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Walter A. Blaẗtler,† and Carlos C. Romaõ*,†,‡
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ABSTRACT: The discovery of the biological effects of carbon
monoxide (CO) in recent years strongly suggests that CO
could find applications as a therapeutic agent. CO is a highly
toxic gas when used at industrial doses, due in part to its
binding affinity to hemoglobin. Since hemoglobin binds CO
with the highest affinity in vivo, it also constitutes a major
barrier to the delivery of CO to tissues in need of therapy. A
method of delivering CO that can bypass hemoglobin is the
use of pro-drugs or CO carriers, called CO-releasing molecules (CO-RMs) that become activated and release CO in tissues in
need of treatment. Organometallic carbonyl complexes are best suited to play the role of CO carriers, and indeed the natural CO
carrier molecules hemoglobin and myoglobin belong to this class of chemical compounds. Here we describe the preparation of
novel molybdenum CO-RMs of general formula Mo(CO)3(CNCR′R″CO2R‴)3 (R′, R″ = H, Me, iPr, CH2Ph, CO2Li,
−CH2CH2−, −CH2(CH2)3CH2−; R‴ = H, Li), which present favorable druglike characteristics, have low toxicity, and
demonstrate specific CO delivery to the liver in the treatment of acetaminophen (APAP)-induced acute liver failure in mice.

■ INTRODUCTION
Three of the most toxic gases, nitric oxide (NO), carbon
monoxide (CO), and hydrogen sulfide (H2S), are produced in
animals as biologically active factors. They act as cellular
regulators of diverse physiological and pathological processes,
such as vasodilation, inflammation, endothelial and lung
injuries, asthma, and others, as summarized in two recent
reviews.1,2 Similar regulatory pathways have been a fertile field
for drug development, and the NO, CO, and H2S pathways
should be no exception. Indeed NO has been used to treat
angina pectoris in the form of nitrate drugs for more than 100
years and is still today one of the most commonly used drugs to
treat this disease. Nitrates such as nitroglycerine are
metabolized by mitochondrial aldehyde dehydrogenases and
release the active agent NO in this process. Thus, nitrates are
NO-releasing molecules or NO-RMs,3 in analogy to the CO-
releasing molecules or CO-RMs, which have been proposed as
drugs through the pioneering work of our collaborating groups
led by Roberto Motterlini and Brian Mann.4,5 CO-RMs are
carriers of CO or pro-drugs that upon transformation release
CO as the active principle. The natural carrier of CO in animals

is the heme of hemoglobin, which reversibly binds CO through
its iron center, thus forming an organometallic carbonyl
compound named carboxyhemoglobin (COHb). COHb rids
the body of the endogenously produced CO by tightly binding
it and carrying it to the lung, where it is exchanged for oxygen,
thus preventing the accumulation of toxic levels of CO in
tissues.6 Endogenous CO is produced in the first enzymatic
step of the normal catabolism of heme. The enzyme heme
oxygenase (HO), which is present in a constitutive (HO-2) and
an inducible (HO-1) isoform, opens the porphyrin ring by
oxidatively releasing the α-methine bridge as CO.7 The
inducible isoform HO-1 is expressed at sites of injury and
rapidly destroys the otherwise toxic heme, which is released as a
consequence of cell death. The reaction produces Fe2+, CO,
and biliverdin, which is then reduced to bilirubin. Research
performed over the last two decades has clearly demonstrated
that CO is more than a mere degradation product; it serves
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important biological functions under various physiological and
pathological conditions (summarized in ref 1). Further, it has
been demonstrated in animal models that administration of CO
exogenously could replicate the salutary effects attributed to
HO-1 induction, and this has led to the evolution of CO as a
potential therapeutic.8 Inhaled CO gas results in global vascular
distribution of CO and presents a formidable barrier to tissue
distribution and penetration due to the hemoglobin of red
blood cells. Therefore, novel ways for delivering CO locally to
the sites of injury needed to be developed.9 In analogy with
nature, where CO is produced locally at the sites of injury
through the induction of HO-1, we sought to treat liver injury
with CO-RMs with preferential distribution to the liver, where
CO release is driven by metabolism of the parent compound.
Organometallic carbonyl compounds are a well-known

chemical class of metal complexes that are used primarily as
precursors to other organometallic compounds and/or
catalysts.10 Carbon monoxide binds as a ligand to most
transition metals in low oxidation states. Consequently, most
organometallic carbonyl complexes are sensitive to oxidation by
oxygen and reaction with water and, as such, are not stable
under ambient conditions (air and humidity) and are thus
incompatible with biological systems. Therefore, classical
organometallic carbonyl chemistry proceeds largely in dry
solvents and under inert atmospheres, which are essentially
orthogonal to biological systems. The main exception relates to
the [MI(CO)3L3] (M = Tc, Re) complexes, designed to be used
as radiopharmaceuticals for diagnostic and therapy proce-
dures.11 These stable complexes do not release CO and are
excreted in essentially their intact form (see ref 12 and
references therein). CO-RMs for pharmaceutical uses need to
overcome these limitations and demonstrate sufficient stability
in water and air to serve as drugs in pill form or in formulations
for intravenous or topical applications and, as such, be able to
release CO at treatment sites. Furthermore, the stabilizing non-
CO ligands (ancillary ligands) have to be of small molecular
size to ensure that the corresponding CO-RMs have a
reasonable size for drug use (MW < 500−600 g/mol).13

Using the principles derived for the design of pharmaceutical
CO-RMs briefly discussed above and detailed in a recent
review,9 we sought to generate druglike CO-RMs with
improved characteristics over the first published and widely
used water-soluble CO-RM, tricarbonylchloro(glycinato)-
ruthenium(II) or CORM-3.14 While CORM-3 had demon-
strated biological activity in several in vitro and in vivo biological
systems (reviewed in refs 1 and 15), its chemical stability, or
rather instability, in aqueous solutions excluded it from
pharmaceutical uses.16,17

We started by evaluating and choosing an appropriate metal
and its ancillary ligands. We initially considered eight transition
metals (V, Cr, Mn, Fe, Co, Mo, Ru, Re) as possible CO
carriers. Half the metals (V, Cr, Mn, Co) were rapidly
eliminated for known toxicities or for specific chemical
limitations: i.e., known compound instabilities. Other metals
(Fe, Ru, Re) were also eliminated because our initial efforts to
prepare complexes using these metals and a variety of ancillary
ligands always resulted in complexes that lacked the adequate
profiles of stability and CO release in air and/or in aqueous
solutions. Therefore, we decided to develop molybdenum-
based CO-RMs of the structure Mo0(CO)nL6−n, where we soon
found species displaying drug-like characteristics.
In fact, a systematic evaluation of several chemical classes of

ligands L compatible with zerovalent molybdenum carbonyl

complexes revealed several Mo−ligand combinations with
adequate stability profiles in air and aqueous solutions.
However, several of these more stable classes of complexes,
such as those bearing α-diimine ligands, did not permit
sufficient stability for intravenous drug formulations, a requisite
property of drugs destined for critical care settings, such as
those targeted in our acute liver failure development program.
Molybdenum carbonyl complexes with water-soluble phos-
phine ligands were often above the ideal molecular weight
range for drugs and were often toxic, particularly on cumulative
administrations. Beck and his co-workers had described the
formation of molybdenum tricarbonyl complexes with lithium
isocyanoacetate ligands that had a small molecular size and
appeared to be soluble and stable in water under ambient
conditions.18 We therefore explored derivatives of isocyanoa-
cetate ligands for the formation of molybdenum carbonyl CO-
RMs for the treatment of liver diseases. The aim was to
generate compounds that preferentially distributed to the liver
after intravenous (iv) administration and were bioactivated in
the liver, therefore delivering CO to this organ with a significant
degree of specificity.
All CO-RMs were evaluated in a murine model of

acetaminophen-induced acute liver injury. Three main reasons
contributed to this choice: (i) there is a strong medical need for
additional treatment modalities for this acute disease,19,20 (ii)
the injury is believed to have a large inflammatory component21

and strong anti-inflammatory activity has been demonstrated
for CO in various animal models of disease,22 and (iii) inhaled
CO gas had been shown to have a therapeutic effect in this
model.23

In this report we describe the preparation of a family of novel
C O - R M s o f t h e g e n e r a l f o r m u l a M o -
(CO)3(CNCR′R″COOR‴)3 which possess druglike character-
istics, are tunable to achieve liver specificity, and are efficacious
in the treatment of acetaminophen-induced acute liver failure in
mice.

■ RESULTS AND DISCUSSION
Starting with molybdenum hexacarbonyl (Mo(CO)6), we
initially considered synthesizing and characterizing the whole
series of Mo(CO)nL6−n complexes having one to five carbonyl
ligands (n = 1−5) and an isocyanoacetate derivative as the
ligand L. However, as the number of isocyanide ligands
increases, the complexes Mo(CO)n(CNR)6−n are expected to
become more electron-rich and more sensitive to oxygen and
other oxidative agents, including H+. This trend has been
described for several Mo analogues.24 Mo(CN-alkyl)6 com-
plexes, which are at the extreme end of such a series of
complexes, are readily protonated to initiate intramolecular
coupling of CN-alkyl ligands.25 In addition, a similar trend is
well documented for the whole isoelectronic Fe family
Fe(CO)nL5−n .

26 Therefore, we expected that Mo-
(CO)n(CNR)6−n complexes with low values of n would be
more prone to decomposition under aerobic, biological
conditions. This expected oxidation-sensitive profile, coupled
with the increased difficulty of synthesizing complexes with n =
1, 2, led us to focus on the study of the complexes with three to
five CO ligands.

