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SYNTHESIS OF A 1,2,3-TRIAZOLE-CONTAINING MACROCYCLE BASED
ON THE "CLICK CHEMISTRY" REACTION AND ANALYSIS
OF ITS PLANAR CHIRALITY USING NMR AND DFT CALCULATIONS

Macrocycles represent previously unexplored promising drug candidates, that can be useful for treating protein-protein
interactions. Atropoisomerism is an inherent feature of the natural macrocyclic peptides that is significant for their activity and
selectivity, and, therefore, should be introduced into newly synthesized macrocycles. Synthesis of the libraries of artificial macrocycles
faces many challenges due to their structure and size. Herein we report on the preparation of a 16-membered macrocycle containing
1,2,3-triazole ring, spiro-piperidine, and phenyl moieties, as well as a chiral carbon atom. Our approach to the macrocycle was inspired
by the "build/couple/pair” (B/C/P) strategy, a part of diversity-oriented synthesis methodology. We have employed readily accessible
starting materials and robust synthetic procedures which allowed us to obtain the target macrocycle in a high yield. Standard methods
of amide bond formation were used for the coupling of macrocycle building blocks. Click chemistry azide-alkyne cycloaddition was
exploited at the final ring closure step. The assignment of signals in 'H and *C NMR spectra of the macrocycle was performed using a
series of 2D NMR techniques. The macrocycle displayed planar chirality, which, in a combination with a stereocenter with the known
configuration, was sufficient to propose possible structures of diastereomers. The diastereomers could differ by the relative position
of triazole ring. Their racemization could occur through a "rope skipping"” motion involving the cyclic chain crossing the plane of 1,2,3-
triazole ring. The supposed structures of diastereomers were corroborated by means of a various NMR spectroscopy techniques and
DFT calculations. Analysis of the amide NH chemical shift temperature coefficients coupled with the data on optimized geometries
obtained by DFT convincingly demonstrated that the intramolecular hydrogen bonds play a major role in stabilization of the
diastereomer structures. According to the variable temperature NMR experiment, the interconversion of two diastereomers did not

occur even at heating up to 70 °C.

Keywords: macrocycle, click chemistry, planar chirality, NVIR, DFT calculations.

Introduction. With the constantly ongoing evolution of
bacteria strains and emergence of antibiotic-resistant ones, the
search for new drug molecules is facing increasing challenges.
This urges reconsideration of the existing criteria of compound
drug-likeness and widening the scope of the compounds
viewed as the prospective drug candidates. Thus, relatively
large molecules were not considered in the scope of medicinal
chemistry earlier because of failure to comply with the drug-
likeness criteria, such as Lipinski or Veber rules. Nowadays
such compounds, as macrocycles, are emerging in the drug
discovery investigations [1—4]. They proved to be useful tools
for targeting proteins that do not possess distinct ligand-binding
site, for example protein-protein interactions [5-7].

However, involvement of macrocycles in the design of
new drugs is hindered due to the difficulty of their synthesis
and modification. One of the promising strategies of
synthesis of macrocycle libraries is diversity-oriented
synthesis (DOS) [8]. Classical "build/couple/pair" (B/C/P)
strategy allows for a synthesis of large and diverse
macrocycle libraries using a limited number of well-
established procedures [9-11]. Quick and robust click
chemistry approaches proved to be very useful in the
preparation of macrocycles [12].

Planar chirality is an inherent feature of the natural
macrocyclic peptides and plays a big role in their activity and
selectivity. Apparently, atropoisomerism can be of
paramount importance for the artificial macrocycles [13].

In this work we report on the synthesis of a new 16-
membered macrocycle containing a 1,2,3-triazole core and

a spiro-piperidine fragment. We investigate the structure
and planar chirality of this compound based on NMR
spectroscopy and quantum-chemical calculations.

