solvent was evaporated to yield an oily crude 

which was purified using silica column chromatography with 8% methanol in 

dichloromethane as the diluents. The final product was a sticky white solid. Yield: 0.10g 

(6%). The alkyl region of  
1
H NMR is fairly complicated and integration was difficult. 

1
H 

NMR (CDCl3, 400 MHz) δ: 1.12 (m), 1.2 (m), 1.35 (m), 1.43 (m), 1.53 (m), 1.71 (m), 

1.93 (m), 3.12 (m, 2H), 3.23 (m, 2H), 3.31 (m, 2H), 3.37 (m, 2H), 3.48 (m, 2H), 4.12 (d, 
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2H, J = 7.7), 4.27 (d, 1H, J = 8.1), 4.35 (m, 1H), 6.08 (t, 2H, J = 1.6), 7.69 (s, 1H); 

HRMS (+ESI) calculated for C35H59N3O5: [M+Na]+ 624.43470. Observed: 624.43540. 

 

 

Synthesis of 5-bromo-2,9-dimethyl-1,10-phenanthroline
90

 (2.9) 

2,9-dimethyl-1,10-phenanthroline (3.00g, 1.4 mmol, 1 eq) was dissolved in fuming 

sulfuric acid (20%) (40 mL) in a 250-mL round-bottomed flask and cooled in an ice-

water bath. Liquid bromine (0.45 mL, 8.64 mmol, 0.6 eq) was added to the flask. The 

reaction mixture was heated at 70 
o
C and the temperature was slowly raised to 140 

o
C. It 

was then heated at 140 
o
C overnight, cooled to room temp, and then carefully poured into 

~200 mL ice. Solid NaOH pellets and/or 50% aq. NaOH were used to bring the pH of the 

solution to basic (8-9). The reaction mixture was extracted with dichloromethane (3 x 200 

mL). The combined organic layers were washed with DI water and then brine, dried over 

MgSO4, stirred with activated charcoal, filtered, and then evaporated to yield a thick oil 

which crystallized soon after revealing an off-white/very light yellow solid. Yield: 3.30g 

(80%). 
1
H NMR (CDCl3, 400 MHz, CDCl3) δ: 2.92 (s, 3H), 2.96 (s, 3H), 7.48 (d, 1H, J = 

8.2), 7.57 (d, 1H, J = 8.5), 8.02 (s, 1H), 8.03 (d, 1H, J = 8.2), 8.52 (d, 1H, J = 8.5); 
13

C 

NMR (CDCl3, 100 MHz) δ: 25.7, 26.0, 124.1, 124.3, 126.0, 127.1, 128.6, 135.3, 136.1, 

144.8, 145.8, 159.9, 160.2. 



 45 

 

 

Synthesis of 5-bromo-1,10-phenanthroline-2,9-dicarbaldehyde
90

 (2.10) 

SeO2 (5.17g, 46.6 mmol, 2.3 eq) was placed in 1,4-dioxane (100 mL) and water (3 mL) in 

a round-bottomed flask and heated to reflux (112 – 115 
o
C). Compound 2.9 (5.821g, 20.3 

mmol, 1 eq) was dissolved in 1,4-dioxane (100 mL) and added to the SeO2 solution via an 

addition funnel over the course of 30 minutes. Selenium precipitation was observed as the 

2.9 solution entered the flask. The reaction mixture was heated at reflux for 5 hours, 

cooled to room temperature, and then filtered to remove the selenium precipitate. The 

solvent was then evaporated to yield an orange/brownish solid which was triturated in 

methanol, filtered, washed with, and then air-dry to finally yield a light brown solid (not 

completely pure). Crude yield: 6.31g (98%). 
1
H NMR (DMSO-d6, 400 MHz) δ: 8.25 (d, 

1H, J = 8.3), 8.32 (d, 1H, J = 8.5), 8.64 (d, 1H), 8.66 (s, 1H), 8.80 (d, 1H, J = 8.4), 10.27 

(s, 1H), 10.31 (s, 1H). 
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Synthesis of 5-bromo-1,10-phenanthroline-2,9-dicarbonitrile
90

 (2.11) 

A flame-dried 3-necked round-bottom flask equipped with a reflux condenser and sealed 

with rubber septa was heated under vacuum for 5-10 minutes and then placed under N2 

atmosphere. Dicarbaldehyde 2.10 (6.286g, 19.95 mmol, 1 eq) was added to the flask. Dry 

acetonitrile was cannula-transferred into the flask to suspend the solid. Hydroxylamine 

hydrochloride NH2OH.HCl (4.436g, 63.8 mmol, 3.2 eq) and distilled trimethylamine 

(26.7 mL, 191.5 mmol, 9.6 eq) were added to the flask. The mixture was heated at reflux 

