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Abstract 
_____________________________________________________________________ 

 
IRON, MANGANESE AND RUTHENIUM METAL CARBONYLS AS 
PHOTOACTIVE CARBON MONOXIDE RELEASING MOLECULES 

(PHOTOCORMS): LIGAND DESIGN STRATEGIES, SYNTHESES AND 
STRUCTURE CHARACTERIZATIONS 

 
Margarita A. Gonzales 

 
 Recent investigations on the protective aspects of carbon monoxide (CO) have 

renewed interest in the design and syntheses of a new generation of metal carbonyl 

complexes as tunable CO-delivery systems. The inherent photosensitivity of 

transition metal carbonyls has made photochemical metal–CO bond labilization the 

most promising approach towards controlled CO-delivery to biological targets. This 

thesis details the design strategies employed in the preparation of photoactive carbon 

monoxide releasing molecules (photoCORMs) for use as CO donors in 

physiologically relevant settings. The Introduction (Chapter 1) examines the origins 

of CO photodissociation in metal carbonyl complexes and describes some 

photoCORMs known to date.  

 As an initial step detailed in Chapter 2, we explored whether the design 

principles we established in the isolation of photolabile metal nitrosyls can be 

extended to the generation of photoCORMs. We utilized structurally related 

pentadentate ligand frames in the syntheses of Fe(II)-based carbon monoxide 

releasing molecules that undergo solvent-assisted CO release under physiologically-

relevant conditions. 



 xviii 

 Chapter 3 covers our research on photoCORMs bearing tridentate ligand frames. 

The first section focuses on the effects of increasing conjugation and/or number of 

pyridine donors on a series of fac-Mn(I) carbonyl complexes bearing tripodal 

polypyridine ligands. The resulting UV-active photoCORMs have demonstrated a 

capacity to function as light-activated vasorelaxing agents. The second section of 

chapter 3 discusses the synthetic routes towards the preparation of Ru(II) carbonyl 

complexes of a conjugated ligand frame featuring an NNS donor set. The effect of 

both $-donating and %-accepting groups on the photosensitivity of the corresponding 

Ru(II) compounds are highlighted. 

 Chapter 4 is centered on the use of density functional theory (DFT) and time-

dependent DFT as tools in identifying the ligand design parameters that lead to the 

observed CO photorelease by some d6 metal carbonyl complexes. The contributions 

of auxiliary groups and conjugated moieties to CO photolability are rationalized in 

terms of their capacity to promote metal to ligand charge transfer processes.  
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Chapter 1. Introduction 

 
 1. Background 

 During the past three decades, three small “toxic” molecules namely nitric oxide 

(NO), carbon monoxide (CO) and hydrogen sulfide (H2S) have drawn much attention 

due to their surprising and unexpected roles in numerous physiological processes.1 

Investigations on the biological relevance of CO and H2S are quite premature when 

compared that of the radical species NO, which has served as the pioneer in the area 

of “biologically relevant gases”. What once was viewed as an environmental 

pollutant, NO has now been shown to participate in a myriad of physiological and 

pathological processes including vasodilation,2 neurotransmission,3 immune 

response4 and cellular apoptosis.5 Among this series of gasotransmitters, NO and CO 

possess the greatest number of similarities – both molecules are ubiquitous ligands in 

coordination chemistry and are known to interact with metalloproteins, particularly 

those bearing heme moieties.6 Consequently, the biological significance and 

therapeutic potential of CO is emerging at a faster rate in recent years.7a-d  

 

 1.1 Endogenous CO production from Heme Oxygenase (HO) Activities 

 With its reputation as a toxin, it is ironic that CO is present in the human body- 

with levels reaching about 500 µmol/day.8 Some sources of endogenously produced 

CO include iron-catalyzed lipid peroxidation9 and self-inactivation of cytochrome P-

450.10 The majority of CO generated in mammalian systems however, is derived from 

oxygenases, which exists as two isoforms, inducible (HO-1) and constitutive (HO-2).  



 2 

 1.1.1. Heme Oxygenase and its Isoforms 

 While both HO-1 and HO-2 catalyze the same rate-limiting step in heme 

catabolism, these isoforms differ slightly in amino acid sequence, regulation and 

tissue distribution. As outcome of separate gene expression pathways, human HO-1 

and HO-2 share only 45% identical residues in their respective sequences.11,12 As a 

result CO levels in the human body are organ and tissue-dependent due to the 

differential localization of these two different isoforms.  

 

Heme from 
breakdown 

of erythrocytes (~70%)

Heme from
cellular

proteins (~17%)

Non-heme (~13%)

 

Figure 1.1. Sources of endogenously produced CO in mammalian systems. 

 

 Also known as the heat shock protein HSP 32, human HO-1 consists of 288 

residues and is found mostly in the spleen and liver, where degradation of senescent 

erythrocytes occurs.12 In organs such as the lungs and kidneys that are not primarily 

facilitating metabolic heme breakdown, increased HO-1 expression has been noted in 

response to variety of chemical and environmental stresses such as ultraviolet 

radiation, heavy metals, xenobiotics, reactive oxygen species (ROS)- even heme.13 In 

the liver for instance where much of the detoxification processes takes place, HO-1 
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upregulation has been linked with the production of anti-inflammatory cytokines in 

both human and rat models of sepsis.14a Other pathological conditions that contribute 

to increased HO-1 expression include atherosclerosis, acute lung injury and renal 

failure.14b-d Mice that are deficient in the HO-1 gene were found to be more 

susceptible to lipopolysaccharide (LPS) induced endotoxic shock15a
 and exhibit 

reduced stress defense mechanisms against oxidative damage.15b The first reported 

case of a human HO-1 deficiency was that of a six year old boy exhibiting severe 

growth retardation and complications relating to vascular function not limited to 

abnormal coagulation, anemia and erythrocyte fragmentation.16 The diversity of HO-

1 inducing factors suggests the central role of the HO system in anti-inflammatory 

and immune response. Although no single unifying pathway could be delineated that 

would account for HO-1 upregulation, it has been determined that an efficient HO-1 

system is required to combat a myriad of diseases and to ensure adequate growth. Not 

surprisingly, the HO-1 system and its by-products, namely CO, have been 

unambiguously associated with protective functions in mammalian systems. 

  In addition to the immune response modulated by the HO-1, the second isoform 

of heme oxygenases, HO-2 serves to maintain regulatory functions in the central 

nervous system. Primarily expressed in the brain, testes and cerebral vascular 

systems, HO-2 was only identified when elevated heme oxygenase activity in these 

organs were noted in the absence of various chemical and environmental stimuli. This 

constitutive form has been found to modulate cerebral blood flow and promote 

survival in the event of seizures and hypoxia. Unlike HO-1, which is triggered non-
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specifically by external stimuli, HO-2 serves as a primary regulator of cerebral 

function- maintaining homeostasis and ensuring neuronal survival.17  

  Taken together, these HO isoforms contribute to the observed CO levels in the 

body. Much like the established signaling molecule NO, CO appears to have been 

known to catalyze the first and rate-limiting step in heme breakdown, making the 

endogenous production of CO possible.    

N N

NN

COOHCOOH

FeIII

NADPH / O2

H2O

Heme

N N

NN

COOHCOOH

FeIII

OH

!-meso-hydroxyheme

O2

CO

N N

N

O+

N

COOHCOOH

FeIII

Verdoheme

NADPH / O2

Fe2+
NH N

HNNH

COOHCOOH

O O

Biliverdin  
 

Figure 1.2. Stepwise heme degradation catalyzed by heme oxygenases. 

 
 1.1.2. CO from Heme Catabolism 

 Stepwise heme degradation, first identified by Tenhunen and co-workers, yields 

ferrous iron (Fe2+), CO and biliverdin.18 Free iron released in this process is 

sequestered by the intracellular protein ferritin, while biliverdin is further converted 

into bilirubin by bilirubin reductase (Figure 1.2).19 Associated anti-inflammatory and 
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antioxidant properties of the bile pigments biliverdin and bilirubin have consequently 

afforded the HO-system its reputation as a vital cell protecting (cytoprotective) 

machinery, most notably in the cases of HO-1 induction by chemical and 

environmental stimuli.20 Initially considered a benign byproduct of HO action, CO 

was later on ascribed a regulatory role when observations were noted of its capacity 

to dilate blood vessels. Indeed, much of CO-mediated physiological responses are of 

vascular origin, which includes inhibition of platelet aggregation21 and blood vessel 

dilation.22  

 
 1.2 CO-Mediated Vasorelaxation 

 1.2.1. Soluble Guanylyl Cyclase (sGC) as a Target  

 Early reports by Wang and co-workers suggest that CO could activate both a 

cyclic guanosine monophosphate (cGMP) pathway and calcium activated potassium 

(KCa) channels in vascular tissues leading to an overall dilatory response.23 Of these 

two targets, the cGMP pathway was the first to be investigated because cGMP 

production involves stimulation of soluble guanylyl cyclase (sGC), an intracellular 

receptor with a known heme binding domain. This heme prosthetic group within sGC 

typically binds nitric oxide. However a CO-induced rise in cGMP levels resulting 

from sGC stimulation has also been reported for aortic24 and visceral smooth muscle 

cells25, thus implicating sGC’s in CO-mediated vasodilation.  

 sGC is a heterodimeric protein consisting of an ! subunit (73-88 kDa) and a " 

subunit (70 kDa). An iron-protoporphyrin IX (heme b) prosthetic group is found in 

the " subunit and allows for substrate binding, leading to enzymatic activity. Nitric 
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oxide is the primary substrate for this cellular receptor, with sGC activity known to 

increase by 200-fold upon NO binding.26 Indeed, sGC stimulation has been 

established as the exclusive pathway leading to NO-induced vasodilation and has 

been the target in the development of drugs related to cardiovascular processes.  

 

Figure 1.3. (A) NO and (B) CO ligands bound to the distal face of heme in 
cyanobacterial H-NOX (van den Akker, 2007).27 

 
 
 The NO sensing domain of sGC is part of a family of heme sensing nitric oxide 

oxygen sensing domains (H-NOX), which is conserved among prokaryotes. Taking 

the H-NOX domain of a cyanobacterial homolog, van den Akker and co-workers 

determined the crystal structures of the NO-bound and CO bound H-NOX and 

deduced the molecular basis for weak sGC activation by CO. Typically, sGC 

stimulation by NO occurs upon binding to heme b and forming a short-lived six-

coordinate complex with a proximal histidine (His 105) side chain. Upon heme-His 

105 bond cleavage, a five coordinate heme-NO bound species is formed that induces 

the necessary conformational changes in the enzyme leading to sGC activity (Figure 

1.3 and 1.4).2 
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Figure 1.4. Schematic diagram of NO vs. CO-dependent activation of sGC (van den 
Akker and co-workers, 2007).27 

 

 

 The presence of heme b in the " subunit of sGC also allows for the CO-

dependent stimulation of this enzyme, as CO’s affinity for heme proteins is well 

established. Unlike NO stimulation that generates a transient six coordinate complex, 

CO binding to this heme cofactor produces a stable six coordinate complex (Figure 

1.3 and 1.4) with the His105 side chain still bound tightly. This only mildly 

stimulates the enzyme by about four-fold when compared to that of NO. Inability of 

CO to yield a five coordinate species upon heme ligation is attributed to its increased 

ionic radii and reduced electronegativity. This apparent ligand discrimination by sGC 

suggests that much of CO-mediated vasorelaxation proceeds through a different 

pathway. 
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 1.2.2. Big Conductance Potassium Channels (BKCa) as targets  

 BKCa are expressed in almost every tissue in the body, including vascular 

smooth muscle cells, and are stimulated by a variety of modulators. Protein kinases, 

heme and endogenously produced NO and CO all contribute to BKCa attenuation. 

Many physiological regulatory processes such as neuronal excitability, muscle 

contractility, and regulation of vascular tone are outcomes of BKCa
 activity. These 

channels are comprised of a pore-forming "-subunit and an accessory #-subunit, each 

component facilitating the flux of ions that yield an action potential.28 The 

stimulatory effects of NO and CO on BKCa channels that result in a vasodilatory 

effect depend on the specific interactions of these two gases on specific subunits of 

BKCa channels. 

 

Figure 1.5. Big conductance calcium activated potassium channels (BKCa) illustrating 
the ! and " subunits (adapted from ref. 28). 

 

 Using rat tail artery which bears all three potential targets of CO (sGC, 

cytochrome P450 and K-channels), Wang and co-workers re-examined the role of CO 
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in modulating vasodilatory response. Administering the non-specific K+ channel 

inhibitor tetraethylammonium (TEA) ion, Wang and co-workers observed complete 

suppression of CO-induced vasorelaxation, thus implicating K+ channels in this 

physiological response.29 Because potassium channels are among the most common 

type of ion selective channels involved in cell function, including regulation of blood 

flow, it is imperative to know which specific type of K+ channel is responsible for the 

observed CO-dependent response. Using both large and small conductance channel 

inhibitors: charybdotoxin and apamin, respectively, this same group has identified the 

large conductance Ca2+-activated potassium channels (BKCa) as the primary targets of 

CO-induced vasodilation.30 

 Jaggar and co-workers postulated that CO is able to directly modify BKCa by 

binding to a channel-bound heme domain localized in the "-subunit. This channel-

bound heme serves as a BKCa inhibitor by sensing CO and prevents pore closing.31 

Such interaction increases the open probability of these channels, allowing for smooth 

muscle relaxation and increased blood flow. Interestingly, such CO-mediated 

regulation of BKCa channels and hence of vasodilation, appears to be minimally 

influenced by endogenously produced NO and by reactive oxygen species such as 

H2O2 and peroxynitrite.32 These findings confirm the integrity of CO as a potent 

vasoregulatory molecule which acts on a signaling pathway distinct from that of NO.  
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 1.3 CO Signaling 

 Compared to the free radical species NO, CO is relatively inert. As a signaling 

molecule, the substrates of endogenously produced CO are limited to metalloproteins 

containing heme moieties. In contrast, NO and the subsequent reactive nitrogen 

species it generates affects not only metalloproteins, but also lipids and amino acid 

residues such as cysteine and tyrosine. Much of the CO-mediated outcomes that 

include vasorelaxation and anti-inflammatory responses are attributed to CO 

interaction with heme-containing proteins implicated in key physiological responses. 

Figure 1.6 provides an overview of some of the beneficial outcomes associated with 

CO application, as well as the protein targets associated with each pathway. For 

instance, CO’s interaction with BKCa –bound heme proteins, discussed in the previous 

section, illustrates how CO achieves the desired vasoregulatory effect through protein 

inhibition. 

 

Figure 1.6. Carbon monoxide signal transduction pathways (adapted from ref. 40). 
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 Cytochrome c oxidase, the terminal enzyme of the mitochondrial electron 

transport chain is another key heme protein that is inhibited by CO. Nontoxic 

concentrations of exogenously applied CO have been found to trigger a slight 

increase in mitochondrial reactive oxygen species (ROS),33 which in turn activate the 

system’s vascular adaptations to reduced oxygen conditions.  Such responses to 

hypoxic environments include upregulation of transcription factors such as HIF-1!34 

and NF-&B,35 both of which serve to promote survival by producing anti-

inflammatory cytokines and chemokines. When administered prior to events of stress, 

CO is capable of initiating this type of redox (ROS) signaling mechanism thereby 

functioning as a potent pre-conditioning agent. In a model of brain ischemia, Vieira 

and co-workers have shown that a CO pre-conditioning step prevents neuronal 

apoptosis through increased ROS production.36  

 Perhaps the most intriguing signaling pathway modulated by CO is that of 

mitogen activated protein kinases (MAPKs). This family of proteins initiates 

signaling cascades in response to stress and external stimuli. Conventional MAPK 

types include (1) extracellular signal-regulated kinases 1/2 (ERK1/2) (2) c-Jun (N)-

terminal kinases 1/2/3 (JNK1/2/3) and (3) p38 isoforms. Although the MAPK family 

is divided into various subgroups depending on their involvement in physiological 

and pathological processes, all MAPKs all feature a conserved Serine-Threonine 

domain, which upon phosphorylation triggers cell signaling.37  

 CO has been found to specifically influence the ! and " isoforms of p38 MAPK. 

In a model of systemic hepatic inflammation, Brugger and co-workers found that the 
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antioxidant effects of CO are dependent on p38 MAPK activation. The antioxidant 

properties of CO were sustained despite heme oxygenase deactivation, signifying that 

exogenously applied CO has the same anti-inflammatory properties as endogenously 

produced CO in this model.38 Similarly, the anti-proliferative properties of CO (in the 

form of [Ru(CO)3Cl2]2) has been observed in a model of chronic pancreatitis and was 

found to proceed via p38 MAPK activation.39 Despite the increasing evidence on the 

role of MAPK in CO-mediated protection, the molecular basis for this interaction is 

still unclear, especially because MAPKs are not known to have heme prosthetic 

groups. Alternatively, indirect modulation of MAPKs by CO has been proposed to 

shed light on the role of CO in signaling and immune response.40     

 It is becoming apparent that the influence of CO lies in its capacity to participate 

in a number of signaling pathways. As a result, this endogenously produced gas could 

potentially influence a myriad of physiological processes not limited to 

vasorelaxation. Indeed, the cytoprotective effect of CO, as will be discussed in the 

following section, can be attributed to its interaction with critical substrates that 

govern pathways leading to immune response.  

   
 1.4 Utility of Exogenously Applied CO 

 Most notable of these CO-mediated effects is its capacity to promote graft 

survival as observed in animal models of organ transplantation.41-43 Much of the 

injury associated with organ transplant procedures stem from ischemia-reperfusion 

injury (IRI)- a form of tissue damage resulting from a combination of oxygen 

deprivation during organ preservation (ischemia) and subsequent restoration of blood 
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flow (reperfusion) upon transplantation. IRI is 

initiated when cold preservation of harvested organs 

disrupts cellular metabolic pathways. Minimal 

oxygen availability during cold storage causes 

accumulation of metabolic intermediates, membrane 

depolarization, depletion of ATP reserves and an 

overall disruption of the microvasculature within the 

isolated organ.44 The recipient’s innate immune 

response then recognizes such molecular patterns of 

inflammation from the transplanted organ and 

responds through upregulation of pro-inflammatory 

mediators such as cytokines, chemokines and 

macrophages. Although culmination of the organ 

transplant reestablishes blood circulation, it also 

brings about a surge of reactive oxygen species. 

With ischemia-reperfusion injury appearing to be 

characteristic of organ transplant procedures, further 

improvements in organ preservation and delivery methods are necessary to minimize 

graft rejection.  

 Among the strategies being investigated, application of CO gas at different 

stages of organ transplantation has been shown to attenuate host inflammatory 

response thereby reducing the extent of IRI. When animal donors were provided a 

 
Figure 1.7. Effect of CO 
gas on heart transplants. 
Incubation with SnPPIX 
(middle panel), an HO-1 
inhibitor shows increased 
myocardial infarction as a 
result of reduced 
endogenous CO 
production. Exogenous CO 
restores graft survival 
(bottom panel) (adapted 
from ref. 47).  



 14 

dose of CO gas prior to organ procurement, the said organs were found to better 

withstand hypoxic conditions as evidenced by the minimal ischemia-reperfusion 

associated damage.45 CO preconditioning appears to minimize a variety of 

pathological markers including T-lymphocytes, tumor necrosis factor (TNF!), 

interleukin (IL)-1", and macrophage inflammatory proteins.46  

 Similarly, administration of CO gas to the recipients after transplantation has 

been found to boost graft tolerance and promote survival. Sato and co-workers 

concluded that long term survival of mouse-to-rat cardiac transplants was ensured 

when recipients were exposed to CO gas at different time points after 

transplantation.47 Figure 1.7 illustrates how CO in this study suppresses myocardial 

infarction in the presence of the heme oxygenase inhibitor tin protoporphyrin IX 

(SnPPIX), thus supporting the notion that exogenously applied CO can act as a graft-

promoting agent in lieu of endogenously produced CO. Indeed a number of animal 

models of cardiac diseases reveal that CO dosage initiates mitochondrial biogenesis 

due to the anti-coagulative properties of CO. By reducing platelet aggregation due to 

IRI in transplantation procedures, CO fosters recovery of vascular endothelial cells.48  

 Overall, the capacity of CO to enhance graft survival is attributed to its anti-

apoptotic property. Its role in apoptosis, a process of programmed cell death, 

indicates its even greater significance in signaling mechanisms. As an endogenously 

produced molecule like NO, CO is able to mediate key pathways conferring 

protection to the organism. 

 
 



 15 

 1.5. Metal Carbonyls as Carbon Monoxide Releasing Molecules (CORMs) 

 The photosensitivity of metal carbonyls is well established and the mechanisms 

governing CO release upon illumination has been extensively studied. Due to its 

exceptional $-accepting character, CO stabilizes low valent metal centers. The 

strength of the resulting metal-CO bond depends on the ligand frame involved. 

Irradiation with high-energy radiation induces CO photorelease. Such is the case with 

homoleptic metal carbonyls, which were the model compounds utilized in elucidating 

the mechanism of metal-CO bond labilization.  

 Metal carbonyls are known to 

undergo CO loss via several pathways, 

with excitation of ligand field (LF) and 

metal to ligand charge transfer (MLCT) 

states being the most prominent 

pathways contributing to CO 

photodissociation. Using Cr(CO)6 as a 

representative homoleptic metal 

carbonyl, the classical interpretation of 

photoinduced CO dissociation has been 

attributed to LF excitations. Single 

electron excitation into the eg* orbital of 

Cr(CO)6 reduces the number of bonding 

electrons in the t2g orbitals, while populating a strongly antibonding Cr-dz
2 –CO-5% 

 
 
 
Figure 1.8. Qualitative MO diagram of 

Cr(CO)6 to illustrate high energy LF 
excitation and the associated metal-CO 

bond homolysis.49b 
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eg* orbital (Figure 1.8). The net effect of LF excitation is loss of an antibonding CO, 

with concomitant lowering of the dz
2 orbital energy and loss of symmetry in the 

formation of Cr(CO)5.49  

 The excitation spectrum of Cr(CO)6 (Figure 1.9) features a low intensity 

shoulder at ~30,000 cm-1, that corresponds to the ligand field excitation state 1T1g, 

indicating a t2g
5eg

1 configuration. Irradiation onto this low intensity shoulder at ca. 4 

eV leads to an observed CO ligand loss.50 Calculations utilizing the original extended 

Hückel,50a semiempirical INDO/S CI,51 and ab initio RHF methods52 are consistent 

with the original assignment of ligand field transitions in Cr(CO)6 corresponding to 

dissociative CO loss. This standard model of LF excitation leading to photoinduced 

CO dissociation has been employed thereafter to account for CO loss in various metal 

carbonyl complexes. 

 

Figure 1.9.  The UV/Vis spectrum of Cr(CO)6 in a mixture of ether, pentane and 
ethanol (EPA) at 298 K and 77K (adapted from ref. 49a). 

 
 

 Later investigations on identifying the primary photoreactions governing metal 

carbonyls have reexamined the nature of the excited LF state for group 6 
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hexacarbonyls. Specifically, the metal-CO antibonding eg orbitals lie at a relatively 

high energy, such that irradiation at 4 eV is deemed insufficient for 1A1g ' 1T1g 

transition leading to CO dissociation. Baerends53 and Pierloot54 have independently 

concluded that the previously assigned low intensity shoulder for Cr(CO)6 is actually 

a symmetry forbidden charge transfer (CT) state as opposed to ligand field. Daniel et 

al. have additionally defined this CT state as 1MLCT character (T2u), the potential 

energy curve of which crosses over to LF at increasing metal-CO bond lengths.55 

Although CO dissociation is still observed with photolysis, it is now recognized that 

single electron excitation initially populates a low energy 1MLCT (d$ ' $*) state, 

from which mixing with an excited 1LF (d$ ' d%*) state contributes to the observed 

metal-CO bond labilization. In the tungsten complex [W(CO)5(piperidine)] for 

instance, the lowest excited states are W ' CO MLCT in character, as revealed by 

time dependent density functional theory (TD-DFT) calculations. Furthermore, no LF 

excited states have been identified in this complex within a spectroscopically relevant 

range of 6-7eV, thus suggesting the primary role of MLCT excited states in CO 

photodissociation.56  

 
 1.5.1. Homoleptic Metal Carbonyls as prototypical CORMs 

 The ability of exogenous CO to promote anti-inflammatory and anti-apoptotic 

activity has prompted a renewed interest in metal carbonyls as carbon monoxide 

releasing molecules (CORMs) for targeted CO delivery. Not surprisingly, the first 

compounds to be employed as carbon monoxide releasing molecules (CORMs) were 
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commercially available homoleptic metal carbonyls due to the well-established 

photoactivity of this class of compounds (Figure 1.10). Motterlini and co-workers 

took the representative mono and dinuclear metal carbonyls Fe(CO)5 and Mn2(CO)10 

and demonstrated that irradiation with a cold light source leads to CO release. The 

ability of such compounds to mimic endogenously produced CO was also confirmed 

by incorporation in vasorelaxation studies involving pre-contracted rat aortic rings.57 

 Mechanisms concerning CO loss can vary depending on the nature of the 

starting carbonyl and the incoming ligand and may even be further complicated by 

recombination of the photoproduct(s). For Fe(CO)5, quantum yield measurements by 

Burkey et al. have previously accounted for the formation of both the mono and 

disubstituted carbonyl species: Fe(CO)4L and Fe(CO)3L2 upon UV irradiation, with 

Fe(CO)4 being the common intermediate leading to each distinct photoproduct.58
 

Indeed, Fe(CO)5 is a unique example wherein substitution of two CO groups occurs 

per photon absorbed. In the case of dimanganese decacarbonyl, CO loss has been 

recognized to proceed via a dissociative process wherein the transient species 

Mn2(CO)9 is generated, as opposed to the typical metal-metal bond cleavage observed 

during continuous photolysis of dinuclear metal carbonyls.59  
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Figure 1.10. Homoleptic metal carbonyls representing prototypical CORMs. 
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 While effective in fostering prolonged vasodilation, these homoleptic metal 

carbonyls are insoluble in aqueous solutions thus hindering their applicability. The 

development of metal carbonyls for controlled CO release has therefore been centered 

on the smart design of ligand frames to sensitize the resulting carbonyls to low energy 

light, as well as to impart the desired solubility in aqueous media.  

 
 1.5.2. Water-Soluble CORMs in solvent-assisted CO release processes 

 The first water-soluble CORM to be employed in biological studies was  

[Ru(glycinate)(CO)3Cl] (Figure 1.11), developed by Motterlini and co-workers (often 

referred to as CORM-3). Facile CO loss from CORM-3 is pH dependent and arises 

from base (hydroxide) attack on the carbonyl leading to the formation of either 

Ru(CO)2(CO2Cl(glycinate)]2- or [Ru(CO)2(CO2H)(OH)(glycinate)]-.60 Interestingly, 

Darrensbourg and co-workers61 have previously determined that incorporation of 

amino acids and their derivatives as ligands promote CO dissociation from Cr and W  

R'
N

O
W

CO

CO
CO

CO

O

H
N

O
Ru

CO

Cl
CO

CO

O

Ru(CO)3Cl(glycinate) [W(CO)4(O2CCH2NHR')]-

R

O O

Fe(CO)3

[(!4 - 2-pyrone)Fe(CO)3] 

Figure 1.11. Examples of CORMs bearing amino acids and biocompatible groups. 

 
amino acid complexes (Figure 1.11). For complexes of the type 

[M(CO)4(OC2CH2NR)]+ (where M = Cr, W; R= H, CH3), rates of CO loss are 

significantly enhanced when R = H, while substituents on the methylene carbon do 
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not seem to influence the apparent CO release rates. The mechanism points to NH 

hydrogen abstraction in solution to afford a CO-labilizing amido functionality, which 

then enhances CO dissociation rates. Metal complexes bearing amino acid, amino 

ester or non-natural amino acid moieties62 have since found renewed utility in the 

area of targeted CO delivery via solvent-assisted CO release mechanisms.  

 A wide range of ligand frames and ancillary ligands not limited to amino acid 

functionalities has been utilized in the preparation of CORMs (Figure 1.11). The use 

of biocompatible functionalities, such as cyanocobalamin, and 2-pyrone (2H-pyran-2-

one) and its related compounds,63 appears to be a viable approach in the syntheses of 

water-soluble CORMS and has yielded CO donors with solvent-dependent CO-

releasing profiles. While the incorporation of ligand fragments with inherent 

bioactivities seems promising in the development of water-soluble CORMS, 

purposeful ligand design has resulted in CORMs with suitable CO releasing 

capacities in physiologically relevant media. Mascharak and co-workers have shown 

that the Fe(II) carbonyls bearing designed structurally-related pentadentate 

polypyridine ligand frames exhibit CO release in the corresponding iron carbonyl 

complexes (Figure 1.12) by virtue of a trans-labilizing effect. These iron-based 

CORMs have been found to induce muscle relaxation of pre-contracted aortic tissue 

as well as exhibit fast CO-release rates in aqueous and non-aqueous media.64  

The amount of CO released by solvent-labile CORMs may be quantitative. 

However the lack of control over CO delivery by such metal carbonyl complexes 

limits their utility to solvent-dependent CO-release applications. To fully realize the 
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potential of CORMs as CO donors in biological settings, controlled and site-specific 

delivery of this otherwise toxic gas is imperative.  
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Figure 1.12. Fe(II) carbonyl complexes bearing structurally-related pentadentate 
ligand frames.64 

 
 
 1.5.3. Photoactive Carbon Monoxide Releasing Molecules (photoCORMs) 

 As noted in the case of prototypical CORMs, the photosensitivity to CO release 

by transition metal carbonyl complexes can be modulated with the use of ligand 

frames that foster MLCT excitations. Ford and co-workers reported the 

photochemical reaction of a water soluble salt Na3[W(CO)5(TPPTS)] under UV 

irradiation and coined the term ‘photoCORM’ to describe this type of light-triggered 

CO releasing compound.65 Subsequent aerobic oxidation after the initial photolysis 

was found to yield a total of 1.2-1.6 equivalents CO per molecule of 

Na3[W(CO)5(TPPTS)], while recombination reactions further complicates 

identification of the various photoproduct(s). A number of photoCORMs with diverse 

ligand frames have been reported since then and the following sections will present 

the types of photoCORMs identified thus far. 
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 1.5.3.1. fac-Manganese(I) tricarbonyl complexes as photoCORMs 

 The facile coordination of a variety of lewis bases including arenes, phosphines, 

thioethers and other heterocyclic moieties onto the Mn(CO)3
+ fragment has led to the 

characterization of a series of fac-Mn(I) tricarbonyl complexes, all of which exhibit 

CO photodissociation when irradiated with UV to visible light energies. Revisiting 

the work of Trofimenko, Schatzschneider and co-workers synthesized 

[Mn(CO)3(tpm)]PF6 (tpm = tris(pyrazolyl)methane, (Figure 1.13), the first in this 

series of photoCORMs featuring tripodal ligand frames. This compound was found to 

release CO when activated by 365 nm light and has demonstrated its potential as a 

photodynamic therapy (PDT) agent.66 Although CO release from [Mn(CO)3(tpm)]PF6 

has been applied towards cytotoxic purposes and not in the expected protective assay 

that CO is known for, [Mn(CO)3(tpm)]PF6 nonetheless has since found its way into 

various CO delivery systems including conjugation onto model peptides,67 

nanoparticles,68 and nanodiamonds.69  

 To elucidate the factors that determine CO release from tricarbonyl 

manganese(I) complexes, Schatzschneider and co-workers have expanded their series 

of tripodal ligands to include imidazole moieties and their derivatives. Within the 

subset of tricarbonyl[tris(imidazolyl)phosphane] manganese(I) complexes, the 

substitution pattern on the imidazolyl moiety was found to influence the CO-releasing 

efficiency and stoichiometry of the resulting fac-Mn(I) tricarbonyls. Two equiv of CO 

per mole of complex were released in compounds bearing imidazolyl-2ylphosphane 

ligand (2-TIPH) frames (Figure 1.13), while only one CO was released per molecule 
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when imidazolyl-4ylphosphane was employed.70 In addition to the substitution 

pattern on the imidazolyl group, the steric bulk of the substituents was also found to 

significantly influence CO-release kinetics for the series of tricarbonylmanganese(I) 

complexes.71  
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Figure 1.13. Examples of tripodal ligands utilized in the preparation of fac-Mn(I) 
tricarbonyl complexes as photoCORMs. 

   
 

CO loss from this subset of tricarbonylmanganese(I) photoCORMs was 

investigated by Berends and Kurz using [Mn(CO)3(tpm)](PF6) and [Mn(CO)3(bpzaa)] 

(where tpm = tris(pyrazolyl)methane and bpzaa = bis(pyrazolyl) acetic acid) as 

representative compounds. A generalized scheme detailing CO loss starts with two 

CO releasing steps followed by oxidation of the manganese center to Mn(II) and 

finally to Mn(III), with µ-O-MnIII complexes purported to be the final products 

(Figure 1.14).72  These findings contrast mechanisms outlined for those of tungsten 

carbonyls,65 wherein exhaustive photolysis yields a mixture of photoproducts 

containing bound CO moieties due to recombination reactions. 
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Figure 1.14. Proposed mechanism for CO release by fac-Mn(I) tricarbonyl 
complexes (adapted from ref. 72). 

