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Electronic properties and supramolecular study of
selenoureas with fluorinated-NHC ligands derived
from imidazo[1,5-a]pyridines†

Luis Ángel Turcio-Garcı́a,a Hugo Valdés, *b Antonino Arenaza-Corona,a

Simón Hernández-Ortegaa and David Morales-Morales *a

A series of twelve selenourea compounds with fluorinated fragments were synthesized and characterized.

The influence of fluorine atoms in the chemical shift of the 77Se NMR was studied. The more fluorine

atoms in the structure produced a downfield shift of the 77Se signal, indicating a higher

p-acidity character in the N-heterocycle. The relative position of the fluorine atom also affects the

chemical shift of the 77Se. It can be seen that a fluorine atom at 3-position, following by 4- and 2-

position, respectively, produced a higher downfield shift. Interestingly, the opposite effect was observed

for the –CF3 group. The crystal structure of six selenourea compounds revelead that the predominant

interactions were three: Se� � �H, F� � �F and F� � �H. The latter was corroborated by Hirshfeld surface analysis

and 2D dimensional fingerprint plots of each crystal structure.

1. Introduction

The study of the electronic properties of N-heterocyclic carbene
(NHC) ligands has helped to design new catalysts and advanced
materials in a comprehensive way, since they are strongly
related with the chemical properties of their organometallic
derivatives.1–10 The electronic properties can be quantified
experimentally using infrared, pka measurements, cyclic vol-
tammetry and NMR.11–14 Infrared studies are by far the best
known, and allow to determine the Tolman Electronic Para-
meter (TEP), which is related with the n(CO) of carbonyl
compounds based on Ni(0), Ir(I) and Rh(I).15–18 In all cases,
the TEP considers that the C–O bond in such complexes is
weakened by d - pCO* back-bonding, and thus the n(CO)
frequency correlates with how electron-rich the metal center is.
However, in order to make a good correlation between ligands,
their degree of p-accepting abilities must be similar.

Traditionally, the contribution of the p-accepting abilities of
the NHC ligands has been negligible, considering that they are
purely s-donors, but there are some reports that confirm the

p-accepting character of NHC ligands, being an important
contribution to their electronic donor properties.19,20 Thus,
nowadays, both factors have to be considered. Experimentally,
the p-acceptor strength of NHC ligands can be determined by
77Se NMR studies.21–24 Ganter and coworkers described that as
the NHC p-acceptor strength character increases, the signal in
the 77Se NMR spectra shifts to downfield.21 This approach may
result suitable since the observable values covers a wide range
of almost 800 ppm, thus, slightly variation in the p-acceptor
strength produced by small structural changes can be detected.
Furthermore, the selenourea compounds can be easily pre-
pared from azolium salts, which are the same precursors for
the synthesis of NHC complexes.

In a previous report, Jamil and Endot studied the influence
of fluorine atoms in a series of Se–NHC compounds.24 In this
study, they compared the 77Se NMR chemical shift of six
symmetrical Se-imidazolylidene compounds, finding that the
fluorine atoms produced a downfield shift. Murai and Shiba-
hara observed a similar behavior for imidazo[1,5-a]pyridine-3-
ylidenes derivatives,23 while Hong and Chung determined the
catalytic and electronic effect of a fluorine atom in the pyridine
ring of a series of imidazo[1,5-a]pyridine compounds.25 It is
worth to note that fluorine atoms played an important role for
the design of catalysts and pharmaceuticals, contributing to
enhance their activities.6,26,27 In this sense, fluorine atoms
exhibited different roles, for example they form intramolecular
M� � �F interactions, which produce more active catalysts.25,28

Recently, we have reported that the catalytic activity of Rh(I)
complexes with fluorinated NHC ligands derived from
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imidazo[1,5-a]pyridine is strongly related with the number of
fluorine atoms present on their structures; the more fluorine
atoms are attached to the NHC ligand, the more active the related
complex becomes.29 Also, fluorine atoms can tune some important
properties of organic compounds such as acidity, conformation or
lipophilicity. The latter are key properties for the design of
pharmaceuticals. Another important role of fluorine atoms is their
relation to supramolecular structures.30–32 The presence of fluor-
ine may promote p–p interactions, hydrogen and halogen
bonding,33–36 allowing the design and synthesis of crystals with
functional properties.

