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“Anti-Electrostatic” (Inter-Anion) Chalcogen Bonding Interactions
Margarita Yanbaeva[a]+, Tim Steinke[a]+, Elric Engelage[a], Robert Weiss[b]*, and Stefan M. Huber[a]*

Dedicated to Professor Resnati, celebrating a career in fluorine and noncovalent chemistry on the 
occasion of his 70th birthday.

In this work, the ability of 1,2-bis(dicyanomethylene)-
cyclopropanide substituents to enable inter-anion interactions has 
been expanded to chalcogen bonding. An anionic selenium-based 
chalcogen-bond donor featuring this ligand displays “anti-
electrostatic” interactions in the solid state. Three polymorphic 
structures of associates with both mono- and biaxial binding modes 
are discussed.

Noncovalent interactions (NCIs) such as halogen1 (XB), 
chalcogen2 (ChB) and pnictogen3 (PnB) bonding have received 
increased interest in the last decades, and based on the 
anisotropic electrostatic potential of the interacting atom, they 
have sometimes collectively been termed “-hole 
interactions”.4 These NCIs have established themselves as a 
flexible tool in various fields like crystal engineering5, catalysis6, 
ion recognition7 and biochemistry8. Electrostatics are 
considered to play a crucial role in the formation of these 
bonds,9 however, components contributing to the interaction 
energies are not limited to simple electrostatic attraction.10 
Several other factors must be taken into account, including 
dispersion, polarization or charge-transfer.11‡ “Anti-
electrostatic” interactions between ions of like charge 
represent one of the key examples demonstrating the 
importance of the latter contributions.
In fact, several studies on this counterintuitive phenomenon 
have been put forth in recent years,12 and an even broader 
selection of examples emerges as previously reported data is re-
evaluated with this concept in mind.13‡‡ Nevertheless, 

experimental findings are limited in scope, especially those 
involving the interactions between organic molecules. 
One of the first examples of “anti-electrostatic” halogen 
bonding (AEXB) between structurally distinct species was 
previously reported by our group.14 The anionic iodinated 
cyclopropanide XB donor 1 and cyclopropanide-substituted 
imidazole species 2 (see Figure 1, top) have displayed halide 
adduct formation and self-association, respectively.

Figure 1. Top: Previously reported cases of “anti-electrostatic” halogen bonded 
aggregates of 1,2-bis(dicyanomethylene)-cyclopropanide-containing synthons in 
the solid state: A – 2:1 anion binding and B – trimer formation. For A: dI···I= 85% 
Σrω, in B: dI···N= 79-81% Σrω. Cations omitted for clarity. Bottom: Known 
cyclopropanide- and cyclopropenium-substituted chalcogen compounds. 
Counterions omitted for clarity.
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Since halogen and chalcogen bonding share many similarities, 
the concept of “anti-electrostatic” bonding could potentially 
also be expanded to ChB (“AEChB”).15 Obvious candidate 
structures to realize these contacts are organochalcogen 
compounds bearing cyclopropanide moieties analogously to the 
reported halogen-bond donors. 
Both cationic cyclopropenium- and anionic cyclopropanide-
substituted selenium compounds (3-5) have previously been 
reported by Seitz and co-workers.16 The crystal structure of the 
mixed species 4 is literature-known; however, no further 
analysis of the intermolecular interactions in the solid state has 
been performed to date. 
Following up on our previous investigations regarding “anti-
electrostatic” noncovalent interactions, we herein present, to 
the best of our knowledge, the first example of inter-anion 
chalcogen bonding in the solid state.

Results and discussion
Anionic 1,2-bis(dicyanomethylene)cyclopropanide derivative 7 
was prepared from commercially available trichloroethylene 
over four steps following previously established procedures.14 
The chalcogen-bond donor 8 was subsequently synthesized 
from phenylselenyl chloride with 85% yield. This reaction 
further underlines the autoumpolung17 properties of 7, as the 
transformation likely occurs via a nucleophilic attack of the 
ambiphilic carbon of the cyclopropanide moiety on the 
selenium (s. Scheme 1).

Scheme 1: A) Synthesis of the anionic chalcogen bond donor 8; TDA - 
tris(dimethylamino)cyclopropenylium; i) 1)NaBH4 , MeOH, 0 ˚C → r.t., 2 h 
2)H2O/DCM, TDACl; ii) 1)PhSeCl. THF, rt, 14h, 2) H2O/DCM, TDACl; B) Proposed 
mechanism of the formation of 8 (involving polarity inversion) and possible 
resonance structures of 8. Cations omitted for clarity.