 
 

 1.5.3.2. Miscelleneous photoCORMs 

 The rapid developments made in the area of CO donating materials have 

resulted in a number of metal carbonyl complexes bearing a variety of ligand frames 

with little resemblance to one another.  This section exemplifies some of the 

photoCORMs that do not fall under the previously mentioned categories. 

 The compound fac-[Mn(his)(CO)3] (where his = histidine, (Figure 1.15) is both 

water-soluble and undergoes light-induced CO release, unlike previous amino acid 

complexes that only release CO upon dissolution.73 Its sensitivity to UV radiation 

(365 nm) renders it a photoCORM best suited for slow CO release applications due to 

its half-life of ~ 93 mins. While typical amino acid metal complexes have either 

mono or bidentate amino acid donors, the deprotonated histidine in fac-

[Mn(his)(CO)3] acts as a tridentate ligand through the carboxylate oxygen and 

nitrogen atoms of the amine and the imidazole group.  
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 Not strictly incorporating an amino acid framework, the compound dicarbonyl-

bis(cysteamine)iron(II) (referred to as CORM-S1, Figure 1.15) features an N/S ligand 

donor set derived from cysteine and falls under the classification of photoCORMs.74 

The combination of low-valent iron centers and coordinated thiolates has been known 

to afford metal carbonyls exhibiting reversible CO desorption properties,75 making 

this particular motif suitable for the design of CO carriers.  As predicted, CORM-S1 

exhibits CO photorelease upon exposure to visible light (! = 400 nm), yielding two 

CO molecules per CORM-S1. This compound stimulated voltage and Ca2+-activated 

potassium channels (BK, Slo1) in a light-dependent manner making it a viable 

photoCORM for physiological applications. 

 Kodanko and co-workers have reported a stable iron carbonyl complex featuring 

a pentadentate ligand, N,N-bis(2-pyridylmethyl)-N-bis(2-pyridyl)methylamine 

(N4Py). The resulting carbonyl, [Fe(N4Py)(CO)](ClO4)2 (Figure 1.15) is highly stable 

in aerobic aqueous solutions and exhibits fast CO release upon irradiation with UV 

light (365 nm). To enhance targeted CO delivery, [Fe(N4Py)(CO)](ClO4)2 was 

attached to the Ala side chain of the peptide Ac-Ala-Gly-OBn, thus ensuring tissue or 

cell-specific CO delivery.76  

 Metal-alkynyl complexes typically feature strong metal-carbon bonds and the 

substituents on the alkynyl group can modulate the properties of such complexes. 

Incorporation of CO ligands in these metal alkynyl complexes could generate 

photoCORMs for therapeutic applications. The sugar substituted molybdenum 

complex, [Mo(C CCH2O-!-D-fructopyranose)(!5-C5H5)(CO)3] (Figure 1.15) was 
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synthesized via the copper-promoted coupling of [Mo(!5-C5H5)Cl(CO)3] to the 

propargyl-substituted alkyne, [HC CCH2O-(!-D-fructopyranose)]. When exposed to 

UV light (325 nm, 6 W), this compound undergoes rapid CO release, yielding ca. 2.2 

equivalents of CO per photoCORM.77   

 Manganese-based tetracarbonyl complexes of the type Mn(CO)4(C^N) (where 

C^N = ortho-metallated 2-phenylpyridine or benzoquinoline) have been found to 

 

H2
N

O
Mn

N

CO
CO

CO

O

NH

S

N
H2

Fe

CO

H2N
S

CO

CORM-S1fac-[Mn(his)(CO)3]

Fe

CO
N N

N
NN

[Fe(N4Py)(CO)](ClO4)2

2+

OC

OC
Mn

N

CO
CO

O

CO2Me

Mn
OC

OC
O

O

O
O

O

O

CO

[Mo(CCH2O- !-D-fructopyranose)("5-C5H5)(CO)3]Mn(CO)4(C^N)  

Figure 1.15. Miscellaneous photoCORMs. 

 
exhibit CO photoactivity in the presence of 2-electron donor ligands such as DMSO 

or PPh3. In the case of C^N = methyl 4-(pyridin-2-yl) phenyl carbonate, the resulting 

Mn tetracarbonyl (Figure 1.15) exhibits UV light-dependent CO release (365 nm) and 

yields approximately three CO ligands per molecule. This photoCORM shows 

excellent cell viability before and after irradiation, suggesting that its related 

degradation product(s) are minimally toxic.78 



 27 

 Recently, Ford and co-workers reported the synthesis and crystal structure of 

[Re(bpy)(CO)3(thp)]+ (where bpy = 2,2(-bipyridine ; thp = 

tris(hydroxymethyl)phosphine), a rhenium-based photoCORM that is both 

photoactive and luminescent. [Re(bpy)(CO)3(thp)]+ yields one CO per molecule when 

irradiated with 405 nm light and has no apparent cytotoxicity when incorporated into 

the human prostatic carcinoma cell line, PPC-1.79 

 Overall, the photoCORMs cited in this section represent some of the compounds 

reported in recent years. As the mechanisms of CO in signaling pathways and its role 

as a potent cytoprotective agent is better understood, the number of characterized CO-

donors is expected to increase. Our understanding of the design principles that govern 

CO release in biologically relevant conditions will also improve. 

 
1.6. Direction of Research 

Facile coordination of CO to electron rich metal centers and the inherent 

photolability of the resulting metal-CO bond make transition metal carbonyl 

complexes ideal CO reservoirs to be applied in physiologically relevant conditions. 

While the principles governing CO photodissociation in this class of compounds has 

been known for some time, studies on such CO photorelease have been limited to 

organic and aprotic media, with the use of high energy light to trigger CO release. 

The main goal of this thesis is to elucidate the ligand design strategies that impart 

greater photosensitivity to lights in the visible range and enhanced aqueous 

solubilities to transition metal carbonyl complexes for use as photoCORMs in 

biologically relevant conditions.  
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 Chapter 2 details our initial attempts at developing iron-based photoCORMs 

using principles previously applied in the preparation of photosensitized metal 

nitrosyls. Given the success of our group in the preparation of highly photoactive 

manganese and ruthenium nitrosyls that included pentadentate ligand frames, we 

synthesized and characterized a series of Fe(II) carbonyls bearing ligands structurally 

related to PaPy3H, a ligand developed by us to stabilize metal centers in high and low 

oxidation states. The new Fe(II) carbonyls complexes [Fe(SBPy)(CO)]BF4 (where 

SBPy3 = N,N´-bis(2-pyridylmethyl)amine-N-ethyl-2-pyridine-2-aldimine) and 

[Fe(Tpmen)(CO)]ClO4 (where Tpmen = N-methyl-N,N´,N´-tris(2-

pyridylmethyl)ethane-1,2-diamine) in chapter 2 yield one equivalent of CO per 

molecule via a solvent-assisted CO release mechanism.  

In research described in Chapter 3, we resorted to the use of tridentate ligand 

frames that allow for the incorporation of multiple CO ligands per molecule. With the 

goal of increasing sensitivity to low energy light (Chapter 3, Part I), we explored the 

effect of increasing conjugation on the metal-CO bond lability of a series of fac-

Mn(I) tricarbonyl complexes bearing tripodal polypyridine ligand frames. As 

predicted, a progressive red-shift in the photoband of the corresponding fac-Mn(I) 

tricarbonyl complexes was observed with an increase in the number of pyridine 

donors and/or conjugation. The most red-shifted compound in this series, 

[Mn(pqa)(CO)3]ClO4, was also found to be the most effective at light-induced 

vasorelaxation of mouse aortic rings.  
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Part II of Chapter 3 describes our work with the ligand qmtpm, a potentially 

tridentate ligand frame bearing an NNS donor set, and its use in the syntheses and 

characterization of Ru(II) carbonyl complexes. In this study, we investigated the 

effect of a sulfur donor in place of a nitrogen donor on the photosensitivity of the 

Ru(II) carbonyl complexes derived from qmtpm. In addition, we have also 

incorporated trans-labilizing substituents such as PPh3 and Cl– in the design of our 

compounds to examine the influence of ancillary ligands on the observed CO 

photorelease.  

 Finally, chapter 4 includes the results of density functional theory (DFT) and 

time dependent DFT calculations on a series of manganese and ruthenium carbonyl 

complexes bearing the qmtpm ligand frame. Results reported herein confirm the role 

of both ancillary groups and the qmtpm ligand frame in the tuning of metal to ligand 

charge transfer (MLCT) energies that are key in CO photorelease processes.  
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Chapter 2. Solvent-assisted CO release from Iron Carbonyls Bearing 

Structurally-Related Pentadentate Ligand Frames 

 2.1 Background 

 During the past three decades, three small “toxic” molecules namely nitric oxide 

(NO), carbon monoxide (CO) and hydrogen sulfide (H2S) have drawn much attention 

due to their surprising and unexpected roles in numerous physiological processes.1 

The surge of interest in these “biologically relevant gases” all began with NO. What 

once was viewed as an environmental pollutant, NO has now been shown to 

participate in a myriad of physiological and pathological processes including 

vasodilation,2 neurotransmission,3 immune response4 and cellular apoptosis.5 More 

recently, CO and H2S have also been identified as important signaling molecules.1,6,7 

Among this series of gasotransmitters, NO and CO possess the greatest number of 

similarities – both known to interact with metalloproteins, particularly those bearing 

heme moieties.8 Consequently, the biological relevance of CO, an endogenously 

produced gaseous molecule, has been emerging at a faster rate during the past few 

years.9,10  

 To effectively induce the desirable biological effects of CO at a targeted site, 

controlled site-specific delivery of CO to tissues is required and the resulting CO-

donor after CO-release must remain benign. CO is a ubiquitous ligand in 

organometallic chemistry. Transition metals therefore are incorporated in the 

syntheses of carbon monoxide releasing molecules (CORMs) to circumvent the 

inherent toxicity associated with CO inhalation. The early CORMs studied were 
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commercially available homo and heteroleptic transition metal carbonyls (CO 

complexes). These included [Fe(CO)5], [Mn2(CO)10] and [{Ru(CO)3Cl2}]2, which 

exhibited direct biological activities despite poor solubility.11 These prototypical 

carbonyls manifested CO delivery to substrates, with the limitation of only being 

soluble in aprotic solvents, particularly DMSO. [Ru(glycine)(CO)3Cl], developed by 

Motterlini and coworkers (and often referred to as CORM-3), was one of the first 

compounds to be soluble in aqueous media.12  This CORM effectively mimics the 

vasorelaxing and cardioprotective properties associated with CO produced 

endogenously.12-14 Further efforts in preparing metal carbonyls as therapeutics 

focused on the incorporation of a biocompatible ligand to facilitate CO delivery. As 

non-toxic leaving groups, amino acids and amino esters have been utilized as ligands 

in the preparation of group 6-based CORMs.15 The involvement of 2-pyrone 

functionalities in metabolic pathways has also led to the syntheses of Fe and Mo-

based CORMs bearing a pyrone moiety.16 

 For several years our lab has developed a series of designed metal nitrosyls (NO 

complexes of metals such as Fe, Mn and Ru) that rapidly deliver NO upon exposure 

to lights of a wide range of wavelengths (400-1000 nm).17-22 We have shown that 

increase in the extent of conjugation within the ligand frame affords metal nitrosyls 

exhibiting a significant red shift in their respective photobands and make such 

complexes more sensitive to low-energy radiation. Our lab has had success in the 

preparation of photolabile metal nitrosyls bearing the designed pentadentate ligand: 

N,N-bis(2-pyridylmethyl)amine-N-ethyl-2-pyridine-2-carboxamide (PaPy3H), whose 
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domains serve to stabilize high and low oxidation states of transition metal ions. 

Specifically, reaction of PaPy3H with a Mn(II) center and NO gas generates the 

photoactive metal nitrosyl: [Mn(PaPy3)(NO)]ClO4 (#max = 635 nm) which undergoes 

NO photorelease upon exposure to visible light energies (# = 500-600 nm).18b  

 Employing the strategy of adding conjugated moieties to the ligand frame to 

improve quantum efficiency and NO release capacity, we modified the PaPy3H ligand 

to include a quinoline group to isolate the pentadentate ligand, N,N-bis(2-

pyridylmethyl)amine-N-ethyl-2-quinoline-2-carboxamide (PaPy3QH). Indeed the 

corresponding manganese nitrosyl, [Mn(PaPy3Q)(NO)]ClO4, (#max = 670 nm) 

exhibits NO photolability upon illumination with NIR light and has a quantum 

efficiency (() that is almost double that of the parent [Mn(PaPy3)(NO)]ClO4 – (0.69 

versus 0.38) at 550 nm.22b 

 To explore whether our design principles employed in the preparation of 

photoactive metal nitrosyls can be extended to the isolation of photolabile CORMs, 

we have investigated the CO-releasing behavior of three iron carbonyls derived from 

three designed pentadentate ligands shown in Figure 2.1. As discussed in chapter 1, 

the incorporation of ligands with low-lying orbitals such as pyridines or diimines 

facilitates efficient MLCT excitation, which is the first step in governing CO 

photodissociation. As such, the ligands employed herein not only feature pyridine 

moieties, but also different trans-labilizing groups to promote CO release. 

 Although the synthesis and structure of the Fe(II) carbonyl 

[(PaPy3)Fe(CO)]ClO4 were reported by us in a previous account,23 the CO-releasing 
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Figure 2.1.  Structures of the designed pentadentate ligands, PaPy3H, SBPy3 and 
Tpmen, used in this study.  

  
property was not studied.  We have synthesized and characterized two more Fe(II) 

carbonyls derived from the related ligands namely N,N´-bis(2-pyridylmethyl)amine-

N-ethyl-2-pyridine-2-aldimine (SBPy3) and N-methyl-N,N´,N´-tris(2-

pyridylmethyl)ethane-1,2-diamine (Tpmen).  In this structurally-related series: 

[(PaPy3)Fe(CO)](ClO4), [(SBPy3)Fe(CO)](BF4)2 and [(Tpmen)Fe(CO)](ClO4)2, the 

design allowed us to place CO trans to a carboxamido-N (strong $-donor), an imine-

N (moderately %-accepting) and a tertiary amine-N (weak $-donor) center 

respectively.   

 In this chapter, the syntheses, structures and CO-releasing parameters of 

[(PaPy3)Fe(CO)](ClO4), [(SBPy3)Fe(CO)](BF4)2 and [(Tpmen)Fe(CO)](ClO4)2 are 

described. The utility of these CORMs has been demonstrated in relaxation of mouse 

aortic smooth muscle tissue in vitro. The possible pathways of CO-mediated 

relaxation are also highlighted. 
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 2.2. Syntheses and X-ray Structures of Metal Complexes 

 2.2.1. Characterization of [(SBPy3)Fe(CO)](BF4)2
   

 The excellent affinity of CO for low valent metal centers allowed for the facile 

formation of [(L)Fe(CO)]n+ (where L = pentadentate ligand) under mild conditions. 

As was previously observed in the synthesis of [(PaPy3)Fe(CO)]ClO4, the use of 

methanol as a solvent facilitates metal carbonylation via formation of the solvent-

bound species [(L)Fe(MeOH)]2+.23 Subsequent exposure of this solvato species to CO 

gas affords the desired iron(II) carbonyl in good yield. Similarly when a methanolic  

 

Figure 2.2. ORTEP diagram (30% probability level) of the cation of 
[(SBPy3)Fe(CO)](BF4)2. H-atoms have been omitted for the sake of clarity. 

 

solution of [Fe(H2O)6](BF4)2 was added via cannula to a degassed solution of SBPy3, 

a deep purple solution was generated, indicating the formation of 

[(SBPy3)Fe(MeOH)]2+. Replacement of the bound solvent molecule with CO is quite 

rapid as the color lightens from purple to a deep red hue- with the red-colored solid 

[(SBPy3)Fe(CO)](BF4)2
 separating out of solution within minutes. X-ray quality 

crystals of red blocks were obtained when the MeOH solutions were kept under CO 
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atmosphere at low temperature. The structure of [(SBPy3)Fe(CO)](BF4)2 is shown in 

Figure 2.2.  

 The Fe(II) center of [(SBPy3)Fe(CO)](BF4)2 is situated in an octahedral 

environment with the $-accepting imine N moiety trans to CO, while the remaining N 

donors (three pyridine-N and one tertiary amine-N) are in the equatorial plane. Much 

like [(PaPy3)Fe(CO)]ClO4, the Fe-C(O) bond angle at 176.5(3)° is almost linear 

(Figure 2.3).  Similar Fe-C(O) bond angles have been noted with other low-spin 

Fe(II) carbonyl complexes such as trans-[(DPGH)2Fe(py)(CO)] (178°) (where DPGH 

= bidentate diphenylglyoximato univalent anion).24  
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N

O 1.153(4)

1.775(3)
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[(PaPy3)Fe(CO)]+ (1) [(SBPy3)Fe(CO)]2+ (2)  

Figure 2.3. Comparison of metric parameters and axial coordination of 
[(PaPy3)Fe(CO)]+ and  [(SBPy3)Fe(CO)]2+. 

 
 2.2.2. Characterization of [(Tpmen)Fe(CO)](ClO4)2  

 To explore the effect a $-donating moiety trans to a dissociable CO group in this 

series of structurally related pentadentate ligand frames, the known ligand Tpmen was 

utilized. The beige solid [(Tpmen)Fe(CO)](ClO4)2 was isolated when a methanolic 

solution of [Fe(MeCN)4](ClO4)2 was allowed to react with Tpmen followed by 

immediate passage of CO gas at room temperature. The structure of this carbonyl has 
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not been fully characterized due to disorder problems in the crystal lattice. Exchange 

of counterions did not provide any respite.  In the preliminary structure of the 

perchlorate salt (Figure 2.4), the connectivity of atoms however is quite clear. The 

CO is trans to the tertiary amine-N while three pyridyl-Ns and the second tertiary N 

(with CH3 group attached to it) are coordinated to the iron center in the equatorial 

plane. Interestingly, similar difficulties in crystallization were encountered when this 

same ligand frame was employed in the preparation of the manganese carbonyl, 

[Mn(Tpmen)(NO)](ClO4)2.  

 

Figure 2.4. Preliminary structure of the cation of [(Tpmen)Fe(CO)](ClO4)2.  
 

 
 2.3. Comparison of the Properties of Fe(II) carbonyls bearing Structurally- 

 Related Pentadentate Ligand Frames 

 2.3.1. IR Spectroscopy 

 A strong CO stretch ()CO) at 1972 cm-1 was noted for [(PaPy3)Fe(CO)]ClO4  

while [(SBPy3)Fe(CO)](BF4)2 and [(Tpmen)Fe(CO)](ClO4)2 exhibit similar CO 

stretches at 2010 and 2012 cm-1 (Figures 2.12 – 2.13) respectively, confirming the 
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presence of a bound CO ligand in each of the three carbonyls.  These )CO values are 

within the range noted for other Fe(II) complexes with Fe(II)-CO bonds. For 

example, trans-[(TPP)Fe(1-MeIm)(CO)] (where TPP = 5,10,15,20-

tetraphenylporphinate ligand, 1-MeIm = I-methylimidazole)25 exhibits its )CO at 1969 

cm-1 while trans-[(DPGH)2Fe(py)(CO)]24 displays its )CO at 1996 cm-1.  Comparison 

of the )CO values of these structurally similar carbonyls reveals an interesting trend.  

The change from a strong $-donating and negatively charged carboxamido-N donor 

in [(PaPy3)Fe(CO)]ClO4  to a neutral (and moderately %-accepting) imine-N or weak 

tertiary-N donor (in [(SBPy3)Fe(CO)](BF4)2 and [(Tpmen)Fe(CO)](ClO4)2, 

respectively) increases the )CO value from 1972 to 2010-2012 cm-1. In the case of 

[(PaPy3)Fe(CO)]ClO4, as more electron density is pushed toward the Fe(II) center by 

the carboxamido-N moiety, it transfers part of the electron density to the antibonding 

orbital of the bound CO ligand trans to it thus accounting for the lower observed )CO 

stretch. Such transfer strengthens the Fe-C(O) bond in [(PaPy3)Fe(CO)]ClO4 more 

than the other two carbonyls and makes it a slow CO-releasing molecule. Conversely, 

when this negatively charged carboxamido-N donor is replaced by functional groups 

with greater %-accepting character, the electron density about the metal center is then 

distributed between the CO ligand and the trans-labilizing group leading to reduced 

backbonding interactions and a weaker metal-CO bond as noted in the )CO stretches 

of [(SBPy3)Fe(CO)](BF4)2 and [(Tpmen)Fe(CO)](ClO4)2.  
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 2.3.2. Electronic Absorption Spectra and CO-release in Solution  

 The electronic absorption spectra of [(SBPy3)Fe(CO)](BF4)2 and 

[(Tpmen)Fe(CO)](ClO4)2 have been acquired in MeCN and phosphate buffer (PBS, 

pH = 7.4) via rapid dissolution and quick data collection.  The color of the solutions 

of all the carbonyls intensifies upon loss of CO and significant changes with distinct 

isosbestic points are noted in their electronic absorption spectra. For example, 

[(SBPy3)Fe(CO)](BF4)2 exhibits a strong metal-to-ligand charge transfer (MLCT) 

band with #max at 455 nm in MeCN, that shifts to 555 nm upon CO release as the 

color changes from red to deep magenta. Clean isosbestic points are noted at 485, 

415, and 340 nm (Figure 2.5). The final spectrum (obtained within 15 min) is 

identical to that of [(SBPy3)Fe(MeCN)](BF4)2, a structurally characterized species 

reported by us previously.26  The red shift of the MLCT band upon loss of CO clearly 

indicates that the electron density from the antibonding %* orbital of bound CO ligand 

returns back to the Fe(II) center in [(SBPy3)Fe(MeCN)]2+. With 

[(Tpmen)Fe(CO)](ClO4)2, the initial yellow color deepens due to a similar red shift of 

the MLCT band from 330 nm to 390 nm (isosbestic points at 352 and 242 nm) and 

the final spectrum of [(Tpmen)Fe(MeCN)]2+ appears within ~20 min. 

 The CO-releasing behavior of [(PaPy3)Fe(CO)]ClO4 in MeCN (and DMF) 

depends critically on the presence of dioxygen in solution. A solution of 

[(PaPy3)Fe(CO)]ClO4 in degassed MeCN is stable and shows no sign of CO release. 

Indeed, both the )CO value (1972 cm-1) and Fe-C(O) distance of [(PaPy3)Fe(CO)]ClO4 

(1.775(3) Å) indicate a stronger Fe-CO bond compared to the other two carbonyls.  In 
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aerated MeCN however, this carbonyl readily loses CO (within ~15 min) much like 

[Fe(SBPy3)(CO)](BF4)2  and [Fe(Tpmen)(CO)](ClO4)2.  Interestingly, the absorption 

spectrum (#max at 470 and 390 nm) of [(PaPy3)Fe(CO)]ClO4 changes to that of the 

oxo-bridged diiron(III) species [(PaPy3)FeOFe(PaPy3)](ClO4)2 (#max at 430 and 330 

nm, shoulder at 520 nm) upon such CO release (Eq. 1a).  It is thus evident that 

formation of the highly stable oxo-bridged diiron species allows the release of CO 

from [(PaPy3)Fe(CO)]ClO4 in aerated MeCN solution.  

 
[(PaPy3)Fe(CO)]+ No CO loss

Degassed MeCN

[(PaPy3)FeOFe(PaPy3)]2+[(PaPy3)Fe(CO)]+

MeCN, air

where L = SBPy3 , Tpmen

[(L)Fe(CO)]n+ [(L)Fe(Solv)]n+   +    CO

Solvent (Solv)
MeCN, DMF, H2O

(Eq. 1a)

(Eq. 1b)

 

 The stronger tendency of PaPy3H, a ligand with a carboxamide group, toward 

stabilization of the +3 oxidation state of iron drives the reaction in a completely 

different pathway in presence of dioxygen and makes this carbonyl an efficient 

CORM in aerated MeCN (and DMF).  Because the other two ligands, namely SBPy3 

and Tpmen, are more supportive of the +2 oxidation state of iron, CO release from 

[(SBPy3)Fe(CO)](BF4)2 and [(Tpmen)Fe(CO)](ClO4)2 gives rise to the solvated Fe(II) 

product in solution (Eq 1b) under both anaerobic and aerobic conditions.  
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 The CO-releasing properties of these carbonyls have also been studied in 

aqueous phosphate buffer (PBS, pH 7.4) to assess their utility in biological 

experiments.  As shown in Figure 2.5, smooth release of CO from 

[(SBPy3)Fe(CO)](BF4)2 causes red shift of the 450 nm band to 572 nm with the 

emergence of a new band with #max at 400 nm. Clean isosbestic points are also 

observed at 496 and 430 nm. With [(Tpmen)Fe(CO)](ClO4)2, a similar red shift of the 

330 nm band to 400 nm is noted upon CO release in solution (isosbestic point at 370 

nm). The similarities between the final spectra of [(SBPy3)Fe(CO)](BF4)2 and 

[(Tpmen)Fe(CO)](ClO4)2 in PBS and MeCN suggest that the end products are most 

possibly the aqua species [(L)Fe(H2O)]2+ (L = SBPy3, Tpmen) in these reactions.  

 

Figure 2.5. Changes in the electronic absorption spectrum of [(SBPy3)Fe(CO)](BF4)2 
(3.5 mM) upon dissolution (100 mM PBS, pH 7.4). 

 
 2.3.3. Delivery of CO to horse heart myoglobin  

 The designed carbonyls ([(SBPy3)Fe(CO)](BF4)2 and [(Tpmen)Fe(CO)](ClO4)2 

readily deliver CO to reduced myoglobin (Mb) under physiological conditions. 
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Because the carbonyls start CO release immediately upon dissolution, an excess (7-8 

fold based on the amount of Mb) of each compound in PBS (pH 7.4) was required to 

completely convert reduced Mb to carbonyl myoglobin (Mb-CO) with solutions of 

the CORMs in such reactions. The rapid formation of Mb-CO was apparent within 

one minute of addition as evidenced by the shift of the Soret band from 435 to 424 

nm (Figure 2.6). Mb-CO production levels off after 20 min in the case of 

[(SBPy3)Fe(CO)](BF4)2 and 24 min for [(Tpmen)Fe(CO)](ClO4)2, with the final 

absorbance readings taken at 30 min.  

 

Figure 2.6. Delivery of CO from [(Tpmen)Fe(CO)](ClO4)2 to reduced Mb (#max = 
435 nm), resulting in Mb-CO adduct (#max = 424 nm) in PBS pH 7.4. 

 
 While kinetic measurements predict a slower rate of CO release for 

[(SBPy3)Fe(CO)](BF4)2 compared to [(Tpmen)Fe(CO)](ClO4)2, the Mb-based CO 

release test shows that both carbonyls generate CO at a similar rate over the same 

period of time. These resulting half-lives, defined as the time during which Mb-CO 

formation is 50% complete (~ 8 min for both species), are comparable to known 
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CORMs that release CO when dissolved. For instance, CORM-3 was reported to have 

a half life of 4-18 min,12 while some Cr-based CORMs employing amino acids and 

amino ester ligands have half-lives of 7-9 min.27  

 
  2.3.4. Kinetic Measurements.  

 The utility of the metal carbonyls as CORMs depends critically on the apparent 

rates of CO loss (kCO) under physiological conditions.  In our work, we have 

determined the kCO values of [(SBPy3)Fe(CO)](BF4)2 and [(Tpmen)Fe(CO)](ClO4)2 in 

PBS (pH 7.4). The CO release from [(SBPy3)Fe(CO)](BF4)2 and 

[(Tpmen)Fe(CO)](ClO4)2 was followed by recording the electronic spectra of the 

samples within one minute of dissolution in phosphate buffer and the absorbance 

values (at 450 nm and 330 nm respectively) were noted vs. time (in seconds). In both 

cases, CO release obeys a pseudo-first order behavior in aqueous buffer and the 

corresponding solvato species is generated upon CO dissociation.  The kinetic plot of 

the apparent rate of CO loss by [(SBPy3)Fe(CO)](BF4)2 is shown in Figure 2.7. 

Further decomposition of the solvated species in aqueous media, as noted in the 

overall decrease of the absorption, occurs at 45 and 30 min, respectively for these two 

CORMs. 

 We have compared the kCO values of [Ru(glycine)(CO)3Cl] (CORM-3),14 with 

that of [(SBPy3)Fe(CO)](BF4)2 and [(Tpmen)Fe(CO)](ClO4)2 under similar 

conditions.  The kCO values for [(SBPy3)Fe(CO)](BF4)2 and [(Tpmen)Fe(CO)](ClO4)2 

are 7.5 x 10-4 s-1 and 3.7 x 10-3 s-1, respectively.  Under comparable conditions, 

CORM-3 affords a kCO value of 1.5 x 10-3 s-1. It thus appears that 
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[(SBPy3)Fe(CO)](BF4)2 releases CO more slowly over a longer period of time 

compared to CORM-3 while the kCO values of [(Tpmen)Fe(CO)](ClO4)2  and CORM-

3 are quite comparable. The kCO values of [(SBPy3)Fe(CO)](BF4)2 and 

[(Tpmen)Fe(CO)](ClO4)2 in MeCN (1.3 x 10-3 s-1 and 6.3 x 10-3 s-1 respectively) are 

consistently faster than the values in aqueous buffer.  This difference could arise from 

the fact that MeCN is a better donor for the Fe(II) center ligated to the polypyridine 

ligand. 

 

Figure 2.7. Plot of changes in ln([(SBPy3)Fe(CO)]2+) vs time (s) in 0.1 M PBS, 
pH 7.4 as monitored by noting the absorbance values at 450 nm.  

 
 

 2.3.5. Vasorelaxation of mouse aorta 

 The vasorelaxation property of CO has been a subject of debate in relation to its 

binding and activating to sGC and the concomitant cGMP pathway.28 Despite the low 

affinity of CO to sGC, relaxation of smooth muscle by CO via the cGMP pathway has 

been proposed. We have examined the effect(s) of CO release from the present 

carbonyls on mouse aorta muscle rings in tissue bath experiments. Both 
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[(SBPy3)Fe(CO)](BF4)2 and [(Tpmen)Fe(CO)](ClO4)2 (30 nM-300 )M) produced 

concentration-dependent relaxations with EC50 values of 3.4 ± 0.2 )M and 26.2 ± 0.2 

)M, respectively (Figure 2.8).  These values are superior to values obtained with 

CORM-3 reported by Motterlini and coworkers.13 Interestingly, we did not observe 

much inhibitory effect by 1H-[1,2,4]oxadiazolo[4,3-a]quinoxalin-1-one (ODQ), a 

common sGC inhibitor (Figure 2.9).  In previous work, Motterlini and coworkers 

have reported initial inhibition by ODQ, which was eventually lost after repeated 

addition of CORM-3.13  

 

Figure 2.8. Vasorelaxation of mouse aorta muscle ring using [(SBPy3)Fe(CO)](BF4)2 
and [(Tpmen)Fe(CO)](ClO4)2 as a function of concentration.   

 
 
 It has been postulated that smooth muscle relaxation by CO could arise from its 

binding to the channel-bound heme of the large-conductance Ca2+-activated K-

channel (BKCa).29 To test this hypothesis, we studied the effect of the BKCa channel 

blocker iberiotoxin on the inhibition of vasorelaxation by [(Tpmen)Fe(CO)](ClO4)2.  

Significant inhibition was indeed observed with this BKCa channel blocker while no 
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effect was noted with the KATP channel blocker glibenclamide or the non-selective 

K+-channel blocker TEA (Figures 2.10-2.11). Clearly, more studies are required to 

determine the origin of vasorelaxation of smooth muscle by these CORMs.  

Nevertheless, the excellent vasorelaxation effects of merit attention as new CORMs 

that could be used to deliver CO under physiological conditions.  Further studies on 

the mechanism of vasorelaxation by these CORMs are in progress in this laboratory. 

 

   

Figure 2.9. Vasorelaxation of mouse aorta muscle rings by [(SBPy3)Fe(CO)](BF4)2 
(left panel) and [(Tpmen)Fe(CO)](ClO4)2 (right panel) in the absence and presence of 

ODQ (5 µM). 
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Figure 2.10. Inhibition of vasorelaxation in the presence of Iberiotoxin using 
[(Tpmen)Fe(CO)](ClO4)2  as a CO-donor. 
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Figure 2.11. Effect of Glibenclamide and TEA on [(Tpmen)Fe(CO)](ClO4)2 – 
induced vasorelaxation of mouse aortic rings. 

 

 2.4. Experimental Section 

Materials. Iron(II) tetrafluoroborate hexahydrate and iron (II) perchlorate hydrate 

were purchased from Aldrich Chemical Co. and used without further purification. CO 

gas was procured from Praxair. Horse heart myoglobin (Mb) was purchased from 

Aldrich and used as received. All solvents were dried by standard techniques and 

distilled prior to use. The ligands N,N´-bis(2-pyridylmethyl)amine-N-ethyl-2-

pyridine-2-aldimine (SBPy3)26 and N-methyl-N,N´,N´-tris(2-pyridylmethyl)ethane-

1,2-diamine (Tpmen)30 were synthesized according to the literature procedures. The 
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Fe(II) starting salt [Fe(MeCN)4](ClO4)2, was also synthesized by following the 

published procedure.31 

Caution! Complexes of transition metal perchlorates with organic ligands are 

hazardous and may explode upon heating. Only small quantities must be handled with 

the proper protection. 

