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Abstract

Aim. To analyze commercially available fluorine containing compounds for the possibility of their use in the *F NMR FAXS
method.

Materials and methods. The selection of fluorine-containing fragments for the study was performed using 3.9 million in-
stock screening compounds and 248,000 in-stock building-blocks from Enamine Ltd library. The selection and classification of
the compounds was carried out using the DataWarrior and KNIME software. The Fluorinated Fragments library of Enamine
Ltd. containing 6377 compounds, was also analyzed. To analyze the abovementioned sets of substances, the multistep work-
flows specially designed were used.

Results and discussion. As a result of applying the workflow developed to the compound sets (both screening compounds
and building blocks), 13 800 compounds were selected and further classified according to the presence of one out of 12 fluo-
rine-containing groups. The Fluorinated Fragments library was also subjected to a similar workflow. For the latter, 8 out
of 12 fluorine-containing groups were identified. Additionally, experimental **F NMR chemical shift values for Fluorinated
Fragments library compounds spectra were analyzed. It has been found that some structural classes have areas of chemical
shifts intersection. On the other hand, the ranges from —40 to —60 ppm and beyond —160 ppm are free from any group of
compounds from the library analyzed.

Conclusions. The analysis has shown that commercially available fluorine-containing fragments do not satisfy the needs of
the ®F NMR FAXS method, and further expansion of the chemical space of fluorine-containing compounds by increasing
their diversity is required.

Keywords: fluorinated fragments; fragment-based drug design; **F NMR; FAXS method; chemoinformatics; chemical space
analysis of compounds

O. B. Okcrota'?, 4. I. dinatos??
T IHcmumym opeaHiyHoi ximil HauioHaneHOi akademii HayK YKpaiHu,

syn. Akademika Kyxaps, 5, m. Kuis, 02094, YkpaiHa
2TOB «Kemcnelic», syn. BiHcmoHa Yepuunns, 85, m. Kuis, 02094, YkpaiHa
3 Xapkiscbkuli HauyioHanbHUl yHisepcumem imeHi B. H. KapasiHa,

matlioaH Ceoboodu, 4, 61022, XapKis, YKpaiHa
AHani3 3aCTOCOBHOCTi KOMEPL,iAHO AOCTYMHOro XiMiYHOro NPOCTOPY AN BUKOPUCTAHHA
y °F AMP FAXS meTopai Ha npuknagi HBM «EHamiH»
AHoOTauiA
Merta. MpoaHaniayBatn KOMepLinHO AOCTYNHI GAYyOPOBMICHI CMONYKM Ha MOXAMBICTb iX 3aCTOCYBAHHA B KOHKYPEHTHOMY
CKpUHiHry 3a gonomoroto F AMP FAXS meToay.
Martepianu Ta metoau. Binbip dnyopoBmicHUX pparmeHTiB 417 AOCAIAKEHHA NPOBOANIN 3 BUKOPUCTAHHAM HAaABHUX Ha CKAa-
Ai kKomnaHii TOB «HBIM «EHamiH» 3,9 MAH CKpUHiIHIOBUX crnionyK Ta 248000 byaisenbHUX 610KiB. Bigbip Ta po3noain cnonyk
no rpynax BUKOHyBanu 3a gonomoroto nporpam DataWarrior Ta KNIME. MpoaHanisyBanu 6i6nioteky ¢payoposaHux dpar-
meHTiB TOB «HBI «EHamiH», Wwo mictuTb 6377 cnonyk. [1na aHanisy Bue3asHavyeHMx HabopiB pe4yoBUH BUKOPUCTOBYBaAN
cneuianbHoO po3pobneHi baratocTyneHeBi anropuTmum.
Pe3ynbraTu Ta ix 06roBopeHHs. Y pe3ynbTaTi 3acTOCYyBaHHA po3p061eHOro aAropuTMy 40 CKPUHIHIOBUX CMOAYK Ta byaisesb-
Hux 6/10KiB BigibpaHo 13800 npeacTaBHMKIB, AKi 40AATKOBO KAacupiKOBAHO 33 HAABHICTIO OgHi€el 3 12 GayopoBmiCHUX rpyn.
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bibnioTeky payopoBaHMx GpparmeHTiB TaKoXK NiggaHo nogibHin npoueaypi. 1A OCTaHHbOI rPYNK AOCAIANKYBaHMUX CNONYK
ineHTMdiKoBaHO HanABHICTb 8 3 12 payopoBmicHUX pparmeHTiB. Kpim Toro, npoaHanisoBaHoO eKcnepuMmMeHTaIbHi 3HaYeHHA
XiMiuHOro 3cyBy, oTpuMaHi i3 1°F AMP cnekTpis 6ibnioTeku GpayoposaHux dparmeHTis. 3’acoBaHO, LLLO AeAKi CTPYKTYPHI Knacu
MaloTb 30HU NEPETUHY XiMiYHUX 3cyBiB. 3 iHWOro 60Ky, y AianasoHax Big —40 Ao —60 m.a. i 6inbwe —160 m.4. He npeacTas-
JIEHO »KOAHOI CMONYKM 3 aHaNi30BaHOI 6ibnioTeku.

