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Abstract: Bis(carboranyl)amides 1,1'-p-(CH2NH(O)C(CH2)n-1,2-C2BioHu1)2 (1 = 0, 1) were prepared
by the reactions of the corresponding carboranyl acyl chlorides with ethylenediamine. Crystal
molecular structure of 1,1"-pu-(CH2NH(O)C-1,2-C2B10H11)2 was determined by single crystal X-ray
diffraction. Treatment of bis(carboranyl)amides 1,1'-pu-(CH2NH(O)C(CHz2)n-1,2-C2B1oHi1)2 with
ammonium or cesium fluoride results in partial deboronation of the ortho-carborane cages to the
nido-carborane ones with formation of [7,7'(8")-u-(CH2NH(O)C(CH2)s-7,8-C2BoHn)2]>.  The
attempted reaction of [7,7(8")-u-(CH2NH(O)CCH:-7,8-C2BoHu)2]*” with GdCls in 1,2-dimethoxy-
ethane did not give the expected metallacarborane. The stability of different conformations of
Gd-containing metallacarboranes has been estimated by quantum-chemical calculations using
[3,3-u-DME-3,3"-Gd(1,2-C2BoHi1)2]- as a model. It was found that in the most stable conformation
the CH groups of the dicarbollide ligands are in antianti-orientation with respect to the DME
ligand, while any rotation of the dicarbollide ligand reduces the stability of the system. This makes
it possible to rationalize the design of carborane ligands for the synthesis of gadolinium
metallacarboranes on their base.

Keywords: carboranes; amide derivatives; gadolinium; synthesis; X-ray structure; quantum
chemical calculations

1. Introduction

Boron neutron capture therapy (BNCT) is a promising cancer treatment based on the
selective accumulation of compounds containing the non-radioactive °B isotope in
tumors and their subsequent irradiation with a flux of thermal neutrons. Irradiation
leads to the “B(n,a)’Li nuclear reaction directly in the cancer cell, and the resulting
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fission products have a short range comparable to the cell size, which ideally allows the
selective destruction of tumor cells without affecting the surrounding healthy tissue [1].
Since the reaction rate is depend on the product of the concentrations of reactants, and
the value of the thermal neutron flux is limited by the capabilities of a nuclear reactor or
accelerator, one of the most important requirements for BNCT drugs, in addition to their
selectivity of accumulation in a tumor, is to achieve a therapeutic concentration of at least
20-35 pg per gram of tumor. This gives rise to an active interest in the use of polyhedral
boron hydrides and their derivatives containing 10 or more boron atoms in one molecule
as components of BNCT preparations [2-6].

Another important condition for effective planning of BNCT treatment of patients is
the control of the distribution of the boron-containing drug in the body and its
accumulation in the tumor. Since the B isotope is non-radioactive, its non-invasive
determination in the body is a rather difficult task [7,8] and usually requires either the
introduction of a radioactive label for positron emission tomography (PET) [9,10], or the
measurement of the secondary radiation resulting from the capture of a neutron by the
9B nucleus using prompt gamma activation analysis (PGAA) [11]. However, both of
these methods require special equipment that is usually not available at medical centers.
Therefore, one of the most promising ways to control the distribution of
boron-containing drugs in the body and to plan patient treatment is the use of Gd-based
magnetic resonance imaging (MRI)—one of the most widely used methods of medical
diagnostics [12-14]. In addition, the '¥Gd isotope has the highest thermal neutron
capture cross section of all stable nuclides in the periodic table, which exceeds the
thermal neutron capture cross section of the 1°B isotope by more than 60 times. In contrast
to 9B, the reaction of neutron capture by ¥7Gd induces complex inner shell transitions
that generate prompt y-emission displacing an inner-core electron, which in turn results
in internal-conversion electron emission, and finally in the Auger electron emission,
together with soft X-ray and photon emission. The path length of Auger electrons in an
aqueous medium is only a few nanometers, therefore they have a very high LET and
located adjacent to the DNA strands of malignant cells are able to induce a level of DNA
injury which is 5-10 times greater than the X-rays, being the most relevant component of
gadolinium neutron capture therapy from a radiological point of view [15]. As a result,
the presence of gadolinium can lead to a significant increase in the effect of neutron
capture therapy when the boron-gadolinium containing drug is localized near the cell
nucleus. Therefore, the synthesis of compounds containing both boron and gadolinium is
of particular interest for the further development of neutron capture cancer therapy [16].
This interest led to the synthesis of compounds in which the carborane fragment is linked
to a Gd-containing DTPA [17,18] or DOTA [19-22] chelators. Another direction includes
synthesis of compounds with the icosahedral closo-dodecaborate core carrying multiple
Gd3*-DOTA-based chelates for MRI [23-25].