  [(SBPy3)Fe(CO)](BF4)2. Under dinitrogen, a solution of 0.327 g (0.99 mmol) 

of [Fe(H2O)6](BF4)2 in 10 mL of MeOH was slowly added to a solution of 0.332 g 

(0.98 mmol) of SBPy3 ligand in 20 mL MeOH and the deep purple solution was 

stirred for the next 1 h. Next, CO gas was bubbled through the solution when 

complex [(SBPy3)Fe(CO)](BF4)2 separated out as a red solid within 3-5 min. The red 

solid thus obtained was filtered, washed with Et2O and dried in vacuo (0.592 g, 60 % 

yield). Crystals suitable for X-ray diffraction, were grown by redissolving [(SBPy-

3)Fe(CO)](BF4)2 in MeOH and storing under CO atmosphere at –20°C for 24 h.  Anal. 

Calcd for C21H21N5OB2F8Fe:  C, 42.83; H, 3.59; N, 11.89. Found: C, 42.80; H 3.48; 

N, 11.94.  Selected IR frequencies (cm-1, KBr disk): 2010 (vs )CO), 1410 (w), 1053 

(vs), 771 (s).  

 [(Tpmen)Fe(CO)](ClO4)2. A solution of 0.121 g (0.35 mmol) of Tpmen ligand 

in 30 mL of MeOH was degassed by freeze-pump-thaw cycles. To the frozen solution 

of the ligand, a batch of 0.144 g of [Fe(MeCN)4](ClO4)2 was added as a solid. The 

frozen solution was warmed to room temperature in a warm water bath and the clear 

yellow solution was stirred under dinitrogen at room temperature for 1 h. Next, CO 

gas was bubbled through the solution when complex [(Tpmen)Fe(CO)](ClO4)2 
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separated as a beige solid within 5-10 min. The solid was filtered, washed with Et2O 

and dried under vacuo (36% yield). X-ray quality crystals of were grown redissolving 

[(Tpmen)Fe(CO)](ClO4)2 in MeOH and storing under CO gas at –20°C for 24 h. 

Anal. Calcd for C22H25N5O9Cl2Fe:  C, 41.93; H, 4.00; N, 11.12. Found: C, 41.88; H 

4.02; N, 10.77.  Selected IR frequencies (cm-1, KBr disk): 2010 (vs )CO), 1410 (w), 

1053 (vs), 771 (s).  

Physical Measurements. Electronic absorption spectra were recorded on a 

Varian Cary 50 Spectrophotometer. Infrared Spectra were obtained by using a Perkin-

Elmer 1600 FTIR Spectrophotometer. Room temperature magnetic susceptibility 

values were measured by using a Johnson Matthey magnetic susceptibility balance. 

Diffraction data for [(SBPy3)Fe(CO)](BF4)2  was collected at 150K on a D3 goniostat 

equipped with a Bruker APEXII CC detector at Beamline 11.3.1 at the Advanced 

Light Source (Lawrence Berkeley National Laboratory) using synchrotron radiation 

tuned to ! = 0.7749Å. The data frames were collected using the program APEX2 

v2010.3.0 and processed using the program SAINT v7.60A within APEX2. The data 

were corrected for absorption and beam corrections based on the multi-scan technique 

as implemented in SADABS. Diffraction data for [(Tpmen)Fe(CO)](ClO4)2 was 

collected at 150 K on a Bruker APEX-II instrument using monochromated Mo-K" 

radiation (! = 0.71073 Å) and corrected for absorption.  The structure was solved 

using direct methods (standard SHELXL-97 package). Due to extensive disorder of 

the perchlorate counterions and one enantiomer of complex [(Tpmen)Fe(CO)](ClO4)2  

in the lattice, the final refinement of the structure of [(Tpmen)Fe(CO)](ClO4)2  
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presented problems.  At this time, we have the preliminary structure that clearly 

depicts the overall connectivity of the atoms. 

Measurements on the Apparent CO-release rate in solution.  About 0.5-1 mg 

of [(SBPy3)Fe(CO)](BF4)2 or [(Tpmen)Fe(CO)](ClO4)2 was placed in a quartz cuvette 

and 1 mL of solvent was added. The mixture was shaken to ensure complete 

dissolution and absorbance was recorded immediately (within 30 seconds of solvent 

addition). The rates of CO release of [(SBPy3)Fe(CO)](BF4)2 and 

[(Tpmen)Fe(CO)](ClO4)2 were determined by monitoring the decrease in absorption 

at the #max of each compound in either MeCN or PBS (100mM, pH 7.4). The plots of 

concentration vs time were fitted to the three parameter exponential equation C(t) = 

C* + (Co - C*) exp {-kCOt}, where Co and C* are the initial and final concentrations 

respectively. The apparent rate of CO loss (kCO) was calculated from the ln(C) vs. 

time plot for each CORM. 

Delivery of CO to Myoglobin. Horse heart myoglobin was dissolved in 

phosphate buffer (100 mM, pH 7.4) and reduced by adding sodium dithionite. The 

concentration of the deoxymyoglobin (Mb) generated was calculated from the 

absorbance of the Soret band at 435 nm (extinction coefficient = 121 mM-1cm-1). 

Based on the Mb concentration, a PBS solution of either [(SBPy3)Fe(CO)](BF4)2 or 

[(Tpmen)Fe(CO)](ClO4)2 was added to the Mb solution and the initial absorbance 

was taken within one minute. Carbonmonoxymyoglobin (Mb-CO) production was 

monitored over time.  A shift in #max from 435 nm to 424 nm was observed in each 

case due to formation of the Mb-CO. Final concentrations of Mb-CO were assessed at 
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424 nm (extinction coefficient = 207 mM-1cm-1) and compared to the initial Mb 

present in solution to quantify CO release by each compound. 

CO delivery to mouse aorta. Male C57BLK6 mice (25–35 g) were stunned and 

killed by cervical dislocation. The thoracic aorta was carefully removed, cleaned of 

connective tissue and cut into three to four ring segments of approximately 4 mm in 

length. Aortic rings were mounted in 10 mL organ baths containing Krebs-

bicarbonate buffer (composition (mM): Na+ 143; K+ 5.9; Ca2+ 2.5; Mg2+ 1.2; Cl* 128; 

HCO3
* 25; HPO4

2* 1.2; SO4
2* 1.2; D-glucose 11) maintained at 37°C and gassed with 

95% O2/5% CO2. Tension was initially set at 0.3 g and reset at intervals following an 

equilibration period of 1 h during which time fresh Krebs-bicarbonate buffer was 

replaced every 15–20 min. After equilibration, the rings were primed with KCl (48 

mM), washed and precontracted with phenylephrine (PE, 1 )M) was added. Once this 

response had stabilized, acetylcholine (ACh, 1)M) was added to the bath to assess the 

integrity of the endothelium. If the contractions to PE were not maintained, or 

relaxations greater than 50% of the PE-induced tone to ACh were not observed, the 

tissues were discarded. 

Tissues were then washed for 30 min (by addition of fresh Krebs-bicarbonate 

buffer at 15 min intervals) after which cumulative concentrations of PE (1nM-1)M) 

were added to the organ bath. The tissues were then washed over 60 min to restore 

basal tone before contracting to approximately 80% of the maximum PE-induced 

response. Once a stable response to PE was achieved, cumulative concentration–
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response curves to [(SBPy3)Fe(CO)](BF4)2 (30 nM-100 )M) and 

[(Tpmen)Fe(CO)](ClO4)2 (30 nM-300 )M) were constructed. 

To determine the role of soluble guanylate cyclase (sGC) in the vasorelaxant 

response to the CO-donors, concentration–response curves to both [(SBPy-

3)Fe(CO)](BF4)2 and [(Tpmen)Fe(CO)](ClO4)2 were constructed in tissues in the 

absence or presence of the sGC inhibitor ODQ (1H-[1,2,4]oxadiazolo[4,3-

a]quinoxalin-1-one, 5 )M). To investigate the effect of K+-channel activation in the 

vasorelaxant response to the CO-donors, concentration–response curves to 

[(Tpmen)Fe(CO)](ClO4)2 were constructed in tissues in the absence or presence of 

the large-conductance calcium-activation K+-channel (BKCa) blocker iberiotoxin (100 

nM), the KATP channel blocker glibenclamide (10 )M), and the non-selective K+-

channel blocker tetraethylammonium (TEA; 3 mM) ion. 
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  2.5. Additional Experimental Data: IR Spectra 

 

Figure 2.12. IR Spectrum of [(SBPy3)Fe(CO)](BF4)2 in KBr pellet. 

 

Figure 2.13. IR Spectrum of [(Tpmen)Fe(CO)](BF4)2 in KBr pellet. 
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Chapter 3. Photoactive d6 Metal Carbonyl Complexes Bearing Designed 

Tridentate Ligand Frames 

Part I: Photoactive Manganese Carbonyl Complexes bearing Structurally-related 

Tripodal Ligand Frames: Investigation of Conjugation Effects on CO Photorelease 

  
 3.I.1 Introduction 

 Recent highlights on the biological significance of CO and its parallels with 

other endogenously produced gases, namely NO, have renewed interest in the design 

and syntheses of a new generation of metal carbonyl complexes as tunable CO-

delivery systems. Strategies for CO release from metal carbonyl complexes include: 

both thermal1 and photochemical2 dissociation. Inclusion of specific ancillary ligands 

have also been found to promote metal-CO bond homolysis in selected cases.3  

The inherent photosensitivity of metal carbonyls has made photochemical metal-

CO bond labilization the most promising strategy in controlled CO-delivery to 

biological targets using metal carbonyls. The photoreactivity of metal carbonyls and 

the related CO ligand displacement mechanisms have been attributed to metal-to-

ligand charge transfer (MLCT) excited states, as MLCT electronic transitions are 

common in organometallic compounds bearing both low valent metal centers and 

electron-accepting ligand moieties (such as bipyridines, phenanthrolines and 

polypyridines). Other outcomes of MLCT excitation include: (1) ultrafast ligand 

dissociation, (2) population of a long-lived, charge-separated triplet MLCT state, (3) 

thermal population of a more reactive excited state, (4) facilitate electron transfer 

reactions and (5) decay to the ground state without further reactivity.4  
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It is now firmly established that excitation into an MLCT excited state is the 

primary step in metal-ligand bond homolysis. It is from this state that other charge 

transfer excited states become accessible. Because MLCT transitions are 

spectroscopically allowed, illumination at such charge transfer bands is an efficient 

way of adding energy. As discussed in the introductory chapter with Cr(CO)6 as a 

prototypical example, the metal-CO antibonding orbitals lie at relatively high energy, 

such that metal-CO bond breaking from a ligand field (LF) excited state is unlikely. 

Irradiation of Cr(CO)6 at 4 eV instead populates a low energy 1MLCT (d$ ' $*) 

state, which then crosses over to an excited 1LF (d$ ' d%*) state at increasing metal-

CO bond lengths. It is this mixing of the 1MLCT and 1LF excited states that account 

the observed CO photodissociation in Cr(CO)6.4a,5 

Indeed the first set of compounds to be identified as photoCORMs consisted of 

homoleptic metal carbonyls like Fe(CO)5, Mn2(CO)10, which deliver CO to reduced 

myoglobin upon irradiation with a cold light source.6 A drawback in the use of such 

metal carbonyls as photoCORMs, apart from their limited solubility in biologically 

relevant media, is the need for high energy light to induce CO photodissociation.7,8 In 

order to utilize light of lower energies in triggering CO photorelease, a ligand frame 

must be designed such that single electron excitation into a 1MLCT excited state 

requires low energy radiation.  

Previous work on group 6 metal carbonyls has shown that the incorporation of 

functional groups with low-lying orbitals such as diimines, polypyridines, and 

macrocyclic ligand frames effectively lowers the energies associated with these 
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charge transfer bands. For instance, carbonyls of the type: [M(CO)4(diimine)] (where 

M = Cr, Mo, W) exhibit intense absorption bands in the visible region attributed to 

HOMO-2 to LUMO electronic transitions, wherein the HOMO-2 is of metal and axial 

CO ligand bonding character, while the LUMO is almost solely comprised of the 

diimine moiety.3 The net effect of irradiation into these MLCT bands is the 

dissociation of an axial CO group at lower energies. 
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Figure 3.I.1. Examples of fac- Mn(I) tricarbonyl complexes bearing tripodal 
ligand frames as photoCORMs. 

 
 Although the first photoactive Mn-based CORM, [Mn(CO)3(tpm)]PF6 (tpm = 

tris(pyrazolyl)methane), was initially prepared by Trofimenko,9 its potential as a 

photodynamic therapy (PDT) agent was not explored until several years later by 

Schatzschneider and co-workers.  This compound was found to release CO when 

activated by 365 nm light and exhibited photoinduced cytotoxicity against the human 
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colon cancer cell line HT29.10 It is important to note here that CO release from 

[Mn(CO)3(tpm)]PF6 has been mostly applied towards cytotoxic purposes and not in 

the expected protective assay that CO is known for. Isolation of this photoCORM has 

set the stage for the preparation of a series of fac-Mn(I) tricarbonyl complexes11 

(Figure 3.I.1), all of which exhibit CO photodissociation when irradiated with UV 

and/or visible light.  
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Figure 3.I.2. Structures of the tridentate ligands, terpy, tpa, dpa and pqa utilized in 
this study. 

 
 

As part of our research effort in the area of the development of suitable 

photoCORMs, we have prepared a series of photoactive manganese carbonyls bearing 

tridentate ligands with varying degrees of conjugation in their frameworks. The 

structures of the ligands employed are shown in Figure 3.I.2. We intended to find out 

whether an increase in the number of pyridine N-donors and/or extent of conjugation 

will cause a shift in the absorption maximum of the resulting carbonyls, thus lowering 
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the energy required for CO dissociation from the resulting metal carbonyls. This 

chapter describes the syntheses, characterization, and photoactivity of 

[Mn(tpa)(CO)3]ClO4 (where tpa = tris(2-pyridyl)amine, [Mn(dpa)(CO)3]Br (where 

dpa = N,N-bis(2-pyridylmethyl)amine) and [Mn(pqa)(CO)3]ClO4 (where pqa = (2-

pyridylmethyl)(2-quinolylmethyl)amine). The rates of CO release of these carbonyls 

upon exposure to UV (305 nm) and visible light (# > 350 nm) have been measured to 

evaluate their utility as photoCORMs for biological studies. The efficacy of CO 

photorelease from [Mn(pqa)(CO)3]ClO4 has also been determined on the basis of 

relaxation of mouse aortic smooth muscle tissue in-vitro. 

 

 3.I.2. Syntheses of the Metal Complexes 

 3.I.2.1. Mn(I) terpyridine carbonyl complexes 

We initially selected the known ligand 2,2’:6’,2”- terpyridine (terpy) (Figure 

3.I.2) as a ligand frame in the preparation CORMs as coordination by terpy generates 

metal complexes with intense absorption and emission spectra characteristic of low 

lying MLCT states. Numerous reports of Ru(II), Os(II) and Pt(II) complexes of terpy 

have been prepared to study their enhanced photoluminescence and redox behavior.12 

Enhancement of the excited state lifetimes for Ru-based terpy complexes for instance, 

has been achieved by direct incorporation of electron-donating or withdrawing groups 

on the terpy frame, thereby manipulating the energy difference between 3MLCT and 

3MC, from which radiative decay to the ground state occurs concurrent with 

emission.13 Potential applications of these luminescent Ru(II) complexes include 
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DNA intercalating agents14, enzyme inhibitors15, components of dye-sensitized solar 

cells16 and ion-selective sensors.17 

While the photophysics of ruthenium terpy complexes is well documented, there 

are only a few examples of manganese based terpy complexes as CO-releasing 

molecules. Much of the work reported on Mn-based terpy compounds has so far 

focused on their catalytic efficacy in (1) molecular catalysts in water splitting 

processes, mimicking of active site of the oxygen-evolving component of 

photosystem II18 and (2) hydrogen peroxide activators in the bleaching processes.19  

Our attempts to synthesize a terpy complex featuring a low valent manganese 

carbonyl include reactions of 1:1 ratio of terpyridine to Mn(CO)5Br in THF under 

reflux conditions. The dark purple solid that separated from solution exhibited two 

CO stretching frequencies at 1915 and 1847 cm-1 (Figure 3.I.14) suggesting a cis 

configuration of the CO groups. Although the crude product with a proposed formula: 

[Mn(terpy)(CO)2Br], exhibits excellent solubility in polar protic and aprotic solvents 

such as methanol, DMF and MeCN, its breakdown within minutes in these solvents 

under aerobic conditions made its structural characterization challenging. We 

postulate that oxidation and decarbonylation of [Mn(terpy)(CO)2Br] occurs at 

ambient temperature. Such conditions facilitate the formation of the bis-terpyridine 

complex [Mn(terpy)2]2+, which appears to be a thermodynamic driving force, 

hindering the isolation of [Mn(terpy)(CO)2Br]. Indeed the electronic absorption 

spectrum of [Mn(terpy)(CO)2Br] when kept in acetonitrile under aerobic conditions 
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show a gradual loss of charge transfer bands in the 600-800 nm region, with final 

UV-Vis spectrum was consistent with the known complex [Mn(terpy)2](ClO4)2.20 

 Interestingly, among the group 7 metals, terpy is known to bind to Re(I) centers 

in either a bidentate or tridentate fashion. The straightforward preparation of 

[Re(terpy)(CO)2Cl] from the reaction of terpy with one equivalent of [Re(CO)5Cl] 

was reported some time ago,21 however the initial set of crystal structures to be 

obtained from these set of conditions were not those of the expected dicarbonyl 

complex, but rather [Re(terpy)(CO)3Cl]22 and [Re(terpy)(CO)3Br]23 wherein terpy 

acts as a bidentate ligand. Abel and co-workers have determined the fluxional nature 

of such Re(I) tricarbonyls in solution, with terpy oscillating between bidentate and 

tridentate coordination, prevents the isolation of the meridionally-coordinated terpy 

complex.23  

 
 

Figure 3.I.3. Absorption spectrum of mer,cis-[Re(terpy)(CO)2Cl] in CH3CN (black, 
solid line), CH2Cl2 (red, dashed line) and H2O (blue, short dashed line). Inset shows 

the region between 350 – 900 nm. (Black and Hightower, 2012).24 
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More recent works by Hightower have confirmed that thermal decarbonylation of  

[Re(terpy)(CO)3Cl] is a synthetic route in the preparation of the dicarbonyl, mer,cis-

[Re(terpy)(CO)2Cl], albeit x-ray quality crystals were not obtained.24 The electronic 

absorption spectrum of mer,cis-[Re(terpy)(CO)2Cl] features absorption bands in the 

visible region assigned to MLCT transitions (Figure 3.I.3), much like the UV-Vis 

spectrum of our preliminary Mn species, [Mn(terpy)(CO)2Br] (Figure 3.I.15). 

 
 3.I.2.2. Mn carbonyls bearing tripodal ligand frames 

 The meridional configuration of terpyridine would have been ideal in the 

preparation of a Mn-based CORM, as a planar ligand facilitates MLCT excited states 

at lower energies giving rise to more photolabile CO donors. However the inherent 

decarbonylation reactions occurring under ambient conditions for this class of 

manganese complexes hampers further efforts to characterize Mn photoCORMs 

featuring the terpyridine ligand frame. To prevent the formation of [Mn(L)2]2+ (where 

L = tridentate polypyridine ligand), we turned our attention to a series of structurally 

related polypyridine tripodal ligands that impose facial coordination to a Mn(I) 

center. We have modified our designed ligands such as to investigate the effects of 

conjugation and/or number of pyridine donors on the CO releasing capacities of the 

resulting CORMs. 

 The carbonyl [Mn(tpa)(CO)3]ClO4 (where tpa = tris(2-pyridyl)amine) was 

synthesized according to a published procedure25 with the exception of using 

chloroform as a solvent in place of acetone under reflux conditions. Reactions of the 
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tripodal ligands N,N-bis(2-pyridylmethyl)amine (dpa) and (2-pyridylmethyl)(2-

quinolylmethyl)amine (pqa) with either fac-[Mn(CO)3(MeCN)3]ClO4 or 

[Mn(CO)5Br] as starting salts in THF afforded compounds [Mn(dpa)(CO)3]Br and 

[Mn(pqa)(CO)3]ClO4. All three carbonyls were isolated as yellow solids that are 

stable under aerobic conditions for an indefinite period of time when kept in the dark. 

They are soluble in aprotic polar solvents like MeCN and DMSO with limited 

solubility in CHCl3. Such solutions are stable for several hours if kept in the dark. 

 
 3.I.3. Characterization of the Photoactive Mn Complexes 

 The complexes [Mn(tpa)(CO)3]ClO4, [Mn(dpa)(CO)3]Br and 

[Mn(pqa)(CO)3]ClO4 were extensively characterized. The IR spectra of these 

carbonyl complexes exhibit two strong bands in the carbonyl region (Figures 3.I.16 - 

3.I.18), one sharp followed by one broad CO stretch ()CO) pertaining to the axial and 

equatorial CO ligands, respectively. This pattern is consistent with known Mn 

carbonyls bearing facially-capping CO groups.26-28 In the case of [Mn(tpa)(CO)3]ClO4 

and [Mn(pqa)(CO)3]ClO4, the broad )CO in the region of 1930-1950 cm-1 feature a 

minor splitting, suggesting a distinction between the two remaining CO ligands bound 

in the equatorial plane (vide infra), as the ligands tpa and pqa are not completely 

symmetric. Similar peak splitting has been observed in the IR spectra of some “piano-

stool” carbonyls such as [(C5H5)Mn(CO)3].29 The higher symmetry of the cation in 

[Mn(dpa)(CO)3]Br is reflected in two sharp )CO bands at 2030 and 1930 cm-1 (no 

splitting in the ~1930 cm-1 band).  
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Figure 3.I.4. 1H NMR (500 MHz) spectrum of [Mn(pqa)(CO)3]ClO4  
in CD3CN (3.5-9.5 ppm range). 

 
 
 The poor diffraction pattern of the crystals of [Mn(pqa)(CO)3](ClO4) has so far 

hindered the determination of its crystal structure.  However, the spectral properties 

of this carbonyl clearly establish the similarities of its structure with those of 

[Mn(tpa)(CO)3]ClO4 and [Mn(dpa)(CO)3]Br.  For example, [Mn(pqa)(CO)3](ClO4)  

exhibits three )CO frequencies of 2034, 1942 and 1919 cm-1 (Figure 3.I.18) in KBr 

matrix supporting the facial coordination of the ligand frame.  In addition, the clean 

1H NMR spectrum confirms its integrity in solution. As shown in Figure 3.I.4, the NH 

proton shifts from 2.5 ppm to 6.1 ppm upon ligation to the Mn(I) center and the 

pyridine/quinoline protons spread over the range of 7.3-9.2 ppm. In addition, facial 

coordination of the ligand to the Mn(I) center leads to diastereomeric methylene 
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protons that appear as four distinct signals in the range of 4.1-5.1 ppm (in free ligand, 

these give rise to two singlets at 3.95 and 4.05 ppm).    

 Both [Mn(tpa)(CO)3]ClO4 and [Mn(dpa)(CO)3]Br exhibit diamagnetism in the 

solid state and in solution as evidenced by clean 1H NMR spectra in solvents like 

CD3CN (Figures 3.I.19-3.I.20). 

 
 3.I.3.1. X-ray Structures of [Mn(tpa)(CO)3]ClO4 and [Mn(dpa)(CO)3]Br  

 

Figure 3.I.5.  ORTEP diagram (50% probability level) of the cation of 
[Mn(tpa)(CO)3]ClO4 with select atom labeling. H-atoms have been omitted for 

clarity. 
 

 Although [Mn(tpa)(CO)3]ClO4 was first synthesized by Edwards and 

coworkers,25 its solid state structure has not been determined by crystallography. The 

structure of the cation of [Mn(tpa)(CO)3]ClO4 is shown in Figure 3.I.5. The 

octahedral geometry of the complex consists of a facially capping tpa ligand and three 

CO ligands opposite to each of the pyridine rings resulting in an approximate C3v 

symmetry. Two of the CO ligands are in an equatorial plane opposite two pyridine 

moieties, while the remaining CO is positioned axially. Bond distances of the 
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coordinated ligand, Mn–N(py), range from 2.058 Å to 2.065 Å. On the other hand, 

the Mn–C(O) bond lengths are more uniform. Two Mn–C(O) bonds are noted at 

1.806(5) Å and 1.809(5) Å, while the remaining Mn-C(O) is slightly longer at 

1.813(5) Å.  The symmetry and Mn–C(O) bond distances observed in 

[Mn(tpa)(CO)3]ClO4 are consistent with other complexes such as [(C5H5)Mn(CO)3]29 

and [Mn(bmip)(CO)3] (bmip = 3,3-bis(1-methylimidazole-2-yl)propionic acid).30 

 

Figure 3.I.6.  ORTEP diagram (50% probability level) of the cation of 
[Mn(dpa)(CO)3]Br with select atom labeling. H atoms have been omitted for clarity. 

 

 The structure of [Mn(dpa)(CO)3]+ is shown in Figure 3.I.6. Much like 

[Mn(tpa)(CO)3]ClO4, this carbonyl possesses an octahedral geometry featuring the 

tripodal dpa ligand and three CO groups opposite to each of the N-donors.  The 

symmetric nature of the free dpa ligand generates a mirror plane passing through the 

C7–Mn1–N2 axis in the resulting complex. The Mn–N(py) and Mn–N(amine) 

distances are almost identical at 2.053(3) Å and 2.063(4) Å, respectively.  The Mn-
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C(O) bond lengths for [Mn(dpa)(CO)3]Br are in the same range as that seen in other 

Mn(I) tricarbonyl complexes. 

 
 

 3.I.3.2. Electronic Absorption Spectra and CO Release in Solution  

 In MeCN, [Mn(tpa)(CO)3]ClO4 exhibits a broad absorption band centered at 

~330 nm with higher energy bands at 260 and 240 nm. Compounds 

[Mn(dpa)(CO)3]Br and [Mn(pqa)(CO)3](ClO4)   display similar profiles, with a broad 

shoulder at 350 and 360 nm, respectively (Figure 3.I.7). Comparison of the !max of 

[Mn(dpa)(CO)3]Br and [Mn(pqa)(CO)3](ClO4) reveals an incremental shift of the 

absorption band towards lower energies upon replacement of one of the pyridine rings 

in [Mn(dpa)(CO)3]Br with a quinoline moiety in [Mn(pqa)(CO)3](ClO4). However, 

the extinction coefficients of the two bands at 300 and 360 nm increase considerably 

in case of [Mn(pqa)(CO)3](ClO4) with additional conjugation (pyridine vs. quinoline) 

in the ligand frame (Figure 3.I.7). This result clearly demonstrates that the strategy of 

adding extended conjugation in the ligand framework does increase the amount of 

light absorbed by the designed carbonyl in the low-energy range.   

Solutions of all three carbonyls in MeCN are stable up to 6 h if kept in the dark.  

However, such solutions steadily lose their yellow color when exposed to light.  

Experiments with reduced myoglobin (Mb) confirm that such bleaching is associated 

with photorelease of CO from [Mn(tpa)(CO)3]ClO4, [Mn(dpa)(CO)3]Br and 

[Mn(pqa)(CO)3]ClO4 (vide infra). 
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Figure 3.I.7. Electronic absorption spectra of [Mn(tpa)(CO)3]ClO4 (blue trace),  
[Mn(dpa)(CO)3]Br (red trace) and [Mn(tpa)(CO)3]ClO4 (green trace) in MeCN. 

 

The light-induced CO release of [Mn(tpa)(CO)3]ClO4, [Mn(dpa)(CO)3]Br and 

[Mn(pqa)(CO)3]ClO4 in solution has been evaluated to assess their utility as 

photoCORMs.  Acetonitrile solutions of the aforementioned were prepared and 

irradiated with a low intensity light source, equipped with a cut-off filter set at 350 

nm. All solutions become clear after irradiation, which is consistent with the loss of 

charge transfer bands in the ~350 nm region. For instance, the initial absorption 

spectrum of [Mn(tpa)(CO)3]ClO4 in MeCN features an MLCT band with a !max at 320 

nm region, which shifts to 295 nm and isosbestic points for were noted at 325 nm and 

265 nm (Figure 3.I.8). Similar features have been observed in the photolysis of 

[Mn(dpa)(CO)3]Br and [Mn(pqa)(CO)3]ClO4. 
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Figure 3.I.8.  Changes in the electronic absorption spectrum of [Mn(tpa)(CO)3]ClO4
 

in MeCN (concentration = 0.07 mM) upon exposure to light (# > 350 nm). 
 

 Clean isosbestic points in all three carbonyls strongly suggest that 

[Mn(tpa)(CO)3]ClO4, [Mn(dpa)(CO)3]Br and [Mn(pqa)(CO)3]ClO4 do not fall apart 

upon exposure to light to provide CO. However, the presence of multiple CO ligands 

in these photoCORMs makes it difficult to identify the photoproduct(s) at the end of 

CO release (viz the final trace in Figure 3.I.8). Photolysis of [Mn(tpa)(CO)3]ClO4, 

[Mn(dpa)(CO)3]Br and [Mn(pqa)(CO)3]ClO4 in MeCN under anaerobic conditions 

afforded products that still exhibited weak CO stretching frequencies in the 2050-

1950 cm-1 region, suggesting that all three CO ligands are not released upon low-

power illumination.  

 
 3.I.3.3. EPR Spectra 

 With the intended use of these carbonyls in biological experiments in mind, we 

have explored the nature of the photoproduct(s) formed under aerobic conditions.  

Following the photorelease of CO, these carbonyls afford paramagnetic species 
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(Figure 3.I.9) that display IR spectra indicating the presence of the intact ligands.  For 

example, [Mn(dpa)(CO)3]Br produces [Mn(dpa)2]2+ as the major product in the 

solution as evidenced by its final electronic absorption spectrum photolyzed under 

aerobic conditions (Figure 3.I.9). Similar results have been obtained with 

[Mn(pqa)(CO)3]ClO4 as well. Oxidation of the Mn(I) centers possibly occurs during 

photolysis in air. No further attempt has been made to determine the structures and 

mechanism(s) of formation of such photoproducts in the present work. 

Field (G)

3000 3200 3400 3600 3800

 

Figure 3.I.9. X-band EPR spectrum of [Mn(pqa)2]2+ in frozen DMF/toluene glass 
(110K). Instrument settings: microwave frequency, 9.443 GHz; power, 31.7 mW;  

modulation, 100kHz; modulation amplitude, 2G. 
 

CO loss from the subset of photoCORMs bearing the formula fac-[Mn(L)(CO)3]+ 

(where L = tripodal ligand) has recently been investigated by Berends and Kurz. 

Irradiation in coordinating media was proposed to trigger sequential CO release, 

thereby generating the corresponding Mn(II) solvato species: [Mn(L)(solvent)3]2+. 
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Further oxidation of the Mn(II) center to Mn(III) occurs concomitant with the 

formation of a µ-O-MnIII species, which is assigned as the final photoproduct in this 

generalized scheme.31 The formation of a bridged µ-O-MnIII species is consistent with 

observations of complete loss of +CO bands and an EPR active photoproduct when 

photoCORMs such as [Mn(dpa)(CO)3] and [Mn(pqa)(CO)3]ClO4 are completely 

photolyzed. 

 
 3.I.3.4. CO delivery to Myoglobin  

 Photoinduced CO release by the carbonyl complexes [Mn(tpa)(CO)3]ClO4, 

[Mn(dpa)(CO)3]Br and [Mn(pqa)(CO)3]ClO4 has been investigated by the myoglobin 

(Mb) assay.32 In a typical experiment, a 10-fold excess of the appropriate 

photoCORM was added to a solution of reduced-Mb in phosphate buffer (pH 7.4) in 

the dark.  The mixture was then irradiated with a broadband light source fitted with a 

350 nm cut-off filter and changes in the Soret band were recorded at defined time 

intervals. As shown in Figure 3.I.10, smooth release of CO from [Mn(dpa)(CO)3]Br 

causes a shift of the 435 nm band to 424 nm confirming the formation of Mb-CO 

under the experimental conditions. Very similar CO-releasing capacity was observed 

for all three photoCORMs.  
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Figure 3.I.10.  Conversion of reduced-Mb to Mb-CO in a mixture of  
[Mn(dpa)(CO)3]Br and reduced Mb in 100 mM phosphate buffer (pH 7.4)  

upon exposure to light (# > 350 nm).  
 
 

 3.I.3.5. Kinetic and Quantum Yield Measurements 

 To date, the few studies on photoCORMs have utilized light in the 313-365 nm 

range to initiate CO release.10b,33 In MeCN, the present carbonyls exhibit fast rates of 

CO release upon exposure to UV light.  The rates of CO release were determined by 

recording the changes in electronic spectrum of each compound at specified 

absorption wavelengths (350 nm for [Mn(tpa)(CO)3]ClO4, 300 nm for 

[Mn(dpa)(CO)3]Br, and 360 nm for [Mn(pqa)(CO)3]ClO4) when irradiated with UV 

light (307 nm, 7 mW) for defined time intervals. For all three carbonyls, CO release 

obeys a pseudofirst order behavior in MeCN.  The apparent CO-release rate kCO 

values of [Mn(tpa)(CO)3]ClO4, [Mn(dpa)(CO)3]Br and [Mn(pqa)(CO)3]ClO4 are 

9.1±0.2 x 10-2
 s-1,  11.7±0.2 x 10-2

 s-1, and 8.1±0.2 x 10-2
 s-1, respectively under our 

experimental conditions (vide supra). Since our intention has been the use of light of 
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longer wavelengths, we have also examined the rates of CO release under white light 

(# > 350 nm, 120 mW) with a UV cut-off filter.  

