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ABSTRACT

We have performed a combined structural and theoretical analysis of lone pair-
carbonyl interactions in several families of acyl halides (R-CO-X). CSD searches
have allowed us to establish the geometrical preferences for such short contacts.
The study of the molecular electrostatic potential (MEP) of several molecules
along with energy decomposition analyses (EDA) disclosed the nature of the
interaction and the factors that affect its strength. To further understand lone
pair-carbonyl contacts we have systematically analysed, by means of DFT
calculations, the effect of the lone pair as well as of the halogen atom (X) and the
substituent attached to the carbonyl group (R). Interaction energies up to 8
kcal/mol suggest that these interactions can be exploited in crystal design and

supramolecular chemistry.



1. Introduction

Among the abundance of noncovalent interactions, those involving
carbonyl groups have attracted increasing interest in recent years. Short
contacts between an electron density donor and the electron-deficient region of
a carbonyl group (i.e. the C atom) have been found and investigated in many
families of compounds.'12 The nature of such interactions has been the subject
of discussion for a long time.l3 14 [t seems clear nowadays that lone pair-
carbonyl interactions imply the combination of orbital and electrostatic
contributions. The orbital interaction is associated with electron density
delocalization from the lone pair into the m* empty orbital of the carbonyl to
establish the so-called n = m* interaction.!> On the other hand, the electrostatic
interaction is the result of the attraction between a region of the electron-rich
species (the lone pair) and another of the electron deficient one (the carbonyl
carbon atom), negatively and positively charged, respectively.l6 17 This
electrostatic interaction has been rationalized in terms of m-hole bonding by

Politzer et al.18

From a topological point of view, it is difficult to asses the contribution of
each component, orbital and electrostatic, to the total interaction energy since
both the m-hole and the empty m* orbital are located in the same molecular
region, ie. the carbon atom of the carbonyl group. The intermolecular distance
gives an indication to determine the strength of the n = m* interaction, which
depends on the n/m* orbital overlap. On the other hand, the m-hole bonding is
associated with a marked directionality to precisely connect the positive and

negative regions.

Here, we present a combined structural and computational study of lone
pair-carbonyl interactions in acyl halides. We want to investigate how the
presence of the halogen atom affects the reactivity of the carbonyl groups
towards nucleophiles. Furthermore, different substituents on the CO-X groups
have been studied as well as oxygen and nitrogen-containing lone pairs. Special
attention has been paid to possible correlations between geometrical descriptors

and molecular properties, such as the value of the electrostatic potential. To



further investigate the nature of the interaction, an energy decomposition
analysis (EDA)° has been performed on dimers at several interaction distances.
Moreover, we have tried to link our theoretical results with experimental

structures when possible.
2. Structural analysis

We have searched the Cambridge Structural Database (CSD)?° for short
intermolecular contacts between carbonyl groups of acyl halides and lone pair-
containing donor atoms (see Scheme 1). In our searches, the donor (Y) was set to
be any element of groups 15, 16 and 17 whereas X could be any halogen. Only
contacts shorter than the sum of the van der Waals radii plus 0.1 A (dy.c < (Zrvaw
+ 0.1)) were taken into account. A total of 111 short Y---C=0 contacts were found
in 78 different crystal structures for Y = N (7 hits), O (47 hits), F (7 hits) and Cl
(17 hits). As for the nature of the halogen atom X, we found 23 contacts for F, 54

for Cl and only one for Br.

Scheme 1. Angles involved in the interaction between a lone pair-containing

group and an acyl halide.

We have then analysed the Y---:C=0 attack angle (a) associated with the
short Y---C contacts. Remarkably, as the Y---C distance decreases the angle a
approaches 100° as shown in Figure 1. This tendency has been seen before in
other lone pair-carbonyl interactions!-3 15 and is associated with the Burgi-
Dunitz trajectory for a nucleophilic attack.?1-22 It can also be seen in the plot of
Figure 1 that the shortest contacts are found for Y = O, with no contacts below a
normalized distance of -0.2 A for Y = N, F and CI (we define the normalized
distance as the difference between the measured experimental distance and the

sum of the van der Waals radii of the atoms involved). The outlayer point



showing a Cl---C contact at -0.3 A is actually a Cl--0=C halogen bond with the
Cl---0 distance shorter than the Cl---C one (3.009 and 3.281 A, respectively).
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Figure 1. Y---C=0 angle as a function of the normalized Y---C distance (norm.
distance = dy..c - Zrvaw). Different donor atoms are represented with different
colours: Y = N (green squares), O (blue circles), F (red triangles) and Cl (orange

pentagons).

