
ISSN 1070-3284, Russian Journal of Coordination Chemistry, 2018, Vol. 44, No. 8, pp. 496–501. © Pleiades Publishing, Ltd., 2018.
Original Russian Text © M.A. Ogienko, S.N. Konchenko, A.B. Burdukov, A.V. Vologzhanina, E.G. Lebed, Y.Z. Voloshin, 2018, published in Koordinatsionnaya Khimiya,
2018, Vol. 44, No. 4, pp. 244–249.
Unexpected Product of the Reaction 
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Abstract⎯An attempt to prepare a hybrid clusteroclathrochelate by nucleophilic substitution of iron(II)
dichloroclathrochelate by substitution of its chlorine atoms with the [Fe2(μ-S)2(CO)6]2– cluster dianion as a
nucleophilic agent generated in situ by the reduction of Fe2(μ-S2)(CO)6 with lithium triethylborohydride
unexpectedly gave the macrobicyclic complex with two inherent thiol groups as the single clathrochelate
product. Obviously, the initial iron-sulfide cluster underwent a complete decomposition during the reaction,
thus acting only as a source of HS– and S2– anions. The composition and the structure of the complex
obtained were confirmed by elemental analysis, MALDI-TOF mass spectrometry, 1H and 13C{1H} NMR
spectroscopy, and single crystal X-ray diffraction (CIF file CCDC 1585112). The encapsulated iron(II) ion is
located at the centre of its FeN6 coordination polyhedron possessing the geometry intermediate between a
trigonal prism (the distortion angle ϕ = 0°) and a trigonal antiprism (ϕ = 60°) with ϕ ≈ 25°; the height of this
polyhedron is 2.33 Å. The presence of two thiol groups in the vicinal positions of the same ribbed moiety of
the macrobicyclic molecule substantially affects the crystal packing of the molecular crystal containing clath-
rochelate dimers formed by four hydrogen bonds of two types (i.e., two S–H···O and two S–H···N bonds).
The obtained cage complex and its deprotonated forms seem to be promising cis-disulfide bridging or chelat-
ing ligand synthons for the synthesis of new types of polynuclear complexes and coordination polymers as
well.
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INTRODUCTION

The clathrochelate precursors with labile cross-
linking groups and the reactive ribbed substituents
have been widely used as the molecular platforms for
the synthesis of new types of hybrid and multicenter
systems, such as phthalocyanino- and porphyrino-
clathrochelates [1–3], closo-borato- and carborano-
clathrochelates [4–6], and calixarenoclathrochelates
[7, 8]. Most of these compounds have been easily pre-
pared in high yields using a high reactivity of the halo-

clathrochelates towards their nucleophilic substitu-
tion.

In this study, we made an attempt to prepare the
first representative of a new class of hybrid com-
pounds, clusteroclathrochelates, the complex
FeBd2(Fe2(CO)6S2Gm)(BF)2 (I) (Scheme 1), by nuc-
leophilic substitution of iron(II) dichloroclathroche-
late as a macobiclyclic precursor with a deprotonated
form of an iron-sulfide cluster [9] as a nucleophilic
agent.
496
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EXPERIMENTAL
The reactions were carried out under argon using the

standard Schlenk line; the reactants were charged in an
argon box. The subsequent isolation, purification, and
crystallization stages were performed in air. The dichlo-
roclathrochelate precursor FeBd2(Cl2Gm)(BF)2 (II),
where Bd2– and Cl2Gm2– are the α-benzyldioxime and
dichloroglyoxime dianions, respectively) were prepared
as described [10]. The Fe2(μ-S2)(CO)6 cluster (III) (1)
was synthesized using a known procedure [9]. The sol-
vents were dried and degassed by refluxing and distilla-
tion under argon using standard procedures [11].

The 1H and 13C{1H} NMR spectra were measured
on a Bruker Avance 400 spectrometer operating at
400.13 MHz for 1H and 100.61 MHz for 13C. The
chemical shifts were referred to the residual CHDCl2
signals in the CD2Cl2 solvent (5.34 ppm) for the
1H NMR spectra and to CD2Cl2 signals (53.8 ppm) for
the 13C NMR spectra.

Elemental analysis for C, H, and N was carried out
on a Carlo Erba 1106 instrument at the Laboratory of

Microanalysis of the Nesmeyanov Institute of Orga-
noelement Compounds.

