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An Insight into Non-Covalent Interactions on the Bicyclo
[1.1.1]pentane Scaffold
Nitika Grover,[a] Keith J. Flanagan,[a] Cristina Trujillo,*[a] Christopher J. Kingsbury,[a] and
Mathias O. Senge*[b]

In memoriam Prof. Marilyn M. Olmstead.

Bicyclo[1.1.1]pentane (BCP) is studied extensively as a bioisos-
teric component of drugs. Not found in nature, this molecular
unit approximates the distance of a para-disubstituted benzene
which is replaced in medicines as a method of improving
treatments. Predicting interactions of these drugs with specific
active sites requires knowledge of the non-covalent interactions
engaged by this subunit. Structure determinations and compu-
tational analysis (Hirshfeld analysis, 2D fingerprint plots, DFT) of
seven BCP derivatives chosen to probe specific and directional
interactions. X-ray analysis revealed the presence of various
non-covalent interactions including I ··· I, I ···N, N� H···O, C� H···O,
and H� C ···H� C contacts. The preference of halogen bonding
(I ··· I or I ···N) in BCP 1–4 strictly depends upon the electronic

nature and angle between bridgehead substituents. The trans-
annular distance in co-crystals 2 and 4 was longer as compared
to monomers 1 and 3. Stronger N� H ···O and weaker C� H···O
contacts were observed for BCP 5 while the O ···H interaction
was a prominent contact for BCP 6. The presence of 3D BCP
units prevented the π ···π stacking between phenyl rings in 3, 4,
and 7. The BCP skeleton was often rotationally averaged,
indicating fewer interactions compared to bridgehead func-
tional groups. Using DFT analysis, geometries were optimized
and molecular electrostatic potentials were calculated on the
BCP surfaces. These interaction profiles may be useful for
designing BCP analogs of drugs.

Introduction

The rational design and construction of crystal structures from
molecular entities, known as crystal engineering, relies primarily
on aryl units, due to rigidity and ease of synthesis.[1] The
physical and chemical properties of organic crystals are highly
dependent on the spatial arrangement and interactions
between the constituent molecules, which can modulate the
electronic structure.[2] The non-covalent interactions (NCI)
between different or the same subunits in a crystal structure act
as a driving force for the formation of self-assemblies and play
an important role in molecular recognition.[3] NCI is the primary
term for crystal engineering which includes a variety of

attractive interactions such as hydrogen bonds (HB),[4a] halogen
bonds (XB),[4b] CH ···π,[4c] π ···π,[4d] and hydrophobic
interactions;[4e] the hydrogen bond is the strongest and most
readily exploited of these interactions in biological and
supramolecular systems. Weaker halogen bonding interactions
(XB), in which comparatively electron-deficient halogen atoms
(X=Cl, Br, I) interact non-covalently with another halogen atom
or an electron-rich (hetero)atom (B=N, O, S), can be exploited to
similar ends. A synergic combination of these interactions is
generally used to direct the architecture of designed
supramolecular assemblies.
The aforementioned interactions also have been studied in

designing and optimizing bioactive compounds.[5] The success
of a drug candidate depends upon its non-covalent interactions
and conformational landscape within the biological media,
between a drug molecule and its target. An insight into the
physical origin of these interactions is of fundamental interest
for improving present drug design strategies. Hence, medicinal
chemists often use metrics for ranking drug candidates using
physical properties such as rotatable bonds, low polar surface
area, and total hydrogen bond counts.[6]

In the modern concept of ‘escape from flatland’[7] rigid
linkers, especially bicyclo[1.1.1]pentane (BCP) and cubane
derivatives have attracted significant attention as potential
bioisosteres, due to their ability to place functional groups in a
spatially defined three-dimensional arrangement.[8] It has been
shown that the replacement of an aromatic ring with a rigid
scaffold can significantly improve the pharmacological profile of
a drug molecule and diverse synthetic methods have been
evolved with the stated aim to formulate bioactive BCP
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derivatives.[9] Despite considerable progress in the synthetic
development of rigid linkers, studies on non-covalent inter-
actions are rarely seen in the literature.[10a] 1,3-Bisethynyl-BCP
and its derivatives have been reported as non-covalently linked
molecular rods. Furthermore, BCP-1,3-biscarboxylic acid-based
MOF systems have also been reported as molecular rotors.[10b,c,d]

