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Abstract: Protease-triggered CO-releasing molecules
(CORMs) were developed. The viability of the approach was
demonstrated through the synthesis of compounds consisting
of an h4-oxydiene–Fe(CO)3 moiety connected to a penicillin G
amidase (PGA)-cleavable unit through a self-immolative
linker. The rate of PGA-induced hydrolysis was investigated
by HPLC analysis and the subsequent CO release was
quantitatively assessed through headspace gas chromatogra-
phy. In an in vitro assay with human endothelial cells, typical
biological effects of CO, that is, inhibition of the inflammatory
response and the induction of heme oxygenase-1 expression,
were observed only upon co-administration of the CORM and
PGA. This work forms a promising basis for the future
development of protease-specific CORMs for potential medic-
inal applications.

For a long time, carbon monoxide (CO) was considered to
be just a toxic gas that inhibits oxygen transport by red blood
cells. However, in the past decade, CO has been identified as
an essential biological signaling molecule, which is endoge-
nously produced in humans mainly in the course of heme
oxygenase (HO)-catalyzed heme degradation.[1] Given its
pronounced anti-inflammatory, cytoprotective, and anti-
hypertensive activity, CO has great therapeutic potential.[2]

However, the pharmacological use of gaseous CO is ham-
pered by a high risk of intoxication and a lack of tissue
selectivity.[2f,g] To circumvent these problems, CO-releasing
molecules (CORMs), mainly based on transition-metal car-
bonyl complexes, have emerged as potential tools for the
in vivo administration of CO.[2a, 3] While the first generation
CORMs liberate CO (more or less spontaneously) through
ligand exchange, there is a demand for CORMs that release
CO in vivo in a controlled (preferentially triggered) fashion.
As a possible solution, photoactivated CORMs (photo-

CORMs)[4] and pH-sensitive CORMs[5] have been developed.
Recently, Zobi and co-workers produced a photo-CORM
with improved pharmacological properties by conjugating
CORM-1 ([Mn2(CO)10]) to vitamin B12.

[6]

As a different approach to the development of tissue- or
cell-specific CORMs, we recently introduced h4-acyloxycy-
clohexadiene–Fe(CO)3 complexes as enzyme-triggered
CORMs (ET-CORMs).[7] These compounds release their
CO load after activation by a hydrolytic enzyme. The
proposed mechanism of CO release is depicted in Scheme 1.

Upon enzymatic cleavage by an esterase, a dienyl ester
complex (of type 1; FG = acyl) is converted into a highly
labile dienol–Fe(CO)3 complex intermediate 2, which dis-
integrates even under slightly oxidative conditions to afford
up to three molecules of CO, as well as a ferric cation (Fe3+)
and the dienone ligand 4.

Having demonstrated the feasibility of the ET-CORM
concept with either esterases/lipases or phosphatases as
triggers for CO liberation, the development of ET-CORMs
activated by specific proteases (peptidases) remained an
important challenge since such compounds would enable
selective CO delivery to cells displaying enhanced expression
of specific proteases.[8] Notably, the up-regulation of proteo-
lytic enzymes is known to be associated with diseases like
cancer, rheumatoid arthritis, neurodegenerative disorders,
and cardiovascular disorders,[9] all of which are potential
targets for CO-based therapy.[2b,f]

The direct attachment of an enzyme-cleavable amide
bond to the diene–Fe(CO)3 moiety didn’t appear too promis-
ing because of the difficult synthetic access and the expected
instability of such structures. Moreover, since proteases are
much more substrate-specific in comparison to esterases, we
reasoned that a close spatial proximity of the amide bond to
the bulky and hydrophobic organometallic fragment might
hamper hydrolytic cleavage. Therefore, we propose a general

Scheme 1. Proposed activation mechanism of enzyme-triggered CO-
releasing molecules (ET-CORMs) of type 1.
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tripartite structure for the protease-activated ET-CORMs
comprising 1) a peptidase-specific (oligo-) peptide (the
“specifier”), 2) a self-immolative linker,[10] and 3) an oxy-
cyclohexadiene–Fe(CO)3 moiety (Figure 1). After enzymatic

cleavage of the specified peptide bond, spontaneous linker
elimination would generate the dienol–Fe(CO)3 complex
intermediate (2), which then undergoes oxidation concom-
itant with the release of CO. Besides offering the possibility to
employ different specifiers, this architecture has the advant-
age that the CO-release kinetics can be fine-tuned through
variation of either the self-immolative linker or the diene–
Fe(CO)3 unit. Moreover, the remote positioning of the
enzyme-cleavable bond relative to the organometallic
moiety should prevent disturbances of the enzymatic hydrol-
ysis step and also suppress kinetic resolution of the “racemic”
iron complex unit during the enzymatic reaction. The
necessity to control the absolute configuration of the planar
chiral diene–Fe(CO)3 moiety can thus be eliminated.

For the proof-of-concept studies reported herein, we
selected a p-aminobenzyl (PABA)[11] and a “diamine”[12]

linker, which differ both in the mechanism of self-immolation
(elimination or cyclization) and in the functional group (ether
or carbamate) connected to the oxydiene–Fe(CO)3 moiety
(Scheme 2).

