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SYNTHESES, STRUCTURES, AND CHARACTERIZATION OF METAL 

CARBONYL COMPLEXES AS PHOTOACTIVE CO RELEASING 

MOLECULES AND THEIR BIOLOGICAL UTILITY TOWARDS 

ERADICATION OF CANCER 

 

Samantha J. Carrington 

ABSTRACT 

 
 Carbon monoxide (CO) has recently been shown to elicit various salutary 

effects in mammalian physiology. This small molecule has shown to exert a multitude 

of actions, which includes, vasoregulation, inflammation reduction and anti-apoptotic 

actions in normal cells. Interestingly, in hyperproliferative cells, CO has shown to 

induce significant pro-apoptotic effects, which can be exploited therapeutically 

towards cancer eradication.  However, the ability to deliver CO in a target-specific 

manner has been a tantalizingly challenging task.  In order to tackle this issue, CO 

releasing pro-drugs have been developed in order to deliver CO in a more controlled 

fashion to cellular targets. However, a large number of such pro-drug molecules 

systemically release CO, a process that can hardly be controlled. We have employed 

metal carbonyl complexes (MCCs) to deliver CO upon light illumination, which are 

otherwise stable under dark conditions.  The requirement of light of a particular 

wavelength to trigger CO photorelease from such MCCs is strictly dependent on 

complex design.  The important goal is to develop an ideal MCC where CO release 

can be initiated upon illumination of lights of biocompatible wavelength range. The 

series of complexes in Chapter 2 bearing manganese(I), ruthenium(II), and rhenium(I) 
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metal centers elucidates the design principles necessary to enable CO photorelease 

under certain ranges of light illumination.  In such endeavor, the choice of organic 

ligand frame and co-ligand along with their geometrical placement are critical. The 

choice of metal also plays an important role in dictating the photo behavior of such 

complexes. 

  Chapter 3 utilizes the design principles established in chapter 2 and further 

explores the ligand design and steric features associated with organic ligand frame 

towards CO photorelease. These characteristics facilitated exceptionally rapid CO 

release under the control of visible light, thus affording a system ideal for application 

in certain therapeutic procedure that requires high local concentration of CO. 

 The subject matter of chapter 4 deals with developing a trackable CO delivery 

system without attenuation of the drug (CO) within the cellular matrices.  The design 

principles for such trackable CO releasing MCC involved rigid ring ligand frames 

bound to manganese(I) metal center which resulted a “turn on” luminescence, and 

with a rhenium(I) metal center  afforded a “two-tone” theranostic system upon CO 

delivery.  In part 1, such Mn(I) carbonyl complex aided the tracking of CO release 

event within MDA-MB-231 cancer cells under the control of visible light, while in 

part 2 the internalization of a luminescent Re(I) complex pro-drug can be followed 

within biological matrices and a distinct second fluorescence signal is observed when 

the drug (CO) is released upon illumination.  

 The eventual obstacle towards developing a truly biocompatible CO releasing 

pro-drug (both sensitivity to visible light and aqueous solubility) is achieved in 
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chapter 5.  Two manganese carbonyl complexes incorporating rigid fluorescent α-

diimine ligands are reported in this chapter. The inclusion of 1,3,5-triaza-7-

phosphaadmantane (PTA) as ancillary ligand confers remarkable water solubility to 

such complexes. Both of these MCCs exhibit CO release upon low power visible light 

illumination. Taken together these features, it reasonable to assume that these CO 

releasing pro drugs have huge potential to find their place in clinic settings as 

phototherapeutics in near future.  
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Chapter 1. Introduction 

 

1.1 Background of Carbon Monoxide 

 Carbon monoxide (CO) has notoriously been viewed as a noxious small 

molecule, quite similar to its toxic twin nitric oxide (NO).  When the biological and 

potential therapeutic utility of NO was discovered, the role of CO was reinvestigated 

and indeed shown to elicit salutary effects in a similar capacity.  The small molecule  

“gasotransmitter” family with NO, CO, and H2S have all demonstrated their 

therapeutic actions.1 Collectively, the term gasotransmitter reflects the gaseous nature 

of these small molecules at higher concentrations, but under biological conditions 

these molecules are abundant as dissolved solutes. The importance of CO in biology 

has been illustrated in attenuating inflammation2, vasoregulation3, myocardial 

protection4, anti-apoptotic5, anti-proliferative6, and in eradication of cancer7. In 

complex models CO has even been shown to reverse established disease states, such 

as pulmonary arterial hypertension (PAH),8 and provide significant aid to intimal 

hyperplasia (IH) through reduction of the neointimal lesion size from artery balloon 

angioplasty injury.9 These beneficial actions of CO have thus been widely 

demonstrated. The main difficulty resides in targeted delivery of this gaseous 

molecule, which prompted researchers to undertake the initiative for site-specific CO 

delivery with a pro-drug. 
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1.2. Chemistry of CO 

Carbon monoxide (CO), a diatomic molecule containing carbon and oxygen 

atom, is well known as a deadly product of incomplete combustion in coal and fossil 

fuels.  The molecule is sparingly soluble in water (~35 mg/L).10 CO is neutral in 

charge, and comprised of a triple bond between the two atoms. The important 

resonance structure of CO is composed of a partially positively charged O atom and 

partially negatively charged C atom. Electronically, the molecular orbital (MO) 

diagram upon coordination to a low valent metal center is shown in figure 1.1 The 

lone pair of electrons on the carbon allows for sigma bonding to the eg orbital of the  

 

Figure 1.1. The molecular orbital diagram (a), bonding scheme (b), and potential 

mode of CO bonding (c).  Figure reproduced with permissions from British Journal 

of Pharmacology, 2015, 172 1638–1650. 
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metal atom, and the low-lying empty anti-bonding π* MOs on CO are in appropriate 

configuration for overlap with the t2g metals orbitals (figure 1.1b).  This arrangement 

allows electron density from the metal to “backbond” with the CO π* antibonding 

orbitals. Thus, the synergy between the sigma bond and π-backbond generates a π 

bonding between the metal and carbon, the reason behind stabilization of metal-CO 

bond with low valent metal centers. This small molecule is also considered redox 

inert under biological conditions, and will only be able to elicit salutary effects upon 

coordination to electron rich metal centers, such as heme iron centers. 

1.3. Biological CO 

CO is notoriously reputed for its toxicity at high concentrations due to its 

ability to bind hemoglobin with 200 times greater affinity than oxygen.11 This 

diatomic  

 

 

 Figure 1.2. A major source of endogenous CO arises from the degradation of 
erythrocytes and heme proteins, (*Modified from reference 18, original source is acknowledged 
in reference section) 

 

Molecule, however, is generated endogenously in mammalian systems, with humans 
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reaching CO levels of about 500 µmol/day.12 Although some sources of CO include 

iron-catalyzed lipid peroxidation13 and self-inactivation of cytochrome P45014, the 

majority of CO production is accomplished through heme catabolism by the 

ubiquitous enzyme heme oxygenase (HO).   

There are two isoforms of the HO protein, a constitutive form (HO-2) and 

inducible isoform (HO-1).  Both isoforms of HO catalyze the first and rate-limiting 

step in heme breakdown, however, these isoforms differ slightly in amino acid 

sequence, regulation, and tissue distribution.15 CO levels in the in the human body are 

organ- and tissue/cell-dependent, due to the different localization of these two 

isoforms.  The constitutive HO-2 isoform is found in high abundance in the brain, 

liver, kidney, vascular endothelial cells (VECs), and smooth muscles. HO-1 is found 

in all tissues, but in high abundance in the liver, spleen, vascular endothelial cells, and 

smooth muscles.16 First, molecular oxygen and NADPH oxidize heme (purple), 

specifically the α-methene carbon of heme is oxidized generating α-meso-

hydroxyheme (figure 1.3).  Upon further oxidation with NADPH and molecular 

oxygen, carbon monoxide is released generating the verdoheme molecule. 

Verdoheme oxidation allows release of Fe3+ and the ultimate oxidative product of 

heme oxygenase, biliverdin (green).  In a secondary step, biliverdin reducatase 

catalyzes the reduction of biliverdin (green) to bilirubin (yellow, figure 1.3). 

Catabolism of heme generates three signaling molecules as byproducts in equimolar 

ratio, CO, Fe3+, and biliverdin, which all have salutary effects (figure 1.3).   
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Figure 1.3. Catabolism of heme by heme oxygenase (HO). Equimolar CO, iron, and 

biliverdin are produced by HO enzymatic activity. Biliverdin is further metabolized 

by biliverdin reductase to bilirubin. Figure reproduced with permission from 

(Oxidative Medicine and Cellular Longevity)17 

 

HO-1 is also termed heat shock protein 32, as it is upregulated under 

conditions of stress, like physical and chemical stimuli including ultraviolet (UV) 

light, heavy metals, organic compounds; a more complete list is presented in Table 

1.1.18 The absence of HO-1 in mice or humans leads to chronic and even multi-organ 

systemic inflammation.19,20 Interestingly, exogenous CO delivered in a rescue 

experiment in HO deficient (HMOX1-/-) mice confirms that CO is largely responsible 

for the cellular mechanisms including the anti-inflammatory actions observed with 

HO-1 induction.20 

When inducible HO-1 catalyzes CO production as a response to a stress, CO 

can elicit many biological responses, such as anti- or pro-apoptotic effects and anti- or 

pro-proliferative actions, dependent on cell types.21 Upon further scrutiny, it was 

revealed that CO acts as a cell or tissue restoring agent and termed initially a 

“homeostatic”, then later a “homeodynamic” molecule.20,21 CO acts towards each cell 

type differently in a way to restore the organ or tissue to a functioning and healthy  
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Table 1.1. Various stimuli induce HO-1 induction*  
 
Growth factor 
  FGF 
  HGF 
  VEGF 
  NGF 
  TGF-β 
  KGF 
  BMP-7 
  PDGF 
 
Disease state 
  Ischemia reperfusion 
  Inflammation 
  Immune dysfunction 
  Transplantation 
  Myocardial infarction 
  Atherosclerosis 
  Hypertension 
  Vascular restenosis 
  Acute renal failure 
  Glomerulonephritis 
  Diabetic kidney disease 
  Hypoxia/hyperoxia induced lung injury 
  Emphysema 
  Asthma 
  Spinal cord injury 
  Cerebrovascular injury 
  Alzheimer’s disease 
 
Hormone 
  Estrogen 
  Prolactin 
  Adrenocorticotrophin 
  Atrial natriuretic peptide 
  Melatonin 
  Angiotensin II 
  Progesterone 
  Glucocorticoid 
  Chorionic gonadotropin 
 
Medicines/chemicals 

Oxidative Stress 
  Endoplasmic reticulum stress 
  Heavy metals 
  Oxidized LDL 
  Hydroperoxide 
  Diphenyl- and dithiol-compounds 
  HNE 
  Dieldrin 
  Cigarette smoke extract 
  Alcohol 
 
Dietary antioxidant/natural product 
  Synthetic terpenoid 
  Quercetin/flavonoid 
  Mycotoxin (food contaminant) 
  Ferulic acid/ethyl ferulic acid 
  Zerumbone 
  Selegiline 
  Turpentine oil 
  3-O-caffeoyl-methyl quinic acid 
  Diallyl sulfide (garlic) 
  Chalcone/rosolic acid 
  Isoflurane 
  Taurine 
  Curcumin 
  Cafestol/kahweol 
  Avicins (triterpenoid) 
  Resveratrol 
 
Physiological changes 
  Hypertonic saline (osmotic pressure) 
  Transient glucose deprivation 
  Acidosis 
  Nitric oxide 
  Cytokine (LPS, IFN-γ, TNF-α, IL-1β) 
  Mechanical shear stress 
 
Miscellaneous 
  Dopamine 
  Nicotine 
  β-amyloid 

Immunosuppressant/anti-inflammatory 
  IL-10 
  Aspirin/salicylic acid 
  Cyclopentenone PG 
  Rapamycin 
  Statins 
  Antioxidant 
  Vit E 
  Selenium 
  Proucol 
  Paclitaxol (anti-tumor) 
  Hydralazine (Vasodilator) 

  Cysteamine 
  UV irradiation 
  Co-protoporphyrin 
  Proteasome inhibitor 
 

Abbreviations: FGF, fibroblast growth factor; HGF, hepatocyte growth factor; VEGF, vascular endothelial cell growth factor; 
NGF, nerve growth factor; TGF, transforming growth factor; KGF, keratinocyte growth factor; BMP, bone morphogenic protein; 
PDGF, platelet derived growth factor; oxLDL, oxidized low density lipoprotein; HNE, hydroxynonenal; LPS, 
lipopolysaccharide; IFN, interferon; IL, interleukin; UV, ultraviolet, (*Modified from reference 18, original source is 
acknowledged in reference section) 
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model.21 Due to the redox inert nature of CO under biological conditions, the cell 

signaling associated with this diatomic molecule resulting in physiological response is 

due to binding low valent metals in metalloproteins or heme centers.  

 

1.4. CO and Cancer  

Cancer is among the leading causes of morbidity and mortality worldwide 

according to the World Health Organization (WHO).22 WHO describe cancer as a 

generic group of diseases that can affect any part of the body.  Cancer arises from a 

single cell, which continuously undergoes division and replication without proper 

restrictions and cell cycle signals.22,23  Normal tissues control the production of 

growth-promoting signals for the cell replication ensuring homoeostasis of the cell 

number for proper tissue function and architecture, while malignant cells continue 

proliferation without such contact inhibition or restrictions.24 Normal cells upon 

entering cell division undergo a series of checkpoints in the cell cycle.  The DNA 

damage checkpoints lead to cell cycle arrest prior to replication of damaged DNA.25 

In cancer, however, alterations in the genetic control of cell division results in 

unrestrained cell replication.  Mutations, such as an increase in proto-onco genes, 

promote tumor growth and inactivation of tumor suppressor genes promote the 

unrestrained proliferation.25 As a consequence, cancer cells become less differentiated 

as they continue to replicate with damaged DNA compared to normal cells. Cancer 

also has the ability to limit or evade apoptosis through loss of function of tumor 

suppressors (i.e. TP53), upregulating and expressing anti-apoptotic regulators, and 
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downregulating pro-apoptotic markers.24 The cancer can also become more 

aggressive and control the microenvironment through production and secretion of 

cytokines and growth factors to activate the surrounding normal cells.  Tumor cells, 

secreting vascular endothelial growth factor (VEGF), stimulate the sprouting and 

proliferation of endothelial cells, but quickly become dysregulated, as the 

continuously remodeled vasculature is leaky with irregular blood flow.26 Such 

vascularization allows oxygen and other nutrients to the malignant site. 

CO has demonstrated its therapeutic ability as an anti-proliferative and pro-

apoptotic signaling agent towards aggressive T cells (that attack or destroy cells or 

tissue), dysregulated hyperproliferative smooth muscle cells, cancer cells, or 

fibroblasts.21 One of the first instances CO was shown to impart such an effect was 

done observed using a hairless mouse model.27 UV light is separated into two types, 

UVA (320-400 nm) and UVB (290-320 nm).  The shorter UV rays, UVB, have been 

implicated in sunburn and erythema, inflammation, systemic and local 

immunosuppression, epidermal DNA damage and the development of skin 

carcinogenesis.27 The longer wavelength UVA radiation, however, was shown to 

impart a dose-dependent protective effect against such inflammation and 

immunosuppression through activation of HO-1.28 Interestingly, photocarcinogensis 

was revealed to be in part due to a photoimmune suppressed state from the UVB 

radiation.29 CO, one of the byproducts of HO-1, which had previously demonstrated 

anti-inflammatory actions20 was used to challenge photocarcinogenesis development 

due to its photoimmunoprotective effects.27 The CO donor, 
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tricarbonyldichlororuthenium (II) dimer (CORM-2) was employed in a DMSO 

solution topically applied as a CO pretreatment prior to controlled exposure to UVB 

radiation.  This experiment revealed the actions of CO as an anti-photocarcinogetic 

molecule in a dose-dependent manner. CO elicited anti-inflammatory actions in 

addition to moderate inhibition of early tumor appearance, and significant reduction 

of average tumor multiplicity.  Further, CO was able to show a reduction in 

established tumors and inhibited the development of malignant and locally invasive 

large tumors.   

In other studies, CO was able to sensitize prostatic cancer cells towards the 

chemotherapeutic Camptothecin up to 1,000-fold over the chemotherapeutic alone.  

This synergistic effect was only experienced with DNA damage-inducing agents.7a 

CO was also able to prevent Doxorubicin-induced death of normal prostatic cells, 

exhibiting selectivity in cell death of cancer and protection of primary cells.7a In a 

human prostate cancer xenograft implanted in mice, CO or doxorubicin were both 

able to exhibit significant tumor growth arrest, but combination therapy also 

demonstrated additive salutary effects involving reduction in tumor size, proliferative 

index, and neovascularization.  In an orthotopic prostate cancer model CO was shown 

to induce greater cell death, compared to mice with tumors treated with air as control.   

One of the potential cellular targets of CO is the mitochondria.30 It is known 

that CO binds to low valent metal centers in the electron transport chain (ETC), 

uncoupling oxidative phosphorylation with varying degrees dependent on CO 

concentration.30 Further, uncoupling the ETC generates reactive oxygen species 
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(ROS) resulting in salutary effects, for example in myocardial protection.31 To 

confirm that the mitochondria were a target, cancer cells were depleted of 

mitochondria (Rho°).  Such cells did not elicit the same pro-apoptotic and anti-

proliferative effects in prostatic cancer cells when treated with CO. The cancer cells 

were also treated with anti-oxidants and similarly, the salutary effects of CO were not 

observed.  These results reveal that the actions of CO are both mitochondrial and 

ROS dependent.  ROS have also been shown to elicit such pro-apoptotic effects from 

other ROS-inducing agents.32 

In a different study, CO was also shown to exhibit potent inhibition of 

pancreatic carcinogenesis. In human pancreatic xenografts, CO treatment exhibited 

reduction in tumor volume, limited tumor neovascularization, and prolonged survival 

in mice.7c It is noteworthy to mention that CO also elicits potent anti-angiogenic 

actions, because CO-releasing compounds may provide an effective way to inhibit 

angiogenesis mediated by growth factors.7b The pro-apoptotic effects of CO are 

selectively prominent toward cancer cells, while protecting normal primary cells 

make CO an ideal candidate for combination cancer therapy in conjunction with a 

DNA-damaging chemotherapeutic.   

Although CO gas can be used in inhalation therapy, the inherent toxicity of 

CO can interfere with oxygen transport. Moreover, the inability of site-specific 

delivery limits the scope of such therapeutic procedure. Application of CO towards 

specific inflammation or cancer sites therefore presents a challenging task. Recently, 

to overcome the problems associated with such delivery, CO donating pro-drugs have 
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been developed which can deliver CO in a more controllable manner. There are two 

broad categories of CO releasing molecules (CORMs), organic or inorganic metal 

carbonyl complexes (MCCs). The organic molecules however do not offer the same 

flexibility in terms of molecular design through diverse chemical functionalization.10 

On the contrary, the metal carbonyl complexes with in-built CO groups, non-toxic 

metal center, and choice of appropriate ligand/coligand, can offer a vast scope of 

tunability to develop the most suitable complex for targeted CO delivery to biological 

systems.33 

 

1.5. CO Releasing Molecules for Therapeutic Applications 

Currently, exogenous CO is administered either in the gaseous form or 

through CO-releasing molecules (CORMs), which have been designed to release CO. 

These CORMs can expel CO systemically as it is broken down in vitro and in 

vivo.10,34,35 The first potential MCC-based CORM employed were [RuCl2(CO)3]2 

(CORM-2), [Mn2(CO)10] (CORM-1), and [Fe(CO)5] (figure 1.4). Interestingly, only 

CORM-2 demonstrated CO release under these conditions, due to ligation of DMSO 

to the ruthenium metal center upon replacement of the CO ligands.36 Ruthenium 

carbonyls developed further in this way due to their rapid CO release with DMSO or 

other thiols in biological media.  The water soluble tricarbonylchloro(glycinato)

ruthenium(II) (CORM-3) was developed subsequently with a CO release half-life of 

~ 1 min (figure 1.4).4 Another CORM, namely ALF186, was also utilized as a CO 

donor in which CO is liberated from molybdenum(0) systemically upon dissolution in 
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normoxic solvents.  It is important to note that this complex does not undergo 

decomposition in the solid state.37  

Utilizing such methodologies to release CO systemically for biological utility 

weas important for global CO delivery, however it is sometimes necessary to increase 

the local concentration of CO at a specific site. Therefore, controllable CO release 

from CORMs is critical.  This control can be achieved either by internal or external 

trigger, such as enzyme degradation in a target location (i.e. ET-CORMs)38, or  

 

Figure 1.4.  The first complexes proposed as first generation CORMs 

(CORM-1, [Fe(CO)5], and CORM-2) and second generation carbonyl complexes for 

systemic CO release (CORM-3 and ALF186). 
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exposure to light illumination.10,34,35 CO release under biocompatible light 

illumination is one way to achieve high local concentrations of CO in any tissue and 

thus would be a viable candidate for biological applications. 

 

1.5.1 Photoactive CO Releasing Molecules for Delivery of CO with Site 

Specificity 

Despite the proven therapeutic effects of CORM-2 and CORM-3 (solvent 

assisted CORMs), considerable aqueous instability resulted in their exclusion from 

clinical development. Systemic CO donors, like CORM-2 and CORM-3, release CO 

in a steady fashion following their administration, a process that can be hardly 

controlled. This inexorability of CO delivery becomes a major issue in many 

biomedical/clinical applications. To circumvent this situation, several groups have 

directed research for alternative triggering mechanism for CO delivery from such 

species. In the past few years, attempts have been made to design and isolate 

photoactive CO-donating molecules (photoCORM) that can be triggered with light of 

specific wavelengths to initiate CO release. 35, 39, 40 The most desirable properties for 

efficient photoCORM include stability (in air and normoxic aqueous/organic media) 

and reasonable photolability at relatively longer wavelengths. Metal carbonyl 

complexes (MCCs) were the first candidates to be employed for light-triggered CO 

delivery because of the vast photochemical research available in the literature.41 The 

CO release and other photochemical processes from ruthenium(II), rhenium(I), 

manganese(I), and iron(I) in addition to other metal MCCs are adequately 
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described.42 The first generation of these photoactive carbonyl complexes used as 

photoCORMs include [Mn2(CO)10] (CORM-1) and [Fe(CO)5], which were stable 

under normoxic conditions and did not exhibit systemic CO release.  Both complexes, 

however, lack solubility in aqueous media and released CO only upon UV light 

irradiation.16,36 These proof-of-concept MCCs showed that CO could be delivered 

from a metal carbonyl complex, and that the CO liberated from these MCCs could 

exhibit most of the effects seen from CO inhalation.16 The first generation 

photoCORMs were not truly suitable for therapeutic use in biological settings due to 

the facts that (a) they require UV illumination for CO release and (b) UV light readily 

causes damage to the tissues. It was realized that the ideal photoCORMs would need 

to meet certain criteria, such as solubility in biological media, stability in such media 

under dark conditions, ability to release CO upon visible light illumination, and must 

have a non-reactive photo-product once CO is released.39,40,43-45 Unfortunately, most 

MCC-based photoCORMs exhibit CO-releasing activity only in the UV and near-UV 

(300–450 nm) region and often lack any absorption in the visible region.39 During the 

past few years, we46-51 and others52-54 have focused on MCC-based photoCORMs that 

exhibit sensitivity toward visible light and deliver CO to biological targets under 

controlled conditions. In particular, we have been interested in photoCORMs that 

exhibit high sensitivity towards visible light in the 500–600 nm range.48,49 

Careful scrutiny of literature reveals that the majority of such metal carbonyls 

can survive only under strict anhydrous, anaerobic environments and require high 

energy UV light to trigger CO photorelease. Therefore, in recent years researchers 
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have attempted to address these issues towards developing photoCORMs with 

potential for therapeutic applications. At an early stage of this research Motterlini and 

co-workers demonstrated CO photorelease from [Mn2(CO)10] and [Fe(CO)5].16,36 

However, significant toxicity associated with these complexes delimited their long-

term applicability within clinical settings.  

Schatzschneider and co-workers reported a new class of photoCORMs based 

on a classical scorpionate ligand frame. For example, one such photoCORM, namely 

[Mn(CO)3(tpm)]+ (figure 1.5, tpm = tris(pyrazolyl)methane), exhibits no spectral 

change while kept in dark, however, irradiation at 365 nm led to CO release, as 

confirmed by a reduced myoglobin assay.55 This complex also demonstrates efficient 

cellular internalization in HT-29 human colon cancer cells and showed significant 

reduction of cell viability in vitro compared to the cells irradiated without this 

complex. Introduction of an ethoxypropargyl group within this ligand frame provided 

the basis for incorporation of various functionalities through Sonogashira coupling or 

“click” reactions. Along this line, Pfeiffer and co-workers developed peptide-

conjugated photoCORMs by exploiting such ethoxypropargyl functionalization.56 

This functionalization was further extended by Dordelmann and co-workers who 

described covalent attachment of [Mn(CO)3(R-tpm)]+ complex to the surface of silica 

nanoparticles.57 Interestingly, such modification did not alter the CO release 

characteristics compared to the discrete carbonyl complex. The presence of targeting 

peptide as well as conjugated silica nanoparticle was expected to impart pro-drug 

specificity and improve internalization through enhanced permeability and retention 
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effect thereby minimizing systemic exposure.  However, requirement of high energy 

UV radiation to trigger CO photorelease in all these conjugates is undoubtedly a 

restraining factor.  Schatzschneider and co-workers also employed phosphine-, 

phosphine oxide-, and phosphine sulfide-based tripodal ligand system to synthesize 

photoCORMs of type [Mn(CO)3(R-tpm)]+.58 In such studies the author described the 

effect of substituents within the tripodal ligand frame on CO release capacity, but lack 

of any absorption in visible region makes such systems unsuitable for phototherapy.   

In a relatively recent account, Kunz and co-workers have synthesized 

manganese-based photoCORM, namely [Mn(CO)3(bmpa)]+ (where bmpa = 

bis(pyridylmethyl)amine) and examined the CO release properties upon illumination. 

Further, the authors developed a ligand frame bearing a polymeric carrier, consisting 

of bmpa ligand functionalized HMPA (HMPA = 2-hydroxypropyl 

methylacrylamide).59 Subsequently, in vitro cellular cytotoxicity of these complexes 

and the polymeric conjugates were assessed in two cell lines, HCT 116 (human colon 

carcinoma) and HepG2 (human hepatoma). However, the toxicity from all these 

species was evident under both dark and irradiated conditions, thereby the role of CO 

in such toxicity remained inconclusive. In addition, requirement of high energy UV 

radiation to induce CO release is again a limiting factor for its clinical applications.  

In pursuit of developing air- and water-stable MCC-based photoCORMs, 

Kodanko and co-workers employed a pentadentate tetrakis(pyridine) ligand frame to 

synthesize [Fe(CO)(N4Py)]2+ complex (figure 1.5) and examined the CO release 

properties in aqueous solution with 365 nm UV excitation.60 Further, the authors 
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assessed the in vitro toxicity of this complex using a PC-3 human prostatic carcinoma 

cell. It was shown that although [Fe(CO)(N4Py)]2+ showed marginal toxicity under 

dark condition, irradiation of a 10 µM solution of this photoCORM caused 

appreciable reduction in cell viability. Other than the requirement of UV radiation, 

this complex also exhibits slow but steady media-assisted CO release with a half-life 

of approximately one day in aerated aqueous solution. These features possess some 

drawbacks in terms of therapeutic applications of such photoCORM as well.  

Among others, Westerhausen and co-workers have reported iron-based water 

soluble photoCORM, [Fe(cysteamine)2(CO)2], which release CO upon irradiation 

with 470 nm light.61 Although no cytotoxicity studies are performed, here the authors 

utilized a typical patch clamp experiments to show the ability of CO delivered from 

this complex towards activation of potassium channels. Thus, this photoCORM may 

have potential for use in other biological experiments.  

The heavier transition metal carbonyls exhibit diverse photophysical and 

photochemical properties, which make them invaluable for a range of applications 

including as photoCORM. In addition to cell restorative effects, certain rhenium(I) 

tricarbonyl-based complexes demonstrated considerable promise towards eradication 

of malignant cells. For example, Knor and co-workers reported carbonyl complexes 

of types, fac-[ReCl(CO)3(α,α’-diimine)] and one such species exhibits selective 

cellular uptake by Caco-2, human colorectral adenocarcinoma cells.62 It is noteworthy 

to mention that these complexes are stable in air and water and apparently show no 

toxicity under dark condition. Our group has also synthesized a luminescent rhenium 
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photoCORM, [Re(CO)3(pbt)(PPh3)]CF3SO3 (figure 1.5) and encapsulated such 

cationic complex within the meso channels of Al-MCM-41 nanoparticles (100 nm 

pore size).63 The CO delivered from this composite material exhibited dose dependent 

eradication of a human breast cancer cell (MDA-MB-231) under low power UV 

illumination. Neither the UV light nor the composite material inflicts any noticeable 

toxicity under dark conditions.  

Taken together, such developments on photoCORMs demonstrate that both 

solubility and sufficient stability under dark conditions are crucial for assessing the 

CO effect in any biological settings. In addition, the photoactivity of such complexes 

at longer wavelength is a critical prerequisite. Requirement of UV light to trigger CO 

photorelease, as found in a vast majority of photoCORMs to date, is less desirable as 

a phototherapeutic, due to both lack of deep tissue penetration and detrimental effects 

on tissues associated with such radiation.  

        

Figure 1.5. Representative examples of first and third row transition metal-based 

photoCORMs towards eradication of various malignant cells. 
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1.5.2 Designed Ligands and Direction of Research 

The necessity for light triggered CO releasing MCCs for biological utility 

described in this thesis required a multitude of ligand frames, mostly bidentate in 

nature, to accommodate the appropriate amount of CO ligand(s) and coligand(s).  

The first task was to understand the mechanism by which CO was 

photoreleased from metal centers, and what type of design strategy would promote 

CO release under visible light illumination.  In order to address this issue, we first 

designed two sets of complexes bearing manganese(I) or ruthenium(II) metal centers, 

discussed in the Prelude of Chapter 2. The ligand designs varied through increased 

conjugation (pimq and qmtpm) and ligands bearing σ-donating heteroatom groups 

(pmtpm and qmtpm, figure 1.6). Both CO release kinetics, as well as theoretical 

calculations, were able to clearly underscore the role of functionalities and groups 

within the organic ligand frame in such complexes towards visible light-induced CO 

release. The type and placement of the coligands around the metal center were also 

critical for such CO release with light in the biocompatible range.  Parts I, II, and III 

delve further into the organic ligand frame design by inclusion of a more π-accepting 

2-phenylazopyridine (azpy) ligand bearing an azo function (figure 1.6).  In addition to 

the placement and electronic nature of the ligands and coligands, the importance of 

choice of the metals has been also scrutinized. It is revealed that the design of 

biocompatible prodrug complexes requires strict attention towards the ligand/ 
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coligand and choice of metal to induce CO release in the visible, near UV, or far UV 

regions.   

 

Figure 1.6. The ligand frames dictating CO photorelease in the visible region, 

Chapter 2. 

 

Chapter 3 elucidates the important design principles required within a ligand 

frame for exceptionally rapid CO release from a photoCORM.  It was hypothesized 

that having the chelating N atoms not as a part of rigid ring systems (e.g., azo group 

in azpy) promotes faster CO release through facile electronic transition from metal to 

ligand π* orbital (figure 1.7). The increased conjugation and exceptional electron 

withdrawing ability of the BIAN established its importance as a ligand, enabling 

access to an efficient CO releasing complex. This design also utilizes the knowledge 

from chapter 2 in selecting the most promising coligand and metal center, in order to 

synthesize the rapid CO releasing complex under the control of light in the 

biocompatible range. Increased conjugation in the ligand frame significantly 

augmented the light harvesting capacity making this complex the most efficient 
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photoCORM to date under visible light illumination, important for biological 

applications requiring high local concentrations of CO. 

 

Figure 1.7.  The evolution of ligand design in Chapter 3. 

 

Trackable CO donation from a designed photoCORMs is examined in Chapter 

4.  The fluorescent signal emerging from deligated ligand from an otherwise non-
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strategy required a fluorescent non-toxic “rigid” ligand frame. The ligands in the 
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with similar framework as the 2,2’α-diimine ligand bipyridine (bpy) (figure 1.8).  The 
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intense blue fluorescence. This complex, therefore, can serve as both diagnostic, with 

the ability to track the pro-drug and CO (drug) loss, and also therapeutic, delivering 

CO to sites of interest.  The complex bears the bidentate pbt ligand frame around 

rhenium(I) metal center.  The combination of the rhenium(I) carbonyl fragment and a 

rigid bidentate ligand framework make this complex luminescent and the presence of 

σ-donating ancillary ligand dictates the dissociation of the ligand with concomitant 

CO loss.   

 

Figure 1.8. The fluorescent ligands incorporated in the design of MCCs for trackable 

CO donation in Chapter 4. 

 

The strategies for designing a metal carbonyl complex, which is non-toxic and 

can exhibit efficient CO release under biocompatible light have all been established in 
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3, 5-triaza-7-phosphaadamantane (PTA) was employed as ancillary ligand to confer 

appreciable water solubility to the complex (figure 1.9).  Such a π-accepting ancillary 

ligand also aided in stabilizing the Mn(I) center upon CO release and resulted in a 

solvento species without complete disintegration of the photoproduct. 

 

Figure 1.9. The designed ligands/coligand employed to synthesize water-soluble 

MCCs for CO donation in Chapter 5. 
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Chapter 2. Synthesis, Structure, and Properties of PhotoCORMs 

derived from 2-phenylazopyridine 

2.1. Prelude to the present research. 

Previous work in the field of CO releasing molecules (CORMs) had indicated 

that the inability to release CO in a site specific manner restricts this gaseous 

molecule to be used therapeutically in locations other than lungs or pulmonary 

system.1,2  As a consequence, research has recently been directed towards site-

specific CO release and/or release of CO which is dependent on an internal or 

external stimuli.  We3-12 and others13-19 have been working towards CO delivery with 

light as an external trigger in our development of photoactive CO releasing molecules 

(photoCORMs).  Such work involved the biologically relevant groups 7 and 8 metal 

centers, namely Mn(I), Ru(II), and Re(I).  Photoactive CO release is heavily 

dependent on the choice of appropriate ligand(s) and co-ligand(s).3,5,9  The first sets of 

complexes were systematically synthesized and studied utilizing the Mn(I) and Ru(II) 

metal centers with various types of unsaturated ligand frames.  Once the experimental 

data was collected, theoretical studies were employed in order to understand their 

photophysical properties.  

During the first phase, density functional theory (DFT) and time-dependent 

density functional theory (TDDFT) were used on the first set of CO-releasing 

manganese(I) complexes.3  Studies were undertaken to understand the nature of the 

electronic transitions namely metal-to-ligand charge transfer (MLCT) transitions that 

experimentally lead to CO loss.  The complexes include manganese(I) centers bearing 
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a bidentate unsaturated ligand frame, three CO ligands in a facial disposition, and 

either an electron donating or accepting ancillary ligand in the sixth position. The 

goal was to correlate the electronic transition energy, and the energy of the molecular 

orbitals (MOs) involved with the wavelength of the most red-shifted absorption 

bands.  The DFT and TDDFT calculations on the second set of complexes focused on 

how the ancillary co-ligands affect the energy of the electronic transitions with 

complexes bearing a Ru(II) center.5  To correlate the difference in energy to the co-

ligand, the same conjugated ligand frame was used in all complexes.  The MO 

energies and transitions were then correlated to the physical absorptivity of the 

complexes. This approach guided the ligand and co-ligand design in order to promote 

CO release at various wavelengths, from the visible to the ultraviolet region.  

Following such smart design principles we identified biocompatible and efficient CO 

photoreleasing complexes for biological utility.  

 

2.1.1. Effect of Ligand Design and Ancillary Ligand Placement on Metal 

Carbonyl Complexes for CO photorelease 

The first strategy in isolating a photoactive CO releasing complex is to 

establish a physical mechanism for CO release.  The ability of CO to bind a low 

valent metal center is heavily dependent on the backbonding, or donation of the 

electron density from the metal t2g orbitals into the π* orbitals of the CO molecule.   

Because CO cannot bind a metal at high oxidation state, we aimed to perturb the 
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metal-CO backbonding through strong electronic re-distribution which would reduce 

the strength of the metal-CO bonding.  

In order to disrupt this backbonding with exposure to light, ligands were 

designed that could accept transient electron density from the low valent metal center 

during an electronic transition through a metal-to-ligand charge transfer (MLCT).  It 

was hypothesized that if electron density were transformed from a metal-based MO to 

a low-lying unsaturated ligand-based π* MO upon photoexcitation, then the extent of 

synergistic metal-CO backbonding would be reduced temporarily and CO could be 

released.  Interestingly the set of complexes of manganese(I) centers with conjugated 

Schiff base type ligand frames only exhibited absorptivity around 350 nm.  

Photoexcitation at this MLCT band did in fact release CO from the complex 

experimentally. Although the observed absorptivity was not truly in the visible 

region, these results confirmed the ability of releasing CO upon exposure to light and 

indicated that the designed metal carbonyl complexes could deliver CO to biological 

targets.  These complexes if used as a “pro-drug” to deliver CO however are required 

to release CO under visible light. In order to design such complexes, further 

understanding of the MLCT transition and the photorelease process was required.  

In our next attempt, ligand frames were systematically altered to elucidate 

how ligand designs could promote a red-shifted MLCT, figure 2.1.  The experimental 

spectroscopic data for the complexes were then compared to determine the effects of 

such alterations.   
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Figure 2.1. Ligands (L) evaluated for metal carbonyl complexes of the type 

[MnBr(CO)3(L)] and [Mn(MeCN)(CO)3(L)]+.   

   

The results of the electronic absorption data showed that increase of 

conjugation through exchange of the pyridine moiety with quinoline functionality 

(increasing from pqa to pmtpm to qmtpm) led to red-shift this MLCT band in 

respective complexes (not shown). The ligand frames were further modified by 

incorporating hetero atoms/electron donating groups such as thioether, which was 

able to induce a slight red-shift, vida infra.  It is important to note that for all such 

complexes, illumination at the respective MLCT band position led to CO 

photorelease. 

The second phase of our smart design approach involved a close scrutiny of 

co-ligands, which also affected the red-shift of the absorption band.  As part of the 

first generation, only two co-ligands were chosen for the sixth position, a weak π-

accepting ligand, acetonitrile (MeCN), and a σ-donating halide ligand, (Br−).  

Interestingly, a significant red-shift was noted when the acetonitrile was replaced with 
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the Br−, figure 2.2.  In order to fully understand how these design strategies led to 

red-shift the MLCT band of these complexes, DFT and TDDFT calculations were 

performed.     

 

 

Figure 2.2. Electronic absorption spectra of [Mn(MeCN)(CO)3(qmtpm)]ClO4 

(red trace), [MnBr(CO)3(qmtpm)] (pink trace), [Mn(MeCN)(CO)3 (pmtpm)]ClO4 

(green trace) and [MnBr(CO)3(pmtpm)] (blue trace) in CHCl3). Reprinted with 

permission from Gonzalez, M. A.; Carrington, S. J.; Fry, N. L.; Martinez, J. L.; 

Mascharak, P. K. Inorg. Chem. 2012, 51, 11930 –11940. Copyright 2012 

American Chemical Society. 

 

 Four complexes, namely [Mn(MeCN)(CO)3(qmtpm)]+, 

[MnBr(CO)3(qmtpm)], [Mn(MeCN)(CO)3(pmtpm)]+, and [MnBr(CO)3(pmtpm)] were 

geometrically optimized from their X-ray coordinates with the aid of PCGamess and 

using the functional B3LYP5.  The optimized structure exhibited comparable bond 
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lengths and angles to those obtained through X-ray diffraction studies.  The 

complexes were then subjected to TDDFT, and the calculated electronic transitions 

were closely examined. 

 The first feature that emerged from these calculations was the nature of the 

MLCT transitions associated with the photobands. Interestingly the transition 

involved an occupied MO with high metal-CO backbonding contribution, 

π(Mn−CO), and an unoccupied MO mostly consisting of a ligand frame π* 

antibonding contribution.  This was noteworthy because all four complexes exhibited 

similar electronic transitions that varied in energy, figure 2.3 and correlated well with 

their actual absorption spectra. Also, complexes exhibit CO release upon exposure to 

visible light.   

Close scrutiny of the MO diagrams revealed slight energy differences in the 

positions of the MOs, unoccupied and occupied, in all complexes.  First, with 

increased conjugation, the energy of the LUMO was decreased, or stabilized, figure 

2.3.  This stabilization was most evident when [MnBr(CO)3(pmtpm)] was compared 

with  [MnBr(CO)3(qmtpm)].The only difference between these two complexes was 

the increased conjugation in the ligand frame, from pyridine to quinoline.  Further, 

addition of a weak π-accepting co-ligand (MeCN) helped to stabilize the energy of 

this LUMO as evident upon the comparison of [MnBr(CO)3(qmtpm)] and 

[Mn(MeCN)(CO)3(qmtpm)]+.  Addition of a σ-donating group (i.e. thioether), seemed 

to slightly destabilize the LUMO, (noticeable in [Mn(MeCN)(CO)3(pimq)]+ and 

[Mn(MeCN)(CO)3(qmtpm)]+). 
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Figure 2.3. Calculated HOMO/LUMO energy diagram of complexes 

[Mn(pimq)(CO)3(MeCN)]+, [Mn(pmtpm)(CO)3Br], [Mn(qmtpm)(CO)3Br], 

[Mn(qmtpm)(CO)3(MeCN)]+ (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). Modified permission from Gonzalez, 

M. A.; Carrington, S. J.; Fry, N. L.; Martinez, J. L.; Mascharak, P. K. Inorg. 

Chem. 2012, 51, 11930 –11940. Copyright 2012 American Chemical Society.  



	   38 

[MnBr(CO)3(qmtpm)]. The only difference between these two complexes was the 

increased conjugation in the ligand frame, from pyridine to quinoline.  Further, 

addition of a weak π-accepting co-ligand (MeCN) helped to stabilize the energy of 

this LUMO as evident upon the comparison of [MnBr(CO)3(qmtpm)] and 

[Mn(MeCN)(CO)3(qmtpm)]+.  Addition of a σ-donating group (i.e. thioether), seemed 

to slightly destabilize the LUMO, (noticeable in [Mn(MeCN)(CO)3(pimq)]+ and 

[Mn(MeCN)(CO)3(qmtpm)]+). 

The occupied orbitals were also carefully examined.  The first noticeable 

difference was the large energy disparity in the occupied MOs, not observed for the 

LUMOs of the four complexes.  The occupied orbitals of complexes with a σ-

donating halide (Br−) ligand in addition to a donating thioether on the ligand frame (in 

case of [MnBr(CO)3(pmtpm)] and [MnBr(CO)3(qmtpm)]) appeared higher in energy, 

or destabilized.  The thioether group in conjunction with a weak π-accepting (MeCN) 

ancillary ligand resulted in a lesser extent of destabilization, apparent in the 

difference between [MnBr(CO)3(qmtpm)] and [Mn(MeCN)(CO)3(qmtpm)]+.  Further, 

if the complex had a ligand frame without a donating group and had a weak π-

accepting (MeCN) ancillary ligand, the complex exhibited no destabilization of the 

occupied MOs.  The red-shift in MLCT, necessary for CO photorelease in the visible 

region, requires that the difference in energy of the electronic transition from the 

occupied to unoccupied MO be relatively low in energy. This can be accomplished 

with increased conjugation in the ligand frame to lower the LUMO, and a σ-donating 
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co-ligand to destabilize the highest occupied MO (HOMO) in addition to the other 

occupied frontier orbitals (HOMO-1, HOMO-2, etc.).   

The complexes with the most red-shifted MLCT, namely 

[MnBr(CO)3(pmtpm)] and [MnBr(CO)3(qmtpm)] had low energy electronic 

transitions consistent with an absorption band in visible region.  This transition 

originated from an occupied MO (HOMO-2) comprised of electron density in the 

π(Mn−CO) and p(Br−) groups and terminated in the LUMO mainly composed of a 

ligand frame π* antibonding orbital.  This would be considered MLCT in addition to 

halide-to-ligand charge transfer (XLCT) transitions.  When the halide was not 

present, the electron density was mostly centered in the π(Mn−CO) and excited to the 

LUMO ligand frame π* antibonding orbital (primarily MLCT).  Although these 

complexes all release CO under “visible light”, the higher energy required for 

[Mn(pimq)(CO)3(MeCN)]+ and [Mn(qmtpm)(CO)3(MeCN)]+ does not make them 

ideal candidates as the most biocompatible photoCORM.  The complex 

[MnBr(CO)3(qmtpm)] which exhibited the most red-shifted MLCT band correlating 

to a lower energy electronic transition, would be a more suitable candidate.  Another 

important aspect of the smart design is the co-ligand.  If the ancillary co-ligand was 

σ-donating, further destabilization of the occupied frontier orbitals was observed.  

Altogether the destabilization of the occupied orbitals and stabilization of the LUMO 

allowed for the low energy transition, leading to the most red-shifted MLCT band.    
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2.1.2. Effect of Ancillary Ligand type and the Number of CO ligands 

The metal carbonyl complexes developed in the second set of CO releasing 

molecules were centered around ruthenium(II).  The metal was employed for its 

stability (more redox inert nature) and biocompatibility.  These new complexes bear 

the most promising ligand, namely qmtpm, in order to promote the greatest red-shift. 

The Ru(II) complexes bearing this ligand frame, however, exhibit a tridentate 

coordination mode instead of bidentate as shown in the previous manganese 

congeners.  The higher affinity of Ru(II) for thiol ligands allowed for the thioether to 

bind at the third coordination site in a meridional fashion.  In order to facilitate an 

MLCT red-shift towards the visible range for the release of CO biocompatibly, the 

three other coordination sites were allowed to bind CO ligands along with appropriate 

co-ligands.  

The Ru(II) complexes synthesized to more fully evaluate the role of the CO 

ligands and ancillary co-ligands ligands were   [RuCl(CO)(PPh3)(qmtpm)]+, 

[RuCl(CO)2(qmtpm)]+, [RuCl(MeCN)(PPh3)(qmtpm)]+,  and 

[RuCl(MeCN)2(PPh3)(qmtpm)]+, as shown in figure 2.4.  With the complexes 

[Ru(Cl)(CO)(qmtpm)(PPh3)]ClO4,  [Ru(Cl)(MeCN)(qmtpm)(PPh3)]BF4 and 

[Ru(MeCN)2(qmtpm)(PPh3)]ClO4, the correlation of MLCT transition energy with π-

accepting or σ-donating ligands was quite evident, figure 2.5.  For example, a 

complex containing both CO, the strongest π-acceptor, and PPh3, another very strong 

π-accepting ligand, was able to blue-shift the photoband significantly. When the 

strong π-acceptors also contain a σ-donating co-ligand such as a halide, Cl−, the 
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complex exhibited a slight red-shift, i.e. [RuCl(CO)(qmtpm)(PPh3)]+.  When this 

complex lost the strong π-accepting CO, and gained a weakly π-accepting MeCN, i.e. 

[RuCl(MeCN)(qmtpm)(PPh3)]+, a redshift of the photoband was observed.  

Replacement of Cl− with an additional MeCN resulted in a blue-shift from the 

previous complex in [Ru(MeCN)2(qmtpm)(PPh3)]2+. 

 

 

Figure 2.4. Structures of cations [Ru(Cl)(CO)(qmtpm)(PPh3)]+
 (2), 

[Ru(Cl)(CO)2(qmtpm)]+
 (3),  [Ru(Cl)(MeCN)(qmtpm)(PPh3)]+

 (4) and 

[Ru(MeCN)2(qmtpm)(PPh3)]2+ (5) utilized in DFT and TDDFT studies. 
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Figure 2.5. Electronic absorption spectra of 2 (black trace), 4 (blue trace), and 5 (red 

trace) in acetonitrile. Reprinted with permission from Gonzalez, M. A.; Carrington, 

S. J.; Chakraborty, I.; Olmstead, M. M.; Mascharak, P. K. Inorg Chem, 2013, 52, 

11320−11331.  Copyright 2013 American Chemical Society.  
 

The electronic transitions of the new set of ruthenium complexes were again 

examined in order to elucidate the process of CO photorelease.  PCGamess was 

employed for DFT optimization from X-ray structural coordinates and TDDFT 

calculations of the electronic transitions.  These transitions were compared with the 

experimental data to acquire insight into the electronic transitions. 

The ruthenium complexes exhibited a color change with simple replacement 

in ancillary ligands which seemed to agree with the design principles established from 

similar Mn(I) complexes, figure 2.6. The observed color of the complexes correlated  
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Figure 2.6.  Calculated HOMO/LUMO energy diagram of the cations of 

[RuCl(CO)(qmtpm)(PPh3)](2), [RuCl(MeCN)(qmtpm)(PPh3)](4) and 

[Ru(MeCN)2(qmtpm)(PPh3)](5). The most prominent MOs involved with under the 

low energy band and their diagrams are shown (left to right). Reprinted with 

permission from Gonzalez, M. A.; Carrington, S. J.; Chakraborty, I.; Olmstead, 

M. M.; Mascharak, P. K. Inorg Chem, 2013, 52, 11320−11331.  Copyright 2013 

American Chemical Society.  
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to the lowest energy electronic transition, which was in fact MLCT in character, 

figure 2.6.  The transition in all cases originated in occupied MOs (HOMO-1 and 

HOMO-2), and are mostly composed of π(Ru−CO) and terminated in an MO mostly 

ligand frame π*-antibonding in character, figure 2.6.  The exception of this MLCT 

character occurred in complex 2 which also exhibited a secondary contribution in the 

occupied orbitals from π(Ru−PPh3) interactions.  The energy differences in electronic 

transitions between analogous complexes were directly dependent on the stabilization 

or destabilization of the MOs involved in such transitions.  The σ-donating Cl− also 

helped to destabilize the occupied MOs.  When the σ-donating halide is replaced by a 

secondary MeCN, the orbitals became more stabilized and decreased in energy.  

 We next sought to look closely at the CO photorelease process in two 

ruthenium cationic carbonyl complexes, namely [RuCl(CO)(qmtpm)(PPh3)]+(2) and 

[RuCl(CO)2(qmtpm)]+(3).  First the electronic absorption spectra of the two 

complexes were examined.  Notably, complex 2 exhibited a red-shifted peak around 

470 nm while complex 3 exhibited only a shoulder near 400 nm as its most red-

shifted band, figure 2.7.  Exposure to UV light (λ ≥ 350 nm) resulted in CO release 

and no CO was released from 3 with visible light illumination.  Slight CO loss was 

observed with 2 under visible light illumination, and much greater CO liberation was 

found with UV light exposure (λ ≥ 350 nm). 

 An assessment of the calculated TDDFT data after optimization revealed that 

the light physically required to release CO in the ruthenium complexes was of much 

higher energy than that required for the manganese complexes.  We therefore 
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examined the energy of the MOs involved in this electronic transition to determine if 

this high-energy requirement could be altered in order to release CO in the visible  

 

Figure 2.7. Electronic absorption spectra of 2 (blue) and 3 (red) in acetonitrile.  

Reprinted with permission from Gonzalez, M. A.; Carrington, S. J.; Chakraborty, 

I.; Olmstead, M. M.; Mascharak, P. K. Inorg Chem, 2013, 52, 11320−11331.  

Copyright 2013 American Chemical Society.  
    

 

region. The first look at the energy diagram revealed that the LUMO in both cases 

was at a very similar in energy, albeit slightly lower in 3, figure 2.8.  Complex 3 

contained two CO ligands in a cis disposition, while 2 had its most stabilizing (π-

accepting) ligands, CO and PPh3, in a trans disposition.  Two π-accepting ligands in a 

trans disposition competed for the same electron density. In the cis position the CO 

ligands were able to draw electron density from the metal without competition, 

providing an increased overall stabilization effect seen in 3.  Next the frontier 

occupied MOs involved in the transition responsible for CO photorelease were 

evaluated.  In 2, the transition for CO labilization began in a combination orbital  
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(HOMO-1 and HOMO-3) in which the competition in π-backbonding between CO 

and PPh3 allowed for some stabilization of the occupied MOs.  These transitions 

finally terminated in the LUMO comprised of mostly ligand based π*-antibonding 

MO.  The electronic transitions between 2 and 3, which are accountable for CO 

release appeared comparable in nature. The geometric placement of the ligands 

however was responsible for the energetic difference between 2 and 3.  The two 

strong π-accepting CO ligands in a cis disposition allowed the ligands to have a 

strong stabilization affect towards the occupied frontier MOs, not observed in 2.  The 

similar transition in both complexes highlights how simple geometric disposition can 

drastically alter the photophysical properties of the complexes.       

 In summary, these two sets of complexes confirmed that the photorelease of 

CO from metal carbonyls was accomplished through judicious combination of 

appropriate ligand frame and ancillary co-ligands.  These complexes can be tuned to 

release CO upon exposure to biocompatible visible light through predictable 

adjustments using smart design principles.   

In the following sections syntheses, structures, spectroscopic properties, and 

light-induced CO release from metal carbonyl complexes derived from the 2-

phenylazopyridine ligand are described.  The 2-phenylazopridine (azpy) ligand 

contains the −N=N−C=N− function with unusual electronic properties. The azo group 

has weak σ-donor ability but profound π-acceptor property by virtue of low-lying azo 

π* antibonding orbital. Therefore, such ligand system is a logical choice to use in 
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order to stabilize the LUMO of the metal carbonyl complexes in low oxidation 

states.20 The pyridinic N atom of azpy ligand is similar in its coordinating properties 

to the 2, 2’-bipyridine type ligands, however, the azo nitrogen induces much stronger 

π-accepting properties than that of the N atoms of 2,2’-bipyridine or similar 

polypyridine ligands.21 It was therefore anticipated that metal carbonyl complexes 

derived from azpy ligand would facilitate the metal-CO bond labilization due to 

considerable electron withdrawal from metal centers and the facile electronic 

transition from a π(metal−CO) occupied orbital into the antibonding orbitals of azpy 

ligand.  
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ABSTRACT: The unusual role of CO as a signaling molecule in several
physiological pathways has spurred research in the area of synthesizing new CO-
releasing molecules (CORMs) as exogenous CO donors. Auxiliary control on
CO delivery can be achieved if CO can be released under the control of light. To
synthesize such photoactive CORMs (photoCORMs) with the aid of smart
design, a series of manganese carbonyls have been synthesized with ligands that
contain extended conjugation and electron-rich donors on their frames. Five such
photoCORMs, namely, [Mn(pimq)(CO)3(MeCN)]ClO4 (1, where pimq = (2-
phenyliminomethyl)quinoline), [Mn(qmtpm)(CO)3(MeCN)]ClO4 (2, where
qmtpm = 2-quinoline-N-(2′-methylthiophenyl) methyleneimine), [Mn(qmtpm)-
(CO)3Br] (3) [Mn(pmtpm)(CO)3(MeCN)]ClO4 (4, where pmtpm = 2-pyridyl-
N-(2′-methylthiophenyl)methyleneimine), and [Mn(pmtpm)(CO)3Br] (5),
have been synthesized and structurally characterized. These designed carbonyls
readily release CO upon exposure to light (400−550 nm). The apparent CO release rates and quantum yield values at 509 nm
(ϕ509) of the photoCORMs increase steadily with rise in conjugation in the ligand frame and inclusion of a −SMe group.
Addition of Br− as an ancillary ligand also improves the CO-donating capacity. Results of density functional theory (DFT) and
time dependent DFT (TDDFT) studies indicate that low energy metal-to-ligand charge transfer (MLCT) transitions from Mn-
CO bonding into ligand-π orbitals lead to reduction of M-CO(π*) back-bonding and loss of CO from these photoCORMs.
Inclusion of −SMe and Br− in the coordination sphere attenuates the energies of the HOMO and LUMO levels and causes
further enhancement of CO photorelease. Collectively, the results of this work demonstrate that new photoCORMs with
excellent sensitivity to visible light can be synthesized on the basis of smart design principles.

■ INTRODUCTION
Carbon monoxide (CO), the once obscure byproduct of heme
catabolism by heme oxygenase (HO), has recently been the
subject of intense scrutiny for its pertinent role in several
physiological pathways.1 Although substrates of CO may not be
as diverse as that of another endogenously produced molecule
nitric oxide (NO), CO has been known to mediate in key
processes including vasorelaxation,2 cell signaling,3 and
antiapoptotic activity.4 In most cases, CO interacts with
heme-containing metalloproteins. For instance, CO-induced
vasodilation proceeds through binding to soluble guanylate
cyclase (sGC) and to heme groups within the network of large
conductance Ca2+-activated potassium channels (BKCa).

2 A
number of CO-dependent signaling processes include inter-
action of CO with mitochondrial cytochromes5 and mitogen
activated protein kinases (MAPK).6 It is within these signaling
cascades that CO imparts its protective action and establishes
itself as a potent cytoprotective agent. Elevated CO levels
concomitant with the induction of the stress protein HO have
been associated with the attenuation of ischemia/reperfusion
injury,7 aid of organ graft survival,8 and modulation of
inflammatory conditions such as lung injury9 and myocardial
infarction.10

The salutary effects of endogenously produced CO have
spurred efforts toward the preparation of exogenous CO
donors to serve as novel therapeutics, as direct application of
CO gas is often quite difficult. During the past few years, the
CO complexes of low valent transition metals (metal
carbonyls) have drawn attention as carbon monoxide releasing
molecules (CORMs) that could serve as CO donors to
biological targets.11 Motterlini and co-workers synthesized the
first in a series of water-soluble CORMs, [Ru(glycinate)-
(CO)3Cl] (often referred to as CORM-3),12 by incorporating a
glycine moiety to a typical Ru starting salt. Similar strategies
were performed in the isolation of amino acid and amino ester-
modified CORMs from group 6 metal centers.13 These
CORMs release CO upon dissolution to aqueous media.
Solvent-assisted CO release was also achieved with the use of
biocompatible pyrone groups and cyanocobalamin scaffolds in
Fe/Mo14 and Re-based15 CORMs, respectively. Variation of
ancillary ligands in the case of tetrachlorocarbonyliridates has
resulted in a modulation of CO donation in aqueous media.16

Our initial work on Fe-based CORMs derived from designed
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polypyridyl ligands have demonstrated the effect of trans
ligands on the rates of CO release, as well as the role of K+-
channels in CO-induced vasodilation.17 Although solvent-
assisted CO release may be a desirable property in some
cases, more control on initiating CO donation is necessary to
achieve managed delivery of this potentially toxic gas.
Metal carbonyls have been known to release CO through

photodissociation. The prototypical CORMs employed in
previous biological assays were commercially available homo-
leptic metal carbonyls such as [Mn2(CO)10]

18 and [Fe-
(CO)5]

19 which released CO upon laser flash photolysis.
Ford and co-workers reported the photochemical reaction of a
water-soluble salt Na3[W(CO)5(TPPTS)] under UV irradi-
ation and dubbed the term “photoCORM” to describe this type
of light-triggered CO releasing compounds.20 The iron
carbonyl [Fe(CO)(N4Py)](ClO4)2, derived from a polypyr-
idine ligand, also exhibits fast CO delivery upon illumination
with UV light.21 Sulfur-based ligands such as cysteamine and
dithiocarbamate derivatives have recently been employed in the
syntheses of photoactive Fe22 and water-soluble Mn23 photo-
CORMs, respectively.
Initial success in isolating photoCORMs has prompted

research in exploring design principles that could provide
ligands suitable for generating photosensitive metal carbonyls as
suitable CO-delivery agents. Recently, a few manganese(I)
tricarbonyl complexes derived from the tripodal ligands
tris(pyrazolyl)methane and tris(imidazolyl)phosphane have
been investigated by Schatzschneider and co-workers.24 These
photoCORMs release CO upon exposure to UV light much
like Na3[W(CO)5(TPPTS)] and [Fe(CO)(N4Py)](ClO4)2.
We have utilized a series of tridentate polypyridine ligands with
varying degree of conjugation to better understand the design
principles that promote CO release from the subset of
photoCORMs of the composition fac-[MnI(L)(CO)3] (L =
tridentate ligands).25 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, thus generating photoCORMs more
sensitive to light in the more desirable visible range. The
carbonyl [Mn(pqa)(CO)3]ClO4 (where pqa = (2-
pyridylmethyl)(2-quinolylmethyl)amine) which features both
a pyridine and quinoline moiety (Figure 1), exhibits a strong

absorption band with λmax 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, λmax = 330 nm) which comprises only pyridine donors
in the otherwise similar ligand frame. Since the affinity of CO
toward metals in low oxidation state arises predominantly from
backbonding of electrons from the metal center to the π* 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 employed in the present
work are shown in Figure 1. We herein report the syntheses,
structures, and photochemical parameters of [Mn(pimq)-
(CO) 3 (MeCN) ]C lO 4 ( 1 , w h e r e p imq = ( 2 -
p h e n y l im i n ome t h y l ) q u i n o l i n e ) , [Mn (qm t pm) -
(CO)3(MeCN)]ClO4 (2, where qmtpm =2-quinoline-N-(2′-
methylthiophenyl) methyleneimine), [Mn(qmtpm)(CO)3Br]
(3) [Mn(pmtpm)(CO)3(MeCN)]ClO4 (4, where pmtpm =2-
pyridyl-N-(2′-methylthiophenyl)methyleneimine), and [Mn-
(pmtpm)(CO)3Br] (5). The systematic changes in the ligand
frame has afforded progressive red shift of the absorption band
maximum from 390 nm (for 4) to 535 nm (for 3) 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.

■ EXPERIMENTAL SECTION
General Procedures. All experimental manipulations were

performed under anaerobic conditions using standard Schlenk
techniques and under limited light conditions. Manganese pentacar-
bonyl bromide ([Mn(CO)5Br]) was purchased from Alfa Aesar. The
ligands 2-pyridyl-N-(2′-methylthiophenyl)methyleneimine (pmtpm)26

and 2-quinoline-N-(2′-methylthiophenyl) methyleneimine (qmtpm)27

and the starting salt, fac-[Mn(CO)3(MeCN)3](ClO4)
28 were synthe-

sized 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.29 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), δ (ppm from 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 (1). 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 1 afforded red blade-like

Figure 1. Structures of the ligands.
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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, λmax (nm) [(ε (M−1

cm−1)]: 430 (3200), 345 (12 760), 260 (27 330). Selected IR
frequencies (KBr disk, cm−1): 2044 (s, νCO), 1970 (s, νCO), 1947 (s,
νCO), 1593 (m), 1515 (m), 1374 (w), 1092 (s,νClO4), 837 (w), 750
(m), 623 (s), 529 (w). 1H NMR (CD3CN, 500 MHz), δ (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 (2). 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 2 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 2. 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, λmax (nm) [ε
(M−1 cm−1)]: 435 (3 680), 335 (10 400), 260 (33 670). Selected IR
frequencies (KBr disk, cm−1): 2046 (s, νCO), 1943 (s, νCO), 1516 (w),
1438 (w), 1094 (s, νClO4), 822 (w), 750 (w), 623 (m). 1H NMR
(CD3CN, 500 MHz), δ (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] (3). 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 3 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, λmax (nm) [ε (M−1 cm−1)]: 535 (2
235), 335 (9 050), 255 (26 710). Selected IR frequencies (KBr disk,
cm−1): 2022 (s, νCO), 1920 (s, νCO), 1514 (w), 1434 (w), 1262 (s,
νClO4), 828 (w), 752 (w), 680 (w).

