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ABSTRACT: While most Rh−N-heterocyclic carbene (NHC)
complexes currently investigated in anticancer research contain a
Rh(III) metal center, an increasing amount of research is focusing
on the cytotoxic activity and mode of action of square-planar
[RhCl(COD)(NHC)] (where COD = 1,5-cyclooctadiene) which
contains a Rh(I) center. The enzyme thioredoxin reductase (TrxR)
and the protein albumin have been proposed as potential targets,
but the molecular processes taking place upon protein interaction
remain elusive. Herein, we report the preparation of peptide-
conjugated and its nonconjugated parent [RhCl(COD)(NHC)]
complexes, an in-depth investigation of both their stability in
solution, and a crystallographic study of protein interaction. The
organorhodium compounds showed a rapid loss of the COD ligand and slow loss of the NHC ligand in aqueous solution. These
ligand exchange reactions were reflected in studies on the interaction with hen egg white lysozyme (HEWL) as a model protein in
single-crystal X-ray crystallographic investigations. Upon treatment of HEWL with an amino acid functionalized [RhCl(COD)-
(NHC)] complex, two distinct rhodium adducts were found initially after 7 d of incubation at His15 and after 4 weeks also at Lys33.
In both cases, the COD and chlorido ligands had been substituted with aqua and/or hydroxido ligands. While the histidine (His)
adduct also indicated a loss of the NHC ligand, the lysine (Lys) adduct retained the NHC core derived from the amino acid L-
histidine. In either case, an octahedral coordination environment of the metal center indicates oxidation to Rh(III). This
investigation gives the first insight on the interaction of Rh(I)(NHC) complexes and proteins at the molecular level.

■ INTRODUCTION

Soon after the discovery of cisplatin, which contains a Pt(II)
center, Giraldi et al. investigated Rh(I) complexes which were
structurally and electronically similar to cisplatin and
determined their anticancer activities.1,2 Some of the
investigated compounds were able to cure mice bearing
Ehrlich ascites sarcoma,1,2 however research in the area quickly
ceased. More recently, Rh complexes investigated for their
anticancer properties contain a metal center in the oxidation
state +III,3−9 while complexes of Rh(I) are rather investigated
for their catalytic activities.10−12 Among the few examples of
Rh(I) complexes investigated in the field of anticancer
research, those of the overall formula [RhX(COD)(NHC)]
(where COD = 1,5-cyclooctadiene, NHC = N-heterocyclic
carbene, and X = halide) represent the majority. Their most
valuable feature is represented by the NHC ligand which can
be functionalized to suit the desired application either at the
imidazolium backbone or at one or both of the nitrogen atoms.
This provides not only a scaffold for a broad variety of
structures but also a handle to control the stability of the
complex.13−16 The possibility to include an imidazolium

moiety in virtually every possible structure is most impressively
illustrated by peptide conjugated examples of [RhCl(COD)-
(NHC)] complexes reported in the literature, where the NHC
ligand represents a methylated histidine (His) derivative that
was either directly used for complexation17 or embedded in a
peptide scaffold, thus forming a peptide NHC ligand.18,19

The in vitro investigation of the cytotoxic activity of
[RhCl(COD)(NHC)] complexes revealed IC50 values in the
high nanomolar to low micromolar range.20−28 This effect was
correlated to the structure of the NHC ligand driving the
cellular uptake of the respective complex21,28 and the
respective cancer cell line under investigation. Initial work on
the in vivo activity of a [RhCl(COD)(NHC)] complex in a
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HepG2 xenograft model in nude mice showed the ability to
reduce tumor weight of mice treated with 10 mg/kg of the
complex by up to 45%.28 However, the mode of action of the
complexes is still under debate. While several reports about the
interaction of the complexes with free deoxyribonucleic acid
(DNA) exist,20,22 the amount of nuclear rhodium content after
treatment of cells with a respective complex has not been
higher than 1−2%, casting doubt on DNA as their main
cellular interaction site.22 Instead, it has been proposed that
DNA damage represents a secondary effect, caused by the
generation of reactive oxygen species inside of the cancer cells
after treatment with [RhCl(COD)(NHC)] complexes that
finally leads to cell cycle arrest.24 This hypothesis is in
agreement with reports describing the ability of the complexes
to act as cell cycle inhibitors.20,23,28 Besides binding to DNA,
interactions with proteins including albumin22 and thioredoxin
reductase (TrxR) have been described.24,28 However, the
molecular nature of the interaction of the complexes with DNA
or proteins remains poorly investigated.
Hydrolytic stability studies of [RhCl(COD)(NHC)] com-

plexes revealed a potential to form aqua or hydroxido
complexes by exchange of the chlorido ligand.23 Additionally,
loss of the NHC ligand in aqueous solution eventually led to
the formation of dimeric chlorido-bridged structures.23 An
investigation of their ability to interact with 9-ethylguanine, a
DNA model base, showed that the chlorido ligand was readily
exchanged by the N7 of the nucleobase.