Materials and methods. The solvents were purified
according to the standard procedures [14]. All starting
materials were available from Enamine Ltd. or purchased
from other commercial sources. Melting points were
measured on MPA100 OptiMelt automated melting point
system. Column chromatography was performed using
Kieselgel Merck 60 (230—-400 mesh) as the stationary
phase. 'H, #*C and "F NMR spectra were recorded on an
Agilent ProPulse 600 spectrometer (at 600 MHz for 'H NMR
and 151 MHz for #*C NMR), a Bruker 170 Avance 500
spectrometer (at 500 MHz for '"H NMR, 126 MHz for *C NMR
and 470 MHz for *F NMR) and Varian Unity Plus 400
spectrometer (at 400 MHz for '"H NMR, 101 MHz for *C NMR
and 376 MHz for *F NMR). NMR chemical shifts are
reported in ppm (& scale) downfield from TMS as an internal
standard and are referenced using residual NMR solvent
peaks at 7.26 and 77.16 ppm for 'H and **C in CDCls, 2.50
and 39.52 ppm for 'H and ®C in DMSO-ds. Coupling
constants (J) are given in Hz. Spectra are reported as
follows: chemical shift (5, ppm), multiplicity, integration,
coupling constants (Hz). Elemental analyses were
performed at the Laboratory of Organic Analysis,
Department of Chemistry, Taras Shevchenko National
University of Kyiv. Mass spectra were recorded on an
Agilent 1100 LCMSD SL instrument (atmospheric pressure
ionization-electrospray (API-ES)).
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1-tert-Butyl 4-ethyl 4-(2-chloroethyl)piperidine-1,4-
dicarboxylate (2). Lithium diisopropyl amide (10.9g,
102 mmol) was added dropwise to a solution of 1-fert-butyl
4-ethyl piperidine-1,4-dicarboxylate 1 (17.5 g, 68.0 mmol) in
THF at —78 °C. The reaction mixture was stirred for 1 h.
Then 1-bromo-2-chloroethane (13.6 g, 95.2 mmol) was
added and the mixture was stirred overnight at room
temperature. Then the mixture was cooled with ice and the
saturated NH.CI solution was added. Resulting mixture was
evaporated. Then EtOAc was added, the mixture was
washed with brine, dried over Na.SO., and evaporated
under reduced pressure. The residue was purified by
column chromatography. Yield 24.5 g (99 %). '"H NMR
(500 MHz, CDCl;) 5 4.17 (q, J = 7.0 Hz, 2H), 3.84 (br. s, 2H),
3.42 (t, J=8.2 Hz, 2H), 2.85 (br. s, 2H), 2.08 (d, J = 13.2 Hz,
2H), 2.00 (t, J = 8.2 Hz, 2H), 1.41 (s, 9H), 1.38 — 1.31 (m,
2H), 1.22 (t, J = 7.0 Hz, 3H). LC/MS(API-ES): m/z = 320
[M+H]*. Anal. Calcd. for CisHsCINO.: C 56.33; H 8.19;
Cl 11.09; N 4.38; Found: C 56.10; H 8.16; Cl 11.05; N 4.49.

1-tert-Butyl 4-ethyl 4-(2-azidoethyl)piperidine-1,4-
dicarboxylate (3). Sodium azide (5.98 g, 91.9 mmol) was
added to a solution of 1-tert-butyl 4-ethyl 4-(2-
chloroethyl)piperidine-1,4-dicarboxylate 2 (24.5 g, 76.6
mmol) in DMF (250 mL). The reaction mixture was stirred at
90 °C for 12 h. Then the mixture was allowed to cool to r.t.
and was poured into water. The obtained mixture was
extracted with EtOAc, washed with brine, dried over Na.SO,
and evaporated under reduced pressure. Yield 21.0 g
(84%). Yellow oil. 'H NMR (400 MHz, CDCl;) 6 4.19 (q, J =
7.1 Hz, 2H), 3.86 (br. s, 2H), 3.26 (t, J = 7.5 Hz, 2H), 2.91
(br. s, 2H), 2.11 (d, J=13.4 Hz, 2H), 1.81 (t, J= 7.5 Hz, 2H),
1.44 (s, 9H), 1.43 — 1.27 (m, 2H), 1.25 (t, J = 7.1 Hz, 3H).
LC/MS(API-ES): m/z = 327 [M+H]. Anal. Calcd. for
C1sH26N4O4: C 55.20; H 8.03; N 17.17; Found: C 54.97; H
8.01; N 17.43.

4-(2-Azidoethyl)-1-[(tert-butoxy)carbonyl]piperidine-
4-carboxylic acid (4). Sodium hydroxide (3.09 g, 77.2
mmol) was added to a solution of 1-tert-butyl 4-ethyl 4-(2-
azidoethyl)piperidine-1,4-dicarboxylate 3 (21.0 g, 64.3
mmol) in MeOH/H.O (75/25, viv). The reaction mixture was
stired overnight at 80°C, then evaporated in vacuo,
acidified to pH 2-3 and extracted with EtOAc. The extract
obtained was dried over Na.SO. and evaporated in vacuo.
Yield 18.5 g (96 %). '"H NMR (400 MHz, CDCl;) 6 7.37 — 7.28
(m, 1H), 5.23 — 5.08 (m, 2H), 4.60 — 4.49 (m, 1H), 4.49 —
4.36 (m, 1H), 4.36 —4.21 (m, 2H), 3.88 — 3.79 (m, 1H), 3.45 —
3.29 (m, 2H), 2.31 —=2.11 (m, 3H), 1.44 (s, 9H). LC/MS(API-
ES): m/z =299 [M+H]*. Anal. Calcd. for C1sH2N.O.: C 52.34;
H 7.43; N 18.78; Found: C 52.52; H 7.43; N 18.54.

Methyl 2-(prop-2-yn-1-yloxy)benzoate (6). Potassium
carbonate (20.0 g, 145 mmol) and 3-bromoprop-1-yne (17.2
g, 145 mmol) were added to a solution of methyl 2-
hydroxybenzoate 5 (20.0 g, 131 mmol) in CHsCN (200 mL).
The reaction mixture was refluxed for 24 h, then allowed to
cool to r.t. and filtered off. The solution obtained was
evaporated in vacuo and the residue was dissolved in
CHCIls. The solution was washed with water, dried over
Na.SO. and evaporated under reduced pressure. Yield 24.5
g (98%). '"H NMR (400 MHz, CDCls) 6 7.79 (d, J = 8.2 Hz,
1H), 7.45 (t, J = 8.2 Hz, 1H), 7.10 (d, J = 8.2 Hz, 1H), 7.02
(t, J = 8.2, 1.2 Hz, 1H), 4.80 — 4.74 (m, 2H), 3.87 (s, 3H),
2.55 — 2.49 (m, 1H). 3C NMR (400 MHz, CDCls) & 166.0,
156.0, 133.2, 130.7, 121.0, 120.8, 114.2, 78.9, 78.6, 56.1,
52.0. LC/MS(API-ES): m/z = 191 [M+H]*. Anal. Calcd. for
Ci11H10s: C 69.46; H 5.30; Found: C 69.45; H 5.57.