Preparation of Mo(CO)n(CNCH2COOH)6−n Complexes
(n = 3−5) and Initial Testing for Toxicity and Activity.
The initial goal was to rapidly evaluate if the number of CO
ligands (n = 3−5) in otherwise analogous complexes had a
strong influence on biological parameters. The parameters we
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tested were in vitro cytotoxicity, toxicity in mice, and efficacy in
an acetaminophen liver injury model in mice.27 The structures
of the simplest series of such molybdenum carbonyl
isocyanoacetate derivatives are depicted in Figure 1, and their

preparation is summarized in Scheme 1. The compounds were
characterized by elemental analysis and by IR and NMR
spectroscopy. The IR spectra are in agreement with those
expected for CO complexes with M(CO)5, M(CO)4, and fac-
M(CO)3 structures, and the

1H NMR spectra are trivial and are
very similar to those of the free ligands L with respect to the
protons at the α-carbon.
The complexes ALF782, ALF785, and ALF795 can be easily

manipulated in air, although they were kept under N2 and in
the dark as a precaution. ALF782 and ALF785 are soluble (5
mg/mL) in HEPES buffer at pH 7.4, and the tricarboxylic acid
ALF795 is soluble in 0.1 M NaHCO3 at pH 8.4. They are stable
in aerobic, aqueous solutions for at least 1 h, as ascertained by
HPLC analysis.

The biological evaluation of the complexes started with an in
vitro cytotoxicity assay using human umbilical vein endothelial
cells (HUVEC) and the murine macrophage cell line
RAW264.7. However, in this short series of three homologous
compounds with different numbers of CO ligands, no
significant differences in the in vitro toxicity values were
observed toward these two types of cells (data not shown). The
compounds were then tested for in vivo toxicity in mice and
efficacy in a mouse model of acetaminophen-induced liver
injury (acetaminophen, acetyl-p-aminophenol, APAP).27 The
data are presented in Table 1 and show that the in vivo toxicity

increases rapidly with the number of CO ligands; whereas
ALF782 with five CO ligands was lethal at a single dose of 100
mg/kg, mice treated with ALF795 having three CO ligands
showed no signs of toxicity at single doses of up to 450 mg/kg
(the highest dose tested). ALF785 with four CO ligands
showed intermediate toxicity with an LD50 value of 350−450
mg/kg. The high toxicity observed for ALF782 appears to be a
characteristic of the Mo(CO)5L structure and not of the
isocyanoacetate ligand, since analogous Mo(CO)5L complexes
prepared subsequently with various other ligands L displayed
similarly high toxicities (data not shown), the exception being
[Mo(CO)5Br]NEt4.
Therefore, only compounds ALF795 and ALF785 were

further evaluated for therapeutic efficacy using a sublethal
acetaminophen liver injury model that has a time course similar
to that of the same disease in humans.27 In this model, fasted
C57Bl/6 mice are injected intraperitoneally (ip) with 300 mg/
kg of APAP, which leads to rapid hepatocellular death that can
be measured by the increased serum levels of the liver enzyme,
alanine aminotransferase (ALT). Typically about 22 h after
APAP administration, ALT levels reach a maximum and then
rapidly decline over the next 24 h to normal levels (about 30
U/L), indicating that the liver injury has recovered (see Figure
2).
We assessed the dose-dependent efficacy of ALF795 and

ALF785 in preventing APAP-induced injury using single doses
of 0.3, 3, 30, or 60 mg/kg 1 or 8 h after APAP administration,
and the effect on liver injury was determined 22 h later by
measuring serum ALT (Figure 3).
Animals treated with either ALF785 or ALF795 had

significantly lower serum ALT levels relative to vehicle-treated
animals in response to APAP. The therapeutic effect was
quantified by calculating the percent reduction in the serum
ALT levels in APAP plus CO-RM-treated animals relative to
the levels in APAP-treated control animals (Table 1). At the
highest dose tested, the reductions in ALT levels achieved with

Figure 1. Molybdenum isocyanoacetate carbonyl complexes used to
select the best Mo/CO ratio.

Scheme 1. Preparation of Mo(CO)5(CNCH2COOLi),
Mo(CO)4(CNCH2COOH)2, and
Mo(CO)3(CNCR2COOH)3 Complexes

Table 1. In Vivo Toxicity and Efficacy Data for Molybdenum
Carbonyl Isocyanoacetate CO-RMs with Various Numbers
(n) of CO Ligands

reduction in ALT in mice (%)

ALF
toxicity: LD50
(mg/kg)

0.3
mg/kg

3
mg/kg

30
mg/kg

60
mg/kg

T (h) post
APAP

795
(n = 3)

>450 16 74 78 84 1

53 69 85 85 8
785
(n = 4)

350−400 0 23 68 66 1

0 0 53 69 8
782
(n = 5)

lethal at 100 n.d.
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ALF795 and ALF785 were 84% and 66%, respectively, when
the animals were treated 1 h after APAP administration. Similar
therapeutic effects were observed when CO-RM treatment was
given later at 8 h after APAP administration (data not shown).
These initial experiments did not reveal a significant difference
in the efficacies of ALF795 and ALF785, although the former
showed somewhat higher efficacy at lower doses. The
important finding was that efficacy did not follow the toxic
behavior of the two compounds; the least toxic compound,
ALF795 with three carbonyl ligands was at least as efficacious if
not more so than ALF785 with four carbonyl ligands. On the
basis of these data we decided to generate complexes of the
fixed ligand composition Mo(CO)3L3 and to vary only the
structure of the isocyanoacetate ligand L to achieve high activity
and liver targeting of CO.
Preparat ion and Character izat ion of Mo-

(CO)3(CNCR′R″COOR‴)3 Complexes. The general structure
of the compounds prepared and tested is depicted in Figure 4
and Table 2. Only small alkyl and cycloalkyl substituents as well
as benzyl and carboxymethyl were considered for R′ and R″ to
limit the molecular weight of the molybdenum complexes to
values not much above 500 g/mol, in agreement with the so-
called Lipinski rules.13

As described above, the preparation of Mo(CO)3(CNR)3
complexes started with Mo(CO)6, which was activated by
reaction with cycloheptatriene to form Mo(CO)3(η

6-C7H8).
28

This intermediate compound was then reacted with esters (R‴
= Me, Et) of the ligands L according to Scheme 1, because the
ligands (CNCR′R″COOH) are not stable in their acid form.29

Once purified and analytically characterized, the esters of the
complexes were saponified with aqueous NaOH or LiOH
solutions and subsequently acidified with aqueous HCl or
H2SO4 to precipitate the pure tricarboxylic acids (R‴ = H).
Under carefully controlled conditions, saponification could be
effected without isolation of the ester complex, as is described
for the preparation of ALF794, ALF835, and ALF825 in the

Experimental Section. The complex ALF835 is the least soluble
of them, as a result of the hydrophobic bulk of the three
cyclohexyl moieties. For this reason, it still precipitates above
pH 4, a value that is too high to ensure protonation of all three
carboxylic acids. In fact, the solid product corresponds to the
monosodium salt, as confirmed by repeated reprecipitation and
elemental analysis. Prolonged (24 h) treatment of a suspension
of the compound in water at pH 1 did not produce the
tricarboxylic acid. In the cases of ALF824 and ALF825, the
complexes are more stable when isolated as the Li salts than as
the acids. All complexes are air stable and soluble in aqueous
solutions at the physiological pH of 7.4. We routinely
solubilized the acid complexes in water by adding 3 equiv of
NaOH and then adjusting the pH of the solution to 7.4 with
dilute HCl. These complexes are stable in such aerobic
solutions for at least 1 h, as ascertained by HPLC analysis.
All compounds (Figure 4 and Table 2) displayed the carbonyl
and CN bands in the IR spectrum expected for C3v symmetry of
fac-Mo(CO)3L3 complexes, had the expected 1H NMR signals,
and gave acceptable elemental analysis results, except for
ALF824. The compound is highly hygroscopic, and we were
unable to obtain perfect analytical data. However, the purity of
the parent triester compound and the spectroscopic data
support the proposed formulation. The CN vibrations of the
derivatives of CNCH2COOR‴ occur at wavenumbers ca. 40
cm−1 higher than those where one or two of the protons are
substituted by alkyl groups. The parallel lowering in the CO
stretching vibrations is less pronounced. Small deviations in the
elemental analysis of some compounds could be explained by
contamination with NaCl or by incomplete protonation that
happens when the tricarboxylic acids are less soluble: e.g.,
ALF835. When necessary, NaCl can be removed by repeated
precipitation or avoided by replacing HCl by H2SO4 in the
precipitation step. All compounds used for the biological tests
showed only one peak in HPLC. The complexes Mo-
(CO)3(CNCMe2COOMe)3 (ALF793) and its acid derivative
ALF794 were characterized by single-crystal X-ray diffraction.

Figure 2. Alanine aminotransferase (ALT) serum levels in fasted
C57Bl/6 mice treated with 300 mg/kg of acetaminophen (APAP) at t
= 0.

Figure 3. Evaluation of ALF795 and ALF785 efficacy in response to sublethal acetaminophen administration (300 mg/kg, ip). Mice were treated
with APAP at t = 0 and then with various ip doses of ALF795 (left) or ALF785 (right) 1 h post APAP administration and Serum ALT levels were
determined 22 h after APAP treatment. Results represent mean ± SD of n = 5 animals/group.

