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Anion- interaction with alkenes: persistent complexes vs 
irreversible reactions of anions with tetracyanoethylene  
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                
Favour E. Odubo,a Snehashree Muthuramesh,a  Matthias Zeller,b and Sergiy V. Rosokha*a 

The interaction of the tetracyanoethylene (TCNE) -acceptor with oxo- and fluoro-anions (BF4
-, PF6

-, ClO4
-, NO3

-) led to the 
formation of anion- complexes in which these polyatomic anions were located over the face of alkenes, with multiple 
contacts being shorter than the van der Waals separations. The anion- associations of TCNE with halides were delimited 
by the electron-donor strengths and nucleophilicity of the anions. Specifically, while bromides formed persistent anion- 
associations with TCNE in the solid state and in solutions, only transient anion- complexes with iodides and chlorides were 
observed. In the case of iodide (strong 1e reducing agent), the formation of anion- complexes was followed by the 
reduction of the -acceptor to the TCNE-• anion-radical.  The interaction of TCNE with Cl- (and  F-) anions (which are better 
nucleophiles in the aprotic solvents) led to the formation of 1,1,2,3,3-pentacyanoprop-2-en-1-ide anions. Thermodynamics, 
UV-Vis spectra, and structures, as well as contributions of electrostatics, orbital interactions, and dispersion to the 
interaction energies in the complexes of TCNE with various anions were closely related to the characteristics of the corres-
ponding associations with the aromatic and p-benzoquinone acceptors. This points out the general equivalence of the inter-
actions in the anion- complexes with different -acceptors and the critical role of the nature of the anions in these bindings. 

Introduction
Following seminal theoretical articles showing the attraction of 
anions to electron-deficient -systems (e.g.,  triazine or 
perfluorobenzene) in 2002,1-3 anion- interactions became one 
of the central topics of supramolecular chemistry.4-6 These 
computational works were followed by experimental 
verifications of anion- binding7-11 demonstration of its high 
potential for anion recognition and transport, catalysis, and 
other applications.12-16 The detailed accounts of the develop-
ment in this area is described in several excellent reviews.5,6,11,12 
The main attention in the studies of this counter-intuitive 
interaction was directed toward the bonding between anions 
and aromatic molecules with electron-withdrawing substituents 
(e.g., halogens, nitro or cyano groups).1-6 There are also several 
publications describing the associations of anions with the faces 
of cyano- and/or halogen-substituted benzoquinones, and 
studies of attractive interaction of lone pairs with the π* 
antibonding orbitals of carbonyl groups.17-19 Nevertheless, the 
data about binding between anions and the simplest -systems, 
molecules containing one C=C double bond, is scarce.9,20,21 This 
raises the question about the nature and characteristics of such 

an unusual bonding, and its relation to previously described 
anion- interactions. 

 Similarly to the aromatic and benzoquinone molecules, the 
possibility of the attraction of anions to alkenes depends on the 
presence of the electron-withdrawing substituents which 
decrease electron density over the face of the -system. Thus, 
to explore the anion- interaction involving such species, we 
turned to a well-known olefinic -acceptor , tetracyanoethylene 
(TCNE, Figure 1).22 The withdrawal of the electron density from 
the ethylene fragment by the four cyano-groups results in a 
positive electrostatic potential over the face of this essentially 
planar molecule (Figure 1).21 This suggests an attraction of 
anions to this area. Indeed, the crystallographic literature 
contains X-ray structures of associations of TCNE with bromide, 
thiocyanate, and tetrahalometallates.9,20,21 Yet, there are 
essentially no experimental or computational data on the 
thermodynamics and spectral properties of these complexes in 
solutions, about the bonding of TCNE with other anions, or the 
nature and main components of this bonding interaction.

                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                    

Figure 1. Structure, acronym and surface electrostatic potential of TCNE 
(at 0.001 a.u. electron density)   

a.Department of Chemistry, Ball State University, Muncie, Indiana, 47306, USA
b.Department of Chemistry, Purdue University, West Lafayette, Indiana, 47907, 

USA 
† Electronic Supplementary Information (ESI) available: X-ray structures and details 
of the X-ray crystallographic analysis, results of the UV-Vis measurements and 
details of the treatment of the spectral data, quantum theory of atoms in molecules 
and energy decomposition analyses data, energies and atomic coordinates of the 
optimized complexes. See DOI: 10.1039/x0xx00000x
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In the current work, we examined the interaction of TCNE 
with various anions in the solid state and solutions, as well as 
scrutinized their properties using computational methods. Our 
goal was to compare anion- complexes of olefinic -acceptors 
with those involving aromatic (e.g., tetracyanopyrazine) or p-
benzoquinone (e.g., tetrafluoro-p-benzoquinone) acceptors, 
and to clarify similarities and distinctions (if any) in the 
characteristics of the different types of complexes. 