However, the problem of many Gd-containing complexes is their kinetic stability in
vivo. Although at physiological pH 7.4 it is assumed that total excretion of the complexes
occurs before any harmful amount of Gd?¥ is released [26], it has been found that the Gd
leakage and retention in body can lead to nephrogenic systemic fibrosis and other health
risks [27,28]. Therefore, a real challenge for a boron chemist is to obtain a stable complex
in which gadolinium is a part of a metallacarborane cluster, similar to complexes of many
other transition metals [29]. In this contribution we describe an attempt to synthesize
such a complex based on two nido-carborane ligands linked by a flexible spacer
containing amide groups.

2. Results and Discussion

To the best of our knowledge, there is only one communication in the literature on
the synthesis of the gadolinium dicarbollide complex [3,3-(THF)2-3,3'-Gd(1,2-C2BsHi1)2]-
[30], however, its characterization is not sufficient to be reliable. At the same time, a
careful analysis of the literature on dicarbollide complexes of other lanthanides showed
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that complexes of this type are usually unstable due to loss of solvent molecules, however
their stability can be increased by using carborane ligands with substituents containing
pendant donor groups [31]. In this case, the donor groups take the place of easily
removable molecules of the coordinated solvent, which leads to an increase in the
complex stability due to the chelate effect. Moreover, from the point of view of obtaining
the most stable complexes, the best option would be to include these donor groups in a
closed chain.

Therefore, based on the experience in the synthesis of crowns and thiacrowns with
an inserted metallacarborane fragment [32,33], we proposed the design of the ligands in
which two nido-carborane fragments are linked by a flexible chain containing two amide
groups. It was expected that the coordination of gadolinium with such ligands should
lead to the metallacarboranes depicted in Figure 1.

Figure 1. Initial design of Gd-containing metallacarboranes.

To obtain bis(carboranyl)amides, we used well known carboranyl carboxylic acid
1-HOOC-1,2-C2B1oHn1 (1) [34] and carboranyl acetic acid 1-HOOCCH->-1,2-C2BioH11 (2)
[35], which were converted into the corresponding acid chlorides and reacted with
ethylenediamine. It should be noted that although the use of carboranyl acid chlorides
1-CIOC(CHz2)n-1,2-C2BioHi: (= 0, 1) for the preparation of amides
1-H2N(O)C(CHz)n-1,2-C2B1o0H1u1 was first described more than 50 years ago [36], there are
only a few examples of their use in synthesis of the corresponding substituted amides
1-RR'N(O)C(CHz)»-1,2-C2B1oHu [35,37-39], while most of them were obtained either
directly by the reaction of 1-lithio-ortho-carborane with isocyanates (for amides of
carboranyl carboxylic acid) [40,41], or from the corresponding acids using various
coupling reagents [42—47].

The reaction of ortho-carboranyl carboxylic acid chloride 1-Cl(O)C-1,2-C2B1oH11 (3)
with ethylenediamine in dichloromethane in the presence of triethylamine as a base gave
the corresponding bis(carboranyl)amide 1,1'-p-(CH2NH(O)C-1,2-C2B1oH11)2 (4) (Scheme
1). The 'H-NMR spectrum of bis(carboranyl)amide in acetone-ds, along with signals of the
carborane CH and BH groups at 4.88 and 3.2-1.4 ppm, respectively, contains signals of
the amide NH groups at 7.84 ppm and the ethylene bridge at 3.45 ppm. The C-NMR
spectrum contains signals of the carborane carbon atoms at 59.2 and 73.7 ppm, amide
carbonyl groups at 160.3 ppm and the bridging ethylene group at 41.0 ppm.
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Scheme 1. Synthesis of bis(carboranyl)amide 1,1'-p-(CH2NH(O)C-1,2-C2B1oHi1)2 (4).

