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Two most common synthetic approaches (i.e. the esterification and 1,3-dipolar cycloaddition reactions) to a function-
alization of the reactive three-dimensional molecular platforms, allowing to obtain the fluorescently labelled iron(II) 
clathrochelates and, therefore, to study their localization and accumulation in cancer cells, were compared. Because 
an esterification approach gave the target complexes in a very low yield, if any, such a functionalization of a known 
propargylamine iron(II) clathrochelate complex with terminal C≡C bond as a reactive macrobicyclic precursor 
by the copper-promoted 1,3-dipolar cycloaddition “click” reaction was also tested. This one-pot synthetic procedure 
allowed to obtain the cumarin-terminated iron(II) cage complex in a high yield; it was characterized using elemental 
analysis, ESI-TOF mass, and 1H and 13C{1H} NMR spectra.
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В работе приводится сравнение двух наиболее распространенных синтетических подходов (реакции эте-
рификации и 1,3-диполярного циклоприсоединения) к функционализации реакционноспособных трехмерных 
молекулярных платформ, позволяющих получать флуоресцентно-меченые клатрохелаты железа(II) и, таким 

† The authors dedicate this paper to the memory of Prof. Oleg Varzatskii and Prof. Vladislava Kovalska who have suddenly passed away 
on December 2017 and on December 2020.
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образом, установить их локализацию и накопление в опухолевых клетках. Поскольку реакция этерификации 
дала целевые комплексы с очень низкими выходами, была изучена такая функционализация с использованием 
медь-катализируемой «клик»-реакции 1,3-диполярного циклоприсоединения к известному пропаргиламинсодер-
жащему клатрохелату железа(II) с терминальной C≡C-связью как реакционноспособному макробицикличе-
скому предшественнику. Этот одностадийный синтетический подход позволил с высоким выходом получить 
клеточный комплекс железа(II) с терминальным кумариновым фрагментом, охарактеризованный данными 
элементного анализа, ESI-TOF масс-спектрометрии,  1Н и 13С{1Н} ЯМР-спектроскопии.

Ключевые слова: Макроциклические соединения, клатрохелаты, комплексы железа, реакционная способность 
лигандов, нуклеофильное замещение, этерификация, 1,3-диполярное циклоприсоединение, молекулярные 
метки, флуоресцентные репортеры.

Introduction

Keen interest of bioinorganic chemists and bioche- 
mists in the design and synthesis of the functionalized 
iron(II) clathrochelates[1,2] can be explained by a three-
dimensional geometry of their molecules, which contain 
up to eight different functionalizating substituents and each 
of them can be potentially used for evaluation of new bio-
logically active cage compounds. This feature allows to use 
a quasiaromatic clathrochelate framework as the reactive 
molecular platform for the synthesis of pharmaceutically 
active metal complexes and hybrid organic-inorganic sys-
tems based on them, which are the prospective prodrugs 
for fighting of a series of viral, cancer and neurodegenera-
tive diseases. So, an elaboration of new synthetic strategies 
and approaches allowing to obtain cage complexes of this 
type seems to be a very important task. Indeed, the designed 
iron(II) clathrochelates and bis-clathrochelates are reported 
to inhibit a biosynthesis of nucleic acids in the transcrip-
tion systems of T7 RNA[3–5] and Taq DNA[6] polymerases 
and a formation of fibrils and their aggregates,[7,8] as well 
to give the strong supramolecular assemblies with globular 
proteins.[9–13] Moreover, an electrophilic iron(II) hexa-
chloroclathrochelate is described[14] to possess a selective 
and highly cytotoxic effect against the human leukemia cell 
line. Unfortunately, a true mechanism of such anticancer 
activity of the designed iron(II) clathrochelates remains 
under discussion and this calls to study their localization 
and accumulation in cancer cells. In the present work, 
we aimed to compare two most common esterification 
and 1,3-dipolar cycloaddition (so-called “click”) reactions 
which can be used for functionalization of the iron(II) clath-
rochelates with terminal fluorophoric group(s), thus giving 
the prospective cage compounds for their molecular imag-
ing[15] and, therefore, allowing to observe both the localiza-
tion and accumulation of these macrobicyclic bioeffectors 
in cancer cells and in the active centers of protein macro-
molecules interacting with them as well.

