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Novel 13-membered cyclic dioxatetraaza scaffolds — synthesis, solution
and solid state characterization
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A series of three novel ligands with 1,4,8,11-tetraazacyclotridecine-2,10-dione skeleton, possessing relatively
hindered amine fragment and variable substitution pattern at the aryl group in the amide moiety, was designed and
obtained via an improved synthetic protocol. The macrocycles were analysed by NMR spectra in solution and by
single crystal and powder XRD in solid state. The 13-membered ring conformation was discussed and compared with

literature data.
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INTRODUCTION

Macrocyclic polyfunctional molecules are of
growing interest as they are widely applied as scaf-
folds in the combinatorial synthesis of artificial
receptors for ions with medical and environmental
potential [1-16]. Among the broad variety of syn-
thetic macrocycles [17-26], polyaza ligands have
received special attention due to their outstand-
ing coordination abilities [27-34]. In particular,
dioxatetraaza macrocycles possess unique proper-
ties due to their dual features between oligopeptides
and saturated cyclic amines. The characteristics of
the amide group and the hydrogen-bonding capabil-
ity of both NH and C=0 moieties [35] determine the
amino acid like ligands’ properties. The latter insti-
gated the extraordinary research in supramolecular
chemistry in last decades on the amide-based recep-
tors for molecule and ion recognition [36—49].

The most widely studied dioxatetraaza macrocy-
cles are built of o-phenylene diamine amide frag-
ment and saturated amine unit. The usual protocol
for their construction is based on subsequent acyla-
tion of o-phenylene diamine and reaction with bis-

* To whom all correspondence should be sent:
E-mail: vkurteva@orgchm.bas.bg

208

amine. Among the latter, unsubstituted ethylene and
propylene a,w-diamines are commonly used [42, 46,
49]. The corresponding 12- and 13-membered cy-
clic products are isolated in low to moderate yields
and studied as ligands for metal complexes.

Herein, we report on the synthesis of three new
13-membered cyclic dioxatetraaza ligands, conven-
ient scaffolds for synthetic protein surface receptors,
via improved protocol and their characterization in
solution and solid state.

EXPERIMENTAL

Synthesis

All reagents were purchased from Aldrich,
Merck and Fluka and were used without any further
purification. Fluka silica gel/TLC-cards 60778 with
fluorescent indicator 254 nm were used for TLC
chromatography and R,-values determination. The
melting points were determined in capillary tubes
on SRS MPA100 OptiMelt (Sunnyvale, CA, USA)
automated melting point system with heating rate
1 °C/min. The NMR spectra were recorded on a
Bruker Avance II+ 600 spectrometer (Rheinstetten,
Germany) at 25 °C; the chemical shifts were quoted
in ppm in d0-values against tetramethylsilane (TMS)
as an internal standard and the coupling constants
were calculated in Hz. The assignment of the sig-
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nals was confirmed by applying 2D techniques. The
spectra were recorded as 5x102 M solutions and
were processed with Topspin 2.1 program.

Synthesis of N,N’-(1,2-phenylene)bis(2-
chloroacetamides) 2

To a suspension of 1,2-phenylenediamine (5 mmol
1ax2HCI, 1b, or 1¢;) and K,CO, (25 mmol for 2a,
15 mmol for 2b and 2c¢) in dry CH,CI, (50 ml) chlo-
roacetyl chloride (11 mmol) was added and the
mixture was stirred at room temperature for 3 h.
The products were partitioned between water and
CH,CIl,. The organic phase was dried over Na,SO,
and evaporated to dryness to give the crude product,
which was pure enough (TLC, NMR) to be used in
the next step without purification.

N,N’-(1,2-phenylene)bis(2-chloroacetamide)
2a: m. p. 200.6-201.2 °C (lit. [50] 204 °C); R;
0.53 (5% MeOH in DCM); 'H NMR (DMSO-d,)
4.284 (s, 4H, 2 x CH,), 7.219 (AA’BB’, 2H, CH-
4,5), 7.500 (AA’BB’, 2H, CH-3,6), 9.786 (bs, 2H,
2 x NH); BC 43.57 (CH,), 125.68 (CH-3,6), 126.39
(CH-4,5), 130.59 (C-1,2), 165.93 (C=0); NOESY
cross peaks 4.284/9.786, 7.219/7.500, 7.500/9.786;
HSQC cross peaks 4.284/43.57, 7.219/126.39,
7.500/125.68.

