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Developing methodologies to synthesize high-value products efficiently from simple 

substrates with control over the reactivity and selectivity is highly favored by the chemical industry. 

Employing assisted tandem catalysis, where serial reactions can be carried out in one pot, to 

achieve streamlined complex syntheses significantly reduces the number of steps and waste. 

Harnessing spatial and temporal control in catalysis enables approaches toward one-pot 

transformations and allows the integration of several catalytic processes. Ferrocene-based ligand-

supported metal complexes represent a promising class of catalysts that can incorporate redox 

control over catalytic processes. We have developed a redox-controlled selective hydroamination 

reaction catalyzed by (thiolfan*)Zr(NEt2)2 (thiolfan*= 1, 1'-bis (2,4-di-tert-butyl-6-thiophenoxy) 
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ferrocene). In situ switching of the catalyst’s state during the reaction enables selectivity toward 

different substrates (Chapter 2). 

Incorporating the greenhouse gas CO2 into N-carboxyanhydrides (NCAs) followed by 

subsequent NCA utilization illustrates the possibility of integrating two synthetic steps in one 

vessel to afford a valuable material with possible CO2 recycling. To demonstrate the immense 

potential of integrating multi-step transformations in one pot, we developed a set of sustainable 

conditions for NCA synthesis (Chapter 3). Moreover, several metal catalysts supported by 

ferrocene-based ligands were found to catalyze NCA polymerization in the presence of a co-

catalyst. To establish an integrated system composed of two incompatible processes, we aimed to 

compartmentalize the active reagents for each step. The structure of the ferrocene-based pro-ligand 

was modified for surface anchoring. Our efforts toward immobilizing ferrocene-supported metal 

catalysts onto conductive surfaces pave the way of achieving spatiotemporal control over the 

processes of NCA synthesis and polymerization (Chapter 4). 

In addition to the redox-switchable characteristic, ferrocene-based compounds provide a 

unique platform to support lanthanides and engender distinctive optical properties to them. We 

synthesized and characterized a series of ytterbium complexes displaying an ultra-narrow 

absorption in the ultraviolet-visible (UV-Vis) region. The extraordinarily narrow linewidth 

observed for (thiolfan)YbCl(THF) (thiolfan = 1,1′-bis(2,4-di-tert-butyl-6-

thiomethylenephenoxy)ferrocene) allows us to investigate its applications toward magnetic field 

and liquid cell quantum sensing (Chapter 5). 
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Chapter 1. Introduction 

1.1 One-pot strategy toward integrating multiple transformations and applications in 

polymerization 

In response to global challenges such as the energy crisis, resource shortage, and 

environmental pollution, the field of catalysis has emerged as a vital discipline.1-4 The development 

of efficient catalysts with outstanding activity and selectivity in chemical production holds great 

potential in addressing those societal challenges.3, 5-7 Catalysis also plays a pivotal role in achieving 

sustainable chemistry as it offers the opportunity to leverage renewable feedstocks, minimize 

waste generation, and optimize the resources utilized.8 The field of catalysis has evolved in 

complexity, including the development of multicatalytic systems to meet the quest for new 

methodologies to minimize energy and environmental impact while achieving efficient chemical 

production.10  

Nature laid the foundation of an ideal system where multiple catalysts operate in concert 

either collaboratively or orthogonally to facilitate a sequence of transformations selectively within 

living cells.11 Inspired by Nature, scientists strive to harness multicatalytic events in one reaction 

vessel without intermediate steps.5, 11 The one-pot strategy combining multiple transformations 

holds vast potential to streamline complicated chemical syntheses from simple building blocks to 

value-added products by undergoing a sequence of precisely staged catalytic steps. The coupling 

of multiple catalytic transformations leading to a single workup reduces the number of iterations 

and bypasses the need for tedious purifications, resulting in energy and cost savings.5, 10, 12 It also 

alleviates the burden of isolating unstable intermediates. Therefore, integrated one-pot 

transformations afford a sustainable approach toward complicated chemical production.5, 13, 14 
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One-pot reactions encompassing multiple catalytic transformations followed by a single 

workup have been classified into several sub-categories based on the inspiration from Fogg and 

Santos,12 Lohr, and Marks,5 and Martínez et al. (Figure 1.1).10 Starting with whether all 

precatalysts/reagents are present at outset, sequential or isolated catalytic events involve a set of 

transformations catalyzed by multiple catalysts but require a subsequent addition of the second 

catalyst after the completion of the previous reaction.12, 13 Domino/cascade catalysis implies that 

while all reagents are present at outset, only one catalytic mechanism is involved, often, only one 

catalyst is required to carry out a series of reactions. Thus, domino catalysis lies at the edge of 

multicatalysis but is often included to portray a full picture.10  

Tandem or relay catalysis is defined by sequential transformations of the substrates via two 

or more mechanistically distinct mechanisms.12 It is further sub-categorized by the number of 

catalysts in operation. Auto-tandem catalysis involves two or more mechanistically distinct 

catalytic cycles promoted by a single catalyst where both catalytic events occur spontaneously.12 

Cooperative interactions among various species are possibly observed in this type of system, 

however, challenges remain in the design of a multi-functional precatalyst featuring well-

controlled catalytic activity for different reactions under the same conditions.10 On the other hand, 

assisted tandem catalysis utilizes a single precatalyst to execute two or more reactions via distinct 

mechanisms. However, an intervention of the catalyst state or mechanism is necessary. The 

intervention can be triggered by external stimuli including the addition of reagents or change in 

the reaction conditions.10, 12 
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Figure 1.1. Flowchart for classification of one-pot processes. 

 

When more than one precatalyst are present at the same time, the process is referred to as 

orthogonal tandem catalysis.5 Orthogonal tandem catalysis implies that at least two catalysts are 

present and active from the start and they effect one set of the multicatalytic processes via non-

interfering catalytic cycles.5, 10 In some scenarios, a change in reaction conditions is required to 

activate the second catalyst, referred to as sequential relay catalysis. A synergy between two 

catalytic cycles to execute one single reaction with shared intermediates refers to cooperative 

catalysis.10  

Despite the various approaches toward one-pot transformations, two key challenges remain 

in integrating multiple transformations into one pot: selectivity and compatibility. It is pivotal to 

ensure the species present in the system do not inhibit each other while retaining their respective 

functionality. Moreover, the reaction rate of each step has to be evaluated so that the components 
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of one catalytic cycle do not hamper the reaction rate of the other cycle that may lead to undesired 

decomposition or unproductive side reactions.13, 14 Therefore, a novel design of a multicatalytic 

system requires a comprehensive evaluation of a catalyst’s reactivity, reaction conditions, 

mechanisms involved, compatibility with other catalytic cycles, the order of reactions, as well as 

possible side reactions during the process. 

 

One-pot polymerization 

Nature has elegant examples of tandem catalysis in macromolecule synthesis within living 

cells via multi-enzymatic transformations. 15, 16 A similar strategy has been extended towards 

synthetic polymerization from renewable feedstocks (Figure 1.2).14, 15, 17-22 The one-pot approach 

from bio-based monomers to valuable polymers provides an emerging solution for efficient, 

practical, and versatile production of bio-derived plastics.15 The coupling of monomer synthesis 

with a subsequent polymerization to obtain sustainable material directly from renewable resources 

circumvents the need to isolate the monomer and overcomes thermodynamic limitations through 

the formation of polymers, representing energy- and resource-efficient integration of distinct 

catalytic processes. For instance, the cyclization of bio-derived diacids with epoxides yields cyclic 

anhydrides with functional diversity, which undergo in situ ring-opening polymerization to afford 

biodegradable polyesters (Figure 1.2a).18 In another scenario, cyclic carbonates were obtained in 

tandem with the formation of the polypeptide, capturing CO2 released from ring-opening 

polymerization of N-carboxyanhydrides (NCAs) (Figure 1.2b).22 Copolymerization of NCA and 

lactide (LA) could also be achieved in one pot catalyzed by an aluminum catalyst affording 

polylactide-polypeptide copolymer with interesting properties (Figure 1.2c).23 
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Figure 1.2. One pot synthesis of a) polyesters from epoxides and dicarboxylic acid;18 b) 

polypeptides and cyclic carbonates;22 c) copolymer of NCA and lactide.23 PPN+ = 

bis(triphenylphosphine)iminium. 

 

1.2 Spatiotemporal control and switchable catalysis 

To implement one-pot strategies towards diverse artificial processes, scientists explored 

multi-functional catalysts,24-28 hybrid catalytic materials,9, 16, 29 compartmentalization of 

incompatible catalysts,30-40 and switchable catalysts.41-50 Except for the rare cases where a multi-

functional catalyst or catalytic material is inherently capable of executing consecutive reaction 

sequences exhibiting exceptional catalytic activity and selectivity without external intervention, 

the underlying design principle of the current one-pot strategy revolves around achieving 

spatiotemporal control over the catalytic processes.31 Common strategies to address 



7 
 

incompatibility between two catalysts through spatial control focuses on implementing 

compartmentalization of different type (Figure 1.3). The reagents and catalysts are localized in a 

confined space through immiscible phases, encapsulated in metal-organic frameworks (MOF), 

physically separated by membranes, etc. to minimize undesired interference.10, 33-38 Physical 

separation with volatile intermediates being exchanged through the gas phase are also possible.30, 

51 Solid surfaces such as metal oxides, metal nanoparticles, polymer matrix, and carbon-based 

material are often exploited to support active sites or to construct hybrid catalytic material.39, 52-55 

 

Figure 1.3. Spatial control in one-pot transformations involving different types of 

compartmentalization strategies. 

 

 While spatial control strategies allow catalyst synergy under different reaction conditions, 

the implementation could be tedious. The circulation of components that are necessary to facilitate 
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a reaction could be difficult to achieve. On the other hand, temporal control offers a simple 

approach by allowing sequential addition of reagents to obsolete potential incompatibility. 

However, it is not suitable for tandem transformations that request all reagents to be present at the 

outset to proceed, or reactions that require cooperation between steps. Yet, temporal control 

enabled by switchable catalysts heralds a promising paradigm toward assisted tandem catalysis.41, 

42, 45, 47, 50, 56 As illustrated in Figure 1.4, a deliberate intervention of the state of a single catalyst 

through the application of external stimuli results in a switch from one catalytic cycle to the other. 

Inspired by the exceptional trigger-induced effects, artificial switchable catalysts have been 

extensively studied incorporating stimuli-responsive features to perform advanced synthetic tasks. 

The catalytic activity of a single catalyst can be modulated by external stimuli including light, 

mechanical force, applied potential, and chemical redox reagents, etc.41, 42, 44, 57 Judicious 

combination of switchable catalysts bearing orthogonal activity either toward one reaction or in 

multiple reactions with external stimulation creates a synthetic platform that could be temporally 

controlled.  

 

Figure 1.4. Assisted tandem catalysis enabled by stimuli-responsive catalysts.  
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Switchable polymerization 

Among the applications of switchable catalysis, switchable polymerization, emulating the 

biological process of making sequence-controlled macromolecules, has garnered specific interest. 

Switchable polymerization holds the potential on increasing the complexity of the obtained 

structurally diversified material through the incorporation of different building blocks with 

exceptional control in chemoselectivity, molecular weight, and stereochemistry.45, 48, 49, 58-61 Redox 

switchable polymerization, where the state of a polymerization catalyst can be interconverted via 

a reversible electron transfer process, results in an alteration of the polymer structure.62-71 Redox 

control can be achieved based on the oxidation state of the active metal center or manipulations on 

redox non-innocent supporting ligands of the metal complex. A few examples harnessing redox 

switchable catalysts in ring-opening polymerization reactions are depicted in Figure 1.5.62-64, 66, 68, 

69, 72-77 It could also be applied to olefin polymerization via ring-opening metathesis, or 

coordination-insertion.64, 65, 67, 71, 78, 79  

Our group has been dedicated to investigating redox switchable ring-opening 

polymerization with ferrocene-supported metal complexes.72-84 Followed by the initial report 

describing the effect of a titanium ferrocene derivative on the rate of lactide polymerization (Figure 

1.5a),85 our group reported the first examples of on/off switches based on yttrium, indium (Figure 

1.5b),72 and cerium (Figure 1.5c).73 In the case of the Ti-based system, a difference in the reaction 

rate of ring-opening polymerization of lactide was observed when using the oxidized (slow) and 

reduced (fast) catalyst. On the other hand, Y-, In-, and Ce-based systems being developed by the 

Diaconescu group were able to be completely shut off and turned back on through redox control, 

enabling our further discovery of obtaining block copolymers leveraging the orthogonal behavior 

of some of the ferrocene derivatives toward different types of monomers.77 Several studies have 
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been reported on redox switchable copolymerization of lactide, caprolactone, cyclohexene oxide, 

etc.74, 75, 80, 81, 86 Meanwhile, Byers and coworkers conducted research on switching the state of the 

iron center in the metal catalyst to achieve on/off switch in lactide polymerization. (Figure 1.5d).63 

Later, the same scaffold was used to prepare block copolymers.62 A similar approach to switching 

in situ between Fe(II) and Fe(III) to modify the rate of polymerization has also been reported by 

Lang et al. (Figure 1.5e).87 
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Figure 1.5. Redox-switchable ring-opening polymerization (ROP).64 a) Switchable ROP of rac-

lactide using the Ti-based system;85 b) redox switching in the Y- and In-based systems;72 c) redox 

switching in the Ce-based system;73 d), e) redox switching in the Fe-based systems.63, 87 
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1.3 Summary of this work 

In this thesis, we expanded the concept of redox switchable catalysis to small molecule 

synthesis focusing on hydroamination reactions.88 In light of a previous study on redox-controlled 

hydroalkoxylation reactions,89 we developed a ferrocene-based ligand-supported zirconium 

complex, (thiolfan*)Zr(NEt2)2 (thiolfan*= 1, 1'-bis (2,4-di-tert-butyl-6-thiophenoxy) ferrocene), 

and investigated its catalytic activity in selective hydroamination reactions (Figure 1.6).88 

Orthogonal reactivity was observed for cyclizing primary and secondary aminoalkenes catalyzed 

by the neutral and oxidized complex, respectively. This work contributes to the field of assisted-

tandem catalysis employing a redox switch to achieve temporal control over the reaction. 
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Figure 1.6. A redox-active zirconium complex catalyzes hydroamination reactions selectively. 

 

Moving forward to develop a consecutive one-pot process integrating multi-step 

transformations in sequence, we attempted to couple NCA synthesis and polymerization. 

Integrating those two steps allows tandem production of polyamides from amino acid derivatives 

(Figure 1.7). Our approach started with investigating mild and green conditions to couple amino 

acid derivatives with CO2 in order to furnish the necessary monomer,90 NCA. Research exploring 
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the conditions for polymerizing NCA was conducted in the meantime. After the development and 

optimization of the conditions for each step, we devoted effort to implementing spatial control 

over the entire reaction sequence through surface immobilization of the catalytic active species. A 

variety of ferrocene derivatives incorporating surface-anchoring handles were developed for 

immobilization. Surface functionalization of the designed ferrocene derivatives was investigated 

through different anchoring methods. 

 

Figure 1.7. Integrating NCA synthesis with subsequent polymerization to obtain polyamide from 

amino acid. 

 

During the design and development of ferrocene derivatives to achieve temporal and spatial 

control, we discovered a series of lanthanide complexes supported by ferrocene-based ligands 

featuring exceptional optical and magnetic properties. Potential applications of the ferrocene 

derivative-supported lanthanide complexes were investigated for liquid cell quantum sensing and 

electromagnetic field sensing. Those discoveries are included in Chapter 5 of this thesis. 

Specifically, Chapter 2 is a version of Shen, Y.; Shepard, S. M.; Reed, C. J.; Diaconescu, P. L., 

Zirconium complexes supported by ferrocene-based ligand as redox switches for 
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hydroamination reactions, Chem. Commun. 2019, 55, 5587-5590. Chapter 3 is a version of Tran, 

T. V.; Shen, Y.; Nguyen, H. D.; Deng, S.; Roshandel, H.; Cooper, M. D.; Waston, J. R.; J. Byers, 

J.; Diaconescu, P. L.; Do, L. H., N-carboxyanhydrides directly from amino acids and carbon 

dioxide and their tandem reactions to therapeutic alkaloids, Green Chemistry. 2022, 24, 9245-

9252. Chapter 4 is a summary of unpublished work on the surface-immobilization of ferrocene 

derivatives. Chapter 3 and 4 have content from a submitted manuscript, Deng, S.; Shen, Y.; 

Chantranuwathana, V.; Nguyen, H. D.; Tran, T. V.; Vasquez, K.; Byers, J.; Do, L. H.; Diaconescu, 

P. L., ortho-Aromatic polyamides by ring-opening polymerization of N-carboxyanhydrides. 

Chapter 5 is a version of a manuscript under revision, Shin, A. J.;* Zhao, C.;* Shen, Y.;* 

Dickerson, C.;*, Li, B.; Bim, D.; Atallah, T. L.; Oyala, P. H.; He, Y.; Roshandel, H.; Alson, L. K.;  

Alexandrova, A. N.; Diaconescu, P. L.; Campbell, W. C.; Caram, J. R., Toward liquid cell 

quantum sensing: Ytterbium(III) complexes with ultra-narrow absorption, *authors 

contributed equally. 
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Chapter 2. Zirconium complexes supported by a ferrocene-based ligand as redox switches 

for hydroamination reactions 

2.1 Introduction 

Incorporating stimuli-responsive features in the design of a metal catalyst enables external 

control over the catalytic activity toward one-pot transformations without disturbing the reaction 

sequence.41, 42 The integration of a redox-active ligand into a metal complex allows the alteration 

of the complex’s reactivity via chemical or electrochemical redox modifications.50 One can expect 

the electronic properties of the complex to be tuned which potentially induces new activity or 

selectivity through redox events. The first example using a metallocene redox switch was reported 

on the influence of catalytic activity for hydrogenation and hydrosilylation reactions.91 A rhodium 

complex supported by a cobaltocene-based ligand was demonstrated with higher activity for the 

hydrogenation of olefins in its neutral state (Figure 2.1). Oxidation on the cobaltocene to a 

cobaltocenium resulted in better activity in hydrosilylation. 

Co

PPh2

PPh2

RhSn

2+

Co

PPh2

PPh2

RhSn

+
+ e

-

- e
-

oxidized form:
better hydrosilylation catalyst

reduced form:
better hydrogenation catalyst  

Figure 2.1. The first reported example of a redox switchable catalyst. 

 

Inspired by the pioneering work on harnessing metallocene as a redox switch in the design 

of a metal catalyst for switchable transformations, tremendous amounts of work have been 

demonstrated on the development of redox switchable catalysis, primarily on ring-opening 

polymerizations and olefin polymerization to synthesize block copolymers.62-71, 85, 87 Several 
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advancements have been made in leveraging ferrocene-based ligands to achieve in situ redox 

modification on the catalyst by our group and others.65, 66, 69-85, 92 Moreover, inspiring studies on 

electrochemical switching highlight the versatility of achieving redox-switchable catalysis through 

diverse approaches (Figure 2.2).52, 68, 93 

 

Figure 2.2. Redox-switchable polymerization can be enabled via chemical and electrochemical 

redox events on the ferrocene backbone.80, 93 

 

 Besides polymerization, redox-switchable catalysis has been applied to the organic 

synthesis of small molecules. Reported examples include the development of redox-switchable 
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systems for a single reaction where the catalyst’s reactivity can be turned on and off triggered by 

redox events, as well as a one-pot system composing orthogonal reactions. In the latter case, 

distinct reaction processes could be combined and facilitated by different states of a single 

catalyst, allowing a sequence of transformations to occur without intermediate isolation. On/off 

switching on the catalyst’s activity has been reported for ring-closing metathesis,94-96 oxazoline, 

furan, and phenol formation,97-99 cyclization of alkynes,100 hydroalkoxylation,89 

hydrosilylation,101 Kumada coupling,102 Buchwald-Hartwig cross-coupling,103 

hydroamination,104 and so on.105-111 In most scenarios, the on/off switch of a single catalyst 

toward one type of reaction is comparatively easy to achieve. As represented in Figure 2.3, a 

neutral cobalt complex supported by a ferrocene derivative was active toward hydroalkoxylation 

whereas the reaction could be shut down by chemical oxidation.  

 

Figure 2.3. Redox-switchable hydroalkoxylation of a cobalt complex supported by a ferrocene-

based ligand.89 

 Despite the advantages of combining a sequence of mechanistically different reactions in 
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tandem, the research field suffers from the complexity of designing a multi-functional single 

catalyst with the potential to selectively facilitate distinct reactions in the presence of a mixture 

of substrates and reagents. Therefore, we decided to investigate the possibility of harnessing 

redox-switchable catalysis in small molecule synthesis focusing on transformations undergoing 

similar mechanisms. Inspired by the pioneering works on hydrogenation/hydrosilylation91 and 

hydroalkoxylation,89 we envision incorporating redox-switchable ferrocene derivatives in the 

design of a metal catalyst for hydroelementation reactions to provide potential control over the 

reaction outcomes. 

 Group IV metal catalysts exhibit exceptional activities in accelerating hydroamination 

reactions.112-121 Among the reported examples of zirconium-catalyzed hydroamination reactions, 

neutral zirconium compounds exclusively catalyze reactions of primary aminoalkenes114, 115, 117, 

122-125 with a few exceptions.126-129 On the contrary, cationic zirconium complexes exhibit either 

no selectivity towards the type of substrate,112, 113, 128 or selectively catalyze the cyclization of 

secondary aminoalkenes.116, 130 We are interested in the effect of incorporating a redox-

switchable backbone on the catalyst’s reactivity. Herein, we report the development of an 

[OSSO]-type zirconium complex, which composes a neutral and a cationic state triggered by 

redox modifications on the ferrocene backbone. The developed system demonstrated selectivity 

toward primary and secondary aminoalkene. This chapter is a version of a published manuscript 

Shen, Y.; Shepard, S. M.; Reed, C. J.; Diaconescu, P. L., Zirconium complexes supported by 

ferrocene-based ligand as redox switches for hydroamination reactions, Chem. Commun. 

2019, 55, 5587-5590. 
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2.2 Results and discussion 

Synthesis and characterization of Group IV metal complex supported by ferrocene-based 

ligand 

The synthesis of the pro-ligand H2(thiolfan*) (thiolfan* = 1, 1'-bis (2,4-di-tert-butyl-6-

thiophenoxy) ferrocene) has been previously published.80 Inspired by the exceptional activities of 

group IV metal catalysts in hydroamination reactions,114, 115, 124, 127, 128, 131, 132 we decided to 

investigate the ferrocene derivative-supported zirconium and titanium metal complexes (Scheme 

2.1). The reaction of H2(thiolfan*) with Zr(NEt2)4 was carried out in hexanes at -78 °C followed 

by 30 min stirring at room temperature. After the volatiles were removed under reduced pressure, 

the crude could be purified by washing with hexamethyldisiloxane (HMDSO) followed by 

recrystallization from pentane at -33 °C. The afforded product (thiolfan*)Zr(NEt2)2, Zr-1, was 

characterized by NMR spectroscopy (Figure A1-3) and elemental analysis. Similarly, 

(thiolfan*)Zr(NMe2)2 was prepared from the reaction of H2(thiolfan*) with Zr(NMe2)4 in 

benzene at room temperature for 5 minutes followed by immediate removal of the volatiles under 

reduced pressure. The crude product (thiolfan*)Zr(NMe2)2 was washed with cold pentane three 

times before recrystallizing from pentane at -33 °C. The afforded (thiolfan*)Zr(NMe2)2, Zr-2, 

was characterized by NMR spectroscopy (Figure A5-7). Similarly, the reaction of H2(thiolfan*) 

with Ti(NMe2)4 was carried out in benzene and stirred at room temperature for 30 min followed 

by immediate removal of the volatiles under reduced pressure. The crude was dissolved in 

HMDSO and stored at -33 °C to yield orange-yellow precipitation as (thiolfan*)Ti(NMe2)2, Ti-1. 

Alternatively, the reaction could be performed in a mixture of benzene and HMDSO (1:1) by 

dissolving the pro-ligand in benzene and adding it to a frozen solution of Ti(NMe2)4 in HMDSO 

at liquid nitrogen temperature. The frozen mixture was allowed to slowly warm to room 
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temperature and stirred for an hour. The volatiles were removed under a reduced pressure and the 

crude was re-dissolved in HMDSO and filtered through a pipette padded with glass fiber filter 

paper. Orange-yellow precipitation was obtained after leaving the solution at -33 °C for a week. 

The obtained compound was characterized by 1H NMR spectroscopy (Figure A8). 
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Scheme 2.1. Synthesis of Group IV metal complexes supported by thiolfan*. 

 

To investigate the redox properties of the formed compounds, cyclic voltammetry 

experiments were performed with 10 mM of metal compounds in the presence of 100 mM of 

TPABArF in o-F2C6H4 and referenced to Fc/Fc+. Two irreversible oxidations were observed for 

Zr-1 and a narrower region chosen for the second scan still revealed one irreversible oxidation 

event at 0.12 V versus the Fc/Fc+ couple (Figure 2.4). We speculated that a possible chemical 

reaction followed by the electron transfer occurred and caused the decomposition of the oxidized 

species under electrochemical conditions. Similarly, two irreversible oxidation events were 

observed for Zr-2 and the attempt to isolate the first oxidation event reflected an irreversible 

event at 0.13 V versus the Fc/Fc+ couple (Figure A42). In the case of Ti-1, three irreversible 

oxidation events were observed. The attempt to isolate the first oxidation event, unfortunately, 

still revealed irreversible oxidation at 0.044 V (Figure A43). In all three cases, the oxidized 
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zirconium complexes under electrochemical conditions were suspected to be unstable and 

possibly underwent a chemical reaction after electro-oxidation that potentially led to a 

decomposition of the complex. In addition, chemical oxidation of Zr-1 using chemical oxidants 

[AcFc][BArF], AgOTf, AgBF4, AgBPh4, and NOBF4 followed by the addition of reductant CoCp2 

was conducted. However, no reversible redox event was observed by 1H NMR spectroscopy 

(Figure A4). Nonetheless, the reaction of Zr-1 and an equivalent of [AcFc][BArF] yielded a 

paramagnetic compound with the formula [(thiolfan*)Zr(NEt2)2][BArF], Zr-1ox, which was 

confirmed by elemental analysis. 

 

Figure 2.4. Cyclic voltammetry diagram of a) (thiolfan*)Zr(NEt2)2 recorded in o-F2C6H4 at 100 

mV s-1 with 0.1 M TPABArF as the electrolyte and referenced to the Fc/Fc+ couple; b). a narrower 

region of the cyclic voltammetry scanned for (thiolfan*)Zr(NEt2)2 (right). 

 

To gain a deep understanding of the oxidized compound, we employed 57Fe Mössbauer 

spectroscopy at 80 K, with no applied magnetic field, to study the neutral and oxidized 

compounds. The results indicated a low-spin iron(II) for both (thiolfan*)Zr(NEt2)2 and 

a) b)
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[(thiolfan*)Zr(NEt2)2][BArF] (Figure A44). Moreover, an X-band EPR spectrum acquired at 77 

K revealed the presence of an organic radical (g = 2.006, Figure A45). These results suggested 

that the oxidation possibly occurred at the organic component of the ligand. 

 

Reactivity study of zirconium catalysts in hydroamination reactions 

To investigate the reactivity of the group IV metal complexes supported by the ferrocene-

based ligands, we chose Zr-1 and its oxidized form Zr-1ox as catalysts for intramolecular 

hydroamination reactions. A catalytic amount (10 mol%) of Zr-1 or Zr-1ox was added to a J-

Young NMR tube with the aminoalkene/alkyne substrate and internal standard, HMB. The 

reaction was heated to 100 °C in C6D6 and monitored by 1H NMR spectroscopy. Zr-1 showed 

reactivity toward cyclizing primary aminoalkene 1a in 72 h under standard conditions, whereas 

Zr-1ox showed no reactivity (Table 2.1, entries 1 and 2). On the contrary, Zr-1 displayed no 

reactivity toward cyclizing secondary aminoalkene 2a while Zr-1ox was able to cyclize 2a in 20 

h (entries 3 and 4). Similar observations were found for another set of substrates 11a and 12a 

where the neutral compound Zr-1 demonstrated reactivity toward cyclizing the primary 

aminoalkene 11a but no reactivity toward secondary aminoalkene 12a. Zr-1ox displayed the 

orthogonal activity: no reactivity was observed toward 11a, but 77% conversion was obtained for 

12a (entries 21-24). Unfortunately, no activity was observed for either state of the zirconium 

catalyst toward cyclizing aminoalkenes 3a-6a, and 9a (entries 5-12, and 17-18), while secondary 

aminoalkene 10a could be only cyclized in the presence of Zr-1ox (entries 19-20). In addition, the 

hydroamination of aminoalkynes was investigated under the same conditions. However, the 

primary aminoalkyne can be cyclized in the presence of either Zr-1 or Zr-1ox, while secondary 

aminoalkyne 8a could be only cyclized in the presence of Zr-1ox (entries 15 and 16). 
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Table 2.1. Intramolecular hydroaminations catalyzed by Zr-1 or Zr-1ox 
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a. Reaction conditions: 10 mmol% catalyst, 0.5 mL C6D6, 100 °C. Conversions were calculated 

from the corresponding NMR spectra using hexamethylbenzene (HMB) as an internal 

standard, except for entry 24, when the conversion was calculated by HRMS because of 

overlapping peaks in the corresponding NMR spectra. The oxidized state was generated in 

situ by the addition of 0.9 equiv. of [AcFc][BArF]. 

b. Reactions were carried out in a 4 : 1 by volume C6D6 : o-C6H4F2 solution. 

c. The reaction was carried out in o-C6H4F2. 

 

Control reactions were performed to elucidate the role of chemical oxidants in 

hydroamination (Table A1). No conversion of 1a to 1b was observed while full conversion of 2a 

to 2b was observed in the presence of [AcFc][BArF] (Table A1, entries 1 and 3). Furthermore, 

partial conversion of 2a to 2b was observed in the presence of NaFcBArF, full conversion was 

observed with [Fc][BArF], while no conversion was observed in the presence of acetyl ferrocene 
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nor FcPF6 (Table A1, entries 4-7). Moreover, 7a and 10a could also be cyclized in the presence 

of [AcFc][BArF] (Table A1, entries 8-9). We reasoned that those hydroamination reactions were 

catalyzed by Brønsted acid.132, 133 To alleviate the possible effect from the oxidants, we premix 

the zirconium compound with 0.9 equivalent of [AcFc][BArF] and allowed it to fully react before 

the addition of a substrate. 

NH2
R

NH

N

Ph

14b 14c

Zr-1 Zr-1ox

two-step cyclization

R = Tol
R = Me
R = Ph

11a
13a
14a  

Scheme 2.2. 2-step cyclization proposed for Zr-1 and Zr-1ox. 

 

Encouraged by the orthogonal activity obtained for Zr-1 and Zr-1ox toward cyclizing 11a 

and 12a, we proposed to enable a redox-controlled two-step cyclization of primary aminoalkenes 

bearing two unsaturated C=C bonds. As depicted in Scheme 2.2, we envisioned that the first 

cyclization of the primary aminoalkene could be accomplished in the presence of Zr-1, affording 

a cyclic secondary aminoalkene serving as the starting material for the second cyclization. Upon 

the addition of the chemical oxidant, in situ generation of Zr-1ox was expected to enable the 

second cyclization affording the bicyclic final product. The bicyclic amines hold vast potential as 

heterocyclic skeletons of greater structural complexity but are more challenging to obtain and 

usually require to be heated at higher temperatures.112, 134, 135 Primary aminoalkenes 11a, 13a, 

and 14a were investigated in the 2-step cyclization. Although no conversion of 13a to 13b was 
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observed, 14b was obtained in the presence of Zr-1 as a mixture of isomers. As previously 

discussed, 11b was also obtained under similar conditions. However, tandem synthesis toward 

14c from 14b catalyzed by Zr-1ox via in situ oxidation of Zr-1 was not successful. To deepen 

our understanding of the second cyclization reaction, we performed the reaction using purified 

14b in the presence of Zr-1ox, however, no clear evidence of 14c formation was observed 

(Figure A41). 