However, an in-depth analysis of the effect of bridgehead
substitution on NCI for different BCP derivatives is still missing
from the literature. The lack of available data limits the
prediction of a suitable interaction profiles for BCP. Due to the
obvious parallels in ‘weak’ interactions, crystal engineering with
these rigid linkers is a highly attractive pathway to understand
how a BCP-containing drug interacts with its environment. The
few examples known offer a window to a fascinating structural
chemistry including each of these rigid linker motifs. Previous
studies by Desiraju and our research group demonstrated
different modes of interaction for a variety of cubane
derivatives.[10e,f] Alongside the exploration and modernization of
the synthetic chemistry of scaffold hydrocarbon molecules in
our laboratory[11] investigations of the supramolecular interac-
tions of BCP derivatives offer insight into the expected
intermolecular interactions engaged and promoted by this
subunit.
As we have previously established, amide substituted BCP

and cubane derivatives have exhibited interesting non-covalent
interactions in the solid-state, indicating a promising avenue of
exploration into the precise intermolecular interactions en-
gaged by these molecules. To that end, we have crystallized a
series of BCP derivatives (1, 3, 6, 7), having different functional
groups at bridgehead carbons (Figure 1). A combination of
functional group and suitable supramolecular building blocks
has provided the co-crystals 2, 4 and 5, allowing for direct
probing of the effect of charge and bond polarization. Co-
crystallization has found attention in the improvement of active
pharmaceutical ingredients (APIs),[12] hence, in our subsequent
efforts, we tried the co-crystallization of iodo-substituted
derivatives 1 and 3 with 1,4-diazabicyclo[2.2.2]octane (DABCO).
Similarly, BCP-1,3-dicarboxylic acid was co-crystallized with
triethylamine to yield BCP 5 (Figure 1). The mode and site of
non-covalent interactions (NCI) were further confirmed by the

Hirshfeld surface analysis,[13] and density functional theoretical
studies.[14] Overall, experimental and theoretical investigations
have been carried out which allow us to; calculate the
internuclear distances and angles, close contacts within crystal
packing, the electrostatic potentials at σ-holes, the presence of
a low barrier H-bond, and interaction energies of observed
NCIs.

Results and Discussion

X-ray Analysis

A combination of halogen and hydrogen bonds is a versatile
tool in supramolecular chemistry.[15a] Keeping this concept in
mind, we decided to start our investigation from 1,3-bisiodobi-
cyclo[1.1.1]pentane (1). BCP 1 was crystallized via the slow
evaporation of a DCM solution at room temperature. The
collected data set indicated a monoclinic unit cell, and a
solution to the data set was found in the P21/c space group.
Figure 2a shows one complete molecule in the asymmetric unit.
Bond lengths and bond angles are within the expected range
for BCP derivatives,[15b] highlighting the rigidity of the linker. No
significant intermolecular interaction or halogen bonding was
observed in the crystal packing for BCP 1, the absence of NCI
interaction demonstrates the limited acidity of the BCP
skeleton.
DABCO is often used as a base in organic synthesis[16] and is

a useful synthon for supramolecular architectures.[17] DABCO
forms strong halogen bonds as compared to other neutral
bases, owing to the rigid pyramidal shape around the N-atom.
Due to its strong electron-donating properties, we decided to
co-crystallize 1+DABCO (2). In a reaction between BCP 1 and
DABCO, the reactants were ground in an agate mortar for ca.
15 min. White co-crystals of (2) in a 1 :1 ratio were obtained by
slow evaporation of a CHCl3 solution containing a crushed
mixture of BCP 1 and DABCO in a 1 :1 molar ratio at room
temperature. We tried different molar ratios of constituent

Figure 1. BCP Scaffolds used in current study.

Figure 2. (a) View of the molecular structure of BCP 1 in the asymmetric unit.
(b) Molecular structure of BCP 2. (c) Molecular arrangement of BCP 2 in
crystal packing shows one-dimensional halogen bond pattern.
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compounds; however, in each case, the 1 :1 stoichiometry was
observed. Hence, the stoichiometry was not affected by the
molar ratio of the BCP 1 and DABCO. Compound 2 crystallized
in the monoclinic lattice system in the P21/m space group. As
expected, co-crystal 2 featured short contacts between the N-
atom of DABCO and the iodine atom of BCP (Figure 2). The
I2 ···N1 distance was found to be 3.040(5) Å at the angle of
177.68(15)°; however, the I1 ···N2 distance was 3.072(6) Å at the
angle of 179.74(15)°. The observed X-bond lengths and angles
suggest that these interactions are subjected to type I (close
packing interactions).[18]