N,N’-(4-Methyl-1,2-phenylene)bis(2-chloroa-
cetamide) 2b: m. p. 177.8-178.2 °C; R, 0.55 (5%
MeOH in DCM); 'H NMR (DMSO-d,) 2.285 (s,
3H, CH,), 4.303 (s, 2H, CH,), 4.309 (s, 2H, CH,),
7.030 (dd, 2H, J 1.3, 8.2, CH-5), 7.358 (d, 2H, J
1.3,CH-3),7.388 (d, 2H, J 8.2, CH-6), 9.625 (s, 1H,
NH-1),9.634 (s, 1H, NH-2); °C 20.62 (CH,), 43.28
(CH,), 43.29 (CH,), 125.09 (CH-6), 125.34 (CH-3),
126.29 (CH-5), 127.59 (C,-1), 130.14 (C-4), 135.11
(C2), 165.15 (C=0), '165.17 (C= O) NOESY
cross peaks 2.285/7.030, 2.285/7.358, 4.303,
4.309/9.625, 9.634,7.030/7.388, 7.388/9.625, 9.634;
HSQC cross peaks 2.285/20.62, 4.303, 4.309/43.28,
43.29, 7.030/126.29, 7.358/125.34, 7.388/125.09;
HMBC cross peaks 2.285/125.34, 2.285/126.29,
2.285/135.11, 4.303/165.15, 165.17, 4.309/165.15,
165.17, 7.030/20.62, 7.030/125.34, 7.030/127.59,
7.358/20.62, 7.358/127.59, 7.388/130.14, 7.388/
135.11, 9.625, 9.634/165.15, 165.17.

N,N’-(4-Nitro-1,2-phenylene)bis(2-chloroaceta-
mide) 2c: m. p. 145.2-145.6 °C (lit. [51] 142.5-
143.5 °C); R; 0.46 (5 % MeOH in DCM); 'H NMR
(DMSO-dy) 4.381 (s, 2H, CH,-2), 4.407 (s, 2H,
CH,-1), 7.887 (dd, 2H, J 2.7, 9.0, CH-5), 7.963 (d,
2H, 1 9.0, CH-6), 8.430 (d, 2H, J 2.7, CH-3), 10.047
(s, 1H, NH-2), 10.067 (s, 1H, NH-1); 3C 43.35
(CH,-2), 43.43 (CH,-1), 120.90 (CH-3), 123.67
(CH-5),124.45(CH-6),129.73(C,-2),136.53(C-1),
143.58 (C-4), 165.63 (C=0-1), 165.78 (C=0-2);
NOESY cross peaks 4.381/10.047, 4.407/10.067,

7.887/7.963, 7.963/10.067, 8.430/10.047; HSQC
cross peaks 4.381/43.35,4.407/43.43,7.887/123.67,
7.963/124.45, 8.430/120.90; HMBC cross peaks
4.381/165.78, 4.407/165.63, 7.887/120.90, 7.887/
136.53, 7.963/129.73, 7.963/143.58, 8.430/123.67,
8.430/136.53, 8.430/143.58 (weak), 10.047/120.90,
10.047/165.78, 10.067/124.45, 10.067/165.78.

Synthesis of 6,6-dimethyl-4,5,6,7,8,9-hexahydro-
1H-benzo[e][1,4,7,10]tetraazacyclotridecine-
2,10(3H,11H)-diones 3

To a solution of crude dichloride 2 (theor. 5 mmol)
and Et;N (10.7 mmol) in dry DMF (10 ml) 2,2-
dimethyl-1,3-propanediamine (5 mmol) was added
and the mixture was stirred at room temperature for
3-5 h. The reaction mixture was poured in water.
The solid phase formed was filtered off, washed
with water, and dried in air.

6,6-dimethyl-4,5,6,7,8,9-hexahydro-1H-benzo
[e][1,4,7,10]tetraazacyclotridecine-2, 10-dione 3a:
64% overall yield; m. p. 283.6-283.9 °C (i-PrOH);
R; 0.36 (5% MeOH in DCM); 'H NMR (CDCl,)
0.960 (s, 6H, 2 x CH,-6), 1.688 (bs, 2H, NH-4,8),
2.668 (bs, 4H, CH,-5,7), 3.416 (bs, 4H, CH,-3,9),
7.185 (AA’BB’, 2H, CH-13,14), 7.861 (AA’BB’,
2H, CH-12,15), 9.506 (bs, 2H, NH-1,11); '*C 24.59
(2 x CH;-6), 34.61 (C-6), 53.00 (CH,-3,9), 56.74
(CH,-5,7), 123.00 (CH-12,15), 125.32 (CH-13,14),
128.16 (C,-11a,15a), 169.44 (C-2,10); NOESY
cross peaks 0.960/1.688, 0.960/2. 668 0.960/9.506
(weak), 1.688/2.668 (weak), 1. 688/3 416, 1.688/
9.506 (exchange), 2.668/3.416, 2.668/9.506, 3.416/
9.506, 7.185/7.861, 7.861/9.506; HSQC cross peaks
0.960/24.59,2.668/56.74,3.416/53.00,7.185/125.32,
7.861/123.00; HMBC cross peaks 0.960/24.59,
0.960/34.61,0.960/56.74,7.185/123.00, 7.185/128.16,
7.861/125.32, 7.861/128.16, 9.506/123.00, 9.506/
128.16 (weak).