 

2.3 Conclusion and outlook 

 In summary, we synthesized Group IV metal complexes supported by ferrocene-based 

ligand, and their redox property was investigated. Although unfortunately none of the thiolfan-

supported compounds was redox-switchable, (thiolfan*)Zr(NEt2)2 was investigated in 

intramolecular hydroamination reactions comprehensively. Orthogonal reactivity was found for 

(thiolfan*)Zr(NEt2)2 and its oxidized form towards primary and secondary aminoalkenes: the 

neutral compound selectively catalyzes the cyclization of primary aminoalkenes whereas the 

oxidized compound was only active in cyclizing secondary aminoalkenes (Figure 2.5).  
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Figure 2.5. A redox-active zirconium complex catalyzed hydroamination reactions selectively. 
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 Although leveraging the selectivity toward primary and secondary aminoalkenes via in 

situ switching the oxidation state of the zirconium catalyst to conduct a 2-step cyclization in 

tandem was unsuccessful, the findings in the present study contribute to the development of 

redox switchable catalysts for assisted tandem reactions. Further exploration of a redox-

switchable complex holds a vast potential on unlocking the possibility of conducting diverse 

tandem reactions via a single metal catalyst. 

 

2.4 Experimental section 

General considerations 

All reactions were performed using standard Schlenk techniques or in an MBraun drybox 

under a nitrogen atmosphere, unless otherwise noted. All glassware and Celite were stored in an 

oven at 100 ºC overnight before being brought into the drybox. Solvents, except for n-pentane, 

were purified by the method of Grubbs136 and transferred to the glovebox without exposure to 

air. n-Pentane was purified by stirring calcium hydride overnight followed by a distillation under 

a nitrogen atmosphere and transferred into the glovebox without exposure to air. NMR solvents 

were obtained from Cambridge Isotope Laboratories, degassed, and stored over activated 

molecular sieves prior to use. NMR spectra were recorded at ambient temperature on Bruker 

AV-300, AV-400, AV-500, and DRX-500 spectrometers. Chemical shifts are reported with 

respect to internal solvent, 7.16 ppm (C6D6) and 7.26 ppm (CDCl3) for 1H NMR spectra. All 

reagents were acquired from commercial sources and used as received unless otherwise noted. 

Zr(NEt2)4,137 NaBArF,138 and H2(thiolfan*)80 were synthesized according to published 

procedures. Amine substrates were synthesized according to published procedures.112, 113, 115, 116, 

139-150 Cyclic voltammograms were acquired with a CH Instruments CHI630D potentiostat and 
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recorded with CH Instruments software (version 13.04). All potentials are given with respect to 

the ferrocene-ferrocenium couple. Elemental analyses were performed on an Exeter Analytical 

Inc. CE-440 elemental analyzer. HRMS was recorded on an Agilent 7250 Accurate-mass Q-TOF 

GC/MS (ESI Source). UV-Vis spectra were recorded on a Hewlett Packard 8453.  Zero applied 

field 57Fe Mössbauer spectra were recorded at 80 K in constant acceleration mode on a 

spectrometer from See Co (Edina, MN) equipped with an SVT-400 cryostat (Janis, Wilmington, 

WA). The isomer shifts are relative to the centroid of an α-Fe foil signal at room temperature. 

Samples were prepared by mixing polycrystalline material (30-40 mg) with boron nitride in a 

cup fitted with a screw cap. The data were fit to Lorentzian lineshapes using WMOSS 

(www.wmoss.org). X-band CW EPR spectra were acquired on a Bruker (Billerica, MA) EMX 

spectrometer using Bruker Win-EPR software (ver. 3.0). Temperature control was achieved 

using liquid helium and an Oxford Instruments (Oxford, UK) ESR-900 cryogen flow cryostat 

and an ITC-503 temperature controller. 

Synthesis of (thiolfan*)Zr(NEt2)2, Zr-1 

Fe
S

S

O

O

tBu

tBu

tBu

tBu

Zr NEt2
NEt2

Fe
S

S

OH

OH

tBu

tBu

tBu

tBu

Zr(NEt2)4

(thiolfan*)Zr(NEt2)2H2thiolfan*

Hexanes
-78 °C to RT

 

0.201 g (0.31 mmol) of H2(thiolfan*) was dissolved in 10 mL of hexanes and cooled to -

78 °C in a 25 mL vial. 0.101 g (0.31 mmol, 1 equiv.) of Zr(NEt2)4 was dissolved in 2 mL of 

hexanes in a separate vial and cooled to -78°C. The solution of H2(thiolfan*) was added 
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dropwise to Zr(NEt2)4 and the reaction solution was stirred at room temperature for 30 min. The 

volatiles were removed under reduced pressure. The crude yellow solid was washed with 

HMDSO and recrystallized from n-pentane giving 0.2 g (77%) of clean (thiolfan*)Zr(NEt2)2. 1H 

NMR (C6D6, 500 MHz, 25 °C): δ (ppm) = 7.60 (d, 2H, ArH), 7.58 (d, 2H, ArH), 4.10 (br, 4H, 

Cp-H), 3.78 (br, 4H, Cp-H), 3.71 (s, 8H, NCH2CH3), 1.78 (s, 18H, C(CH3)3), 1.26 (s, 18H, 

C(CH3)3), 1.07 (t, 12H, NCH2CH3). 13C NMR (C6D6, 125 MHz, 25°C): δ (ppm) = 163.0 (ArC), 

140.3 (ArC), 137.6, (ArC), 130.6 (ArCH), 125.6 (ArCH), 120.2 (ArC), 89.97 (Cp), 70.5, 68.8, 

65.1, 42.5 (NCH2CH3), 35.4(C(CH3)3), 34.0 (C(CH3)3), 31.3 (C(CH3)3), 29.6 (C(CH3)3), 14.79 

(NCH2CH3). Anal. Calcd for (thiolfan*)Zr(NEt2)2 (C46H68FeN2O2S2Zr): C, 61.92%; H, 7.68%; 

N, 3.14%. Found: C, 62.28%; H, 7.44%; N, 2.50%. 

Synthesis of (thiolfan*)Zr(NMe2)2, Zr-2 

(thiolfan*)Zr(NMe2)2

Fe
S

S

O

O

tBu

tBu

tBu

tBu

Zr NMe2
NMe2

Fe
S

S

OH

OH

tBu

tBu

tBu

tBu

Zr(NMe2)4

H2thiolfan*

benzene
RT

 

391 mg (0.59 mmol, 1 equiv.) of H2(thiolfan*) was dissolved in 10 mL benzene at room 

temperature inside the glovebox and added to the benzene solution of Zr(NMe2)4 (159 mg, 0.59 

mmol, 1 equiv.). The reaction solution was stirred at room temperature for 5 min and the volatiles 

were removed under a reduced pressure. The crude product was washed with cold pentanes and 

recrystallized from pentanes yielding the yellow solid as (thiolfan*)Zr(NMe2)2. 1H NMR (C6D6, 

500 MHz, 298K): δ (ppm) = 7.62 (d, 2H, ArH), 7.58 (d, 2H, ArH), 4.32 (s, 4H, CpH), 3.70 (t, 
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4H, CpH), 3.29 (s, 12H, NCH3), 1.79 (s, 18H, C(CH3)3), 1.26 (s, 18H, C(CH3)3). 13C NMR 

(C6D6, 125 MHz, 298K): δ (ppm) = 163.2 (ArC), 140.8 (ArC), 138.2, (ArC), 131.0 (ArCH), 

126.1 (ArCH), 120.1 (ArC), 90.1 (Cp), 69.3(Cp), 43.3 (NCH3), 35.9(C(CH3)3), 34.3 (C(CH3)3), 

31.7 (C(CH3)3), 29.9 (C(CH3)3). 

Synthesis of (thiolfan*)Ti(NMe2)2, Ti-1 

(thiolfan*)Ti(NMe2)2

Fe
S

S

O

O

tBu

tBu

tBu

tBu

Ti NMe2
NMe2

Fe
S

S

OH

OH

tBu

tBu

tBu

tBu

Ti(NMe2)4

H2thiolfan*

benzene
RT
or

HMDSO:benzene 1:1
-196 °C to RT

 

58.7 mg (0.089 mmol, 1 equiv.) of H2(thiolfan*) was dissolved in 2 mL benzene and 

added to the solution of Ti(NMe2)4 (20 mg, 0.089 mmol, 1 equiv.) at room temperature. The 

reaction was stirred at room temperature for 30 min followed by immediate removing of the 

volatiles under a reduced pressure. The crude was dissolved in HMDSO and stored at -33 °C to 

yield orange-yellow precipitation as (thiolfan*)Ti(NMe2)2. The reaction could also be performed 

in a mixture of benzene and HMDSO (1:1) by dissolving the pro-ligand in benzene and adding it 

to a frozen solution of Ti(NMe2)4 in HMDSO at liquid nitrogen temperature. The frozen mixture 

was allowed to slowly warm to room temperature and stirred for an hour. The volatiles were 

removed under a reduced pressure and the crude was re-dissolved in HMDSO and filtered 

through a pipette padded with glass fiber filter paper. (thiolfan*)Ti(NMe2)2 was obtained as 

orange-yellow precipitation after leaving the solution at -33 °C for a week. 1H NMR (C6D6, 
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300MHz, 298K): δ (ppm) = 7.35 (d, 2H ArH), 7.32 (d, 2H ArH), 4.47 (s, 4H CpH), 4.10 (t, 4H 

CpH), 3.36 (s, 12H, N CH3), 1.69 (s, 18H, C(CH3)3), 1.23 (s, 18H, C(CH3)3). 

Synthesis of [(thiolfan*)Zr(NEt2)2][BArF] 

0.183 g (0.21 mmol) of (thiolfan*)Zr(NEt2)2 was dissolved in 1 mL of o-difluorobenzene 

and added to a 2 mL o-difluorobenzene solution of [AcFc][BArF] (0.20 mg, 0.9 eq, 0.1850 mmol) 

and stirred for 1 hour at room temperature. The volatiles were removed under reduced pressure. 

The oily product was washed three times with 25 mL of hexanes each time. 2 mL of toluene was 

added in the last wash to remove acetylferrocene. The resulting solid was dissolved in benzene, 

the solution was concentrated and layered with hexanes at room temperature overnight. The 

product was then dried under reduced pressure for 24 h yielding 0.105 mg (32%) of a dark purple 

solid. Due to the paramagnetic nature of the compound, the NMR spectroscopy analysis was not 

resolvable. Anal. Calcd for [(thiolfan*)Zr(NEt2)2][BArF] (C78H80FeN2O2S2BF24Zr): C, 53.37%; 

H, 4.59%; N, 1.59%. Found: C, 52.71%; H, 4.16%; N, 1.17%. 

Synthetic procedure for [AcFc][BArF] 

[AcFc][BArF] was synthesized based on previously reported procedures with slight 

modifications.151, 152 209.3 mg (0.67 mmol) of AcFcBF4 was dissolved in DCM and added to 

590.7 mg (0.67 mmol, 1 equiv.) of NaBArF in DCM. The reaction mixture was stirred for 2 

hours at room temperature and the volatiles were removed under a reduced pressure. The solid 

was extracted with diethyl ether and the resulting solution was filtered through Celite. 

[AcFc][BArF] was crystallized from concentrated diethyl ether layered with hexanes at -33 °C 

yielding dark blue crystals; 611 mg (84%). 

Synthesis of N-(2,2-diphenylpent-4-en-1-yl)-1,1,1-trimethylsilanamine, 3a 
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NH2

PhPh

1a

H
N

PhPh

3a
Si

Si
Cl

Et3N
DCM, RT, 16 h  

 In a nitrogen-filled glovebox, 82 mg (3.4 mmol, 1 equiv.) of 2,2-diphenylpent-4-en-1-

amine was dissolved in DCM, to which 70 mg (6.9 mmol, 2 equiv.) of triethylamine and 38 mg 

(3.4 mmol, 1 equiv.) of TMSCl were added slowly at -78 °C. the reaction was stirred overnight at 

room temperature and the solvent was removed under a reduced pressure upon completion. The 

crude was extracted into hexanes and filtered through celite. The product was concentrated to 

dryness yielding 3a. 1H NMR (C6D6, 300MHz, 298K): δ (ppm) = 7.13-7.09 (m, 10 H, ArH), 5.51-

5.06 (m, 1H, CH=CH2), 4.95-4.91 (dd, 2H, CH=CH2), 3.40 (d, J = 8.7 Hz, 2H, CH2NH), 3.17 (br, 

1H, NH), 2.92 (d, J = 6.5 Hz, 2H, CHCH2), -0.03 (s, 9H, Si(CH3)3). 

Synthesis of N-(2,2-diphenylpent-4-yn-1-yl)-1,1,1-trimethylsilanamine, 8a 

NH2

PhPh

7a

H
N

PhPh

8a
Si

Si
Cl

Et3N
DCM, RT, 16 h  

2,2-diphenylpent-4-yn-1-amine was synthesized following a published procedure.139 

Inside a nitrogen-filled glovebox, 0.136 g (0.58 mmol, 1 equiv.) of 2,2-diphenylpent-4-yn-1-amine 

was dissolved in DCM with 117 mg (1.16 mmol, 2 equiv.) of triethylamine to which a solution of 

TMSCl (69 mg, 0.64 mmol, 1.1 equiv.) in DCM was slowly added to. The reaction was stirred at 

room temperature overnight and the solvent was removed under a reduced pressure upon 

completion. The reaction mixture was extracted into hexanes and filtered through celite. The 

solvent was removed under a reduced pressure yielding colorless liquid as the product. 1H NMR 
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(C6D6, 300MHz, 298K): δ (ppm) = 7.12-7.10 (m, 10 H, ArH), 3.60 (d, J = 8.2 Hz, 2H, CH2NH), 

3.01 (dd, J = 2.7 Hz, 2H, CH≡CCH2), 1.62 (t, J = 2.7 Hz, 1H, C≡CH), -0.03 (s, 9H, Si(CH3)3). 

Synthesis of 2-allyl-N-methyl-2-(p-tolyl)pent-4-en-1-amine, 12a 

NH2 NH

O O

60 °C, 16 h

2. LAH
Et2O, RT, 16 h

1.

11a 12a
 

2-allyl-2-(p-tolyl)pent-4-en-amine was synthesized according to a previously published 

procedure.142 0.188 g (0.87 mmol) of 2-allyl-2-(p-tolyl)pent-4-en-amine was dissolved in 1 mL 

of ethyl formate in a Schlenk flask under an inert atmosphere. The reaction mixture was stirred at 

60 °C for 16 h. Ethyl formate was removed under reduced pressure, and the residual was 

dissolved in diethyl ether. The mixture was added to a diethyl ether solution of LiAlH4 (99 mg, 

2.62 mmol, 3 equiv.) and then stirred for 16 h. The reaction was quenched by a 2 M NaOH 

solution at 0 ºC. The product was extracted into diethyl ether and dried over MgSO4. The 

volatiles were removed under reduced pressure yielding a light-yellow gel as the product, which 

was used without further purification. 1H NMR (C6D6, 300MHz, 298K): δ (ppm) = 7.23 (d, 2H, J 

= 7.8 Hz, ArH), 7.13 (d, 2H, J = 7.8 Hz, ArH), 5.65 (m, 2H, CH2=CH), 5.04 (m, 4H, CH2=CH), 

2.73 (s, 2H, NHCH2), 2.51 (ddd, 4H, CH2=CHCH2), 2.33 (s, 3H, PhCH3), 2.30 (s, 3H, NHCH3) 

HRMS (ESI) calculated for C16H24N+ [M+H]+ = 230.1909, found 230.2273. 

General procedure for hydroamination reactions catalyzed by Zr-1 

(thiolfan*)Zr(NEt2)2 (0.01 mmol, 10 mol%) was dissolved in C6D6 and added to a J-

Young NMR tube. The substrate (0.1 mmol) was also dissolved in C6D6 and added to the J-

Young tube. The tube was sealed and analyzed for a 0-hour 1H NMR spectrum before being 

heated to 100 °C. Reactions were monitored by 1H NMR spectroscopy. 
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General procedure for hydroamination reactions catalyzed by the oxidized state of Zr-1ox 

(thiolfan*)Zr(NEt2)2 (0.01 mmol, 10 mol%) was dissolved in C6D6 and added to a J-

Young NMR tube. [AcFc][BArF] (10.91 mg, 0.009 mmol, 9 mol%) was then added to the J-

Young tube leading to a color change from yellow to brown. The tube was shaken until all solids 

dissolved. Then the substrate (0.1 mmol) was dissolved in C6D6 and added to the J-Young tube. 

The tube was then sealed and analyzed for a 0-hour 1H NMR spectrum before being heated to 

100°C. Reactions were monitored by 1H NMR spectroscopy. 

General procedure for control experiments 

[AcFc][BArF] (0.01 mmol, 10 mol%) was dissolved in C6D6 and added to a J-Young 

NMR tube. The substrate (0.1 mmol) was dissolved in C6D6 and added to the J-Young tube. The 

tube was then sealed and analyzed for a 0-hour 1H NMR spectrum before being heated to 100 °C. 

Reactions were monitored by 1H NMR spectroscopy. 

 



34 
 

2.5 Appendix A 

 

Figure A1: 1H NMR (C6D6, 500 MHz, 298 K) spectrum of (thiolfan*)Zr(NEt2)2: δ (ppm) = 7.60 

(d, 2H, ArH), 7.58 (d, 2H, ArH), 4.10 (br, 4H, Cp-H), 3.78 (br, 4H, Cp-H), 3.71 (s, 8H, NCH2CH3), 

1.78 (s, 18H, C(CH3)3), 1.26 (s, 18H, C(CH3)3), 1.07 (t, 12H, NCH2CH3). The peak at 0.89 ppm is 

attributed to residual n-pentane. 

Zr-1
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Figure A2: 13C NMR (C6D6, 125 MHz, 298 K) spectrum of (thiolfan*)Zr(NEt2)2: δ (ppm) = 163.0 

(ArC), 140.3 (ArC), 137.6, (ArC), 130.6 (ArCH), 125.6 (ArCH), 120.2 (ArC), 89.97 (Cp), 70.5, 

68.8, 65.1, 42.5 (NCH2CH3), 35.4(C(CH3)3), 34.0 (C(CH3)3), 31.3 (C(CH3)3), 29.6 (C(CH3)3), 

14.79 (NCH2CH3). 

Zr-1
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Figure A3. HSQC (C6D6, 500 MHz, 298 K) spectrum of (thiolfan*)Zr(NEt2)2. 

 

Figure A4: 1H NMR (C6D6, 300 MHz, 298 K) spectrum of (thiolfan*)Zr(NEt2)2 chemical 

oxidation and reduction. 

Zr-1
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Figure A5. 1H NMR (C6D6, 500 MHz, 298K) spectrum of (thiolfan*)Zr(NMe2)2: δ (ppm) = 7.62 

(d, 2H, ArH), 7.58 (d, 2H, ArH), 4.32 (s, 4H, CpH), 3.70 (t, 4H, CpH), 3.29 (s, 12H, NCH3), 1.79 

(s, 18H, C(CH3)3), 1.26 (s, 18H, C(CH3)3). 

Zr-2
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Figure A6. 13C NMR (C6D6, 125 MHz, 298K) spectrum of (thiolfan*)Zr(NMe2)2: δ (ppm) = 163.2 

(ArC), 140.8 (ArC), 138.2, (ArC), 131.0 (ArCH), 126.1 (ArCH), 120.1 (ArC), 90.1 (Cp), 69.3(Cp), 

43.3 (NCH3), 35.9(C(CH3)3), 34.3 (C(CH3)3), 31.7 (C(CH3)3), 29.9 (C(CH3)3). 

 

 

Zr-2



39 
 

Figure A7: HSQC (C6D6, 500MHz, 298K) spectrum of (thiolfan*)Zr(NMe2)2. 

 

 

 

 

 

Zr-2
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Figure A8. 1H NMR (C6D6, 300MHz, 298K) spectrum of (thiolfan*)Ti(NMe2)2: δ (ppm) = 7.35 

(d, 2H ArH), 7.32 (d, 2H ArH), 4.47 (s, 4H CpH), 4.10 (t, 4H CpH), 3.36 (s, 12H, N CH3), 1.69 

(s, 18H, C(CH3)3), 1.23 (s, 18H, C(CH3)3). The peak at 0.12 ppm is attributed to the residual 

HMDSO. 

Ti-1
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Figure A9. 1H NMR (C6D6, 300MHz, 298K) spectrum of 3a: δ (ppm) = 7.13-7.09 (m, 10 H, ArH), 

5.51-5.06 (m, 1H, CH=CH2), 4.95-4.91 (dd, 2H, CH=CH2), 3.40 (d, J = 8.7 Hz, 2H, CH2NH), 3.17 

(br, 1H, NH), 2.92 (d, J = 6.5 Hz, 2H, CHCH2), -0.03 (s, 9H, Si(CH3)3). 
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Figure A10. 1H NMR (C6D6, 300MHz, 298K) spectrum of 7a: δ (ppm) = 7.11-7.09 (m, 10 H, 

ArH), 3.32 (s, 2H, CH2NH2), 2.98 (d, 2H, J = 2.5 Hz, CH≡CCH2), 1.63 (s, 1H, C≡CH), 0.41 (s, 

2H, NH2). 
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Figure A11. 1H NMR (C6D6, 300MHz, 298K) spectrum of 8a: δ (ppm) = 7.12-7.10 (m, 10 H, 

ArH), 3.60 (d, J = 8.2 Hz, 2H, CH2NH), 3.01 (dd, J = 2.7 Hz, 2H, CH≡CCH2), 1.62 (t, J = 2.7 Hz, 

1H, C≡CH), -0.03 (s, 9H, Si(CH3)3). 
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Figure A12. 1H NMR (C6D6, 300MHz, 298K) spectrum of 12a: δ (ppm) = 7.23 (d, 2H, J = 7.8 Hz, 

ArH), 7.13 (d, 2H, J = 7.8 Hz, ArH), 5.65 (m, 2H, CH2=CH), 5.04 (m, 4H, CH2=CH), 2.73 (s, 2H, 

NHCH2), 2.51 (ddd, 4H, CH2=CHCH2), 2.33 (s, 3H, PhCH3), 2.30 (s, 3H, NHCH3). 

 



45 
 

 

Figure A13. 13C NMR (CDCl3, 125 MHz, 298K) spectrum of 12a: δ (ppm) = 141.9, 135.5, 134.9, 

129.2, 126.7, 117.6, 59.4, 44.2, 40.5, 37.4, 21.1. 
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Figure A14. HSQC (C6D6, 500MHz, 298K) spectrum of 12a. 

 

 

14
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Figure A15. 1H NMR spectrum (C6D6, 500 MHz, 298 K) of 1a to 1b catalyzed by Zr-1 (Table 

2.1, entry 1): δ (ppm) = 7.12 (m, 10H ArH), 3.53 (dd, 1H, NHCH2), 3.35 (dd, 1H, NHCH2), 3.14 

(m, 1H, NHCHCH3), 2.38 (dd, J = 8.1, 12.6 Hz, 1H, NCHCH2), 1.82 (dd, J = 8.9, 12.4 Hz, 1H, 

NHCHCH2), 1.02 (d, J = 6.2 Hz, 3H CHCH3), 

 

HMB
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Figure A16. 1H NMR spectrum (C6D6, 500 MHz, 298 K) of 1a catalyzed by Zr-1ox (Table 2.1, 

entry 2): δ (ppm) = 7.08 (m, 10H, ArH), 5.45 (m, 1H, CH2=CH), 5.02-4.91 (m, 2H, CH2=CH), 

3.16 (s, 2H, NH2CH2), 0.46 (s, 2H, NH2), 2.88 (d, 2H, J = 7.0 Hz, CHCH2), 

 

HMB
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Figure A17. 1H NMR spectrum (C6D6, 300 MHz, 298 K) of 2a catalyzed by Zr-1 (Table 2.1, entry 

3): δ (ppm) = 7.19-7.02 (m, 10H, ArH), 5.57-5.48 (m, 1H, CH2=CH), 4.99-4.95 (m, 2H, CH2=CH), 

3.11 (d, J = 7.3 Hz, 2H, CHCH2), 3.06 (s, 2H, NHCH2), 2.15 (s, 3H, NHCH3). 

HMB
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Figure A18. 1H NMR spectrum (C6D6, 300 MHz, 298 K) of 2a to 2b catalyzed by Zr-1ox (Table 

2.1, entry 4): δ (ppm) = 7.46-7.43 (m, 10H, ArH), 3.65 (d, 1H, J = 9.5 Hz, NCHCH3), 2.71 (m, 2H, 

NCH2C), 2.28 (m, 1H, CH3CHCH2), 2.08 (s, 3H, NCH3), 2.06 (t, J = 4.4 Hz, 1H, CH3CHCH2), 

1.04 (d, J = 6.3 Hz, 3H, CHCH3). 

HMB
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Figure A19. 1H NMR spectrum (C6D6, 500 MHz, 298 K) of 3a catalyzed by Zr-1 (Table 2.1, entry 

5): δ (ppm) = 7.16-7.03 (m, 10H, ArH), 5.56-5.48 (m, 1H, CH2=CH), 5.05-4.92 (m, 2H, CH2=CH), 

3.42 (d, J = 7.4 Hz, 2H, NHCH2), 2.94 (d, J = 7.2 Hz, 2H, CHCH2), -0.03 (s, 9H, Si(CH3)3). 

 

HMB
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Figure A20. 1H NMR spectrum (C6D6, 300 MHz, 298 K) of 3a catalyzed by Zr-1ox (Table 2.1, 

entry 6): δ (ppm) = 7.16-7.07 (m, 10H, ArH), 5.56-5.48 (m, 1H, CH2=CH), 5.05-4.89 (m, 2H, 

CH2=CH), 3.41 (d, J = 7.4 Hz, 2H, NHCH2), 2.94 (d, J = 7.2 Hz, 2H, CHCH2), -0.04 (s, 9H, 

Si(CH3)3). 

 

 

HMB
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Figure A21. 1H NMR spectrum (C6D6, 500 MHz, 298 K) of 4a catalyzed by Zr-1 (Table 2.1, entry 

7): δ (ppm) = 7.16-7.03 (m, 15H, ArH), 5.49-5.44 (m, 1H, CH2=CH), 5.05-4.90 (m, 2H, CH2=CH), 

3.49 (d, J = 6.5 Hz, 2H, NHCH2Ph), 3.17 (d, J = 7.8 Hz, 2H, NHCH2), 3.05 (d, J = 7.5 Hz, 2H, 

CHCH2). 

 

 

HMB
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Figure A22. 1H NMR spectrum (C6D6, 300 MHz, 298 K) of 4a catalyzed by Zr-1ox (Table 2.1, 

entry 8): δ (ppm) = 7.16-7.08 (m, 15H, ArH), 5.47-5.42 (m, 1H, CH2=CH), 5.07-5.0 (m, 2H, 

CH2=CH), 3.49 (, J = 6.5 Hz, 2H, NHCH2Ph), 3.17 (d, J = 7.8 Hz, 2H, NHCH2), 3.05 (d, J = 7.5 

Hz, 2H, CHCH2). 
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Figure A23. 1H NMR spectrum (C6D6, 500 MHz, 298 K) of 5a catalyzed by Zr-1 (Table 2.1, entry 

9): δ (ppm) = 7.17-7.02 (m, 10H, ArH), 5.61 (m, 1H, CH2=CH), 5.01-4.94 (m, 2H, CH2=CH), 4.45 

(br, 1H, NH), 3.99 (d, J = 6.3 Hz, 2H, NHCH2), 2.71 (d, J = 6.9 Hz, 2H, CHCH2), 1.33 (s, 3H, 

COCH3). Peaks at 1.1 and 2.48 ppm are attributed to residual triethylamine. 

 

HMB
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Figure A24. 1H NMR spectrum (C6D6, 500 MHz, 298 K) of 5a catalyzed by Zr-1ox (Table 2.1, 

entry 10): δ (ppm) = 7.16-7.01 (m, 10H, ArH), 5.55-5.52 (m, 1H, CH2=CH), 4.97-4.90 (m, 2H, 

CH2=CH), 4.29 (br, 1H, NH), 3.94-3.86 (d, J = 6.3 Hz, 2H, NHCH2), 2.69 (d, J = 6.9 Hz, 2H, 

CHCH2), 1.28 (s, 3H, COCH3). The peak at 4.29 ppm is attributed to residual dichloromethane. 

 

HMB
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Figure A25. 1H NMR spectrum (C6D6, 500 MHz, 298 K) of 6a catalyzed by Zr-1 (Table 2.1, entry 

11): δ (ppm) = 7.58 (d, J =  8.1 Hz, 2H, ArH), 7.16-6.88 (m, 10H, ArH), 6.71 (d, J = 8.1 Hz, 2H, 

ArH), 5.43-5.40 (m, 1H, CH2=CH), 4.95-4.99 (m, 2H, CH2=CH), 3.64 (s, 2H, NHCH2), 2.80 (d, J 

= 7.4 Hz, 2H, CHCH2), 1.87 (s, 3H, CCH3). 

 
 

HMB
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Figure A26. 1H NMR spectrum (C6D6, 500 MHz, 298 K) of 6a catalyzed by Zr-1ox (Table 2.1, 

entry 12): δ (ppm) = 7.65 (d, J =  8.1 Hz, 2H, ArH), 7.16-6.88 (m, 10H, ArH), 6.71 (d, J = 8.1 Hz, 

2H, ArH), 5.40-5.36 (m, 1H, CH2=CH), 5.05-4.92 (m, 2H, CH2=CH), 3.78 (br, 1H, NH), 3.61 (s, 

2H, NHCH2), 2.78 (d, J = 7.4 Hz, 2H, CHCH2), 1.87 (s, 3H, CCH3). 

 
 

HMB
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Figure A27. 1H NMR spectrum (C6D6, 500 MHz, 298 K) of 7a to 7b catalyzed by Zr-1 (Table 

2.1, entry 13): δ (ppm) = 7.08-7.02 (m, 10H, ArH), 4.45 (s, 2H, NCH2), 2.71 (s, 2H, CCH2), 1.75 

(s, 3H, CCH3).  

 
 

HMB
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Figure A28. 1H NMR spectrum (C6D6, 300 MHz, 298 K) of 7a to 7b catalyzed by Zr-1ox (Table 

2.1, entry 14): δ (ppm) = 7.05-6.99 (m, 10H, ArH), 4.34 (s, 2H, NCH2), 2.72 (s, 2H, CCH2), 1.68 

(s, 3H, CCH3). 

 
 

HMB
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Figure A29. 1H NMR spectrum (C6D6, 500 MHz, 298 K) of 8a catalyzed by Zr-1 (Table 2.1, entry 

15): δ (ppm) = 7.14-7.03 (m, 10 H, ArH), 3.58 (d, J = 8.2 Hz, 2H, CH2NH), 3.01 (dd, J = 2.7 Hz, 

2H, CH≡CCH2), 1.62 (t, J = 2.7 Hz, 1H, C≡CH), 0.03 (s, 9H, Si(CH3)3). 

 

 

HMB
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Figure A30. 1H NMR spectrum (C6D6, 500 MHz, 298 K) of 8a to 8b/8b’catalyzed by Zr-1ox 

(Table 2.1, entry 16): δ (ppm) = 7.31 (m, 10H, ArH), 4.90 (s, 1H, C=CH), 4.07 (s, 2H, NCH2), 

1.73 (s, 3H, CCH3), 0.13 (s, 9H, Si(CH3)3). 

