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Abstract 

Acyloxydiene-Fe(CO)3 complexes can act as enzyme-triggered CO-releasing molecules (ET-

CORMs). It has been showed that their biological effects depend on the mother compound from 

which they derived (cyclohexanone Vs. cyclohexanedione Vs. dimedone), the type of the ester 

(acetate>pivalate>palmitate) and the position of the ester (inner or outer) that they harbour. To 

refine the emerging structure activity relationship patterns, we synthesized, characterized and 

investigated a set of new ET-CORMs with different lengths of the aliphatic ester side chain R.  

In addition, in the second part of this study we introduced the first water soluble enzyme-trigged 

CO-releasing molecules (ET-CORMs), a series of racemic phosphoryloxy-substituted η4-

cyclohexadiene-Fe(CO)3, that release CO after activation by a phosphatase. The enzyme-

triggered CO releasing activity of the compounds was assessed under physiological conditions 

by headspace gas chromatography (GC). Biological activity of these compounds was assessed 

in respect to their cytotoxic effect, their ability to protect endothelial cells against cold-inflicted 

injury and their ability to inhibit TNF-α-mediated VCAM-1 induction.                                                                                                                                       

It was found that the relative rate of CO release, the amount of liberated CO and the biological 

activity of η4-acyloxy-cyclohexadiene-Fe(CO)3 complexes depend on the length of the acyloxy 

chain and its position at the diene unit (outer or inner position). Regarding the water-soluble 

ET-CORMs, no significant release was observed, and apart from a moderate anti-inflammatory 

potential in an assay based on the inhibition of (iNOS-induced) NO production, no other 

biological effect was observed. 
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Introduction 

 

Despite the high toxicity [222] of carbon monoxide (CO) gas, this very small natural product 

plays an essential physiological role as a signaling molecule in humans and other mammals. It 

is endogenously produced during oxidative heme degradation by heme oxygenase (HO) [199, 

223] and exhibits a variety of beneficial biological activities, such as cytoprotective, anti-

inflammatory, vasodilatory, and anti-proliferative effects [72, 131]. The obvious biological 

potential of CO has induced intense research activities aiming at its use as a therapeutic agent 

[131]. In this context, CO-releasing molecules (CORMs) have been developed as attractive 

tools to liberate and deliver CO to cellular systems in a controlled fashion [224, 225]. After the 

first CORMs had been introduced by Motterlini and co-workers [106, 226] a broad range of 

transition metal carbonyl complexes were shown to release CO under certain conditions and 

their biological effects were subject of many investigations [105, 106, 136, 227-233]. Because 

CORMs of the first generation acted in a rather uncontrolled fashion, it is a major challenge to 

develop novel CORMs, which liberate their CO load only after activation of a trigger such as 

pH change [234], ligand exchange in the cellular medium [235] or photoactivation [236]. 

As a new and conceptually different concept, we have recently introduced enzyme-triggered 

CORMs (ET-CORMs) [137]. Upon enzymatic ester cleavage (hydrolysis), these compounds 

are converted into highly labile dienol complexes (2) which in turn decompose under mildly 

oxidative conditions to give the free enone ligand as well as three molecules of CO and an Fe3+ 

ion [237] (Figure 1).  

In our previous studies [237] we have synthesized ET-CORMs of type I and II (with R = 

acetate, pivalate, or palmitate) and assessed their CO-releasing properties (Figure 2). For the 

detection of CO we used both the myoglobin (Mb)-based assay established by Motterlini et al. 

[105] as well as gas chromatographic measurements. In vitro studies showed that the esterase-

triggered CO release from the pivalates (R = t-Bu) and palmitates (R = C15H31) was slower than 

from the acetates (R = Me). In general, complexes with the ester function at the outer position 

of the diene ligand (type II) released CO much faster than those with the ester function at the 

inner position (type I). Cellular assays also revealed that the complexes greatly differed in their 

cytotoxicity and their ability to suppress NO production (due to iNOS inhibition) [137, 237] To 

refine the emerging structure activity relationship (SAR) patterns, the target of the present study 
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was to synthesize, characterize and investigate o a set of new ET-CORMs of types I and II with 

different lengths of the aliphatic ester side chain R (Figure 1).  

 

 

 

 

 

 

 

Figure 1: Proposed mechanism of action of enzyme-triggered CO-releasing molecules (ET-CORMs). 