2-(Prop-2-yn-1-yloxy)benzoic acid (7). Methyl 2-(prop-
2-yn-1-yloxy)benzoate 6 (24.5 g, 129 mmol) and lithium
hydroxide monohydrate (7.03 g, 167 mmol) were suspended
in a mixture of MeOH (180 mL) and H.O (60 mL) 20 °C. The

resulting solution was concentrated under reduced pressure
and acidified to pH 1 with NaHSO.. The product was
extracted with EtOAc, the extract was washed with water
(3x75 mL), and then evaporated in vacuo at 60 °C. Yield
22.0 g (97%). '"H NMR (500 MHz, DMSO-ds) 6 12.69 (s, 1H),
7.64 (d, J=8.1Hz, 1H), 7.50 (t, J = 8.1 Hz, 1H), 7.18 (d, J
= 8.1 Hz, 1H), 7.04 (t, J = 8.1 Hz, 1H), 4.86 (s, 2H), 3.58 (s,
1H). *C NMR (400 MHz, CDCls) 167.2, 155.9, 132.7, 130.7,
122.1, 120.9, 114.1, 79.1, 78.6, 56.2. LC/MS(API-ES): m/z
= 177 [M+H]*. Anal. Calcd. for CiH:O:: C 68.18; H 4.58;
Found: C 68.41; H 4.61.

tert-Butyl N-[(2S)-1-amino-4-methylpentan-2-yl]
carbamate (9). tert-Butyl N-[(2S)-1-azido-4-methylpentan-2-
yllcarbamate 9 (5.0 g, 20.6 mmol) was dissolved in methanol
(200 mL), and Pd/C (110 mg, 1.03 mmol) was added. The
resulting mixture was hydrogenated at ambient pressure
and ambient temperature until the reaction was complete
(monitored by TLC). Then the catalyst was filtered off and
the filtrate was evaporated in vacuo. Yield 4.40 g (99%). 'H
NMR (400 MHz, CDCl:) & 4.45 (br. s, 1H), 3.62 (br. s, 1H),
2.76 (br.d, J=13.1 Hz, 1H), 2.59 (dd, J = 13.1, 6.6 Hz, 1H),
1.70 — 1.60 (m, 1H), 1.55 (s, 2H) 1.44 (s, 9H), 1.30 — 1.21
(m, 2H), 0.92 (d, J = 6.6 Hz, 6H). LC/MS(API-ES): m/z =217
[M+H]*. Anal. Calcd. for Ci1H2N:O.: C 61.07; H 11.18; N
12.95; Found: C 61.4; H 11.37; N 12.69.

N-[(2S)-2-Amino-4-methylpentyl]-2-(prop-2-yn-1-
yloxy)benzamide hydrochloride (11). N-(3-
Dimethylaminopropyl)-N"-ethylcarbodiimide  hydrochloride
(4.78 g, 24.9 mmol), 1-hydroxybenzotriazole (3.37 g, 24.9
mmol), iPr.NEt (6.45 g, 49.9 mmol), and tert-butyl N-[(2S)-1-
amino-4-methylpentan-2-yljcarbamate 9 (4.36 g, 20.2
mmol) were added to a solution of 2-(prop-2-yn-1-
yloxy)benzoic acid 7 (3.38 g, 19.2 mmol) in THF (5 mL) at
-10°C. The resulting mixture was stirred at r.t. overnight.
Then the mixture was evaporated, dissolved in EtOAc (25
mL), and washed with saturated aqueous NaHCO; solution
(3%x25 mL), 10% citric acid solution (3x25 mL) and brine
(3x25 mL). The mixture was dried over Na.SO. and
evaporated under reduced pressure. Obtained residue was
dissolved in CH:Cl, (2 mL), then 4 M HCI in 1,4-dioxane
(2 mL) was added and the resulting solution was stirred for
12 h at 25 °C. The reaction progress was monitored by TLC
and 'H NMR and upon its completion the reaction mixture
was concentrated under reduced pressure. The product was
collected by filtration, washed with CH.Cl. (3%x10 mL), and
then dried in vacuo at 40 °C. Yield 3.80 g (60 %). 1TH NMR
(500 MHz, DMSO-ds) 6 8.42 (t, J = 5.9 Hz, 1H), 8.13 (br. s,
3H), 7.74 (d, J = 7.7 Hz, 1H), 7.49 (t, J = 7.7 Hz, 1H), 7.22
(d,J=7.7Hz, 1H), 7.07 (t, J = 7.7 Hz, 1H), 4.96 (s, 2H), 3.64
(s, 1H), 3.50 (t, J = 5.9 Hz, 2H), 3.32 — 3.27 (m, 1H), 1.84 —
1.74 (m, 1H), 1.46 (t, J = 7.2 Hz, 2H), 0.89 (dd, J = 11.0, 6.6
Hz, 6H). LC/MS(API-ES): m/z = 275 [M+H]*. Anal. Calcd. for
Ci6H2CIN,O.: C 61.83; H 7.46; Cl 11.41; N 9.01; Found: C
61.89; H 7.42; Cl 11.49; N 9.14.