During crystallization experiments with compound 8 without 
further additives, two different polymorphic structures of 
supramolecular aggregates could be identified. Crystals suitable 

for analysis were obtained via vapor diffusion from THF with 
cyclohexane as antisolvent, or via slow evaporation from DCM, 
with the individual structures discussed below. 
A summary of mean bond lengths of all unique instances of 8 as 
well as values obtained from gas phase geometry optimizations 
on different levels of theory are presented in Figure 2. Overall, 
high agreement between experimental and theoretical data can 
be observed. The C-C distances are representative of a highly 
conjugated structure, as the values are close to those present in 
benzene (1.390 Å).18 Notably, the C2-C3 bond is slightly longer 
at 1.411 Å, while the Se1-C1 distance is, in turn, shorter than a 
typical carbon-selenium single bond.19 The former observation 
is more in line with the right resonance structure of Scheme 1B, 
while the latter seems to indicate a contribution from the left 
one. The short Se-C distance could also be indicative of an 
n→* interaction of the anionic carbon into the Se-CPh * 
orbital, though.

Figure 2. Selected average bond lengths of 8. Ellipsoids set at 50% probability. TDA 
cations omitted for clarity. Geometry optimization performed with B3LYP20 and 
M06-2X21 functionals, applying def2TZVP(D)22 basis set. 

The electronic nature of the chalcogen-bond donor was further 
investigated with the help of an electrostatic potential (ESP) 
map, which was calculated at B3LYP/def2TZVP(D) level of 
theory. Overall, a rather homogeneous distribution of the 
negative charge is observed, with no areas with positive 
potential present(see Figure 3). Nevertheless, a region with 
relatively lower electron density (blue) is seen opposite to the 
cyclopropanide substituent, while no such area is visible along 
the phenyl substituent’s axis. The cyano groups feature the 
most negative electrostatic potential (displayed in red) and are 
thus capable of acting as chalcogen-bond acceptors.

Figure 3. Left: Total energy profile of the scan of the Cl···Se distance in the 8-Cl 
adduct in the gas phase (blue) and in MeCN solution (green) calculated at M06-2X 
level of theory. Right: Electrostatic potential of 8 mapped on the 
0.001 electron/Bohr3 isosurface of electronic density.
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Additionally, total energy profiles of the Cl···Se distance scans 
were plotted at the M06-2X/def2TZVP(D) level of theory to 
evaluate the thermodynamics of a potential non-isostructural 
interaction between the anion of 8 and chloride (Figure 3). The 
formation of the adduct in both gas phase and acetonitrile is 
endothermic; a result expected from an anion-anion 
interaction. Still, well depths (the differences between the 
energies of the complex at minima and extended distances) of 
−11.6 kJ/mol and −5.1 kJ/mol are observed in the gas phase and 

in acetonitrile solution, respectively. These minima are located 
at 3.1 Å (85% vdW) and 3.2 Å (88% vdW), distances that are 
typical for a chalcogen-bonded adduct.
In an attempt to obtain chalcogen bonding complexes with 
halides, co-crystallization experiments with one equivalent of 
tris(dimethylamino)-cyclopropenylium chloride (TDACl) were 
repeated under the same conditions used previously. These, 
however, only yielded an additional polymorph of 8, as well as 
isolated TDACl single crystals. 

Figure 4: Single crystal X-ray structure of 8: A - Biaxial binding; B, C- monoaxial binding. The sum of van-der-Waals radii for selenium and nitrogen amounts to 3.45 Å. 
TDA cations omitted for clarity. Ellipsoids set at 50% probability. In both cases of monoaxial binding, the formation of the chalcogen-bond is observed in the elongation 
of the cyclopropanide-selenium bond. In A, suitable interactions are detected along both axes. The bond formed in the elongation of the cyclopropanide substituent is 
significantly shorter. A summary of observed bond lengths and angles can be found in Table 1.

Crystal structures of the three polymorphs of 8 are depicted in 
Figure 4. A major difference between ChB and neutral XB 
donors is the ability of the former to form non-covalent bonds 
along both substituents´ axes, so-called biaxial binding. Still, 

