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Abstract 

 

Anthracene-Scaffolded Model Complexes of [Fe]-Hydrogenase (Hmd) 

for Improved Functional Reactivity and Mechanistic Investigations of 

Biomimetic H2 Activation and Hydride Transfer 

 

Spencer Austin Kerns, Ph.D. 

The University of Texas at Austin, 2020 

 

Supervisor: Michael J. Rose 

 

Abstract: The metalloenzyme [Fe]-hydrogenase (Hmd) is present in methanogenic 

archaea and catalyzes the activation of dihydrogen (H2) and hydride (H-)  transfer to its 

pterin-like substrate, methenyl-tetrahydromethanopterin (methenyl-H4MPT+) to form 

methylene-tetrahydromethanopterin (methylene-H4MPT). This reaction represents one of 

the steps in the assimilation of CO2 to generate CH4 performed by methanogens in Nature. 

The active site of [Fe]-hydrogenase is comprised of a pyridone cofactor-ligated 

mononuclear, redox-inactive ferrous site, cysteine ligation, and a cis dicarbonyl motif and 

has inspired synthetic model complexes as it: (i) features a highly asymmetric primary 

coordination sphere (ii) contains a unique, highly-substituted acylpyridone organic metal-

binding cofactor (iii) contains the first stable organometallic metal-carbon s bond (Fe-

Cacyl) that persists throughout catalysis in biology. Mechanistic intermediates of Hmd 

catalysis have been difficult to observe, and functional synthetic model systems that 

provide insight into the mechanistic understanding of [Fe]-hydrogenase are very limited. 

This work describes the utility of an anthracene molecular scaffold in the design of model 



 ix 

complexes of [Fe]-hydrogenase to encourage precise, directed metal coordination motifs, 

to impart stability, and to enable functional reactivity studies. An anthracene-scaffolded 

carbamoyl thiolate complex was synthesized, characterized, and was demonstrated to 

activate to H2 and perform the biomimetic hydride transfer reaction to a model substrate 

upon addition of exogenous base. Another anthracene-scaffolded acyl thioether complex 

was synthesized and characterized, and treatment with exogenous base resulted in 

deprotonation of a methylene proton of the acyl moiety. The deprotonated complex was 

structurally characterized and demonstrated to react with H2; however, H2 activation 

resulted in reduction of the metal center and extrusion of iron from the ligand initiated by 

iron hydride formation. The design and syntheses of an anthracene-scaffolded [Fe]-

hydrogenase model complex for incorporation into a beta-lactoglobulin protein host are 

described, along with preliminary circular dichroism and fluorescence spectroscopy studies 

of ligand integration. 
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Chapter 1: Introduction 

1.1 METHANOGENESIS 

Methanogenesis represents the final step in the anaerobic decomposition of organic 

matter performed by anaerobic microorganisms called methanogens. Methanogens serve 

as an important mediator in the removal of byproducts of anaerobic respiration, utilizing 

small, carbon-based terminal electron acceptors as opposed to molecular O2. As such, 

methanogenesis can proceed with a variety of starting substrates including H2 and CO2, 

formate, methanol, methylamines, and acetates.1 Below, methanogenesis from H2 and CO2 

is briefly summarized and highlighted in Scheme 1.  

The C1 substrate CO2 is first assimilated to methanofuran by formylmethanofuran 

dehydrogenase (Fmd) in an energetically costly process involving the H2-dependent 

reduction of CO2 to the formyl unit. The formyl moiety of formyl-methanofuran is then 

transferred to tetrahydromethanopterin by formyl transferase (Ftr) and subsequently 

cyclized to form N5,N10-methenyl-H4MPT by N5,N10-methenyl-H4MPT cyclohydrolase 

(Mch). The next step in methanogenesis, conversion of N5,N10-methenyl-H4MPT+ to 

N5,N10-methylene-H4MPT, presents a divergent pathway wherein the reaction is catalyzed 

by either F420-dependent methylene-H4MPT dehydrogenase (Mtd) and an F420-reducing 

hydrogenase (F420H2)2, or N5,N10-methylene-H4MPT dehydrogenase (Hmd). Coenzyme 

F420 and an F420-reducing hydrogenase (F420H2) also catalyze the subsequent step - 

formation of N5-methyl-H4MPT. The large thermodynamic payoffs associated with the 

conversion of CO2 to CH4 occurs in the final few steps with methyl transfer to coenzyme 

M (Mtr) and the reduction of methyl-coenzyme M to methane by methyl-coenzyme 

reductase (Mcr). Specifically, the conversion of N5,N10-methenyl-H4MPT+ to N5,N10-
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methylene-H4MPT (highlighted in blue in Scheme 1) as catalyzed by Hmd is of particular 

interest to this dissertation and described further below.  

 

Scheme 1.1 Production of methane derived from CO2 and H2 by methanogens. 

1.2 THE ROLE OF HMD IN METHANOGENESIS 

Hmd catalyzes the fourth step in the H2-dependent reduction of CO2 – hydride 

transfer to N5,N10-methenyltetrahydromethanopterin (methenyl-H4MPT+) to form N5,N10-

methylenetetrahydromethanopterin (methylene-H4MPT). The conversion of methenyl-

H4MPT+ to form methylene-H4MPT is a thermodynamically downhill process under 

standard conditions with DG°’= -5.5 kJ/mol.1 However, this is likely an overestimation of 
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the thermodynamic favorability of this reaction due to the low concentration of H2 (0.1 

µM)3 present in methanogenic environments. The hydride transfer reaction catalyzed by 

Hmd is stereospecific, resulting in the pro-R addition of the H2-derived hydride at the C14a 

of the substrate methenyl-H4MPT+.4 Additionally, Hmd promotes stereospecific direct 

exchange of the pro-R hydrogen of methylene-H4MPT with protons of water5, a methenyl-

H4MPT+ dependent single and double exchange between D2 and protons of bulk water6,7 

and a methenyl-H4MPT+-dependent conversion of para-H2 into ortho-H2.8  

 

Figure 1.1 Proposed reactivity cycle of Hmd during catalysis in the closed conformation. 
Inset is the crystal structure of the FeGP cofactor in complex with methenyl-
H4MPT+ resolved at 1.06 Å.9 
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Due to the substrate-dependence in these conversions, a “ternary complex” has been 

invoked in the mechanism of Hmd.10 Interestingly, Hmd does not catalyze the reduction of 

viologen dyes or other related biological substrates such as coenzyme F420, NAD, and 

NADP.6,8,11 

More commonly, the conversion of methenyl-H4MPT+ to methylene-H4MPT is 

carried out by an F420-reducing hydrogenase2, a [NiFe]-hydrogenase, and the F420- 

dependent methylene-H4MPT dehydrogenase (Mtd) in which the reduced coenzyme F420 

serves as the active hydride transfer agent to methenyl-H4MPT+. However, under Ni-

limiting conditions or high H2 availability, the hmd gene is preferentially transcribed12,13 – 

implicating the Hmd enzyme as an efficient alternative to the F420-reducing hydrogenase. 

Furthermore, Hmd exhibits significantly higher tolerance to O2 in comparison to other 

hydrogenases14, due to a more endothermic coordination energy associated with 3O2 

coordination15 and a protective mechanism in which Asp189 binds to the Fe center open site 

and the protein forms a hexamer oligomer.14 For these reasons, namely reaction selectivity 

and O2 tolerance, the Hmd enzyme is an attractive system for the development of catalysts 

utilizing earth-abundant metals for H2-utilizing reactions for the assimilation of CO2 and 

related C1 substrates. The understanding of the Hmd active site as relevant to the design 

of such systems, however, has greatly evolved over the years from a unique example of an 

H2 activating “metal-free” hydrogenase to its current understanding as a mononuclear Fe 

enzyme. 

1.3 UNRAVELING THE STRUCTURE OF HMD: A CASE STUDY IN BIOINORGANIC 
METHODS 

Thauer first isolated the Hmd enzyme from Methanothermobacter marburgensis 

(formerly methanobacterium thermoautotrophicum) in 1990 from samples of sewage 
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sludge.16 Thauer found that the enzyme was capable of dehydrogenation of the substrate 

N5,N10-methylenetetrahydromethanopterin (methylene-H4MPT) to form N5,N10-

methenyltetrahydromethanopterin (methenyl-H4MPT+) and H2 in the absence of outside 

electron acceptors, and the reverse reaction - the reduction of methenyl-H4MPT+ to 

methylene-H4MPT. A metal assay revealed the presence of 1 mol of Fe per mol of Hmd 

protein17, but the redox inactive and EPR silent Fe(II) center was long thought to serve 

only a structural function, which resulted in Hmd being mischaracterized as a metal-free 

hydrogenase for many years.18 Initial evidence of a bound cofactor was discovered by 

reconstitution studies from denatured enzyme17 and subsequent bleaching experiments19 

with UV-A (320-400 nm) and blue light (400-500 nm) later revealed that the Hmd enzyme 

and the cofactor in fact contained a catalytically relevant Fe center. Unambiguous structural 

assignment of the light-inactivated cofactor was achieved by isotopic labeling mass 

spectrometry studies and various NMR spectroscopic methods.20 Inhibition of the enzyme 

by CO and CN-19 prompted the study of Hmd by IR spectroscopy, revealing the presence 

of cis carbonyl ligands innately bound to the iron cofactor.21 The oxidation state of the Fe 

center was concluded to be either low-spin Fe(0) or Fe(II) on the basis of the low isomer 

shift observed by Mossbauer spectroscopy22, and later X-ray absorption spectroscopy 

measurements confirmed an Fe(II) center and suggested the presence of a coordinated 

cysteinyl-S ligand23 – uncovering yet another conserved feature amongst the three 

hydrogenase enzymes.  
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Figure 1.2 Illustration of the FeGP cofactor of Hmd.  

The final puzzle pieces rapidly emerged through a series of enzyme crystal 

structures of the M. jannaschii apoenzyme24, FeGP reconstituted enzyme25, a C176A 

mutant26, and the C176A mutant in complex with methylene-H4MPT.27 The active site is 

comprised of a pseudo-octahedral, low-spin Fe(II) center coordinated by a bidentate acyl-

pyridone moiety and cysteinyl-S in a facial arrangement, two cis carbonyl ligands, and a 

solvent site attributed to water. Most notably, isolation of the C176A mutant elucidated the 

unanticipated determination of the organometallic Fe-C bond of the acyl functionality, 

inspiring further research into the biogenesis of the structurally unique FeGP cofactor and 

synthetic modeling of the Hmd active site.  

1.4 BIOGENESIS OF THE FEGP COFACTOR OF HMD: THE SYNTHETIC COMPLEXITY OF 
NATURE 

As aforementioned, the FeGP cofactor of the Hmd active site features a 

guanylylpyridone moiety that binds iron through a bidentate chelate consisting of an acyl 

C atom and the N of the pyridone. The biosynthesis of this complex cofactor is of great 

interest due to the highly substituted nature of the pyridone moiety and the unique 
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coordination environment resulting upon iron coordination – namely, the formation of a 

stable, organometallic iron-acyl bond. The rarity of such complex pyridone molecules in 

Nature suggests that each substituent has a specific purpose in the biosynthesis of the 

molecule. A common group of seven genes has been identified in the cluster that encodes 

the Hmd enzyme, referred to as Hmd-co-occurring genes that express proteins HcgA-

HcgG.28 Recently, significant progress has been made regarding the function of many of 

these proteins in the biosynthetic pathway and are briefly described below.  

 

Figure 1.3 (A) Cluster of Hmd-co-occurring genes responsible for the biosynthesis of Fe-
GP cofactor. Genes with uncertain roles in the biosynthesis are outlined in 
black. (B) ChemDraw representations of known steps in the biosynthesis of 
the Fe-GP cofactor.  

Shima and coworkers studied the biosynthesis of the FeGP cofactor utilizing 

isotopically labeled precursors in growing methanogenic archaea.29 A combination of 

NMR spectroscopy, IR spectroscopy, and mass spectrometry techniques revealed the 

origins of the pyridone moiety components. The core of the pyridone ring is derived from 

three C-1 of acetate, two C-2 of acetate, and two C-1 of pyruvate. One of the methyl 

substituents of the ring is derived from L-methionine as described below. The 
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organometallic acyl unit and the two CO ligands of the active site are derived from CO2. 

Notably, this contrasts the origin of the CO ligands in [FeFe] hydrogenase resulting from 

dehydroglycine.30 A retrosynthetic pathway for the synthesis of the pyridone moiety was 

proposed based on the results, but a definitive description is still lacking. Below, the 

identified role of specific genes involved in the biosynthesis of the FeGP cofactor are 

highlighted.  

The HcgC protein is a SAM-dependent C-methyltransferase that catalyzes the 

transfer of a methyl group to the C3 atom of 6-carboxymethyl-5-methyl-4-hydroxy-2-

pyridinol.31 Instead of proceeding through a radical-based mechanism, this enzyme relies 

on the nucleophilicty of the C3 atom of the pyridone to perform an SN2 reaction. The 

nucleophilicity of the C3 atom is increased by its positioning between the 2-OH and 4-OH 

substituents, enabling partial localization of an electron pair on the C atom. Deprotonation 

of the pyridinol and stabilization in the keto form initiates this process, followed by 

abstraction of the methyl from group SAM, and loss of a proton to the bulk solvent. The 

pyridone is anchored through a series of hydrogen bonding interactions between the 

carboxy group and Thr179 and a complex network of water molecule bridged to amino-

acids.32  

The HcgB protein catalyzes the conjugation of the pyridinol moiety of the FeGP 

cofactor to guanosine triphosphate (GTP), the final step in cofactor synthesis before iron 

binding.33 HcgB shares a similar binding pocket to nucleoside triphosphatases (NTPases), 

but lacks an important aspartate residue which serves as a basic catalyst for NTP 

hydrolysis. The interactions of the conserved amino acids Arg20 and Arg104 with the 2-

hydroxy substituent and Asp23 with the pyridone nitrogen facilitate the nucleophilic 

substitution of the pyrophosphate group of GTP by the 4-hydroxy unit of the pyridone. 
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Notably, HcgB was unable to catalyze the conjugation of GTP to model substrates 

containing only a single hydroxy substituent on the pyridine ring.  

HcgD is a Nif-3 (NGG1p-interacting factor 3)-like protein containing a dinuclear 

metal center.34 X-ray fluorescence spectroscopy and UV-Vis spectroscopy revealed that 

this protein likely contains 2 redox-active iron sites. The crystal structure of the active site 

contains two iron centers, one coordinated by His70 and Asp107 (Fe1) and one by His71 and 

His221 (Fe2) and a carboxylate bridge from Glu225 with a chloride or citrate ligand modeled 

on Fe2. Studies utilizing EDTA suggested that HcgD has a lower affinity for Fe1 and that 

this metal may be abstracted by chelating agents, especially in the oxidized form of HcgD. 

These studies along with the fact that HcgD is the only protein in the gene sequence that 

binds iron other than Fe/S cluster-containing proteins suggest that HcgD may serve as an 

redox-state-dependent iron chaperone protein. 

The proteins HcgE and HcgF act in concert to facilitate iron binding and 

construction of the organometallic iron-acyl bond by the GP cofactor.35 HcgE is an 

adenylyltransferase protein that is structurally similar to ubiquitin-activating proteins and 

catalyzes the adenylylation of the carboxy group of guanylpyridinol (AMP-GP). In this 

reaction, the a-phosphate of ATP is attacked by the carboxy of GP via an SN2 reaction. 

Following adenylylation, HcgF catalyzes the formation of a thioester bond between AMP-

GP and Cys9. The activated thioester bond may indicate that the formation of the iron acyl 

organometallic bond proceeds through a nucleophilic substitution reaction with thiolate as 

an adventitious leaving group. A nucleophilic substitution reaction, however, would 

involve a reduced iron center (e.g. Fe(0) or Fe(I)) that is biologically uncommon; therefore, 

a non-concerted pathway of iron delivery involving Fe(II) and two electrons is also 

possible.  
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1.5 STRUCTURAL INSIGHT INTO THE MECHANISM OF HMD CATALYSIS 

During catalysis, Hmd undergoes a conformational change that positions the FeGP 

cofactor in close proximity with the methenyl-H4MPT+ substrate. This conformational 

change was first proposed on the basis of a comparison between two crystal structures of 

Methanocaldococcus jannaschii holoenzyme in the open conformation, with27 and 

without26 methenyl-H4MPT+ in complex, and the Methanocaldococcus jannaschii 

apoenzyme in the closed conformation24, along with NMR structural studies of the 

methenyl-H4MPT+ substrate36,37 in the aforementioned states. A more complete picture of 

this process was achieved in the most recent publication by Shima and coworkers that 

reports the wild-type holoenzyme structure of Methanococcus aeolicus in the open state 

and the closed state in complex with methenyl-H4MPT+.9 In transitioning from the open to 

closed state, the N-terminal domain undergoes a rigid body movement, translating roughly 

30°, while the central domain remains relatively static between conformations. This 

movement places the Fe center of the FeGP cofactor approximately 3.8 Å away from the 

C14a atom (i.e. the site of hydride transfer) of the methenyl-H4MPT+ substrate, displacing 

the bound H2O ligand. Furthermore, the 2-OH of the pyridinol moiety of the FeGP cofactor 

is placed 3.3 Å away from the His14, supporting the critical role of His14 as a proton relay 

capable of pyridinol deprotonation during enzyme activity (vide infra). In this state, there 

exists a small hydrophobic channel likely used by H2 to access the Fe center. Overall, the 

translocation of the N-terminal domain is likely the largest obstacle in achieving the high 

turnover rates exhibited by the [FeFe] and [NiFe] systems, as heterolysis and hydride 

transfer itself is posited to occur quickly in the closed conformation.  
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1.6 COMPUTATIONAL INSIGHT INTO THE MECHANISM OF HMD CATALYSIS 

As few reactive intermediates have been experimentally observed during catalysis, 

the understanding of the Hmd mechanism has been greatly advanced through the aid of 

computational studies. Applying nascent crystal structures, Hall utilized truncated active 

site models and DFT to investigate the mechanism of Hmd.38,39 In these studies, the 

presence of the substrate methenyl-H4MPT+ was demonstrated to be essential to lowering 

the barrier involved in heterolytic H2 cleavage and, along with the Fe center, alone drive 

heterolysis (without the aid of a pendant base). Indeed, these early computations by Hall 

suggested the importance of the methenyl-H4MPT+ in driving loss of the bound H2O, an 

understanding that still prevails today, but was ultimately revised to correct for the 

discovery of the acyl moiety in the active site. In the revised work, Hall elucidated two 

viable pathways to H2 activation: mediated by either the cysteinyl thiolato-S or the 

pyridone-O as a proton acceptor. Following H2 polarization, the substrate methenyl-

H4MPT+ was demonstrated to “trigger” cleavage of the dihydrogen bond. In this work, the 

rate-limiting step was determined to be hydride transfer to the substrate following 

protonation of the pyridone-O; notably, the authors assert that the presence of a base 

capable of deprotonating the pyridinol (similar to His14) would significantly lower this 

barrier, leading to a different assignment of the rate-limiting step. This assignment is 

consistent with experimental results in which the Vmax and Km of Hmd under H2 and D2 

indicated no kinetic isotope effect (KIE) associated with heterolysis.40  

Provided the important role of the protein environment in enzyme activity, Reiher41 

and, later, Shima9 have performed QM/MM calculations on Hmd. Reiher found that H2 

heterolysis across the pyridone-O is favored over the thiolato-S by 14.3 kcal mol-1. Still, 

heterolysis by thiolato-S was exothermic by -4.4 kcal mol-1, indicating that thiolate is a 

possible proton acceptor, which is consistent with the low activity (1%) maintained in the 
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His14A Hmd mutant. Furthermore, in the favored pathway, a stable minimum 

corresponding to an Fe-H species could not be calculated, suggesting concomitant 

heterolysis and direct hydride transfer to methenyl-H4MPT+, in a tertiary complex 

including FeGP, H2, and methenyl-H4MPT+; this observation is consistent with current 

experimental results that have not shown an electronic change in the Fe center 

corresponding to a hydride species.22,42 Most recently, Shima has utilized QM/MM 

calculations to support the role of the pyridone-O in heterolysis. Shima, contrastingly, 

found that a stable Fe-H species was conceivable, possibly stabilized by interactions with 

the substrate. Additionally, these calculations supported heterolysis as the rate-limiting step 

in catalysis, in contrast to hydride transfer previously reported by Hall.  

1.7 OVERVIEW OF STRUCTURAL SYNTHETIC MODEL COMPOUNDS OF HMD 

The revelatory discovery that Hmd was indeed an iron-containing metalloenzyme 

inspired initial attempts at synthetic model compounds. The leading design principles 

governing these early compounds were the development of {FeII(CO)2} or {FeII(CO)3} 

species that simulated the electronic structure of the enzyme based on IR and Mössbauer 

spectroscopies.43 The illumination of the active site structure based on the work of Shima, 

however, spurred great interest in the development of Hmd model compounds, due to the 

enzyme’s highly asymmetric, unique primary coordination sphere. Preliminary bio-

inspired attempts leveraged bidentate N,S-based ligands as proxies for the pyridone-N and 

cysteinyl thiolato-S in Fe dicarbonyl compounds. In the intervening decade, however, the 

model compound chemistry has rapidly progressed to incorporate many features of the 

active site in purely structural models and even resulted in the development of functional 

model compounds, some of which are the subject of this dissertation.  
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Hu first incorporated the pyridone functionality in A1.44 The pyridone coordinates 

Fe through both the N and O atoms of the ligand in the bidentate h2-k-N,O fashion; the 

resulting four-membered ring is highly strained exhibiting an N-Fe-O angle of 66.90(7)°. 

The unintended coordination of the pyridone-O donor atom highlights one of the synthetic 

difficulties in developing Hmd analogues. The Fe-O distance in A1 is significantly shorter 

at 2.0106(4) Å, compared to 3.195 Å in Hmd. A thiolate-bound analogue of A1 was 

suggested, but unambiguous structural characterization was not obtained. 

 

Shortly after, acyl-containing model compounds emerged from the Rauchfuss and 

Hu groups. Rauchfuss presciently utilized a thioester phosphine and the Fe(0) starting salt, 

Fe2(CO)9, to synthesize the Fe(II) acyl thiolate compound B1.45,46 Oxidative addition of 

the thioester moiety across the reduced Fe(0) center results in the formation of both an Fe-

C organometallic bond and an Fe-S bond. Years later, Shima reported that this process was 

operative in Nature to form the acyl Fe-C bond present in Hmd (see section 1.4).35 The 

resulting complex rapidly decarbonylated forming a dimeric complex, but the monomeric 

Fe center was obtained under high-pressure CO conditions. The tricarbonyl complex B1 

approximates the CO-inhibited form of Hmd, exhibiting n(C≡O) stretches at 2,075, 2,025, 

2,001 cm-1. Hu, building upon previously developed h2-k-N,S ligands, incorporated a 

monodentate acyl ligand in B2, utilizing [Fe(CO)3(I)2(COMe)]PPN as a starting material.47 

Similar to B1, a dimeric, thiolate-bridged, product was initially isolated, but similarly the 

monomeric species could be generated upon addition of CO, CN, or PPh3. The Fe-C bond 
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length (2.016(2) Å) of the acyl moiety in B2 is significantly longer than that in the enzyme 

(1.88 Å)9, likely attributable to the trans PPh3 ligand in B2. 

 

Pickett first incorporated an organometallic Fe-C bond in a bidentate h2-k-N,C 

ligand analogous to the acylpyridone of the FeGP cofactor.48 Inspired by the synthesis of 

carbamoyl type ligations in Ru and Re carbonyl compounds, Pickett treated 2-

aminopyridine with Fe(CO)4(Br)2, followed by 2-mercaptoethanol or 2,6-

dimethylbenzenethiol to generate C1 or C2, respectively. Formation of the Fe-C bond 

proceeds through nucleophilic attack at the electropositive C of a single Fe-C≡O site of the 

starting metal salt by the amine functionality of the ligand, as depicted in Scheme 2A. 

Pickett demonstrated the importance of including a sterically bulky thiolate ligand to avoid 

high nuclearity compounds resulting from µ2-S thiolate bridges in the isolation C2. C2 

exhibits several important features of the Hmd active site including: (i) an organometallic 

Fe-C bond (ii) fac-C,N,S ligation and (iii) an acetonitrile (MeCN) solvent site bound trans 

to the Fe-C bond. Furthermore, the n(C≡O) stretches of C2 are in good agreement with 

those of Hmd. Pickett utilized the same synthetic methodology in the synthesis of C3, 

incorporating a pendant amine base at the 6-position of the pyridine moiety.49 Notably, the 

complex still did not exhibit reactivity with H2 and synthetic attempts at inclusion of a 

pendant-O base were unsuccessful.  
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Soon after, Hu developed the more biomimetic acyl-containing bidentate h2-k-N,C 

ligand utilizing a novel synthetic route.50 Lithiation of 2-methylpyridine with n-BuLi 

results in the formation of the Fe-C bond through nucleophilic attack by the resulting 

carbanion on a carbonyl ligand of Fe(CO)5. The Fe center is then oxidized from Fe(0) to 

Fe(II) by addition of Br2, followed by addition or sodium 6-methyl-2-pyridinethiolate to 

synthesize D1 as outlined in Scheme 2B. Instead, addition of sodium 2,6-

dimethylbenzenethiol afforded D2, the acyl-containing congener to C2. Compound D2 

incorporates the organometallic Fe-C bond and fac-C,N,S motif, but notably does not bind 

MeCN in the position trans to the acyl functionality, forming a 5-coordinate complex. The 

Fe-C bond length of D2 (1.915(5) Å) is significantly shorter than that of C2 (1.9390(19) 

Å), possibly a result of the trans MeCN ligand in C2, but longer than that of Hmd (1.88 

Å)9. The five-coordinate species is quite unstable, exhibiting a half-life of 5 h in solution 

in the dark at room temperature. Hu has developed numerous other compounds (D3) using 

the same synthetic platform, investigating different substitutions at the 6-position of the 

pyridine moiety and electronic characteristics of the thiolato-S donor.51–59 Indeed, Hu has 

reported complexes containing a substituted 6-pyridinol moiety relevant to the Hmd active 

site, but unambiguous structural characterization of such compounds has not been obtained.  
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Scheme 1.2 Synthetic routes to formation of the Fe-C organometallic bond pioneered by 
the Pickett (A), Hu (B), Song (C), and Rauchfuss (D) groups.  

 

Song developed yet another route to incorporating the acyl moiety in synthetic 

models of Hmd outlined in Scheme 2C.60 Collman’s reagent, Na2Fe(CO)4(1,4-dioxane)1.5, 

is reacted with 2,6-disubstituted pyridine derivatives such as 2-(4-MeC6H4SO3CH2)-6-

HOCH2C5H3N to generate an Fe(0) salt complex. Treatment with Br2 or I2 oxidizes the 
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Fe(0) to Fe(II) concomitantly with migratory insertion of a carbonyl ligand (forming the 

acyl unit) and binding of the pendant hydroxyl group. Addition of the sodium or potassium 

salt of a thiolate ligand generates the fac-C,N,S coordination motif characteristic of Hmd 

that is exemplified in the multitude of model complexes E1-E5 synthesized by this 

group.61–66 Uniquely, Song often employs the pendant hydroxyl group as an analogue of 

the bound H2O solvent of Hmd.  

 

Among the many model compounds synthesized by Song, F1, F2, and F3 are 

structurally singular in comparison to others. In F1, acylation of the hydroxyl functionality 

resulted in an intramolecular ligand exchange and isomerization of the keto-enol tautomer 

of the acyl unit.62 Ultimately, deprotonation of the methylene linkage of the acyl unit and 

acylation of the O atom of the acyl unit resulted. This demonstrates the acyl moiety as a 

dynamic functional group and may serve to foreshadow future mechanistic implications in 

the enzyme active site during catalysis. F2 is currently the only structurally characterized 

Fe-based synthetic compound that contains an acylpyridinol functionality.61 It is apparent 

that F2 is in fact a dimer, but a single Fe center in the compound uniquely contains: (i) an 
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organometallic Fe-C bond (ii) fac-C,N,S ligation and (iii) an -OH functionality at the 6-

position of the pyridine ring. The pyridinol moiety is notably hydrogen bonded to the O 

atom of the other ligand, likely simulating the hydrogen bonds that operate in Hmd. Lastly, 

F3 represents the first model compound to accurately mimic the highly-substituted 

pyridone functionality in Nature.66 Notably, F3 incorporates methyl substituents at the 3,5-

positions and a phosphate group at the 4-position. The n(C≡O) features of F3 are observed 

at 2,018 and 1,957 cm−1, red-shifted in comparison to the closely related compound D1 at 

2,026 and 1,961 cm−1, demonstrating the role of the pyridone substituents in modulating 

the electron density of the Fe center.  

 

 The Rose group has employed three different ligand designs that leverage a three-

membered chelate in order to methodically study the structural characteristics of Hmd that 

afford its stability and functional reactivity. The Schiff-base NNS complexes G1 were both 

temperature and light-sensitive compounds, suffering loss of the carbonyl ligands.67 The 

instability of thiolate-containing complexes of type G1 suggested that the thiolate moiety 

present in the active site is likely not a decisive factor in thermally stabilizing the 

{Fe(CO)2}2+ core of Hmd.68 A three-membered C,N,S pincer-type ligand has been utilized 

to synthesize model compounds G2 and J1 (see section 1.8) containing carbamoyl69,70 and 

acyl71 moieties, respectively. In these systems, the C,N,S donor atoms characteristic of the 
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fac triad of Hmd are instead arranged in a mer coordination motif. Notably, the mer-C,N,S 

motif did not facilitate activation of H2. However, an Fe-H species was observable at low 

temperatures upon treatment NaHBEt3, supporting the possibility of an Fe-H species in 

Hmd catalysis. G2 type complexes were significantly more stabile than the NNS-derived 

compounds, suggesting that the strongly donating acyl unit functionally stabilizes the Hmd 

coordination sphere. The carbamoyl-containing complexes were easily manipulated, 

enabling ligand substitutions and derivative 5-coordinate and monocarbonyl species.70 

Interestingly, in G3, the C,N,P pincer ligand displays a unique binding motif in comparison 

to the C,N,S-derived system. The differing coordination modes was attributed to both steric 

and electronic effects, but the strong trans-influence of the acyl moiety is evident in G3, 

as it discourages binding of the phosphine ligand in the trans position.  

 

1.8 STRUCTURAL AND FUNCTIONAL MODEL COMPOUNDS OF HMD  

The previous section describes the synthesis and evolution of structural analogues 

related to the Hmd active site, while this portion outlines the functional compounds related 

to Hmd reactivity.  
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Meyer utilized H1 to demonstrate H2 heterolysis and hydride transfer to the 

biomimetic imidazolium salt, 1,3-bis(2,6-difluorophenyl)-2-(4-tolyl)imidazolinium 

bromide ([TolIm]Br).72 H1 and [TolIm]Br are understood to activate H2 as a frustrated Lewis 

pair (FLP), with direct hydride transfer to the substrate to form TolImH and oxidative 

addition of the proton to the Ru center, forming a Ru-H. While this system bears little 

structural similarity to the active site of Hmd, it is instructive in understanding the 

formation of a ternary complex (i.e FeGP, methenyl-H4MPT+, H2) that may be relevant in 

Nature.  

Hu synthesized the Fe-based acyl-containing complex I1 bearing a bis-phosphine 

ligand containing a pendant amine base73; the bis-phosphine ligand is inspired by the 

azadithiolate ligand present in [FeFe]-hydrogenase. I1 demonstrated scrambling of H2/D2 

gas mixtures and hydrogenation of aldehyde substrates, mediated by heterolytic cleavage 

across the Fe center and pendant amine base. Notably, a hydride species was not detected 

during this process. I1 represents the first example of an Fe-based model compound 

reacting with H2 in the absence of the methenyl-H4MPT+-like substrate; however, the 

primary coordination sphere differs significantly from Hmd due to the incorporation of the 

abiotic phosphine ligands and monocarbonyl motif.  

 

Hu and Shima have also prepared samples of Hmd enzyme reconstituted with 

model compounds containing Fe74 and Mn75. The model compounds I2 and I3 were 
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incorporated in to the Methanocaldococcus jannaschii apoenzyme and the conversion of 

methenyl-H4MPT+ to methylene-H4MPT was measured photometrically. In all cases, the 

inclusion of GMP resulted in higher activity, likely discouraging non-specific binding of 

the model compounds in the apoenzyme. Notably, of the Fe-based I2 variants, 

reconstitution with the 6-methoxy substituted complex exhibited lower activity than the 6-

hydroxy substituent supporting the role of His14 in generating a basic ligand site. After 

applying occupancy corrections, the Mn reconstituted enzyme interestingly exhibited an 

increased specific activity compared to the Fe semisynthetic enzyme for the enzymatic 

forward H2 activation reaction; furthermore, the Mn enzyme demonstrated a reactivity bias 

for the forward reaction compared to the reverse reaction, contrasting the unbiased 

reactivity of the Fe enzyme.  

A purely synthetic Mn model compound I4 was also synthesized by Hu.76 I4, 

similar to the compound used in reconstitution studies, is a Mn tricarbonyl species, but 

bears a carbamoyl type linkage and a pendant tertiary amine base. I4 exhibited catalytic 

reactivity for the hydrogenation of ketones, aldehydes, and imines and as a biomimetic 

asymmetric hydrogenation relay. Furthermore, the model compound demonstrated 

biomimetic hydride transfer to various imidazolium substrates related to the structure of 

methenyl-H4MPT+; interestingly, I4 out-performed highly active Mn pincer hydrogenation 

catalysts in the biomimetic reaction, suggesting the importance of the organometallic M-C 

(of the acyl functionality) in these conversions.  

Not including the work presented in this dissertation, the Rose group has 

synthesized two model compounds capable of H2 activation, J1 and J2. J1 is derived from 

the mer-C,N,S pincer ligand.71 J1 reacted with exogenous base, resulting in the 

deprotonation of the methylene linkage of the pincer ligand as evidenced by 1H NMR 

spectroscopy and suggested by IR spectroscopy. It was suggested that deprotonation 
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triggers de-ligation of the thioether-S ligand, opening a coordination site trans to the acyl 

moiety. The 2H NMR spectrum demonstrated D2 activation as evidenced by base 

protonation; however, biomimetic hydride transfer was not observed. The anthracene 

scaffolded model compound J2 incorporates the fac heteroatom donors in a single chelate, 

deriving the C donor from a carbamoyl moiety and the S donor using an arylthioether 

moiety.77 In the presence of D2, heterolysis was indicated by H/D exchange across the 

carbamoyl -NH functionality and in the presence of 2,6-di-tbutyl-4-methoxyphenol 

(MeOtBu2ArOH) H/D scrambling was observed by generation of HD and H2. Furthermore, 

in the presence of H2 and MeOtBu2ArOH (or D2 and MeOtBu2ArOD) , a persistent Fe-H 

(or Fe-D) species was detected. Generating an open site on J2 by halide abstraction enabled 

hydride abstraction from TolImH and the evolution of H2 in the presence of the proton 

source, MeOtBu2ArOH. This represented the first example of H2 activation by a C,N,S 

derived model compound and the first example of biomimetic reactivity modeling the 

enzymatic reverse reaction (methylene-H4MPT-H + H+ à H2 + methenyl-H4MPT+).  