1,4-Diiodobenzene has been established as a reliable
component for the rational synthesis of halogen bond-based
assemblies. Considering the σ-hole features of Ar� I, we decided
to crystallize and investigate the non-covalent interactions (NCI)
in 1,3-bis(4-iodophenyl)bicyclo[1.1.1]pentane (3). X-ray quality
single crystals of compound 3 were obtained by slow evapo-
ration of a CDCl3 solution at room temperature. The collected
data set indicated a monoclinic unit cell, and a solution to the
data set was found in the P21/n space group. In this crystal
structure, the two aryl rings on opposite sides of the BCP unit
are inclined at 59.38°, highlighting the combination of con-
formational rigidity and rotational flexibility offered by this
linker. In contrast to 1, the crystal structure of BCP scaffold 3
demonstrates standard ‘type I’ I ··· I interaction, at 3.677(6) Å
(Figure 3), possibly owing to the greater polarization of the C� I
bond.
The BCP cocrystal 4 was afforded by grinding BCP 3 and

DABCO in an agate mortar and pestle. The light pink colored

crystals of 4 were obtained by slow evaporation of a CHCl3
solution containing 1 :1 crushed mixture of BCP 3 and DABCO
at room temperature. The asymmetric unit of co-crystals of BCP
4 contains two molecules of 3 and one molecule of DABCO. The
co-crystallization attempts were performed with the different
molar ratios of BCP 3 and DABCO; however, in each case, we
observed a 2 :1 ratio of BCP 3 and DABCO (Figure 4a). The
crystal structure of 4 exhibited a one-dimensional linear chain
of I ··· I (3.716(8) Å, 160.30(2)° C� I ··· I) and I ···N (2.878(4) Å,
166.8(10)° C� I ···N) interactions, indicative ‘type I’ halogen
bonding. The angle between aryl rings in the DABCO adduct
(49.55°) again highlights the rotational flexibility of the BCP. It
was observed that the formation of I ··· I or I ···N depends upon
the relative orientation of 4-iodophenyl rings. As shown in
Figure 4b, the iodo moiety in ring A which is twisted more from
the BCP skeleton showed a preference for I ··· I interaction
whereas the less twisted ring B exhibited I ···N interaction.
We applied a systematic approach for BCP 1–4 to study the

non-bonded intermolecular interactions. Table 1 depicted the
comparative analysis of the halogen bond (XB) in BCP 1–4.
Table 1 reveals that the electronic nature of the BCP scaffold is
highly dependent upon the bridgehead substituents. Surpris-
ingly, BCP 1 did not show any halogen bonding in the crystal;
however, the addition of DABCO activated the halogen bond
interactions in BCP 2. In a similar vein, the type of halogen
bond strictly depends upon the angle between the aromatic
units. As seen in BCP 3 and 4, there is a relationship between
the halogen bond and the co-planar alignment of the phenyl
rings (Table 1).
In order to gain more insight into the non-covalent

interactions of the BCP, it was hypothesized that charge and
hydrogen bonding may have a significant interplay. Carboxylic
acids are one of the most exploited species for hydrogen bond
interactions[18a] and BCP-1,3-dicarboxylic acid readily
available.[18b] Initial attempts to crystallize BCP-1,3-dicarboxylic
acid were unsuccessful, as were co-crystallization attempts with
BCP-1,3-dicaboxylic acid and DABCO. When a significant excess
of Et3N was employed to deprotonate the carboxylic acid,
colorless crystals of 5 were apparent on evaporation of an
acetonitrile solution to dryness over 72 hours. Structure 5
crystallized in the monoclinic space group C2/c. The co-crystal
of BCP-1,3-dicarboxylic acid with Et3N exhibited a surprising
ratio of 1 : 1 Et3N:BCP and only partial deprotonation of the
dicarboxylic acid, previously observed for 2,3,5,6-tetrafluoroter-
ephthalic acid and its anionic form.[19] Three different molecules

Figure 3. (a) View of the molecular structure of BCP 3 in the asymmetric unit.
(b) The molecular arrangement of BCP 3 in crystal packing shows one-
dimensional halogen bond pattern.

Figure 4. (a) View of the molecular structure of BCP 4 in the asymmetric unit.
(b) The molecular arrangement of BCP 4 in crystal packing shows a halogen
bond pattern.

Table 1. Comparative analysis of halogen bonds in BCP scaffolds (1–4).