[Mn(pmtpm)(CO)3(MeCN)]ClO4 (4). This complex was synthe-
sized by following the procedure that afforded 2 (as described above).
A batch of 0.148 g of pmtpm (0.65 mmol) and 0.236 g (0.65 mmol) of
[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
4. 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, λmax (nm) [ε (M−1 cm−1)]: 390 (3 620), 270 (17 000).
Selected IR frequencies (KBr disk, cm−1): 2042 (s, νCO), 1945 (s,
νCO), 1592 (w), 1470 (w), 1437 (w), 1307 (w), 1091 (s νClO4), 768
(m) 623 (m). 1H NMR (CD3CN, 500 MHz), δ (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] (5). This complex was synthesized by
following the procedure that afforded 3 (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 5 as an orange powder. Slow
diffusion of pentane into a CH2Cl2 solution of 5 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, λmax (nm) [ε (M−1 cm−1)]:
500 (2 530), 380 (2 280), 315 (5 800), 285 (11 260). Selected IR
frequencies (KBr disk, cm−1): 2023 (s, νCO), 1934 (s, νCO), 1607 (w),
1468 (w), 1303 (w), 775 (w) 680 (w), 627 (w) 514 (w).

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 experi-
ments, a Newport Oriel Apex Illuminator (150 W 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 (ϕ509).

30 Samples of 1−5 were prepared under dim

Table 1. Summary of Crystal Data, Intensity Collection, and Refinement Parameters for [Mn(pimq)(CO)3(MeCN)]ClO4 (1),
[Mn(qmtpm)(CO)3(MeCN)]ClO4 (2), [Mn(qmtpm)(CO)3Br] (3), [Mn(pmtpm)(CO)3(MeCN)]ClO4 (4), and
[Mn(pmtpm)(CO)3Br] (5)

1 2 3 4 5

empirical formula C21H15ClMnN3O7 C22H17ClMnN3O7S C20H14BrMnN2O3S C18H12ClMnN3O7S C16H12BrMnN2O3S
FW. 511.75 557.85 497.24 504.77 447.19
cryst color red blades red orange blades red blades orange blades red blades
T 296(2) 298(2) 296(2) 296(2) 296(2)
cryst syst monoclinic monoclinic monoclinic triclinic triclinic
space grp C2/c C2/c P2(1)/n P1̅ P1 ̅
a (Å) 17.3321(6) 31.8928(8) 10.0170(8) 8.8047(6) 7.7145(6)
b (Å) 22.4429(8) 14.0999(4) 11.5945(10) 11.2528(8) 8.9929(6)
c (Å) 13.2943(5) 23.2818(6) 17.2755(14) 12.1033(8) 13.6094(10)
α (deg) 90 90 90 70.3630(10) 93.7460(10)
β (deg) 118.27 112.23 100.0900(10) 77.1640(10) 95.5470(10)
γ (deg) 90 90 90 88.6080(10) 106.1690(10)
V (Å3) 4554.5(3) 9691.1(4) 1975.4(3) 1099.54(13) 898.36(11)
Z 8 16 4 2 2
dcal (g/cm

3) 1.493 1.529 1.672 1.525 1.653
μ (mm−1) 0.744 0.789 2.820 0.861 3.090
GOFa on F2 1.052 1.057 1.026 1.059 1.018
final R indices R1 = 0.0482 R1 = 0.0460 R1 = 0.0295 R1 = 0.0430 R1 = 0.0353
[I > 2σ(I)] wR2 = 0.1439 wR2 = 0.1223 wR2 = 0.0642 wR2 = 0.1193 wR2 = 0.0644
R indicesb R1 = 0.0609 R1 = 0.0703 R1= 0.0451 R1 = 0.0545 R1 = 0.0670
all datac wR2 = 0.1567 wR2 = 0.1380 wR2 = 0.0704 wR2 = 0.1288 wR2 = 0.0731

aGOF = [∑[w(Fo
2 − Fc

2)2]/(No − Nv)]
1/2 (No = number of observations, Nv = number of variables). bR1 = ∑||Fo| − |Fc||/∑|Fo|.

cwR2 = [(∑w(Fo
2

− Fc
2)2/∑|Fo|2)]1/2 .
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light conditions and placed in 2 × 10 mm quartz cuvettes positioned 2
cm away from the light source.
Because of differences in solubilities, the quantum yields (ϕ) of CO

release for 1, 2, and 4 were measured in MeCN (1.10 mM), while that
of 3 and 5 were measured in tetrahydrofuran (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 1−5 were
monitored along the 2 mm path.
The apparent rates of photolysis were monitored at an appropriate

wavelength for each carbonyl, and the absorbance versus time plots
were fitted to a 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 carbonyl.
X-ray Crystallography. Diffraction data for 1−5 were collected at

296 K on a Bruker APEX-II instrument using monochromated Mo−
Kα radiation (λ = 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 (Supporting
Information). Crystal data, instrument and data collection parameters
are summarized in Table 1. Selected bond distances and angles are
listed in Table 2.
DFT and TDDFT Calculations. Density functional theory (DFT)

and time dependent density functional theory (TDDFT) studies were
executed with PC-GAMESS program31 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-ζ basis set with polarization was used for
Br while for all other atoms, the 6-31G* basis set was employed with

Valence Double-ζ polarization (VDZP). The X-ray crystal structure
coordinates of complexes (1−5) 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 1−5 at their B3YLP-optimized geometries using
TDDFT. For these calculations the 40 lowest energy electronic
excitations were calculated for each compound, and solvent effects
were added using the Polarized Continuum Model (PCM)32 using
EtOH and THF as the solvents for the cationic and neutral species,
respectively. The calculated molecular orbitals were visualized using
MacMolPlt.

■ RESULTS AND DISCUSSION
To promote CO photorelease from our designed photo-
CORMs through metal-to-ligand charge transfer (MLCT)
transitions, we have introduced conjugated ring systems in
addition to imine functionality in the ligand frames of the
present work. Out of the set 1−5, 1 contains the ligand pimq
(Figure 1) 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 2
and 4 is derived from the potentially tridentate ligands qmtpm
and pmtpm which includes a thioether moiety on the phenyl
part of the ligand. The reasons for this inclusion are 2-fold.
First, it is expected to add electron density to the π-frame of the
ligand and second, it could bind to the Mn(I) center33 and
promote further CO release upon illumination. In addition, a
pyridine donor in pmtpm (in complex 4) has been replaced
with a more-conjugated quinoline donor in qmtpm (in complex
2) for enhanced absorptions in the visible range. Finally, in the
subset consisting of 3 and 5, a Br− ligand replaces the

Table 2. Selected bond Distances (Å) and Angles (deg) for 1−5
1 2 3 4 5

Mn−N1 2.126(2) 2.120(2) 2.106(2) 2.054(2) 2.054(2)
Mn−N2 2.053(2) 2.063(3) 2.059(2) 2.069(2) 2.049(2)
Mn−N3 2.015(2) 2.013(3) 2.019(3)
Mn−Br 2.5366(6) 2.5338(5)
Mn−C1 1.819(3) 1.810(4) 1.800(4) 1.810(3) 1.802(3)
Mn−C2 1.834(3) 1.831(4) 1.804(3) 1.803(3) 1.806(3)
Mn−C3 1.801(3) 1.803(4) 1.790(4) 1.801(3) 1.781(4)
C1−O1 1.139(3) 1.132(4) 1.149(4) 1.142(4) 1.148(3)
C2−O2 1.131(4) 1.134(4) 1.148(4) 1.150(4) 1.148(3)
C3−O3 1.136(4) 1.145(4) 1.146(4) 1.141(4) 1.148(4)

C1−Mn−N1 171.95(10) 169.99(14) 172.74(12) 173.86(12) 174.35(12)
C2−Mn−N2 175.85(12) 173.15(14) 170.35(12) 172.02(13) 171.15(12)
C3−Mn−N3 177.11(12) 176.07(14) 176.31(11)
C1−Mn−C2 87.02(12) 86.82(18) 86.11(14) 88.96(16) 89.87(14)
C1−Mn−C3 87.56(14) 91.09(17) 89.42(15) 90.14(15) 88.92(14)
C1−Mn−N2 93.94(10) 91.75(15) 94.18(12) 95.77(12) 97.25(11)
C1−Mn−N3 94.28(11) 91.68(15) 93.41(13)
C2−Mn−C3 87.51(15) 87.95(18) 89.48(14) 89.17(15) 91.25(14)
C2−Mn−N1 101.03(11) 102.79(14) 101.07(12) 97.05(13) 94.12(12)
C2−Mn−N3 94.80(12) 89.43(14) 89.88(13)
C3−Mn−N1 92.61(12) 92.62(13) 91.68(12) 88.66(11) 94.98(12)
C3−Mn−N2 88.50(12) 98.73(14) 100.17(12) 97.23(11) 94.14(11)
Mn−C1−O1 177.4(3) 179.9(4) 175.1(3) 177.0(3) 176.9(3)
Mn−C2−O2 174.7(3) 173.8(4) 174.4(3) 177.9(4) 178.6(3)
Mn−C3−O3 177.2(3) 174.6(4) 174.9(3) 177.2(3) 176.0(3)
C1−Mn−Br 91.31(11) 88.55(10)
C2−Mn−Br 84.81(10) 86.97(10)
C3−Mn−Br 174.18(10) 176.91(10)

Inorganic Chemistry Article

dx.doi.org/10.1021/ic3018216 | Inorg. Chem. 2012, 51, 11930−1194011933



	   56 

	  

	  

	  

acetonitrile ligand. Introduction of this donor is intended to
provide electron density to the Mn(I) center via σ-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.
Treatment of fac-[Mn(CO)3(MeCN)]ClO4 with pimq or

qmtpm in CHCl3 under refluxing conditions afforded the
cationic species [Mn(L)(CO)3(MeCN)]+, where L = pimq (1)
or qmtpm (2). 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] (3, Figure 4). A similar trend
was also observed with the less conjugated ligand pmtpm,
wherein reaction with fac-[Mn(CO)3(MeCN)]ClO4 or Mn-
(CO)5Br generated compounds 4 and 5, 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 π-acceptor ligands.31 We suspect that
the rigid framework of the conjugated ligands of Figure 1 does
not allow binding in the facial orientation and hence
replacement of the MeCN or Br− ligand was not achieved in
2−5. 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
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.
The IR spectra of carbonyls 1−5 exhibit two strong bands in

the carbonyl region (Supporting Information), a pattern
consistent with known fac-Mn(I) tricarbonyl complexes.34 In
the case the MeCN-adducts 1, 2, and 4, the first νCO stretch
appears as a sharp peak at 2042−2044 cm−1 pertaining to the
axial CO ligand. The second broad νCO 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 3 and 5, a similar pattern is
observed, albeit slight shift to lower frequencies. The first sharp
νCO stretch appears at 2020 cm−1 followed by the broad νCO
stretch at 1920−1934 cm−1.
Compounds 1−5 are diamagnetic in the solid state and in

solutions. The S = 0 state of the compounds is readily
evidenced by their clean NMR spectra. An example is shown in
Figure 2. In this spectrum of 2 ligation of the qmtpm ligand to
the Mn(I) center is indicated by the downfield shift of the
imine proton (from 8.73 ppm in the free ligand) to 8.97 ppm.
The aromatic protons spread over 7.30−9.00 ppm while the
-SMe resonance of qmtpm remains unchanged and appears at
2.52 ppm.

Structures of the Complexes. The structures of the three
MeCN-bound cationic carbonyls 1, 2, and 4 are discussed first.
The cations of these carbonyls all adopt a similar motif wherein
the designed ligands pimq (in 1), qmtpm (in 2), and pmtpm
(in 4) are coordinated in a bidentate fashion. The structures of
1 and 2 are shown in Figures 3 and 4 respectively while the

Figure 2. 1H NMR (500 MHz) spectrum of [Mn(qmtpm)(CO)3(MeCN)](ClO4) (2) in CD3CN (1.50−9.50 ppm range).

Figure 3. Thermal ellipsoid (probability level 50%) plot of
[Mn(pimq)(CO)3(MeCN)]+ (cation of 1) with select atom labeling.
H atoms have been omitted for clarity.
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structure of 4 is included in the Supporting Information, Figure
S1. Three facially coordinated CO ligands force the bidentate
ligands and MeCN to occupy different planes in the slightly
distorted octahedral geometry. The Mn(I)-Nimine bond
distances of 1 and 2 (2.053(2) and 2.063(3) Å respectively)
are similar to such distances noted in other Mn(I) tricarbonyls
featuring bidentate diimine ligands.35 Also, the Mn(I)-Nquinoline
bond lengths for 1 and 2 (2.126(2) and 2.120(2) Å) compare
well with Mn(I) complexes derived from quinoline-containing
ligands.36 These distances are however longer than the Mn(I)-
Npy bond distance in 4 (2.054(2) Å) and confirm the superior
coordinating ability of the pyridine N of the pmtpm ligand. In 2
(and 4, Supporting Information, Figure S1), the thioether
moiety is not coordinated despite the possibility of binding the
metal center through displacement of a proximal CO (Figure
4). This presumably arises from the relatively low π-accepting
capacity of the thioether S donor compared to CO.

The structure of the neutral carbonyl [Mn(qmtpm)-
(CO)3Br] (3) (shown in Figure 5) is very similar to that of

2 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
3, 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)] [N,N,N-dapa = 2,6-diacetylpyr-
idine-bis(aniline)].37 The structure of the analogous neutral
carbonyl [Mn(pmtpm)(CO)3Br] (5) has been included in the
Supporting Information, Figure S2.

Electronic Spectra and CO Release in Solution. The
electronic absorption spectra of compounds 1−5 have been
recorded in MeCN, THF, and CHCl3. A plot of the respective
absorption maxima of 2−5 (solution in CHCl3) in the visible
region is shown in Figure 6. 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 shif t of the absorption maximum of 2 (435
nm) compared to that of 4 (390 nm). Replacement of the
MeCN ligand with the σ-donating Br− ligand results in further
red shif t of λmax of 3 and 5 to 535 and 500 nm, respectively.
Carbonyls 1 and 2 exhibit similar absorption profiles
(Supporting Information, Figure S3). with bands centered at
∼435, 335, and 265 nm. However, the addition of the −SMe
group on the ligand frame leads to moderate increase in the
extinction coefficient of 2 compared to 1.
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).
Although solutions of 1, 2, and 4 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 2
upon illumination with 509 nm monochromatic light (5mW)
are shown in Figure 7. Clean isosbestic points 500, 400, and
335 nm confirm that CO loss does not proceed via
decomposition. Likewise, THF solutions of 3 and 5 exhibit

Figure 4. Thermal ellipsoid (probability level 50%) plot of
[Mn(qmtpm)(CO)3(MeCN)]+ (cation of 2) with select atom
labeling. H atoms have been omitted for clarity.

Figure 5. Thermal ellipsoid (probability level 50%) plot of
[Mn(qmtpm)(CO)3Br] (3) with select atom labeling. H atoms have
been omitted for clarity.

Figure 6. Electronic absorption spectra of [Mn(qmtpm)-
(CO)3(MeCN)]ClO4 (2, red trace), [Mn(qmtpm)(CO)3Br] (3,
pink trace), [Mn(pmtpm)(CO)3(MeCN)]ClO4 (4, green trace), and
[Mn(pmtpm)(CO)3Br] (5, blue trace) in CHCl3.
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stability in the dark, and CO release is only triggered upon
illumination with 509 nm light with isosbestic points for 3 at
415 and 290 nm (Supporting Information, Figure S4).
Light-induced CO release of compounds 1−5 has been

investigated by a modified myoglobin assay. In a typical
experiment, MeCN or THF solutions of 1−5 were degassed
and subsequently irradiated with a broadband light source fitted
with a 400 nm cutoff filter. The resulting solution was flushed
with N2 gas, and the photogenerated CO was transferred 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.38 In all cases,
shift in the Soret band from 435 to 424 nm confirmed the
formation of CO-Mb under anaerobic conditions (Figure 7
Inset). Because CO release takes place only upon light
irradiation, it is evident that 1−5 comprise an ef fective 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 co-workers 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.20 In our work, we have also noted that the exact
amount of CO release from the photoCORMs upon
illumination is quite difficult to quantify because of 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 1−5 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
aerobic conditions.39 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 1−5 in the present study .
The CO release capacities of 1−5 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 (Supporting Information,
Figure S4). The apparent rates of CO photorelease (kCO) and
the quantum yield values at 509 nm (ϕ509) for 1−5 are shown
in Table 3. The kCO values of 1, 2, and 4 were measured in

CH3CN, while those of 3 and 5 were obtained with THF
solutions because of differences in solubility. As evident from
Table 3, with increased conjugation in the ligand frame (going
from 4 to 2), the kCO value increases from 1.1 × 10−3 ± 0.1 to
2.0 × 10−3 ± 0.1 s−1. In addition, replacement of MeCN with
Br− (going from 2 to 3) leads to a significant increase in the
kCO value (from 2.0 × 10−3 ± 0.1 to 2.6 × 10−3 ± 0.1 s−1). The
effect(s) of incorporating the −SMe group on the ligand frame
is evident in the kCO and ϕ509 values of 1 and 2. The electron-
rich S center enhances the ϕ509 value of 2 (0.208 ± 0.010)
compared to 1 (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.25 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 2−5, it is not immediately evident why
such modification of the ligand frames (as shown in Figure 1)
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 2−5 (compared to 1).

DFT and TDDFT Calculations. DFT and TDDFT
calculations were utilized to obtain the optimized geometries,
molecular orbital electron densities, and calculated electronic
transitions for 1−5 to understand how the structural features of
these photoCORMs correlate with their capacities of CO
photorelease. The DFT optimized structures of 1−5 show
good agreement with the bond lengths and bond angles
observed in the corresponding crystal structure of each
complex. Such data for 2, 3, and 5 are listed in Table 4 while
the rest (for 1 and 4) are included in Supporting Information,
Table S1. 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 5. For

Figure 7. Changes in the electronic absorption spectrum of
[Mn(qmtpm)(CO)3(MeCN)](ClO4) (2) in MeCN upon exposure
to monochromatic light (λ = 509 nm, 5mW). Inset: Formation of CO-
Mb with light induced CO release from 2 in 100 mM phosphate buffer
(pH 7.4).

Table 3. Apparent Rates of CO Release (kCO) and Associated
Quantum Yield Values at 509 nm (ϕ509) of 1−5

compound
apparent rate (s−1)

(concentration = 1.10 mM) quantum yield

1 (solv:
MeCN)

1.4 × 10−3 ± 0.1 0.130 ± 0.010

2 (solv:
MeCN)

2.0 × 10−3 ± 0.1 0.208 ± 0.010

3 (solv: THF) 2.6 × 10−3 ± 0.1 0.370 ± 0.010
4 (solv:
MeCN)

1.1 × 10−3 ± 0.1 0.116 ± 0.010

5 (solv: THF) 2.1 × 10−3 ± 0.1 0.340 ± 0.010
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1, 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
1. In case of 2, 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 3 while the
390 nm experimental band of 4 corresponds to HOMO→
LUMO (484 nm), HOMO-2→LUMO (372 nm), and

HOMO-4→LUMO (346 nm) transitions. And finally, the
experimental band at 500 nm of 5 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. A complete list of transitions can be found in
Supporting Information, Table S2.

Table 4. Selected Bond Distances (Å) and Angles (deg) of 2, 3, and 5 along with Optimized DFT Bond Distances and Bond
Angles for Comparison

complex 2 complex 3 complex 5

X-ray DFT X-ray DFT X-ray DFT

Mn−N1 2.120(2) 2.163 2.106(2) 2.166 2.054(2) 2.095
Mn−N2 2.063(3) 2.093 2.059(2) 2.088 2.049(2) 2.071
Mn−N3 2.013(3) 2.045
Mn−Br 2.536(6) 2.586 2.5338(5) 2.581
Mn−C1 1.810(4) 1.831 1.800(4) 1.820 1.802(3) 1.828
Mn−C2 1.831(4) 1.823 1.804(3) 1.824 1.806(3) 1.820
Mn−C3 1.803(4) 1.852 1.790(4) 1.804 1.781(4) 1.803
C1−Mn−C2 86.82(18) 89.07 86.11(14) 88.12 89.87(14) 91.09
C1−Mn−C3 91.09(17) 97.25 89.42(15) 92.47 88.92(14) 91.69
C1−Mn−N2 91.75(15) 92.05 94.18(12) 93.25 97.25(11) 96.23
C1−Mn−N3 91.68(15) 90.05
C2−Mn−C3 87.95(18) 96.14 89.48(14) 92.81 91.25(14) 93.07
C2−Mn−N1 102.79(14) 99.21 101.07(12) 100.18 94.12(12) 93.75
C2−Mn−N3 89.43(14) 85.77
C3−Mn−N1 92.62(13) 84.85 91.68(12) 91.04 94.98(12) 94.45
C3−Mn−N2 98.73(14) 94.14 100.17(12) 100.16 94.14(11) 94.50
C1−Mn−Br 91.31(11) 89.97 88.55(10) 87.40
C2−Mn−Br 84.81(10) 82.30 86.97(10) 85.68

Table 5. Energies (E, nm) and Oscillator Strengths ( f) of the Calculated (TDDFT) Electronic Transitions with the Molecular
Orbitals Involved with Each Transitiona

energy (nm) oscillator strength ( f) transitions

[Mn(pimq)(CO)3(MeCN)]+ (1)
431.98 0.0259762 π(Q)-π(Ph)-π(MnCO)→π(Q)-π(SB)[HOMO→LUMO]
406.74 0.0573702 π(Q)-π(Ph)-dxz(Mn)→π(Q)-π(SB)[HOMO-1→LUMO]
388.95 0.0307494 π(MnCO)-π(Ph)→π(Q)-π(SB)[HOMO-2→LUMO]

[Mn(qmtpm)(CO)3(MeCN)]+ (2)
533.21 0.0450962 π(PhS) →π(Q)-π(SB)[HOMO→LUMO]
459.29 0.0122483 π(MnCO)-π(Q)→π(Q)-π(SB)[HOMO-1→LUMO]
432.41 0.0189162 π(MnCO)-π(Q)→π(Q)-π(SB)[HOMO-2/HOMO-3→LUMO]
417.86 0.0334093 π(MnCO)-π(Q)→π(Q)-π(SB)[HOMO-2→LUMO]

[Mn(qmtpm)(CO)3Br] (3)
520.47 0.0046467 π(PhS)→π(Q)-π(SB)[HOMO→LUMO]
484.31 0.0166749 p(Br)-π(MnCO)→π(Q)-π(SB)[HOMO-1→LUMO]
460.92 0.0533586 p(Br)-π(MnCO)→π(Q)-π(SB)[HOMO-2→LUMO]

[Mn(pmtpm)(CO)3(MeCN)]+ (4)
484.60 0.0301023 π(PhS)→π(Pyr)−π(SB)[HOMO→LUMO]
372.72 0.0491039 π(MnCO)→π(Pyr)−π(SB)[HOMO-2→LUMO]
346.30 0.0606618 π(MnCO)-π(PhS)→π(Pyr)−π(SB)[HOMO-4→LUMO]

[Mn(pmtpm)(CO)3Br] (5)
491.25 0.0061503 π(PhS)→π(Pyr)-π(SB)[HOMO→LUMO]
446.20 0.0241548 π(MnCO)-p(Br)→π(Pyr)-π(SB)[HOMO-2→LUMO]

aOrbitals with greater contributions listed first. Only transitions with energies corresponding to the lowest energy absorption band observed
experimentally for each complex are shown.
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The molecular orbital (MO) energy diagram, shown in
Figure 8, displays the compositions of the three lowest
occupied MOs and the LUMO of 1, 2, 3, and 5. 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 composed of the
imine functionality and pyridine or quinoline ring. These
MLCT transitions therefore shift electron density from the
metal center to the ligand π frame, an event that is expected to
curb the affinity of the Mn center toward CO (because of loss
of π-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 5 to 3, the change

of the pyridine ring to more conjugated quinoline lowers the
LUMO level and moves the λmax 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 3 and 5 (both these MOs
include contribution from Br−, Table 5) compared to the
MeCN-bound carbonyls. As a consequence, the MLCT
transitions in the visible range are all red-shifted (Figure 8).
This finding explains the red shift of these two photoCORMs
(535 and 500 nm respectively) compared to 1 (430 nm), 2
(435 nm), and 4 (390 nm).
Although the −SMe group on the ligand frame does not

participate in coordination in 2−5, the HOMO of each of these
carbonyls is composed of orbitals belonging to the phenyl ring

Figure 8. Calculated HOMO/LUMO energy diagram of complexes 1, 5, 3, and 2 (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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and the sulfur atom (Figure 8). Thus the HOMO→LUMO
transition is an intraligand 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 1 lowers the energy of the HOMO (consisting
mostly of π(Ph) and π(Q) character) and leads to a slight blue
shift of the low energy band (430 nm) compared to the
analogous carbonyl 2 with −SMe unit on the ligand frame (435
nm). In addition, inclusion of the −SMe unit on the ligand
frame enhances both the apparent rate of CO release and the
ϕ509 value of 2 compared to 1 (Table 3). 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 2−5 presumably through higher
absorption of light in the visible region.
Taken together, the results of the theoretical calculations

qualitatively 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 π-frame of the ligand could lead to
scission of the Mn-CO bond(s) in the present photoCORMs
1−5 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 α-diimine ligands.40 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 (1−5) toward the visible light. More
rigorous theoretical studies to establish the details of the
mechanism of CO dissociation arising from the MLCT
transition(s) are in progress in this laboratory.

■ SUMMARY AND CONCLUSIONS
The following are the summary and conclusions of this work.
(1) Five structurally related Mn(I) carbonyls 1−5 have been

synthesized with a set of Schiff base ligands that contain
pyridine and quinoline donors. The extent of conjugation has
been systematically varied in these ligand frames. In addition,
the effects of an electron-rich −SMe group on the ligand frame
and an ancillary Br− ligand in the coordination sphere have also
been examined.
(2) The structures of the carbonyls indicate that the −SMe

group does not bind the Mn(I) center in the equatorial plane
because of its inability to replace a bound CO ligand. In
addition to three facially ligated CO ligands, a MeCN or Br− is
also present.
(3) Although stable in the dark, solutions of all five carbonyls

(in MeCN, MeOH, THF, or CHCl3) rapidly release CO upon
exposure to low power (5−15 mW) visible light (400−550
nm). These designed carbonyls could therefore be used as
photoCORMs. The apparent rates of CO photorelease and
quantum yield values at 509 nm (ϕ509) increase linearly with
increase in conjugation in the ligand frame. Replacement of
MeCN with Br− causes a significant red shift of the low energy
band. Inclusion of the −SMe group on the ligand frame

enhances both the apparent rate of CO release and the ϕ509
value.
(4) Results of density functional theory (DFT) and time

dependent DFT (TDDFT) studies support the design principle
that “transfer of electron density from the Mn(I) center to π
orbitals of the ligand frame through MLCT transitions could
curb the affinity of the metal center toward CO (requiring
strong back bonding)”. The calculated MO energy diagram also
display proper alterations in the energy of the HOMO and
LUMO levels upon inclusion of −SMe group and the Br−

ligand that lead to enhanced CO photolability of the respective
photoCORMs.
(5) The excellent CO-releasing capacities of 1−5 and their

sensitivity to visible light strongly support the design principles
employed in the present work and provide further incentive
toward isolation of new photoCORMs with predictable
properties.
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ABSTRACT: One monocarbonyl and one dicarbonyl complex of
ruthenium(II), namely, [Ru(Cl)(CO)(qmtpm)(PPh3)]BF4 (2)
and [Ru(Cl)(CO)2(qmtpm)]ClO4 (3), derived from the
tridentate ligand 2-quinoline-N-(2′-methylthiophenyl)-
methyleneimine (qmtpm) have been synthesized and structurally
characterized. The qmtpm ligand binds in a meridional fashion in
these carbonyl complexes, and in 3, the two carbon monoxide
(CO) ligands are cis to each other. Solutions of 2 in ethanol,
chloroform, or acetonitrile rapidly release CO upon illumination
with low-power (3−15 mW) light in the 300−450 nm range. Loss
of CO from 2 brings about a dramatic color change from yellow
to magenta because of the formation of [Ru(Cl)(MeCN)-
(qmtpm)(PPh3)]BF4 (4). In acetonitrile, photorelease of CO
from 3 under 360 nm light occurs in two steps, and the violet photoproduct [Ru(Cl)(MeCN)2(qmtpm)]

+ upon reaction with
Ag+ and PPh3 affords red [Ru(MeCN)2(qmtpm)(PPh3)](ClO4)2 (5). The structure of 5 has also been determined by X-ray
crystallography. Reduced myoglobin assay confirms that 2 and 3 act as photoactive CO-releasing molecules (photoCORMs) that
deliver 1 and 2 equiv of CO, respectively. The results of density functional theory (DFT) and time-dependent DFT studies
confirm that electronic transitions from molecular orbitals with predominantly Ru−CO character to ligand-based π* orbitals
facilitate CO release from these two photoCORMs. Complexes 2−5 have provided an additional opportunity to analyze the roles
of the ancillary ligands, namely, PPh3, Cl

−, and MeCN, in shifting the positions of the metal-to-ligand charge-transfer bands and
the associated sensitivity of the two photoCORMs to different wavelengths of light. Collectively, the results provide helpful hints
toward the future design of photoCORMs that release CO upon exposure to visible light.

■ INTRODUCTION
Carbon monoxide (CO) is endogenously produced during the
breakdown of heme proteins by either inducible or constitutive
forms of the enzyme heme oxygenase (HO).1 Although the
details of HO action has been known for some time, CO was
initially dismissed as a metabolic waste product. Focus on the
anti-inflammatory properties of the bile pigments biliverdin and
bilirubin2 (generated in the later stages of heme catabolism)
has, however, led to important insights regarding HO activity in
anti-inflammatory responses. It was not until the past decade
that the role of endogenously produced CO was reassessed and
implicated in physiological processes such as vasodilation,3

antiapoptotic activity,4 and cell signaling.5 CO mediates cell
protection by interacting with heme-containing metalloproteins
in stress response pathways, thus earning its reputation as a
cytoprotective agent. For instance, inhibition of mitochondrial
cytochrome c by both exogenously and endogenously produced
CO has been found to precondition neuronal cells against
apoptosis.6 Indeed, increased CO levels associated with HO

upregulation has been noted in cases of ischemia/reperfusion
injury,7 aid of organ graft survival,8 modulation of inflammatory
conditions such as lung injury,9 and myocardial infarction.10

While exogenous CO gas application has shown promise in
animal models of transplantation,11 site-specific delivery of this
toxic gas is imperative to effectively induce the benefits of CO-
mediated protection and to circumvent toxicity associated with
asphyxiation. In recent years, CO complexes bearing low-valent
metal centers have been studied as photoactive CO-releasing
molecules (photoCORMs) because of the inherent photo-
sensitivity of metal carbonyl complexes.12,13 The initial
photoCORMs reported underwent UV-light-triggered CO
release because metal−CO bonds typically require high
energies for dissociation owing to strong back-bonding
interactions. For example, near-UV photolysis of the water-
soluble salt Na3[W(CO)5(TPPTS)] [TPPTS = tris-
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(sulfonatophenyl)phosphine trianion] resulted in 1.2−1.6 mol
of CO per molecule of CORM released.14 The presence of CO
groups in the autoxidation product suggests that not all metal−
CO bonds are labilized. Similarly, UV light was required for CO
delivery from the iron carbonyl complex [Fe(CO)(N4Py)]-
(ClO4)2 [N4Py = pentadentate tetrakis(pyridine) ligand].15 A
particular subset of photoCORMs consists of fac-manganese(I)
tricarbonyl complexes, wherein a low-valent manganese center
is stabilized by a tripodal ligand and three CO groups.
Schatzschneider and co-workers reported [Mn(CO)3(tpm)]-
PF6, the first in this series,16 and have since expanded their set
of tripodal ligands to include imidazole moieties and their
derivatives.17 For this subgroup of photoCORMs, exhaustive
UV photolysis affords three CO ligands per molecule and a
bridged μ-OMnIII compound as the final photoproduct.18

We have been interested in the nature of electronic
transition(s) in metal carbonyl complexes that promotes CO
photolability in the visible and near-infrared (NIR) region. As
part of such effort, we have recently demonstrated that, for
manganese(I) tricarbonyl complexes of the composition fac-
[Mn(L)(CO)3] (L = tridentate ligands), increased conjugation
in the ligand frame L results in a systematic increase in the
absorptivity of the corresponding complexes in the longer-
wavelength region.19 For example, the carbonyl complex fac-
[Mn(pqa)(CO)3]ClO4 [where pqa = (2-pyridylmethyl)(2-
quinolylmethyl)amine], which features both pyridine and
quinoline moieties (Figure 2) in the ligand frame, exhibits a
strong absorption band with λmax at 360 nm, while fac-
[Mn(dpa)(CO)3]ClO4 [where dpa = N ,N -b is(2-
pyridylmethyl)amine, the same ligand frame with two pyridine
moieties] displays a weaker band at 350 nm. In another study,
we have ut i l i zed the l igand 2-qu ino l ine -N - (2 ′ -
methylthiophenyl)methyleneimine (qmtpm; Figure 1) to

investigate the influence of both a thioether moiety and an
imine functionality on the absorption characteristics of the
resulting fac-[Mn(L)(CO)3] complexes. The low affinity of the
MnI center toward thioether donors, however, resulted in the
bidentate mode of coordination of qmtpm to the MnI center in
the resulting carbonyl complexes. Nevertheless, the two
carbonyl complexes fac-[Mn(qmtpm)(MeCN)(CO)3]ClO4
(Figure 2) and fac-[Mn(Br)(qmtpm)(CO)3] exhibit strong
metal-to-ligand charge-transfer (MLCT) bands at 435 and 535
nm, respectively, and photorelease CO upon illumination in the

visible region.20 The results of density functional theory (DFT)
studies reveal that inclusion of an −SMe group on the qmtpm
frame and a σ-donating Br− ligand leads to enhanced CO
photolability by promoting MLCT interactions that weaken the
affinity of the metal center toward CO in these photoCORMs.
Although photoCORMs like fac-[Mn(pqa)(CO)3]ClO4 are

quite stable in biologically relevant media, complexes like fac-
[Mn(Br)(qmtpm)(CO)3] exhibit lower stability because of the
bidentate mode of coordination of the qmtpm ligand (Figure
2). The rigidity arising from inclusion of the imine functionality
in the ligand frame does not allow the thioether group to
participate in coordination in the fac-manganese(I) tricarbonyl
complexes derived from qmtpm. As part of our effort to
establish ligand design strategies for the isolation of photo-
CORMs, we now report the syntheses, structures, and
photochemical properties of the two stable ruthenium(II)
carbonyl complexes derived from qmtpm in which the ligand
coordinates in a tridentate fashion. Carbonylation of [Ru-
(Cl)2(qmtpm)(PPh3)] (1) in ethanol in the presence of Ag+

ion yields the monocarbonyl complex [Ru(Cl)(CO)(qmtpm)-
(PPh3)]BF4 (2), while reaction of [Ru(Cl)2(CO)3)]2 with
qmptm in boiling methanol affords the dicarbonyl complex
[Ru(Cl)(CO)2(qmtpm)]ClO4 (3) in high yield. In both of
these complexes, the qmtpm ligand binds in a meridional
fashion, and in 3, the two CO ligands are cis to each other.
Complete photolysis of 2 in coordinating solvents such as
acetonitrile yields one CO per molecule and forms the solvato
species [Ru(Cl)(MeCN)(qmtpm)(PPh3)]BF4 (4), which upon
reaction with AgClO4 in acetonitrile affords [Ru-
(MeCN)2(qmtpm)(PPh3)](ClO4)2 (5). The structures of 2,
3, and 5 are reported in this account. In addition, DFT and
time-dependent DFT (TDDFT) calculations have been
performed to examine the role of MLCT transitions in
metal−CO bond labilization in 2 and 3. The results described
below strongly suggest that electronic transitions from
molecular orbitals (MOs) with predominantly Ru−CO
character to ligand-based π* orbitals facilitate CO release
from these two photoCORMs.

■ 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]

21 and the l igand 2-quinol ine-N -(2 ′ -
methylthiophenyl)methyleneimine (qmtpm)22 were synthesized fol-
lowing literature 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.

[Ru(Cl)2(qmtpm)(PPh3)] (1). A batch of 0.741 g (0.77 mmol) of
[Ru(Cl)2(PPh3)3] and 0.221 g (0.77 mmol) of qmtpm were 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 from the solution. The solid was filtered and washed several
times with diethyl ether. After thorough drying, this procedure
afforded 1 in analytically pure form (also confirmed by its IR, NMR,
and electronic absorption spectra (EAS) spectra). Yield: 510 mg
(93%). Anal. Calcd for C35H29N2RuCl2SP: C, 58.98; H, 4.10; N, 3.93.
Found: C, 58.83; H, 4.20; N, 3.91. Selected IR frequencies (KBr disk,
cm−1): 1615 (w), 1593 (w), 1519 (m), 1481 (m), 1434 (m), 1090
(m), 827 (w), 787 (w), 753 (m), 697 (s), 525 (s). EAS [CH2Cl2; λmax,
nm (ε, M−1 cm−1)]: 280 (19226), 355 (17630), 615 (4235). 1H NMR
(CDCl3, 500 MHz, TMS): δ 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).

Figure 1. Structures of the ligands.

Figure 2. Structures of the MnI photoCORMs.
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[Ru(Cl)(CO)(qmtpm)(PPh3)]BF4 (2). A slurry of 0.122 g (0.17
mmol) of 1 in 15 mL of ethanol was treated with 1.1 equiv of AgBF4
(0.037g, 0.19 mmol) to obtain a magenta solution, which was degassed
by a 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 a period of 15 min, during which the color
changed from purple to brown and a solid precipitated from the
solution. The brown solid was collected by filtration and washed
several times with diethyl ether. Yield: 80 mg (59%). Anal. Calcd for
C36H29N2RuClBF4OSP: C, 53.51; H, 3.62; N, 3.47. Found: C, 53.57;
H, 3.60; N, 3.39. Selected IR frequencies (KBr disk, cm−1): 2028 (vs,
νCO), 1637 (w), 1516 (w), 1480 (w), 1436 (m), 1084 (s, νBF4), 839
(w), 759 (m), 748 (m), 698 (m), 520 (m). EAS [CH2Cl2; λmax, nm (ε,
M−1 cm−1)]: 292 (15900), 370 (14350), 465 (5310). 1H NMR
(CDCl3, 500 MHz, TMS): δ 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 (3). 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 the qmtpm ligand in 10 mL of methanol was added to a hot
solution of [Ru(Cl)2(CO)3]2. The resulting red-orange solution was
heated to reflux under a 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, during which complex 3 precipitated
from the solution as an orange-yellow solid. Yield: 112 mg (60%).
Anal. Calcd for C19H14N2RuCl2O6S: C, 40.01; H, 2.47; N, 4.91.
Found: C, 40.10; H, 2.48; N, 4.88. Selected IR frequencies (KBr disk,
cm−1): 2086 (s, νCO), 2038 (s, νCO), 1634 (w), 1514 (w), 1434 (w),
1296 (w), 1121 (m), 1083 (s, νClO4

), 825 (w), 759 (w), 623 (w), 505
(w). EAS [acetonitrile; λmax, nm (ε, M−1 cm−1)]: 252 (25350), 275
(25700), 385 (25100), 405 (sh, 20770). 1H NMR (CD3CN, 500
MHz, TMS): δ 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).

[Ru(MeCN)2(qmtpm)(PPh3)](ClO4)2 (5). To a batch of 0.051 g (0.71
mmol) of 1 in 8 mL of acetonitrile was added 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 5 suitable for X-ray diffraction. Yield: 40 mg
(61%). Anal. Calcd for C39H35N4RuCl2O8SP: C, 50.76; H, 3.82; N,
6.07. Found: C, 50.72; H, 3.91; N, 6.06. Selected IR frequencies (KBr
disk, cm−1): 1618 (w), 1592 (w), 1435 (w), 1094 (s, νClO4

), 757 (w),
698 (w), 623 (m), 530 (m). EAS [CH3CN; λmax, nm (ε, M−1 cm−1)]:
270 (17125), 310 (14240), 368 (15500), 495 (5400). 1H NMR
(CD3CN, 500 MHz, TMS): δ 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).

Physical Measurements. 1H NMR spectra were recorded at 298
K on a Varian Unity Inova 500 MHz instrument. A Perkin-Elmer
Spectrum One Fourier transform infrared sepctrometer was utilized to
monitor the IR spectra of the compounds. Electronic absorption
spectrometry (EAS) spectra were obtained on a Varian Cary 50
spectrophotometer. Room temperature magnetic susceptibility meas-
urements were performed with a Johnson Matthey magnetic
susceptibility balance.

Photolysis Experiments. For continuous-wave photolysis experi-
ments, the light source was an IL-410 illuminator (Electro FiberOptics
Corp.) equipped with various light filters. The power of the incident
light was measured with a Field MaxII-TO laser power meter (from
Coherent, Portland, OR). The rates of CO photorelease were
measured by recording the EAS spectra of 2 and 3 in acetonitrile
and ethanol (both 0.25 mM, 1.4 mL) and monitoring either the loss of
absorbance at 460 nm (for 2) or the rise in absorbance of the 565-nm
charge-transfer band (for 3) of samples exposed to light at definite
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 rates
of CO loss (kCO) were calculated from the ln(C) versus time (T) plot
for each compound.

The quantum yield (ϕ) values of CO release were determined by
using a Newport Oriel Apex Illuminator (150 W xenon lamp)

Table 1. Summary of Crystal Data, Intensity Collection, and Refinement Parameters for 2·H2O, 3, and 5

2 3 5

empirical formula C36H31BClF4N2O2PRuS C19H14Cl2N2O6RuS C39H35Cl2N4O8PRuS
fw 809.99 570.35 922.71
cryst color brown plates yellow plates red blocks
cryst size (mm3) 0.44 × 0.26 × 0.07 0.40 × 0.30 × 0.08 0.12 × 0.11 × 0.04
temperature (K) 90(2) 296(2) 296(2)
wavelength (Å) 0.71073 0.71073 0.71073
cryst syst orthorhombic monoclinic triclinic
space group P212121 P21/c P1̅
a (Å) 9.824(2) 13.8529(6) 11.4409(18)
b (Å) 15.179(3) 9.3341(4) 11.936(2)
c (Å) 23.333(6) 16.2461(7) 16.993(3)
α (deg) 90.00 90.00 79.84(2)
β (deg) 90.00 95.6850(10) 84.16(2)
γ (deg) 90.00 90.00 70.16(2)
V (Å3) 3479.4(13) 2090.36(16) 2146.4(6)
Z 4 4 2
dcalcd (g/cm

3) 1.546 1.812 1.428
μ (mm−1) 0.691 1.146 0.629
GOFa on F2 1.149 1.041 1.114
final R indices [I > 2σ(I)]b R1 = 0.0291, wR2 = 0.0689 R1 = 0.0326, wR2 = 0.0697 R1 = 0.0641, wR2 = 0.1889
R indices (all data)c R1 = 0.0321, wR2 = 0.0711 R1 = 0.0510, wR2 = 0.0779 R1 = 0.0940, wR2 = 0.2072

aGOF = [∑w(|Fo|2 − |Fc|2)2/(No − Nv)]
1/2 (No = number of observations; Nv = number of variables). bR1 = ∑||Fo| − |Fc||/∑|Fo|.

cwR2 = [(∑w(|
Fo|2 − |Fc|2)2/∑w|Fo|2)] 1/2.
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equipped with an Oriel 1/8m Cornerstone monochromator. Standard
ferrioxalate actinometry23 was used to determine the quantum yields at
436 nm (for 2) and 392 nm (for 3). Solutions of 2 and 3 were
prepared under dim-light conditions and placed in a 2 mm × 10 mm
quartz cuvette, 2 cm away from the light source. Solutions were
prepared to ensure sufficient absorbance (>90%) at the irradiation
wavelength, and changes in the EAS spectra in the 460 and 565 nm
regions (<10% photolysis) were used to determine the extent of CO
release.
Myoglobin Assay. Horse heart myoglobin was dissolved in

phosphate-buffered saline (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). Because sodium dithionite
is known to facilitate the release of CO,24 an apparatus was
constructed using two quartz cuvettes. In the first cuvette under
anaerobic conditions, the photoactive complexes were exposed to light
evolving CO into the headspace. The photogenerated CO was then
transferred into the second cuvette containing the reduced Mb
solution via a cannula by a positive pressure of N2(g), and the
absorbance was taken after 5 min to ensure complete capture of the
photoreleased CO. Conversion of Mb to carbonyl myoglobin (Mb-
CO) was monitored at defined time intervals. A shift in λmax from 435
to 424 nm was noted in each case because of 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 the amount of CO released by each compound.
X-ray Crystallography. X-ray-quality crystals of brown plates of 2

were grown by diffusion of pentane into a dilute solution of the
complex in dichloromethane. Yellow plates of 3 were obtained by
diffusion of toluene into an acetonitrile solution. Diffraction data were
collected on a Bruker APEX-II instrument using monochromated Mo
Kα radiation (λ = 0.71073 A). The data for 2 were collected at 90 K,
while for 3 and 5, the data collection temperature was 296 K. All data
were corrected for absorption, and the structures were solved by direct
methods using the SHELXTL (1995−1999) software package (Bruker
Analytical X-ray Systems Inc.). Additional refinement details are
contained in the CIF files (Supporting Information). Crystal data,
instrument, and data collection parameters are summarized in Table 1.
Selected bond distances and angles are listed in Table 2.
DFT and TDDFT Calculations. DFT and TDDFT studies were

executed with the PC-GAMESS program25 using the hybrid functional
PBE0. DFT calculations were carried out using the double-ζ basis set
6-31G* for all atoms except ruthenium, for which the quasi-relativistic
Stüttgart−Dresden effective core potential was implemented. The X-
ray crystal structure coordinates of complexes 2, 3, and 5 were used as
a starting point for the gas-phase geometry optimization. Electronic
transition energies and oscillator strengths were then calculated for 2−
5 at their PBE0-optimized geometries using TDDFT. For each
compound, the 20 lowest-energy electronic excitations were calculated
and the solvent effect was added using the polarized continuum
model26 and ethanol as the solvent. The calculated MOs were
visualized with the aid of MacMolPlt.27

■ SYNTHESES AND INTERCONVERSIONS
The reaction of [Ru(Cl)2(PPh3)3] with qmtpm in toluene at
refluxing temperature afforded 1 in good yield. 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 RuII center in 1. In free qmtpm, the −SMe signal is noted at
2.52 ppm. Integration of the proton resonances indicates the
presence of one PPh3 ligand, while the other two coordination
positions are occupied by the two Cl− ligands. We have
tentatively assigned a cis disposition to the two Cl− ligands in 1
on the basis of the crystal structure of the related complex
[Ru(Cl)2(pmtpm)(PPh3)] [where pmtpm = 2-pyridyl-N-(2′-
methylthiophenyl)methyleneimine].28

In the present work, complex 1 was synthesized for its
potential use as the starting material for mono- and dicarbonyl
species. However, attempts to replace the Cl− ligands of 1 with
CO led to very different results depending on the solvent. For
example, in acetonitrile, heating with 1 equiv of AgBF4
generated the magenta complex 4 (Scheme 1). The further
addition of 1 equiv of AgBF4 afforded the red complex
[Ru(MeCN)2(qmtpm)(PPh3)]

2+ (Scheme 1), which has been
structurally characterized as the perchlorate salt 5. Bubbling of
CO gas to such solutions did not yield either the monocarbonyl
complex 2 or [Ru(CO)2(qmtpm)(PPh3)]

2+, the expected
dicarbonyl species. In contrast, the treatment of 1 with Ag+

salts in boiling ethanol followed by passage of a steady stream
of CO gas at room temperature led to the replacement of one
Cl−, as evidenced by formation of the brown monocarbonyl

Table 2. Selected Bond Distances (Å) and Angles (deg) for
2, 3, and 5

2 3 5

Ru−N1 2.1633(18) 2.1305(19) 2.155(5)
Ru−N2 2.0190(19) 2.060(2) 2.017(2)
Ru−S1 2.3166(6) 2.3357(7) 2.3137(18)
Ru−C1 1.923(2) 1.903(3)
Ru−C2 1.890(3)
Ru−P1 2.4719(7) 2.3485(19)
Ru−Cl1 2.4352(6) 2.4176(7)
Ru−N4 2.056(6)
Ru−N3 2.087(6)
C1−O1 1.127(3) 1.137(3)
C2−O2 1.130(3)

C1−Ru−P1 175.70(6)
Cl1−Ru−P1 90.27(2)
Cl1−Ru−N2 176.11(5) 86.21(6)
N1−Ru−S1 163.22(5) 161.32(6) 162.87(15)
C1−Ru−S1 92.31(7) 93.45(8)
C1−Ru−N2 93.44(8) 171.24(10)
C2−Ru−S1 95.99(8)
C1−Ru−C2 94.71(11)
N2−Ru−S1 84.75(5) 83.96(6) 85.29(15)
N2−Ru−N1 78.48(7) 78.13(8) 77.9(2)
Cl1−Ru−C2 179.13(8)
Cl1−Ru−C1 85.58(6) 85.22(8)
Cl1−Ru−N1 105.25(5) 88.64(6)
Cl1−Ru−S1 91.53(2) 84.88(2)
P1−Ru−N3 176.21(16)
N4−Ru−N2 176.4(2)
P1−Ru−N2 90.63(5) 91.92(15)
P1−Ru−N1 92.88(5) 94.12(14)
P1−Ru−S1 86.67(2) 89.89(7)
N1−Ru−N4 104.7(2)
C1−Ru−N1 89.30(8) 103.47(10)
N1−Ru−C2 90.53(9)
N2−Ru−C2 93.89(10)
N1−Ru−N3 84.5(2)
N2−Ru−N3 91.2(2)
N3−Ru−S1 92.46(16)
N4−Ru−S1 91.89(17)
N4−Ru−P1 90.24(16)
N4−Ru−N3 86.7(2)
Ru−C1−O1 173.7(2) 173.4(32)
Ru−C2−O2 175.6(2)
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complex 2 (Scheme 1). It is important to note that even in
ethanol only one Cl− can be exchanged with CO. Collectively,
these reactions indicate that acetonitrile is a better donor for
the RuII center, and any replacement of the Cl− ligand of 1 with
CO is possible only in hot ethanol. The affinity of the RuII

center toward acetonitrile is further indicated by the
quantitative formation of 5 upon reaction of 2 with 1 equiv
of Ag+ salts in hot acetonitrile (Scheme 1).
Success in the isolation of the dicarbonyl complex cis-3 was

achieved when [Ru(Cl)2(CO)3]2 was employed as the starting
salt. In a boiling methanolic solution, the chloro-bridged
dimeric carbonyl was allowed to react with qmtpm to afford 3
(as a perchlorate salt) in good yield (eq 1). The reaction
presumably proceeds through the solvent-assisted bridge
cleavage of [Ru(Cl)2(CO)3]2,

29 followed by coordination of
qmtpm to the RuII center. Interestingly, the reaction of the
dicarbonyl precursor cis-[Ru(Cl)2(CO)2(PPh3)2]

21 with
qmtpm in solvents such as methanol, toluene, chloroform,
and acetonitrile did not afford 3.

+

⎯ →⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯ 3

[Ru(Cl) (CO) ] qmtpm

[Ru(Cl)(CO) (qmtpm)]ClO ( )

2 3 2

(b) NaClO

(a) MeOH, heat
2 4

4 (1)

Structures of the Complexes. 2. The structure of the
cation of 2 is shown in Figure 3, and selected metric parameters
are listed in Table 2. The ruthenium center in this carbonyl
complex resides in an octahedral environment, with the qmtpm
ligand coordinated in a meridional fashion. The bulky

triphenylphosphine is axially positioned trans to the CO ligand,
while Cl− occupies the remaining site, in the same plane as
qmtpm. Interestingly, this particular orientation of the ancillary
ligands (PPh3 and Cl) relative to CO in 2 has been noted in
another ruthenium monocarbonyl complex [Ru(Cl)(CO)-
(terpy)(PPh3)]PF6, which features the planar tridentate
2,2′:6′,2″-terpyridine (terpy) ligand.30 The Ru−P bond length
at 2.4719(7) Å in 2 is slightly longer than those noted in other
ruthenium(II) phosphinecarbonyl complexes such as [Ru(Cl)-
(CO)(PPh3)(H-pybox)]BF4 [where H-pybox = 2,6-bis-
(dihydrooxazolin-2′-yl)pyridine; Ru−P = 2.311(3) Å]31 and
[RuCl(CO)(NN′N)(PPh3)]OTf [where NN′N = 2,6-bis-
[(dimethylamino)methyl]pyridine; Ru−P = 2.2384(2) Å].32

This lengthening of the Ru−P bond is expected because, unlike
these latter carbonyl complexes, the PPh3 ligand is trans to CO
in 2. The short Ru−C(O) bond distance [1.923(2) Å] and the
almost linear Ru−C(O) bond angle are both typical of
ruthenium(II) phosphinecarbonyl complexes.30,31

3. The structure of the cation of 3 is shown in Figure 4, and
the selected structural parameters are listed in Table 2. Here

again the qmtpm ligand is bound to the RuII center in a
meridional fashion. The two bound CO molecules are cis to
each other, while one Cl− ligand occupies an axial site. The
Ru−Cl bond distances in 2 and 3 are similar [2.4352(6) Å vs
2.4176(7) Å] regardless of their coordination with respect to
the imine nitrogen atom of qmtpm (in 2) versus CO (in 3).
The Ru−C(O) bond distances in 3 are almost identical
[1.903(3) and 1.890(3) Å], suggesting a uniform extent of
back-bonding between the CO ligands and the metal center.
Such Ru−C(O) bond lengths and the linearity of the
corresponding bond angles (∠O2−C2−Ru1: 175.6°) have
been observed in other cis-ruthenium(II) dicarbonyl complexes
such as [Ru(CO)2(mnt-κ

2SS′)(terpy-κ2NN′)] (where mnt-

Scheme 1

Figure 3. Thermal ellipsoid (50% probability level) plot of
[Ru(Cl)(CO)(qmtpm)(PPh3)]

+ (cation of 2) with the atom-labeling
scheme. Hydrogen atoms have been omitted for the sake of clarity.

Figure 4. Thermal ellipsoid (50% probability level) plot of
[Ru(Cl)(CO)2(qmtpm)]+ (cation of 3) with the atom-labeling
scheme. Hydrogen atoms have been omitted for the sake of clarity.
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κ2SS′ = maleonitriledithiolate and terpy-κ2NN′ = 2,2′:6′,2″-
terpyridine).33

5. The structure of the cation of 5 (shown in Figure 5)
reveals meridional binding of the qmtpm ligand to the RuII

center of this complex. Two MeCN molecules (cis to each
other) and a PPh3 ligand complete the octahedral coordination
around the RuII center. Much like in 2, the triphenylphosphine
ligand is perpendicular to the qmtpm plane. The Ru−P bond

length at 2.3485(19) Å (Table 2) falls in the range of known
ruthenium(II) triphenylphosphine complexes.31,32 The Ru−
Nacn (acn = acetonitrile) bond lengths of 4 [2.056(6) and
2.087(6) Å] are slightly longer than those observed in other
ruthenium bis(acetonitrile) complexes such as [Ru(Cl)-
(MeCN)2)(L)(PPh3)]Cl [where L = 2-(2-pyridyl)-
benzothiazole; Ru−Nacn = 1.97(13) and 2.01(12) Å].34

Spectroscopic Properties. All of the ruthenium complexes
reported herein are diamagnetic in the solid state and in
solution, as evidenced by their clean 1H NMR spectra. For
example, the 1H NMR spectrum of 2 in CDCl3 is shown in
Figure 6. Ligation of the thioether end of the qmtpm ligand to
the RuII center is confirmed by the downfield shift of the SCH3
signal from 2.52 ppm in the free ligand to 3.08 and 2.90 ppm in
2 and 5, respectively. Interestingly, 3 exhibits two resonances
for the SCH3 unit (3.02 and 3.14 ppm) presumably because of
two distinct orientations of this group with respect to the planar
qmtpm ligand in solution. In its Fourier transform infrared
spectrum, 2 exhibits one strong νCO band at 2028 cm−1, similar
to [Ru(Cl)(CO)(terpy)(PPh3)]PF6.

30 As expected, the dicar-
bonyl complex 3 displays two strong νCO bands at 2086 and
2038 cm−1.31,33

The EAS spectra of 2, 4, and 5 all exhibit one strong MLCT
band in the visible region (Figure 7). These signature spectra
allow one to readily identify the products of interconversions
outlined in Scheme 1. For example, when 2 is heated in
acetonitrile in the presence of AgClO4, formation of 5 is readily
evidenced by a shift of the absorption maximum of the 460 nm
band to 495 nm. Similarly, loss of CO from 2 in acetonitrile

Figure 5. Thermal ellipsoid (50% probability level) plot of
[Ru(MeCN)2(qmtpm)(PPh3)]

+ (cation of 5) with the atom-labeling
scheme. Hydrogen atoms have been omitted for the sake of clarity.

Figure 6. Partial (7−10 ppm) 1H NMR (500 MHz) spectrum of 2 in CDCl3 at 298 K. The resonances of the 11 protons of the qmtpm ligand are
spread out in the 7.4−10 ppm region, while peaks for the PPh3 protons appear between 7 and 7.3 ppm. Inset: Resonance of the −SMe at 3.08 ppm.
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upon illumination (vide infra) leads to a shift of λmax from 465
to 535 nm, indicating formation of 4. It is interesting to note
that the typical blue (for 1), magenta (for 4), or red (for 5)
colors of the RuIIqmtpm complexes are lost upon coordination
of one or two CO ligand(s). For example, coordination of one
CO to 1 changes the deep-blue color (λmax = 610 nm) to
orange-yellow (λmax = 460 nm; Figure 5). Likewise, 3 with two
bound CO ligands exhibits its λmax at 385 nm (yellow). As
described in a forthcoming section, DFT studies have provided
insight into such changes in the MLCT bands of these
complexes.
Photorelease of CO in Solution. When a solution of 2 in

ethanol or chloroform is kept in the dark, no change is noted
with time. However, solutions of 2 in acetonitrile show small
changes in its absorption spectrum over hours because of the
slow replacement of CO with acetonitrile. The strong affinity of
acetonitrile toward RuII centers as well as the strong trans-
labilizing effect of the PPh3 ligand promotes such CO loss. This
behavior has also been reported for [Ru(Cl)(CO)(terpy)-
(PPh3)]PF6 under similar conditions.

30 As expected, 3 with no
PPh3 ligand is indefinitely stable in acetonitrile. Quite in
contrast to these behaviors, exposure to light brings about rapid
changes in the absorption spectra of 2 and 3. When solutions of
2 or 3 in ethanol or acetonitrile are exposed to 350−500 nm
light, the absorption spectrum undergoes rapid changes because
of photorelease of CO, as evidenced by reduced myoglobin
assay (Figure S2, Supporting Information). Changes in the
absorption spectrum of 2 in acetonitrile upon exposure to 365
nm light are shown in Figure 8. Careful inspection of the
spectra reveals that 2 is quantitatively converted to 4 (eq 2)

within 60 min with no apparent decomposition, as evidenced
by clean isosbestic points at 490, 400, 380, and 355 nm.Data
from myoglobin assay confirm that 2 delivers 1 equiv of CO
under such illumination (eq 2). The apparent first-order rate
constant of CO release kCO from 2 is faster in acetonitrile than
that in ethanol, and the kCO values change with the wavelength
of light. For example, in acetonitrile, 2 exhibits kCO values of
0.065 ± 0.001 and 0.0063 ± 0.0002 min−1 with visible light

(power = 15 mW/cm2) with cutoff filters at λ ≥ 380 nm and λ
≥ 440 nm, respectively. In ethanol, the kCO values drop to
0.031 ± 0.001 and 0.0032 ± 0.0001 min−1 when illuminated
with the same light sources. Notable acceleration in CO
photorelease from 2 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.
Yellow solutions of 3 in ethanol and acetonitrile release CO

upon exposure to light in the 360−300 nm range. For example,
when exposed to a narrow-width UV-light source with λmax at
310 nm (power = 7 mW/cm2), 3 exhibits rapid changes in its
EAS spectrum in acetonitrile with isosbestic points at 480, 365,
and 300 nm and affords a kCO value of 0.22 ± 0.01 min−1.
Because exhaustive photolysis of 3 followed by replacement of
the Cl− ligand with PPh3 affords 5 quantitatively (eq 3), it is

evident that 3 delivers 2 equiv of CO under exposure to 310
nm light. When λmax 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.

DFT and TDDFT Studies. DFT and TDDFT calculations
were performed to obtain the optimized geometries, MO
electron densities, and calculated electronic transitions for 2−5.
The primary objective of this study was to identify the
electronic transitions that give rise to CO release from
photoCORMs like 2 and 3 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. The DFT-optimized structures
of 2, 3, and 5 show very good agreement with the bond lengths
and bond angles observed in the corresponding crystal
structure of each complex (Table S1, Supporting Information).
The structure of 4 was obtained by exchanging an acetonitrile
of 5 with Cl− followed by optimization.

Figure 7. EAS spectra of 2 (black trace), 4 (blue trace), and 5 (red
trace) in acetonitrile. Figure 8. Changes in the absorption spectrum of 2 upon exposure to

365 nm light (power = 10 mW/cm2).
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As stated above, the transformations of Scheme 1 are
accompanied by sharp changes in color. For example, the
replacement of one Cl− (a strong σ donor) of 1 with CO (an
excellent π acceptor) results in a loss of the deep-blue color and
formation of 2 (pale orange), while the replacement of CO of 2
with acetonitrile (a weak π acceptor) changes the color to deep
magenta, indicating formation of 4 (Scheme 1). Similarly, loss
of the two CO ligands from 3 (pale yellow) with acetonitrile
affords a purple solution of [Ru(Cl)(MeCN)2(qmtpm)]

+ (λmax
= 565 nm), which upon replacement of the Cl− with PPh3 (a
good π acceptor) turns deep red because of formation of 5.
TDDFT studies were utilized to gain insight into the nature of
transitions that lead to these drastic color changes observed
upon CO addition or loss to the [Ru(qmtpm)] frame along
with variation in the auxiliary ligands PPh3, MeCN, and Cl−.
The calculated electronic transitions of 2−5 with oscillator

strengths above 0.0139 were collected, and those with energies
falling within the range of 700−300 nm for each complex are
presented in Table 4. As shown in Figure 9, the theoretical
electronic spectrum of 2 is in good agreement with the
experimental spectrum obtained in acetonitrile. Complex 2
exhibits two major bands in the 300−500 nm region, namely,
the MLCT band at 460 nm and a stronger absorption at 370
nm. TDDFT results indicate that, for 2, two theoretical

transitions that occur in the ∼450 nm region are HOMO−1 →
LUMO (462 nm) and HOMO−3 → LUMO (431 nm). The
370 nm band corresponds to the theoretical transition with the
highest oscillation strength at 355 nm along with a few weaker
transitions (Figure 9). Close inspection of the MO energy
diagram (Figure 10) displaying the electron densities of the

Table 4. Energies (E, nm) and Oscillator Strengths ( f) of the Calculated (TDDFT) Electronic Transitions with the MOs
Involved with Each Transitiona

energy (nm) oscillator strength transition

[Ru(Cl)(CO)(qmtpm)(PPh3)]BF4 (2)
467 0.0489867 π(Ru−CO)−p(Cl)−π(Ru−PPh3) → π*(Q−PhS−SB)
431 0.0566891 π(PPh3)−π(Ru−PPh3)−π(Ru−CO) → π*(Q−PhS−SB)
387 0.0302262 π(Ru−CO−SMe) → π*(Q−PhS−SB)
381 0.0529700 π(PPh3)−π(Ru−CO−SMe) → π*(Q−PhS−SB)
374 0.0289463 π(PPh3)−π(PhS) → π*(Q−PhS−SB)
365 0.2146560 π(Ru−CO−SMe)−π(PPh3)−π(PhS) → π*(Q−PhS−SB)
323 0.0339253 π(Ru−Q−SMe−SB)−p(Cl) → π*(Q−PhS−SB)

[Ru(Cl)(CO)2(qmtpm)]ClO4 (3)
445 0.0275726 π(Q−PhS−SB) → π*(Q−SB−PhS)
408 0.0165650 π(Q−PhS−SB)−π(Ru−CO−Cl) → π*(Q−SB−PhS)
396 0.1794866 π(Ru−CO)−p(Cl)−π(PhS) → π*(Q−SB−PhS)
387 0.2110407 π(Ru−CO)−p(Cl)−π(PhS) → π*(Q−SB−PhS)
370 0.0729107 π(Ru−SMe−CO)−π(PhS)−p(Cl) → π*(Q−SB−PhS)

[Ru(Cl)(MeCN)(qmtpm)(PPh3)]BF4 (4)
589 0.0139661 π(Ru−SMe−MeCN−Cl) → π*(Q−PhS−SB)
539 0.0442363 π(Ru−Cl−SMe−MeCN)−π(Q) → π*(Q−PhS−SB)
414 0.0384803 π(Ru−PPh3) → π*(Q−PhS−SB)
391 0.0905007 π(Ru−Cl−PPh3)−π(Q) → π*(Q−PhS−SB)
382 0.0434632 π(PPh3)−π(Ru−SB) → π*(Q−PhS−SB)
370 0.0384393 π(Ru−PPh3) → π*(Q−PhS−SB)
365 0.0147778 π(Q)−π(Ru−PPh3) → π*(Q−PhS−SB)
357 0.0790384 π(Ru−PPh3−SMe)−p(Cl) → π*(Q−PhS−SB)
353 0.0131655 π(Ru−PPh3−SMe)−p(Cl) → π*(Q−PhS−SB)
350 0.0223908 π(PPh3) → π*(Q−PhS−SB)
342 0.0602548 π(PPh3)−π(Sme) → π*(Q−PhS−SB)

[Ru(MeCN)2(qmtpm)(PPh3)]ClO4 (5)
449 0.0787027 π(Ru−MeCN−PPh3) → π*(Q−SB−PhS)
378 0.0210149 π(Ru−Q−PPh3) → π*(Q−SB−PhS)
375 0.0685953 π(Ru−PPh3)−π(PhS) → π*(Q−SB−PhS)
357 0.0148138 π(Ru−PPh3) → π*(Q−SB−PhS)
347 0.2105311 π(PPh3−PhS)−π(Ru−SB) → π*(Q−SB−PhS)
329 0.0473331 π(Ru−PhS−SMe) → π*(Q−SB−PhS)

aOrbitals with greater contributions are listed first.