 

1.9 MOLECULAR HYDROGEN ACTIVATION  

The bond dissociation energy (BDE) of dihydrogen (H2) is 436 kJ/mol, presenting 

a significant challenge in the activation and utilization of H2 as a substrate in catalytic 

chemical conversions.78 As evidenced by the molecular orbital diagram of the homoatomic 

H2 molecule, the fully occupied s orbital and unpopulated s* orbital makes H2 a potential 
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s-base and capable of accepting p electron density from a metal center when bound in an 

h2-H2 fashion.79 Such an interaction of Mn-H2, known nominally as a Kubas adduct,80 

results in a weakened H-H bond and engenders novel reactivity of the H2 molecule. Upon 

bond weakening, complete activation of H2 proceeds through one of two routes – homolytic 

cleavage or heterolytic cleavage – as summarized in equations 1 and 2 below, respectively. 

Homolytic cleavage of H2 across a metal center results in the formation of a metal dihydride 

species  

H2 " 2H+ + 2e-  (1) 

 H2 "  H+ + H-     (2) 

and an accompanying oxidation of the metal center (i.e. Mn+2-(H)2). For this reason, 

homolytic cleavage typically proceeds in the presence of electron-rich metals centers, 

classically of Group 10.81 Heterolytic cleavage is facilitated by the presence of an 

exogenous or appended Lewis basic group, resulting in the formation of a metal hydride 

and the conjugate acid with no change in the metal center oxidation state.82 Heterolytic 

cleavage is more commonly operative in systems containing low to mid-valent metal 

centers and, thus, is the predominant mechanism for H2 activation in Nature, reducing the 

kinetic barrier associated with activation. 

Canonically, penta-coordinate, low-spin, 16 e- count metal complexes are apt 

acceptors of the s-type interactions of an H2 ligand and capable of p back-donation to 

facilitate stable M-H2 complexes.81 The electrophilicity of the metal center and, thus, the 

primary coordination sphere of the metal center of interest are important determinants in 

the interaction of H2 and resultant acidity of the M-H2 adduct relevant to heterolysis.83 

Furthermore, the identity of the ligand bound trans to H2 is of great significance, serving 

an important role in the multifaceted interplay of s and p interactions contributing to M-

H2 stability and acidity. Unsurprisingly, the pKa values of M-H2 adducts exhibit a 
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substantial solvent dependence and span a wide range of values which have been 

extensively reviewed recently.84  

1.10 THE REACTIVITY OF METAL-HYDRIDE SPECIES 

The reactivity of the resulting metal hydride species (i.e. M-H) is of upmost 

importance in considerations of catalytic transformations of small molecules. Though a 

formally anionic ligand, hydrides have character that exists on a continuum from hydritic 

M-Hd-  to acidic M-Hd+ units. As such, pKa measurements of M-H species,85 like that of 

M-H2 units, are also of import in understanding the chemistry of H2-dependent processes. 

The hydricity of a M-H species is a thermodynamic measurement of the tendency to 

transfer a hydride (H-) to a given substrate.86 Heterolytic cleavage of a M-H is an 

endergonic process; therefore, M-H species with low values associated with the Gibbs free 

energy change in donating a hydride are more hydritic, more potent hydride donors. The 

properties of M-H species are greatly influenced by the environment of the metal center 

and solvent effects.87 As such, hydricity measurements are a useful tool in understanding 

how different structural and electronic properties of related molecules affect the accessible 

chemical reactivity of M-H units. Rigorous hydricity measurements of synthetic model 

compounds will not be presented in this work; however, indirect interpretations of hydricity 

are utilized on the basis of density functional theory (DFT) calculations and spectroscopic 

characterization of model substrates to extrapolate the effects of different coordination 

spheres on the model compounds presented herein.   

1.11 DESIGN PRINCIPLES OF AN ANTHRACENE SCAFFOLD FOR HMD MODEL 
COMPOUNDS 

The prevalence of facial coordination motifs in bioinorganic coordination 

chemistry has inspired the design of useful synthetic ligands such as TPA (Tris(2–
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pyridylmethyl)amine), TACN (1,4,7–Triazacyclononane), and Tp (tris(pyrazolyl)–borate) 

in modeling the histidine rich environments of cysteine dioxygenase (CDO)88 and carbonic 

anhydrase (CA).89 However, the active site of [Fe]-hydrogenase presents a unique 

challenge to synthesize model compounds due to (i) the highly asymmetric first-

coordination sphere and (ii) the highly functionalized secondary-coordination sphere (of 

the pyridone moiety). We turned to molecular scaffolding inspired by its utility in both 

enforcing ordered structural arrangements and imparting stability in past bioinorganic 

model systems. For example, a trisubstituted benzene scaffold was utilized by Holm for 

Fe4S3 complexes90 and Agapie for Mn-OEC model compounds91 and exemplifies a 

scaffold–based approach to 3–fold symmetric metal–binding motifs. More recently, the 

Suess group has leveraged this platform for generating site-differentiated Fe-S clusters and 

generation of the first [Fe4S4]-alkyl cluster.92 Additionally, Lippard has utilized a 

substituted triptycene scaffold in modeling the carboxylate-bridged diiron sites of bacterial 

multicomponent monooxygenase.93  

Our approach builds upon both the dibenzofuran (DBF) and anthracene scaffolds 

utilized by the Lu94–96 and Gelman97,98 groups, respectively. Briefly, this dissertation 

describes the utility of a substituted 1,8-anthracene moiety as the scaffold foundation as 

originally utilized in the trans-spanning, para-linked phosphine ligand developed by 

Gelman. Instead, we have opted to attach the metal-binding donor atoms at the meta 

position with respect to the anthracene scaffold, as seen in the DBF-scaffolded complexes 

of Lu. This construction allows for substitution on both ortho sites of the N and S donor 

atoms, enabling incorporation of the biomimetic methylene/carbamoyl acyl Fe-C bond and 

pyridone moieties of the Hmd active site. The obtuse angle inherent to the furan core of 
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the DBF molecule places the appended donor arms too far apart in space to facilitate the 

necessary cis coordination of our system, while the anthracene scaffold optimally situates 

the metal-binding donor atoms. A more comprehensive review of each system and a 

comparison of scaffold bite angles, donor atom distances, and scaffold-aryl torsion angles 

was previously reported.99,100  
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Chapter 2: Anthracene-Scaffolded Thiolate-Containing Model 
Complexes of Hmd: Dynamic Coordination Motifs and Functional 

Reactivity1 

2.1 INTRODUCTION  

Amongst the phylogenetically distinct hydrogenase enzymes, the presence of 

cysteinyl thiolato-S donor atoms is conserved, in addition to the Fe(II) carbonyl motif. In 

[FeFe]-hydrogenase, a cysteinyl thiolato-S coordinates the proximal Fe center, bridging 

the Fe center to the [4Fe-4S] cluster implicated in transfer of electrons during catalysis.101 

In [NiFe]-hydrogenase, a terminal cysteine residue bound to the Ni center is proposed to 

serve as the proton acceptor during heterolytic cleavage of dihydrogen.101 The cysteinyl 

thiolato-S atom of the active site of [Fe]-hydrogenase (Hmd) is interestingly the only amino 

acid residue binding the Fe-GP cofactor to the protein and the role of the cysteinyl thiolato-

S donor in catalysis is less well defined. Two possible functions include (i) acting as a base 

during H2 heterolysis (akin to [NiFe]-hydrogenase) or (ii) acting as a structural anchor in 

the protein for proper positioning during catalysis.   

Computational studies utilizing truncated DFT models of the Hmd active site by 

Hall39 suggested that, indeed, the cysteinyl thiolato-S is a prospective proton acceptor in 

the heterolytic cleavage of H2. Later QM/MM studies incorporating aspects of the larger 

protein structure by Reiher41 and, later, Shima9, however, suggested a much higher barrier 

associated with H2 heterolysis mediated by the cysteinyl thiolato-S in comparison to the 

pendant pyridone moiety. Experimentally, the importance of the (deprotonated) pyridone-

O in enzyme activity was underscored by the H14A mutation, resulting in less than 1% of 

                                                
1 Portions of this chapter were published in: Kerns, S. A.; Magtaan, A.-C.; Vong, P. R.; Rose, M. J. 
Functional Hydride Transfer by a Thiolate-Containing Model of Mono-Iron Hydrogenase Featuring an 
Anthracene Scaffold. Angew. Chemie Int. Ed. 2018, 57 (11), 2855–2858. My contribution includes the 
synthesis, structural characterization, spectroscopic characterization, and reactivity studies and analyses. I 
wrote the manuscript and Mike Rose edited the manuscript.  
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the specific activity of the wild-type form of Methanothermobacter marburgensis. Still, 

maintenance of some activity suggests that it is possible for protonation of the cysteinyl 

thiolato-S, albeit at low efficiency.25 Hu demonstrated the viability of thiolato-S 

protonation of a synthetic system by addition of HBF4·Et2O and subsequent de-ligation of 

the bound 2,6-dimethylthiophenol moiety.55 Furthermore, the process was demonstrated to 

be reversible by subsequent addition of NEt3 to the solution. However, in comparison to 

Nature, the pKa of HBF4·Et2O (pKa (MeCN)=1.6102, pKa (H2O)= -0.44103) is significantly 

lower than the predicted pKa of 9104 of the presumed Fe-H2 species invoked in catalysis by 

Hmd.  

Previous work in the Rose group77 demonstrated the importance of the fac-C,N,S 

binding motif in H2 activation of Hmd utilizing an anthracene-scaffolded model compound. 

However, the S donor atom of complex J177 (see section 1.7) was derived from a 

(methylthio)phenyl ligand, in contrast to a thiolato-S. The complex demonstrated hydride 

(H-) abstraction reactivity from a model substrate and subsequent H2 generation in the 

presence of a proton source, approximating the enzymatic ‘reverse’ reaction.  

This chapter reports the synthesis of the thiolate-containing congener of J1 and its 

functional reactivity with respect to H2 activation and hydride transfer or abstraction. 

Flexible coordination motifs of the anthracene-scaffold system are demonstrated and the 

viability of the anthracene-scaffold as a three-membered chelate for the approximation of 

the fac-C,N,S coordination motif of the Hmd active site is unambiguously demonstrated 

utilizing single crystal X-ray diffraction. Furthermore, a biomimetic system for functional 

H2 activation and hydride transfer to a model substrate by a C,N,S derived system is 

outlined and established for the first time.  



 38 

2.2 LIGAND SYNTHESES  

The synthetic rationale and ligand synthesis was previously reported2 and is 

described herein with modifications as summarized in Scheme 2.1. In the final step (vi), 

the asymmetric anthracene ligand, [Anth·pyNH2·SH]·HCl, is isolated as the HCl salt as 

evidenced by NMR spectroscopy. The NMR spectrum (CDCl3) exhibits a singlet at 2.17 

ppm corresponding to the protonation of the aminopyridine moiety of the ligand. Upon 

demethylation of the starting material, the proton resonance corresponding to the thiol 

functionality is observed as a singlet at 3.27 ppm.  

 

Scheme 2.1 Synthetic overview of the bulky thioether moiety (top) and the 
asymmetrically-substituted anthracene ligand [Anth·pyNH2·SH]·HCl 
(bottom). (i) KOH(aq) reflux, MeI (89%); (ii) HCl, NaNO2(aq), NaI(aq), 
acetone (79%); (iii) Ba(OH)2·8H2O, 2,6-dimethylphenylboronic acid, 
Pd(PPh3)4, dioxane/H2O (3:1) (88%). B (iv) KOAc, B2pin2, 
Pd2(dba)3/SPhos, K3PO4, 1,8-dichloroanthracene, dioxane/H2O (38%); 
(v) KOAc, B2pin2, Pd2(dba)3/XPhos, K3PO4, bulky thioether 
,dioxane/H2O (81%); (vi) NaH, tnonyl-SH, HCl(aq), DMF (46%). 

                                                
2 The synthetic rationale, ligand synthesis, and preliminary metalation attempts were published in a thesis 
titled “Synthesis and metalation of a novel anthracene ligand architecture for development of structural 
models of mono [Fe]-hydrogenase” as fulfillment of candidacy requirements. Only new developments 
determined since publication have been included in this chapter.  
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2.3 METAL COMPLEX SYNTHESES 

Preliminary metalation attempts of the ligand were also described, but the product 

was not unambiguously characterized. Upon learning the protonation state of the 

anthracene ligand, the quantity of base was modified. The ligand [Anth·pyNH2·SH]·HCl was 

treated with two equivalents of N,N-diisopropylethylamine (NiPr2Et) in dichloromethane 

(DCM) and stirred for 30 minutes at room temperature, resulting in no significant change 

in color. The iron salt Fe(CO)4Br2 was added to the ligand solution at -80 °C and slowly 

warmed to room temperature. The solution was concentrated in vacuo and subsequently 

redissolved in tetrahydrofuran (THF). Upon stirring overnight, a vibrant orange powder 

precipitated from the dark red solution. The precipitate was poorly soluble in most organic 

solvents, slightly soluble in THF, and soluble in 1:1 mixtures of DCM and MeCN or 

benzonitrile (PhCN).  

 

Scheme 2.2 Metalation of the [Anth·pyNH2·SH]·HCl Ligand with Fe(CO)4Br2 to prepare 
[(Anth·CNHNS)Fe(CO)2(MeCN)]2 (1) and 
[(Anth·CNHNS)Fe(CO)2(PhCN)] (2). 



 40 

2.4 STRUCTURAL CHARACTERIZATION OF [(ANTH·CNHNS)FE(CO)2(MECN)]2 

Single crystals suitable for X-ray diffraction were first grown by slow-evaporation 

of a 1:1 DCM:MeCN mixture. The X-ray structure of 1 revealed the isolation of a C2 

symmetric anthracene-bridged dimer in which the heteroatom donors (N,S) of a single 

ligand bind separate Fe centers. The two planes of the two anthracene ligand scaffolds are 

approximately 3.4 Å apart, suggesting p-interactions between the aromatic systems. As 

intended, incorporation of the 2,6-dimethylphenyl moiety at the ortho-position of the 

thiolate donor prevented the formation of µ-bridging thiolates between Fe centers. 

Furthermore, the coordination environment of the two identical Fe centers exhibited the 

intended fac-C,N,S coordination motif, albeit derived from unique anthracene ligands. This 

organization underscores that the fac-C,N,S is the thermodynamically preferred 

organization, as other anthracene systems containing heteroatom donors have exhibited 

alternate binding modes.105 The orthogonal face of the Fe center is coordinated by two cis 

carbonyl ligands and the position trans to the organometallic Fe-C bond of the carbamoyl 

unit is occupied by a bound MeCN ligand, indicating that the [NHiPr2Et]Br is likely 

generated as a reaction byproduct. The structure of 1 aids in the understanding of the 

solubility of the complex as the coordinating solvent MeCN completes the ligand 

coordination sphere, and DCM solubilizes the neutral metal complex.  
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Figure 2.1 ORTEP representation (30% thermal ellipsoids) for 
[(Anth·CNHNS)Fe(CO)2(MeCN)]2 (1). Hydrogen atoms are omitted for 
clarity and appended 2,6-dimethylphenyl groups are depicted as wireframes. 
Atom colors: carbon (gray), nitrogen (blue), oxygen (red), sulfur (yellow), 
iron (orange).  

The primary coordination sphere of 1 is closely related to C2 (see section 1.7) 

isolated by Pickett.48 Both compounds derive the organometallic Fe-C bond from 

carbamoyl ligation and show binding affinity for MeCN in the trans position; C2 derives 

its S donor atom from 2,6-dimethylphenylthiolate as a mono-dentate ligand. Average 

selected bond distances and angles for 1 are shown in Table 2.1 below. The Fe-N, Fe-S, 

and Fe-C bond distances of 1 are in good accord with the monomeric structure isolated by 

Pickett. The slightly shorter Fe-S distance of 1 at 2.361 Å compared to C2 (2.385 Å) may 

be attributed to the di-ortho-substituted, electron-donating methyl groups of the thiolate 

ligand of C2. The Fe-N and Fe-C bond distances (2.012 Å and 1.946 Å, respectively) of 1 

are considerably longer than those observed in Hmd9 (1.981 Å and 1.880 Å, respectively), 

likely a result of the highly substituted pyridone moiety in Nature. Additionally, the Fe-S 

distance (2.361 Å) of 1 is significantly shorter than that of Hmd, likely due to the presence 

of an aryl thiolate in comparison to the alkyl thiolate of the cysteine-S donor.48 The model 
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compounds 1 and C2 again exhibit good agreement between ÐC-Fe-S bond angles of the 

dimer and monomer (81.88° and 81.01°, respectively), indicating that dimer formation 

does not greatly perturb the Fe coordination geometry. In comparison to Hmd, the ÐC-Fe-

S of the synthetic systems are approximately 4° larger. 

Table 2.1 Comparison of relevant bond and angle metrics of 
[(Anth·CNHNS)Fe(CO)2(MeCN)]2 (1), Pickett complex (C2), and Hmd 
(closed conformation).  

 1 C248 Hmd9 

Fe-N (Å) 2.012 2.000 1.981 

Fe-S (Å) 2.361 2.385 2.406 

Fe-C (Å) 1.946 1.948 1.880 

ÐC-Fe-S 

(°) 

81.88 81.01 77.35 

ÐN-Fe-S 

(°) 

90.55 90.33 84.20 

2.5 SPECTROSCOPIC CHARACTERIZATION OF [(ANTH·CNHNS)FE(CO)2(MECN)]2 

The 1H NMR (1:1 CD2Cl2:CD3CN) spectrum of 1 exhibits diamagnetic proton 

resonances consistent with a low-spin Fe(II) center. A downfield singlet corresponding to 

the ortho proton of the pyridine ring is observed at 9.13 ppm and a broad singlet resonance 

corresponding to the -NH proton of the carbamoyl moiety is observed at 8.61 ppm. Upon 

coordination, the methyl groups of the appended 2,6-dimethylphenyl group are observed 

as two distinct singlets at 2.14 ppm and 1.85 ppm.  
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The IR spectrum of 1 exhibits two n(C≡O) features at 2,011 and 1,950 cm-1 

consistent with the cis carbonyl ligands and a n(C=O) feature at 1,632 cm-1 corresponding 

to the carbamoyl group. The n(C≡O) and n(C=O) stretch frequencies of 1 are 

unsurprisingly very similar to C248 (2,026 and 1,958 cm-1; 1,620 cm-1) and in very good 

accord with Hmd (2,011 and 1,944 cm-1). These observations indicate that the electron 

density of the Fe center, as indicated by the extent of back-bonding in to the CO p* orbitals, 

is well approximated by 1 in comparison to Hmd. Additionally, the n(C≡O) of 1 are 

significantly red-shifted compared to the thioether-ligated congener, J177, which exhibits 

n(C≡O) features at 2,031 and 1,981 cm-1.  

2.6 STRUCTURAL CHARACTERIZATION OF [(ANTH·CNHNS)FE(CO)2(PHCN)] 

Close inspection of the spacefilling structure of 1 reveals a tight binding pocket 

surrounding the Fe center at the location of MeCN binding as shown in Figure 2.2. It was 

then hypothesized that crystallization utilizing a bulkier, non-linear coordinating solvent 

or ligand, might facilitate (i) isolation of a 5-coordinate species akin to the ‘active’ form of 

Hmd or (ii) a monomeric species coordinated by a single anthracene ligand.  
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Figure 2.2 Spacefill representation of [(Anth·CNHNS)Fe(CO)2(MeCN)]2 (1) 
demonstrating the confined MeCN binding pocket. Atom colors: carbon 
(gray), hydrogen (white), nitrogen (blue), oxygen (red), sulfur (yellow), iron 
(orange).  

Single crystals suitable for X-ray diffraction were grown by vapor diffusion of Et2O 

in to a 1:1 DCM:PhCN mixture. Indeed, the X-ray structure of 2 confirmed the isolation of 

the monomeric species in which the fac-C,N,S coordination motif was derived from a 

single anthracene ligand and the position trans to the organometallic Fe-C bond of the 

carbamoyl unit is occupied by a bound PhCN ligand. As intended, incorporation of the 2,6-

dimethylphenyl moiety at the ortho-position of the thiolate donor prevented the formation 

of µ-bridging thiolates between Fe centers. Together, 2 and 1, along with previously 

reported compounds,105 demonstrate the dynamic and diverse coordination chemistry of 

asymmetric-substituted anthracene ligands.  
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Figure 2.3 ORTEP representation (30% thermal ellipsoids) for 
[(Anth·CNHNS)Fe(CO)2(PhCN)] (2). Hydrogen atoms are omitted for 
clarity. Atom colors: carbon (gray), nitrogen (blue), oxygen (red), sulfur 
(yellow), iron (orange).  

The bond metrics of 2 closely resemble those of 1 and are summarized in Table 2.2. 

The average Fe-C bond distance (1.9555) in 2 of the organometallic carbamoyl unit is 

longer than that in the dimer (1.946) and considerably longer than that observed in Hmd 

(1.880). The coordination of the Fe center utilizing a single, three-membered anthracene-

derived chelate results in some significant changes in the angle observed in the complex. 

The monomer exhibits a 2° smaller ÐC-Fe-S angle (80.135°) in comparison to the dimer 

(81.88°), and is closer to that observed in Hmd (77.35°). The ÐN-Fe-S angle of the 

monomer (93.84°) is notably almost 4° larger than the dimer (90.55°) and nearly 10° larger 

than that observed in Hmd (84.20°). Furthermore, coordination of the Fe center results in 

a 9.98(±3.07)° torsion across the plane of the anthracene scaffold of the ligand. The 

increasingly obtuse ÐN-Fe-S angle and the distortion of the anthracene ligand to 

accommodate Fe binding suggests that the distance between the N and S donor atoms 

inherent to the anthracene scaffold may be too small. Therefore, an expanded or more 
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flexible scaffold may better accommodate the binding of the Fe center in future model 

compounds.  

Table 2.2 Comparison of relevant bond and angle metrics of 
[(Anth·CNHNS)Fe(CO)2(MeCN)]2 (1), [(Anth·CNHNS)Fe(CO)2(PhCN)] (2), 
and Hmd (closed conformation)9.  

 1 2 Hmd9 

Fe-N (Å) 2.012 2.0015 1.981 

Fe-S (Å) 2.361 2.3645 2.406 

Fe-C (Å) 1.946 1.9555 1.880 

ÐC-Fe-S 

(°) 

81.88 80.135 77.35 

ÐN-Fe-S 

(°) 

90.55 93.84 84.20 

2.7 SPECTROSCOPIC CHARACTERIZATION OF [(ANTH·CNHNS)FE(CO)2(PHCN)]  

The 1H NMR (d8-THF) spectrum of 2 again exhibits diamagnetic proton resonances 

consistent with a low-spin Fe(II) center. A downfield singlet corresponding to the ortho 

proton of the pyridine ring is observed at 9.21 ppm and a broad singlet resonance 

corresponding to the -NH proton of the carbamoyl moiety is observed at 8.66 ppm.  

The IR spectrum of 2 exhibits two n(C≡O) features at 2,016 and 1,956 cm-1 

consistent with the cis carbonyl ligands and a n(C=O) feature at 1,632 cm-1 corresponding 

to the carbamoyl group. The n(C≡O) and n(C=O) stretch frequencies of 2 are 

unsurprisingly very similar to 1 (2,011 and 1,950 cm-1; 1,632 cm-1). The minimal change 
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in electron density of the Fe center, as indicated by the extent of back-bonding in to the CO 

p* orbitals, in 2 compared to 1 may be understood by the relative donor strengths of the 

MeCN versus PhCN ligands.  

2.8 DESIGN OF A BIOMIMETIC REACTIVITY SYSTEM FOR HMD CATALYSIS 

In Nature, Hmd catalyzes the heterolytic cleavage of dihydrogen via metal-ligand 

cooperation between the Fe center and the pendant pyridone-O atom of the Fe-GP cofactor; 

subsequently, the hydride is transferred from the Fe center to the substrate methenyl-

H4MPT+. Notably, 1 and 2 both lack the pyridone functionality or another pendant base in 

the ligand framework. Therefore, a biomimetic system to model the reactivity of the Hmd 

enzyme was developed to study model compounds 1 and 2. The reactivity of 1 and 2 with 

H2 (or D2) were investigated to observe hydrogen activation and model substrates were 

utilized to study the hydride transfer reaction observed in Nature.  

First, the exogenous base, tetraethylammonium 2,6-ditbutyl-4-methoxyphenolate 

or NEt4[MeOtBu2ArO], is utilized as a substitute for the basic pyridone-O site of Hmd. 

Indeed, the anionic phenolate-O of NEt4[MeOtBu2ArO] closely approximates the 

proposed, active pyridonate-O invoked in Hmd catalysis. The di-substituted ortho-tbutyl 

groups are appended as sterically bulky substituents to nominally prevent coordination of 

the metal center by the base, while the para-substituent provides a means for modulating 

the pKa of the base (and thus a means to study the acidity of the Fe-H2 adduct). 

NEt4[MeOtBu2ArO] is slightly more basic (conjugate acid pKa (H2O)~13)106,107 than the 

pyridonate-O (conjugate acid pKa (H2O)~11.65) of the enzyme active site.  
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Scheme 2.3 Comparison of components involved in the native reactivity of Hmd (gray) 
and functional synthetic systems (yellow). Structural similarities of the 
methenyl-H4MPT+ and RIm+ are highlighted (green) and thermodynamic 
hydricities108,109 are presented. Structural similarities of the 2-pyridone 
moiety and exogenous phenolate base are highlighted (blue) and 
approximate pKas are provided.  

Second, the model substrates tetrakis(3,5-bis(trifluoromethyl)phenyl)borate 2,6-

difluorophenyl-2-(4-tolyl)imidazolium ([TolIm]BArF) and tetrakis(3,5-

bis(trifluoromethyl)phenyl)borate 2,6-difluorophenyl-2-(4-methyl)imidazolium 

([MeIm]BArF) were utilized as analogues of the methenyl-H4MPT+ substrate. [TolIm]BArF 

was previously reported72 as a model substrate for hydride transfer to methenyl-H4MPT+ 

from a ruthenium cyclopentadienyl carbonyl compound. Upon accepting a hydride ion to 

form TolImH, a considerable structural change occurs in [TolIm]+, and the C-2 atom 

undergoes pyramidalization; the resulting change in methenyl-H4MPT+ to form methylene-

H4MPT is less pronounced, but may be attributed to the constraints of the protein 

environment. As highlighted in Scheme 2.3, [TolIm]+ and [MeIm]+ are both approximations 

of the core imidazolium structure present in methenyl-H4MPT+. The electron-withdrawing 
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fluorine N-aryl substituents improve the hydride accepting ability of the molecules and 

provide an additional NMR spectroscopic handle.72 Substitution of the C-2 atom 

additionally affords a handle to modulate the hydricity of the substrate, provided that 

substrate pyramidalization at the C-2 atom is still accessible and the substituent is not 

prohibitively bulky.  

2.9 REACTIVITY STUDIES OF [(ANTH·CNHNS)FE(CO)2(MECN)]2 (1) 

The reactivity of the dimeric species 1 with D2 alone was first considered to 

examine the feasibility of the thiolato-S to act as a base in the deprotonation of D2 as 

suggested by computational studies. However, a solution of 1 in 1:1 DCM/MeCN solvent, 

incubated with 100 psi D2 did not evidence any new resonances in the 2H NMR spectrum. 

This result contrasted the thioether-containing compound J1 reported by the Rose group, 

which demonstrated -NH/-ND exchange at the carbamoyl unit under 1 atm D2.77 Notably, 

in the presence of five equivalents of MeOtBu2ArOD under N2, compound 1 did undergo -

NH/-ND exchange at the carbamoyl unit as evidenced by a broad new resonance at 8.68 

ppm in the 2H NMR spectrum. Additionally, a small new resonance was observed at 3.24 

ppm, which may correspond to protonation of the thiolate ligand upon MeOtBu2ArOD 

addition. Treatment of 1 with the acid MeOtBu2ArOH showed that 1 persisted in solution 

as evidenced by 1H NMR and IR spectroscopy. Together, these observations suggest that 

(i) 1 is not reactive enough to sufficiently activate D2 to enable protonation of the thiolate 

ligand or H/D exchange or (ii) 1 does not interact with D2 at all.  

The experiment was repeated in the presence of the more basic 

NEt4[MeOtBu2ArO], which was hypothesized to facilitate heterolysis in concert with 1. 

Upon base addition, the n(C≡O) features are mostly conserved changing from 2,011 and 

1,951 cm-1 to 2,012 and 1,954 cm-1 indicating the complex does not react with the base. A 
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solution of 1, 1 equivalent NEt4[MeOtBu2ArO], and [TolIm]BArF in a 1:1 DCM/MeCN 

mixture was again incubated with 100 psi D2; again, no new resonances corresponding to 

D2 as evidenced by 2H NMR spectroscopy were observed. We hypothesized that the MeCN 

solvent was competitively occupying the site trans to the carbamoyl unit and preventing 

interaction of D2 with the Fe center as is common in first-row transition metal chemistry. 

We then pursued the reactivity studies using the monomer 2, which exhibited increased 

solubility in DCM and THF solvents in comparison to 1.   

2.10 REACTIVITY STUDIES OF [(ANTH·CNHNS)FE(CO)2(PHCN)] (2) 

The reactivity of 2 was similarly investigated to discern if the thiolato-S could serve 

as a base in D2 heterolysis. A DCM solution of 2 incubated with 100 psi D2 did not exhibit 

new resonances signifying D2 activation by the complex (Figure 2.3A), suggesting that the 

thiolato-S is not a viable proton acceptor during heterolysis. Next, 2 and 

NEt4[MeOtBu2ArO] were mixed under 100 psi D2, resulting in a new resonance at 4.78 

ppm in the 2H NMR spectrum (Figure 2.3B) corresponding MeOtBu2ArOD as a product of 

D2 heterolysis. Notably, a new resonance is not observed in the presence of 

NEt4[NO2tBu2ArO], permitting a rough estimate of the pKa of the Fe-D2 adduct to be 

7<pKa<13. The corresponding hydride species (i.e. Fe-D), however, was not observable by 

NMR spectroscopy, signifying instability of the Fe-D species. The same reaction was thus 

repeated with the [TolIm]BArF model substrate as a hydride acceptor in solution. However, 

the corresponding hydride transfer product was not observed. We hypothesized that a less-

sterically bulky substituent at the C-2 atom of the substrate may facilitate the hydride 

transfer reaction, enabling more facile pyramidalization in the hydride transfer product and 

a less prohibited approach of the substrate to the proposed Fe-D species. Indeed, the 

analogous reaction (2, base, 100 psi D2) in the presence of the [MeIm]BArF substrate 
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resulted in two new resonances in the 2H NMR spectrum at 4.79 ppm and 5.39 ppm, 

corresponding to MeOtBu2ArOD and MeImD, respectively (Figure 2.3C). Importantly, the 

resonances belonging to MeOtBu2ArOD and MeImD grow in proportionately during the 

reaction. The identity of the substrate resonances were confirmed by the reduction of 

[MeIm]Cl with NaBD4 and NaBH4, exhibiting a singlet at 5.39 ppm in the 2H NMR 

spectrum (Figure 2.3D) and the expected quartet at 5.38 ppm in the 1H NMR spectrum 

(Figure 2.3E). Following the reaction, the IR spectrum still indicated the presence of 2 as 

exhibited by two carbonyl stretches at 2,018 and 1,951 cm-1, but an additional, unidentified 

species was also observed at 2,007 and 1,974 cm-1. This may indicate that upon hydride 

transfer 2 decomposes, but further studies are necessary to characterize this compound. 

  

Figure 2.4 Stacked 2H (A-D) and 1H (E) NMR spectra of reactivity studies of 2: (A) 2, D2 
(100 psi), [MeIm]BArF (B) 2, D2 (100 psi), NEt4[MeOtBu2ArO] (C) 2, D2 
(100 psi), NEt4[MeOtBu2ArO], [MeIm]BArF (D) NaBD4, [MeIm]BArF (E) 
NaBH4, [MeIm]BArF. Broad peaks at 5.32 and 4.55 ppm correspond to DCM 
solvent and D2, respectively.  
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A summary of the overall reactivity of 2 with D2 is presented in Scheme 2.4. First, 

the PhCN ligand of the starting complex is displaced and D2 interacts with the Fe center; 

the less-strongly bound PhCN ligand in comparison to MeCN in the case of 1 facilitates 

this process. Direct interaction of the Fe center and D2, in the form of a persistent Fe-D2 

adduct, was not observable by 2H NMR spectroscopy; however, in the presence of the 

exogenous base NEt4[MeOtBu2ArO], indirect evidence for this species is supported by 

observance of the protonated base, MeOtBu2ArOD. In the presence of the model substrate 

[MeIm]BArF, the hydride transfer product MeImD was observed. Presumably, an Fe-D 

species is transiently generated during this process, but no direct evidence of an Fe-D 

species was observed in the presence or absence of substrate. Likewise, an Fe-H species 

has yet to be observed during the enzymatic reaction22,42, and competing computational 

studies debate the validity of such an intermediate during catalysis.9,41 Importantly, no 

reaction is observed between NEt4[MeOtBu2ArO] and [MeIm]BArF under D2, indicating 

that the Fe center does certainly play a role in the activation of D2 and hydride transfer 

reaction.  
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Scheme 2.4 Proposed reactivity mechanism for H2 activation and hydride transfer by 
[(Anth·CNHNS)Fe(CO)2(PhCN)] (2) in the presence of 
NEt4[MeOtBu2ArO]. 

The reactivity exhibited by 2 is complementary to that demonstrated by the 

analogous thioether-containing complex,77 J1. Previously, J1 was shown to accept a 

hydride from the TolImH substrate and subsequently generate H2 in the presence of 

MeOtBu2ArOH as a proton source. In this instance, an Fe-H species was observable in the 

presence of excess MeOtBu2ArOH. Contrastingly, 2 is not capable of accepting a hydride 

from TolImH, in the presence or absence of a proton source. This suggests that the putative 

hydride species of 2 (D, Scheme 2.4) is more hydritic than TolImH, and 2 should thus be 

capable of performing the forward reaction H- + [TolIm]BArF → TolImH. However, this does 

not occur: 2 does not catalyze the transfer of a hydride to [TolIm]BArF. We reason that this 

is due to the steric constraints of the tolyl substituent, as 2 is competent for hydride transfer 
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to [MeIm]+, a poorer hydride-accepting substrate in comparison to [TolIm]+ as determined 

by DFT calculations (see Appendix A). Thus, J1 is capable of performing the enzymatic 

‘reverse’ reaction, while 2 performs the enzymatic ‘forward’ reaction. Due to the structural 

similarity of the two compounds, it can be inferred that this difference in reactivity stems 

from the contrasting donor strength of the weaker, neutral thioether-S donor and the 

stronger, anionic thiolato-S donor, resulting in the formation of a neutral or anionic Fe-H 

intermediate species, respectively.  

2.11 INSIGHT INTO H2 ACTIVATION BY [(ANTH·CNHNS)FE(CO)2(PHCN)] USING DFT 

Density functional theory (DFT) methods were applied to analyze the structure and 

molecular orbital contributions of [(Anth·CNHNS)Fe(CO)2], the putative 5-coordinate 

species that binds H2 after a vacant site has been generated on 2 following the loss of 

coordinated solvent molecule. The optimized structure of [(Anth·CNHNS)Fe(CO)2] was 

determined using starting coordinates derived from the molecular structure of 2. The 

geometry of the 5-coordinate species is best described as distorted square pyramidal 

(t=0.43) due to a significantly more acute angle of 149° observed for ÐS-Fe-CCO (where 

C corresponds to trans CO ligand) in comparison to that of ÐN-Fe-CCO (174.7°). In 

comparison to the molecular structure of 2, the ÐS-Fe-CCO of [(Anth·CNHNS)Fe(CO)2] is 

markedly contracted upon loss of solvent ligand (ÐS-Fe-C=167° in 2). Contrastingly, the 

ÐS-Fe-Cacyl of [(Anth·CNHNS)Fe(CO)2] (119.5°) is significantly larger than that observed 

in 2 (80.1°) by XRD. Other significant bond metrics and angles are reported below in Table 

2.3.  
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Table 2.3 Selected bond and angle metrics for the structures of 2 (as determined by XRD) 
and [(Anth·CNHNS)Fe(CO)2] (DFT optimized structure).  