Figure 4. Chemical composition of Mo(CO)3(CNCR′R″COOR‴)3
complexes in Table 2.
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ALF794 and ALF793 were crystallized, and good diffracting
crystals obtained from a solution containing THF and water.
ALF794 crystallizes in the hexagonal space group R3 ̅c, whereas
ALF793 crystallizes in the monoclinic space group P2/n. Figure
5 represents views of the ALF794 and ALF793 molecules.
Detailed bond distances and angles, as well as X-ray data
statistics, are given in Tables S2−S4 (see the Supporting
Information). Crystal structures are available at the Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif.
The molecular structures of both the tricarboxylic acid

ALF794 and its triester precursor ALF793 are shown in Figure
5. Both complexes are regular octahedra, with the CO and
CNR ligands all trans to each other. The Mo−CNR, CNR,
and CO distances are almost identical in both complexes,
showing that the electronic structure is not dependent on the
substituent at the carboxylic group. In both complexes the
Mo−CNR distances (ca. 2.14 Å) are slightly longer than those
found in the bulkier Mo(CNtBu)6 complex (2.05 Å), whereas
the CN distances are shorter (ca. 1.15 vs 1.18 Å).25 Also, in
both our complexes the C−N−C(R) bonds are almost collinear
(ca. 170°), whereas there is clear bending in Mo(CNtBu)6.
Both observations indicate that back-bonding to the
CNCMe2CO2R ligands is clearly smaller than in the more
electron-rich Mo(CNtBu)6. This is in agreement with the
higher oxidative and chemical stability of ALF793 and ALF794
as compared to the very reactive Mo(CNtBu)6.
B i o l o g i c a l A c t i v i t y E v a l u a t i o n o f Mo -

(CO)3(CNCR′R″COOH)3 Complexes. All compounds are
negatively charged in solution at a physiological pH of 7.4,

and we determined that they do not enter cultured cells in vitro
(data not shown). We therefore proceeded with evaluating
their efficacy in vivo using the sublethal APAP liver injury model
described above. Limited acute toxicity testing of the
compounds in mice showed that LD50 values for iv
administration were above 250 mg/kg (value for ALF824)
and usually well above 300 mg/kg (ALF861 and ALF863 were
not tested). Therefore, in vivo efficacy tests used doses in a
range (0.3−30 mg/kg) that was much lower than these values
and even lower relative to the maximum nontoxic dose tested
(450 mg/kg) for the parent Mo(CO)3L3 compound, ALF795.
In the efficacy studies, animals were administered 300 mg/kg

of APAP at t = 0 and then treated with two ip doses of a CO-
RM at 3 and 5 h after the administration of APAP and their
serum ALT levels were measured at t = 22 h. The results are
summarized in Table 3 and show that compounds ALF795,
ALF818, and ALF794 with zero, one, and two methyl
substituents, respectively, and the cyclopropyl-containing
compound ALF861 displayed similar activities with inhibitions
of up to 89% of the APAP-induced increase in the serum ALT
levels, whereas compounds ALF863, ALF825, and ALF835
with the larger isopropyl, benzyl, and cyclohexyl substituents,
respectively, lacked any measurable activity at the doses tested.
Interestingly, the complex with a carboxymethyl substituent,
ALF824, was active to the same extent as the compounds with
small alkyl branches. These findings show that the activity is
very sensitive to the chemical nature of the substituents R′ and
R″ and that the size and charge of the substituents may be
important parameters influencing activity.

Table 2. Identification of Mo(CO)3(CNCR′R″COOR‴)3 Complexes Prepared

ligand CNCR′R″COOR‴

ALF substituents name composition mol wt

795 R′, R″, R‴ = H isocyanoacetic acid C12H9O9N3Mo 435.1547
818 R′ = CH3, R″ = R‴ = H 2-isocyanopropanoic acid C15H15O9N3Mo 477.2304
794 R′ = R″ = CH3, R‴ = H 2-isocyano-2-methylpropanoic acid C18H21O9N3Mo 519.5142
863 R′ = CH(CH3)2, R″ = CH3, R‴ = H 2-isocyano-2,3-dimethylbutanoic acid C24H33O9N3Mo 603.4794
861 R′−R″ = CH2CH2, R‴ = H 1-isocyanocyclopropane-1-carboxylic acid C18H15O9N3Mo 513.2712
835 R′−R″ = CH2(CH2)3CH2, R‴ = H, Na 1-isocyanocyclohexane-1-carboxylic acid, mono Na salt C27H32O9N3MoNa 661.4943
824 R′ = CH2COOLi, R″ = H, R‴ = Li 2-isocyanosuccinate, bis-Li salt C18H9O15N3MoLi6 644.8571
825 R′ = CH2-phenyl, R″ = H, R‴ = Li 2-isocyano-3-phenylpropanoate, Li salt C33H24O9N3MoLi3 723.3237

Figure 5. ORTEP30 views of (A) ALF794 and (B) ALF793 showing the atomic labeling scheme.
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Tissue Distribution of Mo(CO)3(CNCR′R″COOH)3 Com-
plexes in Mice. Our CO-RM development program is
directed toward the treatment of liver injuries with agents
that can be administered by intravenous infusion. In an attempt
to minimize systemic CO toxicity, we looked for CO-RMs that
target the liver through preferential distribution to this organ.
Therefore, the active CO-RMs (ALF795, ALF818, ALF794,
ALF861, and ALF824) were subjected to tissue distribution
studies in mice. Animals were injected iv with 50 mg/kg of each
CO-RM in separate animals and were sacrificed either 5 or 20
min thereafter, at which point the various tissues were collected
and prepared for CO measurements as described by Vreman et
al.31 Briefly, blood was removed first and then animals were
perfused with phosphate-buffered saline (PBS) before heart,
liver, lung, and kidney tissues were collected, snap-frozen in
liquid nitrogen, and stored in gastight vials at −80 °C until they
were analyzed for their CO content. Small pieces of tissues
were thawed, weighed, and then homogenized and treated with
sulfosalicylic acid (SSA) to liberate CO bound to tissues and
from the CO-RM complexes. Vreman had demonstrated that a
30 min exposure to the SSA liberated 87 ± 20% of tissue-bound
CO,31 and we observed in control experiments that all CO
ligands were released from the CO-RM complexes in 30−45
min (data not shown). Therefore, test samples were exposed to
SSA in gastight vials for 45 min, and then the liberated CO in
the total airspace of the vials was assayed by purging the space

with CO-free air into a gas chromatograph equipped with a
reducing compound photometer (GC-RCP), which detects CO
at concentrations as low as 2 ppb (parts per billion). From the
GC-RCP data, CO concentrations were calculated as pmol/mg
of fresh wet tissue (pmol/mg fwt). The concentrations
determined for blood samples are listed in Table 4, whereas
the values for heart, liver, lung, and kidney tissues are given in
Table 4 as fractions of the concentration in blood.
The data show that the injection of each CO-RM resulted in

similar CO concentrations in the blood of animals when
measured 5 or 20 min after iv administration, which suggests
similar pharmacokinetics of the various CO-RMs. To
distinguish between CO bound to hemoglobin and CO of
circulating CO-RMs in blood, we measured carboxyhemoglobin
(COHb) in the blood using a CO oximeter with most values in
the range of the basal range of COHb for mice (≤4% of total
hemoglobin). The most surprising finding was the large
difference in the liver-targeting abilities of ALF795 with no
methyl substituent, ALF818 with one methyl substituent, and
ALF794 with two methyl substituents. Five minutes after
administration of each CO-RM, the liver CO concentrations for
ALF795-, ALF818-, and ALF794-treated animals were about
one-third of , equal to, and 5.27-fold of the concentration in the
blood, respectively. The CO concentrations in the kidneys of
the same animals were more similar, ranging from 0.42 to 1-
fold of the blood concentration. The difference in the liver
targeting by these three CO-RMs is most apparent in the ratios
of CO in the liver over CO in the kidneys, which increased
from 0.5 (ALF795, no methyl substituent) to 1.05 (ALF818,
one methyl substituent) and 12.58 (ALF794, two methyl
substituents). ALF 861 (cyclopropyl-containing compound)
displayed a ratio of about 4, which is intermediate between
ALF818 and ALF794. The more highly charged CO-RM
ALF824 clearly distributed preferentially to the kidneys and
yielded a ratio of 0.22. The distribution data obtained from
tissues collected 20 min after CO-RM administration still show
the same trend as at the 5 min time point for ALF818, ALF794,
and ALF861, which yielded liver CO to kidney CO ratios of
about 1, 2.6, and 3.6, respectively. ALF795 and ALF824, which
showed preferential kidney localization 5 min after CO-RM
administration (liver CO to kidney CO ratios of 0.5 and 0.22,
respectively), showed at the 20 min time point also higher liver
CO concentrations than kidney CO concentrations (ratios of
1.49 and 1.52, respectively). One might speculate that at the 20

Table 3. Screening of CO-RMs for Dose-Dependent Efficacy
in APAP-Induced Liver Injury Modela

efficacy: reduction in ALT in mice
(%)

ALF
ALT level in APAP control

group (U/L)
0.3

mg/kg
3

mg/kg
10

mg/kg
30

mg/kg

795 11520 ± 4494 15 74 73 74
818 12400 ± 2364 36 82 89 89
794 11520 ± 4494 0 32 53 60
863 9467 ± 961 compd not active
861 13820 ± 4384 n.d. n.d. 48 61
835 12700 ± 3361 compd not active
824 11260 ± 3054 0 52 67 75
825 12380 ± 3253 compd not active

aAPAP was administered ip at t = 0, CO-RMs were injected ip twice at
t = 3 h and t = 5 h, and serum ALT levels were measured at t = 22 h.
Results represent mean ± SD of n = 5 animals/group.