6,06,13-trimethyl-4,5,6,7,8,9-hexahydro-1H-
benzo[e][1,4,7,10]tetraazacyclotridecine-2,10-
dione 3b: 70% overall yield; m. p. 252.4-252.7 °C
(EtOH); R, 0.38 (5% MeOH in DCM); 'H NMR
(CDCl,) 0.942 (s, 6H, 2 x CH,-6), 1.672 (bs, 2H,
NH-4,8), 2.332 (s, 3H, CH,-13), 2.642 (bs, 4H,
CH,-5,7), 3.386 (bs, 4H, CH,-3,9), 6.980 (dd,
1H, J. 1.3, 8.2, CH-14), 7.671 (d, 1H, J 1.3, CH-
12), 7.701 (d, 1H, J. 8.2, CH-15), 9.388 (bs, 1H,
NH-1), 9.444 (bs, 1H, NH-11); BC 21.38 (CH,-
13), 24.68 (2 x CH;-6), 34.70 (C,-6), 53.10, 53.12
(CH,-3,9), 56.79, 56.84 (CH,-5,7), 122.96 (CH-15),
123.43 (CH-12), 125.60 (C,-11a), 126.08 (CH-14),
128.13 (C,-15a), 135.36 (C 13), 169.53 (C-2,10);
NOESY cross peaks 0.942/1. 672, 0.942/2. 642,
1.672/2.642 (weak), 1.672/9.388, 9.444 (exchange),
1.672/3.386,2.332/6.980,2.332/7.671,2.642/3.386,
6.980/7.701,7.671/9.444,7.701/9.388; HSQC cross
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peaks 0.942/24.68, 2.332/21.38, 2.642/56.79, 56.84,
3.386/53.10, 53.12, 6.980/126.08, 7.671/123.43,
7.701/122.96; HMBC cross peaks 0.942/24.68,
0.942/34.70,0.942/56.79,56.84,2.332/123.43,2.332/
126.08, 2.332/135.36, 6.980/21.38, 6.980/123.43,
6.980/125.60, 7.671/126.08, 7.671/128.13, 7.701/
125.60, 7.701/135.36, 9.388/122.96, 9.444/123 .43.
6,6-dimethyl-13-nitro-4,5,6,7,8,9-hexahydro-1-
H-benzo[e][1,4,7,10]tetraazacyclotridecine-2, 10-
dione 3c: 61% overall yield; m. p. 284.1-284.3 °C
(i-PrOH-acetone); R, 0.40 (5% MeOH in DCM); 'H
NMR (DMSO-d,) 0.879 (s, 6H, 2 x CH,-6), 2.549
(bs, 2H, CH,-5,7), 2.585 (bs, 2H, CH,-5,7), 3.269
(bs, 4H, CH,-3,9), 3.341 (bs, 2H, NH-4,8), 6.530
(bs,>2H, NH-1,11; mixed with H,O in the solvent),
8.053(d, 1H,J.8.9,CH-15),8.086(dd, 1H,J.2.5,8.9,
CH-14), 8.532 (d, 1H,J 2.5, CH-12); *C 24.92 (2 x
CH,-6), 34.54 (C-6), 52.68, 52.77 (CH,-3,9), 56.31,
56.39 (CH,-5,7), 117.82 (CH-12), 120.31 (CH-14),
121.58 (CH-15), 128.85 (C,-11a), 135.87 (C-15a),
142.77 (C-13), 170.50 (C,- ) ,10), 170.63 (C, ) ,10);
NOESY cross peaks 0. 879/2. 549, 0. 879/2. 585,
0.879/3.341 (weak), 2.549/3.269, 2.549/3.341,
2.585/3.269, 2.585/3.341, 3.341/6.530 (exchange),
8.053/8.086; HSQC cross peaks 0.879/24.92, 2.549/
56.31, 2.585/56.39, 3.269/52.68, 52.77, 8.053/
121.58, 8.086/120.31, 8.532/117.82; HMBC cross
peaks 0.879/24.92, 0.879/34.54, 0.879/56.39, 2.549/
2492, 2.549/34.54, 2.585/24.92, 2.585/34.54,
3.269/56.39,3.269/170.50,3.269/170.63, 3.341/56.39,
8.053/128.85, 8.053/142.77, 8.086/135.87, 8.532/
120.31, 8.532/128.85, 8.532/135.87, 8.532/ 142.77.