 

For the possible application of ET-CORMs in medicine, the development of water-soluble 

compounds represented a relevant challenge.  CORM-3 and CORM-A1 are the first water-

soluble CORMs. CORM-3 exhibits a fast CO release, while CORM-A1 releases CO with slow 

kinetic. However both complexes release CO in an uncontrolled manner once diluted in water 

solutions. In this context, we envisioned that phosphoryloxy dienyl Fe(CO)3 complexes 4 or 5, 

respectively, might be suitable to fulfill this function. As indicated in Figure 3 we intended to 

prepare such compounds by deprotection of suitable ester or amide precursors (6/7).  Here we 

describe the synthesis of the first water-soluble ET-CORMs, which were shown to act in the 

expected fashion, i.e. to release CO after activation by a phosphatase. 

 

 

 

                                                                                       

Figure 2:  Regioisomeric acyloxydiene-Fe(CO)3 complexes of types 1 and 2 
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Figure 3: Phosphate complexes 4 and 5 and the projected precursors 6 and 7. 
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Materials and Methods 

Synthesis of the monodeprotected phosphate complexes rac-17 and rac-18 

The dimethyl complex rac-6b or rac-7b (500 mg, 1.45 mmol, 1.0 equiv) was dissolved in 

acetone (50 mL), and trimethylamine (3.5 mL, 14.5 mmol, 10 equiv, 4.2 M in ethanol) was 

added dropwise. The solution was stirred at 40 °C, and the conversion was monitored by RP-

TLC. In the case of incomplete conversion after 3hrs, an additional 3.5 mL of trimethylamine 

was added and stirring was continued. After complete conversion the solvent was evaporated. 

The raw product was purified by column chromatography and recrystallized from MeCN to 

give the pure ammonium phosphates as slightly yellow hygroscopic powders. 

General Considerations: 

An Agilent Technologies Model GC 6890N gas chromatograph coupled with an HP5973N 

series mass selective detector and an HP 7683 GC autosampler was employed for all GC-MS 

analyses. Samples were separated on a 30 m X 0.25 mm HP-5 MS column. The column 

temperature was initially held at 50 °C for 2 min, and then the temperature was raised to 300 

°C at a rate of 25 °C/min and held for 5 min. The total run time was 17 min. The injector 

temperature was maintained at 300 °C, and the injection volume was 1.0 µL in the split mode. 

Gas chromatograms for CO detection were recorded using a Varian CP-3800 gas 

chromatograph with helium as the carrier gas and a 3 m X 2 mm packed molecular sieve 13X 

80-100 column. The gases were detected using a thermal conductivity detector (Varian) 

operated at 150 °C. CHN analyses were measured on an Elementar Vario El machine. 

Chemicals were purchased from Merck, Sigma Aldrich, Fluka, Acros, Lancaster, or Sterm and 

used without further purification. Phosphatases were purchased from Sigma Aldrich as follows: 

phosphatase, alkaline from bovine intestinal mucosa, buffered aqueous solution, 2000-4000 

DEA units/mg of protein (Sigma); phosphatase, acid from wheat germ, ≥0.4 unit/mg of solid 

(Sigma); phosphatase, alkaline from porcine intestinal mucosa, ≥1 unit/mg of solid (in glycine 

buffer) (Sigma). 

General procedure for CO-release measurements in the presence of Oxygen 

(GC) 

All reactions were performed in 10mL headspace vials (BGB-analytics, Cat. No. 200410-F). 

Prior to the detection of CO release a calibration was done. Calibrations were carried out with 
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the solvent mixture (phosphate buffer (1 mL, (0.1 M, pH 7.4)) and DMSO (0.2 mL)) that was 

used for the CO-release experiments. For the CO calibration, the consumption of oxygen had 

to be included. For this purpose, the reaction vial was filled with the solvent mixture and 

completely degassed with nitrogen. Afterwards, 21% of the gas volume was replaced by oxygen 

to generate the composition of air (2.250 mL). To generate gas mixtures that are formed when 

a particular amount of O2 is consumed in the course of the CO release, the volume of added 

oxygen was decreased by the amount that is theoretically needed for the release of the added 

CO. For the monitoring of the enzyme-triggered CO release, the particular complex (36 µmol) 

was dissolved in phosphate buffer (1.2 mL, (0.1 M, pH7.4)). The particular enzyme (15 mg of 

PLE or 20 mg of LCR) was added and the vial was closed with a rubber vial cap. The reaction 

mixture was stripped at 37 °C. From time to time samples (50 µL) were taken and the CO 

release was quantified. The half-life times were determined directly from an exponential fit of 

the CO release (first or second order). The same procedure was repeated without enzyme for 

every complex, but there virtually was no CO release without enzyme. 

