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(Abstract: The two new fluorescent ligands RosCat1 and
RosCat2 contain catechol receptors connected to rosamine
platforms through an amide linkage and were synthesized
by using microwave-assisted coupling reactions of carboxyl-
or amine-substituted rosamines with the corresponding
catechol units and subsequent deprotection. RosCat1
possesses a reverse amide, whereas RosCat2 has the usual
oriented amide bond (HNCO vs. CONH, respectively). The
ligands were characterized by means of NMR spectroscopy,
mass-spectrometry, and DFT calculations and X-ray crystallo-
graphy studies for RosCatl. The influence of the amide

\l

linkage on the photophysical properties of the fluorescent
ligands was assessed in different solvents and showed a
higher fluorescence quantum vyield for RosCatl. The
coordination chemistry of these ligands with a Fe" center
has been rationalized by mass-spectrometric analysis and
semiempirical calculations. Octahedral Fe" complexes were
obtained by the chelation of three RosCat1 or RosCat2 li-
gands. Interestingly, the unconventional amide connectivity
in RosCat1 imposes the formation of an eight-membered
ring on the chelate complex through a “salicylate-type”
mode of coordination.
/

Introduction

Iron is vital for life because it participates in several metabolic
processes. It can, however, be toxic and the deregulation of its
concentration can cause serious disorders and diseases."?
Therefore, the production of iron chelators for its removal or
delivery and probes for concentration sensing in biological
samples has been a major goal in the field of medicinal
chemistry.

Plants and bacteria use highly effective chelating agents,
termed siderophores, to acquire this essential micronutrient.”
Amongst the different siderophores, catechol-based molecules
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present the highest selectivity and Fe"-binding affinity.”) The
properties of these iron-binding moieties have been explored
by synthetic chemists and many catechol conjugates with
various functionalized molecules (e.g., drugs or fluorescent
probes) have arisen for wide-ranging applications, including
drug delivery, bacterial detection, diagnosis, cancer-cell
recognition,” and sensing.®

Our group is particularly interested in the design of new
iron chelators for biological and environmental applications,
and over recent years we have developed several new biden-
tate and hexadentate ligands by using catechol units. Inspired
by the structure of enterobactin (Figure 1), the siderophore
with the highest known Fe"-binding affinity,”” we have exten-
sively used the amide linkage to conjugate catecholate units
with fluorescent molecules®® or tripodal scaffolds."® In fact,
amides are a reliable and popular functional group of organic
chemistry that convene important properties to compounds,
such as high stability, polarity, and conformational diversity.""

In catTHC, the backbone and amide-linkage domains of en-
terobactin were replaced by a tripodal backbone containing
terminal carboxylate functions and a reverse amide connectivi-
ty (Figure 1). Also, an additional CH, spacer was introduced be-
tween the amide and catechol units. As result, the electronic
density of the catecholate ring is more affected by the amide
bond in enterobactin than in catTHC, a fact that can explain
the lower Fe"-affinity constant of catTHC relative to
enterobactin."”

In this context, the bidentate fluorescent probes Cat1 and
RhodCat were built by using the same reverse amide
connector to conjugate the catechol unit to a fluorescein or
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Figure 1. Structures of enterobactin, catTHC, Cat1, and RhodCat.

rhodamine  analogue, respectively  (Figure 1).%®  Both
conjugates exhibited similar fluorescence quenching in the
presence of Fe" species in aqueous medium.

In the set of molecules designed by our group, a reserve
amide linkage was used to bind the catechol unit in contrast
to the amide function observed in enterobactin and related
catecholate analogues. This reverse linkage has been less ex-
plored,">™ and little is known about its effects in the coordi-
nation of iron ions. Raymond and co-workers have shown that
the amide function plays a fundamental role in iron binding by
catecholamides, thus allowing for a catecholate and a salicylate
coordination mode.™'®" Furthermore, a significantly different
behavior has been reported for both amide configurations.”'®
Thus, we undertook the task of investigating the effect of
amide configuration on the properties of fluorescent catechol
conjugates.

Herein, we present the synthesis, characterization, and coor-
dination studies with Fe" ions of a new family of fluorescent
bidentate ligands, namely, RosCat1 and RosCat2, containing
a catechol-chelating unit connected through an amide linkage
to a rosamine platform (Figure 2). This family of fluorescent
ligands was designed to study the influence of the amide link-
age on the metal-binding properties of the catechol ligands.
We chose the rosamine scaffold as the fluorophore because, in
contrast to rhodamine derivatives, it lacks a carboxylic group
at the ortho-position of the phenyl ring and therefore does not
generate the nonfluorescent and colorless spirocyclic form. Ad-
ditionally, rosamines can be easily isolated as a single regioiso-
mer and are less problematic to synthesize and purify."® Fur-
thermore, the introduction of substituents that decrease the
basicity of coordination groups has been shown to increase
ligand affinities®® and the positive charge on the xanthene
ring promotes electron deficiency at the aryl group,
consequently decreasing the pK, values of these chelators.””
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Figure 2. Formulae of catechol-modified rosamine derivatives RosCat1 and
RosCat2.

Results and Discussion

Design of ligands

The design of the fluorescent ligands consisted of the covalent
linkage of a fluorescent rosamine reporter with a strong chelat-
ing receptor based on a catechol ring. The connectivity of
both identities was based on the amide linkage, thus providing
the synthesis of two ligands: 1) RosCat1 resulted from the con-
densation of rosamine-CO,H with the NH,CH,-catechol deriva-
tive, thereby presenting the C=0 functionality directly linked
to the phenyl ring of the rosamine unit; 2) RosCat2 resulted
from the condensation of rosamine-NH, with the CO,H-cate-
chol derivative, thus presenting the C=0 functionality directly
attached to the catechol unit. Note that RosCat1 has one
additional CH, group attached to the catechol, which gives
more flexibility to the ligand and increases the distance of the
amide linkage to the OH groups of the catechol unit.

Synthesis

The rosamine precursors 1 and 2 (R=CO,H and NO,,
respectively; Scheme 1) were prepared by using a reported
methodology™® that involves a two-step sequence: 1) the
microwave-assisted condensation of 3-(diethylamino)phenol
with formylbenzoic acid and 4-nitrobenzaldehyde and 2) oxida-
tion with chloranil. For both rosamines, the condensation step
was carried out with water as the solvent, thus facilitating the

CHO

:

Scheme 1. Microwave-assisted synthesis of rosamines 1-3. Reagents and
conditions: a) water, p-TsOH, MW; b) chloranil, MW; c) 1. H,, Pd/C, ethanol or
2. cyclohexene, Pd/C, ethanol, MW. p-TsOH = para-toluenesulfonic acid,

MW = microwave.

\ +l/
SO
ab Z
—

R 1,R=COH
2. R= NO,
3. R=NH, Je

\)1 OH
o
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isolation of the reaction crude
by means of a simple filtration
process (see the Supporting In-
formation). The reduction of ros-
amine 2 to the corresponding
amine derivative 3 (R=NH,) was
performed by using two proto-
cols: 1) Pd/C catalyzed hydroge-
nation in a hydrogen atmos-
phere over 15 hours to furnish
the product in 20% yield or
2) the use of cyclohexene as a hy-
drogen donor in the presence of
a catalytic amount of Pd/C in
ethanol and under closed-vessel
microwave-irradiation conditions
(130°C, 20 min) to give a 66%
yield. Note that a significant rate
enhancement of the reaction
outcome was achieved in the
latter protocol.