Table 4. Tissue Distribution of CO-RMs in Micea

CO tissue concentration as fraction of CO concentration in blood

ALF [CO] blood (pmol/mg fwt) heart liver lung kidney liver/kidney T (min)

795 581.8 0.048 0.332 0.147 0.665 0.50 5
241.0 0.032 0.289 0.140 0.215 1.49 20

818 299.6 ± 90.6 0.069 ± 0.012 1.060 ± 0.178 0.195 ± 0.207 1.007 ± 0.959 1.05 5
144.4 ± 32.5 0.070 ± 0.010 0.320 ± 0.034 0.053 ± 0.018 0.346 ± 0.328 0.93 20

794 380.5 ± 171.8 0.046 ± 0.011 5.27 ± 2.89 0.049 ± 0.019 0.419 ± 0.265 12.58 5
203.4 ± 97.4 0.072 ± 0.051 0.164 ± 0.070 0.060 ± 0.042 0.074 ± 0.025 2.22 20

861 541.1 0.037 0.468 0.047 0.116 4.03 5
247.9 0.020 0.299 0.048 0.083 3.60 20

824 467.1 0.043 0.082 0.051 0.376 0.22 5
219.7 0.0 0.261 0.010 0.172 1.52 20

aCD-1 mice were injected iv with 50 mg/kg of CO-RM and then sacrificed after 5 or 20 min, when the CO content in their organs was determined.
The data for ALF818 and ALF794 are the mean and SD of the measurements from three animals. The data for the other CO-RMs are each from a
single animal and are the mean from three measurements with three pieces of the same tissue. The three measurements differed maximally by 10%.
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min time point a larger proportion of CO measured is tissue-
bound CO in comparison to that at the 5 min time point and
that therefore the capacity of a tissue for CO binding might be
the principal factor at 20 min. CO binds to the metal of heme
proteins, and liver with its high density of mitochondria and
heme-containing metabolic enzymes has one of the highest
capacities for binding CO.31

On the basis of these tissue distribution data, ALF794 and
ALF861 show the best capacity for liver targeting found in CO-
RMs, surpassing our previously reported liver/kidney ratio of
ca. 3 obtained with [Ru(CO)3Cl2(Gal-S-Me)] (ALF492).32 In
contrast, ALF795 and ALF824 appear to be rapidly cleared
through the kidneys.
In Vitro Metabolism of Mo(CO)3(CNCR′R″COOH)3

Complexes by Rat Microsomes. Although the structural
changes to the CO-RMs described above enhanced the liver
targeting by a large factor, we hypothesized that additional liver
specificity could be achieved by activation of the CO-RM pro-
drugs by metabolic processes in the liver. We therefore tested in
vitro if rat microsomes could accelerate the release of CO from
these CO-RMs. CO-RMs in pH 7.4 buffer and an NADPH
generating system (control) in the presence or absence of rat
microsomes (see the Experimental Section) were kept in
gastight vials and incubated at 37 °C for 2 h. At various time
points during the incubation, aliquots of gas were withdrawn
from the headspace of the vials with a gastight syringe and
assayed for CO using a GC equipped with a reducing
compound photometer. The GC data obtained were trans-
formed into molar equivalents of CO released (each CO-RM
can theoretically release 3 mol equiv of CO) and graphed vs the
sampling time (see Figure 6). The experimental curves of the
CO release over the first 30 min in the presence of microsomes
could be approximated by linear curves with R2 values of >0.98,
with one exception (R2 = 0.864 for ALF795; see Table 5).
These slopes of the linear curves were used as a measure of the
initial rates for CO release. The ratio of the slopes for pairs of
solutions with microsomes and without microsomes is
presented as the factor of rate increase by microsomes.
Initial CO release rates for the CO-RMs incubated in buffer

were similarly calculated, although the R2 values for the linear
curves ranged from 0.76 to >0.99 due to the small quantities of
CO measured. The increase in the CO release due to the

presence of microsomes was then determined for each CO-RM
as a factor by calculating the ratio of the slopes of the linear
portion of the CO release curves in the presence and absence of
microsomes (Table 5, last column).
Interestingly, there was again a trend observed for the three

complexes with ligands having no, one, or two methyl
substituents. While microsomes accelerated the CO release
from ALF795 (two protons, no methyl substituent) by more
than 6.7-fold, the acceleration for ALF794 (two methyl
substituents) was only about 2.7-fold. ALF818 (one proton
and one methyl substituent) released CO about 3.15 times
faster in the presence of microsomes, which is about half the
acceleration observed for ALF795. These data may suggest that
the α-protons of the isocyanide ligand play a role in the
microsome-dependent metabolism of the tested CO-RMs.
Alternatively, methyl substituents may play an inhibitory role,
which may be supported by the finding that the cyclopropyl-
containing CO-RM (ALF861) demonstrated a more than 4.4-
fold increased CO release rate in the presence of microsomes.
The rate of CO release from the fifth CO-RM tested (ALF824

Figure 6. Release of CO at 37 °C from CO-RMs incubated in pH 7.4 buffer (control curves) or in buffer containg rat microsomes and a NADPH
generating system. Numerical data are given in Table 5.

Table 5. In Vitro Metabolism of CO-RMs by Rat
Microsomesa

microsomes and
NADPH buffer

ALF

slope
(mol
equiv/
min) R2

slope
(mol
equiv/
min) R2

factor of rate increase
by microsomes: slope

A/slope B

795 0.0175 0.864 0.0026 0.760 6.73
818 0.0145 0.988 0.0046 0.839 3.15
794 0.0322 0.995 0.012 0.996 2.68
861 0.0124 0.976 0.0028 0.839 4.43
824 0.0139 0.982 0.0077 0.9949 1.81

aCO-RMs were incubated in pH 7.4 buffer (B columns) or in buffer
containing rat microsomes and a NADPH generating system (A
columns) using gastight vials. The headspace of the vials was
periodically assayed for CO over a 1 h incubation period. The slopes
of the linear curves are a measure of the initial rate of CO release and
are given in the table together with the R2 values. The ratio of the
slopes for pairs of solutions with microsomes and without microsomes
is presented as the factor of rate increase by microsomes.
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with a carboxymethyl substituent) was weakly accelerated by
microsomes, by a factor of about 1.8 (see Figure 6). In
conclusion, the liver-specific delivery of CO by the CO-RMs
ALF794 and ALF861 is further enhanced by the metabolic
release of CO in the liver.
Finally, we asked if the liver specificity of CO delivery by

ALF794 could prevent high concentrations of CO in the blood
of animals. Because of the high affinity of hemoglobin for CO,
for experimental purposes, all CO in the blood is bound as
COHb. We therefore injected animals with a high dose of
ALF794 (300 mg/kg, or 10 times the single dose used in the
efficacy studies described above), which enabled us to measure
COHb with an oximeter. Since the tissue distribution studies
had already shown that the total CO concentration (COHb
and drug) in the blood had declined by nearly 2-fold between 5
and 20 min after drug administration (see Table 3), we
monitored COHb over the relatively short period of 80 min
only. As the data in Figure 7 show, the COHb levels varied

between approximately 4.5% and 7.5% COHb or about 0.5−
3.5% above the baseline COHb level of 4% measured in the
animals at our facility. Thus, even at this high drug dose, the
blood COHb levels did not exceed 10%.

■ CONCLUSION
With the discovery of the biological functions of CO in
physiological and pathological situations1,22 came the notion
that CO could ultimately be used as a therapeutic drug.
However, CO is well-known to be a toxic gas and inhalation
can lead to death. Further, administration by inhalation leads to
rapid binding of CO to hemoglobin in the blood, which
prevents delivery of CO to tissue sites for therapeutic effects.
The challenge, therefore, was to develop new modes for the in
vivo delivery of CO specifically to tissue sites of injury and limit
the elevations in COHb. Here we demonstrate that pro-drugs
of CO can be developed and delivered that preferentially
distribute to the liver and preferentially release CO in the liver
through liver metabolism. To our knowledge, ALF794 is the
first compound that delivers CO in a targeted manner to an
organ in vivo with such a high level of specificity. We
demonstrate that in this manner CO can be effectively
delivered and impart therapeutic efficacy in an animal model
of acetaminophen-induced severe acute liver injury at nontoxic
doses. The therapeutic window observed in these early studies
renders these compounds interesting candidate drugs for the
delivery of therapeutic amounts of CO to treat liver diseases
and warrants further preclinical evaluation.

The development of druglike CO-RMs requires the
expansion of an area of metal carbonyl chemistry that has not
been very thoroughly studied. It is the chemistry of
organometallic carbonyl complexes that are stable under
ambient conditions and soluble in aqueous solutions but that
can also release their CO ligands under controlled conditions.
The latter can be achieved through selecting appropriate
chemical structures for the non-CO ligands of the complexes.
In our case of liver targeting, the composition of the non-CO
ligands affected the rate of CO release by liver microsomes.
However, many other such ligands could be used that could
take advantage of mechanisms classically employed for the
activation of pro-drugs. Therefore, CO-RM development will
greatly profit from the intersection of organometallic chemistry
and medicinal chemistry.

■ EXPERIMENTAL SECTION
All work involving animals performed in the Lisbon laboratories of
Alfama was done according to the guidelines of the Portuguese animal
protection law and derived guidelines on the ethical use of animals. All
animal studies performed in the Beverly, MA, laboratories of Alfama
were carried out in accordance with the Guide for the Care and Use of
Laboratory Animals of the U.S. National Institutes of Health.

Synthesis of CO-RMs. Materials and Methods. All manipulations
were carried out under a dry nitrogen atmosphere with standard
Schlenk techniques. Solvents for reactions were degassed and distilled
from the indicated drying agents: THF (Na), diethyl ether (Na) and
methanol (Na); water was degassed; solvents for column chromatog-
raphy were distilled, hexane (CaH2) and ethyl acetate (Na2SO4).
Mo(CO)6 (Aldrich) and all the isocyanide compounds were purchased
and used as received: ethyl isocyanoacetate (Aldrich), methyl 2-
isocyanopropionate (Priaxon), methyl 2-isocyano-2-methylpropanoate
(Galchimia), methyl 2-isocyano-2,3-dimethylbutanoate (Galchimia),
methyl 1,1-isocyanocyclopropylcarboxylate (Galchimia), ethyl 3-
isocyanobenzoate (Priaxon), and methyl-4-(isocyanomethyl)benzoate
(Priaxon). Literature methods were used to prepare [Mo(CO)3(η

6-
C7H8)]

28 and [Mo(CO)4(piperidine)2].
33 NMR spectra were

recorded on a Bruker Avance III 400 MHz instrument at room
temperature. 1H and 13C NMR spectra are referenced to solvent, and
chemical shifts are expressed in ppm (parts per million). Infrared
spectra were obtained with a Unicam Mattson 7000 FTIR
spectrophotometer. Elemental analyses were performed on a Leco
TruSpec device.