Besides the -acceptors, characteristics of the anion- 
complexes are determined by the nature of the anions. We have 
shown earlier that while the overall strength of interaction is 
similar, the contributions of the electrostatics, dispersion, and 
orbital interactions were very different for complexes of 
aromatic or p-benzoquinone acceptors with polyatomic fluoro- 
or oxoanions as compared to those with monoatomic halide 
anions.23 These distinctions manifested in different experimen-
tal UV-Vis spectral properties of the complexes. Thus, to verify 
the generality of these observations, we examined herein 
interaction of TCNE with anions with different structural and 
electronic characteristics. They include monoatomic (halides), 
linear (thiocyanate), planar (NO3

-), tetrahedral (BF4
- and ClO4

-), 
and octahedral (PF6

-) species. Besides, these anions allow to 
compare properties of complexes with nucleophilic (and 
reducing) species with those of inert weakly-coordinating and 
difficult to oxidize oxo- and fluoroanions.         

Indeed, many electron-rich anionic species, in particular 
halides, are good reducing agents and nucleophiles. On the 
other hand, the presence of four cyano-substituents makes 
TCNE molecule a strong -acceptor with a reduction potential of 
0.17 V vs SCE in acetonitrile.24 As such, it might be easily reduced 
by various chemical or electrochemical methods. In fact,  the 
reaction of TCNE with iodide was one of the earliest and the 
most common methods of preparation of the anion-radicals of 
this -acceptor.25-27 These persistent anion-radicals played a 
central role in the development of the molecular magnets and 
the concept of multicenter (pancake) bonding.28 Also, the 
interaction of TCNE with various nucleophiles in the presence of 
water resulted in the formation of polycyano-substituted 
anionic species.29,30 The -bonded complexes of anions with 
TCNE were suggested as the intermediates of these transfor-
mations.30 As such, another goal of the current work was to 
establish boundaries between the reversible formation of the 
anion- complexes with TCNE and the irreversible chemical 
processes, in particular 1e-reduction or nucleophilic addition, of 
this -acceptor.  

Results and discussion
1.  X-ray crystallography of the anion- associations and products of 
reactions of TCNE with anions. 

Co-crystallization of TCNE with (Pr4N)NO3 produced 1D stacks of 
alternating -acceptor and anion moieties (Figure 2A). Within 
these stacks (which are surrounded by the tetrapropyl-
ammonium counter-ions), NO3

- anions were nested between 
two TCNE molecules. The latter are tilted relative to each other 
by about 65, but every other TCNE moiety is parallel (similar to the  

Figure 2. Fragments of the crystal structures showing chains of the alternating 
anions and -acceptors in (Pr4N)NO3TCNE (A), (Pr4N)NO3TCNE (B), and the 2:1 
complex of ((Pr4N)ClO4)2 TCNE (C). Note that tetrapropylammonium  counter-
cations are omitted for clarity. The blue lines show contacts shorter than the 
van der Waals separations of the interacting atoms (3.22 Å and 3.55 Å for C/O 
and C/Br pairs, respectively). 

observed earlier for anion- bonded stacks with aromatic tetracyano-
pyrazine acceptors).20 

Co-crystals of TCNE with methyltriphenylphosphonium bromide 
comprised analogous alternating chains of TCNE and anions (Figure 
2B). The bromide anions were located close to the top of the sp2 
carbons, with Br-C=C angles of 111.7 and 83.0 deg.  Both TCNE/NO3

- 
and TCNE/Br- chains comprise multiple contacts between anions and 
-acceptors which are shorter than the sums of the van der Waals 
radii of the corresponding atoms. Selected interatomic distances in 
these co-crystals are listed in Table 1.  

Co-crystallization of TCNE with tetrapropylammonium perchlo-
rate or tetrafluoroborate salts produced 1:2 solid-state complexes in 
which two anions are arranged on both sides of the -acceptors 
(Figure 2C and Figure S1 in the Supporting Information, note that 
similar arrangements are observed for ((Pr4N)PF6)2

TCNE, but ions and 
TCNE moieties are disordered in these co-crystals). While 
stoichiometry and the architectures of these co-crystals are different 
from those formed by TCNE with Br- or NO3

-, they share the same 
principal feature. Specifically, the anions are located over the faces of 
the TCNE molecules, and they show multiple contacts that are shorter 
than the van der Waals separations (Table 1). This indicates a strong 
attraction of anions to the -acceptor. To verify this suggestion, we 
carried out QTAIM and NCI analyses of these solid-state associations.   

A quantum theory of atoms in molecules (QTAIM) analysis31 

revealed bond paths between anions and TCNE in each solid-state 
association (Figure 3 and Figure S2 in the Supporting Information). 

Table 1. Characteristics of the selected short contacts in the co-crystals of 
TCNE with various anion. 

Anion Contact dX···C, 
Å

(r), 
a.u.

H(r), 
a.u.