 
 

HMB

o-DFB
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Figure A31. 1H NMR spectrum (C6D6, 500 MHz, 298 K) of 9a catalyzed by Zr-1 (Table 2.1, entry 

17): δ (ppm) = 5.78-5.72 (m, 1H, C=CH), 5.05-4.98 (m, 2H, C=CH2), 2.29-2.26 (t, J = 6.6 Hz, 2H, 

CCH3), 1.87 (d, J = 7.0 Hz, 2H, CHCH2), 0.72 (s, 6H, C(CH3)2). 

HMB
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Figure A32. 1H NMR spectrum (C6D6, 300 MHz, 298 K) of 9a catalyzed by Zr-1ox (Table 2.1, 

entry 18): δ (ppm) = 5.78-5.70 (m, 1H, C=CH), 5.03-4.99 (m, 2H, C=CH2), 2.29-2.26 (t, J = 6.6 

Hz, 2H, NH2CH2), 1.87 (d, J = 7.0 Hz, 2H, CHCH2), 0.74 (s, 6H, C(CH3)2). 

HMB
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Figure A33. 1H NMR spectrum (C6D6, 300 MHz, 298 K) of 10a catalyzed by Zr-1 (Table 2.1, 

entry 19): δ (ppm) = 5.75 (m, 1H, C=CH), 5.05-4.99 (m, 2H, C=CH2), 2.28-2.25 (d, J = 6.6 Hz, 

3H, NCH3), 2.16-2.19 (d, J = 8.4 Hz, 2H, NHCH2), 1.87 (d, J = 7.0 Hz, 2H, CHCH2), 0.85 (s, 6H, 

C(CH3)2). 

 

HMB
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Figure A34. 1H NMR spectrum (C6D6, 500 MHz, 298 K) of 10a to 10b catalyzed by Zr-1ox (Table 

2.1, entry 20): δ (ppm) = 2.65 (d, J = 9.1 Hz, 1H, NCH2), 2.11 (s, 3H, NCH3), 1.87 (d, J = 9.6 Hz, 

1H, NCH2), 1.59-1.55 (m, 1H, CCH2CH), 1.22 (m, 2H, CCH2CH), 1.10 (s, 3H, CCH3), 1.01 (d, J 

= 6.3 Hz, 3H, CHCH3), 0.92 (s, 3H, CCH3). 

HMB

o-DFB
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Figure A35. 1H NMR spectrum (C6D6, 300 MHz, 298 K) of 11a to 11b/11b’ (1:1 isomers) 

catalyzed by Zr-1 (Table 2.1, entry 21): δ (ppm) = 7.26-7.18 (m, 10H, ArH), 5.69 (m, 2H, 

CH=CH2), 5.07 (m, 4H, CH=CH2), 3.32 (m, 2H, NHCHCH3), 3.21 (m, 4H, NHCH2), 2.47 (m, 4H, 

CCH2), 2.10 (s, 6H, PhCH3), 1.68-1.49 (m, 4H, CHCH2), 1.05 (d, J = 6.2 Hz, 3H, CHCH3), 0.97 

(d, J = 6.2 Hz, 3H, CHCH3). 
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Figure A36. 1H NMR spectrum (C6D6, 300 MHz, 298 K) of 11a catalyzed by Zr-1ox (Table 2.1, 

entry 22): δ (ppm) = 7.06 (d, 2H, J = 8.4 Hz, ArH), 7.03 (d, 2H, J = 8.4 Hz, ArH), 5.65-5.58 (m, 

2H, CH2=CH), 5.05-4.95 (m, 4H, CH2=CH), 2.77 (s, 2H, NHCH2), 2.41-2.39 (m, 4H, 

CH2=CHCH2), 2.15 (s, 3H, PhCH3), 0.67 (s, 2H, NH2). 

 

HMB
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Figure A37. 1H NMR spectrum (C6D6, 300 MHz, 298 K) of 12a catalyzed by Zr-1 (Table 2.1, 

entry 23): δ (ppm) = 7.19 (d, 2H, J = 7.8 Hz, ArH), 7.03 (d, 2H, J = 7.8 Hz, ArH), 5.72-5.67 (m, 

2H, CH2=CH), 5.12-5.0 (m, 4H, CH2=CH), 2.68 (d, J = 7.8 Hz, 2H, NHCH2), 2.6-2.45 (m, 4H, 

CH2=CHCH2), 2.19 (br, 3H, NHCH3), 2.16 (s, 3H, PhCH3). The peaks at 1.27, 1.78, and 7.62 ppm 

are attributed to Zr-1.  
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Figure A38. 1H NMR spectrum (C6D6, 300 MHz, 298 K) of 12a to 12b/12b’ (3:2 isomers) 

catalyzed by Zr-1 (Table 2.1, entry 24): δ (ppm) = 7.17-7.00 (m, 10H, ArH), 5.75-5.66 (m, 3H, 

CH=CH2), 5.11-4.95 (m, 6H, CH=CH2), 2.63-2.48 (m, 6H, NCH3), 2.41-2.38 (m, 2H, NCH), 2.21 

(br, 4H, NCH2), 2.19 (s, 3H, PhCH3), 2.18 (s, 3H, PhCH3), 2.06-2.00 (m, 1H, CH2=CHCH2), 1.85-

1.82 (m, 1H, CH2=CHCH2), 1.68-1.66 (m, 2H, CCH2), 1.62-1.53 (m, 2H, CCH2), 1.12 (d, J = 5.9 

Hz, 3H, CHCH3), 1.02 (d, J = 6.2 Hz, 2H, CHCH3), 0.29 (br, 1H, NH). 

HMB

o-DFB
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Figure A39. 1H NMR spectrum (C6D6, 500 MHz, 298 K) of 13a catalyzed by Zr-1: δ (ppm) = 

5.77-5.73 (m, 2H, CH=CH2), 5.01-4.99 (m, 4H, CH=CH2), 2.31 (br, 2H, NH2CH2), 1.93 (d, J = 

7.9 Hz, 4H, CHCH2) 0.73 (s, 3H, CH3), 0.43 (br, 2H, NH2). 

HMB

o-DFB
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Figure A40. 1H NMR spectrum (C6D6, 300 MHz, 298 K) of 14a to 14b/14b’ catalyzed by Zr-1 

followed by organic aqueous extraction: δ (ppm) = 7.15-7.03 (m, 8H, ArH), 5.54-5.45 (m, 2H, 

CH=CH2), 4.96-4.90 (m, 2H, CH=CH2), 3.12-3.03 (m, 4H, NHCH2), 2.46-2.30 (m, 2H, 

NHCHCH2), 2.32-2.22 (m, 2H, CCH2), 2.17-1.98 (m, 2H, CCH2), 1.45-1.36 (m, 3H, CHCH2), 

1.11 (d, J = 5.4 Hz, 3H, CH3) 1.05 (d, J = 6.1 Hz, 3H, CH3). 
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Figure A41. 1H NMR spectrum (C6D6, 300 MHz, 298 K) of 14b catalyzed by Zr-1ox: δ (ppm) = 

7.15-7.03 (m, 8H, ArH), 5.54-5.45 (m, 2H, CH=CH2), 4.93-4.86 (m, 2H, CH=CH2), 3.12-3.03 (m, 

4H, NHCH2), 2.40-2.30 (m, 2H, NHCHCH2), 2.28-2.25 (m, 2H, CCH2), 2.18-1.98 (m, 2H, CCH2), 

1.39-1.26 (m, 3H, CHCH2), 1.07 (d, J = 5.4 Hz, 3H, CH3) 1.00 (d, J = 6.1 Hz, 3H, CH3). 

 



74 
 

 

Figure A42. Cyclic voltammetry diagrams of Zr-2 in o-DFB (scan rate: 100 mV/s, 100 mM 

TBAPF6). 

 

Figure A43. Cyclic voltammetry diagrams of Ti-1 in o-DFB (scan rate: 100 mV/s, 100 mM 

TBAPF6). 

 

 

 

 

a) b)

a) b)
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Figure A44. Zero-Field 57Fe Mӧssbauer spectra of (thiolfan*)Zr(NEt2)2 (left) and 

[(thiolfan*)Zr(NEt2)2][BArF] (right). Recorded as Solid Samples at 80 K. 

 

Figure A45. EPR spectrum of Zr-1ox at 77 K in toluene. 
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Figure A46. UV-Vis spectrum of (thiolfan*)Zr(NEt2)2 (red solid line), 

[(thiolfan*)Zr(NEt2)2][BArF] (red dash line), acetyl ferrocene (blue solid line), and [AcFc][BArF] 

(blue dash line). 
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Table A1. Control experiments. 

NH2

PhPh

H
N

PhPh

NH2

PhPh

1a

7a

H
N

Ph
Ph

N

Ph
Ph

N

Ph
Ph

7b

1b

Entrya

1

2

3

4

5b

6b

7

8

9

Conversion Time[Cat]

[AcFc][BArF]

[AcFc][BArF]

[AcFc][BArF]

[Fc][BArF]

NaBArF

0% 20 h

100%

FcPF6 0% 9 h

1 h

AcFc 0% 19 h

34% 2 h

100% 2 h

FcPF6 0% 9 h

100%

H
N

N
100% 1 h

2 h

[AcFc][BArF]

10a 10b

2a 2b

 

a. Reaction conditions: 10 mmol% catalyst, 0.5 mL C6D6, 100 °C. Conversions were calculated 

from the corresponding NMR spectra using hexamethylbenzene (HMB) as an internal standard. 

b. Reactions were carried out in a 4 : 1 by volume C6D6 : o-C6H4F2 solution. 
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Chapter 3. Synthesis of N-carboxyanhydrides from ortho-aromatic amino acids and CO2 

3.1 Introduction 

The utilization of abundant chemical feedstocks to replace traditional fossil fuel-derived 

carbon sources presents an opportunity to establish a renewable and sustainable carbon 

economy.8, 153 Extensive research has been conducted on the use of CO2 as a chemical feedstock, 

encompassing the formation of N-CO2 bonds, fixation in biological and inorganic systems, 

electrochemical reduction, carboxylation of organic substrates, synthesis of carbonates, and 

polymerization processes.153 Notably, prominent processes regarding CO2 utilization intensively 

focus on the formation of carbonate and the production of bio-degradable copolymers.153, 154 

Recently, the leverage of CO2 in the formation of cyclic structures represented by N-

carboxyanhydrides (NCAs) and their derivatives has become an area of growing interest. These 

compounds have emerged as valuable building blocks for the synthesis of polymers and high-

complexity molecules.155-159 5-membered NCAs are valuable monomers for polyamide synthesis 

towards diverse applications, including but not limited to drug delivery, peptide-based drugs, and 

surface coating, while 6-membered ring NCAs are important synthons in the preparation of 

poly(β-peptoids) (Figure 3.1).155, 160, 161 
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Figure 3.1. Synthesis of NCAs from CO2 and polymers formed from ring-opening 

polymerization of NCAs.155 

 

 A selection of methods for the synthesis of NCAs from amino acids and their derivatives 

are summarized in Figure 3.2. Among those conventional methods, for example, the Fuchs-

Farthing reaction, the use of phosgene or its derivatives is inevitable, which raises significant 

concerns regarding safety and potential environmental pollution during the process.162 

Alternative methods represented by the Leuchs method treat N-alkyloxycarbonyl amino acids 

with halogenating agents; N-alkyloxycarbonyl amino acids, the protected version of N-alkylated 

amino acid, involves the use of di-tert-butyl dicarbonate (Boc2O), which is derived from 

phosgene.163 Other reported methods either involve the release of harmful byproducts or employ 

other types of toxic reagents. Alternatively, the use of non-amino acid starting material only 

affords 6-membered ring NCAs, while multi-step synthesis is generally required to furnish the 

desired starting material.  
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Figure 3.2. Common synthetic methods towards NCA formation.164 

 

 In response to the increasing demand for green and sustainable chemistry processes, the 

development of phosgene- and halogen-free methods under mild conditions garnered significant 

attention. Less toxic coupling agents such as Mukaiyama reagent, 2-chloro-1-methylpyridinium 

iodide (CMPI), and n-propylphosphonic anhydride (T3P) have been investigated.165, 166 In the 

meantime, the incorporation of simple C1 building blocks such as CO and CO2 has been 

demonstrated.167, 168 Zhang, et al., investigated the cyclization of o-iodoanilines from CO and 

CO2 catalyzed by palladium catalyst, affording 6-membered ring NCAs with an aromatic 

backbone.167 Endo, et al., presented the cyclization of phenyl urethanes of amino acids into 

NCAs. The urethane derivatives of amino acid were generated from diphenyl carbonate which 

was obtained from CO2 through phosgene-free conditions.169 Most recently, T3P was found to 
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activate the Boc-protected amino acids to afford the corresponding NCA derivatives.166 Inspired 

by these examples, we looked into incorporating CO2 into the cyclization of amino acids in the 

presence of non-toxic coupling agents such as CMPI or T3P. 
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Figure 3.3. “Green” approaches towards 5 and 6-membered NCA derivatives.165-167, 169 
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In addition to developing environmentally friendly conditions that utilize the easy-to-

access C1 building block, CO2, for NCA synthesis, we strive to explore the possibility of 

combining the synthesis and the ring-opening polymerization of NCAs. We envision a consecutive 

one-pot transformation of amino acids and CO2 toward sustainable materials such as polypeptides 

and polyamides by integrating the abovementioned processes. Synthetic polypeptides, featuring 

the repeating amide bond in the polymer structure, are considered analogues of natural proteins. 

Naturally occurring polypeptides are obtained through highly selective and efficient biological 

processes which allow precise sequence control. On the other hand, synthetic polypeptides have 

been successfully synthesized from solid-state amino acid condensation or ring-opening 

polymerization of NCAs facilitated by the use of various catalysts and/or initiators (Figure 3.4). 

In comparison to the amino acid condensation method, ring-opening polymerization of NCAs 

introduces more chemical diversity of the side chains, allows large-scale synthesis without specific 

installation, and affords high molecular weight synthetic polypeptides and derivatives.  
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Figure 3.4. Naturally and synthetic approaches towards polypeptide and coupling NCA 

synthesis with subsequent polymerization. 

 

Herein, we disclose the development and optimization of a green approach toward NCA 

synthesis, leveraging carbon dioxide as the building block. In addition, we introduce the 

preliminary results of a metal-catalyzed ring-opening polymerization of aromatic 6-membered ring 

NCAs. This chapter is a version of Tran, T. V.; Shen, Y.; Nguyen, H. D.; Deng, S.; Roshandel, H.; 

Cooper, M. D.; Waston, J. R.; J. Byers, J.; Diaconescu, P. L.; Do, L. H., N-carboxyanhydrides 

directly from amino acids and carbon dioxide and their tandem reactions to therapeutic 

alkaloids, Green Chemistry. 2022, 24, 9245-9252. 

 

3.2 Results and discussion 

Screening of reaction conditions 

 To circumvent the potential challenges of isolating the moisture-unstable 5-membered 

NCAs, we chose a specific group of ortho-aromatic amino acids, namely anthranilic acid and its 

derivatives to investigate. The reaction of these compounds with CO2 in the presence of coupling 

reagents affords aromatic 6-membered ring NCAs that are easy to isolate and require minimum 

purification efforts (Scheme 3.1). Various amide coupling reagents were tested for the 

cyclization of N-substituted ortho-aromatic amino acid, 2-(N-benzylamino)benzoic acid (Table 

B1). Mukaiyama reagent (CMPI) and T3P exhibited general to great activity in the one-pot two-

step synthesis, while acetonitrile turned out to be the optimal solvent (Table B1 and B2). 
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Scheme 3.1. Cyclization of ortho-aromatic amino acids to 6-membered ring NCAs. 

 

 We then looked into optimizing conditions for anthranilic acid 1a using CMPI as the 

coupling reagent. The reactions were conducted in a one-pot two-step manner in a Parr reactor 

equipped with a stir bar unless otherwise noted. The anthranilic acid was activated with 4-

dimethylaminopyridine (DMAP) and N,N-diisopropylethylamine (DIPEA) under CO2 to 

form the corresponding carbamate. The coupling reagent was added after releasing 

pressure to promote ring-closing. The reactor was re-charged with CO2 and heated up to 

the designated temperature for a period of time. It is important to note that besides the 

desired product, isatoic anhydride 2a, dimeric structure 2a’ was also observed in a considerable 

amount. We noticed that decreasing the amount of coupling agent CMPI decreased the 

conversion of anthranilic acid and the yield of isatoic anhydride while increasing the amount of 

CMPI had small effects on the reaction (Table 3.1, entries 2 and 7). Interestingly, we noticed that 

CMPI reacted with DMAP and formed a yellow solid that could be isolated. The isolated solid 

was used to replace CMPI and DMAP and presented similar results (entries 7-9). Elongating 

reaction time from 20 to 40 hours was not beneficial to the reaction (entry 3). Replacing DIPEA 

with Et3N with a longer reaction time and higher temperature did minimum effects on the 

reaction outcome (entries 4-6). We also tried to add all reagents at once in the beginning but the 

observed yield of isatoic anhydride was limited to a threshold of ~20-40%. In all attempts, we 
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observed a noticeable amount of the dimeric byproduct which encouraged us to explore better 

conditions. In the meantime, we observed unpredictable interactions between isatoic anhydride 

with the reaction reagent which might explain the low yield of the unsubstituted 6-membered 

ring NCAs. 

Table 3.1. Two-step screening conditions for the synthesis of isatoic anhydride 

NH2

OH

O

MeCN

CO2

base

NN

temperature, time

N ClI

CO2

temperature, time N
H

O

O

O HN

H
N

O

O

+

2a 2a'1a  

Entrya 
Temp. 

(°C) 

Time 

(h) 

CMPI 

(equiv.)  
Base 

Conversion 

(%)b 

Yield 

(%)b 
2a: 2a′c 

1 50 20 1.4 DIPEA 91 40 N/A 

2 50 20 1.05 DIPEA 81 27 1:1 

3 50 40 1.4 DIPEA 80 18 100:80 

4 50 20 1.4 Et3N 98 28 100:75 

5 50 12 1.4 Et3N 94 41 100:102 

6d 70 20 1.4 Et3N 98 24 100:56 

7e 50 20 1.8 DIPEA 98 25 100:56 

8e 70 20 1.8 DIPEA 99 34c 100:35 

9e 70 20 1.8 Et3N >99 21c 100:32 
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a. Reaction conditions: 2-aminobenzoic acid (2.5 mmol), DMAP (varied), base (2.2 equiv.), CO2 

(300 psi), MeCN (50 mL). The reaction mixture was preheated at 50 °C for 2 h before adding 

CMPI as the activating reagent. The reactions were set up using Method I as described in the 

experimental section. 

b. Determined by GC-MS using a biphenyl internal standard.  

c. Calculated from 1H NMR spectroscopy. 

d. The reaction mixture was preheated at 70 °C for 2 h before adding CMPI. 

e. Isolated solid from mixing CMPI with DMAP is used as the activating reagent without 

preheating in step 1. All reagents were combined at the beginning instead of adding stepwise. 

 

 In comparison, N-benzylisatoic anhydride 2b was more stable than isatoic anhydride 2a. 

No side reaction was observed between 2b and reaction reagents. At the same time, we realized 

that compared to CMPI, T3P presented better selectivity towards the desired product over the 

dimer, therefore, we moved onto optimizing conditions for synthesizing N-benzylisatoic 

anhydride 2b using T3P. We observed that both DMAP and DIPEA were necessary to obtain the 

N-benzylated NCA (Table 3.2, entries 1-3). Increasing the equivalent of DIPEA had ambiguous 

effects on the system while omitting CO2 in either step was unbeneficial to the reaction (entries 

4-6). Interestingly, when both the equivalent of T3P and DIPEA were increased, the reaction 

reached full conversion and the N-benzylisatoic anhydride 2b could be isolated with high yield 

(entries 7-9). 

Table 3.2. Two-step screening conditions for the synthesis of N-benzyl substituted 6-membered 

ring NCAs 
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NH

OH

O

MeCN

CO2

base

NN

temperature, time

CO2

temperature, time N

O

O

O N

N
O

O

+

Bn

O
P

O
P
O

P
O

O O

Bn Bn

Bn

2b 2b'1b  

Entrya 
Temp. 

(°C) 

Time 

(h) 

T3P 

(equiv.) 

DIPEA  

(equiv.) 

Conversion 

(%)b 

Yield 

(%)b 
2b: 2b′b 

1 70 20  1.5 2.2 100 30 100:80 

2 70 20  1.5 2.2 64 5 100:60 

3 70 20  1.5 0 78 0 N/A 

4 70 20  1.5 4 95 24 100:66 

5c 70 20  1.5 4 100 11 100:169 

6d, e  65 20  1.5 4 90 6 100:30 

7e 65 20  1.5 4 100 34 100:21 

8e 65 20  3 4 100 77 100:2 

9f 65  20  3 4 100 71 100:5 

a. Reaction conditions: 2-(N-benzylamino)benzoic acid (2.5 mmol), DMAP (varied), DIPEA 

(varied), CO2 (300 psi), MeCN (50 mL). For step 1: preheat at 70 °C for 2 h before adding 

T3P (1.5 equiv.) as the activating reagent. The reactions were set up using Method I described 

in the experimental section. 
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b. Determined by 1H NMR spectroscopy using ferrocene or 1,3,5-trimethoxybenzene as an 

internal standard. 

c. No CO2 after adding T3P. 

d. No CO2 before adding T3P. 

e. The reaction was preheated at 60 °C for 2 h. 

f. The reaction was set up using Method II described in the experimental section (all reagents 

were combined in one-pot at the beginning of the reaction). 

 

Substrate scope 

 With the developed method, we expanded our research onto a variety of N-substituted 

benzoic acid derivatives (Figure 3.5). Fluorination at the 4- and 5-positions on the aromatic part 

of the substrates formed the corresponding product 2c and 2d in 74% and 55% yield, 

respectively. While 5-methoxy substituted benzoic amino acid 1f afforded product 2f in 21% 

yield, the 4-methoxy substituted benzoic amino acid 1e afforded product 2e in 83% yield. The 5-

methylated amino acid 1g afforded product 2g in a moderate yield of 42%. It is important to 

point out that the majority of the NCAs formed from our optimized conditions were isolated 

through a simple organic-aqueous workup circumventing the need for further purifications 

compared to other conventional methods.170 
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Figure 3.5. Exploring N-benzyl substituted 6-membered ring NCAs following Method II as 

described in the experimental section. 

 

 Due to the known instability of isatoic anhydride and conventional 5-membered NCAs, 

we decided to investigate milder conditions for the synthesis of unsubstituted and N-methylated 

6-membered NCAs, as well as 5-membered NCAs. Encouraging, lowering reaction temperature, 

and removing DMAP from the reaction system afforded unstable 6-membered NCAs in 

moderate to good yields represented by 2a 99%, 2h 76%, and 2i 77% (Figure 3.6). 5-membered 

NCAs were also prepared using the same conditions. Represented be 3-phenyloxazolidine-2,5-

done, 5-membered NCAs derived from α-amino acids could be isolated in moderate to good 
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yields. However, substrates with bulky or electro-withdrawing N-substituents were too sterically 

hindered or deactivated to afford the desired products. Unfortunately, non-substituted 5-

membered NCAs could not be obtained via our developed methods. 
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Figure 3.6. Synthesis of semi-stable NCAs under milder conditions following Method III as 

described in the experimental section. 

 

Compatibility with polymerization 

Furthermore, to integrate the synthesis and polymerization of N-carboxyanhydrides into a 

single reaction vessel and implement a one-pot tandem reaction sequence, we conducted the study 

on exploring conditions for the ring-opening polymerization of the aromatic 6-membered ring 

NCAs. The results of this investigation will be disclosed in the manuscript under revision: Deng, 

S.; Shen, Y.; Chantranuwathana, V.; Nguyen, H. D.; Tran, T. V.; Vasquez, K.; Byers, J.; Do, L. 

H.; Diaconescu, P. L., ortho-Aromatic polyamides by ring-opening polymerization of N-
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carboxyanhydrides. In general, Schiff base metal complexes were active towards ring-opening 

polymerization of the 6-membered ring NCAs in the presence of co-catalyst PPNCl 

(Bis(triphenylphosphine)iminium chloride) (Figure 3.7). Polymeric products of 2b, 2h, and N-

C8H17 substituted 2j were isolated. However, the low solubility of the isolated polymers of 2b and 

2h hampered our investigation of their molecular weights and other properties. Fortunately, longer 

alkyl substitution on nitrogen solved the problem. The polymers of 2j (poly 6-NCA- C8H17) were 

characterized by SEC (see chapter 4 Figure C45-48 for SEC traces). 
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Figure 3.7. Polymerization conditions for 6-membered ring NCAs. 

 

 To combine the two processes into one reaction vessel, we first investigated different 

solvent combinations (Table B2). Besides MeCN which gave the best yield for the NCA 

synthesis, the combination of propylene carbonate and THF (3:7) also affords a good yield of 2a 
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(Table B2, entry 5). The same combination was also effective in the polymerization of NCAs. 

However, the Schiff base aluminum compound catalyzed polymerization system was not 

compatible with other reagents in the presence of NCA synthesis as no polymer could be isolated 

in the presence of anthranilic acid derivatives or T3P. Therefore, a one-pot one-step 

implementation of NCA synthesis and subsequent polymerization was not feasible. While we are 

looking into integrating those two incompatible processes through a stepwise approach, we also 

envision spatially separating the two processes by immobilizing the key reagents for each step 

onto solid supports in one reaction vessel. Potential solid-phase coupling reagent for NCA 

synthesis to test includes but is not limited to P2O5 and polymer-supported Mukaiyama 

reagent.171 

 

3.3 Conclusion and outlook 

 In summary, we have developed conditions to synthesize N-carboxyanhydrides (NCAs) 

from amino acids utilizing abundant CO2 as a building block. We replaced extremely toxic 

reagents in our developed system and utilized conventional coupling reagents CMPI and T3P to 

facilitate the ring closing of NCAs. However, further investigation is required to explore the 

feasibility of a one-pot consecutive process for the formation of polypeptides/polypeptoids from 

amino acids through NCA synthesis and subsequent polymerization. It is important to mention 

that besides the aromatic 6-membered ring NCAs, which is the primary focus of the current 

study, our developed method demonstrated efficacy for the synthesis of N-substituted 5-

membered NCAs. Unfortunately, we have not yet achieved satisfactory results with 

unsubstituted 5-membered NCAs due to their instability. While a few publications have 

demonstrated their approaches towards the versatile production of polypeptide/peptoids from 
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amino acids and derivatives, encompassing the formation of intermediate NCAs, they required 

multi-step synthesis and a tremendous amount of purification efforts.169, 172-174 Therefore, there is 

an urgent need on finding opportunities to convert the unstable unsubstituted 5-membered NCAs 

into polypeptides under controlled conditions. 

 

3.4 Experimental section 

General considerations 

4-(Dimethylamino)pyridine (DMAP), n-propylphosphonic anhydride (T3P), 2-chloro-1-

methylpyridinium iodide (CMPI), 1,1′-carbonyldiimidazole (CDI), triethylamine (TEA), and 

N,N-diisopropylethylamine (DIPEA) were purchased from Sigma Aldrich or VWR and used as 

received. Carbon dioxide (USP grade) was purchased from Matheson Tri-Gas Inc. or Airgas Inc. 

and used as received. The other reagents were purchased from Ambeed Inc., Alfa Aesar, AK 

Scientific Inc., Matrix Scientific, TCI, and Sigma-Aldrich and used as received. Deuterated 

solvents were purchased from Cambridge Isotope Laboratories Inc. Acetonitrile was distilled 

over calcium hydride and stored over sieves prior to use. 

NMR spectra were acquired using JEOL (ECA-300, 400, and 500), or Bruker (AV-300 

and AV-500) at ambient temperature and referenced using residual solvent peaks. All 13C and 19F 

NMR spectra were proton decoupled. Gas chromatography-mass spectrometry (GC-MS) was 

performed using an Agilent 7890 GC/5977A MSD instrument equipped with an HP-5MS 

capillary column. DART-MS used a Thermo Exactive Plus MSD (Thermo Scientific) equipped 

with an ID-CUBE ion source and a Vapur Interface (IonSense). Both the source and MSD were 

controlled by Excalibur v. 3.0. The analyte was spotted on OpenSpot sampling cards (IonSense) 

using chloroform as the solvent. Ionization was accomplished using He plasma with no 
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additional ionization agents. Mass calibration was carried out using Pierce LTQ Velos ESI (+) 

and (-) Ion calibration solutions (Thermo Fisher Scientific). 

General procedure for the synthesis of 2-(N-Benzylamino)benzoic acids 

OH

O

NHOH

O

NH2

H

O

+
DCER

NaBH(OAc)3 R

 

Under N2, 2-aminobenzoic acid derivative (1.0 equiv.) and benzaldehyde (1.0 equiv.) were 

dissolved in 1,2-dichloroethane in a 100 mL round-bottom flask with a magnetic stir bar. The 

mixture was stirred at ambient temperature for 2 h, which led to the formation of a slurry. Solid 

NaBH(OAc)3 (1.4 equiv.) was added and the slurry was allowed to stir overnight under N2. Upon 

completion, a saturated solution containing NaHCO3 was added to quench the reaction. The 

mixture was extracted into ethyl acetate (3×100 mL) and the organic layer was separated, dried 

over MgSO4, filtered, and evaporated to dryness. The benzylated products were obtained as 

solids and used in the next step without any further purification. 

2-(N-Benzylamino)-4-fluorobenzoic acid (1c) 

NH

OH

O

F

 

Compound 1c was synthesized by following the above method. It was isolated as a white solid 

(1.83 g, 83%). This compound was reported previously.175 1H NMR (300 MHz, 25 oC, DMSO-d6): 
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δ (ppm) = 8.48 (br, 1H, NH), 7.86 (dd, J = 8.8, 7.1 Hz, 1H, ArH), 7.34 (s, 4H, ArH), 7.31 – 7.28 

(m, 1H, ArH), 6.45 (dd, J = 12.7, 2.5 Hz, 1H, ArH), 6.36 (td, J = 8.5, 2.5 Hz, 1H, ArH), 4.46 (s, 

2H, NCH2Ar). 13C NMR (125 MHz, 25 oC, DMSO-d6): δ (ppm) = 169.3 (COOH), 166.3 (d, J = 

248.0 Hz, CF), 152.9 (d, J = 12.7 Hz), 138.8, 134.6 (d, J = 11.9 Hz), 128.6, 127.1, 127.1, 107.3, 

101.9 (d, J = 22.7 Hz), 97.8 (d, J = 25.8 Hz), 45.9 (NCH2Ar). 19F NMR (282 MHz, 25 oC, DMSO-

d6): δ (ppm) = -104.40 (dt, J = 12.7, 7.7 Hz). 

2-(N-Benzylamino)-5-fluorobenzoic acid (1d) 

NH

OH

O
F

 

Compound 1d was synthesized by following the above method. It was isolated as a white solid 

(1.54 g, 42%). This compound has been reported previously.176 1H NMR (300 MHz, 25 oC, 

DMSO-d6) of 1d: δ (ppm) = δ 7.53 (dd, J = 9.8, 3.2 Hz, 1H, ArH), 7.34 (d, J = 4.4 Hz, 4H, ArH), 

7.23 – 7.14 (m, 2H, ArH), 6.69 (dd, J = 9.3, 4.5 Hz, 1H, ArH), 4.45 (s, 2H, NCH2Ar).  13C NMR 

(101 MHz, 25 oC, DMSO-d6): δ (ppm) = 169.6 (d, J = 2.6 Hz, COOH), 152.8 (d, J = 231.2 Hz, 

CF), 148.2 (d, J = 0.5 Hz), 139.8, 129.1, 127.6, 127.5, 122.4 (d, J = 22.7 Hz), 117.1 (d, J = 22.7 

Hz), 113.7 (d, J = 7.0 Hz), 110.8 (d, J = 6.3 Hz), 46.6 (NCH2Ar). 19F NMR (376 MHz, 25 oC, 

DMSO-d6): δ (ppm) = -130.1 (ddd, J = 9.8, 8.1, 4.5 Hz). 