Although the condensation of
fluorescent rosamine 1 with 2,3-
dibenzyloxybenzylamine
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4,R=Bn
RosCat1, R=H

b

5, R¥'=R%¥= Me
RosCat20Me, R?'= H; R%'= Me
RosCat2, R?= R¥=H <P

(Scheme 2) with N,N'-dicyclohex-
ylcarbodiimide (DCC) and N-hy-

Scheme 2. Synthetic routes for 1) RosCat1 and 2) RosCat20Me and RosCat2. a) EDC, HOBt, DIPEA, anhydrous
DMF, MW; b) BCl;, CH,Cl,. DIPEA = N,N-diisopropylethylamine, EDC = N-(3-dimethylaminopropyl)-N-ethylcarbodi-
imide hydrochloride, HOBt = hydroxybenzotriazole.

droxysuccinimide as coupling

agents (RT, 24 h) furnished con-

jugate 4 in 27 % yield, the same reaction with EDC, HOBt, and
DIPEA as a base®" under closed-vessel microwave conditions
(75°C, 20 min) allowed a higher yield of conjugate 4 (77 %).
Final removal of the benzyl ether protecting groups of 4 was
achieved by using BCl; in dichloromethane in an argon atmos-
phere, thus affording the expected ligand RosCat1.

RosCat2 was prepared by using a similar approach
(Scheme 2). The condensation of rosamine 3 with dimethoxy-
benzoic acid afforded conjugate 5 in 45% yield. The removal
of the methyl ether protecting groups was also carried out by
using BCl; in dichloromethane. It was interesting to verify that
RosCat20Me was isolated as the main product of the reaction.
According to NMR spectroscopic and mass-spectrometric anal-
ysis of RosCat20Me, only the 2”-methyl ether group was re-
moved, thus leaving the 3”-methyl ether protecting group
intact. A further reaction was
carried out with a larger excess
of BCl; to remove both protect-

show the corresponding molecular ion [M*] as a base peak at
m/z 564.3 and 550.3 for RosCat1 and RosCat2, respectively.

NMR characterization

The NMR spectra were obtained in [Dg]DMSO and [D,]MeOH
(as aprotic and protic solvents, respectively) to extract structur-
al information about the influence of the electronic properties
of the amide functionality in RosCat1 and RosCat2. In the
'HNMR spectrum of RosCat1 in [DJJDMSO (Figure 3a), it is
noticeable that the C=0 function, which is directly attached to
the phenyl ring of the rosamine, has a strong deshielding
effect on the 'H chemical shifts on the H-3' and H-5' protons,
which appear at  =8.20 ppm.

ing groups of the ligand, thereby 5919921 & 8.72 befqoj,
affording the desired RosCat2. OH NH
Both fluorescent ligands were a) I
characterized by 'H and
BCNMR, UV/Vis, and fluores- 5 7.55-7.58
cence spectroscopic and mass- 4 10.70-10.68 Hy. 5
. . §11.25-11.21 NH 5 9.60
spectrometric analysis. Moreover, 27-OH 37-OH
the structure of RosCatl was b) . A A m

confirmed by means of single- ‘ P
crystal X-ray diffraction studies. ’
The mass spectra of both ligands

T
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Figure 3. Partial 'H NMR spectra of a) RosCat1 and b) RosCat2 in [DgJDMSO.
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The 'H chemical shifts of the
most deshielded protons are 1) a
singlet at 0 =8.72 ppm, attribut-
ed to the NH resonance and 2) a
multiplet at 6=9.19-9.21 ppm,
attributed to the two OH pro-
tons. In the aliphatic region of
the spectrum, the signal that
corresponds to the resonance of
the CH, group, which appears at
0=4.50 ppm in [DgDMSO and
at 0=4.60 ppm in [D,JMeOH,
showed a HMBC correlation with
a carbon atom at 0 =168.5 ppm,
which was attributed to the C=0
bond of the amide group and
also with more three carbon
atoms: 1) one at 0 =120.5 ppm, assigned as C-6"; 2) one at 6 =
125.3, assigned as C-1”; and 3) one at 0=143.7 ppm, which
corresponds to C-2".

Relative to RosCat2, the 'H NMR spectrum exhibits a signal
that corresponds to the H-3" and H-5" resonances, which are
more shielded at 6 =7.55-7.58 ppm (Figure 3b). The most de-
shielded protons are 1) a singlet at 0 =9.60 ppm, attributed to
the 3”-OH proton; 2) a multiplet at 6=10.70-10.68 ppm, as
the NH resonance, which is in agreement with the chemical
shifts observed for other catecholamides;?” and 3) a multiplet
that arises at 0 =11.25-11.21 ppm, assigned as the most acidic
2"-OH proton. This chemical shift for 2”-OH is consistent with
a hydrogen-bonding interaction of 2”-OH with the oxygen
atom of the amide linkage. In addition, the NH signal showed
a HMBC correlation with a carbon atom at 6=168.1 ppm,
which was attributed to the C=0 bond of the amide group,
and a carbon atom at 6 =121.1 ppm, assigned as C-3" and C-5'.

X-ray structure studies

Several attempts were carried out to obtain single crystals of
both ligands with different crystallization techniques and sol-
vents; however, only RosCat1 produced very small pink needle
crystals, which were obtained by slow evaporation of a solution
of RosCat1l in a mixture of methanol and CHCl;. As
consequence of the small dimensions of the crystals and their
inherently weak diffraction, it was only possible obtain to the
crystal structure by using synchrotron radiation (see the
Experimental Section for detailed information).

The crystal structure was determined to have triclinic crystal
system and the space group P1, thus unequivocally confirming
the synthesis of the ligand RosCat1 (Figure 4a). The asymmet-
ric unit cell (asu) comprises four cationic organic molecules,
four chloride anions, and four CHCI; molecules as the crystalli-
zation solvent. The RosCat1 ligand revealed a structural
arrangement in which a xanthene moiety was present and the
adjacent phenyl ring was considerably twisted (the dihedral
angle between both the average planes defined by these two
aromatic groups is 50.266°). Furthermore, the two OH groups
of the catechol ring had the same orientation as the C=0
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Figure 4. Selected features of the crystal structure of RosCat1-Cl-CH;Cl. a) RosCat1 ligand; b) -7t stacking
involving two adjacent organic molecules; c) extended packing viewed in the [100] direction of the unit cell. The
hydrogen atoms have been omitted for clarity. C, gray; H, white; Cl, green; N, blue; O, red.

group, with an interaction between the adjacent hydroxy and
C=0 groups through intermolecular O-H--O hydrogen bonds
in the four crystallographic independent molecules (Figure 4a).