Crystallography

The crystals of 3a and 3b were mounted of on a
glass capillary and all geometric and intensity data
were taken from these crystals. Crystallographic
measurements were taken on an Agilent Super-
novaDual diffractometer equipped with an Atlas
CCD detector and on an Enraf Nonius CAD4 dif-
fractometer using micro-focus Mo Ko radiation
(L = 0.71073 A) at room temperature. The deter-
minations of the unit cell parameters, data collec-
tion and reduction were performed with Crysalispro
software [52]. The structures were solved by direct
methods and refined by the full-matrix least-squares
method on F? with ShelxS and ShelxL 2013 pro-
grams [53]. All non-hydrogen atoms, including
solvent molecules, were located successfully from
Fourier maps and were refined anisotropically.
Hydrogens adjoining N atoms were positioned from
difference Fourier map while H atoms on C atoms
were generated geometrically. The methyl moiety of
3b shows a disorder over two positions and the re-
finement model revealed that the major component
is 65%. Most important crystallographic and refine-
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ment indicators are listed in Table 1. Complete crys-
tallographic data for the structure reported in this
paper, 3a and 3b, have been deposited in the CIF
format with the Cambridge Crystallographic Data
Center as supplementary publication No. CCDC
1037064 and 1037065, respectively. Copies of the
data can be obtained free of charge on application
to CCDC, 12 Union Road, Cambridge CB2 1EZ,
UK (fax: (44) 1223336-033; e-mail: deposit@ccdc.
cam.ac.uk).

Powder X-ray diffraction data were collected at
room temperature on Bruker D2 Phaser diffractom-
eter (Ni-filtered Cu Ka radiation, 30 kV, 10 mA).
Data collection was performed in the range 5 to 50°
286, step size of 0.02° 26 with counting time of 10 s
per step.

RESULTS AND DISCUSSION

The novel 13-membered benzodioxatetraaza cy-
clic compounds, 1,4,8,11-tetraazacyclotridecine-2,
10-diones 3, were designed by following two main
concepts. First, to replace the flexible propylenedi-
amine unit of an existing scaffold [42, 46] with its
2,2-dimethyl analogue in order to hinder partially
the amine fragment, which is expected to have an
important impact on our further studies. Second, to
obtain the symmetric product 3a and non-symmet-
ric compounds, possessing either an electron donat-
ing (Me, 3b) or an electron withdrawing (NO,, 3¢)
substituent at position 13, which will enable to ex-
amine the influence of the latter on the amide proton
properties.

The target molecules were obtained via im-
proved two-step protocol from the cheap commer-
cial sources, o-phenylenediamines (1), as shown on
Scheme 1.

The intermediates 2 were synthesised via a
standard protocol and were isolated in high to quan-
titative yields. The compounds were pure enough,
as indicated by TLC and NMR, and were submitted
to the second step without purification. The conver-
sion of 2 into the target heterocyclic products 3 was
performed via a modified literature procedure for
analogues molecules [42]; the reaction was carried
out in DMF instead of acetonitrile, due to the lim-
ited solubility of the dichlorides 2, in the presence
of triethylamine as a base instead of heterogeneous
potassium carbonate. The macrocyclic compounds
3 were isolated in good yields, 61-70% overall for
two steps vs 52% for the second step [42], after
short reaction times, 3—5 h, at room temperature vs
24 h at 40 °C, and simple work-up, water treatment
and filtration. Products structures were assigned by
1D and 2D NMR experiments and were confirmed
by X-ray diffraction.
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Scheme 1. Synthesis of the novel 1,4,8,11-tetraazacyclotridecine-2,10-dione scaffolds 3.

NMR spectra showed that the symmetrical mol-
ecule 3a gives sharp and well defined signals for ar-
omatic and methyl group protons and broad signals
for methylene groups (Fig. 1). This pattern is valid
for 3b, while all signals are sharp in the spectra of
3c¢. From the other side, the symmetrical signals
in the non-symmetrical analogues 3b and 3¢, CH-
12,15, CH,-3,9, CH,-5,7, NH-1,11, and NH-4,8, are

distinguished each other; the effect being more sig-
nificant in nitro group containing compound 3c.
Compound 3a was recrystallized from iso-pro-
panol and was analyzed by single crystal diffrac-
tion. It crystalized in monoclinic C2/c space group
(Table 1). Only half of the molecule is observed in
the asymmetric unit (ASU) of 3a. The whole mol-
ecule is obtained (e.g the other half of the molecule)