Cells and Cell Culture 

Murine macrophages, RAW 264.7, were grown in RPMI medium supplemented with 10% (v/v) 

heat inactivated fetal calf serum and 2 mM glutamine. Macrophages were cultured at 37 °C in 

humidified air containing 5% CO2. 

Human umbilical vein endothelial cells (HUVECs) were isolated from fresh umbilical cords as 

described previously. The cells were grown in basal endothelial medium supplemented with 

10% FBS and essential growth factors until thez formed a confluent monolayer.  

Human proximal tubular epithelial cells (PTECs) were obtained from surgical nephrectomy 

specimens following the methods described by Detrisac et al. The cells were cultured in serum-

free Dubelco’s modifies Eagle’s medium (DMEM)/Ham’s F12 medium (both from Seromed 

Biochem, Berlin, Germany) in 1:1 ratio. The medium was supplemented with insulin (5 μg/mL), 

transferrin (5 μg/mL), triidothyronine (4 pg/mL), and epidermal growth factor (10 ng/mL) (all 

from Sigma Aldrich, Germany). After outgrowth of PTEC from explanted renal cortical 

remnants, which generally occurred within 7-10 days, cells were washed, trypsinised, and 

subcultured in tissue flasks.  
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Determination of cell Viability by MTT Assay in RAW264 

Cell viability was evaluated by determining the mitochondrial function of living cells on the 

basis of their ability to reduce a yellow dye, the tatrazolium salt 3- (4,5-dimethylthiazol-2-yl-)-

2,5-diphenyltetrazolium bromide (MTT), into violet formazan by mitochondrial 

dehydrogonases. Stocj solutions of test compounds were prepared in EtOH (40 and 400 mM) 

and stored at °C. Test concentrations were freshly prepared by diluting the stock solution 

inculture medium, and the final concentration of EtOH in the medium was ≤0.25%. Ceöös (5 x 

103/well) were plated into 96-well plates and allowed to attach for 24hrs. The test compounds 

were added to wells in several concentrations (100-1 and 1000-25 µM) in the presence and 

absence of LPS (10 ng/mL) and incubated for 20hrs. The total assay volume was 10 µL. 10 µL 

of a 4 mg/mL MTT solution in PBS was added to each well. After 4hrs the culture medium was 

removed and 100 µL of 10% SDS solution in water was put into each well to solubilize the 

formazan product. The absorbance was measured at 550 nm with a microplate reader 

(Multiskan Spektrum, Thermo) after 24 hrs incubation in the dark at room temperature. Every 

test was performed in triplicates and all experiments have been repeated at least four times.  

Determination of cell viability in HUVEC and PTEC 

HUVEC and PTEC were cultured in 96-well plates until confluence. Thereafter the cells were 

cultured for 24 hrs in the presence of different concentrations (500-15 µM) of the compounds. 

Hereafter 10 µL of a 4 mg/mL MTT solution in PBS was added to each well. After 4hrs the 100 

µL of 10% SDS solution in water was put into each well to solubilize the formazan product. 

The absorbance was measured at 550 nm with a reference wavelength at 690 nm with a 

microplate readerafter 24 hrs incubation at 37 °C. Cell viability was also assessed by means of 

trypan blue exclusion. HUVEC or PTEC were cultured until confluence and thereafter were 

treated with 100 µM of each compound. Cell viability was expressed as percent viable cells 

relative to the untreated cells. All experimental conditions were tested in triplicate in at leasr 

four different experiments.  

Determination of tolerance to hypothermic injury  

Tolerance to hypothermia-associated cell damage was assessed by means of a lactate 

dehydrogenase (LDH) release assay. Cells were seeded in 24-well plates and grown until 

confluence. The medium was replaced by phenol-red-free medium, and the plates were placed 

on ice for 24 hrs at 4 °C. ET-CORMs were added to the preservation medium without prior 

treatment. Cell damage was then assessed by determining LDH release in the supernatants 
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according to the manufacturer’s instructions (Roche Diagnostics). All measurements were 

performed in triplicate in four different experiments. 