The structure of 1,1-p-(CH2NH(O)C-1,2-C2BioHu1)2 (4) was determined by single
crystal X-ray diffraction (Figure 2). Compound 4 crystallizes in the form of a solvate with
molecule of hexane (1:1). The bond lengths in the amide fragments (Cea-C(O) 1.527(3)
and 1.516(3) A; C=0 1.231(2) and 1.234(2) A; C(O)-N 1.332(3) and 1.337(3) A) are close to
those in the known ortho-carboranilamides [39,40,48]. The molecular conformation can be
described by a set of torsional angles which define geometry of the amide linker and its
orientation relative to the cages (Table S1). The observed conformation allows molecules
to form H-bonded layers in its crystal structure (Figure 3). It is seen that two
intermolecular hydrogen bonds per molecule is formed while no intramolecular
hydrogen bonds are observed. To investigate the possibility of the formation of an
intramolecular hydrogen bonds in the isolated molecule its structure was optimized
using quantum chemical calculations. As expected, N-H...O hydrogen bond (-4.4
kcal/mol) is formed in the isolated molecule (Figure 2) that leads to somewhat different
conformation (Table S1). The orientation of the amide groups relative to the adjacent
carborane cages changes only slightly while the most significant changes are related to a
rotation about N1-C4 (N1'-C4') bonds. The conformation of the isolated molecule is also
stabilized by weak attractive interaction between H3 and H4' atoms (-0.3 kcal/mol). In
somewhat modified way, such interaction is also retained in the crystal (two slightly
shorter contacts are observed).
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Figure 2. General view of molecular structure of 1,1"-u-(CH2NH(O)C-1,2-C2BsHn)2 (4) as obtained
by X-ray (left) and quantum chemical calculations (right). Experimental view is depicted by
thermal ellipsoids at 50% probability. Dashed lines indicate intramolecular noncovalent contacts.

While for the isolated molecule of 4 the formation of intramolecular hydrogen bond
is expected (but only one hydrogen bond can be formed), change of molecular
conformation in the crystal structure and, as consequence, absence of this hydrogen bond
is explained by formation two intermolecular hydrogen bonds per molecule that would
be nearly twice more energetically favorable.

Figure 3. Crystal packing fragment of compound 4 showing H-bonded layers along axis a. Solvent
molecules are omitted for clarity.
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Bis(carboranyl)amide 1,1'-u-(CH.NH(O)CCH2-1,2-C2BioHu1)2 (7) was prepared by a
similar way starting from ortho-carboranyl acetic acid. However, in this case, no
intermediate purification of the obtained ortho-carboranyl acetic acid chloride 5 was
carried out, and the crude product was reacted directly with ethylenediamine. When
benzene was used in the first stage as a solvent [35], the yield of the final product was
84%, and when trying to replace toxic and environmentally hazardous benzene with
dichloromethane, the yield of the bis(carboranyl)amide dropped to 43% (Scheme 2).
Attempts to replace benzene with toluene unexpectedly resulted in ketone
1-(p-MeCsH4C(O)CHy)- 1,2-C2B1oHu (6) as a side-product. Thus, it is obvious that benzene
is the best solvent for the preparation of carboranyl carboxylic acid chlorides. The
TH-NMR spectrum of 1,1'-(CH2NH(O)CCH>-1,2-CzBioHu1)2 (7) in acetone-ds, along with
signals of the carborane CH and BH groups at 4.98 and 3.1-1.3 ppm, contains signals of
the amide NH groups at 7.75 ppm, the methylene group of carboranyl acyl fragment at
3.23 ppm and the ethylene bridge at 3.32 ppm. The ¥*C-NMR spectrum contains signals of
the carborane carbon atoms at 61.0 and 71.6 ppm, the methylene group of acyl fragment
at 39.7 ppm as well as signals of the amide carbonyl groups at 167.4 ppm and the
bridging ethylene group at 43.3 ppm.

_—
benzene
(CH,Cl,)

5 6 10%
(reaction in toluene)
ethylenediamine
Et3N, CH,Cl,

H
N

H
N.
Nenps”

84%
(43%)

Scheme 2. Synthesis of bis(carboranyl)amide 1,1'-p-(CH2NH(O)CCHz-1,2-C2B1oH11)2 (7).

The 'H-NMR spectrum of 1-(p-MeCsH4C(O)CH2)-1,2-C2B1oH11 (6) in acetone-ds, along
with signals of the carborane CH group and the methylene group of acyl fragment at 5.08
and 4.12 ppm, respectively, contains characteristic doublets of para-substituted benzene
at7.91 and 7.37 ppm as well as the methyl group signal at 2.41 ppm.

The treatment of the bis(carboranyl)amides with ammonium or cesium fluoride in
refluxing ethanol resulted in partial deboronation of the closo-carborane cages with their
transformation to the nido-carborane ones (Scheme 3). In such way the ligands for
synthesis of bis(dicarbollide) complexes were prepared.
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Scheme 3. Synthesis of bis(nido-carboranyl)amides [7,7'-p-(CH2NH(O)C(CH2)n-7,8-C2BoHi1)2]> (n =
0(8),1(9)).

The "B-NMR spectra of the bis(carboranyl) amides [7,7'(8")-p-(CHNH(O)C(CH2)n-
7,8-C2BoHu1)2]% (n =0 (L1, 8), 1 (L2, 9)) in acetone-ds demonstrate the characteristic sets of
signals of C-substituted nido-carborane cage in the range from -9 to -37 ppm. The
closo—nido transformation of the carborane cage also produces the characteristic high
field shifts of the cage carbons and attached to them hydrogen atoms in the 'H- and
1BC-NMR spectra. In addition, in the 'H-NMR spectrum of [7,7'(8")-u-(CHNH(O)CCH2-
7,8-C2BoH11)2]% (10) there is the characteristic splitting of the signal of the methylene
group, which is directly bonded to the carborane cage, caused by the loss of symmetry of
the carborane fragment.