 2 [(Anth·CNHNS)Fe(CO)2] 

Fe-N (Å) 2.0015 2.020 

Fe-S (Å) 2.3645 2.230 

Fe-C (Å) 1.9555 1.911 

ÐC-Fe-S (°) 80.135 119.5 

ÐN-Fe-S (°) 93.84 100.1 

Classically, H2 activation by a transition metal species proceeds by initial donation 

of the H2 HOMO s bonding orbital into the LUMO of the metal and back-donation of the 

metal HOMO into the s* anti-bonding orbital of H2 as depicted in Figure 2.4. The 

molecular orbitals of [(Anth·CNHNS)Fe(CO)2] were analyzed to observe metal 

contributions to the formation of the canonical Kubas adduct and H2 activation. 

 

Figure 2.5 Kubas adduct molecular orbital interaction of a transition metal and H2.  
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The LUMO of [(Anth·CNHNS)Fe(CO)2] consists of a metal-centered d-orbital and 

thiolato-S p-orbital that are p* anti-bonding orbitals with respect to each other (Figure 2.5). 

Importantly, the d-orbital of the metal center LUMO is positioned to favorably interact 

with H2 and is in line with strongly trans-influencing acyl ligand. The d-orbital shape is 

consistent with a 3dxz or 3dyz orbital, rather than a 3dz2 orbital. The d-orbital of the metal 

center LUMO is significantly delocalized, with obvious contributions of p-bonding 

interactions with the bound carbonyl ligands (upon altering the isovalue).  

Interestingly, the HOMO of [(Anth·CNHNS)Fe(CO)2] is completely ligand-

centered on the anthracene ligand backbone. The HOMO-1 is largely centered on the 

thiolato-S ligand and metal-center and suggests significant delocalization between the two 

due to a p-bonding interaction. The energy difference between the HOMO and HOMO-1 

is approximately 8 kcal/mol. Thus, the presence of high-lying ligand-centered orbitals 

suggests a highly covalent bonding nature between the bound ligands and the Fe center that 

lowers their relative energy.  

The ligand-centered HOMO of [(Anth·CNHNS)Fe(CO)2] is unable to participate in 

p back-donation and H2 activation and a classical, solely metal-mediated H2 activation as 

depicted in Figure 2.4 is unlikely. It is possible that, instead, the thiolato-S p-p system of 

the HOMO-1 participates in donation into the H2 s* orbital to activate H2. However, this 

would be inconsistent with experiment results in that H2 activation was not observed by 2 

alone in the presence of gas alone. Thus, from experimental results, it may be that 

exogenous base is essential to activate H2 by means of populating the s* orbital in a 

termolecular reaction as depicted above in Scheme 2.4C. This suggests that activation of 

H2 by 2 proceeds via a frustrated Lewis acid-base pair mechanism, in which the H2 s orbital 

donates into the Fe (Lewis acid) LUMO and the H2 s* orbital is populated by the added 

base (Lewis base). Furthermore, the latter conclusion is consistent with the qualitative 
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observation that the kinetics of H2 activation by 2 are slow, with initial signs of activation 

observed only after reacting overnight. A complete energy profile of calculated transitions 

states in the presence and absence of exogenous base would provide further insight into the 

H2 activation mechanism operating in 2.  

 

Figure 2.6 Kohn-Sham molecular orbitals of [(Anth·CNHNS)Fe(CO)2] determined by 
DFT.  

2.12 CONCLUSIONS 

Herein, we have described the utility of an asymmetrically substituted anthracene 

scaffold in generating atomically precise structural and functional model complexes of the 

Hmd active site. The derived complexes notably contain the thiolato-S ligand, in contrast 

to the previously developed system that included a thioether-S ligand, and a carbamoyl 

moiety, as a structural mimic of the endogenous acyl unit, to reproduce the important fac-

C,N,S coordination motif. The anthracene scaffold, namely [Anth·pyNH2·SH]·HCl, 

demonstrated dynamic coordination motifs, dependent on the solvent coordination trans to 

the organometallic Fe-C bond of the carbamoyl unit. Despite the similarity of the primary 
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coordination spheres between 1 and 2, only 2 was demonstrated to have functional 

reactivity with D2 and model methenyl-H4MPT+ substrates; this is attributed to solvent 

effects and deleterious coordination of MeCN in 1. The structural characterization of 2 

unambiguously confirms the viability of the anthracene scaffold to support the fac-C,N,S 

coordination motif in a single chelate for the first time. Complex 2 is capable of D2 

activation in the presence of exogenous base and hydride transfer to the model substrate 

[MeIm]BArF, this is the first example of an Fe based synthetic analogue of Hmd to perform 

this biomimetic reaction. Interestingly, the inclusion of the thiolato-S in place of the 

thioether-S donor atom biases the model compound for the enzymatic ‘forward’ reaction 

in place of the enzymatic ‘reverse’ reaction. Additionally, no Fe-D species is observed 

during the reaction, supporting computational studies and in agreement with the literature 

on the mechanism of Hmd which does not invoke a persistent or observable Fe-H species 

at present. 

2.13 EXPERIMENTAL METHODS  

2.13.1 Reagents, Procedures and Physical Methods 

Dry solvents were purified using a two-column alumina purification system (Pure 

Process Technology) and stored over 3 Å molecular sieves until use; THF was stored over 

3 Å molecular sieves and sodium metal. Deuterated solvents were purchased from 

Cambridge Isotope Laboratories and used without further purification. The starting 

materials 2-amino-6-bromobenzothiazole (Ark Pharma, Inc.), 5-bromopyridin-2-amine 

(Chem Impex, Int’l), Pd(PPh3)4, Pd(dba)2 and Pd2(dba)3 (Strem), XPhos and SPhos 

(Oakwood), sodium iodide (Fisher), sodium thiosulfate, potassium phosphate tribasic 

(Fisher), tert-nonyl mercaptan (Sigma-Aldrich), and barium hydroxide octahydrate 

(Fisher), were purchased and used without further purification. Deuterium gas (99.8 atom 
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% D) was purchased from Sigma-Aldrich and the high-pressure NMR tubes was purchased 

from Wilmad LabGlass (product no. 524-PV-7). The compounds 1,8-

dichloroanthracene,110,111 Fe(CO)4(Br)2,48 (Tl)[BarF],112 and N1,N2-bis(2,6-

difluorophenyl)oxalamide113 were synthesized and purified according to previously 

reported procedures. A modified literature procedure was used in order to synthesize 1,3-

bis(2,6-difluorophenyl)-2-methyl-4,5-dihydro-1H-imidazol-3-ium chloride113 and 1,3-

bis(2,6-difluorophenyl)-2-methylimidazolidine.72 The 1H, 13C, and 19F NMR spectra were 

obtained on a Varian DirectDrive spectrometer (400 MHz), with reported chemical shifts 

(δ, ppm) referenced to the respective solvents. The 2H NMR spectra were collected on a 

Varian DirectDrive 600 MHz instrument. IR spectra were collected on a Bruker Alpha 

Fourier transform infrared (FTIR) spectrometer equipped with a diamond ATR crystal. 

Mass spectrometry (MS) data were collected on an Agilent Technologies 6530 Accurate 

Mass Q-Tof LC/MS (ESI) or Micromass Autospec Ultima (CI). 

2.13.2 Ligand Syntheses 

4-Bromo-2-(methylthio)aniline. An aqueous solution (600 mL) of KOH (84.0 g, 

1.50 mol) and 2-amino-6-bromobenzothiazole (10.0 g, 43.6 mmol) was refluxed overnight. 

The solution was cooled to room temperature and iodomethane (6.23 g, 43.9 mmol) was 

added dropwise and stirred. The product was extracted in Et2O, dried over Na2SO4, and 

concentrated to afford a brown oil. Yield: 8.47 g (89%). 1H NMR (400 MHz, CDCl3): δ 

7.43 (1H d), 7.16 (1H q), 6.59 (1H d), 4.23 (2H s br), 2.37 (3H s). 13C NMR (400 MHz, 

CDCl3): δ 17.52, 109.61, 116.16, 122.38, 131.25, 134.66, 145.76. IR (neat, cm–1): 3446, 

3351, 2929, 1602, 1472, 807, 752. HRMS (ESI+) m/z: [M+H]+ calcd. for C7H8BrNS 

217.96340; found 217.96330.  
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5-Bromo-2-iodophenyl(methyl)sulfane. The starting material 4-bromo-2-

(methylthio)aniline (2.52 g, 11.5 mmol) was dissolved in acetone (10 mL) and cooled to 0 

°C. Concentrated HCl (2.40 mL, 28.8 mmol) was added dropwise at 0 °C. The solution 

was cooled to –40 °C and an aqueous solution (4 mL) of NaNO2 (0.917 g, 13.5 mmol) was 

slowly added to the purple-brown solution to afford a bright yellow color. An aqueous 

solution (4 mL) of NaI (3.44 g, 23.7 mmol) was added at –40 °C and allowed to warm to 

room temperature, evolving N2 gas as the reaction proceeded. The deep red solution was 

then extracted with DCM, washed with a solution of Na2S2O3, and dried over Na2SO4. The 

product was purified by column chromatography with hexanes:EtOAc (20:1) and 

concentrated to a white crystalline solid. Yield: 3.00 g (79%). 1H NMR (400 MHz, CDCl3): 

δ 7.61 (1H d), 7.15 (1H d), 6.97 (1H dd), 2.47 (3H s). 13C NMR (400 MHz, CDCl3): δ 

16.97, 94.65, 123.10, 127.10, 128.83, 140.26, 145.61. IR (solid-state, cm–1): 2963, 2912, 

1551, 1422, 999, 843, 796. HRMS (CI+) m/z: [M+H]+ calcd. for C7H8BrINS 327.8418; 

found 327.8418.  

4-Bromo-2',6'-dimethyl-[1,1'-biphenyl]-2-yl(methyl)sulfane. Under a 

dinitrogen atmosphere, a Schlenk flask was prepared with 5-bromo-2-

iodophenyl(methyl)sulfane (2.00 g, 6.08 mmol), Ba(OH)2•8H2O (5.75 g, 18.2 mmol), 2,6-

dimethylphenylboronic acid (1.00 g, 6.67 mmol), and 5% Pd(PPh3)4 (0.357 g, 0.304 mmol) 

in a degassed solution (160 mL) of 3:1 dioxane:H2O. The solution was heated at 80 °C 

overnight. The solution was cooled to room temperature, extracted with DCM, and dried 

over Na2SO4. The product was purified by column chromatography with hexanes:EtOAc 

(20:1), and concentrated to a colorless solid. Yield: 1.64 g (88%). 1H NMR (400 MHz, 

CDCl3): δ 7.32 (2H m), 7.21 (1H q), 7.11 (2H d), 6.89 (1H q), 2.36 (3H s), 1.98 (6H s). 13C 

NMR (400 MHz, CDCl3): δ 14.79, 20.09, 121.67, 126.21, 127.35, 127.56, 127.97, 130.45, 
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136.41, 137.46, 138.09, 140.43. IR (solid-state, cm–1): 2917, 1572, 1426, 1075, 999, 813, 

744. HRMS (CI+) m/z: [M+H]+ calcd. for C15H15BrS 306.0078; found 306.0081. 

5-(8-Chloroanthracen-1-yl)pyridin-2-amine. Under a dinitrogen atmosphere, a 

Schlenk flask was prepared with 2-amino-5-bromopyridine (2.02 g, 11.6 mmol), potassium 

acetate (3.43 g, 35.0 mmol), bis(pinacolato)diboron (B2Pin2) (3.25 g, 12.8 mmol) and 3% 

by mol Pd2(dba)3 (0.301 g, 0.329 mmol) with SPhos (0.1488 g, 0.362 mmol) in dry dioxane 

(100 mL). The solution was refluxed for six hours. Degassed solutions of K3PO4 (7.38 g, 

34.8 mmol) in H2O (15 mL) and 1,8-dichloroanthracene (3.26 g, 13.2 mmol) in dioxane 

(20 mL) were added to the flask under a constant stream of dinitrogen. The resulting 

solution was refluxed overnight. The cooled solution was filtered over Celite, concentrated 

in vacuo, and column purified by gradient elution with hexanes:EtOAc (7:1 to 1:1). The 

product was isolated as a yellow-orange powder. Yield: 1.35 g (38%). 1H NMR (400 MHz, 

CDCl3): δ 8.90 (1H s), 8.49 (1H s), 8.31 (1H m), 8.01 (1H d), 7.93 (1H d), 7.74 (1H dd), 

7.54 (2H m), 7.39 (2H m), 6.71 (1H dd), 4.71 (2H s). 13C NMR (400 MHz, CDCl3): δ 

121.87, 125.15, 125.40, 125.81, 127.74, 129.03, 132.41, 139.61. IR (solid-state, cm–1): 

3398, 3344, 2973, 1639, 1506, 1370, 1102, 947, 741. HRMS (ESI+) m/z: [M+H]+ calcd. 

for C19H13ClN2 305.08400; found 305.08500.  

5-(8-(2',6'-Dimethyl-2-(methylthio)-[1,1'-biphenyl]-4-yl)anthracen-1-

yl)pyridin-2-amine. Under a dinitrogen atmosphere, a Schlenk flask was prepared with 4-

bromo-2',6'-dimethyl-[1,1'-biphenyl]-2-yl(methyl)sulfane (0.508 g, 1.65 mmol), potassium 

acetate (0.480 g, 4.89 mmol), bis(pinacolato)diboron (B2Pin2) (1.04 g, 4.07 mmol) and 5% 

by mol Pd2(dba)3 (0.0986 g, 0.108 mmol) with XPhos (0.159 g, 0.333 mmol) in dry dioxane 

(50 mL). The solution was refluxed overnight, affording a dark brown solution. Degassed 

solutions of K3PO4 (1.04 g, 4.91 mmol) in H2O (10 mL) and 5-(8-chloroanthracen-1-

yl)pyridin-2-amine (0.548 g, 1.80 mmol) in dioxane (20 mL) were added to the flask under 
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a constant stream of dinitrogen. The resulting brown-orange solution was refluxed 

overnight. The cooled solution was filtered over Celite, concentrated in vacuo, and column 

purified in a gradient elution with hexanes:EtOAc (7:1 to 1:1). The product was isolated as 

a yellow powder. Yield: 0.665 g (81%). 1H NMR (400 MHz, CDCl3): δ 8.67 (1H s), 8.57 

(1H s), 8.15 (1H s), 8.05 (2H t), 7.56 (4H m), 7.36 (1H dd), 7.33 (1H s), 7.31 (1H d), 7.24 

(1H m), 7.18 (1H m), 7.16 (1H m) 7.11 (1H dd), 6.52 (1H d), 4.67 (2H br s), 2.26 (3H s), 

2.08 (6H s). 13C NMR (400 MHz, CDCl3): δ 14.73, 20.20, 24.59, 24.85, 75.00, 107.45, 

123.30, 125.28, 125.30, 125.36, 126.22, 126.23, 126.38, 127.04, 127.26, 127.73, 127.80, 

129.01, 130.18, 130.39, 131.89, 131.91, 136.64, 137.18, 137.64, 137.75, 139.08, 139.21, 

139.99, 140.22, 157.59. IR (solid-state, cm–1): 3419, 2978, 1614, 1260, 1107, 948, 883, 

746. HRMS (ESI+) m/z: [M+H]+ calcd. for C35H29N2S 496.20930; found 496.21000. 

4-(8-(6-Aminopyridin-3-yl)anthracen-1-yl)-2',6'-dimethyl-[1,1'-biphenyl]-2-

thiol. Under inert atmosphere, sodium hydride (0.126 g, 5.24 mmol) was suspended in 

DMF (3 mL). Tert-nonylmercaptan (0.843 g, 5.25 mmol) was added dropwise to the 

solution of sodium hydride forming a colorless solution following the evolution of H2 gas. 

A DMF solution (3 mL) of 5-(8-(2',6'-dimethyl-2-(methylthio)-[1,1'-biphenyl]-4-

yl)anthracen-1-yl)pyridin-2-amine (0.653 g, 1.31 mmol) was added to the flask and the 

resulting red-orange solution was refluxed overnight under dinitrogen. The solution was 

cooled and the product was precipitated by addition to a solution (100 mL) of 3 M HCl. 

The product was collected by vacuum filtration and washed with water, before drying 

under high vacuum. The product was isolated as a yellow powder. Yield: 0.292 g (46%). 

1H NMR (400 MHz, CDCl3): δ 8.61 (1H s), 8.37 (1H s), 8.13 (1H d), 8.08 (1H d), 7.99 (1H 

d), 7.78 (1H s), 7.60 (1H m), 7.52 (3H m), 7.31(2H m), 7.16 (5H m), 3.27 (1H s), 2.17 (3H 

s), 2.06 (6H s). 13C NMR (400 MHz, CDCl3): δ 14.95, 20.19, 30.92, 76.72, 77.04, 77.35, 

113.35, 122.10, 125.07, 125.69, 126.73, 127.13, 127.73, 127.94, 129.39, 129.48, 129.57, 
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129.80, 130.41, 131.56, 131.78, 132.06, 133.15, 134.06, 136.31, 136.43, 138.05, 139.16, 

139.39, 139.67, 144.97, 154.09. IR (solid-state, cm–1): 2959, 2562, 1683, 1583, 1261, 1096, 

874, 744. HRMS (CI+) m/z: [M+H]+ calcd. for C33H25N2S 482.1817; found 482.1811. 

2.13.3 Metal Complex Syntheses 

[(Anth·CNHNS)Fe(CO)2(MeCN)]2 (1). Under a dinitrogen atmosphere, the ligand 

4-(8-(6-aminopyridin-3-yl)anthracen-1-yl)-2',6'-dimethyl-[1,1'-biphenyl]-2-thiol (0.100 g, 

0.207 mmol) was dissolved in 5 mL of dry DCM. Hünig’s base (NEtiPr2) (72.3 μL, 0.414 

mmol) was added by microsyringe to the ligand solution and stirred at room temperature 

for 30 minutes with no significant change in the yellow colored solution. The solution was 

cooled to –80 °C and a DCM solution (5 mL) of Fe(CO)4(Br)2 (0.0679 g, 0.207 mmol) was 

added dropwise to afford a deep red-colored solution, and then it was warmed to room 

temperature. The solution was concentrated in vacuo, then redissolved in tetrahydrofuran 

(10 mL) and stirred overnight in the dark at room temperature. A vibrant orange powder 

was collected from the solution by decanting the supernatant, and the product was washed 

with diethyl ether (3 ´ 5 mL). Vapor diffusion of Et2O into a 1:1 DCM/MeCN mixture at 

–30°C afforded single crystals suitable for X-ray diffraction. Yield: 38%. 1H NMR (1:1 

CD2Cl2:CD3CN, 400 MHz): δ 9.13 (1H s), 8.65 (1H s), 8.61 (1H s br), 8.59 (1H s), 8.09 

(2H m), 7.99 (2H q), 7.58 (4H m), 7.14 (3H m), 7.05 (2H t), 6.85 (1H d), 2.14 (3H s), 2.05 

(3H s), 1.85 (3H s). IR v(CO) (crystalline solid, cm–1): 2011, 1950, 1632.  

[(Anth·CNHNS)Fe(CO)2(PhCN)] (2). Under a dinitrogen atmosphere, the ligand 

4-(8-(6-aminopyridin-3-yl)anthracen-1-yl)-2',6'-dimethyl-[1,1'-biphenyl]-2-thiol (0.100 g, 

0.207 mmol) was dissolved in 5 mL of dry DCM. Hünig’s base (NEtiPr2) (72.3 μL, 0.414 

mmol) was added by microsyringe to the ligand solution and stirred at room temperature 

for 30 minutes with no significant change in the yellow colored solution. The solution was 
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cooled to –80 °C and a DCM solution (5 mL) of Fe(CO)4(Br)2 (0.0679 g, 0.207 mmol) was 

added dropwise to afford a deep red-colored solution, and then it was warmed to room 

temperature. The solution was concentrated in vacuo, then redissolved in tetrahydrofuran 

(10 mL) and stirred overnight in the dark at room temperature. A vibrant orange powder 

was collected from the solution by decanting the supernatant, and the product was washed 

with diethyl ether (3 ´ 5 mL). Vapor diffusion of Et2O into a 1:1 DCM/PhCN mixture at –

30°C afforded single crystals suitable for X-ray diffraction. Yield: 38%. 1H NMR (d8-THF, 

400 MHz): δ 9.21 (1H s), 8.81 (1H s), 8.66 (1H s br), 8.61 (1H s), 8.16 (1H m), 8.09 (5H 

q), 7.70–7.49 (benzonitrile), 7.13 (2H d), 7.03 (2H m), 6.95 (1H t), 6.90 (1H d), 2.72 (6H 

s). IR v(CO) (crystalline solid, cm–1): 2016, 1956, 1632. Anal. calcd. for C43H29FeN3O3S: 

C 71.37, H 4.04, N 5.81; found: C 68.29, H 4.28, N 5.59. 

2.13.4 Syntheses of Biomimetic Substrates 

1,3-Bis(2,6-difluorophenyl)-2-methyl-4,5-dihydro-1H-imidazol-3-ium 

chloride. In a nitrogen filled glovebox, lithium aluminum hydride (1.87 g, 49.3 mmol) was 

dispersed in a 1:1 mixture of THF/toluene (100 mL) in a Schlenk flask. N1,N2-bis(2,6-

difluorophenyl)oxalamide (3.00 g, 9.85 mmol) was added as a solid in small portions while 

stirring. The flask was removed from the glovebox and heated at 50 °C overnight under 

nitrogen. The solution was cooled, and quenched by slow addition of H2O (1.9 mL), then 

sodium hydroxide (15 wt%, 1.9 mL), followed by more H2O (5.7 mL). The solution was 

stirred for two more hours, decanted from residual solids, and dried over Na2SO4. The 

solution was then filtered through Celite, and combined with an HCl solution (2.0 M in 

Et2O, 15 mL). The resulting precipitate was isolated and combined with trimethyl 

orthoacetate (11.45 mL, 90.0 mmol) and heated at 130 °C for one hour. The solution was 

cooled, and cold Et2O was added to afford a precipitate. The precipitate was washed with 
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Et2O (2 × 25 mL) and hexanes (2 × 50 mL), then dried in vacuo to isolate the chloride salt. 

Yield: 0.518 g (16%). 1H NMR (d6-DMSO, 400 MHz): δ (ppm) 7.75 (2H m), 7.49 (4H t), 

4.55 (4H s), 2.22 (3H s). 19F NMR (d6-DMSO, 376 MHz): δ (ppm) –117.63 (4F pseudo-

triplet, J = 7.6 Hz). 13C NMR (d6-DMSO, 400 MHz): δ (ppm) 170.1, 158.7, 156.1, 133.3 

(t) , 113.5 (d), 113.3 (d), 112.0 (t), 51.1, 12.0.  

1,3-Bis(2,6-difluorophenyl)-2-methyl-4,5-dihydro-1H-imidazol-3-ium BArF. 

In a nitrogen filled glovebox, 1,3-bis(2,6-difluorophenyl)-2-methyl-4,5-dihydro-1H-

imidazol-3-ium chloride (0.100 g, 0.290 mmol) and sodium tetrakis[3,5-

bis(trifluoromethyl)phenyl]borate (0.257 g, 0.290 mmol) were dissolved in dry THF (10 

mL) to form a slurry and stirred for 1.5 hours. The solution was separated from the resulting 

solid by Celite filtration and concentrated in vacuo to provide an off-white powder.  

1,3-Bis(2,6-difluorophenyl)-2-methylimidazolidine. A slightly modified version 

of a published procedure6 was used. The 1,3-bis(2,6-difluorophenyl)-2-methyl-4,5-

dihydro-1H-imidazol-3-ium chloride (0.100 g, 0.283 mmol) and sodium borohydride (16.1 

mg, 0.424 mmol) were dissolved in ethanol and stirred for 2 hours. The solution was 

concentrated in vacuo and redissolved in CHCl3. The resulting suspension was filtered over 

Celite, and the filtrate was concentrated to afford a colorless oil. The resulting product was 

used as an NMR reference. 

2.13.5 Reactivity Studies 

D2 activation in the absence of base: In a nitrogen-filled glovebox, the metal 

complex [(Anth·py NH·S)Fe(CO)2(PhCN)] (1) (7 mg, 9.67 µmol) and (CH3Im+)[BArF] (30.3 

mg, 25.8 µmol) were dissolved in 0.6 mL of DCM. The high-pressure NMR tube was 

incubated with D2 (100 psi) and mixed by slow inversion on a Stuart Rotator SB2 and 

periodically monitored by 2H NMR spectroscopy over the course of two days. 
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D2 activation in the presence of base: In a nitrogen-filled glovebox, the metal 

complex 1 (7 mg, 9.67 µmol) was dissolved in 0.6 mL of DCM and mixed with 2,6-

ditertbutyl-4-methoxylphenolate tetraethylammonium (5.3 mg, 14.5 µmol), then 

transferred to a high-pressure NMR tube. The NMR tube was incubated with D2 (100 psi) 

and mixed by slow inversion on a Stuart Rotator SB2 and periodically monitored by 2H 

NMR spectroscopy over the course of two days. 

D2 activation in the presence of base and substrate: In a nitrogen-filled 

glovebox, the metal complex 1 (7 mg, 9.67 µmol) was dissolved in 0.6 mL of DCM and 

mixed with 2,6-ditertbutyl-4-methoxylphenolate tetraethylammonium (5.3 mg, 14.5 

µmol). The solution was then mixed with (CH3Im+)[BArF] (30.3 mg, 25.8 µmol), filtered 

through Celite, and transferred to a high-pressure NMR tube. The NMR tube was incubated 

with D2 (100 psi) and mixed by slow inversion on a Stuart Rotator SB2 and periodically 

monitored by 2H NMR spectroscopy over the course of two days. 
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2.13.6 X-Ray Diffraction Data Collection and Structural Refinement 

[(Anth·CNHNS)Fe(CO)2(MeCN)]2 (1). Crystals grew as thin, yellow plates by 

slow evaporation of a 1:1 DCM/MeCN solution of complex 1 at room temperature. The 

data crystal was cut from a larger crystal and had approximate dimensions: 0.161 × 0.143 

× 0.053 mm3. The data were collected at 100 K using an Oxford Cryostream low 

temperature device on a Rigaku AFC12 diffractometer with a Saturn 724+ CCD using a 

graphite monochromator with MoKα radiation (λ = 0.71073 Å). Data reduction were 

performed using the Rigaku America’s Corporation’s Crystal Clear version 1.40.114 The 

structure was solved by direct methods using SIR97115 and refined by full matrix least-

squares on F2 with anisotropic displacement parameters for the non-H atoms using 

SHELXL97.116 Structure analysis was aided by use of the programs PLATON98117 and 

WinGX.118 The hydrogen atoms on carbon were calculated in ideal positions with isotropic 

displacement parameters set to 1.2×Ueq of the attached atom (1.5×Ueq for methyl hydrogen 

atoms).  

The function, Sw(|Fo|2-|Fc|2)2 , was minimized, where w = 1/[(Ʃ(Fo))2 + (0.1*P)2 ] 

and P = (|Fo|2 + 2|Fc|2)/3. Rw(F2) refined to 0.2858, with R(F) equal to 0.1151 and a 

goodness of fit, S= 1.182. Definitions used for calculating R(F), Rw(F2) and the goodness 

of fit, S, are given below.119 The data were checked for secondary extinction effects but no 

correction was necessary. Neutral atom scattering factors and values used to calculate the 

linear absorption coefficient are from the International Tables for X-ray Crystallography 

(1992).120 All figures were generated using SHELXTL/PC.121 

[(Anth·CNHNS)Fe(CO)2(PhCN)] (2). Crystals grew as thin, orange plates by slow 

diffusion of Et2O into a 1:1 DCM/PhCN solution of complex 1 at −30 °C. The data crystal 

had approximate dimensions; 0.101 × 0.052 × 0.046 mm. The dataset was collected on an 

Agilent Technologies SuperNova Dual Source diffractometer using a μ-focus Cu Kα 
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radiation source (λ = 1.5418 Å) with collimating mirror monochromators. The data were 

collected at 100 K using an Oxford Cryostream low temperature device. Details of crystal 

data, data collection and structure refinement are listed in Table 1. Data collection, unit cell 

refinement and data reduction were performed using Agilent Technologies CrysAlisPro V 

1.171.37.31.122 The structure was solved by direct methods using Superflip123 and refined 

by full-matrix least-squares on F2 with anisotropic displacement parameters for the non-H 

atoms using SHELXL-2014/7.124 Structure analysis was aided by use of the programs 

PLATON98,117 WinGX118 and OLEX2.125 The hydrogen atoms were calculated in ideal 

positions with isotropic displacement parameters set to 1.2 × Ueq of the attached atom (1.5 

× Ueq for methyl hydrogen atoms).  

The function Sw(|Fo|2 – |Fc|2)2 was minimized w = 

1/[(S2(Fo2))+(0.0648*P)2+1.2490*P], where P = (|Fo|2+2|Fc|2)/3. Rw(F2) refined to 0.1161, 

with R(F) equal to 0.0460 and a goodness of fit, S, = 1.024. Definitions used for calculating 

R(F), Rw(F2) and the goodness of fit, S, are given below.119 The data were checked for 

secondary extinction effects, but no correction was necessary. Neutral atom scattering 

factors and values used to calculate the linear absorption coefficient are from the 

International Tables for X-ray Crystallography (1992).120 All figures were generated using 

SHELXTL/PC.121 Two molecules of what appeared to be DCM and pentane were found to 

be significantly disordered, and attempts to model the disorder were unsatisfactory. The 

contributions to the scattering factors due to this solvent molecule were removed by use of 

the utility SQUEEZE126 in PLATON98. PLATON98 was used as incorporated in WinGX.  



 69 

Table 2.4 Crystallographic data and refinement parameters for 2. 

 2 
Empirical formula C86H58Fe2N6O6S2 

Formula weight 1447.20 
Temperature 99.97(11) K 
Wavelength 1.54184 Å 

Crystal system Triclinic 
Space group P-1 

Unit cell dimensions a = 13.0528(3) Å  
b = 17.9421(4) Å 
c = 19.4743(4) Å 
a =  110.476(2)° 
b =  98.148(2)° 
g =  109.120(2)° 

Volume 3863.96(16) Å 
Z 2 

Density (calculated) 1.244 Mg/m3 

Absorption coefficient 3.963 mm-1 

F(000) 1496 
Crystal size 0.101 x 0.052 x 0.046 mm3 

Theta range for data 
collection 

2.530 to 74.208° 

Index ranges -15 < =h < =16, -21 < =k < 
=22, -24 < =l < =24 

Completeness to theta = 
67.684° 

99.67% 

Data / restraints / parameters 15240 / 923 / 612 
Goodness-of-fit on F2 1.024 

Final R indices [I > 
2sigma(I)] 

R1 = 0.0460, wR2 = 0.1161 

R indices (all data) R1 = 0.0555, wR2 = 0.1223 
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2.13.7 DFT Experimental Methods 

All calculations for [(Anth·CNHNS)Fe(CO)2] were performed using the B3LYP 

hybrid functional127–130 and 6-31G(d) basis set within the Gaussian 09 suite.131 The 

geometric structure of [(Anth·CNHNS)Fe(CO)2] was optimized in the gas phase. The 

harmonic vibrational frequencies of [(Anth·CNHNS)Fe(CO)2] were calculated to confirm 

that no imaginary frequencies were observed and that the structure optimized structure was 

at a true minimum. The 3D molecular structures displayed in this paper were drawn by 

using the GaussView 6 implemented in Gaussian 09 suite. 
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2.15 SPECTROSCOPIC CHARACTERIZATION OF LIGAND SYNTHONS, METAL 
COMPLEXES, AND REACTIVITY STUDIES 

2.15.1 1H NMR Spectra of Ligand Synthons and Metal Complexes 

 

Figure 2.7 1H NMR (400 MHz) spectrum of 4-bromo-2-(methylthio)aniline in CDCl3. 
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Figure 2.8 1H NMR (400 MHz) spectrum of 5-bromo-2-iodophenyl(methyl)sulfane in 
CDCl3. 

 

Figure 2.9 1H NMR (400 MHz) spectrum of 4-bromo-2',6'-dimethyl-[1,1'-biphenyl]-2-
yl(methyl)sulfane in CDCl3. 
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Figure 2.10 1H NMR (400 MHz) spectrum of 5-(8-(2',6'-dimethyl-2-(methylthio)-[1,1'-
biphenyl]-4-yl)anthracen-1-yl)pyridin-2-amine in CDCl3. 

 

Figure 2.11 1H NMR (400 MHz) spectrum of 4-(8-(6-aminopyridin-3-yl)anthracen-1-yl)-
2',6'-dimethyl-[1,1'-biphenyl]-2-thiol in CDCl3. 
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Figure 2.12 1H NMR (400 MHz) spectrum of [(Anth·CNHNS)Fe(CO)2(MeCN)]2 (1) in 
1:1 CD2Cl2:CD3CN. 

 

Figure 2.13 1H NMR (400 MHz) spectrum of [(Anth·CNHNS)Fe(CO)2(PhCN)] (2) in d8-
THF. 
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2.15.2 IR Spectra of Metal Complexes 

 

Figure 2.14 IR spectrum of [(Anth·CNHNS)Fe(CO)2(MeCN)]2 (2).  

 

Figure 2.15 Dropcast IR spectrum of [(Anth·CNHNS)Fe(CO)2(MeCN)]2 (2) + 
NEt4[MeOtBu2ArO] in DCM.  
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Figure 2.16 IR spectrum of a ground crystalline sample of 
[(Anth·CNHNS)Fe(CO)2(PhCN)] (2).  

 

Figure 2.17 Dropcast IR spectrum of [(Anth·CNHNS)Fe(CO)2(PhCN)] (2) + 
NEt4[MeOtBu2ArO] and [MeIm]BArF in DCM.  
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Figure 2.18 Dropcast IR spectrum after the reaction of [(Anth·CNHNS)Fe(CO)2(PhCN)] 
(2) + NEt4[MeOtBu2ArO] and [MeIm]BArF under D2 (100 psi) in DCM. 
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2.15.3 1H and 2H NMR Spectra of Reactivity Studies 

 

Figure 2.19 2H NMR (92 MHz) spectrum of [(Anth·CNHNS)Fe(CO)2(MeCN)]2 (1) + 
MeOtBu2ArOD under D2 (100 psi) in 1:1 CD2Cl2:CD3CN. 
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Figure 2.20 2H NMR (92 MHz) spectrum of [(Anth·CNHNS)Fe(CO)2(MeCN)]2 (1) + 
MeOtBu2ArOD under N2 in 1:1 CD2Cl2:CD3CN. 
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Figure 2.21 2H NMR (92 MHz) spectrum of [(Anth·CNHNS)Fe(CO)2(MeCN)]2 (1) + 
NEt4[MeOtBu2ArO] and [TolIm]BArF under D2 (100 psi) in 1:1 
CD2Cl2:CD3CN. 
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Figure 2.22 2H NMR (92 MHz) spectrum of NEt4[MeOtBu2ArO] and [TolIm]BArF control 
experiment under D2 (100 psi) in DCM. 