Experimental

Materials and Methods
The reagents used, FeCl2·4H2O, α-benzildioxime (H2Bd), 

BF3·O(C2H5)2, CuI, tris((1-benzyl-4-triazolyl)methyl)amine 
(TBTA), 1,1’-carbonyldiimidazole (CDI), 3-azido-7-(di)chromen-
2-one, 2-mercaptoethanol, sorbents, organic bases and solvents were 

obtained commercially (SAF®). Dichloroglyoxime was obtained 
by a known procedure.[16] The dichloroclathrochelate precursor 
FeBd2(Cl2Gm)(BF)2 was prepared as described elsewhere.[17]

Analytical data (C, H, N contents) were obtained with 
a Carlo Erba model 1106 microanalyzer. ESI-TOF mass spectra 
were obtained using a maXis 4G, UHR TOF mass spectrometer 
(Bruker Daltonik). 1H and 13C{1H} NMR spectra of the complexes 
under study were recorded from their solutions in acetone-d6 with 
a Bruker Avance 400 spectrometer. These 1H and 13C{1H} NMR 
measurements were done using the residual signals of this solvent.

Synthesis
FeBd2(ClGm(SC2H4OH))(BF)2 (1): Complex FeBd2(Cl2Gm)

(BF)2 (500 mg, 0.669 mmol) was dissolved in dichloromethane 
(50 mL) at –40 °C under argon and the solutions of 2-mercapto-
ethanol (23 μL, 0.335 mmol) in dichloromethane (20 mL) and tri-
ethylamine (93 μL, 0.669 mmol) in dichloromethane (20 mL) were 
simultaneously added dropwise to this solution. The reaction mix-
ture was stirred at –40 °C for 2 h and then it was heated to room 
temperature. The organic phase was separated, washed with 1 M 
aqueous hydrochloric acid, water and with NaCl saturated aqueous 
solution as well. The obtained mixture of products was chromato-
graphically separated by column chromatography on silica gel 
(eluent: dichloromethane) and the clathrochelate product with Rf 
= 0.125 was obtained by evaporation of elute in a form of the fine-
crystalline red powder. Yield: 110 mg (21 %). 1H NMR (400 MHz, 
acetone-d6) δH ppm: 3.36 (t, J1H–1H = 5.9 Hz, 2H), 3.71 (q, J1H–1H 
= 5.8 Hz, 2H), 4.02 (t, J1H–1H = 5.5 Hz, 1H), 7.14 – 7.35 (m, 20H).

FeBd2(OHC2H4S)2Gm)(BF)2 (2): Complex FeBd2(Cl2Gm)
(BF)2 (200 mg, 0.27 mmol), 2-mercaptoethanol (39.37 μL, 
2.1 eq.) and triethylamine (93.13 μL, 2.5 eq) were dissolved in dry 
DMSO (1 mL) under argon and the reaction mixture was stirred 
for approximately 30 min; the reaction course was controlled 
by TLC (SiO2-foil; eluent: dichloromethane – iso-propanol 
95:5 (v/v) mixture). Then the reaction mixture was poured into 
1 M aqueous hydrochloric acid (10 mL) under vigorous stir-
ring and thus obtained orange-red precipitate was filtered off, 
washed with water and extracted with dichloromethane (5 mL). 
The extract was washed with water, dried with Na2SO4 and rotary 
evaporated to a small volume. Then, this extract was flash-
chromatographically separated on silica gel (30-mm layer, eluent: 
dichloromethane – iso-propanol 19: 1 (v/v) mixture). The obtained 
major elute was evaporated to dryness and the solid residue was 
dried in vacuo at 40 °C. Yield: 222 mg (almost quantitative). 1H 
NMR (400 MHz, acetone-d6) δH ppm: 73.37 (t, J1H–1H  = 5.9 Hz, 
4H), 3.66 (q, J1H–1H  = 5.8 Hz, 4H), 4.03 (t, J1H–1H  = 5.7 Hz, 2H), 
7.17 – 29 (m, 20H).

