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Abstract: This manuscript reports the synthesis and X-ray characterization of two octahydro-1H-4,6-
epoxycyclopenta[c]pyridin-1-one derivatives that contain the four most abundant halogen atoms
(Ha) in the structure with the aim of studying the formation of Ha---Ha halogen bonding interactions.
The anisotropy of electron density at the heavier halogen atoms provokes the formation of multiple
Ha---Ha contacts in the solid state. That is, the heavier Ha-atoms exhibit a region of positive
electrostatic potential (0-hole) along the C-Ha bond and a belt of negative electrostatic potential
(o-lumps) around the atoms. The halogen bonding assemblies in both compounds were analyzed
using density functional theory (DFT) calculations, molecular electrostatic potential (MEP) surfaces,
the quantum theory of “atom-in-molecules” (QTAIM), the noncovalent interaction plot (NClplot),
and the electron localization function (ELF).

Keywords: halogen bonding; crystal engineering; supramolecular chemistry; o-hole

1. Introduction

A profound comprehension of noncovalent interactions is needed to succeed in the
competitive field of supramolecular chemistry [1]. For instance, construction of precise
hosts is key in supramolecular catalysis [2,3] for activating the substrate and lowering the
barrier of the transition state. Compared to the ubiquitous nature of hydrogen bonding
(HB) [4], halogen bonding (HaB) is attracting substantial interest by the research commu-
nity [5-8] due to its high directionality and tunability, thus proved valuable in catalysis,
pharmacology, and material science [6-10]. Therefore, the preparation and solid state char-
acterization of halogenated compounds is of interest to further understand the behavior
and directing role of HaBs.

The Wagner—-Meerwein rearrangement is a well-known synthetic transformation in
which a group (or H-atom) migrates from one carbon to a neighboring carbon [11,12],
promoted by Lewis [13] or a Brensted acids [14]. Moreover, several works have also used
halogenation to initiate Wagner-Meerwein rearrangements [15-17]. It should be mentioned
that the halogen-initiated cationic rearrangement in 7-oxabicycloheptenes, condensed
with other heterocycles, was first demonstrated in 1985 [18]. Later, it was shown that
N-bromosuccinimide (NBS) or bromine and iodine or ICl are the best reagents for halogen-
promoted skeletal rearrangements in bridge systems such as 4a,7-epoxyisoquinolines,
3a,6-epoxyisoindoles, and 4,6-epoxycyclopenta[c]pyridines [17,19-21].
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Inspired by the last work [17], where three halogen atoms (Cl, Br, and I) were incor-
porated in the aliphatic skeleton of the target molecule, we envisaged the synthesis and
X-ray characterization of 4,5,6-trihalo-2-aryl-4,6-epoxycyclopenta[c]pyridin-1-ones (3 and
4) starting from the rearrangement of 3a,6-epoxyisoindoles 1 and 2 under the action of IC1
(Scheme 1). Iodine monochloride was chosen as a reactant due to its rather rare use in
organic chemistry and its ability to provide a product with two different halogen atoms
at once.

Scheme 1. Synthesis of halogenated compounds 3 and 4 using halogenation-mediated Wagner—
Meerwein rearrangement reaction.

Comprising in their structure at once the four halogen atoms (F, Cl, Br, and I), halides
3 and 4 were considered to be ideal models for analyzing the competition between different
halogens to participate in halogen and hydrogen bonding interactions. In addition, note
that not a long list of organic molecules containing simultaneously all four halogen atoms in
their skeleton can be found in the literature [22-24]. In particular, Shellhamer et al. opened
a short passway to polyhalogenated alkanes through the rearrangement of five-membered
halonium ions, generated from terminal alkenes under action of chlorine, bromine, iodine
monobromide, and iodine monochloride [22,23]. In 2006, another outstanding work [24]
made available for further study polyhalocubanes with a wide assortment of different
halogens in the apical positions.

The solid-state architectures of both compounds 3 and 4 reveal the existence of numer-
ous Ha---Ha contacts, which have been characterized by means of several computational
tools, including MEP, QTAIM, NCIPlot, and ELE. Moreover, the energetic features of some
dimers have been evaluated using DFT calculations, as detailed in the next sections.