2-(N-Benzylamino)-4-methoxybenzoic acid (1e) 
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NH

OH

O

MeO

 

Compound 1e was synthesized by following the above method. It was isolated as a brown solid 

(1.58 g, 41%). This compound was reported previously.177 1H NMR (300 MHz, 25 oC, CDCl3) of 

1e: δ (ppm) = 8.20 (br, 1H, COOH), 7.94 – 7.91 (d, J = 7.0 ppm, 1H, ArH), 7.36 (m, 5H, ArH), 

6.22 (dd, J = 9.1, 2.5 Hz, 1H, ArH), 6.06 (d, J = 2.5 Hz, 1H, ArH), 4.46 (s, 2H, NCH2Ar), 3.72 (s, 

3H, CH3OAr). 13C NMR (101 MHz, 25 oC, DMSO-d6): δ (ppm) = 170.2 (COOH), 149.3, 146.2, 

140.3, 129.0, 127.6, 127.4, 123.1, 115.0, 113.8, 110.8, 55.9 (CH3OAr), 46.8 (NCH2Ar). 

2-(N-Benzylamino)-5-methoxybenzoic acid (1f)  

NH

OH

O
MeO

 

Compound 1f was synthesized by following the above method. It was isolated as a yellow solid 

(2.50 g, 65%). This compound was reported previously.175 1H NMR (300 MHz, 25 oC, CDCl3) of 

1f: δ (ppm) = 7.50 (d, J = 3.3 Hz, 1H, ArH), 7.34 – 7.27 (m, 5H, ArH), 7.01 (dd, J = 9.7, 3.3 Hz, 

1H, ArH), 6.63 (d, J = 9.0 Hz, 1H, ArH), 4.47 (s, 2H, NCH2Ar), 3.76 (s, 3H, CH3O). 13C NMR 

(101 MHz, 25 oC, DMSO-d6): δ (ppm) = 170.2 (COOH), 164.7, 153.0, 139.8, 134.2, 129.1, 127.7, 

127.5, 104.3, 102.3, 96.3, 55.5 (CH3OAr), 46.5 (NCH2Ar). 

2-(N-Benzylamino)-5-methylbenzoic acid (1g)  
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NH

OH

O
Me

 

Compound 1g was synthesized by following the above method. It was isolated as a light-yellow 

solid (1.52 g, 70%). This compound was reported previously.176 1H NMR (500 MHz, 25 oC, 

CDCl3): δ (ppm) = 7.79 (s, 1H, ArH), 7.39 – 7.26 (m, 5H, ArH), 7.16 (d, J = 8.6 Hz, 1H, ArH), 

6.57 (d, J = 8.6 Hz, 1H, ArH), 4.48 (s, 2H, NCH2Ar), 2.23 (s, 3H, CH3). 13C NMR (125 MHz, 25 

oC, CDCl3): δ (ppm) = 174.2 (COOH), 149.7, 139.0, 136.9, 132.4, 128.8, 127.2, 127.0, 124.3, 

112.2, 109.0, 47.2 (NCH2), 20.2 (ArCH3). 

General Procedure for the Synthesis of N-Carboxyanhydrides (NCA) from 2-Aminobenzoic 

Acids and CO2 

N
H

OH

O

MeCN

CO2

base

NN

temperature, time

CO2

temperature, time N

O

O

O N

N
O

O

+

2 2'1a

Coupling reagent
RRR

R'

R'R'

R'R

 

One-pot two-step, Method I: To a 350 mL stainless steel Parr reaction vessel equipped with a 

stir bar, 2-aminobenzoic acid derivative (2.5 mmol, 1 equiv.), 4-(dimethylamino)pyridine (1 

equiv.), anhydrous acetonitrile (50 mL), and N,N-diisopropylethylamine (2.2 to 4 equiv.) were 

added. The reaction vessel was sealed and purged with CO2 three times. The CO2 pressure was 

increased to 300 psi and the system was heated to 65 °C and stirred for 2 h. The vessel was then 

cooled to RT and the CO2 pressure was reduced to below 5 psi so that the coupling reagent (1.05 
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to 3 equiv.) could be injected into the reactor via syringe. The vessel was pressured with CO2 to 

300 psi and the contents were heated at 65 °C and stirred for another 24 h. To stop the reaction, 

the vessel was cooled to RT and slowly vented. The resulting mixture was then diluted with 250 

mL of ethyl acetate, washed with a saturated solution of NaCl, and then washed again with cold 

water twice. The organic layer was collected, and dried over anhydrous MgSO4, and the volatiles 

were removed under reduced pressure to afford the NCA product as a yellow/brown solid.  

One-pot one-step, Method II: To a 350 mL stainless steel Parr reaction vessel equipped with a 

stir bar, 2-aminobenzoic acid derivative (2.5 mmol, 1 equiv.), 4-(dimethylamino)pyridine (1 

equiv.), anhydrous acetonitrile (50 mL), N,N-diisopropylethylamine (0 to 4 equiv.), and n-

propylphosphonic anhydride anhydride (4.5 mL - 50% wt in ethyl acetate, 1.5 to 3 equiv.) were 

added. The reaction vessel was sealed and purged with CO2 three times. The CO2 pressure was 

increased to 300 psi and the contents were heated to 65 °C and stirred for 24 h. To stop the 

reaction, the vessel was cooled to RT and vented. The resulting mixture was then diluted with 

250 mL of ethyl acetate, washed with a saturated NaCl solution, and then washed again with cold 

water twice. The organic layer was collected and dried over anhydrous MgSO4. The volatiles 

were removed under reduced pressure to afford the NCA product as a yellow/brown solid. 

One-pot one-step, Method III: To a 350 mL stainless steel Parr reaction vessel equipped with a 

stir bar, 2-aminobenzoic acid derivative (2.5 mmol, 1 equiv.) and anhydrous acetonitrile (40 mL) 

were combined. The vessel was sealed, purged with CO2 (300 psi), and stirred for 30 min at RT. 

After releasing the pressure, the temperature went down to below 5 °C. The vessel was then 

opened so that N,N-diisopropylethylamine (2 mL, 10 mmol, 4 equiv.), and n-propylphosphonic 

anhydride (4.5 mL, 7.5 mmol, 3 equiv.) could be injected into the reactor. The reaction vessel 

was quickly sealed and purged with CO2 three times. The CO2 pressure was increased to 300 psi 
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and the contents were heated to 40 °C and stirred for 15 h. To stop the reaction, the vessel was 

cooled to RT and vented. The resulting mixture was then diluted with 100 mL of ethyl acetate, 

washed with cold deionized water, and then washed again with a saturated NaCl solution. The 

organic layer was collected and dried over anhydrous MgSO4. The volatiles were removed under 

reduced pressure to afford the NCA product as an off-white solid or brown oil. 

3,1-Benzoxazine-2,4(1H)-dione (Isatoic anhydride, 2a) 

N
H

O

O

O
 

Compound 2a was synthesized by following One-pot one-step, Method III. It was obtained as 

an off-white solid (400 mg, 99%) without any further purification needed. This compound was 

reported previously.166 1H NMR (300 MHz, 25 oC, DMSO-d6): δ (ppm) = 11.71 (s, 1H, NH), 7.94 

(dd, J = 7.9, 1.1 Hz, 1H, ArH), 7.76 – 7.66 (m, 1H, ArH), 7.29 (t, J = 7.4 Hz, 1H, ArH), 7.17 (d, J 

= 8.2 Hz, 1H, ArH). 13C NMR (101 MHz, 25 oC, DMSO-d6): δ (ppm) = 160.4 (ArCOO), 147.7 

(ArNCOO), 141.9, 137.5, 129.5, 124.1, 115.9, 110.8. GC-MS: calc. for C8H5NO3 [M]+ = 163.0, 

found 163.0. 

Dibenzo[b,f][1,5]diazocine-6,12(5H,11H)-dione (2a′) 

HN

H
N

O

O  

Compound 2a′ was synthesized by following the condition described in Table B3, entry 2. It was 

isolated as a yellow solid (190 mg, 64%) after purification by silica gel chromatography using 
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hexanes/ethyl acetate/diethyl ether (9/3/1) as the eluent. This compound was reported 

previously.178 1H NMR (300 MHz, 25 oC, CDCl3): δ (ppm) = 8.23 (dd, J = 7.9, 1.3 Hz, 1H, ArH), 

8.11 (dd, J = 8.4, 1.5 Hz, 1H, ArH), 7.80 – 7.72 (m, 1H, ArH), 7.56 (d, J = 7.9 Hz, 1H, ArH), 7.49 

– 7.41 (m, 1H, ArH), 7.32 – 7.26 (m, 1H, ArH), 6.75 (dt, J = 7.1, 3.4 Hz, 2H, ArH), 6.48 (br, 2H, 

NH). 13C NMR (101 MHz, 25 oC, CDCl3): δ (ppm) = 159.4 (ArCON), 158.0, 149.8, 146.7, 136.6, 

133.8, 129.7, 128.7, 127.8, 126.5, 116.9, 116.8, 116.6, 110.1. GC-MS: calc. for C14H10N2O2 [M]+ 

= 238.1, found 238.1. 

1-Benzyl-3,1-benzoxazine-2,4-dione (2b) 

N

O

O

O

 

Compound 2b was synthesized by following One-pot one-step, Method II. It was obtained as a 

light-yellow solid (487 mg, 77%) without any further purification needed. This compound was 

reported previously.167 1H NMR (400 MHz, 25 oC, CDCl3): δ (ppm) = 8.15 (dd, J = 7.9, 1.5 Hz, 

1H, ArH), 7.63 (ddd, J = 8.7, 7.4, 1.6 Hz, 1H, ArH), 7.38 – 7.32 (m, 2H, ArH), 7.32 – 7.27 (m, 

3H, ArH), 7.27 – 7.23 (m, 1H, ArH), 7.11 (d, J = 8.5 Hz, 1H, ArH), 5.30 (s, 2H, NCH2Ar). 13C 

NMR (101 MHz, 25 oC, CDCl3): δ (ppm) = 158.5 (ArCOO), 148.6 (ArNCOO), 141.5, 137.3, 134.5, 

131.0, 129.3, 128.3, 126.7, 124.3, 114.8, 111.9, 48.6 (NCH2Ar). GC-MS: calc. for C15H10NO3 

[M]+ = 253.1, found 253.1. 

5,11-Bis(phenylmethyl)dibenzo[b,f][1,5]diazocine-6,12(5H,11H)-dione (2b′) 
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N

N
O

OBn

Bn

 

Compound 2b′ was synthesized by following the condition described in Table 3.1, entry 5. It was 

isolated as an off-white solid (300 mg, 58%) after purification by silica gel chromatography using 

ethyl acetate/ hexanes (3/7) as the eluent. This compound was reported previously.179 1H NMR 

(300 MHz, 25 oC, CDCl3): δ (ppm) = 7.31 – 7.25 (m, 8H, ArH), 7.21 – 7.17 (m, 4H, ArH), 7.17 – 

7.13 (m, 4H, ArH), 6.87 – 6.82 (m, 2H, ArH), 5.06 (d, J = 14.3 Hz, 2H, NCH2Ar), 4.88 (d, J = 

14.3 Hz, 2H, NCH2Ar). 13C NMR (101 MHz, 25 oC, CDCl3): δ (ppm) = 167.9 (ArCON), 139.1, 

136.6, 135.3, 130.5, 129.1, 128.7, 128.5, 127.9, 127.9, 126.2, 53.0 (NCH2Ar). GC-MS: calc. for 

C28H22N2O2 [M]+ = 418.2, found 418.2. 

1-Benzyl-2H-6-fluorobenzo[d][1,3]oxazine-2,4-dione (2c) 

N

O

O

OF

 

Compound 2c was synthesized by following One-pot one-step, Method II. It was obtained as a 

white-yellowish solid (502 mg, 74%) without any further purification needed. This compound was 

reported previously.180 1H NMR (500 MHz, 25 oC, CDCl3): δ (ppm) = 8.18 (dd, J = 8.8, 6.1 Hz, 

1H, ArH), 7.38 (ddd, J = 7.6, 6.2, 1.3 Hz, 2H, ArH), 7.35 – 7.28 (m, 3H, ArH), 6.96 (ddd, J = 8.8, 

7.8, 2.2 Hz, 1H, ArH), 6.81 (dd, J = 10.1, 2.2 Hz, 1H, ArH), 5.26 (s, 2H, NCH2Ar). 13C NMR (125 

MHz, 25 oC, CDCl3): δ (ppm) = 168.1 (d, J = 259.0 Hz, CF), 157.5 (ArCOO), 148.5 (ArNCOO), 



102 
 

143.8 (d, J = 12.3 Hz), 133.9 (d, J = 11.4 Hz), 133.9, 129.4, 128.5, 126.7, 112.4 (d, J = 22.9 Hz), 

108.4 (d, J = 2.3 Hz), 102.6 (d, J = 28.1 Hz), 49.0 (NCH2Ar). GC-MS: calc. for C15H10NO3F [M]+ 

= 271.1, found 271.1. 

1-Benzyl-2H-7-fluorobenzo[d][1,3]oxazine-2,4-dione (2d) 

N

O

O

O

F

 

Compound 2d was synthesized by following One-pot one-step, Method II. It was isolated as a 

light-yellow solid (404 mg, 55%) after purification by silica gel chromatography using ethyl 

acetate : hexanes (3:7) as the eluent, followed by recrystallization in CH2Cl2. This compound was 

reported previously.181 1H NMR (300 MHz, 25 oC, CDCl3): δ (ppm) = 7.84 (dd, J = 7.5, 3.0 Hz, 

1H, ArH), 7.39 – 7.28 (m, 6H, ArH), 7.09 (dd, J = 9.2, 3.9 Hz, 1H, ArH), 5.30 (s, 2H, NCH2Ar). 

13C NMR (125 MHz, 25 oC, CDCl3): δ (ppm) = 158.6 (d, J = 247.5 Hz, CF), 157.6 (d, J = 3.0 Hz, 

ArCOO), 148.2 (ArNCO), 137.9 (d, J = 2.2 Hz), 134.2, 129.4, 128.4, 126.6, 125.0 (d, J = 23.7 Hz), 

117.0 (d, J = 7.5 Hz), 116.4 (d, J = 24.3 Hz), 113.3 (d, J = 8.0 Hz), 49.0 (NCH2Ar). GC-MS: calc. 

for C15H10NO3F [M]+ = 271.1, found 271.1. 

1-Benzyl-2H-6-dimethoxybenzo[d][1,3]oxazine-2,4-dione (2e) 

N

O

O

OMeO
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Compound 2e was synthesized by following One-pot one-step, Method II. It was obtained as a 

yellow solid (587 mg, 83%) without any further purification needed. 1H NMR (500 MHz, 25 oC, 

CDCl3): δ (ppm) = 8.04 (d, J = 8.8 Hz, 1H, ArH), 7.39 – 7.25 (m, 5H, ArH), 6.75 (dd, J = 8.8, 1.8 

Hz, 1H, ArH), 6.52 (s, 1H, ArH), 5.25 (s, 2H, NCH2Ar), 3.78 (s, 3H, CH3OAr). 13C NMR (125 

MHz, 25 oC, CDCl3): δ (ppm) = 166.7 (ArCOO), 158.0 (ArNCOO), 149.1, 143.4, 134.6, 133.0, 

129.2, 128.2, 126.8, 110.7, 104.5, 100.2, 56.0 (CH3OAr), 48.7 (NCH2Ar). ESI-MS (+): calc. for 

C16H13NO4 [M+H]+ = 284.09173, found 284.09251. 

1-Benzyl-2H-7-dimethoxybenzo[d][1,3]oxazine-2,4-dione (2f) 

N

O

O

O

MeO

 

Compound 2f was synthesized by following One-pot one-step, Method II. It was isolated as a 

white-yellowish solid (148 mg, 21%) after purification by silica gel chromatography using ethyl 

acetate : hexanes (3:7) as the eluent. 1H NMR (500 MHz, 25 oC, CDCl3): δ (ppm) = 7.57 (d, J = 

3.0 Hz, 1H, ArH), 7.39 – 7.27 (m, 5H, ArH), 7.20 (dd, J = 9.1, 3.0 Hz, 1H, ArH), 7.03 (d, J = 9.2 

Hz, 1H, ArH), 5.28 (s, 2H, NCH2Ar), 3.84 (s, 3H, CH3OAr). 13C NMR (125 MHz, 25 oC, CDCl3): 

δ (ppm) = 158.6 (ArCOO), 156.2 (ArNCOO), 148.5, 135.5, 134.7, 129.3, 128.2, 126.7, 126.0, 

116.4, 112.6, 111.8, 56.1 (CH3OAr), 48.7 (NCH2Ar). GC-MS: calc. for C16H13NO4 [M]+ = 283.1, 

found 283.1. ESI-MS (+): calc. for C16H13NO4 [M+H]+ = 284.09173, found 284.09272. 

1-Benzyl-2H-7-methylbenzo[d][1,3]oxazine-2,4-dione (2g) 
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N

O

O

O

Me

 

Compound 2g was synthesized by following One-pot one-step, Method II. It was isolated as a 

light-yellow solid (281 mg, 42%) after purification by silica gel chromatography using ethyl 

acetate : hexanes (3:7) as the eluent. This compound was reported previously.181 1H NMR (500 

MHz, 25 oC, CDCl3): δ (ppm) = 7.95 (d, J = 2.0 Hz, 1H, ArH), 7.46 – 7.40 (m, 1H, ArH), 7.39 – 

7.27 (m, 5H, ArH), 7.00 (d, J = 8.6 Hz, 1H, ArH), 5.29 (s, 2H, NCH2Ar), 2.37 (s, 3H, CH3Ar). 13C 

NMR (125 MHz, 25 oC, CDCl3) δ (ppm) = 158.6 (ArCOO), 148.6 (ArNCOO), 139.3, 138.3, 134.6, 

134.3, 130.5, 129.2, 128.2, 126.7, 114.8, 111.7, 48.5 (NCH2Ar), 20.5 (CH3Ar). GC-MS: calc. for 

C16H13NO3 [M]+ = 267.1, found 267.1. 

1-Methyl-2H-3,1-benzoxazine-2,4(1H)-dione (2h) 

N

O

O

O
 

Compound 2h was synthesized by following One-pot one-step, Method III. It was obtained as 

an off-white solid (335 mg, 76%) without any further purification needed. This compound was 

reported previously.168 1H NMR (500 MHz, 25 oC, CDCl3) of 2h: δ (ppm) = 8.18 (dd, J = 7.8, 

1.7 Hz, 1H, ArH), 7.80 (dt, J = 8.9, 1.5 Hz, 1H, ArH), 7.31 (dt, J = 7.9, 0.76 Hz, 1H, ArH), 7.20 

(d, J = 8.0 Hz, 1H, ArH), 3.42 (s, 3H, CH3N). 13C NMR (125 MHz, 25 oC, CDCl3): δ (ppm) = 



105 
 

158.6 (ArCOO), 148.1 (ArNCOO), 142.1, 137.4, 130.9, 124.2, 113.9, 112.9, 32.0 (CH3N). GC-

MS: calc. for C9H7NO3 [M]+ = 177.0, found 177.1. 

6-Methyl-2H-3,1-benzoxazine-2,4(1H)-dione (2i) 

N
H

O

O

O
 

Compound 2i was synthesized by following One-pot one-step, Method III. It was obtained as an 

off-white solid (341 mg, 77%) without any further purification needed. This compound was 

reported previously.182 1H NMR (500 MHz, 25 oC, DMSO-d6): δ (ppm) = 11.65 (br, 1H, NH), 7.71 

(s, 1H, ArH), 7.56 (dd, J = 8.3, 1.6 Hz, 1H, ArH), 7.06 (d, J = 8.3 Hz, 1H, ArH), 2.32 (s, 3H, 

CH3Ar). 13C NMR (125 MHz, 25 oC, DMSO-d6): δ (ppm) = 160.0 (ArCOO), 147.2 (ArNCOO), 

139.3, 138.0, 133.0, 115.3, 110.0, 20.1 (CH3Ar).  

3-Phenyloxazolidine-2,5-dione (4) 

N

OO
O

 

Compound 4 was synthesized from N-phenylglycine by following One-pot one-step, Method III. 

It was obtained as an off-white solid (225 mg, 51%) after recrystallization in CHCl3. This 

compound was reported previously.183 1H NMR (300 MHz, 25 oC, CDCl3): δ (ppm) = 7.51 (d, J = 

7.9 Hz, 2H, ArH), 7.44 (t, J = 8.0 Hz, 2H, ArH), 7.25 (t, J = 7.2 Hz, 1H, ArH), 4.56 (s, 2H, 

NCH2COO). 13C NMR (125 MHz, 25 oC, CDCl3): δ (ppm) = 164.0 (CH2COO), 149.1 (ArNCOO), 

135.8, 129.8, 126.0, 118.9, 49.6 (NCH2COO). 
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Synthesis of 1-octyl-2H-benzo[d][1,3]oxazine-2,4(1H)-dione (2j). 

N

O

O

O
C8H17

N
H

O

O

O

1) NaH, 1 h
2) n-C8H17Br, overnight

DMF
RT

 

Compound 2j was synthesized following a modified published procedure.184 In a 100 mL round 

bottom flask, isatoic anhydride (1.7 g, 10.4 mmol, 1 equiv.) was added to 10 mL of DMF under 

nitrogen. To the stirring solution of isatoic anhydride, 0.38 g (15.6 mmol, 1.5 equiv.) of NaH was 

added in portions. The reaction was stirred for one hour at room temperature and to which 2.74 

mL (15.6 mmol, 1.5 equiv.) of 1-bromooctane (n-C8H17Br) was added. The reaction was stirred 

overnight. Upon completion, the reaction mixture was added to 500 mL of ice water and 

extracted with ether three times. The combined organic layer was died with MgSO4 and filtered 

through celite. After the removal of the solvent, the crude was recrystallized from diethyl ether 

layered with hexanes to yield a white crystalline product (554 mg, 20%).  1H NMR (500 MHz, 

25 oC, CDCl3) of 2j: δ (ppm) = 8.18 (dd, J = 8.0, 1.5 Hz, 1H, ArH), 7.76 (dt, J = 8.8, 1.6 Hz, 1H, 

ArH), 7.29 (dt, J = 8.8, 0.9 Hz, 1H, ArH), 7.17 (d, J = 8.5 Hz, 1H, ArH), 7.15 (t, J = 8 Hz, 1H, 

ArH), 4.05 (t, J = 8.0 Hz, 2H, NCH2), 1.75 (quintet, 2H NCH2CH2), 1.43-1.27 (m, (CH2)5), 0.88 

(t, J = 7.0 Hz, 3H, CH3). 
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3.5 Appendix B 

 

Figure B1. 1H NMR (500 MHz, 25 oC, CDCl3) of 2j: δ (ppm) = 8.18 (dd, J = 8.0, 1.5 Hz, 1H, 

ArH), 7.76 (dt, J = 8.8, 1.6 Hz, 1H, ArH), 7.29 (dt, J = 8.8, 0.9 Hz, 1H, ArH), 7.17 (d, J = 8.5 Hz, 

1H, ArH), 7.15 (t, J = 8 Hz, 1H, ArH), 4.05 (t, J = 8.0 Hz, 2H, NCH2), 1.75 (quintet, 2H 

NCH2CH2), 1.43-1.27 (m, (CH2)5), 0.88 (t, J = 7.0 Hz, 3H, CH3). 

 

Table B1. Screening coupling reagents using the one-pot two-step method. 
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NH

OH

O

N

O

O

O N

N
O

O

+

Bn Bn Bn

Bn

2b 2b'1b

1. CO2, DIPEA, DMAP,
MeCN, 65 °C, 2h

2. coupling reagent, 
CO2, 15 to 65 °C, 24 h

O
P

O
P
O

P
O

O O

N ClI
N N

O

NN

CDICMPI T3P

coupling reagents

 

Entrya 
Coupling reagent 

(equiv.) 

Conversionb 

(%) 

Isolated yield 

(%) 
2b: 2b′b 

1 T3P (1.5) 100 80 100:8 

2 T3P (3) 100 82 100:1 

3 CMPI (1.5) 100 54 100:20 

4 CDI (1.5) 100 0 - 

a. Reaction conditions: 2-(N-benzylamino)benzoic acid (2.5 mmol), DMAP (1 equiv.), 

DIPEA (4 equiv.), MeCN (50 mL). The reactions were set up using Method I described 

in the experimental section. 

b. Determined by 1H NMR spectroscopy using 1,3,5-trimethoxybenzene as an internal 

standard. 

Table B2. One-pot synthesis of N-benzyl substituted six-membered NCAs in different solvents. 



109 
 

NH

OH

O

N

O

O

O N

N
O

O

+

Bn Bn Bn

Bn

2b 2b'1b

T3P
DIPEA
DMAP

solvent
65 °C, 24 h

CO2
 (300 psi)

 

Entrya Solvent 
Conversionb 

(%) 

Yieldb 

(%) 
2b: 2b′b 

1 THF 100 - 100:40 

2 MeCN 100 85 100:0 

3 Ethylene carbonate 100 - 100:0 

4 Propylene carbonate 100 27 100:0 

5 
Propylene carbonate: THF 

(3:7) 
100 73 100:0 

6 Propylene oxide 100 - - 

a. Reaction conditions: 2-(N-benzylamino)benzoic acid (2.5 mmol), DMAP (1 equiv), 

DIPEA (4 equiv.), T3P (3 equiv.), CO2 (300 psi), solvent (50 mL). The reactions were set 

up using Method II described in the experimental section. 

b. Determined by 1H NMR spectroscopy using 1,3,5-trimethoxybenzene as an internal 

standard. 

Table B3. Studying the effect of different reagents and reactants. 
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NH

OH

O

N

O

O

O N

N
O

O

+

Bn Bn Bn

Bn

2b 2b'1b

T3P
DIPEA
DMAP

MeCN
65 °C, 24 h

CO2
 (300 psi)

 

Entrya Experiment 
Conversionb 

(%) 

Yield of 2bb 

(%) 

Yield of 

2b′b 

(%) 

2b: 2b′b 

1 Omitting CO2 100 0 68 0:100 

2 Omitting DIPEA 90 2.5 - 1: 16 

3 Omitting DMAP 63 10 - 100: 37.5 

4 Omitting T3P 42.5 0 0 0:0 

5 T3P (1.5 equiv.) 95 56 - 100: 11 

6 T3P (3 equiv.) 100 85 - 100:0 

a. Reaction conditions: 2-(N-benzylamino)benzoic acid (2.5 mmol), DMAP (1 equiv.), DIPEA 

(4 equiv.), T3P (3 equiv.), CO2 (300 psi), CH3CN (50 mL). The reactions were set up using 

Method II described in the experimental section. 

b. Determined by 1H NMR spectroscopy using 1,3,5-trimethoxybenzene as internal standard. 
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Chapter 4. Surface immobilization of ferrocene-based compounds 

4.1 Introduction 

 Harnessing easily tunable and well-defined organometallic catalysts with robust and 

recyclable solid supports has garnered significant attention.54 Various strategies have been 

pursued to heterogenize homogeneous organometallic catalysts onto solid support in order to 

combine the advantages from both realms. The resulting hybrid catalysts often exhibit enhanced 

catalytic performance in comparison to their homogeneous analogue. Reports on surface-

immobilization of Schiff base compounds, represented by salen and salphen, have been shown to 

improve catalytic activities, prolong catalyst lifetimes, and facilitate catalyst recycling.185-191 It is 

important to emphasize the immerse potential of attaching metal complexes onto conducting or 

semiconducting solid surfaces. The immobilization of metal complexes onto electrically 

addressable surfaces potentially enables efficient electron transfers between the interfaces, 

therefore expanding the capability of the hybrid material in electrochemical applications.192 A 

growing number of applications based on the surface-anchored metal complexes based on 

pyridine or porphyrin have been reported for energy storage- and conversion-related reactions.193 

However, fewer investigations were focused on salen derivatives regardless of their superior 

catalytic behavior in a wide range of organic transformations.188-190, 194, 195 There remains a gap in 

combining the superior molecular catalytic activities of salen derivatives with the outstanding 

electronic communication capability of the solid surfaces. It is important to realize that the 

conductive/semiconductive surface holds unrealizing potentials beyond chemically or 

electrochemically inert support.196, 197 In addition, integrating redox-active transition metal 

complexes on electrically addressable surfaces may provide temporal control over a catalytic 

process through electrochemically induced redox events.52 The utilization of surface-bounded 
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compounds also allows the investigation of spatial control by confining the catalytic active 

species on the surface. 
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Figure 4.1. Selection of examples of surface-immobilized Schiff base derivatives through a) 

substitution of alkyl chloride with amine; b) amide bond formation; c) radical addition of alkene 
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with thiol.186, 189, 191, 198 

 

 Metal oxides have garnered significant attention as solid supports for surface 

immobilization of molecular compounds owing to their inherent stability and versatility. Surface 

functionalization onto metal oxides can be accessed through a diverse range of anchoring groups 

including carboxylic acids, phosphonic acids, silanes, etc. 199, 200 A selection of methods to 

immobilize salphen-supported metal complexes is shown in Figure 4.1, while more strategies 

have been developed based on different solid surfaces through manifold linkages.186, 189, 191, 198 In 

the previous chapter, we briefly discussed the ring-opening polymerization of 6-membered ring 

NCAs catalyzed by salphenAl complexes and the attempts towards integrating the synthesis of 

NCAs with their subsequent polymerization process. However, owing to the incompatibility of 

the reaction conditions between NCA synthesis and polymerization steps, integration of the two 

processes in one pot without compartmentalization was unfeasible. In order to potentially 

achieve a separation of the active reagent involved in the two steps, our approach involves the 

immobilization of the polymerization catalyst onto a solid support. Meanwhile, our collaborators 

are exploring potential compartmentalization for the active reagents involved in NCA synthesis. 

 More importantly, inspired by a study on surface-initiated redox switchable 

polymerization achieved by anchoring an iron catalyst to TiO2 nanoparticles,52 we became 

interested in extending the study of redox-switchable ring-opening polymerization to the solid 

state by immobilizing the ferrocene derivative onto a conducting surface (Figure 4.2). The 

immobilization of redox-active metal complexes onto a conducting surface provides a viable 

platform to explore surface-initiated polymerizations. Such a hybrid system holds the potential of 

synthesizing distinct polymer blocks through the selective application of an electrical stimulus. 
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Compared to the homogeneous electrochemically controlled redox switchable system, spatially 

confining the catalyst on the electrode potentially reduces the distance from the electrode to the 

redox mediator by adjusting the length of the linkage, thereby circumventing mass transport 

limitations. Furthermore, the investigations disclosed in this chapter provide invaluable insights 

for the further development of a hybrid catalyst through the heterogenization of a homogeneous 

catalyst on a functional surface. 

 

Figure 4.2. Immobilization of the redox-responsive catalyst onto the electrode for 

spatiotemporal control over polymerization reactions. 

 

4.2 Results and discussion 

Synthesis of salfen-derived compounds with anchoring handles (salfen-CH2X, salfen-

COOR, and salfen-C≡CH) 

 Inspired by the successful anchoring of the Schiff base compounds onto solid support via 

alkyl chloride linkages, we decided to first attempt to synthesize a salfen derivative with alkyl 

chloride appended (salfen = N,N′-bis (2,4-di-tert-butylphenoxy)-1,1′-ferrocenediimine).189, 201-203 

We proposed that with a self-assembled monolayer of aminosilane, 3-(trimethyoxysilyl)propan-
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1-amine for example, a Salfen-based metal complex modified with alkyl chloride could be 

potentially attached to a solid surface (Figure 4.3). Our initial approaches to synthesizing salfen-

CH2Cl, A1, under different conditions, did not yield the desired product. In fact, the reaction of 1 

equivalent of 1,1’-diaminoferrocene with 2 equivalents of 3-(tert-butyl)-5-(chloromethyl)-2-

hydroxybenzaldehyde in methanol provided 3-(tert-butyl)-5-(methyoxymethyl)-2-

hydroxybenzaldehyde as the product; and activating the aldehyde using anhydrous HCl (2 M in 

ether) in methanol provide a salfen-derived compound, A2, as observed in NMR spectroscopy 

(Figure C10-14). Unfortunately, the reaction did not work in non-alcoholic solvents (Table C1). 