FeBd2(ClGm(SC2H4OCyan1))(BF)2 (4): Cyan1 (14 mg) was 
dissolved in dry acetonitrile (1.5 mL) and CDI (6.7 mg, 1.5 eq.) was 
added. The reaction mixture was stirred for 30 min and the com-
plex FeBd2(ClGm(SC2H4OH))(BF)2 (110 mg, 5 eq.) was added. 
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The reaction mixture was stirred overnight at room temperature 
and then water (1 mL) was added to this mixture. The obtained 
solution/suspention was stirred for 30 min and then rotary evapo-
rated to dryness. The obtained solid residue was chromatographi-
cally separated on silica gel (eluent: acetonitrile – methanol 3:2 
(v/v) mixture) and the clathrochelate product with Rf = 0.6 was 
isolated in a trace amount as described above.

FeBd2((Cyan1OC2H4S)2Gm)(BF)2 (5): Cyan1 (25 mg) was 
dissolved in dry acetonitrile (1.5 mL) and CDI (11 mg, 1.5 eq.) was 
added. The reaction mixture was stirred for 30 min and the com-
plex FeBd2(OHC2H4S)2Gm)(BF)2 (10 mg, 0.25 eq.) was added. 
The reaction mixture was stirred overnight at room temperature 
and then water (1 mL) was added to this mixture. The obtained 
solution/suspention was stirred for 30 min and then rotary evapo-
rated to dryness. The obtained solid residue was chromatographi-
cally separated on silica gel (eluent: acetonitrile – methanol 3:2 
(v/v) mixture) and the clathrochelate product with Rf = 0.55 was 
isolated in a trace amount as described above.

FeBd2((HOOCC6H4S)Gm(SC6H4COCoum))(BF)2 (7): 
Complex FeBd2((HOOCC6H4S)(HCºCCH2NHCOC6H4S)Gm)
(BF)2 (10 mg, 9.8 μmol), 3-azido-7-(di)chromen-2-one (2.53 mg, 
9.8 μmol), CuI (0.18 mg, 0.98 μmol) and TBTA (0.52 mg, 0.98 μmol) 
were dissolved/suspended in acetonitrile (0.5 mL) and di-iso-
propylamine (8.54 μL,) was added. The reaction mixture was 
stirred at 60 °C for 4 h, then poured into 1M aqueous hydrochloric 
acid (1 mL) and extracted with dichloromethane (3ml, in three 
portions). The combined extract was washed with brine and dried 
with Na2SO4. Then it was chromatographically separated by col-
umn chromatography on silica gel (eluent: dichloromethane – iso-
propanol 19:1 (v/v) mixture). Evaporation of the major elute 
with Rf = 0.7 gave the target clathrochelate product in a form 
of the orange-red fine-crystalline powder. Yield: 7.73 mg (63 %). 
Calcd. for C60H47B2F2FeN11O11S2: C, 56.40; H, 3.71; N, 12.06; S, 
5.02. Found (%): C, 56.22; H, 3.92; N, 11.93; S, 4.83. ESI-TOF MS 
(positive range) m/z: Calcd. for C60H47B2F2FeN11O11S2: 1277.54. 
Found: 1278.2492. 1H NMR (400 MHz, acetone-d6) δH ppm: 1.10 
(t, J1H–1H = 7.0 Hz, 6H), 3.42 (q, J1H–1H = 7.0 Hz, 4H), 5.48 (s, 1H), 
4.61 s, 2H), 6.48 (d, J1H–1H = 2.3 Hz, 1H), 6.71 (dd, J1H–1H = 8.9, 
2.4 Hz, 1H), 7.34 – 7.10 (m, 24H), 7.48 (d, J1H–1H = 8.9 Hz, 1H), 
7.76 (d, J1H–1H = 7.6 Hz, 2H), 7.82 (s, 1H), 8.23 (s, 1H), 8.36 (s, 

1H). 13C{1H} NMR (101 MHz, acetone-d6) δC ppm: 11.82, 21.97, 
28.36, 28.56, 28.75, 28.94, 29.13, 29.33, 29.52, 44.53, 96.66, 106.95, 
110.04, 127.99, 128.02, 128.37, 129.30, 129.42, 130.29, 130.62, 
135.27, 151.81, 157.67, 205.28.