Mo(CO)5(CNCH2CO2Et). Mo(CO)6 (0.673 g; 2.549 mmol; 264.00
g/mol) was dissolved in 30 mL of THF. Me3NO (1 equiv; 0.191 g;
2.549 mmol; 75.11 g/mol) was added as a solid, in portions. The
solution immediately became yellow and was stirred at room
temperature for 1 h. The dark solution that was obtained was filtered
to separate a brown residue. The bright yellow solution was then
treated with CNCH2CO2Et (1 equiv; 279 μL; 2.549 mmol; 113.11 g/
mol; 1.035 g/mL) and stirred for 4 h 30 min at room temperature.
The solution was then evaporated and the oily residue added to a silica
column. After elution with hexane, a second elution with hexane/ethyl
acetate (9/1) was used and the product collected after discarding the
first fractions. After evaporation of the solvent a yellow oil was
obtained. Yield: 24% (210 mg). 1H NMR (CDCl3): δ 4.41 (s, 2H),
4.31 (q, 2H), 1.35 (t, 3H). IR (KBr, ν, selected peaks, cm−1): 2180 (s,
CN), 2073 (s, CO), 1935 (br, s, CO), 1756 (w, COO). Anal.
Calcd for MoC10H7NO7: C, 34.40; H, 2.02; N, 4.01. Found: C, 33.20;
H, 2.19; N, 3.60.

Mo(CO)5(CNCH2CO2Li) (ALF782). Mo(CO)5(CNCH2CO2Et)
(0.210 g; 0.602 mmol; 349.10 g/mol) was dissolved in 25 mL of a
THF/H2O mixture (4/1) in an ice bath. LiOH·H2O (25 mg; 0.602
mmol; 41.96 g/mol) was added and the mixture stirred for 15 h. The
solution was taken to dryness, giving a light yellow oily powder. It was
washed with hexane, leaving a white powder that was dried under
vacuum. Yield: 95%. 1H NMR (D2O): δ 4.32 (s). IR (KBr, ν, selected
peaks, cm−1): 2188 (s, CN), 2078 (s, CO), 1933 (br, s, CO),

Figure 7. Percent of COHb in serum of mice treated iv with 300 mg/
kg of ALF794. Three animals were used in the study, and two blood
samples were obtained from each animal.
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1621 (s, COO). Anal. Calcd for MoC8H2NO7Li: C, 29.39; H, 0.62; N,
4.28. Found: C, 31.00; H, 1.95; N, 4.14. Although the C,H,N analysis
is not entirely correct, the identification of the complex is clear from
the FTIR and 1H NMR spectra reproduced in the Supporting
Information, which show no other organic impurity.
Mo(CO)4(CNCH2CO2Et)2. Mo(CO)4(piperidine)2 (2.28 g; 6.06

mmol; 376.26 g/mol) was dissolved in 50 mL of CH2Cl2, and
CNCH2CO2Et (2 equiv; 1.32 mL; 12.12 mmol; 113.11 g/mol; 1.035
g/mL), dissolved in 20 mL of CH2Cl2 was slowly added. The brownish
suspension slowly turned lighter, affording an orange clear solution
within a couple of minutes after addition was complete. The reaction
was stopped after 15 min and the mixture taken to dryness, affording a
dark red oil. The product was applied on a silica column made on
hexane and eluted with hexane/ethyl acetate (4/1). TLC analysis
showed that the desired product was the second spot, with Rf ≈ 0.4.
After the solvent was evaporated, a red-brown oil was obtained. Yield:
46%. 1H NMR (CDCl3): δ 4.38 (s, 2H), 4.29 (q, 2H), 1.34 (t, 3H).
13C NMR (CDCl3): δ 209.2 and 205.9 (CO), 164.2 (CN or C
O), 62.9 (CNCH2CO), 45.5 (COCH2CH3), 14.0 (COCH2CH3). IR
(KBr, ν, selected peaks, cm−1): 2179 (s, CN), 2147 (s, CN),
2022 (s, CO), 1915 (br s, CO), 1751 (s, COO). Anal. Calcd for
MoC14H14N2O8: C, 38.73; H, 3.25; N, 6.45. Found: C, 39.00; H, 3.29;
N, 6.66.
Mo(CO)4(CNCH2CO2H)2 (ALF785). Mo(CO)4(CNCH2CO2Et)2

(260 mg; 0.60 mmol; 434.21 g/mol) was dissolved in anhydrous
THF (20 mL), and an aqueous solution of sodium hydroxide (10
equiv; 6 mmol; 0.24 g; 5 mL) was added dropwise. The solution
became quite turbid and was stirred at room temperature under
nitrogen. After 5 h, TLC (hexane/ethyl acetate, 6/4) analysis indicated
complete consumption of starting material (Rf = 0.5). Only one other
spot was seen (Rf = 0.0). The mixture was concentrated and
redissolved in water (30 mL). A 1 M aqueous HCl solution was then
added dropwise (6 mL), and a white precipitate formed. The
precipitate was filtered, washed with water (2 × 20 mL), and dried
under vacuum. Yield: 100%. 1H NMR (CD3COCD3): δ 4.78 (s, 2H).
IR (KBr, ν, selected peaks, cm−1): 2185 (s, CN), 2157 (s, CN),
2019 (s, CO), 1906 (br, s, CO), 1742 (s, COO). Anal. Calcd for
C10H6O8N2Mo: C, 31.77; H, 1.60; N, 7.41. Found: C, 31.55; H, 1.78;
N, 7.01.
Mo(CO)3(CNCH2CO2Et)3. Mo(CO)3(η

6-C7H8) (2.1 g; 7.72 mmol;
272.11 g/mol) was treated with 40 mL of MeOH to give a red, slightly
turbid solution. Ethyl isocyanoacetate (3 equiv; 2.53 mL; 23.15 mmol;
113.11 g/mol; 1.035 g/mL) was dissolved in 20 mL of MeOH and
added to the previous solution. The red solution immediately turned
darker and greenish and then gradually became lighter. The solution
was stirred at room temperature for 45 min, at which point a TLC
analysis (hexane/ethyl acetate 1/3) showed that Mo(CO)3(η

6-C7H8)
had been completely consumed. The mixture was filtered to remove
some fine black powder, giving a dark red solution that was taken to
dryness to yield a dark oil. The oil was loaded onto a silica column
equilibrated in hexane. The column was pre-eluted with hexane (1−2
column volumes), and then the product was eluted with hexane/ethyl
acetate (6/4). TLC analysis of the collected fractions (test tubes)
showed that the major product eluted second; the corresponding
fractions were gathered and taken to dryness, affording an off-white
powder of Mo(CO)3(CNCH2CO2Et)3. Yield: 64% (2.566 g). Note:
the oil from the reaction is not stable, even under N2 at −30 °C for
long periods of time, and purification by chromatography should not
be delayed. 1H NMR (CDCl3): δ 4.37 (s, 6H, CNCH2), 4.27 (q, 6H,
CO2CH2CH3), 1.32 (t, 9H, CO2CH2CH3).

13C{1H} NMR (CDCl3):
δ 211.9 (3C, CO), 167.7 (3C, CN), 164.9 (3C, COCH2CH3), 62.7
(3C, CNCH2CO2CH2CH3), 45.5 (3C, CO2CH2CH3), 14.2 (3C,
CO2CH2CH3). IR (KBr, ν, selected peaks, cm−1): 2181 (s, CN),
2135 (s, CN), 1941 (s, CO), 1873 (s, CO), 1749 (s, COO),
1722 (m, COO). Anal. Calcd for C18H21O9N3Mo: C, 41.63; H, 4.08;
N, 8.09. Found: C, 41.00; H, 4.08; N, 8.24.
Mo(CO)3(CNCH2CO2H)3 (ALF795). Mo(CO)3(CNCH2CO2Et)3

(0.250 g; 0.48 mmol; 519.31 g/mol) was dissolved in anhydrous
THF (20 mL), and an aqueous solution of sodium hydroxide (16
equiv; 8.0 mmol; 0.32 g; 8 mL) was added dropwise. The solution

became turbid and was stirred at room temperature under nitrogen.
After 24 h, TLC (hexane/ethyl acetate, 6/4) indicated complete
consumption of the starting material (Rf = 0.2). THF was removed
under vacuum, and more water was added (20 mL). Hydrochloric acid
(1 M) was added dropwise (6 mL until pH ∼3), and a white
precipitate was formed. The precipitate was filtered and washed with
cold water. The off-white compound was dried in vacuo. Yield: 100%
(0.209 g). 1H NMR (D2O): δ 4.52 (s, 6H, CH2).

1H NMR
(CD3SOCD3): δ 4.64 (s, 6H, CH2).

13C{1H} NMR (CD3SOCD3): δ
213.9 (3C, CO), 166.3 (3C, CN), 159.9 (3C, CO2H), 45.9 (3C,
CNCH2CO2H).

13C{1H} NMR (CD3COCD3): δ 214.4 (3C, CO),
167.5 (3C, CN), 163.8 (3C, CO2H), 46.1 (3C, CNCH2CO2H). IR
(KBr, ν, selected peaks, cm−1): 2195 (s, CN), 2159 (s, CN),
1941 (s, CO), 1849 (s, CO), 1720 (m, COO). Anal. Calcd for
C12H9O9N3Mo: C, 33.12; H, 2.08; N, 9.66. Found: C, 32.40; H, 2.12;
N, 9.86. The analytical values are not entirely correct. due to
undetermined amounts of coprecipitated NaCl . The 1H and 13C
NMR as well as the FTIR spectra given in the Supporting Information
are very clean and entirely agree with the proposed structure.

Mo(CO)3(CNCH(Me)CO2Me)3. Mo(CO)3(η
6-C7H8) (0.383 g; 1.41

mmol; 272.11 g/mol) was treated with 30 mL of MeOH. Methyl 2-
isocyanopropionate (3 equiv; 0.478 g; 4.23 mmol; 113.12 g/mol) was
dissolved in 10 mL of the same solvent and was then slowly added to
the previous dark red suspension, which turned orange-brown and was
stirred at room temperature for 1 h. The solution was taken to dryness,
giving an orange oil, which was applied onto a silica column
equilibrated in hexane. It was eluted with hexane and then ethyl
acetate/hexane (4/6). Fractions were pooled on the basis of TLC
analysis. The product solution was taken to dryness, giving a green oil.
Yield: 63% (0.461 g). Note: the raw product is not stable, even under
N2 and at −30 °C, and was used in the next preparation without
further purification. 1H NMR (CDCl3): δ 4.49 (q, 3H, CNCH), 3.82
(s, 9H, CO2CH3), 1.66 (d, 9H, CNCHCH3). IR (CHCl3, ν, selected
peaks, cm−1): 2103 (s, CN), 1948 (s, CO), 1887 (s (br), CO),
1746 (s, COO).