 

Figure 3.I.11. Plot of changes in ln ([Mn(pqa)(CO)3]+) versus time (s) in MeCN upon 
exposure to visible ((# > 350 nm, 120 mW) light (concentration = 0.13 mM). 

 

Following a similar procedure, solutions of [Mn(tpa)(CO)3]ClO4, [Mn(dpa)(CO)3]Br 

and [Mn(pqa)(CO)3]ClO4 were irradiated with visible light for selected time intervals 

and changes were monitored at specified absorption wavelengths (350 nm for 

[Mn(tpa)(CO)3]ClO4 and [Mn(dpa)(CO)3]Br, and 360 nm for [Mn(pqa)(CO)3]ClO4).   

The apparent CO-release rate kCO values of [Mn(tpa)(CO)3]ClO4, [Mn(dpa)(CO)3]Br 

and [Mn(pqa)(CO)3]ClO4 are 6.0±0.2 x 10-3
 s-1,  5.2±0.2 x 10-3

 s-1, and 8.3±0.2 x 10-3
 s-

1, respectively under visible light.  As expected, [Mn(pqa)(CO)3]ClO4 exhibits the 

highest rate of CO release under visible light due to strong absorption of light in the 

350-360 nm region (Figure 3.I.8). The kinetic plot of the apparent CO loss from 

[Mn(pqa)(CO)3]ClO4 is shown in Figure 3.I.11. The photoproduct(s) appear to be 
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stable in solution, as evidenced by the final electronic absorption spectra of 

[Mn(tpa)(CO)3]ClO4, [Mn(dpa)(CO)3]Br and [Mn(pqa)(CO)3]ClO4. Taken together, 

these results confirm that these photoCORMs are effective CO donors (t1/2 in the 

range 1.4-2.2 min) under a wide range of light although the kCO values for all three 

carboyls are uniformly higher in the UV region.  

The apparent quantum yield (+358) values of [Mn(tpa)(CO)3]ClO4, 

[Mn(dpa)(CO)3]Br and [Mn(pqa)(CO)3]ClO4 in MeCN (0.07 ± 0.01, 0.09 ± 0.01, and 

0.06 ± 0.01 respectively) are lower than typical metal carbonyls such as 

Na3[W(CO)5(TPPTS)]33  or [W(CO)6].34 Nevertheless, these photoCORMs release 

CO in a slow yet steady pace for extended periods of time under low-power (mW) UV 

and visible light sources.   

 
 3.I.3.6. Vasorelaxation of Mouse Aorta  

 Activation of sGC upon binding of CO to the active site heme and concomitant 

relaxation of smooth muscle via the cyclic GMP pathway35 has been utilized for the 

assessment of various CO donors such as CORM-3.36 In the present study, we have 

examined such relaxation of aortic muscle rings in the presence of 

[Mn(tpa)(CO)3]ClO4, [Mn(dpa)(CO)3]Br and [Mn(pqa)(CO)3]ClO4 under light and 

dark conditions.  Small loss of CO (over a period of hours) from both 

[Mn(tpa)(CO)3]ClO4 and [Mn(dpa)(CO)3]Br in tissue bath media has added 

complications in such measurements.  However, [Mn(pqa)(CO)3]ClO4 is very stable 

in aqueous buffers and shows no loss of CO in the dark. When a mixture of 

[Mn(pqa)(CO)3]ClO4 and reduced Mb in PBS is kept in the dark for 4 h, no formation 
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of Mb-CO is observed.  However, [Mn(pqa)(CO)3]ClO4 releases CO in the presence 

of light with an apparent CO-release rate kCO value of 5.6 x 10-3
 s-1 in PBS (t1/2 = 2 

min).  Although this rate  is less than that observed in MeCN, [Mn(pqa)(CO)3]ClO4 

retains an excellent capacity of CO delivery under illumination in PBS.  

 

Figure 3.I.12. Vasorelaxation of mouse aorta muscle rings by [Mn(pqa)(CO)3]ClO4 
upon exposure to visible (cold) light and ambient room light. 

 

 We have therefore examined the effect of [Mn(pqa)(CO)3]ClO4 on mouse aorta 

rings in tissue bath experiments.  As shown in Figure 3.I.12, [Mn(pqa)(CO)3]ClO4 

produced a concentration-dependent relaxation (in the 10-7 to 10-4 M range) under 

direct light exposure (indicated as cold light), while [Mn(dpa)(CO)3]Br generated 

minimal relaxation response at higher concentrations (10-5 M to 10-4 M range) under 

the same conditions. [Mn(tpa)(CO)3]ClO4 on the other hand, failed to trigger any sort 

of light-induced vasorelaxation response at the concentration range of interest (Figure 

3.I.13). When the tissue-bath experiment was performed in a lighted room (no direct 

light exposure), similar albeit weak response to light was observed (indicated as 
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ambient light) for the compounds [Mn(pqa)(CO)3]ClO4 and [Mn(dpa)(CO)3]Br only. 

No relaxation was observed in the dark for concentrations below 10-5 M. These 

relaxations were inhibited by the sGC inhibitor ODQ, suggesting that CO-mediated 

vasorelaxation proceeds via a cGMP pathway.   
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Figure 3.I.13.  Vasorelaxation of mouse aorta muscle rings by [Mn(dpa)(CO)3]Br 

(top panel) and [Mn(tpa)(CO)3]ClO4 (bottom panel) upon exposure to visible (cold) 
light and ambient room light. 

 

Collectively, these findings confirm that [Mn(pqa)(CO)3]ClO4 is an effective 

photoCORM that could find use in biological applications.  Integrity of the tissues in 

the presence of the photoCORM when kept in dark also attests the fact that in the 
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concentration range of 10-7 to 10-4 M, the compound exhibits minimum toxic 

effect(s).   

 

 3.I.4. Experimental Section 

 General Procedures. All experimental manipulations were performed under 

anaerobic conditions using standard Schlenk line techniques. Manganese 

pentacarbonyl bromide ([Mn(CO)5Br]) was purchased from Alfa Aesar. The ligands 

tri(2-pyridyl)amine (tpa),37 N,N-bis(2-pyridylmethyl)amine (dpa),38 (2-

pyridylmethyl)(2-quinolylmethyl)amine (pqa)39 and the starting salt, fac-

[Mn(CO)3(MeCN)3](ClO4)25 were synthesized following published procedures. 

Solvents were purified and/or dried by standard techniques prior to use.  

 
 [Mn(tpa)(CO)3]ClO4 (1). A batch of 0.077 g (0.31 mmol) of tpa was dissolved in 20 

mL of CHCl3 and degassed. To a frozen solution of the ligand, 0.113 g (0.31 mmol) 

of fac-[Mn(CO)3(MeCN)3]ClO4 was added as a solid.  Upon thawing, the color of the 

mixture turned to a clear yellow. The solution was heated to reflux under nitrogen for 

24 h with minimal exposure to light, during which some yellow precipitate was 

observed. The mixture was concentrated to ~ 25% of its original volume and the 

yellow solid was filtered and dried in vacuo. (0.276 g, 89% yield).  X-ray quality 

crystals of 1 were obtained by diffusion of pentane into a dichloromethane solution of 

1.  Anal. Calcd. C18H12N4O7ClMn: C, 44.42; H, 2.49; N, 11.51. Found: C, 44.39; H, 

2.36; N, 11.54. Electronic Absorption Spectrum in MeCN, !max (nm, , (M-1 cm-1)): 

240 (10 130), 260 (10 240), 330 (5 270).  Selected IR frequencies (KBr disk, cm-1): 
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2041 (s, )CO), 1953 (s, )CO), 1930 (s, )CO), 1463 (w), 1086 (s, )ClO4), 767 (m), 624 

(w). 1H NMR (CD3CN, 500 MHz), - (ppm from TMS): 9.06 (d, 3H), 8.12 (t, 3H), 

7.96 (d, 3H), 7.50 (t, 3H). 

 

[Mn(dpa)(CO)3]Br (2).  A solution of 0.163 g (0.82 mmol) of dpa in 25 mL THF 

was degassed by freeze-pump-thaw cycles. To a frozen solution of the ligand, 0.225 g 

(0.82 mmol) of [Mn(CO)5Br] was added as a solid. A clear orange color developed 

upon thawing. Under dim light conditions, the solution was heated to reflux under 

nitrogen for 5 h during which the orange color deepened and some yellow precipitate 

was observed. The yellow solid thus obtained was filtered and dried in vacuo. (0.382 

g, 47% yield).  Yellow crystalline needles suitable for X-ray studies were obtained by 

diffusion of pentane into dichloromethane solution of 2. Anal. Calcd. for 

C15H13N3O3BrMn: C, 43.08; H, 3.13; N, 10.05. Found: C, 43.13; H, 3.10; N, 10.12.  

Electronic Absorption Spectrum in MeCN, !max (nm (,, M-1cm-1)): 245 (9 650), 270 

(5 680), 300 (5 150), 350 (2 860). Selected IR frequencies (KBr disk, cm-1): 2030 (s, 

)CO), 1930 (s, )CO), 1607 (w), 1486 (w), 1439 (w), 758 (m). 1H NMR (CD3CN, 500 

MHz), - (ppm from TMS): 8.90 (d, 2H), 7.78 (t, 2H), 7.38 (d, 2H), 7.30 (t, 2H), 4.78 

(s, 2H), 4.26 (s, 2H). 

 
[Mn(pqa)(CO)3]ClO4 (3). With minimal exposure to light, a batch of 0.446 g (1.23 

mmol) of fac-[Mn(CO)3(MeCN)3]ClO4 was dissolved in a degassed solution of 0.307 

g (1.23 mmol) of pqa in 25 mL of THF. The reaction mixture was heated to reflux 
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under nitrogen. During the heating process, the color changed from orange to a darker 

yellow green. The reaction mixture was allowed to reflux for 14 h when the color 

turned lighter orange and a yellow precipitate appeared. The yellow solid was 

collected by filtration, washed with diethyl ether and dried in vacuo. (0.30 g, 50% 

yield). Anal. Calcd for C19H15N3O7ClMn: C, 46.79; H, 3.10; N, 8.62. Found: C, 

46.67; H, 3.13; N, 8.44. Electronic Absorption Spectrum in MeCN, !max (nm (,, M-

1cm-1)): 360 (6 060), 320 (3 220). Selected IR frequencies (KBr disk, cm-1): 2033 (s, 

)CO), 1928 (s, )CO), 1943 (s, )CO), 1607 (w), 1515 (w), 1441 (w), 1102 (s, )ClO4), 764 

(m), 628 (m). 1H NMR (CD3CN, 500 MHz), - (ppm from TMS): 9.14 (d, 1H), 8.80 

(d, 1H), 8.40 (d, 1H), 8.00 (q, 2H), 7.68-7.78 (m, 3H), 7.56 (d, 1H), 7.30 (d, 1H), 6.10 

(s, 1H), 5.20 (d, 1H), 4.80 (d, 1H), 4.53 (d, 1H), 4.20 (d, 1H).  

 
Physical Measurements.  The 1H NMR spectra were recorded at 298 K on a Varian 

Unity Inova 500 MHz instrument. A Perkin-Elmer Spectrum-One FT-IR was utilized 

to monitor the IR spectra of the compounds. Electronic absorption spectra were 

obtained on a Varian Cary 50 Spectrophotometer. Room temperature magnetic 

susceptibility measurements were performed with a Johnson Matthey magnetic 

susceptibility balance.  

 
Delivery of CO to Myoglobin. Horse heart myoglobin was dissolved in phosphate 

buffered saline (PBS, 100 mM, pH 7.4) and reduced by adding sodium dithionite. The 

concentration of the resulting deoxymyoglobin (Mb) was calculated from the 

absorbance of the Soret band at 435 nm (extinction coefficient = 121 mM-1 cm-1).  
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Next, aliquots of 1-3 in MeCN were added to Mb and the absorbance was taken after 

5 min to ensure that the myoglobin was still reduced. Conversion of Mb to carbonyl 

myoglobin (Mb-CO) was monitored upon exposure to monochromatic light of 350 

nm (40 mW continuous wave diode laser, Intelite Inc.) at defined time intervals. A 

shift in "max from 435 nm to 424 nm was noted in each case due to the formation of 

Mb-CO. Final concentrations of Mb-CO were assessed at 424 nm (extinction 

coefficient = 207 mM-1 cm-1) and compared to the initial Mb present in solution to 

quantify light induced CO release by each compound.  

 
X-ray Crystallography. Diffraction data for 1 and 2 were collected at 296 K on a 

Bruker APEX-II instrument using monochromated Mo-K" radiation (! = 0.71073 Å). 

All data were corrected for absorption and the structures were solved by direct 

methods using SHELXTL (1995-99) software package (Bruker Analytical X-ray 

Systems Inc.). Additional refinement details are contained in CIF files.  

 
Photochemical Experiments.  The quantum yield (+) values of CO release were 

determined by using a Newport Oriel Apex Illuminator (150W Xenon lamp) 

equipped with an Oriel 1/8 m Cornerstone monochromator.  The source of visible 

light was an IL 410 Illuminator (measured power 146-150 mW) equipped with a high 

energy light filter (350 nm cutoff). Standard ferrioxalate actinometry was used to 

determine the quantum yield values at 358 nm (+358 ).38 Solutions of 1-3 in MeCN 

were prepared under dim light conditions and placed in a 2 x 10 mm quartz cuvette, 2 

cm away from the light source. Solutions were prepared to ensure sufficient 
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absorbance (> 90%) at the irradiation wavelength, and changes in the electronic 

spectra in the 300-350 nm region (< 10% photolysis) were used to determine the 

extent of CO release.  

 The rate of CO release was measured by recording electronic absorption 

spectrum of 1-3 in MeCN (< 2 mM, 1.4 mL) and monitoring the loss of absorbance of 

samples exposed to a broadband light source (IL 410 Illuminator) at defined time 

intervals. The plots were fitted to the three parameter exponential equation A(t) = A. 

+ (Ao - A.) exp{-kCOt}, where Ao and A. are the initial and final absorbance values, 

respectively. The apparent rate of CO loss (kCO) was calculated from the ln(C) versus 

time (T) plot for each CORM.  

 
CO delivery to mouse aorta:  Preparation of the tissue rings. Male C57BLK6 

mice (25-35 g) were stunned and killed by cervical dislocation. The thoracic aorta 

was carefully removed, cleaned of connective tissue and cut into three to four ring 

segments of approximately 4 mm in length. Aortic rings were mounted in 10 mL 

organ baths containing Krebs-bicarbonate buffer (composition, (mM): Na+ 143; K+ 

5.9; Ca2+ 2.5; Mg2+ 1.2; Cl* 128; HCO3
* 25; HPO4

2* 1.2; SO4
2* 1.2; D-glucose 11) 

maintained at 37 °C and gassed with 95% O2/5% CO2. Tension was initially set at 0.3 

g and reset at intervals following an equilibration period of 1 h during which time 

fresh Krebs-bicarbonate buffer was replaced every 15-20 min. After equilibration, the 

rings were primed with KCl (48 mM), washed and precontracted with phenylephrine 

(PE, 1)M) was added. Once this response had stabilized, acetylcholine (ACh, 1)M) 

was added to the bath to assess the integrity of the endothelium. If the contractions to 
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PE were not maintained, or relaxations greater than 50% of the PE-induced tone to 

ACh were not observed, the tissues were discarded. Tissues were then washed for 30 

min (by addition of fresh Krebs-bicarbonate buffer at 15 min intervals) after which 

cumulative concentrations of PE (1nM-1)M) were added to the organ bath. The 

tissues were then washed over 60 min to restore basal tone before contracting to 

approximately 80% of the maximum PE-induced response.  

 Once a stable response to PE was achieved, cumulative concentration–response 

curves to 1-2 (30 nM-300 )M) were constructed under each of the following three 

conditions: (a) darkness (tissue baths wrapped in Al foil), (b) ambient light (tissue 

baths exposed to regular laboratory light), and (c) cold light (tissue baths illuminated 

by a cold white light source, fiber optic lamp, 150 W, 5 cm distance).  To determine 

the role of soluble guanylate cyclase (sGC) in the vasorelaxant response to the CO-

donors, concentration-response curves to both 2 and 3 were constructed in tissues in 

the absence or presence of the sGC inhibitor ODQ (1H-[1,2,4]oxadiazolo[4,3-

a]quinoxalin-1-one, 5 )M). 
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3.I.5. Additional Experimental Data: IR, 1H NMR and Electronic 

Absorption Spectra 

 
  Figure 3.I.14. IR spectrum of [Mn(terpy)(CO)2Br] in KBr pellet. 

 

 
  Figure 3.I.15. Electronic absorption spectrum of [Mn(terpy)(CO)2Br] in 

MeCN (!max = 730 nm). 
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  Figure 3.I.16. IR spectrum of [Mn(tpa)(CO)3]ClO4 in KBr disk. 

 

 
  Figure 3.I.17. IR spectrum of [Mn(dpa)(CO)3]Br in KBr disk. 



 101 

 
  Figure 3.I.18. IR spectrum of [Mn(pqa)(CO)3]ClO4 in KBr disk. 

 

 
  Figure 3.I.19. 1H NMR Spectrum of [Mn(tpa)(CO)3]ClO4

 in CD3CN. 
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  Figure 3.I.20. 1H NMR Spectrum of [Mn(dpa)(CO)3]ClO4

 in CD3CN. 

 

 
Figure 3.I.21. Electronic absorption spectrum of [Mn(dpa)(CO)3]Br in MeCN (!max = 

350 nm); Inset: Electronic absorption spectrum of [Mn(dpa)2]2+ in MeCN. 
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Chapter 3. Photoactive d6 Metal Carbonyl Complexes Bearing Designed 

Tridentate Ligand Frames 

Part II: Ruthenium Carbonyls of the Tridentate NNS ligand qmtpm: Investigation 

of Auxiliary Ligand Effects on CO Photorelease 

 
 3.II.1. Background 

 The photophysical and photochemical properties of ruthenium(II)-polypyridine 

complexes are largely attributed to electronic transitions originating from metal to 

ligand charge transfer (MLCT) excited states. Such Ru(II) compounds typically 

feature an intense absorption band in the visible region owing to transitions 

originating from a metal centered RuII (d$) orbital into the lowest $* orbitals of the 

polypyridine ligand(s). As evident in the case of [Ru(bpy)3]2+ (where bpy = 

bipyridine), the initial singlet MLCT excited state obtained with visible light 

absorption undergoes rapid intersystem crossing to generate a long-lived triplet 

MLCT state. With extended lifetimes on the order of microseconds, this triplet MLCT 

excited state facilitates a wide range of energy and electron transfer processes.1 

Indeed Ru(II) polypyridine complexes have been extensively investigated for their 

potential use as chromophores for light harvesting reactions, artificial photosynthesis, 

and as active components in dye-sensitized solar cells.2-4  

 When carbon monoxide (CO) ligands are incorporated in these Ru(II) 

polypyridine complexes, photosubstitution reactions can occur which result in the 

breaking of metal-CO bonds. In the case of trans(Cl,Cl)-[Ru(Cl)2(CO)2(bpy)] in 

coordinating solvents like CH3CN or CH3OH that irradiation into the lowest 
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absorption band leads to CO photodissociation.5 Decarbonylation occurs in a stepwise 

process that begins with loss of a CO group followed by a shift of the halide ligand 

from an axial to the equatorial position, generating the cis(Cl,Cl)-

[Ru(Cl)2(CO)(solv)(bpy)] adduct. With prolonged irradiation, further CO loss is 

observed, as is noted in the near-unity quantum yield values.5,6  This established 

photosensitivity of Ru(II) polypyridine carbonyl complexes and the decarbonylation 

processes associated with MLCT excited states make this class of compounds a viable 

platform in the development of Ru-based photoactive carbon monoxide releasing 

molecules (photoCORMs).  

N
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CO
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NS

CO
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Mn

CO
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MeCN

[Mn(qmtpm)(CO)3Br] [Mn(qmtpm)(CO)3(MeCN)]ClO4

ClO4

 

Figure 3.II.1. Structures of the qmtpm ligand and the corresponding fac-Mn(I) 
tricarbonyl complexes, [Mn(qmtpm)(CO)3Br] and [Mn(qmtpm)(CO)3(MeCN)]ClO4. 

 



 117 

 Using the principles of photoreactivity of polypyridine metal carbonyl 

complexes as the basis in our design of photoCORMs, we have synthesized a series 

of Ru(II) carbonyl complexes bearing the asymmetric ligand frame [2-quinoline-N-

(2'-methylthiophenyl) methyleneimine] (qmtpm). This tridentate ligand is comprised 

of a quinoline, an imine and a thioether moiety (Figure 3.II.1) and is expected to 

stabilize metal centers in both high and low oxidation states. Inclusion of a quinoline 

group increases conjugation in the chromophore, thereby facilitating electron 

delocalization necessary in MLCT processes. While both imine and thioether groups 

are classified as $-acceptors, the thioether unit is unique in that it is also capable of 

both $ and %-donation.7  

 We previously employed the qmtpm ligand in the preparation of a series of 

manganese carbonyl complexes. Although potentially tridentate, reaction of qmtpm 

with Mn(I) starting salts namely Mn(CO)5Br and [Mn(CO)3(MeCN)3]ClO4, yielded 

the corresponding fac-Mn(I) tricarbonyl complexes [Mn(qmtpm)(CO)3Br] and 

[Mn(qmtpm)(CO)3(MeCN)]ClO4 (Figure 3.II.1), in which only the N-donors are 

bound to the metal center.8 The failure of the –SCH3 end of the qmtpm ligand to bind 

presumably arises from its weak affinity for Mn(I) centers.  

 In an effort to make qmtpm bind as a tridentate ligand, we turned our attention 

to a different metal center, Ru(II), whose d6
 configuration makes it isoelectronic with 

both Mn(I) yet with a higher charge. This chapter discusses the syntheses, structures 

and photochemical properties of the two stable Ru(II) carbonyl complexes derived 

from qmtpm in which qmtpm serves as a tridentate ligand. In all of the compounds 
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isolated, qmtpm binds in a meridional fashion. In addition, we have investigated the 

effects of increasing CO groups on the photosensitivity of such ruthenium carbonyl 

complexes bearing the qmtpm ligand frame.    

 
 3.II.2. Syntheses of the Metal Complexes 

 3.II.2.1 Characterization of [Ru(Cl)2(qmtpm)(PPh3)]   

 Reaction of [Ru(PPh3)3(Cl)2]9 with 2-quinoline-N-(2'-methylthiophenyl) 

methyleneimine (qmtpm)10 in refluxing toluene afforded [Ru(Cl)2(qmtpm)(PPh3)] as 

a deep blue solid. The composition of this complex was established with the aid of 

microanalytical data and its 1H NMR spectrum in CDCl3. The singlet observed at 

3.11 ppm confirms S-ligation of qmtpm to the Ru(II) center in 

[Ru(Cl)2(qmtpm)(PPh3)] (Figure 3.II.13). In free qmtpm, the *SMe signal is noted at 

2.52 ppm in CD3CN (Figure 3.II.11). Integration of the proton resonances indicates 

the presence of one PPh3 ligand while the remaining two coordination positions are 

occupied by the two Cl* ligands. We have tentatively assigned a cis disposition of the 

two Cl* ligands in [Ru(Cl)2(qmtpm)(PPh3)] on the basis of the crystal structure of the 

related complex [Ru(pmtpm)(PPh3)(Cl)2] (where pmtpm = 2-pyridyl-N-(2'-

methylthiophenyl)methyleneimine).11  

 In the present work, complex [Ru(Cl)2(qmtpm)(PPh3)] was synthesized for its 

potential use as the starting material for mono- and bis-carbonyl species. However, 

attempts to replace the Cl* ligands of [Ru(Cl)2(qmtpm)(PPh3)] with CO leads to very 

different results depending on the solvent. For example in acetonitrile, addition of one 

equiv of AgBF4 to [Ru(Cl)2(qmtpm)(PPh3)] generates the magenta complex 
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[Ru(Cl)(MeCN)(qmtpm)(PPh3)]BF4 (Scheme 3.II.1).  Further addition of one equiv 

of AgBF4 affords the red complex [Ru(MeCN)2(qmtpm)(PPh3)]2+ (Scheme 3.II.1) 

which has been structurally characterized as the perchlorate salt.  Bubbling of CO gas 

to such solutions does not yield either the monocarbonyl complex 

[Ru(Cl)(CO)(qmtpm)(PPh3)]BF4 or [Ru(CO)2(qmtpm)(PPh3)]2+, the expected 

dicarbonyl species.  It appears that the affinity of MeCN groups to Ru(II) centers 

hinders CO ligation. 

[Ru(Cl)2(qmtpm)(PPh3)] (1)

[Ru(Cl)(MeCN)(qmtpm)(PPh3)]BF4 (4)
MeCN

1 equiv AgBF4

[Ru(Cl)(CO)(qmtpm)(PPh3)]BF4 (2)

MeCN
h!, RT

1 or 2 equiv AgBF4 

CO gas

EtOH

CO gas
MeOH

[Ru(MeCN)2(qmtpm)(PPh3)](ClO4)2 (5)

MeCN

Et4Cl

CO gas

no reaction

 AgClO4

2 equiv AgClO4

MeCN

 

Scheme 3.II.1. Syntheses and Interconversions of Ru(II) qmtpm complexes. 

 
3.II.2.2 Characterization and X-ray Structure of [Ru(Cl)(CO)(qmtpm)(PPh3)]BF4   

Treatment of [Ru(Cl)2(qmtpm)(PPh3)] with one equivalent of Ag+ salt in ethanol 

followed by passage of a steady stream of CO gas at room temperature, leads to 

replacement of one Cl* as evidenced by the formation of the orange-yellow 

monocarbonyl complex [Ru(Cl)(CO)(qmtpm)(PPh3)]BF4 (Scheme 3.II.1).  It is 

important to note that even when two equivalents of Ag+ salt in ethanol are added, 

only one Cl* can be exchanged with CO.  As will be noted in the crystal structure of 

[Ru(Cl)(CO)(qmtpm)(PPh3)]BF4 (vide infra), only the Cl* ligand trans to PPh3 is 



 120 

abstracted by Ag+ and subsequently replaced by CO, indicating the influence of both 

the ligand frame and ancillary ligands on these substitution reactions. Collectively, 

these reactions indicate that acetonitrile is a better donor for the Ru(II) center and any 

replacement of the Cl* ligand of [Ru(Cl)2(qmtpm)(PPh3)] with CO is possible only in 

ethanol. The affinity of the Ru(II) center toward acetonitrile is further indicated by the 

quantitative formation of [Ru(MeCN)2(qmtpm)(PPh3)]ClO4 upon reaction of 

[Ru(Cl)(CO)(qmtpm)(PPh3)]BF4 with one equiv of Ag+ salt (AgClO4 or AgBF4) in 

acetonitrile (Scheme 3.II.1).   

The carbonyl complex [Ru(Cl)(CO)(qmtpm)(PPh3)]BF4  features a sharp )CO band 

at 2028 cm*1 (Figure 3.II.15) similar to that in [Ru(Cl)(CO)(terpy)(PPh3)]PF6 (2008 

cm*1).12 [Ru(Cl)(CO)(qmtpm)(PPh3)]BF4 is indefinitely stable in chlorinated solvents, 

which allowed for the isolation of x-ray quality crystals of this compound via vapor 

diffusion of pentane into a dichloromethane solution of 

[Ru(Cl)(CO)(qmtpm)(PPh3)]BF4. 

The structure of the cation of [Ru(Cl)(CO)(qmtpm)(PPh3)]BF4 is shown in Figure 

3.II.2. The ruthenium center in this complex resides in an octahedral environment 

with the qmtpm ligand coordinated in a meridional fashion. The bulky $-accepting 

triphenylphosphine group is axially positioned trans to the CO ligand, while Cl–
 

occupies the remaining site, in the same plane as qmtpm. This particular orientation 

of ancillary ligands in [Ru(Cl)(CO)(qmtpm)(PPh3)]BF4 is not common as Ru(II) 

carbonyl complexes that incorporate both a PPh3 and a CO group typically have these 

two %-acceptors in a cis disposition.13 To our knowledge, two carbonyl complexes, 
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[Ru(tpy)(PR3)(CO)Cl]PF6 (where tpy = 2,2’:6’,2” – terpyridine; R = phenyl or p-

tolyl)  are the only other structurally-characterized ruthenium complexes wherein 

PPh3 is situated trans to CO.12 

 The Ru–P bond length of 2.4719(7) Å in [Ru(Cl)(CO)(qmtpm)(PPh3)]BF4 is 

slightly longer compared to other Ru(II)-phosphine carbonyl complexes with cis PPh3 

and CO ligands such [Ru(Cl)(CO)(PPh3)(H-pybox)]BF4, (where H-pybox = 2,6-

bis(dihydrooxazolin-2’-yl)pyridine)13a
 and [RuCl(CO)(NN’N)(PPh3)]OTf (where 

NN’N = 2,6-bis[(dimethylamino)methyl] pyridine).13b Both the short the Ru-C(O) 

bond distance (1.923(2) Å) and the almost linear Ru–C(O) bond angle of 

[Ru(Cl)(CO)(qmtpm)(PPh3)]BF4 are typical of Ru(II)-phosphine monocarbonyl 

complexes.14   

 

Figure 3.II.2. ORTEP diagram (50% probability level) of the cation of  
[Ru(Cl)(CO)(qmtpm)(PPh3)]BF4. 

 
 

 3.II.2.3. Characterization and X-ray Structure of [Ru(Cl)2(CO)2(qmtpm)]ClO4 

 Initial efforts to prepare the corresponding dicarbonyl, 

[Ru(CO)2(qmtpm)(PPh3)]2+, were performed by heating to reflux a 1:1 (equivalent) 
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mixture of qmtpm ligand to cis-[RuCl2(PPh3)2(CO)2]10 in various solvents which 

included 

 
 

Figure 3.II.3. ORTEP diagram (50% probability level) of the cation of  
[Ru(Cl)(CO)2(qmtpm)]ClO4. 

 

methanol, ethanol, chloroform and toluene. Qmtpm ligand coordination to the Ru(II) 

center under these conditions was not observed and only the starting salt, cis-

[RuCl2(PPh3)2(CO)2] remained in the reaction mixture. A different route to the 

preparation of a dicarbonyl complex bearing the qmtpm ligand frame was employed.  

 We selected the Ru(II) dimer, [Ru(CO)3Cl2]2 as a starting salt as it is known to 

undergo breakdown into its monomeric components under refluxing conditions in 

alcoholic media.15 Indeed, addition of a methanolic solution of qmtpm and to a heated 

solution of [Ru(CO)3Cl2]2 in methanol followed by anion exchange with NaClO4 

affords the perchlorate salt of the dicarbonyl complex [Ru(Cl)(CO)2(qmtpm)]ClO4 in 

excellent yield. As expected, [Ru(Cl)(CO)2(qmtpm)]ClO4 displays two strong )CO 

bands at 2086 and 2038 cm*1 (Figure 3.II.20). Vapor diffusion of toluene into an 

acetonitrile solution of [Ru(Cl)(CO)2(qmtpm)]ClO4 afforded crystals suitable for x-

ray diffraction. 
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 The structure of the cation of [Ru(Cl)(CO)2(qmtpm)]ClO4 is shown in Figure 

3.II.3. This unit exhibits an octahedral geometry around the ruthenium atom that is 

coordinated to the sulfur and nitrogen atoms of the qmtpm ligand frame. Two CO 

groups are cis, while one Cl– donor occupies an axial site in the coordination sphere. 

The Ru–Cl bond distances in [Ru(Cl)(CO)(qmtpm)(PPh3)]BF4 and 

[Ru(Cl)(CO)2(qmtpm)]ClO4 are similar (2.4352(6) Å vs. 2.4176(7) Å) regardless of 

the Cl* ligand’s orientation with respect to the imine-N of qmtpm. The Ru–C(O) bond 

distances in [Ru(Cl)(CO)2(qmtpm)]ClO4 are almost identical (1.903(3) and 1.890(3) 

Å), suggesting a uniform extent of back bonding between the two CO ligands and the 

metal center. Such Ru–C(O) bond lengths and the linearity of the corresponding bond 

angles (,O(2)–C(2)–Ru(1): 175.6°) have been observed in other cis Ru(II) 

dicarbonyl complexes such as [Ru(CO)2(mnt-&2 SS’)(terpy-&2NN’)], (where mnt-&2 

SS’ = maleonitriledithiolate and terpy-&2NN’ = 2,2’:6’,2” – terpyridine).16 

  
 3.II.2.4. Characterization of [Ru(Cl)(MeCN)(qmtpm)(PPh3)]BF4 

 The solvato species [Ru(Cl)(MeCN)(qmtpm)(PPh3)]BF4 was initially obtained 

when the monocarbonyl complex, [Ru(Cl)(CO)(qmtpm)(PPh3)]BF4, was dissolved in 

MeCN and left in the dark for several hours under aerobic conditions (Scheme 3.II.1). 