BUCHOBKW. AHai3 3aCBiAYMB, L0 HAaABHI KOMEPLMHO AOCTYMHI GpAyopoBMicHi dparMeHTV He 3340B0AbHAIOTL NoTpedbun F NMR
FAXS meToay, a Tomy HeOBXiAHO PO3LUMPHOBATU XiMIYHMIA NPOCTIP GIYOPOBMICHUX CMIOYK LUIAXOM 36iNbLUEHHS iX Pi3HOMaHITTA.
Knrouoei cnosa: pnyoposmicHi parmeHTH; AM3aliH NiKapCbKUX NpenapaTie Ha ocHOBI ¢pparmeHTis; °F AMP; metoga, FAXS;

XeMoiHOpPMaTMKA; aHai3 XiMIYHOrO NPOCTOPY CNOAYK
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B Introduction

Fluorine-containing substances have recent-
ly gained considerable attention and relevance
from a scientific and practical point of view [1-5].
This increased attention can be explained by the
unique properties of the fluorine atom. It can form
strong bonds with the carbon atom, but that is
not what makes it special. Due to the small ra-
dius of the atom, fluorine (like deuterium) is the
bioisosteric substitute for the hydrogen atom, and
due to its high electronegativity, it can participate
in the formation of hydrogen bonds. This combi-
nation of properties makes it possible to replace
hydrogen atoms in molecules with fluorine, and
it can lead to changes in the physicochemical and
pharmacokinetic properties of biologically active
compounds and the metabolic stability as well [6-9].
In addition, the presence of a fluorine atom in a
molecule makes it possible to determine the pre-
sence or absence of ligand-protein interactions for
the compound studied with further hit-to-lead
optimization. Herewith, the modified molecules
do not inevitably contain fluorine atoms [10].

One of the available and highly effective bio-
physical tools for detecting ligand-protein inter-
actions is F NMR screening [11-17]. The FAXS
method (Fluorine Chemical Shift Anisotropy and
Exchange for Screening) is used in both direct
and competitive modes and allows identification
of an interaction between a fluorine-containing
fragment and the target under study. As a rule,
well-characterized libraries of fluorine-containing
compounds are required for using in the FAXS
method [11]. This method also allows the analysis

of large mixtures (or “cocktails”) of the fluorinated
molecules-candidates simultaneously, which ma-
kes it one of the most relevant for the fragment
screening against highly scarce and/or expensive
protein targets.

However, for such a procedure, it is necessa-
ry to have pre-validated cocktails of fluorine-
containing substances. An increased number of
compounds in a cocktail, which contains insuf-
ficiently diverse structural groups, leads to an
uneven distribution of chemical shifts of fluorine
atoms and a decrease in the distance between
shift signals, curbing the potential of the FAXS
method.

Thus, to assess the possibility of a widespread
use of the FAXS method, we decided to analyze
all fluorine-containing in-stock screening com-
pounds (SCs) and building blocks (BBs) offered
by Enamine Ltd. [18, 19], one of the largest sup-
pliers of small molecules, in terms of applicabili-
ty in a competitive fragment screening.

B Materials and methods

The mining of fluorine-containing fragments
for further analysis was carried out from 3.9M
in-stock SCs [20] and 248K in-stock BBs [21] de-
posited on the Enamine website since compounds
suitable for fragment-based methods occupy an
intermediate region between the given classes.
The selection and classification of compounds
were implemented using the DataWarrior [22]
and KNIME [23-25] software. For the analysis
of the abovementioned sets of substances, the
workflow shown in Figure 1 was used.
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Figure 1. The workflow 1 for in-stock compound sets (Set A)
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According to the presented step-by-step pro-
cedure, we performed the following operations:

Step 1 — Initial filtering:

1.1 Only fluorine-containing compounds were
filtered out;

1.2 The “Rule of 3” criteria from Astex were
applied (100 < MW < 300, logP < 3, HBA < 3,
HBD < 3, MW was calculated for unsalted forms)
[26—28];

1.3 Possible covalent binders (various Michael
acceptors, terminal alkynes methylene-active com-
pounds, etc.) were removed.