-E,a 
kcal/mol

NO3
- O-CC=C 2.713 0.0102 0.0021 2.1

O-CCN 2.813 0.0090 0.0017 1.8

Br- Br-CC=C 3.343 0.0109 0.0008 1.9

Br-CC=C 3.350 0.0103 0.0009 1.7

ClO4
- O-CCN 2.798 0.0122 0.0018 2.6

O-CC=C 2.860 0.0111 0.0016 2.1

BF4
- O-CC=C 2.841 0.0160 0.0021 3.5

O-CCN 2.902 0.0070 0.0012 1.2
a) Calculated based on the energy density, E = ½V(r).32 b) Angle between I-C 

bond and perpendicular to the pyridinium plane.
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Figure 3. QTAIM and NCI analyses of the solid-state (MePh3P)BrTCNE (A) and 
((Pr4N)BF4)2 TCNE (B) associations (using atomic coordinates extracted from 
the X-ray structures). Orange lines and orange spheres show bond paths and 
BCPs and blue-green areas indicate bonding interactions (note that 
calculations were done using dianinic fragments shown in this figure).     

Characteristics of the (3,-1) bond critical points (BCPs) along these 
bond paths are listed in Table 1 and Table S1 in the Supporting 
Information. The electron densities at BCPs for all associations are 
close to 0.01 a.u. These values are typical for moderately strong non-
covalent interactions.33 The very small positive values of energy 
density at these points indicate a predominantly electrostatic nature 
of these bondings. The energies of these interactions (estimated 
using values of the potential energy density at BCPs32) were around 2 
kcal/mol. The NCI analysis34 showed blue-green areas around each 
BCP which further confirmed a relatively weak attractive interaction 
between anions and TCNE. 

 While the interaction of TCNE with salts of fluoro-/oxo-anions, 
and bromide led to the formation of anion- associations, 
crystallization with alkylammonium chloride or fluoride salts 
produced 1,1,2,3,3-pentacyanoprop-2-en-1-ide (abbreviated 
hereinafter as PCP-) anions (Figure S3 in the Supporting 
Information).‡ Also, reactions of TCNE with alkylammonium salts 
of iodide resulted previously in the reduction of TCNE and 
crystallization of the salts of TCNE-• anion-radicals.26 Thus, besides 
the well-known reduction of TCNE by iodide (due to the low redox 
potentials for the I3

-/I- pair of 0.06 V vs SCE35)   the formation of 
the persistent anion- complexes of TCNE with halides is limited 
by the nucleophilicity of anions (since chloride and fluoride are 
better nucleophiles in aprotic solvents as compared to the 
bromide36). To further elucidate the interactions between TCNE 
and various anions, we turned to their measurements of their 
properties in solution.    

3.2. UV-Vis study of the interaction of anions with TCNE

The addition of Br- anions to the solutions of TCNE in acetonitrile 
or dichloromethane led to the appearance of a new absorption band 
in the UV-Vis spectra (with max at 469 nm and 460 nm in CH2Cl2 and 
CH3CN, respectively) which was not present in the spectra of the 
individual reactants (Figure 4 and Figure S4 in the Supporting 
Information). In solutions with a constant concentration of TCNE, the 
intensity of this band increased with the rise of the concentration of 
Br- anions. This dependence was well-fit to the binding isotherm of a 
1:1 complex between TCNE and Br-: 

                 TCNE + Br-      [TCNEBr-]                            (1) 

Figure 4. Spectra of solutions with variable concentrations (from 0.02 to 0.2 
M) of (Bu4N)Br and a constant concentration (1.5 mM) of TCNE in CH2Cl2 
(purple lines). Dashed red and blue lines show spectra of the solutions of 
individual (Pr4N)Br and TCNE, respectively. Insert: Dependence of the  
intensity of absorption at 470 nm on the concentration of Br- (the solid line 
shows a fit of the data to a 1:1 binding isotherm).  

In contrast to Br-, an addition of I- or Cl- anions to the solutions of 
TCNE resulted only in transient formation of anion- complexes. In 
particular, the spectrum of the solution obtained upon the addition 
of the iodide to the solution of TCNE in dichloromethane at 20 oC 
resulted in immediate formation of a spectrum that represented a 
superposition of the absorption of TCNE-• anion-radical (band at 425 
nm with the characteristic vibrational splitting27) and I3

- anions 
(strong band with a maxima at 360 and 295 nm17). This indicates the 
fast reduction of TCNE by iodide with formation of TCNE-• and I3

- (this 
reaction is a common method of preparation of TCNE anion –
radicals.25-27) However, when the solutions of TCNE and I- were mixed 
at -85 oC, a broad absorption band appeared at 650 nm (Figure 5). 
DFT calculations§ and Mulliken correlations (vide infra) indicated that 
this band represents absorption of a TCNEI- complex. Warming of 
this solution led to fast decrease of the disappearance of this band 
and appearance of the bands of TCNE-• and I3

-. It suggests that the 
anion- complex of TCNE with iodide represent an intermediate in 
the formation of TCNE-• anion-radical, i.e. 

                   
2TCNE + 3I-     2[TCNEI-] + I-    2TCNE-•  +  I3

-                      (2)
 The addition of chloride to the solution of TCNE resulted in the 

appearance of a broad absorption band at 408 nm (Figure 6). 

Figure 5. Spectrum (red line) formed upon mixing of equimolar (1.0 mM) 
solutions of TCNE and (Bu4N)I in CH2Cl2 at -85 oC. Violet and black lines show 
spectra measured upon warming of this solution to -50 oC and to +20oC. Blue 
and green lines show spectra of the individual TCNE-• and I3

- ions, respectively.  
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Figure 6. Spectra of the solutions containing TCNE and Bu4NCl in 
dichloromethane measured at 22 oC immediately after mixing (red line 
showing band of anion- complex at 410 nm), after 10 min (blue line), and 
after 24 h (black line showing band of PCP- at 310 nm).    