The structural arrangement of the RosCat1 ligand is
definitely influenced and stabilized by an extensive network of
intermolecular interactions, mainly hydrogen bonds and
mt--7t stacking. Neighboring molecules interact directly through
-5t contacts that involve the xanthene groups (green
shadow in Figure 4b), with the two molecules in antiparallel
positions. Furthermore, the RosCat1 ligands are involved in an
extensive intermolecular hydrogen-bonding network with the
chloride anions, the CHCI; molecules of crystallization, and O-
H--Cl and N-H--Cl interactions. In fact, the organic molecules
act principally as donors, through the hydroxy groups of the
catechol rings and the amide groups, with all the intermolecu-
lar interactions leading to the formation of a 3D supramolec-
ular network (not shown). The extended packing of the
RosCat1 molecules in the [100] direction of the unit cell shows
layers that run along the caxis in a zig-zag arrangement, in
which the charge-balancing chloride anions and the solvent
molecules occupy the space between these organic layers
(Figure 4¢).

Spectroscopic properties

To investigate the optical spectroscopic properties of both
ligands and their solvent dependence, we carried out UV/Vis
absorption and fluorescence studies in protic (i.e., ethanol and
methanol) and nonprotic (i.e., dichloromethane) solvents.
Moreover, considering that both ligands show low solubility in
H,O and knowing that catechol derivatives exhibit interesting
properties in DMSO,”? we decided to investigate different
H,O0/DMSO mixtures (i.e., H,0/DMSO =30:70 and 90:10; the re-
sults are summarized in Table 1 and Figure S23 in the Support-
ing Information). The maximum wavelengths of the absorption
bands in dichloromethane and ethanol/methanol are very
similar for both ligands (within A =556-563 nm), but a batho-
chromic shift of the UV/Vis absorption maximum is observed
in the solvent mixture H,0/DMSO=30:70 (A=566-569 nm).
This bathochromic shift is presumably caused by hydrogen-

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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- ) ) ¢:=0.04-0.01) for both ligands, which leads to nearly
Table 1. Experimental and calculated UV/Vis and fluorescence spectroscopic . L.
properties of RosCat1 and RosCat2.” complete suppression of emission for polar solvents,
as previously reported for other families of catechol
Ligand Solvent Exptl Calcd Exptl derivatives.??
labs,max € j’abs,max /1em,max Pr
[nm] x10°mM'em™l  [nm] [nm]
CH,Cl, 563 49 513 583 0.14 DFT calculations
C,H;OH 560 47 583 0.18 )
CH,OH 561 46 584 0.18 DFT calculations were performed for RosCat1 and
RosCat1  H,0/DMSO 569 43 595 0.04 RosCat2, and the optimized structures of two con-
30:70 formers of the ligands are depicted in Figure 5. The
H,0/DMSO 564 0.61 523" 591 - . . .
90:10 analysis of the results predict that, in both cases, the
CH,Cl, 559 43 510 575 0.04 conformer on the left, with an intramolecular hydro-
GHsOH 556 44 578 0.04 | gen bond between the carbonyl and the hydroxy hy-
CH,0H 559 48 577 0041 drogen atom, is more stable than the conformer with
RosCat2  H,0/DMSO 566 33 588 0.01 .
30:70 a hydrogen bond between the amide hydrogen
H,0/DMSO 570 0.54 597 _ atom and the hydroxy oxygen atom, which is in
90:10 agreement with the NMR spectroscopic analysis and
[a] The fluorescence quantum yield ¢; was determined.? [b] Calculated in H,0. X-ray studies of RosCat1 (Figure 4). This finding sug-

bond formation and deprotonation of the catechol units and
has been observed for other catechol derivatives.””

The simulated absorption spectrum, obtained by using time-
dependent DFT (TD-DFT) calculations, of the most stable con-
former of RosCat1 in water showed the lowest energy band at
A=523 nm, which involves the HOMO —LUMO transition
(Table 1). This value is in agreement with the experimental
spectrum obtained in a mixture of H,O0/DMSO=90:10, with
Aabsmax =564 Nm. The observed difference can be attributed to
the fact that the model does not consider the microscopic
interactions between the solvent molecules and the solute,
including the hydrogen-bond formation,” which is highly
relevant for our ligands. On the other hand, the calculations
also reveal that the absorption values in dichloromethane are
very similar for both ligands, but are slightly lower than in
water for RosCatl, which is consistent with the results
obtained experimentally.

A redshift in fluorescence is observed for the maximum
wavelengths of the emission bands in the H,0/DMSO mixtures
for both ligands. Our experimental data show that the fluores-
cence quantum yields also vary with the polarity of the
solvents and are strongly influenced by the amide linkage and
the nature of the substituent introduced at the 4’ position of
the rosamine scaffold. In dichloromethane, ethanol, and
methanol, the calculated quantum yields are relatively low
(¢pr=0.04) for RosCat2, but higher for RosCat1 (within the
range ¢=0.14-0.18).

The minor ¢ values achieved for RosCat2 are in agreement
with previous results, in which the introduction of a nitrogen
atom at the 4’ position of the rosamine phenyl ring caused
a decrease in fluorescence emission.'? Particularly attractive is
the fourfold increase in ¢ value determined for RosCat1,
which could be a relevant feature for potential fluorescent-
sensing applications. An increase of the solvent polarity by
using a mixture of H,O0/DMSO =30:70 results in a dramatic de-
crease in the fluorescence quantum yields (within the range

gests that these conformations are the most suitable
to chelate the iron ion.

Figure 5. Optimized structures obtained by using DFT calculations of two
conformers of RosCat1 (top) and RosCat2 (bottom).The conformers on the
right are less stable by about 14 kJmol™', both in water and dichloro-
methane.

Fe"-binding properties

All attempts to obtain single crystals of the Fe" complexes of

both ligands were unsuccessful in spite of many assays per-
formed that used different crystallization techniques and sol-
vents. Thus, mass-spectrometric studies and theoretical calcula-
tions were conducted to elucidate the iron coordination
modes for both ligands. The response of the probe with
increasing amount of Fe" ions was studied by means of
fluorescence spectroscopy.

Considering the most stable conformers obtained for
RosCat1 and RosCat2, the coordination geometry at the iron
center may involve 1) the amide oxygen atom and the cate-
cholic ortho-oxygen atom (i.e., “salicylate-type” coordination)
or 2)the two catecholic oxygen atoms (“catecholate-type”
coordination; Figure 6).
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Figure 6. Probable coordination geometries of RosCat1 and RosCat2 with
Fe" ions.

RosCat1 possesses an unusual inverted amide function that,
to the best of our knowledge, has not been explored before in
coordination studies with iron and other transition-metal ions.
This unconventional amide binding imposes the for-
mation of an eight-membered ring upon chelation, if

'—‘X’IOA-
the amide oxygen atom also participates in iron coor- 2
. . U)
dination. £ o8
S
Mass-spectrometric studies 06
Tandem mass-spectrometric analysis of the iron com- 0.4
plexes was performed to obtain empirical evidence
of complex formation and the iron coordination 0.2
mode. Matrix-assisted laser desorption ionization
(MALDI) was used and trans-2-[3-(4-tert-butylphenyl)- 00

2-methyl-2-propenylidene]lmalononitrile (DCTB) was
the chosen matrix. The mass spectra obtained for the
ligands are presented in the Supporting Information
(see Figures S24 and S25).