Unfortunately, our attempts to obtain the expected bis(dicarbollide) gadolinium
complex by the reaction of anhydrous gadolinium chloride GdCls with the bis(carbora-
nyl)amide ligand [7,7'(8')-u-(CH2NH(O)CCH:2-7,8-C2BeHu)2]> (9) in 1,2-dimethoxy-
ethane in the presence of +-BuOK as a base were unsuccessful. However, we noticed that
the mass spectrum of the reaction mixture contains a minor signal at 650.8 corresponding
to the [GAL2(DME)]- complex. However, the presence of the DME molecule in the
coordination sphere of gadolinium means that it occupies the place that, according to the
initial design, should have been occupied by the amide groups of the carborane ligand. In
this case, the carborane ligands are most likely rotated relative to each other in another
way, and the spacer connecting them, instead of a stabilizing effect on the complexation,
on the contrary, can have a destabilizing effect. This prompted us to carry out quantum
chemical calculations of the [Gd(C2BsHu)(DME)]- model complex to determine the
preferred orientation of the carborane ligands in the case when two sites in the
coordination sphere of gadolinium are occupied by a chelate ligand.

It should be noted that, in contrast to the known bis(dicarbollide) complexes of
d-metals, which in the case of unsubstituted [49] and symmetrically substituted
carborane ligands [50-53] have three nonequivalent stable rotamers, and in the case of
asymmetrically substituted ligands [51-54] have five nonequivalent isomers, the number
of possible rotamers in bent bis(dicarbollide) complexes are much higher. This is due to
the fact that rotation of the carborane ligands changes not only their relative position
relative to each other, but also relative to the chelated DME ligand.

A large (but probably not exhaustive) set of the [Gd(C2BsHi1)2(DME)]- rotamers (See
Table S2) was obtained by rotating two carborane ligands relative to the DME ligand. For
analysis of rotamers two parameters were used—for the carborane ligand rotation
respective to DME the dihedral cent(OO)-Gd-Bi-cent(CC) (cent is a center of
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corresponding atoms pair) D1 and D2 for two cages, while the sum of D1 and D2 gives
the relative cage rotations D = D1 + D2.

For the four most preferred calculated rotamers, the CH groups of the at least one
carborane ligand are in the anti-position to the DME ligand (dihedral angle IDil > 165°),
and the most favored rotamer has the CH groups of both ligands in the anti-positions to
the DME ligand (Figure 4). On the other hand, in the least preferred rotamer the CH
groups of both carborane ligands are in the syn-positions with respect to the DME ligand
(D1=27°, D2 =9°). All the other seven rotamers found have intermediate ligand positions
(see Supplementary Materials) typically having one of D1/D2 to be close to 125°. Despite
possible errors in the energies which could be up to few kcal/mol, the rather large energy
difference between the most favored and second favored rotamers (3.0 kcal/mol), along
with large gap between bis-anti and bis-syn rotamers (13.4 kcal/mol) accompanied by
consistent dependence of rotamer energy from the D1 and D2 values (increasing of Di
favors stabilization) we can state that the carborane ligands undoubtedly prefers anti
orientation respective to the DME ligand in these complexes.

The least favored rotamer The most favored rotamer
E =+13.4 kcal/mol, E =0.0 kcal/mol,
D1=27.2°,D2=8.7°, D=35.9° D1=165.2°, D2=163.3°, D =31.5°

Figure 4. Optimized geometry of the most and the least favored rotamers of gadolinium
bis(dicarbollide) [Gd(C2BsH11)2(DME)]".

Thus, the design of the carborane ligands, initially proposed on the basis of purely
chemical intuition, was found to be very far from optimal due to the neglect of the
optimal rotation of the carborane cages. This leads us to the need to develop a new
approach to design of carborane ligands for the synthesis of Gd-containing
metallacarboranes, taking into account the optimal rotation of the carborane cages. We
hope that this task will be solved in the near future.