Mo(CO)3(CNCH(Me)CO2H)3 (ALF818). Mo(CO)3(CNCH(CH3)-
CO2Me)3 (0.368 g; 0.708 mmol; 519.31 g/mol) was dissolved in 20
mL of THF and placed in an ice bath. NaOH (10 equiv; 0.283 g; 7.08
mmol; 40.00 g/mol) was dissolved in 5 mL of H2O and slowly added
to the previous solution. The solution was stirred for 4 h while it was
slowly warmed to room temperature. It was then taken to dryness,
giving a white powder. The solid was redissolved in water, and
hydrochloric acid (1 M) was added until the pH reached 1. A
precipitate formed, which was collected by filtration and washed with
cold water. Some material dissolved in water and was lost during
washing. Yield: 96% (0.324 g). 1H NMR (CD3COCD3): δ 4.78 (q,
3H, CNCH), 1.67 (d, 9H, CNCH(CH3)). IR (KBr, ν, selected peaks,
cm−1): 2170 (s, CN), 2152 (s, CN), 1920 (s, CO), 1867 (s
( b r ) , CO) , 1 7 2 9 ( s , COO) . A n a l . C a l c d f o r
C15H15O9N3Mo·0.5NaCl: C, 35.57; H, 2.98; N, 8.30. Found: C,
35.35; H, 3.19; N, 8.55.

The 1H NMR spectrum does not reveal any diastereomers and is
given in the Supporting Information together with the FTIR. The
latter shows deformations of the band in the 1700−1750 cm−1 region
which are absent for the fully protonated complexes (see below and
the Supporting Information for ALF794).

Mo(CO)3(CNCMe2CO2Me)3 (ALF793). Methyl 2-isocyanobutyrate
(2.384 g; 18.75 mmol) was dissolved in 50 mL of THF, in a dry
Schlenk tube and under nitrogen. Mo(CO)3(η

6-C7H8) (1.7 g; 6.25
mmol) was added, in two portions, in the solid state. A slightly turbid
orange-red solution was obtained. After 5 min the reaction mixture was
yellow-brown. TLC (50% AcOEt in hexanes) indicated total
consumption of the isocyanide (isocyanide shows a white spot with
ceric ammonium molybdate, and the product shows a dark red spot
with a slightly lower Rf). The solution was stirred for another 1 h at
room temperature (21 °C) and at 500 rpm. The solution was
concentrated without heating. A light brown precipitate was formed
when half of the solvent was evaporated. The solution was further
concentrated almost to dryness (ca. 5 mL remaining), and Et2O (35
mL) was added. The light brown precipitate was filtered and washed
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once with 10 mL of methanol. A beige powder was obtained. Yield:
80% (2.8 g). 1H NMR (CDCl3): δ 3.81 (s, 3H, OCH3), 1.67 (s, 6H,
C(CH3)2).

13C{1H} NMR (CDCl3): δ 212.8 (CO), 171.0 (CN),
166.9 (CO), 61.4 (Cquat), 53.7 (OCH3), 28.0 (2 × CH3). IR (KBr,
ν, selected peaks, cm−1): 2167 (s, CN), 2125 (s, CN), 2110 (s,
CN) 1926 (s, CO), 1872 (s, CO), 1859 (s, CO), 1748,
1741 (s, COO). Anal. Calcd for C21H27N3O9Mo: C, 44.92; H, 4.85; N,
7.48. Found: C, 45.40; H, 4.90; N, 7.19.
Mo(CO)3 (CNCMe2CO2H)3 (ALF794) . Mo(CO)3(CNC-

(CH3)2CO2Me)3 (0.588 g; 1.05 mmol; 561.39 g/mol) was dissolved
in 20 mL of THF and placed in an ice bath. NaOH (10 equiv; 0.419 g;
10.5 mmol) was dissolved in 5 mL of H2O and slowly added to the
previous solution. The solution was stirred for 4 h while it was slowly
warmed to room temperature. It was then taken to dryness, giving a
large amount of a white powder. The solid was redissolved in water,
and 1 M HCl was added, until pH 1 was reached. The solid that
formed was filtered and washed with water. Yield: 49% (0.4917 g). For
characterization data, see the next example.
Mo(CO)3(CNCMe2CO2H)3 (ALF794). Methyl 2-isocyano-2-methyl-

propanoate (0.763 g; 6.0 mmol; 127.14 g/mol) was dissolved in 16
mL of THF. Mo(CO)3(η

6-C7H8) (0.33 equiv; 2.0 mmol; 0.5442 g;
272.11 g/mol) was slowly added in small portions as a solid. An
orange solution was obtained, which was stirred at ambient
temperature. After 1 h the Schlenk tube was immersed in an ice
bath. NaOH (10 equiv; 0.800 g; 20 mmol; 40.0 g/mol) was dissolved
in 4 mL of water and slowly added to the then yellow solution over 2
min. A turbid solution of the same color was obtained, which was
stirred for another 1 h while it was slowly warmed to room
temperature. THF was evaporated, and to the remaining aqueous
solution was added 11 mL of water, followed by 1 M H2SO4 (20 mL).
A mixture of a white solid and a brown oil precipitated. After vigorous
stirring (1000 rpm) for 10 min, a beige powder was formed, which was
filtered, washed five times with 20 mL of water, and then dried under
vacuum. Yield: 95% (0.990 g). 1H NMR (CD3COCD3): δ 1.71 (s,
18H, CN(CH3)2).

13C{1H} NMR (CD3COCD3): δ 214.7 (3C, CO),
171.4 (3C, CN), 164.3 (3C, CO2H), 62.1 (3C, C(CH3)2), 27.8 (6C,
C(CH3)2). IR (KBr, ν, selected peaks, cm−1): 2155 (m, CN), 2110
(m, CN), 1925 (s, CO), 1874 (s, CO), 1843 (m, CO), 1749
(m, COO), 1722 (m, COO). Anal. Calcd for C18H21O9N3Mo: C,
41.63; H, 4.08; N, 8.09. Found: C, 41.50; H, 4.43; N, 8.31. If the
compound does not precipitate fully protonated, its FTIR spectrum
presents slight variations, particularly in the region of the carboxylate/
ester COO vibrations. The FTIR spectrum presented in the
Supporting Information corresponds to a fully protonated sample
with the analysis above, which also gave rise to the crystals used for the
crystal structure determination.
Mo(CO)3(CNC(Me)(iPr)CO2Me)3. Mo(CO)3(η

6-C7H8) (0.584 g;
2.15 mmol; 272.11 g/mol) was treated with 20 mL of MeOH. Methyl
2-isocyano-2,3-dimethylbutanoate (3 equiv; 1.00 g; 6.44 mmol; 155.20
g/mol) was dissolved in 15 mL of the same solvent and was then
slowly added to the previous dark red suspension at room
temperature. A light orange solution was immediately obtained.
After 1 h the solvent was concentrated to one-fifth, and a beige powder
separated. The Schlenk tube was stored at −30 °C overnight to ensure
maximum precipitation. The solid was separated through filtration and
was dried under vacuum. Yield: 79.1% (1.097 g). 1H NMR (CDCl3): δ
3.80 (s, 9H, COOCH3), 2.19 (m, 3H, CH(CH3)2), 1.55 (s, 9H,
CNC(CH3)), 1.07 + 1.00 (d, 18H, CH(CH3)2).

13C{1H} NMR
(CDCl3): δ 212.7 (3C, CO), 171.0 (3C, CN), 166.4 (3C, COOCH3),
69.7 (3C, CNC(Me)(iPr)), 53.2 (3C, COOCH3), 36.7 (3C,
CH(CH3)2), 24.1 (3C, CNC(CH3)), 18.1 + 16.4 (6C, CH(CH3)2).
IR (KBr, ν, selected peaks, cm−1): 2156 (m, CN), 2112 (m, CN),
1932 (s, CO), 1865 (s, CO), 1748 + 1741 (m (split), COO).
Anal. Calcd for C27H39O9N3Mo: C, 50.24; H, 6.09; N, 6.51. Found: C,
49.80; H, 6.40; N, 6.47.
Mo(CO)3(CNC(Me)(iPr)CO2H)3 (ALF863). Mo(CO)3(CNC(Me)-

(iPr)CO2Me)3 (0.894 g; 1.38 mmol; 645.55 g/mol) was dissolved in
20 mL of THF and placed in an ice bath. NaOH (10 equiv; 0.554 g;
13.85 mmol; 40.00 g/mol) was dissolved in 5 mL of H2O and slowly
added to the previous brownish solution. A dark yellow emulsion

slowly formed, which was stirred for 4 h while it was slowly warmed to
room temperature. The emulsion was taken to dryness and treated
with 20 mL of water. The resulting pale yellow suspension was filtered,
and sulfuric acid (1 M solution, 6.93 mL, 13.85 × 10−3 mol) was added
to the filtrate. A white solid precipitated at pH 2. The solid was
collected by filtration and washed four times with water (20 mL each).
The final pH was 7. The powder was dried under vacuum. Yield: 48%
(0.400 g). 1H NMR (CD3COCD3): δ 2.25 (m, 3H, CH(CH3)2), 1.64
(s, 9H, CNC(CH3)), 1.12 + 1.08 (d, 18H, CH(CH3)2).