The other angle involved in the interaction moiety (3, see Scheme 1) also
shows some particularities. When the donor atom is a halogen (Y = F, Cl) the
78% of the E-Y---C angles are located in the range 90-120° (58% in 90-100°),
presumably to facilitate a hypothetical electrostatic interaction dictated by the
particular electron density distribution of covalently bonded halogen atoms. On
the other hand, when the donor is an O atom in the form of a carbonyl group the
approach angle C=0---C is more variable with a random distribution of values
between 80 and 180°, in good agreement with previous reports on carbonyl-

carbonyl interactions.13

We show in Figure 2 an example of crystal structure in which the
molecules of fluoroformic acid anhydride (DALJAC)23 are held together by
carbonyl---carbonyl contacts as the only intermolecular interaction. In such a
crystal structure, we found O---C contacts as short as 2.81 A ie 0.4 A shorter
than the sum of the van der Waals radii. However, the shortest C=0---C=0 contact
is found at 2.803 A (a = 96.5°) in the crystal structure of pentafluoropropanoyl
fluoride (HALWUP),?* in which there is also a F---:C=0 contact at 3.129 Aie01A



shorter than the sum of the corresponding van der Waals radii. In the crystal
structure of FAYNOI, in which the donor oxygen is an ether, the O-:-C contact is

found at a very short distance of 2.590 A.
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Figure 2. Short carbonyl-carbonyl contacts in the crystal structure of
fluoroformic acid anhydride (DALJAC).23 Color code: Grey = C, red = O and green
=F.

3. Molecular electrostatic potential (MEP) analysis

The MEP represented on a van der Waals isosurface is a very useful tool
to predict the reactivity of a molecule towards nucleophiles and/or
electrophiles.1® 2> Regions with depletion of the electron density are associated
with positive values of the MEP and are prone to interact with lone pairs, anions,
or, in general, any electron-rich species. On the other hand, regions with
concentration of the electron density, with negative MEP values, will tend to be
attracted to electron-deficient species. Although it reduces the interaction to
electrostatic forces, the study of the MEP works usually well to explain the

reactivity of molecules with o or m-holes.

Here, we use this approach to analyse a possible electrostatic interaction
between acyl halides and lone pairs. Acyl halides of formula CF3-COX (X = F, Cl,
Br and I) have been first selected to evaluate the effect of the different halogens
on the magnitude of the m-hole associated to the carbonyl carbon atom. The
corresponding MEP maps are plotted in Figure 3. As can be seen there, the -

hole is more pronounced for X = F although it is present in all four cases. Values



of MEP between 46 and 56 kcal/mol are high enough to expect a marked affinity

for electron density donors.
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Figure 3. MEP maps for perfluoromethyl fluoroformate derivatives CF3-COX (X =
F, Cl, Br and I). Red indicates more negative and blue more positive EP values.

Energies are given in kcal/mol.

Next, we modify the group attached to the fluoroformate moiety (we keep
F as the reference X because it showed the most marked m-hole) to study their
effect on the electron density distribution over the molecules. Several
substituents have been studied (R = -CHs3, -OCH3, -OCF3, -SCN, -NHz, -CsHs, -CeHsF,
-Ce¢H2F3), all of them realistic since they were found in our structural analysis.
The results are presented in Figure 4. Two main groups can be distinguished:
those in which the region of maximum MEP value (Vsmax) is located on the
carbonyl carbon atom and those in which Vsmax is located at other part of the
molecule. In the first group we find R = -OCH3, -OCF3, -SCN and in the second R =
-CH3s, -NHp, -CeHs, -CeHsF, -CsH2F3. Of course, R = -CF3, as previously seen (Figure

3) is the paradigmatic case of the first group.

The most positive MEP values are found in R = -CF3, -OCF3 and -SCN (56,
49 and 46 kcal/mol, respectively). For the latter, the presence of the S atom

allows the formation of two clear o-holes (38 and 44 kcal/mol). As expected,



when R is a phenyl ring, the presence of more F atoms reinforces the m-hole on
the carbonyl. It is expected, thus, that molecules in the first group can interact
with electron donors via the carbonyl carbon whereas the others might find

more suitable regions and, thus, establish other types of interactions.
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Figure 4. MEP maps for fluoroformate derivatives R-COF (R =-CH3, -OCH3, -OCF3,
-SCN, -NHz, -CsHs, -CeHsF, -CsH2F3). Red indicates more negative and blue more

positive EP values. Energies are given in kcal/mol.