a)
23
- NH HN
- 1‘4 14 6 CH,-3.9
13 NHHN 2CH;-6
7
‘ R 2 8 CH,}5.7
¢ 10 9
CH-12 CH-15 NH-4.8
NH-1.11 R=NO, M | A
mixed with H,O in DMSO-dy
CH;-13
2CH;-6
CH-12
2 CH;-3.9 CH,-5.]
I CH-15 | R=Me I T |
2CH;-6
CH-13,14
CH-12,15
NH-1,11
CHy-3.9 CT-SJ -4.8
Jk I ’ R=H i . Tl\_ a ,\I Ju
I I | I T T T T T T T I I I | T T T 1
95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 ppm

Fig. 1. 'H NMR spectra of 3a in CDCL, (down), 3b in C
b) aromatic protons area

DCI, (middle) and 3¢ in DMSO-d, (up): a) full spectra;

211



A. Petrova et al.: Novel 13-membered cyclic dioxatetraaza scaffolds — synthesis, solution and solid state characterization

b)
>2 3
CH-12 15 4 4 5
14 NH HN s
CH-14|| CH-15 13 H HN
R 12 11N 8 7
10 9
0]
R=NO,
- CH-12
NH-11 A NH-1 CH-35 CH-14
R=Me
CH-13,14
CH-12,15
NH-1.11
R=H
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95 94 93 92 91 9.0 89 88 87 86 85 84 83 82 81 80 79 78 7.7 76 75 74 73 72 71 ppm

Fig. 1. (continued)

through a 2-fold rotation axis (with direction [0, 1,
0] at 0, y, 1/4) (Fig. 2a). Quality single crystals of
compound 3b, suitable for data collection, were ob-
tained by the vapor diffusion technique using ac-
etonitrile and diethyl ether. Compound 3b crystal-
lizes in the triclinic space group P1, with one mol-
ecule per asymmetric unit (for additional details see
Table 1 and Fig. 2b). The majority of bond lengths
and angles are comparable for 3a and 3b (Table 2
and Fig. 3).

The 13 membered ring, [1,4,7,10]tetraazacyclo-
tridecine-2,10-dione, common for 3a-c is decorated

—

Fig. 2. ORTEP (ORTEP-3, v. 2.02) drawing of 3a (a)
and 3b (b) with the atomic numbering scheme (ellipsoids
are at 50% probability), the hydrogen atoms areshown
as small sphere of arbitrary radii (Color figure available
online). The minor disorder component (33%) in 3b is
shown as dotted lines (atoms C20B, C13B, C14B). The
ASU of 3a contains only half of the molecule while the
complete molecule is generated through a 2-fold rotation
axis (symmetry operation: /-x, y, 1/2-z).
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Table 1. Most important crystallographic and refinement details for compounds

3a and 3b
Compound reference 3a 3b
Chemical formula CsH,N, 0O, C,¢H,,N,0O,
Formula Mass 290.36 304.39
Crystal system Monoclinic Triclinic
alA 11.584(6) 8.7532(13)
b/A 12.475(7) 8.960(2)
c/A 10.089(6) 11.210(7)
al® 90 101.80(5)
pr° 93.20(3) 91.76(5)
y/° 90 108.567(19)
Unit cell volume/A® 1455.6(14) 811.5(6)
Temperature/K 290(2) 290(2)
Space group C2/c Pl
No. of formula units per unit cell, Z 4 2
Radiation type MoKa MoKa
Absorption coefficient, #/mm! 0.091 0.084
No. of reflections measured 2718 9358
No. of independent reflections 1435 4502
R, 0.2218 0.0282
Final R, values (/> 20(1)) 0.093 0.0666
Final wR(F?) values (I> 20(1)) 0.2098 0.2067
Final R, values (all data) 0.2321 0.0881
Final wR(F?) values (all data) 0.2701 0.2261
Goodness of fit on F* 0.984 0.949
CCDC number 1037064 1037065

with an aromatic moiety (benzene, toluene and ni-
trobenzene) and two methyl groups. The aliphatic
diamine and aromatic diamide fragments are oppo-
site to each other. The aromatic ring in 3b is nearly
planar [with rmsd of 0.00217(2)] while in 3a it is
obtained from three atoms which always lie on a
plane. The angle between the mean planes of the
aromatic ring and the 13-membered ring system
is 5.6(1.1) and 11.7(3)° in 3a and 3b respectively.

Fig. 3. Relative orientation of the 13-cycle fragment in
3a vs 3b.