25 While the molecular
nature of [RhCl(COD)(NHC)]−protein interactions has not
been investigated so far, the binding of structurally related
[IrCl(COD)(NHC)] complexes to cytochrome C and
lysozyme has been reported to proceed through loss of the
COD and chlorido ligands along with an oxidation of the metal
center from +I to +III.29−32 Further in depth investigation of
this process led to the conclusion that formation of a solvent
surrounded iridium-NHC intermediate is the initial step of this
interaction.33 Adducts of the general type M(NHC) with

proteins were characterized by Merlino et al. for Au(NHC)
complexes and the model protein thaumatin.34 Hen egg white
lysozyme (HEWL, containing 129 amino acids) is another
model protein that has been widely used for metal−protein
interaction studies due to its small molecular weight of
14.3 kDa.30,35−43 For example, the interaction of the M(NHC)
complex [dichlorido(η6-p-cymene)(1,3-dimethylbenzimidazol-
2-ylidene)ruthenium(II)] and HEWL revealed that the
chlorido ligand was exchanged with the imidazole of His15
of the protein. This interaction was concomitant to the loss of
p-cymene and coordination of arginine (Arg)14.44,45 Over a
longer period of time, a secondary interaction with lysine
(Lys)33 of HEWL was found.46 Lys33 has been suggested as a
potential site for interaction with platinum complexes.47,48

In order to add to the understanding of the behavior of
M(NHC) complexes in biological environments, we herein
report investigations on the hydrolytic stability of a [RhCl-
(COD)(NHC)] complex and a peptide-coordinated analogue.
Furthermore, a protein crystallographic study sheds light on
the way the hydrolytic stability of the complexes is related to
their interactions with HEWL.

■ RESULTS AND DISCUSSION

Synthesis and Characterization. Synthesis of the
[RhCl(COD)(NHC)] complexes 8a−8c was carried out
based on examples of similar complexes reported by Monney
et al.17−19 and in analogy to a literature procedure for similar
[IrCl(COD)(NHC)] complexes.33 These methods required
the preparation of pro-carbenes 2, 5, and 7. Imidazolium salt 2
was obtained by nucleophilic substitution of 1-methylimidazole
with methyl iodide.30,31,33

The His derivative 5 was synthesized from Boc-His(Trt)−
OH (Scheme 1).33 Final C-terminal deprotection provided the
carboxylic acid 6 which was used for solid-phase peptide
synthesis (SPPS) on HMBA resin to yield the imidazolium

Scheme 1. Synthesis of Imidazolium Functionalized His Derivatives 5 and 6 and SPPS of Imidazolium Functionalized Peptide
7
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functionalized peptide 7 with an N-terminal Boc protection
and a C-terminal methyl ester.33,49

Imidazolium salts 2, 5, and 7 were used for the synthesis of
the desired rhodium complexes 8a−8c by Ag2O trans-
metalation according to Scheme 2, which was initially reported
for the synthesis of [RhCl(COD)(NHC)] complexes50 and
was later adapted for [RhCl(COD)(NHC)] peptide con-
jugates18,19 and iridium analogues.33

The 1H nuclear magnetic resonance (NMR) spectra of the
metal complexes showed the disappearance of the imidazolium
proton found in the spectra of the pro-carbenes between 8.8
and 10.0 ppm. Additionally, the 13C{1H} NMR spectra of
complexes 8a and 8b showed a significant low-field shift of the
imidazolylidene carbon atom from around 137 ppm in 2 and 5
to 182−183 ppm after complexation.50 Furthermore, these
carbon atoms were detected as doublets, which can be assigned
to the coupling of the rhodium center and the imidazolylidene
carbon atom.51 The coupling constants of 50.6 Hz for complex
8a and 52.6 Hz for complex 8b are in line with the values
reported in the literature for [RhCl(COD)(NHC)] com-
plexes.51 The 1H NMR spectrum of complex 8b further
revealed the formation of two rotamers present in a ratio of
1:0.7, an effect that has been described in detail for similar
[RhCl(COD)(NHC)] complexes.18,19,52 The effect was most
obvious for the signal assigned to the C-terminal methyl group
of the amino acid at 3.71−3.77 ppm, which resonates as a
singlet in 5 but is clearly split into two distinct signals after
complexation (Figure S1). The effect is less pronounced in the

peptide complex 8c but still visible. Together, these data
provide unambiguous proof of the presence of a direct metal−
carbon bond between the imidazolylidene carbon and the
rhodium center of complexes 8a−8c, which is particularly
valuable for the peptide conjugate 8c where several other
functionalities on the peptide could potentially coordinate to
the rhodium center. The purity of the peptide conjugate 8c
was shown by analytical high-pressure liquid chromatography
(HPLC), where the peptide conjugate gave a significant shift in
retention time after complexation in comparison to the free
peptide, as also reported for similar [RhCl(COD)(NHC)]
complexes (Figure S2).52

Assessment of Hydrolytic Stability by 1H NMR
Spectroscopy and HPLC. The hydrolytic stability of
[RhCl(COD)(NHC)] complexes was previously analyzed by
mass spectrometry.23 The experiments revealed an initial
chlorido/hydroxido ligand exchange followed by a subsequent
substitution of the NHC ligand with solvent molecules.23

These intermediates converted into halido-bridged dimers with
the NHC ligand retained in some cases.23 Similar [IrCl-
(COD)(NHC)] complexes have been reported to show time-
dependent displacement of the COD ligand.33 This process is
assumed to produce a reactive intermediate capable of
interacting with biomolecules.29,31−33