The intensity of this band decreased with time and a new absorption 
band with a maximum at 301 nm appeared (see time-dependent 
spectra in Figure S5 in the Supporting Information, note that mixing 
of the solution of TCNE and Cl- in acetonitrile led to immediate 
appearance of the analogous band at 300 nm). TD DFT calculations of 
the  TCNECl- (anion-) complex§ and 1,1,2,3,3-pentacyanoprop-2-en-
1-ide anions, PCP- (which were obtained in the crystalline state from 
the solutions containing TCNE and chloride) produced absorption 
bands which were reasonably close to the bands at 410 and 310 nm, 
respectively. It suggests that these bands represent anion- complex 
and PCP- anions. Furthermore, the absorption band energies of the 
complexes of TCNE with halides (and with thiocyanate21) follow the 
same Mulliken correlation37 with the difference of the redox-
potentials of the interacting species (Figure 7) as the reported earlier 

bands of the halides and thiocyanate complexes with aromatic and 
benzoquinone acceptors.17, 38 This supports assignments of the 
transient absorption bands measured with I- and Cl- anions and 
suggests a close relationship between complexes with different -
acceptors.

Figure 7. Correlation between energies of the absorption bands and the 
difference of the redox potentials of the reactants in the complexes of Cl- 
(green triangles), Br- (brown square), I- (blue rhombuses), and NCS- (red circles) 
with different -acceptors. The filled symbols indicate complexes with TCNE, 
and open symbols present the data with aromatic and p-benzoquinone -
acceptors17 (see Table S2 in the Supporting Information for the details).

In contrast to halides, addition of oxo- or fluoroanions to the 
solutions of TCNE did not produce new absorption bands in the UV-
Vis range (Figure 8 and Figures S6 in the Supporting Information). The 
close inspections of the spectra of these solutions revealed, however, 
that their absorptions deviate from that of TCNE itself. Subtraction of 
the latter from the spectra of mixtures showed that the addition of 
the oxo- or fluoroanions results in a small increase or decrease of the 
absorption in various regions of the TCNE band. Importantly, these 
differential absorptions could be fitted with 1:1 binding isotherms 
(Figures S6 - S9 in the Supporting Information) similar to those used 
for fitting of the spectra in solutions with bromide . 

 The values of the apparent equilibria constants K of 8 M-1 to 80 M-1 
which were obtained from such the fitting of the UV-Vis data 
measured in dichloromethane are listed in Table S3 in the Supporting 
Information. For comparison, Table S3 includes also the characteris-
tics of the related anion- complexes with the aromatic tetracyano-
pyrazine (TCP), tetrafluoro- (pFA) or dichlorodicyano-p-benzo-
quinone (DDQ) -acceptors which were reported earlier.23 It should 
be stressed that due to the variation of ionic strength in the series of 
the solutions that were used for the UV-Vis measurements, the values 
of K do not represent true equilibrium constants.38 Still, the fact that 
the values obtained for the complexes of TCNE are in the same range 
as those measured in an analogous way with aromatic and p-
benzoquinone molecules indicates a comparable strength of the 
interaction with different types of -acceptors. Also, in agreement 
with the calculated solvent dependence of the binding energies 
(Figure S10 and Table S4 in the Supporting Information) and our 
previous studies of complexes with p-benzoquinones,23 the apparent 
constant of the formation of the complex of TCNE with Br- measured 
in acetonitrile (7.0 M-1) was lower than that in dichloromethane (31 
M-1). The spectral changes occurring upon the addition of PF6

--, BF4
-, 

and ClO4
- to TCNE in acetonitrile were too small for measurements of 

formation constants of the corresponding complexes in this solvent. 
Overall, UV-Vis measurements showed that the spectral features 

and apparent formation constants of the complexes of TCNE with 
various types of anions are similar to those reported earlier for the 
analogous associations with the aromatic and p-benzoquinone -
acceptors.23 To examine the nature of the anion- interactions in the 
complexes with TCNE, we turned to computational analyses. 

Figure 8. Spectra of the solutions (purple lines) containing variable (20 to 200 
mM) concentrations of (Bu4N)BF4 and a constant (1.5 mM) concentration of 
TCNE in CH2Cl2. Dashed red and blue lines show spectra of the individual 
solutions of (Pr4N)BF4 and TCNE, respectively. Insert: Differential spectra of 
the solution which were obtained by the subtraction of the absorption of 
individual components from the absorption of the mixture.  
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3. Computational analysis of the interaction of TCNE with anions.    