tert-Butyl-(2-azidoethyl)-4-{[(2S)-4-methyl-1-{[2-(prop-
2-yn-1-yloxy)phenyl]formamido}pentan-2-ylJcarbamoyl}
piperidine-1-carboxylate (12). [(Dimethylamino)(3H-
[1,2,3]triazolo[4,5-b]pyridin-3-yloxy)methylidene]dimethyl-
azanium hexafluorophosphate (5.14 g, 13.5 mmol), Pr.NEt
(4.95 g, 38.3 mmol), 3H-[1,2,3]triazolo[4,5-b]pyridin-3-ol
(1.84 g, 13.5 mmol), and N-[(2S)-2-amino-4-methylpentyl]-
2-(prop-2-yn-1-yloxy)benzamide hydrochloride 11 (3.5 g,
11.3 mmol) were added to a solution of 4-(2-azidoethyl)-1-
[(tert-butoxy)carbonyl]piperidine-4-carboxylic acid 4 (4.03 g,
13.5 mmol) in DMF (5 mL) at =10 °C. The resulting mixture
was stirred at r.t. overnight. Upon completion of the reaction
(monitored by LCMS), the reaction mixture was evaporated,
dissolved in EtOAc (15 mL), washed with saturated aqueous
NaHCO:s solution (3x20 mL), 10% citric acid solution (3x20 mL)
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and brine (3%x20 mL). Then the mixture was dried over Na,SO.
and evaporated under reduced pressure. The product was
purified by column chromatography (eluent EtOAc — hexanes,
1:3 v/v). Yield 3.00 g (59 %). White solid. ‘H NMR (400 MHz,
DMSO-ds) 6 8.13 (t, J= 5.5 Hz, 1H), 7.73 (dd, J = 8.1 Hz, 1H),
7.54—-7.42 (m, 2H),7.19 (d, J=8.1 Hz, 1H), 7.05 (t, J=8.1 Hz,
1H), 4.93 (s, 2H), 4.14 (br. s, 1H), 3.62 (s, 1H), 3.60 — 3.56 (m,
2H), 3.33 — 3.29 (m, 2H), 3.15 (q, J = 8.0 Hz, 2H), 2.82 (br. s,
3H), 2.00 (t, J = 14.6 Hz, 2H), 1.73 (t, J = 8.0 Hz, 2H), 1.63 —
1.44 (m, 2H), 1.36 (s, 9H), 1.29 — 1.25 (m, 2H), 0.87 (dd, J =
17.8, 6.4 Hz, 6H). LC/MS(API-ES): m/z = 555 [M+H]". Anal.
Calcd. for CxH.N:Os: C 62.79; H 7.63; N 15.15; Found: C
62.86; H 7.62; N 15.26.
(13'S)-13'-(2-methylpropyl)-3'-oxa-11',14',19',20',21'-
pentaazaspiro[piperidine-4,16'-tricyclo[17.2.1.04,9]do-
cosane]-1'(22'),4'(9'),5',7',20"-pentaene-10',15"-dione
hydrochloride (14). Sodium ascorbate (0.198 g, 0.001 mol)
and CuSO, 5H.0O (0.050 g, 0.0002 mol) were added to a
solution of compound 12 (0.550 g, 0.001 mol) in the mixture
of BuOH (166 mL) and H.O (83 mL). The reaction mixture
was stirred for 24 h and monitored by HPLC. Upon
completion of the reaction, the mixture was evaporated in
vacuo, dissolved in EtOAc (15 mL) and washed with brine
(3x50 mL). The extract was then dried over Na.SO. and
evaporated under reduced pressure. Then the product was
dissolved in CH.Cl. (10 mL), and 4 M HCI in 1,4-dioxane
(10 mL) was added at 0 °C. The reaction mixture was stirred
for 3 h and evaporated in vacuo to obtain the product as the
HCI salt. Yield 0.413 g (84 %). Major diastereomer: 'H NMR
(400 MHz, DMSO-d;) 5 8.64 (br. s, 2H), 7.98 — 7.90 (m, 2H),
7.80 (d,J=7.2Hz 1H), 7.71 (d, J = 7.8 Hz, 1H), 7.50 (t, J =
7.8 Hz, 1H), 7.40 (d, J=6.5 Hz, 1H), 7.34 (d, J = 7.8 Hz, 1H),
7.09 (t, J = 7.8 Hz, 1H), 5.35 — 5.24 (m, 2H), 4.53 — 4.42
(m, 1H), 4.42 — 4.32 (m, 1H), 3.93 — 3.85 (m, 1H), 3.57 — 3.39
(m, 2H), 3.24 — 3.08 (m, 2H), 2.79 - 2.74 (m, 1H), 2.28 — 2.25
(m, 1H), 2.25-2.13 (m, 2H), 2.10 - 2.01 (m, 1H), 1.91 -1.82
(m, 1H), 1.65—1.41 (m, 3H), 1.41-1.33 (m, 1H), 1.22 -1.11
(m, 1H), 0.84 (dd, J = 15.4, 6.5 Hz, 6H). *C NMR (126 MHz,
CDCl;) 6 172.8, 165.3, 155.7, 143.0, 132.1, 130.3, 124.6,
124.3,121.4,114.5,63.7, 57.4, 48.6,45.1,42.8,42.2, 41.7,
41.0, 40.3, 30.0, 29.8, 24.3, 22.4, 22.4. LC/MS(API-ES):

m/z = 455 [M+H]*. Anal. Calcd. for CxHNsOs;: C 58.70;
H 7.18; N 17.12; Cl 7.22; Found: C 58.34; H 6.90; N 17.30;
Cl 7.20.