2. Materials and Methods
2.1. Synthesis and Spectral Characteristics of Compounds 3 and 4 (General Method)

The solution of the corresponding isoindolone 1 or 2 (0.62 mmol) and iodine monochlo-
ride (0.62 mmol) in 3 mL of dry dichloromethane was stirred for 3 d (for 3) or 2 d (for 4) at
r.t (TLC control, EtOAc-hexane, 1:2, Sorbfil). The reaction mixture was poured into H,O
(50 mL) and extracted with CH,Cl, (3 x 20 mL). The combined organic fractions were
washed with saturated solution Na,;S,03 (20 mL) and dried over anhydrous Na;SOy4. The
solvent was evaporated under reduced pressure, and the residue was recrystallized from a
hexane-AcOEt mixture.

(4SR,4aRS,55R,65R,7aSR)-6-Bromo-4-chloro-2-(4-fluorophenyl)-5-iodooctahydro-1H-4,6-
epoxycyclopentalc]lpyridin-1-one (3). Yield 70%, m.p. 211-212 °C (decomposition), light
beige prisms, 'H NMR (600.2 MHz, DMSO-dg) & 7.37 (dd, J~9.1 Hz, J~5.0 Hz, 2H,H-3, H-5
Harom.), 7.23 (t, J]~9.1 Hz, 2H, H-2, H-6 Harom.), 4.92 (s, 1H, H-5), 4.36 (d, J~13.1 Hz, 1H),
4.02 (d, ]~13.1 Hz, 1H, H-3), 3.57 (dd, J~4.5 Hz, ]~1.0 Hz, 1H, H-4a), 3.17 (dt, [~4.2 Hz,
J~11.6 Hz, 1H, H-7a), 2.81 (dd, J~11.6 Hz, ]~12.9 Hz, 1H, H-7exo0), 1.76 (dd, [~4.2 Hz, ]~12.9
Hz, 1H, H-7endo). 13C NMR (150.9 MHz, DMSO-dg) & 168.9, 160.5 (d, [~244.2 Hz), 137.0
(d, J~2.9 Hz), 128.3 (d, ]~8.7 Hz, 2C), 115.6 (d, ]~23.1 Hz, 2C), 102.9, 96.3, 58.6, 49.6, 44.2,
41.1,29.2. "F NMR (564.7 MHz, DMSO-d;) & —115.0. IR (KBr): 1670 (NC=0), 1089 (C-F),
619 (C-Br). MS (ESI): m/z = 486 [M+H*] (**Cl1,7°Br), 488 [M+H*] (*’C1,”°Br), 490 [M + H*]
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(¥’C1,81Br). Anal. Calcd for C14H;1BrCIFINO,: C, 34.56; H, 2.28; N, 2.88. Found: C, 34.50;
H, 2.23; N, 2.96.

(4SR4aRS,55R,6RS,7aSR)-6-Bromo-4-chloro-5-iodo-2-[3-(trifluoromethyl)phenylloctahydro
-1H-4,6-epoxycyclopentalclpyridin-1-one (4). Yield 45%, m.p. 210-211 °C (decomposi-
tion), colorless thin needles. 'H NMR (600.2 MHz, CDCl3) § 7.61-7.56 (m, 2H, H-4, H-5,
H-2 Harom.), 7.53 (s, 1H, H-2 Hyrom ), 7.46 (d, ] ~7.6 Hz, 1H, H-6 Harom.), 4.48 (s, 1H, H-5),
4.28 (d, J~13.8 Hz, 1H), 4.24 (d, J]~13.8 Hz, 1H, H-3), 3.37 (dd, J~4.2 Hz, ]~1.0 Hz, 1H, H-4a),
3.26 (dt, ]~4.2 Hz, ]~11.3 Hz, 1H, H-7a), 2.85 (dd, ]~11.3 Hz, ]~13.1 Hz, 1H, H-7exo0), 2.42
(dd, J~4.2 Hz, ]~13.1 Hz, 1H, H-7endo). '3C NMR (150.9 MHz, CDCl3) & 168.6, 140.4, 132.1
(q, J~33.2 Hz), 130.1, 129.3, 124.5 (q, ]~4.3 Hz), 122.7 (q, ]~4.3 Hz), 123.4 (q, ]~272.3 Hz),
100.5, 94.9, 59.5, 50.0, 45.3, 41.7, 28.0. 1F NMR (564.7 MHz, CDCl3) & —62.5. IR (KBr): 1664
(NC=0), 1337, 1130 (C-F), 729 (C-Cl), 637 (C-Br). MS (ESI): m/z = 536 [M+H*] (*>Cl, 7Br),
538 [M + H*] (¥Cl, 7Br), 540 [M+H*] (°*’Cl, 81Br). Anal. Calcd for C;5H;;BrCIF3INO;: C,
33.58; H, 2.07; N, 2.61. Found: C, 33.52; H, 2.01; N, 2.73.