BCP D(I ··· I)
[Å]

D(I ···N)
[Å]

ff(C� I ··· I)
[°]

ff(C� I ···N)
[°]

[%] sum of vdW[a]

1 n/a n/a n/a n/a n/a
2 n/a 3.040(5);

3.072(6)
n/a 177.68(15);

179.74(15)
~86%;
~87%

3 3.677(6) n/a 163.68(17) n/a ~93%
4 3.716(8) 2.878(4) 160.30(2) 166.0(10) ~93% for I ··· I;

~82% for I ···N

[a] vdW refer to van der Waals radii.
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i. e. BCP acid, BCP dianion, and Et3NH were present in one
asymmetric unit (Figure 5a).
The structure forms a one-dimensional hydrogen-bonded

chain of BCP diacid and the corresponding dianion, along the
crystallographic 2a+c direction. The hydrogen atoms refined to
an O� H distance of 1.064(16) Å, with an intermolecular H1 ···O1
distance of 1.431(16) Å; the O ···O contact of 2.4928(12) Å and
angle of 174.5(14)°, indicating an exceptionally energetically
favorable interaction, fitting the definition of a low-barrier
hydrogen bond.[20] Additional hydrogen bonding is observed
between the triethylammonium cation and the BCP dianion, a
strong interaction N� H···O (2.6731(13) Å D ···A) and weaker
charge-assisted C� H···O interaction (3.110 Å D···A) (Figure 5b).
Despite a charge difference between the anion and acid

molecules, the bridgehead transannular distances are approx-
imately equal (1.873(2) Å (C1� C1’) vs 1.874(2) Å (C7� C7’).
The importance of � COOH, � COOCH3, and � COONH2 func-

tional groups in H-bonding are well demonstrated both
experimentally and theoretically. Boronic acid and ester exhibit
a similar potential for H-bond formation; however, these entities
are less explored in terms of supramolecular assemblies.[21] For
the BCP 6, X-ray quality crystals were obtained by slow
evaporation of a DCM solution at room temperature, and the
compound crystallized in a tetragonal unit cell space group P-
421c. In this structure, one molecule of 6 sits at the center of the
unit cell, and another symmetry-related molecule at the origin;
12 partially occupied carbon atoms and their methylene hydro-
gens comprise the BCP bridge – all other components are
ordered. As can be seen in Figure 6, the electron density
associated with the BCP unit is essentially completely rotation-
ally averaged. The pinacolborane unit shows the bond distances
and conformation expected for this substructure and only facile
supramolecular interactions. As a consequence of the crystalline
symmetry, the two pinacolborane groups sit at right angles to
one another.
In the crystal lattice of BCP 6, the (CH3)4C2O2B moieties were

held together by O1 ···H1 interactions, resulting in a 3D-
architecture. These interactions were observed at 2.620(5) Å
with an angle of 147.4(6)° (Figure 7). It is worth noting that
there is a relationship between the alignment of pinacolborane
units and O1 ···H1.
In each of the aforementioned BCP crystal structures

described, the formation of specific interactions was designed
for by incorporation of a specific chemical motif. The diphenyl-
BCP can be considered as a standard scaffold, without any
specific binding motifs. Moreover, weak non-covalent interac-
tions including cation ···π, anion ···π, π ···π, CH ···π play an
important role in controlling supramolecular structure and
function. Hence, for comparative analysis, the H ···H and/or
C ···H interactions in BCP 7 were analyzed (Figure 8).
X-ray quality crystal of BCP 7 was grown by slow

evaporation of the solution in hexane at room temperature and
the compound crystallized in the monoclinic space group P21/c,
with two halves of two crystallographically distinct molecules in

Figure 5. (a) View of the structure of 5 in the asymmetric unit. (b) Hydrogen
bond and packing pattern in 5.

Figure 6. (a) Molecular structure of BCP 6 in the asymmetric unit. (b) electron
density (Fobs, blue, 1.5 e

� Å� 3) showing the rotational averaging of the
electron density associated with bridging carbon atoms. Figure 7. O1···H1 interactions in the crystal packing of BCP 6.
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the asymmetric unit, each situated over a crystallographic
inversion. The BCP cores, with an approximate three-fold axis,
are thus disordered over two orientations, and the phenyl rings
in these molecules are coplanar (Figure 8a). The bond distances
and orientations of these molecules were within error margins
of one another, and BCP transannular distances of 1.891(4) Å
and 1.886(5) Å are as expected. The structure of BCP 6 lacks any
π ··· π stacking because of the steric bulk of the BCP skeleton.
Remarkably, we observed the activation of the H2CBCP carbon
towards non-covalent interactions. The CBCP ···H� CPh interaction
was observed at 2.694 Å (~93% of vdW) with an angle of
156.8(8)°. The interaction is directive and led to the formation
of a non-covalently linked BCP assembly (Figure 8b). Additional
illustrations for the single-crystal X-ray structures 1–7 are given
in Figure S1–S7 in the supporting information (SI).
As before, we observed that the transannular distance for

BCP 1–7 depends on the nature of bridgehead substitution
(Table S1 in SI). BCP 1 exhibited the smallest transannular
distance (1.804(8) Å) whereas; BCP 6 has shown the largest
distance (1.923(3) Å) between the bridgehead carbons. Having
established interesting structural aspects in BCP derivatives it is
necessary to quantify the percentage and strength of the
observed non-bonded interatomic contacts. Hence, in the next
section, our objective is to cast more light on the non-covalent
contacts with the use of Hirshfeld analysis.