3. Materials and Methods
3.1. General Methods

1-HOOC-1,2-C2B1oHi1 (1) and 1-HOOCCH-2-1,2-C2B10oHu11 (2) were prepared according
to the literature procedures [34,35]. Diethyl ether, tetrahydrofuran, 1,2-dimethoxyethane,
dichloromethane, benzene and toluene were dried using standard procedures [55]. All
other chemical reagents were purchased from Sigma Aldrich, Acros Organics and ABCR
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and used without purification. The reaction progress was monitored by thin layer
chromatography (Merck F254 silica gel on aluminum plates) and visualized using 0.5%
PdClz2in 1% HCl in aq. MeOH (1:10). Acros Organics silica gel (0.060-0.200 mm) was used
for column chromatography. The NMR spectra at 400 MHz (H), 128 MHz ('B) and 100
MHz (*C) were recorded with an Inova 400 spectrometer (Varian). The residual signal of
the NMR solvent relative to MesSi was taken as the internal reference for 'H- and
13C-NMR spectra. "B-NMR spectra were referenced using BFs-Et20O as external standard.
High resolution mass spectra (HRMS) were measured on a micrOTOF II instrument
(Bruker) using electrospray ionization (ESI). The measurements were done in a negative
ion mode, mass range from mj/z 50 to m/z 3000. Low resolution mass spectra (MS) were
measured on a 2010 EV Liquid Chromatograph-Mass Spectrometer (LC-MS) instrument
(Shimadzu) using electrospray ionization (ESI). The measurements were done in a
negative mode, mass range from m/z 200 to m/z 1000.

3.2. Synthesis of 1-CI(O)C-1,2-C2B10H11 (3)

Phosphorus pentachloride (13.50 g, 649 mmol) was slowly added to
1-HOOC-1,2-C2B1oHn (1) (11.70 g, 62.2 mmol) in 50 mL of toluene and the reaction
mixture was stirred for 30 min. Then, the toluene and phosphoryl chloride were removed
by distillation at 110 °C. The crude product was purified by vacuum distillation (5 mbar)
to collect 1-C1(O)C-1,2-C2B1oHu1 (3) (8.70 g, yield 68%, bp = 40 °C). 1-C1(O)C-1,2-C2B1o0Hu1
(3): 'TH-NMR (400 MHz, CDCls):  4.13 (1H, br s, CHcar), 3.4-1.4 (10H, br m, BHcar) ppm.
1B-NMR (128 MHz, CDCls): 6 -1.4 (1B, d, ] =108 Hz), 2.1 (1B, d, =133 Hz), -8.5 (2B, d, |
= 153 Hz), -11.5 (4B, d, ] = 187 Hz), -13.2 (2B, d, ] = 191 Hz) ppm. IR (film): Umax 3074
(CHcarw), 2588 (BHcaw), 1763 (CO) cm™. The spectral data match those described in the
literature [34].

3.3. Synthesis of 1,1’-(CH2NH(O)C-1,2-C:B10H11)2 (4)

Under an argon atmosphere a mixture of ethylenediamine (0.10 mL, 1.5 mmol) and
triethylamine (0.42 mL, 3.0 mmol) in 10 mL of dichloromethane was added dropwise to
1-C1(O)C-1,2-C2B1oHu1 (3) (0.62 g, 3.0 mmol) in 10 mL of dichloromethane and reaction
mixture was stirred for 60 min. Thereafter, volatiles were removed under reduced
pressure. The column chromatography on silica using ethyl acetate as eluent gave pure
pale-yellow solid of 1,1'-(CH2NH(O)C-1,2-C2B1Hu1)2 (5) (0.29 g, yield 48%). 'H-NMR (400
MHz, acetone-de): & 7.84 (2H, br s, NH), 4.88 (2H, br s, CHcar), 3.45 (4H, t (1:1:1), Pnu=2.7
Hz, CHz), 3.2-1.4 (br m, BHca) ppm. "B-NMR (128 MHz, acetone-ds): d -3.9 (4B, d, | = 146
Hz), -9.2 (4B, d, ] = 150 Hz), -12.7 (8B, m), -13.6 (4B, d, ] = 154 Hz) ppm. *C-NMR (100
MHz, acetone-ds):  160.3 (CO), 73.7 (CcarCO), 59.2 (CcavH), 41.0 (CHz) ppm. IR (film): Umax
3360 (NH), 3074 (CHcar), 2597 (BHcarb), 1684 (CO) cm™. HRMS (ESI): found m/z 423.4043
[M + Na]*, CsHzsB1sN2NaOg, calculated for CsH2sB1sN2NaQO:2 [M + Na]* = 423.4054.