Figure 7 shows the mass spectra obtained for the
mixture of iron chloride and RosCat1 (L). The two predominant
ions at m/z 564.36 and 1180.45 correspond to the free ligand
and the ferric RosCat1 complex [Fel,]™, respectively. The Fel,
complex was observed as peak at m/z 1743.78 [FelL;H]" with
a very low intensity (see Figure S26 in the Supporting Informa-
tion). It is dubious whether the spectrum depicted in Figure 7
reports the solution speciation or reflects the very different
ionization/desorption efficiencies of the species present in the
MALDI target-plate spot. We adopted an aprotic matrix (i.e.,
DCTB) under nonacidic conditions because the acidification of
the mixture would prevent formation of the iron complex and
its observation. The Fel; complex is expected to be the most
abundant species in solution under such experimental condi-
tions, but it occurs as a neutral species, thus requiring the
transfer of a proton for ionization, whereas [FeL,]* naturally
occurs as an ion. Furthermore, it is conceivable that the most
favorable ionization mechanism for Fel; is not simple protona-
tion, but the loss of a ligand to generate the [Fel,]" ion, thus
explaining the similar intensities observed for the free ligand
and the [Fel,]" complex (Figure 7).

MALDI-TOF/TOF-MS (MS?) of the ion with the peak at m/
z1743.78 ([Fe"L;H]") and the structure of the main fragment
ions are presented in the Supporting Information (see Fig-
ure S27 and Scheme S2). The main spectral features reveal the
dissociation of the RosCat1 ligand, which originated
[Fe()L,H,]" (m/z1182.10) and a catechol-centered radical
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Figure 7. MALDI-TOF mass spectrum of RosCat1 after the addition of Fe"
ions (full spectra).
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Figure 8. Tandem mass spectra (MALDI-TOF/TOF-MS) of the Fe/RosCat1 complex [Fel,]™
(m/z 1080.48).

cation of the free ligand (m/z 563.39). Additional fragmentation
pathways include bond cleavage near the bound amide group
to generate rosamine-containing fragments (e.g., m/z 443.25)
and its counterpart, namely, an iron complex with a benzoqui-
none-type structure (m/z 1301.36). The salicylate nature of the
ferric ion coordination was only confirmed with the fragmenta-
tion of the [Fel,]" ion (m/z 1180.45; Figure 8). A characteristic
feature of the fragmentation pattern of this ion was the cumu-
lative loss of methyl and methylene groups (—15 and —14, re-
spectively), which can be clearly detected in the spectrum as
a group of low intensity peaks close to the parent ion. In the
spectrum, the detection of a [Fe'"L]" complex (m/z 618.19) and
several rosamine- and rosamine amide-containing fragments
(peaks at below m/z 600) is also evident. However, only the
ions at m/z 1059.59 and 938.46 provide clear evidence for iron
coordination through the amide oxygen atom (Scheme 3). The
peak at m/z 1059.59 corresponds to a mixed Fe" complex with
a RosCat1 ligand and a remaining rosamine amide molecule.
The homolytic fragmentation of the N—CH, (catechol) bond led
to the release of the catechol moiety and the reduction of the
metal center. The ion at m/z938.46 results from the loss of
a second catechol unit, thus leaving a Fe' center bound to two
rosamine amide molecules. Whenever fragmentation resulted
in the release of rosamine, the resulting iron complex retained
the “amide” moiety, with the oxygen atom anchored to the
iron center (Scheme 3; m/z 737.17). We believe that the previ-

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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m/z =1180.48

m/z = 1059.45

m/z = 938.42

Scheme 3. Chemical structure of the collision-induced fragments of the Fe/RosCat1 complex [Fel,]*

(m/z 1180.48).

ously described ions are diagnostic for a “salicylate-type” coor-
dination.

Analogous evidence was gathered for the ferric complexes
with RosCat2 (see Figure S28 in Supporting Information for
the full MS spectrum obtained for the Fe/RosCat2 mixture)
and is similar to that observed for RosCat1 with the free
ligand and [Fel,]” complex (m/z550.26 and 1152.48, respec-
tively) as the main spectral features. The [FelL;H]* complex can
be observed as a low-intensity peak at m/z 1701.73. The colli-
sion-induced dissociation of the ion at m/z1701.73, and the
chemical structures of the fragment ions are presented in the
Supporting Information (see Figure S29 and Scheme S3). Diag-
nostic evidence for the participation of the amide oxygen
atom in metal coordination is provided by the ion at m/
7 865.54, which corresponds to a Fe' center coordinated by
two rosamine residues through the amide oxygen atom.

Dissociation of the [FeL,]™ ion (m/z 1152.48) resulted in the
formation of a [Fe'L]" complex (m/z604.28) and several Fe"
complexes containing a salicylate-type structure (i.e., catechol
amide radical anion) and a RosCat2 unit with losses of methyl-
ene and ethylene groups (m/z739.33, 710.28, and 683.32;
Figure 9 and Scheme 4.

Altogether, the preponderance of the iron complexes with
the remaining salicylate-type catechol amide moiety suggests
that a preferred coordination geometry involves the amide
oxygen atom, but definitive confirmation is provided by the
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ion at m/z 1017.66, which corre-
sponds to the loss of a catechol
unit and the formation of a char-
acteristic Fe'"/RosCat2 complex
bound to rosamine residues
through the amide oxygen
atom. Formation of these char-
acteristic structures with rosa-

oY\ mine residues bound to the
O o /Y. metal ion center through the
Fell—O

amide oxygen atom reflects an
initial engagement of this
moiety in iron coordination,
which would facilitate the loss of
the catechol unit.

The mass spectrum of the mo-
noprotected ligand RosCat20Me
after the addition of Fe" ions re-

N™ ™o
\ vealed at a peak at m/z 1180.48
O\Fell .
that corresponds to the ferric
OH complex [FeL,]*, with the loss of
m/z=618.20

two protons relative to the ex-
pected complex (see Figure S30
in the Supporting Information).
Because this ligand carries the
3”-methyl  ether  protecting
group, deprotonation can only
occur at the amide function,
which is therefore the -CO=N-

739.33
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Figure 9. Tandem mass spectra (MALDI-TOF/TOF-MS) of the Fe/RosCat2
complex [FeL,]" (m/z 1052.48).

species. By analogy, it is also anticipated that similar deproto-
nation reactions occur in both RosCat1 and RosCat2 ligands.

Theoretical calculations

Semiempirical calculations, carried out by using the PM6
method, were performed to investigate the structures of the
octahedral complexes that can be obtained through bidentate
coordination of three RosCat1 or RosCat2 ligands to the Fe"
ion. Neutral complexes are obtained after double deprotona-
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Scheme 4. Chemical structure of the collision-induced fragments of the Fe/RosCat2 complex [Fel,]" (m/z 1052.48).

tion of the amide group and one of the catechol hydroxy
groups or both of the catechol hydroxy groups.

The results obtained predict that for RosCat1 the isomer
with the iron center coordinated by the two catechol oxygen
atoms (top-right structure in Figure 10) is less stable than the
isomer with the iron center coordinated by the amide oxygen
and the catechol ortho-oxygen atoms (top-left structure in
Figure 10) by about 129 kJmol™". Therefore, only the isomer
on the left of Figure 10 should be present in solution for
RosCat1, thus excluding the coordination by the two catechol
oxygen atoms. Also, the most stable structure in the case of
RosCat2 occurs with chelation through the amide oxygen and
catechol ortho-oxygen atoms, which is more stable by about
30 kJmol™' than the structure with the chelation through the
two catechol oxygen atoms (bottom structures in Figure 10).