As a model protease specifier, we chose the phenyl-
acetamide unit, which is reliably recognized and cleaved by
penicillin G amidase (PGA).[13] Based on these considera-
tions, four compounds (rac-9 to rac-12) bearing the oxy
substituent either at the “outer” or the “inner” position of the
diene–Fe(CO)3 unit were designed (Figure 2).

First, the isomeric TIPS-protected dienol–Fe(CO)3 build-
ing blocks rac-13 and rac-14 were prepared from cyclo-
hexenone (4) as previously described (Scheme 3).[7c]

The synthesis of rac-9 commenced with the conversion of
p-aminobenzylic alcohol (7) into the phenylacetamide 15 and
subsequent conversion of the benzylic alcohol into a bromide
(16) under Corey–Kim conditions[14] (Scheme 4). After pu-

rification, 16 was reacted with the dienolate–Fe(CO)3complex
rac-17, which was generated in situ from rac-13 with TBAF/
NaH in THF, to smoothly afford rac-9.

The synthesis of rac-10 as the second target structure was
attempted under the same conditions. However, when 16 was
reacted with the dienolate–Fe(CO)3 complex rac-18 (gener-
ated in situ from rac-14), only compounds 19–21 were formed
as major products, while no traces of rac-10 could be isolated
(Scheme 5). Other attempts to achieve the synthesis of rac-10

Figure 1. General design of protease-activated ET-CORMs.

Scheme 2. General structures and cleavage pathways of peptidase-
activated ET-CORMs containing self-immolative linkers.

Figure 2. Target complexes rac-9 to rac-12, which contain a PGA-
cleavable moiety.

Scheme 4. Synthesis of rac-9. a) Phenylacetyl chloride, pyridine,
CH2Cl2/DMF (8:1, v/v), RT, 12 h. b) NBS, Me2S, CH2Cl2, 0 88C to room
temperature, 12 h. c) TBAF, NaH, THF, 0 88C, 10 min. d) THF, 0 88C to
RT, 1 h. DMF=N,N-dimethylformamide, NBS= N-bromosuccinimide,
TBAF = tetrabutylammonium fluoride.

Scheme 3. Synthesis of starting complexes rac-13 and rac-14 according
to Ref. [7c]. a) LDA, THF, ¢78 88C, 1 h; then (iPr)3SiOTf, ¢78 88C to RT,
1 h. b) [Fe2(CO)9] , Et2O, reflux, 16 h. c) LiHMDS, TPPA, THF, ¢78 88C,
1 h; then (iPr)3SiOTf, ¢78 88C to room temperature, 1 h. LDA= lithium
diisopropylamide, THF = tetrahydrofuran, LiHMDS= lithium hexame-
thyldisilazane, TPPA= tripyrrolidinophosphoric acid triamide.
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by using TPPA as a cosolvent or by employing different
electrophiles (such as the mesylate or the trichloroacetimi-
date derived from 15) also failed.[15]

Next, we turned our attention to the synthesis of the
carbamate target molecules rac-11 and rac-12. For this
purpose, N-methyl-ethylenediamine was first converted into
the amide 24 through regioselective monoacylation with
methyl phenylacetate in the presence of 1,5,7-triazabicyclo-
[4.4.0]dec-5-ene.[16] The target complexes rac-11 and rac-12,
were then obtained through the reaction of 24 with the mixed
carbonates rac-22 and rac-23 (generated from rac-13 and rac-
14), respectively, through desilylation with TBAF and trap-
ping the in situ formed dienolate complexes with p-nitro-
phenyl chloroformate. Both target compounds (rac-11 and
rac-12) were obtained in good yield in a three-step one-pot
sequence (Scheme 6).

The final goal of our study was to probe the ability of the
prepared compounds (rac-9, rac-11, and rac-12) to release CO
upon activation by PGA. The enzyme-triggered reaction
cascade comprises three steps, which all are expected to
contribute to the overall rate of carbon monoxide generation.
These are 1) enzymatic hydrolysis of the phenylacetamide
unit, 2) linker self-immolation to form the sensitive dienol–
Fe(CO)3 intermediate, and 3) oxidation-induced disintegra-
tion of the latter to release CO.

The rates of PGA-mediated hydrolysis and linker self-
immolation for rac-9, rac-11, and rac-12 were investigated by
reversed-phase HPLC analysis. For this purpose, a solution of
the studied compound (1 mmol) in DMSO (100 mL) was added
along with PGA (4 mL for rac-9 ; 2 mL for rac-11 and rac-12) to
degassed SorensenÏs phosphate buffer (50 mm, pH 7.8,
1.9 mL) preheated to 37 88C. The reaction mixture was stirred
at 37 88C for 24 h and aliquots were taken occasionally for
analysis (see the Supporting Information). In control experi-
ments performed under identical conditions, none of the
compounds underwent any hydrolysis within 24 h in the
absence of the enzyme. In the case of rac-9, three peaks
corresponding to the starting material, the deacylated inter-
mediate rac-25, and the dienol–Fe(CO)3 complex rac-2 were
observed in the presence of PGA (Figure 3). This allowed us
to monitor the concentration changes for all three species in
a time-resolved manner (Figure 4). The half-life of rac-9 was
5 h under these conditions.