In order to follow up on these previous reports, the
hydrolytic stability of 8a was analyzed by time-dependent 1H
NMR spectroscopy. Thus, the rhodium complex 8a was
dissolved in deuterated acetonitrile, and ∼17% of water was
added to the solution as previously reported for an analogous
Ir complex.33 Monitoring of the reaction during the next 48 h
revealed two new peaks in the regions of 5.53 ppm (A, Figure
1) and 2.32 ppm (B, Figure 1). These were assigned to free
COD, as found for the Ir congener of 8a.33 In order to confirm
the observation, the experiment was repeated, and the sample
was spiked after 48 h with COD, which resulted in the
intensity of the peaks at 5.53 and 2.32 ppm to increase
significantly (Figure S4). Complex 8c was used as a small
model system where a short biomolecule is directly included in
the complex structure, and a similar experiment was
conducted. Therein, the peptide complex showed the same
behavior as its nonconjugated parent-compound 8a, and new
peaks were observed at 2.32 and 5.53 ppm that were equally
assigned to free COD (Figure S3). Figure 2 shows a direct
comparison of the hydrolytic behaviour of compounds 8a and
8c. Thus, COD displacement can be considered a main
process in aqueous solution in addition to the previously
reported chlorido exchange23 that is not influenced by the
nature of the NHC ligand.

Scheme 2. Synthesis of the [RhCl(COD)(NHC)]
Complexes 8a−8c by Ag2O Transmetalation

Figure 1. 1H NMR spectra of complex 8a after 0 h (lower trace) and 48 h (middle trace) in comparison to the spectrum of free COD (upper
trace). The signals at around 5.53 and 2.32 ppm show a good overlap with the signals of free COD.
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In addition to the NMR investigations, complex 8c was
subjected to time-dependent analysis by analytical HPLC,
which bears the possibility to isolate and characterize any
potentially arising intermediates after COD release. For this
purpose, 8c was incubated at room temperature in a mixture of
water and acetonitrile 1:1 (v/v), and samples were analyzed
after defined time periods (see Figure S6). Minor changes in
the chromatograms were observed over a period of 48 h. A
small new peak B at a retention time of 8.1 min became
however apparent. Characterization by ESI-mass spectrometry
allowed to assign it to the free imidazolium-functionalized
peptide which became detached from the complex. This was
confirmed by a comparison of the retention time to that of the
free peptide. This result is in line with the previously observed
release of NHC ligands.23 In contrast to the release of COD
observed by the 1H NMR spectroscopy within the first 24 h of
incubation, NHC cleavage seems to be significantly slower and
becomes apparent only after 48 h. These rather small changes
observed for complex 8c in the HPLC experiments and the
significantly faster hydrolysis recorded in the NMR experi-
ments may be due to the different experimental conditions in
terms of water content (HPLC 50%, NMR 17%). Thus, we
hypothesized that a higher water content may be beneficial for
the stability of the complex. In order to assess this hypothesis
with the model complex 8a, its stability was characterized in
deuterated phosphate buffered saline (PBS) with 10% of

DMSO for solubility reasons. Indeed, in this biologically
relevant buffer system, the 1H NMR spectra of the sample
measured after 24 and 48 h showed no significant changes and
especially no COD release (see Figure S5). Acetonitrile is
known for its ability to substitute ethylene and cyclooctene53

as well as acetylacetonato54 ligands in Rh(I)-NHC complexes.
Thus, we conclude that the presence of high acetonitrile
concentrations triggered the COD release in case of the NMR
experiment, while complexes 8a and 8c have a high degree of
stability in aqueous solutions including biologically relevant
buffer systems.

Protein Interaction Studies by X-ray Crystallography.
HEWL is a well-established model protein and has provided
insightful data into the protein binding capabilities of metal-
based complexes.35,36,43,55,56 HEWL crystals were grown
overnight in sodium chloride and sodium acetate at pH 4.7.
The crystals were transferred to a solution of sodium nitrate
and sodium acetate at pH 4.7 supplemented with 8b (0.69 mg,
2 mg/mL) and soaked for 7 d and 4 weeks. Crystals were
harvested after 7 d and 4 weeks and analyzed by X-ray
diffraction at the MX1 beamline at the Australian Synchrotron.
Both structures crystallized in the P43212 space group, with the
phases determined using molecular replacement with the
search model 4NHI,57 which located one molecule in the
asymmetric unit. The sites of metalation were identified as
peaks in an anomalous difference map based upon the
anomalous diffraction of the Rh metal center.58 The structures
were refined to final Rwork/Rfree values of 0.19/0.22 at a
resolution of 1.35 Å (7 days) and 0.20/0.25 at a resolution of
1.55 Å (4 weeks) (Supporting Information). When comparing
the metalated structures to native HEWL (Protein Databank
(PDB) ID 4NHI),57 there were no major structural
perturbations, with only localized changes to the positions of
side chains (Supporting Information) occurred. This is shown
in the small root-mean-square deviations (RMSD) of 0.241 Å
after 7 days and slightly increased to 0.265 Å after 4 weeks.
The analysis of the crystal obtained after 7 d (PDB ID

6WRL) of soaking revealed a single anomalous peak at a peak
height of 7.0σ, located near His15. The rhodium center was
placed at the center of the anomalous density at a Rh−Nε1

His15
bond length of 2.43 Å. The occupancy of the Rh center was set
to 0.5 to match both the B-factors of the surrounding side
chains, and the density level in both the 2Fo−Fc and Fo−Fc
electron density maps (Figure 3 and Figure S7). Examination
of refined 2Fo−Fc electron density maps revealed further
density surrounding the metal center. However, the density
could not be unambiguously assigned to structural components

Figure 2. 1H NMR spectra of complexes 8a (middle traces) and 8c
(lower traces) after 0 and 48 h in comparison to the spectrum of
COD (upper trace). The change in signals at around 5.53 (A) and
2.32 ppm (B) show a good overlay with the signals of COD.