The orange-yellow solution of [Ru(Cl)(CO)(qmtpm)(PPh3)]BF4 became a deep 

magenta upon standing. Using a combination of spectroscopic techniques, we 

identified this final magenta species as [Ru(Cl)(MeCN)(qmtpm)(PPh3)]BF4. The 

strong CO stretch (+CO) originally noted at 2028 cm-1 for 
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[Ru(Cl)(CO)(qmtpm)(PPh3)]BF4 (Figure 3.II.15) is absent in the IR spectrum of 

[Ru(Cl)(MeCN)(qmtpm)(PPh3)]BF4 and the final electronic absorption spectrum in 

acetonitrile exhibits a shift in the absorption maximum from 465 nm to 535 nm 

suggesting solvent-assisted CO loss (Figure 3.II.14).  

 The facile substitution of the CO ligand in [Ru(Cl)(CO)(qmtpm)(PPh3)]BF4 by 

acetonitrile is attributed to (1) the trans-labilizing effect of a %-acidic PPh3 ligand in 

[Ru(Cl)(CO)(qmtpm)(PPh3)]BF4 (Figure 3.II.2) and (2) the enhanced affinity of 

acetonitrile for Ru(II) centers. Indeed both FTIR and UV-Vis spectra of 

[Ru(Cl)(MeCN)(qmtpm)(PPh3)]BF4 confirm CO loss. It is important to note that the 

#max of [Ru(Cl)(MeCN)(qmtpm)(PPh3)]BF4 at 535 nm is distinct from that of 

[Ru(MeCN)2(qmtpm)(PPh3)]2+ (#max = 490 nm) which has two MeCN ligands. Such 

solvent-promoted CO dissociation by acetonitrile been documented for other Ru(II) 

carbonyl complexes such as [Ru(tpy)(PPh3)(CO)Cl]PF6 (where tpy = 2,2’:6’,2” – 

terpyridine).12 

 
 3.II.2.3. Synthesis and X-ray structure of [Ru(MeCN)2(qmtpm)(PPh3)]ClO4 

 The cation of [Ru(MeCN)2(qmtpm)(PPh3)]ClO4 is shown in Figure 3.II.4. The 

solid state structure confirms the meridional binding of qmtpm to the ruthenium 

center, much like that observed in the previous complexes 

[Ru(Cl)(CO)(qmtpm)(PPh3)]BF4 and [Ru(Cl)(CO)2(qmtpm)]ClO4. Within this 

octahedral geometry, the triphenylphosphine group is oriented perpendicular to the 
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qmtpm plane, while two MeCN ligands are bound in a cis disposition. The Ru–P 

bond length at 2.3485(19) Å  

 

Figure 3.II.4. ORTEP diagram (50% probability level) of the cation of  
[Ru(MeCN)2(qmtpm)(PPh3)]ClO4. 

 

falls in the range of known ruthenium(II) triphenylphosphine complexes.12,14 

Interstingly, the Ru–NMeCN bond lengths at 2.056(6) and 2.087(6) Å are slightly 

longer than that seen in other ruthenium bis-acetonitrile complexes such as 

[Ru(L)(PPh3)(CH3CN)2Cl]Cl, (where L = 2-(2-pyridyl)benzothiazole), whose 

measured Ru–NMeCN bond distances are 1.97(13) Å and 2.01(12) Å.17 

  
 3.II.3. Spectroscopic Properties of Ru(II) qmtpm complexes 

 3.II.3.1. 1H NMR Spectra  

All ruthenium complexes synthesized herein are diamagnetic in the solid state and 

in solution as evidenced by their clean 1H NMR spectra. As predicted, coordination of 

the thioether moiety of qmtpm to Ru(II) centers leads to a downfield shift of the 

singlet resonance from 2.47 ppm (in CD3CN, Figure 3.II.10) in the free ligand  to 3.11 
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and 3.08 ppm in [Ru(Cl)2(qmtpm)(PPh3)] and [Ru(Cl)(CO)(qmtpm)(PPh3)]BF4, 

respectively (Figures 3.II.13 and 3.II.17). In [Ru(Cl)(CO)(qmtpm)(PPh3)]BF4, the 

signals in the 7.4 -10.0 ppm region are assigned to the qmtpm ligand frame, while the 

resonances of PPh3 group are in the 7.0-7.3 region.  Similarly in the acetonitrile-

bound complex, [Ru(MeCN)2(qmtpm)(PPh3)]ClO4 (Figure 3.II.19) a slight downfield 

shift of the –SCH3 group is observed at 2.90 ppm from 2.47 in the free ligand, with an 

additional singlet noted at 2.69 is due to the bound acetonitrile ligands.   

Interestingly in the case of [Ru(Cl)(CO)2(qmtpm)]ClO4, the same –SCH3 group 

coordinated to the metal center appears as two distinct singlets at 3.02 and 3.13 ppm 

(Figure 3.II.5). Scrutiny of the crystal structure of this dicarbonyl complex suggests 

that although the –SCH3 segment of qmtpm in [Ru(Cl)(CO)2(qmtpm)]ClO4 is bound, 

it could undergo fluxional behavior in solution because of the open structure of 

[Ru(Cl)(CO)2(qmtpm)]ClO4. The thioether moiety can be situated either above or 

below the qmtpm plane in [Ru(Cl)(CO)2(qmtpm)]ClO4 (Figure 3.II.3) when in 

solution because of a smaller Cl– occupying the axial site. Such fluxional behavior is 

not observed in the related monocarbonyl complex [Ru(Cl)(CO)(qmtpm)(PPh3)]BF4 

due to the steric interactions imposed by bulky PPh3 group.  
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Figure 3.II.5. 1H NMR Spectrum of [Ru(Cl)(CO)2(qmtpm)]ClO4 in CD3CN. 
 
 

 3.II.3.2. Electronic Absorption Spectra 

 The electronic spectra of complexes [Ru(Cl)2(qmtpm)(PPh3)], 

[Ru(Cl)(CO)(qmtpm)(PPh3)]BF4, [Ru(Cl)(MeCN)(qmtpm)(PPh3)]BF4 and 

[Ru(MeCN)2(qmtpm)(PPh3)]ClO4 have been recorded in various solvents such as 

chloroform, ethanol and acetonitrile. Each Ru(II) qmtpm complex features one 

MLCT band in the visible (400-650 nm) region (Figure 3.II.6) that can also be 

utilized to identify the products of the interconversions outlined in Scheme 3.II.1. For 

instance, when the starting salt [Ru(Cl)2(qmtpm)(PPh3)] is treated with two 

equivalents of AgClO4 in acetonitrile, a shift in the MLCT band from 615 nm to 495 

nm is observed suggesting the formation of [Ru(MeCN)2(qmtpm)(PPh3)]ClO4 via Cl* 
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abstraction. Solvent-assisted CO loss from [Ru(Cl)(CO)(qmtpm)(PPh3)]BF4 in 

acetonitrile is monitored with the gradual shift of the #max from 465 nm to 535 nm, 

following the formation of [Ru(Cl)(MeCN)(qmtpm)(PPh3)]BF4. Similarly when  

[Ru(Cl)(CO)(qmtpm)(PPh3)]BF4 is heated in the presence of 2 equivalents of AgClO4 

in acetonitrile, the formation of [Ru(MeCN)2(qmtpm)(PPh3)]ClO4 is evident from the 

shift in the absorption maximum of the 465 nm band to 495 nm. 

 

Figure 3.II.6. Electronic absorption spectra of [Ru(Cl)(CO)(qmtpm)(PPh3)]BF4 
(black trace), [Ru(Cl)(MeCN)(qmtpm)(PPh3)]BF4 (blue trace)  

and [Ru(MeCN)2(qmtpm)(PPh3)]ClO4 (red trace) in acetonitrile. 
 
 

 It is interesting to note that the intense colors for these Ru(II) complexes are lost 

upon coordination of one or two CO groups, while the absorptivity of the most red-

shifted bands remain in the range of ~3000-5000 M-1cm-1. For instance, the deep blue 

color (for [Ru(Cl)2(qmtpm)(PPh3)]) or  magenta (for 

[Ru(Cl)(MeCN)(qmtpm)(PPh3)]BF4 become orange-yellow in the isolation of 

[Ru(Cl)(CO)(qmtpm)(PPh3)]BF4. Incorporation of two CO groups yields the pale 



 129 

yellow dicarbonyl complex: [Ru(Cl)(CO)2(qmtpm)]ClO4, whose absorption maxima 

is centered at 385 nm (Figure 3.II.7). Such color changes suggest the role of ancillary 

ligands in modulating the energy levels of the MLCT transitions and in facilitating 

CO photorelease (vide infra).  

 
 

Figure 3.II.7. Electronic Absorption Spectrum of [Ru(Cl)(CO)2(qmtpm)]ClO4 in 
acetonitrile. 

 
 3.II.3.3. CO Photorelease in Solution 

 When a solution of [Ru(Cl)(CO)(qmtpm)(PPh3)]BF4 in ethanol or chloroform is 

kept in the dark, no change is noted with time. However, solutions of 

[Ru(Cl)(CO)(qmtpm)(PPh3)]BF4 in acetonitrile show small changes in its absorption 

spectrum over hours due to slow replacement of CO with acetonitrile. The strong 

affinity of acetonitrile toward Ru(II) centers as well as the strong trans-labilizing 

effect of the PPh3 ligand promote such CO loss. This behavior has also been reported 

for [Ru(Cl)(CO)(terpy)(PPh3)]PF6 under similar conditions.
12

 As expected, 

[Ru(Cl)(CO)2(qmtpm)]ClO4 with no PPh3 ligand is indefinitely stable in acetonitrile. 

 Quite in contrast to these behaviors, exposure to light brings about rapid changes 
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in the absorption spectra of [Ru(Cl)(CO)(qmtpm)(PPh3)]BF4 and 

[Ru(Cl)(CO)2(qmtpm)]ClO4. When solutions of [Ru(Cl)(CO)(qmtpm)(PPh3)]BF4 or 

[Ru(Cl)(CO)2(qmtpm)]ClO4 in ethanol or acetonitrile are exposed to 350-500 nm 

light, the absorption spectrum undergoes rapid changes due to photorelease of CO as 

evidenced by reduced myoglobin assay. Changes in the absorption spectrum of 

[Ru(Cl)(CO)(qmtpm)(PPh3)]BF4 in acetonitrile upon exposure to 365 nm light are 

shown in Figure 3.II.8.  Careful inspection of the spectra reveals that 

[Ru(Cl)(CO)(qmtpm)(PPh3)]BF4 is quantitatively converted to 

[Ru(Cl)(MeCN)(qmtpm)(PPh3)]BF4 (eq. 2) within 60 min with no apparent  

 

Figure 3.II.8. Changes in the electronic absorption spectrum of 
[Ru(Cl)(CO)(qmtpm)(PPh3)]BF4 (0.25 mM) in acetonitrile with UV light irradiation 

(power = 5-10 mW/cm2 ; # = 310 nm). 
 

decomposition as evidenced by clean isosbestic points at 490, 400, 380 and 355 nm 

(Figure 3.II.8). Data from myoglobin assay confirm that 

[Ru(Cl)(CO)(qmtpm)(PPh3)]BF4 delivers one equiv of CO under such illumination. 
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The apparent first-order rate constant of CO release kCO from 

[Ru(Cl)(CO)(qmtpm)(PPh3)]BF4 is faster in acetonitrile than that in ethanol and the 

kCO values changes with the wavelength of the light. For example, in acetonitrile 

[Ru(Cl)(CO)(qmtpm)(PPh3)]BF4 exhibits kCO values of 0.065±0.001 min*1 and 

0.0063±0.0002 min*1with visible light (power = 15 mW/cm2) with cut-off filters at # 

0 380 nm and # 0 440 nm, respectively. In ethanol, the kCO values drops to 

0.0032±0.0001 min*1 when illuminated with the same light sources. Notable 

acceleration in CO photorelease from [Ru(Cl)(CO)(qmtpm)(PPh3)]BF4 is observed 

with low-power (5-10 mW/cm2) UV light.  For example, in ethanol a kCO value of 

0.81±0.01 min*1 is obtained under 310 nm illumination.  

 

[Ru(Cl)(CO)2(qmtpm)]ClO4
h!, MeCN (1) AgClO4

(2) PPh3
[Ru(MeCN)2(qmtpm)(PPh3)](ClO4)2

2 CO  
 

Scheme 3.II.1. Conversion of [Ru(Cl)(CO)2(qmtpm)]ClO4 to 
[Ru(MeCN)2(qmtpm)(PPh3)]ClO4 after irradiation and subsequent CO release. 

 

Yellow solutions of [Ru(Cl)(CO)2(qmtpm)]ClO4 in ethanol and acetonitrile release 

CO upon exposure to light in the 300-360 nm range. For example, when exposed to a 

narrow-width UV light source with #max at 310 nm (power = 7 mW/cm2), 

[Ru(Cl)(CO)2(qmtpm)]ClO4 exhibits rapid changes in its electronic absorption 

spectrum in acetonitrile with isosbestic points at 480, 365, and 300 nm (Figure 3.II.9), 

and affords a kCO value of 0.22±0.01 min*1. Since exhaustive photolysis of 

[Ru(Cl)(CO)2(qmtpm)]ClO4 followed by replacement of the Cl* ligand with PPh3 
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affords [Ru(MeCN)2(qmtpm)(PPh3)]ClO4 quantitatively (eq. 3), it is evident that 

[Ru(Cl)(CO)2(qmtpm)]ClO4 delivers two equivalents of CO under exposure to 310 

nm light. When the #max of the light source is shifted to 325 nm, the value of kCO 

drops to 0.08±0.01 min*1, again showing the dependence of kCO on the wavelength of 

light. 

 
Figure 3.II.9. Changes in the electronic absorption spectrum of 

[Ru(Cl)(CO)2(qmtpm)]ClO4 (0.25 mM) in acetonitrile with UV light irradiation 
(power = 5-10 mW/cm2 ; # = 310 nm). 

 

 3.II.4. Conclusions 

 We have shown that the qmtpm ligand frame which features an NNS donor set 

coordinates readily to Ru(II) centers in a meridional fashion. This mode of ligation 

was not achieved in the case of isoelectronic Mn(I) or Re(I) centers. Employing the 

newly characterized starting salt, [Ru(Cl)2(qmtpm)(PPh3)], we isolated the 

monocarbonyl complex, [Ru(Cl)(CO)(qmtpm)(PPh3)]BF4, which exhibits both 

solvent-assisted CO release and accelerated CO dissociation upon illumination in 
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coordinating solvents such as acetonitrile. This reactivity is attributed to the trans-

labilizing effect of the PPh3 ligand in [Ru(Cl)(CO)(qmtpm)(PPh3)]BF4 and the solid 

state structure of [Ru(MeCN)2(qmtpm)(PPh3)]ClO4 confirms such CO release 

mechanisms. The related dicarbonyl complex, [Ru(Cl)(CO)2(qmtpm)]ClO4, shows a 

much slower CO release rate compared to  [Ru(Cl)(CO)(qmtpm)(PPh3)]BF4. The 

placement of a $-donating Cl- trans to a CO group and the inclusion of a second CO 

ligand in the coordination sphere of [Ru(Cl)(CO)2(qmtpm)]ClO4 appears to enhance 

%-backbonding interactions in this compound, thus accounting for its reduced CO-

releasing capacity. Collectively, these findings confirm that in addition to the 

incorporation of designed ligand frames, the strategic placement of ancillary ligands 

can modulate the CO-releasing behavior of the resulting photoCORMs.  

  
 3.II.5. Experimental Section 

 Materials and Reagents.  [Ru(Cl)2(CO)3]2 was purchased from Sigma Aldrich 

and used as received. The other starting salt [Ru(Cl)2(PPh3)3]9 and the ligand 2-

quinoline-N-(2'-methylthiophenyl)methyleneimine (qmtpm)10 were synthesized 

following literature procedure. Solvents were purified and/or dried by standard 

techniques prior to use.  

 
[Ru(Cl)2(qmtpm)(PPh3)]. A batch of 0.741 g (0.77 mmol) of [Ru(Cl)2(PPh3)3] 

was added to 20 mL of degassed toluene and the red-brown slurry was heated to 

reflux for 4 h. The solution turned blue and a deep blue solid separated out of the 

solution. The solid was filtered and washed several times with diethyl ether.  After 
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thorough drying, this procedure afforded [Ru(Cl)2(qmtpm)(PPh3)] in analytically pure 

form (also confirmed by its IR, NMR and electronic spectra). Yield: 510 mg (93%). 

Selected IR frequencies (KBr disk, cm1): 1615 (w), 1593 (w), 1519 (m), 1481 (m), 

1434 (m), 1090 (m), 827 (w), 787 (w), 753 (m), 697 (s), 525 (s). Electronic 

Absorption Spectrum in CH2Cl2, !max (nm, , (M-1 cm-1)): 280 (19 226), 355 (17 630), 

615 (4 235). 1H NMR (CDCl3, 500 MHz), - (ppm from TMS): 10.50 (d, 1H), 9.37 (s, 

1H), 7.80 (t, 1H), 7.61 (t, 1H), 7.51 (d, 1H), 7.44 (t, 3H), 7.15-7.24 (m, 8H), 7.02 (t, 

3H), 6.88 (t, 6H), 6.54 (t, 1H), 3.11 (s, 3H). 

 
[Ru(Cl)(CO)(qmtpm)(PPh3)]BF4. A slurry of 0.122 g (0.17 mmol) of 

[Ru(Cl)2(qmtpm)(PPh3)]  in 15 mL of ethanol was treated with 2 equiv of AgBF4 

(0.067g, 0.35 mmol) to obtain a magenta solution which was degassed by freeze-

pump-thaw technique. The reaction mixture was allowed to stir for 12 h at room 

temperature and subsequently heated to reflux under nitrogen for 1 h. The resulting 

purple reaction mixture was filtered through a Celite pad. A steady stream of CO gas 

was bubbled through the filtrate for 15 min during which the color changed from 

purple to brown and an orange-yellow solid precipitated out of solution. The solid 

was collected by filtration and washed several times with diethyl ether. Yield: 80 mg 

(59%). X-ray quality crystals of yellow blocks were grown by diffusion of pentane 

into a dilute solution of the complex in dichloromethane.  Selected IR frequencies 

(KBr disk, cm-1): 2028 (vs, )CO), 1637 (w), 1516 (w), 1480 (w), 1436 (m), 1084 (s, 

)BF4), 839 (w), 759 (m), 748 (m), 698 (m), 520 (m). Electronic Absorption Spectrum 
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in CH2Cl2, !max (nm, , (M-1 cm-1)): 292 (15 905), 370 (14 350), 465 (5 310). 1H NMR 

(CDCl3, 500 MHz), - (ppm from TMS): 9.92 (d, 1H), 9.61 (s, 1H), 8.52 (d, 1H), 8.34 

(d, 1H), 8.14 (t, 1H) 7.96 (t, 1H), 7.80 (m, 2H), 7.47 (s, 1H), 7.28 (t, 7H), 7.20 (t, 3H), 

7.04 (t, 5H), 3.08 (s, 3H). 

 
[Ru(Cl)(CO)2(qmtpm)]ClO4. A batch of 0.167 g (0.326 mmol) of 

[Ru(Cl)2(CO)3]2 was heated to reflux in 7 mL of methanol to generate a pale yellow 

solution. Separately, a slurry of 0.183 g (0.656 mmol) of qmtpm ligand in 10 mL of 

methanol was added to the hot solution of [Ru(Cl)2(CO)3]2. The resulting red-orange 

solution was heated to reflux under N2 atmosphere for 5 h. Next, the volume was 

reduced to 5 mL under reduced pressure and the orange solid that separated from the 

solution was filtered. To the filtrate was added 1 equiv of NaClO4 (0.043 g, 0.348 

mmol) and the mixture was stirred at room temperature for 30 min when complex 

[Ru(Cl)(CO)2(qmtpm)]ClO4 precipitated from the solution as a yellow solid. Yield: 

112 mg (60%). X-ray quality crystals of yellow blocks were obtained by diffusion of 

toluene into an acetonitrile solution of [Ru(Cl)(CO)2(qmtpm)]ClO4.  Selected IR 

frequencies (KBr disk, cm-1): 2086 (s, )CO), 2038 (s, )CO), 1634 (w), 1514 (w), 1434 

(w), 1296 (w), 1121 (m), 1083 (s, )ClO4), 825 (w), 759 (w), 623 (w), 505 (w). 

Electronic Absorption Spectrum in acetonitrile, !max (nm, , (M-1 cm-1)): 252 (25 350), 

275 (25 705), 385 (25 130), 402 (20 770), 485 (2 480). 1H NMR (CD3CN, 500 MHz), 

- (ppm from TMS): 9.76 (d, 1H), 8.92 (d, 1H), 8.42-8.47 (q, 1H), 8.40 (t, 1H), 8.26 

(d, 2H) 8.22 (t, 1H), 7.96-8.01 (m, 2H), 7.82 (t, 1H), 3.13 (s, 2H), 3.02 (s, 1H). 
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[Ru(MeCN)2(qmtpm)(PPh3)](ClO4)2. To a batch of 0.051 g (0.71 mmol) of 1 in 

8 mL of acetonitrile was treated with 2 equiv of AgClO4 (0.031 g, 0.150 mmol) 

dissolved in 7 mL of acetonitrile. The resulting magenta solution was degassed and 

stirred at room temperature for 12 h, during which a deep red color developed. The 

solution was filtered through a Celite pad and the filtrate was allowed to evaporate 

slowly to obtain red blocks of [Ru(MeCN)2(qmtpm)(PPh3)](ClO4)2 suitable for x-ray 

diffraction. Yield: 40 mg (61%). Selected IR frequencies (KBr disk, cm1): 1618 (w), 

1592 (w), 1435 (w), 1094 (s, )ClO4), 757 (w), 698 (w), 623 (m), 530 (m). Electronic 

Absorption Spectrum in CH3CN, !max (nm, , (M-1 cm-1)): 270 (17 125), 310 (14 240), 

368 (15 500), 495 (5 400). 1H NMR (CD3CN, 500 MHz), - (ppm from TMS): 9.56 (s, 

1H), 8.60 (d, 1H), 8.55 (d, 1H), 8.13 (d, 1H), 8.01 (d, 1H), 7.95 (t, 1H), 7.85 (m, 2H), 

7.61 (d, 1H), 7.47-7.52 (m, 2H), 7.22 (m, 3H), 7.06 (m, 15H), 2.90 (s, 3H), 2.69 (s, 

3H). 
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3.II.6. Experimental Data: IR, 1H NMR and Electronic Absorption Spectra 

 

 

Figure 3.II.10. 1H NMR Spectrum of (1.50-8.75 ppm) of qmtpm in CD3CN. 

 

Figure 3.II.11. IR Spectrum of [Ru(Cl)2(qmtpm)(PPh3)] in KBr disk. 
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Figure 3.II.12. Electronic Absorption Spectrum of [Ru(Cl)2(qmtpm)(PPh3)] in 
CH2Cl2. 

 

 

Figure 3.II.13. 1H NMR Spectrum (6.50-10.50 ppm) of [Ru(Cl)2(qmtpm)(PPh3)] in 
CDCl3. Inset: Thioether resonance at 3.11 ppm. 



 139 

 

 

Figure 3.II.14. Electronic Absorption Spectrum of 
[Ru(Cl)(MeCN)(qmtpm)(PPh3)]BF4 in CH3CN. 

 

 

Figure 3.II.15. IR Spectrum of [Ru(Cl)(CO)(qmtpm)(PPh3)]BF4 in KBr disk. 
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Figure 3.II.16. Electronic Absorption Spectrum of [Ru(Cl)(CO)(qmtpm)(PPh3)]BF4 
in CH2Cl2. 

 

 
Figure 3.II.17. 1H NMR Spectrum (7.00-9.90 ppm) of 

[Ru(Cl)(CO)(qmtpm)(PPh3)]BF4 in CDCl3. Inset: Thioether resonance at 3.08 ppm. 
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Figure 3.II.18. IR Spectrum of [Ru(MeCN)2(qmtpm)(PPh3)]ClO4 in KBr disk. 

 
Figure 3.II.19. Electronic Absorption Spectrum of [Ru(MeCN)2(qmtpm)(PPh3)]ClO4 

in CH3CN. 
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Figure 3.II.20. 1H NMR Spectrum (7.00-9.60 ppm) of 

[Ru(MeCN)2(qmtpm)(PPh3)]ClO4 in CDCl3. Inset: Thioether resonance at 2.90 ppm 
and an additional singlet noted at 2.69 is due to the bound acetonitrile ligands. 

 

 

Figure 3.II.21. IR Spectrum of [Ru(Cl)(CO)2(qmtpm)]ClO4 in KBr disk. 
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Chapter 4. Density Functional Theory Studies to elucidate origin of CO 

Photolability in d6 Metal Carbonyls bearing the tridentate NNS ligand qmtpm 

Part I: DFT and TDDFT Studies of Manganese qmtpm Carbonyl Complexes 

  
 4.I.1. Background 

 The unusual role of carbon monoxide (CO) as a signaling molecule in several 

physiological pathways has spurred research in the area of synthesizing new metal 

carbonyl complexes as photoactive carbon monoxide releasing molecules 

(photoCORMs). The use of light on these exogenous CO donors provides a better 

handle and ensures controlled CO delivery. However, the strong affinity of CO for 

low valent metal centers due to !-backbonding interactions necessitates the use of UV 

light energies (or higher) in inducing metal-CO bond homolysis and subsequent CO 

dissociation. Indeed prototypical photoCORMs such as Mn2(CO)10 and Fe(CO)5 have 

demonstrated the efficacy of CO photorelease in biologically-relevant studies under 

UV light illumination.1 These preliminary findings have prompted research in 

exploring photoCORM design principles that could provide ligands suitable in 

generating more photosensitive CO-delivery agents.    

 To date, only a few density functional theory (DFT) calculations have been 

performed on known photoCORMs that shed light on factors contributing to CO 

photorelease. A theoretical investigation by Leszczynski and co-workers highlights 

the role of M—CO bond energies in the observed CO dissociation of Mn2(CO)10 and 

[Ru(glycinate)(CO)3Cl] (CORM-3), whose calculated bond energies are 46.76 and 

42.71 kcal/mol, respectively. In the case of Mn2(CO)10, the bonding is characterized 
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by a strong Mn(3dxy) + (C + O)(2py) nature, while for CORM-3 a weaker !-type 

[Ru(4dxz) - C(2px) - O(2px)] is reported. In the presence of physiologically relevant 

ions such as Cl! and HPO4
2-, the rate of CO dissociation in the case of CORM-3 is 

enhanced, further supporting the observed facile CO release from this compound.2 

 On a similar note, Cavalli and co-workers recently reported results of their DFT 

calculations on a series of manganese carbonyl complexes bearing thiolate and 

bipyridine ligands (Figure 4.I.1). A key feature of their account is the use of natural 

bond order (NBO) analysis to probe the nature of the Mn—CO bond. Because !-

backbonding is a specific type of donor-acceptor stabilizing interaction between metal 

d-orbital lone pairs and vacant CO !* orbitals, this group examined the relevant donor 

and acceptor interactions (i.e. contributions of the axial and equatorial CO groups) 

which collectively result in the observed stabilization energies. Based on NBO 

calculations, charge transfer interactions appear to be a major source of Mn—CO 

bond stabilization.3 Fine-tuning of charge transfer interactions therefore is key in the 

design of photoCORMs with greater sensitivity to visible light. 
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Figure 4.I.1. Manganese-based CORMs bearing thiolate and bipyridine ligands. 
(adapted from ref. 3) 
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 From previous work reported in part 1 of Chapter 3, we discovered that increased 

conjugation in the ligand frame results in a systematic increase in absorptivity of the 

corresponding compounds in the longer wavelength region. The carbonyl complex 

[Mn(pqa)(CO)3]ClO4 (where pqa = (2-pyridylmethyl)(2-quinolylmethyl)amine) 

which features both a pyridine and quinoline moiety (Figure 4.I.1), exhibits a strong 

absorption band with "max at 360 nm. This is a notable red-shift in the absorption 

maximum when compared to the related carbonyl [Mn(tpa)(CO)3]ClO4 (where tpa = 

tri(2-pyridyl)amine, "max = 330 nm) which comprises only pyridine donors in the 

otherwise similar ligand frame (Figure 4.I.1). Since the affinity of CO toward metals 

in low oxidation state arises predominantly from backbonding of electrons from the 

metal center to the !* level of CO, we hypothesized that metal-to-ligand charge 

transfer (MLCT) transitions would reduce CO affinity of the metal center and result 

in CO photorelease.  Indeed, increased CO photolability of [Mn(pqa)(CO)3]ClO4 

compared to [Mn(tpa)(CO)3]ClO4 indicates that facilitation of CO photorelease could 

arise from such transition(s). 

 To explore the validity of our hypothesis further, we have now designed a series of 

manganese(I) carbonyls featuring bidentate and potentially tridentate ligands that 

incorporate both conjugated aromatic nitrogen donors and an imine functionality (in 

place of the amine nitrogen) in the ligand framework. To probe the effects of 

ancillary ligands, a Br# ligand has also been incorporated in the coordination sphere. 

Finally, a thioether moiety has been added to the ligand frame to compete for a 

coordination site and promote additional CO release.  The structures of the ligands 
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employed in the present work are shown in Figure 4.I.2.  We herein report the 

syntheses, structures and photochemical parameters of 

[Mn(pimq)(CO)3(MeCN)]ClO4 (where pimq = (2-phenyliminomethyl)quinoline),  

N
H
N

N

N
N

S

pqa

N
N

S
pmtpmqmtpm

N
N

pimq

 

Figure 4.I.2. Structures of the bidentate (pimq) and potentially tridentate ligands 
(pmtpm and qmtpm) used in this study. 

 
 

[Mn(qmtpm)(CO)3(MeCN)]ClO4 (where qmtpm = 2-quinoline-N-(2'-

methylthiophenyl) methyleneimine), [Mn(qmtpm)(CO)3Br], 

[Mn(pmtpm)(CO)3(MeCN)]ClO4 (where pmtpm = 2-pyridyl-N-(2'-

methylthiophenyl)methyleneimine), and [Mn(pmtpm)(CO)3Br]. The systematic 

changes in the ligand frame has afforded progressive red shift of the absorption band 

maximum from 390 nm (for [Mn(pmtpm)(CO)3(MeCN)]ClO4) to 535 nm (for 

[Mn(qmtpm)(CO)3Br]) in this set of photoCORMs. We have also attempted to 

correlate the CO photolability of these photoCORMs with the results of density 

functional theory (DFT) and time dependent DFT (TDDFT) calculations and confirm 

the nature of the MLCT associated with CO release.  
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 4.I.2. Syntheses of the Metal Complexes 

 In order to promote CO photorelease from our designed photoCORMs through 

metal-to-ligand charge transfer (MLCT) transitions, we have introduced conjugated 

ring systems in addition to the imine functionality in the ligand frames of the present 

work.  Out of this set of Mn(I) tricarbonyls, [Mn(pimq)(CO)3(MeCN)]ClO4 contains 

the ligand pimq (Figure 4.I.2) in which a phenyl ring is bonded to a quinoline donor 

through an imine linker. This bidentate ligand provides a significant extent of 

conjugation. The next subset comprising of [Mn(qmtpm)(CO)3(MeCN)]ClO4 and 

[Mn(pmtpm)(CO)3(MeCN)]ClO4, is derived from the potentially tridentate ligands 

qmtpm4 and pmtpm5 which includes a thioether moiety on the phenyl part of the 

ligand.  The reasons for this inclusion are two-fold. First, it is expected to add 

electron density to the !-frame of the ligand and second, it could bind to the Mn(I) 

center6 and promote further CO release upon illumination. In addition, a pyridine 

donor in pmtpm (in complex [Mn(pmtpm)(CO)3(MeCN)]ClO4) has been replaced 

with a more-conjugated quinoline donor in qmtpm (in complex 

[Mn(qmtpm)(CO)3(MeCN)]ClO4) for enhanced absorptions in the visible range.  

