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of CO gas released from those systems cannot be accurately controlled. For example, 

even though the most widely used CORM-3 ([RuCl(gly)(CO)3]) releases precisely one 

CO molecule in 37 °C in water, its half life in human plasma is only 3.6 minutes, making 

CO delivery very unspecific.37b The majority of currently known CORMs suffer from 

similar setbacks.37j  

Figure 1-2. Examples of known CO-releasing molecules. 
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A promising way to control carbon monoxide release is sensitization of CORMs 

toward light. It is known that photodynamic therapy allows for precise control over 

location, dosage, and timing of the therapeutical agent.38 In this regard, several photo-

activated CORMs have been reported.37f,g,i,38 Such compounds are stable in the dark and 

release CO upon irradiation with light. A challenge in the development of new 

photoswitchable CORMs is the adjustment of the irradiation wavelength toward longer 

values (far visible and near IR wavelengths; > 600 nm).39 

Most recently, new ways of controlled CO release and delivery from CORMs, 

such as CO-releasing micelles40 and enzyme-triggered CORMs (ET-CORM), have been 

proposed.41 These new systems are designed to avoid the inherent toxicity of heavy metals 

as well as the use of high frequency irradiation. 

CO Release in Model Systems of Ni(II)-Containing  
Acireductone Dioxygenase 

The first synthetic model of the active site of Ni(II)-containing ARD was reported 

in 2005 by the Berreau group.42a A mononuclear Ni(II)-enolate complex supported by a 

hydrophobic 6-Ph2TPA ligand was synthesized and isolated (1, Scheme 1-4). Because no 

procedure for synthesis of the natural substrate was known, a model (Figure 1-3) of the 

native substrate was used. This compound is not a substrate for the acireductone 

dioxygenase enzyme due to the presence of a phenyl substituent on the C(1) carbon. 

Complex 1 was shown to undergo an O2-dependent aliphatic C-C bond cleavage of the 

enolate to yield either a monobenzoate complex (2, Scheme 1-4), or a dibenzoate complex 

(3, Scheme 1-4), depending on the protonation level of the metal-bound acireductone.42,43  
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In both cases it was noted that during the reaction the organic by-product benzil was being 

formed along with CO. To elucidate the possible pathways leading to formation of 

observed products, mechanistic studies were undertaken. As a result of these 

investigations, it was concluded that the oxidative C-C bond cleavage using the phenyl-

containing model acireductone proceeds through diphenyl triketone and hydroperoxide as 

intermediates. Additionally, DFT calculations showed that the monoanionic form of 

acireductone analogue is predisposed to extrude CO during the oxidative C-C bond 

Scheme 1-4. 

Figure 1-3. Relevant acireductones. 
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cleavage (Scheme 1-5). This predisposition is a direct result of a presence of the phenyl 

substituent on carbon C(1) of the acireductone.42b  

As mentioned in the description of the enzymatic CO release in the Ni(II)-ARD 

system, the secondary environment of the active site in the ARD enzyme contains at least 

one arginine residue.24 It was proposed that this amino acid may play a crucial role in 

stabilizing the doubly deprotonated substrate on the metal center through the formation of 

hydrogen bonds.22,24  To evaluate this possibility, a new ligand, 6-NA-6-Ph2TPA, 

containing one hydrogen bond donor arm was synthesized and used to investigate how 

Scheme 1-5. Proposed oxidation of model acireductone starting from 1. For clarity, the 
supporting 6-Ph2TPA ligand has been truncated. 
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secondary hydrogen bonds influence the coordination of an acireductone-type ligand. 

Using the 6-NA-6-Ph2TPA ligand, a trinuclear Ni(II) enediolate complex was isolated and 

characterized (4, Figure 1-4).44 Notably, the acireductone analog exhibits a different 

coordination mode in this complex, forming two five-membered rings that bridge two 

Ni(II) centers. Complex 4 undergoes reaction with O2 to generate two equivalents of a 

Ni(II) benzoate complex, CO, benzyl, and a Ni benzoate salt (Scheme 1-6). It is 

noteworthy that 18O labeling experiments involving either 1 in the presence of one 

equivalent of base (Scheme 1-4 (top)) or 4 (Scheme 1-6) resulted in identical 

incorporation of labeled oxygen into the benzoate complexes (86% via inspection by mass 

spectrometry).44 This result is not surprising since it was implied that a putative, dianionic 

species was formed in the pathway shown across the top of Scheme 1-4.43 In 2010 the 

isolation, characterization, and reactivity of this proposed intermediate was further 

investigated.45 It was shown that the treatment of 1 with one equivalent of base results in 

displacement of the supporting ligand 6-Ph2TPA and formation of the hexanickel cluster 

(5, Figure 1-5) with λmax = ~420 nm (Scheme 1-4). Because isolation of the bulk material 

from the reaction mixture proved impossible, an alternative synthetic route for obtaining 

the cluster was employed. This independently synthesized species was then exposed to O2 

in the presence of 1/6 equivalent of 6-Ph2TPA, yielding a product distribution identical 

with the oxidation reaction starting from 1 and one equivalent of base (Scheme 1-4 (top)). 