2.2. XRD Experimental Part

The X-ray diffraction data were collected on a Bruker Kappa Apex Il automatic four-
circle diffractometer (Bruker AXS Inc., Madison, WI, USA) equipped with an area detector
(Mo-K« sealed-tube X-ray source, A = 0.71073 A, graphite monochromator) at 100 K for
all compounds.

The data frames were collected using the program APEX2 and processed using the
program SAINT routine within APEX2. The unit cell parameters were refined over the
whole dataset [25]. The data were corrected for absorption on the multi-scan technique as
implemented in SADABS [26]. The structures were solved by direct methods using SHELXS
and refined by full-matrix least-squares on F? using SHELXL-2018/3 software [27] in the
anisotropic approximation for all non-hydrogen atoms. Hydrogen atoms on carbon were
calculated in ideal positions with isotropic displacement parameters set to 1.2 x Ueq(C).
The structure 3 was refined as an inversion twin with the contribution of the second domain
0.436(12). Tables and pictures for structures were generated using Olex2 as GUI [28].
Crystallographic data and structural refinements details are summarized in Table 1.

Table 1. Crystal data and structure refinement for 3 and 4.

Compound 3 4

CCDC number 2118649 2118650
Empirical formula C14H11NO, ECIBrI Ci15H11NO,F5CIBrl
Formula weight 486.50 536.51
Temperature/K 100(2) 100(2)
Crystal system orthorhombic monoclinic
Space group Pca2y P2y/c

a/A 19.310(2) 12.2575(9)
b/A 7.2206(8) 7.0718(5)
c/A 22.530(3) 19.2040(13)
a/° 90 90

B/° 90 90.781(4)
v/° 90 90

Volume/ A3 3141.4(6) 1664.5(2)

Z 8 4
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Table 1. Cont.

Compound 3 4
Pealeg/cm® 2.057 2.141
w/mm~! 4.765 4.524
F(000) 1856.0 1024.0

Crystal size/ mm?

0.16 x 0.12 x 0.08

0.4 x 0.18 x 0.14

Radiation

MoK (A = 0.71073)

MoK (A = 0.71073)

20 range for data collection/®

8.378 to 54.998

6.968 to 70

Index ranges

—25<h <25 -9<k<s§,
—29<1<29

-19<h <19, -11 <k <10,
-30<1<30

Reflections collected

44,518

42,785

Independent reflections

7191 [Rip = 0.0816,
Rsigma = 0.0605]

7322 [Rin; = 0.0282,
Rsigma = 0.0217]

Data/restraints/parameters

7191/1/380

7322/0/245

Goodness-of-fit on F2

1.016

1.030

Final R indexes [I > 20 (I)]

Ry = 0.0344, wR, = 0.0575

Ry =0.0216, wR, = 0.0443

Final R indexes [all data]

Ry = 0.0503, wR, = 0.0617

Ry =0.0310, wR;, = 0.0468

0.93/-0.67

0.57/—-1.00

Largest diff. peak/hole/e A~3

X-ray diffraction experiments were performed at the Center for Shared Use of Phys-
ical Methods of Investigation at the Frumkin Institute of Physical Chemistry and Elec-
trochemistry, RAS (CKP FMI IPCE RAS). Atomic coordinates for compounds 3 and 4
have been deposited with the Cambridge Crystallographic Data Centre (CCDC num-
bers are 2118649 for 3 and 2118650 for 4). The supplementary crystallographic data
can be obtained free of charge from the Cambridge Crystallographic Data Centre via
www.ccde.cam.ac.uk/data_request/cif (accessed on 17 November 2021).