Hirshfeld Surface Analysis

The Hirshfeld surfaces (dnorm) and corresponding 2D fingerprint
plots were calculated to quantify the potential non-covalent
interactions present in BCP scaffolds 1–7. The Hirshfeld surface
represents the region in three dimensions where molecules
interact with each other. The normalized functions of di (x-axis)
and de (y-axis) are used in dnorm plotting. The surfaces show red,
blue, and white colors, white surface illustrate contacts with a
sum equal to van der Waals radii (vdW), red indicate contacts
with sum shorter than van der Waals radii (vdW), blue surface
depicted the longer contacts.[22]

As described in X-ray analysis, BCP 1 does not show any
significant non-covalent interactions on the Hirshfeld surface
within the given range of van der Waals radii. Figure 9
represents the Hirshfeld surfaces and corresponding fingerprint
region for the cocrystal 2. The I ···N interactions appear as the
largest interaction on fingerprint plot, concentrated in the
middle, having de+di’3.0 Å, with an overall contribution of
the 47% of fingerprint region.
Subsequently, we analyzed the Hirshfeld surfaces of BCP

scaffold 3 (Figure S8 in SI). The two-dimensional fingerprint
plots show that H ···H interactions were prominent with 34.5%
of fingerprint region, having de=di’1.2 Å. The C ···H/H ··· CFigure 8. (a) View of the molecular structure of BCP 6 in the asymmetric unit.

(b) The organization of BCP 6 in crystal packing shows CHBCP ···HPh
interactions and packing pattern.

Figure 9. Fingerprint plot with I ···N interactions highlighted and correspond-
ing dnorm surface for 2.
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interaction appeared as the second largest region with 30.4%
of the fingerprint plot with de+di’2.8 Å. The participation of
BCP bridge H-atoms in the H ···H interactions indicated that the
insertion of two phenyl rings stimulated the BCP bridge H-atom
to take part in non-covalent interactions. In contrast to H ···H
interactions, only the phenyl ring took part in the C ···H
interactions. The H ··· I interactions were highly concentrated at
the edges, which contribute 32% of the Hirshfeld surface with
de+di’3.1 Å. The dnorm surface for H ··· I interaction depicted
that these interactions were highly concentrated on the I-atoms
and BCP skeleton. The I ··· I interaction was appeared as a red
spot and covered only 3.0% but are significant (Sharp blue-
green spike in fingerprint plot).
Hirshfeld surface analysis of 4 illustrated that H ···H contacts

make up 44.3% of the surface. The proportion of the H ···H
interactions increased compared to BCP 3, potentially due to
the presence of a DABCO unit between two BCP units. Similar
to 3, the C ···H/H ···C was the second prominent interaction;
however, the percentage of the surface is smaller as compared
to the monomer unit. As expected, I ··· I and I ···N halogen
interactions were quite significant on the surface, appeared as
bright red spots on dnorm surface, having de+di’2.9 Å.
Although the percentage of the I ···N is low the short distance
shows these interactions are quite strong (sharp blue-green
spike in fingerprint plot; Figure S9 in SI).
The influence of anionic and neutral forms on the Hirshfeld

surface is one of the interesting aspects of the current study.
BCP 5 is present as a model compound for this purpose since it
incorporates a dianionic form of BCP (denoted as 5A) and a
neutral BCP unit (denoted as 5B). Significant intermolecular
interactions were observed in 5 and mapped in Figure 10. The
respective donor and acceptor atoms show strong intermolecu-
lar hydrogen bonds, indicated as a bright red spot on the dnorm
surfaces and bright green spikes in fingerprint plots. Two sharp
spikes were observed for the O ···H/H ···O contact corresponding
to the C� O···H and N� H···O interactions. Hirshfeld surface of
BCP 5 A featured predominantly HB character (49.9% of total
surface), which is a potential consequence of its dianionic
nature (Figure 10b). It was also detected that H ···H contacts
covered the second-largest share of the surface (43% of total
surface) with de=di’1.2 Å. As stated in the X-ray section, C ···H
contacts covered 6.3% of the surface at the distance of de+di<
2.9 Å.
Next, we observed how the Hirshfeld surface properties of

the neutral BCP acid 5B are different from the 5A. The
difference is mainly reflected in the total share of H-bond
contacts, C ···H, and H ···H interactions. The O ···H/H ···O contact
was predominant and cover the ~43% area of the fingerprint
region (Figure 10c). Similar to BCP 5A the H-bond is short and
in accordance with reports available in the literature.[20]