(95 
o
C) under nitrogen for 10 hours and cooled to room temperature. Purified and dried 

P-tosyl chloride and dry pyridine (12.9 mL, 160.1 mmol, 8 eq) were added. The reaction 

flask was heated at reflux again (95 
o
C) under nitrogen for 50 hours and the filtered while 

hot through a thin pad of Celite. The solid was washed with boiling acetonitrile. The 

filtrate was evaporated to yield a brown semi-solid which was triturated in methanol (~ 

250 mL), filtered and washed with methanol and ether to afford a brown, light-weight 

solid. Yield: 2.825g (46%). 
1
H NMR (DMSO-d6, 400 MHz) δ: 8.41 (d, 1H, J = 8.2), 8.48 

(d, 1H, J = 8.5), 8.73 (s, 1H), 8.74 (m, 1H), 8.85 (d, 1H, J = 8.5); 
13

C NMR (DMSO-d6, 

100 MHz) δ: 117.6, 117.9, 122.8, 128.6, 129.9, 131.1, 133.0, 133.7, 138.4, 144.7, 145.6. 
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Synthesis 5-bromo-1,10-phenanthroline-2,9-bis(carbohydrazonamide)
90

 (2.12) 

5-bromo-1,10-phenanthroline-2,9-dicarbonitrile (2.50g, 8.09 mmol, 1 eq) was stirred in 

ethanol (75 mL) in a round-bottomed flask. 80% hydrazine hydrate (55 mL) was added to 

the flask and the heterogenous mixture was stirred at room temperature for 10.5 days. 

The reaction was then diluted and stirred in a methanol/ether mixture. The light brown 

solid was filtered, washed with methanol and then ether, and air dried. Yield: 2.655g 

(88%). 
1
H NMR (DMSO-d6, 400 MHz) δ: 5.75 (s, 4H), 6.13 (s, 4H), 8.29 (d, 1H, J = 

8.5), 8.36 (d, 1H, J = 8.6), 8.40 (d, 1H, J = 8.8), 8.42 (s, 1H), 8.53 (d, 1H, J = 8.8); 
13

C 

NMR (DMSO-d6, 100 MHz) δ: 119.5, 120.1, 120.6, 127.1, 128.9, 129.7, 135.5, 135.8, 

143.1, 143.4, 143.6, 144.7, 152.2, 152.4; LRMS (ESI): [M+H]+ at 373/375 and [M+Na]+ 

at 395/397. 

 

Synthesis of CyMe4-BrBTPhen
91

 (2.15) 

Dihydrazonamide (0.228g, 0.61 mmol, 1 eq) was placed in a flame-dried 3-necked flask 

equipped with a reflux condenser and sealed with rubber septa under N2. Dry 1,4-dioxane 

was added followed by the addition of diketone (0.226g, 1.34 mmol, 2.2 eq) and distilled 

trimethylamine (0.94 mL, 6.74 mmol, 11 eq). The reaction was heated at reflux (108 – 
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110 
o
C) for 4 days, cooled, and the solvent was evaporated to yield a sticky brown crude 

which was triturated in cold ether. The solid formed was filtered and washed with cold 

ether. 1H NMR revealed regions of the desired product but was highly impure. The cold 

ether filtrate was not thrown away but left at room temperature for slow evaporation and 

some sticky yellow crystals started to form. NMR of the sticky solid showed clear peaks 

of products plus some impurities. Crude yield: 0.16 g (41%). 
1
H NMR (CDCl3, 400 

MHz) δ: 1.53 (d, 12H, J = 2.4), 1.55 (d, 12H, J = 1.8), 1.89 (s, 8H), 8.27 (s, 1H), 8.38 (d, 

1H, J = 8.5), 8.84 (d, 1H, J = 8.4), 8.87 (d, 1H, J = 8.6), 8.94 (d, 12H, J = 8.6); 
13

C NMR 

(CDCl3, 100 MHz) δ: 29.3, 29.8, 33.6, 33.7, 36.7, 37.5, 121.9, 124.0, 124.1, 128.9, 129.8, 

130.6, 136.4, 137.3, 145.9, 146.9, 154.3, 154.6, 161.0, 161.2, 163.2, 163.5, 165.0, 165.1; 

HRMS (+ESI) calculated for C34H37BrN8: [M+H]+ 639.23830. Observed: 639.23800. 