2.3. Computational Details

The calculations reported herein were performed using the Turbomole 7.2 program [29].
The crystallographic coordinates were used for the calculations of the supramolecular as-
semblies. For the MEP surface calculations, fully optimized geometries were used. We used
the crystallographic coordinates for the assemblies because we are interested in evaluating
the interactions as they stand in the solid state. The purpose of this manuscript is not
finding the most favorable orientation of the molecules in the isolated assemblies (dimers,
trimers, and tetramers) in the gas phase. The level of theory used for the calculations was
PB86-D3/def2-TZVP [30-32]. For iodine, this basis set includes effective core potentials
(ECP) and takes into consideration relativistic effects for the inner electrons [32]. This level
of theory has been used before to evaluate noncovalent interactions in the solid state [33,34].
The MEP surface plots were generated using the wavefunction obtained at the same level of
theory and the 0.01 a.u. isosurface to simulate the van der Waals envelope. The topological
analysis of the electron density was carried out according to the quantum theory of atoms
in molecules (QTAIM) and noncovalent interaction plot index (NClplot) methods pro-
posed by Bader [35] and W. Yang et al. [36], respectively. Both were represented using the
VMD program [37] and using the following settings for the NCIplot index representation:
s = 0.5 a.u.; cut-off p = 0.04 a.u., and color scale -0.04 < sign(Az)p < 0.04 a.u. The electron
localization function (ELF) [38] analysis was performed using the MultiWFN program [39]
at the PB86-D3/def2-TZVP level of theory.


www.ccdc.cam.ac.uk/data_request/cif
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3. Results and Discussion
3.1. Structural Description of Compounds 3 and 4

Molecular structures of compounds 3 and 4 are shown in Figures S3 and S4
(Tables S1-513) and their brief description are given below.

The structure 3 contains two crystallographically independent formula units. Both
independent molecules have the same conformation (root-mean-square deviation for atoms
of the superimposed molecules is 0.045 A). The CF3 group in 4 is disordered. Selected
bond lengths for the structures 3 and 4 are given in Table 2. For all the three molecules,
corresponding distances are practically the same. A difference can be seen only for the
conformation of 4 as compared with two molecules in 3; the phenyl ring is rotated by about
10° (see Tables S5 and S10). Crystal packing for both compounds can be described as layers
of molecules with alternating orientation (Figures S5 and 5S6).

Table 2. Selected bond lengths in the structures 3 and 4.

Bond Length/A Length/A Length/A
3, molecule A 3, molecule B 4
11-C5 2.146(8) 2.138(7) 2.1361(12)
Brl-C6 1.922(7) 1.913(7) 1.9150(12)
Cl1-C4 1.815(7) 1.814(8) 1.8202(12)
01-C1 1.236(9) 1.224(9) 1.2262(16)
08-C4 1.420(9) 1.416(9) 1.4177(15)
08-Cé6 1.453(8) 1.446(8) 1.4457(16)
N2-C1 1.354(9) 1.364(10) 1.3576(17)
N2-C3 1.465(9) 1.461(9) 1.4621(16)
N2-C11 1.437(9) 1.446(9) 1.4369(17)
C1-C7A 1.501(10) 1.526(10) 1.5111(18)
C3-C4 1.523(10) 1.492(10) 1.5159(18)
C4-C4A 1.506(10) 1.518(10) 1.5189(18)
C4A-C5 1.534(10) 1.535(10) 1.5394(18)
C4A-C7A 1.573(10) 1.560(10) 1.5612(18)
C5-C6 1.523(10) 1.526(10) 1.5261(18)
C6-C7 1.506(10) 1.531(10) 1.5219(18)
C7-C7A 1.585(11) 1.567(11) 1.5755(18)