13C{1H}
NMR (CD3COCD3): δ 214.3 (3C, CO), 171.3 (3C, CN), 164.4 (3C,
COOH), 70.6 (3C, CNC(Me)(iPr)), 37.0 (3C, CH(CH3)2), 24.4 (3C,
CNC(CH3)), 18.4 + 16.6 (6C, CH(CH3)2). IR (KBr, ν, selected
peaks, cm−1): 2151 (s, CN), 2094 (s (br), CN), 1938 (s (br),
CO), 1880 (s (br), CO), 1716 (s, COO). Anal. Calcd for
C24H33O9N3Mo: C, 47.77; H, 5.51; N, 6.96. Found: C, 47.90; H, 5.88;
N, 6.98. The 1H NMR spectrum given in the Supporting Information
does not reveal the presence of diastereomers.

Mo(CO)3(CNC(CH2CH2)CO2Et)3. Mo(CO)3(η
6-C7H8) (0.521 g; 1.92

mmol; 272.11 g/mol) was treated with 25 mL of MeOH.
Isocyanocyclopropylcarboxylate (3 equiv; 0.800 g; 5.75 mmol;
139.16 g/mol) was dissolved in 20 mL of the same solvent and was
then slowly added to the previous dark red suspension at room
temperature. A light orange solution was immediately obtained. After 1
h the solvent was concentrated to one-fifth and the resulting white
powder was filtered and washed with MeOH. The solid was dissolved
in some ether to give a brown oil. The product was applied onto a
silica column equilibrated in hexane. It was eluted with ethyl acetate/
hexane (3/7). Fractions were pooled on the basis of TLC analysis.
After the first impurity was discarded, the pale yellow solution was
taken to dryness, giving a green oil. Yield: 54% (0.6194 g). 1H NMR
(C6D6): δ 3.86 (q, 6H, CO2CH2CH3), 1.07 + 0.86 (m, 12H,
cyclopropyl), 0.97 (t, 9H, CO2CH2CH3).

13C{1H} NMR (C6D6): δ
212.5 (3C, CO), 168.3 (3C, CN), 166.8 (3C, CO2CH2CH3), 62.5
(3C, CO2CH2CH3), 36.5 (3C, CNC(CH2CH2)), 19.3 (6C, CNC-
(CH2CH2)), 14.0 (3C, CO2CH2CH3). IR (KBr, ν, selected peaks,
cm−1): 2154 (m, CN), 2106 (s, CN), 1942 (s, CO), 1875 (s,
CO), 1738 (m, COO). Anal. Calcd for C24H37O9N3Mo: C, 48.25;
H, 6.24; N, 7.03. Found: C, 47.60; H, 4.80; N, 7.05.

Mo(CO)3(CNC(CH2CH2)CO2H)3 (ALF861). Mo(CO)3(CNC-
(CH2CH2)CO2Et)3 (0.619 g; 1.04 mmol; 597.43 g/mol) was
dissolved in 20 mL of THF and placed in an ice bath. NaOH (10
equiv; 0.415 g; 10.37 mmol; 40.00 g/mol) was dissolved in 5 mL of
H2O and slowly added to the previous yellow solution. A yellow
emulsion formed, which was stirred for 4 h while it was slowly warmed
to room temperature. THF was then evaporated, and 15 mL of water
was added. To the filtered solution was added sulfuric acid (1 M
solution, 5.20 mL, 10.37 mmol). A brown oil separated at pH 2.
Further concentrating the solvent led to a dark yellow solid, which was
collected by filtration and washed four times with water (20 mL each).
The final pH was 5. The powder was dried under vacuum. Yield: 79%
(0.420 g). 1H NMR (CD3OD): δ 1.66 + 1.63 (m, 12H,
CNC(cyclopropyl)). 13C{1H} NMR (CD3OD): δ 213.7 (3C, CO),
171.5 (3C, CN), 164.2 (3C, CO2H), 37.2 (3C, CNC(CH2CH2)), 20.2
(6C, CNC(CH2CH2)). IR (KBr, ν, selected peaks, cm−1): 2153 (m,
CN), 2109 (s (br), CO), 1941 (s (br), CO), 1874 (s (br),
CO), 1705 (m, COO). Anal. Calcd for C18H15O9N3Mo: C, 42.12;
H, 2.95; N, 8.19. Found: C, 42.40; H, 3.32; N, 8.48.

Mo(CO)3(CNCH(CH2CO2Me)CO2Me)3 (ALF807). Mo(CO)3(η
6-

C7H8) (0.281 g; 1.032 mmol; 272.11 g/mol) was dissolved in 20
mL of MeOH, and CNCH(COOMe)CH2COOMe (3 equiv; 0.5303
g; 3.1 mmol; 171.14 g/mol) dissolved in 10 mL of MeOH was slowly
added. The dark red solution slowly turned orange-brown. The
reaction was stopped after 1.5 h and the mixture taken to dryness to
provide the desired compound. Yield: 100%. 1H NMR (CDCl3): δ
4.82 (t, 3H), 3.86 (s, 9H), 3.77 (s, 9H), 3.04 (m, 6H). IR (KBr, ν,
selected peaks, cm−1): 2165 (sh, CN), 2107 (s, CN), 1943 (s,
CO), 1876 (s, CO), 1740 (s, COO). Anal. Calcd for
MoC24H27N3O15: C, 41.57; H, 3.92; N, 6.06; Found: C, 41.30; H,
3.94; N, 6.06.
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Mo(CO)3(CNCH(CH2CO2Li)CO2Li)3 (ALF824). Mo(CO)3(CNCH-
(CH2CO2Me)CO2Me)3 (0.6669 g; 0.962 mmol; 693.42 g/mol) was
dissolved in 20 mL of THF at 0 °C. LiOH·H2O (6 equiv; 242 mg; 5.77
mmol) was also dissolved in 5 mL of H2O at 0 °C. The solution of
lithium hydroxide was added, and the reaction mixture was kept cold
overnight before being evaporated to dryness to provide ALF824 as
the hexalithium salt. Yield: 100%. 1H NMR (D2O): δ 4.64−4.60 (m, 3
H), 2.85−2.69 (m, 6H). IR (KBr, ν, selected peaks, cm−1): 2144 (s,
CN), 1944 (s, CO), 1872 (s, CO), 1586 (s, COO). Anal.
Calcd for MoC18H9N3O15Li6: C, 33.53; H, 1.41; N, 6.52; Found: C,
33.42; H, 3.06; N, 4.94. This salt is very hygroscopic and unstable, and
we were unable to obtain better C, H, N analytical values. The
presence of water is clear in the FTIR, and decomposition takes place
during NMR measurements, as evidenced by the 1H NMR spectrum
in the Supporting Information. Nevertheless, the expected signature of
the complex is present, namely by comparing the 1H NMR with that
of the parent complex, ALF807. The latter was very pure, as can be
seen above, and was also confirmed by analysis and the spectra in the
Supporting Information. We did not optimize the purification of
ALF824 because it did not show adequate liver specificity.
Mo(CO)3(CN(C(CH2)5)CO2H)3 (ALF835, as the Monosodium Salt).

Mo(CO)3(η
6-C7H8) (0.346 g; 1.27 mmol; 272.11 g/mol) was

dissolved in 20 mL of MeOH, and CN(C(CH2)5)CO2Me) (3
equiv; 0.638 g; 3.82 mmol), dissolved in 10 mL of MeOH, was slowly
added. The dark red solution slowly turned orange-brown. The
reaction was stopped after 1 h. The solution was concentrated by
evaporation and cooled. The complex precipitated and was filtered,
washed twice with a minimum amount of cold MeOH, and dried. 1H
NMR (CDCl3): δ 3.80 (s, 3H), 2.2−1.33 (complex m, 10H). Since the
1H NMR was clean (see the Supporting Information), the complex
was used immediately in the next step without further characterization.
Mo(CO)3(CN(C(CH2)5)CO2Me)3 (0.673 g; 0.99 mmol) was
dissolved in THF (20 mL), cooled to 0 °C, and treated with 10
mmol (0.400 g) of NaOH in 5 mL of H2O. The mixture was warmed
to room temperature and stirred. When TLC showed that the initial
complex had reacted completely, the mixture was taken to dryness
under vacuum. The residue was dissolved in water and treated with 1
M H2SO4. Precipitation took place very rapidly at pH 4, and the very
fine precipitate that formed settled with difficulty. After filtration or
centrifugation the white powder was washed twice with a small
amount of water and dried under high vacuum. After three cycles of
aqueous deprotonation/reprecipitation of this type the analytical
values indicate the compound precipitated as the monosodium salt.
The 1H NMR and given in the Supporting Information does not show
the presence of any organic impurity. On the other hand, the FTIR
spectrum is compatible with the presence of carboxylate, since it does
not have the well-defined CO stretch seen in the spectrum of the
fully protonated ALF794 also in the Supporting Information. Yield:
80%. 1H NMR (D2O + NaOD): δ 2.01−1.33 (complex m). 13C{1H}
NMR (D2O + NaOD): δ 215.0 (3C, CO), 176.9 (3C, CN), 158.3
(3C, CO2H), 69.7 (3C, CNC1 (cyclohexyl)), 34.6 (6C, C2 + C6
(cyclohexyl)), 24.5 (3C, C4 cyclohexyl), 21.5 (6C, C3 + C5
cyclohexyl). IR (KBr, ν, selected peaks, cm−1): 2154 (s, CN),
2095 (s, CN), 1932 (s, CO)), 1886 (s, CO)), 1863 (s, CO),
1728, 1716 (s, COO). Anal. Calcd for MoC27H32N3O9Na: C, 49.0; H,
4.88; N, 6.35; Found: C, 49.5; H, 4.31; N, 5.86.
Mo(CO)3(CNCH(CH2Ph)CO2Li)3 (ALF825). Mo(CO)3(η

6-C7H8)
(0.467 g; 1.72 mmol; 272.11 g/mol) was dissolved in 15 mL of
MeOH and added to a solution of CNCH(CH2Ph)CO2Me (3 equiv;
1.0 g; 5.15 mmol) in 10 mL of MeOH. After 10 min at room
temperature, the solution lost the red color and the solvent was
evaporated under vacuum. A sample from the crude residue of
Mo(CO)3(CNCH(CH2Ph)CO2Me)3 was only characterized spectro-
scopically. 1H NMR (CDCl3): δ 7.28−7.24 (m, 15H, C6H5), 4.49−
4.46 (dd, 3H, CH), 3.80 (s, 9H, COOCH3), 3.22−3.11 (m, 6H, CH2).
13C{1H} NMR (CDCl3): δ 211.8 (CO), 168.3 (CN), 167.4 (COO),
134.9 (Cipso), 129.7, 128.9, 127.2, (CHarom), 59.8 (CH), 53.3 (CH3),
39.8 (CH2). IR (KBr, ν, selected peaks, cm−1): 2164 (s, CN), 2113
(s, CN), 1940 (s, CO), 1873(s, CO), 1749 (s, COO).