Calculation details. All the structures corresponding to
the energy local minima were fully optimized without
symmetry constraints using the TURBOMOLE program
package (version 6.4) [15, 16]. The RI-BP86/TZVP method
[17, 18] was used for geometry optimization. Our choice was
determined by a highly efficient combination of the BP86
functional with the Resolution of the Identity (RI)
approximation [19-22] within the TURBOMOLE set of
programs. The TZVP basis sets were the TZV triple-zeta
basis sets [23] extended by adding polarization functions.
The fine SCF convergence criterion (SCFConv= 1.0x10-8
Hartree) and converge maximum norm of Cartesian
gradients up to 10 a.u. were used for the geometry
optimization. The finest grids were used for all calculations
(grid=5). The molecular vibrations were derived analytically.
These calculations yielded no imaginary vibrations for the
local minima structures.

Results and discussion. B/C/P strategy implies three
stages of macrocycle preparation: the "build" phase involves
synthesis of starting building blocks, which are joined
forming a backbone of the target molecule at the "couple”
phase and the final ring closure occurs at the "pair" stage.
Guided by this strategy, we started with the preparation of
building blocks for the macrocycle.

Thus, chloroalkylation of piperidine 1 with the further
substitution of chlorine atom in 2 by azide group yielded ester
3, that was further transformed to the free acid 4 (Scheme 1).

The second precursor, 2-(prop-2-yn-1-yloxy)benzoic acid 7,
was prepared by alkylation of methyl salicylate (5) with 3-
bromoprop-1-yne and following ester hydrolysis (Scheme 2).

Monoprotected diamine building block 9 was
synthesized by the reduction of azide group in the chiral
precursor 8. After that, 9 was coupled with benzoic acid
derivative 7 using a standard acylation procedure involving
EDC, HOBt, and iPr.NEt. The coupling product 10 was
subsequently deprotected to give 11 (Scheme 3).

O. _OEt OEt ¢l OEt Nj OH Nj
1. LDA, THF, -78°C O NaNg, DMF O NaOH, MeOH ©
2. BrCH,CH,CI, rt. 90 °C 80 °C
e —— B —— — >
99% 96%
j\ N N N
0~ otBu OZ\OtBu O)\OtBu O)\OtBu
1 2 3 4

Scheme 1. Synthesis of piperidine building block 4

S o Br LioH HO._0O
= MeOH/H,0
HO X — N_o
K,CO5,CHLCN 97%
reflux
0,
5 98% 6 7
Scheme 2. Preparation of 2-(prop-2-yn-1-yloxy)benzoic acid 7
Oy, OtBu O OtBu o._Oteu  HCl
N, pac Y HOBY, N CH,Cl,
WNH =2 0 WNH - WNH —— «NH
\‘/\L 9% Y\L e \Q v m
N, NH, NH (from 9) NH
8 9

o
6]
73

@[jo

10 11

7
/4

Scheme 3. Synthesis of chiral amine 11
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Scheme 4. Preparation of macrocycle 14

Finally, amine 11 was coupled with piperidine 4 using the
well-known amide bond formation method involving HATU,
HOA, iPr.NEt. The "pair" stage involved a "click chemistry"
formation of 1,2,3-triazole core to give the target macrocycle
14. This procedure allowed synthesis of the macrocycle in
24 % overall yield from the reagents 1, 5 and 8, which is a
reasonably high value compared to the usual yields of the
macrocycle syntheses [24]. The success of the described
procedure is due to the simple well-developed approaches
used for the preparation of building blocks and their
coupling.

'H NMR spectrum of the product obviously represented
a mixture of two diastereomers at a ratio of ca. 3:1. We
supposed that the two diastereomers emerged at the "pair"
stage during the 1,2,3-triazole ring formation. It could
undergo in two spatial arrangements resulting in triazole
core being turned "up” or "down", so that the diastereomers
would differ by the relative positions of the triazole ring and

the isobutyl substituent (Fig. 1). In this way, the macrocycle
planar chirality combined with the C-2 stereocenter could
lead to the existence of two stereoisomeric pairs. As the
configuration of the stereocenter was pre-defined due to the
usage of enantiomerically pure azide 8, only two
diastereomers were obtained. Using a series of 2D NMR
techniques (COSY, HMBC, HSQC, and ROESY) we have
been able to assign the signals in 'H and '*C NMR spectra
of the major diastereomer (Figure 2). Unfortunately, due to
the slow conformational mobility and partial overlap of the
signals of two diasteromers, it was virtually impossible to
interpret the spectrum of the minor sterecisomer or to gain
insights into its geometry. Therefore, we have turned to the
quantum chemistry methods. We have optimized the
structures of these two possible diastereomers at DFT
approximation level (RI-BP86/TZVP, Fig. 1). The
optimization yielded two distinct stereocisomers, of which 14-
I was 5.6 kcal/mol lower in Gibbs free energy than 14-Il.