 

 

Synthesis of diethyl-2,2,5,5-tetramethylhexanedioate
51

 

A flame-dried 3-necked round-bottomed flask equipped with a reflux condenser on one 

neck and an addition funnel on another. The  apparatus was sealed with rubber septa was 

heated under vacuum for 5 minutes to remove any residual water during set-up and the 

placed under N2 atmosphere. Dry and air-free ether (180 mL) was cannula-transferred to 

the addition funnel and went into the flask. Re-distilled diisopropylamine (10.6 mL, 75.6 
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mmol, 1.2 eq) was added to the flask via syringe. The flask was then cooled to -78 
o
C in a 

dry ice-acetone bath. 1.55M (titrated) n-butyl lithium (45 mL, 69.75 mmol, 1.1 eq) was 

cannula-transferred to the addition funnel then added drop-wise to the solution in the 

flask. The mixture was stirred at -78 
o
C for 1 hour. Ethyl isobutyrate (7.31g, 63.9 mmol) 

was added to the flask slowly over the course of 40-45 minutes via syringe. The reaction 

flask was allowed to warm to room temperature (which took ~1.5 hr) and then stirred for 

an additional 1 hour at room temperature. Ethylene glycol bis-toluenesulfonate (11.66g, 

31.47 mmol, 0.5 eq) was divided into three portions and each was added to the flask 10 

minutes apart. The mixture was then heated at reflux (40 
o
C) for 40 hours, cooled, and 

filtered to remove the solid precipitate. The solid was washed with CH2Cl2. The filtrate 

was quenched with aqueous ammonium chloride. The layers were separated and the 

organic phase was washed with water, dried over MgSO4, and evaporated to yield a dark 

yellow liquid crude which was purified using column chromatography (10% ethyl acetate 

in hexane). Yield: 3.08g (38%). 
1
H NMR (CDCl3, 400 MHz) δ: 1.13 (s, 12H), 1.22 (t, 

6H, J = 7.1), 1.42 (s, 4H), 4.09 (q, 4H, J = 7.1). 

 

 

((3,3,6,6-tetramethylcyclohex-1-ene-1,2-diyl)bis(oxy))bis(trimethylsilane)
51  
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A flame-dried 3-necked flask was equipped with a reflux condenser and sealed with 

rubber septa. The apparatus was heated under vacuum for another 10 minutes to remove 

any residual water during set-up, cooled, subjected to 3 vacuum/N2 cycles and then 

placed under N2 atmosphere. Dry and air-free toluene was cannula-transferred to the 

flask. Sodium metal (1.8g, 78.3 mmol, 5 eq) was added to the flask at heated at reflux 

(117 
o
C) until separating into small beads. Diethyl-2,2,5,5-tetramethylhexanedioate (4.1g, 

15.9 mmol, 1 eq) was dissolved in dry toluene, sparged with N2 for 15 minutes, and then 

cannula-transferred into the sodium flask. Chlorotrimethylsilane (10.1 mL, 79.4 mmol, 5 

eq) was also added to the flask via syringe. The solution slowly turned cloudy. The 

reaction mixture was heated at reflux for 24 hours, cooled, and filtered under N2 using a 

Schlenk fritted filter. The collected filtrate was evaporated to yield a yellow liquid crude 

which was used as is in the next reaction. Crude yield: 5.0g. Compound is impure. 
1
H 

NMR (CDCl3, 400 MHz) δ: 0.06 (s, 18H), 1.03 (s, 12H), 1.43 (s, 4H). 

 

 

Synthesis of 3,3,6,6-tetramethylcyclohexane-1,2-dione
51

 (2.13) 

((3,3,6,6-tetramethylcyclohex-1-ene-1,2-diyl)bis(oxy))bis(trimethylsilane) (~3.667g, 

11.66 mmol, 1 eq) was dissolved in dichloromethane (50 mL) in a round-bottomed flask. 

Liquid bromine (0.6 mL, 11.66 mmol, 1 eq) was added to the flask drop-wise over the 
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course of 10 minutes. The reaction was then stirred at room temperature for 1 hour, 

diluted with dichloromethane (100 mL). The organic phase was washed with water and 

sodium thiosulfate to remove leftover bromine, dried over MgSO4, and evaporated to 

yield a brown semi-solid which was purified using column chromatography (or triturated 

in cold hexane would work as well) to give a grayish yellow solid. Yield: 0.395g (could 

not correctly determine percent yield since the crude starting material contain unremoved 

impurities). 
1
H NMR (CDCl3, 400 MHz) δ: 1.15 (s, 12H), 1.86 (s, 4H); 

13
C NMR 

(CDCl3, 100 MHz) δ: 22.9, 34.7, 48.6, 207.3. 