adduct formation is often only observed along one of these, 
usually opposite the more electronegative substituent.23 Here, 
both modes are observed.
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From the conceptual standpoint, polymorph A, which was 
obtained from slow evaporation from DCM, provides the most 
information due to its biaxial binding motif. This tetraanionic 
aggregates presented in Figure 4A display the longest chain 
formed within the crystal structure. As seen from the atom 
labelling, the anions in the smallest asymmetrical unit represent 
half of that chain, and all the anionic moieties are a part of those 
superstructures (see Figures S7-S8 in Supporting Information). 
Due to packing effects, no chalcogen bond is formed in the 
elongation of both axes of the terminal Se atoms. Those 
molecules are bound to anions of neighbouring chains by weak 
N-H contacts (Figure S10 in Supporting Information). The 
corresponding cations are located above and below the 
cyclopropanide moieties, displaying π-π interactions and short 
contacts. For the inner moieties, a direct comparison between 
the chalcogen bond lengths along the different substituents´ 
axes can be drawn. A shortening of about 6% of the sum of vdW 
radii is observed for the cyclopropanide axis compared to the 
phenyl one despite the net negative charge of the former. 
Additionally, this structure contains the shortest chalcogen 
bond amongst the herein reported, corresponding to 90% vdW 
radii (see Table 1 for a summary of relevant parameters).
The monoaxial binding in structures B and C only occurs along 
the elongation of the selenium-cyclopropanide bond, which is 
in line with the differences of ChBs in A discussed above. It 
indicates that the cyclopropanide substituent, despite its 
anionic nature, creates the superior ChB axis.
The dimeric structure of B was obtained from vapor diffusion 
experiments with THF/cyclohexane. All the selenium-containing 
moieties partake in the dimer formation, and no other 
interactions apart from these short contacts and alternating π 
stacking between the cations and the cyclopropanide part of 
the anions can be observed. The latter form offset columns (see 
Supporting Information, Figures S11-S12). The chalcogen bond 
here amounts to 95% vdW, comparably longer than the one 
observed in structure A for the cyclopropanide substituent. 
Additionally, although the orientation of the molecules would 
suggest a rather symmetric motif in structure B with both 
selenium atoms forming a bond with the corresponding 
nitrogens, a slight distortion is present. The distance of the 
second Se-N pair amounts to 3.507 Å, 101% vdW, at or beyond 
the border of a chalcogen bond. A slight offset between the 
neighboring planes results in a relatively low directionality of 
the chalcogen bonds. 

Table 1. Selected geometric parameters of the chalcogen bonds in the crystal structures 
presented in Figure 3. Most favourable values marked in bold.

Bond dSe···N, [Å] %Σrω ∢C-Se···N, [˚]

Aa (Se2 ···N2) 3.110 90 168.7

Ab (Se2 ···N8) 3.318 96 170.4

B (Se1 ···N6) 3.265 95 154.6

C (Se2 ···N11) 3.282 95 172.4

The final polymorph C was obtained from gas diffusion 
experiments with THF/cyclohexane with 1 eq. of TDACl additive. 

Remarkably, only one of the individual anion pairs in the 
smallest asymmetrical unit is displaying chalcogen bonding (see 
Figure S13). Here, a Se-N bond distance of 95% vdW is observed. 
This is the most directional interaction amongst the observed 
structures, with a C-Se-N angle of 172.4°. A third moiety, which 
does not display any intermolecular interactions besides short 
contacts towards the hydrogens of the adjacent phenyl groups 
of other anions and π stacking with the TDA cations, is present. 
Similarly to the other structures, an alternating pattern in the π-
stacking between the positively and negatively charged 
fragments is observed. 
While no experimental data on “anti-electrostatic” chalcogen 
bonding is reported to the best of our knowledge, numerous 
studies involving neutral and cationic donors in the solid state 
have been presented over the years, with individual results,24 as 
well as overarching data bank surveys25 being available. The 
values observed in the anionic systems presented above are 
comparable with those literature-known parameters - despite 
their unfavourable electrostatic contribution.

Conclusions
In conclusion, we present a novel chalcogen-bond donor based 
on the 1,2-bis(dicyanomethylene)cyclopropanide moiety, 
which is capable of inter-anion bonding. Three polymorphs 
featuring varying self-aggregation patterns could be described. 
The interaction parameters are comparable to previously 
reported complexes of dicationic selenium-based donors with 
neutral and cationic Lewis bases. Since selenium is known to 
form weaker chalcogen bonds compared to its heavier 
homologue, we anticipate that the preparation of 
cyclopropanide-substituted tellurium donors would allow to 
fully realize the potential of AEChB. These studies are currently 
ongoing.

Conflicts of interest
There are no conflicts to declare.

Data availability
Additional data on experimental procedures, spectra and 
computational details is presented in the supporting 
information. Crystal structures are available for download in 
CCDC, under repository numbers 2477888, 2477889 and 
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Notes and references
‡ While we prefer to call the contribution arising from the 
overlap of orbitals „charge-transfer“, it has also been 
postulated that its effect can solely be explained by 
polarization.26 This discussion is outside the scope of this study.
‡‡ For an early example of an inter-cation AECB, see: R. Laitinen, R. 
Steudel, R. Weiss, J. Chem. Soc., Dalton Trans. 1986, 1095.
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