We postulated that the substitution of the reactive alkyl chloride is faster than the amine-

aldehyde condensation reaction in methanol. The substitution of Cl- with MeO- from methanol 

occurs instantly before the imine formation started, therefore yielding A2 as the product (Scheme 

4.1). 
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Figure 4.3. Proposed anchoring strategy for metal complex supported by salfen derivative with 

alkyl chloride. 
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Scheme 4.1. Attempt to synthesize salfen derivative with alkyl chloride. 

 

 We next looked into salfen compounds with carboxylic substitution on the phenoxy ring 

of salfen for ease of modification compared to the modification on the ferrocene backbone.204-206 

L1-L4 with methyl ester substitutions were synthesized and isolated from methanol in the form 

of solid precipitation (Figure 4.4). The compounds were characterized by NMR spectroscopy 

However, attempts to synthesize the carboxylic derivative of Salfen instead of esters following 

similar procedures were not successful.204, 207, 208 The reaction of 3-(tert-butyl)-5-formyl-4-

hydroxybenzoic acid with 1,1’-diaminoferrocene in THF did not precipitate. Solid was isolated 

after removing THF under reduced pressure, which was purified by re-dissolving into methanol 

and layered with hexanes. However, the isolated solid from methanol had low solubility in 

common solvents. Nonetheless, an 1H NMR spectrum in CDCl3 was acquired and compared with 

the starting aldehyde indicating the disappearance of the aldehyde and the formation of an imine 
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(Figure C31). The same reaction was conducted in methanol; however, the result could not be 

further improved. Deprotecting the methyl ester derivative L4 in the presence of a base led to a 

complete decomposition of the compound. 
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Figure 4.4. Representations of L1-5. 

 

 Meanwhile, inspired by the robust linkage established through the azide-alkyne “click” 

reaction, we attempted to synthesize an alkyne-substituted salfen derivative.209 The triazole 

linkage from the “click” reaction offers a unique platform for comprehensive characterization via 

several spectroscopy techniques.210, 211 Encouraged by the promising results demonstrated in the 

published literature concerning the success of “click” chemistry in cross-linking of polymeric 

networks,211, 212 formations of nanocomposites,213 and immobilization of molecular compounds 

onto solid supports,214, 215 we embarked on synthesizing, salfen incorporating alkyne substitution, 

L5, to facilitate “click” reactions (Figure 4.5).216, 217 The condensation of 1,1’-diaminoferrocene 

and 3-(tert-butyl)-5-ethynyl-2-hydroxybenzaldehyde was carried out in methanol, yielding 

orange-red precipitation after overnight stirring at room temperature, which was isolated on top 

of a medium frit and characterized by NMR spectroscopy (Figure C32-35). 
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Figure 4.5. The proposed anchoring strategy of the alkyne-derived salfen-supported metal 

complex via azide-alkyne “click” reaction. 

 

Synthesis of metal complexes supported by L1-L5 

 The low solubility of the salfen derivatives hampered the synthesis of a metal complex. 

From the preliminary results, aluminum complexes supported by salphen and salfen ligands were 

proven to be active catalysts for 6-membered ring NCA polymerization. Efforts toward 

synthesizing an aluminum complex from L1-L3, unfortunately, were fruitless. Following the 

published synthetic procedure of (salfen)Al(OiPr), we attempted to react Al(OiPr)3 with L1-L3 

under similar conditions.86 Reactions of Al(OiPr)3 with L1 in toluene or the combination of 

toluene and DCM at room temperature or elevated temperature exhibited substantial complexity 

that precluded unambiguous interpretation through NMR spectroscopy (Table C2, entries 1-4). 

Reactions of Al(OiPr)3 with L3 in different solvent combinations at room temperature showed 

no reaction over a designated period of time and became messy at elevated temperatures (entries 
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5-10, 13). Similar results have been observed for L2 as well (entries 14-16). The low solubility 

of compound L1-3 in commonly used solvents at ambient conditions and the observed 

uncontrollable reaction kinetics at elevated temperatures led to unpredictable reaction outcomes. 

 Owing to the challenges encountered during the synthesis of an aluminum complex, our 

investigation was redirected toward the utilization of cobalt and chromium. A preliminary study 

of (salfen)Co demonstrated it as an active catalyst towards 6-membered ring NCA 

polymerization. However, similar to (salfen)Al(OiPr), (salfen)Co was inactive in the presence of 

the coupling reagents and starting amino acids (Table 4.1). Nonetheless, L4 with the highest 

solubility among the ester-substituted salfen compounds, and L5 with alkyne substitution were 

employed to synthesize cobalt and chromium complexes based on published procedures.89, 218 

 

Table 4.1. Compatibility of (salfen)Co for 6-membered ring NCA polymerization 

N

O

O

O

salfenCo
PPNCl N

O

n

Fe
N

N

O

O

Co

salfenCo

additives

PO, 80 °C

6-NCA-Bn poly 6-NCA-Bn

 

 

N-benzyl 

anthranilic 

acid 

6-NCA-

Bn 
T3P  P2O5 DIPEA DMAP 

Yield N/A 80% N/A N/A 78% N/A 
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Standard conditions: (salfen)Co (0.004 mmol, 1 equiv.), PPNCl (0.008 mmol, 2 equiv.), and 6-

NCA-Bn (0.2 mmol, 50 equiv.) were added to a 25 mL Schlenk tube with 0.7 mL PO in total 

with or without additives. The reaction was heated at 80 °C for 2 hours. The reaction was then 

quenched with methanol to isolate any precipitation. Due to the insoluble nature of the polymer 

of 6-NCA-Bn, no NMR spectrum assignment was available. The yield was calculated based on 

the mass of the isolated precipitation after washing with methanol and DCM followed by 

centrifugation and overnight drying under vacuum. 

 

 To synthesize a cobalt complex supported by salfen derivatives with anchoring handles, 

L4 and L5 were employed following the published procedure of (salfen)Co.89 1 equivalent of L4 

or L5 were deprotonated by 2 to 2.2 equivalents of potassium hydride in THF. Cobalt complexes 

Co-1 and Co-2 were prepared by salt metathesis between the potassium salt of L4 and L5 and 

CoCl2, respectively (Scheme 4.2). Both cobalt complexes are paramagnetic, as expected for 

cobalt(II). Chromium complexes Cr-1 and Cr-2 were prepared following a similar procedure, 

replacing CoCl2 with CrCl3.218 The chromium complexes were NMR silent due to their 

paramagnetic nature. 
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Scheme 4.2. Synthesis of Co-1, Co-2, Cr-1, and Cr-2. 
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 In addition to 1H NMR spectroscopy, high-resolution mass spectrometry (HRMS) was 

employed to confirm the formation of the compounds. HRMS (ES+) of Co-1 and Co-2 were 

found for [M+H]+. In the case of chromium, HRMS (ES+) were found after the loss of the 

chloride for the positively charged complexes ([M-Cl]+). All four compounds were characterized 

by UV-Vis spectroscopy in comparison to their corresponding pro-ligands. L4 and L5 had 

similar absorption spectra in THF in the range of 300-500 nm while coordination to cobalt or 

chromium caused a shift in the spectra. Co-1 featured in 382 nm and Co-2 featured in 406 nm 

while C2-1 featured in 403 nm and Cr-2 featured in 426 nm (Figure C43-44).89, 219 Those 

absorbance bands indicate successful coordination of the corresponding transition metal with L4 

or L5. 

 

Homogenous polymerization of 6-membered ring NCA catalyzed by Co and Cr complexes 

 To ascertain the efficacy of the cobalt and chromium complexes supported by the 

modified salfen derivatives L4 and L5, we conducted an initial assessment of their activity in the 

polymerization of 6-membered ring NCAs. Delightfully, all four newly synthesized complexes 

were able to polymerize N-substituted 6-membered ring NCAs, namely 6-NCA-C8H17 in the 

presence of co-catalyst PPNCl with remarkable isolated yield (Table 4.2). Owing to the higher 

solubility of the long alkyl substitution on the 6-membered ring NCA, the isolated polymers 

from Table 5.2 were characterized by 1H NMR spectroscopy and SEC (Figure C42, C45-48). 

 

Table 4.2. Polymerization of 6-NCA-C8H17 catalyzed by homogenous cobalt and chromium 

complexes supported by L4 and L5 
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N

O

O

O

C8H17

[Cat], PPNCl, PO

80 °C

N

C8H17O

n

 

Entrya Catalyst Yieldb 
Mn 

(kDa)c  
Mn (theo, kDa)d Dispersityc dn/dcc 

1 Co-1 92% 16.8 10.7 1.33 0.116 

2 Co-2 99% 24.4 12.2 1.48 0.136 

3 Cr-1 85% 29.2 10.2 1.45 0.129 

4 Cr-2 96% 24.7 11.4 1.56 0.138 

a. All experiments were conducted in 0.7 mL of PO with 0.004 mmol of catalyst, 0.008 

mmol (2 equiv.) of PPNCl, and 0.2 mmol (50 equiv.) of 6-NCA-C8H17 in duplicates. 

b. Polymers were isolated by adding MeOH to precipitate and washed with DCM/MeOH, 

centrifuged, and dried under a vacuum overnight. The yields were determined 

gravimetrically. Determined by SEC measurements. 

c. Mn,theo = ([6-NCA-R]0/[Cat]) × (MW of 6-NCA-R – MW of CO2) × polymer yield. 

 

Surface immobilization of salfen-COOMe, salfen-C≡CH, and their supported complex 

 Inspired by the pioneering work done by Qi et al., we aimed to immobilize a metal 

complex with redox-responsive ligand onto an electro-addressable surface to enable future 

electrochemical control over the reaction process.52 P25 TiO2 nanoparticle-coated FTO plates 

were selected based on its superior results on surface-initiated electrochemically controlled ring-

opening polymerization reactions. We employed P25 TiO2 nanoparticles for the initial 
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investigation of the surface anchoring strategies. We have prepared the ester-substituted salfen 

compounds L1-L4, along with metal complexes Co-1 and Cr-1 supported by L4. Our initial 

scientific investigation revolved around the immobilization of L1 onto P25 TiO2 nanoparticles 

through transesterification. Following an unpublished experimental procedure developed by the 

Byers group, L1 was mixed with pre-treated P25 TiO2 nanoparticles. The resulting nanoparticles 

were washed several times followed by centrifugation until the supernatant was colorless, dried 

under a reduced pressure, and analyzed by IR spectroscopy and ICP-MS. 

 

Figure 4.6. Overlay of IR spectra of TiO2 nanoparticles (green), L1 (brown), and L1 

immobilized TiO2 nanoparticles using diethyl ether as solvent (gray), and DCM as solvent 

(gray). 

 

 Based on IR analysis (Figure 4.6), in comparison with the untreated P25 TiO2 
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nanoparticles, the treated TiO2 nanoparticles using either DCM or diethyl ether as solvent 

displayed C-H stretching at 2800-3000 cm-1, C=O stretching at 1650-1750 cm-1, and C-O 

stretching at 1250-1300 cm-1 with low intensity. These bands were identifiable for L1, while 

slight shifting of the C=O and C-O stretching was observed for L1/TiO2 due to immobilization. 

However, the low intensity and the ambiguous shift for the ester peaks were insufficient to 

confirm the formation of the ester linkage from the surface OH with L1. We postulate that 

tethering of L1 onto the surface could be achieved potentially through the formation of ester 

linkage while acknowledging the possibility of physical adsorption. Nonetheless, Co-1/TiO2 and 

Cr-1/TiO2 were prepared following a similar procedure. 

 To assess the effectiveness of surface immobilization through the proposed mechanism, 

we compared the ICP-MS analysis results of L1/TiO2, Co-1/TiO2, and Cr-1/TiO2 with several 

control experiments (Table C4). Salfen without ester substitution as anchoring handle revealed 

0.277 wt% surface loading on average with respect to plain TiO2 nanoparticles while salfen-

supported complexes (Al and Co) revealed much lower surface loadings (Table C4, entries 1-3). 

L1/TiO2 was tested twice for different reaction solvents, revealing 0.331-0.418 wt% on average 

(entries 4-7). However, Co-1/TiO2 and Cr-1/TiO2 again showed much lower surface loading 

compared to the ligand, and a possible decomposition of the complex upon immobilization could 

be attributed to the higher concentration of Co and Cr compared to the detected Fe concentration 

as the ligand might be washed off upon decomposition, leaving the Co and Cr on the surface 

(entries 8-9). Overall, we postulate that the immobilization of compounds and complexes 

supported by ester-substituted salfen onto TiO2 nanoparticles could be potentially achieved via a 

combined mechanism of transesterification, physical adsorption, and axial coordination to the 

metal center.220 Unfortunately, we lack direct evidence of confirming the primary interaction 
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between the surface and the anchored species. Further investigation and optimization of the 

anchoring conditions are needed to improve the surface loading and draw a conclusion. 

 In the meantime, we investigated conditions to establish triazole linkage between the 

surface with the self-assembled monolayer of azide with the alkyne-functionalized salfen 

derivatives.211, 221, 222 Compared to the ambiguous assignments of the ester linkage in the 

previous case, the triazole bond established from the azide-alkyne “click” reaction provides a 

characteristic platform to be analyzed by NMR spectroscopy in homogeneous reactions.211, 221-225 

In the context of solid-phase reactions, the determination of the progress of “click” reactions can 

be achieved through IR and Raman spectroscopy. For efficient and effective investigations on 

the “click” reaction, L5 was chosen for the initial screening of reaction conditions. (3-

azidopropy)trimethoxysilane (APTMS), the azidosilane used to form the self-assembled 

monolayer, was employed as the azide starting material. The obtained results were analyzed by 

NMR spectroscopy and summarized in Table C3. Reactions between L5 and APTMS in THF 

catalyzed by Cu(I) in the presence of bases revealed no reaction at room temperature overnight. 

At elevated temperatures, a mixture of mono-cyclized and di-cyclized products was observed. In 

addition, the reaction could be initiated by Cu(II) in the presence of reductant sodium ascorbate. 

However, to ensure the solubility of L5, a polar aprotic organic solvent such as DCM was 

needed (Table C3, entry 4). The formation of triazole was confirmed by the sharp peak at 7.68 

ppm observed for Table C3 entries 1-2 and 4-5 in the 1H NMR spectra obtained in CDCl3 

(Figure 4.7). The singlet at 7.68 ppm for all the successful trials was assigned to the triazole 

C=CH. However, all trials presented more than one product which is possibly due to the 

uncontrolled cyclization of one or two terminal alkynes on L5. Therefore, the integration of the 

protons for each peak might not reflect the real number of protons corresponding to the structure 
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subjected to analysis. In order to facilitate the subsequent surface functionalization step, DCM 

was deliberately selected as the reaction solvent due to its compatibility and the ability of the 

reaction to proceed at room temperature. Cu(I) was utilized to circumvent the need for water 

which might destroy the immobilization system. 

 

Figure 4.7. 1H NMR spectrum analysis for Table C3, entry 2 (500 MHz, CDCl3, 25 °C). * is 

residual THF and # is residual Et3N. 

 

 With a set of conditions for “click” reactions in hand, we moved on to investigating 

surface functionalization of P25 TiO2 nanoparticles and TiO2 coated fluorine doped tin oxide 

(FTO) plates (TiO2/FTO) modified with a self-assembled monolayer of APTMS using L5. 

Surface modification with functional silane such as APTMS to TiO2 nanoparticles or TiO2/FTO 

was accomplished following published procedures, which enables stable surface binding of alkyl 
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azide for subsequent reactions.214, 221 The azide-terminated silane-treated nanostructured surfaces 

were analyzed by IR spectroscopy (Figure C50). The presence of the alkyl azide vibrational band 

around 2100 cm-1 confirmed the successful surface modification via APTMS monolayer.214 X-

ray photoelectron spectroscopy (XPS) further verified the presence of surface-attached azide. 

The high-resolution N 1s XPS spectrum has resonances at 400 and 404 eV from the azide groups 

which is in accordance with the literature (Figure C54b).221 

 The azide-treated surfaces azide/TiO2 and azide/TiO2/FTO were then subjected to the 

previously developed Cu(I)-catalyzed azide-alkyne cycloaddition (CuAAC) reactions with 

alkyne-terminated L5. Specifically, L5 was attached to the azide-modified surface by CuAAC 

click reactions in DCM using the condition developed previously. After the reaction was 

completed, it was washed by DCM following centrifugation until the supernatant became 

colorless. However, the ICP-MS analysis revealed a high concentration of leftover Cu (Table C4, 

entry 10), which was also observed in the survey scan in XPS (Figure C55a). The trial was 

repeated with more efficient washes for ICP analysis confirming the minimum amount of Cu left 

on the sample (Table C4, entry 11). The XPS spectrum after the coupling of L5 onto the azide-

treated surface revealed a change in N 1s: two overlapping peaks at 399 and 401 ev in 

accordance with the literature.221 Fe 2p resonances at 708 and 724 eV was also observed 

verifying the presence of surface-bounded L5. IR spectra collected before and after immobilizing 

L5 were compared to the IR spectra of L5 (Figure C51). The IR spectrum of L5/TiO2 displayed 

C-H stretching at 2800-3000 cm-1, C=N stretching around 1600 cm-1, and aromatic C-C 

stretching around 1400 cm-1 inherited from L5. However, the alkyne C≡C resonance and azide 

resonance overlapped at 2100 cm-1. The residual band at 2100 cm-1 observed for L5/TiO2 was 

possibly due to either leftover azide or unreacted C≡C bond on L5. However, no band was 
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observed around the same region in Raman spectra indicating the residual band at 2100 cm-1 may 

be attributed to leftover azide (Figure C53).226 Residual azide remained after CuAAC “click” 

reaction on the surface has been reported before, which could be reasoned by some azide sites 

were blocked by the immobilized complex.214 Interestingly, the intensity of the peak at 2100 cm-1 

was significantly reduced when L5 was attached to the azide/TiO2/FTO surface, while other 

characteristics were maintained (Figure C52). Additionally, the disappearance of the alkyne C-H 

stretching for L5 at 3300 cm-1 indicated the successful reaction between the alkyne-terminated 

L5 with the surface azide (Figure 4.8). However, the expected triazole peaks around 1400 to 

1500 cm-1 were not well resolved due to the overlap with the aromatic C=C.223 Cr-2 was 

attached to P25 TiO2 nanoparticles and TiO2/FTO plates via a similar method. However, the XPS 

spectrum of Cr-2/TiO2 revealed N 1s resonance at 400 and 404 eV, likely due to the residual 

azide but barely any Cr 2p was observed (Figure C55b). ICP-MS analysis indicated that the 

surface loading of Cr-2 on the TiO2 surface was higher than Co-1 and Cr-1 from the other 

method (0.271 wt%) but still considerably low for an effective surface functionalization (Table 

C4, entry 12).52 
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Figure 4.8. Overlay of IR spectra of TiO2/FTO (gray), azide/TiO2/FTO (green), L5 (red), and 

azide/TiO2/FTO (blue). 

 

 Cyclic voltammetry measurements of the L5-modified TiO2/FTO surface 

(L5/TiO2/FTO) were compared with that of the homogeneous compound L5 in the same 

electrolyte (100 mM TBAPF6, o-DFB). Pt wire was used as the counter electrode and non-

aqueous Ag/Ag+ was used as the reference electrode. For the homogeneous compound 

measurements, TiO2/FTO plate was used as the working electrode while functionalized plate 

L5/TiO2/FTO was used as the working electrode for the investigation of the “click” anchoring 

strategy. Figure 4.9a demonstrated the cyclic voltammograms (CVs) of L5 measured at sweep 
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rates from 10 mV/s to 200 mV/s. A reversible redox event was observed centering at E1/2 = 0.182 

V vs Fc/Fc+ at 100 mV/s scan rate. In the case of the surface attached L5 (L5/TiO2/FTO), the 

redox event corresponds to the Fe in the ferrocene moiety became irreversible at high scan rates 

and quasi-reversible at low scan rates (Figure 4.9b). Owing to the interference with the 

background TiO2, the measurements could not be investigated further at lower potentials (Figure 

C56-57). The maintenance of a similar redox feature compared to the homogeneous compound 

L5 after immobilization suggested the presence of L5 on the anchored surface. The alkyl linkage 

between the redox active ferrocene backbone to the surface allowed L5 with only one side of the 

compound attached to the surface to orient flexibly in the electrolyte. The solvent o-DFB is a 

good solvent to solubilize L5, therefore, the surface-confined L5 was found “molecularly” 

behaved.227 The quasi-reversibility of the observed electron transfer process for L5/TiO2/FTO 

may be attributed to several reasons: 1) the flexibility of the linkage between the ferrocene 

moiety and the surface allowed different orientations of the surface attachment to be present at 

the same time. 2) the relatively long distance caused inefficient electron transfer from the surface 

to the surface-confined L5 increased the peak-to-peak separation upon increasing the scan 

rate.214 It is important to note that after the CV measurements, the L5/TiO2/FTO plate remains 

the same color. However, the peak current verse can rate reflected a non-perfect linear 

relationship which implied further investigation is needed to confirm the surface-confined redox 

process (Figure C58).214, 228 
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Figure 4.9. a) Cyclic voltammograms of L5 using TiO2/FTO as the working electrode at various 

scan rates; b) Cyclic voltammograms of L5/TiO2/FTO as the working electrode at various scan 

rates. 

 

4.3 Conclusion and outlook 

 In summary, we developed a series of salfen-derivatives modified with anchoring 

handles, ester, and terminal alkyne, for surface immobilization onto semiconducting surfaces. In 

the meantime, we synthesized cobalt and chromium complexes supported by those modified 

salfen derivatives and investigated their activity in the polymerization of 6-membered NCAs. 

The surface immobilization of salfen derivatives with terminal alkyne was investigated for 

CuAAC “click” reactions and found to provide a reliable platform to achieve surface 

immobilization. However, further study is needed on improving the surface coverage, testing the 

heterogenous catalysis activity, and integrating the incompatible processes of NCA synthesis 

with its polymerization. We also envision incorporating redox switching through the 

semiconducting solid support to access multiple states of the surface-bounded catalysts 

electrochemically. Therefore, in situ switching between the reactivities toward different 
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monomers may be achieved. Such an approach holds the potential on enabling temporal control 

over the process of co-polymerization of a variety of monomers (Figure 4.10). 

 

Figure 4.10. Perspective work on incorporating incompatible NCA synthesis and its ring-

opening polymerization in serial and enabling switchable co-polymerization of NCA with 

another type of monomer to produce sustainable materials. 

 

4.4 Experimental section 

General Considerations  

Unless stated otherwise, all reactions were carried out under a dry nitrogen atmosphere 

using standard Schlenk techniques or an MBraun inert-gas glovebox. Solvents were purified 

using a two-column solid-state purification system by the method of Grubbs and transferred to 

the glovebox without exposure to air.136 Propylene oxide (PO), methanol, and triethyl amine 

(Et3N) were distilled according to the recommended methods under nitrogen.229 All solvents 

were stored on activated molecular sieves and/or sodium for at least a day prior to use. NMR 

solvents were obtained from Cambridge Isotope Laboratories, degassed, and stored over 
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activated molecular sieves prior to use. Titania P25 nanoparticles were purchased from Sigma-

Aldrich and dried under vacuum for 3 days at 125 °C before use. TiO2/FTO Plates were prepared 

according to a published procedure and dried under vacuum for 3 days at 125 °C before use.52 

1,1’-diaminoferrocene was synthesized according to a published procedure.80 4-bromo-2-(tert-

butyl)phenol was either purchased from Sigma-Aldrich or synthesized following a published 

procedure.216 5-bromo-3-(tert-butyl)-2-hydroxybezaldehyde was either purchased from VWR or 

synthesized following a published procedure.230 Anhydrous N,N-dimethylformamide, N,N-

diisopropylethylamine (DIPEA), n-propylphosphonic anhydride (T3P, 50 wt% ethyl acetate), 

trifluoroacetic acid, tetra-n-butylammonium fluoride (TBAF, 1 M solution in THF), 

ethynyltrimethylsilane, tetrabutylammonium tribromide (TBABr3), 3-(tert-butyl)-2-

hydroxybenzaldehyde, 2-(tert-butyl)phenol, methyl 3-formyl-4-hydroxybenzoate, methyl 4-

hydroxy-3-methylbenzoate, methyl 4-hydroxyl-3-methyoxybenzoate, (3-

chloropropy)trimethoxysilane were purchased from Fisher or VWR and used without further 

purification. Bis(triphenylphosphine)iminium chloride (PPNCl) was purchased from Sigma 

Aldrich. All other reagents were purchased from Fisher or VWR unless otherwise specified. The 

syntheses of A3, L1-L5 were followed by a published procedure with minor modifications.80 

Nuclear magnetic resonance spectra were recorded on Bruker AV300, Bruker DRX500, and 

Bruker AV500 spectrometers at 25 °C in C6D6, and CDCl3 unless otherwise specified. Chemical 

shifts are reported with respect to solvent residual peaks (C6D6 at 7.16 ppm and CDCl3 at 7.26 

ppm). IR spectra were measured on an Agilent Technologies Cary 620 Fourier transform infrared 

spectrometer (FTIR) fitted with a Cary 600 Series FTIR Microscope. Ultraviolet-visible (UV-

Vis) spectra were collected on Agilent Cary 60 UV-Vis spectrophotometer. X-ray photoelectron 

spectroscopy (XPS) was measured on a Krotos AXIS Supra photoelectron spectrometer. High-
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resolution mass spectroscopy measurements were conducted on an electrospray mass 

spectrometer, Waters LCT-Premier XE Time of Flight Instrument, controlled by MassLynx 4.1 

software (Waters Corporation, Milford MA). The instrument was equipped with the Multi-Mode 

Ionization source operated in the electrospray mode. A solution of Leucine Enkephalin (Sigma 

Chemical, L9133) was used in the Lock-Spray to obtain accurate mass measurements. Samples 

were infused using direct loop injection on a Waters Acquity UPLC system. Raman spectrum 

was collected on LabRAM HR Evolution Raman spectrometer with a 633 nm laser. Inductively 

coupled plasma mass spectrometry (ICP-MS, NexION 2000, PerkinElmer) analysis was 

performed to detect Fe, Al, Co, Cu, and Cr in the provided samples. All samples were used as 

received without further purification or modification. The calibration curve was established using 

a standard solution while the dwell time was 50 ms with thirty sweeps and three replicates with 

background correction. Molar masses of polymers were determined by size exclusion 

chromatography using a SEC-MALS instrument at UCLA. SEC-MALS uses a Shimadzu 

Prominence-i LC 2030C 3D equipped with an autosampler, two MZ Analysentechnik MZ-Gel 

SDplus LS 5 μm, 300 × 8 mm linear columns, a Wyatt DAWN HELEOS-II, and a Wyatt Optilab 

T-rEX. The column temperature was set at 40 °C. A flow rate of 0.70 mL/min was used and 

samples were dissolved in THF. The number of average molar mass and molecular weight 

distribution values were determined using the dn/dc values which were calculated by 100% mass 

recovery method from the RI signal. Cyclic voltammograms were acquired with a CH 

Instruments CHI630D potentiostat and recorded with CH Instruments software (version 13.04). 

All potentials are given with respect to the ferrocene-ferrocenium couple. 

 

Synthesis of aldehyde compounds 
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paraformaldehyde
conc. HCl

50 °C, 3 days

 

 3-(tert-butyl)-5-(chloromethyl)-2-hydroxybenzaldehyde was synthesized following the 

published procedures with minor modifications.201, 231 In a 50 mL Schlenk flask, 7.3 mL 

concentrated HCl was cooled to 5 °C under nitrogen. Under nitrogen, 1.78 g (10 mmol, 1 equiv.) 

of 3-(tert-butyl)-2-hydroxybenzaldehyde and 0.67 g (22 mmol, 2.2 equiv.) of paraformaldehyde 

was added. The reaction was stirred at 50 °C for three days. After cooling to room temperature, 

the reaction mixture was extracted with diethyl ether three times. The combined organic layer 

was washed with saturated NaHCO3 solution and brine. The organic layer was separated, dried 

with MgSO4, filtered through celite and evaporated to dryness, giving the product as pale yellow 

oil, which turned to pale yellow solid after drying under reduced pressure and used in the next 

step without further purification (2.19 g, 96%).1H NMR (500 MHz, CDCl3, 25 °C) δ, ppm: 11.86 

(s, 1H, OH), 9.87 (s, 1H, O=CH), 7.53 (d, 1H, ArH), 7.44 (d, 1H, ArH), 4.59 (s, 1H, CH2Cl), 

1.42, (s, 9H, C(CH3)3). 

OH

COOMe

O

H

OH

COOMe

TFA, HMT
110 °C, 18 h

 

 Methyl 3-formyl-4-hydroxy-5-methylbenzoate was synthesized following the published 

procedure with minor modifications.232 In a 50 mL Schlenk flask, 460 mg (2.77 mmol, 1 equiv.) 

of methyl 4-hydroxy-3-methylbenzoate was mixed with 194 mg (1.1.38 mmol, 0.5 equiv.) of 

hexamethylenetetramine (HMT) in 5 mL TFA under nitrogen. The reaction was heated to reflux 

overnight. After cooling to room temperature, the reaction was diluted with water and extracted 
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with ethyl acetate. The organic layer was separated and washed with water and brine. The 

combined organic layer was dried with MgSO4, filtered through celite, and evaporated to 

dryness. The crude product was purified by recrystallization in ethyl acetate layered with 

hexanes at room temperature. The white crystalline solid was filtered out, the mother liquor was 

concentrated and purified by silica gel chromatography using ethyl acetate/hexanes (1/5) as the 

eluent, giving a yellow crystalline product (261 mg, 49%). 1H NMR (300 MHz, CDCl3, 25 °C) δ, 

ppm: 11.64 (s, 1H, OH), 9.92 (s, 1H, O=CH), 8.16 (d, 1H, ArH), 8.06 (d, 1H, ArH), 3.92 (s, 3H, 

OCH3), 1.42, (s, 3H CH3). 

OH
O

COOMe

O

H

OH
O

COOMe

TFA, HMT
110 °C, 18 h

 

 Methyl 3-formyl-4-hydroxy-5-methoxybenzoate was synthesized following the published 

procedure with minor modifications.232 In a 50 mL Schlenk flask, 517 mg (2.83 mmol, 1 equiv.) 

of methyl 4-hydroxyl-3-methyoxybenzoate was mixed with 200 mg (1.43 mmol, 0.5 equiv.) of 

HMT in 5.2 mL TFA under nitrogen. The reaction was heated to reflux overnight. After cooling 

to room temperature, the reaction was diluted with water and extracted with ethyl acetate. The 

organic layer was separated and washed with water and brine. The combined organic layer was 

dried with MgSO4, filtered through celite, and evaporated to dryness. The crude product was 

purified by recrystallization in ethyl acetate layered with hexanes at room temperature, giving a 

yellow crystalline product (459 mg, 77%). 1H NMR (300 MHz, CDCl3, 25 °C) δ, ppm: 11.54 (s, 

1H, OH), 9.96 (s, 1H, O=CH), 7.98 (d, 1H, ArH), 7.75 (d, 1H, ArH), 3.98 (s, 3H, OCH3), 3.94, 

(s, 3H O=COCH3). 
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 4-bromo-2-(tert-butyl)phenol was synthesized following the published procedure with 

minor modifications.216 In a 250 mL round bottom flask, 8 mL (52.5 mmol, 1 equiv.) was 

dissolved in 150 mL of chloroform under nitrogen. 25.2 g (52.2 mmol, 1 equiv.) of 

tetrabutylammonium tribromide (TBABr3) was added to the stirring solution portion-wise. The 

reaction was monitored by TLC and upon completion, the reaction was hydrolyzed with 150 mL 

of saturated Na2S2O3 solution and extracted with DCM. The combined organic phase was 

washed with water and dried with MgSO4, filtered through celite, and evaporated to dryness. The 

crude was redissolved in diethyl ether and washed with brine. The combined organic phase was 

dried with MgSO4, filtered through celite, and evaporated to dryness giving the product as brown 

oil and used in the next steps without further purification (8.55 g, 71%). The product is also 

commercially available. 