Figure 3. Details of the interaction between the Rh center and HEWL at site 1 with His15 coordinated to a rhodium center with an octahedral
coordination sphere filled with five aqua/hydroxido ligands. The electron density (2Fo−Fc) maps are contoured at 1σ (blue maps), while the
anomalous difference maps are contoured at 4σ (yellow maps). Adducts formed after (a) 7 days and (b) 4 weeks. (c) Overlay of the 7 day and 4
week interactions showing the similarity of the interactions.
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of compound 8b, most likely due to the exchange of ligands as
observed by NMR spectroscopy and HPLC. Therefore, we
have assigned the density as aqua/hydroxido (OHn; n = 1, 2)
ligands at an average Rh−OHn (n = 1, 2) bond distance of 2.35
Å (Figure 3a, Supporting Information). After 4 weeks of
soaking, the interaction at the His15 site appears remarkably
similar (Figure 3b, overlay shown in Figure 3c), with a peak
height of 6.7σ and a Rh−Nε1

His15 bond distance of 2.20 Å, the
occupancy (0.5) remained the same, and the average Rh−OHn
bond distance was similar to that previously observed (Figure
3b and Figure S8). These observations match the results from
the stability studies and literature reports for the substitution of
Cl, COD, and NHC ligands of organorhodium and -iridium
compounds.29−32 A similar type of adduct was observed when
RhCl3 was incubated with HEWL (PDB ID 3A94).59

An additional binding site was identified in the sample
obtained after 4 weeks (PDB ID 6WRM) of incubation, which
was located near Lys33 and was found with an anomalous peak
height of 10.9σ. A second Rh center was placed at a Ru−
Nζ1

Lys33 bond distance of 2.28 Å. Similar to the binding site at
His15, after refinement significant 2Fo−Fc density surrounding
the metal center was observed (Supporting Information). The
Rh center in trans position to Nζ1

Lys33 appeared to be a
crescent shaped density which suggested that the NHC
remained bound (Supporting Information). The density is
consistent with the imidazolylidene ligand being present but in
multiple conformations, resulting in poorly defined electron
density. To include the carbene ligand, two alternate
conformations were modeled (Figure 4c and Figure S9).

Cumulatively, the Rh center had an occupancy of 0.6, which
was defined by the lack of negative density in the refined Fo−Fc
map (Figure S10) and a comparison with the B-factor of
surrounding side-chains. The alternative conformations A
(Figure 4a) and B (Figure 4b), showed occupancies of 0.35
and 0.25, respectively, which gave both conformations similar
B-factors (Supporting Information). The Rh−Ccarbene bond
distance was 2.07 Å and is very similar to that found in
Ru(NHC) complexes.46,60 The ligands at the equatorial
positions of the Rh center were identified as aqua or hydroxido
(OHn, n = 1, 2) ligands, however, they could not be
unambiguously assigned. The NHC core was rotated by
∼67° about the C3 atom, whereby the C4 atoms of the
alternate conformers are 1.73 Å away from each other. The
OHn ligands were also considered associated with a specific
alternate conformation with average Rh−OHn bond distances

of 2.52 Å (conformation A) and 2.47 Å (conformation B).
Confirmation of the interaction at Lys33 was made using
phenix.polder (Figure S11) and simulated annealing composite
omit maps (Figure S12). The positioning of Lys33 in the
native non-adducted (4NHI) structure was compared to that
with the adduct in the binding site (Figure S13). The binding
to this site was much slower than occurred at His15. In the
structure obtained for RhCl3 with HEWL (3A94),59 no
interactions with an L-lysine residue were observed. Intrigu-
ingly, the reaction of 8b with HEWL and substitution of the
labile COD and chlorido ligands resulted in adducts of
octahedral coordination geometry, while the prepared
complexes are square planar Rh(I) compounds. This indicates
oxidation of the Rh(I) center to Rh(III).