3.4. Synthesis of 1-CI(O)CCH:-1,2-C2B1oH1u (5), 1,1'-(CH:2NH(O)CCHz2-1,2-C2B1H11)2 (6) and
1-(p-CH3CsH4(O)CCH:)-1,2-C2B10H11 (7)

(@) Under an argon atmosphere phosphorus pentachloride (1.69 g, 8.2 mmol) was
slowly added to 1-HOOCCH?:-1,2-C2B1oHu1 (2) (1.65 g, 8.2 mmol) in 30 mL of benzene
and reaction mixture was stirred for 30 min. Then, the benzene and phosphoryl
chloride were removed by distillation at 110 °C. The obtained
1-CI(O)CCH:-1,2-C2B1oH1 (5) was used in the next step without further purification.
Under argon atmosphere mixture of ethylenediamine (0.27 mL, 4.1 mmol) and
triethylamine (1.13 mL, 8.2 mmol) in 10 mL of dichloromethane was added
dropwise to 1-Cl(O)CCH2-1,2-C2BioHu (5) (1.80 g, 8.2 mmol) in 10 mL of
dichloromethane and reaction mixture was stirred for 60 min. Thereafter, volatiles
were removed under reduced pressure. The column chromatography on silica using
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ethyl acetate as eluent gave white solid of 1,1'-(CH2NH(O)CCH:-1,2-C2BioHu)2 (7)
(1.47 g, yield 84%).

(b) Under an argon atmosphere phosphorus pentachloride (0.21 g, 1.0 mmol) was
slowly added to 1-HOOCCH:-1,2-C2BioHn (2) (0.20 g, 1.0 mmol) in 5 mL of
dichloromethane and reaction mixture was stirred for 10 min. Then, the reaction
mixture was heated under reflux for 1 h. Thereafter, the dichloromethane and
phosphoryl chloride were removed by distillation at 110 °C. The obtained
1-CI(O)CCHz:-1,2-C2B1oHi11 (5) was used in the next step without further purification.
Under argon atmosphere mixture of ethylenediamine (0.03 mL, 0.5 mmol) and
triethylamine (0.14 mL, 1.0 mmol) in 10 mL of dichloromethane was added
dropwise to 1-C1(O)CCH>-1,2-C2B1oHu (5) in 10 mL of dichloromethane and reaction
mixture was stirred for 60 min. Thereafter, volatiles were removed under reduced
pressure. The column chromatography on silica using a mixture of ethyl acetate and
hexane (1:1, v/v) as eluent gave pure white solid of
1,1"-(CH2NH(O)CCH:-1,2-C2B1oHn1)2 (7) (0.18 g, yield 43%). 1,1'-(CH2NH(O)CCHo-
1,2-C2B1oH11)2 (7): tTH-NMR (400 MHz, acetone-ds): © 7.75 (2H, br s, NH), 4.98 (2H, br
s, CHcan), 3.32 (4H, t (1:1:1), J>xu = 2.7 Hz, NCH.), 3.23 (4H, s, CH:), 3.1-1.3 (br m,
BHcan) ppm. "B-NMR (128 MHz, acetone-ds): 2.8 (2B, d, J=147 Hz), -5.6 (2B, d, ] =
145 Hz), -9.7 (4B, d, ] = 130 Hz), -10.6 (4B, d, ] = 137 Hz), -11.7 (4B, d, ] = 152 Hz),
-13.0 (4B, d, ] = 158 Hz) ppm. *C-NMR (100 MHz, acetone-de): d 167.4 (CO), 71.6
(Cca'CH2), 61.0 (CcanH), 43.3 (NCH2), 39.7 (CH2) ppm. HRMS (ESI): found m/z
429.4545 [M + H]*, C1oH33B20N:20:, calculated for CioH33B20N202 [M + H]* = 429.4549.

() Under an argon atmosphere phosphorus pentachloride (0.42 g, 2.0 mmol) was
slowly added to 1-HOOCCH?>-1,2-C2B10Hu (2) (0.40 g, 2.0 mmol) in 10 mL of toluene
and reaction mixture was stirred for 10 min. Then, the reaction mixture was heated
under reflux for 30 min. Thereafter, the toluene and phosphoryl chloride were
removed by distillation at 110 °C. A mixture of ethylenediamine (0.07 mL, 1.0 mmol)
and triethylamine (0.28 mL, 2.0 mmol) in 10 mL of dichloromethane was added
dropwise to solution of crude 1-Cl(O)CCH2-1,2-C2B1oHu1 (1.80 g, 8.2 mmol) in 10 mL
of dichloromethane and reaction mixture was stirred for 60 min. Thereafter, volatiles
were removed under reduced pressure. The crude material was purified by
recrystallization from hexane to give pure colorless crystalline solid of
1-p-CH3sCsHa(O)CCH2-1,2-C2BioHn (6) (0.06 g, yield 10%). 'H-NMR (400 MHz,
acetone-ds): 0 7.91 (2H, d, | = 8.2 Hz, CH«), 7.37 (2H, d, ] = 8.2 Hz, CHar), 5.08 (1H, br
s, CHcan), 412 (2H, s, CH:), 2.41 (3H, s, CH3) ppm. "B-NMR (128 MHz, acetone-ds): ®
-29 (1B, d, J=148 Hz), -5.3 (1B, d, J= 146 Hz), -9.7 (2B, d, ] = 135 Hz), -10.6 (2B, d, ] =
129 Hz), -11.8 (2B, d, | =158 Hz), -12.9 (2B, d, ] = 156 Hz) ppm. MS (ESI): found m/z
275.3 [M - HJ-, C11H20B10O, calculated for Ci1tH20B100 [M - H]-=275.2.