 

Figure 2.23 2H NMR (92 MHz) spectrum of [(Anth·CNHNS)Fe(CO)2(PhCN)] (2) + 
NEt4[MeOtBu2ArO] under D2 (100 psi) in DCM.  
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Figure 2.24 2H NMR (92 MHz) spectrum of [(Anth·CNHNS)Fe(CO)2(PhCN)]2 (2) + 
NEt4[MeOtBu2ArO] and [MeIm]BArF under D2 (100 psi) in DCM. 

 

Figure 2.25 2H NMR (92 MHz) spectrum of [MeIm]Cl treated with NaBD4 in DCM. 
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Figure 2.26 2H NMR (92 MHz) spectrum of [MeIm]BArF treated with NaBH4 in CD2Cl2. 
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2.16 DFT OPTIMIZED COORDINATES OF [(ANTH·CNHNS)FE(CO)2] 

 

Figure 2.27 DFT optimized structure of [(Anth·CNHNS)Fe(CO)2].  
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C         -4.62966        1.49296       -2.25636 

H         -4.93539        0.92254       -3.13044 

C         -3.27251        1.55312       -1.92009 

C         -2.25246        0.84953       -2.78789 

H         -1.63932        1.56274       -3.35359 

H         -2.74655        0.19181       -3.51050 

H         -1.56024        0.24629       -2.19167 

C         -3.44089        3.75907        1.21882 

H         -3.03817        3.10453        2.00087 

H         -4.30167        4.29157        1.63533 

H         -2.66522        4.49782        0.98615 

Fe        -1.84650       -1.77663        1.19434 

N         -0.40230       -1.95968       -0.20626 
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N         -2.22460       -2.67226       -1.37714 

H         -2.70560       -3.02880       -2.19578 

O         -4.16293       -2.70260       -0.19597 

O         -4.11263       -1.71809        3.07544 

O         -1.10548       -4.44280        2.12341 

S         -1.78309        0.42581        1.53756 
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Chapter 3: Implications of Methylene Deprotonation on the Structure 
and H2 Reactivity of an Anthracene-Scaffolded Iron Acyl Complex  

3.1 INTRODUCTION  

The common Fe-CO-thiolato structure of the hydrogenase enzymes exemplifies 

Nature’s preferred mechanism for the processing of H2. The strongly p-acidic CO ligands 

and strongly donating thiolate ligands encourage the adoption of a low-spin FeII 

configuration, apt for interaction with H2 and stabilization of H- ligands. In comparison to 

the [NiFe] and [FeFe] hydrogenases, [Fe]-hydrogenase contains an organometallic Fe-C 

bond, or acyl unit, in the position trans to the putative site of H2 binding. The strongly s-

donating properties of the acyl unit are likely critical in the initial interaction of H2 with 

the Fe center and the proposed Fe-H species formed during catalysis. Thus, the inclusion 

of the organometallic Fe-C bond in synthetic models of Hmd is necessary to observe 

reactivity with H2.  

In 2010, Pickett synthesized a model compound that incorporated a carbamoyl, or 

amide-containing, linkage as a synthetically accessible substitute for the endogenous acyl, 

or methylene, linkage in generating the unique organometallic Fe-C bond of Hmd.48 The 

complex C2 was notably a good structural mimic of the Hmd active site, incorporating the 

fac-CNS coordination motif in an Fe(II) dicarbonyl complex. Shortly after, Hu synthesized 

a closely related compound D2.54 Notably, the carbamoyl-containing compound is 

coordinatively saturated, binding MeCN in the position trans to the organometallic Fe-C 

bond. The acyl-containing complex, contrastingly, does not bind MeCN in the trans 

position, but does react with p-acidic ligands such as PPh3, CN-, and CO, suggesting that 

the acyl motif is more strongly trans-influencing than the carbamoyl motif. Due to the 

importance of the trans site in moderating H2 binding and hydride stability, the carbamoyl 
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motif may thus differ in its functional reactivity in comparison to the acyl motif, despite its 

accurate structural approximation.  

 

At present, few functional model compounds of [Fe]-hydrogenase demonstrating 

reactivity with dihydrogen exist. Hu and coworkers reported the first example of an Fe-

based synthetic model compound I1 capable of H2 activation, H/D scrambling, and 

aldehyde hydrogenation.73 Inspired by the azadithiolate moiety of [FeFe]-hydrogenase, I1 

utilizes a pendant amine base in the bis-phosphine ligand, PPh2NMePPh2, to modulate H2 

activation in concert with the Fe center. However, I1 is a monocarbonyl complex, further 

obfuscating direct comparison with the Hmd active site. We have demonstrated H2 

activation, H/D scrambling, and hydride abstraction (enzymatic ‘reverse’ reaction) in a fac-

CNHNSMe coordinated complex J2, containing the {Fe(CO)2}2+ motif and the 

organometallic Fe-C bond derived from the carbamoyl type ligation.77 The fac-CNHNSMe 

motif was determined to be critical to H2 activation, as a related mer-CNHNSMe system did 

not exhibit H2 reactivity. As discussed in the previous chapter of this dissertation, the 

related anthracene-scaffolded thiolate-containing fac-CNHNS complex performs hydride 

transfer (enzymatic ‘forward’ reaction) to a model substrate132, reflecting the more 

electron-rich properties of the Fe center attributed to thiolate vs. thioether ligand 

coordination. Both of these functional CNS coordinated model compounds notably derive 

the organometallic Fe-C bond from the carbamoyl motif.  
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This chapter reports the synthesis of the acyl-containing congener of J277 and its 

functional reactivity with respect to H2 activation and hydride transfer or abstraction. The 

practical differences of the carbamoyl and acyl motifs in studying biomimetic reactivity 

are highlighted. The results presented herein provide context to the scarcity of functional, 

acyl-containing model compounds reported at present and demonstrate an unexpected 

pathway to H2 activation.   

3.2 SYNTHESIS OF THE ANTH·CH3PY·SME LIGAND  

The Anth·CH3Py·SMe ligand was prepared from iterative Suzuki couplings to a 1,8-

dichloroanthracene starting material. First, 5-bromo-2-methylpyridine was mono-coupled 

to 1,8-dichloroanthracene via a tandem borylation/Suzuki coupling utilizing B2pin2, 

Pd2dba3, SPhos, and the weak base KOAc in refluxing dioxane. Following addition of a 

solution of K3PO4 in degassed water, the 1,8-dichloroanthracene was coupled to the in situ 

generated boronic acid to afford the asymmetric ligand Anth·CH3Py·Cl in 58% yield. 

Anth·CH3Py·Cl was coupled to 3-methylthio-phenylboronic acid using Na2CO3, Pd2dba3, 

and XPhos in a refluxing THF/H2O solution to synthesize the target ligand Anth·CH3Py·SMe 

in 70% yield. The purified ligand Anth·CH3Py·SMe was isolated by silica column 

chromatography. First, the crude reaction mixture was gradient eluted with a 7:1 

hexanes:EtOAc solvent ratio, followed by a 4:1 hexanes:EtOAc solvent mixture to elute 

Anth·CH3Py·SMe as a yellow-brown to yellow band. A second silica column was necessary 

to separate the purified ligand from a UV-inactive impurity. The fully purified ligand was 

eluted with a 1:1 DCM/EtOAc solvent ratio as a yellow to colorless band that followed an 

orange band containing the unidentified impurity.  
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3.3 SYNTHESIS OF [(ANTH·CH2NSME)FE(CO)2(BR)] (1) 

The target metal complex 1 was prepared using a modified literature procedure.50 

First, Anth·CH3Py·SMe dissolved in THF was treated with n-BuLi at 0 °C and stirred for 30 

minutes to generate the Li salt of the deprotonated methylpyridyl moiety. Upon addition of 

n-BuLi, the pale yellow ligand solution changed color to a persistent dark, jade green 

solution via an intermediate golden-brown colored solution. The solution was then cooled 

to -80 °C and a THF solution of Fe(CO)5 was added dropwise to generate a dark red-orange 

solution. The solution was warmed to -20 °C over the course of three hours, resulting in 

the formation of an organometallic Fe-C bond from the deprotonated methylpyridine 

moiety. The reaction was subsequently cooled to -70 °C and a THF solution of Br2 was 

added dropwise to oxidize Fe(0) to Fe(II). Generation of the acyl moiety results from 

migratory insertion of the bound, deprotonated methylpyridyl unit to the electropositive C-

atom of a single Fe-C≡O site of the starting metal salt upon oxidation. Notably, this 

synthetic approach differs from the proposed biosynthetic pathway in which an electron-

rich Fe center acts as the nucleophile on a thioester intermediate.35 The reaction was stirred 

at -70 °C for two hours before removal of the solvent in vacuo. The crude residue was a 

red-orange to orange solid; isolation of a golden-yellow solid indicates improper synthesis 

of the desired metal complex.  
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Scheme 3.1 Synthetic overview of the ligand Anth·CH3Py·SMe and metal complex 
[(Anth·CH2NSMe)Fe(CO)2(Br)] (1). (i) KOAc, B2pin2, Pd2(dba)3/SPhos, 
K3PO4, 5-bromo-2-methylpyridine, dioxane/H2O (58%); (ii) NaCO3, 
Pd2(dba)3/XPhos, 3-(methyl)thiophenylboronic acid,THF/H2O (70%);  
(iii) 1. nBuLi, 0 °C, 2. Fe(CO)5, -80 °C->-20 °C, 3. Br2, -70 °C, THF 
(77%). 

Initially, the crude residue was purified by neutral Al2O3 column chromatography 

as reported in the literature.50 The crude solid was dissolved in DCM, generating a deep, 

dark red solution. The alumina column was loaded with the resultant solution and was 

eluted with successive portions of DCM, chloroform (CHCl3), THF, and MeCN solvents. 

The majority of the product, as indicated by IR spectroscopy, was eluted as a dark red to 

orange solution with DCM. Little product was collected from the CHCl3 solvent portion, 

but additional product could be obtained eluting with THF. The apparent iron dicarbonyl 

compound eluted with MeCN lacked n(C=O) stretches consistent with the formation of the 

acyl unit as indicated by IR spectroscopy. Close comparison of the IR spectra and the NMR 

spectra collected before and after purification by Al2O3 column (vide infra, Section 3.4) 

suggested a large amount of decomposed compound was eluted with the desired 

compound. The purification procedure was thus modified to successive washes of pentane 

and Et2O to isolate [(Anth·CH2NSMe)Fe(CO)2(Br)] (1) as a fine golden-yellow powder in 

77% yield.  
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3.4 SPECTROSCOPIC AND STRUCTURAL CHARACTERIZATION OF 
[(ANTH·CH2NSME)FE(CO)2(BR)] 

The 1H NMR spectrum of 1 in d8-THF solution exhibits the expected diamagnetic 

proton resonances for low-spin Fe(II). Upon complexation, loss of the methyl proton 

resonances of the free ligand at 2.56 ppm is observed and the characteristic diastereotopic 

methylene protons of the acyl unit are observed as doublets at 3.97 and 4.52 ppm. The Fe-

C of the acyl moiety was observed at 254 ppm in the 13C NMR spectrum of 1 under 1 atm 

of 13CO gas, in accord with that observed in other model systems.50 The complex is soluble 

in THF, DCM, dichloroethane (DCE), and fluorobenzene (FPh) and slightly soluble in 

Et2O and toluene. The complex is stable for months as a solid stored at -20 °C, but 

decomposes if stored at ambient temperature in solution.  

The solid-state IR spectrum of a powder sample of 1 exhibits two n(C≡O) stretches 

at 2,039 and 1,978 cm-1 and a broad feature at 1,629 cm-1 is attributed to the n(C=O) stretch 

of the acyl unit. The n(C≡O) stretch frequencies of 1 are very close to the analogous 

carbamoyl-derived complex J277 observed at 2,031 and 1,981 cm-1 and do not suggest an 

obvious difference in the electron density at the Fe center as reflected by increased back-

bonding to the carbonyl ligands. A drop-cast sample of 1 following treatment with THF 

exhibits red-shifted n(C≡O) stretches at 2,018 and 1,955 cm-1 and the n(C=O) stretch is 

observed at 1,612 cm-1. Notably, the red-shift in CO stretches is not observed when 1 is 

dissolved in a non-coordinating solvent such as DCE, which may imply weak binding of 

the thioether ligand as observed in other similar systems and preferred coordination of the 

THF solvent.  

In the original preparation procedure, a significant change is observed in the IR 

spectrum of 1 before and after purification by Al2O3 column. The n(C≡O) stretches at 2,039 

and 1,978 cm-1 are only slightly red-shifted in comparison to the crude material. However, 
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a dramatic blue-shift to 1,654 cm-1 is observed in the n(C=O) stretch associated with the 

acyl unit. The intensity of the feature at 1,654 cm-1 is variable, ranging from medium to 

strong, and is consistently greater in intensity in comparison to the crude product. The 

significant differences in both frequency (25 cm-1) and intensity of the n(C=O) stretch 

suggests some change in the structure around the Fe center, but the exact nature of this 

transformation is not fully understood.  

3.5 SYNTHESIS, SPECTROSCOPIC, AND STRUCTURAL CHARACTERIZATION OF 
[(ANTH·CH2NSOFF)FE(CO)2(BR)(ASPH3)] (2) 

Unfortunately, single crystals of 1 for X-ray diffraction were not be obtained. 

Instead, the core structure of 1 was supported by synthesis of a derivative complex 2. 

Compound 2 was synthesized by the addition of one equivalent of AsPh3 to 1 in DCM 

solvent. In 2, the methylthioether donor of the anthracene ligand was displaced by AsPh3, 

resulting in a fac-C,N,As motif. Coordination of the soft AsPh3 ligand to Fe2+ is relatively 

uncommon. The substitution of the AsPh3 ligand is likely facilitated by (i) the weak affinity 

of the methylthioether ligand for iron and (ii) potential strain induced in the anthracene 

backbone to form the three-membered fac-chelate (see section 2.5). Coordination of the 

AsPh3 was not observed in the carbamoyl derived system.77 

 

Scheme 3.2 Substitution of the methylthioether-S ligand of 
[(Anth·CH2NSMe)Fe(CO)2(Br)] (1) for AsPh3 to prepare 
[(Anth·CH2NSoff)Fe(CO)2(Br)(AsPh3)] (2). 
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Most importantly, 2 confirms the formation of the acyl moiety. The Fe-C bond of 

the acyl moiety is 1.942(3) Å, in good accord with other acyl-containing {Fe(CO)2}2+ 

model complexes50-55, 57, 59-66, 73 and longer than that observed in Hmd (1.880 Å). Upon 

coordination of the AsPh3 ligand, a small red-shift is observed in the n(C≡O) stretches to 

2,024 and 1,971 cm-1 and a notable blue-shift (~13 cm-1) to 1,642 cm-1 is observed in 

n(C=O) stretch of the acyl unit.  

 

Figure 3.1 ORTEP representation (30% thermal ellipsoids) for 
[(Anth·CH2NSoff)Fe(CO)2(Br)(AsPh3)] (2). Hydrogen atoms are omitted for 
clarity and the phenyl groups of AsPh3 are depicted as wireframes. Atom 
colors: carbon (gray), nitrogen (blue), oxygen (red), sulfur (yellow), iron 
(orange), arsenic (lavender).  

3.6 DEPROTONATION OF THE METHYLENE-ACYL FUNCTIONALITY AND GENERATION 
OF [(ANTH·CHNSOFF)FE(CO)2(MECN)]2 (3) 

The absence of the basic pyridone-O functionality of Hmd in 1 prompted us to 

investigate its reactivity with dihydrogen in the presence of the exogenous base, 

tetraethylammonium 2,6-ditbutyl-4-methoxyphenolate or NEt4[MeOtBu2ArO]. Treatment 

of a THF solution of 1 with one equivalent of NEt4[MeOtBu2ArO] resulted in a color 

change from orange to red and formation of a white precipitate (NEt4Br).  
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After treatment with one equivalent of NEt4[MeOtBu2ArO], the product was 

filtered, concentrated, and washed with pentane and Et2O to afford an orange powder. 

Extraction of the orange powder with MeCN and storage at -20 °C afforded single crystals 

suitable for X-ray diffraction. Upon deprotonation, the S-atom of the methyl(thioether) 

ligand was displaced and a new Fe-C bond was formed between the deprotonated methine 

C-atom of an identical, adjacent Fe center to form the dimeric compound 3. The vacant site 

resulting from halide abstraction was occupied by a bound MeCN solvent ligand.  

Table 3.1 Comparison of relevant bond and angle metrics of 
[(Anth·CH2NSoff)Fe(CO)2(Br)(AsPh3)] (2), 
[(Anth·CHNSoff)Fe(CO)2(MeCN)]2 (3), and Hmd (closed conformation)9.  

 2 3 (avg) Hmd9 

Fe-N (Å) 2.037 2.0125 1.981 

Fe-S (Å) N/A N/A 2.406 

Fe-Cacyl (Å) 1.942(3) 1.958 1.880 

Fe-Cmethine (Å) N/A 2.190 N/A 

ÐN-Fe-Cacyl 

(°) 

83.55 82.75 77.35 

Deprotonation of the methylene unit does not result in a significant change in the 

Fe-C bond length of the acyl moiety in comparison to that of the AsPh3 bound adduct 2 

(1.942(3) Å) or other acyl-containing synthetic models. In comparison to the Fe-Cacyl bond 

lengths (1.973(7) and 1.943(7) Å), the Fe-C bonds of the bridging methine units are 

comparatively long at 2.186(6) and 2.194(6) Å, but consistent with other Fe(II)-Cmethine 
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bond metrics.133 The geometry around the methine C-atom retains sp3 pyramidalization 

evidenced by an average bond angle sum of 109.4±2.5° and the bond distances in the 

pyridine rings do not significantly change upon deprotonation; together, these observations 

are inconsistent with de-aromatization observed commonly in methylene-containing pincer 

ligand systems.134 

 

Figure 3.2 ORTEP representation (30% thermal ellipsoids) for 
[(Anth·CHNSoff)Fe(CO)2(MeCN)]2 (3). Hydrogen atoms are omitted for 
clarity. Atom colors: carbon (gray), nitrogen (blue), oxygen (red), sulfur 
(yellow), iron (orange). 

3.7 SPECTROSCOPIC CHARACTERIZATION OF [(ANTH·CHNSOFF)FE(CO)2(MECN)]2 (3)  

Upon addition of base, a red-shift in the n(C≡O) stretches was observed from 2,021 

and 1,956 cm-1 to 2,005 and 1,947 cm-1 and the n(C=O) feature at 1,612 cm-1 was 

abolished. The drop-cast solution IR spectrum of 3 exhibits two (or three) n(C≡O) stretches 

in contrast to the predicted four n(C≡O) stretches based on the C2 symmetry of the solid-

state structure of 3. Indeed, four n(C≡O) stretches are observed at 2,021, 1,998, 1,962, 

1,943 cm-1 in the crystalline solid sample of 3. The loss of the acyl IR features and small 
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red-shift in the n(C≡O) frequencies are consistent with the deprotonation of one of the 

methylene protons of the acyl unit and abstraction of the bound halide ligand of 1, resulting 

in a still formally neutral product. Notably, this event was observed with bromo- and 

cyano- para-substituted phenolates as well, indicating an unexpectedly low pKa of the 

methylene acyl protons; the reaction was not observed upon treatment with the nitro- 

substituted phenolate base. Deprotonation of 1 to form 3 is reversible as seen in Scheme 

3.3; subsequent treatment with the acid Lut·HBr regenerated an orange solution and the 

n(C≡O) stretches of the starting compound 1 at 2,019 and 1,955 cm-1.  

 

 

Scheme 3.3 (A) ChemDraw representation of the reversible deprotonation of 1 to form 3 
by NEt4[RtBu2ArO]; (B) Proposed H2 heterolysis mediated by the Fe 
center and methine-C of 3.  

The deprotonation of the methylene protons was further evidenced by 1H NMR 

spectroscopy. The characteristic diastereotopic proton resonances of 1 at 3.97 and 4.52 

ppm were abolished after treatment with NEt4[MeOtBu2ArO] and a new singlet resonance 

corresponding to a methine proton135–137 was observed at 4.79 ppm in d8-THF. The HSQC 

NMR experiment revealed correlation of the singlet methine proton with the C atom 

observed at 60.38 ppm. The 13C NMR shows a small shift in the Fe-Cacyl resonance upon 

deprotonation to 247.12 ppm, in comparison to 254 ppm in 1, and the Fe-C≡O resonances 

are observed between 200 and 210 ppm. 
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Simple deprotonation of the methylene protons of an acyl-containing synthetic 

model of Hmd J1 was also suggested in a related system from the Rose group on the basis 

of 1H NMR and IR spectroscopy.71 Indeed, similar loss of the diastereotopic proton 

resonances and a dramatic red-shift in the n(C≡O) stretches were observed; however, 

structural evidence was not obtained. Song and coworkers obtained structural evidence for 

the deprotonation of the methylene protons in model compound F1 through a suggested 

keto-enol tautomerization mechanism that ultimately resulted in the acylation of the O-

atom of the acyl moiety.62 In this instance, the resulting Fe-Cacyl bond length decreased 

from 1.959(3) to 1.925(2) Å and the C-O bond of the acyl unit is elongated consistent with 

greater single bond character. These observations demonstrate that the acyl moiety of small 

molecule synthetic systems is quite reactive and susceptible to unexpected chemistry. In 

Nature, the binding pocket of the Fe-GP cofactor likely protects the active site from such 

reactions.  

3.8 BIOMIMETIC REACTIVITY STUDIES WITH H2 AND MODEL SUBSTRATES 

3.8.1 Hydride Abstraction Studies from TolImH 

Compound 1 was investigated for hydride abstraction reactivity from the model 

substrate TolImH as observed previously for a thioether-containing model compound in the 

Rose group.77 Compound 1 was first treated with [Tl]BArF to result in the halide-abstracted 

species [1]+ and then treated with one equivalent of TolImH/(D) in THF solvent. The 

reaction was monitored for loss of the TolImH 1H NMR resonance at 6.12 ppm and 

generation of an Fe-H species, however the TolImH resonance persisted and no new 1H 

NMR resonances were observed. The addition of Lewis acids BPh3 and B(C6F5)3, 

previously demonstrated to interact with 1, were added to the solution to encourage the 

hydride abstraction reaction, but did not result in reaction with the model substrate. Indeed, 
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addition of B(C6F5)3 resulted in decomposition of [1]+ in the presence of substrate, 

evidenced by loss of CO ligands and an unidentified precipitate.  

Compound 3 was similarly investigated for hydride abstraction. Similar to 1, 

compound 3 was not a viable hydride abstractor from TolImH as evidenced by NMR 

spectroscopy. Lewis acids BPh3 and B(C6F5)3 were added to a THF solution of 3, but also 

did not encourage the desired reaction. Interestingly, the species resulting from 3 plus 

B(C6F5)3 did not decompose readily as was observed between 1 and B(C6F5)3. This likely 

results from the Lewis acid interacting with the deprotonated methine-C instead of the O-

atom of the acyl carbonyl. Provided the lack of reactivity of 1 and 3 with TolImH, the 

enzymatic ‘forward’ reaction, H2 activation and hydride transfer to substrate, was next 

investigated.  

3.8.2 Reactivity of [(Anth·CHNSoff)Fe(CO)2(MeCN)]2 (3) with H2 

Generation of 3 mimics two important aspects of the Hmd active site: (i) a weakly 

bound solvent site trans to the organometallic Fe-Cacyl bond and (ii) a basic site (methine-

C atom) on the ligand framework. In contrast to Nature, the basic methine-C atom is 

positioned in a location trans to the proposed site of H2 activation and would likely not act 

as efficient of a proton acceptor as the closely positioned pyridone functionality. However, 

if the dimer persists in solution, then each Fe center in 3 has an adjacent, pendant, methine-

C base bound in a favorable fashion to participate in heterolysis. We postulated that the 

basic site resulting at the methine-C atom of the deprotonated methylene linkage of the 

acyl moiety might stand as a proxy for the endogenous pyridone-O base observed in 

Nature. A crystalline sample of 3 was dissolved in a THF solution containing model 

substrate [TolIm]BArF as hydride acceptor and incubated with 100 psi D2. The 2H NMR 

spectrum (Figure 3.3A) of the reaction was monitored, revealing new resonances at 2.59 
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ppm and –14.90 ppm, corresponding to deuteration of the 2-methylpyridine moiety of the 

Anth·CH3NSMe ligand and an Fe–D species, respectively. No hydride transfer product 

(TolImD) was observed after three days of monitoring. The isotopic inverse reaction (d8-

THF, H2) was performed with the free ligand and Fe–H species first being observed after 

24 hours. Incorporation of deuterium into the free ligand indicates that while 2 is competent 

for D2 (or H2) activation, this process and the suggested protonation of the methine-C, 

results in the liberation of ligand from the {Fe(CO)2} unit. During this process, heterolysis 

of D2 presumably results in the generation the neutral species [(Anth·CHDNSMe)FeD(CO)2]; 

however, provided detection of free Anth·CH3NSMe ligand, we were initially unable to 

unambiguously ascribe the Fe–H or Fe-D resonance at –14.90 ppm. 

Further structural studies, such as EXAFS, on the structure of 3 would be 

enlightening on the identity of 3 in solution. Whether a dimer or monomer in solution, it is 

evident that H2 activation proceeds and likely results from metal-ligand cooperation 

between the Fe and methine-C sites. Deprotonation of the methylene linkage of 1 to 

generate 3 proceeded with tetraethylammonium 2,6-ditbutyl-4-cyanophenolate base, which 

may enable an indirect bracketing of the Fe-H2 pKa value; however, these deprotonation 

reactions were performed in THF solvent, and the pKa values of the discussed phenol 

conjugate acids are not well-studied in this solvent. For reference, the pKa of 4-

bromophenol, closely related to the 2,6-ditbutyl-4-bromophenolate base employed in this 

study, was determined to be approximately 27.138 Thus, a more rigorous analysis of the 

basicity of the deprotonated methylene unit and Fe-H2 adduct could be obtained using a 

series of non-coordinating bases with known pKa values in THF.139,140 The pKa of neutral 

Fe-H2 adducts84 in THF spans a large range from 6 to 38, while the predicted pKa of the 

Hmd enzyme104 has been estimated at 9. Furthermore, little is understood concerning how 

deprotonation of the methylene linkage of the acyl moiety may affect the strong trans-
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influencing property of the organometallic Fe-C bond expected to play an important role 

in H2 interaction and activation and may benefit from further computation study. 

 

Figure 3.3 2H NMR spectra demonstrating (A) D2 activation by 3 in the presence of 
model substrate [TolIm]BArF. Deuterium labelling is observed at 2.59 and –
14.90 ppm, corresponding to the formation of D-labelled free 
Anth·CH2DNSMe ligand and [DFe3(CO)11]-, respectively; (B) D2 activation 
by 3 in the presence of an additional equivalent of base and model substrate 
[TolIm]BArF. Deuterium labelling is observed at 5.57 and 6.11 ppm, 
corresponding to the formation of D-labelled MeOtBu2ArOD and TolImD, 
respectively; (C) D2 activation by 3 in the presence of an additional 
equivalent of base. Deuterium labelling is observed at 5.56 and -8.87 ppm, 
corresponding to the formation of D-labelled MeOtBu2ArOD and 
[DFe(CO)4]-, respectively. 

3.8.3 Reactivity of [(Anth·CH2NSMe)Fe(CO)2(Br)] (1) with excess base 

Provided the previous work contained in Chapter 2,132 we postulated that an extra 

equivalent of base in solution would drive H2 activation and concomitantly prevent 
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protonation of the methine-C responsible for ligand loss. However, treatment of 1 with two 

equivalents of NEt4[MeOtBu2ArO] resulted in a distinct color change from the generation 

of 3, transitioning from an orange to dark red solution and a formation of white precipitate 

(NEt4Br). Additionally, IR spectroscopy revealed a dramatic red-shift in the n(C≡O) 

frequencies from 2,021 and 1,956 cm-1 to 1,986, 1,970, and 1,906 cm-1.  

It is challenging to explain the change in the number of observed n(C≡O) stretches 

from two to three and the structure of the resulting species upon addition of two equivalents 

of base. As aforementioned, the drop-cast solution IR spectrum of 3 most commonly 

exhibits two carbonyl stretches, while the solid-state IR spectrum of 3 exhibits the expected 

four carbonyl stretches for a dimer. In some instances, three carbonyl stretches were also 

observed from a drop-cast solution of 3. Therefore, the observed three n(C≡O) stretches 

upon addition of two base equivalents may correspond to the formation of another C2 

symmetric dimer, with the ‘fourth’ carbonyl stretch being observable only in a crystalline 

solid sample. The significant red-shift in the n(C≡O) stretches suggests the generation of 

an anionic complex to explain the large increase in p-backbonding to the carbonyl ligands. 

Further deprotonation of the ligand framework of 3 is highly unlikely. Therefore, two 

possible explanations for generation of an anionic complex are (i) binding of a 

[MeOtBu2ArO]- unit to the metal center and, less likely, (ii) reduction of the Fe(II) center 

to Fe(I) or Fe(0) by NEt4[MeOtBu2ArO] to form the phenolate radical species. Indeed, 

coordination of bulky, ortho-substituted phenolates to Fe is not unprecedented.141,142 These 

complexes, however, are typically low-coordinate and paramagnetic complexes. Due to the 

lability of the methylthioether-S ligand and the low steric profile of the carbonyl ligands, 

coordination may be facilitated.  

Following the addition of two equivalents of NEt4[MeOtBu2ArO] to 1, subsequent 

treatment with two equivalents of the acid Lut·HBr again regenerated an orange solution 
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and the n(C≡O) stretches of the starting compound 1 as evidenced by a change in the IR 

spectrum {1,986, 1,970, 1,906 cm-1®2,021, 1,956 cm-1}. The regeneration of 1 by simple 

acid/base chemistry supports the binding of a [MeOtBu2ArO] unit to the metal center and 

protonation induced de-ligation, as the formation of a reduced Fe(I) or Fe(0) center and 

subsequent treatment with acid would likely result in protonation at the metal and the 

formation of an Fe(II)-H species,81 rather than 1. Furthermore, conversion of the 

tricarbonyl species (1,986, 1,970, 1,906 cm-1) back to 1 is seemingly facile. Subsequent 

washing with pentane, Et2O, and FPh extracts 3 as the major product with a small amount 

of tricarbonyl species remaining as a yellow powder soluble in DCE and MeCN.  

3.8.4 Hydride transfer in the presence of model substrate and excess base  

Therefore, 1 was first treated with two equivalents of base (i.e. 

NEt4[MeOtBu2ArO]) and the model substrate [TolIm]BArF. The THF solution was 

incubated with 100 psi D2 and the reaction was monitored by 2H NMR spectroscopy. Two 

new resonances were observed in the 2H NMR spectrum at 6.11 ppm and 5.57 ppm (Figure 

3.3B) corresponding to the hydride transfer product TolImD and MeOtBu2ArOD, 

respectively. Additionally, an unassigned peak at 2.21 ppm was observed that is distinct 

from the free Anth·CH3NSMe ligand resonance. The identity of the peak 2.21 ppm possibly 

corresponds to deuteration of the methyl group of the tolyl-substituent of the substrate 

which is observed at 2.25 ppm in the 1H NMR spectrum in d8-THF; however, the 

mechanism of this is not yet understood. Attempts to optimize the desired hydride transfer 

reaction and suppress the peak at 2.21 ppm were unsuccessful. 
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3.8.5 Detection of an Fe-H in the absence of model substrate  

To date, spectroscopic observation of a biomimetic Fe–H species capable of 

hydride transfer to an organic substrate has remained elusive in both Hmd enzyme and 

synthetic systems. To observe the putative Fe–H intermediate, we repeated the experiment 

in the absence of the substrate [TolIm]BArF with the intention of trapping the reactive 

intermediate. A THF solution of 1 was first treated with two equivalents of base (i.e. 

NEt4[MeOtBu2ArO]) and incubated with 100 psi D2. Indeed, the 2H NMR spectrum 

exhibited two new resonances at 5.56 ppm and –8.87 ppm, corresponding to 

MeOtBu2ArOD and an Fe–D species, respectively (Figure 3.3C). The isotopic inverse 

reaction (i.e. d8-THF, H2) was carried out and the 1H NMR displayed the analogous Fe–H 

resonance at –8.85 ppm within 1 hour of incubation. The resulting 1H NMR spectrum 

demonstrated a mixture of products over the course of the reaction and we therefore 

attempted to more cleanly generate the Fe-H species through the use of the strong hydride 

donor, NaHBEt3. Again, in situ generated 2 treated with 0.9 equivalents of NaHBEt3 

resulted in a 1H NMR spectrum displaying the same Fe–H resonance at –8.83 ppm. 

3.8.6 Mechanistic Investigation of Hydride-Induced Fe Reduction 

We serendipitously obtained dark red crystals from the THF solution of both the 

H2/D2 and NaHBEt3 reactions in the NMR reaction tube which were identified as the 

known di-iron carbonyl dianion (NEt4)2[Fe2(CO)8] by X-ray diffraction, proving the 

reduction of the ferrous starting material to Fe(–1). Provided the evidence of reductive 

chemistry and evidence of unbound ligand, we considered a conversion pathway to better 

explain the formation of (NEt4)2[Fe2(CO)8] in the context of the observed Fe–H or D 

resonance and extrusion of the metal center from the anthracene scaffold as summarized in 
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Scheme 3.3 below. Representative NMR and IR spectra of the conversions discussed below 

are presented in section 3.11 of this chapter.  

 

Scheme 3.3 Proposed mechanism of iron reduction and metal extrusion upon H2 
activation and initial iron hydride formation.  

We first contemplated the retrosynthesis of the observed (NEt4)2[Fe2(CO)8] 

product, hypothesizing its derivation from bond formation between two simple {Fe(CO)4} 

building blocks. Upon inspection of known, simple iron tetracarbonyl compounds, we 

intuited that the product could be derived from initial protonation or deprotonation of one 

NEt4[HFe(CO)4] unit, thus providing the necessary 2e- for the reduction of 2Fe(0) to 2Fe(–

1), concomitant with generation of H2 (i.e. Fe(0)-H + :B- → [Fe(-2) + BH)] + Fe(0)-H 

→ 2Fe(-1) + H2 + :B-). Furthermore, the 1H NMR resonance of the Fe–H of 
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NEt4[HFe(CO)4] was previously reported at –8.8 ppm (d8-THF),143,144 which is obviously 

consistent with the observed NMR resonances (δ Fe-H/D ≈ –8.8) observed upon H2 or D2 

activation in our studies. To confirm this hypothesis, PPN[HFe(CO)4] was independently 

synthesized according to literature procedure143 and treated with 1 equivalent of 

NEt4[MeOtBu2ArO] base to deprotonate the Fe–H species. Within minutes of base 

addition, we observed line broadening in the 1H NMR spectrum, consistent with reduction 

to form the intermediate paramagnetic Fe(–1) species concomitant with formation of a red 

precipitate, confirmed as (NEt4)2[Fe2(CO)8] by IR spectroscopy. Indeed, PPN[HFe(CO)4] 

is a known reductant144 and the control experiment reacting independently synthesized 

PPN[HFe(CO)4] and [TolIm]BArF strongly indicated that NEt4[HFe(CO)4] was the active 

hydride transfer agent in the previous experiments. Furthermore, at longer timepoints in 

this reaction (days), a new resonance at –14.79 ppm was observed, similar to the previously 

observed, unassigned species in Figure 3.3A. We now assign this Fe–H species as 

NEt4[HFe3(CO)11], a known side-product in hydride transfer reactions of NEt4[HFe(CO)4].  