Determination of Cell proliferation by crystal violet staining 

Crystal violet was used to stain the nuclei of cells. The photometricallly measured intensity of 

the dye directly correlates with the number of cells (ref.). In accord with the MTT assays, cells 

were seeded in 96-well plates at a density of 5 x 103 per well and cultured for 24 hrs. Then, the 

cells were incubated for another 24 hrs with medium supplemented with the compounds and 10 

ng/mL of LPS (Escherichia coli serotype 111:B4, Sigma). Controls received only culture 

medium with LPS or solvent LPS, respectively. Afterwards, the supernatants were removed 

and cells were stained with 30 µL of crystal violet solution (0.5% crystal violet in 20% 

methanol) per well for 10 min. The crystal violet solution was remoived, and then cells were 

washed twice with 200 µL of water and air-dried overnight. Afterward, crystal violet was 

solubilized by addition of EtOH/Na citrate solution (EtOH + 0.1 Μ Νa citrate, (v/v) 1/1) per 

well and absorbance was determined at 560 nm.  

Measurement of Nitrite production by Gries assay 

To determine the anti-inflammatory activity of the compounds, the inhibition of a pro-

inflammatory protein, i.e. iNOS was measured by determining nitrite accumulation in the 

culture medium as an indicator of nitric oxide production in the macrophages. To this end Griess 

method was used. RAW264.7 macrophages (8 x 104 cells/well) were plated in 96-well plates, 

allowed to attach for 24 hrs, and stimulated with LPS (10 ng/mL) in the presence or absence of 

the compounds to be tested (100-1 µM) for 24 hrs. As a negative control cells were incubated 

with test compounds only. Then, the culture medium was collected (50 µL/well), mixed with 

an equal volume of Griess reagent (0.1 % NED (N-1-naphthylethylenediamine 

dihydrochloride), 1% sulfanilamine, 0.35% phosphoric acid and water), and incubated for 15 

min at room temperature. The absorbance was measured at 560 nm. The nitrite content was 

determined using sodium nitrite as a standard. Every test was performed in quadruplicate, and 

all experiments were repeated four times.  

Western blotting 

HUVEC cell lysates were generated by lysing in lysis buffer (10 mM Tris, 2% SDS, 0.5% 

beta-mercaptoethanol) (all from Sigma-Aldrich, St. Louis, MO). Protein concentrations were 

measured using Coomassie-Reagent (Pierce, Rockford, USA). Samples (20 µg protein extract) 
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were heated to 95 °C for 5 minutes, loaded and separated on 10% SDS-polyacryamide gels 

followed by semi-dry blotted onto PVDF membranes (Roche, Mannheim, Germany). The 

membranes were blocked with blocking buffer (5% w/v non-fat dry milk in TBS/Tween 0.5%) 

and incubated overnight at 4 °C, with polyclonal anti-VCAM-1 (R&D Systems, Wiesbaden, 

Germany). Subsequently, the membranes were thoroughly washed with TBS-Tween and 

incubated with the appropriate horseradish peroxidase conjugated secondary antibody 

(Jackson ImmunoResearch, Baltimore, MD). Proteins were visualized using enhanced chemo 

luminescence technology, according to the manufacturer’s instructions (Pierce, Rockford, IL). 

To confirm equal protein loading, membranes were stripped and re-probed with monoclonal 

anti-GAPDH antibody (Abcam, Cambridge, UK). 
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Results  

a. Acyloxy-diene-Fe(CO)3 Complexes with variable chain lengths 

Structural characteristics of ET-CORMs 

In the first part of the present study two groups of ET-CORMs were tested. The first group 

(type I) consists of ET-CORMs that harbour the acyloxy chain at the inner position of the diene 

unit. The second group (type II) consists of ET-CORMs with the acyloxy chain at the outer 

position of the diene moiety. In each group ET-CORMs differ on the length of the aliphatic side 

chain R (Table 1). 

 Table 1: ET-CORMs tested in the first part of this study 
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Detection of CO release 

CO liberation was monitored in the presence of pig liver esterase (PLE) and lipase from 

Candida rugosa (LCR), using two different techniques: (1) the myoglobin (Mb) assay (2) 

headspace gas chromatography (GC), which also allows to quantify the amount of released CO. 