4. Interaction energies

The effect of X

We have studied, by means of DFT calculations (see Theoretical Methods
for further details), the effect of the nature of the halogen X on the capability of
the attached carbonyl group to act as an electron density acceptor. To that end, a
model based on the dimer found in the crystal structure of perfluoromethyl
chloroformate (ISADOV)?¢ has been used (Figure 5). The absence of hydrogen
atoms in this structure avoids the formation of H-bonds that could compete with
the Y--C=0 interaction. The main results are summarized in Table 1.
Interestingly, the intermolecular O---C distance increases when going from F to I.
Such trend is not followed by the interaction energy, which shows a nice linear
correlation with the O---:C=0 angle a (R? = 0.987). Large a angles, closer to the
Burgi-Dunitz trajectory that maximizes the donor-acceptor orbital overlap, are
associated with higher interaction energies. It is worth noting that in all dimers
in Table 1, there is also a C=0---F-CF, contact at a distance shorter than the sum
of the van der Waals radii (but still longer than the main O---C contact). For
comparison, we have calculated an interaction energy of 3.39 kcal/mol for the

dimer of (CF3)2C=0 (do-c = 2.852 A; a = 90.30°).



Figure 5. Dimer of perfluoromethyl chloroformate used to analyse the effect of
the halide in the acceptor molecule. The framed Cl atom was substituted by F, Br

and L. Color code: Brown = C, red = O, green = Cl and purple =F

Table 1. Key geometrical parameters and interaction energies for the optimized

dimers of perfluoromethyl haloformate (CF3-COX; X = F, Cl, Br and I).

X do-c (A) a (°) AEin (kcal/mol)
F 2.735 95.78 -3.56

Cl 2.801 91.67 -3.13

Br 2.830 90.12 -3.03

I 2.843 90.30 -3.07

The effect of R

The same approach has been applied to analyse the effect of varying the
substituent R. We have used the same R groups as in our previous MEP analysis
to try to find a relationship between interaction geometries and molecular
electron density holes. Remarkably, the cases in which the Vsmax is on the
carbonyl carbon atom (-OCHs, -OCF3 and -SCN) present carbonyl-carbonyl
interactions as represented in Figure 6. The O---C distances are in the range 2.72-

2.82 A and the interaction energies between -2.80 and -4.91 kcal /mol. For R = -



OCHj3, the stronger interaction is explained by the formation of a reciprocal
carbonyl-carbonyl interaction?’” and an additional C=0---H hydrogen bond (2.554
A). As for the other cases (R = -CHs, -NH», -CsHs, -C¢HsF and -CeH:F3), the
interaction is reversed, i.e. the C=0 in R-COF acts as the electron density donor
while the C=0 in CF3-COF is the acceptor (Figure 6). This can also be explained in
terms of MEP distributions by looking at maps in Figure 4 since, in such systems,

the Vsmaxis no longer located over the carbonyl of R-COF.
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Figure 6. Optimized geometries and interaction energies for the adducts formed
by CF3COCI as the donor and several fluoroformate derivatives (R-COF; R = -CH3,
-OCH3, -OCF3, -SCN, -NHy, -C¢Hs, -CeHsF, -CsH2F3) as the acceptors.

The case in which R is an aromatic ring deserves some closer attention.

The interaction pattern between Ph-COF and CF3-COCl can be described by
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means of three intermolecular distances (Scheme 2). While d1 and dz correspond
to a reciprocal carbonyl-carbonyl interaction, dz is a short contact associated to a
o-hole interaction where the CF3 substituent acts as the acceptor. Remarkably,
the topology of the supramolecular aggregate is the result of a delicate balance of
those three distances. As we increase the number of fluorine atoms in the ring, d;
shortens whereas dz and d3 lengthen. It is worth noting that a nice linear
correlation is found between the MEP value at the Ph-COF carbonyl and d: (R? =
0.989). We have not found, however, any clear trend involving the interaction

energy and the studied geometrical parameters.

MEP~  F

Scheme 2. Intermolecular contacts in the adduct formed by CF3-COCl and Ph-
COF.

The effect of Y

We have seen that donor molecules with oxygen atoms are able, in some
circumstances, to establish hydrogen bonds that compete with the lone pair-
carbonyl interactions. To avoid this, we have used N; as the donor molecule and
re-optimized all systems of Figure 6. In a recent report, such molecule was
successfully used as Lewis base to assess the strength of noncovalent interaction
in several families of heterocycles.? The main geometrical parameters and the
corresponding interaction energies are shown in Table 2. For N, the N---:C=0
interaction is the strongest one in all cases with the exception of R = -SCN, in
which the N---Cl (3.036 A) contact is slightly shorter than the N---C (3.126 A) one
due to the interaction of the donor oxygen with the electrophilic region of the
chlorine atom. It must be noted that the interaction energies are, in general,
smaller than in the previous case, in line with the lower donating capability of N

with respect to 0. The Vsmin values for CF3-COCl and N; are -18 and -9 kcal/mol,
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respectively. Also any possibility of dipole-dipole interaction is diminished with

the use of Na.