The results obtained through the structural support of the
semiempirical calculations described above strongly support
the results obtained by mass-spectrometric analysis. Notwith-
standing the inability to obtain crystal structures for the Fe"
complexes, we believe that the cross validation provided by
the theoretical and experimental methods strongly suggests
that both ligands coordinate this metal ion through a salicy-
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Figure 10. Optimized structures obtained by using semiempirical PM6 calcu-
lations of two isomers of the Fe" octahedral complexes with RosCat1 (top)
and RosCat2 (bottom). The isomers on the right with the “catecholate-type”
coordination are less stable by about 129 (top) and 30 kJmol™' (bottom) for
the RosCat1 and the RosCat2 ligands, respectively.
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late-type geometry. The salicylate-type coordination prevails
despite the inverted amide function present in RosCat1, and
the resulting unusual eight-membered ring structure. Contrary
to that described for enterobactin,'® the mass-spectrometric
results indicate that amide deprotonation occurs upon iron co-
ordination by both ligands. This effect most probably results
from a reduction in the pK, value of the amide group induced
by the electron-withdrawing effect of the rosamine moiety and
is expected to favor the ability of the amide oxygen atom to
participate in metal-ion coordination.””

Fluorescence-intensity quenching study

Considering the higher quantum yield values obtained for
RosCat1, our previous studies,*?" and the potential impor-
tance of these ligands in monitoring Fe" species in biological
fluids, we performed a fluorescence quenching study of
RosCat1 in the presence of Fe" ions in MOPS (pH 7.4;
Figure 11).

The interaction of RosCat1 with Fe" ions was investigated
by examining the variation observed in the fluorescence inten-

[~
'
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1.04m 10 B
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Figure 11. A) Graphical representation the emission-fluorescence intensities
of RosCat1 with increasing Fe'"' concentrations (2 um, 4-morpholinepropane-
sulfonic acid (MOPS), pH 7.4, 25°C, A,.=561 nm). RosCat1/metal ratios of
10:1—1:1 were tested. B) Maximum emission-fluorescence intensity
(measured at A,,,= 586 nm) plotted against the corresponding Fe"
concentrations. Measurements were carried out in triplicate.

Chem. Eur. J. 2015, 21, 15692 - 15704 www.chemeurj.org

15700

CHEMISTRY

A European Journal

Full Paper

sity of the ligand by increasing concentrations of the metal ion
with a fixed concentration of the ligand. Evidence of the corre-
sponding metal-complex formation in solution can be provid-
ed by observation of significant quenching of fluorescence in-
tensity. Figure 11 presents the change in the emission-fluores-
cence intensity of RosCat1 with increasing concentrations of
Fe" ions. From analysis of Figure 11, we can conclude that the
quenching effect of Fe" ions on RosCat1 is almost complete at
a metal/ligand ratio of 1:3, as expected from similar studies,’®”
and the percentage of fluorescence quenching was approxi-
mately 93%. The same study was performed in the presence
of Cu" ions for RosCat1, and a value of fluorescence quenching
of approximately 90% was obtained.

Considering the levels of low-molecular-weight Cu" and Fe
complexes™ and the reported complex stability constants of
Fe" and Cu" with catechols,”?® it is expected that the observa-
tion of an emission-fluorescence quenching effect of RosCat1
in living cells (i.e., under physiological conditions) is associated
with the presence of chelatable iron species and not the
presence of copper species.

When compared to previously described rhodamine and flu-
orescein analogues of the catechol-containing receptors Cat1
and RhodCat,®® RosCat1 presents the highest fluorescence
intensity quenching for Fe" ions (i.e., 93 vs. 78 and 75%,
respectively).

Other reports on fluorescent probes that show a high affini-
ty for Fe" ions have considered the use of hydroxamates®®”
and 3-hydroxy-4-pyridinones (HPQ),*” among other ligands.?"
RosCat1 compares well with a HPO analogue by presenting
much more effective fluorescence-intensity quenching relative
to a hydroxypiridinone/rhodamine conjugate synthesized by
us (93 vs. 63%).”

Hider and co-workers reported a series of fluorescent sys-
tems labeled with coumarin/fluorescein as fluorophores in
combination with either hydroxypyridinone/hydroxypyranone
receptors, in which amide linkages were used in most of the
cases.”™™ However, 3-hydroxy-4-pyridinone ligands consistently
present a slightly lower affinity or fluorescence-intensity
quenching for Fe" ions relative to similar catechol derivatives®
as a result of iron coordination through the two vicinal oxygen
atoms of the pyridinone ring.

Considering the results reviewed by Callan and co-workers,
RosCat1 also presents quantum yields and fluorescence
intensity quenching that are generically superior to the series
of hydroxypyridinones studied.”

Conclusion

Fluorescent ligands RosCat1 and RosCat2 have been synthe-
sized, and their Fe" coordination chemistry has been explored
further. The structural characterization of both ligands per-
formed by NMR spectroscopic analysis and X-ray studies for
RosCat1, combined with theoretical studies, revealed that the
amide oxygen atom had the same orientation as the two cate-
chol oxygen atoms. In both ligands, the adjacent hydroxy and
C=0 groups interact through intermolecular hydrogen bonds,
thus suggesting that this conformation is the most suitable to
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chelate iron ions. The coordination geometry of the iron center
provided by both ligands was elucidated by mass-spectromet-
ric analysis and semiempirical calculations, which revealed that
a “salicylate-type” coordination to the Fe" center takes place.

The optical properties reported herein show that the
RosCat1 ligand exhibited more interesting fluorescent proper-
ties than RosCat2. Therefore, the fluorescence response of
RosCat1 to the presence of Fe" ions in aqueous buffer at
physiological pH values showed concentration-dependent
quenching of the fluorescence intensity.

Our results have shown that the use of an inverted amide
function with an additional methylene unit is a suitable syn-
thetic solution for the conjugation of fluorescent moieties with
the catechol receptor, thus preserving fluorescent properties
that are absent when the most common amide configuration
is used. We believe that RosCat1 presents itself as a promising
prototype molecule for the design of Fe" probes that take
advantage of the high affinity and selectivity provided by its
catechol unit.