Based on the abovementioned, we decided to study the effect
of fluorine atoms attached to the N-substituent of Se–NHC
compounds derived from imidazo[1,5-a]pyridines (Fig. 1).29,37

Furthermore, we studied the supramolecular interactions of six
selenourea compounds by Hirshfeld surface analysis and 2D
dimensional fingerprint plots.

2. Results and discussion
2.1 Synthesis and characterization of selenourea compounds

The selenourea compounds were synthesized by deprotonation
of the corresponding imidazo[1,5-a]pyridium salt with NaH in
THF at room temperature, following by the addition of Se0

(Scheme 1). The desired compounds were obtained in good
yields. The 1H NMR spectra of these adducts showed the
absence of the signal due to the NCHN fragment of the
azolium, being the first evidence that the selenoureas were
formed. In the 13C{1H} NMR spectra, the characteristic signal of
the CQSe was found between 147 and 150 ppm. The latter
values are similar to those described in the literature for related
compounds.23 The mass spectra of the selenoureas showed the
molecular ion [M]+ in all cases.

We also recorded the 77Se NMR spectra of the selenoureas in
CDCl3 at 25.0 1C. The signals of the selenourea compounds
with more fluorine atoms was shifted to downfield, indicating
an increasing p-acidity of the NHC ligand (Fig. 2). The chemical
shift of the signal is influenced by the position of the fluorine
atom in the N-aryl substituent. When the fluorine atom is at

2-position the chemical shift was 9.3 ppm, while at 4- and 3-
position the signal was shifted to downfield, appearing at 9.5
and 14.7 ppm, respectively. However, when the substituent was
a –CF3 fragment the opposite effect was observed; the signal of
the 2-substituent derivate was further downfield, in compar-
ison with the 4- and 3-isomer. A similar behavior was observed
for related compounds (Fig. 2). For example, the D77Se for
compounds I and II is 7.6 ppm, while the D77Se for 1-Se and
9-Se is 10.7 ppm. This is a strong indication that the N-
substituent produces a higher impact in the p-acidity than the
substituent attached directly to the carbon of the heterocycle.

2.2 X-Ray and supramolecular analysis of six selenourea
compounds

The molecular structures of six selenourea compounds, namely
3-Se (CCDC 2194862), 4-Se (CCDC 2194861), 7-Se (CCDC
2194860), 9-Se (CCDC 2194859), 11-Se (CCDC 2194858) and
12-Se (CCDC 2194857), were unambiguously determined by
X-ray diffraction studies (Fig. 3). The suitable crystals were
obtained by slow diffusion of hexane into a concentrated
solution of the corresponding compound in dicholoromethane.
Full crystal structure data can be found in the ESI.† The C–Se
bond lengths were very similar in all compounds (B1.83 Å) and
no correlation with the numbers of fluorine substituents
was found.

A more detailed study of the X-ray molecular structures
revealed that the angle between the imidazopyridineselenone
and the fluorinated-phenyl ring, goes from 471 to 83.451

Fig. 1 Selected examples of fluorinated Se–NHC compounds.

Scheme 1 Synthesis of the selenourea compounds.
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(Fig. S1–S6, ESI†). The presence of F atoms or a CF3 group at the
orto- or meta-position produced a larger angle in comparison
when a CF3 is at para-position. The supramolecular structure of
the selenoureas is mainly held by three non-covalent interac-
tions: Se� � �H, F� � �F and F� � �H (Fig. 4). As can be seen in Table 1

the lengths of the non-covalent interactions are minor to the
sum of van der Waals radii. Those compounds with a fluori-
nated functionality at the ortho position presented a Se� � �H
interaction forming a chain along one axis, in addition, com-
pound 11-Se showed a head–tail p� � �p and a CH� � �F interaction.

Fig. 2 77Se chemical shift for the selenourea compounds.