Table 2. Key geometrical parameters and interaction energies for the optimized
Nz::R-COF (R = R = -CH3, -OCHs, -OCF3, -SCN, -NHg, -CeHs, -CeHsF, -CsH2F3)

adducts.

R Dn.-c (A) a (°) AEin (kcal/mol)
-CH3 3.043 92.42 -1.08
-OCHs 2972 93.14 -1.16
-OCFs 2943 95.87 -1.46
-SCN 3.126 109.75 -1.42
-NH; 3.038 88.42 -0.94
-CeHs 3.056 95.33 -0.84
-CeHsF  3.056 93.73 -0.86
-CeHzF3  3.046 95.65 -0.98
CeFs 3.016 97.46 -1.42

MEP values as predictors

We wonder about the possibility of making predictions about the strength
of an interaction or the associated intermolecular distance based on molecular
properties that are known a priori. It has been claimed that the value of the MEP
at the electrophilic centre (Vsmax) can be used to predict the strength of halogen
bonds.?8 29 Recently, Wheeler et al have developed a model to predict the
stacking interaction in biologically active molecules using heterocycle
descriptors derived from the electrostatic potential and electric field of the

molecules involved.39
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In the present case, the use of MEP values does not allow a general
prediction but seems to work well for groups with the same donor species.
Reasonably good linear dependences have been found between the Vsmaxvalue at
the electron-deficient acceptor and the interaction energy for the same electron-
rich donor (Figure 7). This fact indicates that the electrostatic interaction is not
the only significant contribution to the intermolecular attraction. Moreover, in
the case of an oxygen donor (red squares in Figure 7), the more pronounced
slope is associated with shorter O-:-C contacts that should involve enhanced
orbital overlap and, thus, a larger charge transfer component. We have seen
above that for these short contacts the energy difference is dictated by the

0--C=0 attack angle, which is characteristic of an orbital interaction.!3

O-donor

AE; (kcal mol™")

0 10 20 30 40 50
AV, (kcal mol™)

Figure 7. Relationship between the donor-acceptor MEP difference (AVs) and the
interaction energy (AEin) for the adducts studied in this work. Green circles (R? =
0.856) and red squares (R? = 0.869) represent donors with nitrogen and oxygen

atoms, respectively.
5. Energy decomposition analysis

In the light of the above results and to try to understand the nature of
lone pair---carbonyl interactions in acyl halides at different contact distances, we
have performed an energy decomposition analysis (EDA) on several different
dimers, with oxygen as the lone pair donor, directly retrieved from experimental
structures and one computational adduct, (F3C-COCl:--CF3-COF). The results are

summarized in Table 3.
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Table 3. Energy decomposition analysis for selected systems with O-:-C=0 short

contacts. All energies are given in kcal/mol.

Adduct Norm. AEpaui | AEELEC AEpisp | AEpoL AEcr AENT
dy..c (&)

F3C-COCI--- -0.516 12.338 | -10.481 |-3.941 |-0.596 |-0.504 |-3.183
CF3-COF

ABAZUY3! -0.320 7.085 |-5.698 -2.638 |-0.335 |-0.318 |-1.904
AZOYAP32 -0.256 5.842 | -5.712 -2.304 |-0.343 |-0.099 |-2.617
BAPLUZ33 -0.190 7.432 | -5.627 -3.219 |-0.343 |-0.298 | -2.054
BEWTIH34 -0.293 5.728 | -5.545 -2.242 |-0.291 |-0.188 |-2.538
CECBAO?3> -0.384 6.502 |-6.119 -2.606 |-0.363 |-0.184 |-2.771
FAYNOI3® -0.680 22.344 |-21.436 |-5.526 |-2.055 |-2.121 |-8.794
ISADIP26 -0.357 7.513 | -6.585 -2.888 |-0.318 |-0.131 |-2.410
ISADOV?26 -0.315 7.623 | -6.664 -2.897 [-0.391 |-0.301 |-2.631
LEZZOI137 -0.341 7.284 | -7.665 -2.664 |-0.518 |-0.216 |-3.780
WEWGIP38 -0.179 6.457 |-5.109 -3.131 |-0.402 |-0.301 |-2.485
XANLUU?3? -0.354 9.842 |-7.746 -3.856 |-0.523 |-0.467 |-2.750
XANMEF39 -0.093 4502 |-2.850 -2.191 |-0.403 |-0.186 |-1.129
YAYHIR#0 -0.053 7.111 | -5.642 -3.643 |-0.497 |-0.373 |-3.046

In general, the interaction energy increases when shortening the O---C

distance. It is worth noting that dispersion contributes in a great extent to the

total attractive forces and polarization and charge transfer terms are also

present in all cases. We have used the M06-2X functional because of its high
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parameterization with non-covalently bonded systems, and we have checked
that adding the D3 dispersion correction (M06-2X-D3) only increases the

dispersion component (AEpisp) by a 5-6%.