3.5. Synthesis of (MesNH)2[7,7"(8')-(CH2NH(O)C)-7,8-C2BsH11)2] ((MesNH)2[8])

Ammonium fluoride (0.86 g, 23.3 mmol) was added to 1,1-(CH2NH(O)C-1,2-
C2B1oHu1)2 (4) (0.47 g, 1.2 mmol) in 30 mL of ethanol and the reaction mixture was heated
under reflux until the disappearance of starting material on TLC. Thereafter, volatiles
were removed under reduced pressure and to the residue water (10 mL) was added. The
aqueous solution was filtered and added to solution of (MesNH)Cl (0.33 g, 3.5 mmol) in 5
mL of water to form precipitate. White solid was filtered and dried over P:0s to give
(MesNH)[7,7'(8")-(CH2NH(O)C-7,8-C2BsHu1)2] (MesNH)2[9]) (0.51 g, yield 87%). "H-NMR
(400 MHz, acetone-de): d 6.66 (2H, br s, NH), 3.18 (4H, s, CH>), 3.07 (18H, s, MesNH?*), 2.39
(2H, br s, CHcun), 2.8-0.5 (br m, BHcan), —2.76 (2H, br q (1:1:1:1), | = 44 Hz, BHB) ppm.
1IB-NMR (128 MHz, acetone-ds): d -9.5 (2B, d, ] = 102 Hz), -10.2 (2B, d, | = 119 Hz), -14.4
(2B, d, ] = 154 Hz), -17.3 (4B, d, ] = 125 Hz), -20.9 (2B, d, | = 145 Hz), -23.0 (2B, d, ] = 150
Hz), -32.6 (2B, dd, J1 = 132 Hz, J> = 44 Hz), -35.8 (2B, d, | = 139 Hz) ppm. *C-NMR (100
MHz, acetone-de): d 173.6 (CO), 59.7 (CcanCO), 45.7 (MesNH"), 41.5 (CcanH), 40.3 (CH2)
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ppm. IR (film): Umax 3410 (NH), 3037 (CHcaw), 2528 (BHcaw), 1617 (CO) cm-1. HRMS (ESI):
found m/z 380.4036 [M + H]-, CsH20B1sN20>, calculated for CsH2B1sN202 [M + H]- =
380.4024.

3.6. Synthesis of Cs2[7,7'(8')-(CH2NH(O)CCH:-7,8-C2BsH11)2] (Cs2[9]) and
(MesNH)2[7,7'(8")-(CH:2NH(O)CCH2-7,8-C2BsH11)2] ((MesNH)2[9])

a) Cesium  fluoride (312 g 205 mmol) was added to
1,1'-(CH.NH(O)CCH:-1,2-C2BwoHu)2 (7) (1.47 g, 3.4 mmol) in 30 mL of ethanol and
reaction mixture was heated under reflux for 48 h. Thereafter, the reaction mixture was
filtered, volatiles were removed under reduced pressure. The column chromatography
on silica using ethanol as eluent gave pure white solid of
Cs2[7,7'(8")-(CH2NH(O)CCH2-7,8-C2BoHu)2] (Cs2[9]) (1.24 g, yield 55%). 'H-NMR (400
MHz, acetone-ds): d 7.40 (2H, br s, NH), 3.40 (4H, s, NCH.), 2.57 (2H, d, | = 14.9 Hz, CHH),
2.25(2H, d, ] = 14.9 Hz, CHH), 1.80 (2H, br s, CHcan), —2.79 (2H, br q (1:1:1:1), ] = 54 Hz,
BHB) ppm. "B-NMR (128 MHz, acetone-ds): d —9.9 (2B, d, | = 137 Hz), -11.6 (2B, d, J = 151
Hz), -13.8 (4B, d, =133 Hz), —20.4 (6B, d, =130 Hz), -32.5 (2B, d, ] = 118 Hz), -36.5 (2B, d,
J = 138 Hz) ppm. HRMS (ESI): found m/z 203.7113 [M]?*, CioH32B1sN202, calculated for
CioH32B1sN202 [M]# = 203.7133.