OH

COOH

OH

COOH

O

H
1) TFA, HMT
110 °C, 18 h

2) H2SO4
 

reflux, 3 h
 

 3-(tert-butyl)-4-hydroxybenzoic acid was synthesized according to the published 

procedure.207 3-(tert-butyl)-5-formyl-4-hydroxybenzoic acid was synthesized following the 

published procedure with minor modifications.207 To a 100 mL Schlenk flask, 3-(tert-butyl)-4-

hydroxybenzoic acid (0.5 g, 2.57 mmol, 1equiv.) and 730 mg (5.21 mmol, 2 equiv.) of HMT 

were mixed in 20 mL of trifluoroacetic acid (TFA) under nitrogen. The reaction was heated to 

reflux overnight. After 18 hours, 14 mL of 33% H2SO4 was added to the mixture and the reaction 

OH
OH

Br

TBABr3

CHCl3
RT, 1 h
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was refluxed for another 3 hours. After cooling to room temperature, the reaction was diluted 

with diethyl ether and washed with brine twice, the organic layer was dried with MgSO4 and 

filtered through celite. The solution was concentrated under reduced pressure. To the resulting 

oil 2 M NaOH (aq) was added and the mixture was poured into an ice/HCl mixture. Beige solids 

were collected on top of filter paper. If no precipitation formed after pouring into an ice/HCl 

mixture, the mixture was extracted with chloroform and the combined organic layer was dried 

with MgSO4, filtered through celite, and evaporated to dryness giving solid which is used in the 

next steps without further purification (405 mg, 71%). 1H NMR (300 MHz, CDCl3, 25 °C) δ, 

ppm: 12.30 (s, 1H, OH), 9.96 (s, 1H, O=CH), 8.26 (s, 2H, ArH), 1.45, (s, 9H C(CH3)3). 

OH

COOH

O

H
conc. H2SO4

OH

COOMe

O

H
MeOH

85 °C, 18 h
 

 Methyl 3-(tert-butyl)-5-formyl-4-hydroxybenzoate was synthesized following the 

published procedure with minor modifications.205 1.66 mg (7.5 mmol, 1 equiv.) of 3-(tert-butyl)-

4-hydroxybenzoic acid was dissolved in 60 mL of methanol, to which drops of concentrated 

sulfuric acid were added. The reaction was refluxed overnight. After 18 hours, the reaction was 

cooled to room temperature and neutralized with a saturated NaHCO3 solution. The volatiles 

were removed under reduced pressure. The crude mixture was extracted with ethyl acetate and 

washed with water three times. The organic layer was dried with MgSO4, filtered through celite, 

and evaporated to dryness. The product was purified by silica gel chromatography using ethyl 

acetate/hexanes (1/10) as the eluent. The purified product was obtained as yellow solids (800 mg, 

45%). 1H NMR (500 MHz, CDCl3, 25 °C) δ, ppm: 12.20 (s, 1H, OH), 9.93 (s, 1H, O=CH), 8.20 

(d, 1H, ArH), 8.17 (d, 1H, ArH), 3.93, (s, 3H OCH3), 1.44, (s, 9H C(CH3)3). 
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OH

Br

OH

H

O

Br

1) TFA, HMT
115 °C, 18 h

2) H2SO4
 

reflux, 1 h
 

 5-bromo-3-(tert-butyl)-2-hydroxybenzaldehyde was synthesized following the published 

procedure with minor modifications.230 To a 50 mL Schlenk flask, 1.8 g (8.7 mmol, 1 equiv.) of 

4-bromo-2-tert-butylphenol, 2.45 g (17.5 mmol, 2 equiv.) of HMT were mixed in 8 mL of TFA 

and refluxed at 115 °C overnight. After 18 hours, 4 mL of 33% H2SO4 was added and the 

reaction was refluxed for another hour. After cooling to room temperature, the reaction mixture 

was extracted with diethyl ether three times. The combined organic layer was washed with water 

three times followed by washing with saturated NaHCO3, water, and brine one time each. The 

organic layer was separated, dried with MgSO4, filtered through celite, and evaporated to 

dryness. The crude product was obtained as brown oil with yellow solids crushed out of the oil 

and purified by silica gel chromatography using ethyl acetate/hexanes (1/10) as the eluent. The 

purified product was obtained as yellow solids (1.11 g, 54%). 1H NMR (300 MHz, CDCl3, 25 

°C) δ, ppm: 11.72 (s, 1H, OH), 9.81 (s, 1H, O=CH), 7.58 (d, 1H, ArH), 7.51 (d, 1H, ArH), 1.40, 

(s, 9H C(CH3)3). 

TMS OH O

CuI

PdCl2(PPh3)2

Et3N

Si

OH

H

O

Br

H

80 °C, 6 h

H

 

 3-(tert-butyl)-2-hydroxy-5-((trimethylsilyl)ethynyl)benzaldehyde was synthesized 

following the published procedures with minor modifications.216, 230 Under nitrogen atmosphere, 

in a dry two-necked flask, 5-bromo-2-hydroxybenzaldehyde (213.5 mg, 0.83 mmol, 1 equiv.), 
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[PdCl2(PPh3)2] (18.5 mg, 0.026 mmol, 3 mol%.) and CuI (6.2 mg, 0.033 mmol, 4 mol%) were 

mixed in 5 mL of triethylamine. 0.18 ml (1.25 mmol, 1.5 equiv.) of ethynyltrimethylsilane was 

added. The reaction was heated to 80°C for 6 h. After cooling to room temperature, the mixture 

was filtered through celite and the flask was washed with DCM. After removing the solvent 

under reduced pressure, the crude product was obtained as a black gel which was dissolved in 

hexanes and purified by silica gel chromatography using hexanes as the elute. The purified 

product was obtained as brown oil (200 mg, 88%).1H NMR (300 MHz, CDCl3, 25 °C) δ, ppm: 

11.90 (s, 1H, OH), 9.83 (s, 1H, O=CH), 7.59 (d, 1H, ArH), 7.56 (d, 1H, ArH), 1.41, (s, 9H 

C(CH3)3), 0.25, (s, 9H Si(CH3)3). 

OH

H

O
OH O

Si

H
TBAF

acetic acid

THF, RT, 18 h

 

 3-(tert-butyl)-5-ethynyl-2-hydroxybenzaldehyde was synthesized following the published 

procedures with minor modifications.216, 230 In a 20 mL vial, 0.8 mL (0.8 mmol, 1.1 equiv.) 

TBAF (1 M in THF) was added to a stirring solution of 3-(tert-butyl)-2-hydroxy-5-

((trimethylsilyl)ethynyl)benzaldehyde (200 mg, 0.73 mmol, 1 equiv.) in THF along with 41 µL 

acetic acid. The reaction was stirred at room temperature and monitored by TLC. Upon 

completion, the reaction mixture was diluted with DCM and washed with water until pH = 7 of 

the aqueous phase. The organic phase was dried with MgSO4, filtered through celite, and 

evaporated to dryness. The crude product was obtained as purple gel and purified by silica gel 

chromatography using hexanes as the eluent. The purified product was obtained as yellow oil 

(105 mg, 71%) 1H NMR (300 MHz, CDCl3, 25 °C) δ, ppm: 11.93 (s, 1H, OH), 9.84 (s, 1H, 
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O=CH), 7.62 (d, 1H, ArH), 7.58 (d, 1H, ArH), 3.02 (s, 1H, CCH), 1.41, (s, 9H C(CH3)3). 

Synthesis of A2. 

Fe
N

N

OH

OH

O

O

OH

H

O

Cl

Fe
NH2

NH2

+
MeOH

RT, 18 h

HCl (2 M in Et2O)

A2  

 To a stirring solution of 3-(tert-butyl)-5-(chloromethyl)-2-hydroxybenzaldehyde (2 

equiv.) in methanol, HCl (0.8 equiv., 2M in diethyl ether) was added dropwise. The solution 

became dark, to which 1,1’-diaminoferrocene (1 equiv.) in methanol was added dropwise. The 

solution became dark red right away. Red precipitation formed after an hour. The reaction was 

stirred at room temperature overnight. The red precipitation was collected on top of a medium 

frit and the residual volatiles were removed under a reduced pressure yielding A2 as a dark red 

solid in quantitative yield. 1H NMR (300 MHz, CDCl3, 25 °C) spectrum of A2. δ, ppm: 13.85 (s, 

2H, OH), 8.45 (s, 2H, N=CH), 7.26 (s, 1H, ArH), 6.89 (s, 1H, ArH), 4.56 (s, 4H, OCH2), 4.32 (t, 

4H, C5H4), 4.28 (t, 4H, C5H4), 3.37 (s, 6H, OCH3), 1.47, (s, 18H, C(CH3)3). 13C NMR (125 MHz, 

C6D6, 25 °C) δ, ppm: 161.2 (N=C), 159.8 (COH), 137. 2, 129.2, 129.0, 128.1, 119.2, 102.6, 74.3 

(OCH2), 69.0 (C5H4), 64.4 (C5H4), 57.4 (OCH3), 34.8 (C(CH3)3), 29.4 (C(CH3)3). 

General procedure for the synthesis of A3, L1-L5 

 To a stirring solution of 2-hydroxybenzaldehyde (2 equiv.) in methanol, 1,1’-

diaminoferrocene (1 equiv.) in methanol was added dropwise. The reaction was stirred at room 
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temperature overnight. The precipitation was collected on top of a medium frit and the residual 

volatiles were removed under reduced pressure. Compounds A3, L1-L5 are characterized by 

NMR spectroscopy. 

Synthesis of Co-1 

Fe
N

N

O

O

O

O

O

O

Co-1

Co
Fe

N

N

OH

OH

O

O

O

O

1) KH
2) CoCl2

THF

 

 In a nitrogen-filled glovebox, 114.4 mg (0.175 mmol) of pro-ligand L4 in 6 mL of THF 

was added to a stirring THF solution of KH (14.4 mg, 0.36 mmol, 2.1 equiv.) in 2 mL THF. The 

reaction was stirred overnight yielding an orange slurry, to which CoCl2 was added (25 mg, 0.19 

mmol, 1.1 equiv.). The reaction turned to dark red after 10 min and was stirred at room 

temperature for 4 hours. The solution became clear red-brown and was filtered through celite. 

The volatiles were removed under reduced pressure. The product was recrystallized in THF 

layered with hexanes yielding dark red solid collected on top of a medium frit (107 mg, 87 %). 

HRMS (ES+) of C36H38CoFeN2O6: Found 710.1511 Da [M+H]+, calculated 710.1490 Da. 1H 

NMR spectrum (500 MHz, CDCl3, 25 °C) δ (ppm): 62.97 (s, ArH), 52.73 (s, ArH), 18.94 (s, 

C5H4), 10.62 (s, C5H4), -3.26 (s, N=CH), -4.57 (s, C(CH3)3), -6.85 (s, OCH3). 
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Synthesis of Co-2  

1) KH
2) CoCl2

THF
Fe

N

N

O

O

Co-2

CoFe
N

N

OH

OH

 

 In a nitrogen-filled glovebox, 101.1 mg (0.173 mmol) of pro-ligand L5 in 4 mL of THF 

was added to a stirring THF solution of KH (15.2 mg, 0. 38 mmol, 1.1 equiv.). The reaction was 

stirred at room temperature for 4 hours and then filtered through celite. The filtrate was added to 

a CoCl2 suspension (24.7 mg, 0.19 mmol, 1.1 equiv.) in THF. The reaction was stirred at room 

temperature overnight and became dark red. The volatiles were removed under reduced pressure. 

The solid was redissolved in toluene and filtered through celite. The volatiles were removed 

under reduced pressure. The product was recrystallized in toluene layered with hexanes yielding 

red/brown solid (101 mg, 90%). HRMS (ES+) of C36H34CoFeN2O2: Found 642.1392 Da [M+H]+, 

calculated 642.1381 Da. 1H NMR (500 MHz, CDCl3, 25 °C) δ, ppm: 61.68 (s, ArH), 53.78 (s, 

ArH), 18.22 (s, C5H4), -2.74 (s, C5H4), -3.11 (s, C(CH3)3), -4.21 (s, C(CH3)3), -5.36 (s, CCH), -

7.58 (s, N=CH). 
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Synthesis of Cr-1 

Fe
N

N

O

O

O

O

O

O

Cr-1

Cr
Fe

N

N

OH

OH

O

O

O

O

1) KH
2) CrCl3

THF Cl

 

 In a nitrogen-filled glovebox, 101.8 mg (0.156 mmol) of pro-ligand in 5 mL of THF was 

added to a stirring THF solution of KH (14 mg, 0.343 mmol, 2.2 equiv.). The reaction was 

stirred overnight and filtered through celite. The filtrate was added to a suspension of CrCl3 in 

THF (27 mg, 0.172 mmol, 1.1 equiv.) and stirred at room temperature for 2 days. The solution 

became brown and was filtered through celite. The volatiles were removed under a reduced 

pressure and the solid was redissolved in toluene and filtered through celite. The product was 

recrystallized in toluene layered with hexanes yielding a dark brown product (97 mg, 84%). Due 

to the paramagnetic nature of the complex, no peak was observed in the 1H NMR spectrum. 

HRMS (ES+) of C36H38CrFeN2O6+: Found 702.1472 Da, calculated 702.1486 Da. 
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Synthesis of Cr-2 

1) KH
2) CrCl3

THF
Fe

N

N

O

O

Cr-2

CrFe
N

N

OH

OH
Cl

 

 In a nitrogen-filled glovebox, 109.5 mg (0.187 mmol) of pro-ligand L5 in 4 mL of THF 

was added to a stirring THF solution of KH (16.7 mg, 0.412 mmol, 2.2 equiv.). The reaction was 

stirred at room temperature for 3 hours and then filtered through celite. The filtrate was added to 

a CrCl3 (32.5 mg, 0.206 mmol, 1.1 equiv.) suspension in THF. The reaction was stirred at room 

temperature for two days and became dark brown. The reaction was filtered through celite and 

the volatiles were removed under a reduced pressure. The solid was redissolved in toluene and 

filtered through celite again. The solvent was concentrated, and the product was recrystallized in 

toluene layered with hexanes yielding dark brown solid (117 mg, 93%). Due to the paramagnetic 

nature of the complex, no peak was observed in the 1H NMR spectrum. HRMS (ES+) of 

C36H34CrFeN2O2+: Found 634.1395 Da, calculated 634.1376 Da. 

Synthesis of (3-azidopropy)trimethoxysilane (APTMS) 

(3-azidopropy)trimethoxysilane was synthesized following published procedures with 

slight modifications.233 In the dark, in a 200 mL round bottom flask, 3 mL (14 mmol, 1 equiv.) of 

(3-chloropropy)trimethoxysilane was mixed with 2.3 g (35 mmol, 2.5 equiv.) of sodium azide in 
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40 mL anhydrous DMF under nitrogen. The reaction was heated to 50 °C for two days. The 

reaction was cooled to room temperature upon completion and diluted with ether. The reaction 

was washed with water and the organic layer was separated. The combined aqueous layer was 

washed again with diethyl ether which was combined with the organic layer from the first wash 

and washed with water again. The combined organic layer was dried with MgSO4 and filtered 

through celite. The solvent was removed under reduced pressure yielding a clear liquid product 

that is used without further purification (3 g, quantitative yield). 1H NMR (500 MHz, CDCl3, 25 

°C) δ, ppm: 3.57 (s, 9H, Si(OCH3)3), 3.27 (t, 2H, SiCH2CH2CH2N3), 1.72 (m, 2H, 

SiCH2CH2CH2N3), 0.71 (m, 2H, SiCH2CH2CH2N3). 

General procedure for the polymerization of 6-membered NCA  

 In a nitrogen-filled glovebox, polymerization catalyst (0.004 mmol, 1 equiv.), PPNCl 

(0.008 mmol, 2 equiv.), and 6-NCA-C8H17 (0.2 mmol, 50 equiv.) were added to a 25 mL Schlenk 

tube with 0.7 mL PO in total. The Schlenk Tube was then sealed and taken out of the glovebox 

and heated at 80 °C for a designated period of time. Upon completion, the reaction was cooled to 

room temperature, and the product was precipitated with methanol and washed with a small 

amount of DCM and excess MeOH three times. The polymer was collected after centrifugation 

and dried under reduced pressure before further characterization.  

Anchoring L1 onto P25 TiO2 powder (L1/TiO2) 

 P25 TiO2 powder was heated under reduced pressure at 125 °C for three days to remove 

the surface-bound water prior to bringing it into a nitrogen-filled glovebox. 130 mg of P25 TiO2 

powder was mixed with 35 mg of L1 in either diethyl ether or DCM. The slurry was slowly 

stirred at room temperature for 3-5 days. The mixture was centrifuged to collect the powder 

which was then washed with the reaction solvent four to five times followed by centrifugation 
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after each wash until the supernatant was colorless. The resulting powder was dried under 

reduced pressure and appeared to be orange/yellow. Anchoring of Co-1, Cr-1, salfen, 

(salfen)Al(OiPr), and (salfen)Co followed a similar procedure. 

Preparation of azide self-assembled monolayers on P25 TiO2 powder (azide/TiO2) or P25 

TiO2 coated FTO plate (azide/TiO2/FTO) 

 The anchoring of APTMS was adapted from a published procedure.214 P25 TiO2 powder 

and P25 TiO2 coated FTO plate TiO2/FTO were heated under reduced pressure at 125 °C for 

three days to remove the surface-bound water before bringing it into a nitrogen-filled glovebox. 

200 mg P25 TiO2 powder or 5 slides of TiO2/FTO plate were immersed in 10 mL of toluene 

with 100 µL of APTMS for 3-4 days in the dark. Azide/TiO2 powder was isolated and then 

washed with toluene 3 times followed by centrifugation after each wash. The powder was sat in 

toluene overnight and centrifuged one more time. The solid was collected, dried under reduced 

pressure, and stored in the dark at -30 °C. Azide/TiO2/FTO plates were removed from the 

solution after soaking with APTMS solution and rinsed with toluene and methanol. The plates 

were immersed in toluene overnight, dried under reduced pressure, and stored in the dark at -30 

°C. 

Anchoring L5 onto P25 TiO2 powder (L5/TiO2) 

 In a nitrogen-filled glovebox, 65 mg of azide/TiO2 was added to a mixture of 20 mg L5, 

1 mg CuI, and 10 µL of triethyl amine in DCM. The slurry was stirred at room temperature for 3 

days in the dark. The mixture was centrifuged to collect the powder which was then washed with 

DCM four to five times followed by centrifugation after each wash until the supernatant was 

colorless. The resulting powder was dried under reduced pressure and appeared to be 

orange/yellow. Cr-2 was anchored following a similar procedure, giving yellow powder. 
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Anchoring L5 onto P25 TiO2 coated FTO plate (L5/TiO2/FTO) 

 In a nitrogen-filled glovebox, 2 slides of azide/TiO2/FTO plates were soaked into a 

solution of 18 mg L5, 1 mg CuI, and 10 µL of triethyl amine in DCM in the dark with gentle 

stirring for 3 days. The reaction solution was removed from the reaction vessel. The plates were 

rinsed with methanol once followed by DCM twice then soaked in toluene overnight. The plates 

were dried under reduced pressure and stored at -30 °C. Cr-2 was anchored following a similar 

procedure. 

Procedure for CV measurements 

 In a nitrogen-filled glovebox, cyclic voltammogram experiments of homogenous 

compound L5 and L5 anchored P25 TiO2 coated FTO plate (L5/TiO2/FTO) were conducted 

using a three-electrode configuration, where TiO2/FTO was used as the working electrode for 

the CV measurements for the homogenous compounds L5; and L5/TiO2/FTO was used as the 

working electrode for the CV measurements for the functionalized system. For all experiments, 

Pt wire was used as the counter electrode, and non-aqueous Ag/Ag+ was used as the reference 

electrode. A 100 mM solution of tetrabutylammonium hexafluorophosphate (TBAPF6) in o-DFB 

was used as the electrolyte. The scan rate was varied (10 mV/s to 200 mV/s) to study the 

diffusion process on the electrode. 
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4.5 Appendix C 

 

Figure C1. 1H NMR (500 MHz, CDCl3, 25 °C) spectrum of 3-(tert-butyl)-5-(chloromethyl)-2-

hydroxybenzaldehyde. δ, ppm: 11.86 (s, 1H, OH), 9.87 (s, 1H, O=CH), 7.53 (d, 1H, ArH), 7.44 

(d, 1H, ArH), 4.59 (s, 1H, CH2Cl), 1.42, (s, 9H C(CH3)3). *residual ether. 

* *
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Figure C2. 1H NMR (300 MHz, C6D6, 25 °C) spectrum of 3-(tert-butyl)-5-(methyoxymethyl)-2-

hydroxybenzaldehyde. δ, ppm: 12.28 (s, 1H, OH), 9.26 (s, 1H, O=CH), 7.47 (d, 1H, ArH), 6.81 

(d, 1H, ArH), 4.09 (s, 1H, CH2Cl), 3.13 (s, 3H, OCH3), 1.44, (s, 9H C(CH3)3). 

OH

H

O

OMe
3-(tert-butyl)-2-hydroxy-5-

(methoxymethyl)benzaldehyde
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Figure C3. 1H NMR (300 MHz, CDCl3, 25 °C) spectrum of methyl 3-formyl-4-hydroxy-5-

methylbenzoate. δ, ppm: 11.64 (s, 1H, OH), 9.92 (s, 1H, O=CH), 8.16 (d, 1H, ArH), 8.06 (d, 1H, 

ArH), 3.92 (s, 3H, OCH3), 1.42, (s, 3H CH3). 
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Figure C4. 1H NMR (300 MHz, CDCl3, 25 °C) spectrum of methyl 3-formyl-4-hydroxy-5-

methoxybenzoate. δ, ppm: 11.54 (s, 1H, OH), 9.96 (s, 1H, O=CH), 7.98 (d, 1H, ArH), 7.75 (d, 

1H, ArH), 3.98 (s, 3H, OCH3), 3.94, (s, 3H O=COCH3). 
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Figure C5. 1H NMR (300 MHz, CDCl3, 25 °C) spectrum of 3-(tert-butyl)-5-formyl-4-

hydroxybenzoic acid. δ, ppm: 12.30 (s, 1H, OH), 9.96 (s, 1H, O=CH), 8.26 (s, 2H, ArH), 1.45, 

(s, 9H C(CH3)3). *residual diethyl ether. 

 

* *
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Figure C6. 1H NMR (500 MHz, CDCl3, 25 °C) spectrum of methyl 3-(tert-butyl)-5-formyl-4-

hydroxybenzoate. δ, ppm: 12.20 (s, 1H, OH), 9.93 (s, 1H, O=CH), 8.20 (d, 1H, ArH), 8.17 (d, 

1H, ArH), 3.93, (s, 3H OCH3), 1.44, (s, 9H C(CH3)3). 
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Figure C7. 1H NMR (300 MHz, CDCl3, 25 °C) spectrum of 5-bromo-3-(tert-butyl)-2-

hydroxybenzaldehyde. δ, ppm: 11.72 (s, 1H, OH), 9.81 (s, 1H, O=CH), 7.58 (d, 1H, ArH), 7.51 

(d, 1H, ArH), 1.40, (s, 9H C(CH3)3). 



156 
 

 

Figure C8. 1H NMR (300 MHz, CDCl3, 25 °C) spectrum of 3-(tert-butyl)-2-hydroxy-5-

((trimethylsilyl)ethynyl)benzaldehyde. δ, ppm: 11.90 (s, 1H, OH), 9.83 (s, 1H, O=CH), 7.59 (d, 

1H, ArH), 7.56 (d, 1H, ArH), 1.41, (s, 9H C(CH3)3), 0.25, (s, 9H Si(CH3)3). *residual water in 

the deuterated solvent. 

*



157 
 

 

Figure C9. 1H NMR (300 MHz, CDCl3, 25 °C) spectrum of 3-(tert-butyl)-5-ethynyl-2-

hydroxybenzaldehyde. δ, ppm: 11.93 (s, 1H, OH), 9.84 (s, 1H, O=CH), 7.62 (d, 1H, ArH), 7.58 

(d, 1H, ArH), 3.02 (s, 1H, CCH), 1.41, (s, 9H C(CH3)3). *residual grease. 

 

*
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Figure C10. 1H NMR (300 MHz, C6D6, 25 °C) spectrum of A2. δ, ppm: 14.28 (s, 2H, OH), 8.12 

(s, 2H, N=CH), 7.44 (s, 2H, ArH), 6.76 (s, 2H, ArH), 4.25 (s, 4H, OCH2), 4.21 (t, 4H, C5H4), 

3.92 (t, 4H, C5H4), 3.22 (s, 6H, OCH3), 1.65, (s, 18H C(CH3)3). 

A2
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Figure C11. 1H NMR (300 MHz, CDCl3, 25 °C) spectrum of A2. δ, ppm: 13.85 (s, 2H, OH), 

8.45 (s, 2H, N=CH), 7.26 (s, 1H, ArH), 6.89 (s, 1H, ArH), 4.56 (s, 4H, OCH2), 4.32 (t, 4H, 

C5H4), 4.28 (t, 4H, C5H4), 3.37 (s, 6H, OCH3), 1.47, (s, 18H, C(CH3)3). 

A2
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Figure C12. 13C NMR (125 MHz, C6D6, 25 °C) spectrum of A2. δ, ppm: 161.2 (N=C), 159.8 

(COH), 137. 2, 129.2, 129.0, 128.1, 119.2, 102.6, 74.3 (OCH2), 69.0 (C5H4), 64.4 (C5H4), 57.4 

(OCH3), 34.8 (C(CH3)3), 29.4 (C(CH3)3). 

A2
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Figure C13. 2D HSQC NMR (500 MHz, C6D6, 25 °C) spectrum of A2. 

 

Figure C14. 2D NOESY NMR (500 MHz, C6D6, 25 °C) spectrum of A2. 

A2

A2
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Figure C15. 1H NMR (500 MHz, C6D6, 25 °C) spectrum of A3. δ, ppm: 14.17 (s, 2H, OH), 7.60 

(s, 2H, N=CH), 7.58 (s, 2H, ArH), 6.52 (s, 2H, ArH), 4.16 (t, 4H, C5H4), 3.90 (t, 4H, C5H4), 

1.58, (s, 18H, C(CH3)3). 

A3
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Figure C16. 13C NMR (125 MHz, C6D6, 25 °C) spectrum of A3. δ, ppm: 159.22 (N=C), 

159.19(COH), 137. 6, 133.0, 131.4, 120.8, 110.9, 101.5, 69.6 (C5H4), 64.8 (C5H4), 35.3 

(C(CH3)3), 29.3 (C(CH3)3). 

 

 

A3
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Figure C17. 2D HSQC NMR (500 MHz, C6D6, 25 °C) spectrum of A3. 

 

Figure C18. 1H NMR (500 MHz, CDCl3, 25 °C) spectrum of L1. δ, ppm: 13.51 (s, 2H, OH), 

A3

*

L1
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8.26 (s, 2H, N=CH), 7.78 (s, 2H, ArH), 7.64 (s, 2H, ArH), 6.52 (d, 2H, ArH), 4.63 (t, 4H, C5H4), 

4.36 (t, 4H, C5H4), 3.89 (s, 6H, OCH3). *residual methanol. 

 

Figure C19. 13C NMR (125 MHz, CDCl3, 25 °C) spectrum of L1. δ, ppm: 166.1 (C=O), 164.1 

(COH) 159.1 (N=C), 133.1, 132.9, 120.9, 118.8, 117.0, 101.2, 69.3 (C5H4), 64.0 (C5H4), 51.9 

(OCH3), 34.8 (C(CH3)3), 29.4 (C(CH3)3). 

L1
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Figure C20. 2D HSQC NMR (500 MHz, CDCl3, 25 °C) spectrum of L1. 

 

L1
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Figure C21. 1H NMR (500 MHz, CDCl3, 25 °C) spectrum of L2. δ, ppm: 13.76 (s, 2H, OH), 

8.22 (s, 2H, N=CH), 7.61 (s, 2H, ArH), 7.54 (s, 2H, ArH), 4.61 (t, 4H, C5H4), 4.35 (t, 4H, C5H4), 

3.88 (s, 6H, OCH3), 2.02 (s, 6H, CCH3). 

L2
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Figure C22. 1H NMR (500 MHz, C6D6, 25 °C) spectrum of L2. δ, ppm: 13.78 (s, 2H, OH), 7.88 

(s, 2H, N=CH), 7.70 (s, 2H, ArH), 7.63 (s, 2H, ArH), 4.18 (t, 4H, C5H4), 3.89 (t, 4H, C5H4), 3.68 

(s, 6H, OCH3), 2.16 (s, 6H, CCH3). 

L2
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Figure C23. 13C NMR (125 MHz, CDCl3, 25 °C) spectrum of L2. δ, ppm: 166.4 (C=O), 162.4 

(COH), 159.8 (N=C), 133.5, 130.9, 126.0, 120.1, 118.1, 100.9, 69.2 (C5H4), 63.8 (C5H4), 51.8 

(OCH3), 15.1 (CCH3). 

L2
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Figure C24. 1H NMR (500 MHz, CDCl3, 25 °C) spectrum of L3. δ, ppm: 14.12 (s, 2H, OH), 

8.22 (s, 2H, N=CH), 7.40 (d, 2H, ArH), 7.29 (d, 2H, ArH), 4.62 (t, 4H, C5H4), 4.37 (t, 4H, C5H4), 

3.90 (s, 6H, O=COCH3), 3.79 (s, 6H, OCH3). * is residual DCM. 

L3 *



171 
 

 

Figure C25. 13C NMR (125 MHz, CDCl3, 25 °C) spectrum of L3. δ, ppm: 166.4 (C=O), 158.7 

(N=C), 154.6 (COH), 147.8 (COCH3), 129.0, 128.2, 125.1, 120.0, 118.4, 112.9, 100.6, 69.5 

(C5H4), 63.9 (C5H4), 55.7 (OCH3), 51.9 (O=COCH3). 

L3
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Figure C26. 2D HSQC NMR (500 MHz, CDCl3, 25 °C) spectrum of L3. 

 

L3
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Figure C27. 1H NMR (500 MHz, C6D6, 25 °C) spectrum of L4. δ, ppm: 14.85 (s, 2H, OH), 8.19 

(s, 2H, N=CH), 7.74 (d, 2H, ArH), 7.39 (d, 2H, ArH), 4.19 (t, 4H, C5H4), 3.90 (t, 4H, C5H4), 3.69 

(s, 6H, OCH3), 1.67 (s, 18H, C(CH3)3). 

L4
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Figure C28. 1H NMR (300 MHz, CDCl3, 25 °C) spectrum of L4. δ, ppm: 14.54 (s, 2H, OH), 

8.27 (s, 2H, N=CH), 7.85 (d, 2H, ArH), 7.39 (d, 2H, ArH), 4.64 (t, 4H, C5H4), 4.37 (t, 4H, C5H4), 

3.94 (s, 6H, OCH3), 1.46 (s, 18H, C(CH3)3). 3.49 ppm is attributed to residual methanol and 0.07 

ppm is attributed to residual grease. 