Experimental Section

Reagents and solvents were purchased as reagent grade and used
without further purification, unless otherwise stated. NMR spectra
were recorded on a Bruker Avance Il 400 spectrometer operated
at 400.15 and 100.62 MHz for the 'H and "*C nuclei and equipped
with pulse-gradient units capable of producing magnetic-field
pulsed gradients in the zdirection of 50.0Gcm™". For ligand
RosCat2, the NMR spectra were recorded on a Bruker Avance llI
HD 600 spectrometer operated at 600.13 and 150.92 MHz for the
'H and C nuclei and equipped with pulse-gradient units capable
of producing magnetic-field pulsed gradients in the z direction of
6.57 Gem ™. Two-dimensional "H/'H correlation spectra (COSY), gra-
dient-selected 'H/®C heteronuclear single quantum coherence
(HSQQ), and "H/'™C heteronuclear multiple-bond coherence (HMBC)
spectra were acquired by using standard Bruker software. Mass
spectra were acquired by Unidade De Espectrometria De Masas
(Santiago de Compostela, Spain) and microanalyses were acquired
by Unidad De Andlisis Elemental (Santiago de Compostela, Spain).
Flash chromatography was carried out on silica gel Merck (230-
400 mesh). Electronic absorption spectra were recorded on
a Varian Cary bio50 spectrophotometer thermostabilized at 25.0°C,
and fluorescence measurements were performed on a Varian Cary
Elipse spectrofluorometer equipped with a constant-temperature
multicell cell holder (25.0+0.1°C), with 5 mm slits width for excita-
tion and emission. Mass spectra were acquired on a Bruker Ultra-
fleXtreme MALDI-TOF/TOF equipped with a smartbeam laser
(200 Hz; Bruker Daltonik GmbH, Bremen, Germany).

Synthesis

Synthesis of conjugate 4: A mixture of rosamine 1 (0.05 mmol,
20.7 mg), 2,3-dibenzyloxybenzylamine® (0.09 mmol, 28.7 mg), EDC
(0.05 mmol, 8.1 mg), HOBt (0.05mmol, 7.1 mg), and DIPEA
(0.11 mmol, 0.02 mL) in dry DMF (0.3 mL) was placed in a reaction
vial (10 mL), which was closed in a nitrogen atmosphere and
placed in the cavity of a CEM microwave reactor. The reaction vial
was irradiated (1 min up to 75°C and 20 min at 75°C at a power
maximum of 100 W). The resulting mixture was purified by flash
chromatography with CHCl; and then CHCl;/methanol (9:1) as the
eluents. Conjugate 4 was obtained in 77 % yield (27.9 mg). '"H NMR
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(CDCl,, 400.15 MHz): =133 (t, 12H, J=7.2 Hz; 4xCH,CH,); 3.63
(0, 8H, J=7.2 Hz; 4xCH,CH,), 4.73 (d, 2H, J=6.0 Hz; NHCH,), 5.13
(s, 2H; 3"-CH,CcHs), 5.18 (s, 2H; 2"-CH,CeHs), 6.81 (d, 2H, J=2.3 Hz;
H-4, H-5), 6.89 (dd, 2H, J=9.6 and J=2.3 Hz; H-2, H-7), 6.92 (dd,
1H, J=8.0 and J=12Hz; H-4"), 701 (dd, 1H, J=80 and J=
7.6 Hz; H-5"), 7.15 (d, 1H, J=7.6 Hz; H-6"), 7.30-7.40 and 7.46-7.48
(2 m, 14H; H-Ar), 820 (d, 2H, J=8.0 Hz; H-3, H-5), 8.40 ppm (t,
1H, J=6.0Hz; NHCH,); “CNMR (CDCl, 100.62 MHz): 6=12.8
(CH,CH,), 39.5 (NHCH,), 46.3 (CH,CH5), 71.2 and 75.0 (CH,C.Hs), 96.6
(C-4, C-5), 113.3 (C-4"), 1144 (C-2, C-7), 122.0 (C-6"), 124.5 (C-5"),
1277, 128.1 (C-3, C-5), 1285, 1286, 128.7, 128.8, 129.6, 1323,
138.0, 142.5 (C-2"), 151.9 (C-3"), 155.7, 158.1, 166.0 ppm (CONH);
MS (ESI): m/z: 744 M *].

Synthesis of conjugate 5: A mixture of rosamine 3 (0.12 mmol,
0.059), dimethoxybenzoic acid (0.24 mmol, 0.04g), EDC
(0.25 mmol, 0.04g), HOBt (0.25mmol, 0.04g), and DIPEA
(0.24 mmol, 0.04 mL) in dry DMF (0.8 mL) was placed in a reaction
vial (10 mL), which was closed in a N, atmosphere and placed in
the cavity of a CEM microwave reactor. The reaction vial was irradi-
ated (1 min up to 75°C and 20 min at 75°C at a power maximum
of 100 W). The resulting mixture was purified by flash chromatog-
raphy with CHCl;/methanol (9:1) as the eluent to afford conjugate
5 in 45% yield (31.6 mg). '"H NMR (CDCl,, 400.15 MHz): 6=1.36 (t,
12H, J=7.2 Hz; 4xCH,CH,); 3.69 (q, 8H, J=7.2 Hz; 4xCH,CH,),
3.97 (s, 3H; OCH,), 4.10 (s, 3H; OCH,), 6.86 (d, 2H, J=2.4 Hz; H-4,
H-5), 6.98 (dd, 2H, /=9.6 and J=2.4 Hz; H-2, H-7), 7.16 (dd, 1H,
J=8.4 and J=1.6 Hz; H-4"), 7.26 (dd, 1H, J=8.4 and J=7.8 Hz; H-
5"), 743 (d, 1H, J=8.4 Hz; H-3, H-5), 7.49 (d, 2H, J=9.6 Hz; H-1,
H-8), 7.82 (dd, 1H, J=7.8 and J=1.6 Hz; H-6"), 8.17 (d, 2H, J=
84 Hz; H-2, H-6), 1045ppm (s, 1H; NH); “CNMR (CDCl,
100.62 MHz): 6=13.6 (CH,CHs), 47.1 (CH,CH), 57.1 and 62.8 (2x
OCH,), 97.5 (C-4, C-5), 114.2 (C-1a, C-8a), 115.1 (C-2, C-7), 117.1 (C-
4"), 121.3 (C-3', C-5'), 123.8 (C-6"), 125.8 (C-5"), 127.3 (C-1), 127.9,
131.6 (C-2', C-6'), 133.1 (C-1,8), 141.6 (C-4'), 148.3 (C-2"), 153.6 (C-
3"), 156.4 (C-3,6), 158.1 (C-9), 158.9 (C-4a, C-5a), 164.6 ppm (CONH).