Step 2 — Substances that might exhibit high
reactivity according to REOS (Rapid Elimination
of Swill) were removed in order to eliminate pos-
sible competing processes in the screening pro-
cess (for list of SMARTS see Supporting Infor-
mation file) [29].

Step 3 — Due to peculiarities of the experi-
ment (water solution and single signal in °F NMR
per substance), the following compounds were re-
moved:

3.1 Those unstable in water due to the hydro-
lysis or other processes;

3.2 Those displaying two or more signals (con-
taining several different fluorine-containing
groups, diastereomers mixture, tautomers);

3.3 Those containing highly reactive fluorine-
containing groups that were not included in the
filter of Step 2 (arylators, sulfonyl fluorides, etc.)
(see “Custom Filters” in Supporting Information
file).

Step 4 — The comparison of the filtered com-
pounds was performed, and all duplicates were
removed.

Step 5 — Classification of the remaining fluo-
rine-containing compounds. For this, an analysis of
articles covering the Fluorine fragments libraries
topic and the use of fluorine-containing substances
in medicinal chemistry was carried out [1-5, 30—36].
For further classification, we used the substructural
search with SMARTS of fluorine-containing groups
[37] since such an approach has long been practiced
in analyzing large sets of compounds [38—40]. As a
result, we created a library of different SMARTS,
consisting of the 12 frequently encountered and
used fluorine-containing fragments (Table 1).

Enamine Ltd. also offers a Fluorinated Frag-
ments library, which contains 6377 compounds
and is available for download on the website [41].
Among the initial data for compounds presented
in this library, there are chemical shifts of *F NMR
(in DMSO-d; and/or D,0), which are of signifi-
cant value for further analysis of their applica-
bility in cocktails for competitive screening.

Several filters from the workflow earlier men-
tioned were applied to this set of compounds
(Figure 2):

Step 1 — Pre-filtering:

1.1 The “Rule of 3” criteria were applied to this
set [26—28];

1.2 Custom Filters (listed in the Supporting
Information file) were used to eliminate compounds
that might exhibit multiple signals (such as a mix-
ture of diastereomers or tautomers), as well as
undesirable reactive groups (e.g., arylators, sul-
fonyl fluorides, etc.).

Step 2 — Classification of the fluorine-con-
taining compounds with SMARTS mentioned in
Table 1.

Enamine
1. Ro3 criteria
Fluorinated
2. Custom Filters
Fragments (6377)

Figure 2. The workflow 2 for Fluorinated Fragments library (Set B)

Dividing in TOP-12 Analysis

groups by SMARTS of experimental
(only 8 groups F NMR chemical
detected) shifts (4403)
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Table 1. TOP-12 fluorine-containing groups and their SMARTS notations
# Group SMARTS Structure
% F
\
1 CF,S FC(F)(F)[#16) S—T—F
F
F
2 CF;n [#7;a]C(F)(F)F (N —F
F
F
3 CF,0 [#8]C(F)(F)F /O ‘ 3
* F
F
4 CF,c [#6;a]C(F)(F)F @cC ——F
F
F
5 CF,C [#6;A1C(F)(F)F WC—T—F
F
% (0]
\
6 CF,SO,N [#7]5(=0)(=0)C(F)(F)F N—|S| F
* O F
F £ 3
7 OCF,C [#6;A1C([#8])(F)F /0 @
. F
F *
8 CCF,C [#6;A]C([#6;A])(F)F (A/—) —
* F
F *
@ /
9 CCF,c [#6;A]C([#6;a])(F)F / @
* F
F
([#6;a;S([#6]-1=[#6]-[#6]=[#6]-
10 c(Aryl)F [#6]=[#6]-1)])F
(with only phenyl ring)
. 'I -1= - - - —
11 c(Hetaryl)F ([#6,a,.$([#61 1=[#6]-[#6]=[#6] F——C(a)
[#6]=[#6]-1)])F (all aromatic systems, except phenyl)
E3
12 tert-CF [#61C([#6])([#6])F E *
*

Note: ‘n’ or N(a) — endocyclic nitrogen included into the aromatic system; ‘c’ or C(a) — carbon included into the aromatic system;
‘N’ or N(A) — aliphatic nitrogen atom; ‘C’ or C(A) — aliphatic carbon atom.
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Table 2. Fluorine-containing groups, the number of compounds in each (for Set A and Set B), and the range of chemical shift values

(only for Set B)

4 Group Set A, cmpds Set B, cmpds Experimental *°F NMR for the Set B
Syminy PPM B PPM

1 CF,S 21 0 - -

2 CFyn 2 0 - -

3 CF,0 161 15 =57 -60

4 CF,c 1413 451 =57 =71

5 CF,C 2267 323 -61 -84

6 CF,SO,N 5 0 - -

7 OCF,C 18 1 - -

8 CCF,C 1113 2 -92 -92

9 CCF,c 113 2 -100 -103
10 c(Aryl)F 8078 3247 -104 =150
11 c(Hetaryl)F 297 342 -109 -159
12 tert-CF 312 20 =137 -144

Total 13800 4403

The chemical shift values from the F NMR
spectra for each subgroup from the Fluorinated
Fragments library were analyzed, compiled into
a joint table, and displayed on a common chemi-
cal shift scale. These data are discussed in the
next section.