b) Ammonium fluoride (0.11 g~ 3.0 mmol) was added to
1,1'-(CH2NH(O)C-1,2-C2B10oH11)2 (7) (0.09 g, 0.2 mmol) in 30 mL of ethanol and reaction
mixture was heated under reflux until the disappearance of starting material on TLC.
Thereafter, volatiles were removed under reduced pressure and to the residue water (5
mL) was added. The aquatic solution was filtered and added to trimethylamine
hydrochloride (0.10 g, 1.0 mmol) in 5 mL of water to form precipitate. White solid was
filtered and dried over P:0s5 to give (MesNH)[7,7'(8")-(CH2NH(O)C-7,8-C2BoHu)2]
((MesNH)2[9]) (0.06 g, yield 57%). "H-NMR (400 MHz, acetone-de): d 7.15 (br s, NH), 3.36
(4H, m, NCH>), 3.20 (18H, s, MesNH), 2.55 (2H, d, ] = 15.0 Hz, CHH), 2.24 (2H, d, ] =15.0
Hz, CHH), 1.81 (2H, br s, CHca), —2.71 (2H, br q (1:1:1:1), ] = 42 Hz, BHB) ppm. "B-NMR
(128 MHz, acetone-ds): 0 —10.1 (2B, d, ] = 133 Hz), -11.2 (2B, d, ] = 138 Hz), -13.7 (2B, d, ] =
170 Hz), -15.0 (2B, d, ] =135 Hz), -19.4 (4B, d, ] = 130 Hz), -21.0 (2B, d, ] = 156 Hz), -32.7
(2B, dd, J1 =128 Hz, J» =42 Hz), -36.6 (2B, d, | = 135 Hz) ppm.

3.7. Single Crystal X-Ray Diffraction Study

X-ray diffraction experiment for compound 4 was carried out using a SMART
APEX2 CCD diffractometer (Bruker) (A(Mo-Ka) = 0.71073 A, graphite monochromator,
@-scans) at 120 K. Collected data were processed by the SAINT and SADABS programs
incorporated into the APEX2 program package [56]. The structure was solved by the
direct methods and re-fined by the full-matrix least-squares procedure against F? in
anisotropic approximation. The refinement was carried out with the SHELXTL program
[57]. Both solvate hexane molecules occupy special position and are disordered over two
positions. Occupancy ratios are 0.728(7):0.272(7) and 0.869(9):0.131(9). The CCDC number
2061631 contains the supplementary crystallographic data for this paper. These data can
be obtained free of charge via www.ccdc.cam.ac.uk/data_request/cif.

Crystallographic data for 4: C8H28B20N202-C6H14 are triclinic, space group P-1: a =
9.6759(11) A, b = 10.3862(12) A, ¢ = 16.0979(17) A, a = 105.859(3)°, a = 104.585(2)°, v =
90.158(3)°, V =1501.6(3) A3, Z =1, M = 486.69, daryst = 1.076 g-cm™. wR2 = 0.2388 calculated
on F2na for all 7214 independent reflections with 26 < 56.0°, (GOF = 1.049, R = 0.0763
calculated on Fnu for 4938 reflections with I > 20(I)).

3.8. Quantum-Chemical Calculations

For geometry optimization of the [Gd(C2BsH11)2(DME)]-complex ORCA v4.2.0 was
used [58]. ZORA Hamiltonian [59] was used for treating of relativistic effects, PBEO
functional [60] with Grimme’s DFT-D3 correction [61] and Becke-Johnson damping
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(D3B]J) [62] was applied. Use of PBEO functional was proved to be reliable for estimation
of geometry and energy of different classes of compounds [63-66]. The def2-TZVP for
light (H, B, C, O) atoms, and scalar all-electron relativistic TZVP basis set (SARC-ZORA-
TZVP) [67] for Gd atom were used with the general-purpose auxiliary basis set SARC/].
The RIJCOSX was used to improve the calculations efficiency. The calculations were
performed by using an unrestricted formalism (S = 7/2). Such computational approach
was shown to lead to a free energy difference of ca. 2-5 kcal/mol in comparison with
experiments [68] for lanthanide complexes.

Calculated electron density of compound 4 was analyzed with AIM theory [69]
using AIMAIl program [70]. Energies of intramolecular noncovalent interactions were
estimated using correlation between energy of a contact and potential energy density at
bond critical point (E = 1/2V(r)) [71,72] that is widely used for energetic analysis of
noncovalent interactions [73-76].

Supplementary Materials: The following are available online, NMR spectra of compounds 3-9,
Table S1: Selected geometry characteristics of compound 4 as obtained from X-ray study and
quantum chemical calculation, Table S2: Energies (respective to the most favored isomer in
kcal/mol) and principal geometry of [Gd(C2BsHu)2(DME)]~ rotamers, Figure S1: Optimized
geometry of the most favored isomer of [Gd(C2BsHi1)2(DME)]- (three projections).
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