Surprisingly, only weak H ···H and C ···H contacts were observed
for the given molecules. Although contacts appeared as the
second-largest contributor in the 2D fingerprint region; how-
ever, the observed distance was slightly higher than van der
Waals radii.
To quantify the intermolecular contacts in BCP 6, we

analyzed the fingerprint plots and dnorm surfaces. Figure S10 (SI)

represents the semitransparent dnorm-mapped Hishfeld surface
for BCP scaffold 6. As expected, a significant share of the total
region corresponds to H ···H contacts at the distance of de=di’
1.2 Å. The H ···H interaction appeared in most of the fingerprint
region (~83% of the total surface), potentially due to rotational
disordered present in the BCP skeleton. Additionally, the
observed H ···H contacts are quite strong and mapped as a
bright green color in the fingerprint plot. The other significant
contact observed for the BCP 6 were O ···H interactions, which
covered ~16% of the total surface area. These contacts were
quite important, appeared as a red spot on dnorm surface.
Although this interaction did not cover a large portion of the
Hirshfeld surface it controls the three-dimensional alignment of
the molecules.
Lastly, BCP 7 is a classic example of a rigid hydrocarbon

scaffold. The H ···H contacts are able to influence the three-
dimensional arrangement of the molecules and appeared as
the structure directive motif (Figure S11 in SI).

Figure 10. (a) Fingerprint plot with H ···H interactions highlighted and
corresponding dnorm surface for the BCP 5A. (b) Fingerprint plot with O ···H
interactions highlighted and corresponding dnorm surface for the BCP 5A. (c)
Fingerprint plot with H ···H interactions highlighted and corresponding dnorm
surface for BCP 5B.
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The findings from the Hirshfeld analysis indicate the
significance of non-covalent interactions in the crystal packing
of the BCP units. In the next step, we optimized the structures
using DFT calculations to investigate the electronic nature of
the interactions observed from the crystallographic analysis.

Theoretical Calculations

DFT calculations were performed to characterize the different
non-covalent interactions (HB and XB bonding) discussed in the
description of the crystal structures and Hirshfeld surface
analysis (HSA). To determine the charge distribution and to
elucidate the halogen-bond donor and accepting ability, the
molecular electrostatic potentials (MEP) of BCP scaffolds 1–4
were calculated.[22] The optimized geometry corresponding to
assembly 2 is depicted in Figure 11a, showing a I ···N distance of
2.99 Å. The observed halogen bond distance is in close agree-
ment with the experimental values (vide supra).
MEP analysis was performed for BCP 2 to analyze the

electron-rich and electron-poor region in the molecules. The
MEP map for DABCO indicated the red region on either side of
the molecule (negative MEP), corresponding to the lone pair on
the nitrogen atoms. In the case of diiodoBCP, an electron-
deficient region on the outermost portion of the halogen’s
surface cantered on the R� I axis of the BCP 1, corresponding to
the σ-hole was observed (Figure 11b).

In order to characterize the nature of the intermolecular
interaction established Atoms in Molecules (QTAIM) analysis
was carried out.[23] This approach has been widely employed for
different non-covalent interactions. From the molecular graph
of scaffold 2 (Figure 11c) and the analysis of the density at the
bond critical point found between both atoms involved, it can
be demonstrated the existence of a halogen bond between I
and N atoms. The values of the electron density at the bond
critical point, 1(BCP), (0.0207) and Laplacian, r21(BCP), of the
electron density (0.0560) at the bond critical point are given in
Table S4 (SI) and indicated the closed-shell feature of the
halogen bond established between BCP and DABCO.
As previously stated, the asymmetric unit of the crystal

structure of BCP 3 contains two crystallographically distinct
molecules. Hence, two different optimized structures were
obtained for BCP 3, from two distinct starting orientations. In
the first, two molecules of BCP 3 were placed in a perpendicular
configuration; from the analysis of the QTAIM molecular graph,
this configuration exhibited I ··· I, and H ··· I interactions; however,
the energetically minimized bond length, as well as the value of
the density at the involved bond critical points found for I ··· I
interaction, indicated only weak interaction beyond the sum of
van der Waals radii (Figure S12a in SI). When two BCP units
were placed almost parallel to each other, the QTAIM analysis
of the energy-minimized complex indicated the presence of
I ··· CH, I� C ··· CH, and π ···π interactions (Figure S12b in SI).
Importantly, it was observed that interactions in the parallel
configuration (ΔEint= � 15.5 kcal/mol) were stronger as com-
pared to the perpendicular one (ΔEint= � 2.5 kcal/mol).
Next, the interaction energies between two molecules of