 

 

Synthesis of 3a,4,7,7a-tetrahydro-1H-4,7-methanoisoindole-1,3(2H)-dione
97

 (2.16) 

Maleimide (1.013g, 10.4 mmol, 1 eq) was dissolved in ether (~ 17 mL) in a round 

bottomed flask. Freshly distilled cyclopentadiene (0.93 mL, 11.06 mmol, 1.06 eq) was 

added to the flask via syringe. White solid was observed after 10 minutes. The reaction 

was stirred at room temperature for 3 hours. The solid was filtered, washed with ether, 

and then recrystallized in roughly 2 : 1 ether : methanol mixture to yield white fluffy 

solid. Yield: 1.403g (62%). 
1
H NMR (CDCl3, 400 MHz) δ: 1.51 (m, 1H), 1.74 (dt, 1H, J 

= 7.9, 1.5), 3.3 (dd, 1H, J = 3.0, 1.6), 3.37 (m, 1H), 6.19 (t, 2H, J = 1.9), 8.13 (s, 1H). 
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2-(but-3-yn-1-yl)-3a,4,7,7a-tetrahydro-1H-4,7-methanoisoindole-1,3(2H)-dione
98

 

(2.17) 

2.16 (3.90g, 23.1 mmol, 1eq), K2CO3 (3.96g, 28.65 mmol, 1.2 eq), and KI (4.37, 26.3 

mmol, 1.1 eq) were placed in a flame-dried round-bottomed flask then sealed with a 

rubber septum. The flask was subjected to 3 vacuum/N2 cycles. Dry DMF was cannula –

transferred to the flask and the mixture was heated at 85 
o
C for 45 minutes. 6-chloro-1-

hexyne (2.97g, 25.5 mmol, 1.07 eq) was dissolved in dry DMF, sparged with N2 for 

approximately 15 minutes, and then added to the mixture in the flask (solution turned 

from cloudy to light yellow). The reaction mixture was heated at 85
o
C for a total of 6 

days, cooled, diluted with water (5x volume of DMF). The aqueous layer was extracted 

with 4 volumes of ethyl acetate. The combined organic layers were washed once more 

with water and then brine, dried over MgSO4, and evaporated to yield an light brown 

liquid crude. Column chromatography (silica gel, 50:50 ethyl acetate : hexane) was used 

to purify the crude to yield a gray-ish solid. Yield: 5.075g (87%). 
1
H NMR (CDCl3, 400 

MHz) δ: 1.47 (m, 2H), 1.56 (m, 3H), 1.72 (m, 1H), 1.93 (m, 1H), 2.19 (m, 1H), 3.24 (m, 

2H), 3.35 (t, 2H, J = 6.9), 3.38 (m, 4H), 6.10 (t, 2H, J = 1.9). 
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Sonogashira Coupling of 2-(4-(2,9-dimethyl-1,10-phenanthrolin-5-yl)but-3-yn-1-yl)-

3a,4,7,7a-tetrahydro-1H-4,7-methanoisoindole-1,3(2H)-dione
95

 (2.18) 

2.9 crude (3.35g, 11.67 mmol, 1 eq) was placed in a flame-dried 500-mL Schlenk flask 

equipped with a magnetic stir bar and a 120-mL addition funnel sealed with a rubber 

septum. 3 vacuum/N2 cycles were applied. Dry and air-free CH2Cl2 (25 mL) was cannula-

transferred to the addition funnel and into the Schlenk flask to dissolve the solid. Distilled 

diisopropylamine (100 mL) was sparged with N2 for 25 minutes and transferred to the 

addition funnel and into the flask. The addition funnel was then removed. Under a 

backflow of N2, Pd(PPh3)4 (1.4g, 1.2 mmol, 0.1 eq) and copper(I) iodide (0.22g, 1.167g, 

0.1 eq) were added to the Schlenk flask. 2.17 (3.21g, 13.19 mmol, 1.13 eq) was dissolved 

in CH2Cl2 (10 – 15 mL), sparged with N2, and then cannula-transferred into the Schlenk 

flask (solution turned reddish). The flask was then equipped with a condenser (under N2) 

and heated at reflux (55 
o
C) for 2 days, cooled, quenched with saturated (NH4)2SO4, and 

extracted with CH2Cl2. The combined organic layers were washed with (NH4)2SO4, water, 

and then brine. The final solution was dried over MgSO4, and evaporated to yield a 

sticky/almost oil-like brown crude which was purified with column chromatography (5 – 
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6% MeOH in CH2Cl2) to yield a sticky yellow solid. Most impurities were removed but 

not all. Not all the solvent could be evaporated despite using high vacuum over a long 

period of time. The column product was used as is in the next step. Yield: 4.35g. 
1
H 