 Finally, in the subset consisting of [Mn(qmtpm)(CO)3Br] and 

[Mn(pmtpm)(CO)3Br], a Br– ligand replaces the acetonitrile ligand.  Introduction of 

this donor is intended to provide electron density to the Mn(I) center via $-donation 

and modulate the MLCT transitions of the resulting carbonyls. In this subset, 

exchange of the pyridine donor with a quinoline donor has also been applied to 

correlate the CO photolability of the resulting carbonyls.   
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 Treatment of fac-[Mn(CO)3(MeCN)3]ClO4 with pimq or qmtpm in CHCl3 under 

refluxing conditions afforded the cationic species [Mn(L)(CO)3(MeCN)]+, where L = 

pimq or qmtpm ([Mn(pimq)(CO)3(MeCN)]ClO4 or 

[Mn(qmtpm)(CO)3(MeCN)]ClO4). While qmtpm has potentially three coordination 

sites, only the nitrogen atoms of the ligand were found to bind to the metal center as 

evidenced by crystallographic data (vide infra). The use of a more suitable starting 

salt such as Mn(CO)5Br under similar conditions also did not lead to the desired 

metal-sulfur binding and instead generated the neutral carbonyl 

[Mn(qmtpm)(CO)3Br]. A similar trend was also observed with the less conjugated 

ligand pmtpm, wherein reaction with fac-[Mn(CO)3(MeCN)3]ClO4 or Mn(CO)5Br 

generated compounds [Mn(pmtpm)(CO)3(MeCN)]ClO4 and [Mn(pmtpm)(CO)3Br], 

respectively. This outcome was somewhat surprising since scrutiny of the literature 

revealed a few low valent manganese carbonyls in which multiple thioether groups 

are coordinated to the metal center in the presence of "-acceptor ligands.7 We suspect 

that the rigid framework of the conjugated ligands of Figure 4.I.2 does not allow 

binding in the facial orientation and hence replacement of the MeCN or Br– ligand 

was not achieved. The utility of the #SMe moiety is however evident in the 

enhancement of the CO photorelease from these species thus indicating its electronic 

effect(s) on the overall CO- donating capacity of these photoCORMs (vide infra). All 

five carbonyls complexes dissolve in organic solvents such as MeCN, DMSO and 

CHCl3 and in polar aprotic solvents such as MeOH. Such solutions are stable for 

hours when kept in the dark.  
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 4.I.3. Spectroscopic Properties 

 The IR spectra of carbonyls exhibit two strong bands in the carbonyl region, a 

pattern consistent with known fac-Mn(I) tricarbonyl complexes.8 In the case of the 

MeCN-adducts [Mn(pimq)(CO)3(MeCN)]ClO4, [Mn(qmtpm)(CO)3(MeCN)]ClO4 and 

[Mn(pmtpm)(CO)3(MeCN)]ClO4, the first #CO stretch appears as a sharp peak at 

2042-2044 cm-1 pertaining to the axial CO ligand (Figures 4.I.16, 4.I.19 and 4.I.23). 

The second broad #CO band noted at ~1942-1947 cm-1 features a minor splitting 

pattern which suggests a distinction between the remaining CO groups in the 

equatorial plane. For the neutral compounds [Mn(qmtpm)(CO)3Br] and 

[Mn(pmtpm)(CO)3Br], a similar pattern is observed, albeit slight shift to lower 

frequencies. The first sharp #CO stretch appears at 2020 cm-1 followed by the broad 

#CO stretch at 1920-1934 cm-1.  

 All Mn(I) tricarbonyl complexes in this section are diamagnetic in the solid state 

and in solutions.  The S = 0 state of the compounds is readily evidenced by their clean 

NMR spectra (Figures 4.I.15, 4.I.18, 4.I.20, and 4.I.23).  An example is shown in 

Figure 4.I.3.  In this spectrum of [Mn(qmtpm)(CO)3(MeCN)]ClO4, ligation of the 

qmtpm ligand to the Mn(I) center is indicated by the downfield shift of the imine 

proton (see Figure 4.I.22 for 1H NMR of qmtpm ligand in CD3CN) to 8.97 ppm.  The 

aromatic protons spread over 7.30-9.00 ppm while the -SMe resonance of qmtpm 

appears at 2.85 ppm. 
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Figure 4.I.3. 1H NMR (500 MHz) spectrum of [Mn(qmtpm)(CO)3(MeCN)]ClO4  
in CD3CN (7.40-9.40 ppm range). Inset: Resonance Signal of unbound -SMe group at 

2.56 ppm.  
 
  

4.I.4. Structures of the Metal Complexes.  

The cations of the MeCN-bound cationic carbonyls all adopt a similar motif 

wherein the designed ligands pimq, qmtpm and pmtpm are coordinated in a bidentate 

fashion. The structures of [Mn(pimq)(CO)3(MeCN)]ClO4, 

[Mn(qmtpm)(CO)3(MeCN)]ClO4 and [Mn(pmtpm)(CO)3(MeCN)]ClO4 are shown in 

Figures 4.I.4 – 4.I.6. Three facially coordinated CO ligands force the bidentate 

ligands and MeCN to occupy different planes in a slightly distorted octahedral 

geometry. 
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Figure 4.I.4. ORTEP diagram (50% probability level) of the cation of 
[Mn(pimq)(CO)3(MeCN)]ClO4. H-atoms have been omitted for clarity. 

 
 

The Mn(I)-Nimine bond distances of [Mn(pimq)(CO)3(MeCN)]ClO4 and 

[Mn(qmtpm)(CO)3(MeCN)]ClO4 (2.053(2) and 2.063(3) Å respectively) are similar 

to such distances noted in other Mn(I) tricarbonyls featuring bidentate diimine 

ligands.9 
 Also, the Mn(I)-Nquinoline bond lengths for [Mn(pimq)(CO)3(MeCN)]ClO4 

and [Mn(qmtpm)(CO)3(MeCN)]ClO4 (2.126(2) and 2.120(2) Å) compare well with 

Mn(I) complexes derived from quinoline-containing ligands.10  These distances are 

however longer than the Mn(I)-Npy bond distance in [Mn(pmtpm)(CO)3(MeCN)]ClO4 

(2.054(2) Å) and confirm the superior coordinating ability of the pyridine N of the 

pmtpm ligand.  In [Mn(qmtpm)(CO)3(MeCN)]ClO4 and 

[Mn(pmtpm)(CO)3(MeCN)]ClO4, the thioether moiety is not coordinated despite the 

possibility of binding the metal center through displacement of a proximal CO 

(Figures 4.I.5 and 4.I.6). This presumably arises from the relatively low "-accepting 

capacity of the thioether S donor compared to CO.  
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Figure 4.I.5. ORTEP diagram (50% probability level) of the cation of 

[Mn(qmtpm)(CO)3(MeCN)]ClO4. H-atoms have been omitted for clarity. 
   

 

Figure 4.I.6. ORTEP diagram (50% probability level) of the cation of 
[Mn(pmtpm)(CO)3(MeCN)]ClO4. H-atoms have been omitted for clarity. 

 
 The structure of the neutral carbonyl  [Mn(qmtpm)(CO)3Br] (shown in Figure 

4.I.7) is very similar to that of [Mn(qmtpm)(CO)3(MeCN)]ClO4 except for the 

replacement of the MeCN ligand with Br–. The three CO ligands are coordinated in 

the same facial configuration and the thioether moiety is not coordinated. In 

[Mn(qmtpm)(CO)3Br], the Mn(I)-Br distance is 2.5366(6) Å, a value well within the 

range of Mn(I)-Br distances noted in compounds such as [BrMn(CO)2(N,N,N-dapa)] 
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[N,N,N-dapa = 2,6-diacetylpyridine-bis(aniline)].11 The structure of the analogous 

neutral carbonyl  [Mn(pmtpm)(CO)3Br] is shown in Figure 4.I.8. 

 
Figure 4.I.7. ORTEP diagram (50% probability level) of [Mn(qmtpm)(CO)3Br]. H- 

atoms have been omitted for clarity. 
 
 

 
Figure 4.I.8. ORTEP diagram (50% probability level) of [Mn(pmtpm)(CO)3Br]. H- 

atoms have been omitted for clarity. 
 

4.I.5. Electronic Absorption Spectra and CO Release in Solution  

 The electronic absorption spectra of all Mn(I) tricarbonyl complexes have been 

recorded in MeCN, THF and CHCl3. A plot of the respective absorption maxima 
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(solution in CHCl3) of Mn(qmtpm)(CO)3(MeCN)]ClO4, [Mn(qmtpm)(CO)3Br], 

[Mn(pmtpm)(CO)3(MeCN)]ClO4 and [Mn(pmtpm)(CO)3Br] in the visible region is 

shown in Figure 4.I.9.  All absorption spectra were measured in the absence of room 

light since these carbonyls exhibit facile CO release (vide infra) upon illumination. 

The effect of increased conjugation in the ligand frame is readily indicated by the red 

shift of the absorption maximum of Mn(qmtpm)(CO)3(MeCN)]ClO4 (435 nm) 

compared to that of [Mn(pmtpm)(CO)3(MeCN)]ClO4 (390 nm). Replacement of the 

MeCN ligand with the $%donating Br# ligand results in further red shift of "max of 

[Mn(qmtpm)(CO)3Br] and [Mn(pmtpm)(CO)3Br]  to 535 nm and 500 nm, 

respectively. Carbonyl complexes [Mn(pimq)(CO)3(MeCN)]ClO4 and  

[Mn(qmtpm)(CO)3(MeCN)]ClO4 exhibit similar absorption profiles with bands 

 

Figure 4.I.9. Electronic absorption spectra of [Mn(qmtpm)(CO)3(MeCN)]ClO4 (red 
trace), [Mn(qmtpm)(CO)3Br] (pink trace), [Mn(pmtpm)(CO)3(MeCN)]ClO4 (green 

trace) and [Mn(pmtpm)(CO)3Br] (blue trace) in CHCl3. 
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centered at ~ 435, 335 and 265 nm. However, the addition of the –SMe group on the 

ligand frame leads to a moderate increase in the extinction coefficient of 

[Mn(qmtpm)(CO)3(MeCN)]ClO4 compared to [Mn(pimq)(CO)3(MeCN)]ClO4 

(Figure 4.I.10). The high extinction coefficient values for these bands in the 400-600 

nm region confirm that they arise from charge transfer transition. Also, the red shift 

of these bands with more conjugation in the ligand frame (and/or electron-rich ligands 

or groups in the coordination sphere) readily identifies them as MLCT transition and 

results of theoretical calculations corroborate this assignment (vide infra).  

 

Figure 4.1.10. Electronic absorption spectra of [Mn(pimq)(CO)3(MeCN)]ClO4 (black 
trace) and [Mn(qmtpm)(CO)3(MeCN)]ClO4 (red trace) in MeCN. 

 

Although solutions of [Mn(pimq)(CO)3(MeCN)]ClO4, 

[Mn(qmtpm)(CO)3(MeCN)]ClO4 and [Mn(pmtpm)(CO)3(MeCN)]ClO4 in MeCN or 

MeOH are stable for several hours in the dark, exposure of such solutions to low 

power visible light leads to dramatic changes associated with CO release. Changes in 

the absorption spectrum of [Mn(qmtpm)(CO)3(MeCN)]ClO4 upon illumination with 
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509 nm monochromatic light (5mW) are shown in Figure 4.I.11. Clean isosbestic 

points 500, 400 and 335 nm confirm that CO loss does not proceed via 

decomposition. Likewise, THF solutions of [Mn(qmtpm)(CO)3Br]  and 

[Mn(pmtpm)(CO)3Br]  exhibit stability in the dark and CO release is only triggered 

upon illumination with 509 nm light. Isosbestic points for [Mn(qmtpm)(CO)3Br] were 

noted at 415 nm and 290 nm. 

 

Figure 4.I.11. Changes in the electronic absorption spectrum of 
[Mn(qmtpm)(CO)3(MeCN)]ClO4 in MeCN upon exposure to monochromatic light  

(&= 509 nm, 5mW). Inset: Formation of CO-Mb with light induced CO release  
from [Mn(qmtpm)(CO)3(MeCN)]ClO4 in 100 mM phosphate buffer (pH 7.4). 

 

 Light-induced CO release of these Mn(I) tricarbonyl complexes has been 

investigated by a modified myoglobin assay. In a typical experiment, MeCN or THF 

solutions of the selected Mn(I) carbonyl complex were degassed and subsequently 

irradiated with a broadband light source fitted with a 400 nm cut-off filter. The 

resulting solution was flushed with N2 gas and the photogenerated CO was transferred 
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via a cannula into a cuvette containing reduced myoglobin (Mb) in phosphate buffer 

(pH 7.4). In this method the possibility of carbonyl reduction by dithionite is 

eliminated.12 In all cases, a shift in the Soret band from 435 nm to 424 nm confirmed 

the formation of CO-Mb under anaerobic conditions (Figure 4.I.11 Inset). Because 

CO release takes place only upon light irradiation it is evident that these compounds 

comprise an effective set of Mn-based photoCORMs.  

 Although the present carbonyls contain three CO ligands, we have not determined 

the exact number of CO molecules lost from each photoCORM under illumination. 

Ford and coworkers have commented on this issue in their work with the 

photoCORM Na3[W(CO)5(TPPTS)]. Exhaustive photolysis of this carbonyl afforded 

product(s) that still exhibited CO-related IR bands in its spectrum.13 In our work, we 

have also noted that the exact amount of CO release from the photoCORMs upon 

illumination is quite difficult to quantify due to subsequent secondary reaction(s) of 

the initial photoproduct(s) with the oxygen, solvent and other species in solution. 

Under strict anaerobic conditions, prolonged photolysis of the present carbonyls in 

solvents like MeCN and THF afford products that exhibit weak CO stretching 

frequencies in the 2050-1950 cm-1 region.  NMR measurements on these products 

indicated the presence of the intact ligand frames. When the photolysis experiments 

were performed with solutions in open vials, the final photoproducts exhibited strong 

EPR signals indicating formation of Mn(II) species. In a recent account, Kurt and 

Berends have reported the formation of both Mn(II) and Mn(III) species in photolysis 

of the photoCORM fac-[Mn(CO)3(tpm)]PF6 (tpm = tris(pyrazolyl)methane) under 
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aerobic conditions.14 Clearly, CO release from CORMs bearing multiple CO ligands 

follow complicated pathways leading to multiple photoproducts and hence we have 

not attempted to characterize the photoproducts from all Mn carbonyl complexes in 

the present study. 

 
Figure 4.I.12. Plot of changes in ln[Mn(qmtpm)(CO)3Br] vs. time (in s) in THF  

(concentration of Mn(qmtpm)(CO)3Br = 1.1 mM). 
 

 
  The CO release capacities of [Mn(pimq)(CO)3(MeCN)]ClO4,  

[Mn(qmtpm)(CO)3(MeCN)]ClO4, [Mn(qmtpm)(CO)3Br], 

[Mn(pmtpm)(CO)3(MeCN)]ClO4 and [Mn(pmtpm)(CO)3Br] under illumination with 

visible light have been determined in the present study to correlate the CO-releasing 

parameters with the features of the ligand (such as conjugation) and the nature of the 

sixth ligand (MeCN vs. Br#).  For all these carbonyls, the rates of CO release obey a 

pseudo-first-order behavior (Figure 4.I.12). The apparent rates of CO photorelease 

(kCO) and the quantum yield values at 509 nm ('509) are shown in Table 4.I.1. The kCO 

values of [Mn(pimq)(CO)3(MeCN)]ClO4,  [Mn(qmtpm)(CO)3(MeCN)]ClO4 and 
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[Mn(pmtpm)(CO)3(MeCN)]ClO4 were measured in CH3CN, while those of 

[Mn(qmtpm)(CO)3Br] and [Mn(pmtpm)(CO)3Br]  were obtained with THF solutions 

due to differences in solubility.  As evident from Table 4.I.1, with increased 

conjugation in the ligand frame (going from [Mn(pmtpm)(CO)3(MeCN)]ClO4 to 

[Mn(qmtpm)(CO)3(MeCN)]ClO4), the kCO value increases from 1.1 x 10-3 ± 0.1 to 2.0 

x 10-3 ± 0.1 s-1.  In addition, replacement of MeCN with Br# (going from 

[Mn(qmtpm)(CO)3(MeCN)]ClO4 to [Mn(qmtpm)(CO)3Br]) leads to a significant 

increase in the kCO value (from 2.0 x 10-3 ± 0.1 to 2.6 x 10-3 ± 0.1 s-1).  The effect(s) of 

incorporating the –SMe group on the ligand frame is evident in the kCO and '509 

values of [Mn(pimq)(CO)3(MeCN)]ClO4 and [Mn(qmtpm)(CO)3(MeCN)]ClO4.  The 

electron-rich S center enhances the '509 value of [Mn(qmtpm)(CO)3(MeCN)]ClO4 

(0.208 ± 0.010) compared to [Mn(pimq)(CO)3(MeCN)]ClO4 (0.130 ± 0.010) to a 

noticeable extent. Collectively, these correlations support our previous finding related 

to increased CO photolability with greater conjugation in the ligand frame.15 In 

addition, the present results suggest that the ancillary ligands (like Br#) can also 

influence the extent of CO photorelease. Since the –SMe donor is not coordinated to 

the Mn(I) center in Mn(qmtpm)(CO)3(MeCN)]ClO4, [Mn(qmtpm)(CO)3Br], 

[Mn(pmtpm)(CO)3(MeCN)]ClO4 and [Mn(pmtpm)(CO)3Br], it is not immediately 

evident why such modification of the ligand frames (as shown in Figure 4.I.2) affects 

the CO photolability of these photoCORMs.  The results of DFT and TDDFT 

calculations, as described below, however provide valuable insight into the origins of 

such enhancement of CO photorelease in [Mn(qmtpm)(CO)3(MeCN)]ClO4, 
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[Mn(qmtpm)(CO)3Br], [Mn(pmtpm)(CO)3(MeCN)]ClO4 and [Mn(pmtpm)(CO)3Br] 

(compared to [Mn(pimq)(CO)3(MeCN)]ClO4).  

 
Table 4.I.1. Apparent Rates of CO release (kCO) and associated quantum yield values 

at 509 nm ('509) of [Mn(pimq)(CO)3(MeCN)]ClO4, [Mn(qmtpm)(CO)3(MeCN)]ClO4, 

[Mn(qmtpm)(CO)3Br], [Mn(pmtpm)(CO)3(MeCN)]ClO4 and [Mn(pmtpm)(CO)3Br]. 

 

Compound 
Apparent Rate (s-1) 

(concentration = 1.10 mM)                                
Quantum Yield 

[Mn(pimq)(CO)3(MeCN)]ClO4 

(solv: MeCN) 
1.4 x 10-3 ± 0.1 0.130 ± 0.010 

[Mn(qmtpm)(CO)3(MeCN)]ClO4 

(solv: MeCN) 
2.0 x 10-3 ± 0.1 0.208 ± 0.010 

[Mn(qmtpm)(CO)3Br]  

(solv: THF) 
2.6 x 10-3 ± 0.1 0.370 ± 0.010 

[Mn(pmtpm)(CO)3(MeCN)]ClO4 

(solv: MeCN) 
1.1 x 10-3 ± 0.1 0.116 ± 0.010 

[Mn(pmtpm)(CO)3Br]  

(solv: THF) 
2.1 x 10-3 ± 0.1 0.340 ± 0.010 

 

 4.I.6. DFT and TDDFT Calculations.  

 In order to understand how the structural features of these photoCORMs correlate 

with their capacities for CO photorelease, Samantha Carrington, a graduate student in 

our group performed DFT and TDDFT calculations. With the crystal structures at 

hand, the optimized geometries, molecular orbital electron densities, and calculated 

electronic transitions for [Mn(pimq)(CO)3(MeCN)]ClO4, 
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[Mn(qmtpm)(CO)3(MeCN)]ClO4, [Mn(qmtpm)(CO)3Br], 

[Mn(pmtpm)(CO)3(MeCN)]ClO4 and [Mn(pmtpm)(CO)3Br] were obtained with the 

use of the hybrid functional B3LYP.  All the DFT optimized structures show good 

agreement with the bond lengths and bond angles observed in the corresponding 

crystal structure of each complex. A comparison of the X-ray versus DFT optimized 

bond distances and angles for [Mn(qmtpm)(CO)3(MeCN)]ClO4 and 

[Mn(qmtpm)(CO)3Br] are listed in Table 4.I.2 as an example. The agreement supports 

the theoretical treatment of the molecules and allowed us to continue on with the 

TDDFT calculations.  

 The calculated electronic transitions with oscillator strengths above 0.004 were 

collected and those with energies falling within the range of the lowest energy 

experimental absorption band of each complex are presented in Table 4.I.3.  For 

[Mn(pimq)(CO)3(MeCN)]ClO4, transitions of interest are the HOMO!LUMO (431 

nm), HOMO-1!LUMO (406 nm), and HOMO-2!LUMO (388 nm).  These 

correlate to the broad band observed at 430 nm for [Mn(pimq)(CO)3(MeCN)]ClO4. In 

case of [Mn(qmtpm)(CO)3(MeCN)]ClO4, HOMO!LUMO (533 nm), HOMO-

1!LUMO (459 nm), combination orbital HOMO-2/HOMO-3!LUMO (432 nm) 

and HOMO-3!LUMO (417 nm) all fall under the experimental band at 435 nm.  

Similarly, the theoretical transitions HOMO!LUMO (520 nm), HOMO-1!LUMO 

(484 nm), HOMO-2!LUMO (460 nm) correlate to the 535 nm band observed 

experimentally for [Mn(qmtpm)(CO)3Br] while the 390 nm experimental band of 

[Mn(pmtpm)(CO)3(MeCN)]ClO4 corresponds to HOMO!LUMO (484 nm), HOMO-
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2!LUMO (372 nm), and HOMO-4!LUMO (346 nm) transitions. And finally, the 

experimental band at 500 nm of [Mn(pmtpm)(CO)3Br]  includes the theoretical 

transitions HOMO!LUMO (491 nm) and HOMO-2!LUMO (446 nm).  Because 

these calculated transitions fall within the region of wavelengths that was employed 

to determine the capacity of CO photolability (as described above), we have 

examined the electron densities of the molecular orbitals that comprise these levels 

and check whether these transitions do labilize CO ligand(s) from these designed 

carbonyls.   

Table 4.I.2. Selected bond distances (Å) and angles (deg) of 

[Mn(qmtpm)(CO)3(MeCN)] ClO4 and [Mn(qmtpm)(CO)3Br] along with optimized 

DFT bond distances and bond angles for comparison. 

 
     [Mn(qmtpm)(CO)3(MeCN)] ClO4    [Mn(qmtpm)(CO)3Br]   
       X-ray    DFT      X-ray    DFT    
Mn-N1     2.120(2)   2.163      2.106(2)   2.166    
Mn-N2     2.063(3)   2.093      2.059(2)   2.088    
Mn-N3     2.013(3)   2.045       —      —     
Mn-Br     —       —       2.536(6)   2.586    
Mn-C1     1.810(4)   1.831      1.800(4)   1.820    
Mn-C2     1.831(4)   1.823      1.804(3)   1.824    
Mn-C3     1.803(4)   1.852      1.790(4)   1.804   
  
C1-Mn-C2    86.82(18)  89.07      86.11(14)  88.12    
C1-Mn-C3    91.09(17)  97.25      89.42(15)  92.47    
C1-Mn-N2    91.75(15)  92.05      94.18(12)  93.25    
C1-Mn-N3    91.68(15)  90.05      —      —        
C2-Mn-C3    87.95(18)  96.14      89.48(14)  92.81    
C2-Mn-N1    102.79(14)  99.21       101.07(12)  100.18    
C2-Mn-N3    89.43(14)  85.77          —       —        
C3-Mn-N1    92.62(13)  84.85      91.68(12)  91.04    
C3-Mn-N2    98.73(14)  94.14      100.17(12)  100.16   
C1-Mn-Br    —       —       91.31(11)  89.97    
C2-Mn-Br    —       —       84.81(10)  82.30   
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Table 4.I.3. Energies (E, nm) and oscillator strengths (f) of the calculated (TDDFT) 

electronic transitions with the molecular orbitals involved with each transition.a Only 

transitions with energies corresponding to the lowest energy absorption band 

observed experimentally for each complex are shown.  

 
Energy    Oscillator       Transitions 

(nm)   Strength (f) 

         [Mn(pimq)(CO)3(MeCN)]ClO4 

431.98    0.0259762      !(Q)- !(Ph)- !(MnCO)% !(Q)- !(SB)[HOMO%LUMO] 

406.74    0.0573702      !(Q)- !(Ph)-dxz(Mn)% !(Q)- !(SB)[HOMO-1%LUMO] 

388.95   0.0307494      !(MnCO)- !(Ph)% !(Q)- !(SB)[HOMO-2%LUMO] 

 

                                      [Mn(qmtpm)(CO)3(MeCN)]ClO4 

 533.21  0.0450962      !(PhS) %!(Q)-!(SB)[HOMO%LUMO] 

 459.29  0.0122483      !(MnCO)-!(Q)%!(Q)-!(SB)[HOMO-1%LUMO] 

 432.41  0.0189162     !(MnCO)-!(Q)%!(Q)-!(SB)[HOMO-2/HOMO- 

                       3%LUMO] 

 417.86  0.0334093    !(MnCO)-!(Q)%!(Q)-!(SB)[HOMO-2%LUMO] 

        

         [Mn(qmtpm)(CO)3Br]  

  520.47   0.0046467    !(PhS)% !(Q)- !(SB)[HOMO%LUMO] 

 484.31  0.0166749    p(Br)- !(MnCO)% !(Q)- !(SB)[HOMO-1%LUMO] 

 460.92  0.0533586    p(Br)- ! (MnCO)% !(Q)- !(SB)[HOMO-2%LUMO] 

          

         [Mn(pmtpm)(CO)3(MeCN)] 

 484.60    0.0301023    !(PhS)%!(Pyr)#!(SB)[HOMO%LUMO] 

 372.72    0.0491039    !(MnCO)%!(Pyr)#!(SB)[HOMO-2%LUMO] 

 346.30   0.0606618    !(MnCO)-!(PhS)%!(Pyr)#!(SB)[HOMO-4%LUMO] 
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         [Mn(pmtpm)(CO)3Br] 

 491.25  0.0061503   !(PhS)% !(Pyr)- !(SB)[HOMO%LUMO] 

 446.20   0.0241548    !(MnCO)-p(Br)% !(Pyr)- !(SB)[HOMO-2%LUMO] 
 
a Orbitals with greater contributions listed first 
 

The molecular orbital (MO) energy diagram, shown in Figure 4.I.13, displays the 

compositions of the three lowest occupied MOs and the LUMO of 

[Mn(pimq)(CO)3(MeCN)]ClO4, [Mn(pmtpm)(CO)3Br], [Mn(qmtpm)(CO)3Br], and 

[Mn(qmtpm)(CO)3(MeCN)]ClO4. The first and foremost point to note is that in each 

photoCORM, the lowest energy band corresponds to transitions that promote electron 

density from HOMO-2 (predominantly Mn-CO bonding character) to the LUMO 

mostly comprised of the imine functionality and pyridine or quinoline ring. These 

MLCT transitions therefore shift electron density from the metal center to the ligand 

" frame, an event that is expected to curb the affinity of the Mn center toward CO 

(due to loss of "-backdonation from the metal).  The CO photolability of the present 

photoCORMs observed at ~500 nm strongly suggests that these MLCT transitions are 

responsible for the observed CO photolability.   

As one goes from [Mn(pmtpm)(CO)3Br] to [Mn(qmtpm)(CO)3Br], the change of 

the pyridine ring to more conjugated quinoline lowers the LUMO level and moves the 

&max from 500 to 535 nm. It is therefore evident that enhanced conjugation in the 

ligand frame sensitizes the resulting photoCORM more to the visible light.  Inclusion 

of the electron-rich Br# ligand raises both the HOMO-1 and HOMO-2 levels of 
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[Mn(qmtpm)(CO)3Br] and [Mn(pmtpm)(CO)3Br] (both these MOs include 

contribution from Br#, Table 4.I.3) compared to the MeCN-bound carbonyls. As a 

consequence, the MLCT transitions in the visible range are all red shifted (Figure 

4.1.13). This finding explains the red shift of these two photoCORMs (535 and 500 

nm respectively) compared to [Mn(pimq)(CO)3(MeCN)]ClO4 (430 nm), 

[Mn(qmtpm)(CO)3(MeCN)]ClO4 (435 nm) and [Mn(pmtpm)(CO)3(MeCN)]ClO4 

(390 nm).  

 

 Although the –SMe group on the ligand frame does not participate in 

coordination in [Mn(qmtpm)(CO)3(MeCN)]ClO4, 

[Mn(pmtpm)(CO)3(MeCN)]ClO4, [Mn(qmtpm)(CO)3Br], and 

[Mn(pmtpm)(CO)3Br], the HOMO of each of these carbonyls is comprised of 

orbitals belonging to the phenyl ring and the sulfur atom (Figure 4.I.13 and Table 

4.I.3).  Thus the HOMO!LUMO transition is an intra-ligand charge transfer that 

promotes electron density from the phenyl thioether moiety of the ligand frame to 

a MO associated mostly with the imine and the corresponding pyridine or 

quinoline functionality.  A close scrutiny of the energy diagram however reveals 

that the absence of      –SMe unit in [Mn(pimq)(CO)3(MeCN)]ClO4 lowers the 

energy of the HOMO (consisting mostly of !(Ph) and !(Q) character) and leads to 

a slight blue shift of the low energy band (430 nm) compared to the analogous 

carbonyl [Mn(qmtpm)(CO)3(MeCN)]ClO4 with –SMe unit on the ligand frame 

(435 nm).   
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Figure 4.I.13. Calculated HOMO/LUMO energy diagram of complexes 
[Mn(pimq)(CO)3(MeCN)]ClO4, [Mn(pmtpm)(CO)3Br], [Mn(qmtpm)(CO)3Br], and 

[Mn(qmtpm)(CO)3(MeCN)]ClO4 (from left to right). The most prominent MOs 
involved with transitions under the low energy band and their diagrams are shown. 

Transitions discussed in the text are shown in red (all other orbitals in TDDFT 
calculations are labeled in black). 
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In addition, inclusion of the –SMe unit on the ligand frame enhances both the 

apparent rate of CO release and the '509 value of [Mn(qmtpm)(CO)3(MeCN)]ClO4 

compared to [Mn(pimq)(CO)3(MeCN)]ClO4 (Table 4.I.1). Since in all the present 

carbonyls the HOMO!LUMO transition contributes to the low energy band, it 

appears that the –SMe group enhances the overall CO photolability of 

[Mn(qmtpm)(CO)3(MeCN)]ClO4, [Mn(pmtpm)(CO)3(MeCN)]ClO4, 

[Mn(qmtpm)(CO)3Br], and [Mn(pmtpm)(CO)3Br] presumably through higher 

absorption of light in the visible region.  

Taken together, the results of the theoretical calculations support the hypotheses 

that guided our design principles.  For example, it is evident that low energy MLCT 

transitions arising from MOs with metal-CO bonding character to MOs associated 

with the "-frame of the ligand could lead to scission of the Mn-CO bond(s) in the 

present photoCORMs upon exposure to visible light. Increase in the CO photolability 

with more conjugated ligand frames further corroborates this conclusion. Baerends 

and Rosa have discussed the role of ligand-field and charge-transfer excited states in 

the photochemical dissociation of metal-CO bonds in metal carbonyls derived from 

(-diimine ligands.16 The low energy MLCTs in such carbonyls also play key roles in 

the CO dissociation pathways. The results of the present work further indicate that 

inclusion of electron-rich functionality on ligands could enhance the CO 

photolability. In addition, ancillary ligands such as Br# significantly augment the 

sensitivity of the designed photoCORMs toward the visible light.  More rigorous 
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theoretical studies to establish the details of the mechanism of CO dissociation arising 

from the MLCT transition(s) are in progress in this laboratory. 

 

 4.I.7. Experimental Section 

General Procedures. All experimental manipulations were performed under 

anaerobic conditions using standard Schlenk techniques and under limited light 

conditions. Manganese pentacarbonyl bromide ([Mn(CO)5Br]) was purchased from 

Alfa Aesar. The ligands 2-pyridyl-N-(2'-methylthiophenyl)methyleneimine (pmtpm)5 

and 2-quinoline-N-(2'-methylthiophenyl) methyleneimine (qmtpm)4 and the starting 

salt, fac-[Mn(CO)3(MeCN)3](ClO4)17 were synthesized following published 

procedures. Solvents were purified and/or dried by standard techniques prior to use.  

Caution!  Transition metal perchlorates should be prepared in small quantities and 

handled with great caution as metal perchlorates may explode upon heating.  

2-(phenyliminomethyl)quinoline (pimq). The synthesis and purification of pimq 

were modified to some extent compared to the procedure reported by Hamer.18 

Aniline (0.80 g, 8.60 mmol) was dissolved in 15 mL of MeOH followed by the 

addition of quinoline-2-carboxaldehyde (1.23 g, 7.81 mmol) in 15 mL of MeOH. The 

mixture was heated to reflux for 12 h, after which the solvent was removed under 

reduced pressure to obtain an orange-red oil. Upon addition of 30 mL of Et2O and 

rapid scratching, the product separated as an orange powder. The solid was filtered 

and dried in vacuo (0.69 g, 60% yield). 1H NMR (CD3CN, 500 MHz), & (ppm from 
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TMS): 8.74 (s, 1H), 8.37 (d, 1H), 8.30 (d, 1H), 8.12 (d, 1H), 7.98 (d, 1H), 7.80 (t, 

1H), 7.66 (t, 1H), 7.47 (t, 2H), 7.38 (d, 2H), 7.33 (t, 1H). 

[Mn(pimq)(CO)3(MeCN)]ClO4. A batch of [Mn(CO)3(MeCN)3]ClO4 (0.378 g, 

0.97 mmol) was added to a degassed solution of pimq (0.225 g, 0.97 mmol) in 25 mL 

of CHCl3. The clear yellow orange color of the solution deepened to red brown upon 

reflux under N2 atmosphere. After 6 h, the solvent was removed under reduced 

pressure and the residue was triturated three times with Et2O to obtain a red orange 

powder (0.364 g, 90% yield).  Slow diffusion of pentane into a dichloromethane 

solution of [Mn(pimq)(CO)3(MeCN)]ClO4 afforded red blade-like crystals suitable 

for X-ray studies.  Anal. Calcd. for C21H15ClMnN3O7: C, 49.28; H, 2.93; N, 8.21. 