■ CONCLUSIONS
We report here the preparation of [RhCl(COD)(NHC)]
complexes in which we varied the NHC ligand from a simple
dimethyl derivative (8a) to a His-derived carbene (8b), and
the latter was incorporated in a peptide backbone (8c). In an
aqueous environment, two ligand exchange processes were
observed. Analysis of the hydrolytic stability of 8a and 8c by
time-dependent 1H NMR spectroscopy revealed fast and
pronounced COD release. However, when complex 8c was
analyzed by analytical HPLC, no significant COD release was
detected. Instead, the complex showed slow a displacement of
the NHC ligand, and small amounts of free peptide ligand were
detected, a process that is significantly slower than the COD
release observed in the NMR experiment. When considering
the different experimental conditions, it was hypothesized that
the water content (17% in case of the NMR experiment and
50% in case of the HPLC experiment) was the origin of the
different decomposition processes. Indeed, when the stability
of complex 8a was assessed by 1H NMR spectroscopy in
deuterated PBS buffer, no COD release was observed. Thus,
the overall outcome of these experiments suggests an excellent
hydrolytic stability of both complexes 8a and 8c and further
suggests that an external coordinating agent is necessary to
trigger the COD release process. Both of these molecular
processes, COD and NHC release, were considered when
complex 8b was investigated for its interaction with HEWL.
The crystal structures obtained after 7 days and 4 weeks of
soaking revealed adduct formation at His15, which is often
ob s e r v ed fo r Rh6 1− 6 4 and o the r me t a l com-
plexes,35,41,43,46,65−74 while all the original ligands were
substituted for aqua and/or hydroxido ligands. Over longer
periods of incubation, a second adduct at Lys33 was observed
with a rhodium fragment that still featured the NHC ligand,
but all other ligands were exchanged by solvent molecules.
This may demonstrate that the protein microenvironment acts
as a trigger for the ligand exchange processes occurring at the
Rh center similar to acetonitrile in the NMR experiment,
resulting in release of COD and the chlorido ligand. Both
interactions suggest a change from the initially square-planar
structure to an octahedral geometry. This indicates oxidation
of the metal center from Rh(I) to Rh(III), a feature which has
been reported to occur in similar Ir(I) complexes upon
peptide33 and protein interaction,29,31 the nature of the oxidant
at this stage is unknown. However, while the present results
clearly suggest that the oxidation either occurs upon or after
protein interaction, the exact chronological order of the events
remains the object of further studies. In conclusion, our
investigations represent the first insight on the interaction of

Figure 4. Details of the interaction at the second metalation site,
which shows the Lys33 residue bound to rhodium with an octahedral
coordination sphere featuring an imidazolylidene and four aqua
ligands. The electron density maps are contoured at 1σ (blue maps),
while the anomalous difference maps are contoured at 4σ (yellow
maps). (a) Conformation A with an occupancy of 0.35. (b)
Conformation B with an occupancy of 0.25. (c) Overlay of both
conformations.
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[RhCl(COD)(NHC)] and proteins at the molecular level and
the related ligand exchange reactions occurring at the Rh
center.

■ EXPERIMENTAL SECTION
Synthesis of Amino Acid Derivatives. Compounds 4−6 and

peptide 7 were synthesized according to literature procedures.33 The
detailed description of the synthesis, solid-phase peptide synthesis,
and the respective analytical data can be found in the Supporting
Information.
Synthesis of [Rh(NHC)(COD)Cl] Complexes (8a−8c). General

Procedure. In a heated Schlenk flask under N2 atmosphere, 1 equiv of
the respective imidazolium salt was dissolved in 15 mL of dry
dichloromethane (DCM) (in case of ligands 2 and 5) or dry
acetonitrile (ACN) (in case of peptide 7). The solution was degassed
by three consecutive cycles of freeze−pump−thaw. After addition of
0.5 equiv of Ag2O, the solution was left to stir at room temperature for
1 h in the dark, during which a disappearance of the black Ag2O could
be seen, followed by an addition of 0.5 equiv of [Rh(COD)Cl]2
leading to a color change to bright yellow. The solution was then left
to stir overnight at room temperature. Afterward the reaction mixture
was filtered through Celite (DCM/MeOH 9:1), and the filtrate was
concentrated under reduced pressure. Purification of the product was
carried out by flash column chromatography (n-hexane/ethyl acetate
0:1 to 1:0), leading to the products as bright yellow solids. The
peptide conjugate 8c was further purified by semipreparative HPLC
on a VarioPrep 125/10 Nucleodur C4 Gravity 5 μm column with a
gradient of ACN/H2O and 0.1% of trifluoroacetic acid (TFA) (5:95
to 95:5 v/v).
Chloro-(1,5-cyclooctadiene)(1,3-dimethyl-1H-imidazol-3-ide)-

rhodium(I) (8a). Yield: 125 mg (0.33 mmol, 55%). Analytical data:
1H NMR (200 MHz, chloroform-d) δ 6.79 (s, 2H, N−CHCH−N),
5.01 (s, 2H, 2x COD CH), 4.06 (s, 6H, 2x N−CH3), 3.28 (s, 2H, 2x
COD CH), 2.39 (t, J = 7.1 Hz, 4H, 2x COD CH2), 1.93 (m, 4H, 2x
COD CH2).