BCP 3 from the crystal structure were calculated (without
optimization; Figure S13 in SI). The observed interaction profile
is quite similar to the optimized structure in the parallel form,
indicating the presence of I ··· CH, I� C ···CH, and π ···π interac-
tions. The calculated H ··· I bond length (3.18 Å) is in good
agreement with the experimental values (3.17 Å). Furthermore,
the small value of electron density and positive Laplacian of
electron density revealed the characteristic features of weak
non-covalent interactions (Table S4 and S5 in SI). Moreover, the
interaction energy was also comparable to the parallel config-
uration (� 13.4 kcal/mol vs. � 15.5 kcal/mol). The results ob-
tained from DFT analysis indicated the I ··· I interaction observed
in the X-ray structure was a potential consequence of closed
packing of molecules in crystal structure whereas in the gas
phase H ··· I, CH ···π, and π ···π interactions were preferred.
Figure 12a shows the optimized structure of the binary

complex 4, indicating the presence of a halogen bond between
the I-atom of iodophenyl ring and the N-atom of DABCO. The
theoretical I ···N bond length is shorter than the sum of the
corresponding atomic van der Waals radii (RI ···N=3.53 Å). The
molecular electrostatic potential map shows the two green
regions at the iodine terminus, indicating the presence of a σ-
hole from the C� I bond, the principal consideration for halogen
bonding. It is worth noting that the MEP values are more
positive as compared to BCP 1 (Figure 12b). The interaction
energy for this BCP scaffold 4 (ΔEint= � 6.7 kcal/mol) is slightly
higher as compared to BCP 2 (ΔEint= � 6.3 kcal/mol), therefore,

Figure 11. (a) Optimized structure of BCP 2. (b) Molecular electrostatic
potential on the 0.001 a.u electron density isosurface for DABCO and 1,3-
bisiodo-BCP. (c) Atom-in-molecule calculation (AIM) graph for assembly 2,
green dots indicating the bond critical points.
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the halogen bond is comparatively stronger. Figure 12c shows
the AIM graph for BCP 4, indicating bond critical points and
bond path for I ···N interactions. Although the density at bond
critical point and Laplacian of electron density values for 4 are
comparable with the values for 2 (0.0213 and 0.0580 v.s 0.0207
and 0.0560) the more positive σ-holes at Ph� I indicate the
existence of stronger I ···N interaction for the BCP 4 (Figure 12b).
When complex 5 was studied a very different situation

appeared. Since both moieties are charged and the calculations
were performed in the gas phase, the proton from the nitrogen
atom of the base moved towards the negatively charged
oxygen of the carboxylate moiety to compensate the charges,
and therefore a very strong N ···H ···O interaction between
trimethylamine and BCP 1,3-dicarboxylate was observed. To
avoid this issue and therefore reproduce the interactions found
in the crystal structure, a new optimization was performed in
which the distance NH ···O was fixed at 1.77 Å (crystal distance)
and the rest of the complex was optimized. The calculated
interaction energy was significantly higher (� 246.7 kcal/mol) for
this complexation because of the charged atoms. As shown in
Figure 13, bond critical points and bond paths were observed
for the NH ···O and CH ···O contacts. The high-density value
exhibit at the bond critical points demonstrated that the
hydrogen bonds established are, as expected, very strong.
In a similar vein, BCP 6 was optimized in the gas phase. The

optimized structure showed two types of interatomic non-
bonded contacts, first the head-to-tail O ···H interaction at the
distance of 2.65 Å, and second a weaker C ···H at the distance of
3.17 Å. The observed interactions are in good agreement with
the experimental values. The interaction energy for this
compound was found to be � 7.4 kcal/mol (Table S4 in SI).
Figure 14 shows the optimized structure and AIM graph for BCP
6.

Conclusion

In summary, we presented the first systematic study on the
non-covalent interactions of BCP derivatives. The BCP scaffold is
rigid but does not allow for the same bond polarization as an
aryl unit. The BCP unit is often disordered, and sits across highly
symmetric sites, consistent with the observation that it forms
very weak interactions in the solid-state. Transannular distances

Figure 12. (a) Optimized structure of assembly 4. (b) Molecular electrostatic
potential on the 0.001 a.u electron density for BCP 3. (c) Atom-in-molecule
calculation (AIM) graph for BCP 4, green balls indicating the bond critical
points.

Figure 13. (a) Optimized structure for BCP-1,3-dicarboxylate and triethyl-
amine. (b) Atom-in-molecule calculation (AIM) graph for corresponding
structure, green dots indicating the bond critical points.