3.2. DFT Calculations

First, the MEP surface of compound 3 was computed and represented in Figure 1
to investigate the most electron rich and electron poor region of the molecule. Moreover,
it is also convenient to examine the size and intensity of the o-holes. It can be observed
that the MEP minimum is located at the O-atom of the amido group (—34.9 kcal/mol)
and the maximum at the CH groups of the cyclopentanyl rings (+30.9 kcal/mol, see
Figure 1). Details of the MEP surface around the four halogen atoms are also included in
Figure 1 where a reduced MEP scale was used (£18 kcal/mol). As expected, the heaviest
halogen atom presents the largest and more intense o-hole (+18.1 kcal /mol) followed by
the bromine (+13.9 kcal/mol) thus anticipating a large ability to establish halogen bonding
interactions. In contrast, the chlorine atom shows a very small and positive MEP value
opposite to the C-Cl bond (+3.0 kcal/mol), therefore much lower propensity to participate
in o-hole interactions. Finally, the MEP value for fluorine is negative, thus adequate to
establish HBs or HaBs as acceptors.
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Figure 1. Two views of the MEP surface of optimized compound 3 at the PB86-D3/def2-TZVP level
of theory. Details of the MEP around the halogen atoms is also indicated (encircled regions) where a
reduced +18 kcal/mol energy range has been used. The energies at selected points of the surface are
given in kcal /mol.

The energetic DFT analysis is devoted to analyzing the different assemblies where
Ha---Ha contacts have a structure directing role. Figure 2a shows a partial view of the
X-ray structure of compound 3 showing the formation of infinite 1D assemblies where
multiple I.--I and I.--Br interactions are established. Some distances are similar or shorter
than the sum of the corresponding van der Waals radii (contacts marked using black
dashed lines) and others are longer (red dashed lines) suggesting weaker contacts. All of
them are revealed by the QTAIM analysis of bond critical points (CPs) and bond paths
by means of the corresponding bond CP and bond path interconnecting the halogen
atoms. We focused the study on a trimeric assembly extracted from the solid state where
three HaBs (d < XRyg4y) are established (triangle marked in light blue in Figure 2a). The
formation energy of the trimer at the PB86-D3/def2-TZVP level of theory is —13.8 kcal/mol,
confirming the relevance of this combination of HaB interactions. The QTAIM plots
combined with the MEP surface representations is very convenient to differentiate the
electron donor and electron acceptor (o-hole donors) atoms. For the I.--Br HaB denoted
as “a”, it is quite clear that the bond path crosses the bromines o-hole (see Figure 2b) and
that the negative belt of iodine acts as electron bond donor (see Figure 2c). For the other
I---Br contact (denoted as “b”), the bond path crosses the white MEP regions (MEP is close
to zero) of both the I and Br atoms (see Figure 2a,c), consequently this contact cannot be
considered as a genuine HaB taking into consideration the IUPAC’s definition of HaB.
Agreeably, this I---Br contact is significantly longer (4.01 A) than the HaB one (3.67 A, see
Figure 2a). Finally, for the I---I contact, the bond path connecting the I-atoms crosses the
sigma-hole of one iodine atom and the white region of the other one (see Figure 2c,d),
thus suggesting that this I---I contact could be defined as a weak HaB at most. In fact, we
evaluated the strength of each contact by using the potential energy density (V;) predictor
at the bond critical points, which has been proposed in the literature [40]. We used the
equation E = 0.556*V to estimate the association energy of each HaB. This equation has
been successfully used before in a variety of halogen bonding interactions [41-49]. As a
result, the association energy of HaB “a” is —1.67 kcal/mol, HaB “b” is —0.78, and HaB “c”
is —0.88 kcal/mol.
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Figure 2. (a) Partial view of the X-ray structure of 3. Distances in A. (b-d) QTAIM analysis of bond CPs (red spheres) and
bond paths (orange lines) of the trimeric assembly of compound 3. The superimposed MEP surfaces (color scale £ 0.01 a.u.)

are represented.