13C NMR (101 MHz, chloroform-d) δ 182.7 (d, J = 50.6
Hz, N−C−N), 122.0 (N−CHCH−N), 98.6 (d, J = 6.8 Hz, COD
CH), 67.8 (d, J = 14.5 Hz, COD CH), 37.8 (N−CH3), 33.1 (COD
CH2), 29.0 (COD CH2), ESI-MS: m/z 307.5 [M − Cl]+.
Chloro-1,5-cyclooctadiene-[4-(2-((tert-butoxycarbonyl)amino)-

3-methoxy-3-oxopropyl)-1,3-dimethyl-1H-imidazol-3-ide]-
rhodium(I) (8b). Yield: 60 mg (0.11 mmol, 39%). Analytical data: Rf
(ehtylacetate/n-hexane, 1:1): 0.13. 1H NMR (400 MHz, chloroform-
d, mixture of two isomers) δ 6.60 (d, J = 15.7 Hz, 2H, 2x N−CH =
C), 5.01 (m, 6H, 6x COD CH, NH), 4.55 (dd, J = 12.0, 7.6 Hz, 2H,
2x α-CH), 4.01 (m, 12H, 4x N−CH3), 3.74 (d, J = 20.2 Hz, 6H, 2x
O−CH3), 3.27 (m, 4H, 2x COD CH), 2.93 (m, 4H, 2x β-CH2), 2.39
(qd, J = 12.4, 10.0, 5.5 Hz, 8H, 4x COD CH2), 1.94 (m, 8H, 4x COD
CH2), 1.42 (d, J = 19.7 Hz, 18H, 6x Boc CH3).

13C NMR (101 MHz,
chloroform-d) δ 171.7 (COOMe), 155.1 (CO-NH), 129.1 (N−C
CH), 120.2 (N−CHC), 98.6 (d, J = 10.1 Hz, COD CH), 80.5
(Boc quat. C), 68.0 (m, COD CH), 52.6 (m, COD CH, α-CH, O−
CH3), 37.8 (d, J = 8.0 Hz, N−CH3), 35.1 (N−CH3), 33.1 (m, COD
CH2), 31.7 (COD CH2), 29.0 (m, COD CH2), 28.4 (d, J = 6.5 Hz,
Boc CH3), 28.0 (d, J = 32.3 Hz, COD CH2). ESI-MS: m/z 508.5 [M
− Cl]+, 565.9 [M + Na]+.
Chloro-1,5-cyclooctadiene-[5-(13-((tert-butoxycarbonyl)amino)-

10-isobutyl-7-isopropyl-4-methyl-3,6,9,12-tetraoxo-2-oxa-5,8,11-
triazatetradecan-14-yl)-1,3-dimethyl-1H-imidazol-3-ide]-rhodium-
(I) (8c). Yield: 13 mg (0.016 mmol, 32%). Analytical data: Rf (ethyl
acetate): 0.50. 1H NMR (300 MHz, chloroform-d, mixture of two
isomers) δ 6.65 (s, 2H, 2x N−CHC), 5.40 (m, 2H, 2x COD CH),
4.98 (s, 4H, 4x COD CH), 4.19 (m, 19H, 6x α-CH, 4x N−CH3), 3.74
(d, J = 4.7 Hz, 6H, 2x O−CH3), 3.48 (d, J = 3.1 Hz, 2H, 2x COD
CH), 3.28 (s, 2H, 2x COD CH), 2.84 (m, 4H, 2x β-CH2), 2.39 (d, J =
11.1 Hz, 8H, 4x COD CH2), 2.01 (dd, J = 44.5, 8.7 Hz, 8H, 2x Val
CH, 3x COD CH2), 1.58 (q, J = 9.3, 8.9 Hz, 6H, 2x Leu CH, 2x Leu
CH2), 1.41 (t, J = 6.7 Hz, 24H, 6x Boc CH3, 2x Ala CH3), 0.93 (dq, J
= 12.9, 5.6, 4.8 Hz, 24H, 4x Val CH3, 4x Leu CH3). ESI-MS: m/z
791.7 [M − Cl]+. HR ESI-MS: m/z 791.3594 [M − Cl]+, 849.3177
[M + Na]+. Analytical HPLC retention time: (gradient: acetonitrile/

H2O 5:95 and 0.1% TFA to acetonitrile/H2O 95:5 and 0.1% TFA,
column: Macherey Nagel EC 125/4 Nucleodur C4 Gravity 5 μm):
8.6 min.

Protein Crystallography. HEWL crystals of 0.1−0.2 mm were
grown from a reservoir solution consisting of sodium chloride (0.8 M)
and sodium acetate (0.1 M, pH 4.7) which, in the crystallization drop,
was mixed with an equal volume of HEWL (100 mg/mL).75 Crystals
formed within 24 h and were then transferred into a drop of reservoir
solution of sodium nitrate (0.8 M) and sodium acetate (0.1 M, pH
4.7) supplemented with 8b (0.69 mg, 2 mg/mL). The crystals were
observed to turn orange after 3 d, and X-ray analysis was performed
after soaking for periods of 1 week and 1 month. For this purpose, the
soaked crystals were transferred into a cryoprotectant of 20% glycerol,
sodium nitrate (0.8 M), and sodium acetate (0.1 M, pH 4.7) and flash
frozen in liquid nitrogen.