As shown in Figure 4, the rates of enzymatic hydrolysis
and linker self-immolation are comparable, with both con-
tributing to the rate of rac-2 formation from rac-9. Notably,
HPLC measurements with a chiral stationary phase indicated
only minor kinetic resolution during the enzymatic hydrolysis
of rac-9, with a maximum of 6% ee (9/ent-9) after 1 h.

In contrast to rac-9, both PGA-mediated hydrolysis and
subsequent linker immolation were found to be rapid for rac-

Scheme 5. Attempted synthesis of rac-10. a) TBAF, NaH, THF, 0 88C,
10 min. b) THF, 0 88C to RT, 24 h.

Scheme 6. Synthesis of complexes rac-11 and rac-12. a) TBAF, THF,
0 88C, 10 min; then 4-nitrophenyl chloroformate, 0 88C, 40 min. b) THF,
pyridine, 0 88C to RT, 12 h.

Figure 3. HPLC chromatogram of the PGA-catalyzed hydrolysis of rac-9
after incubation for 6 h. Peaks 1, 2, and 3 correspond to the
compounds rac-9, rac-25, and rac-2 respectively.

Figure 4. Monitoring PGA-catalyzed hydrolysis and linker elimination
for compound rac-9 by RP-HPLC.
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11 and rac-12 under the standard conditions. For both of these
substrates, a complete conversion to rac-2 (or the respective
external isomer) was observed within 10 min and no inter-
mediate could be detected by HPLC analysis.

Quantitative assessment of CO release from rac-9, rac-11,
and rac-12 associated with cleavage of the amide bond was
performed by using headspace GC (for details, including the
calibration procedure, see the Supporting Information). To
ensure the build-up of sufficiently high concentrations of CO
in the gas phase, the reactions were performed at higher
concentrations. A solution of the studied compound
(10 mmol) in DMSO (100 mL) was added along with PGA
(40 mL for rac-9 and 20 mL for rac-11 or rac-12) to SorensenÏs
phosphate buffer (50 mm, pH 7.8, 1.9 mL) preheated to 37 88C
in a 10 mL GC vial. After sealing the vial with a rubber
septum, the mixture was stirred at 37 88C for 96 h and the gas
phase was periodically sampled for analysis.

While control experiments clearly showed that no CO was
generated in the absence of added enzyme, PGA-triggered
CO release could be clearly detected for all three substrates.
Interestingly, the release of CO from rac-9 proceeded at
a comparably slow rate compared to the substrates containing
a diamine linker (rac-11 and rac-12 ; Figure 5).

Having proven the general ability of rac-9, rac-11, and rac-
12 to act as PGA-triggered CO-releasing molecules, we next
probed whether such compounds also produce CO-associated
biological effects in vitro. For this purpose, human umbilical
vein endothelial cells (HUVECs) were stimulated with the
pro-inflammatory cytokine TNF-a and the ability of rac-9
(12.5 mL) to alter the expression of vascular cell adhesion
molecule-1 (VCAM-1) and heme oxygenase-1 (HO-1) with/
without the addition of PGA as a trigger enzyme was assessed
by western blot analysis.[17]

Effective inhibition of VCAM-1 expression as well as
induction of HO-1, was observed only in the presence of both
rac-9 and PGA, while in the control experiments (with TNF-
a alone or with TNF-a/rac-9 in the absence of PGA) a normal
inflammatory response was observed (Figure 6). Notably, rac-
9 did not display significant levels of cytotoxicity towards
HUVECs at the concentration used (half maximal effective
concentration (EC50)> 50 mm).

In conclusion, with the aim of developing protease-
triggered CORMs, we designed and successfully synthesized
a first series of oxydiene–Fe(CO)3 complexes with a PGA-
cleavable side chain connected to the organometallic unit
through either a p-aminobenzyl (rac-9) or a N-methyl-1,2-
ethylenediamincarbonyl unit (rac-11, rac-12) as a self-immo-
lative linker. As a proof of concept, we demonstrated that
upon amidase-induced cleavage of the amide bond, these
model substrates indeed undergo the expected decay, thereby
leading to the release of CO. The PGA-induced liberation of
CO was also demonstrated for rac-9 in a cell-based assay. We
are therefore optimistic that the concept disclosed herein
could be exploited for the future development of enzyme-
triggered CO-releasing molecules (ET-CORMs) with more
advanced protease specifiers, which would enable tissue-
specific CO release in response to the presence of disease-
relevant proteases. In this context, different linkers (e.g.,
elongated diamine linkers[18] or PABA units with additional
substituents[19]) might also be used to fine-tune the rate of CO
release and other pharmacological properties.

Keywords: carbon monoxide · carbonyl complexes ·
enzyme catalysis · iron · organometallic compounds
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