Fig. 3 Molecular structures of 3-Se, 4-Se, 7-Se, 9-Se, 11-Se and 12-Se. The ellipsoids are represented at 35% probability and hydrogen atoms were
omitted for clarity. Selected bond length (Å): 3-Se = Se(1)–C(1) 1.842(10), N(2)–C(1) 1.344(12), N(8)–C(1) 1.376(12), Se(2)–C(16) 1.842(10), N(23)–C(16)
1.364(12), N(17)–C(16) 1.371(12). 4-Se = Se(1)–C(1) 1.828(3), N(2)–C(1) 1.361(3), N(8)–C(1) 1.367(3). 7-Se = Se(1)–C(1) 1.833(7), N(2)–C(1) 1.355(9), N(8)–C(1)
1.366(9). 9-Se = Se(1)–C(1) 1.832(2), N(8)–C(1) 1.367(3), N(2)–C(1) 1.367(3), Se(2)–C(17) 1.833(2), N(18)–C(17) 1.363(3), N(24)–C(17) 1.370(3). 11-Se = Se(1)–
C(1) 1.835(2), N(2)–C(1) 1.361(3), N(8)–C(1) 1.363(3). 12-Se = Se(1)–C(1) 1.841(4), N(2)–C(1) 1.362(4), N(8)–C(1) 1.366(4). Selected bond angles (1): 3-Se =
N(2)–C(1)–N(8) 105.0(8), N(2)–C(1)–Se(1) 129.2(7), N(8)–C(1)–Se(1) 125.8(7), N(23)–C(16)–N(17) 103.9(8), N(23)–C(16)–Se(2) 125.3(7), N(17)–C(16)–Se(2)
130.7(8). 4-Se = N(2)–C(1)–N(8) 104.3(2), N(2)–C(1)–Se(1) 128.8(2), N(8)–C(1)–Se(1) 126.85(19). 7-Se = N(2)–C(1)–N(8) 111.9(6), N(2)–C(1)–Se(1) 129.0(5),
N(8)–C(1)–Se(1) 126.2(5). 9-Se = N(2)–C(1)–N(8) 104.1(2), N(8)–C(1)–Se(1) 125.96(18), N(2)–C(1)–Se(1) 129.81(17), N(18)–C(17)–N(24) 104.4(2), N(18)–
C(17)–Se(2) 130.07(18), N(24)–C(17)–Se(2) 125.38(18). 11-Se = N(2)–C(1)–N(8) 104.56(17), N(2)–C(1)–Se(1) 129.11(16), N(8)–C(1)–Se(1) 126.33(15). 12-Se =
N(2)–C(1)–N(8) 104.3(3), N(2)–C(1)–Se(1) 128.7(3), N(8)–C(1)–Se(1) 127.0(3).
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The distance of the Cg� � �Cg was 3.410 Å and the CH� � �F was
2.644 Å. In contrast, when the fluorinated functionality is at
the meta position, we found a bifurcate H� � �S� � �H interaction.
Furthermore, compounds 7-Se and 12-Se showed a F� � �F bond
interaction, with lengths going from 2.769 to 2.870 Å
and an angle of B1551. These values are similar to those
reported in the literature.38–40 The C–H� � �F interactions that
displayed compound 12-Se, allowed the formation of 2D
arrangements.

2.3 Hirshfeld surface analysis

The proposed short interactions in the molecular structures of
the selenourea compounds were studied by the Hirshfeld
analysis, which helps to distinguish between strong and weak
interactions. In the Hirshfeld analysis the surface of a certain
molecule is constructed by allocating the space within a crystal
structure into regions, providing information about intermole-
cular interactions in the crystal as the surface is determined by
both the enclosed molecule and its closest neighbours.41 In
addition, we determined the two-dimensional fingerprint plots
derived from Hirshfeld surface, to quantify the similarities and
differences between the molecular crystal structures of the
selenourea compounds.42 To perform both analysis we
employed CrystalExplorer software.43

The Hirshfeld surfaces mapped over dnom of compounds 3-
Se, 4-Se, 7-Se, 9-Se, 11-Se and 12-Se were determined. Fig. 5
shows the Hirshfeld surface of these compounds, as expected
the red regions, which are due to the shorter interactions, were
localized on the surface, and are due to the F� � �H/H� � �F,

Fig. 4 Supramolecular arrangements (a) Chain formed through Se� � �H
interaction in compound 4-Se, (b) p� � �p and CH� � �p interactions in com-
pound 11-Se and (c) Se� � �H and bifurcate H� � �S� � �H interactions in
compound 3-Se.