Figure 9. Experimental (solid line) and calculated (dashed line) EAS
spectra of 2.
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MOs that comprise these levels reveals that HOMO−1 is
mostly π(Ru−CO) bonding in character mixed with a
moderate π(Ru−PPh3) contribution while HOMO−3 is mainly
π(Ru−PPh3) with modest π(Ru−CO) participation. The
LUMO, on the other hand, is mostly composed of the ligand
frame consisting of the π* orbital of the quinoline, the imine
functionality, and the π* orbital of the Ph(SMe) unit. It is
important to note that exposure to visible light (λ ≥ 440 nm)
causes moderate CO photorelease from 2. The TDDFT results
strongly suggest that such Ru−CO bond labilization arises from
a shift of the electron density from the Ru−CO moiety to the
ligand frame. Partial reduction in Ru−PPh3 back-bonding also
occurs during the 431 nm transition. The much faster
photorelease of CO from 2 upon exposure to light of λ ≥
380 nm stems from the predicted HOMO−9 → LUMO
transition at 365 nm (Figure 9). Interestingly, HOMO−9 also
has a strong π(Ru−CO) character in addition to a moderate
contribution from the quinoline π orbital (not shown in Figure
10). Transfer of the electron density from this orbital to the
LUMO therefore results in accelerated CO release. Taken
together, these results suggest that transitions shifting the

electron density from the π(Ru−CO) moiety to the ligand
frame promote CO release from photoCORMs like 2.
The photoproduct 4 exhibits its MLCT band at 535 nm

(Figure 7). TDDFT results predict a theoretical HOMO−2 →
LUMO transition at 588 nm and a comparatively stronger
HOMO−3 → LUMO transition at 538 nm. As is evident from
Figure 10, the replacement of CO with MeCN (a moderate π
acceptor) raises the energies of the occupied MOs while the
LUMO (mostly comprised of the π* orbitals spread over the
qmtpm ligand frame) is minimally affected. This effect is clearly
reflected in the change of color from orange-yellow (for 2) to
magenta (in 4) upon CO photorelease. Replacement of Cl− of
4 with MeCN (a moderate π acceptor), on the other hand,
stabilizes the HOMO−1 in addition to slightly lowering the
LUMO in the case of 5. The combined effect of such an
alteration leads to a net increase in the transition energy (from
3.401 to 3.592 eV; Figure 10), as reflected in the color change
from magenta (in 4) to deep red (in 5).
As described above, the dicarbonyl complex 3 exhibits CO

photorelease with UV light. The calculated MOs involved in
the electronic transitions of 3 are displayed in Figure 11

Figure 10. Calculated HOMO/LUMO energy diagrams of 2, 4, and 5 (left to right). The most prominent MOs involving transitions under the low-
energy band and their diagrams are shown.
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alongside those of 2. TDDFT studies predict that, for 3,
transitions originating from both HOMO−2 and HOMO−3
into the LUMO give rise to the experimental absorption
maximum at ∼380 nm (Figure S1, Supporting Information).
This HOMO−2/HOMO−3 transition into the antibonding
orbitals of the ligand frame (LUMO) again corresponds to a
shift in the electron density from the RuII center to the qmtpm
ligand frame, consistent with a MLCT process. Scrutiny of the
nature of HOMO−2 and HOMO−3 reveals a combined Ru−
Cl and Ru−CO π-bonding character in these occupied orbitals
(Figure 11). Placement of Cl− (a σ donor) trans to CO clearly
fosters strong back-bonding interactions between the metal and
the CO group. Such favorable interactions must be overcome
to promote a shift in the electron density toward the LUMO
(mostly ligand π* orbitals). As a consequence, 3 requires UV
light for the release of CO.

■ SUMMARY AND CONCLUSIONS
The following are the summary and conclusions of this
investigation:
(a) Mono- and dicarbonyl complexes, namely, 2 and 3, have

been synthesized through the careful choice of starting
ruthenium(II) sources and the tridentate ligand qmtpm. The
crystal structures of these two carbonyl complexes reveal that,
unlike the case with the MnI center,20 the ligand qmtpm binds
the RuII center in 2 and 3 in a tridentate (and meridional)
fashion. In 3, the two CO ligands are cis to each other.

(b) Although stable in the dark, solutions of 2 and 3 in
ethanol, acetonitrile, and dichloromethane are sensitive to light.
Both complexes exhibit excellent CO photolability under low-
power (5−10 mW) UV light (300−350 nm). In the case of 2,
moderate photorelease of CO is also noted upon exposure to
low-power (15−30 mW) visible light in the range 350−480
nm. The results of myoglobin assay have confirmed quantitative
CO release in both cases. Loss of CO from 2 followed by
replacement of Cl− (by Ag+) in acetonitrile gives rise to 5 as the
photoproduct, which has been characterized by crystallography.
Exhaustive photolysis of 3 followed by replacement of the Cl−

ligand with PPh3 also affords 5 quantitatively.
(c) The Results of DFT and TDDFT studies demonstrate

that, with both photoCORMs, exposure to light promotes
transfer of the electronic charge density from MOs with strong
π(Ru−CO) bonding in character to a LUMO comprised of
mostly the qmtpm ligand π frame. Such loss of π-back-bonding
leads to rapid CO release. An increase in the number of CO
ligands in the photoCORMs (going from 2 to 3) shifts the
MLCT bands to higher energy, and as a consequence, 3
requires UV light for CO release. The theoretical results also
indicate that the ancillary ligand PPh3 (trans to CO) plays a
significant role in the Ru−CO bond labilization process in 2.
(d) The low-lying LUMOs in 2 and 3, a direct consequence

of the extended conjugation across the imine function and the
quinoline moiety (plus the −SMe appendage) of the qmtpm
ligand, bring the major electronic transitions to the 350−450
nm range. This fact underscores the importance of designed

Figure 11. Calculated HOMO/LUMO energy diagram of 2 and 3 (left to right). The most prominent MOs involved with transitions under the low-
energy band and their diagrams are shown.
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ligands for the successful isolation of photoCORMs that are
sensitive to visible and near-IR light. Although metal carbonyl
complexes derived from typical ligands such as bipyridine and
water-soluble phosphines14 have been shown to release CO
upon exposure to UV light, novel ligands that would initiate
specific MLCT interactions will be required the isolation of
photoCORMs suitable for use in the photodelivery of CO to
biological targets.

■ ASSOCIATED CONTENT
*S Supporting Information
X-ray crystallographic data (in CIF format) for 2·H2O, 3, and 5,
experimental and calculated elctronic absorption spectra of 3
(Figure S1), traces of spectra showing conversion of reduced
Mb to Mb-CO in a typical myoglobin assay experiment (Figure
S2), and selected bond distances (Å) and angles (deg) for 2−5
with DFT-optimized bond distances and angles (Table S1).
This material is available free of charge via the Internet at
http://pubs.acs.org.
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Comput. 2007, 3, 2234−2242.
(28) Hossain, M.; Maji, M.; Chattopadhyay, S. K.; Ghosh, S.; Blake,
A. J. Polyhedron 1998, 17, 1897−1906.
(29) Moreno, M. A.; Haukka, M.; Kallinen, M.; Pakkanen, T. A. Appl.
Organomet. Chem. 2006, 20, 51−69.
(30) Ooyama, D.; Saito, M. Inorg. Chim. Acta 2006, 359, 800−806.
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Part I: Synthesis, Structure and Properties of cis and trans-[RuCl2(CO)2(azpy)] 

(azpy = 2- Phenylazopyridine): Effect of Metal to Ligand backbonding on CO 

Photolability 

2.I.1 Background 

	   The smart design principles previously established in this group were able to 

guide the choice of ligands/coligands around the metal center in case of Schiff base 

ligand frames.  The ability to draw electron density from the metal center into a low-

lying π* orbital of the ligand frame in such design was required for two reasons: (i) to 

help reduce the Mn-CO backbonding which in turn promotes CO photolability and 

(ii) in stabilizing the π* orbital and thereby decreasing the energy of the MLCT 

transitions leading to a bathochromic shift of the photoband further into the visible 

region.  We decided to employ a new ligand 2-(phenylazo)pyridine (azpy) shown in 

figure 2.I.1, similar to the bidentate pmtpm with two exceptions, namely the α-

diimine group is replaced with an azo functionality and the thioether S donor is 

absent, figure 2.I.1.  The ligand 2-(phenylazo)pyridine is a superior π-acceptor 

compared to the previous Schiff base ligands, bipyridine or similar conjugated N-

donor polypyridine rigid ligand systems due to the presence of considerably low-

lying π*orbitals associated with the −N=N− function.1 The profound π-acceptor 

property of the azo function in 2-(phenylazo)pyridine was reflected through its 

remarkable susceptibility towards facile one electron reduction in both free and 

coordinated states.2-5 Generation of anion radical species due to such reduction has 

been realized both in solution and solid states, when coordinated to certain low-valent 
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transition metal centers. Moreover, in certain rhenium(I) and rhenium(II) chelates the 

strong π-backbonding imparted by azo function offsets the steric disadvantages to 

demonstrate unique isomer specificity.6  All these observations prompted us to utilize 

2-phenylazopyrdine to synthesize group 7 metal carbonyl complexes.  Due to strong 

π-acidity of this ligand, it is therefore reasonable to expect that the metal-to-ligand 

charge transfer (MLCT) transition(s) will considerably shift the electron density from 

the metal based orbitals to the azo π*antibonding orbitals. As a consequence this will 

promote labilization of the metal–CO bonds in the corresponding complexes.  Apart 

from the ability to accentuate the metal-CO bond labilization through competitive π-

backbonding, azpy ligand has been also used to develop certain photocytotoxic 

agents.  The ability of ligands bearing azo function to undergo redox reactions is well 

established with cellular glutathione (GSH) upon coordination with metal centers. 

GSH is a nonprotein thiol and regulates various biological processes and often found 

in elevated level within tumor cells.7 Previous report described that certain 

organometallic Ru(II) arene half-sandwich complexes with azpy as coligand are 

highly cytotoxic towards cancerous cells.8 This was rationalized due to the redox 

reaction of coordinated azo ligands with cellular GSH.8 In the present chapter Ru(II) 

biscarbonyl complexes are synthesized incorporating 2-phenylazopyridine chelation. 

The complexes isolated herein are characterized with several analytical techniques 

including single crystal X-ray diffraction.  The ligand binds the Ru(II) metal center in 

a bidentate mode.  Interestingly, different preparations of the same starting material 

afforded isolation of two geometrical isomers with different spectral features.  The  
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Figure 2.I.1. The Schiff base moiety to the azo functionality, from the previous to 

present work. 

 

two geometrical isomers, namely cis-[RuCl2(azpy)(CO)2] (1) and trans-

[RuCl2(azpy)(CO)2] (2) arises from the spatial orientation of the Cl– ligands, figure 

2.I.2.  The two CO ligands are in a cis position in both isomers and the ligand is 

coordinated in a bidentate fashion. The geometric placement of the CO ligands with 

respect to the azpy ligand frame resulted in different CO photolability.  

 

Figure 2.I.2. Geometrical isomers of the cis- and trans-[RuCl2(azpy)(CO)2] with 

respect to the Cl– spatial  orientation, left to right. 

 

 

2.I.2. Results and Discussion  

 2.I.2.1 Synthesis 

 The synthesis of cis-[RuCl2(azpy)(CO)2] (1) and trans-[RuCl2(azpy)(CO)2] 

(2) follows a two-step reaction to afford the two geometrical isomers.  In the first 
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step, the dimeric [RuCl2(CO)3]2 starting complex breaks down into two symmetrical 

solvated monomeric units.  Previously this step was achieved in a methanolic solution 

of the [RuCl2(CO)3]2 (CORM-2) under heating/stirring conditions.9 Accordingly, a 

methanolic solution of CORM-2 was heated (40 °C) and stirred for 3 hours when the 

solution turned from clear to very pale yellow in color.  After cooling the solution to 

room temperature, azopyridine (azpy) ligand was added in a 2:1 ratio and the product 

was again warmed and stirred 3 hours. The pure geometric isomer, 1, was 

subsequently isolated.  The second geometric isomer, 2, was formed under similar 

conditions with one important exception; the precursor dimer was prepared under 

reflux (65° C) conditions for 19 hours prior to addition of azpy ligand, scheme 2.I.1. 

It is important to note that reflux conditions over the course of 19 hours led to a 

methanolic solution of CORM-2 that was bright yellow in color.  The initial step to 

prepare the precursor material prior to ligand (azpy) addition is therefore crucial.   

Extended refluxing of a solution of 1, did not convert it into the trans isomer, 2, 

confirming that the determining step in these geometrical isomers formation was 

dependent only on the reactivity of the precursor material.  The ability to obtain either 

isomer from the same starting material was further confirmed through infrared 

spectroscopy (FTIR).  Both starting materials from CORM-2 were prepared as 

described and the solvent was subsequently evaporated.  In the IR spectrum, the CO 

stretches confirmed that the geometric orientation of the precursor material can be 

either the facial (2148, 2086, and 2065 cm–1) or meridional (2075, 2010 cm–1) in 

terms of CO disposition within the [RuCl2(CO)3] fragment, and thus can form either 
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the cis or trans isomer upon addition of ligand.  The increase in energy of the reaction 

mixture under reflux conditions (compared to warm/ stirring) apparently promotes 

this facial to meridional isomerization of the precursor material.  The complexes,  

 

Scheme 2.I.1.  Synthetic scheme to form the geometrical isomers of cis- and trans-

[RuCl2(azpy)(CO)2]. 

 

1 and 2 have been isolated as orange-red and deep red powders in moderate and high 

yield.   Interestingly there was a single report on the trans-[RuCl2(azpy)(CO)2] which 
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was synthesized from a different starting material, namely the ruthenium carbonyl 

polymer, [Ru(CO)2Cl2]n.9  In this case, only the trans isomer was formed because the 

precursor material already contained a meridional disposition of the CO ligands.  

 

2.I.2.2. Crystallography 

 Single crystals of each isomer were obtained and their structures were 

determined by X-ray diffraction studies. The needle-like orange single crystals of 1 

were formed by layering hexanes over its dichloromethane (CH2Cl2) solution. The 

dark block-like single crystals of 2 were obtained through slow evaporation of its 

methanolic solution.  The diffraction data were collected on a Bruker single crystal X-

ray diffractometer and the crystal parameters are listed in Table 2.I.1.  Each isomer 

exhibited a distorted octahedral geometry comprised of the bidentate azpy ligand 

frame and two CO ligands in a cis disposition, figures 2.I.3 and 2.I.4.  Both isomers 

also exhibit N=N distances of the azo function that are longer than that in the free 

ligand.  This slight elongation was rationalized by the Ru(II)-to-azo(π*) backbonding.  

The chelate rings in both complexes are satisfactorily planar, with mean deviations of 

0.0125 Å and 0.0144 Å, whereas the pyridine and phenyl ring form a dihedral angle 

of 40° and 35° in 1 and 2 respectively. The contrasting aspect of the two complexes is 

the spatial orientation of the Cl– ligands.  In the cis isomer, 1, the Cl– ligands are in a 

cis position to each other and one CO is trans to a Cl– ligand while the other CO 

resides trans to the pyridine of the azpy ligand frame.  In the trans isomer, 2, the Cl–  
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Figure 2.I.3. Molecular structure of cis-[RuCl2(azpy)(CO)2] (1) (thermal ellipsoids 

are shown at 50% probability level and the hydrogen atoms are omitted for clarity) 

and selected bond distances (A): Ru(1)-C(1) 1.885(15), Ru(1)-C(2) 1.977(16), Ru(1)-

N(3) 2.060(10), Ru(1)-N(1) 2.069(11), Ru(1)-Cl(1) 2.386(4), Ru(1)-Cl(2) 2.415, 

N(3)-N(2) 1.279(14). 

Figure 2.I.4. Molecular structure of trans-[RuCl2(azpy)(CO)2] (2)(thermal ellipsoids are 

shown at 50% probability level and the hydrogen atoms are omitted for clarity) and selected 

bond distances (A): Ru(1)-C(1) 1.893(2), Ru(1)-C(2) 1.946(2), Ru(1)-N(1) 2.0953(15) Ru(1)-

N(3) 2.1110(14), Ru(1)-Cl(2) 2.3683(6), Ru(1)-Cl(1) 2.3969(5), N(3)-N(2) 1.261(2). 
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Table 2.I.1. Crystal data and structure refinement for 1 and 2. 

 

 1    2 

Empirical formula C13H9Cl2N3O2Ru C13H9Cl2N3O2Ru 

FW 411.20 411.20 

Temp(K) 296 296 

Wavelength (Å) 0.71073 0.71073 

Crystal system monoclinic triclinic 

Space group P2(1)/c P-1 

a(Å) 8.706(2) 7.1975(4) 

b(Å) 24.831(6) 8.9619(5) 

c(Å) 7.0675(17) 12.3854(7) 

α(deg) 90 86.4330(10) 

β(deg) 107.282(3) 80.1640(10) 

γ(deg) 90 70.1660(10) 

V(Å3) 1459.0(6) 740.45(7) 

Z 4 2 

Density (calcd) (Mg m-3) 1.872 1.844 

Abs coeff (mm-1) 1.446 1.425 

No. of unique reflns 3354 3597 
bR1 0.0918 0.0204 
cwR2 0.2389 0.0544 
aGOF on F2 1.070 1.066 

aGOF = [Σ[w(Fo
2-Fc

2)2]/(No-Nv)]1/2 (No = number of observations, Nv = number of 

variables). bR1 = Σ⏐⏐Fo⏐-⏐Fc⏐⏐/Σ⏐Fo⏐. cwR2 = [(Σw(Fo
2-Fc

2)2/Σ⏐Fo⏐
2)]1/2 
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ligands are trans to each other.  When this orientation is established in 2, one CO 

ligand is still in the trans position to the pyridine N atom and the other CO assumes a 

position trans to the azo functionality.  It has been known that CO is a π-accepting 

ligand, that the azo moiety also has the ability to backbond is readily reflected in the 

crystallographic data.  In 1, the azo N atom is trans to Cl–, and the N−N distance is 

1.279(14) Å, longer than that noted in the free ligand (1.25 Å).10  This lengthening is 

most likely due to the backdonation of  electron density from the Ru(II) center into 

the low-lying azo π* orbital.  When the CO is trans to the azo group, the N−N 

distance decreases to 1.261(2) Å due to the competition in backbonding between the 

azo group and CO ligand.  The hypothesis that CO is in competition with the azo 

group in π-backbonding is also supported by the shorter bond length of Ru−C(2) in 2. 

The longer bond length Ru−N(3) in 2 is most likely a consequence of reduction in 

backbonding. 

 

2.I.2.3 Spectroscopy 

Both isomers are stable in the dark.  Solutions of both complexes in ethanol, 

methanol, MeCN, chloroform (CHCl3) and CH2Cl2 are also stable in the dark.  In 

dimethylsulfoxide (DMSO), these ruthenium complexes lose CO much like other 

ruthenium carbonyls such as CORM-2.11  

FTIR data confirm the cis disposition of CO ligands in these complexes, (data 

not shown).  The two CO ligands in 1 and 2 give rise to νCO bands in the expected 

region (2050 and 2000 cm–1 for 1, 2070 and 2005 cm–1 for 2). Additionally, the N–N 
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stretch in 1 is observed at 1380 cm–1 whereas the same in 2 appears at 1400 cm–1. 

 

The well-defined nuclear magnetic resonance (NMR) spectra of the two 

complexes exhibit the expected signals in the aromatic region, and also confirm the 

diamagnetic nature of these isomeric complexes (d6, Ru(II)), figures 2.I.5 and 2.I.6.   

 

 

Figure 2.I.5. Nuclear Magnetic Resonance (NMR) spectrum of 1 in CDCl3. 

 

Figure 2.I.6. Nuclear Magnetic Resonance (NMR) spectrum of 2 in CDCl3. 

 

The spectra are clearly distinguishable and can act as fingerprints to characterize the 

isomers in solution. 
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Electronic absorption spectra (EAS) of these complexes exhibit two major 

bands.  The most red-shifted absorption band presumably related to MLCT, and the 

UV band most likely arises from a ligand centered transition with some excited state 

MLCT character, figure 2.I.7.  The UV band is in the same position, 365 nm, in the 

spectrum of 1 and 2, however the MLCT bands are found in slightly different 

positions, centered at 470 and 485 nm respectively.  It is noteworthy to mention that 

the absorptivity of 1 is much higher than that of 2, most likely because of higher 

molecular symmetry of complex 2.       

 

Figure 2.I.7. The Electronic Absorption Spectra (EAS) of 1 (red) and 2 

(black) in CH2Cl2. 

 

Complexes 1 and 2 release CO under light illumination.  It is known that 

ruthenium complexes in general require UV light compared to the manganese 

congeners with the same ligand frame.  This is true for 1 and 2 and hence UV light 

was used for CO release studies.  The CO release rates and related kinetic studies of 
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the two complexes were performed in CH2Cl2, a solvent in which these complexes 

were soluble and stable under dark conditions. Controlled exposure to UV light was 

then administered at regular time intervals and the corresponding spectral traces were 

recorded.  The apparent rates of CO photorelease (κCO) in DCM were obtained from 

the kinetic plots.  The κCO value of 2 (0.55 ± 0.01 min-1, figure 2.I.9) is considerably 

faster than that of 1 (0.19 ± 0.01 min-1, figure 2.I.8). This increase in rate exhibited by 

2 can be attributed to the competition between the CO ligand and the azo 

functionality of the azpy ligand for π-backbonding. The quantum yield values at 363 

nm (ϕ363) for 1 and 2 are 0.018 ± 0.001 and 0.023 ± 0.001 respectively.  Overall the 

ability of 2 to photorelease CO more efficiently arises from spatial placement of CO 

trans to a π-accepting/ π-backbonding functional group of the azpy ligand. 

 

Figure 2.I.8. The kinetic plot of CO release from a solution of 1 in CH2Cl2 upon light 

illumination (λ ≥ 325 nm). 
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Figure 2.I.9. Changes in the electronic absorption spectrum of 2 in a CH2Cl2 solution 

upon exposure to light (λ ≥ 325 nm).  

 

2.I.2.4 CO release: Myoglobin assay 

The kinetics of CO photorelease was confirmed by the most widely adopted 

method, namely the myoglobin assay.  CO binds to reduced/low valent iron centers in 

heme proteins. Myoglobin (Mb) and hemoglobin (Hb) have been studied 

spectroscopically and the spectral fingerprints of the heme unit with bound NO, CO, 

and H2S are all reported.  In a normal myoglobin assay one needs to include all 

components, the CO releasing complex, myoglobin, and a reducing agent (sodium 

dithionite) in a buffer solution, in the same cuvette for spectroscopic measurements. 

Because metal carbonyl complexes can release CO in the presence of dithionate (and 

thiols)11 we employed a modified Mb assay.  This modified procedure utilizes two 

cuvettes, the complex dissolved in appropriate solvent in the first cuvette and the 

second cuvette containing myoglobin and reducing agent (generally sodium 
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dithionite) in a buffered saline solution. The cuvette containing photoCORM was 

exposed to light and was subsequently sparged with N2(g) to transfer the CO produced 

in-situ from the photolyzed solution into the headspace of the first cuvette into the 

second cuvette containing the myoglobin solution through a stainless steel cannula.  

The reduced myoglobin exhibits two absorption bands, namely a major Soret band at 

435 nm and the smaller Q-band at 550 nm. Upon CO binding, carboxy myoglobin 

exhibits a blue-shift with a Soret to 424 nm and two Q-bands at 540 and 580 nm.12 

The clean transition from reduced myoglobin to carboxymyoglobin was evidenced in 

the isosbestic points shown in figure 2.I.10.   Although this assay limits the 

quantitative transfer of CO to myoglobin, as some amount of CO can escape without 

binding the myoglobin, the qualitative assessment of CO release from the complex 

was possible in such modified Mb assay. 

 

 

Figure 2.I.10. CO photoreleased from 1 in the presence of reduced horse heart 

myoglobin (Soret band at 435 nm) quickly converts into the carboxymyoglobin 

adduct (Soret band at 424 nm). 
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2.I.3. Experimental Section 

2.I.3.1. General Methods 

 [Ru(CO)3Cl2]2 was purchased from Strem Chemicals and was used as received. 

Reagents were of commercial grade and were used without further purification. All 

the solvents were purified according to the standard procedures.13 The ligand 2-

(phenylazo)pyridine (azpy) was synthesized following a reported procedure.1 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 IR spectra of the 

reported compounds. UV–Vis spectra were obtained with a Varian Cary 5000 UV–

Vis–NIR spectrophotometer. Microanalyses (C, H, N) were performed using a 

Perkin-Elmer 2400 Series II elemental analyser. Horse heart myoglobin (Mb) was 

purchased from Aldrich and used as received. 

 

2.I.3.2. Synthesis  

cis-[RuCl2(azpy)(CO)2] (1). A slurry of 87 mg (0.17 mmol) of [Ru(CO)3Cl2]2 in 13 

mL of dry methanol was heated at 45 °C for 3 h resulted in a clear solution. Next, a 

batch of 63 mg (0.34 mmol) of 2-(phenylazo)pyridine dissolved in 10 mL of 

methanol was added to it and the mixture was heated for another 3 h at 45 °C when 

the solution turned bright orange. Evaporation of the solvent under reduced pressure 

afforded orange powder of cis-[RuCl2(azpy)(CO)2] which was recrystallized by 

layering hexanes over a CH2Cl2 solution. Yield (90 mg, 65%). Anal. Calc. for 

C13H9Cl2N3O2Ru: C, 37.97; H, 2.21; N, 10.23. Found: C, 37.89; H, 2.23; N, 10.14%. 
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Selected IR (KBr, cm–1) νCO 2050 and 2000, νN–N 1380. UV–Vis spectrum in CH2Cl2 

solution, λmax (nm) [ε (M–1 cm–1)]: 471 (2 500), 363 (13 500). 1H NMR spectrum 

(500 MHz) in CDCl3 solution, δ (ppm): 9.57 (d, 1H, 5 Hz), 8.65 (d, 1H, 5 Hz), 8.41 

(t, 1H, 7.5 Hz), 7.92 (t, 1H, 7.5 Hz), 7.87 (d, 2H, 10 Hz), 7.70 (t, 1H, 7.5 Hz), 7.63 (t, 

2H, 7.5 Hz). 

 

trans-[RuCl2(azpy)(CO)2] (2). The trans isomer was prepared in an analogous way. 

However, in this case the slurry of [Ru(CO)3Cl2]2 in dry methanol was heated to 

reflux (65 °C) for 19 h prior to the ligand addition. After the addition of the ligand, 

the solution was further refluxed for 3 h when a deep red solution was obtained. Slow 

evaporation of this solution afforded dark block-shaped crystals of trans-

[RuCl2(azpy)(CO)2]. Yield (70 mg, 50%). Anal. Calc. for C13H9Cl2N3O2Ru: C, 37.97; 

H, 2.21; N, 10.23. Found: C, 38.10; H, 2.23; N, 10.27%. Selected IR (KBr, cm–1) νCO 

2070 and 2005, νN–N 1400. UV–Vis spectrum in CH2Cl2 solution, λmax (nm) [ε (M–1 

cm–1)]: 482 (1 460), 363 (9 600). 1H NMR spectrum (500 MHz) in CDCl3 solution, δ 

(ppm): 9.21 (d, 1H, 5 Hz), 8.68 (d, 1H, 5 Hz), 8.37 (t, 1H, 7.5 Hz), 8.16 (d, 2H, 5 Hz), 

7.83 (t, 1H, 5 Hz), 7.73 (t, 1H, 5 Hz), 7.66 (t, 2H, 5 Hz). 

 

2.I.3.3 Crystallography 

Data were collected on a Bruker APEX II single crystal X-ray diffractometer with 

graphite monochromated Mo Ka radiation (λ = 0.71073 Å) by the x-scan technique in 

the range 3 ≤ 2θ ≤ 54 for complex 1 and 3 ≤ 2θ ≤ 56 for 2. All data were corrected for 
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Lorentz-polarization and absorption.14 The metal atoms were located from Patterson 

maps and the rest of the non-hydrogen atoms emerged from successive Fourier 

syntheses. The structures were then refined by a full-matrix least squares procedure 

on F2. All non-hydrogen atoms were refined anisotropically. All hydrogen atoms 

were included in calculated positions. The absorption corrections are done using 

SADABS. Calculations were performed using the SHELXTL V 6.14 program 

package.15 

 

2.I.3.4 Photolysis 

The rates of CO release upon exposure to UV light were measured with a (7.66 × 10–5 

M for the cis and 7.62 × 10–5 M for the trans isomer) solution of the complexes in 1 × 

0.4 cm quartz cuvette. The light sources employed in this study include a UV-

Transilluminator (UVP, Inc.) with peak intensity of 5 mW cm−2 (with a 50% T 325 

nm cut off filter) at a distance of 1 cm for no more than 1 min intervals and the 

electronic spectra were recorded. Prior to recording each spectrum, the cuvette was 

inverted homogenously for sufficient mixing. Apparent rates of CO release were 

followed at an appropriate wavelength for each complex and the logarithm of the 

complex concentration versus time plot were generated. For quantum yield 

measurements, a solution in acetonitrile was used to ensure sufficient absorbance 

(P99%) at the incident wavelength; no more than 10% photolysis occurred in each 

measurement. Standard actinometry using ferrioxalate was employed to calibrate the 

light source (Newport Oriel Apex Illuminator (1mW power with 1 cm distance at 363 
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nm).16 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 

deoxymyoglobin generated was calculated from the absorbance of the Soret band at 

435 nm (extinction coefficient = 121 mM–1 cm–1). Due to sodium dithionite 

facilitating the release of CO, an apparatus was constructed using two quartz 

cuvettes.11 In the first cuvette under anaerobic condition, the photoactive complex 

was exposed to UV light (UV-Transilluminator) evolving CO into the headspace. The 

photoreleased CO was then transferred into the second cuvette containing the reduced 

Mb solution by a positive pressure of N2(g). 
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a b s t r a c t

Reaction of [RuCl2(CO)3]2 with 2-phenylazopyridine (azpy) in methanolic solution affords cis-[RuCl2

(azpy)(CO)2] (1) and trans-[RuCl2(azpy)(CO)2] (2) depending on the temperature of the reaction mixture.
In both complexes, the two CO ligands are cis to each other. Competition in p backbonding labilizes CO
trans to the azo-N (N3) in 2 and increases the rate of CO photorelease of 2 (the trans isomer) compared to
1 (the cis isomer).

! 2013 Elsevier B.V. All rights reserved.

1. Introduction

Metal–carbonyl complexes have attracted considerable atten-
tion in recent years for their ability to deliver CO in a controlled
fashion for several therapeutic applications [1–3]. Although CO
was previously considered to be highly toxic, low doses of CO have
now been shown to exert significant beneficial effects to oxida-
tively damaged tissues (such as in strokes or heart attacks) [1].
To date, several metal–carbonyl complexes have been studied un-
der physiologically relevant conditions as CO releasing molecules
(CORMs) [4,5] to achieve such salutary effects. These compounds
mostly undergo rapid solvent-assisted CO release, a process hardly
amenable for sustained CO delivery under controlled conditions
[6]. To circumvent this problem, researchers have sought to de-
signed photoCORMs that could deliver CO upon exposure to light
[7]. Mn2(CO)10 and Fe(CO)5 are the first two compounds proposed
as photoCORMs [8]. However, low solubility and significant toxic-
ity associated with such species limit their scope in therapeutic
applications.

In recent years, a few research groups have isolated new
metal–carbonyl complexes which by virtue of judicious combina-
tion of CO and co-ligand, release CO upon photo-activation. For
example, Schatzschneider and co-workers have synthesized
[Mn(CO)3(tpm)]+ (where tpm = trispyrazolyl methane) and related
tris(imidazol-2-yl)- and tris(imidazol-4(5)-yl)phosphine com-
pounds that release CO upon exposure to 365 nm light [9,10].

Some of these complexes exhibit substantial uptake by human
colon cancer cells [9]. Ford and co-workers have recently reported
[Re(CO)3(bpy)(thp)]+ (thp = tris(hydroxymethyl)phosphine), a
photoCORM with excellent biocompatibility [11]. We have also
been engaged in developing photoCORMs based on group 7 and
group 8 transition metals [12,13]. Among group 8 metals, the
photophysical properties of ruthenium carbonyls are well studied
[14,15]. Herein we report the synthesis, molecular structures and
properties of cis- and trans-[RuCl2(azpy)(CO)2] (azpy = 2-phenyl-
azopyridine) complexes. The ligand 2-phenylazopyridine is a supe-
rior p-acceptor compared to bipyridine or similar conjugated rigid
ligand systems because of considerably low-lying p⁄ orbitals asso-
ciated with the –N@N– functionality [16]. It is therefore reasonable
to expect that the strong metal-to-ligand charge transfer (MLCT)
transition(s) will promote labilization of the Ru(II)–CO bonds in
carbonyl complexes of this ligand. Indeed, exposure to light results
in CO photorelease and more interestingly, these two geometrical
isomers exhibit distinctly different rates of CO photorelease under
illumination.

2. Experimental

2.1. Materials and instruments

[Ru(CO)3Cl2]2 was purchased from Strem Chemicals and was
used as received. Reagents were of commercial grade and were
used without further purification. All the solvents were purified
according to the standard procedures [17]. 2-(Phenylazo)pyridine
(azpy) was synthesized following a reported procedure [16]. The

0020-1693/$ - see front matter ! 2013 Elsevier B.V. All rights reserved.
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1H NMR spectra were recorded at 298 K on a Varian Unity Inova
500 MHz instrument. A Perkin-Elmer Spectrum-One FT-IR was em-
ployed to monitor the IR spectra of the reported compounds. UV–
Vis spectra were obtained with a Varian Cary 5000 UV–Vis–NIR
spectrophotometer. Horse heart myoglobin (Mb) was purchased
from Aldrich and used as received.

2.2. Synthesis

2.2.1. Synthesis of cis-[RuCl2(azpy)(CO)2] (1)
A slurry of 87 mg (0.17 mmol) of [Ru(CO)3Cl2]2 in 13 mL of dry

methanol was heated at 45 !C for 3 h resulted in a clear solution.
Next, a batch of 63 mg (0.34 mmol) of 2-(phenylazo)pyridine dis-
solved in 10 mL of methanol was added to it and the mixture
was heated for another 3 h at 45 !C when the solution turned
bright orange. Evaporation of the solvent under reduced pressure
afforded orange powder of cis-[RuCl2(azpy)(CO)2] which was
recrystallized by layering hexanes over a dichloromethane solu-
tion. Yield (90 mg, 65%). Anal. Calc. for C13H9Cl2N3O2Ru: C, 37.97;
H, 2.21; N, 10.23. Found: C, 37.89; H, 2.23; N, 10.14%. Selected IR
(KBr, cm!1) mCO 2050 and 2000, mN@N 1380. UV–Vis spectrum in
CH2Cl2 solution, kmax (nm) [e (M!1 cm!1)]: 471 (2 500), 363 (13
500). 1H NMR spectrum (500 MHz) in CDCl3 solution, d (ppm):
9.57 (d, 1H, 5 Hz), 8.65 (d, 1H, 5 Hz), 8.41 (t, 1H, 7.5 Hz), 7.92 (t,
1H, 7.5 Hz), 7.87 (d, 2H, 10 Hz), 7.70 (t, 1H, 7.5 Hz), 7.63 (t, 2H,
7.5 Hz).

2.2.2. Synthesis of trans-[RuCl2(azpy)(CO)2] (2)
The trans isomer was prepared in an analogous way. However,

in this case the slurry of [Ru(CO)3Cl2]2 in dry methanol was heated
to reflux (65 !C) for 19 h prior to the ligand addition. After the addi-
tion of the ligand, the solution was further refluxed for 3 h when a
deep red solution was obtained. Slow evaporation of this solution
afforded dark block-shaped crystals of trans-[RuCl2(azpy)(CO)2].
Yield (70 mg, 50%). Anal. Calc. for C13H9Cl2N3O2Ru: C, 37.97; H,
2.21; N, 10.23. Found: C, 38.10; H, 2.23; N, 10.27%. Selected IR
(KBr, cm!1) mCO 2070 and 2005, mN@N 1400. UV–Vis spectrum in
CH2Cl2 solution, kmax (nm) [e (M!1 cm!1)]: 482 (1 460), 363 (9
600). 1H NMR spectrum (500 MHz) in CDCl3 solution, d (ppm):
9.21 (d, 1H, 5 Hz), 8.68 (d, 1H, 5 Hz), 8.37 (t, 1H, 7.5 Hz), 8.16 (d,
2H, 5 Hz), 7.83 (t, 1H, 5 Hz), 7.73 (t, 1H, 5 Hz), 7.66 (t, 2H, 5 Hz).

2.3. X-ray data collection and structure refinement

Data were collected on a Bruker APEX II single crystal X-ray dif-
fractometer with graphite monochromated Mo Ka radiation
(k = 0.71073 Å) by the x-scan technique in the range 3 6 2h 6 54
for complex 1 and 3 6 2h 6 56 for 2. All data were corrected for
Lorentz-polarization and absorption [18]. The metal atoms were
located from Patterson maps and the rest of the non-hydrogen
atoms emerged from successive Fourier syntheses. The structures
were then refined by a full-matrix least squares procedure on F2.
All non-hydrogen atoms were refined anisotropically. All hydrogen
atoms were included in calculated positions. The absorption cor-
rections are done using SADABS. Calculations were performed using
the SHELXTL V 6.14 program package [19].

2.4. Photolysis experiment

The rates of CO release upon exposure to UV light were mea-
sured with a (7.66 " 10!5 M for the cis and 7.62 " 10!5 M for the
trans isomer) solution of the complexes in 1 " 0.4 cm quartz cuv-
ette. The light sources employed in this study include a UV-Trans-
illuminator (UVP, Inc.) with peak intensity of 5 mW/cm2 (with a
50% T 325 nm cut off filter) at a distance of 1 cm for no more than
1 min intervals and the electronic spectra were recorded. Prior to

recording each spectrum, the cuvette was inverted homogenously
for sufficient mixing. Apparent rates of CO release were followed at
an appropriate wavelength for each complex and the logarithm of
the complex concentration versus time plot were generated. For
quantum yield measurements, a solution in acetonitrile was used
to ensure sufficient absorbance (P99%) at the incident wave-
length; no more than 10% photolysis occurred in each measure-
ment. Standard actinometry using ferrioxalate was employed to
calibrate the light source (Newport Oriel Apex Illuminator (1 mW
power with 1 cm distance at 363 nm) [20]. 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 deoxymyoglobin generated was calculated from the
absorbance of the Soret band at 435 nm (extinction coeffi-
cient = 121 mM!1 cm!1). Due to sodium dithionite facilitating the
release of CO, an apparatus was constructed using two quartz
cuvettes [21]. In the first cuvette under anaerobic condition, the
photoactive complex was exposed to UV light (UV-Transillumina-
tor) evolving CO into the headspace. The photoreleased CO was
then transferred into the second cuvette containing the reduced
Mb solution by a positive pressure of N2(g).

3. Results and discussion

3.1. Synthesis

The two complexes were isolated from the reaction of [RuCl2(-
CO)3]2 with one equivalent of azpy ligand in methanol. However,

Scheme 1.
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careful control of the reaction temperature afforded the two differ-
ent isomers. The cis-[RuCl2(azpy)(CO)2] (1) complex was isolated
when the methanolic solution of [RuCl2(CO)3]2 was first heated
for 3 h at 45 !C prior to the addition of azpy to the reaction mix-
ture. Quite in contrast, when the initial methanolic solution of
[RuCl2(CO)3]2 was heated to reflux for 19 h prior to azpy addition,
pure trans-[RuCl2(azpy)(CO)2] (2) was isolated in high yield. Close
scrutiny of the reaction conditions revealed that at 45 !C, the sol-
vated species in the methanolic solution had the three CO groups
in a facial disposition (as evident by strong mCO IR bands at 2148,
2086 and 2065 cm!1) which eventually afforded the cis-dichloro
isomer upon addition of the ligand. At refluxing temperature
(65 !C), the solvated species however underwent a facial-to-merid-
ional isomerization (as evident by strong mCO IR bands at 2075 and
2010 cm!1) and led to the trans isomer (Scheme 1). Although facial
disposition of the three CO groups is more likely in terms of better
metal ? CO back-bonding, the facial to meridional isomerisation is
not unprecedented [22]. Complex 2 has previously been synthe-
sized by Oyama et al. from [RuCl2(CO)2]n and azpy [23]. The start-
ing material in the present work however affords both the cis and
trans isomer 1 and 2 from the same starting material namely
[RuCl2(CO)3]2.

3.2. Crystal structure of the complexes

Orange needles of cis-[RuCl2(azpy)(CO)2] (1) were obtained by
layering hexanes over its solution in dichloromethane while dark
block-shaped crystals of trans-[RuCl2(azpy)(CO)2] (2) were ob-
tained through slow evaporation of its methanolic solution. The
crystallographic data are listed in Table 1 and the two structures
are shown in Figs. 1 and 2 respectively. The coordination geometry
of the Ru(II) center in both complexes is distorted octahedral and
the two CO ligands are cis to each other. Also in both the molecules,
the N–N distances of the azo group are uniformly long-
er(1.279(14) Å for 1 and 1.261(2) Å for 2) than that of azpy
(1.25 Å) [24] which can be rationalized in terms of significant
Ru(II) ? azo(p⁄) back-bonding. The five-membered chelate ring
in both complexes are satisfactorily planar (mean deviations of
0.0125 Å in 1 and 0.0144 Å in 2) and the dihedral angles between

the pyridine ring and the phenyl ring are 40! and 35! for 1 and 2
respectively. Close inspection of the metric parameters of the
two isomers however reveals certain differences. To begin with
the two Cl! ligands are in cis- and trans-disposition in 1 and 2
respectively. Next, out of the two CO ligands, one CO is uniformly
trans to the N(1) (Npy) atom of the ligand while the other CO is
trans to a Cl! in 1 and to N(3) (Nazo) atom in 2. Such disposition
makes the Ru–N(1) distances very similar for the two complexes
whereas there is a significant increase of 0.051 Å in Ru–N(3) dis-
tance for the trans isomer 2. Also, a relatively weaker p back-dona-
tion to the azo group is evident from the noticeable lengthening of
N(2)–N(3) distances (0.018 Å) going from the trans to the cis iso-
mer. The weaker p back-donation to the azo group in 2 arises from
the sheer competition in back-bonding between the azo(p⁄) and
the CO for the same metal orbital. In case of the structurally
similar cis- and trans-[RuCl2(bpy)(CO)2], this differentiation in p
back-bonding does not arise due to the symmetric nature of the
bpy ligand compared to azpy [24]. The structure of 2 described in this
account matches very well with that reported by Oyama et al. [23].

3.3. Spectroscopic properties

The two CO ligands in 1 and 2 give rise to mCO bands in the
expected region (2050 and 2000 cm!1 for 1, 2070 and 2005 cm!1

for 2). In addition, The mN@N stretch in 1 is observed at
1380 cm!1 whereas the same in 2 appears at 1400 cm!1 (N–N

Table 1
Crystal data and structure refinement parameters for 1 and 2.

1 2

Empirical formula C13H9Cl2N3O2Ru C13H9Cl2N3O2Ru
Formula weight 411.20 411.20
T (K) 296 296
k (Å) 0.71073 0.71073
Crystal system monoclinic triclinic
Space group P2(1)/c P!1
a (Å) 8.706(2) 7.1975(4)
b (Å) 24.831(6) 8.9619(5)
c (Å) 7.0675(17) 12.3854(7)
a (!) 90 86.4330(10)
b (!) 107.282(3) 80.1640(10)
c (!) 90 70.1660(10)
V (Å3) 1459.0(6) 740.45(7)
Z 4 2
Dcalc (mg m!3) 1.872 1.844
Absorption coefficient (mm!1) 1.446 1.425
No. of unique reflections 3354 3597
R1

b 0.0918 0.0204
wR2

c 0.2389 0.0544
Goodness-of-fit on F2a 1.070 1.066

a GOF ¼
P
½wðF2

o ! F2
c Þ

2
&=ðNo ! NvÞ

h i1=2
(No = number of observations, Nv = num-

ber of variables).
b R1 ¼

P
jj Fo j ! j Fc jj =

P
j Fo j.

c wR2 ¼ ð
P

wðF2
o ! F2

c Þ
2
=
P
j Foj2Þ

h i1=2
.

Fig. 1. Molecular structure of cis-[RuCl2(azpy)(CO)2] (1) (thermal ellipsoids are
shown at 50% probability level and the hydrogen atoms are omitted for clarity) and
selected bond distances (Ã): Ru(1)–C(1) 1.885(15), Ru(1)–C(2) 1.977(16), Ru(1)–
N(3) 2.060(10), Ru(1)–N(1) 2.069(11), Ru(1)–Cl(1) 2.386(4), Ru(1)–Cl(2) 2.415,
N(3)–N(2) 1.279(14).

Fig. 2. Molecular structure of trans-[RuCl2(azpy)(CO)2] (2) (thermal ellipsoids are
shown at 50% probability level and the hydrogen atoms are omitted for clarity) and
selected bond distances (Ã): Ru(1)–C(1) 1.893(2), Ru(1)–C(2) 1.946(2), Ru(1)–N(1)
2.0953(15) Ru(1)–N(3) 2.1110(14), Ru(1)–Cl(2) 2.3683(6), Ru(1)–Cl(1) 2.3969(5),
N(3)–N(2) 1.261(2).
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bond shorter). Both complexes display well-resolved 1H NMR spec-
trum (Fig. 3 and Fig. S1) consistent with the diamagnetic ground
state of the Ru(II) center. Both isomers are stable in solvents such
as methanol, chloroform, and dichloromethane. Once isolated, the
two isomers are stable and do not interconvert in solution even
upon heating. The electronic absorption spectra of the two com-
plexes consist of two strong bands around 500 and 360 nm.
Although the absorption spectra of the two isomers are quite sim-
ilar, the extinction coefficients of both bands of 1 (the cis isomer) is
higher than those of 2. The absorption near 500 nm is most likely
to arise from MLCT (Ru(dp) ? azo(p⁄)) transition much like that
observed in [RuCl2(bpy)(CO)2] [25].

3.4. Photo release rate studies

Previous studies on similar carbonyl complexes of Ru(II) have
shown that illumination resulted in CO release without any loss

Fig. 3. Partial 1H NMR spectrum of cis-[RuCl2(azpy)(CO)2] (1) in CDCl3 solution at 298 K.
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Fig. 4. UV–Vis traces from the Mb assay for 1. Formation of the Mb–CO adduct (blue
trace) from reduced Mb (red trace) is evident by the shift in the Soret band from 435
to 424 nm. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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Fig. 5. Changes in the electronic absorption spectrum of 1 in CH2Cl2 solution upon
exposure to light (k P 325 nm).
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Fig. 6. Plot of ln[1] vs. time in CH2Cl2 solution at 298 K upon exposure to
k P 325 nm (concentration of 1 = 7.66 ! 10"5 M).
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of halides [25]. Irradiation of 1 and 2 with low-power (5 mW,
k P 325 nm) UV light also results in CO photorelease as evident
by reduced myoglobin assay (Fig. 4 and Fig. S2). Upon illumination,
solution of 1 and 2 in dichloromethane exhibit distinct isosbestic
points, indicating clean conversions to the corresponding photo
products (Fig. 5 and Fig. S3). Kinetic studies on the rates of CO pho-
torelease (kCO) in dichloromethane indicates that the kCO value of 2
(0.55 ± 0.01 min!1, Fig. S4) is considerably faster than that of 1
(0.19 ± 0.01 min!1, Fig. 6). Additionally, the quantum yield values
at 363 nm (u363) for 1 and 2 are 0.018 ± 0.001 and 0.023 ± 0.001
respectively. We attribute the faster CO release in case of 2 to
the superior p-acidity of the azo group which leads to preferential
labilization of CO trans to it. For the same reason, despite lower
molar absorptivity 2 exhibits faster CO photorelease compared to
the cis-isomer 1.

4. Conclusions

In summary, results of the present study demonstrate that even
simple geometric isomers of carbonyl complexes such as 1 and 2
can exhibit different rates of CO photorelease (kCO). Interesting is
to note that in both isomers, the two CO ligands are cis to each
other. It is only the disposition of the two chloride ligands (cis
and trans) that brings one CO ligand trans to the azo-N donor of
the asymmetric azpy ligand. The trans-labilizing effect of this do-
nor center causes the observed faster CO photorelease by 2.
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Appendix A. Supplementary material

CCDC 940705 and 940706; contains the supplementary
crystallographic data for this paper. These data can be obtained
free of charge from The Cambridge Crystallographic Data Centre
via http://www.ccdc.cam.ac.uk/data_request/cif. The 1H NMR
(Fig. S1), UV–Vis spectral changes for Mb assay (Fig. S2), traces of

UV–Vis spectral changes (Fig. S3) and the kCO rate plot (Fig. S4)
for complex 2 have been provided in the supplementary informa-
tion. Supplementary data associated with this article can be found,
in the online version, at http://dx.doi.org/10.1016/j.ica.
2013.07.047.

References

[1] R. Motterlini, L.E. Otterbein, Nat. Rev. Drug Discovery 9 (2010) 728. and
references therein.

[2] B.E. Mann, R. Motterlini, Chem. Commun. (2007) 4197.
[3] T.R. Johnson, B.E. Mann, J.E. Clark, R. Foresti, C.J. Green, R. Motterlini, Angew.

Chem., Int. Ed. 42 (2003) 3722.
[4] C.C. Romao, W.A. Blattler, J.D. Seixas, G.J.L. Bernardes, Chem. Soc. Rev. 41

(2012) 3571.
[5] R. Alberto, R. Motterlini, Dalton Trans. (2007) 1651.
[6] T.R. Johnson, B.E. Mann, I.P. Teasdale, H. Adam, R. Foresti, C.J. Green, R.

Motterlini, Dalton Trans. (2007) 1500.
[7] U. Schatzschneider, Inorg. Chim. Acta 374 (2011) 19.
[8] R. Motterlini, J.E. Clark, R. Foresti, P. Sarathchandra, B.E. Mann, C.J. Green, Circ.

Res. 90 (2002) e17.
[9] J. Niesel, A. Pinto, H.W.P. N’Dongo, K. Merz, I. Ott, R. Gust, U. Schatzschneider,

Chem. Commun. (2008) 1798.
[10] P.C. Kunz, W. Huber, A. Rojas, U. Schatzschneider, B. Spingler, Eur. J. Inorg.

Chem. (2009) 5358.
[11] A.E. Pierri, A. Pallaoro, G. Wu, P.C. Ford, J. Am. Chem. Soc. 134 (2012) 18197.
[12] M.A. Gonzalez, S.J. Carrington, N.L. Fry, J. Martinez, P.K. Mascharak, Inorg.

Chem. 51 (2012) 11930.
[13] M.A. Gonzalez, M.A. Yim, S. Cheng, A. Moyes, A.J. Hobbs, P.K. Mascharak, Inorg.

Chem. 51 (2012) 601.
[14] F. Hartl, M.P. Aarnts, H.A. Nieuwenhuis, J. Van Slageren, Coord. Chem. Rev. 230

(2002) 107.
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Part II: Synthesis, Structure and Characterization of fac-[MnBr(azpy)(CO)3] 

(azpy= 2-Phenylazopyridine): A Visible-light Activatable photoCORM for Efficient 

Eradication of Two Malignant Cell lines. 

 

2.II.1 Background 

 CO, as previously described, is known to inhibit proliferation in cancer cells 

and other aggressive T cells, acting as a pro-apoptotic agent.1 To date, biological 

activities of CO have been studied with the aid of CORMs such as the water soluble 

carbonyl complex CORM-3.1 Complexes of this type exhibit solvent-assisted CO 

release, and thus are not effective in terms of controlled CO delivery to specific 

targets.2 Photoactive CORMs (photoCORMs) on the other hand release CO under 

more controlled conditions. Design and syntheses of such species with biocompatible 

auxiliary ligand(s) are therefore of current interest for several research groups 

including us.3-6  

The most challenging task in developing suitable photoCORMs is the 

ligand/co-ligand design strategy, which can confer thermal stability, solubility in 

aqueous media, and in particular, sensitivity to visible light.  The ability to release CO 

under biocompatible conditions requires that visible (not potentially harmful UV) 

light also be used to trigger photorelease, and that the photoproduct(s) be non-toxic.  

The complexes described in this chapter comprise a manganese center and the same 

azpy organic ligand frame.  These complexes as well as their photoproducts have very 

limited toxicity.  The organic ligand frame was chosen for its low-lying π* orbital, 
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greater π-acidity, and ability to induce backbonding competition when positioned 

trans to CO.  Also the light required for the manganese to release CO often falls in 

the visible region while with a heavier metal like ruthenium, UV light is needed for 

CO photorelease.7  

The complexes reported here include a manganese(I) tricarbonyl moiety with 

a π-accepting (low-lying π*) ligand frame azpy. In complex 1, [MnBr(azpy)(CO)3], 

an electron rich σ-donating ancillary ligand, Br–, is coordinated at the sixth position. 

In contrast, a π–accepting PPh3 (to provide more backbonding competition trans to 

CO) is the sixth ligand in [Mn(azpy)(CO)3(PPh3)], 2, figure 2.II.1. As a consequence 

these two complexes exhibit different CO releasing rates.  The utility of 1 as a 

therapeutic is attested by its ability to eradicate both a cervical cancer (HeLa) and ER– 

aggressive breast cancer (MDA-MB-231) cell lines. 

 

Figure 2.II.1. The ligand (azpy) and corresponding complexes, 1 and 2, in the 

present study. 

N N N

azpy

N

N
N

Mn

CO
CO

CO
Br N

N
N

Mn

CO
CO

CO
PPh3

[MnBr(azpy)(CO)3] (1) [Mn(azpy)(CO)3(PPh3)]+ (2)



	   102 

2.II.2. Results and Discussion  

 2.II.2.1. Synthesis 

The complex [MnBr(azpy)(CO)3], 1, was synthesized through reaction of 

[MnBr(CO)5] with one equivalent of azpy ligand in dichloromethane (CH2Cl2) at 

room temperature for 24 h. During the synthesis, the entire reaction set-up was 

covered with aluminium foil to protect it from exposure to ambient room light. 

Because substitution of a halide ligand with PPh3 imparts labilization of CO (thus 

accelerating CO photorelease) in complexes of the type [MX(L)(CO)3] (X= halide, L 

= bipyridine and related ligands), 10,11 we have also synthesized complex 2 through 

substitution of the Br– ligand of 1 with PPh3.  Complex 2 was synthesized in two 

steps. First, 1 was stirred with one equivalent of AgClO4 in tetrahydrofuran (THF) 

and the resulting AgBr was filtered. Next, to the filtrate (presumably containing the 

[Mn(azpy)(CO)3(THF)]ClO4 complex) one equivalent of PPh3 was added in CH2Cl2 

and the mixture was stirred at room temperature for 24 h to afford 2 in moderate 

yield. 

 2.II.2.2. Crystallography 

Complexes 1 and 2 are both distorted octahedral bearing a Mn(I) center and 

exhibit a facial disposition of the three CO ligands, figures 2.II.2 and 2.II.3. The 

equatorial plane in both complexes is comprised of two CO ligands and the bidentate 

ligand azpy, while the axial positions are taken up by one CO ligand in a trans 

position to either Br– in case of 1, and PPh3 in case of 2.  The refinement parameters 

can be found in Table 2.II.1.  In both structures, the N=N distance of the azo group is  
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Figure 2.II.2. Molecular structure of fac-[MnBr(azpy)(CO)3], 1  (thermal ellipsoids 

are shown at 50% probability  level and the H atoms are omitted for clarity). 

 
 

 

Figure 2.II.3. Molecular structure of the cation of fac-[Mn(azpy)(CO)3(PPh3)](ClO4), 

2  (thermal ellipsoids are shown at 50% probability level and the H atoms are omitted 

for clarity). 

 

uniformly longer compared to the uncoordinated azpy (1.25 Å)8 indicating Mn-

azo(π*) back-bonding. Careful examination of the metric parameters of 1 and fac-

[MnCl(bpy)(CO)3] reveals a key difference. The Mn–C(2) distance in complex 1 

(1.8139(18) Å) is noticeably longer than the average of the corresponding Mn–C 
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distances in fac-[MnCl(bpy)(CO)3] (1.805(5) Å).9 We ascribe this lengthening to the 

strong trans-effect of the azo–N center of azpy10 arising from the superior π-

accepting capacity of the azo group similar to observations noted in the ruthenium 

congeners.  The PPh3 group also exhibits a strong π-accepting ability as demonstrated 

by a longer Mn–C(1) bond length in 2 compared to 1 (1.818(8) and 1.8054(18) Å 

respectively, Table 2.II.2). 

 
Table 2.II.1. Crystal data and structure refinement parameters for 1 and 2. 

          1             2   
Empirical formula C14H9BrN3O3Mn C32H24ClN7O7Mn   
FW 402.09   683.90 
Temp(K) 296 296 
Wavelength (Å) 0.71073 0.71073 
Crystal system monoclinic monoclinic   
Space group P2(1)/c P2(1)/n   
a(Å) 8.8523(5) 11.090(4)   
b(Å) 24.8560(15) 12.173(4)   
c(Å) 7.1018(4)  22.935(8)   
α(deg) 90  90   
β(deg) 107.4880(10)  90.670(9)   
γ(deg) 90  90   
V(Å3) 1490.40(15) 3095.9(18)   
Z 4 4   
Density (calcd) (Mg m-3) 1.792 1.467   
Abs coeff (mm-1) 3.581 0.617   
No. of unique reflns 3668 6382   
bR1 0.0215 0.0970   
cwR2 0.0551 0.2281   
aGOF on F2 1.047 0.984   

aGOF = [Σ[w(Fo
2-Fc

2)2]/(No-Nv)]1/2 (No = number of observations,  
Nv = number of variables).  
bR1 = Σ⏐⏐Fo⏐-⏐Fc⏐⏐/Σ⏐Fo⏐. cwR2 = [(Σw(Fo

2-Fc
2)2/Σ⏐Fo⏐

2)]1/2 
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Table 2.II.2. Selected Bond distances (Å) and angles (º) of 1 and 2 
                                             [MnBr(azpy)(CO)3] 1        [Mn(azpy)(CO)3(PPh3)]ClO4 2 

 

 

 

 

Mn-N1 2.0179 (13) 2.050 (7) 
Mn-N3 2.0187 (12) 2.031(6) 
Mn-C1 1.8054 (18) 1.818 (8) 
Mn-C2 1.8139 (18) 1.797 (8) 
Mn-C3 1.8215 (17) 1.859 (10) 
Mn-Br 2.5256 (3) ⎯ 
Mn-P ⎯   2.3839 (19) 

N2-N3 1.2735 (18) 1.275(11) 
 

C2-Mn-C1 88.62(8) 87.6(3) 
C2-Mn-C3 87.86(8) 90.6(4) 
C1-Mn-C3 91.70(8) 90.8(4) 
C2-Mn-N1 95.51(7) 92.5(3) 
C3-Mn-N1 173.08(6) 176.9(3) 
C1-Mn-N1 94.42(6) 88.6(4) 
C2-Mn-N3 172.15(7) 168.6(4) 
C3-Mn-N3 99.55(6) 100.7(3) 
C1-Mn-N3 93.70(7) 94.1(3) 
N1-Mn-N3 76.85(5) 76.3(3) 
C1-Mn-Br 177.71(6) − 
C2-Mn-Br 89.71(6) − 
C3-Mn-Br 86.67(5) − 
N1-Mn-Br 87.30(4) − 
N3-Mn-Br 88.16(3) − 
C2-Mn-P − 88.7(2) 
C3-Mn-P − 87.8(2) 
C1-Mn-P − 176.1(3) 
N1-Mn-P − 92.78(16) 
N3-Mn-P −           89.78(16) 



	   106 

 2.II.2.3 Spectroscopy 

The complexes were authenticated through spectroscopic studies.  The three 

facially disposed CO ligands in both complexes give rise to νCO bands at the expected 

region (2034, 1960, 1940 cm−1 for 1 and 2040, 1980, 1950 cm−1 for 2), Fig 2.II.4.  In 

addition, the νN=N stretch is observed near 1370 cm−1. For complex 2, the anion νClO4  

 

 

Figure 2.II.4. FTIR (KBr pellet) of 1 (top) and 2 (bottom). 
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stretch appears near 1090 cm−1. Both complexes display 1H NMR spectra consistent 

with the diamagnetic ground state of Mn(I) centers, Figure 2.II.5.  

 

Figure 2.II.5. NMR spectrum of 1 in deuterated chloroform at 298 K (CDCl3). 

 

Solutions of 1 in CH2Cl2, chloroform (CHCl3), acetonitrile (MeCN), 

dimethylsulfoxide (DMSO) and aqueous alcohols such as methanol (MeOH) and 

ethanol (EtOH) are indefinitely stable in the absence of light. A solution of 2 in the 

absence of light is also soluble and stable in CH2Cl2. The electronic absorption 

spectra of the complexes consist of two strong bands as shown in figure 2.II.6. The 

absorption maxima of the most red-shifted band in dichloromethane appear at 586 nm 

for 1 and 520 nm for 2. 

The high molar absorptivities of these bands clearly indicate that they arise 

from charge transfer transition(s), vide infra. It is noteworthy that in 2 this band is 

much blue-shifted compared to 1. This is consistent with the presence of a good π- 

acceptor ligand (PPh3), drawing more electron-density from the metal,11 thus 

lowering the energy of the occupied orbitals and increasing the effective energy of 
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transition. 