L4
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Figure C29. 13C NMR (125 MHz, CDCl3, 25 °C) spectrum of L4. δ, ppm: 166.4 (C=O), 163.9 

(COH), 159.8 (N=C), 137.5, 131.5, 130.4, 120.0, 118.8, 101.6, 69.7 (C5H4), 64.5 (C5H4), 51.8 

(OCH3), 34.9 (C(CH3)3), 29.1 (C(CH3)3). 

L4
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Figure C30. 2D HSQC NMR (500 MHz, CDCl3, 25 °C) spectrum of L4. 

 

Figure C31. Overlay of 1H NMR spectra (500 MH, CDCl3, 25 °C) for the attempt to synthesize 

the carboxylic acid substituted salfen. 

L4

MeOH
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Figure C32. 1H NMR (500 MHz, C6D6, 25 °C) spectrum of L5. δ, ppm: 14.41 (s, 2H, OH), 7.72 

(s, 2H, N=CH), 7.67 (d, 2H, ArH), 6.76 (d, 2H, ArH), 4.13 (t, 4H, C5H4), 3.88 (t, 4H, C5H4), 2.75 

(s, 2H, CCH), 1.61 (s, 18H, C(CH3)3). 

L5
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Figure C33. 1H NMR (500 MHz, CDCl3, 25 °C) spectrum of L5. δ, ppm: 14.13 (s, 2H, OH), 

8.11 (s, 2H, N=CH), 7.38 (d, 2H, ArH), 6.78 (d, 2H, ArH), 4.60 (t, 4H, C5H4), 4.34 (t, 4H, C5H4), 

2.94 (s, 2H, CCH), 1.46 (s, 18H, C(CH3)3). 

L5
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Figure C34. 13C NMR (125 MHz, CDCl3, 25 °C) spectrum of L5. δ, ppm: 160.5 (COH), 159.8 

(N=C), 137. 5, 133.5, 133.2, 119.2, 111.8, 101.7, 84.3 (CCH), 75.3 (CCH), 69.6 (C5H4), 64.6 

(C5H4), 35.0 (C(CH3)3), 29.3 (C(CH3)3). 

L5



180 
 

 

Figure C35. 2D HSQC NMR (500 MHz, CDCl3, 25 °C) spectrum of L5. 

 

Figure C36. Overlay of 1H HSQC NMR (500 MHz, C6D6, 25 °C) spectra of L5 (top) and 

deprotonated [L5]-K2+ (bottom). Peaks at 3.57 and 1.40 ppm are attributed to residual THF. 

L5
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Figure C37. 1H NMR (500 MHz, CDCl3, 25 °C) spectrum of Co-1. δ, ppm: 62.97 (s, ArH), 

52.73 (s, ArH), 18.94 (s, C5H4), 10.62 (s, C5H4), -3.26 (s, N=CH), -4.57 (s, C(CH3)3), -6.85 (s, 

OCH3). Peaks at 2.36 and 7.19 ppm are attributed to residual toluene. Peaks at 1.27 and 0.83 

ppm are attributed to residual hexanes. 

Co-1
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Figure C38. 1H NMR (500 MHz, CDCl3, 25 °C) spectrum of Co-2. δ, ppm: 61.68 (s, ArH), 

53.78 (s, ArH), 18.22 (s, C5H4), -2.74 (s, C5H4), -3.11 (s, C(CH3)3), -4.21 (s, C(CH3)3), -5.36 (s, 

CCH), -7.58 (s, N=CH). *residual toluene. 

*

*
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Figure C39. 1H NMR (500 MHz, C6D6, 25 °C) spectrum of Cr-1. 

Cr-1
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Figure C40. 1H NMR (500 MHz, C6D6, 25 °C) spectrum of Cr-2. 

Cr-2
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Figure C41. 1H NMR (500 MHz, CDCl3, 25 °C) spectrum of (3-azidopropy)trimethoxysilane. δ, 

ppm: 3.57 (s, 9H, Si(OCH3)3), 3.27 (t, 2H, SiCH2CH2CH2N3), 1.72 (m, 2H, SiCH2CH2CH2N3), 

0.71 (m, 2H, SiCH2CH2CH2N3). 
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Figure C42. Overlay of 1H NMR (300 MHz, CDCl3, 25 °C) spectra of 6-NCA-C8H17 (top) and 

poly (6-NCA-C8H17) (bottom). 
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Figure C43. Normalized UV-Vis spectra of Co-1 (black), Cr-1 (red), L4 (blue). 

 

Figure C44. Normalized UV-Vis spectra of Co-2 (black), Cr-2 (red), L5 (blue). 
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Figure C45. SEC trace of poly(6-NCA-C8H17) for Table 5.2, entry 1. 

 

Figure C46. SEC trace of poly(6-NCA-C8H17) for Table 5.2, entry 3. 
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Figure C47. SEC trace of poly(6-NCA-C8H17) for Table 5.2, entry 2. 

 

Figure C48. SEC trace of poly(6-NCA-C8H17) for Table 5.2, entry 4. 
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Figure C49. IR spectra of TiO2 nanoparticles (green), L1 (brown), L1 immobilized TiO2 

nanoparticles using diethyl ether as solvent (gray), and DCM as solvent (gray). 
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Figure C50. IR spectrum of (3-azidopropy)trimethoxysilane functionalized TiO2 nanoparticles. 

 

Figure C51. IR spectra of (3-azidopropy)trimethoxysilane functionalized TiO2 

nanoparticles(azide/TiO2, red), L5 (yellow) and L5 immobilized TiO2 nanoparticles through 

Wavenumbers (cm-1)
4000 3800 3600 3400 3200 3000 2800 2600 2400 2200 2000 1800 1600 1400 1200 1000 800

TiO2 after alkyne-azide reaction
alkyne
azide TiO2

3110

3307
2999

2967
2100

1780
1908

19881942

1607 1445
1583

1604 1445
2100

2100

2959



192 
 

“click” reaction (L5/TiO2, blue). 

 

Figure C52. IR spectra of TiO2 coated FTO plate (TiO2/FTO, yellow), (3-

azidopropy)trimethoxysilane functionalized TiO2 coated FTO plate (azide/TiO2/FTO, blue), and 

L5 immobilized TiO2 coated FTO plate through “click” reaction (L5/TiO2/FTO, red). 

 

Figure C53. Raman spectrum of L5 immobilized TiO2 nanoparticles through “click” reaction. 
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Figure C54. XPS spectra of (a) L5, and (b) (3-azidopropy)trimethoxysilane functionalized TiO2 

nanoparticles (azide/TiO2). 

b)

a)
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Figure C55. XPS spectra of (a) L5 immobilized TiO2 nanoparticles through “click” reaction 

(L5/TiO2) and (b) Cr-2 immobilized TiO2 nanoparticles through “click” reaction (Cr-2/TiO2) 

 

b)

a)
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Figure C56. Cyclic voltammetry diagrams of L5 in o-DFB (1 mM L5, 100 mM TBAPF6). 

 

Figure C57. Cyclic voltammetry diagrams of L5 immobilized TiO2 coated FTO plate through 

“click” reaction (L5/TiO2/FTO, working electrode) in o-DFB (100 mM TBAPF6). 
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Figure C58. Peak current vs scan rate. 
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Table C1. Attempts to synthesize salfen derivatives with alkyl substitution. 

Fe
N

N

OH

OH
tBu

tBu

Cl

Cl

OH
tBu

Cl

H

O

Fe
NH2

NH2

+ Fe
N

N

OH

OH
tBu

tBu

OMe

MeO

conditions

A1 A2
 

Entrya Solvent Acid Sieves Resultsc 

1 MeOH N/A No 3-(tert-butyl)-5-(methyoxymethyl)-2-
hydroxybenzaldehyde 

2 C6D6 N/A No No reaction 

3 DCM N/A Yes No reaction 

4b MeOH HCl Yes A2 

5b DCM HCl Yes No reaction 

6b Ether HCl Yes No reaction 

7 THF N/A Yes No reaction 

8 
DCM/MeCN 

1:1 
N/A Yes No reaction 

9b 
DCM/MeCN 

1:1 
HCl Yes No reaction 

a. All reactions were carried out with 1 equivalent of 1,1’-diaminoferrocene which was 

added to a stirring solution of 2 equivalents of 3-(tert-butyl)-5-(chloromethyl)-2-

hydroxybenzaldehyde in the specified solvent/solvent combination and stirred overnight 

at room temperature. Precipitates were isolated on top of a medium frit if formed.  
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b. HCl (0.8 equiv., 2.0 M in diethyl ether) was added to the aldehyde before the addition of 

1,1’-diaminoferrocene.  

c. The reactions were analyzed by 1H NMR spectroscopy. 

Table C2. Attempts to synthesize alumina complex supported by L1-3 or L5. 

Fe
N

N

OH

OH
R

R'

R'

R

Fe
N

N

O

O
R

R'

R'

R

Al X

Conditions

 

Entrya R R’ X Solvent T (°C) Time Resultsc 

1 H COOMe OiPr Toluene 80 2 days Messy 

2 H COOMe OiPr Toluene/DCM 80 2 days Messy 

3 H COOMe OiPr Toluene RT 3 days Messy 

4 H COOMe OiPr Toluene 80 3.5 h Messy 

5 MeO COOMe OiPr Toluene RT 16 h No reaction 

6 MeO COOMe OiPr Toluene 60 34 h Messy 

7 MeO COOMe OiPr C6D6 RT 20 h No reaction 

8 MeO COOMe OiPr C6D6 40 overnight Messy 

9 MeO COOMe OiPr CDCl3 RT 20 h No reaction 

10 MeO COOMe OiPr CDCl3 40 overnight Messy 

11b MeO COOMe Cl Toluene RT overnight Messy 

12b MeO COOMe Cl Toluene/DCM RT 4 h Messy 

13 MeO COOMe OiPr DCE RT 3 days Messy 
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14b Me COOMe Cl Toluene/DCM RT overnight Messy 

15 Me COOMe OiPr C6D6 RT one week No reaction 

16 Me COOMe OiPr C6D6 80 overnight Messy 

17 tBu C≡CH OiPr C6D6 RT one week No reaction 

18 tBu C≡CH OiPr C6D6 80 4 h Messy 

a. Reactions were carried out by mixing 1 equivalent of proligand and 1.1 equivalents of 

Al(OiPr)3 at room temperature in the specified solvent and then elevated to the 

designated temperature.   

b. Reactions were carried out by adding 1.3 equivalents of AlEt2Cl (0.9 M in toluene) to 1 

equivalent of proligand at -78 °C and slowly warmed up to room temperature. 

c. The reactions were monitored by 1H NMR spectroscopy. 

Fe
N

N

OH

OH

O
Si
O

O
N3

+
Conditions

Fe
N

N

OH

OH

NN
N

Si
O

OO

N N
NSi

O

OO

Fe
N

N

OH

OH

NN
N

Si
O

OO

+

 

Table C3. Investigating conditions for “click” reaction between L5 and (3-

azidopropy)trimethoxysilane. 

Entrya Solvent [Cu] Base Reductant Temp Resultsf 

1b THF CuI DIPEA N/A 
RT 
to 

50 °C 

RT overnight: no 
reaction 

50 °C, 35 h: mixture 
of products 
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2c THF CuI Et3N N/A 
RT 
to 

50 °C 

RT overnight: no 
reaction 

50 °C, 35 h: mixture 
of products 

3d 
MeOH/ 
water 

CuSO4·5H2O N/A Na 
ascorbate RT No reaction after 48 

h 

4d,e 
DCM/ 
water 

CuSO4·5H2O N/A Na 
ascorbate RT RT overnight: a 

mixture of products 

5c DCM CuI Et3N N/A RT RT 3 days: a mixture 
of products 

a. All experiments were conducted with 1 equivalent of L5 with 2 equivalent (3-

azidopropy)trimethoxysilane. 

b. 5 equivalents of DIPEA, 0.1 equivalent of CuI. 

c. 1.5 equivalents of triethylamine, 0.1 equivalent of CuI, in the specified solvent. 

d. 0.1 equivalent of CuSO4·5H2O, 0.2 equivalent of sodium ascorbate in 1:1 mixture of 

solvents. 

e. The reaction was washed with ethyl acetate and water and dried with Na2SO4. 

f. The reactions were monitored by 1H NMR spectroscopy. 
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Table C4. ICP-MS results of surface anchoring attempts and controls.a 

 

a. ICP samples were prepared by digesting solid powders into 2% nitric acid for 2-3 days. Each 

sample was done in triplicated measurements with background correction. 

 

  

CuCoCrAlFe

SampleEntry TiO2
loading
[wt%]

Conc. 
[µg/mL]

TiO2
loading
[wt%]

Conc. 
[µg/mL]

TiO2
loading
[wt%]

Conc. 
[µg/mL]

TiO2
loading
[wt%]

Conc. 
[µg/mL]

TiO2
loading
[wt%]

Conc. 
[µg/mL]

--------0.3021.188Salfen/TiO21

------0.1150.9100.1371.087(Salfen)Al(OiPr)/
TiO2

2

--0.1871.779----0.1681.593SalfenCo/TiO23

--------0.4432.060L1/TiO2-DCM4

--------0.4283.087L1/TiO2-DCM-25

--------0.3801.879L1/TiO2-ether6

--------0.3561.987L1/TiO2-ether-27

--0.2701.778----0.1470.966Co-1/TiO28

----0.2041.733--0.1100.933Cr-1/TiO29

3.5432.587------0.9578.824“Click” L5/TiO210

0.0400.319------0.1991.428“Click” L5/TiO2-211

0.0370.294--0.1341.074--0.2962.372“Click” Cr-2/TiO212

0.0010.00800.0000.0070.047--0.0250.172TiO213
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Chapter 5. Ytterbium(III) complexes with ultra-narrow absorption: steps toward magnetic 

field and liquid cell quantum sensing 

5.1 Introduction 

 Lanthanide molecular materials have emerged as invaluable tools in a wide range of areas 

including catalysis,234, 235 single-molecular magnets (SMMs),236-238 electromagnetic field 

sensing,239, 240 and quantum information processing (QIP).241 Molecular materials composing 

lanthanide elements exhibit exceptional properties due to their special electronic structure. Sharp 

absorption and emission bands are often observed for f-f transition due to the shielding of the 4f 

subshell by the 5s and 5p orbitals, which allows distinct electronic transitions with well-defined 

energy levels. In the realm of quantum information processing, lanthanide complexes 

represented by Ln(trensal) (H3(trensal) = 2,2’,2”-tris(salicylideneimino)triethylamine) processing 

unique quantum properties such as long coherence times and robust spin interactions renders 

them a highly promising paradigm for quantum computing.242, 243 Besides the immense potential 

for QIP, lanthanide complexes offer unparalleled sensitivity and selectivity in electromagnetic 

field sensing. 

 Atomic vapor cells (AVCs) are one of the most sensitive and widely deployed methods of 

detecting electromagnetic fields that are typically derived from K, Cs, or Rb with limitations on 

collision-based dephasing cite/our paper. A liquid analogue to an AVC, e.g. an atomic-like 

molecular sensor (ALMS), would utilize atomic-like transitions while minimizing drawbacks by 

accessing much higher number densities. In this regard, a molecular system with a designed 

ligand supporting a lanthanide center featuring discrete electronic transition represents an 

appealing class of candidates for liquid cell sensing. This design approach allows a convenient 

integration of a tunable chemical backbone and a lanthanide center that governs the opto-
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magnetic properties of the system. It allows the unraveling of the mechanisms during the 

development and enables intentional modifications, optimization, and a combination of multiple 

functionalities to attain the desired properties for the designated application.  

 Among lanthanides, Yb3+ with the 4f13 electron configuration allows for well-protected 

electronic transitions between a small manifold of spin-orbit electron configurations. Therefore, 

we consider it a viable candidate for the applications of our interest. It is important to note that 

crystal field asymmetry in a Yb3+ coordination complex results in coupling between 5d and 4f 

orbitals. Solubilization allows for a high number density of these species in a set volume, 

reaching upwards of 1019 molecules per cm3 (i.e., 10 mM), a value eight orders of magnitude 

greater than the average density of their AVC counterparts.244-246 Here we present an 

unprecedented ultranarrow (<1 meV) linewidth achieved in a solution at room temperature for a 

molecular ytterbium system with in-depth opto-magnetic investigation supported by electronic 

structure calculations. The developed system allows for liquid-based optical measurements of 

magnetic fields through direct transmission of circularly polarized light, down to the Earth’s 

magnetic field (~0.25 G),240 paving the way toward a novel liquid-based magnetometry method 

(Figure 5.1). This chapter is a reproduction of a submitted manuscript Shin, A. J.;* Zhao, C.;* 

Shen, Y.;* Dickerson, C.;*, Li, B.; Bim, D.; Atallah, T. L.; Oyala, P. H.; He, Y.; Roshandel, H.; 

Alson, L. K.;  Alexandrova, A. N.; Diaconescu, P. L.;  Campbell, W. C.; Caram, J. R., Toward 

liquid cell quantum sensing: Ytterbium (III) complexes with ultra-narrow absorption, 

*authors contributed equally. The present chapter will be focusing on the synthesis and 

characterization of a series of molecular ytterbium systems. 
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Figure 5.1. Molecular ytterbium system for atomic-like molecular sensing. 

 

 Molecular lanthanide systems applied in the realms of single-molecular magnets 

(SMMs), electromagnetic field sensing, and quantum information processing (QIP) have been 

intensively investigated based on various supporting ligands.238, 240, 241 Schiff base compounds 

are particularly attractive due to their unique coordination environment.247-252 Modifications on 

the molecular structure are also readily accessible, which confers appealing functionality to the 

coordination ligand. The optical and/or magnetic properties of selected examples of lanthanide 

complexes supported by Schiff base compounds are presented in Figure 5.2. Moreover, amide 

versions of Schiff base compounds and other types of [ONNO]-based ligands, for example, 

salan, as well as [OSSO]-type of ligands are potential candidates for molecular lanthanide 

system.66, 253-258 
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Figure 5.2. Selection of Schiff base compounds (top), their supported lanthanide complexes 

(middle), and representations of [OSSO]-type of ligands for rare earth metal coordination 

(bottom).247, 250, 258, 259 

 

 Our group has developed a series of ferrocene-based compounds and has established a 

list of lanthanide complexes supported by those compounds (Figure 5.3).73, 92, 260-263 The 

ferrocene-diimide and ferrocene-dithiol-supported rare earth complexes exhibited impressive 

activity in ring-opening polymerization in the comprehensive studies, however, they were less 
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investigated in their optical and magnetic properties.66, 73, 261, 262 On the other hand, ferrocene 

diamide ligand, NNTBS, was investigated supporting Dy complex. The constructed Dy complex 

exhibited unprecedented uniaxial anisotropy, which was leveraged to enhance its SMM 

properties.264 Here, we first time demonstrate the investigation of ferrocene-based [OSSO]-

ligand-supported ytterbium complexes and their unique optical and magnetic properties. 
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Figure 5.3. Selection of ferrocene-base ligand-supported rare earth metal complexes developed 

by the Diaconescu group.73, 260, 261, 263, 265 
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5.2 Results and discussion 

Synthesis and characterization of ytterbium complexes 

H2(thiolfan) and H2(thiolfan*) have been synthesized according to previously published 

procedures (thiolfan = 1,1′-bis(2,4-di-tert-butyl-6-thiomethylenephenoxy)ferrocene, thiolfan* = 1, 

1'-bis (2,4-di-tert-butyl-6-thiophenoxy)ferrocene).75, 260 The Yb3+ complexes supported by the 

ferrocene-based [OSSO]-type of ligands was synthesized following a published procedure with 

minor modifications (Scheme 5.1).260 H2(thiolfan) was deprotonated with excess sodium hydride 

at room temperature, followed by a reaction with YbCl3(THF)3 (THF = tetrahydrofuran) at -78 °C. 

After crystallizing in concentrated toluene solution layered with hexanes at -30°C, an orange-

yellow crystalline product was obtained in moderate yields. To investigate the relationship 

between the structural and spectral properties of this class of Yb3+ compounds, two derivatives of 

(thiolfan)YbCl(THF) were synthesized: (thiolfan*)YbCl(THF), 2, and (thiolfan)Yb[N(SiMe3)2], 3. 

(thiolfan*)YbCl(THF), was synthesized following a similar procedure for the synthesis of 

(thiolfan)YbCl(THF) where H2(thiolfan*) was deprotonated with excess sodium hydride at room 

temperature, followed by a reaction with YbCl3(THF)3 at -78 °C. Crystallization in concentrated 

toluene solution layered with hexanes afforded semi-crystalline products in moderate yield, 

however, not suitable for single crystal x-ray diffraction analysis. Moreover, an amide version of 

(thiolfan)YbCl(THF) was prepared through the reaction of [(thiolfan)YbCl]2 with LiN(SiMe3)2 in 

the presence of THF. (thiolfan)Yb[N(SiMe3)2] was obtained as a yellow-whitish powder from a 

crystallization solution in hexanes and isolated by decanting hexanes. The solid was collected on 

top of a fine frit. Due to the paramagnetic nature of the complex, proton peaks in the obtained 1H 

NMR spectra of the three complexes could not be accurately assigned. Instead, all three complexes 

were characterized by elemental analysis, UV-Vis and Fourier transform infrared (FTIR) 
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spectroscopy. Unfortunately, attempts to characterize by mass spectroscopy techniques only 

reflected free ligands after complex degradation. IR spectroscopy analysis using Nujol mulls 

sandwiched between NaCl optical plates revealed small amounts of compound degradation (Figure 

D23-25). 
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Scheme 5.1. Synthesis of ytterbium complexes: (thiolfan)YbCl(THF) 1, (thiolfan*)YbCl(THF) 

2, and (thiolfan)Yb[N(SiMe3)2] 3. 

 

 Attempts to obtain crystals suitable for X-ray diffraction analysis for 

(thiolfan*)YbCl(THF) and (thiolfan)Yb[N(SiMe3)2] in concentrated toluene layered with 
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hexanes or saturated hexanes solution were unsuccessful. However, the solid-state molecular 

structure of the ytterbium chloride complex supported by thiolfan crystallized out of toluene 

revealed a dinuclear compound, [(thiolfan)YbCl]2, where two ytterbium centers bridged by two 

chlorides (Figure 5.4, left). The mononuclear compound with THF coordination, 

(thiolfan)YbCl(THF), was crystallized out of concentrated THF solution layered with hexanes at 

low temperature, revealing one ytterbium center in the structure (Figure 5.4, right). A similar 

observation of the bridged versus THF coordinated structures of a rare earth metal complex has 

been reported previously for the yttrium analogue.260 The spectral measurements performed in 

THF or 2-MeTHF (2-Methyltetrahydrofuran) are expected to reveal the nature of the 

mononuclear ytterbium compound (thiolfan)YbCl(THF), whereas the investigation on the solid 

form or in the non-coordinating solvent of the ytterbium compound crushed out of toluene is 

based on the dimeric form of the ytterbium compound, [(thiolfan)YbCl]2 unless otherwise noted. 
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Figure 5.4. Left: thermal ellipsoid (50% probability) representation of [(thiolfan)YbCl]2. Right: 

Thermal ellipsoid (50% probability) representation of (thiolfan)YbCl(THF).  Hydrogen and 

disordered atoms are omitted for clarity. 

 

 Preliminary results on conducting UV-Vis spectroscopy measurements on the ytterbium 

complex supported by thiolfan in toluene revealed two peaks between 980-985 nm. In contrast, 

the spectrum taken in THF reflected only one peak at 980 nm. Dilution of the sample in toluene 

with serial addition of THF indicated a gradual spectral shift from the bimodal absorbance 

feature in toluene to the unimodal feature in THF (Figure 5.5). 

 

Figure 5.5. Dilution of [(thiolfan)YbCl]2 in toluene with small additions of THF. The ratio of the 

monomer to THF concentrations are shown in brackets. The sample absorption spectra in toluene 

and in THF are shown on the top (black) and bottom (red) for comparison to the dilution trend. 
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We speculated that the shift in the absorption peak observed upon the addition of THF to 

the sample in toluene was attributed to the THF coordination and breaking of the dinuclear 

structure of [(thiolfan)YbCl]2. It was further supported by a diffusion-ordered spectroscopy 

(DOSY) experiment on the yttrium analogue (Figure 5.6). Due to the broadness of the peaks in the 

1H NMR spectrum of [(thiolfan)YbCl]2, we performed DOSY experiments on the yttrium analogue 

[(thiolfan)YCl]2, which also crystalizes as a dinuclear complex with chlorides bridging the two 

yttrium centers in a similar way as the ytterbium chloride complex.260 It is important to point out 

that the 1H NMR spectrum of [(thiolfan)YCl]2 indicated 1 equivalent of THF coordination to the 

complex when residual THF was present. The DOSY experiment was conducted on 

[(thiolfan)YCl]2 in THF-d8 with tetrakis(trimethylsilyl)silane (TMSS) used as an internal 

standard.266 The hydrodynamic radius (rH) of (thiolfan)YCl(THF) was derived from the Stokes-

Einstein equation:267 

𝐷𝐷𝑡𝑡 =
𝑘𝑘𝑘𝑘

6𝜋𝜋𝜂𝜂𝑟𝑟𝐻𝐻
  

where 𝑘𝑘 is the Boltzmann constant, 𝑇𝑇 is the temperature, and 𝜂𝜂 is the solution viscosity (298 K, 

0.46 mPa·s, respectively). 𝑟𝑟𝐻𝐻 =  6.70 Å was calculated using this equation and compared to the 

radius of the dimeric structure in the solid state (𝑟𝑟𝑋𝑋−𝑟𝑟𝑟𝑟𝑟𝑟 = 11.20 Å estimated by measuring the 

distance from the center of the dimeric molecule to the farthest atom using X-ray crystallographic 

data), which is 1.67 times the radius calculated in solution.  
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Figure 5.6. DOSY (298 K, 500 MHz, THF-d8) of (thiolfan)YCl(THF) with TMSS as an internal 

standard. 

 

Electronic spectroscopy 

In-depth investigations on the optical property of (thiolfan)YbCl(THF) using electronic 

spectroscopy were conducted using a conventional UV-Vis spectrometer. We observe several 

features: a broad ligand absorption band (I) in the visible range around 400-600 nm (Figure D26), 

several weakly absorbing transitions (II and III) from 880-950 nm, and the transition of primary 

interest: the strongly absorbing, ultranarrow transition (IV) at 980 nm (Figure 5.7). A high-

resolution spectrum of our primary focus, the extraordinary narrow transition IV, was collected 

using a narrowband, continuous-wave Ti:sapphire laser to scan the transmission (see experimental 

section for details). A center energy of 1.2637 eV with a full width at half maximum (FWHM) of 

0.625±0.006 meV was found (Figure 5.7, bottom left). 
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Figure 5.7. Optical characterization of (thiolfan)YbCl(THF). Wide-field absorption spectrum 

with zoomed-in absorption spectrum around the Yb features, showing a high-resolution 

absorption scan of the Yb transition with the highest oscillator strength around 980 nm or 1.262 

eV in the bottom left. The absorption spectra were taken with a 3 mM solution in THF at room 

temperature.  

 

The feature of interest for (thiolfan)YbCl(THF) at 980 nm remained unimodal in the 

collected absorption spectra at cryogenic temperatures (Figure 5.8a) in glass-forming solvent 2-

MeTHF. A slight broadening and blue shift in peak energy was observed at increased temperatures 

(300 K and above). Overall, we postulated that transition IV is dominated by an inhomogeneously 

broadened transitions since no underlying feature was resolved at cryogenic temperatures. 
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Nonetheless, (thiolfan)YbCl(THF) presented a narrower room temperature solution linewidth 

compared to those of other molecular Yb3+ systems (Figure 5.8b).242, 268-270 We hypothesize that 

the observed ultra-narrow linewidth of (thiolfan)YbCl(THF) is due to the unprecedented 

ferrocene-based ligand incorporated in the molecular ytterbium system. For comparison, 

Yb(trensal) presents a linewidth of 4.6 meV with more absorption features due to other spin-orbital 

transitions and vibrations.242 

 

Figure 5.8. a) Temperature-dependent absorption scans of (thiolfan)YbCl(THF), using liquid N2 

and He for cooling. The dashed lines indicate the corresponding Lorentzian fits. Solid vertical lines 

are a visual guide to emphasize the shift in peak center; b) Absorption FWHM comparison to other 

Yb3+ complexes;242, 268-270 c) Molecular representations of ytterbium compounds 1, 2, 3; d) 

Absorption peaks of compounds 1, 2, 3 at 3 mM concentration in THF. 
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To perform a systematic study of the molecular ytterbium system incorporating ferrocene 

backbones, we conducted UV-Vis spectroscopy measurements on 2, 3 at 3 mM concentration in 

THF. For all three variants, the narrow linewidth of transition IV is preserved with the full width 

at half maximum (FWHM) of 2 at 0.902 ± 0.007 meV and 3 at 0.947 ± 0.005 meV, comparable to 

that of 1 (Figure 5.8d). Compared to the thiolfan backbone, the thiolfan* backbone incorporated 

in 2 has one less carbon from the sulfur atom attaching the ferrocene moiety to the phenoxy, which 

is postulated to account for the broadening of the linewidth and the shift of the peak. Replacing -

Cl with -N(SiMe3)2 in 3 resulted in a similar observation likely due to the different ligand field 

strength of -Cl versus -N(SiMe3)2. Ambiguity in solvent coordination for 3 hindered our ability to 

proceed with further investigation. Although the underlying mechanism of those changes in 

linewidth and shift in energy is uncovered, it is important to highlight that all three ytterbium 

complexes display near record linewidths in solution, despite shifts in the primary transition energy 

that can be attributed to slight deviations in the coordination geometry. The narrow linewidth 

originated from the ferrocene-based ligand in the present ytterbium complexes provides a novel 

platform for designing molecular lanthanide systems for narrow optical transitions. 

 

Magnetic properties 

The magnetic properties of all three ytterbium compounds in solid form were investigated 

using a superconducting quantum interference device (SQUID). Analyses were performed on 

crushed polycrystalline samples obtained from a solution of toluene/hexanes and sealed in a 

polyethylene membrane under an inert atmosphere. Direct current (dc) susceptibility 

measurements were performed in a magnetic field, B, of 1000 Oe and at a temperature range of 2 
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K to 290 K. Solid-state molecular structure of [(thiolfan)YbCl]2 revealed a dinuclear complex, 

therefore, at 290 K, 𝜒𝜒𝑚𝑚𝑇𝑇 = 4.77 𝑒𝑒𝑒𝑒𝑒𝑒 ∙ 𝐾𝐾/𝑚𝑚𝑚𝑚𝑚𝑚 after diamagnetic correction is comparable with 

the reported two ytterbium centers (5.14 𝑒𝑒𝑒𝑒𝑒𝑒 ∙ 𝐾𝐾/𝑚𝑚𝑚𝑚𝑚𝑚, 2F7/2, gJ = 8/7) at room temperature.252, 271-

278 Upon cooling,  𝜒𝜒𝑚𝑚𝑇𝑇  decreased gradually to 3.67 𝑒𝑒𝑒𝑒𝑒𝑒 ∙ 𝐾𝐾/𝑚𝑚𝑚𝑚𝑚𝑚  at 2 K as a result of 

depopulation of the excited crystal field sublevels of Yb3+ and/or antiferromagnetic interactions 

between the two Yb3+ centers (Figure 5.9). At low temperatures, the magnetization value rose 

rapidly at low fields, and increases slowly at high fields, then reaches a maximum of 3.76 𝜇𝜇𝐵𝐵  at 7 

T (Figure D9a). Such field dependence of the magnetization of [thiolfanYbCl]2 is typically 

observed for weakly interacting Yb3+ ions.271-273, 275, 277 Attempts to fit the field-dependent 

magnetization data using Brillouin function of two non-interacting Yb3+ ions gave incongruent 

results, as the magnetization value at 7 T and 2 K for [thiolfanYbCl]2 than expected two uncoupled 

Yb3+ centers, suggesting that crystal field effects, exchange interactions and/or the presence of 

low-lying states shall be considered to obtain a reliable fitting.278, 279 The discrepancy between the 

Brillouin function of two uncoupled J = ±2/7 states verse the experimental data of [thiolfanYbCl]2 

may also be attributed to the magnetic anisotropy. The lack of perfect superimposition of the M 

versus H/T curves at 2, 4, 6, 8, and 10 K suggested the presence of magnetic anisotropy and/or 

low-lying excited states for the ytterbium complex (Figure D9b). However, the measurement was 

performed on a polycrystalline sample which is insufficient to probe the orientation sensitivity of 

the anisotropic exchange contribution.272 A linear curve was observed in 1 𝜒𝜒�  vs T and Curie 

constant was calculated based on the linear fit (𝑐𝑐 = 4.39 𝑒𝑒𝑒𝑒𝑒𝑒 𝐾𝐾/𝑚𝑚𝑚𝑚𝑚𝑚). According to Curie-Weiss 

law, a negative Weiss constant (𝜃𝜃 = −4.46𝐾𝐾) was obtained from the graph, indicating anti-

ferromagnetic coupling (Figure D10). A linear curve was also observed in the M vs H measurement 
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passing through the origin, confirming the paramagnetic properties of the compound. No hysteresis 

in isothermal magnetization measurements was observed (Figure D11). 