Protein Crystal Data Collection and Analysis. X-ray diffraction
data were collected on the crystallography beamline MX1 at the
Australian Synchrotron.76 Data were processed with XDS,77 revealing
that the protein crystallized in the space group P43212. The structures
were determined by molecular replacement using a monomer of
lysozyme (PDB ID: 4NHI)57 as a search model in PHASER.78 The
models were refined with iterative rounds of refinement and model
building in REFMAC79 and COOT.80 Sodium ion placement was
aided by the use of the WASP server at USF.81 The 2Fo−Fc, Fo−Fc,
and anomalous difference maps were generated using FFT.82 To
further support the positioning of the organometallic moieties, maps
were generated of unbiased density, of simulated annealing composite
omit,83 and with phenix.polder.84 The compound fragment formed
was reformatted (from the small molecule crystal structure of an
analogous [Ir(Cl)(COD)(NHC)] complex)85 using Gaussian,86 and
the final PDB and CIF files were generated by phenix.elbow.87
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Peŕez-Torrente, J. J.; Oro, L. A. Pyridine versus acetonitrile
coordination in rhodium-N-heterocyclic carbene square-planar
complexes. Dalton Trans. 2015, 44 (12), 5777−5789.
(54) Palacios, L.; Di Giuseppe, A.; Opalinska, A.; Castarlenas, R.;
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C. C. A contribution to the rational design of Ru(CO)3Cl2L
complexes for in vivo delivery of CO. Dalton Trans. 2015, 44 (11),
5058−5075.
(73) Pontillo, N.; Ferraro, G.; Messori, L.; Tamasi, G.; Merlino, A.
Ru-Based CO releasing molecules with azole ligands: interaction with
proteins and the CO release mechanism disclosed by X-ray
crystallography. Dalton Trans. 2017, 46 (29), 9621−9629.
(74) Tamasi, G.; Merlino, A.; Scaletti, F.; Heffeter, P.; Legin, A. A.;
Jakupec, M. A.; Berger, W.; Messori, L.; Keppler, B. K.; Cini, R.
{Ru(CO)x}-Core complexes with benzimidazole ligands: synthesis,
X-ray structure and evaluation of anticancer activity in vivo. Dalton
Trans. 2017, 46 (9), 3025−3040.
(75) Blake, C. C. F.; Fenn, R. H.; Johnson, L. N.; Koenig, D. F.;
Mair, G. A.; North, A. C. T.; Oldham, J. W. H.; Phillips, D. C.; Poljak,
R. J.; Sarma, V. R.; Vernon, C. A. How the structure of lysozyme was
actually determined. In International Tables for Crystallography;
Rossmann, M. G.; Arnold, E., Eds.; International Union of
Crystallography: Chester, England, 2006; Vol. F.

(76) Cowieson, N. P.; Aragao, D.; Clift, M.; Ericsson, D. J.; Gee, C.;
Harrop, S. J.; Mudie, N.; Panjikar, S.; Price, J. R.; Riboldi-Tunnicliffe,
A.; Williamson, R.; Caradoc-Davies, T. MX1: a bending-magnet
crystallography beamline serving both chemical and macromolecular
crystallography communities at the Australian Synchrotron. J.
Synchrotron Radiat. 2015, 22 (1), 187−90.
(77) Kabsch, W. Integration, scaling, space-group assignment, and
post-refinement. Acta Crystallogr., Sect. D: Biol. Crystallogr. 2010, 66,
133−144.
(78) McCoy, A. J.; Grosse-Kunstleve, R. W.; Adams, P. D.; Winn, M.
D.; Storoni, L. C.; Read, R. J. Phaser crystallographic software. J. Appl.
Crystallogr. 2007, 40, 658−674.
(79) Murshudov, G. N.; Vagin, A. A.; Dodson, E. J. Refinement of
Macromolecular Structures by the Maximum-Likelihood Method.
Acta Crystallogr., Sect. D: Biol. Crystallogr. 1997, 53 (3), 240−255.
(80) Emsley, P.; Cowtan, K. Coot: model-building tools for
molecular graphics. Acta Crystallogr., Sect. D: Biol. Crystallogr. 2004,
60, 2126−2132.
(81) Nayal, M.; Di Cera, E. Valence screening of water in protein
crystals reveals potential Na+ binding sites. J. Mol. Biol. 1996, 256 (2),
228−234.
(82) Read, R. J.; Schierbeek, A. J. A phased translation function. J.
Appl. Crystallogr. 1988, 21 (5), 490−495.
(83) Terwilliger, T. C.; Grosse-Kunstleve, R. W.; Afonine, P. V.;
Moriarty, N. W.; Adams, P. D.; Read, R. J.; Zwart, P. H.; Hung, L. W.
Iterative-build OMIT maps: map improvement by iterative model
building and refinement without model bias. Acta Crystallogr., Sect. D:
Biol. Crystallogr. 2008, 64, 515−524.
(84) Liebschner, D.; Afonine, P. V.; Moriarty, N. W.; Poon, B. K.;
Sobolev, O. V.; Terwilliger, T. C.; Adams, P. D. Polder maps:
improving OMIT maps by excluding bulk solvent. Acta Crystallogr.,
Sect. D: Biol. Crystallogr. 2017, 73 (2), 148−57.
(85) Daubit, I. M. Peptide-Conjugation and Luminescence Cell
Imaging of Cytotoxic Iridium and Rhodium N-Heterocyclic Carbene
Complexes. Ph.D. Thesis, Ruhr University Bochum, Bochum, 2020.
(86) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.;
Robb, M. A.; Cheeseman, J. R.; Scalmani, G.; Barone, V.; Mennucci,
B.; Petersson, G. A.; Nakatsuji, H.; Caricato, M.; Li, X.; Hratchian, H.
P.; Izmaylov, A. F.; Bloino, J.; Zheng, G.; Sonnenberg, J. L.; Hada, M.;
Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.; Ishida, M.;
Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Vreven, T.;
Montgomery, J. A.; Peralta, J. E.; Ogliaro, F.; Bearpark, M.; Heyd,
J. J.; Brothers, E.; Kudin, K. N.; Staroverov, V. N.; Kobayashi, R.;
Normand, J.; Raghavachari, K.; Rendell, A.; Burant, J. C.; Iyengar, S.
S.; Tomasi, J.; Cossi, M.; Rega, N.; Millam, J. M.; Klene, M.; Knox, J.
E.; Cross, J. B.; Bakken, V.; Adamo, C.; Jaramillo, J.; Gomperts, R.;
Stratmann, R. E.; Yazyev, O.; Austin, A. J.; Cammi, R.; Pomelli, C.;
Ochterski, J. W.; Martin, R. L.; Morokuma, K.; Zakrzewski, V. G.;
Voth, G. A.; Salvador, P.; Dannenberg, J. J.; Dapprich, S.; Daniels, A.
D.; Farkas Foresman, J. B.; Ortiz, J. V.; Cioslowski, J.; Fox, D. J.
Gaussian 09, Revision B.01; Gaussian, Inc.: Wallingford CT, 2009.
(87) Moriarty, N. W.; Grosse-Kunstleve, R. W.; Adams, P. D.
electronic Ligand Builder and Optimization Workbench (eLBOW): a
tool for ligand coordinate and restraint generation. Acta Crystallogr.,
Sect. D: Biol. Crystallogr. 2009, 65, 1074−1080.