MALDI-TOF mass spectra in the negative and
positive ranges were measured on a Bruker Autoflex II
(Bruker Daltonics) MALDI-TOF-MS mass spec-
trometer in a reflecto-mol mode. The ionization was
carried out by an UV laser at 337 nm. The sample was
placed on a nickel plate and 2,5-dihydroxybenzoic
acid was used as the matrix. The accuracy of measure-
ments was 0.1%.

Synthesis of FeBd2((HS)2Gm)(BF)2 (IV). The clus-
ter Fe2(μ-S2)(CO)6 (0.046 g, 0.13 mmol) was dissolved
in THF (15 mL), and a 1 M solution of Li[BH(C2H5)3]
in THF (0.27 mL) was added dropwise at –75°C. The
reaction mixture turned a dark-green, thus indicating
a formation of the [Fe2(μ-S)2(CO)6]2– dianion. Then
a suspension of FeBd2(Cl2Gm)(BF)2 (0.100 g,
0.13 mmol) in THF (20 mL) was slowly added to the
reaction mixture using a Teflon tube. The reaction
mixture acquired a dark-claret color; it was heated to
room temperature and then evaporated in vacuo to
dryness. After thorough washing of the solid residue
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498 OGIENKO et al.
with hexane, thus removing the unreacted Fe2(μ-

S2)(CO)6 cluster and the formed compound

Fe3(CO)9S2, the product was isolated by multiple

extraction with diethyl ether. The extract was evapo-
rated to dryness and dried in vacuo; its purity was con-
trolled by TLC on a Silufol plate. The yield of IV was
0.033 (34%).

MS (MALDI-TOF), m/z: 742 [M]+•. 1H NMR
(CD2Cl2, δ, ppm): 0.75 (s., 2H, SH), 7.25 (m, 20H,

Ph). 13C{1H} NMR (CD2Cl2; δ, ppm): 127.41, 128.10,

129.84 (all s, Ph), 129.87 (s, SC=N), 156.99 (s,
PhC=N).

The red needle single crystals of IV · 0.5C8H18 suit-

able for X-ray diffraction were obtained by slow evap-
oration of a clathrochelate solution in a benzene–
isooctane 1 : 1 mixture.

X-ray diffraction. The crystals of IV . 0.5C8H18

(M = 799.24) are monoclinic; at 100.0(2) K, a =
13.8046(17) Å, b = 17.488(2) Å, c = 22.265(3) Å, β =

133.582(3)°, V = 3893.8(8) Å3, space group P21/с,

Z = 4, ρ(calcd.) = 1.363 g/cm3, μ = 0.554 mm–1. The
experimental set of 40 664 reflections was collected on
a Bruker APEX II diffractometer equipped with a
CCD array detector using emission of the molybde-
num anode (λ = 0.71073 Å) and graphite monochro-
mator. The absorption corrections were applied
empirically using the SADABS program [12]. The
structure was solved by the direct method. All non-
hydrogen atoms were located in difference electron

density maps and refined on  in the anisotropic
approximation using the SHELXL-14 program pack-
age [13]. The hydrogen atoms were located geometri-
cally and refined in the isotropic approximation in the
rigid body model, with Uiso(H) = 1.5Ueq(Xi) for the

methyl and thiol groups and 1.2Ueq(Xi) for all other

atoms, where Ueq(X) are the equivalent thermal

parameters of atoms bearing this hydrogen atom. The
final R-factors were R1 = 0.068 (for 6355 measured

reflections with I > 2σ(I)), wR2 = 0.168 (for

10 937 unique reflections), GOOF = 1.00.

The atom coordinates, thermal parameters, and
the whole list of reflections are deposited with the
Cambridge Crystallographic Data Centre
(no. 1585112; deposit@ccdc.cam.ac.uk or http://
www.ccdc.cam.ac.uk/data_request/cif).