 

Figure 5.9. Plot of 𝜒𝜒𝑚𝑚𝑇𝑇 versus T for [(thiolfan)YbCl]2 under a 1000 Oe dc field in the temperature 

range 2-290 K.  

 

Similarly, direct current (dc) susceptibility measurements in a magnetic field, B, of 1000 

Oe and at a temperature range of 2 K to 300 K were also conducted for (thiolfan*)YbCl(THF)n 

and (thiolfan)Yb[N(SiMe3)2]. For (thiolfan*)YbCl(THF)n, the room temperature molecular 

susceptibility and effective magnetic moment 𝜒𝜒𝑚𝑚𝑇𝑇 = 2.11 𝑒𝑒𝑒𝑒𝑒𝑒 ∙ 𝐾𝐾/𝑚𝑚𝑚𝑚𝑚𝑚  and 𝜇𝜇𝑒𝑒𝑒𝑒𝑒𝑒 = 4.11  per 

ytterbium center were calculated based on experimental results (Figure D12). In the context of 

(thiolfan)Yb[N(SiMe3)2], the room temperature molecular susceptibility and effective magnetic 

moment 𝜒𝜒𝑚𝑚𝑇𝑇 = 2.12 𝑒𝑒𝑒𝑒𝑒𝑒 ∙ 𝐾𝐾/𝑚𝑚𝑚𝑚𝑚𝑚  and 𝜇𝜇𝑒𝑒𝑒𝑒𝑒𝑒 = 4.12 per ytterbium center were found (Figure 
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D15). Both are comparable with the expected values for one ytterbium center (2.57 𝑒𝑒𝑒𝑒𝑒𝑒 ∙ 𝐾𝐾/𝑚𝑚𝑚𝑚𝑚𝑚 

and 𝜇𝜇𝑒𝑒𝑒𝑒𝑒𝑒 = 4.54) assuming a J = 7/2 (S = ½, L = 3, gJ = 8/7) ground state.236 

Interestingly, upon cooling,  𝜒𝜒𝑚𝑚𝑇𝑇 of (thiolfan*)YbCl(THF) first decreased gradually as 

temperature decreases to 1.73 𝑒𝑒𝑒𝑒𝑒𝑒 ∙ 𝐾𝐾/𝑚𝑚𝑚𝑚𝑚𝑚 at 17 K, then slowly increased to 1.75 𝑒𝑒𝑒𝑒𝑒𝑒 ∙ 𝐾𝐾/𝑚𝑚𝑚𝑚𝑚𝑚 

at 6 K, followed by a sharp decrease to 1.69 𝑒𝑒𝑒𝑒𝑒𝑒 ∙ 𝐾𝐾/𝑚𝑚𝑚𝑚𝑚𝑚 at 2 K (Figure D12). A linear curve was 

observed in 1 𝜒𝜒�  vs T. Curie constant was calculated based on the linear fit (𝑐𝑐 = 2.13 𝑒𝑒𝑒𝑒𝑒𝑒 𝐾𝐾/𝑚𝑚𝑚𝑚𝑚𝑚), 

which is comparable to the value of 𝜒𝜒𝑚𝑚𝑇𝑇 = 2.11 𝑒𝑒𝑒𝑒𝑒𝑒 ∙ 𝐾𝐾/𝑚𝑚𝑚𝑚𝑚𝑚  previously calculated for one 

ytterbium center in the formula of (thiolfan*)YbCl(THF). According to Curie-Weiss law, a 

negative Weiss constant (𝜃𝜃 = −5.89 𝐾𝐾)  was obtained from the graph, indicating a net anti-

ferromagnetic coupling in the bulk sample (Figure D13). A linear curve was also observed in the 

M vs H measurement passing through the origin, confirming the paramagnetic properties of this 

compound (Figure D14). On the contrary,  𝜒𝜒𝑚𝑚𝑇𝑇 of (thiolfan)Yb[N(SiMe3)2] only decreased as 

temperature decreased until reached the minimum 1.55 𝑒𝑒𝑒𝑒𝑒𝑒 ∙ 𝐾𝐾/𝑚𝑚𝑚𝑚𝑚𝑚  at 2 K (Figure D15). 

Similarly, A linear curve was also observed in the M vs H measurement passing through the origin, 

confirming the paramagnetic properties of the amide derivative (Figure D17), with a negative 

Weiss constant (𝜃𝜃 = −4.08 𝐾𝐾) obtained based on the linear fitting in 1 𝜒𝜒�  vs T (Figure D16). Curie 

constant was calculated based on the linear fit (𝑐𝑐 = 2.14 𝑒𝑒𝑒𝑒𝑒𝑒 𝐾𝐾/𝑚𝑚𝑚𝑚𝑚𝑚), which is comparable to 

the value of 𝜒𝜒𝑚𝑚𝑇𝑇 = 2.12 𝑒𝑒𝑒𝑒𝑒𝑒 ∙ 𝐾𝐾/𝑚𝑚𝑚𝑚𝑚𝑚 previously calculated for one ytterbium center associated 

with the amide complex.  

The magnetic susceptibility of each ytterbium compound in solution was measured by 

NMR spectroscopy using Evans’ method in deuterated solvents.280 The molar susceptibility and 

Bohr magnetons (𝜇𝜇𝑒𝑒𝑒𝑒𝑒𝑒) of each compound was calculated based on the following formulas: 
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𝜒𝜒𝑚𝑚𝑇𝑇 =  
3 × 103∆𝑓𝑓

4𝜋𝜋𝑓𝑓𝑚𝑚𝑐𝑐
− 𝜒𝜒𝐷𝐷  

𝜇𝜇𝑒𝑒𝑒𝑒𝑒𝑒 = 2.827�𝜒𝜒𝑚𝑚𝑇𝑇 

where 𝜒𝜒𝑚𝑚  is the corrected paramagnetic molar susceptibility, and T (in K) is the absolute 

temperature at which the NMR was taken. ∆𝑓𝑓 (in Hz) is the chemical shift difference of the NMR 

reference in the presence and absence of the paramagnetic compound (shift of the deuterated 

solvent referencing peak); 𝑓𝑓𝑚𝑚  (in Hz) is the external magnetic field, C (in mol/L) is the 

concentration of the sample and 𝜒𝜒𝐷𝐷  is the diamagnetic susceptibility. For simplicity, 𝜒𝜒𝐷𝐷  of 

(thiolfan*)YbCl(THF)n (n = 0 or 1) and (thiolfan)Yb[N(SiMe3)2] are estimated based on: 

𝜒𝜒𝐷𝐷 ≈  −
𝑀𝑀
2

× 10−6 

where M (in g/mol) is the molecular mass. 

The paramagnetic properties of (thiolfan)YbCl(THF)n were investigated in THF-d8, C6D6, 

and Tol-d8 (Figure D18-20). A 𝜒𝜒𝑚𝑚𝑇𝑇 = 2.68 𝑒𝑒𝑒𝑒𝑒𝑒 ∙ 𝐾𝐾/𝑚𝑚𝑚𝑚𝑚𝑚 was calculated along with a 𝜇𝜇𝑒𝑒𝑒𝑒𝑒𝑒 =

4.63 based on the difference in δ (ppm) observed in the 1H NMR spectrum after diamagnetic 

correction in THF-d8, as expected for one ytterbium center (2.57 𝑒𝑒𝑒𝑒𝑒𝑒 ∙ 𝐾𝐾/𝑚𝑚𝑚𝑚𝑚𝑚 and 𝜇𝜇𝑒𝑒𝑒𝑒𝑒𝑒 = 4.54) 

assuming a J = 7/2 (S = ½, L = 3, gJ = 8/7) ground state.236 Similar results were obtained using 

other two solvents, 𝜒𝜒𝑚𝑚𝑇𝑇 = 2.08 𝑒𝑒𝑒𝑒𝑒𝑒 ∙ 𝐾𝐾/𝑚𝑚𝑚𝑚𝑚𝑚 was calculated for C6D6, and 2.68 𝑒𝑒𝑒𝑒𝑒𝑒 ∙ 𝐾𝐾/𝑚𝑚𝑚𝑚𝑚𝑚 

was calculated for Tol-d8 per ytterbium center. Effective magnetic moments of 

(thiolfan)YbCl(THF) were calculated based on the formulas above suggesting 𝜇𝜇𝑒𝑒𝑒𝑒𝑒𝑒 = 4.63 in 

THF-d8, 4.08 in C6D6, and 4.63 in Tol-d8. 

Similarly, the molar susceptibility and effective magnetic moment were calculated for 

(thiolfan*)YbCl(THF)n (n = 0 or 1) and (thiolfan)Yb[N(SiMe3)2] in C6D6. A 𝜒𝜒𝑚𝑚𝑇𝑇 = 2.05 𝑒𝑒𝑒𝑒𝑒𝑒 ∙
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𝐾𝐾/𝑚𝑚𝑚𝑚𝑚𝑚 and 𝜇𝜇𝑒𝑒𝑒𝑒𝑒𝑒 = 4.05 per ytterbium center was found for (thiolfan*)YbCl(THF)n (calculated 

based on n = 0) (Figure D21). A 𝜒𝜒𝑚𝑚𝑇𝑇 = 2.33 𝑒𝑒𝑒𝑒𝑒𝑒 ∙ 𝐾𝐾/𝑚𝑚𝑚𝑚𝑚𝑚 and 𝜇𝜇𝑒𝑒𝑒𝑒𝑒𝑒 = 4.32 per ytterbium center 

was found for (thiolfan)Yb[N(SiMe3)2] (Figure D22). These results are consistent with the findings 

for (thiolfan)YbCl(THF)n, and the reported values per ytterbium center.236 Although no single-

molecule magnet (SMM) property was observed in the current study, our investigations in the 

magnetic property of the three ytterbium complexes provided us valuable insights into the future 

design of functional SMMs. 

 

5.3 Conclusion and outlook 

 In summary, we have discovered a molecular ytterbium system, namely 

(thiolfan)YbCl(THF), which exhibits an extraordinarily narrow 2F7/2 to 2F5/2 transition in solution 

at room temperature. Although the underlying mechanism of the ferrocene-based ligand in the 

ytterbium system needs to be further explored, we proposed that the orbital mixing of ytterbium 

with the ligand orbital lead to a non-zero oscillator strength of the observed transition. The 

postulation is supported by theoretical and spectroscopic work which are demonstrated 

comprehensively in the submitted manuscript. In addition, our investigation on the magnetic 

property of the (thiolfan)YbCl(THF) paves the way toward its immediate application in the 

imaging of weak magnetic fields. In light of our discoveries on (thiolfan)YbCl(THF), we 

hypothesize that a thorough exploration of quantum state preparations of the molecular ytterbium 

system incorporating ferrocene backbone will result in enhanced sensitivities similar to the 

AVCs and potentially lead to precise quantum sensing applications. 
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5.4 Experimental section 

General considerations 

All compounds were manipulated and handled under a dry nitrogen atmosphere using 

standard Schlenk techniques or an MBraun inert-gas glovebox. Solvents were purified using a 

two-column solid-state purification system by the method of Grubbs and transferred to the 

glovebox without exposure to air.136 2-methyl tetrahydrofuran (2-MeTHF) was distilled over 

calcium hydride under nitrogen. All solvents were stored on activated molecular sieves and/or 

sodium for at least a day prior to use. NMR solvents were obtained from Cambridge Isotope 

Laboratories, degassed, and stored over activated molecular sieves prior to use. Nuclear 

magnetic resonance spectra were recorded on Bruker AV300, Bruker DRX500, and Bruker 

AV500 spectrometers at 25 °C in C6D6, THF-d8, and toluene-d8 unless otherwise specified. 

Chemical shifts are reported with respect to solvent residual peaks (C6D6 at 7.16 ppm, C4D8O at 

1.73 ppm, C7D8 at 2.08, 6.97, 7.01, and 7.09 ppm). YbCl3(THF)3 was prepared by stirring YbCl3 

in THF. Lithium bis(trimethylsilyl) amide tetrahydrofuran (LiN(SiMe3)2·THF) was synthesized 

according to a published procedure.281 H2(thiolfan) (1,1′-bis(2,4-di-tert-butyl-6-

thiomethylenephenol)ferrocene) and H2(thiolfan*) (thiolfan* = 1,1’-bis(2,4-di-tert-butyl-6-

thiophenoxy)ferrocene) were synthesized according to the literature.75, 260 IR spectra were 

measured on an Agilent Technologies Cary 620 Fourier transform infrared spectrometer (FTIR) 

fitted with a Cary 600 Series FTIR Microscope using Nujol mulls sandwiched between NaCl 

optical plates. CHN analyses were performed in-house on a CE-440 elemental analyzer 

manufactured by Exeter Analytical, Inc.  

Magnetic susceptibility measurements were obtained using a Quantum Design SQUID 

magnetometer MPMS-XL7 operating between 2 and 300 K for direct-current (DC) applied fields 
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ranging from −7 to +7 T. DC analyses were performed on polycrystalline samples sealed in a 

polyethylene membrane (prepared in an inert atmosphere) under a field ranging from 0 to 7 T 

and temperatures between 1.8 and 300 K. In addition, data were collected on different batches to 

check for consistency. Diamagnetic corrections were applied for the sample holder and the core 

diamagnetism from the sample (estimated with Pascal constants).44  

Continuous-Wave (CW) X-band (9.6 GHz) EPR spectra were acquired using a Bruker 

EMX CW-EPR spectrometer equipped with an ER- 4116DM Dual Mode resonator operating in 

perpendicular mode. Temperature control was achieved through the use of an Oxford 

Instruments ESR-900 liquid helium flow cryostat and an ITC-503 temperature controller. Pulse 

EPR data were acquired using a Bruker ELEXSYS E-580 pulse EPR spectrometer operating at 

X-band with a microwave frequency of 9.36 GHz using a MS-5 split ring resonator, with 

temperature control achieved through the use of an Oxford Instruments CF-935 liquid helium 

flow cryostat and a Mercury temperature controller. Electron spin-echo (ESE) detected field-

swept EPR spectra were collected using a Hahn-echo pulse sequence (𝜋𝜋
2
−  𝜏𝜏 −  𝜋𝜋 −  𝜏𝜏 − 𝑒𝑒𝑒𝑒ℎ𝑜𝑜) 

where τ is a fixed time delay of 300 ns, and 𝜋𝜋
2
 and 𝜋𝜋 pulse lengths were 40 and 80 ns, 

respectively. The broad band absorption spectra reported in the manuscript were collected using 

the Shimadzu UV-3101PC UV-VIS-NIR scanning spectrophotometer.  

 A high-resolution transmission/absorption spectrum of the sample was measured with a 

tunable narrow band CW laser (M Squared SolsTis Ti:Sapph laser). The laser beam is split into 

two paths by a polarizing beam splitter (PBS). One beam measures the absorption of the solvent 

and the other measures the absorption of the sample. The quarter waveplate is used to change the 

polarization of the laser beam so that we can measure the absorption of 𝜎𝜎+ and 𝜎𝜎+light. The two 

permanent magnets create a strong static magnetic field to induce Zeeman splitting. The 
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translational stage allows us to control the distance between the magnet and the sample and to 

vary the strength of the magnetic field at the sample’s location. 

X-ray quality crystals were obtained from various concentrated solutions placed in a 

−36 °C freezer in the glovebox. Inside the glovebox, the crystals were coated with oil (STP Oil 

Treatment) on a microscope slide, and then brought outside the glovebox. The X-ray data 

collections were carried out on a Bruker SMART APEX II single crystal X-ray diffractometer 

using Mo Kα (λ = 0.71073 Å) or Cu Kα (λ = 1.54178 Å) radiation and a SMART APEX CCD 

detector at 100 K. The data were reduced by SAINTPLUS, and an empirical absorption correction 

was applied using the package SADABS.282 The structure was solved using SHELXT and refined 

using SHELXL via OLEX 2 as a graphical user interface.283-285 The structures were then visualized 

using ORTEP 3. 

Synthesis of (thiolfan)YbCl(THF)n 

Fe
S

S

O

O
tBu

tBu

tBu

tBu

(thiolfan)YbCl(THF)n

Yb (THF)n

Cl
Fe

S

S

OH

OH
tBu

tBu

tBu

tBu

H2thiolfan

1. NaH

2. YbCl3(THF)3

THF
-78 °C to RT

n = 0, or 1  

In a nitrogen-filled glovebox, 179.5 mg (0.26 mmol, 1 equiv.) of H2(thiolfan) was dissolved 

in 3 mL of THF and added dropwise to a stirring slurry of NaH (63.0 mg, 10 equiv., 2.6 mmol) in 

2 mL of THF. The mixture was stirred at room temperature for 2 h and then filtered through glass 
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fiber filter paper twice. The filtrate was cooled to -78 °C and added to the stirring slurry of 

YbCl3(THF)3 (128.9 mg, 1 equiv., 0.26 mmol). The reaction was stirred at -78 °C for 15 min then 

slowly brought to room temperature and stirred for another 2 h. The volatiles were removed under 

a reduced pressure and the residue was extracted with toluene and filtered through glass fiber filter 

paper twice. The filtrate was concentrated and layered with hexanes, then stored at -36 °C. Yellow 

crystals were obtained in moderate yield (114.0 mg, 49%). X-ray quality single crystals of 

[(thiolfan)YbCl]2 were grown from a solution of toluene layered with n-pentane at -36 °C. X-ray 

quality single crystals of (thiolfan)YbCl(THF) were grown from a solution of THF layered with 

hexanes in a 2 mL glass autosampler vial at -36 °C. Due to the paramagnetic nature of the ytterbium 

complex, peaks are not assigned in the 1H NMR spectrum. However, a peak at -8.66 ppm and a 

shoulder at -10.6 ppm were observed in C6D6 (fig. S3). Elemental analysis for 

[C40H52FeClO2S2Yb]2, calculated: C, 53.78%, H, 5.87%, N, 0.00%; found: C, 54.59%, H, 5.87%, 

N, 0.00%. 

Synthesis of (thiolfan*)YbCl(THF)n 

Fe
S

S

O

O

tBu

tBu

tBu

tBu

Yb (THF)n
Cl

(thiolfan*)YbCl(THF)n

1. NaH

2. YbCl3(THF)3

THF
-78 °C to RT

Fe
S

S

OH

OH

tBu

tBu

tBu

tBu

H2thiolfan*
n = 0, or 1  

In a nitrogen-filled glovebox, 108.7 mg (0.16 mmol, 1 equiv.) of H2(thiolfan*) was 

dissolved in 3 mL of THF and added dropwise to a stirring slurry of NaH (40.0 mg, 10 equiv., 1.6 
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mmol) in 2 mL of THF. The mixture was stirred at room temperature for 2 h and then filtered 

through glass fiber filter paper twice. The filtrate was cooled to -78 °C and added to a stirring 

slurry of YbCl3(THF)3 (81.3 mg, 1 equiv., 0.16 mmol). The reaction was stirred at -78 °C for 15 

min then slowly brought to room temperature and stirred for another 2 h. The volatiles were 

removed under a reduced pressure and the residue was extracted with toluene and filtered through 

glass fiber filter paper twice. The filtrate was concentrated and layered with hexanes, then stored 

at -36 °C. Yellow crystals were obtained in moderate yield (58.0 mg, 41%). Due to the 

paramagnetic nature of the ytterbium complex, peaks are not assigned in the 1H NMR spectrum 

(fig. S4). Unfortunately, no crystals suitable for X-ray diffraction analysis were obtained. 

Elemental analysis for C38H48FeClO2S2Yb, calculated: C, 52.75%, H, 5.57%, N, 0.00%; found: C, 

52.74%, H, 6.04%, N, 0.00%.  

Synthesis of (thiolfan) Yb[N(SiMe3)2] 

Fe
S

S

O

O
tBu

tBu

tBu

tBu

(thiolfan)YbCl(THF)n

Yb
THF
Cl

Fe
S

S

O

O
tBu

tBu

tBu

tBu

Yb N
SiMe3

SiMe3

(thiolfan)Yb[N(SiMe3)2]
n = 0, or 1

Toluene or THF
RT

LiN(SiMe3)2•THF

 

In a nitrogen-filled glovebox, 202.8 mg (0.23 mmol, 1 equiv.) of (thiolfan)YbCl was 

dissolved in 5 mL of toluene and added dropwise to a stirring solution of lithium 

bis(trimethylsilyl)amide·THF (54.4 mg, 1 equiv., 0.23 mmol) in 2 mL of toluene. The mixture was 

stirred at room temperature for 2 h and then filtered through glass fiber filter paper. The volatiles 
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were removed under reduced pressure. The solid was re-dissolved in hexanes and then stored at -

36 °C. The solution was decanted to collect the semicrystalline product on the wall and the solid 

precipitated at the bottom of the vial was collected on top of a frit (77.9 mg, 34%). Due to the 

paramagnetic nature of the ytterbium complex, peaks are not assigned in the 1H NMR spectrum 

(fig. S5). Unfortunately, no crystals suitable for X-ray crystallography analysis were obtained. 

Elemental analysis for C46H70FeNO2S2Si2Yb, calculated: C, 54.26%, H, 6.93%, N, 1.38%; found: 

C, 54.43%, H, 7.10%, N, 0.86%.  

 

5.5 Appendix D 

 

Selected distances (Å) and angles (°) of [(thiolfan)YbCl]2 
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Distances 

Yb-Cl1 

Yb-O1 

Yb-O2 

Yb-S1 

2.654(2) 
2.041(6) 
2.082(8) 
2.931(2) 

Yb-S2 

Yb-Cli 
Yb-Fe 
Yb-Ybi 

2.828(2) 
2.659(2) 
4.756(2) 
4.000(2) 

 

 

 

Angles 

Cl1-Yb-O1 

Cl1-Yb-O2 

Cl1-Yb-S1 

Cl1-Yb-S2 

Cl1-Yb-Cl1i 

O1-Yb-O2 

O1-Yb-S1 

O1-Yb-S2 

89.9(2) 
96.6(2) 

104.79(7) 
166.08(7) 
81.22(7) 
111.8(2) 
76.4(2) 
101.1(2) 

O2-Yb-S1 

O2-Yb-S2 
S1-Yb-S2 

S1-Yb-Cl1 

S2-Yb-Cl1 

C6-S2-C26 

Yb-O1-C13 

Yb-O2-C28 

157.2(2) 
71.5(2) 
86.17(6) 
75.35(6) 
93.57(7) 
99.6(4) 
151.9(6) 
154.4(6) 

Figure D1. Thermal ellipsoid (50% probability) representation of [(thiolfan)YbCl]2, without (top) 

and with (bottom) t-butyl groups. Two crystallographically independent molecules are in the unit 

cell. Hydrogen atoms and solvent molecules (toluene and diethyl ether) are omitted for clarity. 

Atoms labeled with i represent the inverted asymmetric unit of the neighboring unit cell. 
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Selected distances (Å) and angles (°) of (thiolfan)YbCl(THF) 

 
Distances 

Yb-O1 

Yb-O2 

Yb-O3 

Yb-Cl1 

2.316(2) 
2.087(2) 
2.053(2) 
2.5534(7) 

Yb-S1 

Yb-S2 

Yb-Fe 

2.9073(7) 
2.8830(9) 
4.719(7) 

 
 
 

Angles 

O1-Yb-O2 

O1-Yb-O3 

O2-Yb-O3 

Cl1-Yb-S1 

Cl1-Yb-S2 

Cl1-Yb-O1 

Cl1-Yb-O2 

Cl1-Yb-O3 

85.83(8) 
98.47(8) 
105.00(8) 
80.30(2) 
95.67(2) 
87.79(6) 
154.50(6) 
100.35(6) 

S1-Yb-S2 

S2-Yb-O1 

S2-Yb-O2 

S2-Yb-O3 

C8-S2-C30 

Yb-O1-C29 

Yb-O2-C17 

Yb-O3-C32 

88.57(2) 
172.61(6) 
93.70(6) 
74.51(6) 
99.7(1) 
124.3(1) 
146.4(2) 
153.7(2) 

Figure D2. Thermal ellipsoid (50% probability) representation of (thiolfan)YbCl(THF)  Hydrogen 

and disordered atoms are omitted for clarity 

Table D1. Selected crystal data for [(thiolfan)YbCl]2 and (thiolfan)YbCl(THF) 

Crystal system monoclinic triclinic 

Space group 𝑃𝑃2/𝑐𝑐 𝑃𝑃1 

a [Å] 18.2162(18) 10.0390(2) 

b [Å] 15.0982(15) 15.3323(3) 

c [Å] 32.972(3) 15.4616(4) 

α [°] 90 85.0770(10) 

β [°] 102.091(2) 75.2870(10) 

γ [°] 90 87.8680(10) 

Volume [Å3] 8867.2(15) 2293.04(9) 

Z 4 2 

ρcalc [g/cm3] 1.463 1.398 

μ [mm-1] 2.614 7.857 

F(000) 3992 986 

Crystal size [mm3] 0.090×0.080×0.070 0.1 × 0.1 × 0.05 

Crystal color Clear yellow and green 
(dichroic) 

clear light yellow 

Crystal shape block plate 
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Radiation MoKα (λ=0.71073 Å) CuKα (λ=1.54178 Å) 

2Θ range for data collection 
[°] 

2.29 to 56.76 (0.75 Å) 5.93 to 136.85 (0.83 Å) 

Index ranges −24 ≤ h ≤ 24 
−20 ≤ k ≤ 20 
−43 ≤ l ≤ 44 

−11 ≤ h ≤ 12 
−18 ≤ k ≤ 18 
−18 ≤ l ≤ 18 

Reflections collected 130664 37470 

Independent reflections 22122 
Rint = 0.0830 

Rsigma = 0.0675 

8103 
Rint = 0.0421 

Rsigma = 0.0340 

Data/restraints /parameters 22122/0/724 8103/134/488 

Goodness-of-fit on F2 1.134 1.068 

Final R indexes [I>=2σ (I)] R1 = 0.0724 
wR2 = 0.1454 

R1 = 0.0285 
wR2 = 0.0703 

Final R indexes [all data] R1 = 0.1176 
wR2 = 0.1611 

R1 = 0.0330 
wR2 = 0.0720 

Largest diff. peak/hole e Å3 4.14/-4.24 1.15/-1.05 

 

Figure D3. 1H NMR spectrum (298 K, 500 MHz, C6D6) of [(thiolfan)YbCl]2 (*residual toluene). 

*
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Figure D4. 1H NMR spectra (298 K, 500 MHz, THF-d8) of (thiolfan)YbCl(THF) (*residual 

toluene). 

 

*

*
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Figure D5. 1H NMR spectrum (298 K, 500 MHz, C6D6) of (thiolfan*)YbCl(THF)n (n=0, or 1) 

(*residual toluene). 

 

Figure D6. 1H NMR spectrum (298 K, 500 MHz, C6D6) of (thiolfan)Yb[N(SiMe3)2]. The peak at 

2.11 is residual toluene. 
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Figure D7. Variable temperature 1H NMR study (500 MHz, toluene-d8) of [(thiolfan)YbCl]2. 
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Figure D8. 1H NMR spectra (298 K, 500 MHz, C6D6) of [(thiolfan)YbCl]2 before and after the 

addition of THF. 
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Figure D9. Isothermal M vs. H plots at 2, 4, 6, 8, and 10 K (a). M vs. H/T plots at 2, 4, 6, 8, and 

10 K (b) of [(thiolfan)YbCl]2. 

 

Figure D10. Plot of 1/ 𝜒𝜒 versus T for [(thiolfan)YbCl]2. 
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Figure D11. Plot of M versus H at 300 K for [(thiolfan)YbCl]2. 

 

Figure D12. Plot of 𝜒𝜒𝑚𝑚𝑇𝑇 versus T for (thiolfan*)YbCl(THF)n under a 1000 Oe dc field in the 

temperature range 2-300 K.  
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Figure D13. Plot of 1/ 𝜒𝜒 versus T for (thiolfan*)YbCl(THF)n. 

 

Figure D14. Plot of M versus H at 300 K for (thiolfan*)YbCl(THF)n. 
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Figure D15. Plot of 𝜒𝜒𝑚𝑚𝑇𝑇 versus T for (thiolfan)Yb[N(SiMe3)2] under a 1000 Oe dc field in the 

temperature range 2-300 K.  

 

Figure D16. Plot of 1/ 𝜒𝜒 versus T for (thiolfan)Yb[N(SiMe3)2]. 
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Figure D17. Plot of M versus H at 300 K for (thiolfan)Yb[N(SiMe3)2]. 
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Figure D18. 1H NMR spectrum (298 K, 500 MHz, THF-d8) of (thiolfan)YbCl(THF)n (chemical 

shift of intact THF-d8 = 1.72, 3.58 ppm). 

 

Figure D19. 1H NMR spectrum (298 K, 500 MHz, C6D6) of (thiolfan)YbCl(THF)n (chemical shift 

of intact C6D6 = 7.16 ppm). 
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Figure D20. 1H NMR spectrum (296 K, 500 MHz, Tol-d8) of (thiolfan)YbCl(THF)n (chemical 

shift of intact Tol-d8 = 2.08, 6.97, 7.01, 7.09 ppm). 
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Figure D21. 1H NMR spectrum (298 K, 500 MHz, C6D6) of (thiolfan*)YbCl(THF)n (chemical 

shift of intact C6D6 = 7.16 ppm). 

 

Figure D22. 1H NMR spectrum (298 K, 500 MHz, C6D6) of (thiolfan)Yb[N(SiMe3)2] (chemical 

shift of intact C6D6 = 7.16 ppm). 
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Figure D23. IR (Nujol) spectrum of [(thiolfan)YbCl]2 (*: Nujol). 

 

Figure D24. IR (Nujol) spectrum of (thiolfan*)YbCl(THF)n (*: Nujol; #: trace OH due to minor 

decomposition of the compound during the measurement). 
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Figure D25. IR (Nujol) spectrum of (thiolfan)Yb[N(SiMe3)2] (*: Nujol; #: trace OH/NH due to 

minor decomposition of the compound during the measurement). 

 

Figure D26. Absorbance of (thiolfan)YbCl(THF) in black and H2(thiolfan) in red. 
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Figure D27. X-band CW-EPR spectrum of (thiolfan)YbCl(THF) in frozen 2-MeTHF glass in the 

region from 0-300 mT, with resolved features arising from hyperfine couplings to magnetic 171Yb 

and 173Yb nuclei indicated below. Acquisition parameters: temperature = 5 K; microwave 

frequency = 9.638 GHz; MW power = 8.8 mW; modulation amplitude = 0.8 mT; conversion time 

= 10 ms. 
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