B Results and discussion

As a result of the implementation of Work-
flow 1 (Figure 1) to 3.9M in-stock SCs [20] and
248K in-stock BBs [21], 13 800 compounds (Set
A) comprising one of the 12 fluorine-containing
groups listed in Table 2 were classified. Next, we
applied Workflow 2 (Figure 2) for the Fluorina-
ted Fragments library. Finally, only 8 out of
12 fluorine-containing groups were identified.
The experimental data of *F NMR spectra (in
DMSO-d, and D,0) for a part of the substances
(Set B, 4403 compounds) from the Fluorinated
Fragments library presented on the Enamine Ltd.
website were analyzed [41]. The chemical shift
values for each group fall within a definite range,
the minimum and maximum values of which, as
well as the number of compounds sharing cer-
tain structural groups, are given in Table 2.

Based on the data obtained, it is obvious that
some structural classes have certain areas of
chemaical shift intersection, which makes it dif-
ficult to create cocktails without considering the
initial experimental data. To solve this problem,
we decided to combine some of them into more
general groups. The main criterion for combin-
ing was the absence of the chemical shift over-
lap regions in a potential cocktail of fluorine-
containing molecules.

Thus, we observe several groups with practi-
cally no intersection between themselves in the
range of location on the chemical shift axis.
Figure 3 shows eight fluorine-containing groups
divided into three ranges. The first range (weak
field) contains F-aryl and F-heteroaryl deriva-
tives and tertiary F-compounds. There are two
types of difluoro compounds in the middle of the
shift axis. In the strong field, three types of tri-
fluoromethyl derivatives are located. Correspon-
dingly, the range from —40 to —60 ppm is not oc-
cupied by any group of compounds from the li-
brary analyzed, and the span with values be-
yond —160 ppm is also abandoned.

Thus, it has been found that combining se-
veral groups, including a variety of fluorinated
fragments, allows improving and simplifying the
preparation of cocktails for further screening.
However, to realize all the possibilities of the
FAXS method, the use of the most common fluo-
rine-containing groups is insufficient since they
do not cover the entire range of the chemical
shifts. This point requires further study, consi-
dering the deeper structural features of the com-
pounds.

Based on the values of the range for some
structural groups obtained, it can be assumed that
to realize the maximum possible number of com-
pounds in a cocktail, it 1s necessary to collect more
experimental spectral data for different fluorine-
containing compounds or, in an alternative way —
develop a powerful mathematical algorithm for
predicting the chemical shift for 'YF NMR.

The disadvantage of both sets — Set A (Figure 4)
and Set B, is the apparent overpopulation of some
groups, which leads to a pronounced limitation of
the chemical diversity of compounds in probable
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Figure 4. Distribution of compounds among 12 fluorine-containing gro

ups for Set A (13800 cmpds)

cocktails. Therefore, it is necessary either to re-
duce the total number of possible cocktails of the
fluorine-containing compounds included in the
cocktails or to populate already existing groups
with compounds to obtain a uniform distribution
both in chemical diversity and in the signal shift
for the fluorine atom.

B Conclusions

The analysis has revealed that relying solely
on the most commonly used fluorine-containing
fragment groups is inadequate for achieving the de-
sired cocktail outcomes. It necessitates more pre-
cise fragment modifications based on the structural
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characteristics of the compounds. Two possible ways
of enhancing compound collections suitable for the
FAXS method have been suggested. The first one
is collecting experimental spectral data for vari-
ous promising fluorine-containing compounds.
The second one is to develop a high-performance
mathematical tool for predicting the chemical shift
for fluorinated compounds with a desirable diver-
sity. The analysis has also shown the presence of
a pronounced overpopulation and underpopulation
of several structural groups of fluorine-containing
substances. As a result, to effectively use commer-
cially available collections of fluorine-containing
compounds and realize the full power of fragment

screening methods, it is necessary to increase the
representation in underpopulated areas to create
ideal and full-fledged cocktails.
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