RESULTS AND DISCUSSION

We suggested that the reaction of the dichloro-

clathrochelate FeBd2(Cl2Gm)(BF)2 (II) with the clus-

For C30H22N26O6B2F2S2Fe

Anal. calcd., % C, 48.56 H, 2.99 N, 11.32

Found, % C, 48.69 H, 2.87 N, 11.10

2

hklF
RUSSIAN JOURNAL OF C
ter dianion [Fe2(μ-S)2(CO)6]
2–, generated in situ by

the reduction of Fe2(μ-S2)(CO)6 (III) with lithium tri-

ethylborohydride, could give the hybrid clusteroclath-

rochelate I as a result of nucleophilic substitution of

two chlorine atoms of the macrobicyclic precursor by

a cluster fragment. However, in a course of the reac-

tion, the cluster fragment underwent a destruction

and, hence, it served only as a source of HS– and S2–

ions. Consequently, the macrobicyclic complex

FeBd2((HS)2Gm)(BF)2 (IV) with two thiol groups

inherently bonded to a macrobicyclic framework was

isolated from the reaction mixture as the only clathro-

chelate product of this reaction. The dry residue

resulting from an evaporation of the reaction mixture

was found also to contain the noticeable amounts of

carbonyl sulfide clusters Fe2(μ-S2)(CO)6 and Fe3(μ3-

S)2(CO)9; the latter is the major product of a transfor-

mation of Fe2(μ-S2)(CO)6. After elimination of these

clusters by extracting of the solid residue with hexane,

the above-mentioned clathrochelate product IV was

isolated using the procedure described in the Experi-

mental part.

The composition and the structure of the obtained

complex were confirmed using elemental analysis,

MALDI-TOF mass spectrometry, 1H and 13C{1H}

NMR spectroscopy, and by the single crystal X-ray

diffraction.

The molecular structure of the complex IV is

shown in Fig. 1; the main geometric parameters of this

complex as well as those for the f luoroboron-capped

monoribbed functionalized alkyl and allyl sulfide

iron(II) clathrochelates with known X-ray diffraction

structures. As can be seen from Table 1, even the bulky

tert-butyl sulfide substituents in a vicinal position of

the ribbed chelating group of the clathrochelate mole-

cule do not affect substantially the geometric parame-

ters of the macrobicyclic framework. In all of these

iron(II) cage complexes, like in the molecule

FeBd2((HS)2Gm)(BF)2, the encapsulated iron(II) ion

is located at the center of the FeN6-coordination poly-

hedron possessing the geometry intermediate between

a trigonal prism (TP, distortion angle ϕ = 0°) and a

trigonal antiprism (TAP; ϕ = 60°). The ϕ angle in all

X-ray characterized alkyl-sulfide iron(II) clathroche-

lates is close to 25°, while the heights of the TP–TAP

coordination polyhedra slightly vary in the range

2.31–2.34 Å [17, 18]. Other geometric parameters of

the clathrochelate framework are also similar for all of

the above cage complexes.

However, the presence of thiol groups in a vicinal
position of the ribbed substituent in IV substantially
affected its crystal packing, because the hydrogen
atoms of these groups are the efficient hydrogen bond
donors. Indeed, the single crystal X-ray diffraction of
OORDINATION CHEMISTRY  Vol. 44  No. 8  2018
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Fig. 1. Molecular structure of the clathrochelate FeBd2((HS)2Gm)(BF)2 shown in thermal ellipsoids (p = 50%).
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IV ⋅ 0.5C8H18 revealed the presence of clathrochelate

dimers shown in Fig. 2. These dimers are formed by

four hydrogen bonds of two types, two S–H···O and

two S–H…N bonds. The corresponding ri(S···O) and

ri(S···N) distances are 3.459(1) and 3.884(1) Å. In this

crystal, the above clathrochelate dimers are coplanar

with each other, while their molecular B···Fe···B C3

pseudoaxes are collinear with the crystallographic с
axis. The cavities between these clathrochelate dimers

are filled by disordered solvent isooctane molecules

(Fig. 3).
RUSSIAN JOURNAL OF COORDINATION CHEMISTRY

Fig. 2. Formation of the clathrochelate dimer [FeBd2((HS)2G
(depicted with dashed line).
Thus, a cage complex with the inherent HS-groups

was prepared and characterized for the first time. It is

noteworthy that our earlier attempts to obtain this

complex by using nucleophilic substitution of dichlo-

roclathrochelate precursor with H2S and its derivatives

as nucleophilic agents were unsuccessful. The

obtained cage complex and its deprotonated forms

seem to be promising cis-disulfide chelating or bridg-

ing ligand synthons for the synthesis of new types of

polynuclear complexes and coordination polymers as

well.
  Vol. 44  No. 8  2018

m)(BF)2]2 via the S–H···O and S–H···N hydrogen bonding
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Fig. 3. Fragment of the crystal packing of FeBd2((HS)2Gm)(BF)2 ⋅ 0.5C8H18 (view along the crystallographic axis a). The hydro-
gen atoms which are not involved in the strong hydrogen bonding are not shown.
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