The results of the CO release study performed with complexes rac-10a-f and rac-13a-f are 

summarized in Table 2.  

 

Table 2: Detection and quantification of enzyme-triggered CO release from various of acyloxydiene-

Fe(CO)3  through a the UV-based myoglobin assay and b by GC monitoring (PLE: pig liver esterase, LCR  : 

lipase from Candida rugosa) 

 

 

 

 

 

 

 

 

 

 

 

 

The relative kinetics of the complexes of type I (Figure 4a) and of type II (Figure 4b) are 

depicted in Figure 4. These data, reveal the following trends: (A) All complexes of type I (i.e. 

rac-10) (Figure 4a) showed a more or less linear time dependency of the amount of CO released, 

with the exception of the acetate rac-10a, which almost instantly released the first equivalent 

of CO. The rate of CO release depended significantly on the length of the aliphatic ester chain. 



Synthesis and characterization of ET-CORMs 

79 

While the palmitate rac-10f reacted most slowly (liberating only small amounts of CO even 

after prolonged reaction times), the relative CO releasing rates of the other complexes did not 

correlate with the chain lengths. For instance, the hexanoate (rac-10c) was slightly faster than 

the octanoate (rac-10d) and the laurate (rac-10e) while the butyrate (rac-10b) proved to react 

much slower. (B) Complexes of type 2 (i.e. rac-13) (Figure 4b) generally reacted much faster. 

As a characteristic pattern, all these complexes exhibited a nonlinear time dependency of CO 

release. With the exception of the longer chain esters rac-13e and rac-13f these complexes 

almost instantly released about two equivalents of CO before the reactions continued to proceed 

much slower with only minor differences in the relative rates. The acetate (rac-13a) reacted 

slightly slower as compared to the octanoate (rac-13d) and the hexanoate (rac-13c). 

 

 

Figure 4: Monitoring the enzyme-triggered CO release by headspace GC: A: from ET-CORMS of type I 

(rac-10) using PLE; B: from ET-CORMs of type II (rac-13) using LCR. 

 

Biological Activity 

Because CO is able to down-regulate VCAM-1 expression and is able to protect endothelial 

cells against hypothermia mediated cell damage, the biological activity of ET-CORMs of both 

series (rac-10 and rac-13) was assessed with respect to their cytotoxicity, their efficiency to 

protect human umbilical vein endothelial cells (HUVEC) against hypothermia associated cell 

damage, and their ability to inhibit TNF-α mediated VCAM-1 expression. Cytotoxicity was 

assessed by means of MTT assay. According to the cytotoxicity profiles of both types of ET-

a. b. 
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CORMs (I and II, Figure 2) a decrease in cytotoxicity could be observed by elongation of the 

carbon chain at the ester function (Figure 5 

  

 

 

Figure 5: Cytotoxicity of ET-CORMs. Cell toxicity was assessed by means of MTT. HUVEC were grown in 

96 well plates until confluence and subsequently stimulated for 24 h with concentrations at 100 µM. 

Not treated cells (Medium) served as control. (a) Cell toxicity of ET-CORMs of type I: rac-10b, rac-10c, 

rac-10d and rac-10e. (b) Cell toxicity of ET-CORMs of type II: rac-13b, rac-13c, rac-13d, and rac-13e. 

The results of a representative experiment are depicted. Four independent experiments have been 

performed with essentially the same results. 

 

The position of the ester function in the diene moiety has also a clear influence on cytotoxicity. 

In fact, with the exception of rac-13e, complexes of type II with the ester position at the outer 

position (rac-13b-d) are more toxic than complexes of type I (rac-10a-e) where the ester 

function is located at the inner position (Figure 5). 

In our previous studies we demonstrated that rac-1 was able to protect endothelial cells against 

hypothermia-induced damage [238]. In a similar fashion, complexes of type 1 (rac-10a, rac-

10b and rac-10c) were found to protect endothelial cells against hypothermic damage (Figure 

6). As a trend, elongation of the carbon chain (rac-10e) seems to decrease the propensity of the 

complexes to protect endothelial cells. In contrast, none of type II (rac-13a-e) complexes 

exhibited protective properties.  

a. b. 
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Figure 6: Abitity to protect against cold-inflicted injury. Inhibition of hypothermic damage was 

assessed by lactate dehydrogenase release (LDH). HUVEC were cold stored at 4 °C for 24 h in the 

presence of different ET-CORMs (100 µM). Not treated cells (Medium) served as control. The results of 

a representative experiment are depicted. Four independent experiments have been performed with 

essentially the same results. 