The structures resulting from M06-2X/def2-TZVPP optimization of 
the complexes of TCNE with various anions together with the results 
of their QTAIM and NCI analyses are illustrated in Figure 9. In general, 
the arrangements of the anions and -acceptors in the optimized 1:1 
complexes were consistent with the structures of the solid-state 
associations obtained from the X-ray crystallographic analysis 
(although the latter represented 1D chains with 2:2 anion--acceptor 
contacts or 2:1 complexes). In particular, oxo- and fluoroanions in 
these complexes were located over the C=C double bond. The 
calculated complex with nitrate, however, comprised essentially co-
planar NO3

- and TCNE moieties (while the NO3
- plane is close to 

perpendicular to the TCNE molecules and shows close O…C contacts 
on both its sides in the X-ray structure). All these complexes show 
contacts between the anions and TCNE which are shorter than their 
van der Waals separations (Table 2), and these interatomic distances 
are consistent with the values measured in the solid-state. 

Optimizations of the complexes of TCNE with Cl-, Br- and I- anions 
produced structures similar to those obtained by X-ray analysis for 
the complex of TCNE with bromide. It should be noted, however, that 
the Br…C separation in the optimized complex is about 0.4 Å shorter 
than in the experimental X-ray structure in Table 1. Such a difference 
is probably related to the fact that the solid-state associations 
represent 1D chains in which each bromide interacts with two TCNE 
molecules and vice versa, as well as stronger effects of counter-ions 
and crystals forces on the location of these monoatomic anions. The 
halide anions were located near the top of one of the sp2 carbons. The 
X-C=C angles (109.2, 108.1 and 107.2 for optimized pairs with Cl-, Br-

, and I-, respectively) are close to the value characteristic for the 
Burgi-Dunitz trajectory for the nucleophilic attack on an sp2 carbon.39 
In comparison, the optimizations of the systems with the stronger 
nucleophiles, F- and N3

- (the latter was chosen for the comparison 
with NCS-) produced -bonded complexes. 

The binding energies of the anion to TCNE in all calculated anion- 
complexes are in the 93 kcal/mol range. Similar values were 
reported earlier for the complexes of the same anions with aromatic 
and p-benzoquinone acceptors.23 The binding of anions  in the -
bonded complexes with F- and N3

- are about three times stronger. 

Figure 9. Superposition of the results of QTAIM and NCI analyses onto the 
optimized structures of the complexes of TCNE with PF6

- (A), BF4
- (B), ClO4

- (C) 
NO3

- (D), NCS- (E) N3
- (F), Br- (G), Cl- (H) and F- (I).  The bond paths and critical 

(3, -1) points (from QTAIM) are shown as orange lines and spheres, and blue-
green areas (from NCI) indicate bonding interactions.

Table 2. Characteristics of the optimized anion- complexes        

X- E, kcal/mol dX…C,a Å max, nm q,b e dC=C, Å

PF6
- -7.3 2.780 262 0.02 1.346

BF4
- -8.4 2.754 262 0.02 1.346

ClO4
- -8.5 2.852 287 0.03 1.347

NO3
- -9.8 2.730 301 0.08 1.349

Cl- -9.7 2.694 390 0.20 1.357

Br- -7.9 2.957 461 0.16 1.355

I- -6.6 3.202 560 0.17 1.355

NCS- -11.8 2.841 448 0.22 1.357

N3
- -24.5 1.529 293 0.88 1.490

F- -37.6 1.418 230 0.65 1.465
a) The shortest contact between the anion and TCNE. b) Charge-transfer from 
the anion to the TCNE moiety. c) The C=C bond length.   

The QTAIM analysis showed bond paths and BCPs between anions 
and TCNE moieties in all calculated complexes. The energy and 
electron densities at BCPs (Table S5 in the Supporting Information) 
are similar to those in the experimental solid-state associations. 

While the binding energies for the oxo- and fluoroanions were 
similar to those in the anion- complexes with (pseudo-)halides, the 
spectral properties of these complexes obtained via TD DFT 
calculations were different. The optimized anion- complexes with 
(pseudo-)halides show intense absorption bands in the visible range. 
Their energies are close to those measured experimentally, and they 
decrease with the increase of electron-donor abilities of the anions, 
which supported the charge-transfer character of these transitions 
(The computational analysis showed that they represent a 
photoinduced transfer of electrons from the highest occupied 
molecular orbitals, HOMOs, of the complex which were located 
primarily on the anions to the lowest unoccupied molecular orbitals, 
LUMOs, which resides mainly on TCNE). In comparison, the 
absorption bands in the calculated spectra of complexes with oxo- 
and fluoroanions are close to those of the individual TCNE acceptors. 
Since oxo- and fluoroanions are poor electron donors (i.e., their 
HOMOs are lower), the electronic transitions from the HOMOs 
(residing on the anions) to the LUMOs located on TCNEs overlap with 
the intramolecular transitions within the individual -acceptors. 

Besides the differences in the spectra, the better electron-
donating properties of the (pseudo-)halide anions explain the higher 
ground-state n-* charge transfer from these anions to TCNE in their 
anion- complexes as compared to the value found in the complexes 
with the oxo- and fluoroanions (Table 2). The n-* charge transfer led 
to slight (about 0.007 Å) lengthening of the C=C bond (Table 2) as 
compared to the bond (1.345 Å) in the optimized individual TCNE and 
it suggests the higher contribution of charge-transfer (molecular-
orbital) interactions in the complexes with the halides. 