 

Figure 2.II.6. Electronic Absorption Spectra of 1 (blue) and 2 (red) in CH2Cl2 at 

298K. 
 
 
 

2.II.2.4 Kinetic studies and CO photorelease 

The majority of Mn-based photoCORMS reported so far exhibit CO release 

only upon exposure to a UV light source.12–16 PhotoCORMs based on other transition 

elements have also shown photoactivity only under UV irradiation.17,18 Quite in 

contrast, exposure of solutions of 1 and 2 to low-power visible light (10–15 mWcm–2) 

resulted in rapid CO photorelease. Solutions (in CH2Cl2) of both 1 and 2 upon 

exposure to visible light for predefined time intervals exhibit distinct isosbestic points 

implying transitions to the corresponding photoproduct(s). The apparent rates of CO 

photorelease (kCO) of 1 and 2 in such solutions are 21.94 ± 0.01 min−1 (conc. 1.225 × 

10−4 M) and 15.28 ± 0.01 min−1 (conc. 3.066 × 10−4 M) respectively, figures 2.II7 and 

2.II.8. Rates of CO photorelease from both complexes drop to some extent in 

increasingly polar solvents like acetonitrile. For example, the kCO value of 1 in 
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acetonitrile is 11.216 ± 0.01 min−1 and even dropping further in a solution of 

acetonitrile−water (20:80 v/v) to 4.9847 ± 0.01 min−1, figure 2.II.9. Nevertheless, this  

 

Figure 2.II.7. Changes in the electronic absorption spectrum of 1 in CH2Cl2 solution 

upon exposure to low power visible light (15mW cm–2) at 298 K.  

 

Figure 2.II.8. Changes in the electronic absorption spectrum of 2 in CH2Cl2 solution 

upon exposure to low power visible light (15mW cm–2) at 298 K.  
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Figure 2.II.9. Changes in the electronic absorption spectrum of 1 in MeCN–H2O 

(80:20 v/v) solution upon exposure to low power visible light (10 mW cm–2) with λ ≥ 

520 nm (cut-off filter was employed to avoid any UV light) at 298 K.  

 

extent of CO loss upon exposure to low-power visible light is quite extraordinary. 

Additionally, the quantum yield value at 550 nm (φ550) for 1 in acetonitrile is 0.48 ± 

0.01. The backbonding competition in 2 does increase the CO labilization 

comparative to [MnCl(bpy)(CO)3] however the rate is still less than the rate of 1.  It is 

important to note that contrary to the established design protocol of employing PPh3-

ligated metal carbonyls to develop more efficient photoCORMs,11 in the present work 

Br− ligation in complex 1 contributed toward an increased efficiency of CO release in 

addition to a more red-shifted MLCT transition.  

The evidence of photoreleased of CO from 1 and 2 is confirmed by the reduced 

myoglobin (Mb) assay. A 10 µM solution of reduced Mb was completely converted 
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into Mb–CO when a 100 µM solution (highest concentration used for toxicity assays) 

of complex 1 in CH2Cl2 was exposed to four one second pulses of visible light, and 

the photoreleased CO from the headspace of the exposure chamber was transferred to 

the reduced Mb (monitored in a separate cuvette).  A longer exposure to visible light 

was required to compensate for the relatively sluggish rate in 2, however a similar 

trend is seen upon exposure to visible light, figure 2.II.10.   

 

Figure 2.II.10.  Myoglobin assay, carboxy-Mb (CO-Mb) formation due to in situ CO 

generation from 1 (left) and 2 (right) upon visible light illumination. Formation of 

CO-Mb is shown through decrease in the Soret absorption band of the reduced Mb 

(435 nm) and increase of the Soret band of CO-Mb (424 nm).  

 
 

2.II.2.5 Theoretical Calculations  

Results of density functional theory (DFT) and time-dependent density 

functional theory (TDDFT) elucidate the pathway by which CO is photoreleased from 

1 and 2. Similar to the data previously collected from other manganese complexes, 1 

and 2 were also optimized from their X-ray crystal structure coordinates with a PBE0 

functional.  The bond lengths and angles in the optimized complex were similar to 

those obtained in the structural studies.  Next, the singlet electronic transitions were 



	   112 

assessed via TDDFT calculations. The close match of the experimental spectra with 

the calculated UV-Vis spectra gave confidence and we were able to perform an 

inspection of the MLCT band, responsible for the CO photorelease.  The strong 

absorption band at 586 nm in 1 and 520 nm in 2 are both metal–to–ligand charge 

transfer (MLCT) in character.  The higher energy absorption bands are comprised of 

π–π* of the ligand frame, termed as intra-ligand charge transfer (ILCT).  In addition 

to ILCT, these higher energy absorption bands are also composed of higher energy 

MLCT transitions.  The most high energy bands reported near 300 nm also contain 

transitions wherein the occupied orbital is mostly made up of π(Mn–CO) and 

terminate in an anti-bonding π*(Mn–CO), dissociative with respect to CO.  The very 

rapid photorelease of CO under a biocompatible low power visible light prompted us 

to perform a thorough examination of the MLCT bands of 1 and 2.  As shown in 

figure 2.II.11, the release of CO from 1 has its origin in a transition from HOMO–1 

which is a combination of π(Mn–CO) (41%)  and p-Br (37%) bonding character to 

the lowest unoccupied molecular orbital (LUMO) primarily made up of the π*-orbital 

of the azpy ligand frame (70%). Significant reduction in metal–CO back-bonding 

during this transition weakens the Mn–CO bond(s). Complex 2, like 1, exhibits an 

MLCT band originating in both the HOMO–5 and HOMO–4.  Both occupied orbitals 

are composed of π(Mn–CO) and π(Mn–PPh3), specifically  40 and 29% π(Mn–CO), 

and 31 and 37%  π(Mn–PPh3) respectively.  Both transitions, however, terminate in 

the LUMO primarily comprised of the π* azpy anti-bonding orbital, 60%, Table 

2.II.3.  The 70 nm difference in experimental absorptivity between 1 and 2 arises 
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from the very large stabilization of the occupied orbitals in addition to the 

stabilization of the unoccupied orbitals.  Such stabilization and reduction of energy 

can be seen in all molecular orbitals as shown in figure 2.II.11.  Strongly electron 

withdrawing ligands, PPh3 and CO, without an electron donating ligand or group, 

guide the occupied orbitals energetically. The MOs in 2 are therefore found to be 

much more stabilized. The LUMO in 2 is also highly stabilized and is also lower in 

energy compared to 1.  This effectively makes a higher energy transition, and thus a  

 

 

Figure 2.II.11.  Calculated energy diagram of 1 and 2 (left to right).  The most 

prominent MOs involved with MLCT transitions leading to CO photorelease.   
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 blue-shift is observed.  The 160 nm difference in absorption maximum of 1 

compared to the structurally related [MnCl(bpy)(CO)3] indicates that the 

comparatively low-lying  π* orbital of the azpy ligand is most likely responsible for 

the noted red-shift of the MLCT band maximum of 1. 

 

2.II.2.6 Utility of photo-active CO releasing complex 1 towards eradication of 

cancer cells.  

In the present study, we have explored the possibility of eradication of cervical 

cancer cells (HeLa) and an aggressive, ER– breast cancer cells (MDA-MB-231)19 by 

photodelivery of CO from 1 under the control of visible light.  Monolayers of these 

two malignant cell types were grown separately in multi-well plates.  These plates 

were treated in the dark and then exposed to visible light for 10 minutes with very 

low power biosafety hood light (0.5 mW cm–2). The plates were further incubated in 

an environment of 95% air and 5% CO2(g) for an additional hour in dark. Next, the 

wells were carefully aspirated to remove the media along with the photoproduct(s), 

replenished with fresh media, and incubated in the dark for 6 hours. The viability of 

the cells was finally assessed by MTT assay following the manufacturers protocol 

(Life Technologies). As shown in figure 2.II.12, a dose-dependent eradication of both 

malignant cells was observed. Approximately 45% reduction in viability was 

observed with 75 µM of 1 and an exposure time of 10 minutes for both cases. The 

extent of cell kill was comparable when the cells were exposed to 10 µM of 5-

fluorouracil for 74 hours. Also as shown in the top panel of figure 2.II.12, the 
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morphological changes (cell shrinkage and blebbing) of the HeLa cells upon exposure 

to CO were typical of cells entering in to apoptosis.20 It is noteworthy to mention that 

the dark control experiment with 1 shows no such reduction in cell viability even with 

very high concentrations (up to 120 µM), indicating the very low toxicity and high 

stability of 1 under dark conditions, figure 2.II.13.  This proof of concept experiment 

on eradication of cancer cells by CO, a naturally occurring signaling molecule, 

indicates the potential therapeutic benefits of CO in cancer therapy.        

 

 

Figure 2.II.12. Top Panel: morphological changes of HeLa cells (micrograph A) 

upon treatment with CO (micrograph B); bottom panel: dose dependent cell viability 

of HeLa (red bar) and MDA-MB-231 (blue bar) cells upon treatment with CO 

photoreleased from 1. 
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Figure 2.II.13. Cell Viability assay on HeLa cells upon incubation with complex 1 

without light exposure. 
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2.II.3 Additional Data 

Table 2.II.3: Calculated (TD-DFT) energies (E, nm), oscillator strengths(f), and nature of 
transitionsa in the complexes  

Energy (nm)  Oscillator Transition 

  Strength  

	      1 
616  0.0099492 π(Mn-CO)-p(Br)→ π*(Py-Azo-Ph) 
396  0.0720846 π(Mn-CO)-p(Br)→ π*(Py-Azo-Ph) 
354    0.0797801 π(Ph)→ π*(Py-Azo-Ph) 
350    0.1818711 π(Ph)-d(Mn)→ π*(Py-Azo-Ph) 
348    0.0346971 p(Br)- π (Mn-CO)→ π*(Ph)- π(CO)-d(Mn) 
336    0.0267677 p(Br)- π (Mn-CO)→ π*(Py-Ph-Azo) 
331    0.0489395 π(Pyr)→ π*(Py-Azo-Ph) 
326  0.0207783 π(Mn-CO)-p(Br)→ π*(Py-Ph-Azo) 
324  0.0239514 π(Mn-CO)→ π*(Py-Ph)  
320  0.0283438 p(Br)- π (Mn-CO)→ π*(Py-Ph-Azo)  
 
    2 
472  0.0134903 π(Mn-PPh3-CO)→ π*( Py-Azo-Ph) 
430   0.0410682 π(Mn-PPh3-CO) →π*( Py-Azo-Ph) 
416  0.0233788 π(Mn-PPh3)-p(Ph)→ π*( Py-Azo-Ph) 
403  0.0198349 π(Mn-PPh3)→ π*( Py-Azo-Ph) 
392  0.0143996 π(Mn-PPh3-CO)- π(Py)- π(Ph)→ π*( Py-Azo-Ph) 
364  0.1836637 π(Mn-PPh3-CO)- π(Ph)- π(Py)→ π*( Py-Azo-Ph) 
360  0.0870086 π(Mn-PPh3-CO)- π(Ph)- π (Mn-CO)→ π*( Py-Azo-Ph) 
328  0.0122870 π(Mn-PPh3-CO)- π(Ph)→d(Mn)- π*(PPh3)- π(CO)- π*(Py) 
322  0.0217908 π(Mn-CO-PPh3)- π(Ph)→d(Mn)- π*(PPh3)- π(CO)- π*(Py) 
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2.II.4 Experimental Section 

2.II.4.1 General Methods 

[MnBr(CO)5] and AgClO4. H2O and [MnBr(CO)5] were purchased from Alpha Aesar, 

was used without further purification. AgClO4. H2O was triturated several times prior 

to use using dry acetonitrile. The ligand 2-phenylazopyridine (azpy)21 was 

synthesized following a reported procedure. Solvents were purified and/or dried by 

standard techniques prior to use. 22 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 IR spectra of the reported compounds. UV-Vis spectra were 

obtained with a Varian Cary 50 UV–Vis spectrophotometer. Microanalyses (C, H, N) 

were performed using a Perkin-Elmer 2400 Series II elemental analyser. Horse heart 

myoglobin (Mb) was purchased from Sigma-Aldrich and used as received.  Caution! 

Transition metal perchlorates should be prepared in small quantities and handled with 

great caution as metal perchlorates may explode upon heating. 

 

2.II.4.2. Synthesis  

[MnBr(azpy)(CO)3] 1.  To a batch of 100 mg (0.36 mmol) [MnBr(CO)5], 80mg (0.43 

mmol) of azpy was added in 20 mL dichloromethane. The reaction mixture was 

stirred for 24 h at room temperature with aluminium foil covering the reaction set-up.  

The deep blue solution was then completely evaporated, and the solid was washed 

thoroughly with hexanes.  The blue solid thus obtained, was further recrystallized by 

layering the hexanes over its dichloromethane solution. This afforded the dark block-
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shaped crystals in reasonable yield (91mg, 63%). Anal. Cald. for C14H9N3O3BrMn: C 

41.83, H 2.26, N 10.46. Found: C 41.20, H 2.41, N 10.52. Selected IR frequencies 

(KBr disk) νCO 2034, 1960 and 1940 cm–1 νN=N 1370 cm–1. 1H NMR (CD3CN, 

500MHz), δ (from TMS) 9.23(d, 1H), 8.66(d, 1H), 8.33(t, 1H), 7.87(d, 2H), 7.74 (t, 

1H), 7.68 (d, 3H). Absorption spectrum in CH2Cl2, λmax (nm) [ε, M–1 cm–1]: (359) 11 

990, (586) 3 856.  

[Mn(azpy)(CO)3(PPh3)](ClO4) 2. In 10 mL of tetrahydrofuran (THF), 33 mg (0.16 

mmol) of AgClO4 was quantitatively transferred into 50 mg (0.12 mmol) of 

[MnBr(azpy)(CO)3]. The blue solution was then stirred at room temperature for 1 h 

resulting in a purple coloration. The AgBr thus formed was filtered over a wet 

Celite® pad and filtrate was evaporated to dryness. 65.5mg (0.25mmol) of 

triphenylphosphine (PPh3) was added to the solid residue quantitatively in 10 mL of 

dichloromethane and the reaction mixture was stirred for 24 h. The reaction flask in 

all steps was covered with aluminum foil. Upon evaporation of the solvent, the 

residue was washed thoroughly with benzene to remove any trace amount of PPh3 and 

further removal of any trace of solvents under reduced pressure afforded the orange-

red solid of [Mn(azpy)(CO)3(PPh3)](ClO4) in moderate yield (38 mg, 45%).  Anal. 

Cald for C32H24N3O7MnPCl: C 56.20, H 3.54, N 6.15. Found: C 55.95, H 3.62, N 

6.10.  Selected IR frequencies (KBr disk) νCO 2040, 1980 and 1950 cm–1, νN=N 1370 

cm–1, νClO4 1090 cm–1. 1H NMR (CDCl3, 500MHz), δ (from TMS) 8.59, 8.43, 7.67, 

7.52, 7.42, 7.26, 7.06 and 5.30   Absorption spectrum in CH2Cl2, λmax (nm) [ε, M–1 

cm–1]: (359) 11 990, (520) 3 856.  
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2.II.4.3 Crystallography. 

Data were collected on a Bruker APEX II single crystal X-ray diffractometer with 

graphite monochromated Mo-K α radiation (λ= 0.71073 Å) by ω-scan technique in 

the range of 3 ≥ 2θ ≥ 56 for the two complexes. All data were corrected for Lorentz 

polarization and absorption.23 The metal atoms were located from the Patterson maps 

and the rest of the non-hydrogen atoms emerged from successive Fourier syntheses. 

The structures were refined by full-matrix least squares procedure on F2. All non-

hydrogen atoms were refined anisotropically. All hydrogen atoms were included in 

calculated positions. The absorption corrections were done using SADABS. 

Calculations were performed using SHELXTL V 6.14 program package.24 

 

2.II.4.4 Photolysis  

The rates of CO release upon exposure to visible light were measured with solution of 

complexes 1 and 2 respectively in 1 cm × 0.4 cm quartz cuvette. The light sources 

employed in this study include a visible light (10-15 mW cm–2 and 10 mW cm–2 with 

a 520 nm cut-off filter) manufactured by Electro Fiber Optics Corporation (model, IL 

410 illumination system).  Illumination of 1 in biological experiments consisted of a 

0.5 mW cm–2 the light source set approximately 2 ft above cellular plates (biosafety 

hood light) for no longer than 10 minutes.  Apparent rates of CO photorelease (kCO) 

were followed at an appropriate wavelength for each complex and the logarithm of 

the complex concentration versus time plot were generated. For the quantum yield 

measurements, a solution was used to ensure sufficient absorbance (≥ 99%) at the 
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incident wavelength; no more than 10% photolysis occurred in each measurement. 

Standard actinometry using ferrioxalate was employed to calibrate the light source 

(Newport Oriel Apex Illuminator (1 mW cm−2 power with 1 cm distance at 510 nm).25 

Horse heart myoglobin was dissolved in phosphate buffered saline (PBS, 100 mM, 

pH 7.4) and reduced by adding sodium dithonite.  Due to the ability of sodium 

dithionite to facilitate the release of CO, an apparatus was constructed using two 

quartz cuvettes.26 In the first cuvette under anaerobic condition, the photoactive 

complexes were exposed to visible light evolving CO into the headspace. The 

photoreleased CO was then transferred into the second cuvette containing the reduced 

Mb solution under a positive pressure of N2(g).  

 

2.II.4.5 Theoretical Studies  

DFT calculations on [MnBr(azpy)(CO)3] were carried out using the double-ζ basis set 

6-31G* for all atoms with two exceptions Br, 6-11G*, and Mn, for which LANL2DZ 

basis set and effective core potential (ECP) was implemented. Calculations were 

carried out with the aid of the program PC-GAMESS27 using the hybrid functional 

PBE0 for TDDFT calculations.  The X-ray coordinates of 1 were used as a starting 

point for the geometry optimization and molecular orbitals (MO) were visualized in 

MacMolPlt for analysis. Oscillation strengths greater than 0.0099 were taken for 

analysis of transitions.  
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Rapid CO release from a Mn(I) carbonyl complex
derived from azopyridine upon exposure to visible
light and its phototoxicity toward malignant cells†

Samantha J. Carrington, Indranil Chakraborty and Pradip K. Mascharak*

Two Mn(I) carbonyl complexes namely [MnBr(azpy)(CO)3] and
[Mn(azpy)(CO)3(PPh3)](ClO4) (azpy = 2-phenylazopyridine) have been
synthesized and characterized. Both complexes exhibit rapid CO
release upon exposure to low power visible light. [MnBr(azpy)(CO)3]
shows significant phototoxicity toward two malignant cell lines
HeLa and MDA-MB-231.

Carbon monoxide (CO) has recently been identified as a key
signalling molecule in mammalian physiology.1,2 CO is endogen-
ously produced during the breakdown of heme by the ubiquitous
enzyme heme oxygenase (HO). Although the release of CO from
heme has been known for decades, research on therapeutic effects
of CO has been limited because of its reputation as the ‘‘silent
killer’’. Although the exact roles of this small molecule in various
physiological pathways have not been fully established, CO is
known to elicit anti-apoptotic and vasoregulatory effects in addition
to attenuation of oxidative stress.1 Such homeodynamic properties
of CO helps to maintain and re-establish healthy tissue function.3

CO is also known to inhibit proliferation in cancer cells and other
aggressive T cells, acting as a pro-apoptotic agent.1 Biological
activities of CO have been studied with the aid of carbon monoxide
releasing molecules (CORMs) such as the water soluble carbonyl
complex [RuCl(gly)(CO)3] (CORM-3).1 Carbonyl complexes of this
type exhibit solvent-assisted CO release, and thus are not effective
in terms of sustained CO delivery to specific targets.4 Photoactive
CORMs (photoCORMs) on the other hand release CO under more
controlled conditions. Design and syntheses of such species with
biocompatible auxiliary ligand(s) are therefore of current interest
for several research groups including us.5–8 The most challenging
task in developing suitable photoCORMs is the ligand/co-ligand
design strategy which can confer thermal stability, water solubility
and in particular, sensitivity to visible light.

In the present study two complexes namely, fac-[MnBr(azpy)(CO)3]
(1) and fac-[Mn(azpy)(CO)3(PPh3)](ClO4) (2), have been synthesised
(where azpy = 2-phenylazopyridine).‡ The azpy ligand was chosen due
to its superior p-acidity compared to bipyridine and other a-dimmine
ligand systems.9 Thus, it is expected that azpy, upon coordination
with low-valent Mn(I), will promote metal-to-ligand charge transfer
(MLCT) transition(s) in the visible range which in turn will augment
CO labilization.8 Indeed, the complexes reported herein exhibit rapid
CO release upon illumination with low-power visible light. Complex 1
was synthesised by reacting [MnBr(CO)5] with one equivalent of azpy
ligand in dichloromethane at room temperature for 24 hours. During
the synthesis the entire reaction set-up was properly covered up with
aluminium foil to protect it from exposure to ambient room light.
Because substitution of a halide ligand with PPh3 imparts labilization
of CO (thus accelerating CO photorelease) in complexes of the type
[MX(L)(CO)3] (L = bipyridine and related ligands),10,11 we have also
synthesized complex 2 through substitution of the bromide ligand of
1 with PPh3. Complex 2 was synthesized in two steps. First, 1 was
stirred with one equivalent of AgClO4 in tetrahydrofuran (THF) and
the resulting AgBr was filtered. Next, to this filtrate (presumably the
[Mn(azpy)(CO)3(THF)]ClO4 complex) one equivalent of PPh3 was
added in dichloromethane and the mixture was stirred at room
temperature for 24 hours to afford 2 in moderate yield. The reaction
set-up was also covered with aluminium foil to avoid any light
exposure. Interestingly in the present case, complex 2 exhibits a
relatively slower CO release rate than complex 1 under the same
experimental conditions (vide infra).

The coordination geometry of Mn(I) centers in both complexes
is distorted octahedral and the three CO ligands are disposed
facially (Fig. 1 and 2). The two N atoms of the azpy ligand and two
C atoms from CO constitute the equatorial plane while the third
CO and PPh3/Br occupy the axial positions. In both structures, the
N–N distance of the azo group is uniformly longer than that
in uncoordinated azpy (1.25 Å)12 indicating d(Mn) - azo(p*)
back-bonding. Careful examination of the metric parameters of
1 and fac-[MnCl(bpy)(CO)3] reveals a key difference. The Mn–C(2)
distance in complex 1 (1.8139(18) Å) is noticeably longer
than the average of the corresponding Mn–C distances in fac-
[MnCl(bpy)(CO)3] (1.805(5) Å).13 We ascribe this lengthening to
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the strong trans-effect of the azo-N center of azpy14 arising from
the superior p-accepting capacity of the azo group.

The three facially disposed CO ligands in both complexes give
rise to nCO bands at the expected region (2034, 1960, 1940 cm!1 for 1
and 2040, 1980, 1950 cm!1 for 2). In addition, the nNQN stretch is
observed near 1370 cm!1. For complex 2, the nClO4

stretch appears
near 1090 cm!1. Both complexes display a 1H NMR spectrum
consistent with the diamagnetic ground state of Mn(I) centers.

Solutions of 1 and 2 in dichloromethane, chloroform, acetonitrile,
and aqueous alcohols are indefinitely stable in the absence of light.
The electronic absorption spectra of the complexes consist of two
strong bands. The absorption maxima of the most red-shifted band in
dichloromethane appear at 586 nm for 1 and 520 nm for 2. The high
molar absorptivities of these bands clearly indicate that they arise
from charge transfer transition(s). It is noteworthy that in 2 this band
is much blue-shifted compared to 1. This is consistent with the
presence of a good p-acceptor ligand (PPh3), which lowers the energy
of the occupied orbitals by drawing more electron-density from the
metal10 thereby increasing the energy of the MLCT transition.

Careful scrutiny of the literature reveals that the majority of
Mn-based photoCORMS reported so far exhibit CO release only
upon exposure to a high power UV light source.15–19 PhotoCORMs
based on other transition elements have also shown photoactivity
only under UV irradiation.5,6 Quite in contrast, exposure of solutions
of 1 and 2 to low-power visible light (10–15 mW) resulted in rapid CO
photorelease as evident by reduced myoglobin (Mb) assay (see ESI†).

In fact a 10 mM solution of reduced Mb was completely converted
into Mb–CO when a 100 mM solution (highest concentration used
for toxicity assays) of complex 1 in dichloromethane was exposed to
four one second pulses of visible light and the photoreleased
CO from the headspace of the exposure chamber was transferred
to the reduced Mb (monitored in a separate cuvette). Solutions (in
dichloromethane) of both 1 and 2 upon exposure to visible light for
predefined time intervals exhibit distinct isosbestic points (see
ESI†) implying clean transitions to the corresponding photo-
products. The apparent rates of CO photorelease (kCO) of 1 and 2
in such solutions are 21.94 " 0.01 min!1 (conc. 1.225 # 10!4 M)
and 15.28 " 0.01 min!1 (conc. 3.066 # 10!4 M) respectively. Rates
of CO photorelease from both complexes drop to some extent in
solvents like acetonitrile. For example, the kCO value of 1 in
acetonitrile is 11.216 " 0.01 min!1. Nevertheless, this extent of
CO loss upon exposure to low-power visible light is quite extra-
ordinary. Additionally, the quantum yield value at 550 nm (f550) for
1 in acetonitrile is 0.48 " 0.01. It is important to note that contrary
to the established design protocol of using PPh3-ligated metal
carbonyls to develop more efficient photoCORMs,10 in the
present work bromide ligation in complex 1 contributed toward
an increased efficiency of CO release in addition to a more red-
shifted MLCT transition. As discussed below, considerable
bromide - azpy charge transfer (XLCT) character of the visible
transition of 1 (at 586 nm) adds to the CO release process upon
exposure to visible light. We have also synthesized the structurally
related [MnBr(bpy)(CO)3] (bpy = bipyridine) complex and recorded
its absorption spectrum in dichloromethane. The MLCT band of
this complex appears at 420 nm, which is much blue-shifted relative
to 1. It is therefore evident that the right combination of Br! and
azpy (and not just Br!) gives rise to the strong photoband of 1 in the
visible region of the spectrum (suitable for phototherapy).

Results of density functional theory (DFT) and time-dependent
DFT (TDDFT) have provided helpful insights into the occurrence of
the strong MLCT band of 1 at 586 nm and the associated photorelease
of CO under illumination. As shown in Fig. 3, the release of CO from 1
has its origin in a transition from an occupied combination orbital of
p(Mn–CO) (41%) and p-Br (37%) character to the LUMO primarily
made up of the p*-orbital of the azpy ligand frame (70%). Significant
reduction in metal–CO back-bonding during this transition weakens
the Mn–CO bond(s). The 160 nm difference in absorption maxima of
1 and the structurally related [MnBr(bpy)(CO)3] complex demonstrates
that the low-lying (compared to bpy) p* orbital of the azpy ligand is
mostly responsible for the red-shift of the MLCT band maximum of 1.

Complex 1 exhibits excellent solubility in acetonitrile–water
mixtures and allows its use as a CO donor for biological targets.
The photorelease of CO from 1 in such mixtures gives rise to

Fig. 1 Molecular structure of [MnBr(azpy)(CO)3], 1 (thermal ellipsoids are shown
at 50% probability level and the hydrogen atoms are omitted for clarity). Selected
bond distances (Å) Mn–N1 2.0179 (13), Mn–N3 2.0187 (12), Mn–C1 1.8054 (18),
Mn–C2 1.8139 (18), Mn–C3 1.8215 (17), Mn–Br 2.5256 (3), N2–N3 1.2735 (18).

Fig. 2 Molecular structure of fac-[Mn(azpy)(CO)3(PPh3)](ClO4), 2 (thermal ellipsoids
are shown at the 50% probability level, and hydrogen atoms and the counter anion
are omitted for clarity). Selected bond distances (Å) Mn–N1 2.050 (7), Mn–N3 2.031(6),
Mn–C1 1.818 (8), Mn–C2 1.797 (8), Mn–C3, 1.859 (10), Mn–P 2.3839 (19),
N2–N3 1.275(11).

Fig. 3 MLCT–XLCT transition leading to the release of CO in 1.
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spectral changes with distinct isosbestic points indicating
controlled loss of CO upon illumination. The changes in the
electronic absorption spectrum of 1 in an acetonitrile–water
(20 : 80 v/v) mixture upon illumination with a visible light source
(15 mW) with a 520 nm cut-off filter are shown in Fig. 4. A kCO

value of 4.987! 0.01 min"1 (conc. 1.74# 10"4 M) obtained in this
experiment clearly indicates that the CO release rate remains
appreciably fast even when we employ a very biocompatible range
of light. The fast CO release rate and ready solubility of 1 in water–
acetonitrile mixtures compared to 2 led us to choose the former to
perform the toxicity studies.

In the present study, we have explored the possibility of
eradication of HeLa and MDA-MB-231 cells through photo-
delivery of CO from 1 under the control of visible light. Following
addition of 1, colonies of these two malignant cells in multi-well plates
were exposed to visible light for 10 minutes and incubated for an
additional hour in the dark. Next, the wells were carefully aspirated to
remove the media along with the photoproduct(s), replenished with
fresh media, and incubated in the dark for 6 hours. The viability
of the cells was finally assessed by MTT assay. As shown in Fig. 5,
a dose-dependent killing of both malignant cells was observed.
Approximately 45% reduction in viability was observed with

75 mM of 1 and an exposure time of 10 minutes in both cases.
The extent of cell kill was comparable when the cells were exposed
to 10 mM of 5-fluorouracil for 74 hours. Also as shown in the top
panel of Fig. 5, the morphological changes (cell shrinkage and
blebbing) of the HeLa cells upon exposure to CO were typical of
apoptosis.20 It is noteworthy to mention that the dark control
experiment with 1 shows no such reduced cell viability.

In summary, results of the present work demonstrate that
the designed photoCORM 1 can be employed to kill malignant
cells through controlled CO delivery. To our knowledge, complex 1
represents the first biocompatible photoCORM that rapidly
releases CO upon exposure to low-power visible light.

Financial support from the NSF grant DMR-1105296 is
gratefully acknowledged.
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18 G. Dördelmann, T. Meinhardt, T. Sowik, A. Krüger and
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Part III: Synthesis, Structure and Properties of fac-[ReBr(azpy)(CO)3] (azpy = 2-

Phenylazopyridine) and Contrast in Light sensitivity Compared to Isostructural  

fac-[MnBr(azpy)(CO)3]. 

2.III.1 Background 

Controlled CO release from a pro-drug is of the utmost importance for 

therapeutic applications of this noxious gas.  It is required for site specific targeting 

with the gaseous CO molecule.  In parts I and II of chapter 2, it is mentioned that 

photoCORMs that release CO under biocompatible conditions including visible light 

illumination are more desirable.  We aimed to further explore photoCORMs bearing a 

Re(I) center which could be potentially more stable under biological conditions. In 

recent years, several research groups have developed suitably designed photoCORMs 

based on transition metal carbonyls to alleviate limitations such as high toxicity and 

lack of chemical amenability.1,2,3 For example, the rhenium-based water-soluble 

photoCORM [Re(bpy)(CO)3(thp)]+(thp= tris(hydroxymethyl)phosphine), developed 

by Ford and co-workers, is readily internalized by human prostatic carcinoma cells 

with no apparent cytotoxicity, figure 2.III.1.4 When the loaded cells were irradiated 

with UV light (405 nm), CO was released from the complex and this event was 

visualized by a change in fluorescence. Schatzschneider and co-workers have 

synthesized the cationic [Mn(CO)3(tpm)]+(tpm= tris(pyrazolyl)methane) complex that 

initiates photodelivery of CO upon illumination with UV light (365 nm).5 This 

photoCORM has been shown to eradicate human colon cancer cell (HT29) through 

efficient internalization and CO delivery. The development of designed 
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photoCORMs, however, faces the major challenge of synthesizing suitable metal–

carbonyl complexes that can liberate CO upon  

	   	    

Figure 2.III.1.  Previously established UV active photoCORMs 

[Re(bpy)(CO)3(thp)]+ and [Mn(CO)3(tpm)]+ (left) and two novel photoCORMs, 

[ReBr(azpy)(CO)3], [Re(azpy)(CO)3(PPh3)]+ (right). 

    

irradiation with light of the biocompatible range (500–900 nm).2 To date, the vast 

majority of photoCORMs have shown sensitivity toward UV light (300–450 nm),1, 

2,6–12 an untenable range of wavelengths in terms of developing phototherapeutics, 

with very few exceptions.13–15 In our attempt to correlate the light absorption 

parameters of designed metal–carbonyl complexes with their ability to photorelease 

CO, we looked at various ligands that give rise to carbonyl complexes with varying 

numbers of CO ligands.6,15 In our recent effort, we selected the ligand 2-

phenyazopyridine (azpy), which resembles ligands bearing α, α’-diimine 

functionality such as bipyridine (bpy) and ortho-phenanthroline (o-phen). Metal–

carbonyl complexes derived from these α, α’-diimine ligands have recently been 

employed as photoCORMs by different groups.1,2,4 Also in chapter 2 (part II) we 

reported an efficient Mn based photoCORM, namely, fac-[MnBr(azpy)(CO)3](1), 
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which rapidly releases CO (quantum yield φ = 0.48) upon illumination with low-

power visible light.13 Additionally, CO liberated from this complex has been used to 

inflict severe damage to HeLa and MDA-MB-231 cancer cells. The PPh3 substituted 

complex fac-[Mn(azpy)(CO)3(PPh3)]ClO4 (2) also exhibits sensitivity to visible light. 

To further increase the stability of this type of photoCORMs in biological media, we 

have now synthesized the corresponding rhenium complexes, fac-[ReBr(azpy)(CO)3] 

(3) and fac -[Re(azpy)(CO)3(PPh3)]ClO4 (4), scheme 2.III.1, and examined their CO-

releasing properties. As both of these complexes display strong absorption bands in 

the visible (~ 500 nm) region, analogous to their Mn progenitors, we expected that the 

associated MLCT transitions would augment CO release. However, both 3 and 4 

release CO only upon illumination with UV light. In addition, the rates of CO release 

from 3 and 4 are 

 

 

Scheme 2.III.1. Mn and Re carbonyl complexes reported in the present work. 
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 significantly slower than the corresponding Mn complexes 1 and 2. Clearly, these 

findings raise the critical question of why the structurally and electronically similar 

rhenium carbonyl complexes fail to photorelease CO upon exposure to visible light, 

despite the presence of strong absorption in the visible region. To explore the cause of 

discrepancy in light sensitivity between 1 and 3 (derived from metal centers with 

same low-spin d6 configuration), we performed density functional theory (DFT) and 

time-dependent density functional theory (TDDFT) calculations on 1–4. The results, 

as described in this chapter, reveal for the first time the role of transition metal centers 

(within the same group) on the CO-releasing capacities of structurally identical 

complexes.  The design principles established thus far for the ruthenium(II) and 

manganese(I) complexes of 2-phenylazopyridine (azpy) led to idea that if the MLCT 

band of a complex was moved into the visible region using a π-acidic ligand frame 

(azpy) and electron donating ancillary ligand (Br−), the ability of CO photorelease 

under visible light could be established.  It is now evident that judicious choice of the 

metal center is also crucial in addition to appropriate combination of ligand/co-ligand, 

in order to achieve the objective of CO delivery under the control of visible/near-IR 

light. 

 

2.III.2 Results and Discussion  

 2.III.2.1 Synthesis 

Reaction of [MnBr(CO)5] with one equivalent of azpy ligand in 

dichloromethane (CH2Cl2) at room temperature afforded the fac-
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[MnBr(azpy)(CO)3](1) complex. During the synthesis, the entire reaction setup was 

properly covered with aluminum foil to protect from exposure to ambient light 

source. The Re analogue fac-[ReBr(azpy)(CO)3](3) was synthesized by reacting 

[ReBr(CO)5]with one equivalent of azpy ligand in boiling benzene. Previously, 

Ishitani and co-workers showed that incorporation of a π-acceptor ligand like PPh3 in 

metal–carbonyl complexes enhances the rate of CO release.16 In such species, 

competition between PPh3 and the trans CO group for the same π-symmetry orbital 

causes CO labilization. We therefore undertook the task of synthesizing the 

phosphine complexes through replacement of the bromide group of 1 and 3. The fac-

[Mn(azpy)(CO)3(PPh3)]ClO4(2) complex was synthesized in two steps. Complex 1 

was first stirred with one equivalent of AgClO4 in tetrahydrofuran (THF), and the 

resulting AgBr was removed by filtration. Following removal of THF, one equivalent 

of PPh3 in CH2Cl2 was added to the residue (presumably the 

[Mn(azpy)(CO)3(THF)]ClO4 complex), and the mixture was stirred at room 

temperature for an extended period to isolate 2. In the case of fac-

[Re(azpy)(CO)3(PPh3)]ClO4(4), both steps were carried out under reflux condition in 

THF and chloroform, respectively. The general structures of 1–4 are depicted in 

scheme 2.III.1. 

 

2.III.2.2 Crystallography  

Dark, block-shaped crystals of 1 and 3 and orange needles of 2, 4, and fac-

[MnBr(bpy)(CO)3] were obtained by layering hexanes over their solution in CH2Cl2. 
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The structures of 1 and 2 are shown in part 2 of Chapter 2. The structures of 

complexes 3 and 4 with atom labeling are shown in figures 2.III.2 and 2.III.3.  

	  

Figure 2.III.2. Molecular structure of fac- [ReBr(azpy)(CO)3], 3  (thermal ellipsoids 

are shown at 50% probability level and the hydrogen atoms are omitted for clarity). 
 

	  

Figure 2.III.3. Molecular structure of the cation of fac-[Re(azpy)(CO)3(PPh3)]+, 4  

(thermal ellipsoids are shown at 50% probability level and the hydrogen atoms are 

omitted for clarity). 
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Refinement parameters for 1–4 and selected bond distances of 3 and 4 are listed in 

Tables 2.III.1 and 2.III.2 respectively. The coordination geometry of the Mn and Re 

centers in 1–4 is distorted octahedral, and the three CO ligands are facially disposed. 

The two nitrogen atoms of the azpy ligand and the two carbon atoms from the CO 

groups constitute the equatorial plane, while the axial positions are occupied by a CO 

group and Br– or PPh3. In all of the structures, the N–N distances of the azo group are 

uniformly longer than that of the uncoordinated 2-phenylazopyridine ligand (1.25(3) 

Å).17 This lengthening indicates strong d(Mn/Re)àazo(π*) back-bonding character in 

the present complexes. Careful scrutiny of the metric parameters of 113 with the 

structurally similar fac-[MnBr(bpy)(CO)3] reveals certain differences. The Mn–C2 

distance in 1 is 1.8139(18) Å, which is noticeably longer than the average of Mn–C2 

distances in fac-[MnBr(bpy)(CO)3] (1.803(4) Å). This weakening can be attributed to 

the superior π-acidity of the azo group18 trans to the Mn–C2 bond in 1. In contrast, 

the Re–C2 distance in 3 (1.920(4) Å) is slightly shorter than the average of the 

corresponding distances in the structurally similar fac-[ReBr(Me2bpy)(CO)3] 

(1.925(3) Å).19 Similarly, the Re–C2 distance in 4 (1.931(2) Å) is slightly shorter than 

the average of the corresponding distances in fac-[Re(bpy)(CO)3(PPh3)]+ (1.939(16) 

Å) (Figure 2.III.3).20 These structural characteristics suggest that the trans effect of 

the azo group is not prominent in rhenium complexes. Comparison of the metal–N 

distances of 1–4 with the corresponding bpy complexes also indicates that the azpy 

ligand binds the metal centers more strongly than the bpy/Me2bpy ligand in the 

corresponding complexes. Once again, this can be ascribed to the superior π-
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accepting character of the azpy ligand, which is well suited for binding the low valent 

low-spin d6 metal centers in 1–4. 

 
 

2.III.2.3 Spectroscopy 

 The three facially disposed CO ligands in all of the complexes give rise to νCO 

bands in the expected regions (2030 , 1930, 1920 cm–1 for 3; 2050, 1970, 1940 cm–1 

for 4), figure 2.III.4. In addition, the νN=N stretch is observed near 1370 cm–1 for all of  

 

Figure 2.III.4. FTIR spectra (KBr pellet) of 3 (top) and 4 (bottom). 
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the complexes. All complexes display well-resolved 1H NMR spectra consistent with 

the diamagnetic ground state of the Re(I) and Mn(I) centers (an example shown in 

Figure 2.III.5). Solutions of the complexes in methanol, chloroform, CH2Cl2, and 

acetonitrile are indefinitely stable in the absence of light. The complexes are also 

stable under aerobic conditions, which is important for biological compatibility and 

controlled release of CO. The electronic absorption spectra of the complexes consist 

of two bands. One of the bands appears in the range 330–390 nm, while the 

absorption maxima of the second band span a range of 460–590 nm, figure 2.III.6. 

The latter absorption is likely  

 

 

Figure 2.III.5.   1H NMR spectrum of 3 in CDCl3 solution at 298 K. 
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Figure 2.III.6. Electronic absorption spectra of 1-4 in CH2Cl2 at 298 K. 

 

 to arise from the MLCT (metal(dπ)àazo(π*)) transition, with considerable XLCT 

(halide(p)àazo(π*)) contributions for 1 and 3 vide infra. A close inspection of the 

electronic absorption spectra of 1 and 3 reveals the effect of replacement of the group 

7, d6 metal center. Complex 1 displays a dark royal blue color in CH2Cl2 solution 

(MLCT band at 586 nm). Replacement of the Mn center with a Re in 3 results in a 

blue shift of the MLCT band to 530 nm, figure 2.III.6, and the color of the CH2Cl2 

solution changes to deep purple. It is important to note that the lower energy bands 

are considerably blue shifted in 2 and 4 compared to 1 and 3. The PPh3 ligand (a good 

π-acceptor) in these complexes withdraws more electron density from the metal 

center and stabilizes the highest-occupied orbitals. Such stabilization increases the 
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energy of the MLCT transitions and causes the observed blue shift in 2 and 4. 

 
2.III.2.4 Kinetic studies and CO release 

Manganese complexes 1 and 2 exhibit excellent photoactivity upon exposure to 

low-power visible light (10–15 mW cm–2).13 Such illumination causes rapid changes 

in the absorption spectra due to loss of CO, and distinct isosbestic points indicate the 

clean conversion of the complexes to their corresponding photo products. 

Photorelease of CO has been confirmed in these photolytic processes by standard 

myoglobin (Mb) assay.23 The rates of CO photorelease (kCO) from all four complexes 

were determined spectrophotometrically. In CH2Cl2, solutions of 1 and 2 exhibited 

kCO values of 21.94±0.01 min–1 (conc.:1.23×10–4 M) and 15.28±0.01 min–1 (conc.: 

3.07×10–4 M), respectively, upon illumination with visible light.23 In contrast, 

photorelease of CO from 3 and 4 could only be initiated by exposure to low power 

UV light (centered at 305 nm, 5 mW cm–2) despite strong MLCT bands in the 430–

530 nm region. Exposure to UV light also resulted in distinct isosbestic points in their 

absorption spectra, suggesting clean conversions to the corresponding photoproducts, 

figures 2.III.7 and 2.III.8, and the rates of CO photorelease were similar. For 

example, in CH2Cl2, solutions of 3 and 4 exhibited kCO rates of 0.25±0.01 min–1 

(conc.: 1.26×10–4 M) and 0.21±0.01 min–1 (conc.: 6.94×10–5 M),  
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Figure 2.III.7. Changes in the electronic absorption spectrum of 3 in CH2Cl2 solution 

at 298 K upon exposure to UV light (λ= 300-350 nm, 5mW cm–2). 

 

Figure 2.III.8. Changes in the electronic absorption spectrum of 4 in CH2Cl2 solution 

upon exposure to UV light (5mW cm–2) at 298 K. The inset contains the kCO rate plot 

for 4. 

 

respectively. Light-induced loss of CO from structurally similar bpy complexes has 

been reported by several groups.21 Close scrutiny of the results reveals that the 
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structurally similar fac-[MnBr(bpy)(CO)3] displays its most red-shifted MLCT band 

at 420 nm. Upon exposure to 420 nm light, this complex exhibits spectral changes 

due to CO release. The rate of CO photorelease, however, was relatively slower 

(1.21±0.01 min–1, conc.: 1.15×10–4 M) than that noted with 1, figure 2.III.9. Faster 

CO release was observed when this complex was irradiated with UV light (~300–325 

nm). In CH2Cl2, the kCO rate of fac-[MnBr(bpy)(CO)3] was found to be 22.11±0.01 

min–1 under UV illumination (conc.: 1.17×10–4 M), figure 2.III.12 and 2.III.13 

(Additional Data). It is therefore evident that, much like 1, the bpy complex fac-

[MnBr(bpy)(CO)3] also releases CO when irradiated with light 

 

Figure 2.III.9. Changes in the electronic absorption spectrum of fac-

[MnBr(bpy)(CO)3] in CH2Cl2 solution upon exposure to visible light illumination (10 

mW cm−2, λ ≥ 420 nm) at 298 K.  

 

corresponding to the λmax of the low-energy MLCT band. In contrast, the 

corresponding rhenium complex fac-[ReBr(bpy)(CO)3], with an MLCT band at 391 
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nm, releases CO only upon exposure to UV light (λmax ~300 nm), with kCO= 

0.23±0.02 min–1 (conc.: 7.49×10–5 M) in CH2Cl2 solution, figure 2.III.10. Together, 

these CO photorelease studies indicate that 1–4 are efficient photoCORMs that 

release CO upon exposure to light. All four complexes display relatively strong 

absorption bands in the visible region of the spectrum, figure 2.III.6. However, Mn 

complexes 1 and 2 release CO upon exposure to low power visible light (λ ~500 nm), 

while the corresponding Re complexes (3 and 4) release CO only when exposed to  
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Figure 2.III.10. Changes in the electronic absorption spectrum of [ReBr(bpy)(CO)3] 

in CH2Cl2 solution upon exposure to UV light (λ= 300-350 nm, 5mW cm–2) at 298 K. 

 

 

UV light (~300 nm). It is therefore evident that the presence of strong MLCT bands 

in the visible region does not translate to sensitivity of a designed photoCORM 

toward visible light. Labilization of the CO ligand is expected only when significant 
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electron density is transferred from a molecular orbital (MO) with significant metal–

CO bonding contribution to a mostly ligand-based antibonding MO.15 Assessment of 

such contributions was therefore necessary to rationalize the photobehavior of the 

present photoCORMs. 

 

2.III.2.5 Theoretical Calculations 

In our previous work, we were able to move the MLCT band(s) of metal–

carbonyl complexes through modification of the ligand frame.6b, 15 Such ligand 

alteration allowed us to isolate photoCORMs that deliver CO upon exposure to 

visible light. In the present work, changing the metal center in a set of analogous 

complexes afforded 1–4, which exhibit strong MLCT bands in the visible region. The 

surprising absence of sensitivity toward visible light in case of 3 and 4, however, 

indicated that their strong absorptions might not aid in labilization of the Re–CO 

bonds. We therefore proceeded to examine the nature of the MLCT transitions with 

the aid of DFT and TDDFT calculations to determine the differences in 

photosensitivity of the structurally similar complexes 1–4. In the initial step, DFT 

optimization of the structures of the complexes was performed, starting from the X-

ray coordinates. The optimized structures of 1–4 agree well with respect to bond 

lengths and angles as listed in Tables 2.III.3 and 2.III.4 (Additional data). Next, 

TDDFT calculations were performed to obtain the MO electron densities and the 

calculated electronic transitions, Table 2.III.5. The theoretical spectra of 1–4 agree 

considerably well with experimental data. The MO contributions that make up the 
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MLCT bands were closely examined, along with the associated UV bands that were 

experimentally observed to release CO in the case of the Re complexes. Close 

scrutiny of Table 2.III.5 reveals that, in all cases, the lowest-energy band corresponds 

to the transition from MOs with a strong metal–CO bonding interaction to the 

LUMO, primarily consisting the ligand–π* antibonding orbital. However, in all cases, 

the soft auxiliary ligand (Br– or PPh3) also makes a significant contribution. 

Examination of the MO electron densities of 1, Table 2.III.5, shows that the 

absorption at 586 nm (responsible for rapid CO release and calculated as 616 nm) 

arises from a transition (HOMO–1 to LUMO) that is comprised of both π(Mn–

CO)àπ* (MLCT) and halideàπ* (XLCT) character. The HOMO–1 level has 41% 

π(Mn–CO) bonding character, along with 37% Br– bonding contribution with the rest 

of the orbital densities in the π–bonding ligand frame. Upon illumination, electron 

density is transferred to the LUMO consisting of 70% π*MO of azpy along with 8% 

Br– and 18% π(Mn–CO) bonding character, figure 2.III.11. Reduction in Mn–CO π-

backbonding in such a transfer promotes rapid CO release.  

In case of 3, the lowest-energy transition at 530 nm is again a HOMO–1 to 

LUMO transition. Here, the HOMO–1 consists of 48% π(Re–CO) and 22% Br– 

bonding character, while the LUMO is composed of 63% π* antibonding MO of 

azpy, along with 8% Br– and 27% π(Re–CO) bonding character. Despite such 

similarity in the nature of electronic transition, CO is surprisingly not released from 3 

upon illumination at 530 nm (calculated: 517 nm). Clearly, there exists another 

pathway by which this energy is dissipated in 3 without scission of the Re–CO bond. 
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In rhenium–carbonyl complexes of α–diimine and related ligands, stronger spin–orbit 

interactions (than those with manganese) are known to result in better mixing of the 

low-lying 1MLCT with 3MLCT, resulting in metal–halide bond homolysis (instead of 

CO dissociation via a spin singlet process) upon illumination with light in the visible 

region.22, 23 Time-resolved spectroscopic studies also indicated that the halide ligand 

stays within the solvent cage and rapidly recombines in most cases. Bond restoration 

depends on the admixture of 1MLCT with the 3MLCT state of the highly coupled 

radical pair which, in turn, depends on spin-orbit coupling (prominent in 3). As a 

consequence, the energy absorbed through this transition in the visible range is 

dissipated, with no net CO dissociation from the excited species in these rhenium 

complexes.24 In the present study, 3 therefore exhibits no photorelease of CO when 

illuminated with 530 nm light.  Further evidence of CO release from the low-lying 

1MLCT transition, in the case of manganese–carbonyl complexes, comes from the 

loss of CO from fac-[MnBr(bpy)(CO)3] under 420 nm illumination. The HOMO–1 to 

LUMO transition of this complex is comprised of both MLCT and XLCT character. 

The HOMO–1 level has 52% π(Mn–CO) bonding character, along with 28% Br– 

bonding contribution, while the LUMO consists of 74% π* antibonding MO of bpy, 

8% Br–, and 17% p(Mn–CO) bonding character. Transfer of electrons during this 

transition also causes labilization of the Mn–CO bond, much like 1. The significant 

role of the soft auxiliary ligand is evident in the relatively slower photorelease of CO 

from 2. Replacement of Br– with PPh3 (a strong π acceptor) shifts the lowest-energy 

transition (HOMO–4àLUMO) of 2 to 520 nm. Upon illumination, electron density is 
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transferred from the HOMO–4 orbital, consisting of 28% π(Mn–CO) and 38% PPh3 

bonding character, to LUMO, which has 61% π* antibonding MO of azpy along with 

18% π(Mn–CO) and 18% PPh3 bonding character. Overall, this transition transfers  
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Figure 2.III.11. Calculated HOMO/LUMO energy diagram of 1 and 3 (left to right). 

The most prominent MOs involved with transitions under the band associated with 

CO release and their diagrams are shown. 

 

 

more electron density from the PPh3 ligand, which competes with CO in terms of π-

backbonding. As a consequence, weakening of the Mn–CO bond is not as severe as in 
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the case of 1, in which Br– acts more as a donor. Finally, in the case of 3, absorption 

of ~300 nm light transfers electron density from HOMO–1 to LUMO+1 (consisting 

of 69% π* antibonding MO of azpy, 26% π(Re–CO), and 5% Br–) and LUMO+2 

(consisting of 31% π* antibonding MO of azpy, 63% π*(Re–CO) and 4% Br–, figure 

2.III.11. Despite intersystem crossing to their respective non-dissociative triplet 

states, the potential energy surfaces are somewhat dissociative, presumably due to 

avoiding crossing with a higher 1LF state along the reaction coordinate.25 As a 

consequence, minor Re–CO labilization is observed when 3 is exposed to ~300 nm 

light, and the rate of CO photorelease from 3 is ~500-fold slower than that noted with 

1 under similar conditions. 

The present work demonstrates that even though two very structurally similar 

metal–carbonyl complexes (1 and 3) exhibit strong MLCT bands in the visible region, 

the rhenium congener fails to release CO upon illumination with visible light. As a 

consequence, despite higher stability in biological media, 3 can hardly be employed 

as a photoCORM under the control of visible/near-IR light. To date, most of the 

photochemical studies on rhenium–carbonyl complexes with α,α’-diimine ligands 

have been performed with UV light.24 The recent report on the use of  

[Re(bpy)(CO)3(thp)]+ as a photo-CORM also employed UV light for CO release.4 In 

general, these rhenium(I) complexes are pale in color (yellow to light orange) and 

exhibit no strong absorption in the visible range.26 We now show that although proper 

choice of ligands in complexes like 3 could lead to strong absorption in the visible 

region (deep purple in color), CO release is not observed when the complex is 
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exposed to light of similar wavelengths. The energy absorbed by 3 in this region is 

dissipated through pathways that do not initiate CO release. It therefore appears that 

the potential of rhenium–carbonyl complexes as photo-CORMs in the visible region 

is rather limited relative to that of the manganese congeners. Indeed, photoCORMs 

that exhibit CO release under visible light have so far been centered around elements 

of the first transition row (Mn and Fe).1,2 Our results also indicate that soft halide 

ligands such as Br− aid in red-shifting the MLCT bands of such complexes13, 15 and in 

promoting faster CO release through mixing of the XLCT and MLCT transitions. 
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2.III.3 Additional Data 

Table 2.III.1. Crystal data and structure refinement parameters for 1, 2, 3 and 4 
          1             2           3        4  

Empirical formula C14H9BrN3O3M

n 

C32H24ClN7O7Mn C14H9BrN3O3Re C32H24ClN3O7

PRe 

 

FW 402.09   683.90  533.35 815.16  

Temp(K) 296   296 296 296  

Wavelength (Å) 0.71073 0.71073 0.71073 0.71073  

Crystal system monoclinic monoclinic monoclinic monoclinic  

Space group P2(1)/c P2(1)/n P2(1)/c P2(1)/n  

a(Å) 8.8523(5) 11.090(4) 9.0388(11) 11.1644(17)  

b(Å) 24.8560(15) 12.173(4) 25.146(3) 12.1764(18)  

c(Å) 7.1018(4)  22.935(8) 7.0299(9) 23.169(4)  

α(deg) 90  90 90 90  

β(deg) 107.4880(10)  90.670(9) 107.7380(10) 90.623(2)  

γ(deg) 90  90 90 90  

V(Å3) 1490.40(15) 3095.9(18) 1521.9(3) 3149.5(8)  

Z 4 4 4 4  

Density (calcd) 

(Mg m-3) 

1.792 1.467 2.328 1.719  

Abs coeff (mm-1) 3.581 0.617 10.625 4.046  

No. of unique 

reflns 

3668 6382 3504 7858  

bR1 0.0215 0.0970 0.0203 0.0205  
cwR2 0.0551 0.2281 0.0419 0.0502  
aGOF on F2 1.047 0.984 1.274 1.043  

aGOF = [Σ[w(Fo
2-Fc

2)2]/(No-Nv)]1/2 (No = number of observations,  

Nv = number of variables).  
bR1 = Σ⏐⏐Fo⏐-⏐Fc⏐⏐/Σ⏐Fo⏐. cwR2 = [(Σw(Fo

2-Fc
2)2/Σ⏐Fo⏐

2)]1/2 
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Table 2.III.2. Selected Bond distances (Å) and angles (º). 

_______________________________________________ 
                     [ReBr(azpy)(CO)3] 3        [Re(azpy)(CO)3(PPh3)]ClO4 4 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Re-N1 

 

2.149 (3) 

 

2.1511 (18) 

Re-N3 2.156 (3) 2.1588 (19) 

Re-C1 1.922 (4) 1.967 (3)     

Re-C2 1.920 (4) 1.931 (2) 

Re-C3 1.929 (4) 1.936 (2) 

Re-Br 2.6217 (5)      ⎯ 

Re-P1     ⎯ 2.5199 (6) 

N2-N3 1.271 (4) 1.277 (3)  

C2-Re-C1 87.79(16) 87.65(10) 

C2-Re-C3 87.82(15) 90.77(10) 

C1-Re-C3 90.63(15) 91.25(10) 

C2-Re-N1 97.94(13) 94.57(9) 

C3-Re-N1 172.37(12) 174.66(8) 

C1-Re-N1 94.57(13) 88.82(9) 

C2-Re-N3 170.74(13) 167.18(9) 

C3-Re-N3 101.27(12) 101.89(9) 

C1-Re-N3 93.84(13) 94.05(9) 

N1-Re-N3 72.85(10) 72.78(7) 

C1-Re-Br 179.33(11) - 

C2-Re-Br 92.30(12) - 

C3-Re-Br 90.04(11) - 

N1-Re-Br 84.75(7) - 

N3-Re-Br 85.96(7) - 

C2-Re-P1  88.90(8) 

C3-Re-P1  88.38(7) 

C1-Re-P1  176.53(8) 

N1-Re-P1  91.87(5) 

N3-Re-P1  89.40(5) 
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Figure 2.III.12. Changes in the electronic absorption spectrum of [MnBr(bpy)(CO)3] 

in CH2Cl2 solution upon exposure to UV light (λ= 300-350 nm, 5mW cm–2). 
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Figure 2.III.13. Plot of ln[MnBr(bpy)(CO)3] vs. time (min) in CH2Cl2 solution at 298 

K upon exposure to UV light (λ= 300-350 nm). 
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Table 2.III.3.  Selected Bond distances (Å) and angles (º) of 1 and 2 along with 
Optimized DFT Bond Distances and Bond Angles for Comparison. 
 
                               Complex 1                           Complex  2 
  X-ray  DFT  X-ray  DFT 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 

Mn-N1 2.0179 (13) 2.008 2.050 (7) 2.019 
Mn-N3 2.0187 (12) 1.997 2.031(6) 2.020 
Mn-C1 1.8054 (18) 1.778 1.818 (8) 1.806 
Mn-C2 1.8139 (18) 1.802 1.797 (8) 1.802 
Mn-C3 1.8215 (17) 1.805 1.859 (10) 1.798 
Mn-Br 2.5256 (3) 2.517      ⎯      ⎯ 
Mn-P     ⎯     ⎯ 2.3839 (19) 2.441 
N2-N3 1.2735 (18) 1.265 1.275(11)  

 
1.265 

C2-Mn-C1 88.62(8) 91.88 87.6(3) 88.78 
C2-Mn-C3 87.86(8) 89.06 90.6(4) 90.55 
C1-Mn-C3 91.70(8) 94.23 90.8(4) 91.31 
C2-Mn-N1 95.51(7) 94.19 92.5(3) 92.10 
C3-Mn-N1 173.08(6) 169.81 176.9(3) 177.29 
C1-Mn-N1 94.42(6) 95.31 88.6(4) 89.34 
C2-Mn-N3 172.15(7) 169.92 168.6(4) 169.06 
C3-Mn-N3 99.55(6) 98.05 100.7(3) 100.09 
C1-Mn-N3 93.70(7) 94.70 94.1(3) 93.50 
N1-Mn-N3 76.85(5) 77.61 76.3(3) 77.25 
C1-Mn-Br 177.71(6) 177.96     ⎯     ⎯ 
C2-Mn-Br 89.71(6) 86.50     ⎯     ⎯ 
C3-Mn-Br 86.67(5) 84.52     ⎯     ⎯ 
N1-Mn-Br 87.30(4) 86.05     ⎯     ⎯ 
N3-Mn-Br 88.16(3) 87.07     ⎯     ⎯ 
C2-Mn-P     ⎯     ⎯ 88.7(2) 88.37 
C3-Mn-P     ⎯     ⎯ 87.8(2) 87.19 
C1-Mn-P     ⎯     ⎯ 176.1(3) 176.77 
N1-Mn-P     ⎯     ⎯ 92.78(16) 92.29 
N3-Mn-P     ⎯     ⎯ 89.78(16) 89.58 
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Table 2.III.4. Selected Bond distances (Å) and angles (º) of 3 and 4 along with Optimized 
DFT Bond Distances and Bond Angles for Comparison. 
                      Complex 3                                     Complex 4 
   X-ray        DFT  X-ray  DFT 

 

 

 

Re-N1 2.149 (3)  2.125 2.1511 (18) 2.123 
Re-N3 2.156 (3) 2.105 2.1588 (19) 2.113 
Re-C1 1.922 (4) 1.865 1.967(3)    1.901 
Re-C2 1.920 (4) 1.896 1.931 (2) 1.895 
Re-C3 1.929 (4) 1.892 1.936 (2) 1.891 
Re-Br 2.6217 (5) 2.574      ⎯    ⎯ 
Re-P1     ⎯     ⎯ 2.5199 (6) 2.410 

N2-N3 1.271 (4) 1.271 1.277 (3)  1.272 
     
C2-Re-C1 87.79(16) 91.69 87.65(10) 90.00 
C2-Re-C3 87.82(15) 90.64 90.77(10) 91.87 
C1-Re-C3 90.63(15) 93.42 91.25(10) 90.00 
C2-Re-N1 97.94(13) 95.14 94.57(9) 93.33 
C3-Re-N1 172.37(12) 170.73 174.66(8) 174.11 
C1-Re-N1 94.57(13) 93.64 88.82(9) 87.29 
C2-Re-N3 170.74(13) 168.35 167.18(9) 166.48 
C3-Re-N3 101.27(12) 99.76 101.89(9) 101.63 
C1-Re-N3 93.84(13) 92.91 94.05(9) 90.06 
N1-Re-N3 72.85(10) 73.88 72.78(7) 73.16 
C1-Re-Br 179.33(11) 177.52    ⎯    ⎯ 
C2-Re-Br 92.30(12) 88.62    ⎯    ⎯ 
C3-Re-Br 90.04(11) 89.04    ⎯    ⎯ 
N1-Re-Br 84.75(7) 83.89    ⎯    ⎯ 
N3-Re-Br 85.96(7) 86.33    ⎯    ⎯ 
C2-Re-P1    ⎯    ⎯ 88.90(8) 88.64 
C3-Re-P1    ⎯    ⎯ 88.38(7) 93.35 
C1-Re-P1    ⎯    ⎯ 176.53(8) 177.88 
N1-Re-P1    ⎯    ⎯ 91.87(5) 93.35 

N3-Re-P1    ⎯    ⎯ 89.40(5) 92.06 
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Table 2.III.5. Calculated (TD-DFT) energies (E, nm), oscillator strengths (f), and nature of 
transitionsa in 1-4  
 
Energy (nm)  Oscillator            Transitiona 
    Strength  
	   	     1 
616  0.0099492 π(Mn-CO)-p(Br)→π*(Py-Azo-Ph) 
396  0.0720846 π(Mn-CO)-p(Br)→π*(Py-Azo-Ph) 
354    0.0797801 π(Ph)→π*(Py-Azo-Ph) 
350    0.1818711 π(Ph)-d(Mn)→π*(Py-Azo-Ph) 
348    0.0346971 p(Br)-π(Mn-CO)→π*(Ph)-π(CO)-d(Mn) 
336    0.0267677 p(Br)- π(Mn-CO)→π*(Py-Ph-Azo) 
331    0.0489395 π(Pyr)→π*(Py-Azo-Ph) 
326  0.0207783 π(Mn-CO)-p(Br)→π*(Py-Ph-Azo) 
324  0.0239514 π(Mn-CO)→π*(Py-Ph)  
320  0.0283438 p(Br)-π(Mn-CO)→π*(Py-Ph-Azo)  
 
    2 
472  0.0134903 π(Mn-PPh3-CO)→π*( Py-Azo-Ph) 
430   0.0410682 π(Mn-PPh3-CO) →π*( Py-Azo-Ph) 
416  0.0233788 π(Mn-PPh3)-π(Ph)→π*( Py-Azo-Ph) 
403  0.0198349 π(Mn-PPh3)→π*( Py-Azo-Ph) 
392  0.0143996 π(Mn-PPh3-CO)-π(Py)-π(Ph)→π*( Py-Azo-Ph) 
364  0.1836637 π(Mn-PPh3-CO)-π(Ph)-π(Py)→π*( Py-Azo-Ph) 
360  0.0870086 π(Mn-PPh3-CO)-π(Ph)-π(Mn-CO)→π*( Py-Azo-Ph) 
328  0.0122870 π(Mn-PPh3-CO)-π(Ph)→d(Mn)-π*(PPh3)-π(CO)-π*(Py) 
322  0.0217908 π(Mn-CO-PPh3)-π(Ph)→d(Mn)-π*(PPh3)- π(CO)-π*(Py) 
 

3 
517  0.0380878 π(Re-CO)-p(Br)→π*(Py-Azo-Ph) 
462  0.0166441 π(Re-CO)-π(Ph)→π*(Py-Azo-Ph) 
380  0.2157011 π(Re-CO)-π(Ph)-π(Py)→π*(Py-Azo-Ph) 
358  0.1375852  π(Re-CO)-p(Br)-π(Py)→π*(Py-Azo-Ph) 
346  0.0578752  π(Re-CO)-p(Br)-π(Ph)→π*(Py-Azo-Ph) 
325  0.0286452 π(Py-Azo-Ph)→π*(Py-Azo-Ph) 
 
    4 
462  0.0233700 π(Re-PPh3-CO)→π*(Py-Azo-Ph) 
448  0.0176888 π(Re-CO-PPh3)-π(Ph)→π*(Py-Azo-Ph) 
424  0.0167423 π(Re-PPh3-CO)→π*(Py-Azo-Ph) 
410  0.0139487 π(PPh3)→π*(Py-Azo-Ph) 
404  0.0280426 π(Re-CO-PPh3)- π(Ph)→π*(Py-Azo-Ph) 
390  0.0498241 π(Re-PPh3-CO)→π*(Py-Azo-Ph) 
374  0.0103896 π(Re-CO-PPh3)-π(Ph)→π*(Py-Azo-Ph) 
372  0.2393981 π(Re-CO-PPh3)- π(Ph)→π*(Py-Azo-Ph) 
350  0.0137366 π(Re-PPh3-CO)→π*(Py-Azo-Ph) 

	  
a Orbitals with greater contributions listed first 
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2.III.4 Experimental Section 

2.III.4.1 General Methods 

 
[MnBr(CO)5] and AgClO4.H2O were purchased from Alpha Aesar, and [ReBr(CO)5] 

was procured from Strem Chemical, Inc. The lattice water molecules of AgClO4.H2O 

was removed via trituration with CH3CN several times prior to use. The ligand 2-

phenylazopyridine (azpy) was synthesized by following a reported procedure.[20] 

Solvents were purified and/or dried by standard techniques prior to use. 1H NMR 

spectra were recorded at 298 K on a Varian Unity Inova 500 MHz instrument. A 

PerkinElmer Spectrum-One FT-IR was employed to monitor IR spectra, while the 

UV/Vis spectra were obtained with a Varian Cary 5000 UV/Vis-NIR 

spectrophotometer. Microanalyses (C, H, N) were performed using a PerkinElmer 

2400 Series II elemental analyzer. Horse heart myoglobin (Mb) was purchased from 

Sigma–Aldrich and used as received.  