Identification of NEt4[HFe(CO)4] confirms the loss of ligand which was observed 

by 1H NMR spectroscopy in both gas reactions utilizing H2 and upon treatment with 

NaHBEt3. Furthermore, we re-emphasize the observation of a feature at 2.51 ppm 

corresponding to deuteration of the methylpyridine moiety of the ligand in the 2H NMR 

spectrum upon generation NEt4[DFe(CO)4] from 1 and D2 gas. The liberation of ligand is 

predicated upon de-insertion of the acyl unit, which is capable of serving as a CO source 

in the generation NEt4[HFe(CO)4]. Upon de-insertion, the methyl carbanion coordinates to 

the Fe center to generate an intermediate related to that proposed in the synthesis of the 

acyl unit by Song and coworkers.60 These observations are also consistent with a less 

electrophilic CO ligand bound to Fe(0) in comparison to Fe(II) and the demonstrated 

lability of the acyl unit from labeled 13CO exchange experiments.50 
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We investigated the reactivity of the proposed carbanion bound intermediate 

NEt4[(Anth·CH2NoffSoff)Fe0(CO)4] by independent synthesis of the lithium methyl-

carbanion salt via lithiation of Anth·CH3NSMe and addition of Fe(CO)5 (i.e. omitting 

oxidation by Br2 from the synthesis of 1). The IR spectrum of 

Li[(Anth·CH2NoffSoff)Fe0(CO)4] exhibited CO stretching frequencies of similar energy to 

NEt4[HFe(CO)4] and did not exhibit an n(C=O) feature above 1600 cm-1, as would 

otherwise indicate acyl ligation. We hypothesized heterolysis of H2 across the Fe center 

and bound ligand could explain the generation of NEt4[HFe(CO)4] and protonation to 

liberate the free ligand; however, no reaction was observed upon treatment of 

Li[(Anth·CH2NoffSoff)Fe0(CO)4] with D2 by 2H NMR spectroscopy. Instead, treatment of 

Li[(Anth·CH2NoffSoff)Fe0(CO)4] with two equivalents MeOtBu2ArOD indicated formation 

of D-labeled free ligand, Anth·CH2DNSMe, and NEt4[DFe(CO)4] by 2H NMR spectroscopy. 

Generation of D2 was also observed in the reaction and, thus, the possibility of acid-

dependent and D2-dependent formation of NEt4[DFe(CO)4] cannot be excluded. 

Lastly, we considered the initial reduction event of the ferrous starting complex to 

Fe(0). Based on the activation of H2/D2 mediated by 2 and the control reaction treating 1 

with NaHBEt3 and the spectroscopically detected reduced Fe carbonyl species, we believe 

that reduction of the ferrous metal center occurs by loss of the unobserved, reactive hydride 

as a proton along with two electron reduction to form Fe(0). Consistent with the work 

presented in Chapter 2, detection of the highly reactive (especially anionic) Fe–H species 

of [Fe]-hydrogenase synthetic models is difficult. Intriguingly, this reductive pathway 

contrasts the well-characterized intramolecular hydride transfer reaction resulting in 

methylthiol extrusion observed in another model system from the Rose group, likely due 

to the unbound state of the thioether -SMe unit downstream of 1. 
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3.9 CONCLUSIONS 

Herein, an acyl-containing anthracene-scaffolded model of the active site of Hmd 

has been structurally and spectroscopically characterized and the reactivity of the complex 

has been investigated with base, H2, and model methenyl-H4MPT+ substrates. The model 

compound reproduces the important fac-ligation of the heteroatom C,N,S donor atoms of 

Hmd in a single chelating ligand. Surprisingly, the starting compound 1 was susceptible to 

deprotonation at the methylene linkage of the acyl moiety upon treatment with base, 

resulting in the formation of a dimeric species 3 characterized by single crystal X-ray 

diffraction. Related acyl-containing model complexes have previously been shown to 

decompose upon treatment with exogenous base,73 demonstrating the utility of the 

anthracene-scaffold in the stabilization of model compounds. The methine-ligated dimer 3 

resulting from base addition was, itself, competent for H2 activation, but hydride transfer 

to a biomimetic substrate was not observed. Instead, isotopic D-labeled gas experiments 

revealed formation of free ligand and the reduced hydridoferrate species [HFe(CO)4]– and 

[HFe3(CO)11]–.  

Attempts to utilize exogenous base for H2 activation in concert with 3 to prevent 

the loss of ligand and Fe reduction were unsuccessful, but importantly enabled us to 

structurally and spectroscopically characterize relevant intermediates in this process. 

Numerous control reactions enabled us to deduce the full mechanistic pathway describing 

these conversions. This enhanced understanding of this deleterious, competitive process 

may contribute to the design of a more robust biomimetic reactivity system for 

understanding the reactivity of acyl(methylene)-containing synthetic analogues of [Fe]-

hydrogenase. The inclusion of the authentic and biomimetic pyridone and/or thiolate motifs 

may drastically alter the reactivity profile(s) described herein, and thereby provide more 
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enlightened insight into Nature’s delicate choice of donor identity and location in the [Fe]-

hydrogenase active site. 
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3.10 EXPERIMENTAL METHODS  

3.10.1 Reagents, Procedures and Physical Methods 

Fe(CO)5, Pd2(dba)3, AsPh3 were purchased from Strem Chemicals; 2,6-di-tert-

butyl-4-methoxyphenol, 2,6-lutidine, thallium formate, sodium hydride, H2 and D2 from 

Sigma-Aldrich chemicals; phosphorus pentoxide, hexamethyldisiloxane, p-toluic acid, 1,2-

dibromoethane, K3PO4, Br2, CDCl3 and d8-THF from Acros Organics; 1,8-

dichloroanthroquinone from Alfa Aesar; KOH, KOAc, NaHCO3, NaBr, H2SO4, and 

HBr(aq) from Fisher Scientific; bis(pinacolato)diboron (B2Pin2) from Frontier Scientific; 

Sodium tetrakis(3,5-bis(trifluoromethyl)phenyl)borate, 3-(methylthio)phenylboronic acid, 

2-dicyclohexylphosphino-2′,4′,6′-triisopropylbiphenyl (XPhos) from Astatech; 2-

dicyclohexylphosphino-2′,6′-dimethoxybiphenyl (SPhos) from Ark Pharm; 5-bromo-2-

methylpyridine, 2,6-difluoroaniline, NaBH4 from Oakwood Chemical; NEt4Cl from TCI; 

d3-MeCN from Cambridge Isotope Laboratories, Inc.  

The compounds of [Fe(CO)4(Br)2], 2,6-difluorophenyl-2-(4-tolyl)imidazolium 

([TolIm]Br) and imidazolidine (TolImH),72 thallium tetrakis(3,5-

bis(trifluoromethyl)phenyl)borate (or Tl[BArF]), and 1,8-dichloroanthracene110,111 were 

synthesized following the literature procedures. Solvents used for synthesis were procured 

from Fisher Scientific and dried over alumina columns using a Pure Process Technology 

solvent purification system, and stored over 3 Å molecular sieves until use; THF was stored 

over 3 Å molecular sieves and small pieces of sodium. High-pressure NMR tubes (Cat No. 

524-PV-7) were purchased from Wilmad Labglass. Infrared spectra were recorded on a 

Bruker Alpha spectrometer equipped with a diamond ATR crystal. All cross-coupling 

reactions and syntheses of metal complexes were performed under N2 atmosphere as using 
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Schlenk technique or glovebox. The routine 1H, 2H, and 13C were collected using Varian 

DirecDrive 400 MHz, 500 MHz or 600 MHz instruments. 

3.10.2 Ligand Syntheses  

5-(8-chloroanthracen-1-yl)-2-methylpyridine (Anth•CH3Py•Cl). A mixture of 5-

bromo-2-methylpyridine (2.02 g, 11.8 mmol), KOAc (3.43 g, 35.0 mmol), B2Pin2 (4.43 g, 

17.4 mmol), Pd2(dba)3 (0.213 g, 0.233 mmol), and SPhos (0.194 g, 0.473 mmol) were 

prepared in 100 mL of dioxane under N2 atmosphere inside a glove box. The reaction 

mixture was refluxed for 6 h, and the resulting orange color solution was used in a next 

step without isolation. In a separate vessel, 1,8-dichloroanthracene (3.16 g, 12.8 mmol) 

was prepared in 20 mL of dioxane, and K3PO4 (7.40 g, 34.9 mmol) was dissolved in 15 

mL of degassed water. The anthracene solution and then the K3PO4(aq) solution were added 

into the reaction solution. After refluxing for 12 h, the reaction solution was cooled to room 

temperature and filtered over Celite pad. Organic product was extracted with ethyl acetate 

(EA), and dried over Na2SO4. The product was further purified by silica gel column 

chromatography (7:1 to 4:1 hexane/EA) to afford a yellow solid. Yield: 2.07 g (58%). 1H 

NMR (400 MHz, CDCl3): δ 2.72 (s, 3H), 7.36 (d, J = 7.5 Hz, 1H), 7.39 (d, J = 8.5 Hz, 1H), 

7.45 (d, J = 5.8 Hz, 1H), 7.57 (m, 2H), 7.85 (dd, J = 7.9, 2.3 Hz, 1H), 7.94 (d, J = 8.6 Hz, 

1H), 8.06 (d, J = 8.5 Hz, 1H), 8.52 (s, 1H), 8.75 (d, J = 2.3 Hz, 1H), 8.86 (s, 1H). 13C NMR 

(100 MHz, CDCl3): 24.36, 121.73, 122.81, 125.26, 125.54, 125.68, 127.25, 127.35, 127.46, 

128.30, 129.17, 130.59, 132.20, 132.28, 132.29, 133.14, 137.05, 137.67, 149.75, 157.67. 

IR (solid-state): 3036, 1614, 1533, 1307, 1028, 888, 735 cm-1. HR-MS (ESI): calcd. for 

[C20H14ClN+H]+ 304.0888; found: 304.0899. 

2-methyl-5-(8-(3-(methylthio)phenyl)anthracen-1-yl)pyridine 

(Anth•CH3NSMe). A mixture of 5-(8-chloroanthracen-1-yl)-2-methylpyridine 
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(Anth•CH3Py•Cl) (1.75 g, 5.76 mmol), 3-(methylthio)phenylboronic acid (0.967 g, 5.75 

mmol), Na2CO3 (0.610 g, 5.75 mmol), [Pd2(dba)3] (0.105 g, 0.115 mmol), and XPhos 

(0.111 g, 0.233 mmol) was prepared in 160 mL of THF:H2O (7:1) under N2 atmosphere. 

The reaction solution was heated at 85 °C for 12 h under N2 atmosphere. After cooling the 

solution to room temperature, the mixture was quenched with a saturated NH4Cl(aq) solution 

(~10 mL). The organic product was extracted with DCM and washed with saturated brine 

(2 × 100 mL). The product was dried over Na2SO4 and concentrated under vacuum, and 

further purified by silica gel column chromatography (4:1 to 1:1 hexane/EA) to afford a 

yellow solid. Yield: 1.58 g (70%). 1H NMR (d8-THF, 400 MHz): δ 2.45 (s, 3H; thioether-

CH3), 2.55 (s, 3H; pyridine-CH3), 7.26 (s, 1H), 7.28 (s, 2H), 7.34 (m, 1H), 7.41 (m, 3H), 

7.53 (t, J = 7.6 Hz, 2H), 7.75 (dd, J = 8.0, 2.4 Hz, 1H), 8.07 (t, J = 7.5 Hz, 2H), 8.55 (s, 

1H), 8.60 (s, 1H), 8.61 (s, 1H). 13C NMR (100 MHz, d8-THF): 15.66, 24.51, 122.95, 

124.07, 126.23, 126.32, 126.40, 127.36, 127.50, 127.54, 128.11, 128.56, 128.87, 129.16, 

129.64, 131.12, 131.20, 133.15, 133.25, 133.98, 138.05, 138.27, 140.19, 141.20, 142.20, 

150.64, 158.40. HR-MS (ESI) calcd. for [C27H21NS+H]+: 392.1467; found: 392.1479. 

3.10.3 Metal Complex Syntheses  

 [(Anth•CH2NSMe)Fe(CO)2(Br)] (1). A portion of Anth•CH3NSMe ligand (0.20 g, 

0.51 mmol) was prepared in 15 mL of THF under N2 atmosphere in Schlenk line. After 

cooling the solution to 0 °C, 1.6 M n-BuLi in hexanes (0.32 mL, 0.51 mmol) was dropwise 

added into the solution and stirred for 30 minutes. Next, the reaction solution was cooled 

to -80 °C, and 67 µL (0.50 mmol) of Fe(CO)5 (diluted in 5 mL of THF) was injected into 

the solution over 1 min. The solution was slowly warmed to -20 °C while stirring for 3 h 

under dark conditions. In a separate flask, 26 µL (0.50 mmol) of Br2 was diluted in 5 mL 

of THF under N2 atmosphere. Next, the reaction solution was cooled to -70 °C, and the 
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Br2 solution was dropwise added into the reaction solution. After stirring for 2 h at -70 °C, 

the volatiles were removed under vacuum at room temperature. The residual solid was 

washed with pentane and Et2O to afford an orange-yellow powder. Yield: 240 mg (77%). 

1H NMR (d8-THF, 400 MHz): δ 2.46 (s, 3H), 3.97 (d, J = 20.6 Hz, 1H), 4.52 (d, J = 20.2 

Hz, 1H), 7.44 (m, 10H), 8.05 (m, 3H), 8.55 (m, 2H) ppm. IR (solid-state, cm–1): νC≡O 2039 

(s), 1978 (s), νC=O 1629 (m), νC=N 1584 (m). Anal. calcd. for C30H20BrFeNO3S: C 59.04, H 

3.30, N 2.30; found: C 58.97, H 3.44, N 2.54. 

[(Anth•CH2NSoff)Fe(CO)2(Br)(AsPh3)] (2). Compound 1 (40 mg, 65 µmol) and 

AsPh3 (20 mg, 65 µmol) were stirred in 5 mL of DCM at room temperature for 2 hours 

then stored overnight at -20 °C. The solvent was removed in vacuo, and the residual solid 

was extracted with Et2O. The Et2O soluble fraction was concentrated to afford a yellow-

orange solid. Single crystals for X-ray diffraction were grown from vapor diffusion of 

pentane in to a vial of the complex dissolved in FPh at -20 °C. Yield: 37 mg (62%). 1H 

NMR (d8-THF, 400 MHz): δ 2.46 (s, 3H), 4.10 (d, 1H), 4.56 (d, 1H), 6.70 (d, 1H), 7.14 

(m, 2H), 7.31 (s, 15H), 7.37 (d, 2H), 7.47 (m, 2H), 7.57 (m, 2H), 7.73 (d, 1H), 8.12 (m, 

3H), 8.61 (d, 1H), 8.66 (s, 1H). IR (solid-state, cm–1): νC≡O 2024, 1971; νC=O 1642. Anal. 

calcd. for C48H36BrAsFeNO3S: C 62.83, H 3.95, N 1.53; found: C 58.24, H 4.08, N 1.08. 

[(Anth•CHNSoff)Fe(CO)2(MeCN)]2 (3). Compound 1 (0.050 g, 0.082 mmol) and 

[(2,6-ditbutyl-4-methoxyphenolate)(NEt4)] (0.030 g, 0.082 mmol) were each separately 

dissolved in 5 mL THF and mixed. The THF solution of 1 turned red and a white precipitate 

[(NEt4)Br] formed upon mixing. The resultant solution was filtered over Celite and the 

solvent was removed by vacuum. The deep red residue was washed with pentane and Et2O 

to extract 2,6-ditbutyl-4-methoxyphenol, affording a red-orange powder. The powder was 

treated with MeCN to give a turbid red-orange solution which was placed at -20°C 

producing orange plates suitable for X-ray diffraction. Yield: 54.5 mg (62%). 1H NMR (d3-
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MeCN, 400 MHz): δ 2.51 (s, 3H), 4.45 (s, 1H), 6.91 (d, 1H), 7.13 (s, 2H), 7.35 (d, 2H), 

7.45 (m, 4H), 7.58 (m, 1H), 7.68 (s, 1H), 7.86 (d, 1H), 7.93 (d, 1H), 8.10 (d, 1H), 8.50 (s, 

1H), 8.60 (s, 1H) ppm. 13C NMR (d8-THF, 600 MHz): 246.80, 210.48, 207.07, 206.39, 

202.74, 175.92, 170.78, 152.34, 140.48, 139.85, 139.03, 134.81, 132.08, 131.89, 131.62, 

130.25, 130.00, 129.70, 128.68, 128.51, 127.65, 127.61, 127.00, 126.22, 126.09, 126.01, 

125.42, 125.17, 125.03, 124.81, 122.43, 117.01, 115.93, 66.87, 65.30, 60.38, 53.85, 54.04, 

24.77, 14.66, 14.48, 13.34. IR (crystalline solid, cm–1.): νC≡O 2021 (s), 1998 (s), 1962 (s), 

1943 (s) νC=N 1599 (m). Anal. calcd. for C65H47Fe2N4O6S2: C 67.54, H 4.10, N 4.85; found: 

C 67.21, H 4.04, N 4.76. 

3.10.4 Other Relevant Syntheses 

NEt4[2,6-Ditbutyl-4-methoxyphenolate]. Under N2 atmosphere, 2,6-ditbutyl-4-

methoxyphenol (0.500 g, 2.12 mmol) was dissolved in dry MeCN. NaH (0.051 g, 2.12 

mmol) was added to the solution and H2 was evolved. The solution was stirred for one hour, 

forming a pale yellow slurry. Next, NEt4Br (0.445 g, 2.12 mmol) dissolved in MeCN was 

added to the solution and the reaction was stirred for 2 hours. The precipitate (NaBr) was 

allowed to settle and the solution was filtered through Celite and concentrate in vacuo. The 

product was washed with pentane and Et2O, to afford an off-white powder.  

2,6-Lutidine•HBr. Under N2 atmosphere using Schlenk line, 1.0 g of 2,6-lutidine 

was prepared in 20 mL of Et2O in a flask; separately 1.0 g of NaBr, 1.5 mL of HBr(aq), and 

0.5 mL of H2SO4 were mixed in another flask. The in situ generated HBr gas was 

transferred into the 2,6-lutidine solution through cannula as precipitating white 2,6-

lutidine•HBr in Et2O. The solvent and unreacted 2,6-lutidine was decanted, and the white 

solid was dried under vacuum at 60 °C. The residual solid was brought inside a glove box, 
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and washed with Et2O (3 × 4 mL). After drying under vacuum, the product was stored 

under N2 until use.  

3.10.5 Reactivity Studies 

All reaction solutions were prepared under N2 atmosphere inside a glovebox prior 

to the injection of hydrogen gas or 13CO gas. 

13CO Gas Exchange. Complex 1 (30 mg, 49 µmol) was dissolved in 0.6 mL of d8-

THF in a J-Y NMR tube. The NMR tube was incubated with 1 atm of 13C labeled CO gas 

and mixed by inversion using Stuart Rotator SB2. The reaction was monitored periodically 

by 13C NMR.  

Deprotonation of Acyl-methylene C–H, and Reverse Protonation. A small 

batch of 10 mg (16 µmol) of complex 1 was prepared in 0.6 mL of THF at -30 °C, and the 

orange solution was treated with 7.0 mg (20 µmol) of 2,6-di-tert-butyl-4-methoxy-

phenolate (abbreviated as NEt4[MeOtBu2ArO]). The reaction instantly generated a turbid 

red solution, MeOtBu2ArOH, and NEt4Br precipitate. The in situ generated, deprotonated 

species 3 was treated with 3.1 mg (16 µmol) of dry 2,6-lutidine•HBr to re-generate an 

orange solution, of which IR spectrum confirmed the identity of the species as 1 (Figure 

1). This process was repeated utilizing two equivalents NEt4[MeOtBu2ArO] (12 mg, 33 

µmol), resulting in a dark red solution. The in situ prepared solution was subsequently 

treated 2,6-lutidine•HBr (6 mg, 32 µmol) to re-generate an orange solution of 1, as 

evidenced by IR spectroscopy.  

Hydride Abstraction of TolImH/(D). Compound 1 (0.010 g, 16 µmol) was 

dissolved in 0.7 mL d8-THF with one equivalent TolImH (0.0063 g, 16 µmol) or one 

equivalent TolImH plus BPh3 (0.0040 g, 16 µmol) or B(C6F5)3 (0.0083 g, 16 µmol) and 
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placed in a J-Y NMR tube. The reaction was monitored by NMR spectroscopy. The 

analogous reaction was performed with 3.  

Reactivity of Compound 3 with H2. Complex 3 (0.007 g, 6.1 µmol) was prepared 

in 0.4 mL of THF (or d8-THF) at -20 °C, and the orange solution was treated with 0.3 mL 

of THF (or d8-THF) containing [TolIm]BArF (0.015 g, 12 µmol) was added. The solution 

was transferred to a high-pressure NMR tube. Following injection of 100 psi (~7 atm) of 

D2/H2 gas into the NMR tube, the reaction solution was gently mixed by periodic inversion 

using Stuart Rotator SB2. The first signs of H2 activation (formation of [HFe3(CO)11]- and 

free ligand) were observed in the 1H NMR after mixing overnight. Deuterium labeling of 

these sights were also observed. After 72 h, no further new resonances were observed by 

2H NMR spectroscopy (Figure 3.3A). 

Hydride Transfer. Complex 1 (0.010 g, 16 µmol) was prepared in 0.4 mL of THF 

at -20 °C, and the orange solution was treated with 0.3 mL of THF containing 

NEt4[MeOtBu2ArO] (0.012 g, 33 µmol). The solution was filtered through Celite in to a 

vial containing [TolIm]BArF (0.042 g, 35.6 µmol). The solution was transferred to a high-

pressure NMR tube. Following injection of 100 psi (~7 atm) of D2 gas into the NMR tube, 

the reaction solution was gently mixed by periodic inversion using Stuart Rotator SB2. 

After 48 h, three new resonances were observed by 2H NMR spectroscopy at 6.12, 5.57, 

and 2.22 ppm corresponding to TolImD, MeOtBu2ArOD, and an unassigned peak at 2.22 

ppm, respectively (Figure 3.3B). The unassigned peak at 2.22 ppm may correspond to 

deuteration of the methyl group of the 4-tolyl substituent of the substrate, which is observed 

at 2.25 ppm in the 1H NMR spectrum. The mechanism of this process though is currently 

not understood.  

D2/H2 activation and generation of [HFe(CO)4]-. Complex 1 (0.010 g, 16 µmol) 

was prepared in 0.4 mL of THF (or d8-THF) at -20 °C, and the orange solution was treated 
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with 0.3 mL of THF (or d8-THF) containing NEt4[MeOtBu2ArO] (0.012 g, 33 µmol). The 

solution was transferred to a high-pressure NMR tube. Following injection of 100 psi (~7 

atm) of D2 or H2 gas into the NMR tube, the reaction solution was gently mixed by periodic 

inversion using Stuart Rotator SB2. After 48 h, two new resonances were observed by 1H 

NMR spectroscopy at 5.56 ppm and -8.87 ppm. These resonance at -8.87 ppm 

corresponding to [HFe(CO)4]- was first observed within one hour of mixing. In the 2H 

NMR spectrum, resonances were observed at 5.34, 2.51, -8.87 ppm (Figure 3.3C). 

Generation of [HFe(CO)4]- species with NaHBEt3. Complex 1 (0.010 g, 16 

µmol) was prepared in 0.4 mL of d8-THF at -20 °C, and the orange solution was treated 

with 0.3 mL of d8-THF containing NEt4[MeOtBu2ArO] (0.006 g, 16 µmol) to generate 

deprotonated 2 in situ. Next, NaHBEt3 (14 µL, 14 µmol, 1.0 M in THF) was added and the 

reaction was monitored by 1H NMR spectroscopy for generation of the Fe-H species at -

8.8 ppm.  

PPN[HFe(CO)4] and [TolIm]BArF. PPN[HFe(CO)4](0.009 g, 13 µmol) and 

[TolIm]BArF (0.032 g, 26 µmol) were dissolved in 0.75 mL d8-THF and the solution was 

transferred to a J-Y NMR tube. The reaction solution was gently mixed by periodic 

inversion using Stuart Rotator SB2. After 48 h, the hydride transfer product TolImH was 

not observed by NMR spectroscopy. 

Formation of 2X[Fe2(CO)8] from PPN[HFe(CO)4]. NEt4[MeOtBu2ArO] (0.005 

g, 13 µmol) was added to a d8-THF solution containing PPN[HFe(CO)4] (0.009 g, 13 µmol) 

and [TolIm]BArF (0.016 g, 13 µmol). The formation of 2X[Fe2(CO)8] was observed within 

10 minutes evidenced by precipitation of a dark red solid. The dark red solid was confirmed 

to be 2X[Fe2(CO)8] by IR spectroscopy. The counterion of [Fe2(CO)8]- may be PPN or 

NEt4.  
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[(Anth•CH2NSMe)Fe(CO)4]Li conversion to Li[HFe(CO)4]. A portion of 

Anth•CH3NSMe ligand (0.060 g, 0.15 mmol) was prepared in 5 mL of THF under N2 

atmosphere in Schlenk line. After cooling the solution to 0 °C, 1.6 M n-BuLi in hexanes 

(96 µL, 0.15 mmol) was added dropwise into the solution and stirred for 30 minutes. Next, 

the reaction solution was cooled to -80 °C, and Fe(CO)5 (20 µL, 0.15 mmol) diluted in 3 

mL of THF was slowly added to the solution and the solution was slowly warmed to -20 

°C while stirring for 3 h under dark conditions. The solvent was removed and the product 

was returned to the glovebox and washed with pentane. A portion (0.010 g) of the product 

was dissolved 0.7 mL THF and incubated with 100 psi D2 gas in a high-pressure NMR 

tube. The reaction was monitored for two days by 2H NMR spectroscopy, but did not alone 

indicate D2 activation. Addition of MeOtBu2ArOD (0.008 g, 35 µmol) to the solution 

resulted in new resonances at 2.50 and -8.84 ppm in the 2H NMR spectrum, indicating free 

ligand and Li[HFe(CO)4] formation, respectively.  

3.10.6 X-Ray Diffraction Data Collection and Structural Refinement 

[(Anth•CH2NSoff)Fe(CO)2(Br)(AsPh3)] (2). Crystals grew as thin, orange prisms 

by slow diffusion of pentane into a FPh solution of the complex at −20 °C. The data crystal 

had approximate dimensions; 0.236 × 0.128 × 0.076 mm. The dataset was collected on an 

Agilent Technologies SuperNova Dual Source diffractometer using a μ-focus Cu Kα 

radiation source (λ = 1.5418 Å) with collimating mirror monochromators. The data were 

collected at 100 K using an Oxford Cryostream low temperature device. Details of crystal 

data, data collection and structure refinement are listed in Table S1. Data collection, unit 

cell refinement and data reduction were performed using Agilent Technologies 

CrysAlisPro V 1.171.37.31.122 The structure was solved by direct methods using 

Superflip123 and refined by full-matrix least-squares on F2 with anisotropic displacement 
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parameters for the non-H atoms using SHELXL-2016/6.124 Structure analysis was aided by 

use of the programs PLATON98,117 WinGX,118 and OLEX2.125 The hydrogen atoms were 

calculated in ideal positions with isotropic displacement parameters set to 1.2 × Ueq of the 

attached atom (1.5 × Ueq for methyl hydrogen atoms).  

The function Sw(|Fo|2 – |Fc|2)2 was minimized w = 

1/[(S2(Fo2))+(0.0723*P)2+1.6636*P], where P = (|Fo|2+2|Fc|2)/3. Rw(F2) refined to 0.1115, 

with R(F) equal to 0.0417 and a goodness of fit, S, = 1.032. Definitions used for calculating 

R(F), Rw(F2) and the goodness of fit, S, are given below.119 The data were checked for 

secondary extinction effects, but no correction was necessary. Neutral atom scattering 

factors and values used to calculate the linear absorption coefficient are from the 

International Tables for X-ray Crystallography (1992).120 All figures were generated using 

SHELXTL/PC.121 A fluorobenzene solvent molecule is disordered around a 

crystallographic inversion center at fractional coordinates ½, ½, 1.   

[(Anth•CHNSoff)Fe(CO)2(MeCN)]2 (3). Crystals grew as clusters of yellow prisms 

from an MeCN solution of the complex stored at −20 °C. The data crystal had approximate 

dimensions; 0.222 × 0.111 × 0.051 mm. The dataset was collected on an Agilent 

Technologies SuperNova Dual Source diffractometer using a μ-focus Cu Kα radiation 

source (λ = 1.5418 Å) with collimating mirror monochromators. A total of 1854 frames of 

data were collected using w-scans with a scan range of 1° and a counting time of 10 seconds 

per frame for frames collected with a detector offset of +/- 39.8° and 12.5 seconds per 

frame with frames collected with a detector offset of 108.6°. The data were collected at 

100 K using an Oxford Cryostream low temperature device. Details of crystal data, data 

collection and structure refinement are listed in Table S2. Data collection, unit cell 

refinement and data reduction were performed using Rigaku Oxford Diffraction’s 

CrysAlisPro V 1.171.40.39a.122 The structure was solved by direct methods using 
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SHELXT116 and refined by full-matrix least-squares on F2 with anisotropic displacement 

parameters for the non-H atoms using SHELXL-2016/6.124 Structure analysis was aided by 

use of the programs PLATON98,117 WinGX,118 and OLEX2.125 The hydrogen atoms were 

calculated in ideal positions with isotropic displacement parameters set to 1.2 × Ueq of the 

attached atom (1.5 × Ueq for methyl hydrogen atoms). 

There are two areas of disorder. In one, a methyl-thiophenyl group is disordered by 

rotation about the C-C bond connecting that group to an anthracene ring. In the second 

region, a molecule of MeCN is disordered. Both disordered groups were modeled using 

utility programs available in OLEX2. In the region of the disordered methyl-thiophenyl 

groups, three peaks persisted in the DF map near the S atoms. These atoms were assumed 

to be due to some water molecules. It was also assumed that the three peaks summed to a 

full water molecule. The SOF of these atoms were constrained to sum to 1 using the SUMP 

instruction. Their isotropic displacement parameters were constrained to be equal. 

Hydrogen atoms bound to these water molecules could not be located in a DF map and, 

therefore, were not included in the final refinement model. 

The function Sw(|Fo|2 – |Fc|2)2 was minimized w = 

1/[(S2(Fo2))+(0.0906*P)2+8.3422*P], where P = (|Fo|2+2|Fc|2)/3. Rw(F2) refined to 0.239, 

with R(F) equal to 0.0904 and a goodness of fit, S, = 1.03. Definitions used for calculating 

R(F), Rw(F2) and the goodness of fit, S, are given below.119 The data were checked for 

secondary extinction effects, but no correction was necessary. Neutral atom scattering 

factors and values used to calculate the linear absorption coefficient are from the 

International Tables for X-ray Crystallography (1992).120 All figures were generated using 

SHELXTL/PC.121 Tables of positional and thermal parameters, bond lengths and angles, 

torsion angles and figures are found elsewhere.  
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Table 3.2 Crystallographic data and refinement parameters for 2 and 3. 

 2 3 
Empirical formula C51H37.50AsBrFeNO3F0.50S2 C68H50Fe2N6O7S2 

Formula weight 964.56 1238.96 
Temperature 99.97(11) K 100.1(6) K 
Wavelength 1.54184 Å 1.54184 Å 

Crystal system Triclinic Triclinic 
Space group P-1 P-1 

Unit cell dimensions a = 9.5758(2) Å            
b = 11.0583(2) Å          
c = 19.9278(3) Å         
a =  92.631(2)° 
b =  94.094(2)° 
g =  91.383(2)° 

a = 12.1400(12) Å           
b = 14.7031(14) Å          
c = 18.3340(17) Å          
a =  85.196(8)° 
b =  78.200(8)° 
g =  68.001(9)° 

Volume 2101.80(7) Å 2970.0(5) Å3 

Z 2 2 
Density (calculated) 1.524 g/cm3 1.385 Mg/m3 

Absorption coefficient 5.710 mm-1 5.067 mm-1 

F(000) 978.0 1280.0 
Crystal size 0.236 x 0.128 x 0.076 mm3 0.222 x 0.111 x 0.051 mm3 

Theta range for data 
collection 

2.225 to 75.377° 2.462 to 74.154° 

Index ranges -12 < =h < =12, -13 < =k < 
=13, -24 < =l < =24 

-15 < =h < =15, -18 < =k < 
=17, -22 < =l < =22 

Completeness to theta = 
67.684° 

99.0% 97.5% 

Data / restraints / parameters 8599 / 22 / 569 11382 / 152 / 871 
Goodness-of-fit on F2 1.033 1.036 

Final R indices [I > 
2sigma(I)] 

R1 = 0.0417, wR2 = 0.1115 R1 = 0.0904, wR2 = 0.2078 

R indices (all data) R1 = 0.0448, wR2 = 0.1151 R1 = 0.1415, wR2 = 0.2386 
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3.12 SPECTROSCOPIC CHARACTERIZATION OF LIGAND SYNTHONS, METAL 
COMPLEXES, AND REACTIVITY STUDIES 

3.12.1 NMR Spectra of Ligand Synthons and Metal Complexes 

 

Figure 3.4 1H NMR (400 MHz) spectrum of Anth•CH3Py•Cl in CDCl3. 
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Figure 3.5 1H NMR (400 MHz) spectrum of Anth•CH3NSMe in d8-THF. 

 

Figure 3.6 1H NMR (400 MHz) spectrum of [(Anth•CH2NSMe)Fe(CO)2(Br)] (1) in d8-
THF. 
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Figure 3.7 1H NMR (600 MHz) spectrum of [(Anth•CHNSoff)Fe(CO)2(MeCN)]2 (3) in d8-
THF. 

 

Figure 3.8 13C NMR (100 MHz) spectrum of [(Anth•CHNSoff)Fe(CO)2(MeCN)]2 (3) in 
d8-THF. 
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Figure 3.9 HSQC NMR spectrum of [(Anth•CHNSoff)Fe(CO)2(MeCN)]2 (3) in d8-THF. 

 

Figure 3.10 1H NMR (600 MHz) spectrum of [(Anth•CHNSoff)Fe(CO)2(MeCN)]2 (3) in 
CD3CN. 
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Figure 3.11 1H NMR (400 MHz) spectrum in d8-THF of independently synthesized 
PPN[HFe(CO)4].  

 

-20-15-10-50510

ppm

-
8
.8
1

1
.7
3

3
.5
8



 132 

3.12.2 IR Spectra of Metal Complexes 

 

Figure 3.12 IR spectrum of a powder sample of [(Anth•CH2NSMe)Fe(CO)2(Br)] (1). 