14-1

14-11

Fig. 1. Geometries of two diastereomers of macrocycle 14 based on DFT calculations.
Hydrogen bonds rendered as dashed green lines

Fig. 2. '"H NMR chemical shifts for the major diastereomer 14-1 (DMSO-d)
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The two diastereomers may convert into each other by the
macrocycle rotation similarly to the reported interconversion
pathway for imidazole-containing macrocycles [24]. To gain
a deeper insight into the conformational equilibrium of the
compound 14 we have recorded 'H NMR spectra under
heating up to 70 °C (Fig. 3). Interestingly, even at the highest
temperature explored, the ratio of conformers is virtually
unchanged compared to the ambient temperature.
Apparently, disregards the relatively large size of the
macrocycle, its rotation is sufficiently energetically
demanding, so that it does not occur in the studied
temperature range. Still we have observed the increased
mobility of the ring at the elevated temperatures and
corresponding signal changes. We first turned our attention
to the amide NH chemical shift temperature coefficients

10 Y
NH-4"

10" NH-4 5 7

AS/AT. It is known that these values can be used for the
estimation of hydrogen bond presence [25, 26]: values
higher than -4.6x10-* ppm/K evidence that the NH group
serves as the intramolecular hydrogen bond donor. The
observed values for NH-1 and NH-4 were -1.25x10- and
-1.75x10 ppm/K, respectively. These values show that
both amide NH groups are involved in the intramolecular
hydrogen bonds. These bonds are observed in the DFT
optimized structure of diastereomer 14-1, one between NH-
4 proton and OPh oxygen, and the second one between NH-
1 proton and the carbonyl oxygen of the second amide
moiety, (Fig. 1). Two hydrogen bonds stabilize the
diastereomer conformation 14-1 and may be responsible for
its lower energy relatively to 14-Il.

70°C

60°C

50°C

40°C

05 800 795 7.90 7.85 7.80 7.75 7.70 7.65 7.60 7.55 7.50 7.45 7.40 7.35 7.30 7.25 7.20 7.15 7.10 7.05 7.00 695 6.90
11 (ppm)

Fig. 3. A series of '"H NMR spectra of 14 at elevated temperatures, aromatic region. Proton assignments are given
as numbers above or below peaks. Protons denoted with double quotation mark belong to the minor diasteromer

70°C
60°C
50°C
40°C
30°C

350 345 340 3
1 toom)

Fig. 4. CH.-3 methylene group signals in 'H NMR spectrum
at the temperature variation

10 3

Another feature of the series of 'H NMR spectra of 14
taken at different temperatures is the coalescence of some
signals under heating, which is a common feature for the
conformationally flexible compounds. It is especially
pronounced for the CH.-3 protons, which are displayed as a
multiplet at 30 °C and gradually coalesce under heating to
form triplet with J= 5.2 Hz (Fig. 4).

Conclusions. Using the methodology of diversity-
oriented synthesis, we have prepared a 16-membered
macrocycle containing a 1,2,3-triazole core and a spiro-
piperidine moiety. A "click chemistry" formation of a triazole
ring was applied at ring closure step. The macrocycle

displayed planar chirality and a sterocenter with known
configuration introduced in the molecule allowed us to study
the formed diastereomers by means of NMR techniques.
Quantum-chemical calculations afforded us to establish the
geometry of diastereomers and estimate that intramolecular
hydrogen bonds play a major role in the stabilization of a
specific diastereomer. This work may serve as a quick and
robust pathway to the synthesis of libraries of atropoisomeric
macrocyclic compounds.
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KuiBcbkui HauioHanbHUM yHiBepcuteT iMeHi Tapaca LLleBuyeHka, KuiB, YkpaiHa

O. MpuropeHko, A-p xim. Hayk

gregor@univ.kiev.ua

KviBcbkui HalioHanbHUI yHiBepcuTeT imeHi Tapaca LlleByeHka,
TOB HBI1 "€Hamin", KuiB, YkpaiHa

CUHTE3 1,2,3-TPUA3ONOBMICHOIO MAKPOLIMKITY 3 BUKOPUCTAHHSAM PEAKLIT KNIK-XIMIT A AHANI3 WOIrO
MIAHAPHOI XIPAITbHOCTI 3A JOMNOMOIOKO AMP | PO3PAXYHKIB DFT