 

We next investigated the ability of ET-CORMs to inhibit TNF-α mediated VCAM-1 expression 

With the exception of rac-10e all compounds related to type I (rac-10a, rac-10b, rac-10c, 

rac-10d) were able to inhibit TNF-α mediated VCAM-1 expression. For the type II related 

compounds, only rac-13e was tested as all other type II related compounds were toxic even 

when lower concentrations were used. Similar as shown for most of the type I related 

compounds rac-13e also inhibited TNF-α mediated VCAM-1 expression. Inhibition of VCAM-

1 expression was paralleled by induction of heme oxygenase HO-1 (Figure 7).  
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Figure 7: Ability to inhibit TNF-α mediated VCAM induction. HUVEC were treated for 24 hrs with 75 

μM rac-10a, rac-10b, rac-10c and with 100 μM rac-10d, rac-10e, rac-13e in the presence of TNF-α 

(50 ng/ml). Cells not stimulated (-) or stimulated with TNF-α alone served as control. rac-10a, rac-10b, 

rac-10c and rac-10d, and rac-13e inhibit VCAM-1 induction and induce HO-1 expression. Depicted is a 

representative Western blot. To confirm equal protein loading, membranes were re-probed with 

monoclonal anti-β-actin antibody. The 75 µM concentration for some of the ET-CORMs was chosen as 

in previous experiments toxicity was observed at 100 µM when the cells were stimulated with TNF-a. 
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b. Iron Dienylphosphate Tricarbonyl Complexes  

 

CO release 

To investigate their enzyme-triggered CO-releasing properties, the complexes rac-17 and rac-18 were 

stirred with four different commercial phosphatases (alkaline phosphatase from bovine intestinal 

mucosa, alkaline phosphatase from porcine kidney, acid phosphatase from potato, and acid 

phosphatase from wheat germ) and without phosphatase (control) at 37 °C. The (phosphatase-

triggered) CO release was then monitored by headspace GC. The detected CO-release from rac-17 and 

from rac-18 is shown in Figure 8 left and right respectively. 

 

Figure 8: CO release. CO-release from rac-17 (left) and of rac-18 (right) as a function of time.  without 

phosphatase; alkaline phosphatase from bovine intestinal mucosa;  alkaline phosphatase from porcine 

kidney;  acid phosphatase from potato;  acid phosphatase from wheat germ. 

 

Without enzyme and in the presence of alkaline phosphatases from bovine and porcine, no significant 

CO release was detected from rac-17. However, the plant phosphatases (from wheat germ or potato) 

clearly induced a CO-release. The investigation of rac-18 revealed the same trends with the difference, 

that a slow CO-release without enzyme was observed in this case as well as with the bovine and porcine 

enzymes (Table 3, Figure 8 right).  
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Biological activity 

Having demonstrated the general ability of the water-soluble complexes rac-17 and rac-18 to act as 

phophatase-triggered CO-releasing molecules we next turned our attention to study their biological 

activity using different cell lines. To this end, cytotoxicity, inhibition of VCAM-1 and induction of 

HO-1 were assessed. Both compounds did not display any toxicity against human umbilical vein 

endothelial cells (HUVEC) or renal proximal tubule epithelial cells (PTEC) (data not shown). They 

were not also able to induce HO-1 or to inhibit TNF-α-mediated VCAM-1 expression (data not shown). 

The biological effects of the compounds were also assessed in the murine macrophage cell line 

RAW264.7 by determining their influence on (1) the cell viability (Figure 9, left graphs and Table 3) 

and (2) the lipopolysaccharide (LPS)-induced production of NO by iNOS (Figure 9, right graphs).  