 

Figure 3.13 Dropcast IR spectrum of [(Anth•CH2NSMe)Fe(CO)2(Br)] (1) in THF. 
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Figure 3.14 IR spectrum of a powder sample of [(Anth•CH2NSoff)Fe(CO)2(Br)(AsPh3)] 
(2). 
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Figure 3.15 Dropcast IR spectra of [(Anth•CH2NSMe)Fe(CO)2(Br)] (1) in THF (top), after 
addition of one equiv. NEt4[MeOtBu2ArO] to form (3) (middle), and one 
equiv. Lut•HBr to regenerate 1 (bottom).  
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Figure 3.16 Dropcast IR spectra of [(Anth•CH2NSMe)Fe(CO)2(Br)] (1) in THF (top), after 
addition of two equiv. KOtBu (middle), and one equiv. Lut•HBr to 
regenerate 1 (bottom).  
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Figure 3.17 IR spectrum of a ground crystalline sample of 
[(Anth•CHNSoff)Fe(CO)2(MeCN)]2 (3).  

 

Figure 3.18 Dropcast IR spectrum of [(Anth•CH2NSMe)Fe(CO)2(Br)] (1) after addition of 
two equiv. NEt4[MeOtBu2ArO] in MeCN.  
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Figure 3.19 IR spectrum of a crystalline solid sample of independently synthesized 
PPN[HFe(CO)4]. 

 

Figure 3.20 IR spectrum of a crystalline solid sample of [Fe2(CO)8]2NEt4 isolated from 
gas experiment in the absence of model substrate [TolIm]BArF. 
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Figure 3.21 IR spectrum of a powder solid sample of (NEt4)2[Fe2(CO)8] isolated from the 
reaction of PPN[HFe(CO)4] with NEt4[MeOtBu2ArO] base.  

 

Figure 3.22 Drop-cast IR spectrum of product resulting from lithiation of Anth•CH3NSMe 
ligand and addition of Fe(CO)5 in THF to synthesize 
Li[(Anth·CH2NoffSoff)Fe0(CO)4].  
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3.12.3 1H and 2H NMR Spectra of Reactivity Studies 

 

Figure 3.23 2H NMR (92 MHz) spectrum in THF of [(Anth•CH2NSMe)Fe(CO)2(Br)] (1) 
after addition of two equiv. NEt4[MeOtBu2ArO] and D2 demonstrating new 
resonances at 5.56 ppm and -8.87 ppm corresponding to MeOtBu2ArOD and 
an Fe-D species, respectively. 
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Figure 3.24 1H NMR (400 MHz) spectrum in d8-THF of the reaction between 3, H2, and 
[TolIm]BArF demonstrating that free ligand at 2.55 ppm and X[HFe3(CO)11] 
formation.  
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Figure 3.25 2H NMR (92 MHz) spectrum in THF from the reaction of 1, 2 equiv of 
NEt4[MeOtBu2ArO], and D2 (7 atm). Deuterium incorporation in to free 
ligand Anth•CH3NSMe observed at 2.51 ppm is associated with 
decomposition of the acyl unit upon formation [HFe(CO)4]NEt4. 
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Figure 3.26 Stacked 1H NMR (400 MHz) spectrum in d8-THF demonstrating generation 
of [HFe(CO)4]NEt4 from the reaction of 1, 2 equiv of NEt4[MeOtBu2ArO], 
and H2 (7 atm) in the absence of substrate. The top spectrum is 1 hour after 
addition of gas and the bottom spectrum is 12 hours after addition of gas.  
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Figure 3.27 1H NMR (400 MHz) spectrum in d8-THF demonstrating generation of 
[HFe(CO)4]NEt4 (Fe-H species observed at -8.8 ppm) by treatment of 1 with 
1 equiv NEt4[MeOtBu2ArO] and 0.9 equiv NaHBEt3. 

  

-15-10-50510

ppm

-
8
.8
3

1
.7
3

3
.5
8



 144 

 

Figure 3.28 1H NMR (400 MHz) spectrum in d8-THF demonstrating line broadening after 
addition of NEt4[MeOtBu2ArO] to PPN[HFe(CO)4] consistent with the 
formation of (NEt4)2[Fe2(CO)8].  
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Figure 3.29 1H NMR (400 MHz) spectrum in d8-THF of the reaction between synthesized 
PPN[HFe(CO)4] and [TolIm]BArF substrate after 24 hours, indicating 
formation of TolImH (6.14 ppm) and [HFe3(CO)11]- (-14.8 ppm).  
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Figure 3.30 Overlaid 1H NMR (400 MHz) spectrum in d8-THF from the reaction of 1, 2 
equiv of NEt4[MeOtBu2ArO], and H2 (7 atm) (black) and the free ligand 
Anth•CH3NSMe (gray) demonstrating free ligand is generated upon formation 
[HFe(CO)4]NEt4.  

 

Figure 3.31 Overlaid 1H NMR (400 MHz) spectrum in d8-THF from the reaction of 1, 1 
equiv of NEt4[MeOtBu2ArO], and NaHBEt3 (black) and the free ligand 
Anth•CH3NSMe (gray) demonstrating free ligand is generated upon formation 
[HFe(CO)4]NEt4.  

6.57.07.58.08.59.0

ppm

6.57.07.58.08.5

ppm



 147 

 

Figure 3.32 2H NMR (92 MHz) spectrum in THF of the reaction between independently 
synthesized Li[(Anth·CH2NoffSoff)Fe0(CO)4] and MeOtBu2ArOD.  

-10-50510

ppm

-
8
.8
4

1
.7
3

2
.5
0

3
.3
4

3
.5
8

4
.5
3

5
.5
5



 148 

Chapter 4: Incorporation of Anthracene-Scaffolded Model Complexes 
into Protein Hosts 

4.1 INTRODUCTION  

The preceding work of this dissertation has described the synthesis of [Fe]-

hydrogenase model systems capable of performing H2 activation and, in one case, hydride 

transfer to a biomimetic substrate. Notably, the two model systems were incapable of 

performing the reverse reaction, or hydride abstraction from the biomimetic substrate. This 

mono-directional reactivity is consistent with previously reported work from the Rose 

group describing the preparation of a model compound capable of hydride abstraction from 

a methylene-H4MPT model substrate77, but not hydride transfer. Indeed, synthetic systems 

commonly exhibit a reactivity bias in comparison to the enzymes that inspire them, 

resulting from the absence of important non-covalent interactions in the secondary 

coordination sphere.  

In [Fe]-hydrogenase, two important secondary coordination sphere interactions can 

be readily identified in the periphery of the active site that may affect enzyme functionality. 

First, the pyridone-O has been invoked as the putative proton acceptor during heterolytic 

H2 cleavage on the basis of structural and computational studies. The importance of this 

functionality has been further supported by reconstitution studies of the Hmd protein with 

synthetic model compounds bearing 6-methoxy substitution in contrast to a 6-hydroxyl 

group. The protein reconstituted with the complex containing a 6-methoxy group did not 

exhibit functional reactivity, while the protein reconstituted with the model compound that 

contained a 6-hydroxyl group exhibited modest functional H2 activation and hydride 

transfer, supporting the role of the deprotonated pyridinol as a base in catalysis. 

Furthermore, the Hmd enzyme exhibits a functional preference/bias for H2 generation at 

pH=6.5 and H2 activation and hydride transfer at pH=7.5, which is likely associated with 
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the protonation/de-protonation of this important moiety. Second, a short hydrogen-bonding 

(H-bond) network exists in the secondary coordination sphere involving the acyl unit as 

depicted in Figure 4.1. The importance of this H-bond network in the context of the greater 

protein structure of the Hmd enzyme and the active site geometry and reactivity has not 

been explored. Interestingly, the Fe-C (acyl) bond distance measuring 1.88 Å in the enzyme 

active site (as determined by atomic-resolution protein crystallography and EXAFS 

measurements) is consistently shorter than that observed in model complexes (1.91 Å-2.02 

Å).  

 

Figure 4.1 Plot of Fe-Cacyl bond distances in the Hmd enzyme and model complexes and 
structurally related organometallic complexes. Plot was constructed by 
Professor Michael J. Rose and Dr. Zhulin Xie and provided for reference.  

In this work, we have endeavored to develop a system in which we can study 

secondary coordination sphere interactions on the structure and reactivity of [Fe]-

hydrogenase model systems. This chapter will first describe the design principles of such 

a system in the context of the anthracene-scaffolded model compounds previously 

discussed, the synthesis and stability of relevant ligands and metal complexes, and consider 

future approaches.  
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4.2 ARTIFICIAL METALLOENZYME APPROACHES  

The attractive catalytic properties (i.e. high specificity, high selectivity, mild 

catalytic conditions) demonstrated by enzymes in Nature has long inspired the efforts of 

synthetic chemists. The recognition that much of the specificity associated with naturally 

occurring enzyme catalysts results from influences of the greater protein matrix has newly 

motivated the development of artificial metalloenzyme (ArMs) systems. A variety of 

methods to develop ArMs have emerged and will be briefly described in order to provide 

context for the design rationale presented within this chapter.  

One class of ArMs substitutes non-native metal centers into well-characterized 

protein systems to impart novel function. One such example is the substitution of Ir for Fe 

in the heme proteins myoglobin and the cytochrome P450 CYP119 by Hartwig and 

coworkers.145 The resulting ArMs demonstrated improved performance for 

cyclopropanation and C-H insertion, with the latter CYP119 mutant demonstrating TONs 

nearly equal to natural P450s.146 In another example, the well-studied electron-transfer Cu 

protein azurin has been substituted with Ni in order to develop model systems that 

approximate both [NiFe]-hydrogenase and acetyl CoA synthase reactivity.147 

Another method involves reconstitution of enzymes with closely related structural 

analogues of native cofactors. One common example that further demonstrates the broad 

versatility and flexibility of ArMs is the reconstitution of myoglobin proteins with modified 

porphyrin-like structures148 that complements the previously described metal-substitution 

capabilities. As aforementioned, this method was utilized by Shima and coworkers in order 

to probe the mechanistic importance of the pyridone-O by reconstituting the [Fe]-

hydrogenase enzyme with a synthetic model compound developed by Hu and coworkers.74 

One prospective shortcoming of this system, however, is the possibility of non-specific 
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binding of the non-native cofactor upon reconstitution in the apoenzyme due to minor 

structural alterations. 

The covalent attachment of non-native synthetic molecules directly to proteins 

represents another method utilized in the development of ArMs. This may include (i) the 

direct, dative coordination of an amino acid residue side chain (i.e. histidine, cysteine, etc.) 

to the metal center of the introduced target or (ii) covalent attachment via a bioconjugate 

functionality of the ligand that does not directly involve coordination of the metal center. 

A ruthenacyclic carbamoyl synthetic compound prepared as a structural [Fe]-hydrogenase 

mimic was bound to the papain protein via coordination of a free cysteine sulfur.149 Similar 

to [Fe]-hydrogenase, the resulting ArM contained a single proteinaceous ligand donor in 

the form a cysteinyl thiolato-S. One common synthetic bioconjugate group incorporated 

into ligand systems is the maleimide functionality. Non-reversible bioconjugation results 

from the nucleophilic attack of the thiolato-S of a cysteine residue on the electrophilic 

maleimide group. This method has been used extensively in chemical biology and in the 

development of ArMs. One example includes the covalent attachment of a (μ-S)2Fe2(CO)6 

[FeFe]-hydrogenase mimic in the cavity of nitrobindin (NB), a b-barrel protein, for 

hydrogen evolution.150  

Lastly, the supramolecular, non-covalent host|guest interactions of specific 

protein|substrate systems have been leveraged for the development of ArMs. In these 

systems, the high binding affinity of the protein host for a guest substrate is exploited, 

enabling introduction of a synthetic system in to a well-defined location in the protein 

matric. Two supramolecular systems include: (i) the biotin-Streptavidin (Sav) technologies 

pioneered by Whitesides151, and matured by the Ward lab152 and (ii) the affinity of b-

lactoglobulin (b-LG) for fatty acid chains developed by Salmain and coworkers.153–155 The 

biotin-Sav technology has enabled development of multiple ArM systems capable of an 
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array of catalytic reactions156 and proven useful in synthetic model systems.157,158 

Additionally, this system uniquely offers relative ease of structural determination via 

protein X-ray crystallography to complement solution measurements. The use of b-LG as 

a platform for ArMs is overall less developed than biotin-Sav technologies, but has 

similarly facilitated structural correlations in understanding observed selectivity in a Rh 

ArM system.154  

4.3 AN ANTHRACENE-SCAFFOLDED [FE]-HYDROGENASE ARM  

The motivating design principles for the development of a first-generation 

anthracene-scaffolded [Fe]-hydrogenase ArM included: (i) relative ease of accessibility to 

synthetic derivatives of the parent anthracene-scaffold (ii) precedence for obtaining 

structural characterization of ArM to complement purely synthetic system. Despite the 

noted synthetic difficulty in the development of the anthracene ligand scaffold in 

comparison to other ArM systems, the three-membered chelate of the anthracene-

scaffolded systems has demonstrated greater thermal and light stability in comparison to 

other purely synthetic Hmd model systems and, thus, could be important obtaining 

corroborating structural characterization. Furthermore, the studies by Shima and coworkers 

utilizing synthetic model complexes to reconstitute the Hmd enzyme demonstrated 

diminished thermal stability in comparison to the enzyme reconstituted with the native 

FeGP cofactor and were inactivated by light, as observed with the case of the wild-type 

enzymes.74  

 We believe that the supramolecular approach will best meet the outlined needs in 

comparison to other previously utilized ArM technologies. The overarching advantage of 

such systems is the ability to prepare well-defined synthetic compounds and introduce them 

in a precise location within the protein matrix. The b-LG platform provides an easily 
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tunable system to optimize the positioning of the introduced anthracene-scaffolded 

complex as a function of the appended fatty acid chain length. Furthermore, alkylation of 

the anthracene ligand can be achieved in the same number of steps as the synthesis of the 

[Anth·pyNH2·SH]·HCl ligand discussed in Chapter 2 of this thesis (see section 4.5). 

Biotinylation of the anthracene ligand, while accessible, does not enable facile optimization 

of the synthetic guest molecule and, due to the large size of the anthracene ligand, results 

in unfavorable positioning within the tetrameric structure of Sav. Based on preliminary 

ligand syntheses, derivatization of the anthracene ligand with a pendant maleimide 

functionality for bioconjugation is also a feasible route (see Appendices); however, further 

consideration of proper protein host systems is necessary.  

4.4 BETA-LACTOGLOBULIN 

b-lactoglobulin is the major component of whey protein in cow, sheep, and other 

mammals’ milk. The proteins belong to the lipocalin family and consist largely of an eight 

strand b-barrel. b-LG is a small protein consisting of 162 amino acids with a 18.4 kDa 

mass.159 The function of the protein is not unambiguously defined, but it is known that b-

LG binds hydrophobic molecules, such as saturated and unsaturated fatty acids. At 

physiological pH, the protein exists as a dimer and the barrel of b-LG is readily accessible 

due to a pH dependent structural transition of the EF loop and the Glu89 residue called the 

Tanford transition.160 The hydrophobic protein calyx binds fatty acids with sub-micromolar 

Kd values in approximately 1:1 ratio.161 The aliphatic chain is embedded in the protein 

cavity, stabilized by hydrophic interactions, while the carboxyl group is exposed at the 

barrel opening. 

The structural viability of incorporating an anthracene-functionalized fatty acid 

chain in to b-LG was investigated. A model of the carbamoyl thiolate-containing complex 
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discussed in Chapter 2 functionalized with a twelve carbon fatty acid chain in b-LG was 

derived from existing crystal structures in Figure 4.2 below. The model shows minimal 

steric clash located at a single carbon of the anthracene backbone of the complex and Ile84 

and suggests that the size of the complex is not prohibitive.  

 

Figure 4.2 Model of b-LG | [(n12-Anth·CNHNS)Fe(CO)2(THF)] complex. 

4.5 LIGAND SYNTHESES 

The original synthetic plan was devised starting from the readily available starting 

material 1,8-dichloroanthracene that is frequently synthesized in the Rose group on a 25 

gram scale (see Scheme 4.1). Additionally, we have found that selective bromination at the 

10-position of the 1,8-dichloroanthracene starting material proceeds in high yields on gram 

scales. Selective direct lithiation of 10-bromo-1,8-dichloroanthracene in THF solvent and 

subsequent addition of 1-bromoalkane afforded 10-alkyl-1,8-dichloroanthracene in 
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approximately 45% yields (1.15 g) of product on 2 g scales of 10-bromo-1,8-

dichloroanthracene.  

A more direct route to the target 10-alkyl-1,8-dichloroanthracene synthons was 

found upon inspection of the upstream synthesis of 1,8-dichloroanthracene. In the Rose 

lab, 1,8-dichloroanthracene is bulk synthesized from two successive reductions of 1,8-

dichloroanthraquinone. The intermediate product after the first reduction, 1,8-dichloro-10-

anthrone, may be similarly isolated in high yields with minimal purification and serves an 

ideal coupling partner with the 1-bromoalkane Grignard reagents previously prepared.162 

Furthermore, this reaction can be performed on a relatively large scale with yields that 

accommodate the preparative scale necessary for further downstream functionalization to 

prepare the target ligand. The 10-alkyl-1,8-dichloroanthracene can be asymmetrically 

functionalized by the same methods described in chapter 2 and outlined in Scheme 4.1.  
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Scheme 4.1 Synthetic overview of the alkylated asymmetrically-substituted anthracene 
ligand [Anth·pyNH2·SH]·HCl (bottom). (i),(ii) NaBH4, MeOH; (iii) Br2, 
DCM, 0°Cà25°C (iv) n-BuLi,1-bromoalkane, THF, 0°Cà70°C (v) 
Mg, I2, 1-bromoalkane, Et2O (vi) KOAc, B2pin2, Pd2(dba)3/SPhos, 
K3PO4, 1,8-dichloroanthracene, dioxane/H2O; (vii) KOAc, B2pin2, 
Pd2(dba)3/XPhos, K3PO4, bulky thioether ,dioxane/H2O; (viii) NaH, 
tnonyl-SH, HCl(aq), DMF; (ix) NiPr2Et, Fe(CO)4Br2, DCM, -
80°Cà25°C. 
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4.6 METAL COMPLEX SYNTHESIS AND LIGAND EXCHANGE STUDIES 

Another advantage of this system is that introduction of the bioconjugate functional 

group (i.e. fatty acid chain) was not expected to alter the metalation procedure from that 

described in Chapter 2. Furthermore, the direct structural analogue (i.e. non-alkylated 

complex) has already been structurally characterized, providing a direct comparison for 

structure-function relationships upon incorporation in to the b-LG protein. Metalation of 

the ligand was performed by treatment of the ligand with two equivalents of NiPr2Et at 

room temperature, followed by addition of Fe(CO)4Br2 at -80 °C in DCM. The reaction 

was warmed to room temperature, concentrated in vacuo, and re-dissolved in THF to 

provide the pure complex as outlined in Scheme 4.1. In contrast to the non-alkylated 

complex presented in Chapter 2, this complex does not precipitate from THF. The IR 

spectrum exhibited n(C≡O) features at 2,013 and 1,948 cm-1 (see section 4.13.2, Figure 

4.19) corresponding to the bound carbonyl ligands and another feature at 1,636 cm-1 

corresponding to the carbamoyl n(C=O) stretch. These features in the IR spectrum closely 

approximate those reported for the non-alkylated complex (see section 2.7).  

The complex was subsequently treated with polar solvents that may be used during 

incorporation into b-LG. Treatment of the crude product with MeCN and EtOH solvents 

resulted in similar blue-shifts in the n(C≡O) features in the IR spectrum (Figure 4.3). The 

n(C≡O) features were observed at 2,038, 1,986 and 1,962 cm-1 upon treatment with MeCN 

and 2,041, 1,984 and 1,969 cm-1 upon treatment with EtOH. The change in n(C≡O) 

features upon exposure to MeCN were not expected provided that the MeCN-bound dimer 

structure [(Anth·CNHNS)Fe(CO)2(MeCN)]2 (see section 2.5) did not exhibit dramatically 

blue-shifted features in comparison to the monomer. Thus, it must be considered that upon 

alkylation of the anthracene ligand, the same dimeric structure cannot form due to the 

proximity of the anthracene moieties (~3.6 Å). The observed n(C≡O) features are not 
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consistent with a simple {Fe(CO)2} or {Fe(CO)3} motif, akin to the CO-inhibited form of 

the enzyme with n(C≡O) features observed at 2074, 2020, 1981 cm-1.21 Thus, as informed 

by the strain observed in the anthracene scaffold in the mononuclear complex 

[(Anth·CNHNS)Fe(CO)2(PhCN)] compared to the dimer [(Anth·CNHNS)Fe(CO)2(MeCN)]2 

(see section 2.6), it can be logically inferred that some dimeric or oligomeric structure may 

form in this case as well. Using other model systems in the Rose group for comparison, the 

observed n(C≡O) stretching frequencies are most consistent with an Fe(II) metal center, 

dicarbonyl ligation, and the presence of a single anionic ligand donor. The thermal stability 

of the complex suggests that the carbamoyl unit is intact68, and thus it is possible that the 

thiolato-S atom is in the protonated form as a thiol ligand. The n(C≡O) features upon 

exposure to EtOH also blue-shift and may result from competition with the coordinating 

EtOH solvent. Additionally, EtOH may serve as a bridging ligand, as was observed by 

Pickett in using the related 2-ethylmercaptan in a model Hmd system.48 Furthermore, 

treatment with EtOH results in a new feature around 1,700 cm-1 that may correspond to 

formation of a terminal formamide-like moiety upon protonation of the carbamoyl unit .  
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Figure 4.3 (A) Drop-cast IR spectrum resulting from treatment of crude [(n14-
Anth·CNHNS)Fe(CO)2(THF)] with MeCN. (B) Drop-cast IR spectrum 
resulting from treatment of crude [(n14-Anth·CNHNS)Fe(CO)2(THF)] with 
EtOH. 

4.7 CIRCULAR DICHROISM STUDIES OF LIGAND INCORPORATION 

Circular dichroism (CD) is an absorption spectroscopy technique that measures the 

interaction of circularly polarized light with chiral molecules. Circular dichroism is a 

commonly employed biophysical technique to understand global changes in protein 

structure as the secondary protein structure elements a-helices and b-sheets have 

characteristic signals and the technique is sensitive to the absorption of aromatic amino 

acids.163 In previous systems, the integration of achiral ligands and metal complexes in to 

the barrel of b-LG has induced a signal in the circular dichroism spectrum resulting from 

placement of the guest molecule in a chiral environment.153,155 Frequently, this 

phenomenon is observed as induction of a positive Cotton effect at the absorbance 

wavelength corresponding to the chromophore of the guest molecule. Incorporation of the 

alkylated anthracene ligand synthons, 10-dodecyl-1,8-dichloroanthracene and 10-

tetradecyl-1,8-dichloroanthracene, in to b-LG was investigated with CD.  
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A 50 µM solution of b-LG was prepared in 20 mM phosphate buffer (pH=7.4) and 

titrated with 10 mM solutions of ligand dissolved in 70% EtOH. The pH of the solution 

was maintained at 7.4 in order to ensure that the pH-dependent Tanford transition of the 

EF loop of the protein occurred, enabling access of the aliphatic chain of the ligand to the 

hydrophobic calyx. The CD spectrum was monitored for a change in the ellipticity around 

the maximum absorbance feature of the titrated ligand at 260 nm. However, upon titration 

of one equivalent of 10-dodecyl-1,8-dichloroanthracene, minimal change was observed in 

the CD spectrum between 250-300 nm as shown in Figures 4.4. 

 

Figure 4.4 Circular dichroism spectrum of b-LG titrated with 10-dodecyl-1,8-
dichloroanthracene.  

The b-LG solution was further titrated with four total equivalents of 10-dodecyl-

1,8-dichloroanthracene in the case of poor ligand affinity. A significant increase was 

observed in the ellipticity of the CD spectrum between 250-300 nm; however, rapid 

inversion of the CD signal upon additional equivalents is often indicative of the formation 

of aggregates in solution, likely resulting from hydrophobic interactions of the non-polar 



 161 

ligand molecules in the polar solution. Titration of ligand does not appear to result in 

significant changes in the far UV corresponding to the b-barrel secondary protein structure 

of b-LG as a result of interaction with the anthracene moiety or denaturation resulting from 

treatment with EtOH.  

The titration experiments were also repeated with 10-tetradecyl-1,8-

dichloroanthracene ligands to determine if varying the aliphatic chain length increased the 

magnitude of the induced CD signal as a result of more favorable positioning within b-LG. 

A notable change in the ellipticity of the CD spectrum occurred at approximately 270 nm 

upon titration with 1.2 equivalents of 10-tetradecyl-1,8-dichloroanthracene ligands (Figure 

4.5). A more significant change in the far UV region is observed upon titration of b-LG 

with the 10-tetradecyl-1,8-dichloroanthracene ligand that may indicate a change in the 

protein conformation. However, the CD spectrum alone does not alone provide information 

about the position of the molecule or precise location in the protein.  

 

Figure 4.5 Circular dichroism spectrum of b-LG titrated with 10-tetradecyl-1,8-
dichloroanthracene.  
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Additionally, the change in the induced CD signal in comparison to that reported 

by Salmain and coworkers is small and alone unconvincing of incorporation of the ligand 

in to b-LG.153,155 The rigidity of the substituted anthracene moiety in comparison to the 

more flexible dipyridylamide ligand employed by Salmain may be responsible for the 

negligible induced CD spectrum. It is possible that the protein environment does not impart 

a significant perturbance along the rigidly planar anthracene moiety that induces an 

asymmetric environment to allow the p-p* transitions of the achiral anthracene to be 

induced in the CD spectrum as a result of the differential absorption of left- or right-hand 

circularly polarized light. This could result from the (i) the anthracene lying in a solvent-

exposed region that does not interact with the protein significantly (i.e. not enough steric 

strain to induce CD spectrum) (ii) or the anthracene moiety not being incorporated into the 

protein at all. From the resulting studies, it is evident that the anthracene moiety is not 

interacting with the surface of the b-LG, as this would likely induce a CD response. 

However, the resulting studies from circular dichroism are at present inconclusive and may 

not provide insightful information about guest|host interactions within our system. More 

conclusive insight may be obtained from competition studies between a guest molecule 

known to induce a change in the CD of b-LG upon incorporation and subsequent addition 

of 10-dodecyl-1,8-dichloroanthracene or 10-tetradecyl-1,8-dichloroanthracene to observe 

quenching of the induced signal. Furthermore, incorporation of a more flexible substituent, 

susceptible to smaller environmental changes appended on the anthracene group may 

enable improved analysis using CD.  

4.8 FLUORESCENCE SPECTROSCOPY 

The presence of the aromatic amino acid residues Trp19 and Trp61 of b-LG enable 

study of guest|host interactions using fluorescence spectroscopy and provides more 
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specific structural information about the interaction between the protein and the aliphatic 

chain and a means of calculating the binding constant of exogenous molecules. The Trp19 

residue is located at the bottom of the protein calyx, while Trp61 is a solvent exposed 

residue on the outside of the b-barrel. Thus, the majority of the fluorescence signal is 

contributed by Trp19 due to its hydrophobic environment. In previous studies, binding of 

fatty acid chains has resulted in an increase in the tryptophan fluorescence signal as the 

non-polar hydrophobic chain displaces water in the vicinity of Trp19 within the protein 

calyx.  

A 9.5 µM solution of b-LG was prepared in 20 mM phosphate buffer (pH=7.4) and 

titrated with 2 mM solutions of ligand dissolved in EtOH. The change in the tryptophan 

emission at 335 nm (excitation l=290 nm) was monitored as up to two equivalents of 

ligand were titrated into the solution. Titration of b-LG with solutions of 1,8-

dichloroanthracene, 10-dodecyl-1,8-dichloroanthracene, or 10-tetradecyl-1,8-

dichloroanthracene resulted in quenching of the tryptophan fluorescence emission. This 

contrasts the increase in the emission intensity of tryptophan when b-LG is titrated with 

fatty acid chains, such as oleic acid. The quenching of tryptophan upon titration of the 

alkylated anthracene ligand most reasonably results from fluorescence resonant energy 

transfer (FRET) from tryptophan to the anthracene moiety. The alkylated anthracene 

ligands have weak absorbance features around 360 nm that overlap with the broad Trp 

emission at 335 nm that enable this process to occur. Indeed, titration of 1,8-

dichloroanthracene results in the growth of emission features associated with the ligand 

titrant at around 400 and 420 nm. The same features were not observed with other ligands 

due to the red-shifted emission features of the alkylated anthracene derivatives that were 

outside of the scanning window (see section 4.13.2, Figure 4.22). A b-LG solution was 

also titrated with equivalent volumes of pure EtOH and the Trp emission was monitored to 
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ensure that quenching did not result from denaturing of the protein and solvent exposure 

of the Trp19 residue; unsurprisingly, titration with only EtOH did not result in quenching 

of the Trp fluorescence considering the total volume of the resulting solution was no greater 

than 1% EtOH.164  

The normalized fluorescence response upon titration of b-LG with solutions of 1,8-

dichloroanthracene, 10-dodecyl-1,8-dichloroanthracene, or 10-tetradecyl-1,8-

dichloroanthracene demonstrated differing extents of fluorescence quenching. Titration 

with 10-dodecyl-1,8-dichloroanthracene and 10-tetradecyl-1,8-dichloroanthracene 

quenched approximately 30% and 15% of the Trp fluorescence signal, respectively. 

Interestingly, titration with 1,8-dichloroanthracene that lacks the aliphatic chain resulted in 

quenching of approximately 40% of the observed fluorescence.  
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Figure 4.6 Fluorescence emission spectrum (excitation l=290 nm; emission l=335 nm) 
of b-LG titrated with (A) 10-dodecyl-1,8-dichloroanthracene (B) 10-
tetradecyl-1,8-dichloroanthracene (C) 1,8-dichloroanthracene.  

The efficiency of FRET quenching is dependent on the distance between the donor 

(Trp residues) and acceptor (anthracene ligands), the spectral overlap, and an orientation 

factor describing dipole alignment in the acceptor ground state and donor excited state. 

Interactions of b-LG and 1-aminoanthracene (1-AMA) and pegylated anthracene 

derivatives studied by fluorescence spectroscopy have previously been reported.165 It was 

suggested that fluorescence quenching by 1-AMA results from incorporation of 1-AMA in 

to the hydrophobic protein barrel; however, it was also suggested from changes in the 

excitation spectrum of Trp and lifetime studies that this interaction results in a 
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conformational change in the protein,166 which was also suggested by the CD spectrum of 

b-LG titrated with 10-tetradecyl-1,8-dichloroanthracene. If a conformational change 

occurred and the Trp residues became more solvent exposed, then titration of 10-tetradecyl-

1,8-dichloroanthracene would be expected to cause more efficient quenching. Pegylated 

anthracene derivates were shown to similarly quench fluorescence, but, similar to 1-AMA, 

result in changes in the greater protein structure (aggregation).167 The relative fluorescence 

quenching responses of 1,8-dichloroanthracene, 10-dodecyl-1,8-dichloroanthracene, or 

10-tetradecyl-1,8-dichloroanthracene are qualitatively consistent with an increased 

distance between the donor Trp residue and acceptor anthracene moiety. Further 

information about the nature of the guest|host interactions of alkylated anthracene ligands 

and b-LG may be elucidated by energy transfer studies between the anthracene moiety and 

Trp residues, lifetime studies, and Stern-Volmer plots to assess temperature dependence 

on quenching.  

4.9 PRELIMINARY STABILITY ASSESSMENT  

A preliminary stability assessment of the parent [(Anth·CNHNS)Fe(CO)2(PhCN)] 

complex was performed by treatment of the complex with a mixed solution of MeCN/D2O. 

The parent complex exhibited limited solubility in this solvent mixture, likely as a result 

of the hydrophobic substituted anthracene ligand scaffold and neutral charge of the 

complex. The mixture was partitioned into soluble and insoluble portions by pipette 

column filtration and the IR was analyzed in order to determine if the {Fe(CO)2}2+ motif 

was maintained upon exposure to D2O. The insoluble portion exhibited n(CO) stretching 

frequencies that did not differ significantly from the starting material features. In the 

soluble fraction, the low energy stretch blue-shifted from 1,956 to 1,975 cm-1 upon 

treatment with D2O, while the feature at 2,016 cm-1 corresponding to the symmetric in-
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phase vibration remained unchanged (Figure 4.7). Multiple features are observed 

corresponding to the low-frequency, asymmetric vibration, which may indicate some 

ligand exchange process and incomplete conversion. Additionally, D2O treatment resulted 

in obfuscation of the n(CO) feature associated with the carbamoyl moiety.  

 

Figure 4.7 IR spectrum of the soluble portion of [(Anth·CNHNS)Fe(CO)2(PhCN)] after 
treatment with MeCN/D2O.  

While the decrease in intensity and broadening of the carbamoyl n(CO) feature may 

suggest decomposition of this feature, it is more likely that H/D exchange has occurred at 

the -NH moiety of the carbamoyl group upon treatment with D2O as is common in amide 

groups of proteins.168,169 Furthermore, the Rose group has previously demonstrated that 

this proton is exchangeable, with D-labeled phenols and with D2 gas.77 If N-H/D exchange 

occurred, it is likely that the n(CO) feature of the carbamoyl group has red-shifted and may 

be obscured by other ligand features. The shift in the carbonyl ligand n(CO) features may 

result from exchange of the solvato ligand trans to the carbamoyl group (i.e. D2O 

coordination) or other H-bonding interactions. From these studies, it is evident that the 

{Fe(CO)2}2+ motif was maintained in both cases. However, the experiment was not yet 

performed in buffered solution that will approximate the conditions of future studies. 
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Before completion of a buffered stability assessment, it is likely that the complex should 

be further derivatized to increase solubility to facilitate a more rigorous stability test.  

4.10 CONCLUSIONS AND FUTURE DIRECTIONS 

 At present, there is not sufficient evidence to clearly indicate incorporation of the 

alkylated anthracene ligand into the b-LG host. In comparison to previous studies, the 

induced circular dichroism and fluorescence data collected from titration of b-LG with 

alkylated anthracene ligands is more ambiguous. Further studies with these techniques like 

those suggested above in sections 4.7 and 4.8 will be necessary in order to derive more 

conclusive evidence. Additionally, application of isothermal titration calorimetry (ITC) has 

previously been employed to determine the affinity of substrates for b-LG170 and hydrogen 

exchange mass spectrometry may also provide a means to explore incorporation of 

molecules into the hydrophobic barrel of b-LG.171,172 

Apart from these analytical challenges, one practical and systematic problem with 

the use the alkylated anthracene ligands is solubility. Although these ligands can be 

solubilized in EtOH solutions, it is unclear if they remain soluble upon addition to the 

buffered aqueous solutions containing b-LG. Some possible resolutions to this solubility 

challenge include further functionalization of the anthracene ligands presented with 

sulfonate groups or coordination of anionic ligands to synthesized metal complexes in 

order to increase charge of the guest species. Incorporation of sulfonate groups may present 

a challenge in the metalation of the complex, as these groups have been demonstrated to 

coordinate ferrous iron centers.  

Another possibility is the omission of the anthracene scaffold from the system. In 

this instance, introduction of an aliphatic chain on 2-aminopyridine would generate a less 

hydrophobic ligand that is more likely to be solubilized. This change would result in a 
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complex analogous to that previously synthesized by Pickett and coworkers. Incorporation 

of the thiolato-S donor atom could be achieved by addition of an exogenous thiol reagent 

or by site-directed mutagenesis of b-LG to incorporate a cysteine residue capable of 

binding the introduced guest complex. Though we have demonstrated that anthracene 

scaffolds impart improved stability to model complexes of Hmd, it is logical to predict that 

the non-scaffolded carbamoyl-thiolate complex prepared by Pickett originally may also be 

stable enough to accommodate incorporation into b-LG. Compared to the related acyl-

containing model complexes, these carbamoyl complexes are more thermally stable and 

not reported to be decomposed by light. Thus, these simplified systems may serve as better 

candidates towards our goals of incorporated synthetic model complexes of [Fe]-

hydrogenase into a protein host.  