NMR (CDCl3, 400 MHz) δ: 1.52 (m, 1H), 1.69 (m, 4H), 1.87 (m, 1H), 2.60 (m, 2H), 2.92 

(s, 3H), 2.94 (s, 3H), 3.25 (m, 2H), 3.37 (m, 2H), 3.45 (t, 2H, J = 6.9), 6.09 (t, 2H, J = 

1.9), 7.46 (d, 1H, J = 8.2), 7.56 (d, 1H, J = 8.4), 7.85 (s, 1H), 8.04 (d, 1H, J = 8.3), 8.56 

(d, 1H, J = 8.3). LRMS: [M+H]+ at 450 and [2M+Na]+ at 921. 

 

 

5-(4-(1,3-dioxo-1,3,3a,4,7,7a-hexahydro-2H-4,7-methanoisoindol-2-yl)but-1-yn-1-yl)-

1,10-phenanthroline-2,9-dicarbaldehyde
51,90

 (2.19) 

SeO2 (2.36g, 21.30 mmol, 2.2 eq) was placed in a 250-mL round-bottomed flask with 

1,4-dioxane (50 mL) and water (1.4 mL) and heated to reflux (110 
o
C). 2.18 (4.35g, 9.68 

mmol, 1 eq) dissolved in 1,4-dioxane (50 mL) was slowly added to the SeO2 solution 

through an addition funnel (solution turned from clear to reddish to brown, selenium 

started to precipitate) over the course of 25 minutes. The mixture was heated at reflux for 



 55 

another 3.5 hours, cooled, and then filtered to remove the precipitated selenium. The 

solvent was evaporated to yield an brown semi-solid crude which was used as is in the 

next step. Crude yield: 3.15g. 
1
H NMR (CDCl3, 400 MHz) δ: 1.54 (m, 1H), 1.71 (m, 4H), 

2.65 (t, 2H, J = 6.5), 3.28 (m, 2H), 3.39 (m, 2H), 3.45 (t, 2H, J = 6.9), 6.09 (t, 2H, J = 

1.7), 8.13 (s, 1H), 8.33 (d, 1H, J = 8.2), 8.39 – 8.45 (m, 2H), 8.93 (m, 1H). 

 

 

Synthesis of 5-(4-(1,3-dioxo-1,3,3a,4,7,7a-hexahydro-2H-4,7-methanoisoindol-2-

yl)but-1-yn-1-yl)-1,10-phenanthroline-2,9-dicarbonitrile
51,90

 (2.20) 

2.19 (3.15g, 6.60 mmol, 1 eq) was placed in a 100-mL round-bottomed flask sealed with 

a rubber septum and underwent 2 vacuum/N2 cycles. Dry and air-free acetonitrile was 

cannula-transferred to the flask. The mixture was stirred and sonicated for 5 mins. 

Hydroxylamine hydrochloride NH2OH.HCl (1.146g, 16.5 mmol, 2.5 eq) and 

trimethylamine (6.9 mL, 49.5 mmol, 7.5 eq) were added to flask. The mixture was heated 

at reflux (90 
o
C) for 5 hours and then cooled to room temp. Purified p-tosyl chloride 
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(4.15g, 21.8 mmol, 3.3 eq) and dry pyridine (3.5 mL, 43.5 mmol, 6.6 eq) were added to 

the flask. The reaction was again heated at reflux for 24 hours and hot filtered. The 

filtrate was cooled to room temp and evaporated to yield a brown sticky solid which was 

dissolved in CH2Cl2 and washed with water. Silica column was used to purify the crude 

(1% trimethylamine : 2% MeOH : 97% CH2Cl2). Product was a brown solid. Fairly pure 

but some impurities were still present. Yield: 0.88g (28%). 
1
H NMR (CDCl3, 400 MHz) 

δ: 1.55 (m, 1H), 1.71 (m, 4H), 2.64 (t, 2H, J = 6.5), 3.28 (m, 2H), 3.39 (m, 2H), 3.45 (t, 

2H, J = 6.9), 6.09 (t, 2H, J = 1.9), 8.02 (d, 1H, J = 8.3), 8.08 (s, 1H), 8.16 (d, 1H, J = 

8.4), 8.38 (d, 1H, J = 8.3). 
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