Synthesis of RosCat1: A solution of boron trichloride in dichloro-
methane (1M, 2 mL) was dropped slowly into an ice-bath-cooled
suspension of 4 (0.10 g, 0.14 mmol) in dry dichloromethane (8 mL)
in a N, atmosphere. The mixture was stirred at room temperature
for 18 h. Methanol (18 mL) was added to stop the reaction. After
removal of the solvent under vacuum, the residue was precipitated
with methanol/acetone to afford RosCat1 as a deep-violet solid
(56.7 mg, 68%). '"H NMR ([Dg]DMSO, 400.15 MHz): 6=1.22 (t, 12H,
J=7.0 Hz; 4xCH,CH,); 3.67 (g, 8H, J=7.0 Hz; 4xCH,CH,), 4.50 (d,
2H, J=6.0 Hz; NHCH,), 6.62 (t, 1H, J=7.6 Hz; H-5"), 6.68 (d, TH,
J=7.6 Hz; H-4"), 6.72 (dd, 1H, J=7.6 and J=2.0 Hz; H-6"), 7.00 (d,
2H, J=2.3 Hz; H-4, H-5), 7.14 (dd, 2H, J=9.6 and J=2.3 Hz; H-2,
H-7), 7.24 (d, 2H, J=9.6 Hz; H-1, H-8), 7.64 (d, 2H, J=8.4 Hz; H-2/,
H-6'), 8.20 (d, 2H, J=8.4 Hz; H-3', H-5'), 8.72 (brs, 1H; NH), 9.19-
9.21 ppm (m, 2H; OH); *C NMR ([Dg]DMSO, 100.62 MHz): 6 =12.5
(CH,CH,), NHCH, under the DMSO signal, 45.4 (CH,CH,), 96.1, 112.6,
114.3, 114.6, 118.7, 125.9, 127.7, 129.6, 131.5, 134.6, 135.5, 142.9,
1452, 155.2, 155.7, 157.4, 165.8 ppm (CONH); 'H NMR (CD,OD,
400.15 MHz): 6=1.31 (t, 12H, J=7.0 Hz; 4xCH,CH,); 3.69 (q, 8H,
J=7.0 Hz; 4xCH,CH,), 4.60 (s, 2H; NHCH,), 6.67 (dd, 1H, J=8.0
and J=7.6 Hz; H-5"), 6.75 (dd, TH, J=8.0 and J=1.6 Hz; H-4"),
6.78 (dd, 1H, J=7.6 and J=1.6 Hz; H-6"), 6.98 (d, 2H, J=2.4 Hz; H-
4, H-5), 7.07 (dd, 2H, J=9.4 and J=2.4Hz; H-2, H-7), 7.32 (d, 2H,
J=9.4 Hz; H-1, H-8), 7.57 (d, 2H, J=8.0 Hz; H-2', H-6'), 8.13 ppm (d,
2H, J=8.0 Hz; H-3, H-5'); *CNMR (CD,0OD, 100.62 MHz): 6=11.8
(CH,CH,), 39.6 (NHCH,), 45.9 (CH,CH;), 96.5 (C-4, C-5), 113.3 (C-1a,
C-8a), 114.6 (C-2, C-7), 114.7 (C-4"), 119.7 (C-5"), 120.5 (C-6"), 125.3
(C-1"), 128.0 (C-3', C-5), 130.0 (C-2, C-6'), 131.8 (C-1, C-8), 135.8 (C-
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1), 135.9 (C-4), 143.7 (C-2"), 145.8 (C-3"), 156.2 (C-3, 6), 156.6 (C-9),
158.5 (C-4a, C-5a), 168.5 ppm (CONH); MS (MALDI-TOF): calcd for
CysH3gN;0, 70 m/z: 564.29 [M']; found: 564.27; elemental analysis
(%) calcd for C35H34CIN;O,-CHCl;: C 60.09, H 5.46, N 5.84; found: C
60.22, H 5.63, N 5.88.

Synthesis of RosCat20Me: A solution of boron trichloride in di-
chloromethane (1M, 2 mL) was dropped slowly into an ice-bath-
cooled suspension of 5 (68.9 mg, 0.12 mmol) in dry dichlorome-
thane (10 mL) in a N, atmosphere. The reaction mixture was stirred
at room temperature for 18 h. Methanol (15 mL) was added to
stop the reaction. After removal of the solvent under vacuum, the
residue was precipitated with methanol/acetone. '"H NMR (CD,0D,
400.15 MHz): 0=1.24 (t, 12H, J=6.8 Hz; 4xCH,CHs); 3.59 (g, 8H,
J=6.8 Hz; 4xCH,CH,), 3.80 (s, 3H; OCH,), 6.48 (dd, 1H, J=8.0 and
J=7.2 Hz; H-catechol), 6.856-6.861 (m, 3H, H-4, H-5, and H-cate-
chol), 7.00 (d, 2H, J=9.2 Hz; H-2, H-7), 7.29 (d, 2H, J=7.0 Hz; H-3/,
H-5), 7.42 (d, 2H, J=9.2 Hz; H-1, H-8), 7.47 (d, 1H, J=8.0 Hz; H-cat-
echol), 7.90 ppm (d, 2H, J=7.0 Hz; H-2, H-6); MS (MALDI): m/z:
564.3 [M'].

Synthesis of RosCat2: Further boron trichloride in dichlorome-
thane (1m, 2 mL) was added to the resulting residue in dry di-
chloromethane (5 mL) and under N, to remove both protecting
groups. The remaining procedure was repeated as previously de-
scribed. Purification of the crude product was conducted on
a Varian ProStar HPLC instrument equipped with a C18 reversed-
phase column (Supelco, Ascentis C18, /=15cmx|.D.=4.6 mm,
5 um; Sigma-Aldrich). The crude reaction product was manually in-
jected and separated with a linear gradient from 60% buffer A
(0.1% formic acid in water) and 40% buffer B (0.1% formic acid in
acetonitrile) to 45% buffer A and 55% buffer B over 20 min at
a flow rate of 1 mLmin™". Fractions containing the pure product
were obtained from several HPLC runs, collected, and concentrated
in a rotatory evaporator. '"H NMR ([Dg]DMSO, 400.15 MHz): 6 =1.22-
1.28 (m, 12H; 4XCH,CH,), 3.66-3.71 (m, 8H; 4xCH,CH.), 6.83 (t,
1H, J=5.3 Hz; H-5"), 6.99 (d, 2H, J=1.6 Hz; H-4, H-5), 7.04 (d, TH,
J=5.3Hz; H-4"), 7.17-7.19 (m, 2H; H-2, H-7), 7.38-7.41 (m, 2H; H-
1, H-8), 7.45-7.48 (m, 1H; H-6"), 7.55-7.58 (m, 2H, H-3’, H-5'), 8.05-
8.08 (m, 2H; H-2', H-6"), 9.60 (s, TH; 3”-OH), 10.70-10.68 (m, 1H;
NH), 11.25-11.21ppm (m, 1H; 2”-OH); "CNMR ([DJDMSO,
100.62 MHz): 6 =13.8 (CH,CH,), 45.8 (CH,CH,), 96.5 (C-4, C-5), 113.1,
115.0 (C-2, C-7), 115.1, 115.2, 117.1, 118.6 (C-5"), 119.2 (C-4"), 119.5,
121.1 (C-3, C-5), 127.1, 127.5, 130.9 (C-2', C-6'), 131.1, 132.2 (C-1,
C-8), 132.8, 140.9, 146.7, 148.0, 148.1, 154.7, 155.5, 156.8, 157.9,
158.5, 168.1 ppm (CONH); 'H NMR (CD;OD, 400.15 MHz): 6=1.23
(t, 12H, J=7.0 Hz; 4xCH,CH,), 3.61 (q, 8H, J=7.0 Hz; 4x CH,CH,),
6.75 (t, TH, J=8.0 Hz; H-5"), 6.89 (d, 2H, J=2.4 Hz; H-4, H-5), 6.94
(dd, 1H, J=8.0 and J=1.3 Hz; H-4"), 7.02 (dd, 2H, J=9.6 and J=
2.4 Hz; H-2, H-7), 7.40-7.47 (m, 5H; H-1, H-8, H-3', H-5', and H-6'),
7.95ppm (d, 2H, J=8.4 Hz; H-2', H-6'); MS (MALDI-TOF): calcd for
C34H36N;0, 2 m/z: 55:0.27 [M™]; found 550.29.