CuHme3oeaHo 16-4yneHHUl Makpoyuksn, uyo micmums 1,2,3-mpua3sonbHe Kinbuye, cnipo-ninepuduHosutli gppacmeHm i xipanbHuli amom eyaneyto.
BukopucmaHuii nidxid 0o ompumaHHsi MaKkpouyukny 6ye HamxHeHuli cmpamegieto "6ydyeaHHsi/criosnyyeHHs/3'edHaHHa" (BCP) memodonozaii cuH-
me3y, opicHmoeaHo20 Ha piz3HomaHimHicmb (DOS). BukopucmaHHsi nezkodocmynHux peazeHmie i HadiliHux cuHmemuYHuUXx rnpoyedyp, eKIoYaroHu
memodu KniK-ximil, 00380/1u10 ompuMamu yinbosuli MaKPOYUKI1 i3 8UCOKUM 8uxodoM. BidHeceHHs1 cuzHanie y cnekmpax SIMP 'H i *C makpoyukny
npoeodunu 3 sukopucmaHHsm psidy deoeumipHux memodie SIMP. Ockinbku Makpoyukily oGHo4YacHo 6ysia npumamMaHHa niaHapHa XipansHicms i
npucymHili cmepeoyeHmp i3 Haneped 8i0oMoro KOHghicypayicto, 3arnpornoHo8aHo MoXugi cmpykmypu diacmepeomepis. Lje npunyuwieHHs1 6yno nio-
meepadxeHe 3a donomozoro pssdy memodie SIIP-cnekmpockonii ma po3paxyHkie DFT. O6udea memodu ceidyamb nNpo me, W0 8 HyMpiluHLOMOJIEKY-
nsipHi 800Heesi 38'A3Ku 8idigpatomb 8axugy posib y cmabinizayii cmpykmyp diacmepeomepis. 32i0Ho 3 ekcniepumeHmom SIMP i3 eapitogaHHsIM
memnepamypu, e3acmornepemeopeHHs1 deox diacmepeomepie He 8i06ysiocsi Hasimb nid Yac HazpieaHHs1 do 70 °C.

Knroyoei cnoea: makpoyukn, knik-ximisi, nnaHapHa xipanbHicms, SIMP, po3paxyHku DFT.
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CUHTES3 1,2,3-TPUA3OJICOAEPALLEIO MAKPOLIMKIIA C UCTONIb3OBAHUEM PEAKLIUU KNUK-XUMUUN
N AHANN3 Ero NNAHAPHOU XUPAJIbHOCTH C NMOMOLLbIO AMP U PACYETOB DFT

CuHme3upoeaH 16-4neHHbIl Makpoyuks, codepxauwjuli 1,2,3-mpua3osnbHbIll YUK, Cnupo-nunepuduHoeblli ¢ppacMeHm u XupasbHblli amom
yanepoda. hcrnonb308aHHbIU N0GX00 K MOJTyHEeHUI MaKpoyuka 6bis1 800XHO8/IeH cmpameauel "nocmpoeHue/coeduHeHue/3ambikaHue"” (B/C/P) me-
modosnozuu dueepcugpuyuposaHHO-opueHMupoeaHHo2o cuimesa (DOS). Ucnonb3oeaHue ne2kodocmynHbIX pea2eHmoe U NpocmbIX CUHmemuye-
ckux npouyedyp, 6k/0Yasi MemoObl K/IUK-XUMUU, MO380JIUJIO MOJIyYUMb Ues1eeoll MaKpOUUKI C 8bICOKUM ebixodoMm. OmHeceHue cuzHaios e
cnekmpax SIMP 'H u *C makpouyukna npoeodusu ¢ ucnosb3oeaHuem psida dsymepHbix Memodoe SIMP. [TockosibKy Makpoyukily 0OHO8peMeHHO 6bina
npucyuwa nnaHapHasi XupajabHOCMb, U 8 €20 CMpyKmMype npucymcmeosas cmepeoyeHmp ¢ 3apaHee uzgecmHol KoHgpuzypayuet, Mbl Npednoxunu
803MOXXHbIE CmpyKmypbl duacmepeomepos. IMo npednosnoxeHue 6bi10 nodmeepdeHo ¢ nomouibro psida memodoe SIMP-cnekmpockonuu u
pacyemoe DFT. O6a memoda ceudemenibcmeoegasu 0 MoM, YmMo eHympuUMOJsIeKysipHble 8000POOHbIE C85I3U U2parom 8aXKHyH posib 8 cmabusiu-
3ayuu cmpykmyp duacmepeomepos. CoanacHo akcrniepumeHmam SIMP ¢ eapbuposaHueM memnepamypbl, 83aumonpespaujeHusi dsyx duacmepeo-
Mepoe He npoucxodusio daxe npu HazpesaHuu do 70 °C.

Knrodeeble criosa: MakpoOUUKI1, KITUK-XUMUSI, NS1aHapHas xupanbHocms, SIMP, pacyemsi DFT.
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OMNTUYHI TA ®OTOXIMIYHI BJIACTUBOCTI NOJNIIMEPIB
HA OCHOBI 2-(4-METAKPUNNOKCUCTUPUN)XIHOMNIHY

OnucaHo cuHmes 2-(4-memakpusiokcucmupurs)xiHosiHy ma 2-(4-memakpunokcucmupur)-6-memokcuxiHoniHy. CuHme3soeadi noni-
mepu 3 diapunemuneHosum ¢hpacmeHMoM odep)KaHoO 3a 8iNnlbHopaduKalbHUM MexaHi3MoM nonimepu3sayii. [Tonimepu3sayito npoeodunu
8 po34uHi dumemusngopmamidy, sik iHiuiamop eukopucmosyeanu a3obicizobymupoHimpus. Bydoey odepxaHux nosiimepie i docni-
OKeHHs1 IXHiX ghomoximiuHux enacmueocmeli npoeodusu 3a dornomozoro 'H SIMP, Y®-cniekmpockonii. TeMnepamypu CKilyeaHHs1 6U3Ha-

4YeHi Memodom AughepeHuiliHoi ckaHye8asIbHOI Kariopumempil.