In 3b, the Me substituent at position 13 produces a
disorder over two positions with major component
occupancy of 65% (C20A-C13A-C14A) and 35%
(almost one third) for the minor component (C20B-
C13B-C14B). The superposition of the molecules
3a and 3b shows that the molecular features (bond
length and angles) are very similar (Table 2). In
the CSD the data base (v.5.35) forty seven struc-
tures with the 13-membered cyclic fragment are
present (AHUCAI [55], BAYZIL [56], BAYZOR
[56], DIGFUW [57], FENMOA [58], FEZMEE
[57], FUNPEJ [59], FUNPIN [59], ICUDUG [60],
ICUFAO [60], IXISUE [61], JEDZIB [62], JETBUF
[63], KAJBIH [64], KAJBON [64], KAPPUO [65],
KAPQAV [65], KELXUW [66], KELYAD [66],
KELYEH [66], KUXJAP [67], KUXJIX [67],
LUGSOW [68], LUGSUC [68], LUGTAJ [68],
MOCMAT [69], MTAZNI [70], PUJGIK [71],
RASSAF [72], SICVAC [68], UYOVUA [73],
UYOWAH [73], VASSOY [74], VASSUE [74],
VASTAL [74], VIXTOM [75], VIXTUS [75],
VOKFAC [76], VOKFEG [76], WIMVEU [77],
XATXIB [78], XATXOH [78], XOWWUB [79],
YUTHAW [80], YUTHEA [80], ZUFFIP [81]).
From the 47 structures, only in three structures
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Table 2. Selected bond lengths, angles and torsions

Compound 3a | Compound 3b
Bond length
C13—CI2 1.365 (8) C12—C17 1.395 (3)
C13—C13! 1.387 (13) C12—Cl13B 1.30 (3)
Cl12—Cl16 1.380 (8) C12—CI13A 1.430 (12)
Cl6—Cl16 1.394 (11) C17—Cl16 1.385(3)
Cl16—NI1 1.412 (7) C17—NI11 1.415 (3)
Cc2—02 1.201 (7) Cl16—Cl15 1.390 (3)
C2—NI1 1.335(7) C16—N1 1.418 (3)
C2—C3 1.506 (9) C10—02 1.220 (2)
C3—N4 1.462 (8) C10—NI11 1.347 (3)
C5—N4 1.452 (7) C10—C9 1.518 (3)
C5—C6 1.516 (7) C9—N8 1.464 (3)
C6—Cl17 1.508 (8) C7—N8 1.465 (3)
C6—C5' 1.516 (7) C2—o0l1 1.233 (3)
N1—HI 0.8599 C2—NI1 1.347 (3)
Bond angle
C12—CI13—C13! 120.1 (4) Cl6—C17—CI2 119.2 (2)
C13—CI12—Cl16 120.4 (6) C16—C17—N11 118.96 (18)
C12—C16—C16 119.5 (4) C12—CI17—N11 121.8 (2)
CI12—C16—NI1 122.8 (5) C17—Cl16—Cl15 119.8 (2)
C16i—C16—NI1 117.6 (3) C17—C16—N1 118.24 (18)
02—C2—NI1 126.0 (6) C15—C16—N1 121.9 (2)
02—C2—C3 120.8 (6) 02—C10—NI11 124.5 (2)
N1—C2—C3 113.1 (5) 02—C10—C9 120.65 (19)
N4—C3—C2 113.9 (5) N8§—C9—C10 113.79 (18)
N4—C5—C6 114.4 (4) N8§—C7—C6 113.48 (19)
Cl17—C6—C17 108.3 (7) C7—C6—C5 111.64 (18)
C17—C6—C5i 110.5 (4) C7—C6—Cl18 107.9 (2)
C2—NI1—H1 116.4 C5—C6—C18 110.7 (2)
Cl6—NI1—HI1 117 C7—C6—C19 110.1 (2)
C5—N4—C3 113.7 (5) N4—C5—C6 114.24 (18)
C5—N4—H4 122.8 N4—C3—C2 114.62 (17)
C2—NI1—HI 116.4 O1—C2—NI1 124.0 (2)
Cl6—NI1—H1 117 01—C2—C3 121.45 (19)
Torsion angle
C13—CI13—CI12—Cl16 -0.5(12) C12—C17—Cl16—C15 0.8 (3)
C13—C12—C16—C16 -0.2 (11) N11—C17—C16—CI15 —177.93 (18)
CI13—C12—C16—N1 175.4 (6) C12—C17—C16—N1 —178.60 (18)
02—C2—C3—N4 163.8 (6) N11—C17—C16—N1 2.7 (3)
N1—C2—C3—N4 -17.7 (8) 02—C10—C9—N8 159.8 (2)
N4—C5—C6—C17 172.2 (5) N11—C10—C9—N8 -21.8(3)
N4—C5—C6—CI17 53.8(7) N8§—C7—C6—C5 —67.2 (3)
N4—C5—C6—C5 —66.3 (4) N8—C7—C6—CI18 171.0 (2)
02—C2—N1—Cl16 —1.7 (10) N8§—C7—C6—C19 52.1(3)
C3—C2—N1—Cl16 —180.0 (5) C7—C6—C5—N4 —65.6 (3)
CI12—Cl6—N1—C2 42.2(9) C18—C6—C5—N4 54.6 (3)
Cl16—Cl16—N1—C2 —142.1(7) C19—C6—C5—N4 173.5(2)
C6—C5—N4—C3 —180.0 (5) N4—C3—C2—O01 165.35 (19)
C2—C3—N4—C5 —93.0 (6) N4—C3—C2—N1 -17.2 (3)