To verify the distinctions in the interactions of TCNE with 
different anions, we performed an energy decomposition analysis 
(EDA) of these bondings using the AMS suite of programs.40 This 
method decomposes the intermolecular interaction energy into 
electrostatic, ΔEelstat, Pauli repulsion, ΔEPauli, orbital (charge-transfer) 
interaction, ΔEoi and dispersion, ΔEdisp, components:41

Eint = Eelstat + EPauli + Eoi + Edisp                                                (3)
All these values are listed in Table S6 in the Supporting Information. 
Notably, while binding energies, E, are rather close for all anion- 
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bonded complexes, the values of Eelstat, ΔEoi, and ΔEdisp depend sub-
stantially on the nature of the anions. Variations of the contributions 
(in %) of these components to the attractive interaction (e.g., 
(Eelstat/(ΔEelstat + ΔEoi + ΔEdisp)100% are illustrated in Figure 10.  

The data in Figure 10 show that electrostatics represents the most 
significant component of attractive interaction energy in all anion- 
complexes. Contributions of dispersion are more than three times 
lower than those of electrostatics. The contributions of both ΔEelstat 
and ΔEdisp are lower in the complexes with (pseudo-)halides as 
compared to that with the oxo- and fluoro-anions. Accordingly, 
orbital interactions are much stronger in the complexes with 
(pseudo-) halides than in the complexes with oxo- and fluoroanions. 
The Eoi values are approaching EES in the anion- complexes with 
(pseudo)halides, and the contributions of different components in 
these associations are comparable to those in the -bonded 
complexes formed by TCNE with N3

- and F- anions. The substantial 
contribution of the molecular-orbital interaction explains the 
appearance of the intense charge-transfer absorption bands in the 
anion- complexes with (pseudo-) halide anions.42

Methods

Materials. Commercially available TCNE was purified by 
sublimation, and tetrabutyl- or tetrapropylammonium salts of tetra-
fluoroborate, thiocyanate, perchlorate, hexafluorophosphate, and 
halides were purified by recrystallization. The methyltriphenylphos-
phonium salt of bromide, (MePh3P)Br, was used for the preparation 
of single crystals without purification. Tetrapropylammonium salts of 
nitrate and hexafluorophosphate were prepared by neutralization of 
the corresponding acid with a solution of tetrapropylammonium 
hydroxide followed by the recrystallization from dichloromethane / 
hexane mixtures. Dichloromethane and acetonitrile were distilled 
over P2O5 under an argon atmosphere before use.

X-ray crystallography. Single crystals of (Pr4N)NO3TCNE, 
(Pr4N)PF6TCNE, ((Pr4N)ClO4)2TCNE, and (Pr4N)BF4TCNE, were prepa-
red by cooling acetonitrile solutions containing equimolar (0.2 mmol 
each) quantities of TCNE and the corresponding salt from room 
temperature to −30 °C and keeping solutions at this temperature for 
several days. Single crystals obtained by similar procedures with tet-
rabutyl- or tetrapropylammonium salts of F- or Cl- anions comprised 

Figure 10. Contributions (in %) of ΔEelstat (red circles), ΔEoi (green squares), and 
ΔEdisp (blue rhombus) to the attractive interactions in the complexes of TCNE 
with various anions.  

1,1,2,3,3-pentacyanoprop-2-en-1-ide (PCP-) salts, (Bu4N)PCP (Figure 
S3) or (Pr4N)PCP. To prepare crystals of (MePh3N)BrTCNE, the equi-
molar (1.0 mmol) amounts of (MePh3N)Br and TCNE were stirred for 
several minutes in 3 mL of a 10:1 mixture of dichloromethane and 
hexane. The undissolved solid was filtered off and the solution was 
cooled to -30oC. Red crystals of (MePh3N)BrTCNE formed after 
several days. 

The X-ray measurements were carried out on a Bruker AXS D8 
Quest diffractometer with a molybdenum radiation X-ray tube (λ = 
0.71073 Å). Reflections were indexed and processed, and the files 
were scaled and corrected for absorption using APEX4.43 The space 
groups were assigned using XPREP within the SHELXTL suite of 
programs, the  structures were solved by dual methods using using 
ShelXT and refined by full-matrix least-squares against F2 with all 
reflections using Shelxl2019 with the graphical interface Shelxle.44-46 
Crystallographic, data collection, and structure refinement details are 
listed in Table S7 in the Supporting Information. Complete crystallo-
graphic data, in CIF format, have been deposited with the Cambridge 
Crystallographic Data Centre. CCDC 2353176-2353181 contain the 
supplementary crystallographic data for this paper. These data can be 
obtained free of charge via www.ccdc.cam.ac.uk/data_request/cif . 
UV-Vis measurements. The formation of complexes between TCNE 
and various anions was studied at 22 oC via UV-Vis measurements of 
a series of solutions with a constant (2 - 10 mM) concentration of 
TCNE and variable concentrations (from 0 to 0.4 M) of anions.  A 
Dewar equipped with a quartz lens was used for the measurements 
at -85 oC.  The apparent formation constants, K, were obtained (see 
the Supporting Information for details) via regression analysis of the 
differential intensities of absorption, ΔAbs (obtained by the 
subtraction of absorption of components from the absorption of their 
mixtures), for these series as described earlier.17,23 Each point in these 
series represents a result of a separate measurement taken within 1-
2 minutes after mixing solutions of TCNE and the salt of anion. In the 
case of the complexes of ClO4