Spectroscopic properties

UV/Vis absorption spectra were recorded in quartz cells with
a path length of 1 cm at 25.0+0.1°C. Ligand stock solutions were
prepared in DMSO and diluted with CH,Cl,, EtOH, MeOH, and mix-
tures of H,O/DMSO (30:70 and 90:10) in concentration ranges of
107°-10""m for the determination of the molar-absorptivity coeffi-
cient (¢). Fluorescence-emission measurements were performed in
cuvettes (path length=1 cm) and all the spectra were recorded at
25.04£0.1°C, with excitation and emission slit widths of 5 nm, and
by using the appropriate excitation wavelengths (4.,) and ranges
for CH,Cl,, EtOH, MeOH, and H,0/DMSO (30:70 and 90:10). The
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samples absorbance values were kept below 0.1 to minimize reab-
sorption effects.®*” Quantum-yield determination was performed as
described previously.**** Rhodamine B was used as a standard for
quantum-yield determination®” due to its similarity to rosamine
compounds. All stock solutions of the compounds were prepared
in DMSO, with the final concentration of DMSO below 1% in di-
chloromethane and ethanol as the final solvents. The absorbance
of the solutions was adjusted to approximately 0.5 units and the
solutions were diluted by a factor of at least 10. The final absorb-
ance of the solutions was in the range 0.05-0.03.

Fluorescence-intensity quenching

Fluorescence intensity measurements were performed in MOPS
buffer (pH 7.4) at 25.0+0.1°C in cuvettes with a path length of
1 cm with excitation and emission slit widths of 5 nm and the ap-
propriate excitation wavelength (1, and range. Stock solutions of
Fe" and Cu" ions were prepared from Fe(NO,); and Cu(NO,),, re-
spectively (Sigma-Aldrich) and were stabilized with nitrilotriacetic
acid trisodium salt (NTA) at a salt/NTA ratio of 1:5. RosCat1 and
RosCat2 solutions were prepared by dilution of a known volume
of the DMSO stock solution in MOPS buffer to achieve final con-
centrations of 2 and 3 um, respectively. The DMSO percentage in
the final agqueous solutions was less than 1% of the total volume.
The ligand solutions were mixed with increasing amounts of the
metal stock solution in molar ratios of 10:1—1:3 of RosCat1 and
RosCat2 ligand/metal ion. The fluorescence intensities were always
corrected for dilution.

Synchrotron microcrystal X-ray diffraction studies

The microcrystalline material of RosCat1-Cl-CHCI; was harvested
from a crystallization vial and immersed in highly viscous paratone
oil. Several microcrystalline particles were mounted on Hampton
Research CryolLoo,® and inspected under the synchrotron radia-
tion beam at the Swiss-Norwegian BM01a beamline (European
Synchrotron Radiation Facilities (ESRF), Grenoble, France) until the
collected images resembled diffraction patterns typical of a single
crystal. The complete data were collected at 100(2) K on the multi-
purpose Pilatus@SNBL diffractometer equipped with a Pilatus 2M
detector by using highly monochromatic synchrotron radiation at
1=0.68239 A. The images were processed by using the CrysAlisPro
software,®® and the data were corrected for absorption by using
the multiscan semiempirical method implemented in SADABS.””
The structure was solved by using direct methods implemented in
SHELXS-97%%* and refined from successive full-matrix least-
squares cycles on F? by using SHELXL-97.2%%" The non-hydrogen
atoms were successfully refined by using anisotropic displacement
parameters and the hydrogen bonds to carbon and oxygen atoms
were located at their idealized positions by using the appropriate
HFIX instructions in SHELXL: 43 for the aromatic carbon atoms, 13
for the CH group, 23 for the CH, carbon atoms, 137 for the termi-
nal CH; methyl groups, and 147 for the hydroxy groups. All these
atoms were included in subsequent refinement cycles in the
riding-motion approximation with isotropic thermal displacements
parameters (Uy,) fixed at 1.2 or 1.5X U, of the relative atom.

Crystallographic-data collection and structural-refinement informa-
tion for RosCat1-Cl-CHCl;: formula=C,,,H;56Cl¢N;,0r6; M, =
2878.01; crystal size=0.05x0.01x0.01 mm?, T=100(2) K; triclinic;
space group=P1; a=12.0778(10), b=16.6966(13), c=
18.2987(13) A, «=77.287(7), B=73.617(7), y=76.710(7)°; V=
3397.5(5) A%, Z=1; pyca=1.407 gcm>; ©=0.393 mm~"'; 27317 re-
flections collected, 19303 independent reflections, R,,=0.0555;
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R1=0.2130, and wR2=0.4604 for data />20(/); R1=0.2377 and
wR2=0.4865 for all data.

CCDC 1402129 contain the supplementary crystallographic data for
this paper. These data are provided free of charge by The Cam-
bridge Crystallographic Data Centre.

Theoretical calculations

The geometry of the two conformers of the RosCat1 and RosCat2
ligands (Figure 5) were fully optimized by using the B3LYP“" DFT
functional and the dzvp basis set.*? Vibration-frequency calcula-
tions within the harmonic approximation were performed on the
optimized geometries by using the same DFT method. The solvent
effects of water and dichloromethane were evaluated by using the
polarizable continuum model (PCM)“¥ on the geometries fully op-
timized in solution. The standard Gibbs free-energy values at
298.15 K of each energy-minimum structure were calculated by
adding the thermal correction obtained from the vibration-fre-
quency analysis to the DFT energy calculated both in vacuum and
solution (see Table S1 in the Supporting Information). Their lowest-
energy electronic transitions were calculated by using the time-de-
pendent DFT method“* with the same functional and basis set de-
scribed above. The geometries of the Fe" coordination complexes
with RosCat1 and RosCat2 (metal/ligand stoichiometry =1:3, over-
all charge=0, and spin multiplicity=6) were fully optimized by
using the semiempirical PM6 method.*! All the calculations were
performed by using the Gaussian09 program package.”®

Mass-spectrometric analysis

Samples were prepared by dissolving each compound in methanol
(1 mgmL™") and adding a stoichiometric amount of iron(lll) chlo-
ride for complex formation (Fe/L=1:3). Analysis was carried out by
using MALDI with DCTB as the matrix. The samples were mixed
(1:1) with a solution of DCTB in acetonitrile/water (70:30;
5mgmL™") and droplets (1 plL) were applied on the MALDI target
plate. Spectra were subsequently acquired in a Bruker ultrafleXt-
reme mass spectrometer operated in the positive-ion reflector
mode, using delayed extraction in the range m/z 200-3500 with
approximately 1500 laser shots. Full MS spectra were externally
calibrated with a peptide mixture according to the manufacturer’s
instructions. Collision-induced dissociation (CID) tandem mass
spectra (TOF/TOF-MS) were acquired with argon as the collision
gas. The spectrometer LIFT method was externally calibrated with
the Bombesin peptide (m/z 1619.82) and the respective CID frag-
ment ions as mass standards. The mass spectrometer was operated
with the FlexControl 3.4 software and data treatment was
performed by using the FlexAnalysis 3.4 software package.
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