 

Table 3: Overview of data gained with LPS-stimulated RAW264.7 murine macrophages. The IC20 value 

expresses a reduction of the cell viability of 20% as determined by the MTT assay. The inhibition of NO-

production is measured with the Griess assay. 

a no statistically significant inhibition was found. 
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Figure 9: Cell viability and influence of ET-CORMs on NO-production. Results of the in vitro assays performed 

with RAW264.7 cells stimulated for 24 h with 10 ng/mL of LPS together with different concentrations of rac-17 

and rac-18. Charts on the left side refer to cell viability tests with MTT. Charts on the right display the influence 

of ET-CORMs on NO-production (Griess assay). Data represent at least four independent experiments 

performed in quadruplicates. Levels of significance: * p ≤ 0.05, ** p ≤ 0.01.

a. 

b. 
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Discussion 

 

In summary, we have synthesized eight new acyloxy iron carbonyl complexes through a simple 

and convenient route and we have characterized them. In the course of our study, using the Mb-

essay and headspace GC-monitoring, we proved that all of the described complexes are active 

and efficiently release CO molecules by enzymatic cleavage of their ester function. The results 

of the CO release study might be rationalized in the following fashion:  

 With the exception of the acetate rac-10a the enzymatic cleavage of complexes of type 

I (rac-10x) occurs with a similar (comparably slow) rate as the subsequent 

decomposition connected to CO liberation.  

 Compounds of type II (rac-13x) are rapidly cleaved by the enzyme (LCR) under the 

chosen conditions, with the exception of the long chain compounds rac-13e and rac-

13f, which react a bit slower. The resulting dienol complex intermediate then almost 

instantaneously decomposes under release of two equivalents of CO. The third 

equivalent of CO is then liberated much slower (if at all) which may indicate a stabilized 

intermediate still containing one CO unit. 

While future investigations will have to prove (or disprove) these assumptions, the observed 

differences of the CO releasing properties of the complexes are connected to pronounced 

differences in their biological activities. Regarding cell-mediated toxicity by these compounds 

we found that the position of the ester function in the diene moiety has a clear influence on 

cytotoxicity and particularly complexes of type II with the ester position at the outer position 

(rac-13b-d) are more toxic than complexes of type I (rac-10a-e) with the ester at the inner 

position. In addition we also observed a decrease in cytotoxicity by elongation of the carbon 

chain at the ester function. This remarkable observation of the biological activity of ET-CORMs 

regarding to structural changes can be explained by the relative rate and quantity of released 

CO from ET-CORMs with bulky or large substituents at the ester function as described above. 

Apparently, the rate of ester hydrolysis can be essential for the toxicity and for diverse 

biological effects. Thus, the larger (more lipophilic) or bulkier substituents in the ester function 

induced the slowest hydrolysis and as a result a reduction of toxicity. This may also explain 

why rac-13e displayed much lower toxicity compared to the related ET-CORMs of type II, as 

rac-13e exhibited also the slowest hydrolysis. 
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In respect to the ability of these compounds to protect against cold-inflicted injury we found 

that all type I ET-CORMs with the exception of rac-10a were able to confer cytoprotection 

whereas none of type II ET-CORMs did. Although it can be argued that the higher toxicity of 

type II may mask the protective effect of released CO, it should be emphasized that even the 

non-toxic rac-13e did not protect HUVECs against cold preservation injury. 

The ability of the compounds to inhibit TNF-a-mediated VCAM-1-induction was paralleled by 

their propensity to induce HO-1 expression.  

In the second part of this study, we introduced phosphoryloxy-substituted (cyclohexadiene) Fe 

(CO)3 as potentially water-soluble ET-CORMs. These compounds exhibited reasonable water 

solubility and showed the expected CO-releasing properties on activation by means of different 

commercial acid phosphatases, derived from plants. Compounds rac-17 and rac-18 were not 

active in HUVEC or PTEC with respect to their ability to inhibit TNF-α mediated VCAM-1 

induction or to induce HO-1 expression, which  may result from a lack of suitable phophatases 

in these cells or limited cellular uptake. Nevertheless, rac-17 induced a moderate inhibition of 

NO-production in RAW264.7 cells. Compared to the related acyloxy-diene-Fe(CO)3 complexes 

[137, 238] the decreased toxicity of the phosphate complexes and their ability to release nearly 

three equivalents of CO are potential advantages. While the results disclosed can be regarded 

as a first proof of concept, future work will focus on the development of more active 

compounds. This might be achieved by variation of the diene ligand and by preparation of 

completely deprotected compounds such as 4 and 5. Encouraged by the activity in only one of 

three cell lines investigated, the phosphatase-triggered compounds also represent promising 

leads for the development of cell-specific ET-CORMs which so far are unknown. 
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