4.11 EXPERIMENTAL METHODS 

4.11.1 Reagents, Procedures and Physical Methods 

The starting material 2-amino-6-bromobenzothiazole was purchased from Ark 

Pharma, Inc.; 5-bromopyridin-2-amine from Chem Impex, Int’l; Pd(PPh3)4 and Pd2(dba)3 

from Strem; XPhos, SPhos, and NaBH4 from Oakwood; NaI, sodium thiosulfate, K3PO4, 

KOH, KOAc, NaBr, and Ba(OH)2•8H2O from Fisher Scientific, 1,8-

dichloroanthroquinone, 1-bromododecane, 1-bromotetradecane from Alfa Aesar; 

bis(pinacolato)diboron (B2Pin2) from Frontier Scientific; tert-nonyl mercaptan and b-

lactoglobulin from bovine milk (lyophilized powder) from Sigma-Aldrich; 1-

bromotetradecane from Acros Organics. Deuterated solvents were purchased from 

Cambridge Isotope Laboratories. All reagents were purchased and used without further 

purification.  
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The compounds of [Fe(CO)4(Br)2]48, 1,8-dichloroanthracene110,111, 1,8-dichloro-

10-alkylanthracene162 were synthesized following the literature procedures. Solvents used 

for synthesis were procured from Fisher Scientific and dried over alumina columns using 

a Pure Process Technology solvent purification system, and stored over 3 Å molecular 

sieves until use; THF was stored over 3 Å molecular sieves and small pieces of sodium.  

Infrared spectra were recorded on a Bruker Alpha spectrometer equipped with a 

diamond ATR crystal. All cross-coupling reactions and syntheses of metal complexes were 

performed under N2 atmosphere as using Schlenk technique or glovebox. The routine 1H 

and 13C were collected using Varian DirecDrive 400 MHz and 500 MHz. Circular 

dichroism spectra were measured using a J-815 CD spectrometer (JASCO). Fluorescence 

spectroscopic measurements were made using an Agilent Cary Eclipse fluorescence 

spectrofluorimeter. Mass spectrometry (MS) data were collected on an Agilent 

Technologies 6530 Accurate Mass Q-Tof LC/MS (ESI, APPI) or Micromass Autospec 

Ultima (CI). 

4.11.2 Ligand Syntheses 

1,8-Dichloro-10-alkylanthracene. General Procedure162: A solution of alkyl 

magnesium bromide was prepared from the corresponding alkyl bromide (76.0 mmol, 4 

eq.) and Mg (76.0 mmol, 4 eq.) activated over I2 in dry Et2O (100 mL). The solution was 

transferred by cannula to a clean, dried Schlenk flask to remove Mg shavings. 4,5-dichloro-

9-anthrone (5.0 g, 19.0 mmol) was added as a solid to solution at room temperature under 

nitrogen. The reaction was stirred overnight and quenched with a saturated NH4Cl(aq) 

solution (50 mL). The organic layer was collected and the aqueous layer was extracted with 

Et2O. The combined organic layers were dried over Na2SO4 and concentrated. The crude 
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material was purified column chromatography on silica gel with hexane as an eluent to 

afford the product as a bright yellow solid.  

1,8-Dichloro-10-dodecylanthracene. Yield: 3.0127 g (38%). 1H NMR (400 MHz, 

CDCl3): 9.27 (s, 1H), 8.20 (d, 2H), 7.63 (d, 2H), 7.44 (dd, 2H), 3.58 (m, 2H), 1.78 (quintet, 

2H), 1.55 (quintet, 2H), 1.15–1.45 (m, 16 H), 0.88 ppm (t, 3H). HR-MS (APPI) calcd. for 

[C26H32Cl2+H]+: 415.1954; found: 415.1953. 

1,8-Dichloro-10-tetradecylanthracene. Yield: 3.2146 g (38%). 1H NMR (400 

MHz, CDCl3): 9.27 (s, 1H), 8.20 (d, 2H), 7.63 (d, 2H), 7.44 (dd, 2H), 3.58 (m, 2H), 1.78 

(quintet, 2H), 1.39 (quintet, 2H), 1.26 (s, 20 H), 0.88 ppm (t, 3H). HR-MS (APPI) calcd. 

for [C28H36Cl2+H]+: 443.2267; found: 443.2275. 

1,8-Dichloro-10-octadecylanthracene. Yield: 1.7585 g () 1H NMR (400 MHz, 

CDCl3): 9.25 (s, 1H), 8.19 (d, 2H), 7.62 (d, 2H), 7.42 (dd, 2H), 3.57 (m, 2H), 1.76 (quintet, 

2H), 1.38 (quintet, 2H), 1.24 (s, 32 H), 0.86 ppm (t, 3H). 

5-(8-Chloro-10-alkylanthacene)pyridine-2-amine. General Procedure: Under a 

dinitrogen atmosphere, a Schlenk flask was prepared with 2-amino-5-bromopyridine (1 

equiv.), potassium acetate (3 equiv.), bis(pinacolato)diboron (B2Pin2) (1.1 equiv.) and 3% 

by mol Pd2(dba)3 (2%) with SPhos (8%) in dry dioxane (100 mL). The solution was 

refluxed for six hours. Degassed solutions of K3PO4 (3 equiv.) in H2O (15 mL) and 1,8-

dichloro-10-alkylanthracene (1 equiv.) in dioxane (20 mL) were added to the flask under a 

constant stream of dinitrogen. The resulting solution was refluxed overnight. The cooled 

solution was filtered over Celite, concentrated in vacuo, and column purified by gradient 

elution with hexanes:EtOAc (7:1 to 1:1). The product was isolated as a yellow-orange 

powder. 

5-(8-Chloro-10-dodecylanthracen-1-yl)pyridine-2-amine. Reaction completed 

on 0.4164 g scale in 2-amino-5-bromopyridine. Yield: 0.4199 g (37%). 1H NMR (400 
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MHz, CDCl3): δ 8.86 (s, 1H), 8.28 (m, 2H), 8.21 (d, 1H), 7.73 (dd, 1H), 7.63 – 7.51 (m, 

2H), 7.45 – 7.35 (m, 2H), 6.72 (d, 1H), 4.69 (br s, 2H), 3.67 – 3.58 (m, 2H), 1.81 (m, 2H), 

1.41 (d, 2H), 1.24 (s, 16H), 0.88 (t, 3H). HR-MS (ESI) calcd. for [C31H37ClN2+H]+: 

473.2718; found: 473.2725. 

5-(8-Chloro-10-tetradecylanthracen-1-yl)pyridine-2-amine. Reaction 

completed on 0.4164 g scale in 2-amino-5-bromopyridine. Yield: 0.6369 g (53%). 1H NMR 

(400 MHz, CDCl3): δ 8.86 (s, 1H), 8.28 (m, 2H), 8.20 (d, 1H), 7.73 (dd,1H), 7.60 – 7.53 

(m, 2H), 7.43 – 7.38 (m, 2H), 6.72 (d, 1H), 4.65 (s, 2H), 3.67 – 3.57 (m, 2H), 1.82 (m, 2H), 

1.42 (m, 2H), 1.26 (s, 20H), 0.88 (t, 3H). HR-MS (ESI) calcd. for [C33H41ClN2+H]+: 

501.3031; found: 501.3036. 

5-(8-Chloro-10-octadecylanthracen-1-yl)pyridine-2-amine. Reaction 

completed on 0.6089 g scale in 2-amino-5-bromopyridine. Yield: 0.7266 g (40%). 8.84 (s, 

1H), 8.28 (m, 2H), 8.20 (d, 1H), 7.73 (dd,1H), 7.60 – 7.53 (m, 2H), 7.43 – 7.38 (m, 2H), 

6.72 (d, 1H), 4.84 (s, 2H), 3.62 (m, 2H), 1.26 (s, 32H), 0.88 (t, 3H). 

5-(8-(2',6'-Dimethyl-2-(methylthio)-[1,1'-biphenyl]-4-yl)-10-alkylanthracen-1-

yl)pyridin-2-amine. General Procedure: Under a dinitrogen atmosphere, a Schlenk flask 

was prepared with 4-bromo-2',6'-dimethyl-[1,1'-biphenyl]-2-yl(methyl)sulfane (1 equiv.), 

potassium acetate (3 equiv.), bis(pinacolato)diboron (B2Pin2) (1.5 equiv.) and 2% by mol 

Pd2(dba)3 with XPhos (16%) in dry dioxane (50 mL). The solution was refluxed overnight, 

affording a dark brown solution. Degassed solutions of K3PO4 (3 equiv.) in H2O (10 mL) 

and 5-(8-chloro-10-alkylanthracen-1-yl)pyridin-2-amine (1 equiv.) in dioxane (20 mL) 

were added to the flask under a constant stream of dinitrogen. The resulting brown-orange 

solution was refluxed overnight. The cooled solution was filtered over Celite, concentrated 

in vacuo, and column purified in a gradient elution with hexanes:EtOAc (7:1 to 1:1). The 

product was isolated as a yellow powder. 
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5-(8-(2',6'-Dimethyl-2-(methylthio)-[1,1'-biphenyl]-4-yl)-10-

dodecylanthracen-1-yl)pyridin-2-amine. Reaction completed on 0.3000 g scale in 4-

bromo-2',6'-dimethyl-[1,1'-biphenyl]-2-yl(methyl)sulfane. Yield: 0.2210 (37%). 1H NMR 

(400 MHz, CDCl3)) δ 8.61 (s, 1H), 8.32 (m, 2H), 8.14 (d, 1H), 7.64 – 7.54 (m, 3H), 7.48 

(d, 1H), 7.36 – 7.28 (m, 3H), 7.17 (m, 2H), 7.09 (d, 1H) 6.49 (d, 1H), 4.48 (br s, 2H), 3.69 

(m, 2H), 2.25 (s, 3H), 2.08 (s, 6H), 1.90 (m, 2H), 1.47 (m, 2H), 1.37 – 1.22 (m, 16H), 0.89 

ppm (t, 3H). HR-MS (ESI) calcd. for [C46H52N2S+H]+: 665.3924; found: 665.3916. 

5-(8-(2',6'-Dimethyl-2-(methylthio)-[1,1'-biphenyl]-4-yl)-10-

tetradecylanthracen-1-yl)pyridin-2-amine. Reaction completed on 0.5001 g scale in 4-

bromo-2',6'-dimethyl-[1,1'-biphenyl]-2-yl(methyl)sulfane. Yield: 0.2268 (20%) 1H NMR 

(400 MHz, CDCl3) δ 8.50 (s, 1H), 8.32 (m, 2H), 8.04 (s, 1H), 7.68 – 7.56 (m, 4H), 7.53 

(m, 1H), 7.41 (m, 2H), 7.36 – 7.28 (m, 4H), 7.15 (m, 3H), 7.09 (m, 2H), 6.57 (d, 1H), 3.69 

(m, 2H), 2.25 (s, 3H), 2.06 (s 6H), 1.88 (m, 2H), 1.62 (m, 2H), 1.26 (s, 20H), 0.87 ppm (t, 

3H). HR-MS (ESI) calcd. for [C48H56N2S+H]+: 693.4237; found: 693.4246. 

5-(8-(2',6'-Dimethyl-2-(methylthio)-[1,1'-biphenyl]-4-yl)-10-

octadecylanthracen-1-yl)pyridin-2-amine. Reaction completed on 0.4006 g scale in 4-

bromo-2',6'-dimethyl-[1,1'-biphenyl]-2-yl(methyl)sulfane. Yield: 0.2595 (27%) 1H NMR 

(400 MHz, CDCl3) δ 8.55 (s, 1H), 8.33 (m, 2H), 8.08 (d, 1H), 7.66 – 7.54 (m, 5H), 7.48 

(m, 1H), 7.36 – 7.28 (m, 3H), 7.18 (m, 2H), 7.09 (d, 1H), 6.56 (d, 1H), 4.95 (br s, 2H), 3.69 

(m, 2H), 2.26 (s, 3H), 2.07 (s 6H), 1.90 (m, 2H), 1.45 (m, 2H), 1.26 (s, 32H), 0.88 ppm (t, 

3H). 

4-(8-(6-Aminopyridin-3-yl)-10-alkylanthracen-1-yl)-2',6'-dimethyl-[1,1'-

biphenyl]-2-thiol. General Procedure: Under inert atmosphere, sodium hydride (2 

equiv.) was suspended in DMF (3 mL). Tert-nonylmercaptan (2 equiv.) was added 

dropwise to the solution of sodium hydride forming a colorless solution following the 
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evolution of H2 gas. A DMF solution (3 mL) of 5-(8-(2',6'-dimethyl-2-(methylthio)-[1,1'-

biphenyl]-4-yl)-10-alkylanthracen-1-yl)pyridin-2-amine (1 equiv.) was added to the flask 

and the resulting red-orange solution was refluxed 4 hours under dinitrogen. The solution 

was cooled and the product was precipitated by addition to a solution (120 mL) of 3 M 

HCl. The product was collected by vacuum filtration and washed with water, before drying 

under high vacuum. The product was isolated as a yellow-green sticky solid. 

4-(8-(6-Aminopyridin-3-yl)-10-dodecylanthracen-1-yl)-2',6'-dimethyl-[1,1'-

biphenyl]-2-thiol. 1H NMR (400 MHz, CDCl3) δ 8.37 (m, 2H), 8.27 (s, 1H), 7.92 (s br, 

1H), 7.81 (s br, 1H), 7.64 (dd, 1H), 7.57-7.57 (m, 2H), 7.28 (m, 2H), 7.19 (m, 2H), 7.15 

(m, 2H), 7.09 (d, 1H), 6.93 (s br, 1H), 3.79 (m, 2H), 2.29 (s, 3H), 2.05 (s 6H), 1.89 (m, 

2H). Aliphatic region contains impurities associate with tert-nonylmercaptan reagent.  

4.11.3 Circular Dichroism Experiments 

A bLG solution (50 uM in 20 mM phosphate buffer, pH=7.4) was titrated with the 

alkylated anthracene ligands (10 mM in 70% EtOH). The solutions were mixed by pipette 

and allowed to equilibrate for 1 minute before the CD spectrum was acquired.  

4.11.4 Fluorescence Quenching Experiments  

A bLG solution (9.5 uM in 20 mM phosphate buffer, pH=7.4) was titrated with the 

alkylated anthracene ligands, 1,8-dichloroanthracene, or oleic acid (2 mM in EtOH). The 

solutions were mixed by pipette and allowed to equilibrate for 2 minutes before the 

fluorescence emission spectrum was recorded. Excitation wavelength 290 nm; emission 

wavelength 335 nm.  
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4.13 SPECTROSCOPIC CHARACTERIZATION OF LIGAND SYNTHONS, METAL 
COMPLEXES, AND BIOCONJUGATION EXPERIMENTS 

4.13.1 1H NMR Spectra of Ligand Synthons 

 

Figure 4.8 1H NMR (400 MHz) spectrum of 1,8-dichloro-10-dodecylanthracene in 
CDCl3. 
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Figure 4.9 1H NMR (400 MHz) spectrum of 1,8-dichloro-10-tetradecylanthracene in 
CDCl3. 

 

Figure 4.10 1H NMR (400 MHz) spectrum of 1,8-dichloro-10-octadecylanthracene in 
CDCl3. 
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Figure 4.11 1H NMR (400 MHz) spectrum of 5-(8-chloro-10-dodecylanthracen-1-
yl)pyridine-2-amine in CDCl3. 

 

Figure 4.12 1H NMR (400 MHz) spectrum of 5-(8-chloro-10-tetradecylanthracen-1-
yl)pyridine-2-amine in CDCl3. 
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Figure 4.13 1H NMR (400 MHz) spectrum of 5-(8-chloro-10-octadecylanthracen-1-
yl)pyridine-2-amine in CDCl3. 

 

Figure 4.14 1H NMR (400 MHz) spectrum of 5-(8-(2',6'-dimethyl-2-(methylthio)-[1,1'-
biphenyl]-4-yl)-10-dodecylanthracen-1-yl)pyridin-2-amine in CDCl3. 
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Figure 4.15 1H NMR (400 MHz) spectrum of 5-(8-(2',6'-dimethyl-2-(methylthio)-[1,1'-
biphenyl]-4-yl)-10-tetradecylanthracen-1-yl)pyridin-2-amine in CDCl3. 

 

Figure 4.16 1H NMR (400 MHz) spectrum of 5-(8-(2',6'-dimethyl-2-(methylthio)-[1,1'-
biphenyl]-4-yl)-10-octadecylanthracen-1-yl)pyridin-2-amine in CDCl3. 
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Figure 4.17 1H NMR (400 MHz) spectrum of 4-(8-(6-aminopyridin-3-yl)-10-
dodecylanthracen-1-yl)-2',6'-dimethyl-[1,1'-biphenyl]-2-thiol in CDCl3. 

0246810

ppm

2.486.322.920.132.060.993.242.092.352.231.251.041.000.942.18
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4.13.2 IR Spectra of Metal Complexes 

 

Figure 4.18 Drop-cast IR spectrum of [(n12-Anth·CNHNS)Fe(CO)2(THF)].  

 

Figure 4.19 Drop-cast IR spectrum of crude [(n14-Anth·CNHNS)Fe(CO)2(THF)].  



 185 

4.13.3 Absorbance and Circular Dichroism Spectra of Ligands 

 

Figure 4.20 Absorbance spectrum (red) and circular dichroism spectrum (black) of 1,8-
dichloro-10-dodecylanthracene in hexane solution.  

 

Figure 4.21 Absorbance spectrum (red) and circular dichroism spectrum (black) of 1,8-
dichloro-10-tetradecylanthracene in hexane solution.  
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4.13.4 Fluorescence Emission Spectra of Ligands 

 

Figure 4.22 Fluorescence emission spectra (excitation l: 290 nm) of 1,8-
dichloroanthracene and alkylated 1,8-dichloroanthracene synthons.  
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Appendices  

APPENDIX A: THERMODYNAMIC HYDRICITY OF ORGANIC MODEL SUBSTRATES 

A.1 Introduction  

The thermodynamic hydricity of a compound describes the Gibbs free energy for 

the release of a hydride ion (H-) from a compound. The thermodynamic hydricity is a 

useful metric for evaluating the hydride donating ability of a compound and, thus, has 

proven useful in the study of synthetic reductions of catalytic interest including C=C, C=N, 

and C=O bonds. Therefore, the thermodynamic hydricity of metal hydride species have 

been extensively studied to assess their efficacy as fuel-forming reduction catalysts.86  

The study of metal hydride compounds has provided valuable insight into structural and 

electronic properties that govern the reactivity of M-H species including:  

(1) Metals with lower atomic numbers are more potent hydride donors within the same 

row of the periodic table173 

(2) Metals in the second or third row of the periodic table are stronger hydride donors 

than first-row transition metals174–176 

(3) Ligands with smaller bite angle176–178 or electron donating groups83,175,179,180 

contribute to lower thermodynamic hydricity values 

(4) Anionic metal complexes are stronger hydride donors than neutral complexes181–

183 

(5) Polar solvents typically lower thermodynamic hydricity values87,184,185 

In addition to metal hydrides, the organic cofactors that moderate enzymatic redox 

processes such as nicotine adenine dinucleotide (NADH) and flavin adenine dinucleotide 

(FADH2) are examples of biologically relevant hydride donating/accepting species.186 The 

Glusac group has applied both DFT and experimental methods in order to study the 
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thermodynamic hydricity of organic metal-free hydride donors, including methylene-

H4MPT analogues.109 However, their calculations did not include examples of methylene-

H4MPT analogues that have proven useful in synthetic modeling, namely TolImH or MeImH. 

Thus, we have applied their DFT methods in order to garner a better understanding of the 

substrates applied in our functional reactivity studies as an indirect method of evaluating 

the hydride donating ability of our synthetic model complexes.  

 

Scheme A.1 ChemDraw representations of methylene-H4MPT and model substrates 
discussed in this appendix.  

A.2 Computational Methods and Thermodynamic Hydricity Calculations 

The thermodynamic hydricities were calculated using the Gaussian 09 package131 

generously provided by Professor Richard Jones and methods reported by Glusac and 

coworkers109. The geometries of [TolIm]+, [MeIm]+, TolImH, and MeImH were optimized at 

the ωB97X-D/6-311G(d) level of theory with the conductor-like polarizable continuum 

model (CPCM) for solvents (MeCN, DCM, THF).187,188 Frequency calculations were 

performed in order to confirm that there were no imaginary frequencies and provided the 

thermal corrections for the calculated free energies (∆𝐺%&''(&) ) for [TolIm]+, [MeIm]+, TolImH, 

and MeImH. Single point energy calculations were then performed using the optimized 

structures at the ωB97X-D/6-311++G(2df,p)/CPCM and electronic energies (𝜀+(&)) of 

[TolIm]+, [MeIm]+, TolImH, and MeImH.  

The hydricity was calculated by applying the following equations189:  
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R—H → R+ + H- is defined by G-- = (G12 + G-45)-G1-- 

G-45 = (ε+
89: + ∆G;<==

89: + ∆G>45:<? + ∆G+→* )hyd 

G12 = (ε+:<? + ∆G;<==:<? + ∆G+→* )R+ 

G1-- = (ε+:<? + ∆G;<==:<? + ∆G+→* )R—H 

where ε+
89: and ε+:<? represent electronic energies in the gas and solvent phases, 

respectively; ∆𝐺%&''
AB(  and ∆G;<==:<? represent thermal corrections to the Gibbs free energy in 

the gas and solvated phases; ∆G>45:<?  is the Gibbs free energy of hydride ion solvation; ∆𝐺+→∗  

is a standard state correction (∆𝐺+→∗ = +1.891 kcal/mol for all species without a gaseous 

standard state).190,191 ∆G>45:<?  for the hydride ion was determined from the thermochemical 

cycle connecting gas phase and solution phase one-electron reduction expressed by the 

equation:  

∆𝐺DEF(&) =∆𝐺(G/GI)(&)J − ∆𝐺(G/GI)
AB( + ∆𝐺(G)(&)J 

where ∆G(-/--):<?L  and ∆G(-/--)
89:  represents the Gibbs free energy change for the one electron 

reduction of hydrogen to a hydride ion in the solution or gas phases, respectively.	∆𝐺(G/GI)
AB(  

is equal to the negative of the hydrogen atom electron affinity, or ∆𝐺(G/GI)
AB( = −17.39 

kcal/mol. ∆𝐺(G/GI)(&)J  was obtained from the experimentally determined one electron 

reduction potentials E(-/--)+  (where E(-/--)+ = -0.60 V for MeCN)192 to calculate a 

∆𝐺(G/GI)(&)J = −84.88 kcal/mol for MeCN. Importantly, the E(-/--)+  have not been 

determined for DCM and THF solvents utilized in this analysis. Thus, the experimentally 

determined value for MeCN was applied in the calculations for DCM and THF and the 

values discussed herein should only be interpreted to reveal relative differences and not 

absolute values.  
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A.3 Thermodynamic Hydricities of Model Substrates 

The calculated thermodynamic hydricities of the organic model substrates TolImH 

and MeImH are summarized in Table A.1 below.  

Table A.1 Calculated thermodynamic hydricities for organic metal-free hydride donors of 
compounds discussed in this section. All values are reported in units of 
kcal/mol.   

 TolImH MeImH BIMHa CAFHa H4MPTb 

MeCN 56.7 52.8 50.3 53.2 50.0 

DCMc 59.1 55.9 52.9 N/A N/A 

THFc 59.1 56.6 53.7 N/A N/A 

a Reported MeCN values are from Glusac and coworkers.109 b Reported values are from 

cited reference.108 c Reported values should only be interpreted for relative differences and 

do not represent absolute values as in the case of MeCN.  

The calculated thermodynamic hydricities of TolImH (56.7 kcal/mol) and MeImH 

(52.8 kcal/mol) are close to those calculated by Glusac and coworkers for the methylene-

H4MPT analogues BIMH (50.3 kcal/mol) and CAFH (53.2 kcal/mol) and to methylene-

H4MPT (50.0 kcal/mol) as displayed in Figure A.1. Compared to BIMH, the presence of 

electron-withdrawing fluorine substituents on the N-substituted aryl groups likely 

contributes to the higher hydricity values calculated for TolImH and MeImH. Compared to 

NADH analogues, the substrates TolImH and MeImH both have lower calculated 

thermodynamic hydricities values and are thus more potent hydride donors. This effect 

observed in imidazole-based molecules has previously been attributed to destabilizing 

donation of the lone pair electrons of the nitrogen atoms into the C-H bond.193 In Figure 

A.2, the DFT calculated HOMOs for the TolImH and MeImH indeed show an anti-bonding 

type interaction between the C-2 carbon and one of the N atoms of the imidazolidine ring.  
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Figure A.1 Schematic diagram of thermodynamic hydricity scale (in MeCN) with 
calculated values for relevant methylene-H4MPT model substrates and 
transformations of catalytic interest. 

The calculated values indicated that the hydricity of MeImH is lower than TolImH. 

Thus, MeImH is a stronger hydride donor than the TolImH, or, conversely, [TolIm]+ is a better 

hydride acceptor than the [MeIm]+ substrate. Depending on the solvent, the relative 

difference between the two substrates ranges from approximately ~2.4-4.0 kcal/mol, with 

a larger hydricity difference observed in solvents with higher dielectric constants. The trend 

of lower hydricity values calculated in solvents of higher dielectric constants (e) (MeCN > 

DCM > THF) is observed as expected. The lower hydricity value of MeImH is likely a result 

of the more electron donating methyl group on the C-2 carbon in comparison to the tolyl 

substituent of TolImH, consistent with the observations by Glusac and coworkers that 

electron-donating substituents lower the hydricity of organic metal-free hydride donors, 

making them more potent hydride donors, and with the DFT calculated LUMOS for 

[MeIm]+ and [TolIm]+, in which the electron density is largely centered at the C-2 carbon, 

with little stabilizing contributions from other factors (i.e. aromatization). Our calculations 

and those of Glusac and coworkers suggest that in comparison to other biological hydride 

acceptors (NAD, FADH) that methenyl-H4MPT+ is a more difficult substrate to perform 

hydride transfer to.  
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Figure A.2 DFT calculated HOMO and LUMO Kohn-Sham molecular orbitals for 
imidazolium-based methylene-H4MPT analogues utilized by the Rose 
Group. (A) [MeIm]+ LUMO (B) MeImH HOMO (C) [TolIm]+ LUMO (D) 
TolImH HOMO.  
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A.4 DFT Optimized Coordinates 

A.4.1 MeCN Optimized Coordinates 

A.4.1.1 TolImH  

Energy: -852079.8758530 

N         -1.27208       -1.00352       -0.66555 

N          0.91387       -1.47155       -0.28072 

F         -2.50270       -2.16443        1.58796 

F         -2.78599        0.85169       -2.00020 

F          1.76331       -1.10466        2.29960 

F          2.90072       -1.15696       -2.27110 

C         -0.17766       -0.63801        0.23452 

H         -0.39810       -0.91929        1.27250 

C         -1.02060       -2.35557       -1.15505 

H         -1.59224       -2.54172       -2.06523 

H         -1.25916       -3.13021       -0.41422 

C          0.47427       -2.28340       -1.41056 

H          0.95657       -3.26287       -1.39021 

H          0.66931       -1.81355       -2.37829 

C          0.11099        0.84613        0.19000 

C          0.07188        1.60889        1.34784 

H         -0.17072        1.13496        2.29454 

C          0.34714        2.97444        1.30682 

H          0.30739        3.55493        2.22398 

C          0.67398        3.60102        0.10832 
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C          0.71489        2.82203       -1.05481 

H          0.96519        3.29220       -2.00178 

C          0.43700        1.46664       -1.01621 

H          0.46464        0.87697       -1.92680 

C          0.99452        5.07145        0.05265 

H          0.74444        5.57221        0.98988 

H          0.44708        5.56642       -0.75378 

H          2.06053        5.23140       -0.13577 

C         -2.57237       -0.67270       -0.22627 

C         -3.18808       -1.23849        0.89210 

C         -4.45679       -0.89361        1.31580 

H         -4.87749       -1.36970        2.19292 

C         -5.15881        0.06384        0.59311 

H         -6.15576        0.34834        0.90807 

C         -4.59653        0.65771       -0.52886 

H         -5.12993        1.40372       -1.10505 

C         -3.32210        0.27999       -0.91489 

C          2.23810       -1.16931       -0.00437 

C          3.23927       -1.02945       -0.97196 

C          4.56014       -0.75407       -0.67134 

H          5.27602       -0.67114       -1.48026 

C          4.92743       -0.55486        0.65232 

H          5.95548       -0.32197        0.90112 

C          3.97111       -0.65391        1.65538 

H          4.22024       -0.51055        2.69985 
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C          2.67321       -0.97302        1.31320 

A.4.1.2 MeImH 

Energy: -707049.6258129 

N          1.12238       -0.62320       -0.32012 

N         -1.10658       -0.22002       -0.53851 

F          2.14692        1.78896       -1.36653 

F          2.87069       -2.06730        1.21148 

F         -1.88043        2.28753        0.28746 

F         -3.14659       -2.18595       -0.50467 

C          0.04437        0.16428        0.28806 

H          0.22875        1.23995        0.17873 

C          0.73798       -0.96054       -1.68732 

H          1.29914       -1.82928       -2.03529 

H          0.88345       -0.13212       -2.39331 

C         -0.73643       -1.25774       -1.49431 

H         -1.31412       -1.15681       -2.41503 

H         -0.86963       -2.26962       -1.10103 

C         -0.10917       -0.17362        1.76221 

C          2.43894       -0.16580       -0.09538 

C          2.95714        1.02382       -0.61260 

C          4.25197        1.44929       -0.38688 

H          4.59306        2.38187       -0.81930 

C          5.08308        0.65674        0.39620 

H          6.10237        0.97204        0.58481 

C          4.62057       -0.53463        0.93884 
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H          5.25324       -1.16403        1.55243 

C          3.31589       -0.91930        0.68384 

C         -2.41033        0.03356       -0.14673 

C         -3.43962       -0.91727       -0.15116 

C         -4.74807       -0.63265        0.19214 

H         -5.48325       -1.42742        0.15179 

C         -5.07916        0.64770        0.61208 

H         -6.09722        0.88020        0.89917 

C         -4.09633        1.62840        0.66191 

H         -4.31449        2.64217        0.97550 

C         -2.81223        1.31175        0.26977 

H         -0.90455        0.41728        2.22270 

H         -0.33419       -1.23576        1.88307 

H          0.82004        0.05113        2.29258 

A.4.1.3 [TolIm]+  

Energy: -851506.1443471 

N         -1.09546       -1.39889        0.08700 

N          1.08684       -1.40359       -0.08540 

F         -2.89661       -1.49710        2.14855 

F         -1.98098       -0.30003       -2.27235 

F          1.97666       -0.30438        2.27227 

F          2.88766       -1.51233       -2.14664 

C         -0.00278       -0.65571       -0.00015 

C         -0.77544       -2.83928        0.03030 

H         -1.22877       -3.26561       -0.86368 
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H         -1.17116       -3.33885        0.91240 

C          0.76107       -2.84252       -0.02485 

H          1.21261       -3.26831        0.87030 

H          1.15478       -3.34606       -0.90558 

C          0.00076        0.80658       -0.00127 

C         -0.67013        1.50225        1.00311 

H         -1.17840        0.96636        1.79649 

C         -0.65570        2.88775        0.99969 

H         -1.16918        3.42425        1.79026 

C          0.00670        3.59800       -0.00282 

C          0.66456        2.88266       -1.00744 

H          1.17511        3.41733       -1.80143 

C          0.67423        1.49888       -1.00859 

H          1.17675        0.95923       -1.80311 

C          0.03570        5.10069        0.00431 

H         -0.74055        5.51330        0.65032 

H         -0.10015        5.50472       -1.00105 

H          1.00135        5.46028        0.37236 

C         -2.41556       -0.91057       -0.05924 

C         -3.32287       -0.98218        0.99128 

C         -4.61885       -0.52375        0.86760 

H         -5.29471       -0.59186        1.71036 

C         -5.01458        0.02751       -0.34559 

H         -6.02623        0.39823       -0.45573 

C         -4.13682        0.11579       -1.41980 
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H         -4.43615        0.54368       -2.36790 

C         -2.85268       -0.36367       -1.26165 

C          2.40876       -0.91998        0.06003 

C          2.84797       -0.37283        1.26158 

C          4.13399        0.10184        1.41898 

H          4.43503        0.53004        2.36641 

C          5.01146        0.00828        0.34498 

H          6.02462        0.37499        0.45460 

C          4.61362       -0.54346       -0.86731 

H          5.28930       -0.61581       -1.70985 

C          3.31583       -0.99692       -0.99032 

A.4.1.4 [MeIm]+ 

Energy: -706590.5553786 

N         -1.09119        0.33738        0.48833 

N          1.09066        0.33330        0.49265 

F         -2.76453        2.33374       -0.35675 

F         -2.12523       -2.21196        0.51044 

F          2.75350        2.33068       -0.37939 

F          2.13478       -2.20904        0.53421 

C          0.00047       -0.01039       -0.17139 

C         -0.76928        0.96900        1.78293 

H         -1.16280        0.35056        2.58885 

H         -1.22032        1.95809        1.83049 

C          0.76679        1.01513        1.76080 

H          1.15866        2.03057        1.73495 
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H          1.21896        0.47208        2.58892 

C          0.00372       -0.71336       -1.47185 

C         -2.41858        0.06620        0.08444 

C         -3.26214        1.09493       -0.32365 

C         -4.57369        0.86202       -0.68454 

H         -5.19876        1.68880       -0.99669 

C         -5.05231       -0.44239       -0.64094 

H         -6.07910       -0.64007       -0.92302 

C         -4.24056       -1.49785       -0.24231 

H         -4.60561       -2.51615       -0.20504 

C         -2.93727       -1.22453        0.12068 

C          2.41825        0.06646        0.08701 

C          3.25673        1.09430       -0.33351 

C          4.56858        0.86323       -0.69438 

H          5.18967        1.68947       -1.01575 

C          5.05260       -0.43875       -0.63891 

H          6.07972       -0.63505       -0.92074 

C          4.24561       -1.49351       -0.22906 

H          4.61475       -2.50996       -0.18260 

C          2.94192       -1.22187        0.13392 

H          0.03137       -1.79043       -1.29155 

H         -0.89755       -0.47819       -2.03521 

H          0.88287       -0.43697       -2.05161 
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A.4.2 DCM Optimized Coordinates 

A.4.2.1 TolImH  

Energy: -851947.3586732 

N         -1.29587       -0.97188       -0.66678 

N          0.88558       -1.47960       -0.30454 

F         -2.51758       -2.14521        1.58400 

F         -2.81124        0.89444       -1.98240 

F          1.76159       -1.23048        2.27598 

F          2.85478       -1.07946       -2.30209 

C         -0.19074       -0.63544        0.22965 

H         -0.40424       -0.92795        1.26588 

C         -1.06115       -2.30963       -1.20020 

H         -1.63945       -2.46066       -2.11282 

H         -1.30387       -3.10508       -0.48287 

C          0.43290       -2.24365       -1.46156 

H          0.90599       -3.22769       -1.47962 

H          0.62696       -1.74132       -2.41315 

C          0.12428        0.84417        0.20215 

C          0.21804        1.56913        1.38165 

H          0.04770        1.07266        2.33244 

C          0.53939        2.92437        1.35694 

H          0.60873        3.47363        2.29144 

C          0.77602        3.58027        0.15252 

C          0.68422        2.83968       -1.03165 

H          0.86721        3.33120       -1.98315 
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C          0.36188        1.49322       -1.00912 