Additionally, 18O labeling studies of the oxidation reaction starting from 5 resulted in the 

level of isotope incorporation (83%-86%), which matched well with the reaction starting 

from 1 in presence of one equivalent of base (86%). 
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Scheme 1-6. 

Figure 1-4. 6-NA-6-Ph2TPA ligand (left) and core of 4 in which the supporting ligand 

has been truncated (right). 

Figure 1-5. ORTEP representations of 5. View from the top (left), one layer of the cluster 

(center), and side view with truncated acireductone ligand (right). 
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As outlined above, introduction of one hydrogen bond donating arm to the 

supporting ligand enabled stabilization of an enediolate species in a multinuclear 

structure.43 Hypothesizing that the introduction of multiple hydrogen-bonding appendages 

to the chelate ligand might enable stabilization of a mononuclear species with doubly 

deprotonated model acireductone, such studies were initiated and their results are offered 

in Chapter 2.  

To further elucidate factors influencing the formation of the acireductone-type 

enolate complexes, additional studies involving changes in the metal center, Ni(II) to 

Co(II), and supporting chelate ligand, 6-Ph2TPA to 6-PhTPA, were performed. The 

outcome of these investigations provided better insight into the challenges encountered in 

acireductone coordination chemistry. This issue is further discussed in Chapter 3. 

CO Release in Model Systems of 2,4-Quercetin Dioxygenase 

Initial models of the quercetinase enzymes were reported in 1979 and involved 

simple, base catalyzed oxygenation of quercetin or other flavonols.46 However, the first 

structure of a metal-containing complex to mimic the enzyme active site was reported 

more than a decade later in 1990.47 Since at that time only the copper-containing fungal 

quercetinase was known, the complexes contained exclusively Cu(I) or Cu(II) as the 

metal ion. These complexes involved homoleptic flavonolate coordination,48 or copper 

centers supported by a monodentate phosphine ligand.47 However, there have now been at 

least 11 different ligands (see examples in Figure 1-6) and over eight quercetin analogues 

used for this purpose.49b Multiple Cu-flavonolate species have been prepared and shown 

to release CO in DMF when heated.49  
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Although a cobalt complex-promoted oxidation of quercetin was reported as early 

as 1974,50 the first cobalt(III)-coordinated flavonolate structure was solved in 1992.51 

Further studies of metal-flavonolate complexes provided structures of Fe(III)-,51        

Mn(II)-,52b Ni(II)-,53 and Zn(II)-containing54 compounds. Nonetheless, despite a growing 

structural database for metal flavonolate complexes, each complex contained a different 

Figure 1-6. Examples of supporting ligands used in model studies of 2,4-quercetin 
dioxygenase. 
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supporting ligand and/or a different oxidation state of the metal ion. As a result, it was 

impossible to assess the influence of the metal ion on the oxidative C-C bond cleavage of 

the metal-bound flavonolate moiety. To address this deficiency, the Berreau group has 

developed the very first series of a model 3-hydroxyflavonolate anion coordinated on 

divalent metal centers supported by the same, hydrophobic 6-Ph2TPA ligand. This 

allowed for direct comparison of the influence of the metal ion on both the coordination 

mode and spectroscopic features of the metal-bound flavonolate. This comparison is 

further discussed in Chapter 4. Having synthesized and characterized the aforementioned 

family of flavonolate complexes, we were positioned to investigate the O2-dependent 

reactivity and CO release reactivity of these complexes under various conditions. Results 

of these investigations are further explored in Chapters 5 and 6. 

Conclusions 

Carbon monoxide is a small molecule with increasing significance to human health. 

Because of its growing importance, it is imperative to understand the factors controlling 

its release in enzymatic systems, as well as its release from synthetic complexes. In the 

Berreau group, we are interested in elucidating factors influencing CO release in synthetic 

systems of relevance to CO producing enzymes. In the subsequent chapters of this 

dissertation the influence of both chelate ligand and metal ion on CO production in 

synthetic systems of relevance to acireductone dioxygenase and 2,4-flavonol dioxygenase 

is presented.  

 