Caution! Transition metal perchlorates should be prepared in small quantities and 

handled with great caution, as metal perchlorates may explode upon heating.  

 

2.III.4.2 Synthesis  

[MnBr(azpy)(CO)3] (1). A batch of 100 mg (0.36 mmol) of [MnBr(CO)5] was mixed 

with 80 mg (0.44 mmol) azpy in 20 mL of CH2Cl2 and the reaction mixture was 

stirred for 24 h at room temperature. During this time, the dark blue solution was 

covered with aluminum foil to prevent exposure from ambient light. After 24 h, the 

solvent was removed to obtain a dark solid, which was washed thoroughly with 
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hexanes. Dark blocks of 1 in good yield (90 mg, 63%) were obtained through 

recrystallization by layering hexanes over its CH2Cl2 solution. 1H NMR (500 MHz, 

CD3CN): δ=9.23 (d, 1H), 8.66 (d, 1H), 8.33 (t, 1 H), 7.87 (d, 2 H), 7.74 (t, 1 H), 7.68 

ppm (d, 3H); IR (KBr): νCO=2040, 1960, and 1940, νN=N=1370 cm−1; UV/Vis 

(CH2Cl2), λmax, nm (ε, M-1 cm-1)= 330 (13 000), 586 (3900); Anal. calcd for 

C14H9N3O3BrMn: C 41.83, H 2.26, N 10.46, found: C 41.60, H 2.41, N 10.52. 

 

[Mn(azpy)(CO)3(PPh3)](ClO4) (2): A batch of 33 mg (0.16 mmol) of AgClO4 was 

added to a solution of 50 mg (0.12 mmol) of [MnBr(azpy)(CO)3] in 10 mL of THF, 

and the reaction mixture was stirred for 3 h in the dark, resulting in a purple solution. 

The precipitate of AgBr was then filtered with a wet Celite pad, and the filtrate was 

evaporated to dryness. The solid residue was washed with hexanes. Next, a solution 

of 66 mg (0.25 mmol) of PPh3 in 10 mL of CH2Cl2 was added to the residue, and the 

reaction mixture was stirred for 24 h. The reaction flask in all steps was covered with 

aluminum foil. Finally, the solvent was removed, and the residue was washed 

thoroughly with benzene to obtain 2 as an orange–red solid in moderate yield (38 mg, 

45 %): 1H NMR (500 MHz, CDCl3): δ=8.59 (m), 8.43 (m), 7.67 (m), 7.52 (m), 7.42 

(m), 7.26 (m), 7.06 (m), and 5.30 ppm (m); IR (KBr): νCO=2045, 1980, and 1950, 

νN=N=1370, νClO4=1090 cm−1; UV/Vis (CH2Cl2): λmax, nm (ε, M-1 cm-1)=370 (11 500), 

520 (4050); Anal. calcd for C32H24N3O7PClMn: C 56.20, H 3.54, N 6.15, found: C 

55.95, H 3.62, N 6.10. 
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[ReBr(azpy)(CO)3] (3): A mixture of 74 mg (0.18 mmol) of [ReBr(CO)5] and 40 mg 

(0.22 mmol) of azpy in 30 mL of benzene was stirred at reflux temperature for 3 h. 

The volume of the deep-purple solution was then decreased to ~5 mL, and it was 

stored at 4 °C for 6 h. The resulting purple solid was collected by filtration and 

washed thoroughly with hexanes. Block-shaped crystals were obtained through 

recrystallization by layering hexanes over a CH2Cl2 solution to afford 3 in good yield 

(70 mg, 72%): 1H NMR (500 MHz, CDCl3): δ=9.08 (d, 1 H), 8.63 (d, 1 H), 8.25 (t, 1 

H), 7.97 (d, 2 H), 7.64 (t, 2H), 7.59 ppm (t, 2H); IR (KBr): νCO=2030, 1930, and 

1920, νN=N=1370 cm−1; UV/Vis (CH2Cl2): λmax nm (ε, M-1 cm-1)=370 (12 400), 530 

(4600); Anal. calcd for C14H9N3O3BrRe: C 31.55, H 1.70, N 7.89, found: C 31.60, H 

1.57, N 7.82. 

 

[Re(azpy)(CO)3(PPh3)](ClO4) (4): A mixture of 51 mg (0.25 mmol) of AgClO4 and 

100 mg (0.19 mmol) of [ReBr(azpy)(CO)3] was dissolved in 10 mL of THF, and the 

purple solution was stirred at reflux for 3 h, at which point the color changed to dark 

orange. The solid AgBr was then filtered on a wet Celite pad, and the filtrate was 

evaporated to dryness. Next, the orange residue was dissolved in 10 mL of 

chloroform along with 65 mg (0.25 mmol) of PPh3, and the reaction mixture was 

stirred at reflux for 8 h. The solvent was then evaporated under reduced pressure, and 

the resulting solid was dissolved in 5 mL of CH2Cl2 and subjected to column 

chromatography (silica gel, 60–100 mesh). Initially, the column was eluted with 
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benzene (10 mL × 3) to remove any trace of the parent compound and any excess 

PPh3. Finally, the deep orange–red band was eluted using a mixture of benzene and 

CH3CN (25:2, v/v) in which a small amount of (Et4N)ClO4 was dissolved. The eluate 

was evaporated to dryness and recrystallized by layering hexanes over its solution in 

CH2Cl2. Orange needles of 4 were obtained in moderate yield (85 mg, 55%): 1H 

NMR (500 MHz, CDCl3): δ=8.65 (d, 1 H), 8.57 (d, 1 H), 8.49 (t, 1H), 7.68 (m, 6H), 

7.55 (m, 4H), 7.40 (t, 3 H), 7.28 (ir, 3H), 7.04 ppm (t, 5H); IR (KBr): νCO=2050, 

1970, and 1940, νN=N=1370, νClO4=1090 cm−1; UV/Vis (CH2Cl2): λmax, nm (ε, M-1 

cm-1)=390 (12 400), 460 (6100); Anal. calcd for C32H24N3O7PClRe: C 47.15, H 2.97, 

N 5.16, found: C 47.25, H 2.78, N 5.12. 

 

[MnBr(bpy)(CO)3]: A mixture of 100 mg (0.36 mmol) of [MnBr(CO)5] and 56 mg 

(0.36 mmol) of bpy in 20 mL of benzene was stirred under reflux condition for 2 h. 

The yellow-orange solution was then evaporated to dryness, and the residue was 

washed thoroughly with hexanes. The yellow solid was then subsequently 

recrystallized by layering hexanes over its CH2Cl2 solution. After 4 days, block-

shaped orange crystals of [MnBr(bpy)(CO)3] were obtained in good yield (95 mg, 

70%): 1H NMR (500 MHz, CDCl3): δ=9.23 (1 H), 8.34 (1 H), 8.12 (1 H), 7.62 ppm 

(2 H); IR (KBr): νCO=2023, 1945, and 1925 cm−1; UV/Vis (CH2Cl2), λmax, nm (ε, M-1 

cm-1)=300 (10 500), 420 (1100); Anal. calcd for C13H8N2O3BrMn: C 41.59, H 2.13, 

N 7.47, found: C 41.83, H 2.12, N 7.44. 
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[ReBr(bpy)(CO)3]: This complex was obtained in good yield (93 mg, 75%) by 

following a similar procedure as for [MnBr(bpy)(CO)3] except with a longer reflux 

time (7 h): 1H NMR (500 MHz, CDCl3): δ=9.11 (d, 1 H), 8.20 (d, 1 H), 8.08 (t, 1 H), 

7.56 ppm (t, 2H); IR (KBr): νCO=2012, 1905, 1882 cm−1; UV/Vis (CH2Cl2): λmax, nm 

(ε, M-1 cm-1)=300 (19 400), 400 (3600); Anal. calcd for C13H8N2O3BrRe: C 30.81, H 

1.58, N 5.53, found: C 31.03, H 1.49, N 5.41. 

 

2.III.4.3 Crystallography 

 Single crystals of 1–4 were obtained by layering hexanes over their solutions in 

CH2Cl2. Data were collected on a Bruker APEX II single crystal X-ray diffractometer 

with graphite monochromated MoKa radiation (λ=0.71073 Å) by ω-scan technique in 

the range of 3 ≥ 2θ ≥ 55° for complex 1, 3 ≥ 2θ ≥ 57° for complex 2, and 3≥ 2θ ≥ 56° 

for complexes 3 and 4. All data were corrected for Lorentz polarization and 

absorption.27 The metal atoms were located from the Patterson maps, and the rest of 

the non-hydrogen atoms emerged from successive Fourier syntheses. The structures 

were refined by the full-matrix least-squares procedure on F2. All non-hydrogen 

atoms were refined anisotropically. All hydrogen atoms were included in calculated 

positions. The absorption corrections were done using SADABS. Calculations were 

performed using the SHELXTL ver. 6.14 software package.28 

 

2.III.4.4. Photolysis  

 For visible light irradiation, an IL410 illumination system (Electro FiberOptics 
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Corporation; power: 10–15 mW cm–2) was used. The UV light source employed in 

this study was a UV-Transilluminator (UVP Inc.) with peak intensity at 305 nm 

(power: 5 mW cm–2). Apparent rates of CO release (kCO) were followed at an 

appropriate wavelength for each complexes, and ln[concentration] versus time (T) 

plots were generated. The myoglobin (Mb) assay was carried out following standard 

protocols.29 

 

2.III.4.5. Theoretical Studies 

Density functional theory (DFT) and time-dependent density functional theory 

(TDDFT) studies were performed with the aid of the PC-GAMESS program30 using 

the hybrid functionals PBE0 and PBE1PW91 for Mn and Re complexes, respectively. 

Optimizations for the Mn atom were performed by employing the LANL2DZ basis 

set in conjunction with effective core potential (ECP). For the Re atom, a valence 

double zeta (ccpVDZ- PP) basis set was used. The Pople 6-311G* split-valence 

triple-z basis set with polarization was used for Br, while for all other atoms, the 6-

31G* basis set was employed with valence double-ζ polarization (VDZP). The X-ray 

crystal structure coordinates of complexes 1–4 were used as a starting point for the 

gas phase geometry optimization of the low spin (S=0) ground states. TDDFT was 

used to calculate the electronic transitions and associated energies. Transitions with 

oscillator strengths above 0.0099 were then taken for analysis. For calculations on 1–

4, the 40 lowest-energy electronic excitations were calculated. For each Re 

compound, solvent effects were added using the polarized continuum model (PCM)31 
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using EtOH as the solvent. The calculated molecular orbitals were visualized using 

MacMolPlt.32 
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Photodelivery of CO by Designed PhotoCORMs:
Correlation between Absorption in the Visible Region and
Metal–CO Bond Labilization in Carbonyl Complexes
Indranil Chakraborty, Samantha J. Carrington, and Pradip K. Mascharak*[a]

Introduction

The deleterious effects of carbon monoxide (CO) observed in
mammalian physiology arise from its strong affinity to heme
centers in proteins. Binding of CO to hemoglobin leads to as-
phyxia, an effect that has earned this diatomic molecule the
moniker of “silent killer”. However, CO is produced endoge-
nously through heme degradation by the heme oxygenase
(HO) enzyme[1] and in low doses, CO has recently been shown
to impart beneficial effects in various physiological pathways,
including vasorelaxation. More surprisingly, low doses of CO
exhibit anti-inflammatory and anti-apoptotic properties.[2, 3] As
a consequence, CO provides protection to oxidatively dam-
aged tissues, such as in ischemic reperfusion injury and endo-
thelial impairment during balloon angioplasty. It is therefore
expected that CO could play a crucial role as a therapeutic
agent in cardiovascular disease and organ transplantation pro-
tocols.[4] In addition, Motterlini et al. have shown that, although
CO induces an anti-apoptotic effect in endothelial cells, it can
impart considerable pro-apoptotic effects in hyperproliferative
tissues.[2] Collectively, these findings have prompted considera-
ble research effort in recent times to use CO as a chemothera-
peutic in various settings.[2, 3] However, administration of CO in
gaseous form raises serious issues in terms of controlled and
safe delivery to biological targets. To circumvent these obsta-
cles, various research groups have directed their efforts to de-
velop suitably designed metal–carbonyl complexes[5–7] as CO-

releasing molecules (CORMs) to deliver CO in a more con-
trolled fashion. The major drawbacks of such first-generation
CORMs are associated with their solubility and stability under
ambient conditions.[2, 8] Air-stable and water-soluble metal–car-
bonyls, such as [Re(CO)3(H2O)3]+ and [Tc(CO)3(H2O)3]+ , show no
reactivity in terms of CO release,[9] and in cases of amino acid-
derived carbonyl complexes such as [RuCl(gly)(CO)3] (CORM-3),
solvent-assisted CO release is triggered through hydrolysis, and
a significantly shortened half-life under specific physiological
conditions inhibits sustained delivery of CO to desired tar-
gets.[8b,c]

During the past few years, the photo-induced CO-releasing
molecules (photoCORMs) have emerged as credible alterna-
tives.[10–12] Here, the CO release from the metal–carbonyl com-
plexes (which are otherwise stable under dark conditions) can
be achieved through exposure to light. In earlier attempts, typ-
ical carbonyls such as [Mn2(CO)10] and [Fe(CO)5] were used for
photodelivery of CO.[13] Unfortunately, high toxicity and lack of
chemical amenability restricted their applicability in biological
systems. In recent years, several research groups have devel-
oped suitably designed photoCORMs based on transition
metal–carbonyls to alleviate such limitations.[11, 12] For example,
the rhenium-based water-soluble photoCORM [Re(bpy)(CO)3-
(thp)]+ (thp = tris(hydroxymethyl)phosphine), developed by
Ford and co-workers, is readily internalized by human prostatic
carcinoma cells with no apparent cytotoxicity.[14] When the
loaded cells are irradiated with UV light (405 nm), CO release
can be visualized by a change in fluorescence. Schatzschneider
and co-workers have synthesized the cationic [Mn(CO)3(tpm)]+

(tpm = tris(pyrazolyl)methane) complex that initiates photode-
livery of CO upon illumination with UV light (365 nm).[15] This
photoCORM has been shown to eradicate human colon cancer

The therapeutic potential of photoactive CO-releasing mole-
cules (photoCORMs) have called for close examination of the
roles of the ligand(s) and the central metal atoms on the over-
all photochemical labilization of the metal–CO bonds. Along
this line, we have synthesized four metal complexes, namely,
[MnBr(azpy)(CO)3] (1), [Mn(azpy)(CO)3(PPh3)]ClO4 (2), [ReBr-
(azpy)(CO)3] (3), and [Re(azpy)(CO)3(PPh3)]ClO4 (4), derived from
2-phenylazopyridine. These complexes were characterized by
spectroscopic and crystallographic studies. Although both
1 and 3 exhibit strong metal-to-ligand charge-transfer bands in

the 500–600 nm region, only 1 photoreleases CO upon illumi-
nation with visible light. Results of theoretical studies were
used to gain insight into this surprising difference. Strong spin-
orbit coupling (prominent in heavy metals) appears to pro-
mote intersystem crossing to a triplet state in 3, a step that
discourages CO release upon illumination with visible light.
Slow release of CO from 2 and 4 also indicates that strong s-
donating ligands, such as Br! , accelerate the rate of CO photo-
release relative to p-acid ligands, such as PPh3.
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cell (HT29) through efficient internalization and CO delivery.
The development of designed photoCORMs, however, faces
the major challenge of synthesizing suitable metal–carbonyl
complexes that can liberate CO upon irradiation with light in
the biocompatible range (500–900 nm).[12] To date, the vast
majority of photoCORMs have shown sensitivity toward UV
light (300–450 nm),[11, 12, 16–22] an untenable range of wave-
lengths in terms of developing phototherapeutics, with very
few exceptions.[23–25]

In our attempt to correlate the light absorption parameters
of designed metal–carbonyl complexes with their ability to
photorelease CO, we looked at various ligands that give rise to
carbonyl complexes with varying numbers of CO ligands.[16, 25]

In our recent effort, we selected the ligand 2-phenyazopyridine
(azpy), which resembles a,a’-diimine ligands such as bipyridine
(bpy) and ortho-phenanthroline (o-phen). Metal–carbonyl com-
plexes derived from these a,a’-diimine ligands have recently
been employed as photoCORMs by different groups.[11, 12, 14] In
a previous communication, we reported a very efficient Mn-
based photoCORM, namely, fac-[MnBr(azpy)(CO)3] (1), which
rapidly releases CO (quantum yield f= 0.48) upon illumination
with low-power visible light.[23] Moreover, CO liberated from
this complex has been used to inflict severe damage to HeLa
and MDA-MB-231 cancer cells. The phosphine-substituted
complex fac-[Mn(azpy)(CO)3(PPh3)]ClO4 (2) also exhibits sensi-
tivity to visible light. To further increase the stability of this
type of photoCORMs in biological media, we have now synthe-
sized the corresponding rhenium complexes, fac-[ReBr-
(azpy)(CO)3] (3) and fac-[Re(azpy)(CO)3(PPh3)]ClO4 (4), and ex-
amined their CO-releasing properties. As both of these com-
plexes display strong absorption bands in the visible (~
500 nm) region, analogous to their Mn progenitors, we expect-
ed that the associated metal-to-ligand charge transfer (MLCT)
transitions would augment CO release. However, both 3 and 4
release CO only upon illumination with UV light. In addition,
the rates of CO release from 3 and 4 are significantly slower
than from the corresponding Mn complexes 1 and 2. Clearly,
these findings raise the critical question of why the structurally
and electronically similar rhenium carbonyl complexes fail to
photorelease CO upon exposure to visible light, despite strong
absorption in the visible region. To explore the cause of dis-
crepancy in light sensitivity between 1 and 3 (derived from
metal centers with same low-spin d6 configuration), we per-
formed density functional theory (DFT) and time-dependent
density functional theory (TDDFT) calculations on 1–4. The re-
sults, as described in this article, reveal for the first time the
role of transition metal centers (within the same group) on the
CO-releasing capacities of structurally identical complexes. It is
now evident that judicious choice of the metal center, along
with proper combination of ligand/co-ligand, are critical to
achieve the objective of CO delivery under the control of visi-
ble/near-IR light.

Results and Discussion

Synthesis

Reaction of [MnBr(CO)5] with one equivalent of azpy ligand in
dichloromethane at room temperature afforded the fac-[MnBr-
(azpy)(CO)3] (1) complex. During the synthesis, the entire reac-
tion setup was properly covered with aluminum foil to protect
from exposure to ambient light source. The Re analogue fac-
[ReBr(azpy)(CO)3] (3) was synthesized by reacting [ReBr(CO)5]
with one equivalent of azpy ligand in boiling benzene. Previ-
ously, Ishitani and co-workers showed that incorporation of
a p-acceptor ligand like PPh3 in metal–carbonyl complexes en-
hances the rate of CO release.[26] In such species, competition
between PPh3 and the trans CO group for the same p-symme-
try orbital causes CO labilization. We therefore undertook the
task of synthesizing the phosphine complexes through re-
placement of the bromide group of 1 and 3. The fac-[Mn-
(azpy)(CO)3(PPh3)]ClO4 (2) complex was synthesized in two
steps. Complex 1 was first stirred with one equivalent of
AgClO4 in tetrahydrofuran (THF), and the resulting AgBr was re-
moved by filtration. Following removal of THF, one equivalent
of PPh3 in dichloromethane was added to the residue (presum-
ably the [Mn(azpy)(CO)3(THF)]ClO4 complex), and the mixture
was stirred at room temperature for an extended period to iso-
late 2. In the case of fac-[Re(azpy)(CO)3(PPh3)]ClO4 (4), both
steps were carried out at reflux in THF and chloroform, respec-
tively. The general structures of 1–4 are depicted in Scheme 1.

To analyze the effect of the azpy ligand, we also synthesized
fac-[MnBr(bpy)(CO)3] and fac-[ReBr(bpy)(CO)3] by following pro-
cedures developed in our laboratory (see below).

X-ray structures

Dark, block-shaped crystals of 1 and 3 and orange needles of
2, 4, and fac-[MnBr(bpy)(CO)3] were obtained by layering hex-
anes over their solution in dichloromethane. We reported the
structures of 1 and 2 in a previous communication.[23] The
structures of complexes 3 and 4 with atom labeling are shown
in Figures 1 and 2. Selected metric parameters of 3 and 4 are
listed in Table 1. Complete crystal structure determination and
refinement parameters for 1–4 (Table S1), metric parameters
for 1 and 2 (Table S2), and crystal and metric parameters for
fac-[MnBr(bpy)(CO)3] (Table S3) are available in the Supporting
Information.

Scheme 1. Manganese and rhenium carbonyl complexes reported herein.
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The coordination geometry of the Mn and Re centers in 1–4
is distorted octahedral, and the three CO ligands are facially
disposed. The two nitrogen atoms of the azpy ligand and the
two carbon atoms from the CO groups constitute the equatori-
al plane, while the axial positions are occupied by a CO group
and Br! or PPh3. In all of the structures, the N!N distances of
the azo group are uniformly longer than that of the uncoordi-
nated 2-phenylazopyridine ligand (1.25(3) !).[27] This lengthen-
ing indicates strong d(Mn/Re)!azo(p*) back-bonding charac-
ter in the present complexes. Careful scrutiny of the metric pa-
rameters of 1[23] with the structurally similar fac-[MnBr-

(bpy)(CO)3] reveals certain differences. The Mn–C2 distance in
1 is 1.8139(18) !, which is noticeably longer than the average
of Mn–C2 distances in fac-[MnBr(bpy)(CO)3] (1.803(4) !). This
weakening can be attributed to the superior p-acidity of the
azo group[28] trans to the Mn–C2 bond in 1. In contrast, the
Re–C2 distance in 3 (1.920(4) !) is slightly shorter than the
average of the corresponding distances in the structurally simi-
lar fac-[ReBr(Me2bpy)(CO)3] (1.925(3) !).[29] Similarly, the Re–C2
distance in 4 (1.931(2) !) is slightly shorter than the average of
the corresponding distances in fac-[Re(bpy)(CO)3(PPh3)]+

(1.939(16) !) (Figure 2).[30] These structural characteristics sug-

gest that the trans effect of the azo group is not prominent in
rhenium complexes. Comparison of the metal–N distances of
1–4 with the corresponding bpy complexes also indicates that
the azpy ligand binds the metal centers more strongly than
the bpy/Me2bpy ligand in the corresponding complexes. Once
again, this can be ascribed to the superior p-acceptor charac-
ter of the azpy ligand, which is well-suited for binding the low-
valent low-spin d6 metal centers in 1–4.

Spectroscopic properties

The three facially disposed CO ligands in all of the complexes
gave rise to nCO bands in the expected regions (2030, 1930,
1920 cm!1 for 3 ; 2050, 1970, 1940 cm!1 for 4). In addition, the
nN=N stretch was observed near 1370 cm!1 for all of the com-
plexes. All complexes display 1H NMR spectra consistent with
the diamagnetic ground state of the ReI and MnI centers (ex-
ample shown in Figure 3).

Solutions of the complexes in methanol, chloroform, di-
chloromethane, and acetonitrile are indefinitely stable in the
absence of light. The complexes are also stable under aerobic
conditions, which is important for biological compatibility and
controlled release of CO. The electronic absorption spectra of
the complexes consist of two bands. One of the bands appears

Figure 1. Molecular structure of fac-[ReBr(azpy)(CO)3] (3). Thermal ellipsoids
are shown at 50 % probability level, with the hydrogen atoms omitted for
clarity.

Table 1. Selected bond distances [!] and angles [8] .

Bond fac-[ReBr(azpy)(CO)3] (3) fac-[Re(azpy)(CO)3(PPh3)]ClO4 (4)

Re!N1 2.149(3) 2.1511(18)
Re!N3 2.156(3) 2.1588(19)
Re!C1 1.922(4) 1.967(3)
Re!C2 1.920(4) 1.931(2)
Re!C3 1.929(4) 1.936(2)
Re!Br 2.6217(5) –
Re!P1 – 2.5199(6)
N2!N3 1.271(4) 1.277(3)

C2!Re!C1 87.79(16) 87.65(10)
C2!Re!C3 87.82(15) 90.77(10)
C1!Re!C3 90.63(15) 91.25(10)
C2!Re!N1 97.94(13) 94.57(9)
C3!Re!N1 172.37(12) 174.66(8)
C1!Re!N1 94.57(13) 88.82(9)
C2!Re!N3 170.74(13) 167.18(9)
C3!Re!N3 101.27(12) 101.89(9)
C1!Re!N3 93.84(13) 94.05(9)
N1!Re!N3 72.85(10) 72.78(7)
C1!Re!Br 179.33(11) –
C2!Re!Br 92.30(12) –
C3!Re!Br 90.04(11) –
N1!Re!Br 84.75(7) –
N3!Re!Br 85.96(7) –
C2!Re!P1 – 88.90(8)
C3!Re!P1 – 88.38(7)
C1!Re!P1 – 176.53(8)
N1!Re!P1 – 91.87(5)
N3!Re!P1 – 89.40(5)

Figure 2. Molecular structure of the cation of fac-[Re(azpy)(CO)3(PPh3)]ClO4

(4). Thermal ellipsoids are shown at 50 % probability level, with the hydro-
gen atoms omitted for clarity.

" 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim ChemMedChem 2014, 9, 1266 – 1274 1268

CHEMMEDCHEM
FULL PAPERS www.chemmedchem.org



	   167 

	  

	  

in the range 330–390 nm, while the absorption maxima of the
second band span a range of 460–590 nm (Figure 4). The latter
absorption is likely to arise from the MLCT (metal(dp)!
azo(p*)) transition, with considerable XLCT (halide(p)!azo(p*))
contributions for 1 and 3 (see below). A close inspection of the
electronic absorption spectra of 1 and 3 reveals the effect of
replacement of the group 7 d6 metal center. Complex 1 displays
a dark royal blue color in dichloromethane solution (MLCT
band at 586 nm). Replacement of the Mn center with ReI in 3
results in a blue shift of the MLCT band to 530 nm (Figure 4),
and the color of the dichloromethane solution changes to
deep purple. It is important to note that the lower energy
bands are highly blue shifted in 2 and 4 relative to 1 and 3.
The PPh3 ligand (a good p-acceptor) in these complexes draws
more electron density from the metal center and stabilizes the
highest-occupied orbitals. Such stabilization increases the
energy of the MLCT transitions and causes the blue shift ob-
served with 2 and 4.

Photorelease of CO from 1–4

Manganese complexes 1 and 2 exhibit excellent photoactivity
upon exposure to low-power visible light (10–15 mW cm!2).[23]

Such illumination causes rapid changes in the absorption spec-
tra due to loss of CO, and distinct isosbestic points indicate
the clean conversion of the complexes to their corresponding
photo products. Photorelease of CO has been confirmed in
these photolytic processes by standard myoglobin (Mb) assay.
Results of a representative Mb assay are shown in Figure 5.

The rates of CO photorelease (kCO) from all four complexes
were determined spectrophotometrically. In dichloromethane,
1 and 2 exhibited kCO values of 21.94"0.01 min!1 (conc. :
1.23 ! 10!4 m) and 15.28"0.01 min!1 (conc.: 3.07 ! 10!4 m), re-
spectively, upon illumination with visible light. In contrast, pho-
torelease of CO from 3 and 4 could only be initiated by expo-
sure to low power UV light (centered at 305 nm, 5 mW cm!2)
despite strong MLCT bands in the 430–530 nm region. Expo-
sure to UV light also resulted in distinct isosbestic points in
their absorption spectra, suggesting clean conversions

Figure 3. 1H NMR spectrum of [ReIBr(azpy)(CO)3] (3) in CDCl3 solution at 298 K.

Figure 4. Electronic absorption spectra of 1–4 in dichloromethane.

Figure 5. UV/Vis traces from the myoglobin (Mb) assay for 2. Formation of
the Mb!CO adduct from reduced Mb is evident by the shift in the Soret
band from 435 to 424 nm.
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(Figure 6), and the rates of CO photorelease were similar. For
example, in dichloromethane, 3 and 4 exhibited kCO rates of
0.25!0.01 min"1 (conc. : 1.26 ! 10"4 m) and 0.21!0.01 min"1

(conc. : 6.94 ! 10"5 m), respectively.
Light-induced loss of CO from structurally similar bpy com-

plexes has been reported by several groups.[31] Close scrutiny
of the results reveals that the structurally similar fac-[MnBr-
(bpy)(CO)3] displays its most red-shifted MLCT band at 420 nm.
When we exposed this complex to 420 nm light, spectral
changes due to CO photorelease were also observed. The rate
of CO photorelease, however, was slower (1.21!0.01 min"1,
conc. : 1.15 ! 10"4 m) than that noted with 1 (Figure S9, Sup-
porting Information). Faster CO release was observed when
this complex was irradiated with UV light (~300–325 nm). In di-
chloromethane, the kCO rate of fac-[MnBr(bpy)(CO)3] was found
to be 22.11!0.01 min"1 (conc. : 1.17 ! 10"4 m). It is therefore
evident that, much like 1, the bpy complex fac-[MnBr-
(bpy)(CO)3] also releases CO when irradiated with light corre-
sponding to the lmax of the low-energy MLCT band. In contrast,
the corresponding rhenium complex fac-[ReBr(bpy)(CO)3] , with
an MLCT band at 391 nm, releases CO only upon exposure to
UV light (lmax~300 nm), with kCO = 0.23!0.02 min"1 (conc. :
7.49 ! 10"5 m) in dichloromethane.

Together, these CO photorelease studies indicate that 1–4
are efficient photoCORMs that release CO upon exposure to
light. All four complexes display relatively strong absorption
bands in the visible region of the spectrum (Figure 4). Howev-
er, Mn complexes 1 and 2 release CO upon exposure to low-
power visible light (l#500 nm), while the corresponding Re
complexes (3 and 4) release CO only when exposed to UV
light (~300 nm). It is therefore evident that the presence of
strong MLCT bands in the visible region does not translate to
sensitivity of a designed photoCORM toward visible light. Labi-
lization of the CO ligand is expected only when significant
electron density is transferred from a molecular orbital (MO)
with significant metal–CO bonding contribution to a mostly
ligand-based MO.[25] Assessment of such contributions was

therefore necessary to elucidate the photobehavior of the
present photoCORMs.

DFT and TDDFT studies

In our previous work, we were able to move the MLCT band(s)
of metal–carbonyl complexes through modification of the
ligand frame.[16b, 25] Such ligand alteration allowed us to isolate
photoCORMs that deliver CO upon exposure to visible light. In
the present work, changing the metal center in a set of analo-
gous complexes afforded 1–4, which exhibit strong MLCT
bands in the visible region. The surprising absence of sensitivi-
ty toward visible light in case of 3 and 4, however, indicated
that their strong absorptions might not aid in labilization of
the Re"CO bonds. We therefore proceeded to examine the
nature of the MLCT transitions with the aid of DFT and TDDFT
calculations to determine the differences in photosensitivity of
the structurally similar complexes 1–4.

In the initial step, DFT optimization of the structures of the
complexes was performed, starting from the X-ray coordinates.
The optimized structures of 1–4 agree well with respect to
bond lengths and angles as listed in Tables S4 and S5 (Sup-
porting Information). Next, TDDFT calculations were performed
to obtain the MO electron densities and the calculated elec-
tronic transitions (Table 2). The theoretical spectra of 1–4 agree
considerably well with experimental data. The MO contribu-
tions that make up the MLCT bands were closely examined,
along with the associated UV bands that were experimentally
observed to release CO in the case of the Re complexes. Close
scrutiny of Table 2 reveals that, in all cases, the lowest-energy
band corresponds to the transition from MOs with a strong
metal–CO bonding interaction to the LUMO, primarily consist-
ing the ligand–p* orbital. However, in all cases, the soft auxili-
ary ligand (Br" or PPh3) also makes a significant contributions.

Examination of the MO electron densities of 1 (Table 2)
shows that the absorption at 586 nm (responsible for rapid CO
release and calculated as 616 nm) arises from a transition
(HOMO"1 to LUMO) that is comprised of both MLCT and
halide!p* (XLCT) character. The HOMO"1 level has 41 %
p(Mn"CO) bonding character, along with 37 % Br" bonding
contribution with the rest of the orbital densities in the p-
bonding ligand frame. Upon illumination, electron density is
transferred to the LUMO consisting of 70 % p*MO of azpy
along with 8 % Br" and 18 % p(Mn"CO) bonding character
(Figure 7). Reduction in Mn"CO p-backbonding in such a trans-
fer promotes rapid CO release. In case of 3, the lowest-energy
transition at 530 nm is again a HOMO"1 to LUMO transition.
Here, the HOMO"1 consists of 48 % p(Re"CO) and 22 % Br"

bonding character, while the LUMO is composed of 63 %
p*MO of azpy, along with 8 % Br" and 27 % p(Re"CO) bonding
character. Despite such similarity in the nature of electronic
transition, CO is surprisingly not released from 3 upon illumina-
tion at 530 nm (calculated: 517 nm). Clearly, there exists anoth-
er pathway by which this energy is released by 3 without scis-
sion of the Re"CO bond. In rhenium–carbonyl complexes of a-
diimine and related ligands, stronger spin-orbit interactions
(than those with manganese) are known to lead to better

Figure 6. Changes in the electronic absorption spectrum of 4 in dichlorome-
thane solution upon exposure to UV light (5 mW cm"2). The inset displays
the kCO rate plot for complex 4.
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mixing of the low-lying 1MLCT with 3MLCT, resulting in metal–
halide bond homolysis (instead of CO dissociation via a spin-
singlet process) upon illumination with light in the visible
region.[32, 33] Time-resolved spectroscopic studies also indicated
that the halide ligand stays within the solvent cage and rapidly
recombines in most cases. Bond restoration depends on the
admixture of 1MLCT with the 3MLCT state of the highly coupled
radical pair which, in turn, depends on spin-orbit coupling
(prominent in 3). As a consequence, the energy absorbed
through this transition in the visible range is dissipated, with
no net CO dissociation from the excited species in these rheni-
um complexes.[34] In the present study, 3 therefore exhibits no
photorelease of CO when illuminated with 530 nm light.

Further evidence of CO release
from the low-lying 1MLCT transi-
tion, in the case of manganese–
carbonyl complexes, comes from
the loss of CO from fac-[MnBr-
(bpy)(CO)3] under 420 nm illumi-
nation. The HOMO!1 to LUMO
transition of this complex is
comprised of both MLCT and
XLCT character. The HOMO!1
level has 52 % p(Mn!CO) bond-
ing character, along with 28 %
Br! bonding contribution, while
the LUMO consists of 74 %
p*MO of bpy, 8 % Br! , and 17 %
p(Mn!CO) bonding character.
Transfer of electrons during this
transition also causes labilization
of the Mn!CO bond, much like
1.

The significant role of the soft
auxiliary ligand is evident in the
relatively slower photorelease of
CO from 2. Replacement of Br!

with PPh3 (a strong p acceptor)
shifts the lowest-energy transi-
tion (HOMO!4!LUMO) of 2 to
520 nm. Upon illumination, elec-
tron density is transferred from
the HOMO!4 orbital, consisting
of 28 % p(Mn!CO) and 38 %
PPh3 bonding character, to
LUMO, which has 61 % p*MO of
azpy along with 18 % p(Mn!CO)
and 18 % PPh3 bonding charac-
ter. Overall, this transition trans-
fers more electron density from
the PPh3 ligand, which competes
with CO in terms of p-backbond-
ing. As a consequence, weaken-
ing of the Mn!CO bond is not
as severe as in the case of 1, in
which Br! acts more as a donor
ligand.

Finally, in the case of 3, absorption of ~300 nm light trans-
fers electron density from HOMO!1 to LUMO + 1 (consisting
of 69 % p*MO of azpy, 26 % p(Re!CO), and 5 % Br!) and
LUMO + 2 (consisting of 31 % p*MO of azpy, 63 % p*(Re!CO)
and 4 % Br! , Figure 7). Despite intersystem crossing to their re-
spective non-dissociative triplet states, the potential energy
surfaces are somewhat dissociative, presumably due to avoid-
ing crossing with a higher 1LF state along the reaction coordi-
nate.[35] As a consequence, minor Re!CO labilization is ob-
served when 3 is exposed to ~300 nm light, and the rate of
CO photorelease from 3 is ~500-fold slower than that noted
with 1 under similar conditions.

Table 2. Calculated (TDDFT) energies (E), oscillator strengths (f), and nature of transitions[a] in the complexes.

E [nm] f Transition

1
616 0.0099492 p(Mn-CO)-p(Br)!p*(Py-Azo-Ph) (HOMO!1!LUMO)
396 0.0720846 p(Mn-CO)-p(Br)!p*(Py-Azo-Ph)
354 0.0797801 p(Ph)!p*(Py-Azo-Ph)
350 0.1818711 p(Ph)-d(Mn)!p*(Py-Azo-Ph)
348 0.0346971 p(Br)-p(Mn-CO)!p*(Ph)-p(CO)-d(Mn)
336 0.0267677 p(Br)-p(Mn-CO)!p*(Py-Ph-Azo)
331 0.0489395 p(Pyr)!p*(Py-Azo-Ph)
326 0.0207783 p(Mn-CO)-p(Br)!p*(Py-Ph-Azo)
324 0.0239514 p(Mn-CO)!p*(Py-Ph)
320 0.0283438 p(Br)-p(Mn-CO)!p*(Py-Ph-Azo)

2
472 0.0134903 p(Mn-PPh3-CO)!p*(Py-Azo-Ph) (HOMO!4!LUMO)
430 0.0410682 p(Mn-PPh3-CO)!p*(Py-Azo-Ph)
416 0.0233788 p(Mn-PPh3)-p(Ph)!p*(Py-Azo-Ph)
403 0.0198349 p(Mn-PPh3)!p*(Py-Azo-Ph)
392 0.0143996 p(Mn-PPh3-CO)-p(Py)-p(Ph)!p*(Py-Azo-Ph)
364 0.1836637 p(Mn-PPh3-CO)-p(Ph)-p(Py)!p*(Py-Azo-Ph)
360 0.0870086 p(Mn-PPh3-CO)-p(Ph)-p(Mn-CO)!p*(Py-Azo-Ph)
328 0.0122870 p(Mn-PPh3-CO)-p(Ph)!d(Mn)-p*(PPh3)-p(CO)-p*(Py)
322 0.0217908 p(Mn-CO-PPh3)-p(Ph)!d(Mn)-p*(PPh3)-p(CO)-p*(Py)

3
517 0.0380878 p(Re-CO)-p(Br)!p*(Py-Azo-Ph) (HOMO!1!LUMO)
462 0.0166441 p(Re-CO)-p(Ph)!p*(Py-Azo-Ph)
380 0.2157011 p(Re-CO)-p(Ph)-p(Py)!p*(Py-Azo-Ph)
358 0.1375852 p(Re-CO)-p(Br)-p(Py)!p*(Py-Azo-Ph)
346 0.0578752 p(Re-CO)-p(Br)-p(Ph)!p*(Py-Azo-Ph)
325 0.0286452 p(Py-Azo-Ph)!p*(Py-Azo-Ph)
291 0.0129495 p(Re-CO)-p(Br)!p*(Py-Azo-Ph)
289 0.0376803 p(Re-CO)-p(Br)!p*(Py-Azo)
282 0.0247467 p(Re-CO)-p(Br)!p*(Py-Azo)-p*(Re-CO) (HOMO!1!LUMO + 1/LUMO + 2)

4
462 0.0233700 p(Re-PPh3-CO)!p*(Py-Azo-Ph) (HOMO!4!LUMO)
448 0.0176888 p(Re-CO-PPh3)-p(Ph)!p*(Py-Azo-Ph)
424 0.0167423 p(Re-PPh3-CO)!p*(Py-Azo-Ph)
410 0.0139487 p(PPh3)!p*(Py-Azo-Ph)
404 0.0280426 p(Re-CO-PPh3)-p(Ph)!p*(Py-Azo-Ph)
390 0.0498241 p(Re-PPh3-CO)!p*(Py-Azo-Ph)
374 0.0103896 p(Re-CO-PPh3)-p(Ph)!p*(Py-Azo-Ph)
372 0.2393981 p(Re-CO-PPh3)-p(Ph)!p*(Py-Azo-Ph)
350 0.0137366 p(Re-PPh3-CO)!p*(Py-Azo-Ph)
275 0.0176668 p(Py-Azo-Ph)-p(Re-CO-PPh3)!p*(Py-Azo-Ph)

[a] Orbitals with greater contributions are listed first.
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Conclusions

Together, results of the present work demonstrate that even
though two very structurally similar metal–carbonyl complexes
(1 and 3) exhibit strong MLCT bands in the visible region, the
rhenium congener fails to release CO upon illumination with
visible light. As a consequence, despite higher stability in bio-
logical media, 3 can hardly be employed as a photoCORM
under the control of visible/near-IR light. To date, most of the
photochemical studies on rhenium–carbonyl complexes with
a,a’-diimine ligands have been performed with UV light.[34] The
recent report on the use of [Re(bpy)(CO)3(thp)]+ as a photo-
CORM also employed UV light for CO release.[14] In general,
these rhenium(I) complexes are pale in color (yellow to light
orange) and exhibit no strong absorption in the visible
range.[36] We now show that although proper choice of ligands
in complexes like 3 could lead to strong absorption in the visi-
ble region (deep purple in color), CO release is not observed
when the complex is exposed to light of similar wavelengths.
The energy absorbed by 3 in this region is dissipated through
pathways that do not initiate CO release. It therefore appears
that the potential of rhenium–carbonyl complexes as photo-
CORMs in the visible region is rather limited relative to that of
the manganese congeners. Indeed, photoCORMs that exhibit
CO release under visible light have so far been centered
around elements of the first transition row (Mn and Fe).[10, 12]

Our results also indicate that soft halide ligands such as Br! aid
in red-shifting the MLCT bands of such complexes[23, 25] and in
promoting faster CO release through mixing of the XLCT and
MLCT transitions. We anticipate that these findings will provide
helpful tips in the future quest for photoactive CO-donating
drugs that could be triggered by visible/near-IR light.

Experimental Section

[Mn(CO)5Br] and AgClO4·H2O were purchased from Alpha Aesar,
and [Re(CO)5Br] was procured from Strem Chemical, Inc. The lattice
water molecules of AgClO4·H2O was removed via trituration with
CH3CN several times prior to use. The ligand 2-phenylazopyridine
(azpy) was synthesized by following a reported procedure.[20] Sol-
vents were purified and/or dried by standard techniques prior to
use. 1H NMR spectra were recorded at 298 K on a Varian Unity
Inova 500 MHz instrument. A PerkinElmer Spectrum-One FT-IR was
employed to monitor IR spectra, while the UV/Vis spectra were ob-
tained with a Varian Cary 5000 UV/Vis-NIR spectrophotometer. Mi-
croanalyses (C, H, N) were performed using a PerkinElmer 2400 Ser-
ies II elemental analyzer. Horse heart myoglobin (Mb) was pur-
chased from Sigma–Aldrich and used as received.

Caution! Transition metal perchlorates should be prepared in small
quantities and handled with great caution, as metal perchlorates
may explode upon heating.

Synthesis of complexes

[MnBr(azpy)(CO)3] (1): A batch of 100 mg (0.36 mmol) of
[MnBr(CO)5] was mixed with 80 mg (0.44 mmol) azpy in 20 mL
CH2Cl2, and the reaction mixture was stirred for 24 h at room tem-
perature. During this time, the dark blue solution was covered with
aluminum foil to prevent exposure from ambient light. After 24 h,
the solvent was removed to obtain a dark blue solid, which was
washed thoroughly with hexanes. Dark blocks of 1 in good yield
(90 mg, 63 %) were obtained through recrystallization by layering
hexanes over its CH2Cl2 solution. 1H NMR (500 MHz, CD3CN): d=
9.23 (d, 1 H), 8.66 (d, 1 H), 8.33 (t, 1 H), 7.87 (d, 2 H), 7.74 (t, 1 H),
7.68 ppm (d, 3 H); IR (KBr): ñCO = 2040, 1960, and 1940, ñN=N =
1370 cm!1; UV/Vis (CH2Cl2), lmax(e) = 330 (13 000), 586 (3900); Anal.
calcd for C14H9N3O3BrMn: C 41.83, H 2.26, N 10.46, found: C 41.60,
H 2.41, N 10.52.

[Mn(azpy)(CO)3(PPh3)](ClO4) (2): A batch of 33 mg (0.16 mmol) of
AgClO4 was added to a solution of 50 mg (0.12 mmol) of [MnBr-
(azpy)(CO)3] in 10 mL of THF, and the resulting blue reaction mix-
ture was stirred for 3 h in the dark, resulting in a purple solution.
The precipitate of AgBr was then filtered with a wet Celite pad,
and the filtrate was evaporated to dryness. The solid residue was
washed with hexanes. Next, a solution of 66 mg (0.25 mmol) of
PPh3 in 10 mL of CH2Cl2 was added to the residue, and the reaction
mixture was stirred for 24 h. The reaction flask in all steps was cov-
ered with aluminum foil. Finally, the solvent was removed, and the
residue was washed thoroughly with benzene to obtain 2 as an
orange–red solid in moderate yield (38 mg, 45 %): 1H NMR
(500 MHz, CDCl3): d= 8.59 (m), 8.43 (m), 7.67 (m), 7.52 (m), 7.42
(m), 7.26 (m), 7.06 (m), and 5.30 ppm (m); IR (KBr): ñCO = 2045,
1980, and 1950, ñN=N = 1370, ñClO4 = 1090 cm!1; UV/Vis (CH2Cl2):
lmax(e) = 370 (11 500), 520 (4050); Anal. calcd for C32H24N3O7PClMn:
C 56.20, H 3.54, N 6.15, found: C 55.95, H 3.62, N 6.10.

[ReBr(azpy)(CO)3] (3): A mixture of 74 mg (0.18 mmol) of
[ReBr(CO)5] and 40 mg (0.22 mmol) of azpy in 30 mL of benzene
was stirred at reflux for 3 h. The volume of the deep-purple solu-
tion was then decreased to ~5 mL, and it was stored at 4 8C for
6 h. The resulting purple solid was collected by filtration and
washed thoroughly with hexanes. Block-shaped crystals were ob-
tained through recrystallization by layering hexanes over a CH2Cl2

solution to afford 3 in good yield (70 mg, 72 %): 1H NMR (500 MHz,
CDCl3): d= 9.08 (d, 1 H), 8.63 (d, 1 H), 8.25 (t, 1 H), 7.97 (d, 2 H), 7.64
(t, 2 H), 7.59 ppm (t, 2 H); IR (KBr): ñCO = 2030, 1930, and 1920, ñN=

Figure 7. Calculated energy diagram of 1 and 3 (left to right). The most
prominent MOs involved with transitions under the band associated with
CO release and their compositions are shown.
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N = 1370 cm!1; UV/Vis (CH2Cl2): lmax(e) = 370 (12 400), 530 (4600);
Anal. calcd for C14H9N3O3BrRe: C 31.55, H 1.70, N 7.89, found: C
31.60, H 1.57, N 7.82.

[Re(azpy)(CO)3(PPh3)](ClO4) (4): A mixture of 51 mg (0.25 mmol) of
AgClO4 and 100 mg (0.19 mmol) of [ReBr(azpy)(CO)3] was dissolved
in 10 mL of THF, and the purple solution was stirred at reflux for
3 h, at which point the color changed to dark orange. The solid
AgBr was then filtered on a wet Celite pad, and the filtrate was
evaporated to dryness. Next, the orange residue was dissolved in
10 mL of chloroform along with 65 mg (0.25 mmol) of PPh3, and
the reaction mixture was stirred at reflux for 8 h. The solvent was
then evaporated under reduced pressure, and the resulting solid
was dissolved in 5 mL of CH2Cl2 and subjected to column chroma-
tography (silica gel, 60–100 mesh). Initially, the column was eluted
with benzene (10 mL ! 3) to remove any trace of the parent com-
pound. Finally, the deep orange–red band was eluted using a mix-
ture of benzene and CH3CN (25:2, v/v) in which a small amount of
(Et4N)ClO4 was dissolved. The eluate was evaporated to dryness
and recrystallized by layering hexanes over its solution in CH2Cl2.
Orange needles of 4 were obtained in moderate yield (85 mg,
55 %): 1H NMR (500 MHz, CDCl3): d= 8.65 (d, 1 H), 8.57 (d, 1 H), 8.49
(t, 1 H), 7.68 (m, 6 H), 7.55 (m, 4 H), 7.40 (t, 3 H), 7.28 (ir, 3 H),
7.04 ppm (t, 5 H); IR (KBr): ñCO = 2050, 1970, and 1940, ñN=N = 1370,
ñClO4 = 1090 cm!1; UV/Vis (CH2Cl2): lmax (e) = 390 (12 400), 460
(6100); Anal. calcd for C32H24N3O7PClRe: C 47.15, H 2.97, N 5.16,
found: C 47.25, H 2.78, N 5.12.

[MnBr(bpy)(CO)3]: A mixture of 100 mg (0.36 mmol) of [MnBr(CO)5]
and 56 mg (0.36 mmol) of bpy in 20 mL of benzene was stirred at
reflux for 2 h. The yellow-orange solution was then evaporated to
dryness, and the residue was washed thoroughly with hexanes.
The yellow solid was finally recrystallized by layering the hexanes
over its CH2Cl2 solution. After 4 days, block-shaped orange crystals
of [MnBr(bpy)(CO)3] were obtained in good yield (95 mg, 70 %):
1H NMR (500 MHz, CDCl3): d= 9.23 (1 H), 8.34 (1 H), 8.12 (1 H),
7.62 ppm (2 H); IR (KBr): ñCO = 2023, 1945, and 1925 cm!1; UV/Vis
(CH2Cl2), lmax (e) = 300 (10 500), 420 (1100); Anal. calcd for
C13H8N2O3BrMn: C 41.59, H 2.13, N 7.47, found: C 41.83, H 2.12, N
7.44.

[ReBr(bpy)(CO)3]: This complex was obtained in good yield
(93 mg, 75 %) by following a similar procedure as for [MnBr-
(bpy)(CO)3] except with a longer reflux time (7 h): 1H NMR
(500 MHz, CDCl3): d= 9.11 (d, 1 H), 8.20 (d, 1 H), 8.08 (t, 1 H),
7.56 ppm (t, 2 H); IR (KBr): ñCO = 2012, 1905, 1882 cm!1; UV/Vis
(CH2Cl2): lmax(e) = 300 (19 400), 400 (3600); Anal. calcd for
C13H8N2O3BrRe: C 30.81, H 1.58, N 5.53, found: C 31.03, H 1.49, N
5.41.

Crystallography : Single crystals of 1–4 were obtained by layering
hexanes over their solutions in CH2Cl2. Data were collected on
a Bruker APEX II single crystal X-ray diffractometer with graphite
monochromated MoKa radiation (l= 0.71073 ") by w-scan tech-
nique in the range of 3"2 q"558 for complex 1, 3"2 q"578 for
complex 2, and 3"2 q"568 for complexes 3 and 4. All data were
corrected for Lorentz polarization and absorption.[37] The metal
atoms were located from the Patterson maps, and the rest of the
non-hydrogen atoms emerged from successive Fourier syntheses.
The structures were refined by the full-matrix least-squares proce-
dure on F2. All non-hydrogen atoms were refined anisotropically.
All hydrogen atoms were included in calculated positions. The ab-
sorption corrections were done using SADABS. Calculations were
performed using the SHELXTL ver. 6.14 software package.[38] Crys-
tallographic data are presented in Table S1 (Supporting Informa-
tion).

Photolysis experiment : For visible light irradiation, an IL 410 illumi-
nation system (Electro FiberOptics Corporation; power: 10–
15 mW cm!2) was used. The UV light source employed in this study
was a UV-Transilluminator (UVP Inc.) with peak intensity at 305 nm
(power: 5 mW cm!2). Apparent rates of CO release (kCO) were fol-
lowed at an appropriate wavelength for each complexes, and
ln [concentration] versus time (T) plots were generated. The myo-
globin (Mb) assay was carried out following standard protocols.[15]

DFT and TDDFT studies : Density functional theory (DFT) and time-
dependent density functional theory (TDDFT) studies were per-
formed with the aid of the PC-GAMESS program[39] using the
hybrid functionals PBE0 and PBE1PW91 for Mn and Re complexes,
respectively. Optimizations for the Mn atom were performed by
employing the LANL2DZ basis set in conjunction with effective
core potential (ECP). For the Re atom, a valence double zeta (cc-
pVDZ-PP) basis set was used. The Pople 6-311G* split-valence
triple-z basis set with polarization was used for Br, while for all
other atoms, the 6-31G* basis set was employed with valence
double-z polarization (VDZP). The X-ray crystal structure coordi-
nates of complexes 1–4 were used as a starting point for the gas-
phase geometry optimization of the low spin (S = 0) ground states.
TDDFT was used to calculate the electronic transitions and associ-
ated energies. Transitions with oscillator strengths above 0.0099
were then taken for analysis. For calculations on 1–4, the 40
lowest-energy electronic excitations were calculated. For each Re
compound, solvent effects were added using the polarized contin-
uum model (PCM)[40] using EtOH as the solvent. The calculated mo-
lecular orbitals were visualized using MacMolPlt.[41]

CCDC 977174, 977175, and 977176 contain the supplementary
crystallographic data for this paper. These data can be obtained
free of charge from the Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif.
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[31] A. Vlček, Jr. , Coord. Chem. Rev. 2002, 230, 225 – 242.
[32] C. Daniel, D. Guillaumont, C. Ribbing, B. Minaev, J. Phys. Chem. A 1999,

103, 5766 – 5772.
[33] a) A. Vogler, H. Kunkely, Coord. Chem. Rev. 2000, 200 – 202, 991 – 1008;

b) D. J. Stufkens, Coord. Chem. Rev. 1990, 104, 39 – 112.
[34] a) S. Sato, A. Sekine, Y. Ohashi, O. Ishitani, A. M. Blanco-Rodriguez, A.
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Chapter 3. Synthesis, Structures and Characterization of Mn Carbonyl 

Complexes Derived from BIAN ligand: Differences in CO Photolability due to 

Different Donor Sets (N, N, and N, O). 

 

3.1 Background  

A close scrutiny of the electronic properties of the 2-phenylazopyridine (azpy) 

complexes reveals that extended conjugation in addition to a π-acidic character of this 

ligand should contribute in decreasing the energy of the low-lying π* LUMO and 

promote π-backbonding competition with the trans CO ligand.  There was however 

an additional observation on going from 2,2’-bipyridine (bpy) to azpy.  The two N 

donor atoms in the ligand frame of bpy were part of the rigid ring system, while in 

azpy only one N donor atom is within the rigid pyridine ring, figure 3.1.  In an effort 

to evaluate whether such placement of the N donor was important, we sought for a 

ligand, which would have the extended conjugation and N donors that are not part of 

the rigid ring framework.  Close inspection of the literature affirms that ligands such 

as 1,4-diaza-1,3-butadiene (DAB) bears α−diimine function with both N donors 

atoms that are not the part of a rigid ring system. A DAB ligand type could also 

incorporate an increase in conjugation with aryl imines as in N,N’-bis(2,6-di-

isopropylphenyl)-1,4-diaza-1,3-butadiene (iPr2Ph-DAB) , figure 3.1.  In fact, a recent 

report of a photoCORM incorporating this ligand frame was shown to possess high 

sensitivity to visible light sensitivity, resulting faster CO release.1 Extended π-

systems as realized in bis(4-chlorophenyl-imino)acenaphthene (BIAN) could provide 
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an improved version of such a ligand, figure 3.1. 

A careful inspection of the literature reveals that the incorporation of BIAN 

ligand in various inorganic complexes was effective for a wide range of applications 

by virtue of its extensive π-conjugation and π-acidic character.  BIAN has been 

utilized to develop inorganic complexes pertinent for photosensitizers in photovoltaic 

cells due to their optical absorption in the visible region and tunable electronic 

properties when coordinated to Re(I)2 or Cu(I)3 centers.  When BIAN is ligated to 

either a rhenium carbonyl fragment or a copper center bearing a phosphane ligand, 

the absorption band in visible region, composed of metal-to-ligand charge transfer 

(MLCT), originates in an occupied orbital with electron density in MOs consisting of 

the metal and either carbonyl or phosphane respectively.  Upon transition, the 

electron density terminates in an unoccupied frontier orbital composed of the π* of 

the BIAN and especially the acenaphthene moiety.  Further, the strong π-acidity (the 

ability to withdraw electron density from a metal center) of this ligand has broadened 

the scope in vast applications including the field of catalysis. Such applications 

include cycloaddition of azides and alkynes due to its ability to stabilize a Cu(I) 

center4 and in ring-opening polymerization of ε-caprolactonein which exhibit its high 

catalytic activity and excellent chain length control, most likely due to its Lewis 

acidity5
. Notably, the BIAN ligands not only posses superior π acceptor character, but 

also exhibit facile reducibility. For example, 2-bis[(2,6-diisopropylphenyl)imino] 

acenaphthene (dpp-BIAN) has been shown to act as a four electron reservoir in 

presence of elemental sodium.  Interestingly, here the authors report that the first two 
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electrons are located at the diimine functionality and the next two electrons reside in 

the naphthalene part.6 The ability to bind transition metals and form redox isomers, 

e.g. oxidation of the metal and stepwise reduction of the ligand has also been 

shown.7,8 The propensity for BIAN to draw electron density from metal centers makes 

this ligand a widely accepted “electron sponge.” 9 

The aforementioned characteristics make BIAN a prime candidate for a wide 

variety of applications and therefore would also be ideal in designing a biocompatible 

photoactive metal carbonyl complex (in terms of initiating CO release upon 

illumination of light of very low energy). Several metal complexes with BIAN 

exhibited absorptivity in the visible-Near-IR region, which has been described as 

MLCT in character. MCCs derived from α,α´-diimine moiety like bpy release CO 

upon illumination with light in 350-450 nm region.10 For example, [MnBr(bpy)(CO)3] 

releases CO when exposed to 450 nm light.11 We hypothesized that by increasing 

conjugation and incorporating the α-diimine function with N donor atoms which were 

not part of the rigid ring systems like bpy would result in decreased energy level of 

the π* MO and induce high sensitivity to visible light.  Manganese(I) was chosen as 

the metal center mainly due to its ability to afford photoCORMs that release CO in 

the visible region.11,12  

Herein we report [MnBr(CO)3(BIAN)] (1), a photoCORM derived from this 

α,α´-diimine ligand with extended conjugated framework and its photophysical 

properties. For the purpose of comparison, we also report [MnBr(CO)3(MIAN)] (2, 

MIAN = 2-[(4-chlorophenyl)imino]acenaphthylen-1-one, figure 3.1.), in which a 
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similar ligand with a N,O donor set has been employed. As described below, the 

α,α´-diimine complex 1 with  extended π-conjugation does exhibit strong absorbance 

in the visible region and a higher rate of CO release compared to 

[MnBr(azpy)(CO)3]13 upon exposure to visible light (λ ≥ 520 nm). Interestingly, 

replacement of one imine-N with O (and removal of one 4-chlorophenyl moiety) in 

the ligand frame of MIAN affords 2 which displays its visible absorption band in a 

more red-shifted region and a relatively lower CO release rate under similar 

conditions. Results of density functional theory (DFT) and time dependent DFT 

(TDDFT) studies have also been discussed to provide insight into such photochemical 

behavior. 

 

 

Figure 3.1. Structures of bipyridine (bpy), 2-phenylazopyridine (azpy) and N,N’-

bis(2,6-di-isopropylphenyl)-1,4-diaza-1,3-butadiene(iPr2Ph-DAB) (top panel) and 

Bis(4-chlorophenylimino)acenaphthene (BIAN) and 2-[(4-

chlorophenyl)imino]acenaphthylen-1-one (MIAN) (bottom panel). 
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3.2. Results and Discussion  

3.2.1 Synthesis 

The reaction of [MnBr(CO)5] in CH2Cl2 solution at ambient temperature 

under dinitrogen with either the bis(4-chlorophenylimino)acenaphthene (BIAN) or 2-

[(4-chlorophenyl)imino]acenaphthylen-1-one (MIAN) afforded 1 or 2 as deep purple 

or deep blue-green solution respectively.  Aluminum foil was employed to exclude 

light from the reaction mixtures.  In both cases, the solution was evaporated to 

dryness and the residue washed with hexanes thoroughly affording colored solids in 

good yield. 