Symmetry code: (i)/—x, y, —z+1/2.

(KUXJAP, KUXJIX and RASSAF) no metal ion is
trapped by the 13-membred ring. Nevertheless the
structural variations of the dioxatetraaza scaffolds
are conserved and the changes are not significant as
one can see from figure Fig. 4.
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Thus, one can expect that the metal coordination
ability of the cycle will not be significantly affected
by the various substituents. On the other hand, spe-
cific interactions and/or properties can be achieved
by the selection of the 13-cycle “opposite” and



A. Petrova et al.: Novel 13-membered cyclic dioxatetraaza scaffolds — synthesis, solution and solid state characterization

Fig. 4. Fig. XRD3. Relative orienta- a)
tion of the 13-cycle fragment in 3a

vs RASSAF (a), 3a vs KUXJAP

(b), 3a vs KUXJIH (c) and 3a vs
FUNPEIJ (d).

“side” substituents. Undeniably, the obtained scaf-
folds are very promising building blocks allowing
various functionalizations.

The crystal packing of 3a and 3b showed that ad-
jacent molecules are alternately oriented; the amide
area of one molecule is on the side of the amine
fragments of the neighboring molecules.

Thus they are connected by N—H...O=C hy-
drogen bonds producing identical R,*(14) hydrogen
bonding topology (Table 3). One should note that
amine nitrogen atoms (N4 and N8) are not partici-
pating in intermolecular hydrogen bonding inter-
actions. Interestingly the molecular arrangement
produces a relatively short distances between the
carbonyl atom from different molecules that are
somewhat close to the limit distances e.g. 02...02
3.235and O1...01 0f 3.511 A in 3b and 3.991 A for
O1...01 in 3a. Contrary, a similar 12-membered di-

Table 3. Hydrogen-bond geometry (A, °)

b)

oxatetraaza compound [42] has shown packing of
identically oriented molecules (Fig. 5) with both in-
tra and intermolecular H-bonding. This substantial
difference is most probably due to the steric hin-
drance of the CMe, fragment of 3.

The NOESY experiments showed tree unexpect-
ed features: weak interaction between CH, and NH-
1,11, which seemed rather distant each other, and
weak interactions between NH-1,11 and CH-12,15
and CH,-3,9, which were expected to be stronger.
Moreover, this pattern, which is illustrated on
Fig. 6 for 3a, was valid for all compounds. So,
we decided to compare NOESY interactions with
crystal structure data (Fig. 7) and found that the dis-
tances in the single crystal structure of 3a, CH,...
NH-1,11 of 4.234 A, CH-12,15... NH-1,11 of
3.376 A, and CH,-3,9...NH-1,11 of 2.907 A, are
in full agreement with the observed cross peaks in

D—H-4 D—H HA DA D—H-A
Compound 3a

N1—HI--N4 0.86 2.19 2.655(7) 114
NI1—H1--02! 0.86 2.43 3.153 (7) 142
Symmetry codes: (i) x, —y, z+1/2.

Compound 3b

N11—H11--N8 0.83 2.32 2.721 (3) 110
NI1l1—H11--0l! 0.83 2.37 3.089 (3) 145
NI—HI1--N4 0.87 2.17 2.709 (3) 120
N1—H]1--02i 0.87 2.42 3.046 (2) 130

Symmetry codes: (i) —x+2, —y+1, —z; (i) —x+1, =y, —z
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Fig. 5. Relative orientation of the molecules (amide area of one molecule is on the side of the amine fragments)
and hydrogen bonding interactions in a) 3a, b) 3bandc) ref. 43.