The two components associated with orbital interactions, polarization
and charge transfer, tend to be more important for shorter interaction distances.
For instance, for FAYNOI, with a very short O---C distance (0.680 A shorter than
the sum of the corresponding van der Waals radii), AEcr accounts for -2.121
kcal/mol, which is the 24% of the total interaction energy. On the other hand, for
dimers with longer intermolecular distances, the orbital contribution is

considerably smaller (e.g. 12% in WEWGIP, or 14.5% in BAPLUZ).

Interestingly, Pauli repulsion energy (AEpaui) is very large and is greatly
compensated by an electrostatic attractive component (AEgiec). However, the
sum of AEpaui and AEgikc is positive in all case except in LEZZOI. This is the only
structure in which the group attached to the CO-X moiety is -NR2, involving MEP
values at the O-donor and C-acceptor of -27 and +47 kcal/mol, respectively,
which could explain the enhanced electrostatic attraction and a large interaction
energy of -3.780 kcal/mol. In any case, the significant electrostatic nature of the
interaction is reflected by the fact that AEgLec is the largest term among all

negative (attractive terms) energies.
6. Conclusions

We have carried out a comprehensive analysis, both structural and
theoretical, of lone pair-carbonyl interactions in acyl halides (R-CO-X). The
structural analysis of the CSD has shown that these contacts follow precise
geometrical arrangements, with attack angles approaching 100° as the lone pair-
carbonyl distance shortens. A MEP analysis has disclosed well-defined m-holes
on the carbon atom of the carbonyl groups for all studied acyl halides. We have
demonstrated that the value of the electrostatic potential at the m-hole increases
when descending the periodic group for X = F - |, also showing a high sensitivity

to the nature of the R substituent.

The strength of the interaction depends on the nature of both the donor

and the acceptor. Three main factors affect the interaction energy:
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a) The nature of X: we have observed stronger interactions for X =
F, which is in good agreement with our MEP analysis; however,
the total interaction energy for X = F - [ correlates very well
with the Y---:C=0 angle, which reinforces the idea of a non-
negligible orbital nature of the interaction.

b) The effect of R is key since modulates the electrostatic potential
distribution over the molecule and determines whether or not a
mt-hole interaction is established.

c) The nature of the lone pair: better donors, as oxygen, lead to

stronger interactions.

We have also seen that the values of the MEP at the m-hole can be a good
predictor of the interaction strength when the same donor atom is used.
Furthermore, an EDA analysis has shown that the interaction is mainly
electrostatic with an important dispersion contribution, and with a significant
orbital (charge transfer) component for short distances that allow an optimum
orbital overlap. Finally, the computed interaction energies, in the range 1-8
kcal/mol for a single lone pair-carbonyl contact, allow the use of these

interactions in crystal design and supramolecular chemistry.
Theoretical methods

Structural searches were done in the Cambridge Structural Database
(CSD)?0 version 5.40, November 2018. Only crystal structures with 3D
coordinates determined, non-disordered, with no errors, not polymeric and with
R < 0.05 were allowed in searches. CSD refcodes of selected examples are given
throughout the text as six-letter codes (e.g., ABCDEF). We used the van der Waals
radii proposed by Alvarez.#! Electronic structure calculations were performed at
the DFT level with the highly parameterized M06-2X functional and def2-TZVP
basis set. Interaction energies were corrected for the BSSE by means of the
Counterpoise method.#? All optimized structures were confirmed to be real
minima of the corresponding potential energy surfaces by frequencies analyses.
MEP maps were built on the 0.002 A isosurface with GaussView*3 on the

molecular geometries of the interacting systems. Natural bond orbitals (NBO)
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analyses were done at the same DFT level with the NBO3.1 software** as
implemented in Gaussian16. EDA analyses were carried out with Q-Chem 5.045
by means of the second generation ALMO-EDA method.*¢ All other quantum

chemistry calculations were done with Gaussian16.4”
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Lone pair---carbonyl interactions are present in the crystal structures of acyl

halides. Such contacts are highly directional and their strength can be modulated

by modification of the substituents.
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