 

3.2.2 Crystallography 

Block-like single crystals of 1 and 2 were formed upon layering hexanes over 

their respective CH2Cl2 solutions.  Both complexes were characterized by X-ray 

diffraction studies and the refined structure parameters of 1 and 2 can be found in 

Table 3.1.  The data confirm distorted octahedral geometry around the Mn(I) center in 

both complexes with three CO ligands in a facial disposition, figures 3.2 and 3.3. In 

complex 1, the reasonably planar equatorial plane is composed of the bidentate BIAN 

ligand and two equatorial CO ligands (N1, N2, C2, C3) with a mean deviation of 

0.0321 Å. The equatorial plane of 2 is similarly comprised of the bidentate MIAN 

ligand and two CO (N1, O4, C2, C3) with a smaller mean deviation of 0.011 Å.  The 

axial positions in both complexes are occupied by a CO and a Br− ligand.    
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Figure 3.2. Thermal ellipsoid plot of complex 1 shown with 50% probablility 

ellipsoids.  Selected bond lengths [Å] Mn1−C1, 1.819(11); Mn1−C2, 1.776(13); 

Mn1−C3, 1.797(11); Mn1−04, 2.096(8); Mn1−N1, 2.057(7); Mn1−Br1, 2.509(4). 

 

Figure 3.3. Thermal ellipsoid plot of complex 2 shown with 50% probablility 

ellipsoids.  Selected bond lengths [Å] molecule 1: Mn1−C1, 1.963(15); Mn1−C2, 

1.808(8); Mn1−C3, 1.810(8); Mn1−N1, 2.063(6); Mn1−N2, 2.056(6); Mn1−Br1, 

2.4900(14). 
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Table 3.1. Crystal data and structure refinement parameters for 1 and 2. 

                                             

 1                 2 

Empirical formula C27H14N2O3Cl2BrMn C21H10NO4ClBrM
n 

   
FW 620.15 510.60    
Temp (K) 296 296    
Wavelength (Å) 0.71073 0.71073    
Crystal system monoclinic Triclinic    
Space group P2(1)/n P-1    
a(Å) 11.4714(8) 8.099(16)    
b(Å) 13.0857(10) 8.497(17)    
c(Å) 16.9748(12) 16.14(3)    

α(deg) 90 77.34(3)    

β(deg) 92.5820(10) 75.64(2)    

γ(deg) 90 70.47(3)    

V(Å3) 2545.5(3) 1003(4)    

Z 4 2    
Density (calcd) 1.618 1.691    
(Mg m-3)      
Abs coeff (mm-1) 2.331 2.811    
No. of unique reflns 4033 2723    
bR1 0.0744 0.0593    
cwR2 0.1835 0.1295    
aGOF on F2 1.193 0.996    

aGOF = [Σ[w(Fo2-Fc2)2]/(No-Nv)]1/2 (No= number of observations, Nv= number of 
variables).  
bR1=Σ⏐⏐ Fo ⏐ - ⏐Fc⏐⏐/Σ⏐Fo⏐. c wR2= [(Σw(Fo

2-Fc
2)2/Σ⏐Fo⏐

2)]1/2 
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Close inspection of the bond distances of 1 reveals that the Mn–C1 bond (1.963(15) 

Å) is significantly longer than that observed in [MnBr(bpy)(CO)3] (1.8015(4) Å).11 In 

case of 2, the Mn–C1 bond distance is shorter (1.819(11) Å) and yet somewhat longer 

than the same bond distance in [MnBr(bpy)(CO)3].  In a recent report, rapid CO 

photorelease from [MnBr(CO)3(iPr2Ph-DAB)] (iPr2Ph-DAB = (N,N′-bis(2,6-di-

isopropylphenyl)-1,4-diaza-1,3-butadiene, figure 3.1), has been attributed to steric 

crowding in the equatorial plane.1 Interestingly, the mean Mn–N bond distance in 1 

(2.060(6) Å) and the Mn–N1 bond distance in 2 (2.057(7) Å) are comparable to the 

mean Mn–N distance (2.052(2) Å) in [MnBr(CO)3(iPr2Ph-DAB)] but longer than the 

mean Mn–N bond distance (2.043(3) Å) in [MnBr(bpy)(CO)3].  Also, the Mn–Br 

distances in 1 and 2, 2.490(14) and 2.509(4) Å respectively, are comparable to that 

observed in [MnBr(CO)3(iPr2Ph-DAB)] 2.5117(7) Å, and significantly shorter than 

the Mn–Br distance in [MnBr(bpy)(CO)3] (2.538(10) Å)11, Table 3.3 (Additional 

data). The steric crowding in the coordination sphere of the Mn(I) center in both 1 

and 2 is therefore analogous to that reported for  [MnBr(CO)3(iPr2Ph-DAB)].  

 The acenaphthene fragment of the BIAN ligand in 1 is reasonably planar 

(mean deviation = 0.0124 Å) while the two phenyl rings are at orthogonal positions 

with dihedral angles of 80.7° and 112.2° respectively. In 2, the dihedral angle 

between the single phenyl ring and the acenaphthene moiety is 65.6°. The extended 

structures of 1 and 2 also include significant π-stacking interactions between the 

acenaphthene fragments and noticeable intermolecular non-bonding contacts between 
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the Cl atoms on the phenyl ring, figures 3.13, 3.14, 3.15, and 3.16 (Additional data). 

3.2.3 Spectroscopy 

Complexes 1 and 2 have been characterized by FTIR, 1H NMR, and electronic 

absorption spectroscopy. The FTIR spectra exhibit fingerprint stretches of a facial CO 

disposition in the appropriate region, 2026, 1945, and 1925 cm–1 in 1 and 2028, 1966, 

and 1950 cm–1 in 2 in addition to the ligand stretches, figure 3.4.  The 1H NMR  

 

 

Figure 3.4.  FTIR (KBr pellet) of 1(top) and 2(bottom).  
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spectrum of 2 exhibits splitting indicative of diamagnetic manganese (I) center, figure 

3.5, while the spectrum of highly sensitive 1 predictably contains more ill-resolved 

peaks consistent with presence of a slight amount of Mn(II) photoproduct (figure 

3.17, Additional data).   

 

 

Figure 3.5.  1H NMR spectrum of 2 in CDCl3 at 298 K. 

 

Solutions of 1 and 2 in CH2Cl2 are stable for at least 24 h in the absence of  

light. In coordinating solvents such as acetonitrile (MeCN), dimethylsulfoxide 

(DMSO), DMSO : water (10 : 90 v/v), 1 also exhibits good stability while 2 releases 

CO at a slow and steady pace. The electronic absorption spectra of both complexes 

recorded with solutions (in CH2Cl2) prepared under dark conditions exhibit two 

prominent bands. In 1, the most red-shifted absorption band is centered at 570 nm, 

figure 3.6.  This band arises from an electronic transition from a MO of mostly 

π(Mn–CO) and p–Br character to a MO comprised of the π* of the organic ligand 
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frame (a metal-to-ligand charge transfer and halide-to-ligand charge transfer MLCT/ 

XLCT transition, vide infra). Complex 2 displays its most red-shifted band at 630 nm 

tailing into 800 nm and is primarily associated with MLCT/XLCT transition as seen 

with 1.  The more blue shifted peaks of these two complexes have their origins in π 

→ π* transition of the ligand frame in addition to higher energy MLCT transition(s). 

 

Figure 3.6. Electronic Absorption Spectra of 1 (red) and 2 (blue) in CH2Cl2 

at 298 K. 

 

3.2.4 Kinetic studies and CO release 

In the solid state, both 1 and 2 are stable when stored in dark. However, unlike 

the photoCORMs reported by us previously,11,13-17 these two carbonyl complexes are 

very sensitive to visible light even in the solid state. The extreme sensitivity to visible 

light is easily discerned by the copious release of CO upon exposure of the crystalline 

solids to visible light. A typical example is shown in figure 3.7. In this experiment, a 

single crystal of 1 was placed in Paratone™ oil under the microscope. When the 
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microscope light (3 mW cm−2) was turned on, rapid release of CO was observed as 

numerous bubbles emerging from the crystal under the oil. 

Exposure of the solutions of 1 and 2 to visible light also brings about rapid 

changes in their absorption spectra as shown in figures 3.8 and 3.9. These spectral 

changes arise from photorelease of CO upon exposure to light, as evidenced by 

standard myoglobin assay (data not shown).  

 

Figure 3.7. CO released from 1 in Paratone™ oil under microscope light 

(3 mW cm−2).  

 

Figure 3.8. Spectral traces of 1 in CH2Cl2 at 298 K upon illumination with low power 



	   185 

visible light (15 mW cm−2).  

 

Figure 3.9. Spectral traces of 2 in CH2Cl2 at 298 K upon illumination with low power 

visible light (15 mW cm−2). 

 

In the present study, sensitivity of these two carbonyl complexes toward low 

power (5–15 mW cm−2) visible light has been explored and compared with other 

photoCORMs reported by us and others.1,10,11,13-23 The superior sensitivity of complex 

1 is readily evident by its apparent CO release rate (kCO) under visible light 

illumination. When exposed to a broadband visible light source (15 mW cm−2), 1 

afforded a kCO value of 25.9 ± 0.2 min−1 (conc. 1.39 × 10−4 M in CH2Cl2), which is 

much faster than any other photoCORM reported so far. For example, the rate of CO 

photorelease of 1 is superior to that for [MnBr(azpy)(CO)3] (20.9 ± 0.2 min−1) which 

to date exhibited the most rapid CO photorelease under visible light.13 Further, 1 

exhibits its CO release half-life of 15.2 s under 560 nm monochromatic radiation of 

exceptionally low power visible light (0.3 mW cm−2), a rate surpassing that of 
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[MnBr(CO)3(iPr2Ph-DAB)] (12 min) under similar illumination as reported by 

Darensbourg and coworkers.1 In order to examine whether the MLCT/XLCT 

transition (λmax = 570 nm) is responsible for the fast CO release under visible light, 

the rate of CO photorelease from 1 in CH2Cl2 has been determined with a visible light 

source equipped with a cutoff filter (λ ≥ 520 nm). In this experimental setting (λ ≥ 

520 nm, CH2Cl2, conc. 1.25 × 10−4 M, power, 10 mW cm−2), 1 still exhibited a high 

kCO value of 19.7 ± 0.2 min−1 indicating a strong correlation between the absorptivity 

of this carbonyl complex (in the visible region) and its CO photolability.  The 

excellent CO release rate of 1 is retained in polar coordinating solvents such as 

MeCN. For example, the kCO value of 1 in MeCN (conc. 4.143 × 10−5 M) is 16.9 ± 

0.2 min−1 (for [MnBr(azpy)(CO)3], kCO = 11.2 ± 0.1 min−1) and the quantum yield 

value at 545 nm (ϕ545) is 0.70 ± 0.2.  The comparatively lower absorptivity of 2, 

figure 3.6) is presumably responsible for the relatively lower kCO values in solvents 

like CH2Cl2.  When exposed to the same broadband visible light (15 mW cm−2), a kCO 

value of 11.1 ± 0.2 min−1 (conc. 5.74 × 10−5 M) is obtained. The ability to harvest 

visible light by photoCORMs is therefore critical, provided the absorption band in 

visible region is directly involved in labilizing the metal–CO bond(s).11 

Exhaustive photolysis of a purple solution of 1 in CH2Cl2 under aerobic 

conditions results in a pale yellow solution. Upon evaporation, this solution affords a 

light yellow residue that exhibits no band in the CO stretching frequency region 

(1800–2200 cm−1) in its infrared spectrum, figure 3.10. The disappearance of all νCO  

bands strongly suggests that prolonged exposure to visible light releases all three CO  
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Figure 3.10. Infrared spectra of 1 before (red) and after (yellow) visible light 

irradiation (KBr disk). 

 

ligands from the complex 1.  In addition, the water extract of the yellow photoproduct 

residue displays a prominent six line X-band EPR spectrum indicative of a Mn(II) 

aqua complex, figure 3.11.  It is therefore evident that photolysis of 1 	  

 

Figure 3.11. X-band EPR spectrum of the photolysed solution of 1 in MeCN H2O 

(1:1 v/v).  Microwave frequency, 9.44 GHz; modulation amplitude, 2.00 G; 

modulation frequency, 100 KHz.    



	   188 

affords deligated BIAN and a solvated Mn(II) species as the photoproducts alongside 

the liberation of three CO molecules. 

 

3.2.5 Theoretical Calculations 

Density functional theory (DFT) and time-dependent density functional theory 

(TDDFT) studies have provided insight into the nature of the transitions that promote 

CO photorelease in 1 and 2. Both complexes were first geometrically optimized 

starting from their crystal coordinates and their bond distances and angles were 

compared to those found in their crystal structures, Table 3.3 (Additional data). Next, 

TDDFT calculations were performed to obtain the MO electron densities and the 

calculated electronic transitions, Table 3.4 (Additional data). The theoretical spectra 

of 1 and 2 agreed considerably well with the experimental data.  Complexes 1 and 2 

share very similar transitions in the MLCT region as previously elucidated in 

[MnBr(azpy)(CO)3].13 These transitions originate from the occupied orbitals 

primarily composed of π(Mn–CO) and p–Br and terminate in the LUMO primarily 

made up of π*-imine and acenaphthene moiety. Specifically, in 1 about 39% of the 

highest occupied molecular orbital (HOMO) is composed of π(Mn–CO) and 25% of 

(p–Br) bonding character. The lowest unoccupied molecular orbital (LUMO) is 

primarily composed of π* ligand frame (77%) and mostly centered on the imine 

functionalities and acenaphthene moiety, figure 3.12.  In case of 2, the HOMO−1 is 

comprised of 42% π(Mn–CO) and 30% (p–Br) bonding character while the π* 

orbitals of the acenaphthene and the imine/ ketone functionality of the ligand mostly 
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(75%) comprises the LUMO. As seen in figure 3.12, the presence of the ketone-O in 

the ligand frame of 2 stabilizes the LUMO compared to that in 1 while the occupied 

HOMO and HOMO−1 in both complexes remain at comparable energy levels. As a 

consequence, the MLCT band of 2 exhibits a ∼50 nm red shift compared to 1.  

Comprehensive search of the literature reveals that photoCORMs of the type 

 

Figure 3.12. Calculated energy diagram of 1 and 2 (left to right). The most prominent 

MOs involved with transitions under the band associated with CO release under 

visible light illumination and their compositions are shown. 

 

 [Mn(L)Br(CO)3] with L = α,α′-diimine ligands (or their analogues) exhibit wide 

variations in their CO release rates under illumination. In the present work, we have 
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looked closely to the role of the ligand L in selected photoCORMs, Table 3.2, to 

understand how such ligands impart sensitivity to the resulting complexes toward 

certain ranges of visible light. In case of [MnBr(bpy)(CO)3], CO photorelease is 

observed only upon illumination with 450 nm light.11 When the bpy ligand is replaced 

with BIAN (a ligand with extended π-conjugation) in 1, the MLCT transition is 

shifted to 570 nm due to significant stabilization of the LUMO energy level. The 

occupied HOMO and HOMO−1 levels however remain mostly unchanged due to the 

high contributions of the π(Mn–CO) and (p-Br) bonding characters. Interestingly, 

[MnBr(azpy)(CO)3] and 1 show similarity with respect to the positions of their 

MLCT bands (590 and 570 nm respectively) despite varied extent of conjugation in 

the ligand frames, Table 3.2.  It appears that the π-acidity of the azo function in the 

azpy ligand compensates for the observed stabilization of the LUMO and 

[MnBr(azpy)(CO)3] exhibits high sensitivity towards visible light (λ ≥ 520 nm, ϕ = 

0.48). It is important to note here that complex 1 is still superior to any photoCORM 

reported so far due to its high molar absorptivity in the visible region, Table 3.2. 

Destabilization of the Mn–CO bond(s) due to steric crowding also enhances the CO 

photolability of 1 similar to [MnBr(CO)3(iPr2Ph-DAB)].1 Inspection of Table 3.2 

clearly indicate that the ligand L in [Mn(L)Br(CO)3]-type of photoCORMs plays 

major roles in (a) shifting the MLCT band position, (b) increasing the molar 

absorptivity of the resulting complexes, and (c) efficiently utilizing the absorbed 

energy in promoting CO photorelease, as exemplified by the t1/2 values in Table 3.2.  

The superior CO photolability of 1 in addition to its stability in water/DMSO 
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mixture (90 : 10 v/v) make this photoCORM a good candidate for biological  

 

Table 3.2. Comparative molar absorptivitya (of the MLCT band) and half-lives (t1/2)b 

of CO photorelease of complexes of the type [Mn(L)Br(CO)3] (L = bpy, azpy, BIAN 

and MIAN) 

 
aMolar absorptivity reported in CH2Cl2 at 298 K. bt1/2 reported in CH2Cl2 under low power (10 

mW cm−2) visible light illumination with cutoff filter (520 nm). ct1/2 reported in CH2Cl2 under 

low power (10 mW cm−2) visible light illumination with cutoff filter (400 nm). 

 

applications. Although 2 exhibits its photoband at 630 nm (compared to 570 nm for 

1), it is unstable in solvents like MeCN and DMSO and hence has limited 

applications. However both complexes could serve as CO donors in solid state, 

conveniently delivering small amounts of CO under the control of visible light. To 

our knowledge no photoCORM with such sensitivity to visible light in the solid state 
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has been reported so far. 

 In summary, the ability to release CO in situ under controlled conditions using 

visible light may allow photoCORMs to find their place in therapeutic applications. 

Herein, we have sought to further examine the design strategies for relevant 

photoCORMs that are more sensitive to visible light including complexes with 

chelating N donor atoms that are not bound within the rigid ring frameworks. Careful 

choice of ligands has afforded two new photoCORMs 1 and 2 that are highly 

susceptible to visible light even in the solid state.  Exposure to low-power visible 

light causes both complexes to lose CO rapidly. Complex 1 is especially noted for its 

superior CO photolability with quantum yield value of 0.70 ± 0.2 at 545 nm (power = 

3 mW cm−2). Such control and quick release of CO from 1 could be very useful in 

rapidly raising the local CO concentration sometimes required for specific biological 

applications. 
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3.3 Additional data 

 

Figure 3.13. Packing diagram of 1 showing growth along the y axis.  The 

intermolecular Cl−Cl interactions (3.565 Å) are shown in addition to π-stacking 

(centroid to centroid distance 3.707 Å). 

 

Figure 3.14. Packing diagram of 1 showing growth along the x axis.  The π-stacking 

is highlighted. 
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Figure 3.15. Packing diagram of 2 showing growth along the x axis.  The Cl−O 

interactions (3.213 Å) are shown in addition to π-stacking (centroid to centroid 

distance 3.681 Å). 
 

 

Figure 3.16. Packing diagram of 2 showing growth along the y axis.  The Cl−O 

interactions are shown in addition to π−stacking. 
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Figure 3.17. 1H NMR spectrum of 2 in CDCl3 at 298 K. 
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Table 3.3. Selected Bond distances (Å) and angles (º) of 1 and 2 along with 

optimized DFT Bond Distances and Bond Angles for Comparison. 

 

1     2 

    X-ray  DFT  X-ray  DFT 

Mn(1)-C(1)      1.963(15)  1.773  1.819(11)  1.782 
Mn(1)-C(2)                    1.808(8)  1.806  1.776(13)  1.810 
Mn(1)-C(3)                    1.810(8)   1.806  1.797(11)  1.786 
Mn(1)-N(1)                    2.063(6)  2.043  2.057(7)  2.029 
Mn(1)-N(2)                    2.056(6)   2.033      −      −  
Mn(1)-O(4)             −           −   2.096(8)  2.092 
Mn(1)-Br(1)                   2.4900(14)  2.527  2.509(4)  2.509 

 

C(2)-Mn(1)-C(3)             90.0(4)   90.7  88.2(5)  89.8 
C(2)-Mn(1)-C(1)              89.3(6)   92.7  89.0(5)  91.9 
C(3)-Mn(1)-C(1)               90.0(5)   92.7  90.4(4)  91.2 
C(2)-Mn(1)-N(2)           95.8(3)   94.9       −      −  
C(3)-Mn(1)-N(2)              173.1(3)   172.3       −      −  
C(1)-Mn(1)-N(2)               94.0(5)   92.3       −      −  
C(2)-Mn(1)-N(1)              174.9(3)   171.7  171.8(4)  169.5 
C(3)-Mn(1)-N(1)              95.2(3)   94.6  98.5(4)  97.7 
C(1)-Mn(1)-N(1)              91.0(5)   93.4  95.5(4)  95.2 
N(2)-Mn(1)-N(1)               79.1(2)   79.2       −      −  
C(2)-Mn(1)-O(4)                   −      −   94.4(5)  92.3 
C(3)-Mn(1)-O(4)                 −      −   176.0(4)   174.9 
C(1)-Mn(1)-O(4)                  −      −   92.7(4)   93.4 
N(1)-Mn(1)-O(4)                   −      −   78.7(3)   79.7 
C(2)-Mn(1)-Br(1)              90.7(2)   87.3  88.3(4)  86.0 
C(3)-Mn(1)-Br(1)              89.3(3)   87.0  90.9(3)  88.4 
C(1)-Mn(1)-Br(1)             179.3(5)   179.7  177.1(3)  177.9 
N(2)-Mn(1)-Br(1)              86.74(16)  88.0       −      −  
N(1)-Mn(1)-Br(1)             89.11(15)  86.6  87.0(2)  86.9 
O(4)-Mn(1)-Br(1)                 −      −   86.2(2)  87.1 
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3.4 Experimental Section 

 3.4.1 General Methods 

 All reagents were of commercial grade and were used without further purification. 

The solvents were purified according to the standard procedures.24 Bis(4-

chlorophenylimino)acenaphthene (BIAN) and 2-[(4-

chlorophenyl)imino]acenaphthylen-1-one (MIAN)  were synthesized following 

reported procedures respectively.25,26 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 IR spectra of the reported compounds. UV-vis spectra 

were recorded at room temperature using a Varian Cary 5000 UV-Vis-NIR 

spectrophotometer.  

 

3.4.2. Synthesis 

[MnBr(CO)3(BIAN)] (1). A batch of 178 mg (0.44 mmol) of Bis(4-

chlorophenylimino)acenaphthene (BIAN) was dissolved into 10 mL of CH2Cl2 and 

was added to a solution (20 mL) of 100 mg (0.36 mmol) of manganese pentacarbonyl 

bromide in CH2Cl2 and the mixture was stirred for 26 h at ambient temperature under 

dinitrogen.  The solvent was then removed by evaporation under vacuum and the 

residue was subsequently washed with hexanes to obtain a deep purple solid in good 

yield (76%). Single crystals suitable for X-ray diffraction were grown by layering 

hexanes over a solution of the complex in CH2Cl2. 1H NMR (CDCl3): δ = 8.03 (1H), 

7.84 (1H), 7.61 (2H), 7.54 (1H), 7.32 (3H), 6.98 (1H). Elemental analysis calcd (%) 
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for C27H14N2O3Cl2Mn Br (620.15): C, 52.29; H, 2.27; N, 4.52; found C, 52.34; H, 

2.21; N, 4.49.  IR (KBr, cm-1): ʋCO = 2026, 1945, 1925.      

 

[MnBr(CO)3(MIAN)] (2). To a solution of 110 mg (0.4 mmol) of manganese 

pentacarbonyl bromide in 10 mL of CH2Cl2, a solution of 120 mg (0.47 mmol) of 2-

[(4-chlorophenyl)imino]acenaphthylen-1-one (MIAN) in 10 mL of CH2Cl2 was added 

and the mixture was stirred for 24 h under dinitrogen.  The blue-green solution was 

then evaporated to dryness and the residue was washed with hexanes thoroughly to 

obtain a deep blue-green solid in high yield (80%).  X-ray quality crystals were 

collected by layering hexanes over a solution of the complex in CH2Cl2. 
1H NMR 

(CDCl3): δ = 8.33 (d, 2H), 8.15 (d, 1H), 7.91 (t, 1H), 7.61 (m, 4H), 7.20 (d, 1H). 

Elemental analysis calcd (%) for C21H10NO4ClMnBr (510.6): C, 49.39; H, 1.97; N, 

2.74; found C, 49.27; H, 2.10; N, 2.68.  IR (KBr, cm-1): ʋCO = 2028, 1966, 1950.        

 

3.4.3 Crystallography 

Data were collected on a Bruker APEX II single crystal X-ray diffractometer with 

graphite monochromated Mo Kα radiation (λ = 0.71073 Å) by the ω-scan technique 

in the range 3 ⩽ 2θ ⩽ 48 for 1 and  3 ⩽ 2θ ⩽ 47 for 2. All data were corrected for 

Lorentz-polarization and absorption.27 The metal atoms were located from Patterson 

maps and the rest of the non-hydrogen atoms emerged from successive Fourier 

syntheses. The structures were then refined by a full-matrix least squares procedure 

on F2. All non-hydrogen atoms were refined anisotropically. All hydrogen atoms 
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were included in calculated positions. The absorption corrections are done using 

SADABS. Calculations were performed using the SHELXTL™ (V 6.14) program 

package.28 

 

3.4.4 Photolysis 

CO release from crystals of 1 and 2 was visualized in paratone oil on a glass slide by 

using a Fiber-Lite MI-150 light source with 150 W lamp (Dolan Jenner Industries).  

The effective light power on the single crystal was 3 mW cm–2. Studies on the rates of 

CO photorelease from the complexes were performed with 1 cm x 0.4 cm quartz 

cuvette.  The light source employed in this study consisted of a visible light source 

(Electro Fiber Optics Corporation, IL 410 illumination system) with a 520 nm cut-off 

filter to afford low-power visible light (10 mW cm–2). The cuvette was placed at a 

distance of 1 cm for 1 sec intervals of exposure and the electronic absorption spectra 

were sequentially recorded. Prior to recording each spectrum, the cuvette was 

inverted to assure sufficient mixing. Apparent rates of CO release (kCO) were 

determined at an appropriate wavelength for each complex and the logarithm of the 

complex concentration versus time plot were generated. For quantum yield (φ) 

measurements, a solution in acetonitrile was used to ensure sufficient absorbance 

(⩾99%) at the incident wavelength; no more than 10% photolysis occurred in each 

measurement. Standard actinometry using Reinecke's salt was employed to calibrate 

the light source (Newport Oriel Apex Illuminator (3 mW cm–2 power with 1 cm 

distance at 545 nm).29  
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3.4.5 Theoretical Studies 

DFT and TDDFT calculations on 1 and 2 were carried out using the double-ζ basis set 

6-31G* for all atoms with two exceptions: Br, 6-11G*, and Mn, for which LANL2DZ 

basis set and effective core potential (ECP) were employed. Calculations were carried 

out with the aid of the program PC-GAMESS.30 The hybrid functional PBE0 was 

utilized for TDDFT calculations. The X- ray coordinates of 1 and 2 were used as 

preliminary coordinates for the geometry optimization. The molecular orbitals (MO) 

were visualized in MacMolPlt for analysis. Oscillation strengths greater than 0.0217 

were taken into account for analysis of transitions.  
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Exceptionally rapid CO release from a
manganese(I) tricarbonyl complex derived
from bis(4-chloro-phenylimino)acenaphthene
upon exposure to visible light†

Samantha J. Carrington, Indranil Chakraborty and Pradip K. Mascharak*

Two manganese(I) carbonyl complexes derived from α,α’-diimine ligands with extended conjugated

framework namely [MnBr(CO)3(BIAN)] (1) and [MnBr(CO)3(MIAN)] (2), have been synthesized and structu-

rally characterized. Unlike the previously reported photoactive CO-releasing molecules (photoCORMs),

these two complexes exhibit unusually high sensitivity toward low power (0.3–10 mW) visible light (λ ≥
520 nm) even in the solid state and rapidly release carbon monoxide (CO) upon illumination. The role of

the ligand frames in such activity has been examined with the help of theoretical calculations. Application

of these photoCORMs in delivering high fluxes of CO to biological targets is anticipated.

Introduction
Carbon monoxide (CO) is produced endogenously through the
break down of heme by the enzyme heme oxygenase (HO).1 In
recent years, CO has been shown to impart anti-inflammatory,
anti-apoptotic, and vasoregulatory effects in mammalian
tissues. These surprising salutary effects strongly indicate the
therapeutic potential of CO derived from endogenous or
exogenous generation.2 In addition, CO exhibits anti-prolifera-
tive and pro-apoptotic effects in dysregulated hyperproliferative
smooth muscle cells, cancer cells and fibroblasts.3 Currently,
exogenous CO is administered either in the gaseous form or
through CO-releasing molecules (CORMs), which have been
designed and synthesized to release CO. These CORMs can
release CO systemically as it is broken down in vitro and
in vivo.4–6 Further control on the CO release from CORMs can be
achieved either by internal triggers such as enzymatic and pH
control or through external triggers such as CO release under
illumination.4–6 Metal carbonyl complexes (MCCs) were the
first CORMs to be employed for light-triggered CO delivery
because of the vast photochemical research available in the lit-
erature on CO release and other photochemical processes per-

formed with MCCs derived from ruthenium(II), rhenium(I),
manganese(I), and iron(I) in addition to other metals.7 The
first generation of these photoactive carbonyl complexes, used
as photoCORMs, include Mn2(CO)10 (CORM-1) and [Fe(CO)5]
both of which were not soluble in aqueous media and released
CO only upon UV light irradiation.8,9 These proof of concept
MCCs however proved that CO could be delivered from a metal
carbonyl complex, and that the CO liberated from these MCCs
could exhibit many of the same effects seen from inhaled CO.8

The first generation photoCORMs were not truly suitable
for therapeutic use in biological systems due to the facts that
(a) they require UV illumination for CO release and (b) UV
light readily causes damage to tissues. It was realized that the
ideal photoCORMs would need to meet certain criteria such as
solubility in biological media, stability in media under dark
conditions, ability to release CO upon visible light illumina-
tion, and must have a non-reactive photo-product once CO is
released.10–14 Unfortunately, most MCC-based photoCORMs
exhibit CO-releasing activity in the UV and near-UV
(300–450 nm) region and often lack any absorbance in the
visible region.13 During the past few years, we15–20 and
others21–23 have focused on MCC-based photoCORMs, that
exhibit sensitivity toward visible light and deliver CO to bio-
logical targets under controlled conditions. In particular, we
have been interested in photoCORMs that exhibit high sensi-
tivity towards visible light in the 500–600 nm range.17,18 Our
design strategy utilizes a combination of a strong σ-donating
ancillary ligand like Br− (to destabilize the occupied orbitals)
and a coligand with low-lying π* molecular orbital (MO) to
weaken the M–CO bonds in the designed MCCs through
a metal-to-ligand charge transfer (MLCT) transition in the

†Electronic supplementary information (ESI) available: Packing diagrams of
1 and 2 (Fig. S1–S4), traces of spectral changes of 2 in CH2Cl2 (Fig. S5), selected
bond distances and angles along with optimized DFT bond distances and angles
for 1 and 2 (Table S1) and calculated energies, oscillation strengths and nature
of transitions for 1 and 2 (Table S2). CCDC 1047275–1047276. For ESI and crys-
tallographic data in CIF or other electronic format see DOI: 10.1039/c5dt01007a

Department of Chemistry and Biochemistry, University of California, Santa Cruz,
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visible to near-IR region.24 The success of this strategy is readily
represented by [MnBr(azpy)(CO)3] (azpy = 2-phenylazopyridine,
Fig. 1), a photoCORM recently reported by us that rapidly
releases CO upon exposure to low-power (10–15 mW cm−2)
visible light (λ ≥ 520 nm) with quantum yield value of 0.48.18

A close scrutiny of the literature reveals that a variety of
MCCs derived from α,α′-diimine moiety like 2,2′-bipyridine
(bpy, Fig. 1) release CO upon illumination with light in the
350–450 nm region.25 For example, [MnBr(bpy)(CO)3] releases
CO when exposed to 420 nm light.17 We hypothesized that by
increasing conjugation in an otherwise bipyridine framework,
as in bis(4-chlorophenyl-imino)acenaphthene (BIAN, Fig. 1),
we could further lower the energy level of the π* MO and
induce high sensitivity to visible light. Herein we report [MnBr-
(CO)3(BIAN)] (1), a photoCORM derived from this α,α′-diimine
ligand with extended conjugated framework and its photo-
physical properties. For the purpose of comparison, we also
report [MnBr(CO)3(MIAN)] (2, MIAN = 2-[(4-chlorophenyl)
imino]acenaphthylen-1-one, Fig. 1), in which a similar ligand
with a N,O donor set has been employed. As described below,
the α,α′-diimine complex 1 with extended π-conjugation does
exhibit strong absorbance in the visible region and a higher
rate of CO release compared to [MnBr(azpy)(CO)3] upon
exposure to visible light (λ ≥ 520 nm). Interestingly, replace-
ment of one imine-N with O (and removal of one 4-chloro-
phenyl moiety) in the ligand frame of MIAN affords 2 which
displays its visible absorption band in a more red-shifted
region and a lower CO release rate under similar conditions.
Results of density functional theory (DFT) and time dependent
DFT (TDDFT) studies have also been discussed to provide
insight into such photochemical behavior.

Experimental section
General

All reagents were of commercial grade and were used without
further purification. The solvents were purified according

to the standard procedures.26 Bis(4-chlorophenylimino)-
acenaphthene (BIAN) and 2-[(4-chlorophenyl)imino]acenaphthylen-
1-one (MIAN) were synthesized following reported proce-
dures.27,28 The 1H NMR spectra were recorded at 298 K on a
Varian Unity Inova 500 MHz instrument. A Perkin-Elmer Spec-
trum-One FT-IR was employed to monitor the IR spectra of the
reported compounds. UV-vis spectra were recorded at
room temperature using a Varian Cary 5000 UV-Vis-NIR
spectrophotometer.

Synthesis of [MnBr(CO)3(BIAN)] (1). A batch of 178 mg
(0.44 mmol) of Bis(4-chlorophenylimino)acenaphthene (BIAN)
was dissolved into 10 mL of CH2Cl2 and was added to a solu-
tion (20 mL) of 100 mg (0.36 mmol) of manganese pentacarbo-
nyl bromide in CH2Cl2 and the mixture was stirred for 26 h at
ambient temperature under dinitrogen. The solvent was then
removed by evaporation under vacuum and the residue was
subsequently washed with hexanes to obtain a deep purple
solid in good yield (76%). Single crystals suitable for X-ray
diffraction were grown by layering hexanes over a solution of
the complex in CH2Cl2. Elemental analysis calcd (%) for
C27H14N2O3Cl2MnBr (620.15): C, 52.29; H, 2.27; N, 4.52; found
C, 52.34; H, 2.21; N, 4.49. IR (KBr, cm−1): νCO = 2026, 1945,
1925; 1H NMR (CDCl3): δ = 8.03 (1H), 7.84 (1H), 7.61 (2H), 7.54
(1H), 7.32 (3H), 6.98 (1H); λmax (CH2Cl2)/nm 570 (ε/M−1 cm−1

4600), 330 (12 650).
Synthesis of [MnBr(CO)3(MIAN)] (2). To a solution of

110 mg (0.4 mmol) of manganese pentacarbonyl bromide in
10 mL of CH2Cl2, a solution of 120 mg (0.47 mmol) of
2-[(4-chlorophenyl) imino]acenaphthylen-1-one (MIAN) in
10 mL of CH2Cl2 was added and the mixture was stirred for
24 h under dinitrogen. The blue-green solution was then evapo-
rated to dryness and the residue was washed with hexanes
thoroughly to obtain a deep blue-green solid in high yield
(80%). X-ray quality crystals were collected by layering hexanes
over a solution of the complex in CH2Cl2. Elemental analysis
calcd (%) for C21H10NO4ClMnBr (510.6): C, 49.39; H, 1.97;
N, 2.74; found C, 49.27; H, 2.10; N, 2.68. IR (KBr, cm−1): νCO =
2028, 1966, 1950; 1H NMR (CDCl3): δ = 8.33 (d, 2H), 8.15
(d, 1H), 7.91 (t, 1H), 7.61 (m, 4H), 7.20 (d, 1H); λmax (CH2Cl2)/
nm 630 (ε/M−1 cm−1 3700), 375 (6700), 317 (8400).

X-ray data collection and structure refinement

Data were collected on a Bruker APEX II single crystal X-ray
diffractometer with graphite monochromated Mo Kα radiation
(λ = 0.71073 Å) by the ω-scan technique in the range 3 ≤ 2θ ≤
48 for 1 and 3 ≤ 2θ ≤ 47 for 2 (Table 1). All data were corrected
for Lorentz-polarization and absorption.29 The metal atoms
were located from Patterson maps and the rest of the non-
hydrogen atoms emerged from successive Fourier syntheses.
The structures were then refined by a full-matrix least squares
procedure on F2. All non-hydrogen atoms were refined aniso-
tropically. All hydrogen atoms were included in calculated
positions. The absorption corrections are done using SADABS.
Calculations were performed using the SHELXTL™ (V 6.14)
program package.30

Fig. 1 Structures of bipyridine (bpy), 2-phenylazopyridine (azpy) and
N,N’-bis(2,6-di-isopropylphenyl)-1,4-diaza-1,3-butadiene(iPr2Ph-DAB)
(top panel) and Bis(4-chlorophenylimino)acenaphthene (BIAN) and
2-[(4-chlorophenyl)imino]acenaphthylen-1-one (MIAN) (bottom panel).
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Photolysis experiments

CO release from crystals of 1 and 2 was visualized in Para-
tone™ oil on a glass slide by using a Fiber-Lite MI-150 light
source with 150 W lamp (Dolan Jenner Industries). The
effective light power on the single crystal was 3 mW cm−2.
Studies on the rates of CO photorelease from the complexes
were performed with 1 cm × 0.4 cm quartz cuvette. The light
source employed in this study consisted of a visible light
source (Electro Fiber Optics Corporation, IL 410 illumination
system) with a 520 nm cut-off filter to afford low-power visible
light (10 mW cm−2). The cuvette was placed at a distance of
1 cm for 1 s intervals of exposure and the electronic absorption
spectra were sequentially recorded. Prior to recording each
spectrum, the cuvette was inverted to assure sufficient mixing.
Apparent rates of CO release (kCO) were determined at an
appropriate wavelength for each complex and the logarithm of
the complex concentration versus time plots were generated.
For quantum yield (ϕ) measurements, a solution in acetonitrile
was used to ensure sufficient absorbance (≥99%) at the inci-
dent wavelength; no more than 10% photolysis occurred in
each measurement. Standard actinometry using Reinecke’s salt
was employed to calibrate the light source (Newport Oriel Apex
Illuminator (3 mW power with 1 cm distance at 545 nm).31

DFT and TDDFT studies

DFT and TDDFT calculations on 1 and 2 were carried out
using the double-ζ basis set 6-31G* for all atoms with two
exceptions: Br, 6-11G*, and Mn, for which LANL2DZ basis set
and effective core potential (ECP) were employed. Calculations
were carried out with the aid of the program PC-GAMESS.32

The hybrid functional PBE0 was utilized for TDDFT calcu-
lations. The X-ray coordinates of 1 and 2 were used as prelimi-
nary coordinates for the geometry optimization. The molecular
orbitals (MO) were visualized in MacMolPlt for analysis. Oscil-
lation strengths greater than 0.0217 were taken into account
for analysis of transitions.

Results and discussion
Synthesis and X-ray crystallography

The reaction of [MnBr(CO)5] with either bis(4-chlorophenyl-
imino)acenaphthene (BIAN) or 2-[(4-chlorophenyl)imino]ace-
naphthylen-1-one (MIAN) in CH2Cl2 solution at ambient
temperature under dinitrogen afforded 1 and 2 as deep purple
and deep blue-green solid respectively. Aluminum foil was
employed to exclude light from the reaction mixtures. X-ray
diffraction studies confirm distorted octahedral geometry
around the Mn(I) center in both complexes with three CO
ligands in a facial disposition (Fig. 2 and 3). In complex 1, the
reasonably planar equatorial plane is composed of the biden-
tate BIAN ligand and two equatorial CO ligands (N1, N2, C2,
C3) with a mean deviation of 0.0321 Å. The equatorial plane of
2 is similarly comprised of the bidentate MIAN ligand and two

Fig. 2 Thermal ellipsoid plot of complex 1 shown with 50% probability
ellipsoids. Selected bond lengths [Å] molecule 1: Mn1–C1, 1.963(15);
Mn1–C2, 1.808(8); Mn1–C3, 1.810(8); Mn1–N1, 2.063(6); Mn1–N2, 2.056(6);
Mn1–Br1, 2.4900(14).

Fig. 3 Thermal ellipsoid plot of complex 2 shown with 50% probability
ellipsoids. Selected bond lengths [Å] Mn1–C1, 1.819(11); Mn1–C2,
1.776(13); Mn1–C3, 1.797(11); Mn1–O4, 2.096(8); Mn1–N1, 2.057(7);
Mn1–Br1, 2.509(4).

Table 1 Crystal data and structure refinement parameters for 1 and 2

1 2

Empirical formula C27H14N2O3Cl2BrMn C21H10NO4ClBrMn
FW 620.15 510.60
Temp (K) 296 296
Wavelength (Å) 0.71073 0.71073
Crystal system Monoclinic Triclinic
Space group P2(1)/n P1̄
a (Å) 11.4714(8) 8.099(16)
b (Å) 13.0857(10) 8.497(17)
c (Å) 16.9748(12) 16.14(3)
α (°) 90 77.34(3)
β (°) 92.5820(10) 75.64(2)
γ (°) 90 70.47(3)
V (Å3) 2545.5(3) 1003(4)
Z 4 2
Density (calcd) 1.618 1.691
(Mg m−3)
Abs coeff (mm−1) 2.331 2.811
No. of unique reflns 4033 2723
R1

b 0.0744 0.0593
wR2

c 0.1835 0.1295
GOFa on F2 1.193 0.996

a GOF = [∑[w(Fo
2 − Fc

2)2]/(No − Nv)]1/2 (No = number of observations,
Nv = number of variables). b R1 = ∑||Fo| − |Fc||/∑|Fo|. c wR2 =
[(∑w(Fo

2 − Fc
2)2/∑|Fo|2)]1/2.
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CO (N1, O4, C2, C3) with a smaller mean deviation of 0.011 Å.
The axial positions in both complexes are occupied by a CO
ligand and Br−. Close inspection of the bond distances in 1
reveals that the Mn–C1 bond (1.963(15) Å) is significantly
longer than that observed in [MnBr(bpy)(CO)3] (1.8015(4) Å).17

In case of 2, the Mn–C1 bond distance is shorter (1.819(11) Å)
and yet somewhat longer than the same bond distance in
[MnBr(bpy)(CO)3].

In a recent report, rapid CO photorelease from [MnBr-
(CO)3(iPr2Ph-DAB)] (iPr2Ph-DAB = (N,N′-bis(2,6-di-isopropyl-
phenyl)-1,4-diaza-1,3-butadiene, Fig. 1), has been attributed to
steric crowding in the equatorial plane.21 Interestingly, the
mean Mn–N bond distance in 1 (2.060(6) Å) and the Mn–N1
bond distance in 2 (2.057(7) Å) are comparable to the mean
Mn–N distance (2.052(2) Å) in [MnBr(CO)3(iPr2Ph-DAB)] but
longer than the mean Mn–N bond distance (2.043(3) Å) in
[MnBr(bpy)(CO)3]. Also, the Mn–Br distances in 1 and 2,
2.490(14) and 2.509(4) Å respectively, are comparable to that
observed in [MnBr(CO)3(iPr2Ph-DAB)] 2.5117(7) Å, and signifi-
cantly shorter than the Mn–Br distance in [MnBr(bpy)(CO)3]
(2.538(10) Å). The steric crowding in the coordination sphere
of the Mn(I) center in both 1 and 2 is therefore analogous to
that reported for [MnBr(CO)3(iPr2Ph-DAB)].

The acenaphthene fragment of the BIAN ligand in 1 is
reasonably planar (mean deviation = 0.0124 Å) while the two
phenyl rings are at orthogonal positions with dihedral angles
of 80.7° and 112.2° respectively. In 2, the dihedral angle
between the single phenyl ring and the acenaphthene moiety
is 65.6°. The extended structures of 1 and 2 also include sig-
nificant π-stacking interactions between the acenaphthene
fragments and significant intermolecular non-bonding con-
tacts between the Cl atoms on the phenyl ring (Fig. S1–S4†).

CO release properties

In the solid state, both 1 and 2 are stable when stored in dark.
However, unlike the photoCORMs reported by us
previously,15–20 these two carbonyl complexes are very sensitive
to visible light even in the solid state. The extreme sensitivity
to visible light is easily discerned by the copious release of CO
upon exposure of the crystalline solids to visible light. A typical
example is shown in Fig. 4. In this experiment, a single crystal
of 1 was placed in Paratone™ oil under the microscope. When
the microscope light (3 mW cm−2) was turned on, rapid
release of CO was observed as numerous bubbles emerging
from the crystal under the oil.

Solutions of 1 and 2 in CH2Cl2 are stable for at least 24 h in
the absence of light. In coordinating solvents such as aceto-
nitrile (MeCN), dimethylsulfoxide (DMSO), DMSO : water
(10 : 90 v/v), 1 also exhibits good stability while 2 releases CO
at a slow but steady pace. The electronic absorption spectra of
both complexes recorded with solutions (in CH2Cl2) prepared
under dark conditions exhibit two prominent bands. In 1, the
most red-shifted absorption band is centered at 570 nm
(Fig. 5). This band arises from an electronic transition from a
MO of mostly π–Mn–CO and p–Br character to a MO com-
prised of the π* of the organic ligand frame (a metal-to-ligand
charge transfer and halide-to-ligand charge transfer MLCT/
XLCT transition, vide infra). Complex 2 displays its most red-
shifted band at 630 nm tailing into 800 nm and is primarily
associated with MLCT/XLCT transition as seen with 1. The
more blue shifted peaks of these two complexes have their
origins in π → π* transition of the ligand frame in addition to
higher energy MLCT transition(s).

Exposure of the solutions of 1 and 2 to visible light brings
about rapid changes in their visible absorption spectra as
shown in Fig. 6 (and Fig. S5†). These spectral changes arise
from photorelease of CO upon exposure to light, as evidenced
by standard myoglobin assay (data not shown).18 In the

Fig. 4 CO released from 1 in Paratone™ oil under microscope light
(3 mW cm−2).

Fig. 5 Electronic spectra of 1 (red) and 2 (blue) in CH2Cl2 at 298 K.

Fig. 6 Spectral traces of 1 in CH2Cl2 at 298 K upon illumination with
low power visible light (15 mW cm−2).
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present study, sensitivity of these two carbonyl complexes
toward low power (5–15 mW) visible light has been explored
and compared with other photoCORMs reported by us and
others.11–23 The super sensitivity of complex 1 is readily
evident by its apparent CO release rate (kCO) under visible light
illumination. When exposed to a broadband visible light
source of 15 mW cm−2 power, 1 afforded a kCO value of 25.9 ±
0.2 min−1 (conc. 1.39 × 10−4 M in CH2Cl2) which is much
faster than any other photoCORM reported thus far. For
example, the rate of CO photorelease of 1 is superior to that
for [MnBr(azpy)(CO)3] (20.9 ± 0.2 min−1) which to date exhibi-
ted the most rapid CO photorelease under visible light.18

Further, 1 exhibits its CO release half-life of 15.2 s under
560 nm monochromatic radiation of exceptionally low power
(0.3 mW cm−2), a rate surpassing that of [MnBr(CO)3(iPr2Ph-
DAB)] (12 min) under similar illumination as reported by
Darensbourg and coworkers.21

In order to examine whether the MLCT/XLCT transition
(λmax = 570 nm) is responsible for the fast CO photorelease
under visible light, the rate of CO photorelease from 1 in
CH2Cl2 has been determined with a visible light source
equipped with a cutoff filter (λ ≥ 520 nm). In this experimental
setting (λ ≥ 520 nm, CH2Cl2, conc. 1.25 × 10−4 M, 10 mW
cm−2), 1 still exhibited a high kCO value of 19.7 ± 0.2 min−1

indicating a strong correlation between the absorptivity of this
carbonyl complex (in the visible region) and its CO photolabil-
ity. The superior CO photolability of 1 is retained in polar co-
ordinating solvents such as MeCN. For example, the kCO value
of 1 in MeCN (conc. 4.143 × 10−5 M) is 16.9 ± 0.2 min−1 (for
[MnBr(azpy)(CO)3], kCO = 11.2 ± 0.1 min−1) and the quantum
yield value at 545 nm (ϕ545) is 0.70 ± 0.2. The comparatively
lower absorptivity of 2 (Fig. 5) is presumably responsible for
the reduced kCO values it exhibits in solvents like CH2Cl2.
When exposed to the same broadband visible light (15 mW
cm−2), a kCO value of 11.1 ± 0.2 min−1 (conc. 5.74 × 10−5 M) is
obtained. The ability to harvest visible light by photoCORMs is
therefore critical provided the visible absorption band is
directly involved in labilizing the metal–CO bond(s).17

Exhaustive photolysis of a purple solution of 1 in CH2Cl2

under aerobic conditions results in a pale yellow solution.
Upon evaporation, this solution affords a light yellow residue
that exhibits no band in the CO stretching frequency region
(1800–2200 cm−1) in its infrared spectrum (Fig. 7). The dis-
appearance of all νCO bands strongly suggests that prolong
exposure to visible light releases all three CO ligands from
complex 1. In addition, the water extract of the yellow residue
displays a six line X-band EPR spectrum indicative of a Mn(II)
aqua complex.19 It is therefore evident that photolysis of 1
affords free BIAN and a solvated Mn(II) species as photo-
products in addition to three CO molecules.

Density functional theory (DFT) and time-dependent
density functional theory (TDDFT) studies have provided
insight into the nature of the transitions that promote CO
photorelease in 1 and 2. Both complexes were first geometri-
cally optimized starting from their crystal coordinates and
their bond distances and angles were compared to those

found in the crystal structure (Table S1†). Next, TDDFT calcu-
lations were performed to obtain the MO electron densities
and the calculated electronic transitions (Table S2†). The
theoretical spectra of 1 and 2 agreed considerably well with the
experimental data.

Complexes 1 and 2 share very similar transitions in the
MLCT region as previously elucidated in [MnBr(azpy)(CO)3].18

These transitions originate from the occupied orbitals primar-
ily composed of π(Mn–CO) and p–Br and terminate in the
LUMO primarily made up of π*-imine and acenaphthene
moiety. Specifically, in 1 about 39% of the highest occupied
molecular orbital (HOMO) is composed of π(Mn–CO) and 25%
of (p–Br) bonding character. The lowest unoccupied molecular
orbital (LUMO) is primarily composed of π* ligand frame
(77%) and mostly centered on the imine functionalities and
acenaphthene moiety (Fig. 8). In case of 2, the HOMO−1 is
comprised of 42% π(Mn–CO) and 30% (p–Br) bonding charac-
ter while the π* orbitals of the acenaphthene and the imine/
ketone functionality of the ligand mostly (75%) comprises the
LUMO. As seen in Fig. 8, the presence of the ketone-O in the
ligand frame of 2 stabilizes the LUMO compared to that in 1
while the occupied HOMO and HOMO−1 in both complexes
stay at comparable energy levels. As a consequence, the MLCT
band of 2 exhibits a ∼50 nm red shift compared to 1.

Comprehensive search of the literature reveals that photo-
CORMs of the type [Mn(L)Br(CO)3] with L = α,α′-diimine
ligands (or their analogues) exhibit wide variations in their CO
release rates under illumination. In the present work, we have
looked closely to the role of the ligand L in selected photo-
CORMs (Table 2) to understand how such ligands impart sen-
sitivity to the resulting complexes toward certain ranges of
visible light. In case of [MnBr(bpy)(CO)3], CO photorelease is
observed only upon illumination with 420 nm light.17 When
the bpy ligand is replaced with BIAN (a ligand with extended
conjugation) in 1, the MLCT transition is shifted to 570 nm
due to significant stabilization of the LUMO energy level. The
occupied HOMO and HOMO−1 levels however remain mostly

Fig. 7 Infrared spectra of 1 before (red) and after (yellow) visible light
irradiation (KBr disk).
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unchanged due to the high contributions of the π(Mn–CO)
and (p-Br) bonding characters. Interestingly, [MnBr(azpy)-
(CO)3] and 1 show similarity with respect to the positions of
their MLCT bands (590 and 570 nm respectively) despite
different extent of conjugation in the ligand frames (Table 2).
It appears that the π-acidity of the azo function in the azpy

ligand compensates for the observed stabilization of the
LUMO and [MnBr(azpy)(CO)3] exhibits high sensitivity toward
visible light ((λ ≥ 520 nm, ϕ = 0.48). It is important to note
here that complex 1 is still superior to any photoCORM
reported so far due to its high molar absorptivity in the visible
region (Table 2). Destabilization of the Mn–CO bond(s) due to
steric crowding also enhances CO photolability of 1 similar to
[MnBr(CO)3(iPr2Ph-DAB)].21 Inspection of Table 2 clearly indi-
cate that the ligand L in [Mn(L)Br(CO)3]-type of photoCORMs
plays major roles in (a) shifting the MLCT band position, (b)
increasing the molar absorptivity of the resulting complexes,
and (c) efficiently utilizing the absorbed energy in promoting
CO photorelease (as exemplified by the t1/2 values in Table 2).

The superior CO photolability of 1 in addition to its stabi-
lity in water/DMSO mixture (90 : 10 v/v) make this photoCORM
a good choice for biological applications. Although 2 exhibits
its photoband at 630 nm (compared to 570 nm for 1), it is
unstable in solvents like MeCN and DMSO and hence has
limited applications. However both complexes could serve as
solids that conveniently deliver small amounts of CO under
the control of visible light. To our knowledge no photoCORM
with such sensitivity to visible light in the solid state has been
reported so far.

Conclusion
In summary, the ability to release CO in situ under controlled
conditions using visible light may allow photoCORMs to find
their place in therapeutic applications. Herein we have sought
to further examine the design strategies for relevant photo-
CORMs that are more sensitive to visible light. Careful choice
of ligands has afforded two new photoCORMs 1 and 2 that are
highly susceptible to visible light even in the solid state.
Exposure to low-power visible light causes both complexes to
lose CO rapidly. Complex 1 is especially noted for its superior
CO photolability with quantum yield value of 0.70 ± 0.2 at
545 nm (power = 3 mW cm−2). Such control and quick release
of CO from 1 could be very useful in rapidly increasing the
local CO concentration sometimes required for specific bio-
logical applications.

Acknowledgements
Financial support from the NSF grant DMR-1409335 is grate-
fully acknowledged.

Notes and references
1 R. Tenhunen, H. S. Marver and R. Schmin, Proc. Natl. Acad.

Sci. U. S. A., 1968, 61, 748–755.
2 L. Rochette, Y. Cottin, M. Zeller and C. Vergely, Pharmacol.

Ther., 2013, 137, 133–152.
3 R. Motterlini and L. E. Otterbein, Nat. Rev. Drug Discovery,

2010, 9, 728–743.

Table 2 Comparative molar absorptivity (of the MLCT band) and half-
lives of CO photorelease of complexes of the type [Mn(L)Br(CO)3] (L =
bpy, azpy, BIAN and MIAN)

L
λmax
(nm)

εa

(M−1 cm−1)
t1/2

b

(s)

420 1100 54.9c

590 3700 3.7

570 4600 2.1

630 3700 5.6

a Molar absorptivity reported in CH2Cl2 at 298 K. b t1/2 reported in
CH2Cl2 under low power (10 mW cm−2) visible light illumination with
cutoff filter (520 nm). c t1/2 reported in CH2Cl2 under low power
(10 mW cm−2) visible light illumination with cutoff filter (400 nm).

Fig. 8 Calculated energy diagram of 1 and 2 (left to right). The most
prominent MOs involved with transitions under the band associated
with CO release under visible light illumination and their compositions
are shown.

Dalton Transactions Paper

This journal is © The Royal Society of Chemistry 2015 Dalton Trans., 2015, 44, 13828–13834 | 13833

Pu
bl

ish
ed

 o
n 

28
 A

pr
il 

20
15

. D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f C

al
ifo

rn
ia

 - 
Sa

nt
a 

Cr
uz

 o
n 

07
/0

4/
20

16
 1

9:
23

:5
6.

 

View Article Online



	   211 

	  

 

4 G. J. L. Bernardes and S. García-Gallego, Angew. Chem., Int.
Ed., 2014, 53, 9712–9721.

5 M. A. Gonzalez and P. K. Mascharak, J. Inorg. Biochem.,
2014, 133, 127–135.

6 U. Schatzschneider, Br. J. Pharmacol., 2015, 172, 1638–
1650.

7 G. L. Geoffroy and M. S. Wrighton, in Organometallic Photo-
chemistry, Academic Press, 1979.

8 R. Foresti, M. G. Bani-Hani and R. Motterlini, Intensive
Care Med., 2008, 34, 649–658.

9 R. Motterlini, J. E. Clark, R. Foresti, P. Sarathchandra,
B. E. Mann and C. J. Green, Circ. Res., 2002, 90, e17–e24.

10 B. J. Heilman, M. A. Gonzalez and P. K. Mascharak, Prog.
Inorg. Chem., 2014, 58, 185–224.

11 S. H. Heinemann, T. Hoshi, M. Westerhausen and
A. Schiller, Chem. Commun., 2014, 50, 3644–3660.

12 C. C. Romao, W. S. Blattler, J. D. Seixas and
G. J. L. Bernardes, Chem. Soc. Rev., 2012, 41, 3571–3583.

13 R. D. Rimmer, A. E. Pierri and P. C. Ford, Coord. Chem.
Rev., 2012, 256, 1509–1519.

14 U. Schatzschneider, Inorg. Chim. Acta, 2011, 274, 19–23.
15 M. A. Gonzalez, S. J. Carrington, N. L. Fry, J. L. Martinez

and P. K. Mascharak, Inorg. Chem., 2012, 51, 11930–11940.
16 M. A. Gonzalez, S. J. Carrington, I. Chakraborty,

M. M. Olmstead and P. K. Mascharak, Inorg. Chem., 2013,
52, 11320–113331.

17 I. Chakraborty, S. J. Carrington and P. K. Mascharak, Chem-
MedChem, 2014, 9, 1266–1274.

18 S. J. Carrington, I. Chakraborty and P. K. Mascharak, Chem.
Commun., 2013, 49, 11254–11256.

19 S. J. Carrington, I. Chakraborty, J. M. L. Bernard and
P. K. Mascharak, ACS Med. Chem. Lett., 2014, 5, 1324–1328.

20 M. A. Gonzalez, H. Han, A. Moyes, A. Radinos, A. J. Hobbs,
N. Coombs, S. R. J. Oliver and P. K. Mascharak, J. Mater.
Chem. B, 2014, 2, 2107–2113.

21 V. Yempally, S. J. Kyran, R. K. Raju, W. Y. Fan,
E. N. Brothers, D. J. Darensbourg and A. A. Bengali, Inorg.
Chem., 2014, 53, 4081–4088.

22 F. Zobi, L. Quaroni, G. Santoro, T. Zlateva, O. Blacque,
B. Sarafimov, M. C. Schaub and A. Y. Bogdanova, J. Med.
Chem., 2013, 56, 6719–6731.

23 P. Govender, S. Pai, U. Schatzschneider and G. S. Smith,
Inorg. Chem., 2013, 52, 5470–5478.

24 I. Chakraborty, S. J. Carrington and P. K. Mascharak, Acc.
Chem. Res., 2014, 47, 2603–2611.

25 A. Vlček Jr., Coord. Chem. Rev., 2002, 230, 225–242.
26 D. D. Perrin and W. L. F. Armarego, Purification of Labora-

tory Chemicals, Pergamon Press, 1988.
27 H. L. Wong, K. W. Cheng, K. K. Y. Man, C. Y. Kwong,

W. K. Chan and A. B. Djurišić, Proc. SPIE, 2004, 5520, 168–175.
28 J. Kovach, M. Peralta, W. W. Brennessel and W. D. Jones,

J. Mol. Struct., 2011, 992, 33–38.
29 A. C. T. North, D. C. Philips and F. S. Mathews, Acta Crystal-

logr., Sect. C: Cyst. Struct. Commun., 1968, 24, 351.
30 G. M. Sheldrick, SHELXTL™ (V 6.14), Bruker Analytical

X-ray Systems, Madison, WI, 2000.
31 M. Montalti, A. Credi, L. Prodi and M. T. Gandolfi, in Hand-

book of Photochemistry, Taylor and Francis, 2006.
32 A. V. Nemukhin, B. L. Grigorenko and A. A. Granovsky,

Moscow Univ. Chem. Bull., 2004, 45, 75–102.

Paper Dalton Transactions

13834 | Dalton Trans., 2015, 44, 13828–13834 This journal is © The Royal Society of Chemistry 2015

Pu
bl

ish
ed

 o
n 

28
 A

pr
il 

20
15

. D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f C

al
ifo

rn
ia

 - 
Sa

nt
a 

Cr
uz

 o
n 

07
/0

4/
20

16
 1

9:
23

:5
6.

 

View Article Online



	   212 

Chapter 4.  Design, Synthesis, and Characterization of Trackable 

PhotoCORMs bearing 2-(2-Pyridyl)benzthiazole (pbt) 

 

4.1 Background 

Medicinal chemistry deals with efficient drug molecules and their 

mechanisms of action within biological systems. In pursuit of the latter aim, research 

in recent years has targeted development of trackable therapeutics.1 Despite 

progression in the field of metallodrugs, most complexes fail to pass clinical trials due 

to low in vivo efficiency and inability to understand their mechanisms of action.1 The 

mechanism of action however can be partly resolved through designing and 

employing trackable therapeutics. Such drug design involves incorporation of an 

imaging probe to the therapeutic drug/pro-drug molecule, which results in a new class 

of compounds, namely “theranostic” agents, exhibiting both therapeutic and 

diagnostic ability.2 The main advantage of such compounds is the ability to track 

drugs within targets in real time.  

Although both the anti-apoptotic and pro-apoptotic effects of CO on various 

biological targets have been established, there have been limited developments 

towards designing a metal carbonyl complex (MCC) pro-drug in a way to track the 

CO release event within biological matrices. The ability to track either the pro-drug, 

photoproduct after CO release, or the CO delivered upon illumination had only been 

partially explored.  For a while, the only system with known ability to track CO at the 

cellular level was a BODIPY-based palladium organometallic complex, namely COP-
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1.3  In presence of CO, this complex triggered a carbonylation reaction and resulted in 

release of BODIPY.  A subsequent “turn-on” in fluorescence was established, and 

this process was used to track any trace of CO within cells. 

This binding affinity of CO for this complex is highly selective. However 

under biological conditions use of COP-1 may attenuate the desired therapeutic 

effects of CO.  Therefore, ability to track the CO release without confining CO within 

the complex would only be possible through developing metal carbonyl pro-drugs 

with built in fluorogenic ligand systems. The ideal ligand system should be stable and 

proficient in binding low valent metal centers (as found in metal carbonyls). CO 

release from such pro-drug complexes could exhibit either a fluorescent “turn-on” or 

“turn off”, serving as an indicator to track the CO photorelease event at the cellular 

level. Unlike COP-1 this fluorescent design is not dependent on CO binding and thus 

such complexes can be used to exploit the salutary effect of this molecule with the 

advantage of trackability of the drug release event.  

We explored fluorescent ligand frames with known medicinal properties in 

order to incorporate a secondary therapeutic agent in the CO donors. Benzothizole a 

weakly basic, heterocyclic compound is widely used in bioorganic and medicinal 

chemistry. Benzothiazole moieties are vital parts of many organic compounds 

showing anti-‐cancer,	   anti-‐tumor,	   anti-‐convulsant,	   anti-‐viral,	   anti-‐bacterial,	   anti-‐

microbial,	   fungicidal,	   anti-‐allergic,	   anti-‐inflammatory,	   anthelmintic,	   and anti-diabetic 

activity.4,5 Specifically 2-arylbenzothiazole received considerable attention due to its 

promise as amyloid imaging agents and antitumor agents.6,7 Among others, 2-(4-
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aminophenyl)benzothizole exhibits superior antitumor activity in various breast, 

colon and lung cancer cell lines.8 After careful survey of the literature, we chose the 

ligand 2-pyridylbenzothiazole (pbt). This ligand is a stable flurophore, with two 

chelating N atoms and contains the benzothiazole moiety. Moreover, detailed studies 

have shown that this ligand does not show DNA cleavage in vitro, but exhibits 

remarkable cytotoxic effects in certain cancer cell lines. These promising features 

prompted us to employ pbt to develop trackable photoactive CO releasing complexes. 