H          0.28281        0.93412       -1.93545 

C          1.09799        5.05094        0.11242 

H          1.86824        5.26970       -0.63111 

H          1.44867        5.41220        1.08135 

H          0.21225        5.63499       -0.15719 

C         -2.59110       -0.63833       -0.21696 

C         -3.20250       -1.21032        0.90051 

C         -4.46708       -0.86265        1.33440 

H         -4.88433       -1.34308        2.21083 

C         -5.16975        0.10192        0.62193 

H         -6.16351        0.38851        0.94514 

C         -4.61256        0.70006       -0.50022 

H         -5.14651        1.45139       -1.06894 

C         -3.34187        0.32016       -0.89637 

C          2.21517       -1.19344       -0.03178 

C          3.20627       -1.01224       -1.00232 

C          4.53119       -0.75545       -0.70246 

H          5.23940       -0.63738       -1.51378 

C          4.91201       -0.61895        0.62521 

H          5.94332       -0.40064        0.87399 

C          3.96561       -0.76035        1.63256 

H          4.22551       -0.66459        2.67983 

C          2.66330       -1.05900        1.28885 
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A.4.2.2 MeImH 

Energy: -707049.1623156 

N          1.12216       -0.62167       -0.31989 

N         -1.10732       -0.22311       -0.53494 

F          2.15261        1.78396       -1.37559 

F          2.86595       -2.06230        1.21969 

F         -1.88038        2.28643        0.29093 

F         -3.14878       -2.18575       -0.50565 

C          0.04485        0.16781        0.28654 

H          0.22749        1.24310        0.17050 

C          0.73679       -0.96267       -1.68556 

H          1.29861       -1.83177       -2.03178 

H          0.88040       -0.13581       -2.39384 

C         -0.73714       -1.26123       -1.49004 

H         -1.31625       -1.16196       -2.41012 

H         -0.86890       -2.27272       -1.09534 

C         -0.10484       -0.16254        1.76275 

C          2.43919       -0.16591       -0.09592 

C          2.96014        1.02050       -0.61771 

C          4.25570        1.44420       -0.39244 

H          4.59878        2.37434       -0.82853 

C          5.08437        0.65336        0.39479 

H          6.10417        0.96739        0.58307 

C          4.61891       -0.53466        0.94205 

H          5.24950       -1.16297        1.55891 
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C          3.31367       -0.91802        0.68756 

C         -2.41086        0.03277       -0.14524 

C         -3.44112       -0.91714       -0.15197 

C         -4.74982       -0.63145        0.18920 

H         -5.48528       -1.42588        0.14718 

C         -5.08064        0.64892        0.60904 

H         -6.09904        0.88224        0.89437 

C         -4.09699        1.62854        0.66089 

H         -4.31445        2.64256        0.97419 

C         -2.81236        1.31123        0.27098 

H         -0.90143        0.42822        2.22128 

H         -0.32572       -1.22479        1.88947 

H          0.82449        0.06814        2.29039 

A.4.2.3 [TolIm]+  

Energy: -851502.8719040 

N         -1.09514       -1.39854        0.08851 

N          1.08712       -1.40293       -0.08700 

F         -2.89375       -1.48955        2.15184 

F         -1.98210       -0.30843       -2.27346 

F          1.97804       -0.31244        2.27338 

F          2.88549       -1.50384       -2.15005 

C         -0.00258       -0.65499       -0.00013 

C         -0.77506       -2.83854        0.02843 

H         -1.22639       -3.26243       -0.86795 

H         -1.17315       -3.34100        0.90792 
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C          0.76166       -2.84156       -0.02323 

H          1.21134       -3.26488        0.87426 

H          1.15786       -3.34780       -0.90141 

C          0.00071        0.80694       -0.00117 

C         -0.66990        1.50244        1.00361 

H         -1.17740        0.96627        1.79737 

C         -0.65576        2.88782        1.00018 

H         -1.16867        3.42432        1.79111 

C          0.00568        3.59832       -0.00285 

C          0.66314        2.88311       -1.00782 

H          1.17278        3.41804       -1.80224 

C          0.67350        1.49942       -1.00887 

H          1.17558        0.95978       -1.80374 

C          0.03407        5.10092        0.00428 

H         -0.74440        5.51350        0.64761 

H         -0.09869        5.50506       -1.00141 

H          0.99830        5.46087        0.37569 

C         -2.41560       -0.91068       -0.05826 

C         -3.32174       -0.97875        0.99348 

C         -4.61783       -0.52090        0.86922 

H         -5.29308       -0.58626        1.71271 

C         -5.01450        0.02586       -0.34574 

H         -6.02637        0.39585       -0.45643 

C         -4.13777        0.11054       -1.42110 

H         -4.43801        0.53495       -2.37050 
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C         -2.85340       -0.36804       -1.26235 

C          2.40927       -0.91946        0.05899 

C          2.84902       -0.37659        1.26230 

C          4.13514        0.09746        1.42037 

H          4.43696        0.52215        2.36914 

C          5.01164        0.00780        0.34521 

H          6.02494        0.37398        0.45543 

C          4.61301       -0.53941       -0.86891 

H          5.28812       -0.60878       -1.71219 

C          3.31522       -0.99257       -0.99256 

A.4.2.4 [MeIm]+ 

Energy: -706587.0345109 

N         -1.09138        0.34593        0.48244 

N          1.09080        0.34164        0.48600 

F         -2.77609        2.33243       -0.36219 

F         -2.11281       -2.20768        0.51379 

F          2.76295        2.32896       -0.38906 

F          2.12474       -2.20429        0.54055 

C          0.00020       -0.00830       -0.17412 

C         -0.76910        0.99220        1.76957 

H         -1.16559        0.38502        2.58266 

H         -1.21777        1.98299        1.80431 

C          0.76728        1.03387        1.74860 

H          1.16220        2.04796        1.71567 

H          1.21757        0.49578        2.58115 
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C          0.00163       -0.72292       -1.46837 

C         -2.41885        0.06777        0.08306 

C         -3.26840        1.09175       -0.32472 

C         -4.58006        0.85178       -0.68042 

H         -5.21006        1.67493       -0.99230 

C         -5.05236       -0.45478       -0.63204 

H         -6.07926       -0.65784       -0.90993 

C         -4.23440       -1.50559       -0.23370 

H         -4.59458       -2.52550       -0.19247 

C         -2.93129       -1.22538        0.12432 

C          2.41865        0.06802        0.08500 

C          3.26209        1.09131       -0.33684 

C          4.57430        0.85397       -0.69219 

H          5.19949        1.67672       -1.01462 

C          5.05334       -0.44954       -0.62971 

H          6.08080       -0.65061       -0.90697 

C          4.24120       -1.49984       -0.21838 

H          4.60657       -2.51740       -0.16627 

C          2.93735       -1.22218        0.13905 

H          0.00820       -1.79872       -1.27860 

H         -0.89164       -0.47708       -2.04019 

H          0.88957       -0.46687       -2.04403 

A.4.3 THF Optimized Coordinates  

A.4.3.1 TolImH  
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Energy: -852095.6341720 

N         -1.29585       -0.97209       -0.66631 

N          0.88563       -1.47957       -0.30442 

F         -2.51768       -2.14437        1.58493 

F         -2.81135        0.89332       -1.98305 

F          1.76241       -1.23087        2.27588 

F          2.85404       -1.07863       -2.30243 

C         -0.19065       -0.63554        0.23001 

H         -0.40392       -0.92820        1.26624 

C         -1.06119       -2.30983       -1.19958 

H         -1.63963       -2.46092       -2.11213 

H         -1.30383       -3.10522       -0.48211 

C          0.43285       -2.24389       -1.46112 

H          0.90598       -3.22794       -1.47895 

H          0.62681       -1.74185       -2.41290 

C          0.12421        0.84408        0.20246 

C          0.21916        1.56878        1.38201 

H          0.04977        1.07209        2.33285 

C          0.54051        2.92397        1.35724 

H          0.61083        3.47305        2.29178 

C          0.77592        3.58008        0.15273 

C          0.68288        2.83978       -1.03146 

H          0.86485        3.33148       -1.98306 

C          0.36056        1.49334       -1.00890 

H          0.28045        0.93443       -1.93524 
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C          1.09788        5.05075        0.11261 

H          1.86759        5.26963       -0.63146 

H          1.44942        5.41186        1.08130 

H          0.21196        5.63493       -0.15616 

C         -2.59109       -0.63837       -0.21674 

C         -3.20249       -1.20982        0.90099 

C         -4.46708       -0.86191        1.33467 

H         -4.88425       -1.34193        2.21136 

C         -5.16974        0.10226        0.62170 

H         -6.16350        0.38906        0.94476 

C         -4.61255        0.69978       -0.50076 

H         -5.14642        1.45083       -1.06994 

C         -3.34183        0.31973       -0.89676 

C          2.21529       -1.19332       -0.03197 

C          3.20596       -1.01173       -1.00282 

C          4.53096       -0.75495       -0.70332 

H          5.23881       -0.63653       -1.51489 

C          4.91220       -0.61885        0.62425 

H          5.94358       -0.40053        0.87275 

C          3.96617       -0.76058        1.63186 

H          4.22633       -0.66507        2.67908 

C          2.66374       -1.05919        1.28856 

A.4.3.2 MeImH 

Energy: -707049.0387653 

N          1.12210       -0.62128       -0.31985 
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N         -1.10750       -0.22389       -0.53403 

F          2.15402        1.78272       -1.37783 

F          2.86478       -2.06105        1.22172 

F         -1.88035        2.28615        0.29182 

F         -3.14933       -2.18569       -0.50590 

C          0.04497        0.16866        0.28618 

H          0.22715        1.24385        0.16851 

C          0.73649       -0.96320       -1.68512 

H          1.29848       -1.83237       -2.03091 

H          0.87963       -0.13673       -2.39398 

C         -0.73732       -1.26209       -1.48897 

H         -1.31679       -1.16323       -2.40889 

H         -0.86872       -2.27350       -1.09394 

C         -0.10375       -0.15987        1.76289 

C          2.43924       -0.16593       -0.09606 

C          2.96088        1.01968       -0.61897 

C          4.25662        1.44294       -0.39382 

H          4.60018        2.37248       -0.83083 

C          5.08469        0.65253        0.39444 

H          6.10460        0.96624        0.58263 

C          4.61850       -0.53465        0.94285 

H          5.24857       -1.16269        1.56051 

C          3.31312       -0.91770        0.68847 

C         -2.41099        0.03258       -0.14487 

C         -3.44149       -0.91710       -0.15217 
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C         -4.75026       -0.63113        0.18845 

H         -5.48579       -1.42547        0.14602 

C         -5.08101        0.64924        0.60827 

H         -6.09948        0.88278        0.89316 

C         -4.09714        1.62859        0.66063 

H         -4.31442        2.64268        0.97385 

C         -2.81238        1.31111        0.27128 

H         -0.90067        0.43080        2.22095 

H         -0.32355       -1.22216        1.89102 

H          0.82559        0.07230        2.28984 

A.4.3.3 [TolIm]+  

Energy: -851501.9896822 

N         -1.09506       -1.39843        0.08892 

N          1.08719       -1.40274       -0.08744 

F         -2.89301       -1.48753        2.15271 

F         -1.98240       -0.31065       -2.27374 

F          1.97843       -0.31461        2.27368 

F          2.88490       -1.50155       -2.15096 

C         -0.00253       -0.65480       -0.00013 

C         -0.77496       -2.83833        0.02791 

H         -1.22575       -3.26155       -0.86912 

H         -1.17370       -3.34158        0.90669 

C          0.76181       -2.84130       -0.02280 

H          1.21098       -3.26394        0.87533 

H          1.15869       -3.34826       -0.90028 



 211 

C          0.00070        0.80705       -0.00113 

C         -0.66983        1.50250        1.00376 

H         -1.17713        0.96626        1.79761 

C         -0.65577        2.88785        1.00032 

H         -1.16853        3.42435        1.79135 

C          0.00541        3.59841       -0.00284 

C          0.66277        2.88324       -1.00791 

H          1.17216        3.41824       -1.80244 

C          0.67330        1.49957       -1.00893 

H          1.17527        0.95993       -1.80391 

C          0.03364        5.10100        0.00429 

H         -0.74542        5.51357        0.64689 

H         -0.09829        5.50517       -1.00149 

H          0.99748        5.46105        0.37659 

C         -2.41562       -0.91070       -0.05799 

C         -3.32145       -0.97784        0.99406 

C         -4.61757       -0.52016        0.86964 

H         -5.29266       -0.58479        1.71332 

C         -5.01449        0.02540       -0.34579 

H         -6.02643        0.39518       -0.45663 

C         -4.13803        0.10913       -1.42145 

H         -4.43850        0.53261       -2.37119 

C         -2.85360       -0.36920       -1.26253 

C          2.40941       -0.91933        0.05871 

C          2.84931       -0.37761        1.26248 
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C          4.13546        0.09626        1.42074 

H          4.43750        0.51999        2.36987 

C          5.01169        0.00764        0.34527 

H          6.02505        0.37367        0.45566 

C          4.61285       -0.53834       -0.86935 

H          5.28780       -0.60691       -1.71282 

C          3.31505       -0.99140       -0.99317 

A.4.3.4 [MeIm]+ 

Energy: -706586.0850388 

N         -1.09143        0.34673        0.48150 

N          1.09083        0.34250        0.48513 

F         -2.77726        2.33219       -0.36269 

F         -2.11152       -2.20731        0.51393 

F          2.76369        2.32868       -0.39040 

F          2.12384       -2.20369        0.54160 

C          0.00020       -0.00847       -0.17445 

C         -0.76918        0.99559        1.76732 

H         -1.16643        0.39050        2.58164 

H         -1.21735        1.98672        1.79967 

C          0.76728        1.03628        1.74683 

H          1.16288        2.05011        1.71299 

H          1.21703        0.49882        2.58013 

C          0.00176       -0.72491       -1.46773 

C         -2.41898        0.06782        0.08276 

C         -3.26917        1.09139       -0.32478 
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C         -4.58092        0.85075       -0.67967 

H         -5.21147        1.67355       -0.99133 

C         -5.05258       -0.45603       -0.63070 

H         -6.07956       -0.65960       -0.90792 

C         -4.23395       -1.50642       -0.23259 

H         -4.59368       -2.52647       -0.19085 

C         -2.93077       -1.22560        0.12464 

C          2.41878        0.06814        0.08473 

C          3.26265        1.09104       -0.33732 

C          4.57494        0.85310       -0.69190 

H          5.20052        1.67547       -1.01450 

C          5.05355       -0.45052       -0.62838 

H          6.08110       -0.65202       -0.90498 

C          4.24097       -1.50040       -0.21681 

H          4.60608       -2.51800       -0.16382 

C          2.93703       -1.22220        0.13984 

H          0.00901       -1.80045       -1.27655 

H         -0.89177       -0.48037       -2.03974 

H          0.88950       -0.46915       -2.04389 
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APPENDIX B: SYNTHESES OF 1,8-DICHLOROANTHRACENE DERIVATIVES 

B.1 Introduction 

This appendix outlines the syntheses of various 1,8-dichloroanthracene derived 

ligand synthons. These ligands synthons were prepared during the exploration of 

prospective bioconjugation partners and the nitration methods have also been applied by 

other members of the Rose group in functionalization of anthracene derivates for surface 

attachment to Si (111) surfaces.  

B.2 Experimental Methods 

5-(10-bromo-8-(3-(methylthio)phenyl)anthracen-1-yl)-2-methylpyridine.  

 

The ligand 2-methyl-5-(8-(3-(methylthio)phenyl)anthracen-1-yl)pyridine (0.4000 g, 1.02 

mmol) was dissolved in dry DCM (12 mL) and liquid bromine (Br2) (56 µL, 1.02 mmol) 

diluted in dry DCM (6 mL) was added dropwise at 0 °C. The solution was stirred overnight, 

warming to room temperature. The solvent was concentrated to isolate the brominated 

product in near quantitative yield. The ligand was crystallized as yellow plates by vapor 

diffusion of Et2O into a solution of ligand dissolved in THF. 1H NMR (CDCl3, 400 MHz): 

8.75 (d, 1H), 8.631 (d, 1H), 8.17 (s, 1H), 7.79-7.69 (m, 3H), 7.62-7.56 (m, 1H), 7.53-7.45 

(m, 3H), 7.29-7.27 (m, 2H), 7.21 (d, 1H), 3.08 (s, 3H), 2.52 (s, 3H) ppm. 

4-(4-(6-methylpyridin-3-yl)-5-(3-(methylthio)phenyl)anthracen-9-yl)aniline.  

Br

N
S
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Under inert nitrogen atmosphere, 5-(10-bromo-8-(3-(methylthio)phenyl)anthracen-1-yl)-

2-methylpyridine (0.5000 g, 1.06 mmol), Pd2dba3 (0.0195 g, 2%), XPHOS (0.0405, 8%) 

were dissolved in dry dioxane and refluxed and 30 minutes. Next, Na2CO3 (0.2253 g, 2.12 

mmol) and 4-aminophenylboronic acid hydrochloride (0.2172 g, 1.28 mmol) dissolved in 

a dioxane/H2O mixture were added dropwise via addition funnel. The resulting mixture 

was refluxed overnight. The following day, the solution was cooled to room temperature, 

quenched with NH4Cl, and extracted with DCM. The DCM fraction was washed with 

brine, dried over Na2SO4, and concentrated in vacuo. The product was purified by silica 

gel column chromatography and was eluted with a 4:1 EtOAC:hex solvent mixture at 

Rf~0.6. Yield: 0.2605 g (51%) 1H NMR (CDCl3, 400 MHz): 8.58 (d, 1H), 8.51 (s, 1H), 

7.81 (m, 1H), 7.72 (dd, 1H), 7.43-7.34 (m, 7H), 7.27-7.22 (m, 3H), 6.93 (d, 2H), 3.89 (br 

s, 2H), 2.64 (s, 3H), 2.45 (s, 3H) ppm.  

1-(4-(4-(6-methylpyridin-3-yl)-5-(3-(methylthio)phenyl)anthracen-9-yl)phenyl)-1H-

pyrrole-2,5-dione.  

 

Under an inert nitrogen atmosphere, the ligand 4-(4-(6-methylpyridin-3-yl)-5-(3-

(methylthio)phenyl)anthracen-9-yl)aniline (0.075 g, 0.155 mmol) was dissolved in dry 

THF (3 mL). Maleic anhydride (0.0167 g, 0.171 mmol) was added as a solid and stirred at 

N
SH2N

N
SN

O

O
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room temperature for one hour. The THF solvent was removed in vacuo and the Schlenk 

flask was removed from the box. Acetic anhydride (3 mL) and KOAc (0.0155 g, 0.158 

mmol) were added against a nitrogen stream and the reaction was refluxed overnight at 70 

°C. The following day, the reaction was cooled to room temperature and poured over ice-

cold water. The mixture was extracted with EtOAc, and the organic layer was washed with 

brine and dried of Na2SO4. The solvent was concentrated in vacuo and the product was 

purified by silica gel column chromatography, eluted with a 3:1 EtOAc:hex mixture at 

Rf~0.7 Yield: 0.0455 g (52%). 1H NMR (CDCl3, 400 MHz): 8.61 (d, 2H), 8.57 (s, 1H), 

7.75-7.68 (m, 3H), 7.61 (m, 4 H), 7.46-7.35 (m, 6H), 7.27 (m, 2H), 6.97 (s, 2H), 2.65 (s, 

3H), 2.46 (s, 3H) ppm. HRMS (ESI+): m/z Calcd. [M+H]+: 563.1788 m/z; Found [M+H]+: 

563.1796 for C37H26N2O2S.  

1,8-dichloro-10-nitroanthracene.  

 

The ligand synthon was prepared according to a modified literature procedure.194 The 

solvent was concentrated in vacuo and the product was purified by silica gel column 

chromatography and eluted with a 10:1 hex:EtOAc solvent mixture. Yield: 0.105 g (17%) 

1H NMR (CDCl3, 400 MHz): 9.54 (s, 1H), 7.84 (dt, 2H), 7.74 (dd, 2H), 7.60 (m, 2H) ppm.  

N-(4-(4-(6-methylpyridin-3-yl)-5-(3-(methylthio)phenyl)anthracen-9-yl)phenyl)-5-(2-

oxohexahydro-1H-thieno[3,4-d]imidazol-4-yl)pentanamide.  

ClCl

NO2
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Diisopropylethylamine (47.7 µL, 0.274 mmol) and biotin (0.050 g, 0.205 mmol) were 

dissolved in dry DMF (4 mL) in a Schlenk flask and, in a separate flask, 4-(4-(6-

methylpyridin-3-yl)-5-(3-(methylthio)phenyl)anthracen-9-yl)aniline (0.198 g, 0.410 

mmol) were dissolved in dry DMF (4 mL). Ethyl chloroformate (23.4 µL, 0.246 mmol) 

was added to the solution containing biotin and the flask was stirred for 10 minutes at room 

temperature. The biotin solution was added dropwise to the solution containing ligand at 0 

°C and stirred at 5 °C for two hours. The DMF solvent was removed by distillation and the 

residual solvent was dissolved in warm EtOH (15 mL). The solution was acidified with 2.0 

M HCl to pH of 2, forming an orange precipitate upon storing at 0 °C. The EtOH filtrate 

was concentrated in vacuo and the product was identified by mass spec. HRMS (ESI+) m/z: 

[M+H]+ : 709.2665; m/z Found [M+H]+: 709.2691 for C43H40N4O2S2.  

Cysteine Bioconjugation of Maleimide-substituted Anthracene. Aliquots of L-

cysteine (50 µL, 1 mM in Tris buffer) and 1-(4-(4-(6-methylpyridin-3-yl)-5-(3-

(methylthio)phenyl)anthracen-9-yl)phenyl)-1H-pyrrole-2,5-dione (50 µL, 5 mM in DMF) 

were added to 100 µL of 0.1 M Tris buffer solution at pH 7.49. The solution was mixed by 

pipette and left to react for two hours. The cysteine-conjugated ligand was detected by LR-

LCMS. m/z Calculated [M+H]+: 684.19, m/z Found [M+H]+: 684.2.  
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B.3 1H NMR Spectra of Ligand Synthons 

 

Figure B.1 1H NMR spectrum (400 MHz) of 5-(10-bromo-8-(3-
(methylthio)phenyl)anthracen-1-yl)-2-methylpyridine in CDCl3.  
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Figure B.2 1H NMR spectrum (400 MHz) of 4-(4-(6-methylpyridin-3-yl)-5-(3-
(methylthio)phenyl)anthracen-9-yl)aniline in CDCl3.  

 

Figure B.3 1H NMR spectrum (400 MHz) of 1-(4-(4-(6-methylpyridin-3-yl)-5-(3-
(methylthio)phenyl)anthracen-9-yl)phenyl)-1H-pyrrole-2,5-dione in CDCl3.  
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Figure B.4 1H NMR spectrum (400 MHz) of 1,8-dichloro-10-nitroanthracene in CDCl3.  
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B.4 Crystal Structures of Ligand Synthons 

 

Figure B.5 ORTEP diagram (30% thermal ellipsoids) of 5-(10-bromo-8-(3-
(methylthio)phenyl)anthracen-1-yl)-2-methylpyridine.  

 

Figure B.6 ORTEP diagram (30% thermal ellipsoids) of 1,8-dichloro-10-nitroanthracene.  
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APPENDIX C: UV-VIS ABSORPTION STUDIES OF ORGANIC SUBSTRATES 

C.1 Introduction 

The UV-Vis absorption spectra of relevant organic model substrates and bases were 

collected in order develop a procedure for measuring substrate conversion by [Fe]-

hydrogenase synthetic model compounds using UV-Vis spectroscopy instead of NMR 

spectroscopy. This method will allow for kinetic studies of H2 activation and substrate 

conversion and enable determination of kinetic isotope effects (KIEs) associated with 

reactivity.  

C.2 Experimental Methods 

10-Methyl-9-phenyl-9,10-dihydroacridine. The reduced substrate is synthesized 

from 10-methyl-9-phenyl-9,10-dihydroacridinium perchlorate according to literature 

procedure.189 

10-Methyl-9-phenyl-9,10-dihydroacridinium tetrafluoroborate. The 

tetrafluoroborate salt can be obtained by the intermolecular hydride transfer reaction 

between 10-methyl-9-phenyl-9,10-dihydroacridine and tritylium tetrafluoroborate. The 

reaction is performed under N2 atmosphere, slowly adding a DCM solution of tritylium 

tetrafluoroborate to 10-methyl-9-phenyl-9,10-dihydroacridine at -20 °C and subsequently 

warming to room temperature. The acridinium tetrafluoroborate salt is recrystallized from 

DCM/5 at -20 °C.  

10-Methyl-9-phenyl-9,10-dihydroacridinium tetrakis[3,5-

bis(trifluoromethyl)phenyl]borate [Acr]BArF. [Acr]BArF is obtained by the salt 

metathesis reaction between 10-methyl-9-phenyl-9,10-dihydroacridinium perchlorate 

[Acr]ClO4 and sodium tetrakis[3,5-bis(trifluoromethyl)phenyl]borate [(Na)(BArF)]. 

[Acr]ClO4 and [(Na)(BArF)] in equal equivalents are dissolved in CHCl3 or DCM solvents 
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and stirred for two hours, forming a white precipitate (sodium perchlorate) as the reaction 

proceeds. The precipitate was filtered over Celite using a pipette column and the [Acr]BArF 

was concentrate to afford a bright yellow solid.  

Preliminary UV-Vis H2 Reactivity Study Experimental Reaction Setup. 

[(Anth·CNHNS)Fe(CO)2(PhCN)] (0.004 g, 0.007 mmol), NEt4[MeOtBu2ArO] (0.0025 g, 

0.007 mmol), and [Acr]BArF (0.008 g, 0.007 mmol) were weighed in the N2 glovebox and 

dissolved in 10 mL of dry DCM using a volumetric flask. Then, 100 µL of the DCM 

solution containing the three reactants was added to an air-free (Teflon-capped) quartz 

cuvette using a micropipette and 3 mL of dry DCM was added to the cuvette to dilute the 

solution to a final concentration of 22.2 µM in each reactant. The cuvette was immediately 

removed from the glovebox and the UV-vis absorption spectrum was collected as a control 

to observe the change in absorbance of the solution over an extended time without H2 

substrate. For a reaction with H2, the quartz cuvette would either (i) be charged with the 

100 µL solution, sealed with rubber septum, and subsequently diluted with 3 mL of dry, 

freeze pump thawed DCM solution that was bubbled with H2 gas or (ii) the cuvette would 

be prepared with the DCM solution containing H2 dissolved in solution and the 100 µL 

solution of reactants would be added via syringe and the UV-vis spectrum would be 

monitored.  
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C.3 Discussion  

The molar extinction coefficients (e) of organic hydride-transfer substrates and 

MeOtBu2ArOH were determined in DCM solvent and are summarized in Table C.1 below. 

Conversion of substrate [Acr]BArF to AcrH can be followed by decay of the absorption 

features between 350-500 nm.  

Table C.1 Summary of molar extinction coefficients (e) of model hydride-transfer 
substrates.  

 AcrH [Acr]BArF MeOtBu2ArOH MeImH 

e (M-1 cm-1) 12,056 

(290 nm) 

101,383 

(263 nm) 

3,790.5 

(293 nm) 

40,760 

(246 nm) 

  22,268 

(363 nm) 

  

  6493.7 

(431 nm) 

  

A control UV-Vis experiment was performed to monitor the reaction between 

[(Anth·CNHNS)Fe(CO)2(PhCN)], NEt4[MeOtBu2ArO], and [Acr]BArF in the absence of 

H2. Upon dissolving the three reactants in DCM, the solution changed to a deep, dark red 

color. The color change was previously observed in NMR experiments with acridinium 

salts, but is not typically observed when imidazolium substrates are used. Upon mixture, a 

new absorbance feature at 521 nm was observed that was not seen in the individual spectra 

collected of the reactants. This absorbance feature likely corresponds to the formation of 

the neutral acridinium radical species [Acr]• as a result of treatment with 
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NEt4[MeOtBu2ArO]. An absorbance feature of [Acr]• has previously been reported in 

MeCN at 520 nm and was generated by photo-induced transient absorption or electron-

transfer reduction using tetramethylsemiquinone.189,195,196 The absorbance feature at 521 

nm associated with [Acr]• was quenched within one hour of data collection (Figure C.1, 

inset). The quenching mechanism of the radical species is currently not yet understood and 

will need further studies to determine if the electron is simply transferred back to the 

NEt4[MeOtBu2ArO] radical or the [Acr]• reacts further with other species in solution.  

 

Figure C.1 UV-vis absorption spectrum of the reaction between 
[(Anth·CNHNS)Fe(CO)2(PhCN)], NEt4[MeOtBu2ArO], and [Acr]BArF 

monitored over 24 hours in DCM solvent.  

If H2 activation is rate-limiting and not hydride transfer, the imidazolium substrates 

may be used for the kinetic experiments and will provide a more bio-inspired comparison 

than the acridinium substrates. On the basis of purely qualitative observations (i.e. no 

dramatic color changes), the NEt4[MeOtBu2ArO] does not appear to react similarly with 

the imidazolium substrate. This should be further confirmed with UV-Vis and EPR studies. 

The continued use of [Acr]BArF in future experiments may necessitate the use of a different 
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base that is less likely to form radical anions (i.e. KOtBu). However, the analogous NMR 

experiments with high-pressure gas should first be performed to ensure that the H2 

activation and hydride transfer reactions proceed similarly, and are not dependent on the 

formation of a radical species.  
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C.3 UV-Vis Spectra and Molar Extinction Coefficient Determination 

 

Figure C.2 UV-Vis absorption spectra 10-methyl-9-phenyl-9,10-dihydroacridine at 
variable concentration measured in DCM.  

 

Figure C.3 Calibration curve used to determine the molar extinction coefficient (e) of 10-
methyl-9-phenyl-9,10-dihydroacridine at 290 nm.  
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Figure C.4 UV-Vis absorption spectra 10-methyl-9-phenylacridin-10-ium tetrakis[3,5-
bis(trifluoromethyl)phenyl]borate at variable concentration measured in 
DCM.  

 

Figure C.5 Calibration curve used to determine the molar extinction coefficient (e) of 10-
methyl-9-phenylacridin-10-ium tetrakis[3,5-
bis(trifluoromethyl)phenyl]borate at 263 nm.  
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Figure C.6 Calibration curve used to determine the molar extinction coefficient (e) of 10-
methyl-9-phenylacridin-10-ium tetrakis[3,5-
bis(trifluoromethyl)phenyl]borate at 363 nm.  

 

Figure C.7 Calibration curve used to determine the molar extinction coefficient (e) of 10-
methyl-9-phenylacridin-10-ium tetrakis[3,5-
bis(trifluoromethyl)phenyl]borate at 431 nm.  
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Figure C.8 UV-Vis absorption spectra 2,6-di-tert-butyl-4-methoxyphenol at variable 
concentration measured in DCM.  

 

Figure C.9 Calibration curve used to determine the molar extinction coefficient (e) of 2,6-
di-tert-butyl-4-methoxyphenol at 293 nm.  
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Figure C.10 UV-Vis absorption spectra 1,3-bis(2,6-difluorophenyl)-2-
methylimidazolidine at variable concentration measured in DCM.  

 

 

Figure C.11 Calibration curve used to determine the molar extinction coefficient (e) of 
1,3-bis(2,6-difluorophenyl)-2-methylimidazolidine at 246 nm.  
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APPENDIX D: DETAILED PROCEDURE FOR HIGH-PRESSURE GAS REACTIONS 

 

Figure D.1 Schematic diagram of overall high pressure gas apparatus (A) and 
demonstrative diagrams for gas reaction setup (B).  

The overall setup for high pressure gas reactions is shown in Figure D.1A. The high 

pressure stainless steel column is attached to the Schlenk line via a high-pressure vacuum 

hose and glass 14/20 adapter. The Swagelok and gas cylinder regulator knobs to control 

gas flow are numbered according – a black circle indicates a closed knob on the gas 

regulator or gas cylinder, and a white knob indicates that the knob is open. The view in A 

represents how the regulator knobs and Swageloks should look when not in use and before 

performing a high pressure gas reaction. The pressure of the gas regulator at position 5 
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should be lowered to ~20-30 psi when not in use after a reaction – it should not be kept at 

high pressure (~100 psi). Safety Note: A blast shield should always be placed in front of 

the NMR tube apparatus and additional protection could be obtained using the windows 

of the fume hood. 

Procedure:  

1. Remove your prepared NMR tube from the glove box and attach to the stainless 

steel gas column at position 2. Attach your NMR tube by stabilizing the Teflon cap 

with the small wrench, and twisting at the stainless steel bolt to tighten. The bolt 

should be tightened by finger, then using the wrench to the point where there is 

gentle resistance to tightening further. Ensure that the NMR tube is in line with the 

stainless steel column (i.e. threaded in line and not attached at an angle) 

2. Turn the Schlenk line vacuum on and open to vacuum to the attached line.  

3. With the NMR tube attached at position 2 and vacuum on, open position 1. Open 

to vacuum for 3-5 minutes as shown in B-I.   

4. After 3-5 minutes, open position 3 to vacuum to clear stainless steel column uip to 

position 4 (circular knob) as shown in B-II. Open to vacuum for 3-5 minutes.  

5. Close position 3, then open position 4 as shown in B-III. The pressure gauge at 

position 5 should decrease 5-10 psi.  

6. Close position 4, then re-open at position 3 as shown in B-IV. Open to vacuum for 

3-5 minutes.  

7. Ensure that 4 is completely closed. Then, open the gas cylinder at position 6 

(multiple turns, all the way open) – the large pressure gauge at 6 will show an 

increase in pressure. Adjust the pressure of the small gauge to desired pressure 

(typically 100 psi) by increasing the pressure by turning the valve at position 5 as 

indicated on the regulator.   
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8. Close position 3. THIS MUST BE DONE BEFORE OPENING AT POSITION 

4 TO PREVENT APPLYING VACUUM TO ENTIRE GAS CYLINDER.  

9. With position 3 closed, now open at position 4. The setup should look like B-V, 

with the small regulator reading the desired pressure of the gas experiment.  

10. QUICKLY AND SIMULTANEOUSLY, close at position 1 and open at position 

3 as indicated in B-VI. Open the NMR tube to gas – do this by holding the Teflon 

cap steady with the small wrench, and twisting at the NMR tube. Open the tube to 

gas for ~5-10 seconds and re-tighten to close.  

11. First, close the cylinder at position 6. Decrease the pressure by turning the knob at 

position 5 – the small pressure gauge should read ~20-30 psi. The pressure will 

begin to drop as you turn the knob – once it has reached the desired ~20-30 psi 

close at position 3, then close at position 4 to keep some amount of gas in the 

stainless column between positions 3 and 4 for purging in next experimental setup.  

12. Ensure that the pressure has stabilized. The apparatus should look as picture in A 

again. Remove your NMR tube by stabilizing the Teflon cap with the small wrench, 

and twisting at the stainless steel bolt.  
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