-, PF6
-, and BF4

- anions, the spectra of 
the solutions remained constant for several hours (Figure S10 in the 
Supporting Information). The spectra of the dichloromethane 
solutions of the complexes with bromide remained essentially 
constant for about 10-15 minutes, but small spectral changes were 
noticeable when such solutions were kept for several hours at room 
temperature (Figure S11 in the Supporting Information). These 
changes suggest that very slow formation of the products of 
nucleophilic attack (similar to that in the systems with Cl-) and/or 
redox processes in solutions of TCNE with Br- anions# (note that 
similar time-dependent spectral changes were observed in 
dichloromethane solutions of TCNE and NCS- and NO3

- and the rates 
of these processes were higher in more polar acetonitrile. The 
analysis of the kinetics and mechanism of these reaction requires a 
separate study and is beyond a scope of the current work.   

In the absence of hydrogen substituents in TCNE and anions, 
complex formation in solutions could be measured by 13C NMR. 
However, such measurements require a higher concentration of 
TCNE, than that we used for the UV-Vis measurements. Due to the 
limited solubility of TCNE in dichloromethane, we used more polar 
deuterated acetonitrile, in which formation constants of the anion- 
complexes are lower.38 Under these conditions, we observed only 
very small shift of the signals of C=C and CN carbons in the spectra 
of anion- complexes as compared to the individual TCNE (Figure S12 
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in the Supporting Information). The measurements were further 
complicated by the substantial broadening of these signals in the 
presence of anions (up to their complete disappearance in the 
presence of bromide) which hindered quantitative measurements of 
complex formation using this method. 
Computations. Geometries of the complexes were optimized without 
constraints via M06-2X/def2-TZVPP calculations (with ultrafinegrid 
option) using the Gaussian 09 suite of programs.47-49 The absence of 
imaginary frequencies confirmed that the optimized structures 
represent true minima. Calculations with dichloromethane as the 
medium were done using a polarizable continuum model.50 An earlier 
analysis demonstrated that intermolecular associations are well-
modelled using this method.17,37, 51, 52 The def2-TZVPP basis set does 
not include a diffuse function since previous analysis demonstrated 
that very similar results were obtained in the modelling of 
noncovalent interactions involving anions with the triple-ζ basis sets 
with and without diffuse functions.53 Binding energies, E were 
determined as: Eb = EC – (EA + EX), where EC, EA, and EX are sums of 
the electronic energy and zero-point energy (ZPE) of the optimized 
complex, TCNE and anion, respectively. The energies of the optimized 
complexes and their components are listed in Table S8 in the 
Supporting Information. The UV-Vis spectra were obtained via TD-
DFT calculations of the complexes and their components optimized in 
the corresponding solvent. QTAIM31 and NCI34 analyses of the solid-
state associations and optimized complexes were performed using 
the atomic coordinates extracted from the X-ray structures with 
Multiwfn and visualized using VMD programs.54,55 (The NCI setting 
was: isovalue = 0.5, color-coded with sgn(λ2)ρ in the range from −0.04 
a.u. (blue, strong attractive interaction) to 0.02 a.u. (red, strong 
nonbonded overlap). Energy decomposition analyses (EDA) were 
carried out using the Amsterdam density functional (ADF) of the 
Amsterdam Modelling Suite40, 41 via single-point calculations with the 
B3LYP-D3 functional (since it allowed evaluation of the dispersion 
component of the interaction energy) and the TZ2P basis set available 
in AMS using atomic coordinates of the complexes optimized as 
described above.

Conclusions
The positive electrostatic potential over the face of TCNE 
suggests that anions are attracted to this -acceptor. However, 
whereas the interaction of TCNE with non-coordinating inert 
anions ClO4

-, BF4
-, and PF6

- led to formations of the persistent 
anion- complexes, the kinetic stability of the other anion- 
associations under study were delimited by the oxidation 
potentials and nucleophilicity of the anions (Scheme 1).

Scheme 1. Persistent vs transient anion- complexes of TCNE.#  

 In particular, the values of Eo for X/X- pair of 3.06, 2.03, 1.60 
and 1.06 V vs SCE for X = F, Cl, Br and I, respectively,  are higher 
than that for TCNE/TCNE Eo = 0.17 V).17 The redox-potentials 
for the I3

-/I- pair, however, is 0.06 V,35 which explains facile 
reduction of TCNE to TCNE  by I-  (eq. 2) and similar reduction 
of tetrahalosubstituted p-benzoquinones which we reported 
earlier.17 As such, the transient appearance of the anion- 
complexes upon mixing TCNE with iodide is followed by the fast 
formation of the TCNE-• anion-radicals . 