 This chapter elucidates the design principles necessary for trackable CO 

releasing photoCORMs.  The first part explores the fluorescence property of the 

ligands pbt and a derivative 2-(2-benzothiazolyl)quinoline, (qbt) and their fluorescent 

properties.  The manganese MCC bearing pbt was further explored to track CO 

release in malignant cells.  The trackable complex was then exposed to biocompatible 

light and a dose dependent eradication of human adenocarcinoma cells was 

accomplished with in situ generated CO.  The second part of the chapter employs a 

luminescent rhenium MCC bearing pbt as a trackable pro-drug. The new design then 

allows a secondary fluorescent signal once the drug (CO) is completely released upon 

UV light exposure.  This unique “two tone” theranostic property can be tracked in 

malignant breast cancer cells through microscopy and flow cytometry.  Much like the 

previous complex, this MCC also shows a dose dependent eradication of cancer cells 

through CO photorelease. 
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Part I: Synthesis and Characterization of first “turn-on” photoCORM fac-

[MnBr(CO)3(pbt)] (pbt = 2-(2-Pyridyl)benzthiazole) for tracking CO Delivery 

within Cells and a Dose Dependent Eradication of MDA-MB-231 cells. 

4.I.1 Background 

The pro-apoptotic effects of CO is prominent in aggressive T cell, 

dysregulated hyperproliferative smooth muscle cells, and cancer cells.  CO sensitizes 

cancer cells to chemotherapy as well as induces apoptosis in prostate, colon, and 

other types of cancer cells.9-12 These findings have led to the realization that if 

delivered selectively CO could destroy malignant cells, many of which often exhibit 

resistance to traditional chemotherapeutics.  The success in eradication of malignant 

cells via light-triggered CO delivery from designed photoCORMs requires proper 

tracking of the pro-drug/drug within cellular matrices.  

In order to make our photoCORMs trackable in biological targets, we have 

now synthesized two fluorescent MCCs that act as “turn-on” photoCORMs. These 

Mn(I) complexes, namely, fac-[MnBr(CO)3(pbt)] (1) (pbt = 2-(2-pyridyl)- 

benzthiazole, figure 4.I.1) and fac-[MnBr(CO)3(qbt)] (2) (qbt = 2-(2-

benzothiazolyl)quinolone, figure 4.I.1), are sensitive to visible light and display 

considerable enhancement of fluorescence upon CO release due to the deligation of 

pbt or qbt ligand upon concomitant photo induced CO release.  This phenomenon has 

been visualized through fluorescence microscopic imaging studies of 1 with MDA-

MB-231 human breast cancer cell line.  Previously, one trackable photoCORM 
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namely [Re(bpy)(CO)3(thp)]+ (where thp = tris-(hydroxymethyl) phosphine) was 

developed by Ford and co-workers. This MCC changes its emission wavelength upon 

CO photorelease (illumination at 405 nm) within PPC-1, a human prostatic carcinoma 

cells.12 However, no apparent toxicity or cancer cell death has been reported with this 

photoCORM. The present manganese complex is undoubtedly desirable due to its 

requirement of visible light for CO liberation as well as the presence of a stable 

fluorophore in its deign with known pharmacological properties.  It is important to 

note that such rigid ring systems are required to gain access to luminescent 

complexes, figure 4.I.1.  

 

 

 

Figure 4.I.1. Rigid ring fluorescent ligands (L) pbt and qbt compared to bpy, for 

trackable photoCORMs of the type [MnBr(L)(CO)3]. 
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4.I.2 Results and Discussion  

 4.I.2.1 Synthesis 

The complex fac-[MnBr(CO)3(pbt)] (1) was synthesized through 20 h stirring 

reaction of a solution containing [MnBr(CO)5] and pbt in equimolar ratio in 

dichloromethane at room temperature. The reaction set-up was carefully covered by 

aluminum foil to avoid exposure of any ambient light.  The resulting orange solution 

was then evaporated to dryness.  The residue was washed thoroughly with hexanes 

and dried in vacuo.  The orange powder was then collected in high yield. The fac-

[MnBr(CO)3(qbt)] (2) complex was synthesized under similar conditions using qbt 

and a comparable  yield was obtained. 

 

 4.I.2.2 Crystallography 

X-ray quality crystals of 1 and 2 were formed through layering hexanes over its 

dichloromethane solution.  The X-ray crystal structure of complexes 1 and 2 are 

shown in Figures 4.I.2 and 4.I.3. The geometry around the metal center in both 1 and 

2 are distorted octahedral with the three CO ligands in facial disposition. The ligands, 

pyridylbenzthiazole (pbt) in 1 and 2-(2-Benzothiazolyl)quinoline (qbt) in 2, are 

coordinated in a bidentate fashion. The ancillary bromide ligand occupies the sixth 

position in the coordination sphere in both cases trans to a CO ligand. The equatorial 

plane is made up of two C atoms of CO ligands and two N atoms of bidentate pbt and 

qbt ligands, which forms a satisfactory plane with mean deviation of 0.0294 and  
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Figure 4.I.2. Molecular structure of fac-[MnBr(CO)3(pbt)] (1). Thermal ellipsoids are 

shown at 50% probability level, and the hydrogen atoms are omitted for clarity. 

 

 

Figure 4.I.3. Molecular structure of fac-[MnBr(CO)3(qbt)] (2). The ellipsoids are 

drawn at 50% thermal probability level and the H atoms are omitted for clarity. 

 

 



	   219 

0.035 Å respectively.  The pbt chelate ring also forms a satisfactory plane with mean 

deviation of 0.0188 Å which is comparable to qbt,(0.059 Å).  The planarity of the pbt 

ligand is reasonable with mean deviation of 0.0558 Å, however qbt is rather puckered 

with mean deviation of 0.126 Å.  The dihedral angle between the pyridine ring (Pyr) 

and the benzthiazole moiety (bt) is 7.9° whereas in qbt the quinoline (quin) and bt 

forms a larger angle, 12.4°. The crystal data and structure refinement parameters are 

listed in Table 4.I.1.    

The bond angles and distances of 1 and 2 are in good agreement with those 

found in structurally similar α,α’-diimine bpy system namely, [MnBr(bpy)(CO)3].  

The Mn-Br distance in 1 is 2.5254(15) Å and in 2 is 2.492(2) Å comparable with the 

Mn-Br distance in [MnBr(bpy)(CO)3] (2.538(10) Å).13 The Mn-Caxial distances in 1 

(1.768(9) Å) and 2 (1.989(12) Å) compare well to the corresponding distance in 

[MnBr(bpy)(CO)3] (1.802(4) Å).  The Mn-C bond (trans to the Nbt) in 1 (1.768(9) Å) 

and 2 (1.778(14) Å) are also comparable to the value of averaged Mn-C distances in 

[MnBr(bpy)(CO)3], 1.802(4) Å.  The Mn-C bond (trans to the quinoline or pyridine) 

in 2 is slightly longer compared to 1 presumably due to the relatively greater π-

accepting ability (1.808(14) and 1.779(9) Å respectively). These distances are 

comparable to those in [MnBr(bpy)(CO)3], 1.802(4) Å.  The Mn-Npyr bond in 1 and 

Mn-Nquin bond in 2 are 2.077(7) Å and 2.1265 (9) Å respectively.  These values 

slightly differ from the corresponding distance found in [MnBr(bpy)(CO)3] (2.043(2) 

Å). The selected bond lengths and angles for 1 and 2 are listed in Tables 4.I.2 and 

4.I.3. 
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Table 4.I.1 Crystal data and structure refinement parameters for 1 and 2. 

 1 2 

Empirical formula C15H8N2O3BrMn C19H10N2O3BrMn 

FW 431.14 480.19 

Temp (K) 296 296 

Crystal System Monoclinic Triclinic 

Space group  P2(1)/c P1 

a (Å) 15.089(3)  7.4608(10) 

b (Å) 11.884(3) 9.6498(13) 

c (Å) 9.095(2) 13.0434(18) 

α (°) 90 93.821(2) 

β (°) 106.925(3)  95.393(2) 

γ (°) 90 106.785(2) 

V (Å3) 1560.2(6) 1800.36(13) 

Z 4 2 

Density (calcd) (Mg m-3) 1.835 1.790 

Abs coeff (mm-1) 3.555 3.124 

No. of unique reflns 2452 5815 

R1
b 0.0584 0.0635 

wR2
c 0.1362 0.1141 

GOFa on F2 1.040 0.961 
aGOF = [Σ[w(Fo

2-Fc
2)2]/(No-Nv)]1/2 (No = number of observations,  

Nv = number of variables).  
bR1 = Σ⏐⏐Fo⏐-⏐Fc⏐⏐/Σ⏐Fo⏐. cwR2 = [(Σw(Fo

2-Fc
2)2/Σ⏐Fo⏐

2)]1/2 
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Table 4.I.2. Selected Bond Length (Å) and Angles (°) for [MnBr(CO)3(pbt)] (1) 

    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  
 

 

 

 

 

 

 

 

 

 Br-Mn                       2.5254(15)  

 Mn-C(14)                 1.768(9)  

 Mn-C(15)                 1.779(9)  

 Mn-C(13)                 1.792(9)  

 Mn-N(2)                    2.055(6)  

 Mn-N(1)                    2.077(7)  

  

 C(14)-Mn-C(15)         89.7(4)  

 C(14)-Mn-C(13)         87.4(4)  

 C(15)-Mn-C(13)         86.2(4)  

 C(14)-Mn-N(2)           93.4(3)  

 C(15)-Mn-N(2)           102.5(3)  

 C(13)-Mn-N(2)           171.2(3)  

 C(14)-Mn-N(1)            94.3(3)  

 C(15)-Mn-N(1)            176.0(3)  

 C(13)-Mn-N(1)            93.5(3)  

 N(2)-Mn-N(1)              77.7(3)  

 C(14)-Mn-Br               178.2(3)  

 C(15)-Mn-Br               88.6(3)  

 C(13)-Mn-Br               93.2(3)  

 N(2)-Mn-Br                 86.19(18)  

 N(1)-Mn-Br                 87.38(18)  

 __________________________________ 
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Table 4.I.3. Selected Bond Length (Å) and Angles (°) for [MnBr(CO)3(qbt)] (2) 

 

 

 

 Molecule 1  

 Mn(1)-C(2)                           1.795(14)                              

 Mn(1)-C(3)                           1.839(17)  

 Mn(1)-C(1)                           2.024(12)  

 Mn(1)-N(2)                           2.090(11)  

 Mn(1)-N(1)                           2.145(9)  

 Mn(1)-Br(1)                          2.480(2)  

 

 C(2)-Mn(1)-C(3)                    80.7(6)  

 C(2)-Mn(1)-C(1)                    88.4(6)  

 C(3)-Mn(1)-C(1)                    89.1(6)  

 C(2)-Mn(1)-N(2)                    178.7(5)  

 C(3)-Mn(1)-N(2)                     99.2(5)  

 C(1)-Mn(1)-N(2)                     90.4(5)  

 C(2)-Mn(1)-N(1)                    102.0(5)  

 C(3)-Mn(1)-N(1)                    176.2(5)  

 C(1)-Mn(1)-N(1)                     93.6(5)  

 N(2)-Mn(1)-N(1)                     78.2(4)  

 C(2)-Mn(1)-Br(1)                    91.3(4)  

 C(3)-Mn(1)-Br(1)                    89.2(4)  

 C(1)-Mn(1)-Br(1)                   178.2(4)  

 N(2)-Mn(1)-Br(1)                    89.9(3)  

 N(1)-Mn(1)-Br(1)                   88.1(3)  

 

  

Molecule 2 

 Mn(2)-C(22)                         1.760(15)  

 Mn(2)-C(21)                         1.776(14)  

 Mn(2)-C(20)                          1.954(13)  

 Mn(2)-N(4)                            2.068(10)  

 Mn(2)-N(3)                            2.108(11)  

 Mn(2)-Br(2)                           2.503(2)  

  

C(22)-Mn(2)-C(21)                85.3(6)  

 C(22)-Mn(2)-C(20)                91.7(6)  

 C(21)-Mn(2)-C(20)                90.1(6)  

 C(22)-Mn(2)-N(4)                  172.8(5)  

 C(21)-Mn(2)-N(4)                   97.5(5)  

 C(20)-Mn(2)-N(4)                   94.8(5)  

 C(22)-Mn(2)-N(3)                   98.3(5)  

 C(21)-Mn(2)-N(3)                   175.8(5)  

 C(20)-Mn(2)-N(3)                    91.7(5)  

 N(4)-Mn(2)-N(3)                      78.6(4)  

 C(22)-Mn(2)-Br(2)                   85.7(4)  

 C(21)-Mn(2)-Br(2)                   89.6(5)  

 C(20)-Mn(2)-Br(2)                   177.5(4)  

 N(4)-Mn(2)-Br(2)                      87.7(3)  

 N(3)-Mn(2)-Br(2)                      88.7(3)  

  



	   223 

The rigid ligand frames of pbt and qbt exhibit interesting packing patterns.          

In 1 there is a non-bonded contact between S and Br with no π-stacking interactions. 

The growth in this structure is along the a and b axes, shown in Figure 4.I.4.  In 2, 

again there is a non-bonded contact between S and the O atom trans to quinoline 

moiety, however no π-stacking interaction was observed in the complex packing 

pattern either.  In case of 2 growth is observed along a and b directions (shown in 

Figure 4.I.5).  

 

 

Figure 4.I.4. Packing structure of complex 1 along axis a (top) and along axis b 
(bottom)   
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Figure 4.I.5. Packing structure of complex 1 along axis a (top) and along axis b 
(bottom).   
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4.I.2.3 Spectroscopy 

Complexes 1 and 2 exhibit the correct IR stretches in the CO region,(νCO 2030, 

2022, and 1930 cm−1) for 1 and (2020, 1925, and 1910 cm−1) for 2, figure 4.I.6. 

 

 

Figure 4.I.6. FTIR spectra (KBr pellet) of 1 (top) and 2 (bottom). 
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The NMR spectrum also exhibits splitting consistent with a diamagnetic Mn(I) center, 

figure 4.I.7.  The electronic absorption spectra of these complexes show a broad band 

in the visible region, 450 nm for 1 and 480 nm for 2, presumably due to MLCT 

character, figure 4.I.8.  They also display a UV band, most likely arising from an  

 

 

Figure 4.I.7. 1H NMR spectrum of 1 in CDCl3 at 298 K. 

 

 

 

Figure 4.I.8. Electronic Absorption Spectra of 1 and 2 in CH2Cl2 at 298 K. 
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intra-ligand  charge transfer (ILCT) transition (315 nm and 380 nm for 1 and 2 

respectively).  When kept in the dark, solutions of 1 and 2 are stable in CH2Cl2, 

acetonitrile, and DMSO.  Prolonged stability was seen with 1 in an aqueous mixed 

solvent system such as DMSO−water, DMSO−phosphate buffer, and 

acetonitrile−water mixtures (as monitored by spectrophotometry). In such mixed 

solvent systems, the electronic absorption spectra of complexes 1 and 2 still exhibit 

two absorption bands, albeit somewhat blue-shifted compared to non-polar solvents.  

 

4.I.2.4 Kinetic Studies and CO release 

When exposed to low power (10−15 mW) visible light, solutions of 1 and 2 

exhibit sequential changes, figures 4.I.9-4.I.15 characteristic of CO photorelease.  The 

progressive reduction in rate is apparent in both 1 and 2 with polar solvents such as 

acetonitrile while a further slow down in rate is observed when cut-off filters are 

employed to limit exposure of wavelengths relatively higher in energy (λ ≤ 400).13-15 

The release of CO from 1 upon illumination has been confirmed by the standard 

reduced myoglobin (Mb) assay, figure 4.I.16.  
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Figure 4.I.9. Spectral traces of 1 upon exposure to visible light illumination in 

CH2Cl2 at 298 K (power 15 mW cm−2, conc. 1.021× 10−4 M). 

 

 

Figure 4.I.10. Spectral traces of 1 upon exposure to visible light illumination with 

cutoff filter (λ ≥ 440 nm, power 10 mW cm−2, conc. 1.021× 10−4 M) in CH2Cl2 at 298 

K. Reprinted with permission from Carrington, S. J.; Chakraborty, I.; Bernard, J. L. 

M.; Mascharak, P. K. ACS Med. Chem. Lett., 2014, 5, 1324-1328.  Copyright 2014 

American Chemical Society. 
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Figure 4.I.11. Spectral traces of 1 upon exposure to visible light illumination with 

cutoff filter (λ ≥ 400 nm, power 10 mW cm−2) in MeCN at 298 K (conc. 9.30 × 10−5 

M). 

 

 

Figure 4.I.12. Spectral traces of 1 upon exposure to visible light illumination with 

cutoff filter (λ ≥ 400 nm, power 10 mW cm−2) in MeCN:H2O (40:60 v/v) at 298 K 

(conc. 1.62 × 10−4 M). Reprinted with permission from Carrington, S. J.; Chakraborty, 

I.; Bernard, J. L. M.; Mascharak, P. K. ACS Med. Chem. Lett., 2014, 5, 1324-1328.  

Copyright 2014 American Chemical Society. 
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Figure 4.I.13. Spectral traces of 2 upon exposure to visible light illumination (power 

15 mW cm−2) in CH2Cl2 at 298 K (conc. 1.99 × 10−4 M). 

 

 

Figure 4.I.14. Spectral traces of 2 upon exposure to visible light illumination (power 

15 mW cm−2) in MeCN at 298 K (conc. 5.82 × 10−5 M). 
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Figure 4.I.15. Spectral traces of 2 upon exposure to visible light illumination 

(power 15 mW cm−2) in MeCN at 298 K (conc. 2.28 × 10−4 M). 

 

 

Figure 4.I.16.  Myoglobin assay, carboxy-Mb (CO-Mb) formation due to in situ CO 

generation from 1 upon visible light illumination. Formation of CO-Mb is shown 

through decrease in the Soret absorption band of the reduced Mb (435 nm) and 

increase of the Soret band of CO-Mb (424 nm). Reprinted with permission from 

Carrington, S. J.; Chakraborty, I.; Bernard, J. L. M.; Mascharak, P. K. ACS Med. 

Chem. Lett., 2014, 5, 1324-1328.  Copyright 2014 American Chemical Society. 
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 The fluorescence of the ligands and corresponding complexes were also 

examined. Interestingly, while the free ligands exhibited the predictable fluorescence, 

the corresponding manganese complexes exhibited a significant quenching of such 

luminescence. Upon CO photorelease the luminescence returned and resulted in an 

increase of fluorescence, a “turn on” event, as shown in 4.I.17.  The turn-on 

fluorescence signal in the mixed MeCN:H2O (40:60 v/v) solution of complex 1 after 

light illumination resulted in a ten fold increase of emission intensity, higher  

 

 

Figure 4.I.17. Time dependent enhancement of emission intensity (λem, 390 nm) for 1 

in MeCN:H2O (40:60 v/v) mixture upon exposure to visible light (excitation 

wavelength 330 nm). Concentration of 1 = 1.16 X 10-4 M. The inset displays the 

emission spectrum of free pbt ligand (concentration =1.16 X 10-4 M). Reprinted with 

permission from Carrington, S. J.; Chakraborty, I.; Bernard, J. L. M.; Mascharak, P. 

K. ACS Med. Chem. Lett., 2014, 5, 1324-1328.  Copyright 2014 American Chemical 

Society. 
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than that of 2, which only exhibited a two fold increase (data not shown).  The high 

intensity emission signal of 1 after exhaustive photolysis was compared to the free 

ligand at the same concentration. Interestingly both the photolysed and ligand 

samples exhibited the same emission intensity. This turn-on event therefore appeared 

to arise from a ligand (pbt) dissociation event or a generation of a luminescent 

photoproduct upon CO release.  FTIR and Electron spin resonance (ESR) 

spectroscopy were employed to investigate the CO photorelease process and the 

nature of the photoproduct(s).  FTIR studies showed that with exhaustive exposure to 

visible light all CO ligands are released, figure 4.I.18.  The photoproduct was then  

 

 

Figure 4.I.18. FTIR (KBr pellet) spectra of 1 after controlled visible light exposure.  

 

characterized by ESR.  When the strong π-accepting CO ligands are released, the 

high spin ancillary ligand Br− can aid the Mn(I) center to undergo an oxidation to a 
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high spin Mn(II) center, a thermodynamically stable species. This can be clearly seen 

from the six-line ESR spectrum (I=5/2) of the Mn(II) center, figure 4.I.19.  After 

visible light exposure, the ESR spectrum of the photoproduct(s) were indeed  

 

Figure 4.I.19. X-band EPR spectrum of the photolyzed solution of complex 1 in 

acetonitrile-water (40:60 v/v) solution (top) and of MnSO4+KBr mixture in 

acetonitrile-water (40: 60 v/v) solution (bottom). Modulation amplitude, 2.00 G and 

modulation frequency, 100 KHz. Reprinted with permission from Carrington, S. J.; 

Chakraborty, I.; Bernard, J. L. M.; Mascharak, P. K. ACS Med. Chem. Lett., 2014, 5, 

1324-1328.  Copyright 2014 American Chemical Society. 
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comparable to a control of MnSO4 with KBr in the same acetonitrile-water mixture at 

the same concentration, confirming the presence of Mn(II) solvated species along 

with deligated pbt, figure 4.I.19.   

These data taken together show that deligation of the fluorescent ligand frame 

as a photoproduct could act as a signal indicating CO photorelease.  This event 

additionally could provide a secondary medicinal organic molecule at the target of 

interest.   

 

4.I.2.5 Utility of photo-active CO releasing molceule as trackable donors and 

towards eradication of cancer   

The overall behavior of 1 under illumination made it clear to us that this 

photoCORM could serve as a “turn-on” CO donor that displays luminescence upon 

CO delivery to cellular targets. To demonstrate such applicability, we performed 

fluorescence imaging studies with MBA-MB-231 human breast cancer cells, figure 

4.I.20. The cells were incubated for 2 h with 50 µM of 1 after which the media was 

carefully aspirated. Following a wash cycle, the cells were placed in PBS buffer and 

the suspension was mounted on a Zeiss AxioObserver Z1 microscope (fitted with 

Hamamatsu 9100-13 EMCCD camera) without fixation. The fluorescent images were 

then recorded at t=0 (Figure 4.I.20a) and after three 10 s pulses of visible light, figure 

4.I.20b. The bright blue “turn-on” fluorescence displayed spectroscopically was also 

exhibited by the cells after illumination.  This event reveals that CO photorelease 

from 1 indeed results in deligation of pbt in vitro and can act as a fluorescent signal 
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for such CO loss. Close examination of the cells in Figure 4.I.20b,c demonstrates the 

presence of free pbt ligand within the cells.  The rapid internalization of 1 in the 

MDA-MB-231 cancer cells and subsequent release of CO and the pbt ligand (with 

strong antitumor properties) upon illumination prompted us to examine the possibility 

 

 

Figure 4.I.20. Fluorescence Images of MDA-MB-231 cells incubated with 50 mM of 

complex 1 for 2 h at 37°C (lex, 350 nm; lem, 390 nm; short pass DAPI filter cube). (a) 

First image without light exposure, (b) image recorded after three 10s pulse of low 

power LED light. (c) gray scale version of image (b). Reprinted with permission from 

Carrington, S. J.; Chakraborty, I.; Bernard, J. L. M.; Mascharak, P. K. ACS Med. 

Chem. Lett., 2014, 5, 1324-1328.  Copyright 2014 American Chemical Society. 

 

of eradication of such cells under the control of visible light. Following the addition 

of 1, colonies of MDA-MB-231 cells (1 ×104 per well) in 96-well plates were 

exposed to low power visible light for 45 min and incubated for an additional 20 min 

in the dark. Next, the wells were carefully aspirated to remove the media along with 

the photoproduct(s).  After addition of fresh media, the cells were further incubated in 

the dark for 4 h. The viability of the cells was finally assessed by MTT assay 

(according to manufacturers protocol). As shown in figure 4.I.21, a dose-dependent 



	   237 

reduction in viability of the cancer cells was observed.  Approximately 50% reduction 

in viability was observed with 100 µM of 1 under visible light illumination. This 

efficacy compares well with the extent of cell kill by 25 µM of 5-fluorouracil (5-FU) 

upon incubation for 72 h. It is important to note that the control experiment with 

MnSO4 at the highest concentrations (100 µM) showed almost no reduction in cell 

viability. However, incubation with a similar concentration of pbt caused minor  

 

 

Figure 4.I.21. Dose dependent cell viability of MDA-MB-231 (blue bar) cells upon 

treatment with CO photoreleased from 1. The orange and green bars represent the cell 

viability upon treatment with 100 mM of PBT and MnSO4 respectively and the red 

bar indicates the cell viability with 5-Flurouracil (25mM). Reprinted with permission 

from Carrington, S. J.; Chakraborty, I.; Bernard, J. L. M.; Mascharak, P. K. ACS Med. 

Chem. Lett., 2014, 5, 1324-1328.  Copyright 2014 American Chemical Society. 

 

	  

reduction in cell viability in line with its antitumor properties. Finally, the dark 

control experiment with 1 showed insignificant cell death even at the highest 



	   238 

concentration (100 µM) employed in the light experiments. These findings 

collectively indicate that the present photoCORM 1 promotes rapid CO-induced 

apoptosis in MDA-MB-231 cells under the control of light. In our earlier work, 

another photoCORM fac-[MnBr(azpy)(CO)3] reduced the cell viability to a similar 

extent (∼50 % at 80 µM).14 However, the present photoCORM allowed us to track the 

CO photorelease event in the cells through fluorescent enhancement with the release 

of pbt in the cytosol. 

	  

In summary, the results demonstrate that the photoCORMs 1 and 2 can deliver 

CO under visible light illumination and that the CO release can be tracked by 

fluorescence spectroscopy.  Further, 1 under biological conditions (a) can deliver CO 

with the aid of very low power visible light, (b) can promote rapid CO-induced 

apoptosis in MDA-MB-231 human breast cancer cells, and (c) the highly fluorescent 

pbt offers a unique way to track the CO delivery as revealed from the cellular 

imaging experiments.   
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4.I.3 Experimental Section 

4.I.3.1. General Methods 
 
[MnBr(CO)5] was purchased from Strem Chemicals and was used as received. 

Reagents were of commercial grade and were used without further purification.  All 

the solvents were purified according to the standard procedures.16 2- 

(pyridyl)benzthiazole (pbt) was synthesized by following a reported procedure.17 A 

Perkin-Elmer Spectrum-One FT-IR was employed to monitor the IR spectra of the 

reported compounds. UV– Vis spectra were obtained with a Varian Cary 50 UV–Vis 

spectrophotometer. Fluorescence spectra were recorded with a Varian Cary Eclipse 

spectrometer. X-band EPR spectra were recorded with a Bruker EMX Spectrometer. 

A Zeiss AxioObsrver Z1 fitted with a Hamamatsu 9100-13 EMCCD Camera was 

employed for the live cell imaging and the cell images were processed with the aid of 

iVision and ImageJ software. Horse heart myoglobin (Mb) was purchased from 

Aldrich and MTT was purchased from life technologies. 

 

4.I.3.2 Synthesis 

 [MnBr(CO)3(pbt)] (1). A batch of 100 mg (0.36 mmol) of [MnBr(CO)5] was mixed 

with 76.5 mg (0.36 mmol) pbt in 20 mL of CH2Cl2, and the reaction mixture was 

stirred for 24 h at room temperature. During this time, the orange solution was 

covered with aluminum foil to prevent exposure from ambient light. After 24 h, the 

solvent was removed to obtain an orange solid, which was washed thoroughly with 

hexanes.  Dark blocks of [MnBr(CO)3(pbt)] in good yield (140 mg, 90%) were 
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obtained through recrystallization by layering hexanes over its CH2Cl2 solution. FTIR 

(KBr): νCO = 2030, 2022, and 1930 cm−1; UV/Vis (CH2Cl2), λmax (ε)= 315 (11000), 

450 (3200); 1H NMR data (CD3CN): δ 9.23 (d, 1H), 8.66 (d, 1H), 8.32 (d, 1H), 8.27 

(d, 1H), 8.20 (t, 1H), 7.87 (t, 1H), 7.75 (t, 2H). Anal. Calcd. For C15H8N2O3SBrMn: C 

41.75, H 1.86, N 6.49, found: C 41.67, H 1.77, N 6.52. 

 [MnBr(CO)3(qbt)] (2). The complex was synthesized following the same protocol as 

1 to obtain a burnt orange product in good yield (110 mg, 63 %). FTIR (KBr): νCO = 

2020, 1925, and 1910 cm−1; UV/Vis (CH2Cl2), λmax (ε)= 380 (8 850), 480 (950); Anal. 

Calcd. For C19H10N2O3SBrMn: C 47.52, H 2.09, N 5.84, found: C 47.48, H 2.11, N 

5.72. 

4.I.3.3 Crystallography 

Data were collected on a Bruker APEX II single crystal X-ray diffractometer with 

graphite monochromated Mo-Kα radiation (λ = 0.71073) by α-scan technique in the 

range of 3 ≥ 2θ ≥ 48 for [MnBr(CO)3(pbt)] and 3 ≥ 2θ ≥ 49 for [MnBr(CO)3(qbt)]. 

The data were corrected for Lorentz polarization and absorption.18 The metal atoms 

are located from the Patterson maps and the rest of the non-hydrogen atoms emerged 

from successive Fourier syntheses. The structures were refined by full-matrix least 

squares procedure on F2. All non-hydrogen atoms were refined anisotropically. All 

hydrogen atoms were included in calculated positions. The absorption corrections are 

done using SADABS. Calculations were performed using SHELXTL V 6.14 program 

package.19  
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ABSTRACT: A designed photoactive CO releasing molecule (photo-
CORM), namely, fac-[MnBr(CO)3(pbt)] (1, pbt = 2-(2-pyridyl)-
benzothiazole), promotes CO-induced death of MDA-MB-231 human breast
cancer cells upon illumination with broadband visible light. The CO release
from this photoCORM can be tracked by rise in fluorescence within the
cellular matrix due to deligation of the pbt ligand. The results of this study
suggest the potential of 1 in eradication of cancer cells through CO delivery.

KEYWORDS: Carbon monoxide, photoactive metal carbonyls, CO delivery, apoptosis, fluorescence tracking

The surprising discovery of salutary effects of low
concentrations of carbon monoxide (CO) in mammalian

physiology has shifted the paradigm of signaling molecules in
biology.1 This noxious gas is endogenously produced through
the catabolism of heme cofactor by the enzyme heme
oxygenase (HO)2 and plays a key role in various cytoprotective
pathways.3−5 For example, low concentrations (<200 ppm) of
CO have been shown to provide protection against ischemic
reperfusion injury6,7 and improve organ/graft survival rates in
animal models.8,9 The difficulties associated with handling CO
gas in hospital settings, however, limit its use as a therapeutic, a
fact that prompted the quest for CO-releasing molecules (or
CORMs) for CO delivery to biological targets.10−13 Because
larger (≥300 ppm) doses of CO causes shutdown of respiration
and release of cyt c from the mitochondrial membrane which in
turn initiates apoptotic cascades through caspase activation,2 it
is now apparent that the outcome of CO delivery could vary
drastically depending on the doses of CO delivered to a
biological target. Compared to normal cells, the proapoptotic
effect of CO is more prominent in aggressive T cell,
dysregulated hyperproliferative smooth muscle cells, and cancer
cells.11 As a consequence, CO sensitizes cancer cells to
chemotherapy as well as induces apoptosis in prostate, colon,
and other cancer cells.14,15 These findings have led to the
realization that if delivered selectively CO could destroy
malignant cells, many of which often exhibit resistance to
common chemotherapeutics. In order to achieve control on
CO delivery, we16−18 and others19−21 have developed photo-
active metal carbonyl complexes (photoCORMs) that could be
triggered by illumination with lights of suitable wavelengths.
These photoCORMs have allowed CO delivery to eradicate
malignant cells under the control of light. For example,
Schatzschneider and co-workers have reported CO-induced

eradication of HT29 colon cancer cells with a Mn-based
photoCORM [Mn(CO)3(tpm)]+ (tpm = tris(pyrazolyl)-
methane, illumination at 365 nm),22 while we have recently
demonstrated very efficient dose-dependent eradication of
MDA-MB-231 (human breast cancer cells) and HeLa cells with
the photoCORM fac-[MnBr(azpy)(CO)3] (azpy = 2-(phenyl)-
azopyridine) under visible light.23

The success in eradication of malignant cells via light-
triggered CO delivery from designed photoCORMs requires
proper tracking of the CO donors within cellular matrixes. In
order to make our photoCORMs trackable in biological targets,
we have now synthesized a fluorescent metal carbonyl complex
that acts as a “turn-on” photoCORM. This Mn carbonyl
complex, namely, fac-[MnBr(CO)3(pbt)] (pbt = 2-(2-pyridyl)-
benzthiazole), is sensitive to visible light and displays
enhancement of fluorescence upon CO release. This
phenomenon has been realized through fluorescence imaging
studies with MDA-MB-231 human breast cancer cell line. Ford
and co-workers have recently reported a trackable photo-
CORM, namely, [Re(bpy)(CO)3(thp)] (where thp = tris-
(hydroxymethyl) phosphine), which changes its emission
wavelength upon CO photorelease (illumination at 405 nm)
within PPC-1 human prostatic carcinoma cells.24 However, no
apparent toxicity or cell death has been reported with this
photoCORM.
The complex fac-[MnBr(CO)3(pbt)] (1) was synthesized by

the reaction of [MnBr(CO)5] and pbt in equimolar ratio in
dichloromethane at room temperature (see the Supporting
Information for details). X-ray quality crystals of 1 were
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obtained by layering hexanes over its dichloromethane solution.
The X-ray crystal structure of complex 1 is shown in Figure 1.

The Mn(I) center resides in a distorted octahedral coordination
sphere with three CO ligands in a facial disposition. The Mn−
Br distance in 1 (2.5254(15) Å) is comparable to that in the
corresponding bpy complex [MnBr(bpy)(CO)3] (2.538(10)
Å).25 The Mn−CO bond lengths of 1 are also comparable to
those observed with the bpy complex [MnBr(bpy)(CO)3].
When kept in the dark, solutions of 1 in DMSO,

dichloromethane, acetonitrile, DMSO−water, DMSO−phos-
phate buffer, and acetonitrile−water mixtures exhibit prolonged
stability (as monitored by spectrophotometry). The electronic
absorption spectra of complex 1 in these solvents and solvent−
water mixtures exhibit two absorption bands (Figure 2). The

low-energy band in the 400−500 nm region presumably arises
from a metal-to-ligand charge transfer (MLCT) transition.23,25

When exposed to low power (10−15 mW) visible light,
solutions of 1 exhibit sequential changes (Figure 2) character-
istic of CO photorelease.23,25,26 The release of CO from 1 upon
illumination has been confirmed by reduced myoglobin (Mb)
assay (see Supporting Information).
In the present work, the apparent rates of CO photorelease

(kCO) of 1 have been determined in various solvent systems.
When measured in dichloromethane with a 440 nm cutoff filter,
1 exhibits a kCO value of 4.32 ± 0.01 min−1 (conc. 1.021 × 10−4

M), while in acetonitrile solution, a modest drop is observed
(1.05 ± 0.01 min−1, conc. 1.03 × 10−4 M). Appreciable
solubility of 1 in acetonitrile−water (40:60, v/v) and DMSO−
water (20:80 v/v) mixtures allows its use in biological studies.
The former mixture was used for the cellular imaging, while the
latter was employed for cell viability studies. In such mixed
solvent systems, moderately slow kCO values are observed. For
example, in acetonitrile−water mixture, the kCO drops to 0.23 ±
0.01 min−1 (conc. 1.62 × 10−4 M), while in DMSO−water
mixture, a value of 0.61 ± 0.01 min−1 (conc. 1.39 × 10−4 M) is
noted with a 400 nm cutoff filter. Despite such slow down, one
must note that the rates of CO photorelease from 1 are still
considerably “fast” compared to other photoCORMs reported
in the literature.19−21

The choice of the pbt ligand in the present work stems from
two specific characteristics of this benzothiazole derivative.
First, this ligand is a stable fluorophore that displays strong
emission at 390 nm. Second, it exhibits strong antitumor
activities much like other benzothiazoles.27 Interestingly,
complex 1 shows a weak emission band centered at 390 nm
upon excitation at 330 nm. However, when a solution of 1 in
acetonitrile−water (40:60 v/v) mixture was exposed to eight
consecutive 30 s pulses of visible light (15 mW), a 20-times
enhancement in luminescence intensity was observed (Figure
3). Comparison of the ninth trace (black) with that of free pbt

ligand (inset of Figure 3) of the same concentration (conc. 1.16
× 10−‑4 M) indicated that this trace corresponds to free pbt
ligand in solution. It is therefore evident that loss of CO from 1
upon exposure to visible light also causes deligation of the pbt
ligand, a step that is responsible for the “turn-on” event.
The concomitant loss of the pbt ligand from 1 during

photorelease of CO in acetonitrile−water mixtures raised
questions regarding the nature of the Mn-containing species left
in the photolyzed solutions in air. We have addressed this issue
with the aid of X-band EPR spectroscopy. The X-band EPR
spectrum (at 77 K) of the photolyzed solution of 1 exhibits a
six line spectrum (Figure 4 top) indicative of a Mn(II) species.
The Mn(II) center in such solution appears to exist as an
acetonitrile complex, and the modest hyperfine broadening
possibly arises from ligand exchange (Br−) as reported by Chan
and co-workers.28 This is corroborated by the fact that a

Figure 1. Molecular structure of fac-[MnBr(CO)3(pbt)] (1). Thermal
ellipsoids are shown at 50% probability level, and the hydrogen atoms
are omitted for clarity. Selected bond distances (Å) Mn−Br,
2.5254(15); Mn−C13, 1.792(9); Mn−C14, 1.768(9); Mn−C15,
1.779(9); Mn−N1, 2.077(7); Mn−N2, 2.055(6).

Figure 2. Spectral changes of 1 in dichloromethane solution upon
exposure to broadband visible light (10 mW/cm2, with a 440 nm
cutoff filter).

Figure 3. Time-dependent enhancement of emission intensity (λem,
390 nm) for 1 in acetonitrile−water (40:60 v/v) mixture upon
exposure to visible light (excitation wavelength 330 nm). Concen-
tration of 1 = 1.16 × 10−4 M. The inset displays the emission spectrum
of free pbt ligand (concentration = 1.16 × 10−4 M).
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solution of MnSO4 with equimolar KBr in acetonitrile−water
(40:60, v/v) mixture also affords a very similar EPR spectrum
(Figure 4 bottom). The close resemblance of these two EPR
spectra suggests that upon photolysis the Mn(I) center of 1
undergoes oxidation to Mn(II) and remains as a solvated
species in solution. It is also important to note that, when the
photolyzed solution was evaporated to dryness and the residue
was subjected to IR spectroscopy, the solid displayed no CO
stretch in the entire 1700−3000 cm−1 region. Moreover, the
most prominent IR bands observed were those arising from the
free pbt ligand, which further supports the findings of the
fluorescence experiment. Taken together, these results strongly
suggest that upon illumination 1 rapidly releases three CO
ligands and eventually the bidentate pbt ligand, leaving a
solvated Mn(II) species and free pbt in the photolyzed
solution. The 20-times enhancement of the fluorescence
intensity upon photolysis (as shown in Figure 3) arises from
the free pbt.
The overall behavior of 1 under illumination made it clear to

us that this photoCORM could serve as a “turn-on” CO donor
that displays luminescence upon CO delivery to cellular targets.
To demonstrate such applicability, we performed fluorescence-
imaging studies with MBA-MB-231 human breast cancer cells.
The cells were incubated for 2 h with 50 μM of 1 after which
the media was carefully aspirated. Following a wash cycle, the
cells were placed in PBS buffer and the suspension was
mounted on a Zeiss AxioObserver Z1 microscope (fitted with
Hamamatsu 9100-13 EMCCD camera) without fixing. The
fluorescence images were then recorded at t = 0 (Figure 5a)
and after three 10 s illumination pulses of visible light (Figure
5b). The bright “turn-on” fluorescence displayed by the cells
after illumination reveals that CO loss from 1 indeed results in
release of free pbt. Close examination of the cells in Figure 5b,c
reveals the presence of free pbt ligand within the cells.
The rapid internalization of 1 in the MDA-MB-231 cancer

cells and subsequent release of CO and the pbt ligand (with
strong antitumor properties) upon illumination prompted us to

examine the possibility of eradication of such cells under the
control of visible light. Following the addition of 1, colonies of
MDA-MB-231 cells (1 × 104 per well) in 96-well plates were
exposed to visible light for 45 min and incubated for an
additional 20 min in the dark. Next, the wells were carefully
aspirated to remove the media along with the photoproduct(s).
After addition of fresh media, the cells were further incubated
in the dark for 4 h. The viability of the cells was finally assessed
by MTT assay. As shown in Figure 6, a dose-dependent killing

of the cancer cells was observed (done in triplicate).
Approximately 50% reduction in viability was observed with
100 μM 1 under visible light illumination. This efficacy
compares well with the extent of cell kill by 25 μM of 5-
fluorouracil (5-FU) upon incubation for 72 h. It is important to
note that the control experiment with MnSO4 at the highest
concentrations (100 μM) showed almost no reduction in cell
viability. However, incubation with a similar concentration of
pbt caused minor reduction in cell viability in line with its
antitumor properties. Finally, the dark control experiment with
1 showed insignificant cell death even at the highest
concentration (100 μM) employed in the light experiments.
These findings collectively indicate that the present photo-
CORM 1 promotes rapid CO-induced apoptosis in MDA-MB-
231 cells under the control of light. In our earlier work, another
photoCORM fac-[MnBr(azpy)(CO)3] reduced the cell viability
to a similar extent (∼55% at 80 μM). However, the present
photoCORM allowed us to track the entry of the CO donor
into the cells (Figure 5a) and the event of CO photorelease by
fluorescence enhancement (Figure 5b) due to release of pbt in
the cytosol.

Figure 4. X-band EPR spectra (at 123 K) of the photolyzed solution of
complex 1 in acetonitrile−water (40:60 v/v) solution (50 μM, top)
and MnSO4 + KBr mixture in acetonitrile−water (40:60 v/v) solution
(100 μM, bottom). Microwave frequency, 9.44 GHz; modulation
amplitude, 2.00 G; and modulation frequency, 100 kHz.

Figure 5. Fluorescence images of MDA-MB-231 cells incubated with
50 μM complex 1 for 2 h at 37 °C (λex, 350 nm; λem, 390 nm; short
pass DAPI filter cube). (a) First image without light exposure, (b)
image recorded after three 10 s pulses of low power LED light, and (c)
gray scale version of image (b).

Figure 6. Dose dependent cell viability of MDA-MB-231 (blue bar)
cells upon treatment with CO photoreleased from 1. The orange and
green bars represent the cell viability upon treatment with 100 μM
PBT and MnSO4, respectively, and the red bar indicates the cell
viability with 5-fluorouracil (25 μM). All samples were illuminated
with a broadband visible light.
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In summary, the results of the present study demonstrate
that the photoCORM 1 (a) can deliver CO to biological targets
with the aid of very low power visible light, (b) can promote
rapid CO-induced apoptosis in MDA-MB-231 human breast
cancer cells, and (c) the highly fluorescent pbt offers a unique
way to track the CO delivery within the cells as revealed from
the cellular imaging experiments. To our knowledge, 1 is the
first “turn-on” photoCORM that allows one to track CO
delivery in cellular matrixes. We anticipate that designed
carbonyl complexes of this kind could be employed to deliver
controlled doses of CO to eradicate malignant cells that
otherwise exhibit resistance to regular chemotherapeutics.
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Part II:  A theranostic two-tone luminescent photoCORM derived from Rhenium(I) 
and (2-pyridyl)benzothiazole:  Trackable CO delivery to malignant cells.	  

 

4.II.1 Background 

Among various MCCs reported in literature,1  there are very few examples 

that allow visualization of CO (drug) release in cellular targets. Relatively recently, 

several drug delivery systems have been developed that release drug inside the 

targeted cells and possess “ theranostic” properties; i.e., they are both diagnostic, in 

which the pro-drug is trackable, and simultaneously therapeutic, eliciting the desired 

effects from the drugs.2 In more desirable cases, the pro-drug should be trackable, and 

an emergence of a secondary signal allows the tracking of drug release in real time. 

Typically, theranostic systems that can track the pro-drug and the drug release event 

utilize drug-carrying mesoporous nanoparticles decorated with fluorescent reporters. 

These drug delivery systems track the pro-drug through fluorescence resonance 

energy transfer (FRET) between the reporters and a secondary, blue-shifted, 

fluorescence signal when FRET is lost indictaing drug delivery.3   Designed MCCs, 

however, should be able to display luminescence as pro-drugs depending on the metal 

and ancillary ligands and subsequently provide a secondary luminescence signal upon 

CO loss. Interestingly, there has been one recent report of such a photoCORM, 

namely [Re(bpy)(CO)3(thp)](CF3SO3) (thp = tris-(hydroxymethyl)phosphine), that 

exhibits a Stokes shift of 70 nm between the complex (pro-drug) and the 

photoproduct after the loss of one CO, figure 4.II.1.4  The spectral overlap between 

the two emission bands observed in this photoCORM, however, hinders the ability to 
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simultaneously track the pro-drug and the CO release event.  This untenable position 

has prompted us to investigate the design properties necessary for an MCC to exhibit 

two widely separated emission bands before and after CO release to attain a true 

“two-tone” theranostic CO donor. Previously, we have reported 

[Re(CO)3(pbt)(PPh3)](CF3SO3) (pbt = 2-(2-pyridyl)-benzothiazole), a photoCORM 

that exhibits strong luminescence at 605 nm upon excitation at 345 nm, figure 4.II.1.5  

Low-power UV illumination facilitates release of a single CO molecule from the 

complex, and such CO loss results in a complete “ turn-off”  of the luminescent 

signal. In this part of the chapter, we report the complex 

[Re(H2O)(CO)3(pbt)](CF3SO3) (1) that performs as a true “ two-tone”  theranostic CO  

 

Figure 4.II.1 Cations of reported luminescent complexes [Re(bpy)(CO)3(thp)], 

[Re(CO)3(pbt)(PPh3)], [Re(H2O)(CO)3(pbt)]. 

 
 
donor within the cellular matrices, figure 4.II.1. Complex 1 not only exhibits strong 

orange luminescence at 605 nm (λex  = 345 nm) but also displays a blue fluorescence 

at 400 nm as it releases all three CO molecules along with deligation of the pbt 

ligand. The desired “ two-tone” characteristics of 1 arise from the 200 nm blue shift 
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that readily allows tracking of both the complex 1  (pro-drug) and the completion of 

the CO delivery step (through fluorescence of free pbt ligand) without any spectral 

overlap.6  We also demonstrate such trackability in a human breast cancer cell line 

(MDA-MB-231) through fluorescence microscopic imaging and flow cytometry 

studies. 

 
4.II.2 Results and Discussion  

 
4.II.2.1 Synthesis 

The title complex 1 was obtained from [ReCl(CO)5] and pbt ligand, which 

when heated in a mixture of chloroform and methanol (1/3 v/v) for 4 h afforded 

icrocrystalline [ReCl(CO)3(pbt)]. The solid thus obtained, was collected after volume 

reduction, and then treated with silver trifluoromethanesulfonate (AgCF3SO3) in 

dichloromethane (CH2Cl2) to isolate [Re(CF3SO3)(CO)3(pbt)] in which the triflate 

(CF3SO3) ion is coordinated to the Re center. Slow evaporation of this complex over 

one week in moist methanol afforded yellow microcrystals of 

[Re(H2O)(CO)3(pbt)](CF3SO3) (1) in good yield.  

 

 4.II.2.2 Crystallography 

X-ray diffraction studies on 1 reveal a distorted octahedral geometry around 

the Re(I) center, refinement parameters are listed in Table 4.II.2 (Additional data). 

The equatorial plane is comprised of the bidentate pbt ligand and two CO molecules 
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while the two axial positions are occupied by one H2O and one CO ligand (trans to 

each other, Figure 4.II.2). The Re−CO, Re−N, and Re−O distances of 1, shown in  

 

Figure 4.II.2. Cation of fac-[Re(H2O)(CO)3(pbt)] (1). Thermal ellipsoids are shown 

at 50% probability level, and the hydrogen atoms are omitted for clarity. Reprinted 

with permission from Carrington, S. J.; Chakraborty, I.; Bernard, J. M. L.; 

Mascharak, P. K. Inorg. Chem., 2016, DOI: 10.1021/acs.inorgchem.6b00511. 

Copyright 2016 American Chemical Society. 

 

 

Table 4.II.1 are similar to those reported for [Re(H2O)(bpy)(CO)3].7  The equatorial 

plane exhibits excellent planarity with a mean deviation of 0.0032 Å and a 

satisfactorily planar pbt chelate ring (0.0137 Å).  The dihedral angle between the 

pyridyl and benzothiazole functionalities in the pbt ligand is 6.0°. The extended 

structure also reveals non-bonding contacts, figure 4.II.3. 
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Figure 4.II.3. Packing Structure of [Re(H2O)(CO)3(pbt)](CF3SO3) (1). The packing 

structure shows non-bonding contacts between the sulfur atom in the pbt ligand with 

the oxygen atom of the triflate group, 3.119 Å and hydrogen bonding interactions 

between the fluorine atom of the triflate and hydrogen atom from the ligated water 

molecule, 2.433 Å. Reprinted with permission from Carrington, S. J.; Chakraborty, I.; 

Bernard, J. M. L.; Mascharak, P. K. Inorg. Chem., 2016, DOI: 

10.1021/acs.inorgchem.6b00511. Copyright 2016 American Chemical Society. 

 

 

 

 



	   254 

Table 4.II.1. Selected bond distances (Å) and angles (°) of 

[Re(H2O)(CO)3(pbt)](CF3SO3) (1)* 

Re−C(1) 1.900 (7) 

Re−C(2) 1.929 (7)  

Re−C(3) 1.916 (7) 

Re−O(4) 2.158 (4) 

Re−N(2) 2.186 (5) 

Re−N(1) 2.189 (5) 

  

C(1)−Re−C(2) 88.9 (3) 

C(1)−Re−C(3) 89.2 (3) 

C(2)−Re−C(3) 88. 2 (3) 

C(1)−Re−O(4) 174.9 (2) 

C(2)−Re−O(4) 95.2 (2) 

C(3)−Re−O(4) 93.9 (3) 

C(1)−Re−N(2) 94.4 (2) 

C(2)−Re−N(2) 100.4 (2) 

C(3)−Re−N(2) 170.7 (2) 

O(4)−Re−N(2) 81.95 (19) 

C(1)−Re−N(1)  94.8 (2) 

C(2)−Re−N(1) 174.4 (2) 

C(3)−Re−N(1) 96.0 (2) 

O(4)−Re−N(1) 80.96 (18) 

N(2)−Re−N(1) 75.16 (19) 

*Reprinted with permission from Carrington, S. J.; Chakraborty, I.; Bernard, J. M. L.; 

Mascharak, P. K. Inorg. Chem., 2016, DOI: 10.1021/acs.inorgchem.6b00511. 

Copyright 2016 American Chemical Society. 
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4.II.2.3 Spectroscopy and CO release 

Complex 1 exhibits FTIR stretching in the CO region, νCO of 2028, 1935, and 

1911 cm−1 and also displays splitting in 1H NMR consistent with a diamagnetic Re(I) 

center, figures 4.II.4 and 4.II.5.  In an acetonitrile solution, 1 exhibits its absorption  

 

Figure 4.II.4. FTIR spectrum (KBr pellet) of 1. 

 

Figure 4.II.5.  1H NMR spectrum of [Re(H2O)(CO)3(pbt)] (CF3SO3) (1) in CD3CN at 

298 K. 
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maximum at 345 nm, figure 4.II.6, arising from a ligand-centered transition with 

significant metal-to-ligand charge transfer (MLCT) contribution, figure 4.II.6.  

Exposure of such a solution to low-power (5 mW cm−2 ) UV light (centered at 302 

nm) at intervals of 2 min results in reduction of the intensity of the 345 nm band with 

the corresponding appearance of a new band at 450 nm, figure 4.II.6. 

 

Figure 4.II.6. Electronic absorption spectral traces of 1 in MeCN over time upon 

exposure to low power (5 mW cm−2) UV illumination (302 nm) at 298 K. Reprinted 

with permission from Carrington, S. J.; Chakraborty, I.; Bernard, J. M. L.; 

Mascharak, P. K. Inorg. Chem., 2016, DOI: 10.1021/acs.inorgchem.6b00511. 

Copyright 2016 American Chemical Society. 
 

 

The myoglobin assay confirmed the loss of CO from 1 during this process,8  

and kinetic analysis of the spectral traces shown in Figure 4.II.6  afforded an apparent 

CO release rate (kCO ) of 0.31 min−1  (7.1 × 10−5  M). Despite the strong absorption at 

345 nm, CO was released from 1 only when the complex was illuminated at λ  < 310 

nm. It is now apparent that the ancillary ligand at the sixth site in 1  (H2O) is 

responsible for such behavior because the analogous complex 
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[Re(CO)3(bpy)(thp)](CF3SO3) with a 345 nm absorption band13  releases CO upon 

exposure to 405 nm UV light.  Interestingly, this complex releases only one CO 

ligand, unlike 1, vide infra. Ishitani and co-workers have demonstrated that in Re(I) 

complexes of this kind, photoactivity around 360 nm is observed only when the sixth 

ligand is PR3  (a good π -accepting ligand).8 The π-accepting ligand also dictates the 

loss of one CO ligand8 whereas with a σ-donating ancillary ligand loss of three CO 

ligands is observed, vide infra. In the case of σ-donating ligands such as Cl−, light of a 

higher energy (λ ≤  313 nm) is required for CO photorelease.9  In such carbonyl 

complexes, illumination at the low-energy absorption band promotes excitation that 

rapidly undergoes intersystem crossing into a triplet excited state, which is 

nonproductive in terms of CO photorelease. However, with UV light of a higher 

energy, it is possible to overcome the thermal activation barrier (between the triplet 

MLCT and triplet ligand field) by first populating a higher energy state (HS), and 

hence CO photorelease is observed.8 

Complex 1  (the pro-drug in the present case) also exhibits a strong orange 

luminescence (λem  = 605 nm) upon excitation at 345 nm. Interestingly, the intensity 

of luminescence at 605 nm is progressively lost upon illumination of the solution of 1 

with the 302 nm UV light with a concomitant gain of a new blue fluorescence band 

centered at 400 nm, figure 4.II.7. Upon further photolysis, the orange fluorescence is 

completely replaced by the blue emission band at 400 nm, figure 4.II.7. This 

transformation can be readily followed by spectrofluorometry as well as by visual 

inspection of the cuvette containing the sample (inset, Figure 4.II.7). Because the blue 
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fluorescence signal, as shown in Figure 4.II.7, arises from free pbt ligand in an 

acetonitrile solution,6 it is evident that CO photorelease from 1  is accompanied by 

deligation of the pbt ligand from the Re center. 

 

Figure 4.II.7. Time-resolved luminescence traces of 1 in MeCN upon exposure to 

low power UV illumination.  The original luminescence of 1 at 605 nm (λex 345 nm) 

is diminished upon UV illumination and CO release.  The new blue fluorescence 

signal at 400 nm (lex 345 nm) arises from deligation of pbt.  Inset: Visual 

representation of the changes in fluorescence in the quartz cuvette. Reprinted with 

permission from Carrington, S. J.; Chakraborty, I.; Bernard, J. M. L.; Mascharak, P. 

K. Inorg. Chem., 2016, DOI: 10.1021/acs.inorgchem.6b00511. Copyright 2016 

American Chemical Society. 

 

 

To determine whether deligation of the pbt ligand from the Re center of 1 

occurs along with complete loss of the CO ligands (upon exposure to 302 nm light) 

much like its Mn congener,6  we examined the CO content of the photolyzed samples 
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with the aid of time-resolved IR spectroscopy. A solution of 1 in acetonitrile was 

exposed to low-power UV light (302 nm) at regular time intervals; the photolyzed 

samples were subsequently dried, and their IR spectra were recorded, figure 4.II.8. 

The spectral data clearly showed that upon exhaustive photolysis, all three CO 

ligands were released from 1. Indeed, the final sample exhibited strong blue 

fluorescence, indicating deligation of pbt in the photolyzed product. The appearance 

of the blue fluorescence of pbt can therefore be taken as the signal for the completion 

of the process of CO drug delivery. 

 

 

Figure 4.II.8. Time-resolved Infrared Spectroscopy of 1 with increasing time of 

exposure to low power UV light. The complex was dissolved in MeCN and exposed 

to UV illumination (302 nm, 5 mW cm-2). The loss of nCO stretching bands (spectrum 

acquired in KBr disk) demonstrates photorelease of all three CO ligands from 1.  

Reprinted with permission from Carrington, S. J.; Chakraborty, I.; Bernard, J. M. L.; 

Mascharak, P. K. Inorg. Chem., 2016, DOI: 10.1021/acs.inorgchem.6b00511. 

Copyright 2016 American Chemical Society. 
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4.II.2.4 Utility of photo-active CO releasing as trackable donors 

The distinct luminescence of 1 before and after CO photorelease with no 

spectral overlap prompted us to track the entry of the pro-drug (1) and release of the 

drug (CO) through fluorescence microscopy in vitro utilizing MDA-MB-231 cells 

(human breast cancer cells).  

First, the cells were plated in 35 mm dishes and allowed to reach confluence 

(48 h).  The cells were then incubated with 50 µM 1 for 3 h. Finally, they were 

washed with PBS and transported under dark conditions for imaging. The fluorescent 

images were obtained using a Zeiss Z1 AxioObserver inverted fluorescence 

microscope fitted with a Hamamatsu 9100-13 EMCCD camera, figure 4.II.9. All 

fluorescent images obtained at 0, 7, 14, 21, and 28 min time points were taken with 

both the red channel filter (Texas red) and the blue channel filter (DAPI). The first 

image (top panel) was taken without exposure to UV light. With increasing exposure 

to 302 nm UV light (0.35 mW cm−2), figure 4.II.9  (top to bottom), the orange 

fluorescence was attenuated, and the intensity of the blue fluorescence increased 

dramatically. These results clearly demonstrate that CO photorelease within the cells 

can be tracked by the reduction in orange fluorescence, and the appearance of the 

blue fluorescence of deligated pbt clearly indicates the end point in CO delivery at the 

cellular target. 
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Figure 4.II.9.  Time-dependent luminescence of 1 (Red Channel, left) at 50 mM 

concentration transitioning into deligated pbt as a photoproduct (Blue Channel, 

middle) and merged image (right).  The top panel, 0 min, was taken with no exposure 

to UV illumination. Increasing time of exposure to UV illumination (top to bottom) 

leads to loss of CO indicated by loss of orange fluorescence and increase in blue 

fluorescence. The end point in CO delivery was indicated by the blue fluorescence of 

deligated pbt within the cells. Reprinted with permission from Carrington, S. J.; 

Chakraborty, I.; Bernard, J. M. L.; Mascharak, P. K. Inorg. Chem., 2016, DOI: 

10.1021/acs.inorgchem.6b00511. Copyright 2016 American Chemical Society. 
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The 200 nm difference between the two fluorescence signals allowed us to 

separate, or sort, the cells with the use of flow cytometry. Our goal was to follow the 

fate of the pro-drug loaded cells (exhibiting orange luminescence) upon CO delivery 

under the control of UV light. Because moderate doses of CO induce apoptosis in 

these cancer cells,10 we intended to track the extent of apoptosis and viability of the 

cells as they turn from orange to blue, indicating completion of the CO delivery step. 

The flow cytometry experiment was performed with the same cancer cell line.   

The cells were incubated with a 50 µM concentration of 1 for 3 h and then washed 

with buffer. An aliquot of cells without 1 acted as a nonfluorescent control.  Cells 

incubated with 1 without exposure to UV illumination were used as the orange 

control, while cells incubated with 1 and exhaustively photolyzed served as the blue 

control. Because the photorelease of CO can be tracked visually, figure 4.II.9, we 

were able to sort and collect a fraction of cells with (a) exclusively orange 

fluorescence (single positive, BV-605), (b) fluorescence of both orange and blue 

(double positive), and (c) exclusively blue fluorescence (single positive, BV-421) 

through fluorescence excitation at 405 nm, figure 4.II.10.  
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Figure 4.II.10. Time dependent luminescence in flow cytometry of human breast 

cancer cells (MDA-MB-231). Cells were incubated with 50 mM of 1 and UV light 

was administered for 0, 10, and 20 min (left to right). The decrease in orange (BV-

605) and increase in blue (BV-421) can be visualized following the decrease of 

luminescence in quadrant 1 (orange) and increasing fluorescence in quadrant 3 (blue). 

Reprinted with permission from Carrington, S. J.; Chakraborty, I.; Bernard, J. M. L.; 

Mascharak, P. K. Inorg. Chem., 2016, DOI: 10.1021/acs.inorgchem.6b00511. 

Copyright 2016 American Chemical Society. 

 

 

4.II.2.5 Utility of photo-active CO releasing complex towards eradication of 

cancer   

We then proceeded to test whether the decrease in orange fluorescence and 

increase in blue fluorescence correlate with a reduction in viability of the cancer cells. 

In both the flow cytometry experiment with Annexin V and the plates for the MTT 

assay, cells were treated according to the manufacturer’s protocol.  The results clearly 

show that the photoreleased CO induced apoptosis in the MDA-MB-231 cells 

compared to the control.  Specifically, neither the UV light itself (30 min exposure, 

power at 0.12 mW cm−2) nor the amount of acetonitrile needed to solubilize complex 

1 has a significant negative effect toward the viability of the cells, figure 4.II.11. 
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Complex 1 under dark conditions also showed limited reduction in viability. In 

addition, no reduction in cell viability was observed in the presence of a photolyzed 

solution of 1  (the CO-spent products include free pbt ligand9). Exposure to UV light 

illumination, however, exhibited a trend of increasing apoptosis in the cell population 

with increasing blue fluorescence. To examine whether apoptosis in these cancer cells 

begins even before the transition into blue fluorescence, we exposed the single 

positive orange cells to a short duration of UV illumination and tested the cells with 

the Annexin V stain. The increasing apoptotic fluorescence signal (Annexin V-FITC) 

from cells exposed to UV light illumination for 10 or 20 min showed that prior to the 

appearance of strong blue fluorescence, there was a reduction in viability, figures 

4.II.13 and 4.II.14 (Additional data). This finding strongly suggests the onset of 

apoptosis at the early stages of illumination. The rapid CO photorelease from 1 

effectively initiates apoptosis as the cells are exposed to UV light. 

 In summary, complex 1 is the first CO-releasing MCC that can act as a true 

“two-tone” theranostic agent. This CO donor (pro-drug) exhibits a diagnostic 

trackable orange luminescence that can be followed in target cells. This MCC then 

undergoes a reduction in orange luminescence intensity upon photorelease of three 

CO ligands (drug).  Exhaustive CO loss under such low-power UV illumination 

results in a secondary blue fluorescence signal (200 nm blue-shift), indicating the end 

of the CO delivery process. The absence of any spectral overlap between the pro-

drug indicator and the end of drug release signal makes 1 a unique CO delivery 
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Figure. 4.II.11. Reduction in viability of MDA-MB-231 cells by CO photoreleased 

from 1. Neither MeCN (blue), nor UV illumination (yellow) reduced the viability of 

cells compared to control. Cells incubated with 50 mM 1 under dark conditions (navy 

blue) showed only slight reduction in viability. Increasing periods of UV illumination 

(red, left to right) of cells incubated with 50 mM of 1 show increasing reduction in 

viability. Reprinted with permission from Carrington, S. J.; Chakraborty, I.; Bernard, 

J. M. L.; Mascharak, P. K. Inorg. Chem., 2016, DOI: 

10.1021/acs.inorgchem.6b00511. Copyright 2016 American Chemical Society. 