Similar analysis was performed for compound 4 that also forms supramolecular
assemblies in the solid state via multiple Ha---Ha contacts (Ha = Br and I), as depicted in
Figure 3a. The contacts marked in black dashed lines present distances that are similar or
shorter than XR,4,, and those in red correspond to distances much longer than ~R4,. All
these contacts are revealed by the QTAIM analysis showing the corresponding bond CPs
and bond paths connecting the halogen atoms. We extracted one representative tetramer
from the solid state of 4, to further analyze the HaBs denoted as “d” and “e” in Figure 3a,
which are important for the formation of the supramolecular assembly. The formation
energy is strong (—24.8 kcal/mol) thus validating the structure directing role of such
contacts. Figure 3b,c shows the combined MEP/QTAIM plots that confirm the HaB nature
of both contacts. That is, for the I---Br contact denoted as “d” the bond path crosses the
negative belt of Br (Figure 3a) and the o-hole of I (Figure 3b). In the other I.--Br contact
(“e”) the bond path crosses through the middle of the Br-atom’s o-hole (see Figure 3b)
and the negative belt of the I-atom (see Figure 3c). It is expected that the I(c-hole)---Br(LP)
combination is stronger than the Br(o-hole)---I(LP) one since the former presents the best
combination (more positive o-hole and more negative belt). This agrees well with the
longer distance of contact “e” and also the energy of this contact estimated using the Vr
energy predictor that is —0.76 kcal/mol, weaker than contact “d” (—1.26 kcal/mol).

To get further support to the type of halogen bonding interaction observed between
the heavier halogen atoms in compounds 3 and 4, we used the electronic localization
function (ELF) method combined with the QTAIM analysis, that has been used recently
to differentiate chalcogen and pnictogen bonds in stibanyl telluranes [50]. Such analyses
were performed for the trimer and tetramer assemblies of 3 and 4, respectively, commented
above. The ELF topographical 2D maps of 1(r) function for the molecular planes defined
by the regions in blue in Figures 2 and 3 are represented in Figure 4. The examination of
the localization domains corresponding to the lone pairs and o-hole regions of compound
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3 (Figure 4, left) reveals that in HaB denoted as “a” the negative belts of I interact with the
bromine’s o-hole. This situation is also observed in the I---I contact denoted as “c”. Finally,
the distribution of LP and o-holes in the Br and I atoms involved in the contact denoted as
“b” confirms that this contact cannot be defined as a halogen bond. In compound 4, the
ELF analysis shows an almost perfect Br--I o-hole interaction in the “e” contact where the
iodine’s o-lump points to the bromine’s o-hole. In the other contact “d”, it can be observed

that the bromine’s o-lump points to the iodine’s o-hole, though the directionality is worse.

0 +0.01

Figure 3. (a) Partial view of the X-ray structure of 4. Distances in A. (b,c) QTAIM analysis of bond CPs (red spheres) and bond
paths (orange lines) of the tetrameric assembly of compound 4. The superimposed MEP surfaces (color scale & 0.01 a.u.)

are represented.

1.0
0.9
9.72 08
0.7
0.6
6.48 o n(r)
0.4
3.24 03
0.2
0.1
. 0.00 0.0
0.00 3.35 6.71 10.06 0.00

A

Figure 4. 2D maps of 1(r) function for the trimer of 3 (left) and tetramer of 4 (right). The molecular planes correspond to
the blue regions shown in Figures 2 and 3, respectively.
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—1.8 kcal/mol

In general, both QTAIM/MEP and QTAIM/ELF plots are quite informative and useful
to differentiate Ha---Ha “like---like” contacts from HaBs. In the former, no clear electron
donor and acceptor atoms can be identified and the bond path that connects both atoms
crosses the MEP region around the halogen atom where the MEP is negligible (white ring).
Therefore, in this type of contact an insignificant contribution of the electrostatic forces is
expected, where other terms like polarization or induction effects are dominant.

The analysis of the X-ray structures of compounds 3 and 4 also reveals the existence of
additional Br---F (3) and Cl---Cl (3, 4) contacts, which have been also analyzed energetically
and topologically. Figure 5 (top panel) shows the combined QTAIM and NClplot analysis
of such dimers extracted from the crystallographic coordinates. It can be observed that
the contacts are revealed by both topological methods, showing the corresponding bond
CPs (red spheres), bond paths, and green isosurfaces connecting the halogen atoms. The
QTAIM/MEP plots shown in the lower panel of Figure 5 reveals that only the Br---F contact
is a halogen bond where the bond path passes through the bromine’s o-hole. Regarding the
Cl---Cl “like---like” contacts in 3 and 4 (Figure 5b,c) the bond paths cross the white regions
of the Cl atoms (both dimers are centro-symmetric, so only one MEP surface is shown).
The binding energies of the Cl.--Cl contacts are —0.8 and —1.3 kcal/mol for compounds 3
and 4, respectively, thus revealing that these contacts are weak, in line with the green color
of the NClplot isosurface. The interaction energy of the Br---F HaB in 3 is slightly stronger
(—1.8 kcal/mol, Figure 5a) likely due to the stronger electrostatic contribution.