Inorganic Chemistry pubs.acs.org/IC Article

https://dx.doi.org/10.1021/acs.inorgchem.0c02438
Inorg. Chem. XXXX, XXX, XXX−XXX

I

https://dx.doi.org/10.1021/om700471a
https://dx.doi.org/10.1021/om700471a
https://dx.doi.org/10.1021/om700471a
https://dx.doi.org/10.1021/ja901234j
https://dx.doi.org/10.1021/ja901234j
https://dx.doi.org/10.1021/ja901234j
https://dx.doi.org/10.1021/ja309974s
https://dx.doi.org/10.1021/ja309974s
https://dx.doi.org/10.1021/ja309974s
https://dx.doi.org/10.1039/C9DT04819G
https://dx.doi.org/10.1039/C9DT04819G
https://dx.doi.org/10.1039/B611122J
https://dx.doi.org/10.1039/B611122J
https://dx.doi.org/10.1021/ja108820s
https://dx.doi.org/10.1021/ja108820s
https://dx.doi.org/10.1021/ja108820s
https://dx.doi.org/10.1107/S1744309112042005
https://dx.doi.org/10.1107/S1744309112042005
https://dx.doi.org/10.1107/S1744309112042005
https://dx.doi.org/10.1021/ic4004142
https://dx.doi.org/10.1021/ic4004142
https://dx.doi.org/10.1021/ic4004142
https://dx.doi.org/10.1021/ic4004142
https://dx.doi.org/10.1021/ic402611m
https://dx.doi.org/10.1021/ic402611m
https://dx.doi.org/10.1021/ic402611m
https://dx.doi.org/10.1063/1.4883975
https://dx.doi.org/10.1063/1.4883975
https://dx.doi.org/10.1021/ic502159x
https://dx.doi.org/10.1021/ic502159x
https://dx.doi.org/10.1021/ic502159x
https://dx.doi.org/10.1039/C4DT02966F
https://dx.doi.org/10.1039/C4DT02966F
https://dx.doi.org/10.1039/C7DT01991B
https://dx.doi.org/10.1039/C7DT01991B
https://dx.doi.org/10.1039/C7DT01991B
https://dx.doi.org/10.1039/C6DT04295C
https://dx.doi.org/10.1039/C6DT04295C
https://dx.doi.org/10.1107/S1600577514021717
https://dx.doi.org/10.1107/S1600577514021717
https://dx.doi.org/10.1107/S1600577514021717
https://dx.doi.org/10.1107/S0907444909047374
https://dx.doi.org/10.1107/S0907444909047374
https://dx.doi.org/10.1107/S0021889807021206
https://dx.doi.org/10.1107/S0907444996012255
https://dx.doi.org/10.1107/S0907444996012255
https://dx.doi.org/10.1107/S0907444904019158
https://dx.doi.org/10.1107/S0907444904019158
https://dx.doi.org/10.1006/jmbi.1996.0081
https://dx.doi.org/10.1006/jmbi.1996.0081
https://dx.doi.org/10.1107/S002188988800562X
https://dx.doi.org/10.1107/S0907444908004319
https://dx.doi.org/10.1107/S0907444908004319
https://dx.doi.org/10.1107/S2059798316018210
https://dx.doi.org/10.1107/S2059798316018210
https://dx.doi.org/10.1107/S0907444909029436
https://dx.doi.org/10.1107/S0907444909029436
pubs.acs.org/IC?ref=pdf
https://dx.doi.org/10.1021/acs.inorgchem.0c02438?ref=pdf