Results and Discussion

On the first stage, we tested an ability of the esteri-
fication reaction(s) by Scheme 1 to be used for modifica-
tion of the iron(II) clathrochelates with terminal reactive 
hydroxyl group(s), thus giving cage complexes with 
distal fluorophoric group(s) in their ribbed substituent(s). 
For this purpose, we obtained the earlier described[2] reac-
tive mono(1)- and di(2)-topic macrobicyclic precursors 
– the derivatives of mecraptoethanol. It should be noted 
that, trying to perform a nucleophilic substitution of their 
iron(II)-encapsulating dichloroclatrochelate precursor 
FeBd2(Cl2Gm)(BF)2 with the corresponding aliphatic 
thiolate monoanion as a S-nucleophile, generated in situ 
in the presence of triethylamine, we unexpectedly observed 
an inversion of the reactivity of its two reactive chlorine 
atoms in a vic-position of the same chelate ribbed fragment. 
Indeed, in the case of polyhalogenide organic compounds, 
after a nucleophilic substitution of their first halogen atom, 
the reactivity of other atoms of this type usually decreases. 
Contrary, in the case of this iron(II) dichloroclathroche-
late as a reactive substrate, the main reaction product 
of nucleophilic substitution of its first ribbed chlorine atom 
under the mild reaction conditions (in dichloromethane as 
a solvent at –5 °C) was the corresponding disubstituted 
clathrochelate 2 (Scheme 1), while the target monofunc-
tionalized complex 1 was obtained in only 10 % yield. This 
suggests that such substitution of the first chlorine atom 
of its dichloroglyoximate ligand synthon, giving the corre-
sponding monochloromonosulfide ribbed fragment, caused 
an increase in the reactivity of its second vic-chlorine atom 

Scheme 1. Increase in a reactivity of the second vic-halogen atom in the same chelating fragment of a cage tris-α-dioximate framework: 
the formation of a N,S-heterocyclic ribbed substituent.
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in the same chelating α-dioximate moiety. The same effect 
was also observed in the case of our attempts to modify 
the above dichloroclathrochelate precursor with L-cysteine. 
The latter chemical transformation was also performed 
under the mild reaction conditions at 10 °C using dichloro-
methane as a solvent. Its main isolated clathrochelate prod-
uct was found to contain a six-membered S,N-heterocyclic 
ribbed substituent at its quasiaromatic tris-dioximate cage 
framework (Scheme 1). The analogous cyclization reaction 
has been earlier observed[18] in the case of nucleophilic 
substitution of FeBd2(Cl2Gm)(BF)2 with 3-dimethylamino-
propylamine. It should be noted that the above substitution 
of the second chlorine atom in the same ribbed chelating 
fragment of a macrobicyclic tris-α-dioximate framework 
is characteristic behavior of the reactions of metal(II) poly-
halogenoclathrochelates with such sterically unhindered 
primary aliphatic amines as N-nucleophiles.[19]

So, trying to obtain the target monofunctionalized 
monochloroclathrochelate product – the derivative of mer-
captoethanol – in a higher yield, we modified the synthetic 
procedure of such nucleophilic substitution. For this pur-
pose, the solutions of triethylamine and this S-nucleophilic 
agent in dichloromethane were simultaneously added 
dropwise at –45°C under argon to that of two-fold excess 
of the dichloroclathrochelate precursor FeBd2(Cl2Gm)(BF)2 
in its dichloromethane solution, keeping a control of the rate 
of such simultaneous mixing of the equiproportional vol-
umes of the above solutions and of time of their addition as 
well (Scheme 2). Under these reaction conditions, the com-
plete recovery of the above unreacted dichloroclathrochelate 
precursor can be performed and the corresponding mono- 
and difunctionalized clathrochelate products were isolated 
in their molar ratio 3:1. Then, the mono- and di-cyan1–ter-
minated iron(II) clathrochelates were obtained by Scheme 3 
in the very low yields (less than 5 %) by condensation of thus 

obtained hydroxyl-terminated cage complexes with cyan1 
in the presence of CDI as a coupling agent.