Knroyoei cnoea: cmupurnxiqosiH, gpomoizomepu3sayisi, pomontomiHecyeHuisi, padukasbHa nosimepusauisi

BcTtyn. B ocTaHHi poku LLMPOKOro po3BUTKY Habynu me-
TOOW CUHTE3y N [OCHimKEeHHS (DOTOAKTUBHWUX CMONyK Ans
CTBOPEHHS Ha iXHill OCHOBI HOBUX NEPCMNEKTUBHUX MaTepianis
[1-5]. Cepeq HMX ocobnuBy yBary 4OCAIAHUKN POKYCYHOTb Ha
mMaTtepianax, Ans siKux onpoMiHEHHS CBITNIOM NPUBOAMTL A0
iHOYKOBAHOIO  BHYTPILLUHLOMOSIEKYNSPHOrO  PhOTOXiIMIYHOIo
npouecy (doToisomepunsauis, oToumknizalis), Wo A03BO-
NSIE KepOBaHO BMMMBATW Ha 3MiHM Pi3NYHUX BAcTUBOCTEN Y
pocnigxeHunx cnonykax [6—10]. Okpim Lporo, y npoueci onpo-
MIHEHHS TaK1X MaTepianis MoXxe crnocTepiratucs 3aviHa 3aba-
pBReHHs Ta nepexig Bid MEeHLU KOH'IOroBaHO! HemnmnaHapHoi
KOHdirypauii 4o GinbLu CNpsXXeHOoi NnaHapHoi, a TakoX 3MiHK
y CneKTpax MOrfUHaHHA, BUMNPOMIHIOBaHHSA dhrnyopecueHLii,
€neKTPOnpPOBIAHOCTI, ENEKTPOXIMIYHWNX | MarHiTHUX BNacTMBO-
CTHX, AUMOSIbHUX MOMEHTaX, MOKasHMKax 3anoMIeHHs, die-
NEKTPUYHUX KOHCTaHTax i reomeTpii cTpyktyp [11, 12]. Kpim
TOro, y noniMmepax crnocTepiraloTbCsl 3MiHU B KOHpopmaLin-
HUX XapaKTepuCTMKax, 3MOYYBaHOCTi MOBEPXHi, NPOHUKHOCTI
MembpaH, pH, po34MHHOCTI, TemnepaTypu 30b-renb nepe-
xogy i Temnepatypuv noginy a3 Ans noniMepHnx CyMillen.
3MiHn koHdpopmaLii B moniMepHux martepianax, Lo Aocni-
OXYIOTbCSl B PO34MHIi, MOXYTb NpM3BECTU 0 (asoBoro no-
ainy. Takox cnig Big3HauuTW, WO B PigKOKpUCTaniyHMX

noniMepHMX KOMNo3uTax MoxyTb BiaOyBaTucs ha3osi nepe-
xoau. Came ToMy CBITNOYYTNMBI MaTepianu BigirpaloTe Bax-
NVBY POrib Y LUMPOKOMY CMEKTpi cdhep BUKOPUCTaHHS, cepea
AKMX 36epiraHHa AaHNX BUCOKOI LLiNbHOCTI, KOMyTaLilHi ene-
MEHTUN AN MIKPOENEKTPOHIKWN, HEMIHINHOT ONTUKKM, OATYMKIB,
MeauumHn 1 iH. [8, 9, 13—19].

TuM He MeHLe, An3anH i CMHTe3 HOBMX NoMiMepHUX Ma-
TepianiB i3 KOHTPONbLOBaHUMK Ta nepenbadvyBaHVMK Briac-
TMBOCTAMMW 3aruvLIaeTbCsl aKTyanbHUM | MEepCneKTUBHUM
HanpsiMOM cyyacHux AocrimxeHb. POoTOaKTUBHUIA XPOMO-
op Moxe ByTu BKIMOYEHUIA Y NONIMEP LUNSAXOM YBEAEHHSI
XpoModopiB y cUCTEMY riCcTb-rocnogap, abo BBeAEHHAM
XPOMOGOPHOro hparMeHTy y CTPYKTYpy noniMmepa B OCHOB-
HUI abo GiYHMIM NaHutor. Xo4va XoaeH i3 uux crnocobiB He €
ideanbHMM, KOXXEH Mae CBOI mepeBarn W Hedoniku. Buse-
neHo, Wo nonimMepu, yHKLUioOHani3oBaHi xpomodopamu,
GinbLL edheKTUBHI 1 MOXYTb 3HaWTK BiNbLL LLUMPOKE 3aCTOCY-
BaHHSA 3aBASKW MOXINMBOCTI KOHTPOIIO KOHUEHTpaLii BBe-
OEHHOro XpoModopy; 3MEHLLEHHIO BNMMBY OpieHTaLiNHMX i
penakcauiiH1x NpoLeciB; BiACYTHOCTI nodiny ¢as, Lo 3ve-
HLUYE BHECOK BTpaT Mig 4ac po3citoBaHHA. [nsa Takux noni-
MepiB MOXHa BWKOPUCTOBYBaTU Taki TEeXHIKM N MeToaum:
nnasmoBe TPaBMEHHS, ONTUYHO IHAYKOBaHi 3MiHW NOKa3HUKa
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