Found: C, 49.26; H, 2.87; N, 8.27.  Electronic absorption spectrum in MeCN, "max 

(nm) [(' (M-1cm-1)]: 430 (3200), 345 (12 760), 260 (27 330). Selected IR frequencies 

(KBr disk, cm-1): 2044 (s, #CO), 1970 (s, #CO), 1947 (s, #CO), 1593 (m), 1515 (m), 

1374 (w), 1092 (s, #ClO4), 837 (w), 750 (m), 623 (s), 529 (w).  1H NMR (CD3CN, 500 

MHz), & (ppm from TMS): 9.00 (s, 1H), 8.82 (dd, 2H), 8.20 (dd, 2H), 8.12 (t, 1H), 

7.92 (t, 1H), 7.62 (t, 2H), 7.56 (t, 3H). 

  [Mn(qmtpm)(CO)3(MeCN)]ClO4.  To a degassed solution of qmtpm (0.153 g, 

0.55 mmol) in 25 mL of CHCl3 was added a batch of [Mn(CO)3(MeCN)3]ClO4 (0.200 

g, 0.55 mmol) and the solution was heated to reflux under N2 for 6 h. Solvent removal 

and subsequent trituration with Et2O afforded [Mn(qmtpm)(CO)3(MeCN)]ClO4 as a 

brick red solid. (0.269 g, 88% yield). X-ray quality crystals (red orange plates) were 

grown by via diffusion of pentane into a CH2Cl2 solution of 
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[Mn(qmtpm)(CO)3(MeCN)]ClO4. Anal. Calcd. for C22H17ClMnN3O7S: C, 47.37; H, 

3.07; N, 7.53. Found: C, 47.26; H, 3.10; N, 7.57. Electronic Absorption Spectrum in 

MeCN, "max (nm) [' (M-1cm-1)]: 435 (3 680), 335 (10 400), 260 (33 670).  Selected IR 

frequencies (KBr disk, cm-1): 2046 (s, #CO), 1943 (s, #CO), 1516 (w), 1438 (w), 1094 

(s, #ClO4), 822 (w), 750 (w), 623 (m). 1H NMR (CD3CN, 500 MHz), & (ppm from 

TMS): 8.97 (s, 1H), 8.82 (t, 2H), 8.20 (t, 2H), 8.12 (t, 1H), 7.91 (t, 1H), 7.55 (d, 1H), 

7.49 (t, 1H), 7.38 (t, 1H), 7.27 (s, 1H), 2.52 (s, 3H). 

[Mn(qmtpm)(CO)3Br]. A batch of [Mn(CO)5Br] (0.112 g, 0.41 mmol) was 

added to a degassed solution of qmtpm (0.113 g, 0.41 mmol) in 20 mL of CHCl3. The 

solution developed a deep reddish purple hue upon reflux under N2 atmosphere. After 

4 h, the solvent was removed in vacuo and the residue was triturated three times with 

Et2O to obtain a red purple powder (0.219 g, 80% yield). Slow diffusion of pentane 

into a CH2Cl2 solution of [Mn(qmtpm)(CO)3Br] afforded red plates suitable for X-ray 

studies Anal. Calcd. for C20H14BrMnN2O3S: C, 48.31; H, 2.84; N, 5.63. Found: C, 

48.24; H, 2.87; N, 5.52. Electronic Absorption Spectrum in CHCl3, "max (nm) [' (M-

1cm-1)]: 535 (2 235), 335 (9 050), 255 (26 710). Selected IR frequencies (KBr disk, 

cm-1): 2022 (s, #CO), 1920 (s, #CO), 1514 (w), 1434 (w), 1262 (s, #ClO4), 828 (w), 752 

(w), 680 (w).  

[Mn(pmtpm)(CO)3(MeCN)]ClO4.  This complex was synthesized by following 

the procedure that afforded [Mn(qmtpm)(CO)3(MeCN)]ClO4 (as described above).  A 

batch of 0.148 g of pmtpm (0.65 mmol) and 0.236 g (0.65 mmol) of 
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[Mn(CO)3(MeCN)3]ClO4 afforded 0.269 g (82% yield) of the product as a yellow 

orange powder. Orange blades suitable for X-ray studies were grown by diffusion of 

pentane into a CH2Cl2 solution of [Mn(pmtpm)(CO)3(MeCN)]ClO4. Anal. Calcd. for 

C18H12ClMnN3O7S: C, 42.83; H, 2.40; N, 8.32. Found: C, 42.80; H, 2.46; N, 8.25.  

Electronic Absorption Spectrum in MeCN, "max (nm) [' (M-1cm-1)]: 390 (3 620), 270 

(17 000). Selected IR frequencies (KBr disk, cm-1): 2042 (s, #CO), 1945 (s, #CO), 1592 

(w), 1470 (w), 1437 (w), 1307 (w), 1091 (s #ClO4), 768 (m) 623 (m). 1H NMR 

(CD3CN, 500 MHz), & (ppm from TMS): 9.18 (d, 1H), 8.72 (s, 1H), 8.27 (t, 1H), 8.20 

(d, 1H), 7.86 (t, 1H), 7.56 (d, 1H), 7.48 (t, 1H), 7.38 (t, 1H), 7.24 (s, 1H), 2.55 (s, 

3H). 

  [Mn(pmtpm)(CO)3Br]. This complex was synthesized by following the 

procedure that afforded [Mn(qmtpm)(CO)3Br]  (as described above).  A batch of 

0.151 g (0.55 mmol) of [Mn(CO)5Br] and 0.125 g (0.55 mmol) of pmtpm afforded 

0.257 g (47% yield) of [Mn(pmtpm)(CO)3Br]  as an orange powder. Slow diffusion 

of pentane into a CH2Cl2 solution of [Mn(pmtpm)(CO)3Br]  afforded red orange 

plates suitable for X-ray studies. Anal. Calcd. for C16H12BrMnN2O3S: C, 42.97; H, 

2.70; N, 6.26. Found: C, 43.00; H, 2.66; N, 6.20. Electronic Absorption Spectrum in 

CHCl3, "max (nm) [' (M-1cm-1)]: 500 (2 530), 380 (2 280), 315 (5 800), 285 (11 260). 

Selected IR frequencies (KBr disk, cm-1): 2023 (s, #CO), 1934 (s, #CO), 1607 (w), 

1468 (w), 1303 (w), 775 (w) 680 (w), 627 (w) 514 (w).  
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Physical Measurements.  The 1H NMR spectra were recorded at 298 K on a 

Varian Unity Inova 500 MHz instrument. A Perkin-Elmer Spectrum-One FT-IR was 

employed to monitor the FTIR spectra of the compounds. Electronic absorption 

spectra were obtained with a Varian Cary 50 Spectrophotometer. Room temperature 

magnetic susceptibility measurements were performed with the aid of a Johnson 

Matthey magnetic susceptibility balance.  

Photolysis Experiments. For continuous wave photolysis experiments, a 

Newport Oriel Apex Illuminator (150W Xenon lamp) equipped with an Oriel 1/8 m 

Cornerstone monochromator (measured power 146-150 mW) was used as the light 

source. Standard ferrioxalate actinometry was performed to calibrate the light source 

at 509 nm ('509).20 Samples of were prepared under dim light conditions and placed in 

2 x 10 mm quartz cuvettes positioned 2 cm away from the light source.  

  Due to differences in solubilities, the quantum yields (') of CO release for 

[Mn(pimq)(CO)3(MeCN)]ClO4 (430 nm), [Mn(qmtpm)(CO)3(MeCN)]ClO4 and 

[Mn(pmtpm)(CO)3(MeCN)]ClO4 were measured in MeCN (1.10 mM), while that of 

[Mn(qmtpm)(CO)3Br], [Mn(pmtpm)(CO)3Br] were measured in THF (1.10 mM). 

Solutions were prepared to ensure sufficient absorbance (> 90%) at the irradiation 

wavelength (509 nm) and changes in the electronic spectra in the 350-550 nm region 

(< 10% photolysis) were used to determine the extent of CO release. Each sample 

was irradiated with the monochromatic light (power: 5 mW) at defined time intervals. 

Changes in the respective charge transfer bands of all complexes were monitored 

along the 2 mm path.  
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 The apparent rates of photolysis were monitored at an appropriate wavelength for 

each carbonyl and the absorbance versus time plots were fitted to a three parameter 

exponential equation A(t) = A( + (Ao # A() exp{#kCOt}, where Ao and A( are the 

initial and final absorbance values, respectively. The apparent rate of CO loss (kCO) 

was calculated from the ln(C) versus time (T) plot for each carbonyl. 

X-ray Crystallography. Diffraction data for all complexes were collected at 296 

K on a Bruker APEX-II instrument using monochromated Mo-K) radiation (" = 

0.71073 Å). All data were corrected for absorption and the structures were solved by 

direct methods using SHELXTL (1995-99) software package (Bruker Analytical X-

ray Systems Inc.).  

DFT and TDDFT Calculations. Density functional theory (DFT) and time 

dependent density functional theory (TDDFT) studies were executed with PC-

GAMESS program22 using the hybrid functional B3LYP.  Optimizations for the Mn 

atom were performed by employing the LANL2DZ basis set and effective core 

potential (ECP). The Pople 6-311G* split-valence triple-* basis set with polarization 

was used for Br while for all other atoms, the 6-31G* basis set was employed with 

Valence Double-) polarization (VDZP). The X-ray crystal structure coordinates of 

the manganese tricarbonyl complexes were used as a starting point for the gas-phase 

geometry optimization of the low spin (S = 0) ground states. Electronic transition 

energies and oscillator strengths were then calculated for all compounds at their 

B3YLP-optimized geometries using TDDFT.  For these calculations the 40 lowest 

energy electronic excitations were calculated for each compound and solvent effects 



 176 

were added using the Polarized Continuum Model (PCM)19 using EtOH and THF as 

the solvents for the cationic and neutral species, respectively. The calculated 

molecular orbitals were visualized using MacMolPlt. 

 

 

4.I.8. Experimental Data: 1H NMR and IR Spectra 

 

Figure 4.I.14. 1H NMR Spectrum of (6.50-8.90 ppm) of pimq in CD3CN. 
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Figure 4.I.15. 1H NMR Spectrum of (1.50-9.00 ppm) of 
[Mn(pimq)(CO)3(MeCN)]ClO4 in CD3CN. 

 

 
 

Figure 4.I.16. IR Spectrum of [Mn(pimq)(CO)3(MeCN)]ClO4 in KBr pellet. 
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Figure 4.I.17. 1H NMR Spectrum of (1.90-8.90 ppm) of pmtpm in CD3CN. 

 

Figure 4.I.18. 1H NMR Spectrum of (1.50-9.75 ppm) of 
[Mn(pmtpm)(CO)3(MeCN)]ClO4 in CD3CN. 
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Figure 4.I.19. IR Spectrum of [Mn(pmtpm)(CO)3(MeCN)]ClO4 in KBr pellet. 

 

Figure 4.I.20. 1H NMR Spectrum of (2.00-9.50 ppm) of [Mn(pmtpm)(CO)3Br] in 
CD3CN. 
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Figure 4.I.21.  IR Spectrum of of [Mn(pmtpm)(CO)3Br] in KBr pellet. 
 
 

 

Figure 4.I.22. 1H NMR Spectrum of (1.50-8.75 ppm) of qmtpm in CD3CN. 
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Figure 4.I.23. 1H NMR Spectrum of (1.50-9.00 ppm) of 
[Mn(qmtpm)(CO)3(MeCN)]ClO4 in CD3CN. 

 

 

Figure 4.I.24. IR Spectrum of [Mn(qmtpm)(CO)3(MeCN)]ClO4 in KBr pellet. 
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4.I.25.  IR Spectrum of of [Mn(qmtpm)(CO)3Br] in KBr pellet. 

 

 

 

 

 

 

 

 

 

 



 183 

 4.I.9. References 

(1) Motterlini, R.; Clark, J. E.; Foresti, R.; Sarathchandra, P.; Mann, B. E.; 
Green, C. J., Circ. Res., 2002, 90, e17-e24. 

 
(2) Pathak, B.; Majumdar, D.; Leszczynski, J., Int. J. Quantum Chem., 2009, 

109, 2263-2272. 
 

(3) Vummaleti, S. V. C.; Branduardi, D.; Masetti, M.; De Vivo, M.; Motterlini, 
R.; Cavalli, A., Chem. Eur. J., 2012, 18, 9267-9275. 

 
(4) Castro, A. G.; Costa, J. S.; Pievo, R.; Massera, C.; Mutikainen I.; Turpeinen, 

U.; Gamez, P.; Reedijk J. Z. Anorg. Allg. Chem. 2008, 634, 2477-2482. 
 

(5) Roy, S.; Mitra, P.; Patra, A. K. Inorg. Chim. Acta, 2011, 370, 247-253. 
 

(6) (a) Patel, B.; Reid, G. J. Chem. Soc. Dalton Trans., 2000, 1303-1307. (b) 
Connolly, J.; Genge, A. R. J.; Levason, W.; Orchard, S. D.; Pope, S. J. A.; 
Reid, G., J. Chem. Soc. Dalton Trans., 1999, 2343-2351. (c) Connolly, J.; 
Goodban, G. W.; Reid, G.; Slawin, A. M. Z. J. Chem. Soc. Dalton Trans., 
1998, 2225-2231.  

 
(7) Nemukhin, A. V.; Grigorenko, B. L.; Granovsky, A. A. Moscow Univ. 

Chem. Bull. 2004, 45, 75-102. 
 

(8) (a) Kunz, P. C.; Huber, W.; Rojas, A.; Schatzschneider, U.; Spingler, B. Eur. 
J. Inorg, Chem., 2009, 5358-5366. (b) Carlos, R. M.; Carlos, I. A.; Lima 
Neto, B. S.; Neumann, M. G. Inorg. Chim. Acta, 2000, 299, 231-237. (c) 
Reger, D. L.; Grattan, T. C.; Brown, K. J.; Little, C. A.; Lamba, J. J. S.; 
Rheingold, A. L.; Sommer, R. D. J. Organomet. Chem., 2000, 607, 120-128. 
(d) Hyams, I. J.; Bailey, R. T.; Lippincott, E. R. Spectro. Chim. Acta, 1967, 
23A, 273-284. 

 
(9) (a) García-Escudero, L. A.; Miguel, D.; Turiel, J. A. J. Organomet. Chem., 

2006, 691, 3434-3444. (b) Valín, M. L.; Moreiras, D.; Solans, X.; Font-
Altaba, M.; García-Alonso, F. J. Acta Crystallogr. C., 1986, 42, 417-418. 

 
(10) Zhang, J. A.; Pan, M.; Jiang, J. J.; She, Z. G.; Fan, Z. J.; Su, C. Y.  Inorg. 

Chim. Acta, 2011, 374, 269-277. 
 

(11) Stor, G. J.; van der Vis, M.; Stufkens, D. J.; Oskam, A. J. Organomet. 
Chem., 1994, 482, 15-29. 

 
(12) McLean, S.; Mann, B. E.; Poole, R. K. Anal. Biochem. 2012, 427, 36-40. 



 184 

 
(13) Rimmer, R. D.; Richter, H.; Ford, P. C. Inorg. Chem. 2010, 49, 1180-1185. 

 
(14) Berends, H.-M.; Kurz, P. Inorg. Chim. Acta 2012, 380, 141-147. 

 
(15) Gonzalez, M. A.; Yim, M. A.; Cheng, S.; Moyes, A.; Hobbs, A. J.; 

Mascharak, P. K. Inorg. Chem. 2012, 51, 601-608. 
 

(16) Baerends, E. J.; Rosa, A. Coord. Chem. Rev. 1998, 177, 97-125. 
 

(17) Edwards, D. A.; Marshalsea, J., J. Organomet. Chem, 1977, 131, 73-91. 
 

(18) Hamer, F. M., J. Chem. Soc., 1952, 3197-3211. 
 

(19) Miertus, S.; Scrocco, E.; Tomasi, J. Chem. Phys., 1981, 55, 117-120. 
 

(20) Montalti, M.; Credi, A.; Prodi, L.; Gandolfi, M. T., Handbook of 
Photochemistry, 3rd ed.; CRC Press: Boca Raton, FL, 2006. 

 
(21) Engelking, P. C.; Lineberger, W. C., J. Am. Chem. Soc., 1979, 101, 5569-

5573. 
 

(22) Nemukhin, A.V.; Grigorenko, B. L.; Granovsky, A. A., Moscow Univ. 
Chem. Bull., 2004, 45, 75-102. 

 

 

 

 

 

 

 

 

 

 



 185 

4.I.10. Reprint of Publication 

(1) Gonzalez, M. A.; Carrington, S. J.; Fry, N. L.; Martinez, J. L.; Mascharak, P. 

K., “Syntheses, Structures and Properties of New Manganese Carbonyls as 

photoactive CO-releasing Molecules (photoCORMs): Design Strategies that 

Lead to CO Photolability in the Visible Region,” Inorg. Chem., 2012, 51, 

11930-11940. 

Reprinted with Permission from the American Chemical Society, Copyright 2012 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 186 

 

 



 187 

 

 



 188 

 

 



 189 

 

 



 190 

 

 



 191 

 

 

 



 192 

 

 

 



 193 

 

 

 



 194 

 

 



 195 

 

 

 



 196 

 

 



 197 

Chapter 4. Density Functional Theory Studies to elucidate origin of CO 

Photolability in d6 Metal Carbonyls bearing the tridentate NNS ligand qmtpm 

Part II: DFT and TDDFT Studies of Ruthenium qmtpm Carbonyl Complexes 

 
  4.II.1. Background  

  Renewed interest in the principles governing the photoreactivity of transition 

metal carbonyl complexes is attributed to the recent findings on the fundamental role 

of endogenously produced carbon monoxide (CO) in signaling pathways.1 With the 

abundance of CO targets which include both metalloproteins and non-heme proteins 

such as mitogen-activated protein kinases (discussed in the introductory chapter), it is 

becoming clear that CO is essential in anti-inflammatory and immune response 

mechanisms. Interestingly, such CO-mediated processes appear to complement that 

of the more established signaling molecule, nitric oxide (NO). Given our lab’s 

extensive work in the area of photolabile metal nitrosyls as NO-donors,2 we decided 

to extend and test our design principles in the syntheses of photosensitive metal 

nitrosyls to the preparation of new metal carbonyl complexes as photoactive carbon 

monoxide releasing molecules (photoCORMs).  

  Optical excitation of transition metal carbonyl complexes typically results in 

the breaking of a metal–CO bond leading to CO photodissociation. CO loss and the 

inherent photosensitivity of this class of compounds has been attributed to metal-to-

ligand charge transfer (MLCT) excited states, as MLCT electronic transitions are 

common in organometallic compounds bearing both low valent metal centers and 

electron-accepting ligand moieties (such as bipyridines, phenanthrolines and 
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polypyridines).3 Singlet MLCT excited states have been determined to be more 

accessible than the associated ligand field (LF) excited states and it is from the 

primary MLCT excited state that other charge transfer excited states (such as ligand 

field) become accessible.4 For metal carbonyl complexes, this single electron 

excitation into an MLCT excited state eventually culminates in metal–CO bond 

homolysis.  

  We postulated that tuning of MLCT states that govern CO photodissociation 

could be achieved with the incorporation of designed ligand frames and strategic 

placement of ancillary ligands. Specifically, we intended to utilize ligand frames and 

ancillary groups that reduce CO affinity to the metal center via MLCT interactions 

thereby generating more sensitized CO donors. By employing density functional 

theory (DFT) and time dependent density functional theory (TDDFT) calculations on 

selected photoCORMs, we can gain insight into the nature of the molecular orbitals 

and the respective electronic transitions that give rise to the observed MLCT 

photobands. DFT and TDDFT studies also provide the fractional contributions of the 

CO groups, metal center and associated ligands to the charge transfer band of interest. 

Such information could guide succeeding design strategies in the preparation of 

photoCORMs for use in physiologically relevant studies. 

  Because the inclusion of conjugated moieties seem vital in the preparation of 

photoCORMs with activities in the visible range, we employed the potentially 

tridentate ligand, 2-quinoline-N-(2'-methylthiophenyl) methyleneimine  (qmtpm) in 

the syntheses of Mn(I)5 and Ru(II) carbonyl complexes as detailed in the first section  
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of Chapter 4 and the second section 

of Chapter 3, respectively. This 

ligand features not only a quinoline 

group, but a thiophenyl and imine 

functionality in its framework as 

well. In part 1 of chapter 4, we report 

DFT and TDDFT studies on a series 

of Mn(I) qmtpm carbonyl complexes 

wherein qmtpm is bound only through the N-donors, leaving the thioether group 

uncoordinated. The qmtpm ligand and the corresponding cationic and neutral species 

[Mn(qmtpm)(CO)3(CH3CN)]ClO4 and [Mn(qmtpm)(CO)3Br], respectively are shown 

above. TDDFT analysis reveals that the inclusion of a quinoline moiety lowers the 

energy of the LUMO level while the presence of a Br– raises the HOMO level of 

[Mn(qmtpm)(CO)3Br]. The net result of which is an overall decrease in metal to 

ligand charge transfer energies as evidenced by the red shifted absorption maximum 

of [Mn(qmtpm)(CO)3Br] (!max = 535 nm) when compared to that of 

[Mn(qmtpm)(CO)3(CH3CN)]ClO4 (!max = 435 nm).5 

 It should be noted that although we achieved a progressive red shift in the 

MLCT band energies in this series of Mn(I) qmtpm carbonyl complexes, the thioether 

group remains unligated presumably due to the low affinity of Mn(I) centers for –

SMe donors. Meridional binding of qmtpm was achieved with the use of Ru(II) 

centers that are isoelectronic with Mn(I), yet have a higher positive charge. In this 
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chapter, we examine the nature of the low energy charge transfer bands of 

[Ru(Cl)(CO)(qmtpm)(PPh3)]BF4, [Ru(Cl)(CO)2(qmtpm)]ClO4,  

[Ru(Cl)(MeCN)(qmtpm)(PPh3)]BF4 and [Ru(MeCN)2(qmtpm)(PPh3)]ClO4 (shown in 

Figure 4.II.1) through DFT and TDDFT studies performed by a colleague, Samantha 

Carrington. We will correlate the observed CO photolability with the electronic 

transitions comprising their low energy photobands. By probing the character of the 

most red-shifted charge transfer bands, we can elucidate role of the qmtpm ligand 

frame and ancillary ligands in promoting CO labilization. In addition, we will 

examine the effect of increasing CO ligands on the photosensitivity and CO-donating 

capacities of [Ru(Cl)(CO)(qmtpm)(PPh3)]BF4 and [Ru(Cl)(CO)2(qmtpm)]ClO4, 

which incorporate one and two CO groups, respectively. 
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Figure 4.II.1. Structures of [Ru(Cl)(CO)(qmtpm)(PPh3)]BF4, 
[Ru(Cl)(CO)2(qmtpm)]ClO4,  [Ru(Cl)(MeCN)(qmtpm)(PPh3)]BF4 and 
[Ru(MeCN)2(qmtpm)(PPh3)]ClO4 utilized in DFT and TDDFT studies. 
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  4.II.2. Geometry Optimizations of and Electronic Structure of the   

  Complexes 

 The DFT-optimized geometries of [Ru(Cl)(CO)(qmtpm)(PPh3)]BF4, 

[Ru(Cl)(CO)2(qmtpm)]ClO4 and [Ru(MeCN)2(qmtpm)(PPh3)]ClO4 were obtained 

using the hybrid functional PBE0. The calculated metric parameters shown in Table 

4.II.1 are in good agreement with the experimental bond lengths and angles derived 

from the X-ray crystal structures of Ru(Cl)(CO)(qmtpm)(PPh3)]BF4, 

[Ru(Cl)(CO)2(qmtpm)]ClO4 and [Ru(MeCN)2(qmtpm)(PPh3)]ClO4. The structure of 

[Ru(Cl)(MeCN)(qmtpm)(PPh3)]BF4 was obtained by exchanging an acetonitrile of 

[Ru(MeCN)2(qmtpm)(PPh3)]ClO4 with Cl! followed by optimization. The agreement 

supports the theoretical treatment of the molecules quite well.   

 Contour plots of selected molecular orbitals along with the contributions of the 

ligands and the metal centers in [Ru(Cl)(CO)(qmtpm)(PPh3)]BF4, 

[Ru(Cl)(CO)2(qmtpm)]ClO4,  [Ru(Cl)(MeCN)(qmtpm)(PPh3)]BF4 and 

[Ru(MeCN)2(qmtpm)(PPh3)]ClO4 are shown in Figures 4.II.2 – 4.II.5. The LUMO of 

the carbonyls [Ru(Cl)(CO)(qmtpm)(PPh3)]BF4 and [Ru(Cl)(CO)2(qmtpm)]ClO4 

mostly consists of qmtpm ligand ("*) character at 68% and 76%, respectively. Much 

of the calculated electron densities noted in these respective LUMOs of 

[Ru(Cl)(CO)(qmtpm)(PPh3)]BF4 and [Ru(Cl)(CO)2(qmtpm)]ClO4 are localized within 

the quinoline moiety (Figure 4.II.2 -4.II.3), suggesting that the inclusion of 

conjugated groups leads to a greater electron accepting character of the ligand frame 
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Table 4.II.1. A Comparison of Selected Experimental and Calculated Metric 
Parameters of Ru(Cl)(CO)(qmtpm)(PPh3)]BF4, [Ru(Cl)(CO)2(qmtpm)]ClO4, 

[Ru(MeCN)2(qmtpm)(PPh3)]ClO4 

 
 
   Ru(Cl)(CO)(qmtpm)(PPh3)]BF4      Ru(Cl)(CO)2(qmtpm)]ClO4  

Bonds   X-ray   Calculated    Bonds    X-ray       Calculated 
Ru - N1   2.1633(18) 2.188729     Ru - N1   2.1305(19) 2.134283 
Ru - N2   2.0190(19) 2.026392     Ru - N2   2.060(2)  2.07098 
Ru- S1   2.3166   2.339797     Ru- S1   2.3357   2.3595 
Ru - C1   1.923(2)  1.883281     Ru - C1   1.903(3)  1.884492 
Ru - C2   !!!    !!!       Ru - C2   1.890(3)  1.905 
Ru - P1   2.4719(7)  2.511469     Ru - P1   !!!    !!! 
Ru - Cl1  2.4352(6)  2.435748     Ru – Cl1  2.4176(7)  2.395094 
C1 - O1   1.127(3)  1.147191     C1 - O1   1.137(3)  1.147559 
C2 -O2   !!!    !!!       C2 -O2   1.130(3)  1.141917 
 
Angles        Angles 
C1-Ru-Cl1 85.58(6)  85.0212     C1-Ru-Cl1 85.22(8)  85.3196 
C1-Ru-S1  92.31(7)  93.23859     C1-Ru-S1  93.45(8)  93.33569 
C1-Ru-N1  89.30(8)  89.04546     C1-Ru-N1  103.47(10) 102.88598 
C1-Ru-N2  93.44(8)  94.33582     C1-Ru-N2  171.24(10) 169.41505 
C1-Ru-P1  175.70(6)  174.83369     Cl1-Ru-S1  84.88(2)  84.96832 
Cl1-Ru-S1  91.53(2)  90.61036     N1-Ru-N2  78.13(8)  78.61539 
N1-Ru-N2  78.48(7)  78.55427     N1-Ru-Cl1 88.64(6)  86.40594 
N1-Ru-Cl1 105.25(5)  106.01466     N1-Ru-S1  161.32(6)  160.92398 
N1-Ru-S1  163.22(5)  163.3577     N2-Ru-Cl1 86.21(6)  84.31732 
N2-Ru-Cl1 176.11(5)  175.35931     N2-Ru-S1  83.96(6)  83.61897 
N2-Ru-S1  84.75(5)  84.83389     C2-Ru-N1  90.53(9)  91.60723 
P1-Ru-Cl1 90.27(2)  89.81262     C2-Ru-N2  93.89(10)  94.71819 
P1-Ru-S1  86.67(2)  86.85036     C2-Ru-S1  95.99(8)  96.75719 
P1-Ru-N1  92.88(5)  92.34336     C2-Ru-C1  94.71(11)  95.70815 
P1-Ru-N2  90.63(5)  90.8174     C2-Ru-Cl1 179.13(8)  177.92764 
Ru-C1-O1  173.7(2)  177.9337     Ru-C1-O1  173.4(32)  175.62418 
                  Ru-C2-O2  175.6(2)  177.91805 
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          [Ru(MeCN)2(qmtpm)(PPh3)]ClO4 
      Bonds   X-ray    Calculated 
      Ru - N1   2.155(5)   2.153605 
      Ru - N2   2.017(2)   2.020038 
      Ru- S1   2.3137(18)  2.3371 
      Ru - N3   2.087(6)   2.084611 
      Ru - N4   2.056(6)   2.035621 
      Ru - P1   2.3485(19)  2.407833 
 
      Angles 
      N1-Ru-N2  77.9(2)    78.436 
      N1-Ru-N3  84.5(2)    84.88618 
      N1-Ru-N4  104.7(2)   104.65232 
      N1-Ru-S1  162.87(15)  163.07243 
      N1-Ru-P1  94.12(14)   93.31152 
      N2-Ru-N3  91.2(2)    91.37872 
      N2-Ru-N4  176.4(2)   176.39006 
      N2-Ru-S1  85.29(15)   84.75707 
      N3-Ru-N4  86.7(2)    87.07103 
      N3-Ru-S1  92.46(16)   93.58776 
      N4-Ru-S1  91.89(17)   92.08205 
      P1-Ru-N2  91.92(15)   91.85065 
      P1-Ru-N3  176.21(16)  175.91472 
      P1-Ru-N4  90.24(16)   89.8455 
      P1-Ru-S1  89.89(7)   89.19897 
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Figure 4.II.2. Contour plots of selected molecular orbitals of 
[Ru(Cl)(CO)(qmtpm)(PPh3)]BF4. 

 

 
 

Figure 4.II.3. Contour plots of selected molecular orbitals of 
[Ru(Cl)(CO)2(qmtpm)]ClO4. 
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Figure 4.II.4. Contour plots of selected molecular orbitals of 
[Ru(Cl)(MeCN)(qmtpm)(PPh3)]BF4. 

 

 
 

Figure 4.II.5. Contour plots of selected molecular orbitals of 
[Ru(MeCN)2(qmtpm)(PPh3)]ClO4. 
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The HOMO-1 of [Ru(Cl)(CO)(qmtpm)(PPh3)]BF4 is mostly of metal and CO ligand 

character as seen in the calculated Ru and CO contributions (Figure 4.II.2). 

In contrast, [Ru(Cl)(CO)2(qmtpm)]ClO4 exhibits a reduced degree of metal and 

CO ligand contribution in HOMO-2 and HOMO-3 even though it incorporates two 

CO groups. The contour plots of the solvato species 

[Ru(Cl)(MeCN)(qmtpm)(PPh3)]BF4 and [Ru(MeCN)2(qmtpm)(PPh3)]ClO4 show 

similarities in molecular orbital composition. For instance, both LUMOs exhibit a 

comparable extent of quinoline, thiophenyl and imine contribution. Similarly, the 

HOMO-1 of both [Ru(Cl)(MeCN)(qmtpm)(PPh3)]BF4 and 

[Ru(MeCN)2(qmtpm)(PPh3)]ClO4 are primarily Ru(II) and PPh3 character (~40% in 

each case). 

Table 4.II.2. Calculated (TDDFT) energies (E, nm), oscillator strengths (f), and 
nature of transitionsa in the complexes. 