The oxidation potentials of the other anions considered in the 
current work are higher than that of reduction potential of 
TCNE. As such, they are not capable of efficient reduction of this 
-acceptor. (For example, redox-potential of the Br3

-/Br- pairs is 
0.39 V vs SCE. Thus, while bromide reduces dichlorodicyano-p-
benzoquinone, DDQ (E = 0.52 V for DDQ/DDQ pair),17 the rate 
of reduction of TCNE by this anion is very small, if any.) However,  
the basicity and nucleophilicity of halide anions in aprotic 
solvents is increasing from I- to Br, Cl- and F-.36 The interaction of 
TCNE with better nucleophiles and stronger basis, e.g. Cl- or F-, 
led to chemical transformations producing PCP- anions (similar 
to that described previously in solutions containing basis and 
water29,30), and only transient anion- complexes were observed 
in the solutions of TCNE and Cl- anions. Thus, among halide 
anions, only bromide (which is weaker reducing agent as 
compared to iodide, and weaker base/nucleophile than chloride 
or fluoride) formed rather persistent anion- associations with 
TCNE.#  

It is also important to note, that thermodynamics, UV-Vis 
spectral, and structural features of the anion- complexes of 
TCNE are closely related to the corresponding complexes of 
analogous anions with aromatic (such as tetracyanopyrazine)  
and p-benzoquinone (such as tetrafluoro-p-benzoquinone) 
acceptors. Furthermore, energy-decomposition analysis 
demonstrated that variations of the contributions of Eelstat, ΔEoi, 
and ΔEdisp in complexes of TCNE with various anions (and also 
distinctions in the spectral properties of the corresponding 
complexes) are similar to those which were found for the 
complexes of the same anions with aromatic and p-
benzoquinone -acceptors. This underlines the critical role of 
the nature of the anions in these bindings. It also points towards 
a general equivalence of the interactions of anions with TCNE 
with those established earlier with aromatic molecules and p-
benzoquinones. As such, it extends a realm of the fascinating 
anion- interactions from the systems involving electron 
deficient arenes and quinones to the alkene -acceptors. 

Overall, this work i) established the facile formation of anion-
 complexes with TCNE and the conditions of the interchange 
between the persistent associations and  transient complexes 
leading to redox or nucleophilic addition reactions,  and ii) 
demonstrated that characteristics of such complexes of this 
olefinic -acceptor are closely related to those of the reported  
electron-deficient aromatic and p-benzoqiuinone molecules.     
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Notes and references
‡ The PCP- anions were previously synthesized by the reaction of 
TCNE with water in the presence of a base (which formed a -
bonded intermediate with the -acceptor).29,30 Also, 
computational analyses in the previous studies17 and in the 
current work indicated that F- anions form the -bonded 
intermediates with the -acceptors which explains the formation 
of PCP- in the presence of these nucleophilic anions. To the best 
of our knowledge, however, -complexes with Cl- anions were not 
reported and the computations of TCNECl- pairs in the current 
work produced anion- complexes as the most stable structure. 
Yet, the location of chloride in these complexes was well suited 
for the nucleophilic attack on the sp2 carbon. Furthermore, while 
the Cl…C distance in such complexes optimized in CH2Cl2 was 
2.694 Å, calculations in the gas phase produced association with 
the Cl…C distance of 2.142 Å (and the essentially tetrahedral 
geometry of the carbon). The detailed analysis of the mechanism 
of the formation of PCP- requires, however, a separate study and 
it is beyond the scope of the current work, which is focused on the 
nature of the anion- complexes of TCNE with various anions.
§ The energies of the absorption bands obtained from the TD DFT 
calculations were 3.18 eV, 2.68 eV, and 2.21 eV, for anion- 
complexes of TCNE with Cl-, Br-, and I- anions, respectively (as 
compared to the measured values of 3.04 eV, 2.65 and 1.91 eV of 
the persistent or transient bands measured in the solution of TCNE 
with these anions). The calculated absorption band energy of PCP- 
anion was 3.54 eV as compared to the energy of 4.12 eV of the 
absorption band formed at  = 301 nm upon the addition of 
chloride to the solution of TCNE.     
# Note that anion- complexes of TCNE with Br-, NCS- and NO3

- 

anions were sufficiently persistent for the measurements of the 
complex formation in solutions and for the preparation of their 
single crystal for the X-ray structural measurements (see Methods 
for details). However while these crystalline anion- associations 
could be stored for several weeks in the refrigerator, the 
decomposition of the anion- complexes of TCNE with these 
anions was observed in solution at room temperature (see Figure 
S10 in the Supporting Information. Spectral changes suggest that 
these reactions led to formation of small amount of anion-radial 
of TCNE and/or PCP- and these processes were faster in more 
polar acetonitrile than in dichloromethane. However, the detailed 

analysis of kinetics and mechanism of these processes requires a 
separate study and is beyond the scope of the current work.       
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Crystallographic data for (Pr4N)NO3�TCNE, (Pr4N)PF6�TCNE, ((Pr4N)ClO4)2�TCNE, 
(Pr4N)BF4�TCNE, and (MePh3N)Br�TCNE and Bu4NPCP (where PCP =  1,1,2,3,3-
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