CH-13.14
NH-1,11 CH-12.15
l CH,-3.9 CH,-5.7 NH-4.8
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Fig. 6. 'H-'H NOESY spectrum of 3a in CDCI,.
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NOESY experiment. Similarly, the unsymmetrical
ligand 3b showed CH,...NH-1of 4.280 A, CH,...
NH-11 of 4213 A, CH-12... NH-11 of 3.269 A,
CH-15... NH-1of 3.308 A, CH,-3...NH-1of 2.946
A, and CH,-9...NH-11 of 2.902 A distances in the
crystal phase. These results indicate that the ligands
possess similar conformations in solution and in
solid state.

As well as in NMR spectra the powder X-ray
diffraction data of the three new compounds (Fig.
8) show that no parasite phases are present and that
they crystallize with different unit cell parameters.
In addition one can speculate that the crystal pack-
ing of 3b and 3c is comparable. While suitable
single crystals were obtained for 3a and 3b, large
crystals could not be grown for 3¢. Thus indexing,
structure solution and refinement were attempted
from powder diffraction data.

CONCLUSIONS

Three new ligands with 1,4,8,11-tetraazacyclo-
tridecine-2,10-dione skeleton, a symmetric product
3a and non-symmetric compounds possessing ei-
ther an electron donating (Me, 3b) or an electron
withdrawing (NO,, 3¢) substituent at position 13,
were obtained via an improved two-steps protocol
in good overall yields, 61-70%. The products were
fully characterized by 1D and 2D NMR spectra and

20000

16000 ~

12000 -

Intensity [a.u]

4000 ~

8000 }‘ |
L_ | ANA A

Fig. 7. Weak intramolecular interaction observed in
NOESY experiments and the distances for molecules of
(a) 3a and (b) 3b from X-ray.

— R=CH3
— R=NO2

30 40 50
20[°]

Fig. 8. Powder XRD of 3a (black), 3b (red) and 3¢ (blue).
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single crystal and powder X-ray diffraction. The
crystal packing of 3a and 3b showed that adjacent
molecules are alternately oriented; the amide area of
one molecule is on the side of the amine fragments
of the neighboring molecules. A juxtaposition with
literature data indicated that the metal coordination
ability of the cycle is not significantly affected by
the substitution pattern in aryl unit. From the other
side, specific interactions and/or properties can
be achieved by the selection of the 13-cycle “op-
posite” and “side” substituents. A comparison be-
tween NOESY interactions and distances in crystal
phases was performed and was found that the lig-
ands possess similar conformations in solution and
in solid state.

The obtained products 3 offer unlimited possi-
bilities for derivatization. The preparation of a se-
ries of compounds, possessing variable spacers and
type of substituents at N-4,8, and investigation of
their efficiency as protein surface receptors is in
progress.
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HOBMU 13-YWJIEHHU HUKIJIMYHU JTUOKCATETPAA3A
[INIAT®OPMU — CUHTE3 U OXAPAKTEPU3MPAHE B PA3TBOP
N TBBPAO CBCTOAHUE

A. A.Tlerposa!, C. M. Anrenoa', . A. Hukomuuna!, P. U. Pyces?,
B. b. Kyprepa'*, b. JI. [lluBaues**, P. H. [lerposa®

! Hnemumym no Opeanuuna Xumust ¢ L{enmvp no @umoxumus, Bvacapcka Axademus na Hayxume,
yi. Akao. I'. Bonues, 6n. 9, 1113 Coghus, bvreapus
2 Unemumym no Munepanozust u Kpucmanoepagus ,, Axao. Hean Kocmos “, Bvireapcka Axademus na Hayxume,
yi. Akao. I'. Bonues, 6n. 107, 1113 Coghus, bvreapus

[TocTpnuna nexemspy, 2014 r.; npuera sHyapu, 2015 r.
(Pestome)
Cepust ot Tpu HOBHM Juranna ¢ 1,4,8,11-rerpaazanuknorpunenui-2,10-1M0HOB CKeJeT, MPUTEKaBaIld OTHOCUTEN-
HO 3aIlpevyeH aMHuHEeH (parMeHT U pa3HOOOpa3eH MOJIe] Ha 3aMECTBaHE B apOMATHOTO SJJPO HA aMH/IHATA €JJMHUIIA,
ca MOJICTTUPAHH U MOJYYSHHU IO MO00PEH CHHTETHYEH MPOTOKOJ. MakpoluKiIuTe ca aHanu3upanu ¢ SIMP criektpu

B Pa3TBOP M C MOHOKPHUCTAJIHA U NIPAaX0Ba PEHTTeHOBA AU(DPAKIUS B TBBPO CheTosiHUE. J[uckyTHpaHa e kondopma-
[UATa Ha 13-4JIeHHUS IPBCTEH U € CPAaBHEHA C IUTEPaTypHU TaHHHU.
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