Table 1 Principal interactions in the molecular structures of selenourea compounds

Compound Interaction
Length (Å)
D–X� � �A

Length (Å)
D� � �A

Angle (1)
D–X� � �A

Symmetry
operation

3-Se Se2–H18C18 2.878 3.509 124.91 1 + x, y, z
Se1–H3C3 2.804 3.504 131.22 �1 + x, y, z
Se1–H29C29 3.001 3.783 140.55 �x, 1/2 + y, �z

4-Se Se1–H3C3 2.855 3.595 137.40 x, �1 + y, z
7-Se Se1-H3C3 2.946 3.739 141.80 �1 + x, y, z

Se1–H12C12 3.046 3.870 145.97 �x, �y, 1 � z
Se1–H14C14 2.973 3.880 160.13 �x, 1–y, 1 � z

9-Se F4-H19C19 2.552 3.129 119.31 �1 + x, y, z
Se2–H5C5 3.041 3.934 157.51 1�x, 1�y, 1 � z
Cg3–H12C12 2.759 3.539 139.80 �x, 1�y, 1 � z

11-Se Cg1–H4C4 3.494 4.064 122.28 �x, 1 � y, 1�z
Cg2–H3C3 3.476 3.974 113.83 �x, 1 � y, 1�z
F1–H5C5 2.664 3.544 154.24 x, �1 + y, z

12-Se F20–F2C16 2.769 4.017 155.51 1�x, �y, 1 � z
Cg4-F5C17 3.128 3.812 110.45 �1 + x, y, z
F5–H7C7 2.460 3.154 129.80 1/2 � x, 1/2 + y, 1/2 � z
Se1–H3C3 2.968 3.776 143.69 1.5 � x, �1/2 + y, 1/2 � z
F40–F4C17 2.870 3.401 101.54 1.5 + x, 1.5 � y, �1/2 + z

Cg1: C1, N2, C3, N8, C9; Cg2: C4, C5, C6, C7, N8, C9; Cg3: C20, C21, C22, C23, N24, C25; Cg4: C10, C11, C12, C13, C14, C15.

Fig. 5 Hirshfeld surface mapped over dnorm of compounds 3-Se, 4-Se,
7-Se, 9-Se, 11-Se and 12-Se.
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Se� � �H/H� � �Se, and other intermolecular interactions such as
C� � �C, F� � �F, H� � �H and H� � �C/C� � �H.

Then, we calculated the 2D fingerprint plots of the Hirshfeld
surfaces of six selenourea compounds 3-Se, 4-Se, 7-Se, 9-Se, 11-
Se and 12-Se (Fig. 6). Despite the different relative position and
number of the fluorine functionality in each selenourea com-
pound, their plots showed some similar features. The most
characteristic is the ‘wings’ at top left and bottom right of each
plot, which is identified as result of the Se� � �H interaction
(black dotted line, Fig. 6). Also, three ‘peaks’ in the bottom left
of each plot are observed, and are consistent with the F� � �H and
H� � �H interactions. The decomposed plot of the selenourea
compounds provided further information about the percentage
that contribute each non-covalent interaction. Chart 1 shows
the calculated percentages and Fig. 7 the decomposed finger-
print of compound 7-Se (in the ESI† there is the decomposed
fingerprint of the rest of selenourea compounds).

In compound 7-Se, the F� � �H interaction represents 25.5%,
followed by the H� � �H interaction with 19.6% and Se� � �H
interaction with 15.1%. Interestingly, in compounds 3-Se and
4-Se, where the fluorine atom is at ortho or meta position, the
F� � �F interaction was scarcely or null observed. Similarly, the
F� � �F interaction poorly contributed to compound 7-Se (5.1%),
9-Se (3.2%) and 11-Se (5.3%), while in compound 12-Se its
contribution reached up to 13.8%. The Se� � �H interaction
contributed to all compounds, going from 19.2% to 12.8%.

3. Conclusions

In conclusion, twelve new selenourea compounds were synthe-
sized and fully characterized. We determined the molecular
structure of 6 compounds. The influence of the fluorine atoms
was not significant in the C–Se length. However, in the 77Se
NMR of the compounds we observed a clearly effect due
to the presence of the fluorine atoms. Increasing the number
of fluorine atoms produces a higher p-acidity of the N-
heterocycle. Interestingly, an opposite effect was recorded in
the 77Se chemical shift due to the position of the fluorine atoms
and –CF3 fragments. The Hirshfeld surface analysis and their
related 2D fingerprint plots of the six selenourea compounds
with fluorinated functionalities were studied, revealing three
main non-covalent interactions: Se� � �H, F� � �H and F� � �F. In the
case of compounds 4-Se and 12-Se the increasing percentages
of F���F contacts were proportional to the increasing of p-acidity
of the N-heterocycle. The Se� � �H/H� � �Se and F� � �H/H� � �F inter-
molecular interaction appear as two conspicuous spikes in the
2D fingerprint plots.
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