Figure 14. (a) Optimized structure for BCP 6. (b) Atom-in-molecule calcu-
lation (AIM) graph for BCP 6, green dots indicating the bond critical points.
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are varied by substituents on the BCP 1,3-positions but
generally retains D3h symmetry.
Co-crystals of 1 and 3 with DABCO show charge transfer

and prominent halogen bonding. Hirshfeld surface analysis,
molecular electrostatic potentials, and topological analysis
(atoms-in-molecules) were carried out to quantify the strength
of all non-covalent interactions in co-crystals. These investiga-
tions revealed that halogen bond interactions (I ···N and I ··· I)
were more dominant in BCP scaffolds 2–4. Furthermore, short
O ···H contacts were observed for the BCP-1,3-dicarboxylic acid
and BCP-1,3-dicarboxylate in 5. BCP 6 also exhibited intermo-
lecular short O ···H contacts. In the end, BCP 7 shows selective
and directive intermolecular C ···H contacts.
These trends indicate that activation of the non-covalent

interactions can serve as an effective design principle in
directing short contacts, and therefore the electronic and
structural properties of scaffolds. DFT analysis for BCP 2 and 4
supported the structural results; however, I ··· I interactions in
BCP 3 are a result of close packing in the crystal structure.
Similarly, the optimized structure for BCP-1,3-dicarboxylate and
triethylamine shows a strong NH ···O contact which is in close
agreement with the structural results. The findings observed in
the present work might be successfully applied to the synthesis
of BCP-based bioisosteres that exhibit the three-dimensional
saturated core whilst simultaneously providing bridgehead
functionalities for molecular recognition.

Experimental Section

X-ray Crystallography

Crystals were grown following the protocol developed by Hope.
Compounds were dissolved in either DCM, hexane, or CDCl3 and
allowing for slow evaporation over time.[24] Single crystal X-ray
diffraction data for all compounds were collected on a Bruker APEX
2 DUO CCD diffractometer by using graphite-monochromated Mo
Kα (λ=0.71073 Å) radiation and Incoatec IμS Cu Kα (λ=1.54178 Å)
radiation. Crystals were mounted on a MiTeGen MicroMount and
collected at 100(2) K by using an Oxford Cryosystems Cobra low-
temperature device. Data were collected by using omega and phi
scans and were corrected for Lorentz and polarization effects by
using the APEX software suite.[25] Using Olex2, the structure was
solved with the XT structure solution program, using the intrinsic
phasing solution method and refined against jF2 j with XL using
least-squares minimization.[26] Hydrogen atoms were generally
placed in geometrically calculated positions and refined using a
riding model. Details of data refinements can be found in Tables S4
and S5 in SI. All images were prepared by using Olex2[25a] and
Mercury.[27] A detailed discussion on data refinement and modeling
is described in section 2 in SI.

Deposition Numbers 2042456 (for 3), 2042457 (for 6), 2042458 (for
7), 2042459 (for 5), 2042460 (for 2), 2042461 (for 4), 2042462 (for 1)
contain the supplementary crystallographic data for this paper.
These data are provided free of charge by the joint Cambridge
Crystallographic Data Centre and Fachinformationszentrum Karls-
ruhe Access Structures service www.ccdc.cam.ac.uk/structures.

Hirshfeld Surface Analysis

The two-dimensional fingerprint plots and associated Hirshfeld
surfaces[13] were calculated using CrystalExplorer.[28] The intermolec-
ular contacts in crystal packing were visualized using dnorm surface.
The di (outside) and de (outside) represent the distance to the
Hirshfeld surface from nuclei. The proportional contribution of the
contacts over the surface is visualized by the color gradient (blue to
green) in the fingerprint plots.

Computational Methods

The structures of the complexes were optimized at wb97xd/6-311
+ +g(d,p) computational level.[29] Harmonic vibrational frequencies
were computed at the same level used for the geometry
optimizations in order to confirm that the stationary points are
local minima. For the heavy atom I, the def2tzvp pseudopotential[30]

was used to incorporate relativistic effects. Calculations were
performed using the Gaussian16 software.[31] Interaction energies
(ΔEint) were calculated as a difference of the energy of the
optimized complex minus the energy of each monomer in their
optimized geometry. The molecular electrostatic potential (MEP) of
the isolated monomers was calculated on the electron density
isosurface of 0.001 au. This isosurface has been shown to resemble
the van der Waals surface.[32] These calculations were numerical
results analyzed using the Multiwfn and plotted using Jmol carried
out with the Gaussian-16 software.[33] The Atoms in Molecules (AIM)
methodology was used to analyze the electron density of the
systems with the AIMAll program.[34] The Natural Bond Orbital
(NBO)[35] method was employed to evaluate atomic charges using
the NBO-3 program and to analyze charge-transfer interactions
between occupied and unoccupied orbitals.
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