The isolated clathrochelate products were studied using 
the ESI-TOF mass spectrometry experiments and they were 
found to be unstable under their experiment conditions. 
The di-cyan1-containing iron(II) clathrochelate was 
characterized by the fragmentation MS-experiments (Figure 
1). Its fragmentation was observed in the ESI-TOF mass 
spectrum of a minor fraction with a threshold of 58 atomic 
units. The molecular peaks of these macrobicyclic complexes 
in this spectrum are absent (in particular, the calculated 
m/z value for such difunctionalized clathrochelate 
C92H94B2F2FeN10O16S4 is equal to 1839.52), but an extrapolation 
of the corresponding experimental plot gave to the target mass 
peak of 5. Unfortunately, the corresponding mass peak of its 
monofunctionalized analog 4 was not observed, but a study 
of the above fragmentation ESI-TOF mass spectra of this 
minor fraction allowed us to find the molecular peaks of one 
of its fragments (Figure 2).

So, under the above esterification reaction conditions, 
the target modification of the iron(II)-encapsulating clath-
rochelate molecular platforms, giving the cage complexes 
with fluorescent labelling group(s), allowed to obtain them 
in a very low yield, if any (trace amounts) and this synthetic 
pathway seems to be ineffective.

Therefore, on the next stage, we choose to change a linker 
fragment between a quasiaromatic tris-α-dioximate cage 
framework and an fluorescent terminal group, trying to increase 
an yield of the corresponding labelled clathrochelate complex. 
For this purpose, we used the earlier described[20] propargyl-
amine iron(II) clathrochelate complex with a terminal reactive 
C≡C bond as the reactive macrobicyclic precursor for its fur-
ther functionalization using the well-known copper-promoted 
“click” reactions.[21–28] Indeed, the coumarin-terminated 
iron(II) cage complex was obtained by 1,3-dipolar cycload-

Scheme 2. Preparation of the iron(II) clathrochelates with terminal hydroxyl group(s) – the derivatives of mercaptoethanol.
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Scheme 3. Preparation of the mono- and di-cyan1-functionalized iron(II) clathrochelates.

Figure 1. Part of the fragmentation ESI-TOF mass spectrum of 5.

     

1095.4106

Figure 2. Peaks of a given fragmental molecular ion in the ESI-TOF mass spectrum of 4.
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Scheme 5. Functionalization of the iron(II)-encapsulating clathrochelate molecule with a terminal coumarin group.

dition using the corresponding one-pot copper-promoted 
“click”-reaction shown in Scheme 5.

The target macrobicyclic product was obtained 
in a high yield. Unfortunately, we found that its quasiaro-
matic cage framework substantially quenches an intrinsic 
fluorescence of the terminal coumarin group that we plan 
to use for molecular imaging of the above iron(II) clath-
rochelate. So, the latter complex cannot be used for this 
purpose and a further search of the appropriate fluorophoric 
and linker groups should be performed in order to obtain 
the fluorescent iron(II) clathrochelates, which will be 
suitable for the fluorescent cellular experiments as both 
the molecular optical probes and the fluorescent tags.

Conclusions

Thus, we compared the esterification and 1,3-dipo-
lar cycloaddition reactions as most common synthetic 
approaches for functionalization of the clathrochelate 
molecular platforms, allowing to obtain the fluorescently 
labelled iron(II) clathrochelates, and, therefore, to study 
their localization and accumulation in cancer cells. The use 
of esterification reactions allowed to obtain these target 
macrobicyclic compounds in very low yields, if any. So, 
we changed a linker fragment between a quasiaromatic 
tris-α-dioximate cage framework and a fluorescent terminal 
group, thus trying to increase an yield of the corresponding 
labelled cage complex. A known propargylamine iron(II) 
clathrochelate with terminal C≡C bond was used as a reac-
tive macrobicyclic precursor for its further functionalization 
by the copper-promoted 1,3-dipolar cycloaddition “click” 
reaction. As a result, the coumarin-terminated iron(II) 
cage complex was obtained in the high yield using the cor-
responding one-pot synthetic procedure. Unfortunately, its 

quasiaromatic cage framework was found to substantially 
quench an intrinsic fluorescence of the terminal coumarin 
group and, therefore, it cannot be used for molecular imag-
ing. So, a further search of the appropriate fluorophoric 
and linker groups should be performed in order to obtain 
the fluorescent iron(II) clathrochelates which are suitable 
for the fluorescent cellular experiments as the molecular 
optical probes and the fluorescent tags.
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