Mo(CO)3(CNCH(CH2Ph)CO2Me)3 (1.263 g; 1.69 mmol; 747.59
g/mol) was dissolved in a THF/H2O mixture (4/1 v/v) and treated
with 3.1 equiv (0.220 g) of LiOH·H2O. When TLC showed that the
initial complex had reacted completely, the mixture was taken to
dryness under vacuum to give a white powder. Yield: 90%. 1H NMR
(D2O): δ 7.28−7.24 (m, 15H, C6H5), 4.56 (dd, 3H, CH), 3.19 (m,
6H, CH2).

13C{1H} NMR (D2O): δ 214.5 (CO), 173.1, 173.0 (CN,
COO), 136.6 (Cipso), 129.6, 128.6, 127.2 (CHarom), 62.8 (CH), 39.3
(CH2). IR (KBr, ν, selected peaks, cm−1): 2165 (s, CN), 2117 (s,
CN), 1941 (s, CO), 1876 (s, CO), 1620 (vs, COO). Anal.
Calcd for MoC33H24N3O9Li3: C, 54.80; H, 3.34; N, 5.81; Found: C,
54.84; H, 3.46; N, 5.78.

X-ray Data Collection and Refinement Statistics. X-ray data
collection was performed with monochromated Mo Kα radiation (λ =
0.710 73 Å) at 110 K, using a CCD Bruker SAMRT APEX II
diffractometer with an Oxford cryosystem. Both data sets were
processed and scaled using the SAINT and SADABS (Bruker (2005),
APEX2, SAINT, and SADABS, Bruker AXS Inc., Madison, WI)
programs, the structures were solved by direct methods, and
refinement proceeded using the program SHELX.34 Hydrogen
atoms were included in calculated positions, and all non-hydrogen
atoms were refined with anisotropic thermal displacement parameters.
Data and refinement statistics are given in Table S2 (Supporting
Information). Tables S3 and S4 (Supporting Information) show bond
lengths and angles for the molecules ALF794 and ALF793.

CO-Release Kinetics. The CO-release kinetics of compounds
ALF795, ALF818, ALF794, ALF824, and ALF861 was performed in
vitro in HEPES buffer (pH 7.4) or in phosphate buffer (pH 7.4) and in
the presence of rat liver microsomes. The quantization of the released
CO was performed according to Vreman et al.31 using a gas
chromatograph with a reducing compound photometer detector
(GC-RCP; Peak Laboratories, Mountain View, CA), which allows
quantifying CO in gas mixtures at concentrations as low as 1−2 parts
per billion (ppb). A calibration curve of the measured concentration of
CO was established in order to be able to extrapolate the peak areas
obtained in the GC-RCP to the known CO concentrations and
equivalents of CO released at each time point. Details are given in the
Supporting Information.

General Method for the Determination of CO Release in
HEPES Buffer. The CO-release kinetics of all compounds was
evaluated in 50 mM HEPES buffer (pH 7.4) in a sealed 8 mL vial.
Stock solutions (5 mM) of the compounds were prepared in PBS
buffer (each compound was soluble in PBS after the addition of 3
equiv of NaOH), and 10 μL was added to 990 μL of 50 mM HEPES
buffer (final concentration in buffer was 50 μM). Since light activation
can release CO from molybdenum carbonyl compounds, CO release
was determined with solutions in closed, clear glass vials kept under
light (on the laboratory bench under regular laboratory lighting) or in
the dark (wrapped in aluminum foil and kept inside a cardboard box).
Gas samples (from 10 μL up to 500 μL) of the vial headspace (7 mL
volume) were removed with a gastight syringe at 15, 30, 60, 120, 240,
and 360 min and 24 h after start of the incubation. The gas samples
were injected into sealed vials containing air (8 mL) for dilution. The
entire gas volume of the vials (8 mL) was transferred with carrier gas
to the GC-RCP and analyzed for CO. The GC-RCP had been
calibrated with gas containing a known amount of CO. The calibration
curve had been established by starting with gas from a cylinder, which
contained synthetic air with 30 ppm of CO (Linde, Cat. No.
14960013) and preparing dilutions in 8 mL vials as described above.

General Method for CO Release in the Presence of Liver
Microsomes. The CO-release kinetics was evaluated in the presence
of rat or human liver microsomes. In an 8 mL vial, the following
reagents were combined: 713 μL of purified water, 200 μL of 0.5 M
potassium phosphate buffer, pH 7.4, 50 μL of NADPH regenerating
system solution A (BD, Cat. No. 451220), 10 μL of NADPH
regenerating system solution B (BD, Cat. No. 451200), and 2 μL of a
5 mM solution of the compound in DMSO (10 μM final
concentration).

The vials were closed, and after mixing, the samples were warmed to
37 °C for 5 min before an aliquot (25 μL, 0.5 mg protein content) of
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rat liver microsomes (BD, Cat. No. 452511) or human liver
microsomes (BD, Cat. No. 452161) was added to each vial. In
parallel, analogous vials with all the reagents except the microsomes
were prepared. Due to the light sensitivity of the molybdenum
compounds, the reactions were performed in the dark. The samples
were incubated at 37 °C, and gas samples of the headspace (from 100
to 500 μL) of the vials were removed with a gastight syringe after 5,
10, 15, 30, and 60 min (in some cases samples were also taken at 1, 2,
3, or 4 min) upon microsome addition. The gas samples were then
injected into empty sealed vials (8 mL volume), and the amount of
CO present in the vials was measured using GC-RCP.
Determination of LD50. For the determination of the LD50 values,

the respective CO-RMs were administered iv at 1000 mg/kg (when
possible) in 200 μL to one CD-1 female mouse (Charles River). When
this dose was not feasible, due to low solubility of the compound, the
highest possible dose was tried. The mouse was then followed for at
least 72 h. If the dose was well tolerated and the mouse survived, the
LD50 was declared to be higher than the tested dose. In the case of
mouse death, lower doses were tested, following the same procedure,
until a dose allowing the mouse survival was found.
APAP-Induced Acute Liver Failure Experimental Protocol.

C57BL/C mice were purchased from Charles River at 7−8 weeks of
age. APAP used for in vivo experiments was purchased from Sigma
Aldrich St. Louis 99% pure (product number A7085). Mice were
housed in an enclosed isolator with 12 h light/dark cycle. After mice
had been moved to clean cages, they were fasted for 16 h prior to
APAP injection. After an average weight was determined from the
experimental group, 300 mg/kg (based on the average mouse weight)
of APAP was weighed and added to 1× PBS that was placed in a 37 °C
water bath. The solution was intermittently vortexed until APAP was
in solution. After the APAP was completely dissolved, 0.5 mL was
injected ip and the mice were returned to their cages and allowed
access to food and water. After the designated time point, mice were
anesthetized with Isoflurane and a terminal thoracotomy was done to
expose the heart for exsanguination. The blood was spun at 5000 rpm
for 10 min for plasma extraction. If no signs of hemolysis had occurred,
the samples were considered for ALT measurements. Once the plasma
had clotted, the serum was analyzed on an Idexx catalyst DX for ALT
measurements. Since most levels of ALT in the control groups and
some treatment groups exceeded acceptable limits of the Catalyst DX,
it was necessary to use 1/100 dilutions for accurate ALT measure-
ments.
Determination of CO in Tissues. The compound was dissolved

in PBS, and the acids were neutralized with 3 equiv of NaOH (from a
NaOH stock solution, 2.5 M). The pH was brought down to about 7.5
by adding HCl (from a stock solution 1 M). The compound was then
administered iv (50 mg/kg in 150 μL) to two CD-1 female mice
(Charles River). The mice were warmed for 10 min under an infrared
lamp to facilitate the iv administration into a tail vein. Five and twenty
minutes after the dosing, the two mice were anesthetized with
Isoflurane, and the blood was collected from the retro-orbital plexus
using a Pasteur pipet containing ∼20 μL of heparin solution. The
animal was opened; the portal vein was cut, and the organs were
perfused by injecting 10−15 mL of cold PBS in the left ventricle of the
heart. Then the heart, kidneys, liver, and lung were collected, briefly
washed with potassium phosphate buffer, dried with a paper towel, and
snap-frozen in liquid nitrogen. Samples of the freshly collected blood
were transferred to AVOXimeter 4000 cuvettes to measure the levels
of carboxyhemoglobin (COHb), oxyhemoglobin (O2Hb), and
methemoglobin (MetHb) using a portable AVOXimeter 4000 CO-
oximeter. The results are shown as mean percentages of total
hemoglobin species in circulation. The organs and blood were
conserved at −20 °C until the CO quantization was done.
For CO quantization, the protocol described by Vreman et al. was

followed.31 The organs were cut into small pieces, which were
weighed, and 4 volumes of water (a volume corresponding to 4 times
the weight of the tissue sample) was added to each organ sample. The
tissues were homogenized using a tissue tearer. Aliquots of
homogenate (30 μL) were placed into vials to which were added
water (25 μL) and sulfosalicylic acid (SSA, 5 μL, 30% wt/vol)

immediately before they were closed with a gastight septum cap. The
vials were incubated on ice for at least 20 min before being analyzed by
GC-RCP (in later experiments, the incubation time was extended to
45 min). The amount of CO was calculated using a calibration curve
prepared from CO standards (see the Supporting Information).
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