 
Energy  Oscillator   Transition 
  (nm)  Strength  

 [Ru(Cl)(CO)(qmtpm)(PPh3)]BF4 
467  0.0489867  "(Ru-CO)-p(Cl)-"(Ru-PPh3)""#(Q-PhS-SB) 
431  0.0566891  "(PPh3)-"(Ru-PPh3)-"(Ru-CO)""#(Q-PhS-SB) 
387    0.0302262  "(Ru-CO-SMe)""#(Q-PhS-SB) 
381    0.0529700  "(PPh3)-"(Ru-CO-SMe)""#(Q-PhS-SB) 
374    0.0289463  "(PPh3)-"(PhS)""#(Q-PhS-SB) 
365    0.2146560  "(Ru-CO-SMe)-"(PPh3)-"(PhS)""#(Q-PhS-SB) 
323    0.0339253  "(Ru-Q-SMe-SB)-p(Cl)""#(Q-PhS-SB) 
 

[Ru(Cl)(CO)2(qmtpm)]ClO4 
445  0.0275726  "(Q-PhS-SB)""#(Q-SB-PhS) 
408   0.0165650  "(Q-PhS-SB)-"(Ru-CO-Cl)""#(Q-SB-PhS) 
396  0.1794866  "(Ru-CO)-p(Cl)-"(PhS)" "#(Q-SB-PhS) 
387  0.2110407  "(Ru-CO)-p(Cl)-"(PhS)" "#(Q-SB-PhS) 
370  0.0729107  "(Ru-SMe-CO)-"(PhS)-p(Cl)""#(Q-SB-PhS) 
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  [Ru(Cl)(MeCN)(qmtpm)(PPh3)]BF4 
589  0.0139661   "(Ru-SMe-MeCN-Cl)""#(Q-PhS-SB) 
539  0.0442363   "(Ru-Cl-SMe-MeCN)-"(Q)""#(Q-PhS-SB) 
414  0.0384803   "(Ru-PPh3)""#(Q-PhS-SB) 
391  0.0905007   "(Ru-Cl-PPh3)-"(Q)""#(Q-PhS-SB) 
382  0.0434632   "(PPh3)-"(Ru-SB)""#(Q-PhS-SB) 
370  0.0384393   "(Ru-PPh3)""#(Q-PhS-SB) 
365  0.0147778   "(Q)-"(Ru-PPh3)""#(Q-PhS-SB) 
357  0.0790384   "(Ru-PPh3-SMe)-p(Cl)""#(Q-PhS-SB) 
353  0.0131655   "(Ru-PPh3-SMe)-p(Cl)""#(Q-PhS-SB) 
350  0.0223908   "(PPh3)""#(Q-PhS-SB) 
342  0.0602548   "(PPh3)- "(Sme)""#(Q-PhS-SB) 
 

 [Ru(MeCN)2(qmtpm)(PPh3)]ClO4 
448.63 0.0787027   "(Ru-MeCN-PPh3)""#(Q-SB-PhS) 
378.11 0.0210149   "(Ru-Q-PPh3)""#(Q-SB-PhS) 
375.30 0.0685953   "(Ru-PPh3)-"(PhS)""#(Q-SB-PhS) 
357.03 0.0148138   "(Ru-PPh3)""#(Q-SB-PhS) 
346.99 0.2105311   "(PPh3-PhS)-"(Ru-SB)""#(Q-SB-PhS) 
328.59 0.0473331   "(Ru-PhS-SMe)""#(Q-SB-PhS) 

 
a Orbitals with greater contributions listed first 
 

 
 4.II.3. TDDFT calculation and electronic spectra 

The calculated electronic transitions of [Ru(Cl)(CO)(qmtpm)(PPh3)]BF4, 

[Ru(Cl)(CO)2(qmtpm)]ClO4,  [Ru(Cl)(MeCN)(qmtpm)(PPh3)]BF4 and 

[Ru(MeCN)2(qmtpm)(PPh3)]ClO4 with oscillator strengths above 0.0139 were 

collected, and those with energies falling within the range of the lowest energy 

absorption band of each complex are presented in Table 4.II.2. As shown in Figure 

4.II.8, the theoretical electronic spectrum of [Ru(Cl)(CO)(qmtpm)(PPh3)]BF4 is in 

good agreement with the experimental spectrum obtained in acetonitrile. Complex 

[Ru(Cl)(CO)(qmtpm)(PPh3)]BF4 exhibits two major bands in the 300-500 nm region 

namely, the MLCT band at 460 nm and a higher energy absorption at 370 nm.  
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Figure 4.II.6.  Calculated HOMO/LUMO energy diagram of 
[Ru(Cl)(CO)(qmtpm)(PPh3)]BF4, [Ru(Cl)(MeCN)(qmtpm)(PPh3)]BF4 and 

[Ru(MeCN)2(qmtpm)(PPh3)]ClO4 (left to right). The most prominent MOs involved 
with under the low energy band and their diagrams are shown 
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TDDFT results indicate that for [Ru(Cl)(CO)(qmtpm)(PPh3)]BF4, two theoretical 

transitions in the ~460 nm region are the HOMO-1!LUMO (468 nm) and HOMO-

3!LUMO (432 nm). The band at 370 nm corresponds to a HOMO-9!LUMO 

transition bearing the highest oscillation strength at 365 nm, along with a few weaker 

transitions (Figure 4.II.8). Close inspection of the molecular orbital (MO) energy 

diagram (Figure 4.II.6) displaying the electron densities of the MOs that comprise 

these levels reveal that HOMO-1 of [Ru(Cl)(CO)(qmtpm)(PPh3)]BF4 is mostly (")Ru-

CO bonding in character mixed with moderate (")Ru-PPh3 contribution while 

HOMO-3 is mainly (")Ru-PPh3 with modest (")Ru-CO participation. The LUMO on 

the other hand is mostly composed of the ligand frame consisting of the "* orbital of 

the quinoline, the imine functionality, and the "* orbital of the thiophenyl (PhS) unit. 

It is important to note that exposure to visible light (! # 440 nm) causes moderate CO 

photorelease from [Ru(Cl)(CO)(qmtpm)(PPh3)]BF4. The TDDFT results indicate that 

such Ru-CO bond labilization arises from shift of electron density from the Ru-CO 

moiety to the ligand frame. Partial reduction in Ru!PPh3 backbonding also occurs 

during the 431 nm transition.  

The much faster photorelease of CO from [Ru(Cl)(CO)(qmtpm)(PPh3)]BF4 upon 

exposure to light with ! # 380 nm stems from the predicted HOMO-9!LUMO 

transition at 365 nm. As previously shown in Figure 4.II.2, HOMO-9 also has a 

strong (")Ru-CO character in addition to moderate contribution from the quinoline " 

orbital. Transfer of electron density from this orbital to the LUMO therefore results in 
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accelerated CO release. Taken together, these results suggest that transitions that shift 

electron density from the (")Ru-CO moiety to the ligand frame promote CO release 

from photoCORMs like [Ru(Cl)(CO)(qmtpm)(PPh3)]BF4.  

The photoproduct [Ru(Cl)(MeCN)(qmtpm)(PPh3)]BF4 exhibits its MLCT band at 

535 nm (Figure 4.II.10). TDDFT results predict a theoretical HOMO-2!LUMO 

transition at 590 nm and a comparatively stronger HOMO-1/HOMO-2!LUMO 

transition at 539 nm.  As evident from the MO diagram (Figure 4.II.6), replacement 

of CO with MeCN (a moderate " acceptor) raises the energies of the occupied MOs, 

while the LUMO (mostly comprised of the "* orbitals spread over the qmtpm ligand 

frame) are minimally affected. The net result is a lowering (red shift) of the electronic 

transition energies as reflected in the change of color from orange-yellow (in the case 

of [Ru(Cl)(CO)(qmtpm)(PPh3)]BF4) to magenta (in the case of 

[Ru(Cl)(MeCN)(qmtpm)(PPh3)]BF4) upon CO loss.  

Replacement of a Cl– ($-donor) in [Ru(Cl)(MeCN)(qmtpm)(PPh3)]BF4 by MeCN 

(moderate "-acceptor) generates the complex [Ru(MeCN)2(qmtpm)(PPh3)]ClO4 

which features an absorption maximum at 495 nm and a higher energy band at 370 

nm (Figure 4.II.11). TDDFT calculations for [Ru(MeCN)2(qmtpm)(PPh3)]ClO4 

predict the nature of the low energy band to be a HOMO-1!LUMO transition (~ 470 

nm), while the HOMO-5!LUMO and HOMO-9!LUMO transitions give rise to the 

observed band at 370 nm. As depicted in the MO diagram in Figure 4.II.6, HOMO-1 

is largely comprised of Ru, MeCN and PPh3 "%orbitals with some and quinoline 

"%character. Contributions to the LUMO arise mainly from the " orbitals of the 
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quinoline, imine and thiophenyl groups making up the ligand frame. Low energy 

electronic transitions originating from HOMO-1 into the LUMO therefore appears to 

be of a mixed metal-to-ligand and intraligand charge transfer nature resulting in the 

deep red color of [Ru(MeCN)2(qmtpm)(PPh3)]ClO4. The inclusion of two MeCN 

groups in [Ru(MeCN)2(qmtpm)(PPh3)]ClO4 leads to a lowering of both the HOMO 

and LUMO levels (Figure 4.II.6) resulting in a slight blue shift of the low energy 

band (490 nm) compared to that of its precursor, [Ru(Cl)(MeCN)(qmtpm)(PPh3)]BF4 

(535 nm). 

The dicarbonyl complex [Ru(Cl)(CO)2(qmtpm)]ClO4 exhibits CO photorelease 

with UV light energies or higher as detailed in the second section of Chapter 3. We 

employed TDDFT to gain insight on the nature of the MOs involved in metal-CO 

bond homolysis and to explain the need for higher energy radiation to induce CO 

release from this photoCORM. The molecular orbitals involved in the transitions of 

[Ru(Cl)(CO)2(qmtpm)]ClO4 are displayed in Figure 4.II.7 alongside molecular 

orbitals corresponding to the low energy absorption band of 

[Ru(Cl)(CO)(qmtpm)(PPh3)]BF4 for comparison. Figure 4.II.9 shows the predicted 

energy transitions falling under both experimental and calculated electronic 

absorption traces of [Ru(Cl)(CO)2(qmtpm)]ClO4. 

TDDFT studies predict that for [Ru(Cl)(CO)2(qmtpm)]ClO4, transitions 

originating from both HOMO-2 and HOMO-3 into the LUMO gives rise to the 

experimental absorption maximum at ~380 nm (Figure 4.II.9) and that illumination  
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into this band gives rise to CO release. This HOMO-2/HOMO-3 transition into the 

antibonding orbitals of the ligand frame (LUMO) corresponds to a shift in electron 

density from the Ru(II) center to the qmtpm ligand frame, consistent with a metal to 

ligand charge transfer process. Scrutiny of the nature of HOMO-2 and HOMO-3 of 

[Ru(Cl)(CO)2(qmtpm)]ClO4 reveals a combined Ru-Cl and Ru-CO "-bonding 

character in these occupied orbitals, suggesting that backbonding interactions 

between the metal and the CO group is strengthened by the placement of a $-donor 

trans to CO. It is these favorable interactions that must be overcome to promote a 

shift in electron density towards the "* orbitals, hence the need for UV light energy in 

triggering CO photorelease from [Ru(Cl)(CO)2(qmtpm)]ClO4. 

In the case of [Ru(Cl)(CO)(qmtpm)(PPh3)]BF4, the presence of a PPh3 ligand (a 

strong "-acceptor) leads to a trans-labilizing effect that fosters rapid CO photorelease. 

Indeed, the nature of the HOMO-1 and HOMO-3 of [Ru(Cl)(CO)(qmtpm)(PPh3)]BF4 

(Figure 4.II.2 and 4.II.7) exhibits some "(Ru-CO) and "(PPh3) character confirming 

the role of these two ligands CO labilization. 

 
 4.II.4 Conclusions 

The primary objective of this study was to identify the electronic transitions that 

give rise to CO release from photoCORMs like [Ru(Cl)(CO)(qmtpm)(PPh3)]BF4 and 

[Ru(Cl)(CO)2(qmtpm)]ClO4 under illumination. Another major objective was to 

determine how the auxiliary ligands such as PPh3, MeCN and Cl! affect the MLCT 

transitions and facilitate Ru-CO bond scission. TDDFT results reveal that metal to 
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ligand charge transfer interactions facilitate CO photorelease. The predicted shift in 

electron density from the respective HOMOs of Ru(Cl)(CO)(qmtpm)(PPh3)]BF4 and 

[Ru(Cl)(CO)2(qmtpm)]ClO4 into the qmtpm ligand frame (LUMO) results in an 

electron deficient metal center that is not likely to bind CO.  Such CO photorelease 

processes can be attenuated by the placement of trans-labilizing ligands. As 

evidenced in the case of Ru(Cl)(CO)(qmtpm)(PPh3)]BF4, a strong "-acceptor such as 

PPh3 lessens the extent of "-backbonding interactions with the metal center, thereby 

making the resulting carbonyl complex susceptible to light-induced CO photorelease. 

The inclusion of a $-donor such as Cl–
 trans to a CO group on the other hand, 

strengthens such "-backbonding interactions that can only be overcome with the use 

of high energy radiation.  The computational results provided in this section confirms 

our initial hypothesis that tuning of MLCT transitions involved in CO 

photodissociation can be achieved with the incorporation of designed ligand frames 

and strategic placement of auxiliary ligands.  

 
 4.II.5. Computational Methods 

 All computations were executed using PC Gamess program. The X-ray 

coordinates of [Ru(Cl)(CO)(qmtpm)(PPh3)]BF4, [Ru(Cl)(CO)2(qmtpm)]ClO4, and 

[Ru(MeCN)2(qmtpm)(PPh3)]ClO4 were utilized as starting points for full geometry 

optimizations with the hybrid functional PBE0. Although the solid state structure of 

[Ru(Cl)(MeCN)(qmtpm)(PPh3)]ClO4 has not been characterized, geometry 

optimizations for this complex were built in analogy based on the structure of 
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[Ru(MeCN)2(qmtpm)(PPh3)]ClO4 and the known Ru-Cl bond distances. DFT 

calculations were carried out using the double-$ basis set 6-311G* basis set for all 

atoms with the exception of Ru, which utilized the quasi-relativistic 

Stuttgart!Dresden effective core potential (ECP). For TDDFT calculations, solvent 

(EtOH) effects were accounted for using the Polarized Continuum Model (PCM). 

Electronic transition energies and oscillator strengths above 0.0139 for 

[Ru(Cl)(CO)(qmtpm)(PPh3)]BF4, [Ru(Cl)(CO)2(qmtpm)]ClO4, 

[Ru(Cl)(MeCN)(qmtpm)(PPh3)]ClO4 and [Ru(MeCN)2(qmtpm)(PPh3)]ClO4 were 

collected. MacMolPlt was used to view and calculate the fractional contributions of 

various groups to each molecular orbital. 
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 4.II.6. Experimental Data: TDDFT Calculated and Experimental Electronic  
      Absorption Spectra  
 

 

Figure 4.II.8. TDDFT calculated (dashed line) and experimental (solid line) 
electronic absorption spectrum of [Ru(Cl)(CO)(qmtpm)(PPh3)]BF4. Calculated 

energy transitions and oscillator strengths are shown as vertical lines. 
 

 

Figure 4.II.9. TDDFT calculated (dashed line) and experimental (solid line) 
electronic absorption spectrum of [Ru(Cl)(CO)2(qmtpm)]ClO4. Calculated energy 

transitions and oscillator strengths are shown as vertical lines. 
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Figure 4.II.10. TDDFT calculated (dashed line) and experimental (solid line) 
electronic absorption spectrum of [Ru(Cl)(MeCN)(qmtpm)(PPh3)]ClO4. Calculated 

energy transitions and oscillator strengths are shown as vertical lines. 
 

 
Figure 4.II.11. TDDFT calculated (dashed line) and experimental (solid line) 

electronic absorption spectrum of [Ru(MeCN)2(qmtpm)(PPh3)]ClO4. Calculated 
energy transitions and oscillator strengths are shown as vertical lines. 
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Appendix A. Cell Protection Assay Utilizing [Mn(pqa)(CO)3]ClO4 

 
 A.1. Background 

 Much of the beneficial effects of carbon monoxide (CO) arise from its interaction 

with heme-dependent proteins involved in signaling pathways. By activation or 

inhibition of such proteins, CO is able to mediate a desired protective outcome. Low 

concentrations of CO for instance have been found to bind to cytochrome c oxidase, 

the terminal enzyme in the electron transport chain, leading to a surge of reactive 

oxygen species (ROS) that marks the onset of anti-inflammatory/immune response.1 

In these events of CO-mediated cytochrome c inhibition, a series of proteins 

constituting an adaptive response are upregulated. One such protein is the hypoxia-

inducible factor (HIF1-&), a transcription factor responsible for the regulation of 

genes necessary in cell growth and angiogenesis.2 CO in this case, by inactivation of 

cytochrome c oxidase, confers protection by stimulating anti-oxidant activity that 

includes HIF1-& expression. 

 When utilizing exogenous CO sources, the time of CO administration appears to be 

a critical factor in achieving the desired protective effect. Both preconditioning3 and 

postconditioning4 treatments employing CO gas have been found to attenuate damage 

and promote resilience against injury. To explore another potential application of our 

UV-active photoCORM: [Mn(pqa)(CO)3]ClO4, we developed a model of light-

induced cell preconditioning to protect against subsequent oxidative damage. The 

compound [Mn(pqa)(CO)3]ClO4 has demonstrated efficient light-activated CO 

delivery in vasorelaxation studies due to its excellent stability and solubility in 
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biologically relevant media.5 This section outlines the protocol on cell culture and 

treatment with various levels of photoCORM and the cytotoxic agent H2O2. 

Experimental details are provided herein to serve as a guide for future in-vitro studies 

on CO-mediated protection. 

 
 A.2. Findings 

 Human kidney embryonic cells (HEK-293T) were selected due to their ease of 

culture and proliferation. HEK-293T cells were plated on 96-well plates and allowed 

to reach a subconfluent state prior to treatments. We first identified a range of H2O2 

concentrations that induce a noticeable, but not drastic reduction in cell viablility of 

HEK-293T cells. Figure A.1 shows that 200 µM and 500 µM H2O2 incubation for 4 

hours results in ~ 10% and 50% decrease in cell viability, respectively. With the 

addition of 2000 µM H2O2 however, up to 85% cell death was noted.  

 The biocompatibility of our CO-donor, [Mn(pqa)(CO)3]ClO4 was initially assessed 

by incubation for 20 hours (Figure A.2) in the absence of light. This experiment, 

although not performed in triplicate, reflects the minimal damage effected by 

[Mn(pqa)(CO)3]ClO4 on HEK-293T cells. Specifically, the cells underwent up to a 

15% reduction in viability when treated with concentrations of  [Mn(pqa)(CO)3]ClO4 

not exceeding 100 µM in a 20 hour period. With these results in hand, we determined 

a working range of 25-50 µM when performing pre-conditioning steps prior to an 

onslaught of H2O2-induced oxidative damage.  



 221 

 Preconditioning pertains to an injury-induced protection from a subsequent, more 

severe injury. We hypothesized that the light-induced administration of CO, through 

the application of [Mn(pqa)(CO)3]ClO4, can stimulate an anti-oxidant response from 

HEK-293T cells before a bolus addition of H2O2 thus rendering these cells more 

resilient against oxidative damage. In Figures A.3 and A.4, we show the response of 

preconditioned HEK-293T cells following an addition of 200 µM and 500 µM H2O2, 

respectively. In Figure A.4, it is clearly shown that upon bolus addition of 500 µM 

H2O2, cells preconditioned with 50 µM [Mn(pqa)(CO)3]ClO4 are ~22% more viable 

than their untreated counterparts. Similarly, HEK-293T cells preconditioned with 25 

µM [Mn(pqa)(CO)3]ClO4 appear to resist damage by ~14% (Figure A.4). The effects 

of CO-preconditioning however are not as apparent when a bolus concentration of 

200 µM H2O2 is applied. In Figure A.3, we can see that there is little difference 

between the untreated (control) and 50 µM pretreated HEK-293T cells.  

 
 A.3. Experimental Section  

 A.3.1. Materials 

 Plastic tissue culture plates (96 well, clear flat bottom Polystyrene TC-treated) 

were from Corning Incorporated. Fetal bovine serum (Thermo Scientific Hyclone) 

was obtained from Fisher Scientific. Dulbecco’s Modified Eagle Medium (DMEM), 

Dulbecco’s Phosphate Buffered Saline (PBS, Ca2+ and Mg2+ free), and 3-(4,5 

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) were purchased from 

Gibco, Invitrogen. 
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 A.3.2. Cell Culture and Treatment 

 HEK-293T cells were obtained from the UCSC Chemical Screening Center facility 

and grown in DMEM supplemented with 10% fetal bovine serum without antibiotics 

and antifungal agents. All of the cells were maintained at 37°C in a humidified 

atmosphere of 5% CO2. The cells in each culture flask were allowed to reach 80-90% 

confluence and passaged without trypsinization by rinsing with phosphate buffered 

saline (PBS) pH 7.4.  The cells were seeded on 96 well plates at a density of 5 x 104 

cells/ml (200 µL volume per well) and grown for 18-24 h to reach a subconfluent 

state prior to addition of [Mn(pqa)(CO)3]ClO4. 

 A stock solution of [Mn(pqa)(CO)3]ClO4 in DMSO was freshly prepared and 

diluted to different concentrations ranging from 25 µM to 200 µM with DMEM. The 

effective concentration of DMSO did not exceed 1% with each dilution to prevent 

solvent-related toxicities. After photoCORM addition, the cells were exposed to light 

from an LED worklamp for 15 min followed by 15 min of incubation in a humidified 

atmosphere. This irradiation-incubation cycle was repeated until a total irradiation 

period of 45 min was reached. Then, the media containing the photoproduct and 

possibly some unreacted [Mn(pqa)(CO)3]ClO4 was aspirated and replaced with fresh 

DMEM containing 200, 500 and 2000 µM of H2O2. After 6 h incubation with H2O2, 

the media was again aspirated and cell viability was assessed using the 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay described in the 

following section.  
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 A.3.3 Cell Viability 

 The cell viability was measured by the 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT) assay, modified from the procedure by 

Dinischiotu and co-workers.6 Briefly, after the sequential preconditioning and H2O2 

addition steps, the medium from each well was removed by aspiration and washed 

with 200 µL phosphate buffer saline (PBS). Fresh DMEM (150 µl) was added to each 

well, followed by 50 µl of MTT (5 mg/ml) in PBS. The cells were incubated for 2 h 

at 37°C to allow for metabolism of formazan dye by viable cells. The media 

containing unreacted MTT solution was then removed by aspiration and 50 uL of 

DMSO was added and the plate shaken to dissolve the formazan crystals. The optical 

density at 595 nm was taken using a plate reader (VersaMax ELISA Microplate 

Reader, Molecular Devices, LLC.) Absorbance corresponding to the control 

(untreated) cells was referenced as 100% cell viability.  
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 A.4. Experimental Data: Cell Viability Measurements 
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Figure A.1.  Cell viability of HEK-293T cells after a 4 h exposure to H2O2 at 37°C in 
a humidified atmosphere of 5% CO2. 
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Figure A.2.  Effects of [Mn(pqa)(CO)3]ClO4 incubation on HEK-293T cells in the 
absence of light.  
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Figure A.3. Cell viability of [Mn(pqa)(CO)3]ClO4- preconditioned HEK-293T cells 
after addition of 200 µM H2O2. 
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Figure A.4. Cell viability of [Mn(pqa)(CO)3]ClO4- preconditioned HEK-293T cells 
after addition of 500 µM H2O2. 
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Appendix B. PhotoCORM Entrapment within an Aluminosilicate Mesoporous 

Material 

 
 B.1. Background 

 The use of mesoporous silica nanoparticles (MSN) has been of interest in recent 

years as carrier materials for drug and nucleic acid delivery systems.1 The favorable 

structural features of MSN that include (1) increased total surface area, (2) tunable 

pore diameter, (3) and monodisperse particle dispersion, make this class of materials 

ideal vehicles in the delivery of both hydrophobic and hydrophilic therapeutics. In 

addition, the physical properties of MSNs are readily modified with the incorporation 

of various functional groups such as amino2 or mercapto moieties.3 Nanoparticle 

surface functionalization has also been achieved with the use of more complex 

organic compounds such as '-cyclodextrin rings4 or phenanthridine-based 

intercalating agents.5 

 MCM-41 (Mobile Crystalline Material) is a mesoporous silicate material that was 

developed in 1992 by Mobil Research and Development Corporation. It falls under 

the category of silicate/aluminosilicate mesoporous molecular sieves, designated as 

M41S,6 that exhibits a hexagonal arrangement of pores whose dimensions can be 

altered depending on the synthetic conditions employed. Pérez-Pariente and co-

workers first explored the potential of MCM-41 as a reservoir for controlled drug 

delivery, using ibuprofen as the model drug to be administered.7 MCM-41-type of 

drug delivery systems have since become prevalent due to their ease of modification 

and biocompatibility. The typical synthesis of MCM-41 requires a silicate source, 
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organic surfactant and a base catalyst. Micellar rods are formed from the surfactant, 

which then arranges in a hexagonal array. The silicate source assembles about this 

hexagonal template. Calcination removes the pre-arranged micellar rods, leaving a 

porous structure characteristic of MCM-41. It is within these pores that the selected 

therapeutic is stabilized by surrounding silicate groups until controlled release is 

commenced. 

 A fellow graduate student, Howard Han, prepared a series of aluminum-doped 

MCM-41 (Al-MCM-41) particles with an average particle size of 50 nm to serve as 

mesoporous supports in the encapsulation of the selected photoactive carbon 

monoxide releasing molecule (photoCORM), [Mn(pqa)(CO)3]ClO4.8 The recent 

emergence of CO as a potent signaling and cytoprotective molecule spurred our 

efforts towards the preparation of a light-activated CO-donating material. We selected 

MCM-41 because of its low toxicity, while [Mn(pqa)(CO)3]ClO4 was chosen because 

of its efficient CO photorelease characteristics. We report in this section some 

physical properties (leaching, CO-release, etc.) of the resulting photoCORM-loaded 

MCM-41 material ({Mn-CO}@Al-MCM-41). In addition, we evaluate the 

biocompatibility of the {Mn-CO}@Al-MCM-41 by measuring the viability of HeLa 

(human cervical carcinoma) cells after incubation with various particle loadings of 

this CO-donating material. 

 
 B.2.  Findings 

 The negatively charged aluminum sites in Al-MCM-41 proved to facilitate loading 

of the manganese carbonyl complex, [Mn(pqa)(CO)3]ClO4, through  a combination of 
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an ion-exchange mechanism and passive diffusion. The cationic species, 

[Mn(pqa)(CO)3]+, through exchange with Na+ ions are successfully bound within the 

mesoporous support as evidenced by the presence of carbonyl stretching frequencies 

(&CO) in the FTIR spectra of {Mn-CO}@Al-MCM-41 (Figure B.1). The binding 

strength of [Mn(pqa)(CO)3]+ was assessed by measuring the extent of  

 

Figure B.1. FTIR spectra of Al-MCM-41 (black dashed) and loaded (black solid) 
{Mn-CO}@Al-MCM-41 in KBR Matrix. 

 
 
leaching from the mesoporous support. The loaded materials were soaked in 

phosphate buffered saline (PBS, pH 7.4, 100 mM) for a total of 60 h with minimal 

agitation. As shown in Figure B.2, a total of ~12% [Mn(pqa)(CO)3]+
 leached out of 

the matrix, confirming that the Al-MCM-41 is a suitable host in confining the 
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manganese carbonyl complex and preventing its degradation in aqueous media for an 

extended period of time. 

 

Figure B.2. Plot of leaching experiment showing the amount of [Mn(pqa)(CO)3]ClO4 
loss from the Al-MCM-41 matrix. 

 

 The release of CO from {Mn-CO}@Al-MCM-41 was confirmed by means of 

myoglobin (Mb) assay employed as previously reported.8 Briefly, {Mn-CO}@Al-

MCM-41 was added to a solution of deoxymyoglobin (deoxy-Mb) in phosphate 

buffered saline (PBS, pH 7.4, 100 mM) and the particles were allowed to settle to the 

bottom of the cuvette. The suspension was then exposed to a broadband UV light 

source (' >350 nm) at specified time intervals and the changes in the 520 nm- 600 nm 

region were monitored. A decrease in the absorbance at 540 nm, corresponding to 

that of deoxy-Mb was noted along with formation of new peaks the ( (~542 nm) and 

) (578 nm) Q-bands. The spectrum shown in Figure B.3 is characteristic of carbonyl-
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Mb formation from an exogenous CO source thus confirming the efficacy of {Mn-

CO}@Al-MCM-41 as a light-activated CO-donating material. 

 

Figure B.3. Changes in Q-band region of horse heart myoglobin (Mb) (PBS, pH 7.4, 
100 mM) upon addition of {Mn-CO}@Al-MCM-41 and subsequent irradiation (' 

>350 nm). 
  

 With the goal of utilizing {Mn-CO}@Al-MCM-41 as a light-activated CO donor 

in physiologically relevant settings, we evaluated the biocompatibility of both {Mn-

CO}@Al-MCM-41 and the mesoporous matrix, Al-MCM-41, by measuring the 

viability of HeLa cells (human cervical carcinoma). We found that incubation for 

longer periods of time (> 20 h) caused about 50% decrease in cell viability (not 

shown). Thus, we utilized a shorter time frame to minimize the inherent toxicity of 

these loaded nanoparticles. Figure B.4 shows that Al-MCM-41 particle loadings of up 

to 50 µg/ml cause a minimal dose-dependent reduction in viability. At 50 µg/ml for 

instance, 82-84% of the HeLa cells remained viable. Interestingly, a deviation in the 

expected viability was observed at 100 µg/ml (Figure B.4). One would expect that 
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higher particle loadings would decrease cell viability at this concentration. In the case 

of {Mn-CO}@Al-MCM-41, a similar dose-dependent decrease in viability was also 

observed (Figure B.5). The results shown in Figure B.5 closely resemble those noted 

within the group incubated with the unloaded particles. This suggests that Al-MCM-

41 matrix effectively prevents leaching of the manganese carbonyl complex and that 

{Mn-CO}@Al-MCM-41 is a potential light-activated CO-donating material. Future 

work in this area entails studies exploring the protective (anti-apoptotic, anti-

inflammatory) aspects of CO released from {Mn-CO}@Al-MCM-41. 

 

 B.3. Experimental Section 

 B.3.1. Materials 

 Tetraethyl orthosilicate was purchased from Acros Organics and sodium aluminate 

(NaAlO2) from Strem Chemicals. Hexadecyltrimethylammonium bromide 

(C16TMABr) was purchased from Aldrich Chemical. All chemicals were used 

without further purification. [Mn(pqa)(CO)3]ClO4 was synthesized from published 

procedure.8 

 
 B.3.2. Synthesis of spherical mesoporous supports (Al-MCM-41) 

 Mesoporous supports (Al-MCM-41) were synthesized using a procedure modified 

from that reported by Cai and co-workers.9 Briefly, 3.5 mL of NaOH (2 M) solution 

was mixed with 480 mL of distilled water and 1.0 g of C16TMABr was added to the 

solution at 80 °C with vigorous stirring for 15 minutes at 625 rpm. Then, 0.098 g of 

NaAlO2 was added and 4.58 g of tetraethylorthosilicate (TEOS) was dropped in 
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slowly. The resulting slurry is expected to have a molar composition of 1.00 (TEOS) 

0.13 (C16TMABr) 1197.00 (H2O) 0.31 (NaOH) 0.05 (NaAlO2). The resulting product 

was filtered after 2 h, washed with distilled water, dried at 55 °C under vacuum. 

Calcination was performed in air at 823 K for 4 h with ramp rate of 1 °C/min.  

 
 B.3.3. Loading of [Mn(pqa)(CO)3]ClO4] to MSN ({Mn-CO}@Al-MCM-41) 

 A batch of 0.10 g of Al-MCM-41 was added to 5 mL of methylene chloride in a 50 

mL Schlenk flask containing a magnetic stir bar. The mixture was degassed by 

freeze-pump-thaw method. A batch of [Mn(pqa)(CO)3]ClO4 (0.10 g) was added as a 

solid to the frozen Al-MCM-41 slurry under dinitrogen. The slurry was warmed to 

room temperature and stirred for 3 days with minimum light exposure. The loaded 

Al-MCM-41 was filtered using a fritted funnel. The light yellow product was washed 

with 3 x 3 mL of methylene chloride and dried in vacuo. 

 
 B.3.4 Physical Characterizations 

 Powder X-ray was XRD (Rigaku SmartLab diffractometer, CuK( radiation (' = 

1.5418 Å). The sample was scanned from 1.5° to 7° with a step size of 0.02° and a 

count time of 1 second at each point. Sample morphology and microstructure were 

examined by scanning electron microscopy, SEM (FEI Quanta 3D FEG dual beam 

SEM/FIB nanofabrication instrument, UCSC), and transmission electron microscopy, 

TEM (Philips CM200/FEG, National Center for Electron Microscopy). For SEM 

analysis, specimens were prepared by dispersing the as obtained powder in 

acetonitrile and was sonicated for ~20 minutes to completely disperse the particles. A 
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drop of the solution placed on a glass slide, followed by drying. The sample was 

sputtered with gold before SEM imaging. For TEM analysis, the specimens were 

dispersed in acetonitrile and drop coated on a copper grid. X-ray elemental maps were 

recorded (simultaneously) using a Hitachi HD-2000 dedicated stem equipped with an 

Oxford Inca EDS system. Infrared spectra of the materials (in KBr disks) were 

recorded on a Perkin-Elmer Spectrum-One FT-IR spectrometer.  

 
 B.3.5 Analysis of Manganese content of {Mn-CO}@Al-MCM-41 

Analysis of Manganese content of the system was determined by inductively coupled 

plasma-optical emission spectroscopy, ICP-OES (PerkinElmer Optima 4300 DV 

ICO-OES). An acid digest procedure for ICO-OES was adapted from Heilman et al.10 

Batches of 35 mg of the loaded Al-MSN samples were added to the Teflon vessels of 

autoclave bombs, and to each was added 1 mL of a 1:3 mixture of concentrated HNO3 

and HCl. The samples were then frozen by dipping the vessels in liquid N2. Once 

frozen, 0.125 mL of 40% aqueous HF was added, followed by immediately sealing 

the vessels and allowed to warm to room temperature. Vessels were placed in a 150 

°C autoclave oven for 4 h, then allowed to cool to room temperature. Once it is safe 

to open the vessel, 12.5 mg of boric acid was added to each sample solution to 

complex free F-. Finally the samples were diluted to 50 mL using Millipore water 

containing 1% HCO3 and transferred to a polypropylene flask for analysis. 
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Figure B.4. Influence of different Al-MCM-41 concentrations on the HeLa cell 
viability after a 6 h incubation period. 
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Figure B.5. Influence of different {Mn-CO}@Al-MCM-41 concentrations on the 
HeLa cell viability after a 6 h incubation period. 
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