 

therapeutic.  The utility of this theranostic photoCORM was demonstrated in a human 

breast cancer cell line with the aid of cellular fluorescence microscopy and flow 

cytometry. Dose-dependent reduction in cell viability through CO-induced apoptosis 

of the cancer cells attests to the therapeutic value of 1 in this study. 
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4.II.3 Additional Data 
 
Table 4.II.2 Crystal data and structure refinement parameters of 1. 

Name   [Re(H2O)(CO)3(pbt)]CF3SO3.H2O 
Empirical formula C16H10F3N2O8S2Re 

Formula weight 665.58 

T (K) 298 

λ (Å) 0.71073 

crystal system Triclinic 

space group P-1 

a (Å) 8.2104 (8) 

b (Å) 8.9753 (9) 

c (Å) 14.9966 (15) 

α (deg) 101.8380 (10) 

β (deg) 100.1470 (10) 

γ (deg) 90.4970 (10) 

V (Å3) 1063.54 (18) 

Z  2 

Dcalc (Mg m-3) 2.078 

absorption coeff (mm-1) 5.982 

No. of unique reflections 3424 

Goodness-of-fita 1.042 

R1
b 0.0328 

wR2
c 0.0858 

aGOF = [∑[w(Fo
2-Fc

2)2]/(No-Nv)]1/2 (No = number of observation, Nv = number of variables). 
bR1 = ∑⎢⎢Fo⎢-⎢Fc⎢⎢/∑⎜Fo⎜ 
cwR2 = [(∑w(Fo

2-Fc
2)2/∑⎜Fo⎜

2)]1/2.  
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Figure 4.II.12. Flow cytometry analysis of MDA-MB-231 viability.  The graph 

represents an increase in apoptotic events with increasing UV light exposure from 10 

to 20 min (left to right). Reprinted with permission from Carrington, S. J.; 

Chakraborty, I.; Bernard, J. M. L.; Mascharak, P. K. Inorg. Chem., 2016, DOI: 

10.1021/acs.inorgchem.6b00511. Copyright 2016 American Chemical Society. 

 

 

Figure 4.II.13. Flow cytometry analysis of MDA-MB-231 viability.  The graph was 

plotted with the Annexin V-FITC (FITC) fluorescence indicating increasing apoptosis 

vs. the orange fluorescence of complex (BV-605). The large presence of double 

positive fluorescence (Q2) with both Annexin V (FITC) fluorescence and pro-drug 

(BV-605) indicates early stage of apoptosis after incubation with pro-drug and 10 min 

of UV light illumination (left). The population of double positive cells (Q2) FITC and 
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BV-605 increase in addition to moving higher up the FITC axis indicating a larger 

amount of population undergoing apoptosis after a total of 20 min UV irradiation has 

been administered to such breast cancer cells (right). Reprinted with permission from 

Carrington, S. J.; Chakraborty, I.; Bernard, J. M. L.; Mascharak, P. K. Inorg. Chem., 

2016, DOI: 10.1021/acs.inorgchem.6b00511. Copyright 2016 American Chemical 

Society. 
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4.II.4 Experimental Section 

4.II.4.1 General Methods 

 [ReCl(CO)5], horse heart myoglobin (Mb), and AgCF3SO3 were purchased from 

Sigma-Aldrich and used without further purification. The ligand 2-(2-pyridyl)-

benzothiazole (pbt) was synthesized by following a previously reported procedure.11 

Solvents were purified and/or dried by standard techniques prior to use.12 The 1H 

NMR spectra were recorded at 298 K on a Varian Unity Inova 500 MHz instrument. 

A PerkinElmer Spectrum-One FT-IR was employed to monitor the IR spectra of the 

reported compounds. UV−vis spectra were obtained with a Varian Cary 50 UV−vis 

spectrophotometer. Fluorescence spectra were recorded with a Varian Cary Eclipse 

Spectrometer. Microanalyses (C, H, and N) were performed using a PerkinElmer 

2400 Series II elemental analyzer. The absorbance readings of MTT assays were 

recorded using a Molecular Devices VersaMax tunable microplate reader. Flow 

cytometry experiments were completed with a BD FACS Aria IIu instrument 

equipped with a 405 nm laser and data collection/sorting ability with filters BV-605 

and BV-421. The Annexin V-FITC data were collected using a 488 nm laser and a 

FITC filter. A Zeiss AxioObserver Z1 microscope fitted with a Hamamatsu EMCCD 

Camera was employed for cell imaging. 

4.II.4.2 Synthesis 

[Re(H2O)(CO)3(pbt)](CF3SO3) (1). A batch of solid pbt ligand (105 mg, 0.50 mmol, 1 

equiv) was transferred into a flask containing solid [ReCl(CO)5] (180 mg, 0.50 mmol, 
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1 equiv), and the mixture was dissolved in a solvent mixture of chloroform and 

methanol (1/3 v/v). It was then heated under refluxing conditions for 4 h. The volume 

of the solution was then reduced slowly until microcrystals of [ReCl(CO)3(pbt)] were 

observed. After being stored at room temperature for 1 h, the microcrystalline 

material was collected by decantation of the mother liquor, washed several times with 

hexanes, and dried under high vacuum (200 mg, 76% yield). Next, a solution of silver 

trifluoromethanesulfonate (AgCF3SO3) (100 mg, 0.38 mmol, 1 equiv) in 50 mL of 

dichloromethane was added to the microcrystalline [ReCl(CO)3(pbt)] (200 mg, 0.38 

mmol), and the mixture was stirred at room temperature for 12 h. The solution was 

then filtered using a fritted funnel with a Celite pad to remove silver chloride (AgCl), 

and the resulting clear yellow solution was subjected to high vacuum to remove the 

solvent. The solid [Re(CF3SO3)(CO)3(pbt)] thus obtained was collected and dissolved 

in moist methanol (MeOH/H2O 99/1). Slow evaporation of this solution afforded 

yellow microcrystals of [Re(H2O)(CO)3(pbt)](CF3SO3) (1) in good yield (100 mg, 

65%). Anal. Calcd for C16H10N2O7F3S2Re: C, 29.58; H, 1.55; N, 4.31. Found: C, 

29.52; H, 1.52; N, 4.25. Selected IR frequencies (KBr disk, cm−1): νCO 2028, 1935, 

and 1911; νCF3SO3 1252. 1H NMR (CD3CN, 500 MHz, TMS): δ 9.16 (d, 1H), 8.50 (d, 

1H), 8.41 (d, 1H), 8.38 (t, 1H), 8.33 (d, 1H), 7.93 (t, 1H), 7.81 (m, 2H). Absorption 

spectrum in acetonitrile, λmax nm (ε, M−1 cm−1): 345 (12 750). 

4.II.4.3 Crystallography  

Data were collected on a Bruker APEX II single-crystal X-ray diffractometer with 

graphite monochromated Mo-Kα radiation (λ = 0.71073 Å) using a ω-scan technique 
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in the range of 5 ≥ 2θ ≥ 48. All data were corrected for Lorentz polarization and 

absorption.13 The metal atom was located from the Patterson maps, and the rest of the 

non-hydrogen atoms emerged from successive Fourier syntheses. The structure was 

refined by a full-matrix least squares procedure on F2. All non-hydrogen atoms were 

refined anisotropically. Hydrogen atoms were included in calculated positions. The 

absorption corrections were done using SADABS. Calculations were performed using 

the SHELXTL V 6.14 program package.14  

4.II.4.4 Photolysis  

The apparent rate of CO release (kCO) upon exposure to UV light illumination was 

measured with a solution of 1 (7.41 x 10−5 M) in a 1 cm x 0.4 cm quartz cuvette. The 

UV light source was a UVP Benchtop 2 UV Transilluminator. The power of the 

incident light on the sample (5 mW cm−2) was measured with a Field MaxII-TO laser 

power meter (from Coherent, Portland, OR). The kCO value in acetonitrile was 

measured by recording the electronic absorption spectra and monitoring the rise in 

absorbance of the 470 nm band following exposure to UV light for intervals of 2 min. 

The kCO value was then calculated from the ln(C) vs time (t) plot. 

4.II.4.5 Fluorimetry 

 The time-resolved fluorescence spectra of a solution of 1 in acetonitrile (9.26 x 10−5 

M) were recorded at room temperature with a quartz cuvette (1 cm x 1 cm) at regular 

time intervals of 2 min of UV light exposure (UVP Benchtop 2 UV Transilluminator, 

5 mW cm−2). The emission spectra were recorded with excitation at 345 nm. 
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4.II.4.6 Cell Culture and Imaging 

 The human breast cancer cell line MDA-MB-231 was purchased from American 

Type Culture Collection (ATCC), cultured in Dulbecco’s modified Eagle’s medium 

(DMEM) supplemented with 10% fetal bovine serum (FBS), plated onto 35 mm 

Corning imaging dishes, and allowed to grow for ∼48 h until the cells were confluent. 

The cells were then treated with 50 µM 1 and allowed to incubate at 37°C with 5% 

CO2(g) for 3 h. Next, the cells were washed twice with phosphate-buffered saline 

(PBS) under dark conditions. Finally, the cells were imaged in fresh PBS. The 

fluorescence from the 35 mm dish was captured using a Zeiss Z1 AxioObserver 

inverted fluorescence microscope fitted with a Hamamatsu 9100-13 EMCCD camera. 

The fluorescent images were obtained after low-power (0.35 mW cm−2) UV light 

illumination with a hand-held UV wand (UVP UVM-57) approximately 2.5 cm from 

the cells for time intervals of 0, 7, 14, 21, and 28 min. The fluorescence was captured 

at each time point in both the red and blue channels with Texas red (λem ≥ 604 nm) 

and DAPI filters (λem ≥ 390 nm) upon excitation at 350 nm. The images were further 

processed with the aid of Fiji-ImageJ version 1.52c and ImageJ (micromanager) 

version 1.49h.15 

4.II.4.7 Flow Cytometry 

Human breast cancer cells were seeded appropriately onto three 35 mm dishes (for 

controls) and two 150 mm dishes (for cell sorting). One 35 nm dish was treated with 

PBS and kept as the blank. The remaining four dishes were treated with 50 µM 1 and, 
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after incubation for 3 h, washed twice with PBS. The cells were then exposed to UV 

light illumination for 0, 10, or 20 min (15 cm from the UVP UVM-57 hand-held UV 

lamp, incident light power at 0.12 mW cm−2). The single positive control for blue 

fluorescence, however, utilized a single 35 mm dish exposed to UV light for 21 min 

at a distance of 2.5 cm from the light source. The cells were harvested and subjected 

to BD FACS Aria IIu for fluorescence determination of either orange (BV-605) or 

blue (BV-421) arising from laser excitation at 405 nm. After illumination for 10 or 20 

min, the samples were sorted as either orange (single positive), orange and blue 

(double positive), or blue (single positive), and collected separately. The orange cells 

(collected with BV 605) were then washed and treated with Annexin V-FITC 

according to the manufacturer’s protocol (Life Technologies). 

4.II.4.8 MTT Assay 

 Human breast cancer cells were plated in 96-well plates and incubated for 24 h prior 

to the experiment. A stock solution of 1 was first prepared by dissolving 6 mg of the 

complex in 4 mL of acetonitrile and diluting it with 6 mL of PBS. Next, 275 µL of 

this stock solution was added to 4.73 mL of DMEM (growth medium) to make the 

final 50 µM solution of 1 (acetonitrile content 2.2%). Cells were treated with 0 or 50 

µM 1 or with the concentration of acetonitrile (2.2%) as a control. After the 

treatments, the cells were allowed to incubate for 3 h at 37°C with 5% CO2(g). After 

incubation, the cells were washed twice with PBS and left in the buffer for light 

treatment. The plates were then exposed to 302 nm UV light for 0, 10, 14, 20, and 28 

min (15 cm from the UV wand, incident light power at 0.12 mW cm−2). After 
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exposure to UV light, fresh medium was added, and the cells were allowed to recover 

for 4 h. Next, MTT was added according to the manufacturer’s protocol (Life 

Technologies), and the viability of the cells was assessed. 

4.II.4.9 Myoglobin Assay 

 Horse heart myoglobin was dissolved in 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 (ε = 121 mM−1cm−1). 

Because sodium dithionite is known to facilitate the release of CO, an apparatus was 

constructed with two quartz cuvettes. In the first cuvette, under anaerobic conditions, 

the photoactive complex was exposed to light, evolving CO into the headspace. The 

photogenerated CO was then transferred into the second cuvette containing the 

reduced Mb solution via a cannula by a positive pressure of N2(g), and the absorbance 

was recorded after 5 min to ensure complete capture of the photoreleased CO. 

Conversion of Mb to carbonyl myoglobin (Mb-CO) was monitored at defined time 

intervals. A shift in λmax from 435 to 424 nm was noted because of the formation of 

Mb-CO. 
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ABSTRACT: A Re(I) carbonyl complex derived from 2-(2-
pyridyl)-benzothiazole (pbt), [Re(H2O)(CO)3(pbt)](CF3SO3)
(1), rapidly releases CO under low-power UV illumination. CO
photorelease from 1 is accompanied by a change in luminescence
from orange to deep blue. These two distinct luminescence signals
have been successfully employed to track (a) the entry of the pro-
drug 1 into cancer cells and (b) the end of the CO (drug) delivery
step within the target.

■ INTRODUCTION
Carbon monoxide (CO), much like its toxic twin nitric oxide
(NO), has recently been identified as an important
endogenously generated signaling molecule.1 This surprising
discovery has initiated intense research efforts toward
exploration of the therapeutic benefits of CO. The salutary
effects of low doses of CO (100−250 ppm) are readily evident
in the recovery of oxidatively damaged tissues and in the
control of inflammatory episodes.2 For example, inhalation
therapy with CO has reversed established diseased states such
as pulmonary arterial hypertension (PAH)3 and provided
significant aid to intimal hyperplasia (IH) through reduction of
the neointimal lesion size from artery balloon angioplasty
injury.4 Further studies have revealed that moderate doses of
CO (>250 ppm) induce cell apoptosis via disruption of
mitochondrial function. Compared to normal cells, this effect is
especially prominent in aggressive T cells, dysregulated
hyperproliferative smooth muscle cells, cancer cells, and
fibroblasts.5 As a consequence, CO sensitizes cancer cells to
chemotherapy as well as imparts an antiproliferative and pro-
apoptotic effect toward prostate, colon, pancreas, and other
cancer cells.6 The use of CO as a therapy, however, faces
challenges in delivering this noxious gas molecule to targeted
disease sites in hospital settings. Over the past few years, metal
carbonyl complexes (MCCs) have been shown to be viable
candidates as CO-releasing molecules (CORMs).7 We, and
others, have shown that controlled release of CO from
photoactive CO-releasing molecules (photoCORMs) under
the control of light illumination in situ readily reduces the
viability of cervical (HeLa),8 breast (MDA-MB-231),8,9 and
colonic (HT29)10 cancer cells. Although there are numerous
articles concerning the photochemical release of CO from

MCCs in literature,7 there are very few reports on examples
that allow visualization of CO (drug) release in cellular targets.
Many drug delivery systems that release drugs inside the
targeted cells have “theranostic” properties; i.e., they are both
diagnostic, in which the pro-drug is trackable, and therapeutic,
eliciting the desired effects from the drug delivery.11 In more
desirable cases, the pro-drug should be trackable, and a
secondary signal would allow the tracking of real-time drug
release. Typically, theranostic systems that can track the pro-
drug and the drug release utilize drug-carrying mesoporous
nanoparticles decorated with fluorescent reporters. These drug
delivery systems track the pro-drug through fluorescence
resonance energy transfer (FRET) between the reporters and
a secondary (often blue-shifted) fluorescence signal upon drug
delivery and the loss of FRET.12 Designed MCCs, however,
should be able to display luminescence as pro-drugs depending
on the metal and ancillary ligands and could potentially provide
a secondary luminescence signal upon CO loss. Interestingly,
there has been one recent report of such a photoCORM,
namely [Re(bpy)(CO)3(thp)](CF3SO3) (thp = tris-
(hydroxymethyl)phosphine), that exhibits a Stokes shift of 70
nm between the complex (pro-drug) and the photoproduct
after the loss of one CO.13 The spectral overlap between the
two emission bands observed with this photoCORM, however,
hinders the ability to simultaneously track both the pro-drug
and the release of CO. We are interested in designed MCCs
that exhibit two widely separated fluorescence bands before and
after CO release to obtain true “two-tone” theranostic CO
donors. Previously, we have reported [Re(CO)3(pbt)(PPh3)]-
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(CF3SO3) (pbt = 2-(2-pyridyl)-benzothiazole), a photoCORM
that exhibits strong luminescence at 605 nm upon excitation at
345 nm.14 Low-power UV illumination facilitates release of a
single CO molecule from the complex, and such CO loss
results in a complete “turn-off” of the luminescent signal. In this
account, we report the complex [Re(H2O)(CO)3(pbt)]-
(CF3SO3) (1) that performs as a true “two-tone” theranostic
CO donor in cellular matrices. 1 not only exhibits strong
orange luminescence at 605 nm (λex = 345 nm) but also
displays a blue fluorescence at 400 nm as it releases all three CO
molecules along with deligation of the pbt ligand. The desired
“two-tone” characteristics of 1 arise from the 200 nm blue shift
that readily allows tracking of both the complex 1 (pro-drug)
and the completion of the CO delivery step (through
fluorescence of free pbt ligand).9 We also demonstrated such
trackability in a human breast cancer cell line (MDA-MB-231)
through cellular fluorescence microscopy and flow cytometry.

■ EXPERIMENTAL SECTION
Materials and Reagents. [ReCl(CO)5], horse heart myoglobin

(Mb), and AgCF3SO3 were purchased from Sigma-Aldrich and used
without further purification. The ligand 2-(2-pyridyl)-benzothiazole
(pbt) was synthesized by following a previously reported procedure.15

Solvents were purified and/or dried by standard techniques prior to
use.16

[Re(H2O)(CO)3(pbt)](CF3SO3) (1). A batch of solid pbt ligand (105
mg, 0.50 mmol, 1 equiv) was transferred into a flask containing solid
[ReCl(CO)5] (180 mg, 0.50 mmol, 1 equiv), and the mixture was
dissolved in a solvent mixture of chloroform and methanol (1/3 v/v).
It was then heated under refluxing conditions for 4 h. The volume of
the solution was then reduced slowly until microcrystals of
[ReCl(CO)3(pbt)] were observed. After being stored at room
temperature for 1 h, the microcrystalline material was collected by
decantation of the mother liquor, washed several times with hexanes,
and dried under high vacuum (200 mg, 76% yield). Next, a solution of
silver trifluoromethanesulfonate (AgCF3SO3) (100 mg, 0.38 mmol, 1
equiv) in 50 mL of dichloromethane was added to the microcrystalline
[ReCl(CO)3(pbt)] (200 mg, 0.38 mmol), and the mixture was stirred
at room temperature for 12 h. The solution was then filtered using a
fritted funnel with a Celite pad to remove silver chloride (AgCl), and
the resulting clear yellow solution was subjected to high vacuum to
remove the solvent. The solid [Re(CF3SO3)(CO)3(pbt)] thus
obtained was collected and dissolved in moist methanol (MeOH/
H2O 99/1). Slow evaporation of this solution afforded yellow
microcrystals of [Re(H2O)(CO)3(pbt)](CF3SO3) (1) in good yield
(100 mg, 65%). Anal. Calcd for C16H10N2O7F3S2Re: C, 29.58; H, 1.55;
N, 4.31. Found: C, 29.52; H, 1.52; N, 4.25. Selected IR frequencies
(KBr disk, cm−1): νCO 2028, 1935, and 1911; νCF3SO3

1252. 1H NMR
(CD3CN, 500 MHz, TMS): δ 9.16 (d, 1H), 8.50 (d, 1H), 8.41 (d,
1H), 8.38 (t, 1H), 8.33 (d, 1H), 7.93 (t, 1H), 7.81 (m, 2H).
Absorption spectrum in acetonitrile, λmax nm (ε, M−1 cm−1): 345
(12 750).
Physical Measurements. The 1H NMR spectra were recorded at

298 K on a Varian Unity Inova 500 MHz instrument. A PerkinElmer
Spectrum-One FT-IR was employed to monitor the IR spectra of the
reported compounds. UV−vis spectra were obtained with a Varian
Cary 50 UV−vis spectrophotometer. Fluorescence spectra were
recorded with a Varian Cary Eclipse Spectrometer. Microanalyses
(C, H, and N) were performed using a PerkinElmer 2400 Series II
elemental analyzer. The absorbance readings of MTT assays were
recorded using a Molecular Devices VersaMax tunable microplate
reader. Flow cytometry experiments were completed with a BD FACS
Aria IIu instrument equipped with a 405 nm laser and data collection/
sorting ability with filters BV-605 and BV-421. The Annexin V-FITC
data were collected using a 488 nm laser and a FITC filter. A Zeiss
AxioObserver Z1 microscope fitted with a Hamamatsu EMCCD
Camera was employed for cell imaging.

X-ray Crystallography. Data were collected on a Bruker APEX II
single-crystal X-ray diffractometer with graphite monochromated Mo
Kα radiation (λ = 0.71073 Å) using a ω-scan technique in the range of
5 ≥ 2θ ≥ 48. All data were corrected for Lorentz polarization and
absorption.17 The metal atom was located from the Patterson maps,
and the rest of the non-hydrogen atoms emerged from successive
Fourier syntheses. The structure was refined by a full-matrix least-
squares procedure on F2. All non-hydrogen atoms were refined
anisotropically. Hydrogen atoms were included in calculated positions.
The absorption corrections were done using SADABS. Calculations
were performed using the SHELXTL V 6.14 program package.18

Crystal data and structure parameters are listed in Table 1.

Photolysis Experiment. The apparent rate of CO release (kCO)
upon exposure to UV light illumination was measured with a solution
of 1 (7.41 × 10−5 M) in a 1 cm × 0.4 cm quartz cuvette. The UV light
source was a UVP Benchtop 2 UV Transilluminator. The power of the
incident light on the sample (5 mW cm−2) was measured with a Field
MaxII-TO laser power meter (from Coherent, Portland, OR). The kCO
value in acetonitrile was measured by recording the electronic
absorption spectra and monitoring the rise in absorbance of the 470
nm band following exposure to UV light for intervals of 2 min. The
kCO value was then calculated from the ln(C) vs time (t) plot.

Fluorescence Experiment. The time-resolved fluorescence
spectra of a solution of 1 in acetonitrile (9.26 × 10−5 M) were
recorded at room temperature with a quartz cuvette (1 cm × 1 cm) at
regular time intervals of 2 min of UV light exposure (UVP Benchtop 2
UV Transilluminator, 5 mW cm−2). The emission spectra were
recorded with excitation at 345 nm.

Cell Culture and Imaging. The human breast cancer cell line
MDA-MB-231 was purchased from American Type Culture Collection
(ATCC), cultured in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum (FBS), plated onto 35 mm
Corning imaging dishes, and allowed to grow for ∼48 h until the cells
were confluent. The cells were then treated with 50 μM 1 and allowed
to incubate at 37 °C with 5% CO2(g) for 3 h. Next, the cells were
washed twice with phosphate-buffered saline (PBS) under dark
conditions. Finally, the cells were imaged in fresh PBS. The
fluorescence from the 35 mm dish was captured using a Zeiss Z1
AxioObserver inverted fluorescence microscope fitted with a

Table 1. Crystal Data and Structure Refinement Parameters
for [Re(H2O)(CO)3(pbt)](CF3SO3) (1)

empirical formula C16H12F3N2O8S2Re
formula weight 667.60
T (K) 298
λ (Å) 0.71073
cryst syst triclinic
space group P1
a (Å) 8.176 (3)
b (Å) 8.951 (7)
c (Å) 14.978 (14)
α (deg) 101.86 (14)
β (deg) 100.19 (5)
γ (deg) 90.38 (3)
V (Å3) 1054.7 (15)
Z 2
Dcalc (Mg m−3) 2.102
absorption coeff (mm−1) 6.032
no. of unique reflections 3574
goodness-of-fita 0.864
R1
b 0.0316

wR2
c 0.0947

aGOF = [∑[w(Fo
2 − Fc

2)2]/(No − Nv)]
1/2 (No = number of

observation, Nv = number of variables). bR1 = ∑||Fo| − |Fc||/∑|Fo|.
cwR2 = [(∑w(Fo

2 − Fc
2)2/∑|Fo|2)]1/2.
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Hamamatsu 9100-13 EMCCD camera. The fluorescent images were
obtained after low-power (0.35 mW cm−2) UV light illumination with
a hand-held UV wand (UVP UVM-57) approximately 2.5 cm from the
cells for time intervals of 0, 7, 14, 21, and 28 min. The fluorescence
was captured at each time point in both the red and blue channels with
Texas red (λem ≥ 604 nm) and DAPI filters (λem ≥ 390 nm) upon
excitation at 350 nm. The images were further processed with the aid
of Fiji-ImageJ version 1.52c and ImageJ (micromanager) version
1.49h.19

Flow Cytometry. Human breast cancer cells were seeded
appropriately onto three 35 mm dishes (for controls) and two 150
mm dishes (for cell sorting). One 35 nm dish was treated with PBS
and kept as the blank. The remaining four dishes were treated with 50
μM 1 and, after incubation for 3 h, washed twice with PBS. The cells
were then exposed to UV light illumination for 0, 10, or 20 min (15
cm from the UVP UVM-57 hand-held UV lamp, incident light power
at 0.12 mW cm−2). The single positive control for blue fluorescence,
however, utilized a single 35 mm dish exposed to UV light for 21 min
at a distance of 2.5 cm from the light source. The cells were harvested
and subjected to BD FACS Aria IIu for fluorescence determination of
either orange (BV-605) or blue (BV-421) arising from laser excitation
at 405 nm. After illumination for 10 or 20 min, the samples were
sorted as either orange (single positive), orange and blue (double
positive), or blue (single positive), and collected separately. The
orange cells (collected with BV-605) were then washed and treated
with Annexin V-FITC according to the manufacturer’s protocol (Life
Technologies).
MTT Assay. Human breast cancer cells were plated in 96-well

plates and incubated for 24 h prior to the experiment. A stock solution
of 1 was first prepared by dissolving 6 mg of the complex in 4 mL of
acetonitrile and diluting it with 6 mL of PBS. Next, 275 μL of this
stock solution was added to 4.73 mL of DMEM (growth medium) to
make the final 50 μM solution of 1 (acetonitrile content 2.2%). Cells
were treated with 0 or 50 μM 1 or with the concentration of
acetonitrile (2.2%) as a control. After the treatments, the cells were
allowed to incubate for 3 h at 37 °C with 5% CO2(g). After incubation,
the cells were washed twice with PBS and left in the buffer for light
treatment. The plates were then exposed to 302 nm UV light for 0, 10,
14, 20, and 28 min (15 cm from the UV wand, incident light power at
0.12 mW cm−2). After exposure to UV light, fresh medium was added,
and the cells were allowed to recover for 4 h. Next, MTT was added
according to the manufacturer’s protocol (Life Technologies), and the
viability of the cells was assessed.
Myoglobin Assay. Horse heart myoglobin was dissolved in 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 (ε = 121 mM−1

cm−1). Because sodium dithionite is known to facilitate the release of
CO, an apparatus was constructed with two quartz cuvettes. In the first
cuvette, under anaerobic conditions, the photoactive complex was
exposed to light, evolving CO into the headspace. The photogenerated
CO was then transferred into the second cuvette containing the
reduced Mb solution via a cannula by a positive pressure of N2(g), and
the absorbance was recorded after 5 min to ensure complete capture of
the photoreleased CO. Conversion of Mb to carbonyl myoglobin
(Mb-CO) was monitored at defined time intervals. A shift in λmax from
435 to 424 nm was noted because of the formation of Mb-CO.

■ RESULTS AND DISCUSSION
The title complex 1 was synthesized by heating [ReCl(CO)5]
and pbt ligand in a mixture of chloroform and methanol (1/3
v/v) for 4 h. Microcrystalline [ReCl(CO)3(pbt)], obtained
after volume reduction, was treated with silver trifluorometha-
nesulfonate (AgCF3SO3) in dichloromethane to isolate [Re-
(CF3SO3)(CO)3(pbt)] in which the triflate (CF3SO3) ion is
coordinated to the Re center. Slow evaporation of this complex
over one week in moist methanol afforded yellow microcrystals
of [Re(H2O)(CO)3(pbt)](CF3SO3) (1) in 65% yield. X-ray

diffraction studies on 1 confirmed a distorted octahedral
geometry around the Re(I) center with an equatorial plane
comprised of the bidentate pbt ligand and two CO molecules
and the two axial positions occupied by one H2O and one CO
ligand (trans to each other, Figure 1). The Re−CO, Re−N, and

Re−O distances of 1 (Table 2) are similar to those reported for
[Re(H2O)(bpy)(CO)3].

20 The equatorial plane exhibits
excellent planarity with a mean deviation of 0.0032 Å and a
satisfactorily planar pbt chelate ring (0.0137 Å).
In an acetonitrile solution, 1 exhibits its absorption maximum

at 345 nm (Figure 2), arising from a ligand-centered transition
with a significant metal-to-ligand charge transfer (MLCT)
contribution. Exposure of such a solution to low-power (5 mW
cm−2) UV light (centered at 302 nm) at intervals of 2 min
results in reduction of the intensity of the 345 nm band with
the corresponding appearance of a new band at 450 nm (Figure
2).

Figure 1. Structure of [Re(H2O)(CO)3(pbt)]
+ (cation of 1). Thermal

elipsoids are shown with a 50% probability level (hydrogens of pbt are
omitted for clarity).

Table 2. Selected Bond Distances (Å) and Angles (deg) of
[Re(H2O)(CO)3(pbt)](CF3SO3) (1)

Re−C(1) 1.896 (7)
Re−C(2) 1.933 (6)
Re−C(3) 1.902 (7)
Re−O(4) 2.155 (5)
Re−N(2) 2.178 (5)
Re−N(1) 2.186 (5)
C(1)−Re−C(2) 88.7 (3)
C(1)−Re−C(3) 88.9 (3)
C(2)−Re−C(3) 88.3 (3)
C(1)−Re−O(4) 175.21 (19)
C(2)−Re−O(4) 95.1 (2)
C(3)−Re−O(4) 94.1 (3)
C(1)−Re−N(2) 94.6 (2)
C(2)−Re−N(2) 100.5 (2)
C(3)−Re−N(2) 170.6 (2)
O(4)−Re−N(2) 81.9 (2)
C(1)−Re−N(1) 95.0 (2)
C(2)−Re−N(1) 174.4 (2)
C(3)−Re−N(1) 95.9 (3)
O(4)−Re−N(1) 80.01 (19)
N(2)−Re−N(1) 75.1 (2)
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The myoglobin assay confirmed the loss of CO from 1
during this process,8 and kinetic analysis of the spectral traces
shown in Figure 2 afforded an apparent CO release rate (kCO)
of 0.31 min−1 (7.1 × 10−5 M). Despite the strong absorption at
345 nm, CO was released from 1 only when the complex was
illuminated at λ < 310 nm. It is now apparent that the ancillary
ligand at the sixth site in 1 (H2O) is responsible for such
behavior because the analogous complex [Re(CO)3(bpy)-
(thp)](CF3SO3) with a 345 nm absorption band13 releases CO
upon exposure to 405 nm UV light. Ishitani and co-workers
have demonstrated that in Re(I) complexes of this kind,
photoactivity around 360 nm is observed only when the sixth
ligand is PR3 (a good π-accepting ligand).21 In the case of σ-
donating ligands such as Cl−, light of a higher energy (λ ≤ 313
nm) is required for CO photorelease.22 In such carbonyl
complexes, illumination at the low-energy absorption band
promotes excitation that rapidly undergoes intersystem crossing
into a triplet excited state, which is nonproductive in terms of
CO photorelease. However, with UV light of a higher energy, it
is possible to overcome the thermal activation barrier (between
the triplet MLCT and triplet ligand field) by first populating a
higher energy state, and hence CO photorelease is observed.21

Complex 1 (the pro-drug in the present case) also exhibits a
strong orange luminescence (λem = 605 nm) upon excitation at
345 nm. Interestingly, the intensity of luminescence at 605 nm
is progressively lost upon illumination of the solution of 1 with
the 302 nm UV light with a concomitant gain of a new blue
fluorescence band centered at 400 nm (Figure 3). Upon further
photolysis, the orange fluorescence is completely replaced by
the blue fluorescence band at 400 nm (Figure 3). This
transformation can be readily followed by fluorometry as well as
by visual inspection of the cuvette containing the sample (inset,
Figure 3). Because the blue fluorescence signal (as shown in
Figure 3) arises from free pbt ligand in an acetonitrile solution,9

it is evident that CO photorelease from 1 is accompanied by
deligation of the pbt ligand from the Re center.
To determine whether deligation of the pbt ligand from the

Re center of 1 occurs along with complete loss of the CO
ligands (upon exposure to 302 nm light) much like its Mn
congener,9 we examined the CO content of the photolyzed
samples with the aid of time-resolved IR spectroscopy. A
solution of 1 in acetonitrile was exposed to low-power UV light
(302 nm) at regular time intervals; the photolyzed samples
were subsequently dried, and their IR spectra were recorded

(Figure 4). The spectral data clearly show that upon exhaustive
photolysis, all three CO ligands were released from 1. Indeed,

the final sample exhibited strong blue fluorescence, indicating
deligation of pbt in the photolyzed product. The appearance of
the blue fluorescence of pbt can therefore be taken as the signal
for the completion of the process of CO drug delivery.
The distinct luminescence of 1 before and after CO

photorelease with no spectral overlap prompted us to track
the entry of the pro-drug (1) and release of the drug (CO)
through fluorescence microscopy in vitro utilizing MDA-MB-
231 cells (human breast cancer cells). First, the cells were
plated in 35 mm dishes and allowed to reach confluence (48 h).
The cells were then incubated with 50 μM 1 for 3 h. Finally,
they were washed with PBS and transported under dark
conditions for imaging. The fluorescent images were obtained

Figure 2. Electronic absorption spectral traces of 1 in acetonitrile over
time upon exposure to low-power (5 mW cm−2) UV illumination (302
nm) at 2 min intervals.

Figure 3. Time-resolved luminescence traces of 1 in acetonitrile upon
exposure to low-power UV illumination at 2 min intervals. The
original luminescence of 1 at 605 nm (λex = 345 nm) is diminished
upon UV illumination and CO release. The new blue fluorescence
signal at 400 nm (λex = 345 nm) arises from deligation of pbt. Inset:
Visual representation of the changes in fluorescence in the quartz
cuvette.

Figure 4. Time-resolved infrared spectroscopy of 1 with increasing
time of exposure to low-power UV light. The complex was dissolved in
acetonitrile and exposed to UV illumination (302 nm, 5 mW cm−2).
The loss of νCO stretching bands (spectrum acquired in a KBr disk)
demonstrates photorelease of all three CO ligands from 1.
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using a Zeiss Z1 AxioObserver inverted fluorescence micro-
scope fitted with a Hamamatsu 9100-13 EMCCD camera
(Figure 5). All fluorescent images obtained at 0, 7, 14, 21, and

28 min time points were taken with both the red channel filter
(Texas red) and the blue channel filter (DAPI). The first image

(top panel) was taken without exposure to UV light. With
increasing exposure to 302 nm UV light (0.35 mW cm−2)
(Figure 5 top to bottom), the orange fluorescence was
attenuated, and the intensity of the blue fluorescence increased
dramatically. These results clearly demonstrate that CO
photorelease within the cells can be tracked by the reduction
in orange fluorescence, and the appearance of the blue
fluorescence of deligated pbt clearly indicates the end point
in CO delivery at the cellular target.
The 200 nm blue shift difference between the two

fluorescence signals allowed us to separate, or sort, the cells
with the use of flow cytometry. Our goal was to follow the fate
of the pro-drug loaded cells (exhibiting orange luminescence)
upon CO delivery under the control of UV light. Because
moderate doses of CO induce apoptosis in these cancer cells,8

we intended to track the extent of apoptosis and viability of the
cells as they turn from orange to blue, indicating completion of
the CO delivery step.
The flow cytometry experiment was performed with the

same cancer cell line. The cells were incubated with a 50 μM
concentration of 1 for 3 h and then washed with buffer. An
aliquot of cells without 1 acted as a nonfluorescent control.
Cells incubated with 1 without exposure to UV illumination
were used as the orange control, while cells incubated with 1
and exhaustively photolyzed served as the blue control. Because
the photorelease of CO can be tracked visually (Figure 5), we
were able to sort and collect a fraction of cells with (a)
exclusively orange fluorescence (single positive, BV-605), (b)
fluorescence of both orange and blue (double positive), and (c)
exclusively blue fluorescence (single positive, BV-421) through
fluorescence excitation at 405 nm (Figure 6). We then
proceeded to test whether the decrease in orange fluorescence
and increase in blue fluorescence correlate with a reduction in
viability of the cancer cells. In both the flow cytometry
experiment with Annexin V and the plates for the MTT assay,
cells were treated according to the manufacturer’s protocol.
The results clearly show that the photoreleased CO induced
apoptosis in the MDA-MB-231 cells compared to the control.
Specifically, neither the UV light itself (30 min exposure, power
at 0.12 mW cm−2) nor the amount of acetonitrile needed to
solubilize complex 1 has a significant negative effect toward the
viability of the cells (Figure 7). Complex 1 under dark
conditions also showed limited reduction in viability. In
addition, no reduction in cell viability was observed in the
presence of a photolyzed solution of 1 (the CO-spent products
include free pbt9). Exposure to UV light illumination, however,
exhibited a trend of increasing apoptosis in the cell population
with increasing blue fluorescence. To examine whether

Figure 5. Time-dependent luminescence of 1 (red channel, left) at a
50 μM concentration transitioning into deligated pbt as a photo-
product (blue channel, middle) and merged image (right). The top
panel (0 min) was taken with no exposure to UV illumination. An
increasing time of exposure to UV illumination (top to bottom) leads
to the loss of CO, indicated by the loss of orange fluorescence and an
increase in blue fluorescence. The end point in CO delivery was
indicated by the blue fluorescence of deligated pbt within the cells.

Figure 6. Time-dependent luminescence in flow cytometry of human breast cancer cells (MDA-MB-231). Cells were incubated with 50 μM 1, and
UV light was administered for 0, 10, and 20 min (left to right). The decrease in orange (BV-605) and increase in blue (BV-421) can be visualized
following the decrease in luminescence in quadrant 1 (orange) and increase in fluorescence in quadrant 3 (blue).
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apoptosis in these cancer cells begins even before the transition
into blue fluorescence, we exposed the single positive orange
cells to a short duration of UV illumination and tested the cells
with the Annexin V stain. The increasing apoptotic fluorescence
signal (Annexin V-FITC) from cells exposed to UV light
illumination for 10 or 20 min showed that prior to the
appearance of strong blue fluorescence, there was a reduction in
viability (Figures S3 and S4). This finding strongly suggests the
onset of apoptosis at the early stages of illumination. The rapid
CO photorelease from 1 effectively initiates apoptosis as the
cells are exposed to UV light.

■ CONCLUSIONS
In summary, the title complex 1 is the first CO-releasing MCC
that can act as a true “two-tone” theranostic agent. This CO
donor (pro-drug) exhibits a diagnostic trackable orange
luminescence within target cells that undergoes a reduction in
intensity upon photorelease of CO (the actual drug).
Exhaustive CO loss under low-power UV illumination results
in a secondary blue fluorescence signal (200 nm blue shift),
indicating the end of the CO delivery process. The absence of
spectral overlap between the pro-drug signal and the end of
drug release signal makes 1 a unique CO delivery therapeutic.
The utility of this theranostic photoCORM was demonstrated
in a human breast cancer cell line with the aid of cellular
fluorescence microscopy and flow cytometry. Dose-dependent
reduction in cell viability through CO-induced apoptosis of the
cancer cells attests to the therapeutic value of 1 in this study.
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Chapter 5. Synthesis, Structure and Characterization of Water Soluble Mn 
Carbonyl Complexes with PTA (PTA = 1,3,5-triaza-7-phosphaadmantane) as 
coligand. 

 

5.1 Background  

It has now been established that the carbon monoxide (CO) releasing 

molecules (CORMs) are capable of eliciting the salutary effects of this small 

molecule1-4, and many of the photoactive CORMs (photoCORMs) can liberate CO 

upon exposure to biocompatible (visible) light leading to non-toxic 

photoproduct(s).5,6 However, the major challenges in development of physiologically 

applicable photoCORMs are i) light suitable for phototherapy to trigger the release of 

CO ii) solubility and stability of the complex in aerated aqueous media and iii) CO 

release without concomitant release of all ligands as photoproducts.  In order to 

address these three requirements simultaneously, the complex had to bear a non-toxic 

first row transition metal to accomplish CO release with light in the visible region or 

longer wavelengths (to facilitates deep tissue penetration and avoid possible 

detrimental effects due to UV radiation).2-4 Second or third row transition metals 

undergo spin orbit coupling and require higher energy light in the UV region.    

Secondly, the pro-drug photoCORM must be sufficiently soluble and stable in aerated 

aqueous media.  Although metal carbonyl complexes, a class of organometallic 

species, exhibit CO release, most of them are not soluble in aqueous media.  These 

lipophilic complexes are mostly synthesized under strict anaerobic conditions often 

excluding both air and water to prevent decomposition. As described elaborately in 
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the previous chapters, the MCC-based photoCORMs exhibiting CO photorelease 

developed thus far have required a mixed solvent system such as acetonitrile (MeCN) 

or dimethylsulfoxide (DMSO) in addition to aqueous buffer for their dissolution.  To 

overcome this obstacle, we have now employed a cage-like monodentate phosphane, 

1, 3, 5-triaza-7-phosphaadamantane (PTA) as ancillary ligand to confer water 

solubility in two selected Mn carbonyl complexes namely, 

[Mn(CO)3(pbt)(PTA)]CF3SO3 (1) and [Mn(CO)3(phen)(PTA)]CF3SO3 (2), figure 5.1. 

PTA is an amphiphilic (both hydrophilic and lipophilic characteristics), air-stable, 

neutral ligand which is soluble in various organic solvents and in aqueous media.7 

The high aqueous solubility of PTA is most likely due to H-bonding involving the 

tertiary amine N atoms figure 5.1.  PTA has been able to confer water solubility to  

 

 

Figure 5.1.  The ligands utilized in this study 2-pyridylbenzothiazole (pbt), 1,10 

phenanthroline (phen), 1,3,5-triaza-7-phosphaadmantane (PTA) and the 

corresponding complexes 1 and 2. 
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rhenium carbonyl complexes upon ligation.8 Due to its ability to impart superior 

water solubility, PTA-based metal complexes have been examined in homogeneous 

catalysis9-12 and also as bio-organometallic drugs, especially as potential anticancer 

drugs.13-17 Among others the most noteworthy PTA-based anticancer dug candidates 

are the RAPTA-type complexes developed by Dyson and co-workers (RAPTA = 

ruthenium-arene PTA).13 It has been also shown that the pH dependent solubility of 

the PTA based compounds can be exploited in biological systems. At physiological 

pH (7.4) the PTA moiety carries no charge and can diffuse through lipid membranes 

and thereby in to the cells. However, in certain diseased tissues (like cancer) with 

relatively lower pH, the PTA moiety gets protonated (PTAH+) and tends to be trapped 

within such tissues. This characteristic facilitates preferential accumulation of the 

drug/prodrug molecule at the target site (diseased site) and thus ensures nominal 

systemic exposure. Moreover, PTAH+ have shown to enhance DNA damage 

compared to the unprotonated species.  

More recently Westerhausen and co-workers have reported a class of highly 

water soluble non-toxic Mn(I) based photoCORMs. In this report the authors studied 

the CO release kinetics, and one of the complexes namely CORM-EDE1 has been 

shown to be non-toxic against HepaRG cells after 24 h of treatment in absence of 

light.20 This complex also progressively activated mammalian BK channels under 

visible light illumination in a typical patch-clamp experiment. 

In the present work a simpler design of complexes makes 1 and 2 much more 

desirable systems for pharmaceutical uses.  Incorporation of such 
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phosphoadamantane to generate photoCORMs not only imparts excellent solubility in 

aqueous media but also induces preferential accumulation of the pro drug molecules 

at the target site and thereby improving their pharmacokinetics. Two rigid bidentate 

α-diimine ligands (phen and pbt) were chosen due to their known ability to bind low-

valent manganese centers, namely Mn(I) in the present case. It has been shown earlier 

that upon photolysis many of the Mn-based photoCORMs with ancillary halide 

ligands exhibit deligation of the bidentate ligand with concomitant release of all three 

CO ligands.  We further wanted to investigate whether these complexes undergo 

deligation of the bidentate ligand if the ancillary position contained a π-withdrawing 

phosphane ligand.  We chose the fluorescent phen and pbt ligands, which can provide 

signals to reveal deligation and assess whether this step occurs when a π-accepting 

ancillary ligand is involved.  Additionally if the Mn(I) center undergoes an oxidation 

to Mn(II), ligands like phen and PTA could remain coordinated to Mn(II) centers. 

Taken together, exceptional aqueous solubility, requirement of low power 

visible light to trigger CO release, and target-specificity due to the presence of 

triazaadamantyl moeity make these complexes ideal pro-drug candidate for biological 

applications. Complexes 1 and 2 are examples of truly “biocompatible” photoCORMs 

with potential as photodrugs for photo chemotherapy. The two complexes reported 

herein have been characterized with several analytical techniques including single 

crystal X-ray diffraction studies. Their CO release characteristics upon illumination 

have also been studied with the aid of electronic absorption spectroscopy, 

fluorimetry, and FTIR studies. 
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5.2. Results and Discussion  

5.2.1 Synthesis 

 The synthesis of 1 and 2 follows a multistep reaction. In the first step, 

[MnBr(CO)3(pbt)] or [MnCl(CO)3(phen)] was dissolved in acetonitrile and treated 

with silver trifluoromethanesulfonate (AgCF3SO3) for halide abstraction over the 

course of 4 h. The light orange or yellow solutions thus generated were filtered and 

the filtrate evaporated to dryness.  The residue of [Mn(MeCN)(CO)3(pbt)](CF3SO3) 

or [Mn(MeCN)(CO)3(phen)](CF3SO3) was treated with 1,3,5-triaza-7-

phosphaadmantane (PTA) and stirred an additional 20 hours in CH2Cl2 to form 

[Mn(CO)3(pbt)(PTA)](CF3SO3) (1) and  [Mn(CO)3(phen)(PTA)](CF3SO3) (2).  These 

products were isolated in moderate yield as single crystals upon layering hexanes 

over their respective CH2Cl2 solutions. 

 

5.2.2 Crystallography 

 The structures of 1 and 2 have been determined by X-ray diffraction studies 

and the refinement parameters are shown in Table 5.1.  Both complexes exhibit 

distorted octahedral geometry with the equatorial position taken up by two CO 

ligands and bidentate ligand frame of pbt in 1 and phen in 2, figures 5.2 and 5.3.  The 

axial positions in both cases are occupied by one CO ligand and one PTA. The bond 

distances (Table 5.2) are comparable to those found in [Mn(azpy)(CO)3(PPh3)]+.21 

The equitorial planes, comprised of two C atoms of CO and two N atoms from pbt in  
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Figure 5.2.  Structure of the cation of fac-[Mn(CO)3(pbt)(PTA)](CF3SO3), 1 (thermal 

ellipsoids are shown at 50% probability level and the H atoms are omitted for clarity). 

 

Figure 5.3.  Structure of the cation of fac-[Mn(CO)3(phen)(PTA)](CF3SO3), 2  

(thermal ellipsoids are shown at 50% probability level and the H atoms are omitted 

for clarity). 
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Table 5.1. Crystal data and structure refinement parameters for 1 and 2 

          1   2  

Empirical formula C22H20F3MnN5O6PS2   C22H24F3MnN5O8PS  

FW 657.46 661.43  

Temp(K) 296 296  

Wavelength (Å) 0.71073 0.71073  

Crystal system Orthorhombic Monoclinic  

Space group Pbca P2(1)/c  

a(Å) 13.0117(19) 8.639(2)  

b(Å) 16.071(2) 27.248(6)  

c(Å) 25.212(4) 12.713(3)  

α(deg) 90 90  

β(deg) 90 104.098(4)  

γ(deg) 90 90  

V(Å3) 5272.3(13) 2902.3(11)  

Z 8 4  

Density (calcd) (Mg 

m-3) 

1.657 1.514  

Abs coeff (mm-1) 0.790 0.654  

No. of unique reflns 3924 3329  
bR1 0.0404 0.0998  
cwR2 0.0924 0.3093  
aGOF on F2 1.023 1.352   

aGOF = [Σ[w(Fo
2-Fc

2)2]/(No-Nv)]1/2 (No = number of observations,  
Nv = number of variables).  
bR1 = Σ⏐⏐Fo⏐-⏐Fc⏐⏐/Σ⏐Fo⏐. cwR2 = [(Σw(Fo

2-Fc
2)2/Σ⏐Fo⏐

2)]1/2 
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Table 5.2. Selected Bond distances (Å) and angles (º) of 1 and 2. 
 
                   1         2 

Mn-C(2)   1.780(4)  1.795(12)  

Mn-C(1)   1.841(4)  1.803(12)  

Mn-C(3)   1.794(4)  1.819(12)  

Mn-N(1)   2.064(3)  2.042(8)  

Mn-N(2)   2.075(3)  2.042(8)  

Mn-P(1)   2.3147(11)  2.326(3)  

 

C(2)-Mn-C(1)   87.75(18)  87.5(4)  

C(2)-Mn-C(3)   87.56(18)  91.4(5)  

C(1)-Mn-C(3)   91.27(17)  90.1(5)  

C(2)-Mn-N(1)  95.77(16)  173.4(4)  

C(1)-Mn-N(1)  90.25(14)  96.9(4)  

C(3)-Mn-N(1)  176.39(15)  93.6(4)  

C(2)-Mn-N(2)  174.29(16)  94.8(4)  

C(1)-Mn-N(2)  92.11(14)  92.0(4)  

C(3)-Mn-N(2)  98.15(14)  173.5(4)  

N(1)-Mn-N(2)  78.52(12)  80.1(3)  

C(2)-Mn-P(1)   89.79(13)  87.9(3)  

C(1)-Mn-P(1)   177.27(12)  175.4(3)  

C(3)-Mn-P(1)   87.44(12)  89.8(4)  

N(1)-Mn-P(1)   91.18(8)  87.7(2)  

N(2)-Mn-P(1)   90.45(8)  88.6(2) 
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1 and phen in 2, are reasonably planar with mean deviations of 0.012 and 0.023 Å 

respectively.  The chelate rings of both complexes are satisfactorily planar, with mean 

deviation 0.05 in 1 and 0.013 Å in 2.  The ligand fragments in both cases exhibit 

reasonable planarity with mean deviation of 0.044 and 0.028 Å respectively.  In 1 the 

pyridine ring and the benzothiazole reveal a dihedral angle of 12.3°.  It is important to 

note that the unit cell in 2 contains two water molecules of crystallization (reflected in 

the refinement parameters, Table 5.1). 

 

5.2.3 Spectroscopy 

 Complexes 1 and 2 both exhibit the characteristic FTIR stretches, figure 5.4, 

in the CO region, 2040, 1950 and 1925 cm−1 for 1 and 2040, 1960, and 1940 cm−1 for 

2. They also exhibit a stretch at 1270 cm−1 due to the trifluoromethanesulfonate 

counter anion, figure 5.4. The 1H NMR spectrum also exhibits spin-spin structure 

indicative of a diamagnetic Mn(I) center in both the aliphatic for the ancillary 

phosphane ligand and aromatic regions for the ligand frame (data not shown).  The 

complexes are soluble in both organic and aqueous solvents such as CH2Cl2, DMSO, 

DMSO:H2O (1:10 v/v), H2O, and phosphate buffered saline (PBS) and the solutions 

are stable in the absence of light.  The electronic absorption spectra (figure 5.5) show 

two major bands, the most red-shifted photoband most likely arising from a metal-to- 

ligand charge transfer (MLCT) transition. The stronger absorption band in the UV 

region is presumably made up of intra-ligand charge transfer (ILCT) and higher  
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Figure 5.4. FTIR spectrum (KBr pellet) spectra of 1 (top) and 2 (bottom). 
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energy MLCT transition, figure 5.5. The increased molar absorptivity exhibited by 2 

is most likely due to the increased conjugation in the phen ligand shown in figure 5.5.   

 

Figure 5.5. The electronic absorption spectra of 1 (black) and 2 (red) in PBS at 298K. 

 

 

5.2.4 Kinetic studies and CO release 

The two complexes exhibit a steady decrease in the MLCT absorption bands 

upon exposure to visible light illumination similar to other manganese complexes, 

figures 5.6 and 5.7. However, in coordinating solvent such as acetonitrile, water, or 

PBS, solutions of 1 and 2 reveal an isosbestic point between a newly formed red-

shifted band (~500 nm) and the decreasing MLCT band (~400 nm), figure 5.6.  
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Figure 5.6.  Spectral traces of [Mn(CO)3(pbt)(PTA)](CF3SO3) (1) in PBS pH 7.4 

upon exposure to low power visible light illumination (15 mW cm−2, conc. 5.27 x 

10−5 M) at 298 K. 

 

Figure 5.7. Spectral traces of [Mn(CO)3(phen)(PTA)](CF3SO3) (2)  in PBS pH 7.4 

upon low power visible light illumination (15 mW cm−2, conc. 8.10 x 10−5 M) at 

298K. 
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A similar trend is seen with 2 under the same conditions with the newly formed band 

around 450 nm and the MLCT band at 360 nm. This newly generated band is most 

likely due to the absorption by the photoproduct, as loss of CO (stabilizing the 

occupied orbitals) leads to a red-shift in absorption (Chapter 2 prelude).  This is 

noteworthy because complexes, which undergoing complete deligation, do not 

display such behavior.  The apparent rate (kCO) of CO liberation in complexes 1 and 

2, 1.54±0.02 and 1.03±0.02 min−1 respectively, are slow in comparison to that of 

[MnBr(azpy)(CO)3] (kCO of 21 min−1).21  These spectral changes correlate to CO loss 

as indicated by the reduced myoglobin assay, figure 5.8.  

 In the present work we have also investigated the photoproduct(s) of 1 and 2 

after visible light illumination and subsequent CO loss.  Previously we have 

synthesized and characterized manganese carbonyl complexes in which the steady 

reduction of the MLCT band was indicative of CO loss in addition to deligation of the 

organic ligand frame.6,22 These complexes also had a halide ligand in the ancillary 

position, and we hypothesized that halides (weak field ligands) would promote 

oxidation of the Mn(I) to a Mn(II) solvated species. The loss of the organic ligand 

frame, ancillary ligand, and generation of a solvated Mn(II) along with CO release are 

not ideal when only liberation of CO is therapeutically required.  We sought to isolate 

more biocompatible water soluble manganese carbonyl complexes in which the 

organic ligand frame and ancillary ligand would not deligate upon loss of the CO 

ligands and resist oxidation to a high-spin Mn(II) species.  The ligands phen23 
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Figure 5.8. Myoglobin assay, carboxy-Mb (CO-Mb) formation due to in situ CO 

generation from 2 upon visible light illumination. Formation of CO-Mb is shown 

through decrease in the Soret absorption band of the reduced Mb (435 nm) and 

increase of the Soret band of CO-Mb (424 nm).  

 

and PTA24 are known to coordinate Mn(II) and replacement of a halide with a 

stronger field, π-accepting ancillary ligand was hypothesized to keep the 

photoproduct intact upon CO loss. Previously, we utilized a fluorescent organic 

ligand frame to indicate the photorelease of CO.  We chose the same design principle 

to indicate if the loss of CO was concomitant with deligation of the bidentate ligand 

in the new system. The present two fluorescent ligand frames (pbt and phen) exhibit 

blue fluorescence (~400 nm) in solution. Upon coordination to the managanese(I) 

center, complex 1 exhibits no luminescence (red trace figure 5.9) and complex 2 

reveals a green luminescence (red trace figure 5.10), a common effect with 
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incorporation of phen.25  The acetonitrile solutions of 1 and 2 were exposed to 30 and 

60 minutes of low power visible light exposure.  Exposure of 60 minutes is the time 

required for all three CO ligands to be released as evidenced by FTIR (data not 

shown).  After 30 minutes exposure, complex 1 exhibits an increase in fluorescence at 

400 nm indicative of pbt deligation from the metal center similar to that seen in 

chapter 4.  In contrast, complex 2 displays a slight enhancement in green 

luminescence, and no blue fluorescence, which would signify the deligation of the 

phen ligand.  The spectra recorded after 60 minutes of visible light exposure were 

identical to that found after 30 minutes.   

 

 

 
Figure 5.9.  Luminescence emission of 1 before (blue trace) and after 30 min (red 

trace) of exposure to visible light illumination (λex 354 nm) at 298 K. 
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Figure 5.10.  Luminescence emission of 2 before (blue trace) and after 30 min (red 

trace) of exposure to visible light illumination (λex 354 nm) at 298 K. 

 

 The data collected thus far suggest that i) a bidentate ligand such as phen can 

bind multiple oxidation states of Mn, namely Mn(I) and Mn(II), and ii) a π-accepting 

water soluble ancillary ligand confers water solubility to the complex. Complex 2 

appears to produce a single (intact) photoproduct after CO photorelease 

[Mn(MeCN)x(H2O)y(phen)(PTA)]+n (n=1 or 2).  These findings will provide help in 

our future pursuits toward biocompatible photoCORMs. 
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5.3 Experimental Section 

5.3.1 General Methods 

All reagents were of commercial grade and used without further purification.  The 

solvents were purified according to the standard procedures.26 The ligand phen 

(phen= 1,10 phenanthroline) was purchased from Ark Pharm, Inc. while pbt (pbt= 2-

(pyridyl)benzthiazole) was synthesized according to a previous method.26 The 

complexes [MnX(L)(CO)3] (X= Cl Br, L= pbt and phen) were synthesized according 

to reported procedures.22,27  The 1H NMR spectra were recorded at 298K on a Varian 

Unity Inova 500MHz instrument. A Perkin-Elmer Spectrum-One FT-IR was utilized 

to monitor IR spectra of reported compounds. UV-Vis spectra were recorded at room 

temperature using a Varian Cary 5000 UV-Vis-NIR spectrophotometer. Fluorescence 

spectra were recorded with a Varian Cary Eclipse Spectrometer. Microanalyses (C, H, 

and N) were performed using a PerkinElmer 2400 Series II elemental analyzer. 

5.3.2 Synthesis 

[Mn(CO)3(pbt)(PTA)] (1).  A batch of silver trifluoromethlysulfonate (AgCF3SO3) 

(80 mg, 0.31 mmol, 1.08 eq) was added quantitatively to an acetonitrile solution of 

[MnBr(CO)3(pbt)] (123 mg, 0.28 mmol, 1 eq) and stirred for 4 hours. This light 

orange solution was then filtered on a wet celite pad and filtrate evaporated to 

dryness.  This [Mn(MeCN)(CO)3(pbt)] acetonitrile adduct (127 mg, 0.23 mmol, 1eq) 

was redissolved in CH2Cl2 was then treated with PTA (106 mg, 0.67 mmol, 3 eq) for 

20 hours.  This solution was then evaporated and 1 was purified through 

recrystallization by layering hexanes over a CH2Cl2 solution of 1.  Orange needle-like 
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crystals of 1 were harvested in 30 % yield after 4 days (38 mg, 0.58 mmol) and taken 

for analysis. FTIR (KBr): νCO = 2040, 1950, and 1925 cm−1; UV/Vis (PBS), λmax (ε)= 

340 (14 700), 420 (2 360); Anal. Calcd. For C22H20N5O6F3S2PMn: C 40.19, H 3.06, N 

10.65, found: C 40.21, H 3.08, N 10.59. 

 

[Mn(CO)3(phen)(PTA)] (2).  A solution of silver trifluoromethlysulfonate 

(AgCF3SO3) (121 mg, 0.47 mmol, 1.04 eq) in acetonitrile was added quantitatively to 

an acetonitrile solution of [MnCl(CO)3(pbt)] (161 mg, 0.451 mmol, 1 eq) and then 

stirred for 4 hours. This light yellow solution was subsequently filtered on a wet celite 

pad and filtrate evaporated.  This [Mn(MeCN)(CO)3(pbt)] acetonitrile adduct (152 

mg, 0.3 mmol, 1eq) was redissolved in CH2Cl2 was then added to PTA (141 mg, 0.9 

mmol, 3 eq) in CH2Cl2 and stirred for another 20 hours.  This solution was then 

evaporated. Recrystallization occurred via layering hexanes over a CH2Cl2 solution of 

2.  Yellow needle-like crystals of 1 were harvested in 45 % yield after 5 days (82 mg, 

0.12 mmol) and taken for analysis. FTIR (KBr): νCO = 2040, 1960, and 1940 cm−1; 

UV/Vis (CH2Cl2), λmax (ε)= 270 (22 000), 370 (3 600); 1H NMR data (CDCl3): δ 9.42, 

8.78, 8.23, 8.14, 7.48, 7.06, 5.32, 4.72, 4.31, 4.07, 3.75, 3.62. Anal. Calcd. For 

C22H20N5O6F3SPMn: C 42.11, H 3.21, N 11.16, found: C 42.26, H 3.29, N 11.27 

 

5.3.3 Crystallography 

Data were collected on a Bruker APEX II single crystal X-ray diffractometer with 

graphite monochromated Mo-Kα radiation (λ= 0.71073 Å) by ω-scan technique in the 
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range of 5 ≥ 2θ ≥ 47 for 1 and 4 ≥ 2θ ≥ 43 for 2. All data were corrected for Lorentz 

polarization and absorption.28 The metal atoms were located from the Patterson maps 

and the rest of the non-hydrogen atoms emerged from successive Fourier syntheses. 

The structures were refined by full-matrix least squares procedure on F2. All non-

hydrogen atoms were refined anisotropically. All hydrogen atoms were included in 

calculated positions. The absorption corrections were done using SADABS. 

Calculations were performed using SHELXTL V 6.14 program package.29 

 

5.3.4 Photolysis 

The rates of CO release upon exposure to visible light were measured with an 

acetonitrile solution of 1 and 2 respectively in a quartz cuvette (1 cm × 0.4 cm). The 

light sources employed in this study include a visible light (15 mW cm–2) 

manufactured by Electro Fiber Optics Corporation (model, IL 410 illumination 

system). Apparent rates of CO photorelease (kCO) were followed at an appropriate 

wavelength for each complex and the logarithm of the complex concentration versus 

time plots were generated. The myoglobin assay was conducted via a method 

utilizing one cuvette. The water-soluble complexes were dissolved in phosphate 

buffered saline (PBS, 100 mM, pH 7.4) and horse heart myoglobin was then 

dissolved in this solution. The myoglobin was reduced in situ by adding sodium 

dithonite. The photoreleased CO from 1 and 2 are shown by the formation of the 

carboxymyoglobin species (Soret at 424 nm). 
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5.3.5 Fluorimetry 

 Fluorescence spectra of the photolyzed solutions of 1 and 2 in acetonitrile (~ 4.5 × 

10−5 M) were recorded at room temperature with a quartz cuvette (1 cm × 1 cm) by 

taking aliquots at time intervals of 0, 30, and 60 min of low power visible light 

exposure (power 15 mW cm−2).  The fluorescent emission spectra at 30 and 60 min 

intervals were identical. In all cases the emission spectra were recorded with 

excitation at 345 nm. 
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