—0.8 kcal/mol

—1.3 kcal/mol

Figure 5. Top panel: combined QTAIM (bond CPs in red and bond path as orange lines) and NClIplot (isosurface 0.45)
and color range —0.04 a.u. < (signAy)p < 0.04 a.u of the Br---F (a) and Cl---Cl (b) contacts in compound 3 and the CI---Cl
contact (c) in compound 4. The dimerization energies are also indicated. Level of theory: PB86-D3/def2-TZVP. Lower panel:

QTAIM analysis of bond CPs (red spheres) and bond paths (orange lines) of the Ha---Ha dimers where the superimposed

MERP surfaces (color scale & 0.01 a.u.) are represented.

4. Conclusions

Two new octahydro-1H-4,6-epoxycyclopenta[c]pyridin-1-one derivatives that contain
the four most abundant halogen atoms (Ha) in their core were synthesized and X-ray
characterized. For the synthesis, halogenation was used to initiate the Wagner—-Meerwein
rearrangement. Both compounds form interesting 1D supramolecular assemblies in the
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solid state that propagate by multiple Ha-:--Ha contacts, that were analyzed using density
functional theory (DFT) calculations. We found that the combination of QTAIM/MEP and
QTAIM/ELF plots is useful to disclose the nature of these contacts. The strongest Ha---Ha
contacts correspond to o-hole halogen bonds, which range from —0.76 to —1.80 kcal /mol.
We expect that the results reported herein would inspire scientists working in the fields of
crystal engineering and supramolecular chemistry and the utilization of MEP/QTAIM and
MEP/ELF tools to analyze halogen bonds among the theoretical chemistry community.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/cryst11111406/s1, Figure S1: 1H, 13C and F NMR spectra (in DMSO-dg) of 3, Figure S2:
1H, 13C and 'F NMR spectra (in CDCl3) of 4, Figure S3: A view of one of two crystallographically
independent molecules in 3. Temperature displacement ellipsoids are shown at 50% probability
level, Figure S4: A view of 4. Temperature displacement ellipsoids are shown at 50% probabil-
ity level, Figure S5: Packing diagram of 3, Figure S6: Packing diagram of 4, Table S1: Fractional
Atomic Coordinates (x10%) and Equivalent Isotropic Displacement Parameters (A2 x 10°) for 3.
Ugq is defined as 1/3 of the trace of the orthogonalised Uy tensor, Table S2: Anisotropic Displace-
ment Parameters (A2 x 10%) for 3. The Anisotropic displacement factor exponent takes the form:
—27m[h%a*?Uy1+2hka*b*Uyp+ ... ], Table S3: Bond Lengths for 3, Table S4: Bond Angles for 3,
Table S5: Torsion Angles for 3, Table S6: Hydrogen Atom Coordinates (A x 10%) and Isotropic
Displacement Parameters (AZ x 10%) for 3, Table S7: Fractional Atomic Coordinates (x10%) and
Equivalent Isotropic Displacement Parameters (A2 x 10°%) for 4. Ueq is defined as 1/3 of the trace
of the orthogonalised Uy tensor, Table S8: Anisotropic Displacement Parameters (A% x 10%) for 4.
The Anisotropic displacement factor exponent takes the form: —2m2[h2a*2Uq; +2hka*b*Upp+ ... ],
Table S9: Bond Lengths for 4, Table S10: Bond Angles for 4, Table S11: Torsion Angles for 4, Table 512:
Hydrogen Atom Coordinates (A x 10*) and Isotropic Displacement Parameters (A2 x 10%) for 4,
Table S13: Atomic Occupancy for 4.
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